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This work aims to design a rotary-wing unmanned aerial system (RUAS) that monitors the pollutants and minimizes their concentration in the atmosphere. This RUAS could be well suited for implementation in cities such as New Delhi and Ghaziabad, where air pollution is a major concern. This RUAV’s well-thought-out design and use would be good for the environment also a step forward in the technology of UASs. Therefore, an advanced approach in design as well as innovative computational composite materials development based on structural analysis of this RUAS has been made. The major components involved in this comprehensive investigation are the fuselage, main rotor and tail rotor of RUAS. The aerodynamic parameters on RUAS have been estimated through the advanced technique adopted computational fluid dynamics approach using ANSYS Fluent 17.2. The finite element analysis (FEA) of the RUAS imposed under two different approaches enforced on lightweight composite materials has been estimated through ANSYS Structural 17.2. Firstly, the advanced computational platform for the development of composite materials has been created through the ANSYS Composite Preprocessor tool 17.2, wherein computational moldings of the fuselages of RUAV are framed. The computational moldings are greatly supported and so the conventional polymer matrix composites, metal matrix based composites, and advanced hybrid composites are well prepared. A ll of these uniquely framed materials have undergone computational structural investigations, and the material suitable for RUAVs has thus been selected. The computational tests are validated with advanced experimental outcomes, which furthermore enhanced the reliability of this proposed work. Additionally, the main rotor and entire RUAV are also computationally investigated under aerodynamic loading conditions through fluid structure interaction (FSI) approach. At last, the suitable lightweight material for all the parts of RUAS is shortlisted through innovative integrated computational engineering analyses.
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1 INTRODUCTION
The purpose of this study is to implement and evaluate a Rotary Wing Unmanned Aerial Vehicle (RUAV) for use in atmospheric pollution removal. The mission profile for this RUAV calls for a vertical takeoff, lengthy hover, and landing. The development of RUAV relied on a number of historical and standard pieces of information. After the initial conceptual design phase, this RUAV underwent extensive computer evaluations and computations to guarantee its reliability and practicality. The decision to use rotary wings was made. Because long periods of hovering and close observation of a location would not be possible with a fixed-wing structure, and vice versa. Compared to fixed-wing aircraft, rotary-wing RUAVs have the advantage of greater payload capacity. A rotary-wing aircraft would be more stable in high winds. Up until now, the military has made use of aircraft with medium-sized rotating wings (like helicopters) for tasks like border patrol, traffic monitoring, espionage, inspection, rescue, etc. The ultimate goal of this study is to put into practice a layout that is functional in residential and public settings. The planned RUAVs are very similar to helicopters, but they have some special features that set them apart. The sprayer mechanism is part of the 22.5 kg payload that may be carried by this RUAV.
1.1 Literature survey
Numerous articles concerning our application and UAVs are carefully examined, and information is gathered for earlier studies. The key findings from several study articles are briefly presented in the following passages. According to a study by Wienczyslaw et al., a helicopter’s fuselage design, aerodynamic characteristics, and general effectiveness should be maximized during high-speed flight. Four types of fuselages were morphed and examined to determine the aerodynamic coefficients using a CFD (computational fluid dynamics) technique. In addition, this study used interactive design and numerical optimization based on the multi-objective genetic algorithm. To calculate the impacts of the main and tail rotors on the flow field, cumulative distribution function computations were performed (Stalewski and Zoltak, 2012). With the aid of precise geometric information for the blades in a given range, Slavik (2004) discussed the preliminary analysis of the propeller thrust and the power coefficients according to the forward ratio. This method can be improved further by considering the impacts of the Mach number tip, the aerodynamics of airfoils, and investigating the impact of blade numbers.
The conception and basic design of a small helicopter were covered by Krenik and Weiand (2016) The investigation was conducted progressively. It began with the estimation of component weights using common weight models. The VSAERO software was used to estimate the fuselage’s aerodynamics. The HOST tool was used to estimate the control dynamics of rotor blades. There is also justification for several other parameters, including energy ratio, blade loading, blade twist, etc. A novel idea for a universal helicopter design was investigated and numerically implemented. Kania et al. (2007) described the airfoil design with maximum efficiency appropriate for helicopter rotor blades. The airfoil was numerically designed, analyzed, and empirically validated by the authors using wind tunnel testing. The outcomes are attained because the newly developed rotor blade airfoils of the ILH3XX series and the tail rotor blade airfoils of the ILT212 series are more effective than the other airfoils already in use. Tamer et al. (2011) discussed how to design and optimize the helicopter rotor blades with the least amount of power needed. The rotor diameter, number of blades, and airfoil needed inputs were selected using historical data and the xBEM tool. The CAMRAD JA analysis tool and the CONMIN algorithm were coupled to produce the desired design optimization outcome in this study. The xBEM was used to perform the aerodynamic evaluations of the optimized blades. This rotor blade optimization offers a practical method for rotorcraft design to improve several factors, including maximum performance, improved stability, reduced vibration, and lower cost. For the structural size of a rotorcraft fuselage, Dominik B et al. adopted an integrated design technique. The linear-elastic ANSYS solver was used to analyze static calculations of the fuselage airframe. The sizing procedure was carried out under various loading circumstances. This study also covered the aerodynamic loading brought on by the primary rotor’s interactions with other parts (Schwinn et al., 2018). Li and Chen (2010) and others created a new mathematical framework to analyze helicopters in great detail. The model was created with six degrees of freedom, linked flap-lag-torsion elastic rotor blade motion, coupled unstable aerodynamics with dynamic stall, and high-order dynamic wake models. Discrete beam elements were created from the rotor blade. The Galerkin approach of weighted residuals was the foundation for formulating the finite element analysis. The structural operator is validated between the UMARC model and the UH-60 helicopter. They decided to put up with one another. The fundamental method for designing helicopters was created by Luka (2016) This technique uses statistical modeling of the key characteristics of the performance and size of currently existing, comparable helicopters, as well as the usage and development of the rotary wing performance equation. Data from current helicopters were gathered, and the parameters determined by statistical modeling were compared. The typical difference was 20.78%, which was satisfactory for a test design. The performance of the helicopter’s rotor tip blade was examined by Barakos (2013) The three main varieties on the rotor blade have been identified as parabolic tips, tapped tops, and BERP tips. Data on the rotor tips of helicopters from the past and now have been examined. The failure to achieve the ideal tip form was likely caused by the absence of the tools required for proper evaluation. Modern, high-resolution CFD techniques can now provide a more thorough understanding of the aerodynamics of blades and tips and will soon advance quickly enough to improve the design process.
Basset et al. Analyzed and outlined the techniques used in the past and present to pre-size rotary-wing UAVs that were done on earlier UAV initiatives like MAVDEM, ExDro, and CAPECON. The most recent CREATION, the Onera UAV project, was developed with helpful input from earlier initiatives. The development of a numerical approach for the analysis and validation of rotorcraft performance characteristics and environmental impact is the main goal of CREATION (Tremolet’s, 2014). Zhang et al. (2021) discussed the simulation of UAV collisions, which helps determine the safety of the UAV. Utilizing LS-Dyna software, high-accuracy finite element modeling was completed. The UAV was tested at various positions and angles to forecast the crash’s impact. Experiments were also used to validate the FE model’s findings. The structural layout of a UAV driven by solar energy was given by Chen et al. (2018) The author examined the strength of a high-end, long-range UAV during cruising and gusts. It was discovered that flutter-induced vibrations significantly contributed to the UAV’s fatigue life. The UAV would sustain structural damage at 22.5 m/s, according to the outcomes of the numerical calculations. Moëll and Nordin (2008) suggested the helicopter’s comprehensive design approach. All theoretical formulas were deduced, and explicit step-by-step design instructions were provided. This strategy aims to make computer-based design more accessible. The design process is extremely simple when using the design tool, and it takes only a little time from the start of a full concept. Atmaca et al. (2018) provided a succinct description of the behaviour and CFD analysis of a flock of UAVs. Each UAV creates aerodynamic forces while flying in flocks, which affects the other UAVs. The aerodynamic properties of UAV flocks were examined using CFD analysis. The CFD results showed that for sustained flying, flocks of UAVs need to maintain a specified distance from one another. The structural study of UAV airframes was the focus of Aadya Mishra et al. In all UAV designs, the airframe is one of the primary structural elements. UAV aerodynamics and structural integrity are both influenced by the airframe. The finite element method was used to keep track of its physical characteristics and vibrations. The structural analyses for fixed-wing and multi-copter UAVs were addressed in this paper, which showed how every moving part of the airframe might be examined for multi-copter UAVs (Mishra et al., 2020). Romeo and Frulla (2002) worked on creating long-endurance, high-altitude unmanned aerial vehicles at the Turin Polytechnic University. A preliminary design was created, and a HELIPLAT setup was performed. The monoplane Heliplat has two vertical tails, rudders, a very large horizontal stabilizer, and eight brushless motors. Estimates of wing lift distribution, pressure distribution, and the consequences of high aspect ratio wings were made using the VSAERO software. It was shown that the UAV performed better when the aspect ratio grew. Using the NASTRAN programme, the entire structure underwent a finite element analysis. The structural analysis of the UAV’s wing and the landing gear was described by Park et al. (2011) After conducting a finite-element analysis and evaluating its structural performance, a composite target drone air vehicle was developed. The wing study also includes a static strength analysis and buckling investigation. The landing gear underwent a dynamic examination and a static strength analysis. The test showed that the wing tip deflection exceeded the finite element by 17%. The outcome is material and geometry flaws that develop throughout production. A tilt-rotor UAV design was created by Saharudin (2016) followed by structural analysis and validation. Additionally, a structural analysis of the wing of the UAV was conducted. The shear stress, bending stress, moment of inertia, stress-strain curve, etc., were calculated theoretically. A suitable material and a secure structural design for the wing were discovered from the outcomes of the finite element analysis. The important information collected from the literature surveys is listed in Table 1, Table 2, Table 3. After these tables, the next section is dealt the complete analytical procedures involved in the proposed design of RUAV. Thirdly, the imposed methodology and its problem formulations are provided. Fourthly, the four computational structural results are incorporated under the results and discussions section.
TABLE 1 | Estimation of pitch angle chord length of main rotor blade.
[image: Table 1]TABLE 2 | Estimation of Pitch angle & Chord length of Tail rotor blade.
[image: Table 2]TABLE 3 | Important input parameters involved in CFD analysis.
[image: Table 3]2 PROPOSED DESIGN–ROTARY WING UAV
The design flow of RUAV consists of several stages. The planned RUAV will be having a body like helicopter, one main rotor, and a nozzle mechanism for dropping payload. The historical relationships and literature survey gave the necessary data for the RUAV design calculations. With the help of design calculations, the conceptual design model of RUAV has been made using CATIA software. For ensuring the quality of design and for the optimization of the design, the CAD (computer aided drafting) model has been incorporated to ANSYS 17.2 Fluent for CFD analyzes, and the results will be obtained to get an optimized and efficient model of RUAV.
2.1 Weight and thrust—Calculations
From the historical data, the relationship between payload weight and maximum take-off weight is derived that is graphically represented in Figure 1. The payload weight is assumed as 22.5 kg to carry the cleaner for air pollution at large terminals like railway stations, bus stands, Temples, churches, etc., Based on the defence applications, the UAV’s speed is assumed as 25 m/s and the atmospheric velocity is measured as 3 m/s.
[image: Figure 1]FIGURE 1 | Historical relationship derived for proposed rotary wing UAV.
The payload weight is assumed as 22.5 kg to carry the cleaner for air pollution at large terminals like railway stations, bus stands, temples, churches, etc., From Figure 1, the historical relationship between overall weight of RUAV and its payload weight has been framed that is given in Eq. 1 (Mathaiyan et al., 2021; Murugesan et al., 2021; Raja et al., 2021; Senthilkumar et al., 2021; Raja et al., 2022a; Vijayanandh et al., 2022a; Raja et al., 2022b; Raja et al., 2022c; Raja et al., 2022d; Raja M. K. et al., 2022; Wang et al., 2022; Raja et al., 2023).
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Based on the defence applications, the UAV’s speed is assumed as 25 m/s and the atmospheric velocity is measured as 3 m/s.
2.2 Diameter of the main rotor
The thrust and power required by the main rotor of RUAV are expressed in Eqs 2, 3. The air enters the stream tube with velocity Vc and then acquires an additional velocity Vi as it passes through the helicopter rotor disk, and finally, it forms the wake with a velocity Vc + Vi. Applying the principles of conservation for mass, momentum, and energy like in the hover we get: The thrust force is equal to,
[image: image]
At vertical climb without inclusion of drag, the thrust force is equal to, [image: image]. Let us assume the thrust of the propeller is generated 100% greater than the overall weight of the rotary wing UAV, Thus, [image: image]. Finally, the diameter of the main rotor is estimated as 36 inch (Mathaiyan et al., 2021; Murugesan et al., 2021; Raja et al., 2021; Senthilkumar et al., 2021; Raja et al., 2022a; Vijayanandh et al., 2022a; Raja et al., 2022b; Raja et al., 2022c; Raja et al., 2022d; Raja M. K. et al., 2022; Wang et al., 2022; Raja et al., 2023). The power consumed is given by the product of the thrust and the total velocity through the rotor disk, that is,
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2.3 Estimation of main rotor’s pitch
The typical relationship between mechanical power required and its subordinates of drone design parameters is given in Eq. 4 (Mathaiyan et al., 2021; Murugesan et al., 2021; Raja et al., 2021; Senthilkumar et al., 2021; Raja et al., 2022a; Vijayanandh et al., 2022a; Raja et al., 2022b; Raja et al., 2022c; Raja et al., 2022d; Raja M. K. et al., 2022; Wang et al., 2022; Raja et al., 2023).
[image: image]
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Eq. 5 is representing the dynamic thrust relationship for drone, wherein the design parameters of propellers are plays major role. To proceed further, the additional unknowns presented are reduced through comparative relationship approach (Mathaiyan et al., 2021; Murugesan et al., 2021; Raja et al., 2021; Senthilkumar et al., 2021; Raja et al., 2022a; Vijayanandh et al., 2022a; Raja et al., 2022b; Raja et al., 2022c; Raja et al., 2022d; Raja M. K. et al., 2022; Wang et al., 2022; Raja et al., 2023). 
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From the literature survey it was found that propeller hub thicknesses are varies from 48.9 mm to 50 mm, the internal diameter of hub is 32 mm, and external diameter of hub is 50 mm. From the base of pitch description, the pitch relationship is expressed in Eq. 6 (Mathaiyan et al., 2021; Murugesan et al., 2021; Raja et al., 2021; Senthilkumar et al., 2021; Raja et al., 2022a; Vijayanandh et al., 2022a; Raja et al., 2022b; Raja et al., 2022c; Raja et al., 2022d; Raja M. K. et al., 2022; Wang et al., 2022; Raja et al., 2023).
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2.4 Estimation of pitch angle and chord of the main rotor
For specific locations on the rotor blade, the pitch angle and chord length are determined using Formulae 7, 8. For sample calculation the 10% of radius, i.e., r = 1.8 inch, has been picked (Mathaiyan et al., 2021; Murugesan et al., 2021; Raja et al., 2021; Senthilkumar et al., 2021; Raja et al., 2022a; Vijayanandh et al., 2022a; Raja et al., 2022b; Raja et al., 2022c; Raja et al., 2022d; Raja M. K. et al., 2022; Wang et al., 2022; Raja et al., 2023).
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The chord length is expressed in Eq. 8,
[image: image]
The estimated CL is 0.5617034. Therefore,
[image: image]
As similar as previously shown calculations, the other sectional calculations are determined. The complete design data of main rotor blade is listed in Table 1 (Mathaiyan et al., 2021; Murugesan et al., 2021; Raja et al., 2021; Senthilkumar et al., 2021; Raja et al., 2022a; Vijayanandh et al., 2022a; Raja et al., 2022b; Raja et al., 2022c; Raja et al., 2022d; Raja M. K. et al., 2022; Wang et al., 2022; Raja et al., 2023).
2.5 Estimation of diameter and pitch of the tail-rotor
From the historical data and literature survey the relationship between main rotor and tail rotor was obtained, which is expressed in Eq. 9 (Mathaiyan et al., 2021; Murugesan et al., 2021; Raja et al., 2021; Senthilkumar et al., 2021; Raja et al., 2022a; Vijayanandh et al., 2022a; Raja et al., 2022b; Raja et al., 2022c; Raja et al., 2022d; Raja M. K. et al., 2022; Wang et al., 2022; Raja et al., 2023).
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The [image: image] is assumed as 25 m/s so the rotational velocity is estimated with the help of power required relationship that is expressed in Eq. 10. The estimation of power for tail rotor consumed is given by the product of the thrust and the total velocity through the rotor disk, that is,
[image: image]
The [image: image] Therefore, [image: image] Additionally, another power required relationship of tail rotor is expressed in Eq. 11.
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The thrust production relationship of tail rotor is expressed in Eq. 12 and then the pitch relationship is mentioned in Eq. 13 (Mathaiyan et al., 2021; Murugesan et al., 2021; Raja et al., 2021; Senthilkumar et al., 2021; Raja et al., 2022a; Vijayanandh et al., 2022a; Raja et al., 2022b; Raja et al., 2022c; Raja et al., 2022d; Raja M. K. et al., 2022; Wang et al., 2022; Raja et al., 2023).
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2.6 Estimation of pitch angle and chord of the tail rotor
As similar as main rotor calculation procedure, the tail rotor design parameters are determined. At 10% of radius, r = 0.422925 inch (Mathaiyan et al., 2021; Murugesan et al., 2021; Raja et al., 2021; Senthilkumar et al., 2021; Raja et al., 2022a; Vijayanandh et al., 2022a; Raja et al., 2022b; Raja et al., 2022c; Raja et al., 2022d; Raja M. K. et al., 2022; Wang et al., 2022; Raja et al., 2023).
[image: image]
The chord length of the tail rotor is,
[image: image]
The estimated CL is 0.539538. Therefore,
[image: image]
As similar as previously shown calculations, the other sectional calculations are determined. From the literature survey, the needful other details are found out, which are: propeller hub thickness is 10 mm–11.1 mm, internal diameter of hub is 6.35 mm, and external diameter of hub is 10 mm (Mathaiyan et al., 2021; Murugesan et al., 2021; Raja et al., 2021; Senthilkumar et al., 2021; Raja et al., 2022a; Vijayanandh et al., 2022a; Raja et al., 2022b; Raja et al., 2022c; Raja et al., 2022d; Raja M. K. et al., 2022; Wang et al., 2022; Raja et al., 2023).
2.7 Estimation of the distance, which is between the main rotor shafts to the tail rotor shaft
Estimation of the distance that is between the main rotor shafts to the tail rotor shaft has been uniquely framed and also expressed in Eq. 14. The other conventional as well as modified relationships relevant with main rotor are expressed in Eqs 15, 16 (Mathaiyan et al., 2021; Murugesan et al., 2021; Raja et al., 2021; Senthilkumar et al., 2021; Raja et al., 2022a; Vijayanandh et al., 2022a; Raja et al., 2022b; Raja et al., 2022c; Raja et al., 2022d; Raja M. K. et al., 2022; Wang et al., 2022; Raja et al., 2023).
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2.8 Estimation of overall length of the rotary wing UAV
The overall length of fuselage of RUAV is uniquely expressed in Eq. 17, in which the conceptualization of RUAV has been played the major role (Mathaiyan et al., 2021; Murugesan et al., 2021; Raja et al., 2021; Senthilkumar et al., 2021; Raja et al., 2022a; Vijayanandh et al., 2022a; Raja et al., 2022b; Raja et al., 2022c; Raja et al., 2022d; Raja M. K. et al., 2022; Wang et al., 2022; Raja et al., 2023).
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2.9 Estimations of fuselage dimensions
The nature of this UAV is unmanned one so unwanted space for crew has been removed and thus the shape and dimensions of the fuselage of the RUAV is used form the standard symmetrical aerofoil. The implemented aerofoil is NACA-0024. The comprehensive fineness ratios between design parameters of fuselage of RUAV are derived in Eqs 18, 19, 20 (Mathaiyan et al., 2021; Murugesan et al., 2021; Raja et al., 2021; Senthilkumar et al., 2021; Raja et al., 2022a; Vijayanandh et al., 2022a; Raja et al., 2022b; Raja et al., 2022c; Raja M. K. et al., 2022; Wang et al., 2022; Raja et al., 2023).
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At hovering, the thrust force is equal to weight. [image: image] So, the known relationships are expressed in Eqs 21, 22.
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2.10 Estimation of CL and CD for main rotor
For vertical climb, we know that, Lift = Weight + Drag; The relevant aerodynamic forces and their associates are mentioned in Eqs 23, 24, 25. The parasite drag area ([image: image]) is expressed in Eq. 23 (Mathaiyan et al., 2021; Murugesan et al., 2021; Raja et al., 2021; Senthilkumar et al., 2021; Raja et al., 2022a; Vijayanandh et al., 2022a; Raja et al., 2022b; Raja et al., 2022c; Raja et al., 2022d; Raja M. K. et al., 2022; Wang et al., 2022; Raja et al., 2023).
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Where, k varying from 9 (for old helicopters) to 2.5 for current low-drag helicopters
[image: image]
The estimation of parasite drag is given in Eq. 24 and lift is mentioned in Eq. 25.
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From the equilibrium force equation, the following steps are estimated.
[image: image]
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2.11 Estimation of CL of tail–Rotor
Another force balance equation is given in Eq. 26, wherein drag is very low compared than main rotor so the tail rotor is assumed to be zero (Mathaiyan et al., 2021; Murugesan et al., 2021; Raja et al., 2021; Senthilkumar et al., 2021; Raja et al., 2022a; Vijayanandh et al., 2022a; Raja et al., 2022b; Raja et al., 2022c; Raja et al., 2022d; Raja M. K. et al., 2022; Wang et al., 2022; Raja et al., 2023).
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2.12 Airfoil selection
The rotor blades should produce more lift with less drag in order to attain efficient flight. Reynolds number is taken as 1,000,000 for main rotor and 200,000 for tail rotor. Several airfoils are collected and plotted with their respective CD values. The CL required for main rotor blade is 0.561 and for tail rotor blade is 0.539. NACA 2412 is found to be the suitable airfoil for both main and tail rotor blades as it generates the required CL with the least CD among the other airfoils at given conditions. The comparative graphs of airfoils are depicted below (Mathaiyan et al., 2021; Murugesan et al., 2021; Raja et al., 2021; Senthilkumar et al., 2021; Raja et al., 2022a; Vijayanandh et al., 2022a; Raja et al., 2022b; Raja et al., 2022c; Raja et al., 2022d; Raja M. K. et al., 2022; Wang et al., 2022; Raja et al., 2023). The design includes the rotor blades with hub, and the payload mechanism along with the landing gear. From the theoretical calculations, the CAD model is designed using CATIA software. Figure 2 is the drafted representation of RUAV with dimensions.
[image: Figure 2]FIGURE 2 | A typical representation of design draft of RUAV model.
3 PROPOSED METHODOLOGIES–COMPUTATIONAL ENGINEERING ANALYSES
3.1 Computational models
For the preliminary CFD analysis, the CAD model of the RUAV is imported. The CFD analysis is carried out using ANSYS 17.2 Fluent tool. A cylindrical fluid domain is created as the computational domain. Upstream and downstream of the model 2C (two times of the characteristic length), 6C (six times of the characteristic length) is given respectively.
3.2 Discretization of models
For the structural analysis of the RUAV’s fuselage, hybrid meshing is done with more than 5,000 elements for half fuselage model and 10,000 elements for full fuselage model. Similarly, the main rotor and full fuselage are also discretized. Through hybrid mesh facility, both uniform and non-uniform meshes are framed with the consideration of design. Figures 3, 4 are depicting the different mesh cases for finite element analysis such as half fuselage, full fuselage, and main rotor and complete RUAV.
[image: Figure 3]FIGURE 3 | Mesh elements of half fuselage model–isometric view.
[image: Figure 4]FIGURE 4 | A typical isometric representation of discretized structure of RUAV.
3.3 Boundary conditions
For inlet and outlet conditions velocity inlet and pressure outlet are chosen, and it is set as 25 m/s, 0 Pascal, respectively. The pressure load obtained from the CFD analysis has been imported to the ANSYS structural section for the estimation of structural behaviour of the RUAV’s fuselage. The uniformly distributed load has been applied over the fuselage. Finally, the comprehensive imposed boundary conditions on the fuselage models, and entire RUAV are revealed in Figures 5, 6.
[image: Figure 5]FIGURE 5 | Detailed boundary conditions imposed on full fuselage model for FEA.
[image: Figure 6]FIGURE 6 | Imposed boundary conditions on RUAV.
3.4 Solver descriptions and governing equations
CFD analyses have been conducted using ANSYS Fluent tool. The authors have applied pressure based - incompressible flow solver. For getting accurate results, second order upwind spatial discretization has been used. Governing equations are the mathematical formulae which helps to perform the computational simulations. For modeling, they manage the expected behaviour of fluids in the surface provided by the code. Governing equations are the theoretical approximations for describing the fluid flow, structural representations and their components. The stress relationships of orthotropic materials (O.T) are provided in Eqs 27–29 and for isentropic materials in Eqs 30–32.
[image: image]
[image: image]
[image: image]
[image: image]
[image: image]
[image: image]
3.5 Validational studies–Through experimental test
To test the reliability of the imposed advanced computations procedures through ANSYS Workbench 17.2, the experimental test based validation test on the attained computational outcomes are mandatory. Thus, high-speed jet facility based experimental test results and this work imposed computational procedures based outcomes are compared with each other. The typical high-speed jet facility is revealed in Figure 7.
[image: Figure 7]FIGURE 7 | Test setup for high pressure load development.
The experimental tests are conducted at normal atmospheric condition at outside and high-pressurized conditions at inside the jet-path. The typical experimental test setup long with test specimen is revealed in Figure 23.
The given high pressure is 40 bar so the aluminium based test specimen is broken due to high aerodynamic load but the CFRP based test specimen is retained its structural integrity. The imposed test specimens of aluminium alloy and the typical structural failure of aluminium alloy based test specimen is revealed in Figure 8. From the previous experimental results, it was found that the ultimate stress of the woven CFRP is 3,500 MPa and the ultimate stress of the enhanced aluminium alloy is 690 MPa. After successful conduction of experimental tests, the computational tests are computed in ANSYS Workbench 17.2. The design data of experimental test-up and computational test specimen are exactly given in the generation of computational platform of high-speed jet path associated with computational test specimen. The pressure inlet based computational simulation is carried out on the discretized model and so the needful pressure variation on the test specimen has been found. The typical aerodynamic pressure distribution in and over the test specimen is shown in Figure 9. The computed aerodynamic pressure on the model is transferred into computationally developed aluminium alloy and CFRP based composite models thorough system coupling approach in ANSYS Workbench 17.2. Additionally, the FEA based solver is incorporated in this advanced computation and thereafter the ultimate equivalent stresses are obtained on both the models under imposed as well as transferred aerodynamic loading conditions. The structural outcomes of aluminium alloy and CFRP based composite models are projected in Figures 10, 11 respectively.
[image: Figure 8]FIGURE 8 | Test specimen after structural failure.
[image: Figure 9]FIGURE 9 | Imported pressure on the computational test specimen.
[image: Figure 10]FIGURE 10 | Ultimate Equivalent stress of Aluminium Alloy.
[image: Figure 11]FIGURE 11 | Ultimate equivalent stress of CFRP woven based test specimen.
From this computational procedure, it is found that the maximum equivalent stress of the woven CFRP is obtained as 2,853.3 MPa and the maximum equivalent stress of the enhanced aluminium alloy is 2,157.7 MPa. The current authors confirmed that, the imposed advanced FSI technique is developed breaking stress on aluminium alloy and allowable stress for CFRP test specimen. The experimental test setup also provided the broken test specimen of aluminum alloy and unbroken test specimen of CFRP. Thus, these imposed computational procedures can give reliable outcomes so it is finalized to impose on the various components of RUAV.
3.6 Validations studies–Grid convergence tests
The second sensitivity test has been computed in this work, in which grid finalization based focal is chosen as primary factor. The deformations based computational outcomes are played the vital contributors on these grid convergence tests. Firstly, the deformation developed by the full fuselage model is investigated for various grid cases. The comprehensive sensitivity outcomes are shown in Figure 12. From Figure 12, 35,000 elements are finalized as suitable discrete counts for the production of reliable outcomes.
[image: Figure 12]FIGURE 12 | Total deformation on full fuselage of RUAV with Epoxy-Carbon-Woven-Wet.
4 FEA RESULTS AND DISCUSSIONS
Finite Element Analysis (FEA) is the simulation of a physical model using numerical mathematical equations referred to as the Finite Element Method (FEM). Engineers use FEM to reduce the production of physical prototypes and run computational analysis to optimize their designs. FEA is the primary computational analysis technique in industries (Arul Prakash et al., 2022; Vijayanandh et al., 2022b; Vijayanandh et al., 2022c; Madhavi et al., 2022; Malavika et al., 2022; Prabhu et al., 2022; Raj Kumar et al., 2022; Sivaguru et al., 2022).
4.1 Results of half RUAV fuselage–Various perspectives–I
ANSYS structural software is used here to run and visualize the results of finite element analysis of a RUAV’s fuselage. Initially, the half span of the fuselage has been analyzed with 8 different materials and from that, the best performing 5 materials have been imposed on the entire fuselage. Further to fine-tune the material, hybrid composites have been imposed on the fuselage. The hybrid composites are created by fusing the best performing individual materials. The materials used for analysis are epoxy-E-glass-UD, epoxy-S-glass-UD, epoxy-carbon-UD-prepreg, epoxy-carbon-UD-wet, epoxy-carbon-woven-prepreg, epoxy-carbon-woven-wet, epoxy-e-glass-wet, and aluminum alloy. As per the aforesaid structural boundary conditions and transferred aerodynamic loading conditions, the computational structural investigations are carried on two different fuselage models. Since the aerodynamic conditions are complicated in nature, the two models based structural investigations are computed. Through these two models based detailed outcomes, this paper can give exact material for aerodynamic load resistor in real-time applications. The important structural outcomes of both half, full fuselage, main rotor, and entire RUAV models are systematically shown in Figures 13–30.
[image: Figure 13]FIGURE 13 | Total deformation on half fuselage of RUAV with Epoxy-Carbon-Woven-Wet.
[image: Figure 14]FIGURE 14 | Total deformation on half fuselage of RUAV with GFRP and its associate materials.
[image: Figure 15]FIGURE 15 | Equivalent stress on half fuselage of RUAV with GFRP and its associate materials.
[image: Figure 16]FIGURE 16 | Total deformation on half fuselage of RUAV with CFRP and its associate materials.
[image: Figure 17]FIGURE 17 | Equivalent stress on half fuselage of RUAV with CFRP and its associate materials.
[image: Figure 18]FIGURE 18 | Total deformation on full fuselage of RUAV with Epoxy-Carbon-Woven-Wet.
[image: Figure 19]FIGURE 19 | Total deformation on full fuselage of RUAV with GFRP and its associate materials.
[image: Figure 20]FIGURE 20 | Equivalent stress on full fuselage of RUAV with GFRP and its associate materials.
[image: Figure 21]FIGURE 21 | Total deformation on full fuselage of RUAV with CFRP and its associate materials.
[image: Figure 22]FIGURE 22 | Equivalent stress on full fuselage of RUAV with CFRP and its associate materials.
[image: Figure 23]FIGURE 23 | CFRP woven wet–Total deformation.
[image: Figure 24]FIGURE 24 | Equivalent stress–GFRP-FR-4-Woven.
[image: Figure 25]FIGURE 25 | Comprehensive report of total deformation of main rotor of RUAV.
[image: Figure 26]FIGURE 26 | Comprehensive report of equivalent elastic stress of main rotor of RUAV.
[image: Figure 27]FIGURE 27 | CFRP-woven-prepreg–Total deformation.
[image: Figure 28]FIGURE 28 | FR-4 based woven composite–equivalent elastic stress.
[image: Figure 29]FIGURE 29 | Comprehensive report of total deformation of RUAV.
[image: Figure 30]FIGURE 30 | Comprehensive report of equivalent elastic stress of RUAV.
Different lightweight conventional and hybrid composite materials have been developed by advanced composite development tool and so imported on RUAV fuselage shapes also analyzed through advanced engineering simulations. Since total deformations are plays major role in FEA approaches, the computational outcomes of deformed structures of various lightweight materials are revealed in Figures 13–17. In addition to the deformations, and equivalent elastic stresses are investigated for both of the traditional and advanced composite aerospace materials. The comprehensive outcomes of various lightweight materials are revealed in Figures 14–17. From the results of half fuselage simulation, three best performing materials have been sorted. They are Epoxy-Carbon-Woven-Wet, Epoxy-Carbon-Woven-Prepreg, and Aluminium alloy (Arul Prakash et al., 2022; Vijayanandh et al., 2022b; Vijayanandh et al., 2022c; Madhavi et al., 2022; Malavika et al., 2022; Prabhu et al., 2022; Raj Kumar et al., 2022; Sivaguru et al., 2022).
4.2 Results of full RUAV fuselage–Various perspectives–II
The best performing two materials from the full fuselage simulation are Epoxy-Carbon-Woven-Wet and Aluminium alloy. For this second modified computation, the same boundary conditions are imposed and thereafter the primary structural outcomes are computed. In the fine-tuning process with the hybrid composites, Epoxy-Carbon-Woven-Wet with Aluminium alloy produced the favorable output. The displaced structure of full fuselage of RUVA for important lightweight material is revealed in Figure 18. The comprehensive FEA outcomes are revealed in Figures 19–22.
Figures 19–22 describe the graphical representation of different output values of RUAV’s full fuselage analysis. Based on the extensive structural analysis, Epoxy-Carbon-Woven-Wet has been observed as the suitable individual composite material and Epoxy-Carbon-Woven-Wet with Aluminium alloy has been observed as the suitable hybrid composite material.
4.3 FSI investigation on main rotor of RUAV—Various perspectives–III
Fluid Structure Interaction (FSI) investigation has been carried out on the main rotor of RUAV under the given aerodynamic loadings and aforesaid boundary conditions. The major polymer matrix composites and relevant aerospace alloys are used as platform of this computational structural analysis. Figures 23–26 are demonstrate the important structural computational outcomes of RUAV’s main rotor under different lightweight materials.
4.4 FSI investigation on complete RUAV—Various perspectives–IV
The complete RUAV has been subjected to a FSI study using the aforementioned aerodynamic loadings and boundary conditions. This computational structural study is based on the main polymer matrix composites and important aerospace alloys. The important computational structural outcomes of complete RUAV under various lightweight materials are revealed in Figures 27–30.
From comprehensive main rotor Figures 25, 26, as well as comprehensive Figures 29, 30, the following observations are obtained: CFRP-UD-Wet is stiffer for main rotor construction; GFRP-E-Fabric is good to provide high lifetime for main rotor construction; CFRP-Woven-Wet is stiffer for entire RUAV construction; KFRP-UD-49 is good to provide high lifetime for main rotor construction.
5 CONCLUSION
The design development, aerodynamic, and structural characteristics of the RUAV are the primary focuses of this study endeavor. In addition to the data that were obtained, comprehensive CFD and FEA computations were carried out in order to estimate the performance of the RUAV through advanced Fluid Structure Interaction based computational investigations. According to the findings of the CFD investigations, the maneuverings can be accomplished by elevating the main rotor’s tilt angle in order to cause an increase in the side forces. The multiple reference frame analysis attempted to determine whether or not the force produced by the tail rotor is sufficient to counteract the force generated by the main rotor. The material that would work best for the design of the RUAV’s fuselage was identified through the use of finite element analysis. The Epoxy-Carbon-Woven-Prepreg and aluminium alloy provided the most satisfying results to the loads in the half fuselage analysis. The Epoxy-Carbon-Woven-Wet and Aluminum alloy provided the most satisfying results to the loads in the half fuselage analysis. Thus, Epoxy-Carbon-Woven-Wet with Aluminum Alloy produced the favorable results in the structural aspects in terms of total deformation, equivalent stress, equivalent elastic strain, strain energy, and normal stress among the hybrid composites that were analyzed. Finally, Carbon Fiber based polymer matrix composite is shortlisted as best material for rotary wing UAV under all kind of complicated aerodynamic loading conditions. Finding the best material for the RUAV’s primary rotor is a secondary goal of this forced FSI research. The primary rotor of the RUAV is analyzed because it is the part that is put under the most stress. This was demonstrated by prior test results. Eleven categories of substances were considered during the study. Total deformation, equivalent stress, equivalent elastic strain, and normal stress were all considered extensively during the research. Total deformation and equivalent elastic strain were found to be lowest for the aluminium alloy, and equivalent stress and normal stress were found to be lowest for the Epoxy-S Glass Unidirectional based composites. The following insights can be gleaned by looking at the comprehensive main rotor results: CFRP-Woven-Wet is stiffer for the entire RUAV construction; KFRP-UD-49 is good to provide high lifetime for main rotor construction; CFRP-UD-Wet is stiffer for the construction of the main rotor; GFRP-E-Fabric is good to provide high lifetime for the construction of the main rotor; and CFRP-UD-Wet is stiffer for the construction of the main rotor.
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