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Design and optimization of baffled fluid distributor for realizing target flow distribution in a tubular solar receiver

Introduction

Nowadays, climate change, diminishing world energy resource and increasing energy cost stimulate the diversification of renewable and sustainable energies and the innovation in the industry [START_REF] Olabi | Developments in sustainable energy and environmental protection[END_REF][START_REF] Olabi | State of the art on renewable and sustainable energy[END_REF][START_REF] Danielewicz | Experimental and analytical performance investigation of air to air two phase closed thermosyphon based heat exchangers[END_REF]. Solar energy, especially Concentrated Solar Power (CSP), is considered as one of the promising alternatives to conventional fossil sources. As a key component in current commercial or experimental CSP projects, tubular-type solar receiver is widely used because of its relatively low cost and long lifetime [START_REF] Grange | Thermal performances of a high temperature air solar absorber based on compact heat exchanger technology[END_REF][START_REF] Li | Micro-channel pressurized-air solar receiver based on compact heat exchanger concept[END_REF][START_REF] Baroutaji | Analysis and optimization of sandwich tubes energy absorbers under lateral loading[END_REF][START_REF] Boerema | High temperature solar thermal central-receiver billboard design[END_REF][START_REF] Wang | Experimental study on a coiled tube solar receiver under variable solar radiation condition[END_REF]. However, the problem of fluid flow maldistribution is frequently encountered in CSP solar receivers due to their multi-tubular or multi-level configurations.

In the literature, investigations have conclusively shown that the receiver's efficiency decreases when the flow distribution of heat transfer fluid among parallel tubes becomes less uniform [START_REF] Chiou | Thermal performance deterioration in crossflow heat exchanger due to the flow nonuniformity[END_REF][START_REF] Jones | Consideration of the heat-removal factor for liquid-cooled flat-plate solar collectors[END_REF][START_REF] Jones | Flow distribution in manifolded solar collectors with negligible buoyancy effects[END_REF][START_REF] Gunnewiek | Effect of wind on flow distribution in unglazed transpired plate collectors[END_REF][START_REF] Karwa | Effect of flow maldistribution on thermal performance of a solar air heater array with subcollectors in parallel[END_REF]etc). For example, [START_REF] Chiou | The effect of nonuniform fluid flow distribution on the thermal performance of solar collector[END_REF] found that the performance deterioration could be higher than 20% due to non-uniform flow distribution under some operation conditions. [START_REF] Wang | Analysis and performance of flat-plate solar collector arrays[END_REF] studied the performance of flat-plate solar collector arrays and also confirmed that the efficiency decreased about 15%-30% due to the flow non-uniformity. Fan and Furbo (2007) reported that non-uniform flow distribution can lead to boiling problems in the strips of flat-plate solar receiver, which may result in physical damage or acidification corrosion on the receiver. Moreover, another particular negative effect due to flow maldistribution is the presence of "hot spots" on the receiver walls. The high thermal-mechanical stress caused by local overheating will lead to the mechanical failure or reduced lifetime of solar receivers by a factor of 10 to 20 [START_REF] Fork | Life estimation of pressurized-air solar-thermal receiver tubes[END_REF][START_REF] Salomé | Control of the flux distribution on a solar tower receiver using an optimized aiming point strategy: Application to THEMIS solar tower[END_REF].

However, the heat flux distribution on the receiver wall is not always as uniform as assumed. Actually non-uniform heat flux has been observed both numerically and experimentally in laboratory PROMES, France. For example, a dish/Stirling system "EuroDish" which has a complete mirror of 53.1 m 2 had been tested experimentally [START_REF] Reinalter | Detailed performance analysis of a 10kW dish/Stirling system[END_REF] and numerically [START_REF] Caliot | Validation of a Monte Carlo integral formulation applied to solar facility simulations and use of sensitivies[END_REF], and a Gaussian-like heat flux distribution on the focal plane was observed. [START_REF] Salomé | Control of the flux distribution on a solar tower receiver using an optimized aiming point strategy: Application to THEMIS solar tower[END_REF] took the pictures by a high resolution CCD camera for the distribution of concentrated solar flux on the absorber. As a qualitative study, 30 heliostats were used to reflect the full moon light which was similar to sun shape to a single centered aiming point. They reported that the flux density distribution delivered on the measurement target was also Gaussian-like.

Based on the fact of non-uniform heat flux on the solar receiver reported above, some studies [START_REF] Boerema | High temperature solar thermal central-receiver billboard design[END_REF]Wei et al., 2015a) reported that uniform fluid flow distribution among parallel tubes of solar receivers may not be the optimal option. [START_REF] Boerema | High temperature solar thermal central-receiver billboard design[END_REF] proposed an optimality criterion to optimize the fluid flow distribution among parallel tubes, suggesting that the peak temperature on the heated surface can be reduced by equalizing the outlet fluids temperatures from parallel tubes. The analytical results obtained showed that the ideal (optimized) fluid flow distribution can reduce the peak temperature by more than 200 °C. However, no clue indicated that the peak temperature was minimized. In our earlier study (Wei et al., 2015a), an original CFD (Computational Fluid Dynamics) -based evolutionary algorithm has been developed for the determination of the optimal fluid flow distribution in a tubular solar receiver subjected to a non-uniform net heat flux, so as to minimize the peak temperature on the receiver wall. Different shapes of optimal fluid distribution which are not uniform can be determined corresponding to different filling materials (varied thermal conductivity). The peak temperature on the heated surface can be reduced by about 240 K when Inconel 600 is used as the filling material, simply by optimizing the fluid flow distribution among parallel tubes. Nevertheless, our earlier study (Wei et al., 2015a) focused on how to determine the optimal fluid flow distribution while how to realize such optimal distribution still remained as an open question.

Therefore, one interesting issue with practical significance is the design and optimization of fluid distributor (and/or collector) for providing the already determined target (optimal) fluid distribution among parallel tubes. The fundamental design question is how to configure the distributor/collector so as to satisfy several important features at the same time:

• Target flow distribution which is not necessarily uniform;

• Small pressure drop increase which is related to the mechanical power consumption and the performance of downstream thermodynamic cycles;

• Compact for space saving;

• Flexible and adaptable to various geometries of the solar receiver and different operational conditions;

• Easy manufacturing and reasonable cost.

In the past two decades, different types of flow distribution management devices have been proposed [START_REF] Rebrov | Single-phase fluid flow distribution and heat transfer in microstructured reactors[END_REF][START_REF] Luo | Heuristic shape optimization of baffled fluid distributor for uniform flow distribution[END_REF], including the use of fluid distributor/collector with optimized geometrical parameters (e.g., [START_REF] Commenge | Optimal design for flow uniformity in microchannel reactors[END_REF][START_REF] Tondeur | Flow and pressure distribution in linear discrete "ladder-type" fluidic circuits: An analytical approach[END_REF][START_REF] Pistoresi | Numerical study on the improvement of flow distribution uniformity among parallel mini-channels[END_REF], the use of nature-inspired tree-like structures (e.g., [START_REF] Luo | Integration of constructal distributors to a mini crossflow heat exchanger and their assembly configuration optimization[END_REF][START_REF] Yue | Flow distribution and mass transfer in a parallel microchannel contactor integrated with constructal distributors[END_REF][START_REF] Tarlet | Entropy generation analysis of a mini heat exchanger for heat transfer intensification[END_REF], and adding "packings" as additional hydraulic resistance inside the distributor/collector (e.g., [START_REF] Rebrov | Header design for flow equalization in microstructured reactors[END_REF][START_REF] Chen | Experimental study on the two phase flow behavior in PEM fuel cell parallel channels with porous media inserts[END_REF]. As an improvement of "packings" method, the insertion of a perforated baffle in the inlet fluid distributor is also widely employed, as summarized in [START_REF] Luo | Heuristic shape optimization of baffled fluid distributor for uniform flow distribution[END_REF]. However, all these methods, either cost-effective or expensive, are only capable of approaching the uniform distribution among parallel channels or tubes (e.g., [START_REF] Lalot | Flow maldistribution in heat exchanger[END_REF][START_REF] Jiao | Experimental investigation of header configuration on flow maldistribution in plate-fin heat exchanger[END_REF][START_REF] Wen | An experimental and numerical investigation of flow patterns in the entrance of plate-fin heat exchanger[END_REF]. To the best of our knowledge, the only attempt in the literature for realizing non-uniform but target fluid flow distribution was reported in our recent paper (Wei et al., 2015b), by installing a geometrically optimized perforated baffle at the distributing manifold. Results showed that different target curves (either uniform or non-uniform) could be successfully reached, but the numerical examples investigated were restricted to a 2D domain without considering heat transfer. Although some clues for the extension of the optimization method to 3D components may be found in [START_REF] Luo | Heuristic shape optimization of baffled fluid distributor for uniform flow distribution[END_REF], the application with actual physical background and systematic investigations are still lacking.

As an important follow-up work of our previous study (Wei et al., 2015a), this paper presents an original study on the design and optimization of baffled fluid distributor for the realization of optimal fluid flow distribution in a CSP tubular receiver. Based on the practical background of CSP engineering application, this study attempts to demonstrate a complete approach in this field, by considering coupled heat transfer and fluid flow in real 3D geometries. As our optimization objective, the peak temperature on the receiver wall could be minimized accordingly by using the geometrically optimized baffle.

In the rest of this paper, we will first introduce the geometry of tubular solar receiver equipped with an inlet fluid distributor and an outlet fluid collector. Then two optimal fluid flow distributions already determined in (Wei et al., 2015a) using copper and Inconel 600 as the filling materials will be selected as the target curves to be realized by optimizing the configurations of perforated baffles. Detailed discussions will be devoted to the reduced peak temperature on the heated surface and the increased total pressure drop due to the insertion of the optimized perforated baffle. Finally, remarks and main conclusions will be summarized.

Solar receiver device and optimization method

In this section, the tubular solar receiver system equipped with the distributor and the collector will be briefly introduced. The optimization principles for the perforated baffle and the CFD simulation parameters will be presented as well.

Geometry of tubular solar receiver with distributor and collector

Figure 1 shows the geometry of the integrated tubular solar receiver system used in this study. It is composed of three parts: inlet rectangular baffled fluid distributor, tubes-in-matrix receiver and outlet rectangular fluid collector. The core part of the system is a cuboid solid monoblock, with the overall dimensions of 405 mm in length (z direction), 202 mm in width (x direction) and 49 mm in height (y direction). It is based on the tube-in-matrix concept, consisting of the external shell, the filling material and a bunch of parallel straight tubes. The external shell and the walls of tubes are made of Inconel 600 while the filling material could be different (copper for example). In more detail, 45 straight tubes with 6 mm in internal diameter and 405 mm in length are arranged symmetrically in three aligned layers. For the convenience of description, these tubes are indexed by i as layer A to C from top to bottom, and by j from 1 to 15 along the x direction. Detailed configuration and dimensions of the tubes-in-matrix part can be found in Wei et al. (2015a). The inlet baffled fluid distributor has a single inlet port in the center with 20 mm in diameter and 40 mm in length, as shown in Fig. 2. Connected to the inlet port is a rectangular distributing manifold with 202 mm in width, 49 mm in height and 30 mm in length. A perforated baffle is inserted in the distributing manifold, with the thickness (e) of 8 mm for sufficient mechanical strength. The overall dimension of the perforated baffle corresponds to the distributing manifold, while the configuration of orifices on the baffle is to be optimized for providing target fluid flow distribution among the downstream 45 parallel tubes. The endpoints of parallel tubes are connected to the outlet fluid collector which has the same geometry and dimension of the distributor, but without baffle insertion.

In actual operation, pressurized air at 15 bar with a constant mass flow-rate will be introduced to the inlet port of distributor, spread by the perforated baffle with optimized configuration, then heated up by passing inside the parallel tubes and finally resembled by the outlet fluid collector. Note that the rectangular-shape distributor and collector are proposed as a study example for compactness consideration. The optimization method for orifices' configuration is fully compatible with other possible geometries (conic or curvature shape) of the distributor/collector. 

Optimization principles for perforated baffle

The basic idea of the optimization method is to adjust the size of orifices on the perforated baffle so as to approach the target mass flow-rate in every downstream parallel tube. For 3D devices, the baffle is divided into a number of virtual control groups, each control group corresponding to one downstream straight tube, as shown in Fig. 3. In each control group, N orifices are evenly distributed on the baffle. We annotate the mass flow-rate passing through the ijth tube as mij and its target value as m'ij. Based on mass conservation, we obtain:
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where m is the total mass flow-rate of heat transfer fluid, m the mean mass flow-rate among all parallel tubes, and M is the total amount of parallel tubes (M=45 in this study).

The fluid mass flow-rate in every orifice and in every straight tube may be obtained by running the CFD simulation of the entire solar receiver system equipped with fluid distributor and collector. Then the diameter of orifices in ijth control group d ij will be varied simultaneously by comparing m ij and m' ij in the corresponding ijth tube. More precisely, if m ij is higher than its target m' ij , the sizes of the orifices d ij become smaller to reduce the flow-rate passing through the ijth tube, and vice versa. According to the repetitive nature of the variation process, an automatic iteration program is developed to realize the evolutionary procedure until the objective is achieved. The implementation of the algorithm is described in detail in Wei et al. (2015b).

In the present study, the increment or decrement of the orifice's diameter dij from t to t+1 iteration is determined by a variation rule presented in Eq. ( 3) which is a specific form of Ref. [START_REF] Luo | Heuristic shape optimization of baffled fluid distributor for uniform flow distribution[END_REF], based on the difference between mij and its target value m'ij:
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γ is a relaxation factor always greater than zero introduced to control the speed of variation. Following this variation rule, the global porosity of the baffle Φ defined as follows is kept constant during the iterations:
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where S is the surface area of baffle.

To quantify the degree of closeness between the target distribution curve and the final flow distribution achieved by optimization, the parameter maldistribution factor (MF) is defined as follows:
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Note that Eq. ( 5) could be considered as a generalized form of "maldistribution factor" initially used in the literature (e.g., Fan et al., 2008;[START_REF] Guo | Multi-channel heat exchanger-reactor using arborescent distributors: A characterization study of fluid distribution, heat exchange performance and exothermic reaction[END_REF] to quantify the flow non-uniformity. The main difference lies in that m is replaced by ij m′ in the numerator of the summation items in Eq. ( 5), to evaluate the deviation between the current mass flow-rate and its target value in each tube. The target flow distribution is considered to be completely reached when the values of MF approach 0. In the current study, the optimization process will be terminated when the value of MF becomes smaller than 0.1.

Numerical parameters for CFD simulation

In this study, simulations were performed under steady state and the gravity effect was considered. Note that half of the real object was actually simulated for the purpose of lessening the computational burden. Structured meshes were generated for the fluid zone using software ICEM (version 12.1) whereas unstructured meshes were constructed for the solid zone. The implemental mesh involved about 4 255 980 cells and was applicable to our simulations after a grid independence test.

The working fluid used in this study was pressurized air at 15 bar, with constant total inlet mass flow-rate of 135 g s -1 . Two materials (copper and Inconel 600) were used as the filling materials for comparison. The temperature dependent physical properties of fluid and solid under the tested conditions may be found in Wei et al. (2015a).

Coupled fluid flow and heat transfer were simulated using a commercial code FLUENT (version 12.1.4), by solving Navier-Stokes equations and heat transfer equations. The fluid flow was calculated by the COUPLED method for pressure-velocity coupling, and a second order upwind differential scheme was applied for the spatial discretization. For the fluid zone, the inlet boundary condition was set as mass flow-rate of air at 300 K normal to the boundary of the distributor's inlet port whereas the pressure outlet boundary was set for the outlet port of collector with the gauge pressure value being zero. Standard k-ε model was used to predict turbulent flow. For the solid zone, a Gaussian-shape net heat flux was defined for the heated surface of the solar receiver. Details for this net absorbed heat flux distribution may be found in Fig. 3 of Ref. (Wei et al., 2015a), with the maximum local heat flux being 650 kW m -2 and the average heat flux of the whole surface being 284.6 kW m -2 . All the tube walls were defined as non-slip conditions with negligible thermal contact resistances. Other walls of the system were considered as adiabatic with negligible heat loss to the environment.

At each optimization step, MATLAB was used to take the computed flow field results from FLUENT, to perform calculations of the coordinates of simulation domain and to pass the data required to ICEM to regenerate the mesh for the updated geometry.

Initial baffle design and target curves

The initial orifices' configuration of the baffle subjected to optimization is shown in Fig. 4. 45 orifices (N=1) with identical initial diameter of 4 mm are evenly distributed on the baffle surface, the global porosity thus being 5.71%. The distance between the perforated baffle and the inlets of parallel tubes is 2 mm. The target curves to be realized by optimizing the baffled fluid distributor have already been determined in Wei et al. (2015a), with the purpose of minimizing the peak temperature (Tpeak) of the receiver wall. Here two target distributions with Inconel 600 or copper used as the filling material are selected as examples. Due to different thermal conductivities of the filling material, the shapes of these two target distributions are differed from each other, as shown in Figs. 6 and9 of the present article.

Results and discussion

Copper used as the filling material

Using the proposed optimization method, the optimized configuration of perforated baffle can be obtained, as shown in Fig. 5. The orifices located in the peripheral areas of the baffle are small, corresponding to low flow-rates in downstream tubes. Although the target flow-rate in the center is high, the size of corresponding orifice should be reduced because it faces directly to the inlet port of the distributor. After 4 steps of optimization process, the MF value decreases from 0.579 (without baffle) to 0.095. The variation of MF value along the optimization steps is indicated in Table 1. The final flow distribution by insertion of the optimized baffle is in good agreement with the target curve, as shown in Fig. 6. Figure 7 shows the fluid flow distribution and the corresponding temperature field on the heated surface with insertion of the optimized baffle (Fig. 7b) compared to those without any baffle insertion (Fig. 7a). When no baffle is used, the highest mass flow-rates are located in central tubes (A8, B8, C8, etc.), the corresponding peak temperature (Tpeak) of the heated surface being 753.2 K and a temperature difference of 324.8 K between the maximum and the minimum. Obviously, the temperature field is still Gaussian-like due to the Gaussian-shape net heat flux absorbed by the receiver. By providing the optimal fluid flow distribution among parallel tubes using the optimized baffle, the isothermal lines on the heated surface are generally perpendicular to the direction of fluid flow, implying a minimized Tpeak value of 747.8 K. The max-min temperature difference is also reduced to 317.5 K. In fact, the target (optimal) flow distribution was determined by the optimality criterion of identical temperatures on the centerline perpendicular to the fluid flow direction. Note that the optimized temperature distribution on the heated surface and the minimized Tpeak value are very close to those presented in Fig. 8 of Ref. (Wei et al., 2015a), indicating the effectiveness of the optimized baffle insertion method for realizing the target flow distribution.

Meanwhile, the total pressure drop (∆ptotal) of the receiver system increases by 21.7% from 17442 Pa (without baffle) to 21230 Pa (with optimized baffle). In order to modulate the initial fluid flow distribution (Fig. 7a) to its optimal shape (Fig. 7b), extra mechanical power should be consumed due to the additional hydraulic resistance of the baffle. Nevertheless, its increase due to the baffle insertion is relatively small (<0.04 bar). The pressure drop values at different parts of the solar receiver are presented in Fig. 8. Note that the subscripts dis, tubes and col represent the distributor part, the tubes-in-matrix part and the collector part, respectively. It can be observed that the pressure drop in the distributor part (∆pdis) increases from 46 Pa to 5865 Pa due to the baffle insertion. The ratio of ∆pdis with respect to ∆ptotal augments from 0.26% to 27.5%. Meanwhile, ∆ptubes (average value among parallel tubes) decreases from 1982 Pa to 310 Pa because of relatively more uniform flow distribution among parallel tubes. Another observation is that the pressure drop in the collector (∆pcol) seems to be the major contribution to ∆ptotal for both cases with or without baffle insertion. In fact, the specific volume of pressurized air increases when it is heated up inside the parallel tubes. The volume flow-rate (thus the velocity) of air in the collector part is much higher than that in the distributor part, resulting in much higher value of ∆pcol. This also implies that the simple rectangular-shape collector used in this study is clearly not an optimal design and can be further improved. Nevertheless, the optimization method is fully compatible with other possible shapes of the fluid collector. Different configurations of the optimized baffle can be obtained regarding different geometries of collector, while the target fluid flow distribution can always be reached. It should be noted that due to relatively high thermal conductivity of copper (about 380 W m -1 K -1 ), the reduction of Tpeak by optimizing the fluid flow distribution is not significant (from 753.2 K to 747.8 K). To further verify the optimization method, another case with Inconel 600 used as the filling material (thermal conductivity about 20 W m -1 K -1 ) is tested and will be presented in the following sub-section.

Inconel 600 used as the filling material

As shown in Fig. 9, the target curve for this case is much less regular: almost all fluids should be allocated in layer A which is the closest to the heated surface. This implies a large flow gradient between the layer A and the layer B, as well as a number of empty tubes (m'ij=0) in layers B and C. These features of the target curve set higher requirements for the optimized baffle so that the results obtained by performing the standard optimization procedure (such as for the copper case) may be less satisfactory. Therefore, some special treatments should be added as useful complementary to the proposed optimization method.

For the actual optimization of the perforated baffle, the tubes with zero flow-rate are firstly blocked in the CFD simulation and the corresponding orifices are removed. Then, a partition wall is added in the middle of layer A and layer B, in order to prevent the transversal flow flux. The height of partition wall is 2 mm, corresponding to the distance between the perforated baffle and the inlets of parallel tubes, as shown in Fig. 10b.

By performing the optimization method, the target flow distribution (shown in Fig. 9) could be reached, indicated by the reduced MF value from 1.565 (without baffle) to 0.098 in 5 steps (Table 1). Fig. 10a shows the optimized configuration of the perforated baffle. It may be observed that the orifices located in layer A are significantly larger than those in layer B, corresponding to higher flow-rates of the target curve on layer A. For the filling material of Inconel 600 with relatively low thermal conductivity (about 20 W m -1 K -1 ), the shape of fluid flow distribution among parallel tubes could have a great influence on the temperature distribution (also Tpeak) on the heated surface of the solar receiver. The temperature field on the heated surface presents an obvious Gaussian-shape without baffle insertion, while it is much more uniform after the insertion of the optimized baffle. Comparing to the case of distributor without baffle, the Tpeak value is reduced from 1322.8 K to 1086.4 K by using the optimized baffled distributor, as shown in Fig. 11. The reduction on Tpeak (about 240 K) is rather significant by providing the optimal flow distribution among parallel tubes. Meanwhile, the temperature difference between the maximum and the minimum is also reduced from 950.8 K to 725.3 K. For the case of empty distributor without baffle insertion, the total pressure drop ∆ptotal of the system using Inconel 600 as the filling material reaches 17440 Pa, very close to that using copper (17442 Pa). However, the ∆ptotal increases from 17440 Pa to 41007 Pa due to insertion of the optimized baffle. This moderate increase of pressure drop (about 0.24 bar) is mainly due to the highly irregular character of the target distribution curve. As a result, the benefit of Tpeak reduction is at the cost of higher total pressure drop of the system.

The pressure drops at different parts of the receiver system are indicated in Fig. 12. It may be clearly observed that the increase of pressure drop in the distributor part (∆pdis from 60 Pa to 24417 Pa) is the main reason of the increased ∆ptotal, i.e., the ratio of ∆pdis to ∆ptotal augments from only 0.34% to 59.5%. In fact, to realize the highly irregular target curve, a number of orifices on the baffle have to be blocked, leading to a smaller global porosity on the baffle (2.79%). Meanwhile, ∆pcol (about 15 kPa) also contributes a lot to ∆ptotal for both cases with or without baffle insertion, mainly due to the non-optimized design of the fluid collector. 

Discussions

The present study concerns the realization of the optimal fluid flow distribution in a tubular solar receiver, while the optimal distributions (target curves) have already been determined in our earlier study (Wei et al., 2015a). The temperature fields on the heated surface and the Tpeak values obtained in this study are generally in good agreement with those in Wei et al. (2015a). Nevertheless, small differences can still be observed between the two studies, e.g., minimized Tpeak value of 747.8 K instead of 762.8 K for the copper case and 1086.4 K instead of 1094.0 K for the Inconel 600 case. This is mainly due to the fact that only the tubes-in-matrix part has been considered in Ref. (Wei et al., 2015a) while the entire solar receiver system equipped with the distributor and the collector is taken into account in the present study. A small amount of the heat absorbed by the heated surface will inevitably be transferred to the distributor and the collector parts, and then to the pressurized air passing through. Hence, slightly smaller minimized Tpeak values are obtained in this study than those in Ref. (Wei et al., 2015a), notwithstanding the identical net heat flux absorbed by the heated surface of the tubes-in-matrix part.

The optimized baffle insertion in the fluid distributor can effectively reduce Tpeak of the solar receiver, but at the cost of higher ∆ptotal of the system. In fact, extra mechanical energy has to be consumed to modulate the initial fluid flow distribution toward the target shape. However, a great proportion of total pressure drop is generated in the rectangular fluid collector whose geometry is not yet optimized. By simply using conic or curvatured shape collector, the total pressure drop of the system could be further reduced. Note that the proposed optimization method is compatible with other shapes of distributor/collector; only the final configuration of the optimized baffle will be varied correspondingly. In summary, realizing a certain target flow distribution with the minimum increase of pressure drop is certainly an interesting topic of practical significance, by introducing multi-criteria optimization methodologies. By examining Figs. 6 and9, it could be seen that the flow distributions provided by optimized baffles are globally in nice agreement with the target curves. Small deviations may be observed for several individual tubes, mainly due to the termination criterion selected in this study (MF<0.1) for the optimization method. When better agreement to the target curve is requested, smaller values of MF could be considered as the termination criterion but more optimization steps (thus longer computational time) will be needed. For some extreme cases when highly irregular target curves are involved, some actions should be taken as useful complementary to the optimization method, including the partition walls or a second header. Moreover, the perforated baffle to be optimized may also be integrated as inlet openings of the parallel tubes.

It should be noted that the proposed optimization method is based on the results of CFD simulation. Therefore, the difficulties occurred in simulation, such as for highly turbulent or complex fluid (e.g. non-Newtonian), will influence inevitably the effectiveness of our method. Selecting appropriate and adaptive CFD codes or models is essential for precise calculation of the flow and temperature fields. Besides common commercial CFD codes, we may turn to some in-house codes or advanced numerical techniques such as the lattice Boltzmann method [START_REF] Wang | Lattice Boltzmann method for shape optimization of fluid distributor[END_REF]. Deep understandings on fundamental physical phenomena and on conjugated heat and mass transfers should be firstly acquired for the implementation of the optimization method.

In this study, some technical problems such as fabrication tolerances, fouling, contact thermal resistances are ignored to reduce the complexity of physical problems. However, the factors having great influences could be considered in the CFD simulation or in the optimization process. If we already know the variation of tube diameter due to fabrication tolerances, we could take the exact dimensions into account at the beginning when creating and meshing the object. As far as the fouling or contact thermal resistances are concerned, boundary conditions for the relative tube might have to be modified accordingly. For the variation in fluid composition, the physical properties of working fluid should be well defined to reflect the reality.

Conclusion and perspectives

In this article, an original study on the design and optimization of baffled fluid distributor is presented for the realization of optimal fluid flow distribution in a CSP tubular receiver. The optimization method proposed adjusts the sizes of orifices on the baffle inserted in the distributing manifold so as to approach the target flow-rate among parallel tubes. Two optimized baffles are then obtained, with copper or Inconel 600 used as the filling material. Based on the results obtained, main conclusions can be summarized as follows:

 The optimization method is effective for reaching the optimal configurations of the perforated baffle. The final fluid distributions provided by the optimized baffles are in good agreement with the target curves, with the values of maldistribution factor (MF) smaller than 0.1.

 The peak temperature on the receiver wall can be minimized accordingly by optimizing the flow distribution. Tpeak on the heated surface can be reduced from 753.2 K to 747.8 K for the copper case, and from 1322.8 to 1086.4 for the Inconel 600 case.

 The total pressure drop of the solar receiver system with insertion of optimized baffle is about 0.21 bar for the copper case, and about 0.41 bar for the Inconel 600 case. The pressure drop increase due to the baffle insertion is relatively moderate (0.04 bar for the copper case; 0.24 bar for the Inconel 600 case).

Our future work will focus on the experimental tests of a real tubular solar receiver which is an essential step for the validation of the optimization method and the numerical results. The tubular solar receiver equipped with optimized baffled flow distributors will be fabricated and tested. The measurement of temperature distribution on the heated surface will indicate the improvement of temperature uniformity and the reduction of peak wall temperature. Also, a series of perforated baffles can be designed under different typical working conditions for replacement. The evaluations on global thermal performance and total pressure drop will illustrate the real benefits of optimized flow distribution.

The present study illustrates that the insertion of a geometrically optimized baffle is generally a practical solution with various advantages: capable of realizing non-uniform target distribution; small pressure drop increase; compact geometry; flexible and adaptive, easy fabrication with a reasonable cost, etc. Its application could be extended to various engineering devices involving fluid maldistribution problem, including heat sinks for cooling of electronic components, fuel cells, reactors with coupled heat and mass transfer, absorption or distillation columns. This is another direction of our future work.
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 1 Figure 1: Schematic view of the tubular solar receiver equipped with an inlet fluid distributor and an outlet fluid collector.
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 2 Figure 2: Geometry and dimensions of the baffled inlet fluid distributor (unit: mm).
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 3 Figure 3: Division of control groups.
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 4 Figure 4: Geometry and dimensions of the initial (uniform) perforated baffle for optimization (unit: mm).
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 5 Figure 5: Optimized configuration of the perforated baffle for solar receiver using copper as the filling material (diameter, unit: mm).
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 6 Figure 6: Comparison between the final flow distribution with optimized baffle and the target curve (copper as the filling material).
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 7 Figure 7: Fluid flow distribution among parallel tubes and the corresponding temperature field of the heated surface (copper as the filling material): (a) without baffle insertion; (b) with insertion of optimized baffle.

Figure 8 :

 8 Figure 8: Pressure drop values on different parts of the solar receiver system (copper as the filling material): (a) without baffle insertion; (b) with optimized baffle insertion.

Figure 9 :

 9 Figure 9: Comparison between the final flow distribution with optimized baffle and the target curve (Inconel 600 as the filling material).

Figure 10 :

 10 Figure 10: Optimized baffled fluid distributor for the tubular solar receiver when Inconel 600 is used as the filling material: (a) optimized baffle configuration (diameter, unit: mm); (b) distributor geometry.

Figure 11 :

 11 Figure 11: Fluid flow distribution among parallel tubes and the corresponding temperature field of the heated surface (Inconel 600 as the filling material): (a) without baffle insertion; (b) with insertion of optimized baffle.

Figure 12 :

 12 Figure 12: Pressure drop values on different parts of the solar receiver (Inconel 600 as filling material): (a) without baffle insertion; (b) with optimized baffle insertion.

N

  total amount of orifices in one control group p pressure Pa

Table 1 : MF values in the optimization process.

 1 

	Case	No baffle	Initial baffle	Step 1	Step 2	Step 3	Step 4
	Copper	0.579	0.599	0.159	0.145	0.095	-
	Inconel 600	1.565	1.093	0.377	0.247	0.182	0.098