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Table 3.1

Aircraft Dimensions
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Description Value
Length 6 ft
Wingspan 8ft-12ft
Aspect ratio 8to 12
Wing area 8 ft* - 12 ft?
Chord 1 ft
Horizontal/Vertical stabilizer span 24 ft
Horizontal/Vertical stabilizer chord 0.8 ft
Center of Gravity (CG) Position 21.96 in. from the nose (Quarter chord)
Assumed Weight 23 lbs.

(a) 8ft wingspan

(b) 12 ft wingspan

Figure 3.2 Initial UAV Geometry
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Figure 3.3 Xfoil results for NACA 2412 and 0012.
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3.1.2. Integration of Variable Fidelity Analysis

This section encompasses the analyses from a set of both low-fidelity and high-
fidelity tools to capture the acrodynamic model of the UAV. The variable fidelity tools
are deployed to calculate the coefficients of the aerodynamic forces and moments, and
the corresponding static and dynamic stability characteristics of the UAV.

3.1.2.1. SURFACES

SURFACES is an aircraft design software that resorts to the three-dimensional vortex
lattice method (VLM) to determine the airflow around the aircraft. Unlike the high-
fidelity CFD solver, a wide range of dynamic stability derivatives can be extracted from
the flow solution with the low-fidelity tool. The software calculates over 90 different
stability derivatives for the specified aircraft model. At the same time, the VLM solver
merely estimates the lift induced drag, as it is incapable of accounting for fluid viscosity,
especially at extreme angles of attack, which is where the inviscid methods fail to predict
the rapid increase in drag forces accompanying flow separation. Therefore, this is
augmented with the high-fidelity approach described in the next section.

3.1.2.2. ANSYS Fluent

ANSYS Fluent is a high-fidelity tool where different turbulence models are
implemented. This methodology is used to investigate the airflow over the UAV’s
geometry at extreme scenarios (i.e., high angles of attack followed by massive flow
separation) to obtain the aerodynamic derivatives. Simultaneously, the CFD solver is
used to validate the dynamic stability derivatives obtained from the low fidelity analysis.
The different turbulence models scrutinized are: 1) Spalart-Allmaras (1-equation); 2) K-¢

(2-equation); and 3) Detached Eddy Simulation (DES).
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3.1.2.3. Numerical Implementation

The ultimate goal of the current study is to simulate the repeatable dynamic soaring
cycles with the quantification of kinetic and potential energies at critical stages. The
simulation will also measure the net energy gained or the net energy expended by the
UAYV after each DS cycle and at the end of the complete flight. This virtual environment
would reveal some key characteristics like the minimum required wind shear, the
specifications of a control system capable of achieving perpetual DS, the efficiency of the
initial UAV’s design, etc. The general flight conditions employed in the variable-fidelity

analyses are shown in Table 3.2.

Table 3.2

General flight conditions

Description Value
Altitude 0 ft - Sea Level
Airspeed 20 m/s
Pressure 1 atm.
Density 1.225 Kg/m?
Temperature 15°C

3.1.2.3.1. ANSYS Fluent Model

This section describes the implementation of the high-fidelity, NAVIER-STOKES
solver for the purpose of capturing the static coefficients of the aerodynamic forces and
moments of the UAV by sweeping the geometry across various angles on all three axes.
The methodology used to implement the simulations on ANSYS Fluent is discussed

below, which includes the model geometry, the grid structure, and its implementation.
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3.1.2.3.1.1. Model Geometry

The 3D model of the UAV is designed on Autodesk Fusion 360, a CAD / CAM
design software. As shown in Figure 3.4, a bounding box is required to define the fluid
domain around the UAV, and the corresponding reference values are shown in Table 3.3.

The inlet, outlet, and the walls of the bounding box are manually defined.

Figure 3.4 Bounding box for the fluid domain.

Table 3.3

Bounding box dimensions and reference values

Description Value
Bounding box Length X 22438 m
Bounding box Length Y 20.528 m
Bounding box Length Z 21.853 m
Bounding box Volume 10066 m?
Area 0.743 m?- 1.115 m?
Density 1.225 kg/m?
Reference length 0.305 m (Chord length)
Temperature 288 K
Velocity 20 m/s
Viscosity 1.7894 x 10°° kg/m-s
Ratio of specific heats 1.4
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3.1.2.3.1.2. Model Grid Structure

The grid structure is generated using the meshing tool that is built-in to ANSYS
Fluent. The bounding box’s grid is compared to that of the UAV in Figure 3.5 and Figure
3.6. Using the “face sizing” inflation method, it is ensured that the far-field airflow is
given a coarser mesh while the area surrounding the aircraft is given a finer mesh. This
method provides reasonably realistic results while being computationally inexpensive.

The numerical details of the mesh are given in Table 3.4.

Figure 3.5 Bounding box's grid structure

Figure 3.6 UAV's grid structure
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Table 3.4

Grid structure

Property Value

Growth Rate 1.2
Element Size 0.3 m
Defeature Size 1.5 x 103 m
Curvature Min Size 3.0x10° m
Curvature Normal Angle 18°
Bounding box diagonal 37449 m
Average Surface Area 127.37 m?
Minimum Edge Length 3.0724 x 10* m
Inflation Option Smooth Transition
Transition Ratio 0.272
Face sizing > Element size 1 x102m

Total Nodes 387055

Total Elements 2114463

G

Figure 3.7 Final geometry used in the VLM solver.

3.1.2.3.2. SURFACES Model

The UAV’s geometry is developed using points and vectors as shown in Figure 3.7,
which approximates the original geometry. The coefficient of lift induced drag, Cy; is
obtained from SURFACES and the coefficient of viscous drag, C,,, is obtained from

ANSYS Fluent. Cy, at a =0° is summed together with all values of induced drag in
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order to estimate an approximated total coefficient of drag. The VLM solver computes
the pressure values at every panel of the approximated geometry. The forces, moments
and dynamic stability derivatives are extracted from this VLM solution.

3.1.3. Selecting the Turbulence Model

The results from the isolated-wing simulations and the complete aircraft simulations
are first examined and validated in order to select the appropriate turbulence model for
the subsequent analyses. The most suitable model would be the one that closely resemble
reality with the lest computational cost.

3.1.3.1. Methodology to Compare the Turbulence Models

ANSYS Fluent has a variety of turbulence models for various fluid dynamics
applications. Depending on the nature of the problem, the turbulence models can be
chosen, but this must go through a detailed validation process. The K-Epsilon, Spallart-
Allmaras, and detached eddy simulations models were compared and the most
appropriate model for this analysis was chosen.

3.1.3.1.1. Isolated Wing Simulation

The 3D model of the wing is isolated from rest of the UAV’s and it is studied using
CFD simulations in order to prevent the aircraft’s complex geometry in playing a role in
selecting the best turbulence model for this specific study. This is done by sweeping the
wing over various angles of attack and the corresponding coefficient of lift is plotted and
shown in Figure 3.8. In the linear region (o = -10° to 10°), all three turbulence models
appear to produce results that closely resemble each other. But later it can be seen that
viscous forces play a significant role in the non-linear region (a = 10° to 20°) where the

flow separates.
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Time after time, the K-¢ turbulence model overestimates the coefficient of lift, which
reveals the model’s inability to accurately account for the viscous forces. The DES
simulations predict the lowest Cz, followed by k-¢ and the SA model. In addition to the
three turbulence models, with a goal of validating them, the results are compared with the
experimental wind tunnel data for the NACA 2412 airfoil’s sectional lift coefficient
(Seetharam, 1977) and the NACA 2412 wing’s total lift coefficient data (Saha, 1999).
These effects are further studied and comprehended by running the same simulations for

the entire aircraft.
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Figure 3.8 C; versus Alpha of the isolated wing.

3.1.3.1.2. CFD Simulations of Complete Aircraft Geometry

The viscous forces on the UAV are intensified when the entire 3D model of the
aircraft is included in the analysis, especially in the non-linear region where flow-
separation occurs. In Figure 3.9, k-¢ turbulence model does not predict separation as well
as the others, and as a result it predicts a CL of nearly 1.5 at a=16°. This prediction is
deemed unrealistic as the wing should have stalled at a lower angle of attack. A parallel
explanation to this phenomenon is that the wing alone is not responsible for the total Cy,

but the entire UAV geometry is.
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Especially in the complete-aircraft simulations, a major part of the external flow is
inviscid, but it is highly affected by the development of wakes and boundary layers
surrounding the aircraft geometry. The entire flow field is influenced by this
circumstance (Versteeg, 1995). Also, the k- model predicts excessive turbulent shear
stresses in the presence of adverse pressure gradients, which results in the suppression of
flow separation on curved-boundary wall flows (Peyret, 2000). In comparison, the SA
model is calibrated for external acrodynamic flows, and it aligns with the experimental
results as closely as computationally possible.

As the DES was initially designed for the SA model, both predictions fairly follow
the same trend, though the actual data points differ slightly. The DES results
underestimate C; but does not deviate too much when compared to the SA model. As the
proposed final flight simulation requires an extensive list of lookup tables that defines the
aircraft behavior at any instance in flight, the computational cost also plays an important
role and is far greater for DES compared to simulations with SA model, thus the latter

was chosen for all subsequent analyses.
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Figure 3.9 C; versus Alpha of the wing (with aircraft geometry).



