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ABSTRACT

As the necessity of sustainable mobility rises, the demand to reduce the environmental im-
pact of transporting mediums increases. The SUGAR Truss-Braced Wing (TBW) aircraft
is a venture of Boeing, NASA and Virginia Tech for the N+3 generation of aircraft. These
high-aspect-ratio aircraft are being designed with the aim to improve the structural and
aerodynamic performance by implementing advanced technologies. Aerodynamics is a ma-
jor factor influencing the performance of the aircraft, affecting the fuel consumption and
emissions, especially due to drag. The multidisciplinary design optimization architecture for
truss-braced-wing aircraft is dedicated to generate configurations with low fuel burn, maxi-
mum weight carrying capabilities and aircraft stability for long and medium range missions.
The incorporation of flight dynamics at the conceptual design stage offers enhanced aero-
dynamic performance and wing flexibility for the aircraft. A robust flight dynamic system
would need a detailed aecrodynamic analysis of the aircraft with the focus on aeroelasticity.
In this thesis, various aerodynamic coefficients and stability derivatives are investigated by
applying Vortex-Lattice Method using OpenVSP, an open-source platform. The variation
in aerodynamic parameters with changes in configurations and flow conditions are discussed
as well. OpenVSP allows for study of these results with low computational expense. This
will aid in efficient aerodynamic design and lay basis for flight dynamics analysis and its

inclusion in the Multidisciplinary Design Analysis and Optimization (MDAQO) framework.
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GENERAL AUDIENCE ABSTRACT

The demand for sustainable mobility and green transportation is increasing. Reduction in
the environmental impact of these mediums is the prime motivation for various research
studies conducted in this domain. The SUGAR Truss-Braced Wing (TBW) aircraft config-
uration research, led by Boeing, NASA and Virginia Tech over the last two decades, aims
at developing highly fuel-efficient next-generation aircraft. These high-aspect-ratio aircraft
are being researched for improving the structural and aerodynamic performance by imple-
menting advanced technologies. Aerodynamic performance of the aircraft influences the fuel
consumption and emissions produced drastically. The current design optimization frame-
work for the TBW aircraft focuses on development of these aircraft configurations with the
goal to limit fuel burn and maximize payload carrying capability. Flight dynamics analysis
can be significant to improve and obtain optimal solutions from the design process. In-
corporation of flight dynamics at the conceptual design stage offers enhanced aerodynamic
performance and wing flexibility for the next generation aircraft. Therefore, a detailed aero-
dynamic analysis of the aircraft would be needed to establish a systematic flight dynamics
module. This thesis presents a new approach for formulating and analysing the aerodynamic
coefficients and stability derivatives by implementing Vortex-Lattice Method available in the
open-source software. This will further allow for inclusion of flight dynamics study of the

new configurations for long and medium range missions within the existing framework.



Dedicated to my family and close friends

v



Acknowledgments

I would like to start with the most sincere acknowledgement towards my advisor Dr. Rakesh
K. Kapania for providing me with the platform and opportunity to explore the domain of
aircraft design. He has been a constant source of motivation and guidance throughout my
journey at Virginia Tech. He has given the necessary financial and moral support and has

been extremely patient with my progress through the course.

I take the opportunity to extend my earnest acknowledgements to Dr. Joseph A. Schetz
for helping with his valuable experience and support. Dr. Schetz has dedicated detailed
attention to the progress of my research and his feedback has been very crucial. He has also
shown great understanding and patience with my development. Their technical suggestions

and comments have groomed me both academically and professionally.

I would also like to express my gratitude to Dr. Rikin Gupta, a former Ph.D. student of Dr.
Kapania’s group for directing me to this particular section of research and demonstrating
the potential for flight dynamics of TBW aircraft. He helped me a lot in my starting phase
with the research group and has shown great support even after his graduation. I would
like to thank Varakini Sanmugadas, a Ph.D. candidate, for helping with multiple concepts
and understanding the MDAOQO architecture for the group. Furthermore, I would thank
Kamrul H. Khan, another Ph.D. candidate within the TBW research group. His initial help
with understanding the ModelCenter framework and development of the parallel processing

framework has been helpful to my work.

My parents and sister have been a backbone for me throughout my life, I am thankful for
having been blessed with such a family and my extended family. Their belief in me and their

determination to push me up has made me who I am right now.



I would like to thank my colleagues in Blacksburg, my roommate and my loved ones, without
whom this journey at Virginia Tech would seem impossible, especially during unprecedented
times of the pandemic. I am grateful for their presence and help with almost everything

within and outside the graduate school.

I would also thank Virginia Tech and the Department of Aerospace Engineering, along with
Dr. Stefano Brizzolara, for giving me the opportunities and resources to pursue my dream

of an Aerospace Engineering graduate.

vi



Contents

List of Figures ix
List of Tables Xiv
List of Abbreviations XV
1 Introduction 1
1.1 Background and Motivation . . . . . . .. .. ... ... ... ... ... 1

1.2 Current Architecture and Related Work . . . . . . .. ... .. ... .. .. 3

2 Literature Review 7
3 Modeling of the configurations in OpenVSP 10
3.1 Model Descriptions and Geometric Parameters . . . . . . ... .. ... ... 10
3.2 VLM Based Aerodynamic Models . . . . . . . ... ... ... ... ... .. 16

4 Results and Discussion 22
4.1  Aerodynamic Results for Cantilever Wing Configuration from VSPAero . . . 23
4.2 Aerodynamic Results for SBW Configuration from VSPAero . . . . . . . .. 28
4.3  Aerodynamic Results for TBW Configuration from VSPAero . . . . . . . .. 36
4.3.1 Aerodynamic Results for TBW-I Configuration . . . . ... ... .. 36

vii



4.3.2 Aerodynamic Results for TBW-II Configuration . . . . . . ... ...

4.4  Coefficients and Stability Derivatives . . . . . . . . .. ... ... ... ...

4.5 Discussion . . . . .. . ...

5 Conclusion and Future Work

Appendices

Appendix A

A.1 VSPAero GUI and Setup . .

Appendix B

B.1 Coefficients and Derivatives

Bibliography

viil

55

57

58

o8

62

62

73



List of Figures

1.1 Pfenninger’s [1] vision of TBW configuration. . . . ... .. ... ... ... 2
1.2 SBW Configuration basic sketch. . . . . . .. ... ... 0000 4
1.3 TBW Configuration basic sketch. . . . . .. .. ... ... ... ... ... 4
1.4  The MDO framework for TBW study [2] . . . . ... ... ... ... .... 5
2.1 Aerodynamic Superposition Method 1 for TBW Model [3] . . ... ... .. 9
2.2 Aerodynamic Superposition Method 2 for TBW Model [3] . . . .. ... .. 9
3.1 SBW configuration- Isometric view . . . . . . . . . ... ... . L. 11
3.2 SBW Configuration- (a) Front View and (b) Top View . . .. ... ... .. 12
3.3 TBW configuration- Isometric view . . . . . . . . . ... ... ... ..... 13
3.4 TBW Configuration- (a) Front View and (b) Top View . . . . ... .. ... 14
3.5 TBW-II configuration- Isometric view . . . . . ... .. .. ... .. .... 15
3.6 TBW-II Configuration- (a) Front View and (b) Top View . . . . . . ... .. 15
3.7 Horseshoe Vortex representation on a lifting panel on the wing [4] . . . . . . 16
3.8 Flow of VSPAero modeling and configuration . . . ... ... ... .. ... 18
3.9 VLM geometry visualization for Cantilever Wing configuration . . . . . . . . 19
3.10 VLM geometry visualization for SBW configuration . . . . . . ... ... .. 20

X



3.11

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

4.13

4.14

VLM geometry visualization for TBW configuration . . . . . . .. .. .. ..

Convergence of (', for a=2, 2.5 and 3 deg at M,,=0.7 and 0.8 -CANW . . .
Convergence of C'p for a=2, 2.5 and 3 deg at M,,=0.7 and 0.8 -CANW . . .
Convergence of L/D for a=2, 2.5 and 3 deg at M,,=0.7 and 0.8 -CANW . .
Residual for C, for a=2, 2.5 and 3 deg at M,,=0.7 and 0.8 -CANW . . . ..

Variation of Normalised ¢; distribution for a=2, 2.5 and 3 deg at M, =0.7

Convergence of C, for «=2, 2.5 and 3 deg at M, =0.7 and 0.8 -SBW . . . .
Convergence of Cp for a=2, 2.5 and 3 deg at M,,=0.7 and 0.8 -SBW . . . .
Convergence of L/D for a=2, 2.5 and 3 deg at M,,=0.7 and 0.8 -SBW . . .
Residual for C}, for a=2, 2.5 and 3 deg at M,,=0.7 and 0.8 -SBW . . . . ..

Variation of Normalised ¢; distribution for a=2, 2.5 and 3 deg at M, =0.7

23

24

24

25

26

26

27

27

28

29

30



4.15

4.16

4.17

4.18

4.19

4.20

4.21

4.22

4.23

4.24

4.25

4.26

4.27

4.28

4.29

Variation of Normalised ¢4 distribution for a=2, 2.5 and 3 deg at M, =0.7

Variation of Ac, for a=2 deg at (a) M.=0.7 and (b) M=0.8 -SBW . . . .
Variation of Ac, for a=2.5 deg at (a) M=0.7 and (b) M,=0.8 -SBW . . .
Variation of Ac, for a=3 deg at (a) M.,=0.7 and (b) M,=0.8 -SBW . . . .
Convergence of (', for a=2, 2.5 and 3 deg at M,,=0.7 and 0.8 -TBW-I . . .
Convergence of Cp for a=2, 2.5 and 3 deg at M ,=0.7 and 0.8 -TBW-I . . .
Convergence of L/D for a=2, 2.5 and 3 deg at M,,=0.7 and 0.8 -TBW-I . .
Residual for C, for a=2, 2.5 and 3 deg at M,,=0.7 and 0.8 -TBW-1 . . . . .

Variation of Normalised ¢; distribution for a=2, 2.5 and 3 deg at M, ,=0.7

Variation of Ac, for a=2 deg at (a) M.=0.7 and (b) M=0.8 -TBW-I1 . . .
Variation of Ac, for a=2.5 deg at (a) M=0.7 and (b) M,=0.8 -TBW-I . .

x1

34

34

35

36

37

39

39

40

41

41

42



4.30

4.31

4.32

4.33

4.34

4.35

4.36

4.37

4.38

4.39

4.40

4.41

4.42

Al

A2

A3

Variation of Ac, for a=3 deg at (a) Mo=0.7 and (b) M=0.8 -TBW-1 . . . 42
Convergence of C, for «=2, 2.5 and 3 deg at M, =0.7 and 0.8 -TBW-II. . . 43
Convergence of Cp for a=2, 2.5 and 3 deg at M ,=0.7 and 0.8 -TBW-II . . 44
Convergence of L/D for a=2, 2.5 and 3 deg at M,,=0.7 and 0.8 -TBW-II. . 44
Residual for C'p for a=2, 2.5 and 3 deg at M,,=0.7 and 0.8 -TBW-II . . . . 45

Variation of Normalised ¢; distribution for a=2,2.5 and 3 deg at M,=0.7

STBWAIT Lo 46

STBWALL Lo 46

STBWALL Lo 47

STBWAIL L oo 48
Variation of Ac, for a=2 deg at (a) M=0.7 and (b) M=0.8 -TBW-II . . 48

Variation of Ac, for a=2.5 deg at (a) M=0.7 and (b) M,=0.8 -TBW-II . 49

Variation of Ac, for a=3 deg at (a) M,=0.7 and (b) M=0.8 -TBW-II . . 49
Integrated Aerodynamics model for transonic application [5] . . . . . . . .. 54
VSPAero overview setup GUIL . . . . . . . ... ... ... ... ... ... 59
VSPAero advanced setup GUIL . . . . . . . . . .. ... ... ... ... ... 60
VSPAero Setup and Inputs script file . . . . . .. ... ... ... ... .. 61

xii



B.1

B.2

B.3

B4

B.5

B.6

B.7

B.8

B.9

Coefficients and Stability Derivatives for Strut-Braced Wing (SBW) configu-

ration fora=2deg . . . . ... 64

Coefficients and Stability Derivatives for Strut-Braced Wing (SBW) configu-

ration for a=25deg . . . . . . ..o 65

Coefficients and Stability Derivatives for Strut-Braced Wing (SBW) configu-

ration fora=3deg . . . . . ..o 66

Coefficients and Stability Derivatives for Truss-Braced Wing (TBW) config-

uration fora=2deg . . . . ..o 67

Coefficients and Stability Derivatives for Truss-Braced Wing (TBW) config-

uration for a=2.5deg . . . . ... 68

Coefficients and Stability Derivatives for Truss-Braced Wing (TBW) config-

uration fora=3deg . . . . ... Lo 69

Coefficients and Stability Derivatives for Truss-Braced Wing (TBW-II) con-

figuration for a=2deg . . . . . . ..o 70

Coefficients and Stability Derivatives for Truss-Braced Wing (TBW-II) con-

figuration for a=2.5deg . . . . . . ..o 71

Coefficients and Stability Derivatives for Truss-Braced Wing (TBW-II) con-

figuration fora=3 deg . . . . . . .. oL 72

xiil



List of Tables

3.1

3.2

3.3

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

B.1

B.2

SBW aircraft configuration parameters . . . . . . . ... ... 11
TBW aircraft configuration parameters . . . . . . . . . . ... ... ... .. 13
TBW-II aircraft configuration parameters . . . . . . . ... ... ... ... 14
Coefficients for SBW aircraft configuration at M,,=0.7 . . . . . . ... ... 50
Coefficients for SBW aircraft configuration at M,,=0.8 . . . . ... ... .. 50
Coefficients for TBW aircraft configuration at M,,=0.7 . . . . . . ... . .. 51
Coefficients for TBW aircraft configuration at M,,=0.8 . . . . . . ... ... 51
Coefficients for TBW-II aircraft configuration at M,,=0.7 . . . . ... ... 51
Coefficients for TBW-II aircraft configuration at M,=0.8 . . . .. ... .. 51
Cp, Derivatives for different aircraft configurations . . . . . . .. .. ... .. 52
Cp Derivatives for different aircraft configurations . . . . . . . . .. ... .. 52
TBW lift curve slope comparison . . . . . . .. .. ... .. ... ... 53
Force Stability Derivatives for different aircraft configurations . . . . . . .. 62
Moment Stability Derivatives for different aircraft configurations . . . . . . . 63

Xiv



List of Abbreviations

Cp

Cd

CL

C

Cu

Cn

Angle of attack, deg

Angle of sideslip, deg

Vortex Strength, per unit length

Span of a lifting surface, ft

Mean chord length, ft

Three-dimensional drag coefficient

Local drag coefficient

Three-dimensional lift coefficient

Local lift coefficient

Aerodynamic pitching-moment coefficient

Aerodynamic yawing-moment coefficient

Pressure coefficient

Aerodynamic side-force coefficient

Induced drag coefficient

Parasite drag coefficient

Wave drag coefficient

XV



Cr

Aerodynamic rolling-moment coefficient

roll
L/D Lift-to-Drag ratio

M., Mach Number

P Role rate, rad/s

Q Pitch rate, rad/s

R Yaw Rate, rad/s

Re  Reynolds Number

S Reference Surface Area, ft?
t/c  Thickness-to-Chord ratio
u Surge Velocity, ft/sec

Vo  Reference Freestream Velocity, ft/sec

xvi



Chapter 1

Introduction

1.1 Background and Motivation

Aircraft research has become very intensive over the last few decades with the goal to improve
efficiency, due to limited natural resources and rise in fuel costs. This has led to initiation of
several research programs for minimizing the fuel consumption of aircraft. The commercial
and transport aircraft industry is a major consumer of these resources. According to the
United States Department of Transportation, the annual fuel consumption has increased by
12.05% between 2010-2019 [6]. The annual fuel consumption for 2019 was 18.27 billion gal-
lons, which suggests that a small percentage reduction in an aircraft’s fuel burn, would save
millions of gallons and reduce the corresponding emissions. The tube and wing aircraft con-
figuration has been dominantly used for commercial planes and jet planes over last several
years. Many advanced technologies have been implemented to improve the fuel efficiency
of these planes. Aerodynamics significantly affect the fuel consumption of an aircraft, and
despite the technological developments, substantial aerodynamic performance improvements
are limited with this configuration. It is a matter of course, that new wings and configu-
rations are explored to overcome such limitations. These configurations are needed to have
high flexibility and should be studied extensively before they can be taken further into ap-
plication. The continuous development in the analysis and simulation capabilities allows for

such comprehensive research.
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Werner Pfenninger [1] first visualized the strut-braced wing (SBW) and truss-braced wing
(TBW) configurations for modern transport aircraft. The SBW configuration has an addi-
tional member (strut) connecting the main wing to the fuselage, and the TBW uses addi-
tional truss member to connect the main wing to the strut. Pfenninger’s proposed design
for the Truss-braced wing configuration in the 1970s is as shown in Figure 1.1. The detailed

schematics are discussed later in the work.

W, = 400 000 kg
PAYLOAD = 120 000 kg
D=1 M, | (2 1.
= oo m2 | ofs =163

LD = 48 1O 50, W

W. PFENNINGER
NOVEMBER 1975

cruise ~ 0.78 E
RANGE = 11 000 nmi [
Pz
e N S T
%f i
— i)

~ WIDER CHORD
WING PROBABLY
PREFERABLE

Figure 1.1: Pfenninger’s [1] vision of TBW configuration.

The Virginia Tech Multidisciplinary Design Optimization architecture [7, 8, 9] for transonic
aircraft is based on this version of the truss-brace wing configuration. The additional strut
and truss members stiffen the wing structure. These members help in reducing the span-
wise bending moment, which reduces the t/c for the main wing along with the reduced chord
length. This minimizes the skin thickness as well. A combination of these reductions leads
to a decrease in the Reynolds number. The stiffening of the wing structure due to members,
allows for larger span, thereby, increasing the aspect ratio. A reduced airfoil thickness and

a higher aspect ratio decreases the form and wave drag and induced drag, respectively. Low
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Reynolds number and less span-wise cross flow due to unsweeping of wings, combine to allow

an increased laminar flow [10], which is desirable.

These structural and aerodynamic benefits collaborate to lower the structural weight, im-
prove the aerodynamic performance by reducing drag and eventually reduce fuel consump-
tion. The benefits and challenges for these configurations have been discussed in previous
studies extensively [9, 11, 12, 13]. This is the overall motivation behind pursuing the TBW

and SBW configurations.

The incorporation of flight dynamics at the conceptual design stage offers enhanced aero-
dynamic performance and wing flexibility for such aircraft. Gupta et al. [14] studied the
development of an analysis framework establishing that incorporating flight dynamics mod-
eling into the MDAO process is useful in optimizing vehicle designs for flexible aircraft. A
robust flight dynamic system would need a detailed aerodynamic analysis of the aircraft with
focus on aeroservoelasticity. This is the motivation to study the aerodynamic coefficients
and stability derivatives for these aircraft configurations. OpenVSP [15] provides the user
the possibility to create three-dimensional models of aircraft and perform engineering and
aerodynamic analyses on those models. VSPAero is a tool within the VSP environment that
allows for such aerodynamic analysis using Vortex-Lattice Method (VLM) or panel method.

The current study is based on using VLM for investigating these aerodynamic parameters.

1.2 Current Architecture and Related Work

The VT MDO framework can use three types of configurations to perform the design opti-
mization. Those are cantilever, SBW ( Strut-braced wing) and TBW (Truss-braced wing).
A simple layout of the SBW wing can be seen in Figure 1.2. There is a strut that connects

the high wing to the fuselage.
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SBW (Strut Braced Wing)

Strut Member

Wing

Figure 1.2: SBW Configuration basic sketch.

In the case of the TBW configuration, an additional jury member is connected. As shown in
Figure 1.3, this member provides additional support to the wing. Thus, the bending stress
is reduced. The other advantage, is that it allows for shorter effective length of the strut,
which helps in minimizing the possibility of the strut buckling under negative load factors.
The downside to adding this member is that it generates additional interference drag and

adds to the aircraft weight.

TBW (Truss Braced Wing)

Strut Member

Jury Member Wing

Figure 1.3: TBW Configuration basic sketch.

The MDAO framework used for TBW study at Virginia Tech has been based in the in-
tegration and optimization software ModelCenter [16]. This system allows for complete
integration of various in-house analysis codes and packages into an enclosed environment.
The software program has multiple analysis and optimization nodes interconnected via links.

These analysis codes have been developed using Fortran and C++. Python packages called



1.2. CURRENT ARCHITECTURE AND RELATED WORK 5

Wrappers are used to connect these codes to different analysis nodes. The detailed man-
ual explains the ModelCenter environment and its application for the aircraft optimization
which is shown in Figure 1.4. The previous TBW studies have used this package over the

last several years.

Weaght
Convergence

o]

Performance, Structural Design
Cost Function, Module
Constraints *
Weight
Estimation

Figure 1.4: The MDO framework for TBW study [2]

Recently, Khan et al. carried out a study for VT MDO [17] for developing DELWARX, a
python based framework, for multidisciplinary design optimization of TBW aircraft. This
framework used similar packages and codes developed in previous MDO studies but compiled
in Linux operating system. This overcomes the system and memory-related issues with the
operating systems. This framework also allows for parallel optimization which leads to a
significant reduction in the computing time. This was limited by sequential programming in
the previous framework. The flight dynamics framework is to be included evetually within

this architecture of parallel optimization.

This study is conducted with the aim to obtain the preliminary aerodynamic data. TBW

configurations at Mach 0.7 and Mach 0.8 are analysed for current market single-aisle config-



6 CHAPTER 1. INTRODUCTION

urations aircraft mission with a passenger capacity of around 200 and a range of 3500NM,
similar to profile in a previous study [2]. In this thesis, a potential flow method (VLM)
has been implemented using an open source package. Parameters such as lift, drag, local
coefficients and variation in these parameters have been analysed. Coefficients, derivatives

and stability derivatives have been presented as well for different configurations.

Chapters 1 and 2 discuss the related work and current framework from the literature. The
modeling of different configurations with varying geometry is presented in Chapter 3. Fur-
ther, Chapter 4 discusses the background on Vortex-lattice method, and its implementation
through VSPAero. The flow conditions and VLM geometry are illustrated as well. Chapter
5 presents the output and results obtained for different configurations. It presents variation
in aircraft aerodynamics with variation geometry, flow conditions and stability parameters.
The comparison between coefficients and derivatives at a particular angle of attack and Mach
number has been illustrated for three different configurations. Chapter 5 also discusses ad-
ditional considerations needed to account for non-linearities in the flow for this application.
The last chapter discusses the summary of the study and the scope for future work. It
presents the utility and potential of the OpenVSP package for inexpensive aerodynamic

analyses.



Chapter 2

Literature Review

The TBW configuration has been studied extensively to understand and improve its struc-
tural and aerodynamic capabilities. Studies [18, 19] conducted during the start of the 21st
century, investigated and demonstrated the advantages of a strut-braced wing. The results
of which were compared to cantilever wing configurations (tube and wing). The results
were able to show that this configuration could potentially minimize take-off gross weight
(TOGW), improve fuel consumption and operate for long-range transports, encouraging the

focus on braced-wing configurations.

The VT MDO group performed a detailed study to analyse the potential and challenges of
TBW configurations [7]. The truss structure allows for larger wing spans. NASTRAN based
analysis is performed on the two configurations. Larger wing spans tend to decrease the
natural frequencies of the wing structure and influences the flutter characteristics. The de-
velopment of the existing VT MDO framework was carried out in studies [9, 11] using various
software packages and modules. This framework has continued to carry out different design
and optimization analysis for TBW configurations for medium and long range missions. It
used a set of design variables and constraints to obtain the optimal design solution for the
aircraft. Based on this framework, various studies were conducted by the Virginia Tech
MDO research group to investigate the advantages of SBW and TBW wing configurations
over conventional cantilever wing aircraft. The underlying objective for these optimizations

was to minimize the TOGW and reduce the fuel consumption of the aircraft [12, 13, 20].
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Furthermore, studies were conducted to see the effect of flutter and transonic aeroelasticity
with the goal to integrate linearized unsteady aeroelastic analysis in the MDO framework

[10, 21.

Including flight dynamics at the conceptual stage would further enhance the optimization
capabilities of the existing architecture. This will also allow for improving the controllability
of the aircraft. The mAEwing optimization framework developed at VT has incorporated
the flight dynamic model within the MDAO process [14, 22]. This research clearly illustrates
simultaneously satisfying two objectives of weight minimization and control maximization for
optimal designs. These investigations show that inclusion of flight dynamics within the TBW
will improve the design process. Investigating the transonic effects for transport aircraft,
using computationally inexpensive tool like VLM has been demonstrated in research by
NASA Ames Center [5]. Another study for developing integrated Nonlinear Aeroservoelastic
Flight Dynamic Model [23] has been conducted for TBW in 2017. It uses the VORLAX
VLM aerodynamic model. FEM is utilized in order to create a notional structural model of
the TBW utilizing equivalent beams for the wing and the main strut. Longitudinal response

for linearized and nonlinear models are shown.

Another study by Ting et al. [3] implements aerodynamic superposition approach to deal
with the complexity of the TBW configuration. This study uses VORLAX VLM for aerody-
namic analysis of the TBW aircraft. The results from two different superposition approaches
are then compared to those obtained from the CFD codes- USM3D and FUN3D. Figure 2.1
and Figure 2.2 show the two methods of superposition implemented in the research. This
study does not consider the jury as a lifting surface. These figures demonstrate the appli-
cation of the superposition by summation and subtraction for the components while using
the superposition approach. The first approach sums the fuselage-wing-tail combination and

the fuselage-strut-tail combination, and then subtracts the fuselage-tail component contribu-



tion. The second approach is just summation of all the different components’ contribution.
The results from this superposition method show good agreement with the results in CFD

computed using the methods mentioned earlier.

> I

Figure 2.1: Aerodynamic Superposition Method 1 for TBW Model [3]

\+/+\/+/

Figure 2.2: Aerodynamic Superposition Method 2 for TBW Model [3]

The present study aims to leverage the utility of the VSP package to compute similar results.
The approach can help eliminate the post processing of results and provides a appropriate
analysis for the aircraft aerodynamics. The VSPAero module also provides a dynamic and
user-friendly interface to investigate varying parameters and trends. This will allow for
further ease in incorporating the flight dynamics within the framework. The open-source
platform has great compatibility with different software package systems such as NASTRAN,
MATLAB and CAD modeling tools, which aids in flexible use of the program.



Chapter 3

Modeling of the configurations in

OpenVSP

OpenVSP is an abbreviation of Open Vehicle Sketch Pad [15]. Initially developed by NASA,
it provides an open source tool for parametric aircraft geometry. With several develop-
ments in the software package, it allows for generating three-dimensional aircraft models
and performing a detailed aerodynamic analysis and a primary structural analysis on these
models. VSPAero uses these models to generate the required analysis. For conducting the
aerodynamic analysis, a three-dimensional model is generated within the VSP module. The
geometric parameters are defined to generate different aircraft components like wing, pod,

fuselage, propellers, tails, etc.

3.1 Model Descriptions and Geometric Parameters

For generating the VLM geometry, a 3-D model of the four configurations are created in
the sketch pad. The geometric data is formulated based on the models employed in the
previous studies [11, 12, 21, 24]. The cantilever configuration has a span of 169.62 ft. It
has a conventional tube and wing structure, with rest of the parameters same as that of
SBW configuration. Figure 3.1 shows the isometric view for the SBW configuration. The

fuselage, the strut, the horizontal and vertical tails are modeled along with the main wing.

10
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The aspect ratio for this particular configuration is 18.11. The geometric information such

as span, aspect ratio, root chord length of the wing and the strut are given in Table 3.1.

Figure 3.1: SBW configuration- Isometric view

Table 3.1: SBW aircraft configuration parameters

Wing Span Aspect Ratio Area Root Chord Taper Ratio
Main 169.62 ft 18.11 1588.79 ft? 11.16 ft 0.354
Strut 104.85 ft 24.54 448.09 ft? 4.27 ft 1

Figure 3.2 shows the front and top views of the configuration. It can be seen that the strut

is connected to the main wing by an extending vertical member.
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(a) (b)
Figure 3.2: SBW Configuration- (a) Front View and (b) Top View

The TBW configuration is based on the geometric data available from previous studies for
MDO and aerodynamic analysis [2, 9, 21, 24]. The additional jury member added between the
strut and main wing, provided added strength to the wing allowing reduced ¢/c. The aspect
ratio for the main wing for this configuration is similar to the one for the SBW, although this
configuration can allow for higher aspect ratios given the improved wing structure. Figure
3.3 shows the isometric view of the TBW configuration. The data associated with the aircraft

parameters is represented in Table 3.2.



3.1. MobpEeL DEscripTiONs AND GEOMETRIC PARAMETERS

Figure 3.3: TBW configuration- Isometric view

Table 3.2: TBW aircraft configuration parameters

13

Wing Span Aspect Ratio Area Root Chord Taper Ratio
Main 169.62 ft 18.11 1588.79 ft? 11.16 ft 0.354
Strut 104.85 ft 24.54 448.09 ft* 4.28 ft 1
Truss 27 ft 10.58 72.23 ft? 2.61 ft 1

Figure 3.4 shows the front and top views of the TBW configuration, displaying the location

of the strut and the jury.
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(a) (b)
Figure 3.4: TBW Configuration- (a) Front View and (b) Top View

Additionally, a new TBW configuration is considered with a higher aspect ratio. The main
wing span for TBW-II configuration is 189.62 ft. Table 3.3 displays the detailed geometric
parameters for the main wing, the modified strut and jury member for TBW-II configuration.

Figure 3.5 shows the isometric view of this new configuration.

Table 3.3: TBW-II aircraft configuration parameters

Wing Span Aspect Ratio Area Root Chord Taper Ratio
Main 189.62 ft 20.24 1776.125 ft2 11.16 ft 0.354
Strut 116.93 ft 27.36 499.64 ft? 4.28 ft 1
Truss 31.53 ft 12.07 82.40 ft? 2.61 ft 1

Figure 3.6 shows the front and top views of the TBW configuration, displaying the location

of strut and jury members.
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Figure 3.5: TBW-II configuration- Isometric view

(a) (b)
Figure 3.6: TBW-II Configuration- (a) Front View and (b) Top View

15
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3.2 VLM Based Aerodynamic Models

A vortex-lattice method (VLM) based model gives three-dimensional wing aerodynamic so-
lution of any general form. For an incompressible, inviscid flow, a set of lifting panels is used
for modeling a wing. These panels have a horse-shoe vortex in each one of them. A bound
vortex is situated at 1/4th chord position on the panel and two trailing lines of vortex being
shed from each end as shown in Figure 3.7. A surface flow boundary condition is applied
on each panel to calculate the required strength of the bound vortex for every panel [25].
The condition of no flow normal to the surface is applied, see equation 3.1, where w is panel

inflow velocity and 6 is pitch.

\j

bound vortices

control points

Trailing vortices extend to infinity

Figure 3.7: Horseshoe Vortex representation on a lifting panel on the wing [4]

The aforementioned no-flow condition is applied at 3/4th chord position along the panel’s
mid-span. The freestream component in the normal direction and the induced flow com-

ponent together make up the the normal velocity. The induced component is derived from



3.2. VLM Basep AERODYNAMIC MODELS 17

the strength of all vortex panels of the wing. Thus, a linear combination of the effects of
the strengths of all panels on the induced velocity is set up as one equation for every panel,
see equation 3.2. A matrix of influence coefficients is formulated and it is multiplied by the
vector of vortex strengths of all vortices and this is equated to a vector representing the

freestream effects.

j=N
j=1
j=N

j=1
The influence coefficient A;; represents the induced flow on panel 7 due to the vortex on
panel j. I'; is the vortex strength of panel j. If all panels are assumed to be approximately
planar then this influence coefficient can be calculated as a relatively simple application of

the Biot-Savart law along the three component vortex lines as,

T,
wig = - f (1) (3-4)

In matrix form, this equation becomes
w= Al (3.5)

The panel inflow velocity w; is defined as the velocity at the panel control point which is
located at the mid span and mid chord of the panel. Each panel has two degrees of freedom

i.e., heave (Z) and pitch (). Then the w; vector can be written as,

Wooi = Wooif + Wiz + Wegig (3.6)
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it = 5 i (3.7)

Weoig = — Voo sinl; = —V, .0, Wiy = Zi w

The lift coefficient for the wing at a given angle of attack will be obtained by summing the

lift on each panel. The lift on a particular panel can be found using the Kutta relation:
L; = pso Voo l'ib; (3.8)
Li = pooli|Viaoi| L; sin (1);) (3.9)
The equation can be written in the matrix form as,

L=psL'V,D (3.10)

After the three-dimensional geometry model has been defined, the VLM geometry is formu-
lated in the VSP environment. This is generated by the choosing the DegenGeom command
under the Analysis tab. The next step is to define various inputs and the flow conditions.
The overall process of VSPAero modeling and configuration is shown in Figure 3.8. The

details for the modeling process and the VSP GUI can be found in Appendix A.

Generate 3-D Model Degen Geom VSPAero inputs Launch Solver

¢ Define components o flat-plate o Reference Area and ¢ Number of iterations
and component representation position and nodes
parameters, * VLM * Flow conditions e Analysis type and flow
tessellations, etc. Vi @erTEE i conditions

Figure 3.8: Flow of VSPAero modeling and configuration

The fuselage is modelled as a non-lifting surface in VSPAero. Thus, there is no lift or in-

duced drag accounted from it. However, the lift on the strut and jury members is considered
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in the current model. Figure 3.9 shows the VLM geometry setup for the cantilever wing

configuration.

Figure 3.9: VLM geometry visualization for Cantilever Wing configuration

The three-dimensional model is discretized into sections along the span and chord within the
modeling setup of OpenVSP. The DegenGeom function converts this model into a flat plate
representation of the geometry. The discretization of the fuselage, wing and other lifting
components into a series of flat panels can be seen in these figures. The user can define the
number of tessellations in each direction for every component in the 3-D model, more details
and procedure for VSPAero modeling can be found in the forum [26]. VSPAero allows for
clustering tessellations. The leading and trailing edge have additional panels to appropriately
capture aerodynamic variations in the region. Figure 3.10 and Figure 3.11 show the VLM

geometry setup for the SBW and TBW configurations, respectively for reference.
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Figure 3.10: VLM geometry visualization for SBW configuration

Figure 3.11: VLM geometry visualization for TBW configuration
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Mach correction is required for considering the compressibility effect for the aircraft applica-
tion. This can be done by using Prandtl-Glauret rule or the 2"¢ Order Karman-Tsien Rule.
VSPAero allows for use of the Karman-Tsien Rule, which can be explained by the following
approximate equation that allows the pressure coefficient, c,, for a compressible subsonic

flow to be obtained from the value for incompressible flow, ¢,,, according to equation,

¢, = i : (3.11)

The total drag consists of three main components, such as Induced Drag (Cp,), Parasite
Drag (Cp,) and wave drag (Cp, ). For this study, VSPAero only accounts for induced drag
and skin friction drag, which is part of the parasite drag. The wave drag is not considered

here. An external package will be needed to model wave deag.

The additional details about the setup of VSPAero for the analysis can be found in Appendix
A.



Chapter 4

Results and Discussion

This chapter discusses the results generated by implementing the VLM through the VSPAero
module and studying the lift and drag distributions for different configurations. It is impor-
tant to look at the computation time taken for analyzing these configurations with regards
to complexity of the geometry. The variation in lift, drag and local aerodynamic coefficients
at different angles of attack and different Mach numbers gives an overview of the deviation
in aerodynamic characteristics with changes in flow conditions. The VSPAero module also
gives the convergence history for these analyses with respect to number of iterations. Af-
ter studying this convergence history for different simulations, a fixed number of iterations
has been adopted for all the following cases. The aerodynamic coefficients and the stability
derivatives obtained from the module have been presented as well. Four cases have been
presented here with different configurations such as Cantilever, SBW, TBW-I and TBW-II.
These configurations are studied at an angle of attack of 2, 2.5 and 3 deg, and corresponding
Mach number of 0.7 and 0.8. A steady analysis type with variation in P, Q and R, along

with Mach number and surge velocity is conducted.

22
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4.1 Aerodynamic Results for Cantilever Wing Config-

uration from VSPAero

The results for the cantilever wing configuration, a conventional (tube and wing), Figure
3.9, are presented in this section. The convergence history for the lift coefficient and drag
coefficient is illustrated in Figure 4.1, and 4.2, respectively. The lift coefficient for Mach
number 0.7 and 0.8 varies between 0.32 to 0.61 at different angles of attack. The case of
angle of attack of 2 deg and Mach number of 0.8 generate an approximately identical lift
coefficient for the case of angle of attack 2.5 deg and Mach number of 0.7. Similar trend is
observed for the drag coefficient and lift-over-drag ratio, the convergence history for which

is presented in Figure 4.3.
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Figure 4.1: Convergence of C', for a=2, 2.5 and 3 deg at M,,=0.7 and 0.8 -CANW
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Legend

Figure 4.2: Convergence of Cp for a=2, 2.5 and 3 deg at M, =0.7 and 0.8 -CANW

Figure 4.3:

Convergence of L/D for a=2, 2.5 and 3 deg at M,,=0.7 and 0.8 -CANW
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Figure 4.4: Residual for C', for =2, 2.5 and 3 deg at M,,=0.7 and 0.8 -CANW

The residual history for this configuration is shown in Figure 4.4. The computation time
for this configuration is 6900.58 sec. A Department of Aerospace and Ocean Engineering,
Virginia Tech system with the following specifications, Precision 5820, 3700 MHz Xeon W-
2145, 32 GB RAM, NVIDIA Quadro P400 is used.

The spanwise variation of sectional lift and drag coefficients is illustrated in following figures.
Figure 4.5 and Figure 4.6 show the variation in normalized lift coefficient spanwise distri-
bution at different angles of attack. The local drag distributions along the span, shown in
Figure 4.7 and 4.8, show fluctuations at Mach number of 0.7, which can be due to modelling
approximations and limitations of VSPAero at discretized cross sections. The variation at
0.8 Mach number is not fluctuating. This will need further investigations to address these

unsatisfactory fluctuations, which can be studied considering sectional chordwise variations.
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Figure 4.5: Variation of Normalised ¢; distribution for a=2, 2.5 and 3 deg
at M,,=0.7 -CANW

Figure 4.6: Variation of Normalised ¢; distribution for =2, 2.5 and 3 deg
at M,,=0.8 -CANW
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Figure 4.7: Variation of Normalised ¢4 distribution for a=2, 2.5 and 3 deg
at M,,=0.7 -CANW

Figure 4.8: Variation of Normalised ¢4 distribution for a=2, 2.5 and 3 deg
at M,,=0.8 -CANW

27
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4.2 Aerodynamic Results for SBW Configuration from
VSPAero

This section discusses the results for the SBW configuration aircraft. The results are com-
pared at different angle of attack and Mach number. The convergence for Cp, Cp and L/D
is presented in Figure 4.9, 4.10 and 4.11, respectively. For the SBW configuration, the maxi-
mum C, corresponds to the case of higher angle of attack at a given Mach number. VSPAero
does not model flow separation beyond the critical angle of attack. A specialized method has
been recently added which can help in stall modeling within VSP module. The maximum
two-dimensional lift coefficient for a particular airfoil at a given flow, can be obtained from
Theory of Wing Sections [27] and given as a constraint in the stall model tab. This will
limit the local lift coefficients and model the non-linearity in lift curve at extreme angles of

attack. The total drag coefficient value varies between 0.028 and 0.035. Similarly, The L/D
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Figure 4.9: Convergence of 'y for a=2, 2.5 and 3 deg at M =0.7 and 0.8 -SBW
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ratio for SBW is between 12.25 and 18.25. The increase in L/D with an increase in the angle

of attack is evident from Figure 4.11.

Figure 4.10: Convergence of Cp for a=2, 2.5 and 3 deg at M,,=0.7 and 0.8 -SBW

It can be observed from the residual history for lift coefficient in Figure 4.12, that the conver-
gence for the results can be considered appropriate. The residual is between 10~ and 1075.
The computation time taken for convergence is 7161.02 sec for the SBW configuration. This

will be compared to other configurations with increase in complexity of the wing structure.
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Figure 4.11: Convergence of L/D for a=2, 2.5 and 3 deg at M, ,=0.7 and 0.8 -SBW

Legend

Figure 4.12: Residual for C'f, for a=2, 2.5 and 3 deg at M,,=0.7 and 0.8 -SBW
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Figure 4.13 and 4.14 show the variation of normalised local lift coefficient along the span for
the three angle of attack at M, ,=0.7 and 0.8. The distribution along the wing’s span for
M,=0.7 and 0.8 is consistent for varying angle of attack. The local lift coefficient increases
as the Mach number and the angle of attack increase. The distribution along other lifting
surfaces like the strut and the tail can be observed as well in the plots. The variation in
main wing local drag coefficient is larger for the two different Mach number, when compared

to the strut. The main wing accounts for approximately 80% of the lift generated.
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Figure 4.13: Variation of Normalised ¢; distribution for a=2, 2.5 and 3 deg
at M,=0.7 -SBW

Figure 4.15 and 4.16 show the variation of normalised local drag coefficient along the span
for the three angle of attack at M,,=0.7 and M,,=0.8. The distribution is not smooth and
fluctuating along the Y-axis of the wing for M,,=0.7, whereas for M,,=0.8, more consistent
distribution can be observed. With an increase in the Mach number and angle of attack, an

increase in local drag coefficient can be noticed.
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Figure 4.14: Variation of Normalised ¢; distribution for a=2, 2.5 and 3 deg
at M,,=0.8 -SBW

Figure 4.15: Variation of Normalised ¢4 distribution for a=2, 2.5 and 3 deg
at M,,=0.7 -SBW
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Figure 4.16: Variation of Normalised ¢4 distribution for a=2, 2.5 and 3 deg at M,,=0.8
-SBW

Figure 4.17a to 4.19b illustrate the pressure coefficient variation Ac, along the surfaces of the
SBW aircraft configuration. The increase in Mach number shows a slightly higher negative

pressure difference between top and bottom surface near the leading edge.
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Figure 4.17: Variation of Ac, for a=2 deg at (a) M.=0.7 and (b) M,=0.8 -SBW
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The variation with increase in Mach number can be seen for every angle of attack. The

leading edge of strut displays suction regions, indicating possible lift generation.
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Figure 4.19: Variation of Ac, for a=3 deg at (a) M =0.7 and (b) M,=0.8 -SBW
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4.3 Aerodynamic Results for TBW Configuration from

VSPAero

4.3.1 Aerodynamic Results for TBW-I Configuration

This section discusses the results for the TBW-I configuration aircraft. The results are
computed and compared at different values of angle of attack and Mach number. The
convergence for Cp, Cp and L/D is presented in Figure 4.20, 4.21 and 4.22, respectively.
The case of a=2.5 deg at M, =0.8 has a higher lift coefficient compared to that of the
case of a=3 deg at M,,=0.7. However, it can be interpreted from Figure 4.21 that drag is
significantly lower for the latter case. As a result, we can see that for the lift-over-drag ratio,

the trend is reversed. The L/D for the former case is lower.
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Figure 4.20: Convergence of C', for a=2, 2.5 and 3 deg at M, ,=0.7 and 0.8 -TBW-I
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Figure 4.21: Convergence of Cp for a=2, 2.5 and 3 deg at M,,=0.7 and 0.8 -TBW-I

Legend

Figure 4.22: Convergence of L/D for =2, 2.5 and 3 deg at M, =0.7 and 0.8 -TBW-I
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Figure 4.23: Residual for C'f for a=2, 2.5 and 3 deg at M,,=0.7 and 0.8 -TBW-I

For the TBW-I configuration, the variation of normalised local lift coefficient along the span
for the three angle of attack at M, ,=0.7 and M,,=0.8 is presented in Figure 4.24 and 4.25.
Similar to the case of SBW configuration, the trend of consistent distribution along Y-axis
of the wing at M,,=0.7 and M,,=0.7 for varying angle of attack, is observed here. The local
lift coefficient increases as the Mach number and angle of attack increase. Approximately,
24% increase can be noticed in the maximum local lift coefficient for same angle of attack
as the flow Mach number increases from 0.7 to 0.8. The spanwise distribution for the strut,
the additional jury and the tail is demonstrated in these figures. The variation in the main
wing local lift coefficient is larger for the two different Mach numbers, when compared to its

value for strut and the jury. The contribution of the jury member to the lift is negligible.
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Figure 4.24: Variation of Normalised ¢; distribution for a=2, 2.5 and 3 deg at M,=0.7
-TBW-I

Legend

Figure 4.25: Variation of Normalised ¢; distribution for a=2, 2.5 and 3 deg at M,,=0.8
-TBW-I



40

The addition of jury further disrupts the local drag coefficient distribution as shown in Figure
4.26. There is not much increase in the maximum local drag efficient between the cases of

the two Mach numbers. Figure 4.27 shows the normalised local drag coefficient distribution

for varying angle of attack at M,,=0.8.

cd*c/cref

0.05 —

CHAPTER 4. REsuLTs AND DiscussioNn

Legend
- a=2, b=0, M=0.7; Y: cd*c/cref

a=2.5, b=0, M=0.7; Y: cd*cicref

|

a=3, b=0, M=0.7; ¥: cd*clcref

o
=1
&
I

(=]
LI

a
S

gf

LI |
=3

L AN

al | la

oo A

&
\r.:i

=

A 4 Hplea P
A Al ¥, A% A
m%ﬁﬂg_@- Qﬂguhg;%@ﬂé! :
g Y ' ' -
i

=3
==

-20

Span Location: Y

Figure 4.26: Variation
-TBW-I

Figure 4.28a to 4.30b show the pressure coefficient, Ac,, variation along the surfaces of the
aircraft for the TBW-I configuration. The evidence can be illustrated that the strut and jury

have decent negative Ac, near the leading edge. This suggests that the supporting members

LI I ) L

of Normalised ¢4 distribution for a=2, 2.5 and 3 deg at M,,=0.7

generate a significant amount of lift, which must be accounted for.
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Figure 4.27:

-TBW-I
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Variation of Normalised ¢; distribution for a=2, 2.5 and 3 deg at M., =0.8
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Mach: 0.800, Beta: 0.00000000, Alpha: 2.000

(b)

Variation of Ac, for a=2 deg at (a) M.,=0.7 and (b) M,=0.8 -TBW-I
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(a) (b)
Figure 4.29: Variation of Ac, for a=2.5 deg at (a) M=0.7 and (b) M,,=0.8 -TBW-I

The previous studies assumed no lift on the strut and jury. Hence, the need to consider strut

and jury as lifting surfaces can be justified. The strut has a better gradient than compared

to the jury.
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Figure 4.30: Variation of Ac, for a=3 deg at (a) M.=0.7 and (b) M,=0.8 -TBW-I
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4.3.2 Aerodynamic Results for TBW-II Configuration

This section discusses the results for TBW-II configuration with a larger wing span. A trend
similar for TBW-I configuration, is observed for the lift coefficient values of TBW-II for
varying angle of attack and Mach number. Figure 4.31 shows that the corresponding lift

coefficient values are higher for this configuration.

CI.1 . o - Legend
] I a=2, b=0, M=0.7,

a=2, b=0, M=0.8,
a=2.5, b=0, M=0.7,
a=2.5, b=0, M=0.8,
a=3, b=0, M=0.7,
a=3, b=0, M=0.8,

0.9—- HEEN INENN EEEENE

0.8

0.7

A 2 @ & & A &
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Wake Iteration #

Figure 4.31: Convergence of C}, for a=2, 2.5 and 3 deg at M,,=0.7 and 0.8 -TBW-II

However, as a result of increased aspect ratio, the difference in drag for the two cases is
reversed. This results in a higher L/D ratio for the case of & =2.5 deg at M,,=0.8 than that
compared to the case of a =3 deg at M ,=0.7, as shown in Figure 4.33. This is opposite to

what was observed in the case of the TBW-I configuration.

Figure 4.34 shows the residual history for the convergence of lift coefficient. The residual

values are slightly lower compared to the previous two cases, suggesting that the convergence
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Figure 4.32: Convergence of Cp for a=2, 2.5 and 3 deg at M,,=0.7 and 0.8 -TBW-II

Legend

Figure 4.33: Convergence of L/D for a=2, 2.5 and 3 deg at M, =0.7 and 0.8 -TBW-II



4.3. AERODYNAMIC REsuULTS FOR TBW CONFIGURATION FROM VSPAERO 45

was better. The time taken for convergence was around 12341.5 sec, which is 72.34% higher

than that taken by SBW configuration calculations.

Figure 4.34: Residual for C, for a=2, 2.5 and 3 deg at M,,=0.7 and 0.8 -TBW-II

The local lift coefficient goes up slightly with the increased span for the new configuration.
The variation and maximum for ¢; is demonstrated in Figure 4.35 and 4.36. There is no
significant change in the contribution from the strut and the jury, despite the increase in

span for the member wings as well.
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Figure 4.35: Variation of Normalised ¢; distribution for a=2,2.5 and 3 deg at M,=0.7 -
TBW-II

Figure 4.36: Variation of Normalised ¢; distribution for a=2,2.5 and 3 deg at M,,=0.8 -
TBW-II
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Figure 4.37 shows the normalised local drag coefficient distribution for varying angle of
attack at M,,=0.7 for TBW-II configuration. Compared to TBW-I, no negative local drag
coefficient can be observed here. The distribution is still not consistent along the Y-axis. A
small increase in local drag coefficient at the wing tip is observed in Figure 4.38. This may

be attributed to the high vorticity near the tip.

cd;ﬁ;ret Legend
| a=2, b=0, M=0.7; Y: cd*c/cref

a=2.5, b=0, M=0.7; Y: cd"clcref |
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Figure 4.37: Variation of Normalised ¢4 distribution for a=2, 2.5 and 3 deg at M, =0.7
-TBW-II

Figure 4.39a to Figure 4.41b show the variation in Ac, for TBW-II configuration. The
addition of jury, coupled with the increase in strut span, decreases the Ac, for all angle of

attack when compared to previous configurations in this study.
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Figure 4.38: Variation

-TBW-II
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Figure 4.39: Variation of Ac, for a=2 deg at (a) M.=0.7 and (b) M,=0.8 -TBW-II
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Figure 4.40: Variation of Ac, for a=2.5 deg at (a) M,=0.7 and (b) M,,=0.8 -TBW-II
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Figure 4.41: Variation of Ac, for a=3 deg at (a) M=0.7 and (b) M,=0.8 -TBW-II
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4.4 Coefficients and Stability Derivatives

A Flight Dynamics model needs aerodynamic coefficients and stability derivatives. VSPAero
is used to estimate these coefficients and derivatives. Some of the coefficients and derivatives
have been tabulated in this section. Table 4.1 to Table 4.6 display the coefficients for
varying Mach number and corresponding angle of attack for different configurations. Not

much difference is observed between SBW and TBW configurations. TBW-II configurations

shows increase in lift and drag coefficients.

Table 4.1: Coefficients for SBW aircraft configuration at M,,=0.7

M =0.7

Coefficients a=2 deg a=2.5 deg a=3 deg
Cr 0.3399 0.4254 0.5105
Chp 0.0012 0.0020 0.0029

Cyg -0.0009 -0.0007 -0.00002
Cr,.. -0.0123 -0.0021 -0.0001
Cuy -78.297 -10.473 -0.9641
Cn 0.3055 0.0503 0.0016

Table 4.2: Coefficients for SBW aircraft configuration at M, ,=0.8

M.=0.8
Coefficients a=2 deg a=2.5 deg a=3 deg
CrL 0.4248 0.5309 0.6369
Ch 0.0032 0.0051 0.0073
Cyg 0.0003 0.00004 -0.00003
Cr,., -0.0004 0.00003 -0.00003
Cy -0.2760 0.2533 0.2973
Cn 0.0179 -0.0011 0.0008
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Table 4.3: Coefficients for TBW aircraft configuration at M ,=0.7

M,=0.7
Coefficients a=2 deg a=2.5 deg a=3 deg
Cr 0.3401 0.4252 0.5103
Cp 0.0013 0.0020 0.0029
Cyg -0.0002 -0.0010 -0.0005
Cr,.. -0.0021 -0.0025 -0.0003
Cy -14.588 -9.2588 -2.8976
Cn 0.0514 0.0615 0.0063

Table 4.4: Coefficients for TBW aircraft configuration at M,,=0.8

M,.=0.8
Coefficients a=2 deg a=2.5 deg a=3 deg
C 0.4245 0.5305 0.6366
Cp 0.0032 0.0051 0.0073
Cyg 0.00006 0.0002 0.00006
Cr,., 0.00007 0.0003 0.00003
Cu 0.2309 0.2304 0.2820
Cn -0.0045 -0.0013 0.0002

Table 4.5: Coefficients for TBW-II aircraft configuration at M,,=0.7

M,.=0.7

Coefficients a=2 deg a=2.5 deg a=3 deg
Cr 0.3451 0.4315 0.5178

Cp 0.0032 0.0050 0.0072

OF -0.0001 -0.0003 -0.0003
Cr,., 0.00003 -0.00002 0.00006
Cu -0.7164 0.1759 0.2203
Cn -0.0022 0.0002 -0.0019

Table 4.6: Coefficients for TBW-II aircraft configuration at M.,=0.8

M,=0.8
Coefficients a=2 deg a=2.5 deg a=3 deg
Cr 0.4339 0.5425 0.6508
Ch 0.0031 0.0049 0.0071
Cyg -0.00003 0.00005 -0.00003
Cr,., -0.000005 0.000002 -0.000005
Cy 0.1612 0.0883 0.1171
Cn 0.0001 -0.00004 0.0001
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Table 4.7 and 4.8 illustrate the stability derivatives obtained for different configurations for a
steady analysis. These tables present the lift and drag derivatives for the SBW, TBW-I and
TBW-II at a= 2.5 deg. The SBW and TBW-I configurations do not indicate a significant dif-
ference for these derivatives. However, TBW-II shows significant increase in Angle-of-Attack

lift effectiveness and Angle-of-Attack drag effectiveness compared to previous configurations.

Table 4.7: C'p Derivatives for different aircraft configurations

Configurations

Derivatives SBW TBW-I TBW-II
Cr, 9.7157 9.7420 9.8645
Crs -0.0169 -0.0071 -0.0273
Cr, 0.0229 0.0331 0.0193
Cr, 4.7126 4.2662 4.1416
Cr, 0.0472 0.0516 0.0457
ClLas, 1.0553 1.0536 1.1102
Cr., 0.7387 0.7375 0.7771

Unit for all derivatives is per rad, except for M., and u

Table 4.8: C'p Derivatives for different aircraft configurations

Configurations

Derivatives SBW TBW-I TBW-II
Ch, 0.1101 0.1108 0.2745
Cb, 0.0223 0.0340 -2.19041
Chp, -0.1704 -0.2910 -0.1571
Cp, -0.4290 -1.0638 -0.5734
Cb, -0.0298 0.0417 -0.0217
Chyr. 0.0305 0.0304 -0.0009
Cp, 0.0213 0.0213 -0.0007

Unit for all derivatives is per rad, except for M., and u

A detailed output for coefficients and stability derivatives obtained from VSPAero is given

in Appendix B.
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4.5 Discussion

The derivative Cp,, for these results is compared to the ones obtained using the superposition
approach and the CFD studies using USM3D and FUN3D [3]. Table 4.9 shows the variation

in values obtained from different methods. The base angle of attack for this particular

Table 4.9: TBW lift curve slope comparison

\ Cr., | Cr., % Difference

FUN3D 9.8225 1.59

USM3D (lim off) 0.9807 0
USM3D (lim on) 9.6230 3.58
VORLAX (Full Configuration) 6.0526 39.36
VORLAX (Superposition 1) 9.4097 5.72
VORLAX (Superposition 1) 9.3707 6.11
OpenVSP (TBW-I) 0.7420 2.39

comparison is 2.5 deg for TBW-I configuration. This is keeping in mind the configuration
used in the comparison study. It is evident from the above results that there is an excellent
agreement for Cr, with the CFD results. The % difference is less than approximately 2.5%.
However, the results do not show a good agreement for the lift coefficient itself. This may

be due to modeling differences and approximations in parameters.

The OpenVSP tool has certain limitations with respect to the flow conditions and the input
parameters. The VSPAero module implements either VLM or Panel method. The limitation

for applications with respect to Mach number is M =0 to 5, as limits for the tool.

As the VSPAero module is based on linear potential flows, it lacks the capability to model
transonic and viscous effects. Since the aircraft speed considered here is between Mach=0.7
and 0.8, it is necessary to account for wave and viscous drag and transonic effects on lift and
induced drag. Transonic small disturbances can be considered to account for these transonic

effects. The surface pressure and the velocity are calculated for upper and lower airfoil by
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incorporating transonically-scaled potential. TSFOIL [28], an open-source transonic flow
model has been implemented in a study [5]. The updated pressure coefficient is integrated
to compute the aerodynamic coefficient for lift and induced drag. The TSD is implemented

at each section for the effective 2D angle of attack.

Integral
Boundary
Layer

Vortex
. 3w 2D TSD Wing Load Element
Lﬁtgﬁ (TSFOIL) Integration [l

Figure 4.42: Integrated Aerodynamics model for transonic application [5]

Figure 4.42 shows the model framework to account for transonic effects and viscous effects af-
ter the VLM model is implemented. The updated pressure coefficient from TSD model is fed
to Integral Boundary Layer model which computes the boundary layer displacement thick-
ness. This added thickness is updated to obtain the pressure coefficient distribution. The
new thickness is calculated based on this updated pressure coefficient distribution. This pro-
cess iterates until convergence for thickness and pressure coefficient distribution is achieved.
The steps are repeated until the VLM sectional lift and airfoil lift from the integrated TS-
D/IBL model converges for all sections. This new set of acrodynamic parameters can be

used for further integration with structural model for flight dynamic analysis.

The derivatives and coefficient values for different configurations shown here, demonstrate
that OpenVSP can serve as a useful tool for preliminary and computationally inexpensive
aerodynamic analysis. The development of a comprehensive structural analysis tool within
the VSP environment will even enhance these capabilities for complex and multidisciplinary

analysis of aircraft.
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Conclusion and Future Work

This study has been conducted with the motivation to eventually develop a suitable fidelity
aeroelastic modeling within the multidisciplinary optimization framework. A low-order aero-
dynamic modeling method like Vortex-Lattice Method proves to be fit for conceptual analysis
of aircraft, as it isn’t computationally expensive and can be used for preliminary analysis.
Coupling this with an open-source platform like OpenVSP, makes it a rapid and valuable
analysis tool. The VSP environment also offers API integration with multiple structural,
mathematical and aerodynamic analysis environments. This capability can be leveraged to
further to increase fidelity and develop packages for detailed analysis such as modeling aeroe-
lasticity. This will aid in incorporating flight dynamics in MDO in a quicker and reliable

form.

In terms of analysis, sectional lift and drag coefficient distribution and its variation with
Mach number and angle of attack have been presented in the study. These results are for
cantilever and both SBW and TBW configurations, which have fairly similar configurations
to aircraft configurations with medium range mission profile, having a 200-passenger capacity
and a range of 3500NM. An increase in the aspect ratio demonstrates the increase in the
lift-to-drag ratio. A comparison study for Ac, has also been shown for analysis based on
changes in configuration, Mach number and the angle of attack. It demonstrates the need
to include the aerodynamic lift of the supporting members (strut and jury) for aerodynamic

calculations. These results do account for the compressibility effects due to flow conditions of
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the application. The derivatives obtained from this study show a good agreement with those
obtained from the USM3D and FUN3D results in a superposition study [3]. The variations
in derivatives are under 5% compared to the CFD results. As discussed earlier, the results
also demonstrate a better agreement in terms of derivatives as compared to the superposition
approach. With some additional considerations in modeling, the need to perform separate
analyses for different components of aircraft and then perform post-processing to obtain the
results can be eliminated. The user interface of OpenVSP and VSPAero allows for easier

implementation of the methodology than scripted interfaces.

Despite, the demonstration of implementing the VLM through VSP efficiently, it has been
observed that there are certain challenges and limitations within the environment. As the
complexity of the aircraft configuration increases, additional considerations such as transonic
and viscous effects discussed earlier can be applied. Additonally, VSPAero offers panel
method implementation for aerodynamic modelling, which discretizes a three-dimensional
geometry into a series of panels. This can be explored to overcome drawbacks of VLM in
modeling non-lifting and blunt surfaces such as fuselage and engines. An external package
to compute wave drag can be developed and integrated within this architecture to overcome

the shortcoming wave drag computation for this application.

However, these tools still offer a rapid and sufficiently detailed aerodynamic analysis for MDO
of complex TBW aircraft. Ultimately, the results obtained from these aerodynamic analyses
will be coupled with structural finite-element methods to generate the flight dynamics model.
The developers of OpenVSP have added some rudimentary structural modeling capability
to the environment and are considering developing a capability to compute mode shapes
and natural frequencies of the aircraft. This will open up the possibility of generating all
the required data for flight dynamics modeling in an open-source software package, thereby,

eliminating complex and expensive analysis tools.
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Appendix A

A.1 VSPAero GUI and Setup

The following figures demonstrate a detailed setup specified for OpenVSP models and VS-
PAero.
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A.1. VSPAErO GUI anD SETUP

___C__‘._a“_s__g_ Setup _ | Flow Condition

_| _Aiphastart | 2.000 End | 3.000 Npts |
ometry Set: | Show sl _ 0.000
_ Reference A{rea._Lengths | eCref S m

Control Group Angles

Figure A.1: VSPAero overview setup GUI
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Propeller Representation

Run _Mode

_ Advanced Flow Conditions

|—r_

Cp Sllcer

Position

Figure A.2: VSPAero advanced setup GUI
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Figure A.3: VSPAero Setup and Inputs script file
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B.1 Coefficients and Derivatives

Table B.1: Force Stability Derivatives for different aircraft configurations

Configurations
Derivatives SBW \ TBW-I \ TBW-II
Crg, -0.0165 -1.0596 -0.7593
Cruy -0.90811 -0.0219 0.0059
Cre, -0.1713 0.2930 -0.1577
Cre, -0.6341 -1.1860 -0.6535
CFe, -0.0308 -0.0657 -0.0236
Crap, -0.0155 -0.0223 -0.04935
Cre, -0.0109 -0.0156 -0.0345
Cry, 0.0970 0.0154 0.0207
Cry, -1.1152 -1.0533 125.790
Cry, -0.0592 -0.1430 63.0968
Cry, 0.1227 0.0377 -0.0404
Cry, 0.7672 0.7696 4.1421
Crynr.. 0.0078 0.0055 0.0316
Cry, 0.0055 0.0038 0.0213
Cr,, 9.6840 9.69511 9.845
Cry -0.0168 -0.0075 -0.02706
Crz, 0.0154 0.0231 -0.0125
CFrz, 4.6894 4.0981 4.1170
Cr, 0.0459 0.0928 0.0446
Cran.. 1.055 1.2634 1.1091
Cr., 0.7389 0.8844 0.0213

Unit for all derivatives is per rad, except for M., and u
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Table B.2: Moment Stability Derivatives for different aircraft configurations

Configurations
Derivatives SBW \ TBW-I \ TBW-II
Crx, 1.6496 -0.1665 -0.0013
CMJ:@ -0.8259 -0.1214 -2.4494
CMa, 0.9512 0.9647 -0.0836
CMe, -0.3437 -0.2293 -0.0033
Chutz, -0.2054 -0.8679 -0.2259
CMan, -0.0256 -0.0223 -0.0002
Chre, -0.0148 -0.0179 -0.0001
Chy, -5090.389 519.2777 2.0913
Chryg -239.0355 333.7330 -1284.7955
My, 99.9576 -296.4463 0.0575
Chty, 1659.0391 569.9631 -85.2760
Chy, 97.9410 -14989.64 -0.8666
CuMynr., 107.2607 94.8922 -0.8762
Chry, 75.0824 66.4245 -0.6133
Ciz, -36.0011 4.1327 0.0182
Chrzg 25.0001 6.8773 8.9021
Cuz, 0.4960 0.4243 0.6715
Chrz, 8.3093 5.4899 0.0394
Cumz, 0.6691 16.7449 0.1110
CMzn, 0.5145 0.6280 0.0028
Chrz, 0.3601 0.4396 0.0020

Unit for all derivatives is per rad, except for M., and u
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Coefficients and Stability Derivatives for Strut-Braced Wing (SBW) configura-

tion for a= 2 deg

Figure B.1
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Coefficients and Stability Derivatives for Strut-Braced Wing (SBW) configura-

tion for a= 3 deg

Figure B.3
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.1. COEFFICIENTS AND DERIVATIVES

Coefficients and Stability Derivatives for Truss-Braced Wing (TBW) configura-

tion for a= 2 deg

Figure B.4
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Coefficients and Stability Derivatives for Truss-Braced Wing (TBW) configura-

tion for a= 2.5 deg

Figure B.5



69

.1. COEFFICIENTS AND DERIVATIVES

TL81000°0
£/866V0° 0~
967CET0 0~
69679108~
vITeL08" @~
809.700° @
TTEE900° 0

Upd

01661870

EVELESH B~
69L66TF 5
CreR6TT L~
TSL¥T99° LT~
8ETSREE Q-
98T9/68° T

WD

L7E0000° 0
€8706E0 0
50T5000° 9
7687887 8-
£49£708° 0~
6TvCeee o
620£008° 0

juie]

5790000° 0
9808071 0
90010000~
EY¥/970° 8-
7678878°0-
Slccees o
16708080

s)

6£8CL00°0
86578000~
€TETLO0 0~
887cese 8-
Lv778T08° @
£v91500°0
2506708° 0

a

65959€9°0
Tre6LEs 0
8697£55°0
SETELTS '@
TE9T0TS @
85£089°0
[AJkd: 10"}

1

8sTacre -
9L9TL5T°TT
5eriee e
¥5.8E00°0
89790c0°8
[3€a788°@
estecree
9/92/5T°TC
75ercene-
TTerree e
¥5.8E00°0
z995Te°e-

n
aad

n
Jam

T/81000°0-  @T6618C'@

£/866V0 0 EVELESH B~
967100 69L66TF 5
69679108 CreR6TT L~
v1TeL008°@ TSL¥T99° LT~
809/v08 0~  BETSPEE Q-
TTEE900°0-  98T9/68°T-

zW) A

1857199 0
99609647 TE
B9eTEEe 8
¥2£5500°0
[AR:TAS ]
YTI6Z9T'T
Tesrroee
9968964 TE
@9ErED 0
BELVEIT T
¥2£5500°0
sriezzete-

W
aad
yoey
2am

Wl

@9//90E7@- /897868 T-
GELFEBSTOT  QOTETOL ¥PFL-
TI8EVIT @ Test6eLe 8
969969L°@ 8vriLERT@
£€5T8098° @8- 778669670~
SLET960°@ TerersT v
@9LL90E7@ £897068°T
6E/788570T  BOT6TOL ¥FE-
TIBEYTZ @~  TO8T6LO°0-
68760878 ¥181868° %
969969L°@ 8vriLERT@
rEGL598° 8- 668089811~

ped

aad
J

Jum

L7ERRE8 0~  LVPIB9E9'@
€8706E0 0~ £89/9¢5°0
SOTSe08 @~  €9£TTS5°0
76878810 88/6ETS '@
£/9£700° 0 95656050
[Tagd: ] 06£68.9°0
620£000° 0 vLTL60S°@

1)

peu

aad
b

Jam

peu

aad
d

Jam

5790000° 0
9808071 0
90010000~
EY¥/970° 8-
09/8878°0-
Slccees o
16708080

£42

€T9TETT @~ [BESYIL O~
VEPI6Y@ €T @B5B986°SVE-
S0E66L670- FLS6LTT 70
LTOBEYT @~  9¥630850°T-
9rI668T 8- 9567ERa" 8-
9SEERERT D €£6£900°0-
[g4:T4 74 0] LRESYIL @
FEFT6YE T~  0BS8986°ST8-
S@E6ELETR PLSELTT @
9601E70" 8 rssiee e~
LTOOEYT @~  6PLEESOT-
9EESTHT @~ SE86TzZa @~

peua
aad
eiag
Jam

7I7e9Ce 8- itun
TLL85€0° 0~ ATung/|
78/09€0°0-  TUnL/
TSTELLB7 8- ATung/|
9/81vZ8 0~
TE6LIVe 0
60857870

x4) S3TY|

atun /ped

arung/ped

atun /ped

ITung/atuny

£43TUNT/3TUNY

Sap

Sap

1TUN OU

aTun]

3Tun]

1Tun]

3Tun]

atun

z.3Tun
s1Tun

FEERB68 D
E8TLERDTLYT
9r8/eee e
TESPSTE' @
rEBYEIL @
[8S88EL°6
TEERREE R
€8T/E807LVT
S¥BLEQD O
CETLS69° 6
TESPSTE' @
1869658 T~

peu
asd
eydry
2am

IBATIEBATIR(Q

“ou ot et
Ped gaa 1+
ped paa T+
pPed gaa 1+
S3p poo T+
Sap pea T+
e/u gaa’ o+

n e1r=a

0800000 @
eoooeeee
[lelelelol o]
0008396197
0009000°0
0000000 @
0000000° ¢
080000.° @
BSB6EBT T
0000000° 0
e1T8%er"S
0000079 69T
08esT95°6
B8@9E68.°885T
anTep

TTEE900° @
98T3L68°T
680£008°0-
TT67a00 0
850670070
[FLTATS™@
[4433:: N
98T3/68°C
680t000° 0
rL7/605°8
TT67a00 0
6E@BEZA @~

Te1ol
ouay
aseg

#
yoey

ajey”  mej
I1ey y2ard
|18y TIoY

elag
eydry

oJay aseg

#
ase)

#

81y~ mMej
s3ey Yy21rd
a1ey” TI0Y

THUTA
“ouy
Teaag
“yoy

yoey

Coefficients and Stability Derivatives for Truss-Braced Wing (TBW) configura-

tion for a= 3 deg

Figure B.6



APPENDIX B.

9761855 BYSE6T- T6TIBEE 8-

LTL9EYY 889FE BLESTO9 @

158791079 TOSSECO '@

TPTSEFT 9 LT6S9LL°8

¥Z9zeee"a- 6V/E000° 8-
8E//080°0 rSeTTee e
TETra8e 8- 1065000 8-
€TLITTI70 81018880
TaBFOTO @~  TRSSETO'0-

CPTISEVL 9 £T6S9LL°8

¥£9eea’a 6¥/£0600°0
C8/T1T9°0 ersig8 e
8ELL080°0 seTTeR 0
880TZZ0 8- 0v8STED 8-

n W
Jad uad

n [EL
Jam 2am

9TETORR @~  TSTLTIT'@

91821 6" 9Z6T8SS AVS6ET-

£Te0080°0- 166508¢€ 8-
9Tele9e e- S/818€0°0
68LLTSSTET  LTLIEWY 889TE
£000700°0 T89TTIC'0
52277ea’e evrroTs 8-

zH) A

846570970~
185000070~
87660000

9r8E0T8 SL
68TRTTT 6LBLSIT- 6TLSLEESS
LB6TLVL T
650955179
BTL85.L70
TsTi0057 0
9r8EQTR SL~
68C8TLL 6/8/59T- BTLSLEESS
LB6TLFLT
TESEELV O
650355T°9
9€/5T6L70

ped

Jad
J

Jam

L8SLECFO
97el@88T 8
SvZ8eLETe
EVOrIreE 0
TeeLTOV @
6LEVLTSO
L¥BBSYE 8

1)

555598078
TreeEle 8-

7/£8860° 8-

12-

(TBW-II) conf

ing

#

BSBEBE9LL- L9TLTT@'®  STTCTOQ 0" uid
¥6L6788 TYSLBET TZOTVRL ES  OFTWITL 0" )
@86VPTS VE  ZOTSTE8'@  8TEEABR"8 ™
9600T86°68  955/0T6°0-  9rrIe8D 8- s
759869279~ T6SS6IC°@  78OTEBE @ (i)
6/LBIEV'E  90GOE68'6  BEQTSVE'® k]
B/SBEREOLL [9TLTTO @~  STTLTAR'® )
¥6/6288°TyS/B6T TZOTY8L €S  BFryITL 8- Ay
@86YPCS vE- COTSTEe 8-  8TE088D 8- Rt
EV9SEST'E  T6696/8°6  LFOBSYE'® 73
6£7TT80°06  955/0T@°0-  9¥yTeeR e- A9
BSOVEOES-  BGZPEE9 8-  /E8860°8- *4)

#

ped peu - #

uad uad - #

e13g eydry 1E20] $30)

Janm Jam ousy #
:aATieATdaq  aseg #

#

#

8566TT0" 0" ITunTou peT e+ _uEy
aTuni/ped gge T+ agey” mey
aTuni/ped gee’ T+ a1ey uITd
6/9T8T@°@-  1TUNl/ped @eR" T+ a1ey” TroY
evesTer"e- 3ep peo T+ e1eg
62686T0°0- S2p oee T+ eydry
e/u pRe" G+ ousy aseg

#

*1) satun eateq ase)
#

1Tun/peJ 9@ABEBE 0 agey” mey
1TUnL/peJ 9@ERERE @ 218y u1Td
1TUnL/pPeJ 9@8REBE @ a1ey Tr0Y
ITUNL/3TUNT QABREL  LBL THUTA
£41TUNT/ATUNY BRAJGE0" 8 Touy
8ap @pevEne’ 8 Telsg

Bap @eE0E0E T oy

ATUNTOU QPERERL @ Tyrey

ATUNT QTOV69T b Bz

ATUNT GEEBERE" 0 T8

ATUNT B9YTEER"S T8

1TUN @@0BATS 68T T34

3TN @0BSTIS 6 L)

T,ATUNT BFRSYTT SLLT L

s3tun antep awey #

70

tives for Truss-Braced W

1va

ts and Stability Der

icien
2 deg

Coeff

Figure B.7
uration for o



71

.1. COEFFICIENTS AND DERIVATIVES
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