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Abstract

This paper investigates aerodynamic performance improvements of formation flight at transonic speeds for a medium size

Unmanned Aerial Vehicle (UAV). The metric for assessing the aerodynamic improvement of formation flight is the computed

drag. The total drag for each formation configuration is compared with a single UAV, where a final drag reduction percentage

is estimated. The evaluation of the aerodynamic performance is conducted by employing an in-house Computational Fluid

Dynamics (CFD) solver, grid generation and post processing tools. For critical understanding of the tendency of the

formation efficiency depending on main parameters, broad formation configurations are analysed. The parameterisation

includes number of aircraft, proximity and formation shape. Full realisation of the benefit predicted would need to be

proven in the real world, but there is sufficient confidence to suggest that it exist: the empirical parametric analysis suggests

that formation flight can improves aerodynamic performance and formation configuration greatly influence the degree of

improvement.

Keywords Formation flying · CFD analysis · Aerodynamic improvement · Drag reduction percentage · Formation

configuration matrix

1 Introduction

Formation flight has been a topic of research across

various scientific sectors. Biologists have studied the energy

savings of large birds flying in flocks usually in v-

type formation. Research was carried out demonstrating

the aerodynamic efficiency improvements of birds in

formation flight both with respect to flight measurements

and within a simulation framework [1, 2]. It is widely

believed that formation flying of aircraft could bring tactical

advantages in operating multiple aircraft and could improve

the aerodynamic efficiency. To validate the hypothesis

on the aerodynamic performance improvements from the

formation flying in aircraft operation, aerodynamicists have

performed numerous studies.
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The evaluation is generally conducted by measuring

and computing the flow physics and forces exerted on

aircraft, and by computing the aerodynamic improvements

of formation flight. For instance, a comprehensive study

has been performed by NASA [3] where two F/A-18

aircraft flying in tight formation reached a 20% drag

reduction and 18% fuel savings. The difference between

tight and extended flight formations lies with the stream-

wise proximity, usually an extended formation is greater

than 10 wing-spans, a tight formation is much smaller.

Recently, there have been several studies published, pre-

senting aerodynamic studies for both tight and extended

aircraft formation flight [4–6]. An aerodynamic perfor-

mance for extended formation is conducted by Ning et al.

[6] where 30% drag reduction is achieved with two aircraft

and 40% with three aircraft. An inviscid CFD simulation

was performed by Kless et al. [5], where extended forma-

tion flight of two aircraft was studied with drag reduction of

54 and 35% for subsonic and transonic flows, respectively.

A study conducted by Kaden and Luckner [7] employed a

discrete vortex filament method to model wake vortex roll-

up for tight formation flight where it was concluded that the

inclusion of fluid physics such as viscosity Reynolds num-

ber are required for verification and validation of current
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modelling approaches for formation flight. There have been

also recent studies undertaken to find an optimum spacing

between the various units in formation and some studies

cased light upon the effect of shape and size of the leader

and follower [8, 9].

Most of these studies, if not all, considered only a small

number of aircraft in formation, generally one to three

aircraft. Considering the complexity of the analysis and

typical number of manned aircraft in formation for military

and civilian applications, the investigation based on a small

number of aircraft could be justifiable. This might become

different, when considering formation flight of Unmanned

Aerial Vehicles (UAVs). There have been many studies,

which investigated and demonstrated strategic and tactical

advantages of having many number of UAVs in formation

flying. Moreover, there have been increasing attentions on

the possibility of operating UAV swarms, where the number

of UAVs has different orders of magnitude to formation.

Nevertheless, to the best of the author’s knowledge, there

are no studies investigating aerodynamic performance

improvements of formation flying with a increased number

of UAVs.

This paper examines aerodynamic performance improve-

ment in UAV formation flying. As UAV formation could

consist of increased numbers of aircraft, configurations of

formation could become critical. In our previous study [10],

we performed an initial investigation on several configura-

tions of UAV formation and carried out initial analysis on

the effect of those configurations on the aerodynamic per-

formance. Note that in this study, the number of UAVs was

limited to seven aircraft and only two types of formation

configurations were considered. The initial investigation

revealed that the formation configuration might have a sig-

nificant impact on the aerodynamic performance of the

formation. To this end, this paper aims to extend our previ-

ous investigation and further analyse the effect of formation

configurations on the aerodynamic performance. The inves-

tigation considers the number of aircraft in formation up to

ten and includes three types of formation configurations.

Formation flight aerodynamic benefits are mainly

attributed to induced-drag reduction, which is present due to

the wake vortices generated from the leader aircraft’s wing

tip. The pressure difference between the upper and lower

wing drives the flow to roll-up at the wing tips. The follow-

ing aircraft tries to find the “sweet spot” making use of the

leader’s wing-tip vortices utilising the pressure gradient to

increase his lift.

From a CFD perspective, the most accurate simulation

for capturing wake vortex physics is Direct Numerical Sim-

ulations (DNS) followed by Large Eddy Simulations (LES)

which both are prohibited due to their immense compu-

tational cost; Reynolds Average Navier-Stokes (RANS) is

a fair trade-off between the accuracy and cost, capturing

efficiently the main features of the these flows. To the best

of our knowledge, even the most advanced 3D CFD forma-

tion flight simulations in published studies, employ Euler

equations with some kind of vortex correction models with-

out turbulence modelling; thus neglecting several physical

aspects related to turbulence. However, wake vortex evolu-

tion, roll-up and decay has been extensively studied with

the employment of sophisticated fluid dynamics models and

methods. Hybrid methods i.e. Detached Eddy Simulation

(DES), Scale Adaptive Simulation (SAS), hybrid RANS-

ILES are becoming popular as to combine the robustness

and speed of RANS models for near body computations and

high-resolution methods for the wake vortex formations in

the far field [11, 12].

As the main objectives of the current analysis is the mod-

elling of great number of formation types and configurations

with as much as ten aircraft, 3D computations even with the

Euler’s equation (inviscid) would be a tremendous compu-

tational effort. For an initial investigation, two-dimensions

would be ideal as large number of test-cases can be readily

performed in a feasible period of time by exploring several

configurations and parameters. However, it will be essen-

tial to incorporate the 3D wake vortices and induced drag

in the 2D-based investigation. Therefore, this paper applies

the RANS that is also applied in our previous study [10].

Note that Reynolds number, viscosity and compressibility

effects are taken into account in the RANS. These effects

are not considered even in current 3D formation flight simu-

lations and, as discussed, the RNAS provides a fair trade off

between the computational cost and accuracy. 2D simula-

tion based on the RANS will provide a good approximation

for an initial test phase.

In the analysis, drag reduction percentage is examined for

a total of 17 formation configurations. Despite we perform

2D-based investigation, the predicted drag reductions for

two and three aircraft are similar with drag reduction

estimates of reported studies. The analysis results strongly

suggest that configuration parameters, such as number of

UAVs in the formation and its shape, significantly influence

the degree of the drag reduction: from the analysis, the

most efficient formation is the diamond type, followed by

the half-diamond then the v-type and final the echelon.

Note that, recognising the limitations of the methods used,

full realisation of the benefit predicted would need to be

proven in the real world. However, the parametric study

in this paper provides sufficient confidence to suggest the

aerodynamic benefit of formation and its tendency with

respect to different configurations.

The paper starts with an overview of the physics involved

in transonic aerodynamic flows; the governing equations

and turbulence model are detailed. A brief description

of the in-house solver with discretisation and numerical

schemes is presented followed by the grid generation
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work. The flight envelope and simulation matrix are

explained including a preliminary study on the stream-wise

proximity. The aerodynamic benefits of each configuration

are assessed in the results and discussion section. Finally,

the main outcomes are summarised followed by future work

directions, recommendations including preliminary results

from a 3D simulation.

2 FrameworkModelling

This section is devoted to the governing equations,

numerical methods and grid generation. The in-house

solver employed for the current simulation is detailed,

demonstrating current and future capabilities related to

formation flight physics. Note that the framework modelled

in this section is based on the one in our previous study [10].

2.1 Governing Equations

The most accurate mathematical expression of fluid dynam-

ics lies with the 3D compressible Navier-Stokes equa-

tions, where physical phenomena encountered in forma-

tion flight can be accurately predicted i.e. compressibility,

boundary layer separation, transition to turbulence, shock-

waves, wake formation, evolution and decay.

As the main objectives of the current analysis is the mod-

elling of great number of formation types and configurations

with as much as ten aircraft, 3D computations even with the

Euler’s equation (inviscid) would be a tremendous compu-

tational effort. To put it in perspective a 3D grid for inviscid

simulation (no prism layer) with local refinement in the

wake, to be able to capture the wake-vortex, will be com-

posed of approximately 1.5 to 2 millions elements and this

will correspond only two half the aircraft with symmetry

boundary conditions imposed on the (X,Y) plane. A 3D grid

was generated for a typical blended-wing stealth unmanned

combat aerial vehicle shown in Fig. 1. One simulation with

this grid will take from 1 to 3 days in a modern desktop

computer running in six CPUs, depending upon the physics

models, numerical algorithms convergence criteria etc. This

doesn’t include the grid generation procedure which can

take up to 2 days for a good quality unstructured 3D grid (1

aircraft).

Two-dimensions would be ideal in the initial investiga-

tion as large number of test-cases can be performed in a

reasonable period of time by exploring several configu-

rations and parameters. The main drawback of 2D is the

Fig. 1 3D grid for a typical

blended-wing UAV. The grid

was generated and composed of

approximatly 2 million

tetrahedrals, note that the grid is

created for half the geometry,

here the aircraft surface is

mirrored in the (X,Y) plane for

visualisation purposes
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Fig. 2 Residual history for 3

UAVs in V-type formation

(a) Residual of norm for density and energy (b) Residual of

inherited assumption of two-dimensionality where real 3D

wake vortices and induced drag effects cannot be modelled.

Nevertheless, two-dimensional simulation provides a good

approximation for a blind test phase; in addition for the

current study the Reynolds Average Navier-Stokes (RANS)

are considered where Reynolds number, viscosity and com-

pressibility effects are accounted for; this effect are not

considered in current 3D formation flight simulations.

The CFD tool solves the RANS equations which are

formulated for the finite volume method and discretised on

hybrid unstructured elements: triangles and quadrilaterals.

The 2D RANS equations are written in integral form as

∂

∂t

∫

Vi

WidVi +

∮

∂Vi

[(

F
c
− F

v
)

n∂Vi

]

dA∂Vi
= 0 (1)

where i is the index of an element with volume Vi , Wi is the

vector of conserved variables, F
c is the vector of inviscid

fluxes and F
v is the vector of viscous fluxes, the outward-

pointing unit normal vector is labelled as n = (nx, ny). The

equations are dimensionalised according to the free-stream

Mach number M∞.

Air is considered as an ideal gas and according to

Boussinesq’s approximation relating the viscous stress

tensor τij to the Reynolds stresses through the eddy

viscosity µt , effectively modelling the momentum transfer

by turbulent eddies, written as

τij =2 (µl+µt )

(

sij −
1

3

∂uk

∂xk

δij

)

sij =
1
2

(

∂ui

∂xj

+
∂uj

∂xi

) , for i =1, 2 j = 1, 2

(2)

where k is the thermal conductivity, δi,j is the Kronecker

delta. The eddy viscosity is computed with the Spalart-

Allmaras (SA) one-equation turbulence model [13]. The

model is widely employed for aerospace application as it

is robust across subsonic to supersonic regimes. The model

solves one transport quantity the turbulence parameter ν̃

which is related to eddy viscosity µt as

µt =ρν̃fv1 where fv1 =
(ρν̃/µl)

3

(ρν̃/µl)3+C3
v1

and Cv1 =7.1

(3)

the SA model equation is written as

d(ρν̃)

dt
= Cb1S̃ρν̃ +

1

σ
(∇ · (µl+ρν̃)∇ν̃)+

1

σ
Cb2ρ (∇ν̃)2

−Cw1fwρ

(

ν̃k

d

)2

(4)

where Cb1, S̃, σ , Cb2, Cw1, fw, κ are functions and

constants of the model and d is the distance from the nearest

wall boundary.

2.2 Solver Description

The in-house solver is capable of handling hybrid unstruc-

tured grids, where the discretisation scheme evaluate

its quantity and gradient according to several numerical

schemes. For fast simulations a 1st and 2nd -order MUSCL-

TVD (Monotone Upstream-centred Schemes for Conserva-

tion Laws - Total Variation Diminishing) scheme. Detailed

description of the methods, numerical algorithms and appli-

cations can be found in published journal papers [14–17].

For the current study a first order spatial discretisation

is employed where the gradients of temperature, velocities

and turbulence viscosity are approximated with the Green-

Gauss method. The Rusanov Riemann solver [18] handles

the computation of the inviscid intercell fluxes as it is very

stable for blunt body aerodynamics at transonic speeds. The

implicit LU-SGS time discretisation scheme is employed

to advance the time to a steady state [19]. Convergence
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Fig. 3 Geometry and

configuration of the

BAE-systems Corax/Raven

UCAV (http://www.unicraft.biz/

on/corax/corax.htm)

(a) Top view (b) Side view

is monitored with the residual of the mean equations and

turbulence quantities as well as with the computed drag.

Typical convergence behaviour can be depicted from Fig. 2

where the residual histories for 3 UAVs in V-type formation

are shown for the density, energy and drag. The solution is

assumed to be converged where the drag is stabilised around

forty thousand iterations.

2.3 Geometry and Grid Generation

As acknowledged, this study is supported by BAE

Systems (Operations). The UAV geometry is based on

an approximate design of the BAE-systems blended wing

UAV “Corax/Raven” shown in Fig. 3. The wing-span is

assumed to be around 10 metres which is used for the

estimation of the Reynolds number. Both top and side view

2D simulation with one aircraft are performed, however

the side view approach prove to be misleading as the

lift remained very small as the simulated 2D plane was

set on half way of the wing-span. In addition the side

view would limit the number of possible combinations of

formation configuration, therefore the top view was selected

to perform the CFD analysis. Fig. 4 illustrates the grid

for one aircraft with focus both on the body and far-

field. Figures 5, 6 and 7 show the grids generated for the

echelon, v-type, diamond and half diamond shape formation

configurations, respectively.

Once the geometry (points and curves) are extracted from

the figures, they are imported in a grid generation software.

Hybrid unstructured grids provide exceptional easy for

generation and manipulation of the grid which is ideal for

the current analysis. Quadrilateral elements are extruded

from the surface and triangular elements are generated for

the far-field.

3 Simulation Set-Up

This section entails the free-stream conditions, simulation

framework, and complete test-case matrix. An initial

study is conducted to determine the stream-wise optimal

proximity simulating two and three aircraft, once the

optimal distance was found it was used for the rest of

the test-cases. The aerodynamic efficiency improvement

metric is the drag and the results are assessed based on

the percentage of drag reduction. The drag reduction is

computed based on the average of the drag from the aircraft

in formation.

3.1 Free-Stream Conditions

A free-stream Mach number of M∞ = 0.7 is set as free-

stream condition corresponding to a transonic regime with

a corresponding Reynolds number of Re ≈ 75 × 106 based

on half of the wing-span. Far-field boundary conditions are

imposed on the outer boundaries where flow quantities are

computed based on the characteristic speed (local speed of

sound).

Fig. 4 Hybrid unstructured 2D

grid for one UAV configuration

composed of 29,962 elements

(a) Grid focused on the UCAV (b) Far-field Grid
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(a) Echelon 2 (b) Echelon 3 (c) Echelon 4

(d) Echelon 5 (e) Echelon 6 (f) Echelon 7

(g) Echelon 8 (h) Echelon 9 (i) Echelon 10

Fig. 5 Hybrid grids for the echelon formation

3.2 Proximity Analysis

As two dimensions are considered proximity between

aircraft is accounted for displacement in the x and y axis.

The y proximity is set at wing tip-to-tip distance of zero.

Tip-to-tip distance can be negative as well, where the wing-

tip of the following aircraft is positioned further inside

on the leader’s aircraft’s wake. It has been reported in

the literature that a small tip-to-tip distance will produces

the greatest drag reduction for both extended and tight

formations [7, 20].

For x-proximity a sensitivity analysis is performed with

two aircraft in order to establish the stream-wise distance

of aircraft. Four distances are assessed: 1, 2, 3 and 4

wing-spans, Fig. 8 shows the four configurations and

and the vortical structure downstream with streamlines. 1

Fig. 6 Hybrid grids for V-type

formation

(a) V-type 3 (b) V-type 5

(c) V-type 7 (d) V-type 9
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Fig. 7 Hybrid grids for diamond

and half diamond shape

formations

(a) Diamond 4 (b) Half-Diamond 6

(c) Diamond 9 (d) Half-Diamond 10

wing-spans will produce the least drag reduction followed

by the 2 with 13.78 and 23.32% respectively. Increasing

the distance to 3 wing-spans further increases the drag

reduction by 26.45% and with 4 wing-spans to 27.21%. The

greatest difference is estimated to be between case 1 and

2, where further increasing the x-distance seems to have an

asymptotic trend. In addition, three aircraft simulation on

v-type formation are performed with a uniform streamwise

distance of 1 and 3 wing-spans. The drag reduction with the

greatest distance (3 wing-spans) showed an improvement

of drag reduction of 1.7 times the improvement with the

1 wing-span proximity. Therefore, a uniform three wing-

spans streamwise proximity is selected to carry out the

complete test-case matrix which is also in-line with tight

formation requirement.

3.3 SimulationMatrix

A total of 18 test-cases are simulated, where for consistancy

a uniform streamwise and tip-to-tip distance is maintained

(a) 1 wing-span (b) 2 wing-span

(c) 3 wing-span (d) 4 wing-span

Fig. 8 Proximity analysis for x-axis performed with four different wingspans, plotted streamlines for visualising the flow field patterns
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Table 1 Simulation matrix
Test-case Formation shape Aircraft Grid elements Drag reduction (%)

1 – 1 29,962 –

2 Echelon 2 54,146 26.45%

3 Echelon 3 78,538 30.96%

4 Echelon 4 102,864 34.21%

5 Echelon 5 127,062 40.86%

6 Echelon 6 151,350 42.93%

7 Echelon 7 175,530 44.08%

8 Echelon 8 199,820 45.25%

9 Echelon 9 222,798 46.02%

10 Echelon 10 246,918 46.89%

11 V-type 3 96,350 34.84%

12 V-type 5 125,906 42.24%

13 V-type 7 182,544 47.84%

14 V-type 9 276,772 51.96%

15 Diamond 4 101,814 48.59%

16 Half-Diamond 6 148,566 47.52%

17 Diamond 9 220,172 65.06%

18 Half-Diamond 10 242,820 57.57%

for all aircraft and formation shapes in detail: 9 echelon,

4 v-type, 2 diamond and 2 half-diamond configurations

are simulated. The detailed parameters are summarised

in Table 1, containing information for each test-case on

the formation shape, number of aircraft, number of grid

elements and drag reduction percentages.

4 Results and Discussion

This section presents the results from the CFD simulations,

quantitatively in terms of drag reduction percentages as well

as qualitatively with the use contours plots of Mach number

and eddy viscosity.

The benefits of formation flight depended upon the

formation shape and number of aircraft is assessed with

the total drag for each test-case divided by the number

of aircraft in formation and compared with the drag of

one aircraft. As expected, increasing the number of aircraft

reduces the drag for all formation shapes. It has to be noted

that the test-cases with diamond formation are differentiated

from full diamond and half diamond illustrated in Fig. 7.

Figure 9 presents the drag reduction for all the test-cases,

it can be depicted that the most efficient formation is the

diamond reaching up to 65% drag reduction with 9 aircraft

where the V-type reaches 52% and echelon 46% for the

same aircraft number.

The echelon formation is the least efficient, which can

be attributed to its sparse configuration. In the other hand,

tighter formations such as diamond and half-diamond have

better performance. Interestingly enough, the echelon seems

to reach an asymptotic behaviour after a sudden drop from 4

to 5 aircraft. The v-type formation commonly encountered

in nature (geese and large birds) is more efficient than

the echelon, but it doesn’t reach the performance of the

diamond. The challenge with diamond formation is that

it can accommodate specific number of aircraft due to its

geometry constraints, the echelon and potentially the v-

type with a non-symmetric configuration can accommodate

any aircraft number. Moreover, in complicated formation

geometry such as diamond, it could require a sophisticated

Fig. 9 Drag reduction for the echelon, v-type and diamond formation

configurations
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(a) Echelon 2 (b) Echelon 3 (c) Echelon 4

(d) Echelon 5 (e) Echelon 6 (f) Echelon 7

(g) Echelon 8 (h) Echelon 9 (i) Echelon 10

Fig. 10 Ratio of turbulent viscosity to freestream viscosity for the echelon configuration

rule to split the formation and/or to reshape the formation

when encountering a situation.

Even if this analysis is 2D at specific flight conditions

similar drag reductions are reported from other studies,

NASA report [3] presents a 20% with two aircraft at tight

formation where the current analysis estimated a 26%. Ning

et al. [6] predicted 30% for two aircraft and 40% with three,

similar reduction is observed with this study, where three

(a) V-type 3 (b) V-type 5

(c) V-type 7 (d) V-type 9

Fig. 11 Ratio of turbulent viscosity to freestream viscosity for the V type formation
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(a) Diamond 4 (b) Half-Diamond 6

(c) Diamond 9 (d) Half-Diamond 10

Fig. 12 Ratio of turbulent viscosity to freestream viscosity for the diamond and half diamond formation

aircraft (V-type) have a 35% with a reduction difference of

8.5% compared with 10% going from two to three aircraft.

The reduction of drag can be correlated also qualitatively

with the amount of eddy viscosity computed by the

turbulence model. Higher eddy viscosity values in the wake,

correspond usually to a more turbulent flow which in terms

can have an effect on the computed drag. Figures 10, 11, 12

show the ratio of turbulent viscosity to free-stream viscosity

(µt/µ∞) for the echelon, V-type and diamond formation

respectively. The figures shows that the echelon has a much

(a) Echelon 2 (b) Echelon 3 (c) Echelon 4

(d) Echelon 5 (e) Echelon 6 (f) Echelon 7

(g) Echelon 8 (h) Echelon 9 (i) Echelon 10

Fig. 13 Mach number contours for the echelon configuration
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(a) V-type 3 (b) V-type 5

(c) V-type 7 (d) V-type 9

Fig. 14 Mach number contours for the V type formation

wider wake but lower values of µt/µ∞ compared with the

V-type and diamond. The full diamond has higher values of

µt/µ∞ than the half diamond and the wake is closer to the

trailing aircraft. There are several non-linear effects that they

can be observed, for instance the jet-like structure of µt/µ∞

on the V-type 9 test-case downstream the last pair of aircraft,

which is not present in the V-5 or V-7. Mach number

contours are shown in Figs. 13, 14 and 15. It can be observed

that the following aircraft with smaller Mach numbers in

their vicinity tend to have a greater drag reduction.

(a) Diamond 4 (b) Half-Diamond 6

(c) Diamond 9 (d) Half-Diamond 10

Fig. 15 Mach number contours for the diamond and half diamond formation
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Fig. 16 Surface pressure distribution and contour lines of w velocity

5 Conclusions and Future work

This paper comprises 2D CFD computations for UAV flight

formation at transonic speeds. Echelon, V-type, diamond

and half-diamond formation shape are assessed by also

varying the number of aircraft (2 - 10). To establish stream-

wise proximity distance, an analysis is conducted where

three wing-span distance was selected for uniform stream-

wise spacing. A total of 17 configurations are simulated

where drag reduction percentage have been estimated. From

the study it was found that the most efficient formation is the

diamond type, followed by the half-diamond then the v-type

and final the echelon. The predicted drag reductions for two

and three aircraft are similar with drag reduction estimates

of reported studies.

A 3D inviscid simulation was performed employing the

grid shown in Fig. 1, at a Mach number M∞ = 0.7 and an

angle of attack of 1.5. Initial results are shown in Fig. 16

where contours of the pressure distribution are plotted on the

aircraft surface and w velocity is used as a mean of identify

the wing tip vortex location. More advanced method of

identify wing-tip vortices can be employ i.e. q-criterion, λ2

and helicity. Furthermore a prismatic 3D grid will enable

boundary layer prediction by capturing separation, and

transition phenomena. Considering the limitations of the

methods used, we might need to prove the benefit of the

formation flight and its degree with respect to formation

configurations through full realisation. However, this study

provides sufficient confidence on the aerodynamic benefit

of the formation flying and how it varies depending on the

configuration parameters.

Future routes are currently pursuit in order to have a more

realistic estimation of the flow in terms of physics and forces

prediction. The work in progress includes a multi-fidelity

approach to tackled the aerodynamic simulation; the multi-

fidelity framework includes a 3D Vortex Lattice Method

coupled with a 3D RANS solver that is able to provide

the flexibility, robustness and low computational cost for

studying large formation flights. Furthermore several multi-

objective optimisation algorithms are employed to estimate

the optimal solutions thus optimal position and individual

aircraft attitude.
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