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a b s t r a c t

This paper uses a numerical post-stall predictive tool based on ‘decambering’ approach to study the
aerodynamic characteristics of a lead-trail formation in pre and post-stall flow conditions. A basic lead-
trail formation consisting of 2 wings and an extended formation consisting of 5 wings are studied with
a view to the possibility of fuel savings, increase in range of operation, delayed flow separation and
efficient positioning of the wings with respect to each other. Whether increasing the number of wings
in a configuration is more useful is also looked into. The optimum operational angles of attack for
maximum advantage in terms of fuel efficiency of all wings is studied including post-stall angles of
attack. Numerical results for CL, CDi , section Cl distribution and their dependence on vertical offsets
and angle of attack are reported.

© 2019 ElsevierMasson SAS. All rights reserved.

1. Introduction

Formation flight is one of the way of flying with more than
single aircraft in a disciplined and controlled manner. In a tight
formation such as is seen in an airshow, the aircraft may fly
together with few meters apart and must have the excellent
coordination between the leader and following aircraft. The main
aim of flying in a group is the energy savings which comes from
the utilization of wing tip vortices. The example of such formation
observed in birds and aircraft are shown in Fig. 1. While birds
fly in formation to conserve energy, aircraft save a considerable
amount of energy in the form of fuel when they are flying in
formation.

Lead-trail formation as the name implies, the leading flight
is followed directly behind by trailing aircraft which maintains
some specific distance, typically 1 nm. There are two types of
configuration, basic and extended lead-trail, in which extended
lead-trail formations may be used when greater maneuverability
is desired.

The lead-trail formation may be observed in fixed wing aircraft
when it is used for air-to-air refueling. The illustrative example of
such configuration shown in Fig. 1(b) is to do air-to-air refueling
from Boeing 707 of the Imperial Iranian air force to an IIAF Boeing
747.

Modern scientists have been attracted by formation flying as
the aircraft flying formation has certain aerodynamic advantages.
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An upwash field is created by the leading aircraft, which helps
to save considerable amount of fuel when trailing aircraft flying
in the upwash. This advantage is both for leading and trailing
aircrafts since bound and trailing vortex system of trailing aircraft
affects the leading aircraft in formation.

Formation flying attracting the attention of scientists for some
time now as an aircraft flying in formation has certain aerody-
namic advantages. A significant saving in the fuel can be obtained
by flying in the upwash field created by the leading aircraft. This
advantage is not just limited to the trailing aircraft but also to the
leading aircraft, which is also affected by the bound and trailing
vortex system of the trailing aircraft.

Many projects in the science and observation domains involve
the use of formation flying to ensure the mission performance.
Also, simple designs consisting of two satellites in a lead-trail
formation seems to be sufficient for a broad range of applica-
tions like interferometry, geodesy, etc. Martinot and Rozanes [1]
worked on the station keeping the phase of lead-trail formations
in Low-Earth orbits. The station keeping criterion mainly evolves
under the differential effect of the atmospheric drag between the
trailing and leading satellites.

Buzogany [2] stated that the trail formation(lead-trail) is im-
portant since a minimum amount of land mass is overflown
by the formation aircraft, translating to a reduced probability
of detection by ground forces. He further investigated various
manoeuvers performed during the formation by change in the
velocity, heading, altitude, or a combination of the three. It is also
included that for reducing the amount of fuel consumption, pilot’s
may change altitude in addition to the heading change.
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Nomenclature

Clsec , Cmsec , Cdisec 2D section coefficients of lift, pitching
moment and induced drag

CLmax Maximum Lift coefficient
Cdimin

Minimum Induced Drag coefficient
CL, CM , CDi 3D wing coefficient of lift, pitching

moment and induced drag
(L/D)max Maximum lift-to-drag ratio
c Airfoil/wing chord length
α Angle of Attack
αCL=0 Zero-lift angle of attack
∆Cl, ∆Cm Difference between viscous and po-

tential coefficients of lift and pitching
moment

δ1, δ2 Decambering functions
x1, x2 Cartesian locations of δ1 and δ2
θ1, θ2 Spherical locations of δ1 and δ2
dz Vertical offset between wings in config-

uration

Subscript

lw, tw Leading wing, trailing wing
lw-twi Vertical offset between leading wing

and trailing wing ‘i’, i = 1:4

Birds fly organized in groups do so in one of two fashions
as shown by Bajec and Heppner [3], namely, Line formations
and Cluster formations. The line formations are typically demon-
strated by large birds like waterfowl, where birds fly arranged
in single lines, often joined. Cluster formations are usually made
up of large numbers of smaller birds like pigeons or blackbirds
flying in more irregular arrangements that have a strong three-
dimensional character.

Cutts and Speakman [4] predicted on communication hypoth-
esis that wing tip spacing and depth should be positively related
to providing information on the position. Response times for
shifts between flapping and gliding were negatively related to
flock size, and were shorter in V and J formations than in column
and echelon formations.

New methodologies have been developed for determining
the aerodynamic characteristics generated in formation. King
and Gopalarathnam [5] developed a method for determining
the optimum downwash when two aircraft flying in formation.

They calculated the theoretical induced drag benefits for ideally
loaded wings flying in formation and ground effect, and it is been
shown that the elliptically loaded wing structures have nearly
the same drag as optimally loaded wing configurations. From
this study, they revealed that the optimum lateral separation
is 10% of wingspan between the wing tips. In this position, a
formation of 25 elliptically loaded wings flying out of ground
effect experiences 81% drag reduction compared to 25 wings
flying in isolation.

Many geometric parameters of wing may influence the perfor-
mances of the flight. These performances may not be limited to
single wing aircraft and it may be extended to the formation flight
as well. Thien and Moelyadi [6] used domain discretization and
flow field properties evaluation to explain the effect of incidence
angle, dihedral angle, aspect ratio and taper ratio in V-formation
flight. They found that aspect ratio has a significant effect on
increasing the rear wing lift and pitching moment, but seems to
have no effect on the drag reduction.

Many species of large birds have been investigated when they
are flying in formation. This is because of flight power demands
and energy expenditure could be reduced if they fly at optimal
spacing. Weimerskirch et al. [7] measured the heart beat of birds
when flying and gliding, and proved that they save a considerable
amount of energy while flying in V formation.

These benefits may be gained in formation flight by changing
the offsets between two aircraft and by altering the lift distri-
bution along the wing span in leading aircraft which influences
trailing wing(tw) aerodynamic characteristics.

The present authors have also worked on other configurations
like Chevron and Echelon and shown that each configuration has
its advantages. In this particular work the authors are engaged in
studying the maximum benefit of the ‘lead-trail’ configuration.

Now, in the context of operating at high and post-stall angles
of attack, the present ‘lead-trail’ configuration is tested to achieve
the maximum CL for all wings in the configuration. For this, a
basic ‘lead-trail’ configuration consisting of two wings, where
each wing has a section NACA2412 with αstall ≈ 15◦ and Clmax ≈

1.5 is tested in such a way so as to maximize the CL to be achieved
for both wings. It is understood that higher the CL achieved for the
configuration will result in better fuel savings.

The leading wing is at αlw = 8◦ and the trailing wing is
operated at pre to post-stall angles of attack, 8◦ < α ≤ 24◦.
The distribution of the effective angle of attack, αeff and Cl for
this configuration is shown in Fig. 2a. It is found that the trailing
wing stalls at α = 24◦ and hence, the configuration cannot be
operated at (αlw = 8◦, αtw = 24◦).

However, if the leading wing angle of attack is increased
further to near-stall, αlw = 15◦, the trailing wing at αtw = 24◦

Fig. 1. Examples of formation flying.
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Fig. 2. 2-wing configuration: αeff − y/b and Cl − y/b.

does not stall anymore as shown in Fig. 2b and the Clmax penalty
of the trailing wing is not significant as Clmax ≈ 1.45. In addition,
the leading wing is also operating at a much higher Clmax ≈ 1.2
as shown in Fig. 2b compared to Clmax ≈ 0.56 for αlw = 8◦ as
shown in Fig. 2a. With further increase in the angle of attack of
the leading wing to αlw = 18◦, its Clmax ≈ 1.42 and the trailing
wing is still operating at αtw = 24◦ with Clmax ≈ 1.38 as shown
in Fig. 2c. At αlw = 24◦, both the wings stall as shown in Fig. 2d
and this configuration cannot be used for operation.

Clearly, it is advantageous to operate at high and post-stall
angles of attack with increased CL but this is possible only when
the wings operate in a configuration, which in this case is ‘lead-
trail’. The same wings when operating individually will stall at
such high angles of attack.

Therefore, the motivation for this work stems from the fact
that operating at high and post-stall angles of attack in a ‘lead-
trail’ configuration has the possibility of increased fuel savings as
they operate at high CLs without flow separation.

2. Numerical procedure

A vortex-lattice method algorithm based on the decamber-
ing approach of Mukherjee and Gopalarathnam [8] is used for
predicting formation flight aerodynamics of wings using known
section data. Although the numerical code, VLM3D based on this
approach was originally developed with a view to predict post-
stall aerodynamics of single wings or their configurations, it has
been found to be robust and powerful in the analysis of formation
flight as well with some modifications.

The ability to change spatial offsets (chord-wise, span-wise
and vertical), the ability to change the angle of attack of the
trailing aircraft for a particular angle of attack of the leading
aircraft and vice versa are incorporated into VLM3D to study
formation flight aerodynamics. The unique feature of formation
flight is the interaction between the vortices and aircraft (both
leading and trailing), which is captured well by the modified
VLM3D developed by Gunasekaran and Mukherjee [9]. Post-stall
results provide an enhanced understanding of formation flight
aerodynamics.

The code VLM3D based on the decambering approach was
developed wherein the chordwise camber distribution at each
section of the wing was reduced to account for the viscous effects
at high angles of attack. The approach uses either or both Cl
and Cm section data and uses a two-variable function for the
decambering.

In addition, unlike all earlier methods, the approach uses a
multi-dimensional Newton iteration that accounts for the cross-
coupling effects between the sections in predicting the decam-
bering for each step in the iteration. The subsequent discussion
illustrates briefly the decambering approach by describing its
application to model a two-dimensional flow past an example
airfoil. The iterative approach for three-dimensional geometries
is discussed next.

The primary methodology of ‘decambering’ used here has
developed by Mukherjee and Gopalarathnam [8]. However, while
the focus of this work was to use the ‘decambering’ concept to
model separated flow at high angles of attack, the objective of
the present work is to study the interference effect of more than
one wing operating together at a range of low to post-stall angles
of attack. In the present work, therefore, when operating at post-
stall angles of attack, the separated flow effects are modeled using
the ‘decambering’ concept.

In the present work, the in-house code based on the ‘decam-
bering’ methodology is modified where each of the multiple lift-
ing surfaces operate as individual entities and affect each other.
Using multiple wings increases the computational cost as well.
Using multiple wings also means that at a single instance of time
only one or some wings may stall and others may not. Hence, the
‘decambering’ approach needs to be selectively implemented.

Gunasekaran and Mukherjee [10] studied the effect of geomet-
ric and aerodynamic twist on an echelon configuration flight. Es-
sentially, the twist changes the distribution of the effective angle
of attack over the wing span and this affects wing performance
including stall behavior.

This present paper studies a lead-trail configuration, the pri-
mary difference with the echelon configuration being that a wing
in the lead-trail configuration will never experience asymmetric
load distribution along wing span unlike in an echelon formation.
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And the wing twist in the echelon formation is able to erase such
asymmetric load distributions and prevents rolling moments. The
lead-trail configuration, on the other hand is able to achieve
higher CL for each wing since stall is delayed, therefore suggesting
decrease of fuel usage.

2.1. Application to 2D flow

The overall objective was to arrive at a scheme for incorpo-
rating the nonlinear section lift curves in wing analysis methods
such as lifting line theory, discrete-vortex Weissinger’s method
and vortex lattice methods. For this purpose, it was assumed that
the two-dimensional data Cl − α and Cm − α for the sections
forming the wing were available from either experimental or
computational results. The objective was that for the final solu-
tion of the 3D flow, the Γ distribution across the span would be
consistent with the distribution of the effective α for each section
and the Cl and Cm for each section would be consistent with the
effective α for that section and the section Cl−α and Cm−α data.

This overall objective was achieved by finding the effective re-
duction in the camber distribution for each section along the span
illustrated in Fig. 3. The typical flow past an airfoil at small angles
of attack consists of a thin boundary layer that remains attached
to the surfaces of the airfoil. For these conditions, the Cl and Cm
predicted using potential flow analysis of the airfoil camberline
agrees closely with the computational and experimental results
that account for viscosity.

With increasing angles of attack, the boundary layer thickens
on the upper surface and finally separates. It is this flow sepa-
ration that causes the viscous results for Cl and Cm to deviate
from the predictions using potential flow theory. The reason
for the deviation can be related to the effective change in the
airfoil camber distribution due to the boundary-layer separation.
If the decambering could be accounted for, then a potential-flow
prediction for the decambered airfoil would closely match the vis-
cous Cl and Cm for the high-α flow past the original airfoil shape.
This decambering idea served as the basis for the formulation of
the current approach for the three-dimensional flow problem.

While the camber reduction due to the flow separation can be
determined from computational flows, no such detailed informa-
tion is available from wind tunnel results that typically provide
only the Cl − α and Cm − α curves.

In the current method, the effective decambering for an airfoil
was approximated using a function of two variables δ1 and δ2.
The two linear functions were superposed to obtain the final
decambering function. Two variables were used because the de-
cambering was being backed out from two pieces of information:
the Cl and Cm from the airfoil data for the α under consideration.
This approximation will, of course, not match the actual viscous
decambering, but the objective was to find an equivalent cam-
ber reduction to match the viscous Cl and Cm for the α under
consideration.

The effects of δ1 and δ2 on the change in Cl and Cm for a given
α can be computed reasonably well using thin airfoil theory and
a three-term Fourier series approximation for a flat plate with a
flap deflection [12] as shown in Fig. 3. In the current work, x2 was
arbitrarily assumed to be 0.8, although any value from 0.5 to 0.9
seemed to work well.

To verify the effectiveness of the decambering approach, the
values of δ1 and δ2 were calculated for the viscous Cl − α and
Cm−α data and were then applied as a correction to the flat-plate
camberline for potential flow analysis of the NACA-0012 airfoil
using a lumped vortex method [8]. Fig. 4 shows the comparison of
the predicted potential flow Cl−α for the decambered airfoil with
the viscous result from XFOIL analysis. The agreement is seen to
be very good, which verified that the two-variable decambering
function can be used to model nonlinear lift as well as pitching
moment curves for high angles of attack.

2.2. Application to a finite 3D wing

The objective here is to incorporate the two-variable decam-
bering function into a three-dimensional analysis method such
as a vortex lattice method (VLM) in an iterative fashion. And
the advantage of using a method like VLM is that one can use
more than one lifting surface, which in this particular case is
two Cessna 172 wings in a Lead-trail and extended Lead-trail
formations. The original algorithm of the VLM3D has therefore
been modified for the current purpose, which is described in the
following sections.

As in a typical VLM, each wing is divided into several spanwise,
and chordwise panels and each panel correspond to a horseshoe
vortex. In the current approach, the geometry of each span-
wise section j of each wing is modified using local decambering
variables, δ1j and δ2j. In both the cases of two-dimensional and
three-dimensional, δ1 and δ2 were selected to match the differ-
ence between the potential-flow and the viscous-flow results.
And in particular in the three-dimensional case, changing a δ on
one section only say, the leading wing(lw) A will also affect the
neighboring sections of wing A itself as well as all the sections on
the downstream wing B and vice versa.

To account for these effects, a 2N-dimensional Newton iter-
ation is used to predict the δ1 and δ2 at each of the N sections
accounting for both wings so that the ∆Cl and ∆Cm at these
sections approach zero with an increasing number of iterations. It
is to be noted here that N accounts for a total number of sections
on both wings, i.e. N = NA + NB, where A and B denote the two
wings. A 2NX2N matrix equation has to be solved for each step
of the Newton iteration explained by Press et al. [13]), as shown
in Eq. (1).

J.δx = −F (1)

J =

(
Jl1 Jl2
Jm1 Jm2

)
=

(
(JlA + JlB)1 (JlA + JlB)2
(JmA + JmB)1 (JmA + JmB)2

)
(2)

(Jl1)i,j =
∂∆Cli
∂δ1,j

= (JlA + JlB)i,j =
∂ (∆ClA + ∆ClB)

∂δ1A

+
∂ (∆ClA + ∆ClB)

∂δ1B
(3)

(Jm1)i,j =
∂∆Cmi

∂δ1,j
= (JlA + JlB)i,j =

∂ (∆CmA + ∆CmB)

∂δ1A

+
∂ (∆CmA + ∆CmB)

∂δ1B
(4)

(Jl2)i,j =
∂∆Cli
∂δ2,j

= (JlA + JlB)i,j =
∂ (∆ClA + ∆ClB)

∂δ2A

+
∂ (∆ClA + ∆ClB)

∂δ2B
(5)

(Jl2)i,j =
∂∆Cli
∂δ2,j

= (JlA + JlB)i,j =
∂ (∆ClA + ∆ClB)

∂δ2A

+
∂ (∆ClA + ∆ClB)

∂δ2B
(6)

(Jm2)i,j =
∂∆Cmi

∂δ2,j
= (JmA + JmB)i,j =

∂ (∆CmA + ∆CmB)

∂δ2A

+
∂ (∆CmA + ∆CmB)

∂δ2B
(7)

αsec =
(Cl)sec
2π

− δ1 − δ2[1 −
θ2

π
+

sinθ2
π

] (8)

where F is a 2N-dimensional vector containing the residuals of
the functions fi to be zeroed, i.e. ∆Cl and ∆Cm, δx is the 2N-
dimensional vector containing the corrections required to the 2N
variables xi, i.e. δ1 and δ2 to bring the vector F closer to zero and
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Fig. 3. Overview of 2D decambering [11].

Fig. 4. Effectiveness of the decambering method.

J is the 2NX2N Jacobian of the system containing the gradient
information.

For each step of the iteration, F and J are determined, and δx
is computed using Eq. (1). The corrections are then applied to
the variables to bring the residuals closer to zero. In the current
scheme, the residual functions fi were the values of the ∆Cl and
∆Cm for each of the wing sections, and the variables xi were the
values of δ1 and δ2 for each of the sections. The Jacobian can be
partitioned into four submatrices as shown in Eq. (2). Eqs. (3)–(7)
show the elements of the four sub matrices.

The iteration procedure can be summarized as follows:

1. Assume starting values of δ1 and δ2 for each section of the
wing.

2. Compute the wing aerodynamic characteristics using the
VLM code.

3. Compute the local section effective angles of attack (αsec)
using the local section (Cl)sec and Eq. (10). It is to be noted
here that in Eq. (10), the variables δ1 , δ2 and θ2 are defined
for each section of the wing and are equivalent to those
used earlier for the two-dimensional case in Eqs. (1)–(3).

4. Compute the residuals ∆Cl = (Cl)visc -(Cl)sec and ∆Cm =

(Cm)visc-(Cm)sec . The (Cl)visc and (Cm)visc are obtained from
the known section data for the angle of attack correspond-
ing to αsec .

5. Calculate the Jacobian matrix for the Newton iteration.
6. Solve matrix Eq. (4) to obtain the perturbations to δ1 and

δ2 at each section and update values of δ1 and δ2.
7. Repeat steps 2–6 until ∆Cl and ∆Cm are close to zero within

a specified tolerance.

It must be mentioned that for cases where the experimen-
tal/computational viscous data for the airfoil section does not
have Cm or for cases where the decambering approach is applied
to an analysis method that cannot compute the section pitching
moments (e.g. LLT or a discrete-vortex Weissinger’s method), the
decambering is modeled as a function of a single variable δ1; δ2 is
assumed to be set to zero. In this case, the viscous decambering
function becomes similar to the α reduction approach used in
Refs. 8 and 9. However, in the current approach, the cross cou-
pling between the sections was still accounted for in predicting
the δ1 values for the next step. In the earlier approaches, the
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Fig. 5. Lead-trail configuration used in VLM3D & experiment.

sections are assumed to be decoupled, and the δ1 values for
each section are predicted using just the local values of the ∆Cl.
For this reason, it is believed that the current method will be
more effective in handling situations where the section flows are
closely coupled.

3. Results & discussion

In lead-trail formation, the effect of wingtip vortices are
slightly different from the other formations since the trailing
wing in lead-trail formation is just behind the leading wing with
some distances in the stream wise direction. Here, the whole
trailing wing comes in the region of downwash instead of upwash
since the tip vortices of leading wing are exactly in the same
direction as that of trailing wing.

The results based on basic Lead-Trail and extended formations
using current method are presented and compared with the
experimental results of Bangash [14]. The rectangular wings are
used in both leading and trailing wings of this formation. The
dimensions of rectangular wing are, spanlength, b = 7 and with
an aspect ratio, (AR) = 7. The trailing wing is placed at four chord
length distances just behind the leading wing and the wingtip
vortices of trailing wing are exactly in the same direction as that
of leading wing. The configurations used both in experiment and
current methods are shown in Fig. 5.

The in-house code used here, VLM3D requires the 2D Cl − α
and/or Cm − α data as input to predict the aerodynamic char-
acteristics of the 3D wing(s). Hence, the output is tested for
different input data, namely numerical and experiments to test
its feasibility and repeatability.

The 2D data from experiments of Bangash [14] is not available.
Hence, the available 3D CL − α is used as input and the wing is
now set as an infinite wing, i.e. with infinite span in VLM3D. The
resulting output is taken as the 2D data.

3.1. Analysis of the aerodynamic performance of the basic 2-wing
lead-trail configuration

For understanding the aerodynamic performances of the wings
in a lead-trail configuration, parameters like vertical offsets,
which represent the location of the wings with respect to each
other and their angles of attack are studied. Three different
vertical offsets, i.e. dz = −0.11, 0.33 and 0.78 are used, while the
other two offsets are fixed, i.e. dx = 0 and dy = 0. The trailing
wing angle of attack undergoes a sequence, αtw = −5◦ to 30◦

while the leading wing angle of attack, αlw = 8◦ is fixed. For each
of the vertical offsets, four sets of input data were used, i.e. (i)
NACA2412 data [15] (ii) VLM3D data without Cm − α (iii) VLM3D
data with Cm−α (iv) 2D data generated from 3D experiments [14]
and (v) 2D data of Selig [16].

The effect of using different input 2D data on the trailing wing
at a given vertical offset is studied where the CL −α is calculated
for the trailing wing for input data (i), (ii) and (iii) shown in Fig. 6
for three different vertical offsets.

For a vertical offset, dz = −0.11 and dz = 0.33 shown in
Fig. 6(a) and (b), the 3D CL − α using input data both with and
without Cm−α predicted by the current method show lower stall
angles and not so distinct linear slope compared with experiment.
However, for dz = 0.33, agreement of the current CL − α with
experiment at post-stall is quite encouraging. For the vertical
offset, dz = 0.78 shown in Fig. 6(c), the results predicted by
current method show some deviations with experiment in pre-
stall and post-stall regions while there is no major disagreement
with the prediction of αstall. In all three cases, CL − α predicted
with Cm − α as input shows a lesser zero-lift angle of attack.
Therefore, adding Cm − α along with Cl − α in the input becomes
important to know the slope of the CL−α curve and zero-lift angle
of attack, α0L.

The stall angle observed in experiment at dz = −0.11 is
significantly higher than that predicted by the current method.
With increase in the vertical offset, this difference becomes lesser
and the αstall predicted by the current method is almost same
as in experiment at dz = 0.78. Also, at post stall, compared to
experiment, the current method shows a smoother curve with
several data points.

The section Cl distribution is calculated for the trailing wings
for input data (ii), (iii) and (iv) shown in Fig. 7 for three different
vertical offsets at four selected angles of attack of the trailing
wing. For all the vertical offsets used here, both the leading wing
and the trailing wing show different section Cl for different input
data used except at the lower angles of attack, αtw = −2◦ and
αtw = 6◦, when the section Cl predicted using input data (iii) and
(iv) coincide. For all cases, only input data (iv) predicts stall at
αtw = 22◦.

This is emphasized further by studying the effect of vertical
offsets on section Cl distribution on the trailing wing for a given
input data shown in Fig. 8. As observed even at α = 24◦, a change
in vertical offset does not predict stall when input data (iv) is used
shown in Fig. 8(a). However, for all the three vertical offsets used
here, both input data (i) and (v) predict stall at α = 24◦, although
their nature is different.

The effect of different input data, vertical offsets and angle of
attack of the trailing wing on the maximum section Cl at root
section is summarized in Fig. 9 and it is observed that a change
in the vertical offsets affects only the input data (v) significantly.
The most dominant factor is the angle of attack.

3.2. Analysis of the aerodynamic performance of an extended 5-wing
lead-trail configuration

In this section, a lead-trail formation of 5 wings shown in
Fig. 10 is analyzed. The aspect ratio of the wings are same as in
the basic lead-trail formation of 2 wings. The airfoil data used
here for all the wings is that of NACA2412 [15]. The effect of
vertical offsets on trailing wings for a given angle of attack of the
leading wing, αlw is studied.

The CL−α and CDi −α for a configuration, where all the trailing
wings are below or above the leading wing, i.e. for negative and
positive vertical offsets, the magnitude of the offsets being same
is shown in Figs. 11a and 11b respectively. The vertical offsets
are dzlw−tw1 = ±0.11, dzlw−tw2 = ±0.22, dzlw−tw3 = ±0.33
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Fig. 6. Wing CL − αtw for different input data and for αlw = 8◦ .

Fig. 7. Section Cl distribution for different input data for αlw = 8◦ and αtw = −2◦, 6◦, 15◦, 22◦ .

and dzlw−tw4 = ±0.44. The angle of attack of the leading wing,
αlw = 8◦ and the trailing wings undergo a sequence of angles of
attack, −5◦ < αtw < 29◦.

It is observed from Fig. 11 that the location of the trailing
wing below or above the wing does not change its aerodynamic
characteristics for the same magnitude of the vertical offset. A
primary difference of the 5-wing configuration from the 2-wing
configuration is the change in slope of the CL − α and CDi − α

curves for the trailing wings. The first trailing wing has the largest
slope and this decreases for further trailing wings. In addition to
this, the zero-lift angle of attack, α0l shifts from ≈ −5◦, when the
wing is operating individually to ≈ +5◦ when 5 similar wings
are operating in a configuration. Hence, the operating range of
the configuration for positive lift is decreased.

However, further increasing the positive vertical offsets of the
trailing wings does not affect the slope of the CL − α and CDi − α

curves or CLmax or α0l as shown in Fig. 12 for αlw = 6◦. In other

words, the advantages of the configuration shown in Fig. 11 can
be obtained for a smaller angle of attack of the leading wing for
the same vertical offsets of the trailing wings.

Now, for the leading wing operating at near and post-stall
angles of attack, the slope of the CL−α and CDi −α curves changes
but the significant change is in the further shift of the α0l to ≈ 10◦

as shown in Fig. 13. This means that the range of operation in the
positive lift zone is further reduced.

The effect of vertical offset dz, which essentially denotes the
location of the trailing wings with respect to the leading wing
and various angles of attack of the leading wing, including high
angles of attack is summarized in Fig. 14.

As shown by the skyblue and green curves in Fig. 14, if the
magnitude of the vertical offset, dz is same, its sign, positive or
negative denoting the location of the trailing wing above or below
the leading wing respectively is insignificant to the change in
slope of the CL − α curve. For the skyblue, green, blue and red
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Fig. 8. Section Cl distribution for different 2D input data for αlw = 8◦ .

Fig. 9. Effect of input data, vertical offsets and angle of attack of the trailing
wing on maximum section Cl at root section; αlw = 8◦ .

curves, αlw = 8◦ but the slope changes drastically for the skyblue
and green curves while the change is much more gradual for the
blue and red curves since the vertical offsets between the trailing
wings and the leading wing for the red curve are highest. The
magenta and black curves are due to a combined effect of dz and
high operating angle of attack of the leading wing.

As shown in Fig. 15, change in vertical offsets of the first
trailing wing has the least effect on its aerodynamic performance
compared to the wings trailing behind it. This can be attributed
to the change in downwash encountered by a trailing wing,
which in turn decreases the local effective angle of attack as its
vertical offset with the leading wing changes. The first trailing
wing receives greater airflow and rest of the trailing wings receive
lesser airflow leading to changes in the strength of the flow. De-
layed flow separation particularly in the last few rows of trailing
wings happens due to both the above mentioned reasons. This is
similar to the downwash effect on wing–tail combination of fixed
wing aircraft, where the downwash effect decreases the local
effective angle of attack in the tailplane to give negative lift. The
combined effect of the decreased downwash and strength of the
flow reduces the CL and CDi as the offset between the individual

trailing wings and the leading wing changes. Also, the last trailing
wing experiences the least induced drag.

The section Cl distribution for increasing vertical offsets be-
tween the trailing wings and the leading wing at four selected
angles of attack of the trailing wings are shown in Fig. 16.

As expected the first trailing wing has the highest section Cl
and it is the only wing that stalls at α = 25◦ but at a higher
vertical offset, e.g. dzlw−tw1 = 0.78 shown in Fig. 16c the region
of stall at the root is smallest. This is also expected since with
increase in vertical offset the effect of the downwash from the
leading wing decreases and the stall is dominated by the effect
of the high operating angle of attack of the trailing wing.

The effect of vertical offsets on the section Cl distribution for
the individual trailing wings is shown in Fig. 17. Only the first
trailing wing stalls at α = 23◦ and α = 25◦ for the highest
vertical offset, dz = 0.78. It is therefore expected that the stall
is dominated by its angle of attack rather than its vertical offset
since the effect of the downwash is minimum.

The section Cl distribution on the trailing wings when the
leading wing is near or at post-stall is shown in Fig. 18. It is
observed from Fig. 18a for αlw = 15◦ that none of the 5 wings
stall. The leading wing continues to operate at the maximum
section Cl possible even when the trailing wings operate at αtw =

0◦. At αtw = 25◦ however, the first trailing wing is near stall much
ahead of the leading wing. This can be attributed to the fact that
when the angle of attack of the first trailing wing becomes greater
than the angle of attack of the leading wing, say αtw = 23◦, due
to the downwash from the leading wing there is a decrease in
the distribution of the effective angle of attack of the first trailing
wing but it is just about ≈ αstall allowing it to operate at the
maximum section Cl but not stall.

As its angle of attack continues to increase, it operates at the
highest possible Cl but does not stall even say at αtw = 25◦. In
other words, for α > 15◦, all the five wings would have stalled
if operating individually. When operating in a configuration how-
ever, none of them stall and the first trailing wing operates at the
highest possible section Cl. The other trailing wings including the
leading wing operate at a lesser section Cl.
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Fig. 10. Illustration of extended lead-trail formation with 5 wings.

Fig. 11. 5-wing configuration; αlw = 8◦ , dx = 0, dy = 0.

Fig. 12. 5-wing configuration; dx = 0, dy = 0, αlw = 6◦ .

Fig. 13. Leading wing near or at post stall: dzlw−tw1 = 0.33, dzlw−tw2 = 0.66, dzlw−tw3 = 0.99 and dzlw−tw4 = 1.32.
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Fig. 14. Effect of vertical offsets between leading and trailing wings and angle
of attack of leading wing on a 5-wing configuration. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version
of this article.)

At αlw = 22◦, the root section of the leading wing stalls even
at αtw = 0◦ resulting in a decrease in the downwash as well as
two additional trailing vortices causing upwash on the trailing
wings. The effect of this is maximum on the first trailing wing
shown by the sharp change in the section Cl at the root section.
At αtw = 25◦, the first trailing wing stalls and the second trailing
wing begins to see a sharp increase in its section Cl at the root
section.

It is therefore safe to predict that operating at post-stall angles
of attack is definitely advantageous from the point of view of
saving fuel as well as more wings flying in configuration provided
the leading wing remains unstalled.

A comparison of the maximum section Cl with change in
vertical offsets for the 2 and 5-wings configurations is shown in
Fig. 19. It is seen that for the trailing wings in both configurations,
the maximum section Cl increases with increase in vertical offset,
dz. For a given vertical offset however, the trailing wing of the
2-wing configuration and the first trailing wing of the 5-wing
configuration have similar maximum section Cl, in fact the latter’s
maximum section Cl is slightly more than the former’s. The max-
imum section Cl for the remaining trailing wings of the 5-wing
configuration is much lesser. It is therefore safe to suggest that

it is advantageous to operate with more wings in a configuration
with a high vertical offset.

For a 5-wing configuration, the effect of a set of given vertical
offsets on the maximum section Cl for increasing angles of attack
of the trailing wings is shown in Fig. 20. It is observed that only
the first trailing wing stalls at α ≈ 24◦. Hence, it is advantageous
to operate with multiple wings at a high angle of attack such that
none of them stall.

4. Conclusion

Analysis of a basic 2-wing and extended 5-wing lead-trail
formation is carried out using an in-house numerical code, which
models flow separation using local camber correction of the wing
surface. The aerodynamic performance of the formations is tested
for change in vertical offset wherein the trailing wing may be
positioned above or below the leading wing and angles of attack
of individual wings, which include both negative and post-stall
angles of attack.

A trailing wing in a 5-wing configuration can operate at a
higher CL at a given α but has a lesser range. The further a wing
trails the leading wing, it experiences lesser aerodynamic load. If
the vertical offsets remain same, the leading wing can operate at
a smaller angle of attack without compromising the aerodynamic
advantages of the trailing wings. At high angles of attack, stall is
delayed and it is advantageous in terms of operating at high CL
without significant CDi penalty, which in turn means fuel savings.
However, at such high angles of attack the range of operation is
decreased.

It is advantageous to have more wings in a configuration. The
last wing in a 5-wing configuration experiences almost 39% less
aerodynamic load than the last wing in a 2-wing configuration.
For a given angle of attack, in a 5-wing configuration, the second
to fifth trailing wings experience less aerodynamic load when
operating in a configuration. The last wing experiences the least
induced drag and in some cases it is even found that it experi-
ences almost zero induced drag. In a particular case, the last wing
in a 5-wing configuration experiences almost 33% less induced
drag than the first trailing wing.

Fig. 15. 5-wing configuration; dx = 0, dy = 0, αlw = 8◦ , airfoil: NACA2412.
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Fig. 16. Section Cl distribution on trailing wings of 5-wing configuration; αlw = 8◦ .

Fig. 17. Effect of vertical offsets on Section Cl distribution of trailing wings of 5-wing configuration; αlw = 8◦ .

For an aircraft, the operating CL is determined by mission

requirements as well as safety margins, which prevent operating

at CL close to the maximum. Therefore, the vertical offset and

angle of attack of the first trailing wing should be optimally
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Fig. 18. Section Cl distribution on trailing wings of 5 wing formation when leading wing is near or at post stall; dzlw−tw1 = 0.33, dzlw−tw2 = 0.66, dzlw−tw3 = 0.99
and dzlw−tw4 = 1.32.

Fig. 19. Section Cl: Comparison of basic and extended lead-trail configuration.

Fig. 20. Section Clmax : Effect of vertical offset.

chosen such that the wing operates at the maximum possible CL
but does not stall. For example, if the first trailing wing in a 5-
wing configuration has a vertical offset of 0.78 and the leading
wing angle of attack is 8◦ then it experiences maximum Cl when
operating at α = 15◦. Another example is when the first trailing
wing in a 5-wing configuration has a vertical offset of 0.33 and the
leading wing angle of attack is 15◦ then it experiences maximum
Cl when operating at α = 23◦. There is no stall in either of these
cases.

The authors believe that using the analysis presented here,
feasible lead-trail configuration flight can be designed to operate
at reduced range of angles of attack but sufficiently high angles

of attack for maximum savings in fuel and efficient load bearing
ability of the trailing wings.
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