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Abstract: Today Unmanned Air Vehicles
(UAV) are a reality, nonetheless the tendency of
these devices is to decrease their size in order to
produce stealthy and undetectable vehicles. The
purpose of this paper is to analyze the behavior
during flight of a small scale UAV. This device
has the shape of a flying saucer with dimensions:
4.2885 mm high and 10 mm wide. In order to
achieve our goal, we performed two simpler
analyses which consisted on the simulation of a
flow around a cylinder in 2D and around a
sphere in 3D for different Reynolds number.
These analyzes were performed in order to
compare the results to those found in the
literature.
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1. Introduction

This paper aims to the understanding of the
aerodynamics of a Nano Air Vehicle (NAV). In
order to accomplish this goal, we proposed two
hypotheses.

Our first hypothesis was that our device flies in
very large spaces, therefore, for the simulation
we considered a large domain. Our second
hypothesis was that the speed developed by the
vehicle is very low. Taking into account these
considerations, we obtained as results the drag
and lift coefficients and the velocity field around
the NAV.

2. Equations

This paper is a study related with the movement
of a fluid and the interaction this fluid has with a
solid body without considering the heat transfer
between the two. The equations governing this

type of analysis are the mass conservation
equation.

V-V =0
and the Navier-Stokes equation:
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3. Flow around a cylinder

The study of a flow around a circular cylinder is
a basic problem in fluid mechanics. The flow
pattern around the cylinder depends on the
Reynolds number, which in this case is defined
as:

In terms of this parameter we have the following
description of the phenomenology of the flow.
When the range is between 1<Re;<20, the
viscous forces control the flow and this is
reflected in the fluid attaching onto the surface of
the cylinder. When Re; =~ 20, the flow behind
the cylinder becomes a pair of stationary vortices
whose length depends on Reg [1].

For values of Rey = 100, the vortices become
unstable and begin to vibrate irregularly and
finally shedding alternately on both sides of the
symmetry axis periodically as shown in Fig. 1.
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Figure 1. Two-dimensional flow around a cylinder
Re, =100
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The shedding frequency of the vortices is related
to the flow velocity by the Strouhal number
defined as:

fD

S5t=—
U,

Moreover, the forces caused by the fluid motion
around the cylinder can be analyzed (lift and
drag forces). This analysis can be performed by
dimensional numbers such as the lift and drag
coefficients. The drag coefficient (C;) can be
calculated as:

€p=1—2—
D_—A":.
Pdplis

3.1 Cases of study

Six different simulations were performed, each
of them corresponding to a different Reynolds
number. This was made with the purpose of
comparing the drag coefficient (C;) obtained
from the simulations with the ones found in
literature.

The size of the domain used for the first
simulations was the one proposed by Li [2],
shown in Fig. 2. Unfortunately, the results with
this domain weren’t satisfactory. In the work of
Pifiol and Grau [3], we can appreciate that the
dimensions of the domain affect the results of the
simulations. For this reason we decided to
change them, as well as the position of the center
of the cylinder to obtain better results, as shown
in Table 1.
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Figure 2. Dimensions proposed by Li [2]. These
dimensions were considered for the study.

Distance
between the
Reynolds | Widthofthe | Length of the center of the
number domain (cm) domain (cm) | cylinder and the
origin. (cm)
31.25 9 50 -6.5
59.375 9.5 50 -6.5
78.125 20 50 -5
90.6 17 50 -5
100 17.5 50 -5
312.5 18.8 51.8 0.57

Table 1. Dimensions of the domain for the different
analyses performed.

3.2 Analysis of the problem using COMSOL.

In the literature we can find that these types of
analyses are performed in steady state due to the
nature of the phenomenon. For values of
Rep = 100 behind the cylinder a von Kéarman
wake of vortices is formed. Therefore, this
analysis is time dependant [4].

The boundary conditions were: input speed (I7..)
on the left side, the right wall represents the
output with a reference pressure of 0, finally,
symmetry conditions on the upper and lower
walls.

The fluid chosen for this analysis was air at 25°
C and pressure of 1 atm. The properties of this
fluid for the simulation were: density of 1.184
kg/rzn3 and dynamic viscosity of 1.849x10° N
s/m*.

3.2.1 Computational grid

The computational grid consisted on triangular
elements, while on the cylinder’s surface we had
a finer grid in comparison to the rest of the
domain as shown in Fig 3. The total number of
elements for this grid can be seen in Table 2.
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Figuré 3. Corhputational grid in the domain.
5. Creating the PDF

Table 3 shows the drag coefficient for each
simulation, as well as those reported in the

literature.

' measured €~ shown
Reynolds _inthe inﬁterature Percentage
simulations error
31.25 2.937875 2.903 1.2
59.375 2.252767 2.258 0.232
78.125 1.609433 1.6129 0.215
90.6 1.551598 1.5564 0.308
100 1.501333 15 0.089
3125 1.4225 1.3225 7.561

Number of elements within
Reynolds the grid.
31.25 17376
59.375 16788
78.125 8690
100 8474
3125 9966

Table 2. Number of elements in the grid for each
simulation.

3.2.2 Results.

The velocity field obtained from the simulations

for the range between 31.25<Re;<100 is
adjusted to the one described in literature as
shown in Fig 4. In the simulation corresponding
to Re;=312.5, shown in Fig 5, we can observe
the shedding of the vortices.

Time=50 Superficie: Magnitud de velocidad (m/s)

A 01109

Figure 4. Velocity field around the cylinder when
RE‘D:].OO.

The drag coefficient (£;) was one of the
parameters calculated as part of the results
obtained from the simulations of this study.

Table 3. Comparison of the drag coefficient obtained
by COMSOL and the ones obtained from the
literature.

The Strouhal number reported in the literature
for Re; =312.5 is of 0.2026 and the one obtained
from the simulation was of 0.20491981. The
absolute error associated to these values is
2.3108x10° and the percentage error is of
1.14%.

Time=18.5 Surface: Magnitud de velocidad (m/s)
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Figure 5. Shedding of the vortices when Re;=312.5.
4. Flow around a sphere

The flow around a sphere is more difficult to
understand due to its three-dimensional nature.
Taneda [S] in the 50’s performed several
experiments in the range between 5<fe; <300. In
these works we can observe that the fluid
remains attached to the surface of the sphere
until Reg = 24 is reached, as shown in Fig. 6.
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IEigure 6 ge obtained by Taneda [5] for

Rep=736.

For a Rep =24 a pair of stationary vortices
behind the sphere are formed and these vortices
grow until they reach a Re;p=130. When
Rep>130 the wake produced by the vortices
becomes unstable causing a slight periodic
motion as shown in Fig. 7.
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() Schematic of the flow around a sphere

(b) Photograph of the flow around a sphere

Figure 7. Stationary vortices behind a sphere
130<Re; <210 [6]

4.1 Cases of study

For this study, five different simulations were
performed in the range 30 <Rep< 210. The
dimensions of the domain for this study were
taken from the work presented by Defraeye,
Verboven y Nicolai [7] shown in Fig 8. The
diameter of the sphere was of 2 cm.

The results obtained with the domain shown in
Fig 8 were unacceptable. As in the analysis
performed for the cylinder, the dimensions of the
domain for this analysis were modified, as well
as the position of the sphere, until satisfactory
results were achieved. Table 4 shows the
dimensions of the domain for each analysis.

22fem]

22[em]

49 fem]

Figure 8. Original dimensions of the domain

Distance
between the
R Id Width of the Length of the center of the

EYNOIAS | gomain (cm). | domain (cm). | sphere and the

origin (cm)
32.25 3 25 -9.5
59.375 3 25 -9
78.125 3 25 -8.5
90.625 3 25 -6.5
206.5 3 25 -6.5

Table 4. Dimensions of the domain for the different
analysis performed for the flow around a sphere.

4.2 Analysis of the problem using COMSOL.

The numerical experiments performed with
COMSOL were, like the analysis for the flow
around a cylinder, time dependant. The boundary
conditions are shown in Fig. 9.

Simetry condition

In 1, J . Simetry condition S —
flow S — flow

Figure 9. Boundary conditions for the analysis of flow
around a sphere.

The fluid used for this analysis was water at 5°
C, density of 1000 kg/m3 and dynamic viscosity
of 1.518x10-3 N s/m”.

4.2.1 Computational grid.
The computational grid consisted on tetrahedral

elements as shown in Fig 10. Table 5 shows the
number of elements in the grid for each analysis.
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(a) Elements that compose the surface of the
sphere

Y‘\t/'x

(b) Elements that compose the domain.
Figure 10. Grid that composes the domain.

Number of elements elygg?:;norhe

R Id around the surface domain.

eynolds of the sphere

32.25 120 47917

59.375 120 48239

78.125 120 48201

90.625 120 48412

206.5 120 48412

Table 5. Number of elements that compose the
domain for each analysis.

4.2.2 Results

The obtained results for these analyses were the
velocity fields and the drag coefficient. Fig. 11
shows the velocity field in 3D. This image shows
the constant speed surfaces.

Time=50 Isosuperficie: Magnitud de velocidad (m/s)
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Figure 11. 3D velocity field for Reg = 7g 125,

Fig 12 shows the velocity field in 2D. This
image shows in detail the direction of the
velocity field in the middle plane of the sphere.

Time=50 Superficie: Magnitud de velocidad (m/s)
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Figure 12. 2D velocity field for Rep = 78 125,

The comparison between the drag coefficient
obtained by the simulation and the ones found in
the literature are shown in Table 6.

Cpobtained | £y found in
from the the Percentage
Reynolds simulation literature error
32.25 2.44299 2.445 0.082
59.375 1.62162 1.623 0.085
78.125 1.47706 1.48 0.199
90.625 1.37277 1.3728 0.002
206.5 1.36427 1.3649 0.005

Table 6. Comparison of the drag coefficient obtained
by COMSOL and the ones obtained from the
literature.

5. Analysis of the flow around a flying
saucer

The experimental analysis of complex three-
dimensional geometries is very difficult to carry
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out; therefore a simulation was performed for a
small flying saucer.

As it is a very odd geometry, there are no
reference for the drag and lift coefficients, hence
the present study to obtain these parameters, as
well as the velocity field.

5.2 Case of study
The analyzed air vehicle has a very small size.

Its dimensions are: 4.2885 mm high and 10 mm
wide as shown in Fig 13.

Figure 13. Prototype analyzed.

Because it is a small object, the speed which it
can be subjected is very low; therefore the
Reynolds number was equal to 497.57. The
domain for this analysis was a rectangle with the
following dimensions: 8 cm wide, 30 c¢cm in
length and 4 cm high.

5.2 Analysis of the problem using COMSOL.

The boundary conditions used for this analysis
were the same as shown in Fig 9, that is, an input
is declared with a normal speed with a value of
0.5 m/s, an output with a reference pressure
equal to 0 and symmetry conditions on the sides
of the domain.

The fluid for this analysis was air at 25° C and
pressure of 1 atm. The properties of this fluid for
the simulation were: density of 1.184 kg/m® and
dynamic viscosity of 1.849x10° N s/m?.

5.2.1 Computational grid

The computational grid was composed of
triangular elements and the number of these
elements was of 613,135. Fig 14 shows the grid
on the surface of the flying saucer.

Figure 14. Surface grid
5.2.2 Results

The results obtained were: velocity field, drag
and lift coefficients. The velocity field is shown
in Fig 15. The drag coefficient was of 0.21934
and the lift coefficient was of 77.845x107

Time=1¢, Superficie: Magnitud de velocidad (m/s)

z
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Figure 15. Velocity field in 2D. The cutting plane is
located in the middle plane of the flying saucer.

6. Conclusions

The results obtained for the analyses of the flow
around a cylinder and a sphere are within the
range of those found in the literature, this is
because the percentage error obtained for the
drag coefficient is less than 8%.

Because the geometry of NAV is not a simple
one, there are no references of the drag and lift
coefficients; therefore, the results obtained for
the simulation of the NAV with COMSOL can
be considered adequate.
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