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1. INTRODUCTION

The team “The Flying Spear” began the fall semester of 2011 as a collaboration between two
universities: Universidade Federal de Itajuba [UNIFEI] and Florida State University [FSU]. The team
consists of 4 FSU students two of whom traveled to UNIFEI in the fall to study and participate in the
SAE Brazil competition and two UNIFEI students currently studying at FSU who have previously
been involved with aero design teams to work together on an international design project whose
objective is to design a lightweight, high payload capacity aircraft while observing the available
power and aircraft’s length, width, and height requirements as designated by the 2012 Regular Class
requirements.

This report illustrates the preliminary design studies and the main aircraft characteristics. It
consists of the calculations and decisions made throughout the conceptual, preliminary and detailed
design processes. Sections 2 and 3 describe some of the considerations undertaken and details of the
methodology implemented are outlined in Section 4. Section 5 describes the overall aerodynamic
characteristics of the aircraft. Section 6 covers the stability and control analysis shown in order to
validate the static and dynamic stability of the aircraft as well as the forces acting on the control
surface. Section 7 contains the performance estimations and the final section describes the structural

analysis conducted.

2. CONSIDERATIONS

The design point set to the aircraft was at steady flight while carrying maximum payload and at
cruise speed. The following constants were used according to the standard condition for temperature
and the pressure: p = 1.2250 [kg/m?3] and v = 1789-10° [N.s/m?]. The value adopted for the
acceleration of gravity was 9.8067 [m/s?]. The inertia moments were obtained from detailed drawings

by means of the software CATIA®

3. DESIGN
3.1.Methodology

The project methodology is based on seven steps: i) the gathering of information ii) preliminary
studying iii) conceptual and preliminary studying iv) project development v) building of a
prototype vi) ground testing vii) flight testing. The following design methodology is a compilation
provided by Barros which originates from a synthesis of a methodology presented by Torenbeek
(1981), Roskan (1985), Raymer (1989), Vandaele (1962), Stinton (1983), Wood (1968) and Frati
(1946). This methodology presupposes a set of mission requirements; and based on these
requirements the design itself will commence. Typical parameters include: payload and type of load,
range, cruise speed and altitude, take-off and landing distance, fuel reserves, rate of climb
requirements, maneuverability requirements, and certifications basis (i.e. will be adopted based on

the FAR part 23 regulation rules as well as the competition’s rules). The data will be collected and
4
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estimated using a combination of the competition regulations and studies based on past designs. The
team will couple this data using analytical equations that can be solved by means of an optimization
tool. The results of said equations are to be plotted in a chart known as a “design chart”— extremely
useful in determining the aircraft’s design point. This will provide enough information to calculate
the design lift coefficient, in which the preliminary design is heavily based. The next step is to
perform the empty-weight estimation, takeoff-weight buildup, and fuel-fraction estimation. Having
this data, it is possible to calculate the wind loads on the aircraft. Determining these parameters will
allow us to estimate the wing load which is a vital variable to couple the aerodynamic/structural
equations and thus the wing geometry and its respective aspect ratio and stall speed. The design
philosophy will prioritize the L/D parameter; this most likely will be done by selecting airfoils with
low drag and by fairing the aircraft. The drag estimation methods at the preliminary phase will be
those taken from the series of books from ROSKAM. The next step is to choose a suitable airfoil;
fortunately there is a vast online database featuring several airfoils from all types of aircrafts. The
team will select the airfoil that best suits our criterion. If one is not found, the team will design one
using inverse methods. At this point, wind tunnel testing will be conducted. The wing design
methodology will start with analytical calculations, providing a first design point which will be
modeled on the software Tornado VLM that runs on MATLAB. This software will be used to refine
the wing planform and to calculate the most suitable twist and dihedral angle, in order to provide
good stall characteristics and control. Having determined the wing geometry and its loads, it will be
possible to complete the fuselage and tail-unit sizing. Computational tools were implemented in the
stability and control derivatives evaluation, performance evaluation and cost estimation. If the results
are satisfactory, the preliminary design phase will be complete.

3.2.Aircraft Characteristics

As a result of the above methodology, the main aircraft characteristics are summarized below:
Table 3.1 — Aircraft Characteristics
Aircraft ‘

Conventional monoplane aircraft

Aircraft Empty Weight 3.00 [kg] Engine Magnum XLS-61A
; Engine angle of
Wheel Diameter 7.50 [cm] . 0°
incidence
Distance between axes and
) 28.5[cm] Propeller 11x7 APC Nylon Sport
landing gear
; HXT-900,CS-
Distance between the wheels Servo-
_ ) 40.0[cm] ) 35MG,CS12MG,CS-64MG,CS-

of the main landing gear Mechanisms 1OMG
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Wing

High tapered wing

Root profile Uira 1540 Tip Profile Uira 1540
Chord profile 32.0 [cm] Tip Chord 20.0 [cm]
Wing height measured from ;
36.8 [cm] Wing Area 1.45 [mZ?]
the ground
Wingspan 2.8 [m] Aileron Area 696.25 [cm?]
Aspect Ratio 10.5 Dihedral Angle 7°

Horizontal Stabilizer

Full-deflection, type “H”

_ NACA
Profile Area 1319.99[cm?]
0016
Chord 22.4 [cm] Wingspan 60.0 [cm]
Vertical Stabilizer ‘
Duplo
_ NACA
Profile Area [cm?]
0016
Chord 20.0 [cm] Wingspan 60.0 [cm]
Materials utilized ‘
Birch _
Balsa wood Aluminum 6061 Nylon UHMW
Plywood

4. AERODYNAMICS
The aerodynamic detailed design started with the geometry created as a result of the

preliminary project. This allowed the team to define the requirements for the aerodynamic design.
The literature utilized was BARROS [3] and RAYMER [1]. The team attempted to maximize the
factor L/D since it affects the aircraft during all flight phases.
4.1 Profile Selection

The initial requirements were to design a profile that has at least C, = 2.08. This value was
calculated assuming that the aircraft could achieve its take-off speed (as seen in the performance
section) with our maximum payload of approximately 165 N.

The associated Reynolds regime is in the order of 215,000. According to WHITE [4], the

transition for a turbulent boundary layer occurs with a local Reynolds number, Rey, that can be taken

as 2.8-10°, where x is the leading edge distance. The value of Re;/z,t depends on the turbulence

cri

6
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intensity and is determined by the following semi-empirical relation where ( is the turbulence
intensity.

1/2 _ —1+(1+13,25¢%)1/2
Xcrit 0,0039272

(4.1)

Assuming a turbulence of { = 0.04 and plotting this result against the speed, the laminar flow
was extended along 3% of the chord.

Table 4.1 — Profile Selection

Profile t/c(%) | f(%) Ci Ca,,. Cn C;/Cy Stall Type
Uirals590 13.51 8.66 | 2.33(alpha = 15°) | 0.0168736 | —0.179 78.3 Smooth
Uirals40 15.31 | 11.87 | 2.64( alpha = 15°) | 0.0198286 | —0.202 66 Abrupt

CL versus Alpha .
1900ral Profile Drag Polar
—_ e Uir4 1540 1900ral
Q. —1900ral— 21900 ——Uir4 1950
E S ral -
= —19060ral— =—Uird1590 ¥
S §1900ral - Uira 1540
3 ?7 (L/D)n0r=78,23 %1900ra| -
L2 —1900r
£ 7 S1900ral
8 I T 1 ap \
1900ral  1900ral  1900ral &1900ral — '
1900ral 1900ral 1900ral
Alpha[°]
Lift Coefficient(C,)
Uird1590
_Uird1540
Figure 4.1 - Uira 1540 and 1590 profile geometry
4.2 Wing

The wing design methodology consisted of systematic variations of the following geometric
factors: wing area, taper ratio and taper location. For each iteration the following parameters were

studied: Oswald efficiency factor, ¢; _,Cp . and Cy. The main advantages and disadvantages

min
considered are summarized in the Table 4.2
Table 4.2 — Characteristics traded-off For the Wing and Empennage

Characteristics Advantages Disadvantages
Wing . . Low interference drag, high lateral stability, Take-off is Ionger-
Location High Wing shorter landing (less ground effect) because of the reduction

g g of the ground effect
Combines the advantages of a rectangular and
tapered wing in the sense that it exhibits The main disadvantage
Recto- . . ;
Planform - reduced induced drag and has a smaller value is the stall tendency in
trapezoidal N . . .
for lateral inertia while being the most the aileron area
structurally sound option
Negative aerodynamic
Conventional . load in the horizontal
Empennage Tail Good response to the pitch command empennage that may
Type reduce the total lift
. Only 2 points of aerodynamic interference, Building difficulties and
T-tail . : . .
against 4 of the conventional tail deep stall risk
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We selected the same profile from the wing root to the tip. The taper of the wing creates an area
more susceptible to stall in the aileron; however, the stall must start at the beginning of the root to the
tip and then over the ailerons in order to assure the lateral control of the aircraft even during the stall.
For that we utilized the Armin Quast’s orientation, found in BARROS [3], only after could we
calculate a geometric twist of 2°,

4.3 Drag Polar

The drag polar was evaluated using a method proposed by BARROS [3] which takes in
consideration the required elevator deflection to keep the aircraft in steady level flight. Also, it takes
the length variations of the aerodynamic behavior of the components and their respective speed

variations.

uuuuuu /
UUUUUU // .
00-1-00

00:100 /

00-050

UVU.UIJU

\__/
00-000

r \v/vaviviv) T T T T T 1

-00.900 -00.400 00.100 00.600 01.100 01.600 02.100 02.600
Lift Coefficient (CL)

Drag Coefficient (CD)

Graph 4.3 — Aircraft Drag Polar

4.4 Flutter Analysis

Due to the wing having a very high aspect ratio, we had to perform a flutter analysis. To do so we
utilized a criteria found in the paper Simplified Flutter Prevention Criteria For Personal Type
Aircraft [5] which states that the torsion flexibility factor, F, given by the Equation 4.2, must be less

than 200/V2. F= [Q,Cds (4.2)
: .

Where Q;j is the wing torsion on the station, i, caused by a unit torsional movement applied on the
trailing edge of the station; C; is the chord length of the wing in the station i [m]; ds is the increment
of b. The strategy adopted was a less tapered wing with only one type of profile from the root to the
tip. According to the formulation exposed above, we obtain F = 0.32404 < 0.413223.

4.5 Drag Analysis

According to ANDERSON [7], the accuracy of the performance calculations depends on the
quality of the aerodynamic data. The correct estimates of drag provide qualitative data used to make
decisions during the aerodynamic design; therefore it is of the utmost importance for the correct

evaluation of its actual capacities.
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The team has consulted HOERNER [8] who expresses the aerodynamic forces in terms of
dynamic pressure, utilizing the concept of drag area which is useful in cases where the reference area
is not apparent. Therefore, this was used to estimate the contribution to drag from building and
superficial imperfections. In this way it was possible to prevent the influence of each component to
and redraw it when the drag was prohibitive, until we obtain a final configuration of most
aerodynamic efficiency.

The method of the equivalent length was used in order to determine the Cpo of the aircraft lift
surfaces. This presupposes that the friction drag contribution of each component is equivalent to a
flat plate having the same wetted area and same characteristic length.

In order to estimate the wing Cpo, we assume that the fuselage influence over it is small, since
the fuselage is located below the wing, presupposing a laminar flow over the fuselage. Therefore, the
Equation 4.3 for a flat plate was used:

1,328
JRey
The contribution of the tail-unit to the drag was evaluated by considering the downwash

produced by the wing, fuselage and the tail-boom interference over the empennage. We also assumed
that the flow is turbulent. For flat plates, Equation 4.4 was utilized for the drag estimation and zero
lift in a turbulent flow:

0,074
Re,(?'2

In order to estimate the fuselage drag we have assumed that the flow is, since the beginning,
turbulent due to the propeller slipstream. Therefore the Eckert Equation was utilized since it deals

with a blunt body in a completely turbulent flow.

C _ A
firurb = (1og Re)b (1+cM2)d

(4.5)

The proportionality coefficient deduced by Eckert are constants of values A = 0.455, b = 2.58,
c=0.144 and d = 0.58.

Drag Breakdown

- Landing
Friction Gear drag

Drag 27% -
43% Minimum

Wing-Drag

Wing 3%
Induced

Drag
Induced 16%

Horizontal  drag

stabilizer Vertical
5% stabilizer 6%

Induced
drag

Graph 4.44 — Drag Contributions 9
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5. STABILITY AND CONTROL
An aircraft is stable if after undergoing a disturbance it can return to its original position using

the aircraft pitch, roll and yaw commands. The stability analysis is divided into static and dynamic
analysis and is further divided into longitudinal, directional and lateral.
5.1 Static Stability
5.1.1 Longitudinal

For the static stability longitudinal analysis, RAYMER [1] affirms that the derivative of the
pitch moment in relation to the angle of attack must be negative. The equation that applies to this
case is given by:

Cmy = —Cro(Xnp — Xcg)  (5.1)

Where Xy, is the point in which Cm, = 0 and does not depend on the CG, RAYMER [1] says
that the static margin must be positive and over 5%.

Using the software Tornado®, the static margin was calculated. In the software AVL® we
obtained Xcg and Xy, the subtraction of these two terms is equal to MS, therefore the obtained values

confirm the values obtained. The data is presented in the Table 5.1.

Table 5.1 — Values for the Longitudinal Stability
Xnp Xy MS ‘ Cro [rad™]

0.1997 \ -0.0569 \ 0.2567 \ 5.5090

Replacing these values in the Equation 5.1 we get Cm, = -1.4144 [rad™]. According to CORKE
[9], the Cm, value must be negative and assume a value between -1.5 and -0.16. Since the Cm,
obtained is situated in this margin, we conclude that the aircraft is longitudinaly stable.
5.1.2 Directional

The static stability directional analysis is given by, according to CORKE [9], the Cng

coefficient.

Cng = (Cnp) fus (Cng) +(Cng), (52

The Table 5.2 presents the values obtained for the Cng calculation:

Table 5.2 — Static directional stability table

lrys = 0.5196 [m] AR =10.5 CVgy = 0.035
a hsys = 0.1746 [m] . ¢ =0.290 [m] 5 apyNey = 1.081
N
> Volg,s = 0.01495 [m?] é C, = 2.080 [rad™1] = (CLo)py = 6.283 [rad™1]
2 ©
i Sy = 0.8600 [m?] Xeg = 0.03 [m] & | (Cng),, =0.2376[rad™]
(Cnﬁ)fus = —0.007533 [rad '] (Cnﬁ)w = 0.03342 [rad ']

10
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According to the same reference, the acceptable values for Cnzmust be contained between 0.08
and 0.28. Using the values showed in the Table 5.2 above we can obtain a value for Cns; = 0.2634
[rad™]. Therefore following this method we conclude that the aircraft is directionally stable.
5.1.3 Lateral

For the lateral stability analysis, we use the CLg coefficient (Equation 6.3) and this value must
be less than zero. However since the terms of the equation are difficult to evaluate, CORKE [9]

suggests an approximation, given by the Equation 5.4:

CLp = (CL,;)W . (CLB)EV + (CL,;)W_F (5.3)

Following Corke, for the aircraft to be considered laterally stable the following inequality must

hold: —0.9 < CCL—B < —0.05. As CLg=—0.2634[rad™'] and %z —0.1266 [rad™']. We
L

L

conclude the aircraft is laterally stable since the values found are less than zero.
5.2 Dynamic Stability
5.2.1 Longitudinal and Lateral

According to the norm JAR-VLA [12], every short period oscillation (not including the latero-
directional that occurs between the stall and the maximum speed) must be critically damped using the
primary controls.

In order to evaluate the longitudinal dynamic analysis, the motion equations were written in a
state-space format. This technique allows the motion variables to be written in transient form, which
allows the team to evaluate the whole behavior of the aircraft during its flight envelope. This method
makes use of the transfer function, where the input function represents small aircraft disturbances.
This allows these equations to be solved by numerical methods. Using the software MATLAB®, a

complete evaluation could be made. The correspondent matrix equations are show below.

Mi=A'+B'U(t) (5.5)
m —XW 0 IrXu Xy (Xq —my,) _mgcosge-l [Xn XT]
M 0 (m - Zy) 0 0 A = Zy Zw (Zg+my,) -—mgsend, B = Zy  Z;
0 -My, I, 0 M, M, M, 0 M, M,
0 0 0 1 0 0 1 0 0 0

The aircraft response is calculated taking into account a 1° degree elevator deflection, and its

correspondent transfer functions are determined adopting the hypothesis that the motion is

11
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constrained to small disturbances. Observing the Graph 5.2 below, we conclude that this aircraft

satisfies the requirements imposed by the norm.

Response to unit mpulse of elevator

Graph 5.1 — Unit impulse Longitudinal Elevator response

5.2.2 Latero-Directional
NELSON [10] affirms that for a dynamic latero-directional analysis, one must use the motion

equations that take into account the lateral force, the roll moment and pitch moment. These can be
rearranged in state-space format and then it will become possible to obtain the necessary derivatives.
The stability calculations can be obtained by the relation given by the matrix below, where the values

were calculated using the software MATLAB®.

Yp Y, _ _ gcos6g
Vtrim Vtrim (1 Vtrim) Vtrim _755 6919 ;27733 ;277(1)3 0083

L L L 0o = [-75 —267. —267.

£ ’ 16.99 -27.12 -27.12 0 (5.6)
N; N N 0

4 4 " 0 1 0 0

0 1 0 0

Following this method two real roots and two imaginary roots were found, that characterize the
response to the spiral, dutch roll and roll modes. The values obtained for the roots are given below

(Table 5.3), as the graph obtained (Graph 5.3):

Table 5.3 — Roots obtained 400

A (spriral mode) —0.0104 - 102 é -
A (roll mode) —2.9431- 102 § 100
A (dutch roll mode) —0.0221(£0.0362i) 2 0 t
g
£

g =

&

400 300 200 100 0 100 200 300 400

Real Avic
Graph 5.2 — Roots in relation to C,,g
Since the roots obtained are in the left

semi-plane, by the classical control theory, we can assure that the aircraft is latero-directional stable.
12
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5.3 Control
The concept of control is employed when one wants to change the fight conditions of the

aircraft. This concept is important to the correct sizing of the aircraft servo-mechanisms. It also helps
to size the control surfaces that better satisfy the necessities posed by the aircraft. For the control
calculation it is necessary to obtain the hinge moment coefficients, obtained by the team using the

software AVL® and recorded in Table 5.4.

Table 5.4 — Hinge Moment Coefficients

Chspy [rad™'] | Chepy [rad™] | Chsgiteron [rad™]
0.0786 ‘ —0.1941 ‘ —0.2214

5.3.1 Elevator Analysis
The following Equation 5.7 gives the speed required for a steady level flight.

w
Virim = |2 .PSCLtim (5-7)

Considering a particular case in which we want to fly at a speed less than the cruise speed to
compensate the dynamic pressure, we must increase the Cysm on the same proportion. An increase in
the Cim Ccan be obtained in two ways: either increasing the deflection angle or shifting the aircraft
CG location. Since the CG position is related to the cargo-bay geometry, we use the first option for
the study of a longitudinal control. According to ANDERSON [2], the elevator deflection angle is
given by the Equation 5.8. Its efficiency must be sufficient to produce a moment on the tail in

relation to the C.G at the maximum take-off speed.

_ Cimot(Cina®) (5 8)

Strim -
VEHCLaEH

Where Cpo = -0.1385 [rad™]. In this way, variating the CG position we obtained the Graph
Graph 5.3.

Elevator Deflexion(™)

Graph 5.3 - Elevator deflection vs. C_ aircraft

13
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Observing Graph 5.4, we conclude that the elevator deflection satisfies the values demanded
during the flight for a variation between 5% to 20% of the static margin and they are capable of

changing the profile camber generating in this way a hinge moment. TORENBEEK [11] indicates the

Equation 5.9.
Integrating the Equation 5.9 and adopting a reference point (6gy = 0° for V = Vi), We

could obtain the Graphs 5.5.1 and 5.5.2.

98gn _ 2CL(Xnp=Xca)SE (5.9)
ov CLEHVSEHXEH '
0
— Servp Fmax
—~ Al Tabe-qif Force
10.000 -~ & Mavewver Foree
o
5§ 8.000 - £
x kr,
§ 6.000 - P
g g
.§ 4.000 - &
& 2.000 - =
50
.000 } } ! |
.000 5.000 10.000 15.000 20.000 R T B T B e T T
Speed [m/s] Speedimeiz)

Graph 5.5.1 — Speed vs. Elevator Deflection Graph 5.5.2 — Force on elevator vs. Speed

We could analyze the force demanded by the elevator utilizing the moment equation as showed
in the Graph 5.5.2, and size the servo for the elevator.
5.4 Latero-directional Control
5.4.1 Rudder Analysis

RAYMER [1] characterizes an “efficient” rudder as one that has a chord length in relation to
the vertical stabilizer between 25% and 50%. In the beginning the team has used the minimum value

of 25%.
For the evaluation of the forces generated by the rudder, Equation 5.10 given by ROSKAN [6]

was utilized:
0Fgy _ GgyNMvqSEvCEvChspyCngfree (5.10)

ap Cnspy

Using the software AVL®, we got Cngfree = 0.0995 and Cnggy = —0.0153. Integrating the
Equation 5.10 and knowing a point of this curve (the point where Fgy = 0 [N] for Cnggy = 0°) we

obtained the following Graph 5.6.

|
10 7]
2 — 15[
i ;'l'"|'] /

Rudder Force(IV)

14

Y5 5 T 15 Z0
Speedin s

Graph 5.6 — Force on rudder vs. Speed
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By observing the Graph 5.6, we conclude that the force in the rudder is 17 [N].
5.4.2 Aileron Design and Analysis

Equation 5.11 given by ROSKAN [6] was utilized to evaluate the ailerons:

Fo1 = qS541€q1Ga1(—2Chsqi841) + Gy Kgy_a16py (5.11)

Then, the following graphs were obtained:

)

Aileron Force
Aileron Foree(N)

" "
10 15 20

T
10 15 20
Sneediim/s)

Speedim sl

Graph 5.7 — Force on aileron vs. Speed(Rudder at 0°)  Graph 5.8 —Force on aileron vs. Speed (rudder at 20°)

6. PERFORMANCE

6.1 Power Plant Selection

The selection of the power plant has great importance in the development of the aircraft design

because the power plant has a crucial role in the mission that the aircraft was designed to
accomplished.

The engines that were traditionally used by the competition are presented, with some of its
characteristics in the Table 6.1.

Table 6.1- Engine Characteristics

Engine RPM Power [HP] Mass [g]
0.5.” 0.55AX 2000 — 17000 1.75 404
Magnum XLS® - 61 2000 — 16000 1.90 638

The Table 6.2 is composed by the data gathered in Brazil for the following propellers: JZ°®

13x4, APC® 13x4, JXF® 13x6 and MAS® 13x6. The Graph 6.1 shows the available thrust for each

propeller tested varying the speed. - Availabls Thrist x Speed

A APC 1Ix7 Vilowm
Table:3L 526 Powe1r3PI2nt Static test o - 2 130é Wood
X X X —_— -
Propeller 11x6 JZ e —— &F 1326 Woed
JXF MAS APC 1 ~ MAS ]38 Wosd
d
Rotations =
9210 8610 10690 12090
[RPM] b
-1- L] " 1% m il ;
Mass|g] 28.7 25 26.8 50.7 Speedin)
Measured .
Thrust 26 [N] | 25[N] | 30[N] | 32[N] Graph 6.1- Available Thrust vs. Speed
rus
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The higher the available thrust of the power plant during the take-off, the higher the payload
that can be carried by the aircraft. Understanding this in addition to the experience gained in Brazil,
we concluded that the propeller that better suits the project is APC® 11x7 Nylon sport version.

Having acquired the available and required thrust, we are able to experimentally determine the
power at each thrust level. The power curves obtained could be visualized in Graph 6.2. The Graph
6.3 illustrates the relation between thrust and aircraft drag.

Thrust and D)
Poveers 5 usta rag

o o 40 Available Thrust
Available Power Reouired Thews
Reguired Povwer a8 guired Thrust
T ([ ——e— . Induced Drag
o - E? Parasite Drag
3 . =%
E - F h oo ,/'.
A e = L
X g e, 45 S
= o
=] 0
A, g -
108 - — . e .
) % 5 10 1 = F n
% [} 10 " ) % W Speedms)
Speedim/5)
Graph 6.2 — Available Thrust and Required Thrust Graph 6.3 — Aircraft Thrusts and Drags

6.2 Take-off

The take-off analysis was based on the method by KRENKEL][18], the numerical adaptations
proposed by LYNN [19] and computationally implemented in the software MATLAB®.

The original method by KRENKEL [18] approaches the take-off and climbing phases, but do
not take into account the instant that the aircraft rolls. Therefore for higher accuracy in the data
obtained, the take-off phase was included in the calculations according to the methodology proposed
by NICOLAI [20]. The code input data was set for: total take-off distance 50 [m] and the obstacle
height in the end of the runway 10 [cm], also the values for C 4 and Cpy wWere adjusted to ground
effect influence based in a study proposed by ROSKAN [6].

In order to evaluate the take-off length required in relation to the payload, a method very
similar to the method utilized to calculate the maximum cargo was used, constraining this time the
runway length each iteration. Through these means, the relation illustrated in the Graph 6.4 surfaces.
The analyses realized were based in the calculations for the following altitude values 0 [m], 400 [m],

800 [m] and 1100 [m]. Payioad x Take-aff Distance

Table 6.3- Take-off data summary

Carried Payload= 10,000 [kg] @g
Take-off Speed 13.42 | [m/s] E 5
Obstacle Height | 998 | [cm] &, -
Take-off Total Distance | 47.50 | [m] ) . y ﬁ:
Climb Angle 4.61 [°] / 100
Rate of Climb 175 | [m/s] s w w w s w3 w6
Take-off Time 6.87 [s] Distance(m) 16

Graph 6.4— Payload vs. Take-off distance varying altitude



The data in the Table 6.3 summarizes the main take-off parameters for an altitude-density of
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1100 [m]. Lastly, it was assumed that the aircraft achieves take-off after the obstacle height, then it’s
made possible to validate the procedure.

6.3 Flight Performance
In order to evaluate the flight performance studies were carried out based on the proposals

by ANDERSON [7] and ROSKAN [6]. The main speeds are presented in the Table 6.4.

Table 6.4 — Characteristic Speed for 0 [m] and 1100 [m]

0 [m] 1100 [m]
Stall Speed 10.54 [m/s] | 10.86 [m/s]
Maximum Speed 20.56 [m/s] | 21.18 [m/s]
Maximum autonomy speed 17.96 [m/s] | 18.51[m/s]
Dive Speed 30.58 [m/s] | 30.50 [m/s]

6.4 Climb and Glide Performance

For the climb performance we used an equation that relates the remaining power to your total

weight in order to find the rate of climb according to the Equation 6.1. The Graph 6.5 illustrates the

climb rate for the altitudes of 0 [m] and 1100 [m]; this confirms the altitude influence in the result.

Table 6.5 — Rate of Climb

]

m]

35 o — 1108 [m]
— .-‘-.-F'-._ - "
Parameters 0[m] 1100 [m] é ) ,»'{f N
] .I'.- ‘-\.
Maximum Angle of climb 11.03 [°] 9.94 [°] 3 18 i \
) ;
, E A
Speed for Maximum Angle | 11.22 [m/s] | 11.33 [m/s] 5 1 \
L F
Maximum Rate of Climb 2.68[m/s] | 2.42[m/s]
illil H] L 13 Fill Fl E
Maximum Speed Ratio 16.26 [m/s] | 16.19 [m/s] Steady Flight Speed(m’s)

Graph 6.5 — Climb Rate

The rate of climb is analyzed for a power cut-off utilizing the Equation 6.2. The Graph 6.6

illustrates the relation between the vertical descend speed and horizontal speed.

Table 6.6 — Descent Rate
Minimum descend

239 [° g

angle 390 &

P
Minimum angle g
17.87 [m/s] b

speed T
]

Minimum descend 2 T 0 = u
Speedims)

Graph 6.6- Descent Rate
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6.5 Turning Performance

The study of the turning performance was made according to the methodology proposed by
ANDERSON [7] (Equation 6.3 and 6.4). The minimum turning radius was found for a maximum
cargo to be 8.48 [m] and an angle for minimum radius of 76.34°. The Graph 6.7 illustrates the total
aircraft weight versus turning radius. The Graph 6.8 shows the minimum angle for a minimum

turning radius.

Total Weight x Mbnonwn Turning Radius Payioad x Take-off Distance

i N "
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Turning Radiusm) Bank angle(’)
Graph 6.7- Total Weight vs. Minimum Turning Radius Graph 6.8 — Total mass vs. turning angle
4K(W/S)
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6.6 Flight Level

In order to calculate the flight level, a routine was implemented in order to obtain an envelopment
that is capable to estimate the minimum speed, maximum speed and flight level. In this study the load
factor is considered to be 7max = 3.8.
6.7 Landing

In the landing study, the team implemented a routine through the software MATLAB®, using the
landing distances developed by RODRIGUES [21] as the basis. The Table 6.7 illustrates the values
obtained by this analysis.

Table 6.7 — Landing Characteristics Table 6.8 - Ideal friction coefficients

0 [m] 1100 [m] 50 meters 0.26

Landing distance(no 75 meters 0.16
145.65 [m] 154.63 [m]

brakes are employed)

Vea 1212 [m/s] | 12.49 [m/s]

18
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6.8 Mission Time

In order to obtain the mission time, every flight phase had its duration calculated (Table 6.10),
utilizing the techniques proposed by RODRIGUES [20] and ANDERSON [7], we obtained a total
sum of 97.40 [s].

Table 6.9 — Flight Time Table 6.10 — Average Fuel Consumption
Take-off 6.87 [s] Consumed Volume 50 [ml]

Climb 17.12 [s] Consumption Time 23347 [s]

Turn 26.45 [s] Average Consumption 0.21 [ml/s]
Descent 40.54 [s] Total Flight Time (180 cc) 636.93 [s]

Knowing the total mission time and the average consumption it was possible to select the fuel
tank that better fits the project. Table 6.10 shows the fuel consumption of the power plant at

maximum power. Therefore, the fuel tank selected was a DUBRO® S-8.

7. LOADS AND STRUCTURE
7.1 Structural Design

During the preliminary analysis, the norm JAR-VLA [12] was extensively used, especially in
the estimation of aerodynamic loads and ground loads. In this way, the critical load for each flight
scenario was determined. During the detailed design phase the software Tornado in MATLAB® was
used to provide the load distribution which in turn was used to size the components.

The softwares Microsoft Excel®, Ansys ®and CATIA® were used to design the components. In
this phase, special care was taken to use failure criterion that better suit the component under study.
For the structural design the following references were used BARROS [3] and ISCOLD [13].

7.2 Flight Envelope (V-n)

The V-n diagram was built considering a maximum load factor of 7max = 3.8 and a minimum
load factor of 7min = -1.5 for the maneuver envelope, according to JAR-VLA [12] paragraph JAR-
337.

The values for minimum, average and maximum speed were used to find the gust values for U,

and Uy, these being respectively U, =
V-n Diagram

2.612 [m/s] the maximum average 1900ral -
1900ral -
speed and Uyg = 1.121 [m/s] the = 1900ral - T
minimum average speed. The results =1900ral - ,
. S1900ral - //
are show below: 4 900ral - s
_ 81900ral sz T
Table 7.1 - V-n Diagram Parameters 1900ral _ e .
Flight Envelope 1900ral 1900ral 1900ral 1900ral 1900ral 1900ral 1900ral 190
Maneuver Gust - ~
V.=24.39 [m/s] U.=2.612 [m/s] -
V4= 20.33 [m/s] Ug=1.121 [m/s] Speed [mis]
V,;=30.49 [m/s] Load Factor

Graph 7.1 - V-n Diagram
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7.3 Materials properties
The materials properties were obtained from MATBASE [14] and FOREST PRODUCTS
LABORATORY [15].

7.4 Wing Load Determination

The acting stresses were calculated initially with the knowledge of the lifting distribution using
the Shrenk method for each flight condition and type of maneuver specified by [12]. The torsion
loads were found according to the paragraph JAR-349 and JAR-455. A more depth analysis was
performed in the software Tornado® for a 20° elevator deflection at cruise speed. The load factor
reached, under these conditions, is 7max = 3.8. For a critical load on the wing, the results obtained are
shown in the Graphs 7.2 and 7.3.

1900ral
Z 1900ral T 80.00
2 1900ral N 2 6000
& 1900ral / X £ 4000 VARN
& 1900ral £ 20.00
£ / \ s —f
» 1900ral / \ " .00

1900ral 5 -20.00

1900ral 1900ral 1900ral § 0 10 20
Wing Semispan(m) Spanstation
Graph 7.2 — Shear Stress Diagram Graph 7.3 — Bending Moment Diagram

The center of shear was defined to be 27%; this corresponds to the thickest section of the
profile where the pressure center does not change significantly for high angles of attack. Thus, the
torsional stress over the spar is reduced significantly.

Several cross section parameters were studied; the polar moment of inertia and the area were
the main parameters and the Microsoft Excel® Solver was used. The constraints were set to be the
geometrical limitations imposed by the wing profile, in such a manner to minimize the acting stress
in order to respect the total safety coefficient of 1.725, obtained by (FS)x(FQ), with respective
values of 1.5 and 1.15.. The final configuration is a rectangular beam made of balsa wood—the
geometry that presented the highest (J/S),, ratio.

Aero-elasticity effects were considered due to the high aspect ratio of the wing, the failure
criteria was defined as follows: the wing tip cannot exceed 2°; this value was chosen in order to avoid
an aileron stall. In the test shown in Figure 7.2, the angle calculated was about 0.73°, considering the
situation of a take-off roll, generating a maximum force on the ailerons equal to 16.0 [N], as

calculated in the Stability and Control analysis.
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7.5 Front Wheel
The aluminum alloy AA 6061-T3 was chosen. On the drawing in annex number 2, one can find

the front wheel drawing. Its 60° rotation movement is possible due to low friction between the
UHMW components.
7.6 Landing Gear

The landing gear design was aimed to provide the minimum weight possible and maximum
performance to the situation indicated by the JAR-VLA [12]. The configuration was obtained
considering mainly the CG location and load distribution between the main wheels and nose.
According to RAYMER [1] the turnover angle was obtained and the distance between wheels was
calculated.

According to the JAR-VLA [12], the ground factor was set to »y = 2.67, calculating a
maximum admissible reaction force Ryax = 325.3 [N], given by the Equation 7.1.

Rmax
ng = —-~ (7.1)

The maximum speed that the structure can resist without touching the ground was calculated
considering that at the maximum deflection point there is no kinetic energy, only potential energy.
Equating the initial energy to the energy stored due to the deflection, one can obtain the Equation 7.2.

1
Z—ngcz = (Npa-Ng.Arg) + (Nep-Ng.Ayp) + Ara(ky — 1) + Agp. (ky, — 1) (7.2)

Considering that the wheels do not undergo deflection, one can adopt A,, as zero. Therefore,

the maximum descent speed is 0.72 [m/s].

In order to reduce the bending without increasing the component weight and increase the
section inertia moment of the cross section, an initial model was designed in CAD and its stress
distribution was found using the FEM code embodied in CATIA, and the design was optimized. It
was possible to achieve a weight reduction of 42 g. without changing its maximum deflection of 2%.
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Figure 7.5 — Landing Gear | Figure 7.6 — Landing Gear II

Several types of landing were considered to validate the aircraft to all possible landing
configurations.
7.7 Level Landing
In order to calculate the energy absorbed at the moment that the front and main landing gear
touch the ground, we apply the Equation 7.3. Since both gears touch the ground at the same time in
this type of landing, it is important to present the total energy as the energy they must absorb.

2
W'Vdc

o (7.3)

By mean of the above calculation, one obtains 3.25 [J] as the total energy absorbed and by the
JAR-VLA 479 calculation, Ey, represents 75% and E, 25% of this value. Comparing Ey = 2.03 [J],
generated by the descend ratio calculated in the previous sections with Ey = 2.44 [J], from the
Equation 7.3, validated the landing gear sizing.

7.8 Landing on two main gears
The angular acceleration during a pitch maneuver generates an apparent weight on the centroid,

which can be evaluated by the Equation 7.4

w
(A
W' = Ica2 cop-heel (74)
1+ cg9 + at " CG'CG
2 2
k k
y y

7.9 Wing
Each wing semispan was divided into sections in order to calculate the load distribution
according to the methodology presented by BARROS [3], the results are summarized below.
Two tests were realized, one with negative bending and the other with positive bending,
representing a landing situation and an in-flight situation respectively.
Table 7.2 - Percentage of applied load in each sector in relation to the total load applied on the wing semispan
1° 2° 3° 4°

Sector 9°

5°|6°

7°|8°

Percentual (%) | 18 | 165 | 155 [ 145 | 13 | 10 | 7 | 35 | 2
22



Florida State University —Team 39 — The Flying Spear SAE Competition Aero Design - 2012

Table 7.3 — Bending recorded after the load in each wing semispan

Load 60,9 [N](H) 91,4 [N] (®
Negative
bending 26 [mm] 42 [mm]
Positive
bending 25 [mm] 34 [mm]

(") BARROS [3] (120s) / (2) JAR-VLA [12] (30 s)

Analyzing the Table 7.3 and comparing it with the computational tests, we conclude that under
critical flight conditions, the spar will resist the acting loads.
7.10 Landing Gear [Model]

According to ISCOLD [13] and the norms JAR-VLA 723-725 [12], we were able to
determine the bending caused by the calculated ultimate load. To do so, static tests were made on the
landing gear by applying loadings until the limit, 121.8 [N]. The obtained maximum strain was about
2.5 [m].

7.11 Wheels
The team observed that wheels made in nylon UHMW present high shock resistance, low weight

and a friction coefficient that suits the project requirements. For mass reduction only one bearing was
used in each wheel and relief holes were made.
7.12 Aircraft Empty Weight Estimation

The team placed utmost importance on the weight estimation since this has a major impact on
the performance characteristics and maximum payload to be carried. In order to preview the empty
weight, the team has determined the density of all the materials employed. These values were
inserted in the software CATIA®, some optimization was carried out in an overall aspect of the
aircraft in order to reduce its gross empty weight.
8. Electrical and Electronics Design
8.1 General Considerations

Analyzing past designs we could conclude that several components were oversized adding
extra mass which is undesirable for the project conclusively. This year, we aimed at a maximum
weight reduction component by component without interfering with the aircraft controls.
8.2 Radio, Receiver and Servo Selection

The team is using an AR115 six Channel DSMX Microlite Spektrum® receiver. The receiver is
placed on the tail in order to positively affect CG location.

The aileron and the rudder are actuated by the servos Hobbico® CS-35MG and Hobbico® CS-
12MG respectively, which present more than adequate amounts of torque and metal gears that are

highly resistant to shock yielding safer flight of the aircraft. For the engine the servo HXT-900 was
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used. For the front gear the team has opted for the servo Hobbico® CS-35MG. The elevator uses a

servo Hobbico® CS-64MG.

Table 8.1 — Servo Utilized Characteristics

Servo Qtd. Component Voltage Labeled Real Torque Mass [g]
(A Torque [kg.cm] [kg.cm]

HXT-900 1 Motor 4.8 1.6 1.5 9.0

CS-64 1 Elevator 4.8 5.0 49 50.0
CS-12MG 1 Rudder 4.8 2.6 2.5 19.0
CS-35MG 3 Aileron and 48 3.2 3.0 28.0

Steering Wheel
Total 6 | | e | e | e 162.0

8.3 Electric Wire and Power Demand
The highest current consumed by a servo in the circuit is 1.51 [A]. Establishing 24.5% of safety

margin in the maximum current supported, we calculated, according to the pattern AWG, a new size
for the wiring harness cables: 24 gauge [AWG] which support a maximum current of 2 [A].

The Figure 8.2 shows a plot of current in function of time in the servo CS-64 e CS-12, where

the vertical axis represents the current in ampere and the horizontal axis stands for time.

Figure 8.1 — Electrical Current in function of time in the servos CS-64 and NES-331

8.4 Battery and Demand Charge
The battery utilized is SMC Lightning Volts® SUM1650ML composed of Li-Po. Its

characteristics are shown in the Table 8.4. Its mass/power ratio is excellent and its recharge time

when compared to other batteries is mediocre.
Considering a one minute time interval for the take-off and landing, and about 7 minutes for

the flight loft, we obtained the Table 8.5.

Table 8.4 — Battery specifications

Table 8.5 — Current demand

Battery Li-Po Component | Quantity | Consumed Load [mAh]
Charge 1650 [mAh] CS-12MG 1 78.49
Number of cells 2 CS-35MG 3 255.47
Nominal Voltage 7.4 [V] CS-64MG 1 153.81
Maximum discharge 8000 [mA] HXT-900 1 51.27
current Receiver 1 1.87
Mass 84.5 [g] Total 540.91
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According to BOYLESTAD [17], and considering a 20% safety margin on the load caused by
the electrical components, we obtain a load consume of approximately 650 [mAh]. The battery
utilized provides1650 [mAh], sufficient load to supply the necessities of this project.

8.5 Voltwatch and Voltage Regulator

The voltwatch selected is a Li-Po battery measurer; it is placed on the aircraft tail, to be
located closely to the receiver and the battery. In order to reduce the voltage from 7.4 [V] to
approximately 5.0 [V], a FlightPower® FT8AVR voltage regulator is utilized according to the Table

8.6, connected in series with the battery.

Table 8.6 —\Voltage regulator
specifications

Input 6.0 [V] to 8.4 [V]
Voltage
Output 5.0 [V]to 6.0 [V]
Voltage
Current 0to 5.0 [4]
Mass 53[g]

8.6 Electrical Diagram
The Figure 8.4 shows the basic electrical schematic and the connection of the servos, battery,

voltwatch, switch and the voltage regulator into the receiver.

Aileron

%:"i:

Engine

Y-Cable

]

Steerable Wheel

Elevator

Figure 8.2 — Electrical Diagram
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APPENDIX A
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APPENDIX B

Florida State University: The Flying Spear — Tallahassee, FL
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