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Finite Element Solver for Thermo-Hydraulic Optimization of Architected Ceramics (NExT I-Site industrial partnership program: OPTHOCERA): project overview

come    

Interest of high-temperature concentrated solar heat

• Solar energy →abundant : 1% of the 3.8×10 24 joules of solar energy reaching the earth's surface every year → 40 times the electricity generated globally • But dilute, geographically non uniform, temporally intermittent, variable • Concentration 2) of solar radiation (paraboloid dishes and solar towers) →1,000°C ( with incident fluxes > 1MW/m 2 )

2) Romero, M., Steinfeld, A., 2012. Concentrating solar thermal power and thermochemical fuels. Energy Environ. Sci. 5, 9234-9245

• Development of high-temperature solar receivers with high solar-to-heat conversion efficiency and service life of 10,000 cycles under harsh conditions → thermal, mechanical, material challenges , 2021, 231, 111336 Luque et al., Solar Energy, 2018, 174, 342 Hoes et al., Energy Technol. 2019, 7, 1900484 (discrete scale model)
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  surface • Low thermal emittance • High thermal shock resistance New concepts based on additive manufacturing coupled with radiative transfer design → Improvement of the volume propagation of concentrated solar light, reduction of thermal emission Heisel et al., Solar Energy Materials and Solar cells

  𝜅𝜅 𝑎𝑎 𝐼𝐼 𝑃𝑃𝜈𝜈 = 0 Methods for solving the steady-state RTE Avila-Marin et al., Renewable and Sustainable Energy Reviews, 2019Badri et al., Journal of Computational Physics, 2018, 360, 74-92 Badri et al. Journal of Quantitative Spectroscopy and Radiative Transfer 212 (2018): 59-74 Fast, robust, accurate parallelized vectorial FEM solver Effective radiative properties → porosity, nominal pore diameter and emissivity Local radiative properties from the bulk Detailed Simulation (DS)

𝑑𝑑Modification

  Use of the FEM solver for analyzing the coupling between conduction and radiation within a 1D slab sandwiched by a hot and a cold wall Viskanta & Grosh JHT (1962) • 1D layer of translucent conducting-radiating medium between tow parallel black walls at temperature T 1 et T 2 with θ = T/ T 1 et θ 2 = T 2 / T 1 Planck or Stark number Pure conductive regime Dominant radiative regime 𝑁𝑁 = 𝑘𝑘 𝑐𝑐𝑛𝑛𝑛𝑛𝑐𝑐 𝜅𝜅 𝑎𝑎 + 𝜅𝜅 𝑠𝑠 4𝜎𝜎 𝐵𝐵 𝑇𝑇 1 3 For a porous ceramic with absorption and scattering phenomena 𝑁𝑁 = 𝑘𝑘 𝑐𝑐𝑛𝑛𝑛𝑛𝑐𝑐 𝜅𝜅 𝑎𝑎 4𝜎𝜎 𝐵𝐵 Comparison between HEM model/exact solution from Viskanta θ 2 = 0.5 ; T 1 =2,222 K, T 2 =1,111 K, 𝜅𝜅 𝑎𝑎 = 2,625 m -1 , 𝜅𝜅 𝑠𝑠 = 0 𝑁𝑁 → 0 • Dominant radiative regime • Increase of T near the cold wall • 𝜏𝜏 • → @T=700 K , + 252 K • low 𝜅𝜅 𝑒𝑒 : for a given 𝑝𝑝, high 𝑑𝑑 𝑛𝑛𝑛𝑛𝑛𝑛 (low PPI) 𝑵𝑵 for real ceramic-based open cell foams (T=1,300 K) Interest for semi-transparent porous ceramics with high 𝑝𝑝 and high 𝑑𝑑 𝑛𝑛𝑛𝑛𝑛𝑛 331 860 tetrahedral elements for the solid phase and 1 753 680 elements for the fluid phase ; 62 processors, 128 directions 11 Comparison of the Rosseland↔HEM model and of the HEM↔DS model θ 2 = 0.5 ; T 1 =2,222 K, T 1 =1,111 K, 𝜅𝜅 𝑎𝑎 = 26,250 m -1 , 𝜅𝜅 𝑠𝑠 = 0 𝛽𝛽 𝑒𝑒𝑒𝑒𝑒𝑒 1,3 = 2𝑁𝑁 𝑃𝑃,𝛽𝛽 𝑒𝑒𝑒𝑒𝑒𝑒 2,4 → volume radiation effect more important 𝜔𝜔 𝑒𝑒𝑒𝑒𝑒𝑒 1,2 < 𝜔𝜔 𝑒𝑒𝑒𝑒𝑒𝑒 3,4 → volume radiation effect more important 𝜀𝜀 𝑒𝑒𝑒𝑒𝑒𝑒 1,2 < 𝜀𝜀 𝑒𝑒𝑒𝑒𝑒𝑒 3,4 → decreasing of the radiative losses at the front face Mora Monteros et al., Ceramics International 46 (2020) 2805without coating, case 2 8 mm, with coating, case 4 Absorption length of the incident collimated beam : effect of 𝑑𝑑 𝑛𝑛𝑛𝑛𝑛𝑛 without coating, case 2 8 mm, with coating, case 4 𝑁𝑁 𝑃𝑃,𝛽𝛽 𝑒𝑒𝑒𝑒𝑒𝑒 = 0,04422 𝑁𝑁 𝑃𝑃,𝛽𝛽 𝑒𝑒𝑒𝑒𝑒𝑒 = 0,02211 𝑥𝑥 𝑇𝑇,𝑛𝑛𝑎𝑎𝑥𝑥,𝑐𝑐1 𝑥𝑥 𝑇𝑇,𝑛𝑛𝑎𝑎𝑥𝑥,𝑐𝑐3 𝑥𝑥 𝑇𝑇,𝑛𝑛𝑎𝑎𝑥𝑥,𝑐𝑐2 𝑥𝑥 𝑇𝑇,𝑛𝑛𝑎𝑎𝑥𝑥,𝑐𝑐4 𝑥𝑥 𝐴𝐴,𝑛𝑛𝑎𝑎𝑥𝑥,𝑐𝑐3 𝑥𝑥 𝐴𝐴,𝑛𝑛𝑎𝑎𝑥𝑥,𝑐𝑐4 𝑥𝑥 𝐴𝐴,𝑛𝑛𝑎𝑎𝑥𝑥,𝑐𝑐2 𝑥𝑥 𝐴𝐴,𝑛𝑛𝑎𝑎𝑥𝑥,𝑐𝑐1 Impact 𝒅𝒅 𝒏𝒏𝒏𝒏𝒏𝒏 on the absorption of the incident radiative flux and the position of 𝑻𝑻 𝒏𝒏𝒎𝒎𝒎𝒎 Similar effect Radiation transport is stopped at the first rank of cell : after conductive (convective) heat transfer Solar-to-heat performances : OPTISOL bench Mey-Cloutier et al., Solar Energy 136 (2016) 226-235 Qualitative agreement but some experiments must still be explained 𝜂𝜂 𝑆𝑆𝑇𝑇,1 < 𝜂𝜂 𝑆𝑆𝑇𝑇,2 ↔𝑁𝑁 𝑃𝑃,𝛽𝛽 𝑒𝑒𝑒𝑒𝑒𝑒 ,1 > 𝑁𝑁 𝑃𝑃,𝛽𝛽 𝑒𝑒𝑒𝑒𝑒𝑒 ,2 𝜂𝜂 𝑆𝑆𝑇𝑇,4 < 𝜂𝜂 𝑆𝑆𝑇𝑇,3 but 𝑁𝑁 𝑃𝑃,𝛽𝛽 𝑒𝑒𝑒𝑒𝑒𝑒 ,3 > 𝑁𝑁 𝑃𝑃,𝛽𝛽 𝑒𝑒𝑒𝑒𝑒𝑒 ,4 𝜂𝜂 𝑆𝑆𝑇𝑇,4 < 𝜂𝜂 𝑆𝑆𝑇𝑇,3 ↔𝜔𝜔 𝑒𝑒𝑒𝑒𝑒𝑒,3 < 𝜔𝜔 𝑒𝑒𝑒𝑒𝑒𝑒,4

  

  

  

15 Numerical design approach coupled with additive manufacturing

  

	Numerical design of 3D digitalized porous architectures (regular, pore size gradient) Numerical design of 3D digitalized porous architectures (regular, pore size gradient)	Thermo-fluidic modelling→Tempe rature and flux fields (HEM or DS) (conduction, convection, radiation) Conductive-radiative modelling→Temper ature and flux fields (HEM and DS)	Optimization loop/textural constraints (solar-to heat efficiency, temperature profiles)
	TAMARYS network	Optimized Selected architectures → architectures elaboration with according to Planck additive number → manufacturing (stereolithography, binder jetting) elaboration by stereolithography	Performance tests : Performance tests : solar-to-heat solar-to-heat conversion conversion (OPTISOL bench, (OPTISOL bench, PROMES Odeillo, FRance). PROMES Odeillo, France).

150 mm Avila-Marin et al., Renewable and Sustainable Energy Reviews, 2019, 111 HEM : Homogeneous Equivalent Method → continuous scale approach DS : Detailed Simulation → pore scale approach

OPTHOCERA program (1 year) Radiative Transfer Equation : modelling of volume propagation of thermal and solar radiations •

  Macro-porous ceramics → semi-transparent media (absorption, scattering, emission) • Valid if the medium is homogeneous, continous and weakly spatially correlated

Chandrasekhar, Radiative Transfer, Dover, 1960 

Conclusions & outlook

Thank you for your attention ! benoit.rousseau@univ-nantes.fr

Influence of the anisotropy factor

Key quantities

𝜅𝜅 𝑠𝑠

From macro-scale to meso-scale macro → meso Guévelou et al., Journal of Quantitative Spectroscopy and Radiative Transfer, 2017, 189, 329-338