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Ringkasan. Pada umumnya pesawat udara dapat dikasifikasikan menjadi 2 kategori
utama: fixed wing dan rotary wing yang biasanya sering dikenal dengan nama helikopter.
Pesawat dengan tipe Vertical take off landing (VTOL) didesain untuk dapat terbang
secara horizontal seperti layaknya pesawat tipe fixed wing dan juga naik dan turun secara
vertikal sehingga mengeliminasi akan kebutuhan landasan pacu. Beberapa tahun ini
ducted fan VTOL sangat popular. Alasan di balik fakta tersebut adalah pada power dan
manuvernya. Paper ini akan menyajikan hasil proses desain beserta rangkaian testing dari
coaxial ducted fan VTOL UAV. Moment Pitch dan Roll pesawat ini dikontrol secara
mandiri oleh 2 unit control surface, yang mana diletakkan pada bagian bawah duct. Profil
duct diaplikasikan pada sistem dengan tujuan untuk meningkatkan efisiensi thrust (gaya
angkat) pada kondisi mengambang (hover). Tujuan utama desain pesawat ini adalah untuk
mendapatkan putaran optimum rotor dan jarak antar kedua rotor. Nilai dari kecepatan
putar dan jarak antar rotor diperoleh dengan proses simulasi dan analisis menggunakan
Computational Fluid Dynamic (CFD). Target simulasi ini adalah untuk mendapatkan
beberapa kombinasi minimum moment yawing dan maksimum gaya angkat (thrust) pada
jarak spesifik antar dua rotor. Untuk memvalidasi hasil analisis yang telah dilakukan,
dibutuhkan platform pengujian yang dapat mengukur gaya angkat, moment roll, moment
pitch dan moment yaw.

Abstract. In general aircraft are classified into two major categories: fixed wing and
rotary wing aircraft which are commonly known as helicopters. The vertical take-off and
landing (VTOL) aircraft is designed to be capable of both flying horizontally like a fixed
wing airplane and also ascending and descending vertically and thus eliminates the need
of a runway [1],[2],[3],[4]. At recently years, Ducted fan VTOL is most popular. The
reason behind that fact is the efficiency of power on the maneuver. This paper presents the
results of design and testing of coaxial rotor ducted fan VTOL UAV. Pitch and roll
moment of this vehicle will controlled with 2 independence control surface that’s attached
on the bottom of duct. The Ducted profile is applied to the system in order to improve the
efficiency thrust at hovering state [3]. The goal of this design is to find optimized rotation
speed rotor and distance between rotors. The value of rotation speed and distance between
rotors could be simulated in Computational Fluid Dynamics (CFD) Analysis. The target
of this simulation is to find some combination minimum yawing moment and maximum
thrust at specifics distance between each rotor. In order to validate this simulation and
analysis, we used dedicated platform that’s could sense thrust and roll, pitch, yaw
moment.
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1 Introduction

This Ducted fan designed with configuration of coaxial rotor, in order to
minimize the effect of contra moment of rotating propeller. This configuration
needed to attach each rotor on vertical axis with some variable position.
Fortunately, we have computational Fluid Dynamics Methods, with the results
could predict the performance at each position.
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Figure 2 Coaxial ducted fan model on testing and measurement with test bed
load cell
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2  CFD Analysis

Recently, computational fluid dynamics methods had been popular as the most
Fluid analysis problem solver. At this analysis we used one of popular
commercial CFD software that’s Fluent and Gambit. Every CFD software have
minimum 2 basic capability: Mesher and Solver®®, To visualized this process
we have described below (Figure 3):
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Figure 3 CFD Analysis flow chart visualization!*®!

With this CFD analysis, we could predict some flow characteristics on this
Ducted fan model (Figure 4, Figure 5, and Figure 6).
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Figure 4 Path line fluid around coaxial Figure 5 Velocity contour around
ducted fan coaxial ducted fan

The main goal of this analysis is to find force and moment that’s induced by the
configurations of each speed rotor, distance between rotor and angle of attack
all control surface fin.
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Figure 6 Velocity contour around control surface

3 Setup and Testing

This testing setup had designed dedicated for miniature VTOL UAV (Figure 7
and Figure 8). With this construction, we could measure almost 6 degrees of
freedom forces and moment.
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Figure 7 Testing procedures schematic

Figure 8 Coordinate system, forces, moment and control surface angle

21

All measurement results have compared with data from simulation at the same
condition. The distance between rotor and yaw moment is the most priority of
this observation. Almost user that’s used coaxial concepts rotor does not have
more attention about distance between rotor®l. Besides that, with some position
of control surface that had controlled with microcontroller, we’ve could detect
roll and pitch moment on ducted fan body. This testing equipment had built by
8 load cell module with configuration like this (Figure 9). Each load cell

module devices, had arranged with full bridges configuration (Figure 10).
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Figure 9 Load cell modules configuration

Figure 10 Load cell module

This paper just focused on Thrust and Yaw characteristics with variable on
distance between rotors. With intensive simulation and testing, we’ve got
several data by Table 1 and Figure 11.

Table 1 Thrust at variable throttle and Distance between propeller

. Propelier Fin %% Thresle %% Throttle Thrust (Mewton)
: Position | Angle
imenp | ddsrajath Top Kotor Beattom Rotor sy lakim Tesling
1 10 0 25 25 5, 7201042 4, 203036 THT
&0 & 1a00eTe|  HA0azROTM
T8 T3 17.08 | 886 12 05425(H1
&) {151 2137439 1491610196
2 pai] L1] 5 5 5.6791R14 4. 228621 T4
0 1] 11 41RHR HA20691 T4
T4 T4 1702447 12 23023041
] 1101 213809092 1494541315
1] L] T5 5 57415302 A 30TRRSD
45 1] 11532145 HAMETETIIE
TS T3 17, 1965911 12,41 383041
L] L1 21598518 1520141457
4 40 i 5 15 57502 |45 a5 | BEA0
0 Sib 11562500 A R4HTTRAS
TS 75 17242125 12,561 56719
N 1] 21655431 156720897
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Figure 11 Graphical results characteristics at each distance between propeller rotor’s
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With information from table and graphics, the biggest thrust results at distance
40 mm at almost full range of variable throttle. The results from testing and
CFD simulation show similar trend.

On Yaw moment simulation and testings below, with constraint just one rotor
with variable on speed and another one just fixed at maximum throttle (Table 2
and Figure 12).

Table 2 Yaw moment at variable throttle and Distance between propeller

prop
Mo, dist. angle | % throttle | % throttle Yaw [M.m)

{mim) | [derajat) Top Bottom | simulation |  Testing

1| 10 0 100 23 -(,113891 -0.07486
100 50 0.04025%6 ] -0.001098
100 75 0.031909) 0.08363166
1040 100 0088366 01685103

2| 20 0 1040 5 0.112585 0.073756
100 50 0,038906| -0.015654
100 75 0033155 00673336
10x) 104 008594471 01328235

3| 30 0 100 25 -0.11571| -0.065168
100 S0 0042531 -0.011B63
100 75 0.029737] 0.0549812
100 100 0.086045| 01003661

4 40 0 100 25 -0.116595 | -0.061393
100 S0 -0.043395 | -0.014703
100 75 0,028991 | 00508299
100 100 0.085411) 0.0971808

With information from table and graphics, the lowest yaw moment results was
at distance 40 mm at almost full range of bottom rotor throttle. The results from
testing and CFD simulation show similar trend.

4 Ducted Fan Concepts

From some experience and track records, ducted fan was very suitable for
system that’s needs a bigger thrust at low speed®. If compared with open
propeller with the same power propulsion and diameter propeller, ducted fan
system donate more thrust. Another advantages of this ducted fan system is the
higher safety, especially if operated at high rpm propeller speed. That why at
recently year, this system have applied on many Small Scale Unmanned Aerial
VehicletH 24,
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Figure 12 Graphical results characteristics on yaw moment at each distance
between propeller
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On moving condition (Cruising flight), we can devide flow through the open
propeller into 3 main region (Figure 13): (1) The Inflow into the Propeller, (2)
The Slip Stream behind it and (3) The Free Stream which doesn’t go to the
propeller. But before a plane can cruise it has to take off, and its take off
performance depends on the performance of the propeller at low speed and at
restl’],

Free Stream
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Figure 13 Diagram of open propeller on static and cruising conditiont]

With the propeller immersed in a static air mass, the picture we saw earlier
changes radically (Figure 13). Now there are two regions. The propeller is
familiar, but there is no free stream anymore; everything that isn’t slipstream
is in the inflow region. This means that the propeller is aspirating air from
behind it as well as from in front. Consider now the flight of an intrepid air
particle starting just outside the slipstream, behind the propeller. It has to go
forward to the propeller disk, make a 180-degree turn, accelerate instantly and
enter the slipstream. As real air particles have mass and therefore inertia, and as
open propellers have to be lightly loaded at the tips, the result is that a region of
reversed flow exists near the propeller tip. This diminishes the effective disk
area of the propeller and restricts the amount of air able to flow through it, just
when the highest mass flow is needed. Now take the same propeller and
surround it with a close-fitting shroud having a nicely rounded leading edge,
and see how the picture changes (Figure 14).

We still have only two flow regions, but now there is a solid boundary between
them in the neighborhood of the propeller: the shroud or duct and our air
particle has a much easier time doing what is expected of it, because it need
only flow around a duct lip or leading edge of finite radius. We can even
provide the duct lip with a slot to help keep flow attached.
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Ducted Fan—Static Conditlon

Figure 14 Diagram of ducted propeller on static and Cruising conditionl]

The duct also shields the propeller from the harsh realities of the outside world,
and the propeller “sees” air flowing in only one direction: front to rear. In fact,
from the propeller’s point of view it is not at rest at all, merely cruising at some
fraction of its maximum speed. What is more, the endplate effect of the duct
wall allows the propeller to carry a non-zero load right out to the tip. The effects
of all of this are that:

o Fewer design compromises are required; the ducted propeller operates
nearer its ideal operating point throughout the aircraft’s speed range.

e The effective diameter of the ducted propeller is larger than its physical
diameter. To understand why, look at the diagram of the open propeller at
cruise and note that the slipstream contracts behind the propeller. Now
look at the ducted propeller and note that the slipstream diameter is that of
the duct exit. That larger diameter represents a smaller Diameter vans and
a larger mass flow and by now we know that means higher thrust/
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horsepower.

o While the propeller develops about the same thrust as before, there is now
a second force acting on the duct. If the duct is shaped correctly, this
force is additional thrust.

At cruise, the advantages are less pronounced and limitations more obvious, but
we can still note that the effective area of the propulsor is approximately that of
the duct inlet, which may be considerably larger than the swept area of the
propeller itself. We can note here a subsidiary advantage of the ducted
propulsor, namely that it offers the possibility of thrust vectoring and even
thrust reversal™.

5 Conclusion

Base on this experiment data, we can make some conclusion about correlation
distance between rotor and yaw moment on coaxial rotor ducted fan design.
Increasing on distance between rotors, it will increase overall thrust, but
decreasing on yaw moment.

Computational Fluid Dynamics methods that’s we’ve used had proved good
results, with similar trends and Maximum error between simulation and testing
just around 30 %. This error was most favorable for preliminary CFD
Analysis,

For the next analysis, we will try with another duct standard contour, and
increased with resolution of computation modeling on CFD Software.
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