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Two pilot-scale regenerative heat storage systems have been tested by the French Alternative Energies and Atomic Energy Commission (CEA). The first one is a 1.1-MWhth structured packed bed consisting of ceramic plates forming corrugated channels. The second one is a 1.4-MWhth granular packed bed consisting of basaltic rocks enclosed by refractory walls. The two regenerators were tested over a hundred of thermal cycles between 80°C and 800°C with different fluid mass flows. Both systems showed their ability to store heat efficiently and to provide thermal energy at a stable temperature for the most part of the discharge process. The granular packed bed exhibited large transverse thermal heterogeneities due to flow channelling in the corners of the cross section. However, this phenomenon appears not to have degraded significantly the thermal performances, and the average one-dimensional thermal behaviour of the system may be assessed thanks to the surface weighted average of the temperature over the bed cross section. Compared to the granular packed bed, the structured bed showed comparable thermal performances while inhibiting flow heterogeneities and reducing by up to 54% the average pressure drop. Furthermore, at the end of the test campaign, the packed beds were observed and compared from a mechanical point of view. The thermal results were successfully simulated over numerous charge/discharge cycles thanks to a onedimensional numerical model. This is significant since the discrepancies between experimental and numerical results are likely to accumulate from a cycle to the other. The model considers the packed beds as continuous and homogeneous porous media but takes account of the conduction resistances within the solid filler and the walls. The pressure drop of the beds was computed using a correlation developed thanks to a previous CFD study for the structured packed bed, and the Ergun equation for the granular packed bed. Compared to experimental data, these correlations enabled to estimate the order of magnitude and the evolution trend of the pressure drop with an average deviation ranging from -7.2% to +61.9%. For the granular packed bed, these deviations are ascribed to the flow heterogeneities and the shape of the rocks which are not taken into account in the Ergun equation.

In order to tackle fossil fuel depletion and climate change, the renewable energy share in the energy mix has to be increased, especially for electricity generation (IPCC, 2014). However, some promising renewable energy sources like wind and solar are intermittent. That's why energy storage is one of the technical solutions enabling the development of a continuous and controllable renewable energy supply.

Nowadays, electricity storage is largely dominated by Pumped Hydroelectric Energy Storage since this technology is mature and offers low loss storage capacities. However, it has a very low energy and power density [START_REF] Sabihuddin | A numerical and graphical review of energy storage technologies[END_REF], and requires specific locations with high altitude difference to be implemented. That's why this technology is unlikely to respond the increasing need for large scale energy storage. Several promising alternative technologies have been proposed like Adiabatic Compressed Air Energy Storage [START_REF] Hartmann | Simulation and analysis of different adiabatic Compressed Air Energy Storage plant configurations[END_REF]Sciacovelli et al., 2017a), Pumped Thermal Energy Storage [START_REF] Desrues | A thermal energy storage process for large scale electric applications[END_REF][START_REF] Garvey | Analysis of a wind turbine power transmission system with intrinsic energy storage capability[END_REF], Liquid Air Energy Storage (Sciacovelli et al., 2017b) and Thermal Energy Storage in Concentrated Solar Power (CSP) plants (to shift the conversion of heat into electricity). In all these thermodynamic processes, there is a need for large scale Thermal Energy Storage systems. It is preferable to store/recover the energy at very high or very low temperature (for Pumped Thermal Energy Storage and Liquid Air Energy Storage) to ensure good thermodynamic efficiency. Regenerative sensible heat storage using gas (usually air) as heat transfer fluid is a relevant and mature technology which meets this requirement.

It consists in storing sensible heat in a solid packed bed enclosed in an insulated tank. The packed bed may be either granular or structured. The thermal energy is conveyed by a gaseous heat transfer fluid in direct contact with the solid. During charging process, the hot fluid is injected by the top of the tank, heats the solid and exits at cold temperature from the bottom. To discharge the system, the flow is inverted: the cold fluid is injected by the bottom, is heated up by the solid and exits at hot temperature from the top. Thanks to buoyancy forces, this configuration preserves thermal stratification with hot and cold regions well separated by a thermal gradient as stiff as possible.

This technology is already used in steel and glass industries (to preheat air in blast furnaces), and in industrial air purification systems. However, to use it in the above mentioned thermodynamic processes, the design and the operation strategy should be adapted to each particular case to ensure optimal performances. This optimization requires numerical models validated with experimental data obtained on representative pilot-scale setups.

A few data from large scale setups (> 1 MWh) have been published in the literature. Zunft et al., 2011, published experimental and simulated results of a 9-MWh modular storage system made of alumina porcelain with a honeycomb structure. It runs with air between 120°C and 680°C. A 24-h standstill test from a fully charged state shows acceptable thermal losses (around 10% of the storage capacity) which occur above all at the hot upper part of the storage due to thermosiphon effect. Repeated charge/discharge cycles were carried out and show a good thermal homogeneity over the cross section of the bed. The test is simulated thanks to a one-dimensional two-phase numerical model which fits well the experimental results but exhibits increasing deviations as the cycles are performed, probably due to the underestimation of the thermal loss coefficient. This shows the difficulty of simulating cycling, because little deviations of the model accumulates from a cycle to the other. [START_REF] Zanganeh | Packed-bed thermal storage for concentrated solar power -Pilot-scale demonstration and industrial-scale design[END_REF], studied a 6.5-MWh rock-bed running with air up to 650°C. The tank has a truncated conical shape and is buried in the ground to withstand thermo-mechanical stresses. The experimental results are used to validate a onedimensional two-phase model and CFD simulations [START_REF] Zavattoni | High Temperature Rock-bed TES System Suitable for Industrial-scale CSP Plant -CFD Analysis Under Charge/Discharge Cyclic Conditions[END_REF] used to design an upscaled storage system (100 MWh) dedicated to the CSP plant of Ait-Baha, Morocco. [START_REF] Geissbühler | Pilot-scale demonstration of advanced adiabatic compressed air energy storage, Part 1: Plant description and tests with sensible thermalenergy storage[END_REF], tested a pilot-scale Adiabatic Compressed Air Energy Storage system including a 12-MWh air/rock thermal energy storage. Thermal cycles between ambient temperature and 550°C are carried out under an absolute pressure up to 7 bar. The experimental results exhibit relatively large transverse thermal heterogeneities (up to 75°C).

According to the authors, they are caused by flow distribution issues, by uncertainties of measurement and by uncertainties about the axial position of the thermocouples. Simulated results of the thermal storage are obtained thanks to a quasi-onedimensional three-phase model and compared to the average axial thermal profiles. Discrepancies between numerical and experimental results are reduced by decreasing the air flow by 15% in the simulations. According to the authors, this reduction is justified by air leaks and flow channelling near the tank's wall.

In addition to these pilot-scale setups, several smaller regenerative storage systems have been studied. A 150-kWh structured packed bed was built and analysed by [START_REF] Glück | High-temperature thermal storage using a packed bed of rocks -Heat transfer analysis and experimental validation[END_REF], to study regenerative heat storage dedicated to CSP plants and to validate a numerical model. The storage, consisting of perforated bricks, runs with flue gas and air between 700°C and 1300°C. As far as we know, neither the experimental results nor the numerical model have been published. [START_REF] Meier | A Method of Simulating the Performance of a Pebble Bed Thermal Energy Storage and Recovery System[END_REF], investigated a 5-kWh packed bed of porcelain spheres running up to 550°C. Due to the low diameter ratio between the particles and the tank (7.5), the system suffers from flow channelling near the tank's wall. The experimental results validate a numerical model used to carry out a parametric study about thermal stratification and pressure loss of the storage. This parametric study is further developed by Hänchen et al., 2011, from the same laboratory. Adebiyi et al., 1998, carried out experimental tests on a 110-kWh packed bed of alumina pellets running up to 1,000°C. Thanks to a validated one-dimensional three-phase model taking account of intra-particle conduction, they show that the first-and the second-law efficiencies of the storage are not always maximized by the same operating conditions. [START_REF] Kuravi | Investigation of a high-temperature packed-bed sensible heat thermal energy storage system with large-sized elements[END_REF], investigated a 32-kWh packed bed consisting of large bricks forming ducts and running up to 530°C. The storage exhibits thermal stratification despite the large size (and hence the potentially large Biot number) of the bricks. These results are successfully simulated thanks to the one-dimensional two-phase model from [START_REF] Meier | A Method of Simulating the Performance of a Pebble Bed Thermal Energy Storage and Recovery System[END_REF], which is used to investigate the most efficient bed configuration to store a given heat power during a given time period. [START_REF] Klein | Experimental investigation into a packed bed thermal storage solution for solar gas turbine systems[END_REF][START_REF] Klein | Numerical simulation of a high temperature thermal storage unit for solar gas turbine applications[END_REF], studied a 28-kWh packed bed of ceramic beads running up to 900°C. The system suffers from flow channelling near the tank's wall but the phenomenon is taken into account and correctly simulated by a two-dimensional three-phase model. The model is then used to carry out a parametric study on the coupling of a storage system and a solar gas turbine [START_REF] Klein | High temperature packed bed thermal storage for solar gas turbines[END_REF]. [START_REF] Cascetta | A comparison between CFD simulation and experimental investigation of a packed-bed thermal energy storage system[END_REF], carried out experimental tests on a 55-kWh packed bed of alumina beads running up to around 250°C. The transverse temperature profiles exhibits edge effects near the wall due to thermal loss, flow channelling and the influence of the heat capacity of the wall. This behaviour is correctly simulated thanks to two-dimensional three-phase CFD simulations taking account of the thermal dispersion and the variation of the void fraction over the bed cross section. Li et al., 2018, studied two packed beds made of ceramic honeycombs and running up to 550°C. One has a square channel shape, while the second has a regular hexagon channel shape. The experimental results validate a one-dimensional two-phase model which is then used to investigate the bed configuration minimizing the bed mass to discharged energy ratio.

Following on from the above mentioned studies, this paper aims to provide experimental results and feedback from two pilot-scale regenerative heat storage systems operated by the French Alternative Energies and Atomic Energy Commission (CEA). One heat storage consists of a 1.1-MWh structured packed bed, the other of a 1.4-MWh rock bed. First, the setup is described. Second, the one-dimensional three-phase numerical model used to simulate and analyse the experimental results, and developed in a previous publication [START_REF] Esence | A versatile one-dimensional numerical model for packed-bed heat storage systems[END_REF], is presented. Third, the thermal results are discussed and experimental feedback concerning the pressure drop and the mechanical behaviour is provided.

Description of the setup

The CLAIRE setup [START_REF] Desrues | Stockage massif d'électricité sous forme thermique[END_REF] consists of two regenerators connected in parallel (Fig. 1). The first regenerator consists of a structured packed bed, while the second consists of a granular packed bed. The regenerators are charged with a mixture of air and exhaust fumes produced thanks to a 1.4-MWth gas burner. The proportion of air and exhaust fumes is regulated so that the inlet temperature is 800°C. The regenerators are discharged with electrically preheated air at 80°C.

Preheating enables the air temperature to be above the condensing temperature. In that way, at the beginning of the following charge, the packed bed is hot enough to prevent condensation of the water contained in exhaust fumes. When a regenerator is charged, the other is discharged and reversely (Fig. 1 (a)). The components of the cold part of the setup are not designed to undergo very high temperatures. That's why the process is switched thanks to knife gates as soon as the outlet temperature of the regenerator experiencing charge reaches 300°C.

Two experimental cycling tests are dealt with in this paper: a cycling test with a fluid mass flow around 0.3 kg/s (referenced as low mass flow) and one with a mass flow around 0.6 kg/s (high mass flow). Each test consists of several consecutive charge/discharge cycles without standby period. 

Description of the structured packed bed

The first regenerator consists of a structured packed bed made of ceramic plates. The plates are arranged side by side in order to form a parallelepiped bed comprised of corrugated vertical channels (Fig. 2). The bed consists of 14 levels of 2 rows of plates for a total height of 5 m and a cross section of 0.64 m² (0.8 m × 0.8 m). This results in a 3.2-m 3 packed bed with a void fraction of 0.40 and a theoretical heat capacity of 1110 kWhth (between 80°C and 800°C). The bed is internally insulated thanks to a fibrous insulation layer of 55 cm with an average thermal conductivity of 0.07 W•m -1 •K -1 . The characteristics of the regenerator are detailed in Appendix A. The plates have been designed thanks to a CFD study [START_REF] Desrues | Stockage massif d'électricité sous forme thermique[END_REF] in order to minimize the volume of bed and the mass of solid enabling to reach a set of requirements (energy capacity, charge and discharge durations, pressure loss, etc.). The resulting geometry is depicted in Fig. 3. The regenerator is instrumented with more than 200 thermocouples (type K class 1, i.e. with an uncertainty between 1.5°C and 3.2°C depending on the temperature) dispatched axially and transversally in the bed (Fig. 4). Some thermocouples measure the temperature of the gas at the middle of the channels, while the others are stick to the plates thanks to cement in order to measure the temperature of the solid. 

Description of the granular packed bed

The second regenerator of the CLAIRE setup consists of a parallelepiped rock bed comprised of basaltic pebbles. The bed is 3 m high with a cross section of 1.188 m² (1.09 m × 1.09 m). This results in a 3.564-m 3 packed bed with a void fraction of 0.37. The average density of the rocks has been measured thanks to the fluid displacement method over a sample of more than 5 kg. Thanks to this average density and the individual weighing of 180 pebbles, the mean volume and hence the mean diameter of the sphere of equivalent volume of the pebbles was calculated. The average sphericity Ψs of the pebbles was visually estimated thanks to the diagram of [START_REF] Krumbein | Stratigraphy and Sedimentation[END_REF] All the data are presented in Appendix B.

The pebbles are maintained laterally with 4.3 cm thick walls made of refractory material. These internal walls enable to protect the insulation made of a 36.2 cm thick fibrous layer with an average thermal conductivity of 0.07 W•m -1 •K -1 . Between 80°C and 800°C, the theoretical heat capacity of the rock bed is 1415 kWhth and reaches 1670 kWhth if the capacity of the refractory walls is considered. This means that the internal walls potentially represent more than 15% of the total capacity of the regenerator. The pebbles are maintained vertically thanks to horizontal grids (Fig. 5 (b) and Fig. 6 (b)).

Thermocouples (type K class 1, i.e. with an uncertainty between 1.5°C and 3.2°C depending on the temperature) positioned between and within the pebbles enable to measure the temperature of the gas and the solid at different axial and transverse positions in the bed (Fig. 6). However, due to hard thermal solicitations and thermal contractions/dilatations of the pebble bed, several thermocouples broke during the test campaign. As a consequence, at several levels, the temperature of some locations illustrated in Fig. 6 cannot be measured. The regenerators of the CLAIRE setup run near ambient pressure with relatively low pressure drop (less than 27 mbar and 32 mbar for the structured and the granular packed beds respectively). It is therefore assumed reasonable to consider the heat transfer fluid as an ideal gas, which means that its enthalpy is assumed to depend only on the temperature.

The volume fractions ε, xs, and xw are defined as the volume of the fluid, the solid and the walls respectively compared to the bed volume, i.e. the internal volume of the tank. As a result, ε + xs = 1 and ε + xs + xw ≥ 1.

∂ρ f ∂t + ∂(ρ f • u f ) ∂z = 0 (1) ∂(ε • ρ f • c p f • T f ) ∂t + ∂(ε • ρ f • u f • c p f • T f ) ∂z = ∂ ∂z (λ eff,f • ∂T f ∂z ) + h eff,s • a s • (T s -T f ) + h eff,w • a b • (T w -T f ) (2) ∂(x s • ρ s • c p s • T s ) ∂t = ∂ ∂z (λ eff,s • ∂T s ∂z ) + h eff,s • a s • (T f -T s ) (3) ∂(x w • ρ w • c p w • T w ) ∂t = ∂ ∂z (x w • λ w • ∂T w ∂z ) + x w • h eff,w • a w,int • (T f -T w ) + x w • U w/∞ • a w,ext • (T ∞ -T w ) (4) 
The model is discretized with the finite volume approach. The diffusive and the advective terms are respectively treated with the central differencing and the Quadratic Upstream Interpolation for Convective Kinematics (QUICK) schemes. The model is computed with the implicit Euler method. The system of equations is solved thanks to the Newton-Raphson algorithm. For each simulation, the number of elementary volumes and the time step duration are chosen so that they don't affect significantly the results.

Heat transfer coefficients of the structured packed bed

It is necessary to determine the heat transfer coefficients in order to compute the model. In the structured packed bed, the

volumetric heat transfer coefficient hv,s (in W•m -3 •K -1
) is given by equation ( 5) [START_REF] Desrues | Stockage massif d'électricité sous forme thermique[END_REF]. This volumetric coefficient is related to the surface coefficient hs through the specific area of solid per unit bed volume as given by equation ( 6).

h v,s = h s • a s = 9 • ε • λ f • Nu s 4 • W c • (W c - H cr • L cr L u ) (5) 
a s = 2 • (H c • L u -2 • L cr • H cr ) + 2 • W c • L u + 4 • W c • H cr L u • (W c + δ) • (H c + δ) (6) 
Thanks to CFD simulations carried out by Desrues, 2011, the Nusselt number has been correlated to the hydraulic Reynolds number Reh given by equation ( 7). This Reynolds number is calculated as a function of the hydraulic diameter of the channels considered with their external dimensions (i.e. by neglecting the corrugations). The correlation (8) established for the particular configuration of Fig. 3 is valid for 75 < Reh < 2000.

Re h = ρ f • u f • [2 • H c • W c (H c + W c ) ⁄ ] μ f (7) Nu s = 1.616 + 0.01454 • Re h 0.9693 (8) 
In order to take account of the conductive resistance within the solid, the extended lumped capacity method is used: the convective heat transfer coefficient hs is transformed into an effective coefficient heff,s which enables the model to treat efficiently non thermally thin solids. The relation between the convective and the effective coefficients is given by equation ( 9). This equation was established by [START_REF] Xu | Extending the validity of lumped capacitance method for large Biot number in thermal storage application[END_REF] plates.

1 h eff,s = 1 h s + δ 6 • λ s (9)
In the structured packed bed, there is no internal walls: the bed is directly in contact with the insulation layer. Heat storage in the fibrous insulation is neglected and the insulation layer is only treated as a heat transfer resistance between the inside and the outside of the bed. Therefore, the numerical model has only two energy equations (for the fluid and the solid) and the thermal losses are taken into account in the energy equation of the fluid. For that purpose, the fluid/wall heat exchange term is replaced by a term of heat loss in equation ( 2): the temperature of the wall Tw is replaced by the outside temperature T∞ and the heat transfer coefficient heff,w is replaced by the overall heat loss coefficient between the fluid and the outside Uf/∞. This coefficient is theoretically calculated thanks to the thickness and the average thermal conductivity of the insulation, and by assuming a standard external convective resistance of 0.13 m²•K•W -1 and a negligible internal convective resistance (since the heat transfer resistance is dominated by the external convection and the conduction within the insulation).

Heat conduction in the bed is taken into account through the diffusive parameters λeff,s and λeff,f. These parameters are defined by assuming parallel heat fluxes in the solid and the fluid. Due to the channels formed by the structured bed, the mixing of the fluid and the radiative heat transfer are very weak [START_REF] Desrues | Stockage massif d'électricité sous forme thermique[END_REF]. These two contributions are therefore neglected and the diffusive coefficients are simply given by equations ( 10) and ( 11).

λ eff,f = ε • λ f (10) λ eff,s = x s • λ s (11)

Heat transfer coefficients of the granular packed bed

For the granular packed bed, the calculation procedure is similar to what has been presented in [START_REF] Esence | A versatile one-dimensional numerical model for packed-bed heat storage systems[END_REF]. The specific area of rock per unit bed volume as is given by equation ( 12). The fluid/solid convective heat transfer coefficient hs in the rock bed is calculated thanks to the correlation (13) from [START_REF] Wakao | Effect of fluid dispersion coefficients on particle-to-fluid heat transfer coefficients in packed beds. Correlation of nusselt numbers[END_REF]. This general correlation was established for beds of spheres and is therefore assumed valid for beds of spheroidal particles. It is computed with the Reynolds number given by equation ( 14). The extended lumped capacity method is applied thanks to equation ( 15) to get the effective fluid/solid heat transfer coefficient taking account of the conducive resistance within the pebbles. This equation was established by [START_REF] Xu | Extending the validity of lumped capacitance method for large Biot number in thermal storage application[END_REF], for spherical shapes. In the equations ( 12) to ( 15), the various equivalent diameters of the pebbles are used to take the shape of the pebbles into account. The equivalent diameters are calculated thanks to the diameter of the sphere of equivalent volume and the sphericity (see the Nomenclature).

a s = 6 • (1 -ε) D eq,a,s (12) 
Nu s = h s • D eq,A,s λ f = 2 + 1.1 • Re 0.6 • Pr 1/3 (13) Re = ε • ρ f • u f • D eq,a,s μ f (14) 1 h eff,s = 1 h s + D eq,V,s 10 • λ s (15) 
The convective heat transfer coefficient hw between the fluid and the internal walls made of refractory material is computed with the correlation (16) from [START_REF] Dixon | Fluid-phase radial transport in packed beds of low tube-to-particle diameter ratio[END_REF] This equation was established for cylindrical tanks. It is therefore adapted to parallelepiped geometries by using the hydraulic diameter of the tank Dt. The resistance conduction in the walls is taken into account though the effective fluid/wall coefficient heff,w given by equation ( 17) from [START_REF] Xu | Extending the validity of lumped capacitance method for large Biot number in thermal storage application[END_REF]. Contrary to equation ( 9), the whole thickness is considered in equation ( 17). This means that the thermal gradient at the external surface of the wall (due to thermal losses) is considered weak enough to be neglected. In other words, the wall is non-thermally thin considering the inside convection hw (Biw = hw•ew/λw up to 1.8), but can be considered thermally thin considering the overall heat loss coefficient to the outside Uw/∞ (Biw/∞ = Uw/∞•ew/λw less than 10 -2 ). The overall heat loss coefficient Uw/∞ between the internal walls and the outside is theoretically calculated with the thickness and the thermal conductivity of the fibrous insulation and by assuming a standard external convective resistance of 0.13 m²•K•W -1 .

Nu w = h w • D eq,A,s λ f = [1 -1.5 • ( D eq,V,s D t ) 1.5 ] • Re 0.59 • Pr 1/3 (16) 1 h eff,w = 1 h w + e w 3 • λ w (17)
The effective thermal conductivity of the rock bed in stagnant fluid conditions without radiation λ 0 eff is calculated thanks to the correlation of [START_REF] Zehner | Wärmeleitfähigkeit von Schüttungen bei mäßigen Temperaturen[END_REF]. This correlation ((18) if λf•B/λs ≠ 1, (19) otherwise) takes into account the conduction within the fluid and the solid but neglects the conduction through contact surfaces between the solid particles. This is reasonable since the maximal conductivity ratio between the fluid and the solid materials is around 50, and hence well below the threshold of 10 3 , beyond which this phenomenon becomes non negligible [START_REF] Hsu | Modified Zehner-Schlunder models for stagnant thermal conductivity of porous media[END_REF]. The deformation factor B is calculated with equation ( 20) and the parameter C is taken for crushed solids, i.e. equal to 1.4.

λ eff 0 λ f = 1 -√1 -ε + 2 • √1 -ε 1 - λ f λ s • B • [ (1 - λ f λ s ) • B (1 - λ f λ s • B) 2 • ln ( λ s B • λ f ) - B + 1 2 - B -1 1 - λ f λ s • B ] (18) λ eff 0 λ f = 1 -√1 -ε + √1 -ε • 1 + 2 • B 3 -3 • B 2 3 • (B -1) 2 (19) B = C • (1 -ε) 10/9 ε (20)
This effective conductivity λ 0 eff is shared into λ 0 eff,s and λ 0 eff,f by assuming parallel heat fluxes and equivalent thermal gradients in the fluid and solid phases. This leads to equations ( 21) and ( 22) with the tortuosity f given by equation ( 23).

λ eff,f 0 = (ε + f) • λ f (21) λ eff,s 0 = (1 -ε -f) • λ s (22) f = λ eff 0 -ε • λ f -(1 -ε) • λ s λ f -λ s (23)
The contribution of axial fluid mixing is then taken into account in the effective conductivity of the fluid with the correlation (24) from [START_REF] Wakao | Heat and mass transfer in packed beds[END_REF].

λ eff,f = λ eff,f 0 + 0,5 • λ f • Re • Pr (24)
Radiation between pebbles is taken into account in the effective conductivity of the solid phase thanks to correlation (25)

from [START_REF] Breitbach | The radiant heat transfer in the HTR core after failure of the afterheat removal systems[END_REF], with the temperature of the solid Ts expressed in Kelvin.

λ eff,s = λ eff,s 0 + [(1 -√1 -ε) • ε + √1-ε 2 ϵ s -1 • B+1 B • 1 1+ 1 ( 2 ϵ s -1)• λ s 4•σ•T s 3 •D eq,a,s ] • 4 • σ • T s 3 • D eq,a,s (25) 

Determination of the fluid mass flow

In the CLAIRE setup, the fluid mass flow is determined in each chimney thanks to Pitot tubes with an uncertainty of 5%. However, leaks were experimentally ascertained at the top and the bottom of the regenerators and through the knife gates used to switch the flow direction. The particularly large thermal dilatation/contraction experienced by the setup is responsible for these leaks, although the knife gates are cooled thanks to an internal water circuit. Due to the pressure drop of the regenerators and the leaky gates, bypasses cause higher flow in the chimneys than in the regenerators (see dashed arrows in Fig. 1 (a)).

It is therefore impossible to know accurately the mass flow in the packed bed for purpose of modelling. However it is possible to estimate this flow through an energy balance. In practice, a correction coefficient is applied to the measured mass flow in the chimneys so that the total energy variation of the fluid is equivalent to the energy variation of the packed bed and the thermal losses to the outside. The correction coefficient depends on the considered regenerator, the flow direction and the average mass flow of the test. The correction coefficients are kept constant for all the cycles of a test. The correction coefficients determined thanks to this method are given in Table 1. It shows that the corrected mass flow is 1.2% to 19.0% lower than the mass flow measured in the chimneys. 

Experimental results and model validation

Thermal cycles were performed until each regenerator reached a stabilized state, i.e. until the consecutive thermal cycles become similar in terms of duration, charged/discharged energy, thermal profiles, etc. Because the stabilization process depends on specific operating constraints (preheating of the gas burner, regulation, ambient temperature, etc.), the corresponding data are not presented here. Only the cycles yet stabilized are presented. Two cycling tests with different fluid mass flows are presented in this paper. At low mass flow (0.3 kg/s), 12 stabilized cycles were performed, while at high mass flow (0.6 kg/s), 28 stabilized cycles were performed. The stabilized state is not ideal and there are some fluctuations: due to fluctuating operating conditions, the cycles are not perfectly identical, particularly during the test with high mass flow.

Thermal results of the structured packed bed

For the purpose of analysis, the packed beds are considered as one-dimensional systems. This means that at each altitude the packed bed can be considered uniformly at an average temperature. Since the volumetric heat capacity of the materials can reasonably be assumed linear with the temperature over a limited temperature range, from an energetic point of view, the surface weighted average of the temperature over the cross section is a relevant average temperature for one dimensional analysis.

In the structured packed bed, the thermocouples are regularly spaced over the cross section and, at each level, they show similar behaviour during charge and discharge. The arithmetic average of the temperature measured by the thermocouples of solid of a given level is therefore assumed to be a good estimation of surface weighted average of the temperature. As a result, the arithmetic average is relevant to describe the one-dimensional thermal behaviour of the structured packed bed. This is illustrated in Fig. 7 during a cycle with high mass flow. homogeneously at hot temperature), a higher quantity of energy would have been recovered above the given cut-off temperature; reversely, if the charge process had been stopped earlier, less energy would have been recovered above the cut-off temperature during the following discharge.

Furthermore, Fig. 10 shows that the model is able to describe correctly the evolution of the fluid temperature at the outlet of the packed bed. The deviation between experimental and numerical results may be assessed thanks to the dimensionless temperature difference which is the temperature difference divided by the difference between the hot and the cold temperatures of the process (i.e. 800°C and 80°C). Respectively during charge and discharge, the dimensionless temperature difference between experimental and numerical results is inferior to 4.5% and 1.2% in Fig. 10 (a), and inferior to 5.5% and 4.4% in Fig.

(b).

Thanks to the numerical results, the exergy efficiency is calculated with equations ( 26) and ( 27). At low and high mass flows, the average exergy efficiency of the cycles is respectively 89% (ranging from 87% to 91% depending on the cycle) and 90% (ranging from 85% to 93%). Therefore, over the range of operating conditions investigated here, the exergy efficiency of the structured bed is high and seems independent from the fluid mass flow. During cycling, the model is even able to describe the slight fluctuations due to the variations of the inlet conditions. This is illustrated by Fig. 11 which compares the evolutions of the thermal utilization rate (TUR) computed from the experimental and numerical thermal profiles. The TUR roughly corresponds to the ratio between the discharged energy at the end of each cycle and the theoretical heat capacity of the packed bed (1110 kWhth for the structured packed bed between 80°C and 800°C).

It is calculated with experimental or numerical thermal profiles thanks to equation ( 28) which is simplified by neglecting the heat capacity of the gas in the packed bed.

In the test conditions, the utilization rate is around 65%, which leads to an effective heat capacity of 726 kWhth and hence 

Thermal results of the granular packed bed

The temperature in the granular packed bed is much more heterogeneous than in the structured packed bed because the corners of the cross section have a distinct thermal behaviour. This is illustrated by Fig. 12 in which the temperature measured by the thermocouples of solid located in the corners (positions 7, 9, 11 and 13 in Fig. 6 (a)) is plotted with dashed lines. shows that the velocity of the fluid, and hence of the thermal front, is higher in the corners of the packed bed. This is the result of the higher void fraction, and hence of the lower pressure drop, caused by the influence of the walls on the arrangement of the pebbles in the corners. Due to this particular thermal repartition, the arithmetic average of the temperature measured by the thermocouples of a given level may differ significantly from the surface weighted average (especially when some measurement points are missing because of broken thermocouples). A better estimation of the surface weighted average is obtained by considering separately the corners, the core and the intermediate regions of the cross section. As shown by Fig. 13, these three regions can be considered thermally uniform enough so that an arithmetic average is relevant inside each region. The arithmetic averages of these regions are weighted in relation with the corresponding cross-sectional area and then combined. The weighting and the thermocouples of solid related to each region are illustrated in Fig. 14. At some altitudes and some moments, the surface weighted average significantly differs from the global arithmetic average. This is particularly visible in Fig. 12 when the thermal front passes through the altitude z* = 0.917 (before 0.5 h and after 2.5 h). charge. However, it is also necessary to initialize the temperature of the walls of the tank, but there is no reliable measurement of this temperature in the setup. To solve this problem, the initial thermal profile of the walls is estimated numerically. Since the first cycle studied here already corresponds to a stabilized regime, this means that the thermal profiles are very similar from a cycle to the other. Therefore, the model is computed from any initial state with the inlet conditions of the first cycle which is repeated as many times as necessary so that the system reaches stabilization. At the end of this numerical stabilization, the thermal profile of the walls at the beginning of a charge can be used as a good estimation of the actual initial state of the walls for the modelling of the experimental tests. Due to the lack of temperature measurement inside the walls, it is not possible to validate directly the numerical results

given by the model for the walls. However, given that the walls potentially represent 15% of the regenerator's heat capacity, a critical error in the modelling of the walls would have a significant influence on all the results of the simulation. Therefore, the fact that the observed experimental results (i.e. the thermal profiles of the solid) are well simulated by the model in some ways validates the whole modelling procedure, and hence indirectly validates the modelling of the walls based on the extended lumped capacity method. ). These differences are higher than for the structured bed (see Fig. 10). This is partly due to measurement and calculation biases for the experimental value. In order to get a consistent experimental outlet fluid temperature corresponding to the mixing temperature, the outlet fluid temperature should be calculated considering the whole cross section of the bed and the mass flow repartition over the cross section. However, first, there is no thermocouple for fluid temperature measurement in the corners of the granular bed (see Fig. 6 (a)). Second, the setup is not equipped to measure the mass flow repartition, while the thermal profiles show that the mass flow is significantly higher in the corners of the cross section. Therefore, the experimental temperature plotted in Fig. 17, which corresponds to the average temperature measured by all the available thermocouples at the outlet cross section, is not fully representative of the mixing temperature. Since the thermal front (and hence the temperature evolution) is faster in the corners, the average experimental fluid temperature would evolve faster and hence would be closer to numerical results if the temperature of the corners were available and taken into account. This would be even more pronounced if the mass flow repartition could be taken into account since the mass flow is higher in the corners, and hence the relative weight of the corresponding temperature is larger than in the core region.

Given that flow channelling is increased at high fluid flow, this explains why the deviation is higher at high fluid flow.

The bias on the fluid temperature can be estimated thanks to the measurement of the solid temperature: when calculated without the corners, the average temperature of solid near the outlet is artificially decreased by up to 6.6% in charge and increased by up to 3.5% in discharge at low fluid flow, and decreased by up to 7.1% in charge and increased by up to 13.3% in discharge at high fluid flow. Therefore, the measurement bias is of the same order of magnitude than the deviations observed in Fig. 17 and partly explains the difference between experimental and numerical results.

Considering the numerical results of Fig. 17, at low and high mass flows, respectively 71% and 77% of the energy discharged during the cycle is recovered at an outlet fluid temperature (Tout-Tcold)/(Thot-Tcold) superior to 95%. This corresponds respectively to 32% and 37% of the energy capacity of the storage (when the capacity of the refractory walls is taken into account). It is relatively low mainly because of the refractory walls: while they have a significant heat capacity, they take little part in the effective storage of heat. For both flow rates, the average exergy efficiency of the cycles is 85% (ranging from 84% to 88% at low fluid flow and from 76% to 88% at high fluid flow). Therefore, like for the structured packed bed, in the range of this operating conditions, the exergy efficiency of the granular packed bed seems independent from the fluid mass flow. The validation of the model is strengthened by the comparison of the experimental and the numerical evolutions of the utilization rate throughout thermal cycling illustrated in Fig. 18. This figure shows the utilization rate calculated thanks to equation ( 28). This utilization rate therefore corresponds to the packed bed only and doesn't take account of the refractory walls: the considered theoretical heat capacity is 1415 kWhth. Since there is no temperature measurement inside the walls, this enables to compare experimental and numerical results. As shown by Fig. 18, the model is able to describe efficiently the fluctuations experienced by the setup. Once more, this is particularly significant since the numerical results are computed only from the initial state at the beginning of the first charge and from the inlet conditions (the measured mass flow corrected with the same coefficients for all the cycles of each test and the measured inlet temperature).

In the test conditions, the utilization rate of the granular packed bed (without the walls) is around 52%, which leads to an effective heat capacity of 730 kWhth and hence a volumetric heat capacity of 205 kWhth/m 3 . 

Pressure drops

The pressure drop of the packed beds is measured during the tests. The pressure difference ΔP measured during two thermal cycles between the top and the bottom of the beds (as illustrated in Fig. 1 (a)) is plotted in Fig. 19. By convention, the pressure difference is considered positive during charge and negative during discharge. Fig. 19 also shows the pressure drop calculated by the numerical model when the corrected mass flows are considered. In the structured packed bed, the pressure drop is calculated thanks to equation (29) in which the coefficients of the correlation of the friction factor as a function of the Reynolds number have been determined thanks to CFD simulations [START_REF] Desrues | Stockage massif d'électricité sous forme thermique[END_REF].

These coefficients are specific to the design of the structured packed bed. For the granular packed bed, the Ergun equation ( 30) is used [START_REF] Ergun | Fluid flow through packed columns[END_REF]. The absolute average pressure drops of Fig. 19 are calculated and presented in Table 2. The structured bed is not only longer but also narrower than the granular packed bed, which leads to a gas velocity 1.7 times higher in the structured bed than in the granular bed for a given fluid mass flow. However, Table 2 shows that the average measured pressure drop is 28% to 54% lower in the structured bed compared to the granular bed. This shows that a structured design can efficiently reduce pressure drops and hence pumping costs.

∆P ∆z = (1246.87 • Re h -1.6364 + 0.6937) • ρ f • u f 2 2 • [2 • H c • W c (H c + W c ) ⁄ ] ( 29 
) ∆P ∆z = 150 • (1 -ε) 2 ε 2 • μ f • u f D eq,a,s 2 + 1.75 • (1 -ε) ε • ρ f • u f 2 D eq,a,s (30) 
Fig. 19 and Table 2 show that equations ( 29) and ( 30) are not very accurate (especially during discharge), since the relative difference between measured and calculated pressure drops is in average between -7.2% and +61.9% depending on the case. Many authors disputed the value of the inertial and the viscous factors of the Ergun equation when the particles are not spherical [START_REF] Handley | Momentum and heat transfer mechanisms in regular shaped packings[END_REF][START_REF] Lakota | Hydrodynamics of trickling flow in packed beds: Relative permeability concept[END_REF], and some authors developed ad hoc correlations for rock beds [START_REF] Allen | Rock bed pressure drop and heat transfer: Simple design correlations[END_REF][START_REF] Chandra | Pressure drop and heat transfer characteristics of air-rockbed thermal storage systems[END_REF][START_REF] Dunkle | Randomly packed particulate bed regenerators and evaporative coolers[END_REF][START_REF] Hollands | Pressure drops across rock bed thermal storage systems[END_REF]. Moreover, the Ergun equation is intended to infinite packed beds which don't suffer from edge effects nor flow heterogeneities [START_REF] Foumeny | Elucidation of pressure drop in packed-bed systems[END_REF][START_REF] Nemec | Flow through packed bed reactors: 1. Single-phase flow[END_REF], which is not the case of the granular bed. This could explain the relatively high deviation observed between calculated and measured pressure drops for the granular bed. However, the calculated pressure drop is of the same order of magnitude as the measured values and follows approximately the same trend. Therefore, it can be used as a first estimation. 

Structured regenerator

Mechanical observations

Over the whole test campaign, the regenerators had experienced a hundred of thermal cycles. They were observed from a mechanical point of view during the dismantling. At the end of the test campaign, almost all the plates (97%) of the structured packed bed were found fractured (as shown by Fig. 21 (a)) but still well positioned (as illustrated in Fig. 2 (b)). The fracturing of the plates is ascribed to the repetitive thermal expansion/contraction cycles experienced by the metallic holding rods. During charge, the thermal dilation of the holding rods allows the plates to lean. Afterwards, during the consecutive discharge, the thermal contraction of the rods stresses and breaks the plates which cannot recover their original position. If there hadn't been holding rods, the plates would probably not have been fractured. This experience feedback should be considered for future work. As a result of the fracturing, the total height of the packed bed decreased by 27.5 cm, which represents a settlement of 5.5%. The cumulated settlement of each level is plotted in Fig. 20 (a). Since the height of each level was measured from the top of the bed, the accuracy is not very good for the lowest levels, this is the reason why a negative value is obtained for the second level.

In the granular packed bed, despite the presence of grids aiming to limit the vertical displacement of the rocks, the settlement reached 25.0 cm, which corresponds to 8.3% of the initial height. As shown by Fig. 20 (b), the settlement (which was measured thanks to the position of the grids) is distributed almost linearly over the whole packed-bed height. It was observed that the settlement was slightly larger in the corners of the cross section. The proportion of pebbles found broken at the end of the test campaign is estimated to be only 1.7% and is homogeneous over the bed height. As shown by Fig. 21 (b), in the corners, the edges of the refractory walls were found fractured, which led to an increase of about 2 cm of the bed width (1.8% of the initial bed width). Therefore the settlement of the bed is ascribed to thermal ratcheting, i.e. the repetitive rearrangement of the pebbles due to cyclic thermal expansion/contraction of both the pebbles and the refractory walls. It is impossible to know if the regenerator was mechanically stabilized at the end of the test campaign, or if the thermal ratcheting would have continued if additional tests had been performed. The weighting of the impactor filter of the setup shows that the concentration of dust in the gas circulating through the granular bed is less than 0.25 mg•Nm -3 . In comparison, the maximum acceptable concentration at the input of turbomachines is around 10 mg•Nm -3 . The size of the dust particles collected and observed with a microscope ranges from 1 μm (smaller particles are not visible with the microscope) to 85 μm. The settlement of the beds was measured only at the end of the test campaign and was not continuously surveyed during the tests. However, this phenomenon is likely to be progressive [START_REF] Sassine | Thermal stress numerical study in granular packed bed storage tank[END_REF]). That's why, even if the settlement reduces the height of the beds and probably displaced some thermocouples, especially in the granular bed, the original heights and thermocouple positions were used to analyse the experimental results and to simulate the systems.

Conclusion

Two pilot-scale regenerative heat storage systems have been tested by the French Alternative Energies and Atomic Energy Commission (CEA). The first one is a 1.1-MWhth structured packed bed consisting of ceramic plates forming corrugated channels. The second one is a 1.4-MWhth basaltic rock bed enclosed by refractory walls representing an additional storage capacity of 255 kWhth. The two regenerators were tested under cyclic operating conditions between 80°C and 800°C with different fluid mass flows (0.3 kg/s and 0.6 kg/s).

From an experimental point of view, both systems showed their ability to store heat efficiently. In the test conditions, the thermal utilization rate ranged from 55% to 70% for the structured packed bed, and from 45% to 56% for the granular packed bed (considered without the walls). This led to average effective volumetric heat capacities of 227 kWhth/m 3 and 205 kWhth/m 3 respectively. It should be pointed out that these results depend a lot on the operating conditions, particularly on the cut-off temperature (i.e. the outlet temperature at which the cycles are switched). Both systems exhibited a stable outlet fluid temperature during discharge: between 69% and 77% of the discharged energy is recovered at a dimensionless outlet fluid temperature superior to 95%. This leads to exergy efficiencies around 90% for the structured packed bed and 85% for the granular packed bed. Over the range of operating conditions investigated, the exergy efficiency seems independent of the mass flow.

The transverse thermal profiles in the rock bed exhibited large edge effects due to flow channelling in the corners of the square cross section. This phenomenon is ascribed to higher void fraction and hence lower pressure drop in the corners caused by the influence of the walls on the arrangement of the rocks. Compared to the granular packed bed, the structured bed enabled to efficiently prevent edge effects and to reduce significantly pressure drop (by up to 54%).

Over the whole test campaign, the regenerators experienced a hundred of thermal cycles. Thermal ratcheting in the granular packed bed led to a settlement of 8.3% of the initial height and an increase of 1.8% of the initial width. Although the structured packed bed had a larger aspect ratio (which is likely to increase thermal ratcheting), the relative settlement was only 5.5%. Moreover, the inhibition of the settlement in the structured packed bed would have probably been even more significant if the plates hadn't been equipped with metallic holding rods which caused thermo-mechanical stresses on the plates.

The quantity of dust particles generated by the rock bed was less than 0.25 mg•Nm -3 and the particles had a size inferior to 85 μm. It is therefore acceptable for most turbomachinery equipment.

The thermal results were simulated thanks to a one-dimensional numerical model which had been presented in a previous publication [START_REF] Esence | A versatile one-dimensional numerical model for packed-bed heat storage systems[END_REF]. For both the granular and the structured packed beds, the model assumes homogeneous and continuous porous media, and takes account of the conduction resistance within the solid filler and the walls thanks to the extended lumped capacity method. The model has only two energy equations (one for the solid filler, the other for the heat transfer fluid) to simulate the structured packed bed since it gets an internal insulation. To simulate the granular packed bed, an additional energy equation is used to take account of the internal walls. In both cases, compared to the experimental data, the model gave consistent results over numerous thermal cycles without fitting nor adjustment. Only the fluid mass flow measured in the chimneys had to be corrected to obtain the mass flow circulating through the beds. This correction is justified by the uncertainty of measurement of the fluid flow and by the existence of leaks and by-passes in the setup. The successful modelling of numerous cycles is significant since the potential discrepancies between experimental and numerical results are likely to accumulate from a cycle to the other.

Given that the granular packed bed exhibited large transverse thermal heterogeneities, for sake of consistency, the onedimensional numerical results were compared to the experimental surface weighted average temperature over the cross section of the bed. This comparison showed that the model enabled to compute correctly the average one-dimensional thermal behaviour of the packed bed.

A correlation developed in a previous work thanks to a CFD study was used to compute the pressure drop of the structured packed bed, while the well-known Ergun equation was used for the granular packed bed. These correlations enabled to compute the measured pressure drops with a relative error ranging from -7.2% to +61.9%. For the granular packed bed, the deviations are ascribed to the flow heterogeneities and the shape of the rocks which are not taken into account in the Ergun 

  Description of the CLAIRE experimental setup. (a) Diagram of the setup. (b) Pictures of the regenerators.
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 2 Fig. 2. Pictures of the structured packed bed. (a) Picture of the ceramic plates during implementation of the bed. (b) Picture of the top of the bed before dismantling.
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 3 Fig. 3. Dimensions of an elementary unit of the structured packed bed.
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 4 Fig. 4. Positions of the thermocouples in one level of the structured packed bed. (a) Top view. (b) Side view.
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 5 Fig. 5. Composition of the granular packed bed. (a) Diagram of the cross-section. (b) Picture at 2.8 m high.
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 6 Fig. 6. Positions of the thermocouples and the grids in the granular packed bed. (a) Cross sections (dimensions in mm). (b) Side view (dimensions in m).

Fig. 7 .

 7 Fig. 7. Temperature of all the thermocouples of solid at some levels in the structured packed bed during a thermal cycle performed with high mass flow (𝑚̇ ≅ 0.6 kg/s).

Fig. 8

 8 Fig. 8 shows the experimental and numerical thermal profiles in the structured packed bed during the first charge and the consecutive discharge with low fluid mass flow. As previously discussed, the experimental values correspond to the arithmetic average of the temperature measured by the thermocouples of solid at each level. The numerical values correspond to the onedimensional profile computed by the model for the solid phase. The model is initialized with the experimental thermal profiles at the beginning of the first charge ("0 min" in Fig. 8 (a)). The model is then computed with the parameters and the physical properties summarized in Appendices A and C by imposing the evolutions of the inlet fluid temperature and of the corrected fluid mass flow during exactly the same durations as the experimental cycles. The inlet fluid temperature imposed on the model corresponds to the evolution of the temperature of fluid measured by the two highest or the two lowest thermocouples of gas (respectively during charge and discharge). These thermocouples are located 6 cm from the boundaries of the packed bed.At the end of a charge or a discharge, the final thermal profiles computed by the model are used as initial condition for the next

Fig. 10 .

 10 Fig. 10. Experimental and numerical temperatures of fluid at the outlet of the structured bed during (a) the 12 th cycle at low fluid flow and (b) the 28 th cycle at high fluid flow.

Fig. 11 .

 11 Fig. 11. Comparison of the experimental and numerical evolutions of the thermal utilization rate in the structured packed bed during the cycling tests with (a) low fluid flow and (b) high fluid flow.

Fig. 12 .

 12 Fig. 12. Temperature of all the thermocouples of solid at some altitudes in the granular packed bed during a thermal cycle performed with high mass flow (𝑚̇ ≅ 0.6 kg/s). The temperatures measured in the corners are indicated with dashed lines.

Fig. 13

 13 Fig. 13 represents thermal sectional views in the granular packed bed during the passage of the thermal front. It corresponds to interpolation/extrapolation of the temperature measured by the thermocouples of solid at a given altitude. It

Fig. 13 .

 13 Fig. 13. Sectional view of the temperature of solid in the granular packed bed at (a) z* = 0.083 during charge and (b) z* = 0.660 during a discharge. The arrows indicate the fluid flow direction which is the opposite of the thermal front progress.

Fig. 14 .

 14 Fig. 14. Demarcation and weighting of the regions considered for estimation of the surface weighted average of the temperature over the cross section of the granular packed bed.Fig. 15 compares the experimental and numerical thermal profiles of the solid phase in the granular packed bed during the first charge and the first discharge operated with low fluid flow. The experimental profiles correspond to the surface weighted average temperature of rock. The numerical results are obtained with the parameters and the physical properties detailed in Appendices B and C, and the same simulation procedure as the structured packed bed. The inlet temperature used for modelling corresponds to the average temperature measured by the thermocouples of gas located at the boundaries of the packed bed (z = 0 m or 3 m in Fig. 6 (b)). The experimental data are available as supplementary material with this paper. For the fluid and the solid phases, the model is initialized with the experimental thermal profiles at the beginning of the first

Fig. 15 .

 15 Fig. 15. Comparison of the experimental and numerical thermal profiles of solid (respectively symbols and curves) in the granular packed bed during (a) the first charge and (b) the first discharge at low fluid flow. The experimental and numerical thermal profiles in the granular packed bed at the end of some charges and discharges during the cycling tests with low and high mass flows are compared in Fig. 16. This figure shows a good agreement between the experimental results and the model throughout the cycling tests. For each represented cycle, Fig. 16 also shows in dashed lines the numerical thermal profiles predicted by the model for the refractory walls of the tank. Since the model is onedimensional and takes account of the internal conductive resistance of the walls, these thermal profiles correspond to the average temperature over the thickness of the walls. Due to the relatively large wall thickness and the physical properties of the refractory material, the external part of the walls doesn't undergo the whole thermal amplitude of the cycles. That's why the thermal profiles of the walls between charge and discharge are close to each other compared to the thermal profiles of the solid phase which experiences more the thermal amplitude of the cycles.

Fig. 16 .

 16 Fig. 16. Comparison of the experimental and numerical thermal profiles of solid (respectively symbols and continuous lines) in the granular packed bed at the end of some charges and discharges during the cycling tests with (a) low fluid flow and (b) high fluid flow. The dashed lines correspond to the numerical thermal profiles of the walls.

Fig. 17

 17 Fig. 17 shows the experimental and numerical outlet fluid temperatures during the last cycles. During charge and discharge respectively, the dimensionless temperature difference between experimental and numerical results is inferior to 7.4% and 3.0% for low fluid flow (Fig. 17(a)), and inferior to 12.7% and 4.3% for high fluid flow (Fig. 17(b)). These
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 17 Fig. 17. Experimental and numerical temperatures of fluid at the outlet of the granular bed during (a) the 12 th cycle at low fluid flow and (b) the 27 th cycle at high fluid flow.

Fig. 18 .

 18 Fig. 18. Comparison of the experimental and numerical evolutions of the thermal utilization rate in the granular packed bed (considered without the walls) during the cycling tests with (a) low fluid flow and (b) high fluid flow.

Fig. 19 .

 19 Fig. 19. Pressure drop of the regenerators over two thermal cycles with (a) low fluid flow and (b) high fluid flow.Fig.19shows that the absolute pressure difference increases during charge and decreases during discharge. This is due to the evolution of the physical properties of the heat transfer fluid with the temperature: during charge, the average temperature of the gas increases, which causes an increase in the specific volume (and hence in the velocity) and in the viscosity of the fluid. This leads to an increasing pressure drop. Reversely, during discharge, the average temperature of the heat transfer fluid decreases and hence the absolute pressure drop decreases.

Fig. 20 .

 20 Fig. 20. Settlement of (a) the structured packed bed and (b) the granular packed bed observed at the end of the test campaign.

Fig. 21 .

 21 Fig. 21. Mechanical observations at the end of the test campaign. (a) Fracturing of the plates caused by the metallic holding rods in the structured packed bed. (b) Rupture of the edge of the internal walls due to thermal ratcheting in the granular packed bed.
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Table 1 .

 1 Correction coefficients applied to the mass flow measured in the chimneys in order to estimate the mass flow in the regenerators.

			Structured regenerator Granular regenerator
	Low mass flow	Charge	0.952	0.981
		Discharge	0.848	0.859
	High mass flow Charge	0.988	0.947

Table 2 .

 2 Average absolute pressure drops of the regenerators during the cycles illustrated in Fig.19.

	Granular regenerator

Appendix A

Packed bed Lb (m) 5.0 lb × lb (m²) 0.8 × 0.8 ε 0.40 Plates: cordieritic ceramic xs 0.60 ρs (kg•m -3 ) 2500 

1.5 ϵs 0.7 Internal walls: Refractory brick (40% alumina)

2.9•10 -4 •T(°C)+1.202 Thermal loss Uw/∞ (W•m -2 •K -1 ) 0.176 T∞ (°C) 20 Table 4. Physical properties and simulation parameters of the granular regenerator.

Fluid of charge: Exhaust fumes

1.521•10 -11 •T(K) 3 -4.857•10 -8 •T(K) 2 +1.0184•10 -4 •T(K)-3.9333•10 -4 μf (Pa•s) 8.3592•10 -15 •T(K) 3 -2.9800•10 -11 •T(K) 2 +6.2772•10 -8 •T(K)+2.0863•10 -6 Table 5. Physical properties of the heat transfer fluids.