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Variables

Tree level containing similar branches (0 for the trunk, N for the last level)

The limitation of global warming is an important issue at the world level. The agreement resulting from the United Nations Conference of 2015 in Paris (COP 21) set the goal of limiting the increase in temperature to 2 °C, or even of reaching the target of 1.5 °C compared to the pre-industrial era. This requires reducing greenhouse gas emissions and therefore fossil energy consumption, while promoting renewable energies. Many countries are implementing regulatory mechanisms leading to the energy transition in the building sector, which is the leading sector in terms of energy consumption. The approach consists first of all in reducing the energy needs of the building through a bioclimatic design of the envelope, then in using efficient systems, and finally in developing renewable energies.

With regard to energy production systems in buildings, solar thermal energy is a relevant response since the temperature levels obtained are in line with the needs for heating as well as for domestic hot water. The development of solar thermal is limited because of competitive solutions such as heat pump or solar photovoltaic, higher cost of solar thermal compared to thermodynamic hot water tanks or reserving roof surface for photovoltaic panels. In 2016, the French solar thermal market was 32,500 m² in installed area, 30 % less than in 2015 (OBS, 2017). To develop Nearly Zero Energy Buildings (NZEB) presenting an annual balance of renewable energy production with non-renewable energy consumption, solar thermal has an important role to play by reducing by approximately 50 % the consumption of domestic hot water which becomes the major item of heat demand in residential buildings. The level of space heating demand will also be low enough in future regulations to consider air as the most judicious heat carrier.

There are mainly two types of solar collectors used, flat plate collectors (FPC) and evacuated tube collectors (ETC) of which FPC is the most common for low temperature applications i.e. 323-343 K [START_REF] Khan | Evaluation of solar collector designs with integrated latent heat thermal energy storage: A review[END_REF], ETC generating more energy than FPC, about 10% higher in case of solar water heating system [START_REF] Gautam | A review on technical improvements, economic feasibility and world scenario of solar water heating system[END_REF]. Various design innovations have been developed over the years to improve their efficiency consisting mainly in optimizing the heat transfer coefficient and/or reducing heat losses. In recent years, the most promising are integration of phase change materials stabilizing the intermittent temperature fluctuations and with a noticeable increase in performance [START_REF] Khan | Evaluation of solar collector designs with integrated latent heat thermal energy storage: A review[END_REF]. Other technologies have been also used such as compound parabolic concentrator, porous absorbers, triple glass, arrangement of tubes, micro-channels for fluid flow, use of nanofluids… [START_REF] Pandey | A review on analysis and development of solar flat plate collector[END_REF]. For solar air collector, thermal performance improvement consists in reorganizing the airflow inside the collector by artificial roughness on the absorber plate, jet impingement, double or multiple pass ducts or setting baffles (Hu and Zhang, 2019). All these innovations concern essentially collectors intended to be installed on a plan.

The idea of the new concept of the Solar Thermal Tree (STT) proposed in this article is to offer a new integration of solar thermal collectors, other than the roof and facades that can be used for photovoltaic production. The STT can be installed in the nearby outdoor environment of the building, preserving the floor space for the occupants but also offering a design that is both original and aesthetic. By putting the solar thermal collector outside a flat surface (roof and facades) we gain a dimension and we can imagine a 3D design to optimize solar gains during the day. We have used the problem based approach and the forward design process used in biomimicry, trying to seek a solution that nature has developed [START_REF] Jenkins | Bio-inspired engineering[END_REF][START_REF] Baumeister | Biomimicry resource handbook: a seed bank of best practices[END_REF]. A tree-shape design was chosen for the reasons developed in section 1.2, with a trunk and branches on several levels of ramifications. The 3D geometry makes it possible to better collect solar radiation coming from all directions (direct and diffuse components).The air flows within the tree being facilitated in a similar way to the laws leading to the development of natural systems. With this bio-inspired approach based on principles such as allometry or equipartition of flow resistance, we can design a STT that will have a similar efficiency in a wide range of size (number of ramifications) and therefore easily adaptable to the needs.

Bio-inspiration and tree structures

The most fundamental principle of nature is efficiency, and the quest for efficiency is the essence of technology [START_REF] Mitcham | Philosophy and Technology: Readings in the Philosophical Problems of Technology, 2nd Edition[END_REF]. If efficiency is defined as what allows an optimal result for a minimum of work, all efficiency resume ultimately to energy efficiency. Inspired by nature is therefore inspired by its energy efficiency. Therefore, rather than using large amounts of energy to achieve their survival and reproduction, living organisms organize themselves, structure themselves and adopt specific processes and mechanisms to be as efficient as possible. In particular they minimize the creation of internal entropy and / or maximize the generation of external entropy [START_REF] Kleidon | Introduction: Maximum entropy production in environmental and ecological systems[END_REF][START_REF] Endres | Entropy production selects nonequilibrium states in multistable systems[END_REF]. Natural structures and shapes thus apply these principles and can be considered as representing the required information (structure and organization) for their respect.

There are scale factors and shape relationships in living systems that follow mathematical relationships referred to as allometry and isometry [START_REF] Merlin | Ingénierie bio-inspirée, Principes et transition énergétique[END_REF]. These relationships describe growth phenomena and proportions. The general relationship between two quantities (x and y) characteristic of the observed living or natural structure consists of a relation of proportionality between the relative increases of the quantities measured:

x x a y y ∂ ⋅ = ∂ (1)
The integration of this relation leads to a power function with an exponent "a" which is the coefficient of proportionality of the increases and a coefficient "b" of proportionality of the cumulative quantities:

a x b y ⋅ = (2)
This type of allometric and homothetic relation can correspond to a law of proportionality nonlinear guided by the maximum stress. In a more general way, the law of Hess-Muray defines the ratio between length (L) and diameter (D) with each branching (or node) of a tree structure to optimize the circulation of a fluid [START_REF] Hess | Eine mechanisch bedingte Gesetzmäßigkeit im Bau des Blutgefäßsystems[END_REF]. The tree shapes observed in nature consist of optimally occupying all the available space to have an optimal circulation of flows involving an equipartition of the flow resistances. At each branching of a tree structure and according to Hess-Murray's law, there is equal residence time of the fluid in each section (Bejan, 2013).

Hess -Murray 's law is just one of several possibilities that can be deduced from the minimization of irreversibilities [START_REF] Sciubba | A Critical Reassessment of the Hess-Murray Law[END_REF]. Sciubba shows that the rule 2 1/3 derived from the radius ratio of the Hess-Murray law for a laminar regime is not the single optimum that can be obtained with physically valid hypotheses. In particular, there is no reason a priori for a natural structure to split under a constant volume, a constant Reynolds number or constant velocity constraints.

Distributing one or more fluids with great intensity over a given surface or volume is an important issue in many processes. The calculations lead to geometric scale laws defining the relations between the dimensions of the channels at different scales and based on the principle of "equipartition properties", which is closely related to the constructal theory, [START_REF] Tondeur | Design and scaling laws of ramified fluid distributors by the constructal approach[END_REF][START_REF] Luo | Constructal approach and multi-scale components[END_REF]. Constructal theory shows that biomimetic tree and dendritic structures result from the best possible flow and can be applied in any transfer process [START_REF] Silva | Constructal multi-scale tree-shaped heat exchanger[END_REF][START_REF] Wechsatol | Tree-shaped flow structures with local junction losses International Journal of Heat and Mass Transfer[END_REF][START_REF] Kobayashi | Freely morphing tree structures in a conducting body[END_REF][START_REF] Kobayashi | Trees and serpentines in a conducting body[END_REF][START_REF] Guo | Bio-inspired flow field designs for polymer electrolyte membrane fuel cells[END_REF][START_REF] Miguel | Toward an optimal design principle in symmetric and asymmetric tree flow networks[END_REF]. Most channel shape optimization studies focus on two-dimensional problems. To properly design three-dimensional channel shapes and reduce computational costs, a hybrid optimization approach incorporating the concept of flow model construction and nature-inspired heuristics optimization has been developed [START_REF] Tao | A hybrid optimization method to design shapes of three-dimensional flow channels[END_REF]. The criterion of natural heuristic optimization is that "liquid cells" with a lower dynamic pressure are likely to be occupied by "solid cells", and on the contrary, "solid cells" suffering from viscosity constraints are likely from "collapse" and in turn to be "liquid cells". This criterion is similar in concept to the heuristic optimality criterion [START_REF] Wang | Heuristic optimality criterion algorithm for shape design of fluid flow[END_REF], except that the exchanged cells are not limited to fluid-solid interfacial cells. This type of topological approach inspired by nature has been used to determine the best heat exchange networks. The design idea was born from the natural observation that plant roots or leaf veins have self-adaptive growth to minimize flow resistance across networks. On the basis of the analogy between fluid flow and heat problems, the natural growth rule is transformed into a mathematical model written as an algorithm, where the high conductivity material is treated as living and the optimization process of the topology is considered a process of plant morphogenesis [START_REF] Li | Generating optimal heat conduction paths based on bionic growth simulation[END_REF]. The growth method used to construct thermal conduction paths is a fundamental problem of volume-to-point fluid flow corresponding to the minimization of flow resistance between finite volume and point [START_REF] Nield | Convection in porous media[END_REF]. A "point-to-point" conductivity propagation heat flow approach was performed for density-based topology optimization in the design of three-dimensional natural convection cooled heat sinks. It is interesting to note that the number of branches in the optimized design increases with increasing Grashof numbers, which is opposed to two-dimensional optimized designs [START_REF] Alexandersen | Large scale three-dimensional topology optimisation of heat sinks cooled by natural convection[END_REF].

Another bio-inspired approach is to use genetic algorithms to optimize tree performance. The advantage of this approach is to be very efficient, even for complex optimization problems. When several objective functions are considered, a set of optimal solutions is defined (Pareto Front). Topological optimization can be done through the use of genetic algorithms [START_REF] Kobayashi | On a biologically inspired topology optimization method[END_REF]. Algorithms inspired by the growth of plant roots [START_REF] Boichot | Tree-network structure generation for heat conduction by cellular automaton[END_REF], or taking up the concepts of Darwin's theory of evolution [START_REF] Boichot | A genetic algorithm for topology optimization of area-to-point heat conduction problem[END_REF] have shown a remarkable performance in optimizing the drainage of energy from a volume or surface source to a heat sink. Evolutionary algorithms offer an elegant method of solving complex thermal problems that lead to optimal tree shapes.

Paper content

The design of a bio-inspired solar thermal collector must consider phenomena related to the flow of heat transfer fluid and heat transfer. There are bio-inspired approaches in the literature for solar thermal in 2D only [START_REF] Sun | Experimental study on roll-bond collector/evaporator with optimized-channel used in direct expansion solar assisted heat pump water heating system[END_REF]. To our knowledge, there is no scientific work based on a bioinspired approach for solar thermal trees in three dimensions (3D). Similarly, we have not identified patents for a 3D solar thermal collector inspired by a tree structure, based on the concept we propose, considering both the valuation of solar energy (thermal efficiency) and the "cost" related to the circulation of heat transfer fluid (pressure loss).

We made a first prototype of STT on a reduced scale. That will be presented in the second part of the paper. Numerical modeling of physical phenomena (heat transfer, flow) with experimental comparison, and performance evaluation (thermal efficiency, pressure drop) are presented in the third part. After comparing the experimental data with the simulation results, the model was used to determine tree performance in a large number of configurations that serve as a reference for calibrating dimensionless equations involving a limited number of quantities. These equations have been then tested with new data. In the fourth part, the performances of the tree were optimized with the genetic algorithms by considering the same two performance criteria. The design of the tree is also optimized with a single-criteria approach based on the minimization of entropy creation. The sizing of the tree was also done based on the Hess-Murray law. We finally defined a theoretical STT configuration of 4m² based on the entropy criterion which proved the most relevant to optimize the thermal efficiency.

Presentation of the solar thermal tree prototype

The solar tree prototype (Figure 1) is a symmetric structure composed of a trunk and three levels of branches (N) having a fixed number (Nx) of three branches between two successive levels. The level x = 0 is the trunk and the level x=N corresponds to the end of the branches. The total surface area (A) of the STT defined in equation ( 14) is 0.2145m², and the floor area ratio is less than 1% (trunk section divided by A). The heat transfer fluid circulates in the branches and the trunk that absorb solar radiation. Each branch corresponds to a tubular solar collector which can take several forms: glazed or not, with or without an air gap, vacuum ... This medium-scale prototype was intended for preheating fresh air ventilation (open loop). The outside air enters through the end of the branches and comes out at the base of the trunk where it is sucked through the fan of the Mechanical Ventilation System (MVS). In order to limit the consumption of the fan, it is necessary to consider limiting the pressure drop. Tubular collectors are copper tubes coated with a selective anti corrosive paint layer (Pyromark 1200, France). This layer improves heat transfer in infra-red heating applications due to low emissivity properties and high absorptivity (absorption coefficient equal to 0.95). The thickness of the absorber tubes is 2mm. The inner diameters of these tubes and their lengths are given in Table 1. The absorber is covered with a glass tube. The space between the glass tubes and the absorber is filled with air (1.5 cm air gap). This configuration of glazed solar thermal collector with selective absorber has a heat loss coefficient (Ue) between the external surface of the absorber (copper tube) and the outside of the order of 2.5 W.m -²K -1 . In order to limit the complexity of the prototype, three levels of branches (N=3) have been defined, with three branches per node (N1=N2=N3=3). This corresponds to 13 junction pieces between levels and 40 tubular collectors (including the trunk). The junction pieces were made by 3D printing of PLA material (polylactic acid). They ensure the mechanical strength of the tree and the circulation of air between each level but also act as spacers between the glass and the absorber. Spacers have also been positioned at the end of the branches, where the outside air enters the solar tree.

The diameter and length of each tube of the prototype were defined considering both performance (thermal efficiency and pressure drop), and material constraints related to the availability of copper tubes [START_REF] Bernard | Design and optimization of a bio-inspired Thermal Solar Tree[END_REF]. The dimensions used for the prototype are shown in Table 1, with the values of the coefficients of the Hess-Murray law (CHM). These coefficients are defined for the inner diameter between the lower levels x-1 (Downstream) and higher x (Upstream). The other main physical characteristics of the prototype are listed below:

-Copper Pipe: thermal conductivity λp=350W.m -1 .K -1 (wall thickness ep=2mm) ;

-Air: thermal conductivity λair=0.0263W.m -1 .K -1 ; viscosity µair=184.6.10 -7 Pa.s ; density ρair=1.161kg.m -3 ; specific heat capacity Cpair=1007 J.Kg -1 .K -1 ;

-Solar collector: optical factor β=0.75 (heat loss coefficient Ue=2.5 W.m -2 .K -1 )

The angle α between the projection of a branch of the lower level and the branches of the upper level is 45°. This value has been set to minimize the shading effect between branches. For this angle, the apparent surface represents about 75 % of the total apparent surface of the copper tubes if they were all in the same plane (A = 0.2145 m²). This value was obtained by image processing [START_REF] Bernard | Design and optimization of a bio-inspired Thermal Solar Tree[END_REF].

Experimental and numerical validation of the new concept

Steady state modeling

In the steady state model, the solar flux was modeled with the same average irradiance value E for all the tubes considering at each level x the apparent surface (Dex . Lx). The tubular collectors can be unglazed, glazed, or vacuum by adapting the heat loss coefficient Ue.

The tube number at each level was Nx,TOT:

j x j j TOT x N N = = Π = 0 , (4) 
Assuming steady state conditions, the resolution of the flux balance of each tube at each level x of the STT led to the calculation of four unknowns (Φ ; Tout ; Tse ; Tsi) from the following four equations :

-Flux exchanged with the air:

( ) x in out x x TOT x x T T Cp m N - ⋅ ⋅ ⋅ = Φ • , (5) 
-Conduction within the tube:

( )

        - ⋅ ⋅ ⋅ ⋅ ⋅ = Φ x x x i e a TOT x x Di De Ln Ts Ts L k N π 2 , (6) 
-Solar radiation and thermal losses:

( ) [ ] x e ext x x x x TOT x x Ts T De L Ue De L E N , , - ⋅ ⋅ ⋅ ⋅ + ⋅ ⋅ ⋅ ⋅ = Φ π β (7)
-Convective heat transfer:

( )

        ⋅ ⋅ ⋅ ⋅ - ⋅ - + = • Cp m De L hc Ts T Ts T x x x x i in x i x out π exp , , (8) 
The value of Tin was Text for x = N and the input temperature value for the other levels was the upper level output temperature.

( )

2 ... 0 1 , , = + = x x out x in T T (9)
The convective heat transfer coefficient hcx in the tubes at each level x between the fluid and the absorber has been determined from the following equations (Edward, 1979):

-Turbulent regime: 

( ) 3 / 1 8 . 0 Pr Re 023 . 0 ⋅ ⋅ = x x Nu (Colburn, developed flow) (10) -Laminar regime:                       ⋅ ⋅ ⋅ + ⋅ ⋅ ⋅ + =

Performance assessment

The thermal efficiency was calculated as follows:

A E x x ⋅ Φ = ∑ = 3 0 η (13)
The product E.A represents the total solar flux shining the surface (A) of the tree which is the sum of the apparent surfaces of all the tubular absorbers which would be located in the same plane:

( ) ( ) (
)

3 3 3 2 2 2 1 1 1 0 0 0 L De N L De N L De N L De N A ⋅ ⋅ + ⋅ ⋅ + ⋅ ⋅ + ⋅ ⋅ = (14)
With : Dex=Dix+2*ep and N0=1 (trunc)

The irradiance E is a mean value, as actual irradiance of each branch varies (shading effect, geometry, and solar position) and the area A is not the actual apparent surface of the STT (the geometry of the STT is 3D, not 2D).

The linear and singular pressure losses were defined respectively in the tubes and at each node [START_REF] Incropera | Fundamental of Heat and Mass Transfer[END_REF]. Calculation of the linear pressure loss:

2 2       ⋅ ⋅ ⋅ = ∆ x x x x x U Di L f P ρ (15)
In the case of a developed flow with a smooth surface:

-Laminar regime: Calculation of the local pressure loss:

2 2       ⋅ ⋅ = ∆ x x U P ρ ξ (18)
For a merging flow type configuration, the pressure drop depends on the angle between the downstream branch and the upstream branches. In the case of two upstream branches of diameter D2 perpendicular to the downstream branch of diameter D1, the local pressure drop coefficient is [START_REF] Miller | Internal flow systems[END_REF]:

4 2 1 4 1 1         ⋅ + = D D ξ (19)
Considering a value of the Hess-Murray coefficient of 3 for the diameter (D1/D2=2 1/3 ), the coefficient ξ can be calculated. Other graphs from [START_REF] Miller | Internal flow systems[END_REF] allowed us to identify the value of ξ for different angles α between the downstream / upstream branches. We then defined the following relation according to the angle α (in degrees). This relationship is normally valid for 2 inputs and 1 output. For 3 or more inputs, the coefficient ξ depends on the geometry of the junction piece (see figure 1 for the prototype). It is thus hard to define a general equation of this coefficient. That's why we used equation (20) even for a higher number of branches. The pressure drop error remains low as air is the heat carrier fluid.

Total entropy production is the sum of the entropy associated with heat transfer Th S

• and fluid flow

P S ∆ • (pressure drop). P Th S S S ∆ • • • + = (21)
The total entropy was obtained by summing the entropies for all levels x calculated with the two equations:

x i f x x Th Ts T S         - ⋅ Φ =       • 1 1 (22) x f x x P T P m S         ⋅ ∆ ⋅ =       • ∆ • ρ (23)
The temperature Tsi is the surface temperature inside the pipes. The average temperature f T of the fluid was obtained from the expression of the flux calculated beforehand for each tube:

( ) [ ] x f x i x x x TOT x x T Ts L De hc N - ⋅ ⋅ ⋅ ⋅ ⋅ = Φ , , π (24)

Comparison of experimental and numerical results

The prototype was instrumented to determine its performance. Temperature measurements were performed with K-type thermocouples. The compensation of the cold junction was done by measuring its temperature with a 4 wires PT100 which made possible to obtain a precision of the temperature measurement of 0,1 °C. Air temperature measurements were made at the entrance (Tin), 9 thermocouples at level 3 output (Tout-3), 3 thermocouples at level 2 output (Tout-2) and 1 thermocouple at level 1 output which corresponds to the entrance of the trunk (Tout-1) and 1 thermocouple at the exit (Tout). Radiation conditions were considered by measuring the global solar radiation in a horizontal plane with a Dirmhirn-star pyranometer (Ahlborn 8401) with an uncertainty of 7 %. The air flow circulating in the prototype was evaluated globally at the fan output and after a straight length of 1.5 m (uncertainty of 10 %). The flow rate was calculated from a speed measurement averaged over one minute in the center of the pipeline using an anemometer. The measurement was checked at different points of the section. The pressure drop of the STT was measured using a U-tube connected to the inlet (atmospheric pressure) and the outlet located at the base of the trunk of the tree.

The series of tests were conducted during one sunny day (23 May, 2019) in real outdoor conditions. A total of 7 levels of air flow rates were realized (see figure 2) by generating a pressure drop at the exit thanks to a pressure loss register. For each flow stage, the initial state corresponds to the maximum flow rate (120 m 3 /h) and a waiting time was required to obtain the steady state, then an average was carried out over 2 minutes of data.

Simulations were performed with the EES solver (www.fchart.com/ees/), a general equationsolving program.

The pressure losses obtained experimentally or by modeling are very similar (Figure 2) with a coefficient of determination (R²) equal to 0.9744. Figure 3 shows the temperatures at each node between the level 3 (inlet) and the trunk (outlet at level 0). For experimental data, EHZ irradiance represents the global solar flux received on a horizontal plane to be consistent with E in the model. Knowing that for a height of the sun Hs of 45°, the apparent surface of the STT is about 75 %, we have in a first approach simply deduced the following relation:

HZ E Hs E ⋅ =
) sin( 75. 0

(25)
The steady-state temperatures at the output of each level are consistent between experimental values and predicted values (R²=0.993) with a "standard" flow (50 m 3 .h -1 .m -2 ) for an air thermal solar collector. The temperature gain is clearly the highest on level 3 (apparent total area of 0.1094 m²), then level 2 which has a smaller area (0.063 m²). The gains on levels 1 (0.02592 m²) and 0 (0.0162 m² for the trunk) are quite low. Concerning the heat flux absorbed by the air between the entrance of the tree and the exit of the trunk, the thermal efficiency was 47.5 %. Levels 2 and 3 provided 88 % of the total heat flux to the air. It is therefore quite possible to limit the solar collector surface at three levels to simplify the concept without compromising the performance of the STT.

As the model gave results quite coherent as well from thermal efficiency as for pressure drop, it will therefore be used as a reference to first identify dimensionless equations, then to design an optimized prototype.

Dimensionless equations

Two dimensionless equations were defined for respectively the calculation of the thermal efficiency and the pressure drop in a configuration close to the tested prototype with the same mode of operation.

The two equations depend on a total of 14 numbers which are mostly dimensionless (excluding the numbers ΠK , ΠL , ΠM and ΠN). They can be calculated directly knowing the geometry of the tree and the external solicitations. The choice of parameters for the calculation of thermal efficiency and pressure drop was based on four categories:

-The flow regime:

0 Re = Π A 1 Re = Π B 2 Re = Π C 3 Re = Π D (26-29)
-The geometry:

0 0 L Di E = Π 1 1 L Di F = Π 2 2 L Di G = Π 3 3 L Di H = Π (30-33)
-The heat transfers (solar collector, air flow) :

β = Π I (Absorption) Cp m A Ue J ⋅ ⋅ ⋅ = Π • 0 π (Transfer coefficient) (34-35)
-The kinetic energy:

( ) 2 0 U K ⋅ = Π ρ ( ) 2 1 U L ⋅ = Π ρ ( ) 2 2 U M ⋅ = Π ρ ( ) 2 3 U N ⋅ = Π ρ (36-39)
The two equations take the following form:

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) J I H G F E D C B A x J x I x H x G x F x E x D x C x B x A x Π ⋅ Π ⋅ Π ⋅ Π ⋅ Π ⋅ Π ⋅ Π ⋅ Π ⋅ Π ⋅ Π ⋅ = 0 η (40) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) N M L K H G F E D C B A y N y M y L y K y H y G y F y E y D y C y B y A y P Π ⋅ Π ⋅ Π ⋅ Π ⋅ Π ⋅ Π ⋅ Π ⋅ Π ⋅ Π ⋅ Π ⋅ Π ⋅ Π ⋅ = ∆ 0 (41)
The distinction between the two equations is the consideration of thermal transfers for efficiency, and kinetic energy for the pressure drop. It is necessary to identify for the calculation of the efficiency the 11 coefficients x0, xA…xJ and the 13 coefficients y0, yA…yN in the case of the pressure drop. The efficiency being dimensionless, the parameters xA…xJ are all dimensionless. For the pressure, it is possible to add the constraint yK+yL+yM+yN=1 to make sure that the homogeneity of the units is valid.

In total, 14 design or solicitation variables were considered to generate tree configurations that can lead to a change in performance (efficiency and pressure drop). The data and their range of variation are presented in Table 2. In total, 250 cases were considered for calculating the parameters x0, xA…xJ and y0, yA…yN. These cases were defined by random selection of the 14 variables over their variation range. In order to test the identified equations, 250 new configurations were defined in the same way. 

- - - - - - - Π ⋅ Π ⋅ Π ⋅ Π ⋅ Π ⋅ Π ⋅ Π ⋅ Π ⋅ Π ⋅ Π ⋅ - = J I H G F E D C B A η (42)

257

. 0

- - - - - Π ⋅ Π ⋅ Π ⋅ Π ⋅ Π ⋅ Π ⋅ Π ⋅ Π ⋅ Π ⋅ Π ⋅ Π ⋅ Π ⋅ = ∆ N M L K H G F E D C B A P (43)
Figures 4 and 5 compare the thermal efficiency and pressure drops obtained with the reference data (physical model) and the dimensionless equations (equation 42 and 43) based on a reduced number of parameters. The performance was well evaluated both on the learning data and the new data (Figure 4). This was the same case for the pressure drop with similar values of R² (0.99 and 0.96). The fitted equations can thus serve as the first approach of dimensioning of the STT if the same general hypotheses are considered. Dimensionless equations made it possible to define a total of 500 cases (all with three branching levels), considering 14 random variables defined over a predefined range of variation. The number of branches per node, for example, varied between 2 and 5. The solar tree therefore has a very large number of degrees of freedom, which makes the topological optimization of the STT very complex. It is also clear that certain thermal characteristics are preponderant, such as the optical factor β or the loss coefficient Ue, for example. Our optimization approach consisted in studying initially the possibilities of improvement of the performances of a configuration similar to that of the prototype, taking again in particular its thermal characteristics and its geometry. The goal was to compare similar solutions. We finally set the number of branches by node (2, 3, 4, or 5) to define each time the corresponding optimal solutions (Pareto Front). The decision parameters thus related exclusively to the six Hess-Murray coefficients of the pipes. This allowed limiting the number of decision parameters, trying to see at first how to improve the performance of the prototype made by playing only on the geometry (diameters / lengths).

Among the possible optimization algorithms to be used are the Genetic Algorithms (GA). GA are particularly interesting because they explore the research space by means of a population of solutions (and not a single solution). GA are inspired by natural selection mechanisms [START_REF] Goldberg | Algorithmes Génétiques : exploration, optimisation et apprentissage automatique[END_REF]. They take the principles of survival of the best adapted individuals, conservation of the genetic heritage and mutation. The main disadvantage of GA is their slow convergence when the number of decision parameters is important. In the field of building and energy, GA are widely used [START_REF] Hamdy | A performance comparison of multi-objective optimization algorithms for solving nearly-zero-energy-building design problems[END_REF]. The work already carried out shows the interest of the GA, with regard to their flexibility, their robustness and their ability to solve non-linear problems. We therefore used GA to define optimal solutions considering two performance functions: pressure drop and efficiency, minimizing the two performances, ∆P and 1-η. The main setting parameters of genetic algorithms are the population size (number of individuals Npop), the number of generations (Ngen), the crossover and mutation probability rates (Pmut). There is no rule to set the values of these parameters as they depend on each case study. The values have been adjusted considering the variation of the performance criteria during the optimization process (Npop=64, Ngen=256, Pmut=0.1).

A single-criterion optimization was also performed on the basis of the same six decision parameters to minimize entropy creation in the case of a 4 branches configuration per node.

The Hess-Murray coefficients for increasing flow according to the type of regime (laminar or turbulent) were also considered in a configuration with four branches per node. Values for the Hess-Murray coefficients are 7/3 for the diameter and 7 for the length for turbulent regime and 3 (diameter and length) for laminar regime.

The optimal solutions were compared with the prototype and the 500 cases that have been defined to fit the dimensionless equations (from 2 and 5 branches). Concerning the optimal solutions (Pareto Front), the gain on the thermal efficiency was accompanied by an increase of the pressure drop. The best efficiency thus presents the greatest pressure drop. Figure 6 shows the increase in pressure loss with the increase in the number of levels for the 500 cases studied. Thermal efficiency improvement was not so straight, except for the change from 2 to 3 levels.

It is possible to determinate the optimal solutions (Pareto Front) for 2 branches and 3-4-5 branches, by noting that they are almost identical for these last 3 configurations (3, 4 and 5 branches). In order to optimize the prototype, it is therefore not necessary to implement more than 3 branches per node. Increasing the number of branches increases the pressure drop, which is undesirable. We note in Figure 6 that all the 500 evaluated solutions are well located "above" the two Pareto Fronts (2 or 3-4-5 branches). Minimum entropy creation is an optimal solution favoring configurations with high thermal efficiency. Hess-Murray solution is not quite on the Pareto Front with a low resistance to flow and therefore a very low pressure drop. The tested prototype is even further from the Pareto Front. The entropy criterion allowed defining the highest thermal efficiency (0.5), with the highest pressure drop (11.57 Pa) in the case of 4-branch configurations. The solution of the Pareto Front with a better performance has 5 branches (efficiency of 0.51 and pressure drop of 24.35 Pa). The solution with the smallest pressure drop (0.365 Pa) logically has the minimum of branches per node (2). The entropy criterion is the most relevant to improve the performance of the prototype because it considers both the thermal efficiency and the pressure drop. In the case studied it was to maximize the thermal efficiency because the low pressure drop due to air. The Hess-Murray law results in a slightly better performance than the prototype, and a slightly lower pressure drop as well. Nevertheless, it does not significantly improve performance and is therefore not completely satisfactory, which is in line with the conclusions on the revised law [START_REF] Sciubba | A Critical Reassessment of the Hess-Murray Law[END_REF] obtained in the case of only two branches. Finally, it was noticed that the total length of the tubes is much less with the Hess-Murray approach, than for the entropy minimized (Table 3). We considered the notion of Sveltness Sv defined by Lorente and Bejan [START_REF] Lorente | Svelteness, freedom to morph, and constructal multi-scale flow structures[END_REF][START_REF] Bejan | Constructal theory of pattern formation[END_REF] to analyze optimal solutions. The value Sv represents the ratio between the dimension related to the volume occupied by the tree (L0+L1+L2+L3) and the length associated with the volume of the tubes V 1/3 .

Up to a value for Sv of about 6, the increase in efficiency is rapid and is accompanied by a limited increase in the pressure drop (Figure 7). Beyond this value, the efficiency increases less quickly, and this is done at the cost of a more significant increase in the pressure drop. The breakdown of the pressure drop per level indicates a greater increase on the third level as a function of Sv, which is the one that contributes the most to the useful flux in the case of the prototype and therefore to the thermal efficiency. The gain on the efficiency is essentially related to the increase in the heat gains on the last level (Figure 8). It is also at the expense of heat gains at the other levels (0-1-2). The evolution of the total exchange surface of each level follows the same trend as for the flux. It is at level 3 that the convective exchange coefficients are the largest (10-20 W.m -².K -1 against 4-10 W.m -².K -1 for level 1 for example). The regime is nevertheless always laminar for levels 1, 2 and 3, and turbulent for the trunk (level 0). The Hess-Murray coefficients for the diameter are between 2 and 3 (Figure 9). Those for length vary between the minimum value (2), up to the maximum value (10) when Sv increases. The change for length begins with level 1, then 2 and finally 3. The heat gain can be adapted by modifying the geometrical dimensions of the STT (length / diameter of the tubes, surface, etc.) and its morphology (number of branches per node). The chosen solution was based on the minimization of the entropy given the previous conclusions, considering a solar thermal collector more efficient compared to the prototype. The parameters and solicitations were the following: three levels, three branches per node, surface A=4 m² for a standard flow rate of 50 m 3 .h -1 .m -2 , ratios length/diameter of the trunk of 6, tubular vacuum collector with Ue=1 W.m -².K -1 , β = 0.75, E = 1000 W.m -² and Text = 0 °C.

Under these conditions, the theoretical heat gain supplied by the STT was 2314 W, ie a blowing temperature of 35.6 °C, a thermal efficiency of 58 %, a pressure drop of 2.2 Pa and a tree height of 4.7 meters. The Hess-Murray coefficients for diameter and length were respectively 2 and 10 giving the characteristics presented in Table 4. 

Conclusions and outlooks

A medium-scale prototype has experimentally validated the concept of a STT to heat fresh air, thus showing a first possible application. The prototype has shown the aesthetic added value brought by this new concept of bio-inspired solar collector. The physical model developed for a tree with three levels has provided results quite consistent with the experimental results. The model correctly represented the thermal behavior observed experimentally between the levels, with a large temperature difference between input / output on level 3, lower on level 2 and finally very low on levels 1 and 0 (trunk).

The fitted dimensionless equations are able to reproduce the behavior of the tree in a very large number of configurations. The 500 cases considered for the identification of dimensionless equations has shown that the pressure drop is very dependent on the number of branches. It is however not useful to go beyond 3 branches because we observed that the Pareto Fronts obtained are similar in the cases with 3, 4 and 5 branches.

It is possible to consider the entropy criterion to define an optimal solution of the Pareto Front. The solution obtained is to maximize the thermal efficiency considering the heat transfer fluid and flow rates. Optimal solutions are not obtained with the Hess-Murray law, which is in line with the conclusions on the revisited law [START_REF] Sciubba | A Critical Reassessment of the Hess-Murray Law[END_REF] obtained in the case of two branches only. The tested prototype with three branches per node is not an optimal solution knowing that it is far from the Pareto Front.

In the case with four branches, we analyzed the solutions of the Pareto Front according to Sv. The improvement of the efficiency is accompanied by an increase in the value of Sv, and therefore of the pressure drop.

The solution finally proposed for an area of 4m² shows that the performances obtained are quite satisfactory for preheating fresh air. In this case, we considered a more efficient vacuum solar collector.

Regarding the outlooks, a certain number of improvements relating to the model is possible in particular concerning the transient regime (considering the inertia), the more accurate computation of solar radiation (considering the masks and direct or diffuse radiation) and the pressure drop according to the number of branches per node and the geometry of the junction between levels (angle, geometric shapes). The air can also be replaced by water as heat transfer fluid, which will have a significant impact on the pressure drop and thus on optimal solutions. Finally, it is possible to add the mechanical resistance in the performance criteria, taking into account the wind load and the mechanical strength of the tree under the effect of its own weight.
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Figure 1 :

 1 Figure 1: Medium-scale Prototype. A=0.2145 m²; Ue=2.5 W.m -².K -1 ; α=45 °; N=3 levels of branches; N1= N2= N3=3 branches per node

  of the Nusselt number was defined in the assumed transient regime between Reynolds numbers Rex = 2200 and Rex = 5000 calculated as follow:

Figure 2 :

 2 Figure 2: Pressure drops obtained experimentally (prototype) and with the model

Figure 3 :

 3 Figure 3: Comparison of the air temperatures at the exit of each level for the experiment and the steady state model (R²=0.993; Text=24.5 °C; E=814 W.m -² ; Qv=65 m 3 .h -1 .m -2 )

  of the tree: -Number of branches per node at each level (N1= N2= N3) -The 6 Hess-Murray coefficients CHM for the Diameter and Length for each level (CHM-D1 ; CHM-D2 ; CHM-D3 ; CHM-L1 ; CHM-L2 ; CHM-L3) the calibration was to determine the coefficients xj and yj. They were determined with the nonlinear Generalized Reduced Gradient algorithm from the 250 cases used for identification. Values obtained are as follows (we can see that yK+yL+yM+yN is close to 1
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 4 Figure 4: Thermal efficiency calculated by the reference model and dimensionless equations in the case of learning data and new data (generalization)

Figure 6 :

 6 Figure 6: Pareto Fronts and solutions corresponding to the prototype, entropy optimization and Hess-Murray coefficients

Figure 7 :

 7 Figure 7: Evolution of the efficiency and the pressure drop depending on Sv

Figure 8 :

 8 Figure 8: Evolution of the heat gains depending on Sv

Figure 9 :

 9 Figure 9: Evolution of Hess-Murray coefficients depending on Sv

Table 1 :

 1 Inner diameter of copper and glass tubes, and value of the Hess-Murray law coefficients for the prototype.

		Di0	Di1	Di2	Di3	L0	L1	L2	L3
	Copper (m)	0,05	0,028	0,024	0,014	0,3	0,27	0,25	0,225
	Glass (m)	0,09	0,065	0,056	0,042	0,3	0,27	0,25	0,225
	CHM		1.9	7.1	2.0		10.4	14.3	10.4

Table 2 :

 2 Data and variation range to define the 500 configurations related to the calibration and the generalization test

Table 3 :

 3 Value of the Hess-Murray coefficients, and performance of the STT

		HMD1 HMD2 HMD3 HML1 HML2 HML3 Nlevel	η	∆P	Ltot
	Prototype	1.9	7.1	2.0	10.4 14.3 10.4	3	0.466 3.96	9.4
	Entropy	2.0	2.0	2.0	10.0 10.0 10.0	4	0.498 11.57	16.6
	Hess-Murray	2.3	3.0	3.0	7.0	3.0	3.0	4	0.473 2.53	10.6
	4.2. Analysis of optimal solutions (Pareto Front)		

Table 4 :

 4 Results obtained after optimization with entropy for a 4m² STT