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5E NGSS Rocketry – High School
	Grade/ Grade Band: 9-12
	Topic: Rocketry

	Brief Lesson Description: Students will learn how varying aspects of a rocket (such as fuel speed or payload mass) impact the velocity of the rocket, and how to analyze data to understand performance. The objective is to put several NEXT Generation Science Standards and Common Core Standards into an active learning environment so students can get excited about, and become more successful in, STEM subject areas.

	Core Concepts covered:

· Momentum

· Force

· The rocket equation

· Experiment design and construction

	Specific Learning Outcomes:
 All students should be able to:

· Explain what variables in the rocket equation should be minimized or maximized to gain the largest change in velocity. (Math concept)

· Formulate a hypothesis regarding optimal water to air ratio in the water rocket that can be tested and refined. (Science concept)

· Design and build a complex high power rocket system and understand its performance (Engineering concept)

· Explain how the rocket launches demonstrate conservation of momentum (Science Concept)

· (Optional) Design and build a water rocket that safely returns an Eggonaut. (Engineering concept)

· (Advanced) Derive the rocket equation (Math Concept)

Stepping stone towards:

· Machining

· 3-D printing

· Design

· National Competitions



	NGSS and Common Core Standards:

HS-PS2-1: Analyze data to support the claim that Newton’s second law of motion describes the mathematical relationship among the net force on a macroscopic object, its mass, and its acceleration.
HS-PS2-2: Use mathematical representations to support the claim that the total momentum of a system of objects is conserved when there is no net force on the system.
HS-PS2-3: Apply scientific and engineering ideas to design, evaluate, and refine a device that minimizes the force on a macroscopic object during a collision, e.g. reduction of drag coefficient, or optimization of mass distribution within a rocket.
HS-PS2-4: Use mathematical representations of Newton’s Law of Gravitation and Coulomb’s Law to describe and predict the gravitational and electrostatic forces between objects.
HS-PS3-3: Design, build, and refine a device that works within given constraints to convert one form of energy into another form of energy.

	Science and Engineering Practices 

Planning and Carrying Out Investigations 

-Plan and conduct an investigation individually and collaboratively to produce data to serve as the basis for evidence, and in the design: decide on types, how much, and accuracy of data needed to produce reliable measurements and consider limitations on the precision of the data (e.g., number of trials, cost, risk, time), and refine the design accordingly. (HS-PS2-5) 

Analyzing and Interpreting Data 

-Analyze data using tools, technologies, and/or models (e.g., computational, mathematical) in order to make valid and reliable scientific claims or determine an optimal design solution. (HS-PS2-1) 

Using Mathematics and Computational Thinking 

-Use mathematical representations of phenomena to describe explanations. (HS-PS2-2),(HS-PS2-4) 

Constructing Explanations and Designing Solutions 

-Apply scientific ideas to solve a design problem, taking into account possible unanticipated effects. (HS-PS2-3) 

-------------------------------------------- 

Connections to Nature of Science 

Science Models, Laws, Mechanisms, and Theories Explain Natural Phenomena 

-Theories and laws provide explanations in science. (HS-PS2-1),(HS-PS2-4)

-Laws are statements or descriptions of the relationships among observable phenomena. (HS-PS2-1),(HS-PS2-4) 
	Disciplinary Core Ideas 

PS2.A: Forces and Motion 

-Newton’s second law accurately predicts changes in the motion of macroscopic objects. (HS-PS2-1) 

-Momentum is defined for a particular frame of reference; it is the mass times the velocity of the object. (HS-PS2-2) 

-If a system interacts with objects outside itself, the total momentum of the system can change; however, any such change is balanced by changes in the momentum of objects outside the system. (HS-PS2-2),(HS-PS2-3) 

PS2.B: Types of Interactions 

-Newton’s law of universal gravitation and Coulomb’s law provide the mathematical models to describe and predict the effects of gravitational and electrostatic forces between distant objects. (HS-PS2-4) 

ETS1.C: Optimizing 

the Design Solution 
-Criteria may need to be broken down into simpler ones that can be approached systematically, and decisions about the priority of certain criteria over others (trade-offs) may be needed. (secondary to HS-PS2-3)


	Crosscutting Concepts 

Patterns 

-Different patterns may be observed at each of the scales at which a system is studied and can provide evidence for causality in explanations of phenomena. 

(HS-PS2-4) 

Cause and Effect 

-Empirical evidence is required to differentiate between cause and correlation and make claims about specific causes and effects. (HS-PS2-

1),(HS-PS2-5) 

-Systems can be designed to cause a desired effect. (HS-PS2-3) 

Systems and System Models 

-When investigating or describing a system, the boundaries and initial conditions of the system need to be defined. (HS-PS2-2) 



	Narrative / Background Information 

	Prior Student Knowledge: Students should have a basic understanding of Newton’s Laws, center of mass, and liquids under pressure.  It is recommended that students be familiar with rocket designs and motion.  

Suggested Pre-Activities:  Soda Straw Rockets  (Introduction to fin and nose design) http://mars.nasa.gov/participate/marsforeducators/soi/MarsSOI2012_Lesson5.pdf
Alka-Seltzer Rockets (Introduction to water and air pressure ratios)

https://solarsystem.nasa.gov/docs/Alka_Seltzer_Rockets_508FC.pdf 

	LESSON MATERIALS

	party balloons, arrow (real or image),  internet access, cardboard, cloth, rubber, paper, plastic, tape, plastic 2-liter soda bottles (or any plastic bottle with the mouth diameter that matches the launching pad diameter), water source, altimeter guns, launch pad (Build Instructions and Materials Appendix D), eggs (optional) 



	LESSON PLAN – 5-E Model 

	Step 1- ENGAGE:  Opening Activity – Access Prior Learning / Stimulate Interest / Generate Questions: 
1. Demonstrate in front of the class OR give one party balloon to each student.

2. Blow up the balloon until it is smaller than your head. DO NOT tie off balloon.

3. Aim the rounded top of the balloon at the ceiling and the pinched nozzle at the floor.

4. Ask students for predictions about what will happen when the balloon is released. (Or have the students write their hypothesis). Consider questions: What are the forces acting on the balloon? What is the motion? What is the mass?
5. Release the balloons and observe the motion.

6. Discuss the results and compare with their predictions.

7. Hold up an arrow and brainstorm its stabilizing properties and motion.

8. Compare and contrast the balloon and an arrow.  What guides the arrow?  How is the arrow different from the balloon?  Can a balloon fly like an arrow and what would that take?  What might you call this balloon/arrow device? (answer: a rocket)  Compare: What are the forces? What are the motions? What are the masses?


	Step 2- EXPLORE: Lesson Description –Probing or Clarifying Questions:

1. Independently, design a water rocket using a 2-Liter plastic soda bottle. Focus on fin and nose construction. Hypothesize why this will work based on student’s current knowledge.

2. With a partner, build a water rocket with fins and nose. Test fly the rocket by tossing like an airplane. Does it float, crash, spiral? Fix any issues at this stage before moving on. 
3. Finish and test the rocket following teacher safety instructions.
4. Take measurements and calculate the height the rocket achieved.

Step 2a:  
      1.  Group students to research and discuss rocketry and Newton’s laws of motion
                a) Attached student reading

                b) At least one website per student 

       2.  Each Group is responsible to complete Appendix A Student Worksheet

	Step 3- EXPLAIN: Concepts Explained and Vocabulary Defined: 

Each group collaborates to determine the best design for a water bottle rocket. They each draw this model out in their individual journals with labels and explanations. They (as a group) create a presentation that shows their drawings and their reasoning for their design. They make and defend their claim by using evidence they have discovered (and cited) from the reading and the websites), inclusive of the mathematical explanations.


	Step 4- ELABORATE:  Applications and Extensions:
Individually, students:

1. Finish the design using the information and tips from the reading.
2. Modify the rocket by adding or removing components.
3. Add water and test following teacher safety instructions.
4. Take measurements for calculating the height of the rocket.
5. Modify design and retest as needed to achieve maximum height.

	Step 5- EVALUATE:  
Formative Monitoring (Questioning / Discussion): 
What worked best and what didn’t work? (class discussion)

Summative Assessment (Quiz / Project / Report): 
1. Best distance/best height (based on math calculations) 

2. Modify the rocket to safely carry an Eggonaunt payload into the air and land intact. (optional)
3. Set up targets to test for accuracy of the rocket landing.
Determine where students are on achieving the following:

HS-PS2-1
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le features of the stu d of the course:

1 [ Organizing data

a

‘Students organize data that represent the net force on a MAGrOSCOPIC object, its mass (which is
held constant). and its acceleration (e .. via tables, graphs. charts, vector drawings)

2 [ Identifying relationships

a

‘Students use tools, technologi
within the datasets, including:

. andlor models to analyze the data and identify relationships.

i Amore massive object experiencing the same net force as a less massive object has
‘smaller acceleration, and a larger net force on a given object produces a correspondingly
larger acceleration; and

‘The result of gravitation is a constant acceleration on macroscopic objects as evidenced
by the fact that the ratio of net force to mass remains constant.

) et

‘Students use the analyzed data as evidence to describe" that the relationship between the
observed quantities is accurately modeled across the range of data by the fomula a = Fre/m
(e.q., double force yields double acceleration, etc.).

‘Students use the data as empiical evidence to distinguish between causal and correlational
relationships linking force, mass, and acceleration.

‘Students express the relationship Fre=ma in terms of causaiity, namely that a net force on an
object causes the object to accelerate.
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entation

epr
a | Students clearly define the system of the two interacting objects that is represented
‘mathematically. including boundaries and initial conditions.

b | Students identify and describe" the momentum of each object in the system as the product of fts
‘mass and its velocity, p = mv (p and v are restricted to one-dimensional vectors), using the
mathematical representations.

G| Students identity the claim, indicating hat the fotal momentum of a system of two interacting
objects is constant if there is no net force on the system.

Wathematical modeling

a | Students use the mathematical representations to model and describe” the physical interaction of
the two objects in terms of the change in the momentum of each object as a result of the
interaction

b | Students use the mathematical representations to model and describe" the total momentum of
the system by calculating the vector sum of momenta of the two obiects in the system.

Analysis

a | Students use the analysis of the motion of the objects before the interaction to identify a system
with essentially no et force on it

b | Based on the analysis of the total momentum of the system. students support the claim that the
‘momentum of the system is the same before and after the interaction between the objects in the
system. 5o that momentum of the system s constant

G| Students identiy that the analysis of the momentum of each object in the system indicates that
‘any change in momentum of one object is balanced by a change in the momentum of the other
object, so that the total momentum is constant.
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[image: image3.png]Observable features of the student performance by the end of the course:
T Using scientiic knowledge to generate the desion solution
[ Students design a device tha minimizes he force on & macroscopic Gbject durng a colison. 1n
the design, students
T Incorporate the concept nat for a gven change in momentum, force In e direction of
the change in momentum is decreased by increasing the fime interval o the collsion
(EAt= mav); and
T Explicity make use of fhe princile above so thal e device as he desired sfect of
reducing the net force applied o the object by extending the time the force is appliedo
the object during the collsion.
B[ Tnthe design plan, students escribe* the scienti rationale for fher choice of materials and for
the strusture of he device.
2 | Deseiibing criteria and consiraints Including qUaniiication when sppiopiate.

o] Students describe and quaniy (when appropriate) the criteria and consirains, along wih the
‘radeoffs implici n these design solutions. Examples of consraints to be considered are cost,
mass, the maximu force applied {0 the object, and requirements set by society for widely used

colsion-mitgation devices (e.g., seatbett, footoall hemets).

3 [ Evaluaiing potential solufions’

[o] Students systematically evaluate the proposed device Gesign or design solution, including

describing the rationales for the desion and comparing the design to the st of riteria and

constraints.

[ Students test and evaluate the device based on s abity 1o mimmize the force on fhe fest object
during a collsion. Students identiy any unanticipated effects or design performance issues that the

device exhibits.

T [ Refining andlor opizing e design solution

[o] Students use the test resuls to improve the device performance by extending the impact fme,
reducing the device mass, and/or considering cost-benefit analysis.
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[image: image4.png]Observable features of the student performance by the end of the course:

T | Representation

a | Students clearly define the system of the interacting objects thal is mathematically represented
b | Using the given mathemalical representations, students identity and describe” the gravitational
attraction between two objects as the product of their masses divided by the separation distance
squared (F; = G ™), where a negative force is understood to be attractive.

| Using the given mathemalical representations, sludents identily and describe™ the eleciostatic
force between two objects as the product of their individual charges divided by the separation
distance squared (E = k %), where a negative force is understood to be attractive.

7 | Mathematical modeling

a | Students correctly use the given maihemalical formuas 1o predict the gravitational force between
objects or predict the electrostatic force between charged objects.

3 [ Analysis

a | Based on the given mathematical models, students describe” thal the ratio between gravitational

and electric forces between objects with a given charge and mass is a pattern that is independent
of distance.

Students describe” that the mathematical representation of the gravitational field (Fs =
—G ™2 only predicts an attractive force because mass is always positive.
@

¢ | Students describe” that the mathematical representation of the electric field (F. = k 2%) predicts|
a
both attraction and repulsion because electric charge can be either positive or negative.
@ | Students use the given formulas for the forces as evidence 1o describe* hat the change in The
energy of objects interacting through electric or gravitational forces depends on the distance
between the objects.
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1

Using scientific knowledge o generate the design solution

a | Students design a device thal converts one form of energy into another form of energy

b | Students develop a pran for the device in which they:

T___Identily what scientific principles provide the bass fof the energy conversion design:

il Identify the forms of energy that will be converted from one form o another in the.
designed system;

i Identify losses of energy by he design system {0 the surrounding environment;

V. Describe" the scientific rationale for choices of materials and Structure of the device.
including how student-generated evidence influenced the design; and

V- Describe” that this device s an example of how the appiication of Scientiic knowledge
and engineering design can increase benefits for modern civilization while decreasing
costs and risk

2_| Describing criteria and constraints, including quantification when appropriate
a | Students describe” and quantity (When appropriate) prioriized criteria and constraiis for
the design of the device, along with the tradeoffs implicit in these design solutions.
Examples of constraints to be considered are cost and efficiency of energy conversion
3 | Evaluating potential solutions
a | Students build and fest the device according to the pran
b | Students systematically and quantiatively evaluate the performance of the device aganst
the criteria and constraints.
4| Refining andJor optimizing the design solution

a | Students use the results of the tests to improve the device performance by increasing the
efficiency of energy conversion, keeping in mind the criteria and constraints, and noting
any modifications in tradeoffs.







	Student Self Evaluation

	Student
	Criteria
	More practice needed
	Understands and can apply to many situations:  Give Example

	Using Mathematics and Computational Thinking Mathematical and computational thinking at the 9–12 level builds on K–8 and progresses to using algebraic thinking and analysis; a range of linear and nonlinear functions including trigonometric functions, exponentials and logarithms; and computational tools for statistical analysis to analyze, represent, and model data. Simple computational simulations are created and used based on mathematical models of basic assumptions. ( Use mathematical representations of phenomena to describe explanations.
	
	

	Constructing Explanations and Designing Solutions Constructing explanations and designing solutions in 9–12 builds on K–8 experiences and progresses to explanations and designs that are supported by multiple and independent student-generated sources of evidence consistent with scientific ideas, principles, and theories. ( Apply scientific ideas to solve a design problem, taking into account possible unanticipated effects
	
	

	Cause and Effect ( Empirical evidence is required to differentiate between cause and correlation and make claims about specific causes and effects.
	
	

	Systems and System Models ( When investigating or describing a system, the boundaries and initial conditions of the system need to be defined
	
	

	Patterns ( Different patterns may be observed at each of the scales at which a system is studied and can provide evidence for causality in explanations of phenomena.
	
	

	Energy and Matter ( Changes of energy and matter in a system can be described in terms of energy and matter flows into, out of, and within that system. - - - - - - - - - - - - - - - - - - - - - - - - Connections to Engineering, Technology, and Applications of Science Influence of Science, Engineering and Technology on Society and the Natural World ( Modern civilization depends on major technological systems. Engineers continuously modify these technological systems by applying scientific knowledge and engineering design practices to increase benefits while decreasing costs and risks. Observable features of the student performance by the end of the course
	
	


Appendix A: Student Worksheet and Information

Water Rocket Worksheet

Name:                                                
1.
(Newton’s 1st Law) How long does the thrust last when a rocket is launched?                                                                                                        
2.
(Newton’s 2nd Law) If you want your rocket to accelerate faster you need to:


(Choose one of the following statements)

       Decrease the force and increase the mass of the rocket.

       Decrease the force and decrease the mass of the rocket.

       Increase the force and decrease the mass of the rocket.

       Increase the force and increase the mass of the rocket.

3.
Describe how to determine where the center of mass (CM) is on your rocket.
4.
Describe how to determine the center of pressure (CP) for your rocket. 

5.
If you want your rocket to have stable flight, which of the following is true? (Choose one)

____The center of mass (CM) and the center of pressure (CP) should be at the same point on the rocket.

____The center of mass (CM) should be towards the tail of the rocket and the center of pressure (CP) should towards the nose of the rocket.

____The center of mass (CM) should be towards the nose of the rocket and the center of pressure (CP) should towards the tail of the rocket.

6.
What modification can you make to your rocket to change the position of the center of mass (CM)?                                                                                                                                                                                              
7.
What modification can you make to your rocket to change the position of the center of pressure (CP)?                                                                                                                                                                                             
8.
          True or False: A longer rocket is typically more stable in flight than a short rocket. 

9.
Why does a rocket with water fly higher than a rocket with no water? 

10.
What is air drag? 





                                                                          __________
11.
List three things you can do to your rocket to decrease the air drag. 


1.                                                                                                ______________________

2.                                                                                                ______________________

3.                                                                                                ______________________
12.
What are the purpose of the fins on a rocket?                                                                                                                                                           

13.
List two purposes of a nose cone on a rocket.

1. ___________                                                                                                                      

2.                       ___________                                                                                                
14.
When you launch your rocket, two persons from your group will use altimeter guns to measure the angle of the rocket flight and thus determine the flight height.  If these persons measured angles of 55o and 49o respectively, use the average angle formula to determine the height of the rocket flight.  Assume that each of the persons are 150 feet from the launch site.


Formula: Height = 150 (Tan A)
Note: A= average of the two angles


Height of rocket flight =                           Ft

15.
If you launched a second rocket and these persons measured angles of 55o and 61o respectively, what is the height of the rocket flight?  


Height =                    Ft

Student Reading

Design, Build and Launch Considerations for Water-Bottle Rockets

Newton’s First Law: Objects at rest will stay at rest, or objects in motion will stay in motion unless acted upon by an unbalanced force.

When the rocket is sitting on the launcher, the forces are balanced because the surface of the launcher pushes the rocket up while gravity pulls it down.  When we pressurize the fluid inside the rocket and release the locking clamps the forces become unbalanced.  A small opening in the bottom of the rocket will allow fluid to escape in one direction and in doing so provides thrust (force) in the opposite direction allowing the rocket to propel skyward. This force continues until the pressure forces the last of the fluid to leave the rocket.  
[image: image6.png]



Newton’s Second Law: The acceleration of an object is directly related to the force exerted on the object and oppositely related to the mass of that object.  

For example: If you use the same amount of force, you can throw a baseball faster than a basketball because the baseball has less mass.  

To get your water bottle rockets to fly to great heights you will need to:
· Minimize the rocket’s mass (weight) while maximizing the amount of force.

· Be careful when minimizing the rocket’s weight.  If the rocket is too light it will lose stability as soon as the water is expelled and turn end over end.

· The greater the mass of the fluid expelled from the rocket, and the faster the fluid can be expelled from the rocket, the greater the thrust (force) of the rocket.

· Increasing the pressure inside the bottle rocket produces greater thrust. This is because a greater mass of air inside the bottle escapes with a higher acceleration.   




Newton’s Third Law: For every action there is always an opposite and equal reaction.

Like a balloon full of air, the bottle rocket is pressurized. When the locking clamp is released, fluid escapes the bottle providing an action force that is accompanied by an equal and opposite reaction force, which results in the movement of the rocket in the opposite direction.

[image: image7.wmf]
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· Essentially, the faster the fluid is ejected, and the more mass that is ejected, the greater the reaction force on the rocket.

Stability - Center of Mass and Center of Pressure:

If you launch a plain 2-liter bottle it quickly loses stability and tumbles end over end as soon as the water is expelled.  In order for your rocket to reach heights of 200-300 feet, the rocket must be aerodynamically stable during flight. To increase the stability of the rocket there are two principles you need to understand: Center of Mass (CM), and Center of Pressure (CP). 

Determining the Center of Mass (CM)


The CM of the rocket is easy to find: it is the point at which the rocket balances. If you were to tie a string around the rocket at its CM, it would balance from the string horizontally.

Determining the Center of Pressure

The CP is more difficult to determine. The CP exists only when air is flowing past the moving rocket.  The CP is defined as the point along the rocket where, if you were to attach a pivot and then hold the rocket crossways into the wind by that pivot, the wind forces on either side of the CP are equal.  


This principle is similar to that of a weather vane.  When wind blows on a weather vane the arrow points into the wind because the tail of the weather vane has a surface area much greater than the arrowhead.  The flowing air imparts a greater pressure on the tail and therefore the tail is pushed away. 

[image: image9.wmf]
On a rocket the purpose of the fins is to add surface area to the rear of the rocket, which helps keep the nose of the rocket pointed into the wind.  If the fins on a rocket were placed at the front of the rocket, the nose of the rocket would swap positions with the tail a few feet into the flight, which would be disastrous! 


One method of approximating the CP of a rocket is to make a cardboard cutout shaped like the silhouette of the rocket, and then find the cutout's balance point. This balance point provides an approximation of the CP of the rocket.



Relationship of CM to CP
In order for a rocket to fly in a stable fashion the center of mass (CM) of the rocket must be forward of the center of pressure (CP). (See the figure below). 

        


[image: image10.wmf]
It is important that the CP is located toward the tail of the rocket and the CM is located toward the nose. In order to achieve this, the following is recommended:
· Adding fins to a rocket increases the surface area of the tail section.  The wind forces will thus increase in the tail section which in turn will move the CP toward the fins.  In fact, that is the main function of fins.  The larger the fins, the further back the CP will be.

· Adding weight to the nose cone section will help move the CM toward the nose of the rocket.  Experiment with your rocket by adding amounts of modeling clay to the nosecone section of the rocket and then launching it to check stability and height.  Be careful not to add too much weight as this will slow down the rocket.

· Typically, the longer the rocket, the more stable the rocket’s flight will be.  However, the longer the rocket, the heavier the rocket will be. This means that you need to increase the thrust to compensate for the extra weight.

· Essentially, you need to minimize the rocket’s weight without compromising stability.

Size of Nozzle:

Remember that the thrust of the rocket will end when the last of the fluid leaves the nozzle of the bottle.  You can make the nozzle smaller by closing it off with a rubber stopper or similar device.  Arguments for the size of nozzle are given below:

· A wide-open nozzle allows for maximum thrust but for a very short period of time.

· [image: image40.png]


Reduced nozzles don't give as much thrust but they burn longer. Because of this low thrust (i.e., slow launch speeds) you need to have a rocket that is stable at slower speeds.

· Launches with a reduced nozzle are slower, have a less explosive launch, are safer in the event of a tip over, and look cool.

· A wide-open nozzle enables fast and stable launches.

Fill Ratio of Water in Rocket 

When water is added to the rockets, the effect of mass is demonstrated. Before air can leave the water rocket, the water has to first be expelled.  Because water has a much greater mass than air, it contributes to a much greater thrust (Newton’s 2nd Law).   A rocket filled with water will fly much farther than a rocket filled only with air. By varying the amount of water and air in the rocket and graphing how high the rockets travel, you can see that the thrust of the rocket is dependent on the mass being expelled and the speed of expulsion.



The best way to determine the fill ratio is to launch 3-4 test flights using differing amounts of fluid and graph the height of rocket flight for each.
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Pressure of Fluid:

By using the bicycle pump to pressurize the air inside the rocket, we can increase the launch pressure of the fluid in the rocket which will then increase the thrust available to the rocket for lift off.  The rocket launchers you will use for this activity have been regulated to a maximum launch pressure of 100 psi.  Typically, you will want to use a pressure close to 100 psi.  However, you need to remember that at high pressures there may be a tradeoff in rocket stability and rocket design considerations related to center of mass and center of pressure might need to be adjusted.

Air Drag: 

As a rocket moves through the air, friction between the rocket surface and the air (air drag) will slow it down.  At the high velocities these rockets achieve, air drag becomes a very significant force.  To reduce air drag, the rocket should be designed so that air passing over the surfaces of the rocket flows in smooth lines (streamlining) thus reducing drag to a minimum.  

Below are examples of nose cone designs for the rocket and their relationship to Air Drag.  For more information on nose cones see page 13.
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Some general rules of design to decrease air drag include:
· The fins should be thin and tapered.

· Swept back fins create less drag than straight fins and rounded corners on a fin create less drag than sharp corners

· Every surface on the rocket should be as smooth as possible.

· The nose cone should be a reasonable shape (see the nose cone designs above).

Fins:


Without fins, your rocket will not fly straight.  Typically, water bottle rockets have three or four fins attached at the neck of the bottle.  Remember the larger the fins and the further back they are placed on the rocket, the further back the center of pressure (CP) will be thus increasing the stability of rocket flight.
There are many possible fin variations.  You will need some fine tuning to get the design right.  Below are some fin design possibilities: use these or come up with your own design.
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Spiral flight helps stabilize the rocket the same way a football is stabilized by spinning in flight. However, this spinning motion does tend to use up some of the energy needed for forward motion.  To make a rocket spin, angle the fins slightly when attaching the fins to the rocket or bend the tips of the fins in a pinwheel fashion.
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Nose Cone:
The nose cone serves several purposes for the water bottle rocket.  These include:

· The nose cone helps reduce air drag by streamlining the air as it flows past the surface of the rocket.

· Adding weight to the nose cone helps move the center of mass (CM) toward the nose of the rocket increasing the stability of the rocket.

· The nose cone is often used to hold a payload such as a parachute.
How to construct a paper nosecone:

[image: image15.wmf]
Designs to consider to keep your rocket from being destroyed
· When making the rocket, the section of the rocket which is to be pressurized should not be cut in any manner or the rocket will not hold pressure.

Bounce Method - Add a Nerf ball, tennis ball, or other device to the nose of the rocket so that it bounces upon impact. (Figure (a) below)

(a) [image: image16.wmf]


(b) [image: image17.wmf]
Parachute method - A parachute can be added to the nosecone of the rocket (Figure (b) above).  The tricky part is getting the parachute to release on the way down rather than the way up.  One method is to add a paper towel tube to the rocket, place a parachute inside the tube, attach the parachute to a tennis ball, and then place the ball on the top of the tube.  When the rocket reaches the end of its flight and turns to tumble to earth, the ball falls off and deploys the parachute.

Calculating the Height of a Water Rocket:
There are three ways to calculate the height of the water bottle rockets in this class.  The first method would be to use right angle trigonometry.  However, in order to use this method the rockets would need to always travel straight in the air (90º to the earth) and as you will soon learn, this isn’t always the case.  The second method is known as the average angle method and the third method would be to use trigonometry and the Law of Sines.  

Since the average angle method is the easiest and most commonly used, it will be the method we will use for this activity.
Average Angle Method
This method makes an approximation of rocket height rather than an exact calculation.  However, considering human error and the crude measuring instruments used in this activity, this method is fairly accurate in calculating rocket height.

Step #1
Measure two locations 150 feet on either side of and in a direct line with the launch pad.  Place a person at each of these locations with an altitude gun (see the figure below).

Step #2
Assume that your team has launched a rocket and Person A measures 45º and Person B measures 30º (See figure above).

Step #3
Use the average angle formula to calculate the height of the rocket.

[image: image18.wmf]
Average Angle formula:  a = b(tan A)
a= height of rocket flight

b= distance from the launch pad (150 feet)

A = the average of the two angles 

(Given Angle 1 = 45º, and Angle 2 = 30º,  A= 37.5º)

Therefore, using the example on the preceding page, if one person measured 45º and the other person measured 30º then the average angle (A) would be 37.5º.

Next, using the formula a = 150 (tan 37.5), the height of this rocket flight would be 115 feet (a = 115 ft).
Calculation Hints:
Make sure your calculator is in degrees mode and not in radians mode.

On most calculators you will need to 

1) Enter in the average angle (in this case 37.5), 

2) Press the tangent button, and then 

3) Multiply this value by 150.

 Appendix B: Rocket Dynamics (Algebra based).
When looking at how a rocket moves, one can start off with the basic conservation of momentum. Our rocket has three parts:
1. Payload (science, human, life support, communications…)

2. Structure (rocket, pumps, tanks, structural support…)

3. Fuel (expelled for propulsion)
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We want a way to calculate the change in speed of the spacecraft due to firing our rocket. Momentum: Mass times velocity (p = mv). Momentum is conserved: initial momentum equals final momentum. 

0 = mcraft * vcraft + mex *(-vex)

mcraft * vcraft = mex * vex
vcraft = (mex * vex)/ mcraft
So this shows the basic tradeoff for rockets.  

To go faster you must:

1. Maximize fuel speed

2. Maximize fuel mass

3. Minimize craft mass

However, this is worse than it appears. Rockets do not work by expelling all of their fuel at once as the force into orbit would kill an astronaut!  So, each part of the fuel ejected is pushing against the payload and the remaining fuel. To correctly compute the change in speed, we need to use calculus (see Appendix C). Here’s the answer written in two ways:
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mfuel = fuel mass

mrocket = structure mass + any payload onboard

ce = exhaust speed

(v = change in spacecraft’s speed

These are called the Rocket Equation. 

Appendix C - Rocket Equation Derivation (Calculus based) 

Because the mass of the fuel is lost over time, the thrust, T, delivered by the fuel, is pushing against a decreasing mass of fuel, while increasing the velocity of the rocket. Newton’s Second Law of Motion tells us:
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where M is the total mass of the rocket (both structure and fuel), v, the velocity of the rocket. Since F = mass x acceleration, we can also determine that the thrust is:
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where [image: image26.png]


 is the fuel mass flow rate, [image: image28.png]a



 and ce is the effective exhaust velocity. Combining both force equations gives:
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If we assume we are moving in the reference frame of the rocket, then v is zero. We will also need the total mass as a function of time, M(t), equal to the mass of the structure, ms, which does not change, plus the mass of the fuel, mf(t) . We will also assume that at the final time, we have used all the fuel. This means:
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Generalizing this means:
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Therefore:
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We can now integrate:
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Appendix D – Safety Considerations

Materials:
· Acceptable Materials: cardboard, cloth, rubber, paper, plastic, tape

· Unacceptable Materials: rocks, metal, coins, nails, metal springs, wood

· Pointy objects are forbidden, including forks, springs, skewers, pencils, etc.

· Choose strong but light weight and safe materials for maximum performance.

Rocket Body:
· Rocket body will be constructed out of a 2-liter soda pop bottle (used for carbonated beverages), with a standard neck that is compatible with the launch pad.  Please use a Coke, Pepsi or Dr. Pepper bottle and not a generic brand.  Do NOT use green bottles; they do not fit the launch pad.  Do NOT use water bottles or tonic water bottles; they are not strong enough to be pressurized.

· The rocket body will be pressurized.  Do NOT modify the pressurized bottle.

· Nothing may be added to the interior of the bottle.

· Weakening the bottle in any way may cause a fatal failure of the system.  For example: do not use hot glue or other epoxies (glues) that might damage the integrity of the bottle.

· Decorating the exterior of the bottle is encouraged.

· Glues may be used in the construction of fins or nose cone, but not for attaching those items to the bottle. Tape must be used instead.

Stabilizers:

· Your rocket needs some mechanism for stabilizing its flight (e.g.: fins).

· Any stabilizers should meet the material restrictions.

· The rocket must fit on the launch pad, which has hardware that gets in the way if you have too many fins.  You will see the launch pad prior to the launch.

Nose Cone:

· You must improve the aerodynamic shape of the bottle with a nose cone.

· Your nose cone cannot be rigid and pointed.  

Fuel:

· Only room temperature, clean water will be used as the fuel.

Eggonaut Protection:

· Eggonaut can only be a raw chicken egg

· You must design some mechanism for keeping your Eggonaut safe.

Appendix E – Water Rocket Launcher Instructions:

https://www.nasa.gov/audience/foreducators/topnav/materials/listbytype/Water_Rocket_Launcher_Directions.html
Materials: Saw, Drill, Screw driver, Bicycle pump or small electric compressor, and building materials from website instructions

Launchers for purchase:  http://www.nerdsinc.com/products/ 
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