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One of the most important components in a solamtaé power plant is the central
receiver where concentrated solar energy is abdonbea medium for storage and
eventual use in power generation or fuel product@urrent state-of-the-art receivers are
not appropriate for future power-plant designs ttukmited operating temperatures. The
solid-particle receiver (SPR) has been proposednasalternative architecture that can
achieve very high temperatures (above 130D with high efficiency, while avoiding
many of the thermal stress issues that plaguenalige architectures. The SPR works by
having a flow of solid particles free-fall through cavity receiver while directly
illuminated to absorb the solar energy. Becausth@fhigh operating temperatures that
can be achieved, along with the ability to contunslg flow a stream of solid reactant, the
SPR has the potential for use as a reactor foerethemical storage of solar energy or
fuel production as part of a solar water-splittoygle. While the operation of the SPR is

relatively simple, analysis is complicated by theny physical phenomena in the



receiver, including radiation-dominated heat transtouple gas-particle flow, and inter-

phase species transport via reaction.

This work aims to demonstrate a set modeling téwlsharacterizing the operation of a
solid particle receiver, as well as an analysighef key operating parameters. A inert
receiver model is developed using a semi-empigealphase model and the surface-to-
surface radiation model modified to account foerattion with the particle curtain. A
detailed thermo-kinetic model is developed for ypelbceria, a popular material for
research into solar fuel production. The inert-nememodel is extended to integrate this
kinetic model, and further used to evaluate theemitdl of perovskite materials to
enhance the storage capability of the receiver.odlifred undoped ceria model is derived
and implemented via custom user functions in theteod of a computational fluid
dynamics simulation of the receiver using the d@iseiordinates method for radiation
transfer. These modeling efforts provide a bagsisrfalepth analysis of the key operating

parameters that influence the performance of thd-particle receiver.
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Chapter 1: Introduction — The Potential for Solaeiimal Particle

Receivers and Reactors

1.1 Introduction to Concentrated Solar Thermal Technologies

Concentrated solar thermal power (CSP) is emergisga high-value energy
technology that can fulfill baseload generationuregments through long-term storage
with minimal emissions or environmental impacts.PG3ants use mirrored surfaces to
concentrate terrestrial solar energy onto a recéo/@chieve high temperatures (ranging
from 400 °C to more than 1000 °C, depending ortebbnology) to drive a power-cycle.
The highest temperature CSP technologies also ttevepotential to drive chemical
reactions to provide industrial process-heat aréate fuel.

There are three kinds of concentrated solar thetawdinologies, each with their
own benefits and applications: line-concentratiggteams, dish concentrating systems,
and central tower systems. These technologiesraraufly separated by their scale and
operating temperatures.

Line-concentrating technologies, which include pai& troughs and linear
Fresnel systems, track the sun along 1-axis andetrate radiation along long tubes
through which a heat-transfer fluid flows, befokry sent to storage or a power-cycle.
Line-concentrating technologies can concentratdightn30-100 times (Kodama and
Gokon, 2007), have operating temperatures up to°@0and are used in plants sized
from 25-200 MW (Gonzalez-Aguillar et al., 2007). W¢Hine-concentrating technologies
are the most developed due to their simplicity emelgrated storage, they have less long-

term potential due to the limited temperatures.



Dish concentrating systems are modular systemsirfegtlarge parabolic dishes
that track the sun in two-directions concentratoglight at the focal point of the dish
where a small receiver is mounted. Dish concentyagiystems can achieve concentration
ratios as high as 1000-5000, have operating terypesup to 1500 °C or more, and, due
to their modularity, are used in plants rangingrfrd0 kW to hundreds of MW (Kodama
and Gokon, 2007). However, dish concentrating systleave challenges associated with
maintaining a mounted receiver while achieving aatitracking, which can incur high
costs. Further, dish concentration is difficult totegrate with storage in most
applications; therefore, dish concentration is Uguased in remote areas where
conventional power cannot be supplied (Tester.e2802). Due to the relatively small
size and high-temperatures, dish concentrators aiten used as test-beds for
thermochemical reaction cycles.

Central tower systems feature a large tower wittewtral receiver at the top onto
which reflectors, called heliostats, track the swurtwo directions and concentrate the
sunlight onto the receiver. The central receivangfers the concentrated solar energy to
a working fluid or reactant stream, before beingt$e storage or a power-cycle. Tower
systems, in theory, can achieve concentration gaa® high as 1500, have operating
temperatures up to 1500 °C or more (Kodama and Gak@07), and are used in plant
sizes up to 500 MW (Gonzalez-Aguillar et al., 200e stationary receiver and high
operating temperatures make central tower systded for long-term development for
both large-scale power and fuel production faeditiFurther, central tower systems are
expected to have the lowest levelized cost fortettty of the three CSP technologies

long- term.



1.2 Common Receiver Designs

For a central tower CSP plant, the receiver abstiesoncentrated solar energy
and transfers it directly to a heat-transfer fliReceiver technology has been investigated
at a variety of temperatures for many different powycles and applications, hence
many different receiver architectures have beempgsed. Selecting the proper receiver
architecture requires careful consideration of dpplication and desired working fluid.
The various receiver architectures can be classifito three categories based on how
radiation is absorbed and transferred to the wgrKloid: tube absorption receivers,
volumetric receivers, and particle receivers.

Tube absorption receivers feature dark tubes thsdra solar energy and transfer
that heat via convection to a working fluid insi@ie to their simplicity, tube absorption
receivers are used in currently deployed commernglahts which operate ~500 °C.
However, tube absorption receivers are impractaahigher-temperature designs which
have larger thermal stresses and require expemnsraioy materials (Amsbeck et al.,
2008). Tube absorption receivers are able to ugeriaks such as molten salts directly as
their working fluid, allowing for simple integratesforage (Lata et al, 2008).

Volumetric receivers use dark, porous supports wheh radiation penetrates and
is absorbed. The most common working fluid for duwtetric receiver is air, which is
pressurized in most configurations and thus requaewindow (Avila-Marin, 2011).
Volumetric receivers can operate at temperatures @000 °C, and developers have
demonstrated large concrete blocks as a mean®udftehm sensible storage (Medrano et
al., 2010). However, volumetric receivers face tmallenge of either maintaining a

window under high temperatures and pressures, ercoming the poor conductivity of



air at atmospheric pressure. Further, volumetraeikers generally use rigid ceramic
supports, which can face thermal stress issuesmptierm operation.

Particle receivers use dark particles to directigaab sunlight before being sent to
storage. Due to its simple design and open strecharticle receivers are appropriate for
operating temperatures above 1000 °C without facangnificant thermal stress
constraints. Further, many materials can be madeeroently into particles, which may
then be used for solid-state chemistry (Tan andnCR810). Since these particles are
able to maintain continuous- flow operation, paeti@ceivers can obtain high throughput
and greater efficiencies. The combination of higmperatures, integrated storage, and

flexibility make particle receivers an attractieehnology for further development.

1.3 Challengesin Central Receiver Designs

Due to very high solar fluxes (concentration ratie®r 1000, i.e. 1 MW/A) and
temperatures, solar thermal central receiver desigoe a variety of challenges which
require careful consideration to overcome. Theitgbiio make on-demand energy
through integrated storage allows CSP plants toafilneed that other intermittent
renewable energy sources (such as wind and phodoss)l cannot. As such, it is critical
that receiver designs be coupled closely with Effit storage technology with adequate
energy densities to keep operating costs low. Eleeiver working fluid must integrate
with the storage technology, preferably by using,feost-effective heat exchangers in
the design. The receiver must operate with relialiiget temperatures for down-stream
processes; this is complicated by variability inasansolation during the day and in

response to transients such as passing cloudsh Mherent variability in the high



operating temperatures and solar fluxes, thermasstissues can arise and compromise
material durability for long-term operation. In doh, achieving the maximum
efficiency within the receiver is critical for mmizing costs. Higher temperatures can
enhance down-stream cycle efficiencies or throughiput can also drive increases in
radiation losses from receivers (Medrano et all,020 This presents interesting system-
level tradeoffs.

In this study, the issues related with the receaser investigated with the greatest
detail. Particle receivers were chosen becauseekiepit great potential to achieve low-
cost storage that can be integrated into a vagegjown-stream processes with relative
ease. By using particles as the “working-fluid” astbrage medium, the need and
expense for additional heat-transfer devices amireted. By using high heat-capacity
particles and/or reactive particles, high storagesdies can be achieved that exhibit
sufficient storage for long periods. Directly irratéd particle receivers also use the
particles for radiation collection, so they caniagh consistent outlet conditions during a
wide-range on solar inlet conditions through simpperational adjustments. This can
potentially decrease startup and shutdown timeipdove response times to transient
conditions. Using a simple, open design, the spéidicle receiver is able to avoid many
of the thermal stress and survival issues thatr@hehitectures face. This study hopes to
provide effective design tools and knowledge nemgs$or proper integration into a
down-stream process. The performance of partialeivers is explored under a wide
variety of operation conditions. Integration of ieais reactant particles is investigated in
order to evaluate their potential to improve e#fiaies, storage capability, and even

enable fuel production.



1.4 Concentrated Solar-Driven Fuel Production and Sorage

This study investigates the impacts of incorpomati@acting particles into a falling
particle receiver to promote either fuel productoorhigh- energy density storage. Due to
the high temperatures and thermal stability, plartieceivers are attractive for many of
the proposed high-temperature cycles for produatibhydrogen or carbon monoxide.
Most of these cycles use an oxide material thatergmes an endothermic reduction
process at high-temperatures (> 1200 K) to expggen while being heated with solar
energy. In a second, non-solar dependent stepetheed material is exothermically re-
oxidized at a lower temperature (<1200 K) with efttsteam or carbon dioxide to

produce hydrogen or carbon monoxide, respectively.

MOy + heat> MOy, + 0.50, [R. 1-1]
MOy.1 + H,O & MOy + H, + heat [R. 1-2]
MOy.; +CO, > MOy + CO + heat [R. 1-3]

The process illustrated in R. 1-1 is driven thergmaimically by shifts in
temperature and gaseous [@rtial pressure. The temperature dependenceeasaklily
seen in Eqg. 1-1, where the reaction will proceethenforward direction as long &g xn
< 0. AsAhy, andAsy, are approximately constant with temperature arsitipe for this

reaction, driving the ceria species to higher terajpees promotes greater reduction.



Ay = Anyy, = TAS,, [Eqg. 1-1]

rxn

Many different materials and fuel-production cyclesve been investigated for their
potential to create fuel using solar thermal enegwan input. Many studies have sought
to characterize thermochemical cycles in ordedémiify attractive candidates for further
development (Perret et al., 2005; Kodama and Gak@d7; Roeb et al., 2012; Charvin et
al., 2008; Steinfeld, 2005; Ghandehariun et allQ2@hueh and Haile, 2010; Lapp et al.,
2012). Perret et al. (2005) evaluated over 200mbehemical cycles, based on metrics
such as number of steps, operating temperaturgsigah state of reaction products,
thermodynamic driving force, and projected efficgnSome of the most promising
cycles have been reviewed more thoroughly by KodanthGokon (2007) and Roeb et
al. (2012). The water and G@plitting cycles most often developed are the tlela
metal-oxide cycles (including Zn/ZnO, Sn/SnO, and{@IO), nonvolatile metal oxide
cycles (ferrites, ceria, and perovskites), and rstép cycles with maximum operating
temperatures below 1200 K (Sulfur and Cu/Cl) (Resteal., 2005). Other authors have
investigated other chemical processes, such as amansplitting (Lovegrove et al.,
2004), high-temperature metal-hydrides (Felderhoff Bogdanov, 2009), and CaC9
splitting with production of lime (Meier et al., 8).

One of the more promising cycles based on the cedax , uses Ce(patrtial
reduction to Ceg, which can be readily reoxidize with,® or CQ to produce kK and
CO for fuel production. CefQ maintains its cubic fluorite structure to relativénigh
values ofé (Zinkevich et al., 2006) unlike many other matridnat undergo significant

structural and phase transformations during rednoctiThis gives ceria long-term



stability. Further, with high oxide-ion conductiyiat elevated temperatures (Giordano et
al., 2000), ceria can sustain relatively high reguncand reoxidation rates with relatively
large particle sizes. These properties make it @acive material for solar fuel-
production processes.

One drawback of undoped ceria is the very high tsatpres required to drive
large reductions. In order to get a reduction df &= 0.01 at an oxygen pressure 0’10
atm, a temperature of 1573 K is required (Mogenseral., 2000). Many different
researchers have examined doping strategies inm todeduce the temperature needed
for reduction (Gibbons et al., 2014; Chueh and ¢J&D10; Le Gal et al., 2011; Scheffe
et al., 2012; Meng et al, 2011; Yang et al, 2008tthukkumaran et al, 2007). Most of
these doping strategies seek to replace some ofte¢ha in Ce@ with alternative
chemicals such as Zr, Hf, Ca, Sr, Gd, Y, and Croragnothers (Scheffe et al. 2012).
However, these approaches have been faced wiibuliés. Many of the most popular
dopants are able to successfully decrease theyerezrgired to reduce the doped species,
but also reduce the low-temperature kinetics ofstbever reoxidation process (Scheffe et
al., 2012). Gibbons et al. (2014) attempted to owee this kinetic limitation, by
exploring structural approaches to obtaining a Vagh surface area. While met with
some success, such approaches are often hamperesnteying during the high-
temperature reduction step.

Beyond solar applications, ceria (often in dopedn®) is a useful material in
catalytic converters and solid-oxide fuel cellserth is a wealth of physical and

electrochemical data available, much of which hasnbcompiled by Mogensen et al.



(2000). As such, ceria is an excellent trial malet® use in numerical models so that
physically meaningful results can be reasonablgiobd.

There are a variety of reactors that have beenlde®@ to handle the high-
temperature thermochemical processes in a Ceng@ifRer System (CRS). Roeb et al.
(2012) review many of the reactors that have bemrldped for water-splitting cycles,
highlighting key operational and material challesigand loosely separating them into
two categories: reactors based on reactive parsickams and reactors based on fixed
solid supports. Particle stream reactors includenudti-tube, aerosol-flow solar cavity
receiver (Perret et al., 2005; Martinek, 2012; Dlrst al, 2006), a fluidized-bed reactor
based on beam-down optics (Kodama and Gokon, 2@@d)a screw-conveyor reactor
based on beam-down optics (Siegel et al., 2010yelmeral, particle reactors have the
advantage of allowing continuous operation and fothermal stresses, but face greater
issues related to intra-particle sintering and lo$sactivity. Solid-support reactors
include: stationary monolithic supports coatedaaative material (Kodama and Gokon,
2007; Roeb et al., 2012; Dersch et al., 2006; Agtiafet al., 2005), stationary foams
heated directly (Kodama and Gokon, 2007; Roeb .et2@l12; Villafan-Vidales et al.,
2011) stationary foams heated indirectly (Singlalet2011), rotary cylinder coated in
reactive ceramics (Kodama and Gokon, 2007), ancbumter-rotating ring structure
(Miller et al., 2008). Ceramic-supported reactas tmit sintering in two directions, but
face challenges with thermal stresses and shoaksh loperation or usage of rotary
machinery at very high temperatures, difficultylesng products in operation, and heat
islands that can destroy porous materials (Roehbl.et2012; Martinek, 2012). Other

water-splitting reactors have been proposed thataddit into these categories, including



a liquid Cadmium receiver concept based on beammdmptics (Perret et al., 2008) and a
perovskite membrane reactor that operates sinulantelectrolyzer using differences in
oxygen chemical potential to drive reduction (Reehl., 2012).

Beyond water-splitting, other reactions have bemsestigated. Dahl et al. (2002)
describe a graphite tube receiver where naturaligadissociated into Hand C(s),
forming particles in the 20-40 nm range. Hirschakt (2004) describe natural gas
dissociation in a vortex-flow, direct particle alystion receiver usingm-sized particles
and a quartz window, later improved by radiallydieg particles in a cloud (Maag et al.,
2009). Meier et al. (2004) describes a horizontdghny kiln reactor used for lime
production.

Solar reactor design requires a synergistic finleen reaction scheme and
reactor. While inert receivers must be designed ¢ol maximize the absorbed solar
energy and achieve the desired temperature, sedatars must also maintain optimal
species transport through the reacting zone. Becthigse reactions, especially the oxide
reduction step (R. 1-1), are sensitive tooOncentrations in the gas phase, it is important
to control the environment within the receiver teacAny direct-absorption reactor must
make use of a windowed aperture in order to mairdaienclosure. Challenges presented
in other windowed receiver designs, especiallyingig mechanical stability under high
pressures, are less pronounced for a solid-parteteiver operating at atmospheric
pressure.

Beyond fuel production, a solid-particle reacton daze used to achieve high
energy-density storage through thermochemical gneogversion. This is achieved by

processes that use reversible endothermic readii@R. 1-1 that are driven by the solar

10



input. The thermochemical energy can be releasethenreverse reaction to deliver
thermal energy to a heat-driven power cycle. Wthke energy stored is of lower quality
(in terms of heating value and density) than irl fareduction, the operating temperature
range can be much lower with reactions active bedgen 1200 K. Perovskites are one
class of materials investigated for lower-tempeartprocesses (Choi et al, 2011).
Perovskites display a similar degree of phase lgtabs ceria but reduce at much lower
temperatures (Zhang et al., 1989). Further, peiteskave the advantage of being very
optically-dark in the visible spectrum, making themcellent absorbers for a direct-
absorption receiver.

Because of the high capital cost involved in buiida concentrator field and receiver
structure, even at the prototype scale, it isaditio investigate the design performance of
the receiver under a wide range of operating pa@seusing numerical tools.
Integrating reactive species into the receiveohices many more variables that must be
optimized and explored, and requires complex madeliools that can efficiently

evaluate the performance response to a wide rangeuwt conditions.

1.5 Central Receiver Modeling

Modeling solar thermal central receivers presengmynchallenges, primarily in
handling the radiation fluxes and associated haatster. Solutions are usually specific
to the specific receiver architecture and apploabeing studied. Some relatively simple
architectures, such as external tube-based reseitan be modeled with simple
phenomenological models without significant diffigu(Li et al, 2010). However, when

the receiver geometry becomes more complicatedy dften necessary to accurately
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capture the incoming solar radiation and radiatxehange between many surfaces.
There a variety of approaches to achieving thes¢ésgbat will be reviewed later, and all

of them have their strengths and weaknesses. Tdieechf the proper radiation exchange
model depends on the specific application and gégmend must be consistent with the
rest of the physical models employed. Gas flow wita solar receiver can be very
important, and can be captured with either simgdifi semi-empirical models or full

computational fluid dynamics (CFD) simulations daegieg on the goals of the study.

When reactions are incorporated into a numericaldeho species balance,

thermodynamics, and kinetics must be included, tdueoupling with the heat-transfer

and fluid-flow models.

The variety of models employed for solar receivarsge from first-order design
models to detailed CFD models. Many simplified nmed®ersch et al., 2006; Maag et
al., 2009; Palumbo et al., 2004) use 2D or 3D tamhamodels coupled to simplified 1-D
reaction models, with variations depending on teactor operational physics. More
detailed CFD models are usually developed as tkestep in reactor design and rely on
fewer simplifying assumptions at greater computatiocost and design difficulty.
Abadanes et al. (2011) describe a 2D cylindricaDGRodel for ZnO dissociation in a
particle-cloud reactor that uses Lagrangian-fragmginking-shell, constant-T particles,
mass-action heterogeneous-reaction kinetics witthekius-form reaction rate, and the
discrete-ordinates method for radiation heat-exgharVillafan-Vidales et al. (2011)
present a CFD simulation on a volumetric-foam ferneceiver that utilizes the P1
radiation approximation and mass-action kineticsedaon an Arrhenius parameter for

the reaction rates. Ozalp and JayaKrishna (2016¢ride a CFD simulation on the
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vortex-flow methane reactor seeded with carboniggest This model makes use of Mie
theory and an equivalent particle diameter to dateuparticle absorption properties for
use in the discrete-ordinates model for radiatieathransfer, mass action kinetics, and
the realizable kturbulence model. Martinek (2012) models an adrsseded acetylene
gasification reactor using the finite-volume radiatheat transfer, the two-fluid (Euler-
Euler) particle treatment with constant-diametertipies, a simplified global reaction

mechanism, and particle radiation in the Rayleigtit]

1.6 Falling Particle Receivers

The operational principles behind falling-particleceivers are straight-forward.
Cold particles are injected at the top of the neeeand fall straight down through the
receiver. Incoming solar fluxes (from the solarld)edirectly irradiate the falling
particles, which absorb much of the radiation thiee a higher temperature by the exit
of the receiver. The particles speed up alongdhevihich decreases the particle number
density as they fall through the directly irraddhteone. For reactive particles, heating
along the fall can result in species exchange lawie particles and the gas phase. The
reaction thermodynamics, kinetics, and gas spem@sentrations determine how the
absorbed solar energy is split between sensiblengeand reaction.

In particle receivers, there is complex couplingn@en the particle dynamics, gas-
flow, incoming solar energy, and radiation heatkege with the walls. Since particles
are not blackbodies, some of the incoming radiaisoreflected onto the walls or out of

the aperture. Depending on the chosen flow paras)dtee particle curtain may permit a
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large portion of the solar beam to illuminate tearrwall, causing a strong hot-spot that

can damage the material.

Cold Particle
Flow In

Conc. Solar
Radiation

Hot Particle
Flow Out

Figure 1-1— Schematic of falling particle receiver, highligiy the heating of particles under

direct solar irradiation.

Falling particle receivers using inert particles&&een studied by several groups. Meier
(1999) performed 2D CFD simulations of a fallingtje receiver to study the particle-
gas interaction and evaluate the stability of floevf Chen et al. (2007) extended these
results to 3D in order to aid in the design of atgtype receiver being designed at Sandia
National Labs. Siegel et al. (2010) further imprdvibe model of Chen et al. to include
an improved treatment of the radiation profile nder to provide additional insight into
the experimental results from the prototype reaeiwdore recently, experiments by
Khalsa et al. (2011) have been performed to agksign and evaluation of the prototype

design.
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1.7 Objectives and Overview of Current Sudy

The current study extends the modeling effort amdlesstanding behind the
operation of solid particle receivers. Chapter @spnts the development of a simplified
model of inert particle receivers, similar to thasdeeady tested. While other studies,
(Chen et al., 2007; Siegel et al., 2010; Khalsalet2011) have shown good predictive
capability with in-depth CFD models, the simplifiedodel developed represents a
valuable design tool to evaluate the impacts oyinarphysical parameters. This chapter
explores the impacts that varying particle sizdsw frates, temperatures, radiation
absorption parameters, and solar flux has on rec@erformance in terms of mean outlet
temperature, curtain temperature gradient, andwercefficiency. The specific dynamics
of heat-flow within the curtain are investigated terms of operating temperatures,
curtain opacity, and wall interactions. Furthers timodel will also be applied to design-
studies on full-scale commercial receivers, whiah be computationally prohibitive for
larger codes.

Chapter 3 presents an extension of the inert-partieceiver model to include
capability for simulating reactive particle flowA. detailed thermochemical model for
ceria captures bulk and surface thermodynamics et ag kinetics based off prior
experimental work (Mogensen et al. 2000; Zinkewatlal. 2006; Decaluwe et al., 2010).
The thermochemical model integrates with the irgetticle receiver to evaluate the
impacts that operating parameters have on totdoqmeance and in driving reactions.

The evolution of the particle curtain is given partar attention to better understand the
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key physics affecting performance. The integraigec®es model is used to evaluate an
alternative species composition in the contextulitdcale operation to demonstrate the
potential that reactive particles have to improverall solar plant operation.

One of the final objectives of this study is to €i®p and demonstrate a reactive
particle model to be integrated into higher-fidel@FD simulations with falling-particle
geometries. Chapter 4 presents the developmento$tam particle model user-defined
function that can capture the thermochemical cer@lel created in Chapter 3. The
results from this simulation are useful in not owdifidating and improving the simplified
design model, but also allowing exploration of k#wsics related to the gas-flow that
cannot be captured in the simplified model. Thferéfis a significant step forward in the

design capability for solar thermal solid particdactors.
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Chapter 2: Modeling Inert Particle Receivers

Design of a solar thermal receiver is a primaryllehge for CSP plants due to their
complexity and cost. Efficient receiver modelingol® are needed to evaluate the
performance and operability of proposed designsrbefull-scale implementation. For
solid-particle receiver designs, complex multi-ghgsmodels are needed that include
particle-gas flow dynamics, multi-band radiatioratiransfer between the particles and
receiver structure, and other modes of heat-tranffe the receiver structure and
particles.

In this chapter, prior modeling approaches for ¢higcal physics in solid particle
receivers are reviewed. Then, the specific recdasgyut used in this study is presented,
with the governing equations and specific modelapgproach used for that receiver
design. Results for a prototype-scale particle ivecareveal design tradeoffs related to
receiver operating conditions and design parametetading particle size, mass-flow
rate, inlet temperature, and solar concentrati@rfoPmance analysis of a larger full-
scale particle receiver with grey-body particlesvides new insight into the efficacy of
selective particle emissivity in improving partigieceiver efficiencies. These results and
lessons from inert particles play an important ialeinderstanding the modeling efforts

of reactive particles presented in later chapters.

2.1 Previous Particle Receiver Modeling efforts

Particle receivers incorporate many physical phesr@an including radiation,

conduction, convection, particle flow dynamics, andlti-phase particle-gas flow. Due
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to the highly concentrated solar input (around 1 MW/ and associated high
temperatures, radiation dominates heat transférnmihe receiver and heating of particle
flows depend on the complex interchange betweelatrad transmission and reflection
through the depth of the particle curtain. The ip&rtheating and motion induce gas
flows within the receiver, which can impact the tjde flow through drag on and
dispersion of the particles. Effective modelingtioése complex and coupled physical
phenomena require detailed but computationallycieffit approaches that capture these

effects in a consistent manner.

2.1.1 Receiver Models

Many efforts to accurately model inert falling-pele receivers have been
reported in recent years with varying success ptwang the most important physical
phenomenon that dominate the performance of theivexc Early particle receiver
models using CFD software and a Monte Carlo ramhiathodel by Meier (1999) were
limited to a 2D cavity geometry due to computatiolmitations. Chen et al. (2007)
extended the computational modeling to 3D and impleted a Monte Carlo solar source
with a discrete ordinates radiation model for retéel and thermal radiation within the
receiver. Chen’s model lacked the ability for tladas source to directly interact with the
particles, and thus particles were indirectly healg the walls. More recent work by
Siegel et al. (2010) explored direct interactiothvihe particles by implementing a “solar
patch” from a small, obstructed area in the sopeartare, but this approach lost some of
the incoming solar source resolution. Khalsa e{2011) extended this model to fully

resolve the solar source while maintaining partinteraction by implementing a “solar
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patch calculator” that breaks the inlet apertute many smaller pieces and applying the
proper direction and intensity in each patch.

Roger et al. (2011) created a semi-empirical receimodel that eschews
calculation of the gas flow-field and solves theliaion field using Hottel's zonal
method. This method is much less computationalipateding than CFD models and has
been chosen as a basis for the work presentedsirchlapter. The work presented here
extends the model of Roger et al. by improving ugenradiative transmission through
the particle curtain and including a semi-empiricghs treatment that captures

entrainment and curtain spreading.

2.1.2 Multi-band Radiation Models

Because the importance and high computational @bsesolving the radiation
field within even a relatively simple geometry, thetails of receiver modeling depend
heavily on the radiation model employed. The esirlieorks used a Monte Carlo (MC)
ray-tracing approach to resolve the solar field igviet al., 1999 and Chen et al., 2007).
The MC method works by launching a very large numtferay packets from each
release location. These ray packets proceed thrmagty steps, and at each step either
transmit, absorb, or scatter with a probability eleging on the radiation properties of the
interacting medium. Because the MC approach issstatl in nature, many rays (on the
order or 16-10°) are required to achieve convergence. While the Mé&thod can
approach exact solutions with enough rays, its edatjpn expense makes it prohibitive

for implementation in many situations.
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Radiation can also be solved using the discreteates (DO) method (Chen et
al., 2007; Siegel et al., 2010; and Khalsa et26l1,1). The DO method makes use of the
radiative transfer equation (RTE), shown in Eq., 24 a field equation over a set number

of angular division is the polar and azimuthal ditens.

In this equation,l,(,s) represents the radiation intensity as a functibpasition (')
and direction §) in any wavelength-binkj, a, is the spectral absorption coefficieat,
is the scattering coefficienn is the refractive index],, is the equivalent blackbody

emission in thé.-band, @ is the scattering phase-function, afis the solid-angle. In

simple terms, this equation states that the chamgadiation intensity at a point and
direction is the sum of the blackbody emission amdcattered radiation from other
directions minus the absorbed and scattered raditi other directions.

The discrete-ordinates method has been successioiggrated into CFD
simulations by solving the radiation transfer oe tame spatial grid used for fluid
calculations. Despite its strengths, the DO methasl drawbacks for many applications
due to the directional nature of actual radiatibime DO method is sensitive to grid sizing
and angular discretization. For problems with sgrapecular components, the DO
method can introduce errors in the form of numériciffusion. While less
computationally expensive than the MC method, th® Blill requires substantial

computational memory and calculation times, whiah be limiting in many cases.
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A simpler method of radiation calculation, appliegte in this chapter, is Hottel's
zonal method, described in Roger et al. (2011) Rader et al. (2006), which extends
surface-to-surface radiation models to includeradeng semi-transparent media. The
zonal method calculates view factors between thiases of all walls and cells bounding
the semi-transparent medium. Radiation is absodaguin the cells containing semi-
transparent media, is reflected at the cell surfand/or is transmitted to the opposite cell
face. This method obtains a simultaneous solubothe radiosity from each cell-face. In
this implementation, errors are introduced by assgnthat reflections are diffuse and
transmissions only occurs directly to the opposiéd face. The zonal method has
significant computational advantages over DO and Mé&thods for relatively coarse
grids, but becomes less computationally effectmefiner grids. A large portion of the
computational expense lies in calculation of th#-feee view factors, which is very
expensive on finer grids. However, for fixed gritdtsgse calculations are only done once
and can be stored between runs to save computhtibme. The numerical

implementation of Hottel's zonal method is discassedetail below.

2.1.3 Particle-gas Entrainment Models

The flow of gas in highly loaded inert-particle eacers is of secondary
importance, but the gas-particle drag interactioipact particle velocities and thus,
residence times in the receiver volume. It is intgar to at least estimate the local gas
velocity. Gas-patrticle interactions can be critital reactive particles, when local gas-
species concentrations near the particle are neededlculate particle reaction rates.

CFD models used to simulate particle receiversratité resolve the gas-phase in the
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entire domain, but at a very large computationglegse and with significant uncertainty
associated with CFD for particle-laden flows (Hrudiyal., 1986; Chen et al, 2007). With
these models, drag interactions are calculatedguairvariety of empirical drag-laws
developed for spherical and non-spherical partigd$SYS, 2011).

When CFD is not used to resolve the entire fluichdm, it is still necessary to
somehow obtain information about the local fluidwl around the particles. The model
used by Rdger et al. (2011) simply uses a set fatithe local gas velocity to particle
velocity within drag calculations. While this appob can be effective, it faces obvious
limitations when the particle flow rate or size iear significantly from the fitting
location. This approach also tends to under-predeigas and particle velocities, leading
to a terminal particle velocity which is generatigt reached by a stream of particles
continuously falling.

In order to improve on the set-ratio model usedipresly, Liu (2003) integrated a
particle-gas flow model. This semi-empirical modebased on tests performed by Liu
on free-falling dense particle streams, where gasg fates at different diameters around
the particle stream were measured using orificeeplalrhis study revealed that the gas
flow tends to follow a Gaussian profile in the wity of the particles. Using this
information, Liu was able to describe how gas bexamrained in the flow and how the
downward velocity developed. The falling partickagrain gas into the downward curtain
flow, which eventually exits the receiver along lwihe particles. The additional gas
needed to maintain continuity must be supplied ugho openings elsewhere in the

receiver. This model captures the effects of chamgiass flow-rate and particle size and
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works for flows over a much larger range of pararstcompared to the constant

velocity-ratio model.

2.2 Model Geometry

Inert particle receiver studies have been carrigidoo receivers of two different
scales: for a prototype 3 MVgolar-input and for a full-size 220 MWolar-input. Both
receivers feature particles falling inside a regtdar cavity with a single aperture to
allow solar irradiation as shown in Figure 2-1. Tdeometries are based on the design
found in Siegel et al. (2010). Alternative partickceiver designs have been proposed
with tube-based geometries for improved flow confhdartinek et al. 2012, Flamant et
al. 2013), but the falling-curtain design providessimple configuration in which to
explore fundamental trade-offs for issues reladlitect particle irradiation, particle
mass flow rate, particle physical properties, apérating solar concentration.

The prototype-scale falling particle receiver featuslight modifications from the
receiver in Siegel et al. (2010). These featuresraplemented to improve performance.
The prototype receiver dimensions, documented entdlole in Figure 2-1, differ from
those of Siegel et al. (2010) by incorporating @aksen entrance region before the directly
irradiated zone and a smaller aperture width. Arteln@ntrance region (1 m) improves
particle radiation absorption by exposing the dartaear-entrance region — where
particle volume fraction is higher — to the concat&d solar influx. Furthermore, the
particles are slowest near their injection point aducing the entrance length increases
particle residence time in the directly irradiatedne. A smaller window aperture

improves receiver performance by decreasing reatiadi losses. Optimal cavity opening
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design requires coupled field-receiver modelingiciwldepends on heliostat field layout

and optical performance and is beyond the scopei©&tudy.

P
= . , Prototype Full-Scale
% Dimension (m) Dimensions Dimensions
= ,
Lyr Receiver (12.0, 21.0,
(Lars Lys, Ly | (185,50, 1.5) 750
Aperture
(Lxas Lya L22) (1.0, 3.0, -) (11.0, 20.0,-)
Curtain (1.0, 5.0, (11.0, 21.0,
(Lxc Ly Lz) | 0.01+0.0087%) | 0.04+0.0087%)

- \)M r
Lx,r 2 X

Figure 2-1- Falling particle receiver geometry and sizestfoth prototype and full-scale design.

The incident solar flux on the receiver is modedsda uniform profile pointing
horizontally (in the z-direction) to decouple fietitesign impacts and because prior
studies have shown that matching total incidenx fila sufficient for reliable results
(Siegel et al., 2010). Even with these minor madiiions to the design from Siegel et al.,
the receiver configuration in this study is simi@rough to compare model results with
inert-particles at similar operating conditionset@eriments in that previous study.

The full-scale receiver uses dimensions specifigddh Clifford Ho (2003) from
Sandia National Labs in order to evaluate the eepe@erformance under varying

operating conditions for a proposed 100 MWe recaeiVais receiver size was used to
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study a near-full scale receiver and the effectganying particle emissivities on receiver
performance. In particular particles with seleelyvhigh emissivity in the visible range
are relatively low emissivity in the mid and farfreared range were studied to see if

reducing re-radiation losses could significantlypnove particle receiver efficiencies.

2.3 Model Formulation

2.3.1 Solid Phase Dynamics
The falling-particle receiver simulations are penfed with a Lagrangian particle
model coupled to a 3D heat-transfer model of théiateon transport in the receiver

cavity. The Lagrangian model calculates the evotutf the average particle velocity in

the y-direction,pr, and thereby average residence time of partiblesigh momentum

balance. The heat transfer to the particles isuéatied by coupling the Lagrangian
particle model to the 3D radiation heat transfedelpincluding convection between the

particles, gas, and receiver walls.

The average patrticle velocilyyp is derived from g-direction force-balance on a
single particle, which includes the particle dragcé due to the difference betweerynp

and the characteristic surrounding gas-phase \tglcngig and the gravity-driven body

force.

g [Eq. 2-2]
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The stream-coefficientCs, adjusts the single-particle drag-coefficie@, to
account for the impact of other particles in thetan according to the model developed
by Syamlal and O’Brien (1989) as summarized in Ktral. (2009). The particle mass
density,pp, as used in Eq. 2-2, is a constant for inert plagi as thermal expansion is
small for the proposed material.

Integration of the Lagrangian particle momentumagiqun is converted from a

temporal to a spatialy{direction) discretization by recognizing thﬁ)t/p is the rate of

change of particle position.

dy=0, dt [Eq. 2-3]

Eq. 2-2 is integrated along the length of fg|l,with spatial steps small enough

that the ode solver held a relative residual toleeaof less than 10for each time step.

Because the particle temperatufig) (and gas-cell propertieJ Uy‘g) are solved on a

larger Eulerian mesh to facilitate 3D radiatiomsport models, their values are linearly
interpolated between their cell-center values toviglie a basis for calculating the heat
transfer between the particles and the surroundasgphase flow. Interpolation of the
gas-phase solution variables from the Eulerianespldescribed below, enables adequate
resolution for modeling momentum transfer in thegdaagian particle model with the

coarser Eulerian grid.
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2.3.2 Gas Phase Dynamics
The transfer of momentum and heat between thecfegtand the surrounding gas

phase flow provides a basis for modeling gas-phesperaturesTy) and characteristic

y-direction velocities (]yg). Because the receiver simulations incorporate

computationally expensive 3D radiation transportdeimg, the full-enclosure gas-phase
fluid dynamics are simplified using the semi-pheeoiogical model developed by Liu
(2003) to capture the gas flow and composition nidwr falling-particle curtain.
Empirical correlations estimate the amount of faldf gas entrained by the falling
particles. Combining the entrainment models witd prarticle-gas momentum and heat
exchange models provides a basis for predictingetimution of Ty surrounding the
particles.

The gas-particle entrainment model developed by(RQ03) for flows of dense
particles reduces computational cost for the gas@lanalysis and allows for efficient
exploration of design parameter space by removirgg demands and uncertainty of
solving the full Navier-Stokes equation in a twaaphé flow CFD simulation. While this
approach is appropriate in this initial study, aed leave questions regarding how a full

CFD model might predict gas recirculation withie tleceiver.
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Figure 2-2— (a) Cross-sectional view inside of the receifagghlighting the curtain zone, and (b)

detailed schematic of curtain flow, showing evalatdf gas velocities in the dense curt@iny,

and the sheath gasz,,.

Figure 2-2 illustrates the profile of the downwaaks flow entrained in the direct
vicinity of the particles. The profile includes aheath” of gas flow initiated at the inlet
of the reactor and driven by the particle momentéecording to the experiments and
model for free-falling, dense particle flows of L§A003), they-direction gas velocities

uyg around the curtain can be approximated with a &anos velocity profile

characterized by a representative veloc'myg and thicknessAzg, which is different

from the thickness of the dense-particle coz,
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2

Uy g =Uyg \/Eex;{— Azzgz} [Eq. 2-4]

Using Eq. 2-4 reduces the complexity of the gas+flield to calculatingljy’g and

Azy with a combination of mass and momentum balanasateans in appropriately
simplified forms. The mass and vertical-momentumsgesvation equations can be solved

simultaneously to find thg-variation in the gas vertical mass and momentuw flates,

m, . and m, O . respectively. The characteristic gas veIocﬂ%, is then found by

dividing the momentum by the mass, while the charéstic thickness of the vertical gas

flow field, Az, is found by integrating Eq. 2-4 to get Eq. 2-5.

. T _
m 4 :\/;puy’gAxAzg [Eq. 2-5]

The gas mass-flow governing equation is derivethftbe continuity equation for
a semi-infinite plane (due to the large differerccaspect-ratio of the curtain), neglecting
x-direction variations. The gas densityis calculated from the ideal gas law and thus
depends on local temperature and composition. r@dting gas mass flow conservation

equation can be written as in Eg. 2-6.

Pglyg _ PgUzg
oy 0z

[Eq. 2-6]
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Integrating Eq. 2-6 with respect zpand multiplying by thex-thickness ang-length of a
cell yields Eg. 2-7, which shows the change in nilsg in the y-direction equals the

influx of mass at the edge.

? sl iz ay = | - paxay "2 |
Ejo Axply o Jdz-Ay = || = pAxAY oz z [Eq. 2-7]

= _pAXAyUz,g edge

Thus, by simplifying the mass derivative on the deian cells, the continuity

equation reduces to a simple mass-flow balance, &g. 2-8.

amyvg Ay= Am}’:g A

ay Ay y= Ar:ny,g = _pAXAyUz,g,edge [Eq 2'8]

In Eq. 2-8, U, 4eqqer€lies on the model by Liu (2003) for calculatinguhthe falling

particles impart downward gas-momentum through .didge imparted downward gas

momentum entrains gas from the surroundings atl@cive U, ;.44 Proportional to the

downward velocity where the proportionality or emment constant;, varies primarily
with particle diameted, (Liu, 2003). Liu did not fitx for d, and flow regimes relevant to
this study, buta is fitted here as a function of, to the detailed entrainment
measurements performed by Kim et al. (2009) usiagigle size and flow profiles
directly applicable. This fitting is sensitive toet particle drag model, and the drag model
suggested by Kim et al. (2009) provides the beéstTthe resulting fit fol;, g edgelS Shown

in Eq. 2-9.
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U, g edge= Uy, Wherea = 5.29:{0.99574)(106%) [Eq. 2-9]

A comparison of the results found in Kim to theirfigg here, as shown in Figure
2-3, shows acceptable agreement over the rangearttlp sizes and mass flow-rates.
The minimum R value is 0.982 for the particle diameter fittingda0.996 for the mass-
flow fittings. This model provides a significant pmovement to the constant-ratio model
for gas to particle velocities shown in Figure 2mth a minimum R of 0.899 for the
particle diameter fittings and 0.988 for the madses¥#f fittings. Not only does the
entrainment model fit the velocities better ovewmler range, but it also provides
important information about the gas mass flow-i@te profile, which is important for
reactive particles. Further, it captures well ttziation of the gas flow with changing
particle loading. The constant-ratio model predidentical gas behavior regardless of
particle flow. This difference is important for dwating how changing properties such as

mass flow rate impacts performance trends.
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Figure 2-3 - Particle velocity under isothermal condition&catated using the Liu model with fit
entrainment coefficient (lines) to the experimeaia of Kim (symbols): (a) comparison over a
range of particle sizes for a particle flow rateld® kg 8 m. (b) comparison over a range of

particle flow rates for a particle diameter of GO7.
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range of particle sizes for a particle flow rateldf kg 8 m™. (b) comparison over a range of

particle flow rates for a particle diameter of GO7.
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The change in gas-momentum is found with a singgifiD fluid-momentum
conservation equation, where the effects of dragiwithe curtain are assumed to be of
much greater magnitude than buoyancy. The dragedearm uses a cell-average particle
velocity, which is found by dividing the total paté residence time by the cell fall-

distance.

[Eq. 2-10]

= od

d(my,gUy,g) Epg(uy,p_ny,g)zc C m,
dy 4 d > py

p y.p

2.3.3 Heat Transfer Model

The heat-transfer model uses full-cell energy badarto calculate the cell-center
particle temperatured,, and receiver wall temperaturds,. To do this, the formulation
of Roger et al. (2011) is adopted to capture thmidant radiation heat transfer. Because
the energy balance must performed on the Eulenahfgr proper coupling with the
radiation solver, linear interpolation must be usethin the context of the Lagrangian-
phase particle solver. The Eulerian grid tempeeataiculated from this solver is taken
as the cell exit temperature in order to maintaonsistency with the particle energy
balance.

In the energy balance, the particle temperaturegggnce is captured via an

enthalpy balance for the constant particle mass-fite within a cell,m,, in order to
capture the changes in particlewith temperature. The particle convection heatdfer,

Q.onys IS @ source-term that accounts for the convedtimmsfer from the particles to gas-
phase, the inter-curtain heat transf@y,,,, accounts for heat exchange between the front

and back half of the curtain, the net particle atidh heat-transfer,.,, accounts for
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radiation exchanged within the receiver, and theogted solar heat transf@®,,, , is the

source-term from the direct solar energy. Thesmdeare captured for the particle-flow

in Eq. 2-11.
m, (hp,out —hyin ): Qconv + chrt + Qrad + Qsol [Eq. 2-11]

Eq. 2-11 assumes that the particles are isotherhingd. assumption is tested by
calculating a Biot numbeBi,,q, based on the range of equivalent radiative haaster
coefficients and typical particle conductivitiesdadiametersBi;aq can be derived by
estimating the radiation transfer between a sipgidicle and the solar source, and the

conduction heat transfer between the surface amercef the particle.

. _ (Tp,surf _Tp,cent ) _ ‘("po-r (TS%I +Tp2,surf XTsol +Tp,surf )
BIrad - -
(Tsol _Tp,surf ) 4k

[Eq. 2-12]

CalculatingBiraq from Eq. 2-12 gives a sense of the expected temperdifiegence
within the particle compared to the particle and thiBatéon source temperature. For a
radiation load ofgy, =1 MW m?, the effective blackbody source temperatur@sis =
2049.3 K. FofT, = 1000 K&, = 0.85,d, = 300pum, and k = 2.0 W M K™, Biag = 0.029
<< 0.1, which indicates that the temperature drop acdios particle is small relative to
the “temperature drop” between the solar source andpéngcles. Conduction heat
transfer should be able to keep up with radiation hemsfer and maintain an

approximately constant temperature within the padicle
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The convection term, shown in Eq. 2-13, is modelethvd Ranz-Marshall
correlation to calculate the particle heat-transfer caefit with the internal gas, as

shown in Eq. 2-14.

Qconv = hpasz(Tg _Tp) [Eq. 2-13]

whereN; is the number of particles in the given discretizetbian cell.

h

-d
Nu = pk P —2+06REZPI? [Eq. 2-14]

p

Since the particle volume fractions are typically bel5% in this study, inter-
curtain heat exchang@'Curt between the front and back half of the curtain, is dribg

radiative exchange across differences in temperatureebatthe front and back of the
current. The radiation exchange is calculated by asguthe front and back halves of
the curtain are two semi-transparent surfaces whose corfanerhave a view-factor of
1. With the multiple diffuse reflections between paeticones and near-uniformity of
radiation parameters between the front and back, Eq. i8-Hgrived to quantify the

radiation between semi-transparent surfaces, accouotimyultiple reflections.

. M & & o
Qurt = 2 1, o 0 " (Ti'4f4‘m,i'_Ti4f4‘m,i)AxiAyi [Eq. 2-15]
m=1L=0; P i
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In this equation, i represents the current cell forclwhthe heat transfer is being
calculated, and i’ is the common cell face, corresijpoy to the opposite side of the
particle stream. This approach is a significant impraanover the model proposed by
Roger et al. (2010), where inter-curtain exchange wasetldby an effective conductivity
with an arbitrarily chosen value. The effective coritity approach does not capture the
strong temperature dependence of this exchange. Futhen the value suggested by
Rdger et al. (2010) is used, the curtain maintainsataat temperature between the front
and rear, regardless of particle flow-rate.

The radiation energy source terms in Eq. 2-11 and Ekp are solved using
Hottel's zonal method within the receiver by modelthg curtain as a semi-transparent
medium whose optical properties are dependent onpé#rtcle properties (such as
diameter and surface emissivity), flow properties (suckichsme fraction), and curtain
properties (such as curtain thickness). This approadbsisribed in the next section.

The steady-state thermal energy balance for the recemadls includes

convection heat-transfer between the walls and autaid Q,,;, the conduction heat
transfer between wall cellsQ.,,4 . the radiation heat-feanexchanged within the

receiver,Q.4 , and the direct solar heat source-t&g, hasrsin Eq. 2-16.

0= Qwall +Qcond+Qrad+Qsol [Eq. 2-16]

Convective losses from the walls to the atmosphereacelated with Eq. 2-19 by using

material properties of Duraboard HD (Siegel, 2010), andnaisg) an outside-ambient
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temperature of 300 K with a heat transfer coefficlentn,= 5 W m? K™, as in Roger et

al. (2011).

Quat = Nt ambAv(Tars = T [Eq. 2-17]

2.3.4 Radiation Modeling

Solution of the radiation within the receiver is spltween two models: a
thermal radiation model and a solar source model tfigrenal radiation model is a
radiosity balance calculation for the radiation excleahigetween cells inside the

receiver. The solar source model is used for the incosofey radiation to calculate the

absorbed solar power (kW) in each céibgol , as well asefiected solar flux (KW/A)

at each cellgy,e; , Which is assumed to be completifyset. The absorbed solar

energy is a source term used in Eq. 2-11, while tthected solar flux is a source term in

the thermal radiation model.

2.3.4.1 Thermal Radiation Model

Hottel's zonal method solves the radiation balandsvéen the walls, window,
and particles. A multi-bin surface-to-surface model captuadiation exchange between
semi-transparent media. To model the semi-transparediameach interacting zone is
split into two cells with independent temperatures doupled radiation transport— cell i

and i'.
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Figure 2-5— Radiation flux balance for semi-transparent paifs using Hottel's zonal method.
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Q'rad,i , the net absorbed radiation energy in cell i, & difference in absorbed

and emitted solar energy.
. M K 4
Quadi = A El(gﬂm,i Ginc,ip i —&ii 11,007, ) [Eg. 2-18]

In this equation, Kirchoff's Law for radiation propertissapplied to assesf | = a, ;. As

Tl

shown in Figure 2-5, the outgoing radiation flt'qégn,lmi , from any face to be written in

terms of the incoming radiation qu>qi"nC,lmi, and holds true in each radiation bi,.

This equation is similar to that presented by Régeaal.e(2006), with an added source

term, Gere i+ Which represents the incident solar energy withichelaand that is

diffusely reflected. This equation is true for all cefisthe domain, even though only the
curtain and window (if included) are semi-transparent. pagoe surfaces, there is no

companion cell, i, andr, ; is 0. The valuef, ;is fraction of energy emitted by a
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blackbody in that bin, as shown in Eq. 2-20, wHerg,(4,T) is the Planck distribution for

a blackbody at temperature T.

q;ut,/lm,i = Pim,iq;wc,xm,i +& f).m,iUTi4 + q;olRefI,).m,i + T).m,iqi"nc,/lm,i' [Eqg. 2-19]
fmups £ (2T, A
f/l i _ J‘/LmJower A,bb4( | ) [Eq 2_20]
m ol

The incident radiation on any cell face with afgacan be written as a function of
outgoing radiation of every other cell, j, and then@ctor between thenk;;, as in Eq.

2-21. This equation is simplified to Eq. 2-22 by enypig the reciprocity relationship,

AR =AF.
qi"nc,/lrn,iA = Aiq;ut,zm PLET ANq;ut,/lm,N Froi [Eq. 2-21]
M N M
Qinc. /i = jz_:lFi—jqout,lm,j [Eq. 2-22]

Combining Eq. 2-19 and Eq. 2-22, it is possible toteva linear matrix equation for

every cell, as shown in Eq. 2-23. This equation lwarsolved forq;utllmi with any linear

solver.
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N 4
121[5” _(sz,i Fj+ T,lm,i'Fi'—j)hout,im,i =&, it i0T" + Ogiret 4. [Eq. 2-23]
By substituting in Eg. 2-19 and Eq. 2-22, Eqg. 2-18 ba rearranged in terms of

the known quantities,q;ut,lmi, to get Eq. 2-24. This equation uses the relation,

e, +p, +7, =1, which must be true to conserve energy.

. M N ) N ) )
Qusi =—A Z(%ut,ﬂm,i - (1_ [ )Z i i, — T,lm,i'z 1%z, ~ ol j [Eq. 2-24]
m-1 -1 -1

It is necessary to evaluate radiation propertigsA;,,z,) for all wall and semi-

transparent cells, and to choose appropriate radiafios tb accurately capture their
spectral variations. For inert particles, three radiabios and the respective material
radiation properties, shown in Table 2-1, are chosdral@nce the accuracy of modeling
in the window, wall, and particles. For cases withogen aperture, the window values
were all set to 0.0 so that all thermal radiationimgjg on the aperture from inside the

receiver simply escapes.

Table 2-1- Radiation parameters used for inert-particle ikers.

frad (%) frad (%)

A range [@um) 5600 K 1000 K &p Ewal Ewind” Piwind
0-1.25 81.0 0.3 0.850 0.200 0.000 0.073
1.25-3.5 18.0 38.0 0.850 0.200 0.046 0.068
3.5 2.0 61.7 0.850 0.800 0.910 0.011

& Siegel et al. (2010)
b Hereaus (2007)
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The radiation properties for the semi-transparent pacalle are functions of the
particle radiation properties, and must be calculag@iguan appropriate model. Because
of the size of particles, radiation within particlelsedan be calculated using geometric
optics, which simplifies calculation of the bulk profes. With this assumption, the
transmission of solar radiation through a thin “slicéparticles, as shown in Figure 2-6,

can be calculated from Eq. 2-25.

42N
dr=1— Apart,projected —1— 4 PP [Eq 2-25]
Aburt Jtotal LX I‘y
N
L
]rad_ T[rad [rad —> (d‘[) Ifad

Ewes BN

(@) (b)

Figure 2-6 - Schematic of radiation transmission throughaurt(a) Transmission through entire
curtain, as well as vertical discretization usedénivation of total transmission. (b) Transmission

through one single discretization.

Eq. 2-25 can be simplified with the volume fractibnas defined in Eq. 2-26 in order to

obtain Eqg. 2-27. In this equation, is the number of-direction discretizations used to
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split up the whole curtaindri, is the mass flow in the-direction discretization. Eq. 2-3

is used here in order to quantify the residence tinpadfcles at a given position.

- _dmpli by 1 Mpbby 1 [Eq. 2-26]
\'
LL,(dL,)  p, u, LlL,(d,) ppn, u, LL,(dL,)
3f 3 m, 1
dr=1-—V(dL,)=1-——P2 — Eq. 2-27
2d. 27 2d, pon, Uy [Eq. 2-27]

The total transmission through the entire lendth, is found by multiplying the

transmission through each discretization geometricafiyshown in Eq. 2-28. Eq. 2-28 is

s~/

i
further simplified by using Eg. 2-27, and Iettimgi P
dp ppUp

. When taking the limit as

n, approaches inifinity, this becomes the exponeniilis approximation works very
well for simulations in this study, as the totalcmess of the particle curtaints0.01 m,
while d, is < 0.0007 m. Whem,; is greater than 14 (the minimum numbermdpfized z
slices for a 0.01 thickness curtain), the differenceveen the first form of Eq. 2-28 and

the second form is much less than 0.001%.

7 =(dr)™ :[1—nlJ Z ~exg-x)=e ;{—i M J [Eq. 2-28]

z 2dy pplp
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The final form of spectral curtain transmissivig/ found by applying Eq. 2-26 to Eq.
2-28 and recognizing that the path travelled bgyathrough the curtain depends on the
incident angled, so thatL, = Az/cosf), whereAz: is the curtain thickness. This agrees
with the equation presented in Réger et al. (20Th)s form is appropriate for spectral
sources, such as the incident solar energy, but baustegrated over the full range @f

for diffuse radiation as calculated in Eq. 2-23.
—-3f,Az,
(0)=exp —L—C Eqg. 2-2
T}»m,|() F{Z co J [ q 9]

t, found using Eq. 2-29 is compared to the experialesiata from Kim et al.

(2009) for falling particles under isothermal cdratis in Figure 2-7. This comparison
was performed for 69dm particles with a density of 3560 for thg, shown. The model

values were calculated using the Eq. 2-29 and dhd-phase dynamics model described
in section 2.3.1. This comparison shows relatiggpd agreement with the experimental
data, although the model over-estimatgs along the fall, with a maximum difference
between the model and experiment of 0.0732 neaenideof the measurement window.
The experimental data used here uses back-lit immagearious points along the fall. As

such, this data is subject to errors due to tramsiand inhomogeneities within the flow

(Kim et al., 2009).
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Figure 2-7— Comparison of curtaify, from the particle model and experimental data fikim

et al. (2009) for isothermal particles at thg shown.

To evaluate the particle curtain thicknéss in Eq. 2-29, detailed particle curtain
measurements by Kim et al. (2009) under isothenatlitions are used to incorporate
particle spreading as the curtain falls. Accordiogheir measurementaz; is relatively
insensitive to the inlet conditions. Because thapsified model used here does not
calculate particle dispersion, a fitting of theal&étom Kim et al. (2009) in Eq. 2-30 is

used.

Az, = 001+ 0.0087y [Eg. 2-30]

The curtain reflectance is then found in Eq. 2-$Inultiplying the intensity of

the irradiation that intersects the particlésr, T ) by the actual material reflectivity, 1-

&p, Which holds true for opaque particles. Spectosloaptance (also spectral emittance by
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Kirchoff's law) is found by conserving the energythe applied radiation, as shown in

Eq. 2-32.
P =(1—3p,x xl— Txm,i) [Eqg. 2-31]
& i =1-17 =P [Eq. 2-32]

In these equationsy, is the surface emissivity of the particle matenatich is constant
for the CarboCeram material used here (Siegel €2@10). Eq. 2-31 and Eq. 2-32 are

used to findp, ; ande, ; forthe curtain cells in Eq. 2-18, Eq. 2-19, and E-23. It is

important to capture the spectral nature of thesise properties as they can vary
significantly with, which leads to different net absorption propsrtiepending on the
source temperature. The spectral binning allowsseffect to be captured, as emitted
energy shifts between the wavelength Bigswhile the surface properties can stay

constant within that bin.

2.3.4.2 Solar Source Model

The incoming solar energy follows a uniform specplafile traveling horizontal
from the open aperture into the receiver. The solgut is specular and must be
calculated separately from the thermal radiationdeho which applies for diffuse
radiation. To this end, the solar radiation is esgnted with a large set of rays evenly
spread over the aperture, and the incoming solarggns split into respective radiation

spectral bins, as shown in Table 2-1. If the aperisiwindowed, these rays pass through
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the front half of the window, and energy is eittedysorbed or reflected out of the
receiver. The transmitted portions of the rays tpass through the rear half of the
window. If the aperture is open, then there is meraction with these cells. The rays
exiting the window pass through the front-half leé¢ turtain, where diffuse reflection and
absorption are calculated. Here, the diffuse réflacout of the front half of the curtain

includes all reflected energy going through the lehdepth of the curtain, and this

calculated flux is added tQ. g i+ as shown in Eq. 2-33, whetg,, is the energy of
the ray reaching that point. All of th_,x. i from the rays that pass through cell i are

added together to g&yre ;i -

qray

A

Al gyire dod = Pl [Eq. 2-33]

The absorbed solar energy in cell i from a givgnisaound with Eq. 2-34, which

has this form because_; in the curtain is the absorption through the fefigth of the
curtain, andd,,, has the reflected portion already removed. As \hth reflected solar
energy,Q, ;1s found by adding all of the absorbed energy feorary ray inside eachy,

band,dQg, , ;-

. 1_ 8’1m’i 3
dQsol,/lm,i = 1_—qray [Eq. 2-34]
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After these calculations, the rays are passed dadbttk half of the curtain, where the
radiative energy is further absorbed. The radiagmergy from the rays that is projected
through the curtain hits the back wall of the reeei where the remaining radiation is
diffusely reflected.

The split of energy between radiation bandg, is achieved by finding the
fraction of energy within each band according t® A8TM Solar Source (ASTM, 2000)
measurements at-sea level, as shown in Figure 28500 K source, scaled to better
show the comparative representative energy digtabpis also shown in Figure 2-8 as it
is frequently suggested to calculate spectralitigiions using a treatment similar to Eq.
2-20. While a 5600 K source provides a reasonadtienation of the actual solar source

for many applications, it can introduce errors whpactrally selective surfaces are used.

1,800

——ASTM Solar Source
. ---5600 K Distribution

1,500 {

")

1,200

900 -

600 -

300 +

Spectral Irradiance (W m2 nm

0 T T T T T T T
250 750 1250 1750 2250 2750 3250 3750

Wavelength (nm)

Figure 2-8 - Wavelength distribution of ASTM Solar Source (A%, 2000) and a 5600 K

blackbody distribution scaled to a solar source.
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2.3.4.3 Radiation View-Factors

In order to evaluate the thermal radiosity balaimcéhe receiver presented in Eq.
2-23 and Egq. 2-24, the model must calculate thevviactors between all of the
computational cells. While there are many methadsperforming this calculation, in
this study view factors are calculated evaluatmgdouble-area integration shown in Eq.
2-35. In this equation¢; and ¢; are the angles between the normals of differential
elementslA; anddA; and the cell-center distance between these twesfRecas shown in
Figure 2-9. The valu®©Fy is the added obstruction factor to account forckilng by

other faces for any given path-length.

1 cod6, )cod), )
Fi=a iij—nRz (

OF, JdA dA, [Eq. 2-35]
The double-area integration is carried out with tiquad function, which
performs a quadrature over both areas, adaptiviebpsing points to achieve results
matching a specified tolerance. While quadrature btave difficulties with such
discontinuous functions as shown in Eq. 2-35, usirfiggh enough tolerance is able to
circumvent these problems. This implementation wested by using known test-
geometries, as those in Incropera et al. (2006),atolerance of IDwas sufficient to

match analytical results within 0.1%.
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Figure 2-9- Schematic illustrating the geometry used focaltion of view factors between
cells i and j. In this example, two cases are shdleft) a particular differential path-length istn

obstructed and (right) a path obstructed by thegiree of another interacting face.

This double integration can be very time-consumtaging about 1 day for the
prototype-scale geometry, but it is completely getssndependent and only needs to be

performed once for any prescribed geometry. Furth&ng the reciprocity relationship,

AF_j = AF;_, cuts computational time in half.
After all view factors have been calculated for gepmetry, there is a secondary

check thap F_; —1<e, wheree = 0.95. If the error is greater than E-the tolerance is
j

increased and the whole-domain view factors areagain until the error is acceptable.

Then, each row in the view-factor is normalizedatowvalue of 1 to conserve energy,
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accepting that this will create slight errors i tlotal view factors. The degree of these
errors was deemed acceptable enough for the lelvehi® model, as they do not

significantly influence any of the captured tremdsnajor physical impacts.

2.3.5 Solution Method

A schematic of the solution method for the entieeeiver model is shown in
Figure 2-10. The solution starts with a reasongiess for the temperature fields and
gas/particle coupling between the gas and solidggdharhe solid particle tracking in the

Lagrangian frame Eqg. 2-2 uses the ode23tb solvé4AiTLAB to solve for U, , with a

tolerance of 18. Next, the gas-phase mass, energy, and momentlancka in the

Eulerian frame, Eq. 2-5, Eq. 2-6, and Eq. 2-8,sm@ed to findTy,s and Uy,gusing the
updatedu, , values from the particle solver. The solid and-glagse models are iterated

until the maximum relative change in the solutiariables is less than T0After the
velocities and gas temperature have convergeddietphase energy balance, Eq. 2-11,
is solved to update the wall and particle tempeestwsing the Isgnonlin solver with a
tolerance of 10. This solver accounts for the majority of the $iolu time, most of
which is spent on matrix inversions to solve EQ3-The solver checks for convergence
in the particle temperatures, and iterates on thegss if the maximum residual is greater
than 10°. Total runtime for a single case is on the ordet-d hours for the prototype-
scale and 10-30 hours for the full-scale, with lise if a prior solution (and thus better

starting-guess) is used at initialization.
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Initialize Twalls: Tpart: Tgas: upartn

A

Solid-phase solver: Update Uyqq

!

Gas-phase solver: Update T,

ugas

Tgas: upart: ugas
converged

Energy-balance solver: Update
Tpart: Twalls

Tpart: Twalls
converged

Save Results

Figure 2-10- Solution method for inert particle receiver mbde

2.4 Model Validation

The model developed here was evaluated under singidenditions to the
experimental conditions described by Siegel et24110) in order to provide a benchmark
of the performance. The operating conditions fasthsimulations are shown in Table
2-2. There are a few differences between the exyeris of Siegel et al. (2010) and the
simulations performed here. The experimental damamuch greater particle entrance

region (~3 m) prior to reaching the directly irraidid zone. To mitigate this effect, the
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particles were given in inlet velocityyn, Of 6.0 m/s which closely matches the
accumulated particle velocity obtained through éx¢ended the entrance region. The
experimental data also obtained a non-uniform tamhgprofile into the aperture, with a
large portion of the incoming energy not directhcident on the particle curtain. To
capture the influence of this non-uniform profike,Gaussian solar profile was applied
over the whole aperture as shown in Eqg. 2-36, witlariance in the x-directiomﬂad,x)
and y-direction cﬁzrad,y) of 0.6. The Gaussian amplitude was set suchttigatotal inlet

energy matched the experimental value reportedegebet al. (2010).

2 2

< 1 - X B Eqg. 2-36
A9, s = Crag ex{ 2 T 2y } [Eq )

O'rad,x 2O'rad,y

Table 2-2— Dimensions and run parameters used for compaassimulation results with the

experimental data from Siegel et al. (2010) foratqtype-scale inert particle receiver.

Property Value (Baseline)

Receiver Dim. (m) (1.85,5.0,1.5)
(Lx,r, Ly,r, Lz,r)
Aperture Dim. (m) (1.5, 3.0, 0.05)

(Lx,a, Ly,a, Lz,a)
Curtain Dimensions (m) (2.0, 5.0, 0.01+0.008p)

(Lx,c, Ly,m I—z,c)

dy (um) 697
Ppart (kg m-3) 3560
& (-) 0.85
Tpin (K) 300
Up,in (M/S) 6.0

The results of this validation study are shown iguFe 2-11, which demonstrates
that the simulation model over-predicts the tempeeaobtained by the experimental

data with a maximum difference T, of 59.8 K with an average error of 27.0 K. This
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occurs due to two primary factors: (1) the simalatmodel does not include the impact
the gas flow, including the cold gas entering theeiver aperture, and (2) a mismatch in
the radiation profile due to lack of available infation. More detailed CFD simulations

performed by Siegel et al. (2010) have demonstrtatdgas flow out of the window can

lead to an additional ~9% loss, which cannot béwagd with this model. Testing various

solar-source shapes (by changisfg andczrad,y) showed a difference in performance
by as much as 39.5 K by exit of the receiver, wighformance differences determined by
the portion of energy that directly impacts thetaur. Despite the discrepancies, the
simplified model presented here shows a relatigelgd match of the experimental data,
especially for an early-stage design tool.

300

m', Model Exp.
12 —— =-9O-

250 +| 29 —®— -0O-
45 —e— -0O-

K)

~ 200 -

AT

150 +

100

Figure 2-11— Comparison of Jo: predicted by the model to experimental data ferrtm

conditions Qg and i) listed.
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2.5 Modeling Results for Prototype-scale Inert-particle Receiver

The prototype—scale solar receiver was run undariaty of conditions relevant
to the commercial-scale inert receiver designs daitudied by Sandia National Labs.
This was done to evaluate the influence of varyapgrational variables and better
understand their operational impacts to aid in tetign. The baseline dimensions and
operating conditions for these simulations are shawTable 2-3. All simulations are
carried out using these values for all parametece@ those varied in any test. The

results from these tests are presented, followeal digcussion of these impacts.

Table 2-3— Baseline dimensions and operating conditiond fmeprototype-scale inert receiver

simulations.

Property Value (Baseline)

Receiver Dim. (m) (1.85,5.0,1.5)
(LX,H Ly,f’ LZJ)
Aperture Dim. (m) (2.0, 3.0, 0.05)
(Lxa Lya Lza)
Curtain Dimensions (m) (2.0, 5.0, 0.01+0.008p)
(LX,C’ Ly,& LZC)

dp (M) 280
v, (kg ST m?) 4.0
ppart (K9 m°) 3560
8p (') 085
q;OIar (kW m—2) 1000

2.5.1 Numerical Grid
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Eulerian-grid cells were used in the receiver walfig curtain region for both the
particle heat transfer and the gas governing egpsitiluring the fall through the receiver
cavity. This grid used two discretizations for th#rtain in thez-direction (through the
depth of the curtain), as is necessary for the lzowalel within the curtain to maintain
independent temperatures at the front and backeottrtain. Using two discretizations
in the z-direction also enabled investigation of variatiamsemperature into the depth of
the curtain. Four discretizations in tRelirection capture variation in radiation effects
from greater exchange with the walls versus the dewn without increasing
computational cost too significantly. The maximurbserved temperature difference
between the center and edge curtain temperatumegyi25 K in the irradiated zone, and
decreases to less than 2 K by the exit. Thus, daaoretizations in the-direction were

deemed adequate for the purposes of this study.

The effect of varyingy-direction (i.e., fall direction) cells was expldreo
evaluate the grid’s influence on the particle terapge and velocity along the length of
fall. Within each Eulerian computational cell, tiparticle dynamics equations were
solved over at least 50 steps, with additional stagen as needed to fulfill the solver's
tolerance requirements. These calculations estintite particle temperatures and gas
properties at each point along the fall througledininterpolation with the upstream and
downstream cell conditions. This enabled a codtsgerian grid for the time-intensive
radiation calculations, while still capturing thedlfdynamics with greater accuracy. The
impact of grid resolutions in thg-direction was evaluated for the prototype-scale

receiver by twice doubling the number of discretmas (using 20, 40, and 80 cells) to
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evaluate the necessary resolution for grid-indepeod. The change in particle
temperatures going from 20 to 40 to 80 cells was tean 3 K (~0.1% change) for each
increase. This small variation was due to the glarir coupling scheme that was
employed along the fall. As such, the medium gd@ (liscretization) was used as it

provided good accuracy with reasonable computaltioma.

2.5.2 Results

The solid particle receiver model provides fulltgys temperature profiles as
shown in Figure 2-12, Figure 2-11, and Figure 2-These profiles give valuable
information for understanding receiver operatioelesting materials for survivability,
and interpreting trends. These curves show a cleange in the flow of heat within the
receiver as particle diametek, is increased from 100 to 60@m. For the 10Qsm
particles, the hottest,q is achieved along the front wall of the receiveaused by
reflection of solar energy off of and emission hg turtain. For these smallest particles,
the influence of reflection off the curtain accaufdr approximately 65% of the radiosity
of the front wall, while emission accounts for rbiyg35%, depending on position along
the fall. As the particle size increases, the lpot ®n the front wall remains, but becomes
less pronounced as particle emission decreasesodigoler particles and lower curtain
density. Going down the walls, there is a clearaase in temperature driven by higher
particle radiation emissions. Particle emissiorseswith T,?, and increase over 7 times
between the inlet condition of 600 K and the middfethe curtain at 1000 K. As the
particle size increases, a hot-spot develops ohdlck wall and grows more pronounced

because a curtain of larger particles blocks ladgtion.
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Figure 2-12- Temperature profiles within an inert, prototygisle receiver case at the operating

conditions shown in Table 2-3 adg= 100pm.

Laft Wall Front Wall w/ Window Right Wall
5 : Front ndo 3 ght 1500 i
2 2 2 Curtain Front . Curtain Back
L L L 1300 1100
b 0 B0 =0
-1 1 -1
F-1100 F-1000
2 2 32 ' J
3 : g g
s o0 03 4 05 0 05 1 05 o0 05 £ %
z ’ & L-o00 £ |- ° 0 ) E
Top Wall Back Wall Bottorm Wall E_ FTo00 #
3 3 3 E g-
H =
2 2 2 1 -1
700
1 ! i 300
N0 = 0 N0 i
E 4 L po sl ‘ il A .| 700
“ s 0 05 05 ] 05
-2 ) -2 X b 4
3 3 3
10 0 05 1 405 0 05 1 105 0 05 1 300 i
X

Figure 2-13- Temperature profiles within an inert, prototygisle receiver case at the operating

conditions shown in Table 2-3 adg= 300pm.
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Figure 2-14- Temperature profiles within an inert, prototygeale receiver case at the operating

conditions shown in Table 2-3 adg= 600um.

The exchange that greater curtain density createsvelen absorbed and
transmitted energy is apparent by looking at plrticitlet temperatures compared to wall
temperatures, as shown in Figure 2-15. The laqggsicles absorb less solar energy and
achieve lower temperatures while transmitting aifigant amount to the back wall hot-
spot. Asd, decreases, less radiation reaches the rear watthing a lower limit at 200
um, where the maximum wall-temperature is no londer back wall, but instead the

front wall due to reflection off the front of thartain.
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Figure 2-15— Maximum wall temperature and particle outlet pemature plotted as a function

particle diameter (imm) for prototype-scale inert particle receiver.

The development of the hot spot on the rear ofréloeiver can be explained in
terms of the transmissivity of the curtain plotted-igure 2-16. The transmissivity gives
the fraction of total energy that penetrates oterfull thickness of the curtain to reach
the back wall. It is clear that, as particles gegér, the curtain quickly gets less opaque
more quickly along the fall, causing the hot spdtsis explains why the hot spot occurs

further along the fall, nearer the end of the dlyeicradiated zone.
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Figure 2-16— Curtain transmissivity along the length of fall varying particle diameter (in

um).

The transmissivity changes along the length ofldaltause the volume fractifin

decreases rapidly along the length of the fallresw in Figure 2-15. Eq. 2-29 indicates

how transmissivity depends on bdihandd, by the exponential féAZ. Curtains with
P

larger particles have lowdr at all points. Although the thickness of the curtacreases
slightly with fall distance, the volume fractiondugction dominates the exponential term

in Eq. 2-29, and curtain transmissivity increaskEm@ the fall. The volume fraction,

1
shown in Eq. 2-26, depends ?JHE As the curtain thickness along the fall is themea
P

for all particle sizes, the volume fraction is heghfor smaller particles because they

maintain lower velocities, as shown in Figure 2-17.
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Figure 2-17— Particle volume fraction (solid lines) and veatp¢dashed lines) along the length

of fall for varying particle diameters (jm).

While particle size has a significant impact onia#idn transport through the
curtain, it also impacts particle heating ratesimithe curtain as apparent in Figure 2-12,
Figure 2-11, and Figure 2-14. The change in partiemperatures for both the front and
back curtain is plotted in more detail in Figurel- As the particles are heated by
radiation from the hot walls in the entrance zdagger particles are heated more rapidly
because of the hotter walls with larger particles.the directly irradiated zone, the
particles rapidly increase in temperature, and knglarticles absorb more radiation
because of lower curtain transmissivities. In &ddj smaller particles have lower
velocities and longer residence times in the dyentadiated zone.

Three heat flows govern the evolution of partidmperature outside the directly
irradiated zone: radiation exchange with the walgliation emission out of the front
window, and heat exchange within the curtain. Heahange from the walls is positive

for larger particles witltl, > 250um, because wall temperatures are greater thanircurta
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temperatures as shown in Figure 2-15. For all gadj radiation is lost out of the
aperture, and this loss increases for smaller gd@stithat achieve higher maximum
temperatures. Figure 2-19 illustrates the imposanicheat exchange between the front
and rear of the particle curtain. For particleshwvas > 500 um, the rear of the curtain is
hotter than the front, due to a combination of héglhar insolation reaching the rear and

radiation from the rear-wall hotspot.
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Figure 2-18— Particle temperature contours along the falttier(a) front and (b) rear of the
curtain for the varying particle sizes {im). The area between the dashed lines is directly

irradiated by the incoming solar beam.
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The temperature increase of the rear half of thdamu shows a different
characteristic to that of the front curtain. In ttheectly irradiated zone, larger particles
initially heat faster than smaller particles, dwe the higher wall temperatures that
increased transmissivity in the curtain causes. él@n, as the particle progress through
the directly irradiated zone, smaller particles ibetp be heated faster than larger
particles due to increased inter-curtain heat exgbaln the exit-region, all particles
continue to be heated due to inter-curtain exchdogéhe smallest particles and wall
heating for the largest particles. By the exitloé teceiver, particles 4Qdn and below
achieve an approximately uniform temperature thaokbkese processes, while the larger

particles maintain a temperature gradient acrasstintain.
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Figure 2-19- Difference in particle temperature along théldatween the front and rear of the
curtain for varying particle sizes (iim). The area between the dashed lines is diractgiated

by the incoming solar beam.

The solar receiver efficiencysolar is defined in Eq. 2-37 as the fraction of solar

flux into the window captured in the particles,
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' m(h —h
e e [Eq. 2-37]
Qsolar Qsolar

Figure 2-20 shows howsoar and change in meah, across the receiver vary witl.
Smaller particles perform better than larger plsiavith higher;sqar andAT,, although

there appears to be a limit reacheddipx 200um.

540 0.85
<
3 520 - 0.80
(eD)
& 500 .
- - 075 =
=2 =
£ 480
4]
A 0.70
L 460 |
<

440 ‘ : = 0.65

100 200 300 400 500 600 700
d, (um)

Figure 2-20- Change in particle temperature from inlet tdetuand efficiency as a function of

particle diameter (imm) of the prototype-scale inert particle receiver.

Besides particle diameter, particle emissivitynsraportant parameter in receiver
operation.nsolar and ATy, increase with particle emissivity as shown in Féga-21. For
higher emissivities, wall temperature contours made those in Figure 2-13, with a large
hot spot on the rear receiver wall. Figure 2-20nshthat as particle emissivity decreases,
wall temperatures increase due to reflection of ittmming solar energy off of the

particle curtain onto the wall. While the pointraximum temperature is on the rear hot-
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spot for emissivities of 0.4 and above, it shiftshe front-wall for emissivities of 0.3 and

below.
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Figure 2-21- Change in outlet temperature and efficiency \piiticle emissivity.
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Figure 2-22— Maximum wall temperature and particle outletpenature as a function of particle

emissivity (and thus absorptivity).
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Even if the particles are blackbodies with an emitysof 1.0, 7solariS still limited
because of incomplete absorption in the curtainraachdiation losses. The influence of
each major energy loss is displayed in Figure 2&3.particle emissivity decreases,
radiation losses increase from 7.1 to 72.8% duerd@ased reflection out of the aperture
and wall emissions through the aperture. As watigeratures increase from 1240 K to

1695 K with decreasing emissivity, the convectiosskes almost double, increasing from

4.1 to 7.9%.
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Figure 2-23— Net energy breakdown, as a fraction of totaétiahergy,QSolar , for prototype-

scale receiver with grey-particle emissivities wagybetween 0.1 and 0.9.

While changing particle emissivity has very straifgrward impacts on receiver
operation, changing particle mass-flow rates resuft a design trade-off between
efficiency and particle temperature, as shown gufeé 2-24. Above a mass flow rate of

10 kg §" m*, the efficiency only increases by a maximum of4, ®ut there is a decrease
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in particle temperature by as much as 167 K. FigQuB5 shows diminishing returns on
efficiency with increasing flow rates. However, theare stiff penalties due to re-

radiation losses at lower flow-rates/ig, becomes larger.
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Figure 2-24- Change in particle temperature for the front seat of the curtain and efficiency

as a function of particle flow rate (in kg s™).
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Figure 2-25— Relationship between total efficiency and meaange in temperature along the

fall by varying particle mass flow rate betweero2 kg 8 m'™.
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Figure 2-24 shows the temperature disparity betwibenfront and rear of the
curtain. Large differences between front and b&ghnay be an operational concern
depending on how the intended down-stream useeopdnticle feed. Figure 2-26 shows
how varying mass flow rates impacts variation ia ffont and rear curtaif,. For the
lowest flow-rates, front and rear curtains are buiticeably heated in the entrance region
by hotter walls, which occur due to low curtain ojpa

As particle mass-flow rate increases, the diffeeebetween the front and rear
curtain temperature grows, as shown in Figure 2Thé& shape of these curves can be
explained in terms of the transmissivity of theaflas shown in Figure 2-28, the receiver
wall-temperatures, and the inter-curtain heat partsgiven in Eq. 2-15. At the lowest
mass-flow rate, the rear achieves higher tempersitdue to greater radiation penetration
into the rear as well as high thermal radiatiorx fllom the walls, which achieve a
maximum temperature of 1556 K. As the mass flow mtreases, less radiation reaches
the rear of the curtain (due to greater opacitynftbe front half), the wall temperatures
decrease due to greater overall absorption, an@iouneat exchange is reduced due to
lower overall temperatures. The temperature diffeeecurves also show the strong

temperature dependence of inter-curtain heat exyghaas lowemn, cases reach higher

T, to exchange more heat between front and reahelexit region, this contributes to the
decrease in front curtain temperatures and increasee rear, as is evident in Figure

2-26. Forr, of 15 kg & m' and above, the difference in temperature growsosim

linearly in the directly irradiated zone, as thengmissivity is so low that very little direct
radiation even reaches the rear. At even highev flates, the rear of the curtain stays

almost at the inlet temperature. Heat exchange dmivwhe front and rear of the curtain
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does reduce the temperature difference outsiddithetly irradiated zone, but to a lesser

extent with increasing, .
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Figure 2-26- Particle temperature contours along the falktier (a) front and (b) rear of the

curtain for the specified inle1h'p (in kg s'm™) shown in the legend.
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Variations in solar input impact the optimal desigarameters and operating
conditions as well as the receiver response tigah conditions. The change in particle
temperature, maximum,,,, and overall efficiency are plotted as a functmhnsolar
power input (in kW rif) in Figure 2-29. Wall temperatures and particlmperatures
increase monotonically with solar power, althoulgé total efficiency shows a trade-off.
As the solar input increases from 300 to 900 k¥/time efficiency increases from 81.2 to
83.4% because, although re-radiation losses inereas 11.9 to 12.6%, the convection
losses reduce from 8.0 to 4.5%. Convection logsaease with wall temperatures, which
are less than linear. The small increase in reatemh loss is due to the dominance of
reflection losses off of the particles and out #ieadow as opposed to emission. At an
outlet temperature of 757 K and 1070 K for the désxof 300 and 900 kW n
respectively, emission is only 10 and 44%, respeltj of the magnitude of the reflected
flux. For solar inputs> 1100 kW nif, 5soiar falls off as radiation losses grow faster than

the convection loss percentages fall.
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Figure 2-29— Particle outlet temperature, maximum receiveperature, and overall efficiency

for varying inlet solar flux @, ).

One final design variable investigated is changmet temperature. As expected,
both nsoiar andAT,, fall off as inlet temperature increases, as shmwfigure 2-30, due to
increased radiation losses. Figure 2-31 shows Hwmwparticle and wall temperatures
increase with particle inlet temperature. At higioegh inlet temperatures, the particle
outlet temperature eventually exceeds the maximuatl vemperature. This occurs
because the degree the impact of particle re-iadiatn wall heating relative to direct

solar radiation leads to slower increases in veatigeratures than particle temperatures.
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Figure 2-31- Maximum wall and particle outlet temperaturetigld as a function of particle

inlet temperature.

2.5.3 Discussion

The primary metrics for evaluating receiver perfance are overall receiver
efficiency, nsoias and particle outlet temperatuig,o.. The total plant energetic efficiency

is multiplicative for each individual step, as shoin Eq. 2-38, which includegoiar
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ntota] = nfiddnsolarnstoragenpower [Eq 2'38]

For reference, the US DOE’s Sunshot Initiative $etsa target fofsear at more than 90%
(US DOE, 2014). The CSP power-cycle efficiengywer generally increases with the
receiver outlet temperature, but increasing receigmperature can reduegea- The
optimal receiver design point fagt. can be a complex trade-off between these trends.
As such, modeling efforts like the one here carssseceiver performance over a wide
operational range to help in optimizing integrapéaht performance.

Particle size impacts overall receiver performaftcemany reasons. The results
in Figure 2-12 to Figure 2-20 indicate that smaparticles achieve higher efficiencies

and higher temperatures due to a combination ofdmrigurtain opacity and longer

residence time. As shown in Eg. 2-29, transmissiaies Withex;{—
u

J Whenm'IO

PP

andpp are kept constant. Thus, not only do smaller glagithus block more radiation
due to decreasat), they also obtain greater opacity by falling slowe

Despite the positives of smaller particle sizeythave drawbacks. While this
study is unable to capture the effects the intefloai-field on individual particles, the
influence that internal gas-flow has on the pagicinust be taken into account. At the
particle size regime used in this study, the Stokesber, which characterizes the
independence of the particles flow from the surtbog gas flow, is proportional tdpz,
As Stokes number decreases, the particles are imitwenced by individual gas eddies,
and the particle curtain becomes less stable witiheased likelihood that individual

particles recirculate within the receiver. Priandies such as that done by Meier (1999)
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in a 2D domain have shown that particles much gn#flan 30Qum are susceptible to

flow interruption by wind gusts through an openrayre and recirculation cells that form
inside the receiver. Thus, for smaller particlearetul design must be employed to
prevent particle loss. The velocity profiles foetfalling particles are very different than
a typical profile for a single particle. While imtilual particles quickly reach a terminal
velocity, streams of particles do not reach a @misvelocity anytime along the flow

involved due to entrainment and gas velocity insesadue to particle drag.

Particle mass flow-rate is an important operatiagable for both steady-state as
well as transient operation. Particle mass flote-mn be changed quickly away from an
operating point in response to variations in sotgut. For steady-state operation,
increasing mass flow-rate is beneficial for thaosghcy as curtain opacity grows with
particle density. However, higher mass loadingsucedthe mean particle outlet
temperature and increase the temperature dispeityeen the front and back. While this

trend holds for any set of operating conditiong, tbsults shown here are specific to the

operating point shown. For 2§0n particles, an increase mn'p from 10 to 20 kg Sm™*

gains only 0.9% imseiar While decreasing o by 101 K. For 697um particles,solar

improves by 2.7% antl, o, decreases by 119 K when increasig from 10 to 20 kg's

'm™. Up to a certain flow rate, increases in mass-flmprovessqa due to increases in
curtain opacity. After the curtain is dense enotmlabsorb almost all of the radiation,
further gains in efficiency are primarily tied tower emission losses. In gener@lgiar

levels off when the curtain transmissivity dropsolae30% along the fall, as seen from
Figure 2-16 and Figure 2-28. While a considerabteownt of solar radiation passes

through the curtain at 30% transmissivity, the gamature of the receiver and high wall
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reflectivity in the solar spectrunp,(,, = 0.8 fori < 4.5um) allows the curtain to still
absorb a majority of this radiation. This behawietps to explains hoWT,. varies with
efficiency in Figure 2-25, which provides a valuabbol in refining the design space for
the receiver.

The importance that curtain transmissivity playgha accuracy of these results
calls into question the empirical fitting used fourtain thicknessAz. in Eq. 2-30.
Because this value appears in the equation fomweltraction, Eq. 2-26, as well as the
equation for transmissivity, Eq. 2-29, inaccuraciasAz. could affect the results.
However, because the volume fractidnis inversely proportional taAz, and is
multiplied by Az directly in Eq. 2-29, the end result is that ki has no effect on the
transmissivity. Thus, curtain thickness primarilijeats the model results through the
gas-phase balance equations.

While receiver mean outlet temperature is important many cases the
uniformity of particle heating has a significantgact upon the usefulness of the particle
outlet stream for downstream processes. From thepeetive of the receiver, a curtain
with hotter particles in the front will be less iefént, as these particles will lose more
radiation through the aperture than particles wvaitbniform distribution. While certain
conditions do allow the rear of the curtain to bmtdr, these occur under non-ideal
conditions where curtain transmissivity is high asignificant wall-heating leads to
higher losses through the aperture. For inert,isknkeat storage, temperature gradients
within the particles may be acceptable as partigldk equilibrate their temperatures

while in close contact during storage. For reactpagticles, however, temperature
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gradients can be very harmful as reaction equilibrend rates are strongly affected by
the particle temperature.

A few things can be done to maintain total curtaibsorption while mitigating
transverse temperature gradients in the partiai@icu. Using smaller particles at lower
mass-flow rates can achieve the same total abearpis larger particles with higher
flow-rates, but with the benefit of higher mean pematures and lower temperature
differences between front and back. Operating ghdrn temperatures improves inter-
curtain heat-exchange.

Finally, under many operating conditions with higineean outlet temperatures,
the receiver walls reach temperatures that mayeekogaterial survivability limits. The
maximum wall temperature observed among inert-vecetests is 1572 K, well below
the 2033 K melting point of the Duraboard materakspite this, high temperature
gradients applied cyclically can lead to eventuaterial failure. Thus, it is important to
maintain high curtain opacities to avoid the hidliemperatures and gradients that occur
in the rear of the receiver. If curtain opacity taur is too low, it may be possible to
install a heat-exchanger along the rear wall tovecthat heat and conduct it away from

the back to pre-heat particles and avoid such lemgperature gradients.

2.6 Modeling Results for Commercial-scale Receiver with Grey-body Emissions

While results for the prototype-scale are helpfl investigating the physical
phenomenon in receiver operation, full-scale remesimulations are necessary to further
actual designs. To this end, simulations of suokcaiver with geometric dimensions and

operating conditions provided by Sandia Nationabd gHo, 2014), were performed.
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These studies used inert particles with a wide easfggrey-body emissivities in order to
aid in selection of particle operating material$he geometric dimensions, operation
conditions, and critical material properties spediffor this study are presented in Table
2-4. Only the particle grey-body emissivities atenged in the model. This design is
sized for a 100 MWe solar plant with 220 MWt of aroknergy input through the solar
receiver aperture. This radiation was prescribeth vei uniform profile, which is a

reasonable estimation for such a large apertuee siz

Table 2-4— Baseline property values used in full-scale grasticle calculations.

Property Value (Baseline)

Receiver Dim. (m)
12.0, 21.0, 15.0
(Luss Lyes L) ( )
Aperture Dim. (m)

(Lx,a, Ly,a, I-z,a)

(11.0, 20.0,-)

(Lx,c, Ly,m I—z,c)

Curtain Dimensions (m)

(11.0, 21.0, 0.04+0.0087%-

dp (um) 280
mj, (kg/s-m) 44.0
poart (Kg/NT) 3560

ep () 0.1-0.9
Tpin (K) 600
Oaar (KW/MP) 1000

2.6.1 Numerical Grid

Based on the results of the prototype-scale receaveather coarse numerical grid
for the Eulerian flow solver was employed for théi-Ecale receiver calculations. The
model employed 8 cells in the horizontal directéonl 21 cells in the fall direction for the

particle curtain. With the 8 cells in the horizdnd&rection, the temperature difference
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between the side and middle due to wall-interacgffects was calculated to be less than
15 K for all cases. Along the length of fall, 2lllseenabled accurate capture of the fall-
direction temperature increase via linearizatiorthimi each cell without increasing
computational cost. For the full scale receiverssnélow rates over 20 kg'sm®
produced highly opaque particle curtains such tdatincoming radiation is either
absorbed or reflected in the front-half of the aurt With the assumption of uniform
solar flux through the aperture, the total heatrseueceived in the directly radiated zone
by the particles is relatively constant. Furth@midations were performed by increasing
the fall-direction cells to 42 and 84 cells, and thaximum difference in particle outlet
temperatures is less only 4.2 K and 2.4 K, respelgti Thus, the 21 cell grid is used for

its computational savings.

2.6.2 Results

For this full-scale receiver, temperature profifes the walls and curtain are
shown for three different emissivity values in Fgw-32 to Figure 2-36. All these
figures show a clear divide in temperature profileswveen the front and rear half of the
receiver, due to difference is radiation interactmath the curtain that falls in the middle.
The hottest part of the receiver occurs on thetflipraround the aperture, which receives
reflected radiation most directly (with highestwiéactor) from the particle curtain. The
maximum temperature in this area decreases momalbnirom 1624 to 1302 K as the
emissivity increases from 0.1 to 0.9. Going backisan the receiver along the left and
right wall, the temperature initially drops and rthencreases again for the lowest

emissivity ¢ = 0.1) case shown in Figure 2-32. This occurs tudifference in view
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factors, as the wall starts to “see” the refleatadiation less going backwards due to an
increase in angle away from the curtain normalpfeéd by another increase as the wall
closes its proximity to the side of the curtain ardeives that incident radiation. This
temperature distribution is still clear at an emi$g of 0.5 in Figure 2-34, but is gone at
the highest emissivitye(= 0.9) shown in Figure 2-36. As emissivity incregsthe dense
particle curtain absorbs more of the incoming scdaiation, leaving less to be diffusely
redirected onto the walls. At the same time, abegrionore radiation in the particles
increases their temperature and thus emissive pdemause radiation emission scales
with €T*, the highest emissivity particles £ 0.9) with a maximum temperature of 1292
K give off 93 times as much radiation as the lowasissivity particles that achieve a
maximum temperature of 718 K.

After the sharp-divide at the location of the paeticurtain, the receiver wall
temperatures appear to be approximately uniforne iftadiance curves likewise show
nearly uniform profiles in these areas, and withgniaudes that correspond with their
temperature which clearly varies between each d&bde the back half of the receiver
receives no direct solar irradiation, and the teaf-of the curtain provides no source,
energy enters this region through two means: radidtom the front-half of the walls
that get around the curtain, and conduction altvegwall. Energy in the back half gets
spread evenly by radiation heat transfer, whiclaiolst60 and 15 times the heat transfer
rate between walls as conduction and convectiosekshrough the walls at 1300 K and

750 K, respectively.

82



Left Wall Front Wall w/ Window Right Wall

1300
1600
10 10 10
5 5 5 Curtain Front Curtain Back 1200
1400
= 0 = 0 = 0 10 lo
=1100
® -5 -5 F=1200
5 15
-10 -10 -0 g ~-1uou§
5 0 5 = o 5 K 0 5 k= 1000 £
z ’ X 2 % =0 0 B
1=
Top Wall Back Wall Bottom Wall §= | . s
10 o F =800 -5 15
5 5 800
-10 {10
N 0 ~ 0 500
-5 0 5 -5 0 5 700
= 4 b4 X
400
-10 -10
600
3 0 8 5 o 5 5 0 5
x X %

Figure 2-32— Full-scale receiver wall and curtain temperaprddiles using grey particles with

operating conditions shown in Table 2-4 apet 0.10.
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Figure 2-33- Full-scale receiver wall and curtain incomihgtmal radiation flux (W )
profiles using grey particles with operating coimtis shown in Table 2-4 arg= 0.10 The

black box in the front wall panel indicates thertye area.
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Figure 2-34- Full-scale receiver wall and curtain temperatoirofiles using grey particles with

Left Wall

-5
-10
=] 0
z
Top Wall

1600

1400

=1000

F 800

Left Wall Front Wall w/ Window Right Wall
10 10 10
5 5 5
= 0 0 0
.5 3 5
A0 10 10} |
-5 0 5 0 E 5 0 5
z x 2
Top Wall Back Wall Bottom Wall
10 10 10
H 5 5
N 0 0 0
-5 -5 -5
-10 -10 -10
5 0 5 0 5 5 0 5
X X X

600

400

Temperature {(K)

Curtain Front

Curtain Back

1300

1200

1100

1000

F900

operating conditions shown in Table 2-4 apé 0.50.

Front Wall w/ Window

Right Wall

-10
-5 0 5 -5 0 5
X Z
Back Wall Bottom Wall
10

140’

2

!
n
Incoming Thermal Radiation Flux (W/i)

-10

Curtain Front

Curtain Back

200

600

340’

-1

Figure 2-35- Full-scale receiver wall and curtain incomingrital radiation flux (W 1if)

profiles using grey particles with operating coiutis shown in Table 2-4 anrg= 0.50. The
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Figure 2-36- Full-scale receiver wall and curtain temperatoirofiles using grey particles with

operating conditions shown in Table 2-4 apég 0.90.
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Figure 2-37- Full-scale receiver wall and curtain incomingrital radiation flux (W rf)

profiles using grey particles with operating cormtis shown in Table 2-4 anrg= 0.90. The

black box in the front wall panel indicates therape area.
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Comparing Figure 2-32, Figure 2-34, and Figure 3B6ws the impact aof, on
both the particle curtain and wall temperaturesoider to facilitate comparison, the
mean temperatures for both the front-half and hedirof the curtain are plotted in Figure
2-38. For this receiver geometry, the front curtemperatures increase monotonically
even after the directly irradiated zone. This osalwe to two phenomenon, one of them
real, and one of them numerical. With lowgr hotter receiver walls (relative to the
particles) continue to provide heat to the partickéter leaving the directly irradiated
zone. For higheg,, the walls are colder than the particles, thigihgas due entirely to
the given cell discretization still having partits length in the partially irradiated zone.
Due to the numerical scheme involved, that heatpiead out between the particles
entirely within that cell. Within the directly irddated zone, the particle temperatures
increase almost linearly, due to a constant stuar Even forT, = 1200 K and:;, = 0.9,
the incoming solar flux is 9.5 times the emissimmt the particles.

The rear curtain temperature profiles in FigureB2sBows continued heating after
the directly irradiated zone. This heating occuosif wall radiation and internal curtain
heat exchange. At these mass flow rates, the ingpisolar radiation is either absorbed
or reflected by the front half of the curtain, a&srebnstrated in the prototype-scale results.
For lowerep, the rear of the curtain is slowly heated almagirely by radiation from the
hotter walls, as indicated most clearly in Figur83 As ¢, increases, the rear walls
become cooler and reduce their heating of the ghesti Ate, = 0.5, the rear walls are
about 300 K hotter than the rear curtain and p®wviery little heat. While wall heating is

reduced with increasing, internal curtain exchange between the front aack lof the
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curtain increases dramatically. This explains thar temperature profiles fep of 0.7
and 0.9. Those cases show little heating alonditsiehalf of the fall when the particle
temperatures are still low, but as the particlegeratures increase, the exchange between

the front and rear of the curtain increases byctfaf 16 due td™ scaling.

1300 —f— . . : . . , =
——01| Directly Irradiated Zone |
——03 1
1200+ 05 !
07 :
—0.9 |
1100F 1 1
1 1
1 P A
I T
~, 1000k 1
s 1 1
£ 1 ~ |
FE 1 1
F00r A
1 " |
1 - 1
1 ) 1
800f | _ - 4
| P Z =i |
| T I
700} | = 5 d_,d__f-“‘”"rd
1 2 e
| S _,_,_,—f—'_'__'_'_'-'—"_ !
P e 1
600 et L L L L L L L 1
4] 2 4 & 8 10 12 14 16 18 20
Distance from inlet (m)
(a)
650 —r— . r T T T T T T 7
——01| Directly Irradiated Zone 1/
—o03 ; '
ciol |[—os i
07 1
09 |
I
630 | <
e
o P
el v s 1
i 620} o [
o

3
(=]

590 | 5 1 1 5 1 1 | 1
o] 2 4 3 g 10 12 14 16 18
Distance from mlet (m)

(b)

Figure 2-38— Commercial-scale mean curtdinprofiles along the length of fall in the (a) frent
half and (b) back-half of the curtain, with varyigg= 0.1-0.9 as-shown. Note the difference in

temperature scales for each plot.
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Figure 2-39- Receiver curtain temperatures and efficiencyeslfor full-scale receiver

operating at varying gray-body particle emissiviyues.

As with the prototype receiver, the full-scale rigee 5soar and Tpou iNCrease
monotonically withep, as shown in Figure 2-3%soar at ep = 0.9 approaches the 90%
target efficiency for the DOE SunShot Initiativeedpite such high efficiencies, the rear-
curtain temperatures remain very low, even forttiglest emissivity cases with less than

100 K temperature rise over the fall of the receive

2.6.3 Discussion

The results for the grey-body commercial-scale iveceare indicative of the
mass-flows with 40 kg’sm™. Curtain opacity is high enough at these masdigs that
almost no direct solar radiation even reaches ¢ae half of the curtain. This not only
dictates the shape of the rear-temperature prohlgisalso the wall temperatures. Lower
emissivity leads to higher wall temperatures, asds on the walls are dominated by
reflections. Because of the high mass loading, whers low, very large fractions (as

much as 90% near the center of the curtain) ofirbeming solar energy are reflected
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back out the aperture. As thgincreases, the fraction of energy reflected basdktioe
front decreases, but re-radiation losses increddewever, reflective losses are more
than an order of magnitude larger than re-radiatemmd thus, increasing emissivity
always improve efficiency and outlet temperatuféwus, it is important that particles that
are as black as possible to maximize solar absorpti

For the mass loadings, the rear curtain in thieives minimal direct solar
radiation. Thus, the efficiency could be maintairveith higher outlet temperatures at
lower mass flow-rates, closer to 10 or 20 Kgns®. Lower mass flow-rates would also
improve uniformity of the curtain temperature plefi

A major shortcoming in the high mass-flow receivgethe wasted material usage
of the rear-half of the curtain. If it were possiblo increase internal curtain heat
exchange, it would be possible to increage. by at least 2%, as predicted by
simulations that enforced such a condition. Wit Haseline conditions and geometry
here, all of the heat is absorbed in the front-bélthe curtain, and radiation losses are

much higher because the heat is not spread asyréathe rear of the curtain.

2.7 Impacts of Solar Sdlectivity on Large-scale Receiver Performance

To maximize performance, this study investigated fotential for spectrally
selective particle to reduce radiant emission wsSpectral selectivity implies a material
emissivitye; that changes with wavelength, The potential benefit of a selective particle
can be illustrated in Figure 2-40, which compares solar irradiation with spectral
emittance of blackbodies at different temperatetesacteristic of the receiver particles.

Ideally, selective particles would have very higmigsivity in the visible spectrum
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(around the peak of the solar source irradiancd)l@mn emissivity at higher wavelengths

(where the particle emittance exceeds the soladiance).
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Figure 2-40— Spectral irradiance as a function of temperdrearticles at different operating

temperatures compared to incoming solar sourcée¢sta 1000 suns concentration).

To study the effects of selectivg, the same grid, geometry, and operating
parameters used for the commercial-scale receindr displayed in Table 2-4 were
employed. However, unlike the grey-particle studteg emissivity was split spectrally

above and below = 2.5um. For lowers, the selective emissivity, , , associated with

the visible and near-infrared radiation, was fixa@d0.9 to capture the maximum solar
energy. Ford > 2.5 um associated with mid- and far-infrared radiatitime selective

emissivity e, , ,varied between 0.1 and 0.9.

P,y ?
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2.7.1 Results
Wall and particle temperature contours are showhigure 2-41 to Figure 2-43.

As ¢, , ,increases, the front and side wall temperaturese@se with the front curtain

p!)‘Z !
temperatures. The maximum wall temperature, abtteom wall near the particle exit,

increases from 920 to 1091 K ag,, increases from 0.1 to 0.9. Particle temperatures
reach near 1300 K at the receiver exit and forhtigl ¢, , particles; particle emissive

radiation to the walls at these temperatures coespsith the reflected solar energy. For

€ps, — 0.9, particle emittance accounts for nearly 56f4the radiosity leaving the

curtain, but decreases to 16% for the most sekegiarticles.
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Figure 2-41- Full-scale, inert-particle receiver wall andteum temperature profiles using

selectively emissive particles with, 5,m = 0.1. Operating Parameters; ¥ 600 K, ¢ = 280um,

M, = 44 kg/s-m, Qe = 1000 KW/,
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Figure 2-42- Full-scale, inert-particle receiver wall andteum temperature profiles using

selectively emissive particles with., 5,m = 0.5 and operating parameters shown in Table 2-4.
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Figure 2-43 - Full-scale, inert-particle receiver wall andtein temperature profiles using

selectively emissive particles with., 5,m = 0.9 and operating parameters shown in Table 2-4.
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Despite the large impact that selectivity has @anwtlall-temperatures for these run
conditions, the particle temperature remains nethti constant at the exit. In fact, the
front-curtain temperature decreases by only 13dkesponding to efficiency decrease of
1.4% between the most-selective particles and tég garticles, as shown by changes in
Oparticie IN Table 2-5. Further, the loss in efficiency rgirely attributable to increases in
radiation losses. If inter-curtain heat-exchangencseased such that the front and rear
maintain an equal temperature throughout the Ball,applying a model proposed by
Roger et al. (2011), outlet temperatures reach guwsr 970 K with less than 0.7%

improvement by decrease high-wavelength emissixaty 0.9 to 0.1.

Table 2-5— Performance comparison for selective partiaisgle full-scale receiver using the

ASTM solar irradiance distribution.

Performance _ IR emissivity, gp,2 (4 > 2.5pm)

Units

) 0.892 0888 0884 0.881 0.878
Qair ) 0.005 0.005 0.005 0.005 0.005
Oloss, radiation ) 0.090 0.094 0.098 0.101 0.104

QIost,convection (') 0012 0012 0012 0013 0013

Tpartideyout (front) K 1307 1303 1300 1296 1294
Tpartideyout (rear) K 648 648 648 648 648

Qparticle

2.7.2 Impacts in Choosing Solar Source
The results and trends for receiver operation ansisve to the selection of solar
source, to the point that using a 5600 K sourceacaumally give conflicting results on the

trends and value of using selective particles dépgnon the run conditions. For the

93



operating conditions used for the commercial-scateiver, the results shown in Table
2-6 indicate that selectivity has no significanaee in efficiency or outlet temperature.
While the difference in numbers is small, the tréodthe data is indicates that adding
selectivity is actually harmful to performance whan5600 K receiver is used. This
occurs because emission of radiation for wavelenfgthger than 2.5m from a particle
around 1000 K is only 47.5 kW fnwhile solar radiation flux about 37.1 kWin this
band. Because most of the fall-distance is emittihg temperature lower than 1000 K
while absorption of the 37.1 kW fris impacted over the whole length of fall, seletyi
actually shows a conflicting trend for the 5600 ¢uce compared to the ASTM solar

source.

Table 2-6— Performance comparison for selective partiaisgle full-scale receiver using a

5600 K distribution for solar energy.

) 0.874 0.877 0.878 0.878 0.878

Oair ) 0.005 0.005 0.005 0.005 0.005
Oloss, radiation ) 0.109 0.107 0.106 0.105 0.104
iost convection ) 0.013 0.013 0.013 0.013 0.013

Tp,0ut (front) K 1292.5 1294.4 12949 12949 1294.9
Tp,out (rear) K 645.7 646.5 647.0 647.3 647.5

Qparticle

2.7.3 Discussion
The most important conclusion that can be drawmftbese tests is that solar

selectivity is not a worthwhile endeavor to develfgp receivers operating in this
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temperature regime, unless receiver wall tempezatare unsuitably high. While ideal
selectivity does lead to an improvement in efficierof up to 1.4% and 5 K in mean
outlet temperature, there are other methods ofoorgiment that have potential to yield
more significant results with less difficulty. Fmstance, prototype-scale results indicate
that improving the emissivity of a grey particle bgly 0.03 achieves a similar result.
This is especially true given that particle selattiis sensitive to the cutoff wavelength
used in design.

The ideal wavelength-cutoff value is near gré for the operating temperatures
exhibited in this receiver, as 99.1% of the terraksolar energy in the ASTM solar
spectrum is contained below 2in. If the cutoff frequency is reduced to 2ut, total
performance decreases as the particles become sateetive, with a reduction in
efficiency of 0.5% when particle long-wavelengthissivity is decreased from 0.9 to 0.5.
This occurs because 3.2% of solar energy is coedlabetween 2.0 and 2in. If the
cutoff wavelength is increased above 2, the benefit of selectivity is decreased,
although results are not as sensitive to changekegsare for reductions in the cutoff
wavelength. Increasing the cutoff wavelength todrOcovers only 0.05% of the ASTM
solar spectrum.

The ideal wavelength cutoff value depends on rereoperating temperature,
which for this configuration is driven by front-¢aim temperatures as opposed to mean
curtain temperatures. This value can be found lygusurves such as those in Figure
2-40, where the ideal cutoff wavelength for a daioperating temperature occurs at the

point where the emittance curve crosses the ASTIdr soadiance curve. Thus, for an
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operating temperature of 1300 K the ideal cut@ffrency is close to 2im, while the
ideal cutoff frequency is 1.,8m for an operating temperature of 1600 K.

While solar selectivity is probably not worth itrfgarticles that achieve a
maximum temperature of only 1300 K, Figure 2-40 vehathat the potential for
selectivity strongly depends on operating tempeeatlf the particle inlet temperature is
increased to 900 K, front curtain temperatures @ol600 K are achieved. Under these
conditions, highly selective particles; {5 ,n=0.1) can achieve mean temperature
increases of over 30 K and efficiency increased.6% versus grey particles, even at a
less than ideal cutoff frequency of 2ug for that operating temperature.

Another case in which particle selectivity can beeomore important is if the
degree of solar concentration is reduced (thuskimg the irradiance curves in Figure
2-40). Under these cases, the potential for sekegarticles grows, and the ideal cutoff
frequency at any temperature shifts. Thus, the mapoe of selectivity depends on a
complex interplay between the strength of the immace and the operating temperature of
the receiver. This is why solar collectors for sgimi with no concentration benefit from
selective surfaces just as much as very high-teatyer receivers under high
concentration.

The results for a 5600 K source differ, and evemnshonflicting trends at lower
temperatures, because, although the general shagpmilar to the ASTM solar source,
atmospheric absorption is not captured. This ie@sfly visible - referring to Figure
2-40 - at wavelengths above 2181, where absorption due to water vapor,,CQp, Os,

and other components results in almost completedbsolation for the ASTM source.
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While only 0.87% of total energy occurs above g for the ASTM solar source, 3.71%

is contained in these higher bands for the 5600 ce.

2.8 Conclusion

In this study, a simulation model was developed apiksented for
characterization of primary physical interactionghim a falling-particle receiver. This
model features a 3D radiation exchange model cdupde one-dimensional falling-
particle model with a semi-empirical gas entraintnenodel. Results obtained
demonstrate not only the general state of the veceduring operation, but also the
interplay between the key performance metrics dficiehcy and mean outlet
temperature. Receiver efficiency is closely tied pooperties such as curtain
transmissivity along the length of fall, which igettly influenced by particle size and
mass flow-rate. Particle outlet-temperature iscéf@ by a complex combination of mass
flow-rate, curtain transmissivity, solar power-impparticle size, and radiation properties.
In most cases, there is a tradeoff between effigieand particle temperature, not only
because of increased radiation emission at higirapeérature, but also due to curtain
absorption affects.

Prototype receiver results demonstrate that parscte is a key variable, and
should be kept as low as possible to both increaséin absorption and particle
residence time to obtain higher temperatures mdiieiemtly. However, while not
captured in this study, it is noted that partialetain stability is negatively impacted by

decreasing particle size, and must be taken irdowat in any final design.
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Particle flow-rate plays a very important role ictdting particle curtain opacity,
but, as both prototype and commercial-scale residtaonstrated, also affect particle
outlet temperature and temperature gradients witterparticle curtain. However, results
demonstrated that there are diminishing returnsfaiency by increasing particle flow-
rate, while particle outlet temperature is sigmafily reduced and curtain gradients
increased. While internal curtain gradients canabeepted in some applications, they
have a negative impact in most. Alleviating curtgmadients while maintaining total
efficiency requires both optimization and desigaraes.

Particle grey-emissivity should be maximized tor@ase particle mean outlet
temperature, increase receiver efficiency, andedsgs temperature gradients within the
curtain. At both the prototype and commercial-scatereased absorption from the
particles decreases wall temperatures becauseughhemission is increased, reflection
onto the front walls decreases the hotspot thatldeg there. Solar selectivity has the
potential to improve receiver performance, but thatential is very dependent on solar
flux levels and operating temperature of the remei8imple solar irradiance and particle
emittance curves can be used to quickly evaluath potential, with simulations being
used for greater clarity.

Overall, inert-particle receivers have great po&nd achieve high temperatures
and efficiencies during operation, but require ftdrdesign in order to perform to ideal
standards. The complex interplay between partiole-fproperties and performance
creates a diverse design space for potential receikchitectures. Future work should
consider testing methods to maintain high curtgaactties while reducing temperature

gradients in the curtain as an effective way torioup overall receiver performance. This
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is especially true for a version of this receiverhgtecture that may be applied to reacting
particles, which are very sensitive to local p#etiemperatures. A few suggestions have
been made in this regard, and hold promise forréutonprovement. Future chapters of
this thesis will look at the performance of reaetparticles with the currently proposed

architecture.
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Chapter 3: Modeling Reactive Particle Receivers

Concentrated solar power (CSP) plants with cembraer receivers are an attractive
renewable energy system capable of not only makémgwable electricity, but also
driving high-temperature, endothermic chemical psses, such as splitting® and/or
CO, for fuel production. Such processes may requineptgature inputs > 1000 K in
order to achieve adequate kinetic rates for chdndoaversion. Many developed
receiver designs have lower operating temperat(#e800 K for commercial plants
utilizing molten salt), but solid-particle receigenave been proposed as an approach for
efficiently achieving higher temperatures, in exce$ 1000 K (Tan and Chen 2010).
These higher receiver temperatures can drive eaduoth chemical process, such as fuel
production or integrated thermochemical storagelamlito a more efficient power-cycle.
This paper explores the design of a central toweeiver to capture solar energy in
falling cerium oxide (Cegs) particles through both sensible heating and high-
temperature oxide reduction. The reduced £géarticles can be reoxidized in a separate
reactor by splitting C@and/or HO as part of a solar fuel production plant as pseplan
several previous studies (Chueh and Haile 2010p leaal. 2012, Scheffe and Steinfeld
2012).

Recent research and development on receivers ulinegt heating of solid
particles have demonstrated the effectiveness lofnsm diameter particles to directly
absorb incident solar radiation (Siegel et al. 200@n and Chen 2010). Particle receivers
have many advantages for solar energy capture tanage with operating temperatures
well above the limits of molten salts and otherage media. Particle receiver designs

can mitigate many thermal stress issues associaittd fixed storage media if the
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particles are transported through a simple, opemegéry (Kim et al. 2009, Siegel et al.
2010). Some proposed particle receiver configunatiatilize absorption of solar heat in
tubular reactors, which encapsulate the particlewfland allow for controlled
environments (Maag et al. 2009, Martinek et al. 20but these arrangements do not
provide as rapid heating as receiver designs widttdparticle irradiation. Direct particle
irradiation can provide quick response to transiesuperior part-load operation, and
extended daily hours of operation through fastertstp (Réger et al. 2011). Combining
high temperatures and the potential of operatiansiveral hours, directly irradiated
particle receivers are an attractive architectwe iftegration into a fuel-production
process involving endothermic reactions such #3 br CQ splitting to form H or CO
respectively (Gokon et al. 2008, Schunk et al. 20@Bueh & Haile 2010, Lapp et al.
2012, Scheffe and Steinfeld 2012), CaC@ecomposition (Meier 1999) or GH
reforming or carbonaceous material gasificationn|C# al. 2004, Z'Graggen et al 2006,
Martinek and Weimer 2013).

Various reaction schemes based on patrticle reabre been investigated for
incorporation into CSP plants, including those egxed by Kodama and Gokon (2009)
and Roeb et al. (2012). Many researchers have eplao-step redox cycles involving
solar-driven oxide reduction at high-temperatuned a lower-temperature reoxidation of
the oxide via HO and/or CQ splitting. The ceria redox cycle, with lower temgieire
ceria reoxidation via D splitting to form H, is shown here in reactions R. 3-1 and R.

3-2 and represented schematically in Figure 3-1:

CeQ + heat> CeQ; +6/12 O, [R. 3-1]
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CeQs + 6 H0 > CeQy + Hy [R. 3-2]

Ceria Reduction:

CeO, + ~480 kJ/gmol O
— 0902_5 + 61{202

0,

CO,/H,0 Reactor
T<1200K

H,0
co,

Solar Reactor
T>1600K

Ceria Oxidation:

CEOQ_ 5 + 6002 — C902 + 600
+ ~200 kJ/gmol CO,
CO&H,
to synthetic fuel
production plant

Figure 3-1- lllustration of the ceria water-splitting cyclEhe solar step shows endothermic

reduction of ceria at high temperatures and lgyt® evolve oxygen. In a later, lower-

temperature step ceria is exothermically re-oxidizeproduce CO/H

This redox cycle is attractive because ceria camntaa its cubic fluorite

structure through relatively high degrees of reduc{s): as high as 0.3 (Zinkevich et al

2006). Some ceria cations are reduced from & €mte to a C& state in the high-

temperature receiver. By avoiding phase transitioaga particles have the potential for
reliable performance through large numbers of redgsles (Chueh and Haile 2010,

Scheffe and Steinfeld 2012, Venstrom et al. 2002y the other hand, the high
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temperatures (> 1400 K) associated with ceria regludiave encouraged researchers to
explore dopants of the form CéM,O,, (where M is a cation such as Zr) to lower
temperatures for the reduction reaction R1 andethereduce re-radiation losses and
costs associated with such high-temperature receperation (LeGal & Abanades 2012,
Scheffe & Steinfeld 2012). However, ceria dopantpl@ed to date including Zr
(Kaneko et al. 2009, Petkovich et al. 2011, Scheffal. 2013, Gibbons et al. 2014), Sc
(Lee et al. 2013, Scheffe et al. 2013), Pr (Mengle2012), and Hf (Scheffe et al. 2013)
still require temperatures above 1400 K, which @nés real challenges on particle
receiver designs.

While researchers have explored a variety of maltestructures for ceria
reduction in solar receivers including ordered disdbrdered porous structures (Chueh et
al. 2010, Furler et al. 2012, Rudisill et al. 20I&@pbons et al. 2014), falling ceria
particles provide a unique approach to mitigateicstiral sintering that plagues fixed
structures. However, to date, little work has exgiowhat particle receiver designs might
provide an effective means for efficient ceria jgdetreduction. Development of high-
temperature particle reactors requires design amalysis tools that can effectively
evaluate performance and accurately capture thee a@oupling between many complex
processes such as multi-phase flow, radiation aodvexrtive heat transfer, and
heterogeneous chemistry. Modeling challenges areased because of limited access to
accurate physical, chemical, kinetic, and opticalladfor the relevant materials in the
high-temperature regime necessary for reduction.

Several authors have studied particle receiversnient sensible energy storage

and these studies provide a basis for exploringigbarreceiver designs for ceria
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reduction. Chen et al. (2007) studied inert patidceivers and demonstrated tradeoffs
between higher outlet temperatures and higher vecesfficiencies in a solid particle
receiver by varying particle size and particle floate. These results motivated initial
designs for further experimentation with inert pet receivers (Siegel et al. 2009). The
knowledge from these inert particle receiver stadiad the understanding from redox-
cycle studies provide a basis for evaluating tlasitality of particle receivers for solar-
driven ceria redox cycles. For ceria-based redakesy Lapp et al. (2012) highlighted the
importance of solid heat recovery in improving nedwycle efficiencies and lowering
optimal receiver temperature. Chueh et al. (20118p showed the importance of
minimizing heat loss in ceria-based redox cyclesl amdicated the possibility of
efficiencies of 16-19% without heat recovery by mmizing thermal losses. However,
Rager (2012) has disputed these performance vaiigidighting the necessity to
properly account for purge-gas and other pardsisises, which can be quite substantial.
This study combines insight and understanding ghirem inert particle receiver
models with knowledge of material properties anguneements for ceria redox cycles.
The study presents a model of reacting ceria-paneceiver wherein falling particles are
both heated and reduced at adequately high tenopesaflhe receiver geometry follows
closely a design for an inert particle receiver fioermal energy storage (Siegel et al.
2010), but incorporates a window enclosure in otdenaintain low Q partial pressures
for enhanced ceria reduction. In this study, thelehas used to investigate the influence
of particle size, solar concentration, particle wlate, and inlet-temperature on
thermochemical energy storage in the reduced pawtcles. The model results provide

the basis for identifying underlying principles th&an guide future particle-
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receiver/reactor development and for assessingeitienical feasibility for using CSP
plants to drive ceria-based redox cycles for refmsvéuel production. In this study,
undoped ceria is used for reduction because ofattiactive properties and well-
understood thermochemical properties. Receiver tmmgdés carried out by extending
significantly the model of Roger et al. (2011) foert-particle receivers to include the

impacts of reaction and more detailed particlegmagling.

3.1 Modeling Cerium Dioxide Reduction Ther mo-kinetics

Incorporating ceria reactions into the particle ereer model first requires a
suitable thermo-kinetic model that captures theigarequilibrium and kinetic evolution
over a wide range operating conditions. Ceria rednaepends on local oxygen partial-
pressure and temperature, and simulating the nesugtocess requires a thermodynamic

model that can capture these dependencies.

3.1.1 Ceria species

The thermodynamic model implemented for ceria isedaon the work of
DeCaluwe (2009) for use in solid oxide fuel celPartially reduced ceria Ce® is
represented as a mixture of unreduced ceriurgQ& @nd reduced cerium, €8s, where
the reduction reaction is shown in R. 3-3. Definthg species in this way follows the
recommendation of Adler et al. (2007) to represemaicting species as a mixture of

charge-neutral states.

Ce0; > CeOs;+ 0.5 0 [R. 3-3]
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For surface thermodynamic states, high-temperatdiray photoelectron
spectroscopy (XPS) studies of ceria surfaces bydle@ et al. (2010) showed that the
thermodynamics of ceria reduction on the surfadierdid greatly from reduction in the
bulk. Species on the surface and near-surface npacdted by non-ideal interactions
caused by differences in electronic structure. Astic simulations of undoped ceria
surfaces by Sayle et al. (1994) have shown tha paissesses low-energy (111), (110),
and (310) surfaces with more facile vacancy fororetithat extend through 10 A into the
bulk. As such, the ceria on the surface and ingkiended sub-surface has different
thermodynamic properties for species with increasethce reducibility. Thus, the ceria
is modeled in three zones each with unique thermahycs: (1) a monolayer surface of
adsorbed oxygen, O(s), and oxygen vacancig&)V (2) a sub-surface comprised of
Ce04(sh) and CgO;(sh) species that extends 10 A away from the serfand (3) the

remaining bulk ceria comprised of £x(b) and CeOs(b).

Bulk - Subsurface
Ce,0,(b) Diffusion Ce,0,(sb)
CeEOS(b) CeEOS(Sb)

Surface
0(s)
Vo(s)

Reverse
Incorporation

Oxygen
Desorption

Figure 3-2— Ceria species and reaction schematic used teseqt the evolution of ceria within

a particle.

These ceria species reacts as shown in Figureo3ygyen diffuses through the
bulk into the subsurface, transforming ,Ogb) into CeOs(b) and CgOs(sb) into

Ce04(sb). From the sub-surface, oxygen undergoes therge of the incorporation
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reaction, transforming surface vacancies(gY) into surface-adsorbed oxygen (O(s)) and

reduce the subsurface £r(sb) to CeO5(sb) as shown in R. 3-4.
Ce04(sh) + o(s) 2 Ce0s(sh) + O(s) [R. 3-4]

On the surface, two adsorbed oxygen sites intéodorm Oy(g) and leave behind

oxygen vacancies y(s), as shown in R. 3-5.
O(s)~> Vofs) + 0.5 Q(g) [R. 3-5]

3.1.2 Ceria thermodynamics
As mentioned previously, ceria reduction dependmgty on temperature and,O
partial pressure. Mogensen et al. (2000) integratgdlibrium ceria reduction from many

different researchers over a wide range of experiaieconditions to extract the free-

energy change of reductioMs, oy = tce o, ~Heeo, -+ fOr R. 3-3 by using E1 which is

derived from the fact that, at equilibriumy,,, =0

O,

P
b [Eq. 3-1]

2
0

1 _
Al = uC%B(a,T)-ﬂC%(5,T)+§[ﬂgz(T)+ RTIn(

Once Au,,, is found, it is possible to find both the enthakoyd entropy of reduction,

Ah_, and As, by usingAy,,(T,5)=Ah(T,58)-TAs,, (T,5). This is done by using
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curves of constarit; which are shown in Figure 3-3. In this figureg glope of the line at

any point givesAs,, while the intercept af = 0 K givesAh,, .
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Figure 3-3- Chemical potential change for reduction for ypelb ceria along lines of constant-

found using the data from Mogensen et al. (2000)

With these basic thermodynamic properties, indi@ldspecies properties are
extracted so that the thermodynamic description lmaramenable to kinetics scheme
employed (as discussed in more detail later). Tthd it is necessary to split the change

in chemical potential of reaction into three comgais as shown in Eq. 3-2: an ideal

component that changes only with temperatukg,, (T) pX@ress component that

accounts for ideal interaction&,u2°(T,5) ; and a compotleatt accounts for excess

energy due to non-ideal interactionsy,, (T,§)
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Mty (T10) = Al (T)+ A (T,6) + Ay (T, 6) [Eq. 3-2]

In order to obtain the ideal chemical potentialraye of reductiom (T) , itis

necessary to define ideal-state properties for egaties at an appropriate reference
state. The reference state is set as fully oxidiZedD, at room temperature. For the
reference species in the bulk, sub-surface, anfyrspecific heatpx of the species
must be fit as a function of temperature. The ramgithermodynamic properties, those
corresponding to the ideal entrogy of the species, are fit by choosing a reference
temperature wheres® = 0. From these reference values, the ideal st&tany
complementary species derived via reaction, suchCea®s; for instance, can be

calculated by usingh,, ands_ atthe chosen referemoperature and a refererice

value to complete the ideal thermodynamic spediticaof the materials.
With ideal-state thermodynamics fully specifiede ttemaining thermodynamic

parameters in Eq. 3-2 can be found. To do this, ecessary to define excess change in

chemical potential due to ideal interactionsu>°(T,5) , ahd non-ideal excess,

A, (T,5). The ideal excess potential is defined as the atampotential-change due to

mixing from a dilute solution model, as in Eq. 3T3is is necessary in order to maintain
thermodynamic consistency with the chosen kinetadeh With this specification, the

excess free-energy change due to non-ideal intersotan be found using Eq. 3-2.

X
AuEL(T,6)= RT In| —=2% [Eq. 3-3]
XCe204
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3.1.3 Bulk-ceria thermodynamic fitting

Various thermodynamic models can be used to numalBriccapture the
thermodynamics displayed in Figure 3-3. Becausehtbenodynamics are closely tied to
the kinetics, the chosen model must be able to weet a wide range of temperatures
and pressures in a way that is numerically stablether, as the specification of the
surface reduction, shown later, depends on thectexiustate at low temperatures, this
fitting must maintain a reasonable degree of aayuad low temperatures.

The first model suggested by DeCaluwe (2009) assuhe Ah,,, andAs,, are

independent of temperature, and vary only withThis assumption is often applicable
for many different solid species, as the energyamdopy changes from breaking bonds
in a constant structure shows very little variatiaiith temperature. Further, the
justification of using this model for ceria can §een by referring to Figure 3-3, which
shows rather straight curves over a large rangeavdmeters, especially at higher
temperatures. The results of implementing this rhaede shown in Figure 3-4, which
shows reasonably good performance at temperatbieged273 K. However, at lower
temperatures, this model drastically over-predisésdegree of reduction by many orders
of magnitude. This should be expected given theeha the curves in Figure 3-3 at
lower temperatures shows clear non-linearities. aBse of the requirement for
performance at lower temperatures to allow surfaoperty fitting, this model was

deemed unacceptable.
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Figure 3-4— Thermodynamic performance of constaht.+As.qs model compared to the results

in Mogensen et al. (2000).

The ideal-state ceria thermodynamic properties waleulated by using the data
from Reiss et al. (1985) and Morss and Konings 42@0 match the g of CeO,. This
was achieved by using a fitting with the form of SlA polynomial reference values, as
shown in Figure 3-5, which has arff Bf 0.99 Ce04(b), CeOu(sb), and O(s) at 25C
were chosen as the reference state for the othier sgecies. The ideal properties for
Ce0s3(b), CeOs(sh), and \(s) are set based ofih,, ang, odat 0 and 25 °C, as

shown in Table 3-1. The values ah,, ang at 15000&de= 0 are also provided

for reference.
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Table 3-1- Example of ceria thermodynamic values under seleatlitions.

Propert Units Value Value
perty @298K @ 1500 K
Ahreol @6=0 kJ/mol-K 460.4 440.1
Asred @6=0 J/mol-K 112.2 85.7
200
< 180 - ¢, = 100.83 + 0.1208T - 7.92e-511.78¢-8 T
S
£ 160 -
2
S 140 -
S
G 120 -
100 . . .
0 500 1000 1500 2000

Temperature (K)

Figure 3-5— Specific heat constant of £y with experimental data (symbols) and fitting trend

line (line). Experimental data from Reiss et al§3Pand Morss and Konings (2004).

There are more robust thermodynamic models availabthe literature, such as
those by Lindemer (1986), Hillert et al. (1986)dadinkevich et al. (2006). Of these
models, the one proposed by Zinkevich et al. (2066nost flexible with reasonable
agreement with data to temperatures below 1000 Kedisas at higher temperatures. The
Zinkevich et al. (2006) model includes a thermodwyitafitting for CeO, and CeO3
species that follow the form of the SGTE Unary batse (Dinsdale, 1991). However,
while applying the data by Zinkevich et al. (2006)yvas discovered that the model over-
predicted the degrees of reduction for ceria bpaof of two, indicating a mistake in

their calculations. Further investigation showedt tthe individual species fittings were
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correct, as were the ideal-mixing terms. Thereftwreyvercome these errors, the Redlich-
Kister terms used to calculate non-ideal interactdfects were refit to the results in
Mogensen et al. (2000), as shown in Table 3-2¥afig the notation used in Zinkevich e

al. (2006).

Table 3-2- Refit thermodynamic interaction parameter ugecbnjunction with the Zinkevich

et al. (2006) model to capture undoped ceria réotuct

Thermodynamic Interaction

Re-fit value
Parameter
"L cevon —-11917207425+8141959
*Let cova 19052093599+ 45753705
: L;3+ Cett o -14215318881+ 6421794
Lo oo 207136935761 58449949

Having refit these terms, the performance of thelehset forth by Zinkevich et
al. (2006) in predicting the equilibrium reductiohundoped ceria is evaluated, as shown
in Figure 3-6. This model shows excellent agreemetit the experimental data above
1000 K, even better than the constafi,, As.g, model. bleee the performance of
the model below 1000 K is reasonable, and, althomghnder-predicts equilibrium
reduction by as much as factor of 5, it does capthe slope of the low-temperature
reduction curves. Thus, this model was chosenawige a full-specification of the bulk

undoped ceria thermodynamics.
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Figure 3-6— Equilibrium degree of reduction prediction oé thinkevich et al. (2006) undoped

ceria model compared to the experimental resultsgmted by Mogensen et al. (2000).

3.1.4 Surface-ceria fitting

Using the corrected bulk ceria thermodynamic dgwedoby Zinkevich et al.
(2006), it was possible now to fit the surface @dthiermodynamics to the data from
DeCaluwe et al. (2010), which measures surfacectedu at multiple temperatures
between 920 K and 1020 K via in-situ XPS. These smesaments provide a basis for
comparison with bulk ceria reduction measured atstime temperature aRd,, due to
the fact that the surface and bulk must be in éguiim under such conditions, resulting

in Eq. 3-4.
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A:ured,s(T’és)_A:ured,b(T’éb):O [Eqg. 3-4]

Interactions due to mixing and non-ideal effects assumed to be consistent in
the bulk and the surface at any given temperatoded aalthough higheé-values on the

surface will increase the non-ideal interactiong. &4 can be rewritten as Eq. 3-5, where
the same functionsAuS2(T,5)  antiu®,(T,5) , were used for the idedlnon-ideal

excess free-energy in the bulk and surface, althoempluated at their respective

values.

Mt o(T) = Ay o (T) = (Aﬂreédo(Tﬁb)Jf Atreg (T’éb))

e (T.05)+ Mgy (T, 0,
- (A/ured T755 + A/ured T’gs
i’ w1’
55 T T T T T T aaf T —]
—#—Bulk - Measurad ’ —— Mleasured
~— Bulk - Fit —#—Fit
5k | —*— Surface - Measured B DB
= —&— Surface - Fit ay
£ =
= £ 08y
= ! =
= 45 A %
£ I g
= 1 2
o 4 1 = -
2 | Mt o(T) = Mtgea (T) s |
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Figure 3-7— (a) Ideal chemical potential of reducticﬁsy,t?ed (T) the bulk and surface from

the fitting and measurements (bulk from Mogenseal.e2000 and surface from DeCaluwe et al.,
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2010). (b) Plot of the change in chemical potersiaft between the surface and bulk,

0 0
A/ured,s - A:ured,b :

This transformation of the data resulted in Figafé (a). The shift in chemical
reduction potential between the surface and bullshewn in Figure 3-7(b) and is

represented by a constant shift in enthalpy ancbpytas shown in Eq. 3-6.

A:uroed,s(T)_ A:u?ed,b(T) = (Ahroed,s _TASroed,s)_ (Ahroed,b _TASroed,b) [Eqg. 3-6]

The constant shift occurs because the temperagperndlence is fixed by the
specific heat constant. The results from fitting thhange in chemical potential to find the
shift in enthalpy and entropy are shown in Tabl@. 3Hhe sub-surface thermodynamics

were found by assuming half of the enthalpy andopytshift exhibited by the surface.

Table 3-3— Shift in thermodynamic values between the serfatd bulk used to find the ideal
surface thermodynamic fitting.

Thermodynamic shift Value

ARy s~ ARy (kJ/mol) -173.616
ASy s — Ay, (I/MOI-K) 35.775

3.2 Model Description

3.2.1 Receiver Configuration
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Simulations were performed on the same prototypéesceceiver in the inert
studies reported in chapter 2 but with a high-tenajpee quartz window (5 cm thick)
over the receiver aperture to provide an enclosedreanment with a low @ partial
pressure Roy) for reducing the ceria particles. By keeping tmmfiguration otherwise
identical, the results from inert simulations canldetter used to draw insight relevant to

reactive particle simulations.

3.2.2 Solid Particle Model

The solid particle model is modified from the ineitmulations in order to
accommodating particle reactions. The release w.ofr@n the particle to the gas phase
results in a transfer of mass that impacts gas-ositipn, momentum, and energy. A
reacting particle model must capture the evolugbparticle composition during the fall
and the impact of the associateglr€lease on the surrounding gas flow. The reactoas
strongly coupled to the rate of heat transfer t® plarticles since the degree of ceria
reduction depends strongly on temperature.

The particle reduction is modeled with three stépsiffusion of oxide ions from
the bulk of the particle to a near surface regidnsurface exchange of near surface
oxides with surface-site vacancies (sometimes nedeto as the reverse incorporation
reaction), and 3) associative desorption of surfacgen to Q into the gas phase. The
first step is modeled as bulk oxide diffusion thgbwa spherical particle, and the last two
steps are modeled as reversible reactions. Thestfi and reaction models adapt ceria
thermochemistry and oxide-ion transport from De@al@and Jackson (2011) to calculate

the rate of @ release from the falling particles in the receivEne particle model is
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coupled to the gas-phase flow model to predicietiwution of gas-phadey, around the
particles as they fall through the receiver.

The particles are divided into three regions — K bbegion (signified by ‘(b)’)
consisting of almost all of the mass of the pagtia sub-surface region (‘(sb)’) consisting
of a 5.4 nm shell near the surface (representiroytabO unit cells of the ceria fluorite
structure), and a surface layer consisting of oetl@nd vacant sites for adsorbed
oxygen (‘O(s)’ and “\4(s)’ respectively). The bulk is modeled by the mivkctions of
fully oxidized CeOs(b) and fully reduced GOs(b), i.e.,Xce20amyandXcezo03py Similarly,
the sub-surface phase is modeled by mole fractd®soasn@andXcezo3shy Since CgO4
and CegOj; are the only solid-phase species considered,wbentole fractions in each
region sum to 1, and thus, the degree of reductiaraptured by one mole fraction in
each region, respectivelce203p) and Xcez203sky Because only ©from the gas phase
interacts with the ceria surface phase in this\st@(s) and \4(s) are the only two
surface species and the surface state is captyrdgklfraction of vacant Siték(s).

Changes in composition for the bulk, sub-surfacel, surface of the particle are

tracked by species conservation equations, EqtdB3&q. 3-9 below, which incorporate

the diffusion flux at the bulk/sub-surface intedagj« ), the net rate per unit area of
oxygen atom exchange between the subsurface andutfece (), and the surface
desorption rate per unit ared’().

dXC%O3(b) — a'bjéllﬁ [Eq 3_7]

dt V.o,
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AX e 0,(50) _ (asnlgl —a, ] )
dt Vsbpsb

[Eq. 3-8]

R2 R1

dt r

S

W _ (e~ ") [Eq. 3-9]

The momentum balance for reactive particles istidahto the inert particles, and is

repeated here for convenience in Eq. 3-10.

da, =§&C c (Uy,p_Uy,g)2 B ('Op _pg) g [Eq. 3-10]

The governing equations fofce203p) Xce203(sh) andbves) (EQ. 3-7 to Eq. 3-9) and the

average particle velocitwy’p(Eq. 3-10) along the length of fall are integratédng the

fall-direction lengthy, with spatial steps small enough for the ode sdivéold relative

residual tolerance of less than®fr each time step. Because the particle temperatu

(Tp) and gas-cell propertiesTy a,, Yoz) are solved on a larger Eulerian mesh to

facilitate 3D radiation transport models, theirued are linearly interpolated between
their cell-center values to provide a basis focgkting the transfer of momentum,,O

and heat between the particles and the surrourghsgphase flow. Interpolation of the
gas-phase solution variables from the Eulerianesplwhich is described below, enables
adequate resolution of the gas temperature aadi€¥d to model particle reaction rates

and momentum transfer in the more-finely resolvagrangian particle model.
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3.2.3 Particle Species Thermochemistry

To calculate the surface reaction rataé andn”_, and the oxide diffusion rate,

R2’
jgiie » In EQ. 3-7 to Eq. 3-9 for the particle model, apdd ceria thermochemistry and

oxide transport properties as discussed in sectoh, are used to calculate
thermodynamically consistent rates for the revéessnrface exchange and @esorption
reactions. These rate calculations modify standaads-action kinetic rate laws by using
concepts of transition-state theory and non-equuirh thermodynamics, as proposed by
Adler et al. (2007) and used in DeCaluwe (2009)défrthis scheme, the ratio of forward
and reverse reaction rate coefficients are detethbased on the ideal changes in free

energy, commonly called the equilibrium constastinaEq. 3-11.

( ( )
Heeo, by luO(s) :uc 0,(sb) :uv o)
krev,Rl: kiwd,RleX% = = J [Eg. 3-11]

e

The effect of non-ideal excess free energy is addedeen in Eq. 3-12 for the
surface-subsurface exchange reaction — where ttess)parametgiz; determines how
the shift in energetic driving force affects thansition state for the reaction rate energy

barrier.

( 1 ,6’ R1 luCéO3(sb) + /ug)zs)) - (/ugéol, by T /u\e/z (s))P
kiwd R17V4(s) CeZO (sb) % ﬁ-l-
[Eq. 3-12]
(ﬁRl /uC%O (sb) /uo(s ) (ﬂg);o4(sb) + lu\e/z (s)):|\
+krev,R190(s XCe?O (sb) % J

RT
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The gas-surface reaction rate in Eq. 3-13 is catedlfrom an @sticking coefficientgo,
and a forward desorption rate const&giy r2, Which is calculated in thermodynamically

consistent scheme as shown in Eq. 3-14.

~2lk ex;{_(l A RZ)(”V © ”37s>)}

fwd,R2 O(s) RT
[Eqg. 3-13]
- (L\ 02 I:)02 ex (ﬂRZ(:u\(Z(s) —ﬂg)((s))\
OZL 22W, RT J Vo(s) pO pt RT J
Kiwdr2 =0 P—O ex _(ﬂ80(3)+0'5ﬂ82_/18(s)) (Eq. 3-14]
e 27Wp, RT RT g.

The rate parameters needed for Eq. 3-11 to 3-14pmefied in Table 3-4.

Table 3-4- Kinetic data used for ceria reactiobg, from Giordano et al. (200154,q r1from

Decaluwe (2009), ano‘02 from Leistner et al. (2012).

Reaction Kinetic Parameter
Diff: CeOu(b) + CeOs(sh) > Ce:0s(b) + CeOs(sb) p_ =(10-10)exp401/T) (m?/s)
R1: CeO0(sb) + Vo(s) > CeOs(sb) + O(s) Kewd,r1= 3-10 (kmol/s),f1 = 0.5
R2: 20(s)> 2 Vo(s) + Q(9) 0o, =0.7582=05

The rate of diffusion through the particle is dnvéy a chemical potential
gradient in mobile & ions between the bulk and the sub-surface, asshioq. 3-15.

The values used to calculddg are shown in Table 3-4.
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Ho
(RTLf Dopp (ﬂosb_ﬂo,b) [Eq. 3-15]
dr ° RT lsp

v —0
Jait =—Dopp

Do is the chemical diffusivity of mobile oxide iongnd p; is the initial molar

concentration of oxide ions in the ceria. The geatlin oxide chemical potentigl, was

estimated via a linear finite difference betweea liulk and subsurface multiplied by a
dimensionless factofp set to 4.0 to account for the shape of the ragrafile of

concentration near the surface which determineglififigsion flux out of the bulk phase.

In Eq. 3-15, 4, - Hy,, » are related by the ceria speciesnated potential as shown in

Eqg. 3-16.

Hosb —Hop = (:uCeZO4 sb ~ Hce,0, sb)_ (ﬂCezo4 b~ Hce,0, ,b) [Eg. 3-16]

3.2.4 Gas-flow model
The transfer of momentum, heat, and ©Oetween the particles and the
surrounding gas phase flow provides a basis foratimgl gas-phase £mass fractions

Yoz, temperature3y, and characteristig-direction velocitiesuyg . The gas-phase model

for inert-particle curtains is extended to handlaltiple gas species, specifically,@nd
N,. Empirical correlations estimate the amount offi@ld gas flow entrained by the

falling particles. Combining the entrainment modefsh the particle-gas momentum,
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heat, and @exchange models provides a basis for simulatiegetfolution ofYo, g and

Ty surrounding the particles.

*r
-
& I Non-
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gas
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Particle curtain
(reaction zone:
O, release)

¥y 0000

J\fﬁ | oAz
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Figure 3-8- (a) cross-sectional view inside of the receitgghlighting the curtain zone. (b)

detailed schematic of curtain flow, showing evalatof gas through the (inert) sheath and into

the dense coré\z.,., where patrticle reactions take place.

Figure 3-8(b) illustrates the “sheath” of gas flawound the particles initiated at
the inlet of the reactor and driven by the partmlementum. As with the inert flows, the
y-direction gas flow in the region around the curtaias approximated with a Gaussian

velocity profile characterized by a representatietocity, u,, and thicknessgyzy, which

is different from the thickness of the dense-plrtoore Az.
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2
u,.,=u,.v2exp — Eq. 3-17
y.g = Yy.g F{ Az 2 [Eq ]

Using Eg. 3-17 reduces the complexity of the gas+finodel to calculatinmyg antiz,

with a combination of mass and momentum balancatens in appropriately simplified

forms. The mass and momentum equations can bedssiweultaneously to find the

variation in the gas vertical mass and momentunw fiates, m andmygUyg ,

respectively. The characteristic gas velociinj'),g ,then found by dividing the

momentum by the mass, while the characteristikit@ss, Az, is found by integrating

Eqg. 3-17 to get Eq. 3-18.

. T
m, = \/;puyygAxAzg [Eqg. 3-18]

The gas-phase mass conservation for a vertica sfithe curtain is derived for a
semi-infinite plane (due to the large differenceaspect-ratio of the curtain), neglecting
any x-direction variations. The gas densityis calculated from the ideal gas law. The
resulting gas mass flow conservation equation @awiitten as in Eqg. 3-19 , where the
first term on the right-hand-side is the mass émdich (at the edge of the gas-flow with a
velocity ofu, gedgd and the second term is the mass of gas gendratedd, release in a

cell with a particle density,.

6(p gUy,gAZg )

Y = 204U, cdge + %,pn;'zwoz N, Az [Eq. 3-19]

124



Eq. 3-19 is solved for both the front and the rhalves of the current separately..
Downward momentum entrains gas from the surroursdatga velocityu, g edgewhich is
set to be proportional to the downward gas veloeity a proportionality or entrainment
constant,a. The entrainment constaatvaries primarily with particle diametet, (Liu
2003). Liu did not fita for d, and flow regimes relevant to this study, hus fitted here
as a function ofd, to the detailed entrainment measurements perforoyeldlim et al.
(2009) using particle size and flow profiles difga@pplicable. This fitting is sensitive to
the particle drag model, and the drag model sugddsy Kim et al. (2009) provides the

best fit. The resulting fit fou, g eqgelS Shown in Eq. 3-20.

U, g edge= Uy, g Where o = 5.29'3(0.99574)(106%) [Eq. 3-20]

The change in gas-momentum is found with a singdiflD fluid-momentum
conservation equation, where the effects of drapiwithe curtain are assumed to be of
much greater magnitude than buoyancy. The dragcederm is found using a cell-
average particle velocity by dividing the total e residence time by the cell fall-

distance.

d(m, O 3 p,(0,, T, f m . B
( Y9 y'g):— 9( L y'g) CpCq| —— |+ ag,MWo, N, (Az.AXAY)T, ,  [Eq. 3-21]
dy 4 d, Pplyp

To solve the gas-phase species balance for thayasurrounding the particle
flow, it is necessary to resolve the nature offiheticle-dense curtain core. The particle-

core spreading relationship derived from the mesments of by Kim et al. (2009) under
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isothermal conditions for inert particles were uded this purpose. This fitting is

reproduced in Eq. 3-22.

Az, = 001+ 0.008% [Eq. 3-22]

With this, the mass-flow in the dense-particle oggican be calculated by

integratingou,dA over this region, yielding the core flow-rate aygoint in Eq. 3-23.

| o () (a)
., = paxy/2a, [ eXpL_AZ_ZS sz: mgerfLA? J [Eq. 3-23]

g

The gas-phase species balance solves for the alertidation in the averagé; in the
particle-dense core of the curtain using the assiomphat theYo, of the flow entrained

from the sheath equals to the inlet flow value.

A(Y02 mgc) = Y02,entraineJhg,entrained+ as,pn:zwoz NpAXAyAZc [Eq- 3'24]

In Eq. 3-24, the mass of gas entrained in the e®riound by using Eq. 3-23 and
recognizing that all of the gas evolved from thetipkes is done directly into the core,

yielding Eq. 3-25.

r'hg,entrained: Amg,c - as,pn;2W02 NpAXAyAZc [Eq. 3-25]

3.2.5 Heat transfer model
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The heat-transfer model for reactive particlesofoll that of the inert particles,
from chapter 2. However, because the particles egghange mass between reaction

zones and with the gas, the full-cell energy batameist be updated to account for the
changing species. The mass-flow ternmig, , vary bevepecies with the species mass

fractions (which are calculated from mole fractiodg, while the enthalpy termgy, are
a function of temperature for species k. With thelsenges, the updated energy balance
is shown in Eq. 3-26. All of the terms on the rigfaind side of Eq. 3-26 are identical to

those in Eq. 2-11.

k

lgm(rhl’hklﬂ\n,k - rn)ut,k hout,k ) = Qconv + chrt + Qrad + Qso| [Eq 3-26]

k=1

In solving for Q,,; and Qg , four radiation bins, shown in Table 3-5, are @mos

to balance the accuracy of modeling in the windowl ¢he particles. Because of an
irregularly-shaped spectral curve for ceria, biogarty values are averaged versus a
blackbody at two temperatures: 1600 K for accueatguation of thermal radiation, and
5600 K for calculations from the direct solar inpAt radiation properties for ceria are
only available up through the near-IR range (Gametal, 2013; Marabelli et al., 1987;
Niwano et al, 1988), values for the longest-wavglerband of ceria are determined to fit

the total weighted emissivity reported in Sullyaét(1952).

Table 3-5- Optical properties: Ceria surface emissivigy) for solar and thermal
radiation absorption, quartz window bulk emittaf&g.q,) and reflectancepgings), and

Duraboard HD bulk emittance,fy)
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frad (%) 3p,xa frad (%) 3D,la

) b ] b c
Solar  Solar 1600 K 1600K &windi  Pwind.a  Ewallh
0-0.6 31 0.57 0 0.36 0.00 0.073 0.20

0.6-1.25 54 0.26 7 0.17 0.00 0.071 0.20

1.25-3.5 15 0.09 64 0.08 0.046 0.068 0.20

3.5 0 0.51 29 0.34 0.91 0.011 0.80

a: Marabelli & Wachter (1987) in the 0-3.5 rangeg &ully et al. (1952) in the 3b+range
b: Hereaus (2007)
c: Siegel et al. (2010)

3.2.6 Numerical Grid

The reactive-particle receiver model uses the sauomeerical grid as the inert
particle receiver model to save on computationat aocalculating the view factors. This
grid uses two discretizations for the curtain ie gdirection (through the depth of the
curtain) to simulate temperature variations betwé&enfront and back of the curtain Four
discretizations were used along tkelirection of the curtain to explore the effects of
variation in radiation effects from greater exchamngth the walls versus the window
without increasing computational cost too signffitge The maximum observed
temperature difference between the center and eddain temperatures is 40 K in the
irradiated zone, and decreases to less than 2 Kéexit. Thus, four discretizations in
the x-direction were deemed adequate for the purposeshisf study, where the

performance along the fall is most-important.

The number ofy-direction cells was varied to explore the gridushce on the particle

species, temperature, and velocity along the lengflall. The impact of grid resolution
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in the y-direction was evaluated by twice doubling the nembf discretizations (using
20, 40, and 80 cells) to evaluate the resolutieded for grid-independence. The change
in particle temperatures going from 20 to 40 andat80 cells was only 3 K and 2.4 K
(~0.1% change), while the change in the overalrele@f reduction was only 1.4% and
1.1%, respectively, due to the particle-air couplatheme that was employed along the
fall. As such, the coarse grid (20 discretizatiavgs used as it provided sufficient

accuracy with less computational time.

3.2.7 Solution Method
A schematic of the solution method for reactivetipbes is shown in Figure 3-9. The
solution starts with a reasonable guess for thepéeature fields, solid species
concentrations Xce209, gas species concentratiopof), and gas/particle coupling

between the gas and solid phases. The solid phas#vied in the Lagrangian frame for

Xcezozand U, , by using the ode23tb solver to solve Eq.t8+#q. 3-10 with a tolerance

of 10°. Next, the gas-phase is solved in the Euleriamérao solve Eq. 3-19, Eq. 3-21,

Eq. 3-24 and a gas-convection equation to figgd U, andpoy, using an updated O

source-term andl, , from the particle solver. ThesGurce term in the gas-equation is

updated with an under-relaxation factor of 0.05e Holid and gas-phase models are
iterated until the maximum change in the soluti@miables is less than T0After the

species concentrations, velocities, and gas temperaave converged, the solid-phase
energy balance, Eg. 3-26, is solved to update tidbamd particle temperatures using the
Isgnonlin solver with a tolerance of 10This solver accounts for the majority of the

solution time, most of which is spent doing mainxersions to solve for the radiosity
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balance. The solver then checks for convergendhartemperature, and iterates on the
process if the maximum residual is greater thah Total runtime for a single-case is on
the order of 2-3 hours, with less time if a priolusion (and thus better starting-guess) is

used at initialization.

Initialize Twallsx Tpartx Tgas: Poz;
XCeZOE!: upartx ugas

Solid-phase solver:Update
Xce203, Upart
!
Gas-phase solver: Update T,
ugas: Po2

Tgas: Poz, Xceooa,
uparh ugas
converged

Energy-balance solver: Update
Tpartx Twalls

Tpartx Twalls
converged

Save Results

Figure 3-9— Solution method for the reactive-particle reeeisimulation.

3.3 Reactive Ceria Results

3.3.1 Baseline Condition
To provide a general perception of how the recepezforms, a baseline condition
for the receiver model, as defined in Table 3-6s wan both with and without the ceria

particle reactions included in the simulation. Tloa-reacting or inert particles provided
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an assessment as to how the radiative transfeeddthe particle heating independent of

the endothermic ceria reduction.

Table 3-6- Baseline operating conditions for the falling cqréaticle receiver model

Property Value (Baseline)

Receiver Dim. (m)
(Lyrs Ly, Lay) (3.0, 5.0, 2.0)
Window Dim. (m)
(LX,Wa Ly,w, LZ,W)
Curtain Dimensions (m)
(LX,C; Ly,c, LZ,C)

(1.0, 3.0,0.05)

(1.0, 5.0, 0.01+0.0087-y)

Particle Sizem) 300
Flow Rate (kg/s-m) 1.0
Tpart,in (K) 1100
Osotar (KW/M’) —
Po2,in (atm) 1- (10°)

The temperature profiles of the walls and curtan the inert particle case at
baseline conditions, shown in Figure 3-10, highlighmportant performance
characteristics of the receiver. At the baselineddmn, the relatively low particle flow
rate allows heating of the inert particles from Q10 to an average temperature above
2050 K. For these run conditions, the rear of theain is heated faster than the front,
with a maximum temperature difference of 63 K hvadfy down the fall that decreases to
a 24 K difference by the particle outlet.

The rear of the curtain achieves higher temperatusecause total initial
absorptivity of the low-flow rate curtain results significant solar flux reaching and
heating the back wall. The rear of the curtain th@shigh radiation-exchange with the
hotter walls and greater reflection off the backiwhln the horizontal direction, the
curtain temperature is relatively uniform due ingka part to the imposed uniform solar

radiation flux over the entire receiver window. Tteamperatures at the sides of the
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curtain were about 40-50 K lower than those aftctimgain center, due to higher radiative

losses to the cooler side walls.

Left wall Right wall Front wall and
window

Temperature (K)

Bottom wall

Figure 3-10- Wall and curtain temperature profiles for ingatticles falling with identical
properties to the reactive ceria particles wity;, = 1.0 kg/s-mgd, = 200um, Tj, = 1100 K, ey

= 1000 kW/m.
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Top wall

Right wall Front wall and
window

Temperature (K)

Left wall

Bottom wall

Figure 3-11- Wall and curtain temperature profiles for reaetteria particles withrn,;, = 1.0

kg/s-m,d, = 200pm, T;, = 1100 K, ¢, = 1000 kW/m.

At the relatively low flow-rate of the baseline citon, the curtain volume
fraction f, according to Eqg. 2-26 was below 1%. As such, gelamount of the solar
radiation from the front aperture passed throughldlv-density curtain and onto the rear

wall, which reached temperatures as high as 200 khis case. Transmittance through

the curtain increased along the fall as verticatigla velocities u,, increased arfd
accordingly decreased. The volume fraction furith@pped due to the spreading of the
particle curtain in thez-direction (sincef, is proportional toAz* ), but the curtain

spreading had no impact on the actual curtain inéitence, because transmittance is

proportional tof Az . Further, increased re-radiatibthe particles as they were heated

along the length of the fall caused the rear-watiperatures to peak nearer the bottom of

the region exposed to the front window throughdieain.
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Overall, the radiative emission and reflection affthe particles and the rear wall
kept the inner temperatures of all other walls leemv1750 and 1850 K for the baseline
condition with its small external heat transfer fficnt hr e of 5.0 W nm? K™* and low
receiver wall conductivity of ~0.5 W ™K™. Due to the receiver window's high
transmissivity in the solar spectrum, the windoaystl considerably cooler than the
walls, reaching temperatures of ~1375 K and ~150@rKthe outer and inner face
respectively with the loviar x. Both of these temperatures are above the quperatng
limit of 1300 K, which is necessary to avoid grovathp-cristobalite phases that lead to
eventual failure in cyclic operation (Momentive,120. The temperatures could be
mitigated by a highehr ey or lower particle reflectivity and thus reducediedive
loading on the window.

The high temperatures of the particles, walls, anmtow for the inert-particle
case are somewhat mitigated by turning on the &edoiic ceria reduction with reacting
particles as indicated in Figure 3-11. The reactiagicle temperatures do not rise above
2000 K. The hot spot on the rear wall is also €ltes 2000 K, albeit for a significantly
smaller region than for the inert particles. Theda@hermic reduction of the ceria
captured some of the solar energy and lowered #réicle temperatures and their
radiative loading on the rear and side walls. Noeletss, because ceria has a relatively
low averaged emissivity (i.e. absorptivity) of 003&veraged over the solar spectrum
shown in Table 3-5, the radiative loading on thdeswalls is dominated by solar
reflection (from the particles or other walls), atmlis, other wall temperatures do not
drop by more than 15 K with the additional heakswh the endothermic reaction. This

indicated the low energy capture efficiencies (<)58b the solar radiation input into

134



particle chemical energy at these Idwconditions. A substantially larger fraction (>
16%) of the solar radiation is captured as partsglasible heating. The low fraction of
energy stored as chemical energy is due to the-teigiperatures required for ceria
reduction as illustrated by the thermodynamic éiim plots in Figure 3-6. The

particle temperatures near 2000 K for the basebtaeting-particle conditions resulted in
significant re-radiation losses and thus very lmhas capture efficiencies, which would
be problematic for an actual cycle. The relativebor emissivity of undoped ceria and

the lowf, necessary to get this level of particle heatingsed the poor solar absorbance.

3.3.2 Particle Reduction

The evolution of particle temperature and degreeedluction (at the particle
surfaceds and in the bull,) along the length of fall are shown in Figure 3-E®r this
figure, the operating conditions were varied by@asing the particl&;, to 1300 K from
the baseline condition of 1100 K. The highigr increased the particle temperatures
along the length of the fall and thus, the cerigrde of reductiond; andody,). The actual
0s and o, are compared with their equilibrium valuek & and d,e9 calculated as a
function of T, andPo; at any point.

In Figure 3-12/; (initially at its equilibrium value at the inlefecreased at the
beginning of the fall because, @esorption from the particle surface was the damtn
rate-limiting process for reduction according te #inetic rates in Table 3-4. The slow
surface desorption rate caused an initial buildbg¢s) at the particle surface even
though the surface, with its lower heat of reductivad a much higher degree of

reduction (i.e.gs > dp). The rapid increase in temperature over the tyr@cadiated zone
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caused higher £desorption rates. With the rate-limiting surfaeaation, the sub-surface

(dsp not shown) and the bulig remained very close to equilibrium with the suefatate.
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Figure 3-12- Particle curtain performance, compared to egiilm values, using the suggested

sticking coefficient of (a) 0.75 and (b) 0.10 foetfollowing operating conditionsh,;, = 1.0

kg/s-m,d, = 300um, T;, = 1300 K, ¢, = 1000 kKW/m.
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For the conditions in Figure 3-12(a), the partsleface did not reach equilibrium
ds.eq Over the ~1.5 s residence time of fall in the cliseirradiated zone. Thus, even
though the particles showed a slight drop in tempee due to re-radiation to the walls
after leaving the directly irradiated zone, theytoaued to react such that some of the
sensible energy was converted to chemical energtheagarticles reached their near
equilibrium state withs = 0.21 and), = 0.024 at the end of the fall. This result intich
that the chemical energy storage rate was slowar the sensible heating rate for the
baseline reaction conditions

Because of uncertainty in the rate-limiting desiorptreaction R2 rate at the very
high particle temperatures, the reaction rate wasged to assess the sensitivity of the
degree of reduction on the rate constant. For Ei@dt2(a), a sticking coefficieat, =
0.75 was adopted from a previous reference (Leistteal. 2012), and the receiver
reached very near equilibrium degrees of reduatear the exit. To assess the sensitivity
of the solution to the rate of R. 3-3g, was lowered to 0.10 and the results of that
simulation are shown in Figure 3-12(b). With thevés O, desorption rate, the particles
did not approach equilibrium reduction fractiongd amere still undergoing significant
reduction after leaving the reaction zone by cotivgr some sensible energy into
chemical energy. Comparison of Figure 3-12 (a) &ngure 3-12 (b) indicates the
sensitivity of the receiver simulations to the uma@ surface kinetics at the high-
temperatures and suggests the kinetic parameteyist iné worth further experimental

investigations.
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3.3.3 Parametric study results

The baseline simulations shown in Figure 3-12 inway represent an optimal
condition for receiver operation for ceria reduntar solar thermal capture efficiency. To
explore how receiver operating conditions mightdogusted to improve critical global
performance metrics, parametric studies were pmddron the particle inlet temperature,
particle flow-rate, solar concentration, and péetsize.

In order to aid in evaluation of the reacting flawp efficiency values are defined:
one to account for influence of reaction and amotbeccount for sensible heating. The
chemical efficiency,nchem IS defined as the ratio of energy used to dribhendical
reaction to total solar input, is defined in Eq2B- The sensible efficiencysens is the
ratio of absorbed energy used to heat the partamtesthe total solar power input, as

shown in Eq. 3-28.

n§:|s mg,react,i Ahreac(Tp i)

S W, ' [Eq. 3-27]
Nchem = :
QSoIar
kil(mn khn k — rhout,kho t,k)
= e [Eq. 3-28]
Nsensible = : Tichem
QSoIar

Figure 3-13 shows how increasing parti€lg from the baseline value of 1100 K
reduces the solar absorption efficiency (basedhenstim of the sensible and chemical
energy captured in the particles) for a range ofvftates up to four times the baseline

flow-rate. However, while the total solar efficighdecreased with highér,, the actual
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amount of energy stored in the chemical reductibrresia increased with the higher
temperatures as indicated by the highewith higher T;,. The higher temperatures
increase the chemical potential driving force toe teria reduction and thus the energy
capture via reduction. However, the higher tempeest increase re-radiation losses
which lowers the fraction of total energy captuselowered. Thus, if the receiver is
operated simply to drive a chemical process such @ia redox cycle for 4@ or CQ,
increasingTi, above 1100 K by using some form of heat recupmngiapp et al. 2012)
provides advantages. On the other hand, if the gotd use both sensible and thermal
energy for co-generation or some other multifun@loprocess, increaset, lowers
Nsolas Which may offset the improved ceria reduction.

Related trends with respect to total particle miéss rates mj, are shown in
Figure 3-13. Higher flow rates raige(which scales almost linearly withn,) and thus

improve total solar absorption efficiency. Howeviédre increased flow rate lowers the

temperatures rise, and the degree of reductionthferceria drops dramatically with

increasedriy,;, . In general doubling,;, requires more @M K increase i, to

achieve a comparable degree of reduction at threased flow rate. However, the lower
temperatures with higher particle flow rates reduseradiation losses and thus increases
Nsolar The denser curtain with its higher absorption dosvthe back- and side-wall
temperatures dramatically. While the baseline agaselted in a rear-curtain that was
appreciably hotter than the front, at the highdstvfrates, the curtain temperature
becomes more uniform with a slightly higher tempa® in the front. For the most-
opaque curtain, when the particle diameter is @@0and flow-rate is 4 kg™sn™, the

front half of the curtain is hotter by a maximumldf K, with a difference of only 0.3 K
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by the exit. In contrast, the least-opaque curtaith a particle diameter of 70dm and
flow-rate of 1 kg 8m™ reaches a maximum temperature difference of 11@ekreasing

to 95 K at the exit, with a hotter rear-half of thatain.

2 027 — =~ —— (a)
0.1 z oo Tooooos Fonnmes
0 . . . . . .
0.06 Particle Flow Rate (kg s'm) - "L
§ =l ] efli— ) =fpe= 3 == 4 s
S

1000 1100 1200 1300 1400
Tp,in (K)

Figure 3-13— Variation in (&), (b) Xce20s and (c) OutleT, with varying inletT, and m’p .

Increased particle flow rates can possibly allowifecreased solar concentration
Qsolar- Thus Qsolar was varied from 700 to 1400 kWPrfor the range of particle flow

rates for the baseling, of 1100 K. The plot in Figure 3-14(a) indicateattfor the most
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part the fraction of total solar energy absorbedsdaot change significantly wit@so,ar

for these conditions. Rathefgor remains relatively constant d9g . increases and

drives up outlet temperature and ce¥id his occurs because re-radiation losses from the
particles only increases by ~5% when solar inpatdases from 700 to 140 kW3arThe

5% loss is offset by lower convection losses (redato solar input), which scale with
increased wall temperatures but decrease as armageeonsola, by ~5% over the same
range of solar inputs. For the baseline flow-ratel® kg $'m™, wall temperatures

increase from 1870 to 2300 K &%, doubles from BD4D0 kW rif (corresponding
total input from 2.10 to 4.20 MW), but (:onvectio:rssl;echonv only increase from 0.26
MW to 0.33 MW. The low baseline values fqr andh,, limit the Qcom, and allow for the
increased wall temperatures with increas('aﬁglar naigaificantly increases the heat

losses through the receiver walls. Thus higfi)g(glar reiees the fraction of energy

captured by the particles both as chemical enerdigated by outleXcez03
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Figure 3-14- Variation in (@), (b) Xce20s and (c) OutleT, with varying inletdz,,, and m},

For higher particle flow-rates (3.0 and 4.0 kirs'), the particles reach their
equilibrium Po, quicker and reduction becomes more constrainethéavailability of
purge gas, as the volume of evolved is directly proportional to the mass floate. As
Qu, increases from 700 to 1400 kWinoutlet P, increases from 0.014 to 0.132 for
the 1 kg & m* flow rate, while it increases from 0.001 to 0.G66the 4 kg & m™* flow
rates. As the solar concentration increases, thiclgatemperature increases by about

50°C per 100 kW A additional solar input.
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When combined with the increased efficiency frora tamperature-dampening
effects of the endothermic reduction, reactive iplag attain slightly superior
performance compared to inert particles that hbeesame properties. This effect is best
observed with smaller particles, as seen in Figdi®, which fall slower (due to greater

drag), spend more time in the irradiated zone &hehigher temperatures, and undergo

more reduction.
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0.2
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Figure 3-15— Variation ingsensile@Nd#chemWith d, compared tayn. calculated for flows
identical to ceria but with no reduction. Run cdiudtis: iy, ;. = 1.0 kg §m™, Ty, = 1100 K, ¢, =

1000 kW n¥.

For r{,,, = 1.0 kg 8 m™ with d, = 100um, the maximum particle velocity,
) P Wyp

reaches 4.59 msapproximately half the maximum velocity for themsa conditions

whend, = 700pum (9.05 m d). The loweruy,, for the smaller particles increases not only
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particle residence times but also curtain partrdieime fractiorf, and thus opacity (since

f, scales with 1f,). Thus, for at arrif,;, = 1 kg'sm™, 100um particles reach an outlet

Tp, = 2050 K, compared to only 1565 K for 7@t particles under otherwise identical

run conditions. Smaller particles also have gresiieiace area (total area scales witl 1/

for the samer, ), which increases the rate of thelnatiting surface reaction. In fact,

for the smaller particles, the gas generation i dense-particle core of the curtain

pushes gas out of this region rather than pullimg via entrainment.

3.4 Discussion of Ceria Reactor Results

Particle reactors involve complex interplay betweesriables dominated by
different physical principles. It is important tapdore the operating space to identify
optimal combinations that maximize the receiveffciency, outlet temperature, and/or
energy storage density.

Particle size has one of the greatest impact oeiwec performance. Smaller
particles increase efficiency, as seen from studresnert receivers (Chen et al., 2007,
Siegel et al., 2010). Smaller particles form anagty thicker curtain, due to decreased
terminal velocities, which also increase resideticees and thus outlet temperatures.
With their higher surface-to-volume ratios, smalbarticles can have higher degrees of
reduction when as with ceria, the surface readsorate-limiting. Despite the positives
with smaller particle diameters, flows using snmafiarticle can lead to increased particle
recirculation in the receiver which can soil thendow as suggested in simulations by

Meier (1999). As the simplified gas-flow modelthese simulations cannot capture the
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complexity of recirculating flows, particle diametenvere limited to 10@um since prior
simulations suggested that smaller particles véliifluenced by recirculation in a closed
receiver (Meier, 1999). Particle receiver designuldogreatly benefit from a more
detailed study of the patrticle-air coupling undgghhtemperature gradients in an enclosed
space.

Figure 3-15 highlights the advantage of drivingctEms onzselar &S the particles
undergo greater degrees of reduction. The partiethuction mitigates temperature
increases while storing energy in the heat of reactvhich lower particle temperatures
and re-radiation loss throughout the receiver,farmore, the additional stored chemical
increases energy storage density.

Analysis of the reduction process showed that #égbe reduction is surface rate
limited largely due to the build-up d?o, around the particles and the high surface
sticking coefficient of 0.75 for the reverse sudareaction, @ re-adsorption. This
suggests that the reduction can be sped up anendrovgreater degrees by reducing the
oxygen concentration in the vicinity of the pamgl Whether this is achieved by
removing oxygen from reaction zone or sweeping withre inert, the costs to separating
oxygen must be fully considered, as suggested lggR2012).

A few insights from the reactive-particle receiveodeling suggest some changes
to improve performance. The primary driver for higisses is the high reduction
temperature and low solar absorptivity of ceriathbof which drive high re-radiation
losses and lowefsqsr .- A material with better absorption in the solpestrum has the
potential to the baselingorto about 19% (a 50% increase over ceria). Beyoattnal

changes, flow management to increase particle eese times can yield greater
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reduction and higher efficiencies. However, thergstrbe an upper point of diminishing
returns as the curtain reaches higher temperatum@das more re-radiation losses. The
current curtain design results in a hot spot orrélae wall that would require some form
of mitigation to prevent overheating of the mateaiad reduce thermal stress by cooling
the back wall with some mechanism that preheatgp#nmecles before dropping them in
the receiver

The results shown in Figure 3-13 and Figure 3-IaWsthat the receiver flow rate
can be varied dynamically to respond to transiemliation conditions and maintain
consistent outlet conditions. Outlet temperaturé degree of particle reduction can be
varied through proper selection of inlet tempemtuh downstream fuel-production
process, however, requires careful consideratidroof the particle chemical and thermal
energy will be used downstream. To properly design receiver, operation must be
evaluated in the context of an integrated cycldyasis The single-component optimum
receiver may not optimize the entire plant outp&or example, higher receiver outlet
temperatures will enable greater efficiencies mpbwer cycle, which may offset greater
re-radiation losses in the receiver. Higher outéghperatures and greater amounts of
reduction increase storage density, reducing tipe@rd capital cost of any storage tank.
Ideal solar concentration on the receiver requeseduation of field arrangement and the

trade-off between field costs and receiver perfarcea

3.5 Modeling Perovskite Reactors

While ceria was shown to not be the ideal matdoala direct-absorption solar-

thermal receiver due to high required temperatares poor absorption capabilities, the
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numerical experiments with ceria demonstrate therg@l of the receiver to work with
reactive particles. All reducible oxide materialstable for HO- or CQ-splitting require
high temperature to form the reactive reduced sthl@vever, materials that can provide
lower-temperature reduction and reoxidation couitpriove receiver efficiencies by
reducing re-radiation losses and increasing salargy captured as chemical energy for
fuel production. One attractive class of materialperovskites with the unit crystal
stoichiometry of ABQ where A and B are metal cations with valence sthtween +2
and +4 — are particularly attractive because tha&y endergo very large degrees of
reduction while still maintaining a stable crystal structure. By manipulating the
selection of the A-site and B-site cations, perdeskcan also be tuned to provide
increased reduction at much lower temperatureshagiger P, than ceria. By using
multiple cations in either the A- or B-site of tperovskite lattice, reducibility can be
further enhanced through creation of extrinsic waas. Further, unlike ceria,
perovskites are often very dark in color, givingerth very high solar-spectrum
emissivities for good absorption.

To evaluate perovskites for solar-driven reduction particle receivers , a
candidate composition from the literature was sddvithin the reactive receiver model.
The material chosen for investigation was 1% ¢Cop sFen 2035 (LSCF-1982 or here
LSCF), which has been shown to be a promising caitipo of high reducibility and
fast reduction kinetics (Choi et al. 2011, Choakt2012). LSCF is not an ideal material
for commercial receiver operation due to its rgklif high cost, but it has many
attractive properties representative of perovskitesluding an emissivity of = 0.90

(Guar et al. 2013). Further, sufficient thermodymaeand material property data exist for
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LSCF to perform reasonable numerical calculatidisof et al. 2011, Choi et al. 2012).
Thus, LSCF was chosen for testing in this numemcatlel to evaluate the potential of
perovskite materials to improve solar thermal nreeeiperformance and storage

capabilities.

3.5.1 LSCF thermodynamic and kinetic model pararsete

As with ceria, La1Sh CopsFen 055 was modeled as a mixture of two-neutral
species, LaiSi Cay gFen 203 (LSCFQ) and Lag 1Sh.oCoy gFen 20, (LSCFQ). LSCF was
modeled in two zones — the bulk and the surface erder to separate the impacts of
oxide-ion diffusion through the particle and the @&sorption reaction at the surface.
Unlike ceria, the changes in thermodynamics betwkersurface and the bulk have not
been well quantified. Thus, for this study, therthodynamics are the same in both the
surface and the bulk, Thermodynamic data on LS@Eategon from Choi et al. (2012) as
shown in Figure 3-16 is used similarly to deriverthodynamic properties including the
non-ideal excess free energy terms. In this figif, is equal to 0.ASy; that was used

for ceria.
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Figure 3-16— LSCF thermodynamic fitting overlaid on the expemntal data from Choi et al.

(2012)

From this data, it is possible to find the valuetloé chemical potential change

during reduction for LSCF by using Eq. 3-29 and &§0.

1_ P
Mio =AHo ~TAS, = RT In( Pogj [Eq. 3-29]

1
Alyeg = Hiscro, (51T)— HLscFo, (5’T) = Eﬂgz (T)+ AV [Eq. 3-30]

As with ceria, Eq. 3-2 applies to define the chehmotential of the individual species.

The excess chemical potential change due to idseeafactions is defined in Eq. 3-31,
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while the ideal properties are specified by usimg $pecific heatcf = 145.0 J motk™)

suggested by Beale et al (2011).

X
Mufs(T,0)=RT ln[ SSas j [Eq. 3-31]

X scro,

3.5.2 LSCF Model Changes

The particle, gas flow, and heat-transfer equatians identical for LSCF
simulations follow the equations used in the ceniadeling. The species equations are
very similar, with LSCF@and LSCFQ used in place of G&, and CgOg3, respectively.
Because LSCF is modeled without a sub-surfacehuhiediffuses directly to the surface,
and thus R. 3-2 is eliminated. Finally, the surfez&ction rate takes on a different form,
shown in Eq. 3-32, as suggested in Choi et al. {20l this equationpeq is the

equilibrium reduction at the given particle tempera and B
1, =0 ( _ )
NR2 = kspO(s) 5eq Y [Eq 3'32]

The oxide-ion transport and surface kinetic paransetised for LSCF transport are

defined in Table 3-7.

Table 3-7- Governing transport properties for LSCF from Cétoal. (2011).

Reaction Kinetic Parameter
Diff: LSCFQy(b)+Vo(S)>LSCFOy(b)+0O(s) Dg =(101-10*)exd-67309/T) (m?/s)
R1: N/A N/A
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ks = (0.109)exp—89358/T) (m/s)

R2: 2 O(s)~> 2 Vo(s) + O(9) bo=0.5

3.6 LSCF Reactor Results

3.6.1 LSCF Prototype-Scale Operating Conditions

Simulations were performed using the prototypeescedceiver in order to

investigate how changes in, &, and the surface reaction rate constak¢ impact
LSCF-particle receiver performance. Changesriif eweelpful in establishing a

potential operating point for the commercial sa@eeiver. Variations is, andks were

performed in order to assess the importance ofeth@sperties in design of new
perovskite materials. The baseline parameters pachting conditions for the prototype-
scale are shown in Table 3-8. The results for pypwscale receiver are presented,

followed by results for a commercial-scale receiver

Table 3-8- Baseline operating conditions for the prototggeate LSCF reactor.

Receiver Dim. (m)
(Lo, Ly o) (1.85, 5.0, 1.5)
Window Dim. (m)
(LX,WI I—y,wl I—z,w)
Curtain Dimensions (m)
(LX.C! Ly,c, LZC)

(1.0, 3.0, 0.05)

(1.0, 5.0, 0.01+0.0087y)

dp (L) 300
& (-) 0.9
), (kg s'm) 7.0
Tpartin (K) 800
Oootar (KW M) 1000
POZ,in (atm) 0.001
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3.6.2 LSCF Prototype-Scale Results
Prototype-scale LSCF receiver results are strodgijyendent orii, .As seen in

Figure 3-17, increasing particle flow-rate from @ 7 kg § m™ increases receiver
efficiency 7solar from 61% to 76% due to higher curtain opacity. leger, as with inert

particles, the average outlet temperature fallsnfrb402 K to 1209 K due to lower

absorption by each individual particle. Even thougha.r increases withm, , the

chemical storage efficienoynem decreases from 20% to 9%, due to lower tempemture

and less reduction. At ar, of 3 kg a1, the outletAd = 0.16 and outlePo, = 0.62

atm in the dense-particle core. At the highést kg 8" m™?, the outletAd decreases to

0.03 while the outlelPo, = 0.28 atm in the dense-patrticle core.

Because LSCF is used as a representative perovséitial, the influence af,
which can vary with perovskite composition, is expd over a range from 0.7-0.95. As
shown in Figure 3-18Touy, #solar aNA7chem all increase withe,. Toye increases only 44 K
from 1170 K to 1214 K as, increases from 0.7 to 0.95, due to the temperataneping
effects of additional chemical storaggsiar increases from 67% to 78%, with 4% of that
increase due to additional chemical storage. Qvisrrange Ao increases from 0.021 to

0.035 while outlePq; increases from 0.22 to 0.32 atm in the densegbartbre.
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Figure 3-17— Efficiency and outlet temperature as a funclJ't)lﬁ'rfp for the prototype-scale

receiver using LSCF particles operating at baselorlitions in Table 3-8.
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Figure 3-18— Efficiency and outlet temperature as a functibg, for the prototype-scale

receiver using LSCF particles operating at basaloralitions in Table 3-8.
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The evolutions of the curtaify, Poy, J, and equilibriundeq at the baseline inlet
conditions are shown in Figure 3-19(a) for the besse operating conditions,,
increases from an inlet value of 800 K to 815 Ktle entrance region, reaches a
maximum temperature of 1226 K by the exit of theedlly irradiated zone, and then
decreases to 1208 K by the exit due mostly to amnwe of sensible energy to chemical
energy. The evolution ifPo; andd indicate little Q release until about 1 m into the
directly irradiated zone.

In Figure 3-19J¢q — 0 represents the thermodynamic driving force for the
reduction. A strong driving thermodynamic force owbe entirety of the directly
irradiated zone is offset by slow kinetics unfy reaches around 970 K in the directly
irradiated zone. The relatively large thermodynaicing at the exit of the receiver
indicates that kinetics limit the performance o ferovskite and suggests that kinetics
are a critical performance metric for evaluatinterative oxide compositions. Closer
investigation shows that difference betwégmandds is very small and thus for this range
of particle sizes, diffusion of oxide-ions is natte limiting. Rather, as with ceria, the
surface desorption of O2 controls the rate of pekite reduction.

In order to investigate the potential of similargsskites that can achieve faster
kinetics, a sensitivity analysis was conducted biffidally increasing the surface
reaction-rate constant ky a factor of 10, as shown in Figure 3-19(b).rigpothis greatly
increases the outld®o, and Ad to 0.56 atm and 0.089, respectively. The increased
chemical energy storage decreases the ollby 90 K compared to the slower reaction
case. Even with faster kinetics, reaction is nomnplete by the exit of the directly

irradiated zone, and sensible energy is convedethémical energy &g, falls while ¢
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continues to rise. In fact, the particles have emuilibrated by the exit of the receiver,

and would continue this conversion process, althahg reaction would be constrained

by increasindPo..
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Figure 3-19— Evolution along the length of fall of averafgd, andPo,, as well as the

equilibriumo at the giverT, andPo, for operating conditions in Table 3-8 and kinetite

constant (a) k x 1 and (b) k x 10.

Figure 3-20 shows he influence of both reactior eatdd, on#sear As with inert

receivers, smaller particles perform better thaigda particles due to higher curtain
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opacity and greater surface area to drive reduclitie impact of increased surface area
is more apparent at lower reaction rates, wherénttrease in chemical storage is greater

than linear asl, decreases.
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Figure 3-20— — Prototype-scale receiver efficiency, chemial total (includes chemical and
sensible), for LSCF particles operating with basetonditions in Table 3-8 and differidgand

two reaction-rates. The k x 10 cases utilizes eti@arate constant that a factor of 10 larger.

With faster kinetics, a greater fraction of the @bgd solar energy goes into
chemical storage. For the cases in Figure 3-1Be réactor with faster kinetics stores
26.1% of inlet solar energy as chemical energy 2hd% as sensible energy, compared
to 9.3% chemical storage and 66.5% sensible stolmgéhe slower kinetics. Faster
kinetics greatly increase the chemical storageyshg by less than 1% in all cases. The

small increase in total efficiency is driven by lemradiation losses due to lower particle
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temperatures, as shown in Figure 3-21 This occaralseysar IS dominated by the
ability of the curtain to absorb incoming radiatievhich is unaffected by reaction.

The T, profiles change significantly with the kinetic @at When kinetics are
slower, the outlefl, behaves more like an inert particle receiver, weétucing outlet
temperature agl, increases due to inferior absorption. Unlike ingsdrticles, the
competing effect of chemical storage actually causever T, at the smallest particle
sizes, due to the impact of greater surface aregrdasingd, from 600 to 200um
increases\o from 0.012 to 0.048 for slower kinetics. With fskinetics, the impact of
greater surface area dominates the effect of gredssorption, and outlel, decreases

monotonically withd, while Ad increases from 0.053 to 0.102.
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Figure 3-21- Prototype-scale receiver average outlet temperdbr LSCF particles operating
with baseline conditions in Table 3-8 and differdydor two reaction-rates. The k x 10 cases

utilizes a reaction rate constant that is a faotdO larger.

157



3.6.3 LSCF Commercial-Scale Operating Conditions

LSCF was tested in the commercial-scale receiveratmg at atmospherko,gas
inflow. This allowed the receiver to operate with apen aperture. The operating
parameters used for these tests are shown in Babl@ hese tests not only evaluate the
potential for a perovskite material in a direct @ipsion receiver, but also study the

impacts of a reactive flow at high mass-flow coiuahs.

Table 3-9- Baseline operating conditions for the commersaile LSCF reactor.

Property Value (Baseline)

Receiver Dim. (m)
(Lyr, Lyr, Lzy) (12.0, 21.0, 15.0)
Aperture Dim. (m)
(Lxas Lya, Lza)
Curtain Dimensions (m)
(LX,C’ I—y,c, LZC)

(11.0, 20.0,-)

(11.0, 21.0, 0.04+0.0087-y)

dy (um) 280
& () 0.9
m, (kg s'm™) 10.0-80.0
Toartin (K) 800
Oaiar (KW m?) 1000
Po2,ir (@tm) 0.21

3.6.4 Commercial-Scale Results

The prototype-scale receiver results, such as thogégure 3-19 demonstrated
that LSCF particles continued to react even whenldlcal Po, was above atmospheric
concentrations (0.21 atm). Thus. LSCF particleuctidn were simulated in a

commercial-scale reactor-receiver. Temperaturelinvia commercial-scale receiver at
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rﬁp: 20 kg & m™ are shown in Figure 3-22, which shows very différeemperature

profiles compared to the commercial-scale inereirar results in Figure 2-36. The rear-
wall temperature increases further down the recetee to direct solar insolation
because particle spreading decreases curtain gp@bit side walls are also heated along
the length of fall due to re-radiation from the tpdes and rear-wall. Moving from the
rear to the front along the side walls, there lmimp in the temperature on the side-walls

due to exposure to the hotter front-half of thetaarthan the rear.
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Figure 3-22- Wall and curtain temperature profiles for reaetteria particles with operating

parameters in Table 3-9 fai, = 20 kg $m™.

The curtain transmissivity for LSCF patrticles, &aswn in Figure 3-23, is higher

than for the inert CarboCeram particles at the spamticle size andil, . Transmissivity
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A

scales with exp(— pu ] . Becausg, for LSCF is 1.84 times larger than that of
pPpHp

CarboCeram and the particle velocity differs LSC&tiple curtains with all other

)%*. Physically, this

parameters equal have a transmissivity that,isr = (tcaroceram
happens because, at the samjgandd,, there are more particles in a flow with that has

lower pp.
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Figure 3-23- Profiles of curtain for varying m’p (kg s'm™) along the length of falll.

Profiles forTp, dp, andPo, along the length of fall are shown in Figure 3t24
Figure 3-26. The transition between the lower-terajee region without reactions and
the higher-temperature region with reactions starsund aT, of 970 K. As n,
increases, greater distances along the fall leagthrequired before the reactions become
significant. TheT, at the rear of the curtain increases much slolgat the front, due to a

diminished solar beam penetrating to that depth.
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Figure 3-24— Profiles of averagg, for varying rh;o (kg s'm™) in the (a) front-half and (b) rear-

half of the curtain along the length of fall.

The higherT, achieved at lowemn; cases enables significantly greadgr as

shown in Figure 3-25. While all mass flow ratesanbtaAd, greater than 0.078 in the

front of the curtain, only the lowest flow-rateshéxit any in the rear. This demonstrates
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that, even more than an inert receiver, reactiveeiver performance is strongly

influenced by temperature gradients across thehdephe curtain.
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Figure 3-25— Profiles of averagé for varying m’p (kg s'm™) in the (a) front-half and (b) rear-

half of the curtain along the length of fall.
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op isinfluenced byPo, as well asT,. Poy is plotted in Figure 3-26 for a range of
m,. The smallestt, case achievead that is 2.8 times that of the highest, case,
but the localPo, only differs by less than 30%. Even though theviiddial particles do
not release as much oxygen at higfy , the highat toading of particles causes a

similar amount of oxygen release. For example atgi6* m™ , Adp, = 0.001 yet the flow
has nearly the same outR4; as the 30 kg'sm™ case with a\d,, = 0.005.

Increased gas entrainment and low, for higher M, reduces the impact of
higher particle loadings oRo,. The total mass of air over the width of the cuarta

increases from 0.18 to 0.61 kys* as i, increases from 20 to 80 kgrs™.
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Figure 3-26- Profiles of averagBo, for varying m’p (kg s'm™) in the (a) front-half and (b) rear-

half of the curtain along the length of fall.
Higher m, results in lower temperatures and chemstatage, but with the

advantage of highefssas as shown in Figure 3-27. Increasind, increasestakal

absorption of the particle curtain and increasesdisparity inT, between the front and

rear of the particle flow. At higher, , a greateomortion of energy is absorbed as

164



sensible heating, and the increase in sensiblanigest greater than loss of chemical
storage. The increased curtain opacity at highgr itigates any hot spots on the rear-
wall hot-spot and decreases the average rear-walperature. The maximurmya

decreases from 1524.6 K to 1062.7 Kils ~ increases 20 to 80 kg$m™ flow.
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Figure 3-27- Commercial-scale receiver efficiencies and tenajpees using LSCF particles

operating with baseline conditions in Table 3-9 telspecified mass flow-rates.

3.7 Discussion of LSCF Performance

The LSCF simulations illustrate the potential ofqueskites in a direct-absorption
solar reactor. The favorable thermodynamics of L$€duction shows the potential to
work with relatively highPo,, which mitigates the balance of plant costs obsajng Q
from the flow (Rager, 2012). The driving force fitve reduction process, the chemical

potential, has a strong temperature dependenceadtie largeASo shown in Figure
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3-16. LargeAS values enable the chemical reduction process tirilsen to greatend
values with lower driving temperatures.

While the thermodynamics of LSCF are very attragtihe model kinetics were not
optimal. For both the prototype-scale and commesdale, the LSCF reduction along
the fall did not keep up with the particle heatiegusing a significant thermodynamic
driving force to remain at the exit of the receiv@utside the directly irradiated zorni,
begins to fall as particles converted sensible ggnerto chemical storage. This process
will eventually equilibrate in storage, atdathat depends on the choice of storége.
This hurts performance as the particles maintangher T, within the receiver, leading
to greater re-radiation losses. Further, this redndn maximumT, decreases the value
of the stored energy for use in down-stream pra&ses&/hileT, can be raised at a later
time by controlling the § to oxidize the materials to a higher temperatdang so

imposes an energy penalty in obtaining a flow ghérPo, and heating that flow.
The tradeoff between high@t, with a Iargerm'p and higher, more uniforfy
with greater;chem at lower flow-rates represents an interestinggteproblem. As with

inert receivers, this performance underscores #e o maintain a curtain with high

opacity along the fall, in order to maximize solysorption. The large hot-spot that

develops at lowern, in Figure 3-22 is mirrored bgréasing transmissivity in Figure

3-23. As the fall distance increases, particle agireg hurts curtain performance. Higher
performance can be immediately obtained by havixgigles fall in multiple stages, so

that their velocity could stopped and reset, withausignificant increase in receiver

complexity. Higherri, increasegoiar but with significant temperature gradients across

the flow. This leads to a similar problem raisedtbg kinetics: higher re-radiation and
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difficulties in storage. While particles will everatly equilibrate, raising the rear-curtain
temperature in storage releases significantly m@sg |If particle temperature
equilibration is not handled correctly, any bengfitadded chemical storage will be
mitigated by limited reduction due to the higb,.

These challenges highlight the necessity of clos&jching the reacting particle to
the receiver design. Ideal operation occurs wherp#rticles react continuously to stay at
their equilibrium value and the curtain is heatedrgy along the fall. Thus, if particle
kinetics cannot be increased, then particle heatitgy should be adjusted so that there is
a better match. Decreasing improves residence time and allows the kinetias iater-
curtain heating to respond to the solar heating.

Ideal receiver design must be done within the odnté full-cycle analysis. The
receiver must be sized so that the desired ow@tepérature can be reliably obtained. As
mentioned earlier, any kind of perovskite partictquires careful consideration of how
the excess ©is going to be utilized. Further, the stored clehenergy creates new
possibilities, such as purposefully oxidizing therticles to obtain temperatures higher
than the storage temperature.

Finally, perovskite materials require additionaldies beyond the capabilities of
this model. LSCF, as well as other perovskites,ehavpropensity to sinter at high
temperatures (Choi et al., 2012), impacting longnteviability of the particles. The
interaction of the flowing particles with the gasase, especially in terms of particle
stability, requires further investigation. The gastrainment-model itself also requires
evaluation as to how well it applies to reactingtipbes. This is one of the goals of

Chapter 4.
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3.8 Conclusions

In this study, a reactive-particle model was depetb and integrated into a
simplified solar receiver model previously develdp€&his demonstrated the potential for
reactive particles within the context of a solazeiger. The results of ceria highlighted
the necessity for lower reaction temperatures aigheln emissivities to achieve
performance that is realistically useful. At themsa time, improved efficiencies
compared to inert particles showed a promising dppdy for reactive particle
integration within a receiver: for improved receiedficiency and storage densities.

However, these results do raise some important ezosc that should be
investigated in more detail. The entrainment modséd here was developed for
isothermal particles in an open environment, whieeee is a large mass of excess gas, no
thermal expansion or buoyancy, and without the flgag-due to particle reaction. To
better understand the impacts of an internal flowd aatural convection currents on
particle flow and spreading, particle flows shoblkl studied with more in-depth (CFD)
models. The results show that chemical thermodyosnaind kinetics have a very
important impact on the overall performance of flsv, and alternative chemistries
should be investigated. Maximum cycle reductiongerature has a significant effect on
total efficiency, although lower temperatures resualless reduction. The results from
LSCF cases clearly indicate that lower-temperatigguction cycles may improve
efficiency significantly.

Particle physical and optical properties, most bigtéhe emissivity, play a very

important role in receiver design, and higher abon is required for an efficient
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receiver. Proper receiver design requires lookinthe receiver in a full-cycle context in

order to understand the full impacts and desigdewés available in the receiver. This
reactive receiver model is an excellent tool toggate the data needed to perform a full-
cycle analysis and optimize operation. Down-streprocesses must be properly
investigated (heat recovery, conveyance, stora&getor processing) to close the loop on
cycle design. Particle receivers have great pakmntue to their flexibility, storage

density, and simple operation. Reactive partiagfeshosen correctly, can supplement any

design and further improve their yields.
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Chapter 4: Modeling Reactive Particle ReceiversWiibmputational

Fluid Dynamics

Solid particle receivers have potential to work hwiteactive particles to drive
endothermic reactions for either high-density thachemical energy storage or high-
temperature D and/or CQ@-splitting reactions. Simplified models presented the
previous chapter have highlighted the interplayMeen heat transfer to the particles
temperatures and particle reaction progress inlid particle receiver. However, these
simple models have relied on semi-empirical gasspheeatments, and the influence of
the gas-phase flows on the reacting particle floas wot explored in adequate detail to
fully resolve the impacts of the gas flow-field the receiver performance metrics.

In this chapter, the performance of reactive cpaticles is evaluated in the context
of a computational fluid dynamics (CFD) simulatitimat fully resolves the gas-flow
field. Simulation of the 3-D flow-field incorporaethe multi-phase gas/particle flows
with inclusion of gas-release from the reactingipbes. The CFD simulations provides a
higher fidelity assessment of how operating condgican impact receiver performance.
Further, CFD simulations can be used to modifyréeeiver structure for better control
of the gas-flow to improve performance.

To perform these complex reacting multi-phase satms, custom models must be
developed to handle the thermodynamic and kinatesrof the reacting particles. In this
case, for oxide particle reduction, the thermodyicarand kinetics are based on derived
from previous measurements of equilibrium partrgduction. The thermochemistry are

integrated into the commercial CFD package ANSY8eft through a set of user-
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defined functions for the particle reactions anteiphase coupling. Ceria was again
chosen as the test species to allow comparisomgebatmodels and to take advantage of
the wealth of ceria thermodynamic and physical prippdata. The thermo-kinetic model
for ceria described in chapter 3 is adapted to wath the particle models employed by
Fluent. Results obtained for a range of particleesiand flow-rates are analyzed and
compared to the simplified model data. These CFiulte are then used to consider

improvements to the solid particle reactor designs.

4.1 Modeling reactive particle receivers with Fluent

4.1.1 Previous CFD simulations

Many researchers have performed CFD simulationsodar receivers with inert
particles and separately on stationary solar resctoThese provide a baseline for
development of a CFD model for the reactive paatickceiver studied here. As
mentioned in previous chapters, multiple studiesehbboked at inert solid particle
receivers in the context of a CFD simulation. Me[@999) performed the first CFD
simulations of a particle receiver in a 2D domasing a Lagrangian framework for
particle-tracking. Meier used the Monte Carlo (M@g@thod for the solar radiation input,
and ak-¢ turbulence model for the Eulerian simulation ghage flow field. Chen et al.
(2007) performed calculations in a 3D domain withgtangian particle-tracking, MC
ray-tracing for the solar loading, and the discretdinates (DO) model for thermal
radiation, and the realizablkes turbulence model for modeling the gas flow fiehiegel
et al. (2010) improved on the model of Chen e(2007) by implementing a DO model

for the incoming solar loading. Khalsa et al. (2piproved the DO solar model further
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to fully capture the incoming solar radiation witlthe context of the DO model by using
a ‘solar patch calculator.’

A variety of CFD solar reactor models have beenle@mgnted for alternative
geometries with simple reaction models. Villafard&les et al. (2011) modeled Npen
reduction inside of a volumetric foam receiver wah2D axis-symmetric domain, a
global one-step reaction model, and P1l-approximatiothe radiative transfer equation.
Multiple researchers have simulated small-partistdar reactors using a Eulerian-
Eulerian patrticle-gas flow model for ZnO reductighaussener et al., 2009), methane-
cracking with carbon seed-particles (Ozalp et a010), and steam gasification of
biomass (Z'Graggen and Steinfeld, 2008; Martinekakf 2012). These models all
implement the DO radiation transfer model and sirggep reactions in 2D (Abanades et
al, 2007; Z'Graggen and Steinfeld, 2008) and 3D dos (Ozalp et al., 2010; Martinek
et al., 2012). Abanades et al. (2007) modelled @ BAarticle solar reactor in a 2D domain
with a Eulerian gas flow and Lagrangian partickcking with a single-step reaction-rate

model, and DO radiation transfer.

4.1.2 Model formulation

This study extends the model described in Chen. é2@07) to include reactive
particles. The gas phase is modelled in an Euléreanework, while particles are tracked
in a Lagrangian reference frame. The model inclugas-particle coupling through
species, momentum, and heat exchange terms. A hgigratreatment of the particles is
appropriate for these flows over most of the faitahce, as, past the near-entrance

region (less than 0.5 m from the entrance dependid@jow rate) particles maintain a
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volume fraction below 10% (Kim et al, 2003). Pa#iflows with volume fractions
below 12% are considered dilute enough to have ittty inter-particle momentum
exchange via collision while falling (Hruby et al986) such that Lagrangian particle

tracking methods can be used.

4.1.2.1 Gas Equations

The gas continuity, momentum, species, and enegggtens are solved for the

mean gas velocity vectd,; , pressitegas species mass fractid?,; , and mean gas

temperature'ITg . These equations for mean propergesadved for the turbulent flow via

time-averaging in accordance with tke: turbulence formulation. The instantaneous

properties,p, are represented as a combination of the timeageeguantity,p , and a

fluctuation, ¢’ , around the mean, whereepresentsiy;, Ty, andYx.

p=9+¢ [Eq. 4-1]

The continuity equation is shown in Eq. 4-2, wh&g is the mass source term

for speciesm, due to reactions from the Lagrangian particles. the ceria particles,

oxygen is the only species exchanged between tiielpa and the gas.

apgt_lgi Nm 2
ool _ Eq. 4-2
L [Eq. 4-2]

The species equation is shown in Eq. 4-3, wiikges the diffusivity of species my is

the turbulent viscosity, and Sts the turbulent Schmidt number.;Ss set to 0.7 as
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suggested by Yimer et al. (2002) for jet flows, @¥hihave similar physics to the

entrained-gas flows in this study.
0 o 0 u oY, Y

Y,)=— D+ =0 [+ Eq. 4-3
= Aoty )= 8xﬂpg " ]a } s, [Eq. 4-3]

The gas momentum equation is shown in Eq. 4-4, evﬁg'r is the momentum source

term for the gas phase due to particle drag.

i( 0.0 .)——E+ 0 Uy, +aUg’j AT o]
e A kL T R A R L =t

The Reynold’s stress termp, Uy Uy ; , due to turbulent augons is determined by Eq.

4-5, to be consistent with the Boussinesq hyposh@g$inze, 1975).

_ ou,; ou, .| 2
9,! 9]
PgUg,ilg,j ﬂ{a—ijfa—xi]—gﬂg@jk [Eq. 4-5]
In Eg. 4-5,k is the turbulent kinetic energy associated with flow according the
turbulence model employeg; is the turbulent viscosity, an# is the Kronecker delta
function. The turbulent viscosity is determined By. 4-6, wheres is the turbulence
dissipation, andC, is a variable that changes with the mean flow turulence as

described by ANSYS (2011).
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2
pgC,K

=" [Eq. 4-6]

The gas phase energy equation is shown in Eq.S\-% the heat source term due to
convection from the particles to the gas.i®the turbulent Prandtl number, set to 0.90 as

suggested by Chen et al (2007).

o ( . =\ 0 )T,
—(pgUy iCp Ty )= —| | ag + =+ |[—2 |+ ST Eq. 4-7
ox (Pg 9.i°p.g g) ox H“g PEJGX,} [Eq ]

The gas density is determined from the ideal gas ds shown in Eg. 4-8, where R is the

ideal gas constant afdp is the baseline operating pressure.

9 RT nEm:Y—m [Eq. 4-8]

Turbulence in the gas flow is handled with the irgddlek-¢, as suggested by Chen et al.
(2007), which is a modification of the standakéd model to satisfy mathematical
constraints that prevent non-physical Reynoldssse® from developing. The realizable
k-¢ model has shown to have superior accuracy fordlawth rotation, boundary layers

with adverse pressure gradients, separation, teation (ANSYS, 2011).
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The equation for the transport of turbulent kinetieergy is shown in Eq. 4-9. In
this equationgy, the turbulent Prandtl number f&y is set 1.0; G is turbulent energy
production due to gradients in the mean velocihd @, is turbulent energy production

due to buoyancy effects, as described in (ANSY3120

o[ 8 1, ) ok
2 (pgy K)=-|| u+ 2 | E 6+ G, - Eq. 4-9
an (pg g,j ) an |:(:u O_kJan:| k b ng [ q ]

The transport of turbulence dissipation is describg Eq. 4-10, which relatesto the

mean rate of strais

2

0 _ 0 U | Ot € €
—\p Uy e)J=—|| u+— |— |+ S—p,C,—F—+C,C;. =G Eqg. 4-1
axj (pg gylg) aXJ |:('u F]axj:| ngl pg 2 k+ /v Clx 3¢ k b [ q O]

In Eq. 4-10, the nomenclature include constants1.0,C,=1.9, andC,, = 1.44, and

variables as indicate in Eg. 4-11 to Eq. 4-14.

s=/255 [Eq. 4-11]

k [Eq. 4-12]

[Eq. 4-13]
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[Eq. 4-14]

Wall and inlet effects play a very important rotedetermining the evolution of
the flow field. In order to avoid using a large riugn of discretization in the near-wall
region to resolve the strong shear, the standattfwactions are used. This approach
imposes a set wall profile to calculate the flowpmrties in cells adjacent to the wall,
while still accurately capturing the wall-effectsaQinder and Spalding, 1974). The
turbulent inlet conditions are specified accorditng the intensity,l;, and hydraulic

diameter of the particle inlet sliD.

4.1.3 Particle Equations

The particles are represented by a set of Lagrarffggane equations that are
integrated along the fall direction. The particke treated as uniform-sized spheres of
the chosen diameter. The total mass flow-rate digbes is split evenly among a large
number of injection points, from which a represéwéaparticle is released. While the
Lagrangian governing equations are solved for aftividual particle, each trajectory

actually represents many particlds'lp , as shownqin4EL5, wherem, represents the

particle mass flow-rate associated with that ingect

P 7 [Eq. 4-15]
5%
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In order to include the impacts of turbulent paetidispersion, stochastic particle
tracking is used in conjunction with the discreemdom walk (DRW) model for the

instantaneous gas velocity at each point. With fibiisulation, each individual particle

injection is repeatedaropstimes. For each drop, the instantaneous locavgagity, ug; ,

is a combination of the time-averaged gas velodiy,, and an instantaneous random

!

fluctuation, ug;

as shown in Eq. 4-16. The gas vé&joftuctuation, determined by Eq.

4-17, is different for each drop and each partstlep throughs, whichis a randomly

distributed number to determine the local streragitording the DRW model.

Ug i =Ugi + Uy, [Eq. 4-16]

uy = cVu? = 1/2—,: [Eq. 4-17]

The momentum equation shown in Eqg. 4-18 equates ctiange in particle
momentum with the drag from the gas and gravitafioscceleration. The particle
Reynolds numbeRe, calculated in Eq. 4-19 is based on the differeneaveen the
particle velocity and instantaneous gas velocithie particle drag coefficienCp, is
shown in Eq. 4-20, and is applicable to smoothiges over a wide range &k, (Morsi

and Alexander, 1972).

du 18: C,Re -
pi _ Lou “p p(u-—u ,)+
=02 gi ~Upi [Eq. 4-18]
dt  p,d; 24 Pp
d,|u,—u
Re, = m [Eq. 4-19]
Hg
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[Eq. 4-20]

The particle energy equation, Eq. 4-21, balancesribrease in sensible energy
with convection, heat of reaction, and radiatiodabae. The convection heat-transfer

coefficient, K, is determined by a Ranz-Marshall correlation, BE¢2. The reaction
molar species transfer ratd,,,. , and correspondingmheat of reactionAh..,. , are

determined by the reaction model described below.

N dT

3 M nCom g = Bphp(Ty T ) o + a0l -T4) [Eq. 4-21]
nu="%% _ 50, osREZ PP
u= o -2 + 06Re, [Eq. 4-22]

g

The effective radiation temperatuii, represents the total local radiation intensityd a

is determined from Eq. 4-23 and Eq. 4-20.

G 1/4
Tr = (Zj [Eq. 4-23]
N;
G= .zle:4n|/1dQ [Eqg. 4-20]
i=
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As the patrticle falls, at each time-step the indlisl source terms contributions

for particle-gas coupling in the current cell asdcalated according to Eq. 4-21 to Eq.

4-23.

Ny o At

dsy = P nmwm(_j [Eq. 4-21]
ndrops Vcell
N, | 18. CoRe | A

dSMz p Plu.. —u.. +na WU I —=—— [Eq. 4-22]
ndfopslzppdg 24 (g'l p'l)mp SR VA
_N 5 At

dsT =2 [a b (T~ T, )+ A (0T ) - ROT )] AT Ea 29
r]drops Vcell

Time steps are chosen so that there are multipfgsswithin each cell, and that
the last step within a cell ends on the boundahysT the total source termsS§, S
and S' - are the sum of all the individual contribagoover all the particle trajectories
and averaged over every stochastic drop.

The differential species source-term is defined&m 4-21, wheray,, production

of species m due to particle reactions. For céhi@,only species exchanged between the
gas and solid phase is;.OThe momentum source term in Eqg. 4-22 accountdfag

interactions, while the energy source term in E§34accounts for convective exchange.

These equations are reduced s as a means ofgagthe source terms due to

the random turbulent effects of the stochastic gsec
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4.1.4 Radiation Equations
Radiation is modelled with the DO model, which ssivthe radiative transfer

equation, for spectral radiation intensity, , aemvlocation,r , and directiors . A

finite number of discrete solid angles are defimdspecific directions by setting the
number of polar and azimuthal discretizatiod; and N, respectively. In this

implementation, the polar angle is measured from pbsitive-z direction, while the

azimuthal angle is measured from the positive-gdaion. Each octant of the Cartesian
grid is discretized witiNyN,, solid angles, creating\BN,, for each wavelength band. Cell
faces often do not align with the defined solid lasg causing portions of the energy
contain in certain directions to be leaving frora tell volume while the rest is incoming.
In order to account for this discrepancy, discoatetrol angles can be pixelated into sub-

angles by defining the number of polar and azimuthzels, Nep and pr . With

pixelation, the portion of the solid angle thabistgoing and incoming within each sub-
angle can be estimated, as illustrated by ANSY3 120/ hile increasing pixelation does
increase computational cost, it is significantlgdeexpensive than increasing the number
of directions (Siegel et al., 2010).

The radiative transfer equation is shown in Eq44dhd balances the change in
radiation intensity along any directioh , with trediation lost due to absorption and
out-scattering, the radiation increase from gas paudicle emission, and the direction

increase due to in-scattering from other directidnghis equationa, is the gas spectral
absorption coefficienta, is the equivalent partielesorption coefficiento, is the

equivalent particle scattering coefficientjs the gas refractive index,, (F) is the gas
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spectral blackbody radiation emission intensﬁs'/,,p s thie cell spectral radiation source

due to particle emissiorg' is the scattering dioecvector,Q is the solid angle, and

is the scattering phase-function.

p AP
4r Eq. 4-24
+—L201,(F,8)D(5- 8 )d [Eq ]
T 0

The DO implementation in ANSYS Fluent is unabldrtdude spectral variations ia,

and o, , and cannot capture anisotropic scatteringlue to particulate effects. The

particle absorption coefficient, scattering coeéfit, and cell spectral emission source-
term are calculated summing of all the individuahttibutions of each patrticle trajectory
and averaging over every stochastic drop for eagbdtory. The absorption coefficient is
calculated by Eq. 4-25, whetgis the particle surface emissivity axgh is the Eulerian
cell that the particle is passing through. The teciaig coefficient is calculated by Eq.
4-30, wheref, is the scattering fraction defined the particletenial. The cell spectral
radiation source in Eqg. 4-31 represents the ramhaititensity due to particle radiation

emission within the cell.

N T At
da, = —2P [—dzjg (—J Eq. 4-25
p Narops \ 4 plp Vo [Eq ]

C

182



cell

N, (r At
do, =—" (ngj(l— fa)(l—gp{v j [Eq. 4-30]

N At
dSi,pZ—n : famapepTS(V—J [Eq. 4-31]

In Eq. 4-31, f, is the fraction of energy containedspectral band\,, for blackbody

radiation at the given temperature, as shown in [EGO]. El’bb(/l,T) is the Planck

distribution for a blackbody at temperatdreando is the Stefan-Boltzmann constant.

; s, B4 T )
L=

) 2
m ol

[Eq. 4-32]

l,,(F) is the gas spectral blackbody radiation emissitenisity as defined in Eq. 4-33.

152 (F) = £, o[Ty (F)f [Eq. 4-33]

4.1.5 Heat transfer user-defined function

In order the capture the evolutién T,, and the gas-phase source terms in Eq.
4-21 and Eq. 4-23 utilizing the custom thermodyremand kinetics developed in
Chapter 3, a custom-made UDF particle model wagldped. The particle heat-transfer

is described here
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Numerical integration of Eq. 4-21 over a time-stépt is given in Eq. 4-26, where

o, and ﬁTp are defined in Eq. 4-27 and Eq. 4-28.

To=ar +(T0—ar Jexil- ; At) [Eq. 4-26]
hT,—n5 Aho.+¢ oTa
_ b9 > eac p” 'R
or, = o ( 0)3 [Eq. 4-27]
pTE€p0 Tp
ah +ace olT?
ﬁTp __PP P~ P ( Pf [Eq 4-28]
m.C

p=p

The integration assumes tlegt, my;, hy, r'l{’;2 , andTS do not change during a time step,

At. As At is very on the order of 19 this assumption is quite accurate. In Eq. 43933js

the particle temperature at the start of the titep.s

In Eq. 4-27,n5, is the molar reaction rate offm the particle surface as defined

in section 4.1.6 Ah.,. is the heat of reaction for @edduction as shown in Eq. 4-29,

and is a function of only,.

AR = hgz + ZhCOeZO3 - ZhCOeZO4 [Eg. 4-29]

4.1.6 Modified oxide reduction kinetics

The Fluent Lagrangian particle model uses forwanteEdirect integration. As

this is an explicit method, it can face significatability issues for noisy equations. The
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kinetic scheme for ceria reduction in chapter 3sesusuch stability issues due to a very
small surface mass. Individual particles have &aser mass of less than 10kg
compared to a bulk mass exceeding kf. The surface kinetic scheme can be used with
the integration scheme ift is kept very less than Z0s, but such small time steps is
prohibitively expensive computationally.

An implicit scheme could be implemented for intégna of the particle model,
but the complexity of implementing the scheme iftaent incurs a large penalty in
computational time. As shown in chapter 3, cerduotion is kinetically controlled by
the surface reaction rate. As shown in Figure #hé,surface is not in equilibrium with

the gas-phase, but closely follows the equilibriwith the bulk.

—T(K) -—-8_, ——-8 ——8, . ——0 -——P, (am
2000F =0.25

0.20

015 E
[

Sty

T(K)

&
010 %
3

0.05

0.00

Fall Distance (m)
Figure 4-1— Curves ob for the bulk and surface within the receivife,is the equilibrium

surfaced with respect td, Pop. 95 p-eqiS the equilibrium surfacé with respect td,.

Thus, reaction rate at the particle surface depeodsds which can be

approximated to be in equilibrium with. At equilibrium, Aup.s in Eq. 3-4 is zero. This
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problem has no simple analytical solution with tlemplex non-linear ceria
thermodynamics employed. Thus, to calculatasing this equation, an iterative method

must be employed.
Ay, = A:ured,b(-rp’éb)_A:ured,s(-rp’és) [Eq. 4-30]

The bisection method is used to calculatérom Eq. 4-30, as outlined in Figure
4-2. Bisection is used because of its unconditistetbility for these flows, whereas other
faster methods tested had convergence issues.eFuathradiation takes up such a large
portion of the computational time, this method doessignificantly increase the solution
time. Becaus@ varies significantly over the conditions withiretreceiver, from 10 up
to 0.5, the range was represented logarithmicBlisection allows exact control over the
error by specifying Rax Maximum number of iterations. With 20 iteratiortbe

maximum error in logy(s) = 6.296(1F), leading to an error of ~10
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Initialize limits [log,(10°7), log;4(0.5)]
n, 0

iter

|

e 4

10g(0) 7 = 0.5(10g1(6 ) +1021 (9,110

'
— 1010810 (6)ese

!

Calculate Apty s = Ayegp - Mg s

0

test

10g10(6)min = 10g10(6tesr) 10g10(5)max = 10g10(5tesr)

n«LteerjL

| Return O |

Figure 4-2 - Solution method fads in equilibrium with the bulk.

The bisection method specifies a range over whogid) can fall, in this case [-
7, -0.301]. dwest is set to the midpoint of the range. The diffeeeno the reduction
chemical potential between the bulk and surfags,s, is calculated. Based off the sign
of Aup-sthe range fobs is cut in half, and the iteration is repeated.

After o5 is calculated to the desired tolerance, the reoludtinetics could be
calculated using Eg. 3-13 to find the molar surfeate of reaction for oxygen from the
surface. This rate calculation is a modificationtloé standard mass-action kinetic rate
laws using concepts of transition-state theory aad-equilibrium thermodynamics, as

proposed by Adler et al. (2007) and used in DeCal(2009).
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o 2 - (1— ﬂRZ)(Iu\e/X (s)~ ﬂg)és))
No, = z{kfwd,RZQO(s)eX[{ ﬁTO

[Eq. 4-31]

N B PO S 0 )
0, 271'VVO 2 RT Vo(s) p° RT

In this equation, the gas-surface absorption stlculated from an Osticking
coefficient,oo,. The ratio of forward and reverse reaction rateffotients are determined
as suggested by Adler et al. (2008), based ondéned changes in free energy, commonly

called the equilibrium constant as shown in Eq43-1

PO - (ﬂ\(; )" 05u0, — ﬂg(s))
- — (ex o —— 2 Eq.4-40
i O {\/ 2n\Wo, RT J RT [Eq ]

4.1.7 Model domain and boundary conditions.

Simulations were performed on the closed, widowedngetry shown in Figure
2-1, which is identical to the closed reactor inapter 3. Walls are all 0.05 m thick
opaque surfaces that use shell-conduction for exgthdetween wall cells. The wall
heat-exchange and spectral-radiation propertieedli;m Table 4-1 match those suggested
by Siegel et al. (2010). The window is a 0.02 ntklsemi-transparent surface, and uses
heat-exchange suggested by Roger et al. (2006)wiiow radiation properties were

selected to closely match the thermal radiatiompertes { > 4.5um) of Hereaus (2010).
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Prototype

Dimension (m) Dimensions

Receiver
(LX,I'; I—y,r, LZ,I’) (185a 50, 15)

Window
(I—X,W1 I—y,W1 I—z,w)

(1.0, 3.0, 0.02)

Figure 4-3 - Falling particle receiver geometry and sizestfoth prototype and full-scale design.

Table 4-1— Receiver wall and window thermal and radiatiooperties.

Property Value
Kwan (W m~K™) -0.0129+0.0001858)

hw:u (W m?*K™) 5
Ewall,ay () 0.2
gwaII,A/lz (') 0.8

Kuing (W m"K™) 1.2+0.00156F,

hwing (W m“°K™) 4
Bying (M) 114

Nwind 1.725

The particles are modelled with a constant-diamesang the properties listed in
Table 4-2. The density of @@; was set to 6879.8 kg Tin to be consistent with the

constantd, model as the particle reacts. Because particlatiad properties must be

constant withi, the value ofe, is the solar-weighted value using teria absorption

properties found in Chapter 3. The particle scatefactor,f, is set to 0, meaning that all
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of the radiation that is incident on the particleseither absorbed or scattered, as is

consistent with the geometric particle optics useGhapter 3.

Table 4-2— Particle physical and radiation properties.

Pceo, (kg mi°) 7215.0

Pee,o, (kg M) 6879.8
ep (-) 0.335
f, () 0.0

The solar radiation boundary condition uses a umifeolar flux inlet through the
window as shown in Table 4-3),,,,  is reduced from 1R@0 m* to account for the

effects of front-surface reflection and window aiptimn before the radiation beam
enters the domain. The beam direction is consistatit the horizontal inlet condition

used in Chapter 3. The beam width and diffuse ifsacare consistent with a collimated

beam.

Table 4-3— Solar radiation boundary condition parameters.

Property Value
Ospiar (KW M%) A
Beam Direction [0, O, -1]
Beam Width -Af x Ae (deg) 0.001 x 0.001
Diffuse Fraction 0.0

Particle injection points (315 in all) are spreagtrdy over an inlet slit 0.01 m
thick and 1.0 m wide as shown in Figure 4-4. Thiribution gives an even particle
density and blockage along the fall. Multiple irjen strategies were tested, and the

staggered distribution displayed showed superioffopmance. If the particles are
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insufficiently staggered with too few injection pts, locations of lines of low-particle

density form along the fall and cause artificialt-spots to form on the rear-wall.

Injections with a total of 150, 315, 450, and 630nps, with mass-loading split evenly
between each point, were tested. Results showenticeable change in the receiver for
injections with a total of 315 points and abovee3d findings are consistent with the
results reported in Siegel et al. (2010).
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jeReReleloiolotelotoRelodoRotedoteloRotelolotoloRoloRoRolodoRotoRotoNotolotoRotodoReloRoRel
leleioRoloRoRetoRotedoteloloRoloeotofoRolodoRoledoRotoRototofoNetofotoloRoloRoRoleReloRoRo]
pieRelelolololefoloNelolofolofodotoRoRotoRefotogolodoRotodotoloRetoloRetofoRofodoRotoRoRol oy
jefolofefololofololefoRoRefologoloiotoRolotololofoloRoloRolololoRotoRefoRoRefotofotodoRodol
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Figure 4-4— Particle injection locations specified at thietn

Stochastic particle testing was used in order fwa the impacts of two-way
turbulence coupling and patrticle curtain spreadifige final results are consistent for
cases wheregrps is greater than 10, although 20 stochastic dropsewsed in order to
smooth the effects of random variation. Furthegpagticle source under-relaxation factor
of 0.05 was used to maintain stability and ensoresergence.

Gas was injected into the receiver in the direcinity of the particles with a
velocity of 0.3 m &, as suggested by Réger et al (2011) and Chen (04l7). The gas
turbulence was specified at the inlet with a tueibgke intensityl;, of 2% andDy, of 0.02
m as suggested by Chen et al. (2007). Becausedtberer was closed, additional gas (air
in this case) was injected to maintain continuitithwcurtain gas entrainment and

minimize gas back-flow. Two air-vents 0.1 m thicler& defined on either side of the
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particle to satisfy entrainment and provide thes‘gheath” described in Chapter 3. This

gas was inlet withl,  of 1.0 m/d-of 2%, and 2 of 0.2 m.

Despite the additional air injection around thetiphas, there was still gas backflow
from of the particle outlet due to the strong budyidow. This backflow was assumed to

be atTp’in.

4.1.8 Receiver Grid

Solutions were found on unstructured grids of 182,and 383,976 tetrahedral
elements to assess need for grid resolution maglelireceiver operating at the base-line
run conditions and, of 200pum. The smallest particles were used because tray gte
greatest sensitivity to local flow conditions. Tresults of these two grids show very
close agreement with one another. The maximum vecevall temperature was 2080.8
K for the smaller grid and only 0.02 K higher fdretlarger grid. The mean patrticle
temperature along the fall is shown in Figure 4afhich shows very little change

between the two cases. The maximum temperaturereifEe at the exitis 17.8 K

2000

——=Mesh 1 R
Mesh 2 oo
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1800}
1700}
~ 1600+
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1400
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1100

2 3 4 )
Distance from inlet

Figure 4-5—Particle mean temperature along the fall.
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Likewise the mean gas-phase temperature in thaiwjaf the falling particles is
shown in Figure 4-6. Just as with the particles,dhs-phase temperatures are very close
to one another, and vary by a maximum of only 24.Because these differences are
negligible, the smaller grid is used for reactiveudsees in order to minimize

computational time.
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Figure 4-6— Gas mean temperature in the vicinity of theigas.

The numerical grid not only impacts the gas andigarphase convergence, but
also the radiation balance, which is solved ondame grid. Beyond the spatial mesh
used, the solution to the radiation equation redieshe angular discretizationg andN,
respectively. BecauseNgN, equations must be solved for the radiation scheme,
increasing the angular discretizations is very espe&e. However, due to the specular
nature of the inlet solar beam, the solution ig/\@nsitive to the degree of discretization.
In order to maintain the secularity, the solverkpithe closest directional bin to the
defined solar propagation direction and puts alihef energy into that bin. Tests showed

that N, = 5 was sufficient to resolve the polar directgufficiently, with little change

193



seen for higher values. The vertical propagatiothefsolar beam continues to approach
the horizontal, but shows noticeable change eveNyat 11. Despite this, the final
particle temperature does not change much lgast 9, changing only 5.2 K whe;y is

increased to 11.
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Figure 4-7 - Rear wall temperatures showing the locatiomefdolar hot-spot for DO angular

discretizations\, x N, of (&) 5 x 5, (b) 9x 5, and (c) 11 x 5.

While the impact is less dramatic than angular réiszation, the angular
pixelation does influence the solution of radiatiequations. Tests showed that any
further increase beyond 7 x 7 did not change thHetisa. Although the wavelength-

dependent properties of the particles could notdggured, the spectral dependence of
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the walls had a significant impact on the wall gad temperatures. As such, two spectral
bins were employed as shown in Table 4-4 to acelyraiapture the exchange between

the walls and the patrticles.

Table 4-4— Radiation model and discretization parameters.

Property Value

No X N, 9x5
Nep X pr . 7 X7
Ay (um) [0, 4.5]
Ay (um) [4.5, 100]

4.2 Results

The reactive particle model was run for a few cagesind the base case described

in Table 4-5, varyingd, and M, as theses have been identified as very important

variables in the research in Chaptep;3.is the equilibriumd value at the specified in

and POZ,in-

Table 4-5- Baseline operating conditions for the falling cqréaticle receiver model

Property Value (Baseline)

dy (um) 300
i, (kg s'm™) 2.0
Tpin (K) 1100
Sin () 4.5 (10°)
Po2,in (atm) 1.0 (10-5)
Por (atm) 1.0

4.2.1 Baseline case results
Results for the baseline case are shown in FigeBetal Figure 4-13. Receiver

wall temperature contours are shown in Figure 48] show similar behavior to that
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observed with the simplified MATLAB model in Chaptg Noticeable hot-spots on the
rear of the receiver and on either-side of the ttwmdow are predicted by the CFD

model, The CFD model predicts a maximum rear-wathgerature that is 18 K higher

than the simplified model, because the CFD modedlipts higher direct solar flux due to

the implementation of isotropic particle scatteringusing forward scattering rather than
pure reflection. For the particle diameters irstsiudy, the isotropic scattering is not a
good assumption and there should be some consaterat to how to implement

directional scattering as a function of particleesinto ANSYS Fluent. The maximum

side-wall temperatures are cooler by 100 to 12(h&tthose of the simplified model.

The cooler hot spots are due to the internal caimveérom the internal air flows over the

walls.

Figure 4-9 shows gas temperature profiles alongrakeyrz andx-y planes in the
receiver. The gas temperatures are influencedabotycfe convection, wall heating, and
gas recirculation caused by the vacuum createdalaatrainment by the falling particle
curtain. The effects of convection from the waltgldghe particles are evident in Figure
4-9(b) as the gas is heated to a maximum in theesaaninity of the solar spot. After
reaching a peak along the fall, the gas is coolgdhe particles, which give off a
significant amount of radiation. Further, thereaismall but noticeable impact of gas

backflow around the edges of the particle outlgtigure 4-9(b).
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Figure 4-8— Receiver inner wall temperature contours (K) jmted by the CFD model at the

baseline conditions shown in Table 1-5.
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Figure 4-9— Predicted gas temperature contours within tbeiver operating at the baseline
conditions in Table 1-5: (a) along the cenyralplane of the receiver, and (b) along the central

y plane through the middle of the particle curtain.
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Figure 4-10- Predicted gas velocity vectors (colored by miagia) within the receiver
operating at the baseline conditions in Table (abalong the centrgtz plane of the receiver,

and (b) along the centraly plane through the middle of the particle curtain.

The predicted gas-velocity vectors in Figure 4sth®w how the gas flow is dominated
by the entrainment by the particle curtain. Theilteésy vacuum away from the curtain results in
gas convection cells that form in front and bettmelcurtain, The recirculation behind the curtain
is stronger because of the additional buoyant migiorce created from the heating of the rear
wall. In the vicinity of the particles, the gas chas a velocity of 5.0 m'dy the exit, which is
slower than the particles, which reach 9.6 hasthe exit. Figure 4-10(b) illustrates that ¢jzes
is slowed down by the side walls near the edgbeparticle flow. A similar impact can be seen

for the particles. The development of this flowfpeois due to the added drag on the edges of the

curtain.
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Figure 4-11— Particle temperature contours (K) viewed from (&) side, (b) front, and (c) rear

of the curtain as predicted by the CFD model abimeline conditions shown in Table 1-5.

Curtain temperatures are shown in Figure 4-13. Ath whe simplified model
results, the curtain temperature profile evolutimiows closely the incoming solar
irradiation profile. A unique difference in the pale temperature profiles from the
simplified model profiles. In Figure 11, the frotémperature of the curtain is very
comparable to the rear as opposed to in the simglihodel which predicts as much as
40 K lower temperature in the front. The forced stoaint of isotropic particle scattering

in the CFD modeling artificially increases heat lexege between the front and back of
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the curtain and likely causes the increased unityrrhetween the front and back

temperature profiles here.
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Figure 4-12— Predicted contours &, for a receiver operating at the baseline condition
Table 1-5: (a) along the centsak plane of the receiver, and (b) along the centsyaplane

through the middle of the particle curtain.

Po2 of the gas flow, as shown in the profiles of Fegdr12 grows monotonically
around the particles as they fall due to ther€ease from the particle reduction. In
addition to the gas release from the reactions rélegculation cells return gas with a

higherPg; to the top of the receiver such that B of the entrained gas flow is higher
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than estimated in the simplified model. This hagpene to a combination of entrainment
and turbulent mixing along the flow. Thus, tRg, grows due to a combination of both
reduction and mixing. These results suggest tiafitelity of the simplified flow model

could be improved by incorporating a variaBlg in the entrained gas-flow based on the

expected dynamics of the recirculating flow.
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Figure 4-13- Contours the curtain of ceria oxygen non-stauofetrys at the front of the particle

curtain as predicted by the CFD model at the baselonditions shown in Table 1-5.

The evolution of the curtain along the length af fa shown in Figure 4-13.
Figure 4-13 shows thatgrows continuously along the fall-direction. Howeew grows
faster in the middle of the curtain due to highemperatures and low@&o,. The mean

outleto predicted by this CFD model is 0.0133, which isrenthan double the predicted
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value of 0.006 from the simplified model. This digancy occurs for two reasons: (1)
the CFD model predicts a temperature that is 51lidghdr, and (2) the CFD model
predicts aPo, of 0.025 atm compared to the value of 0.062 atomfthe simplified
model. This indicates that the simplified model dge& account more for the turbulent
mixing of gas between the particle-dense core &edentrained sheath-gas. While the

obtained’ is small, it is close to théq of 0.0151 for the outlé®o, andT,.

4.2.2 Variations of particle size

Beyond the baseline case, the receiver was tested frange ofl, between 200
and 500um. Increasing particle size significant lowers theanT, along the length of
the fall as shown in Figure 4-14 and also obseimeatie simplified model in Chapter 3.
Smaller particles have more surface area for albisor@and fall slower, making them
more effective for absorbing heat. This is consistth the findings from the simplified
model, although the effect is less dramatic in ttase. Whereas the simplified model
predicts that the meal) will decrease by 230 K, the Fluent model predecteduction in
T, of only 80 K. This is due to the differences imliesion schema, which allows more

radiation to penetrate into the receiver due tonsiic scattering.
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Figure 4-14— MeanT, along the fall for variousd, at constant particle flow rates d’h'p =2.0kg

s'm’, inlet temperatures of 1100 K, aRd,,, = 10° atm.

Further, the temperature profiles in Figure 4-l4veha faster increase in
temperature in the entrance region of the curfHiis is due to the positive effect of gas-
recirculation within the receiver, which helps t@{heat the particles before entering the
directly-irradiated zone. However, these gas flmas influence the particles and may
cause recirculation in particles that are too snvdhile particles even as small as 200
did not face any issues with recirculation due tmyant gas-flows, an analysis of the
particle curtain-spreading showed that smalleriglag were more effected by turbulent
dispersion. There is little change in the amoundispersion for particles witt, > 300
um, all of which reach a curtain thickness of ab6ut2 m by the exit. When, is
decreased to 20@m, the particles spread much further, reachingckiless of 0.22 m by
the exit. These values are consistent with thenesatal measurement data from Kim et

al. (2008) and the curtain-spreading model usabersimplified model.
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Figure 4-15— Mean particlé along the length of fall for variouw at constant particle flow rate

of M, =2.0 kg sm™, inlet temperatures of 1100 K, aRg,,, = 10° atm.

Curves foro along the length of fall in Figure 4-15 show tlsataller particles
react further and faster, due to greater reactinfase-area and higher temperatures.
Whend, = 200pm, the particles approach equilibrium within theeiger and start to re-
absorb oxygen along the fall as they cool. Thistoaseen clearly in Figure 4-16(a). This
case also provides a good benchmark for compatsdhe simplified model, as they
both reach similar outlet temperatures of 1796 Ktfie CFD model and 1801 K for the
simplified model. The outled in both cases is also close at 0.013 for the siiagl
model and 0.017 for the CFD model. It is clear tiat this size particle the kinetics are
fast enough to catch up with the thermodynamidseragjuickly. Thus, the CFD modél
is expected to drop to ~0.014 just outside theivece

Despite the similarities, this comparison also hgitis the differences between
the models. The CFD model has more even heatingtbeedomain due, as mentioned

earlier, gas heating, as well as more wall reftectiue to the radiation scheme. The CFD
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model has a lower POby the exit to the domain due to higher gas-logdim the

receiver. The simple entrainment model did not mersthe additional make-up gas that

would have to either be supplied or be pulled aatbhack-flow. The sheath-gas mass

provided in the CFD simulations is 0.14 K§ snuch higher than the core entrainment of

only 0.01 from the simplified model.
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Figure 4-16— Curves offy, Poy, J, anddeq for d, = 200um case atfy, = 2.0 kg'si*, inlet

temperatures of 1100 K, afg, ;, = 10° atm as (a) modeled with Fluent. and (b) modelet wi

the simplified model in Chapter 3.
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The effect of changing particle size can be seem®Xamining the total energy
breakdown for the receiver, as shown in Figure 4Réflection losses through the front
quartz window and convection losses through théswead not change significantly with .
dy,. On the other hand, radiation losses increase dyjtdespite lower maximum particle
temperatures due to lower curtain opacity. Eneagyheating gases increase with particle
size, as greater momentum at the exit causes namk-flow into the receiver. The
sensible and chemical storage is higher for smpbeticles due to better absorption and

higher surface areas for reaction.
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Figure 4-17— Distribution OfQSoIar to storage and losses in treeieer as a function af, at

constant, = 2.0 kg'sn™, inlet temperatures of 1100 K, aRg,,, = 10° atm.
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4.2.3 Variations of particle flow-rate
The CFD receiver model was run for a rangerif fido 4 kg m™* at a
constantd, = 300um. Figure 18 compares meamwith deq (based on the loc&o, and

Tp) The evolution ob clearly levels off near the outlet, due to slighdiecliningT, past

~3.8 m along with risingPo,.
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Figure 4-18— Meano along the length of fall, compareddg at the mean locd,, andT, as a

function of m’p for constard, = 300um, inlet temperatures of 1100 K, aRg, i = 10° atm.

Figure 1-19 plots the continued increasePwy as the particles fall down the
receiver. The increase occurs because of the gasse inside the core and the
entrainment from the higRo, recirculated gas from outside the core of theainrtThe

combined reduction ifi, and increase iR, significantly decreases the thermodynamic

driving forcedeq in the final meter of the curtain. Highem,  flowshéeve lowerd due

to lowerT, and greater @release to the gas-phase for the sameEven though the 4 kg
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s* m* flow only reaches of 0.008 by the exit of the flow, the released snafsoxygen is
0.003 kg &, 20% higher than the 2 kg sn™ flow. Even though the 3 kg'am™ releases
0.00293 kg 4 of oxygen - virtually the same total mass astthg s'm™ flow, thePo, is

higher for the 4 kg'§ m™ flow due to the increased recirculation of theegawith the

higher entrainment flow rates.

Distance from entrance (m)

Figure 4-19 —-MeanPg, along fall direction for the givelﬁ'n’IO for constantl, = 300um, inlet

temperatures of 1100 K, afd, i, = 10° atm.

As expected, the highen,  decreadgsvithin the receiver, as shown in Figure

4-20. However, the change in outltbetween the 2 kg'sm™ case and the 4 kg'sn™

case is only 50 K, significantly less than the ¥#lrop seen in the simplified model of
Chapter 3. This significant difference in the twadels stems from implementing
isotropic scattering in the CFD model when the ipkrtis large enough to be primarily
reflective. With the simplified model, as curtaipazity increases, incident solar radiation

on the patrticle curtain is reflected back out thedew. With isotropic scattering, a large
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fraction (approximately half) of the energy thabsll be reflected backwards is instead

propagated in the forward direction, artificialhcreasing the efficiency.
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Figure 4-20— MeanT, along the fall direction for the givel"n'p for consttel, = 300um, inlet

temperatures of 1100 K, aig, i, = 10° atm.

In fact, this gain in efficiency can be seen inUg4-21. With the CFD model,

radiation losses are reduced from 62.1% to 45.2%nwii, is increased from 2 to 4 kg s

Y m™. For comparison, the same reductionrity for tmepsified model reduces the

radiation losses from 62.8% to 54.6%. Most of adddl absorbed energy in the curtain
goes to sensible energy. These results agree Wwethobservations of Gobereit et al.
(2012), who compared a similar simplified model @&D simulations with the DO
method for inert particle receivers. Their CFD diations predicted lower radiation
losses from the particles due to reduced emissaodsreflection from the particles. The
reflection from the particles is even more prevaltar ceria particles with the low

emissivity ofe, = 0.335 in this implementation.
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Figure 4-21- Distribution of QSoIar to storage and losses in theeieer as a function dfh'p at

constant, = 300um, inlet temperatures of 1100 K, aRg,,= 10° atm.

4.3 Discussion

The CFD model results demonstrate some importagsigh missing in the
simpler simulations of the closed receiver in eartihapters. For one, the gas-flow plays
a more important role within the receiver than mddly thought. Unlike open-aperture
receivers which are free to entrain air through thent, closed-receivers require
additional gas input to prevent major back-flow otgh the particle outlet. The
entrained-gas flow combined with the buoyant cotiveccells actually cool the walls,
and the heat extracted internally to the reciradagas provides additional heat to the
particles before they enter the directly irradiatmhe. Despite the positives, this flow
field does recirculate released @to the gas entrained around the particles amd th
resulting increase iRo, around the particle curtain can reduce the chdméchuction of

the ceria.
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For this reason alternative gas injection strategiee investigated. One of the
most promising options is oWy, gas injection on the bottom of the receiver néar t
walls, so that the injected mass pass upward albagwalls to preheat before being
pulled into the particle stream. This increasesgag temperature in the vicinity of the
particles, and may provide more control of the Basas well. Further, controlling the
velocity inlets at the bottom helps to reduce thassnof gas that flows back from the

particle outlet.
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Figure 4-22— (a)Velocity vectors and (b) gas temperatureaanstat the mid-point through the

receiver using the baseline flow-conditions spedifin Table 4-5.

The gas-flow results from the CFD model indicate fotential to improve
receiver performance with gas flow management asd provide ideas of how to

incorporate such effects through improved entrammsib-models in the simplified
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receiver simulations. The monotonic evolutionRgh going down the receiver indicates
that a more simple plug-flow model may be justifiddhe turbulent spread of the gas-
phase thermal energy and species was not modeliet shows that the domain over
which the gas-phase interacts with the particlesishbe increased. The lodal, for the
particles is shared with some of the entraineduaiside of the dense-particle core.

The performance comparisons between the simplifiedtlel and CFD model
similarly exposes weaknesses in the treatment efrédiation within the receiver. As
mentioned earlier, isotropic scattering enforcedhi& current radiation model for Fluent
is an incorrect assumption for the few-hundrgoh particles studied here. This
assumption can lead to significant errors whenpasicles are not highly absorptive.
There errors are amplified by the loy of ceria, where a larger portion of the energy
should end up back-scattered. The lack of spes#dctivity for the particles also
influences the performance of the particles. Irctica, ceria has higher absorption in the
near-IR range than the UV-Vis. spectrum. Given thattemperature of the surrounding
walls is greater than ceria over most of the rezrgithe ceria material ends up absorbing
more energy than it should. Depending on the teatper, this can improve the

absorption by ceria by as much as double.

4.4 Conclusions

This chapter demonstrates a method to implemenistbim reactive-particle model
within the framework of the Fluent CFD package. sTmodel calculates the particle
thermal balance, the reaction thermo-kinetics, artdr-phase exchange terms. This

model was applied to the closed, reacting ceriaivec tested in Chapter 3, in order to
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provide a basis for comparison about the strengtits weaknesses of each model. The
results of this model demonstrated the importariggapturing the gas-phase to properly
describe the action within the receiver. Furthewas demonstrated that alternative gas-
injection strategies can improve the performancthefreceiver so that it operates under
more ideal conditions.

Comparisons between the simplified model and th® @todel developed in this
chapter demonstrated methods by which both carmmpeoved. The particle-radiation
interaction using the DO-model has important litiitas that need further development
to be overcome. The gas-phase treatment withirsitihe@lified model can be improved
utilizing the results from the CFD model.

Particle diameted, was once again shown to be an important opergi@mgmeter,
and, by specifying the whole flow-field, it was gdde to assess the stability of particle
curtains ford, down to 200um in an enclosed reactor. The particle flow ratelso
important in determining the overall performancathva tradeoff betweensy and the
outlet values forT,, and total reacted mass. These results, along théhsimulation
strategies discussed in this chapter, provide Wdduaformation to aid in the both the

design and modelling of a solid-particle reactor.
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Chapter 5:Conclusions and Outlook

This work has examined the physics behind solitiggarreceivers with direct solar-
irradiation of dense-particle falling curtains. gbarticle receivers have the potential to
achieve high temperatures and solar absorptiorciefities. This study developed
computational models for the design and assessmemperating conditions for a
relatively simple falling-curtain receiver for bothert and reactive particles. This was

split into three major tasks:

e development of a model for inert falling partickceivers to aid in the design of
both the prototype and commercial-scale (Chapter 2)

e creation of a flexible reactive-particle model tlwain extend the inert model to
study how reactions are coupled to the particlesld¢Chapter 3);

e implementation of the detailed particle-model irto CFD environment to
evaluate the gas flow-field and be used as a beadhror previous models

(Chapter 4).

Completing these tasks has revealed a great deat #ie physics behind both inert and
reactive falling-particle flows. Nonetheless, matgsign aspects that still require further
study, but the tools from this study provide a feavork in which to tackle further efforts

in designing and analyzing falling-particle reces/ér storage and/or chemical reactions
in concentrated solar plants. The major conclusfora each major task of this study are
presented below, along with a brief discussionh&f improvement opportunities that

remain.
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5.1 Modeling of Inert Particle Receivers

5.1.1 Summary of results

Chapter 2 focuses on the development of an ineticfga receiver model to
evaluate important flow-parameters for both prgtetyand commercial-scale receivers.
The developed model was driven by a modified mihi- surface-to-surface radiation
model using Hottel's zonal method to simulate thetiple curtain as a semi-transparent
media. To simplify the complex gas flows for mo@mputationally efficient receiver
modeling, an entrainment sub-model by Liu (2003% w&dopted and fit to experimental
data from Kim (2009) to capture entrainment of fgas around the particles. This gas
phase was described in the Eulerian frame, whilagrangian falling-particle model was
employed for calculation of the particle propertasng the fall. A method incorporating
radiation exchange between the particles acrossthiekness of the curtain was
developed to capture temperature gradients thatimpact energy storage differences
between the front and back of the curtain.

The simulations performed with the inert partickceiver demonstrated how
curtain opacity impacts the solar absorption edficiy within the receiver. A more
opaque curtain is able to capture more of the sukdr energy, by as much as 28 %, but
in doing so can cause undesirable temperatureegrtsdas large as 600 K between the
front and back of the curtain. Curtain opacity ¢enincreased by reducing particle size
or by increasing total particle mass flow. Smalparticles fall more slowly and have
greater frontal area for absorbing direct solaadiation across the curtain. As such, the
advantages of smaller particles can provide imprpggormance in terms of energy

storage density and solar efficiency, but the #tgbof falling particle curtains as
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diameters are reduced well below 5@ must be evaluated with higher fidelity multi-
dimensional gas-phase models as performed in tiier@6deling later in this work.

Increasing particle mass flow can also increasarsabsorption efficiency.
However, higher mass flow-rates without increasetarsirradiation results in lower
particle temperatures that could be detrimentalriang more efficient power cycles. In
addition, the temperature gradients across thekrnbigs of the curtain can become
significant, which presents additional inefficieesifor an integrated solar plant. In
general, direct particle receivers have a primaagdoff between increasing maximum
operating temperature and decreasing efficiencytduggher re-radiation losses. This
tradeoff can be best mitigated by having particlaterial radiative properties such as
emissivity to maximize solar absorption and minieniez-radiation losses.

The influence of particle radiation effects was lexepd in greater detalil,
especially in the context of commercial-scale reees. This study showed that is
important to maximize the grey-body emissivity thi@ve performance as high as 91%.
Further delving into the radiation parameters hydging the impacts of selectively-
absorbing particles, this study demonstrated thetqgbe selectivity is of little value — less
than 1% efficiency and 5 K increase in ouflgt- for the proposed operating conditions
for a commercial-scale power. However, if the opegatemperature is increased or solar
concentration decreased, then selectivity can fyibkcome important for improving
solar absorption efficiencies. When the operatiegderature is increased by 300 K,
selectivity can yield an improvement in efficienay high as 4.7% anf, by more than

30 K.

5.1.2 Proposed future work
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This demonstrated trade-offs between solar effeyerand particle outlet
temperature distribution could be explored furthgr looking at alternative receiver
geometries and particle-flow management. This sfurdyides some guidance for further
development. Further studies may explore the plessilvantages of multiply stacked
curtains in the receiver depth, or multiple apersuwith shorter fall distances seek to
maintain high curtain opacities without developiagge temperature gradients within the
curtain.

The model developed in this work raises some questabout the validity of
individual modeling components. The internal curtdieat-exchange termQ,,.,

accounts for radiation exchanged between the fodtrear halves of the curtain, but do
not account for particle exchange between theseszdrhis mixing occurs due to particle
dispersion driven by turbulent interactions. In erdo explore the impact of mixing,
experiments can be performed with different colgpedicles to measure the mixing by
different heights and loadings. Further, while tmsdel shows the importance of
absorption into the depth of the curtain, it shoddd extended to include more
discretization in the curtain depth and better aagpthe temperature profile at highe’.
While the model demonstrated here is an excellesiga tool for early-stage
development, it does have its limitations due ®gmmplified treatment of the gas-phase.
After narrowing down the design range, a more camh@nsive design-tool should be
employed that can capture the impacts of the gasekithin the receiver and through
the front aperture as well as the actual radiafield- as opposed to the uniform field

employed, as illustrated by in the CFD simulatipesformed by Khalsa et al., (2011).
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5.2 Modeling Reactive Particle Receivers

5.2.1 Summary of results

In Chapter 3, the inert particle receiver modehfr€hapter 2 was extended to
include reacting oxide particles. This required lempenting species-exchange and
thermochemistry of selected oxides. Undoped cerés welected as a development
material, due to the interest for solar water-8plit cycles and the wealth of data
available from use in other applications. As summplex ceria thermochemical model
was adapted from Zinkevich et al. (2006), to mdtelequilibrium degrees of bulk ceria
reduction as a function d?o, and particle temperature. With this bulk descoiptithe
shifts in the thermodynamics of the ceria surfae¥enadopted from DeCaluwe et al.
(2010). Thermodynamically consistent bulk trans@otl reaction kinetics for the ceria
particles were employed that included oxide-ionfusibon through the bulk, reverse
incorporation to the surface, and desorption imte ¢jas-phase. To close the species-
transport model, the gas-phase entrainment modsl wpalated to solve the species
conservation in the gas phase to capture the aonlof Po, around with the particles as
they fall through the receiver.

The performance of a prototype-scale reactor-seaeiver for ceria reduction
was simulated with the reactive particle model uralevariety of operating conditions.
These results highlighted the interplay betweenp&yormance metrics — particle outlet
temperature, solar efficiency, and total degree cefia reduction. Higher outlet
temperatures increase the total degree of redubtiyoas much as double, but decrease
the total receiver efficiency because the very higiperatures (> 1500 K) required to

drive ceria reduction result in large re-radiatloeses. These losses are exacerbated by
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the relatively low emissivityef, < 0.35) for ceria over the spectral region for sudar
irradiation.

As with inert particles, higher ceria mass flowealead to lower temperatures,
and this also lowers the degree of reduction whigtreases the potential for the partially
reduced ceria to drive the desired downstream psofr HO or CQ splitting. Profiles
of degree of reduction along the fall clearly destoate that undoped ceria reduction
process was rate-controlled by the surface regctind in all cases with particle outlet
temperatures below 1800 K did not reach equilibrioynthe end of the fall. The slow
surface kinetics increases the value of smalletighes even further, which not only
absorb radiation better, but also have greateasaréreas for reaction.

To further explore the potential of more favorabbedes for reduction, , the
perovskite La Sk Cop dFe 035 (LSCF) was tested within the receiver-reactor nhode
LSCF is prohibitively expensive for the large masssuired for thermochemical energy
storage, but it might have applicable fofQHand/or CQ splitting. The properties of this
particular composition of LSCF are sufficiently Wsludied (Choi et al. 2011, Choi et al.
201) and provide an example of a highly reducilbdeopskite that might be used for
either thermochemical energy storage or solar-driigel production. Results from
prototype-scale LSCF simulations indicated thatrdduction of LSCF was also surface
rate limited. However, these results also demotestréhat the added chemical storage
increased total storage density, which could accéamover 44 percent of the storage,
while slightly improving solar receiver efficiencyBecause LSCF has a very large
entropy of reduction, it can undergo reduction abatmospherid®o, at temperatures

below 1300 K. Such high reducibility makes LSCsugable material for a commercial-
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scale receiver. Simulations of the commercial-scaleeiver at high mass-flow rates
reinforced the importance of mass-flow rate of nemeperformance. The higher mass
flow rates still show the tradeoff between effiatgrand particle outlet temperature, but
the higher curtain temperatures greatly increaséH.gduction which increases energy
stored per unit mass that can be used for subsefean release for power or for®
and/or CQ splitting. The endothermic reduction improved @lerreceiver solar
efficiency by reducing the particle temperatured #ius radiation losses required for a

particular amount of energy storage.

5.2.2 Proposed future work

The results of the reactive particle model ideatifsome important areas where
future development could further improve the patdndf particle receivers. The ceria
results demonstrated a very low efficiency due taambination of poor optical
properties and high operating temperatures. Whikoped ceria is not a viable material
for this kind of receiver, the physics underlyirtg performance can be applied to many
different reaction chemistries. Alternative watplising materials with lower operating
temperatures and superior optical properties shbaldesearched for implementation in
such a receiver.

The ceria reaction model here combines many physgicEcesses in order to
evaluate the controlling kinetics. While this modelable to identify the importance of
the surface reaction, there are uncertainties m@ngiin the rates used. In order to
improve the value of this model, experimental dateequired for high-temperature ceria

reduction kinetics. Prior experience attemptingexéract kinetic data from temperature-
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programmed reduction experiments in a solar siroulats shown that ceria kinetics
outpaced the heating rate when very-high surfaea eeria fibers are used. Further, the
surface-rate sensitivity study performed in thiskvdemonstrated the importance of the
surface reaction and, thus, the species surfaee @herefore, ceria kinetic studies should
be performed for varying sample specific surfaceaar The kinetic rates can be
determined by fitting the model constants to expental temperature programmed
reduction experiments with varying the sample sugfareas. This work will serve to
provide both a measurement of the error inheretiténreaction model as well as further
validation of the kinetics.

Another major question raised about the resultsidom these studies relates to
qualification and quantization of the errors inherm the calculations. While errors can
be difficult to quantify, it is important to addseghe uncertainty provided by the model
results and provide greater context to their imetigiion. To perform these modeling
error estimations, a full sensitivity study shoblkl performed on the influence of chosen
parameters for each model. The results of thisysaah then be evaluated via a least-
squares fitting to provide error limits. Not onlgeak this improve the value of the results
by highlighting the importance of relative diffes, it also improves the value of the
validation studies performed.

The model results with LSCF demonstrated that medeicible oxide materials
have potential to improve the receiver performaace storage capabilities. Because of
the relative high costs of LSCF, alternative cd&tative perovskite compositions should

be sought that improve upon many of the promisiugperties of LSCF:

e structural stability over large changesin
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e high emissivity in the visible range to maximizesatption efficiency,
e high reduction entropies to work at high,P

¢ high specific heat and reduction enthalpy to mazergtorage capability.

This work only focused on the receiver performareg,the receiver performance
must be examined in the context of the full conet solar plant (for power generation
and/or fuel production). Further studies should lebg how variations in particle
temperatures and degrees of reduction might imgesigns of storage facility and other
downstream components such as reoxidation reactRenxidation reactors either with
0O, or H,O/CO;, require further research to assess what matehale favorable
thermodynamics and kinetics to work in a full camicated solar plant

In future work, performance metrics of a full plamnulation can be included into
larger process-design calculations in order to rmfooptimal receiver designs. For
example, full plant simulations could explore preg€lesign strategies that can maximize
the value of the energy from the receiver. For waitting cycles, strategies such as
heat recovery, combined energy and fuel generationtilizing the excess sensible heat
to drive another process should be explored.

As with the inert receiver, alternative architeesishould also be investigated for
the reactive particle receiver. Further, while fia® is less important for inert particles,
it is critical for describing the operation of theactive particles which depend &a..
While the validity of the gas-flow model is invested in this work, alternative gas-
injection strategies should be further exploredorder to maintain a more favorable

atmosphere in the vicinity of the particles.

5.3 CFD Moddling of Reactive Particle Receivers
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5.3.1 Summary of results

Chapter 4 of this work focused on the developmérd particle reaction model
that could be integrated into a 3D CFD model ugMNSYS Fluent. The undoped ceria
thermodynamic model in Chapter 3 was simplifiedalsguming bulk-surface equilibrium
in the ceria, and with this reasonable simplificatithe chemistry was imported into the
framework with ANSYS Fluent's reacting particle nebdResults from these simulations
using Lagrangian particle-tracking demonstrate g flow-field develops around the
particles within the receiver, including large reaiation zones around the curtain. The
development of thePo, field within the receiver showed the importance gds
recirculation within the receiver that carried soofethe higher B, flow from the exit
towards the inlet.

Analysis of the receiver using different size paes confirmed the superior
thermal performance of smaller particles, althotlghimpact was much less drastic than
seen in the simplified models. However, the flowmbdity of smaller particles was
demonstrated through larger spreading by smallgicfes in the flow. An exploration of
the effects of mass-flow rate on the receiver slibaestrong influence on the receiver
efficiency. In comparison to the simplified modéhe CFD model predicted higher
efficiencies and particle temperatures at highewftates. These effects were attributed
to a combination of the influence of the gas and thfferent radiation schemes
employed. A brief analysis of varying the gas-itiget strategy in the receiver was able

to improve the flow-control around the particles.

5.3.2 Proposed future work
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The results of this study identified opportunitiesimprove the performance of
the receiver. As mentioned in previous sectiongyahtive chemistries should be further
investigated in the context of this receiver. Whiee demonstrated alternative gas
injection strategies showed promise, alternativa&tegies should be further explored.

All of the studies performed in this work looked averaged, steady-state
performance of the receiver, ignoring transiene@s. However, transient impacts such
as time-varying solar insolation and particle-flatnomogeneity should be looked at in
more detail. The ability to respond quickly to chemgy solar conditions is important to

maintain a consistent output temperature, and regjyiarying the particle mass flow-rate
with g, to maintain a consistent outlet temperatittewever, the speed at which this

can be varied depends upon the controlling feechar@sm. Further, these changes will
impact the instantaneougy due to variations inl',. Particle flow inhomogeneity, or
clumping of particles as they fall into areas ajter-density and lower density, has been
observed in experiments such as Kim et al. (200D9¢.impact of this are greater at lower
d, due to the lower Stokes number, which makes pesticnore impacted by local

disturbances in the flow. At low!', this will lead to areas of varyin@,, while also
increasing rear-wall,,, . While it is expected that influences of inhomogeneities

should be small on highl', flows, it does warrant further testing in laborstscale
experiments over a range of, andd,.

Finally, this study leaves as future work an exation of the methods to improve
both the simplified and CFD models demonstratedutih the performed comparisons.
The flow-field and B, analysis of the CFD model suggested that, whigedihtrainment

model captured the general description of the flimid, it needed to be improved to
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include the influence of the gas-flow over a widmnge around the particles. Analysis of
the gas-phase temperatures in the CFD model rel/dsamportance of the recirculation
in heating the patrticles, which could be includetbithe entrainment model via solution
of a simple counter-flow along the walls. Analysisthe particle and wall temperatures
revealed the need for improvement in the partideitment within the DO-irradiation

model to account for the impacts of anisotropidtecag and radiation selectivity. The
improvements to the simplified model increasesdsie further as a design tool for the
solar thermal field, while improvements to the mdetcoupling within the DO model

increases the value of this method for a diveregeaf high-temperature particle flows.
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Co

Cs

Glossary of Symbols Used

area per particle, m

DO absorption coefficient th
Area, nf

single particle drag coefficient
stream coefficient

diameter, m

diffusivity, m*s*

diffusion correction factor

volume fraction

fraction of radiant energy inPri-bin

View factor of cell j for cell i
acceleration due to gravity, s’
specific enthalpy, kg™
convection coefficient, W ifK™

radiation intensity
diffusion flux, kmolm™?s*

reaction rate-constant
conductivity, Wm-K™

length, m

mass flow rate, kg*

mass flow rate per unit curtain length;Kgn™
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n species flux, kmah?s*

Ns number of species

Np number of particles pern
Nu Nusselt number

P partial pressure, bar
Pr Prandtl number

q heat flux, Wm

Q heat transfer rate, W

r radius, m

r location, m

S DO direction vector

S Source term

R universal gas constantmbl*K™
Re Reynolds number

t time, s

T temperature, K

a velocity, ms™

vV volume per particle, i
W molar mass, kigmol™
X species mole fraction
XY, Z coordinates

Y species mass fraction
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Greek symbols

a entrainment constant

S excess parameter

0 degree of reduction

€ material surface emittance

e bulk emittance

0 site density

0 DO polar angle

A wavelength gm)

u chemical potential, J mol

n efficiency

p density, kgn™

D, bulk reflectance

p molar density, kmah®

o Boltzmann’s constant, Wi?K™
o sticking probability for adsorption
os scattering coefficient th

® DO azimuthal angle

T, bulk transmittance

r site density per unit area, knmal®
D Scattering phase function

Q DO solid angle

229



Subscripts

c curtain
eq equilibrium
gas
G Gaussian
i cell index
k species index
m radiation bin index, species index
p particle
R1, R2 reaction 1,2
th top-hat
w window
(b) bulk
(s) surface
(sb) sub-surface
Superscripts
ex excess properties
0 ideal-state, reference-state

I radiation intensity

M momentum
T temperature
Y species
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