A Malley-Ernewein 
  
S Lorente 
email: lorente@insa-toulouse.fr
  
Thermochemical reactor design, a Constructal approach

Keywords: thermochemical energy storage, Constructal design, compactness

An analytical and numerical study of thermochemical energy storage in an open reactor is presented in this work. The process studied is based on the hydration and dehydration of a reactive salt by a flow of moist air to release and store the heat respectively. The storage module, composed by the repetition of the pattern "one salt bed surrounded by an inlet and an outlet channel", is presented using the Constructal law. The best design is the one corresponding to the equipartition of imperfections.

Introduction

In the field of renewable energy, the mismatch between energy production and consumption calls for thermal energy storage techniques in order to satisfy the consumer needs. The gap between production and consumption led to research in energy storage methods of several kinds [START_REF] Solé | State of the art on gas-solid thermochemical energy storage systems and reactors for building applications[END_REF]: sensible, latent or thermochemical. The latter reaction involves a salt and its hydrate, and the energy released comes from the latent enthalpy and the bonds dissociation enthalpy during the hydration and dehydration processes. In this work, the chemical energy storage unit is a parallelepiped with fixed volume V = WLH. The volume of salt is also fixed, Vsalt = nHsaltWL, where n is the number of salt elements and Hsalt is one element height. Fluid channels of thickness D are inserted between each salt bed. We have H = n(Hsalt + D) as the channels at the two ends of the volume have a thickness D/2, see Fig. 1. In this open process, the heat transfer fluid (humid air) enters from the left and follows the channels which ends are obstructed, forcing the fluid to pass through the two adjacent salt beds. The heat transfer fluid sweeps the salt, allowing the chemical reaction to happen, and heat to be stored or released. At the exit of the salt bed, the fluid is again channeled and exits on the other side of the module. The total mass flow rate is fixed, ṁtotal = n × ṁ. This concept is investigated, in first, by a theoretical study: An analysis of the physical phenomena is used to determine the trends of pressure changes and temperature evolution. Then these analytical trends are confirmed with numerical experiments. For that a numerical model based on mass and energy conservation is developed [START_REF] Malley-Ernewein | Constructal design of thermochemical energy storage[END_REF].

Constructal design

The designed porous system has an apparent porosity, Φ = (1 -n Hsalt) ⁄ H, of 20%. The degrees of freedom in the design of the module are H, L, W and n while the total volume remains constant. The number of salt layers varies evenly from 2 to 12. The total mass flow rate, the inlet temperature and the inlet relative vapor pressure of the humid air are fixed. Looking for equipartition in the distribution of imperfections [START_REF] Bejan | Design with Contructal Theory[END_REF], we write:

𝛥𝑃 𝐿 ~ 𝛥𝑃 𝐻𝑠𝑎𝑙𝑡 (1) 
After some math, Eq. 1 becomes, with K the salt bed porosity:
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(2)

We plotted the two terms of Eq. 2 as a function of the number of salt beds (Fig. 2.) When n ≥ 10 the difference between the two terms starts vanishing: the configuration allows an equipartition of imperfections. We show in Fig. 3 the ratio between the heat produced by the chemical reaction within the entire module and the overall pumping power necessary to blow the fluid through the module, β, calculated from the numerical results. This threedimensional figure shows the overall performance β as a function of 𝐻 ̃ and 𝑊 ̃ for different numbers of salts beds. We show, in Fig. 3, the numerical results obtained through a random search in which n, 𝐻 ̃ = H / L and 𝑊 ̃= W / L varied. The effect of the configuration is clearly highlighted: splitting the salt volume into an increasing number of salt beds in parallel allows to obtain a much higher ratio. The impact is on the pumping power which decreases with the pressure losses. This result is an illustration of the Constructal law: the best design corresponds to the equipartition of imperfections. Here the best design emerges when the pressure losses through the salt are of the same order of magnitude as the pressure losses along the channels for fixed H, L and W, and a number of salt layers free to vary. More details in the case H = 12.5 cm and n = 10 are provided in Fig. 4 where the numerical results from Fig. 3 where extracted and plotted as a function of H/W for different values of the advancement. This figure confirms that the path to better performance consists not only in increasing n, but also in configuring 𝐻 ̃ and 𝑊 ̃.

The best configuration corresponds to 𝐻 ̃ = 1.25, and W ̃ = 0.8, or said differently in Fig. 4, H ̃/W ̃ = 1.6, departing from a cubical shape. Note that this result corresponds to what was earlier predicted through equipartition of imperfections. Indeed in this case, Eq. 2 gives H ̃/W ̃ ~ 2.4 in an order of magnitude sense. 

Conclusion

The objective of this work was to design a thermochemical energy storage module. The overall volume of the unit was fixed, together with the total salt volume. We showed how the salt volume should be allocated in the search for heat transfer and fluid mechanics performances. The main result of the study is that the salt layers should be sandwiched between humid air channels following an equipartition of imperfections, namely the longitudinal pressure losses through the channels should match the transversal losses through the salt. Furthermore the overall shape of the module departs from a cubical design as it was predicted through the Constructal law of design.
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 1 Fig. 1. Thermochemical energy storage module, with 2 salt beds (left), and 4 salt beds (right).
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 2 Fig. 2. The two terms of Eq. 2 as a function of n.
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 3 Fig. 3. β as a function of 𝐻 ̃ , 𝑊 ̃ and n, for multiple module configurations.
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 4 Fig. 4. β, as a function of 𝐻 ̃/𝑊 ̃.
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