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Abstract

:

This paper introduces a multi-fidelity computational framework for the analysis of aerodynamic performance of flight formation. The Vortex Lattice and Reynolds Averaged Navier–Stokes methods form the basis of the framework, as low- and high-fidelity, respectively. Initially, the computational framework is validated for an isolated wing, and then two rectangular NACA23012 wings are considered for assessing the aerodynamic performance of this formation; the optimal relative position is through the multi-fidelity framework based on the total drag reduction. The performance estimates are in good agreement with experimental measurements of the same configuration. Total aerodynamic performance of formation flight is also assessed with respect to attitude variations of the lifting bodies involved. The framework is also employed to determine the optimal position of blended-wing-body unmanned aerial vehicles in tandem formation flight.
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1. Introduction


It is widely known that aeroplanes flying in formation yield fuel savings. Fuel savings are achieved due to the reduced induced drag on the following aeroplane, when it is positioned within the upwash created by the leader’s wingtip vortices. It has been established experimentally and computationally that birds flying in formation results in energy savings [1,2]. Lissaman and Shollenberg [3] showed that at the optimal distance between the leader and the followers in a flock of twenty-five birds could increase the flight range by   70 %   compared to their isolated flights. Hainsberg [4] used fifty-five geese against the model of Lissaman and Schollenberger which reflected the power savings of   36 %  . Hummel [5] devised a theory to predict the optimal wing tip spacing   ( W T  S  O P T   = 0.5 b  ( 1 − 0.89 )  )   for the maximum drag reduction and concluded that it is a negative value which is only possible in the V-shaped formation configurations. Use of lifting line theory to study formation and control has also been of keen interest for researchers [6].



Unmanned Aerial Vehicles (UAVs) have been incorporated in civilian and military fields for surveillance, reconnaissance, search and rescue missions and UAV swarms have been proved to be more performance efficient in formations [7,8].



Many in-flight tests, wind tunnel experiments and computational analyses were performed in recent decades to study formation flight. Hummel and Beukenberg [5] conducted an experiment using two Dornier Do-28 aircraft and established that the maximum obtainable power savings are of about   15 %  . Pahle and Berger [9] tested several flights for large transport class vehicle C-17 aircraft with maximum fuel savings of 7–8%. Inasawa et al. [10] used two rectangular wings of aspect ratio (AR) 5 in a wind tunnel while Blake and Gingras [11] tested two delta wings and compared against the analysis obtained from Vortex Lattice Method (VLM). Recently, Slotnick et al. [12] performed aerodynamic analysis using a multi-fidelity approach. The analysis performed used low-fidelity VLM along with high-fidelity hybrid RANS solver and established the total drag benefits of around   25 %  , which was validated against flight test data with good agreement.



Formation flights involving more than just one follower have also been the prime focus of research to quantify individual savings and the resulting overall drag reduction of the aerodynamic system [13]. Blake and Multhopp [14] showed that   10 %   wing span overlap between the leader and the follower could result in   60 %   increase in the flight range for a cluster of five aircraft in V formation while Maskew et al. [15] found the flight range augmentation of 46–67% for three to five aircraft. It was further noted that power savings were more in the case of second follower than the first. Wagner et al. [16] confirmed increased savings of   17.5 %   for the second wingman compared to first which yielded   15 %   savings [17]. Recently, Ivan and Roberts [18] conducted wing tunnel tests using multiple wings configurations with each wing having low aspect ratio of two; a total power savings of   14 %   and   24 %   in two and three wings configurations was obtained. In correspondence to finding an optimum spacing between the various units in formation, numerous studies also shed light on effect of leader’s shape and size on the follower [19,20].



The present study involves the development of flexible and robust multi-fidelity numerical framework for studying formation flight. The numerical framework accuracy is assessed with grid/panel sensitivity analysis and comparison with experimental data. A computational analysis of two identical NACA 23012 rectangular wings in formation using the multi-fidelity approach of RANS and VLM methodologies is compared against Inasawa et al. [10] experimental data. Furthermore, to demonstrate the flexibility of the numerical framework, two blended-wing aircraft in formation flight are modelled. Section 2 introduces the governing equations for VLM and RANS along with mesh generation strategy and solver attributes. Section 3 expands on the aerodynamic performance analysis of an isolated NACA23012 wing and also in two wings of the same configuration in tandem formation, the local angle of incident and the relative position is in order to maximise performance gains. The computational analysis is further augmented by altering the angle of attack of the lead wing and its effect on the trail wing is assessed. Furthermore, two blended-wing-body aircraft in formation are introduced and the aerodynamic performance is assessed within the multi-fidelity approach. Finally, the conclusions are presented in Section 4 comprising of the inferences obtained for both computational techniques and their applicability to analysis.




2. Computational Methodology


Multi-fidelity strategies incorporating different levels of uncertainty for aerodynamic performance estimations are becoming a standard tool for design, parameterisation and optimisation tasks for aircraft systems. Inexpensive methods based on panels, lifting line theory and vortex lattice methods can generate large data sets for design of experiment phases and multi-objective optimisation analysis. The limitations of these methods with respect to the inherited physical assumptions must be considered, as their applicability range has to be tailored to produce realistic aerodynamic performance indicators particularly in terms of drag estimation. Higher fidelity approaches such as Navier–Stokes solvers can be used to complement the predictions of the lower fidelity approaches.



The computational approach adopted for this study is based on the Vortex Lattice Method solving the Laplace’s equation, where each discrete element corresponds to the vortex line solution of the incompressible potential flow equation. The open-source VLM code Tornado [21] is employed as the foundation of the low-fidelity framework. Additional modules are developed enabling individual trim conditions and Cartesian coordinates to be set for multiple surfaces representing additional lift-generating bodies. High-fidelity aerodynamic estimations are obtained with a second-order RANS solver that accounts for three-dimensionality of the flow, turbulence, viscous drag and boundary layer effects. The developed low-fidelity framework enables the construction of extensive simulation data sets for large flight formation configurations to run in a fraction of the computational cost compared with the RANS approach.



2.1. Low-Fidelity: Vortex Lattice Method


Vortex Lattice Method assumes that the flow is incompressible, inviscid and irrotational. The resulting velocity field is assumed to be a conservative vector field which essentially means that a scalar velocity potential  ϕ  whose gradient will produce a velocity vector field combined with the free stream velocity as given in Equation (1).


  V =  V ∞  + ∇ ϕ  



(1)







The velocity field has to satisfy the incompressible continuity equation written as


  ∇ · V = 0  



(2)




the assumed conservative vector field is the velocity field expressed in terms of scalar potential   ϕ    that results in it being satisfied, given by


   ∇ 2  ϕ = 0  



(3)







The scalar potential  ϕ  satisfies the Laplace’s equation which further implies that if   ϕ 1   and   ϕ 2   are two potential solutions then their linear combination such as    c 1   ϕ 1    +    c 2   ϕ 2    is also a solution for any values of   c 1   and   c 2  . This forms the potential flow theory in which such solutions are combined together to represent a lifting surface. VLM uses one such elementary potential solution to form a vortex sheet and represent a lifting surface.



The thickness of the lifting surface is ignored and the planform of a cambered surface is divided into a number of quadrilateral panels as shown in Figure 1. The number of panels to be incorporated for a particular analysis is subjected to the required accuracy. The lifting surface is replaced with a vortex sling on each panel such that the bound vortex part of the sling is placed at 1/4 chord line. Solution of the velocity field at each panel is computed, based on the attributed vortex sheet of the unknown strength   Γ j   on the corresponding panel. A normal vector  n  at every panel is calculated respective collocation points accounting for camber of the lifting surface. For a problem consisting of N number of panels, the perturbation velocity at ith collocation point is given in Equation (4).


   ∇  ϕ i   = +  ∑  j = i  N   w  i j    Γ j   



(4)







The free-stream velocity components are given in terms of angle of attack ( α ) and angle of side slip ( β ), as given in Equation (5), and are depicted in Figure 2a,b.


   V ∞  =  V ∞       c o s ( α ) c o s ( β )       − s i n ( β )       s i n ( α ) c o s ( β )       



(5)







Note that for the present study the angle of side slip ( β ) is zero. For a problem with N panels, the perturbation velocity at collocation point i is given by summing the contributions of all the horseshoe vortices in terms of an Aerodynamic Influence Coefficient (AIC) matrix   w  i j   . A physical boundary condition of no normal flow component to each panel of the lifting surface is applied and is expressed by Equation (6) at the collocation points.


   V i  ·  n i  =   V ∞  +  ∑  j = i  N   w  i j    Γ j    



(6)







This is demonstrated in Figure 2c,d. This is also known as flow tangency condition. After evaluating the dot products, a new normal-wash aerodynamic influence coefficient (AIC) matrix is formed given by   a  i j    =    w  i j   ·  n i   , as given in Equation (7)


       a 11     a 12    .   .   .    a  1 n        a 21    .   .   .   .   .     .   .   .   .   .   .     .   .   .   .   .   .      a  n 1      a  n 2     .   .   .    a  n n            Γ 1       Γ 2      .     .      Γ n      =      b 1       b 2      .     .      b n      ,  



(7)




the right hand side of the equation is formed by a free-stream velocity and the two aerodynamic angles given below (8).


   b i  =  V ∞       c o s ( α ) c o s ( β ) , − s i n ( β ) , s i n ( α ) c o s ( β )      ·  n i   



(8)







A horseshoe vortex is imparted to the panel which starts from several lengths downstream and moves forward to the panel and crosses it at the quarter chord line and then again runs to the far down stream. All the vortices create downwash on each panel on the lifting surface.   V ind   is the induced velocity at the centre of the panel which is calculated once the vortex strength is evaluated using Biot–Savarts Law given by Equation (9).


  d  V ind  =  Γ  4 π     d l × r     r   3    



(9)







The induced flow is used to get the force acting on the panel by using Kutta–Jukovski theorem given by Equation (10)


   F i  = ρ  Γ i   (  V ∞  +  V  i n d   )  ×  l i   



(10)




where   F i   is the force contribution from the ith panel,  ρ  is the air density,   l i   is the vortex transverse segment vector (bound vortex) of that panel and   r i   is the position vector of the segment’s centre. The wake is assumed to be flat and in the position in the free-stream direction, as shown in Figure 2b.



The VLM code is based on the Tornado solver. Several modules are created that provide the control of the non-dimensionalised lateral (  l / s  ), vertical (  h / c  ) and longitudinal (  x / c  ) coordinates for n number of wings, as shown in Figure 3 for a rectangular wing of the NACA23012 configuration. The modules include the development of the connectivity of multiple wings based upon the number of panels associated with the respective wing. The right hand side term of the boundary condition given in Equation (7) is split. The value of  α  in the term   −  V ∞  s i n  ( α )    is the angle of attack. Splitting the right hand side of the boundary condition is achieved by assigning a different value of  α  for the lead and trail wing depending upon the number of panels associated with that wing. The resulting vector can then be obtained using the same procedure discussed within this section; the method first solves for the aerodynamic forces on the nth wing in locally altered coordinates. Their effect on the other members of the formation is analysed by comparing the aerodynamic coefficients attributed for each wing. Simulations are run to find an optimized solution by constructing a matrix for longitudinal and lateral overlapping positions of the wings. The resulting matrix of the aerodynamic coefficients is plotted for all the lateral and longitudinal positions of the trail wing at a particular stream-wise distance and is discussed in detail in Section 3.3. The developed VLM framework also enables flight dynamics of attitude parameters including pitch, yaw and roll angles to be set for each individual aircraft or wing.




2.2. High-Fidelity: Reynolds Averaged Navier-Stokes


The high-fidelity approach considered is the RANS method in three spatial dimension. The RANS equations describe time-averaged motion of fluid flow through a control volume. The instantaneous physical quantities are decomposed into their time-averaged and fluctuating parts. The flow considered in the present computations involves the NACA23012 configuration at a Reynolds number of   R e = 0.24 ×  10 6    based on the wing’s chord length, corresponding to a fully turbulent regime. As the flow test cases considered for this work are below the compressibility limit, steady state solutions are obtained by solving the incompressible RANS equations; the system of equations expressing mass and momentum conservation within a finite controlled volume are written as in Equation (11).


      ∂  u i    ∂  x i       = 0        ∂ ( ρ  u i   u j  )   ∂  x j       = −   ∂ p   ∂  x i    +   ∂  τ  i j     ∂  x j        



(11)




where   u i  ,   τ  i j    and p are the velocity vector, the shear stress tensor and the pressure, respectively. The SST   κ − ω   turbulence model is considered for modelling the viscous turbulent stresses. The model is based on the shear–stress–transport (SST) formulation which blends the   κ − ω   [22] and   κ − ϵ   [23] turbulence models. The   κ − ω   model is well suited to model the flows inside the viscous sub-layer and and   κ − ϵ   model is understood to be good at predicting flows in the regions away from the wall [24].



The CFD model is completed with the generation of three-dimensional grids with frontal radius and downstream length of 200 and 500 chord lengths, respectively, as shown in Figure 4. Hybrid meshes are generated comprising of a quadrilateral dominant surface grid for both wings. A hexahedral inflation layer is wrapped around each wing to capture the boundary layer up to the sub-viscous region maintaining a    y +  ≈ 1  . Figure 5 demonstrates the different focus angles of the cut-section volume grid close to the wing as well as the refinement region in the wake. The far-field fluid domain is filled with unstructured tetrahedral cells with varying spatial resolution to capture the flow exhibiting strong gradients near and around the surfaces of wings.





3. Application of the Multi-Fidelity Framework


This section is divided in four subsections. Section 3.1 and Section 3.2 contain the verification procedure of the multi-fidelity framework, where RANS and VLM calculations are carried out for an isolated NACA23012 wing and for the same wing in double tandem configuration at   8 ∘   angle of attack. The computed solutions are compared against wind-tunnel data. An analysis is carry-out where we investigate the effect of the leading wing’s angle of attack on the overall formation flight aerodynamic performance within Section 3.3. Finally, we demonstrate the flexibility aspects of the developed framework for blended wing formation configurations in Section 3.4.



3.1. Isolated Wing


Initially, an isolated wing configuration is considered which consists of a single NACA23012 wing at angle of attack of   A O A   =   8 ∘  , which is shown in Figure 3 at corresponding Reynolds number of   R e = 0.24 ×  10 6    and a free-stream velocity of 20 m/s. The main objective of this analysis is to assess the accuracy and uncertainty levels of each of the computational fidelity approaches, i.e., VLM and RANS, and compare with experiment.



A numerical simulation is considered to be consistent when the numerical solution approaches the exact solution as the grid spacing tends to zero [25]. To study the effect of grid refinement for the RANS simulation on the solution accuracy, four meshes with increasing element count are generated with 3, 5, 8 and 10 million cells, for the isolated wing case. Similarly, the spatial resolution is also assessed for the VLM method, by computing the solution from 20 to 100 panels; for 100 panels, 5 in chordwise and 20 in spanwise direction are set. Lift (  C  L O   ) and drag (  C  D O   ) coefficients are plotted against the number of cells and number of panels for RANS and VLM in Figure 6. In the case of RANS, the change in   C  L O    and   C  D O    obtained from the 8 and 10 millions element meshes is less than   0.1 %  .



The lift coefficient (  C  L O   ) and drag coefficient (  C  D O   ) for an isolated NACA23012 wing are plotted against angle of attacks   A O A   ranging from   −  4 ∘    to   14 ∘   and compared against the experimental data from Inasawa et al. [10] in Figure 7. The   C  L O    values obtained from VLM maintain a linear trend throughout the polar and superimpose the experimental data up to around   8 ∘   incident. This demonstrates that the VLM method performs adequately well for small angles. Slight over-predictions become apparent with respect to the lift for angles greater than   8 ∘   by the VLM estimations. With respect to the drag, VLM solutions are under-predicted throughout the polar; this is expected to some extent as the method is based on the inviscid, irrotational potential flow theory and accounts just for the lift-induced drag. RANS solutions are clearly more accurate and with smaller deviations from the experiment in terms of both drag and lift. The experimental lift to drag ratio (  L / D  ) at   5 ∘   angle of attack is   16.5  , whereas, for the RANS, the   L / D   value turns out to be   14.93   with an error of   9.5 %  . When compared against the VLM, RANS is conclusively more accurate at predicting the drag coefficient.



Both approaches demonstrated to be effective and reliable techniques for performing aerodynamic analysis with an error of under   5 %   for   C  L O    and of   11 %   in the case of   C  D O    up to   11 ∘   angle incident. The computational effort required to run one VLM simulation with 200 panels is 30 s, as compared to 2.5 h for the RANS computation using open-foam, on a Intel Core i5-7600K processor, 4 CPUs, 12 GB of RAM, with the 8 million grid.




3.2. Two Wings in Tandem Configuration


An additional rectangular NACA23012 wing is introduced to the isolated wing configuration discussed in the previous section. For this section, the isolated wing is now referred to as trail wing in the two wing configuration, as depicted in Figure 8. This is done to directly compare the aerodynamic performance of the isolated wing to the same isolated wing in the wake region of the lead wing. By incorporating a second wing, the relative positioning and flight dynamics parameters (yaw, pitch and roll) are varied of each body to obtain the best aerodynamic performance in terms of total quantities, e.g., total drag reduction and lift over drag ratio. The position of the lead wing is held constant while the trail wing is allowed to move in the y-z plane at different stream-wise positions. Both the lead and the trail wings are set at incident angle of   A O A =  8 ∘   ; the freestream velocity is set to 20 m/s and a Reynolds number of   R e = 0.24 ×  10 6   .



The displacement of the trail wing behind the lead wing is monitored by the given transformed coordinates as depicted in Figure 8 where the lateral displacement corresponds to (  l / s  ), the vertical to (  h / c  ) and the stream-wise direction at (  x / c  ). Note that the   l / s   is positive when the lead and the trail wing are in overlapping position. The aerodynamic performance gains are assessed by calculating the percentage change in the lift and drag coefficient of the trail wing (  C L   and   C D  ) in the presence of the lead wing compared against the lift and drag coefficient of an isolated configuration (  C  L O    and   C  D O   ). The aerodynamic performance is evaluated at the trail wing by VLM and RANS, and compared with experiment, it is appropriate to evaluate the percentage’s variation than the absolute values; thus the percentage change in lift and drag coefficients are calculated as   % Δ  C L  =  (  C L  −  C  L O   )  /  C  L O     and   % Δ  C D  =  (  C  D O   −  C D  )  /  C  D O    . Note that the change between the isolated and trail wings is monitored in percentages. This implies that at the optimum position, the trail wing is expected to have maximum increase in lift and maximum decrease in drag. Moreover, it is further to be noted that, in the expressions for   % Δ  C L    and   % Δ  C D   , the terms representing the respective quantities for the isolated and the trail wings are switched. This is to keep consistency with the expressions detailed in the experimental analysis.



Figure 9 demonstrates the performance of the percentage variations of lift and drag,   % Δ  C L    and   % Δ  C D   , at five lateral overlapping positions   l / s = − 0.05 ,  0 ,  0.05 ,  0.01   and   0.15  , solutions from VLM and RANS are compared with experiment. RANS and VLM over-predict the   % Δ  C L    values for   l / s = 0.05   with an error of   13 %   and   18 %  , respectively, compared with reference data.



The RANS computations suggest a negative overlapping position (  l / s = − 0.05  ) where the   Δ  C D    attains the minimum value of   5 %   as shown in Figure 9b. As the wing overlap becomes positive (  l / s = 0   to   0.05  ), the   Δ  C D    value increases from   9 %   to maximum value of   11 %   with an error of   17 %  . By plugging in a span value of 0.9 units in the formula given by Hummel [5] discussed in Section 1, the optimum wing tip overlap value (  l / s  ) turns out to be 0.0495 units which translates to around   l / s = 0.05  . This overlapping position in fact marks the position for maximum decrease in   Δ  C D    values for both the experiment   ( 8 % )   and the RANS   ( 9.3 % )   with an error of   16.25 %  . Same degree of error is observed in deeper overlapping positions i.e., at   l / s = 0.1   and   0.15   where both the   Δ  C L    and   Δ  C D    values start to decrease as compared to the optimum lateral overlapping position of   l / s = 0.05  . This is attributed to the fact that, along with the upwash, the downwash from the lead wing vortex also acts on the trail wing thereby offsetting the upwash, resulting in decreased aerodynamic performance.



For the VLM solutions, drag over-predictions are observed at all the discrete locations by almost 20–25% when compared against experimental values. Maximum value of   Δ  C L    is also observed at   l / s = 0.05   position, as shown in Figure 10a,b, where the absolute values of lift and drag of trailwing are plotted as a response surface of the   h / c   and   l / s   displacement variables. It is also noted that the maximum drag reduction predicted by the VLM occurs at the same location and is as large as   27 %   in magnitude as compared to   10 %   in the case of experiment. Such high values of drag reductions are often cited by the various researchers undertaking computational analysis based on potential flow theory. Iglesis and Mason [26] used the discrete vortex method and concluded that the drag reductions of   30 %   for formation of three aircraft is achievable with central aircraft as the leader.




3.3. Effect of the Lead Wing’s AOA


Increasing the angle of attack can be favourable as the induced lift is increased, stronger pressure gradient would be present in the vicinity of wingtip vortices. This is attributed to the higher pressure difference between the upper and lower surfaces of the wing, which provides a more energetic upwash for the trailing wing. Therefore, this section is devoted to the assessment of the effect of the leading wing’s angle of incident to the overall aerodynamic performance of the system. The angle of the lead wing is varied from   6 ∘   to   10 ∘   keeping the trail wing angle constant at   8 ∘  . When both wings are set at   8 ∘   angle, the configuration is referred to as baseline configuration (BSL). The setup for these computations is identical as described in the previous Section 3.2 with the exception that lead wing’s AOA is varied. Results obtained from RANS and VLM are compared against the baseline configuration prediction of the previous section. The analysis is restricted within the linear range as higher angles might lead to larger discrepancies particularly for the low-fidelity solver as boundary layer separation might be present [27].



It is observed in Figure 11 that for both techniques at the trail wing’s   Δ  C L    values share a linear relationship with the lead wing’s angle of attack when compared against the results obtained from the baseline configuration. In the case of the RANS predictions, there is an increase in   Δ  C L    value of   10 %   for the trail wing compared to   6 %   in the case of the experiment. The   Δ  C L    of the trail wing drops to   8 %   when lead wing’s angle is at   6 ∘  , whereas it increases to   12 %   at   10 ∘  , as shown in Figure 11a. Figure 11c shows similar trend in the case of the VLM but with slight increase in the magnitude of   Δ  C L    values for all the incidence angles. The   Δ  C D    values are over predicted by almost twice, as observed in the case of RANS. It can been noted that the low-fidelity prediction for all angles, predict the expected increase in lift and also the increase in absolute values of   Δ  C D    are in comparable range as seen in Figure 11d.



The aerodynamic performance predictions obtained from the VLM solver are plotted in terms of   Δ  C L    and   Δ  C D    with colour contours at different lead wing’s angles at 7, 8 and 9 in Figure 12. It can be noted that, for all three lead wing’s angles, there is no substantial benefit from the upwash created by lead wing’s vortices beyond   13 %   lateral overlap marked by contours in the blue colour region. As the lateral overlap (  l / s  ) is further increased,   Δ  C L    values become negative indicating that an isolated wing has greater lift coefficient than the trail wing in the presence of the lead wing, as the trail wing is in the pronounced downwash region created by the lead wing. It is also noted that the maximum increase in   Δ  C L    and maximum decrease in   Δ  C D    values are observed between the overlapping positions   l / s = 0   to   l / s = 0.05  . Furthermore, as shown in Figure 12a,c,e, the regions pronouncing the best aerodynamic performance “sweet spot” of the trail wing shift upwards as the angle is increased to   9 ∘   and drops down when is reduced to   7 ∘   when compared against the baseline configuration. This is mainly because the wake in the VLM is parallel to the free-stream direction, whereas, in the real flows, the self induced velocities cause the longitudinal position of the vortex to drop in longitudinal direction.



The qualitative analysis of   Δ  C D    contours shown in Figure 12b,d,f reflect somewhat the same position for the maximum drag reduction. As can be seen in Figure 11, VLM predicts as much as   30 %   increase in induced drag component at higher AOA. Even though the quantification of drag reduction does not yield reliable replication of the experimental values yet, it proves to be of immense importance when used in conjunction with the   Δ  C L    contours to study various variables in formation flights for relatively lower computational expense method. The multi-fidelity approach i.e employing VLM approach at early stages of analysis clearly proves prudent in deciphering the main flow features and general quantification of the aerodynamic coefficients at early stages of the analysis provide good insight of the design changes required for a particular requirement. This inexpensive approach helps in downsizing the simulation space for high-fidelity computation in the final stages of a computational analysis.




3.4. Blended-Wing-Body Aircraft in Formation


We extend the application of multi-fidelity approach to a realistic aircraft formation of a blended-wing-body aircraft configuration in formation. The main objective is to assess the flexibility of the developed framework. The flight conditions are set as steady level flight at a free-stream Mach number of 0.3, at an angle of attack of 3   ∘   with a corresponding Reynolds number of    ( R e )  = 40 ×  10 6    based on the mean aerodynamic chord of   m a c = 6.6   m.



Initially, an isolated blended-wing-body configuration is modelled to determine the panel and grid sensitivity on the solutions. Figure 13 shows the lift and drag coefficient estimates for panel and RANS approaches; it can be noted that monotone behaviours are observed and an obvious trend for grid/panel independence for both methods, at approximately 800 panels and 6 million elements for VLM and RANS, respectively. The setup of the RANS computations is similar to in the previous section including the meshing strategy, numerical scheme and turbulence model, whereas the incompressible steady state RANS equations are solved and discretised by a second-order upwind method and turbulence effects are accounted with the   κ − ω    S S T   model.



A two aircraft configuration is considered. The distribution of the quadrilateral panels and triangular surface elements for the configuration in depicted in Figure 14. Note, for the low-fidelity VLM approach, thin surfaces are considered.



The procedure for determining the optimum position of the second aircraft to maximise the overall aerodynamic performance is set by fixing the lead aircraft and displacing the trailing aircraft in the Cartesian reference frame. With respect to y-z plane, a increment of   δ y / c = 0.15   and   δ z / c = 0.075   and three free-stream locations at   x / c = 1 , 3   and   4.5   are set, as shown in Figure 15.



Figure 15 shows the lift of the second aircraft obtained by the VLM solver, with the second aircraft at three stream-wise (  x / c  ) locations. The plots suggest that the highest lift is achieved at 11% wing-tip overlap of the aircraft and at lower   x / c   distance. Figure 16 shows the drag coefficient, in which it can be seen that the point of the highest drag coefficient drop, optimal position for aerodynamic improvement, is at the coordinates   x / c = 1.5  ,   y / c = 2.5   and   z / c = 0.15  . The drag coefficient is   0.0016   which suggests   30 %   reduction in drag as compared to an isolated aircraft. The overlap distance between the two wing-tips is about 10.2% of the aircraft span. When the overlapping positioning of the two aircraft increases, the drag also increases and the lift starts to drop. This is mainly because, in this region, the trail aircraft is under a direct influence of just the downwash created by the lead wing and hence no aerodynamic performance improvements are encountered.



High-fidelity computations are performed at the optimum solution suggested by the VLM with the second aircraft positioned at   x / c = 1.5  ,   y / c = 2.5   and   z / c = 0.15  . The high-fidelity solutions predict a drag coefficient of 10% higher than the VLM estimation, as shown in Table 1. Note also that a 5% reduction in drag is obtained compared to the isolated aircraft at the same coordinate position. The “sweet spot”, which marks the location for the maximum drag reduction for the trail wing behind the lead wing, is found to be around   10 %   wing-tip overlap for both VLM and the RANS.





4. Conclusions


A novel computational framework is proposed to determine flight formation and analyse the aerodynamic performance benefits using a multi-fidelity approach. The multi-fidelity approach for this study is based on a low-fidelity, Vortex Lattice Method and a high-fidelity, Reynolds Averaged Navier–Stokes solver. The developed modules for the low-fidelity solver are validated against the high-fidelity and experimental measurements on two distinct flow cases.



Initially, a rectangular wing NACA23012 is considered to validate the numerical framework; the main aim is to determine and to quantify the accuracy of each method. Two NACA23012 are considered in tandem configuration; the relative position of the second wing is altered at various longitudinal, horizontal and vertical positions. Computations are performed with both fidelity approaches and compared with wind-tunnel measurements [10]. The low-fidelity solver over-predicts lift and drag value compared with the available experiment, however the experiment and both fidelity solvers predict the same location of minimum drag and maximum lift. Moreover, the effect of lead’s wing angle of attack on the two wing aerodynamic performance is studied by considering three angles within the linear range. It was found that no considerable variation of the lateral and vertical position occurs for maximum aerodynamic performance for these three angles. The last test case considered is the flow over a blended-wing-aircraft configuration; the multi-fidelity framework is employed to determine the best aerodynamic position of the trail aircraft, and a drag reduction of 30% is achieved, which agrees with similar studies. The developed multi-fidelity framework forms the basis for aerodynamic performance estimation of larger formation flights (<3 bodies) and the robust data generation tool for future multi-objective optimisation analyses.
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Figure 1. Panel distribution on rectangular wings. 






Figure 1. Panel distribution on rectangular wings.
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Figure 2. (a) Normal vectors (in red) and collocation points on wing surface (green); (b) free-stream wake of the lifting surface; (c) schematic of angle of attack ( α ) with arrow showing the direction of free-stream velocity (isometric view); and (d) schematic of angle of side-slip ( β ) with arrow showing the direction of free-stream velocity (plan-view). 
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Figure 3. Schematic of isolated wing NACA23012 and spatial domain within the VLM solver. 
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Figure 4. Topology and dimensions of spatial domain for RANS computations of NACA23012 case. 
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Figure 5. Cut-section of the 3D grids: (a) close-up of both wings; and (b) overview of both wings and grid refinement in the wake region. 
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Figure 6. Spatial resolution study for the isolated NACA23012 wing at   8 ∘   angle of attack, in terms of lift (  C  L O   ) and drag (  C  D O   ) coefficients for RANS and VLM methods. 
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Figure 7. Polar analysis of isolated NACA23012 wing plotting for coefficient of lift (  C  L O   ) and drag (  C  D O   ); results include VLM, RANS and experiment from Inasawa et al. [10]. 
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Figure 8. Schematic of two NACA23012 wings in tandem configuration. 
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Figure 9. Percentage variations of drag (  % Δ  C D   ) and lift (  % Δ  C L   ) at five different displacements; solutions are shown for RANS and VLM and compared with the experimental data [10]. 
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Figure 10. Three-dimensional response surfaces of absolute quantities against relative positions: (a) drag coefficient; and (b) lift coefficient, for VLM solutions. 
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Figure 11. Effect of lead wing’s AOA on aerodynamic coefficients of trail wing with red line corresponding to Baseline Configuration (Both wings   A O A   = 8): (a) percentage lift coefficient (  % Δ  C L   ) for RANS; (b) percentage drag coefficient (  % Δ  C D   ) for RANS; (c) percentage lift coefficient (  % Δ  C L   ) for VLM; and (d) percentage drag coefficient (  % Δ  C D   ) for VLM. 
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Figure 12. Contours of lift (  Δ  C L   ) and drag coefficient (  Δ  C D   ) percentage change for three lead wing incidence angles at streamwise distance of x = 0.45. 
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Figure 13. Grid/Panel dependence analysis for the isolated blended-wing-body aircraft configuration. 
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Figure 14. Panel distribution and surface gird distribution on the blended-wing-body two-aircraft configuration. 
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Figure 15. Lift coefficient contours of blended-wing-body configuration in double tandem formation flight of the trailing aircraft on y-z plane at three different stream-wise positions. 
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Figure 16. Drag coefficient contours of blended-wing-body configuration in double tandem formation flight of the trailing aircraft on y-z plane at two different stream-wise positions. 
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Table 1. Drag and lift coefficients for isolated and trail aircraft in formation for the blended-wing-configuration at optimal position.
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Configuration

	
Aerodynamic Coefficients

	
VLM

	
RANS






	
Isolated aircraft

	
   C D   

	
0.0022

	
0.0028




	
   C L   

	
0.1758

	
0.1290




	
Trail aircraft in formation

	
   C D   

	
0.0016

	
0.0019




	
   C L   

	
0.1935

	
0.1450
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