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Through a three variable parametric design process, the initial bottle rocket was able to be optimized to maximize flight distance. Nose cone mass, water volume, and tailfin shape were varied independently of one another to measure their individual contributions to distance traveled. Through this parametric approach, a well-rounded data set was produced. Through a convergent process, the rocket design was able to be further improved to identify a local maximum of optimal design parameters.
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ABSTRACT

The purpose of this lab was to design and build a 2-liter bottle rocket that was optimized for distance traveled. The variables under test were clay nose cone mass, water propellant volume, and fin shape, all of which were optimized through a process of parametric variation. Data regarding rocket mass, air pressure, and initial launch angle were recorded in addition to the test variables. The measured variable was distance in the initial launch direction, meaning all deviations from the initial direction reduced the overall performance of a given set of design parameters. Through these tests, water volume was optimal at about 470mL and nose cone mass at around 130g. Additionally, it was found that larger fins devastated performance when compared to smaller, lower-profile fins. By combining the best of the three variables, the most optimal bottle rocket should be achieved.
INTRODUCTION

Since 1973, water bottle rockets have been used in classrooms to teach students the basic principles of aerodynamics and the engineering design process. Research typically consists of learning basic aerodynamic physics, understanding previous successful bottle rocket models, and most importantly, running experiments.
Similar to chemical rockets, a thrust force is exerted to propel it forward, and the primary physical mechanism is Newton’s third law of motion. Since there is a force that is moving the water out of the bottle, an equal and opposite force is acting on the bottle which allows it to fly. 
However, unlike chemical rockets, the energy in a bottle rocket comes from the difference in pressure between the inside and outside of the container. 
Using this physics background and divergent thinking, every member in the group applied their knowledge from researching to possible modifications to the bottle rocket that would improve its flight length. Due to time constraints, it was advised that we select only three variables for parametric testing. The scope of our testing included adjusting clay mass, volume of water, and fin shape to increase distance traveled. Initial pressure, initial flight angle, fin number, and fin location were all kept constant. In the end, convergent thinking was used to analyze and evaluate the performance of each combination of design variables.


EXPERIMENTAL METHODS

All iterations of the bottle rocket were constructed using the same set of materials. In transitioning from one variable set to another, materials were added, removed, or modified. The following is a cumulative list of all materials required.
Table 1. List of materials for bottle rocket construction.
	Component
	Materials Required

	Nose cone
	· (1) Sheet of A4 construction paper
· 165g of modeling clay

	Fins
	· 500mm by 250mm sheet of cardboard
· 3m by 250mm duct tape

	Fuselage 
	· (1) 2L Coca-Cola® Bottle



The design process began with a simple brainstorm. First, a simple nose cone was constructed with a crumpled sheet of paper covered with 137 g of clay. Then, three evenly spaced, duct tape-covered cardboard fins were made into a low-profile shape as seen in Figure 1. Each object’s mass was measured using a digital scale. After attaching the nose cone and fins to the 2L bottle, the parametric design process began. 
[image: ]
Figure 1. Initial fin and nose cone shape.

The first design variable to be manipulated and optimized was the water volume. Through research, it was determined that the amount of potential energy in the bottle is dependent only on volume and pressure, and that potential energy is proportional to distance traveled. As a result, the optimal volume of water for one design would be the optimal amount for all bottle rockets with the same internal volume and nozzle diameter.
The optimal water volume was determined through a two-step process. First, three data points were recorded. Each followed a functional format with an input water volume and an output distance traveled as seen in Table 2. Three points were collected to provide a decent dataset resolution while not consuming too much time. 


Table 2. Water volume tests.
	Water Volume
	Distance Traveled

	200mL
	43.28m

	400mL
	50.60m

	600mL
	49.56m



Additionally, a quadratic power series approximation can be created with three data points. As seen in Figure 2, a quadratic power series approximation can be impressively accurate around the points sampled.	
[image: ]
Figure 2. Quadratic power series approximation of a cosine function.

Given the standard form of a quadratic function as shown in Equation 1, the approximate function for distance versus water volume required solving for the quantities: a, b, and c.
	 								       (1)
By plugging in water volume for x and distance for y it was possible to solve for the a, b, and c coefficients using Equation 2. 
									       (2)
The quadratic approximation was then analyzed for local maxima using Equation 3. 
											       (3)
Through this process, it was determined that the optimal water volume was about 470mL.
After finding the most favorable amount of water, the next variable optimized was tailfin shape. Since low-profile fins were already installed, the first test of this parameter had the original tailfins and nose cone. For the remaining tests, water volume was held constant at 470mL. As seen in Figure 3, wide and long tailfins were also tested.
[image: ]
Figure 3. Tested bottle rocket fin designs.

After testing each of the three tailfin designs, the data recorded in Table 3 indicated that the original design was clearly the best.
Table 3. Fin shape effects on distance.
	Fin Shape Description
	Distance Traveled

	Low-profile
	58.82m

	Wide
	44.32m

	Long
	44.50m





After determining the best fin shape to be low-profile, the nose cone design was manipulated and optimized. The first design that was tested had 124.7g of clay. It yielded a distance of 48.77m. Since this was a lesser distance than that achieved with the original 137g, the mass of clay was increased to 165.3 g, both of which yielded distances less than that achieved with 137g. Using a similar process to calculate the optimal volume of water, the optimal mass of clay was determined to be about 150g.
Table 4. Nose cone mass effects on distance.
	 Nose cone Mass
	Distance Traveled

	124.7g
	48.77m

	137g
	58.83m

	165.3g
	55.78m



RESULTS

As seen in Figure 4, by creating a quadratic model of the data on the volume of water and finding its maximum, the optimal volume of water was approximated to be 475.12mL. 
[image: ]
Figure 4. Quadratic model of distance vs. volume of water. 



Similarly, as seen in Figure 5, a quadratic model of the nose cone mass data also predicts the optimal quantity. In this case, the approximated optimal clay mass is ~147.8g.
[image: ]
Figure 5. Quadratic model of distance vs. nose cone mass.

Additionally, as demonstrated by Figure 6, the data recorded on different fin shapes indicated that the smaller fins were the best.
[image: ]
Figure 6. Effectiveness of fin designs.


ANALYSIS & DISCUSSION

The original rocket performed well, and definitely exceeded expectations. After performing three successful launch tests on the first day, it was determined that 470mL was the approximately the optimal amount of water. Therefore, this volume was kept constant for the remaining experiments. After a series of misfires during the second launch testing day, the third experimental trial was able to successfully test a wide and long variant of wings. After several tests, the data indicated that the original fin design was the best of set. Since both the wide and long wings are larger, they are likely to generate more drag than the smaller, low-profile wings. This increased drag is a strong contender for their decreased performance. The fourth testing session involved making adjustments to the nose cone mass. Data was collected on three nose cone masses: 125g, 137g, and 165g. Through data analysis, it was determined that the optimal mass resided around 150g. 
Additionally, the quadratic model created on nose cone data provided further insight as to why some mass was better than none at all. Since the parabolic model goes negative at a little under 100g, it is reasonable to predict that the mass acts to balance the rocket. 
Although the original design fared quite well, higher data resolution would have allowed for better models to be constructed. Additional testing would have allowed errors to become more negligible, resulting in higher certainty on predictions.
Due to time constraints, the bottle rocket had to be optimized from a single initial condition. If more time were to be allotted for testing, a much wider set of rocket designs could have been tested. Overall, the set of tests completed provided enough data to converge on an optimal iteration of the initial design.
APPENDIX

Mathematical Models
Mathematical models were used to predict the distance traveled by the rocket given ideal conditions. All variables in this section are consistently labeled and the calculations are cumulative. All subsequent equations can be rewritten in terms of water volume instead of gas volume using Equation 4.
									 	       (4)
Where:
 is the initial volume of water in the container,  is the volume of the container, and  is the initial volume of gas in the container.

The work done by the rocket is described by Equation 5. The resultant work done was about 127J.
										       (5)
Where:
 is the initial pressure.

The total mass of the rocket at launch is described by Equation 6. Given 700mL of water, the net mass of the bottle rocket was 	563.3g.
									       (6)
Where:
 is the density of water, and  is the mass of the empty bottle rocket.

During a launch, the maximum height of the rocket is modeled by Equation 7. From the above equations, it was calculated that the maximum height was 23.01m.
											           (7)
Where:
	 is gravitational acceleration.

The initial speed of the rocket is calculated using Equation 8. Since the launch area was fairly level, the initial height can be assumed to be 0m. Therefore, the initial speed of the rocket is 21.23m/s.
									       (8)
Where:
	 is the initial height of the rocket.




Finally, the distance traveled by the bottle rocket can be modeled by Equation 9. The launch angle was always 45°, or  radians. Therefore, ignoring air resistance, the distance traveled is 46.0m.

											       (9)
Where:
	 is the launch angle with respect to the ground.

Sensor Data
For one test, the bottle was equipped with a sensor to measure height over time. During this test, the bottle was filled with 700mL of water. The data recorded by the sensor is shown in Figure 7.
[image: ]
Figure 7. Bottle rocket height vs. time in sensor test.
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