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Abstract

:

The aim of this review paper is to collect and discuss the most relevant and updated contributions in the literature regarding studies on new or non-conventional technologies for propulsion–airframe integration. Specifically, the focus is given to both evolutionary technologies, such as ultra-high bypass ratio turbofan engines, and breakthrough propulsive concepts, represented in this frame by boundary layer ingestion engines and distributed propulsion architectures. The discussion focuses mainly on the integration effects of these propulsion technologies, with the aim of defining performance interactions with the overall aircraft, in terms of aerodynamic, propulsive, operating and mission performance. Hence, this work aims to analyse these technologies from a general perspective, related to the effects they have on overall aircraft design and performance, primarily considering the fuel consumption as a main metric. Potential advantages but also possible drawbacks or detected showstoppers are proposed and discussed with the aim of providing as broad a framework as possible for the aircraft design development roadmap for these emerging propulsive technologies.
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1. Introduction


Recent developments in the design of transport aircraft are increasingly focusing on the search for innovative solutions to reduce the environmental impact of flight operations [1,2,3,4,5,6,7,8,9,10]. In this context, specific attention is being devoted to research into non-conventional solutions for the integration of the propulsion system, involving two different interconnected technological threads. From a general point of view, new types of propulsion systems are under investigation, and technologies involving new fuels, such as hydrogen [11,12,13,14,15,16,17,18] or sustainable aviation fuels [19,20,21,22], or electric and hybrid-electric powertrains [23,24,25,26,27,28,29,30,31,32], are under development to provide breakthrough forward advancements in the field. In addition to these important innovations, and in a way that is generally complementary, non-conventional powertrain/airframe integrations are increasingly being investigated since, either as standalone or in combination with previous new power supply concepts, they can contribute to general improvements in aircraft performance, with significant implications for reducing environmental impact. Among the advanced technologies under investigation, it is worth mentioning distributed propulsion, which is gaining much interest, especially in the context of synergistic integration with electric powertrains. Recent studies are also being conducted on the potential aerodynamic benefit to be obtained from wingtip-mounted propulsive elements. New ways of propulsion–airframe integration also concern designs involving the so-called boundary layer ingestion, which has the potential to improve the aircraft’s aerodynamic and propulsive performance. This technology allows numerous possibilities for different propulsion system integrations, such as the propulsive fuselage concept. In general, several other non-conventional integrations of the engine to the airframe are under investigation; furthermore, more and more interconnections between the design of unconventional aircraft architectures, such as the blended wing body [33,34,35,36,37] or the box-wing [38,39,40,41,42], and the integration of innovative propulsion concepts are being explored. The combination of different disruptive elements, indeed, could lead to the conceptualisation of future aircraft entirely different from those widely utilized nowadays and with significantly improved environmental performance. On the other hand, the evolutionary development of current technology is also a possible way to introduce overall aircraft performance benefit. In this regard, the development of more efficient turbofan and turboprop engines is considered as a reliable path to introduce propulsive benefits in the very near future. Specifically, by improving their propulsive efficiency, overall aircraft performance benefit could be achieved. This can mainly be achieved by means of increasing the engine bypass ratio well beyond the state-of-the-art values, leading to the so-called ultra-high bypass ratio turbofans and to open rotor engines. Propulsive efficiency augmentation in ultra-high-bypass ratio engines is primarily related to the substantial acceleration of a larger air mass at a lower velocity. In contrast to low-bypass turbofans, this design exploits the contribution of a significant bypass air fraction that does not undergo combustion, increasing overall propulsion efficiency.



In this framework, the aim of this article is to present an extensive analysis of the current literature on innovative or non-conventional integrations of engines and airframes for future aircraft designed to have a low environmental impact. Specifically, the discussion focuses on the technological aspects of engine integration in the whole aircraft, i.e., the areas that interdisciplinarily involve aerodynamic and propulsive effects that impact overall aircraft performance. In this regard, therefore, attention is given to propulsion typologies and their integration, installation and interference effects, while the reader is invited to refer to other studies for more in-depth analyses of innovative energy and power sources, such as hydrogen, sustainable aviation fuels or electric powertrains.



This paper is organized as follows: Section 2 is focused on the evolutionary development of turbofan engines, namely on the design, integration, installation and performance analysis of ultra-high bypass ratio turbofans; Section 3 provides a wide overview of the distributed propulsion applications, mainly focusing on the beneficial synergy that this propulsive concept may have with hybrid-electric powertrains; Section 4 discusses the boundary layer ingestion engines integration, on both traditional and non-conventional airframes; Section 5 briefly describes other disruptive propulsion–airframe integration advanced concepts; and finally, Section 6 gives the conclusion of the work.




2. Advanced Turbofan


2.1. Overview of Ultra-High Bypass Ratio Turbofan


Scientific research focusing on the incremental technological development of advanced aeronautical engines, capable of reducing fuel consumption, pollutant emissions and noise, is a topic of extreme interest. In this context, the report presented in [43] provides an overview of the European scenario, describing the largest research and development projects on next-generation turbofans and the related enabling technologies. Other overviews on the evolutionary technological development of aircraft turbofans are also given in [44,45]. One of the most promising technologies for increasing the propulsive efficiency of future aero engines is the ultra-high bypass ratio (UHBR) turbofan. This specific technology, which has been widely studied for a long time, represents a step of major innovation in the incremental and evolutionary technological development of turbofans. Specifically, UHBR turbofans are based on conventional turbofans in which the bypass ratio (BPR) is increased considerably beyond the state-of-the-art values, with the aim of maximizing the engine’s propulsive efficiency [46,47]. Specifically, the overall efficiency of a turbofan   η   can be expressed as follows:


   η =    η   th     η   pr    



(1)




where the term     η   th     is the thermal efficiency, defined as the ratio between the rate of increase in kinetic energy of the propellant and the fuel power, and the term     η   pr     is the propulsive efficiency, which is defined as the ratio between the thrust power (i.e., the thrust T multiplied by the flight speed u) and the increase in kinetic energy provided to the engine mass flow, viz.


    η   pr    =    Tu     1   2     m  ˙      u   e   2   −   u   2        



(2)




where     m  ˙    is the air mass flow and     u   e     is the exhaust speed. As the turbofan thrust can be consistently expressed as


   T =    m  ˙  (   u   e   −  u )   



(3)




Equation (2) can also be rewritten in a compact form as follows:


    η   pr    =     2 u      u   e    + u     =     2 u     2 u + T /    m  ˙     



(4)




where the quantity T/    m  ˙    is defined as the specific thrust. Note that increases in     η   pr     are obtained as T/    m  ˙    decreases, i.e., keeping the thrust value constant, the engine mass flow rate should be increased, resulting in a reduction in exhaust speed. This particular effect can be obtained by increasing the engine bypass ratio and reducing the fan pressure ratio (FPR), in a theoretically incremental way, thereby providing a practical interest in the development of UHBR turbofans.



The interest in the study and advanced development of such a concept lies both in its potential benefit in terms of propulsive efficiency (and also noise reductions as discussed in [48,49,50]) but also because UHBR turbofans represent a potentially (very) significant technological brick with a smooth and quasi-evolutionary implementation, i.e., not based on futuristic and disruptive ideas that rather require conceptual validation before prototypical applications. Its reliance on a base concept that has been extensively validated in service makes it of great interest to the aeronautical scientific community, and its integration with next-generation aircraft appears to be decidedly promising. But not all that glitters is gold.



In fact, to date, there are still numerous problems related to the actual integration of UHBR turbofans on transport aircraft. In particular, reducing the specific thrust, or increasing the mass flow, entails an increase (even substantial) in the fan size. This implies a potential increase in the weights of the entire propulsive unit, together with an increase in the size of the nacelle and therefore in friction drag, as well as the possible “amplification” of aerodynamic interference effects between the turbofan and the airframe [51]. These secondary effects, therefore, could theoretically (partially or totally) undermine the benefit obtainable in terms of specific fuel consumption by increasing the BPR, affecting the overall performance of the whole aircraft (i.e., block fuel consumption). For this reason, in order to effectively foster the development and actual implementation of the UHBR turbofan, in addition to evaluating technological implementations in advanced materials and more efficient components [52], in nacelle design [53,54] and its shape optimization [55,56], it is also crucial to take into account the effects of the turbofan installation [57], together with the mission performance of the complete aircraft [58].



To specifically highlight these aspects, the following review of scientific studies available in the literature on UHBR turbofans is proposed as follows. First, the studies regarding the UHBR turbofan technology itself (isolated) are discussed and commented on, i.e., the theoretical benefits that it may entail in terms of propulsive efficiency and specific fuel consumption. Subsequently, the studies relating to the characterisation of installation effects and their impact in terms of aircraft overall performance are discussed. Finally, potential installations of UHBR turbofans on aircraft with innovative airframes are presented, which are intended to (partially or totally) overcome the limitations introduced by the underwing installation of the UHBR turbofan on the traditional tube-and-wing aircraft configuration.




2.2. Uninstalled UHBR Turbofan Features


Studies carried out in the 1990s paved the way for the characterisation of performance, potential and general issues related to turbofan design with increasing BPRs up to values identifiable as UHBR. Indeed, the interest in this type of turbofan is not new, and it places its initial investigations back in time, as proposed in [59]. In this early study [59], the problem of the development and integration of the UHBR turbofan is discussed in a general way, and the potential of such a development is addressed qualitatively in the context of the technological scenario of the time. Specifically, the design requirements and figures of merit differed from those of today, while the interesting work [59] represents an initial general overview on the potential of the UHBR turbofan technology.



Another of the early reference studies is presented in [60], which proposes an analysis of turbofan engine performance as the BPR varies, starting from 5 up to 17.5. This work mainly focuses on the theoretically obtainable performance of the isolated propulsion unit, especially in terms of thrust specific fuel consumption (TSFC), but also presents a preliminary analysis of installation effects, in terms of penalties related to the increased size of the nacelle. As the BPR increases, technological developments are introduced to improve the performance of the turbofan, such as the geared solution for the fan [61,62], the variable pitch mechanism for its blades (variable pitch fan, VPF, [63]) and the variable area nozzle (VAN, [64]). In particular, the VPF, as well as providing optimal operating matching of the fan under all working conditions, enables the fan to be allocated the function of a thrust reverser, eliminating the need to integrate it into the nacelle and thus permitting a much more compact design of the latter. In addition, a preliminary study on the design of the nacelle is discussed to limit the detrimental effects of installing much larger cowls than the state-of-the-art references. The authors of [60] point out that the development of the nacelle for these applications must explore new, more aggressive forms of design, in terms of shape and size, as qualitatively proposed in Figure 1 (which is adapted from [60]), where the cowl is designed to maximise the aerodynamic requirements, i.e., to minimize the cruise drag. The study [60] therefore concludes by offering a scenario, albeit preliminary and limited to its timeframe state-of-the-art comparisons, in which UHBR turbofans can be effective solutions for reducing fuel consumption, if they are properly optimized in their operating cycle and aerodynamic shapes and if they are coupled with an appropriate technological development of their components.



In the same path of the precursor work presented in [60], a more recent ref. [65] has also proposed an investigation on the effects of introducing variable pitch fans on UHBR turbofans, highlighting the potential benefits that such technology could have in reducing the nacelle size and thus its contribution to drag and weight. In particular, VPF is proposed by [65] as an effective solution to ensure the best performance of the turbofan in terms of specific fuel consumption, to control its stability margins under different operating conditions, and most importantly to ensure the design of a compact and slim nacelle. Hence, the work proposed in [65] focuses exclusively on a simplified model that can provide a general understanding of the benefits obtainable from the VPF integrated on a UHBR turbofan. The studied reference turbofan exhibits a BPR equal to 17.5, while, by exploiting a VPF and coupling it with a new thrust management method, the study in [65] predicts a further 2% reduction in TSFC compared to the reference turbofan without a VPF.



An additional work that analyses the potential effects of VPF in a general way is [66], together with the potential impacts achievable through the integration of a VAN. This reference contains a qualitative study of the comparison between a VPF and a VAN applied to a geared turbofan UHBR and focuses on the ranges of the BPR and FPR that could be favourable for the integration of these technologies.



A very interesting study on the analysis of UHBR turbofans is provided by [67]. Specifically, this work aims to study and compare two different UHBR turbofans that could represent the evolutionary technological brick for medium-range, wide-body aircraft applications (4800 nm and 340 pax) for a time horizon beyond 2035. The two types of UHBR turbofans analysed are a direct drive turbofan (DDTF) and a geared turbofan (GTF), with the latter proposed (and demonstrated) as a key enabler technology for the effective development of UHBR turbofans. That work focuses primarily on studying and comparing the performance of the two uninstalled turbofans, but it also provides a conceptual analysis of the effect of engine installation on overall aircraft performance. In particular, the comparative study between the DDTF and GTF is carried out in a parametric way, using the BPR as the main design parameter, with the aim of characterising performance trends at a conceptual level, together with the identification of optimum ranges and feasibility limits. In order to compare the main architectural differences on turbofan propulsive efficiency, the same technological hypotheses were made with regard to engine components and thermal cycle efficiency (in particular, the same overall pressure ratio, OPR, and turbine entry temperature, TET, were assumed). The analysed DDTF configuration has a three-spool architecture, while the matching between the rotational speeds of the fan and the low-pressure turbine (LPT) represents the main issue in the design of this propulsion system. Specifically, increasing the BPR (and, consequently, the fan diameter) implies the reduction of its rotational speed to limit the tip velocities of the fan blades. This result also limits the rotational speed of the LPT, and this requirement leads to an increase in the number of stages (i.e., the sequence of rotating blades and stationary vanes) of the LPT, causing limitations on the design space (e.g., constraints on the maximum number of stages) and increases in weight and complexity. In contrast, this problem does not exist for the GTF, since the increase in fan size and related constraints on blade tip speed only affect the design of a proper gear system and its reduction ratio. The performance of the two architectures in terms of SFC of the uninstalled engine at varying BPR is shown in Figure 2, which has been adapted from [67]. It is observed that the DDTF architecture shows a minimum in the SFC curve, which shifts towards a higher BPR as the number of stages of the LPT increases. However, preliminarily setting the maximum number of stages at nine for reasons of practical feasibility, it is observed that the optimum is achieved for a BPR equal to 14, with a benefit of about 20% with respect to the turbofan technology of year 2000. The situation seems to be better in the case of the GTF, which has no minimums when varying the BPR in the investigated range. The limit, therefore, can be selected indicatively in relation to other constraints, such as the available underwing clearance or manufacturing complexity. In particular, its benefits in predicted SFC can reach about the 25% with respect to the technological state of year 2000.



The results in Figure 2, however, do not reflect the general effects on aircraft performance, i.e., block fuel consumption, which also takes into account the increase in weight and drag introduced by high BPR turbofans. The authors of [67], therefore, provide a preliminary study considering these effects as well, i.e., integrating with very simplified models the increases in drag and weight [68], and then indicatively calculating the aircraft’s block fuel. The results between an uninstalled engine and a complete aircraft are different, as can be seen in Figure 3, which has been adapted from [67]. In particular, for the DDTF, engine–airframe integration effects cause the optimum BPR to deviate from 14 to 13, while still providing a fairly limited performance increase. For the GTF, the benefits of increasing the BPR outweigh its penalties over the entire interval considered, but the beneficial effects beyond the optimal uninstalled BPR are quite negligible and therefore do not suggest increasing the size, and thus the manufacturing complexity, of the powerplant. In general, these results are qualitative and indicative, and more accurate assessments are needed to properly evaluate the turbofan integration and installation effects, as discussed in Section 2.3.



The study proposed in [67], therefore, although based on very preliminary models, indicates that the technological way forward for the development and integration of UHBR turbofans lies in the GTF solution; an initial analysis of the airframe integration effects is presented, but the limitations of the models do not allow general indications to be extracted and suggest the use of incremental fidelity models for the study of the performance of the complete aircraft. A similar study is also proposed in [69], where the performance of DDTF and GTF are compared by also assessing the effects in terms of emitted noise. The best trade-off solutions are evaluated using Pareto front analysis, whereby the best UHBPR architectures are identified in terms of their effects on overall aircraft performance, considering both block fuel and noise. Different airframe configurations are also considered. In general, the conclusions of that study [69] are similar to what was reported in [67], with the GTF providing the best performance enhancement opportunities for UHBR turbofans in terms of fuel consumption and, in this case, also noise.




2.3. Assesment of UHBR Installation Effects


As previously stated, the beneficial effects in terms of specific fuel consumption due to the increase in BPR may be opposite to the associated detrimental effects, such as increased drag, aerodynamic interference, or weights. Such a scenario, which contrasts the performance study of the uninstalled versus the installed engine, is completer and more comprehensive of aircraft-level effects and can be qualitatively summarized by the diagram in Figure 4, which has been adapted from [70]. Indeed, aircraft fuel consumption is primarily related to engine performance (i.e., specific fuel consumption) and aerodynamic drag; increasing the BPR improves propulsive performance but also gradually results in increased powerplant contribution to the drag. There is therefore a trade-off point, beyond which the contribution of increased drag may outweigh the benefit in terms of propulsive efficiency, thus leading to an increase in fuel consumption with respect to the optimum. This trend, as we discuss in the several examples later in this section, depends on the design of the aircraft and of the powerplant and on their integration. In the following, a review of the studies detailing the installation effects is proposed and discussed, with a main focus on the relative positioning between turbofan and airframe [71], the related aerodynamic analysis and the overall mission performance of the aircraft.



The work presented in [70] has preliminarily paved the way for the analysis of turbofan installation effects on aircraft aerodynamics, providing an introductory focus on the implications related to increasing the BPR. In particular, this work [70] is characterised by a preliminary numerical study, based on the use of the Euler model coupled with viscous correction, and is focused on the evaluation of lift loss due to the size and positioning of high bypass ratio engines, such as UHBR turbofans (with a BPR roughly equal to 15). The relevance of such analyses is significant, as in a complex multidisciplinary context such as the mutual interference effects between engine and wing, identifying strategies that could minimize potential detrimental effects is crucial. The results discussed in [70] for the standard underwing assembly case, although qualitative, highlight the influence of increasing engine size and its positioning on wing lift loss. Specifically, it is observed that there may be a proportionality between lift loss and turbofan size. Furthermore, it is found that a vertical shift of the engine may not have a greater influence on aerodynamic interference, while an upstream shift of the engine with respect to the wing may reduce lift loss.



The more recent work proposed in [72] also presents a preliminary numerical analysis of the effects of UHBR engine positioning on aerodynamic interference with the wing. In particular, a numerical optimization technique is used to identify the optimal positioning of a UHBR turbofan with a BPR equal to 15 which is installed in a conventional underwing configuration on a single-aisle aircraft. The solver used is based on RANS models, the objective function is the minimization of aerodynamic drag for the same lift, and the main design variables (DVs) are the horizontal and vertical positioning of the turbofan with respect to the wing. Specifically, the search for the optimum is carried out using surrogate models, which are able not only to identify an optimum of the problem, but also to map the design space in a computationally efficient manner, with the aim of identifying the influence of variations in the DVs on the objective function. The main outcomes presented in [72] indicate that the horizontal positioning of the turbofan has two contrasting effects on nacelle and wing drag: in fact, close coupling reduces wing drag, while more spaced positioning reduces nacelle drag. The effect of vertical location, on the other hand, is severely limited by the spatial constraints imposed by ground clearance and presence of the wing, limits that are preponderant in the case of UHBR turbofans. However, it is generally observed that it may be aerodynamically beneficial to separate the engine vertically from the wing. In addition, a general focus is also proposed on the turbofan’s angular configuration (pitch and toe-in), which impacts performance and must therefore be taken into account during the design process.



A more advanced analysis is proposed in [73], in which CFD simulations with steady RANS solvers are used to thoroughly investigate the effects of UHBR turbofan installation. Starting from the results previously obtained by the same authors in [74], numerical simulations are used to assess and characterise the complex aerodynamic flow around the nacelle of a UHBR turbofan (with a value of BPR > 14) mounted underwing to the long-range NASA common research model [75] and to evaluate the impact of engine positioning on the mutual interaction with the wing in cruise condition (where the Mach number is 0.85 and the aircraft altitude is 10,667 m). The work accurately demonstrates that the proper engine positioning with respect to the wing is of primary relevance to interference effects and aerodynamic performance. Ahead of the installation choices, the need to adopt very compact installation arrangements when dealing with UHBR engines is a prerequisite, due to tight dimensional constraints (e.g., distance to the ground and/or length of the main landing gear). Optimizing such positioning, therefore, being the main degree of freedom available to act on aerodynamic interference effects, is crucial to compensate for the increases in drag due to the larger dimensions of the UHBR propulsion system. Eighteen different positions of the UHBR turbofan were analysed in [73], with longitudinal and height variations, as schematised in Figure 5, which has been adapted from [73].



All simulations are carried out with constant lift and imposing equal drag and thrust (this second point is satisfied by iterating the engine throttle). Although the flow in the installation area is very complex and the mutual interference makes it impossible to isolate the individual effects of each component, the breakdown of the drag between wing and nacelle nevertheless provides an effective picture of the effects of engine positioning. Even the analysis of the results proposed in [73] shows that the longitudinal position of the turbofan has a larger influence than the vertical position on both the wing and nacelle drag and that the effects are conflicting. For the wing, the drag decreases as the engine approaches longitudinally, while that of the nacelle decreases when it is in a more distant position upstream of the wing. It is therefore necessary to use, on a case-by-case basis, optimization techniques capable of minimizing the overall wing–engine drag, i.e., to identify the best trade-off in the positioning of the UHBR turbofan for the specific aircraft considered. The values of percentage drag variations for nacelle, wing and their integration with respect to engine positioning, assessed in [73], is reported in Figure 6, showing the contrasting trends between wing and nacelle and the need to find trade-off solutions.



An applied extension of this study, and of its related computational framework, is described in [76], where detailed aerodynamic simulation of the combined UHBR turbofan and airframe is used to provide information to accurately calculate aircraft mission fuel consumption. Specifically, both the thermodynamic analysis of the turbofan and the advanced simulation of the aircraft’s transonic aerodynamics by means of CFD, including the modelling of installation effects, are used to obtain information on the state of the aircraft at different points of the cruise and thus estimate fuel consumption in a significantly more realistic way than the use of semi-empirical models. In particular, the characterisation of the aerodynamic flow using CFD is assessed by imposing the equilibrium of the aircraft at specific operating points of the cruise in which the conditions of weight, lift, drag and thrust are differing. The precise evaluation of consumption during the cruise and of the variation of aerodynamic drag in the different operating conditions, also allows the definition of the UHBR turbofan thrust profile and aircraft lift that guarantee equilibrium. This interrelation between the aerodynamic and propulsive forces has a rigorous basis as the modelling of the UHBR turbofan/wing interference effects, which can contribute around 15% of the total airframe drag, are modelled in detail, as already described in [73]. Obviously, these advanced evaluations, although guaranteeing an accurate quantitative estimate, imply onerous computational costs. Accordingly, such techniques currently remain only realistically valid for verifications at an advanced design stage.



In the same light is the research proposed in [77], in which a study on installation effects and their impact on aircraft performance is presented. Two different turbofans are compared, one with a BPR equal to 10.4 (baseline) and one with a BPR equal to 17.8 (UHBR), installed on a 300-seat aircraft with a reference cruise performed at 10,000 m and Mach number equal to 0.82. In this context, the engine’s isolated performance is evaluated first, therefore focusing mainly on the propulsive efficiency. Subsequently, by means of CFD analysis with a compressible RANS solver, the aerodynamic interference effects are assessed, depending on the relative position of the turbofans with respect to the wing, in the traditional underwing assembly. Figure 7 shows the Mach contour maps of the two optimal turbofan positionings for the engines considered in the study [77].



The aerodynamic and propulsive performances, together with the estimation of the powerplant weights by means of statistical models, are then integrated within an aircraft cruise simulation that allows a preliminary estimation of the aircraft’s performance in terms of fuel consumption. The results show that the UHBR turbofan, compared to the baseline, offers a reduction in specific consumption of 5.8%, which, when installation and weight increase effects are taken into account, results in a 4.8% reduction in the aircraft’s fuel consumption, considering the cruise phase.



Another interesting aerodynamic aspect is discussed in [78], in which a numerical study on the influence of the position of a UHBR turbofan on the performance of the wing with a high-lift system deployed is presented. In fact, the impact of engine installation could have relevance on the stall behaviour of wings with high-lift systems deployed, as well as on the design of the slat, which could be physically constrained by the presence of the nacelle; see Figure 8 which has been adapted from [78]. The numerical analyses proposed in [78] are based on CFD RANS solvers considering the aborted landing condition, in which the high-lift systems are at their largest extension and the engine thrust is at its maximum. The study aims to offer a preliminary sensitivity analysis to the relative wing positioning of a UHBR turbofan with a BPR equal to 19. The results, although very preliminary, suggest that aerodynamic performance in terms of lift-to-drag ratio is more sensitive than the maximum lift coefficient to turbofan positioning. The study, however, is limited to not very generalized case studies and therefore opens the way for further investigation on this topic.



Moving on from the strictly aerodynamic field and broadening the analysis of works that have dealt with the subject in a more general way, in [79] it is possible to find an initial overall overview of the challenges of UHBR turbofan installation. The work [79], although not recent, offers a broad and general perspective on a multiplicity of aspects characterising the sizing and installation of UHBR engines, including the effects of increased BPR on propulsive efficiency, but also on aircraft performance, the impact in terms of fuel consumption, pollutant and noise emissions, and cost. An interesting point concerns the discussion of the influence that dimensional constraints imposed by ground clearance and regulations may have on the maximum possible size of the UHBR turbofan. Specifically, two dimensional constraints are considered, one related to the space available between the wing and the ground and one related to the nacelle’s ground impact in the event of nose gear collapse. While the first constraint simply represents a spatial limitation, the second must ensure that in the event of a nose gear collapse the nacelle does not suffer any major damage, as a matter of safety and cost. These two constraints are decisive on the maximum dimensions of a UHBR turbofan mounted in the classic underwing configuration. In ref. [79], in the case of an advanced UHBR turbofan with a BPR of 21, it is shown that the aircraft must be equipped with landing gear that are larger than those of the baseline aircraft, as qualitatively proposed in Figure 9, which has been adapted from [79]. Note, however, that such an increase in landing gear length cannot be unbounded. In fact, on the one hand it is associated with considerable increases in weight and design complexity, and on the other hand it must be ensured that the aircraft complies with all airport equipment that are standardised worldwide (e. g. maximum height of passenger doors compatible with boarding equipment/systems). It is therefore evident that in addition to performance trade-offs, space constraints may represent a blocking limitation for the maximum exploitation of UHBR technology.



Similar considerations on installation constraints are discussed qualitatively in [80], where additional limitations are discussed, as the maximum roll angle available before the nacelle ground striking.




2.4. Unconventional UHBR Turbofan–Airframe Installations


As it has been observed in the previous overview of UHBR turbofans mounted in the classic underwing layout, there are several challenges to the actual installation of such engines, especially for very high BPR values; constraints related to ground clearance and nose gear collapse, but also other issues specific to the different disciplines involved, such as structures, aerodynamics and aeroacoustics, could impose additional constraints on the effective integration of underwing UHBR turbofans [72]. For this reason, studies of aircraft in which UHBR engines are installed differently from the canonical underwing assembly, such as in the case of overwing or fuselage installations, or on aircraft configurations with entirely disruptive and unconventional airframes, are of increasing interest.



In this regard, the work presented in [81] proposes a preliminary aerodynamic analysis of the installation effects of a UHBR turbofan mounted in an overwing position and structurally connected to the aircraft by means of a pylon joined to the top of the fuselage. This solution is proposed as beneficial for removing the constraints on the diameter of the turbofan due to the ground clearance in the conventional underwing assembly, while that hypothesis could be questionable, as even the wing could represent a physical constraint for the increase of engine size. However, this assembly is also qualitatively proposed as advantages could be obtained both in terms of noise shielding and in terms of removing constraints and limitations on the design and installation of high-lift systems. The selected reference aircraft features the typical specifications of the so-called middle of the market [82], with a number of passengers equal to 250, a design range of 4600 nm and a selected turbofan with a BPR equal to 16.3. A CFD RANS analysis campaign is discussed in [81], considering an operating point in cruise (with a Mach number equal to 0.83 and an altitude of 37,000 ft) and with the aim of qualitatively highlighting the effects of the overwing assembly of the UHBR turbofan. In this context, the modification that the presence of the engine introduces in the pressure field of the upper wing is highlighted; see Figure 10, which has been adapted from [81].



This interference effect significantly reduces the lifting capability of the wing, and it therefore introduces the need to redesign the lifting surface, both in terms of twist distribution and shape. A clear correlation is also identified between the position of the engine and the overall increase in drag, varying from 16% to 50% with respect to the clean condition. Also, in this case, as in the underwing layout, an opposite trend with respect to the isolated assessment is identified between the increase in wing drag and the decrease in that of the nacelle when the position of the engine varies; therefore, according to the case under consideration, it is also necessary to use optimization techniques to find the best trade-off in the case of overwing installation. The preliminary study proposed in [81] also deals with the design and aerodynamic refinement of the pylon. In this regard, another study by the same authors closely related to this one and presented in [83], proposes the same aerodynamic analysis in the case of an overwing installation with a structural connection on the wing’s upper side; see Figure 11. Initial qualitative comparisons seem to indicate an aerodynamic benefit for the top-fuselage installation, but the pylon design could involve a number of multidisciplinary interplays, mainly from a structural point of view, which require more detailed studies. A specific discussion on an overwing pylon design process is reported in [84], where some design variables and constraints related to the overwing pylon design are generally addressed, providing a frame for further development.



The problem of the strict coupling in the design of the wing and the propulsive unit for an overwing assembly of a UHBR turbofan is discussed in more detail in [85]. In that work [85], advanced simulation techniques based on CFD RANS solvers are applied to investigate and discuss three main aspects: (i) the need to reshape the wing design downstream of the propulsive unit integration, as the presence of an overwing assembly introduces significant losses of lift; (ii) the sensitivity of drag to the turbofan positioning, and the search for an optimal installation; and (iii) the comparison in terms of drag between the optimal overwing assembly and a canonical underwing reference layout. Regarding the first point, the study in [85] presents reshaping techniques useful for the recovery of the wing’s lifting capability. In particular, the related discussion points out that a traditional approach in which the nacelle, pylon and wing are designed individually and then assembled, can no longer be applied in the case of overwing assembly, since the errors on the aerodynamic forces introduced by the interference would be non-negligible. Concerning the drag sensitivity to engine positioning, contrasting trends are observed between wing and nacelle, as already noted for underwing installations. However, the authors of [85] point out that interference effects may be larger in the overwing case. Engine positioning is a key factor in overall aircraft design processes, and incorrect positioning can introduce significant alterations to the optimum aerodynamic flow (see the Figure 12, adapted from [85]) resulting in increased drag.



Therefore, the engine positioning sensitivity study is also useful in identifying an optimal and tradeoff installation area. The one identified for the overwing installation proposed in [85] was then used as a reference to make a drag comparison with a corresponding underwing installation; see Figure 13. It was found that the optimal overwing configuration exhibits at least a 2% increase in drag compared to the conventional installation, thus appearing to be unfavorable in aerodynamic terms. Similar analysis and general outcomes are also proposed in [86,87]. However, the potential benefits that can be obtained in other regards, such as propulsive efficiency, landing gear weight reduction, reduced risk of FOD (foreign object damage [88]) or simplification of high-lift systems, make the overwing assembly interesting for further investigation and successive detailed optimizations. The results provided in [85], indeed, make the field wide open for further detailed studies on this turbofan installation. While a decrease in aerodynamic performance has been found for the overwing layout, these do not seem to be large enough to prevent its use in possible next-generation aircraft. Indeed, other practical benefits, such as those listed above, may compensate for the adverse aerodynamic effects and provide better functional layouts than the underwing assembly: more detailed studies into this concept are therefore to be expected.



A more general study regarding the effect of integrating a turbofan UHBR with overwing installation on aircraft performance is presented in [89]. In particular, a performance overview of a 100-seater regional aircraft with 2700 km of design range, cruise Mach number equal to 0.78, equipped with UHBR turbofans with a BPR equal to 17 mounted with an overwing pylon, is discussed from a more general aircraft design point of view. The design choices are driven by the need to improve propulsive efficiency by increasing BPR, and to shield noise emissions by overwing installation. The study aims to present the conceptual design approach used, to evaluate the main aircraft mission performance, particularly in terms of fuel consumption, weights, DOC and noise emissions, and to discuss the comparison with both equivalent aircraft equipped with a turbofan considered state-of-the-art for the category, i.e., with a BPR equal to 5, or equipped with UHBR with a conventional underwing assembly. Figure 14 shows the results in terms of differences in fuel consumption and DOC for the configuration with a BPR equal to 17 (also in a variant fitted with VAN) with respect to the baseline with a BPR equal to 5. It is observed that the introduction of the UHBR turbofan can result in a potential reduction in fuel consumption of about 20% with a consequential advantage in DOC of about 6%.



The performance difference, on the other hand, between overwing and underwing UHBR turbofan assembly is much narrower (see Figure 14) and may definitely be sensitive to the degree of detail of the analyses, which in this case are quite conceptual. It is difficult to extract quantitative considerations from this comparison, whereas the difference between the two layouts should be investigated by introducing more advanced multidisciplinary studies. Nevertheless, the authors in ref. [89] also present a preliminary study on noise emissions, highlighting the possibility of a shielding effect from the overwing assembly.



Another study that proposes a broad and detailed overview of the comparison between underwing and overwing installation is proposed in [90]. In this case, the focus is mainly on the aerodynamic characterisation of the positioning of the turbofan with respect to the wing and the comparison of interference effects between the two installation layouts; different types of turbofans are considered, including UHBR. The sensitivity study discussed in [90], carried out using CFD RANS analysis and involving dozens of different turbofan–airframe integration layouts (see Figure 15), is very extensive and offers a variety of qualitative and quantitative insights. What mainly emerges is that, properly integrated overwing UHBR assemblies, optimized together with the wing shape, may not be aerodynamically unfavorable compared to their underwing equivalents, and they could potentially also introduce benefits in terms of aerodynamic efficiency as well as noise reductions. The main design choices, i.e., the engine–airframe integration layouts, steer the design and optimization process, leading towards optimal operating conditions and geometrical variables specific for the layout considered.



In general, however, the current drawbacks related to the overwing installation seem to be multiple; in fact, the potential advantages related to the opportunity to increase the size of the fan, and hence the BPR, are coupled with a series of possible disadvantages related to other performance domains. In fact, in addition to the possible penalizations in terms of aerodynamic interference, which as we have seen require specific studies and optimizations, ref. [85] points out that it is possible to introduce other potential drawbacks: first, the positioning of the engine makes it more difficult to be accessible for regular maintenance procedures, increasing the time and cost of these operations; the location of the engines at heights close to that of the fuselage could increase the noise perceived in the cabin, penalizing the comfort of passengers; overwing installation could require the propulsion assembly to be moved rearward, thus causing center of gravity shifts, resulting in the need to increase the wetted area of the tail; and structural integration could result in weight increases. For these reasons, additional non-conventional UHBR turbofan installations are also under investigation; airframe configurations differing from the traditional tube-and-wing, such as those described in [91,92,93], are studied with the aim of identifying potential ideal platforms for the installation of a UHBR turbofan.



Amongst these, much interest in the aeronautical scientific community is given to the blended-wing-body (BWB) configuration [36]. This architecture could potentially have aerodynamic advantages such as to reduce fuel consumption per passenger and improve overall performance [33,34]. However, numerous uncertainties still exist regarding the effective application of this configuration, mainly linked to issues of stability, passenger comfort and safety. In the field of UHBR turbofan installation, this architecture is of great interest, mainly due to the possibility of installing the engines on the upper surface of the aircraft, thus obtaining a significant noise shielding effect; see Figure 16. Such a characteristic could significantly reduce noise levels perceived on the ground and has therefore made the integration of the BWB with the UHBR turbofan the subject of specific investigations; in this regard, the European project ARTEM [94] has dedicated extensive space to such studies, starting from the conceptual design of a BWB equipped with turbofans with different BPRs to achieve detailed investigations on the potential benefit that could be obtained in terms of noise reduction.



In particular, in [95] the shielding effect and its implication on the main noise emissions of a long-range BWB configuration designed to accommodate 400 passengers on a reference range of 5500 nm is preliminarily discussed. The turbofan installed on this aircraft has a BPR of 12, and noise emission assessments were made considering take-off and landing operations. The general outcomes of this study indicate that the integration of high BPR turbofans on such a BWB configuration could lead to significant reductions in ground noise emissions, mainly due to the shielding effect. These indications are subsequently confirmed in the study proposed in [96], in which more detailed results are presented and commented on the same BWB configuration. The interesting analyses presented in [96] confirm the potential large benefits introduced by noise shielding on the perception of noise on the ground, especially when compared to aircraft of the same category with traditional tube-and-wing architecture. Another general study on the coupling of UHBR turbofans and BWB architecture can be found in ref. [97].



Another configuration that has shown favourable architectural characteristics for the integration of UHBR turbofans is that called the PrandtlPlane configuration, based on a box-wing lifting system [38]. This configuration, in addition to providing advantages in terms of aerodynamics and overall performance that can significantly reduce fuel consumption per passenger [98], exhibits a shape that allows for the installation of UHBR turbofans with very large dimensions. In fact, referring to Figure 17, for such a configuration, an underwing (front wing) turbofan installation is typically excluded, while underwing (rear wing) and aft-fuselage installations are available [99]. While underwing mounting on the rear wing, although offering a lot of space to increase the fan diameter and BPR, presents some difficulties, such as the complexity of structural integration, aerodynamic interference with the wing–tail and misalignment of thrust with the centerline affecting the aircraft’s balance, several advantages can be recognised with regard to fuselage installation.



With this engine installation, in fact, the aircraft can benefit from a design of shorter and lighter undercarriages and can therefore be closer to the ground, facilitating airport operations; the wings are aerodynamically clean and can therefore receive specific optimization to achieve the best aerodynamic cruise performance. Furthermore, as the wing–pylon–exhaust interference is eliminated, the design of the flaps and slats can also be optimized, without any physical interruptions or cut-outs, enhancing low-speed performance and avoiding stall problems related to engine installation [100,101,102]; the closer location of the thrust direction to the centerline facilitates directional control in the event of a one-engine failure, also enabling a more efficient design for vertical tails. In the context of this review, the main advantage of the fuselage-mounted engines for box-wing configuration is that it does not present stringent constraints on the increase in turbofan size, allowing the installation of a UHBR turbofan. A preliminary study, proposed in [103] and based on the engine–airframe integration studies described in [104], qualitatively analyses the effects of installing turbofans with a BPR of up to 18 on a box-wing aircraft designed to carry 308 passengers on a design route of around 5500 km; the reference aircraft is the one developed within the European PARSIFAL project [105].
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Figure 17. PrandtlPlane possible UHBR turbofan installations. Image adapted from [103]. 
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The analysis presented in [103] is very preliminary, but nevertheless it shows how a UHBR turbofan with a BPR equal to 18 can be easily integrated on an aircraft with a box-wing configuration. The reference represents a qualitative starting point useful to initialise more detailed studies. Indeed, the box-wing configuration with turbofan installation in the aft fuselage could remove three of the major problems that limit the application of this installation on traditional tube-and-wing aircraft: (i) box-wing architecture attributes both the lifting and stability functions to the horizontal wings, and therefore the typical issues of T-tails [106], required in aft-fuselage engine installations for traditional aircraft, do not occur; (ii) the backward shift of the center of gravity due to the rearward positioning of the engines does not introduce any critical issue towards longitudinal stability, nor does it imply the need to introduce major modifications to the optimal design of the lifting system (these specific aspects of the box-wing configuration are fully described in [107]); and (iii) the over-constrained design of the box-wing lifting system [108] allows for the structural optimization and for the design-driven internal stress redistribution, possibly overcoming the load alleviation effect that allows for lighter wing structures for conventional underwing installation in cantilevered wings.



Another very interesting work on the integration of UHBR engines on configurations differing from the traditional tube-and-wing is proposed in [109], where the preliminary design activities carried out in the NOVA project (developed at ONERA) are summarized comprehensively. The objective of this project was to conduct the design and performance analysis of medium-range transport aircraft, with the number of passengers equal to 180 and a design range of 3000 nm, performed with a cruise Mach number of 0.82, integrating UHBR turbofans with a BPR equal to 16 on innovative airframes. Four different aircraft architectures are proposed in [109] as alternatives to the traditional single-aisle configuration; all four configurations feature a novel fuselage design, inspired by that proposed in [110], with an enlarged cross-section to increase the number of seats per row and decrease the overall length, and with a nose section shaped to provide lifting capabilities. According to [109], this fuselage design has aerodynamic advantages that overcome the weight disadvantages of the structural re-design and is therefore selected as the reference layout. The four different UHBR turbofan integrations are: a conventional underwing installation, an aft-fuselage installation, an underwing assembly with a gull-wing layout, and one with semi-buried engines in the aft-fuselage area with boundary layer ingestion functions (BLI, this technology is discussed in detail in Section 4); the four configurations designed in [109] are illustrated in Figure 18.



The study proposed in [109] offers a comprehensive overview of the design of these four configurations, with a focus on aerodynamic performance and propulsive integration; the results, although preliminary, offer ample room for further discussion and development and open the way for subsequent detailed studies of these innovative airframe and UHBR turbofan integration concepts.



An interesting overview of the synergistic technological paths that will involve the aero engines development in the next years is depicted in the roadmap proposed by [52] and showed in Figure 19. The interconnection between engine development, material and component advancements, airframe innovations, and disruptive techno bricks seems to be the key to reach an effective step forward in future aero engine applications.




2.5. Open Rotor


In this section, a brief overview of open rotors is provided. An open rotor is a classification referring to advanced turboprops or unducted fans; a class of aeronautical propulsion systems that, differently from turbofans, present large blades installed without any casing and typically operate in a counter-rotating layout [111]. Blades can be located in the forward or rear part of the engine; in the first case the configuration is named pusher, in the other case puller (see Figure 20). An open rotor can be used in both subsonic and transonic flight regimes; therefore, in the latter application, this technology substantially differs from the traditional turboprops, as the challenging transonic aerodynamic conditions directly affect the fan and blade design, leading to an essentially different overall architecture. An overview of the open rotor features and its experimental assessment is given in ref. [112].



The open rotor aims to extremize the UHBR concept, hence providing a further step forward in the improvement of propulsive efficiency (see Figure 21). Furthermore, the removal of the nacelle or fan casing may allow for friction drag and weight reductions, as a huge increase in turbofan size would require too large nacelle structures [112]. However, this technology presents some limiting issues that are slowing its effective introduction on transport aircraft. First, as for the UHBR turbofan, the integration and installation effects, as well as the constraints regarding size compliance, should be properly assessed; moreover, a major issue related to high levels of noise emitted by this propulsion system needs to be solved to actually put this engine into service. Indeed, the aerodynamic interaction of the rotors, the high blade-tip Mach, and the absence of the shielding effects from a nacelle/cowl are the main causes of the higher noise emission of this concept.



The envisaged increases in propulsive efficiency bring benefits to the overall engine efficiency (as reported in Equation (1)), hence significant reductions in specific fuel consumption and emissions may be expected; therefore, efforts have been put on research and development of the open rotor concept to have a comprehensive and in-depth understanding of its features. In refs. [114,115], a multidisciplinary engine simulation platform has been used to evaluate the performance of a geared counter-rotating open rotor designed for a 160 passenger transport aircraft, flying 5700 nm at a cruise Mach of 0.75. Specific fuel consumption, engine weight, certification noise and NOx emissions have been considered as figures of merit; the references provide a wide frame for the potential performance of this technology, providing trends between rotor design and operations and the considered performance metrics, highlighting the relevant impact of the control of the rotor’s rotating speed.



Extensive comparisons with uninstalled turbofan engines have been made in the literature to assess the higher performance of the uninstalled open rotor. Ref. [116] compares a geared counter-rotating pusher open rotor (GOR) and a geared turbofan (GTF). The engines are installed on a 150-seater aircraft, with a design range of 3000 nm and a cruise Mach of 0.73; the take-off thrust is 92 kN. The results show that the open rotor has a BPR 7.7 times higher than the turbofan, resulting in a 16% increase in propulsive efficiency (in cruise condition) and consequently a 14% reduction in specific fuel consumption, at the expense of higher weight (+11%). A mass breakdown of the engines is detailed in Table 1, which shows that the higher mass of the fan and gearbox of GOR overcomes the huge reduction in nacelle mass, generating an increase in overall engine mass.



Similar research has been carried out in ref. [117], where a geared open rotor, designed for a 162-seater aircraft flying 3250 nm with a cruise Mach of 0.78, has been compared with a direct-drive and a geared turbofan reference taken from ref. [118]. The results highlight that the designed open rotor is 51% and 39% heavier than the direct-drive and geared turbofans, respectively, but exhibits a specific fuel consumption 16% and 12% lower. In addition, improvements in specific fuel consumption at sea level have been also evidenced, highlighting that open rotor engines could also reduce emissions in areas close to the airport, impacting on the improvement of local air quality [119]. Similar results are detailed in ref. [120], which shows that a 10% reduction in specific fuel consumption can be expected for an uninstalled open rotor at cruise condition compared to high by-pass ratio turbofan engines. Ref. [121] designs and evaluates the performance of two engines with predicted entry into service in 2050: a geared high bypass turbofan and a counter-rotating pusher open rotor, both flying at M equal to 0.82. To assess the advantages of both configurations, they are compared to a turbofan which represents the current state-of-the-art design. The main results highlight that both engines perform better than the baseline configuration; in addition, the open rotor reduces specific fuel consumption (at cruise) at about 24% with respect to the high bypass turbofan. Ref. [122] focuses on the design of a 70-passenger aircraft, with a design range of 3000 km and cruise Mach of 0.78, comparing a configuration installing a counter-rotating open rotor and one turbofan engine. Also, in this reference, the results show that the open rotor aircraft has a lower specific fuel consumption (−12.5% at cruise) than the turbofan but is also heavier (+27%).



The uninstalled open rotor has an overall higher efficiency than the uninstalled high bypass turbofan, resulting in a lower specific fuel consumption than the turbofan. Nevertheless, the increased weight of an open rotor engine may introduce an overall performance penalization that outweighs the benefit of lower specific fuel consumption at the aircraft level. This aspect is investigated in ref. [123], where three different aircraft have been designed and compared: one with an underwing installed turbofan, named baseline, one with the open rotor mounted on the aft fuselage, named aft-mounted, and one with the open rotor mounted in the underwing layout, named wing-mounted. A sketch of the three concepts is depicted in Figure 22.



The aircraft have been designed using a multidisciplinary design and optimization tool, taking into account aerodynamics, weight and mission analysis, aiming at minimizing the block fuel. A sensitivity analysis has been carried out to evaluate the performance of each configuration for different TLARs, specifically varying the number of passengers (50–400) and the range (1000–7000 nm). Mach is considered linearly linked to the range and varies from 0.746 (at 1000 nm) to 0.844 (at 7000 nm). The study, although of conceptual character, highlights the possible loss of mission performance of an aircraft equipped with open rotor as compared to turbofans; in fact, despite the increase in propulsive efficiency and specific fuel consumption, open rotor integration effects, particularly related to weight increases, may prevent its utilization. It also emerges that the most favourable characteristics for the operation of such propulsion units are in aircraft with high capacity but a short range. Furthermore, the aft-fuselage assembly appears to be more favourable in terms of structural and mass integration.



The open rotor concept could represent a technological solution which can foster improvements in overall engine performance; aerodynamic interference, structural integration and overall installation effects have to be taken into account to properly assess the potential benefits on the aircraft performance. Furthermore, a major drawback of this technology must be deeply understood to provide attenuation strategies: noise emissions. There are several research studies and collaborative projects focusing on this issue, providing numerical and experimental assessment to further advance technological solutions for open rotor noise emissions mitigation [124,125,126,127,128]. Some of the proposed and investigated solutions are related to possible geometrical arrangements to reduce noise emissions. The research proposed in ref. [129] aimed to find counter-rotating propfan noise reductions by designing clipped rear-rotor blades and by increasing the axial spacing between the two rotors. This solution allowed for a reduction in the wake interaction effects and tip vortex, allowing for a reduction in noise emissions without losing propulsive performance for takeoff conditions. In ref. [130] a preliminary study on the influence of the number of the blades in both fore and aft rotors is presented; the results highlight that the number of blades has a direct impact on noise emission and hence should be considered as a design variable during the noise-driven optimization process of counter-rotating rotors. A similar study is proposed in ref. [131]; the sensitivity analyses showed that increasing the number of blades and reducing tip speeds may allow for a noise emissions reduction. Nevertheless, due to the complex interaction between blade wakes, this conclusion is not straightforward, and case-specific optimizations are necessary to properly design open rotors with reduced noise emissions. In ref. [132] different modifications of the trailing edge of the front rotor blades, in the serrated shapes represented in Figure 23, have been numerically simulated to assess possible beneficial effects on wake interactions. Even though the results proposed in ref. [132] do not refer to noise-optimized designs, the serrated trailing edges proved to be a potential beneficial solution to reduce open rotor noise emissions.



A different solution to reduce noise emission is proposed in refs. [133,134], where the counter-rotating open rotor is used as a single rotor in near-airport operations (i.e., take-off, climb-out and approach). To allow this, the locking of the front or rear rotor is proposed, whereas the operating rotor is trimmed to generate the required thrust; this strategy allows for noise emissions reduction, but it also introduces reductions in propulsive efficiency. In cruise phase, then, the locked rotor is released to restore the design propulsive efficiency of the open rotor. In general, however, there is still research and investigations to be conducted on novel rotor solutions and optimized geometry to reach the noise emission objectives required for next-generation aircraft equipped with open rotor engines.





3. Distributed Propulsion


The term distributed propulsion (DP) refers to the use of multiple propulsive units, i.e., fans or propellers, hereafter generally referred to as ‘thrusters’, having the primary aim of providing the thrust necessary for the aircraft to fly in the different operating phases [135,136,137]. The minimum number of propulsive units required to define DP is not distinctively defined in the literature; according to [138] a minimum number of three propulsive units is sufficient to use the term DP, whereas according to ref. [139] it is not necessary to define a minimum number since DP is defined as “spanwise distribution of the propulsive thrust stream such that overall vehicle benefits in terms of aerodynamic, propulsive, structural, and/or other efficiencies are mutually maximized to enhance the vehicle mission”.



In fact, DP was widespread at the beginning of aeronautic history. Indeed, as reported in [135], the first uses of this propulsive solution date back to the 1920s, mainly in the field of airships. Over the years, various solutions have been explored, both in medium- and long-range transport aircraft and in general aviation, but this solution has never really shown itself to be an effective competitor to traditional installations. The use of only two engines allowed airlines to reduce maintenance time and costs, so the twin-engine solution proved to be the most successful in the evolution of transport aviation [44]. In recent years, the race for engineering solutions that could meet the requirements of an environmentally sustainable aviation has boosted the research on innovative powertrains that could lower fuel consumption, pollutant emissions and noise. In this context, a great emphasis is placed on the study of electric or hybrid-electric powertrains: the first, are equipped with electric motors and powered by batteries, whereas the latter can be assembled with combinations of thermal engines and electric motors and/or can have different energy sources on board, such as fuel (traditional or alternative) and batteries. A wide discussion on electric and hybrid-electric powertrains and aircraft is proposed in refs. [23,24]. Electric propulsion represents a new opportunity for the application of DP, and this recently regained huge scientific interest.



This section aims to investigate and identify the features and the potential benefits of DP through a critical analysis of the current state of the art, and to highlight the main pros and cons of this technology. Specifically, Section 3.1 presents an overview of the general features of the DP, whereas Section 3.2 and Section 3.3 provide the description of the most currently investigated DP concepts, with a focus on the potential aerodynamic and performance gains that transport aircraft can achieve by integrating this technology, for both high-lift and cruise conditions. The more basic concept of DP as installation of multiple discrete propulsive units is described in Section 3.4; finally, a brief overview on scaled flying models test campaigns is reported in Section 3.5.



3.1. General Features of Distributed Propulsion


Theoretically, the application of DP on transport aircraft can introduce some general advantages of aerodynamic and propulsive nature. Distributed thrusters can be designed to both provide thrust and energize the air flow over the wing to increase lift coefficients; with this strategy, maximum lift coefficients larger than those achievable by only deploying a high-lift device can be reached, allowing lower take-off/landing speeds, with a consequent reduction in the required runway length; this aspect is crucial for the categories of general and regional aviation, for which the use of small airports with shorter runways than big hubs would enable the creation of new routes and connections and, consequently, the expansion of these sectors [140]. This DP utilization and arrangement can be qualitatively identified as high-lift DP. Another aerodynamic benefit obtainable by DP application is the potential increase in the aircraft lift-to-drag ratio L/D; this is possible by considering the extra lift capability provided by the DP, which enables the design of a smaller wing area to trim the aircraft weight.



Another strategy to exploit DP for introducing aerodynamic benefits is the possible coupling with BLI (see Section 4); furthermore, it is possible to use differential thrust to control the aircraft along the yaw axis, and the implementation of advanced propulsion-related control techniques may allow the reduction of the tail wetted surface [141,142,143]. Regarding the propulsive advantages, the inner redundancy of DP allows, in the event of a single propulsive unit failure, the possibility to maintain symmetrical thrust by increasing the thrust level of a neighboring propulsive unit by a factor of n/n − 1, where n is the number of thrusters installed on the half wing. The larger the number of thrusters installed, the less overthrust will be required to the individual thrusters. The beneficial effects can be enhanced if DP is coupled with electric propulsion (distributed electric propulsion, DEP) as the efficiency of the electric motors is almost independent from their size and multiple propulsive units can be integrated without loss of propulsive efficiency. In addition, in hybrid-electric solutions, uncoupling the thermal propulsive unit from the electric thrusters allows the thermal engines and electric motors to work at optimal RPM, reducing losses in the propulsion chain [144,145]. In full-electric solutions, higher efficiency and lower maintenance costs are achieved [146]. Additionally, DEP provides an advantage in the flexible placement of propulsors, allowing for the utilization of noise shielding from airframe surfaces [147]. To properly assess the potential noise reduction benefits of DEP, however, integration of specific prediction models in conceptual design are of key relevance, as discussed in [148,149].



On the other hand, there are also some drawbacks that need to be overcome to foster an actual integration of DP. The increase in the number of components may introduce issues in thrusters–aircraft integration; compliance with regulation or certification is still an unknown. Furthermore, if the propulsive units are podded, this may cause an increase in friction drag [150]. Regarding the use of DP in approach and landing phases, it is still to be thoroughly assessed whether the utilization of this technology is effective, as the use of propulsors aiming at increasing lift also involves an increase in thrust, in contrast to requirements on approach descent rates and speed [151]. In case of full-thermal DP, the re-distribution of thrust to multiple propulsive units has detrimental effects on specific fuel consumption; in fact, scaling down the engine size causes a reduction in the thermal efficiency and thus an increase in the specific fuel consumption [152,153,154]. This is a major issue, that significantly favors the development of DP in the direction of electric and hybrid-electric applications. The latter can involve the use of a thermal engine that, by powering electric generators, supplies power to multiple electric motors connected to the fans; this propulsive architecture is referred to as turboelectric distributed propulsion, TDEP. If in this architecture a battery pack can also provide power to the electric motors, it is defined as serial distributed electric propulsion. In this regard, it is worth highlighting that the use of a battery for DEP has a significant impact on aircraft infrastructure and ground operations. The need to recharge batteries on the ground determines the need to install proper charging areas at airports [155], which currently do not exist; as battery recharging could be a relevant factor affecting ground operation efficiency, appropriate strategies must be adopted to minimize turnaround time [156,157]. Definitely, DEP can benefit from the following advantages: (i) thrusters can be easily distributed anywhere in the aircraft since power and thrust generation are decoupled, (ii) any number of thrusters can be installed since electric motor performance is not affected by scale effects [158], and (iii) the use of a large number of thrusters may increase the overall bypass-ratio and, consequently, higher the propulsive efficiency [159].




3.2. DP for Improvement of High-Lift Performance


This section provides a focus on the high-lift DP, hence the research related to the potential advantages of DP applications to increase maximum lift coefficient     C    L    max     and to reduce take-off and landing required field length. Specifically, the literature regarding different aircraft categories is investigated, ranging from general aviation to commuter and regional aircraft. The high-lift effect of DP on a wing is twofold; on the one hand, it allows for a local increase in the dynamic pressure acting on the airfoil, and on the other hand it locally reduces the angle of attack of the airfoils, delaying the stall to higher angles. Both effects can be qualitatively explained by considering the simpler case of a 2D airfoil. Considering the airfoil depicted in Figure 24, the angle of attack is equal to α, and its relative wind speed is v. The presence of a propeller upstream of the airfoil superimposes the following: (i) an airflow at velocity     v   i     (named induced velocity), which increases the actual velocity     v   *     of the airflow investing the airfoil; (ii) a reduction in the angle of attack     α   *    , according to Equations (5) and (6):


    v   *    = v    1 + 2    cos  ⁡  α       v   i     v   +         v   i     v       2     



(5)






    α   *   =   arctan  ⁡        sin  ⁡  α       cos  ⁡  α   +   v   i    / v         



(6)







Equation (2) shows that the actual velocity of the air investing the airfoil depends on the ratio     v   i   / v  : the higher the     v   i   / v  , the larger the     v   *    . The related increment of local dynamic pressure induced by the thruster in the downstream region can be defined as the blowing effect. Increasing     v   i   / v   also introduces a reduction in the airfoil angle of attack, as Equation (2) shows.



The lift     l   *     produced by the airfoil is calculated according to Equation (7)


    l   *   =   1   2    ρ c      v   *     2     C   l   *    



(7)




where     C   l   *     è is the airfoil lift coefficient associated with the airflow at speed     v   *   ,     ρ   is the air density, and   c   is the airfoil chord. By exploiting the well-established linear relationship between the lift coefficient and the angle of attack and substituting in Equation (7) for Equations (5) and (6), the following result is obtained:


    l   *   =   1   2   ρ c   v   2     C   l      1 + 2    cos  ⁡  α       v   i     v   +         v   i     v       2         α   *     α    



(8)




where     C   l     is the lift coefficient associated with the airflow at speed v. This result shows that there are two corrective factors to the airfoil lift: the factor resulting from Equation (1), i.e., the term   1 + 2   cos  ⁡  α       v   i     v   +       v   i    / v      2    , is amplifying, while the factor resulting from Equation (2), i.e.,       α   *     α    , is attenuating. However, despite the two opposing effects, it can be seen from Figure 25 that the resulting trend on the lift coefficient is of amplification, i.e., there is an increase in the lift coefficient.



Two clarifications need to be made: (i) the result obtained here is true in the linear part of the     C   l    -α curve of the airfoil, whereas in proximity of the stall condition the relationship is not accurate; however, it has been used to obtain a qualitative description on the effect of propeller blowing; (ii) the result obtained so far on the 2D airfoil are useful to qualitatively understand the blowing effects on the wing, but it does not allow an estimate of the stall behavior of a finite wing, since the stall phenomenon is very complex and three-dimensional, and it needs advanced simulation tools (CFD or experimental tests). In the following, studies of high-lift DP applications to aircraft designs are discussed.



In ref. [160] a numerical campaign is carried out to characterise the benefits of DP in take-off conditions for a regional aircraft. To do this, a portion of an infinite rectangular wing with a single propeller is simulated by imposing periodic conditions at the boundary of the domain. The wing does not present any variation in chord length and twist, and a single slotted flap is considered a high-lift system; the propeller is located in the center of the wingspan with the forward offset with respect to the leading edge. The numerical analysis is based on an in-house high-fidelity code which solves RANS equations and models the propeller effect via the disk actuator theory. The parameters set up for the simulation are standard sea level condition and an M equal to 0.176. The numerical campaign investigates the effect of thrust and propeller diameter. Figure 26 (left) shows the     C    L       -α curve of the wing for different sets of propeller thrust. The results highlight that if propeller thrust increases, the corresponding lift coefficient with respect to the power-off condition raises as well. In particular, an increase in the lift coefficient of up to 1.8 is computed for this benchmark case. The numerical simulations also highlighted a secondary aerodynamic effect: to maximize the increment of dynamic pressure, the ratio of propeller diameter d and wing chord c should be as high as possible.



Ref. [160] critically discusses the effect of propeller diameter and disk loading, but there is no investigation about the relative position between the propeller and wing; this aspect is investigated in ref. [161]. A rectangular infinite wing is considered, standard sea level conditions and speed equal to 35 m/s are assumed, and propeller diameter and angular speed are kept constant and equal to 0.33 m and 8045 rpm, respectively. A fowler flap is selected as high-lift technology, extended to 30% of the wing chord. In addition to the wing-propeller relative position, the paper also investigates the effect of tilting the propeller downward; RANS simulations are used for the numerical assessment. The effective lifting coefficient     C    L , eff      is defined as the lift coefficient generated by the wing and the component of the propeller thrust in the direction perpendicular to the airflow. The results of Figure 27 (left) highlight that the vertical position Z of the propeller (normalized with the radius R) has a significant impact on the     C    L , eff      compared to the isolated case at the same angle of attack(grey lines); namely, the isolated cases refer to the simulations carried out with isolated propeller and wing, without considering any mutual aerodynamic interaction. Figure 27 (center) reports the correlation between the horizontal position of the propeller X (normalized with the wing chord c) and     C    L , eff     , highlighting that the horizontal wing–propeller relative position does not significantly impact the lift coefficient. In fact, for angle of attack values close to 6°, the     C    L , eff      is constant for X varying from −0.5 c to −0.3 c, whereas if the angle of attack increases up to 14° an increment of 2.7% is obtained moving the propeller in the horizontal direction from −0.2 c to −0.5 c. The same chart shows that there is a correlation between X and Z in order to maximize the     C    L , eff     . Lastly, the effects of tilt angle θ of the propeller on     C    L , eff      are depicted in Figure 27 (right). The physical implications of a downward tilting of the propeller are (i) the actual angle of attack of the wing increases and (ii) the component of the thrust perpendicular to the undisturbed airflow raises. These two effects generate larger lift coefficients; however, attention must be paid to the stall condition, which can be anticipated for high tilting angles. This aspect is depicted by the huge drop in the lift coefficient with a θ equal to 20°.



Another interesting work on numerical and experimental investigations of wing–propeller interaction is proposed in ref. [162]. In this case, the propeller is installed in an overwing layout to comply with ground clearance constraint and to provide a shielding effect to reduce noise. The experimental set-up consists of a rectangular wing with a fowler flap of 30% chord length and a deflection of 23°. The propeller, positioned in the center of the wing, and aligned with the direction of the undisturbed flow, is made of four blades with a diameter of 0.237 m. The experimental campaign was useful to provide reference and validation to the numerical simulations. For the high-lift condition, the effect of the propeller advance ratio (i.e., the ratio of the airflow speed and the product of the angular velocity of the propeller and the propeller diameter) has also been investigated; the results highlight that lower values of advance ratio correspond to higher values of the lift coefficient. As a second step, numerical analyses have been performed to assess two interaction effects on the lift coefficient: (i) the longitudinal position of the overwing propeller and (ii) the propeller diameter. The results, reported in Figure 28 (left), show that the closer the propeller is to the wing trailing edge, the higher the lift coefficient. This is associated with the suction effect induced by the propeller, which generates a high local speed in the airfoil upper chamber and, consequently, an increase in the lift. This effect is enhanced if the propeller provides high thrust, as shown for the curves at different thrust coefficients     T   C   *    , i.e., the ratio of the thrust generated by the propeller on the product of the dynamic pressure and the wing area. Regarding the effect of the propeller diameter, the results show that the reduction of propeller diameter is beneficial to the lift coefficient. This result highlights that, in the case of an over the wing DP, a large number of small propellers can positively affect the lift coefficient; nevertheless, if the thrust is fixed, the reduction in propeller diameter is limited by the tip Mach number. In fact, to keep constant thrust, if the radius of the propeller is reduced, the rotational speed must increase (e.g., a reduction of 5% in propeller diameter causes an increase of 10% in rotational speed, assuming a constant propeller thrust coefficient); therefore, the Mach of the propeller tip raises, and this effect is more evident for larger values of     T   C   *    .



Ref. [163] describes the impact of DEP on the     C    L    max     of a full-electric commuter aircraft powered by fuel cells. The proposed aircraft configuration exhibits distributed propellers along the wingspan and two wingtip propellers, as shown in Figure 29; all the propellers are driven by electric motors.



The wing-tip propeller generates a wake flow field to reduce the intensity of the wing-tip vortex and, consequently, the induced drag of the aircraft. The remaining distributed propellers, four for each half wing, are integrated to enhance the aircraft’s high-lift performance. At a first stage of the conceptual design     C    L    max     was estimated without considering the effect of DEP; the related main data are reported in Table 2.



After the conceptual assessment, ref. [163] provides the study of the DEP effects on high-lift performance of the aircraft. As a first step, CFD analyses have been carried out to compute the lift curve of the wing with high-lift system deployed; the aircraft, without DEP active, achieves     C    L    max     = 2.65 in the take-off (TO) phase. The same analyses were repeated by simulating the DEP effect by means of the virtual disk model; this is a method, developed to be integrated in CFD analysis, that efficiently simulates the effect of propellers on fluid flow without directly modeling its geometry [164]. The main outcomes are (i) an increase in     C    L    max     for the take-off phase equal to 13.2% and (ii) an increase in stall angle of attack by 2°; these results are shown in Figure 30.



The predicted increase in the     C    L    max     due to the DEP effect allows for an estimated reduction in the take-off length of 7% with respect to the case without DEP. It emerges, however, that the design of DEP and high-lift system should be coupled to properly assess their interaction and maximize the effect on     C    L    max    .



In the context of regional transport aircraft, the European project IMOTHEP aims at investigating hybrid-electric powertrains coupled with advanced propulsive concepts, such as the DP. In ref. [165] the effects on the maximum lift coefficient of the number of propellers and their relative position to the wing are investigated on two different aircraft. Regarding the high-lift system, a single slotted flap is considered, the propellers are distributed along the wingspan with a clearance (i.e., the distance between the tips of two consecutive propellers) equal to 18% of the propeller diameter. Several simulations based on RANS coupled with the actuator disk are carried out varying the number of the propellers between two and eight (for each half wing). For each investigated case, the propeller diameter has been increased as much as possible in order to fulfil the clearance between the propeller and not exceed a maximum pre-defined value of 4 m. Regarding the propeller position, similar results to that proposed in ref. [161], are obtained; in particular, a position of the propeller below the wing (up to 0.4 m) maximizes the increment of the lift coefficient for a high angle of attack. The effect of increasing the number of propellers on the     C    L , eff      is reported in Figure 31 (left), showing that the maximum lift coefficient increases as the number of propellers raises. This result is consistent with those proposed in ref. [160] and is attributable to the fact that a higher number of propellers involves single units with smaller diameters. In this case, the wing is blown by a more uniform flow (than in the case of two propellers), enhancing the wing lift capability. The effects of the     C    L , eff      variation with respect to the power-off condition has also been evaluated for the case of four propellers; the results, depicted in Figure 31 (right), show an increase of 0.64 on the maximum lift coefficient.



In the category of general aviation, NASA has proposed a large project, named SCEPTOR (Scalable Convergent Electric Propulsion Technology and Operations Research), which aims at developing technologies that show the effectiveness of DEP to reduce emissions and cost and to increase the aircraft overall efficiency (i.e., lift-to-drag ratio and propulsive efficiency) [166,167]. Through the use of electric propulsion, the efficiency of the propulsive chain is improved, and the high aspect ratio wing design combined with DEP and wing-tip propellers, allow for a reduction in the energy required to fly. A sketch of the SCEPTOR aircraft is proposed in Figure 32.



The general study aims to investigate and exploit the beneficial effects of DP on high-lift performance, on wing design and on overall aircraft mission performance; furthermore, the project aims to investigate noise emission reductions, improvements in flight safety and the certification process for an aircraft using DEP. As discussed in the following, in this context NASA provided several studies on the characterisation of this concept. Ref. [168] investigates the DP-wing aerodynamics during take-off and landing phases via numerical simulations. DP consists of 18 propellers (9 per half wing) mounted on the leading edge and with the axis parallel to the free stream; the wing presents a fowler flap along the entire wingspan, with a chord extension of 30% of the wing chord and can deflect up to 40°. As a preliminary analysis, the effect of co-rotating and contra-rotating near-propellers has been investigated, focusing on the effects on the lift distribution and lift coefficient. In the contra-rotating scheme, propellers alternate their rotation such that if a propeller rotates clockwise, adjacent propellers rotate anti-clockwise. The simulations have been carried out considering a freestream velocity of 118 km/h. The results highlight that the co-rotating solution exhibits a higher lift coefficient, as depicted in Figure 33 (left), due to a more homogeneous lift distribution. In fact, as shown in Figure 33 (right), in the case of counter-rotating propellers the alternate rotation introduces huge variations in the lift distribution where the peaks (valleys) are related to the upwash (downwash) generated by two adjacent propellers. These effects on the lift distribution introduce a general reduction in the lift with respect to the co-rotating scheme; hence, the co-rotating DP is suggested as the concept to be developed.



The effects of the co-rotating scheme on the lift coefficient compared to the unblown case are then investigated varying the DP thrust. The simulation results show that increments of     C    L , eff      up to 2.4 can be attained if propellers generate their maximum thrust, as reported in Figure 34 (left). The blowing effect of the DP is well highlighted in Figure 34 (right), which shows a huge increment of the spanwise local lift coefficient with respect to the unblown case. According to the authors, the increment of lift coefficient allows a reduction in wing area of 42%, with a positive consequence on friction drag reduction and on increases of lift-to-drag ratio in cruise condition, as discussed in Section 3.3.



An assessment of the effect of rotor failures on the high-lift performance has been performed and discussed in [168]. The results showed that high reductions of     C    L , eff      occur in the case of multiple failures of propellers and adversely affect the high-lift performance; hence, a comprehensive failure analysis and off-design scenarios must be taken into account when sizing the DP high-lift system of an aircraft. Another in-depth focus on DP low-speed performance was provided in ref. [169], where a numerical analysis of DEP mounted on the wing of the NASA X-57, a retrofit of the Tecnam P2006T aircraft, is carried out. The concept has 12 high-lift propellers on a high aspect ratio wing with a flap that can be deflected up to 30°. Simulations have been computed by solving RANS coupled with an actuator disk to model the effect of the propellers; a freestream speed of 108 km/h and standard sea level conditions have been considered. The results, depicted in Figure 35 (left), show that DEP can increase     C   L     by 1.4 if compared to the solution with DEP not activated; the effect is even larger if the contribution of the propeller thrust is considered (    C    L , eff     ): in this case the increment is of about 1.8. Lift coefficient increases up to an angle of attack close to 12°, then the flow separation occurs in the inboard and outboard region of the wing, as depicted in Figure 36.



Low-speed performance of the Cirrus SR22 aircraft retrofitted with DEP has been evaluated in ref. [170]. Cirrus SR22 is a general aviation aircraft with an entry into service in the early 2000s, whereas the previously described Tecnam P2006T is a more recent aircraft. The distributed propellers, driven by electric motors and batteries, are placed on the leading edge of the wing; the number of propellers is considered variable and equal to 2N, with N = {1,2,3,4,5}. A constrained optimization procedure was set to minimize the rolling take-off run length; among the constraints, the most relevant are related to the cruise range and the tip Mach number of propellers (limited to 0.8). Propeller aerodynamic performance is evaluated by using blade element momentum (BEM) theory, whereas propeller–wing interaction is modeled using the VLM (Vortex Lattice Method). The results showed that the number of propellers strongly influences the take-off performance of the aircraft; in particular, increasing the number of propellers up to 16 can significantly reduce the take-off rolling runway (Figure 37 (bottom right)). This occurs because the number of propellers significantly impacts the amount of generated thrust and the lift coefficient (blowing effect). Regarding the first point, the aircraft total thrust increases if the number of propellers raises to eight (Figure 37 (top left)); this happens because, in this study, propeller tips cannot overlap; therefore, the diameter is constrained to the wingspan. As depicted in Figure 37 (top right), the propeller diameter reduces and the total disk area increases as the number of propellers increases, leading to the generation of a larger thrust than with two propellers. As the number of propellers increases more than eight, the wingspan constraint implies a reduction in propellers diameter, hence not allowing for a further increase in thrust. The increase of the number of propellers generates a beneficial effect in terms of the maximum lift coefficient (Figure 37 (bottom left)), which may be larger of a factor of 2.2 than the two propellers. It is worth noting that lift coefficient curves increase until the number of propellers reaches 16, and then flattens for higher numbers of propellers (>16); this is related to two effects: the reduction in the propeller diameter, which implies lower propeller diameter–chord ratios, and the reduction in thrust (see Figure 37 (top left)). The combination of the two effects causes a less intense blowing effect that limits the extra lift.



In ref. [171], the methodology proposed in [170] was applied on the NASA-X57 aircraft, considering the entire take-off run and introducing a noise constraint in the optimization procedure to assess its effect on take-off performance; noise is modeled according to the method proposed in ref. [172]. The main results are reported in Figure 38 and show the effect of noise constraints on take-off distance (Figure 38 (left)), propeller thrust (Figure 38 (center)) and lift coefficient (Figure 38 (right)). The main physical effect of the noise constraints is a limit on the Mach at the tip of the propeller; this limit imposes a reduction in propeller angular speed and, consequently, in propeller thrust. Hence, by imposing stricter noise constraints, i.e., lower noise emissions, implies a lower thrust; this leads to a lower induced speed on the wing and, hence, an attenuation of the blowing effect that reduces the lift coefficient. The two combined effects reflect an increase in take-off field length. The penalizing effect on the lift coefficient, as the noise constraint becomes stricter, is more pronounced for a high number of propellers (≥8); in these cases, the reduction in propeller diameter leads to increases in angular speed to supply an equivalent level of thrust, and hence, the tip propeller speed matches the earlier constraint on tip Mach.




3.3. DP for Improvement of Lift-to-Drag Ratio


The wing design has always been a compromise between the low-speed and high-speed performance and requirements, leading to a less-than-optimal wing design. The presence of DP may, in addition to the previously discussed increase in aircraft high-lift capability, enable a reduction in the wing wetted surface; this could represent a potential performance benefit during the high-speed phase, theoretically leading to higher lift-to-drag ratio L/D and, hence, to lower energy required to fly. The topic has been investigated in the available literature, as discussed in the following. In particular, the relevant references are carefully reviewed considering regional and short–medium range and general aviation DP applications.



Ref. [173] describes the effect of DEP on overall aircraft performance, as L/D and block fuel consumption. This aspect has been investigated by designing three different regional aircraft which mount 2, 6 and 12 propellers, respectively. The TLARs define a range of 1000 nm, a cruise Mach and an altitude of 0.55 and 27,000 ft, respectively, and a number of passengers equal to 70. The propellers are powered by a turboelectric powertrain; the thermal turboshafts and generators are located in the upper part of the fuselage and are symmetrical with respect to the wing position, whereas the electric motors are positioned in the wing nacelles. The reference baseline to perform comparisons is considered the 2-propeller configuration. Figure 39 reports an artistic representation of the aircraft previously described.



A multidisciplinary design and optimization framework, involving propulsive, aerodynamics and system sizing, and the related performance assessment, is used to develop the three configurations; the wing–propeller interaction is evaluated by means of RANS solver coupled with the actuator disk to model the action of the propellers. Table 3 reports the main results of the design process; some interesting outcomes for the three aircraft configuration can be discussed. First, the DP introduces significant reductions in the vertical tail surface; indeed, maintaining a vertical tail sizing requirement for each configuration based on the one engine inoperative scenario, the DP with 12 propellers allows for a reduction of 52% of the tail surface, and the DP with 6 propellers allows for a reduction of 24.6% of the tail surface. Furthermore, an increase in     C    L   max      equal to 5.5% and 11%, and an increase in W/S equal to 5.2% and 10.6%, is estimated for the DP with 6 and 12 propellers, respectively. The increment of W/S allows for a wing area reduction of 7.9% and 12.6% for the 6 propeller and 12 propeller configurations, respectively. Notwithstanding, these significant effects on the reduction of overall aircraft friction drag, in the evaluations made in ref. [173], do not lead to overall benefits in L/D resulting from the presence of DP; hence, the installation of the distributed propulsion also introduces drag increases that may undermine the beneficial effect in terms of wing design. In general, the slight benefit obtained in terms of block fuel for the DP configurations (see Table 3) is more attributable to reductions in powertrain mass and MTOW than to an actual aerodynamic benefit.



A subsequent focus on this topic, with a more in-depth discussion of the lift-to-drag ratio of the aircraft is provided in ref. [174]; the layout with 12 propellers is considered. The numerical assessments are based on RANS equations coupled with the actuator disk model; the simulations focus on the wing and propeller only, excluding other aircraft components, such as the fuselage or the vertical tail. The rationale of this choice is to simulate only the wing–propeller interaction. The results show that the baseline configuration with two propellers presents an L/D = 17.73, while the configuration with 12 propellers exhibits a lower value of 17.36. This result is related to the wing–propeller interaction, which causes a non-uniform load repartition on the propeller: the upwash occurring in the proximity of the leading edge of the wing, leads to an asymmetric load on the propeller area according to the direction of the propeller rotation. This negatively affects the wing lift distribution, leading to a slight increase in the wing drag. In a second step, to improve the L/D the DP were shifted towards the wingtip; this resulted in an increase in L/D of 0.11 compared to the previous case, due to a beneficial effect on the wingtip vortex. Finally, to further improve the DP design, the thrust of each individual propeller was optimized to reduce the required power by acting on individual pitch angles. This resulted in a non-homogeneous thrust repartition where the wing-tip propeller generates the highest thrust, among the other propellers, which, in turn, reduces the intensity of the wing-tip vortex and further increases L/D of 0.24, to gain a value comparable to that of the two-propeller baseline. Overall, the DP, hence, does not provide a significant benefit on aircraft cruise aerodynamic performance in this case. The results obtained in ref. [174], however, are not in contrast with the theory because in this case the wing was not re-designed together with the DP but was only retrofitted with this propulsion system. A redesign of the wing, taking into account the extra lift provided by the DP, could instead lead to smaller wing wetted area, contributing to a drag reduction.



A more comprehensive performance analysis is carried out in ref. [175], which presents a multidisciplinary design optimization to assess the performance of a hybrid-electric aircraft with electric-driven distributed fans. Specifically, the case study is a 150 passenger transport aircraft, which mounts a hybrid-electric powertrain with a serial architecture. It has two turboshafts (coupled with the generators) located in the aft fuselage, and the battery packs are hosted in the aircraft fuselage. DEP is positioned in the upper part of the wing, resembling the over-the-wing concept. A sketch of the aircraft and a scheme of the powertrain are reported in Figure 40.



The MDO framework evaluates several aspects, geometry, aerodynamics, structural mass and system mass, which are computed via low-fidelity models based on statistical and/or semi empirical equations which are well-established in the literature. Several MDO analyses have been carried out varying the number of fans     n   f     = {16, 32, 48} and the range R = {600, 900, 1200, 1500} nm, and considering fuel and energy consumption as figures of merit. To assess the benefit of DP, the optimum configurations are compared with a baseline thermal configuration designed according to the same TLARs. The results highlight that hybrid-electric configurations can reduce fuel consumption or required energy only if a limited range is considered. The maximum range compatible with any gain in fuel or energy consumption, named breakeven range, depends on     n   f    ; from the results reported in Table 4, it emerges that DP does not improve L/D and, overall, a reduction in fuel consumption can be achieved. Regarding the effect on L/D, it can be noted that the best configuration has 16 fans, since it exhibits the lowest wetted surface, but L/D is still lower than the baseline configuration. Looking at the fuel consumption, it can be noted that a reduction of up to 18% can be achieved in the case of 32 fans for the 600 nm range. This result is more related to the presence of batteries onboard, which generate sufficient energy to reduce fuel consumption, than to aspects related to DEP.



In ref. [176] a conceptual design methodology which integrates the aero-propulsive interaction between DP and wing is proposed. The methodology exploits the well-known theory of propellers and assesses the effects of the DP integration in the design process of a regional aircraft, specifically regarding possible impacts on the powertrain sizing matching chart, the aircraft weight and the mission performance. Two different regional aircraft are designed, one mounting a turboelectric powertrain and another with a serial one. Both aircraft are compared with a thermal baseline designed according to the same TLARs (i.e., range of 825 nm and 78 passengers); a sketch of the three configurations is depicted in Figure 41. The main data of the configurations are reported in Table 5 and highlight that (i) use of DP seems useful to improve L/D, (ii) hybrid-electric configurations are heavier than the baseline configuration, and (iii) penalising overall effects on fuel consumption may be expected. Regarding the first point, the improvement of low-speed aircraft performance (in terms of lift coefficient) due to DP allows the ability to enlarge the design space and select a higher wing loading (W/S); this, in turn, has a positive effect on the wing area, which is reduced by 18.3% and 36.2% for serial and turboelectric configuration, respectively. The reduction of the wetted area has a direct effect on aircraft L/D (in cruise condition), which rises by 5.1% and 5.7% for serial and turboelectric configurations, respectively. The weight of the hybrid-electric aircraft is higher than the thermal configuration due to the penalties introduced by the electric components; this aspect is more relevant for the serial configuration which holds a battery on board; a heavy component with very low specific energy (500 Wh/kg in this case study). This increment of weight is the main cause of the increase in fuel consumption, which is only partially limited by the better L/D of DP configurations, but not sufficient to introduce an overall benefit.



Moving to general aviation cruise DP applications, it is useful to recall some results of the aforementioned SCEPTOR project; specifically, ref. [177] discusses on the overall performance of the DP retrofitted Tecnam P2006T. The retrofitting strategy provides (i) distributed propellers along the leading edge of the wing to improve the high-lift capability and (ii) larger cruise propellers located on the wingtips to generate the cruise requested thrust and to lower induced drag by reducing the intensity of the wingtip vortex. The energy source is a battery pack installed in the aircraft fuselage which powers the electric motors directly connected to the propellers. A comprehensive multidisciplinary aircraft design led to the DP-retrofitted configuration, named X-57, whose features are reported in Table 6 and are sketched in Figure 42. The wing area reduction provided by the integration of the DP propulsion system is numerically and graphically evident.



The L/D evaluated in cruise for the powered and unpowered case is depicted in Figure 43 (left/center). The effect of wingtip propellers for several combinations of speed and altitude shows that an improvement of L/D in the range 5–10% is attainable. More significantly, the comparison with the Tecnam P2006T is shown in Figure 43 (right), taking as a figure of comparison the efficiency multiplier; this has been defined as the ratio between the energy requested by the NASA X-57 and by the Tecnam P2006T to accomplish the mission (computed as the integral, over the flight time, of the product between the aircraft speed and the thrust supplied by the propellers). The results highlight that the retrofitted aircraft is able to reduce energy consumption by up to five times. This result is mainly attributable to the higher L/D of the retrofitted configuration which, even for weights of 130 kg higher than the reference configuration, can reduce the energy needed to accomplish the flight. Hence, this result is the opposite of what was found for the regional aircraft DP applications.



A similar approach has been adopted in ref. [178], which describes the conceptual design and optimization of a full-electric light aircraft which resembles the configuration of NASA X-57. The examined fixed-wing DEP aircraft incorporates propellers positioned on both the leading edge of the wing and the wingtip. For the low-order analysis, OpenVSP has been chosen as the design tool, employing the VLM to model the wing aerodynamics and treating the propellers as actuator disks. The methodology is composed of the following steps: (i) design of the wing via optimization algorithm to maximize L/D at a 0° angle of attack and working on six design variables, namely, root chord, tip chord, wingspan, twist angle, incidence angle and dihedral angle; (ii) design choice to reduce the reference wing surface by 15% due to the potential lift increasing effect of DP; (iii) verification via CFD analysis that the wing calculated at the second step exhibits higher L/D than the wing at the first step; (iv) optimization of the distributed propellers and wing-tip propeller; diameters and advance ratio are the design variables and the objective functions are the lift coefficient at take-off and the aero-propulsive efficiency; and (v) finally, a sensitivity analysis of the number of distributed propellers coupled with the nacelle is performed via CFD analysis. The main objective of this latter step is to maximize aircraft L/D in cruise. Following these steps, a configuration with 10 distributed propellers has been selected. Optimal L/D is computed via CFD analyses in order to assess the potential gain of this configuration with respect to the configuration designed at step (i); the results have highlighted an L/D improvement of 1.7% with respect to the configuration designed at first step.



More recent concepts continue to explore the potential benefits of distributed propulsion. NASA is currently exploring innovative alternatives aimed at reducing the number of hydrocarbon fuel-consuming and power-generating engines from two to one. An example of such a concept in development is the Subsonic Single Aft Engine (SUSAN) Electrofan [179], designed to achieve a 20 MW class Electric Aircraft Propulsion (EAP) system, contributing to the aircraft’s electrification and fuel consumption reduction. The SUSAN Electrofan features a series/parallel partial hybrid-electric powertrain, utilizing a fuel-burning aft-fuselage propulsor connected to Megawatt-class power generators that support wing-mounted electric propulsors (see Figure 44). The aft fuselage turbofan incorporates BLI (see Section 4) and is designed to deliver 35% of the total aircraft thrust, while wing propulsors adopt under wing distributed electric propulsion (DEP) configurations, which is responsible for the remaining 65% of aircraft thrust. The current version of the SUSAN Electrofan has sixteen low FPR ducted fans distributed evenly across both wings, providing the propulsion system with the benefit of an ultra-high overall bypass ratio. The DEP systems each adopt an integrated mail-slot nacelle configuration that helps to reduce the wetted area associated with the inclusion of many small individual propulsors. Preliminary low-order multidisciplinary design optimization evaluations suggest that, compared to a reference aircraft based on 2020 technology levels with the Boeing 737-8 as a reference, the SUSAN Electrofan could potentially achieve an 11.1% reduction in block fuel for a 750 nm mission [179,180].



However, the configuration is still under extensive investigation, and different developments and updates are to be expected. The arrangement of the ducted fans has been the subject of numerous architectural analyses, by means of numerical aerodynamic simulations. Specifically, as discussed in detail in ref. [181], a comparison between overwing and underwing installed ducted fans was conducted. Specifically, in both cases the DPs are mounted near the trailing edge, in the suction and pressure areas of the wing, respectively; Figure 45 (left) and Figure 46 (left) represent the two installations, showing a single propulsive unit. The main advantage of the overwing layout lies in the fact that the suction provided by the fans increases the overall suction of the wing, thus providing increases in lift and energisation of the boundary layer, preventing its separation. However, for applications in the transonic flight, such a configuration could result in flow accelerations that cause an onset of shockwaves that can compromise the quality of the fans’ ingested flow. The preliminary CFD analyses proposed in ref. [181] specifically highlight these effects, as reported in Figure 45 (center) (shock wave on the suction side) and Figure 45 (right) (flow separation pocket in the inlet region). A further potential disadvantage of overwing assembly is related to the increase in the local pressure due to the presence of the propulsor, and the fostering of turbulent boundary layer transition, which prevents the implementation of natural laminar flow technologies to reduce drag.



The underwing configuration, on the other hand, is beneficial specifically in removing or mitigating the unfavourable aspects of the overwing assembly at the expense, however, of a penalized pressure field in the underside of the wing due to fan suction; this aspect reduces the wing’s lifting capacity. This feature must be carefully taken into account when designing the wing. Figure 46 (center) shows that the shock wave in the suction area is more attenuated and that there is no flow separation in this area of the wing. In addition, the separation pocket at the fan inlet due to the adverse pressure gradient is much smaller than in the previous case, as depicted in Figure 46 (right).




3.4. Multiple Discrete Propulsive Units


In the previous sections we have discussed the characteristics, performance and aircraft integrations of the literature applications of DP concepts, i.e., the one with fans/propellers distributed along the span, with airframe-synergic aerodynamic behaviour. In this section, instead, we will briefly discuss the multiple discrete engines, a definition that refers to the use of a large number of propulsive units sized mainly to generate the thrust required to fly. The use of such a solution has been used in the past for reasons related to the achievable maximum power of the state-of-the-art engines and/or to large aircraft thrust requirements. An example of an aircraft using such arrangement was the Antonov An-225 Mriya [182], which had three engines on each half wing. To exploit this concept to achieve other benefits than the simple accomplishment of required thrust, novel configurations with a large number of discrete engines have been proposed in the literature. Ref. [150] aims at assessing the effects of full-thermal DP allocating several podded engines under the wing, as depicted in Figure 47. The effects of thrust subdivision on engine performance (SFC), engine weight, nacelle weight and drag, bending relief and vertical tail sizing have been investigated. Regarding SFC, it has been demonstrated that the overall thermal efficiency reduces and, consequently, SFC increases. The same occurs for the engine weight, specifically; even if the weight of the engine’s main components is reduced, other systems are not scalable, and this causes an increase in overall propulsion weight. Nacelle drag scale nonlinearly, so an excess of wetted surface is expected, causing a lower L/D of the aircraft. Bending relief is the static stress reduction generated by weight distributed along the wingspan; the proposed DP allows for mitigation of the stress induced by lift. Finally, thanks to thrust vectoring, it is possible to reduce vertical tail size. All these aspects have been inserted in a conceptual design methodology aiming at assessing the benefits of DP on a short–medium range aircraft. The results highlight that the detrimental effect introduced by the SFC increase overwhelms all the partial beneficial effects introduced by DP; in fact, the aircraft with DP is heavier and the block fuel consumption is higher than a reference conventional benchmark with two turbofans.



In ref. [183] a BWB integrating 12 thermal propulsive units is presented to benefit from both the potential high lift-to-drag ratio of the BWB and from the integration of the engines into its structure to reach a noise shielding by configuration. However, as demonstrated in ref. [154], splitting the thrust over multiple thermal propulsion units results in the installation of smaller engines, which show lower efficiency and higher specific consumption [150]. Hence, the features of thermal aero engines seem to be not suitable for this application, as reducing their dimension leads to a loss of performance, reflected in an overall higher fuel consumption; furthermore, a larger number of thermal engines unnecessarily increases the time and the cost of standard and non-standard maintenance operations. On the other hand, these unfavorable characteristics are not present for electric motors, which do not show any dependence of their efficiency with the size and require less maintenance than the corresponding thermal engines [184]. Thus, multiple discrete electric motor applications have been considered for integration on full-electric aircraft, as investigated in [185]; even if in this research the optimum number of electric motors does not exceed four, the possibility of designing a next generation electric aircraft with a larger number of discrete propulsive units remains open. A schematic of refs. [183,185] is reported in Figure 48.
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Figure 48. BWB with 12 thermal engine (left) and tube-and-wing with DP (right). Images adapted from [183,185]. 






Figure 48. BWB with 12 thermal engine (left) and tube-and-wing with DP (right). Images adapted from [183,185].
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3.5. Experimental Assessment: Scaled Demonstrators


To conclude the DP general review, it is also worth mentioning that some experimental studies aimed at assessing the aerodynamic and aeromechanical characteristics of distributed propulsion aircraft by means of scaled flying models. In this regard, the activities described in ref. [186] are of particular note and involve design and flight testing activities on a flying model with short take-off and landing (STOL) features and equipped with DEP; specifically, the experimental activities, both on the ground and in flight, of an aircraft with a mass of 40 kg having a tandem wing configuration and twin-fuselage are described. A view of the aircraft developed in ref. [186] is proposed in Figure 49.
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Figure 49. Views of the flying model DEP demonstrator. Image adapted from [187]. 






Figure 49. Views of the flying model DEP demonstrator. Image adapted from [187].
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The tandem lifting architecture consists of two wings staggered both vertically and horizontally and provides advantages in terms of aerodynamics, i.e., more lift generated compared to an equivalent monoplane and stall stability. The arrangement of the 24 DP units comprises 4 distinct groups of 6 propulsive elements each; a single group is placed on the front wing, while the remaining are installed on the rear wing. To enhance the aircraft’s STOL capabilities, during low-speed phases the propulsive groups placed inboard the two wings rotate together with the flap on which they are installed; the outboard pro-pulsive groups provide the necessary horizontal thrust. Further details on the multidisciplinary design activities of this demonstrator are available in refs. [187,188].



This aircraft was designed to be an experimental research laboratory and thus to validate numerical design activities and to identify the aeromechanical and aero-propulsive characteristics of such an innovative concept. Pictures of the demonstrator on the ground and in flight are shown in Figure 50. Among the various experimental activities, on the ground and airborne, the aero-propulsive interactions were tested, both in terms of aerodynamic forces, i.e., lift and drag, and effects on stall behaviour; the aeromechanical characteristics of manoeuvrability and stability were also preliminarily assessed. Among the main results obtained, an increase in the lift coefficient due to the DEP effect of approximately 0.2 was estimated.



Another interesting flight test campaign on DEP is reported in ref. [189]; a 1:5 scaled model of the Cirrus SR22T aircraft has been retrofitted with distributed propulsion according to the schema proposed in Figure 51. The primary aim of this experimental activity is to characterise the aircraft flight dynamics by focusing on the influence of the throttle effects on the stability and control derivatives.



The study emphasizes the strong inherent interconnections that occur between propulsion and aerodynamics and how these impact on the control features of the aircraft. Lift, pitch and roll are related to the throttle levels; hence this additional input should be used in aircraft control system definition. Additional details on the development and design of the dynamically scaled flying model are collected in ref. [190].



Other insights on development, manufacturing and testing of non-conventional distributed electric propulsion scaled flying models are available in refs. [191,192,193].





4. Boundary Layer Ingestion


Boundary layer ingestion (BLI) stands as a promising frontier in aeronautical engineering, offering the potential for substantial reductions in fuel consumption and pollutant emissions. This innovative concept involves propulsors re-energizing the low-momentum fluid within the boundary layer, mitigating losses associated with kinetic energy diffusion and viscous dissipation in the wake [91,194]. As effectively summarized by [194], BLI effects can be subdivided into (i) a decrease in the jet mixing losses, providing improvements of propulsive efficiency; (ii) a reduction in pylon and nacelle wetted surface, and hence of friction drag; (iii) a decrease in losses related to wake mixing; (iv) boundary layer ingestion and energization, hence changes in fuselage or wing boundary layer dissipations or separation; and (v) a decrease in fan efficiency due to flow distortions. The latter negative effect, thoroughly described in ref. [195], can undermine the other potential beneficial effects, introducing efficiency losses or even severe issues in terms of the engine stability margin. Indeed, contrarily to conventional underwing turbofans that ingest undisturbed airflow, BLI designs incorporate engine intakes within the airframe, possibly resulting in highly distorted inlet airflow. The flow distortion has implications for both stability and efficiency and need to be properly assessed both in the design and in operating phases of the aircraft. At this aim, ref. [195] proposes a wide review of the flow distortion effects and measurements, highlighting the best methodologies. On the other hand, extensive studies on the performance benefits of BLI, particularly in air vehicles powered by distributed propulsors, have revealed its capabilities. The integration of BLI with distributed propulsion presents a holistic strategy for optimizing energy use. Through the strategic placement of multiple propulsion units along the aircraft’s surfaces and the ingestion of the boundary layer, designers can attain significant improvements in efficiency. This combination can diminish drag and increase aerodynamic performance, bringing substantial reductions in fuel consumption, and effectively tackling efficiency challenges at both localized and overall levels [135,196,197]. Engines designed with boundary-layer ingestion capitalize on the airflow generated along external surfaces, such as the fuselage and wings, to increase overall performance. The lower average flow velocity entering the propulsor, compared to a non-BLI configuration, translates into a reduced power requirement for generating equivalent thrust. This can lead to reduced fuel consumption and increased efficiency. To illustrate this point, Figure 52 shows the potential advantages obtained by increasing the levels of turbofan engine airframe integration. Figure 52 (left) represents a conventional airframe with pod mounted engines to avoid ingesting boundary layer flow. This configuration ingests clean airflow with high levels of total pressure recovery and low distortion. However, the ram drag and parasite drag negatively impact the fuel burn because of the larger wetted area, higher momentum of the ingested flow, and additional structural weight brought on by the pylons. An airframe with engines placed close to the aircraft surface, either inside or just above the boundary layer flow, is depicted in Figure 52 (center). The main advantage of this configuration is a reduction in frontal area, which lowers ram drag. Due to the partial ingestion of the boundary layer, engines are subjected to leading edge vortices or flow distortion, which decreases engine performance. Distortion also creates noise and vibration issues; therefore, the integration of distortion tolerant fan blades to accommodate the boundary-layer ingestion become more challenging in this concept [194,198]. Lastly, a sketch representing a full circular BLI fuselage concept is shown in Figure 52 (right). As such, during cruise, the distortion at the fan face is largely radial, while a highly mixed radial and circumferential distortion is produced by other BLI systems, such as the one presented in Figure 52 (center). This means that it should be possible to minimize any losses in fan efficiency by using new design strategies to match the distorted inflow. Furthermore, this layout gives the highest system benefit in terms of drag reduction and necessary thrust reduction, since the boundary layer ingestion and re-energization almost eliminates the aircraft wake.



The boundary layer characteristics can vary based on factors like aircraft speed, altitude and atmospheric conditions, making it challenging to design a system that works optimally in all scenarios. In this context, the implementation of BLI introduces a set of challenges, notably in the form of inlet flow distortion. As the propulsion system ingests the slower-moving boundary layer air along the aircraft’s surfaces, variations in velocity and pressure within this layer can lead to uneven airflow at the engine inlet. This distortion poses a significant concern as it may compromise engine efficiency and performance. The impact of BLI distortion becomes more pronounced with variations in aircraft speed and altitude. At different flight regimes, the boundary layer characteristics change, affecting the quality of air ingested by the engines. At lower speeds, the boundary layer tends to be thicker, and variations in velocity are more prominent. This can exacerbate distortion issues, requiring careful design considerations to maintain optimal engine performance during take-off and low-speed flight. Consequently, aircraft designers must carefully investigate the dynamic interplay between BLI, speed and altitude, seeking solutions that ensure consistent and efficient engine operation across a range of flight conditions [199].



As the aviation industry continues to explore the benefits of BLI, research and development efforts are directed towards optimizing designs that mitigate distortion challenges and enable the seamless integration of this technology into a variety of aircraft configurations and operational scenarios. In the pursuit of harnessing the benefits of BLI across a diverse range of aircraft, ongoing research endeavours delve into non-conventional configurations. The exploration of these alternative setups aims to comprehensively understand the advantages and challenges inherent in BLI, addressing the intricate interplay of aerodynamics, propulsion and overall aircraft design. These studies play a pivotal role in shaping the future of aeronautical engineering, offering novel perspectives on how BLI can be exploited across diverse aircraft platforms. Within the extensive landscape of aeronautical research, numerous literature reviews have diligently explored the nuances of BLI and the potential integrations with non-conventional configurations. These reviews have laid a foundation by examining the benefits and challenges associated with BLI, shedding light on innovative designs such as the blended wing body, the Double Bubble D8 and propulsive fuselage concepts [200,201,202].



This section provides a comprehensive exploration of BLI, examining its principles, benefits and challenges, with a focus on methodologies for evaluating different propulsion architectures accompanied by the complexities of aerodynamic integration. Moreover, this literature review extends its focus by considering the effects of BLI on overall aircraft design. It navigates the complexities of integrating BLI with non-conventional configurations, addressing challenges such as inlet flow distortion and exploring innovative solutions. By spotlighting this new literature review, we acknowledge the evolving narrative in aeronautical research, where a fresh lens is applied to advance our comprehension of BLI, pushing the boundaries of efficiency, sustainability and design innovation in aviation.



4.1. Propulsive Fuselage Concepts


The following section introduces studies centered around the propulsive fuselage concept (PFC). The idea underlying the PFC design is that the BLI propulsion unit is placed in such a way as to encircle the aft portion of the fuselage. Therefore, a significant amount of the airframe viscous drag is ingested. This means that the PFC ingests the 360 deg fuselage boundary layer, so the distortion at the fan face during cruise is close to radial [203]. Steiner et al. [204] recognised the PFC as the most promising among various non-conventional propulsive alternatives, e.g., distributed multiple fans or embedded ducted thrusters; their estimation suggests that the potential power savings from the PFC fall within the range of 6% to 10%, as shown in Figure 53.



In this context, numerous publications have explored and discussed various aspects of this geometry. The DISPURSAL (Distributed Propulsion and Ultra-high By-Pass Rotor Study at Aircraft Level) project by Bauhaus Luftfahrt investigated novel aircraft with different propulsion integration systems, highlighting a PFC using a third gas turbine at the aft-part of the fuselage, as sketched in Figure 54 [206]. The system efficiencies were proved by parametric calculations that broke down the drag components and considered the amount of drag that was ingested from the BLI engine. Bijewitz et al. [207,208] expanded the previously mentioned approach by incorporating aircraft sizing considerations. The researchers identified key design drivers such as the fan pressure ratio, total pressure recovery and intake area. When analysing objective functions such as block fuel and maximum take-off weight, they emphasized the importance of elements like fan efficiency and the increased weight of the BLI engine. Additionally, in their subsequent work, Bijewitz et al. [209] introduced the thrust split ratio as a crucial parameter for assessing system performance. This variable connects the net thrust generated by the fuselage fan power plant to the total net thrust installed on the aircraft; that is, the net thrust of the power plants installed on the wings plus the net thrust of the fuselage fan (see Figure 53 (left)). As a result, the thrust split ratio was adjusted over a wide range of values, ranging from 8 to 40%, producing changes in the thrust size of powerplants mounted in the fuselage and wings. It was shown that choosing a thrust split smaller than the one connected to a common core strategy offers an extra improvement in fuel burn. However, reducing sizing thrust and therefore duct height yields to reduce intake pressure ratios, increases the TSFC. In contrast, a higher thrust split ratio increases the overall propulsion system weight, as well as the wing mass due to the related increase in wing area, penalizing the fuel burn. Therefore, by adjusting this parameter, the researchers identified a balanced design point with block fuel reduction amounting to 12% when compared to a conventional aircraft with the same technological assumptions.



The CENTRELINE (concept validation study for fuselage wake-filling propulsion integration) is another European project that aims to explore a promising BLI aircraft using a PFC design (see Figure 55) [210]. Numerous contributions have been made to this idea in the areas of propulsion, airframe integration, and the structural design of the BLI propulsor while taking aerodynamic effects into account. Bijewitz et al. [211] carried out parametric analyses, by evaluating different inlet total pressure recovery and FPR on the BLI fan. This variation considered potential drawbacks such as a fan efficiency penalty and a reduced fan axial Mach number based on prior investigations. Castillo and Hall [203] introduced a fan design suitable for operation in a PFC. The authors initially devised a fan for uniform inflow, which was then tested in both clean and BLI inflow conditions, with the aim of comprehending the impact of radial BLI distortion on fan aerodynamics. The results demonstrated that the new fan could manage BLI distortion inflow; however, they estimated a 1% penalty in the fan’s isentropic efficiency. Utilizing this framework, the researchers effectively manipulated various parameters across all involved components, showcasing the trade-offs influencing block fuel, while also calculating operating empty weight and maximum take-off weight. The authors planned to improve the results by using a more robust structural model, performing CFD calculations, and investigating design changes such as variable nozzle area or variable pitch BLI fan to increase fan efficiency and increase its operating range.



Habermann et al. [212] introduced a novel matching scheme for forces bookkeeping, to facilitate in-depth airframe/engine integrated studies. The researchers examined various bookkeeping schemes and objective functions prevalent in the existing literature. They pointed out that most current bookkeeping schemes are tailored to specific applications, making their application across diverse scenarios impractical. The authors later published new studies [213,214] and focused on parametric investigations involving various geometric parameters and BLI fan pressure ratios. The research provides a methodology for evaluating the aerodynamic performance of the PFC enabling a thorough assessment of the system. The findings underscored the substantial impact of FPR on the required shaft power, revealing that a 10% reduction in FPR resulted in a remarkable 36% reduction in shaft power. On the other hand, a series of experimental studies confirmed preliminary simulations of this PFC aircraft [215,216,217]. Particle image velocimetry techniques were employed to investigate the main aerodynamic phenomena, and the power balance method was employed to evaluate the aerodynamic and propulsive forces. These investigations concentrated on analysing the aerodynamic forces and moments under various flight conditions, as well as defining the flowfield surrounding the BLI propulsor. To guarantee correspondence between the experimental outcomes and full-scale aircraft, the propulsor’s size was adjusted to keep an identical ratio between the fan diameter and the fuselage momentum thickness at the fan location. The results showed that the PFC can save about 5% of power when it uses an optimal BLI propulsor in axial equilibrium. Finally, in terms of structural analysis, various design solutions have been developed which align with the requirements stipulated in the CS-25 regulations [218]. Their primary objective is aimed at minimizing the overall mechanical complexity and mass of the nacelle. Undoubtedly, research conducted as part of the DISPURSAL and CENTRELINE programs produced significant findings about completely coupled interdisciplinary optimization and hinted at the possibility of incorporating instruments with varying degrees of fidelity into a unified force bookkeeping scheme single force accounting scheme [210].



The STARC-ABL (single-aisle turboelectric aircraft with aft boundary layer propulsion) concept is a single aisle turboelectric aircraft, whose main design feature is an innovative BLI fan under its T-tail, as shown in Figure 56, which could reduce the overall drag and fuel usage on the aircraft [219]. The systems-level analysis reported by Brelje and Martins [24] showed a potential reduction of 7% to 12% on block fuel usage when compared to a standard configuration of the same technology. Nowadays, Boeing plans to investigate certification challenges to further mature these concepts and reduce the operational risks [220]. Based on this concept, a series of high-fidelity aerodynamic shape optimizations have been conducted in order to reduce the extra drag generated on the BLI fan as well as possible design modifications at the aft-part of the fuselage that can potentially affect the boundary layer shape and distortion.



Gray et al. [221] presented CFD simulations of the BLI fuselage coupled with a simple propulsion model. This framework was able to automatically adjust the BLI fan diameter depending on the FPR selection. The authors conducted a comparative analysis between the results obtained from the BLI concept and a baseline configuration with podded engines, considering different FPRs. Emphasizing the comprehensive nature of the BLI benefits, the authors underscored the combined influence of both aerodynamic and propulsion effects. Consequently, they emphasized the crucial significance of coupled simulations to accurately capture the integrated impact of these factors on the overall performance of the BLI concept. Subsequent work involved many other propulsion variables such as the fan pressure ratio, static pressure at the fan face, and many geometrical variables that control the shape of both the fuselage and the nacelle. The authors performed several optimizations focused on minimizing the power required at the BLI shaft. The findings indicated that the BLI configuration presents a noteworthy 9% decrease in the necessary power during cruise, contingent upon assumptions regarding the efficiency of the power transmission system connecting the underwing engines and the aft propulsor. Moreover, the results underscore that the power transmission efficiency plays a pivotal role in determining the proportional size relationship between the underwing engines and the aft propulsor [222]. Inlet distortion constraints were included in a new coupled aero-propulsive study [223]. Keeping the same objective function, optimizations were conducted both with and without the imposition of the inlet distortion constraint, varying the sizes of the aft-propulsor to examine the constraint’s influence on overall BLI performance. By using this method, the total pressure distortion metrics are computed using the generated pressure fields, and the results are compared to pressure field distributions that are computed directly from the CFD data. A numerical pressure rake was used to compute the distortion metric (ki), which measures the uniformity of the circumferential total pressure distribution as follows:


    k   i   =       p  ˘    t   f f , i   −     p  ¯    t   f f , i         p  ¯    t   f f , i      



(9)




where superscript ff represents quantities taken at the fan face, superscript i represents a specific radial ring of pressure measurements,       p  ¯    t   f f     is the overall mean total pressure, and       p  ˘    t   f f     is the total pressure averaged among all the values that are below       p  ¯    t   f f    . The outcomes reveal that the introduction of a distortion constraint leads to an increase in the required propulsor shaft power, registering up to a 1.2% increment compared to the unconstrained scenario. Notably, smaller propulsors exhibit a comparatively lower performance degradation than their larger counterparts. These results highlight the need for using a fully linked aero-propulsive model to accurately anticipate BLI performance and show how effective aero-propulsive optimization is at guiding the creation of BLI configurations.



Expanding on the expertise and models established in the earlier-mentioned studies, Yildirim et al. [224] carried out optimization tests on the STARC-ABL configuration to minimize the shaft power needed for the BLI fan. All the essential parts of the aircraft geometry (wing, body, tail and BLI fan) were considered in the optimization model. The results showed a direct relation between the increase in the FPR and the BLI fan’s shaft power consumption. The presence of the complete aircraft geometry provided an additional understanding of the propulsion–airframe integration effects, demonstrating how the downwash from the wings contributes to the fan face distortion. Such an effect was also observed by Kenway and Kiris [225], whose results exhibited that minor changes of the wing root may possibly impact the distortion levels without adversely modifying other aspects of the wing shape. The development of the STARC-ABL concept revealed the need for closely coordinated airframe/propulsor methods as well as the significance of CFD models in addressing possible force discrepancies. Most optimization tasks sought to minimize power saving while emphasizing the trade-off between allowable propulsor distortion levels and the generated power.



Further relevant research involved different concepts than those presented above. Blumenthal et al. [226] integrated a BLI propulsor on the tail cone of the NASA’s common research model. CFD studies examined the potential benefits in the propulsion and aerodynamic systems, using an actuator disk to model the thrust generated by the BLI engine. Simulations were conducted for a cruise condition of Mach 0.85 and altitude of 38,500 ft. The outcomes indicated an 8% savings in engine power for the BLI configuration when compared to the baseline geometry. Brown et al. [227] introduced a BLI regional aircraft, focusing on aerodynamic calculations. This study centered around the TailWind, a full-electric regional commuter aircraft developed by Ampaire, designed for short-haul journeys. The aircraft was simulated with an actuator disk representing the BLI fan in an axisymmetric geometry. TailWind featured a single propulsive device, the BLI aft-fan, with integral methods used to calculate the net force on the computational domain. A parametric analysis of the duct shape revealed potential interactions between the duct and fuselage. Fan design results indicated a minimal influence on BLI performance from inlet distortion. The authors explored various BLI configurations, demonstrating power savings of about 4.9% compared to an isolated conventional propulsor. Schnell et al. [228] developed a study focusing on integrating a propulsion performance model with an enhanced streamline-curvature-based method to adjust the operating conditions. The aircraft chosen for this investigation was a single-aisle, medium-range configuration designed for 150 passengers. The methodology involved modeling specific flight phases of a typical mission profile, with an emphasis on the cruise phase to estimate changes in fuel burn. A sensitivity analysis was initially conducted to account for differences in the power provided by the BLI-fan against the ingested momentum deficit. The authors found that the aft-fan was the primary driver of the overall system efficiency increase, resulting in a 2.2% reduction in fuel burn for the studied mission profile. This was determined by looking at the efficiencies of both the main engine and the aft-fan.



In ref. [229] a sensitivity analysis to explore the impact of BLI on airframe design is proposed. The methodology was implemented for conventional configurations and the baseline aircraft was the Boeing 737-8. Employing 3D CFD models, the authors evaluated several geometries against the baseline aircraft. The examined scenarios included different angles of attack, and diverse wing and empennage designs. Special attention was given to design variables involving the fuselage shape such as the nose, aft-section and belly fairing. For each of the cases, the BLI effect was quantified using critical terms from the power balance method. The outcomes of this exploration indicated that several parameters have significant influence on BLI design depending upon the chosen model and engine position. Consequently, the authors emphasized the potential value of this study as a foundational resource when evaluating diverse BLI concept designs. Moreover, they proposed the integration of these results within an aero-propulsive coupled framework utilizing surrogate models. Fernandez and Smith [230] reported CFD simulations to explore a partial turboelectric aircraft based on the Airbus A320. The aircraft has two primary underwing engines and a BLI aft-fan. There were two different examples presented: one that looked at the airframe and electric fan separately, and the other that looked at both in an integrated approach. The findings revealed that integrated scenarios yielded a notable 34% reduction in drag, attributable to distinct airflow patterns along the fuselage surface induced by the presence of the aft-mounted BLI fan. Additionally, there was a notable 33% increase in the thrust produced by the BLI fan. The authors emphasized that to fully evaluate these impacts, it is crucial to evaluate moment variations throughout the whole aircraft geometry, considering a variety of operating locations and coupled aero-propulsive performance. A different approach focusing on design space investigation of partial turboelectric BLI aircraft concepts was presented in ref. [231]. The authors used an Embraer E175 as the conventional reference. The framework relied on models for aircraft performance, aerodynamics, weight, and engine and partial turboelectric powertrain systems. Empirical equations for a turbulent boundary layer on a flat plate were employed to estimate the boundary layer profile. Exploratory studies in the design space involved adjusting the thrust split ratio and BLI fan pressure ratio. Findings indicated that the thrust split ratio influences fan size due to an increased required mass flow rate, leading to enhanced benefits for the propulsion system by ingesting more of the boundary layer. As a result, it was determined that the studied propulsion system could achieve a specific air range improvement of 4–7%.



Finally, the recent work of ref. [232] introduced a distributed aft-fuselage BLI aircraft, which can be seen in Figure 57. The authors performed Unsteady Reynolds-Averaged Navier–Stokes (URANS) calculations to evaluate the interaction between the fuselage boundary layer and the distributed BLI propulsors. The research looked at two different situations, which were distinguished by the different thicknesses of the incoming boundary layer. There are two unique exterior flow structures that arise from this distinction. Increased incidence and flow speed onto the cowl due to a thinner fuselage boundary layer affect the cowl shock structure, flow separation and downstream viscous dissipation in the exhaust jet, all of which influence performance. Suboptimal BLI performance results from significant viscous dissipation caused by the interaction between the exhaust jet and flow separation at the cowl trailing edge. The stage total–total isentropic efficiency is reduced by 4.5% with the URANS technique due to the ingested turbulent boundary layer. Given the considerable uncertainties regarding the harmful effect of fuselage boundary layer on fan aerodynamics and performance, further investigations using experiments and computations are crucial to mitigating risks in this aspect.




4.2. Rear-Mounted Engine(s) Concept


This section examines research pertaining to the concept of rear-mounted engine(s). In this approach, turbofan engines are positioned towards the rear of the fuselage. These engines ingest a portion of the boundary layer, resulting in enhanced system performance. While the primary focus of the discussed studies revolves around conventional thermal propulsion systems, they serve as a foundation for subsequent research groups to progress and explore the integration of electrified powertrain systems.



The “Double Bubble” D8 aircraft (Figure 58), a feasible configuration created by NASA, MIT and Aurora Flight Sciences, stands out among the most pertinent designs with a BLI system, which might go into service between 2030 and 2035 [110]. This unconventional design is distinguished by a modified tube-and-wing with an extremely wide fuselage to increase lift, a low sweep wing to lower structural weight, and embedded engines on the back of the fuselage. According to Drela [110], the D8 aircraft would be used for regional routes, carrying 180 passengers at a cruise of Mach 0.74. The maximum range is 5500 km, similar to the Boeing 737–800. The D8 aircraft’s conceptual design, which took both structural and aerodynamic factors into account, was introduced by Yutko et al. [233]. They presented TASOPT (Transport Aircraft System Optimization), an MDO framework that uses low-fidelity models to evaluate the performance of new aircraft designs. Aerodynamic, structural and aircraft layout assessments were all included in the study. CFD models were used to examine the aerodynamic performance, looking at different fuselage, nose and tail shapes. The D8 airplane, using the TASOPT framework, showed an impressive 25% decrease in block fuel consumption as compared to the 737-800. From this concept, a wide number of computational [234] and experimental [194,235,236] investigations have been performed, comparing a podded version along with a BLI version of the aircraft. The major findings demonstrated a mechanical flow power decrease of roughly 8.6%. This reduction resulted from a 6% decrease in total dissipation as compared to the podded arrangement. Despite the losses resulting from flow separation in the BLI design, this reduction was driven by lower jet and wake mixing. Furthermore, the authors calculated that a full-size D8 aircraft might save up to 15% overall, including for weight reductions and secondary drag caused by the engines’ placement in the BLI configuration. Such results can be interpreted as a proof-of-concept for the use of boundary layer ingestion to increase fuel efficiency of subsonic transports.



As we delve into the cutting-edge developments of the Double Bubble D8 concept and its BLI implementation, a pivotal framework comes to the forefront—the power balance method [237]. This method serves as the cornerstone for understanding and optimizing the intricate interplay between propulsion efficiency and aerodynamics for the Double Bubble D8 configuration. The basic power balance equation is given in Equation (10):


    F   X     V   ∞   =   Φ   ∞   −   P   K   −   P   V    



(10)




where     F   X     is the net streamwise force;     F   X     < 0 indicates net thrust,     V   ∞     is the freestream speed,     Φ   ∞     is the total viscous dissipation in flowfield,     P   K     is the mechanical flow power and     P   V     is the volumetric flow power. The core idea of this method relates to the BLI benefit of diminishing the viscous dissipation in flowfield. In this context,     Φ   ∞     represents viscous dissipation originating from various sources such as shock losses, jet dissipation, and friction drag, so the benefits of a BLI concept is the partial ingestion of the airframe wake, which is re-energized by the propulsor. This process minimizes entropy generation associated with wake mixing, resulting in a reduction of     Φ   ∞     for BLI systems. Adhering to energy conservation principles, the power supplied by the propulsor (    P   K    ) is also expected to decrease. Therefore, assuming low speeds, such as in the experimental studies of the D8 aircraft, and applying the power balance method, the mechanical flow power can be calculated as follows:


    P   K   =  ∯        p     t   ∞      − p    t       V ·   n  ^     dS   
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where     p     t   ∞       is the freestream total pressure,     p   t     is the flow stagnation,   V   is the local velocity vector,     n  ^    is the normal vector which points into the propulsor and   d S   is the surface differential. Smith [238] devised a statistic called the power saving coefficient (PSC) to evaluate the effect of BLI on a setup. This metric shows how much less power is needed in a configuration with BLI         P   K       BLI     than in a traditional podded configuration         P   K        non- BLI      to produce the same net-streamwise force on the entire body:


  PSC  ≡            P   K        non-  BLI     −       P   K       BLI           P   K        non-  BLI      



(12)







This method not only offers a comprehensive perspective on the present state of BLI in the Double Bubble D8 concept but also provides a roadmap for future advancements. As the aviation industry embraces innovative solutions for efficiency and sustainability, the power balance method stands as a guiding framework, driving progress and unlocking the full potential of the BLI capabilities of different non-conventional concepts. A more recent investigation applying this method was presented by Bravo-Mosquera et al. [239,240]. These articles describe computational and experimental investigations of a non-conventional transport aircraft which combines a box-wing layout with a BLI propulsion system (Figure 59). The aerodynamic study consisted of two main analyses: a performance evaluation of the propulsor inlet concerning total pressure recovery and distortion, and a quantification of the BLI advantage using the power balance approach. According to preliminary CFD data, in which the thrust imposed by the propulsor was modeled using an actuator disk, the BLI variant required less engine power than the non-BLI version for several net-streamwise force conditions measured in a simulated cruise. However, the BLI configuration also presented losses in total pressure recovery, which increased distortion at the aerodynamic interface plane. Validation of CFD results was performed using experimental data from subsonic wind tunnels. The test demonstrated a distinct correlation between the jet velocity and the BLI-induced power-saving coefficient. By absorbing slower flow, the use of BLI allowed for a lower jet velocity, which in turn led to less momentum flow through the propulsor and then a more effective power use. As a result, when compared to traditional freestream flow ingesting arrangements, the BLI measurements showed a minimum power saving of 7.41%. Furthermore, it verified the existence of flow distortion, hence limiting aerodynamic performance of the BLI version. More research should concentrate on figuring out how the fan reacts to this distortion, considering any material constraints as well as possible problems with the noise and vibration brought on by the irregular incoming flow.



As stated in Section 2.4, investigations from ONERA focused on innovative aircraft concepts using BLI technologies. The NOVA concept is a medium-haul transport aircraft, which takes advantage of several disruptive technologies, such as BLI ingestion, lifting fuselage and ultra-high bypass ratio engine integration. Wiart et al. [109] performed CFD analyses using an actuator disk to model the BLI fan. The authors demonstrated that the BLI configuration results in a reduced aircraft wake, establishing a more favourable thrust–drag balance when compared to alternative configurations. It is expected that this configuration provides a propulsive efficiency improvement and drag reduction of about 12% and 17%, respectively. In a latter study, also applying CFD simulations, the authors obtained a PSC of 5% in cruise conditions [241]. Building upon the insights derived from the NOVA concept, subsequent studies delve into the Nautilus concept, exploring its potential impact on aircraft efficiency, aerodynamics and propulsion systems [242]. In contrast to the NOVA concept, the engines were located at the rear part of the tail cone, like the propulsive fuselage concept, as in the sketch example reported in Figure 60.



The researchers employed the exergy balance method, conducting a component breakdown to examine the terms that experienced reductions considering the BLI concept. This methodology is based on momentum balance and the second law of thermodynamics. In general, the exergy balance delineates the utmost potential work attainable from a substance as it undergoes a transition from a specified temperature and pressure/velocity to a state of thermal and mechanical equilibrium with the surroundings. A complete description of the method can be found in [243]. The approach employed here aligns with the power balance approach introduced by Drela [237], as it characterises the exergy supplied by the propulsor within a control volume due to various sources. This methodology allows for studies encompassing aero-thermo-propulsive performance, given that the exergy balance considers both mechanical and thermal energy. By applying this approach, a decreased propulsive power requirement in the BLI concepts was found. Additionally, the authors emphasized the necessity for ongoing concept redesign efforts and the exploration of various operating points within the flight envelope. In sum, the Nautilius concept offers a distinct advantage over a traditional underwing engine installation in terms of propellant efficiency and drag, with an estimated 10% reduction in fuel consumption. The DRAGON concept is also another effort from ONERA within the context of BLI coupled with a distributed electric propulsive architecture [244]. The DRAGON has a passenger capacity of 150 PAX and has two rear-mounted engines that power an array of BLI electric ducted fans across the wingspan, see Figure 61. The researchers demonstrated that the DRAGON configuration can attain a fuel burn reduction of up to 7% when compared to a conventional aircraft incorporating the same technology assumptions.



The more recent available publications considering rear-mounted engines are those by Mennicken et al. [245], and Ahuja and Mavris [246]. Both investigations focused on the development of frameworks to assess the BLI propulsion performance and mission analysis of different unconventional configurations. In [245], a current version of the Airbus A320neo was calibrated to accommodate two BLI turbofan engines at the rear of the fuselage. The aircraft using BLI resulted in a 1.1% block fuel reduction in comparison with the reference aircraft. The researchers pointed out that the introduction of the novel BLI concept may lead to increased cabin noise due to distorted fan inflow and the lack of a clear pathway for the transfer of airframe sound. On the other hand, in [246], the authors implemented a surrogate modeling to minimize the computational cost of CFD simulations to study the sensitivity of the aerodynamic performance to the BLI effect when varying different design parameters. The approach was tested on the D8 and NOVA concepts, and a current 737-8 aircraft served as a baseline without BLI. They adopted two approaches (coupled and decoupled) to combine BLI effects in airframe and propulsor design. When implementing BLI design variables in a coupled approach, i.e., when an iterative information exchange between the aerodynamics and propulsion disciplines is obtained, the fuel savings reached 6%, whereas for a decoupled approach, i.e., when there is incomplete design information concerning the airframe or the propulsor, the fuel savings reached 8%. The authors note that decoupled approaches may induce errors when evaluating the performance of BLI systems. Consequently, they assert that a coupled method for aero-propulsive design represents the best approach for BLI concepts.




4.3. The Blended Wing Body Configuration


The BWB concept represents an intriguing non-conventional aircraft configuration that holds significant potential for integrating BLI technology. Unlike traditional aircraft with distinct fuselages and wings, the BWB design features a smoothly blended transition between the wings and the fuselage, creating a more aerodynamically efficient and structurally innovative concept [36]. In the context of BLI, the BWB design provides a unique platform for exploring the benefits of ingesting the boundary layer. By seamlessly incorporating BLI into the broad and curved surfaces of the BWB, designers aim to optimize the interaction between the propulsion system and the boundary layer airflow along the aircraft’s body. This synergy between the BWB configuration and BLI technology reflects a forward-thinking approach in the quest for more efficient, sustainable and high-performance aircraft designs. This led to several studies of BLI on the BWB concept. For example, Carter et al. [247] designed and tested a BWB configuration with BLI nacelles. The authors created a knowledge-based aerodynamic design method using the USM3D flow solver, whose results were successfully validated using wind tunnel experiments. This study identified the possible advantages of combining BLI inlets with active flow control, since the two technologies decrease inlet distortion and prevent flow separation, which lowers viscous and ram drag. The combination of both technologies demonstrated a benefit of 10% in fuel consumption.



Models to describe the effects of propulsion integration on the BWB concept have been formulated and integrated into multidisciplinary design optimization formulations. One of the first MDO frameworks was reported by Ko et al. [248], whose results led to subsequent and more detailed outcomes reported in [154]. The investigation involved two BWB concepts: a conventional propulsion (CP) BWB concept, with four pylon mounted engines as a baseline configuration, and a distributed propulsion (DP) BWB concept, with eight BLI inlet engines. The evaluated mission was for 14,353 km with a cruise Mach of 0.85 and carrying 478 passengers; the objective function of the MDO was the minimization of the MTOW. The results of this investigation showed that the best DP BWB reduced the wing weight by about 19% in comparison to the CP BWB; this configuration also reduced the fuel consumption approximately 7.8%, due to a thrust reduction of 3%. Although the cruise lift-to-drag ratio and thrust-to-weight ratio are analogous for both configurations, the DP BWB configuration allowed for a smaller wing loading and a higher aspect ratio design than the CP BWB configuration. Figure 62 shows more details of the evaluated configurations, including some performance results.



Another relevant MDO study was developed by Rodriguez [249]; in this research, the author developed an MDO framework to assess the benefit of boundary layer ingestion inlets on a BWB planform. Two types of engine installations were considered for this investigation (Figure 63). The first one used an engine assembly with podded nacelles on the wing upper surface (Figure 63 (left)). The second layout used submerged inlets on the wing upper surface to introduce and study the effects of BLI on the configuration (Figure 63 (right)). This framework used the CFL3D software as the CFD solver [250], the NEPP code as the engine analysis method [251], and the NPSOL tool as the gradient-based nonlinear optimizer [252]. The objective function was to reduce the inlet mass flow rate, subjected to total pressure recovery, lift, drag and distortion constraints. The results highlighted that the fuel burn rate was reduced by approximately 7%, from the podded BWB to the BLI BWB configuration; furthermore, reductions of about 5% were obtained for the drag coefficient, whereas the distortion index was enhanced by 2%.



Similarly, but with more advanced computational tools, a collaborative framework (AGILE [253,254]) among several institutes has designed two versions of the BWB configuration (see Figure 64). The goal of the AGILE innovation project is to prove a 40% speed-up in addressing realistic MDO issues when compared to the current state-of-the-art [255,256]. Both developed aircraft layouts have the same general characteristics, but with different propulsion system installation, namely podded and BLI. The two versions of the BWB were designed to operate at a cruise Mach of 0.85, for a maximum range of 8500 km, and carrying 450 passengers. Also, in this case, the main results suggested that the BWB configuration with BLI propulsion system (Figure 64 (right)) enhanced the propulsive efficiency and reduced the fuel burn, in comparison with the podded BWB configuration (Figure 64 (left)). However, performance constraints due to flow distortion and reduction of total pressure recovery may limit the performance of this configuration.



A more general study regarding the conceptual design of subsonic BWB transport aircraft with distributed propulsion featuring BLI engines is presented by Kok et al. [257]. The authors examined several aircraft–engine combinations using a gas-turbine performance tool in conjunction with a weight prediction tool. An optimization approach based on genetic algorithms was employed to determine the engine aspects that provide the lowest fuel consumption. According to the results, an airframe with three BLI engines outperforms a traditional pylon-mounted propulsion system by 5% in terms of fuel burn. Later, several NASA studies concentrated on a proposal known as N2B [258] that uses a hybrid fuselage integrated with numerous traditional high-bypass turbofan engines to take advantage of boundary layer ingestion technology. For the N2B HWB configuration, high-fidelity flow simulations were carried out with an emphasis on the impacts of aerodynamic performance through airframe–propulsion integration. Specifically, a shape design optimization of embedded inlets on the HWB configuration was developed to reduce the flow distortion by using BLI inlets. Two stages were included in this study: the first involved minimizing drag by reshaping the cowl surfaces, which significantly decreased shock wave strengths and flow separations; the second involved minimizing distortion at fan faces by altering diffuser wall surfaces. In addition to achieving an improvement of 8% in the L/D ratio, the distortion index was decreased by 12.5% from the original design [259].



Important technological challenges found in early studies demonstrated that the BWB concept’s upper surface provides the ability to minimize noise by shielding the propulsion system. Such progress led to the development of the advanced configurations named Silent Fuel-Efficient aircraft (SAX-40 concept, shown in Figure 65 (right)) and the N3-X concept (shown in Figure 65 (left)). Both aircraft were designed to compete with the Boeing 777 under the environmental goals of the NASA N + 3 program [260]. Researchers from NASA, Boeing, MIT and Cambridge University, among others, cooperated in these ventures. A multi-fidelity design methodology was developed for the SAX-40 concept, involving noise and FAR regulations into the main framework.



The aerodynamic design of the SAX-40 involved three stages of development, from low-fidelity concepts using the Athena Vortex Lattice (AVL) tool [261] to a complete high-fidelity optimization using CFL3D [262]. The final concept improved the lift-to-drag ratio by 15% compared to non-optimized BWB designs and the fuel efficiency was 28% better than the Boeing 777, improving the fuel consumed per payload. In addition, the average noise level measured at the airport perimeter provided significant reductions compared to the conventional benchmark (following the ICAO Chapter 4 criteria [263]). Hardin et al. [264] conducted a high-level trade-factor-based study on a distortion-tolerant propulsion system for SAX-40. It was found that a 5% fuel consumption benefit can be achieved with embedded configuration if the reduction in fan efficiency is less than 2% relative to a clean-inflow baseline. These studies have shown that the power-saving benefit of distributed propulsion with BLI is very sensitive to the individual component performance.
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Figure 65. SAX-40 concept [263] (left) and N3-X concept (right) [265]. 






Figure 65. SAX-40 concept [263] (left) and N3-X concept (right) [265].
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On the other hand, the NASA N3-X concept with Turboelectric Distributed Propulsion was designed to achieve the cruise-efficient short take-off and landing (CESTOL) configuration, which presented a high lift-to-drag ratio airframe with BLI inlets and distributed thrust nozzles to improve propulsion efficiency [266]. It should be noted that there are no reports about specific frameworks used for designing the NASA N3-X. However, many authors have reported a great number of publications about this concept, from preliminary weight estimations [267], to powertrain technology integration, i.e., superconducting electric drive engines and cryogenic subsystems, to related noise and emission approaches [268,269]. Performance comparisons against the Boeing 777 showed that the NASA N3-X concept reduced the mission fuel consumption by 70% and noise levels by 40%, which, on a large scale, overcame the goals of the N+3 program [270]. The assessment of the BLI effects and benefits of this concept is presented in three relevant investigations. A method for estimating the effects of intake flow distortion on the design point of the BLI propulsion system was presented by Liu et al. [271]. The BLI propulsor reduced fuel consumption at all studied fan pressure ratios; however, at off-design conditions, high distortion levels were observed which reduced fan pressure and efficiency, requiring a new fan blade to control disturbed flow. Arntz and Atinault [272] developed an exergy-based theoretical model for assessing the aero-thermopropulsive performance of a simplified version of the N3-X concept with BLI. The authors showed that the model wasted minimum exergy in its wake/jet, obtaining an exergy waste lower than 3%, which in turn provides an approximate 1.5% fuel saving. Finally, two approaches developed by Valencia et al. [273,274] allowed the assessment of BLI concepts while optimizing the system to minimize distortion and intake pressure losses. The N3-X served as the baseline aircraft, and research was conducted to determine the best thrust split between various propellers to maximize performance benefits. Instead of using the traditional rotational axial layout, a blade cascade architecture with linear displacement was used to build a new fan. This allows for a change in the three-dimensional flow of conventional fan blades into a two-dimensional flow that moves linearly over the wing trailing edge. Then, the jet flow is directed toward a row of stators positioned downstream of the rotor band. The shift from blade rotary motion to linear displacement reduced circumferential distortion concerns. As a result, intake pressure losses were lower with respect to the baseline conventional fan, demonstrating benefits of 4% in fuel savings.



Throughout this section, it was observed that aircraft with boundary layer ingestion inlets have promising efficiency gains by ingesting slower-moving air near the surface, reducing drag and fuel consumption. However, challenges such as engine design complexity, and concerns about performance in adverse weather conditions have delayed extensive adoption of this technology in operational scenarios. Furthermore, rigorous testing and certification processes are required to ensure safety and reliability, further delaying their entry into service. In addition to the engineering complexities, the BLI technology presents significant challenges in managing noise levels. Ingesting boundary layer air can introduce additional turbulence into the engine, potentially leading to increased noise emissions. Mitigating these noise concerns while maintaining the efficiency benefits remains a key obstacle in the development and adoption of BLI technology. Noise regulations and community acceptance also play a critical role in the feasibility of implementing BLI in commercial aircraft. Finally, manufacturing considerations further complicate the integration of BLI systems into aircraft designs. The inlet configurations required for boundary layer ingestion often demand novel manufacturing techniques and materials, mainly in terms of distortion-tolerant blades. Achieving the necessary precision and durability while balancing cost considerations poses a substantial barrier to mass production. Moreover, the integration of BLI systems into existing aircraft structures necessitates significant redesign and testing to ensure seamless integration without compromising safety or performance.





5. Other Non-Conventional Propulsion Integration Technologies


This section briefly proposes an overview on the integration of other individual non-conventional propulsion technologies that cannot be included in a defined category, specifically, jet flap, cross flow fan and embedded wing propulsion. The term jet flap refers to engineering solutions that allow the exhaust of the engines to be distributed along the wingspan: the outflow is expelled, close to the trailing edge, by varying its inclination with respect to the asymptotic flow velocity [138]. The first solution, which also has a BLI effect to increase the propulsive efficiency [275,276], orients the exhaust allowing for an increase in the maximum lift coefficient and is used in the takeoff and landing [154]; in these phases, the parameters that affect the aircraft performance are the thrust and the inclination of the exhaust. The study proposed in ref. [154] applies the jet flap concept to a transport blended wing body aircraft; the aircraft configuration has a series of engines mounted on the upper side, and part of the jet exhaust is distributed along the wingspan through proper slots, as shown in Figure 66. The propulsion system design and integration are assessed within a multidisciplinary design tool to evaluate its aerodynamic, propulsive, and structural effects and the overall impact on aircraft performance. The first indications give promising hints about the possibility of increasing the propulsive efficiency and low speed performance through the distributed or vectored exhaust concepts; however, more detailed investigations are needed to assess the feasibility and the quantitative benefits of this architecture.



Another unusual propulsion–airframe integration is the so-called cross flow fan. This is a technology that involves the use of a fan whose axis is perpendicular to the flow direction, which enables improved lift capability at low speeds [277,278]. According to ref. [277], values of the lift coefficient close to 7 can be obtained; hence, such technology enables the design of aircraft with very short takeoff runs. The effects of cross flow fan on an airfoil wake are sketched in Figure 67, which shows a schematic case at an angle of attack of 40°; in this example, if the fan is off, flow separation occurs, whereas once the fan is turned on there is re-energization of the flow, which does not separate: this allows for an increase in the maximum lift coefficient.



Cross flow fans can be driven by a thermal engine or an electric motor; however, the difficult implementation of this technology within the wing structure of transport aircraft limits its practical use. In the case of small unmanned aerial applications, on the other hand, such a configuration can be adopted more easily [277]. In general, however, it is difficult to see some of its applications as an enabler for a more efficient next-generation aircraft.



In this context, it is possible to also consider combinations of different propulsion technologies and their integration into advanced aircraft concepts. This is the case, for example, of the unconventional aircraft architectures studied for the concept SUSAN (Subsonic Single Aft Engine) developed by NASA [179,279] and already cited in Section 3.3 for the case of distributed propulsion. The project proposed different regional aircraft configurations integrating several levels of propulsive technological innovation, such as a single main propulsion unit installed in the aft fuselage area, distributed propulsion, counter-rotating prop-fans and open-rotors, the option of using propulsive elements for boundary layer ingestion, and a hybrid-electric powertrain. From the synergetic and properly optimized combination of this technological pool (see an artistic representation in Figure 68), the design of a next-generation regional aircraft with an operating range between 750 and 2500 nm, a passenger capacity of up to 180, and a capability of achieving a significant reduction in fuel consumption and emissions, is derived.



To evaluate the different technological integrations and their synergetic effect on overall aircraft design and mission performance, several conceptual configurations were developed, studied and compared, with differing propulsion and architectural options. The four main concepts analysed in this context are depicted in Figure 69 [279]; specifically, the following were considered: (a) is a configuration with a ducted turbofan as aft propulsor and with a tailless architecture (to minimize intake flow distortion and optimize boundary layer ingestion); to satisfy thrust requirements, but also to fulfil stability and directional control functions, the configuration is equipped with four electric motors with counter-rotating prop-fans in an overwing layout; (b) has a T-tail rear architecture, and the number of electric motors with counter rotating prop-fans mounted front-of-wing is reduced to two; in this case the single aft engine is an open-rotor, selected to increase fuel efficiency, but having penalties in terms of noise and installation issues. The large diameter of the rotors, in fact, makes take-off rotation critical, and to avoid rotor ground strikes a protective ventral fin is included. Another problem that may prevent the effective feasibility of this solution lies in the event of a rotor blade failure, which could critically damage the tail surfaces; (c) is a configuration very similar to the previous one, but to solve the problems related to the installation of the aft open-rotor, the latter is replaced with a ducted turbofan; the protective ventral fin is therefore also removed; and (d) has a T-tail architecture with an aft ducted turbofan and with sixteen electric motors powering ducted fans housed within sub-wing integrated nacelles. The multidisciplinary design studies proposed in [179,279] have preliminarily estimated possible significant reductions in block fuel consumption for the investigated configurations. Although these studies are still conceptual, they indicate interesting directions for the synergetic development of disruptive aircraft and propulsion technologies.



There are also other airframe–propulsion integrations that are intended to innovate air transport in a radical manner [280]; among these, especially in recent times, much interest is given to the application of the VTOL (Vertical Take-Off and Landing) concept to civil aircraft [281,282,283,284]. This has been largely boosted by recent technological developments on electric machines for aeronautical applications and by the potential opening of a new air transport market oriented to the movement of few passengers for very short routes, within a typical city environment, and called Urban Air Mobility [285,286,287]. In this context there are many non-conventional integrations between propulsion and airframe, among which the following interesting layouts can be mentioned (Figure 70 gives some examples): (a) multi-rotor [288,289]; (b) tilt-wing [290,291]; (c) tilt-rotor [292,293]; and (d) lift and cruise [294,295].



Such concepts are definitely interesting from an engineering and aircraft design perspective. However, the detailed discussion and analysis of such specific propulsion integrations, generally referring to a transport sector that has not yet been effectively developed, is considered out of the context of this paper.




6. Conclusions


This review proposed and discussed the prospective technological developments related to non-conventional propulsion–airframe integrations for next-generation aircraft. The aim has been to outline the potential of such technologies, as well as the possible drawbacks, in respect of the general performance effects at the aircraft scale; the main driver steering the development of such technologies is the increase in global aircraft efficiency, in terms of aerodynamics, propulsion and operations, with the main aim of achieving fuel consumption reductions and, consequently, environmental and emissions benefits. The propulsive technologies commented on in this paper mainly focused on some more disruptive concepts, such as boundary layer ingestion engines and distributed propulsion architectures, and on evolutionary developments of current turbofans. Regarding the latter, the performance potential of turbofans with bypass ratios significantly higher than the state of the art, known as ultra-high bypass ratio (UHBR) turbofans, was discussed; the main improvement of such technology lies in the increase, even considerable, of the propulsive efficiency of the isolated engine. The discussion on UHBR turbofans has mainly involved the installation effects of such engines, which can lead to significant aerodynamic interaction and interference with the aircraft’s lifting surfaces; furthermore, the integration of UHBR turbofans, which generally have significantly larger dimensions than current engines, could lead to increases in mass and wetted surface, and the ground clearance reduction for underwing installations represents an additional constraint that could impact the design of the landing gear, pylons and the wing itself. Notwithstanding the propulsive benefits, therefore, all these integration aspects have a significant impact on the design development and mission performance of the aircraft and must be carefully evaluated in a synergetic way at all stages of the aircraft design process. Similar considerations on installation and integration issues apply to engines that can be considered as belonging to an extension of this category, namely open rotors. Such thrusters feature large unducted rotors, typically in counter-rotating configuration, and allow the BPR to be increased even considerably beyond that achievable with UHBR turbofans. Improvements in propulsive efficiency, however, are correlated with significant increases in weight; furthermore, the considerable noise emissions typical of this propulsive architecture are currently a major showstopper for the effective utilization of open rotors.



The boundary layer ingestion (BLI) engine is another widely studied technology, which aims to introduce substantial advantages in terms of propulsive and aerodynamic efficiency. This concept is inherently an airframe–engine integration, as it involves the synergetic action of the engine ingesting the boundary layer of a part of the aircraft (wing or fuselage) and providing the filling of the wake effect. This is performed by installing the engines in an embedded manner with the airframe, and this can be achieved in a variety of layouts or architectures. Among those discussed in this paper, the propulsive fuselage and the combination of blended-wing-body and BLI mainly emerge. In the first case, a propulsive unit is installed in the aft area of the fuselage, with a main function of ingesting the latter’s boundary layer. In the case of the BWB, in addition to the potential beneficial aero-propulsive functions, the concept can also be exploited for noise shielding. In general, however, the actual airframe integration of BLI engines could be rather complex, and safety aspects must also be taken into account; the research and development track is therefore open to new challenges necessary to assess its actual benefits and its practical feasibility.



Distributed propulsion (DP) refers to a variety of architectures having a large number of propulsive units (e.g., propellers or fans), which can be exploited to enhance different aircraft performance. A distinctive and principal application of DP lies in wing blowing effects, which can lead to increases in low-speed lifting capabilities and could result in better take-off performance and a more efficient design of the high-lift systems. The increased lifting capacities associated with DP blowing effects could also favour the design of smaller and more loaded wings, thus potentially introducing lift-to-drag ratio increases as well. In general, it emerges that the wing–DP aerodynamic interaction may be very favourable for low-speed conditions, mainly in the take-off phase, while the field of investigation is still open for studies aimed to achieve effective general aerodynamic benefits in cruise that may be reflected in mission performance benefits. In practical terms, the synergy of DP with new emerging technologies related to the development of electric or hybrid-electric powertrains is de facto an enabler; in fact, DP utilizing thermal propulsive units, which should have reduced size compared to those used in conventional applications, results in detrimental performance deterioration in terms of specific fuel consumption. Electric motors, on the other hand, which do not suffer from scale effects on their performance, allow arbitrary resizing of the propulsive units without loss of efficiency, enabling any number of thrusters to be conveniently installed.



In general, the scenarios described and discussed in this paper show that there are different threads of technological development related to non-conventional integration between propulsion and airframe, which are definitely promising for applications on next-generation aircraft with low environmental impacts. What clearly emerges is that the interdependence of propulsive and aerodynamic design must always be carefully and thoroughly assessed to obtain design guidelines leading to the development of innovative aircraft that can actually represent a great step forward compared to the state of the art. In addition, synergistic development with other disruptive technologies, such as non-conventional lifting architectures or powertrains powered by reduced carbon footprint sources (e.g., hydrogen, fuel cells, batteries, etc.), opens the door to conceptual and detailed investigations of numerous possible novel propulsion–airframe integrations.
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Figure 1. Conceptual sketch of the short-cowl design for UHBR turbofan nacelle. 
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Figure 2. Comparison of SFC trend with BPR between DDTF and GTF. 
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Figure 3. Block fuel trend with BPR for DDTF (left) and GTF (right). 
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Figure 4. Conceptual sketch of the qualitative performance difference between an uninstalled and installed turbofan. 
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Figure 5. Investigated relative nacelle and wing positions. 
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Figure 6. Drag sensitivity with respect to the turbofan positioning; wing (left), nacelle (center), airframe and nacelle (right) contributions. 
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Figure 7. Contour maps at cruise condition for the baseline (left) and UHBR (right) installed turbofan. Image adapted from [77]. 
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Figure 8. Sketch of engine–wing installation with high-lift devices. 
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Figure 9. Underwing schematic installation of a UHBR turbofan. 
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Figure 10. Pressure coefficient contours for the clean (left) and overwing engine installed (right) configurations. 
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Figure 11. Top-of-fuselage (left) and top-of-wing (right) installations. Image adapted from [81,83]. 
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Figure 12. Mach contours for the best (left) and worst position (right) for the overwing installation. 
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Figure 13. Pressure coefficient contours for overwing (OWN) and underwing (UWN) turbofan installations. Image adapted from [85]. 
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Figure 14. Performance comparison between regional aircraft equipped with turbofan with a BPR equal to 5 and a BPR equal to 17 (under- and overwing installations). Image adapted from [89]. 
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Figure 15. Turbofan position considered for the comparative study. Image adapted from [90]. 
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Figure 16. Artistic representation of the ARTEM BWB configuration. Image adapted from [94]. 
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Figure 18. Four NOVA project engine–airframe integrations. Image adapted from [109]. 
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Figure 19. Technological roadmap towards next generation aero engines. Image adapted from [52]. 
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Figure 20. Pusher (left) and puller (right) open rotor. Image adapted from [113]. 






Figure 20. Pusher (left) and puller (right) open rotor. Image adapted from [113].



[image: Designs 08 00020 g020]







[image: Designs 08 00020 g021] 





Figure 21. Propulsive efficiency of open rotor vs. turbofan. Image adapted from [112]. 
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Figure 22. Baseline (left), aft-mounted (center), and wing-mounted configuration (right). Image adapted from [123]. 
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Figure 23. Shapes of the front rotor blades serrated trailing edges proposed in [132]. 
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Figure 24. Effect of induced velocity on the angle of attack of an airfoil. 
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Figure 25. Trends of the corrective factors varying the ratio     v   i   / v   for   α   = 15°. 
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Figure 26. CL-α curve varying thrust level. Image adapted from [160]. (power-off condition ([image: Designs 08 00020 i001]). Thrust level: 4745 N ([image: Designs 08 00020 i002]), 5250 N ([image: Designs 08 00020 i003]), 6100 N ([image: Designs 08 00020 i004]), 7500 N ([image: Designs 08 00020 i005]), 12,200 ([image: Designs 08 00020 i006]), 13,700 N ([image: Designs 08 00020 i007]), and 16,700 ([image: Designs 08 00020 i008]). 
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Figure 27.     C    L , eff      curve varying propeller vertical position (left), horizontal position (center) and tilting angle (right). Image adapted from [161]. 
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Figure 28. Lift coefficient increases due to propeller axial position (left) and diameter (right). Image adapted from [162]. 
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Figure 29. Artistic representation of the aircraft configuration analysed in ref. [163]. 
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Figure 30.     C    L       -α curve with DEP off (left) and on (right) during take-off. Image adapted from [163]. 
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Figure 31.     C    L , eff      increase varying the number of propellers (left) and CL-α curve for power-off and power-on condition (right). Image adapted from [165]. 
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Figure 32. Sketch of the flight test demonstrator of SCEPTOR project. Image adapted from [166]. 
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Figure 33. Effect of co-rotating and contra-rotating DP on lift coefficient (left) and lift distribution (right). Image adapted from [168]. 
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Figure 34.     C    L , eff     -α curve (left) and lift distribution (right) of powered and unpowered wing with flap deflection of 40°. Image adapted from [168]. 
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Figure 35. CL-α curve of the NASA X-57. Image adapted from [169]. 
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Figure 36. Evidence of the separation area (grey colored) for α = 13°. Image adapted from [169]. 
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Figure 37. Effect of number of propellers on thrust (top left), propeller diameter (top right), aircraft lift coefficient (bottom left) and take-off rolling distance (bottom right). Image adapted from [170]. 
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Figure 38. Take-off field length (left), thrust-to-weight ratio (center) and lift coefficient (right) vs. number of propellers. Image adapted from [171]. 






Figure 38. Take-off field length (left), thrust-to-weight ratio (center) and lift coefficient (right) vs. number of propellers. Image adapted from [171].
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Figure 39. View of the three aircraft (left) and powertrain integration scheme (right). Image adapted from [173]. 






Figure 39. View of the three aircraft (left) and powertrain integration scheme (right). Image adapted from [173].
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Figure 40. Aircraft view (left) and powertrain scheme (right). Image adapted from [175]. 






Figure 40. Aircraft view (left) and powertrain scheme (right). Image adapted from [175].
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Figure 41. Thermal baseline configuration (left), serial configuration (center) and turboelectric (right). Image adapted from [176]. 






Figure 41. Thermal baseline configuration (left), serial configuration (center) and turboelectric (right). Image adapted from [176].
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Figure 42. Wing planform comparison between X-57 and P2006T. Image adapted from [177]. 






Figure 42. Wing planform comparison between X-57 and P2006T. Image adapted from [177].
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Figure 43. Effect of wing-tip propellers on L/D (left/center) and efficiency multiplier map comparison with the baseline (right). Image adapted from [177]. 






Figure 43. Effect of wing-tip propellers on L/D (left/center) and efficiency multiplier map comparison with the baseline (right). Image adapted from [177].
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Figure 44. Representation of SUSAN transport aircraft concept. Image adapted from [179]. 






Figure 44. Representation of SUSAN transport aircraft concept. Image adapted from [179].
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Figure 45. SUSAN overwing ducted fans: 3D view (left), center plane Mach contours (center), center plane velocity contours (right). Image adapted from [181]. 






Figure 45. SUSAN overwing ducted fans: 3D view (left), center plane Mach contours (center), center plane velocity contours (right). Image adapted from [181].
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Figure 46. SUSAN underwing ducted fans: 3D view (left), center plane Mach contours (center), center plane velocity contours (right). Image adapted from [181]. 






Figure 46. SUSAN underwing ducted fans: 3D view (left), center plane Mach contours (center), center plane velocity contours (right). Image adapted from [181].
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Figure 47. Tube-and-wing with full-thermal multiple discrete engines. Image adapted from [150]. 






Figure 47. Tube-and-wing with full-thermal multiple discrete engines. Image adapted from [150].
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Figure 50. Experimental flying model: ground (left), airborne (right). Image adapted from [186]. 






Figure 50. Experimental flying model: ground (left), airborne (right). Image adapted from [186].
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Figure 51. Scaled model (left) and possible controls input scheme (right). Image adapted from [189]. 






Figure 51. Scaled model (left) and possible controls input scheme (right). Image adapted from [189].
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Figure 52. Illustration of different propulsion airframe integration: non-BLI (left); surface mounted BLI (center); embedded BLI (right). 
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Figure 53. Power savings from six different propulsion concepts. Image adapted from [204,205]. 
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Figure 54. Propulsive fuselage concept (left) and fuselage–fan–engine integration (right). Image adapted from [209]. 






Figure 54. Propulsive fuselage concept (left) and fuselage–fan–engine integration (right). Image adapted from [209].
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Figure 55. CENTRELINE turboelectric propulsive fuselage concept. Image adapted from [209]. 






Figure 55. CENTRELINE turboelectric propulsive fuselage concept. Image adapted from [209].
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Figure 56. NASA STARC-ABL concept, as described by Welstead and Felder [219]. 
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Figure 57. Distributed aft-fuselage BLI aircraft concept artistic view (left), propulsion integration detail (right). Image adapted from [232]. 






Figure 57. Distributed aft-fuselage BLI aircraft concept artistic view (left), propulsion integration detail (right). Image adapted from [232].
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Figure 58. The Double Bubble D8 concept, as presented by Drela [110]. 






Figure 58. The Double Bubble D8 concept, as presented by Drela [110].
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Figure 59. The box-wing concept with BLI (right) and non-BLI (left). Image adapted from [240]. 






Figure 59. The box-wing concept with BLI (right) and non-BLI (left). Image adapted from [240].
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Figure 60. Sketch of the Nautilus solution for aft-engine integration. Image adapted from [242]. 






Figure 60. Sketch of the Nautilus solution for aft-engine integration. Image adapted from [242].
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Figure 61. Artistic representation of the DRAGON concept. Image adapted from [244]. 






Figure 61. Artistic representation of the DRAGON concept. Image adapted from [244].
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Figure 62. Comparison of the optimum configuration for the conventional propulsion (CP) BWB and a distributed propulsion (DP) BWB. Image adapted from [154]. 






Figure 62. Comparison of the optimum configuration for the conventional propulsion (CP) BWB and a distributed propulsion (DP) BWB. Image adapted from [154].
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Figure 63. Podded (left) and BLI (right) engine installation on the BWB. Image adapted from [249]. 






Figure 63. Podded (left) and BLI (right) engine installation on the BWB. Image adapted from [249].
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Figure 64. Podded (left) and BLI (right) engine installation on the BWB. Image adapted from [256]. 






Figure 64. Podded (left) and BLI (right) engine installation on the BWB. Image adapted from [256].
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Figure 66. Propulsion layout (left) and jet-flow integration (right). Image adapted from [154]. 






Figure 66. Propulsion layout (left) and jet-flow integration (right). Image adapted from [154].
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Figure 67. Cross flow fan off (left) and on (right) and its qualitatively effect on the streamlines at an angle of attack of 40° [277,278]. 






Figure 67. Cross flow fan off (left) and on (right) and its qualitatively effect on the streamlines at an angle of attack of 40° [277,278].
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Figure 68. Architectural layout for the advanced SUSAN concept. Image adapted from [179]. 






Figure 68. Architectural layout for the advanced SUSAN concept. Image adapted from [179].
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Figure 69. SUSAN four non-conventional concepts. Image adapted from [179]. 






Figure 69. SUSAN four non-conventional concepts. Image adapted from [179].
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Figure 70. VTOLs possible architectures: (a) multi-rotor [288]; (b) tilt-wing [290]; (c) tilt-rotor [292]; (d) lift and cruise [296]. 
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Table 1. Mass breakdown of GOR and GTF. Data taken from ref. [116].
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	GTF
	GOR





	Engine core
	180 kg
	230 kg



	Low pressure turbine and turbine exhaust frame
	420 kg
	510 kg



	Gearbox
	215 kg
	505 kg



	Propeller/fan including related structures
	770 kg
	1335 kg



	Nacelle
	800 kg
	95 kg



	Accessories, nozzles, bypass duct, bearings
	270 kg
	275 kg



	Total mass
	2655 kg
	2950 kg










 





Table 2. Main data of the configuration studied in [163].
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Main Data






	
MTOW

	
   8139   k   g   f     




	
Wing surface

	
34 m2




	
AR

	
13




	
Length fuselage

	
18 m




	
     C    L    max   TO     

	
1.9




	
Num. pax

	
19











 





Table 3. Main data of the optima configurations designed in ref. [173].
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	2 Props. Config.
	6 Props. Config.
	12 Props. Config.





	Transmission
	geared
	geared
	geared



	Propulsion weight [kgf]
	1634
	1351
	1335



	MTOW [kgf]
	24,700
	23,950
	23,890



	Wing area [m2]
	63.6
	58.6
	55.6



	Vertical tail area [m2]
	12.16
	9.29
	5.84



	AR
	14
	14
	14



	Wingspan [m]
	29.9
	28.7
	27.9



	     C    L    max     
	2.7
	2.85
	3



	L/D
	17.4
	17.3
	17.5



	Block fuel [kg]
	2114
	2078
	2056










 





Table 4. Main data of the optima configurations designed in ref. [175].
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Baseline

	
     n   f      = 16

	
     n   f      = 32

	
     n   f      = 48






	
R [nm]

	
600

	
900

	
600

	
900

	
600

	
900

	
600

	
900




	
MTOW [×103 kgf]

	
56.76

	
57.89

	
72.8

	
74.4

	
77.7

	
78.4

	
80.5

	
82.4




	
Wing area [m2]

	
116.21

	
116.47

	
104.26

	
106.71

	
119.89

	
121.26

	
118.26

	
124.12




	
L/D

	
18.47

	
18.46

	
18.05

	
18.03

	
17.81

	
17.82

	
17.49

	
17.47




	
Block fuel [×103 kg]

	
4.77

	
5.74

	
4.18

	
5.78

	
3.91

	
5.37

	
4.45

	
6.31











 





Table 5. Main data of the optima configurations designed in ref. [176].
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	Baseline
	Serial
	Turboelectric





	MTOW [×103 kgf]
	21.9
	22.7 (+26.5%)
	22.4 (+2.3%)



	OEW/MTOW
	43%
	42%
	42%



	W/S [kgf/m2]
	367
	562 (+53.1%)
	500 (+36.2%)



	Wing area [m2]
	60
	49 (−18.3%)
	44 (−26.7%)



	L/D (cruise)
	17.5
	18.4 (+5.1%)
	18.5 (+5.7%)



	Block fuel [×103 kg]
	2.19
	3.05 (+39.3%)
	2.24 (+2.3%)










 





Table 6. Comparison between the Tecnam P2006T and NASA X-57 [177].






Table 6. Comparison between the Tecnam P2006T and NASA X-57 [177].










	
	P2006T
	X-57





	Wing area [m2]
	14.7
	6.1



	AR
	8.8
	15



	Wingspan [m]
	11.4
	9.6



	Numb. of prop.
	2
	14 (12 + 2)



	MTOW [kgf]
	1230
	1360
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