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What a Drag!
Accommodating Assumptions

Michael Brune and Sandy Powell
Teacher’s Guide



Lesson Overview and Content Focus

Engineering problems rarely have one right answer. Models and simulations are frequently used to determine the best available solution. However, not all simulations are created equal. For example, simulations of the flight of water rockets differ in the results given based upon assumptions made by the simulation creator.
This lesson gives students an introduction to the use of simulations to model the flight of water rockets and then uses the Euler Method to make similar calculations. Different assumptions required to simulate flight involving drag are introduced and students learn the importance of running multiple instances of a simulation (a Monte Carlo Simulation).

The culminating activity is an engineering design challenge where students use a model and simulations to design a water rocket to land a given distance from the launch pad.



Grade Level and Student Prerequisites
Intended for use in high school Calculus or Physics courses


Student Prerequisites
Before beginning this lesson students should be able to:

· Use basic ballistics equations 

· Correctly complete unit conversions


Learning Objectives

The student will be able to:
· Solve Ballistics Equations involving drag using the Euler method of integration
· Vary default values to create a Monte Carlo Graph using a simulation.
· Use the Engineering Process to solve a complex problem.
· Compare results of simulations with experimental testing.
· Communicate results.


Materials and Resources

Handouts

Student Preparation Webquest Worksheet
Calculating Position with Drag Worksheet

Monte Carlo Graph

Request for Proposals

Proposal Presentation Rubric/Scoresheet

Rocket Stability Handout
Internet

Websites:

· Beginners Guide to Aeronautics: http://www.grc.nasa.gov/WWW/K-12/airplane/
Trajectory Simulations:

· PhET: http://phet.colorado.edu/en/simulation/projectile-motion (Select “Run Now”)
· HyperPhysics: http://hyperphysics.phy-astr.gsu.edu/hbase/traj.html (scroll down to “Where will it land?”)
Water Rocket Simulations:

· Science Bits: http://www.sciencebits.com/RocketCalculator?fromForm=yes
· NASA: http://microgravity.grc.nasa.gov/education/rocket/BottleRocket/sim.htm
· Brigham Young University: http://www.et.byu.edu/~wheeler/benchtop/sim.php
· Water-Rockets.com: http://www.water-rockets.com/article.pl?4
Equipment

Water Rocket Launcher (building instructions also available from NASA at http://www.nasa.gov/audience/foreducators/topnav/materials/listbytype/Water_Rocket_Launcher_Directions.html)
Air compressor

Dice (2 per group) or other random number generator 

Penny (1 per group)

Timer

Measuring tape (50 or 100 ft)

Safety Glasses

2 Liter plastic bottles

Water rocket construction materials

Transparent Graph (1 per pair – print Monte Carlo Graph handout on overhead transparency pages)

Overhead Marker (1 per pair)
Overhead Projector 
Presentation Materials (Posters, markers, rulers, overhead, computers, projector)
Supplemental Readings or Websites

· Water Rocket Construction Instructions (see below or http://www.nasa.gov/audience/foreducators/topnav/materials/listbytype/Water_Rocket_Construction.html) 
Other
· Monte Carlo Values Excel Spreadsheet



Time Required (7 days - based on 45 minute class periods)
Student Preparation Webquest Worksheet (1 day – in computer lab)

Calculating Position with Drag Worksheet (1 day in classroom)

Monte Carlo Simulation Activity (1 day in computer lab)

Engineering Project (2 days in computer lab and classroom)
Launch Day (1 day outside)

Presentations (1 day in classroom)



Background

What is the Orion MPCV?

The Orion Multi-Purpose Crew Vehicle will be the newest addition to NASA’s manned space flight vehicles.  The goal of the Orion MPCV is to allow astronauts to travel into space to possibly land on the moon and nearby asteroids.  The Orion MPCV crew module is considerably larger than the Apollo crew module and will allow for more astronauts as well as a greater amount of payload to be taken to and from space bodies.

What is the LAS?

LAS stands for launch abort system.  For the Orion Multi-Purpose Crew Vehicle NASA chose to create a safety system that would allow astronauts to abort the mission and return safely to earth.  This can happen in different ways.  The mission can be aborted while the rocket is still on the ground (pad abort), or it can be aborted after launch before the rocket is in a zero gravity situation.  The LAS works by firing rockets on the boom above the crew module, thereby accelerating the crew module away from the rest of the vehicle.  When this occurs astronauts will encounter a force greater than twelve times the force of gravity.  After separation the LAS module will begin firing small boosters near the nose of the rocket to guide the crew module through a rotation orienting the module for chute deployment.  The LAS will then disconnect from the crew module and the crew module will go through a chute deployment routine allowing it to slow its trajectory before landing in the ocean. 

How are Water Rockets related to the LAS?

The LAS has a very short thrust phase that only serves to separate the crew module from the rest of the rocket body.  Though this thrust phase is very brief, it creates a great amount of propulsion.  Similarly, a water bottle rocket only has thrust until all the water in the bottle is expelled.  In most cases, this occurs within 0.03 seconds of launch.  In this sense, the launch phase of a water bottle rocket closely matches that of the LAS. When a pad abort takes place, the LAS must use the short thrust phase to achieve a height great enough to allow the crew module time to safely cycle through its chute deployment routine.  If the launch cycle takes too long to reach this height, however, then the guidance boosters will exhaust their limited fuel supply, leaving the crew module rotations up to chance.  It also must achieve a distance great enough to allow the LAS to land in the ocean.  The bottle rocket problem models these engineering requirements of the LAS by requiring the bottle rockets to maintain a loft time that falls within a specific range as well as a distance that falls within a specific range.

Why are we concerned about assumptions?

As NASA engineers address the complex formulas necessary to solve the problems they face, they have to make assumptions about the data that they are using.  These assumptions can take many forms.  An engineer may assume that the atmospheric pressure on a certain launch day will be the same as what it was on the same day a year earlier, or they may assume that a rocket will remain nose forward throughout its entire flight path, or perhaps they assume that the capsule carrying the rover to Mars will arrive with no damage to its hull and be able to maintain a predicted landing trajectory.  These assumptions may seem innocent, but if the assumption is not correct then error will be introduced into the engineering problem.  Simple changes to the assumed data can add up which can create undesirable outcomes.  To anticipate any outcomes that may be due to assumptions NASA engineers will conduct a simulation called a Monte Carlo.  

A Monte Carlo simulation takes into account likely data for a specific situation and generates thousands of possible outcomes in the form of data points on a grid.  It does this by varying the individual data elements the engineer believes could change while combining many of the ways these individual data elements could mix together to create differing results.  These results are then plotted and illustrate how the actual event could vary from what was originally modeled.  

One example is a Monte Carlo simulation that was completed for the rovers landing on Mars.  Before either rover was sent, NASA engineers decided they wanted the rover to land within a crater to gather samples.  After setting the base values of the model to land in the center of the crater, engineers created a Monte Carlo based on their data that displayed possible landing deviations due to changes in the expected condition of the rocket.  The Monte Carlo illustrated that there was a very small probability that the rover would land outside of its landing zone as only a few points out of thousands and thousands fell outside of the safe landing zone.


These simulations allow researchers to predict what will happen if the systems they design don’t work as expected and ensure that a project such as the Mars rover doesn’t fail after millions of dollars have been spent to get the rover to Mars.  


Procedure
Day 1: Introduction – in Computer Lab

Preparation: Make a copy of Requisite Skills WebQuest Worksheet for each student.

1. Have students watch the introductory videos (3 minutes).

2. Introduce the relationship between water bottle rockets and the Launch Abort System, especially during a pad abort (5 minutes).

3. Give each student a copy of the Requisite Skills WebQuest Worksheet and allow class time for completion (30 minutes).

4. Discuss in class what students think causes the differences between the simulations that include drag. Introduce and discuss the concept of assumptions when building an environmental model. Suggest students look at the underlying assumptions of the models found on websites including descriptions of the equations used (7 minutes).

Day 2: Euler’s Method – in Classroom

Preparation: Make a copy of Calculating Position with Drag for each student.

1. Show students an example of a basic trajectory using a ballistic model.  Relate to the PhET and HyperPhysics simulations from the Day 1worksheet. Discuss whether such a trajectory is realistic outside of the classroom (3 minutes).

2. Introduce the concept of drag and have students sketch what they believe the path of an object may look like if drag were included. Encourage them to think about the water rocket simulations from the Day 1worksheet (3 minutes).

3. Handout the Calculating Position with Drag worksheet and discuss with students the initial conditions. Have students fill in the initial conditions as they are discussed (8 minutes).  

4. Consider with the class how velocity is affected by drag, and the fact that as time passes the angle of attack and the velocity will continually change in response to the drag force (changing as time changes).  Allow the class to consider what approach might be necessary to calculate the effect of such a force (8 minutes).

5. Begin working together on the Euler Drag worksheet, fill in the first few rows together and plot the distance downrange (x) vs. the height (y) as a class until all students understand how to continue the process as time passes (15 minutes).

6. Briefly discuss how the model could be made more accurate (2 minutes).

7. Instruct students to continue working the problem until the rocket hits the ground and to return the next day with the finished graph (6 minutes).

Day 3: Monte Carlo Simulation – in Computer Lab

Preparation: Make a transparent copy of Monte Carlo Graph for each pair of students. Make a copy of Monte Carlo Graph Simulation Instructions for each pair of students.

1. Break students into pairs.

2. Open the excel spreadsheet WhatADrag_MonteCarlo.xls.

3. Distribute transparent copy of Monte Carlo Graph, Simulation Instructions handout, overhead marker, two dice (or other random number generating device), and a coin to each group.

4. Introduction to a Monte Carlo Simulation (8 minutes).

a. Have students plot on their graphs the distance downrange vs. time of flight (yellow highlighted cells) for the default conditions. This is called the nominal case.

b. Explain that engineers use a Monte Carlo Simulation to see what the likely outcomes are for a given situation. Since the default conditions may contain errors and to accommodate the assumptions made in designing a simulation, a series of iterations of the simulation are run with small changes made to the initial conditions. 

Engineers select a range of values (usually 10% – 20% change above and below the nominal conditions) for each initial condition. The engineers then program the simulation to run hundreds of times while changing each of the conditions by a different random value for each run.

Rather than have the computer change the values randomly, students will use dice (or other random number generator) and a penny to determine the amount of change for each condition. They will then graph their results, and repeat the process as many times as possible in the given time.
c. Walk the students through finding one data point for the simulation with the students using the Monte Carlo Graph Simulation Instructions.
5. Students should repeat the process to find and plot new data points to ensure that their Monte Carlo graph contains many points. (25 minutes)
6. Collect the student graphs about ten minutes before the end of the period.  Overlay the transparent graphs on an overhead projector or with a backlit document camera to display all the resulting data points in one graph.  Discuss with the students that even though we believe our assumptions are valid, even small changes in those assumptions result in different data.  To accommodate the range of assumption errors engineers will create a Monte Carlo Graph.  Engineers and scientists will then base their expected outcomes on the results of the Monte Carlo rather than depending exclusively on the results of a single simulation or computation (10 minutes).

Days 4-5: Project – in Computer Lab and Classroom
Preparation: Make a paper copy of Monte Carlo Graph for each team of students. 

1. Break students into groups with an ideal size of 3 members.

2. Introduce the project by handing out and discussing the NASA Request for Proposals document. (5 minutes)
3. Refer to the Water Rocket Construction at: http://www.nasa.gov/pdf/153406main_Rockets_Water_Rocket_Construction.pdf
or link to it from the website: http://www.nasa.gov/audience/foreducators/topnav/materials/listbytype/Rockets.html
4. Provide material to the student groups and have them begin constructing their water rockets.  Distribute the Rocket Stability Determination handout to remind students to consider center of mass, center of pressure, and stability of their rocket.

5. Allow students class time to design and build their rocket.

6. Make certain that the computer lab is available as well as graph paper for students to conduct Monte Carlo simulations for the rockets they construct.

Break: 2 days for students to work outside of class.  If this is not a weekend, then other in-class   
 
material should be presented.

Day 6: Launch - Outside
Preparation: Select Launch Site. Optional: Mark distance minimum and maximum locations using rope, cones, or other materials.

1. With air compressor, launch pad, and water available take all groups outside for the launch activity.

2. Ensure that graph paper, pencils, 200ft tape measure, and a timer are available for students to plot their outcomes.

3. Launch area should be marked for easy identification of acceptable downrange distances. 

4. Allow each group to launch their rocket three to five times (depending on time) and collect distance and time of flight data.

Break: 2 days for students to work outside of class. If this is not over a weekend then other in-
 
class material should be presented.

Day 7: Presentations

1. Distribute Proposal Presentation Reviewer Scoresheet to all students in class so that they can score their peers as well as their own team.  

2. Allow teams to present their data, explain their Monte Carlo output, the launch conditions they selected and to justify the decisions they made throughout the process.  

3. As each team finishes their presentation allow 1-2 minutes for their peers to assess their methodology and then move on to the next presentation.

4. Congratulate students on improving their engineering expertise.  If desired, a reward may be given to the team with the best approach to the problem as judged by the instructor and, to a smaller extent, the grading of their peers.



Students Assessment(s)
Student Preparation Webquest Worksheet

Calculating Position with Drag Worksheet

Monte Carlo Graph


Proposal Presentation Scoresheet 


Alignment with National and State Standards

Common Core Standards

English Language Arts 6-12 (http://www.corestandards.org/assets/CCSSI_ELA%20Standards.pdf)
Reading Standards for Literacy in Science and Technical Subjects 
6-12
Key Ideas and Details

R-ST3. Follow precisely a complex multistep procedure when carrying out experiments, taking measurements, or performing technical tasks; analyze the specific results based on explanations in the text.

Integration of Knowledge and Ideas

R-ST7. Integrate and evaluate multiple sources of information presented in diverse formats and media (e.g., quantitative data, video, multimedia) in order to address a question or solve a problem
R-ST8. Evaluate the hypotheses, data, analysis, and conclusions in a science or technical text, verifying the data when possible and corroborating or challenging conclusions with other sources of information

R-ST9. Synthesize information from a range of sources (e.g., texts, experiments, simulations) into a coherent understanding of a process, phenomenon, or concept, resolving conflicting information when possible


Mathematics 6-12


(http://www.corestandards.org/assets/CCSSI_Math%20Standards.pdf)
S-ID6: Represent data on two quantitative variables on a scatter plot, and

describe how the variables are related.

S-IC1: Understand statistics as a process for making inferences about

population parameters based on a random sample from that population.

S-IC5: Use data from a randomized experiment to compare two treatments;

use simulations to decide if differences between parameters are significant.

N-Q1: Use units as a way to understand problems and to guide the solution

of multi-step problems; choose and interpret units consistently in

formulas; choose and interpret the scale and the origin in graphs and

data displays.

N-Q2: Define appropriate quantities for the purpose of descriptive modeling.

N-Q33: Choose a level of accuracy appropriate to limitations on measurement

when reporting quantities.

N-VM3: Solve problems involving velocity and other quantities that can be represented by vectors.

A-SSE1b: Interpret complicated expressions by viewing one or more of their

parts as a single entity. For example, interpret P(1+r)n as the product

of P and a factor not depending on P. 

F-BF1a: Determine an explicit expression, a recursive process, or steps for

calculation from a context.

F-LE1b: Recognize situations in which one quantity changes at a constant

rate per unit interval relative to another.

F-TF7: Use inverse functions to solve trigonometric equations that arise

in modeling contexts; evaluate the solutions using technology, and

interpret them in terms of the context.

Science

National Science Education Standards (Grades 9-12)

(http://www.nap.edu/openbook.php?record_id=4962)
Content Standard A: Science as Inquiry

Abilities necessary to do scientific inquiry

· Identify questions and concepts that guide scientific investigations.
· Design and conduct scientific investigations.
· Use technology and mathematics to improve investigations and communications.
· Formulate and revise scientific explanations and models using logic and evidence.
· Recognize and analyze alternative explanations and models.
· Communicate and defend a scientific argument.
Understandings about scientific inquiry

Content Standard B: Physical Science

Motions and forces

Content Standard E: Science and Technology

Abilities of Technological Design

· Identify a problem or design an opportunity. 

· Propose designs and choose between alternative solutions. 

· Implement a proposed solution. 

· Evaluate the solution and its consequences. 

· Communicate the problem, process, and solution. 
Understandings about science and technology
CONTENT STANDARD F: Science in Personal and Social Perspectives

Science and technology in local, national, and global challenges
Content Standard G: History and Nature of Science

Science as a human endeavor
Nature of scientific knowledge
Idaho State Science Standards (Grades 9-10)
Note: No State Physics Standards currently exist
STANDARD 1: Nature of Science

Goal 1.2: Understand Concepts and Processes of Evidence, Models, and Explanations

Goal 1.6: Understand Scientific Inquiry and Develop Critical Thinking Skills

Goal 1.8: Understand Technical Communication

STANDARD 2: Physical Science

Goal 2.2 Understand the Concepts of Motion and Forces

STANDARD 5: Personal and Social Perspectives; Technology

Goal 5.2: Understand the Relationship between Science and Technology

Mathematics
NCTM Standards
http://www.nctm.org/standards/content.aspx?id=3856
Number and Operation:

Compute Fluently:

1. Develop fluency in operations with real numbers, vectors, and matrices, using mental computation or paper-and-pencil calculations for simple cases and technology for more-complicated cases.

2. Judge the reasonableness of numerical computations and their results.

Algebra:

Use mathematical Models:

1. Use symbolic expressions, including iterative and recursive forms, to represent relationships arising from various contexts.

2. Draw reasonable conclusions about a situation being modeled.

Geometry:

Analyze characteristics and properties of two- and three-dimensional geometric shapes and develop mathematical arguments about geometric relationships

1. Use trigonometric relationships to determine lengths and angle measures.
Use visualization, spatial reasoning, and geometric modeling to solve problems

1. Visualize three-dimensional objects and spaces from different perspectives and analyze their cross sections.
Measurement:

Understand measurable attributes of objects and the units, systems, and processes of measurement.

1. Make decisions about units and scales that are appropriate for problem situations involving measurement.
Apply appropriate techniques, tools, and formulas to determine measurements

1. Analyze precision, accuracy, and approximate error in measurement situations.
2. Apply informal concepts of successive approximation, upper and lower bounds, and limit in measurement situations.
3. Use unit analysis to check measurement computations.
Data Analysis and Probability: 

Formulate questions that can be addressed with data and collect, organize, and display relevant data to answer them.

1. Understand the differences among various kinds of studies and which types of inferences can legitimately be drawn from each.

2. Know the characteristics of well-designed studies, including the role of randomization in surveys and experiments.

Problem Solving:
1. Build new mathematical knowledge through problem solving.

2. Solve problems that arise in mathematics and in other contexts.

3. Apply and adapt a variety of appropriate strategies to solve problems.

4. Monitor and reflect on the process of mathematical problem solving.

Communication:

1. Organize and consolidate their mathematical thinking through communication.

2. Communicate their mathematical thinking coherently and clearly to peers, teachers, and others.

3. Analyze and evaluate the mathematical thinking and strategies of others.

4. Use the language of mathematics to express mathematical ideas precisely.

Connections:

1. Recognize and use connections among mathematical ideas.

2. Understand how mathematical ideas interconnect and build on one another to produce a coherent whole.

Representation:

1. Create and use representations to organize, record, and communicate mathematical ideas.

2. Select, apply, and translate among mathematical representations to solve problems.

3. Use representations to model and interpret physical, social, and mathematical phenomena.
Calculus Concepts (Based on Idaho Calculus Standards)

http://www.sde.idaho.gov/site/content_standards/math_standards_docs/course/Final%20AP%20Calculus%20August%2021%202008.pdf
II: Derivatives: Application of derivatives.

III: Integrals: Application of integrals
III: Integrals: Numeric approximations to definite integrals

Technology (http://www.iste.org/Content/NavigationMenu/NETS/ForStudents/2007Standards/NETS_for_Students_2007.htm)
1. Creativity and Innovation 

  Students demonstrate creative thinking, construct knowledge, and develop innovative products and processes using technology. 

2. Communication and Collaboration 

  Students use digital media and environments to communicate and work collaboratively, including at a distance, to support individual learning and contribute to the learning of others. 

3. Research and Information Fluency 

  Students apply digital tools to gather, evaluate, and use information. 

4. Critical Thinking, Problem Solving, and Decision Making 

  Students use critical thinking skills to plan and conduct research, manage projects, solve problems, and make informed decisions using appropriate digital tools and resources. 

6. Technology Operations and Concepts 

  Students demonstrate a sound understanding of technology concepts, systems, and operations. 
What a Drag! Accommodating Assumptions
Student/Teacher Resource Pages/Data Collection Pages


· Water Rocket Construction (also available in NASA’s Rockets Educators Guide)

· Water Rocket Launcher (also available in NASA’s Rockets Educators Guide)

· Requisite Skills Webquest Worksheet
· Calculating Position with Drag Worksheet 

· Calculating Position with Drag Worksheet Educator’s Supplement

· Monte Carlo Graph and Instructions
· Proposal Presentation Scoresheet

· Proposal Presentation Reviewer Scoresheet

· Rocket Stability (also available in NASA’s Rockets Educators Guide)
Note: 
Excel Spreadsheet used to create the Monte Carlo Graph is a separate file: WhatADrag_MonteCarlo.xls.

[image: image1.jpg]National Science Content Standards
Physical Soience
« Position and motion of objects
* Motions and forces
Science and Technology
* Abilities of technological design

National Mathematics Content Standards
« Geometry
* Measurement

National Mathematics Process Standards
* Connections

Rocket Activity

Water Rocket
Construction

Objective
‘Student teams will construct water rockets and
successfully launch them.

Description

Using plastic soft drink bottles, cardboard or
Styrofoam food trays, tape, and glue, small
teams of students design and construct
rockets. A simple assembly stand assists
them in gluing fins on their rockets, and a nose
cone is mounted on the top. A small lump of
modeling clay is inserted into the nose cone

to enhance the rocket's stability in fiight. The
rocket is launched with a special launcher. The
plans for the launcher are found in the Water
Rocket Launcher activity.

Materials

2-lter soft drink bottle (1 per team)

Styrofoam food trays

Posterboard, cardboard

Masking tape

Low-temperature glue guns and glue

1- to 2-inch piece of 1/2° PVG pipe

4X4X1-inch board (per team) and small
sorew and washer

4 ounces of clay

Safety goggles

Plastic grocery sacks or thin fabric soraps

String

Sandpaper or emery boards

Art supplies

Water rocket launcher (see page 109)

Bicycle pump or small compressor
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Begin collecting 2-liter soft drink bottles a few
weeks before the activity. Save the caps, too.
Rinse the bottles and remove the labels. There
will be some glue adhesive remaining on the
bottle. Goo remover can be used to clean it off,
but it tends to smear the surface.

Gonstruct assembly stands out of small
blocks of wood. Attach a bottle cap to the
middle of each board with a small sorew and a
washer through the cap. When students begin

constructing their rockets, they sorew the bottle
neck into the cap, and the board below will hold
the rocket upright for gluing. The blocks also
make a convenient way of storing the rockets
upright when not being worked on.

-

Make mounting stands by screwing the piastic
bottle caps to.a board. Use a washer for
added strength.

Pre-cut the PVG segments. The cuts can
be slanted to streamline them. A saw or PVG
cutter is used for cutting. The segments act as
launch lugs to guide the rocket up the launch
rod during the first moments of the rocket's
skyward olimb.

Be sure to use low-
temperature glue guns. High-
temperature guns will melt
the plastic bottle. A small
dish of ice water in a central
location s helpful for students.
‘who get hot glue on their
fingers. Immersing the fingers
will immediately chill the
glue. Do not put bowls of water near the guns
themselves because the guns use electricity
for heating, and shorting could ocour if they get
wet.

Launch lug with
slanted cuts.

Special Note The activity entitled Project X-
51 (see page 118) lays out an entire process

for constructing water rockets through launch
and reporting. Student teams form rocket
companies and compete for government
contracts. The procedures that follow here
should be used for the construction phase of
Project X-51.

Background
Awater rocket is a chamber, usually a 2-liter
soft drink bottle, partially filled with water. Air
is forced inside with a pump. When the rocket
s released, the pressurized air forces water out
the nozzle (pour spout). The bottle launches
itself in the opposite direction. The bottle
usually has a nose cone for streamlining and
fins for stability.

Water rockets are easily capable of 100-
meter-high flights, but advanced hobbyists have
combined bottles and staged bottles for fights
over 300 meters high.

Water bottle rockets are ideal for
teaching Newton's laws of motion. The launch
of the rocket easily demonstrates Newton’s
third law. Students can see the water shooting
out of the nozzle (action) and see the rocket
streak into the sky (reaction). Students can also
experiment with different pressure levels inside
the chamber and different amounts of water.
The rocket will not fiy very high it it is filled only
with air. The air wil quickly rush out during the
launch, but its mass is very low. Gonsequently,
the thrust produced is also low (Newton's
second law). By placing water in the bottle, the
air has to force the water out first before it can
leave the bottle. The water increases the mass
expelled by the rocket, thereby increasing the
thrust.

Like all rockets, the fiight performance
of water bottle rockets is strongly influenced
by the rocket's design and the care taken in its.
construction. Beveling the leading and traiing
edges of fins allows them to slice through the
air more cleanly. Straight-mounted fins produce
little friction or drag with the air. A small amount
of ballast weight inside the nose cone helps
balance the rocket. This moves the center of
mass of the rocket forward while stillleaving a
large fin surface area at the rear. In flight, the

115



[image: image3.jpg]rocket design acts like a weather vane, with the
nose cone pointed up and the fins down.

Procedure

1. Set up a supply station with materials such
as Styrofoam food trays, posterboard, tape,
sandpaper, and art supplies.

2. Setup a gluing station with several heated
low-temperature glue guns and extra glue
sticks.

3. Divide students into teams for constructing
rockets. If using Project X-51, describe the
project to them and explain its objectives.
Discuss construction techniques for their
rockets. Give each team an assembly stand
and a 2-liter soft drink bottle. Project X-51
requires teams to keep track of the materials
they used. Even if they are not doing the
project, it s still good for teams to account
for the materials used.

4. Show teams how to use the glue guns and
point out the cold water dish in case glue
gets on fingers. Students should wear safety
goggles when gluing.

5. Describe how fins can be smoothed with
sandpaper to slice through the air with little
drag.

6. Remind teams to add olay to the inside of
their nose cones.

A

“Trim fin edges with sandpaper to give them
knife-blade shapes to slice through the ai

7. Have teams glue
launch lugs to the
side of the rocket
midway up the body
of the rocket and
position it midway
between two fins.

8. Challenge teams to
think up a way to
add a parachute to
their rockets for soft
landings. Plastio
grocery bags or
lightweight fabric
soraps can be cut
to make parachutes.
and strings can be
used to attach them.
The nose cone must
remain in place until
the rocket reaches the top of its flight; then it
should open and release the parachute.

£0

L i

The Assembly Stand supports the rocket
whil tis being constructed.
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[image: image4.jpg]9. When the rockets have been completed,
have teams qualify their rockets for flight by
conducting string tests. Using several feet
of string, tie the rocket around the middle so
that it balances. Because of the nose cone
weight, the balance point will be towards the
nose. When the rocket hangs level, a small
piece of tape should be temporarily fixed to
the string and bottle to keep the string from

slipping. The rocket is then twirled in a circle.

Ifthe rocket tumbles while circling, it is not
stable and needs more nose cone weight,
bigger fins, or a combination of both. If the
rocket circles with the nose always pointed
forward, it is stable and ready for flight.
(More information about string tests will be
found in the instructions for Project X-51.)

Assessment

« Inspect each team’s rocket for the
construction skill employed. Fins should be
vertical and securely attached. The rocket
should be stable.

* Observe the flights and note how the recovery
system designed by teams worked.

Extensions

* Conduct a space art show to feature
decorating schemes of team rockets. Have
students draw artist's conceptions of their
rockets in flight. (See The Art of Spaceflight
on page 146). To view artist's conceptions
of NASA' new Gonstellation program, see
pages 13-17.

m«;

10. Review launch procedures with the teams.
The instructions are outlined in the activity
for constructing a water rocket launcher (see
page 108). Gonduct an inspection the day
before the launch to ensure that rocket fins
are securely attached.

1. Set up a tracking station for measuring the
altitudes achieved by the rockets. Follow
all safety procedures and instructions when
launching the team rockets.

ur
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Rocket Activity

Water Rocket
Launcher

Objective
Gonstruct a launch platform for launching
water rockets.

Description

Water rockets, buitt from plastic soft drink
bottles, are capable of flights greater than

100 meters. The bottles are partially filled

with water and pressurized with compressed
air delivered by a hand bicycle pump or

small compressor. A special launch pad is
required for holding the rocket while it is being
pressurized. When the desired pressure is
reached, the rocket is launched by releasing
hold-down clamps. The instructions that follow
explain how to construct the launcher and
provides a list of needed materials. Only a few
tools and simple construction techniques are
required to construct a launch pad that can be
used year after year.

Materials

Refer to the shopping list (see page 113)
Saw

Drill

Sorew driver
Bicycle pump or small electric compressor

Management
Most of the materials on the shopping list are
obtained from a hardware/lumber store. If
needed, the list can be given to a salesperson
to assist in locating the needed parts. The list
includes sizes, descriptions, and the number of
each part required.

A scrap piece of 2x4 may be available
at the lumber store. You will need two short

109



[image: image6.jpg]pieces, 6” and 3” long. The short piece should
have pilot holes drilled for the sorews that wil
attach the block to the launcher base. The
block supports a launch rod that guides the
rocket during the first few moments of the iftoff.
The other block should have pilot holes for
attaching the corner irons to mount the block
to the base and for supporting the hold-down
clamps.

‘Although ot required, it is recommended
that the wooden parts are painted or varnished.
These parts will be blasted with water each time
arocket is launched and finishing the wood will
reduce potential warping.

Assembly Instructions:

1. Screw the
galvanized
floor flange
(part#7)to
the center of isides
View

the launcher
base.

2. Slide one end
of the air hose
(part #13) into
the center
hole of the
pipe tee (part
#9). The hose
should be
bent so that it
extends about
7 om out the top hole of the tee. It wil take a
little force to make the bend.

3. Thread the brass nipples (part # 8) into each
end of the tee. The hose will extend through
the top nipple.

4. Jam the barb splicer
(part #10) into the end

MR
of the hose that you e _an

Pull on the hose until the stopper just rests
on the tes. Thread the lower nipple into the
flange.

. Stand the 6” 2X4 block (part #3) next to the

flange. Mark screw holes for three corner
braces (part #6). The braces will hold the
block in place. One brace goes on each side
and one on the side of the block opposite the
flange. Dril pilot holes into the base and the
block. Screw the block tothe base.

. Drill two pilot holes into the small block (part

#2),laid on ts side. The holes should go
straight through. Place the block next to the
flange opposite the first block. Screw itin
place.

. Push an empty soft drink bottle on to the

stopper for alignment of the other parts to be
added.

. Drill hole in the small block large enough to

‘accept the launch rod (part #4). The hole
should be positioned so that the rod will just
rest against the side of the bottle.

. Align the two 8” mending plates (part

#17) with the bottle lip ust above the cap
threads - the bottle is upside down). You

will probably have to adjust the height of the
stopper. When launching, the bottle neck
(rocket nozzle) will have to make a tight seal
with the stopper. The mending plates (hold
down clamps) press and hold the bottle on
the stopper while air is being pumped in.
Tum one or both of the nipples to raise or
lower the stopper and the bottle to match the
‘clamps with the bottle lip. (The two plates
are like vice jaws that pivot sideways against
the bottle neck just above the lip. Screws
inserted in the second hole (from the back) of

Guide Screw  Fulcrum screw

pushed through the
tee and nipple. Push
the other end of the
barb into the hole

of the stopper (part
#12). The wide end
of the stopper should
be nearest the nipple.

Mounting
Plate
becomes
hold-down
clamp
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[image: image7.jpg]of each plate serve as fulorums. The plates
pivot inward to grab the bottle. (When the
plates are pivoted outward, they release it)
When you are satisfied that the plates will get
agood grip on the bottle, mark the positions
of the second holes and sorew the plates.
to the upper end of the large block. Screw
them in just enough to keep the plates from
rocking but not o tight as enough to prevent
them from swinging from side to side.

10. Install two guide sorews about 3/4” apart.
The guide screws ensure that both plates
open fully and release the bottle. Refer to the
diagram to see the positioning of the plates.
on the 6" block.

1. Wrap several rubber bands around the
short ends of the clamps. You will have to
experiment a bit to get the right tension in the
bands to pull the clamps apart for the launch.

Top Down
View of

Hold-Down
Clamps

12. Thread the hook and loop cable tie (part
#12) through the end screw hole of one of
the two mounting plates. This permanently
attaches the tie to the plate. Tie the launch
string to the other end of the tie. The string
should be about 4 meters long.

13. Gonnect the bicycle pump or compressor
hose to the air hose. Depending upon the
kind of pump you have, you may have to
obtain a connector to fit the pump. One
approach s to install a second barb splicer
into the other end of the launcher’s air hose.
Gut the pump hose and push the barb into
it to make the connection. Use small hose
clamps to secure the barb to the hose.
Other kinds of connectors are available, and
some experimentation may be necessary.
(One approach is to take the launcher and
your pump to the hardware store and ask for
recommendations.)

Guide screws.

Fulerum screws

Placing the hold-down clamps (8” mending plates)

The diagram above shows the position of a rocket bottle. The clamps are screwed into the
block and are free to swing side-to-side. The guide screws ensure that both clamps open
at the same time (not just one opening wide and the other one staying put). When ready for
launch, the clamps are swung to the middle to grab on to the bottle neck just above the lip.
The diagram to the right shows the hook and loop cable tie wrapped around the clamps.
When the string is pulled, the tie is peeled off, and the clamps are released. The rubber
bands on the other end of the clamps pull them apart, and the rocket lifts off.

m



[image: image8.jpg]Tips on Using the Launcher

« Itis important to keep the bottle sealed with
the stopper as it is being pressurized. If the
bottle leaks (a small spray comes out as it
is being pressurized), the seal is too loose.
Raise the stopper by unscrewing one or both
of the nipples a turn o two to elevate the.
stopper.

* New plastic (PET) soft drink bottles are
capable of withstanding about 100 or more
pounds per square inch (ps}) of pressure. A
2101 safety factor is recommended. Do
not let students pump the bottle above 50
psi. Bottles can be damaged during the
construction process. Also bottles can be.
damaged on landing. Retire water rockets
after 10 flights or sooner if you suspect
damage.

Completed Water
Rocket Launcher

* To place a rocket with water inside on the
base, hold the rocket horizontally. Tip up the
base and push the nozzle onto the stopper.
Grasp the bottle with the clamps and hold
them in position with the cable wrap. Set
the rocket and launch platform level. Itis not
necessary to anchor the pad on the ground.

« A small pull on the string attached to the
cable wrap is enough to peel it back and
release the hold-down clamps.

* Students near the launcher should wear safety
goggles while the rocket is being pressurized
and launched.

* Keep other students about 5 to 10 meters
from the launcher (further if you efect to use
higher launch pressures).

* Do not let students attempt to catch their
rockets unless the rocket has sucoessfully
deployed its parachute.
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· What a Drag! Accommodating Assumptions

Requisite Skills Webquest Worksheet

Basics of Water Rocket Design

Having a stable water rocket requires knowing where the center of pressure and center of gravity are for the rocket. Use the webpage Determining Center of Pressure (http://microgravity.grc.nasa.gov/education/rocket/rktcp.html) to answer the next questions.

1. What is the projected area of a rocket?

2. How can the projected area be used to mechanically determine the center of pressure?

Use the Determining Center of Gravity (http://microgravity.grc.nasa.gov/education/rocket/rktcg.html) webpage to answer the next question.

3. How can the center of gravity of a model be found mechanically?

The Rocket Stability webpage (http://microgravity.grc.nasa.gov/education/rocket/rktstab.html) will help you fill in the blanks below correctly.

4. To make a stable rocket the center of _______________ (pressure/mass) should be above or in front of the center of _______________ (pressure/mass).

5. Describe how to perform the string test to check a model rocket’s stability.

Use the What is Drag webpage (http://www.grc.nasa.gov/WWW/k-12/airplane/drag1.html) to answer these questions.

6. What does drag oppose?

7. What two things must be present for drag to occur?

Ballistics Equations Simulations

Complete the following data table to compare two simulations that use traditional ballistics equations.

· PhET: http://phet.colorado.edu/en/simulation/projectile-motion (Select “Run Now”)
· HyperPhysics: http://hyperphysics.phy-astr.gsu.edu/hbase/traj.html (scroll down to “Where will it land?”)

	
	PhET
	HyperPhysics

	Angle
	65
	65

	Initial Speed
	50 m/s
	50 m/s

	Mass
	0.2 kg
	N/A

	Diameter
	0.1 m
	N/A

	Height/y
	
	-1.2 m

	Range/x2
	
	

	Time/t2
	
	


Give two reasons why most high school math and physics problems involving a falling object or a projectile ignore air resistance.

Water Rocket Simulations

Complete the following table with a partner to compare several water rocket simulations involving drag. Convert units as needed – if a value is not given use the simulation default value. Not all values are used in every simulation. Use N/A to indicate a value not used in the simulation.

· Science Bits: http://www.sciencebits.com/RocketCalculator?fromForm=yes
· NASA: http://microgravity.grc.nasa.gov/education/rocket/BottleRocket/sim.htm (Use both Rocket Modeler II and 3D WaterRocketSim prototype Simulator)
· Brigham Young University: http://www.et.byu.edu/~wheeler/benchtop/sim.php
· Water-Rockets.com: http://www.water-rockets.com/article.pl?4
	
	Default Values
	Science Bits
	NASA II
	NASA III
	BYU
	Water-Rockets

	Empty Rocket Mass
	0.1 kg
	
	
	
	
	

	Diameter
	0.1 m
	
	
	
	
	

	Bottle Volume
	2 L
	
	
	
	
	

	Initial Pressure
	50 psi
	
	
	
	
	

	Drag Coefficient
	0.31
	
	
	
	
	

	Simulation Time Step
	0.001 s
	
	
	
	
	

	Bottle Diameter
	11.2 cm
	
	
	
	
	

	Nozzle Diameter
	2.16 cm
	
	
	
	
	

	Launch Angle
	65o
	
	
	
	
	

	Nose Cone Shape
	None
	
	
	
	
	

	Payload
	None
	
	
	
	
	

	Fairing
	None
	
	
	
	
	

	Number of fins
	3
	
	
	
	
	

	Shape of fins
	Trapezoidal
	
	
	
	
	

	Fin Length
	10 cm
	
	
	
	
	

	Fin Width
	10 cm
	
	
	
	
	

	Water Volume
	300 mL
	
	
	
	
	

	Altitude
	720 m
	
	
	
	
	

	Launch Rail Length
	1 m
	
	
	
	
	

	Temperature
	25 oC
	
	
	
	
	

	Launch Tube Length
	2 cm
	
	
	
	
	

	Launch Tube Diameter
	2.15 cm
	
	
	
	
	

	Maximum Speed
	
	
	
	
	
	

	Maximum Height
	
	
	
	
	
	

	Range
	
	
	
	
	
	

	Time
	
	
	
	
	
	


	Time
	Horizontal Velocity (Vx)
	Vertical Velocity (Vy)
	Velocity (V)
	[image: image10.png]



	Horizontal Position (x)
	Vertical Position (y)
	[image: image11.png]



	[image: image12.png]




	0.0
	
	
	
	
	
	
	
	

	0.2
	
	
	
	
	
	
	
	

	0.4
	
	
	
	
	
	
	
	

	0.6
	
	
	
	
	
	
	
	

	0.8
	
	
	
	
	
	
	
	

	1.0
	
	
	
	
	
	
	
	

	1.2
	
	
	
	
	
	
	
	

	1.4
	
	
	
	
	
	
	
	

	1.6
	
	
	
	
	
	
	
	

	1.8
	
	
	
	
	
	
	
	

	2.0
	
	
	
	
	
	
	
	

	2.2
	
	
	
	
	
	
	
	

	2.4
	
	
	
	
	
	
	
	

	2.6
	
	
	
	
	
	
	
	

	2.8
	
	
	
	
	
	
	
	

	3.0
	
	
	
	
	
	
	
	

	3.2
	
	
	
	
	
	
	
	

	3.4
	
	
	
	
	
	
	
	

	3.6
	
	
	
	
	
	
	
	

	3.8
	
	
	
	
	
	
	
	

	Time
	Horizontal Velocity (Vx)
	Vertical Velocity (Vy)
	Velocity (V)
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	Horizontal Position (x)
	Vertical Position (y)
	[image: image14.png]
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	4.0
	
	
	
	
	
	
	
	

	4.2
	
	
	
	
	
	
	
	

	4.4
	
	
	
	
	
	
	
	

	4.6
	
	
	
	
	
	
	
	

	4.8
	
	
	
	
	
	
	
	

	5.0
	
	
	
	
	
	
	
	

	5.2
	
	
	
	
	
	
	
	

	5.4
	
	
	
	
	
	
	
	

	5.6
	
	
	
	
	
	
	
	

	5.8
	
	
	
	
	
	
	
	

	6.0
	
	
	
	
	
	
	
	

	6.2
	
	
	
	
	
	
	
	

	6.4
	
	
	
	
	
	
	
	

	6.6
	
	
	
	
	
	
	
	

	6.8
	
	
	
	
	
	
	
	

	7.0
	
	
	
	
	
	
	
	

	7.2
	
	
	
	
	
	
	
	

	7.4
	
	
	
	
	
	
	
	

	7.6
	
	
	
	
	
	
	
	

	7.8
	
	
	
	
	
	
	
	


What a Drag! Accommodating Assumptions

Calculating Position with Drag
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Acceleration along the x-axis:  [image: image19.png](3pv* cos8-cy5)





Acceleration along the y-axis: [image: image21.png](5pv* sinb-cys)
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 Atmospheric density = ___________________ slugs/ft3

V=Velocity = _________________ ft/sec

[image: image25.png]


Angle of attack = __________________ degrees


[image: image27.png]


 Drag coefficient = ___________________

S = Cross sectional area = ____________________ ft2

W = Weight of object = ___________________ lbs

g = Gravitational constant = __________________ ft/sec2

m = Mass of object = __________________ slugs

As the object moves through the air the angle of attack and the velocity will change due to drag and gravity.  This makes it impossible to predict the outcome based solely on the input data.  Instead changes in angle and velocity must be considered in very small segments of time.


[image: image71.emf]Though we are given an initial velocity, we will need to understand the horizontal and vertical components of that velocity as they relate to the angle of attack ([image: image29.png]


). 
What a Drag! Accommodating Assumptions

Calculating Position with Drag Educators Supplement 

The “Calculating Position with Drag” worksheet is given in 3 pages and should be printed back to back.  The third page on the student copy is actually the first page.  It contains the initial conditions and is easy to separate from the table data after printing.

The first step to completing the worksheet is filling in the initial conditions.  Below is each condition with data entered (or a source to find local data).

Acceleration along the x-axis:  [image: image31.png](3pv* cos8-cy5)





Drag equation ÷ mass = ft/sec which is what we need.  Drag alone is a measure of force.

Acceleration along the y-axis: [image: image33.png](5pv* sinb-cys)





Same as above, however acceleration along the y-axis is also affected by gravity.

[image: image35.png]


 Atmospheric density = ___________________ slugs/ft3

Visit http://www.digitaldutch.com/atmoscalc/ to calculate atmospheric density based on the altitude and temperature of your specific area.

V=Velocity = _________________ ft/sec

Choose an initial velocity for all students to use (around 70fps)

[image: image37.png]


Angle of attack = __________________ degrees

Choose an initial angle of attack (around 80o)



[image: image39.png]


 Drag coefficient = ___________________

We experimentally calculated this value to be about 0.31 for a 2-liter soda bottle

S = Cross sectional area = ____________________ ft2
For a standard 2-liter bottle this value is .0985

W = Weight of object = ___________________ lbs

Choose an initial value (around 0.23 lbs)

g = Gravitational constant = __________________ ft/sec2
32 ft/sec2
m = Mass of object = __________________ slugs

Calculate using the formula W ÷ g = m

As the object moves through the air the angle of attack and the velocity will change due to drag and gravity.  This makes it impossible to predict the outcome based solely on the input data.  Instead, changes in angle and velocity must be considered in very small segments of time.


[image: image72.emf][image: image73.emf]This is an opportunity to discuss the path that the rocket will follow when drag is included in the calculation.  A good way to introduce this is to consider each path the rocket takes if the velocity changes due to drag are taken into account at different time intervals.

1 second intervals:






vs. 0.5 second intervals: 

Though we are given an initial velocity, we will need to understand the horizontal and vertical components of that velocity as they relate to the angle of attack ([image: image41.png]


). 
[image: image74.jpg]S NASA’sd 3
Simulation-Based Aerospace Enginegring '\

Teacher Professiona 'lﬁ\\ Program \\”




This should be a simple trigonometry problem for students and many will come up with the vertical and horizontal components of velocity on their own.

VerticalVelocity = Velocity [image: image43.png]



HorizontalVelocity = Velocity [image: image45.png]- cos(8)




The table below describes how to find the first three rows of the table data for the student worksheet.  The first row will be filled in with all the initial conditions however the last two calculations will require the use of the formula from the first page.  For each column you can see the calculation that should take place.  Consider V0 as the initial V and V1 as V from the next timestep and so on.  Also [image: image47.png]At



 = 0.2 s throughout the problem as that is our timestep.  It is important to highlight the connection between the acceleration equation, the change in velocity, and the change in position for the system.

	Time
	Horizontal Velocity (Vx)
	Vertical Velocity (Vy)
	Velocity (V)
	[image: image48.png]



	Horizontal Position (x)
	Vertical Position (y)
	[image: image49.png]
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	0.0


	[image: image51.png]V - cos(8)
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	Initial Velocity from first page
	[image: image54.png]


 should be 80o
	0
	0
	Formula from first page with data from this row plugged in along with initial conditions.
	Formula from first page with data from this row plugged in along with initial conditions.

	0.2
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The velocity from the above cell + the acceleration from the previous timestep*.02 to arrive at new velocity.
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The velocity from the above cell + the acceleration from the previous timestep * .02 to arrive at new velocity.
	[image: image57.png]



Recalculation of V for use in other equations.
	[image: image58.png]K
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New position is the position from the above cell + the horizontal velocity*.02
	[image: image60.png]Yo + V,
/1 - At




New position is the position from the above cell + the vertical velocity*.02
	Formula from first page with data from this row plugged in.
	Formula from first page with data from this row plugged in.

	0.4
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	Formula from first page with data from this row plugged in.
	Formula from first page with data from this row plugged in.


Students may notice that certain values from the acceleration formulas do not change from one row to another. Encourage them to find ways to complete the table faster using the constant values as a single term.

What a Drag! Accommodating Assumptions

Monte Carlo Graph

What a Drag! Accommodating Assumptions

Monte Carlo Graph
Simulation Instructions:

1. Open WhatADrag_MonteCarlo.xls

2. Using an overhead marker, plot the distance downrange and time of flight for the Default Conditions Results from the yellow box with an X. This is the nominal case.

3. Generate a new data point

a. Change the input value for Air Pressure 

i. Roll two dice and flip a coin

ii. Multiply the values on the dice together

iii. If the coin is heads enter the value from step ii in the green Air Pressure/% change (+/-) cell

iv. If the coin is tails multiply the value from step ii by -1 and enter the new value in the green Air Pressure/% change (+/-) cell

v. Enter the value from the Air Pressure/New Conditions cell into the green Air Pressure/column B cell

b. Change the input value for Volume of Water using the procedure for Air Pressure

c. Change the input value for Angle Measure

i. Roll two dice and flip a coin

ii. Add  the values on the dice together

iii. If the coin is heads enter the value from step ii in the green Angle Measure/% change (+/-) cell

iv. If the coin is tails multiply the value from step ii by -1 and enter the new value in the green Angle Measure/% change (+/-) cell

v. Enter the value from the Air Pressure/New Conditions cell into the green Angle Measure/column B cell

d. Change the input value for Drag Coefficient using the procedure for Air Pressure

e. Plot the new values from the yellow Results box using a dot.

4. Repeat step 3 as many times as possible.

[image: image67.jpg]Rocket Stability Determination
(Swing Test)

A rocket that flies straight through the air is said
to be stable. A rocket that veers off course

or tumbles is said to be unstable. Whether a
rocket is stable or unstable depends upon its
design.

All rockets have two “centers.” The fist
s the center of mass. This is a point about
which the rocket balances. The picture to the
right shows a rocket suspended from a string.
‘The rocket is hanging horizontal. That means.
thatitis balanced. The string is positioned
exactly beneath the rocket's Genter of mass.
(This rocket looks ke it should really hang with
its tail section downward. What you can't see
in the picture fs a mass of clay placed in the
rocket's nose cone. This gives the left side as
much mass as the right side. Hence, the rocket
balances)

The center of mass is important to a
rocket. If the rocket is unstable, it will tumble
around the center of mass in fight the way a
stick tumbles when you toss i

‘The other “center” of a rocket s the
center of pressure. This is a point in the shape
of the rocket where half of the surface area of
the rocket is on one side and half on the other.
The center of pressure is different from the
center of mass in that its position is not affected
by whatis inside the rocket. Itis only based on
the rocket's shape.

‘A strikes the surface of the rocket as.
the rocket moves. You know what this i like.

I you stick your arm outside a car window.
when it is moving, you feel pressure from the.
air striking your arm. The center of pressure of
arocket is the middle point. Haf of the total
pressure on the rocket i on one side of the
point and haif on the other.

'Depending upon the design of the.
rocket, the center of mass and the center of
pressure can be in different places. When
the center of mass is in front of the center of
pressure (towards the nose end), the rocket is
stable. When the center of pressure is towards
the front, the rocket is unstable.

When designing a stable rocket, the center
of mass must be to the front and the center

of pressure must be to the rear.

Asimple way to accomplish stabilty is
1o place fins at the rear of the rocket and place
extra mass in the nose. Look at the rockets
below. One of them is stable and the others are
not. The center of mass is shown with a back
dot. The center of pressure is shown with a red
dot. Which rocket willfly on course?

B
A
‘ c
Rocket 8 s the most stabierocket, Rkt
Gty amole m i Rocket A wil
i o o okl o e
i oncoumters by he rocket 8  imbs

will cause it o go off course.
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[image: image68.jpg]How to Determine Your Rocket's Stability

1. Draw a scale diagram of your rocket on the
graph paper. Make it exactly to the shape of
your rocket as seen from the side.

2. Tie a string loop snugly around your rocket
50 that you have one long end to hold.
Except for the water needed for launch, your
rocket should be set up exactly as it will be
during launch.

2. Slide the loop until the rocket hangs
horizontally. When it hangs horizontally, the
string is at the rocket's center of mass. Mark
that spot in the middle of your rocket on the
scale diagram. Use a black dot.

3. Cut out a silnouette of your rocket from a
piece of cardboard. Make it exactly the
‘same shape and size of your rocket as seen
from the side.

4. Balanc the silnouette on the edge of a
ruler. The center of pressure of your rocket
s where the ruler is located. Mark that spot
in the middle of your rocket on the scale
diagram. Use ared dot.

5. 1f the center of pressure s before (towards
the rocket's nose) the Genter of mass, add
‘some additional clay to the rocket OR
increase the size of the fins. Repeat the tests
untilthe center of mass is in front.

6. Verify your design results by conducting a
swing test. Balance the rocket again with the
string. Use a couple of pieces of masking
tape to hold the string loop in position.

7. Stand i a clear area and slowly start the
rocket swinging in a circle. f the rocket
s really stable, it will swing with its nose
forward and the tail to the back.

Genter of
Pressure

Scale Disgram
T

In fight, the rocket will ry to tumble around
its center of mass. If the center of pressure

is properly placed, the rocket wil fl straight
instead. More air pressure wil be exerted on
the lower end of the rocket than the upper end.
“This keeps the lower end down and the nose
pointed up!

N
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Proposal Presentation Scoresheet 

	Launch
	Distance
	Time
	Acceptable (Y/N)

	1
	
	
	

	2
	
	
	

	3
	
	
	

	4
	
	
	

	5
	
	
	

	Total Acceptable Flights
	


Launch Results


Company Name:

Representatives:


Presentation Rubric

	
	0
	1
	2
	3
	4
	Score

	Monte Carlo Graph
	Less than 50 points plotted
	50 - 74 points plotted
	75-99 points plotted
	100 or more points plotted
	100 or more points plotted on the graph with nominal case and actual results clearly marked
	

	Explanation of Monte Carlo Graph
	No explanation given of how Monte Carlo graph was created
	Vague explanation of how Monte Carlo graph was created
	Clear explanation of how Monte Carlo Graph was created
	Clear explanation of how Monte Carlo graph was created, including an example
	Detailed explanation of creation of Monte Carlo Graph including simulations, assumptions, and examples
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	Clearly presents 3 of the following: rocket design, rocket construction, launch conditions, and launch results
	Rocket design, construction methods, launch conditions, and launch results clearly presented
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