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Introduction 
Having grown up around geese, I was fascinated at the circular movement of their wings, and the way they thrust through the air as they sailed high, aligned in V formation. As time passed, I watched their distinctive flight while sitting in my garden each day and became more and more curious about their means of propulsion. This curiosity lead me to research the mechanics behind their flying. I was particularly fascinated that geese create thrust through a rotary design instead of just flapping up and down. It was Flettner who invented the cyclorotor, a radical new propulsion concept, which allows for thrust to be produced in any direction. Due to the Cyclorotor’s ability to produce thrust in any direction, they are suitable for highly manoeuvrable vessels.
[image: A group of white geese on grass
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Curious to learn more about this propulsion type, I started creating 3D models for cycloidal propellers. But then I began to ask: What are the most efficient dimensions for a cyclorotor? That inspired me to learn how the linkage length effects thrust, torque and overall efficiency. In order to answer this, I conducted experimental tests with eleven different blade linkage lengths to find the most ideal configuration for maximizing the efficiency of the system. Since efficiency is typically maximized at an intermediate value rather than at the extremes, I formulated my Extended Essay research question as follows:

“How does the blade linkage length affect the efficiency of a cycloidal propeller in water?”
[bookmark: _Toc190916018]Background information
[bookmark: _Toc190916019]General overview 
A propellor is a device, which can be dated back 200 BC, with a rotating hub and radiating blades that are set at a pitch to form a helical spiral which, when rotated, exerts linear thrust upon a working fluid such as water or air. Moreover, A cycloidal propellor is a type of propulsion system[footnoteRef:1] where multiple blades rotate around a central axis while continuously adjusting their pitch to generate thrust in any direction. This is different from a normal propellor as it can produce thrust in all direction. The efficiency of a cycloidal propellor is determined by many factors like blade linkage length, blade angle of attack, and number of blades. However, the blade linkage length  is one of the most significant parameters. The blade linkage length is the radical distance from the center of the propellor to the blade pivot, affecting both the torque and thrust generation of the propellor. Since efficiency is typically optimized at an intermediate value, this research aims to identify the optimal blade linkage length that maximizes thrust while minimizing energy losses. [1:  A propulsion ] 



[bookmark: _Toc190916020]Features of a cycloidal propellor 

[image: A diagram of a blue and orange object
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1) Blade linkage length 
a. This fine-tunes the performance – by effecting torque, thrust, and efficiency of the propellor.  An optimal length is needed for maximizing energy losses and creating the best efficiency. 
2) Main frame
a. This provides support to the entire propellor to hold everything together. This ensures stable rotation, ensuring stable vibrations in the system. 
3) Linkage arms 
a. These connect the blade pivot point and central rotating shaft, allowing the blades to change their angle of their attack dynamically as they move through water. 
4) Propellor Blade 
a. Generating thrust by interacting with the fluid. 
5) Central Hub 
a. Acts as the core of the propellor where all the arms connect, and the entire systems rotates around. It also transfers rotational motion from the motor to the propellor blades.
[bookmark: _Toc190916021]Blade linkage length and its role in cycloidal propulsion 
The Blade linkage length determines the blade path and angle of attack, directly influencing the forces acting on the propellor. Moreover, some basic assumptions can be made in relation to the Blade linkage length. 
· A longer linkage length increases the blade’s range of motion, which can enhance thrust but may also increase drag and power consumption.
· A shorter linkage length results in a smaller blade movements, which produces less force compared to a longer length, reducing the thrust.  
Specifically in marine applications like tug boats and other vessels, the blade linkage length effects how efficiently the propellor can move through water, balancing thrust and drag for efficient travel and fuel consumption. 
[bookmark: _Toc190916022]Thrust and torque generation 
[image: Diagram of a diagram of a force
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Figure 1: All forces acting on the cycloidal propellor 
The diagram explains both the general rotation of a cycloidal propellor through water, and the geometric angle of attack that is used to optimise the thrust produced. The blue arrows are for hydrodynamic motion, which improves thrust and rotational motion of propellor. The green arrows indicate the drag force that are against the motion, thus when minimum, gives rise to higher efficiency. The thrust force -- indicated by the pink arrow -- is the net hydrodynamic force. Altering the blade linkage length redistributes the forces and affects efficiency, thrust, and torque output.
[bookmark: _Toc190916023]Performance parameters 

1) Thrust coefficient  represents how efficiently the propeller converts rotational speed into thrust. It is commonly used for better quantitative analysis



T: Thrust force (N)
: Water Density (1000 kg/) 
n: Rotational speed (rev/s)
D: propellor diameter 
· If  increases, the propellor produces more thrust for the same rotational input which improves the overall efficiency of the system. 
· If  decreases, the propellor produces less thrust for the rotational input decreasing efficiency of the system. 

2) Torque coefficient  measures how efficiently input torque produces thrust. Also, it can be described by this formula. 


: Torque Force ( N ) 
: Water Density (1000 kg/) 
n: Rotational speed (rev/s)
D: propellor diameter 

· If  decreases, longer linkages require less torque to generate thrust, which improves efficiency. 
· If  increases, longer linkage lengths cause energy losses due to drag and other external forces. 

3) Advance coefficient  is a dimensionless parameter used in propeller performance analysis. It describes the relationship between the forward speed of the propeller and its rotational speed. This coefficient helps determine how efficiently the propeller converts rotational motion into thrust.



J: Advance coefficient 
V: Water velocity (m/s) 
n: Rotational speed 
D: Propellor diameter (m) 



What does the advance coefficient tell us?
1. Low J ( <0.5) 
a. The propellor is spinning fast compared to the forward speed. 
b. This usually means that the propellor is operating at low efficiency, possibly creating wasted energy in turbulence 
c. This occurs when the blade linkage length is too short, leading to inefficient thrust generation.
2. Medium J ( 
a. This is usually the optimal range of efficiency 
b. Experiment expected to show maximum thrust in this range 
3. High J ( > 1.0 ) 
a. The propellor is moving forward fast relative to its rotation. 
b. This can lead to thrust breakdown, where the propeller isn’t pushing enough water to generate efficient propulsion.
c. This can lead to thrust breakdown, where the propeller isn’t pushing enough water to generate efficient propulsion.
[bookmark: _Toc190916024]Measurement of efficiency 

Efficiency is the ratio of useful work output to energy input. However, in a marine propulsion system, the useful work is the thrust generation, and the input energy comes from the torque applied to the system. The formula below represents how effectively the systems convert torque into useful thrust, accounting for fluid dynamics. 


[bookmark: _Toc190916025]Aim:
To investigate the effect of varying the Blade linkage length ​on the efficiency of a cycloidal propeller in water, by measuring thrust and torque coefficients  and ​​,  and calculating efficiency using the formula ​​ , where J is the advance coefficient. 
[bookmark: _Toc190916026]Hypothesis:
It is hypothesized that efficiency (  ) and Blade linkage length follow a non-linear trend. Initially it is hypothesized that efficiency will increase with increasing the Blade linkage length . However, when the Blade linkage length  is too large then efficiency will decrease. The optimal Blade linkage length  is estimated to be somewhere in the middle of the range of values, where the balance between torque and thrust generation is maximized.  
[bookmark: _Toc190916027]Variables:
	Variable Type
	Variable
	Unit
	Measurement Method
	Uncertainty
	Least Count

	Independent Variable
	Blade linkage length 
	cm
	Measured using a ruler 
	±0.01 cm
	0.01 cm

	Dependent Variable
	Efficiency  
	%
	Calculated using 


	Derived from uncertainties in 
	Computed
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Also, make sure the RPM stays constant due to experimental accuracy, measured using a tachometer. 

		
	  Table 2: RPM in each trial to reduce error 
	Blade Linkage Length (cm)  0.002
	Rotational Speed (RPM)

	
	Trial 1
	Trial 2
	Trial 3

	3.0
	799
	800
	802

	3.5
	798
	800
	799

	4.0
	803
	801
	800

	4.5
	804
	805
	806

	5.0
	803
	803
	805

	5.5
	802
	805
	808

	6.0
	801
	805
	809

	6.5
	802
	803
	804

	7.0
	801
	804
	803

	7.5
	788
	804
	803

	8.0
	802
	803
	800




[bookmark: _Toc190916028]Methodology
[bookmark: _Toc190916029]Materials needed:
1) 3D printed cycloidal propellor models using PETG with different Blade linkage lengths 
2) 20L water tank 
3) Motor with speed controller or constant RPM
4) 9 V batteries 
5) Torque sensor – placed between motor and propellor 
6) Force sensitive resistor 
7) Tachometer –  0.01
8) Water velocity meter 
9) Thermometer 
10)  Arduino UNO 
11) 10 kΩ resistor 
12) USB cable 
13) Bread board and jumper wired 
14)  Mounting stand and clamps 
15)  Ruler 
16)  Waterproof tape
17)  Laptop with data logging software  


[bookmark: _Toc190916030]Experimental steps: 
1) Design 11 different propellers, each with a fixed linkage length varying between 3.0 cm and 8.0 cm, increasing in increments of 0.5 cm, using the 3D design software Shapr3D.
2) Once printed, label all the propellers with the corresponding linkage length to avoid confusion during the experiment.
3) Fill the 20 L water tank up to 30 cm to ensure free movement of the propeller and to provide sufficient space for all experimental components.
4) Install the water velocity meter to monitor and regulate water velocity across all trials to ensure consistency.
5) Attach the first propeller (with a 3 cm linkage length) to the motor shaft using the mounting system.
6) Submerge the propeller three-quarters of the way into the water and measure this depth to maintain consistency. Ensure the submersion depth remains constant for all trials.
7) Set up the torque sensor, force sensor, tachometer, and thermometer, ensuring they are securely positioned and calibrated for accurate data collection.
8) Measure and record the initial temperature of the water in the tank, and ensure it remains constant for the entire experiment.
9) Turn on the motor and allow it to reach a constant speed before submerging the propeller inside the water.
10) Wait until the data appears on the data logger, ensuring the system has reached a stable state before taking measurements.
11) Repeat this process three times for each blade linkage length to calculate an average value for accuracy.
12) Repeat the entire experiment for all 11 different linkage lengths, following the same procedure. Record all data in a table for further processing and analysis.





[bookmark: _Toc190916031]Setting up the force-sensitive resistor
1) Design the circuit using the FSR and Arduino  
[image: Force Sensitive Resistors (FSRs) with Arduino — Maker Portal]
Figure 2: Diagram of circuit in experiment 
2) Download Arduino IDE 
3) Upload this code
[bookmark: _Toc190916032]Experimental setup 
[image: ]
Figure 3: Experimental set-up 

The code to be written on the Arduino IDE
[bookmark: _Toc190916033][image: ]Figure 4: code on the Arduino ID
[image: A circuit board with wires and text
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Figure: Sensor circuit for measurement

Raw data tables: 

Table 2: Raw data values for thrust force 
	Blade Linkage Length (cm)  0.002 
	Thrust Force (N) 

	
	Trial 1
	Trial 2
	Trial 3
	Trial 4
	Trial 5 

	3.00
	4.10
	4.08
	4.12
	4.05
	4.10

	3.50
	5.02
	5.07
	4.93
	5.06
	5.08

	4.00
	5.74
	5.80
	5.71
	5.75
	5.73

	4.50
	7.04
	7.06
	7.12
	7.10
	7.05

	5.00
	7.02
	7.05
	7.09
	7.00
	7.03

	5.50
	7.52
	7.63
	7.58
	7.59
	7.55

	6.00
	7.07
	7.11
	7.06
	7.09
	7.08

	6.50
	6.52
	6.55
	6.47
	6.50
	6.54

	7.00
	5.83
	5.81
	5.77
	5.80
	5.79

	7.50
	4.86
	4.91
	4.86
	4.88
	4.87

	8.00 
	4.21
	4.32
	4.27
	4.30
	4.28






Table 3: Raw data values for torque values 
	Blade Linkage Length (cm)  0.002
	Torque (Nm) 0.001 

	
	Trial 1
	Trial 2
	Trial 3
	Trail 4 
	Trial 5 

	3.0
	0.231
	0.229
	0.231
	0.228
	0.230

	3.5
	0.282
	0.285
	0.277
	0.284
	0.286

	4.0
	0.324
	0.326
	0.321
	0.325
	0.323

	4.5
	0.396
	0.398
	0.402
	0.399
	0.396

	5.0
	0.395
	0.397
	0.398
	0.394
	0.396

	5.5
	0.423
	0.431
	0.426
	0.427
	0.424

	6.0
	0.398
	0.400
	0.396
	0.398
	0.397

	6.5
	0.367
	0.368
	0.365
	0.366
	0.368

	7.0
	0.329
	0.328
	0.325
	0.327
	0.326

	7.5
	0.274
	0.277
	0.274
	0.275
	0.275

	8.0
	0.237
	0.244
	0.241
	0.243
	0.240



Table 4: Raw data values for water velocity 
	Blade Linkage Length (cm)
 0.002
	Water Velocity (m/s)

	
	Trial 1
	Trial 2
	Trial 3
	Trial 4 
	Trial 5 

	3.0
	1.17
	1.19
	1.21
	1.20
	1.18

	3.5
	1.22
	1.22
	1.23
	1.23
	1.22

	4.0
	1.24
	1.23
	1.23
	1.24
	1.23

	4.5
	1.28
	1.28
	1.28
	1.29
	1.27

	5.0
	1.28
	1.28
	1.29
	1.29
	1.28

	5.5
	1.30
	1.29
	1.30
	1.31
	1.29

	6.0
	1.27
	1.27
	1.28
	1.28
	1.27

	6.5
	1.25
	1.25
	1.26
	1.26
	1.25

	7.0
	1.23
	1.22
	1.23
	1.23
	1.22

	7.5
	1.21
	1.22
	1.22
	1.21
	1.22

	8.0
	1.19
	1.18
	1.18
	1.19
	1.18


[bookmark: _Toc190916034]

Data Processing:
Calculation of the average for the 3cm blade linkage length: 


[bookmark: _Toc190916035]Data tables with average calculated 

Table 5: Average thrust force with uncertainty 

	Blade Linkage Length (cm)
	Avg Thrust Force (N)
	Uncertainty (N)

	3.0
	4.09
	0.035

	3.5
	5.03
	0.075

	4.0
	5.75
	0.045

	4.5
	7.07
	0.040

	5.0
	7.09
	0.045

	5.5
	7.57
	0.055

	6.0
	7.08
	0.025

	6.5
	6.52
	0.040

	7.0
	5.80
	0.030

	7.5
	4.88
	0.025

	8.0
	4.28
	0.055



Table 6 : Average torque with uncertainty
	Blade Linkage Length (cm)
	Avg Torque (Nm)
	Uncertainty (Nm)

	3.0
	0.23
	0.002

	3.5
	0.28
	0.004

	4.0
	0.32
	0.003

	4.5
	0.40
	0.003

	5.0
	0.39
	0.002

	5.5
	0.43
	0.004

	6.0
	0.40
	0.002

	6.5
	0.37
	0.002

	7.0
	0.33
	0.002

	7.5
	0.28
	0.002

	8.0
	0.24
	0.004






Table 7 : Average water velocity with uncertainty
	Blade Linkage Length (cm)
	Avg Water Velocity (m/s)
	Uncertainty (m/s)

	3.0
	1.19
	0.02

	3.5
	1.22
	0.01

	4.0
	1.24
	0.01

	4.5
	1.28
	0.00

	5.0
	1.28
	0.00

	5.5
	1.30
	0.01

	6.0
	1.27
	0.01

	6.5
	1.25
	0.01

	7.0
	1.23
	0.01

	7.5
	1.21
	0.01

	8.0
	1.19
	0.01




These values will be used as they are constant : 
Thrust force ( N ) = 4.10 N
Torque ( Q ) = 1.10 Nm 
Water velocity (  ) = 1.19 m/s
Diameter (  ) of the propellor = 10 cm = 0.1 m 
Density of water (  ) = 1000 
1) To calculate the advance coefficient 

To convert n from rpm to RPS: 


Uncertainty in  (  ) = 
Uncertainty in n ( ) = 
Uncertainty in D (  ) =  CHANGE







2) To calculate the thrust coefficient 






Uncertainty in T (  ) = 
Uncertainty in  ( ) = 
Uncertainty in  (  ) = 





		Percentage error = 





3) To calculate Torque coefficient 




		Uncertainty in  (  ) = 
		Uncertainty in  (  = 




		Percentage Error: 
4) To calculate efficiency 





		Uncertainty in  (  ) :





		Percentage error in :

[bookmark: _Toc190916036]Processed data tables: 
Table 8: Processed data table
	Blade Linkage Length (cm)
	Thrust Coefficient () ± Uncertainty
	Torque Coefficient () ± Uncertainty
	Advance Coefficient  ( J ) ± Uncertainty 

	3.0
	0.230  0.0188

	0.129  0.0117
	0.893  0.0201

	3.5
	0.283  0.0231
	0.159  0.0120
	0.915  0.0206

	4.0
	0.323  0.0263
	0.182  0.0123
	0.930  0.0209

	4.5 
	0.398  0.0323
	0.224  0.0128
	0.960  0.0215

	5.0
	0.399  0.0322
	0.223  0.0128
	0.960  0.0215

	5.5
	0.426  0.0346
	0.240  0.0131
	0.975  0.0218

	6.0
	0.399  0.0324
	0.224  0.0128
	0.953  0.0213

	6.5
	0.367  0.0298
	0.207  0.0127
	0.938  0.0210

	7.0
	0.326  0.0265
	0.184  0.0124
	0.923  0.0207

	7.5
	0.274  0.0227
	0.155  0.0121
	0.908  0.0204

	8.0
	0.241  0.0197
	0.136  0.0119
	0.893  0.0240







[bookmark: _Toc190916037]Graphical analysis: 
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[bookmark: _Toc190916038]Processed data for the efficiency 

		     Table 9: Final efficiency values
	S. No
	Blade Linkage Length (cm)
	Efficiency 

	1
	3.0
	1.592  0.1977

	2
	3.5
	1.629  0.1847

	3
	4.0
	1.650  0.1785

	4
	4.5
	1.706  0.1736

	5
	5.0
	1.717  0.1744

	6
	5.5
	1.731  0.1737

	7
	6.0
	1.697  0.1728

	8
	6.5
	1.663  0.1733

	9
	7.0
	1.635  0.1765

	10
	7.5
	1.605  0.1862

	11
	8.0
	1.582  0.1942






[image: A graph of efficiency and blade linkage length
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[bookmark: _Toc190916039]Analysis: 
The experimental results clearly show that there is a relationship between Blade Linkage Length and the efficiency of the cycloidal propeller, submerged in a water. Efficiency increases with linkage until about 5.5cm, beyond which it decreases again along what is roughly a bell-shaped sigmoid curve. An efficiency of 1.731 was recorded at 5.5 cm linkage length, which was the highest efficiency recorded. The initial increase in efficiency is due to the increase in thrust created when the linkage length increases, but after a certain length the drag forces and opposition overcome the additional thrust created and efficiency suffers. This trend is consistent with the hypothesis, as increased effectiveness can be associated with increasing thrust and torque values until the point of maximum efficiency.
However, there were some anomalies in the data, notably at 3.5 cm and 4.0 cm linkage lengths. For example, at 3.5 cm, the efficiency was 1.629, and at 4.0 cm, it was 1.650. The standard smooth growing upward trend that is somewhat expected is not followed by such values and these are showing some random fluctuations and anomalies. Such variations indicate possible external factors affecting the measurements of a few data points. These values depict experimental issues, like slightly different motor performance ,slightly different propeller fabrication or slightly different rotations per second. For instance, the sensor sensitivity can be lower for smaller linkage lengths due to minimal thrust produced by the water, which may have impacted recorded thrust data. Additionally, minor changes in water velocity may have affected the efficiency measurements as well, especially at lower linkage lengths for which smaller forces are being measured. Indeed, these results emphasize the necessity for improved sensor calibration or use of a sensor with higher sensitivity, particularly for smaller linkage lengths, as they yielded much more sensitive force measurements.
The methodology of the experiment was well thought and the data collection process was quite well regulated. 3D printed cycloidal propellers,20L water tank, Arduino UNO for data logging made sure this experiment was repeatable and data could be captured. Linkage lengths trials were repeated to average the errors and finally increase the reliability of the results. Nonetheless, making sure the 
Motor fluctuations may have contributed substantially to the experiment error. By holding the motor RPM constant in all the trials, power supply variations may have resulted in variations in motor speed. This, in turn, would have altered the thrustand torque measurements. Furthermore, the water velocity sensor may have created some measurement uncertainty. At lower linkage lengths, the propeller produced smaller forces, and the sensors may not have been able to detect these smaller variations; this causes the results to have more uncertainty compared to the links at higher linkage lengths.
The uncertainty analysis similarly showed that the efficiency uncertainty was greater for shorter linkage lengths, indicating that the measurements of those smaller propellers were less accurate. The larger forces at play, as the linkage length increased, made the measurements more reliable, and the uncertainty decreased. This makes sense, larger forces tend to make more reproducible measurements. Once more, however, this polynomial curve fitting done to the efficiency data and resulted in a good model (R² = 0.931); thus it is confirmed that the polynomial regression well depicts both the linkage length based efficiency data. Though the R² value is so high, the peripheral jaggedness of the mode shows that either voltage in the power supply or some external calibration errors in the sensors are making their contributions and affecting the measurements.
In short, the results of this experiment support the hypothesis that efficiency increases with linkage length until it hits a maximum value at 5 cm, and decreases after that. This data also contains non-ideal patterns introduced by experiment limitations like voltage fluctuations of sensors, and the calibration of sensors. With these limitations addressed, future experiments could yield more accurate results, which provides for an improved understanding of the relationship between linkage length and efficiency.




[bookmark: _Toc190916040]Conclusion: 
In conclusion, the experiment successfully demonstrated that the efficiency of a cycloidal propeller increases with linkage length up to an optimal point, around 5. 5 cm, after which it starts to decrease. The data generally supported the hypothesis, but anomalies at smaller linkage lengths highlighted the impact of experimental limitations, such as sensor inaccuracies and potential motor fluctuations. The uncertainty analysis revealed that larger linkage lengths produced more precise measurements, reinforcing the reliability of results at higher values. Future experiments should aim to refine sensor calibration and control environmental factors to minimize these uncertainties by using more precise sensors.
[bookmark: _Toc190916041]Possible sources of error 

[image: A table with text overlay
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	Air Bubbles in Water
	Air bubbles might form during submersion or operation of the propeller.
	Can reduce water density locally, affecting thrust and torque generation.
	Degas the water before starting the experiment or ensure smooth submersion to avoid introducing bubbles.

	Motor Speed Fluctuations
	The motor may not maintain a constant rotational speed throughout a trial.
	Leads to inconsistencies in measured torque, thrust, and efficiency.
	Use a tachometer to monitor motor speed and adjust with a feedback system to ensure constant RPM.

	Blade Manufacturing Variance
	Small imperfections in 3D-printed blades could cause slight differences in linkage lengths or blade shape.
	Variations could alter thrust and torque values for each propeller, introducing variability in data.
	Inspect and measure each printed propeller before the experiment to ensure uniformity.

	Force and Torque Sensor Placement
	Sensors might not be placed in the ideal location to capture accurate measurements.
	Misaligned or improperly placed sensors could yield inaccurate torque and thrust data.
	Ensure sensors are correctly positioned and secured based on the propeller and setup geometry.

	Measurement Timing
	Data may be recorded before the system stabilizes to a constant state.
	Early or late measurements could inaccurately represent the actual performance of the propeller.
	Allow the system to stabilize for a set duration before collecting data.

	Environmental Factors
	Changes in ambient conditions (e.g., humidity, air temperature, vibrations) during trials.
	These factors can indirectly affect the experiment setup or sensor performance.
	Conduct trials in a controlled environment to minimize external interference.



[bookmark: _Toc190916042]Improvements and further scope:
· Sensors: A force sensitive resistor is being used in this experiment to calculate thrust. Using more accurate sensors like a load cell would make the experiment more reliable as sensors like an force sensitive resistor may be inaccurate and take a lot of time to calibrate. Moreover, the external vibrations could be reduced to make the force readings more accurate. 
· Experimental set up: Use a larger tank to reduce water turbulence and sand down the 3D printed propellors to ensure surface is smoother to minimise drag force or use stronger materials like carbon fibre. 
· Tachometer: Use a more stable tachometer to ensure precise RPM readings or use many tachometers to confirm. 
· Further scope could be testing the propellors in different liquids with different viscosity like oil or seawater ,to mimic real-life conditions, and find how it affects the efficiency. Also, testing it with asymmetric linkage lengths could also be tested to see its effect on efficiency. 
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Table 1: All control variables

Controlled Variable

Why It Must Be Controlled

How It Is Controlled

Rotational Speed (n)

Affects torque and thrust; if it
changes, the impact of blade
linkage length cannot be

isolated.

Use a regulated motor with a
speed controller to keep RPM
constant ( 800 RPM ) across all

trials.

‘Water Flow Velocity
(\2]

‘Water flow variations change
force exerted on the blades,
affecting thrust

measurements.

Use digital flow sensor to
measure water velocity at all

times.

‘Water Density (p)

Density directly influences
resistance, drag, and thrust
calculations, impacting

efficiency values.

Use pure distilled water from the

same source each time.

Propeller Diameter

D)

Altering the diameter changes
the Reynolds number and
advance coefficient,

distorting efficiency trends.

Keep the same propeller
diameter across all experiments

and 3D-printed designs in CAD.

Blade Design (Blade
Area, Thickness, and

Angle of Attack)

Blade shape and attack angle
influence hydrodynamic
performance, affecting

experimental consistency.

Fix the blade shape, size, and
attack angle during 3D

modelling and manufacturing.

Velocity of water in

the tank

Unstable water conditions
create turbulence, which can
introduce random errors in

thrust readings.

Ensure water is still and no
external conditions are affecting

the experiment.

Sensor calibration

If measurement tools are
inconsistent, readings for
force and torque may be

inaccurate, impacting results.

Calibrate all sensors before use
and verify consistency through

repeated measurements.

‘Water Temperature

C)

Affects viscosity and density,
influencing fluid resistance

and thrust calculations.

Keep measuring the water
temperature before each reading

to ensure fair results.
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External
Environmental
Factors (Humidity,

Air Pressure)

Changes in humidity and
air pressure can alter the
density of air above the
water, affecting water

properties.

Conduct experiments in a closed
indoor environment to minimize

external atmospheric variations.

Submersion Depth of
Propeller (m)

Affects how much
resistance and turbulence
the propeller faces, altering

force readings.

Submerge the propeller to a fixed
depth for all trials using a

calibrated mounting setup.

Material of the

Propeller

Material properties
influence blade flexibility,
drag, and overall durability
of the propeller.

All propellors made from PETG
(Polyethylene
terephthalate glycol)
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const int fsrPin = A@; // FSR connected to analog pin AQ

1int fsrReading; // Analog reading from the FSR
float fsrVoltage; // Converted voltage

float fsrResistance; // Computed resistance

float fsrConductance; // Computed conductance

float fsrForce; // Computed force in Newtons

void setupQ) {

}

Serial.begin(9600); // Serial monitor initialization

void loopQ {

}

// Read sensor value

fsrReading = analogRead(fsrPin:
Serial.print("Analog Reading: ")
Serial.println(fsrReading);

// Convert analog reading to voltage (assuming S5V system)
fsrVoltage = fsrReading * (5.0 / 1023.0);
Serial.print("Voltage (V): ");

SerialAprintln(fs[joltuge, 3);

if (fsrReading = 0) {
Serial.println("No force detected.");
} else {
// Calculate resistance of the FSR
fsrResistance = (5.0 - fsrVoltage) * 10000.0 / fsrVoltage; // 10K pulldown resistor
Serial.print("FSR Resistance (Ohms): ");
Serial.println(fsrResistance, 1);

// Calculate conductance (inverse of resistance)
fsrConductance = 1.0 / fsrResistance;
Serial.print("FSR Conductance: ");
Serial.println(fsrConductance, 6);

// Approximate force based on FSR response curves
if (fsrConductance <= 0.001) {
// Low force range (light touches)
fsrForce = fsrConductance / 80.0; // Scale factor for small forces
} else {
// Higher force range
fsrForce = (fsrConductance - 0.001) / 30.0; // Scale factor for larger forces
}

// Map force into desired range (modify as needed)
fsrForce = constrain(fsrForce, 0.1, 10.0); // Ensuring force stays in a practical range

Serial.print("Estimated Force (N): ");
Serial.println(fsrForce, 3); // Print with 3 decimal places
}

Serial.println("-----mmmmmmmmmmmmmmemeeees ";
delay(1000);
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Table: Possible sources of error

Source of Error

Description

Impact on Results

Possible Solutions

the motor shaft or
experimental setup.

reducing efficiency
and affecting torque
values.

Sensor Sensors (torque, Could lead to Calibrate sensors
Calibration thrust, velocity, and inaccurate before each trial
temperature) might measurements of using known
not be perfectly thrust, torque, and reference standards.
calibrated. water velocity,
introducing anomalies
in results.
Water ‘Water movement in Causes fluctuating Use a baffle system
Turbulence the tank may become | water velocity, or flow straighteners
uneven due to affecting thrust and in the tank to ensure
reflections from walls | torque measurements. | uniform water
or previous propeller velocity.
use.
Temperature ‘Water temperature Can alter water Use a thermometer
Fluctuations might change slightly | viscosity and density, | to monitor and
during trials due to affecting thrust and regulate temperature
environmental factors | torque coefficients. using cooling
or motor heat. systems or by
conducting trials
quickly.
Alignment of Propeller may notbe | Misalignment Use precision
Propeller perfectly aligned with | increases drag, mounting tools and

verify alignment
before each trial.
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