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Introduction

A major challenge of our modern societies is to limit climate change. To this sake, the European Union has adopted the European Green Deal in 2019 [START_REF]European Commission, COMMUNICATION FROM THE COMMISSION The European Green Deal[END_REF] aiming to reinforce the previous objectives taken in 2009 and updated during the 2010s [2]. To reduce the greenhouse gas emissions, it is crucial to decrease the carbonated fossil energy and to increase the renewable energy share in the energy mix, while improving the efficiency of the energy systems. One of the main issues encountered with renewable energy, whether wind or solar, is the intermittency of its production and consumption, calling for solutions to store energy, long term or short term [START_REF] Gautam | A review on technical, applications and economic aspect of packed bed solar thermal energy storage system[END_REF][START_REF] Gautam | Performance analysis and system parameters optimization of a packed bed solar thermal energy storage having spherical packing elements with pores[END_REF][START_REF] Sharma | Solar air heating systems with latent heat storage -A review of state-of-the-art[END_REF][START_REF] Ma | Enhanced thermal energy storage performance of hydrous salt phase change material via defective graphene[END_REF]. Among the various energy storage solutions that exist, Thermochemical Energy Storage (TES) is a promising one because it allows to prevent heat leakages and reaches high values of stored energy: the energy density of the reactive material goes from 50 to 380 kWh/m 3 and the one of the prototype ranges from 30 to 200 kWh/m 3 [START_REF] Michel | Experimental investigation of an innovative thermochemical process operating with a hydrate salt and moist air for thermal storage of solar energy: Global performance[END_REF]. The need for compactness in the storage unit is one the challenges faced by TES. The principle of storing energy thermochemically [START_REF] Fisher | Hydration kinetics of K2CO3, MgCl2 and vermiculitebased composites in view of low-temperature thermochemical energy storage[END_REF][START_REF] Clark | Experimental investigation into the performance of novel SrCl2-based composite material for thermochemical energy storage[END_REF][START_REF] Mette | Concepts of long-term thermochemical energy storage for solar thermal applications -Selected examples[END_REF] lies in a reversible chemical reaction between two reactantsa solid and a fluid (often a gas). In this study the reactive material is a salt which characteristics correspond to strontium bromide (SrBr2) and the fluid is a gas (water vapor) carried by an air flow at atmospheric pressure in an open system. This pair of reactants was selected as an example of well studied process [START_REF] N'tsoukpoe | A systematic multi-step screening of numerous salt hydrates for low temperature thermochemical energy storage[END_REF][START_REF] Farcot | Experimental investigation of a moving-bed heat storage thermochemical reactor with SrBr2/H2O couple[END_REF][START_REF] Fopah-Lele | A review on the use of SrBr2•6H2O as a potential material for low temperature energy storage systems and building applications[END_REF][START_REF] Michel | Experimental investigation of an open thermochemical process operating with a hydrate salt for thermal storage of solar energy: Local reactive bed evolution[END_REF]. When cool humid air comes in contact with the salt, the reaction between water vapor and the salt generates heat so that the exiting air is drier and warmer. On the opposite, during the storing processs, the release of water vapor molecules by the salt requires heat which is taking out of the heat transfer fluid, leading to air exiting the reactor at a higher moisture level and lower temperature than at the entrance.

When it comes to enhancing the thermochemical reactor performance, we note that most studies concern the scale of the heat exchanger or of the whole reactor [START_REF] Kant | Performance analysis of a K2CO3based thermochemical energy storage system using a honeycomb structured heat exchanger[END_REF][START_REF] Berdiyeva | Sr(NH3)8Cl2-Expanded Natural Graphite composite for thermochemical heat storage applications studied by in-situ neutron imaging[END_REF]. We focus in this work on the pore scale, when a porous matrix is impregnated with salt. From a practical point of view, such strategy becomes possible to implement because, today, techniques such as robotcasting allow to 3D print with large possibilities of controlled geometry [START_REF] Tabard | Hierarchical salt-ceramic composites for efficient thermochemical energy storage[END_REF][START_REF] Tabard | Robocasting of highly porous ceramics scaffolds with hierarchized porosity[END_REF]. The analysis developped in this work relies on the constructal law [START_REF] Bejan | Street network theory of organization in nature[END_REF]. The view that morphing flow configurations with purpose enhances the efficiency of any flow system is the centerpiece of the constructal approach.

Applications span multiple domains [START_REF] Bejan | The constructal unification of biological and geophysical design[END_REF][START_REF] Kasimova | Ant mound as an optimal shape in constructal design: Solar irradiation and circadian brood/fungi-warming sorties[END_REF][START_REF] Rodrigues | Geometric optimization of a lid-driven cavity with two rectangular intrusions under mixed convection heat transfer: A numerical investigation motivated by constructal design[END_REF][START_REF] Bejan | Two hierarchies in science: the free flow of ideas and the academy[END_REF][START_REF] Lorente | The liver, a functionalized vascular structure[END_REF], mainly in thermal science [START_REF] Teixeira | Geometrical investigation of bluff bodies array subjected to forced convective flows for different aspect ratios of frontal body[END_REF][START_REF] Tang | Constructal design for a boiler economizer[END_REF][START_REF] Nava-Arriaga | Heat sinks with minichannels and flow distributors based on constructal law[END_REF][START_REF] Almerbati | Hexagonal and mixed arrays of flow channel design in counterflow heat exchanger[END_REF], including energy storage (sensible, latent [START_REF] Eslami | Sensible and latent thermal energy storage with constructal fins[END_REF][START_REF] Lorente | Design of a Latent Thermal Energy Storage System From Constructal Approach[END_REF] and TES [START_REF] Azoumah | Optimal Design of Thermochemical Reactors Based on Constructal Approach[END_REF][START_REF] Tescari | Constructal method to optimize solar thermochemical reactor design[END_REF]). While the heat transfer fluid (humid air) is blown along the channel at a mass flow rate ṁ, its water vapor content reacts with the salt thanks to molecular diffusion. Insights on the tube length can be estimated from the determination of the entropy generated during the process. The heat transfer irreversibilities are given by [START_REF] Bejan | Constructal design of regenerators[END_REF] S ̇gen,∆T ~q∆T T 2

Thermodynamic analysis

where q is the heat released during the salt hydration, 𝑞~ 𝑘 𝑐𝑖𝑛 ∆ℎ 𝑛 𝑠 𝒱 𝑠 . Here ∆𝑇 is the temperature change experienced by the fluid during the salt hydration, 𝑘 𝑐𝑖𝑛 is the kinetic constant of the salt 

Because, in laminar flow, ∆𝑝 scales as 12 𝜈 𝑚̇𝑥 𝑊𝑑 3 ⁄ .

The balance between heat transfer and fluid irreversibilities leads to

x ~ n s 𝒱 s k cin ∆h 12νṁ2 ρ f Wd 3 ∆T T (4) 
Equation 4 shows that when the boundary conditions are fixed (mass flow rate and inlet temperature) and the salt characteristics and salt amount are also fixed, the elemental channel length dictates the temperature increase of the heat transfer fluid that leaves the channel. Because space is constrained, improving the performance of the element means to change its configuration towards more compactness in the space occupied by the surface of exchange between the heat transfer fluid and the salt, while acknowledging a penalty in terms of friction losses.

Modelling

The numerical analysis consists in solving the mass, momentum and energy conservation equations, considering laminar flow within the fluid channel, and molecular diffusion through the salt.

The heat transfer fluid is humid air. Water vapor is the active component that triggers the thermochemical reaction while diffusing within the salt. Therefore, in addition to the mass conservation of humid air within the channel (Eq. ( 5)), the conservation of the mass of water vapor must be written within the channel and the salt (Eq. ( 6)). Equation [START_REF] Michel | Experimental investigation of an innovative thermochemical process operating with a hydrate salt and moist air for thermal storage of solar energy: Global performance[END_REF] gives the momentum equation. The first law of thermodynamics is written for the entire system (channel and salt, Eq. ( 8)). Finally, Eqs. ( 9) and [START_REF] Mette | Concepts of long-term thermochemical energy storage for solar thermal applications -Selected examples[END_REF] give respectively the rate of the reaction advancement for the salt hydration and for the salt dehydration.

Dρ f Dt = 0 (5)
where ρ f is the density of humid air. It is assumed that the changes in water vapor content do not impact the humid air properties [START_REF] Michel | Experimental investigation of an open thermochemical process operating with a hydrate salt for thermal storage of solar energy: Local reactive bed evolution[END_REF].

D𝐮 Dt = - 1 ρ f 𝛁p + ν𝛁 2 𝐮 ( 6 
)
where 𝒖 is the humid air velocity vector, ν is the kinematic viscosity.

∂c ∂t + 𝛁(-D v,i 𝛁c ) + G i = O i ( 7 
)
where c is the water vapor concentration. The subscript i is either s the salt or 𝑓 for the fluid (humid air). 𝐷 𝑣,𝑠 and 𝐷 𝑣,𝑓 are the diffusions coefficient of water vapor in the salt and in the fluid respectively. We have:

Gf =(𝒖 • 𝜵)𝑐 , Gs = 0 , Of = 0 , Os = -𝛾 𝑛 𝑠 𝜕𝑎 𝜕𝑡
, where γ is the stochiometric coefficient of the reaction and a is the reaction advancement.

ρ i c p i ∂T ∂t + 𝛁 • (k i 𝛁T) + I i = J i (8) 
where 𝑐 𝑝 𝑠 and 𝑐 𝑝 𝑓 are the salt and fluid heat capacity respectively, ks and kf are the salt and the fluid thermal conductivity respectively.

If =(𝜌 𝑓 𝑐 𝑝 𝑓 𝒖 • 𝜵) 𝑇, Is = 0, Jf = 0, Js = 𝑛 𝑠 𝜕𝑎 𝜕𝑡 ∆ℎ. ∂a ∂t = k cin (1 - p eq p v ) (1 -a) (9) 
∂a ∂t = k cin (1 - p eq p v ) a (10) 
where peq is the equilibrium pressure, and pv is the vapor partial pressure.

The initial and boundary conditions are identical to the ones described in Ref. [START_REF] Malley-Ernewein | Analysis of thermochemical energy storage in an elemental configuration[END_REF]: the initial temperature is Tinit, and the initial vapor concentration is cinit. This concentration corresponds to the equilibrium vapor pressure at temperature Tinit. The fluid is initially motionless at atmospheric pressure. Table 1 to 3 give the set of data used in the simulations. The salt characteristics are the ones of the SrBr2 [START_REF] Michel | Experimental investigation of an open thermochemical process operating with a hydrate salt for thermal storage of solar energy: Local reactive bed evolution[END_REF].

The mass flow rate ṁ, water vapor concentration, 𝑐 𝑖𝑛 , and the temperature, 𝑇 𝑖𝑛 , are constant at the channel entrance. The mass flow rate value ensures to remain in the laminar region. The entrance length is chosen greater than 0.05 𝑅𝑒 𝐷 ℎ × 𝑑 [START_REF] Langhaar | Steady flow in the transition length of a straight tube[END_REF] to allow a fully developed flow. The outlet boundary conditions are atmospheric pressure and thermal outflow. The external walls of the channels are thermally insulated with no vapor flux. A no-slip condition is imposed at the fluid/salt interface.

When molecules of water vapor react with the salt, an increase in volume of the now hydrated salt may be expected, depending on the dimensions and geometry. Assuming the impregnated salt layer is pure salt, the swelling is directed perpendicularly to the wall, in the fluid channel. Numerically, swelling leads to the modelling of moving boundaries and interfaces. To account for this, we added a displacement velocity 𝑽 perpendicular to each salt interface, directed from the salt toward the fluid channel. This velocity is proportional to the reaction advancement rate (Eq. ( 11)).

𝐕 = C ∂a ∂t ( 11 
)
where C is a swelling coefficient obtained from the experimental data of Ref. [START_REF] Michel | Experimental investigation of an open thermochemical process operating with a hydrate salt for thermal storage of solar energy: Local reactive bed evolution[END_REF].

In [START_REF] Michel | Experimental investigation of an open thermochemical process operating with a hydrate salt for thermal storage of solar energy: Local reactive bed evolution[END_REF], ε the porosity of the reactive material, which is arranged in beds, evolves during the salt reaction: the porosity value goes from 0.684 when the salt bed is fully dehydrated (FD) to 0.383 when it is fully hydrated (FH). The porosity is calculated with the salt bed energy density Dec, the enthalpy of reaction Δh, the salt density ρs and the salt molar mass Ms). Knowing that ε = (1-𝒱 𝑠 ) / 𝒱 𝑎𝑝𝑝 and 𝒱 𝑎𝑝𝑝 is constant, we calculate 𝒱 𝑠,𝐹𝐻 / 𝒱 𝑠,𝐹𝐷 = 1.95. Because the velocity is defined at the salt/fluid boundary, the swelling coefficient C is equal to e  (1.95-1).

The set of equations is solved with a FEM code [37]. The verification and validation of the numerical approach were presented in earlier works [START_REF] Malley-Ernewein | Analysis of thermochemical energy storage in an elemental configuration[END_REF][START_REF] Malley-Ernewein | Constructal design of thermochemical energy storage[END_REF][START_REF] Malley-Ernewein | The shape of the elemental system in a porous medium designed for thermochemical energy storage[END_REF] and are not repeated here. The mesh chosen for the study consists of 530,000 elements, with refinements located at the boundaries between the fluid domain and the salt domain, and within the salt domain. The test on the mesh accuracy was based on mass and energy conservation at the scale of the entire element. With 530,000 elements, mass and energy conservation was ensured with a 2% margin of error which was considered accurated enough. The impact of swelling on the reaction advancement was tested in the case of a straight channel of rectangular cross section 𝑑 × 𝑊 = 10 µm × 1 m. To simulate salt impregnation, the interior of the walls was covered by a salt layer of thickness e. The tested values were e = 0.5, 1, 2 and 2.5

µm. The simulations were run in two cases: with and without swelling. As shown in Figure 2, swelling does not have effect on the results up to a salt thickness e = 1 µm. Beyond this value the figure shows that swelling leads to an increase in the time needed for the complete advancement of the reaction. For example, the time to obtain the total hydration of the salt is multiplied by 2 when the thickness of the dehydrated salt is 2.5 µm. In the rest of the paper, the salt thickness was kept at e = 1 µm.

Figure 2: Reaction advancement in a straight channel with various salt layer thicknesses as a function of the dimensionless time, with and without swelling.

The Fishbone element

In the search for an increase in compactness, the channel geometry was changed to maintain the flow path to the value obtained in Eq. ( 4) while reducing the footprint of the element. In the new channels, the heat transfer fluid meanders between salt inserts. The assembly of channels in parallel leads to a structure of the salt inserts resembling a Fishbone. The resulting Fishbone salt configuration is shown in Fig. 3. Note that such change allows to meet the requirement of constant elemental fluid and salt volumes. 4). 

Upscaling to a salt bed

Consider now a reactor module made of an assembly of salt beds in parallel as shown in Fig. 6.

The typical dimensions of each side are about 10 cm (see Ref. [START_REF] Malley-Ernewein | Constructal design of thermochemical energy storage[END_REF] for more details). The salt beds alternate with inlet channels and outlet channels, in such a way that the heat transfer fluid entering the channels is forced to flow through its neighboring salt layer as the inlet channel exit is closed.

By the same token, the fluid is driven towards the outside of the module once it has crossed the salt beds. Assuming that each salt layer consists in identical Fishbone structures placed in parallel (see Fig. 6), about n = 1250 elemental Fishbones would be necessary for one single salt bed of L = 10 cm. The corresponding computational power needed for the numerical simulations at the salt bed scale would be so massive that another approach was preferred. Without loss of accuracy,

we determined the properties of a porous material equivalent to the Fishbone element. The volume of salt and the volume of the air passages were used to calculate the porosity 𝜀 equi of the equivalent porous element. The pressure difference between the inlet of the Fishbone and its outlet was extracted from the numerical results obtained in Section 4. An equivalent permeability was then calculated for an approach of the fluid flow through the bed based on Darcy's law (Eq. 12).

Table 5 gives the properties of the equivalent porous material obtained with this approach. Note that the term representing the sink or source of water vapor in Eq. ( 7) was corrected by a factor of 2.1 in order to match the results of the model based on the complete resolution of the set of Equations ( 5) to [START_REF] Mette | Concepts of long-term thermochemical energy storage for solar thermal applications -Selected examples[END_REF].

K = μ ṁi n ρ(L 0 -2e)W H ∆p (12) 
Figure 7 gives the reaction advancement as a function of the non-dimensional time (Fig. 7a), together with the non-dimensional heat released (Fig. 7b), the non-dimensional pressure change (Fig. 7c) and the non dimensional vapor concentration change (Fig. 7d) for the Fishbone and for its equivalent porous medium. The porous medium approach provides results similar to the ones obtained when modeling the heat and mass exchanges in the Fishbone with the set of equations proposed in Section 3, and was therefore kept for the simulation of the entire module. Table 5: Equivalent porous medium characteristics (the salt characteristics are in Table 3).

Equivalent porous medium characteristic

Value Assume next that the apparent volume of the module 𝒱 = 𝐻 𝑚𝑜𝑑𝑢𝑙𝑒 × 𝐿 × 𝑊 is fixed, together with the volume of salt. The apparent porosity 𝜙 is given by the ratio of the air channels between salt layers and the apparent volume of the module. This means that in this definition we do not account for the Fishbone intrinsic porosity (or its porous medium counterpart), which is also a constant as mentioned previously. We fix 𝜙 = 0.8. The question is how to distribute the salt beds within the entire volume so that the system performs at best: should the salt beds by constituted of few large elements or many small ones? To answer this question, we invoke one of the feature of the constructal law: the equipartition of thermodynamic imperfections, as in [37]. The number of parallel salt layers can be obtained by balancing the pressure losses along the heat transfer fluid channels and the pressure changes through each salt bed. Following the methodology developed in

ρ equ = ε equ ρ f + (1 -ε equ )ρ s (kg/m 3 ) Cp equ = ε equ Cp f + (1 -ε equ )Cp s (J/
Ref. [37], and not repeated here, we obtain:

12 K ~ ϕ 3 (1 -ϕ)H module 4 𝒱 2 N 2 L 2 [(ϕLH module 2 ) 2 + (N𝒱) 2 ] (13) 
where Hmodule, L and 𝒱 are the module height, length and apparent volume respectively. N is the total number of beds in the module and 𝐾 is the Fishbones bed permeability defined for the equivalent porous medium.

As shown in Fig. 8, equipartition is obtained when the number of salt layers is about 70 when K = 1.61 10 -13 m 2 , Hmodule = L = W = 10 cm and 𝜙 = 0.8. To confirm this result, a series of numerical simulations was run in the case of a cubic module of side 10 cm containing 10, 50, 80 and 100 salt layers with an overall blown mass flow rate of 2.92 10 -1 g/s and the boundary conditions in temperature, vapor concentration and pressure listed in Table 1. The mass flow rate comes from experimental works [START_REF] Michel | Experimental investigation of an innovative thermochemical process operating with a hydrate salt and moist air for thermal storage of solar energy: Global performance[END_REF] and was taken proportional to the salt volume. This value was used in a previous study [START_REF] Malley-Ernewein | Constructal design of thermochemical energy storage[END_REF] as the mass flow rate blown in one storage module. Recall that each salt layer is the porous medium equivalent to 1250 Fishbones in parallel. The results are summarized in Fig. 9 for different values of the reaction advancement.

Plotted on the ordinate is β the energy performance given by the ratio of heat released by the chemical reaction and the pumping power necessary to blow the heat transfer fluid through the entire module. The results indicate that separating the salt volume into about 55 parallel salt layers produces a higher β coefficient. This value is within the order of magnitude of the prediction from Eq. [START_REF] Fopah-Lele | A review on the use of SrBr2•6H2O as a potential material for low temperature energy storage systems and building applications[END_REF].

Finally, a parametric study was performed to determine the shape factor of the module leading to the best energy performance, while the overall module volume, porosity and height remained constant. The energy performance ratio reaches its maximum at the very beginning of the reaction advancement which corresponds to the highest heat released while the pumping power remains constant. The ratio then decreases in time as the reaction advancement progresses. Figure 8 shows the evolution of the energy performance ratio when changing the shape of the module. Clearly, shorter and therefore wider air channels separating the salt layers allow to increase the energy performance of the entire module. 

Conclusion

The objective of this work was to uncover a new kind of salt architecture for Thermochemical Energy Storage within a porous system. It is shown from thermodynamic analysis balancing heat transfer and fluid friction irreversibilities that a relationship between the geometrical features of the pore channels and the thermodynamic characteristics exists. The search for compactness in the configuration leads to Fishbone architectures in which the heat tranfer fluid is allowed to meander between salt inserts. By folding channels into Fishbone architectures at constant salt volume and heat transfer fluid volume, it was demonstrated that the resulting module made of layers of assemblies of Fishbones can be morphed into a highly compact ensemble with high energy efficiency.
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 1 Figure 1: Rectangular pore channel impregnated with saltnot to scale
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 3 Figure 3: Fishbone structure (left) and zoom on an elemental pattern (right)not to scale.
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 4 Figure 4: Reaction advancement and non-dimensional heat released as a function of the nondimensional time for a straight channel and for the Fishbone configuration.
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 4 Figure 4 presents the reaction advancement and the amount of heat released in time. The latter is
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 5 Figure 5: Non-dimensional water vapor concentration (𝑐̃= 𝑐 /𝑐 𝑖𝑛 ) and velocity at different reaction advancements at mid-distance within the Fishbone.

Figure 6 :

 6 Figure 6: (a) Module made of the assembly of salt beds and air channels, with the details of a salt bed made of Fishbone elements in parallel, and (b) equivalent porous-media approach to describe heat, fluid and mass transport through the Fishbone element.
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 7 Figure 7: Comparison between the thermodynamics properties (reaction advancement, heat released, pressure losses and outlet vapor concentration) of the Fishbone model (solid lines) and the equivalent porous medium approach (dotted lines) as a function of the non-dimensional time.
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 8 Figure 8: The two terms of Eq. 13 as a function of the number of salt layers N.
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 9 Figure 9: Energy ratio β at different advancements as a function of the number of salt layers N for constant module dimensions.
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 10 Figure 10: Energy ratio β as a function of the reaction advancement for different module dimensions.

  

Table 1 :

 1 Initial and boundary conditions, adapted from[START_REF] Michel | Experimental investigation of an open thermochemical process operating with a hydrate salt for thermal storage of solar energy: Local reactive bed evolution[END_REF][START_REF] Malley-Ernewein | Analysis of thermochemical energy storage in an elemental configuration[END_REF][START_REF] Esaki | Reaction Rate Characteristics of SrBr2 Hydration System for Chemical Heat Pump Cooling Mode[END_REF][START_REF] Cussler | Diffusion, mass transfer in fluid systems[END_REF].

	Parameter (unit)	Value
	cin (mol/m 3 )	0.406
	cinit (mol/m 3 )	0.056
	ṁi n (kg/s)	4.98 10 -10
	pv,in (Pa)	997
	pv,init (Pa)	137
	Tin (°C)	25
	Tinit (°C)	20

Table 2 :

 2 Fluid properties, adapted from[START_REF] Michel | Experimental investigation of an open thermochemical process operating with a hydrate salt for thermal storage of solar energy: Local reactive bed evolution[END_REF][START_REF] Malley-Ernewein | Analysis of thermochemical energy storage in an elemental configuration[END_REF][START_REF] Esaki | Reaction Rate Characteristics of SrBr2 Hydration System for Chemical Heat Pump Cooling Mode[END_REF][START_REF] Cussler | Diffusion, mass transfer in fluid systems[END_REF].

	Fluid property	Value
	μ (Pa.s)	1.830 10 -5
	ρ f (kg/m 3 )	1.179
	c p f	(J/(kg.K))	1011.9
	D v,f (m 2 /s)	2.6 10 -5
	k f (W/(m.K))	0.026

Table 3 :

 3 Properties of the reacting salt SrB2, adapted from[START_REF] Michel | Experimental investigation of an open thermochemical process operating with a hydrate salt for thermal storage of solar energy: Local reactive bed evolution[END_REF][START_REF] Malley-Ernewein | Analysis of thermochemical energy storage in an elemental configuration[END_REF][START_REF] Esaki | Reaction Rate Characteristics of SrBr2 Hydration System for Chemical Heat Pump Cooling Mode[END_REF][START_REF] Cussler | Diffusion, mass transfer in fluid systems[END_REF].

	SrB2 property	Value
	Δh (J/mol)	3.37 10 5

Table 4 :

 4 Geometrical dimensions, and pressure drop (Fishbone and straight channel).