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ABSTRACT

Performance Review and Analysis of GUAV-190417 Target Drone: Cruising and

Turning

by
Raihan Syauqi

Dr. Eng. Ressa Octavianty, Advisor

Triwanto Simanjuntak, PhD, Co-advisor

In this thesis, the performance analysis of GUAV-190417 target drone was conducted, in
particular during cruising and turning attitudes. The preliminary design and initial sizing of this
UAYV had been completed as part of a project of Aviation System Design course in International
University Liaison Indonesia (IULI). Nevertheless, a preliminary analysis of its performances is
needed before stepping into detail design and prototyping phases in order to meet the mission
requirement and design objectives. In this study, the cruising and turning performances were car-
ried out for various altitudes and load factor by assuming that the aircraft is in the steady-state
condition. The aerodynamics characteristics, such as lift and drag coefficients (Cr, and Cp) were
estimated manually using Prandtl lifting line theory and validated by laminar simulation using
OpenFOAM v8.0 software with values of C';, = 0.3529, and C, = 0.3826 for theory and simula-
tion, respectively. From the same computation, the parasite drag coefficient of this aircraft was
approximately reached ~ 0.04. The results showed that for cruising performance, the maximum
range and endurance obtained at sea level for weight fraction 1.25 are 215 km and 90 minutes
respectively. For the turning performance analysis at sea-level, the minimum turning radius and
and turning time of 180° turn (T,) were 66.07m and 3.73 s, respectively which tend to increase at
higher altitude. Furthermore, the maximum values for bank angle ¢ and load factor n at sea-level
is 80.96° and 6.36 respectively at an airspeed of 306.64 km/h. In addition, the values of ¢ and
n in higher altitudes tend to reduce. It is also worth to mention that the weight fraction and
load factor have a significant impact on the cruising and turning performance of this UAV target
drone.

Keyword: UAV, UAT, Target Drone, Range, Endurance, Turning Rate
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CHAPTER 1
INTRODUCTION

1.1 UAV

Since the start of the 20th century, aircraft and aviation, by and large, have made
significant advances, and most of them, because of military clashes. All through
the past century, huge endeavors were made for the turn of events and improve-
ment of UAVs. These powered airborne vehicles that don’t convey human pilots,
use the forces from aerodynamics to make it able to fly autonomously, remotely
piloted from a distanced area, generate lift, and convey payloads. This automati-
cally guarantees the safety of the operators from any harmful incidents that may
occur and allowing them to conduct new tasks functionality which can increase the
capability of each operation and optimize the capacity of the system (M. Sadraey,
2017).

UAVs are progressively being utilized in common flight, civil, and science re-
search missions. The scope of applicability is tremendous to the point that they
are utilized to complete missions in military aviation, including fire-ships and mar-
itime drones that are commonly used in the navies for protection and destroy enemy
ships remotely. Earlier in World Wars 1 and 2, airborne drones were commonly
used as target practice for pilots. UAVs will keep on being applied in different mil-
itary tasks because of their convenience in diminishing losses and empowering the
execution of prominent and time-sensitive missions. Dominant UAV applications
in military occasions includes: combat, reconnaissance and surveillance, logistics,
search and rescue, and target and decoy(Valavanis, 2014).

UAV are categorized accordingly with respect to its size and purpose and each

are given abbreviations as follows:

« HALE: High altitude long endurance
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MALE: Medium altitude long endurance

TUAV: Medium range tactical UAV

MAYV : Micro UAV

NAYV : Nano-air vehicle

1.2 Target Drones

Originally, UAV models that were used during World War 1 were designed to carry
and drop explosives to enemy targets using the preset controls. Since then, the
time has found limited specialized warfare applications, such as gunnery drills,
missile drills, or other simple payload missions. Given the advancing technologies
in the defense department, new strategies and equipment are expected to carry
out military training as efficient and productive as possible. These strategies and
equipment training comprised of weapon testing, observations, and calibrations.
One of the main technologies used in this department is the utilization of target
drones.

Commonly known as Unmanned Aerial Target (UAT), target drones are usually
used in the training of anti-aircraft crews, frequently look like a radio-controlled
model airplane. More current drones may utilize radar, countermeasures, and
comparable frameworks to emulate a manned aircraft. Asides from the shape of the
body and its wing configuration, target drones varies from having a propeller or a jet
engine, whether its launched by hand, a catapult or takes off like a normal aircraft,
and the payload that it carries.These differences is what states the performance of

the target drone such as the speed, altitude, range, and endurance.

1.3 UAYV Market in Indonesia

Indonesia has been experimenting with drones since the early 2000’s but the growth
of the drone industry in Indonesia has surged ever since the ministry of industry
established a road map to make '"Indonesia 4.0". The drone manufacturers in

Indonesia are divided into two, The existing establishments and the start-ups.
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No. Company Purpose

1 MSMB Agriculture
2 AgriMart Agriculture
3 AgroDrone Agriculture
4 Drone Spraying Indonesia  Agriculture
5 Motodoro UAV Agriculture
6 TerraDrone Inspection
7 AvirTech Inspection
8 FotoUdara Surveillance
9 AeroMap Surveillance
10 Geomac Multi-purpose remote sensing

TABLE 1.1: Indonesian drone start-ups.

The existing establishments such as PT Global Informasi Indonesia, PT Mandiri
Muhibbah, PT Dirgantara Indonesia BPP Teknologi, and Lapan are much more
experienced in drones compared to the listed startup companies in table 1.1 that

have only appeared one by one since 2014.

1.4 Project Background

GUAV-190417, also known as Galaxy Target Drone got its name as the project
itself started out in 2019 and utilized the LS-0417 airfoil. This research started on
the 5th semester of the authors duration of study as a part of a project that is being
developed for a course called System Design. Due to the surging demand over UAVs
in various fields, the author was assigned in a group of 5 where they were tasked
implement their skills and knowledge into a process of designing and modelling
a UAV by setting its desired function, configurations, and size by integrating its
conceptual and preliminary design to be able to create an actual prototype.

After analyzing the UAV market in Indonesia, the group decided on designing

and building a target drone due to the following reasons:

o Currently, The Indonesian military acquires their target drones from Canada

and Spain within an expensive price range, which is not cost efficient.
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o The existing target drones are propeller target drones and are completely
outdated, disabling the Indonesian military to compete in an international

standard.

The main goal of the project was to develop a low-cost target drone that is
powered by a jet engine and can be categorized as a qualified low-speed (subsonic)
target drone. easy to build and maintain, and highly reliable to perform target and

decoy missions. The main UAV specifications include:
o Equipped with a miss-distance indicator as its payload;
o Ability to reach a maximum velocity of 0.3 Mach;
o High strength and low weight structure;
» Long flight range and endurance;
e Good maneuverability.

The outcome of this project would benefit the group as they will be the first
undergraduate students to develop a jet engine powered target drone in Indone-
sia. The Indonesian military would have domestic alternative when it comes to
purchasing a target drone. The knowledge and skills obtained can be applied to
motivate and educate people in Indonesia so that they can have the opportunity
to control or mass produce a target drone.

Thus far, the group has passed the conceptual design phase and a portion of
the preliminary design. A performance calculation and analysis at several crucial
flight points are yet to be done. Among those crucial flight points are the cruising

and turning performance.

1.5 Aircraft Design

The designing process of an aircraft is the step where engineers create and manu-
facture flying objects that satisfy the balance between the required specifications
and characteristics. The main concerns in the designing process of the aircraft
include the structure, weight, aerodynamics, performance requirements, stability

and control of the aircraft, propulsion systems, communication systems, electronics
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systems, aircraft payload to conduct certain operations, production, and cost of the
aircraft manufacturing (M. H. Sadraey, 2012).

Figure 1.1 illustrates the processes that needs to be done when designing an
aircraft. Firstly, benchmark studies need to be carried out and requirements are
established to match the mission profile. Once requirements are specified and de-
termined, the initial outer body of the aircraft can be then drafted, which is often
known as the conceptual design phase . The next step is to conduct preliminary
design, which is the most crucial step because advanced analysis of aerodynam-
ics, structures, stability, control, and aircraft performances must be done. The
preliminary design is then followed by a detailed design, which includes designing
sub-parts of the aircraft which are ribs, spars, skins, and other subparts that are
needed to manufacture the prototype. The production costs, production tasks,
and bill of materials should also be considered during the preliminary and detailed
design to successfully manufacture the prototype. When the prototype has been
manufactured, the aircraft needs to be tested and analyzed to know whether it has

fulfilled the mission profile.

Conceptual N Preliminary N Detailed . Prototype N Flight

Design / Design / Design / Manufacturing / Testing

FI1GURE 1.1: Aircraft design process

1.6 GUAV-190417 Target Drone

1.6.1 Conceptual Design

In this design phase, it will deal with justifying the needs, identifying the potential
roles, setting the operation criteria and drafting out the design of the target drone.
Design Benchmarking

There is an enormous wealth of data on civil aircraft, where hundreds of them are

similar. They can be used to extract very useful statistics. In order to choose
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parameters such as wing size, engine, (etc), it is crucial to carry out detailed
simulations at the conceptual design stage and by using previous/existing statistical
data, experience, or industrial espionage to set a benchmark that satisfies the

mission profile of the target drone.

No. Name of Target Drone Empty weight Max speed Thrust Length Wingspan Endu.rance

ke km/h kN m m min
1 Banshee Jet 80 - 648 80 2.850 2.490 45.0
2 Banshee Jet 80+ - 720 90 2.850 2.490 45.0
3 DO-DT35 15,000 650 220 1.640 1.300 90.0
4 DO-DT25 30,000 450 320 2.950 2.550 80.0
5 BQM-34 Firebee 934,000 1190 - 6.900 3.900 115.0
6 BQM-74E 206,400 954 1100 4.000 1.800 68.0
7 BQM-74F 281,000 1110 - 4.500 2.100 120.0
8 Chuckar 3 123,000 972 1330 3.940 1.760 70.0
9 AVIC low speed 20,000 300 - 2.320 2.120 20.0
10 AVIC high speed - 1000 - 4.050 1.800 60.0
11 Argus As 292 27,000 100 2200 2.400 2.400 30.0
12 Denel Dynamics Skua - 1062 - 6.000 3.570 85.0
13 Lavochkin La-17 - 900 - 8.440 7.500 60.0
14 GTD-Kilat 21,000 160 185 1.847 2.300 45.0
15 SCRAB 2 90,000 432 - 2.940 2.520 60.0
16 SCRAB 3 140,000 7200 - 3.130 2.000 60.0

TABLE 1.2: List and specification of existing of target drone.

As seen on table 1.2, the missing variables notated with a (-) were due to the
limited information provided by the manufacturers on their websites. However,
from this table itself, relations such as length to empty weight, length to thrust,
wingspan to empty weight, and wingspan to thrust shown in Figures 1.2 and 1.3

could be made for comparison purposes.

Design Configuration

Before coming up with aircraft configurations, aircraft designers must set design
factor priorities. These priorities depends on the mission profile such as the per-
formance and reliability and the manufacturing conditions such as the build cost
and producibility of the aircraft. For this project, the design factor priorities are
set as shown in Figure 1.4.

Once the design factor priorities are determined, the next step is to come up
with configurations that suits the design factor priorities best. The following con-

figurations from Tables 1.3 to 1.7 were made to satisfy each design factors.
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IS OF GUAV-190417 TARGET DRONE:

o]

Length (m)
s

1000 2000 3

Length (m)
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0f

400

5000 6000 7000

00 4000
Thrust (N)

600
mpty Mass (kg)

F1GURE 1.2: Various parametric comparison I.

Body

Wing type

Wing position
Braking system
Landing gear
Engine position
Airsurface controller
Canard

Vertical stabilizer

BWB

Compound

Middle

Hydraulic disc brakes
Single main

Wing

Elevon without rudder
No

Single

TABLE 1.3: Configuration 1: Cost optimized
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FIGURE 1.3: Various parametric comparison II.
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Design
Factor
Maximize Minimize
(0.5) (0.5)
Reliability Performance Producibility Cost Weight
0.1 (0.28) (0.12) (0.31) (0.19)

FICURE 1.4: Design Factor Priorities

Body BWB

Wing type Tailed

Wing position Middle

Braking system Electromagnetic disc brakes
Landing gear Single main

Engine position Tail / rear

Airsurface controller

Canard

No

Vertical stabilizer Single

Elevon without rudder

TABLE 1.4: Configuration 2: Weight focused

Body Conventional

Wing type Tailed

Wing position Middle

Braking system Electromagnetic disc brakes
Landing gear Single main

Engine position Tail / rear

Airsurface controller Elevon with rudder

Canard

No

Vertical stabilizer Single

TABLE 1.5: Configuration 3: Ideally producible

9/76
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Out of the five configurations made, it has been finalized that configuration 3
is the one that fits best within the desired design factors and the mission profile
for this project. Despite being ideally producible, the components chosen for con-

figuration 3 can impact the performance of the target drone. The advantage and

Body

Wing type

Wing position
Braking system
Landing gear
Engine position
Airsurface controller
Canard

Vertical stabilizer

Conventional aircraft body
Lambda delta

Middle

Electromagnetic disc brakes
Multi bogey

Tail / rear

Primary control surface
Yes

Double

TABLE 1.6: Configuration 4: Maximum performance

Body

Wing type

Wing position
Braking system
Landing gear
Engine position
Airsurface controller
Canard

Vertical stabilizer

Conventional aircraft body
Cropped

Middle

Electromagnetic disc brakes
Quadricycle

Tail / rear

Primary control surface

No

Double

TABLE 1.7: Configuration 5: Highly reliable

disadvantages are listed as shown below:

o Advantages:

1.

Swept back wing operates better on low speeds and are much more
stable at high a.

Tricycle landing gear are stable during ground maneuver and only re-

quires a shorter takeoff run.
Electromagnetic disc brakes has a high degree in safety.

Middle wing position are more streamlined.
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5. Tail/ rear engine positions has lower risk of FOD.

6. Primary control surface are user friendly making it easy to control the

drone.

7. Utilizing only 1 vertical stabilizer results in less induced drag.

« Disadvantages:

1. Swept back wing has high tip drag and can roll out of control when

yawing.
Tricycle landing gears are highly complex.
Electromagnetic disc brakes uses electric power to brake.

Middle wing position aircraft’s are harder to land.

AN

Tail/ rear engine positions strengthens the fuselage which adds more

weight.
6. Primary control surface involves more moving parts.

7. Utilizing only 1 vertical stabilizer results in reduced stress on the root.

Material Selection

Other than cost and availability of a material, the weight of the GUAV-190417
is an important design factor. Other than being light the drone must be able to
withstand all the forces experienced. Hence why the suitable material is classified
to have a high strength to weight ratio. Stiffness of the material is also crucial
as it would be imprudent for the GUAV-190417 to deform tremendously during
operation. Lastly, the effect of corrosion is a serious matter when it comes to
deciding the materials of an aircraft as corrosion would likely be able to degrade
the material strength and may cause failures to the aircraft.

Balsa wood is suitable due to the high strength to weight ratio. Other than
the fact that it is obtainable and inexpensive, it is also easy to fabricate. The
relatively low density of balsa wood gives an advantage as it allows the aircraft to
glide and have high maneuverability. However, balsa wood has got a relatively low
stiffness compared to other materials. When subjected to high concentration load,

balsa wood tends to easily undergo plastic deformation. Therefore, to protect the

11/76



PERFORMANCE REVIEW AND ANALYSIS OF GUAV-190417 TARGET DRONE:
CRUISING AND TURNING

aircraft structure from breaking apart, two layers of fiberglass should be coated on
the aircraft using resin to make it firm. Once the fiberglass and resin is applied,
a layer of glazing compound is applied to smoothen and level the texture of the
structure. Lastly, a final layer of paint is applied to prevent the aircraft from

corrosion due due water exposure or extreme conditions.

Airfoil Selection

The cross-section of an aircraft’s wing is known as the airfoil. Aerodynamic forces
are produced when an airfoil-shaped body moving through fluid produces. Choos-
ing the correct airfoil is very crucial as each airfoil is designated for different flight
purposes. The right airfoil determines the speed of flight, the amount of that the
wing will be able to generate the desired lift and drag, and at what point the air-
craft stalls. However, airfoil profile has a vital effect on the aircraft performance
and should be selected carefully.

During airfoil selection process,other than non aerodynamic characteristics such
as section thickness to minimize the structural weight and provide enough storage
for fuel, and undercarriage, the main characteristics sought after are high maximum
lift, low drag, low pitching moment, and specific stall behavior. These characteris-
tics all depends on the mission profile of the aircraft which will have direct impact
to the aerodynamics and the performance of an aircraft (McGhee, 1980).

Considering the mission profile of GUAV-190417, the most suitable airfoil is
the L.S-0417 MOD. The airfoil shape and characteristics are shown in the following
Figures 1.5 and 1.6.

Name = NASA/LANGLEY LS(1)-0417MOD AIRFOIL
Chord = 100mm Radius = 0Omm Thickness = 100% Origin = 0% Pitch = 0°

FIGURE 1.5: Airfoil series LS(1)-0417 plotted
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FIGURE 1.6: C},Cy, and C,, at Re = 6 x 10°

Electrical Components

There are 5 major electrical components that are required to operate the aircraft
to meet and satisfy its mission profile requirements. Table 1.8 shows the detailed

list of electrical components along with its type and specification.

Specification
10 Channels
RadioLink AT9/ AT9S Control distance: Ground 900 meters, Air 3400
Support receiver: R9DS, R12DS, R12DSM, R6D6, R6DSM
9 Channels PWM signals
Working voltage: 4.8V to 10V
9 Receiver RadioLink RID Working current: 38mA to 45mA
Input voltage: 5V
Dimension: 43mm x 24mm x 15mm
Weight:10.7g
Operating angle: 180°
Operating speed: 0.18s/ 60° (4.8V) 0.16s/ 60° (6V)
3 Servo Emax Servo Metal Gear Digital FEETECH FT5316M Stall torque: 14.3kg to 15.5kg
Dimension: 40mm x 20.2mm x 38mm
Weight: 56g
Capacity: 2200mAh
4 Li-Po battery Baterai Turnigy Nano-tech 2200 mAh 3s 35¢ Lipo Pack Weight:vf;gagg?ini?\j(ié 33“221’/ p}igl, ;; d case)
Dimensions: 115mm x 35mm x 27mm
Input voltage range: above 11.5V
5 IC 1C 7809 Current rating Ic: 1A
Output voltage range: 9V

No Component Type

1 Transmitter

TABLE 1.8: List of electrical components

Electrical components in an aircraft needs to be wired and placed properly in

a way that it would function. The listed electrical components in table 1.8 should
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be wired down as shown in the wiring diagram in Figure 1.7.

Receiver AILERON ‘R’
Radio Link FEETECH
RIDS FT5316M

A 4

IC 7809

A 4
A 4

AILERON ‘L'
FEETECH
FT5136M

A 4

ELEVATOR ‘R
FEETECH
FT5136M

A 4

Li-Po Battery
Turnigy Nano-Tech —
2200mAh 35 35¢

ELEVATOR ‘L’
FEETECH
FT5136M

A 4

RUDDER
FEETECH
FT5136M

A 4

A 4

ECU

A 4

FUEL PUMP

FIGURE 1.7: Wiring diagram

Payload

One of the most essential part when conducting retraining and retesting operations
of the aircraft is by performing a miss distance indicator (MDI). The MDI is a
universal type and there are many MDI platforms that are able to be integrated
into any kinds of towed aerial target. The MDI is able to handle all kinds of
target courses relating to missiles including passing courses and attacking, while
also presenting real-time results of the missile to the user. The missed distance
is determined by the amplitude of the shock wave and the angular position is
determined by the sequence of blows between different indicator pressure sensors.

As mentioned, the missed distance and angular position of the missiles will be
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measured in real-time and the data is transferred through the specially designed
VHF /UHF transmitter as raw data signals to the scoring system. This MDI system
measures the miss distance between a missile or a burst of gunfire and a target
vehicle, which is a remotely piloted target drone. The missed distance is described
as the minimum separation between the two bodies. The distance is obtained from
a post-processing analysis of the encounter images received from the two trackers,
and triangulation is used to obtain the relative trajectories of the missile and the

target vehicle.

Antenna
Microphone Nose
\ 250 80
e} o | 5
] - 8
p— ﬁjm:-:
MDI ON/OFF cable switch Transpulse Unit TUS

FIGURE 1.8: AS-133 Miss distance indicator

As shown in figure 1.8, provided by Air Target Sweden, the AS-133 is an uni-
versal 12-sector MDI which is most suitable for the mission profile of the target
drone. The A-133 is intended to to be installed in the nose of both hard targets
and target drones/ UAV’s. Weighing approximately 2 kg, the A-133 MDI consists

of 4 main components:

A microphone nose containing six pressure sensors

A cylindrical body containing the electronics

A transmitter

A rechargeable NIMH accumulator
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The rechargeable NIMH accumulator enables the MDI to operate actively for a
minimum of 4 hours at +24°C utilizing a 12 VDC supply voltage. With 6 selectable
ranges in sensitivity, these components enables the system to accumulate 6000
rounds per minute, momentarily more, in terms of scoring capacity with scoring
calibers of12.7 mm to 5"+ and missiles. It is capable of reading results of min +£1m
or +15% of the actual miss distance, whichever is the greatest at angular accuracy
of £15°.

Weight Estimation

No. | Component Weight (kg)
1 Engine 5.00
2 Fuel 8.00
3 Fuel tank 0.40
Body
Wing
4 Floven 12.00
Vertical stabilizers
5 Brakes 0.10
6 Landing gear 0.50
7 Wires 0.02
8 Servo 0.20
9 MDI 2.00
Estimate weight 28.22
Additional weight 6.78
Total weight estimation | 35.00

TABLE 1.9: Weight estimation

Table 1.9 shows the breakdown of the weight of the GUAV-190417 is estimated
and shown in table above. The total weight of the drone is estimated by adding up
the total weight of all the existing components that would be used. To account for
alterations or developments to the drone, an additional 6.78kg of weight is added.
Therefore, the total estimated weight is 28.22kg + 6.78kg = 35kg.
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Draft Design

The primary elements of the GUAV-190417 airframe are the fuselage,wing, and
tail section. Most airframes consist of main structural component types, including
spars, ribs, and skin. The spar is known to be the main structural component
of the wing that runs throughout the spanwise at right angles to the fuselage.
The spar carries flight loads and the weight of the wings to bear forces such as
spanwise bending and transverse shear loads. The ribs of the wing are made of
balsa structures that are powered by the spar, capable of carrying plane loads that
are positioned wisely along the length of the wing.

Other than operating in re-distributing loads, the wings ribs also hold the skin
with the designed contour shapes. The ribs of the wings are also capable of reducing
the effective buckling length which results in an increase in the compressive load
capability. In order to reach an efficient torsion member, a layer of skin is applied
to cover the wings. A relatively thin layer of skin is used in many air vehicles
that travel at subsonic speeds, designed specifically so that they can sustain post-
buckling. Therefore, it can be assumed that the thin layer of skin is not considered
in making any contribution to the bending of the wing, where the bending moment
is taken up by the spars.

The GUAV-190417 is also intended to allow the disassembly and exchanging
of parts. This target drone is designed to be able to be separated into modular
units. The modular units are known as the ability to disintegrate the aircraft so
that it is able to generate smaller components. This accommodates the ease in
parts replacement, while also promoting easy maintenance, transportation, and

testing.They are:
1. 1x Fuselage
2. 2x Wing
3. 2x Horizontal stabilizer
4. 1x Vertical stabilizer
5. 1x Engine mount

6. 1x Jet engine
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Utilizing SolidEdge software, a CAD model was created to build the design of

the target drone. The target drone along with its structure is shown in figure 1.9.

FicUrRE 1.9: The left figure represents the structure of GUAV-
190417 and the right figure represents the Isometric view of GUAV-
190417.

Although target drones are considered as air vehicles, the major difference be-
tween the structures and materials of a target drone and other engineering struc-
tures and materials lies in their weight. The main objective of the design of this
target drone is to reduce weight and at the same time be strong enough to withstand
the forces acting on it during flight. Therefore, most materials used for a medium-
scale target drone aircraft are required to have a high strength to the weight ratio
in order for it to be considered suitable for target drone aircraft applications.

The GUAV-190417 structure is designed to ensure that every piece of material
is used to its full potential. This can be achieved by using airframe structures,
where numerous parts are joined and assembled together as a whole. Illustrated in
figure 1.10, most of the aircraft part’s size and shape are determined based on their
non-structural considerations, hence why these airframe structures are required to
maintain the shape of the design. For this reason, the target drone is designed
by also considering the dimensions of the components required, availability, and

weight of these various components.
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FI1GURE 1.10: Top view, front view, and side view of GUAV-190417.

1.6.2 Preliminary Design

In this design phase, it will deal with working on the selection, specifications, and

limitations of the target drone.

Preliminary Sizing

In this section, as shown in figures 1.11, 1.12, 1.13 the dimensions of the target
drone is specified. The dimensions are also listed in Table 1.10 when is the founda-
tion of carrying out the preliminary design. Without specifying the length, width
(wingspan), and height of the target drone, the aerodynamics and performance
calculations will not be possible (Roskam, 1986).
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7 30
400 mm
T 10
59.13 mm l
| |
1916 mm

FicUre 1.11: Wingspan sizing of GUAV-190417

/
Height

590.2 mm

Length = 1910mm

FI1GURE 1.12: Lenghth and height sizing of GUAV-190417
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Dimension Value (mm)

Length 1910.00
Height 590.20
Wingspan 1916.00

TABLE 1.10: Dimension of GUAV-190417

0,97

FIGURE 1.13: Detailed wing dimensions

Airfoil Details

The details from this section can be seen on table 1.11

Airfoil Characteristics Result
Max airfoil thickness 0.17 ¢

Oy —4°

a, 0.3814 /rad

Cm,, for o > 6° 0.2455 /rad

Cm,, for o < 4° —0.1705 /rad
i 17°

C] 1.95

max

TABLE 1.11: Airfoil details of GUAV-190417
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Wing Details

The details from this section can be seen on table 1.12.

Wing characteristics Result
Wingspan 1.916 m
Chord at root 0.05913 m
Chord at tip 0.57875 m
Taper ratio 0.10217
Lower swept angle 30°

Upper swept angle 10°

Swept angle mean to mean 20.85°
Gross area 0.481 35 m?
AR 7.627

Cr 0.109 24
Ch 0.072 66
Ch, 0.000 77
Ch, 0.040 00

0 6.23761
CL/Cpax 9.60
C3ICh s 96.65
CL/C% .. 148.52

TABLE 1.12: Wing details of GUAV-190417

Engine Details

The details from this section can be seen on table 1.13.

Engine specification Result

Mach 0.3

Velocity 103.2 m/s

Weight 343 N

Rho 1.225 kg/m?
Thrust max 250 N

Cr 0.000444 284 1/s
Viscosity 0.00001789 kg/m/s

TABLE 1.13: Engine details for GUAV-190417
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1.7 General Statement of Problem Area

With an existing conceptual and preliminary design data of GUAV-190417, the
design would not be able to be reviewed and would not be eligible to move on
the the next process od creating a detailed design and prototype manufacturing
without carrying out a performance analysis. Focusing of cruising and turning
performance, the knowledge of the requisite aircraft cruising and turning charac-
teristics is essential to assess whether if an aircraft successfully satisfies its given
mission profile. The need to understand the maximum range, endurance, turning
radius, and rate of turn along with the required velocity and forces needed to ac-
complish a certain mission at specific altitudes cannot be understated as it would
give a overview whether if the aircraft is optimum or not. The availability of fuel
for a jet engine UAV is limited. Therefore, the characteristics of the target drone
and the environment that impacts the maximum range and endurance must be
distinguished. These information are pivotal when it comes to the marketing of

the target drone.

1.8 Research Objectives

The objectives of this research are to investigate:

o The parabolic lift drag polar using OpenFOAM, whether if it is similar to

the parabolic lift drag polar calculated manually.
o The weight fraction of GUAV-190417 at cruising mission segment.

o The range, endurance, and average velocity of GUAV-190417 at different
altitudes.

o The load factor at different bank angles for turning performance.

o The velocity, drag, power required, radius of turn, and rate of turn of GUAV-
190417 at different altitudes.
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1.9 Research Scope

Only the cruising and turning performance is discussed in this thesis. The
airfield, symmetric climbing, and gliding performance has been distinguished.
(Yong, 2021)

Non standard atmospheric conditions or weather phenomena which impacts

the performance of the target drone are not taken into consideration.

Since the estimated weight may differ in reality once the target drone is
manufactured, the performance will have an effect with respect to the actual

weight of the target drone.

The reliability of analytical aerodynamic estimation, formulas, and relation-
ships may be limited as the research and analysis followed were obtained
from established literature. (Cr/Cp),ax is not subjected to the altitude but
rather on the aerodynamic design boundaries; e, AR, and Cp, of the air-
craft. The (Cr/Cp)nax cannot occur at a specific velocity and the velocity
at which Cy/Cp is obtained does not alter with altitude.

The engine related data required such as T and SFC were obtained from a
group of colleagues who were tasked to design and manufacture a subsonic
jet engine. The data gathered were obtained by measuring and reading off

related curves. Human error may contribute to the inaccuracy of data.

For cruising performance, a steady straight non-sideslipping, unaccelerated
flight profile is assumed in estimating the range and endurance, enabling the
ease of drag analysis. However, it does not reflect on the reality as the target
drone could be flying with some sideslip at certain cruising phase of the flight.
In order to account for the change in each individual drag profile would be a

tedious process, hence why the assumption was made

For turning performance, a steady level non-sideslipping bank turn flight
profile in estimating the turning radius and rate of turn at different bank
angles. The power available is assumed to always be sufficient to the power

required. The thrust available is assumed to be sufficient to overcome the
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drag which neglects the drag equation in the longitudinal set of equations,

which ignores the drag trim.

o Taking the time frame for the completion of this research into account, the

quality of the thesis may be directly or indirectly affected.
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CHAPTER 2
LITERATURE REVIEW

The most important requirement for a new UAV design is that it fulfills its mis-
sion profile. This is assured through performance calculations at the design stage.
Performance calculations are crucial at several flight points. Among those crucial

flight points are cruising and turning performance.

2.1 Equations of Motion

2.1.1 Steady Straight Non Side-Slipping Flight

To have a better understanding of aircraft performances, there are four main forces

that are acting on the aircraft, which are:
1. Lift
2. Drag
3. Thrust
4. Weight

The performance calculations and analysis done within this thesis are under the
parameters of steady acceleration and altitude, also known as static performance.
The term static performance is referred to the performance of an aircraft where
their flight conditions are unaccelerated. The static performance analysis leads to
reasonable calculations of maximum velocity, maximum range, and even parameters
of vital interest of aircraft design and operation.

Level flight means that the flight path is along the horizontal, which is 6=0.
Since unaccelerated flight means that the right sides of these equations are equal

to zero. Thus, establishing equations that can be simplified as:
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Tcosar =D (2.1)

L+Tsinar =D (2.2)

For most conventional aircraft, T is small and insignificant enough that cos

T=1 and sin T=0. Hence equations :

T=D (2.3)

L=W (2.4)

These equations are the equations of motion for level and unaccelerated flight.
In a level and unaccelerated flight, the aerodynamic drag is balanced by the engine

thrust, and the aerodynamic lift is balanced by the aircraft weight.

2.1.2 Steady Non Side-Slipping Banked Turn

The relationship between the angle of bank ¢, aerodynamic angle of roll i, and the
flight-path angle v is represented by:

sin ¢ = sin p1cos~y (2.5)

As shown in figure 2.1, due to the non-existing sideslip, the side force S equals to
zero (0) so that the aerodynamic resultant force occurs on the plane of symmetry.
Therefore, the vector of the sum of the weight W and the centrifugal force C also

lies in the same plane of symmetry. The equilibrium equations are given by:

Tcosar — D —Wsiny =0
Wcosysinpy —Ccosp=0 (2.6)
—T'sinp —L + W cosycosp+cosp =0
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FiGure 2.1: Forces acting upon steady non side-slipping banked
turn

The second equation represents that in a coordinated turn, the components
of the centrifugal force along the Y,-axis are balanced completely by a lateral

component of the weight of the airplane.

Tcosar — D —Wsiny =0
—Tsinapsinpg+ Lsiny—C =0 (2.7)

—sinapcosp — Leosp+ Wcosy =0
The first equation represents the equilibrium of forces along the X,-axis. The
second equation represents the summation of the radial forces in the horizontal

plane. The third equation represents the summation of the forces that are acting

perpendicular to the X, -axis in the vertical plane.

28,76



PERFORMANCE REVIEW AND ANALYSIS OF GUAV-190417 TARGET DRONE:
CRUISING AND TURNING

2.2 Aerodynamics Basis

2.2.1 Basic Aerodynamic Requirements

The values from the wing sizing and the airfoil characteristics of an aircraft con-
tributes to the aerodynamics characteristics of an aircraft. Hence why it has a vital
effect on the aircraft performance(Anderson Jr, 2010).

These aerodynamics characteristics comprises of the aspect ratio, Oswald effi-
ciency number, constant k, Reynold’s number, and taper ratio. The equations for

the characteristics are listed respectively

b2
AR = — 2.8
= (23)
e = 4.61(1 — 0.045AR"%®)[cos(ALE)]*"* — 3.1 (2.9)
1
k= 2.1
TARe (2.10)
Re = VS (2.11)
1
C
Taper Ratio = Ft (2.12)

r

2.2.2 Parabolic Lift-Drag Polar

The total drag of a plane can be segmented into the drag of the wing Dy, and the

amount of the components D,,:
D =Dwy+ D, (2.13)

As shown in figure 2.2, the wing drag composes as the amount of the induced

drag D; and the profile drag D,. Hence the equation can be formed as:

D=D;+D,+D, (2.14)
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total drag
coefficient Cp

wing drag
coefficient Cpw

lift
coefficient

e

parasite drag
coefficient E(-:DS“—S”

\_ induced drag
% coefficient Cp;

\\\ profile drag

coefficient Cpp

drag coefficient
FIGURE 2.2: Elements of drag components

The profile drag comprises pressure drag, skin friction drag, and wave drag.
The wave drag is zero for subsonic velocities beneath the critical Mach number.
Pressure drag, skin contact drag and wave drag together, form the drag of the
aircraft components.Since the drag coefficient of each component part, Cpn, is

based on a certain area Sn as the reference area, the total aircraft drag is given as:

1 1 1 1
CD§,OV2S = C’DZ§V2pS + ODp§V2pS + (ZCDnSn) éplﬂ (215)

The above equation for total drag of the aircraft can be simplified by eliminating

the common variables from both sides to form:

EC’Dn’sn
S

Since the drag coefficient of each component part, Cpn, is based on a certain

Cp =Cp;i+Cpy + (2.16)

area Sn as the reference area, the total aircraft drag is given. Hypothetical stream-

lined features predicts that the induced drag coefficient is straightforwardly relative
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to the square of the lift coefficient C'y, and contrarily corresponding to the angle
proportion An and a wing effectiveness factor () . The factor () relies principally
upon the wing planform since it demonstrates how close the elliptic spanwise lift
conveyance is acquired. For an elliptic lift circulation ()= 1 (least initiated drag
coefficient). In any remaining cases () will be short of what one. Hence, the drag
coefficient of the plane is

e S0 pnSh
Cp= s+ Cont =g

Since additionally, the profile drag and parasite drag coefficients are reliant on

(2.17)

the angle of attack, the equation can be composed as:

_ O
~ TAR¢

(2.18)

D

$CpnSn
+XC? + {CDP - L}
Cr=0

S

The variables within the parenthesis can be calculated to find zero lift drag
coefficient, also known as Cpo. The variables XCL? is the assumed parabolic
change of the profile drag and the parasite drag due ti its lift coefficient. Hence,

The equation can be modified as:

Ci
TARe

Where the factor e, also known as Oswald’s proficiency factor, represents the

Cp = Cpo + (2.19)

variety of the profile and parasite drag coefficients with lift coefficient, and the
impact of the genuine spanwise lift distribution on induced drag coefficient. For

most aircraft types, the estimation of e differs somewhere in the range of 0.6 and
0.9 (Anderson Jr, 2010).

1 1
= XTAR+ (2.20)

In some cases, the k factor which can be calculated as 1/(m ARe), also known

as induced drag factor, can be used to simplify the equation above as:

Cp=Cp,+ kC% (221)
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022
Co from Lift-Drag polar (flaps up)
018 | figure 4.3-2
/
S= 233”’\2
0.14 Re=55x10°
M=02
010+ parabolic H
approximation
A=922
1 N, .. S
0 04 08 12 16 20 _24
2
CL

FIGURE 2.3: Parabolic lift-drag estimation of low-subsonic aircrafts

From figure 2.3, the deviation from the parabolic form is portrayed by the
difference from the straight (specked) line. We see that an extensive piece of the
lift-drag polar is undoubtedly a parabola, yet there is some additional drag at
lift coefficients past about 1.0. The illustrative lift-drag polar can be utilized at
subsonic velocities. Additionally, at both transonic and supersonic velocities, the
estimations of Cpo and k are changed suitably. It might here be noticed that
in numerous regards, the aircraft performance are dictated by the accompanying
aerodynamic ratios: Cr/Cp, C3 /C% and C1/C%. Noted that the maximum values
of these ratios are crucial. For maximum C,/Cp, the ratios can be separated with
regards to CL and set the main derivative equivalent to zero.

When it comes to finding the (C,/Cp)max, the final formula can be derived

from
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dCe/Cp) _
dC'r,
Gc2Cp — CLic?
2 =0
Ch
dCp _ (2.22)
Cp—-0Cp i, =0
., dCp
Ch CLE
dCp B @
dc, Oy
Where
OD = CDO + /CC%
2
_ I
OD_CDO+7TAR€ (2.23)
dCp _0 20,

a0, T TARe

Using the substitution method for equation 2.22 and equation 2.23, C, can be

obtained as

Cr 20
CL N TARe
207 = TAReCp
CL?
20% = WARG(CDO + WAR€> (2'24)

20,% = 1AReCpo + C’,%
C? = mAReCpo

CL =\ WAR@CDO

Using the insertion method for equation 2.24 into equation 2.20, Cp can be

obtained as
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(\/WARGCDO2)

Cp =Cpo+ TARe

Cp = Cpo+ Cpo (2.25)

CD = QCDO

Finally, using the substitution method from equation 2.24 and equation 2.25,

(C/Cp)mazx can be obtained as

VTAReCpo
- TDO (2.26)
B 17TARe
B 2 ODO

Figure ?? and ?7? illustrates the point where maximum C;/Cp and the maxi-
mum lift drag polar ratio can be achieved.

When it comes to finding the maximum value of C% /C%,, it can be obtained by
differentiating it with respect to Cy and equating it to zero. The final formula can

be derived from

dCp 3Cp

— = 2.27

dCp, 20y ( )
Differentiate Cp with respect to Cp, to get

dCp 207,

P 2.28

dC;  mwARe ( )

Using the substitution method for equation 2.27 and equation 2.28, C;, can be

obtained as

cr, = \/3CporARe (2.29)

Using the substitution method for equation 2.29 and equation 2.20, Cp can be

obtained as
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CD = 4CDO (230)

Finally, using the substitution method from equation 2.29 and equation 2.30,

(C3 /C?%)max can be obtained as

C% 3v3 TARe
— = —7A
C% max 16 TARe Cro

(2.31)

When it comes to finding the (Cr,/C%)max, it can be obtained by differentiating
it with respect to Cp and equating it to zero. The final formula can be derived

from

dCp  Cp
Y- 2.32
acy 20y (2:32)

Differentiate Cp with respect to Cp to get
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dCp 20y
dC;,  wARe (2.33)

Using the substitution method for equation 2.32 and equation 2.33, C, can be

Cp = \/OD%ARB (2.34)

Using the substitution method for equation 2.34 and equation 2.20, Cp can be

obtained as

obtained as

. 4CDO
3
Finally, using the substitution method from equation 2.34 and equation 2.35,

Cp (2.35)

(Cr/C%)max can be obtained as

3v3 [mARe

2 —
(CL/C%)max = 16\ Cro?

(2.36)

Be advised that the maximum lift-to-drag ratio (C/Cp)max is a significant

aerodynamic quantity of an aircraft.

2.3 Cruising Performance

A cruise can be defined as a flying state in which the aircraft uses the most eco-
nomically efficient fuel and optimally designed technical conditions. This phase
has the longest air trip duration and has a mission to arrive at the designated
destination. During the cruise state, the condition of the speed and altitude of the

aircraft movement are both relatively constant.

2.3.1 Weight Fraction

Weight fraction of an aircraft can simply be defined as W;/Wy where W1 is the
MTOW and W2 is (MTOW-Wfuel). However, when taking the mission segments

of an aircraft into consideration, the weight fraction can be redefined as the fuel
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gets burnt during flight phases up to the point where weight fraction is is desired
to calculate the performance of an aircraft.

For the case of calculating cruising performance, the aircraft has to undergo
engine start and warm-up, taxi, take-off, and climbing and acceleration until it
reaches the cruising phase. The weight fraction for different flight phases are listed
below (Raymer, 2012):

» Engine start, taxi, and take-off: 0.970
o Climbing and acceleration: 0.985

e Cruising: 0.995

2.3.2 Range and Endurance

From figure 2.6, range represents the distance traveled by the aircraft in a horizontal
straight line of a cruising flight. In the other hand, the distance traversed in
a climbing, cruising, and descending flight is often known as total range, stage
length, or a block distance (Ruijgrok, 2009).

range R -
altitude r W2
W1 '2
\ cruise
1
climb descent
takeoff weight landing weight
«——total range (stage length) --- —J

FIGURE 2.6: Mission nomenclature.

To acquire the maximum total range of an aircraft, fuel consumption per unit
time has to be calculated as maximum total range can be defined as the distance

an aircraft can fly between takeoff and landing limited by its fuel capacity.
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dWy
= — 2.
o (2.37)
Wy is noted as the total fuel load. The fuel weight flow rate is related to the

weight of the aircraft. Since dW; = -dW, equation 2.37 can be rewritten as

aw
F=— 2.38
dt (2.38)
From the following definite integral, range can be distinguished as
2 w2y, w1
R:/ Vdt :/ ——dW = aw (2.39)
t1 w1 W2

Where V/F is the range per unit fuel weight (specific range)

Endurance is defined as the length of time spent in cruising flight. From the

following definite integral, endurance can be distinguished as

t2 w2 w1
E:/’ﬁ:/ AV AW (2.40)
1 w1 F F

w2

At this point it is important to remember that in symmetric flight, the time
history of the flight condition depends on the specification of two control laws,
that is to say, the description of the variation of two control variables with time.
Generally, both control variables are held constant throughout the cruise so that
the flight condition only changes due to the influence of fuel consumption on the
weight of the aircraft (M. H. Sadraey, 2017).

From figure 2.7, it can be distinguished that for jet engine aircraft, fuel flow

rates can be obtained from the following equation

F=CrT (2.41)

Where Cr is the specific fuel consumption and T is thrust.
By looking at figure 2.8, it an be said that once the range and the endurance of
an aircraft is determined, the average airspeed (Vavg) can be found by the following

formula
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b. jet propulsion

T.D T

W1 /

v
FIGURE 2.7: Determination of V/F and F for jet engine aircraft

during constant altitude and engine control flight.

VIF 1/F

a. range b. endurance

FIiGURE 2.8: Range and endurance calculation.

Vavg = Range (2.42)

Endurance
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2.3.3 Approximate Analytic Expression for Range and En-

durance (Jet Propulsion)

Using the relationship of drag

Cp
D=—W 2.43
- (2.43)
The thrust can be distinguished as
7—p- oy (2.44)
CrL

Using the relationship of airspeed

W21
=\ == 2.4
V=4 YR (2.45)

Using the substitution method for equation 2.45 and equation 2.39, range can

be distinguished as

Wi w21
R:/ —— | ———dW 2.46
we Cr\ S pCy (2.46)

Using the insertion method for equation 2.44 and equation 2.41 into equation

2.40, endurance can be distinguished as

Wi 1 ¢ dw
E = — s 2.47
/m CrCp W (247)

In deriving analytic expressions for range and endurance, first, we shall consider
cruising at a fixed height and at a constant angle of attack. Moreover, we shall
continue to assume that the specific fuel consumption remains constant for the
duration of the flight.

The analysis will be further simplified by neglecting the variation of the effects
of compressibility on the aerodynamic characteristics of the aircraft as the flight
speed reduces during the course of the flight. Integrating equation 2.46, range can

be distinguished as
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L 20 aw
Cr\ SpC% Jw, VW

2 C

:C_T S_pc—é\ﬁy%; (2.48)
2 ot /it - /7]

CT 5003

Noted that since \/p is present, its is crucial for jet powered aircrafts to have

high cruising altitudes. Hence, equation 2.48 can be rewritten as

o W12C’L1 Wy

o\ s ey TV 210
Vi Cp Wy
—o L2k )2
CrCp | Wl]

Noted that V; is the initial airspeed, by integrating equation 2.47, endurance

can be distinguished as

po [ LCLaw
w, CrCp W

= oS (2:50)
T YD
1C’L1W1

T CrCp W2

A cruise technique of interest for turbojet and turbofan aircraft is the flight
at constant airspeed and angle of attack. The flight-path angle occurring in this
cruise-climb schedule, however, is normally sufficiently small so as to approve the
use of the level-flight conditions that lift is equal to weight and thrust is equal to
drag. Assuming that Cr and g_f) have constant values throughout the flight, range

and endurance can directly be distinguished as
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CL D
airspeed for

(CL/CDImay maximum

angle of attack for endurance

maximum endurance

2 airspeed for
(CL/CH)max maximum range
angle of attack for
maximum range
Cp v

FIGURE 2.9: Best range and endurance conditions in level flight for
jet powered aircraft

Vo, Wil

R=——In— 2.51
CrCp W2 (2:51)

R 1 Cp, Wi
=—=——"In— 2.52
vV CrCp W2 (2.52)
The quantity of C’LT% is known as the range factor. The greatest endurance

can be found when g—g is maximum.

Also, by assuming that Cp and g—g have constant values throughout the flight,
the range does not have an absolute maximum. Due to the absence of compress-
ibility drag, a constrained optimum is obtained when the airspeed is specified. For
this state, maximum range occurs at maximum Cp/Cp. This case requires the
height at which the minimum drag speed becomes equivalent to the desired air-
speed. With the condition of constant speed of sound at lower stratosphere for
cruise-climb flight, a fixed airspeed relates to a fixed flight Mach number. This

results in the constant aerodynamics ratio in equation 2.51

Referring to the thrust equation

1
T = C'DépVZS (2.53)
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Where V is

lwo 1
Y 2.54
V=50 (2.54)

It can be elaborated that the thrust is directly proportional to the air density
(p). So at different altitudes, the air density varies. In this case, where T/p and
specific fuel consumption is constant and the engine control settings is fixed, the
expression to find the range is can be altered by using the substitution method of

equation 2.53 into equation 2.51 to obtain

_ 1 T2cy, W
—CT SPC% W2

R (2.55)

Where maximum range requires maximum (C%/C%) when flying at different

altitudes at a given airspeed and engine setting.

2.4 Turning Performance

Turning performance is one of the performance parameters in an aircraft. Basically,
turning performance is an aircraft capability to make a turn by calculating a few
parameters. The parameters that affect turning performance include the rate of
turn, load factor, speed at turn, bank angle, radius of turn. In turn conditions, the
aircraft lift value must match the weight. Other than that, must also correspond

to the centrifugal force that occurs during the aircraft moving on a circular path.

2.4.1 Governing Equations

In coordinated turn we have the special conditions that the inward centripetal force
required to pull to aircraft toward the center of the turn is accomplished by the
horizontal component of the lift and that both the resultant aerodynamic force (R
+ T) and the vector sum of the weight and the outward centrifugal force (W + C)

are in the plane of symmetry of the aircraft.

T—D—Wsiny=0 (2.56)
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W cos~ysinpu — cosp =0 (2.57)

—L+Wcosycospu+ Csinpy=0 (2.58)

Rather than the conventional air-path axis system used for symmetric flight,
it is more convenient to employ for turning flight an additional axis system with
axes X; , Yy, and Z; . With the origin of the system at the center of gravity of the
aircraft, the Xt-axis coincides with the X,-axis. The Y; -axis lies in the horizontal
plane along the radius of curvature. The Z;-axis lies in the vertical plane and is
perpendicular to both the X; and Y, axes (Ruijgrok, 2009).

T—D—Wsiny=0 (2.59)
Lsinp—C =0 (2.60)
—Lcosp+ Weosy =0 (2.61)

Lcos) L

center
of
tqrn

FIGURE 2.10: True banked turn of a aircraft during steady level
flight

As shown on figure 2.10, In examining the instantaneous flight condition in a

coordinated turn, it is customary to assume level flight (7 = 0) since the resulting
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performance in level turning flight can be used to represent the performance in
all normal climbing and descending turns (M. H. Sadraey, 2017) The aerodynamic
angle of roll is equal to the bank angle (u=¢). Furthermore, the centrifugal force

can be distinguished as:

W
g9 g

Where g is the acceleration of gravity (¢ = 9.81m/s?) and R is the radius of

C (2.62)

turn.

For steady level turning flight, the governing equations can be simplified as

T-D=0 (2.63)

Lsingb—KV—Q—O (2.64)
g R '

—Lcos¢p +W =0 (2.65)

Using the substitution method from the relationship of lift and drag
L
L= CLépV S (2.66)

1
D= CDEpVQS (2.67)

When substituting into equation 2.63 up to and equation 2.65, the equations

can be altered to

1
T= CDngQS (2.68)
2
%% = CL%pWSsingb (2.69)
1 2
W = C’L§pV S cos ¢ (2.70)
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variables: «, V, I', R and ¢ so that the flight condition is determined by two
control variables. In the next section we will express the various performance items
in terms of angle of attack (C, and Cp), and the angle of bank ¢ (Ruijgrok, 2009).

2.4.2 Performance in a Coordinated Turn Equations

In the event of a constant altitude turn, the airspeed can be obtained by the

w2 1
V= 5 57080 (2.71)

The drag during turning can be obtained by the following equation

following equation

1
WCD

b= C_Lcosgzﬁ

(2.72)

The power required to perform a turn can be distinguished by multiplying the
drag and velocity to form the following equation. However, the power required
gets limited by the power available of the target drone. Power available itself is the

thrust multiplied by the velocity of the target drone.

203 1
P.=DV = W\/K—@ (2.73)

Figure 2.11 illustrates how turning radius can be determined (Ruijgrok, 2009).
The equation to find the radius of turn can be distinguished from equation 2.69

and equation 2.70 as

S Wi11o1

S gCrsing

(2.74)
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Top view of
horizontal plane

FIGURE 2.11: Determining the turning radius of an aircraft.

and

V2
B gtan ¢

These equations represents that the radius of turn will be smaller when the

(2.75)

bank angle or the load factor is larger, also when the airspeed during a turn is

smaller.

The rate at which an aircraft turns can be distinguished from equation 2.74
and 2.75 into the following equation
V  gtan¢
Q = — =
R Vv

Rate of turn are expressed in terms of number of degrees the aircraft changes

(2.76)

heading in one second.

From equation 2.76, it can be distinguished that the time needed to execute a

180° turn (7 radians) is given by
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T TV

T, ===
Q  gtano

The lower the airspeed, the smaller the bank angle required for a desired turning

(2.77)

time T,

Equations of V, D, Pr, R, w, and T, can be expressed with regards to bank

angle or load factor. The load factor portrays the changes inversely as the cosine of

the bank angle. The load factor (n) can be determined from the following equation:
L 1

ne W coSQ

The angle of bank is the angle of roll at which the aircraft is making a turn while

(2.78)

the load factor is the thrust to weight ratio of the target drone. Both the values of
bank angle and load factor can be used when finding the turning performance. V,
D, Pr, R, €, and T, can be rewritten respectively with regards to load factor as

follows:

nW2 1
=2 9.
V YR (2.79)
Cp
D= — 2.
nWCL (2.80)
nW2 C?%
w211 n V2
R=-S-— = 2.82
SpgCry/(n?)—1 g/(n?)—1 (2.82)
(n?) -1
Q= 2.
9 (2.83)
T- (2.84)
gvn? —1
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CHAPTER 3
RESEARCH METHODOLOGY

The methodology of this research comprises of 8 steps where it will be used to
fabricate chapter 4 of this thesis. Figure 3.1 shows the pathway that needs to be
precisely done in order to successfully complete this research. The main steps can

be elaborated in the following subsections.

3.1 Conceptual Design and Preliminary Sizing

From the conceptual design phase, the mission profile and the design requirements
of the target drone were set by carrying out a benchmark study. The mean values
from the benchmark study was used as a reference in order to pick out different
configurations that would be short-listed depending on the design factor. The cho-
sen configuration defines the body type, wing type, wing position, engine position,
canard, tail, fuel tank and capacity, braking system, and landing gear that would
determine the shape of the target drone. The type of airfoil, material, engine,
electrical components, and payload were also selected.

Using the data obtained from the benchmark study, the preliminary sizing for
the target drone can be determined. Once finalized, a draft design is assembled by
utilizing SolidEdge as the project’s CAD software. By choosing the material of the
target drone, Solidedge allows users to estimate the weight, center of gravity, and
aerodynamic center of the target drone.

From the aircraft weight, sizing, and engine specification, the variables obtained
from this process that would help obtain results for this research are listed as

follows:
o Length
o Wingspan
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FIGURE 3.1: Step-by-step process to determine the performance of
GUAV-190417

o Chord at tip and root
o Swept angle

« MTOW
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o Empty weight
o Mach

o Viscosity

o Thrust

o Mass fuel rate

» Specific fuel consumption

3.2 Aerodynamics Review

In order to determine the aerodynamic characteristics, the CAD file with the cor-
rect weight and sizing was formatted into .stl and gets uploaded to OpenFOAM
v8.0 software where the viscous pressure of the target drone gets simulated. The
outcome of the CFD simulation would be the lift and drag coefficients.

Using simpleFOAM solver, the laminar simulations gets carried out using steady
state scheme. The model gets resized 0.4x of its original size to be able to undergo
the available pre-processing functions in OpenFOAM.

The computational dimensions of the model which consists of the length, height,
and width of the computational domain are set to 1.7, 1.0, and 0.5 in x, y, z;
respectively; in non-dimensional values.

Taking the time constraint into consideration; since the target drone is symmet-
rical in the x-y plane; only half of the flow around the target drone gets simulated
to reduce computational time. A slight increase in pressure drag is expected since
the front nozzle of the nozzle is defined as a closed structure.

As seen in figure 3.2, by using SnappyHexMesh, the mesh gets generated to
discretized the computational domain (Greenshields, 2018). The total meshes in
the simulation are shown as follows:

In order to portray the flow in zero angle of attack a=0, as part of the boundary
conditions, the stream wise velocity was set to 100m non dimensional vales while
other components such as transverse and span verse velocities are set to zero.

The target drone model gets defined as no-slip wall boundary condition, so that
4 £ 0.
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FIGURE 3.2: Mesh topology of computational domain.

Mesh elements Number

Hexahedral 3647081
Prism 195682
Polyhera 672859

Total meshes: 4517622

TABLE 3.1: Meshes used in the simulation

Analyzing using Paraview software, the overall computation time of 5000 itera-
tions is ~ 26 hours. 16 GB of RAM and 4 processors were utilized in this process.

The convergence was achieved after 2000 iterations.

3.3 Aerodynamics Profile Estimation

The aerodynamics profile of the target drone can be obtained through aerodynamics
calculations using variables available from the airfoil characteristics and the wing
dimensions (Mccormick, 1994). These variables are used in equations 2.24, 2.19,

2.11, and 2.8 respectively to obtain:
o Lift coefficient (Cy)
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» Drag coefficient (Cp)
« Reynolds number (Re)

+ Aspect ratio (AR)
To obtain the lift and drag coefficients, the following factors must be applied:

o Aircraft should be in equilibrium condition
« Angle of attack must be 0 (a=0)

o Aircraft should be at sea-level

By following the listed factors, the lift and drag along with the drag and thrust

are set to have equal values.

3.4 Parabolic Lift Drag Polar Estimation

The outcome of the aerodynamics profile such as the lift, drag, and zero drag
coefficients are used as variables to calculate the parabolic lift drag polar. By
inserting the lift, drag, and zero drag coefficients into equations 2.66, 2.67, and

2.36 respectively would result in finding the values of:

* Cr/Cppax
- C}/Ch

max

e CL/Chax

3.5 Performance Estimation Using Excel

In this section, like shown in figure 3.3, the performance requirements are men-
tioned in order to carry out the performance analysis. The equations mentioned
are prepared in excel ready to be computed in different conditions using different

variables. The values obtained from different conditions will then be analyzed.
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Inputs :
Z( Performing
) Calculations on Excel
Requirements

FIGURE 3.3: Performance Calculation Overview.

3.5.1 Cruising Performance Estimation

For cruising performance, The flight profile is steady straight non side-slipping
flight. The following parameters are required to estimate the range and endurance

of an aircraft:

o Constant angle of attack

o Constant altitude

» Constant velocity

o Constant specific fuel consumption
» Fixed engine settings

e Zero side-slip

In this section, the range and endurance of the target drone is calculated using
weight fractions ranging from 1.0 up to 1.3 with a step of 0.05. The calculations
for range are calculates at heights from Om up to 4000m with a step of 1000m.

Equations 2.51 and 2.52 would respectively result in finding the values of the
range and endurance at sea level. By varying the weight fraction from a minimum
of 1 and a maximum of 2, the range and endurance of the target drone can be
graphically compared. Equations 2.53 and 2.54 would respectively result in the
finding the values of the thrust and the velocity required to calculate the range
and endurance at different altitudes. In this case, equations 2.55 and 2.52 would

result in finding the values of the range and endurance at different altitudes.
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3.5.2 Turning Performance Estimation

For turning performance, the flight profile is non side-slipping banked turn. The
following parameters are required to estimate the range and endurance of an air-

craft:

Constant angle of attack

Constant altitude

Constant velocity

Zero side-slip

In this section, the turning radius, rate of turn, and T7 of the target drone is

calculated using two different variables:

1. Bank angle (¢)

2. Load factor (n)
There are two types of calculations that needs to be carried out:

1. Turning performance using different bank angles at sea level

2. Turning performance using different load factor at different altitudes

Equations 2.71, 2.72, 2.73, 2.74, and 2.75 would respectively result in finding
the values of the velocity, drag, power required, radius of turn, rate of turn, and
the time required to make a 180° turn at sea level. The results of turning radius
and the rate of turn can be graphically compared with respect to its bank angle.

Meanwhile, equation 2.78 is used to find the load factor which will be applied
into equations 2.79, 2.80, 2.81, 2.82, 2.83, and 2.84 to respectively find the values
of the velocity, drag, power required, radius of turn, rate of turn, and the time
required to make a 180° turn. These values can be subjected in different altitude

by altering the value of the air density in equations 2.79, 2.81, and 2.82.
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CHAPTER 4
RESULTS AND DISCUSSIONS

4.1 Aerodynamics Analysis Using OpenFOAM

The result of lift coefficient from OpenFOAM simulation can be presumed to be
almost similar to the results obtained using manual calculation by referring to Cp«

graph. The comparison between both result are shown in table 4.1.

Lift coefficient Value

OpenFoam simulation 0.3826
Manual estimation 0.3529

TABLE 4.1: Cf, comparison between OpenFOAM and manual esti-
mation.

The drag coefficient was not able to be obtained using OpenFOAM simulation
since the available drag polar is only for the airfoil/ wing, the parasite drag of the
whole target drone can not be estimated. Therefore, using simulation, the parasite
drag for the whole target drone is obtained C'p,= 0.0469.

From Figure 4.1, the warm colors presents the areas at which pressure is highest
while the cooler colors is where pressure is lowest. The areas at which the pressure
is high are the areas that can be seen from the front such as the nose, the nozzle,
and the front of the wings. Meanwhile, the areas that can be seen from the top
such as the upper surface of the fuselage and the wing experience less pressure.

The graph portrayed on figure 4.2 describes the relationship between the coef-
ficient of drag (Cp) and the coefficient of lift (Cp) of the target drone. It can be
clearly seen that as the Cy, increases, the Cp also increases accordingly.

The graph portrayed on figure 4.3 illustrates how the coefficient of drag (Cp)

value varies depending on the number of iterations performed. It can be clearly

56,/76



PERFORMANCE REVIEW AND ANALYSIS OF GUAV-190417 TARGET DRONE:
CRUISING AND TURNING

I -10000
-l.4e+04

FI1GURE 4.1: OpenFOAM results: Pressure distribution.

seen that the Cp value increases in a fluctuating movement. The value of the Cp

is seen to remain steadily around the values of 0.035 up to 0.04.

4.2 Cruising Performance

Generally, target drone cruise at fixed flight levels that are usually the most fuel
efficient. When the weight of the target drone decreases and the atmospheric
conditions alter, the optimal cruise altitude will also change. To calculate the
cruising requirements, there are few matters that should be acknowledged, such
as thrust and drag forces, conditions of the atmosphere, specific fuel consumption,
and the mass of the target drone. Given that the GUAV-190417 deals with the
steady parameters of the flight, limiting the scope of the model to constant altitude
and angle of attack («) is the solution. The focus of the model is to describe the
common and maximum values of range and endurance of the target drone.

By utilizing this flight profile, it is suitable for long range mission profiles such
as patrol, surveillance, and without a doubt, target practice as it improves the
flight endurance of an target drone. However, it is not so fuel efficient. For an
target drone cruising at a constant angle of attack («) and constant altitude, the
velocity of the target drone is constantly adjusted as the weight decreases due to
fuel emission to achieve the range and endurance required.

The results obtained on figure 4.4 and figure 4.5 shows the range and endurance

that were estimated using different weight fractions. The weight fraction is set up
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FIGURE 4.2: OpenFOAM results: relationship between C;, and Cp.

from a minimum of 1.0 and a maximum of 1.3, with a difference of 0.05. It can be
seen that the range and the endurance of the target drone increases along with the
increasing weight fraction.

On figure 4.4, the range is subjected at different altitudes; starting from 0 m
(sea-level) up to 4000 m. It is clearly shown that with increasing altitude, the range
increases respectively. The maximum range at sea level using weight fraction 1.25
is 215 km. However, on figure 4.5, as air density is not a factor of endurance, the
endurance remains constant at different altitudes. Referring to the graph provided,
it is clearly shown that the endurance of the target drone increases along with
the increasing of the weight fraction. The maximum endurance obtained was 90

minutes.

4.3 Turning Performance

The objective of this section is to estimate performance parameters that are related
to the individual turns of the GUAV-190417. These parameters include the power
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FIGURE 4.3: OpenFOAM results: Cp at different iterations.

required to make a turn, turn radius, turn rate, and the time required to make a
180° at different bank angles or load factors. Elements such as weather phenomena
or non standard atmosphere conditions which influences the turning performance
of an target drone are not taken into consideration.

So, at angle of attack (a) = 0°, for a perfect turn (no skidding), it can be
distinguished that the velocity and the corresponding drag could be calculated to
find the power required. The velocity and the corresponding drag could further be
used to find the radius and rate of turn of the target drone. The total lift of the
target drone needs to be increased in order to maintain a steady flight considering
the rolling of the target drone. As the lift of the target drone is increased, this
results to an increase in the drag of the target drone as well as the thrust of the
target drone.

The drag and power required curves due to banking and turning can be distin-
guished by taking the flight condition and the angle of bank of the target drone
into consideration. At sea level (I.S.A), for a target drone with a thrust of 200 N

turning at constant angle of attack, it can be seen from figure 4.6 and 4.7 that
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FI1GURE 4.4: Range of GUAV-190417 using different weight frac-
tions at different altitudes

the values of airspeed, drag, and power required increases with respect to a greater
bank angle. The power available is the factor that limits the target drone and
distinguish the most extreme turning performance in terms of bank angle. The

Compressibility drag may occur for a target drone that flies at a subsonic level,
meaning that the lift and drag coefficients must be distinguished from the lift-drag
polar for the turning flight airspeed at each flight velocity.

Figure 4.8, 4.9, 4.10, and 4.11 portrays the affects of radius of turn, banking
angle, load factor, and T, at 180° as functions of the airspeed of the target drone at
different altitudes. The altitude was varied from 0 m (sea-level), 3000 m, and 8000
m at constant engine control settings. The maximum altitude that can be reached
by the target drone has been distinguished at 15200 m. Beyond 15200m, the power
available will not be sufficient to perform the turn. The trend obtained was that
the turning performance strongly declines with increasing altitude. The maximum
load factor decreases with altitude due to the decrease of air density and thrust at
higher altitudes. The altitude gives similar affects on the values of turning radius

and T,. Oppositely, the airspeed shows a gradual increase with respect to higher
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F1GURE 4.5: Endurance of GUAV-190417 using different weight
fractions
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FIGURE 4.6: Drag at sea-level
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FIGURE 4.7: Power required at sea-level

altitude.

From figure 4.8, the minimum turning radius at Om (sea-level) is 66.07 m at
an airspeed of 185.00 km/h. Meanwhile, the turning radius at 15200 (maximum
altitude) is 453.41m at an airspeed of 292.86 km/h.

From figure 4.9 and 4.10, the maximum bank angle at Om (sea-level) that
can be performed by the target drone is 80.96° at an airspeed of 306.64 km/h.
Consequently, the value of the maximum load factor subjected to target drone is
6.36 at the same airspeed. At 15200 (maximum altitude), the maximum bank
angle that can be performed by the target drone is 66.24° at 477.08 km/h. On the
contrary, the value of the maximum load factor subjected to target drone is 2.48
at the same airspeed.

From figure 4.11, the minimum turning time to perform a 180° (T, ) turn at Om
(sea-level) is 3.73 s at an airspeed of 223.37 km/h. Meanwhile, minimum turning
time to perform a 180° turn at 15200m (maximum altitude) is 16.19 s at an airspeed
of 353.07 km /h.
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FIGURE 4.9: Load factor and the airspeed at different altitudes
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FIGURE 4.10: Load factor and the airspeed at different altitudes
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F1GURE 4.11: Time required to make a 180° turn at different alti-
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CHAPTER 5
SUMMARY, CONCLUSION,
RECOMMENDATION

5.1 Conclusion

The sole objective of this research is to analyze the GUAV-190417 design to review
whether if it is eligible to move on to the next phase of design, which is detailed
design, prototype manufacturing, and flight test. The determination whether if the
design is qualified or not can be done by comparing its performance analysis to the
initial mission profile of the GUAV-190417, specifically in the cruising and turning
segments of flight. From the results obtained from this research analysis, it can be
concluded that:

1. Aerodynamics Performance:

e The use of OpenFOAM software for this research analysis has proven
that the coefficient of lift (C) value that was calculated manually by
referring to the Cp_ graph is similar to the value obtained from the
simulation using OpenFOAM. The analysis includes the calculation of
the coefficient of lift (C) at 0°. By simulating it in OpenFOAM soft-
ware, the result of the C, value is found at 0.3826, whereas by manual
estimation, the result of the C} value is found at 0.3529. The result
for the parasite drag value is obtained at C'p = 0.0469. The simulation
results also shows that the drag coefficient varies as the square of the

lift coefficient.
2. Cruising Performance:

e The flight profile for maximum range and endurance requires the target

drone to be in a cruise configuration. The total range and endurance
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are functions of the weight of the target drone, which is changing con-
tinuously as fuel is consumed. Hence, a weight factor is used when
calculating the the range and endurance of the target drone to take into
account, the weight loss due to fuel burnt to reach the cruising segment
of flight.The specific fuel consumption makes a significant impact to the

cruising performance.

e When calculated at different altitudes, the trend achieved was that the
higher the altitude, a longer range for the target drone can be obtained
while the endurance remain constant as the air density at different alti-

tudes does not impact the endurance of the flight.

e The cruising performance analysis resulted with the values of range and

endurance of 215km/h and 90 minutes respectively.
3. Turning Performance:

e The target drone can reach a maximum altitude of 15200m. the radius
and the time required to make a 180° turn is 453.41m and 16.19s re-
spectively. The maximum bank angle and load factor is 80.96° and 6.36
respectively at an airspeed of 223.37km/h. At sea level, the radius and
the time required to make a 180° turn is 66.07m and 3.73s respectively.

e The turn at any given bank angle is proportional to the square of the ini-
tial velocity. However, at unaccelerated flight where the initial airspeed
remains constant, the bigger the bank angle will decrease the turning
radius. The relationship achieved were the opposite of those observed
in rate of turn, where the bigger the initial speed decreases the rate of
turn and the bigger the bank angle also increases the rate of turn. The
maneuverability of the target drone gets enhanced as the flight altitude

of the target drone is decreased.

Overall, the aerodynamics calculations were done as precise as possible as it
has been proven by the OpenFOAM simulation. The range and endurance ac-
quired exceeded the author’s expectations. However, some adjustments can be

made to optimize the performance of the target drone. The turning performance
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has sufficed the mission profile of the target drone as it has proven to have a good

maneuverability.

5.2 Recommendation

1. A better lift drag polar results can be achieved by optimizing the configura-
tion of the target drone, especially the wing shape and size. The aspect ratio

can be optimized as it affects the lift and drag coefficients.

2. The endurance can be improved by optimizing the weight of the target drone.
It can be observed that the higher the weight increases the drag due to
induced and profile drag. A bigger thrust is needed to equalize the drag,
which results in a greater fuel flow, which reduces the endurance. Hence why
is it recommended to optimize the weight of the target drone as not only it

will increase the endurance but also the range of the target drone.

3. The range and endurance can also be increased by using an optimized engine,
which has a better specific fuel consumption. This will all result to a bigger

weight fraction, which will impact the weight and endurance drastically.

4. For further continuation of this project, once the performance analysis are all
done, there are other analysis to be made before moving on to the detailed
design, prototype manufacturing, and flight test phase such as FEM analysis

and stability and control analysis.
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