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This paper presents aerodynamic shape optimization results for a 800-passenger blended-wing-body
aircraft. A gradient-based optimizer and a parallel structured multiblock CFD solver are used. The
derivatives are computed with an adjoint method, allowing optimization with respect to a large num-
ber of design variables. The aerodynamic shape optimization uses 807 shape and planform design
variables to explore the design space. The objective function is the drag coefficient at a cruise con-
dition. Both the lift and the root bending moment are constrained. The improvement due to the
addition of planform variables is investigated. In addition, trim and stability constraints are consid-
ered in some of the optimization studies. We achieved an optimized blended-wing-body aircraft that
satisfies both trim and static margin constraints, while minimizing the drag coefficient.

I. Introduction

With increasing environmental concerns and the rise in fuel prices, the aviation industry is facing a critical point
where more fuel efficient aircraft options are needed in the near future. Several evolutionary advancements in aircraft
wing design [1, 2], turbofan engine technology [3], and airline operations [4, 5] enable moderate reductions in fuel
burn. However, a revolutionary step is needed to further reduce airline emissions. One possible step would be to
develop unconventional aircraft configurations such as the blended-wing-body (BWB) aircraft.

The BWB is an unconventional aircraft configuration characterized by an enlarged and airfoil-shaped centerbody
integrating with payloads, propulsion, and control surfaces. As discussed by several authors [6, 7, 8], the lift-generating
centerbody section allows for higher aerodynamic efficiency compared to conventional aircraft. Additionally, the
centerbody shields the ground from the engin noise, since they are mounted on top of the aircraft. The unique planform
shape provides opportunities as well as challenges for advanced propulsion integrations, structural design, and stability
and controls.

The concept of the BWB was not conceived until the 1980s. However, there were a number of designs throughout
the aviation history that resembled the BWB configuration. The first aircraft to feature a blended wing and fuselage
design was the Stout Batwing in 1918 [9]. The Junkers G.38 [10, 11] in 1929 was the first BWB design used for
commercial purposes. Several military flying wings, such as Horten Ho 229, YB-49, and Northrop Grumman B-2,
were also developed. Recently, two research BWB testbeds were built: a 6% scaled BWB built at Stanford University
in 1995, as well as an 8.5% scaled NASA-Boeing X-48B and modified X-48C that are currently undergoing test
flights. [12].

Several research projects have investigated BWB designs for more than two decades. When NASA began its
preliminary study on future subsonic transport aircraft in 1988, the BWB was one of the proposed and evaluated
aircraft [13, 14]. An 800-passenger BWB with a 7000 nautical mile range was studied both computationally and
experimentally [15, 16, 17, 6, 18, 19, 12]. The MIT/Cambridge Silent Aircraft Initiative (SAI) studied the BWB
configuration with a focus on noise reduction [20, 21, 22, 23]. The goal of this project was to achieve an aircraft
design with 2030 technology level to feature a significant lower noise signature around the airport. A low-noise
design of a 215-passenger BWB with a 5000 nautical mile range was proposed. The French national research project
(AVECA), a collaboration between Airbus and ONERA, studied a low capacity BWB configuration [24, 25]. The New
Aircraft Concepts Research (NACRE), also led by Airbus, studied winglet design for the BWB configuration [24].
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The Very Efficient Large Aircraft (VELA) project in Europe studied a number of BWB configurations with different
sweep angles [26, 27]. TSAGI, in collaboration with Airbus and Boeing, designed a 750-passenger BWB with a 7400
nautical mile range [28, 29, 30]. The Multidisciplinary Optimisation Of a Blended-Wing-Body (MOB) project is a
collaboration between academia and industry in Europe [31, 32, 33, 34, 35]. RANS-based inverse design [36, 37] and
Euler shape optimization [8] of the BWB were investigated in this project.

Through the above mentioned projects and other research [38, 39, 40, 41], the aerodynamic advantages of the
BWB configuration have been widely studied. The blended-wing-body shape translates into significantly reductions
in nearly all drag categories, and the explanation for these reductions can be summarized as follows:

« All-lifting design with low wing loading and desirable spanwise lift distribution — reduces lift-induced drag
» Lower wetted area compared to conventional aircraft — reduces skin friction drag

« Smooth and blended wing-centerbody junction — reduces interference drag

« Better area ruling — reduces wave drag

Airfoil-shaped fuselage with a more streamlined aft body — reduces pressure drag

Despite its various aerodynamic benefits, the unique shape of the BWB configuration also brings challenges to
the design process. The complex shape of the BWB may cause difficulties during manufacturing using composite
materials. The chordwise lift distribution on the centerbody needs to be carefully designed to maintain trim and
positive static margin. The thick airfoil shape of the centerbody makes it a challenge for the BWB to achieve low
drag and generate sufficient lift at a reasonable deck angle. Trim and static margin are particularly critical for the
BWB configurations due to the absence of conventional empennage. In this paper, we extend previous studies by
using high-fidelity computational fluid dynamics (CFD) and numerical optimization tools to optimize the shape and
planform of the BWB configuration while taking trim and stability into consideration. We use an efficient discrete
adjoint implementation to the Euler solver [42] and a robust mesh perturbation method [43] that enable us to explore
the design space using hundreds of geometric shape variables. We perform aerodynamic shape optimization with more
than 800 design variables to obtain an optimized BWB design that is both trimmed and longitudinally stable.

The paper is organized as follows. The numerical tools used in this work are described in Section II. The problem
formulation and the baseline geometry are shown in Section Il1. Finally, the results from the aerodynamic shape and
planform optimization are discussed in Section IV.

Il. Methodology

This section describes the numerical tools used in the aerodynamic shape optimization of the BWB aircraft. These
tools are components of the MDO for aircraft configurations with high fidelity (MACH) framework [44]. An efficient
geometric parametrization is used to allow manipulation of the aircraft shape and planform. The corresponding CFD
volume mesh is then perturbed to match the modified geometry. We use a multiblock CFD solver in Euler mode to
evaluate the aerodynamic performance. The derivatives for the optimization are computed with an adjoint method.
Finally, a gradient-based optimizer is used to search the design space.

A. Geometric Parametrization

The choice of parametrization is not unique for aerodynamic shape optimization. There are several different geometric
parametrizations such as basis vector, domain element, polynomial, spline, CAD, and free-form deformation (FFD).
The geometric parametrization tool used in this work is developed by Kenway et al. [43, 44]. This approach utilizes
the FFD proposed by Sederberg and Parry [45]. The FFD volume parametrizes the geometry changes rather than
the geometry itself, resulting in an efficient and compact set of geometry design variables and complex geometrical
manipulations. Any geometry may be embedded within the volume by performing a Newton search to map the
parameter space to physical space. All the geometric changes are performed on the outer bound box of the FFD
volume. Modification of the FFD volume indirectly changes the objects embedded in the volume. One important
assumption of the FFD approach is that the geometry has constant topology throughout the optimization process,
and this is usually the case for aerodynamic shape optimization. In addition, since the FFD volumes are constructed
with tri-variate B-splines, the derivative of any point inside the volume can be computed analytically, which is crucial
for aerodynamic shape optimization with respect to large number of design variables. The efficient computation of
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geometric derivatives allow us to use more shape variables as compared to previous studies. Figure 1 shows the FFD
volume and geometric control points for the BWB aerodynamic shape optimization. 800 shape control points are
spread in a 20 by 20 grid on the upper and lower surfaces of the FFD volume.

Figure 1. The BWB mesh (left), FFD volume and 800 shape control points (right)

B. Mesh Perturbation

While FFD volumes handle the modifications of the geometry, the mesh for CFD analysis also needs to be altered
to match the modified geometry. The parallel mesh perturbation scheme used in this work, developed by Kenway
et al. [43], is a hybridization between algebraic methods and linear elasticity methods. The linear elasticity-based
warping is used to manage large perturbations on a coarsened mesh, while the algebraic warping is applied to local
changes in the fine mesh. Since the mesh warping is performed several hundred times during the optimization, it
needs to be efficient and robust, while maintaining the quality of the mesh. This method results in a much lower
computational cost compared to linear elasticity-based warping. The one-time setup time for the BWB mesh warping
of size 1.3 million cells is 70 seconds on 64 processors; however, each mesh warping takes only a fraction of a second
to compute during the optimization.

C. CFD Solver

The flow solver used is the Stanford University multiblock (SUmb) [46]. SUmb is a finite-volume, cell-centered
multiblock solver for the compressible Euler, laminar Navier-Stokes, and RANS equations (steady, unsteady, and
time-periodic). It also provides options for a variety of turbulence models with one, two, or four equations. The flow
solver uses hybrid 5th-order Runge—Kutta (RK) and Newton—Krylov(NK) methods, while the adjoint solution uses
preconditioned GMRES [44, 47, 48, 49]. To facilitate the gradient-based optimization process, an ADjoint approach
for the Euler solver that combines the discrete adjoint method and automatic differentiation was developed for the flow
solver [42, 50]. The ADjoint approach uses an automatic differentiation technique to compute partial derivatives in the
adjoint formulation. The adjoint implementation allows us to compute gradients with respect to hundreds of design
variables with a computational cost of less than one flow solution.

D. Optimization Algorithm

Due to the computational cost of the CFD solver, it is critical to choose an efficient optimization algorithm that
requires a reasonably low number of function calls. Gradient-free methods, such as genetic algorithms, have a higher
probability of getting close to the global minimum for cases with multiple local minima. However, slow convergence
and a large number of function calls would make gradient-free aerodynamic shape optimization infeasible with current
computational resources. Therefore, we use gradient-based optimizers combined with adjoint gradient evaluations
to achieve an efficient optimization process. Figure 2 shows the comparison between gradient and non-gradient-
based optimizers using the Rosenbrock function [51] as the objective function, converged to a relative error of 10 3.
For a large number of design variables, the use of gradient-based optimizers is advantageous. We use a Python-
based optimization package, pyOpt [52], to interface with CFD and adjoint solvers. We choose a gradient-based
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optimization algorithm, Sparse Nonlinear OPTimizer (SNOPT) [53], as the optimizer. SNOPT is a sequential quadratic
programming (SQP) method, designed for large-scale nonlinear optimization problems with thousands of constraints
and design variables. It uses a smooth augmented Lagrangian merit function and the Hessian of the Lagrangian is
approximated using a limited-memory quasi-Newton method.
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Figure 2. Number of function evaluations required to minimize the multidimensional the Rosenbrock objective function. SNOPT and
SLSQP are gradient-based methods; ALPSO, Simplex and NSGA2 are gradient-free methods. The lower two lines correspond to the
gradient-based methods used in conjunction with an efficient gradient computation.

I11. Problem Formulation

Aerodynamic shape optimization of the BWB needs to be carefully formulated and constrained in order to achieve a
physically feasible design. The following sections describe the baseline geometry, objective function, design variables,
and constraints.

A. Baseline BWB Geometry

Figure 3. The baseline geometry of the 800-passenger BWB
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The baseline geometry, shown in Figure 3, is an 800-passenger BWB aircraft with a 7000 nautical mile range. The
planform shape is similar to the second generation Boeing BWB developed by Liebeck [6]. This geometry is divided
into a centerbody section and an outer wing section. We use a modified NACA 0012 airfoil for the centerbody and a
BAC 474 airfoil at the tip to provide an initial point for the optimization. The geometry is generated using pyGeo [43]
with prescribed thickness-to-chord ratio, leading edge, and trailing edge without twist. The wing span is 274 ft, and
the total length is 151 ft. The reference planform area is 7,762 ft2. The trapezoidal aspect ratio is 9.7. The resulting
wing loading of 106 Ib/ft? is significantly lower than a conventional transonic transport aircraft by more than 30%. Its
low wing loading provides a better handling quality at low speed and reduces the requirements for high lift devices.
The center of gravity (CG) is set at 25% of the mean aerodynamic chord.

We optimize the aircraft at maximum cruise weight flying at Mach 0.8 and 30,000 ft attitude. Euler CFD analysis
of the baseline BWB shows a drag coefficient of 0.02696 at its design lift coefficient of 0.440, indicating room for
further improvement. The classic van Driest method with form-factor correction is used to compute the skin friction
drag [54]. Table 1 summarizes the geometry and aerodynamic parameters of the baseline BWB.

Parameters Baseline BWB | Parameters Baseline BWB
Wing span 274 ft | Wing loading 106 Ib/ft?
Fuselage length 151 ft | CG location from nose 715 ft
Reference area 7;762 ft?> | Drag coefficient 0.02696
Trapezoidal aspect ratio 9:7 | Lift coefficient 0.440
Mean aerodynamic chord 26:1 ft | Static margin 19.1%

Table 1. Summary of the baseline BWB

Structured multiblock grids of 1.3 million cells are created for the baseline geometries. This grid size is chosen
such that it can accurately resolve the geometry and flow field, while incurring an acceptable computational cost. Each
flow solution with Euler CFD solver is performed in about 60 seconds on 64 processors.

B. Objective Function

We choose drag coefficient as the objective function for the optimization under prescribed lift. The drag coefficient has
two components: drag coefficient from the Euler solver, and the skin friction drag coefficient. The van Driest method
is used to capture the missing skin friction drag from the Euler solver. Skin friction drag is particularly important for
trade-off between wing span and wing area.

C. Design Variables

Primary design variables are the geometric shape variables distributed on the FFD volume. A total of 800 shape
variables are scattered on the lower and upper surfaces of the FFD volume, as shown in Figure 1. The large number
of shape variables provides more degrees of freedom for the optimizer to explore, and to fine-tune the sectional airfoil
shape and thickness-to-chord ratio at each spanwise location. We use significantly more shape variables than in the
previous studies in the literature. This is made possible by the implementation of an adjoint gradient calculation. We
found that the cost of computing shape gradients is nearly independent of the number of shape variables.

The next set of design variables is the spanwise twist distribution. A total of 5 section twist design variables is
used. The center of twist rotation is fixed at the reference axis, which is located at the quarter chord of each section.
The twist variables provide a convenient way for the optimizer to minimize induced drag by adjusting the spanwise
lift distribution, as well as to meet the root bending moment constraint.

Planform variables, such as span and sweep, are also considered in the optimization, and they contribute primarily
to the reduction of induced drag and wave drag, respectively. The span design variable stretches the FFD volume in
the spanwise direction. The sweep variable shears the FFD volume in chordwise direction. The planform variables
can only be added to the optimization together with the bending moment constraint and the skin friction estimation,
since the planform variation changes the structural weight and surface area significantly.

Auxiliary design variables are added to facilitate the formulation of the optimization problem. The angle-of-
attack variable ensures that the lift coefficient constraint can be satisfied. We use an individual design feasible (IDF)
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approach [55] to update the reference CG location (Xcg) and the mean aerodynamic chord (MAC). This requires the
addition of a target variables, Xt and MAC!. Table 2 summarizes the design variables.

Design Variables  Count \ Design Variables Count

Airfoil Shape 800 | Angle-of-attack 1
Twist 5 | Target CG location 1
Span 1 | Target MAC 1
Sweep 1 | Total 810

Table 2. Summary of the design variables used in the BWB aerodynamic shape optimization problem

D. Constraints

As optimizers tend to explore any weakness in the numerical models, an optimization problem needs to be carefully
constrained in order to yield a physically feasible design. Several geometric constraints are implemented. We impose
thickness constraints near the leading edge (LE), trailing edge (TE), mid-chord, and centerbody to prevent the airfoil
thickness from affecting low speed aerodynamic performance, to get a reasonable structural box depth, and to prevent
the violation of the manufacturing constraints. These constraints also ensure sufficient height in the centerbody cabin
and sufficient thickness at the LE and TE for the installation of high-lift devices such as slats and flaps. The volume of
the centerbody is also constrained to meet the requirements for cabin and payload space. The wing volume constraints
are also imposed to ensure sufficient space for fuel. In order to avoid generating non-physical kinked LE and TE, the
shape variables located at the LE and TE are constrained so that each pair of shape variables can move only in opposite
direction with equal magnitudes.

Due to the absence of a structural model, we use root bending moment as a surrogate for the structural weight
trade-offs. The root bending moment is constrained to be equal or less than the baseline bending moment. With
this constraint imposed, the optimized spanwise lift distribution tends less outboard loading instead of the elliptical
distribution [56]. The bending constraint is necessary to capture the trade-offs between aerodynamic performance and
structural weight.

In addition, the BWB has to be trimmed in cruise conditions without the need to deflect its control surfaces which
would result in trim drag. Therefore, a trim constraint is added. There are several way to trim a flying wing: by
unloading wing tips on a swept wing, by adding reflex to the airfoils at the trailing edge, and by adding anhedral to
wing tips [57]. Our optimization problem has all the required degrees of freedom to explore the design space except
for the anhedral wing tips. In addition, stability is a particularly important design aspect of the BWB configuration.
With the absence of a conventional empennage, it is not immediately obvious whether a positive static margin can be
achieved on a BWB aircraft. Therefore, we constrained the static margin to be greater than 5%. The static margin can
be calculated as the ratio of the moment and lift derivatives [41].

Cwm .
C. '’

Kn = 1)
We calculate Cys and C_ using finite differences with an angle-of-attack step size of 0.1 degree. The static margin
constraint incurs an additional computational cost. For each iteration, one additional flow solution and two additional
adjoint solutions are required. Both flow and adjoint solutions have to be converged more accurately than usual to
obtain an accurate static margin gradient. This is particularly important for static margin gradients with respect to
shape variables, since they have relatively small magnitudes compared to other gradients.

The IDF formulation requires two additional compatibility constraints for the CG location and MAC. Table 3
summarizes the constraints for the optimization problem.

IV.  Aerodynamic Shape and Planform Optimization Results

The following sections discuss the results from performing a sequence of aerodynamic shape and planform opti-
mizations. The baseline BWB geometry is used as the initial design. The optimizations are performed with an Euler
solver and a friction drag estimation, as described in Section Il1. All cases are run on high performance computing
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Constraints Count | Constraints Count
Lift coefficient 1| Trim 1
Thickness 99 | Static margin 1
Internal volume 99 | CG compatibility 1
LE, TE control points 40 | MAC compatibility 1
Total 243

Table 3. Summary of the constraints used in the BWB aerodynamic shape optimization problem

clusters in the Center for Advanced Computing at the University of Michigan [58]. Each computing node comprises
two six-core 2.67 GHz Intel Xeon X5650 processors with 4 GB of RAM per core. All the nodes are interconnected
with InfiniBand networking. A total of four cases are presented in this section.

Case 1: Baseline lift-constrained drag minimization with respect to shape variables and with geometric constraints
Case 2: Lift-constrained drag minimization with respect to shape variables, with geometric, root bending moment, and

trim constraints

Case 3: Lift-constrained drag minimization with respect to shape and planform variables, with geometric, root bending

moment, and trim constraints

Case 4: Lift-constrained drag minimization with respect to shape and planform variables, with geometric, root bending

moment, trim, and static margin constraints

A. Case 1: baseline lift-constrained drag minimization with respect to shape variables and with geometric
constraints

In order to validate our optimization formulation, we begin with a baseline optimization case with only geometric and
lift constraints. The design variables are shape variables, twist, and angle-of-attack. Without any additional constraints,
we expect to see an optimum elliptical lift distribution and weakened shocks. Since only one flow solution and two
adjoint systems need to be solved, the problem requires less computational time than the other cases. The optimization
is performed using 16 cores, and is converged in 34 hours with a total of 91 major optimization iterations. Figure 4
shows the pressure distribution, airfoil shape, and lift, thickness-to-chord ratio (t/c), twist distributions of the baseline
and optimized BWB configurations. The aerodynamic coefficients of the baseline and optimized BWB are listed in
Table 4. Figure 5 shows the convergence history of the feasibility, optimality, and merit function.

Coefficient | Baseline

Optimized Difference

Co 002696  0.02245  -16.7%
CL 0.440 0.440 0.0%
CM, o0 0.2599 0.2731 +5.1%
o 0.1938 0.2037 +5.1%

Table 4. Case 1: aerodynamic coefficients of the baseline and optimized BWB

The optimized BWB achieves an optimal elliptical spanwise lift distribution, mostly by varying the sectional twist
distribution. Both root and tip of the wing are twisted down and the mid-span section is twisted up to match the
elliptical lift. The airfoil shape of the centerbody is not significantly altered. Changes made to the shape of the
centerbody are mainly to smooth out the pressure distribution. A large portion of lift is generated on the aft section of
the centerbody because of the airfoil camber, resulting in a pitch down moment. The optimized BWB further increases
the pitch down moment by 5.1%, indicating the need for a trim constraint.

A strong stock can be seen at the leading edge of the upper wing section on the baseline BWB. The shock transits
into a compression wave toward the centerbody. The shock structure on the optimized BWB is significantly different.
The pressure distribution on the upper surface is flattened compared to that of the baseline BWB. The strong shock at
the leading edge is weakened and shifted to the mid-chord, reducing the wave drag. The drag coefficient is reduced
by 45 counts or 16.7%. With the optimal lift distribution, lift is shifted toward the wing tip. We can see that the root
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Figure 4. Case 1: the results of the baseline lift constrained drag minimization with shape variables and geometric constraints. Pressure
contour, sectional Cp distribution, airfoil shape, and spanwise lift, t=c, twist distributions of the baseline design (left) and the optimized
design (right) are shown.
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Figure 5. Case 1: SNOPT optimization convergence history of the feasibility, optimality, and merit function

bending moment increases by 5.1%, which indicates that a heavier structure would be required. Therefore, a root
bending moment constraint is necessary to constrain the impact on structural weight.

This baseline optimization serves as a validation of the optimization formulation. We obtain an elliptical lift
distribution and reduced shock strength on the upper surface. We can also conclude that additional constraints are
needed to achieve a practical design.



Downloaded by UNIVERSITY OF MICHIGAN on April 1, 2014 | http://arc.aiaa.org | DOI: 10.2514/6.2013-283

B. Case 2: lift-constrained drag minimization with respect to shape variables, with geometric, root bending
moment, and trim constraints

As discussed in the previous case, we need to capture the trade-offs between the aerodynamic performance, structural
weight, and trim drag. Therefore, root bending moment and trim constraints are added. The root bending moment
is constrained to be less than or equal to the initial bending moment. Two additional adjoint systems are needed to
compute the gradient of those constraints. This optimization problem is converged in 72 hours using 16 cores, and
requires a total of 321 iterations. Figure 6 shows the pressure distribution, airfoil shape, and lift, t/c, twist distributions
of the baseline and optimized BWB configurations. Note that for the purpose of visualize the airfoil shape, x and
y axes of the sectional airfoil plots are not of the same scale. Therefore, the sectional twist in these plots is not to
scale. The aerodynamic coefficients of the baseline and optimized BWB are listed in Table 5. Figure 7 shows the
convergence history of the feasibility, optimality, and merit function.
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Figure 6. Case 2: the results of the lift constrained drag minimization with shape variables, geometric, root bending moment, and trim
constraints. Pressure contour, sectional Cp distribution, airfoil shape, and spanwise lift, t=c, twist distributions of the baseline design (left)
and the optimized design (right) are shown.

Coefficient \ Baseline Optimized Difference

Co 002696 002381  -11.7%
CL 0.440 0.440 0.0%
CMyoo 0.2599 0.2599 0.0%

Merirn 0.1938 0.0 -100%

Table 5. Case 2: aerodynamic coefficients of the baseline and optimized BWB

With the addition of root bending moment constraint, the optimized spanwise lift distribution is no longer ellip-
tical. The lift on the wing section decreases more linearly toward the wing tip. This departure from the elliptical
lift distribution limits span efficiency and hinders improvements in induced drag. However, it benefits the structural
weight and lateral control response for a flying wing [59, 60]. Two design features that lead to satisfaction of trim
constraints on a trimmed flying wing are observed on the optimized BWB. The first is a reflex near the trailing edge of
the optimized centerbody airfoil, resulting in a significant change to the chordwise lift distribution on the centerbody.
All lift is generated at the forward section of the centerbody, while the aft centerbody has negative lift to trim the
aircraft. As a result, the net lift on the centerbody is reduced, as shown on the lift distribution plot. The second feature
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Figure 7. Case 2: SNOPT optimization convergence history of the feasibility, optimality, and merit function

is the unloaded wing tip. The optimized wing tip airfoil has washout and less lift than the baseline. The unloaded wing
tips on a highly swept wing act as the horizontal tail to trim the aircraft.

Due to these constraints, optimized drag is reduced by 31 counts as compared to 45 counts in the previous case.
This change is primarily due to a lower span efficiency and the presence of the reflex centerbody airfoil, which causes
the lift induced drag and the trim drag to increase.

C. Case 3: lift-constrained drag minimization with respect to shape and planform variables, with geometric,
root bending moment, and trim constraints

In this case, we seek the benefits of adding planform design variables to the optimization described in Case 2. By
allowing changes to the span and sweep, we provide the optimizer with greater degrees of freedom and an efficient
way of satisfying the trim constraints and reducing wave drag. This optimization problem is converged in 95 hours
with 16 cores, and requires with a total of 426 iterations. The increased optimization time is mainly due to the increase
in design space dimensionality. Figure 8 shows the pressure distribution, airfoil shape, and lift, t/c, twist distributions
of the baseline and optimized BWB. The aerodynamic coefficients of the baseline and optimized BWB are listed in
Table 6. Figure 9 shows the convergence history of the feasibility, optimality, and merit function.

Coefficient | Baseline Optimized Difference

Co 002606  0.02338  -13.3%
CL 0.440 0.440 0.0%
CMyone 0.2599 0.2599 0.0%

Mersm, 0.1938 0.0 -100%

Table 6. Case 3: aerodynamic coefficients of the baseline and optimized BWB

The sectional pressure distribution and pressure contour are relatively similar to those in the previous cases. The
addition of planform variables does not significantly alter the pressure distribution. The optimized BWB also has a
reflex centerbody and an unloaded wing tip to trim the aircraft. The span of the optimized BWB is approximately the
same as the baseline, while the sweep angle of the wing increased significantly. The increase in sweep angle reduces
wave drag and also helps to trim the aircraft by increasing the moment arm of the unloaded tips. The wing tip generates
a higher amount of lift compared to the previous case. The amount of centerbody reflex is reduced. The optimizer
finds that trim with sweep and twist is more effective, which results in lower trim and induced drag. The increase in
span is limited because of the root bending moment constraint and skin friction drag penalty.
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Figure 8. Case 3: the results of the lift constrained drag minimization with shape and planform variables, geometric, root bending moment,
and trim constraints. Pressure contour, sectional Cp distribution, airfoil shape, and spanwise lift, t=c, twist distributions of the baseline
design (left) and the optimized design (right) are shown.
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Figure 9. Case 3: SNOPT optimization convergence history of the feasibility, optimality, and merit function

D. Case 4: lift-constrained drag minimization with respect to shape and planform variables, with geometric,
root bending moment, trim, and static margin constraints

The optimization setup for this case is similar to that of Case 3, with the exception of an additional static margin
constraint. The goal of this case is to use numerical optimization to achieve an optimized longitudinally stable and
trimmed configuration that would be otherwise difficult to design with a trial-and-error design process. The static
margin is computed by performing finite difference of the lift and moment coefficients. We also added the payload
location as a design variable, and this is represented by the CG location. The CG is allowed to move between 20% to
50% of the MAC.
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This optimization problem is more computationally intensive than the previous cases for several reasons. Each
iteration requires two flow solutions and six adjoint solutions in order to obtain the static margin and its gradient. The
static margin gradient is a second order derivative, since it is the gradient of lift and moment coefficient gradients.
Therefore, in order to achieve an accurate static margin gradient, both flow and adjoint solutions need to be converged
to a higher tolerance (10 1°). Finite-differencing the lift and moment coefficients perturbs only the angle-of-attack. If
a Newton-type iteration, such as the Newton-Kylov method, is used to solve the flow solution, the Maratos effect [61]
may cause the Newton iteration to stall. We increase number of Runge—Kutta iteration before switching to the Newton-
Krylov solver. A flow field solution reset is used as a fail-safe procedure if the solution stalls.

This optimization problem converged in 58 hours on 64 cores with a total of 138 iterations. Figure 10 shows the
CG and neutral point (NP) locations, pressure distribution, airfoil shape, and lift, t/c, twist distributions of the baseline
and optimized BWB configurations. The aerodynamic coefficients of the baseline and optimized BWB are listed in
Table 7. Figure 11 shows the convergence history of the feasibility, optimality, and merit function.
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Figure 10. Case 4: the results of the lift constrained drag minimization with shape and planform variables, geometric, root bending
moment, trim, and static margin constraints. CG and NP locations, pressure contour, sectional Cp, distribution, airfoil shape, and spanwise
lift, t=c, twist distributions of the baseline design (left) and the optimized design (right) are shown.

Coefficient | Baseline Optimized Difference
Cb 0.02696 0.02339 -13.2%
CL 0.440 0.440 0.0%
CM, oot 0.2599 0.2599 0.0%
CMerim 0.1938 0.0 -100%
Kn 19.1% 5.0% /

Table 7. Case 4: aerodynamic coefficients of the baseline and optimized BWB

Both static margin and trim constraints are sensitive to the CG location. Since a lower trim moment is required
for an aft CG location, the trim constraint tends to move the CG backward by increasing CG design variable or by
increasing the sweep angle. On the contrary, the CG location is also constrained by the static margin, since an aft
CG location decreases the static margin. For a flying wing, location of the NP coincides with the aerodynamic center,
the point about which the pitching moment coefficient does not vary with angle-of-attack. For a fixed planform, the

12



Downloaded by UNIVERSITY OF MICHIGAN on April 1, 2014 | http://arc.aiaa.org | DOI: 10.2514/6.2013-283

2 -
10 fea.smlll.ty 0.04
optimality
merit
>10°
®
E 0.0355
3 3
o10* c
> 2
= =
3 5
'Q 10° 0.03 =
[}
w
10°
0.025
1 1

0 50 . 100
Maijor iterations

Figure 11. Case 4: SNOPT optimization convergence history of the feasibility, optimality, and merit function

aerodynamic center varies only slightly with the airfoil shape variables. The static margin constraint is most sensitive to
the sweep angle. As sweep angle increases, both aerodynamic center and mean aerodynamic chord shift aft. However,
the mean aerodynamic chord moves at a faster rate than the aerodynamic center. Thus, the static margin decreases for
an increasing sweep. This effect can be seen from the optimization results. The sweep angle only increases slightly
as compared to the previous case, which is constrained by the static margin. The static margin of the BWB is reduced
from 19.1% in the baseline configuration to 5.0% in the optimized configuration. The CG moved from 25% of the
MAC to 47%.

Because of the aft CG location than the previous cases, the trim constraint becomes less difficult to satisfy. We
can see from the pressure distribution that the amount of reflex and down twist is reduced. Only aft centerbody has a
reflex shape airfoil. The optimized BWB has better aerodynamic performance due to the relaxed CG location. It has a
drag that is 36 counts lower than the baseline.

E. Summary of the Aerodynamic Shape and Planform Optimization Results

The four cases of aerodynamic shape optimization demonstrates the benefits and impacts of various design variables
and constraints. As one would expect, the optimized BWB has the lowest drag coefficient when only lift and geometric
constraints are enforced. However, this case also has a higher root bending moment and pitch moment than the baseline
BWB. By adding trim and root bending moment constraints, the optimized drag coefficient increases by 14 counts
relative to Case 1. The impact on the aerodynamic performance is mainly due to a less ideal spanwise lift distribution
and increased drag from the reflex centerbody airfoil. We further explore the design space by adding span and sweep
design variables to the optimization. The additional degrees-of-freedom provide about 4 drag count of improvement.
This reduction comes from a lower skin friction drag and wave drag. Finally, we add both static margin constraint and
CG design variable to the problem. We relax the CG location to allow the optimized BWB to meet the static margin

Constraints

Cp Reduction Design Variables Geometric  Lift Bending moment Trim  Static margin
0.02696 Baseline . .
0.02245 16.7% Shape . . .
0.02381 11.7% Shape . . . .
0.02338 13.3% Shape, Planform . . . .
0.02339 13.2% Shape, Planform, CG . . . . .

Table 8. Summary of optimal drag coefficients, design variables, and constraints of the aerodynamic shape optimization cases
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constraint without a large impact on the aerodynamic performance. The optimized configuration has less sweep than
the previous case, which is limited by the static margin constraint. Allowing the CG location to move improves the
performance: the CG is shifted aft to reduce the reflex on the centerbody and the downwash on the wing tip. The
optimized BWB maintains the same drag coefficient as the case without static margin. Table 8 summarizes the four
aerodynamic shape optimization cases.

V. Conclusion

In this work, we performed aerodynamic shape and planform optimization of a blended-wing-body aircraft using
800 shape design variables. We explored the effects of adding planform design variables. The sweep and span design
variable provided 4 drag count of improvement at the cruise flight condition. We also investigated the degradation in
aerodynamic performance due to the addition of root bending moment, trim, and static margin constraints. With the
addition of a root bending moment constraint, the spanwise lift distribution on the optimized BWB departed from the
elliptical lift distribution by shifting more loading inboard. The trim constraint resulted in an additional down twist
to the wingtip, and it also added reflex to the rear of the centerbody airfoils. The static margin constraint limited the
increase in sweep. The static margin was reduced to the lower bound by an aft CG location, which benefited the trim
condition. We achieved an optimized BWB that is both trimmed and longitudinally stable, while reducing the drag by
13.2% compared to the baseline.
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