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CFD-enabled sustainable design
and manufacturing of cooling fan
for unmanned helicopter
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Due to the demand of unmanned helicopters for drag reduction and rain-proof, the helicopter nacelle
must be sealed. It will lead to a decrease in the heat transfer efficiency of the radiator, and the output
power of the engine will drop dramatically. The helicopter’s flight safety will be seriously jeopardized,
especially when the helicopter is hovering (maximum engine power is needed). Currently, active
cooling by equipping the radiator with a fan is the only solution, and the heat transfer efficiency of the
radiator could be controlled by fan. Therefore, the performance of the fan directly affects the flight
safety of the whole system. In this study, the Airfoils 30, suitable for low Reynolds number flows, is
adopted to design the fan blade considering the characteristics of helicopter heat sink miniaturization
and high integration. Then, a three-dimensional CFD (computational fluid dynamics) k-omega SST
model is developed to investigate the effects of fan blade torsion angle, chord length, mounting

angle and the number of blades on the performance of the fan. Furthermore, the constraints of
radiator dimension, air flow resistance on the performance of the fan are considered comprehensively
to finalize the new fan configuration. The optimised parameters of fan suitable for high flow rate
(above 1.17 kg/s) are chord length is 55 mm, torsion angle is 26°, mounting angle is 39° and the blade
number is 7. The fan efficiency increases about 13.6%. The power consumption decreases about 9.5%
(about 73 W). The fan rotational speed decreases 10.5%. The improvement of fan efficiency is a key
measure for energy conservation and carbon reduction in unmanned helicopter systems. The 73 W
power consumption of the fan decrease indicates that 1.2 kg green-house gas emission reduces per
day. The lower power consumption will result in a 0.14% cruising endurance increase. The fan is then
manufactured by additive manufacturing based on CFD optimization results. This deep integration
between CFD and additive manufacturing reduces trial and error costs and energy consumption. It also
shows the promising future of UAV components autonomous manufacturing. Finally, the experiment is
conducted in lab under 40°C. The experimental results indicate that the maximum output power of the
engine is over than 90 kW. Based on the helicopter main rotor performance curve, the helicopter could
hover indefinitely with 500 kg loading under 40 °C. It is a criterion to identify the designing success.
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The helicopter cooling system is critical in determining the hovering time and maximum load capacity of the
unmanned helicopter system. Existing cooling system mainly consists of water-cooled radiators, air-cooled
radiators, fans, motors, etc. The radiators are of body-mounted design, with the outer contour aligned with the
fuselage contour to reduce the drag force during flight, and internally connected to the fan through the air intake
ducts. The size of the radiator should be small and lightweight enough to ensure, that the unmanned helicopter
can take off under plateau. Additionally, the engine over-heat phenomenon may happen as the helicopter
hovers due to the high air temperature, which seriously affects the power output of the engine and the safety of
Unmanned helicopter. Therefore, subject of the layout limitations of avionics equipment inside the fuselage and
its own loading, it is necessity to optimize the design of the existing fan to achieve the purpose of improving the
cooling efficiency of the cooling system. Finally, the balance between fan efficiency and the size should be made
intentionally.
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Currently, there are two main categories for studying the performance of fans: experimental and numerical
methods!. Experimental methods require high accuracy of the environment, test setup, test conditions, and
test samples, so they are more costly, time-consuming, and less reproducible. Numerical methods depend on
the principle of CFD (Computational fluid dynamics). The continuity equation, Navier-Stokes equations and
turbulence models are solved to obtain the detailed flow information within the flow field. Nowadays, with the
development of computer technology, CFD simulation technology has been widely used. Many good results in
fans design have been obtained by the scholars. Initially, S. Moreau et al. applied CFD technology to analyze the
flow field inside the fan, and obtained satisfactory results in a limited time?. Then significant results have been
achieved in related fields>-!°. Li Shengfu et al. investigated the effects of the following factors on the performance
of automotive fans in terms of blade selection!!, number of blades!?, hub ratio!?, and blade mounting angle'?,
respectively. The results of the investigations show that the blade airfoil should be identified based on the Mach
number of the airflow on the blade surface. As the fan configuration and the working conditions keeping
unchanged, the air flow rate and efficiency of the fan gradually increase with the increase in the number of
blades, but the increase in the flow rate and efficiency is smaller when the number of blades is increased to
seven and above!>!%. It is due to the friction between air and the fan blade. The flow rate of the fan increases
significantly with a slightly increase in the mounting angle of the blades while the efficiency of the fan decreases
with an increase in the mounting angles!>!®. Ye Li’s study showed that the effect of hub ratio on the efficiency is
not clear'®, while Tang Zhao's study showed that the flow rate of the fan decreases with increasing hub ratio'°.
Smaller hub ratios is beneficial for improving the aerodynamic performance of the fan but it should be noted that
higher fan blade strength is required as well, which will lead to more difficulty of manufacturing.

The drag force of the helicopter is composed of parasitic drag force, induced frag force and airfoil drag force
and affects the performance of the helicopter significantly!”:!8. The parasitic drag force is caused by the fuselage,
landing gear and the rotor hub. It is proportional to the square of the helicopter air speed. Hence, the parasitic
drag force can be omitted as the helicopter is hovering. The largest induced drag force appears as the helicopter
is hovering. The air flow direction is changed suddenly by the main rotor. However, the induced drag force drops
significantly as the helicopter starts moving. The airfoil drag force which is proportional to the air velocity is
caused by the airfoil resistance and the friction between rotor and air. The airfoil drag force changes slightly
due to the comprehensive effects of main rotor and the tail rotor under medium velocity conditions. In all, the
highest drag force of the helicopter system occurs as the helicopter is hovering. The high engine power and the
cooling system heat load occur simultaneously. Because of that, active cooling is the only solution for cooling
system as the helicopter is hovering. High performance fan is crucial for the Unmanned helicopter system.

In summary, the mentioned above investigations on fans are notable and beneficial for the future fan design.
However, the requirements of fan miniaturization, lightweightness and high integration are relatively urgent
due to the space limitations and load requirements of the helicopter. There is a research gap in systematical
investigation of the small size, high flow rate fans used for unmanned helicopter. According to the working
environment of helicopter fan, this paper firstly identifies the fan blade airfoil type based on the estimated
mass flow rate and air velocity on the blade surface, and then a three-dimensional CFD model k-omega SST is
developed. Furthermore, the fan parameters, such as torsion angle, chord length, mounting angle, and number
of blades are studied and optimized thoroughly. The simulation results show that the optimized fan efficiency
increases about 13.6%. The power consumption decreases about 9.5% (about 73 W). The fan rotational speed
decreases 10.5% as compared to the original one used in the lab now. The optimized fan is manufactured by
additive manufacturing method for the keeping the product accuracy. Finally, the experiments are conducted
in the lab. The experimental results show that maximum output power of the engine is over than 90 kW under
40°C. It indicates that the helicopter can hovering indefinitely with 500 kg loading under 40°C.

In summary, previous investigations on fan performance have provided valuable insights; however, the
miniaturization, lightweight design, and high integration requirements of unmanned helicopters pose new
challenges. There remains a clear research gap in systematical studying high compact, high-flow-rate fans
specifically tailored for Unmanned helicopter cooling systems. This study addresses that gap by identifying an
appropriate blade airfoil type under low Reynolds number conditions firstly, followed by developing a validated
three-dimensional CFD k-omega SST model to optimize critical fan parameters, such as torsion angle, chord
length, mounting angle, and blade number. The optimized fan is then fabricated using additive manufacturing
to ensure precision and repeatability, and its performance is experimentally validated.

Furthermore, this work contributes to the broader context of the manufacturing for Sustainable Industry
initiative. Sustainability is supported through the use of additive manufacturing, which enables complex
geometries with reduced material waste and improved resource efficiency!®?’. Manufacturing potential is
demonstrated by integrating CFD-based design optimization with additive manufacturing?!?, establishing a
foundation for future CFD based design and closed-loop cyber-physical production systems. Broader impact is
expected, as the presented methodology and digital-manufacturing framework can be extended beyond UAV
cooling fans to other aerospace and industrial components, advancing the vision of sustainable manufacturing
systems.

Numerical modeling and experimental validation
The framework of this study is shown in figure below (Fig. 1). It can be summarized as follow:

Phase I: the CFD model is developed by coupling continuity equation, momentum equation and turbulence
models based on the Unmanned helicopter requirements.

Phase II: The numerical model is validated by the experiments, and then configuration is optimized
comprehensively by considering the torsion angle, chord length, mounting angle, and number of blades.

Phase III: The product is fabricated by additive manufacturing based on the optimized parameters. Then the
cooling fan is adopted to check the system matching in the application.
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Fig. 1. Flow chat of CFD enabled sustainable design and manufacturing of cooling Fan for unmanned
helicopter.

Numerical modeling

The team’s existing helicopter system has been configured with a fan (the original one). The number of blades
of the fan is 7. In order to design a new fan with better performance using CFD, the original one is firstly
investigated thoroughly. The specific modeling process is shown below. The computational fluid zone is divided
into the enter zone, the rotating zone and the exit zone. The radius of the air inlet and outlet is 700 mm. The
distance from the rotating domain of the fan to the inlet is 700 mm. In order to capture the detailed information
near the blades, the fine meshes near the leading and trailing edges of the blades are created, and the distribution
of meshes of the entire model is shown in (Fig. 2).

Governing equations
CFD has been adopted in various areas to examine the fluid behavior. Due to the low Mach number of the fluid,
the incompressible fluid model is adopted to evaluate the velocity, pressure distribution. By solving the mass
conservation equation, momentum equation, and the k-omega SST model, the converged fluid flow parameters
distribution, such as fluid pressure and velocity is obtained.

The incompressible mass conservation equation is?*?*

ou;,

= 1
oz, 0 (1)
The conservation of momentum is
oU; n ou; _ op " iiU n i oU; " oU; 2
P 8t P 8.%1 - 8:177, Mﬁxi 813]' ‘ 8.%1 Hr 8.’Ej 8:177,
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Fig. 2. Overall mesh division of computational domain.

where: P (Pa) is the fluid static pressure;U;, U; (m/s) is the mean velocity component;x;,x; is the coordinate
component;y is the kinetic viscosity coefficient (Pa.s); u_ is the turbulent viscosity coefficient.

The k-omega SST turbulence model is is defined by two equations: energy Eq. (3) and dissipation equation:
(4).

The k-w turbulence model is

I(pk ) X
(apt)+V'(PUI¢):V~[(p+0‘kut)Vk]+%]+Pk—IBpwk 3)
9 1

(89:1) +V - (pU,) =V - [(pt + owpt) V] — a%Pk — Bpw? +2(1 — Fl)po'wQJVk . Vw (4)

_pk e
B =0 ax (a1, QF3) ()
Q= /Qi; Qi )
Py = (VU + (VU)" : VU) @)

4
Fy =tanh {min [max (B\*/fy, 5;2?3) ’ é/gf:iji] } ®)
CDy, = max (2paw2%% g;"’ , 10*10) )
2

F5 = tanh [max ( 2*\/E , 5020’Y)] (10)

Brwy’ yPw

where U; U; (m/s) is the mean velocity component;x,x; is the coordinate component; 3*=0.09,
Ok1 = 0.85, Ok = 1,01,,;1 = 0.5,0@2 = 0.856, a]p = 5/9, a2 = 0.44, 61 = 3/40, ﬂz = 0.0828. Owl, Okl
denotes the zone near the wall. w2, 012 denotes the zone away from the wall.
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Boundary conditions

The air is modeled as fluid in the simulation. The air density is 1.225 kg/m?, and the dynamic viscosity is 1.716 x
107! Pa.s. The turbulence model used in the simulation is k-omega SST model. The wall is modeled as static wall.
The air inlet flow rate is 1.17 kg/s, and the model outlet is normal atmosphere pressure (20 ‘C, and 101.3 Kpa).
The rotating speed of the fan is 4250 RPM. The coupled pressure-velocity solution method is a second-order
upwind algorithm. The interfaces between the entre, exit zone and the rotating zone are modelled as interface to
ensure the convergence of the model.

Verification of mesh-independence

The mesh distribution strategy has a great impact on the accuracy of numerical solution. In CFD simulation,
the mesh is usually refined in the key flow area to capture the critical behavior of the fluid. The blade leading
and trailing edges are refined in this study. The mesh size is adjusted appropriately in the area of no-interested
(enter zone and exit zone in this study). A reasonable grid parameter control strategy is adopted in this study
to keep the balance between the numerical results accuracy and the cost. y+is critical in simulation. If the y + is
too small, the calculation would be costly. If the y+is too large, the detailed information near the wall cannot
be captured. The first layer of the boundary layers (20 layers) is set at 4.5 X € m to ensure y+=¢ 1. To test the
mesh independency, the growth rate of the mesh is varied from 1.15, 1.18 to 1.20. The minimum and maximum
mesh size are set as 0.001 m and 0.1 m, respectively. The adaptive sizing strategy is adopted. The curvature angle
normal angel is 18°. Cell target skewness is set as 0.9. The total volume mesh is about three million, two million
and one million, respectively.

In this research, the air flow rate of 1.17 kg/s, fan rotational speed of 4750 RPM, temperature of 20°C, and
working pressure of atmosphere (101.3Kpa) are selected for mesh-independent validation. The Ansys fluent
meshing is adopted to generate the mesh automatically. Then numerical calculations are carried out under the
same working conditions, and the fan performance is obtained under three different mesh quantities. The results
are shown in (Fig. 3). The mass flow rate refers to the air entering from the inlet and exiting from outlet. The static
pressure refers to the static pressure difference between the fan inlet and outlet interface. The fan performance
curves almost coincide with the three different grid conditions. Hence, the number of meshes is constrained
within one million to save the computational resources and time.

Validation of numerical model

In this study, the experimental data obtained from the manufacture is adopted to validate the numerical model?.
The comparison between the numerical results and experimental results are shown in (Fig. 4). The experimental
results are consistent with the simulation results. It indicates that the CFD numerical model is reliable to do the
multi-factor investigations. Similar methods have been adopted by scholars in their investigations and valuable
results have been obtained?*?”. In the next section, the impacts of blade torsion angle, chord length, mounting
angle, and number of blades on the fan performance will be elaborated.

Fan design optimization

In this study, ‘optimization’ denotes a discrete parametric screening (predefined levels) and selection of the best
candidate among the evaluated design points, rather than a continuous iterative optimization loop or Pareto-
front analysis. The discrete increments (e.g., integer-degree angles) were chosen to control computational cost
and to maintain practically manufacturable/adjustable blade settings.

Identification of fan blade airfoil type
Due to the structural and weight limitations of the helicopter, the cooling system is miniaturized and high
integrated, which results in a high resistance when the cooling air flows through the radiator. Hence, the fan
performance needs to meet the requirements of large flow rate, high static pressure.

It is evaluated that the Reynolds number around the blades will be less than 10 x 10° when the fan is operated
under extreme conditions. Michael S. Selig et al. reported that the Airfoils 30 can meet the demand of high

500 -

—=— Three million
— o Two million
—4 — One million

N

o

o
T

.\~

= N w

o o o

o o o
T T T

Static pressure (Pa)

o
T

-100 -

0.4 0.6 0.8 1.0 1.2 1.4 1.6

Air Mass Flowrate (kg/s)

Fig. 3. Verification of mesh-independence.
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L=55mm

Fig. 5. Airfoil 30 profile and the configuration definition.

lift-to-drag ratio at low Reynolds number?3, and its profile is shown in the (Fig. 5). The relative thickness of this
airfoil is 10%. The coordinates of the outer profile of the airfoil are listed in related file. The data in the attached
table originates from point A along the upper edge to B and back to point A. This airfoil has a maximum lift
coefficient of up to 2. And the lift-to-drag ratio does not vary significantly with angle of attack. Based on the
helicopter cooling system and motor size constraints, and taking into account the motor cooling requirements,
the diameter, hub ratio and the hub thickness of the fan is identified to be 300 mm, 0.43, and 40 mm, respectively.
Then the effects of the fan torsion angle, chord length, mounting angle, and the number of blades on the
performance of the fan will be investigated. The definition of the parameters mentioned above is shown in o is
mounting angle. It is the angle between root chord line and the plane perpendicularly to the fan axial. {8 is torsion
angle. It is the angle between chord line and the tip chord line. L is the chord length.

Optimization of torsion angle

In order to investigate the impacts of blade torsion angle on the performance of the fan, the torsion angles of 22,
24, 26, 28, and 30° were set for numerical calculations with a blade chord length of 55 mm, a number of blades of
7, a mounting angle of 39°, and a rotational speed of 4250 RPM (revolution per minutes), respectively. The flow
rate of the fan is set to be 1.17 kg/s in the calculation. Because, the original fan experimental results show that as
the air flow rate reaches 1.17 kg/s and above, it can meet the heat dissipation requirements of the radiator. The
static pressure distribution on the blade is very important. It is a directly reflection of the fluid behaviour. Hence,
it is used by scholars and valued results have been obtained!®*?”. The relationships between the static pressure,
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Fig. 6. Comparison of fan performance curves with different torsion angle.
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Fig. 7. Comparison of static pressure of fans with different torsion angles.

power, efficiency and the torsion angle is shown in (Fig. 6). The static pressure and power decrease as the torsion
angle increases. Because, as the torsion angle increase, less air will hit the blade directly, and smaller friction
force will be generated. When the torsion angle is 26°, the fan efficiency is the highest. The pressure distribution
on the blade surface is shown in (Fig. 7) as the torsion angles are set to be 22° and 30°, respectively. When the
blade torsion angle is small, there is a large area of positive pressure zone on the blade pressure surface, and on
the blade root and trailing edge exists a small negative pressure zone. There is an obvious pressure difference
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on the blade pressure surface, and the pressure difference is the main driving force for the fan to push the air
flowing. At the same time, there may be vortex near the negative and positive pressure junction zone. The vortex
dominates fan power loss in practice. When the torsion angle is large, there is a large negative pressure area at the
trailing edge of the blades, which leads to the significant vortex, causing low fan efficiency. In all, as the torsion
angle is 26°, the highest efficiency is obtained. Meanwhile, the static pressure and the powerkeep in reasonable
range.

The improvement of fan efficiency is a key measure for energy conservation and carbon reduction in UAV
systems. The reason is twofold: firstly, a more efficient fan can reduce the fuel consumption of UAV engines.
From the perspective of greenhouse effect, for every kilowatt hour of electricity saved by a fan, the corresponding
reduction in CO, emissions is about 0.5 kg. Secondly, the improvement of fan efficiency can, in turn, lower the
inlet temperature of the engine coolant and enhance the efficiency of the engine. It can reduce greenhouse gas
emissions as well.

Chord length optimization

In order to investigate the effects of blade chord length on the fan performance, the chord lengths of 51, 53,
55, 57, and 59 mm are set for numerical calculations of fan performance at a blade torsion angle of 26°, a blade
number of 7, a mounting angle of 39°, and a fan rotational speed of 4,250 RPM, respectively. The relationships
between the static pressure, power, efficiency and the chord length of the fan is shown in (Fig. 8). The static
pressure and power increase as the chord length increases. Because, as the chord length increases, the contact
surface between the air and the blade surface becomes larger. The work done by the blades on the fluid increases,
which in turn leads to an increase in the power and static pressure of the fan. The highest efficiency of the fan is
achieved when the chord length is 55 mm as shown in (Fig. 8). Comparing the static pressure distributions of the
fans with various chord lengths, they are extremely similar at two different chord lengths, as shown in (Fig. 9).
The highest efficiency of the fan occurs as the chord length of the fan is 55 mm. It is probably due to the fact
that the work consumed by friction accounts for a lower percentage of the total work. Although the low power
is available, the static pressure is low also as the chord length is 51 mm and 53 mm. The low static pressure is
not preferred for the fan performance in helicopter radiator system. Therefore, the chord length 55 mm of the
fan is identified.

Mounting angle optimization

In order to investigate the impacts of blade mounting angle on the performance of the fan, the blade mounting
angles of 35, 37, 39, 41, and 43° are numerically calculated for a blade torsion angle of 26°, a blade number of 7,
a chord length of 55 mm, and a motor rotational speed of 4250 RPM, respectively. The relationships between the
static pressure, power, efficiency and the installation angle of the fan are shown in (Fig. 10). The static pressure
and powerincrease as the installation angle increases. Because, the effective work done by the blades on the fluid
increases as the installation angle increases, which in turn leads to an increase in the power and static pressure
of the fan. Similar phenomenon is observed as the chord length increases. The fan efficiency is the highest as the
mounting angle is 39°. As shown in (Fig. 11), when the mounting angle is small, there is a high-pressure region
at the leading edge of the blades and a low-pressure region at the trailing edge. The existed the high and low-
pressure regions prompt the flow of air. However, the high and low-pressure regions close to the top of the blades
may leads to backflow, which reduces the efficiency of the fan. When the mounting angle is larger, the back flow
area significantly reduces and the fan efficiency increases, but the power is greater than the design value of 800
w. Therefore, the blade mounting angle of 39° is considered to be the optimal choice.

Optimization of the number of blades

In order to investigate the effects of number of blades on the performance of the fan, the number of blades set to
5,7,9 are numerically calculated for a blade torsion angle of 26°, mounting angle of 39°, chord length of 55 mm,
and fan rotational speed of 4250 RPM (10% lower than the original one), respectively. The results calculated
under various conditions are shown in (Fig. 12). As the number of blades increases, the efficiency, power and
static pressure of the fan increases. It is clear from (Fig. 13), when the number of blades is 9, there is a more
pronounced pressure difference on the blades, especially at the edge of the blades. The pressure difference may

275 - 730
—e— Static pressure (Pa) 136.4
270 {—v— Power (w) .\ 1720 362
—s=— Efficiency (%) /N
~ . . 710 1 36.0
& 265 - {358 =
=} ~ 9
s | | )
£ 260} 700 = 35.6 5
54354
8 {690 & 3
5255 51352 &
© n w
® ~ 1680 435.0
» L
250 670 ] 34.8
us|  © 1346
. . : : 660 -34.4
50 52 54 56 58 60

Chord length (mm)

Fig. 8. Comparison of performance curves of fans with different chord lengths.
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Fig. 9. Comparison of fan static pressure at different chord lengths.
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Fig. 10. Comparison of fan performance curves at different mounting angles.

lead to back flow and reduce the efficiency of the fan. Considering the size and weight of the fan and the actual
available power for the heat radiator system (max. 800 w), it is appropriate to choose a blade number of 7.

Identification of fan parameters

The key parameters of the fan have been investigated thoroughly. The optimized fan parameters are identified.
The fan diameter is 300 mm. The diameter of the hub is 130 mm, and the Airfoils 30 model is scaled up to a
chord length of 55 mm, a blade mounting angle of 39°, and a torsion angle of 26°. The simulation based on the
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Fig. 11. Comparison of fan static pressure at different mounting angles.
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new fan is carried out based on the numerical model. The performance curve of the new fan is obtained at a fan
speed of 4250 RPM and a fan flow rate of 1.17 kg/s. The performance curves of the new fan and the original fan
are shown in (Fig. 14) below. The new designed fan performance improves significantly at high flow rates. The
new designed fan can generate higher static pressure as compared to the original one at high flow rate (1.17 kg/s
and above). The fan efficiency increases about 13.6%. The power consumption decrease about 9.5% (about 73
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Fig. 13. Comparison of static pressure of fans with different number of blades.
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Fig. 14. Comparison of fan characterization curves.

W). The fan rotational speed decreases 10.5%. The improvement of fan efficiency is a key measure for energy
conservation and carbon reduction in unmanned helicopter systems. The 73 W power consumption of the fan
decrease indicates that 1.2 kg green-house gas emission reduces per day. The lower power consumption will
result in a 0.14% cruising endurance increase.

The velocity distribution of the new designed fan is shown in (Fig. 15). The fluid velocity is small due to the
viscous forces received by the air near the fan hub. Additionally, the air velocity increase gradually from the blade
root to the tip. In addition, the tip of the fan blade is connected to the rotating mechanism, which avoids the
generation of backflow at the tip of the blade.
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Fig. 16. Fan blade surface pressure distribution.

As shown in Fig. 16, the high pressure region of the pressure surface of the blade is the work area of the fan,
which mainly drives the airflow moving. In addition, from the fan blade surface pressure surface distribution
figures, the high static pressure region locates at the leading edge of the blade, and the low static pressure region
mainly exists with the trailing edge of the fan blade. In general, the static pressure increases gradually along the
radial direction of the fan.

Fan fabrication additive manufacturing technology
The CFD-optimized fan blade is twisted seriously, and the distribution of the blade airfoil is specific, so it is
very difficult to ensure the blade accuracy and the surface finish fabricated by traditional machining process.
However, it is easily to handle by additive manufacturing. It has been used in various areas and promising results
have been obtained?*-32. The fan for this test is manufactured by the stereolithography additive manufacturing,
and the material used is reinforced nylon. The manufacturing process is as follows.

The CAD software is adopted to design models. Large overhanging structure should be avoided during the
manufacturing. The blade thickness should transit smoothly;

In order to keep the balance between printing speed and precision, the layer height is set approximately for
0.1 mm;

After printing, it is compulsory to perform the second time curing in the ultraviolet curing box. The curing
temperature is maintained at 50 C -60 C;

The printed product has been polished to ensure that the fan surface is smooth enough. The printed fan is
shown in (Fig. 17).

The simulation optimization of CFD and intelligent manufacturing form a digital twin driving relationship of
“design production” integration. By conducting multi parameter virtual simulation and automatic optimization of
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Fig. 18. Radiator test setup.

fan performance (such as aerodynamic efficiency and blade characteristics) through CFD, the optimal geometric
configuration of the fan can be directly generated. These data become input instructions for autonomous
manufacturing systems: the CFD optimized blade configuration can be directly converted into 3D printer
manufacturing code, and the 3D printing system automatically optimizes the printing path based on the received
code. This deep integration enables the production line to dynamically adjust manufacturing parameters based
on the "performance optimal solution" provided by CFD, achieving efficient and precise manufacturing from
batch production to customized products. While improving product performance consistency, it significantly
reduces trial and error costs and energy consumption, forming a data-driven intelligent production loop. The
data driven intelligent production has been widely used in electrical devices printing®*-*°.

Experimental test

In order to test the performance of the newly designed fan, the maximum stable output power of the engine
(90 kW) is selected as the target at room temperature of 40 °C and a fan power of 800W (the maximum power
of the fan allowed by the helicopter avionics system).

In this experiment, the volume of testing room is about 30 m?, and it can be assumed that the external
domain (with air-conditioning) can be treated as infinite heat sink. The testing room temperature is used to
simulate the helicopter and radiator working temperature in practice at 40 C. The setup is shown in (Fig. 18).
The temperature sensors (accuracy+0.2 °C) are installed at the engine inlet and outlet locations to measure
the temperature of the liquid, respectively. The flow rate of the liquid is measured by the liquid flow meter
(£ 0.1 kg/s). Air temperature sensors were used to measure the room temperature, which is controlled by the air-
conditioning. The fan installed on the radiator envelop is used to cool down the coolant. The coolant is then used
to remove the heat generated during the fuel burning in the cylinder. Hence, engine output power is inversely
proportional to the coolant temperature. If a high engine output power (=90 kW) can be maintained for at least
5 min, it can be deemed as successful design of the fan. During test, the ambient temperature is controlled at
40 °C by using the automatic closed-loop control air-conditioning, and the fan power is maintained at 690 W.
The helicopter engine speed and powerare gradually increases. The radiator inlet and outlet temperatures are
monitored on-line (the permitted highest temperature is 110 °C). When the engine inlet and outlet temperature

Scientific Reports |

(2026) 16:5603 | https://doi.org/10.1038/s41598-026-35901-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

70 T T T T

—=— 15'C, 500kg
—e—40°C, 500kg

65

50

45 T T T T T T T T
0 20 40 60 80 100 120 140 160 180

Flight Speed (km/h)

Fig. 19. Performance of the unmanned helicopter main rotor system (altitude 0 km).

Fig. 20. Fan installation on unmanned helicopter.

is stabilized, the liquid flow, engine power, fan power and ambient temperature are recorded. The engine power
can be identified as the reading from the control panel keeps steady for 5 min.

The experimental results indicate that the maximum output power of the engine is over than 90 kW. The
engine 90 kW output is a critical point in this project. Because it is a minimum value to keep the helicopter
hovering indefinitely with 500 kg loading (maximum value for the system) under 40°C. It is the criteria to identify
the designing successful or not. The engine output power is inversely proportional to the coolant temperature.
The permitted highest temperature of the coolant is 110 °C, which is identified by the coolant properties. The
maximum engine output power obtained is a conservative value as the coolant temperature maintains at 110 °C.
The higher engine output power (>90 kW) can be obtained if the coolant temperature can be maintained lower
than 110°C as the air temperature is 40°C. The helicopter performance curve with 500 kg load under various
temperature is shown in (Fig. 19). The drag force of the helicopter is composed of parasitic drag force, induced
frag force and airfoil drag force. The highest drag force of the helicopter system occurs as the helicopter is
hovering. The same is truth in respect to the engine power. The maximum power requirement for the main rotor
system is 68 Kw. The rate power of the avionics equipped on the unmanned helicopter system is approximately 2
Kw. The helicopter could hover for a long endurance with 500 kg loading under 40 °C.

The fan installation on the unmanned helicopter is shown in (Fig. 20). It fits the unmanned helicopter
fuselage well.

Conclusions

This work systematically investigates the effects of blade torsion angle, chord length, mounting angle, and blade
number on the performance of a compact cooling fan used for unmanned helicopters. The optimal configuration
(26° torsion angle, 55 mm chord length, 39° mounting angle, 7 blades) is identified by using CFD simulations
and validated in the lab. The fan efficiency increases about 13.6%, and the power consumption decrease about
9.5% (about 73 W), and the fan rotational speed decreases 10.5% as compared to the original one. Experimental
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validation also confirm that the optimized fan enables engine output power larger than 90 kW under 40 °C
conditions. It can ensure the Unmanned helicopter hovers indefinitely with a 500 kg payload under 40 °C
conditions.

Beyond technical performance, this study highlights the sustainability benefits of integrating CFD with
additive manufacturing. Improved fan efficiency contributes to lower fuel consumption and reduced greenhouse
gas emissions in UAV systems, while additive manufacturing reduces trial-and-error costs and minimizes
material waste. Most importantly, this work demonstrates how CFD-enabled design and additive manufacturing
can form the basis of a cyber-physical production framework. By directly linking optimization results with
manufacturing instructions, this approach establishes a closed-loop paradigm of simulation-driven intelligent
production. Such integration has strong potential for extension to CFD-based fan design, real-time process
monitoring, and adaptive control in additive manufacturing.

In conclusion, the research not only advances UAV cooling system design but also contributes to the
broader goals of autonomous, sustainable manufacturing, aligning directly with the objectives of the Additive
Manufacturing for Sustainable Industry initiative.

Data availability
The datasets generated and analyzed during the current study are available from the corresponding author on
reasonable request.
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