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Abstract 

Concentrating solar power (CSP) plants can provide dispatchable power with a thermal energy storage 
capability for increased renewable-energy grid penetration. Particle-based CSP systems permit higher 
temperatures, and thus, potentially higher solar-to-electric efficiency than state-of-the-art molten-salt heat-
transfer systems. This paper describes a detailed numerical analysis framework for estimating the 
performance of a novel, geometrically complex, enclosed particle receiver design. The receiver 
configuration uses arrays of small tubular absorbers to collect and subsequently transfer solar energy to a 
flowing particulate medium. The enclosed nature of the receiver design renders it amenable to either an 
inert heat-transfer medium, or a reactive heat-transfer medium that requires a controllable ambient 
environment. The numerical analysis framework described in this study is demonstrated for the case of 
thermal reduction of CaCr0.1Mn0.9O3-δ for thermochemical energy storage. The modeling strategy consists 
of Monte Carlo ray tracing for absorbed solar-energy distributions from a surround heliostat field, 
computational fluid dynamics modeling of small-scale local tubular arrays, surrogate response surfaces that 
approximately capture simulated tubular array performance, a quasi-two-dimensional reduced-order 
description of counter-flow reactive solids and purge gas, and a radiative exchange model applied to 
embedded-cavity structures at the size scale of the full receiver. In this work we apply the numerical analysis 
strategy to a single receiver configuration, but the framework can be generically applicable to alternative 
enclosed designs. We assess sensitivity of receiver performance to surface optical properties, heat-transfer 
coefficients, solids outlet temperature, and purge-gas feed rates, and discuss the significance of model 
assumptions and results for future receiver development.  
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1. Introduction
Concentrating solar power (CSP) is an effective way to convert solar energy into electricity and can be 
coupled with relatively low-cost thermal energy storage (TES) to offer dispatch flexibility and continuity 
despite solar resource variability. Current state-of-the-art commercial power tower CSP systems use a 
molten-salt heat-transfer fluid (HTF); thus, they are constrained to temperature limits within which the 
molten salt is chemically stable (<565°C). Next-generation CSP systems aim to increase the operating 
temperature to improve thermal-to-electric conversion efficiency and, correspondingly, to reduce costs and 
enhance economic competitiveness with alternative power-generation methods (Mehos et al., 2017). Heat-
transfer fluids proposed to enable this elevated operating temperature include advanced molten salts, molten 
metals, gas-phase or supercritical fluids, and solid particles. Inert solids-based CSP systems with TES are 
promising because they can operate with currently available, low-cost particulate materials that are 
chemically and physically stable well above 1,000°C without the freezing-point and corrosion concerns of 
molten salts. Particle-based CSP systems have the potential to reduce the projected CSP system cost (Ma 
et al., 2015) and can theoretically be further improved by incorporating thermochemical energy storage. 
Thermochemical storage systems use materials that undergo endothermic chemical transformations in the 
solar receiver and thereby store solar energy in both sensible and chemical forms. The resulting increase in 
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specific energy storage density has the potential to decrease solids inventory and storage containment 
costs—and, consequently, CSP system costs. Proposed thermochemical storage materials include metal 
oxides or carbonates that are endothermically reduced at high temperatures, stored, and subsequently 
oxidized at comparatively lower temperatures to release energy (André et al., 2016; Cot-Gores et al., 2012; 
Prieto et al., 2016). 

Solids-based CSP systems may offer theoretical advantages over traditional molten-salt systems. However, 
they also introduce a unique set of challenges, including the development of a solar receiver that can 
effectively capture the solar heat within the particulate material with high efficiency at elevated 
temperature. Proposed particle-receiver configurations include open-cavity falling-particle designs (Ho, 
2016; Gobereit et al., 2015; Kim et al., 2009; Siegel et al., 2010; Tan et al., 2009), open-cavity obstructed-
flow designs (Ho, 2016; Lee et al., 2015), enclosed falling-particle designs (Ma et al., 2015; Martinek and 
Ma, 2015), rotating-cavity designs (Wu et al., 2015), and directly or indirectly irradiated fluidized-bed 
designs (Flamant et al., 2013). Open-cavity configurations directly illuminate the solids material and can, 
in theory, offer highly effective heat transfer to the solids phase. However, performance may be adversely 
impacted by particle loss through the open aperture, entrainment of cold ambient air within the falling-
particle curtain, insufficient residence time in the heated region, and particle flow-rate constraints due to 
particle-curtain opacity (Ho, 2016; Kim et al., 2009; Siegel et al., 2010; Tan et al., 2009). Incorporation of 
thermochemical storage further complicates receiver design by necessitating a controllable gas-phase 
environment to promote reaction conversion, and may restrict the applicability of open-cavity systems 
unless operating temperatures are exceedingly high. 

In this study, we introduce a novel enclosed particle-receiver configuration and a comprehensive strategy 
for predictive performance modeling. The simulation methodology for predicting performance of the large-
scale and geometrically complex solar receiver is demonstrated for the case of thermochemical storage 
based on perovskite materials, which undergo the redox reactions generically described in Eqn. (1):   

233 2
1 OABOABO δδδδ ∆+↔ ∆−−−  . (1) 

The methodology couples Monte Carlo ray tracing, computational fluid dynamics (CFD), and radiative 
surface-exchange modeling techniques with simplified, reduced-order solids/gas material and energy 
balances to estimate the performance of the full-scale solar receiver including thermal efficiency, natural 
convection loss, thermal emission loss, solids oxygen vacancy, and specific energy storage density. We 
consider a range of hypothetical design and operating conditions including parametric studies of reflectivity 
and surface specularity to illustrate both performance with current materials and hypothetical performance 
improvements with advances in high-temperature optical coatings. 

2. Receiver Configuration

The receiver conceptual design is depicted in Figure 1 and is based on a variation of an enclosed particle-
receiver concept that has been previously described (Ma et al., 2015; Martinek and Ma, 2015). The receiver 
comprises arrays of small hexagonal tubes (left side of Figure 1) that are arranged into a secondary structure 
of embedded cavities (center of Figure 1) and then placed around the circumference of a cylindrical receiver 
configuration (right side of Figure 1). The embedded cavity structure (center of Figure 1) is depicted with 
solid planar surfaces for simplicity; however, each of these planar surfaces represents the apertures of an 
array of tubular absorbers. The tubular absorbers are arranged at an angle along the virtual cavity walls such 
that each tube axis is predominantly aligned with the overall directionality of incoming solar energy as 
illustrated in the middle section of Figure 1. Each tube widens near the tube aperture such that the front 
edge interconnects with that of the adjacent tube, while leaving an enclosed channel for particle flow around 
the tube external surface. Solar energy illuminates the open end of each receiver tube and is absorbed along 
the tube wall. Solids flow downward over the array of tubes through the flow channels, and they receive 
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heat indirectly via convective, conductive, and radiative heat exchange with the hot tube walls. The 
enclosed configuration isolates the solids from external ambient conditions, thereby providing an 
opportunity for control of the internal gas environment. High-temperature reflective coatings may be 
applied to the front region of each tubular absorber and can improve performance by promoting solar flux 
spreading within the tube. However, such coatings must maintain long-term stability under high-
temperature conditions.  

Figure 1. Schematic of the embedded-cavity enclosed particle-receiver configuration 

The configuration depicted in Figure 1 allows for high cavity aperture flux while limiting locally absorbed 
solar flux on tube walls. The small exposed front tip of the V-shaped embedded cavity may receive highly 
concentrated solar energy and thus may require an alternative cooling mechanism to avoid overheating. The 
exact nature of the protected tip is beyond the scope of the current study, but possible options include an 
absorptive supercritical CO2 microchannel heat shield, or a water-cooled highly reflective heat shield 
depending on the nature of the downstream power block. In this work the heat shield is generically assumed 
to be a small, fixed temperature surface at the front of each embedded cavity. Note that dimensions in Figure 
1 are not to scale: tube aperture height, aperture width, length, and flow channel width are approximately 
6.2cm, 3.5cm, 25cm, and 1cm respectively. The aperture width and height of each v-shaped cavity are 
approximately 0.5m and 16m, respectively. 

In the case of perovskite thermal reduction, the solids-side gas-phase environment must be controlled to 
maintain a low oxygen partial pressure which promotes thermal reduction of the perovskite material. A 
countercurrent solids/purge gas (N2) flow arrangement is preferred to minimize oxygen concentrations in 
the highest temperature section at the bottom of the receiver. For modeling purposes, the purge gas is 
hypothetically added periodically over the height of the receiver to both minimize over-dilution of the solids 
phase and distribute the purge gas heating load. Initial analysis of receiver performance is conducted 
assuming an ideal counter-current solids/gas flow arrangement. However, hydrodynamics of countercurrent 
solids and purge gas flows within the tube array must be verified through experimental testing or detailed 
multiphase modeling efforts to ensure adequate mixing and prevent particle entrainment.   
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3. Modeling strategy

Predicting the thermal performance of the receiver requires consideration of solar illumination from the 
heliostat field, internal radiative heat transfer within the absorber tubes and between embedded-cavity walls, 
fluid flow patterns around the local tube arrays, multiphase flow physics and heat-transfer phenomena, and 
reactive flow conditions. Direct incorporation of each of these physical phenomena in a single 
comprehensive receiver simulation is computationally impractical because such a simulation would require 
sufficient resolution to capture phenomena on both the tube scale (cm) and the receiver scale (16 m) 
simultaneously. Detailed analysis within limited-scale local domains is possible; however, the 
countercurrent gas-solids flow arrangement necessitates simultaneous solution over the full receiver height 
to establish appropriate solids-side temperature profiles.   

Figure 2 illustrates the approach adopted in this study to estimate performance of the full-scale receiver in 
a computationally tractable manner. The modeling strategy decouples phenomena where possible and 
combines individual high-fidelity computational techniques for small subsections or simplified domains 
with a reduced-order integrated solids model by using surrogate models expressing local tube-array 
performance as an explicit function of local parametric inputs. Detailed multiphase simulations and 
experimental analysis of the hydrodynamics and heat transfer occurring between the external tube wall and 
the flowing solids are described elsewhere (Ma, 2014; Martinek and Ma, 2015; Morris et al., 2016; 
Ketchem, 2015). In this study, precise solids flow details are not resolved and the wall-to-solids heat-
transfer process is described simply through a heat-transfer coefficient and local solids temperature. 

Figure 2. Performance modeling strategy for full-scale receiver 

4. Solar flux distributions

Solar energy from the surround heliostat field illuminates the open-aperture side of each tube, and it is 
distributed and absorbed along the internal surfaces of the tubular structure. Characteristic distributions of 
incident solar flux were evaluated using Monte Carlo ray-tracing techniques in SolTrace (Wendelin, 2003). 
Ray-tracing methodologies stochastically sample from statistical distributions of possible optical paths 
from the heliostat field to the various surfaces within the receiver including consideration of 
shading/blocking within the heliostat field and multiple-reflection paths within the receiver. In this analysis, 
flux distributions were simulated in two stages. First, simulation of the surround field and embedded-cavity 
structure with diffusely reflecting solid planar “walls” provides distributions of flux magnitude incident on 
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tube apertures as a function of position. A separate simulation then provides an approximate distribution of 
solar flux absorbed along the internal tube walls. Each individual tube may receive a distinct directional 
distribution of solar energy at its aperture. As a first approximation we neglect these discrepancies and 
apply the directional distribution of solar energy produced by NREL’s High-Flux Solar Furnace (HFSF) in 
which 90% of the incident energy is contained within a 30° half-width cone centered around the tube 
aperture normal vector. In actuality, the distribution of rays incident on the north-facing cavity aperture is 
slightly wider, with 68% or 86% of rays entering at angles less than 30° or 40° relative to the embedded 
cavity aperture normal vector.   

4.1 Surround-field flux profiles 

Table 1 and Figure 3 provide the receiver and embedded-cavity dimensions, heliostat layout, and 
representative incident solar flux distributions on one “wall” of the north-facing (highest flux) embedded 
cavity. Two variations of cavity angle are considered, and simulations assume solar noon on the summer 
solstice in Daggett, CA, with a direct normal incidence of 1,000 W/m2. The surround field consists of 6,895 
144-m2 heliostats arranged in a radial-staggered layout with the receiver centroid placed 150 m above the
heliostat field. All embedded-cavity walls are simulated as diffusely reflecting solid planar surfaces with a
reflectivity of 0.1. This reflectivity can be interpreted as the effective reflectivity of the tubular absorber
(energy reflected out divided by energy incident on the tube aperture). Each simulation uses 107 rays
incident on the north-most half of the heliostat field. Optical efficiency of the cavity in Table 1 is defined
as the ratio of energy absorbed on the embedded-cavity surfaces to energy incident on the embedded-cavity
aperture.

Table 1. Embedded-cavity incident flux and optical efficiency 

Parameter Value 
Receiver height (m) 16 16 

Receiver diameter (m) 15 15 
North-facing cavity peak / 

average aperture flux (kW/m2) 1300 / 1000 1300 / 1000 

Heat shield and cavity angles 26.6° 18.4° 
Cavity depth (m) 0.46 0.69 

North-facing cavity peak / 
average wall incident flux 

(kW/m2) 
680 / 522 490  / 340 

Optical efficiency 0.95 0.96 

Figure 3. (a) Surround heliostat-field layout, (b) Incident solar-flux distribution on north-facing cavity 
wall with α = 26.6°, (c) Incident solar-flux distribution on north-facing cavity wall with α = 18.4° 
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Desired features of an ideal flux profile are: 1) a uniform distribution along the depth dimension to promote 
a uniform solids temperature distribution, 2) a low peak flux to minimize tube-wall surface temperatures, 
and (3) a high optical efficiency. A shallow, wider cavity (α = 26.6°) provides a more uniform flux 
distribution, but also, a high peak flux and slightly lower optical efficiency. Conversely, a deeper, narrower 
cavity (α = 18.4°) significantly reduces the local flux density, but yields a nonuniform spatial distribution.  

4.2 Tube wall absorbed flux distributions 
Distributions of solar flux absorbed on the tube walls were evaluated parametrically as a function of tube 
aperture flux, tube-wall hemispherical reflectivity, and specularity error to characterize performance under 
a variety of tube locations and hypothetical surface-property scenarios. The total reflected energy was 
assumed to be a fixed fraction (ρtube) of the incident energy and independent of incidence angle. The 
probability of reflection into a given direction was defined by a fixed specularity error, which represents 
the standard deviation of a Gaussian distribution around the specular reflection angle. The back 8 cm of the 
25-cm tube length were stipulated to be strongly absorbing (ρ = 0.10), as is characteristic of the natural 
oxide of nickel-chromium-based alloys such as Haynes 230 or Inconel 617 after long-term exposure to 
high-temperature conditions. Optical properties of the front internal tube wall were varied parametrically 
to illustrate performance with hypothetical partially-reflective optical coatings applied to the tube wall. 
Figure 4 and Figure 5 illustrate the sensitivity of the effective tube absorptivity (energy absorbed on the 
tube wall divided by energy incident on the tube aperture) and tube absorbed solar flux profile to these 
properties. The peak absorbed flux on the tube wall is reduced to less than one-sixth of the tube aperture 
flux, even when the tube wall is strongly absorbing. This reduction in local flux magnitude is critical to 
minimizing surface temperatures in indirect particle-receiver configurations because wall-to-particle heat-
transfer coefficients can be more than an order of magnitude lower than wall-to-liquid heat-transfer 
coefficients.   

A highly absorptive front tube wall incurs a high peak absorbed flux within the tube entrance region owing 
to the non-collimated nature of the incoming energy. The decrease in peak absorbed solar flux with an 
increase in front tube surface reflectivity illustrated in Figure 5 comes at the expense of an excessively high 
tube reflection loss owing to the assumed diffuse nature of the surface coating. As the specular character of 
the tube wall increases, the solar energy is directed down the tube axis with each subsequent reflection. 
Correspondingly, tube reflection loss decreases strongly with even moderately specular optical properties. 
However, no specular surface coatings with long-term stability at high operating temperatures have yet 
been identified. As such, all remaining calculations in this study assume relatively diffuse surfaces. The 
angular distribution of solar energy at the embedded cavity aperture is somewhat wider than that used in 
Figures 4 and 5. Correspondingly, these calculations may slightly underestimate the solar energy absorbed 
at the front entrance of the tube under highly-absorptive surface conditions, and thereby underestimate tube 
wall temperature and thermal loss.   

Figure 4. Effective tube absorptivity vs. tube front-wall reflectivity (ρtube) and specularity error (σs) 
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Figure 5. Tube absorbed solar flux distribution (kW/m2) with 500 kW/m2 tube-aperture flux, σs = 800 
mrad and (a) ρtube = 0.2, (b) ρtube = 0.5, (c) ρtube = 0.8 

5. Thermal performance of local tube array

Solar energy is absorbed at the tube surface, conducted through the tube wall, and subsequently transferred 
to the particulate material via a combination of convection, conduction, and thermal radiative heat-transfer 
mechanisms. The opaque tube walls lose energy to the environment via thermal emission of radiative 
energy, natural convection induced by density changes in the air surrounding the heated tube walls, and 
forced convection arising from external wind. CFD modeling techniques provide detailed high-fidelity 
calculations of tube temperature profiles and thermal losses. Detailed thermal performance of a tube array 
is analyzed on the basis of a limited-domain, eight-tube repeating unit in the absence of external wind. The 
resulting performance data provide a building block for assessing full-scale receiver performance via 
integration of local performance over the range of conditions experienced in the full receiver.   

5.1 CFD model 

The elevated operating temperature can lead to turbulent conditions that originate purely from free 
convection, even in the absence of external wind. Turbulent flow can be approximately described by the 
Reynolds-averaged Navier-Stokes (RANS) equations in (2) and (3):  

( ) 0=⋅∇ υρ
r  (2) 

( ) ( )''υυρρτυυρ
rrrrrrr

⋅∇−+⋅∇+−∇=⋅∇ gp  .  (3) 
Closure equations are required to represent the Reynolds stress terms, which can be approximately related 
to the time-averaged fluid velocity via the Boussinesq hypothesis. The shear stress transport (SST) k-ω 
turbulence model formulation (Menter, 1994) was selected for this study because it has been shown to 
perform well in each wall-bounded, low-Reynolds number, and far-field regimes. Convective and 
conductive heat transfer is described by Eqn. (4): 

( ) TkkTC tp ∇+⋅∇=∇⋅υρ
r .  (4) 

CFD calculations in this section consider only the solar-facing side of the tubular absorbers and surrounding 
ambient air and, as such, all fluid media are radiatively non-participating. Exchange of radiative energy 
between the opaque tube walls can be approximately described by a surface-exchange model (Siegel and 
Howell, 2002), where view factors are assessed on an element-to-element basis for each pair of CFD mesh 
elements. 
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ANSYS Fluent (v.15.0) is used for the CFD model. The computational domain consists of an array of eight 
staggered half-tubes with symmetry boundary conditions imposed at the centerline of each tube. The 
calculation domain is extended well beyond the region of the receiver tubes to represent the extensive 
surrounding ambient environment. The extent of the computational domain was selected such that external 
flow boundary conditions have negligible impact on solution quantities in the vicinity of the tubes. 
Simulated tubes contain three-dimensional meshed thin (1.6-mm) walls with the properties of Haynes 230 
to account for wall conductive resistance and to allow for axial conduction. The mesh is refined in the 
vicinity of all tube walls such that y+<1 and the full domain contains an unstructured grid of about 106 
hexahedral elements. Solutions were assessed on grids ranging from 5×105–3.5×106 volume elements to 
ensure mesh independence. All flow models are solved with temperature-dependent fluid and solid 
properties, and tube optical properties are assumed to be spectrally non-selective. Absorbed solar-flux 
profiles from Section 4 are scaled to the specified tube aperture flux and input into the CFD simulation via 
a positionally dependent volumetric energy source within a thin slice along the internal tube wall. 

Heat is removed from the external side of the tube wall via convective, conductive, and radiative heat 
transfer with the flowing particulate media. In this analysis, the rate of heat transfer is defined by a solids 
temperature and heat-transfer coefficient consisting of a fixed convective/conductive component and a 
temperature-dependent radiative component. Temperature dependence of the convective component is 
neglected in this analysis. Solids temperature is assumed constant within the limited-height domain because 
only minimal local solids temperature variation occurs along the height of a single absorber. Solids-wall 
convective heat-transfer coefficients are not predicted from the computational model, but rather, are treated 
as a parametric input. Similar to the approach employed by Chen et al. (Chen et al., 2005) and Borodulya 
et al. (Borodulya et al., 1991) for bubbling fluidized beds, the effective radiative heat-transfer coefficient is 
defined in Eqn. (5):   

( )( )
( ) ( ) bedbedww

swsw
rad

TTTT
h

εεεε
σ

/1/11

22

−+−+
++

=  .  (5) 

The radiative contribution is evaluated locally from the temperature of each wall-surface mesh element via 
a user-defined subroutine and combined with the fixed convective/conductive component to produce the 
total wall-to-solids local heat transfer coefficient.   

5.2 CFD model results 

Base-case conditions for the CFD model include the tube internal-surface optical-property characteristics 
from Section 4.2, solids temperature (Ts) of 973 K, solids-wall convective heat-transfer coefficient (hconv) 
of 500 W/m2/K, and an average tube-aperture solar flux of 500 kW/m2. Solids and external tube walls are 
assigned an emissivity of 0.7 and 0.9, respectively. The value of hconv is adopted as a target based on previous 
simulations for solids flowing over hexagonal tubes (Morris et al., 2016) and general literature on high 
temperature bubbling beds (Borodulya et al., 1991; Chen et al., 2005); however, there is substantial 
uncertainty in this input parameter. Figure 6 illustrates temperature contours on the inner-tube wall surface 
and at the two symmetry planes within the surrounding fluid for the base-case input conditions. Locations 
of peak tube temperature correspond closely to regions of maximum absorbed solar flux, and they move 
down the tube axis as the tube reflectivity increases. The temperature discontinuity evident in Figure 6 
arises from the step change in optical properties described in Section 4.2. Peak wall temperatures are 1,053 
K, 1,038 K, and 1,043 K for front internal tube-wall reflectivity of 0.2, 0.5, and 0.8, respectively. The peak 
temperature along tube walls aligned parallel to the tube axis decreases monotonically as tube reflectivity 
increases. However, a larger fraction of the incident solar flux reaches the back end-cap when the tube is 
highly reflective; thus, the peak temperature location shifts from the entrance region to the back wall under 
highly reflective conditions. While the overall peak wall temperature is relatively constant, wall temperature 
near the tube aperture exhibits significant variation, and has consequences on thermal loss from the tube 
array.     
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Figure 6. Tube-wall temperature profiles (K) for (a) ρtube = 0.2, (b) ρtube = 0.5, (c) ρtube = 0.8, (d) fluid 
temperature profiles for ρtube = 0.5 

The small tube size and slight upward tilt angle limit cold-fluid penetration into the tube interior and 
minimize natural convective loss. In the absence of external wind, a thermal boundary layer develops in 
front of the tubes and restricts the introduction of cool external air into the interior of each subsequent tube. 
Peak tube-wall temperatures increase slightly near the top of the array, whereas individual tube convective 
loss decreases rapidly with position moving up the array. Figure 7 illustrates the relationship between 
natural convection loss and tube position (relative to the bottom of the array). Convective loss decreases to 
about 45% of the bottom-most tube by the third tube, and it stabilizes at about 24% of that from the bottom 
tube within five to seven tubes for a wide range of temperature conditions. The shielding of hot internal 
surfaces from natural convective currents is one benefit of the receiver configuration.   

Figure 7. Convective loss from individual tubes as a function of tube position and solids temperature (Ts) 

Figure 8 shows the relative sensitivity of thermal loss (natural convection and thermal radiation) and total 
loss (thermal loss and solar reflection) to tube reflectivity, tube aperture flux, solids-wall convective heat-
transfer coefficient, and solids temperature. No spectrally-selective behavior in considered, and thus any 
increase in tube reflectivity is accompanied by a concomitant decrease in tube emissivity. Thermal loss 
increases as the tube aperture flux increases or tube reflectivity decreases, owing to an increase in solar flux 
absorbed locally along the tube wall and tube-wall temperature. Thermal loss and inner-wall temperature 
increase as the solids-walls convective heat-transfer coefficient decreases due to a larger temperature 
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gradient across the tube wall. The thermal loss decreases as tube reflectivity increases in Figure 8a, whereas 
the total loss increases for all except the lowest incident-flux conditions as a result of contributions from 
solar reflection loss illustrated in Figure 4. The calculations in Figure 8 assume diffuse optical properties 
that produce excessive solar reflection loss at high reflectivity. Advancements in moderately specular, 
stable, high-temperature reflective coatings would allow for the benefits of low peak temperature, high 
temperature uniformity, and high receiver efficiency to be realized simultaneously.   

Natural convection losses account for 2.4% or 3.7% of the tube incident energy for solids temperatures of 
500°C and 800°C, respectively and a tube aperture flux magnitude of 400 kW/m2. Thermal emission losses 
account for 4.0%–6.2% or 14.0%–18.4% under the same conditions depending on optical properties. These 
values suggest that the tubular configuration can promote high-temperature, high-efficiency operation 
provided that the assumptions employed in the analysis can be achieved—namely, uniformity of convective 
heat-transfer coefficients around the tube periphery and availability of stable, high-temperature, diffusely 
reflective optical coatings.   

Figure 8.  Sensitivity of (a) thermal loss and (b) total loss (thermal loss + solar reflection) to tube-front 
reflectivity (ρ), solids-wall convective heat-transfer coefficient (h), solids temperature (Ts), and tube-

aperture flux 
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5.3 Surrogate models 

Performance analysis of the full-scale receiver requires integration of local tube-array performance over the 
range of conditions encountered along the receiver surface. Each tube is subject to a unique set of 
conditions, notably aperture flux and solids temperature, and the evolution of the solids temperature profile 
depends on details of the solids-side processes and operating conditions. Local, on-demand analysis of the 
high-fidelity CFD and ray-tracing models at each unique set of subsection conditions is computationally 
prohibitive. However, surrogate models can approximately capture local performance metrics as explicit 
functions of parametric input parameters over limited regions of the parameter space. Second-order 
regression models in the form of Eqn. (6) were selected in this study:   

𝑦𝑦 =  𝛽𝛽0 + �𝛽𝛽𝑖𝑖𝑥𝑥𝑖𝑖

𝑘𝑘

𝑖𝑖=1

+ � � 𝛽𝛽𝑖𝑖𝑖𝑖𝑥𝑥𝑖𝑖𝑥𝑥𝑗𝑗 + �𝛽𝛽𝑖𝑖𝑥𝑥𝑖𝑖2
𝑘𝑘

𝑖𝑖=1

𝑘𝑘

𝑗𝑗=𝑖𝑖+1

𝑘𝑘−1

𝑖𝑖=1

(6) 

Five independent parameters (xi) were included: 1) tube aperture flux, qap,tube, 2) solids temperature, Ts, (3) 
tube inner front-surface reflectivity, ρtube, 4) solids-wall convective heat-transfer coefficient hconv, and 5) 
effective solids bed emissivity, εbed. Relevant response variables (y) are: 1) peak tube-wall temperature, 2) 
normalized tube emission loss, 3) convective loss per tube, averaged over the 8-tube array (QC), and 4) total 
energy transferred to the solids phase (Qsource). Normalized tube emission loss was defined as 

( )tubeapsEE ATQQ ,
4* σ= , where QE is the thermal emission loss from a single tube, and Aap,tube is the tube 

aperture area. Adjustable parameters for each response variable (βi or βij) are determined via least-squares 
linear regression. 

Central composite designs (CCDs) provide a computationally efficient strategy for locating data points to 
be used in fitting regression models in the form of Eqn. (6) (Montgomery, 2005). To improve surrogate 
model performance, the parameter space was broken into four quadrants based on low/high ranges of 
aperture flux and solids temperature, each of which is described by an independent set of surrogate model 
parameters (βi or βij). Simulations were performed at each point of four distinct 5-factor CCDs using bounds 
in Table 2.  The two different center points specified for qap,tube and Ts define the four quadrants of the 
parameter space.     

Table 2. CCD factorial and axial points 

Independent 
Variable (xi) 

Center 
Point 

Factorial 
Range 

Axial 
Range 

qap,tube 250 / 550 + 150 + 300
Ts (K) 923 / 1223 + 150 + 300

hconv (W/m2/K) 500 + 200 + 400
ρtube 0.5 + 0.15 + 0.3
εbed 0.8 + 0.1 + 0.2

Table 3 provides an overview of surrogate model performance over the entire dataset. Residual values are 
provided both for the set of points used to fit the surrogate models and for a set of ten extra prediction points 
that were randomly selected within the parameter bounds in Table 2. Note that the reported largest absolute 
error and largest fractional error do not necessarily occur for the same set of parameters. For example, the 
highest percent error in Qsource (6%) occurs under low-flux conditions and corresponds to an absolute error 
of only 1.6 W. Meanwhile, the largest absolute error in Qsource (7.7 W) occurs under high- flux conditions 
and corresponds to a fractional error of only 1.3%. 
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Table 3. Surrogate model performance 

Response (y) 
CCD Points Prediction Points 

Adjusted 
R2 

Largest 
residual 

Average 
residual 

Largest 
residual 

Average 
residual 

Emission loss per tube (W)  0.992 2.7 (2%) 0.4 (0.5%) 2.1 (3%) 0.9 (1.2%) 
Peak tube T (K) 0.997 11.9 (1%) 1.8 (0.2%) 13 (1.5%) 3.1 (0.3%) 

Avg. convection loss per tube (W) 0.998 0.2 (1%) 0.02 (0.1%) 0.11 (1%) 0.06 (0.3%) 
Energy source to solids per tube (W) 0.999 7.7 (6%) 1.7 (1%) 5.1 (1%) 2.8 (0.5%) 

6. Reduced-order reactive solids and integrated full-height receiver models

6.1 Reduced-order reactive solids model 

The solids phase flows downward over the heated tubes from the top to the bottom of the receiver. In this 
study, we implement a simplified model of the reactive solids phase and assume an ideal counter-flow 
configuration of purge gas and solids. The model assumes that the purge gas can be hypothetically injected 
periodically along the height of the tube array. Perfect gas/solids mixing within vertical regions between 
discrete purge-gas injection points is assumed as a first approximation, and the system can be approximately 
described by a series of continuously stirred tank reactors (CSTRs). Conservation equations for each CSTR 
node-height position (i) are given in Eqns. (7)–(10), where Ntube is the number of absorber tubes associated 
with a single CSTR, the CSTR volume is taken to be the physical volume between tubes in the inclined-
tube geometry, and Qsource,i is the net energy source delivered to the solids (per tube) at height location i. 
Purge-gas flow rates (np,i) refer to fresh injections of purge gas at height position i. Solids volume fractions 
(αs) are approximated from a nominal solids residence time per tube that is estimated from previous granular 
flow simulations for the tube array (Martinek and Ma, 2015). Subscript j is added to the notation to denote 
a discrete depth position along the embedded-cavity receiver walls and will be discussed in Section 6.2. 
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Local thermal equilibrium between phases is assumed at each node. Surface reaction rates are approximated 
using the surface exchange coefficient in Eqn. (11) (Choi et al., 2011). The equilibrium oxygen vacancy in 
the perovskite material is defined in Eqn. (12), where each Δhox and Δsox are linear functions of δ but are 
independent of temperature (Choi et al., 2012). 
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The reduced-order solids model is linked to the local tube-array thermal performance via the energy source 
delivered to each CSTR node (Qsource) that is calculated at the local tube-aperture flux and local solids 
temperature from the CFD-based surrogate models in Section 5.3. Front-to-back solids temperature 
variability is neglected as a first approximation as it is assumed that purge gas injection will induce mixing, 
but the extent of this mixing is unknown without detailed multiphase hydrodynamic information. Given the 
nonlinear relationship between oxygen vacancy and solids temperature, the average oxygen vacancy 
achieved with a front-to-back solids temperature gradient is expected to be slightly higher than that achieved 
at the average solids temperature in this analysis.   

Purge gas is distributed evenly among vertical nodes along a specified fraction (fp) of the total receiver 
height starting from the bottom, and it is excluded from the coldest (top) region of the receiver. Specified 
inlet conditions include solids feed rate (ns,j), solids inlet temperature, inlet solids δ (equilibrium with 
atmospheric conditions at the solids cold inlet temperature), and purge-gas flow rates, inlet temperature, 
and inlet composition. All solutions are evaluated iteratively to adjust the solids flow rate to the value 
necessary to reach a specified solids outlet temperature. For 90 height nodes (Ns), Eqns. (7)–(10) evaluated 
for each CSTR height-node i yield a set of 360 coupled nonlinear algebraic equations at each cavity-depth 
position j. The set of equations is solved numerically using Newton’s method with all partial derivatives 
forming the Jacobian matrix evaluated analytically based on the mathematical form of Eqns. (7)–(12).  

6.2 Full height integrated embedded-cavity model 

The combination of models described in preceding sections provides peak tube temperature, solids 
temperature, solids δ, and local thermal losses as a function of vertical position along the full receiver height 
for a specific depth position along the embedded cavity. In this context, convective and emissive losses 
refer to energy leaving the local tube aperture. Thermal energy leaving a tube aperture by natural convection 
can reasonably be assumed to be lost to the environment. However, energy leaving the tube aperture by 
thermal emission can be partially reabsorbed at the opposing cavity wall. The full embedded cavity can be 
described by a set of adjacent CSTR stacks where node indices (i,j) represent the height and depth positions, 
respectively. Nodes at different cavity-depth positions are assumed independent except to the extent that 
thermal radiative energy leaving one node may augment the incident flux and corresponding energy-source 
term applied to a separate node. 

Exchange of thermal radiative energy between the embedded-cavity nodes is calculated via the system of 
equations represented by Eqn. (13), where elements k and m represent any given node (i.e., any combination 
of i, and j) and Fk,m is the view factor between nodes k and m:  
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The two embedded-cavity walls are discretized into a uniform grid defined by discretization points along 
the embedded-cavity depth (Nd), heat-shield depth (Nd,sh) and height (Ns), resulting in N = NdNs+Nd,shNs+1 
total nodes including the embedded-cavity aperture. View factors are evaluated from the expressions 
provided by Krishnaprakas et al. (Krishnaprakas, 1997). Temperature of all heat-shield nodes is assumed 
constant. Temperatures of CSTR nodes are interpreted as the local peak tube-wall temperature, and the 
effective emissivity of each “flat” embedded-cavity surface element is defined by Eqn. (14) based on the 
local peak tube temperature (Tw), and tube emission loss (QE) from the tube-performance surrogate models: 
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Element reflectivity in Eqn. (13) is set to the effective tube reflectivity from Figure 4. The net infrared (IR) 
radiative energy incident on tube apertures at any node k is defined by Eqn. (15): 

∑
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m
mkmkIRap FJq

1
,,, . (15) 

Solution for the full integrated embedded-cavity model proceeds as follows: 
(1) Set discretization points, node-to-node view factors, and initial guess for total solids flow rate (ns,tot).
(2) Calculate solar energy incident on each node (qap,solar,i,j), as illustrated in Figure 5.
(3) Solve Eqns. (7)–(12) simultaneously for all height nodes (i) sequentially at each depth node (j), and

evaluate local convective/emissive losses (QC,i,j and QE,i,j) using surrogate models from Section 5.3.
(4) Solve surface-exchange equations (13) and evaluate incident IR flux (qap,IR,i,j) distributions.
(5) Update total incident radiative energy ( jiIRapjisolarapjitubeap qqq ,,,,,,,,, += ) and repeat (3–4) until

convergence on qap,tube,i,j. 
(6) Calculate average solids outlet temperature (Ts,out), adjust total solids flow rate, and repeat (3–5) until

Ts,out converges to the specified value.

Average solids outlet temperature is defined by Eqn. (16), which is generalized for the hypothetical case of 
a nonuniform solids flow distribution along the embedded-cavity depth:  
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Total solar reflection loss (Qrefl,tot) from the embedded cavity were evaluated in Section 4. Total thermal 
emission loss (QE,tot) from the full embedded-cavity configuration can be calculated via Eqn. (15).  Natural 
convection losses are assumed additive among the embedded-cavity nodes and convective loss from any 
given tube is taken to correspond to the average loss per tube from an 8-tube array. This conservatively 
implies that the thermal boundary layer in Figure 7 is interrupted and must be reestablished within each 8-
tube section of the full 16-m receiver height. Natural convective losses from the flat vertical surface of the 
hypothetical fixed-temperature heat shield were approximated from the correlation of Churchill and Chu 
for vertical flat plates (Incropera and DeWitt, 2002). Total natural convection loss from the receiver cavity 
and overall embedded-cavity efficiency can be defined by Eqns. (17) and (18), respectively: 
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As defined in Eqn. (18), the cavity efficiency includes any energy that may be absorbed within the heat 
shield, and thus, it assumes that this energy is used somewhere in the system. Average specific energy 
storage density and the fraction of incident solar energy that is stored as either sensible or chemical energy 
in the solids are defined in Eqns. (19) and (20).  Eqn. (20) represents the efficiency of the receiver cavity 
when including only that energy stored within the solids.   
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The final solution provides emission loss, convection loss, embedded-cavity thermal efficiency and full 
distributions of predicted peak tube-wall temperature, solids oxygen vacancy, solids temperature, and 
sensible and chemical energy storage as a function of position along each embedded-cavity wall.   

6.3 Results for north-facing embedded cavity 

Table 4 lists the set of baseline input parameters. One perovskite material for the application of interest is 
CaCr0.1Mn0.9O3-δ and thermodynamic parameters (heat capacity, oxidation enthalpy, and oxidation entropy) 
are those measured for this material (Jackson, 2014). Reduction reaction kinetic parameters were 
unavailable and surface-exchange coefficients for La0.1Sr0.9Co0.8Fe0.2O3-δ (Choi et al., 2011) are used to 
illustrate the simulation methodology. 

Table 4. Base-case simulation input parameters 

Boundary Conditions Base Value 
Solids inlet T (Ts,in) 773 K 

Avg. solids outlet T (Ts,out) 1,173 K 
Purge-gas inlet T (Tp) 773 K 

Purge-gas O2 mole fraction (xp) 10-4 

Purge / Solids ratio (np / ns) 2.0
Purge-gas height fraction (fp) 0.7
Heat-shield temperature (Tsh) 900 K 
Heat-shield emissivity (εsh) 0.9 

Solids Properties Base Value 
Particle diameter (ds) 300 μm 

Particle heat capacity ( spC , ) 122.6 J/mol/K 
Pre-exponential factor (ko) 0.109 m/s 
Activation enthalpy (Ea) 74.3 kJ/mol 
Oxidation enthalpy Δhox (-589δ – 18) kJ/mol 
Oxidation entropy Δsox (-254δ – 62) J/mol/K 

Receiver Sizing Base Value 
Receiver height (Hrec) 16 m 

Receiver diameter (Drec) 15 m 
Embedded-cavity depth (Dcav) 0.46 m 

Embedded-cavity aperture width (Wap) 0.46 m 
Heat-shield depth (Dsh) 0.05 m 
Cavity vertex angle (α) 26.6° 

Heat-shield vertex angle (θ) 26.6° 
Embedded-cavity depth nodes (Nd) 50 

Height nodes (Ns) 90 
Heat-shield depth nodes (Nd,sh) 10 

Tube Array Performance Base Value 
Convective heat-transfer  

coefficient (hconv) 
500 W/m2/K 

Effective solids emissivity (εbed) 0.7 
Tube-front internal reflectivity (ρtube) 0.65 

Table 5 lists north-facing cavity performance results at the base simulation input parameters. Solar 
reflection, thermal emission, and natural convection loss are all defined as a fraction of the total solar energy 
entering the cavity. Figure 9 illustrates profiles of solids temperature, peak tube-wall temperature, and solids 
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oxygen vacancy, along the left-side wall of the north-facing embedded cavity. Distance on the x-axis in 
Figure 9 is defined such that the left-hand side is immediately adjacent to the heat shield, and the right-hand 
side corresponds to the back embedded-cavity vertex. Figure 10 illustrates peak tube temperature, solids 
temperature, solids δ, solids equilibrium δeq, and evolution of specific sensible and chemical energy storage 
along the midpoint of the embedded-cavity wall. 

Table 5. North-facing embedded-cavity performance  

Base 
Conditions np / ns = 4 

Avg solids outlet temperature (K) 1,173 1,173 
Peak solids outlet temperature (K) 1,187 1,185 

Peak solids temperature (K) 1,200 1,228 
Peak tube-wall temperature (K) 1,252 1,288 

ηcav,solids 0.77 0.70 
ηcav,total 0.86 0.85 

Solar reflection loss  0.049 0.049 
Thermal emission loss  0.057 0.073 
Natural convection loss  0.030 0.033 

Average δ at outlet 0.274 0.315 
Total energy storage (kJ/kg) 510 565 

Sensible energy storage (kJ/kg) 347 347 
Chemical energy storage (kJ/kg) 163 218 

Figure 9. (a) Solids temperature (K), (b) peak tube-wall temperature (K) and (c) solids oxygen vacancy 
along the left wall of the north-facing embedded-cavity wall with base simulation input parameters 

The mass-weighted average solids outlet temperature was set to 1,173 K (900°C) via iterative adjustment 
of the total solids feed rate for the embedded cavity. However, the peak solids outlet temperature exceeds 
this value as a result of nonuniformity in the incident solar flux along the embedded-cavity depth. Solids 
outlet temperature and solids outlet oxygen vacancy span ranges of 1,152–1,187 K (879°–914°C) and 
0.262–0.282, respectively. The overall peak solids temperature occurs slightly above the outlet owing to 
low incident flux at the bottom of the receiver (Figure 3) and purge-gas heating requirements. Figure 9 
shows that peak tube-wall temperatures occur slightly above the bottom of the receiver and in the middle 
of the panel in a region characterized by high solids temperature and high incident solar flux, but limited 
exposure to ambient conditions. Slight local variability in peak wall temperature stems from statistical 
uncertainty in the profiles of incident solar energy generated from ray-tracing models. Solids oxygen 
vacancy is predicted to approach equilibrium values at the exit conditions. However, the purge-gas flow 
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rates are insufficient to dilute the evolved oxygen, and the O2 mole fractions are on the order of 0.01–0.025 
over the bottom half of the receiver, thereby limiting the achievable equilibrium oxygen vacancy.  

Figure 10. (a) Peak tube-wall temperature, solids temperature, solids oxygen vacancy, and equilibrium 
solids vacancy and (b) chemical, sensible, and total energy storage at the midpoint of the north-facing 

embedded-cavity wall 

Increasing the energy storage density necessitates either an increase in solids outlet temperature, or an 
increase in the molar ratio of purge gas to solids, each of which increases the equilibrium oxygen vacancy 
of the perovskite material at the outlet conditions and, correspondingly, the chemical storage capacity. Table 
5 and Figure 11 illustrate the effects of doubling the purge-gas flow rate, and Figure 12 investigates 
simultaneously varying specified solids outlet temperature and purge-gas flow rate. Doubling the purge-
gas quantity reduces the gas-phase oxygen fraction to 0.001–0.006 over the bottom half of the receiver, 
which correspondingly increases the solids equilibrium oxygen vacancy, as illustrated in Figure 11. 
However, because the purge gas is assumed to enter at the cold solids inlet temperature, the increased purge-
gas heating load and assumed local solids/gas thermal equilibrium requires a decrease in the solids 
temperature near the receiver exit.  As such, the overall peak solids temperature rises to 1,228 K (955°C) 
to enforce the target average solids outlet temperature of 1,173 K (900°C). The corresponding solids mass 
flow is reduced by 18% relative to the base case to maintain the same average solids outlet temperature 
despite the larger purge-gas heating load. The upward flow of hot purge gas produces higher solids 
temperature over a comparatively larger fraction of the receiver height, thereby increasing the peak wall 
temperature and thermal loss, and decreasing the receiver efficiency. Thus, increasing the purge-gas feed 
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rate improves the energy storage density by increasing the chemical energy storage capacity; but the total 
fraction of the solar input that is transferred to the solids phase decreases. Similar trends in peak temperature 
and thermal performance were noted under conditions in which all purge gas was introduced at the bottom 
of the receiver.   

Figure 11.  Peak tube-wall temperature, solids temperature, solids oxygen vacancy, and equilibrium solids 
vacancy at the midpoint of the north-facing embedded-cavity wall with np,tot / ns,tot = 4 

Figure 12. Sensitivity of peak solids temperature, north-facing cavity efficiency, and total energy storage 
to average solids outlet temperature and molar ratio of purge gas to solids 

The slope of the contour lines in Figure 12 suggests that achieving a given energy storage density target by 
increasing the solids outlet temperature produces a smaller penalty on cavity efficiency than achieving the 
same target by increasing the purge-gas flow rate. This is partially due to the increased sensible energy 
storage available with a higher solids outlet temperature. Peak solids temperature and peak wall temperature 
are similar for each combination of solids outlet temperature and purge-gas conditions required to achieve 
a given specific energy storage; however, conditions with an excessively high purge-gas flow rate maintain 
a higher temperature over a comparatively larger fraction of the receiver height.  

This sensitivity analysis reveals the existence of complex tradeoffs in operating condition selection. But 
note that the conclusions hinge on the assumptions employed in the computational model. The model lacks 
a detailed high-fidelity hydrodynamic and heat-transfer analysis on the solids side of the receiver at this 
stage. In particular, local thermal equilibrium is enforced between the purge gas and solids at each solution 
node and, as a result, the purge-gas heating load in the bottom-most sections of the receiver may be 
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overstated. Furthermore, the model does not account for fundamental inter-relationships between purge-
gas flow rate, solids residence time, and wall-to-solids convective heat-transfer coefficients. In addition, 
these conclusions consider only the thermal performance of the receiver, without taking into account 
system-level concerns such as exergy losses that may result if the solids outlet temperature far exceeds the 
power-cycle operating temperature.   

6.4 Results for full cylindrical receiver 

Section 6.3 describes simulated performance for only the north-facing embedded cavity, which receives the 
most solar flux, and thus produces the highest surface temperatures. The full receiver consists of multiple 
cavities placed along the circumference of the cylindrical receiver, each of which receives a different 
aperture flux distribution. Figure 13 illustrates sensitivity of the receiver cavity efficiency and mass flow 
(relative to mass flow at 1,000 kW/m2 aperture flux) to the average cavity aperture flux. Characteristic flux 
distributions in Figure 3 were scaled to the designated cavity aperture flux, and solids flow varied such that 
the desired receiver outlet temperature (900°C) was maintained at each condition. Wall temperatures 
increase slightly with cavity aperture flux; however, the incident solar energy increases relatively more than 
the thermal losses, and thus, cavity efficiency is highest at high levels of aperture flux. Solar flux incident 
on the full cylindrical receiver with design parameters in Table 1 varies from 1000 kW/m2 to 600 kW/m2 
between north- and south-facing positions. Based on the cavity performance sensitivity in Figure 13, 
average full receiver efficiency is approximately 85% when considering energy transferred to either the 
solids or heat-shield fluid, or 76% when considering only energy transferred to the solids.   

Figure 13. Sensitivity of cavity efficiency and mass flow rate to average cavity-aperture flux 

7. Conclusions

This paper introduces a comprehensive simulation methodology for assessing thermal performance of a 
novel enclosed particle-receiver configuration and demonstrates the methodology for the case of thermal 
reduction of CaCr0.1Mn0.9O3-δ for thermochemical storage. The modeling framework includes a 
combination of ray-trace modeling to describe solar-flux distributions from a surround heliostat field, 
computational fluid dynamics modeling of a limited-domain subsection of the full receiver, explicit 
surrogate models that replicate the CFD data over a wide range of operating parameters, a reduced-order 
quasi-two-dimensional model for counter-flow reactive solids and purge gas, and a surface-exchange model 
describing thermal interaction between large-scale receiver surfaces.  
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The modeling strategy is demonstrated for a specific application as an illustrative example; however, the 
general approach for coupling small-scale detailed simulations with full receiver-scale performance 
predictions is generically applicable to alternative receiver configurations or heat transfer fluids and is 
particularly useful when the geometric complexity or size of the receiver precludes incorporation of all 
relevant phenomena into a single comprehensive simulation. The receiver configuration considered in this 
analysis is based on indirect transfer of solar energy to the particulate heat-transfer medium through 
intermediate absorption of solar energy at receiver walls, and isolates the solids from ambient 
environmental conditions. Arrangement of small tubular absorbers into a secondary structure of embedded 
cavities increases receiver-wall surface area and reduces local solar absorption to less 15% of the intended 
overall embedded-cavity aperture flux (1 MW/m2).  

At the base conditions with solids inlet and outlet temperatures of 500°C and 900°C, respectively, model-
predicted thermal efficiency of the highest-flux north-facing cavity is 86.5% when based on energy 
transferred to both the solids and heat-shield cooling , or 77% when considering only energy transferred to 
the solids. The modeling results indicate that the receiver configuration can theoretically promote high-
temperature, high-efficiency operation, but are contingent on several critical assumptions—namely, 
achievability of sufficient wall-to-solids heat-transfer coefficients around the entire periphery of the 
receiver tubes and availability of partially reflective optical coatings that maintain long-term stability at 
high temperatures. Additional development in these areas is necessary to realize the advantages of the 
receiver configuration considered here. Nevertheless, parametric variations of properties and operating 
conditions reveal significant design tradeoffs and directions for future receiver improvements, and the 
modeling framework described here can be applied to future refined receiver configurations.   
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Nomenclature 
Aap,tube  tube aperture area (m2) 
Ash heat-shield surface area (m2) 
Cp heat capacity (J/kg/K) 

pC molar heat capacity (J/mol/K) 
ds particle diameter (m) 
Dcav embedded-cavity depth (m) 
Drec cylindrical-receiver diameter (m) 
Dsh heat-shield depth (m) 
fp purge-gas injection height fraction 
Fkj view factor from surface k to surface j 
hconv wall-to-solids convective heat-transfer coefficient (W/m2/K) 
hrad wall-to-solids radiative heat-transfer coefficient (W/m2/K) 
hsh heat-shield natural convection coefficient (W/m2/K) 
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Hrec cylindrical-receiver height (m) 
J radiosity (W/m2) 
k thermal conductivity  (W/m/K) 
kt turbulent thermal conductivity ttpC Prµ= (W/m/K) 
k0 pre-exponential factor (m/s) 
ms,tot solids mass flow rate per embedded cavity (kg/s) 
Ms solids molecular weight (kg/mol) 
ng gas molar flow rate (mol/s) 
np purge-gas molar flow rate per CSTR column (mol/s) 
np,tot total purge-gas molar flow rate per embedded cavity (mol/s) 
ns solids molar flow rate per CSTR column (mol/s) 
ns,tot total solids molar flow rate (mol/s) per embedded cavity 
N total number of embedded-cavity discretization nodes  
Ncav total number of embedded cavities in full receiver 
Nd number of embedded-cavity depth nodes  
Nd,sh number of heat-shield depth nodes 
Ns number of embedded-cavity height nodes 
Ntube number of absorber tubes described by a single CSTR 
p pressure  
qap,tube total radiative energy flux incident on tube aperture  (W/m2) 
qap,solar average solar energy flux incident on tube aperture  (W/m2) 
qap,IR IR energy flux incident on tube (W/m2) 
QE thermal radiative (IR) energy leaving a single tube (W) 
QE,tot thermal radiative (IR) energy loss from the embedded cavity (W) 
QC average thermal energy leaving tube aperture by natural convection (W) 
QC,tot natural convection energy loss from the embedded cavity (W) 
Qrefl,tot solar reflection loss from the embedded cavity (W) 
Qsource net energy source to solids per tube (W) 
Qsol,inc total solar energy incident on the embedded cavity (W) 

chemQ̂ chemical energy storage density (kJ/kg) 

sensQ̂ sensible energy storage density (kJ/kg) 

totQ̂ total solids energy storage (kJ/kg) 
rs surface reaction rate (mol/m2/s) 
R ideal gas constant 
Tamb ambient temperature (K) 
Tg gas temperature (K) 
Tp purge-gas temperature (K) 
Ts solids temperature (K) 
Ts,in solids inlet temperature (K) 
Ts,out average solids outlet temperature (K) 
Tsh heat-shield temperature (K) 
Tw wall temperature (K) 
V volume (m3) 
Wap embedded-cavity aperture width 
x gas-phase oxygen mole fraction 
xp oxygen model fraction in purge gas 
υ
r

velocity (m/s) 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted 
manuscript. The published version of the article is available from the relevant publisher.



22 

α embedded-cavity vertex angle 
αs solid-volume fraction 
β surrogate model adjustable coefficients 
δ solids oxygen vacancy 
δeq solids oxygen vacancy at equilibrium 
Δhox oxidation reaction enthalpy (J/mol) 
Δhred reduction reaction enthalpy (J/mol) 
Δsox oxidation reaction entropy (J/mol/K) 
εbed effective solids bed emissivity 
εeff effective tube emissivity 
μ fluid viscosity (kg/m/s) 
μt turbulent eddy viscosity (kg/m/s) 
ρ density (kg/m3) 
ρm solids molar density (mol/m3) 
ρeff effective tube reflectivity 
ρtube tube-wall surface reflectivity 
ηcav,total embedded-cavity efficiency  
ηcav,solids embedded-cavity efficiency-based energy stored in solids 
θ heat-shield vertex angle 
σ Stefan-Boltzmann constant (W/m2/K4) 
σs specularity error (mrad) 
τ
rr

viscous stress tensor (kg/m/s2) 
ω specific dissipation rate (s-1) 

Subscripts 
C convection 
eff effective 
eq equilibrium 
E emission 
g gas phase 
i node-height position 
j node-depth position 
p purge gas 
s solids 
sh heat shield 
w wall 

Abbreviations 
CCD  central composite design 
CFD  computational fluid dynamics 
CSP  concentrating solar power 
HTF  heat-transfer fluid 
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