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Abstract

The object of the study is to research a Helicopter Unmanned Aerial Vehicle (HUAV) made by bilateral project
HNQT/SPDP/12.19 at Hanoi University of Science and Technology. The purpose is to study the effect of the experimental
set on the aerodynamic characteristics of this unmanned helicopter and study the phenomenon of aerodynamic elasticity to
provide an assessment of the durability of the model in the hovering flight mode. The one-way fluid structure interaction
(FSI) method which is a combination of Computational Fluid Dynamics (CFD) and Computational Structural Dynamics
(CSD), has been carried out to comprehend both aerodynamic and aeroelasticity phenomena of HUAV. The CFD results
show the distribution of pressure, velocity, and turbulence in accordance with the actual phenomenon. The CSD results show
displacements, stress distributions, and material limit assessments. Then, a suitable operating range that meets the feasibility
and possibility of flight is created. This study is a premise for further experimental studies in the process of creating a HUAV.
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1. Introduction

In recent years, the application of unmanned aerial
vehicles (UAVs), including unmanned helicopters
(HUAYV), has become more diverse in both civilian and
military applications since UAVs are easier and faster to
deploy than most other alternatives. There has been
much numerical research about HUAYV, but it seems to
stop at separate simulations of each part of HUAV, such
as the main rotor blade or body [1-11]. The study of the
entire helicopter model is difficult because of i) the
complexity of the model and the mesh requirements;
ii) the relative motion between the rotating motion of the
rotor and the stationary motion of body which requires
complex handling methods. Two main methods to solve
the above problem include constructing overlapping
grids [2] or sliding grids [3].

Many studies have been carried out related to solving
the above difficulties. Renaud et al. [4] provided a
method compared with experimental measurements for
the Dauphin 365 N model, excluding the tail rotor. The
entire BO105 miniature model in the wind tunnel air
duct was simulated by Khier [5]; or evaluated studies on
the DLR and ONERA meshing grids by Sidés [1]; or
simulation research of two main rotors and body [6]; or
research in the wind tunnel [7, 8]. Biava and colleagues
[9] have carried out studies on the model combined with
the experiment. However, these studies have not
mentioned the durability and material parameters of the
experimental set as well as the model.
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2. Objective Model and Methodology
2.1. Helicopter Unmanned Aerial Vehicle Model

A classical HUAV was built with a mass of 4N for
the purpose of serving research and teaching. The main
parts of HUAV model included wing assembly, the body
and the base unit (Fig. 1).

Fig. 1. HUAV model

The main rotor assembly included blades and the
root. The blade was rectangular with a size of
0.402 m x 0.075 m and NACAO0015 profile. The blade
structure provided nine wood ribs of 2 mm thickness to
increase the resistance to distortion and denting of the
blade. The skin of blade was made of wood within of
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2 mm thickness to help ensure the aerodynamic
properties of the model. There was an aluminium spar
from the root to the tip of blade to enhance the durability
of the blade. The root of blade often had the highest
stress, which required high rigidity materials such as
steel.

The HUAV model (Fig. 2) was redesigned with a
body of composite materials and a plastic rotating disc.
The base was designed with a fixed pillar that was made
of steel. The base was positioned at the rear of the body
to reduce the influence of aerodynamics on the flow
properties. It was connected to the body structure
through a composite rod. The properties of materials are
in Table 1 and Table 2.

In this research, the HUAV model was performed
with pitch angle from 9 to 12 degrees and rotational
speeds from 650 to 850 rpm.
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Fig. 2. Design HUAV model

Table 1. Properties of isotropic materials

. . Compressive
Material Tensile Yield Yield Strength
Strength [MPa] [MPa]
Wood 41 66.3
Aluminum 280 310
Steel 250 460

Table 2. Properties of composite materials

Direction Critical Critical
strength [MPa]  deformation [m/m]

X 34 0.0026

Y 1632 0.0143

z 34 0.0026

The aerodynamic and structural properties of this
blade were estimated by both Computational Fluid
Dynamics (CFD), fluid structure interaction (FSI) and
the modal method with the help of ANSYS software.
Firstly, the CFD problem was solved to determine
aerodynamic properties, including pressure distribution
(or aecrodynamic loads) on the turbine blade. Secondly,
the deformation caused by aerodynamic loads on turbine
blades was estimated by solving one-way FSI problem.
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2.2. Methodology

Conservation equations are generated to describe the
fluid flow in nature. These equations include the
conservation of mass (continuous equation), the
conservation of momentum (or Navier-Stokes equation),
and the conservation of energy [10]. With two equations
of continuity and Navier-Stokes for the incompressible
flow, we get a system of four equations consisting of six
unknowns. Different computational models are
performed to solve this system of equations, such as
DNS (Direct Numerical Simulation), LES (Large Eddy
Simulation), and RANS (Reynold Averaged Navier-
Stokes) Simulation. RANS turbulence models are
preferred to be used over other models thanks to their
low error and especially saving computer performance,
which, the continuity and Navier-Stokes equations are
written as average equations. Then, turbulence models
are used to model the tenser of Reynold stress. There are
from one to seven equations, depending on the type of
selected turbulence model.

Structural dynamics studies the behaviour of
structures under the action of loads. Loads acting on the
structure can be divided into two main categories: static
loads and transient loads. The finite element method is
used to solve for the motion of the structural kinematics
that is described by [11]. This is a method of using
approximation of differential equations by discretizing,
dividing the complex continuum into simple domains,
and connecting each other through nodes.

The FSI problem is a combination of aerodynamics
(CFD) and structural dynamics (CSD) problems. Once
the aerodynamic and structural equations have been
built, the solution of this system of equations can be
done by specialized calculation software. The one-
dimensional FSI model is a combination of Fluent and
the Mechanic Structure in ANSYS software. Results
from Fluent are transferred to the Mechanic Structure for
calculation.

In the study of flow for helicopters, the relative
motion between the body and the rotor complicates the
problem. Steijl and Barakos [3] developed a sliding
mesh method to solve this problem. A sliding surface
between the rotating area containing the rotor and the
static area containing the body was created. The sliding
surface allowed the transmission of aerodynamic
properties between the two zones, which happened even
when the two sides were not similar in terms of the mesh
node and the mesh surface [3].

3. Simulation Setup
3.1. Computational Domain

The construction of the computational domain is one
of the important issues that determines the results of the
simulation problem. In order to perform simulation
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computation, the simulation space domain must be large
enough to avoid interference from the boundary layer on
the entire aircraft.

For HUAV, the simulation domain is divided into
two main regions, the rotation domain (containing the
propeller blades) and the static domain (containing the
body and base) for the purpose of modelling the rotation
of the model.

The rotational domain is a round cylinder with
dimensions of 1.1D x 0.0517D (Fig. 2a), where D is
diameter of rotor, which has been studied previously.
The 10D x 10D x 8D rectangular box-shaped static
domain (Fig. 2b) is large enough to avoid disturbances
from the boundary layer. The rotational and static
domains are connected through interfaces, allowing for
precise acrodynamic pressure transmission.
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Fig. 2. Computational domain
3.2. Meshing Grid

The meshing aims to divide the computational
element; it directly affects the simulation results.
Therefore, the grid survey cannot be ignored. For the
CFD simulation problem, the mesh requirements
include: i) Ensuring the geometry of the object: the
meshing is too coarse, causing the change of model's
contours, which happens at positions with great
curvature, such as the leading edge of the rotor blade;
ii) ensuring mesh shape: the mesh distortion makes the
simulation low accuracy. Therefore, quality control
indicators are included (Orthogonal — orthogonal index,
Skewness — standard deviation index). For Fluent
simulation in Ansys, the Orthogonal index must be at
least 0.01 to ensure the accuracy of the problem;
iii) Boundary layer grid: The boundary layer mesh
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allows the simulation to catch vortexes, the y+ index is
less than 1 for k- turbulence models, and the y+ index
is less than 200 for k-¢ turbulence models; iv) The
number of grid elements, which affects the computation
time of the model.

From the above grid requirements, the survey grid
cases include:

1. Automatic meshing,
2. Face sizing 3mm on the wing face,

3. Split the wing face into different parts, face sizing
Imm in front, face sizing 3 mm in back,

4. Same as case 3 and add 0.3 mm inflation on the
wings,

5. Splitting blocks for meshing purposes, like
dividing ICEM tools in ANSYS software,

6. Same as case 3 and add 0.01 mm inflation on the
wings,

7. Same as case 3, use inflation 0.01 mm,

8. Same as case 5 and using 0.01 mm inflation, face
sizing 0.5 mm front faces, face sizing 1 mm back faces,

9. Same as case 5, use inflation 0.01 mm, face sizing
0.5 mm front faces, face sizing 0.5 mm back faces.

3.3. Boundary Conditions

For the aerodynamic problem (CFD problem) at
hovering flight:

- Inlet: pressure inlet and set the Gauss pressure to 0
(equivalent to an absolute pressure of latm),

- Outlet: pressure outlet and set Gauss pressure to 0
(equivalent to absolute pressure of latm),

- Wall: include wings, body, and base. The main
rotor is rotational area around the y axis with the centre
of rotation at coordinates (x, y, z) = (0, 0, 0) and rotation
speed from 650 to 850 rpm. The interface faces are
coupled together, allowing the pressure definition on the
overlapping faces to be the same.

For the structural problem (CSD), the aerodynamic
pressure is converted directly to the input condition for
the structural problem, which is characteristic of the FSI
problem (Fig. 3).
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Fig. 3. Distribution of pressure on rotor blade
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Other boundary conditions of the CSD problem
include acceleration of gravity 9.81 m/s® in the y
direction, rotational speed of the wing assembly, and
wing root equal to the velocity in aerodynamic
simulation, using the mount at the base, using remote
displacement allows the wing root to be fixed while
rotating. Unlike the problems that only simulate the
wing, the simulation of the body requires a coherent
relationship between the body and the wing (Fig. 4). A
remote force is used to act directly on the bottom of the
body with a magnitude equal to the lift on the wing
calculated from the CFD problem (Fig. 5).

Pressure
Contour 1

1.170e+00
1.029e+00
8.871e-01
7.454e-01
6.038e-01
4.622e-01
3.206e-01
1.789e-01
3.730e-02
-1.043e-01
-2.460e-01
-3.876e-01
-5.292e-01
-6.708e-01
-8.125e-01
-9.541e-01
-1.096e+00
[Pa]

a. CFD

H: Static Structural

3/28/20211:37PM

1.26275e-6 Max.
9.48955¢-7
6351637
3.2137e-7
7.57897e-9
-3.06213e-7
-6.20005¢-7
-9.33797e-7
-1.24759e-6
-1.56138e-6 Min

b. CSD

Fig. 4. Distribution of pressure on body and base

Fig. 5. Position of remote force
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4. Results and Discussion
4.1. Effect of Meshing Grid

The effect of meshing grid is resumed in Table 3,
Fig. 6, and Fig. 7.

Meshing grid Velocity
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Fig. 6. Meshing grid and distribution of velocity

Fig. 7. Meshing grid of the structure problem

For cases 1, 2, and 3, the mesh is judged to be too
coarse, affecting the geometry of the model at the
leading edge of the wing and causing lift deviation.
Using inflation in case 4 gives a good value in terms of
y+ but reduces the quality of the mesh shape. The block
division in case 5 allows for ensuring the mesh shape,
mesh quality, and boundary layer mesh value. This is a
suitable model for pre-calculation.
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Table 3. Effect of meshing grid

No Elements Nodes Min.ngrrrtllll)(éfonal MaxﬁuSmkEZVrness y I(;f)t E(l;f;f
1 111003 19413 0.201 0.799 375.93 4.81 4.5
2 437847 79422 0.201 0.799 248.06 4.63 0.5
3 1681436 304647 0.2007 0.7993 90.9 4.63 0.7
4 1659156 454970 0.0997 0.8994 29.03 4.71 2.36
5 1849394 496566 0.0627 0.9373 55.05 4.56 0.81
6 2120474 532150 0.0029 0.9288 0.6 4.05 12.06
7 2120474 532150 0.0029 0.9288 0.41 4.8 4.37
8 8832507 2347900 0.0084 0.9329 0.4 4.72 2.53

For the cases with boundary layer y+ less than 1
(cases 7, 8, 9), in order to achieve the quality of mesh
geometry, the number of elements is too large, affecting
the computation time. Therefore, the research scope is
limited to the k-¢ turbulence model in case 5.

For structural problems, the simple shaped wing
surface is square meshed, while the complex framed
body and base are meshed tetrahedral (Fig. 7).

4.2. Effect of Body and Base

With a factor of safety of 1.3, the required lift is
5.1 N. When increasing the pitch angle or increasing the
rotational speed of main rotor, the drag force increases
(Fig. 8). This is completely consistent with
computational theory and practice. At a pitch angle of
9 degrees and a rotational speed of less than 700 rpm,
the generated lift does not meet the requirements. Other
cases completely meet the lifting force requirements
(Fig. 8). This shows the feasibility of the model.
Compared with the theoretical calculation results, the
error for this simulation is always less than 12.12%
(Table 4).

Thus, the correctness and reliability of the
simulation process is checked by calculated the lift
force. This difference is significant, approximately 11%
for each case. This is explained by that the HUAV’s
body has created vortices which affect the
aerodynamics, thereby creating shape resistance for this
model. To be able to see more clearly the aecrodynamics
properties of the model, the 10-degree, 750 rpm case is
analysed in detail (Fig. 9).

As the main rotor rotates, it creates a pressure
differential region. Positive pressure in the area below
the plane of rotation, and negative pressure occurs at the
surface above the plane of rotation. Due to the pressure
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difference between the two blades, the air flow is sucked
from the top down, through the rotating plane of the
propeller, and then pushed down, creating traction for
the aircraft. At the tip of the wing, swirls appear; these
are basic features for the aerodynamic properties of the
helicopter.

Table 4. Change of thrust with body and base (%)

Attack Rotational speed (RPM)
angle
©) 650 700 750 800 850
9 10.05  9.78 9.94 10.11  10.03
10 1196 12,12 11.86 11.87 11.86
11 1034 11.59  11.52 1149 1147
12 11.80 11.87 11.84 11.82 11.83
F()
12
10 -9 -10
11 +12 |
] e -_'___-4
6 s | = '__:__-_-o-t_'_-_.__-__ - &
g =
2
. V(RPM)
650 700 750 £00 850

Fig. 8. Thrust on the entire HUAV model
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Fig. 9. Distribution of pressure and velocity

4.2. Strength Analysis

In general, the greatest displacement occurs at the tip
of the wing (Fig. 10a). The root wings and the body of
the HUAV have little displacement. The base region is
almost non-displaced (Fig. 10b).

46

—-—-ﬁ

a. General

b. On body and base
Fig. 10. Displacement of HUAV
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Fig. 11. Maximum displacement on HUAV

The cause of displacement comes from the
aerodynamic forces acting on the wings and the entire
body of the model. Therefore, the displacement
characteristics of the model tend to change according to
the aerodynamic characteristics when changing the pitch
angle and rotational speed (Fig. 11).

This model does not use a single material, different
materials have different strength limits that require
surface studies to follow material regions. The factor of
safety used for this study is 1.3.

When increasing the pitch angle or increasing the
rotational speed of main rotor, the maximum stress
increases (Fig. 12). All the maximum stress values for
wood, steel, and composite materials are less than the
critical stress of the material. Only the area of aluminium
material corresponding to the crossbar connecting the
base of the wing and the blade is in the danger zone
(Fig. 13).
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Fig. 14. Position of maximum equivalent stress
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Table 5. Range of operation for HUAV

Attack angle (°) Rotational speed (RPM)
9 730-850
10 680-800
11 660-750
12 650-720

For the blade pitch of 9 degrees, all cases satisfy the
material's critical stress. Other pitch angles require a
limit on the rotational speed. For example, the rotational
speed is less than 800 rpm, 750 rpm, and 720 rpm at
pitch angles of 10 degrees, 11 degrees, and 12 degrees,
respectively. This is the upper limit of the survey
procedure for this model.

The position of the maximum stress for each material
region is presented in Fig. 14 for the case of
10 degrees, 750 rpm.

From the analysis of aerodynamic and material
surveys, the study obtained the operating range for the
HUAV model to ensure the feasibility and safety
(Table 5).

5. Conclusion

This study aims to find out the influence of the body
and based on the aerodynamic characteristics of the
helicopter model. The study is carried out by calculating
the one-way FSI simulation method through
aerodynamic and structural calculations on the wings.

The simulation problem has an error of less than 7%.
The simulation results show that, when increasing the
pitch angle or rotational speed, the lift force increases as
well as the stress displacements acting on the wings,
body, and base.

The body and base create swirls that increase the
aerodynamic drag of the model. Lift is reduced by
almost 11% due to the influence of the body on the
propeller blades.

The maximum displacement takes place at the tip of
the wing, the other displacements are insignificant. The
stresses in the different material regions all satisfied the
critical stress value. Only the stress at the junction
between the blade and the root of the blade is limited by
the rotational speed. Since then, the operating range for
the HUAV model to ensure the feasibility and safety has
been estimated.
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