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Abstract

:

This paper presents a study on the aeromechanical characteristics of a box-wing aircraft configuration with a focus on stability, controllability, and the impact of aeromechanical constraints on the lifting system conceptual design. In the last decade, the box-wing concept has been the subject of several investigations in the aeronautical scientific community, as it has the potential to improve classic aerodynamic performance, aiming at reducing fuel consumption per unit of payload transported, and thus contributing to a reduction in aviation greenhouse emissions. This study characterises the aeromechanical features of a box-wing aircraft, with a specific focus on the correlations between the aeromechanical constraints and the (main) aircraft design parameters. The proposed approach provides specific insights into the aeromechanical characteristics of the box-wing concept, both in the longitudinal and lateral plane, which are useful to define some overall design criteria generally applicable when dealing with the conceptual design of such an unconventional aircraft configuration.
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1. Introduction


The study of advanced configurations for transport aircraft is of great interest in the aeronautical scientific community and, among these, the box-wing concept has been the subject of several investigations for a long time [1,2,3]; this lifting architecture is characterised by two horizontal wings connected by vertical tip-wings. Such a particular lifting architecture appears as a potential improvement in the state-of-the-art in terms of both aerodynamic performance and aircraft loading capability [4,5,6,7,8,9]. In general, a box-wing aircraft could introduce substantial benefits in terms of reductions in fuel consumption per unit of payload mass transported [8], thus making a beneficial contribution to a reduction in aviation greenhouse emissions [10]. This aspect is of fundamental interest within today’s scientific community [11,12,13,14], so, the study and development of this specific advanced configuration are always in progress to increase its degree of knowledge and level of technological integration.



To date, there are several published studies that compose the framework of knowledge around this lifting architecture, as now briefly summarised. The concept of the box-wing as a lifting system with minimum induced drag was introduced, from a theoretical point of view, by Ludwig Prandtl about one century ago in his fundamental study on multiplanes [15], in which it is supposed that the lifting system with minimum induced drag (the lift and span being the same) is a box-wing in frontal view, named the Best Wing System (BWS), with an optimal lift distribution. This specific hypothesis was later confirmed analytically in [16], where the optimal lift distribution was determined using classical variational mathematical techniques, which was identified as a typical elliptical lift distribution summed with a constant contribution on each horizontal lifting surface and a butterfly distribution on the vertical wings; see the left part of Figure 1. In support of these theoretical studies, insights into the minimum induced drag of multiplanes, biplanes, and box-wing aircraft are proposed in [17,18,19,20], where the non-uniqueness theorem of the optimal solution, in terms of the lift distribution of a closed lifting system, is analysed and discussed in depth. In this context, the scientific literature [17,18,19,20] indicates that there are infinite equivalent optimal solutions to the problem of the minimum induced drag of a box-wing configuration, which can be obtained by adding an arbitrary constant to the optimal circulation of each horizontal lifting surface. This point is highlighted in Figure 1, in which are reported box-wings with different lift distributions but with the same optimal aerodynamic efficiency ratio ε defined, according to [17], as the ratio between the aerodynamic efficiency of a generic lifting system and the corresponding efficiency of a reference cantilevered wing with same span and lift, both evaluated in their optimal conditions.



This result has a key impact on the design of such lifting systems, as it enables the sizing of box-wing configurations with different loading on the two horizontal wings without deviating from the classical optimal solution theorised by Prandtl [15]. A further fundamental result on the optimal design of the BWS is provided by Munk’s theorem [21], which states that the induced drag of the optimal lift distribution remains the same even if the two horizontal wings are distanced horizontally or are swept. The non-uniqueness theorem of the optimal solution, together with Munk’s theorem, opens the field to the study of the longitudinal stability of a box-wing aircraft, offering a wide range of design space and multiple viable solutions.



The study proposed in this paper is placed specifically in this context, aiming to characterise in a general way (as possible) the aeromechanical characteristics of a box-wing aircraft, with a specific focus on stability, controllability, and the relation that the aeromechanical constraints have with the main design parameters of the lifting system, starting from the conceptual stages of design. In fact, the study and characterisation of aeromechanical features is a fundamental topic in aircraft development. For example, significant studies related to more conventional aircraft configurations are proposed in [22,23], regarding aspects of flight mechanics assessment in the overall design process, and in [24,25], where the focus is posed on directional stability. In general, the correlations that aeromechanical constraints introduce into the design development of conventional aircraft are well-established [26,27,28]. On the other hand, for aircraft with non-conventional lifting architecture, such as box-wing configurations, such correlations may need generalisations that differ from the established findings known for classical tube-and-wing aircraft, and this study aims to offer such results at a conceptual level. The stability and control investigation of advanced and unconventional aircraft configuration is hence a generally relevant topic, see [29,30,31,32]. For example, for blended wing body configurations [33,34,35], a comprehensive study on the stability characteristics is reported in [36]. In the recent literature, preliminary studies that have addressed the aeromechanical conceptual study of a box-wing aircraft generally refer to multidisciplinary frameworks that integrate stability and controllability aspects into a broader performance assessment context [37,38,39,40,41,42]. Studies that focus more specifically on the effects of the introduction of aeromechanical constraints on the design of the box-wing lifting system, on the other hand, are few, and a critical analysis of these is briefly proposed in the following.



A very interesting initial study of the effects of stability and controllability constraints on box-wing performance is offered in [43], where the possibility of a conflict between aerodynamic efficiency and longitudinal static stability is first postulated. The approach used in [43] is based on very simplified analytical models to describe aeromechanical constraints, and the aerodynamics is addressed with the simplified models related to the optimal lift of biplanes [15]. The results obtained by [43] show that, in order to obtain stable box-wing aircraft in the longitudinal plane, it is necessary for the front wing to have a sufficiently higher lift coefficient than the rear one. Based on this specific result, since there is no longer equivalence between the lift distribution on the front and rear wings, ref. [43] states that the configuration deviates from the optimal lift distribution so that penalties in terms of induced drag are introduced. These important results indicate a first hint of the effect of stability constraints on the aerodynamic efficiency of a box-wing configuration. However, the use of an oversimplified aerodynamic approach leads to an inaccurate formalisation of the aerodynamic design problem. In fact, the assumption is made that the optimal lift of a box-wing configuration has only one solution, namely, that of the BWS proposed by Prandtl in [15], while the theorems stated in [17,18,19,20] demonstrate the non-uniqueness of the optimal solution. This important limitation is also pointed out in [43], leaving the more general characterisation of the problem to future developments. In addition, a further limitation to the generalisation of the results proposed in [43] lies in the stringent assumption of sizing the two box-wing horizontal lifting surfaces of equal reference area, an assumption also introduced in the subsequent multidisciplinary study detailed in [38]. Such a particular condition is, in fact, not necessary for the proper design development of box-wing aircraft, and actually, the difference in the reference surfaces of the two wings can serve as a very important lever in the design towards stability, as discussed later in this paper.



Other works that focused on the analysis of the stability of box-wing aircraft are [44,45], where an attempt to characterise the correlations between stability and performance is proposed using a multidisciplinary design approach, relying on simplified analytical handling of the aerodynamic design problem. However, the use of overly stringent simplifications and assumptions does not provide a generalisation of the obtained outcomes but allows only for results specific to the considered case studies. In this context, a (significantly) stringent constraint on the coincidence of the longitudinal position of the front and rear wingtips links two parameters that are crucial regarding stability, namely, the wing sweep angles and their relative longitudinal position, thus providing outcomes purely specific to this (rather unusual) geometric arrangement. Accordingly, the most important result provided in [44] is that increasing the distance between the two wings leads to the best aerodynamic performance, as larger horizontal wings stagger results in a larger sweep angle, thereby reducing the wave drag. This specific conclusion can in no way lead to the general deduction that it is necessary to have as much horizontal spacing as possible between the two horizontal wings of the boxed configuration, which does not turn out to be generally true. Moreover, this outcome is only related to the relationship between the wing sweep angle and the wave drag, and so only applicable to aircraft operating in a transonic regime. In addition, no general trends can be extracted regarding the front and rear wing reference surface ratio, as in [44], it is stated that the optimal configuration is one with equal surfaces, while it is pointed out that this specific condition leads to unstable configurations, and that reductions in the front wing surface are necessary to satisfy classical aeromechanical constraints. What can be inferred from a general point of view, is that penalties in aerodynamic efficiency are to be considered when stability and controllability constraints are introduced in the aircraft preliminary design. In general, therefore, such research provides interesting simplified analytical models for introducing downwash effects on the stability of a box-wing configuration. However, the application of this approach does not lead to generalisable studies that correlate stability constraints to major (aircraft) design parameters. The other studies in the recent literature, involving the analysis of stability and controllability in the longitudinal plane of box-wing aircraft, place these aspects in multidisciplinary design and performance analysis contexts and thus do not provide direct insights into the interdependence between aeromechanical constraints and design parameters (or aircraft performance). Such interesting works are, however, of relevance in the context of this study, as they provide useful insights into the overall aeromechanical performance characteristics of box-wing configurations, including medium-range [8,46], regional [47,48], or small-scale [49] aircraft.



Regarding controllability and manoeuvrability, some studies have paved the way for the definition of movable surfaces layouts that, in a box-wing configuration, differ from the classical solutions used in a conventional aircraft. These models are mainly discussed in [50,51] and point out that the placement of control surfaces on both wings can result in performance benefits or new control options. For example, pairs of elevators placed at the root of both wings and activated in counter-phase can minimise the negative lift variation associated with the pitch-up moment typical of wing-tail aircraft, thus increasing safety for manoeuvres close to the ground (e.g., in the case of missed approach). As well, the proper design, the control strategy, and the placement on the two wings of multiple movable surfaces may enable new control techniques, such as pure-pitch or direct-lift [52]. Finally, regarding aspects related to stability and controllability in low speed, that is, for aircraft with high-lift systems deployed, or those related to directional stability, limited information is found in the literature, and no studies have been focused on the influence of considering these important aspects in the overall design of a box-wing aircraft.



Within the previously outlined context, this work aims to provide both a conceptual investigation of the aeromechanical features of aircraft with box-wing lifting architecture and to identify the correlations and interdependencies that may exist between stability and controllability constraints and the main design variables and/or performance parameters. To achieve this goal, the design space of box-wing aircraft is extensively explored by evaluating the aeromechanical properties using potential Vortex Lattice Method (VLM) solvers, while verifications with higher fidelity techniques, such as CFD simulations, are also considered in some cases. In particular, the aeromechanical analysis presented in this paper, aiming to be as general as possible, is intended to: (i) introduce longitudinal stability and controllability constraints into the conceptual design of the lifting system and evaluate their overall effects on design and performance; (ii) evaluate the potential for minimising trim drag throughout the operating mission; (iii) introduce constraints related to the aircraft stable stall; (iv) asses low-speed performance (i.e., speed and attitude with high-lift systems deployed, as for the approach flight condition) and evaluate the effect of high-lift systems on the trim in the longitudinal plane; and (v) characterise directional stability and identify any critical issues in this regard. From the synthesis of the previous points, therefore, it is possible to finally derive a set of general criteria for the conceptual design of box-wing lifting systems, which consider stability and control constraints from the earliest design phases, correlating architectural parameters with classical aeromechanical properties.



The paper is structured as follows: in Section 2, the methodology used to perform the aeromechanical analysis is outlined, while Section 3 provides a general description of the lifting system design criteria for a box-wing architecture. In Section 4, the focus is given to the trim in low-speed conditions, considering flapped lifting surfaces, and in Section 5, a general description of the lateral stability design parameters is provided. Finally, Section 6 summarises the aeromechanical-related design criteria, and in Section 7, the conclusions are given.




2. Methodology Description


The study of the aeromechanical features of a commercial aircraft can be approached on different levels with the use of tools and methods of different fidelity [53,54,55,56]. Depending on the study to be carried out, and on the maturity of the design process, there are appropriate choices that allow for optimising the trade-off between the reliability of the numerical results and the computational cost/time [57,58,59,60,61]. In this context, Table 1 briefly summarises the characteristics of a set of different fidelity methods that can be used to characterise the aerodynamic derivatives of typical commercial aircraft.



In Table 1, a column called ‘Reliability of results’ has not been included because this aspect cannot be generally defined, and it depends on the specific case study, the reference operating conditions, the quality of the modelling, the expertise of the modeller/operator, and other specific aspects. In general, what can be said is whether a specific model is reliable if validations related to a case study on the object have been previously carried out. In the specific case of a box-wing aircraft aeromechanical analysis, we refer to previous validation studies reassumed in [78], from which it can be deduced that: (i) potential VLM models are adequate for assessing aeromechanical trends in the longitudinal plane if aerodynamic derivatives with respect to α are taken into account; (ii) the results obtained using VLM may not at all times be accurate in absolute terms, but generalisable considerations are nonetheless permitted at the conceptual exploration stage; and (iii) VLM models may be completely unreliable for the estimation of lateral-directional derivatives, so that higher fidelity models are suitable for an appropriate characterisation of these aspects.



For these reasons, in this work, an exploration of the box-wing aircraft longitudinal aeromechanical characteristics is conducted using VLM-based code called AVL, which is integrated into the multidisciplinary design, analysis, and optimization (MDAO) tool described in [79,80]; see Section 3. In particular, MDAO-based methodologies are widely used in aircraft design research [81,82,83,84], as they can be powerful frameworks for the conceptual investigation of novel advanced configurations [85,86,87].



In this study, the AVL code was used as an aerodynamic solver within a constrained optimisation procedure, specifically developed in MATLAB and properly described in Section 3.1, with the purpose of steering the design process of the box-wing planform, allowing evaluation of its aeromechanical derivatives and aerodynamic performance in the longitudinal plane; the AVL model of a generic box-wing lifting configuration is proposed in the left figure of Figure 2. The automatic design process implemented with numerical optimisation, together with the efficiency of the AVL solver in terms of computational time, has enabled the design and performance analysis of thousands of box-wing configurations. This has, therefore, allowed a wide-ranging analysis of the correlations between aeromechanical constraints and design parameters at the conceptual stage of the design process.



On the other hand, due to the known limitations of lower fidelity models for a preliminary investigation of directional stability, CFD simulations have been adopted to assess the lateral aerodynamic derivatives. Specifically, steady RANS models have been performed using ANSYS Fluent commercial code [88]; the turbulence model adopted is the k-ε realizable, and compressibility effects have not been taken into account, as a stability assessment is performed at low speed. An example of the output of a generic RANS simulation of a box-wing aircraft is represented in the right part of Figure 2, where the map of the     c   p     distribution on the aircraft surface is depicted.



In this context, Table 2 shows some of the main characteristics of the two different aerodynamic models. In particular, the comparison shows that RANS simulations require much more detailed pre-processing involving 3D modelling of the aircraft by means of CAD software, more advanced hardware, as well as considerably more computational time, thus providing the capability of evaluating far fewer configurations per unit of time than the corresponding VLM.




3. Lifting System Planform Design


This section discusses in detail the general aeromechanical analysis of a box-wing configuration in the longitudinal plane. The aim of this section is to investigate the relationship that architectural properties of the box-wing aircraft have with aeromechanical constraints, both in terms of stability and controllability and safety and aerodynamic performance. In particular, Section 3.1 examines the influence of aeromechanical constraints on the design of the box-wing lifting system, Section 3.2 introduces additional constraints related to the stability of the stall, and finally, Section 3.3 describes the problem of trim drag minimisation.



3.1. Longitudinal Stability and Pitch Trim


The design of a transport aircraft lifting system must fulfil several interdisciplinary requirements, involving overall aerodynamic and aeromechanical performance, as well as geometric and functional requirements associated with the wing system. Specifically, a good design of a lifting system should lead to an aircraft with excellent aerodynamic efficiency (in terms of the value of the lift-to-drag ratio), which is stable and controllable, while complying with geometric and size constraints imposed by the airport infrastructure. An aircraft with a conventional lifting architecture allocates the lifting functions to the main wing, while the stability and controllability requirements are met with the proper design of the wing–tail configuration. For a box-wing aircraft, on the other hand, the lifting and aeromechanical functions in the longitudinal plane are simultaneously provided by both the lifting surfaces, without a distinct separation between the different roles. Bearing in mind the sketch in Figure 3, the main geometrical parameters of box-wing lifting systems, which have a direct impact on the static stability and trim in the longitudinal plane, are those affecting the longitudinal position of the neutral point     X   N P    , the centre of gravity     X   C G    , and the centre of pressures     X   C P    , which, for a trimmed configuration, must coincide with     X   C G    . The design and arrangement of the lifting surfaces have a direct implication on the longitudinal position of the centre of gravity     X   C G    .



As the aerodynamic performance cannot be considered independent of aeromechanical requirements, both must be considered from the earliest stages of conceptual design. To do this, a multidisciplinary design procedure based on constrained optimisation techniques has been developed to size the geometry of the box-wing lifting system to obtain the maximum lift-to-drag ratio while complying with feasibility conditions, including those related to static stability and trim constraints in the longitudinal plane. The design and optimisation procedure is implemented within the software AEROSTATE (AERodynamic Optimisation with STAtic stability and Trim Evaluator) [80,89,90], specifically developed to deal with the design of aircraft with box-wing lifting architecture. In particular, the solver used to evaluate the aerodynamic derivatives is AVL, that is, a VLM code, which offers the advantage of low computational time for each aerodynamic evaluation, making it suitable for early-stage design processes that involve analysing many possible configurations. Accordingly, such an approach enables the identification of significant trends between design variables and performance metrics. The general constrained optimisation problem is posed as follows:


    m i n  ⁡    o b j   x        



(1)




over:


    l   b      <     x     <      u   b    



(2)




subject to:


    g   i   ( x  )   ≥   0   



(3)




where the objective function obj(x) to be minimised is set equal to –(L/D), a condition to which corresponds the maximisation of the lift-to-drag ratio. The induced drag coefficient     C   D i     is computed with AVL, whereas the parasitic drag     C    D 0      is computed by assessing the contribution of the different aircraft components; specifically, the lifting system parasitic drag coefficient is assessed by integrating on the wings’ surface the airfoil     c    D 0     , evaluated using XFOIL, whereas fuselage and nacelle contributions are calculated using the model reported in [91]. To search for this condition, the optimiser handles all the geometric variables   x   that define the lifting system, see the sketch in Figure 3, being able to vary them within the design space defined by the lower boundaries     l   b     and upper boundaries     u   b    . Specifically, x includes the longitudinal position of the leading edge x, the chord c, the twist angle θ of the wings sections at the root, kink and tip, and the sweep angle Λ and the dihedral angle Γ of the related wing bays. The optimisation problem is subjected to a set of inequality constraints     g   i   ( x )  , which may be of a geometric, aerodynamic, structural, and aeromechanical nature. In this context, the steady static aeromechanical behaviour in the longitudinal plane of the box-wing lifting system has been characterised, specifically acting on the aeromechanical constraints. Accordingly, the following constraints have been considered:


    g   1   ( x  ) :      W   d   −   ε   L      ≤    L   x      ≤       W    d   +   ε   L    



(4)






    g   2   ( x  ) :        S   M     min      ≤      S   M     x      ≤      S   M     max    



(5)






    g   3   ( x  ) :        C   M     x        ≤       ε    M    



(6)







The     g   1   ( x )   constraint rules the vertical trim, enforcing the equality between the lift L and the weight     W   d     in the design condition, here selected as the horizontal flight at a quarter of the cruise stage. Constraint     g   2   ( x )   imposes requirements on static longitudinal stability, allowing the stability margin     S   M     to vary between a minimum value       S   M     min     necessary to guarantee stability, and a maximum value       S   M     max     to limit pitch stiffness. The constraint     g   3   ( x )   defines the pitch trim, that is, the pitching moment coefficient     C   M     must be zero at the design point with no elevator deflections considered. Since this study is preliminary and aims to generally characterise the aeromechanical behaviour of the box-wing architecture, small violation tolerances   ε   are accepted in both the     g   1       and     g   3       trim constraints. The optimisation procedure allows for the update of the     X   C G     and W at each design iteration, as pitch trim and static longitudinal stability depend on both aerodynamic features and aircraft weight and balance. To consider the weights of all aircraft components, including wings, the tailplane, engines, fuselage, landing gear, etc., the weight estimation method from [92] has been used.



The AEROSTATE code proves to be very effective for conceptual exploratory studies of this nature, as its structure allows for the sizing, optimisation, and analysis of a variety of configurations for each optimisation run carried out. In fact, the optimiser structure, as discussed extensively in [80,89], combines local and global minimum search algorithms so that each optimisation run generates a set of multiple different configurations that have been a local minimum at least once during the procedure until the global minimum is found. In this context, the design space has been extensively explored using the AEROSTATE tool to generalise the longitudinal aeromechanical characteristics of aircraft with a box-wing configuration, taking as reference a generic set of design requirements related to the short–medium range sector, namely, a design range of 5000 km, a number of passengers equal to 300, and a maximum wingspan fixed to 36 m. To assess the influence of trim and longitudinal stability constraints on the design of the box-wing lifting system, three families of configurations were generated sequentially, varying the optimisation problem by acting on the constraints reassumed in Table 3.



For each family, several runs of the optimisation process have been performed to obtain different groups of configurations. These groups have been identified by acting on the constraints related to the wing loading of each wing defined as:


    g   4   ( x  ) :          L   S   ( x )     f w      ≤          L   S       max    



(7)






    g   5   ( x  ) :          L   S   ( x )     r w      ≤          L   S       max    



(8)




where the subscripts fw and rw indicate forward wing and rear wing, respectively. Note that for a box-wing lifting system, the definition of wing loading differs from that of a conventional aircraft. In fact, the wing loading of a box-wing configuration must be defined for each lifting surface, by evaluating the lift generated by each wing and the corresponding reference area. In this context, as it will be discussed in the following, the front wing loading         L   S   ( x )     f w     and the rear wing loading         L   S   ( x )     r w     have a key role in the preliminary design of the box-wing lifting system towards the trim and stability requirements. The canonical denotation of overall wing loading, defined as the ratio between the aircraft design weight and the total reference area         W   d     S   ( x )   ,     can be used as a performance indicator in order to evaluate the effects of variations in the overall reference surface among different box-wing configurations in a reference flight condition, while the front/rear wing loading ratio has implications on the aeromechanic features.



In the following, the main outputs of the optimisation process for the three families of configurations (VT, VT/SM, and VT/SM/PT) are reported and discussed. The results are shown as side-by-side graphs for each performance and aeromechanical parameter considered for the three families of configurations. In particular, the axes of the plots are limited to the overall minimum and maximum values obtained among the three families, to enable an easier graphical interpretation of the comparisons. In this context, Figure 4 reports the lift-to-drag ratio L/D with respect to the overall wing loading Wd/S for the three families of configurations. In these graphs, each marker represents a single (local) optimized box-wing geometry, and each marker type is relevant to solutions with the same maximum wing loading constraints.



The main indications provided by Figure 4 are: (i) for each of the three families considered, the ratio L/D increases as the Wd/S increases, and this aspect is related to the reduction in wetted surface with the consequent increase in the trim lift coefficient, as shown in Figure 5; (ii) there are no substantial differences between the performance trends of the VT and the VT/SM families, and the only introduction of the constraint on longitudinal stability does not lead to performance penalties, differently from what stated in [43]; (iii) the VT/SM/PM family, for which also the constraint on pitch trim is introduced, shows on average lower L/D, and its configurations exhibit lower Wd/S than the corresponding of the VT and VT/SM families, see the right part of Figure 4. Figure 5 shows that the configurations of the VT/SM/PM family generally have larger reference surfaces and, consequently, lower trim lift coefficients.



Figure 6 shows the results in terms of static stability margin     S   M    . By analysing these results, it emerges that the VT family does not show any trend regarding the     S   M    , as expected, due to the absence of a static stability constraint, so that the related configurations are far from the feasibility field. Instead, the stability-constrained families VT/SM and VT/SM/PM satisfy on average the constraint limits and, in particular, configurations of VT/SM/PM tend to reach the lower limit.



The numerical results in terms of     C   M    , reported in Figure 7, are widely scattered for the VT family, as predictable, since no pitch equilibrium constraints are imposed, so that the related configurations are far from acceptable values. The VT/SM family tends to have a less dispersive response, even though the     C   M     values are still not satisfactory, while the configurations of the VT/SM/PM family generally satisfy the constraint.



From these numerical results, it is possible to extract some significant information about the conceptual design of the box-wing lifting system planform. In fact, even for box-wing lifting systems, it emerges that designing configurations within the feasible space, hence introducing the stability and trim constraints, leads to penalisations in aerodynamic performance. To better highlight the general trends, in the following, the previous data are shown as averaged results for each group of configurations. Specifically, in the following graphs, each marker represents the average result of the output of each optimisation run performed by varying wing loading constraints, and the curves are given by fitting these average values. In this context, Figure 8 shows the average trends of L/D and S as the Wd/S varies for the three families: it is clear the contrast between the trend in aerodynamic performance and the feasibility requirements (i.e., the stability and trim).



The value of the ratio L/D improves as the Wd/S increases for two distinct reasons: from one side, the reduction in the wetted surface leads to a reduction in friction drag, and from the other side, since the wingspan is fixed and is equal for each configuration of this study case, as S decreases,     A R   w     increase consequently, providing an improvement in the span efficiency.



The introduction of pitch trim and stability constraints implies a general reduction in overall wing loading, hence, of L/D, for the VT/SM/PM family; it is worth analysing the results in terms of wing loading of each horizontal lifting surface. As a general result, indeed, the highest box-wing L/D values are reached for         L   S       f w     =          L   S       r w       =         L   S       m a x    , as this condition leads to configuration with minimum reference surface. The optimiser can find solutions near to this condition for the VT and VT/SM families; contrarily, the VT/SM/PM family shows on average a rear wing loading that is a fraction of the front one, as reported in Figure 9.



These results highlight that the ratio between the rear and front wing loading is a key parameter for the proper design of a box-wing lifting system compliant with the longitudinal aeromechanical constraints, having a key role in managing the contrast between static stability and pitch trim. In fact, if only static stability is considered, the solutions found with the optimiser would still be close to the optimum, hence exhibiting the maximum achievable L/D, and with the wing loading of the two horizontal lifting surfaces of similar magnitude, close to the maximum allowed by the constraint. Longitudinal stability would not be critical (see the middle part of Figure 6), but the lifting configurations thus sized would result in having a centre of pressure     X   C P     in a very backward longitudinal position, leading to unacceptable magnitudes of pitch moment (see the middle part of Figure 7). In this case, also introducing the constraint on the     C   M    , the optimiser therefore tends to shift the position of the     X   C P     forward by reducing the loading of the rear wing. Looking at it from the other perspective, the optimiser cannot find stable and trimmed solutions with the     X   C G     close to the middle of the distance of the two wings, but to satisfy both constraints, the     X   C G     is more offset towards the front wing; see Figure 10. In this specific condition, to satisfy the pitch trim, a larger lift is needed on the front wing, whereas the stability constraint forces the rear surface to be appropriate to ensure the necessary margin of stability: these two conditions together steer the design of a rear wing with a lower loading compared with the front one.



With respect to the current literature on the topic, some general discrepancies have been identified that improve the understanding of the initial sizing of the box-wing lifting system. In principle, the conflict between aerodynamic performance, longitudinal stability, and pitch trim, as initially supposed by [43], is not related to a degradation in the optimal lift distribution, as the theorems of non-uniqueness of the optimal solution allow for infinite best distributions. Accordingly, the drag penalty derives from the need for increases in wetted surfaces with respect to the optimum values. This is related to the need to have a rear wing loading that is a fraction of the front one, to satisfy both stability and trim. This conduces to the other conclusion that imposing a constraint to have the same reference surface for the front and rear wing, as suggested in [38], is not necessary to properly design a box-wing lifting system. These variables need to be free, as they have a relevant influence on the     X   N P     position, and hence are controllers of the static stability: imposing too strict and useless constraints may prejudice the generalisation of the result. This is the same for the longitudinal positioning of the wings and their sweep angles; constraining to some fixed solutions, as in [44], limits the actual space of the design problem, leading to only specific conclusions. Instead, as these parameters are involved in different performance metrics, such as wave drag, wing weight, and static stability when the sweep angles of both wings are considered, the design space needs to be as wide as possible, to identify the best trade-off solutions. Furthermore, as the design problem is multidisciplinary and may have different figures of merit when dealing with different classes of aircraft, it is not possible to generalise in a single criterion, or in a predefined set of constraints, the aeromechanical design problem (i.e., considering different requirements on sweep angle between a transonic liner and a regional turboprop), but each case needs to be specifically assessed.



Accordingly, the information attainable using AEROSTATE, even if the software is built on a low-fidelity aerodynamic solver, has been proven very suitable to initialise the aircraft design process by giving relevant design guidelines and identifying important relationships between design variables and performance metrics. As an example of the previous statements, Table 4 reports the general results obtained in the overall design process for different box-wing aircraft available in the literature. As a general conclusion, it is always needed to provide a less loaded rear wing to ensure stability and trim, but other geometrical variables are free to be handled to satisfy multiple requirements in the multidisciplinary design process.




3.2. Stable Stall Constraint


Problems related to admissible/non-admissible situations for an aircraft, such as the assessment of the stall condition, need to be addressed from the very beginning of the design process. The lifting system must ensure that, near the stall condition (i.e., the incidence angle α reaching        α    stall     ) it can generate a negative pitching moment to recover the aircraft from the stall. In fact, the adverse condition of     C   M      >    0   with    α   ≥       α    stall    , would lead to stall instability, compromising the recovery of the aircraft from it. For a box-wing, to prevent the occurrence of this condition, it is necessary to design a lifting system for which the front wing is the most critical to the stall. Therefore, when α ≈       α    stall    , the front wing should be near the stall condition, while the rear wing is still in the linear zone of its     C   L   —   α curve. This should introduce an ‘anti-stall’ behaviour typical for the box-wing configuration, as shown by numerical and experimental tests [49]: reaching the stall condition, the front wing is the first exhibiting flow separation and so loss in lift, while the rear wing is generating lift. Consequently, increasing α produces an increase in pitch down moment opposing the stall; see Figure 11.



A simplified approach, based on textbook methods, has been used in the conceptual design phase to assess the stall stability of box-wing planforms designed with the procedure described in Section 3.1. For each box-wing configuration considered, the     C   L max     of each horizontal wing is evaluated with the method proposed in [91], viz.


    C   L max   w    = 0.9    C   L max    2 D       cos    Λ   25    



(9)




where     C   L max   w       is the value of the maximum lift coefficient for each wing,     C   L max    2 D        is the maximum lift coefficient of the section airfoil, and Λ25 is the wing sweep angle at 25% of the chord. Classical textbook methods are here used to provide a quick solution to the proposed problem, hence considering each horizontal wing as non-influential on the     C   L max   w       of the other. In more advanced stages of design development, however, it is necessary to switch to more refined models that, for reasons of computational speed, cannot be used in a conceptual design phase, when the number of configurations to be studied is enormous. This simplification, nevertheless, can provide a fast interpretation of the problem. Once a reference trim condition is defined, the value of the     C   L trim   w     for each lifting surface is evaluated with the AVL code, and the     Δ C   L crit   w     for each wing is then identified as


    Δ C   L crit   f w    =    C   L max   f w      −      C   L trim   f w    



(10)






    Δ C   L crit   r w    =    C   L max   r w      −      C   L trim   r w    



(11)







In this conceptual design phase, if, for the sake of simplicity in this general discussion, we consider the     C    L α    w     of each wing to be equal, the stable stall condition is defined as


    Δ C   L crit   f w      <      Δ C   L crit   r w    +    ε   C L    



(12)




where     ε   C L     is a proper tolerance. Focusing on Equations (9)–(12) it can be noted that: (i) the longitudinal stability and trim constraints previously discussed do not contrast with the stable stall requirement; indeed, since the front wing must exhibit higher loading, the     C   L trim   f w     must be higher than the     C   L trim   r w    ; (ii-a) for box-wing flying in the transonic regime, such as medium range liner, since the front wing shows higher loading, it needs a larger sweep angle     Λ   25     to reduce wave drag; assuming the same airfoil on both wings, this implies that     C   L max   f w     <     C   L max   r w     according to Equation (9); (ii-b) for box-wing flying in the subsonic regime, such as regional aircraft, it is suitable to avoid designing the swept wing, so only condition (i) should differentiate the stall behaviour of the two wings.



Nevertheless, these observations lead to the conclusion that, if a box-wing is designed according to the longitudinal stability and trim requirements, it is inherently stable towards the stall, so that the relationship in Equation (12) is easily satisfied without the need to introduce significant modifications to the initial design of the lifting system. To highlight these considerations, two different families of configurations designed with AEROSTATE have been considered as examples: a family in which the           L   S       r w     >         L   S       f w     condition has been forced, thus violating the stability and trim requirements, and the VT/SM/PM family described in Section 3.1; condition (12) has been used as a filter to discard configurations that do not meet the stable stall requirement. In Figure 12, the results of the stable stall filter application are shown; in particular, configurations that do not meet relationship (12) have been represented with a red marker, while configurations that meet the requirement are shown with a black marker. Note that the configurations are compared using the values for         L   S       rw     e         L   S       fw     as a comparison metric. The left part of Figure 12 shows the results for the configurations for which the         L   S       rw     >         L   S       fw       constraint has been forced: it can be observed that almost all the configurations do not satisfy the stable stall check; conversely, all the configurations of the VT/SM/PM family (see the right part of Figure 12), which satisfy the stability and trim constraints, verify also the stable stall requirement.




3.3. Trim Drag Assessment


The trim drag is the component of drag related to the deflection of the elevators to trim the aircraft in pitch. This depends on the unbalance between the longitudinal position of the centre of gravity     X   C G    , which is variable during the flight and depends on initial mass distribution and fuel consumption throughout the mission, and the position of the centre of pressure     X   C P    , which depends on attitude and Mach number. In this case, it is possible to exploit the architecture of the box-wing to control this unbalance during the mission to minimise the trim drag using specific strategies of fuel consumption, since it is possible to load fuel both in the front and rear wing, see Figure 13, thus in front and behind the centre of gravity. This aspect, theoretically, may allow control of the     X   C G     position. A framework based on point mass equations of motion has been developed to simulate the mission of a generic aircraft in the longitudinal plane and to evaluate the     X   C G       position at each time instant, according to the initial fuel allocation in the tanks and the selected consumption strategy; in particular, details on the mission simulation framework are reported in [8].



A simplified practical example of strategies to minimise the trim drag contribution for box-wing aircraft is provided in the following. First, the front and rear tanks can be subdivided into a number i of sub-tanks, so that different consumption sequences can be identified. A mass of fuel     m   i     is assigned to each i-th sub-tank, so that it is possible to load different amounts of initial fuel between the front wing and rear wing (complying with the constraint of the available sub-tank volume). The i-th mass of fuel is assumed to be positioned at point     X   i    , the position of the centre of gravity of each tank. In this context, Figure 13 shows an example of a box-wing configuration with tanks divided into four volumes for each lifting surface. In particular, the fuel storage and consumption are assumed symmetric with respect to the aircraft longitudinal plane.



To simulate different strategies of fuel consumption during a reference mission, different fuel distributions between the front and rear wing tanks are set as input and, for each of these, all possible tank emptying sequences are considered. The problem addressed in this task directly involves the tracking of     X   C P     with     X   C G     to reduce trim drag, meanwhile verifying the constraint on static stability (position of the centre of gravity     X   C G     with respect to the neutral point     X   P N     ) at each time instant of the mission. Different figures of merit can be selected to evaluate the best tank-emptying strategies to minimise the trim drag, such as the quantity     ∑    t   in       t   f i n          δ   e   ( t )      , that is, the summation on the whole flight time of the elevator deflections needed for the trim during the mission, or the quantity     ∑    t   i n       t   f i n        C   D   (   δ   e   )    , that is, the summation of the drag increase due to the elevator deflections in each instant of the mission.



The best emptying sequences are those that minimise these quantities, namely, those that need less use of the elevator to obtain     C   M   ( t ) = 0   in each timestep of the mission while respecting the longitudinal stability constraint. A reference configuration of a box-wing, for which the aerodynamic performances in terms of     C   D   −   δ   e       and     C   M   −   δ   e       curves (see Figure 14) and the geometrical properties are known in detail [79,99], is used as a test case in this context. Note that, if properly sized, the couple of elevators can minimise the lift contribution to generate pitch, hence working near the condition of pure pitch, as highlighted by the non-variation in the elevator-induced pitch moment when the pole (    X   C G     ) moves; see the right part of Figure 14.



In this example, a cruise range of 4000 km is considered, the tanks have been split as in Figure 13, and 12 different initial fuel distributions between the front and rear tanks have been considered. In particular, for each front/rear fuel distribution, as in this example, the tanks are subdivided into four sub-tanks (Figure 13), 24 different permutations of emptying sequences are possible, and thus 288 different cases of fuel consumption patterns have been simulated. In this general test case, the optimal initial front/rear fuel distribution is equal to 60/40; for this initial distribution, the left part of Figure 15 reports the longitudinal position of     X   C G    ,     X   C P    , and     X   P N     throughout the mission for the 24 emptying sequences, and the right part of Figure 15 reports the related     δ   e     deflections needed for pitch trim. In each case, the constraint related to the overall available tank volume necessary to load the amount of fuel needed to accomplish the mission is checked and satisfied.



In Figure 15, a black frame highlights the optimum emptying pattern that minimises trim drag and satisfies the stability constraint: in this example, the tank fuel consumption strategy is (in order of tanks emptying): rear inboard, front inboard, rear outboard, front outboard. As a result, the percentage difference between the average mission lift-to-drag ratio in the untrimmed and trimmed case is −0.08%.



At the end of this Section, a few general comments are offered regarding the trim drag minimisation: (i) the proposed example is intended to generally describe the possible     X   C G     control for box-wing configuration with proper fuel consumption strategies, while more refined solutions can be obtained by subdividing the main tanks into a larger number of sub-tanks; (ii) the feasibility in terms of systems, reliability, and related weight increase must be carefully evaluated in more advanced design phases; (iii) strategies to control the centre of gravity position during the flight to enforce stability or to minimise the trim drag are also used in some conventional aircraft [100]; however, in such cases, it is necessary to provide the design of specific tail tanks to fulfil this function (trim tanks [101]), while the box-wing architecture easily enables providing this this tank arrangement; (iv) such trim drag minimisation strategies can have very considerable effects on performance, especially on ultra-long range aircraft, where the mass of fuel consumption is very large and trim drag, if not controlled, could have a significant impact on overall performance.





4. Low-Speed Performance Assessment


In this Section, a general conceptual analysis regarding the aeromechanical characteristics of box-wing aircraft in low-speed flight conditions is presented, considering the deployment of high-lift systems. Even though different arrangements for the movable surfaces and flaps for a box-wing are possible, the most general layout scheme is the one depicted in Figure 16: the elevators are placed at the root of both wings, two pairs of ailerons are placed at the wingtips, and in the remaining span length the trailing edge flaps can be installed. The movables layout arrangement for a box-wing is widely discussed in [51]. Having pairs of trailing-edge flaps on both wings allows them to be deflected by different angles, and this condition introduces an additional parameter, named flap gain   ψ   and defined as


  ψ =     δ   f   r w       δ   f   f w      



(13)




where     δ   f   r w     is the rear flap and     δ   f   f w     is the front flap deflection. The   ψ   parameter is of key relevance in evaluating the low-speed aeromechanical behaviour of box-wing configurations.



In the following, the aeromechanical analysis is discussed by considering a reference box-wing configuration (developed in [79], see Figure 16) with a fowler flap on both wings, for which all geometrical and aeromechanical characteristics are known. However, the discussion of the results can be extended in general to any box-wing configuration, whose lifting system is designed according to the criteria discussed in Section 3.



Again, the AVL solver is used to evaluate the aerodynamic derivatives and to search for the solution of the low-speed trim problem defined in Equation (14):


          C   L   =   C    L α    α +   C    L δ e      δ   e   +   C    L δ f      δ   f         0 =   C   m 0   +   C    m α    α +   C    m δ e      δ   e   +   C    m δ f      δ   f          



(14)







Namely, given the equilibrium     C   L       and flap setting     δ   f    , which in AVL can be modelled by providing the values of the     δ   f   f w     and   ψ  , the aerodynamic solver is able to find the angle of attack   α   and the elevator deflection     δ   e     that guarantee equilibrium in the longitudinal plane. The high-lift trailing edge systems and movable surfaces are modelled as plain flaps in AVL. The approach trim lift coefficient     C   L a p p     depends on the performance of the flapped lifting system, according to Equations (15)–(17):


    V    s      =    2   W   a p p   / S   ρ   C   L m a x       



(15)






    V    a p p      =    1.3      V    s       



(16)






    C    L a p p      =   2   W   a p p   / S   ρ   V   a p p   2      



(17)




where     V    s        is the landing stall speed,     W   a p p     is the aircraft approach weight, and     V    a p p        is the approach speed. The main performance of a box-wing aircraft configuration in the low-speed condition, namely, the aircraft     C   Lmax    , is evaluated using the simplified procedure discussed in [102]. In particular, the     C   L m a x   w       of each flapped horizontal wing is calculated separately, and the one most critical to stall is identified, i.e., the one that will reach its     C   L max   w       in correspondence with the smallest variation in   Δ α   with respect to the trim condition (such that condition identifies     α   stall   )  . The value of     C   L       evaluated at     α   stall       is assumed to be the     C   L max       of the assigned configuration. In this context, Figure 17 reports the trends of     C   L max     relating to     δ   f   f w     and   ψ  , where it emerges that the     C   L max       is dependent on the deflection of the front flap and less sensitive to that of the rear flap.



An increment of the value of   ψ   leads to an increment of     C   L max   r w     and, consequently, of the value of      Δ C    L crit   r w    , as Equations (10) and (11) are still valid for flapped wings. Such that specific condition increases the safety margin towards stalling for the rear wing, which, however, is not the critical one against the stall condition for a properly designed box-wing, as discussed in Section 3.2, so that this improvement does not affect the value of     C   L max    . This aspect can be inferred from Figure 18, which shows the value of      Δ α    crit   w    , that is, the variation in the aircraft angle of attack necessary to reach the stall condition for each wing. In particular, the front wing reaches the stall condition for lower increments of the (aircraft) angle of attack in all the design space considered. As for the analysis of the stall of clean wings (see Section 3.2), also in this case the assumption of equal     C    L α    w     for the front and rear wing is used, which could be assumed valid for lifting surfaces with similar geometric features and with high-lift systems of equivalent technology level.



Accordingly, since the rear wing is never critical to stall, the slight beneficial effect of increasing   ψ   on total     C   L max     is related to other aeromechanical features; see Figure 17. Specifically, the deflection of the rear flap provides an increase in the     C   L       of the aircraft, and therefore allows the trim       C   L app       to be reached with a lower angle of attack α, as shown in Figure 19. This aspect relieves the lifting load on the front wing, hence     C   L trim   f w       in the approach trim condition is lower, and, therefore, the value of     Δ C   L crit   f w       is larger, thus favouring the increase in the     C   L max     of the aircraft.



Accordingly, it can be supposed that properly designed box-wing configurations may not require high-lift systems of the same technological complexity on both wings, as the rear wing is not a critical item from the stall viewpoint. To better analyse this aspect, a sensitivity study has been carried out by varying the rear flap technology, by considering the same box-wing configuration as in the previous example. In particular, low-speed performance has been evaluated for four different types of rear wing high-lift devices, that is, fowler flap, single slotted flap, plain flap, and clean wing, as sketched in Figure 20. Note that the front wing is always provided with a fowler flap.



Figure 21 identifies the critical wing with respect to the stall, by reporting the comparison of     Δ α   crit   w     as a function of     δ   f   f w     and   ψ  . Note that varying   ψ   for a rear clean wing is meaningless, and it is only provided for the graphical comparison. In particular, the numerical results are reported as the difference of     Δ α   crit   =   α   crit   f w   −   α   crit   r w       between the front and rear wing, so that a negative value indicates that the rear wing has a safety margin (equal to       Δ α   crit     )   towards the stall with respect to the front wing.



These interesting results show that the rear wing is not critical with respect to the stall for all the high-lift system technology considered. Moreover, the differences between fowler, slotted, and plain flaps lie only in the value of the safety margin with respect to the stall, but as the front wing is the critical item from the stall viewpoint, the magnitude of the safety margin for the rear wing is practically irrelevant on the overall low-speed performance of the aircraft (i.e., on the value of     C   L max     ). The rear wing, instead, becomes the (stall) critical item if no rear high-lift systems are considered, see the left part of Figure 21. In particular, only in this specific case, the stall performance of the rear wing has a direct impact on the aircraft     C   L max    , as shown in Figure 22.



Nevertheless, in general, the clean rear wing configuration must be avoided, not only because it deteriorates the performance at low speed, but also because of non-admissible conditions regarding some relevant flight mechanics features. In fact, a clean rear wing design will result in an unstable stall configuration, which is an unacceptable condition, while high-lift systems on the rear wing (even of simplified technology) are of key relevance towards the aircraft low-speed trim because they can introduce non-negligible pitching moments. For example, Figure 23 shows that, by fixing     δ   e    =  0   deg and thus considering the aircraft unbalanced in pitch, the rear flap activation can be used as a pitch controller, generally without loss of performance in terms of     C   L max    ; see also Figure 17. This specific aspect (theoretically) allows the elevators to be not deflected in the ideal case of     C   M    = f (    δ   f   f w    , ψ ) =  0  , as shown in the graph in Figure 24, and so to leave all the available elevators deflection-free for aircraft manoeuvring. On the other hand, excluding the possibility of trimming the aircraft with the use of a rear flap may lead to excessively unbalanced flight conditions, causing elevator saturation or inadmissible flight conditions.



To summarise, the conceptual design guidelines related to the sizing of high-lift systems for a box-wing configuration are the following: (i) if the box-wing configuration is designed to meet the objective of maximising the lift-to-drag ratio, as well as constraints related to longitudinal static stability, pitch trim, and stable stall, the front wing is the critical one in terms of low-speed stall and also in the condition of high-lift device deployment; (ii) the low-speed performance of the aircraft, as indicated by the     C   L max     value, is primarily governed by the performance of the flapped front wing, whereas the impact of high-lift devices on the rear wing is minimal; (iii) the rear wing flaps are, however, necessary to properly provide the aircraft pitch trim, and the rear wing high-lift devices must also ensure that the rear wing does not reach a critical stall condition, thereby preventing issues related to unstable stalling; and (iv) as the overall performance is unaffected by that of the flapped rear wing, simpler technologies can be used to size the high-lift devices of the rear wing compared with those of the front wing, so that it is possible to obtain significant simplifications from the manufacturing point of view, as well as beneficial reductions in weight and cost.




5. Directional Static Stability


The Vertical Tail Plane (VTP) is the main aircraft component to which the directional stability functions are allocated. For small- and medium-sized box-wing aircraft, the design of this component is similar to that of conventional aircraft, and the same models and results, both simplified [28] or more advanced [24,103], can be adopted. For medium- and large-sized box-wing aircraft, on the other hand, it has been observed that for structural support issues of the rear wing and to suppress its flutter problems [104,105,106], it is necessary to envisage the use of a double VTP, typically with a V-tail shape [107]. The aerodynamic integration of the VTP has been faced by focusing on the main V-tail design parameters sketched in Figure 25, where ΓV is the angle between the fin and the vertical plane, h/b is the height/span ratio, and SV is the reference surface of each vertical tail.



These parameters have an influence on both the lateral-directional aeromechanical features and the overall aircraft performance. In particular, the h/b ratio directly constrains the span of each vertical tailplane and affects the lift-to-drag ratio of the BWS [16]. On the other hand, increasing ΓV while keeping SV constant introduces reductions in the fins directional effectiveness but also enhances the static longitudinal stability. Moreover, if ΓV > 0, the rudders can be used for both directional and longitudinal control. Finally, ΓV has an impact on the connection of the rear wing to the fuselage, having a direct effect on its stiffness and structural mass. Note that ΓV has a role in the “bracing” effect on the rear wing [104], and it is a design variable useful to enhance the aeroelastic stability of the system. In this context, increasing SV yields favourable effects on directional stability, but it also leads to an increase in friction drag.



In this section, the design of VTP for a box-wing configuration is qualitatively addressed by considering again the reference configuration proposed in Section 4. As mentioned in Section 2 and demonstrated in [78], the VLM model is unreliable in the prediction of directional aeromechanical characteristics; therefore, the characterisation proposed in this work is based on higher fidelity models, such as CFD-based tools. For transonic aerodynamic assessment of the VTP effect on overall aircraft performance, detailed CFD simulations have been carried out considering steady compressible flow, as discussed in [108]; for static stability assessment, on the other hand, a less computationally expensive CFD framework has been set. More specifically, the design space has been explored utilizing steady CFD simulations using incompressible Reynolds-averaged Navier–Stokes (RANS) models. The reference flight condition corresponds to an altitude of 3000 m and a velocity of 131 m/s, which aligns with the assumption of incompressible flow used in the computational model (in fact, the corresponding Mach number would be equal to 0.4). A total of nine different geometries have been analysed, combining three values of h/b (i.e., h/b1 = 0.222, h/b2 = 0.208, h/b3 = 0.194) and three values of fin inclination angle ΓV (i.e., 0°, 15°, 30°), as shown in Figure 26.



The figures of merit concerning the directional performance are the aircraft     C    Y β     , that is, the lateral force Y that the fins are able to generate given a lateral incidence β, and the aircraft     C    N β      (yaw stiffness), directly related to     C    Y β      and to the longitudinal position of the centre of gravity. In this case, Figure 27 shows the     C    Y β      values for the reference configuration, varying h/b and ΓV.



As expected, increasing the fin inclination angle ΓV maintaining the same fin surface SV reduces the lateral forces response, so that moving from 0° to 30°, the     C    Y β      reduces by up to 15%. Reducing h/b affects the fin surface SV and, as the SV decreases, the     C    Y β      reduces. The yaw stiffness     C    N β      is a key performance for the static directional stability of the aircraft. The minimum constraint to be respected is     C    N β      > 0: typical values are in the range of 0.09 to 0.20, depending on the architecture and geometry of the aircraft, as well as the flight condition. For example, Figure 28 reports the trends of the     C    N β      with respect to the position of the centre of gravity and fin inclination angle for the three values of h/b considered.



For a box-wing with swept horizontal wings, the loss of     C    N β      of the aircraft as ΓV increases does not only occur due to a decrease in the capability of the fins to generate lateral force Y, as increasing ΓV also introduces a decrease in the effective lateral force arm. Since the fins must be connected to the forward swept rear wing, as ΓV increases, it is necessary to move the fin forward to allow the structural connection, as schematically shown in Figure 29. The loss of performance as ΓV increases, therefore, occurs both in terms of     C    Y β      and     C    N β     , supposing all the other parameters as fixed.



It is worth highlighting a substantial difference between box-wing and tube-and-wing configurations. In fact, vertical tip-wings can have a relevant effect on the lateral stability of the aircraft. To properly design a box-wing, the lateral aerodynamic centre of the vertical tip-wings must be located behind the aircraft centre of gravity to avoid instabilising effects. In particular, tip-wings have twisted curved airfoils and, thus, perturbations in β introduce variations in Y force (see Figure 30) that may be non-negligible.



Note that V-tails with ΓV > 0 deg provide aircraft stabilizing effects in the longitudinal plane, and Figure 31 shows the variation in longitudinal static stability margin for the reference configuration varying ΓV and h/b.



Two different aspects involving static longitudinal stability are highlighted: (i) as h/b decreases, SM decreases, and this is due to the fact that lower h/b values imply lower values of rear wing     C    L α    r w    , with a consequent effect on the position of the neutral point and (ii) as ΓV increases, the tail surface projected on the horizontal plane increases as well: the neutral point moves backwards and SM increases.




6. Summary of the Conceptual Design Criteria for a Box-Wing Configuration


This section summarises the qualitative design criteria derived from the application of the conceptual workflow developed to analyse a box-wing lifting system aeromechanical design. The indications obtained are guidelines intended to provide a box-wing-specific design perspective, from the very early stages of the project. Clearly, when a design activity proceeds towards more advanced and detailed developments, methods and tools of analysis of increasing fidelity should be used to refine the assumptions here presented.



Lift-to-drag ratio in incompressible flow: the lift-to-drag ratio increases with the increase in the box-wing overall wing loading; in particular, the optimal solution presents an equal repartition of the wing loading between the front and rear lifting surfaces. Increasing the wing loading improves the span efficiency of the box-wing and reduces the wetted surface.



Longitudinal static stability and pitch trim: these constraints affect the wing loading repartition between the two lifting surfaces of the box-wing configuration. In general, the front wing requires a larger wing loading with respect to the rear wing to fulfil stability and trim constraints. Considering the very initial design stages, the rear–front wing loading ratio should assume values in the range of 0.5–0.75. This wing loading repartition introduces aerodynamic performance penalties in terms of the lift-to-drag ratio with respect to unconstrained layouts. This is related to the aircraft general wing loading reduction connected to the more unloaded rear lifting surface.



Stable stall requirement: unstable stall is an unacceptable condition for a transport aircraft. Therefore, for box-wing configurations, the front wing must be designed to stall before the rear one. This ensures that the rear wing can generate a pitch moment necessary for the stall recovery. If the opposite happens, the stall would be amplified. To design front wings that are more critical to stall than rear wings, combinations of     C   L trim   f w     and     Λ   25   f w     sufficiently high must be selected; this is in accordance with the requirements for stability and pitch trim (front wing more loaded) and wave drag reduction in the transonic regime (front wing with larger sweep angle) and therefore does not create contrasts and/or performance penalties in box-wing lifting system sizing.



Fuel consumption strategies to minimise trim drag: the box-wing allows the accommodation of fuel tanks in the front and rear wings. It is possible to manage the initial position of the centre of gravity by properly filling the rear and front tanks. During the flight, it allows for controlling the position of the centre of gravity using specific fuel consumption patterns. Theoretically, this may allow for tracking the longitudinal centre of pressure position with the centre of gravity during the flight. This aspect may prevent the deflection of the elevators to achieve pitch trim in the cruise condition, allowing the minimisation of trim drag.



Front/rear wing flap technology: for a box-wing configuration, the design requirements of high-lift devices differ between the front and rear wings. The front wing is the most critical to the stall, so that the overall performance of the aircraft, in terms of     C   L max    , is directly linked to the performance of the flapped front wing. The front wing, therefore, requires adequate high-lift systems to meet the aircraft low-speed performance requirements. The rear wing does not directly impact the box-wing     C   L max    . Therefore, rear-wing high-lift devices can be simplified and manufactured with a lower technological level than those of the front wing. However, it is always necessary to equip the rear wing with high-lift systems: indeed, deflections of the front flaps cause significant pull-up moments and considering the box-wing architecture, with two wings spaced from the centre of gravity, these moments must be compensated by the movables of the rear wing. The rear wing flap therefore has a main function related to pitch trim and is not directly related to the     C   L max       of the aircraft.



Directional stability: previous research showed that medium to large box-wing configurations may require of a double VTP, typically in a V-tail shape, to address structural support and flutter suppression issues of the rear wing. The main design parameters impacting on the VTP effectiveness are the h/b ratio, the angle ΓV between the fin and the vertical plane, and the reference surface SV of each vertical tail. The design of the VTP must consider not only the lateral stability requirements, as the V-tail configuration has an impact also on the longitudinal stability and lift-to-drag ratio so that the vertical tail sizing should be integrated into a multidisciplinary design process. Furthermore, the vertical tip wings of the box-wing may have an influence on directional stability, hence instabilising contribution must be avoided when sizing the lifting system.




7. Conclusions


The box-wing configuration is a promising solution in terms of reducing induced drag and has therefore been the subject of several studies primarily focused on its conceptual development and performance analysis. The aim of this study is to introduce an additional step in the engineering knowledge of this unconventional lifting architecture, by means of a conceptual characterisation of its general aeromechanical properties. The main result, in fact, is to identify the impact and design implications of the constraints relating to the static stability and controllability of the box-wing aircraft, and thus to define design criteria of a general purpose capable of properly steering the design of such configurations from the initial stages of its development. The investigation proposed in this work begins with the application of constrained numerical optimisation techniques to the planform design of box-wing aircraft, in which the stability and pitch trim constraints in the longitudinal plane in cruise flight conditions are considered. From an extensive analysis of the design space, it emerges that the simultaneous fulfilment of both the requirements of longitudinal static stability and pitch trim implicate for box-wing configurations the need to design a front wing more loaded than the rear one; this causes increments of wetted surfaces with respect to the optimal non-constrained case and hence introduces overall lift-to-drag penalties. Nevertheless, these constraints do not impose strict geometric limitations on the design of the lifting system planform and allow the designer wide room to act on the design variables, such as the surfaces of both horizontal wings, their sweep angle, or their separation in the horizontal plane; this allows for broad flexibility in design choices with respect to performance aspects related to other aircraft design disciplines. The proposed investigation has then shown how the conceptual design of a box-wing lifting system compliant with stability and trim constraints does not entail any critical issue with regard to safety in stall conditions, which results always stable; the rear wing, which has a safety margin with respect to the stall of the front wing, introduces pitching moments that enhance the stall recovery mechanism.



The design of the box-wing lifting system in compliance with the above constraints also has a direct impact on low-speed performance and on the design of the high-lift systems. In fact, since the front wing is the one with the largest load, it is the one that needs more efficient flaps with a higher technological level, while the rear wing, which is never critical to stall, requires simplified flaps that are only needed to manage the trim.



Finally, an overview of the main design parameters that impact the lateral-directional stability of box-wing configurations is provided, giving attention to the proper design of the V-shaped vertical tail assembly.



At the end of these investigations, a set of general design criteria are stated for the conceptual study and aeromechanical development of box-wing transport aircraft.



This work establishes the initial groundwork for a more detailed investigation of the aeromechanical characteristics of box-wing configurations. In fact, in a multi-level, multi-fidelity path, this investigation can be expanded in the future, both by increasing the fidelity of the calculation and prediction tools used and by integrating new areas of investigation, such as dynamic stability and that of flexible aircraft.
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Glossary




	
Symbol

	
Description

	
Unit




	
b

	
wingspan

	
m




	
     C   L max    2 D      

	
maximum lift coefficient of the section airfoil

	




	
     C   L     

	
lift coefficient

	




	
     C   L app     

	
approach lift coefficient

	




	
     C   L crit     

	
lift coefficient identifying stall condition

	




	
     C   L max     

	
maximum lift coefficient

	




	
     C   L trim     

	
trim lift coefficient

	




	
     C    L α      

	
lift coefficient derivative w.r.t. α

	




	
     C    L δ e      

	
   lift   coefficient   derivative   w . r . t .     δ   e     

	




	
     C    L δ f      

	
   lift   coefficient   derivative   w . r . t .     δ   f     

	




	
     C   M     

	
pitching moment coefficient

	




	
     C    M 0      

	
pitching moment coefficient at α = 0

	




	
     C    M δ e      

	
   pitching   moment   coefficient   derivative   w . r . t .     δ   e     

	




	
     C    M δ f      

	
   pitching   moment   coefficient   derivative   w . r . t .     δ   f     

	




	
     C    M α      

	
pitching moment coefficient derivative w.r.t. α

	




	
     C    N β      

	
yaw moment coefficient derivative w.r.t. β

	




	
     c   p     

	
pressure coefficient

	




	
     C    Y β      

	
lateral force coefficient derivative w.r.t. β

	




	
D

	
drag

	
N




	
fw

	
superscript for forward wing

	




	
h

	
vertical distance between wings

	
m




	
L

	
lift

	
N




	
L/D

	
lift-to-drag ratio

	




	
L/S

	
wing loading

	
kgf/m2




	
     l   b     

	
vector of lower boundaries

	




	
R

	
front–rear wing loading ratio

	




	
rw

	
superscript for rear wing

	




	
S

	
wing reference area

	
m2




	
     S   M     

	
static margin

	




	
     S   V     

	
vertical tail reference surface

	
m2




	
     t   f i n     

	
final time

	
s




	
     t   i n     

	
initial time

	
s




	
     u   b     

	
vector of upper boundaries

	




	
     V   app     

	
aircraft approach speed

	
m/s




	
     V   s     

	
aircraft stall speed

	
m/s




	
     W   app     

	
aircraft approach weight

	
N




	
     W   d     

	
aircraft design weight

	
N




	
     X   C G     

	
longitudinal position of centre of gravity

	
m




	
     X   C P     

	
longitudinal position of centre of pressure

	
m




	
     X   N P     

	
longitudinal position of neutral point

	
m




	
     X   i     

	
longitudinal position of i-th tank centre of gravity

	
m




	
α

	
aircraft angle of attack

	
deg




	
     α   stall     

	
aircraft stall angle of attack

	
deg




	
β

	
aircraft sideslip angle

	
deg




	
     Γ   V     

	
angle between fin and vertical plane

	
deg




	
     δ   e     

	
elevator deflection

	
deg




	
     δ   f     

	
flap deflection

	
deg




	
ε

	
optimal aerodynamic efficiency ratio

	




	
     ε   C L     

	
   tolerance   for   stall     C   L     

	




	
     ε   L     

	
tolerance for trim lift constraint

	




	
     ε   M     

	
tolerance for trim pitching moment constraint

	




	
     Λ   25     

	
sweep angle at 25% of the chord

	
deg




	
ρ

	
air density

	
kg/m3




	
ψ

	
flap gain

	




	
Acronym

	
Description




	
AVL

	
Athena Vortex Lattice




	
BWS

	
Best Wing System




	
CFD

	
Computation Fluid Dynamics




	
DES

	
Direct Eddy Simulation




	
F

	
Freighter




	
GA

	
General Aviation




	
LES

	
Large Eddy Simulation




	
LR

	
long range




	
MDAO

	
Multidisciplinary Design Analysis and Optimisation




	
MTOW

	
Maximum take-off weight




	
RANS

	
Reynolds-averaged Navier–Stokes




	
REG

	
regional




	
SMR

	
short–medium range




	
UAM

	
Urban Air Mobility




	
VLM

	
Vortex Lattice Method




	
VTP

	
Vertical Tail Plane
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Figure 1. BWS lift distribution (left) and other possible optimal configurations (right) with the same optimal aerodynamic efficiency ratio ε. Image adapted from [5]. 
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Figure 2. Example of VLM-based (left) and RANS-based (right) models of a box-wing configuration. 
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Figure 3. Geometric design variables defining a box-wing lifting system. 
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Figure 4. Value of the ratio L/D for the optimal configurations of the three families; each marker type represents group of solutions with the same maximum wing loading constraint. 
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Figure 5. Reference area S vs. CL for the optimal configurations of the three families; each marker type represents group of solutions with the same maximum wing loading constraint. 
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Figure 6. Value of     S   M     for the optimal configurations of the three families; each marker type represents group of solutions with the same maximum wing loading constraint. 
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Figure 7. Value of CM for the optimal configurations of the three families; each marker type represents group of solutions with the same maximum wing loading constraint. 
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Figure 8. Average values of the ratio L/D (left) and of S (right) varying Wd/S for the three families. 
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Figure 9. Average values of individual wing loading for the three families. 
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Figure 10. Conceptual sketch of the trim condition of a box-wing configuration. 
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Figure 11. Conceptual sketch of a box-wing ‘anti-stall’ behaviour. 
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Figure 12. Stable stall filter output; stable configurations are represented with a black marker. 
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Figure 13. Example of wings fuel tank arrangement (left), subdivision (centre) and related     X   i     position (right). 
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Figure 14. Curves of CD-δe and CM-δe for the reference box-wing configuration. 
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Figure 15. Variation in XCG, XCP, XNP, and δe trim for the case 60–40 front/rear fuel initial repartition. 
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Figure 16. Movable layout for a reference box-wing configuration. 
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Figure 17. Value of     C   L max     in the approach condition as a function of   ψ   and     δ   f   fw    . 
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Figure 18.     Δ α   crit   w     for front wing (left) and rear wing (right). 
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Figure 19. Value of (approach)     α   t r i m     as a function of     δ   f   f w     and   ψ  . 
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Figure 20. Rear wing flap technologies usually considered in box-wing aircraft design. Image adapted from [102]. 
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Figure 21.     Δ α   crit     difference front/rear for the four rear flap technologies considered. 
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Figure 22. Curve levels of the     C   L max     for the typical (four) rear flap technologies considered. 
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Figure 23. Approach trim parameters: CL (left) and CM (right). 
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Figure 24. Elevator deflection     δ   e     to reach the approach pitch trim. 
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Figure 25. VTP typical design parameters. 
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Figure 26. Configurations selected to assess preliminary directional performance. 
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Figure 27. Contour map of     C    Y β      varying h/b and ΓV. 
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Figure 28. Contour map of CNβ varying XCG and ΓV, for three values of h/b. 
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Figure 29. VTP installation varying inclination angle ΓV. 
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Figure 30. Example of pressure distribution on a box-wing vertical tip-wing. 
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Figure 31. Longitudinal static margin of stability contour map varying h/b and ΓV. 
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Table 1. Classification of common models for aircraft aeromechanic assessment.
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	Level
	Type
	Implementation
	Time/Cost
	Application





	0
	textbook
	Roskam [62,63]
	very low
	initial sizing



	0
	database
	DATCOM [64,65]
	very low
	initial sizing



	1
	potential
	VLM [66,67]
	low
	conceptual



	1.5
	potential
	3D Panel Method [68,69]
	medium
	conceptual



	2
	CFD
	RANS [70,71]
	high
	preliminary



	2.5
	CFD
	LES/DES [72,73]
	very high
	advanced



	3
	experimental
	wind tunnel [74,75]
	extremely high
	project specific



	4
	experimental
	flight test [76,77]
	extremely high
	project specific










 





Table 2. VLM and RANS main technical specifications.
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	Type of Simulation
	Code
	Geometry
	Input Required
	Hardware (Minimum)
	Average Simulation Time





	VLM
	AVL
	2D panels
	Plain text file
	Any current laptop
	1–5 s



	RANS
	ANSYS
	3D assembly
	CAD model + surface-volume meshing
	Parallel computing, eight cores, 32 GB RAM
	18–24 h










 





Table 3. Constraints for the different families of configurations: VT = vertical trim, SM = stability margin, and PT = pitch trim.
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	Name
	Constraints
	Notes





	VT
	    g   1     
	Only vertical trim



	VT/SM
	     g   1        ,     g   2     
	Vertical trim and longitudinal static stability



	VT/SM/PT
	    g   1      ,     g   2      ,     g   3     
	Vertical trim, longitudinal static stability, and pitch trim










 





Table 4. Main features of box-wing configurations available in the literature.
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	Name [Refs.]
	Class
	MTOW [kgf]
	Sfw [m2]
	Srw [m2]
	Λfw [deg]
	Λrw [deg]
	(L/S)fw

[kgf/m2]
	(L/S)rw

[kgf/m2]
	R





	MSx [8]
	SMR
	125,100
	118
	109
	42
	−20
	639
	487
	0.76



	MS1.2 [79]
	SMR
	126,400
	135
	131
	37
	−24
	574
	338
	0.58



	PrP-186 [79]
	SMR
	78,100
	73
	69
	34
	−20
	625
	365
	0.58



	Prosib HE [93]
	REG
	22,900
	40
	38
	24
	−15
	385
	195
	0.51



	Prosib HE [94]
	REG
	50,200
	88
	84
	2
	−5
	350
	185
	0.53



	TiltOne [95]
	UAM
	2512
	12
	12
	0
	0
	116
	78
	0.67



	BW P180 [96]
	GA
	6240
	12
	13
	11
	−10
	322
	149
	0.46



	PrP250 [97]
	LR
	230,000
	192
	160
	37
	−24
	770
	414
	0.54



	Freighter [98]
	F
	625,000
	571
	500
	40
	−29
	626
	400
	0.63
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