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SUMMARY 

This project aims to design and manufacture low cost CNC (Computer-numerical 

controlled) machine that is able to fabricate axisymmetric fan shroud from block 

of Styrofoam. The shroud will ultimately be integrated into ducted fan propulsion 

system of UAV and the change in engine performance studied.  

 

CNC Hot Wire Foam Cutter and turning lathe were built to fabricate the 

Styrofoam prototype with decent precision. Optimal duct configuration based on 

literature review was used as the baseline configuration for duct construction 

and performance analysis. Static thrust experiment shows that the ducted 

propeller is able to develop higher thrust at the same power setting as compared 

to open propeller configuration. However, it was believed that the improvement 

in performance is limited by the early flow separation caused by the rough 

surface of the Styrofoam as well as tiny gaps existed between the glued sections 

of the duct prototype. On top of that, data acquired from CFD (Computational 

Fluid Dynamic) simulation and flight test shows that the drag and weight penalty 

due to the addition of duct far outweigh the benefit from shrouding. It was 

therefore decided to remove the duct from the final aircraft prototype for better 

flight performance.  
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Several flight tests were conducted to verify the flying capability of the UAV. 

Most of the earlier flight test did not go very well due to lack of piloting skills. On 

top of that, the prototype was found to be overweight as compared to the 

original aircraft configuration obtained through overall design optimization. 

Modifications such as increased control surface area and upgrading of propulsion 

system were hence made to compensate for lack of piloting skills and deviation 

from the optimal design. Subsequent flight tests were conducted with the help 

from a professional RC pilot. The final UAV prototype was deemed to be a 

success as it proved its capability to take off, cruise and land with excellent 

performance. 

 

Future projects can possibly look into building CNC wire bending machine to 

further improve the efficiency of duct construction. It is also recommended that 

duct is best constructed hollow using strong, smooth surface, lightweight 

material such as carbon fiber in order to reduce the drag and weight penalty as 

well as to achieve better flow quality. 
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1. INTRODUCTION 

With the advancement of technology, miniaturization has become a popular 

technology which led to interest in creating smaller and unmanned aircraft. The 

result was the development of Unmanned Aerial Vehicle (UAV). The main 

advantages of UAV include the elimination of the need of air crews onboard, and 

its versatility in performing various operations (e.g. help researcher to reach 

previously inaccessible places that may contain research value, and used for 

reconnaissance purpose in counter-terrorism/military operation).  

 

One of the primary objectives of this project is to build a low cost, working UAV 

that is capable of achieving take-off, sustained flight and landing. This part of the 

project deal mainly with the design and manufacture of the ducted fan 

propulsion system for the UAV, whilst the remaining part of the aircraft is 

handled by 3 other students. The 3 remaining categories consist of:  

[1] Wing Design & Manufacture 

[2] Structural Analysis, Airframe Design & Manufacture 

[3] Flight Control & Design Optimization 

 

In order to reduce the cost of production for each UAV prototype, Styrofoam (a 

type of material that is both cheap and easily available) was chosen as the base 

material that will be used to construct bulk of the aircraft structure such as wing, 
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tail as well as fan duct. However, one serious problem about Styrofoam is that it 

cannot be machined using the conventional lathe and milling machine. The main 

reason is that Styrofoam has relatively low structural strength and can be easily 

deformed while trying to secure it to the machine using in-built clamp. On top of 

that, the lack of elasticity of Styrofoam also makes it more brittle in nature. 

Therefore, the foam can easily fracture under mechanical stress from the cutting 

process in conventional turning/milling machine, making it difficult to fabricate 

prototype with precise dimension. 

 

In view of the problem mentioned above, the main scope of this project thus 

includes design and manufacture of a low cost, computer numerical controlled 

(CNC) machine that is able to fabricate an axisymmetric fan shroud from a 

block of Styrofoam with better surface finish and reasonable precision, while 

retaining the ability of rapid prototyping at the same time. The fan shroud will 

then be integrated into the UAV propulsion system and the change in engine 

performance studied. 
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2. LITERATURE REVIEW 

2.1 Ducted Fan 

The interest in ducted fan aircraft can be traced as early back as 1930s. There are 

3 primary functions of a fan duct. The first and foremost will be to provide safety 

for the personnel handling the UAV by preventing any physical contact between 

the human and the propeller rotating at high speed. Other than that, the duct 

also serves to protect other parts of the aircraft structure. For instance, in the 

event that the UAV lose control and crash to the ground, the fan duct can absorb 

most of the impact and protect the propeller blade from damage. At the same 

time, the fan duct also helps to prevent the spinning propeller from damaging 

other part of the aircraft structure. 

 

Secondly, the inclusion of fan duct into the propulsion system may aids in 

reducing the noise produced from the propeller (Choon et al., 2001). This can be 

useful especially in commercial aircraft industry whereby noise level have to be 

kept below certain limit. Nevertheless, as noise is not the primary concern for 

this project, it is not considered as one of the main design factor. 

 

The third function of fan duct is to provide thrust augmentation for the 

propulsion system. Extensive research has been carried out to investigate the 

relationship between duct geometry and thrust augmentation. However, most of 

the early research focused on large-scale ducted propellers that operate under 

high Reynold Number, turbulent condition and thus cannot be directly applied to 
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this project, which uses mainly small propellers operating under laminar flow. 

(Reynold Number calculation based on experimental data, can be found in 

Appendix C) Among the more recent research on duct geometry, the work of 

Preston & Chee (2004) and Pereira & Chopra (2005) provide a better comparison 

as both of them utilized propeller with size similar to the one used in this project 

(the diameter of the propeller used in Preston and Pereira research are 25cm 

and 16cm respectively, with Reynold number ranging from 11500 to 23000).  

 

Based on the analysis in Pereira & Chopra (2005), there are 4 principal 

parameters that determine the effectiveness of the duct in thrust augmentation. 

These include: (1) Blade Tip Clearance (2) Inlet Lip Radius (3) Diffuser Angle (4) 

Diffuser Length, which are defined as shown in the Figure 2.1. The effect of each 

parameter is briefly described in the following section. 

 
Figure 2.1.1: Principal duct parameters affecting shrouded-rotor performance:  

diffuser angle (θd), diffuser length (Ld), inlet lip radius (rlip) and blade tip clearance 

(δtip), throat diameter (Dt) 
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Diffuser Angle & Diffuser Length 

For an open propeller configuration (Fig 2.2), flow passing through the propeller 

(slipstream) may experience natural contraction, causing an increase in the far 

wake velocity, which translates to additional power losses. Diffuser section of the 

fan duct helps to reduce this power loss by restraining the contraction of the 

slipstream (Fig 2.3). Theoretically, the expansion ratio (which depends on both 

diffuser angle and length) can be increased without limit to attain maximum 

performance benefit. However, in practical, the performance benefit ceases to 

grow at some point when the flow can no longer withstand the adverse pressure 

gradient in the diffuser and start to separate. 

 

 

 
Figure 2.1.2: Open Propeller with 
slipstream contraction 

 Figure 2.1.3: Ducted propeller with 
diffuser section 

 

 

Blade Tip Clearance 

Blade tip clearance refers to the tiny gap between the duct wall and the tip of 

the propeller blade. It is best to keep the tip clearance as small as possible in 
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order to minimize the tip vortex effect (which may lead to undesirable flow 

separation and extra drag) 

 

Inlet Lip Radius 

The circular inlet lip of the duct aids in delaying flow separation as it allows the 

flow to turn in more easily. The larger the inlet lip radius, the better the effect in 

delaying flow separation. However, the benefit comes with penalties such as 

increased size and weight, as well as increased skin friction drag. 

 

Final Configuration 

The optimal duct configuration determined by Pereira & Chopra (2005) was δtip = 

0.1% Dt , rlip = 13% Dt , θd = 10°  and Ld = 50% to 72%Dt and was claimed to give 

up to 90% increase in thrust for the same power, or 62% reduction in power for 

the same thrust. This configuration is used as the basic configuration for duct 

construction and performance analysis for this project. 

 

  



7 
 

2.2 Aircraft Configuration 

There are 2 main types of propeller-driven aircraft: “Tractor” vs “Pusher” 

configuration, each defined by the position of the propeller relative to the engine, 

as shown in Figure 2.2.1 & Figure 2.2.2 respectively. 

 

 

 

Fig 2.2.1: “Tractor” (propeller located 
in front of the engine) 

 Fig 2.2.2: “Pusher” (propeller located 
aft of the engine) 

 

The main advantage of “Tractor” configuration is that the air passing through the 

propeller is “clean”, thus allowing maximum thrust to be produced. However, 

the accelerated, rotating flow behind the propeller may amplifies the drag force 

experienced by the aircraft structure located aft of the propeller. Moreover, tip 

vortex produced from the propeller blade may also lead to early flow separation, 

thus contributing to higher drag. 

 

On the other hand, “Pusher” configuration has the advantage of lower (overall) 

drag as a smaller proportion of aircraft structure is affected by the accelerated 

stream from the propeller. On top of that, pusher configuration also offer better 

safety feature as the propeller has lower possibility of cutting an incoming 

object/human due to its position (as contrast to Tractor configuration, whereby 
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the propeller will be the first thing to hit any incoming objects). The main 

drawback for pusher configuration is that the fluid passing through the propeller 

is less “clean”, resulting in lower thrust. 

 

As none of the current UAV team member has any prior experience in designing 

UAV, it is expected that there is a low possibility that the first few flight test will 

be a successful one and there is a high change that the first few UAV prototypes 

may lose control and fly towards undesirable (unsafe) location. As a result, the 

team decided to adopt Pusher Configuration for its inherent safety feature. 
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3. CNC MACHINE DESIGN & MANUFACTURE 

In order to fabricate an axisymmetric shroud, a combination of CNC Hot Wire 

Foam Cutter and Turning Lathe was designed and built. The former provide 

accurate geometric positioning through computer-controlled axis motion while 

the latter aid in translating the cutting motion into a rotating motion.  

 

3.1 CNC Hot Wire Foam Cutter 

In order to prevent Styrofoam from fracture under the mechanical stress during 

the cutting process, hot wire was used to replace the usual metal cutter as the 

main cutting tool. The general principle is to use a high resistivity wire such as 

Nichrome wire and connect both ends to a power supply. As current flows 

through the wire, the heat generated due to the resistive heating of the wire will 

vaporize the Styrofoam. This allows the wire to “burn” through the Styrofoam 

with better surface finish and without any risk of sudden structure failure as 

there is no mechanical stress involved in the cutting process.  

 

The list of major components of CNC Hot Wire Foam Wire and their respective 

functions are explained in Table 3.1.1 (shown in next page). Photo of the actual 

prototype built is shown in Figure 3.1.1. 
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Figure 3.1.1: CNC Hot Wire Foam Cutter 
 

Table 3.1.1: List of major components of CNC Hot Wire Foam Cutter 

Name Descriptions and Functions 

Nichrome wire High resistivity wire. Used as main cutting tool. Heat up 

when electric current is allowed to flow through the 

wire and is able to “burn” through the Styrofoam. 

Spring is used to secure one end of the wire to ensure 

that the wire is fully under tension during the whole 

cutting process 

4 Stepper Motors Speed controlled through the use of electronic circuit 

and computer software. Motor shafts are coupled to 

long threaded rod which in turn translate the rotating 

Z-axis threaded 
rods 

Stepper Motor 

Nichrome Wire 

Work Table 

Variable power 
supplies 
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motion into lateral motion in both horizontal direction 

(X-axis) and vertical direction (Z-axis) 

Electronic Circuit Board Pre-programmed circuit board that provides speed 

control of the stepper motors. The speed control 

function is operated with the aid of a computer, 

connected via transmission port 

Variable Power 

Supplies 

Used to supply current to heat up the Nichrome wire, 

as well as powering up the electronic circuit board 

Computer Installed with open source interface that allow users to 

input desired cutting profile as well as varying the 

cutting speed 

Work Table Used as the platform to position the Styrofoam before 

cutting 

 

 

3.2 Turning Lathe 

As mentioned earlier, low structural strength of Styrofoam makes it easily 

deformed when it is being clamped onto conventional milling machine. In order 

solve the problem of undesirable deformation; head stock and tail stock of the 

turning lathe were installed with flat surface circular cylinder that aids in securing 

the Styrofoam through pure frictional force (instead of clamping force). 

SolidWorks model and actual photo of the first turning lathe prototype are 

shown in Figure 3.2.1 and Figure 3.2.2 respectively.  
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The prototype was later improved by incorporating stepper motor capable of 

rotating at 0.3 RPM. The rotating speed is further reduced to 0.1 RPM using 

timing belt and pulleys (Figure 3.2.3). This is due to the fact that hot wire cutting 

speed must be kept below 1.25mm/s as the hot wire may drag if it is operated 

with higher speed, resulting in inaccurate dimension (Cutting speed & current 

setting optimization can be found in Appendix D). The calculation of RPM 

required of the turning lathe can be found in Appendix E.  

 
Figure 3.2.1: Turning Lathe SolidWorks Model (1st Prototype) 
 

 
Figure 3.2.2:  Turning Lathe (1st) Actual Prototype 
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Figure 3.2.3:  Timing Belt and Timing Pulleys (3:1 gear ratio) 
 

 
Figure 3.2.4:  Turning Lathe Final Prototype 
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3.3 Procedures for Cutting Fan Duct  

The fan duct is constructed in 2 parts, namely the: [1] Diffuser section [2] Inlet 

Duct Lip 

 

Diffuser Section 

1) Mount the Styrofoam onto turning lathe head stock 

2) Adjust the tail stock such that the Styrofoam is secured firmly in place 

3) Heat up the Nichrome wire 

4) Move the hot wire to the desired outer radius position using the CNC 

software 

5) Turn the lathe for one full revolution, cutting out cylinder with the 

required outer diameter 

6) Switch off the hot wire power supply. Make a through hole on the 

Styrofoam at a position slightly nearer to the center of the lathe than the 

desired inner radius using sharp tool 

7) Thread the Nichrome wire through the hole 

8) Heat up the Nichrome wire 

9) The wire is adjusted such that it gives an angle of 5˚ to the X-axis in the 

horizontal plane 

10) Move the hot wire to the desired inner radius and turn the lathe for one 

full revolution to cut out the hollow diffuser section 

11) Switch off the power supply and remove the end product from the 

turning lathe 
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Inlet Duct Lip 

1) Input coordinates data of a semicircular shape with the required inlet lip 

radius 

2) Place the Styrofoam on the work table and start the cutting. The 

computer will cut out a semicircular cylinder according to the coordinates 

data inputted 

3) The semicircular cylinder is then cut into smaller parts of about 1mm in 

width 

4) The small parts is then glued onto the front part of the diffuser section 

using foam glue to produce the final duct 
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Figure 3.3.1: Duct Final Prototype 
 

 
Figure 3.3.2: Duct Final Prototype with Wire Mesh 
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3.4 Precision Check 

Measuring Microscope from Advanced Manufacturing Lab (shown in Figure 3.4.1) 

was used to check the accuracy of semicircular cylinder (for inlet duct lip, with 

radius = 19mm) fabricated through CNC Hot Wire Foam Cutter automated 

cutting (based on coordinate data input). Based on the zoom-in view of the foam 

surface, data points at 1mm intervals are taken and the corresponding X-Y 

coordinates are recorded (raw data can be found in Appendix F).  A graph is 

plotted in Figure 3.4.2 to compare the actual measurement data with the 

reference data. It can be seen that the dimensions of the semi circular foam 

cylinder are quite accurate with most of the data points almost coincide with the 

reference line. The maximum deviation from the reference point is calculated to 

be 0.278mm only (about 1.5% of the radius of the cylinder). 

 
Figure 3.4.1: Measuring Microscope 
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Figure 3.4.2: Semicircular Cylinder Coordinates Measurement Graph 

 

In order to determine the combined cutting performance of the CNC Foam 

Cutter and the Turning Lathe, a circular cylinder of 220mm in diameter was cut 

and its diameter was measured at 20 different points along the circumference. 

The raw measurement data can be found in Appendix F. Calculation shows that 

the dimensions are quite accurate whereby most of the measurements fall 

within 0.2% error margin (≈0.5mm) and the standard deviation is calculated to 

be 0.1% only.  
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Figure 3.4.3: Circular Cylinder Diameter Measurement Graph 
 

 

Based on the data above, the optimal duct configuration was adjusted 

accordingly to account for the error margin of 0.5mm (Table 3.4.1, shown in next 

page). The adjustment lead to an increase in the blade tip clearance, which 

would in turn reduce the thrust augmentation effect from shrouding due to 

stronger tip vortex. Hence, it is predicted that the final thrust augmentation will 

be lower as compared to the research result from Pereira & Chopra (2005). 
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Table 3.4.1: Optimal Duct Configuration 

 Optimal Configuration 

based on Pereira & 

Chopra 

Final Configuration after 

taking into account 0.5mm 

Error Margin 

Propeller Diameter 145.00 mm 145.00 mm 
 

Shroud Throat 

Diameter, Dt 
145.29 mm 145.50 mm 

 

rlip = 13% Dt 18.89 mm 19.00 mm 13.05% Dt 

δtip = 0.1% Dt 0.15 mm 0.50 mm 0.34% Dt 

θd 10° 10˚ 
 

Ld = 50% Dt 72.65 mm 72.50 mm 
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4. STATIC THRUST EXPERIMENTS 

 

Based on the design parameters optimized by the teammate who is in charge of 

the overall aircraft design optimization, the thrust required to propel the aircraft 

was calculated to be around 200g (Appendix A). In order to determine the best 

propeller/motor combination, Static Thrust Measurement was carried out using 

different set of engine and propellers. Electric brushless motor was chosen as the 

primary engine due to its better efficiency as compared to brushed motor.  

 

 
Figure 4.1: Brushless Motors and Propellers 
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The static thrust experiment is based on simple lever principle and is set up with 

the following list of equipments: 

1. 0.7m wooden beam 

2. Counterweight 

3. Electronic weighing scale 

4. DC Watt meter (not shown in the figure below) 

 

 
Figure 4.2: Static Thrust Experiment Setup 
 

 

Test Procedures for Measuring Thrust 

[1] Placed the counterweight on the beam which is then allowed to rest on 

the electronic weighing scale.  

[Note: both motor and counterweight are placed equidistant (0.3m) away 

from the center of the beam] 

Motor & Propeller 
Counterweight 

Wooden beam 
Electronic 
weighing scale 
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[2] Re-zero the reading on the weighting scale to allow ease of collecting 

data 

[3] Start the engine. Record current (I) value shown in DC watt meter as well 

as the reading on the weighing scale. The reading on the scale is equal to 

the thrust produced by the propeller. 

[4] Repeat step 3 for different thrust level 

 

Result and Discussion 

Graphs have been plotted in subsequent pages for ease of comparison (Raw 

thrust data is tabulated in Appendix B).  As shown, APC Propeller 5.7 x 3 coupled 

with AXI motor was deemed to be the best combination as it is able to give the 

thrust required (>200g) with minimum power consumption (which translate to 

better endurance for the aircraft) 

 

Thrust augmentation with the addition of duct can be clearly observed from the 

graph in Figure 4.4. However, the increase in thrust was much less significant 

(average 7% increase in thrust over open propeller configuration for the same 

power setting) as compared to those shown in Pereira experimental data. One 

possible reason might be early flow separation due to the roughness of the 

Styrofoam surface, whereby large number of tiny pores can be observed by 

naked eye. In addition, tiny gaps existed in the glued section between the inlet 

duct lip and diffuser section may also contribute to flow irregularities, thus 

affecting the flow quality in the duct. The prototype was later improved by 
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applying a thin sheet of wire mesh onto the duct (Fig 3.2.2) to prevent flow 

leakage due to the tiny gaps between the glues sections. The addition of wire 

mesh was able to further improve the thrust augmentation, resulting in an 

average 12% increase in thrust over open propeller configuration for the same 

power setting. 
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Figure 4.3:  Static Thrust Measurement Data (Open Propeller Configuration) 
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Figure 4.4:  Ducted vs Open Propeller Configuration (AXI Motor with APC Propeller 5.7 x 3) 
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5. ANALYSIS 

5.1 BEM Analysis 

Without access to wind tunnel for in-flight performance test, theoretical tool was 

employed instead to predict the cruising performance of the propeller. Several 

propeller theories are presented and discussed in the following section. 

 

Momentum Theory 

One of the earliest theories developed to predict propeller performance was the 

Rankine-Froude Momentum Theory, whereby the propeller is approximated as a 

uniformly loaded actuator disk with the same diameter, but of infinitesimal thickness. 

(This is equivalent to a propeller having infinite no. of blades). Under Momentum 

Theory, the propeller is assumed to be working in ideal fluid and is able to absorb all 

the power from the engine and later on dissipate this power by causing a pressure 

jump in the fluid flowing through the propeller.  

 

Fig 5.1.1: Actuator Disk Model 
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Thrust produced by the propeller can be represented by: 

푇 =  퐴훥푝 = Aρ (V + )vi 

Where   T is thrust 

  A is the area of the actuator disc 

  Δp is the pressure jump  

  ρ is density of the fluid 

  V is the free stream velocity 

  vi is the induced velocity 

 

However, this theory has a serious drawback in that it does not take into account the 

geometry of the propeller in calculating its performance. It can only be used to predict 

the maximum efficiency of the propeller blade but is not very useful in predicting the 

actual performance of the propeller. Therefore, Momentum theory was not chosen as 

the main theoretical tool to predict the propeller performance. Nevertheless, the 

theory was utilized to calculate the pressure jump across the propeller (used later in 

CFD simulation) based on actual thrust data from static thrust experiment.  
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Blade Element Theory 

Another propeller theory, developed later by William Froude, is called the Blade 

Element Theory. This theory is different from the Momentum theory as it includes 

details such as airfoil geometry and aerodynamic characteristics of the propeller blades. 

The theory essentially divides the blade into a large number of elementary strips, each 

with its own width, dr and chord, c (Figure 5.1.2). The lift and drag components of the 

blade element can then be resolved to obtain the respective thrust (T) and torque (Q) 

from the blade element, where 

dT  = dLcosφ – dDsinφ  = ρVR
2cdr (cl cosφ - cd sinφ) 

dQ  = (dLsinφ – dDcosφ)r  = ρVR
2crdr (cl sinφ - cd cosφ) 

 

 

Figure 5.1.2: Blade Element 
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Note that in order to calculate T and Q, we will need to know cl and cd. However, one 

need to know the induced velocity and actual airfoil cl – cd data before one can 

calculate the corresponding lift and drag coefficient. As blade element theory does not 

take into account the induced velocity, a better theory will be Combined Blade 

Element Momentum (BEM) Theory  

 

Combined Blade Element Momentum (BEM) Theory 

This theory essentially combines both Momentum and Blade Element theory in 

calculating the propeller performance. In order to solve the problem of Blade Element 

theory mentioned above, Momentum theory is incorporated to calculate the induced 

velocity, vi. With the knowledge of induced velocity, various blade angles and 

corresponding cl, cd can then be determined accordingly. The thrust value from each 

blade element is then calculated and integrated to obtain the total thrust produced by 

the propeller.  

 

Combined BEM was used as the primary theoretical tool in this project to predict the 

cruising performance of the propeller. Sample calculation of BEM can be found in 

Appendix G.    The cruising thrust was predicted to be 185.73g and if coupled with the 

thrust augmentation (12% increase) from shrouding, will produce just enough thrust 

(208g) to meet the thrust required (200g). However, it is important to note that the 
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accuracy of the BEM thrust prediction is strongly dependent on the accuracy of the 

airfoil geometry data. The only information regarding airfoil geometry provided by APC 

Propeller manufacturer was just a claim that the airfoil used is similar to NACA4412 

airfoil, but with certain modification that allows it to produce even more lift. 

Nevertheless, NACA4412 lift and drag curves was used for the BEM calculation given 

that it is the best information available. In addition, simplification through various 

assumptions such as linear blade angle distribution may affect the accuracy of the BEM 

analysis as well. 
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5.2 CFD Simulation 

Both 2-dimensional and 3-dimensional CFD (Computational Fluid Dynamic) model was 

constructed using CFD software (GAMBIT and FLUENT) to compare the performance 

between open propeller configuration and ducted propeller configuration, as well as 

predicting the drag force experienced by the duct. The setting used in FLUENT can be 

found in Appendix H.  

 
Figure 5.2.1 Ducted Propeller velocity streamline (2D) 
 

 
Figure 5.2.2 Open Propeller velocity streamline (2D) 
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Figure 5.2.3: Ducted propeller velocity contour(2D) Figure 5.2.4: Open Propeller velocity contour (2D) 

 

Table 5.2.1: 3-Dimensional Duct Simulation Drag Data 

Total duct surface area = 161887.61 mm2 

Average Drag Coefficient = 3.6321 

Drag Force = 2.2247 N ( = 226.78 g) 
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Figure 5.2.5: Graph of Y-coordinates vs Fluid Velocity just after propeller 

 

From Figure 5.2.3, 5.2.4, expansion of fluid slipstream can be clearly observed in the 

ducted propeller configuration as compared to open propeller configuration, which is 

consistent with the result shown in the study of Pereira & Chopra (2005). Velocity 

streamline plot in Figure 5.2.1 and 5.2.2 also shows how the semicircular duct lip aid in 

turning the flow, thus delaying flow separation and contributing to thrust 

augmentation. Based on 3D duct model simulation, the drag force experienced by the 

duct alone was calculated to be around 226.78g, which is almost 10 times larger than 

the increase in thrust obtained from shrouding (23g at full throttle).  The undesirable 

large increase in drag was one of the primary reasons that lead to the decision to 

remove the duct from the final aircraft prototype. (Discussed in next section “Flight 

Tests”) 
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6. FLIGHT TESTS 

The ducted fan propulsion system built was integrated with the rest of the UAV parts, 

yielding the first aircraft prototype as shown in Figure 6.1. Unfortunately, the aircraft 

was found to be significantly overweight after loading all the payloads (≈1.2kg) as 

compared to the initial weight specified in the overall design optimization (0.9205kg). 

The extra weight leads to increase in the cruising velocity required (to generate the 

extra lift force) and increase in thrust required to propel the aircraft. 

 
Figure 6.1: First UAV Prototype 
 

The flight test was conducted at an open grass field that has minimal human activity 

for safety concern. Due to the unexpected increase in thrust required mentioned 

above, the UAV was found to be underpowered and was not able to achieve sustained 

flight. The aircraft was only able to remain airborne for a very short duration and 

eventually crash landed on the grass field. 
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Evaluation of first prototype 

The addition of fan duct (weighed about 85g) was found to shift the center of gravity 

significantly backward, which reduces the static stability of the aircraft. The weight 

penalty coupled with the undesirable drag increase (as predicted from CFD simulation), 

lead to the team decision to remove the duct from the 2nd aircraft prototype since the 

disadvantages due to addition of duct far outweigh the benefit from shrouding (thrust 

augmentation). 

 

As none of the UAV team members has any prior piloting experience, it was difficult to 

control the aircraft and keep it at straight, level flight. The banked position of the 

aircraft effectively reduces the vertical lift force component, thus resulting in aircraft 

dropping faster towards the ground. Since it was not possible to reduce the total 

payload to reach the optimal design weight, it was decided that there is a need to 

upgrade the propulsion system in order to compensate for the deviation from 

optimum design (e.g. extra weight and difference in the shape of fuselage) as well as 

the loss of lift due to bad piloting skill.  

 

 

 

The upgrade of propulsion system can be achieved either through using a higher RPM 

engine or through increasing the propeller size. The later was chosen as it was a more 

cost-effective solution. Larger size diameter (Master Airscrew 8” x 4”) was used to 
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replace the original APC propeller. The propeller was chosen such that it is possible to 

achieve sustained flight at about 50% thrust level only, thus leaving room for extra 

power that can be deployed for advanced maneuvering (refers Table 6.1 below). 

Several modifications on other part of the aircraft structure (such as increased control 

surface area, longer tail boom, etc) has been made to increase the maneuverability of 

the UAV as well. The completed final UAV prototype is shown in Figure 6.2.  

 

Table 6.1: Final Prototype Parameters 

Final Weight = 1.1kg 

Thrust Required = 236g 

Final Thrust required (after addition of 1.5 

Safety Factor) 

= 354g 

Master Airscrew 8” x 4” Thrust at Max Throttle = 702g 

 

 
Figure 6.2: Final UAV Prototype 
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For the subsequent flight test, the UAV team was able to find a professional RC pilot to aid in 

controlling the UAV. With the improved design and the addition of essential piloting skill, the 

UAV was able to achieve sustained flight with a minimum of about 55% thrust level and the 

flight test was deemed to be a complete success as the UAV proved its capability to fly, cruise 

and land with excellent performance.  
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7. CONCLUSION AND RECOMMENDATIONS 

This project has succeeded in designing and building CNC machines that are able to 

manufacture axisymmetric Styrofoam duct with decent precision. However, it is worth 

to note that even with the combination of CNC Hot Wire Foam Cutter and turning 

lathe, the duct must still be fabricated in 2 separate parts and must be glued together 

afterward. The tiny gap existed between the glues section was found to contribute to 

flow irregularities, thus undermining the benefit of shrouding. One possible solution 

would be to incorporate a CNC wire bending machine that is capable to shape the hot 

wire according to the duct profile desired, thus allowing more flexibility in duct shape 

used as well as providing the capability for the duct to be fabricated in one complete 

piece.  

 

Experiments conducted proved that the ducted fan propulsion system was able to 

produce higher thrust as compared to open propeller configuration for the same 

power setting. Nonetheless, CFD simulation and actual flight test show that the drag 

and weight penalty due to addition of duct render the benefit from shrouding 

meaningless.  In order to maximize the benefit from shrouding, it is recommended that 

the duct be constructed hollow using strong, smooth surface, lightweight material such 

as carbon fiber through vacuum forming process in order to minimize the weight gain 

and increase in drag. 
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APPENDIX A 

Thrust Required Calculation 

Table A.1: Optimized Design Parameter 

Weight 0.9205 kg 

Lift Coefficient, CL 0.7059  

Drag Coefficient, CD 0.1518  

Wing Span 0.75 m 

Wing Chord 0.15 m 

Air Density 1.2 kg/m3 

 

Lift Required, L   = Weight 

   = 0.9205 (9.81) 

   = 9.03 N 

 

Wing Plane Area = Wing Span x Wing Chord 

   = 0.75 (0.15)  

= 0.1125m2 

 

Therefore, substituting all values found into the formula CL =    

We can calculate that velocity required, U = 13.77m/s 
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The required velocity obtained is then plugged into the formula 

CD =    where D is drag 

From which we can obtain D = 197.95g 

Since thrust must be at least equal or larger than the drag force in order to propel the 

aircraft 

Therefore,  

Thrust Required    = Drag    = 197.95g 
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APPENDIX B 

Static Thrust Measurement Data  

Lithium Polymer Battery voltage: 12V (constant) 

 

AXI 2814/12 Brushless Motor (Open Propeller Configuration) 

   
  APC Propeller 5.25” x 4.75” 

   

Current (A) Thrust (g) 

0.5 21 

2.2 84 

4.1 149 

5.3 186 

6.6 216 

7.9 262 

 

  APC Propeller 5.5” x 4.5” 

   

Current (A) Thrust (g) 

0.7 32 

2.6 107 

4.2 156 

5.5 200 

6.7 220 

8.5 280 

 
 
 

 
APC Propeller 5.7” x 3” 
   
 

Current (A) Thrust (g) 

0.9 43 

2.1 106 

3.6 173 

4.9 218 

5.2 239 

6.2 280 

 

Master Airscrew 8” x 4” 

 

Current(A) Thrust (g) 

0.9 92 

4.2 260 

6.1 380 

8.0 461 

10.6 600 

13.1 702 
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Hacker A30-16M Brushless Motor (Open Propeller Configuration) 

  APC Propeller 5.25” x 4.75” 

Current (A) Thrust (g) 

0.8 32 

1.9 83 

2.5 112 

2.6 120 

3.2 125 

3.8 130 

 

APC Propeller 5.5” x 4.5” 

Current (A) Thrust (g) 

0.8 32 

2.1 85 

3.2 119 

3.6 127 

4.2 135 

5.0 157 

 

APC Propeller 5.7” x 3” 

Current (A) Thrust (g) 

0.8 33 

2.0 87 

2.7 119 

2.7 128 

3.4 137 

4.0 157 
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Ducted Propeller Configuration (without wire mesh) 

AXI Motor with APC Propeller 5.7” x 3” 

Current (A) Thrust (g) 

0.6 44 

2.3 118 

3.4 158 

4.3 208 

4.9 234 

5.6 270 

 

Ducted Propeller Configuration (with wire mesh) 

AXI Motor with APC Propeller 5.7” x 3” 

Current (A) Thrust (g) 

0.6 50 

2.3 122 

3.3 163 

4.2 209 

4.7 236 

5.4 272 
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APPENDIX C 

Propeller RPM Measurement 

Equipment used: Testo 465 Non-contact Optical Tachometer (up to 100,000 rpm) 

 

Figure C.1: Tachometer and Propeller attached with Reflector 

 

Engine : AXI 2814/12 Electric Brushless Motor 

Propeller : APC Propeller 5.7’ x 3’ (radius = 0.0725m) 

RPM measured at full throttle = 15122 

Propeller Tip Reynold Number calculation 

Tip speed   = 
( )

 = 
 ( )( )( . ) =114.8m/s  

Tip chord = 0.003m  

Density of air,ρ = 1.2kg/m3 

Dynamic Viscosity,µ = 1.7894 x 10-5 kg/ms  

Retip =  = 
.  ( . )( . )

.  
 = 2.3 x 104 (Laminar) 

Reflector 

Tachometer 
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APPENDIX D 

Hot Wire Current and Cutting Speed Optimization 

A simple 2-D rectangular shape (100mm x 50mm) was used as the baseline cutting 

profile to check the deviation in dimension under different current setting and cutting 

speed. Based on Figure D.1 and D.2, it can be concluded that:  

 Optimum Hot Wire Current setting = 1.2A 

 Best Cutting Speed   = 1.25mm/s  

 

Measuring Equipment used: Vernier Caliper 

Table D.1: Current Setting Optimization Data (Cutting Speed: 1mm/s) 

Current (A) Length (mm) Height (mm) 

<0.8 not enough heat to cut 
1.00 88.24 40.22 
1.10 94.78 45.88 
1.20 100.00 49.98 
1.40 98.02 49.02 
1.60 96.20 48.30 
1.80 96.24 47.40 
2.00 96.18 47.40 

 

Table D.2: Cutting Speed Optimization Data (Current Setting: 1.2A) 

Cutting Speed 
(mm/s) 

Length (mm) Height (mm) 

0.75 100.00 50.00 
1.00 100.00 50.00 
1.25 100.00 50.00 
1.50 98.12 49.22 
1.75 96.54 45.30 
2.00 92.18 42.66 
4.00 80.12 36.44 
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Figure D.1: Dimension vs Current Graph 
 

 
Figure D.2: Dimension vs Cutting Speed Graph 
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APPENDIX E 

Turning Lathe RPM Required Calculation 

Outer Diameter of Duct based on Optimal Duct Configuration = 220mm 

Circumference  = π x Diameter 

   = π (220) 

   = 691.15mm 

Optimized hot wire cutting speed = 1.25mm/s 

Total time required for 1 full revolution = 
.

.
 = 553 seconds ≈ 9 minutes 

There, RPM (revolution per minute) required  

=   

= 0.111 RPM  

≈ 0.1 RPM (round down) 

 

Note that the RPM required is dependent on the outer diameter of the duct. The larger 

the duct diameter, the lower the RPM required of the turning lathe. 
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APPENDIX F – Precision Data 

Semicircular Cylinder Coordinate Measurement Data 

All measurements are in [mm] 

Circular Radius = 19 mm 

Table F.1: Semicircular Cylinder Coordinate Measurement data 

X  Y (reference) Y (measured) Deviation 

0 0.000 0.000 0 

1 6.083 6.023 -0.060 

2 8.485 8.470 -0.015 

3 10.247 10.250 0.003 

4 11.662 11.700 0.038 

5 12.845 12.902 0.057 

6 13.856 13.786 -0.070 

7 14.731 14.505 -0.226 

8 15.492 15.462 -0.030 

9 16.155 16.200 0.045 

10 16.733 16.692 -0.041 

11 17.234 17.103 -0.131 

12 17.664 17.804 0.140 

13 18.028 18.066 0.038 

14 18.330 18.403 0.073 

15 18.574 18.570 -0.004 

16 18.762 18.800 0.038 

17 18.894 18.888 -0.006 

18 18.974 19.200 0.226 

19 19.000 19.252 0.252 

20 18.974 19.180 0.206 

21 18.894 18.902 0.008 



52 
 

22 18.762 18.802 0.040 

23 18.574 18.568 -0.006 

24 18.330 18.368 0.038 

25 18.028 18.001 -0.027 

26 17.664 17.543 -0.121 

27 17.234 17.206 -0.028 

28 16.733 16.802 0.069 

29 16.155 16.201 0.046 

30 15.492 15.469 -0.023 

31 14.731 14.730 -0.001 

32 13.856 13.759 -0.097 

33 12.845 12.567 -0.278 

34 11.662 11.708 0.046 

35 10.247 10.145 -0.102 

36 8.485 8.508 0.023 

37 6.083 6.099 0.016 

38 0.000 0.134 0.134 

 

Maximum deviation = 0.278 mm 
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Circular Cylinder Diameter Measurement Data 

Circular cylinder of 220mm in diameter was cut and its dimension was measured using 

Vernier Caliper (smallest unit = 0.02mm) 

Table F.2: Circular Cylinder Diameter Measurement Data 

Diameter (mm) 

1 219.80 

2 220.30 

3 220.00 

4 219.90 

5 219.82 

6 220.30 

7 220.32 

8 220.00 

9 219.76 

10 220.40 

11 220.10 

12 220.00 

13 220.34 

14 220.14 

15 220.00 

16 220.00 

17 219.50 

18 220.00 

19 220.00 

20 220.00 

Based on the data above, we can calculate that 

Average = 220.034mm 

Standard Deviation = 0.2241mm 
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APPENDIX G 

Combined Blade Element Momentum Theory Sample Calculation 

Assumptions Made: 

 Constant lift curve slope, a0 = 3.6897 rad-1 

o Based on NACA4412 Cl curve 

 Linear blade angle distribution 

 Near hub region (r < 0.012m) of the propeller blade does not generate thrust 

 

 

Figure G.1 Blade Element angle definition  
 

Given: 

Parameter Values 

APC Propeller (5.7’ x 3’) Radius, R  0.0725 m 

Angular Speed at full throttle, n 252.03  rev/s 

Air density, ρ 1.225  kg/m3 

Free Stream Velocity, V 13.77  m/s 
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Step-by-Step Calculation: 

Step (1) 

φ = tan-1 2휋푛푟 = 
.

( . )( . )
 = 0.6271 

Step (2) 

σ =  휋푅 =  
( . )
( . ) = 0.0983 

Step (3) 

x =   =  
.

.
 = 0.1655 

Step (4) 

θ = (β-φ)/[ ( 1+8x(sinφ) )/σa0 = 
. .

( . )  ( . )
. ( . )

 = 0.0393 

Step (5) 

α = β-φ-θ = 0.7505 - 0.6271 - 0.0393 = 0.0841 

Step(6) 

Cl = a0α =3.6897 (0.0841) = 0.3103 

Step (7) 

From NACA4412 Cd curve, at α=-0.0841, Cd = 0.0036 

Step (8) 

φ0 = φ + θ = 0.6271 + 0.0393 = 0.6664 

Step (9) 

dT  = Bρ(2π2n2r2)(cos2θ/cos2φ)[Cl cosφ0 – Cd sinφ0] c dr 
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=2(1.1646)[2π2(252.03)2(0.012)2)[cos2(0.0393)/cos2(0.6271)] [0.3103cos(0.6664) 

– 0.0036 sin(0.6664) ] (0.0112) dr 

dT = 1.8229 dr 

Step (10) 

∫푑푇 = ∫ 푓(푟) 푑푟       where f(r) = 1.8229 for r =0.012m as calculated above 

 T = ∫ 푓(푟)푑푟.
.  

 

With the same method, we can calculate that when r = 0.018m 

f(r)r=0.018m = 7.6749 

Therefore, using Trapezium Rule 

 

T = (0.018 – 0.012)
. .

 = 0.0285N 

 

Step (1) – (10) are repeated for the remaining blade elements to calculated the 

corresponding thrust T produced from each element. The total thrust can then be 

obtained by summing up all the element thrust value. The calculated values can be 

found in the tables below 
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Table G.1: Propeller Geometry Data 

Element radius (m) 0.0120 0.0180 0.0240 0.0300 0.0360 0.0420 0.0480 0.0540 0.0600 0.0660 0.0720 
Chord (m) 0.0112 0.0120 0.0134 0.0144 0.0132 0.0130 0.0124 0.0108 0.0088 0.0054 0.0036 
β (deg) 
    (rad) 

43.0000 39.7000 36.4000 33.1000 29.8000 26.5000 23.2000 19.9000 16.6000 13.3000 10.0000 
0.7505 0.6929 0.6353 0.5777 0.5201 0.4625 0.4049 0.3473 0.2897 0.2321 0.1745 

 

Table G.2: BEM Calculation Data 

φ 0.6271 0.4501 0.3476 0.2822 0.2370 0.2042 0.1792 0.1597 0.1439 0.1310 0.1202 
σ 0.0983 0.1054 0.1177 0.1264 0.1159 0.1142 0.1089 0.0948 0.0773 0.0474 0.0316 
x 0.1655 0.2483 0.3310 0.4138 0.4966 0.5793 0.6621 0.7448 0.8276 0.9103 0.9931 
θ 0.0393 0.0754 0.0935 0.0993 0.0890 0.0800 0.0674 0.0506 0.0337 0.0157 0.0059 
α 0.0841 0.1675 0.1942 0.1962 0.1941 0.1784 0.1583 0.1370 0.1121 0.0854 0.0484 
Cl 0.3103 0.6179 0.7166 0.7240 0.7161 0.6582 0.5842 0.5056 0.4137 0.3151 0.1786 
Cd 0.0036 0.0209 0.0354 0.0366 0.0353 0.0263 0.0169 0.0097 0.0048 0.0036 0.0084 
φ0 0.6664 0.5254 0.4411 0.3815 0.3260 0.2841 0.2466 0.2103 0.1776 0.1467 0.1261 
f(r) 1.8229 7.6749 16.8237 28.1248 36.8010 45.5691 50.7299 48.7380 40.3192 22.8680 10.2406 
T 0.0285 0.0735 0.1348 0.1948 0.2471 0.2889 0.2984 0.2672 0.1896 0.0993  

 

Summing up all the thrust produced by each blade elements 

Total Thrust  = 1.8221 N 

  = 1.8221(
.

) 

  = 185.73g 
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Figure G.2: NACA 4412 CL curve 

 

Figure G.3: NACA 4412 CD curve 
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APPENDIX H 

CFD Simulation 

From static thrust measurements data of AXI motor coupled with APC Propeller 

5.7 x 3: 

Thrust at maximum throttle, T = 280 g  =  
 ( . )

  = 2.7468 N 

Radius of propeller, R = 0.145m 

Area of actuator disc, A = 
( . )

 = 0.0165 m2 

 

Using the equation from Rankine-Froude Momentum Theory 

T = A (ΔP) 

We can calculate the pressure jump, ΔP = 166.47 Pa 

 

The ducted fan model (both 2D and 3D) is built using CFD software, Gambit and 

simulations are completed using the software Fluent 6.3. The settings used are 

shown in next page. 
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Table H.1: CFD Fluent Setting: 

Type 2D/3D Flow 

Time Steady 

Viscous Model: Laminar  

Element Type  Quadrilateral 

Method of Meshing Pave  

Density of Air, ρ 1.225 kg/m3 

Viscosity of Air, µ 1.7894E-5 kgm/s-1  

Global Pressure 101325 Pa  

Fan Pressure Jump 166.47 Pa  

 

 

 

- END OF THESIS - 


