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Abstract

In the present thesis will be illustrated the work that was done as part of an internship
program in order to predict the spin performance of two light general-aviation airplanes
at different advancement in the design process.

The first part is dedicated to the application of two semi-empirical methods for spin
prediction to an aircraft in early stage of design. The methods are based only on the
geometric and inertial characteristics of the aircraft and their scope is to provide an
estimation of the expected spin performance along with some guidelines for tail design.
The large majority of the work is oriented towards the realization of an analytical flight
dynamic model and its implementation in a computer program capable of performing
numerical simulations of the complete spin maneuver. The simulation program that was
realized is based on the numerical integration of the equation of motion in six degrees of
freedom that describe the dynamics of the aircraft. Great attention was given to the
determination of a complete aerodynamic data-set up to high angles of attack, exploiting
the results of flight tests of an aircraft for which a flying prototype was already
developed. Through many numerical simulations it was possible to obtain a prediction
of the aircraft performance in a developed spin and to verify compliance with the
certification requirements prior to further flight tests. Additionally it was conducted a
parametric study to be able to assess the effects of different control inputs and flight
conditions on the most significant quantities that characterize the spin.

Keywords: Spin, Analytical Model, High Angle of Attack, Numerical Simulation,
Flight Dynamics, Flight Test, Aerodynamic Data-Set, Semi-Empirical Methods.
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1 Introduction

Since the beginning of aviation history the spin has been the cause of many accidents
in all categories of aircraft of either civil aviation or military. For this reason it is of
great importance to study this phenomenon in order to predict the behavior of an
airplane in a spin and guarantee a safe recovery from it.

In the present work will be illustrated and applied some of the many spin prediction
techniques as part of a work of internship in Balckshape s.p.a., one of the leading
Italian manufacturers of light full-composite aircraft.

The main focus of the work has been directed towards the implementation of a
simulation program based on the numerical integration of the equations of motion in
six degrees of freedom capable of predicting the behavior of the aircraft in a fully
developed spin. One of the major advantages of the utilization the simulation program
is the possibility to simulate the effects of many different parameters on the entire
spin maneuver, such as different weight configurations and moments of inertia as
well as different spin entry and recovery maneuvers.

The first part of the work was dedicated to the application of two semi-empirical
methods for a preliminary assessment of the spin characteristics and the effectiveness
of the tail design in the recovery procedure for different load conditions.

1.1 Structure of the work and applicable literature

In Chapter 2 are described the main characteristics of the two aircraft that were
studied during the course of the thesis work. The BK115, for which a flying prototype
and many flight tests were available, was taken as reference in the development of the
analytical spin model and in particular for the determination of the aerodynamic data-
set needed for the simulation program. The BK180, which is a heavier and more
powerful version of the BK115 with a different tail design, is still under development
and was the subject for the application of the semi-empirical methods based on its
geometrical characteristics and load configurations.

The first part of the work, shown in Chapter 3, is dedicated to the semi-empirical
methods. The NACA method, explained in Reference [11], was developed based on
the results of the tests on approximately 100 free-spinning models in the NACA
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vertical wind tunnel. The aim was to define the tail design requirements that would
produce a satisfactory spin recovery based on the relative distribution of mass along
the wing and fuselage and the relative density of the aircraft with respect to the air. In
Reference [6] the same method is extended to light general-aviation aircraft with the
addition of some improvements that take into account the effects of a steeper spin on
the wake produced by the horizontal tail. In the same paper are also described the
factors that were considered of greatest importance in the spin behavior, as well as the
effects of different load distributions on the recommended recovery procedure.

The second of the semi-empirical methods, denominated Kerr criterion, is described
in Reference [7]. The paper, published by the Royal Aircraft Establishment, identifies
another set of parameters that affects the most the spin and spin recovery
characteristics of an aircraft. The method is based on many spin tests performed on
different full-scale airplanes in order to define a simple spin prediction criterion based
only on the inertial and geometric characteristics. Differently from the previous
method, the Kerr criterion takes into account the anti-spin effect of the fuselage side
area, and the pro-spin-effect of the wing, while it does not considers the relative
density of the aircraft with respect to the air.

Based on the first results of the application of the two methods to the BK180, it was
considered the possibility of improving the predicted outcome by the employment of
additional tail surfaces, namely a ventral fin (or strake) and leading edge extensions
for the horizontal tail (fillets). The effect produced by these additional surfaces on the
spin is described in Reference [6] and analyzed in further detail in Reference [10] for
the application with the NACA method. The same principles were also extended to
the application of the Kerr criterion in order to obtain comparable results.

The results obtained by the two methods for the BK180 were also compared with the
results produced by the application of the same methods to the BK115 for which
there is already some knowledge of the spin characteristics.

In Chapter 4 is explained the first part in the development of the computer simulation
program for the spin prediction. The chapter is dedicated to the definition of
equations of motion in six degrees of freedom that describe the movement of a rigid
body in space. This set of equation can be found in most flight mechanics textbooks
and for the present work were taken from Reference [13] and Reference [14].

Two reference frames are defined, one is fixed and the other one moves in space with
the body. Six kinematic relations describe the position and rotation of the body frame
with respect to the fixed one. Six additional equations define the forces and moments
acting on the body that produce angular and linear accelerations. These last six
equations are then specialized for the aircraft by the definition of aerodynamic forces
and moments as well as the gyroscopic moments produced by the propeller.

By rearranging all the twelve equations it is possible to obtain a complete set of
differential equation that will be integrated numerically by the simulation software.
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An example of the final set of equations is reported in Reference [16] and Reference
[18].

Chapter 5 describes the procedure that was adopted in order to obtain a complete
aerodynamic data set of the aircraft BK115 to be employed in the simulation
program. The difficulty of such task is mainly due to the necessity to extend the
values of aerodynamic coefficients to the non-linear region beyond the stall angle of
attack. Conventionally the data set is obtained in wind tunnel tests with the use of a
rotary balance [20].

For the present work it was identified a linear data set based on the results of flight
tests on the full scale BK115 prototype. However it was not possible to determine
experimentally all the aerodynamic coefficients and for this reason part of the
aerodynamic data was calculated by means of a simplified DATCOM method that
can be obtained from Reference [12] and Reference [13].

Due to the impossibility to employ a wind tunnel facility, the non-linear part of the
aerodynamic data set was estimated by first gathering complete data sets belonging to
other aircrafts with traditional wing and tail geometry, mainly the Aermacchi MB339
and the Hongdu JL-8. By applying similar trends of the coefficients from the gathered
data to the linear derivatives of the BK115 it was possible to extend the aerodynamic
data set to the non-linear region. By comparing the simulation outputs with the time
histories of the flight tests and applying minor changes to the coefficients in an
iterative process, it was possible to obtain an estimation of the complete aerodynamic
data set for the BK115. An example of the graphs of a complete aerodynamic set for
another aircraft can be found in Reference [19].

Once the process of estimation of the aerodynamic characteristics of the aircraft was
completed, the computer program was finalized and ready to be used in the
simulations for spin behavior prediction.

The first simulations of the spin maneuver beyond the first turn are described in
Chapter 6. In the first part is shown a comparison between the experimental data from
spin tests performed on a dynamically scaled model of the BK115 and the time
histories as output of the simulation program. The experimental data was already
available since the spin tests on the model were completed in 2016 and the
comparison with the simulation outputs gave confirmation of the good approximation
of the overall maneuver that can be obtained from the numerical simulations.

In the second part of the chapter is illustrated the six turns spin simulation that the
aircraft would need to be able to perform in order to be compliant with the spin
requirements of the CS-23 certification under the ‘Aerobatic’ category [24]. From the
time histories can be identified all the phases of the spin, from the stall and spin entry
to the developed spin phase and finally the recovery maneuver. Many variables were
plotted from which can be obtained the most important factors that characterize the
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spin, such as the altitude lost throughout the entire maneuver, the stabilized angle of
attack, the rate of rotation, the air speed and the load factor.

Chapter 7 is dedicated to a more in depth analysis of the spin maneuver and the
evaluation of the effects of different parameters on the overall performance.

First were simulated the stall maneuvers as required by CS-23 [24] in order to assess
whether departure from controlled flight would occur, which would possibly lead to
an accidental spin entry. Increasingly more critical maneuvers were tested from the
wing level stall to the accelerated turning stall without any sings of lateral or
directional instability.

The spin tests were performed for increasing number of turns from 1 to 6 to be able to
better understand the characteristics of the spin phases from incipient to fully
developed, and to confirm the ability to safely recover form any point in the spin.
Similar test procedures can be found in Reference [22]. It is possible to note the
oscillatory nature of the incipient phase, which almost disappears after the third turn
in the fully developed phase. Predictably the recovery procedure took less time and
additional rotation in the incipient spin than in the developed phase, which however
remained very prompt in all the tested conditions.

Additionally three of the most common recovery procedures were simulated to
determine the most suitable for the aircraft [23]. All the maneuvers produced a
positive outcome denoted by a quick arrest of the rotation followed by the regain of
level flight. The limitations for the flight speed and the load factor were never
exceeded and the entire maneuver required only about one half additional turn before
completing the recovery.

The last part of the chapter is dedicated to the study of the effects of different initial
conditions on the spin maneuver. The conditions tested were the increase in weight,
the increase in yawing moment of inertia and a lower staring altitude. The main
effects of such modifications are tabulated in form of relative percent difference with
respect to the basic spin configuration.

1.2 Description of the spin phenomenon and classification

The spin is defined as a motion in which the airplane in flight at angles of attack
beyond the stall descends rapidly towards the ground, while its center of gravity
describes a helical path around a vertical or near vertical axis. The spinning motion is
very complicated and involves simultaneous rolling, yawing and pitching while the
airplane remains at high angles of attack and sideslip.
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A spin can be entered intentionally, for example as an aerobatic maneuver or as part
of a pilot’s training program. In this case the pilot reaches the stall and applies pro-
spin controls and holds them until the recovery.

In other cases the spinning motion can be the result of an unintentional stall, if lateral
and directional instability are developed. For light propeller driven airplanes this
instability can be caused by an asymmetric stall, in which one wing stalls before the
other. One of the possible causes for an asymmetric stall is the propeller sidewash
effect. After the asymmetric stall, one wing tends to fall and the airplane rolls in the
direction of the stalled wing. As the stalled wing falls, due to its higher angle of
attack it generates less lift and more drag with respect to the other wing (Figure 1.2).
This unbalance of lift and drag on the two wings causes rolling and yawing moments
in the same direction of the initial rotation, thus forcing the rotation instead of
damping it. This condition is called autorotation and if not corrected immediately by
the action of the pilot this could develop into a spin. In order to achieve a stable spin
mode, the aerodynamic forces and moments must be in equilibrium with the inertia
forces and moments. A schematic illustration of the equilibrium of forces in a spin is
shown in Figure 1.1, while the equilibrium of moments is illustrated in Figure 1.3-a.
It is important to note how different mass distributions affect differently the
equilibrium in a spin. In particular if the majority of the mass is distributed along the
wing the resulting inertia couple generates a pro-spin yawing moment. Conversely, if
the mass is distributed mainly along the fuselage, the resulting inertia couple
generates an anti-spin yawing moment. The effect of the mass distribution is
illustrated in Figure 1.3-b.

The entire spin maneuver from the stall to the regain of level flight can be divided
into three main phases:

- Incipient spin:

This is the initial phase, beginning after the stall of the aircraft and start of
rotation. This phase is characterized by oscillatory motion in roll, pitch and
yaw. The rate of rotation increases from zero to the developed spin rate.

- Developed spin:
After the initial phase, if no counteracting controls are applied, it is possible
that the spin reaches a steady-state condition. In this phase the aerodynamic

forces and moments acting on the airplane are in equilibrium with inertia
forces and moments. All the motion parameters, attitude, rotation speed,
velocity of descent are time invariant and the axis of rotation is approximately
vertical. To reach this condition it usually takes 2 to 4 turns. An example of an
aircraft spinning motion and the equilibrium of forces is shown in Figure 1.1.
However it is possible that equilibrium between aerodynamic and inertial
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moments cannot be reached. In this case the spin remains oscillatory and the
motion parameter show cyclic variations.

- Recovery:
This is the final phase of the spin, in which the pilot applies the necessary

controls to break the equilibrium between aerodynamic and inertia moments.
The rotation motion is interrupted and the angle of attack is lowered below the
stall. The pilot regains control of the aircraft and is able to arrest the descent.

The rotation in a spin may be in either direction. It is not uncommon that an aircraft
would behave differently spinning in one direction from the other. For jet powered
aircraft the cause of this difference is mainly due to the gyroscopic effect of the
rotating parts of the engine, while for propeller-driven aircraft the gyroscopic effect is
combined with the effects the asymmetrical wake of the propeller.

Typical values in a spin are around 120°/s to 150°/s for the rate of rotation and about
one half of the wing span for the radius of gyration about the spin axis.

Spins can be either erect or inverted. The difference between the two is in the sign of
the angle of attack and load factor, and more precisely positive angle of attack and
load factor for erect spins and negative for inverted spins.

The main classification of a spin is based on the mean angle of attack of the wing:

- Steep spin:
In a steep spin the angle of attack is between 30° to 45° so that the nose of the

aircraft is 45° to 60° below the horizon. This condition is the most desirable
because it is much easier to recover due to the effectiveness of the rudder
outside the stalled wake of the horizontal tail.

- Flat spin:

A flat spin is characterized by a higher angle of attack, typically from 60° up
to 80°. The rate of rotation is higher than that of a steep spin and the radius
about the spin axis is much smaller. This is the most dangerous of the spins as
it is most difficult to recover from it.



Introduction

e
Drag -
******** “q Aerodynamic
: Force

mRQ?

" \
R i
\Hellcal path

of CG

Spin axis

Figure 1.1: Schematic illustration of a spin and the equilibrium of forces



Introduction

CL’CD

downgoing wing

upgoing wing

Ao a

\
\
Inertia ‘
pitching moment |

\

\

\
Aerodynamic ‘
pitching moment |
|

Spin axis

Spin axis

a) Balance of aerodynamic and inertia pitching moments

Anti-spin inertia moment

Pro-spin inertia moment
whenI <T/

when I,> I,

Spin axis Spin axis

b) Moments generated by different mass distributions

Figure 1.3: Aerodynamic and inertia moments in the spin equilibrium



2 Description of the airplanes

The work that was done during the period of internship that is presented in the
following chapters, mainly focuses on two airplanes of the Blackshape family that are
at different stages in their design process.

The first aircraft, denominated BK 115, is in an advanced state of design in which the
overall configuration is already finalized and only minor changes are expected. A
flying prototype is already present and many flight tests have already been done. To
better comprehend the spinning characteristics of the BK115, an analytical spin
model was developed based on the results of the flight tests, as presented in chapter 4.
Moreover, the results of preliminary spin design calculations for the same aircraft
have been used as mean of comparison at the end of chapter 3.

The other aircraft, denominated BK180, is still in early design stage. An overall
configuration is present but it could be subject to changes during the advancement in
the design process. In chapter 3 is presented the work that was done in order to
estimate its spinning behavior using semi-empirical methods for early assessment.

The two aircraft will be now presented in more detail.

2.1 BK115 general description

The BK115 is an unpressurized, single engine, light aircraft with retractable landing
gear. Its airframe is mainly made of carbon fiber epoxy composite material. The cabin
is able to receive a crew of up to two people, with seats in tandem configuration.

It has been certified CS-VLA for a maximum take-off weight of 750 kg, however
previsions have been made to certify the aircraft in CS-23 category in order to bring
the maximum take-off weight up to 850 kg.

The power plant is composed of a Lycoming 10-320-D1B internal combustion engine
capable of developing a maximum continuous power of 160 hp at 2700 rpm. It
mounts a three-bladed propeller with variable pitch and a diameter of 1.75 m, directly
coupled to the crankshaft.

Other characteristics of the aircraft are expressed in the following tables.
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Table 2.1: BK115 geometric characteristics

b Wing span 9m
Wing area 10.31 m?

AR Aspect ratio 7.86

C Mean aerodynamic chord 1.36 m

r Dihedral angle 4°

€t Wing twist -3°

Ac/a Quarter chord sweep 1°

Croot Root chord 1.65m

Ctip Tip chord 0.66 m

Sh Horizontal tail area 2.36 m?

Sy Vertical tail area 1.24 m?

l¢ Fuselage length 7.36 m
Overall length 7.437 m

Table 2.2: BK11S5 structural and aerodynamic limitations

Maximum take-off weight 750 kg
Maximum landing weight 750 kg

CG forward limit 23% MAC

CG rearward limit 31% MAC
Maximum positive load factor (flap up) +5

Maximum negative load factor (flap up) -2.5

Maximum positive load factor (flap down) +2

Maximum negative load factor (flap down) 0

Maneuvering speed (CAS) 63 m/s (123 kts)
Never exceed speed (CAS) 88 m/s (172 kts)
Maximum flap extended speed (CAS) 46 m/s (90 kts)

10




Description of the airplanes

1750
2455

9000
3049

Figure 2.1: BK115 three-view
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2.2 BK180 general description

The BK180 maintains most of the general characteristics of it predecessor. It is an
unpressurized, single engine, light aircraft with retractable landing gear and full
carbon composite airframe. The crew is composed of a maximum of two people in
tandem configuration.

One of the main differences is the increased maximum take-off weight for which it
will need to be certified CS-23. Two versions of the same aircraft are under
development, one for the ‘Utility’ category with a maximum weight of 1050 kg and
the other for the ‘Aerobatic’ category with a maximum weight of 900 kg.

Another difference is the more powerful engine installed consisting in a Lycoming
10-360-M1A capable of developing a maximum continuous power of 180 hp.

The need for the new design is to appeal to the military market, with a more powerful
machine capable of carrying increased payload and providing overall better
performances.

Form the point of view of the aircraft geometries, the wing will remain mostly the
same with the main difference being the increased aileron span for better lateral
control authority. Another more significant difference is the tail design: the tail
section has been lengthened by 300 mm; the vertical tail had its fixed part increased
in size and had been brought forward with respect to the horizontal tail by 100 mm.
The ventral fin, present in the BK115, is not present in the first iteration of the design
of the BK180.

Other characteristics of the aircraft are shown in the following tables.

Table 2.3: BK180 geometric characteristics

Wing span 9m
Wing area 10.31 m?
AR Aspect ratio 7.86
[ Mean aerodynamic chord 1.36 m
I Dihedral angle 4°
€t Wing twist -3°
Agsa Quarter chord sweep 1°
Croot Root chord 1.65m
Ctip Tip chord 0.66 m
Sh Horizontal tail area 2.36 m?
Sy Vertical tail area 1.46 m?
l¢ Fuselage length 7.66 m

12
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Table 2.4: BK180 structural and aerodynamic limitations

Maximum take-off weight (utility) 1050 kg
Maximum take-off weight (aerobatic) 900 kg
Maximum landing weight (utility) 1000 kg
Maximum landing weight (aerobatic) 855 kg

CG forward limit 22% MAC

CG rearward limit 32% MAC
Maximum positive load factor (utility) +4.4

Maximum negative load factor (utility) -2

Maximum positive load factor (aerobatic) +6

Maximum negative load factor (aerobatic) -3

Maneuvering speed (CAS) 74 m/s (143 kts)
Never exceed speed (CAS) 120 m/s (233 kts)

13
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3 Semi-empirical methods

Many aircraft research facilities have made an attempt in the past to define simple
criteria for the prediction of the spin and the recovery characteristics of an aircraft.
These semi-empirical methods are derived from the vast amount of data obtained
from numerous experimental tests carried out over the course of many years of
research on full-scale aircraft or on dynamically scaled models in free-spinning
vertical wind tunnels. From the experience gained with all the experimental tests it
was possible to formulate simplified criteria capable of predicting the spin recovery
performance of an aircraft even in the early stage of its design.

The advantage of using these criteria is mainly due to their simplified nature, not
requiring extensive tests but only simple calculations. In fact the only data required to
be able to have an estimation of the spinning behavior are the geometric and inertial
characteristics of the aircraft. By applying these methods it is possible to define the
design requirements for satisfactory spin and spin recovery performance beginning
from early design stages prior to further, more accurate investigations.

Even if it might seem they take an overly simplistic approach, the aim of the criteria
presented is not an in-depth analysis on the spin problem but rather the definition of
simple guidelines to aid in the design process and to be able to make corrections in a
stage where it is inexpensive to do so.

In the present chapter will be illustrated the two most used methods that have been
refined over the years and that are believed to be the most reliable in the early
prediction of the spin.

These methods will be applied to the aircraft denominated BK180, which is still in
early design stage and is required to be able to perform a safe and predictable spin
maneuver, thus making it the perfect candidate for preliminary spin assessment.

The results of the application of the two methods will then be compared with the
same results obtained for the BKI115, which were already available. Such
comparisons are of great significance because of the similarities between the two
aircraft and even more so because the BK115, in its final design stage, exhibited good
spinning characteristics during flight-testing.
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3.1 Aircraft configurations

For the study of the spin behavior and the spin recovery of an aircraft it is of great
importance to take into consideration the different configurations that the aircraft may
assume. The characteristics that are found to be of greatest relevance by both the
semi-empirical methods are the load conditions and the overall tail configuration.

3.1.1 Load conditions

The load conditions are defined by the different weight distributions of the aircraft,
which would generate different values of moments of inertia. It is well known that the
moments of inertia and the ratios between them greatly affect the spin behavior of the
aircraft and the main control actions for the recovery.

Moreover the different positions of the center of gravity will affect the tail arm, which
correlates with the anti-spin moment that the rudder would be able to generate during
the recovery procedure.

In the following part of the work 3 different load conditions are considered in order to
perform the study using the semi-empirical methods. These conditions were
considered of greatest significance because they include the extreme values of the
center of gravity envelope at maximum achievable take off weight for the Aerobatic
configuration. The main characteristics of the 3 load conditions are expressed in
Table 3.1 and their position in the envelope is shown in Figure 3.1.

Table 3.1: Load case conditions considered for the semi-empirical methods

Load case A Load case B Load case C
Mass [kg] 850 900 900
CG position [%MAC] 22% 28% 32%
I, [kgm?] 930 933 846
Iy [kgm?] 1332 1430 1476
I, [kgm?] 2193 2288 2252

16
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Figure 3.1: CG envelope and the 3 load case conditions considered

3.1.2 Tail design configurations

The other significant aspect that affects the most the spin recovery characteristics of
the aircraft is the tail configuration. Since the main control for recovery from a spin is
the deflection of the rudder against the rotation, it is important that it remains
effective at the high angles of attack and angles of sideslip that characterize the spin.
The characteristic of the tail configuration that is found to be the most effective in the
damping of the spin rotation is the fixed area below the horizontal tail. To maximize
the damping effect produced by the tail, for the semi-empirical calculations that will
be shown in the following paragraphs, it was also considered the addition of anti-spin
fillets and a ventral strake.

The main tail configurations that have been used are the following:

- Clean configuration

The tail design for the clean configuration is shown in Figure 3.2 and the area below
the horizontal tail and its distance from the center of gravity are expressed in Table
3.2.

17
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Figure 3.2: Clean configuration tail design and area below the horizontal tail

Table 3.2: Area below horizontal tail for clean configuration and distance from CG

Area below HT [m?]

Distance from CG [m]

22%

28%

32%

Clean configuration 0.1169

4.279

4.196

4.143

- Ventral strakes

Two different designs of ventral strake were considered for the computation of the
semi-empirical spin recovery criteria. The main difference between the two is their

surface area.

For the design it was taken into account the angle of clearance of 15° needed for take-
off and the possibility to maximize the area most effective in the damping of the spin.
The smaller strake maximizes the area below the horizontal tail alone, while the
larger one is an extended version in order to maximize the area below the anti-spin

fillets and horizontal tail combined.

The overall characteristics of the two strake designs are shown in Figure 3.3 and

expressed in Table 3.3.

18




Figure 3.3: Ventral strake designs
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Table 3.3: Ventral strakes surface areas

Total area [m?]

Area below HT [m?]

Area below fillets [m?]

Strake 1

0.1307

0.1020

0.0287

Strake 2

0.2094

0.1020

0.0641

- Anti-spin fillets

Anti-spin fillets are extensions of the leading edge of the horizontal tail. Their main
function is to extend the area below the horizontal tail surface that can be considered
the most effective in the damping of the spin rotation. However their overall
dimension is small enough not to extend the stalled wake of the horizontal tail. Their
effect is explained in greater detail in Reference [10].
The fillets that have been considered for the computation extend the leading edge of
the horizontal tail for 300 mm and form an angle with the sides of the fuselage of 12°.

(Figure 3.4)

19
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Figure 3.4: Anti-spin fillets

The effect of the anti-spin fillets has been considered for the clean configuration as
well as for the two configurations with the ventral strakes.

The total effective area below the horizontal tail can be considered extended for the
length of the fillets. In Figure 3.5 is shown the extended effective area below the
horizontal tail and fillets for the clean configuration.

The new values for these areas for all the configurations are expressed in Table 3.4.

Table 3.4: Total effective area below the horizontal tail with anti-spin fillets

Area below HT and fillets [m?] Total effective area [m?]
Clean 0.1757 0.1757
Strake 1 0.1307 0.3064
Strake 2 0.1661 0.3418
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Figure 3.5: Extended effective area below the horizontal tail due to the presence of anti-
spin fillets

3.2 NACA-Bowman criterion

The first of the two semi-empirical methods for spin prediction that is going to be
presented has been illustrated by James Bowman in Reference [6].

The criterion has been developed by NACA in an attempt to predict the recovery
from a spin knowing only the geometrical and inertial characteristics of the aircraft
under development.

The foundation from which this method was formulated is the results of spin-tunnel
tests of free-spinning dynamically scaled models of about 100 different types of
aircraft, performed by NACA in the Langley research center.

The purpose of this method is to provide guidelines in the early stage of the design of
a new general-aviation aircraft by defining boundaries for satisfactory and
unsatisfactory recovery performance based on the results of previous experimental
tests.

Three main factors are considered to be of greatest importance in the spinning
characteristics by the present criterion. These factors are the relative distribution of
mass between the fuselage and the wing, the relative density of the aircraft with
respect to the density of the air, and the overall tail design configuration.
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3.2.1 Main factors

The three main factors found to be of greatest relevance in a spin are here analyzed in
more detail.

- Mass distribution

The way the mass is distributed between the fuselage and the wing greatly affects
how it will respond to control movement while the aircraft is spinning. This will have
an influence on the necessary controls to be applied during recovery.

Since there are angular rotations about all three axes of the aircraft, inertia moments
are generated by the rotating masses.

The mass distribution is evaluated using the inertia yawing moment parameter
(IYMP) as follows:

The parameter will be positive for wing-heavy loading of the aircraft, negative for
fuselage-heavy loading and about zero for the so called zero loading.

To recover from a spin the main control applied by the pilot is the rudder deflected
fully against the direction of rotation. However the type of loading of the aircraft
affects the supplementary control action to aid in the recovery: elevator down for
wing-heavy and ailerons deflected in the direction of rotation for fuselage-heavy
loading.

- Relative density

The relative density factor is an indication of the density of the aircraft relative to the
density of the air in which it is flying.
The relative density factor is expressed by the following formula:

= pSb
Aircraft with higher relative density factors require more control effectiveness to

recover from a spin and would need an increase in the number of additional turns in
order to stop the rotation.
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- Tail configuration

The tail configuration is a very important factor in a spin, being the rudder the
primary control action for the recovery procedure.

A relatively large moment is needed to upset the balance between aerodynamic and
inertia moments, therefore it is important that the rudder remains effective at spin
attitudes where large angles of attack and sideslip are present. The main problem is
that during a spin a large portion of the rudder is shielded by the wake produced by
the horizontal tail, which would reduce its effectiveness.

From the experience gained from many years of spin-tunnel tests NACA developed a
tail design criterion for spin recovery. The criterion is expressed through the tail-
damping power factor (TDPF), an empirically determined parameter, based on
various geometric properties of the horizontal and vertical tail, which gives an
indication of the effectiveness of the overall tail configuration in terminating a spin.

3.2.2 Tail-damping power factor

For the computation of the tail-damping power factor it is necessary first to take into
consideration the fixed area below the horizontal tail. As already mentioned, this
particular section of the tail is considered to be the most effective in the damping of
the spinning rotation and greatly affects the attitude assumed by the aircraft during
the maneuver.

The effectiveness of the area below the horizontal tail is converted in coefficient form
through the tail-damping ratio (TDR), which has the following expression:

Sp Lg?
2
5(2)

In which Sg is the area of the fixed portion of the tail below the horizontal surface and
L is the distance of its centroid from the center of gravity of the aircraft as shown in

TDR =

Figure 3.6.

23



Semi-empirical methods

Q
Q

SF

-

Lg

|
|
|
|
|
|
|
|
».
Ll
|

Figure 3.6: Fixed area below the horizontal tail and its distance to the center of gravity

Part of this criterion states that, as a result of the research, if the value of tail-damping
ratio was found to be lower than the threshold value of 0.019, the angle of attack at
spin attitudes should be assumed at 45°. Considering a wake spread of 15° per side,
the wake boundaries would be defined by two lines at 60° and 30° starting
respectively from the leading edge and trailing edge of the horizontal tail (Figure 3.7-
a).

If instead the value of tail-damping ratio is greater than 0.019, the angle of attack
should be assumed at 30° and the wake boundaries defined by 45° and 15° lines
(Figure 3.7-b).

It can be seen clearly from the figure the importance of the aircraft attitude in terms
of angle of attack, as defined by the tail-damping ratio. In fact a larger value of TDR
would result in a steeper attitude and consequently a narrower wake of the horizontal
tail. As a result, the relatively larger portion of the rudder exposed to the free stream
of air would be most effective in the spin termination during the recovery procedure.
On the contrary, a lower value of TDR could result in a flatter spin, for which most if
not all of the rudder surface would be shielded by the horizontal tail, making it very
difficult or even impossible to recover.

For these considerations and the ones that will follow during the practical application
of the criterion, it is noticeable the great importance of the fixed portion of the tail
below the horizontal surface, and the necessity to maximize this area in order to
achieve a tail-damping ratio that will exceed the threshold value.
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TDR < 0.019 TDR > 0.019
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Figure 3.7: Unshielded rudder area and its distance from the center of gravity for two

different values of angle of attack

The second parameter to be determined for the computation of the tail-damping
power factor is the unshielded rudder volume coefficient (URVC), which evaluates
the effectiveness of the area of the rudder outside the stalled wake to provide the
necessary moment to stop the spinning rotation. Its expression is given in the formula
below and the meaning of the symbols is shown in Figure 3.7.

Sri1lq + SgzL;

b
53

URVC =

The tail-damping power factor can be now computed simply by multiplying the tail-
damping ratio coefficient by the unshielded rudder volume coefficient:

TDPF = TDR x URVC

By plotting the tail-damping power factor as a function of inertia yawing-moment
parameter for each dynamically scaled model it was possible to define boundaries
between satisfactory and unsatisfactory recovery characteristics. This procedure was
carried out by NASA for different ranges of relative density in order to define the
criterion for spin recovery. An example of these plots is shown in Figure 3.8 [11] and
the resultant criterion is shown in Figure 3.9 [6].
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3.2.3 Application of the criterion

To proceed to the calculation of the spin prediction criterion, the 3 load conditions
described in the beginning of the chapter were considered.

The first step for the evaluation of the tail-damping power factor is to compute the
value of tail-damping ratio to be able to define the boundaries of the wake of the
horizontal tail.

The dimensions needed are the fixed area below the horizontal tail and the distance of
its centroid from the center of gravity (Table 3.5):

Table 3.5: Fixed area below the horizontal tail for the clean configuration

Lg, distance from CG [m]
Load A | LoadB Load C
Clean configuration 0.1169 4.279 4.196 4.143

Sg, area below HT [m?]

The resulting values of tail-damping ratio calculated for the clean tail configuration
and the three load conditions are shown below:

0.0103 (load case A)
Lg

S
TDR = F—Z =<0.0099 (load case B)
b

S (Z) 0.0096 (load case C)

Since the value of tail-damping ratio is lower than 0.019 for every load condition, the
angle of attack is considered at 45° and the horizontal tail wake boundaries defined
by lines at 60° and 30°. As can be seen from Figure 3.10, having such a wide
horizontal tail wake, would shield the entire surface of the rudder, meaning it would
have no effect in the spin recovery procedure.

Trying to compute the unshielded rudder volume coefficient would give a null result,
as well as the value of the overall tail-damping power factor.

The application of the criterion to the clean tail configuration would result in a failure
to meet the recovery requirements.

It is clear that the NACA criterion for spin-recovery heavily relies on a large enough
portion of the rudder not to be shielded by the wake of the horizontal tail to be able to
satisfactorily recover from a spin. In order for the aircraft under study to achieve a
positive recovery performance, it is necessary to apply measures to obtain a tail-
damping ratio of 0.019 or greater, in which case a portion of the rudder would remain
effective.
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Figure 3.10: Horizontal tail wake shielding the entire surface of the rudder

The possibility to improve the outcome of the criterion by increasing the tail-damping
ratio is discussed in Reference [10], which reports the use of ventral strakes and anti-
spin fillets as being beneficial in the spin recovery performance.

The effects of the addition of such surfaces are presented in the following paragraphs.

3.2.4 Ventral strake

The first measure that was considered in order to obtain a larger value of TDR was to
apply a ventral strake to the rear part of the tail section. The main effect of the
addition of a ventral strake is to achieve a larger area below the horizontal tail
surface. This section of the tail, which gives the most contribution to the damping of
the spin rotation, in the original design is very small due to its slender shape.

The two strake designs considered were shown in 3.1.2.

For both the designs the area underneath the horizontal tail is the same, since there is
the constraint given by the angle of clearance needed for take-off.

Table 3.6: Fixed area below the horizontal tail for the configuration with the ventral

strake
Sk, total area below HT Lg, distance from CG [m]
[m?]
Load A Load B Load C
Strake 1 & 2 0.2189 4.239 4.156 4.102
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The tail-damping ratio was calculated again for the tail configuration with the
addition of the ventral strake and gave the following results:

0.0188 (load case A)
TDR = { 0.0181 (load case B)
0.0176 (load case C)

The obtained values of TDR are still below the threshold value of 0.019, for all the
load conditions. This means that the simple addition of these particular designs of
ventral strake would not affect the result of the criterion, which would still produce a
null outcome.

3.2.5 Anti-spin fillets

The other measure that is possible to adopt in order to increase the tail-damping ratio
is the installation of anti-spin fillets. Their design has been shown already in 3.1.2.

In the presence of anti-spin fillets, the area that can be considered effective in the
damping of the rotation is extended to the fixed portion of the tail below the
horizontal surface and the fillets combined.

The computation of the tail-damping ratio was done both for anti-spin fillets alone
and in combination with the effect of the ventral strake.

The values of increased effective area for the clean configuration and for the two
configurations with strakes are expressed in Table 3.7 along with the distance from
the center of gravity.

Table 3.7: Fixed area below the horizontal tail and fillets for the three configurations

Sk, total effective area Lg, distance from CG [m]
below HT and fillets [m?] | Load A Load B Load C
Clean 0.1757 4.078 3.995 3.942
Strake 1 0.3064 4.084 4.001 3.948
Strake 2 0.3418 4.037 3.954 3.901
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The tail-damping ratio calculated with the anti-spin fillets for all the load conditions
and tail configurations are shown in Table 3.8.

Table 3.8: Tail-damping ratio with the anti-spin fillets

TDR
Load A Load B Load C
Clean + Fillets 0.0140 0.0134 0.0131
Strake 1 + Fillets 0.0245 0.0235 0.0229
Strake 2 + Fillets 0.0267 0.0256 0.0249

For the two tail configurations with both the anti-spin fillets and the ventral strakes,
the value for tail-damping ratio exceeds the threshold value of 0.019, beyond which it
is possible to assume the angle of attack at 30°. In this case the wake boundaries can
be represented by lines at 45° and 15°.

It is now possible to calculate the unshielded rudder area when the angle of attack is
considered at 30° as shown in Figure 3.11. The values of the unshielded rudder area
and the distance of its centroid from the center of gravity are expressed in Table 3.9
for all the load conditions.

Figure 3.11: Unshielded rudder area and its centroid for wake boundaries at 45° and
15°
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Table 3.9: Unshielded rudder area and its distance from the center of gravity

L,, distance from CG [m]
Load A Load B Load C
0.1266 4.630 4.547 4.494

Sg1, unshielded rudder area [m?]

The unshielded rudder volume coefficient can be computed and the results for the
three load conditions are as follows:

0.0126 (load case A)

_ Spily
URVC = 5= 0.0124 (load case B)
52 0.0123 (load case C)

The tail-damping power factor can finally be computed by multiplying the unshielded
rudder volume coefficient by the tail-damping ratio for the two configurations with
both the ventral strake and the anti-spin fillets combined.

The results are shown in Table 3.10:

Table 3.10: Values of tail-damping power factor for the two configurations with strake

and fillets
TDPF - 10°
Load A Load B Load C
Strake 1 + Fillets 309 291 280
Strake 2 + Fillets 337 317 305

To be able to plot the values of tail-damping power factor on the graph that defines
this semi-empirical spin prediction criterion it is needed to compute the inertia
yawing-moment parameter as follows:

—58.2-107* (load case A)
IYMP = );nbzy =< —68.2-10"* (load case B)
—86.4-10"* (load case C)

The resulting graph is shown in Figure 3.12.
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Figure 3.12: NACA spin recovery requirements for two configurations with fillets and
strakes

The relative density factor computed at the altitude of 10000 ft. (~3000 m) gave the
following results:

10.1 (load case A)
T p—I;lb = <{10.7 (load case B)
10.7 (load case C)

The same factor has also been computed at a lower altitude of 5000 ft. (~1500m):

8.7 (load case A)
U= % =<¢9.2 (load case B)
9.2 (load case C)

In order for the criterion to give a positive result in terms of adequate spin recovery
performance, the points on the graph, representative of the aircraft geometrical and
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inertial characteristics, would need to lie above the curve corresponding to the
calculated relative density factor.

Looking at the graph it can be seen that all the configurations, which gave a
TDPF+#0, would produce a negative result at the altitude of 10000 ft. for which
i > 10, and a positive result at 5000 ft. for which p < 10.

3.2.6 Comparison with the BK115

The same criterion for spin prediction had already been applied to the aircraft
denominated BK115 for a preliminary assessment of its behavior, and was made
available for a comparison. The BK115 is characterized by a lower weight and the
presence of the ventral strake in its final design.

The large similarities between the two aircraft and the fact that the BK115 later
exhibited a positive behavior in the incipient spin tests, makes the comparison of
great interest.

In Figure 3.13 are reported the results obtained for two different load conditions of
the BK115, along with the results obtained for the BK180 already shown.
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Figure 3.13: NACA method, comparison between the results for the BK180 and the
BK115

33



Semi-empirical methods

The relative density factor for the BK115 was calculated for the two loading
conditions shown at the two altitudes of 5000 ft. and 10000 ft.:

7.3
n= { at 5000 ft.
7.6

8.4
n= { at 10000 ft.
8.9

From the graph of the comparison it is possible to see the similarities between the two
aircraft, both in terms of inertia yawing-moment and tail-damping power.

Even though the TDPF for the BK115 is slightly lower, being lighter than the BK180
would mean a value of u < 10 even at 10000 ft., which would produce a satisfactory
result at both altitudes considered.

3.2.7 Discussion of the results

The application of the first of the two semi-empirical methods for the evaluation of
the spin behavior denoted a problem with the initial tail design. In fact the slender
shape of the tail cone results in little surface area below the horizontal tail, which is
considered by the criterion as being the area most effective in the damping of the spin
rotation. Following the procedure, a small tail-damping ratio would produce a flatter
spinning attitude, for which the whole surface of the rudder would be shielded by the
stalled wake of the horizontal tail.

To improve this first negative result it was considered the installation of a ventral
strake and anti-spin fillets, the combination of which produced a value of TDPF able
to satisfy the requirements.

The comparison with the BK115 denoted good similarities between the two aircratft.
The BK115, which is provided with a ventral strake in its final tail design, showed a
good spinning behavior during the flight tests. Given this positive result and the
similar outcome from this semi-empirical method, would probably mean an overall
satisfactory spinning behavior also for the BK180 with a modified tail design.
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3.3 Kerr criterion

3.3.1 Description

The second of the semi-empirical methods that will be illustrated and applied is
defined by T. H. Kerr in Reference [7]. This method was defined on the basis of
many experimental spin tests performed on full-scale aircraft in order to obtain a
simplified criterion for the prediction of the spin recovery characteristics.

This criterion is based on the assumption that, for the equilibrium in a spin, the pro-
spin moment due to the wing must be equal to the anti-spin moment due to the
fuselage and the unshielded portion of the rudder when it is fully deflected. This
equilibrium can be expressed by the following formula:

Lp + 1+ 1w =0
where:

pr is the anti-spin moment coefficient due to the body.
T( is the anti-spin moment coefficient due to the unshielded rudder when the rudder is
deflected against the spin.

lw is the pro-spin moment coefficient due to the wing.

If the sum of these coefficients is equal to zero there will be balance between the
opposing moments and the aircraft will fail to recover from the spin. If instead their
sum is positive there will be an unbalanced rolling moment coefficient (URMC) with
anti-spin effect and thus the aircraft should be able to recover.

However the previous coefficients are not the only factors that determine the
equilibrium in a spin and the recovery from it. The other fundamental factor taken
into consideration by this method is the ratio between the pitching and the rolling
moments of inertia expressed as Iy, /1.

So the two most important parameters considered by this spin prediction method are:
URMC =l + 1z + 15y

1

Ix

35



Semi-empirical methods

By plotting these two parameters one against the other it is possible to define
boundaries between pass, borderline or fail in the recovery procedure from a spin,
based on the data from spin tests on full-scale aircraft (Figure 3.14 [7]).
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Figure 3.14: The criterion for the prediction of recovery characteristics of a spinning

aircraft

To evaluate the spin recovery characteristics of a new aircraft it is only required to

calculate the two parameters and compare the results with the empirical boundaries
on the graph.

3.3.2 Procedure

Here will be explained in detail the complete procedure needed for the application of
the method, knowing the general layout and loading of the aircraft under assessment.

The non-dimensional rotational term is estimated with the following equation:

1,3
b, AR
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in which:

I, — I
s (8)’

To calculate the anti-spin rolling moment coefficient due to the body, the fuselage
and the vertical tail are divided into sections and the distance to the centroid of each

section from the center of gravity is measured. A body damping coefficient (€) is
assigned to each section depending on fuselage cross-section (Table 3.11) or the
portion of vertical tail considered (Figure 3.15).

Table 3.11: Values of body damping coefficient for different cross-sections of the

fuselage

Body cross-section €
Circular 0.6
Rectangular 1.5
Elliptical 2.1
Round top, flat bottom 1.1
Round top, flat bottom + strakes 1.7
Round bottom, flat top 2.5
Round bottom, flat top + strakes 3.5

Tail section €
1 | Fin free +1.5
2 | Fin shielded -04
3 | Fin under tailplane +3.0
4 | Rudder free +1.5
A 5 | Rudder shielded -0.25
<
S, 6 | Rudder under tailplane | +2.0
27\

Figure 3.15: Values of body damping coefficient for different portions of the vertical tail
surface
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The anti-spin rolling moment coefficient due to the body can then be calculated as
follows:

- A Iz

—_— 2
Ipb Sh? _ll(shx Ax)

where the terms h, x and Ax are defined in Figure.3.16.

Jooooe

Figure.3.16: Dimensions needed for the calculation of the body rolling moment
coefficient

The anti-spin moment coefficient due to the deflection of the rudder is calculated
using the following formula:

- _Sel

¢” sp

in which S; is the unshielded portion of the rudder alone and I, is the distance of its
centroid from the center of gravity of the aircraft. To estimate these dimensions the
angle of attack is considered 45° with a wake spread of 15° per side as shown in
Figure 3.17.
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Figure 3.17: Unshielded rudder area and distance from the center of gravity

The pro-spin contribution to the rolling moment due to the wing is estimated using
the graph in Figure 3.18 [7] in which the rolling moment coefficient is plotted against
the rotational term A. The curves are based on the assumption that the wing rolling
moment is a function of its thickness/chord ratio.
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Figure 3.18: Estimation of wing rolling moment coefficient

After all the contribution for the equilibrium of the moments have been estimated, it
is possible to calculate the unbalanced rolling moment coefficient and to plot it
against the term (1 — I, /1,).

By comparison with the boundary lines it is assessed whether or not the aircraft will
have a satisfactory behavior in the recovery from a spin.
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3.3.3 Application of the criterion

For the computation of the rolling moment coefficient due to the body, the fuselage of
the aircraft was divided into 33 sections. For each section of the fuselage was
measured the mean height and the distance of the centroid from the center of gravity
of the aircraft. (Figure 3.19)

\S]
T

sections [m]

Height of the fuselage

Distance of centroid from CG [m]
Figure 3.19: Height of fuselage sections and their distance from the CG at 28%

To each section has been assigned a value body damping coefficient based on the
shape of the cross-section.

The areas of the shielded and unshielded portion of fin and rudder where measured
together with the distance of their centroid from the center of gravity for each load
condition. (Figure 3.20)

Their values are shown in Table 3.12.

Table 3.12: Area and distance from CG of vertical tail sections

Distance from CG [m]
Area [m?] £
22% 28% 32%
Fin shielded 0.2797 4.323 4.240 4.187 -0.4
Fin unshielded 0.5974 3.803 3.720 3.667 +1.5
Rudder shielded 0.5227 4.649 4.566 4.503 -0.25
Fin under tailplane 0.1169 4.279 4.196 4.143 +3.0
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Figure 3.20: Shielded and unshielded areas of fin and rudder

The anti-spin rolling moment coefficient due to the body and vertical tail was
calculated for all the load conditions:

18.0 - 1073 (load case A)
(ehx? Ax) ~<16.6 - 1073 (load case B)
' 15.9 - 1073 (load case C)

_ A 12
v =552 2.,

The contribution of the wing was estimated through the graph shown in Figure 3.18.
For the calculated value of A = 0.33 and a thickness-chord ratio t/c = 0.12, the wing
rolling moment coefficient resulted:

Ly =—11-1073

The effect of the deflection of the rudder in the recovery from the spin depends from
the portion of the rudder that is not in the wake of the horizontal tail as already
explained.

However with the angle of attack assumed by the criterion at 45° there is no portion
of the rudder outside the wake as shown in Figure 3.20. For this reason the
contribution of the deflection of the rudder is zero.
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It is now possible to calculate the unbalance rolling moment coefficient:

7.0 - 1073 (load case A)
URMC = L, + I + I,y = 4 5.6 - 1073 (load case B)
4.9-1073 (load case C)

And plot these values on the graph that defines this criterion:
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Figure 3.21: Unbalanced rolling moment coefficient for the clean configuration

As already seen for the other of the two semi-empirical methods, also in the
application of the Kerr criterion was considered the possibility to improve the results
with the employment of additional tail surfaces, namely a ventral strake and anti-spin
fillets. The effects of these modifications to the tail design are shown in the following
paragraphs.
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3.3.4 Ventral strake

To be able to properly compare the results obtained from the two semi-empirical
methods, the same designs for the ventral strake, described in 3.1.2, were used also
for the present criterion.

In order to perform the computation, the strake was considered as an additional part
of the fixed vertical tail, with the corresponding value of body damping coefficient
and distance from the center of gravity.

The body moment coefficient, increased by the addition of the strake, has been
calculated for all the load conditions considered and two strake designs.

The results are as follows:

- Strake 1:
20.4-1073 (load case A)
b =418.8-107% (load case B)
18.0 - 1073 (load case C)

- Strake 2:
21.0 - 1073 (load case A)
b =419.4-107% (load case B)

18.5- 1073 (load case C)

The calculated unbalanced rolling moment coefficient:
- Strake 1:

9.4-1073 (load case A)
URMC =< 7.8-1073 (load case B)
7.0 - 1073 (load case C)
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- Strake 2:

10.0 - 1073 (load case A)
URMC =< 8.4-1073 (load case B)
7.5-1073 (load case C)

The results are plotted together with the previous ones for the clean configuration for
comparison:
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Figure 3.22: Kerr criterion with the addition of ventral strakes, comparison with the
clean configuration

It is apparent from the graph how the addition of a ventral strake improved the
results, and how in two of the load conditions the outcome has changed from a
borderline behavior to a satisfactory recovery performance.
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3.3.5 Anti-spin fillets

As already done for the ventral strake, it was considered the effect of anti-spin fillets
also for this criterion.

Their effect is described in Reference [10] for the application with the NACA
method. The same general concepts have been extended to the Kerr method, by
considering the fixed portion of the vertical tail enlarged up to the area below the
fillets, and by leaving the wake of the horizontal tail unchanged.

For the present computation, the fillets were applied to the clean tail configuration
and also combined with the presence of a ventral strake. The final effect is an
increase in the unbalanced rolling moment coefficient for all the configurations. The
results are presented in Table 3.13 and plotted in Figure 3.23.

Table 3.13: Anti-spin moment coefficient and unbalanced rolling moment coefficient
with anti-spin fillets

L,y - 103 URMC - 103
Load A Load B Load C Load A Load B Load C
Clean 18.9 17.5 16.7 7.9 6.5 5.7
Strake 1 21.6 19.9 19.0 10.6 8.9 8.0
Strake 2 22.4 20.7 19.8 114 9.7 8.8
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Figure 3.23: Kerr criterion with the addition of anti-spin fillets
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3.3.6 Comparison with the BK115

The results obtained for the BK180 were compared with the ones for the BK115 for
this second criterion as well.

In Figure 3.24 are shown the points corresponding to the clean tail configuration and
the two configurations with a ventral strake for the BK180, and the two available
points corresponding to two different load conditions for the BK115.

25

e BKII5
e BKIS8O0
20 -
15 -
o
o
—
>
10 -
24
-
5+
0F
-5 1 1 1 1 1 J
) -15 -1 -0.5 0 0.5 1

1-(1/1)

Figure 3.24: Kerr criterion, comparison between the BK180 and the BK115

The graph shows better results for the BK180 even with the clean tail configuration,
for which only two of the load conditions are in the borderline region, close to the
boundary with the region for satisfactory performance. All the other configurations
give a positive outcome.

In comparison, only one of the configurations for the BK115 meets the requirement,
while the other is close to the region for unsatisfactory behavior.
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3.3.7 Discussion of the results

The results obtained by the application of the Kerr method for spin recovery
prediction give generally a positive response. Even in the case in which the rudder
would lose its effectiveness due to the wake of the horizontal tail, the moment
produced by the tail and body alone looks to be enough to counteract the spinning
rotation.

For the configurations with the clean tail design, the method does not give a definitive
answer, the corresponding points being close to the boundary between positive and
borderline behavior.

As expected, the addition of a ventral strake and anti-spin fillets provide some
improvement, even though there is no clear evidence of the need for a modification to
the original tail design.

The comparison with the BK115 denotes a slightly better outcome for the BK180,
even without the addition of a strake. This result is most probably given by the
increase in tail length in the BK180 design and the fact that the criterion does not take
into account the increase in weight.

3.4 Concluding remarks on the semi-empirical methods

The preliminary study of the spinning behavior of the BK180 with the application of
the two semi-empirical methods considered, produced results that can be considered
somewhat discordant.

The NACA method heavily relies on at least a small portion of the rudder to be
exposed to the free stream of air in order to produce a non-null result. To be able to
meet this requirement, it was necessary to consider the combined effect of a ventral
strake and anti-spin fillets, in order to extend the area below the horizontal tail. With
the employment of such additional surfaces to the original tail design, it was possible
to obtain a satisfactory spin recovery prediction.

The Kerr method, on the other hand, in addition to the tail configuration also
considers the beneficial effect of the moment generated by the entire fuselage to
oppose to the spinning rotation. As a result, the application of this method to the
original tail design gave a partially positive outcome. The addition of the ventral
strake and the fillets, however, improved the result by giving a more definite positive
answer.

The comparison of the results obtained for the BK180 with the ones for the BK115,
was considered of great relevance because of the clear similarities between the two
aircraft and for the fact that the BK115 already showed a good recovery behavior
during the experimental spin tests.
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The NACA method showed slightly better results for the BK115, which, even if
characterized by a lower value of TDPF, produced a satisfactory outcome even at the
higher altitude considered, due to the lower weight of this aircratft.

The Kerr method, that does not take into account the weight, instead attributed better
recovery characteristics to the BK180 for all the configurations considered.

It is notable a difference in the outcomes from the two methods, the Kerr method
showing generally favorable results, while the NACA one, clearly more restrictive,
needs the employment of additional tail surfaces in order to give a satisfactory
prediction.

In conclusion, the limitations inherent to the semi-empirical methods are here
apparent. They are able to give an approximate indication on the spin recovery
capability of a new design, but their imprecise nature renders them unable to give a
definitive response. In the present application, the two methods gave discordant
results for the clean tail configuration, while they gave a unanimous positive outcome
for the modified tail with the addition of a ventral strake and anti-spin fillets
combined. There is a clear need for further, more accurate investigations before being
able to give a final answer on the spin and spin recovery characteristics of the aircraft.
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4 Analytical spin model

In the present and the following chapters will be presented the work that was done in
order to develop an analytical flight dynamic model of an aircraft in a spin. The aim
was to perform computer simulations of the complete spin maneuver from the spin
entry to the recovery in order to be able to predict the spinning characteristics of the
aircraft denominated BK115.

In order to be certified CS-23 under the aerobatic category, the aircraft must meet
very stringent requirements for safe and prompt recovery from a fully developed spin.
Since only incipient spins had been previously tested, the company showed the need
for the development a computer program capable of predicting the behavior of the
aircraft in a stabilized spin.

The analytical model works by the integration of the equations of motion in six
degrees of freedom that describe the dynamic of the aircraft in flight.

In this chapter will be presented the complete set of equations that describe the
motion of a rigid body in space, specialized for the application to an aircraft by the
introduction of aerodynamic forces and moments.

4.1 Equations of motion

The analytical model implemented relies on the equations of motion in six degrees of
freedom that describe the movement of a rigid body in space subject to forces and
moments acting along and about three axes that are fixed with the body itself. Such
axes are conventionally defined for an aircraft by the body reference frame shown in
Figure 4.1.

4.1.1 Conventions

Before introducing any equation it is necessary to define the conventions for the
positive direction of the axes and the rotations. All the forces and moments acting on
the aircraft as well as the velocities and the angular rates are expressed in the body
axes reference system. In Figure 4.1 are shown the sign conventions used.
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Figure 4.1: Body axes and sign conventions used
With:
[u, v, w]: components of the velocity along the body axes

[Fy, Fy,F,]:  forces acting along the body axes

p,q, r: roll, pitch and yaw rates
[My, My, M, ]: rolling, pitching and yawing moments

Other sign conventions that must be defined are the positive directions for the
controls deflection, which are expressed in Table 4.1. For the work that will be
presented in this chapter, only the three main control surfaces have been considered,
leaving out flaps and trim tabs.

Table 4.1: Sign conventions for the controls deflection

Symbol Control Positive direction
Oe Elevator Down deflection, pitch down
Or Rudder Left deflection, yaw left
0a Ailerons Right aileron up, roll right
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4.1.2 Kinematic relations

To describe the aircraft attitudes and its position in space it is necessary to define a
fixed reference system and the rotation matrix that describes the orientation of the
body reference system with respect to the fixed one.

The fixed reference system is defined by the three axes [X, Y, Z] oriented
respectively towards the north, east and the center of the earth. The origin of the
reference system is fixed on the surface of the earth.

The body axes frame is fixed to the aircraft and follows its movements and rotations
in space. The origin is placed in the center of gravity and the three axes [x, y, z] are
oriented respectively towards the nose of the aircraft, the right wing and down to
form a right-hand system. (Figure 4.1)

- Euler angles

The orientation of the body reference system relative to the fixed reference frame is
conventionally defined by the three Euler angles [, 6, Y]. By combining three
consecutive rotations in the sequence 321 it is possible to bring the orientation of the
fixed frame to coincide with the orientation of the body frame. This way it is possible
to describe the attitudes of the aircraft with respect to the fixed frame.

Imagining the origin of the fixed frame coinciding with the center of gravity of the
aircraft, the three consecutive rotations with reference to Figure 4.2 are as follows:

1. First rotation Y about the Z axis, which brings the fixed frame into the first
intermediate frame [x4,yq,21].

2. Second rotation 8 about the y; axis, which brings the first intermediate frame
into the second one [X;,y2,Z;].

3. Third and final rotation ¢ about the x, axis, which brings the second
intermediate frame into the body frame, thus completing the transformation
from the fixed reference to body axes.
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Y1 Y Z, Z, Zy Z z

Figure 4.2: Euler angles and sequence of rotation

The overall transformation matrix from the fixed frame to the body frame is obtained
by combining the three rotations in the mentioned order and has the following
expression:

cos B cos Y cos O siny —sin0
T, = [sinBsind cosPY —cosPpsiny  sinBsinpsiny + cospcosyP sin¢dcosO
sin@cosdcosy +sinpsiny sinBcospsiny —sindpcosy cos¢cosO

Since Tg, is orthogonal the inverse transformation from the body frame to the fixed
frame is the transposed of the matrix:

Tor = Tpy =
cosOcosy sinBsin¢pcosPy —cosPpsiny sinOcosPcosy + sin ¢ sinP
=|cosBsiny sinOsindsinyP + cospcosyPy sinbcosdsiny —sind cosyP

—sin@ sin ¢ cos 0 cos ¢ cos O

These two rotation matrices are used to transform one reference frame into the other
as needed.

The coordinates transformation from body axes to fixed axes is expressed by the
following relation:

X X
Y =Ty Y
7 z
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The transformation of the components of the velocity from body axes to the fixed
reference frame can be done using the same rotation matrix used for the coordinates
transformation:

dX/dt u
dY/dt = be v
dz/dt w

The kinematic relations for the angular velocities from the fixed frame to the body
frame is expressed by the following equations:

p=¢—ysinb
q = 6 cos + cos B sin P
r = —0sin ¢ + | cos O cos P

Which can be rearranged to obtain the inverse transformation:
®=qcosd —rsind
¢ =p+ (qsind +rcosd)tan0

VY = (qsind +rcos¢d)/cosO

4.1.3 Six degrees of freedom equations of motion

Once all the necessary relations have been defined, it is possible to write the
equations of motion in the body axes reference system.
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- Forces
Fy =m(a+ qw —rv)
Fy = m(V + ru — pw)
F, = m(w + pv — qu)
-  Moments

MX = plx + qr(lz - Iy) - sz - pqlxz
My = qu + pr(IX - Iz) + (pz - r2)Ixz
MZ = I..IZ + pq(ly - Ix) - plxz + quxz

The total forces and moments acting on the aircraft are of different nature:
aerodynamic, propulsive, gyroscopic and gravitational (weight). They can be
expressed in explicit form by the following equations:

Fy = —mgsin® + Fyp + T
F, = mgcos6sind + Fy,
F, =mgcosBcosd + F,u

Where Fya, Fya, F4 are the components of the resultant aerodynamic force along the

body axes and T is the thrust of the engine assuming the axis of thrust parallel to the
longitudinal body axis.

MX = MXA
My:MyA+MyG+T.d
MZ = MZA + MZG
Where Mya, Mya, M, are the components of the aerodynamic moment acting about

the body axes, My, M, are the gyroscopic moments produced by the rotation of the

propeller and d is the distance of the axis of thrust from the longitudinal axis (positive
for positive values of z).
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The aerodynamic forces and moments have the following expressions:

( 1
FXA = Epv SCXtOt

1 2
< FyA = Epv Scytot

1 2
LFZA = Epv SCztot

( 1
MXA = Epv SbCltot

1
< MyA = Epv SCCmtOt

1 2
LMZA = Epv Santot

Where Cyiots Cytots Cztot> Citot> Cmtots Cntot are the force and moment coefficients
acting along and about the body axes.

V is the flight velocity and can be written as the combination of the three velocities
along the body axes:

V=4u?+v?+w?

The two gyroscopic moments can be expressed as:

{MyG = ~Jm®mr

MZG = ]m(‘)mq

Where J;, is the moment of inertia of the propeller about its axis of rotation and w,, is
its angular velocity.

4.2 Numerical integration of the equations of motion

By rearranging the terms of the six equations of motion it is possible to obtain six of
the differential equation to be integrated [16] [18].
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The attitudes of the aircraft with respect to the fixed frame and its trajectory are

obtained by the integration of the kinematic relation for the angular and linear
velocities:

®=qcosd —rsind
¢ =p+ (qsind +rcosd)tan 0

VY = (qsind +rcos¢d)/cosO

dX/dt u
dY/dt = be v
dz/dt w

The last step to have a complete set of equation to be integrated in the computer

simulation program is to explicit the stability and control coefficients in the
expressions of the aerodynamic forces and moments:

1
Fep = EpVZS(CX + Cys, Se)

1 b
Fya =5pV?S (cyB B+ Cys, 8a + Cys, 8 + o (Cypp + Cyr r))

1
\ Foa = EpVZS(CZ + Cys, Se)
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( 1 b
My, = EpVZSb (Cls B+ Cis, 8a + Cis, Or + o (Cip p + Gy r))

1 c
X Mya =5 pV2ST| Com + Cms, zse+ﬁ(cmq q)

1 b
Mza = EpVZSb (CnB B+ Cns, 8a + Cns, Or + 2V (Cnp P+ Cor r)>
\

Where §,, 8., 6, are the deflection of the control surfaces, respectively ailerons,
elevator and rudder. {3 is the sideslip angle and is calculated as:

B =sin™?! (%)

All the stability and control coefficients are variable with the angle of attack, which
can be calculated as follows (Figure 4.3):

w
a=tan"?! (—)
u

Figure 4.3: Angle of attack and sideslip angle

57



Analytical spin model

All the equations of motion that describe the dynamic of the aircraft have been
implemented in a computer program written in Matlab code, and are numerically
integrated using the ode45 function. This function is an implementation of the Runge-
Kutta method for the numerical integration with a variable time step.

Given the time histories of the control inputs, the program is able to output the
attitudes, positions, velocities and angular rates of the aircraft making it possible to
simulate any desired maneuver.
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S Aerodynamic data-set

Beside the geometric and inertial characteristics of the aircraft, the most relevant data
required for the simulation program is the complete aerodynamic data set that
characterizes the aircraft. The difficulty with retrieving such aerodynamic data is
given by the nature of the spin itself, which involves large angles of attack, which
mean extensive regions of separated flow. In fact at spinning attitudes the aircraft is
well beyond the linearity region of the aerodynamics and this makes it impossible to
be able to estimate the necessary aerodynamic coefficients using only a vortex lattice
method.

Conventionally the high angle of attack data set needed for the computer simulations
is produced by expensive and very time-consuming wind tunnel test campaigns using
also a rotary balance. For the present work however a complete data set from wind
tunnel tests was not available or feasible to produce.

The aerodynamic characteristics were estimated mostly from the data gathered during
the flight tests of both stabilized low angle of attack maneuvers and the incipient spin
tests performed on the full-scale prototype of the aircraft BK115. The complete
process that was followed is explained in more detail in the relative section.

5.1 Low angle of attack aerodynamic data

The only missing data, and possibly the most difficult to obtain, is relative to the
aerodynamic characteristics of the aircraft, expressed in terms of non-dimensional
coefficients. The first step to determine a complete aerodynamic data-set was to
estimate the values of stability and control derivatives at low angle of attack within
the region of linearity of the aerodynamics.

Where it was possible the aerodynamic characteristics were determined from the
available data gathered in numerous flight tests performed on the prototype aircraft.
The aerodynamic derivatives that were not possible to be computed from the
available experimental tests, were estimated using the simplified DATCOM method
obtained from Ref. [12] and Ref. [13]. In Table 5.1 is shown the source of all the
aerodynamic derivatives: FT for Flight Test; E for Empirical estimation.
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Table 5.1: Source of the aerodynamic derivatives at low angle of attack

C. Cp Cy o Cn C,
o FT FT X X FT X
B X X E E X FT
p X X E FT X E
q X X X X E X
r X X E E X E
8. FT X X X FT X
8, X X E E X E
8, X X X E X E

5.1.1 Aerodynamic data from flight tests

- Aerodynamic center of the complete aircraft

The aerodynamic center of the aircraft was calculated from the available experimental
data of trimmed flight for two different positions of the center of gravity. For each
flight speed is indicated the recorded angle of deflection of the elevator needed in

order to achieve longitudinal equilibrium. The data is shown in Table 5.2 and Table
5.3.

Table 5.2: Trimmed flight experimental data 1

m 712 kg

Xce 18.2 % MAC
Veq [m/s] 8eq [° o [°]
36.0 -5.6 6.5
41.2 -3.2 33
46.3 -1.2 1.1
51.4 -0.3 0.4
63.3 1.5 -1.8
69.4 24 -1.9
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Table 5.3: Trimmed flight experimental data 2

m 786 kg
XcG 30 % MAC
Veq [m/s] 8eq [°]
38.6 2.2
47.8 -0.33
61.7 0.9
72.0 2

For each data point it was calculated the equilibrium lift coefficient as follows:

C _2mg
Leq_pSVezq

The lift coefficients calculated for the two positions of center of gravity was then
plotted against the corresponding angle of deflection of the elevator as shown in
Figure 5.1. The data points were approximated by a linear curve and the slope of the

d8eq
dCLeq

interpolating curve was recorded. The two values of slope corresponding to the

two positions of center of gravity are shown in Table 5.4.

Table 5.4: Slope of the interpolating curve Cpeq-8¢q

) ddeq
Xcg (Y0 MAC) dCreq [°]
18.2 -12.6

30 -6.8
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® Data points 1
® Data points 2
Fitting curve 1

Fitting curve 2

—8]L

Figure 5.1: Graph of equilibrium lift coefficient against elevator deflection for two
positions of center of gravity

By plotting a graph with the positions of center of gravity on the x-axis and the slopes
of the interpolating curves on the y-axis it was possible to find the position of the
aerodynamic center by extrapolation as shown in Figure 5.2. The aerodynamic center

of the complete aircraft is found for the position of center of gravity that would give
dSeq

= 0. The calculated value is:
dCLeq

XAc = 43.8 0/0 MAC
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Figure 5.2: Determination of the position of the aerodynamic center

- Lift and pitching moment coefficients

In this section is explained the process that was used in order to calculate the six
aerodynamic parameters needed to describe the conditions for longitudinal
equilibrium of the aircraft expressed by the following two equations:

_2mg
_pSVeZq

0 = Cmo + Crna® + Crms, S

CLeq = CLO + CLaO( + CLSESe

For one set of the recorded trimmed flight data was also given the angle of attack of
equilibrium as already shown in Table 5.2. Using this data it was possible to obtain a
lift curve for trimmed flight Cy¢q-0cq. By means of interpolation of the data points it

was then calculated the lift coefficient for zero angle of attack and elevator deflection:

Cro = 0.4
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The lift slope coefficient was first estimated using the DATCOM method and then
refined using the iterative process described in the present section. With this first
estimation was also calculated the moment coefficient due to angle of attack for the
configuration with the center of gravity at 18.2% MAC as follows:

By plotting the trim curve Veq-8¢4 and interpolating it was found the equilibrium
flight speed for §,=0:

Veq|8e=0 =53 m/s

The angle of attack needed to achieve this flight condition was calculated with the
first of the two equilibrium equations:

. CLeq - CLO ~ _0.07°

(04
eq|8e=0 CLoc

With the second equilibrium equation was calculated the pitching moment coefficient
for zero angle of attack:

Cino = —Cine aeq|86=o =~ —0.0016

At this point it was possible to calculate the lift and moment derivatives with respect
to the elevator deflection for each of the experimental test points. By calculating the
mean value between each test point, the two derivatives were estimated as follows:

Cron — Cio — Cpo 1
Cus, = — 'éo Laed _ 0,766 —
eq

64



Aerodynamic data-set

— — a 1
Cm5e == 8 = —1399 a
e

The only aerodynamic coefficient that wasn’t extracted from experimental data at this
stage was the lift curve slope. To refine its estimation were used the two theoretical
formulae for Cps5, and Cpys,:

Cus, = o =% ="
S do, do,

C —C Xcg — XAC _ dCLt d(xt_
mle = “L8e G da, d5,

From which it was possible to calculate the value of Cy,5, as a function of C 5, as

follows:

da, d§,  Pes,

Xce — XAC S _
Cmge = CLSe 7 - CLgegv == —2382 m

It can be seen that the two values for Cp,5, calculated with these different methods
exhibit a substantial discrepancy. To correct this large difference the estimated value
of Cro was adjusted in an iterative process until the two values of Cps, would
coincide with an error below 1%.

The correct values of aerodynamic coefficients found at the end of the iterative
process are shown in Table 5.5 for the configuration with the center of gravity at
18.2% of the mean aerodynamic chord.

65



Aerodynamic data-set

Table 5.5: Aerodynamic derivatives in the longitudinal plane for CG at 18.2% MAC

[1/rad] [1/°]
CLe 4.58 0.0799
Conec -1.172 0.0205
CLs, 0.4226 0.0074
Cums, 1312 0.0229

The same derivatives were also calculated for the position of center of gravity at 30%

of the mean aerodynamic chord.

Using these calculated values and the longitudinal equilibrium equations were then
reconstructed two theoretical trim curves in order to make a comparison with the
measured experimental data. The results are shown in Figure 5.3 and Figure 5.4.

®  Experimental data
Theoretical curve

Figure 5.3: Trim curve for CG 18.2%. Comparison between experimental data and

theoretical calculation
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®  Experimental data
Theoretical curve

—-6L

Figure 5.4: Trim curve for CG 30%. Comparison between experimental data and
theoretical calculation

- Yawing moment coefficients

To be able to evaluate the yawing-moment coefficient due to rudder deflection and
due to sideslip angle were analyzed the flight tests that were performed in order to
assess the directional stability of the aircraft. The tests were performed by stabilizing
the aircraft at the desired trim speed and slowly applying pedal force in order to
establish a sideslip angle B # 0. For each test point were recorded both the angle of
sideslip and the angle of deflection of the rudder. The data gathered from the tests are
presented in Table 5.6.

The yawing-moment coefficient due to rudder deflection was calculated using the
DATCOM method and the following value was obtained:

1
C = —0.0638 —
ndy rad
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Table 5.6: Stabilized sideslip and rudder deflection from flight tests

m 786 kg

Xce 30 % MAC
Veq [m/s] 8. [°] B [°]
334 16 10
334 -17 -12
36.0 18 10
36.0 -22 -15
46.3 21 10
46.3 -19 -11
63.3 13 9
63.3 -16 -6.5
72.0 -7 -6

The directional equilibrium for stabilized sideslip angle can be expressed by the
following equation:

Cn5r8r + CHBB =0

From which it is possible to calculate the sideslip angle derivative from the flight test
data as the mean value between all test points:

1 1
CHB == _Cnﬁrsré = 01025@

- Rolling moment coefficients

The rolling-moment coefficients due to roll rate and to aileron deflection were again
determined from the available flight test data. The derivative with respect to the
aileron deflection was already given as it was previously calculated using CFD
simulations and it was indicated in the flight test report with the following value:

1
Cis. =0.1828 —
184 rad

68



Aerodynamic data-set

From the same report were taken the flight test results for stabilized roll rate
measured for different mean values of aileron deflection:

Table 5.7: Stabilized roll rates from flight tests

V [m/s] 63.3
8, [°] p [°/s]
14 75

7 43

-8 -38
-14 =70

By writing the lateral equilibrium of the stabilized roll rate as follows:

pb

Clp ﬁ + C15a83 =0

It is possible to calculate the rolling-moment coefficient due to roll rate as the mean
value between all test points, which gave as a result:

2V 1
S —C18a8 == —0488 —

G Apb rad

p

5.1.2 Aerodynamic data using the DATCOM method

All the remaining aerodynamic derivatives needed in order to complete the
aerodynamic data-set of the aircraft were calculated using the simplified DATCOM
method presented in Ref. [12]. In order to be able to correctly estimate the values of
these derivatives it was necessary to measure many geometric dimensions of the
aircraft, which was done using the three view CAD drawings. All the measurements
obtained needed to perform the calculations are presented in Table 5.8 through Table
5.12.
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Table 5.8: Wing geometric data used with the DATCOM method

Wing geometric data

S 10.31 [m?] | Wing area
c 1.36 [m] | Mean aerodynamic chord
b 9 [m] | Wing span
AR 7.86 [-] Aspect ratio
t/c 12% [-] Wing thickness-chord ratio
r 4° [°] Dihedral angle
Croot 1.86 [m] | Root chord
Ctip 0.62 [m] | Tip chord
Ctip/ Croot 0.33 [-] Taper ratio
A¢sz -3° [°] | Sweep angle at % chord
Ac/a 1° [°] | Sweep angle at % chord
E -3° [°] Twist angle
a 0.198 [m] | Aileron mean chord
b, 1.68 [m] | Aileron span
S, 0.34 [m?] | Aileron surface area

Table 5.9: Horizontal tail geometric data used with the DATCOM method

Horizontal tail geometric data

Sh 2.36 [m?] Horizontal tail area
[ 0.773 [m] | Horizontal tail mean acrodynamic chord
Iy 3.79 [m] | Horizontal tail arm
Se 0.733 [m?] | Elevator area
Ce 0.265 [m] | Elevator mean chord
% 0.636 [-] | Tail volume coefficient
by 3.04 [m] | Horizontal tail span
AR 3.9 [-] | Aspectratio
Ce/Ct 0.36 [-] Chord ratio (elevator/HT)
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Table 5.10: Vertical tail geometric data used with the DATCOM method

Vertical tail geometric data
Sy 1.50 [m?] | Vertical tail area
Iy 3.53 [m] | Vertical tail arm
Z, 0.58 [(m] ]f?lisset;:lgc: ;));fi ;he center of pressure to the
by 1.16 [m] | Vertical tail span
Vroot 1.87 [m] | Root chord
Cviip 0.71 [m] | Tip chord
Cy 1.38 [m] | Mean aerodynamic chord
c/Cy 0.45 [-] Chord ratio (rudder/VT)
A¢sz 47° [°] | Sweep angle at % chord
Ac/a 53° [°] | Sweep angle at Y4 chord
AR, 0.897 [-] Aspect ratio
S, 0.521 [m?] | Rudder surface area
b, 0.99 [m] | Rudder span
Cr 0.51 [m] | Rudder mean chord

Table 5.11: Fuselage geometric data used with the DATCOM method

Fuselage geometric data
l¢ 7.23 [m] | Fuselage length
hinax 1.25 [m] | Fuselage maximum height
Winax 0.83 [m] | Fuselage maximum width
Sg 5.2 [m?] | Fuselage side area
fave 0.27 [m?] | Mean cross-section area

Table 5.12: Ventral strake geometric data used with the DATCOM method

Ventral strake geometric data

Ss 0.18 [m?] | Ventral strake area
bs 0.20 [m] | Ventral strake span
I 3.90 [m] | Ventral strake arm

Distance from the center of pressure to
Z -0.23 .
S [m] the fuselage axis
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5.1.3 Summary low angle of attack aerodynamic coefficients
All the values of the stability and control aerodynamic derivatives at low angle of

attack calculated for the position of center of gravity at 25% MAC are here
summarized:

Table 5.13: Low a aerodynamic derivatives for CG at 25% MAC

[1/rad] [1/°]
CLo 4.58 0.079936
Cona -0.861 -0.015027
Cig -0.0379 -0.000661
Cag 0.1025 0.001789
Cyp -0.387 -0.006754
Cip -0.488 -0.008517
Cap -0.007 -0.000122
Cyp -0.022 -0.000384
Cing 14 -0.224346
Cir 0.0994 0.001735
Cor -0.08 -0.001396
Cyr 0.156 0.002723
CLs, 0.4226 0.007376
Cums, -1.257 -0.021939
Cis, 0.009 0.000157
Cns, -0.0638 -0.001114
Cys, 0.070 0.001222
Cis, 0.1828 0.003190
Cas, -0.0006 -0.000011
Cys, 0 0
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5.2 High angle of attack aerodynamic data

In order to be able to simulate the spin maneuver it was necessary to determine the
values of all the aerodynamic coefficients up to high angles of attack. This is needed
because this specific maneuver is characterized by angles of attack beyond the stall
region.

The process to estimate the post stall characteristics of the aircraft was quite long and
difficult. The starting point was to gather all the possible data regarding aerodynamic
coefficients up to high angle of attack for other aircraft with similar geometric
characteristics. This kind of data is usually produced by very extensive tests
campaigns in a wind tunnel. Since this campaigns can be very long and expensive
they are usually done on military aircraft and that is the reason why it was not
possible to find such data regarding a general aviation aircratft.

The aerodynamic data that was considered in this section is mainly from two military
training jet aircraft: the Italian Macchi MB339 and the Chinese Hongdu JL-8 for
which it was possible to obtain a complete aerodynamic data set. Even if these two
aircraft have characteristics that differ a lot from the aircraft under study, mainly due
to the higher weight and the jet propulsion, these factors are not of great influence in
the aerodynamics during a spin where the engine is maintained at idle regime. On the
other hand the geometric characteristics of the un-swept wing and the traditional tail
configuration have many similarities with the aircraft that is being analyzed.

Each of the aerodynamic coefficients from the available sets of data was non-
dimensionalized with the corresponding value at low angle of attack, and its trend up
to high angles of attack was recorded. This way it was possible to gather information
about the possible behaviors of the coefficients beyond the stall region independently
from their value at low angle of attack. An example of the different tendencies of
aerodynamic coefficients curves beyond the linearity region is shown in Figure 5.5,
extracted from Reference [19].

Starting from the values at low angle of attack calculated previously it was possible to
estimate the values at higher o for each of the aerodynamic coefficients, based on the
trends of the curves and the spin tests performed on the aircraft prototype. This was
an iterative process in which the results of the computer simulations were compared
to the flight tests results and each time one or more of the aerodynamic coefficients
were carefully adjusted before proceeding to a new simulation. The process of
determination of the complete aerodynamic data set ended when the predicted
behavior obtained with the computer simulation matched closely with the recorded
data from the flight tests.
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Figure 5.5: Example of aerodynamic coefficients curves up to high a [19]

5.2.1 Flight test data and simulations

In the process of determination of the aerodynamic characteristics of aircraft it was
considered one of the available spin tests performed on the aircraft prototype. In order
to be certified CS-VLA, in fact, the aircraft BK115 had to perform a number of one-
turn spin tests to prove compliance with the certification requirements [25].

For the present chapter it was taken into consideration only the left hand spin,
considered the most critical one for exhibiting a higher angle of attack with respect to
the right hand spin. All propeller driven aircraft in fact show different behavior
between spinning in one direction and the other because of the asymmetries generated
by the spinning propeller that go beyond the inertial gyroscopic effects. This kind of
asymmetries would be very difficult to model and simulate and for this reason only
the left hand spins were considered.

The test point analyzed in this part is the one for the basic spin maneuver, with the
engine at idle, ailerons neutral and recovery by rudder reversal and simultaneous
centralization of the elevator.

Between all the recorded data, the most significant ones available are the control
deflections, the attitudes expressed in terms of Euler angles, the angle of attack and
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the flight speed. The time histories for these data are shown in the following figures
for the maneuver considered.

20 . . Elevator deflection [°]
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Figure 5.6: Time histories of controls deflection, spin 1
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Figure 5.7: Time histories of aircraft attitudes, spin 1
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Figure 5.8: Time history of angle of attack, spin 1
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Figure 5.9: Time history of flight speed, spin 1

Given the time histories from the flight test it was possible to define the inputs of the
elevator and the rudder deflections for the numerical simulations, as well as the initial
conditions in terms of attitude, angle of attack and flight speed at the spin entry.

The control inputs were modeled as shown in Figure 5.10.
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Figure 5.10: Control deflection inputs used in the simulation, comparison with the time
histories from flight test, spin 1

Other known characteristics needed for the simulations are the inertial properties of
the aircraft expressed in Table 5.14 as well as the initial altitude of 10000 ft. The air
density was modeled as a function of the altitude using the equations of the

international standard atmosphere.

Table 5.14: Inertial properties of the aircraft used in the simulations

m [kg] 712
I, [kgm?] 850
Iy [kgm?] 1217
I, [kgm?] 1987
I, [kem?] ~0

By performing numerous simulations maintaining the same control inputs and initial
conditions an by carefully adjusting the trends of the aerodynamic coefficients at high
angle of attack it was possible to obtain a simulation that closely matched the
behavior of the aircraft in the flight test. To do so were taken in consideration both
the amplitudes and the frequencies of the simulated quantities, mainly the aircraft
attitudes and the angle of attack, in order to best represent the spinning behavior of

the aircraft shown in the flight tests.

The final result of these simulations is shown in the following figures as a
comparison between the recorded time histories of the flight test and the time
histories obtained as output of the simulation.
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Figure 5.11: Bank angle, comparison between flight test and simulation output
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Figure 5.12: Elevation angle, comparison between flight test and simulation output
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Figure 5.13: Azimuth angle, comparison between flight test and simulation output
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Figure 5.14: Angle of attack, comparison between flight test and simulation output

Flight Test
Simulated

| | |

|
-5 0 5 10 15 t[s]

Figure 5.15: Load factor, comparison between flight test and simulation output
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Figure 5.16: Flight speed, comparison between flight test and simulation output
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5.3 Model validation

In order to validate the analytical spin model, two additional simulations were
performed for two more test points available in the recorded flight tests. This time no
changes were made to the model to be able to determine whether it was able to
satisfactorily simulate the behavior of the aircraft in a spin with different control
inputs and initial conditions.

The comparisons between the time histories from the flight tests and the inputs and
outputs of the simulations are shown in the following figures.
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Figure 5.17: Control deflection, comparison between flight test and simulation input,
spin 2
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Figure 5.19: Angle of attack, comparison between flight test and simulation output, spin
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Figure 5.20: Load factor, comparison between flight test and simulation output, spin 2
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Figure 5.21: Flight speed, comparison between flight test and simulation output, spin 2
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Figure 5.22: Control deflection, comparison between flight test and simulation input,
spin 3
180
Flight Test
———— Simulated
&
3 o
-
5
M
~180 I | I
0 10 20 t[s]
Flight Test
Simulated
s S0f
% o
8
§ =50+
= _100 | I I
0 10 20 t [s]
100
— 50F Flight Test
o; ———— Simulated
o OF
g
= S50-
E
8-100F
—150+ 1 1 1
0 10 20 t[s]

Figure 5.23: Aircraft attitudes, comparison between flight test and simulation output,
spin 3
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Figure 5.24: Angle of attack, comparison between flight test and simulation output,
spin 3
Flight Test
3r Simulated
2 -
I_‘N
= F
1 -
| | |
0 0 10 20 t[s]

Figure 5.25: Load factor, comparison between flight test and simulation output, spin 3
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Figure 5.26: Flight speed, comparison between flight test and simulation output, spin 3
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The results of the simulations were considered a good approximation of the behavior
of the aircraft during the spin maneuver from the stall and spin entry to the recovery
phase, thus validating the analytical model and the estimated values of the
aerodynamic coefficients.

5.4 Spin susceptibility criteria

Once determined the aerodynamic coefficients at high angles of attack it was possible
to evaluate the susceptibility of the aircraft to depart from controlled flight and
possibly enter a spin. These criteria are based mainly on the values of yawing-
moment and rolling-moment coefficients due to sideslip angle at high angle of attack.
Even though the criteria presented are only approximate, they can be applied to give
an estimation of the tendency of the aircraft to depart from controlled flight after a
stall occurred [21].

C , Directional stability parameter

nden

This parameter is used for the evaluation of the resistance to directional divergence.
Its expression is shown below, and the requirement is for it to be positive:

|
C =Cn3cosa—I—ZCIBsina>O

X

nden

The plot of the parameter as a function of the angle of attack is shown in Figure 5.27
up to o = 50°. It can be seen that the parameter remains positive throughout the
entire range considered, thus meeting the requirement even where C,g becomes

negative.
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Figure 5.27: Directional stability parameter

- LCDP, Lateral control departure parameter

This parameter gives an indication of the lateral stability of the aircraft up to angles of
attack beyond the stall. Its expression is shown below and again the requirement for
stability is a positive value:

C

The values for this parameter are shown in Figure 5.28 as function of the angle of
attack. Negative values mean controls reversal, in which case the aircraft rolls in the
opposite direction to the control input applied. It can be seen from the plot that this
condition is reached at angles of attack above 25°.
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Figure 5.28: Lateral control departure parameter

- Bihrle - Weissman chart

This chart combines the two parameter seen above by plotting them one against the
other. Depending on the region of the chart in which the curve lays it is possible to
determine the overall tendency of the aircraft to departure and spin entry.

The chart is shown in Figure 5.29 and the plot of the two parameters is shown in red
for the range of angles of attack considered. The curve is all comprised in the region
denominated by the letter F, starting closer to region A for lower angles of attack.
From the description reported below the chart it is possible to understand that the
aircraft will have little tendency to departure from controlled flight and will not enter
a spin very easily without intentional action from the pilot.
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Figure 5.29: Bihrle - Weissman chart

Where the characteristics of each region are:

A: Highly departure and spin resistant

B: Spin resistant, objectionable roll reversals can induce departure
and post stall gyrations

C: Weak spin tendency, strong roll reversal results in control-induced
departure

D: Strong departure, roll reversals and spin tendencies

E: Weak spin tendency, moderate departure and roll reversals,
affected by secondary factors

F: Weak departure and spin resistance, no roll reversals, heavily
influenced by secondary factors

U: High directional instability, little data
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6 Simulations

Once the analytical spin model was completed with the full aerodynamic data-set up
to high angle of attack it was possible to employ the simulation program developed in
order to be able to predict the behavior of the aircraft in a spin with greater number of
turns. As seen in the previous chapter, the spin maneuvers that were tested in flight
are limited to a single turn before the recovery procedure is applied, in order to
demonstrate compliance with CS-VLA certification requirements [25].

However the company that produces the aircraft experssed the need to certify the
same aircraft with increased maximum take-off weight for the Aerobatic category of
EASA CS-23 [24]. To be able to comply with the requirements of the new
certification with regard to the spin maneuver, the aircraft has to safely and promptly
recover from a spin consisting of up to six turns.

The main purpose for the development of the simulation program was specifically to
be capable of predicting the maneuver up to the fully developed spin phase based on
the experimental data already gathered, prior to flight-testing.

In this chapter will be presented the comparison of the simulated maneuver with the
experimental data from the spin tests performed on a scaled model and the prediction
of a complete six-turns spin form stall to recovery.

6.1 Comparison with the dynamically scaled model

During the course of 2016 it was realized a dynamically scaled flying model of the
same aircraft analyzed in the present work. The model was realized in order to
perform a series tests to characterize the behavior of the aircraft during the spin
maneuver.

To further verify the accuracy of the analytical model it was considered of interest to
compare the results of the tests on the flying model with the output of the simulations.
In order to make the comparison, the time histories of the flight tests had to be
properly scaled using the criteria of dynamic similarity as a function of the scale
factor. This way the magnitudes of the considered quantities are appropriately scaled
back to the magnitudes for the full size aircraft.

The test point considered for the comparison is one for the standard spin maneuver,
with clean configuration and ailerons neutral. Since the controls deflection of the
model was not recorded, for the simulation inputs were used the standard controls of
full elevator deflection followed by full rudder deflection for the spin entry, and
simultaneous rudder and elevator neutralization for the recovery.
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The results of the simulation and the comparison with the recorded time histories of
the flying model are shown in the following figures.
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Figure 6.1: Bank angle, comparison between scaled model and simulation
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Figure 6.2: Elevation angle, comparison between scaled model and simulation
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Figure 6.3: Azimuth angle, comparison between scaled model and simulation
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Figure 6.4: Roll rate, comparison between scaled model and simulation
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Figure 6.5: Pitch rate, comparison between scaled model and simulation
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Figure 6.6: Yaw rate, comparison between scaled model and simulation
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Figure 6.7: Non-dimensional spin rate of rotation, comparison between scaled model
and simulation
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Figure 6.8: Flight speed, comparison between scaled model and simulation
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Figure 6.9: Altitude loss, comparison between scaled model and simulation

It can be seen from the graphs of the aircraft attitudes how the simulated behavior
matches very closely the spinning attitudes of the scaled flying model, both in terms
of the frequency of rotation and amplitude of the oscillations.

Looking at the angular rates it is apparent how the behavior of the model is very
oscillatory, where the simulated one is a lot more stable. The oscillatory nature of the
spin is probably caused by non-linearities in the yawing-moment and rolling-moment
coefficients as a function of the spin rate of rotation. These non-linearities were not
implemented in the analytical model mainly for two reasons: they are very difficult to
predict without rotary balance tests in the wind tunnel and because the spin tests on
the full scale aircraft did not exhibit such oscillatory behavior. However the simulated
angular rates are very comparable with the mean values of the oscillations shown by
the scaled model.

The flight velocity and the altitude loss simulated are both a good representation of
the behavior shown by the model.

In Figure 6.10 is shown a qualitative comparison of the entire maneuver between the
simulation output and the scaled model extracted from video files.
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Figure 6.10: The spin maneuver, graphic comparison between the simulation (left) and
the scaled model (right, extracted from video files)
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6.2 Spin maneuver prediction

The main purpose for the development of the analytical model presented in this
chapter is the ability to predict the behavior of the aircraft under study in a fully
developed spin.

In order to certify the aircraft CS-23 in the aerobatic category, a spinning requirement
must be met: the aircraft must recover from any point in a spin up to six turns in not
more than one and one-half additional turns after the first control action for recovery
is applied. Additionally the limit load factor and the limit air speed must never be
exceeded.

After the finalization of the analytical model, the attention was directed towards the
simulation of a complete six-turns spin maneuver, in order to assess that the spin and
recovery characteristics of the aircraft would meet the certification requirements.

The procedure followed was to simulate the maneuver without the controls for
recovery, in order to determine the time in which the sixth turn would be completed.
This resulted in about 20 seconds from the stall and initiation of the spin to the
completion of the sixth turn. It was then possible to define the correct time history of
the control inputs by applying the standard recovery actions right after the completion
of the sixth turn as shown in Figure 6.11.
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Figure 6.11: Controls deflection, inputs for the simulation

The resulting time histories of the aircraft attitudes and angular rates as output of the
simulated maneuver are shown in the following figures.

The plots of the aircraft attitudes are pretty much textbook, showing oscillations in
pitch and roll that rapidly decrease in amplitude and tend to a stabilized value.
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Looking at the plot of the azimuth angle (Figure 6.14) it is possible to see the
sweeping pattern from 180° to -180° typical of the spin, which indicates that a stable
yaw-rate is quickly achieved. It can also be noted that after the recovery controls are
applied, at t = 25 s, the rotation is rapidly arrested after a few oscillations. In total it
takes about one-half additional turn to completely stop the rotation and to achieve full
recovery, thus meeting one of the certification requirements.
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Figure 6.12: Bank angle, simulated prediction

100

T

50

T

Elevation angle © [°]

~100¢
1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 (s

Figure 6.13: Elevation angle, simulated prediction
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Figure 6.14: Azimuth angle, simulated prediction

The angular rates show very little oscillations in roll and yaw and few oscillations in
pitch that however are quickly dampened. Stable rates are achieved after the third
turn indicating that equilibrium between aerodynamic and inertial forces and
moments is reached and the spin is fully developed.
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Figure 6.15: Roll rate, simulated prediction
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Figure 6.16: Pitch rate, simulated prediction
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Figure 6.17: Yaw rate, simulated prediction

The plot of the angle of attack (Figure 6.18) indicates clearly that the spin is rather
steep with no tendency to flatten out. The angle of attack stabilizes around 28° after

about three turns.

As discussed before a steep spin is preferable and less critical to recovery from,
mainly because the rudder is able to maintain part of its control effectiveness needed

for a prompt recovery. In a flatter spin in fact it is possible that the wake produced by
the stalled tail-plane would shield the rudder and vertical tail enough to render the

recovery very difficult if not impossible.

The angle of sideslip (Figure 6.19) present little oscillations in the incipient spin

phase and reaches a stable value close to -1° after the third turn.
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Figure 6.19: Angle of sideslip, simulated prediction

Looking at the plot of the equivalent air speed (Figure 6.20) it is apparent that, after
the stall and spin entry phase, the velocity of descent reaches a stable value of about
44 m/s, which is not excessive and typical of a steep spin. In the pull-up maneuver,
needed to regain level flight after the rotation is stopped, the flight speed reaches a
maximum value of about 62 m/s, which is well below the limit air speed of 88 m/s.
The overall spin rate of rotation (Figure 6.21) reaches a stable maximum value of
137°/s, which again is typical for a steep spin and not excessive. At this rate it takes
2.6 s to complete a full rotation, which would be easily manageable for the pilot.
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The load factor (Figure 6.23) in the stable spin gets to a comfortable value of around
1.5 times the acceleration of gravity, and reaches the peak value of less than 3 during
the pull-up maneuver. The limit positive load factor for the aircraft is +5, meaning

that the requirement is met with ample margin.
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Figure 6.23: Load factor, simulated prediction

The predicted loss of altitude for the entire maneuver form the stall to the complete
recovery, is 1025 m (~3360 ft), starting from a safe altitude of 3000 m (~10000 ft)

(Figure 6.24).
For every turn in the spin the loss of altitude is about 125 m, meaning a total of 750 is

needed to complete six turns. Additional 275 m are lost to complete the recovery

procedure and regain level flight.
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Figure 6.24: Altitude, simulated prediction
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7 Parametric study

In this chapter will be presented the parametric study performed in order to assess the
spin behavior in greater detail and the effect of different control inputs and other
variables to the overall spin maneuver.

The study was carried out by employing the simulation algorithm described in the
previous chapters in order to test different flight conditions from stall and spin entry
to the recovery procedure.

The aircraft under test is the same that was modeled in the previous chapters and,
unless stated otherwise, the mass and load distribution has to be considered the same
as expressed in Table 5.14.

For all the test points considered, where is not specified, the simulated altitude at the
beginning of the maneuver is 3000 m (~10000 ft.).

First will be presented the simulations of the different stall maneuvers in accordance
to the requirements for the certification CS-23. The aim is to determine whether the
aircraft shows a tendency to stall asymmetrically, with possible departure from
controlled flight, which eventually could lead to an inadvertent spin.

After the stall behavior assessment, it was tested the spin performance for the basic
configuration with increasing number of turns. In this case the aim is to denote the
difference in the spinning characteristics from the incipient phase, which is mostly
oscillatory, to the fully developed phase, in which equilibrium is reached and all the
variables show a stabilized constant value.

The study of the recovery performance was conducted with the simulations of the
three most common recovery procedures. Starting from the fully developed spin
phase, after the completion of the sixth turn, the three different sets of control inputs
for recovery were applied in order to determine the number of additional turns needed
to stop the rotation and the loss of altitude before regaining level flight.

The last part of the chapter presents the simulations that were carried out in order to
determine the effect of other variables to the overall performance. Specifically it was
tested the effect of the increase of weight, increase of yawing moment of inertia and
the decrease of altitude at the beginning of the maneuver.

For all the test point that were simulated are reported the quantities that were
considered of greatest relevance as well as the graphs of the time histories of the input
and outputs of the simulations.
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7.1 Stalls

The simulations that are presented in this paragraph were performed in order to
determine the behavior of the aircraft during and after a stall. The importance of these
tests is to assess whether in such conditions the aircraft would develop lateral and/or
directional instability, which could possibly lead to an inadvertent spin.

In order to study the aircraft behavior in detail it was first simulated the stall from
level flight as well as two test points from turning flight, which aggravates the stall by
introducing asymmetries in the flight conditions.

All the maneuvers that were simulated are in accordance with the acceptable means
of compliance for CS-23 certification [24].

Since the simulation program was developed mainly to assess the spin behavior, at
the present state it does not allow for different power settings to be simulated, and for
this reason all the maneuvers that will be shown in the following paragraphs were
performed in power off conditions.

7.1.1 Wings level stall

For testing the stall characteristics from level flight, the certification requires the
maneuver to be initiated at a flight speed at least 10 knots above the stall speed. Then
the speed must be reduced at a rate below 1 knot per second by gradually pulling on
the elevator control until the stall occurs, usually denoted by a downward pitching
motion. After the stall occurs, normal use of the elevator control is allowed for
recovery.

To be able to simulate the stall behavior correctly, the maneuver was initiated at
about 73 knots EAS, and a time history of the elevator controls was provided in order
to achieve the desired rate of speed reduction. After stall, the elevator was brought
back to 0° followed by a pull-up maneuver.

The simulations produced a stall characterized by a downward pitching motion and
no sign of lateral or directional instability with rudder and ailerons controls held in
neutral position. The flight speed quickly rises above the stall speed allowing for a
prompt recovery.

The recorded stall speed and angle of attack are shown below:

V; = 60 knots = 31 m/s

as = 16.5°
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The time histories for the elevator input and the simulated outputs are shown in

Figure 7.1.
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7.1.2 Turning flight stall

The required procedure to assess the turning flight stall prescribes the aircraft to be
maintained in a coordinated turn at 30° of bank. The initial flight speed and rate of
speed reduction are the same as seen for the wing level stall as well as the recovery
procedure. In order to be compliant with the certification requirement, after the stall is
reached the bank angle must not exceed 60°. Other limitations include the
requirement to not exceed the maximum allowable speed and the limit load factor.
The control input for the elevator is similar to the one for the level flight stall,
increasing progressively until stall is reached, released to 0° and followed by a pull-
up maneuver. The 30° bank angle is imposed in the initial conditions and maintained
with minimal aileron control. After stall all controls are neutralized prior to the pull-
up.

The simulations show a similar behavior as seen for the wing level stall, characterized
by downward pitching motion and regain of speed with no sign of lateral or
directional instability. After stall the bank angle increases by only 4° before returning
back towards level flight.

The recorded stall speed and angle of attack are shown below:

Vs = 62 knots = 32 m/s

as = 16.3°

The time histories the simulated turning flight stall are shown in Figure 7.2.
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7.1.3 Accelerated turning stall

In order to simulate the accelerated turning stall, it was again followed the procedure
described by the certification requirements. The procedure is very similar to the one
for the turning flight stall, with the main difference being the rate of speed reduction
that has to be maintained between 3 and 5 knots per second by a more rapid increase
of the elevator deflection. The initial flight conditions are the same as for the previous
maneuver with a bank angle held at 30°. After stall is reached the maximum
allowable bank angle this time is 90°. As before the maximum flight speed and limit
load factor must not be exceeded in order to satisfy the requirement.

The control inputs to the simulation program are similar to the ones used for the
turning flight stall, with the exception of the elevator deflection which is increased
more rapidly in order to achieve the higher rate of speed reduction.

The resulting outputs of the simulation show again a very good stall behavior, with
pitch-down motion and no sign of lateral or directional instability. There is no
noticeable increase in bank angle at stall, which gets reduced toward level flight
during the recovery.

The recorded stall speed and angle of attack resulted as follows:

V; = 66 knots = 34 m/s
ag = 17.5°

In Figure 7.3 are represented the time histories for the simulated accelerated turning
stall.
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7.2 Spins

After the stall behavior has been assessed in detail, which did not present any sign of
departure from controlled flight, the next step in the study of the post-stall
characteristics of the aircraft is the addition of directional control after stall. The
addition of asymmetrical control, typically the deflection of the rudder, is most likely
to cause the so-called post-stall gyrations, which if maintained would lead to an
incipient spin.

In order to determine in greater detail the spinning characteristics from the incipient
phase to the fully developed spin, it was decided to simulate the maneuver from stall
to recovery with incremental number of turns.

The control inputs for spin entry are the same for all the test points. In particular they
consist in a wing level stall followed by full elevator deflection and simultaneous full
pro-spin rudder deflection, held until the desired number of turns is achieved.

The recovery procedure, again are the same for all the simulation in this paragraph,
consisting in simultaneous neutralization of the elevator and deflection of the rudder
10° against the spin until the rotation is stopped, immediately followed by a pull-up
maneuver in order to regain level flight.

For all the test points were recorded the most important parameter that characterize
the spin in each of its phases.
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7.2.1 Incipient spin

The incipient spin phase was studied by performing simulations for a one-turn spin
immediately followed by the recovery procedure after the completion of one full turn.
The most significant values such as time and loss of altitude per turn as well as the
mean and oscillatory values for angle of attack, angle of sideslip, and angular rates
were recorded and are presented in Table 7.1.

The plots of the time histories of the simulated inputs and outputs are shown in
Figure 7.4.

The incipient spin is characterized by an oscillatory nature, as can be seen clearly
from the plots of the angle of attack and angle of sideslip. The recovery from this
phase is very quick, needing about one quarter additional turns to stop the rotation.
Since the equilibrium is not reached, the first turn is rather slow and far from vertical,
the loss of altitude is manly due to the recovery maneuver.

Table 7.1: Significant values for the incipient spin simulation

Vs 31 m/s Stall speed

teurn 4.8s Average time for one turn

AZiyrn 100 m Average loss of altitude per turn

JAV A0 391 m Total loss of altitude

AW, 100° Additional rotation for recovery
Omean 26° Mean value of angle of attack

Oosc +5° Oscillatory value of angle of attack
Bmean +1° Mean value of angle of sideslip

Bosc +5° Oscillatory value of angle of sideslip
Pmean —80°/s Mean value of roll rate

Posc +15°/s Oscillatory value of roll rate

Jmean +13°/s Mean value of pitch rate

Josc +17°/s Oscillatory value of pitch rate

I'mean —46°/s Mean value of yaw rate

'osc +6°/s Oscillatory value of yaw rate

N, max 2.63 Maximum load factor during recovery
VEAS max 58 m/s Maximum flight speed during recovery
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7.2.2 Developed spin

In order to obtain the conditions for the developed spin, it usually takes three
complete turns, after which all the variables reach their stabilized value with only
minor oscillations. The results of the simulations for a three-turns spin are presented
in Table 7.2 and Figure 7.5. It can be seen how at the end of the third turn all the
variables have almost reached their stabilized value, and the oscillation are greatly
reduced meaning that the conditions for equilibrium are achieved. With respect to the
incipient spin, the average time needed to complete a turn is significantly reduced and
the loss of altitude per turn is increased.

When the developed phase is reached, the recovery becomes more difficult due to the
necessity to break the equilibrium of forces and moments. Even though the additional
rotation needed to terminate the spin is greater, the recovery is still very prompt
needing less then one half additional turns.

Table 7.2: Significant values for the developed spin simulation

Vs 31 m/s Stall speed

tiurn 3.6s Average time for one turn

AZiyrn 121 m Average loss of altitude per turn

JAV A0 651 m Total loss of altitude

AW, e 168° Additional rotation for recovery

O mean 26.5° Mean value of angle of attack

Oosc +1° Oscillatory value of angle of attack
Bmean —1° Mean value of angle of sideslip

Bosc +0.5° Oscillatory value of angle of sideslip
Pmean —96°/s Mean value of roll rate

Posc +5°/s Oscillatory value of roll rate

Jmean +16°/s Mean value of pitch rate

Josc +3°/s Oscillatory value of pitch rate

I'mean —52°/s Mean value of yaw rate

Tosc +3°/s Oscillatory value of yaw rate

N, max 2.96 Maximum load factor during recovery
VEAS max 62 m/s Maximum flight speed during recovery
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7.2.3 Fully developed spin

As already seen, after the third turn in the spin, all the variables reach their stabilized
value, meaning that all the subsequent turns will bring no changes to the equilibrium
point reached. In order to study this condition it was performed the simulation of a
six-turns spin. The most significant quantities and the time histories of the
simulations are reported in Table 7.3 and Figure 7.6 respectively.

It can be noted how, after the third turn, the oscillations are almost completely absent
in all the recorded variables and how their values does not change with time. In Table
7.3 are also shown the stabilized values that characterize the fully developed spin. In
particular the angle of attack denotes a steep attitude, the spin rate is quite fast but not
out of the ordinary and the average loss of attitude per turn is comparable with other
aircrafts certified for spins.

Again the recovery is very prompt and almost identical to the one for the three-turns
spin, needing less than one half additional turns in order to stop the rotation.
Throughout the entire maneuver, and especially during the recovery procedure, the
limitations for flight speed and load factor were never exceeded.
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Table 7.3: Significant values for the fully developed spin simulation

Vs 31 m/s Stall speed

teurn 32s Average time for one turn

teurn,stab 2.6s Stabilized time for one turn

AZiyrn 125 m Average loss of altitude per turn
AZyrn stab 129 m Stabilized loss of altitude per turn

JAV A0 1020 m Total loss of altitude

AW, e 174° Additional rotation for recovery

O mean 26.5° Mean value of angle of attack

Qosc ~0° Oscillatory value of angle of attack
Bmean —1° Mean value of angle of sideslip

Bosc ~0° Oscillatory value of angle of sideslip
Pstab —120°/s Stabilized value of roll rate

Posc +0.5°/s Oscillatory value of roll rate

Jstab +16.5°/s Stabilized value of pitch rate

Josc +1°/s Oscillatory value of pitch rate

Tstab —61°/s Stabilized value of yaw rate

Tosc ~0°/s Oscillatory value of yaw rate

Qstab 137°/s Stabilized value of spin rate

N, max 2.95 Maximum load factor during recovery
VEAS max 62 m/s Maximum flight speed during recovery
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7.3 Recovery procedures

In this section will be presented the study of the most common spin recovery
procedure performed in order to determine the optimal maneuver for the aircraft
under study. It is in fact well known [6] that different configurations and different
weight distributions on the aircraft would require different recovery procedures to
achieve the optimal performance.

The recovery maneuvers that were simulated are described in Reference [23] and will
be analyzed in the following paragraphs.

The most significant parameters that were considered in order to assess the recovery
performance are mainly the time needed to arrest the rotation after the initial recovery
input, the additional number of turns and the loss of altitude. Other important
parameters are the load factor and the maximum speed, which should never exceed
their limit value.

For all the simulations, the initial conditions were of fully developed spin, meaning
that the first control inputs for recovery were applied after the completion of the sixth
turn in the spin.

7.3.1 Standard recovery

The most common of the recovery procedures, denominated NASA Standard,
requires the pilot to deflect the rudder fully against the spin while maintaining the
elevator fully up. When the rotation is stopped the rudder is centralized and the
elevator eased towards the neutral position. The reason why the elevator should be
maintained deflected until the rotation is stopped is because for some tail
configurations the neutralization of the elevator would shield a larger part of the
rudder making it less effective in the counteraction of the spin. However, for the
aircraft under study, the tail configuration is such that this effect would not occur.
Since from previous simulations became apparent that the rotation is arrested very
quickly it was considered unnecessary to fully deflect the rudder against the spin,
instead only 10° of deflection is applied.

The results of the simulation of the NASA Standard recovery are presented in Table
7.4 and Figure 7.7. The time, loss of altitude and over-rotation are all very contained
making this maneuver suitable for a recovery compliant with certification
requirements.
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Significant values for the Standard recovery procedure

Table 7.4
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7.3.2 Modified recovery

The second recovery maneuver that was simulated is denominated NASA Modified
and is an alteration of the Standard maneuver. It requires the pilot to deflect the
rudder fully against the spin as before, and simultaneously neutralize the elevator.
When the rotation is stopped the rudder is centralized.

Since the elevator does not shield part of the rudder, this maneuver should be better
suited for the aircraft under study. Again in the simulation the rudder is deflected only
10° against the spin.

In Table 7.5 and Figure 7.8 are presented the results obtained from the simulation of
the NASA Modified recovery procedure. In comparison with the Standard procedure,
the time to stop the rotation is lower, the altitude lost is smaller as well as the over-
rotation, making the Modified maneuver achieve an overall better recovery
performance.

The most probable cause for the better results of the Modified maneuver with respect
to the Standard one is the fact that, as the elevator is neutralized, the angle of attack is
quickly reduced allowing a larger portion of the rudder to be exposed to the free
stream of air making it more effective in the stopping of the rotation. In fact by
comparing the time histories of the angle of attack for the two maneuvers it can be
seen how in the fist case it remains above 20° before the rotation is arrested, while in
the second case it quickly drops below 10°.

Table 7.5: Significant values for the Modified recovery procedure

Estop 1.5s Time needed to stop rotation

AW, e 174° Additional rotation for recovery

AZpoc 265 m Loss of altitude for recovery

N, max 2.94 Maximum load factor during recovery
VEAS max 62 m/s Maximum flight speed during recovery
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7.3.3 Neutral recovery

The last of the recovery procedures that was analyzed is denominated NASA Neutral.
As the name implies it simply requires the simultaneous neutralization of all the
controls until the rotation is stopped. The benefit of this maneuver is in its simplicity
making it suited for difficult situations. The spin maneuver in fact can be very
disorientating for the pilot, which in some cases can have difficulties in the
determination of the direction of rotation (especially in inadvertent spins) in order to
apply the correct recovery procedure. However not every aircraft is able to recover
from a spin by simple centralization of all the controls and for this reason it is
necessary to properly test this procedure.

The results of the simulation are shown in Table 7.6 and Figure 7.9 for the NASA
Neutral recovery maneuver. It can be seen that the rotation is again quickly arrested,
needing even less time and altitude than the NASA Standard procedure. Without the
deflection of the rudder against the spin the over-rotation is greater but still very
contained making this maneuver compliant with the certification requirements.

Even if the overall performance not optimal, this maneuver can be applied to be able
to recover from inadvertent spins as described before without losing excessive
altitude.

Table 7.6: Significant values for the Neutral recovery procedure

Estop 1.8s Time needed to stop rotation

AW, 208° Additional rotation for recovery

AZ o 271 m Loss of altitude for recovery

N, max 2.97 Maximum load factor during recovery
VEAS max 62 m/s Maximum flight speed during recovery
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7.4 Other parameters

In order to be able to study the spin maneuver in greater detail it was considered the
possibility to perform additional simulations by changing some of the parameters that
most affect the spinning characteristics of the aircraft [6]. In particular they were
separately considered the effects of the increase in weight of the aircraft, the increase
in yawing moment of inertia and the effect of a lower altitude.

To be able to better appreciate the consequences of such modifications, in the tables
that summarize the most significant quantities of the entire maneuver, it was added a
column with the relative percent difference with respect to the fully developed spin
maneuver for the unaltered configuration, presented in a previous paragraph.

The maneuvers that were simulated are the fully developed spins, from stall and spin
entry to the recovery procedure after the completion of the sixth turn.

7.4.1 Increased weight

The first modification to the basic aircraft configuration that was considered is the
increase in weight of the aircraft by 20%, bringing it to 850 kg, while maintaining all
the other inertial characteristics and initial condition unaltered. This modification has
also been considered by the company that produces the aircraft in order to be able to
carry a greater payload.

The results of the simulation are presented in Table 7.7 and Figure 7.10. From the
comparison with the basic configuration it can be noted that some of the variables
present a significant change while others remain practically the same.

As expected, due to the increase in weight the stall speed had also increased
accordingly since there were no modifications to the aerodynamic characteristics.

The rate of rotation has increased as well, as indicated by the average time for one
turn and by the stabilized spin rate.

There is a slight decrease in the average loss of altitude per turn, while the total
altitude lost is slightly greater, which indicates that the recovery procedure required
more altitude before regaining level flight.

There is almost no change to the angle of attack and only a minor change to the angle
of sideslip, that even if presents a big relative difference (+50%) it only changed by
0.5°.

During the recovery phase the over-rotation and the maximum flight speed are
increased while the maximum load factor remained unchanged.
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Table 7.7: Significant values for the spin maneuver with increased weight

Symbol Value A% Description

V 34 m/s +9.7% Stall speed

teurn 30s —6.2% Average time for one turn

teurn,stab 24s —7.7% Stabilized time for one turn

AZiyrn 120 m —4.0% Average loss of altitude per turn
AZyyrnstap | 128 m —0.8% Stabilized loss of altitude per turn

JAV A0 1043 m +2.2% Total loss of altitude

AW, 194° +11.5% Additional rotation for recovery
Omean 26.5° ~0% Mean value of angle of attack

Bmean —1.5° +50% Mean value of angle of sideslip

Pstab —132°/s +10% Stabilized value of roll rate

Jstab +16.6°/s +0.6% Stabilized value of pitch rate

Tstab —67°/s +10% Stabilized value of yaw rate

Qqtab 149°/s +8.0% Stabilized value of spin rate

N, max 2.95 ~0% Maximum load factor during recovery
VEasmax | 67 m/s +8.0% Maximum flight speed during recovery
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7.4.2 Increased yawing moment of inertia

The second modification to the basic load configuration that was tested is the increase
of yawing moment of inertia by 20% while maintaining the weight and all the other
initial conditions unaltered.

In Figure 7.11 are reported the time histories of the simulation and in Table 7.8 are
presented the most significant values and the relative difference with respect to the
basic configuration.

As expected, as a result of the increase of the yawing moment of inertia the overall
spin rate decreased. The altitude loss increased as well, while the additional rotation
for recovery decreased slightly.

There is only a minor change to the angle of attack and angle of sideslip, which both
increased slightly.

The stall speed and the maximum speed remained both unchanged.

Table 7.8: Significant values for the spin maneuver with increased yawing moment of

inertia
Symbol Value A% Description
Vs 31 m/s ~0% Stall speed
teurn 35s +9.4% Average time for one turn
teurn,stab 29s +11.5% Stabilized time for one turn
AZiyrn 138 m +10.4% Average loss of altitude per turn
AZiyrnstap | 141 m +8.5% Stabilized loss of altitude per turn
JAV A 1093 m +7.1% Total loss of altitude
AW, 164° —=5.7% Additional rotation for recovery
O mean 27.0° +1.8% Mean value of angle of attack
Bmean —1.9° +90% Mean value of angle of sideslip
Pstab —107°/s —10.8% Stabilized value of roll rate
Jstab +17.5°/s +6.0% Stabilized value of pitch rate
Tstab —56°/s —8.2% Stabilized value of yaw rate
Qstab 123°/s —10.2% Stabilized value of spin rate
N, max 2.89 —2.0% Maximum load factor during recovery
VEAas max | 62 m/s ~0% Maximum flight speed during recovery
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7.4.3 Lower altitude

Another change in the flight conditions that was considered relevant for the spinning
characteristics is the altitude. In particular it was modified the initial altitude from
3000 m to 2000 m (~6500 ft.).

The results of the simulation are shown in Table 7.9 and Figure 7.12.

It can be noted how the lower starting altitude did not affect particularly the overall
spinning characteristics. The only significant changes are the smaller altitude lost and
the smaller over-rotation for the recovery, both due to the increased air density at
lower altitude.

Table 7.9: Significant values for the spin maneuver at lower altitude

Symbol Value A% Description

Vs 31 m/s ~0% Stall speed

teurn 32s ~0% Average time for one turn

teurnstab | 2.6 ~0% Stabilized time for one turn

AZiyrn 120 m —4.0% Average loss of altitude per turn
AZiyrnstap | 123 m —4.6% Stabilized loss of altitude per turn

AZ o 963 m —5.6% Total loss of altitude

AW, 162° —6.8% Additional rotation for recovery
Omean 26.3° —0.7% Mean value of angle of attack

Bmean —0.8° —20% Mean value of angle of sideslip

Pstab —120°/s ~0% Stabilized value of roll rate

Jstab +16.0°/s —3.0% Stabilized value of pitch rate

T'stab —61°/s ~0% Stabilized value of yaw rate

Qstab 136°/s —0.7% Stabilized value of spin rate

N, max 2.93 —0.7% Maximum load factor during recovery
Veasmax | 62 m/s ~0% Maximum flight speed during recovery
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8 Conclusions

For many years now the computer simulations have been applied in the study of the
spin characteristics of new aircraft, especially for military application where the
behaviors in the post-stall region are of great importance and can be rather difficult to
predict. Conventionally the aerodynamic properties needed to perform such
simulations are determined in wind-tunnel tests, which can be extremely expensive
and time consuming, for the large amount of data needed to be gathered and
analyzed.

On the other hand, in the previous chapters is presented a method that can be
considered viable for the estimation of the aerodynamic coefficients up to high angle
of attack and for the prediction of the spinning characteristics of an aircraft without
the need for wind tunnel tests. In fact it mainly relies upon the data collected during
conventional flight tests performed on the prototype aircraft and the incipient spin
tests, to be able to predict its behavior in a stabilized spin and its recovery
performance.

The comparison with the dynamically scaled model showed encouraging results and
gave prove of the good accuracy of the simulated predictions. However the
oscillatory behavior exhibited by the scaled model, which is not present in the
simulation outputs, underlines one limitation of the analytical model that was
developed. In fact the inability to reach a stable equilibrium in a spin, which results in
periodic oscillations, is almost certainly caused by large non-linearities of the
yawing-moment and rolling-moment coefficients due to the overall angular rotation
characteristic of the spin. These non-linearities are almost impossible to predict
without rotary balance measurements in wind tunnel tests, and for this reason were
not implemented during the development of the analytical spin model.

Given this limitation however, it is believed that the oscillatory nature of a spin would
not affect negatively the recovery maneuver for two main reasons: the overall balance
between inertial and aerodynamic forces and moments is less stable and more prone
to be broken by the recovery control actions; secondly an oscillatory behavior means
that the angle of attack would periodically be at low values, at which point the rudder
would have very good control effectiveness needed to stop the rotation.



Conclusions

8.1 Discussion of the results of the simulations

The simulations of the spin up to six turns showed a very promising behavior. All the
values of angle of attack and angular rates are typical of a steep spin, with no
noticeable signs of the possibility to develop into a flat spin.

After the third turn the condition of developed spin is reached, in which all the
simulated quantities maintain a stable value. In this condition the altitude loss has a
moderate value of about 129 m (~420 ft) for each additional turn.

The recovery after the sixth turn is very prompt, needing less than one-half additional
turn to completely stop the rotation. Throughout the entire maneuver, the flight speed
and the load factor remain well below their maximum limits, peaking respectively at
62 m/s and +3 during the final pull-up.

The altitude lost, from the spin entry to the completion of the sixth turn and the
recovery procedure is 1025 m (~3360 ft).

The overall spin performance as a result of the simulations can be considered very
good, and assuming it to be a good representation the behavior of the aircraft, all the
spinning requirement needed for the certification would be met.

The simulation of the stall characteristics did not show any tendency to develop
lateral or directional instability even after an accelerated turning stall. As a result, in
the simulated conditions, it would be very unlikely for the aircraft to enter in a regime
of autorotation, which could lead to an inadvertent spin.

In the spin simulations with increasing number of turns it can be noted how, after the
first turn characterized by distinct oscillations, all the variables tend quickly towards a
stabilized value, which is reached after the third turn, when the spin can be
considered fully developed. In this phase there is no significant change in the
spinning characteristics from one turn to the next and for this reason also the recovery
performance would be mostly unchanged form the third rotation and on.

The three different recovery procedures tested would all be suitable and compliant
with the CS-23 “Aerobatic” certification requirements, which denotes how the
aircraft has no difficulty to recover from a fully developed spin. With the optimal
recovery procedure the rotation is arrested in 1.5s and the total altitude lost needed to
complete the maneuver is 265 m (~870 ft). However also the neutralization of all the
controls results in a prompt spin recovery, which would be extremely helpful in case
of pilot disorientation.

The simulations at different initial conditions did not show unexpected changes in the
overall spin characteristics and recovery performance. The angle of attack remained
mostly the same as the basic configuration, demonstrating that the spin mode
achieved is very stable and has no tendency to develop into a flat attitude.
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