
Aerodynamic Optimization of Mach 0.745 Transonic
Truss-Braced Wing Aircraft with Variable-Camber Continuous

Trailing-Edge Flap

Juntao Xiong∗

KBR Wyle, Inc., Moffett Field, CA 94035
Robert E. Bartels†

NASA Langley Research Center, Hampton, VA 23681
Nhan Nguyen‡

NASA Ames Research Center, Moffett Field, CA 94035

This paper presents an aerodynamic optimization study of theMach 0.745 Transonic Truss-
Braced Wing (TTBW) aircraft with Variable-Camber Continuous Trailing-Edge Flap (VC-
CTEF). The VCCTEF is a novel wing shaping control concept to improve aircraft aerodynamic
efficiency. Drag reduction studies are conducted for three different VCCTEF configurations
with 6-, 10-, and 21-spanwise sections, respectively. A simple VCCTEF actuator weight model
is proposed to account the weight penalty of the actuator in the design. A vortex-lattice model
of the TTBW model is developed with transonic small disturbance, integral boundary-layer,
and wing-strut interference corrections for rapid aerodynamic performance evaluations. The
VSPAERO model has been validated against wind tunnel test data. The optimization results
show that the 21-spanwise sections VCCTEF has largest absolute drag coefficient reduction,
however, the 6-spanwise sections VCCTEF provides a relatively better solution for drag reduc-
tion when the actuator weight penalty is considered. A high-fidelity CFD solver FUN3D is used
to validate the VCCTEF optimization.

I. Introduction

Research and development of high aspect ratio wing transport designs has placed a greater emphasis on the studies
of aeroelasticity and flutter owing to the increase in the wing flexibility as the wing aspect ratio increases. These studies
have sought to develop methods and tools for aeroelasticity by laying the foundation for more modern high aspect ratio
wing aircraft such as the Transonic Truss-Braced Wing (TTBW).1,2, 3 The TTBW aircraft shown in Figure 1 is designed
to be aerodynamically efficient by employing an aspect ratio of about 19.55, which is significantly greater than those of
conventional aircraft cantilever wings. The main idea is to use truss structures to alleviate the wing root bending moment,
so that a significant increase in the wing aspect ratio could be afforded. The main wings are braced at approximately
mid-span by two main struts. In addition, two jury struts, one on each wing, provide additional reinforcement. The
additional braced structures will cause some aerodynamic impacts to the wing. The design of a truss-braced wing
is a Multidisciplinary Design Analysis and Optimization (MDAO) process that strives to achieve a delicate balance
between aerodynamic and structural efficiencies. The MDAO studies have been conducted at each stage to improve
the wing aerodynamics, structural efficiency, and flight performance using advanced N+4 turbofan engines. These
MDAO studies have refined the geometry of the wing and configuration layout and have involved trade studies involving
minimizing induced drag, profile drag, and wave drag due to the addition of the main strut and jury struts. Another
option for managing the aeroelastic behavior of the aircraft is through control system design. The control system could
be made to both suppress undesirable motion and shape the flexible structure in pursuit of improved performance goals.
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Figure 1 Boeing SUGAR Transonic Truss-Braced Wing (TTBW) Aircraft Concept

The variable-camber continuous trailing-edge flap (VCCTEF) concept developed by NASA was proposed by Nguyen
in 2010.6,7 The use of VCCTEF for active control of aeroelastic wings such as suppressing flutter, stabilizing the vehicle
response to gusts, and reducing drag have been studied.8,9, 10, 11 Nguyen et al.8 first demonstrated the Common Research
Model (CRM) real-time drag optimization wind tunnel experiment using the VCCTEF at low speed. Lebofsky et al.9
used the VCCTEF with optimized deflections for load alleviation for the TTBW aircraft. Ting et al.10 conducted drag
optimization study using generic transport model (GTM) with VCCTEF. 8.4% drag reduction can be achieved using a
parabolic flap deflection profile configuration with three-cambered-segments, but this study does not account for the
actuator weight penalty. Bartels et al.11 utilized the VCCTEF with feedback control system to enhance the aeroelastic
stability and performance of the TTBW aircraft. Those studies indicate the VCCTEF system offers potential payoff in
drag reduction by actively controlling the shape of the wing for the TTBW aircraft.

This paper presents an aerodynamic optimization study of Mach 0.745 TTBW aircraft with the VCCTEF at three
different flight conditions. Drag reduction studies are conducted for three different VCCTEF configurations with 6-, 10-,
and 21-spanwise sections, respectively. A simple VCCTEF actuator weight model based on aircraft data is proposed to
estimate the weight penalty of the actuator in the design. A vortex-lattice model of the TTBW model is developed with
transonic small disturbance, integral boundary-layer, and wing-strut interference corrections for rapid aerodynamic
performance evaluations. A high-fidelity CFD solver FUN3D will be used to validate the VCCTEF optimization.

II. Aerodynamic Model of the Truss-Braced Wing

A. VSPAEROModel

In order to develop a rapid aeroelastic analysis that facilitates a vehicle MDAO process, a lower-fidelity aerodynamic
model of the TTBW is necessary. VSPAERO is a solver that includes both the vortex lattice method and the full panel
method based on generalized vortex rings. The core VSPAERO solver is based on an agglomerated multi-pole approach,
coupled with a preconditioned linear solver, to reduce solution times. Adaptive wakes, time-accurate, unsteady analyses,
and propeller modeling are all supported. The latest version of VSPAERO supports a loosely coupled integration of
BEAM3D finite-element code to perform steady state, aeroelastic analyses. VSPAERO is part of the OpenVSP design
package and is freely available under the NASA open source license.

Two Mach 0.745 TTBW Outer Mold Line (OML) geometries are available: cruise (1g shape geometry), and jig
shape geometry. The jig shape geometry is not a flight jig shape that accounts for the wing aeroelastic wash-out twist for
the full-scale vehicle at the design flight condition, but is a jig shape designed for a wind tunnel model. Wind tunnel tests
have been conducted in NASA Ames 11-Ft Transonic Wind Tunnel. Both geometries are modeled in VSPAERO. Figure
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2 illustrates one of the TTBW geometries used in the VSPAERO models. The initial mesh for the vortex-lattice model of
the TTBW in VSPAERO is shown in Figure 3. The surface triangulation mesh of the panel model is shown in Figure 4.

Figure 2 VSPAEROModel of TTBW

Figure 3 Initial Mesh of VSPAERO Vortex-Lattice Model of TTBW

Figure 4 Surface Triangulation of VSPAERO Panel Model of TTBW
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Figure 5 shows the differential pressure coefficient contour at Mach 0.7 and an angle of attack of 4° for the VSPAERO
vortex-lattice model. The shed wakes are shown in Figure 5 to illustrate the time-stepping wake capability in VSPAERO.
Figure 6 shows the surface pressure coefficient contour computed by the VSPAERO panel model.

Figure 5 Differential Pressure Coefficient Contour of VSPAERO Vortex-Lattice Model of TTBW

Figure 6 Surface Pressure Coefficient Contour of VSPAERO Panel Model of TTBW

The final VLM model discretization is formulated based on an intricate grid convergence study. Each aircraft
component is individually analyzed. Components deemed as lifting surfaces by the interpretation standards set within
the VLM software package are separated into a number of airfoils comprised of many individual nodes. The airfoils are
used to geometrically determine a mean camber line, which the VLM utilizes to analyze the aerodynamic parameters
of interest based on prescribed flow conditions. The number of airfoils for each component is specified based on the
geometric features of that component. For instance, for the TTBW wing, it is important for cross sections to be located
where the sweep changes and where other components, like the pylon, strut, and jury strut join the wing. Juncture regions
are most likely to impact the mean camber line, and therefore, the aerodynamic performance of a given component.
Beyond these requirements, a maximum relative distance between span stations is established for each component
to ensure that all of the geometric intricacies of each component are captured. Ultimately, the combination of these
strategies leads to the span station discretization scheme illustrated by Figure 7, which is comprised of 31 individual
airfoils separated by a maximum relative spacing of ∆η = 0.0381. The strut, meanwhile, is comprised of 44 cross
sections to capture the complex variable taper near the root. The horizontal tail is modeled using 13 cross sections, the
vertical tail requires 18 cross sections due to variable taper near the tip, the jury strut and pylon are comprised of 5 cross
sections each, the nacelle uses 24 cross sections, and the fuselage uses 41 cross sections.
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Figure 7 VSPAEROWing Discretization Scheme

For the main lifting surfaces of the TTBW, namely the wing, horizontal tail, and strut, the number of nodes for
each airfoil section is determined by increasing the number incrementally until the component lift coefficient converges.
Figure 8 includes the grid convergence results for the three main lifting components of the TTBW. The ratio between the
section lift coefficient, cl , and the mean section lift coefficient for the component, c̄l , is plotted as the grid is refined.
Convergence is achieved when there is an increase of less than 1% between grid levels. Based on the results of this grid
convergence study, 151 points per cross section are used for the wing and strut components, whereas only 75 points are
necessary for the horizontal tail.
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Figure 8 TTBW Grid Convergence at Mach = 0.745, Re = 11.9 × 106, and α = 0.0◦

Minor lift-generating surfaces, such as the jury strut, vertical tail, and pylon, for which the component lift is
only marginally impacted by the number of nodes per cross section, are similarly discretized into a number of airfoil
sections based on a minimum separation distance. The number of nodes per cross section, however, is set to a baseline
minimum of 45 nodes in order to fully capture the curvature of the mean camber line without sacrificing additional
computation time by adding tedious details. The nacelle is generated by extracting a single airfoil from the CAD model
and rotating the airfoil 360 degrees under an approximate circular symmetry assumption. The number of sections and
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nodes can then be specified in a similar fashion to other minor lift-generating components. The fuselage, or lone body
component, as deemed by the VLM software standards, is treated as a minor lift-generating component for the purposes
of discretization.

B. Transonic and Viscous Flow Correction

Because of the missing transonic effect in the linear potential flow method, a method for transonic and viscous
corrections has recently been developed.13,14, 15 In this method, a full-configuration aerodynamic model can be based
on the vortex-lattice or panel method. The wing is discretized into several spanwise sections at which the section lift
coefficients computed by the potential flow method are used to correct for the transonic and viscous flow effects.14,15
The transonic and viscous correction method is an iterative process to compute the incremental section lift coefficient
due to transonic and viscous flow by a virtual re-twist of the individual wing sections to account for the accompanied
change in the effective local angle of attack.15 Implementation of the correction begins by initializing the virtual twist
angle due to transonic and viscous corrections, γ(y), to zero. The effective 2D angle of attack is then calculated for each
airfoil using,

α2D(y) = α0(y) +
cl3D (y)

clα
− γ(y), (1)

where α2D is the effective airfoil angle of attack, α0 is the the airfoil zero-lift angle of attack, cl3D is the section lift
coefficient obtained via VSPAERO, and clα is the 2D lift curve slope corrected for sweep as follows:

clα =
2π√

1 − M2
Λ

. (2)

Here, MΛ is the Mach number based on the mid-chord sweep angle. Each airfoil is analyzed by the TSD/IBL model at
the effective angle of attack. The transonic flow correction is handled by the transonic small disturbance (TSD) code
TSFOIL.16 This code is loosely coupled to the in-house integral boundary layer (IBL) code developed by Nguyen et
al.13 to correct for the viscous flow interaction with the transonic shock on an airfoil. Optionally, the correction method
can be performed using the 2D Euler CFD code MSES with an integral boundary layer method developed by Mark
Drela17 as an available option.. The virtual twist angle is then updated for each section according to:

γi+1(y) = γi(y) +
cl2Di
(y) − cl3Di

(y)

clα
, (3)

where cl2Di
corresponds to the airfoil lift coefficient calculated by TSFOIL or MSES for iteration i.

The coupling and iterative update process is repeated until the 3D wing section lift and the 2D airfoil lift computed
by the TSD/IBL correction method converge for all sections. Wave and friction drag are calculated by the TSD/IBL
correction method, whereas lift, pitching moment, and induced drag are calculated by the VSPAERO model. The
flow chart of the transonic and viscous flow correction method is shown in Figure 9.15 An extensive validation of
the transonic and viscous flow correction method has been performed to compare the method against RANS CFD
solvers.22 The solution method agrees quite well in terms of key aerodynamic parameters and pressure distribution
results. The major advantage of using a potential flow method coupled to the transonic and viscous flow corrections
is the computational efficiency of the method, which is several orders of magnitude faster than a typical RANS CFD
solution. This computational efficiency becomes highly important when the potential flow solver is coupled to a
structural finite-element model for aero-structural modeling analysis.
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Figure 9 Transonic and Viscous Correction Flow Chart

C. Wing-Strut Interference Aerodynamic Correction

The transonic and viscous flow corrections using the TSD/IBL method are generally valid for a single-element
airfoil. The TTBW configuration is a complex geometry that includes a strut juncture region where the effect of
interference aerodynamics can influence the overall aerodynamic performance of the aircraft. As the strut approaches
the wing from below, the transonic and viscous flow corrections using the TSD/IBL method are no longer valid due to
the interactions between the wing airfoil and strut airfoil.21,22 To account for these interference aerodynamics, CFD
models of the wing-strut configuration and the wing-alone configuration of the TTBW jig shape geometry are developed
using FUN3D, as shown in Figure 10. To isolate the interference aerodynamic effect for the wing and strut, the nacelle,
the pylon, and the horizontal tail are removed from the models. Surface pressure coefficients are computed for both
configurations at various wing stations. By comparing the wing-strut data to the wing-alone data, it is seen that the
presence of the strut induces a suction peak along the lower surface of the wing near the wing-strut juncture.21

(a) Jig Shape Wing-Strut Configuration (b) Jig Shape Wing-Alone Configuration

Figure 10 TTBW Geometric Configurations for Interference Analysis using FUN3D
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A wing-strut interference correction method is developed to correct the VSPAERO model coupled to the TSD/IBL
method. The correction method is applied to the VSPAERO+TSD/IBL model to update the section lift, drag, and
pitching moment coefficient of each wing section.

The interference correction, ∆cIC , that is applied to the model is calculated using the following equation,

∆cIC = ∆cFUN3D − ∆cVSPAERO+TSD/IBL, (4)

where c represents a key aerodynamic parameter such as cl , cd, and cm and ∆ represents the change in the given
parameter between the wing-strut configuration and wing-alone configuration.

Figure 11 shows the sectional lift distribution and the section lift coefficient correction along the wingspan for a
Mach number of 0.745, CL of 0.4536, and a Reynolds number of 3.3 million based on the mean aerodynamic chord. The
presence of the strut amplifies the shock wave on the upper surface of the wing at inboard wing stations, which increases
the lift coefficient. There is an abrupt change in the lift coefficient near the wing-strut juncture location, which is caused
by the suction peak on the lower surface of the wing. The lift coefficient difference decreases toward the outboard span
stations of the wing where the interference effects are diminished. For the implementation of the wing-strut interference
correction, splines are used to fit the data.

Figure 12 shows the sectional drag distribution and the section drag coefficient correction along the wingspan for a
Mach number of 0.745, CL of 0.4536, and a Reynolds number 3.3 million based on the mean aerodynamic chord. There
is an abrupt change in the drag coefficient near the wing-strut juncture location for FUN3D simulation results, which is
caused by the suction peak on the lower surface of the wing. The VSPAERO+TSD/IBL model could not capture the
change of the section drag coefficient near the wing-strut juncture location due to its limitations. In this case, splines are
used to fit the drag coefficient correction distributions.

Figure 13 shows the pitching moment distribution and the section pitching moment coefficient correction along the
wingspan direction for a Mach number of 0.745, CL of 0.4536, and a Reynolds number of 3.3 million. The pitching
moment is calculated about the quarter chord location. The presence of the wing-strut juncture only changes the pitching
moment coefficient near the juncture location because the suction peak on the lower surface of the wing reshapes
the pressure distribution on the wing. Splines are also used to fit the section pitching moment coefficient correction
distributions. As can be seen, near the strut juncture region, there is a significant change of the aerodynamic performance.
The impact of the varying Reynolds number on the interference is found to be marginal via FUN3D;21 therefore, the
established relationships are deemed sufficient for all Reynolds numbers investigated.
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Figure 11 Sectional Lift Coefficient at Mach = 0.745, Re = 3.3 × 106, and CL = 0.4536 and Lift Coefficient
Correction Distribution
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Figure 13 Sectional Moment Coefficient at Mach = 0.745, Re = 3.3 × 106, and CL = 0.4536 and Moment
Coefficient Correction Distribution

D. Aerodynamic Analysis of Cruise Shape Geometry

The VSPAERO model is used for the aerodynamic analysis of the cruise 1g shape TTBW geometry for the Mach
0.745 TTBW aircraft configuration.. In addition, a CFD model of the full-configuration cruise 1g shape TTBW geometry
is developed in FUN3D. Wind tunnel test data of the cruise shape geometry in NASA Ames 11-Ft Transonic Wind
Tunnel are available for validation of the VSPAERO and FUN3D models. Test data from Run 380 at Mach 0.745 and
Reynolds number of 2.6 million based on the mean aerodynamic chord (MAC) with full wind tunnel model corrections
are used for validation.

Figure 14 shows the plots of the lift and drag coefficients computed by VSPAERO for Mach 0.745 and a Reynolds
number of 2.6 million with and without all the corrections as well as FUN3D. These computed results are compared
to Run 380 wind tunnel data. While the lift coefficient is somewhat under-predicted, the drag coefficient computed
by VSPAERO alone is mostly induced drag, and therefore it is substantially under-predicted. With all the corrections
applied to the VSPAERO model for transonic viscous flow and wing-strut interference aerodynamics, the lift and drag
coefficients match remarkably well to the wind tunnel data, although there is a small discrepancy in the drag polar at
lower lift coefficients.
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Figure 14 TTBW Lift Curve and Drag Polar at Mach = 0.745 and Re = 2.6 × 106

Figure 15 shows the plot of the computed L/D ratios as a function of the lift coefficient from VSPAERO, FUN3D,
and wind tunnel data. All the three curves of L/D ratios are in very good agreement. The excellent agreement between
the VSPAERO model, the FUN3D model, and the wind tunnel data thus has validated the aerodynamic modeling
approach.
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Figure 15 TTBW L/D at Mach = 0.745 and Re = 2.6 × 106
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III. Drag Optimization Study

A. Drag Optimization

The goal of the optimization scheme is to minimize the drag coefficient of the 1g shape geometry for the Mach 0.745
TTBW aircraft at three different flight conditions via changing VCCTEF deflection angles. Lift constraints are added to
the optimization algorithm, such that

���CL j − CLdj

��� < 0.001, where CLdj
is the design lift coefficient, j is the design

point index. In this study, three different flight conditions corresponding to Mach 0.745 at 40,000 ft are selected for the
drag optimization. The three design lift coefficients are CL1 = 0.68, CL2 = 0.73, and CL3 = 0.78. A gradient-based
optimization scheme utilizing the steepest descent method is used with the cost function as described below:

J(α,C) = CD, (5)

where CD is the aircraft drag coefficient from the VSPAERO model of the 1g shape geometry, C = [C1, ...,CN ] is a
vector of Ci , which are coefficients of a shape function that parameterize the VCCTEF deflection angles such that:

δ(y) =

N∑
i=1

Ci · φi(y), (6)

where δ(y) represents the VCCTEF deflection angles along the spanwise direction, φi(y) is a shape function of degree i.
Shape functions are utilized in order to limit the number of design variables for optimization. Of the shape function
fitting techniques tested, the third-order piecewise cubic Chebyshev polynomial fit gives good optimization results. In
this paper the VCCTEF deflection angles are also directly used as design variables. The steepest descent algorithm for
updating the design variables can be represented by the following equations:

αk+1 = αk − ε ·
∂J
∂α

(7)

Cik+1 = Cik − ε ·
∂J
∂Ci

. (8)

Here, the design variable at iteration k is updated based on the partial derivative of the cost function with respect to the
design variable, which is calculated using a small-perturbation, second-order central difference scheme, and ε is a step
size term.

Figure 16 shows a NASA supercritical SC(2) transonic airfoil illustrated with a 2-cambered segment VCCTEF as
the exact TTBW airfoil cannot be shown. The deflection angle is positive when the flap is deflected downward. The
deflection angle of the outer cambered segment is twice as the inner cambered segment which follows a circular arc
camber.. In this paper, the drag reduction studies are conducted for three different VCCTEF configurations with 6-,
10-, and 21-spanwise sections, respectively. In addition, a plain flap configuration with 6 spanwise sections is also
considered. The planforms of the three VCCTEF and plain flap configurations configuration are shown in Fig. 17.
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Figure 16 2-cambered segment VCCTEF

Figure 17 VCCTEF Configurations
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Table 1 Hinge Moments of Flap Elements of 6-VCCTEF Layout

Spanwise Flap Section
1 2 3 4 5 6

Inner Flap Hinge Coefficient −0.1147 −0.1146 −0.01055 −0.1132 −0.1406 −0.1401
Outer Flap Hinge Coefficient −0.0353 −0.0381 −0.0381 −0.0263 −0.0327 −0.0326
Inner Flap Deflection −0.365◦ −0.265◦ −0.275◦ −0.435◦ −0.8◦ −1.415◦

Outer Flap Deflection −0.73◦ −0.53◦ −0.55◦ −0.87◦ −1.6◦ −2.83◦

Inner Flap Hinge Moment (ft-lbs) 151 110 105 92 131 112
Outer Flap Hinge Moment (ft-lbs) 15 11 12 13 30 52

B. VCCTEF Actuator Weight Model

In order to trade the drag reduction benefit of the VCCTEF against the weight increase in the actuator system, a
representative actuator weight model is developed. The weight of a control surface is due to both the structural weight
of the control surface and the weight of the servo-actuator system. Available structural weight data for a transport is
used to scale the control surface weight model for the VCCTEF. An average weight per unit surface area of 5.2630 psf is
estimated from this data source. This weight data is based on an aluminum structure. For composite structures, an
average weight reduction of 28% is used. Therefore, the average weight per unit surface area for composite structures is
estimated to be 3.7893 psf.

For the Mach 0.745 TTBW, the total surface area of the six-spanwise two-segment VCCTEF as shown in Figure is
computed to be 224.68 ft2. This results in a control surface weight of about 852 lbs. A clean wing without control
surfaces that occupies the same surface area is assumed to be half of the control surface weight. Therefore, a weight
penalty due to the control surface weight is 426 lbs.

To estimate the servo-actuator weight, a hinge moment analysis is conducted. The hinge moments for the flap
elements are only computed for drag optimization. Based on the flap deflections obtained from the drag optimization for
the 6-VCCTEF layout, the hinge moments computed by the Theodorsen’s theory19 are presented in 1.

Servo-actuator drives for transport aircraft can be classified as hydraulic actuator, electro-mechanical actuator,
or shape memory actuator (SMA). SMA has a significant torque-to-weight ratio advantage, but has a much slower
bandwidth that is not suitable for flight control requirements.20 As an example, SMA with 500 ft-lbs could weigh about
8 lbs. On the other hand, an EMA with gear box for a 160 ft-lbs rated torque could weigh 41 lbs. The motor rated
torques are sized based on the hinge moments from Table 1. Thus, a motor with a rated torque that exceeds 15 ft-lb
torque should be sufficient.

Assuming that the two outboard spanwise flap sections are multi-functional capable for both drag optimization and
roll control, there is no weight penalty due to these two outboard spanwise flap sections. Thus, the total servo weight for
SMA is 80 lbs and the total weight for EMA is 410 lbs. The total weight of the flap system is the sum of the structural
weight and the servo-actuator weight. The weight model is described by

W f lap = funcWstructue + n f lapWservo (9)

where func is a factor to account for weight uncertainty which is assumed to be 1.5, Wstructure is the weight penalty of
the control surfaces (control surface weight minus the wing weight occupying the same area) which is estimated to be
426 lbs, n f lap is the number of flaps for drag optimization minus the number of flaps used for both drag optimization
and roll control, and Wservo is the weight of a servo-actuator which is assumed to be 8.1 lbs for SMA and 41 lbs for
EMA. Table 2 shows the total weight for the four VCCTEF layouts. For the purpose of weight-drag trade used in the
drag optimization, the EMA weight estimates are used.
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Table 2 Actuator weight and Flight Conditions

nspanwisesection n f laptotal n f lap WEMA WEMA/Ww/a q (psf) h (ft) Re(X106)
1g - - - - - 152.2 40,000 13.1

6-VCCTEF-Plain 6 6 4 803 0.00979 153.69 39,790 13.2
6-VCCTEF 6 12 10 1049 0.0128 154.15 39,735 13.3
10-VCCTEF 10 20 18 1377 0.0168 154.76 39,655 13.3
21-VCCTEF 21 42 36 2155 0.0263 156.20 39,460 13.5

C. Optimization Results

The aerodynamic parameters are presented in the Table 3 - 5. Table 6 - 8 show the VCCTEF deflection angles for
every design cases. The deflection angles for the inner and outer segments are both listed for the 6-VCCTEF-12DV
case. In these tables, the Chebyshev indicates the 3rd order Chebyshev function is used as design variables. DV
means the deflection angles are directly used as design variables. The optimization results show that the 21-spanwise
sections VCCTEF has largest absolute drag coefficient reduction, however, the 6-spanwise sections VCCTEF, especially
when the deflection angles of the inner and outer segments are directly used as design variables, provides a relatively
better solution for the drag reduction when the actuator weight penalty is considered. Overall, the drag reductions for
6-VCCTEF-12DV are 1.67%, 0.77%, and 2.24% at the three flight conditions. It should be noted that the plain flap
configuration is the simplest among the flap configurations studied. It offers a drag reduction of 1.50%, 0.51%, and
1.75% at the three flight conditions. It is further noted that the circular arc camber is used for the VCCTEF. Future work
may consider using a parabolic camber as suggested in Ref.10 .

Table 3 VCCTEF Optimization Results from VSPAERO for CL1 = 0.68

CL CD α (deg)
VSPAEROCD

Reduction (counts)
∆(CD/CD1g ) D (lbs) ∆D/D1g L/D

1g 0.68 0.03263 2.0952 - - 3667.9 - 20.840
6-VCCTEF-Chebyshev 0.68 0.03179 2.9791 8.4 2.57% 3619.2 1.33% 21.390

6-VCCTEF-Plain-Chebyshev 0.68 0.03185 2.9253 7.8 2.39% 3615.2 1.43% 21.350
6-VCCTEF-Plain-6DV 0.68 0.03183 2.9371 8.0 2.45% 3613.0 1.50% 21.364

6-VCCTEF-6DV 0.68 0.03180 2.9683 8.3 2.54% 3620.4 1.30% 21.384
6-VCCTEF-12DV 0.68 0.03168 2.9872 9.5 2.91% 3606.7 1.67% 21.465

10-VCCTEF-Chebyshev 0.68 0.03172 2.8421 9.1 2.79% 3625.6 1.15% 21.438
21-VCCTEF-Chebyshev 0.68 0.03148 2.8415 11.5 3.52% 3631.6 0.99% 21.601

Table 4 VCCTEF Optimization Results from VSPAERO for CL2 = 0.73

CL CD α (deg)
VSPAEROCD

Reduction (counts)
∆(CD/CD1g ) D (lbs) ∆D/D1g L/D

1g 0.73 0.03400 2.3596 - - 3821.9 - 21.471
6-VCCTEF-Chebyshev 0.73 0.03347 2.8673 5.3 1.56% 3810.5 0.30% 21.811

6-VCCTEF-Plain-Chebyshev 0.73 0.03351 2.7562 4.9 1.44% 3803.7 0.48% 21.785
6-VCCTEF-Plain-6DV 0.73 0.03350 2.8137 5.0 1.47% 3802.5 0.51% 21.791

6-VCCTEF-6DV 0.73 0.03348 2.9367 5.2 1.53% 3811.6 0.27% 21.804
6-VCCTEF-12DV 0.73 0.03331 2.9523 6.9 2.03% 3792.3 0.77% 21.915

10-VCCTEF-Chebyshev 0.73 0.03338 2.7231 6.2 1.82% 3815.3 0.17% 21.869
21-VCCTEF-Chebyshev 0.73 0.03309 2.7502 9.1 2.68% 3817.3 0.12% 22.061
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Table 5 VCCTEF Optimization Results from VSPAERO for CL3 = 0.78

CL CD α (deg)
VSPAEROCD

Reduction (counts)
∆(CD/CD1g ) D (lbs) ∆D/D1g L/D

1g 0.78 0.03595 2.6248 - - 4041.1 - 21.697
6-VCCTEF-Chebyshev 0.78 0.03489 2.8225 10.6 2.95% 3972.2 1.71% 22.356

6-VCCTEF-Plain-Chebyshev 0.78 0.03497 2.7637 9.8 2.73% 3969.4 1.78% 22.305
6-VCCTEF-Plain-6DV 0.78 0.03498 2.7531 9.7 2.70% 3970.5 1.75% 22.299

6-VCCTEF-6DV 0.78 0.03488 2.8316 10.7 2.98% 3971.0 1.73% 22.362
6-VCCTEF-12DV 0.78 0.03470 2.8530 12.5 3.48% 3950.5 2.24% 22.478

10-VCCTEF-Chebyshev 0.78 0.03481 2.8365 11.4 3.17% 3978.7 1.54% 22.407
21-VCCTEF-Chebyshev 0.78 0.03463 2.9030 13.2 3.67% 3995.0 1.14% 22.523

Table 6 VCCTEF Deflection Angles (deg.) for CL1 = 0.68

Flap 1 Flap 2 Flap 3 Flap 4 Flap 5 Flap 6
6-VCCTEF-Chebyshev -2.0 -2.4 -2.6 -2.3 -1.6 -0.3

6-VCCTEF-Plain-Chebyshev -1.5 -1.9 -2.3 -2.0 -1.8 -0.7
6-VCCTEF-Plain-6DV -1.3 -1.7 -2.2 -2.3 -2.1 -0.9

6-VCCTEF-6DV -1.8 -2.2 -2.7 -2.4 -1.5 -0.5
6-VCCTEF-12DV -0.1/-2.1 -0.9/-2.2 -2.1/-2.3 -1.5/-2.0 -1.2/-1.3 -0.6/-1.0

Flap 1 Flap 2 Flap 3 Flap 4 Flap 5 Flap 6 Flap 7 Flap 8 Flap 9 Flap 10
10-VCCTEF-Chebyshev -1.3 -1.6 -1.9 -2.1 -2.2 -2.1 -2.0 -1.6 -1.1 -0.4

Flap 1 Flap 2 Flap 3 Flap 4 Flap 5 Flap 6 Flap 7 Flap 8 Flap 9 Flap 10 Flap 11
21-VCCTEF-Chebyshev -1.1 -1.4 -1.6 -1.8 -2.0 -2.2 -2.3 -2.4 -2.4 -2.5 -2.4

Flap 12 Flap 13 Flap 14 Flap 15 Flap 16 Flap 17 Flap 18 Flap 19 Flap 20 Flap 21
-2.3 -2.2 -2.0 -1.7 -1.4 -1.0 -0.5 0.1 0.7 1.4

Table 7 VCCTEF Deflection Angles (deg.) for CL2 = 0.73

Flap 1 Flap 2 Flap 3 Flap 4 Flap 5 Flap 6
6-VCCTEF-Chebyshev -0.8 -0.6 -0.6 -0.9 -1.7 -3.0

6-VCCTEF-Plain-Chebyshev -1.0 -1.0 -1.1 -1.2 -1.3 -1.5
6-VCCTEF-Plain-6DV -0.1 -1.8 -1.9 -2.0 -2.1 -2.2

6-VCCTEF-6DV -0.6 -1.5 -2.1 -2.2 -2.3 -2.5
6-VCCTEF-12DV -0.2/-1.6 -1.2/-1.3 -1.5/-1.5 -1.4/-1.5 -1.6/-2.4 -1.6/-2.0

Flap 1 Flap 2 Flap 3 Flap 4 Flap 5 Flap 6 Flap 7 Flap 8 Flap 9 Flap 10
10-VCCTEF-Chebyshev -1.0 -0.8 -0.6 -0.5 -0.5 -0.7 -1.1 -1.7 -2.4 -3.5

Flap 1 Flap 2 Flap 3 Flap 4 Flap 5 Flap 6 Flap 7 Flap 8 Flap 9 Flap 10 Flap 11
21-VCCTEF-Chebyshev -0.9 -0.9 -0.8 -0.8 -0.7 -0.7 -0.7 -0.7 -0.7 -0.8 -0.8

Flap 12 Flap 13 Flap 14 Flap 15 Flap 16 Flap 17 Flap 18 Flap 19 Flap 20 Flap 21
-0.9 -1.0 -1.1 -1.2 -1.4 -1.6 -1.9 -2.1 -2.4 -2.8

Table 8 VCCTEF Deflection Angles (deg.) for CL3 = 0.78

Flap 1 Flap 2 Flap 3 Flap 4 Flap 5 Flap 6
6-VCCTEF-Chebyshev -0.0 0.2 0.2 -0.1 -1.0 -2.3

6-VCCTEF-Plain-Chebyshev -0.5 -0.7 -0.6 -0.8 -1.5 -2.5
6-VCCTEF-Plain-6DV -0.2 -1.0 -1.1 -1.2 -1.2 -1.3

6-VCCTEF-6DV -0.1 -1.0 -1.1 -1.2 -1.3 -2.1
6-VCCTEF-12DV -0.1/-0.6 -1.1/-1.5 -1.2/-1.3 -0.9/-1.3 -1.1/-1.8 -1.8/-2.2

Flap 1 Flap 2 Flap 3 Flap 4 Flap 5 Flap 6 Flap 7 Flap 8 Flap 9 Flap 10
10-VCCTEF-Chebyshev -0.3 -0.1 0.1 0.2 0.2 0.0 -0.2 -0.7 -1.3 -2.1

Flap 1 Flap 2 Flap 3 Flap 4 Flap 5 Flap 6 Flap 7 Flap 8 Flap 9 Flap 10 Flap 11
21-VCCTEF-Chebyshev -0.6 -0.5 -0.5 -0.4 -0.4 -0.4 -0.4 -0.3 -0.4 -0.4 -0.4

Flap 12 Flap 13 Flap 14 Flap 15 Flap 16 Flap 17 Flap 18 Flap 19 Flap 20 Flap 21
-0.5 -0.5 -0.6 -0.7 -0.9 -1.0 -1.2 -1.4 -1.6 -1.9
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D. High-fidelity CFD Validation

To ensure the optimized VCCTEF deflection angles are valid, a validation study using high-fidelity CFD solver
FUN3D is performed. The computational fluid dynamics code used in this study is FUN3D,24,25 which solves the
unsteady three-dimensional Navier-Stokes equations on mixed-element grids using a vertices-centered finite-volume
method. Information exchange for flow computation on different partitions using multiple CPUs is implemented through
the MPI (Message Passing Interface) protocol. It employs an implicit upwind algorithm in which the inviscid fluxes are
obtained with a flux-difference-splitting scheme. At interfaces delimiting neighboring control volumes, the inviscid
fluxes are computed using an approximate Riemann solver based on the values on either side of the interface. The
Roe flux difference splitting26 is used in the current study. For second-order accuracy, interface values are obtained
by extrapolation of the control volume centroidal values, based on gradients computed at the mesh vertices, using an
unweighted least squares technique. The Venkatakrishnan27 limiter is used in the current study to limit the reconstructed
values when necessary. In this study the tetrahedral mesh with prism layers are used. In FUN3D, for tetrahedral meshes,
the full viscous fluxes are discretized using a finite-volume formulation in which the required velocity gradients on the
dual faces are computed using the Green-Gauss theorem. The solution at each time-step is updated with a backwards
Euler time-differencing scheme. At each time step, the system of equations is approximately solved with either a
multi-color point-implicit procedure or an implicit-line relaxation scheme. Local time-step scaling is employed to
accelerate convergence to steady-state. To model turbulent flows, the one-equation model of Spalart-Allmaras28 (S-A) is
used in this study.

Deflected control surfaces are created using the process developed in Ref.11 The various control surfaces undergo
rigid body rotations about the hinge line. A radial basis function smoother applied between flap segments ensures
surface continuity between flaps. The surface with the commanded flap rotations is input into the FUN3D code and
the volume mesh is deformed. Figure 18 shows the close view of the CFD mesh for one of the deformed geometries.
Figure 19 presents the VCCTEF deflections of 6-VCCTEF-Chebyshev, 6-VCCTEF-12DV, 10-VCCTEF-Chebyshev,
and 21-VCCTEF-Chebyshev design cases. Figure 20 presents the pressure contour comparison of the 1g, 6-VCCTEF-
Chebyshev, 6-VCCTEF-12DV, 10-VCCTEF-Chebyshev and 21-VCCTEF-Chebyshev design cases at the second design
point CL2 = 0.73. The optimized VCCTEF deflections result in a uniform distribution of the pressure on the aircraft wing
surface and thereby helps reduce the drag of the aircraft. Table 9 lists the FUN3D simulation results at the three flight
design conditions. The optimized VCCTEF deflection results in a drag coefficient reduction of 3.5 counts, 5.8 counts, 4.5
counts, and 6.1 counts at the lift coefficients of CL2 = 0.73 as compared to the 1g geometry for 6-VCCTEF-Chebyshev,
6-VCCTEF-12DV, 10-VCCTEF-Chebyshev, and 21-VCCTEF-Chebyshev design cases, respectively. The drag reduction
trend agrees well with the VSPAERO predictions. The differences of the drag coefficient predictions are less than 1.1
count between the VSPAERO and FUN3D simulations. This confirms the optimization results found by the VSPAERO
model is valid.

Figure 18 Close View of Deformed CFD Mesh
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(a) 6-VCCTEF-Chebyshev (b) 6-VCCTEF-12DV

(c) 10-VCCTEF-Chebyshev (d) 21-VCCTEF-Chebyshev

Figure 19 VCCTEF Deflection Layout

Table 9 VCCTEF Optimization Results from FUN3D for CL2 = 0.73

Model α(deg.) CL CD
FUN3DCD

Reduction (counts)
VSPAEROCD

Reduction (counts)

1g 1.933 0.7300 0.03404
6-VCCTEF-Chebyshev 2.2556 0.7300 0.03359 4.5 5.3
6-VCCTEF-12DV 2.573 0.7300 0.03346 5.8 6.9

10-VCCTEF-Chebyshev 2.1565 0.7300 0.03349 5.5 6.2
21-VCCTEF-Chebyshev 2.2032 0.7300 0.03321 8.3 9.1
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(a) 1g (b) 6-VCCTEF-Chebyshev

(c) 6-VCCTEF-12DV (d) 10-VCCTEF-Chebyshev

(e) 21-VCCTEF-Chebyshev

Figure 20 Pressure Coefficient Contour on the TTBW Geometries at M = 0.745 and CL2 = 0.73

Conclusions

A drag optimization study for the Mach 0.745 TTBW aircraft with VCCTEF is performed based on the in-house
developed tool VSPAERO for rapid aerodynamic analysis. The lift and drag coefficients predicted by the solver agree
well with the wind tunnel data for the TTBW aircraft. Three flight conditions corresponding to Mach 0.745 CL1 = 0.68 ,
CL2 = 0.73, and CL3 = 0.78 are used as the focal point for the Mach 0.745 TTBW aircraft VCCTEF optimization study.

The optimization results show that the 21-spanwise sections VCCTEF has largest absolute drag coefficient reduction,
however, the 6-spanwise sections VCCTEF, especially when the deflection angles of the inner and outer segments are
directly used as design variables, provides relative better solution for the drag reduction when the actuator weight effects
are considered. Overall, the drag reductions for 6-VCCTEF-12DV are 1.67%, 0.77%, and 2.24% at the three flight
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conditions. The high-fidelity CFD solver FUN3D simulation results confirm the designs at CL2 = 0.73 flight condition.
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