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Welcome

Summary

In this tutorial, a simple Unmanned Aerial Vehicle (UAV) will be designed for a given mission to
familiarize with the basic steps of modelling, analysis and optimization in Aeolus ASP.

Prerequisites
e Aeolus ASP 3.11
*  Quick Start tutorial recommended

Contents
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Product Requirements

In this example, the objective is to design an UAV for aerial mapping and wildlife protection with high
aerodynamic efficiency for low energy consumption and long range.

The design shall be based on the following top level requirements:

Mass and Dimensions
*  Take-off mass 6 kg

*  Maxspan 1.5m
Mission
*  Cruise speed 30 m/s

*  Cruise altitude 1000 m MSL
* Longestrange possible

Flight mechanics

e  Static longitudinal stability margin 2% - 4%
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Additional airfois can be imported through the Airfoil Import Manager

-#- Definition




Initial Design

. Aeolus - Aero Sketch Pad V3.10: Default
Quick Start File Import Export Run View Plot Utili

Utiity Colors Legend

_ Select “Geometry” to start
=Y A AN modelling the main wing. By Je aunRnt B

[E Airfoil Catalogue
i, Model
-3 Wings
=y, Wing 0
Lo
=« Flaps
[#]-42 Discretization .
e In this example, only 2

[ Computation

i@ optimization . .
L sections are required. You
can remove the 3" section

Pasition
ot of the default wing here
Reference chord 250 % g
Characteristic parameters
span 1.000e+01 m
projected area 1.250e+01 m?
wetted area 2.550e+01 m?
mean aerodynamic chord 1.3312+00 m
aspect ratio 8.000e+00
Settings
Chord perpendicular to @span Oy ?

Wing sections

Sec... Airfoil Sweep... Dihedr...

Chord ... Twist...

50s ...

0.0 0.0

NACAG3612 v |20

NACA63512 ~ ‘5.0




. Aeolus - Aero Sketch Pad V3.10: Default

Initial Design

Quick Start File Import Export Run View Plot Utility Settings Help

bk XA

File

@62

Utiity Colors Legend

J@® QRBRW EI

el AR R QE DI .

Ly Bl

= Airfoil Catalogue
i, Model
-3 Wings
=y, Wing 0
g Geometry
(== Flaps
-4 Discretization
i} Fiight Condition
i~ Computation
i@ optimization
L[ Parameter study
{. Check

mde Results

Pasition

Origin {x,y,2) 0.0

Reference chord 25.0

Characteristic parameters
span

projected area

wetted area

mean aerodynamic chord
aspect ratio

Settings
Chord perpendicular to

Wing sections

NACA4415

NACA4415 v p

4.000e+00 m
6.200e+00 m?
1.280e+01 m?
1.551e+00 m
2.5812+00

Twist ...

Sweep...

Apply the NACA4415 to
both sections




. Aeolus - Aero

Initial Design

Quick Start File
Fil

:'::;:P:I:j:tngn View Plot Utility Settings \
BSOS P X PAdlxly A% R QAT [ialiNg o B

Utiity olors Legend

euRYe B

i, Model

-3 Wings

=My, Wing 0
A

[ comp
i@ optimi
L[, Param|

settings

Wing sections
Sec... Airfoil
0

[E Airfoil Catalogue

aerodynamic chord 2.000e-01 m

Chord perpendicular to @span Oy

= 1he total span must not exceed 1.5m. So After changing the

we can set the half-span to 0.75m. geometry you may
want to fit the view

As a first test, let’s try a chord of 0.2m for

[ both sections.

6.191e-01 m?

7.500e+00

o Chord ... Twit... SWee
|U.U

‘n.z ‘u‘u

N N Note: The wing is symmetric.

Section 0 is at the wing root
Section 1 is at the right-hand

side wing tip.




—

Initial Design

Main requirements of a horizontal tail plane (HTP)

- Provide aerodynamic forces to ensure static and dynamic longitudinal stability
- Pitch control for manoeuvres

- Trim for steady flight at different speeds

Positioning of the HTP:

X: Typically, the HTP is located downstream of the main wing at a distance of 40-50% of the wing
span. With a wing span of 1.5 m we can assume x= 0.7 m.

Y: Use y=0 for a symmetric aircraft

Z: The HTP should be at a sufficiently high z-position to avoid turbulences from the propeller
hitting the HTP and causing vibrations. Assume z= 0.2 m.

Surface and aspect ratio: As a rule of thumb, assume 10% of the main wing. That is = 0.03 m?. In view of
the aircraft stall characteristics, the HTP must stall later than the main wing. Therefore, the aspect ratio
should be smaller than the aspect ratio of the main wing.

Airfoil: The HTP must be able to provide positive and negative lift forces. Symmetric airfoils, such as the
NACAO0012 are preferred as they provide good stall characteristics for positive and negative angles of
attack.
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Initial Design

Which flight condition should be modeled?

There is a number of different flight conditions at which the aircraft should be analysed in view of
performance and stability. For example

- Cruise

- Take-off and landing
- Maneuvers

- Loiter

In this tutorial, the defined mission is aerial mapping. We can expect that the aircraft will be operated in
cruise flight most of the time, and that the aircraft performance largely depend on it’s cruise flight
characteristics.

So it is a good starting point to tailor the global wing dimensions to this primary condition in a first step.
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Initial Design

The total aircraft drag D;, is comprised of induced drag D;,,4 and viscous drag D,,;:

Dot = Ding + Dyisc

Induced drag is calculated automatically in Aeolus ASP, whereas viscous drag is very difficult to predict
with numerical methods and is therefore mostly based on experimental data. These data typically have
the form of coefficients for viscous drag C; ,,;s and allow the computation of the viscous drag force

from
Dyisc = q Swet Cd,visc,wet
or
Dyisc = q Sproj Cd,visc,proj
with
q dynamic pressure
Swet wetted wing area
Sproj projected wing area

Caviscwet  Viscous drag coefficient, refers to the wetted wing area

Caviscproj  Viscous drag coefficient, refers to the projected wing area
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Initial Design

In Aeolus ASP, the coefficient Cy yisc wer Must be provided as an input in the “Flight Condition” panel.

The default value is 0.005, which is a fairly good estimation for the most fixed-wing UAV cases.

Viscous Drag
Dynamic viscosity 1.792e-05 [Pas]
Kinematic viscosity 1.483e-05 [m2/s]
Reynolds number min 1.038e+05 [

Viscous drag coefficient
(refers to wetted area)

However, let us see how more reliable data can be found. Note, that Cj ;5. wer Mainly depends on

- the Reynolds number (Re) and

- the airfoil
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Airfoil data sheets are available from various online sources, such as http://airfoiltools.com.
Search for NACA4415 and click on “Airfoil details” (http://airfoiltools.com/airfoil/details?airfoil=naca4415-il).

Airfoil database search
Search the 1636 airfoils available in the databases filtering by name, thickness and camber. Click on an airfoil image to display a larger
preview picture. There are links to the original airfoil source and dat file and the details page with polar diagrams for a range of Reynolds
numbers.
—
Text sear@CA4415 ) | Opfional
Maximum thickness(%) — Optional
Minimurm thickness{%) | | Opticnal
Maximum camber{%]) | | Optional. Symmetrical airfoils =0
Minimum camber{%) | | Opfional
Group  [All ~
Sort [Key(atoz) V|
Investment Casting OEM - Manufacturers To Custom Made
[ Inve nt Casting Manufacturera To Customn Made, Good Quality
x e
(nacad4415-il) NACA 4415 M
AirfeilTosls . com o ci
NAGA 4415 airfoil Add o compsrison
Max thickness 15% at 30.9% chord Lednicer farmat dat fle
Max: camber 4% at 40.2% chard Salig format dat file
Source UILC Airfoil Coordinstes Distsbase Source dat file
NACH 4415
Page 1 of 1
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Initial Design

We are now looking for curves with Re = 400,000 and Np,; = 9 assuming a clean wing surface.

Set Reynolds number and Mcrit range

Update Range

Reynolds Number

MNCrit

High
]

The required coefficient Cy yisc proj Can be approximated from the value of Cd at Cl=0 as shown below:

1.50

ClvCd

-

Re Nkrit
1.00 / . naca4415-il 200,000 g
|/ B nacad4 15 500,000 g

CRe=200,000 ~ 0.015

d,visc,proj

CRe=500,000 ~ 0.009

d,visc,proj
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Initial Design

From the results

CRe=200,000 ~ 0.015

d,visc,proj

CRe=500,000 ~ 0.009

d,visc,proj

we can approximate a value for Re = 400,000, which is:

Re=400,000 _
Cd,visc,proj ~ 0.011

Note, that the index “proj” is added to differentiate the database values, which typically refer to the

projected area, from the Aeolus ASP coefficient Cj ;s wer, Which must refer to the wetted area. The
conversion from “projected”to “wetted” can easily be done:

C __ ~Re=400,000 Sproj
d,visc,wet — “d,visc,proj S

wet

~ 0.5

= 0.0055

Cd,visc,wet
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\ Initial Design

*  The strip distribution option “Outboard” increases the panel density at the wing tip and enables a
better resolution of the surface pressures in this area.

“Constant” strip distribution

~—

“Outboard” strip distribution



.., Initial Design

*  The strip distribution option “Outboard” increases the panel density at the wing tip and enables a
better resolution of the surface pressures in this area.

* Note the improved resolution of the surface pressure

“Constant” strip distribution

“Outboard” strip distribution




Analysis of the Initial Design

. Acolus - Aero Sketch Pad V3.10: 5 - X
Quick Start File Import Export Run View Plot Utility Settings Help

View Utility Colors Legend

By Jo QRRW

R RA ol A AF QT D

"

£+, Wing 0
"o
<= Flaps
(-4 Discretization
I HTP
i-g) Geometry

Run the analysis
| e by clicking here

[ Computation
(@ Optimization
4"\ Parameter study
Check
Results
Position
Origin (x,,2) 0.0 0.0
Reference chord 250 %
Characteristic parameters
span 1.500e+00 m
projected area 3.000e-01 m?
wetted area 6.191e-01 m?
mean aerodynamic chord 2.000e-01 m
aspect ratio 7.500e+00
Settings
Chord perpendicular to @span Oy 2
Wing sections
Se... Airfol S-pos... Chord... Twist.. Swee... Dihed...
0 INACA«xs v |o.o ‘u.z ‘U.u ‘u.u ‘u.u [ + | - ‘
1 [NACA«xs v |o.7s ‘a.z ‘u.n ‘ ‘ [ + | _‘
v




Analysis of the Initial Design

. Aeolus - Aero Sketch Pad V3.10: 5 - X
Quick Start File Import Export Run View Plot Utility Settings Help
File Run View Plot Utility Colors Legend
~ FELERN I % eRBT i
S Pk X alxly o[ T P ldperpyyv- J@ QERW i
-] Computati -~ = = =
[ P Lift-to-drag as a function of true speed and altitude
{"\. Parameter study 15,000
Check 14,500
#ds Results o
Aircraft Summary 14,000
- @ Cl(pon) 13,500
# Cdi(AOA) PR ~
P 13,000
- 12,500
» cdic) 12,000 &
* cd(@) ! /
Wing 0 11,500 s
Wing Summary 11,000 /
Pressure distribution o /
# Pressure distribution 30 10,500 p
- @ Pressure distribution 2D 10,000 /
Aerodynamic coeffidents . v
0C
) 2500 / .
e cdly) 9,000 5
[~ ® nt) 8,500
8 oy £ : :
i@ Cdifaon) = 8,000 v L
i -e cn@aon) § 7,500 il S
g Bl The Lift/Drag ratio i /
e Uftdstbuson = 7000 e Ll rag ratio in
- # UfetoDraglyh) v <L es00
000 /
@l the current flight :
cd(Cha 2 202 .% / S/
5,000 o4 . . / /
CurrentLiftrag = 19.41 atcl = CO n I I o n I S / Vs
. . / /
aximum LiftDrag = 20.29 atCl= 4,500 /
4,000
ACA [de c Cdi [] cd [] /
[deg] [ i [ (& 3,500
-3.000 0.0718 8.774e-04 1.222e-02
5.000 0.732% 2738202 3922002 3,000
10.000 1.1351 6.654e-02 7.828e-02 -
0.421 0.3%1 7.011e-03 183502 2,500
2,000
1,500 /
o 8.0
1,000
500
0 - - - - - - - -
(o] 2 4 =) =] 10 12 14 16 18 20 24 26 28 30 32 34 36 38 40 42 44 48 48 50 52 54 5& 58 €0
True speed [m/s]
‘ K Current Lift-to-Drag at current Flight Condition ‘




Analysis of the Initial Design

. Aeolus - Aero Sketch Pad V3.10: 5
Quick Start File Import Export Run View Plot Utiity Settings Help

Fie View Plot Utiity Colors Legend

HOC Pk Xoabh d7F R QE DEURNyyeRy: Je QRRYE B

] Computation

&o Lift-to-drag as a function of true speed and altitude
! ptimization
[, Parameter study 15,000 .
Check 14,500 A --
#ds Results
Aircraft Summary 14,000
@ Cl(aoA) 13,500

® Cdi(aoa)

B8 The Lift/Drag ratio could be

P ift-to-Drag(v,h) 12,500

= |} increased to 20.3 at the same
g fu el pagll altitude, if the airpeed would be

|| Aerodynamic coeffidents
[ R-0)]

{olew cdly)

Loew Cmy)

.- claon)

i e Cd(AoA)

Rt j/ That is, the wing is not
vy’ / optimized for our target speed
Approximation Of 30 m/s.

decreasded to =26 m/s.

9,500

cd(Cla

| i
Curentliftfrag = 19.41 atdl=
aximum Lift/Drag = 20.29 atCl=

ACA [deg] [« 5] Cdi [] cd[]
-3.000 0.0719 8.774e-04 1.222e-02
5.000 0.7326 2.788e-02 3.922e-02
10.000 1.1351 6.694e-02 7.828e-02
0.421 0.3561 7.011e-03 1.835e-02

o
)
IS
)
e

—
o
—
)
—_
N
-
o
=
@
)
o

22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60
True speed [m/s]

‘ K Current Lift-to-Drag at current Flight Condition ‘




. Aeolus - Aero Sketch Pad V3.10: 5
Quick Start File Import Export Run View Plot Utility Settings Help

Analysis of the Initial Design

File

HS Pk X

] Computation
(@) Optimization
" Parameter study
Check
#ds Results
@ Cl(AOR)
& Cdi(A0A)
# Cm(AOA)
- Lift-to-Drag(v,h)
* cdic)
» cd(a)
Wing 0
i--[] Wing Summary
& | Pressure distribution
. -# Pressure distrbution 3D
L@ Pressure distrbution 2D
- | Aerodynamic coeffidents
Poee am
{olew cdly)
Loew Cmy)
.- claon)
i e cd(aon)
i -# Ccm(aoA)
S| | Efficiency
- @ Lift distribution
|- # Liftto-Draglv h)

Parameter Value

Unit

Description

Lift 5.875¢+01|N]
Design lift 5.590e+01|N]
Drag 3.027e-+00|[N]
& 0.356[]

|Lift coeffident, refers to Sref

linduced drag coeficient, refers o Sref

Drag coefficient, refers to Sref

Cdi 7.011e-03 ][]
cd 1.835¢-02|[
iy 6.205e-02 [

Fitch coeffcient, refers to Sref, Cref, and the orig

Sref 3.300e-01|[m"2] Reference area

Cref Z000e-01[m] _[Reference chord kength

Flight

|Acrodynamic Center 3.743e-02|[m]___[x-position of the Acrodynamic Center in the x-y-0l
Center of Pressure 3.483e-02|[m]  |x-position of the Center of Pressure in the x-y-pla
|§tan'c margin 0.0131 rodynamic Center - Center of Pressure) / refe
Static stability Yes| Longn bility if Aerodynamic Center is dow
Efficiency e

Current Lift/Drag 19.41[]___[current fight condition

[Max Lift/Drag 20.23][] (Optimal fiight condition

2

# wing panels 21601

# chrine. asir1

<

Plot

Utiity

Colors Legend

Al 497 RAUY PlaliNyg Fotyv.: Joe QORRWE B
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AC and CoP are plotted for
each wing (small) and for the
entire aircraft (large)
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Wing Shape Optimization

Finally, you can optimize the wing shape using the built-in optimization feature. All of the geometry
parameters are accessible for optimization. To keep this example simple, only the following design
variables shall be optimized:

- Root chord length
- Tip chord length
- Tip twist

According to the mission requirements, the UAV must be efficient and should fly as far as possible.
Therefore, a good objective is to maximize the Lift/Drag-ratio which is a measure of efficiency.
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Design Variables
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Wings  Fight condition
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Sweep @ [deg]
General |

BOBYQA

1000

Currentift to drag

Maximize

2

Dihedral & Ideal

S-pos [m]

Enable Optimization /

Chord [m]

Select the “Optimization”-Node

Enable the Optimization feature here

L

Select “Current lift to drag”. It refers to
the actual flight condition.

Name

Value
0.2
0.2

Min
0.1
0.1

Here, you can find the model parameters, which can be optimized.
Select the “Chord” pane from the main wing and check both
sections “on”, as shown.
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The optimizer is allowed to change the selected design variables
within a certain range. In this example, it is believed, that a
feasible wing chord will be within 0.1m and 0.3m. Therefore, use
Min=0.1m

Max=0.3 m

for both sections.
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Wing Shape Optimization

The last step is the definition of constraints. Depending on the optimization problem, constraints can be
required to avoid any unfeasible results.

It is good practice to start a first optimization without any constraints. You can then inspect the result
and decide which constraints are required. In our example, the optimization will result in a very small
wing area and hence high local lift coefficients.

Note, that a typical airfoil stalls at approximately ¢; ,,,4, = 1.3. Again, more specific data can be found
from the drag polar, as shown in the example below:

CRE=500000 -, 1 45 . ClvCd
’ ' e .
RE=200000 = > — Re Nkrit
Clmax ~ 1.35 P rec=ssi 200,000 g
1.00 P& racat4is 500,000 o
0.50
|II
X
0.00 11§
I|
\
0.50 '\,
LN
\ _
‘\._‘__

-1.00
0.00 0.02 0.04 0.06 0.08 0.10 0.12
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Wing Shape Optimization

To be Conservative, we assume
Cl,max == 1.2

as the maximum lift coefficient, which the airfoil can provide before stall onset.

In view of the mission, the UAV should be able to perform a maneuver with a max load factor n,,4,, =
2 , for example a turn at 60° bank angle. That is, that the allowed lift coefficient in cruise is

cruise __ “lmax _
Cl,max,allowed - = 0.6

nm ax

You can add this constraint to the optimization through the drop-down list item ,,Local CL_wet"“.

Add new... ~

Static margin

Left wing bending mom
Right wing bending mor
Aerodynamic center x-
Center of pressure x-P
Center of pressure yP v Target Min Ma Penalty

Add new... w | Aircraft w
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Wing Shape Optimization

Constraints

Type Target Mir Max Penalty

Local Cl_wet ~ |Wing 0 w 0.3 4.0 -
Add new... w | Aircraft v -—

The coefficient’s index ,wet” indicates a reference to the wetted wing area. Again, the conversion can
S .
simply be done knowing that 2= = (0.5.

wet

. S i
max — ~Cruise . ZpToJ
Local Cl_we = Cl,max,allowed Swet

=0.3

The penalty value is set automatically and typically does not need to be changed.
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Static Stability

In this section the static longitudinal stability of the aircraft will be tuned. A common measure for
longitudinal stability is the static margin, which is defined as the distance between the center of gravity
and the aerodynamic center (neutral point) of the aircraft, expressed as a percentage of the mean
aerodynamic chord of the wing.

A typical value is 2%, which is also the target value for this UAV. It can be achieved by modifying the
mounting angle of the HTP. The task for the designer is to flnd the right value for this mounting angle
(sometimes also referred to as angle of incidence).

In this example, the use of the ,,Parameter Study“-feature will be demonstrated for this purpose. The
objective is to plot the static margin for a certain range of HTP mounting angles.
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