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Optimization of a Composite Sandwich Panel with Honeycomb Core Under Out-of-Plane Pressure with NMPSO Algorithm
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. More than thirty percent of modern aircraft components are made up of these structures. The optimal design of a honeycomb core composite sandwich panel using particle swarm optimization algorithm is investigated in this paper. First-order shear deformation theory for Laminates is employed for panel modeling and analysis, and the total weight of the panel is taken as the optimization objective function, along with core shear strength, core buckling, panel overall displacement, and composite shell yielding constraints. The results indicate that at low pressures, using a higher number of cells with smaller crosssectional area and adding core height is the best way to reduce displacement and the probability of buckling in the panel cells. As pressure increases, the thickness of the core cell walls as well as the thickness of the composite shells become more important. Changes in the objective function and design constraints are examined and discussed. The results provide valuable information for the design of composite sandwich panels, placing it at the disposal of engineers .

Introduction

Due to their unique characteristics such as high strengthto-weight ratio, fatigue resistance, energy absorption, and thermal resistance, sandwich structures are widely utilized across various industries. Generally, sandwich structures consist of two strong and thin shells and a lightweight, thick core. While the skins endure normal and bending stresses, the core specifically withstands shear stresses [START_REF] Kollár | Mechanics of Composite Structures[END_REF]. Extensive research has been conducted on analyzing, designing, and constructing sandwich panels. Additionally, due to their widespread commercial and industrial applications, research has been carried out in optimizing these structures from various perspectives such as weight, construction cost, and strength. Ashby and Gibson [START_REF] Gibson | Cellular Solids: Structure and Properties[END_REF] investigated the elastic properties of various honeycomb-core sandwich structures. Banerjee and Battley [START_REF] Banerjee | Shear Strength Optimization of Reinforced Honeycomb Core Materials[END_REF] examined the optimization of shear strength in honeycomb with hexagonal cells. Gholami and colleagues [START_REF] Gholami | Optimal design of a honeycomb core composite sandwich panel using evolutionary optimization algorithms[END_REF] explored the optimal design of composite sandwich panels with circular cells using evolutionary optimization methods .

In this paper, the presented optimal design in the previous study [START_REF] Gholami | Optimal design of a honeycomb core composite sandwich panel using evolutionary optimization algorithms[END_REF] is expanded and improved. First-order shear deformation theory is used for panel modeling instead of classical theory, considering the out-of-plane shear stress and core buckling as panel failure factors. The skin and core of the panel are analyzed separately, and hexagonal geometry is employed for the core cells instead of circular, which has significantly broader commercial applications.

Analysis of sandwich structure

In Figure 1, the panel geometry and the design parameters of the panel, as well as its loading method, are depicted. Assuming that the thickness of the composite layers is equal and the total thickness of the shell is denoted by H. The fiber angles are considered as 0, 90 for each shell, and simply support boundary conditions are assumed for the four edges of the panel. To satisfy the simple support boundary conditions on all four sides of the panel and considering the rotations in the xz and yz directions, the following equations are used to calculate the displacement and rotation of the panel [START_REF] Kollár | Mechanics of Composite Structures[END_REF] . 
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is explained in [START_REF] Kollár | Mechanics of Composite Structures[END_REF]. ISME2020, 27-29 May, 2020 In this analysis, shear displacement occurs only in the core. To calculate the displacement, we need to calculate the macroscopic shear modulus of the honeycomb core. Ashby and Gibson [START_REF] Gibson | Cellular Solids: Structure and Properties[END_REF] showed that the shear modulus of the honeycomb core is proportional to the dimensions and geometry of the cell. For a regular hexagonal cell, the shear modulus relationship is expressed as follows . s G is the Shear modulus of constituent material of the cell. After calculating the displacements and rotations, the shear strains in the core and the in-plane strains of the shell are calculated, and finally, the out-of-plane shear stresses on the core and the in-plane normal stresses on the shell can be calculated. The relevant relationships are fully presented in [START_REF] Kollár | Mechanics of Composite Structures[END_REF] and [START_REF] Kaw | Mechanics of Composite Materials[END_REF]. According to the relationships, we find that the highest normal stress for each layer occurs in the middle of the sheet. The analysis shows that the parameters of the length of the side of the hexagonal cell (l), the height of the cell (C), the thickness of the cell walls (t) and the thickness of the composite shell are effective in the overall behavior of the panel .

Introduction of optimization parameters

NMPSO 1 algorithm is used for optimization. The performance details of this algorithm are fully explained in [START_REF] Gholami | Optimal design of a honeycomb core composite sandwich panel using evolutionary optimization algorithms[END_REF] .

The overall weight of the panel is considered as the objective function, which includes the weight of the shells and the weight of the core. The general formula of panel weight is as follows.
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In this relation, f  is the density of the shell and the c  is density of the core material and 12 , nn are the number of sols in the x and y directions, respectively. The side length of the hexagonal cell (l), the cell height (C), the thickness of the cell walls (t) and the thickness of the composite shell (H) are considered as design parameters in the optimization problem. The first constraint is the maximum displacement problem. It is assumed that the maximum displacement should not be more than one tenth 10% of the height of the cells [START_REF] Gholami | Optimal design of a honeycomb core composite sandwich panel using evolutionary optimization algorithms[END_REF] .
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We consider the shear stress on the honeycomb core as the next constraint. Banerjee and Batley [START_REF] Banerjee | Shear Strength Optimization of Reinforced Honeycomb Core Materials[END_REF] showed that the macroscopic shear strength of the honeycomb core will change with the change of the relative density of the core. For a regular hexagonal cell, the relation of relative density is as follows [START_REF] Gibson | Cellular Solids: Structure and Properties[END_REF]. Shell yielding is one of the important factors of panel failure, and it is taken into consideration here as a parameter of the optimization problem. The yield criterion used in this research is the Tsai-Hill criterion, whose relationships are as follows [START_REF] Kaw | Mechanics of Composite Materials[END_REF].
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 are the stresses applied to each of the composite layers in the direction of the fibers and perpendicular to the direction of the fibers, respectively. For both zero-and 90-degree layers, the Tsai-Hill criteria must be met .
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The buckling of core cells is another constraint that we have discussed in this research. It is assumed that the force is uniformly distributed on the surface of the core. In this case, the compressive force on each wall will be as follows. ISME2020, 27-29 May, 2020
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Zhang and Ashby in [START_REF] Zhang | The out-of-plane properties of honeycombs[END_REF] presented the value of critical load for hexagonal cell walls as follows. The maximum thickness of the core is assumed to be ten percent of the minimum length of the panel [START_REF] Gholami | Optimal design of a honeycomb core composite sandwich panel using evolutionary optimization algorithms[END_REF].
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The thickness of the shell is assumed to be between 1 and 10 mm . 

Results and discussion

In this research, the shells consist of two Glass-Epoxy composite layers, and the honeycomb core has a regular hexagonal structure with side length (l) and Nomex material. These materials are usually used to make airplane wings. The length and width of the panel are considered to 1 m. Tables [START_REF] Kollár | Mechanics of Composite Structures[END_REF] and ( 2) show the mechanical properties of the shell and core, respectively.

In these tables, S, E and G are in GPa and  is in 

Effect of design parameters on constraints

Figure 2 shows the effect of increasing the (l) parameter on the constraints. Displacement constraints ( 1 g ), shear stresses ( 2 3 , gg ), and cell wall buckling ) 6 g ( , tend to zero with increasing (l) and larger cells, which is unfavorable. The constraints related to the yielding of the shells and the Tsai-Hill criterion ) 45 , gg change very little, and it can be said that the increase of (l) has no effect on them . Figure 3 shows that the increase of H makes the constraints related to displacement and Tsai-Hill criterion better (more negative) and does not have much effect on the constraints related to buckling and core shear stress. Figure 4 shows that the increase of (C) has the greatest effect on the displacement constraint. It can be said that increasing (C) decreases the displacement of the whole panel. Figure 5 shows the effect of increasing the (t) parameter on the design constraints. Increasing (t) slightly improves the displacement constraint. Also, it has a positive effect on the limitations related to shear stress, but it has no effect on the limitations related to the normal stress of the shell and the Tsai-Hill criterion. 

Final results of optimization for different pressures and analysis of results

In Table 3, you can see the optimal values of the design parameters for different pressures . From the data in table [START_REF] Banerjee | Shear Strength Optimization of Reinforced Honeycomb Core Materials[END_REF], the following results are obtained :

At low pressures (from 50 kPa to 100 kPa) parameters (C) and (l) are important. It was observed that changing core parameters (l,C) first to achieve lower weight is the best solution. When C reaches the maximum value, the shell thickness (H) will be the effective parameter of the optimization problem (instead of C). Increasing the thickness of the shell will decrease displacement and reduce vertical stresses on the shell.

When the cell length reaches its minimum value (215 kPa), with increasing pressure, the cell wall thickness (t) will be the effective parameter of the optimization problem (instead of l) .

Figure 6 shows the graph of the optimal weight in different pressures. It can be seen that with increasing pressure, cells with greater wall height and thickness and smaller side length are needed so that the panel can withstand the pressure. The optimization results show that core buckling is important at low pressures up to 100 kPa. By increasing the pressure and changing the parameters, the probability of core buckling decreases and the constraint of maximum displacement becomes important. At pressures close to the final pressure, the shell strength is active and finally at a pressure of 1238 kPa, the shell fails (the constraint becomes zero) .

Conclusion

Today, sandwich structures are used in many industries. Low weight and high resistance are the most important properties of these structures. In this article, the optimal design of a honeycomb sandwich structure under uniform out-of-plane load was investigated to have the lowest possible weight. According to the optimal values of the parameters at different pressures, it can be said that at low pressures, parameters (l) and (C) are very important for panel design. With increasing pressure, (H) and (t) parameters will be important design parameters. Buckling of cells is important for panel design at low pressures, and with increasing pressure, the maximum displacement and then yielding of the panel shell becomes important. For the structure considered in this article, the shell finally succumbs at a pressure of 1328 kPa .
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 1 Figure 1: schematic of panel

  this relation, (t) is the thickness of the cell wall and (l) is the side length of the hexagonal cell.

=

  The ultimate shear stress for honeycomb core is calculated as follows.

  , su S is the shear strength of the core material. The core shear stress ( max  ) must be lower than the ultimate shear stress. In this research, we consider the safety factor equal to 2



  are Young's modulus and Poisson's ratio of the constituent material of the honeycomb core, respectively. The buckling constraint is defined as follows.
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 2 Figure 2: Effect of increasing parameter (l) on constraints
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 3 Figure 3: Effect of increasing parameter (H) on constraints
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 4 Figure 4: Effect of increasing parameter (H) on constraints.
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 5 Figure 5: Effect of increasing parameter (t) on constraints.
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 6 Figure 6: increase Optimum weight of sandwich structure with increasing pressure

Table 3 :

 3 optimal values of the design parameters for different pressures

	Pressure	Weight	l *	t *	C *	H *
	(kPa)	(Kg)	(mm)	(mm)	(mm)	(mm)
	50	6.72	22.96	1	81.15	1
	75	7.66	20.03	1	92.98	1
	100	8.81	18.19	1	100	1.11
	215	18.25	10	1.01	100	2.62
	400	32.60	10	1.74	100	4.82
	450	36.30	10	1.92	100	5.41
	720	55.05	10	2.78	100	8.51
	800	60.26	10	3.01	100	9.40
	840	62.81	10	3.12	100	9.84
	900	66.67	10	3.51	100	10
	1000	73.77	10	4.35	100	10
	1200	91.14	10	6.40	100	10
	1300	101.92	10	7.68	100	10
	1325	104.9	10	8.03	100	10
	1328.65 120.40	10	9.87	100	10