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A STEM into Action resource funded by the UK Space Agency and managed by the D&T Association

[bookmark: _Toc507768295]Context
These materials set out to improve pupils understanding of space and show how our existing knowledge has developed. Pupils start by learning about satellite launch systems by building their own solid fuel rocket and then using this experience to redesign and manufacture modified rockets.  All of this takes place in the context of learning about the wide range of commercial space launch systems that are operating and in development.



[bookmark: _Toc507768296]Outcomes
After working through these materials pupils should 
be aware of:
· the range of satellite launch systems in use and under development.
· the different types of satellites that are launched into space.
understand:
· how satellite launch systems work and are operated.
· the factors that influence how satellite launch systems are designed and manufactured.
· the economics of space launch systems.
be able to:
· build their own solid rockets using low-cost materials and off-the-shelf rocket motors.
· test their rockets and write reports making informed judgements about their performance.
· use data and experience to re-design and manufacture more efficient rockets.
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[bookmark: _Toc507768298]Working in teams – age 11-14
By working through the exercises and activities in this section, pupils should become more aware of satellite launch systems and how they are designed, manufactured and operated.

	[bookmark: _Toc507768299]Laws of motion
Rockets launched from earth have mass and their propulsion systems must overcome the forces of gravity acting on that mass during launch. Isaac Newton was the first scientist to describe how objects move in the three laws of motion that are now named after him.
We will be using Newton’s three laws to understand how rockets work but not in their numbered order.
	SCIENCE

	Newton’s first law of motion 
	

	Objects at rest will stay at rest and objects in motion will stay in motion in a straight line unless acted upon by an unbalanced force.
A rocket on the launch pad is ‘at rest’ because the forces acting on it balance out.
The weight of a rocket is made up of gravity acting on the mass. This weight acts downwards through the feet of the rocket.
Before lift-off, the launch pad provides the same forces acting upwards to balance the weight of the rocket.
	[image: ]Weight of the rocket acting downwards through the legs
Launch pad providing upward forces equal to the weight of the rocket



	

	Newton’s third law of motion
For every action there is an equal and opposite reaction.
When the rocket motor ignites, expanding hot gases escape downwards at high speed creating an equal and opposite force upwards on the rocket.
	[image: ]Force of the escaping gases
Equal and opposite force pushing the rocket upwards


	



	Newton’s second law of motion
Force is equal to the change in momentum (mV) per change in time. 
For a constant mass, force equals mass times acceleration. F=ma. (For objects with constant mass).
Here, the force on the rocket from the motor is greater than the force of gravity acting downwards on the mass of the rocket. 
With a constant excess force acting upwards, the rocket will accelerate, increasing in velocity and height.
	[image: ]Upward force on the rocket
Force of gravity acting on the mass of the rocket at the 
C of G
Motion of the rocket, accelerating upwards


	SCIENCE



	[bookmark: _Toc507768300]Rocket flight profile
	ENGINEERING

	Later in this guide you will build and test model rockets. The flight profile has three distinct phases with events in-between.
· Launch
· Rocket thrust – acceleration
· Motor burn-out
· Coasting flight - deceleration
· Parachute deploys
· Controlled descent – terminal velocity
· Touchdown
Later you will use an understanding of the science and mathematics to calculate the motion of a rocket to the highest altitude which is called apogee.

Diagram from Estes online curriculum: https://www.estesrockets.com/  

	[image: ]

	



	[bookmark: _Toc507768301]Rocket fuel load
	

	The mass of fuel in commercial rockets at launch can be more than 50% of the total mass of the rocket waiting for launch. 
Fuel burn after launch reduces the rocket mass and must be considered when calculating the velocity and acceleration of full scale rockets.
The mass of solid fuel in model rockets is a very small compared with the mass of the rocket so a reduction in mass due to fuel use can be ignored in our calculations.

	[image: http://www.esa.int/var/esa/storage/images/esa_multimedia/images/2003/02/the_ariane_launcher_family_artist_s_view/9654211-3-eng-GB/The_Ariane_launcher_family_artist_s_view_node_full_image_2.jpg]
http://www.esa.int

	SCIENCE



	[bookmark: _Toc507768302]Satellite launch systems
	ENGINEERING

	Due to the huge costs involved, satellite launches were pioneered by governments with the Soviet Union launching the first artificial Earth satellite called ‘Sputnik’ on 4th October 1957.
Since then, many countries have developed satellite launch capabilities often using modified missiles as the starting point.
More recently, private companies have begun developing commercial satellite launch systems.
	[image: ]

	

	The countries, companies and organisations with significant satellite launch capability are listed on the right.
Some of the private companies, including Rocket Lab in New Zealand with their Electron rocket, are in the early stages of development.
Others like Falcon have successfully launched many satellites.
	China – Kuaizhou, Long March
Japan – H-II
Europe – Arianne
India – PSLV, GSLV
New Zealand – Electron
Soviet Union – Kosmos, Soyuz
USA – Atlas, Delta, Falcon, Blue Origin

	

	· In small groups, use the internet to research the total payload with each of the above systems. If the information is available, list the different types of satellites the system launches.
Payload in this context refers to the satellites and equipment the rocket is launching into orbit and beyond.
A spreadsheet is provided for recording your research: Satellite launch systems.xlsx
	



	[bookmark: _Toc507768303]Alternative launch systems
In the quest for reduced costs, companies are investigating alternatives to conventional earth launch rocket systems and some of these are summarised next.
	

	
Balloon launch
Launch from beneath a balloon in the upper atmosphere (40km altitude) removes the need for rocket fuel to lift the rocket from the ground to the height of the balloon. 
Propulsion is only needed to lift the payload to orbit and accelerate it to orbital velocity. Companies developing balloon launch systems include: 
Zero2infinity's – Bloostar
JP Aerospace

	[image: ]

	ENGINEERING

	Air launch
Similar in approach to balloon launch, air launch carries the launcher to altitude (15km) beneath an aircraft. Launch from an aircraft has the advantage of starting at the velocity of the launch aircraft.
Orbital ATK – Pegasus 
Virgin Orbit – LauncherOne
Stratolaunch Systems

	[image: https://static1.squarespace.com/static/5915eeab9de4bb10e36a9eac/t/5919cd3fd2b857e0cc20fa32/1494863178646/?format=750w]

	

	Runway launch
As early as the 1980s Rolls Royce and British Aerospace were developing a single stage to orbit, reusable satellite launch system called HOTOL.
Based on a revolutionary ‘air breathing’ rocket engine HOTOL would significantly reduce the amount of fuel needed. 
	[image: HOTOL ortho [new] by unusualsuspex]

	

	After almost a decade funding for HOTOL was halted but the air breathing engine continues to be developed by Reaction engines.
Reaction Engines – Skylon
	[image: A diagram of Skylon's internal systems.]

	

	· In the same small groups, use the internet to research the total payload with each of the above systems. If the information is available, list the different types of satellites the system is able to launch.
Enter the results of your research into the additional tabs in the spreadsheet used for the previous activity: Satellite launch systems.xlsx

	

	· In small groups, and using the results of your research so far, create a presentation outlining the range of satellite launch systems available, focusing on the payload capacity and environmental impact.
This article may help you present your comparisons of launch systems.
	



	[bookmark: _Toc507768304]Rocket kits
	ENGINEERING

	The model rockets described in this section are manufactured by Estes, the most popular supplier of model rockets to schools worldwide. The company has headquarters in Colorado, USA.
http://www2.estesrockets.com/cgi-bin/wedu001P.pgm?p=publicat  

	 [image: ]
	

	1. Use the link above to find data on the rocket kit and rocket motor you will be using.
If you are using an alternative supplier, they should be able to supply similar data on their products. The information you are searching for is:
· Mass of the complete rocket
· Average force from rocket motor
· Duration of rocket motor thrust
	

	Before and during the build, your groups records the information listed in the next section. 
Data from the first flight will be used as a benchmark for costing a series of flights.

	



	[bookmark: _Toc507768305]Rocket build
	ENGINEERING

	1. In small groups, follow the instructions provided in the kit to build a standard rocket. 
Make sure you follow the instructions very carefully. If more than one group makes the same design, results can be averaged to make the results more reliable.

	[image: ]
	



	[bookmark: _Toc507768306]Rocket costings
	MATHEMATICS

	1. Before starting, cost all the materials needed to build your rocket. 
Make sure you include the cost of all consumable materials like glue, abrasive paper, decals, wadding, etc.
	Example
	Rocket kit	=	£6.75
	Rocket motor	=	£3.20
	Glue	=	£0.30
	Abrasive paper	=	£0.25
	Decals	=	£1.15
	Paint	=	£0.45
	Total	=	£12.10
	

	
Record the time your group takes to construct the rocket. 
As a class decide on labour cost per hour considering any national minimum wage for your age group.
	
Example
	Phil	=	0.4 hours
	Linda	=	0.45 hours
	Tim	=	0.35 hours
	Total	=	1.2 hours

	

	
Combine the material and labour costs to calculate the total cost of your rocket including any profit margin.
Compare your costings with other groups in your class. 
If you were pitching against groups in your class, how competitive are you?

	
Example
	Hourly rate	=	£5.30
	x 1.2 hours	=	£6.36
	Materials	=	£12.10
	Labour	=	£6.36
	Profit 15%	=	£2.77
	Total	=	£21.23
	

	
Compare the published mass of the rocket with the actual mass of your model and other groups. Are there major differences? If so, what might be the cause?

	



	[bookmark: _Toc507768307]Rocket testing
	SCIENCE
SCIENCE

	Scientists spend most of their time designing and performing experiments and analysing the data they collect. 
Designing experiments that are repeatable is vital and key to this is carefully controlling and recording variables. Experiments conducted in this way are repeatable and more likely to produce reliable data. 
With reliable data, scientists can focus on making comparisions, looking for patterns and explaining changes.
	[image: ]
Ariane rocket motor test
	

	For the first set of flights, the rockets are all the same design. The only variations in performance should come from the way they were constructed.
1. Rockets should be tested on the same day so that weather conditions are the same for all rockets.

All groups will need to use the same launch tower in the same position and the same power of rocket motor.	
	List all of the variables you can think of for your rocket flight under these headings:
Control variables

Independent variable

Dependent variable

	SCIENCE



	[bookmark: _Toc507768308]Measuring and recording rocket performance
A spreadsheet has been created for your group to record the results from the rocket launches:
	Rocket test results.xlsx
	MATHEMATICS

	The lap counter function on stop watches will let you record the flight times to:
· Motor burn-out. The solid fuel is used up and the motor no longer providing thrust.
· Highest point or apogee.

Where possible two people should record each variable with the results being averaged to reduce the impact of factors like individual reaction times.
	[image: ]

	

	
A clinometer is a simple way of recording the angle of the rocket in the sky. These can be purchased or made in school.

This one was made from a protractor, drinking straw, string and metal washer.

	[image: ]

	

	For each rocket flight, two observers with clinometers should take readings. The first should record the angle when the motor burns out and the other when the rocket reaches maximum height.

	

	The observer stands a carefully measured distance from the launch pad. If space allows, this should be the estimated height at apogee.  For small rockets with A8-3 motors a distance of 100-150 metres is a good starting point.
Sight along the top of the clinometer allowing the string or pendulum to hang vertically.
	

	Keep the rocket in the sight as it launches, making sure the pendulum is hanging freely.

When the rocket reaches burn-out/apogee, pinch the indicator against the scale to lock it.

Record the angle.











	[image: ]
	MATHEMATICS

	From the distances and angle, simple maths will let you calculate the altitude of motor burn out and apogee of the flight.
	

	With these measurements and some maths we can calculate the height from the observer.
	Tan a	= 	opposite
			adjacent
	Tan 25	=	_h_
			200
	0.47 	=	_h_  
			200		
	0.47 x 200	=	h
	94 metres	=	h

a    25 degrees                                 


	h m
200 m
Height of rocket from the round

	MATHEMATICS

	Adding the height of the observer gives us the apogee of the rocket measured from the ground.
	94 m + 1.7 m	=	95.7 m
	Apogee	=	95.7 m

	

	Carry out these calculations using the data you collected to find the height at motor burn out and apogee for your rocket.
	



	[bookmark: _Toc507768309]Rocket re-use
	DESIGN

	Reduced cost of design and manufacture and reusable systems have significantly reduced the cost of satellite launches. 
SpaceX is at the forefront of reusable launches with their Falcon 9 system.
Falcon 9 has already launched military and commercial satellites plus supply missions to the International Space Station.
Early in 2018 SpaceX launched their first Falcon Heavy and successfully returned two of three rocket cores to Earth for re-use.
	[image: Long Exposure Of A Falcon 9 Launch Shows Trajectory]
https://www.youtube.com/watch?v=wbSwFU6tY1c 
	








	Refurbished rockets
	

	Just like SpaceX Falcon rockets, model rockets are designed to fly a number of times but may need some repairs to refurbish them for the next flight.
1. In your groups make any repairs on your rocket, making sure you record all of the materials and time it takes to get the rocket ready for its next flight.
[image: Image result for estes viking rocket launch]Add as little extra material as possible to keep the mass of your rocket to a minimum.
	
	ENGINEERING

	Launch your refurbished rocket with the same specification of rocket motor, recording the same data as before.
Compare the data from the second flight with the data from the first.
Assess whether the performance has been affected and, if so, by how much. 

You will use this information in the costing exercise that follows.
	
	



	Costing refurbished flights
1. In this section your groups will calculate the cost of refurbishing your rocket and use this to plan and cost a sequence of flights using your re-usable launch system.
	MATHEMATICS

	Without the need to buy another rocket kit, the second launch should be cheaper than the first.
Based on the amount of damage and work you had to do to get your rocket flight ready, predict how many flights your rocket might reliably complete. This might be as few as five or many more.
Extrapolate is a term used to describe predicting what will happen assuming conditions remain consistent.
Your teacher will collate the results from groups and calculate the average cost across the class.
	 Example – materials
	Rocket motor	=	£3.20
	Glue	=	£0.10
	Abrasive paper	=	£0.20
	Total	=	£3.50
Example – labour
	Phil	=	0.1 hours
	Linda	=	0.1.5 hours
	Tim	=	0.1 hours
	Total	=	0.35 hours
Totals
	Materials	=	£3.50
	Labour	=	£1.86
	Profit 15%	=	£0.80
	Total	=	£6.16

	

	The more successful launches and recoveries each rocket completes, the cheaper you can offer future flights to potential customers but remember, a failure will be costly and make customers cautious of opting for your launch system.
	

	Using your predicted programme of flights, calculate the total cost of the launches.
Choose whether to modify this based on the class averages.
	Example – Eight launches
	First launch	=	£21.23
	7 x refurb’	=	£43.12
	Total	=	£64.35

	MATHEMATICS

	Now calculate your average launch cost.
	Example – average launch cost
	Divide by 8	=	£64.35
	Single flight cost	=	£8.04

	

	Companies like SpaceX may charge a premium for flights on a completely new rocket.
Alternatively, customers might consider a rocket that has already flown as tried and tested and pay more for this.
	



	[bookmark: _Toc507768310]Rocket mass
	SCIENCE

	If your rocket is already built, it is a simple matter to weigh the physical rocket. 
Science departments will have sensitive scales and balances.
Alternatively, you could use kitchen scales but check they are accurate for measurements between 0-100 grams.

	[image: ]
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	[bookmark: _Toc507768311]Computer analysis – Rocket mass
In this section you will open a 3D parametric model of a rocket in Autodesk Inventor and run analyses and physics simulations for a rocket flight. 
Note: CAD analyses will only return an accurate result if the model is fully defined. 

Mass analysis
The CAD model in the next task has had material properties assigned to every part in the model. If you model your own rocket using CAD, you must do this yourself.
	ENGINEERING

	
1. Run Autodesk Inventor
1. Open the model Rocket_assembly.iam
1. Open the File menu and click iProperties
1. In the Properties dialog, select the Physical tab
1. If necessary, click the Update button
1. The Mass field will report and accurate mass for the rocket model
The example rocket is large and the analysis returns a mass of 101 grams.

	[image: ][image: ]

	

	The word ‘parametric’ in the context of modern CAD software refers to the dimensions and numerical values used to define every aspect of a 3D computer model.
In this analysis, Inventor used the density assigned to each part and the volume of the shape to work out its mass. 
The software then added the mass of the individual parts together to report the total mass of the rocket assembly.
The motor is a purchased item and made up of several parts including solid fuel, wadding, outer case, dividers, etc. Bought-in components can be modelled as detailed assemblies or as an accurate external shape with the correct mass and centre of gravity entered manually.
	[image: ]
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Note: You may have to increase the mass of your rocket by a small amount to allow for adhesive, paint, decals, etc. which are not represented in the CAD model.
	



	[bookmark: _Toc507768312]Computer analysis – Motion simulation
	ENGINEERING

	The rocket flight simulation uses the mechanism assembly tools and motion analysis tools in Inventor.
Movement of the rocket vertically from the launch pad is controlled using a cylindrical connection allowing the rocket to rise vertically and rotate around the metal rod.
	[image: ]

	

	For Inventor to carry out a dynamic motion analysis a number of parameters in the model must be defined accurately including:
· Accurate dimensions
· Accurate shapes
· Material properties including density applied to all parts
· Gravity defined including magnitude and direction
Creating a motion like this from scratch involves advanced CAD techniques and considerable experience using the software.
	

	CAD files
The Autodesk Inventor files for these tasks are included with this resource. 

	[image: ]

	ENGINEERING

	Step by step
· Start Autodesk Inventor
· Navigate to the folder with the CAD files for this exercise
· Open the file Rocket_flight.iam
The model shown on the right opens with the rocket sitting on a launch pad.
	
	

	Select the Environments tab.
In the Environments tab click  
[image: ]  Dynamic Simulation.
The Dynamic Simulation tab opens across the top of the Inventor screen together with a floating Simulation Player panel.  This will be used to play the simulation.
	[image: ]

	

	
In the Dynamic Simulation ribbon, click [image: ]  Output Grapher.
The Output Grapher window opens.  
This will display a plot of the height (mm) of the rocket (mm) along the vertical (y) axis and time (seconds) along the horizontal (x) axis.
	[image: ]

	ENGINEERING

	
In the Dynamic Simulation ribbon, click
[image: ]  Output Grapher again.
A second grapher window will open. This will plot motor thrust (Newtons) on the vertical (y) axis against time (seconds) on the horizontal (x) axis.

	[image: ]

	




	Arrange the graphs above each other and so that you can still see the rocket model and the player window.
[image: ]

	ENGINEERING

	In the Simulation Player, click on 
[image: ] to Run the simulation.
It may take a few moments for Inventor to start the simulation. 
In the background, Inventor is using 100% of the computer’s power to compute the forces and motion of the rocket. 
	[image: ]

	ENGINEERING

	
After a short delay, you will see the rocket leave the launch pad and disappear off the top of the graphics window.  
At the same time, you will see graphs appear, plotting the height of the rocket and motor thrust.


	[image: ]

	

	Review the results
Progress of the simulation can be seen in Simulation Player. Once the simulation has finished you can review the results.
1. Experiment with the controls in Simulation Player including the slider at the bottom. 
	[image: ]

	ENGINEERING

	Run the simulation again. 
A vertical black line moves across the Output Grapher. The coordinates at that point on the curve are listed above the graph.
The coordinate panel can be made larger by dragging the graph border.
Right click on the blue square in the coordinate panel and, from the floating menu, select Search Max.
This places the vertical bar at the maximum value on the graph.
	[image: ]

	

	Experiment with the other options on the right-click menu.
How do the results of the simulation compare with the data you gathered from your rocket flights?
List any differences and explain the reasons for them.

Can you think of ways the simulation could be made more accurate?
Did you notice the rocket lands back on the launch rod! Factors like a perfectly vertical launch, no side winds and no air resistance allow this to happen. There are no side forces to cause the rocket to move away from the vertical path or air pressure to make the rocket point in the direction it is moving.

	[image: ]

	ENGINEERING

	CAD simulations available to schools cannot currently combine wind tunnel testing (CFD) and dynamic physics (motion) in the same simulation.
	




	[bookmark: _Toc507768313]Rocket design and manufacture
The small solid rockets are mostly made from card and balsa wood with plastic nose cones. Although card is light and easy to work, it is easily damaged in impacts and by water.
Important: At all times remember, you must follow the rocket code which does not allow hard, rigid materials that could cause injury.  
http://www.ukra.org.uk/shortsafetycode
1. Investigate alternative materials and the manufacturing processes available in your school which may include fabrication, CNC machining and 3D printing.  
	DESIGN

	In groups, develop proposals for a lighter design of rocket with the aim of improving performance. 

Model your designs on 3D CAD and use the analysis tools to quantify any mass savings.

Build and test your new design to find out the effect your design changes have had on flight performance.
	




[bookmark: _Toc507768315]Satellite launch systems – age 14-19
Introduction
So far these materials have guided you through building, flying and gathering data about the performance of model rockets. You will also be more aware of satellite launch systems and how dynamic computer simulations can accurately simulate rocket flights.
This section of the guide explores the science, technology, engineering and mathematics of satellite launch systems in more detail and is intended as a reference for pupils age 14-19 who are engaged in extended projects including those aimed at external academic and vocational qualifications.

Context 
No-one who heard the news on 4th October 1957 that Sputnik 1 was orbiting the earth could have imagined the benefits that satellites would bring over sixty years later.
Today there are thousands of satellites orbiting the Earth helping with a huge number of activities including; weather forecasting, land usage, communications, navigation, search and rescue, defence, etc.
Early military satellites had film cameras that needed to be brought back to earth to retrieve the film for processing and analysis. The development of digital imaging and wireless data transmission made it possible for reconnaissance satellites to remain in orbit. Photographs are encoded and transmitted to earth using radio signals.  
Modern artificial satellites use a wide variety of sensors, electronics and programmable devices to gather, process, store and transmit information back to earth. Control signals travel in the opposite direction from Earth to the Satellite.
Even more fanciful in 1957 would have been the idea that secondary school pupils could get involved in rocketry and data capture and yet, these types of activity are happening in schools across the world.
· Design based on understanding
· Solid fuel rocket motors
· Calculating flight performance
· Structure
· Aerodynamics
· Payload
· Control
· Manufacture
· Computer analyses and simulations
· Testing
· Data logging

	[bookmark: _Toc507768316]Design – based on understanding
	

	Design is about using creativity and imagination to solve real and relevant problems by considering the needs of others.
It requires a clear understanding of the design context, likely impact of solutions and the materials, process and systems available to create solutions. 
Design is an iterative process of improvement based on developing a better understanding of problems, gained from prototyping, testing and analysis.
	[image: ]

	DESIGN



	[bookmark: _Toc507768317]Solid fuel rocket motors
	

	Specific impulse
In order to calculate the first phase of rocket flight you need to know the total impulse from the rocket motor. 
Total impulse is equal to the force over the duration of the rocket thrust.
	Total impulse = force x time
Total impulse can be found from the area beneath the curve in a graph
Estes provide force x time graphs for all of their rocket motors.
There are several ways of calculating the area under the curve.
	[image: ]



	ENGINEERING

	Counting squares
Counting the green squares on the graph on the right gives an estimated area of 13 squares.
The area of one square is 2 x 0.1 = 0.2 Ns
Total impulse = 13 x 0.2 = 2.6 Ns
	[image: ]

	MATHEMATICS

	Calculus (integration). 
This requires higher level mathematics and is beyond the scope of this guide.
	



	Graphing software
	

	If your data logging software includes calculus functions it will be able to calculate the area under a graph.
A simple experiment with a force sensor and data logging equipment will record the thrust during an engine firing. 
The video linked below shows a school in the USA performing this type of experiment.
https://www.youtube.com/watch?v=cGzzkOBEAto 
	[image: ]

	MATHEMATICS



	Excel – area under a graph
Although Excel doesn’t have calculus functions, it is possible to get an approximation using a technique described here:
http://www.statisticshowto.com/how-to-find-the-area-under-a-curve-in-microsoft-excel/ 

	[image: ]
This method was used in the file:
Rocket motor impulse.xlsx
	MATHEMATICS




	[bookmark: _Toc507768318]Calculating rocket flight
	

	Height at motor burn out
Acceleration during the thrust phase
The solid fuel in model rockets has a very small mass compared with the total for the entire rocket so the formula f=ma can be used for acceleration. 
The Estes Viking rocket is popular in schools and, including motor, has a mass of 23 grams.
This is far less than the mass of the CAD model (101 grams) used in the simulation in the first part of this guide.
	

	
Rocket mass = 23g = 0.023 kg
Total Impulse = 2.6 Ns

		F	=	ma	
	2.6	=	0.023 x a
	A	=	_2.6__ 
			0.023	
	Acceleration	=	113 m sec2
 
	MATHEMATICS

	Velocity at motor burn out
	
	

	To work this out we need to know the duration of the motor thrust.  
This can be found in the data sheet for the rocket motor. 
The thrust from an Estes A8 rocket motor lasts for 0.7 seconds.

	[image: ]
	

	
Vshut-down = acceleration x duration


		
	113 x 0.7	=	79.13  m sec1
	Vshut-down	=	79.13 m sec1
	MATHEMATICS

	Height at motor burn out
	
	

	For constant acceleration:

Distance - average velocity x time

The altitude of the rocket in this example at motor shut-down should be 27.7 metres.

	Distance = vstart+vend x time 
	                2
Distance = 0 + 79.13  x 0.7
	              2
Distance = 27.7 metres

	



	Height or altitude?
Height is measured from a local reference or datum point. For your rocket flights that could be the school field.
Altitude is measured from a universal datum, usually mean sea level (MSL).  
Because height varies, aircraft usually fly using altitude so they know how high they are relative to other aircraft.

	[image: ]Height
Above ground level
Altitude
Above mean
 sea level

	SCIENCE



	To confuse matters, Ordnance Survey in the UK uses Mean Seal Level (MSL) as the reference but calls the measurements on maps ‘heights’.
You can find out the altitude of your school from detailed maps which show contours and spot heights.
https://www.ordnancesurvey.co.uk/ 
	[image: ]

	GEOGRAPHY

	In the UK some buildings and trig points on hills have ‘bench marks’. These were used in early surveying. The location of bench marks can be found on large scale Ordnance Survey maps. This bench mark is on Cannock Chase in Staffordshire.
1. Find out if there any bench marks in your locality.
1. What do you think the term trig stands for?

	[image: ][image: ]
	GEOGRAPHY




	Maximum height - Apogee
Coasting distance to apogeeV = 0.0 m sec1


	SCIENCE

	When the rocket motor runs out of fuel, the force of gravity will slow the rocket until the velocity is zero. 
At this point the rocket will be at its highest point called apogee. 
After this, the rocket will begin falling back to earth.
Knowing the time, mass of the rocket and start and end velocities, we can calculate the distance travelled. 
Next we calculate the average velocity.
	 [image: ]Coasting
Decelerating
Rocket thrust
Accelerating
V = 0.0 m sec1

h = 79.13 m sec1


	



	Average velocity
Average velocity = start velocity + end velocity 				   2

		Vaverage	=    79.13 + 0
			             2
	Vaverage	=	39.57 m/s
	MATHEMATICS

		Coasting distance	= Average velocity x time (from stop-watch) 
	39.57 x 2.1	= 83.097 m
	Coasting distance	= 83.1 metres 
	
	

	Maximum height
	Maximum height	= height at burn out + coasting distance
	27.7 + 83.1	=	110.8 m
	Apogee (maximum height)	=	110.8 metres
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	[image: ]Monocoque
Most commercial and model rockets use a monocoque or shell structure where the outer skin, as well as creating a smooth aerodynamic shape, also provides mounting points for the motor, payload and tether for the recovery parachute. Using a monocoque for two purposes like this creates a light yet strong shape. 
This partial cutaway shows the disks holding the motor. These are glued into the fuselage tube maintaining the circular section.
	ENGINEERING

	As well as parting the air as the rocket travels through the air, the nose also maintains the circular section at the top of the fuselage.

	ENGINEERING

	Materials
	ENGINEERING

	The main requirements for materials used to make rockets are:
· Strong
· Light
· Low cost
· Safe to cut and shape
Cardboard meets all of these criteria and is often used for the fuselage but other materials may provide specific advantages for your design.

	[image: ]
	

	Fins
On smaller rockets, card or balsa wood is often used for the fins.  
Larger rockets might use plywood or even aluminium.

	[image: ]
	

	Nose
Balsa wood is very light and easily shaped with a smooth surface, meeting all of the requirements for the nose of a rocket.
Commercial kits often include a moulded plastic nose. 
The process of blow moulding is ideally suited to large volume manufacture.
	[image: ]

	ENGINEERING
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	Air resistance
	SCIENCE

	Air is all around us and essential to life, providing the oxygen our bodies need. We notice air when the wind is blowing or when we are moving quickly.
To feel the effect of air resistance, try holding a large sheet of plywood in front of you facing into the wind. Try again with the board edge to the wind. Was it harder or easier to hold the board?

	

	Frontal area
The hole objects make when they move through the air is a key part of drag.
Anything you can do to reduce the frontal area of your rocket will help reduce the air resistance.
Here a work plane and sketch have been created and the rocket outline projected/drawn onto the sketch. The Inspect > Area tool in Inventor will measure and display the area of a closed outline.

	[image: C:\Users\TimB\AppData\Local\Temp\SNAGHTML2f431868.PNG]
	

	Drag
The effect of air resisting movement is called drag. Scientists devised a way of measuring it called the coefficient of drag which is used extensively for cars. 
Two cars at the opposite ends of aerodynamic efficiency are shown below with their drag coefficients. 
	

	[image: File:Tuned Hummer H2 (Orange Julep '10).jpg]

Hummer Cd = 0.57

	[image: car wheel vw volkswagen vehicle sports car bumper race car supercar study economical model car concept car xl 1 a liter car land vehicle automobile make automotive exterior automotive design volkswagen 1 litre car]

VW XL1	Cd = 0.19
(https://phys.org/)

	SCIENCE

	A range of geometric shapes have been created in Autodesk Inventor for you. 
You can find them in the folder in the download for these materials.
[image: ]Use the Flow Design analysis tools to find out and compare the drag coefficients for the different shapes.
[image: ][image: ][image: ][image: ]	

Follow the link below to a tutorial on using Flow Design:
https://knowledge.autodesk.com/support/flow-design/learn-explore/caas/CloudHelp/cloudhelp/ENU/FlowDesign/files/GUID-8D9B9515-FB68-4FA5-A514-D63EF545A00E-htm.html

	

	Drag must be taken into consideration when calculating rocket performance. 
This photograph shows a military jet flying in very humid air. Low pressure around the aircraft causes the moisture in the atmosphere to condense forming water droplets for a split second before evaporating back into water vapour.
Unusual weather allows us to see the pressure differences around the aircraft.
	[image: ]
http://www.bbc.com/future/story/20160216-you-think-this-is-a-sonic-boom-its-not


	SCIENCE

	This photograph was taken from a microlight and shows Thrust SSC on one of its land speed record breaking runs. At supersonic speed the car created a shockwave which can clearly be seen as a disturbance in the dust on the ground.  The shockwave is travelling across the desert at the same speed as the car, 763 mph!
The study of how fluids, including air, behave is called fluidics and involves high level mathematics. Fluidics forms part of undergraduate engineering courses at university.
	[image: ]
http://www.bloodhoundssc.com/news/speed-sound-0 
	





	CFD
Computational fluid dynamics (CFD) tools can be found in most 3D parametric 3D modelling software including Autodesk Inventor.
	

	On the right is an Inventor Flow Design analysis showing the movement of air around a model rocket. In the simulation, the air speed was set to 150 m/s. 
The blue lines show air travelling at 0 m/s while red lines show air travelling at 200 m/s.
	[image: ]
	

	
[image: ]

	ENGINEERING

	The graph is a drag plot from Inventor. It is reporting a drag coefficient of 0.329 Cd and drag force of 6.3 N.
Several parametric CAD programs are available free to schools and pupils at home including Autodesk Inventor, which was used to create these materials.  
How to use flow lines – YouTube
Flow Design drag plot – YouTube

	

	Wind tunnel
Before the invention of computers, engineers used wind tunnels to observe the behaviour of air passing over physical objects.  
Here, Amber Favaregh of NASA’s Langley Research Center prepares a model of the Space Launch System rocket. She is using pressure-sensitive paint in a wind tunnel at NASA's Ames Research Center. 
Credit: NASA/Dominic Hart.
https://phys.org/news/2017-01-fluctuating-flight-captured-high-tech.html#jCp
	[image: ]

	ENGINEERING

	
It is relatively simple to design and build a wind tunnel for testing small objects and scale models.  
NASA published a very useful guide for schools.
Rocket wind tunnel – NASA
	[image: ]

	ENGINEERING
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	There are several designs of payload rocket available including ones with space for an egg to see if it can survive the flight intact and others that carry a small camera taking pictures or video during the flight. 
These can form the basis of projects where pupils design and make modifications to kit rockets to carry out specific tasks.
 Estes - Loadstar II and Eggscaliber
	[image: 003227 - Loadstar™ II] [image: 002123 - Eggscaliber™]

	DESIGN

	
This Instructable shows how to modify an Estes Reflector rocket to accommodate a keyring camera looking sideways.
http://www.instructables.com/id/Model-Rocket-with-horizontal-HD-video-keychain-cam/
	[image: https://cdn.instructables.com/FFD/E7U6/H2TIUAHM/FFDE7U6H2TIUAHM.MEDIUM.jpg]

	

	Live payloads 
You may consider using living creatures in your rocket experiments. 
Before you do, consider the ethics of using creatures that cannot consent to your experiment and who may come to harm.

	[image: http://blog.growingwithscience.com/wp-content/uploads/2016/09/Assorted-beetles.jpg]

	DESIGN

	The Soviet Union successfully launched a dog called Laika into space in Sputnik 2 on 3 November 1957.
Re-entry had not been tried so engineers had no way of retrieving Laika alive. The spacecraft was designed with air supplies for several days but the dog survived only a few hours due to overheating caused by a spacecraft malfunction.

	[image: Laika (Soviet dog).jpg]

	

	The soviets justified the loss of Laika as the only way of testing spacecraft systems prior to launching the first cosmonaut into space.
The secretive military world of the 1950s was very different to today and attitudes on animals being used in experiments have changed.
https://en.wikipedia.org/wiki/Laika
	[image: Image result for sputnik 2]

	DESIGN
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	ENGINEERING

	Hand
Manufacturing by hand was covered in the age 11-14 section. You could make your own fuselage by wrapping your own cardboard tubes. 
Nose cones could be made from papier-mâché, a composite material.
	[image: ]

	

	In the Soviet Union, Trabant cars had bodies manufactured from a material called Duroplast.  Another composite material, thermosetting resin was reinforced with cotton or wool fibres. 
People joked that the bodies of Trabants were made from papier-mâché!

	[image: Image result for trabant]
https://www.louwmanmuseum.nl/en/Ontdekken/Ontdek-de-collectie/trabant-601-ls 
	

	Machining
	

	Your school may have access to manual or CNC lathes or milling machines. These could be used to make moulds for nose cones or payload/camera bays.

http://astermachining.com/on-the-bench/ 
	[image: http://astermachining.com/wp-content/uploads/2016/10/20170324_182944-1-300x169.jpg]

	

	3D printing
Many schools have 3D printers, a process which allows much more complex shapes to be manufactured.
This set of rocket parts was posted on 3D model download site Thingiverse.
https://www.thingiverse.com/thing:8754 
	[image: https://cdn.thingiverse.com/renders/8e/f4/49/b7/a0/DSCN0179_display_large_preview_featured.jpg]

	ENGINEERING
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	ENGINEERING

	Petter Frieberg, an engineer working for global software company PTC created a motion simulation of the inner four planets using Creo Parametric.
The Creo suite of software is available free to schools and their pupils for educational use.
https://www.ptc.com/en/academic-program/products/free-software 
	[image: ]
solar_system.asm
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	SCIENCE

	The purpose of testing is to gather reliable data about the performance of a design to inform decisions about design improvements.
The key to obtaining reliable data is controlling variables and making accurate measurements. This was covered in the 11-14 section at the beginning of this guide.
	[image: ]
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Schools are using a wide range of microcontrollers including Arduino which is aimed at the maker and hackspace communities and Raspberry Pi which was designed specifically for education. Small, inexpensive programmable devices have been produced for schools who are new to programmable systems.
	

	The BBC in partnership with Microsoft, ARM and other organisations developed the Micro:bit for schools. 
Aimed at coding classes, the Micro:bit has built-in sensors and an LED array for output.  
Micro:bit can be connected to external sensors and output devices through the edge connector but additional electronics are needed to drive devices and protect the Micro:bit.
	[image: ]
http://microbit.org/ 
	DESIGN

	
Crumble is another low-cost, credit card size microcontroller aimed at pupils engaged in D&T projects. 
Additional electronics on the Crumble allow it to ‘drive’ DC outputs like motors and protect the board against damage.
	[image: ]
https://www.data.org.uk/shop-products/crumble-controller-starter-pack-crm-pak/ 
	DESIGN
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	Most model rockets rely on passive stability to make them fly. The centre of gravity and centre of pressure are arranged so that movable control surfaces are not needed to make the rocket fly straight.
However, once the model is launched, it is at the mercy of winds.
http://www.robotroom.com/Model-Rocket-Launch-Controller.html 
	[image: Image result for model rocket launch]

	ENGINEERING

	Serious amateurs are now designing and building active control systems using programmable systems and remote control servos.
This Italian rocketeer has successfully flown a rocket with a control system he designed and built.
https://www.youtube.com/watch?v=qnUfsLCa8h8 
	[image: ]
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	Since the launch of Sputnik 1 in 1957 the number of satellite launches has increased.
Recent years have seen a significant increase in the number of private companies launching satellites. 
Some of these like the United Space Alliance are a government spin-off from NASA while SpaceX was set up by Elon Musk of Tesla fame. 
https://www.economist.com/blogs/dailychart/2011/08/space-industry 
	[image: ]

	ENGINEERING

	
Modern satellites range in size from the James Webb Space Telescope shown on the right with a mass of 6,300 kg right down to pico-satellites with a mass of around 1 kg. 

	[image: Artist impression of the James Webb space telecope.]

	

	The CubeSat ‘standard’ falls into the top of the pico-satellite category and was developed by the California Polytechnic State and Stamford universities. CubeSats must fit within a cube 10 x 10 x 10 cm cube with a mass of no more than 1.33 kg.
CubeSat has created opportunities for universities, organisations and even schools to design experiments that piggy-back on much larger commercial satellite launches.
	
[image: https://www.surrey.ac.uk/sites/default/files/83991_strand_1_large.jpg]

	

	The University of Surrey in the UK has been at the forefront of small satellite developments since 1979.
Click on the link below and watch a video explaining the different systems in a CubeSat.
https://www.surrey.ac.uk/surrey-space-centre/missions/strand-1 
	[image: ]

	ENGINEERING

	
In February 2017 an Indian rocket launched by PSLV carried 104 CubeSats into orbit.
Satellite launch systems are modular allowing satellites of different sizes to be carried in a single launch.
https://www.theverge.com/2017/2/14/14601938/india-pslv-rocket-launch-satellites-planet-doves 
	[image: ]

	





[bookmark: _Toc507768328]Appendix one – links
	Focus
	Web link

	UK Space Agency
	https://www.gov.uk/government/organisations/uk-space-agency 

	European Space Agency (ESA)
	http://www.esa.int/ESA 

	NASA
	https://www.nasa.gov/ 

	Surrey Space Centre
	https://www.surrey.ac.uk/surrey-space-centre/missions/strand-1 

	UK Model Rocketry Association
	www.ukra.org.uk 

	UK regulations
	http://www.ukra.org.uk/legal 

	Model Rocket suppliers

	Estes
LogicRC 
	https://www.estesrockets.com/ 
https://www.logicrc.com/default.aspx?s=c:0,c:D

	Model Rockets UK
	https://modelrockets.co.uk/shop/ 

	Rockets & Things
	http://www.rocketsandthings.co.uk/ 

	Elite Models
	https://www.elitemodelsonline.co.uk/Rockets/Rocket-Motors 

	CAD software
	

	Autodesk Inventor
	https://www.autodesk.com/education/free-software/featured 

	PTC Creo
	https://www.ptc.com/en/academic-program/products/free-software 

	Programmable microcontrollers
	

	Micro:bit
	http://microbit.org/ 

	Crumble
	https://www.data.org.uk/shop-products/crumble-controller-starter-pack-crm-pak/

	Raspberry Pi
	https://www.raspberrypi.org/ 

	Arduino
	https://www.arduino.cc/ 
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