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Abstract: Numerical simulations are performed to study the outboard airfoil of advanced technology
regional aircraft (ATRA) wings with five different variable camber continuous trailing edge flap
(VCCTEF) configurations. The computational study aims to improve the aerodynamic efficiency of
the airfoil under cruise conditions. The design of outboard airfoil complies with the hybrid laminar
flow control design criteria. This work is unique in terms of analysis of the effects of VCCTEF
on the ATRA wing’s outboard airfoil during the off-design condition. The Reynolds–Averaged
Navier–Stokes equations coupled with the Spalart-Allmaras turbulence model are employed to
perform the simulations for the baseline case and VCCTEF configurations. The current computational
study is performed at an altitude of 10 km with a cruise Mach number of 0.77 and a Reynolds number
of 2.16 × 107. Amongst all five configurations of VCCTEF airfoils studied, a flap having a parabolic
profile (VCCTEF 123) configuration shows the maximum airfoil efficiency and resulted in an increase
of 6.3% as compared to the baseline airfoil.

Keywords: variable camber continuous trailing edge flap; advanced technology regional aircraft
wing; computational fluid dynamics; trailing edge flap; turbulence model

1. Introduction

The future growth of the aircraft industry depends on various environmental factors, such as
air and noise pollution [1]. The fuel consumption of an aircraft is strongly dependent on its airfoil
efficiency measured in terms of lift to drag (L/D) ratio. Increasing this efficiency is one of the methods
for decreasing fuel consumption, thereby reducing harmful emissions [1]. It is evident in Figure 1 that
“research, testing project design” represents 5% of the aircraft sale price which itself is 40% of direct
operation cost (DOC). This estimate implies that “research, testing project design” contributes 2% (5%
of 40%) of direct operation cost (DOC). The fuel accounts for 20% of DOC as illustrated in Figure 2 and
a fuel savings of 10% implies 2% reduction in DOC [2]. Therefore, this study strives to increase the
efficiency of airfoil.

The fuel consumption is strongly dependent on the aerodynamic efficiency [3] given by:

dW f = −dη (1)

where η = L/D is aerodynamic efficiency, L is the lift force, D is the drag force, dη is the percentage
change in η, and W f is the fuel consumption rate in terms of percentage.
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Figure 1. Aircraft sale price [2]. 

 
Figure 2. Direct operational cost (DOC) breakdown [2]. 

It is observed from Equation (1) that the fuel consumption rate decreases with an increase in 
aerodynamic efficiency.  Range =  𝑉𝐶 𝐿𝐷 𝑙𝑛 𝑊𝑊  (2) 

The Breguet–Range equation shows that aerodynamic efficiency must be maximum and the 
thrust specific fuel consumption (Ct) must be minimum, in other words, the fuel-efficiency must be 
maximum to attain the maximum aircraft range. 

An increment in the L/D ratio can be achieved, either by increasing the lift force or by reducing 
the drag force. The high lift devices like slats, slots, and flaps are some of the effective techniques for 
increasing the lift [4]. However, an increment of the lift is inherently accompanied by the drag, so 
reducing the drag seems to be a better idea for increasing the L/D ratio. 

Techniques for Increasing Aerodynamic Efficiency 

In a subsonic transport aircraft, the majority of the drag is contributed by skin friction during 
the cruise condition [5–7]. The drag reduction can be obtained by suppressing the turbulent skin 
friction by manipulating boundary layer [8], using devices such as riblets [9] and large eddy break-
up devices [10]. However, an increased cost of manufacturing and maintenance is a concern [6]. The 
vortex generators re-energize the boundary layer (by generating vortices) and delay the flow 
separation [11]. The drag reduction can also be achieved by altering the flow behavior by the use of 
additives such as particle, surfactant, bubble, and polymer solutions [12]. 

A reduction in the drag (by the aforementioned methods) especially the local skin friction drag 
reduction in the range of 5–30% is of considerable importance, but it is not as effective as laminar 
flow control (LFC), which results in 50–80% reduction in skin friction drag. The LFC by suction 
technique tends to delay the transition point, keeping the flow laminar for a certain portion of the 
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It is observed from Equation (1) that the fuel consumption rate decreases with an increase in
aerodynamic efficiency.

Range =
V∞
Ct

L
D

ln
Winitial
W f inal

(2)

The Breguet–Range equation shows that aerodynamic efficiency must be maximum and the thrust
specific fuel consumption (Ct) must be minimum, in other words, the fuel-efficiency must be maximum
to attain the maximum aircraft range.

An increment in the L/D ratio can be achieved, either by increasing the lift force or by reducing
the drag force. The high lift devices like slats, slots, and flaps are some of the effective techniques for
increasing the lift [4]. However, an increment of the lift is inherently accompanied by the drag, so
reducing the drag seems to be a better idea for increasing the L/D ratio.

Techniques for Increasing Aerodynamic Efficiency

In a subsonic transport aircraft, the majority of the drag is contributed by skin friction during the
cruise condition [5–7]. The drag reduction can be obtained by suppressing the turbulent skin friction by
manipulating boundary layer [8], using devices such as riblets [9] and large eddy break-up devices [10].
However, an increased cost of manufacturing and maintenance is a concern [6]. The vortex generators
re-energize the boundary layer (by generating vortices) and delay the flow separation [11]. The drag
reduction can also be achieved by altering the flow behavior by the use of additives such as particle,
surfactant, bubble, and polymer solutions [12].

A reduction in the drag (by the aforementioned methods) especially the local skin friction drag
reduction in the range of 5–30% is of considerable importance, but it is not as effective as laminar flow
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control (LFC), which results in 50–80% reduction in skin friction drag. The LFC by suction technique
tends to delay the transition point, keeping the flow laminar for a certain portion of the wing. The
natural laminar flow (NLF) technology changes the shape of the airfoil such that it moves the thickest
point of the airfoil as aft as possible and reduces its thickness to the greatest feasible extent.

The hybrid laminar flow control (HLFC) has proved to be a significant development of LFC [13].
The advantages of the airfoil designed based on the HLFC criteria surpasses the limitations of NLF
and LFC by suction (LFCS). In particular, the airfoil designed based on the HLFC criteria has a good
design performance in the turbulent flow [13]. It also reduces the system complexity and cost as
compared to the NLF and LFCS [14]. A drag reduction in the range of 10–11% is reached by the
HLFC approach [15]. The practical use of HLFC requires that laminar flow is maintained through a
range of cruise lift coefficients and Mach numbers. There can be a loss of laminar flow if there is a
variation in lift coefficient and Mach number due to the change in the designed pressure distribution.
A combination of HLFC and Variable Camber Wing (VCW) techniques suggested that the variable
camber (flap deflection at a low angle of attack) can maintain the designed pressure distribution at
off-design conditions, to obtain an optimum benefit [16].

The recent advances in aircraft structural materials have enabled the aerospace engineers to design
the wings with greater stiffness (higher modulus of elasticity, E) while keeping the same load-carrying
capacity. However, owing to the use of the stiffer wings, the aeroelastic interaction with forces and
moments (generated due to the aerodynamics of the aircraft) results in the reduction of the aerodynamic
efficiency. In order to overcome this aerodynamic problem, the wing surfaces must be shaped elastically
during the cruise by active control of wing bending and twist [17]. The conventional flaps cannot be
used to realize this concept; instead, a new type of flap system developed by NASA, i.e., the variable
camber continuous trailing edge flap (VCCTEF) system, can be used. In comparison to the present flap
system, the VCCTEF has the advantage of weight-reduction. This is because of the use of lightweight
shape memory alloy (SMA) and an electric motor for actuation of its three-segment flap. The VCCTEF
is developed for an airframe like the B757, a NASA Generic Transport Model (GTM). The VCCTEF
uses a three-segment flap along the chord for varying camber. The cambered flap is expected to have
a reduction in drag compared to the conventionally used single flap. Along the span, the flaps are
divided into two-foot segments; this enables different flap settings at each flap along the span. Hence,
the wing twist, or flexibility, is incorporated as a function of the span, resulting in a wing twist that
varies according to the mission, thereby providing the best L/D ratio. The experimental studies show
that the VCCTEF can achieve a drag reduction of up to 6.31% and an improvement in the L/D ratio up
to 4.85% [18]. Hence, it is concluded that a combination of HLFC–VCCTEF seems to be more realizable
in comparison to the HLFC–VCW. This combination is justified since the VCCTEF configuration can
provide benefits such as reduced weight and active control of wing twist and bend compared to a
conventional flap.

2. Present Work

The initial studies of VCCTEF have been conducted by deploying it on the airframe of the GTM
wing. Edi et al. [16] reviewed the new technologies related to the wing design of civil–transport aircraft
and had considered the combination of HLFC–VCW on the wing of advanced technology regional
aircraft (ATRA) [19]. The present work reports the combination of HLFC–VCCTEF on ATRA wing’s
outboard airfoil.

2.1. Wing of Advanced Technology Regional Aircraft (W-ATRA)

The W-ATRA wing is generated using three airfoils: (1) side of the body (SOB), (2) inboard (INB),
and (3) outboard (KINK) airfoil. The SOB and the INB airfoil are designed proximate to the root of the
wing. Figure 3a,b illustrate the wing thickness and twist distribution respectively along the wingspan.
It is evident that the outboard airfoil is at 5.987 m from the fuselage centerline. The angle of incidence
at this profile is 1.1◦ and the thickness to chord (t/c) ratio is 9.23%. The same t/c ratio is maintained
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until the wing tip; however, the angle of incidence varies linearly until −2◦. The length of the outboard
airfoil is 3587 mm at the wing break station. The angle of incidence of this airfoil varies from −2◦

to 1.1◦.Energies 2019, 12, x FOR PEER REVIEW 4 of 22 
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2.2. Combining VCCTEF with W-ATRA

Given the discussion of the W-ATRA’s design features in the preceding section, there arises a
question: what portion of the wing uses VCCTEF configuration? Is it to be used over the entire
span or until a certain position along the span? In the NASA GTM wing, VCCTEF configuration is
used after the wing break station (i.e., at the position where initial continuity in the wing is lost). An
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outboard/kink airfoil is used for making ATRA wing beyond the wing break station. Hence, in the
present study, the VCCTEF configuration with an outboard airfoil alone is studied.

Table 1 shows various VCCTEF configurations on which simulations are conducted. The data
in this table indicates that all the configurations for flaps (1–3) sum up to a value of 6◦. For example,
in VCCTEF 123, the sum of the angles is (1◦ + 2◦ + 3◦ = 6◦). The reason for taking this angle of 6◦ is
explained by Kaul et al. [20], who have studied these configurations computationally, but with another
wing section of GTM wing. One of the objectives of the present work is to find any similarity with the
previous work, hence the same angle of incidence is chosen for the current study.

Table 1. Variable camber continuous trailing edge flap (VCCTEF) configurations used in the current study.

VCCTEF Configuration No. of Segments (n) Flap 1 (deg) Flap 2 (deg) Flap 3 (deg)

VCCTEF 123 3 1 2 3
VCCTEF 222 3 2 2 2
VCCTEF 321 3 3 2 1
VCCTEF 33 2 3 3 -
VCCTEF 6 1 6 - -

Figure 4 shows the schematic of the three-segment flap each segment length is denoted by “cf”.
Since the total flap length is 30% of chord (c), each cf is 10% of total chord length. The configuration
of baseline airfoil is designed with no flap deflection, i.e., it has a zero deflection angle with respect
to the horizontal line. The VCCTEF 123 indicates that there are three segments of the flap. The first
segment is deflected at 1◦ from the horizontal line; the second segment is deflected at 2◦ from the
first segment, and the third segment is deflected at 3◦ relative to the second segment (see Figure 5).
The same jargon applies to the VCCTEF 222 and VCCTEF 321. The VCCTEF 33 is designed such
that it has only two segments each deflected at 3◦ relative to the horizontal line and the first segment
respectively. The VCCTEF 6 configuration is a variable camber flap with single deflection of 6◦ relative
to the horizontal line.
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Figure 6a shows the comparison of baseline coordinates with the various VCCTEF coordinates.
Figure 6b shows the magnified view of the trailing edge, and it deflects in the order of VCCTEF 123,
222, 321, and 6, respectively. It is observed that the trailing edge of VCCTEF 321 and 33 almost coincide
with each other.
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3. Numerical Method

In the present work, the computational fluid dynamics (CFD) commercial software, ANSYS
FLUENT V.17 is employed to perform the numerical simulations and its algorithm is illustrated in
Figure 7. The airfoil coordinates in two–dimensions are normalized with the airfoil chord length. These
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coordinates are increased using the X–foil package to have a smoother profile of airfoil. The flow domain
is divided into infinitesimal control volumes using Cartesian mesh. This mesh is generated using an
in-built space claim package in ANSYS. The governing equations of continuity, momentum, and energy
are solved simultaneously by using the density-based solver. The turbulence model equation is solved
by using the formerly updated values of flow variables such as velocity, pressure, and temperature.
The standard one-equation Spalart-Allmaras (SA) turbulence model is used to calculate the eddy
viscosity [21]. The linearization of the coupled continuity, momentum, and energy equations produce
a system of equations with unknown properties such as pressure, velocities, temperature and turbulent
eddy viscosity. The inviscid flux terms are computed using Roe’s flux-differencing splitting method
using 3rd order MUSCL scheme [22]. The implicit lower-upper symmetric Gauss-Seidel approach is
used to advance the solution in time for all the variables in the control volumes to reach the steady-state
solution. A Courant–Friedrichs–Lewy (CFL) number of 0.7 is used to achieve a converged solution.
All the simulations are initialized with a constant free-stream temperature, pressure, and velocities.
It is assumed that the air obeys an ideal gas law and the value of viscosity is adjusted to match the
desired free stream Reynolds number (Re∞). The computations are stopped when the mass residual is
reduced to an order of magnitude of six.
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4. Results and Discussion

4.1. Validation

The flow over the NACA0012 airfoil is computed, and the results are compared to the available
experimental data [23] for the validation at free stream transonic Mach number and Reynolds number
of 0.7 and 9 × 106. The C–grid with 1122 × 200 points is generated with flow domain extending up
to 25 chord length. The flow is computed at different angles of attack varying from 0◦ to 4.8◦. The
experiments showed a stall at an angle of attack of 5◦. The computed coefficient of pressure contours
and surface pressure distributions are shown in Figures 8–10 for the angle of attack = 1.5◦, 3.1◦, and
4.8◦ respectively and compared to the experiments [23]. A weak normal shock is formed on the upper
surface of the airfoil and is marked in Figure 8a. The computed surface pressure coefficient matches
with the experimental data on the upper and the lower airfoil surfaces (see Figure 8b), however on the
upper surface in the regions near to x/c = 0.16, CFD data shows higher values than the experiments.
This normal shock is absent in the experiments because of the three-dimensional (3–D) relieving effect.
In a two-dimensional (2–D) computational flow, sharp gradients of the normal shock wave are formed.
The computed Cp contour shows that the normal shock location (see Figure 9a) is observed in the
downstream flow direction in comparison to the experimental data. Figure 9b illustrates that the CFD
results are in a good agreement with the experimental data with a small deviation of Cp at x/c = 0.28 on
the upper surface. An increase in the angle of attack results in a stronger normal shock on the upper
surface, as shown in Figure 10a by flow contours of the coefficient of pressure. Figure 10b depicts that
an adverse pressure gradient across the normal shock wave results in flow separation. Figure 10c
illustrates that the highest jump in surface Cp across the shock is observed at x/c = 0.32.
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Figure 10. (a) Computed coefficient of pressure contours with subfigure (b) depicting the shock
boundary layer interaction separation bubble. (c) Computed surface pressure coefficient for the
NACA0012 airfoil at Mach = 0.7 and Re∞ = 9 × 106 at an angle of attack = 4.8◦.

The computed Cl variation with angle of attack for the NACA0012 airfoil at Mach = 0.7 and
Re∞ = 9 × 106 is compared with the experiments [23] in Figure 11. The current computed Cl agrees
well with experimental data up to 4◦ angle of attack and beyond this angle, the CFD results show 5%
fewer values than experiments. Figure 12 shows a polar drag plot for the NACA0012 airfoil. The CFD
results match with experiments for a lower angle of attack up to 2◦ and show a maximum deviation of
7% at higher angles. This difference can be attributed to the fact that the experiment fixed the transition
location around 5 percent of the chord from the leading edge, while the present computations are
carried out with a fully turbulent incoming flow with SA turbulence model. The second reason in
deviation of CFD and experiments is that the normal shock is unsteady in nature when it interacts
with the boundary layer on the airfoil surface. This normal shock–boundary-layer interaction is one of
the sources of flow unsteadiness. The modelling of this flow unsteadiness and implementing in the
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turbulence model can improve the separation bubble size, and hence can improve the computed shock
location. This unsteadiness is not modelled by the current SA model and therefore gives an error in the
Cd and Cl calculations. The CFD results will be improved in our future studies by using advanced SA
and k-ω turbulence models, which accounts for this unsteadiness [24–27].
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4.2. Grid Independence Study (Baseline)

A grid independence study is done by taking three different C–grids of 700 × 150, 1122 × 200
and 1422 × 200, as shown in Figure 13. It is observed that the variation of surface pressure coefficient
overlaps with each other for these grids (see Figure 13). The near-wall distance of 1.6 × 10−3 m is taken
and the value of y+ is less than 1. In the current study, the grid size of 1122 × 200 is used to reduce the
numerical errors [22]. The number of grid points around the airfoil is 922 points. The same grid is
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used in the validation of NACA0012 airfoil in the former simulations. Figure 14 shows the grid around
the baseline airfoil.
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4.3. VCCTEF Simulations

The computations of 2–D fully turbulent flows are performed on the outboard airfoil of ATRA
wing to explore the effects of various VCCTEF configurations on L/D ratio. The focus of the work
is to select the most aerodynamically efficient VCCTEF configuration in comparison to the baseline
airfoil. The number of coordinates of the outboard airfoil is increased to 300 points by using Xfoil
software [28]. The numerical simulations are performed at a free-stream Mach number of 0.7 and
free-stream Reynolds number of 21.6 × 106. Since the aircraft wing is swept back at an angle of 25◦,
the actual Mach number over the aircraft’s wing would be 0.77 [29]. The free stream pressure and
temperature corresponding to an altitude of 10 km are assumed to be p∞ = 26,500 Pa and T∞ = 223 K.
In order to match the desired Re∞ the viscosity is adjusted to a value of 1.44 × 10−5 Pa-s.

The coefficient of pressure and the Mach contour plots of the baseline and various VCCTEF
configurations at a zero angle of attack are illustrated in Figures 15–20. As the deflection of trailing
edge increases (see Figure 6b) the normal shock intensity on the top surface of these airfoils also
increases in the same order of deflection and are marked in the respective contours of the coefficient of



Energies 2019, 12, 3185 13 of 22

pressure. The maximum Mach number on the upper surface of the airfoil, near the first hinge point,
also increases in the same order.Energies 2019, 12, x FOR PEER REVIEW 13 of 22 
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The baseline pressure coefficient plot is compared at a zero angle of attack in Figure 21 with other
VCCTEF configurations. The strength of normal shock formation at x/c ≈ 0.70 on the top surface of
airfoil increases in the order of trailing edge deflection. The strength of the shock can be observed
with an increase of bump at x/c ≈ 0.70 and is consistent with the flow physics contours of normal
shock formation seen in Figures 15–20. The flow expands before the shock, which can be observed
by a decrease of pressure before the shock. Along with the strength of the shock, the flow expansion
tendency also increases in the order of trailing deflection. It may be noted that the airfoil is designed to
have an initial peak pressure near the leading edge [16] on the upper surface of the airfoil, as observed
in Figure 21. However, this initial pressure peak proximate to the leading edge is amplified in the
various VCCTEF configurations.
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Figure 21. Comparison of computed baseline airfoil coefficient of pressure with VCCTEF configurations
at a zero angle of attack.

The VCCTEF 6 configuration is showing the highest level of drag compared to other configurations
at any given angle of attack (see Figure 22). Among the five configurations of VCCTEF, the lowest
drag is of VCCTEF 123. It is worth noting that VCCTEF 321 and 33 almost coincide with each other.
The study of the variation in the Cd with various angle of attack is important for initial assessment of
the VCCTEF configurations before the computations of the 3–D geometry begins. All the VCCTEF
configurations result in an increase in the lift coefficient in comparison to the baseline airfoil (as
observed in Figure 23) with the VCCTEF 6 showing the highest value at each angle of attack.
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Figure 23. Variation of the computed coefficient of lift, Cl with various angles of attack, α.

The polar drag comparison of baseline and other VCCTEF configurations can be seen in Figure 24.
The minimum drag for the baseline airfoil is approximately equal to 0.0068 at Cl ≈ 0.1, whereas
the parasite drag or the zero-lift drag is approximately equal to 0.0069. Almost all the VCCTEF
configurations appear to have a similar minimum drag point. Among all the configurations, only the
VCCTEF 6 configuration tends to have a relatively higher drag at its minimum drag position. The
highest Cl that is achieved by any VCCTEF configuration is accompanied by an increase in drag as
compared to the baseline airfoil.
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The L/D value of all the VCCTEF configurations (except VCCTEF 6) is better than the baseline
configuration for the angle of attack in the range of −2◦ to 1◦ (as seen in Figure 25). However, beyond
1.5◦, no configuration outperforms the baseline.
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Further analysis investigating these simulations cases with LES model [30] would help us to establish 
a greater degree of accuracy on this present study. Another interesting possible area of future 

Figure 25. Lift to drag ratio, L/D variation with different angles of attack, α.

It is evident from Figure 25 that VCCTEF 123 results in the best L/D ratio of 80 at α = 1.1◦. The
baseline case indicates better performance at α = 2◦ with L/D ≈ 75. The VCCTEF 222 airfoil shows a
similar L/D but at α = 1◦.

Figure 26 shows the variation of L/D with Cl; here it is seen that beyond the Cl ≈ 0.7, VCCTEF 123
and 222 perform better than baseline. The best performance in the cruise is given by the VCCTEF 123
with baseline and 222 being close in respective order. At Cl ≈ 0.6, which is the design lift coefficient of
the baseline, it has the best aerodynamic efficiency.
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Amongst the various VCCTEF configurations, the parabolic arc chamber (VCCTEF 123) has lesser
shock intensity at the first hinge position; this is similar to the results of Kaul et al. [20]. All the VCCTEF
configurations have better aerodynamic efficiency between −2◦ and 1.1◦ than baseline airfoil except for
the single flap segment VCCTEF 6 configuration which underperforms relative to the baseline case
beyond 0◦.

Although the study has successfully demonstrated the efficient configuration of the airfoil, the
current investigation of the SA model is not explicitly designed to do time-resolved simulation. Further
analysis investigating these simulations cases with LES model [30] would help us to establish a greater
degree of accuracy on this present study. Another interesting possible area of future research would be
to investigate the aerodynamic performance of these airfoils in the atmosphere with particles. Airfoils
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can experience such dispersed flow of particles of varying size due to sandy desert environments [31].
Furthermore, research investigating these particulate flows would help analyze the airfoil efficiency in
the dusty environment.

5. Conclusions

The airfoil used for the present study was an outboard airfoil of the wing of advanced technology
regional aircraft (W-ATRA), which extends from wing break station to the tip. The airfoil has a chord
length of 3587 mm (141.2205 inches). The variable camber continuous trailing edge flap (VCCTEF)
overall flap chord is 30% of airfoil length, measured from the first hinge line. The simulations of the
baseline and various VCCTEF configurations were performed using the fully turbulent Spalart-Allmaras
model. The results identified the most aerodynamic efficient VCCTEF configuration amongst the
various tested configurations. The VCCTEF 123 showed the best lift to drag ratio of 80 at an angle of
attack equal to 1.1◦. The SA model predicted an increase in the lift as well as drag as the angle of attack
increases, this is due to the increment in the camber and the pressure component of the drag force
respectively. The VCCTEF 123 configuration resulted in an approximately 6.3% increment in the lift to
drag ratio as compared to the baseline case.

The VCCTEF airfoil was designed to have weak shocks near the leading edge. Upon neglecting
the effect of weaker shocks near the leading edge, all the configurations (including baseline) show
a favorable pressure gradient up to 65% of the chord at an angle of attack of 0◦ which is good for
application of HLFC. In addition, all the VCCTEF configurations showed the shock formation at
hinge positions with VCCTEF 6 having a strong shock. The VCCTEF 123, with a parabolic arc angle
configuration, showed better performance than all configurations.

The three-dimensional CFD results tend to produce weak shocks on the surface of the airfoil in
comparison to the two-dimensional CFD results. These two-dimensional effects may be absent in the
experimental work. This is because the two-dimensional flow having sharp gradients due to shocks
can be relieved in three-dimensional flow by variation of pressure gradient due to the crossflow. This
change in properties in three-dimensional flow is denominated as a relief effect. Our future work is
directed to perform the three-dimensional simulations to study the relief effect on the drag and lift of
VCCTEF airfoils.
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