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Abstract

Multidisciplinary Design Optimization has gained huge attention in the design of aircraft. Im-
plementation of such new numerical methods provides insight into the interaction between mul-
tiple disciplines which are important in designing unconventional designs such as Blended Wing
Body (BWB). This study is an extension to the DLR - SIAM project (Schal-Immisions-Armes
Mittlestreck-Flugzeug eng: low-noise-immission medium-range aircraft), which deals with the
shape optimization of the Blended Wing Body (BWB) to improve its aerodynamic efficiency,
by including the engine integration effects. The goal of the SIAM project is to bring the BWB
aircraft into service by 2035.

The Blended Wing Body design is taken from the resulting T-Tail configuration of the SIAM
project. To deal with this problem, a gradient-based optimization method is used and to stream-
line the process, two parametric CAD-ROMs are used. One for the HTP-angle for the trim
process of the aircraft and another CAD-ROM for the shape optimization. The problem is an
unconstrained optimization with implicit trim constraints. Due to an unsuitable engine model,
the trim process was not implemented during optimization. For shape optimization, a high-
fidelity flow computation is performed with a powered engine. This study is also extended by
implementing CFD-CSM coupling, which is a Multidisciplinary Design Analysis (MDA) for the
critical optimization design points, where the deformation of the wing is calculated from the
aerodynamic loads.

viii



Chapter 1

Introduction

1.1 Motivation

In recent years, with the advancements in aircraft technology, air travel has become one of the
safest and largest means of transportation. Global air traffic has been steadily increasing every
year, and according to the website statistica [3] the number of flights performed in the year 2019
was 38.9 million and is forecasted to increase even more. With the increasing demand for air
travel, it is important to make flights as efficient, economical, and carbon-neutral as possible.
Currently, the estimation of annual global emissions from commercial aviation is about 2.5% and
Europe has envisioned the Flightpath 2050 which is a goal to reduce 75% of CO2 emissions per
passenger kilometer, 90% reduction in NOx and 65% in noise reduction compared to the typical
new aircraft in the year 2000 [4]. To achieve this goal, pushing the design of an aircraft from
a conventional (Tube and Wing - TAW) to an unconventional (Blended Wing Body - BWB)
shape is necessary to explore the performance of unconventional new designs. The design of
the Blended Wing Body has a huge untapped potential for increasing aerodynamic efficiency,
reducing fuel burn, and reducing the noise of the aircraft. On the Tube and Wing configurations,
the engines are generally placed under the wing, or attached to the fuselage behind the wing. In
the first design, the noise emitted by the aircraft travels toward the ground, and it disrupts the
flow over the wing as well due to the pylon and engine. The second design has the advantage of
clean flow over the wing, although the engine is still exposed to the ground. With the advantage
of a large fuselage of the Blended Wing Body design, the engine can be mounted on the top of
the fuselage thus mitigating the noise to travel towards the ground, and with the clean wing the
flow is not disrupted thus improving the efficiency.

The BWB design has another advantage in the field of weight and lift distributions. On the
Tube and Wing design configuration, the weight distribution is higher on the fuselage, and the
lift distribution is mostly restricted to the wings. This creates a bending moment on the wing
thus the wing root should be structurally reinforced which adds more weight. Whereas for the
Blended Wing Body configuration, as the lift and weight distribution is spread across the body
[1], the bending moment is relatively less as seen in the figure: 1.1.

As the conventional TAW configuration is well established, further increase in overall efficiency is
rather limited. On the other hand, despite the advantages of Blended Wing Body configurations,
there are disadvantages for which further research is required. The BWB is sensitive to gust forces
due to lower loading on the wing. With the wide body, multiple columns of passenger seats can
be placed with which evacuation from the flight becomes difficult and degraded comfort due to
windowless cabin, thus satisfying airworthiness is difficult. For the tailless aircraft, the problem
of recovering from tumbling is of huge concern [5].

1



2 1. Introduction

Figure 1.1: Lift and Weight distribution for TAW and BWB Configurations -[1]

1.2 State of the Art

This project is an extension of the project DLR SIAM (Schal-Immisions-Armes Mittlestreck-
flugzeug eng: low-noise-immission medium range aircraft) [6], which mainly focuses on reducing
noise emission. The Top Level Aircraft Requirements (TLARs) of the SIAM project are based
on Airbus A320 which are shown in the table 1.1.

Table 1.1: Top Level Aircraft Requirements

Unit Value
Design Mach number [-] 0.78
Design Range [nm] 2600
Design payload [t] 17.1

At these TLARs, the baseline configuration of the BWB aircraft model is designed. The Airbus
A320 serves as a reference for the evaluation of efficiency and potential for noise reduction. The
baseline configuration of the Airbus A320 aircraft is equipped with advanced materials and noise-
reduction technologies from the project Low Noise ATRA [7]. This baseline configuration is also
installed with an ultra-high bypass ratio engine which is significantly improved in recent decades
in both efficiency and noise. The BWB aircraft is optimized for minimum fuel consumption and
the baseline configuration data along with the reference values are shown in the table 1.2 and
1.3.

Table 1.2: Baseline Configuration Data of Airbus A320

Unit Value
MTOM [t] 74.2
OEM [t] 43.2
L/D [-] 17.5

The SIAM project includes the basic layout of the BWB along with an extensive study of its
handling qualities and approach trajectory evaluation, noise evaluation, planform variation, and
design variations. After considering various designs, the T-tail design was selected which is shown
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Table 1.3: Reference Values

Unit Value
Reference Area [m2] 348.1
Reference Length [m] 5.35
Reference Point (x) [m] 14.95

in figure 1.2, as it has the most promising results. The SIAM project also concludes the studied
Hybrid Wing Body (HWB) configuration, is designed as naturally stable and it is possible to
control without artificial support. It is also mentioned that by using HiFi-optimization, there
is a high probability of increasing the lift coefficient [6]. This study being an extension of the
SIAM project, focuses on shape optimization of the BWB body with T-tail configuration at the
above-mentioned design conditions.

Figure 1.2: T-Tail BWB Design



Chapter 2

Literature

In this chapter, the theory behind the problem is reviewed. The first section 2.1 deals with the
background of the Blended Wing Body design, and in the second section 2.2 the basics of CFD
along with the mesh generation are reviewed. In the next section 2.3, the basics of CSM are
studied. In the last section 2.4 the fundamentals of MDO are outlined.

2.1 Blended Wing Body

The idea of a Blended Wing Body (BWB) design of an aircraft stems from the idea that both
the wing and the fuselage should contribute to generating lift. As the lift generated is directly
proportional to the area of the lifting surface (SL), the BWB has the potential to produce
significantly higher lift when compared to the traditional Tube and Wing configuration (TAW),
thus increasing the aerodynamic efficiency of the aircraft.

L =
CLρv

2SL

2
(2.1)

The concept of BWB was studied and evaluated in a preliminary design study conducted at
Mcdonnell Douglas when Dennis Bushnell of NASA Langley’s research center posed an important
question "Is there a renaissance for long haul transport?"[8]. With funding from NASA at
Mcdonnell Douglas, the initial study was to develop and compare the advanced technology of
subsonic transport for the design mission for 800 passengers and 7000 nautical mile range with
the Mach number of 0.85. The study also involved the design of the body, where the pressurized
cabin compartment was designed as an adjacent parallel tube which is a lateral extension of the
double bubble concept. This study is a chronicle for the future development of the BWB aircraft
configuration, as BWB-450 (with a payload of 450 passengers) is compared with Airbus A380,
showed a striking result of 32% less fuel burn per passenger [8].

Boeing also worked on developing a BWB model as an unmanned aerial vehicle (UAV), which
was a joint program between Boeing, NASA, and Air Force Research Laboratory, where Boeing
was responsible to deliver X48B. The goal of the program was to reduce emissions, and noise,
improve the performance of the aircraft, and thus develop a highly fuel-efficient aircraft. The
main goal of the flight test was to verify and validate the control systems of X48B. For X48B,
Boeing has developed two models, one for wind tunnel testing and an actual airplane which is
8.5% scale of the actual model for the flight test. In the X48B and the next project X48C, the
main problem of pitch tumble was tested as it is a problem with tailless BWB configuration. To
resolve this Boeing has implemented Angle of Attack (AoA) limiters so that the flight does not
lead to unstable and uncontrollable flight conditions. It was also mentioned that the performance
of X48B test flights was good and the flight control system was in fact feasible for the BWB [9].

4



2.2 Aerodynamics 5

Other aircraft manufacturers such as Airbus, Bombardier, and JetZero are currently working
on developing aircraft with BWB configuration. Airbus is working on the project MAVERIC
(Model Aircraft for Validation and Experimentation of Robust Innovative Controls) which is
a blended wing scaled model as a technological demonstrator [10]. Bombardier is working on
the EcoJet project using BWB configuration, with technologies as such, the company plans to
achieve zero emissions by 2050 [11]. The new company JetZero which was established in the year
2020 by the engineer who originally developed BWB configuration, Dr. Robert Liebeck, is doing
tremendous research in the BWB configuration in project Z5. The Z5 design is optimized for
a range of 5000 nautical miles, with a payload of 250 passengers. It was stated that Z5 would
require half the power of the Boeing 767 aircraft with half the weight and Z5 can also carry up to
twice the amount of fuel when compared to Boeing KC 46 tanker on a maximum range mission
[12].

2.2 Aerodynamics

The DLR-TAU code is used to simulate the external aerodynamic flow around an aircraft model.
TAU code is a CFD solver package that is built in-house by DLR which has the capability to
solve Euler and Reynolds Averaged Navier-Stokes equations (RANS). TAU code was developed
in Göttingen and Braunschweig back in the 1990s, and it was built to calculate 3-Dimensional
flow simulations for unstructured hybrid grids with efficient parallel computing capability. TAU
code is best used for complex geometries in low subsonic to hypersonic flow regimes. [13, 14].

TAU comprises three modules, namely preprocessing, solver, and grid adaptation. Since the
TAU doesn’t have an inbuilt mesh generator, the preprocessor needs to prepare a metric of the
grid. The metric is the geometric coordinates of the nodes, volumes of dual cells, and normal
vectors representing the size and orientation of the faces of the cells. Thus TAU generates a
secondary grid by linking two nodes on both sides of each face to the corresponding edge of the
primary grid. This secondary grid makes the solver independent of the primary grid and its
elements, thus it enables the use of the multigrid technique, which is based on the agglomeration
approach [13, 14].

The flow solver is based on the compressible Navier Stokes Equations (NSE) which can be
extended to incompressible NSE during low Mach numbers. The NSE is solved using finite
volume methods, where the flow variables are stored in the vertices of the initial grid and the
fluxes are discretized using the central differences method. The gradients of the flow variables
are calculated using a central method with scalar or matrix dissipation. [13, 14].

2.2.1 Navier-Stokes Equations

The flow behavior is described using Navier-Stokes equations (NSE), which are second-order
nonlinear partial differential equations. It was developed by Claude-Louis Navier and George
Gabriel Stokes between 1822 to 1850. The equation is derived from momentum conservation and
it mathematically expresses mass balance, momentum, and energy conservation. The various
terms in the Navier-Stokes equation include a local change in time, a convective term, a pressure
term, and a stress term.

The general expression for solving the Navier-Stokes equation with convective fluxes is

∫∫∫
V

∂

∂t
W⃗dV +

∫∫
S
F⃗ · n⃗dS = 0 (2.2)
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W⃗ =


ρ
ρu
ρv
ρw
ρE

 F̄c =


ρq⃗

ρuq⃗ + p
−→
ix

ρvq⃗ + p
−→
iy

ρwq⃗ + p
−→
iz

ρHq⃗

 F̄v =


0

τ
−→
ix

τ
−→
iy

τ
−→
iz

(τ q⃗ − k∆T )
−→
i



Where W⃗ is the conserved flow variables which are defined as density ρ, momentum ρu, ρv, ρw,
and total energy ρE. The total flux of the flow F⃗ is the sum of convective F⃗c and viscous flux
F⃗v.

The Spalart Allmaras (SA) is a 1-Equation transport model which is derived especially for aero-
dynamic applications and low Reynolds number applications. The model has a single governing
kinematic equation to describe viscous eddy current flow. The model is particularly used to
capture boundary layer flow with adverse pressure gradients. A major limitation of SA is its
unreliability in describing the decay of turbulent flows, also its applicability beyond the wall-
bounded systems is unproven [15]. The SA is derived to be

Dν̃

Dt
= P −D + T +

1

σ

[
∇ · ((ν + ν̃)∇ν̃) + cb2(∇ν̃)2

]
A variation of SA is the neg-Spalart Allmaras model which is primarily developed to address
the issue of under-resolved grids and non-physical transient states where discretization of the
model leads to undesired results. The SA model only admits non-negative solutions provided the
boundary and initial condition is non-negative. Although there are a few scenarios on course grids
and transient states where the turbulent solution tends to decrease below zero. These scenarios
often occur at edge of boundary layers and at wakes, where the rapid transition from large inner
levels to small outer levels can result in undershoots for discrete solution which results in negative
solutions. The general practice is to clip the updates thus eliminating negative solutions. The
method of clipping the updates prevents the convergence of PDE residuals and obstructs the
effort to quantify the discrete truncation and solution errors. The solution to this issue is the
neg-SA, where negative turbulent solutions of SA ν̃ produce zero eddy viscosity. The neg-SA is
energy stable. The analytical solution is non-negative provided non-negative boundary condition
is provided [16]. The neg-SA is given as

Dν̃

Dt
= Pn −Dn +

1

σ
∇ · [(ν + ν̃fn)∇ν̃] +

cb2
σ

(∇ν̃)2

2.2.2 Mesh Generation

The mesh for the BWB model is generated using ANSA pre-processor software which is devel-
oped by BETA CAE systems. It has the ability to generate mesh for both structure and fluid
simulations and it has various environments in which size fields for meshes can be generated,
which is used to build fine mesh in certain predefined areas. It has also the ability to perform
CAD clean-up along with mesh quality control. Another interesting environment in ANSA is to
generate mesh morphing and optimization. For the CFD application, ANSA can build prismatic
layers based on y+ calculation to capture near-wall flow i.e. boundary layer phenomena accu-
rately, and in the farther area from the wall for farfield calculations, it can build an unstructured
grid for faster computation[17].
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2.3 Structure Mechanics

The structure simulations are solved using the finite element methods (FEM). The governing
equations of the structure simulation are the equations of linear elasticity. After discretization,
the governing equation becomes

R = K(y) − (gf + f) = 0 (2.3)

Where the K is the symmetric stiffness matrix which is given by K = K(X, zsizing), the external
and inertial forces are given by g and f respectively and the resulting displacements are given
by y [18].

2.4 Multidisciplinary Design Optimisation

Multidisciplinary Design Optimization (MDO) is defined as “a methodology for design and anal-
ysis of complex engineering systems and subsystems which coherently exploits the synergism of
mutually interacting phenomena” by AIAA during the 30th fluid dynamics conference in 1999
[19]. To solve any complex system such as the design of an aircraft where multiple disciplines
are involved, designing sequentially does not give the most efficient design. This is due to the
lack of interaction between multiple disciplines. Almost all of the commercial aircraft that were
built up to the year 2000 have been designed sequentially, and in current times, MDO is not yet
completely integrated into aircraft design but to build an unconventional design such as BWB
configuration, multiple disciplines should be coupled which is possible through MDO.

The advantage of using MDO is to reduce the time during the design phase by coupling multiple
disciplines whereas the sequential design involves design loops that require a lot of time. It also
helps to retain design freedom for a longer time in the design process, with which more knowledge
of the design can be studied before freezing the design. MDO also provides an edge to a designer
as it provides the ability to perform trade-off studies between disciplines. The brief description
of design freedom and the cost of MDO as shown in the figures: 2.1 and 2.2 was mentioned by
Mavroudi.D [2]

Figure 2.1: Design Freedom -[2] Figure 2.2: Cost Committed -[2]

Any MDO problem is defined using the standard problem formulation which involves objective
function, design variables, constraints, and upper and lower bounds.
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min
x

J(x) (2.4)

s.t. g(x) ≤ 0
h(x) = 0

(2.5)

xLB ≤ x ≤ xUB (2.6)

J = [J1(x)...Jz(x)]T (2.7)

x = [x1...xi...xn]
T (2.8)

g = [g1(x)...gm1(x)]
T (2.9)

h = [h1(x)...hm2(x)]
TCl (2.10)

The objective function is defined in the formulation as J(x), where convention dictates the
minimization of the objective function, although one can maximize it depending on the problem
statement. The constraints are given as g(x) as the inequality constraint and h(x) as the equality
constraint. The upper bounds xUB and lower bounds xLB of the design variable x are also
necessary as they do not allow the design variables into non-feasible design space. The objective
function can also be a vector forming a multiobjective problem.

There are two major approaches to solving complex MDO problems, which are gradient-free
and gradient-based methods. To solve an MDO problem, architecture is important as it defines
the order in which the algorithms are executed, it helps to visualize the data and process flow,
and to capture it an extended design structure matrix (XDSM) diagram is required. A few of
the commonly used architectures are Multidisciplinary Feasible (MDF), Individual Discipline
Feasible (IDF), and Collaborative Optimization (CO) [20].



Chapter 3

Methodology

This chapter outlines the procedure used in the study. In section 3.1, CAD modeling is discussed,
then the CAD parameterization is summarized in section 3.2. For the optimization, the CAD-
ROM and mesh generation are discussed in the sections 3.3 and 3.4 respectively. Then the
trim, optimization process, and CFD-CSM coupling are reviewed in the sections 3.5, 3.6, and
3.7 respectively. In the last section 3.8 a brief description of the optimization study is outlined
which includes the problem statement, design variables, and problem setup.

3.1 Modelling

The CAD model of the blended wing body (BWB) as shown in figure: 3.1 is made in CATIA V5
as an assembly of various CAD parts. The various parts of the model are the main wing model
which consists of the fuselage and wing, an engine integration model which is an extension of the
main wing model used to generate the channel for the airflow, an engine model, a pylon model,
and HTP and VTP models for the stability of the aircraft. The main wing model is made of
various airfoil shapes which are used to build the skin of the aircraft using the loft command.
Using the fuselage and the nacelle, a channel is generated under the engine on the fuselage in
such a way that the designed engine integration section has better aerodynamic performance.
During optimization to include the engine integration effects, the engine integration section is
also parameterized. To make the CAD model more robust to optimization, the width of the
engine integration section is extended as the optimizer would have a higher degree of freedom to
generate a better result in reducing the drag. The updated baseline model with a larger width
of the engine integration section can be seen in the figure: 3.2 .

3.2 CAD Parameterization

The CAD parameterization is executed in CATIA using the 3D curve feature [21]. The 3D curve
is a B-Spline curve that can be defined using control points, where changing the control point
modifies the curve. Using the 3D curve, an airfoil shape can be generated by modeling the upper
and lower surfaces of the airfoil separately, and to model the 3D curve accurately as an airfoil,
10 control points are used to generate each side of the airfoil. Each control point is fixed in the
X coordinate and it can only be adjusted in the Z coordinate, thus reducing the dimensions of
the problem. For parameterizing the airfoil accurately, the control points are clustered near the
leading edge as it needs to capture its curvature.

Each parameterized airfoil is then fitted onto the original airfoil by using optimization methods
that are available in CATIA. The optimization method tries to minimize the least squares solution
between the airfoil coordinates and the projection of the airfoil coordinates on the 3D curve

9
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Figure 3.1: Baseline Model Figure 3.2: Baseline Model with Engine
Integration Modification

(which is an approximation or reconstruction of the airfoil shape). The least-square solution is
given by

zerror =
1

N

N∑
i=1

wi(z
target
i − zapproxi )2 (3.1)

where wi is the weight for the least squares. The minimization of the least squares solution is
one of the well-studied methods which provide acceptable results for the reconstruction of the
airfoil geometry. This method is also used as a benchmark to test various reconstruction cases
in the paper by D.A. Masters and N.J. Taylor [22]. The solution of the least squares method is
deemed acceptable when

zerror <

{
4 ∗ 10−4, if x/c < 0.2

8 ∗ 10−4, if x/c > 0.2
(3.2)

The minimization method used in CATIA is the simulated annealing algorithm which is global
stochastic search algorithm that evolves towards local search as time progresses [23]. This algo-
rithm provides quick results, as the goal of curve fitting is to minimize the distance between the
actual points and their projected points without any constraints, where the design variables are
the control points of each side of the airfoil.

The parts considered to parameterize the Blended Wing Body model are the main wing, pylon,
engine integration, and HTP. As the main wing and pylon are made of airfoils, the extracted
sections for parameterization are also the shape of airfoils. On the main wing, four sections on
the fuselage and seven sections on the wing are considered as shown in the figure: 3.3. The
sections on the wing are more clustered towards the wing root and wing tip making the wing
shape sensitive to flow. As each section contains 20 control points (10 for each side of the airfoil),
220 control points are generated for the main wing model. Twist angles are also considered for
the sections on the wing as they greatly influence the flow. Although there are seven sections on
the wing, the twist angle for the wing root is not considered as changing it changes the fuselage
shape as well, which is unphysical. With six twist angles and 220 control points of the airfoils,
the total design parameters for the main wing model is 226. The parameterization of the airfoil
along with the control points can be seen in the figure: 3.4. The first and the last points of the
airfoil are not included during reconstruction and optimization as it changes the airfoil’s leading
edge and trailing edge, which is not required.
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Figure 3.3: Parameterization Sections

Figure 3.4: Airfoil Parameterization

The pylon model is also considered for parameterization, as it connects the engine to the fuselage
where a huge shock was observed during preliminary analysis due to the presence of the engine.
Only one section of the pylon is considered which also has the airfoil shape. Thus parameterizing
the pylon requires 20 control points. For engine integration, five sections are considered to
reconstruct the skin. Similar to the airfoil parameterization, the 3D curve feature is used along
with optimization to generate a parameterized section. Each section is considered to have 11
control points, thus producing 55 design variables.

The HTP model is also parameterized to adjust its angle of incidence. This is particularly used
during the Trim process. The total design variables considered for the BWB model is 302 along
with the HTP angle. For each part, one design table is generated so that each model can be easily
updated with different configurations thus modifying the whole geometry. From the assembled
BWB model, various parts are again extracted to generate a point cloud. On each extracted
part isoparametric curves are generated equidistant from each other, then on every isoparametric
curve, equidistant points are generated creating a point cloud for the geometry. The extracted
point cloud for the baseline configuration model can be seen in the figure: 3.5.
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Figure 3.5: Point Cloud of Blended Wing Body

3.3 Reduce Order Models (ROMs)

Reduce Order Models (ROMs) in the branch of unsupervised learning is a method used to
reduce problem complexity, especially when dealing with large degrees of freedom. The goal is to
reduce the dimensionality of the problem to much lower dimensions and yet show the results with
correct physics making the simulation computationally inexpensive with faster solving time. The
technique most commonly used in ROMs is the Proper Orthogonal Decomposition (POD), where
the matrix is decomposed using either Eigenvalue Decomposition when the matrix is square or
Singular Value Decomposition (SVD) when the matrix is rectangular. Using these techniques,
the modes can be extracted where the first couple of modes are more dominant as they contain
majority of reconstructed data. The data can be reconstructed more accurately just by including
more modes.

The CAD-ROM is a part of the SMARTy (Surrogate Modelling for AeroData Toolbox) software
package which is developed in-house by DLR [24]. The CAD-ROM approach was originally
developed by Bobrowski et al [25]. The CAD-ROM is used during the optimization as the ROM
represents a parametric CAD generator, it generates new shape displacement field with new
design variables from every iteration. Thus the CAD-ROM is used to streamline the optimization
process.

SMARTy also supports different Design of Experiments (DOE) methods for data acquisition such
as Latin Hypercube Sampling and SOBOL Sampling. In Latin Hypercube Sampling (LHS), the
data is randomized by dividing the space into an equal number of portions of equal marginal
probability and sampling one from each interval. Therefore no two samples are from the same
interval, thus making the sample diverse and it covers the entire space [26]. On the other hand,
SOBOL sampling belongs to quasi-random sequences that can generate samples of multiple
parameters uniformly over multi-dimensional parameter space. While generating a new sample,
the SOBOL algorithm considers previously sampled points, thus points are not clustered. A
discrepancy metric is used to assess the performance of sampling methods, where the lowest
discrepancy is found for SOBOL sampling as it distributes the sampling points evenly on the
design space [27]. Therefore using the SOBOL sequence, the design space is sampled for the
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CATIA to generate a point cloud of the model which is used to generate the CAD-ROM.

Two CAD-ROMs are necessary for the optimization, one for the HTP angle of incidence and the
other for the whole aircraft. A separate ROM for the HTP angle is required as it is used for
trimming the aircraft to balance the forces. To generate a CAD-ROM, the Design of Experiments
(DOE) needs to be performed on each design table that is used by the respective model. For
the SOBOL sampling, the original design parameters along with their names, lower bounds, and
upper bounds are necessary to sample the design space. The lower bounds and upper bounds
are considered to be ± 20 mm with respect to the original design parameters. For twist angles,
a small deflection of ± 3 deg is considered. For the whole aircraft, 6000 sample points are
generated for each design table, as the total number of design parameters is 301. With a higher
number of design parameters, higher sampling is necessary so that the CAD-ROM can generate
better results. The point clouds that were extracted from the CAD models are from 92.7% of
the sampled design space, thus generating 5565 variations of point cloud data from the sampled
points.

For the HTP angle of incidence, 1000 sampling points are generated as the design parameter
is only one. The point clouds extracted from the CAD models are from 100% of the sampled
design space, thus generating all 1000 variations of the point cloud data. This percentage shows
the capability of the CAD models in generating the point clouds. The point cloud data was
extracted by adding the sampled points back into respective CAD models and a macro was used
to run each sampled configuration and the respective modification of point cloud data was saved
as a text file.

3.4 Mesh Generation

The mesh generation is performed using ANSA pre-processor. For the fluid mesh, an outer
hemispherical domain for the farfield is created with the symmetric plane connected to the
aircraft model. Using the batch mesh option in ANSA, individual parts of the model were
meshed simultaneously with different mesh settings. ANSA has a powerful geometrical feature
recognition tool, which is used to detect the leading edges, trailing edges, and sharp edges. Using
this tool, a fine mesh with gradual coarsening is generated in the leading edge area, which can
be varied using a growth factor along the chord length. A similar treatment of generating a
fine mesh is also used for sharp edges, for higher flexibility of mesh refinement. Using the same
tool, ANSA also generated additional number of rows in the trailing edges and a gradual mesh
coarsening from the trailing edge with growth factor is also used for quality mesh generation.
The generated surface mesh can be seen in figure: 3.6, and the mesh treatment across the wing
can be seen in figure: 3.7.

Figure 3.6: Fluid Mesh Figure 3.7: Mesh on the Wing

To capture the boundary layer phenomenon, prismatic layers are built on the surface mesh.
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As the Spalart Allmaras is considered for the flow simulation, a y+ of 1 is selected for mesh
generation. With the Reynolds number of 30 million, the first cell height is calculated to be
0.0088 mm and with the growth factor of 1.2 and the number of layers being 38, the total
cell height of prismatic layers to capture boundary layers is calculated to be 44.8 mm. The
boundary layer flow with the prismatic layers can be seen in the figure: 3.8, which shows that
the boundary layer of the flow is very small compared to the generated prismatic layers. With
the surface mesh, prismatic layers, and unstructured volume mesh in the far field, the total
number of nodes generated for the CFD mesh was around 4.2 million. The boundary layer is
also validated using the Y+ contour of the baseline model, where the Y+ value is close to 1 for
the wall-bounded flow as shown in the figure: 3.9.

Figure 3.8: Boundary Layer with Flow
for the Baseline Model

Figure 3.9: Y+ Contour for the Baseline
Configuration

For the structural solver, the whole body is considered to accurately compute the displacement
of the wing. To reduce the complexity of the structural simulation, the engine is replaced by
point loads, as the focus lies on the displacement of the wings. The point loads are defined by
the CONM2 element and they are placed at the center of the engine and are connected to the
fuselage using 1D CBEAM elements. The leading edge and the trailing edge in the structure
model are excluded, as they are exterior to the wing box and don’t contribute to the deflection
behavior. The generated structural mesh is shown in the figure: 3.10.

Figure 3.10: Structural Mesh
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3.5 Trim

To accurately simulate flight physics, each optimization iteration needs to be trimmed where the
aircraft’s forces and moments at the steady state equilibrium are satisfied. The trimming is an
MDO problem as it involves aerodynamic analysis of the aircraft and flight dynamics. The forces
and moments which account for aerodynamic loads, gravitational loads, and thrust force, are
calculated as Cfx, Cfz, Cmy using TAU. The trimming is iteratively converged using Newton’s
optimization algorithm by changing the design parameters of the aircraft such as angle of attack
α, angle of incidence αHTP , and thrust. For the next trim iteration, Jacobian is calculated which
is a matrix of first-order partial derivatives, and updated using the Broyden’s Bad method. The
convergence of the trimming process is accelerated using Aitken’s method. These methods are
studied for optimization process of trim in the paper published by the DLR[28].

Figure 3.11: Trimming

3.6 Optimization Process

The primal-adjoint consistent optimization process is a gradient-based optimization algorithm
that maximizes the aerodynamic efficiency with respect to shape design parameters. The primal
and adjoint workflows are ingrained in the FlowSimulator environment which is an in-house built
DLR code used specifically for parallel multiphysics simulations on HPC clusters. By replacing
the CAD models using CAD-ROMs, the optimization process is streamlined, and with every
iteration, a new shape displacement field for mesh deformation is generated on the supporting
mesh from which geometric sensitivities are computed. For each design iteration, trimming is
performed implicitly which makes the optimization feasible, which means that the optimization
can be stopped after any iteration and can be resumed again as the objective functional im-
provements are still valuable since all constraints are met due to steady state equilibrium. The
trimmed steady-state equilibrium is not used as the constraint for the optimization and since
the trimming is implicit, the top-level optimizer becomes an unconstrained optimization. To
compute sensitivities, the trim algorithm is replaced by the trim-correction algorithm as the
unconstrained optimization needs information from the objective functional gradient to take mi-
nuscule changes in the trim into account. After the trim iteration is complete the new trim
vector is suggested by the algorithm which contains the current cruise thrust request. The ther-
modynamic engine performance model is analyzed with which Thrust Specific Fuel Consumption
(TSFC) and thermodynamic states are computed. The thermodynamic states are used to define
engine boundary conditions such as inflow and exhaust [29, 28].

Since the optimization is a high-fidelity CFD-based shape optimization, several aerodynamic
analysis iterations are performed for every trim parameter. The aerodynamic analysis is per-
formed first, where it receives the current angle of attack α and the engine boundary conditions
from the trim algorithm and engine model respectively. The optimization algorithm calculates
the objective function and calculates gradients of objective function and design variables for the
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next iteration. With the computed gradients, the CAD-ROM generates the shape displacements,
where the baseline mesh is deformed by mapping the points onto the grid, along with the HTP
deflect which is predicted by the Trim algorithm. The process is repeated for the next iteration
by computing aerodynamic analysis for the deformed mesh [29, 28]. The optimization process is
drafted in the figure: 3.12

The sensitivities of the objective function are computed with respect to shape parameters using
the adjoint method. The adjoints of flow and the mesh along with the flow solvers are consistently
coupled using the block-Gauss-Seidel method [29, 28].

Figure 3.12: Primal-Adjoint consistent Optimization Process

3.7 CFD-CSM Coupling

The CFD (Computational Fluid Dynamics) - CSM (Computational Structure Mechanics) cou-
pling is performed using the Airbus Lagrange suite for MDO with more focus on structural
analysis which has been coupled with DLR TAU code through the FlowSimulator framework.
This procedure facilitates the simultaneous optimization of airframe shape and sizing parameters
to extract maximum aerodynamic performance. It is important to include structural analysis in
MDO as the structural weight has an influence on overall aircraft performance and the structural
properties affect the in-flight shape of an aircraft such as the flutter of the wings and thus its
aerodynamic characteristics. To design a robust aircraft the interaction between the disciplines
of aerodynamics and structure mechanics must be taken into consideration [18].

The coupling of CFD and CSM disciplines is achieved by iteratively solving the fluid flow and
structural sub-problems in sequence. At every iteration, by solving a CFD computation, the
aerodynamic forces on the solid-fluid interface are computed, which applied as the boundary
conditions in the structural sub-problem. Then by solving the structure sub-problem, the re-
sulting displacements (δy), which are a subset of the new structural state are reassigned back to
the corresponding surface of the fluid mesh. The transferring of structural mesh to fluid mesh is
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managed by surface mapping and mesh deformation [18]. The coupling of CFD-CSM is drafted
in figure: 3.13

Figure 3.13: CFD-CSM Coupling

3.8 Optimization Study

3.8.1 Problem Statement

To maximize the Aerodynamic Efficiency of a Blended Wing Body aircraft T-tail configuration
by changing its geometry parameters by including engine integration effects while satisfying trim
constraints by changing the HTP angle of incidence at the given cruise Mach number.

The aerodynamic efficiency is optimized by performing a high-fidelity RANS simulation by solv-
ing the neg-Spalart Allmaras equation. The aerodynamic efficiency is calculated by taking the
ratio of lift-coefficient to drag-coefficient where a constant lift-coefficient is used during CFD
computations.

3.8.2 Design Variables

A total of 302 design variables are considered of which 301 design variables are from airfoil profiles
of both fuselage and wing, twist angles of wing, airfoil profile of pylon, and engine integration
sections. The 302nd design variable is for the HTP angle which is used for trimming.

Table 3.1: Design Variables

Design Variables Names Number
Fuselage design variables 80
Wing design variables 140
Wing twist angles 6
Pylon design variables 20
Engine-Integration design variables 55
HTP angle of incidence 1
Total 302
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Table 3.2: Reference Parameters

Unit Value
Reference Mach number [-] 0.78
Reference Density [Kg/m3] 0.33743
Reference Temperature [K] 216.65
Reference Pressure [Pa] 20985
Reference Area [m2] 348.1
Reference Length [m] 5.35
Reference Point (x) [m] 14.95

3.8.3 Problem Setup

The shape optimization method described in the above-mentioned process is applied to the
Blended Wing Body half model, as the aerodynamic analysis is performed for the cruise condition.
The computational domain is consisting of an unstructured mesh of the size of 4.2 million,
which is generated on the ANSA for the baseline model. The optimization is realized for the
design mission at an altitude of 11500m and at a cruise condition of Mach number 0.78. The
reference parameters such as pressure, density, and temperature values that are required to
compute the flow analysis are calculated using the altitude and Mach number from the website
Aerospaceweb [30], and the remaining reference parameters are considered from the DLR-SIAM
project which is mentioned in the section 1.2. These parameters are used for the flow computation
throughout the optimization as emphasized in the table 3.2. For the flow convergence, the L2

norm of TAU’s density residual is considered by seven orders of magnitude. For each iteration,
cost functions (objective function, constraints and their gradients) are computed and the FSQP
algorithm is used to drive the optimization process. For the structural analysis, a full model
with approximately 21000 mesh elements is used.



Chapter 4

Results

This chapter investigates the results of baseline configuration in section: 4.1 and optimization
results in section: 4.2, in which two critical-designs points are compared in its subsections: 4.2.2
and 4.2.3 respectively along with their engine integration aspects in the subsection 4.2.1. In the
last section: 4.3, coupled flow and structure analysis for critical-design points are investigated.

4.1 Baseline Model

A CFD computation is performed on the baseline model with the reference values taken from the
SIAM project as shown in the section 3.8.3. Along with these parameters, the CFD computation
is performed using the neg-Spalart Allmaras model, with a multigrid approach and CFL number
5. The Central scheme is used for flux discretization. The results of the flow computation for
the baseline model are illustrated using the coefficient of pressure (Cp) contour along with the
streamlines in the figure: 4.1. A huge shock is observed on the wing near the engine where the
Cp value suddenly reduces. Due to this, the streamlines of the flow separation after the shock
are also displayed. This is also verified on the coefficient of pressure (Cp) distribution in the
figure: 4.2, where the graph is extracted at Y = 10 m from the symmetry plane. The results of
the baseline model are shown in table 4.1. Since the computation is performed with a constant
lift condition, the optimization is also expected to have same value for the coefficient of lift (CL)
and a reduction in the coefficient of drag (CD).

Figure 4.1: Baseline Model - Coefficient
of Pressure (Cp) Contour

Figure 4.2: Baseline Model - Cp Distribution
at Y = 10m from Symmetry

19
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Table 4.1: Baseline Model Results

Unit Value
Lift Coefficient [-] 0.2312
Drag Coefficient [-] 0.0252
Aerodynamic Efficiency [-] 9.17
Breguet Range [m] 1121481.99
Fuel Consumption [Kg] 17988.69
Angle of Attack [-] 0.921

4.2 Optimization

The baseline model is optimized based on the problem statement and design variables that are
defined in section 3.8. The objective function of the optimization is to maximize the Aerodynamic
Efficiency in which the coefficient of drag (CD) is computed from both drag on the skin and the
thrust from the engine. To validate these results, the critical-design points are recomputed using
TAU with suitable drag computation which does not include thrust from the engine and only
contains drag on the skin. The same values of upper bounds (XUB) and lower bounds (XLB) are
used for optimization which were used while generating the CAD-ROMs (3.3). The optimization
is an unconstrained optimization as trimming is implicit. Due to the absence of a suitable engine
model to compute the thrust for the trim process, it was decided not to take trimming into
account. The optimization history is plotted in the figure: 4.3.

Figure 4.3: Optimization History Plot

One can observe from the Figure: 4.3 that after iteration 83, there is a sudden jump in the
objective function from 42 to 85. It is important to study the optimization iterations before
and after the jump, to examine if there is any unphysical behavior due to the jump. Thus the
following results will be a comparison between two iterations of 83 and 176 as shown in the
figure. The objective of the optimization is to validate existing DLR - optimization codes with
an unconventional aircraft configuration, in which the main focus was directed towards TAU
computation, grid generation and parameterization of the CAD model, and the reduction of flow
separation was not the primary focus of the optimization.
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4.2.1 Engine Integration

The geometrical change in the engine integration section of the baseline model, the optimized
model of iteration 83, and the optimized model of iteration 176 are compared below. The
comparison is realized by plotting the Z- coordinate contour of the extracted engine integration
sections.

Figure 4.4: Baseline Model vs Optimized
Model of Iteration 83 Engine

Integration Effects

Figure 4.5: Baseline Model vs Optimized
Model of Iteration 176 Engine

Integration Effects

In the figure: 4.4, the baseline model is compared with the optimized model of iteration 83.
The baseline model is located at the top with highlighted edges and a translucent effect, thus
showing a distinctive reduction in the thickness of the geometry in iteration 83 which is generated
by the CAD-ROM. The change in the model of iteration 83 can be clearly observed on the cross-
sectional line along the engine integration section. A similar comparison is shown in the figure:
4.5, where optimized models of iteration 176 is compared again with the baseline model. Here
is the baseline model again located at the top with highlighted edges and a translucent effect,
thus showing a further reduction in the thickness of the geometry in iteration 176. This change
in the model can be clearly detected on the cross-sectional line along the section.

4.2.2 Iteration 83

A CFD computation is performed again for the design parameters of Iteration 83 with the suitable
boundary conditions to compute drag on the skin. This computation is compared to the baseline
model in the figure: 4.6. In the comparison, it is evident that the shock generated for iteration
83 is significantly reduced when compared to the baseline model.

Table 4.2: Results Comparison for Iteration 83

Unit Baseline Optimized Iteration 83
Lift Coefficient [-] 0.2312 0.2311
Drag Coefficient [-] 0.0252 0.0185
Aerodynamic Efficiency [-] 9.17 12.44
Breguet Range [m] 1121481.99 1544445.32
Fuel Consumption [Kg] 17988.69 14140.47
Angle of Attack [-] 0.921 1.909

The results of iteration 83 are shown in table 4.2, from which it is clear that the coefficient of lift
(CL) has not changed much, whereas a significant difference of 67 drag counts is observed, which
is a 26.6% reduction in drag for the optimized iteration. Due to this reduction in drag coefficient
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Figure 4.6: Cp Contour Comparison of Baseline Model vs Optimized Model for Iteration 83

(CD), there is a 37.7% increase in range along with a 21% reduction in fuel consumption. The
reduction in the shock is also evident from the figure: 4.7 which is taken at Y = 10 m from
symmetry plane.

Figure 4.7: Comparsion of (Cp) Distribution in Baseline Model and Optimized Model for
Iteration 83 at Y = 10m from Symmetry

For iteration 83 an interesting shape displacement field is generated on the wingtip, where a
deformation can be observed when compared to the baseline model. Further investigation is
carried out to find the origin of the wingtip deformation by remodeling the CAD parts with
the new optimum design variables. Using this procedure, it is observed that the deformation
in the wingtip is not originated from the CAD models, thus the resulting deformation must be
generated by the CAD-ROM. To validate the result of the deformed wing tip, the modified CAD
model which has the optimum design variables, is meshed again and another CFD computation
is performed with the suitable boundary conditions which calculates the coefficient of drag (CD)
on the skin.

Table 4.3: Results Comparison of Iteration 83 - with- vs without- Wingtip Deformation

Unit Without Wing Deformation With Wing Deformation
Lift Coefficient [-] 0.2311 0.2311
Drag Coefficient [-] 0.0225 0.0185
Aerodynamic Efficiency [-] 10.27 12.44
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Figure 4.8: Cp Contour of Optimization Iteration 83 - with- vs without- Deformed Wingtip

Figure 4.9: Cp Distribution Plots for Optimization Iteration 83 - with- vs without- Deformed
Wingtip at Y = 8, 12.5 and 17m from Symmetry

In figure: 4.8, it is evident from the coefficient of pressure (Cp) contour that the shock generated
in the modified CAD model which has no wingtip deformation, is very similar to the one with
wingtip deformation. Although, the TAU computation for the updated CAD model which has
no wingtip deformation has converged at a higher coefficient of drag (CD) value, which can be
observed in the table: 4.3. This is an increase of 40 drag counts for the same optimized model
without the wingtip deformation, which is an increase of 21.6%.

To further analyze the difference between the two optimized shape models, the coefficient of
pressure (Cp) distribution is plotted at three locations along the spanwise direction of the wing.
The three locations are at Y = 8 (near wing root), 12.5 (middle of the wing), and 17(near
wingtip) meters from the symmetric plane, and the results are shown in the figure: 4.9. It is
noticeable in the upper three graphs, that for the first two locations, the Cp distribution is very
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close, but at the third location (which is near the wingtip), the Cp distribution is completely
different. This could explain the difference in the coefficient of drag (CD) for the two optimized
models. On the other hand, when the geometry of the wing cross-section is compared in the
bottom three graphs, the model with the wingtip deformation (generated by CAD-ROM) has
a different geometry when compared to the model without the wingtip deformation (generated
by remodeling CAD parts) at all locations. This might be due to the accuracy of CAD-ROM’s
shape displacement field.

4.2.3 Iteration 176

The Iteration 176 of the history plot is checked as it converged again after the sudden jump in
objective function. A CFD computation is performed again for the design parameters of Iteration
176 with the suitable boundary conditions for drag computation on the skin and the result is
compared to the previous result of Iteration 83.

Figure 4.10: Cp Contour Comparison of Optimization Models for Iteration 83 vs Iteration 176

Table 4.4: Results Comparison for Iteration 176

Unit Optimized Iteration 83 Optimized Iteration 176
Lift Coefficient [-] 0.2311 0.2311
Drag Coefficient [-] 0.0185 0.0161
Aerodynamic Efficiency [-] 12.44 14.305
Breguet Range [m] 1544445.32 1774716.06
Fuel Consumption [Kg] 14140.47 12653.46
Angle of Attack [-] 1.909 2.053

It is noticeable from the figure: 4.10 that the shock near the engine has further reduced for this
case, and the flow separation after the shock in the aft region is also reduced. This difference is
also observed in the results table: 4.4. For Iteration 176 the coefficient of drag (CD) has further
reduced by 24 drag counts which is a 12.97% reduction in drag, thus increasing the range further
by 12.98% and reducing the fuel consumption further by 10%. The reduction in shock can also
be observed in the figure: 4.11. To investigate the difference in geometries between both models
that resulted in the reduction in drag, both models are overlapped and shown in the figure:
4.12. For a more effective comparison, a section is extracted at X = 18.5 meters as shown in the
previous figure and it is plotted along Y-Z coordinate in the figure: 4.13.
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Figure 4.11: Comparison of Cp Distribution in Optimization Iteration 83 vs Optimization
Iteration 176 at Y = 10m

Figure 4.12: Optimized Model of Iteration
83 and Iteration 176 Shape

Comparison

Figure 4.13: Optimized Model of Iteration
83 and Iteration 176 Shape
Comparison at X = 18.5m

Figure 4.14: Cp Distribution Comparison of Optimization Models for Iteration 83 vs Iteration
176 at Y = 8, 12.5 and 17m from Symmetry

The noticeable reduction in thickness, near the engine integration section of the model for iter-
ation 176 seems to be the reason for the further reduction in drag. In figure: 4.14 a comparison
of airfoil sections between optimized models of iteration 83 and 176 is conducted at Y = 8, 12.5,
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and 17 meters from the symmetry plane. It is evident that the airfoil shapes are similar, thus
the further reduction in coefficient of drag (CD) must be from the engine integration section.

Along with the reduction in the coefficient of drag (CD), the optimized shape of Iteration 176
still has a wingtip deformation. Similar to the previous result in Iteration 83, the deformation
in the wingtip is further analyzed by remodeling the CAD with updated design parameters and
recomputing flow analysis.

Figure 4.15: Comparison of Cp Contour for Optimization Iteration 176 with and without
Wingtip Deformation

Table 4.5: Results Comparison of Iteration 176 - with- vs without- Wingtip Deformation

Unit Without Wing Deformation With Wing Deformation
Lift Coefficient [-] 0.2309 0.2311
Drag Coefficient [-] 0.01995 0.0161
Aerodynamic Efficiency [-] 11.56 14.305

Similar behavior is observed here when compared to the wingtip deformation of Iteration 83.
From the figure: 4.15, it can be verified that the shock generated near the engine is very similar for
both models, although the coefficient of drag (CD) has significantly increased for the recomputed
CAD model which has no wing tip deformation. The results are displayed in the table: 4.5, where
the coefficient of drag (CD) has increased by 38 drag counts which is an increase of drag by 23.9%.

A similar comparison is performed here when compared to Iteration 83, where three locations
along the wing span are selected and the coefficient of pressure (Cp) distributions are plotted on
the upper three graphs of the figure: 4.16. The locations are extracted at Y = 8 (near wing root),
12.5 (middle of the wing), and 17(near wingtip) meters from the symmetry plane. At the first
two locations, the Cp distributions are similar for both the cases of with- and without wingtip
deformation. Whereas, at the third location, the Cp distribution is completely different. This
change at the third location might explain the difference in drag computation. The bottom three
plots show a change in the geometric cross-section of the wing. The difference in the cross-section
might have been related to the accuracy of CAD-ROM’s shape displacement field.
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Figure 4.16: Cp Distribution Plots for Optimization Iteration 176 - with- vs without-
Deformed Wingtip at Y = 8, 12.5 and 17m from Symmetry

4.3 CFD-CSM Coupling

To test the deformations due to the aerodynamic loads in the model, a CFD-CSM coupling on
the Blended Wing Body model is conducted using the Airbus-Lagrange suite, where a Multidis-
ciplinary Design Analysis (MDA) is performed on the critical design points of the previous shape
optimization results, which are at baseline, Iteration 83, and Iteration 176. A structured mesh
is generated using ANSA for the full-body model as shown in the section: 3.4. The leading edge
and the trailing edge are excluded from the model since the deformation is expected to occur
only on the wing box. For the computation of the structural deformation of the wing, the main
wing model is assumed to deform and all other models of the BWB are fixed. The CFD-CSM
coupling is performed for the suitable boundary conditions which can compute the drag on the
skin by excluding the thrust. The MDA computation is trimmed with respect to α to achieve
physically accurate results.

Figure 4.17: Deformation of the Baseline Model
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Table 4.6: Results of CFD-CSM Coupling for Baseline Model

Unit Baseline Model Baseline Model Result
CFD-CSM Coupling

Displacement [m] 0.6 -
Lift Coefficient [-] 0.2308 0.2312
Drag Coefficient [-] 0.0257 0.0252
Aerodynamic Efficiency [-] 8.9667 9.17

Figure: 4.17 shows the displacement of the baseline BWB model along the Z- direction, where
the CFD half model is overlapped on the right half of the CSM model. It is evident that in both
models the displacement is similar with 0.6 m. As the model is trimmed with respect to α, the
value of the coefficient of lift (CL) is very similar to the CFD computation of the baseline which
is shown in the table: 4.6. Whereas the drag coefficient shows a slight increase of 5 drag counts,
which is an increase of 1.98% for the coupling case.

Figure 4.18: Deformation of the Iteration 83 Model

Table 4.7: Results of CFD-CSM Coupling for Iteration 83 Model

Unit Iteration 83 Model Iteration 83 Model
CFD-CSM Coupling Optimized Result

Displacement [m] 0.45 -
Lift Coefficient [-] 0.23108 0.2311
Drag Coefficient [-] 0.02262 0.0185
Aerodynamic Efficiency [-] 10.2117 12.44

For the optimized model of Iteration 83, the displacement contour along the Z- direction is shown
in the figure: 4.18, where the CFD half model is overlapped on the right half of the CSM model.
The CFD-CSM coupling is implemented on the optimized Iteration 83 with wingtip deformation.
The displacement for both the CFD and CSM models shows a similar displacement of 0.45 m
and the results of CFD-CSM coupling are shown in the table: 4.7. The coefficient of lift (CL) is
very similar to the aerodynamic shape optimization result, whereas a higher coefficient of drag
(CD) is observed for the CFD-CSM coupling. This is an increase of drag by 22%.

The displacement along the Z- direction is computed for the optimized Iteration 176 as shown
in the figure: 4.19, where the CFD half model is overlapped on the right side of the CSM full
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Figure 4.19: Deformation of the Iteration 176 Model

Table 4.8: Results of CFD-CSM Coupling for Iteration 176 Model

Unit Iteration 176 Model Iteration 176 Model
CFD-CSM Coupling Optimized Result

Displacement [m] 0.45 -
Lift Coefficient [-] 0.23103 0.2311
Drag Coefficient [-] 0.02075 0.0161
Aerodynamic Efficiency [-] 11.1307 14.305

model. It is evident that the displacement in both the models is very similar which is 0.45 m. The
comparison of CFD-CSM coupling results and the respective aerodynamic shape optimization
results are tabulated as: 4.8. It can be observed that the lift coefficient (CL) is very similar in
both cases and a significant difference of 46 drag counts is observed. This is an increase of 28.9%
for the case of CFD-CSM coupling.

The structure model is optimized where it is sized according to two load cases of +2.5G and -1G.
It has been observed that the structure model stays constant for all variations in the shape.
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Conclusion

Aerodynamic shape optimization is performed on the half model of the Blended Wing Body
(BWB) with high-fidelity CFD computation including engine integration effects. It has been
observed that the optimization has ran as expected showing that the DLR MDO chain which
was tested many times for the tube-wing configurations also works for unconventional aircraft
configurations. The history plot of the shape optimization is observed to have a sudden jump
in the objective function, thus two critical design points are compared. As the decomposition
of the drag during optimization was not performed, the critical design points are verified again
with suitable drag computation thus calculating aerodynamic efficiency. The convergence history
shows that the optimization was successful.

During the optimization the changes in the design shape were observed, across the wing section in
both the airfoil shape and twist angles and the thickness of the engine integration section. Along
with these changes deformation in the wingtip was also observed. This deformation is generated
from the reduced order model of the parameterized geometry (CAD-ROM). To validate this
change in geometry, the updated design parameters of the critical design points are extracted
and remodeled in CAD, where, after performing the CFD computations, it is observed that the
wingtip deformation did not originate from CAD models. The CFD computations also showed
that the coefficient of drag (CD) has significantly increased when compared to its counterparts
which has wingtip deformation. The corresponding coefficient of pressure (Cp) distributions
which were extracted at three locations along the span of the wing, showed similar distributions
in the first two sections, whereas a completely different Cp distribution near the wingtip. The
wing cross-sections are also plotted at these three locations, where a comparable difference exists
between the two models of with- and without- wingtip deformation. The optimized models that
were generated by the strange behavior of the CAD-ROM, seem to have produced better results

The study was also extended to perform MDA on the BWB full model where a high-fidelity CFD-
CSM coupling is performed along with trimmed AoA. The results of coupling show displacement
along the vertical direction, as a result of which an increase in the coefficient of drag (CD) is
observed. Whereas the coefficient of lift (CL) remains constant for all the cases. Similar to the
increasing trend of the aerodynamic efficiency for the critical design points of shape optimization,
the aerodynamic efficiency of the MDA is also increasing. This shows that the MDA provides
better physical representation of the problem as it includes the interaction between the effects
of one discipline with the other.

The results of the shape optimization at Iteration 176 showed the best result among them all,
where the optimized result is 36.6% less in coefficient of drag (CD) when compared to the
baseline model. As the scope of the study is for aerodynamic shape optimization, the results
can be further investigated by performing an MDO for better comprehensive results. As the
baseline model was from the DLR-SIAM project, whose major goal was reduction of the noise
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impact, the flow separation was initially not reduced. As the optimization is sensitive to the
baseline model and the focus was on the methodology, the flow separation could not be reduced
during the optimization as well. The future work can be realised to be more focused on reducing
flow separation by better parameterization of the pylon and engine integration with its specific
constraints, along with constraints on the angle of attack. It is also important to validate the
shape displacement field reconstruction of the CAD-ROM for higher accuracy.
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