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Abstract

Multidisciplinary design optimization (MDO) was performed on an aircraft wing
using high-fidelity design tools. The wing aerodynamics were analyzed using
computational fluid dynamics (CFD) with FLUENT and the wing structure was analyzed
via finite element analysis (FEA) in ANSYS. MATLAB was used as a wrapper to
perform computational static aeroelastic analysis on any wing configuration using the
aforementioned high-fidelity tools. A main program was developed to convert pressures
to forces, map the CFD grid to the FEA mesh, and to transfer the FEA displacements
back to the CFD grid. The static aeroelastic software was coupled with the
multidisciplinary design feasible (MDF) MDO architecture using sequential quadratic
programming (SQP) to perform the optimization. The optimization was given the
maximum amount of design freedom to create any wing shape. Ultimately, it was found
~ that MDO is possible using these high-fidelity tools and that, to get a true wing design,

aeroelastic effects must be included in the MDO procedure.
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Chapter 1

Introduction

1.1 Future of Design

With the advent of more and more complex engineering systems, balancing
hundreds of design variables is an impossible task for a design team. The future of
engineering will require a delicate balance between all design variables to find the
optimal design point. In order to find this balance an optimization methodology known as
multidisciplinary design optimization (MDO) will be the future of design. MDO can be
used for any system where more than one discipline is used during the design. For
example, three closely related disciplines in aerospace design are structural, aerodynamic,
and control systems. Using MDO all three disciplines can be optimized to meet specific
objective functions and obtain a delicate balance. The use of MDO will become a
standard within all industries because of the need to decrease the design and redesign
costs, as well as remain competitive in the global market.

The research that was done for this thesis is high-fidelity multidisciplinary design
optimization of aircraft wings. The term high-fidelity refers to the use of modemn
engineering design tools such as computational fluid dynamics (CFD) and the finite
element method (FEM) in order to obtain highly sophisticated models of the problem.
High-fidelity MDO as a research topic has been gaining popularity over the past few

years, primarily due to the increase in the computational solving times of the high-fidelity
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design tools. This type of optimization is still in its infancy and many areas of research
still remain untouched. The research that is contained in this thesis is the optimization of
an aircraft wing while considering both the structures discipline and the aerodynamics
discipline at the same time. This is important because several researchers have shown
that a large increase in the overall aircraft performance can be obtained when both of the

above disciplines are considered simultaneously [1].

1.2 Wing Optimization Problem

During the design process several different specialists work together in an
iterative process in order to find an optimal design. This type of process can take a long
time because of the need to design and redesign components. For example, the
aerodynamics designer may want to increase the sweep of the wing to help decrease the
effect of the shockwave on the wing [2, 3] and thus decrease drag. The controls designer
may want to decrease the wing sweep because it may decrease the maneuverability of the
aircraft because of the increased pitching moment. Finally, the structures designer may
also want to decrease sweep because the amount of lift, drag, or pitching moment will
change the wing stress. Overall, it requires each discipline designer to compromise in
order to find which sweep configuration will satisfy each designers constraints while
having the ideal performance. This type of process is rather simple when only one design
variable is being considered. However, when many design variables are being used this
process can a take a long time and it is not guaranteed that the best system configuration
will be found.

The purpose of this research is to create an automated optimization routine that
can use high-fidelity commercial software packages in order to find the best wing
configuration when considering both the aerodynamics and structures disciplines. The
overall optimization procedure is done using a sophisticated sequential quadratic
programming (SQP) routine that is available in MATLAB [4]. The optimization routine
was modified from the original MATLAB source code so that the optimal could be found
quicker when compared against the original MATLAB optimization routine. The overall
coupling of the two disciplines is also done using MATLAB. The aerodynamics’

discipline is controlled using GAMBIT [5] for geometry creation and grid creation, while
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the solving is done using FLUENT [6]. The structures discipline is controlled by
ANSYS [7]. The aerodynamics discipline has 5 design variables that change the wing
taper, semi-span, sweep, root chord, and thickness/chord ratio. The structures discipline
has 7 design variables that can change the wing upper skin thickness, lower skin
thickness, spar thickness, rib thickness, stringer height, stringer width, and finally the
structural taper ratio. Using such high-fidelity design tools as the ones mentioned above
results in a solution that provides a good estimate of the preliminary design. Preliminary
design is considered to be a moderate level of design detail that sits between conceptual
design and detailed design as seen in Figure 1-1 [2]. The downside to using these tools is
that the time needed to achieve convergence for the optimization is higher than analytical

methods.

Conceptual Design

Detailed Design

Preliminary Design

Figure 1-1: The different levels of design detail

1.3 Thesis Layout

The purpose of this thesis is to give any reader that is well versed in optimization,
aerodynamics, aero-structures, and design the ability to continue this research. The

second chapter provides an introduction to MDO techniques. Each of the main MDO
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methods is discussed and how these are used in current aircraft design research. In
addition, two sequential programming techniques are introduced to display the
computational power required for this type of optimization. The third chapter contains
detailed information about the current state of high-fidelity aircraft optimization. This
includes variable fidelity methods, aeroelastic coupling methods, and CFD/FEM mesh
mapping techniques. Chapter four gives details how the wing model geometry is defined
and created. Information concerning the CFD and FEM model generation and CFD/FEM
aero-structural coupling are included. The fifth chapter provides the results of the
sensitivity analysis performed for the optimization and validation test cases for the CFD.
The methodologies used in the optimization setup are included, along with the
optimization results. Chapter six details the conclusions and the overall results of this
research. More importantly it provides detailed recommendations for improvements that

need to be made for any one who wishes to continue on with this work.



Chapter 2

Multidisciplinary Design Optimization (MDO)

This chapter will discuss several MDO methods, how to choose which method to
use for a specific problem, and aerospace design problems that use MDO. In addition,

sequential programming optimization techniques are introduced.

2.1 MDO Methodologies

To provide a background for this work an introduction of several MDO methods are
discussed here. MDO is a methodology used in the design of systems where there is the
interaction of many different disciplines present. For example, Sobieski [8] has given
examples of aircraft optimization where structural, aerodynamic, and control disciplines
are optimized at the same time. This method of optimization helps to answer the question
presented by the American Institute of Aeronautics and Astronautics (AIAA) [9] “How to
decide what to change, and to what extent to change it, when everything influences
everything else.” Integrating many disciplines together during optimization may help to
answer this question for designers. The methods of optimization discussed here can be
extended to include nearly any multidisciplinary design.

In general an MDO problem can be broken down into two major categories [10],
the formulation architecture of the problem and the selection of the optimization routine.
The formulation architecture of the problem is necessary to turn the multidisciplinary

design in to a mathematical statement that can be used in the optimization. The
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architecture is an inseparable part of the problem formulation and thus is the single most
important aspect of MDO. Depending on the problem at hand the proper choice of
architecture can help solve the problem quickly and accurately. The selection of the
optimization routine is also extremely important because different optimization
algorithms will work better in certain situations and may not work in others. The
optimization algorithm depends on the situation; some researchers have used gradient
based numerical optimization, genetic algorithms [11], or non-linear programming
models [9] just to name a few. The proper choice of optimization routine is up to the
discretion of the designer.

" As mentioned previously the architecture is a very important aspect of MDO.
There are several methods that have been developed and can be used to solve an MDO
problem. The five main architectures for MDO are, Multi-Disciplinary Feasible (MDF)
[12,13,14,15], Individual Discipline Feasible (IDF) [11,12,14], Collaborative
Optimization (CO) [10,16,17,18,19], Concurrent Sub Space Optimization (CSSO), and
Bi-Level Integrated System Synthesis (BLISS) [20,21,22].

2.1.1 Multi-Disciplinary Feasible

Multi-Disciplinary Feasible (MDF) method is the most common way of solving
an MDO problem and it is the easiest to implement. The MDF method works by
achieving multidisciplinary feasibility upon every iteration of the optimization.
Multidisciplinary feasibility essentially means that upon each iteration all of the design
variables satisfy each discipline and there are no conflicting variables. The entire
architecture of the MDF method is shown in Figure 2-1. For simplicity Figure 2-1 shows
only 3 disciplines, but it can be extended for N number of disciplines. The architecture
links a single optimizer with a multidisciplinary design analysis (MDA). The optimizer
is responsible for selecting both global (z) and local (x) design variables for the MDA.
Achieving a multidisciplinary feasible design essentially provides the coupling (»)
variables to the system. This is usually done by performing Gauss-Seidel (fixed-point
iteration) procedure for coupled non-linear equations [14] upon each iteration of the
optimization. Once the feasibility is achieved all design variables are known and the

analysis calculates the values of the objective function and the constraints for use in the
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Figure 2-1: Multi-Disciplinary Feasible architecture 23]

optimizer. The optimizer in turn will output new global design variables and local design
variables for use in the system analysis. The mathematical formulation of this
architecture can be written as,

rrzl,ixn f(z,y,(x,y;,2),%) i=1,..,n J#i @1

s.t. g(z,y,(x,y;,2)<0
where fis the objective function and g are the constraint(s) of the problem. The terms z,
y, and x are the global, coupling, and local design variable vectors respectively. The
subscripts i and j represent indices that represent each discipline. It can be seen here that
a method of solving non-linear systems is necessary because the coupling variables (y)
are functions of the other coupling variables in the system. As mentioned previously, a
popular method of solving non-linear systems is the Gauss-Seidel method.

A primary advantage of the MDF architecture is that on each iteration
multidisciplinary feasibility is achieved by only treating global and local design variables
as optimization variables [15], and leaving the coupling variables to be solved by the
MDA. This forces that each iteration of the optimization will provide a feasible design.
Another advantage of this method is that it is easy to implement provided that a solution
of the non-linear coupled equations is possible. When this method is used for small to
medium sized engineering problems the simplicity of the method can be taken advantage

of [14]. The simplicity of the method is advantageous because implementation can be
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achieved quickly and solutions obtained. However, there are several disadvantages of
this method when used for large engineering problems. The main disadvantage of this
method is that it is computationally expensive. This is because a MDA must be
completed for every iteration of the optimization and for large problems this can add a
significant amount of computational time. Depending of the solution method of the
MDA an optimal feasible point may not always be found. An incorrect starting point for
the MDA may lead to a non-optimal point and the optimizer may converge to a solution
in the wrong direction. This problem is inherent in the Gauss-Seidel method, but can be
avoided by implementing more sophisticated numerical methods. A numerical example

of the MDF method can be found in Appendix A.

2.1.2 Individual Discipline Feasible

The Individual Discipline Feasible (IDF) method is an alternative to the possibly
computationally expensive MDF method because it avoids a complete MDA upon each
iteration. Instead of achieving multidisciplinary feasible design at every iteration of the
optimization, IDF enforces individual discipline feasibility for each discipline and
iteration. It only achieves a complete multidisciplinary feasible design when the solution
has converged. The architecture of IDF shown in Figure 2-2 links a single optimizer and
a decoupled disciplinary analysis for each discipline.
fzy(zy.x))

Optimizer — gzy@yx) —
Y-y

zZ,y', X .
System Evaluation

Y A Y

Discipline 1 Discipline 2 Discipline N

Y
A

Figure 2-2: Individual Discipline Feasible architecture [23]
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An important aspect of this method is that each discipline has been decoupled and now
can run concurrently. This can help improve the computation performance of the
optimization because there is no need for each discipline to communicate during the
system evaluation. The change in the architecture forces the introduction of surrogate
design variables that will allow the coupling variables (y) to be explicitly optimized by
the optimizer [12]. Essentially, the coupling variables are promoted to be design
variables for use within the optimizer. The inclusion of these new design variables
changes the mathematical formulation to differ from the MDF as shown below,

nzlixn f(z,y,(x,y;,2),%) i=1..,n J#i

st g(z,y,(x,y;,2)) <0 2-2)

yi—y(xy52)=0

where f is the objective function, g are the constraint(s), and ¥’i - y is the new auxiliary
design constraint. The extra constraints must be included in order to drive the
optimization to a feasible design upon convergence. Overall, the optimizer selects the
surrogate design variables (y;’), the global (z), and local (x) variables. These are then
introduced to each discipline for analysis where the actual values of the coupling
variables (y) can be calculated. The goal of this is to drive the surrogate design variables
chosen by the optimizer to be equal to the coupling variables calculated by each
discipline.

The advantage of this method is that a complete MDA is avoided upon each
iteration which can drastically improve the necessary computational time. However, this
is not always the case and there are times when this method may actually take longer
than the MDF method. This is mainly because of the extra burden of satisfying the
auxiliary design constraints. This method may also take longer when there are many
coupling variables to consider. A numerical example of the IDF method can be found in

Appendix A.

2.1.3 Collaborative Optimization

Collaborative Optimization (CO) is a decentralized bi-level. optimization
architecture that uses multiple optimizers to achieve an optimized multidisciplinary

design. It is often used for loosely coupled large scale optimization problems because it
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states the problem such that autonomy of each individual discipline is achieved [19]. As
shown in Figure 2-3 the architecture consists of a single top level optimizer and an
optimizer for each discipline. The top level (system level) optimizer is used to optimize
the global (z) and coupling (y) variables while the discipline specific optimizers, or
subspace optimizers, are used to optimize for global (z), coupling (¥’), and local (x)
design variables. The top level optimizer is also used to satisfy the interdisciplinary
compatibility constraints which help achieve a feasible design upon convergence. The
subspace optimizers are used to achieve interdisciplinary compatibility between the
disciplines subject to local discipline constraints. The subspace optimizers are then

connected to the discipline analysis so the design variables can be evaluated.

System Level Optimizer

Goal: Design Objective

A

S.T. Interdisciplinary
compatibility constraints

y

Y Y Y

Subspace Optimizer #1

Goal: Interdisciplinary
compatibility

S.T. Analysis #1 constraints

Subspace Optimizer #2

Goal: Interdisciplinary
compatibility

S.T. Analysis #2 constraints

Subspace Optimizer #N

Goal: Interdisciplinary
compatibility

S.T. Analysis #N constraints

F N

Y

A

Y

A

Y

( Analysis #1

Analysis #2

Analysis #N

Figure 2-3: Collaborative Optimization architecture [23]

The mathematical formulation of the architecture for the system level optimizer is

given as,

min f (ZSL,y s)

ZsLXsL

s.t. JI(ZSL,Z;9ySL aY;(x;anaZ:)) =0

i=l,..,n

J#i

where f'is the system level objective function and J; is the interdisciplinary compatibility
constraint for subspace i. The system level optimizer uses the overall design objective as
its objective function. For example, this could be to minimize the overall system weight

or maximize the overall aircraft range. The constraints are simply the values of the
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interdisciplinary compatibility objective function values taken from the subsystems as

seen in the subsystem formulation below,

Iznle} Ji(ZSL’Zi’ySL’yi(xi’yj’Zi))=Z(ZSL _Zi)2+z(ySL_yi)2 2-4)
s.t. g (%152, ¥ (x;,¥;,2,)) <0 '

where J; are the interdisciplinary compatibilities and g; are the local constraints specific to

each discipline at defined by i. At the subspace level the goal is it to minimize the

interdisciplinary compatibility values.

The system level design variables zs;, and ys. are chosen by the system level
optimizer to minimize the overallpbjective function. These design variables are then
passed to the subsystems to be used as target values for each subspace. Each subspace
optimizer then optimizes for x;, y;, and z; while trying to make the value of J; as small as

possible. This value of J; is then passed back to the system level to be used as the

equality constraint. As mentioned previously the goal is to achieve,

2.Ji=0 @-5)
In other words, the system level selects values that will minimize the local objective
function and each discipline will optimize each discipline completely independently.
Using interdisciplinary constraints, each discipline will all find the exact same optimal
design values upon convergence even though they do not directly communicate. For
large complicated examples satisfying the equality constraint may take many iterations
and it is quite possible that convergence will never be achieved. An alternative is to

simply use inequality constraints [11] such as the one shown below,
> J; £0.00001 2-6)

This will allow that each discipline not necessarily find the exact same design point; they
only need to be reasonably close.

CO offers many benefits over MDF and IDF because it offers completely
autonomous discipline analysis. This means that each discipline analysis is independent
of one another and do not need to pass data back and forth. This fits well into any
industrial organization structures because each discipline analysis can be made by
discipline experts and computations done on separate computers and passed to a master

user to run the optimization routines [18]. A drawback of this method is that it takes
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many more discipline analysis calculations and system level optimization iterations to
achieve convergence. This can be offset, to some degree, by using separate computers
for each discipline analysis so each discipline can be solved concurrently. A numerical

example of CO can be found in Appendix A.

2.1.4 Concurrent Sub Space Optimization

The next method is Concurrent Sub Space Optimization (CSSO). This is similar
to CO in that the disciplines are decoupled and run completely independently of each
other. Another similarity is that there is system level optimizer and an optimizer for each
local discipline. This is where the similarities end as can be seen in the system

architecture diagram shown below in Figure 2-4.

System Analysis [«
v
Model Update
y
System System System
Approximation 1 Approximation 2 Approximation N
X y 7\
A 4 v A
Optimizer Optimizer Optimizer
Y y y
System System System
Analysis 1 Analysis 2 Analysis N
v
Model Update [«
v
System » System Optimizer
Approximation |

Figure 2-4: Concurrent Sub Space Optimization architecture [23]

For this method the initial guess is made and the optimization starts at the bottom
of Figure 2-4 at the system optimizer. The initial optimization with the given starting
points is completed and a system analysis is done to evaluate the effect of each the design

variables and also to maintain feasibility. At this point a model is updated which will
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provide information to the subspace optimizers about non-local design states. Essentially
the model provides valuable information to the other optimizers about how changes in
global design variables will affect other disciplines. These models are usually created
using response surfaces that model the hyper-surface of design space. Once each
subspace optimization is completed a system analysis is done for each discipline to
analyze the effect the changes to the design variables had. This valuable information is
then used to update the response surface model. Once the final model update is made the
process starts all over again. An important aspect of this method is that the
approximation models will always get better the longer the optimizer goes. This is
because the response surfaces are always being improved. The mathematical model of

CSSO can be seen next,
z'rr;i";,} f(zy*) @-7)
s.t. g(z,y")<0
It can be seen here mathematically that the global objective function is calculated using
the approximated coupling variables from the response surfaces. The same is done for
the constraints. The sub space problem seen in equation (2-8) shows that the system
analysis is completed using the approximated coupling variables for other disciplines.

rrzliyn f@y(x,y,7,2), 37 i=l,.,n J#i

a a 2-8
s.L. g(xiazayi(xisyj pp’zi)’yjpp)so @-5)

This can be seen when examining the sub space constraints. The local evaluation of the

coupling variables (;) is a function of the approximated coupling variables from the other

disciplines (/%%).
2.1.5 Bi-Level Integrated System Synthesis

Bi-Level Integrated System Synthesis (BLISS) is an MDO architecture that
utilizes system decomposition the same as both CO and CSSO. It separates a large
system that has many design variables into smaller subsystems that individually contain
fewer design variables. The subsystems are optimized based on their own individual
discipline specific variables, constraints, and objective function. The system and

subsystem optimizations alternate and are linked via sensitivity analysis which allows a
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design improvement upon each iteration. The type of sensitivity analysis is similar to the
response surfaces that are used for CSSO except that they are calculated explicitly. The

architecture of BLISS can be seen in Figure 2-5. The first step in the BLISS analysis is

System Analysis
y \ 4 \ 4
System System System
Approximation 1 Approximation 2 Approximation N
A
| System Sensitivity |
”| Analysis (GSE) [*

L 4 \ 4 \ 4
Optimizer Optimizer Optimizer
A y A
A 4 A 4 ) 4
Discipline ' Discipline Discipline
Evaluation 1 Evaluation 2 Evaluation N
! ]
A \ 4 y -
System Derivative [~ > Optimizer N Vangb:es |
Calculation pdate

Figure 2-5: Bi-Level Integrated System Synthesis architecture [23]

the initialization of all of the global and local design variables. The initial values of the
design variables need to be in the solutions feasible region in order to obtain a solution
from the optimization that is feasible. The next step is to complete the full system
analysis and the subsystem analysis for each discipline. The next step is to update the
global sensitivity equations (GSE). The global sensitivity equations are a method of
keeping track of how changes in design variables will affect other variables. The GSE’s
were first introduced by Sobieski [24] in order to perform accurate sensitivity analysis.
This type of sensitivity analysis is required so when the subsystems are independently
optimizing they can obtain critical information about how the local design variables are
affecting other coupling variables in the other disciplines. The GSE’s are similar to the
response surfaces used in CSSO except that the GSE are exact calculations of the
coupling interactions and response surfaces are only approximations. The method of

calculating these sensitivities is critical for the efficiency of the optimization [23]. Once
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each discipline has finished its own optimization a system derivative calculation can be
performed for use in the system level optimizer. The final step is to update all of the
design variables for use in the next loop. One of the most important parts of BLISS is
that there can be human intervention upon each BLISS loop completion. This allows the
user to review that the data from the previous iteration to decide if another BLISS loop
should be done. This can also allow the user to change some values that may be causing
problems either for derivative calculation or simply just discipline evaluation.

The mathematical formulation of this method is different than all of the other
MDO methods that have been discussed so far. It can be seen from equation (2-9) that
the traditional optimization problem has now been replaced by a derivative based
formulation. This type of setup requires extensive knowledge of the method and lots of
experience in the field of MDO.

min d(f,x)" Ax, 2-9)
s.t g,(x)<0

The term d(fx)"4x; represents the first order predicted objective function due to the
change in x;. The subsystem formulation is also derivative based as well.

min ®= d(yl,i’xl)TAxl +d(yu,x2)TAx2 +d(y,',.,x3)TAx3 +... (2-10)

s.t g(z,y(x,2),x)
The objective function for BLISS is to make sure the change in the derivative term in
equation (2-10) does not change from one iterate to the next. Overall, the BLISS method
is still a relatively new method for doing MDO and many of the aspects of the research
are still being developed. At this point in its development it has been seen that BLISS is
a method that should be used for detailed large scale industrial optimization problems

[25].
2.2 MDO in Aircraft Design

There has been a considerable amount of research performed in the aerospace
field regarding MDO. This is simply because of the inherent complex nature of the

aerospace industry. As shown in Figure 2-6 an aircraft consists of many different
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Figure 2-6: The many different disciplines in aircraft design [23]

coupled disciplines. Taking into consideration all of these interactions at any stage of the
design process can be time consuming. It is difficult to find the optimal design point
when all other disciplines directly affect the other disciplines being considered. For this
reason MDO originated in the aerospace field and has started to gain popularity in recent
years. Extensive survey papers by Sobieski and Haktfa [8] and Holinger et al. [26] do a
good job of reviewing the current needs and trends that MDO in the aerospace industry is
taking. Sobieski and Haktfa concluded that the two main obstacles for MDO are the high
computational demands and organizational challenge of MDO itself. A key aspect of
their paper was that they identified that there is very little communication between
aerospace multidisciplinary optimization research and other engineering research
communities. For example, MDO is capable of being used in both chemical and
electrical engineering applications but its benefits are taking longer to be recognized.
Holinger et al. [26] identified the major technology gaps in the MDO industry. It was
reported from interviews that most aerospace industry people would like MDO methods
that are easy to implement as well as methods in which the optimization can visualized in
CAD software.

There has been extensive research in this field using low-fidelity methods for
preliminary aircraft design. Kroo et al. [18] displayed how a relatively simple model for
preliminary aircraft design can be used with the collaborative optimization method to find
an overall optimal design point when considering three disciplines. Using a low-fidelity

aircraft model Perez et al. [23] successfully compare the five major MDO methods
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against one another. Perez et al. concluded that amount of coupling and size of the

optimization problem directly influences the MDO methodology that should be used.

2.3 Optimization Methods

The optimization procedure that is used within this work is sequential quadratic
programming (SQP). SQP was chosen because it is currently the most popular gradient
based optimizer used for this type of optimization. In order to fully explain the important
elements of SQP it is important to begin with a much simpler optimizer. A simpler
version of SQP is sequential linear programming (SLP). It works the same as SQP

except that linear approximations of the functions are used.

2.3.1 Sequential Linear Programming

Linear programming (LP) techniques and their solution methods have been
extensively studied and have become extremely effective methods of solving
optimization problems. They have become popular because they can optimize a large
number of design variables with very low computation expense. Linear programming
can be used even to sblve non-linear optimization problems subject to non-linear
constraints. In order to adapt linear programming to solve non-linear problems a method
known as sequential linear programming (SLP) is used. SLP is a method of
approximating the solution of a non-linear optimization problem using quickly solved
linear sub-problems. The approximations can be extremely accurate and a well
programmed SLP can sometimes outperform more complicated optimization algorithms
[27]. For higher order functions the approximation may become inaccurate and can only
be made accurate when the functions are evaluated near the optimal design point. To
help decrease the inaccuracies due to evaluation points away from the optimal, an
adaptive limiting strategy proposed by Lund et al. [28] can be used, that forces the
maximum change of 5% away from the current design point with each iteration. This
results in a more accurate solution and one that is less likely to diverge.

SLP is generally used when the objective function is non-linear, and one or more

of the constraints (equality or inequality) have a non-linear relationship [29]. If the
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constraints are completely linear the Jacobian cannot be updated upon each iteration and

the step direction cannot be determined.

2.3.1.1 Algorithm Development

The algorithm of SLP is a simple extension of Taylor’s series that ignores higher
order terms and keeps the linear ones. From a simple problem formulation such as:
min  f(x),
s.t. h(x)=0 k=1.2,...,] @-11)
g;(x)<0 j=12,..,m
where f{x) is a non-linear objective function and /(x) and gj(x) are non-linear constraints.
The functions can be approximated using first order Taylor’s series to linearize the
objective function and constraints [29]. This expansion can be seen below:
Minimize  f(Ax): f(x,)+ Vf(x,) Ax
Subject to: h.(Ax):h,(x,)+Vh (x)Ax=0;  k=12,.,]
g(Ax): g;(x)+Vg,(x) Ax <0 j=12,..,m (2-12)
A" < Ax, AP, i=12,...n
where j~”(Ax) is the expanded objective function, h (Ax) is the expanded equality
constraint, g(Ax) is the expanded inequality constraint, 4x is the step size and direction
of the next iteration and V is the gradient function. The upper and lower bounds for the
design vector 4x; are Ax” and Ax/” respectively. Calculation of 4x is found by solving
a linear programming problem. The solution is typically done using the simplex method.
The next value of x to be used on the following iteration is found simply by:
Xpq =X+ Ax (2-13)
where x; is the current iteration design point and x;4; is the next iterations design point.

At the end of each iteration the current design point is compared to the previous until a
satisfactory error, €, is computed.

The linear approximations that SLP makes using Taylor’s Series can be seen
visually in Figure 2-7. For this example there are two inequality constraints represented
by g7 and g2. The objective function is to find the minimum value of x1 by changing the

value of x2. The constraints can be linearly approximated by Taylor’s series and
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Figure 2-7: Visualization of SLP

can be represented by gy, and gyp2. The intersection of these linear lines is the 1%
iteration optimum point. Solving the linear programming problem will give a new point
which is close to the optimal point. After a number of iterations the two approximating
lines will eventually intersect near the optimal point and thus give an approximate
solution. Note that for extremely non-linear functions with many hills and valleys the
approximation may not work and a better initial guess will be required to find the global
optimum.

SLP overall provides a good approximating technique for non-linear optimization
problems because it will often converge rapidly [30]. Figure 2-8 shows a flow chart that
details the several steps that are involved in solving SLP problems. The task of scripting
this is rather simple if an external linear programming solver is available, otherwise the
implementation of this is not trivial because a general linear programming algorithm must

be scripted.

2.3.2 Sequential Quadratic Programming

Sequential Quadratic Programming (SQP) is an jterative version of quadratic

programming (QP) that is popular and widely used. It can be used to solve non-linear
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Figure 2-8: Flow chart representation of SLP

programming problems that have either linear constraints or non-linear constraints. This
method of solving non-linear optimization problems is more accurate than SLP when
higher order problems are considered. This is because a better approximation of the non-
linear function can be obtained. Implementation of SQP into code is not trivial and will
be discussed further here. An example [31] of a problem that can be solved using SQP is,
Minimize  f(x,,x,): x} —2x2x, + x> +x,x2 —2x, +4
Subject to: h(x,,x,): x}+x}-2=0 (2-14)
g(x,,x,): 0.25x7 +0.75x3 -1<0
0<x, £50<x,<5
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where the term h(x; represents equality constraints and g(x; represents inequality
constraints and f{x;,x;) is the objective function. Each constraint term can be expanded to
include ! number of equality constraints and m number of inequality constraints. The
number of design variables x; ranges from i=1,2,...,n. This example clearly has a non-
linear objective function as well as non-linear equality and inequality constraints.

Solution of a general system using SQP will be discussed further in the following section.

2.3.2.1 Algorithm Development

Describing the process of how SQP works requires many definitions that may be
trivial for some but it repeated here for completeness. The general optimization problem
is:

min  f(x),
s.t. h(x)=0 k=12,..,1] (2-15)

g; (x)<0 j=12,..,m
where f{x) is a non-linear objective function and A(x) and g;j(x) are non-linear constraints.
The functions can be expanded usmg second order Taylor’s series on the objectlve
functlon and approximate the constraints by using first order Taylor’s series to linearize

the constraints. This expansion can be seen next:
Minimize — f(Ax): f(x,)+ Vf(x) Ax+ —;—AxTV2 F(x,)Ax
Subject to: h(Ax):h(x)+Vh (x)Ax=0;  k=12,..] 216
g,(Ax): g;(x)+ Vg, (x) Ax <0 j=12,....m
A" < Ax, < APy i=12,..m
where jN"(Ax) is the expanded objective function, h(Ax) is the expanded equality
constraint, g(Ax) is the expanded inequality constraint, Ax is the step size and direction
of the next iteration and V is the gradient function. The upper and lower bounds for the
design vector 4x; are Ax/? and Ax;™ respectively. Calculation of 4x is found by solving
a QP problem. The next value of x to be used on the following iteration is found simply
by: ‘
X =% +AX @-17)
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where x; is the current iteration design point and x;4+ is the next iterations design point.

At the end of each iteration the current design point is compared to the previous until a-

satisfactory error, ¢, is computed.

The method of solving a QP problem has been researched extensively. Both Zhu

[32] and Shanno et al. [33] use rather traditional methods in that they solve the Karush-
Kuhn-Tucker (KKT) QP problem. The generalized QP sub-problem problem as
described by Zhu is:

min Vi(x)d + %d THd (2-18)
st g,(0+Vg,(x)'d=0, j=12..m
Where d is the search direction for the next iteration; which is equivalent to 4x, Vf is a

vector is first derivatives of the objective function, and Vg,is a vector of the first

derivatives of the constraints. Note that here the inequality constraints have been
changed into equality constraints by using slack variables. H is the Hessian, which is a
matrix of the partial second derivatives of the objective function with respect to all of the
design variables, and it must be symmetric and positive definite. Positive definite means
that the eigenvalues of the Hessian must be greater than zero. The Hessian is calculated in

general using finite differencing and is defined by Nocedal et al. [34] as:

(o &f . )|
oxl  ox,0x, Ox,0x,,
) o A A (2-19)
H=V"f(x)=| ox,0x, 2 Bx,0x,
oy s . 2f
| Ox,0x, Ox,0x, ox?

where £ must be at least twice continuously differentiable. At each new iteration point a
new Hessian must be calculated. The Hessian itself can be updated by calculating the”
entire matrix again, which does not ensure that it is positive definite at every single
design point and thus it is not recommended. To make sure that the matrix is always
positive definite it can be updated using the Broydon-Fletcher-Goldfarb-Shanno (BFGS)
method. The BFGS method uses the first Hessian to create a current Hessian. It ensures

that future Hessians will remain positive definite as long as the first Hessian is positive
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definite [31]. In order to solve this QP the KKT matrix can be made that will allow the
problem to be solved by a system of linear equations. The KKT matrix is defined by

T2

c=Ax-b, g=d+ Hx, p=x*-x (2-21)

Nocedal et al. as:

where

where 4 is a Jacobian of the constraints, 1* is a vector of the Lagrange multipliers, x is
the current estimate of the solution, b is the constraint limits, p is the current step vector,
and x* is the next iterations estimated solution. The solution of the KKT matrix will
solve for the solution of the current condition. See Figure 2-9 for flow chart of SQP

solution process.
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Figure 2-9: Flow chart representation of SQP
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SQP is powerful because it can handle both equality and inequality constraints.
This is due to the Lagrange multiplier that allows the constraints to be added linearly to
the objective function. A SQP solver is commercially available in many mathematical
software packages. The SQP solver that is used for this research is available as a toolbox
for MATLAB. Several researchers have successfully used it to perform complex

optimizations [35, 36].



Chapter 3

High-Fidelity Aircraft Optimization

3.1 Current Research

Multidisciplinary design optimization is steadily becoming a design standard
within the aerospace industry because of the need to remain competitive by reducing
costs and improving system performance. In order to improve the designs and reduce the
redesign costs of components different levels of fidelity have been incorporated into
MDO. Using higher fidelity models can allow components to be designed in high detail
with very little human interference. Interest in increasing the level of design fidelity has
been growing in parallel with the advent of MDO methodologies. The level of fidelity,
specific to the aerospace industry, can be broken down into three main levels [37]. Level
1 fidelity or low-fidelity uses empirical models; level 2 fidelity, or intermediate-fidelity,
uses primarily beam theory and aerodynamic panel methods to estimate the system
reactions and sensitivities. Level 3 fidelity, or high-fidelity, uses principally
computational fluid dynamics (CFD) and the finite element method (FEM) during system
‘analysis.

Low/Intermediate fidelity analysis has been performed by Martins [38]. He used
a simple beam structure for the wing box and a simple panel method for the
aerodynamics to show the coupling between structures and aerodynamics. Recently, a
new approach to conceptual aircraft design has been introduced by Perez et al. [39, 40]

where low-fidelity aerodynamic and aircraft dynamics models have been used in
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combination with control theory. Perez et al. were able to show that introducing control
theory and aircraft dynamics to the optimization the performance of the aircraft mission
could be enhanced.

Intermediate-fidelity analysis combined with MDO is commonly implemented for
aircraft design because it can give an approximation of the optimal aircraft configuration
rather quickly. Sobieski et al. [20] performed an intermediate-fidelity analysis to show
the effectiveness of the BLISS MDO architecture. The same model has been used by
others to display the effectiveness of MDO architectures [23]. The Sobieski et al. [20]
model uses three different disciplines that primarily focuses on the aerodynamic shape
and sizing of a super sonic business jet. It contains a relatively simple analysis that used
mostly analytic equations. Even though the analysis is mostly analytic, it gains
recognition as an intermediate-fidelity method primarily because of the high number of
design variables and high number of coupling variables that link all disciplines.
Wakayama and Kroo [41] developed a process for multidisciplinary design optimization
of blended-wing-body aircraft. This method, known as Wing Multidisciplinary
Optimization Design (WingMOD), was an intermediate-fidelity problem. The
aerodynamic loading was calculated using a vortex-lattice code and the structures were
solved using a monocoque beam model. The code was capable of high-fidelity methods
but only intermediate-fidelity was used because of the extremely long solving times for
the high-fidelity CFD solution. Wakayama and Kroo indicated that CFD will be
implemented later when the solving times decrease. In addition it was also mentioned
that FEM was not an important aspect to their optimization because their intermediate
structural analysis was just as good as FEM for general aircraft sizing. This point can be
argued because in the industry experts tend to insist on using high-fidelity state-of-the-art
modeling tools because of the level of detail that can be obtained [37].

High-fidelity multidisciplinary design optimization has been gaining popularity as
a research topic for the past several years. This is primarily due to the increases in
computational solving times of the high-fidelity design tools. The two most popular tools
for high-fidelity design optimization in aerospace design are CFD and FEM. Many
researchers have used both CFD and FEM in the optimization process. Gumbert et al.

[42] has published several papers concerning the optimization of rigid and aeroelastic
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wings. Originally Gumbert et al. developed a formulation of simultaneous aerodynamic
analysis and design optimization (SAADO) for a rigid 3-D wing. In order to show the
aerodynamic optimization process graphically using contour plots of the objective
function only wing tip chord length and leading edge setback were used as design
variables. In order to show the robustness of the formulation several optimizers were
used and ultimately each found similar optimal points. The number of aerodynamic
design variables was later increased from two to be fifteen [35]. The results showed that
the aerodynamic optimization of a 3-D wing was possible using CFD and FEM. With the
success of this research Gumbert et al. published several papers on flexible aeroelastic
wings [35,43,44]. Their research was aimed at including both aerodynamics and
structures into the design process. The formulation used the MDF-MDO architecture
with SQP as the optimizer. In order to decrease the solving times of the multidisciplinary
analysis the coupled steady-state-aero-structural field equations were not completely
converged at every iteration. Only enough CFD iterations were done to allow the
optimizer to obtain a good approximation of the gradient. In the end Gumbert et al. were
able to decrease the computational time of the optimization by 50% compared to more
traditional methods. Reuthers, Alonso, and Martins [38,45,46,47] were the authors of
many papers concerning high-fidelity multidisciplinary optimization of complete aircraft
configurations. They have introduced new couple-adjoint sensitivity methods that can
decrease solving times. The coupled-adjoint method is possible because they can obtain
the sensitivities directly from in house CFD codes. There are many more researchers that
have conducted research in this area, too many to mention here [48, 49].

Although computational times for solving the expensive CFD codes is decreasing
most researchers still use multiple levels of fidelity, or variable-fidelity, in their research
to help speed up the solving times of the optimizations. The long CFD solving times are
typically due to solving full Navier-Stokes equations with very fine CFD quality meshes.
To decrease these solving times Euler equations are often used when solving the
equations in the flow domain. This is popular because the Euler equations provide a
good approximation of the flow even though the viscous properties of the flow are
ignored [50]. The Euler equations contain fewer equations to solve and can provide a

converged CFD solution faster than employing Navier-Stokes equations. Very little
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MDO research has been completed where the use of the full Navier-Stokes equations
were used to obtain pressure distributions. Another method of saving time is to increase
the coarseness of the CFD mesh [42]. This can allow a CFD solution to converge more
quickly when compared to a finer mesh because there are fewer equations to solve.
Sometimes, CFD is avoided completely and vortex lattice methods are used instead. For
example, Bhatia et al. [S1] used a vortex lattice method to calculate the acrodynamic
forces and used MSC/Nastran for the FEM analysis. Even though combining two
different fidelity methods for CFD and FEM is quite common; researchers are now
developing variable-fidelity methods in which both high density/low density CFD grids
and Navier-Stokes/Euler can be used together in one single optimization [52,53].

Combining high-fidelity and intermediate-fidelity methods in order to reduce the
optimization time is becoming more common even though the concept has been around
for a while [54]. Recently many researchers have started to develop optimization
routines that can effectively use a combination of fidelities to improve solving times.
Alexandrov et al. [55] started to develop trust region methods for variable fidelity
optimization for nonlinear programming. They used trust regions that determined if the
intermediate-ﬁdelity method was doing a good job of approximating the gradients. If the
intermediate-fidelity method was determined to be doing a good job of calculating the
sensitivities it is used for the next iteration, otherwise the high-fidelity model is used.
This research was continued and applied to variable fidelity wing design by Alexandrov
et al. and most recently by Le Moigne and Qin [53]. Both Alexandrov et al. and Le
Moigne and Qin showed that optimization of wings can be done using variable-fidelity
methods. Le Moigne and Qin used both coarse and fine CFD grids in combination with
Euler and Navier-Stokes flows. They showed that the high-fidelity model can be used to
correct the low-fidelity model. This way the low-fidelity model can be used to calculate
the required gradients and periodically be updated by the high-fidelity model.

Developing an optimization routine for simultaneous CFD and FEM is
challenging and obtaining a solution can take quite a long time. Le Moigne and Qin
required 265 hours to complete their optimization. In order to decrease the solving time
of this research two separate methods were used. The first was to only use Euler

equations when solving the CFD as many others have done. The second method was to
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increase the coarseness of the CFD mesh. This way the CFD solver does not have as
many equations to solve and CFD convergence is obtained rather quickly.

Overall, many different levels of fidelity can be used to perform optimization and
they can even be combined to provide faster solving times. The most important thing to
realize is that regardless of the fidelity method used to obtain the responses, accurate
calculations of the system sensitivities is required. If the derivatives are not accurate

search directions (gradients) will not find the optimal solution.

3.1.1 Aeroelastic Coupling

In all aspects of high-fidelity aero-structural optimization the need for coupling
the aerodynamics and structures is necessary. Sometimes it is called CFD/FEM coupling,
or CFD/CSM coupling, or even fluid-structure interaction (FSI). Regardless of what the
coupling is called it is essentially just computational aeroelasticity. Most of the available
literature mentioned in the previous sections agree on how the coupling process should be
done for this type of research. A good generalized approached was published by
Samareh and Bhatia [56] that provides a unified approach to any multidisciplinary
interaction between a solid and fluid. Their approach used the idea of a transformation
matrix to change the aerodynamic pressure to structural loads. The interaction between

the two disciplines can be modeled by,
{Fz } = [T 21 ]{FI } G-

The {F;} vector could represent the aerodynamic pressures and {F,} vector could
represent structural loads on the FEM model. The matrix [T>;] is the transformation
matrix between the two disciplines. The entire aeroelastic analysis is an iterative process

that was expressed mathematically by Samareh and Bhatia as,

{FF}= {F low Solution (Gp+ 5;)} G2
(7} =11 17} e
K5} = {7 &9
{6} =T 165} e

The iterative process starts with equation (3-2) where {Fr} are the aerodynamic forces

and {Gr} and {Jr} are the CFD grid and deformations from FEM respectively. The
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aerodynamic loads are calculated and then are used in equation (3-3). In equation (3-3)
the matrix [TsF] is the transformation matrix between the structural and fluid disciplines.
The forces that are transferred to the FEM model are held in the vector {Fs}. These
forces are then used in equation (3-4) where the structural stiffness matrix, [K], is used to
calculate the structural displacements, {ds}. Finally, the structural displacements are
transferred to displacements on the CFD grid using equation (3-5). This process is done
until the change from the previous iteration to the next iteration is less than the tolerance,

€. This can be seen mathematically as,
{Fel-{r ) <e -0

{os}-16:F <& 6D
It can be seen from equation (3-6) and equation (3-7) that the convergence of the
aeroelastic solution is obtained when the aerodynamics forces and the structural
displacements do not change from one iteration to the next. Note here that the solution
method here does not include the time domain which means that the converged solution
is a static-aeroelastic solution. Using time along with MDO would force the optimization
to take an extraordinary large amount of time. This process can be seen graphically in

Figure 3-1 below.
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Figure 3-1: The CFD/CSM coupling procedure [47]
Graphically, the process starts by taking the CSM displacements and applying them to the
CFD grid. The CFD solution is then solved and the loads are transferred to the CSM
model. The displacements on the CSM are calculated and then used to change the shape
of the CFD grid. This process continues until the static-acroelastic convergence is found.
Sometimes the static-aeroelastic solution can be sped up so convergence is

reached more quickly. Gumbert et al. [35], for example, showed that convergence of the
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static aeroelastic problem can be done without having the CFD solution come to
complete convergence at every CFD/FEM coupling iteration. It was found that it is only
necessary for the CFD solution to converge completely for the final CFD/FEM coupling
iteration. All previous CFD solutions need only an approximation of what the loads on
the wing will be. Another method of decreasing the time required for static-aeroelastic
convergence is using under relaxation methods as was done by Alonso et al. [47]. The
method was originally used to remove the oscillations that occur during the convergence
of the CFD/FEM coupling. It was found to result in absolute convergence sooner
compared to the conventional method that uses the latest structural displacements to
update the CFD grid. For the method used by Alonso et al. the displacement thaf is
applied to the CFD grid is a combination of the current structural displacement and the

displacement from the previous iterate. This can be seen mathematically as:

s =05 + P65 — &) - G
where P is the under relaxation factor that is used to scale the displacements. The terms

S+, 05 , and J are the displacements of future iterate, previous iterate, and the current

iterate. It was found that using this method, the static-aeroelastic convergence was

obtained in about 10 iterations with no oscillations [47].

3.1.2 CFD/FEM Mesh Mapping

Coupling between two different software packages or analysis codes is not as
trivial as what is described in the previous section. In order to successfully transfer loads
or displacements from one grid to the next it is necessary to map one mesh onto the other.
This can be difficult because the discretization of the CFD and FEM models are never the
same. It must be determined which node from one mesh should be mapped to another
node of the other mesh.  There are several different methods to map one mesh onto
another. One of the most common methods of coupling the CFD and FEM meshes is to
use finite interpolation elements. Both Ahrem et al. [57] and Beckert [58] have used
interpolation elements in order accurately determine the transfer of loads and
displacements. Figure 3-2 shows how the finite interpolation element works. Starting

from the CFD grid point on the top of the diagram the pressure information is projected
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CFD grid point
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Figure 3-2: The finite interpolation element [58]
to the interpolation element. Using bilinear shape functions the data is then transferred to

the finite element nodes. The process also works in the other direction where the finite
element nodal displacements are transferred to the CFD grid.

There are several other methods that can be used to transfer information between
meshes. Bhardwaj [59] summarized several different methods that can be used for
transformations; these are finite-plate spline, multiquadratic-biharmonic scheme, thin-
plate spline, inverse isoparametric mapping, non-uniform B-splines, and inifite-plate
spline. Each of the aforementioned interpolation methods each have there pros and cons
and one method is not necessarily better than the rest. The method that has the most
promise for this type of application is non-uniform rational B-splines (NURBS). NURBS
is essentially a method of obtaining a continuous surface of any property in three or four
dimensions. This could be either pressure distribution or displacement distribution. The
benefits of this type of method are that it is continuous and therefore allows data to the

transferred directly to any node on a model.



Chapter 4

Aero-Structural Analysis

4.1 Model Geometry

There are two distinct geometry models that need to be created for the aero-
structural analysis. The first model is used to determine the aerodynamic loads acting on
the wing. The second is used for calculating the structural response of the wing due to
the acrodynamic loading. Because these models are used during the optimization process
they must be able to automatically regenerate themselves for any possible wing
configuration. In addition, they must also be compatible with each other in order

accurately determine the aeroelastic effects.

4.1.1 NACA 4-Digit Airfoil

The airfoil shape used for this optimization was chosen to be the NACA 4-digit
airfoil because of the simplicity of the geometry. A more complicated airfoil shape would
have caused automatic model generation to be more difficult. It was also decided that in
order to keep the number of design variables limited, the airfoil, was to remain constant
along the span of the wing. Typically, commercial aircraft use many different airfoil
shapes along the span of the wing. For future optimizations, it would be interesting to
keep the wing geometry constant while optimizing several different airfoil shapes along

the wing span.
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The NACA 4-digit airfoil requires three different pieces of information to define the

airfoil shape. The three different parameters can be seen here,
NACA 4-Digit Series:

4 4 12
Max camber in Position of Max thickness
% chord max camberin  in % of chord
1/10 of chord

where the nomenclature that is used for these definitions can be found in Figure 4-1 taken
from Ref. [50].

Thickness

Leading edge Mean camber line Trailing edge

Chordline | [ e mmmm s ST e TTTTS

Chord : _ »

A

Figure 4-1: Typical airfoil nomenclature

For general airfoil definitions the mean camber line is defined as the locus of
points that sits halfway between the upper and lower surface of the airfoil. The camber is
defined as the maximum distance from the chord line to the mean camber line. The
thickness of the airfoil is defined as the maximum distance from the upper surface to the
lower surface of the airfoil.

This work required that the airfoil must be generated automatically as required by
the optimizer and the airfoil data points to be exported for use in multiple CAD packages.
To do this, a function was created that can be used to create any NACA 4-digit airfoil.
The first step in this process is to generate a symmetric airfoil that does not have any

camber using the following equation [60]:

» =(t/0.2)-(0.2969x° ~ 0.126x — 0.3537x* + 0.2843x — 0.1015x") (Y

Given a set of data points defined by x, all of the data points for the airfoil thickness can
be generated. Note that in order to accurately model the airfoil shape, a bias must be
used to increase the number of data points near the leading edge. The next step is to
generate a parabola that extends from the leading edge to the position of maximum

camber. A second parabola must also be generated that extends from the position of
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maximum camber to the trailing edge. The parabolas are defined by two variables, x. and

y. which can be seen in Figure 4-2.

Mean
camber line
parabola parabola
N
LE. >

Xe

Figure 4-2: Definition of NACA 4-digit mean camber line

The variable x, is the position of the maximum camber and y, is the value of the
maximum camber. Once the data points are generated for the mean camber line, they are
simply added to the data points evaluated from equation (4-1). The result is an airfoil
that can be easily regenerated as needed and is robust enough to include different chord

lengths and thicknesses.

4.1.2 Parametric Aerodynamic Wing Shape

The wing shape that is used for the optimization has been parameterized to give
the optimizer as much freedom in choosing the aerodynamic shape as possible. This was
done by selecting several design variables that would have the greatest effect on the
aerodynamics of the wing. The different parameters that are used during the optimization
are defined in Figure 4-3. The first parameter that is used to define the wing shape is the
leading edge wing sweep, A. This was chosen as a design variable because sweep can
drastically change the aerodynamic properties of the wing. The main idea behind
sweeping wings is to decrease the effects of compressibility. This is because highly
swept wings effectively decrease the mach number that the wing experiences. This
directly influences the strength and the position of the shock wave over the airfoil, and
thus the sweep can directly affect the total lift and drag that the wing produces. The next
set of parameters that were selected as design variables were wing semi-span (b/2), root
chord length (Croor), and taper (A). Note that taper cannot be shown explicitly in Figure
4-3 but is still used as a design variable. Taper is defined by,

C, @2)
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Figure 4-3: Wing model parametric definitions
where Cy;, is the tip chord length. These three design variables, semi-span, root chord,
and taper, when combined define valuable aerodynamic terms. The first has already been

defined as taper, the second is aspect ratio (AR). Aspect ratio is defined by,

ar=bY, &

where b is the span of the aircraft wings and S is the reference area of the wings. The

wing reference area for one wing can be calculated by,

Both taper and aspect ratio can drastically affect the aerodynamics of the wing.
High taper ratios force more aerodynamic loading near the wing tip and thus increases the
amount of wing deformation and wing root stress. Small taper ratios benefit aircraft
design by decreasing the effect of the wing tip vortices and thus drag. Overall, balance
must be maintained between the amount of lift required and the amount of drag created.
Aspect ratio has a similar affect that taper ratio has on the wing. A high aspect ratio wing
(long and slender) tends to have less drag for a given lift coefficient than low aspect ratio
wings (short and stubby) do. This is due to the wing tip vortices and the distance the tip
is from the fuselage. It may look like it is beneficial to have a wing that maximizes the

aspect ratio. However, when the structural side of the design is considered it can quickly
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be seen that a high aspect ratio wing can have high root stresses and thus will increase the
overall aircraft weight. The final aerodynamic design variable is the overall airfoil
thickness, #. Airfoil thickness can affect the drag, lift, stall characteristics, and structural
weight. For design optimization airfoil thickness must be considered because a thinner
airfoil will decrease the lift and it will decrease drag as well. More importantly statistical
information has shown that the wing structural weight varies approximately inversely
with the square root of the thickness/chord ratio [2]. There are many more intricate
interactions between all of the design variables which the optimizer can take into account.
The optimizer has the job of finding the optimum values of each, to maximize the

performance.

4.1.3 Consistent Wing Geometry

The wing geometry that is defined in the above section must be created in two
separate software packages. Because each software package requires different modeling
techniques to create the wing there is the possibility that one model may be slightly
different than the other. If this happens then there will be error introduced into the
optimization. Therefore, it is necessary that these geometries be consistent between the
CFD and FEM models. To make sure that both the CFD and FEM geometries are the
same, a master geometry database was created that holds geometrical design variables for
both the CFD and FEM. This however does not guarantee that the two models will be
consistent. In order to maintain consistent geometry, ANSYS was used to create the
original model. The ANSYS model is then exported to GAMBIT via an in house
MATLAB function, for the creation and meshing of the CFD model. This way, the CFD
model is based entirely on the geometry from the FEM model. This method of model
generatlon guarantees the same geometries and removes any possible error between the
two models. Both of the models must be able to provide consistent variant geometries
that can be automatically generated without human interference [26, 61, 62]. It is
especially important that all geometries must be able to be accurately generated within
the design space. Any small inconsistency between the two models or an invalid

geometry can introduce a degeneracy that can cause the optimization to fail.
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4.2 Computational Fluid Dynamics (CFD)

The CFD model was created in GAMBIT and solved using FLUENT. These
software packages were used because they were independent to the structural solver and
thus forcing external coupling codes. This was required so that the future implementation
of the IDF and CO MDO architectures was easier as they require decoupled solvers. The

following section details the design criteria that went into making the CFD model.

4.2.1 Grid Generation

There are two main types of elements that can be used to create the solution
domain. The first is the unstructured type that is generally used to conform to
complicated shapes. The second is the structured type that is very popular in MDO wing
design because it can easily conform to the wing contours [44, 49, 63, 64]. For the CFD
model used in this work the structured grid was used because of its ease of
implementation. The far-field was designed using a C-grid because of its inherent ability
to keep grid skewness to a minimum. The far-field extremities were set to the

dimensions that can be seen in Figure 4-4, where c is the airfoil chord length.
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Figure 4-4: CFD far-field C-grid
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The far-field dimensions were used because they minimized the skewness of the grid near
the airfoil surface. The C-grid was extruded by 5 span lengths along the wing span axis
to form a three dimensional far-field. An example of the 3-D grid used in this analysis

canbe seen in Figure 4-5. Note that the grid used for this analysis is rather coarse

\

X

Figure 4-5: Example of wing CFD model

when compared to accepted CFD grids. This type of grid coarseness is acceptable for

MDO and is done extensively in nearly all high-fidelity optimization research [44].
Increasing the coarseness of the grid helps to improve the solution time for the MDO
because there are fewer equations to solve. The coarseness of the model must be a
balance between the amount of information that is required and amount of time that is
needed to obtain the information.

The CFD domain is solved using Euler equations instead of using the full Navier-
Stokes equations to save computational time. In addition, the Euler equations were also
used because they tended to decrease the amount of numerical noise that the solution
returned [65]. Numerical noise is a problem that is inherent in all CFD solvers which
introduce small amplitude high frequency noise into the numerical solutions. This
numerical noise can cause problems when using finite differencing to calculate the

gradients of the design variables. For example, Figure 4-6 shows two curves of a similar
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trend, one is smooth and would allow accurate derivative calculations. The second curve

contains noise and could introduce error into the derivative calculations.

Numerical noise

-==~~ Smooth (no noise)

Seo
******

Figure 4-6: Example of numerical noise

4.2.1.1 Grid Skewness

The grid near the surface of the wing can often become highly skewed. This is
undesirable because the numerical solver would prefer to have perfectly square elements
in the solving domain. Having highly skewed elements can introduce numerical error
and can even cause the solution to diverge. During the design of the CFD far-field, all
attempts were made to minimize the grid skewness. An example of what type of grid is
preferred is given in Figure 4-7. To minimize the grid skewness a built in function
available in GAMBIT was used when designing the far-field. Skewness can also
be

a. Grid with skewness

|

b.Grid with no skewness

Figure 4-7: Example of grid skewness
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introduced when sweeping the wing. Because the software that was created can mesh
any wing shape the skewness due to wing sweep could not be minimized. This is

because the automatic mesher uses a generic meshing routine to mesh all geometries.

4.2.1.2 Grid Continuity

Another grid design consideration is to maintain grid continuity over the entire
solution domain. Often nodes are gathered together in order to accurately capture the
changes in the flow and then they are spread out again when the changes are not expect to
be large. Grids that contain discontinuous properties, as seen in Figure 4-8 a., can often
induce numerical error into the solution because of the jump from one node spacing ratio
to the next. A grid that looks like Figure 4-8 b. is more desirable because it minimizes
the amount of error that can occur. Discontinuous grid properties can often occur when

creating the mesh along the wing tips and the leading/trailing edges.

a. grid with discontinuous properties b. grid with continuous properties

Figure 4-8: Example of grid continuity

4.3 Finite Element Method (FEM)

The finite element (FE) model that is used to calculate the structural response of the
wing was created in ANSYS. ANSYS was used because the software package was
available, and it contained the ability for implementation of an input file to help in the
automatic wing generation. This section details how the automatic generation of the

model is done and what types of elements are used to solve the problem.
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4.3.1 Model Creation

The structural finite element model was created to contain the most basic
elements of the airframe structure and to maintain enough design freedom to allow the
optimizer to accurately obtain a global optimum. To give the most amount of freedom
the wing was created from five main structural elements. Upper and lower skins were
selected because they make up a large portion of the structural weight. In addition, spars,
ribs, and stﬁngers were also selected to make up the wing structure.

The first step in the modeling process was to determine where the spars were to
be placed relative to the local chord. It was found that the leading edge spar is usually
found somewhere between 10%-15% of the local chord, and the trailing edge spar was
found to be placed approximately at 70%-80% of the local chord [66]. It was chosen that
the spars for this study were to be placed at 10% and 75% of the local chord to be close to
the values for the accepted spar placement. The next step was to determine the number
of stringers and ribs that were to be used for the model. The number of ribs that was used
for the model was chosen to be thirty because it was similar to the number of ribs for the
commercial transport wing that Anhalt et al. [67] analyzed. The ribs were oriented to be
parallel with the airflow because it made the automatic model generation easier.
However, it is more common to orient the ribs so that they are perpendicular to the spars
to help decrease manufacturing problems and to help decrease wing weight. The number
of stringers was selected to be ten, which is typical for some commercial aircraft. The
number of ribs and stringers was fixed to make the optimization easier. The structural
model is shown in Figure 4-9 with only some of the ribs and stringers shown to make the
diagram clearer. The upper skin has been removed to shown the internal structural
elements such as the ribs, spars and stringers. A second figure shows the wing box
without the skin and stringers.

The model was created by first creating the entire volume of the wing by simply
extruding the airfoil shape along a direction defined by the sweep and span. The entire
volume is then divided into many smaller volumes that will be later on used to identify
the locations of the ribs and stringers. All of the volumes were then deleted but the areas

were kept to result in a hollow wing. The next step is to identify which of the areas that
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Stringers

Ribs

Lower Skin

Stringers and lower skin removed

Figure 4-9: Structural elements within the wing
are remaining should be used for the meshing of the wing. This is easy when the GUI is
being used in ANSYS but is extremely difficult when input files are used. This is
because the selecting of the specific entity must be done by using what ANSYS refers to
as hot spots. These hot spots are used to select entities located by a set of coordinates. A
hot spot is what identifies where the center of the entity is. For example, an area contains
a hot spot as defined in Figure 4-10 which needs to be located within a specific tolerance
set within ANSYS. Locating these hot spots can be difficult because exact calculations of
their coordinates can be hard to get. This is especially evident when trying to locate lines

based on the line Aot spot.

4.3.2 Mesh Generation

The structures that make up the shape of the wing are curved areas and straight
lines. In order to accurately model the 3D wing properties appropriate 3D finite elements
need to be chosen. Originally plate elements were used to model the curved areas, but it
was found they were unable to fit the curved wing surface. Shell elements were chosen

for the curved areas because they can take into account the warping of the element. They
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hot spot

Figure 4-10: Location of a Aot spot for an area

can also take into effect bending, shear, and torsional effects of the wing as well as in-
plane or normal loading. The shells were used to model the ribs, spars, and wing skins.
In the ANSYS environment the shell element used was ‘shell63’. This specific element
was chosen because it is a linear elastic 3D finite element with 6 degrees of freedom at
each node. The stress for this type of element can calculated for the shell mid-plane, the
top surface, or the bottom surface. All stresses that are exported during the analysis are
from the shell mid-plane. The straight lines, or stringers, were modeled using 3D beam
elements to take into affect the bending, shear, and torsional effects of the wing. They
were also selected because they are directly compatible with the 3D shell elements.
Within the ANSYS environment the beam element ‘beam4’ was chosen because it is also
a linear elastic 3D finite element. Both of the elements can be seen in F igure 4-11.

The wing was meshed using a mapped hex mesh over the entire wing area which
can be seen in Figure 4-12. The mesh quality was quite good, as the strain energy based
error estimation given by ANSYS revealed that 95% of the elements have less than
3.57% error per element. The mesh density shown here was used because it provided

enough nodes for the CFD grid points to be mapped to. The wing in Figure 4-12 only
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The root of the wing was

shows ten of the wing ribs and none of the stringers.

constrained using a clamped boundary condition [68].

=
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F,

Beam Element

Shell Element

inite elements used to model wing

F

igure 4-11:

F

FEM mesh of the structural elements

Figure 4-12
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4.3.3 Structural Taper

Each of the structural elements in the model has been structurally tapered to help
decrease the overall wing mass and to help have an even stress distribution from the wing
tip to the wing root. The structural taper was implemented in a piece-wise linear fashion
with each jump in structural thickness occurring at each rib. The amount of structural
taper is chosen by the optimizer as a percentage of the thicknesses that are at the root of
the wing. For example, the Airbus A380 has a skin thickness at the wing root of 25 mm
and a skin thickness at the wing tip of 5 mm [69].

4.4 Aero-Structural Coupling

The aero-structural coupling is required in order to determine the effect of wing
flexibility on the optimization process. Computational aeroelastic problems such as the
one described here can be solved using the strongly coupled approach or the loosely
coupled approach. Loosely coupled aeroelastic problems as described by Bhardwaj et al.
[70] are those that are solved in a modular format. This means that the CFD and FEM
portions are solved independently and are integrated via a coupling code. The strongly
coupled approach solves the CFD and FEM equations simultaneously where all the
coupling is done internally. As mentioned previously the former method is taken with
this research in order to be able to easily decouple the aero-structural interaction for use
in the decoupled MDO architectures.

The static aeroelastic coupling procedure was outlined in Chapter 3. This chapter
contains a much more detailed description of how the coupling between the two

disciplines is achieved. The entire process can be seen in Figure 4-13. The process

Export Fluid Pressures Integrate pressures, Apply Forces on Nodes

 S—— generate x,y,z forces,

map CFD to FEM

< Interpolate deflections,
Re-generate CFD mesh

Generate New Deformed or, deform current mesh

Export Surface Deflections

Surface

FLUENT CFD Solution MATLAB Based Functions ANSYS FEM Mesh

Figure 4-13: Static Aeroelastic coupling procedure
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begins by solving the CFD solution which can be done using any CFD software. Once
the solution is obtained the pressures are exported at desired intervals along the span of
the wing. The pressures are taken and integrated along the span to determine the normal
forces on the wing. Based on the current wing deformation, the x, y, and z forces are
then generated. Details concerning this process can be found in Sec. 4.4.1. The next step
is to map the CFD grid to the FEM mesh in order to accurately transfer the calculated
forces to the corresponding FEM node. Once this is done, the surface deflections from
the FEM structural response are exported and used to regenerate the CFD mesh. The new
CFD configuration is solved and the solving procedure is repeated until the convergence
criteria are met. For this work, the static aeroelastic convergence is obtained when
neither the trailing edge tip deflection nor the tip twist vary by 1.0 from one iteration to
the next.

Convergence of the aeroelastic solution using the loosely coupled solving method
is CPU intensive. There are methods that can be implemented into the solving procedure
that will speed up the rate of convergence of the aeroelastic problem. The first method is
to introduce an additional mass [71] to the wing, which increases the wing inertia and
damps the static aeroelastic convergence. Adding more mass can be done in a number of
ways; the method that is used for this work, as an example, is a point mass was attached
to the wing to simulate an engine and nacelle. The next method to help improve
convergence speed was to use under relaxation techniques that were mentioned
previously [47,72,73]. The final method is to use ohly intermediate CFD solutions. This
way time can be saved by quickly obtaining a configuration that is close to the steady-
state solution [35,74]. The only stipulation on this method is that the CFD solution must
be fully converged only on the final aeroelastic iteration.

Sometimes the aeroelastic coupling will not converge because the free-stream

“velocity is above the divergence velocity. However, this is typically not the case when
dealing with swept wings because they have high divergence speeds [59]. For this
research, divergence was never found to occur because swept back wings were always

used for static aeroelastic solution.
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4.4.1 Load Transfer

Once the pressure distribution has been obtained from the CFD analysis the
equivalent nodal forces must be found and applied to the finite element model. This is
done using a similar process that was developed by Bhardwaj et al. [59, 70]. The process
is generalized so the pressure distribution can be found using any CFD code and used
with this method as long as local geometrical information is available.

To begin, the FLUENT module is called via the MATLAB wrapper (see
Appendix B for details). When the CFD solution has converged, the FLUENT module
begins the exportation of the pressure distribution at user defined intervals. A study,

which can be seen in Figure 4-14, was done to determine how many span wise pressure
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Figure 4-14: Percent error of calculated lift and drag versus FLUENT lift and drag
distributions that would be needed to accurately estimate the lift and drag forces on the
wing. It was found that in order minimize the amount of error between the calculated
lift/drag and the FLUENT lift/drag that at least 80 span wise pressure exports are needed.
Exporting at least 80 pressures will allow the calculated lift and drag forces to be
estimated to within 0.5% and 3% of the FLUENT lift and drag forces respectively. The
percent differences are then used to calibrate nodal forces to match the lift and drag
forces given directly from FLUENT to ensure an accurate load transfer. Note that the
distribution of the force is not changed; only the total resultant of the force is scaled.

The first step in transferring the CFD pressures to FEM forces is to integrate the
pressures in order to find the normal forces acting on the wing. All of the CFD grid
points are exported and used to manually calculate the local area to be used for each

pressure via,
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S§hi = (J(xi e yi+l)2 ) 7 -5
where S is the local cell area, x is the local value of the x coordinate, y is the local value
of the y coordinéte, and z is the length of the local span wise interval. The superscripts i
and j represent the chord wise and span wise indices respectively. Each of the locally

calculated areas is then used to convert the pressures into a normal force on the wing via,
Fhi = phi . gihi (4-6)
where F/is the normal cell based force and PY is the cell centered pressure acting on the

wing. The graphical representation of the definitions from equations (4-5) and (4-6) can

be seen in Figure 4-15.

Figure 4-15: CFD grid area calculation

It is necessary to compute the aerodynamic forces based on the CFD wing boundary and
geometries to maintain a conservative coupling interaction [58] as opposed to using FEM
geometries. Now that the normal force acting on the cell has been calculated, the
components in the x, y and z direction must be calculated for application to the FEM
nodes. In order to do this, all of the surface unit normals must be calculated between the

CFD grid points. This is done using the following equation.

PROPERTY OF
RYERSON UNIVERSITY LIBRARY
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nh’ .

J:J (xx _x1+1) +(y yi+l) +(Zj _ZJ~1) (4-7)
n 1)
n;'v._i _\/(x xi+l)2+(y yx+l)2+(z_/ Zj 1)2

All of the calculations for local grid area and grid unit normals are done in such a way
that grid areas that exist on the leading or trailing edge, the wing root, or wing tip are
calculated correctly. The normals are then corrected so the cosines are valid for the
forces normal the wing surface. The overall force that acts on the local cell can be

calculated by combining equations (4-5)-(4-7) to get,

Fi I
FM 4= plighily if (“-8)
Fij ij

Once all of the calculations have been completed for every single cell within the CFD
grid the forces must be mapped onto the FEM mesh. The mapping that is described here
is only effective if the CFD grid is more dense that FEM mesh. This is because it is
necessary to have a majority of the FEM nodes loaded with forces in order to avoid any
extremely high stress concentrations due to overloading of a node.

The first step in mapping the CFD grid to the FEM mesh is to split the grid and
mesh points of the wing into the lower and upper surface. This makes the entire process
less prone to errors because the CFD upper surface grid points are guaranteed to be
mapped to the FEM upper surface nodes and vise versa. The mapping process that is
used here is a simple algorithm that picks a CFD grid point and tries to find the nearest
FEM node. This is done using,

\/ et "xfem cfd J’ﬁm)z (cfd Z}'ef;)z )

where d" is the distance from the CFD grid point to the FEM mesh node, the point
(xi}j, yi}j,z;{,') are the grid coordinates from the CFD grid point ij and the point
(xfem, iz ) is the FEM node that is being considered for force transfer. The

algorithm stores all of this information and picks the nearest FEM node to be used for the
force application. Examination of Figure 4-16 reveals that there could possibly be a

problem when two FEM nodes are equidistant from a CFD grid point. This can be seen
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when considering CFD grid point (i-1, j) and FEM nodes 1 and 3. When this happens the
force is divided and applied equally to each node. It can also be seen here that some

nodes will receive more forces than others. This was found not to be a problem because

@ CFD grid point
':,‘ FEM node

Original Positions Mapped Positions

Figure 4-16: Mapping CFD grid points to FEM nodes
the distance between nodes is small and thus the overall effect of the moment that is
created is small. When mapping the CFD grid to the FEM mesh it is absolutely
necessary to use the original unloaded CFD wing shape when doing this. This is because
the FEM mesh is always from the unloaded configuration. Using the updated CFD wing
shape will result in inconsistent load transfer for each iteration and possible non-

convergence of the optimization.

4.4.2 Displacement Transfer

After the loads are applied to FEM model and the structural response has been
calculated, the deformations must be used to update the CFD grid. In order to simplify
the displacement transfer procedure, it was assumed that each wing cross section remains
the same shape. This means that even though small changes in the camber and wing
thickness can occur it is so small that there is a negligible effect. Consequently, the
deformation that occurs to the wing is limited to simply translation in the y direction and
rotation [74] about span axis of the wing. Cavallo [75] has shown that small changes of
the wing shape in the x and z directions have negligible effects on pressure distributions
and thus can be neglected when updating the geometry. For this research it was found
that the displacement that occurs in the span wise direction never rises above 1.0 which
is deemed minimal and can be ignored. These assumptions make updating the CFD

model easy because the new geometry is based entirely on vertical translations and

changes in the twist angle.
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Since the structural response is calculated using ANSYS, it is easy to export data
that defines the wing deformation. The only two pieces of information needed to update
the wing geometry for the CFD analysis are the leading edge and trailing edge lines.
These are exported as a series of data points that are used to create a b-spline from the
root to the tip. Since the shape of the airfoil is assumed to be constant, the new shape of
the exterior wing surface is generated by using the leading and trailing edge b-splines as
guides. From visual comparison of superimposed CFD and FEM models it was found
that this type of displacement transformation was geometrically consistent. Using this
method to update the CFD model, it is necessary to completely regenerate the CFD grid
at each iteration. It is possible using FLUENT to deform the existing CFD grid but this

would have added another level of complexity and may not have yielded better results.

———— —— —




Chapter 5

Aero-Structural Optimization Results

5.1 Sensitivity Analysis

There are several different methods that can be used to calculate the sensitivity
gradients for the aero-structural optimization. The easiest and most straight forward
method is finite differencing by Taylor’s series expansion. For this work, forward finite
'differencing is used in general, and when the optimization is at the upper bound of a
design variable backward finite differencing is used. The first derivative approximation

can be obtained by using the Taylor’s series expansion of a general function f{x),

SOt By = £+ B )+ L "2(f) wwl ";(j‘) . G

the first derivative can be found by eliminating higher order terms and solving for f°(x):

S(x+h)-f(x) (5-2)
h

Sf'(x)=
where f'(x) is the first derivative of the function and 7 is the step size for the derivative.

. The truncation error due to the higher order terms is O(h), which means that finite
differencing is only first order accurate. New techniques to calculate sensitivity gradients
such as the couple-adjoint sensitivity method [46] and global sensitivity equations [24]
provide quicker means of obtaining all of the sensitivities compared to finite differencing.
These advanced methods were not used for this work because their computational

efficiency is generally only taken advantage of when the number of design variables

53
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exceeds 18 [46, 76]. This is because these advanced sensitivity methods have been
shown to be computationally independent of the number of design variables. Martins et
al. [46] showed that using the coupled-adjoint method, sensitivities can be calculated for
200 design variables for the computational cost of 18.

An important aspect of this work was to determine the proper finite differencing
step size to use when calculating the derivatives. This is important because extremely
small finite difference step sizes will have negligible effects on the aerodynamics of the
wing. For example, the difference in the wing L/D ratio is negligible when comparing a
wing sweep of 30° to a wing sweep of 30.000001°. It was found, using a sensitivity
analysis study, that the structural design variables are sensitive to changes up to a step
size of 1.0"® while the acrodynamic step sizes are sensitive only up to a step size of 1.0,
Thus, for the calculations of the derivatives during the optimization a step size of 1.0
was implemented. A larger step size would have revealed a flat design space with no
optimum and a smaller step size would have caused inaccuracies in the derivative due to

the finite differencing of the solution domain.

5.2 CFD Validation

Before the CFD analysis could be trusted to perform the aerodynamic calculations
several test cases were completed. This was done to check that the geometry that is
created by the optimizer could be used with confidence. In addition, the test cases were
done to provide a better understanding of the software being used and to provide
additional CFD experience. The first test case is for a simple 2D analysis and the second

case is for 3D flow over a wing.

5.2.1 2D NACA Airfoil

There are two main reasons for running the 2D tests cases for the CFD solver.
The first is to ensure that the NACA 4-digit airfoil creator was able to calculate accurate
airfoils over a wide range of geometries. The second is to make certain that the CFD grid

techniques being implemented were also accurate.
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The CFD analysis was done using the Spalart-Allmaras viscous model at mach
0.15 with an angle of attack of 4°. All of the other initial conditions used for the analysis

were set to sea-level conditions.
The CFD data obtained from FLUENT was benchmarked against data provided
by Abbott et al. [77]. A summary of the calculated data is given in Table 5-1 seen below.

Table 5-1: 2D airfoil benchmarking results

NACA 0012
C. Co L/D
Geometry Maker 0.443 0.0118 37.542
Abbott 0.440 0.0115 38.261
Percent Difference 0.677 2542 1.914
NACA 1410
CL Co L/D
Geometry Maker 0.557 0.0116 48.017
Abbott 0.530 0.0110 48.182
Percent Difference 4847 5.172 0.343
NACA 2412
C. Co L/D
Geometry Maker 0.670 0.0128 52.344
Abbott 0.640 0.0114 56.140
Percent Difference 4478 10.938 7.253
NACA 2418
C. Co L/D
Geometry Maker 0.637 0.0145 43.931
Abbott 0.640 0.0128 50.000
Percent Difference 0.471 11.724 13.815

Inspection of the results given in the table above shows that the airfoil maker used
for the optimizer can accurately create a variety of airfoil shapes which can be used to
yield an approximate solution of the airfoil properties. The percent differences are
attributed to several things; the first being that the grid density used for the solution was

rather course when compared to accepted CFD standards. The second possible reason for

- the difference between the data calculated using FLUENT and the Abbott data was that

the Abbott data was read and interpolated from graphs where only specific data points
were available, and some inaccuracies occurred when recording the data. It should be
noted that as the airfoil gets thicker, as given by the last two digits of the NACA
designation, the percent difference tends to increase. This is because for thicker airfoils

the amount of skewness around the airfoil increases and results in more error. This is
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avoidable when manually meshing because alterations within the grid can be made to
minimize the skewness. However, the automatic mesher created for this research was
used to automatically mesh each of the above airfoils used for this validation case and
thus mesh alterations could not be made. To decrease the amount of error and numerical
noise due to the grid skewness, the maximum thickness for the airfoil was limited during

the optimization.

5.2.2 Onera M6 Wing

The 3D validation case was chosen to be the Onera M6 wing [78] because it has
been studied extensively and is often used for validation of external flow CFD code.
Many researchers have used the Onera M6 wing to perform aerodynamic optimization by
changing the airfoils shapes and holding the wing plan form shape constant [53,79,80].
The Onera M6 is a popular comparison because of the abundant data that is available for
the baseline case. The Onera M6 has the following geometrical properties as seen in

Figure 5-1.

AR=3.8
A1=0.562

———1.1963m ———]

Figure 5-1: Onera M6 wing geometry

The Onera M6 wing validation case was solved using an angle of attack of 3.06°, mach
number of 0.84, temperature of 255.4°K, pressure of 31.6 KPa, with a Reynolds number
of 11.7 x 10°. It can be seen in F igure 5-2 that two pressure distributions along the span
of the wing compare well against the accepted experimental results [78]. The differences
in the locations of the shockwaves are attributed to the coarse mesh density that is used to
mesh the wing which cannot accurately predict the shock location. F inding the exact
location of a shockwave can be a difficult task even for experienced CFD user. This was

shown by Girodroux-Lavigne et al. [68] where several aerospace companies compared

-~
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Figure 5-2: Onera M6 wing validation
CFD results. It was found that most of the data was consistent when comparing pressure
distributions except for the strength and locations of the shockwaves.
The previous validation case has been shown to perform well when compared to
the accepted validation results [78]. Thus, it is concluded that the geometry creation and
grid techniques that are used by the optimizer can be trusted to generate accurate wings

that can capture small details in the flow.

5.3 Static Aeroelastic Convergence Study

The computational static aeroelastic analysis that was done for this optimization is
the most important aspect of this research. If the analysis does not perform correctly then
the sensitivity gradients that are calculated by the optimizer will not be able to find a
search direction gradient. To ensure that the static aeroelastic analysis was performing
correctly a number of convergence tests were done. In addition, a test case was run to
determine if the deflections and rotations of the wing were in the appropriate range when

compared to other flexible wing models.

All of the convergence test cases and deflection/rotation results were solved for an
arbitrary wing configuration that is given below in Table 5-2 and Table 5-3. These
configurations have no relevance to any optimum design, they were chosen strictly

because they would display noticeable wing deformations.

Table 5-2: Aerodynamic configuration for static-aeroelastic test cases

Sweep (deg) Taper _Croot (m) Semi-span (m) __ tlc
35 0.3 12 27.5 0.1
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Table 5-3: Structural configuration for static-aeroelastic test cases

Upper Lower Stringer  Stringer
Skin Skin Spar Rib Height Width  Structural
(mm) (mm) (mm) (mm) (mm) (mm) Taper
19 14 18 15 10 10 0.3

The wing deflection and rotation based on the above wing configuration can been

seen in Figure 5-3. The displaced wing configuration is shown in blue and the original
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b. Side view of aeroelastic wing

c. Oblique view of aeroelastic wing

Figure 5-3: Aeroelastic deflection of an arbitrary wing configuration
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wing (rigid wing) is shown outlined in black. The pitch angle for this case was calculated
to be -1.94° and the wing tip deflection was 1.39 m. When compared against available
data it was found that these values for pitch angle and deflection were in the appropriate
range for a wing this size [68, 81]. The negative pitch angle is expected because for swept
back wings the aeroelastic axis is located in front of the quarter chord line [46]. It was
found that the maximum wing deflection, in all wing configurations during the
optimization, always occurred at the trailing edge wing tip.

Three separate static aeroelastic convergence tests were run using the above wing
configuration. The convergence plots of these tests can be found in Figure 5-4. The first
test case was a baseline test that used a fully converged CFD solution to calculate the
structural response of the wing. The wing converged to a static position within 10 static
aeroelastic iterations which compares well with results obtained by Alonso et al. [47] as

well as the generalized data given by Zeiler [82].

Static Aeroelastic Convergence

12
W
1
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v Z

0.4 4 Converged Solution

Normalized Displacement of Trailing Edge Wing Tip

1 2 3 4 5 6 7 8 9 10
Aeroelastic Iteration

I—O—Base Line Case —#—Added Engine Mass —i~Under Relaxation Factor = 0.7]

Figure 5-4: Static aeroelastic convergence study results
The second test case was completed to make sure that the wing would respond as
expected with additional mass added to the wing. The added mass was a point mass
attached to the wing by rigid multi-point constraint (MPC) structural elements. This

configuration was setup such that the point mass acted as an engine attached to the wing.
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The addition of the engine mass caused the static aeroelastic solution to converge faster
than the base line case because of the added inertia to the system. This configuration
converged to a different normalized displacement because of the increased mass. The
last test case was the implementation of the under relaxation factor. Using an under
relaxation factor of 0.7 it was found that the wing converged to a static position much
quicker compared to no under relaxation factor. It can also be seen that the convergence
occurred with no oscillations in the static aeroelastic position. This result was also
expected and it compared well against results given by Alonso et al. [47] and Giunta [76].
Several other test cases were run where non-converged CFD solutions were used to
obtain the structural responses. It was found that increasing the number of CFD
iterations on each static aeroelastic iteration increased the number of static aeroelastic
iterations required to obtain convergence by 2 iterations. However, the benefits of using
the non-converged CFD solutions were seen when comparing wall clock times of the
static aeroelastic convergence. The non-converged CFD solution method obtained a
static wing response in about 80% of the time required for fully converged CFD
solutions.

The convergence rates that are reported here are for the test wing configuration
given previously. More flexible wings will take longer to converge to a static acroelastic
response, whereas more rigid wings will take a shorter amount of time. For the flexible
wing optimization the non-converged CFD solution method and under relaxation method

were combined to help speed up the solution process.

5.4 Optimization Setup

The optimization described here is only for a single wing of a commercial
transport. To enable the use of the Breguet range equation data was taken based on
standard commercial transports to give estimates of the empty aircraft mass and fuel
capacity. The base weight of the aircraft with no wings was chosen to be
Wruselage=127,000 kg based on statistical data and the mass of the fuel was set to
Wr=81,590 kg [83]. During the optimization the fuel mass is scaled based on the total

wing volume so that a wing larger than a Boeing 777 will have more fuel and a smaller
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wing will contain less fuel. Based on the size of the wing, the optimizer can calculate the

total weight of the aircraft via,

WT = WFueseIage +2 WW + WF (5-3)

where Wy is the total mass of the aircraft, and Wy is the mass of the wing calculated by
the optimizer.

The wing optimization was done for the conditions at 9,144 meters (30,000 feet)
for the cruise setting. The airspeed used for analysis was set to mach 0.8 based on
altitude conditions and the angle of attack was set to 1°. The airfoil shape was chosen to

be the NACA 24XX, where XX is the optimizer calculated airfoil thickness.

5.4.1 Objective Function

The goal of the optimization is to maximize the overall range of the aircraft using
the Breguet range equation. The Breguet range equation was used because it provides a

method of combining the aerodynamics and structures disciplines as seen below,

: (5-4)
R =k_1n(_%_)
D WT - WF

where C;, and Cp are the coefficients of lift and drag respectively, Wr is the total aircraft

mass, and W is the mass of the fuel. The coefficient & is defined by V./SFC where Ve is

the free stream velocity; which is held constant during the optimization. The coefficient

G

k, is used in lieu of specific data on the specific fuel consumption (SFC) of the engines
and was arbitrarily chosen to be 800. Using this equation it can be seen that the best way
to improve the range of the aircraft is to maximize the C;/Cp ratio and to minimize the
overall mass of the aircraft. However, the Breguet range equation cannot be used alone

as there are several constraints that cannot be in violation upon optimizer convergence.

5.4.2 Constraints

There are several constraints that are used during the optimization, the maj ority of
which are strictly used for design variable upper and lower bounds. The bounds were
difficult to choose because if the bounds are too large it may take a long to time for the
optimizer to converge. If the bounds are too restrictive a feasible design may not be

possible in the designated design space. After completing many trial optimizations it was
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determined that the upper and lower bounds giveﬁ in Table 5-4 and Table 5-5 would give
the optimizer lots of freedom in selecting aircraft configurations while not drastically

increasing the optimization convergence speed.

Table 5-4: Aerodynamic design variable bounds

Sweep (deg) Taper Croot (m) Semi-span(m) t/c
Lower Bound 0 0.3 6 20 0.1
Upper Bound 35 1 13 35 0.16

Table 5-5: Structural design variable bounds

Upper Lower Stringer  Stringer

Skin Skin Spar Rib Height  Width Structural

(mm) (mm) (mm) (mm) (mm) (mm) Taper
Lower Bound 6 6 6 6 5 5 0.1
Upper Bound 30 30 40 40 20 20 0.35

The next constraint was an inequality constraint to make sure that the stresses
within the structure are never above a specified limit. The material that is used during the
optimization is aircraft grade 7075-T6 aluminum alloy with properties shown in Table
5-6 [84].

Table 5-6: Structural material properties of Aluminurﬁ

Density (kglms) Poisson Yield Strength (MPa) Max Tensile Strength (MPa)
2710 0.33 500 570

For the stress constraint the yield strength of 500 MPa cannot be used directly because
there are a few F.A.A. regulations that must be implemented. The first regulation from
section 25.305 [85] is that an aircraft structure must include a factor of safety of 1.5 for
commercial transports. The second regulation is that the structure must be able to
withstand the limit loads without any detrimental permanent deformation. The limit load
is calculated via the load factor, n, which is usually calculated using a V-n diagram based
on the aircraft size and weight. For the optimization done here, a single V-n diagram
cannot be used because the wing size and weight change from one iteration to the next. It
would have been possible to create a new V-n diagram on every iteration but it was

determined that would add another level of complexity to the optimization, and it would

e | ————— | o, . ——_
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not necessarily improve the validity of the results. For illustrative purposes of the
optimization it was chosen that a load factor of 3 because it would provide an acceptable
wing design regardless of the wing size and weight. Applying the load factor and the

factor of safety to the material yield strength the following constraint can be made:

o <111 MPa | 5-5)
where 6,4 is the maximum Von-Mises stress taken from the finite element model. The
maximum stress is found by exporting all of the stresses from the finite element model
and finding the maximum. The Von-Mises failure criterion was used because it provides
a good approximation of all of the combined stresses acting on the system.

The final constraint is used to make sure that when the final aircraft configuration
is optimized that the aircraft lift will be the same as the aircraft weight. The constraint

can be written as,

L=W, (5-6)
where L is the lift generated by two wings, and Wr is the total aircraft weight. This
constraint is implemented because the wing is designed for the cruise condition of the

aircraft.

5.5 Wing Optimization Results
5.5.1 Rigid Wing Results

The optimization of the rigid wing was completed using five aerodynamic design
variables and seven structural design variables. The large computational expense in this
type of optimization is entirely due to the calculations of the derivatives of all of the
design variables with respect to the objective function and the constraints. To help speed
up the optimization, a database of all the pressure distributions was created so some
pressures could be loaded from a file instead of calculated again using the CFD software.
This was helpful when calculating the derivatives for the structural design variables
because for the rigid wing optimization only the aerodynamic design variables can
change the pressure distribution. When calculating the structural derivatives, pressures

were loaded from the database and applied to the new structural model instead of re-
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calculating the pressure distribution using CFD. Using this method the solving time for
the rigid wing case was decreased by over half.

Several test cases were run to determine an appropriate starting point for the
optimization that would be able to find the global optimum. A number of trials were run
to see if the different starting points would find the same optimum. A comparison of the
original and optimized wing plan form shapes can be seen in Figure 5-5. In addition, a
completed list of the optimal design variables that corresponds to the optimized wing

configuration is displayed in Table 5-7.
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Figure 5-5: Original and optimized rigid wing shape

The overall optimization started at the initial points given in Table 5-7 and
resulted in an initial range of 3,228 km. The maximized range was calculated to be
10,224 km which is an improvement of 3.16 times over the original range. The
convergence graph of the range can be seen in Figure 5-6. The smooth increase in the
range of the aircraft is attributed to consistent derivative calculations used in the
optimization. The overall range was maximized in 25 iterations of the optimization
process. The final 11 iterations of the optimization was done to enforce both the lift

equals weight constraint and the stress constraint.
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Table 5-7: Rigid wing design variable bounds, initial and optimum points

65

Iteration

Lower Bound  UpperBound Initial  Optimal

Aerodynamic Design Variables
Sweep (deg) 0 35 . 156 35
Taper 0.3 1 0.55 0.3
Root Chord (m) 6 13 9 11.87
Span (m) 20 35 25 26.78
tlc 0.1 0.16 0.12 0.1
Structural Design Variables
Root Upper Skin Thickness (mm) 6 30 19 13.36
Root Lower Skin Thickness (mm) 6 30 14 10.98
Root Spar Thickness (mm) 6 40 18 15.34
Root Rib Thickness (mm) 6 40 15 6
Stringer Height (mm) 5 20 10 18.18
Stringer Width (mm) 5 20 10 13.18
Linear Structural Taper 0.1 0.9 0.3 0.1
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Figure 5-6: Rigid wing convergence of the optimization objective function

The aerodynamic variables, sweep, taper, and t/c were minimized to their lower

bounds to give the most aerodynamically efficient configuration.

The aerodynamic

variables, root chord and semi-span, were primarily used to accommodate the lift equals

weight constraint. The convergence of the lift equals weight constraint can be seen in

Figure 5-8. The aspect ratio of the wing was not maximized because of the structural

limits of the wing. Figure 5-7 provides a comparison of the pressure distributions of the

original wing shape versus the optimized wing shape. Note that in Figure 5-7 the
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Figure 5-7: Pressure distribution of the original and optimized wing shapes
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Figure 5-8: Rigid wing convergence of lift equals weight constraint

optimized wing has been scaled to make the comparison between wings easier. Selected
stations along the wing span are used to compare the pressure distributions. At each
station on the wing the strength of the shock wave has been decreased when compared to
the original wing shape. This is most visible when considering the inner most pressure
distribution of the wing. The increase in the L/D ratio seen in Figure 5-9 is primarily due

to the decrease in the strength of the shock wave on the top of the wing.
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Figure 5-9: Rigid wing convergence of lift-to-drag ratio

The main purpose of the structural element optimization was to find the best
configuration that would keep the stress below the stress constraint while minimizing the
mass. The structural design variables that had active constraints were the linear structural

taper and the rib thickness. The rib was minimized to its lower bound because in this
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model the rib is primarily just used to prevent buckling of the skins and it not a major
stress bearing element. The linear structural taper was also minimized to its lower bound
primarily because it decreased the mass of the wing. It was also minimized because the
loads near the tip of the wing are small and thus the structural elements can
correspondingly be small.

The structural design variables, upper skin thickness, lower skin thickness, spar
thickness, stringer height, and stringer width were optimized to non-active values. The
optimized values showed a similar trend when compared to results from a similar study
[36]. The upper skin was optimized to be higher than the lower skin and the spar
thickness was higher than both. The upper skin was expected to be thicker than the lower
skin primarily because the distance from the wing box neutral axis was higher for the
upper skin, which results in a higher stress. The spar thickness was expected to be
thicker than both the skin thicknesses because it has a large effect on the wing inertia
with a small increase in mass. The stringer height and width found optimal points that
tended to maximize the stringer inertia to help decrease the root stress.

The effect of changing the structural variables can be seen directly when
considering the stress convergence graph (Figure 5-10) along with the wing weight
convergence graph (Figure 5-11). Close examination of the two graphs reveals that
careful structural optimization can drastically decrease the wing stress with very little
mass impact. This is evident when considering the data points between iteration 10 and
iteration 20 for all of the parameter convergence graphs. The change between iterations
10 and 20 for the L/D convergence, the lift equals weight convergence, and the wing
weight convergence is small. However, there are still large perturbations with the stress
constraint, and the stress constraint is still in violation at iteration 10. By iteration 20 the
stress constraint is no longer in violation while the wing structural mass has not increased
much. This means that small alterations in the structural variables decreased the wing
stress by approximately 25 MPa and does not have a large effect on the overall wing
weight. The slight bump in the stress convergence occurring at iteration 13 is reflected in
the overall range convergence graph (Figure 5-6). It shows that the range was slightly
increased due to thinner structural elements but the stress constraint was in violation.

The mass of the optimal rigid wing converged to 9,363 kg.
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Figure 5-10: Rigid wing convergence of stress constraint
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Figure 5-11: Rigid wing convergence of total wing weight

5.5.2 Flexible Wing Results

The optimization of the flexible wing was completed using the same aerodynamic
design variables and structural design variables that were used in the rigid wing
optimization. The difference between the flexible wing optimization and rigid wing
optimization is that for the flexible wing optimization the structural design variables
affect the aerodynamics of the wing. This is because changes in the wing box structure
can cause changes in the wing tip deflection and wing tip rotation. For this reason the
pressure data base that was used in the rigid wing case could not be used. This means

that for every single derivative calculation during the optimization a complete static
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aeroelastic solution needs to be found and there are no short cuts available. The only
way to decrease the solving speed was to implement an under relaxation factor as well as
use non-converged CFD solution during the early static aeroelastic iterations. For all the
static aeroelastic solutions found during the flexible optimization a converged wing shape
was found where the maximum point of deflection occurred at the trailing edge.

To find appropriate starting points for the flexible wing optimization a single
optimization was done to approximate the optimal design point. The trial optimization
was cut short when approximate optimums were found and would yield appropriate
starting points. A comparison of the rigid original, rigid optimized and flexible
optimized wing shapes can be seen in Figure 5-12. The corresponding optimal design

points for the optimized flexible wing shape are given in Table 5-8.
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Figure 5-12: Original, optimized rigid, and optimized flexible wing shapes
The flexible optimized wing shape that is shown in Figure 5-12 resulted in a tip
deflection of 1.47 m and a tip pitch of -1.34°. The optimization started at the initial
points given in Table 5-8 which resulted in an initial aircraft range of 8,994 km. The
optimized range that was calculated by the optimizer was 11,292 km which is an
improvement of 1.25 versus the initial range. The convergence of the aircraft range can

be seen in Figure 5-13. The overall smooth trend that is seen in the range convergence is
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Table 5-8: Flexible wing design variable bounds, initial and optimum points

Lower Bound  Upper Bound _Initial _ Optimal

Aerodynamic Design Variables

Sweep (deg) 0 35 30 29.07
Taper 0.3 1 0.3 0.3
Root Chord (m) 11 13 12.9 12.97
Span (m) 26 34 28.34 30.16
t/c 0.1 0.12 0.109 0.1

Structural Design Variables

Root Upper Skin Thickness (mm) 5 30 . 13.73 12.99
Root Lower Skin Thickness (mm) 5 30 " 26.17 11.02
Root Spar Thickness (mm) 5 30 30 30
Root Rib Thickness (mm) 5 9 8 8.43
Stringer Height (mm) 5 20 17.26 15.53
Stringer Width (mm) 5 20 5 8.65
Linear Structural Taper 0.1 0.12 0.1 0.1075
Aircraft Range
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Figure 5-13: Flexible wing convergence of the optimization objective function
once again due to consistent derivative calculations. The overall range was maximized in
35 iterations of the optimizer. The increase in the amount of iterations was due to the
complex nature of the flexible optimization. For the rigid optimization only the
aerodynamic design variables had an effect on the aerodynamics; however for the flexible
wing the changes in the structures affect the aerodynamics as well. This resulted in a
more complicated mathematical model with more local maximums. Another difference
between the rigid and flexible wing optimizations is that the flexible wing resulted in a
higher range when compared to the rigid case. This is not what was initially expected

because the flexible wing was thought to have worse aerodynamic characteristics than the
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rigid wing and thus result in a decrease in the overall range. The change in the
aerodynamic properties of the flexible wing did result in worse aerodynamic properties
when compared against the rigid case. This can be seen when comparing the pressure
distributions on the rigid and flexible wings as shown in Figure 5-15. The total amount
of lift that is created by the flexible wing is decreased when compared against the rigid
wing. This is due to the negative pitch of the wing tip that decreases the local angle of
attack for the outboard wing sections. This is most evident when considering the
pressure distribution at the 90.56% semi-span station. The increase in the overall range
was found to be due to the increase in the fuel capacity of the wing as a result of the
chiange in the stresses for the flexible wing. Details concerning this are discussed later.
The aerodynamic design variables found optimal points that are different than the
rigid wing case. The sweep of the wing could no longer be maximized because of the
need to enforce the lift equals weight constraint. Increasing the wing sweep will help
improve the L/D characteristics of the wing but it will also decrease the total lift
generated by the wing. Consequently, in order to increase the lift of the wing so that the
lift equals weight is satisfied the wing sweep could not be maximized. The remaining
design variables, namely span and root chord, were set to also help match the lift equals
weight constraint. The overall lift equals weight constraint convergence can be seen in

Figure 5-14. The L/D characteristics of the wing were found early on in the optimization
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Figure 5-14: Flexible wing convergence of lift equals weight constraint
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Figure 5-15: Pressure distribution of the optimized rigid and optimized flexible wing shapes
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process as seen in Figure 5-16. The small perturbations in the convergence are because

of the small aerodynamic changes due to the structural variables and the changes in the

wing sweep.
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Figure 5-16: Flexible wing convergence of lift-to-drag ratio

The increase in the aircraft range is primarily due to the increase in the amount of
fuel that is carried in the wing. The increase in the amount of fuel is a result of how the
stress is calculated during the optimization. For the rigid case, only one maximum stress
is possible and for the flexible case there is a stress for each of the static aeroelastic
iterations. For example, the first static aeroelastic iteration will have a higher stress than
the converged static aeroelastic solution because of the differences in the wing deflection.
For the flexible wing optimization the stress from the converged static aeroelastic
solution is used for the stress constraint. This allowed for the possibility to make the
wing larger than the rigid case and thus have more fuel capacity.

The structural design variables converged to different values than the rigid case
but kept the same trends. For example, the upper skin was higher than the lower skin and
spar thickness was higher than both. The spar thickness was maximized because of the
need to decrease the amount of wing bending and wing twist and thus minimize the affect
on aeroelasticity. The stringer variables were set to maximize the inertia of the stringers
and thus minimize the stress. The structural taper for the flexible wing was not
minimized for this case in order to help increase the wing inertia and help minimize the

aeroelastic effects.
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The convergence of the stress, as seen in Figure 5-17, contains more perturbations
than the rigid case because of the effect that the wing flexibility has on the stress. The
overall wing weight converged, as seen in Figure 5-18, to 11,311 kg which is higher than
the wing weight that was found for the optimal rigid wing. The increase in the wing
weight was primarily due to the increase in the overall wing plan form area. It is
interesting to compare stress convergence and the wing weight convergence graphs
because in combination they reflect each other. For example, the wing weight in the
early iterations steadily decreases and consequently the stress increases due to smaller
structures. Interpretations beyond this example are difficult because of the coupled

nature of the system.
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Figure 5-17: Flexible wing convergence of stress constraint
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Figure 5-18: Flexible wing convergence of total wing weight






Chapter 6

Conclusion and Future Work

The purpose of this thesis was to determine the differences between rigid and
flexible optimized wing shapes while considering high-fidelity aerodynamics and high-
fidelity structures simultaneously. For the high-fidelity aerodynamics analysis, FLUENT
was chosen and used to obtain pressure distributions along the wing. For the high-
fidelity structural analysis, a finite element model was created in ANSYS to obtain the
structural responses of the wing.

In order to take both the acrodynamic and structural disciplines into consideration
MDO was implemented. After an extensive review of the five main MDO architectures
it was found that the MDF method was the simplest and could be used for the
optimization of the high-fidelity wing. In order to use the MDF architecture a method of
coupling the high-fidelity analysis packages together was developed. Using MATLAB as
a wrapper a computational static aeroelastic solver was developed that can find the static
wing shape of any wing configuration. It was found that the wall clock time to solve the
static aeroelastic problem could be sped up using the following techniques. The
implementation of an under relaxation factor could be used to help remove the
oscillations in the solution and also speed up the convergence. A second method of
speeding up the solution was to use non-converged CFD solutions to get approximations
of the structural response for early static aeroelastic iterations. A fully converged CFD

solution only needs to be solved on the last static aeroelastic iteration.

77
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The computational static aeroelastic solver was combined with the MDF-MDO
architecture and SQP was used as an optimizer. Optimizer was given the task of
maximizing the range of the aircraft based on the Breguet range equation by changing the
wing shape. Optimizations were performed using several aerodynamic and structural
design variables on rigid and flexible wings. The design variables were chosen such that
as much freedom was given to the optimizer to choose the optimal wing. The optimizer
was successful in finding optimal wing designs for both the rigid and flexible cases. The
optimal range for the rigid and flexible wings was found to be 10,224 km and 11,292 km
respectively. Overall, it was found that for the optimization to be successful using
gradient based optimizers, the most important aspect of the entire process is the accurate
calculation of the sensitivities. If the gradients of the design space cannot be calculated
properly then the entire optimization will not be successful.

There are many things that can be done to improve the accuracy of the work that
is done for this thesis, as this is just a first step in a complex process. The first thing that
can be done is to increase the CFD grid density, to allow for a more accurate pressure
distribution to be calculated. It would also be of interest to improve the methods of
mapping the CFD grid to the FEM mesh, and improve the method of calculating the FEM
nodal forces. To help fix both of these problems a NURBS surface should be used for the
transfer and application of the forces. The NURBS surface would allow the forces to be
applied to any node while maintaining load conservation. It would also be beneficial to
create a more robust automatic CFD grid maker so a grid of maximum quality could be
created for any wing configuration. In addition, a dynamic mesher could also be
implemented to automatically change the shape of the aeroelastic wing, while
maintaining grid quality.

The next step in high-fidelity optimization is to expand the number of design
variables that are optimized. Increasing the number of structural design variables to
include sizing parameters for each of the structural elements would be interesting because
a more detailed structure could be designed. Additionally, the number of aerodynamic
design variables should be increased. Adding a design variable for wing twist would
allow for a more realistic aeroelastic design. It would also be interesting to create several

design variables for each airfoil section along the wing. This way each airfoil section on
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the wing will be different and a true aerodynamic optimum could be found. A separate
study should be completed where changes in the optimization constraints are made. This
would help determine the effect that the constraints have on the optimized wing
configuration. For example, it would be good to compare wing configurations where the
lift equals weight constraint is not included. Finally, it would be beneficial to attempt to
use these methodologies for wing optimization for off design cases. For example, it
would be good to know how the wing design would change when it is designed for an
entire mission.

The future of reliable high-fidelity optimization depends on decreasing the
amount of numerical noise that exists with CFD calculations. A method to decrease the
amount of noise is to increase the CFD grid density. This will decrease the amount of
low amplitude high frequency noise that the CFD analysis has. Another approach to
decrease the amount of noise is to introduce the use of response surfaces to effectively
filter the noise from the CFD.

In the future it would be interesting to take a step back and resort to intermediate-
fidelity models and apply the IDF and CO MDO architectures. Researchers in this field
have yet to successfully apply the IDF method or the CO method for intermediate/high-
fidelity wing optimization. This is an extremely challenging topic because of the task of
matching piecewise lift, drag, and moment values along the wing. Using intermediate-
fidelity will allow the optimization to converge quicker versus high-fidelity and thus
allow optimization changes to be made more rapidly. Unfortunately, the decoupled
natures of both the IDF and CO methods cannot be taken advantage of at this time for
applications in high-fidelity optimization until the time required to calculate the
aerodynamic sensitivities has drastically decreased.

The key to an efficient gradient based optimization is accurate and timely
derivative calculations. It would be beneficial to introduce different fidelity models into
the optimization procedure and test the speed and accuracy of the derivative calculations
using the lower-fidelity models. Another alternative is to take advantage of using the
global sensitivity equations or the coupled-adjoint method for efficiently calculating

sensitivities.
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In addition, a piece of software should be created that can be used to graphically
view the optimization procedure. It would be good if the software had the ability to
optimize a wing based on different MDO architectures and give the user plenty of choice
in choosing design variables.

Lastly, the future of flight will depend on highly efficient aircraft that will be able
to change shape while in flight. This type of optimization could be combined with
morphing wing technology and smart structures to perform wing optimization in real
time.  Adapting fast optimization schemes to these technologies has the potential to

drastically improve aircraft performance.
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Appendix A

MDO Numerical Examples

The simple problem that is used as an MDO example is taken from Perez et al.
[23]. The analytic problem shown below contains two different disciplines that are
described by y; and y,. They are coupled to each other and linked to the overall objective

function. The example can be written mathematically as,

min  f=x+x+y +e”

gl=(_y_l_J_1_>_()

st ¢—-10<x, <10
0<x,<10
0<x,<10

(A-1)

where :
{ Y2 =\/371+x1 + X3

This formulation of the problem can be used directly for the MDF method and
changed slightly for the IDF and CO methods. The variables defined by x are the global
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optimization variables and the variables defined by y are the coupling variables between

the two disciplines.

A.1 MDF Numerical Example

The following section will describe a step by step method of the implementation
of MDF using the problem that was defined above. To begin the optimization the initial
values must be chosen that satisfy a feasible design. For this example the values that

were chosen are;

x, =1, x, =5, X, =2

The initial values are used to obtain a multidisciplinary feasible design by solving a
system of non-linear equations to obtain feasible coupling variables. This is usually
called a system analysis and typically done using Gauss-Seidel procedure (fixed point

iteration). For the example above the coupling variables are given by:

» =x+x, +x,—-02y, } »=1+5+2-0.2y, } », =8-0.2y,
- -
y2=\/;1-+x1+x3 Yy =/ +142 Ya=In +3

The Gauss-Seidel iterations converge to the following coupling variable values:
», =6.88, Y, =5.62

The reason this MDO method is called multidisciplinary feasible is because for each
iteration of the optimization there is a feasible design being optimized. The next step is
to evaluate the objective function based on the calculated coupling variables (y; and ¥2)
and the selected x variables. For this example a SQP algorithm was used and yielded

new x values of:

The x values are compared to the previous iteration, and if they are found to differ by
more than a predetermined & amount then the MDF procedure has not converged. They
can be used on the next iteration as the new feasible design point and the procedure will

begin again. If the x values are less than the predetermined & amount then the MDF

— ——

—_— . ——— — o ——— —— e
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procedure is converged and the optimization is over. For this example the MDF

procedure converged after five iterations and resulted in the following optimal points,

x, =1.9776, x, =0, x;=0
y, =3.16, y, =3.7553

which match the optimal points given by Perez et al [23].

A.2 IDF Numerical Example

The following section will describe a step by step method of the implementation
of IDF using the problem that was defined above. The first step in this MDO method is
to add additional design variables for optimization and to add additional constraints for
the new design variables. Two new surrogate design variables called xy; and x,, are
introduced with two additional equality constraints. The new optimization problem looks
similar to the problem seen in equation (A-1) except for the inclusion of the surrogate

design variables. The new mathematical formulation is,

min - f=x+x+x,+e

r
g =(L)_120

St 9%, =y, =0
-10<x,<10
0<x,<10
0<x,<10

(A-2)

V=X X, +x,-0.2x,,
where :
¥, =,/xy, +Xx, +x,
At the beginning of this optimization the values of the design variables are

initialized to the following,
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x =1, x, =5, x;=2 x,, =10 x,=4

Now the disciplines can be solved directly and a complete system analysis can be

avoided.

Yi=X X, +x 0.2, N =1P+5+2-02x4 » =720
- -
V2 =,/xy, +x, +x, ¥, =410 +1+2 y, =6.16

The optimizer now ﬁses the y; and y, values to optimize for the design variables that were
identified above. Each discipline, namely y; and y,, satisfy individual discipline
feasibility upon each iteration and they only have complete multidisciplinary feasibility
on the last iteration. Overall the optimization process will continue until all of the
constraints are satisfied and multidisciplinary feasibility is achieved. The first iteration of
the optimization (again SQP) procedure resulted in the design variables having the

following values,

x, =3.25, x, =0, x; =0.54 x,=4.71 x,, =6.64

The IDF converged after seven iterations but is computationally less intensive because
there is no need for system analysis. The optimization converged to the same values at
the MDF method.

x =19776, x,=0, x,=0
y,=3.16,  y=3.7553

A.3 CO Numerical Example

The complete collaborative optimization formulation for the numerical example
described above can be seen in Figure A-1. The system level optimizer uses global
variables identified by Z with a subscript that identifies which local variable or coupling
variable it is optimizing. This is done to make the architecture clearer. The system level
constraints are simply the J values from discipline one and discipline two being set equal
to zero. The subspace optimization routines are set with the task of matching the global Z
values while satisfying the local constraints and analysis. The starting global Z values,

given next, and are the same as with both the MDF and IDF methods.

—— —— — e — | —
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System Level Optimizer A
Z(Z452,) Min: Z% +Z,, +Z, +e 2(Z.:2,)
> S.T. J] =0 €
Jl Jz =0 J2
Subspace Optimizer #1 Subspace Optimizer #2
Min:

Min:
L&) = = Z ||+ - Zo |+ SO = [ = Z ||+ % - 2|+

bes = Zosll+[vi = 2|+ s - 2, i =z + s -2,
S.T.: 'g1=1—(y%16)50 S.T.: g2=(y%4)—150

x'=(xl"x;’x;’y;) ' x'=(x1”x;’y1,)
M
Y

Analysis #1 Analysis #2
i =x+x,+x;-02y)

¥y =y +x| +x

Figure A-1: Example of CO problem formulation

le =1’ Zx2 =5’ Zx3 =2

Z,=10, Z,=4

The subspace optimizers must now independently match these values that the system

level optimizer has set out. For the first iteration, discipline number one yielded design
variables values of]

x, =1.7715, x, =5.2178, x; =2.2177
y =10, ¥, =3.9565
with a J; value of,

J, =0.7393

For the first iteration, discipline number two yielded design variable values of,

x; =0.2852, x, =50, x;=12852
¥ =9.8863,  y, =40



94 APPENDIX A. MDO NUMERICAL EXAMPLES

with a J; value of,

J, =1.5455

The next step is to pass the values of J; and J; to the system level optimizer to see if the
interdisciplinary compatibility constraints are satisfied. For this iteration interdisciplinary
compatibility constraints are clearly not satisfied and another iteration must be done and
the global optimizer must choose a new Z vector. This process must continue until both
values of J; and J; are zero (10™'). Upon convergence both discipline one and discipline
two will yield the same design variable values. _

The entire optimization process achieved convergence after approximately 288
function evaluations. However, at 50 function evaluations there is very little change of
the design variables. The extra function evaluations are used to satisfy the equality
constraint to 102, The convergence of the problem can be seen below in Figure A-2.
Figure A-2 a. shows the complete convergence of the optimization. Figure A-2 b. is a

zoomed shot of the convergence to function evaluation 150.

Convergenice of CO fumerical exampl Convergence of CO numerical example

20 ; . . . 0 . .

150}
-3 10} 3
s 3
5 5.

at vk
) 0 T R T 20 il 100 % 100 150

Function Evalustion Function Evaluation

Figure A-2: a. Convergence of numerical example. b. Zoomed convergence

From these figures it is clear that the value of the function value changes very little after
function evaluation 50. Overall, the optimization converged in 34 system level
optimization iterations. The optimization converged with global design variable values
of,

_ —,—— -
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Z,=197732,  Z,=000129, Z,=0
Z, =316, Z,=3.7553

which is close to the values that were obtained by Perez et al. [23] and the MDF and IDF
methods. The only difference was that the value of x; did not completely converge to

ZE€ro.






Appendix B

MATLAB Wrapper

In order to facilitate the use of several different software packages a wrapper was
created within MATLAB that would be able handle all of the input and output files that
are created by GAMBIT, FLUENT, and ANSYS. The MATLAB wrapper can be broken
down into three main modules that control the CFD and FEM model geometry and the
CFD and FEM interactions. The first module is able to write a GAMBIT journal file
code to create the geometry. It is also capable of automatically creating a grid around the
wing while taking into consideration grid continuity and grid skewness. The second
module is capable of writing FLUENT journal code that changes the solving parameters
based on the user inputs. It controls the CFD while monitoring the residuals and the
solution convergence. Finally, it also exports the necessary pressures at user defined
intervals along the wing for use in the FEA. The last module controls the ANSYS inputs
and outputs. It creates an ANSYS input file that builds a wing with N number of ribs and
M number of stringers and assigns the proper element type and thickness. It is also used
to apply the aerodynamic forces to the structural model and perform the automatic
meshing of the wing. All of these modules are linked via the MATLAB wrapper that
calls these modules in a specific sequence. The sequence of module calls performs the
static aeroelastic analysis by coupling the aerodynamic load and structural displacement

data. The following section outlines how the wrapper was created, how each software
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package uses some of the data given to it, and gives detailed information about the flow
of data. Overall, this section provides details concerning the use of all of the high-fidelity

software packages used for this research.

B.1 GAMBIT Module
B.1.1 Interfacing with GAMBIT

The GAMBIT module was created to automatically generate the 3D wing
geometry and to perform the grid generation around the wing. The ability to
automatically generate a new 3D wing shape based on the optimizer input was crucial for
a successful optimization. In order to interface with GAMBIT a journal file needed to be
created that contained a listing of commands that will be used to create and mesh the
geometry. Obtaining the commands that are required to do a specific job is easy to obtain
in GAMBIT. When using the GUI in GAMBIT all of the equivalent text commands are
recorded in a journal file. Once the file has been finished using the GUI, the journal file
can be run to repeat the process if desired. Sometimes the user will be required to
manually type the commands into a text file. This is because some commands are not
available from the GUI. In addition to this, the journal must be able to read in arrays of

data. This is critical for reading in airfoil coordinates and creating the wing shape.

B.1.2 Journal Code Example Command

The following example provides a brief introduction to a few of the commands
that can be used to manipulate data using the GAMBIT joumnal file. To start, it is
assumed that a data array has already been inputted into GAMBIT in the variable $fc that
contains all the data points needed to create an airfoil. The next step is to create all of the
vertices that will make the airfoil shape. This can be done by using a “do”” loop within
the GAMBIT journal. Note that this needs to be entered manually and normally does not
use the GUL The set of commands to call the “do” loop and create all the airfoil vertices

is as follows.

/do para "$x" init 1 cond (8x .le. $num_of vert) incr (1)
/vertex create coordinates $fc[1,8x] $fc[2,9x] 8fc[3,3x]
/enddo
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The variable ‘$x’ is a numerical counter that is used to count indices. The condition
given by the command ‘cond’ uses a FORTRAN symbol of ‘/e’ or less than/equal that
determines when the loop should exit. The command ‘incr’ sets the amount that Sx
should be incremented during each loop. The second line is the command that creates
vertices in GAMBIT, which can be easily obtained from any GAMBIT user manual.
Finally, the last line simply ends the “do” loop. This is just an example of a typical

command and many more commands contained in the GAMBIT environment.

B.1.3 Calling GAMBIT from MATLAB

Once the entire GAMBIT file has been created and is error free, it can be used to
create the desired model nearly instantly. GAMBIT has an excellent batch mode that
runs completely in the background on either Windows or UNIX work stations. To call
GAMBIT in batch mode in the UNIX environment the following command should be

used.

/path/gambit -id sessionname -inp input.jou > output.out
Similarly, the batch mode can be called in Windows using:
c:\path\gambit -id sessionname -inp input.jou > output.out

The path identifies the location of the GAMBIT executable file on the local system. The
term ‘-id sessionname’ identifies the name of the current session. The term ‘-inp
inputjou’ forces GAMBIT to run in batch mode and calls the identified journal file.
Finally, ‘> output.out’ contains any errors may occur during the current run. The output
should be empty at all times, and if it is not then the journal file was not made correctly,
and changes need to be made.

When GAMBIT is required to be called from MATLAB, it is necessary to use the
MATLAB ‘system’ command. To call GAMBIT in batch mode from the Windows

MATLAB environment the following command must be used:

system(‘c:\path\gambit -id sessionname -inp inputjou > output.out’);
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Once this command has been implemented MATLAB will be locked until the current
‘system’ command has been completed. If GAMBIT is being used in a default setting the
entire journal file will be echoed back the MATLAB workspace. To prevent this from
happening the default setting for GUV/transcript must be changed from 1” to ‘-1’ within
the GAMBIT environment.

B.2 FLUENT Module
B.2.1 Interfacing with FLUENT

The FLUENT module was created to solve the CFD and to output important
information about the grid and the pressure distribution around the wing. Because a lot
of the information used in the CFD solver can be changed by the user, a MATLAB
function was made that can write journal files to implement theses changes. For
example, the user can change the number of span wise stations to output the pressure
distribution or even angle of attack. To output these pressures requires a different journal
code each time a new station is needed to be outputted. In addition, the journal file also
controls the output of the CFD grid for use in the mesh mapping function. In order to
make the FLUENT journal file, the journal commands must be entered in a specific
order. Even one single blank line can cause an error and make the file crash. To find the
required journal commands is quite easy because FLUENT can be used in the GUI mode
or the text mode (typing the required commands) simultaneously. When using the text
mode all of the options are given and the desired command can be typed and the results
seen immediately. Another method of obtaining the journal command is to use the
function within FLUENT that can record the mouse clicks in the GUI mode and return

the equivalent journal file.

B.2.2 Journal Code Example Command

The following is an example command that is used within this research to create a
span wise station along the wing to export the pressure. For this example, it is assumed
that the span of the wing extends in the z-direction and the top portion on the wing is

identified in FLUENT by ‘wingtop’. To create the span wise station the ‘iso-surface’
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command must be used to identify the location of the station. The following is an

example of the required commands,

iso-surface

z-coordinate

z=20.37top

wingtop

20.37
The command ‘iso-surface’ opens the station creation function. The ‘z-coordinate’
identifies that the station should be made in the z direction, ‘z=20.37t0p’ is the name of
the station that is being made, and ‘wingtop’ identifies where the data should be taken
from the local station when exporting. Finally, the distance the station is along the span
is given by ‘20.37°. To export the pressures to a file from this station the following

commands can be used.

export

ascii
pressure.out
z=20.37top

The command ‘export’ enters the exporting function and ‘ascii’ prepares FLUENT to
export an ASCII text file. The file name that the pressure should exported to is called
‘pressure.out’, with the pressure data coming from the previously created station

‘z=20.37top’.
B.2.3 Calling FLUENT from MATLAB

FLUENT can be called in a batch mode and solved while in the background using a
journal file to control the solution process. The commands to call FLUENT in batch
mode are very similar between Windows and UNIX environments. When calling
FLUENT in batch mode while in UNIX, the FLUENT program runs entirely in the
background and when FLUENT is called in Windows the program is visible and solution
can be viewed. Each system has its own pros and cons. The command to call FLUENT

in batch mode while in the UNIX environment is,
/path/fluent 3d -g < journalfile.jou > output.out
The Windows equivalent command is,

\path\fluent 3d -g -i journalfile.jou -o output.out



102 APPENDIX B. MATLAB WRAPPER

It can be seen that ‘<’ and ‘-’ as well as ‘>’ and ‘-0’ are equivalent commands. The
command ‘journalfile.jou’ is the file that should contain all of the required commands to
solve the CFD equations and ‘output.out’ is where echoed data from FLUENT is
dumped. If FLUENT needs to be called from MATLAB the following command should
used:
system(“\path\fluent 3d -g -i journalfile.jou -0 output.out’);

When this command is implemented, FLUENT will be called and the current problem
solved. However, if there is an error in either the mesh file or the journal file, FLUENT
will report an error and will stop the solution. If this happens, MATLAB will not regain
control until FLUENT has been exited manually.

B.3 ANSYS Module
B.3.1 Interfacing with ANSYS

In order to successfully perform optimization using a high-fidelity tool such as |
ANSYS it is necessary to create an interface to control the flow of information. Within
ANSYS there exists a command language called ANSYS parametric design language
(APDL) that can perform any task that the GUI can. Using this language, it is possible to
control the geometry creation, meshing, solving, and post-processing of the analysis. The
following section details a few of the commands and processes that were used during the
aeroelastic analysis.

ANSYS can be used in two different modes. The first is the GUI that gives the
user the ability to see the changes that are being made. The second mode is the ANSYS
batch mode that reads a FORTRAN based text file that performs all of the necessary
commands in the background. This is known as the APDL. In order to use the batch
mode the user is required to create a text file that controls the model creation. Creation of
this file is not a trivial task, and for complex analysis and geometries APDL should only
be used by an experienced ANSYS user.

When using ANSYS in the graphical mode one can simply click on the
commands that the user wishes to perform. Each of these commands is stored within a

log file that the user can read. Performing a task in the GUI and referring to the log file
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can reveal the text command that can do the equivalent when ANSYS is run in batch
mode. For example, if the user wishes to create a key point with coordinates at (1, 3, 4)

the command K, ,1,3,4 should be entered.

B.3.2 APDL Example Command

The following is an example of how to read in a series of points into an array in
ANSYS. For this example a list of coordinates that define the shape of an airfoil is used.
If all of the airfoil coordinates are stored within a plain text file it is necessary to input
these points into ANSYS in order to create the airfoil. The first command that should be
implemented is to define a 2-D array that is of the required size. This is done ﬁéing the

following command.

*DIM,arrayname,, numrows,numcols

The next step is to read the airfoil coordinates into the defined array. This is done using

the ‘vread’ command. Using this command requires three lines of text.

*VREAD,arrayname(l, 1) filename fileextension, JIK,numcols,numrows
(3F16.9)

*stat,arrayname(1,1)

The first line reads the data from the file ‘filename.fileextension’ that has the size of
‘numcols’ and ‘numrows’. The second line defines the format that should be used when
the file is read. The number before the F defines number of pieces of data in each row.
The numbers after the F defines the number of digits before and after the decimal place
respectively. For a specific listing of commands and how they are used please refer to

Ref. [86] or Appendix C to view the aeroelastic ANSYS input file.

B.3.3 Calling ANSYS from MATLAB

After the entire input text file is created it can be used to run ANSYS in batch
mode. Running ANSYS in batch mode is a simple task if the input file has been created
properly. For both UNIX and Windows based systems the commands are very similar.

The UNIX command is the following,
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/path/ansys_executable —b —p ansysproduct —i inputfile —o outputfile
- The Windows equivalent command is:
C:\path\ansys_ executable —b —p ansysproduct —i input file —o outputfile

the path is where the executable is found within the designated system. The ‘-5’
indicates that ANSYS should be called in batch mode. The ‘—p ansysproduct’ indicates
which product should be used when ANSYS is loaded. The ‘—i’ and ‘—o’ are the input
and output files respectively. The input file should be the input text file that contains all
of the required ANSYS commands for the analysis. The output file will contain all of the
information that is usually echoed back via the command screen. This will also include
any errors that are found within the current analysis.

Sometimes it is necessary to call ANSYS directly from MATLAB so updated
parameters can be used to update the geometries in the batch file. To call ANSYS from
MATLAB the above batch mode commands can be used along with the built in
MATLAB function ‘system’. The command should be entered as follows.

system(‘C:\path\ansys_executable —b —p ansysproduct —i input file —o outputfile’);

When this command is implemented, MATLAB will pause while ANSYS runs in
the background. Once ANSYS is finished the control switches back to MATLAB so the
remaining script can run. Running ANSYS from MATLAB can be helpful when many
runs of one simulation are required. For example, the aeroelastic wing that is being
considered here has many geometrical input requirements that change from one function
evaluation to the next. One function evaluation may require a sweep and taper
combination of 25 degrees and 0.4 respectively and the next may require 5 degrees and
0.8. Overall, the ANSYS input file must be robust enough to handle all of the different

changes that the optimizer can possibly require.

B.4 MATLAB Wrapper Data Flow

The entire MATLAB wrapper consists of a many input and output files that are

used to control the aeroelastic coupling process and optimization. This section details
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how each piece of data interacts with one another. These interactions can be seen in the
flow chart contained in the following pages. The flow chart contains specific symbols
and colors that represent certain events and files. The meaning of the symbols that are

used in the flow chart can be seen in Figure B-1.

Q. & L )

Outputted data file File that was currently made and to be used later
File that is currently being used Indicates external (non MATLAB) function called

Figure B-1: Symbol identification for MATLAB wrapper flow chart

The colours that are used in the flow chart represent which program is to use or is using
the current file. In addition, some sets of symbols are surrounded by a lightly coloured
box that represents which module the files are used in. The colours and their meaning

can be seen below in Figure B-2.

® 6 & e

MATLAB file GAMBIT file ANSYS file FLUENT file Data file
Figure B-2: Colour identification for MATLAB wrapper flow chart
In addition to the colours and symbols there are also solid and dashed lines that show the
flow of the data. The solid lines are use to represent the direct flow of data, and the
dashed lines are used to make the tracing of file creation and usage easier.

The first thing that the wrapper does is to initialize all of the geometrical design
variables that are used within the analysis. Updating of the geometrical design variables
is usually done by the optimizer. The next step is to create the vertices that make up the
airfoil shape and then format the file so that the geometry is compatible with both
GAMBIT and ANSYS. The function that creates all of the APDL code that makes the
FEM model in ANSYS is called and then followed by ANSYS itself. The outputs from
this first ANSYS call are required because they are used to create the wing geometry in

GAMBIT. The GAMBIT geometry is now made using a series of MATLAB functions
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that interpret the ANSYS data and prepare it for use in GAMBIT. Now the FLUENT
journal file is created via a MATLAB function followed by the calling of GAMBIT to
create the CFD geometry. Once GAMBIT is done running the exported mesh is used in
FLUENT and the CFD solution is found. The data files exported from FLUENT are then
used to calculate the forces on the wing and map the CFD grid to the FEM mesh. The
next step calls the second ANSYS function where the previously generated FEM mesh
file is loaded. The structural response of the wing is outputted and used to make the next
GAMBIT geometry. This process continues until static aeroelastic convergence and

optimizer convergence is obtained.
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FILE NAME

FILE TYPE

MADE
IN

CALLED
FROM

DESCRIPTION

aeroelastic_model.msh

FLUENT

GAMBIT

FLUENT

After GAMBIT has created the
geometry the mesh is exported to this
file so FLUENT can load and solve the
case.

GAMBIT

N/A

GAMBIT

This is the main powerhouse of the
Gambit portion of the simulation. It
calls all of the other journal files and
creates the far-field and wing
geometries and meshes everything.
Scaling is used to ensure that the
mesh quality doesn't change very
much from one geometry to the next.

aeroelastic_model xy coords.xy

aeroelastic_model sweptdisp.jou

DATA FILE

FLUENT

MATLAB

This is a file that is an output from
FLUENT that contains all of the nodes
from the wing surface.

aeroelastic wrapper.m

MATLAB

N/A

N/A

This file controls the overall flow and
coupling of the aeroelastic wing. It
calls nearly all of the main MATLAB m
files. It calls ANSYS, GAMBIT, and
FLUENT.

airfoil_tc_changer.m

MATLAB

N/A

N/A

Both ANSYS and GAMBIT require
data points to make the overall airfoil
shape. This function provides the
required data points for any NACA 4-
Digit series foil. The number of data
points is controlled by the user.

airfoilwingbox.db

ANSYS

ANSYS

ANSYS

When airfoilwingbox_swept2.in is
done it saves the ANSYS file to this
file. This is done so the nodes and
mesh can be exported for use in the
Mesh_matcher.m. This file is then
loaded by airfoilwingbox_swept2_2.in
and the loads are applied.

airfoilwingbox_swept2.in

ANSYS

N/A

ANSYS

This where the geometry in made and
meshed. It also outputs data that is
used for Mesh_matching.m. It saves
the session to airfoilwingbox.db

airfoilwingbox_swept2 2.in

ANSYS

N/A

ANSYS

The file airfoilwingbox.db is loaded
and the corresponding loads and
applied and the solution is found. This
will then output the deformed shape of
the wing, the stresses, and wing areas
to output files.

allpressures.out

DATA FILE

FLUENT

MATLAB

A file created by FLUENT that
contains the discretized pressure
distribution along the wing.

ansys_airfoil.in

ANSYS

MATLAB

ANSYS

This is the file that contains ANSYS
APDL language that creates the 2-D
airfoil shape and connects the data
points with a spline curve.

ansys_airfoil.m

MATLAB

N/A

N/A

This function takes the airfoil shape
made from aifoil_tc_changer.m and
creates a file called ansys_airfoil.in
that contains ANSYS APDL language
that creates any 2-D airfoil shape.

ANSYS geometry.in

ANSYS

MATLAB

ANSYS

This is a small file that holds the
simple geometric data for ANSYS to
use when created the 3-D wing model
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This is a file created by MATLAB that
has each ANSYS real constant
defined and the corresponding
element thickness. This is used in
combination with wing_areas.txt to
ANSYS LocThick.in DATAFILE | MATLAB | MATLAB calculate the mass of the wing.

This is an ANSYS file that contains all
: of the nodes from the meshed FEM
ansys_nodes_botsurf.txt DATAFILE | ANSYS MATLAB model bottom surface of the wing.
This is an ANSYS file that contains all
of the nodes from the meshed FEM
ansys_nodes_topsurf.txt DATA FILE [ ANSYS MATLAB model top surface of the wing.

This the main ANSYS file that creates
the wing shape and creates the
necessary number of ribs and
stringers. This is the most delicate
ansys_stringer.in ANSYS MATLAB | ANSYS function in the entire simulation.

A file used by ANSYS that contains a
node number and a corresponding x
any y force that is applied to the
botforces.in DATAFILE | MATLAB [ ANSYS bottom of the wing.

This is a file that ANSYS reads so it

) knows how big to define the force
CFDpts.in DATA FILE | MATLAB [ ANSYS martices.

This is version 3 of this file. It writes a
FLUENT journal file that sets up the
problem. All aspects of the FLUENT
solution are controlled from this file. It
writes the FLUENT journal file
Fluent_division_maker3.m MATLAB N/A N/A fluent_export_press.jou

This file loads the mesh created by
GAMBIT sets up the initial conditions
and solves the wing until
convergence. It saves all coefficient
data and outputs the pressure
distribution along the wing to
allpressures.out. It also outputs the
locations of all of the nodes along the
wing in

fluent_export_press.jou FLUENT MATLAB | FLUENT aeroelastic_model xy coords.xy.

This file takes all of the cell centred
pressures from allpressures.out and
uses the calculated element areas to
convert the pressure for forces. Then
uses the cell normals to convert the
forces into x and y forces for

forcecalculator cellbased.m MATLAB N/A MATLAB application to the FEM model,
This is a journal file for Gambit that
gambit_foil.jou GAMBIT MATLAB | GAMBIT creates a 2-D airfoil shape.

This function takes the airfoil shape
made from airfoil_tc_changer.m and
creates two files called gambit_foil jou
and gambit_foil.fix.jou. Each file
contains Gambit journal file
commands that make a smooth 2-D
gambit_airfoil.m MATLAB N/A N/A airfoil in Gambit.

This file contains Gambit journal code
that loads the deformed shape of the
Gambit_displacement.in GAMBIT MATLAB | GAMBIT wing into Gambit.

This file uses the data loaded by
Gambit_displacement.in to create the
journal file gambit_nurb_create.jou
that can make vertices and draw a
nurbs line to form the entire deformed
LE and TE of the wing. The user has
the option of changing the number of
gambit_displacement.m MATLAB N/A MATLAB points to use to define the nurbs line.
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gambit_foil fix.jou

GAMBIT

MATLAB

GAMBIT

This is a journal file for Gambit that
connects the C-grid to the foil. This is
necessary because depending the on
the number of vertices used the LE
and TE vertices are labeled differently.
This takes those possible changes in
to account.

gambit_nurb_create.jou

GAMBIT

MATLAB

GAMBIT

This is a journal file for Gambit that
draws the NURBS line through data
points from the root to tip that defines
the deformed wing shape.

gambitgeo.jou

GAMBIT

MATLAB

GAMBIT

This file defines all of the geometric
variables for use in Gambit.

Input NC.m

MATLAB

N/A

MATLAB

Controls the input of several pieces of
data. Outputting data without headers
in ANSYS forces ANSYS to output
data for all elements or nodes. This m
file takes that data and returns only
data that is required. (i.e. Only nodes
from the LE or TE)

DATAFILE

ANSYS

MATLAB

Contains Von-Mises stresses from all
of the elements in the FEM model.

_keynodestr out

LE_node_disp.out

DATA FILE

ANSYS

MATLAB

This is a vector from ANSYS that
defines a displaced line from the root
to the tip for the LE.

LE_node_orig.out

DATA FILE

ANSYS

MATLAB

This is a vector from ANSYS that
defines an undeformed line from the
root to the tip for the LE.

make_ansys geo2.m

MATLAB

N/A

MATLAB

This file used to create the ANSYS
APDL code that will create a 3-D wing
in the shape defined by the user. The
user has control of all aspects of the
wing. It also defined the
corresponding real constants for each
individual areas.

make_gambit geo.m

MATLAB

NA

MATLAB

This creates the file gambitgeo.jou
that defines some geometric variables
for use in Gambit.

Mesh_matcher.m

MATLAB

N/A

MATLAB

The output from
forcecalculator_cellbased.m is the
forces for the top and bottom of the
wing in separate matrices. The mesh
matcher then will find the closest FEM
model node and assigns a
corresponding x and y force. All of
this is then save to two files for the top
and bottom of the wing call
topforces.in and botforces.in

nodal_disp_orig.m

MATLAB

N/A

MATLAB

This file reads in data files outputted
from ANSYS that define the shape of
the LE and TE of the deformed flexible
wing. This writes the Gambit journal
file gambit_displacement.in that loads
all of the points into Gambit.

Structure_DV.in

DATA FILE

MATLAB

ANSYS

A small file that contains all of the root
thicknesses that are chosen by the
user (or optimizer).

TE_node_disp.out

DATAFILE

ANSYS

MATLAB

This is a vector from ANSYS that
defines a displaced line from the root
to the tip for the TE.

TE node orig.out

DATA FILE

ANSYS

MATLAB

This is a vector from ANSYS that
defines an undeformed line from the
root to the tip for the TE.

topforces.in

DATAFILE

MATLAB

ANSYS

A file used by ANSYS that contains a
node number and a corresponding x
any y force that is applied to the top of
the wing.
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This is the file that contains the
vertices2.dat DATAFILE | MATLAB | MATLAB coordinates of the 2-D airfoil shape.
All of the areas in ANSYS and their
corresponding area (in m?) are output
here. This is used to calculate the
wing_areas.txt DATAFILE | ANSYS MATLAB mass of the wing.
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Example ANSYS APDL Code

FThhkhkhkkhhhkhhhkhkhhkhkhkhhkhkhkhkhkhkhhkhkkhkkkhkkhkkkkhkkkhkhkkhkkhkhkhkkkkkkhkkdkkkkkkkk

1
! dhkkhkkhkhkhkhkhkkhkkhkkkkhkkk MASC High Fidelity MDO *khkhkkkhkhkhkkhkkkkkkk
boxwkk By: Brian Leonard *okokx
I okxk ANYSY INPUT FILE #2 ok
!
! Version Changes Date
| e
1.0 Initial Full Working Version AUG 5, 2005
2.0 Changed the stress outputting AUG 25, 2005
3.0 Changed the displacement output
Changed the force application OCT 2, 2005

Fhkhhhhhhkhkhhkhhhhkhhkhkhhkhkhkhkhkhkkhkhkhkhkhkhhhkkhkhkhkhkhkhkhkkkkkkkkkhkkkkkk

INPUTS: - airfoilwingbox.db: ANSYS database that contains

the meshed wing

- CFDpts.in: file that contains the number
CFD forces to apply to the wing

- topforces.in: A file that contains a listing
of all nodes and corresponding
forces for top of wing

- botforces.in: A file that contains a listing
of all nodes and corresponding
forces for bottom of wing

OUTPUTS: - keynodestresses.out: Contains all the nodes and all

of the stresses
- wing_area.txt: All of the wing areas
LE_node_disp.out: A listing of all the deflected
nodes on the leading edge
TE_node_disp.out: A listing of all the deflected
nodes on the trailing edge

THIS FUNCTION LOADS THE MESHED WING AND APPLIES ALL OF THE FORCES
TO EACH NODE ON THE MODEL. THE BOUNDARY CONDITIONS ARE APPLIED

ST ST 0w tee s tem t= tem =ttt e tee em te= tem tme tm tee Sm= tem tew tem tee o= e sem omm
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AND THE MODEL IS SOLVED. IMPORTANT IMFORMATION IS OUTPUTTED
TO BE POST-PROCESSED IN MATLAB.

!
!
!
!
I kkkkkokok ok kok ok ok ok ok ok ok ok ok Ak ok ok o K Rk Rk ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok
/

BATCH !starts batch mode
RESUME, 'airfoilwingbox', 'db’',"'"',, !Loads the airfoil mesh

'this reads a file that contains the number
!cfd pts to be applied to the upper and
!lower surfaces

/INPUT, 'CFDpts', 'in',"'',1,0

/VIEW,1,1

1,1

/ANG, 1

/REP, FAST

/AUTO, 1

/REP, FAST

'Reads in the forces and the corresponding nodes
tand stores them in the array TF
*DIM, TF, ,CFDpts, 3

*VREAD, TF(1,1),topforces, in, ,JIK, 3,CFDpts
(3F16.3)

*stat,TF(1,1)

'Reads in the forces and the corresponding nodes
tand stores them in the array BF
*DIM, BF, ,CFDpts, 3
*YREAD,BF(1,1) ,botforces, in,, JIK, 3,CFDpts
(3F16.3)

*stat,BF(1,1)

/SOLU !starts the solution portions of ANSYS

!Applies all the forces to the nodes at specific intervals
*do,jj,1,CFDpts
/GO
FLST,2,1,1,0RDE, 1
FITEM, 2, TF (33, 1)
F,P51X,FX,TF (33, 2)
*enddo

*do,jj,1,CFDpts
FLST,2,1,1,0RDE, 1
FITEM, 2, TF (jj,1)
F,P51X,FY,TF (i3, 3)

*enddo

*do,j3j,1,CFDpts

/GO
FLST,2,1,1,0RDE, 1
FITEM, 2,BF (jj, 1)
F,P51X,FX,BF (33, 2)

*enddo
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*do,jj,1,CFDpts
FLST,2,1,1,0RDE, 1
FITEM, 2,BF (jj,1)
F,P51X,FY,BF (jj, 3)

*enddo

!Cantilevers the root
ASEL,S,LOC,Z,0
DA,ALL,ALL,O

!Solves the problem
/STATUS, SOLU
SOLVE

!Starts the post-processing of the model
/POST1

!Selects all the nodes to find the max stress
!and outputs them to an output file
ALLSEL,ALL

*VGET, stress,NODE, ,S,EQV, , ,2

*CREATE, ansuitmp

*CFOPEN, 'keynodestresses', 'out',' !

*VWRITE, stress(l), , , , , »

(1F15.5)

*CFCLOS

*END

/INPUT, ansuitmp

/prep7 !Enters pre-processor

ASUM !Calculates all area information

*VGET,areas,AREA, ,AREA, , ,2
*VGET, areasthick, AREA, ,ATTR,REAL, , ,2

/POST1 !Enters post-processor

!Outputs all of the wing area and the corresponding

!thickness to an output file

*CREATE, ansuitmp
*CFOPEN, 'wing areas’', 'txt',' '

*VWRITE, areas (1) ,areasthick (1), , , , , ,
(2F15.10)

*CFCLOS

*END

/INPUT, ansuitmp

ALLSEL,ALL !Selects all the entities

!Selects the LE and TE components then the nodes

CMSEL, S, LE
NSLL,R,1

117
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*VGET, S,NODE, 1,NSEL,, , ,2 !Gets the selection status

*VGET, x1,NODE,1,U,X, , ,2 !Gets the displacements in
*VYGET, yl1,NODE, 1,U,Y, , ,2 !Gets the displacements in
*YGET, z1,NODE,1,U,Z2, , ,2 !Gets the displacements in

!Outputs all LE edge deflected nodes
*CREATE, ansuitmp

*CFOPEN, 'LE_node_disp', 'out',"' '
*VWRITE,S(1),x1(1), yl(1), z1(1), , + + +
(4F20.10)

*CFCLOS

*END

/INPUT, ansuitmp

ALLSEL,ALL !Selects all the entities

CMSEL, S, TE

NSLL,R, 1

*YGET, S,NODE, 1,NSEL,, , ,2 !Gets the selection status
*YGET, x1,NODE, 1,U,X, , ,2 !Gets the displacements in
*VGET, yl,NODE,1,U0,Y, , ,2 !Gets the displacements in
*YGET, z1,NODE,1,U,Z2, , ,2 !Gets the displacements in

'Outputs all LE edge deflected nodes
*CREATE, ansuitmp

*CFOPEN, 'TE_node_disp', 'out',' '
*YWRITE,S(1),x1(1), y1(1), 2z1(1), , +» + +»
(4F20.10)

*CFCLOS

*END

/INPUT, ansuitmp

!Saves the results and exits
SAVE, 'airfoilwingbox_results','db’,'"',

the x
the y
the z

the x
the y
the z



	00001
	00002
	00003
	00004
	00005
	00006
	00007
	00008
	00009
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	00011
	00012
	00013
	00014
	00015
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	00018
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	00020
	00021
	00022
	00023
	00024
	00025
	00026
	00027
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	00032
	00033
	00034
	00035
	00036
	00037
	00038
	00039
	00040
	00041
	00042
	00043
	00044
	00045
	00046
	00047
	00048
	00049
	00050
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	00055
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	00100
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	00112
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