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1. Introduction

The aim of this Master’s Thesis is to verify and
conduct an in-depth study of the turbo-prop air-
craft M.E.L.S.A. Kestrel propulsive solution. The
conceptual design of this aircraft was conducted
during the academic course of "Progetto di Ve-
livoli" with the help of the Italian Air Force, and
features peculiar characteristics like the push-
pull in-tandem propellers configuration and a
triple tail.
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Figure 1: The Kestrel

The literature exploring these specific solutions
is not exhaustive, mainly because investigations
in this field were abandoned with the advent of
jet engines. Therefore, the desire to better un-
derstand the implications related to the Kestrel

peculiar aspects, led to the decision to create a
re-scaled model for conducting tests from vari-
ous perspectives: propulsive and aeromechani-
cal point of view. These two fields consistently
showcased their interconnectedness throughout
the analysis.

The propulsive aspect is studied as both a phe-
nomenon and a mean to generate crucial results
for advancing the sizing and design of the re-
scaled radio-controlled (R/C) flying model.

To delve into the propulsive solution, measur-
ing the thrust obtained coupling the motor and
propeller, and estimating effects related to the
in-tandem position, the authors initiated with a
preliminary extensometric gauge. Subsequently,
a more comprehensive analysis unfolded in the
"De Ponte" wind tunnel, considering the influ-
ence of wind speed. It allowed to construct Pe-
naud diagrams, instrumental for the performance
study.

The flight model had to be estimated to assess
the airworthiness of the re-scaled aircraft. It in-
volved computing control and stability deriva-
tives and airplane modes to establish a prelimi-
nary flight model. This step was conducted an-
alytically following Roskam,[5] and Torenbeek,
[6] and then compared to the numerical results



obtained with OpenVSP. Subsequently, a compre-
hensive plan was formulated for a flight test cam-
paign to validate this preliminary model, utiliz-
ing the constructed R/C aircraft.

2. The Kestrel

The Kestrel is an aircraft designed for Close Air
Support (CAS) missions and COunterINsurgency
(COIN) operations against paramilitary or guer-
rilla organizations. The Kestrel features a rare
propulsive solution known as push-pull.

The push-pull configuration, in particular, of-
fers several advantages from both a piloting and
performance perspective. With the motors in
tandem, they are aligned along the rolling axis,
ensuring they do not influence the inertia on this
axis, thereby providing a quicker rolling time.
This quality is further complemented by easier
piloting, with a reduced workload, in the event
of an OFI (One Engine Inoperative) condition,
as the plane’s behavior remains symmetric.
From an aerodynamic perspective, when com-
pared to a traditional twin engine, it offers a
reduced frontal section and, consequently, re-
duced drag. Despite having the same power, this
configuration results in better performance and
lower consumption.

Empty weight 3550 kg
MTOW 6500 kg
Wing span 14.42 m
Wing area 28.87 m?
Payload 2000 kg
Engine power 670 kW
Combact range | 425 km

Table 1: Kestrel characteristics and performance

3. The design of the R/C model

The 1:7 scaled model was designed to maintain
the overall shape of the original Kestrel. The
wingspan obtained is 2.07 m, while the length
is of 1.3 m. A change in the Reynolds regime,
in comparison with the original aircraft, had to
be taken into account. The Kestrel has a Mean
Aerodynamic Chord (MAC) of 0.28 m, repre-
senting the characteristic length of the model,
and the typical flying speed preliminary esti-
mated to be around 23.3 m/s (84 km/h). Con-
sequently, it is possible to compute the actual

Reynolds number:

_ MACV
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Re = 460000 (1)
Where v = 1.42e75 m?/s is the kinematic vis-
cosity at 10°. These considerations are impor-
tant as the coefficients, describing the perfor-
mance of an airfoil, are heavily influenced by
the Reynolds number. Following this reason, it
is necessary to replace the original airfoil with
a new one. The Clark Y airfoil is selected af-
ter a comparison with other airfoils using tab-
ulated data available in bibliography, [1]|, and
using panel-based methods, like XFLR5. Other
aspects that have been altered from the original
plane include the wing and tail incidence, as well
as the removal of the twist along the wingspan.
It was necessary to define all the required com-
ponents inside the fuselage to properly conduct
the weight (5.5 kg) and balance of the aircraft
and place the center of mass with precision. This
information is crucial in stabilitv calculations.
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Figure 2: Kestrel internal lofting

With the redesigned wing and the center of mass



defined, the following step is to verify the static
and dynamic stability of the aircraft through
the computation of stability derivatives. This
is achieved using both an analytical method, fol-
lowing Roskam’s suggestions, 5], and implement-
ing a numerical model after building the Kestrel
in OpenVSP. The results closely match.

It is important to underline that during this
phase, an estimation of the total drag coefficient
was computed with VSPAERO, using Torenbeek
equations, [6].

4. Building the model

Before beginning the design process of the R/C
model, a research regarding the state of the art
of the radio modelling was conducted, focusing
on the building techniques and acquiring all the
competence to realize the components inside a
remote model. To conduct this activity a twin-
engine B25 Mitchell, with a wingspan of 1.74 m
was built and maiden flight. This specific model
was chosen for its overall shape similarity and
the innovative approach to constructing the in-
ternal structure through the implementation of
3D printing.

The 1:7 scaled model is designed using Autodesk®
Inventor® and produced mainly with an FDM
3D printing method with PLA material. This
building technique guarantees easy production
of the parts and quick repair.

The design phase is divided into three main groups:

fuselage and internal structure, wings, and tails.
Here, for the sake of brevity, the main challenges
faced during the design of each crucial compo-
nents are reported.

4.1. Fuselage

As the fuselage is composed by seven thin shells,
loading it with the weight and forces from the
propulsive components is not viable due to the
potential risk of layer separation or segment de-
tachment. To achieve it, a bending-resistant
structure is created using four aluminum tubes,
preventing instability effects and connecting fuse-
lage segments. Ribs are then introduced to link
the outer shell with the inner tubes and transfer
externally acting loads to the internal structure.

4.2. Wing and tail surfaces

Realizing the wing, it was necessary to create the
external shape with the Clark Y airfoil. Inter-

nally, a lattice structure had to be constructed
to provide stiffness while remaining light and
easy to print. In the same way the tail surfaces
are designed. This structure recalls the geodetic
structure.

Figure 3: Internal structure of the wing

4.3. Landing gear

The landing gear represented another challenge
due to the loads it had to face, with the objec-
tive of creating a lightweight component. For
this reason, the decision was made to build it
in carbon fiber instead of aluminum, aiming to
reduce weight and ensure sufficient stiffness.

4.4. Propeller shaft

Due to lofting reasons, both motors are placed
far apart from the respective propellers, necessi-
tating the installation of two shafts connecting
them. The fabrication of the propeller shafts
posed a significant challenge during the process.
One of the associated issues involved establish-
ing a secure connection between the shaft and
the pin from the AXI motor, especially consid-
ering potential minor misalignments upon inser-
tion into the nose or rear structure. Address-
ing this concern necessitated the selection of a
joint which could offer flexibility to accommo-
date misalignments during rotation while simul-
taneously withstanding the torque imposed by
the motor during spinning, stopping, or start-
ing. Moreover, the shaft was produced in carbon
fiber with the aim of introducing a structural
breaker to protect the motor in case of impact.
The shaft is kept in place by ball-bearings.

4.5. Validation of the air-frame

The designed structure was validated in two sep-
arate phases. The fuselage structure was as-
sessed during the gauge tests, being loaded with
the forces generated by the motors and working
propellers, while the wings underwent a more
detailed examination. The bending of the wing
was considered the main risk of breakage due
to the nature of the printed parts and the align-
ment of the layers. For this reason a static struc-



tural test of the wing was conducted.

Starting from the VLM prediction of the lift dis-
tribution, loads are computed and transformed
into sandbags. They are then symmetrically dis-
placed along the inverted wing to recreate the
loads up to 4 g, which is the maximum load fac-
tor obtained from the V — n diagram estimated
with Roskam, [5]. A maximum deflection of 10
cm was achieved.

5. Static thrust measurement

The experimental activity began with gauge im-
plementation, aiming to provide an initial esti-
mation of the thrust generated by the coupling
of the propeller and the motor and initiating a
study on propeller interaction.
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Figure 4: Static thrust measurements test bed
F=Tr+Tgr

This method was validated with a comparison
of the data obtained by APC® propellers.
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Figure 5: Static thrust measurements compared
to APC® propellers

The design outcome was the selection of the pro-

pellers, the Master Airscrew® three-bladed 16"x10",

tractor for front and pusher for the rear, which

best suited the needs of the test, generating enough

thrust to guarantee also the OFT condition dur-
ing the flight campaign.

Gauge experimental data: 16”x10” three-bladed
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Figure 6: Front and rear propeller static thrust
measurements comparison

One of the main findings indicates that, from
the recorded data, it is evident that the rear pro-
peller, both when operating alone and when im-
plemented on the fuselage, can produce greater
thrust compared to the front propeller at the
same RPM . This result contradicts the initial
expectation, where it was believed that the rear
propeller would experience a less favorable work-
ing regime.

A possible explanation for this result arises when
comparing the inflow and outflow conditions of
the two propellers: the inflow condition impacts
the performance less in comparison to the out-
flow. Specifically, the front propeller experiences
outflow obstruction due to the presence of the
fuselage, while the rear propeller can develop its
wake without blocking effects.

The obtained data are then used to numerically
estimate the variation of thrust with wind speed,
defining a preliminary Penaud diagram. It is
useful in determining the speeds achievable by
the model and guiding the sizing during the de-
sign process. These results are later compared
with the wind tunnel data, fig. 7.

6. Wind tunnel test

The primary objective of the wind tunnel cam-
paign is to characterize the propulsion system
in the push-pull configuration, with a particu-
lar focus on the interaction between the wake
generated by the front propeller and the oper-
ating regime of the rear disk. Being the thrust



heavily influenced by the speed of the incom-
ing flow, tests are done for six values of speed:
0m/s, 10 m/s, 12.5m/s, 15m/s, 17.5 m/s and
20 m/s.

The activity is conducted in the "De Ponte"
wind tunnel, capable of reaching speeds up to
56 m/s with a maximum power of 100 kW, fea-
turing also a pressure compensation system. The
test chamber dimensions are 1 m wide, 1.5 m
high and 3m long. The model is positioned with
an angle of attack of 0° to replicate the cruise
condition.

6.1. Wind tunnel test bed

In the wind tunnel test, the necessity of installing
a load cell to measure force through its own de-
formation introduces the requirement to mini-
mize other structural deformations, ensuring a
rigid transmission of loads through the structure
to maintain the quality of measurements. For
these reasons, the wind tunnel model must pri-
oritize rigidity over weight. Following this prin-
ciple, a new model was designed with stiffness
as the top priority. The load-cell installed is a
535QD with a range of 0-12 kg, with a sensibil-
ity of 2 mv/V and an error of + 0.023 over the
full scale.

6.2. Propulsive characterization

The OF IR condition produces more thrust than
the OFIr one, and it holds true for all speed
and RPM ranges.

the gauge tests. These data are also compared
with the preliminary estimation of the change
with the wind speed. It becomes evident that
these estimations were too optimistic when com-
pared to the real data. To define the goodness of
these results, dimensionless transformation has
done in fig. 8 using the advance ratio J and the
thrust coefficient ¢y, defined as:
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T = 2 i
pnp Dp

With np = RPM /60, the rotation speed in 1/s.
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Figure 8: Advance coefficient J-thrust coeffi-
cient cp

The following observations pertain to a compar-
ison between the OFI and AFO regimes by
varying the wind speed. The OFEI values are
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summed up with respect to the AFO curve.
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Figure 7: Wind tunnel and static thrust mea-
surements comparison

The result is coherent with what emerged during
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Figure 9: Interaction effects

At lower speeds, the algebraic sum surpasses
the corresponding AFEO value at each RPM.



This result was also noticeable during the fixed-
point analysis conducted with the gauge. In-
stead, it becomes evident that there is a shift in
behaviour while increasing the speed: the AEO
condition develops more thrust with respect to
the mere sum of the OFEIs. Another intrigu-
ing observation lies in the difference in slope be-
tween AFO and the cumulative sum; indeed, the
first one tends to favor lower values of RPM.
It indicates that relying solely on a fixed-point
analysis of the gauge would result in missing
the correct trend when wind speed is different
from zero, thereby misunderstanding the actual
behavior of this propulsion solution. There are
several hypotheses why this is happening: a first
hypothesis is that the propellers are counter ro-
tating. The rear propeller may encounter a wake
which alters the speed triangles changing the
flow speed, resulting in a different load on the
rear disk. Another hypothesis is that the airflow
around the fuselage, when the front propeller is
operational, differs from the airflow without the
propeller wake. The variation leads to a reduced
flow velocity along the fuselage, consequently
impacting the regime of the rear propeller, [2].
In fig. 9 it is evident that, with wind speeds ex-
ceeding 15 m/s, indicative of a cruise phase, the
interaction exhibits a positive effect. Conversely,
during low-speed maneuvers such as landing, with
stall speed of 11 m/s, the interaction manifests
a negative impact.

6.3. Performance

Following the new data, it is then possible to
obtain a new Penaud diagram which better rep-
resents the actual performance.
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Figure 10: Wind tunnel Penaud diagram

The P — V diagram confirms several observa-
tions already discussed in the comparison be-
tween OFI front and rear scenarios. In ad-
dition, it is possible to compare the required
power P, with the wind tunnel experimentally
measured available power P,, while varying the
RPM regime, representing the throttle, and the
speed of flight. The P,.., is estimated starting
from the Cp, obtained in OpenVSP.

It is feasible to determine the maximum speed
for distinct propulsive configurations, with a peak
speed of 24 m/s for the AEO, 22 m/s for OEIR,
and 21 m/s for OEIp.

6.4. Tail effect

Among the tests conducted in the wind tunnel,
an additional variable is introduced to the in-
vestigation. Specifically, the variation of the tail
configuration is implemented to assess how the
tail geometry can influence the operating regime
of the rear propeller, [3]. Two tail configurations
are implemented for comparison with the sole
fuselage configuration: firstly, a segment of the
horizontal tail alone, and subsequently, a seg-
ment of the horizontal tail with the addition of
the central vertical tail. In analyzing the results,
only OFIR graphic is shown because the effect
is more visible than AFO condition, where the
front propeller, not affected by tail configuration
reduce the visibility of the effect.

Figure 11: Wind tunnel model with tails

To provide a comprehensive commentary on these
results, an error bar was introduced. It was
based on a series of repetitions conducted dur-
ing the test to analyze the repeatability of the
results. This step was taken to ensure that any
deviations from the baseline trend were not at-



tributed to measurement errors but rather in-
dicative of actual phenomena at play.
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Figure 12: Comparison with different tail config-
uration RPM-thrust, OFIr condition: Close-
up

In the OFIRr condition, as evident in the di-
mensionless plot, fig. 12, there is a tendency in
increasing thrust when only the horizontal tail
configuration is employed. However, this advan-
tageous gain achieved with the horizontal tail
alone is subsequently diminished with the addi-
tion of the central vertical tail.

An interpretation of this phenomenon was con-
sidered: the horizontal surface is in close proxim-
ity to the propeller. This short distance allows
limited time for the wake to develop vortices be-
fore being ingested by the propeller, thereby re-
ducing the portion of the disk affected by the
wake. Additionally, the horizontal surface may
act as a stator, enhancing the flow coming from
the fuselage.

In contrast, the central vertical tail begins ap-
proximately 10 em before the horizontal tail and
concludes earlier, leaving more space ahead of
the rear propeller. Building upon the consid-
erations made for the horizontal tail, the addi-
tional space allows more time for the wake to
develop from the vertical surface and interact
with a larger portion of the rear propeller. This
effect could be further enhanced by the sweep
introduced by the vertical tail.

6.5. Optimum throttle analysis

Another series of tests is conducted with an ac-

quisition time of 100 s, recording propulsive sweeps.

Each of the six studies is carried out in the AEO
condition, maintaining a constant RPM value
for one motor, while the RPM of the other mo-

tor is varied from 3000 to 5500 RPM with linear
stepped increments. For the motor with con-

stant RPM, three different values are explored:
3000, 4000, and 5000 RPM.

Sweep optimum at V = 15 m/s
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Figure 13: Thrust derivative as function of time
for the six sweeps

The analysis is designed to ascertain whether an
optimum throttle condition exists for each mo-
tor when the other one is fixed at certain values.
It is conducted at 15 m/s to mitigate the risk of
encountering negative values of thrust. The op-
timum study is realized based on the first deriva-
tive of the thrust as function of time. The re-
sulting observation is interesting: although the
fixed motor is set at three different RPM val-
ues, when it is the rear motor that is varying, it
consistently reaches its optimum throttle at ap-
proximately ~ 90%, whereas when the method
is applied to the front motor while keeping the
rear constant, it has its optimum operating point
at around ~ 92.5%. This observation leads in
the definition of optimum operational conditions
motors very useful, in the cruise flight phase.

7. Future development and flight
test campaign

The aim of the thesis was to create a radio-
controlled model of the Kestrel able to carry out
a flight campaign. The aircraft model, along
with its electronic configuration, has been com-
pleted. However, the flight campaign itself has
not been conducted by the incoming deadline.

Using the Pixhawk PX4 the aim is to record fly-



ing data: then, the data can be compared with
the preliminary flight model. This comparison
is essential as it allows the verification of nu-
merically estimated values. Moreover, given the
absence of analytical equations in the literature
perfectly fitting these geometries, refining sta-
bility and control derivatives becomes crucial for
improving the available equations.
Subsequently, as the available power is estimated
during the wind tunnel activity and having the
capability to record the true airspeed (T'AS)
with an onboard Pitot tube, it becomes possi-
ble to estimate the actual drag coefficient of the
plane. The flight campaign has been organized
and programmed with a test matrix.

Furthermore, a new, more in depth and pro-
longed wind tunnel campaign can be conducted.
The number of load cells can be increased from
one to three, adding two more to the one that
evaluates the total longitudinal force, one for
each motor to provide partial values. This con-
figuration enables an in depth analysis of the
propellers’ interaction. Furthermore, in the com-
prehensive interaction study, a portion of the
wing can be added, working within a larger test
chamber. Additionally, implementing tail con-
trol surfaces enables the analysis of how the rear
propeller’s working regime is altered when de-
flecting the control surface. Simultaneously, there
could be a related study of improvements in the
reactance of the controls due to the flow aspi-
rated by the rear propeller.

Further improvements in the future can be achieved

through the use of a numerical predictive method,
such as a specialized program for rotors, like
DUST.

8. Conclusions

This study paves the way for a more in-depth
exploration of the push-pull configuration, with
a specific focus on the interaction established
between the two counter rotating, tandem pro-
pellers. From a propulsive standpoint, what is
evident is that the interaction becomes positive
beyond a certain wind speed, providing superior
thrust compared to the sum of each motor nomi-
nal one. In particular, an unexpected result has
been discovered: the rear propeller, when ro-
tating at the same RPM regime as the front
propeller, is capable of generating higher thrust.

This phenomenon is believed to be linked to the
different outflow conditions. In the case of the
front propeller, the outflow is obstructed by the
fuselage, thereby reducing the front motor’s per-
formance. This observation also suggests that
the inflow condition, in this configuration, has
a lesser impact than the outflow condition on a
propeller disk. From a flight mechanics perspec-
tive the rear propeller has a stabilizing effect,
hence the outperforming of that, it is particu-
larly interesting, [4]. Furthermore, the interac-
tion with both the horizontal and vertical tail
suggests a varying effect based on the distance
between the propeller disk and the trailing edge
of the surface. Specifically, when the horizontal
surface is in close proximity, the effect is posi-
tive, leading to an increase in generated thrust.
On the other hand, in the case of the vertical
surface, the effect is negative.

In conclusion, the push-pull propulsive solution
presents exciting opportunities in the aircraft
design field for the future, aligning with the grow-
ing resurgence of the propeller driven solution in
a wide variety of implementations.
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