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Thereplacement of petrol enginesthat have CO, emissionswith electric motorsisa viable solution for green transportation. The
study shows thermal analysis of the tail rotor hub of an electric tail rotor aircraft in order to correctly design the driving system
with respect to heat stress during the operation of the aircraft. The study resultsrefer to the heat transfer coefficient of the tail
rotor hub acting as a heat sink for the electric tail rotor motor. Thermal analysisis performed using finite volume method and
incor por ates the applied mathematical model, consider ations and boundary value conditions.

1. INTRODUCTION

The global warming issue is a major threat [1-3].
Significant contributions to this effect are the CO, emissions
that primarily come from combustion of petroleum-based
products, e.g. gasoline, which is the energy source for
internal combustion engines [4, 5]. As the CO, emissions
continue to increase [6—7] designing an aircraft that pollutes
less is valuable.

An efficient solution is to embrace a new approach to the
existing tail rotor driving chain by replacing it with a direct
driving electric motor. In [8] it is described such a direct driving
motor of transverse flux type with permanent magnets.

Whatever the type of electric motor, thermal phenomena
is crucial. The reason is temperature dependent materials
properties, €.g. insulation materials, which are used for the
manufacturing the windings of the electric motor.

It is proven by experiments that any temperature rise
above the maximum limit of the material conducts to
physical irreversible changes, thus consuming the lifetime
of the machine [9].

Studies regarding the thermal analysis of a helicopter are
found in [10, 11] where the helicopter infrared (IR)
radiation intensity is computed, while considering the
hovering state and various airframe emissivities.

The electric motor that drives the tail rotor is
characterized by a power density of about one unit of
kilowatt per motor kilogram, given the efficiency larger
than ninety percent. In consequence, the cooling of the
electric tail rotor motor must be efficient.

The housing of the motor is in contact with the tail rotor
hub (i.e. electric motor mounting place), which behaves like
a heat sink.

The aim of the study is to compute the heat transfer
coefficient of the tail rotor hub found on the boom tail.

2. GEOMETRY MODEL

In Fig. 1 is presented the studied aircraft boom tail. One
thermal analysis approach of the electric tail rotor motor is
based on lumped-parameter thermal networks [12]. This
method allows the modelling of all heat transfer modes:
conduction, convection and radiation.

For the computation of the network parameters accounting
for heat transfer by conduction and radiation mode, it is
possible to apply mathematical reasoning.
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Fig. 1 — Initial geometry of the aircraft boom tail.
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Fig. 2 — Final simplified geometry of the aircraft boom tail.

In case of the convective heat transfer mode, empiric
mathematical laws are considered which are based on
dimensional analysis and similitude criterion [13].

Such approach is suitable for simple geometries, such as:
plates, cylinders, spheres etc. The given geometry of the tail
rotor hub and boom tail is complex and difficult to be
divided into simple geometries.

For better results regarding the heat transfer coefficient
of the tail rotor hub, a more appropriate approach is to
apply computational fluid dynamics combined with
conjugated heat transfer numeric algorithms using finite
volumes method implemented within the ANSYS CFX,
CFD code [14].

The initial geometry of the boom tail model involves
significant computational resources, i.€. time and computer
hardware. For better performances a simplified model is
used [15], which is presented in Fig. 2.

In [16] is shown that the main rotor induces a distinctive
turbulence of the rotor wake in the region between hub and
tail boom.

The control rods have cylindrical shape and the
formation of a von Karman vortex street is present. The
induced turbulence improves the cooling of the tail rotor
hub. Such positively effects in terms of increased heat
removal are neglected in this study by not considering the
main rotor and considering a steady-state flowing regime.
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Fig. 3 — The overall view of the implemented geometry model

In Fig. 3 is depicted an overall view of the considered
model.

3. MATHEMATICAL MODEL

In case of aircrafts the flow of the fluid can be
compressible, i.e. the fluid density has an important
gradient due to significant pressure gradient.

There is a dimensionless criterion that allows for the
compressibility of the fluid flow assessment. This criterion
is defined by the Mach number, as follows [17]:

Ma=u-a~', (1)

where U [m/s] is the fluid speed and a[m/s] is the speed of
sound. For the given study conditions it follows that the
flow is subsonic.

The equations describing the steady-state solution of the
coupled problems, fluid flow and conjugated heat transfer,
are the following [18].

For fluid flow problem, the transport equation of mass or
the continuity equation is defined as:

V-(pu)=0, 2)

where p[kg/m’] is fluid’s mass density and u[m/s] is
velocity.

The transport equation of the momentum (Navier-Stokes
equation) is:

pl(ee-V)u]=-Vp+pau, 3)

where p [Pa] is pressure, p [kg/m/s] is dynamic viscosity

of the fluid, A is Laplace operator.
The conjugated heat transfer problem coupled with the
fluid mechanics is modelled by thermal energy equation.
For the tail rotor hub the equation is

4=V (-KkvT), @
for the rest of the boom tail (without the tail rotor hub) the
equation is:

0=V-(-kvT), )
while for the fluid domain is:

pCpu-VT =V (kVT) (6)

where C, [J/kg/K] is specific heat at constant pressure,

k[W/m/K] is thermal conductivity, ¢[W/m’] rate of

energy generation and T [K] is temperature.
The fluid density is computed using the ANSYS’s CFX
built in ideal gas equation [19]:

P=RT’ (®)

where M [g/mol] is molar mass, R[J/mol/K] is the
universal gas constant and the rest of the quantities are
similar to previous equations.
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Fig. 4 — Computational domain.

4. NUMERICAL MODEL

The study is performed for various flow velocities
between 10 m/s to 80 m/s.

The boundary values definitions for the fluid mechanics
problem are shown in Fig. 4. At the inlet it is considered a
normal inflow velocity, while at the outlet an open
boundary condition is set.

The remaining sides of the enclosure are free-slip type.
Regarding the heat transfer problem, as boundary
conditions it is set a temperature of 40°C for the
environment. The natural convection heat transfer mode is
not considered due to the much more intensive forced
convection heat transfer mode.

The heat source of the model is given by the active
power losses generated by the electric tail rotor motor,
which is located inside the tail rotor hub. The total amount
of total losses is evaluated by experiment using the
efficiency characteristics [20, 21].

The finite volumes method requires that the
computational domains are meshed into small volumes. In
Fig. 5 is presented the resulting mesh projected on the
symmetry plane of the model. As the tail rotor hub’s
convective heat transfer is the main objective of the study
then a finer mesh around this surface is required. Inflation
layers are present in order to correctly solve for the thermal
boundary layer and the velocity boundary layer respectively.
The model has a total number of 2 230 099 linear elements.
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Fig. 5 — Mesh zoomed on aircraft tail rotor hub (symmetry plane).
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5. RESULTS Toal Densty e
1184 2D plane :
The final results are obtained by numeric integration of L \"'\- —
the boundary value problem described by (2)—(4). s = —
While the model is three-dimensional the results are
1.081

depicted on the middle plane section of model.

The relative pressure field for a velocity of 80 m/s is
presented in Fig. 6 and Fig. 7, side view and from above
respectively. It can be observed that the leading (inflow)
edges of the tail rotor hub are stressed more due to the
increased pressure.
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Fig. 6 — Relative pressure field for 80 m/s (side view).

Fig. 7 — Relative pressure field for 80 m/s (top view).
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Fig. 8 — Air density field for 80 m/s (side view).
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Fig. 9 — Air density field for 80 m/s (top view).

Fig. 10 — Velocity magnitude field
for an inflow of 80 m/s (side view).

Fig. 11 — Velocity magnitude field
for an inflow of 80 m/s (top view).

As the pressure is referred to atmospheric pressure, the
positive values signify an increased pressure, while the
negative values signify a decreased pressure, as it is the
case of the trailing (outflow) edges of the model. The
maximum pressure is about 3.5 % above the atmospheric
one, while the minimum pressure is about 5.6 % below the
atmospheric pressure.

In Fig. 8 and Fig. 9 is depicted the field of the air density
flowing around the aircraft during the flight, for the same
velocity of 80 m/s, side view and top view respectively. As
expected, due to small pressure gradient, the fluid density
also registers a small gradient.
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The two results indicate an incompressible flow, but a
genuine indicator of this regime is the Mach number.

Based on the resulted velocity field, depicted in Fig. 10
and Fig. 11 (side and top view respectively), within the
whole computational domain, the Ma number is below 0.3.
Thus, it is confirmed that the flow is indeed incompressible.

The heat transfer does not occur in the same amount over
the entire surface. Instead, the heat transfer is a local
phenomenon specific to each particular infinitesimal
surface element.

For a global characterization of the tail rotor hub’s
surface convective heat transfer mode an average heat
transfer coefficient is computed, which is defined by:

= 1
hzgghs-ds )

where hg [W/m%/K] is local heat transfer coefficient and

S[m?] is the tail rotor hub’s surface, which is in contact
with the surrounding flowing fluid.
The local heat transfer coefficient is defined as:

ds
he = 1S
ST ds(Ts-Tp)” (10)

where (g [W] is local heat source, dS [m?] is local
infinitesimal surface, Tg[K] is local temperature of the
infinitesimal surface and T [K] is the far-field temperature.

In Fig. 12 is presented the relationship with the fluid
velocity. It is observed that the overall trend is an increased
value of the heat transfer coefficient as the faster the aircraft
is moving.

Up to about 40 m/s the relationship is linear. Above this
value the formation of a plateau is starting to develop.

6. CONCLUSIONS

As the trend is to replace the tail rotor engine with an
electric motor, the cooling improvement of such motor is a
requirement in order to obtain high-performance electric
driving motors with less weight.

One solution is to take advantage of the existing tail rotor
hub where the electric motor resides and using it as a heat-
sink. In this vein a thermal analysis on the convective heat
transfer coefficient of an aircraft’s tail rotor hub is presented.

The results are useful for further thermal analysis using
thermal circuit network approach. Based on the surface’s
average heat transfer coefficient a non-linear thermal resistance
characterising the convective heat transfer is obtainable.

It must be underlined that the obtained heat transfer
coefficient values are a worst-case situation by considering a
steady-state flow. During real operation there are additional
factors that positively influence the heat removal process and
have not been considered. One of these is the main rotor that
induces unsteady flow registered as von Karman vortex
street, due to its rotor blade tips and cylindrical cross-
section control rods. This flow behind the main rotor
strongly influences the cooling behaviour of downstream
placed parts, such as the tail rotor hub. Another one is the tail
rotor wake. Its blade tips also induce flow instabilities that
improve the heat transfer phenomenon. Regarding the direct
cooling of the electric motor, the tail rotor hub is provided
with cooling vents in order to improve the evacuation of the

warm air and the intake of the cold one. A last one is
thermal radiation heat transfer mode that has been neglected.
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