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The purpose of this research is to obtain optimized sailplane wing design, which contributes to better perfor-
mance in terms of range and endurance. This paper presents aerostructural design optimization using Multidis-
ciplinary Design Optimization approach (MDO). This is carried out using Open Aero Struct (OAS), an open-source
low-fidelity aerostructural analysis and optimization tool written in Python and developed in NASA's Open MDAO

framework. The aerostructural model in OAS coupled a Vortex Lattice Method for aerodynamic with a 1-D Finite-
Element Analysis for structure, to model the sailplane wing. An aerostructural optimization problem was formu-
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lated to minimize the Sink Speed, as the objective function, with varying twelve design variables, and subjected
to two constraints. An initial simple wing design is used as baseline for the optimization. The findings of the
aerostructural optimization indicated that the optimized wing exhibited improvements in both disciplines, result-

ing a better cross-country performance for the sailplane in terms of range and endurance. The optimized wing
achieved increase of 37% in endurance and 27% in range.

I. INTRODUCTION

Sailplanes are symbolic of aerodynamic efficiency. Many
factors contribute to this efficiency, yet the wing is the key
factor here. That is why the wing design is the focus of at-
tention for designers. Sailplanes are usually distinguished
by high aspect ratio wings in order to achieve high aero-
dynamic efficiency. At the same time, high aspect ratio
is challenging from structural point of view. Therefore,
such these inter-disciplinary considerations, call for special
design procedures to integrate the aerodynamic efficiency
with robust structure in single design. For this reason, the
integration between these two disciplines; structure and
aerodynamic should be considered and examined in the
early preliminary design stage of the wing. An early integra-
tion analysis and optimization lead to smoother transition
to the detailed design stage.
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II. SAILPLANE FLIGHT AND PERFORMANCE
A. Soaring and Gliding Flight

Gliding is the origin of flight, all the early attempts of flying
were powerless and mostly depended on wings that emu-
late the birds. Up to early 1900s, most of these attempts
did not last more than few minutes. However, they were
the inspiration for present sailplanes, which are capable of
flying for tens of hours and hundreds of miles without one
millilitre of fuel. This outstanding performance came as a
result of incorporating modern technologies and theories
in sailplane design. Soaring is heavier-than-air flight with-
out the use of thrust. As a result, only three forces act on
the sailplane; Lift, Drag and Weight (Figure 1). Although
a sailplane is not powered, there is still a need to obtain
thrust. It does this by converting the potential energy into
kinetic as it glides downward, trading height for distance.
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B. Sailplane Flight Performance

The performance of sailplane can be evaluated by its maxi-
mum range or maximum endurance. However, each one of
these two figures is related to performance parameter. The
maximum range corresponds to maximum glide ratio. At
the same time, maximum endurance corresponds to mini-
mum sink speed. In order to understand these parameters
better, we assume a sailplane at equilibrium (L = W), yields:

D =Wsin (v) (D

L=Wcos (v) (2)

Where D is the drag force, W is the sailplane weight, L is the
lift force, and + is the flight path angle, which in a steady
state glide called the glide angle. Dividing Equation 1 on 2:

tan(y)=D/L=CD/CL 3)

This angle is independent of the weight and its lowest value
corresponds to the higher L/D ratio:

L/D=CL/CD (4)

The lift-to-drag ratio is known as the glide ratio. This is the
most important parameter in sailplane performance. Most
sailplanes have maximum glide ratios between 20 and 50
and The corresponding glide angles lie between ~ 3 and 1
deg [1].

1) Gliding range: Assuming the sailplane descents from
initial height (h) to another height (hy), we can define the
glide range, R, as the horizontal distance a sailplane covers
between these two altitudes. It is calculated as following:

- L
p_m-h _C

~ tan(y) C’Tml ~h2) (%)

This equation states clearly that maximum range (Rpax) is
corresponded to maximum glide ratio (C'L/CD)max.

2) Gliding endurance: The glide endurance, T, is the time a
sailplane takes to descent between two given altitudes and
it is calculated as following:

Ah

Us

T:

(6)
The maximum endurance in still air is obtained by main-
taining the sink speed minimum [2, 3, 4].
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Fig. 1. Forces on a sailplane

With the assumption that the glide angle is small, the sink
speed can be written as following:

D D W CD
Vi=—V—_r-V—-—=,/—— 7
w L %psc% )

Where S is the reference area of the wing and p is air den-
sity. This equation, which relates airspeed with wing load-
ing (W/S) and drag and lift coefficients, is of fundamental
importance to sailplane performance analysis. To have min-
imum sink speed, both of the two quantities wing loading
(W/S) and CD/CL?/? should be minimum.

III. MULTIDISCIPLINARY DESIGN OPTIMIZATION
A. MDO Definition and Application

MDO is a field of engineering that focuses on the use of nu-
merical optimization techniques for the design of engineer-
ing systems, which involve multiple disciplines or subsys-
tems (e.g.,, Aerodynamics, Structure, Control, ...etc.). The
need for MDO came from the fact that the performance of
a multidisciplinary system is driven not only by the perfor-
mance of the individual disciplines but also by their interac-
tions. In the process of design optimization, a well-defined
optimization problem is one of the important roles of the
designer besides other important numerical choices.

B. MDO Problem Formulation

MDO problem formulation is the selection of design vari-
ables, constraints, and objectives. Normally, this is the diffi-
cult part of the optimization.

1) Objective function: The objective function, f, is the nu-
merical value that is to be maximized or minimized. The
choice of objective function is governed by the nature of
problem. Many methods work only with single objective.
For the case of this research, the objective function is
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aerostructural objective, the sink speed. Minimization of
sink speed, means minimization of both drag coefficient and
structural weight of a sailplane.

2) Design variables: The design variables, x, are the pa-
rameters that are varied in specific range by the optimizer
in order to maximize/minimize the objective function. De-
sign variables are often bounded by upper and lower values.
Many types of design variables could be used, such as quan-
titative and qualitative, local and global, continuous and dis-
crete.. etc.

3) Constraints: The constraints are conditions to be satis-
fied to keep our design logical and feasible. There are two
main types of constraints, equality constraint; the condi-
tion is restricted to equal a fixed quantity. The other type
is, inequality constraint; the condition is required to be
greater/smaller or equal to a certain quantity.

4) Optimization problem statement: Mathematically, the
Optimization problem is usually given as:

Minimize f(z) by varying x ; from z; to x4

SubjecttoC; =0 & C3 2 0

f: Objective function, (e.g., structural weight or drag).

x: Vector of design variables, (e.g., twist, thickness ..); x; is
the lower bound and x5 is the upper bounds.

C1: Vector of equality constraints (e.g, lift = weight).

Cs: Vector of inequality constraints (e.g., structural failure).

IV. MDO FRAMEWORKS

Many MDO frameworks and architectures have been devel-
oped and evaluated during few past decades. Set of require-
ments have been put forward by [5] for MDO framework to
possess, including; Architectural Design, Problem Formu-
lation, Problem Execution and Information Access. A se-
lection of architectures is subjected to number of aspects,
like for instance, the number of the disciplines involved, the
number and type of design variables, the level of fidelity and
the optimization methods and algorithms. The MDO archi-
tectures can be classified in: single-level methods and mul-
tilevel methods. Single-level methods, like Individual Dis-
cipline Feasible (IDF) or Multi-Disciplinary Feasible design
(MDF), include only one optimizer at a system-level, which
runs a system analysis in each step and has authority over
the global system [6]. In this paper, OAS is used, which is
a tool developed within OpenMDAO framework. Below, an
introduction of these two framework is presented.

A. Open MDAO Framework

Open MDAO [7] MDAO stands for Multidisciplinary De-
sign Analysis and Optimization is an open-source high-
performance computing platform for systems analysis and
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multidisciplinary optimization, developed by NASA and
written in Python. The main motivation for developing this
framework, was to aid in the design of unconventional air-
craft. However, the general structure and methods can be
applied to solve any number of engineering-related design
problems [7].

OpenMDAO provides a library of sparse solvers and opti-
mizers, and works with both gradient-free (e.g., genetic al-
gorithm, particle swarm) and gradient-based optimization
methods. One other hand, OpenMDAO has ability to sub-
divide a problem into groups or components and link their
inputs and outputs, made it easier to decompose large and
complex problems. OpenMDAO has been used to solve MDO
problems in satellite design [8], wind turbine design [9], air-
craft design [10] and aircraft trajectory optimization [11].

B. O0AS Framework

OAS an open-source coupled aerostructural analysis and
design optimization tool [12]. OAS developed within Open-
MDAO framework. The Aerostructural model within OAS
couples aerodynamic solver, which uses the Vortex-Lattice
Method (VLM) with structural solver, which uses Ffinite-
Element Analysis (FEA) using six Degree-Of-freedom (DOF)
spatial beam elements. OAS code serves as educational and
research MDO tool. It has been used in graduate-level MDO
courses at I[SAE-SUPAERO (the University of Toulouse’s In-
stitute for Aerospace Engineering) and the University of
Michigan [12]. As well as, It has been used in research fields
as a realistic testbed application by [13, 14, 15].

The default aerostructural optimization problem in OAS is
the fuel-burn minimization using the Breguet Range Equa-
tion. Yet, definition of other objectives and constraints, is
still applicable due to the modularity nature of the code.
As in our case, a function for sink speed was added as ob-
jective function. The sink speed Equation 7, is function to
both structural variables i.e., weight and aerodynamic coef-
ficients i.e., lift and drag coefficients. Thus, the minimum
sink speed corresponds with minimum weight and mini-
mum drag at fixed lift.

V. AEROSTRUCTURAL WING MODEL
A. Aerodynamic Model

The aerodynamic model in OAS, calculates the total lift and
drag. However, the induced drag is calculated using Vortex
Lattice Method (VLM), whereas, the viscous drag is calcu-
lated using flat-plate-based estimation. In VLM, the wing
is segmented into a system of panels, each panel is repre-
sented by a horseshoe vortex (Figure 2). Each horseshoe
vortex has strength and consists of bound vortex, which
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placed at the quarter panel chord, and two trailing vortices.
The horseshoe vortex induces a velocity at a control point
that placed at 3/4 of the panel chord at its mid-section. This
velocity is calculated using the Biot-Savart law [16]. Then,
summing all control points together on the wing in order
to produce a set of linear algebraic equations for the horse-
shoe vortex strengths. Taken into account, that the bound-
ary condition of no flow through the wing is satisfied i.e,,
velocity normal to the panel must be zero.

Filled circles represent the
control points

Fig. 2. Distributed horseshoe vortices over a wing [16]

The vortex strengths are related to the wing circulation and
the pressure differential between the upper and lower wing
surfaces. Integrating the pressure differentials results the
total forces and moments.

B. Structural Model

0AS simulates the wing structurally as a spatial beam el-
ement. A tubular beam is used to represent the structure
side of the sailplane wing. Mathematically, a FEM pproach
that uses spatial beam elements is employed, resulting in
six DOF per node. As Figure 3 illustrates, each element has
12 DOFs in total, including both translational and rotational
displacements, which are aligned with the local coordinate
frame.

D P

w1 w2
Fig. 3. 6-DOF Spatial beam element

After setting up the global stiffness matrix K (12X12), OAS
solves the linear system Ku = f, where u is the displace-
ments and rotations vector at the nodes (12X1), and f are
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the forces and moments acting at the nodes.
Further elaboration on both aerodynamic and structural
theories in OAS, is provided by [12].

C. Aero-Structural Coupling

To have an aerostructural model, a coupling mechanism be-
tween aerodynamic and structural models is needed. In ad-
dition to load and displacement transfer scheme.

Fig. 4. Load transfer from aerodynamic mesh to structural
nodes [12]

1) Load and displacement transfer scheme: The load and
displacement transfer process should grantee the accurate
translation of the nodal displacement of the structure model
to the aerodynamic mesh point displacements. As well
as, transferring the loads on the aerodynamic panel to the
structural nodes. In OAS, the load and displacement trans-
fer is simplified as aerodynamic and structural models have
the same spanwise discretization. Additionally, the transfer
scheme satisfies the requirements of being consistent and
conservative [17]. Consistency requirement, is that the re-
sultant nodal forces and moments are the same of forces and
moments resulted from the pressure distribution for each
element. Conservativeness requirement, defined as the vir-
tual work resulted by the load vector over virtual displace-
ments of the structural model, equals the work performed
by pressure filed on the aerodynamic mesh.
Demonstration that these two requirements are satisfied in
this transfer scheme, is performed by [12].
2) Aerostructural optimization
aerostructural model is a combination of the aerodynamic

mechanism: The

and structural models described above. These two models
are structured within the aerostructural system as shown
in Figure 5. The aerodynamic model receives the mesh and
produce loads, whereas the structural model receives the
aerodynamic loads and outputs displacements. This con-
tinues until the analysis converges.
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Fig. 5. XDSM diagram for default aerostructural optimization [12]

The Multidisciplinary Analysis (MDA) uses Gauss-Seidel
fixed-pointiterations to converge the aerostructural system
[12]. Figure 5 shows the XDSM diagram [18] corresponding
to aerostructural optimization. Here, the input and output
vectors, x and y, respectively, vary depending on the design
variables, objectives, and constraints selected. The x vec-
tors are design variables and the y vectors are states, where
* represents the values at the design optimum.

3) The optimizer: Currently most MDO studies use
gradient-based methods [19] as the optimizer used in this
paper. The optimizer, used here, is gradient-based algo-
rithm called SLSQP. SLSQP is a sequential least squares
programming algorithm [20] that evolved from the least
squares solver of Lawson and Hanson. It uses a Quasi-
Newton Hessian approximation and an L1-test function
in the line search algorithm. SLSQP uses Sequential Least
SQuares Programming to minimize the objective function
of variables and their bounds, and equality and inequality
constraints.

VL. METHODOLOGY
The objective of this paper is to obtain an efficient wing de-
sign for sailplane, which contributes to high performance
in terms of range and endurance. Thus, this requires maxi-
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mum glide ratio (CL/CD) for the range, as well as minimum
(CD/CL1.5) and minimum weight for sink speed, as men-
tioned in the performance. Therefore, we have objectives
from two disciplines: glide ratio in aerodynamic and weight
- precisely, the structural wing weight - in structure. Given
that these two disciplines are deeply intersected, the mul-
tidisciplinary design optimization approach is selected to
do the aerostructural analysis and optimization. The objec-
tive function of the aerostructural optimization is the sink
speed, Equation 7. Minimization of sink speed, corresponds
to minimize both weight and drag. To accomplish this, an
objective function component for sink speed was added to
OAS code. At the end, the aerostructural optimization for
the sailplane wing is as following:

[2W C
Minimize ; @?5 (8)

w.r.t. Twist, angle of attack, Taper, Beam Thickness

subject to L = W, Stress failure

Where; W is the sailplane weight, CD is drag coefficient, CL
is lift coefficient, S is wing reference area, p is air density
and L is the lift force. For the case study, an initial wing de-
sign is selected as shown Table 1. This wing represents the
baseline design for the aerostructural optimization.
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TABLE 1

INITIAL SAILPLANE WING SPECIFICATIONS
Specification Value/Description  Unit
Planform Rectangular -
Root chord 0.7 m
Span 15 m
Reference Area 10.5 m2
Aspect ratio 21.4 -
Twist 0 degree
Taper Ratio 1 -
Airfoil NACA 633618 -

This wing has simple geometry, in order to capture any
changes will tack place after the optimization. However, the
span is fixed on 15 (as in standard and 15-meter sailplane
class) and the initial aspect ratio is 21.4.

VII. RESULTS AND DISCUSSION
A. Setting Up the Aerostructural Problem

As Equation 8 indicates, to minimize the aerostructural ob-
jective function i.e. sink speed, a set of design variables
were selected in association with two main constraints.
These design variables are:

e Taper Ratio: it varies within the range 0.3 to 1.

» Twist Angle: five control points over the wing span were
set to examine spanwise twist distribution, the angle ateach
control point ranges from -10 to 15 degree.

e Beam Thickness: five controls points were set in spanwise
direction. The thickness is bounded in the range 0.001 to
0.1 m.

e Angle of attack: it varies within the range -10 to 10 de-
gree.

To point out, the aerostructural optimization problem has
twelve design variables in total. In addition to two con-
straints:

« Lift equals weight: means that the wing should produce
lift amount that can carry the sailplane weight. Also, it is
worth to mention that this constraint used to derive the ob-
jective function relation in the first place.

« Failure constraint, is the aggregated beam failure using a
Kreisselmeier-Steinhauser (KS) function [21, 22, 23]. For
the aerodynamic model, the flight conditions of a cross-
country flight are used. On the other hand, for the struc-
tural model, the mechanical properties were based on Alu-
minium 7075, Table 2.

Now, given that all the conditions for aerostructural prob-
lem have been set, an aerostructural optimization for the
case study wing is ready to run using OAS code.

By running the aerostructural optimization problem in OAS,
the solution converged after 59 iterations and Table 3 sum-
maries the optimization results.

The results of the aerostructural optimization show that
the objective is achieved, with the sink speed was mini-
mized. This minimization is resultant of maximization of
the glide ratio, as well as, minimization of the structural
weight. Equally important, the two constraints also have
been fulfilled during the optimization.

TABLE 2
AERODYNAMIC AND STRUCTURAL MODELS SPECIFICATIONS
Model Parameter Value Unit
Aerodynamic Speed 25 m/s
Height 1,000 m
Angle of attack 3 degree
Air Density 1.112 Kg/m?
Structure Young modulus  71.7  GPa
Shear Modulus 26.9 GPa
Material Density 2810 Kg/m?
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B. Aerodynamic Optimization Findings

For the aerodynamic aspect of the optimization, the opti-
mizer worked on minimizing CD through ensuring an el-
liptical lift distribution over the wing, where the elliptical
distribution is precisely the optimum distribution for min-
imum induced drag [1]. For the purpose of that, the opti-
mizer have changed the taper ratio from 1 to 0.3 and asso-
ciated this with varying the twist angle distribution along
the span. As a matter of fact, changing the geometry from
rectangular to tapered is quite interesting finding, where in
reality, tapered wing is the planform found most frequently
on gliders [23, 24].

On the other hand, even though tapering a wing planform
gives a number of significant aerodynamic and structural

2018

advantages, it also could be challenging regarding wing tip
stall unless an appropriate twist distribution is considered.
For that reason, after settling on the taper ratio, the opti-
mizer kept changing the twist distribution over the span in
a pattern that achieving an elliptical lift distribution, and
thereby, minimizing the induced drag. Moreover, the vari-
ation of twist was associated with changing the angle of at-
tack as well. Where, the optimizer increased the angle of at-
tack about 4 degrees to meet the required amount of lift. An-
other interesting finding, the optimizer used the twist angle,
and benefited from the cosine-spaced mesh, to bend up the
last panel at the tip, forming a winglet-like shape (Figure 7).
At the early preliminary design, this could be a good indica-
tion to consider at following design stages of the wing.
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Taper ratio during the optimization process.
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b. Angle of attack during the optimization process.
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c. Twist angles for the five control points along the span during the
optimization process.

Fig. 6. Aerodynamic design variables during the optimization process
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However, the benefits that a winglet provides in perfor-
mance and handling qualities are being repeatedly proved
[25, 26]. In total, the optimizer has managed to increase
CL/CD ratio about 27% more than the initial value of
the baseline wing with fulfilling the lift-equals-weight con-
straint.

Front view

Fig. 7. Bent-up tip of the optimized wing
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C. Structural Optimization Findings

For the structural aspect of optimization, the objective of
this optimization is clearly the weight minimization. Given
that the simplicity of structural model, the main factor in
weight minimization is reducing thickness over span with
fulfilling the failure constraint.

The initial thickness of the structure model is 0.0044 m,
which is constant over the span. This thickness distribu-
tion gives an initial wing weight of 49 kg. As the struc-
tural weight is affected by the lift distribution, the thickness
was varying throughout the optimization unevenly from the
root to the tip. The largest thickness value appeared at the
root as expected, where the bending moment is the high-
est. Then, it was gradually decreasing from root to tip as
Figure 10 illustrates. As a result, the wing structural weight
has been reduced more than 50% with fulfilling the failure
constraint.

—— at tip

»é\ 0.015 at 75% of span
\; —— at 50% of span
A —s— at 25% of span
g 0.0101 —— at root

Q
=

£ 0.005 {

<

¥

m sevssssTosened

0 80 100

: 60
Iteration

Fig. 8. Beam thickness for the five control points along the span

D. Aero-Structural Optimization Findings

As the objective of the aero-structural optimization is min-
imization of sink speed, this implies minimization of two
sub-objectives, the drag and the weight. However, the in-
terdependencies among the aerodynamic and structural de-
sign variables drive the optimizer to vary the design vari-
ables in a consistent way, which leads to minimum objective
function and, at the same time, satisfies the constraints.

By observing the optimization process, one can notice that
the optimizer reduced the taper ratio, aiming to increase the
aspect ratio, where increasing aspect ratio leads to less in-
duced drag. At the same time, reducing taper ratio leads to
reduce the wing area moving outboard from the root. Cor-
respondingly, this reduces the lift as moving to tip. Thus,
unloading the wing as moving to tip yields a consistent de-
crease in beam thickness i.e., less structural weight. Simi-
larly, for twist, the optimizer changed the twist distribution
in a consistent way, aiming to have elliptical lift distribu-

ISSN: 2414-4592
DOI: 10.20474/jater-4.1.5

tion, which evidently leads to minimum induced drag and
less structural weight. This is more obvious at the wing tip,
where the tip is twisted down (washout). Wings often have
less incidence at the tip than the root (washout) to reduce
structural weight and improve stalling characteristics [24].
As (Figure 6¢) shows, the optimizer twisted down the tip by
10 degrees, leading to decrease the local angle of attack at
tip, which means less local lift at the tip. As a consequence,
lesser beam thickness at the tip would be enough to provide
adequate stiffness. This, in turn, leads to reduce the struc-
tural weight.

Using range equation, Equation 5 and endurance Equa-
tion 6, one can capture the improvements of optimized wing
on the sailplane performance in cross-country flight, Ta-
ble 3. For the range, the optimized wing showed an im-
provement of 27% - i.e., additional 10.5 km - better than the
baseline wing. Likewise, for the endurance, the optimized
wing increased the endurance by 37% - i.e., additional 14
minutes - better than the baseline wing.
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Fig. 10. Aerostructural optimization at four iteration points, starting from the initial design (on the left) and ending at the opti-
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TABLE 3
AEROSTRUCTURAL OPTIMIZATION RESULTS

Aerostructural Ocptimization

Function/Variable Initial Value  Optimized Value Lower bound Upper Bound Unit
Sink Speed 0.7 0.44 - - m/s
Glide ratio CL/CD 38.46 49 - - -
Aspect ratio 21.4 32.65 - - -
Angle of attack 3 7.3 -10 10 deg
Taper ratio 1 0.3 0.3 1 -
Twist (root) 0 3.37 -10 15 deg
Twist (25% span) 0 4.94 -10 15 deg
Twist (75% span) 0 11.64 -10 15 deg
Twist (0.9 span) 0 6.28 -10 15 deg
Twist (tip) 0 -10 -10 15 deg
Thickness (root) 0.0044 0.0048 0.001 0.1 m
Thickness (25% span)  0.0044 0.003 0.001 0.1 m
Thickness (50% span) 0.0044 0.0016 0.001 0.1 m
Thickness (75% span)  0.0044 0.0011 0.001 0.1 m
Thickness (tip) 0.0044 0.001 0.001 0.1 m
Wing struct weight 49 23.16 - - kg

VIII. CONCLUSION
The proposed methodology used in this research, is to start
from simple wing design, yet poses relatively good design
configurations. Then, improving this wing design in order
to obtain better performance parameters using OAS tool.
The findings of the aerostructural optimization indicated
improvements in the performance characteristic of the opti-
mized wing. All the changes that optimizer did on the base-
line, supported, in a way, the theories and good practices
in wing design for both disciplines; aerodynamic and struc-

tural. For example, increasing the aspect ratio, the washout
twist distribution and beam thickness distribution. Taken
these findings in consideration, will offer interesting design
perspectives in advanced design phases. With possibility
to conduct high fidelity analysis and optimization, besides,
involving more design and flight conditions, like different
speeds, altitudes, flight phases (climb, thermalling ... etc.).
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