
MINI PROJECT: 
Take Flight - Math Used by Pilots  
Many people dream of flying an airplane or getting their pilot license. To be in charge of a small airplane requires skill and the application of many principles. The pilot relies on training, experience, and intuition. But the ability to read and interpret a handbook correctly plays a significant role in safe air travel.
Four forces act on every airplane: thrust (forward pull by the engine), drag (backward pull by friction, resistance, or as a by-product of lift), lift (upward pull when air moves over the wings), and weight (downward pull by the weight of passengers, cargo, fuel, engine, and the plane itself).

For a plane to become airborne, it must be able to develop more lift than its weight.

The center of gravity (CG) of a plane is depending on loading and can change considerably depending on the distribution and weight of passengers, baggage or cargo, fuel, etc. Keeping the center of gravity in allowed boundaries is crucial to take-off, fly and land the airplane safely. If the center of gravity is too far in the back, the plane cannot take-off or becomes uncontrollable in flight. If the center of gravity is too far forward, the plane cannot land and will dive into the ground. So the pilot has to check two things to ensure a safe flight: the total weight of the loaded airplane and the location of the center of gravity. 
The operating handbook, which all pilots are supposed to carry with them, shows crucial safety information and makes it easy to compute both total weight and the total moment.  Before taking off on each flight, the pilot must verify that the center of gravity is within specified limits. To work these problems, it is not necessary to fully understand what moment is, but here is an explanation: in a plane, the moment of the passengers (or luggage or fuel) is their weight times their position (also called the “arm”) measured from the firewall in the front (which is located between the engine compartment and the pilot).  By totaling the weights and moments of all components and objects carried, the point where the loaded aircraft will balance can be determined. The information and graphs we are using are based on the operating handbook of a four-seat airplane.
(a) When planning a flight, fill in the blanks in the table with the specific weight data of each of the categories. Then the moment for each category is calculated by multiplying weight by arm (recall: the “arm” was connected to the position of the object from the firewall and is given in the Flight Operating Handbook.)

Today we are taking off with the following weights: A 180 lbs pilot is accompanied by a 120 lb woman, who sits in the front, and one additional passenger in the back, weighing 175 lbs. The plane will carry 88 gallons of usable fuel. There is no luggage on board.
Fill in the given table with the specified weights, the moments, and the total weight and total moment. 

	
	
	Weight
(lbs)
	Arm 

(in)
	Load Moment
(lb-in)

	1.
	Aircraft Basic Empty Weight (BEW)

	1874
	36.1
	

	2.
	Front (pilot and passenger)
	
	37
	

	3.
	Rear passengers
	
	74
	

	4.
	Fuel, usable [maximum: 88 gallons]

(Airplane fuel weighs 6 lbs per gallon.)
	
	46.6
	

	5.
	Baggage area A [maximum: 100 lbs]
	
	97
	

	6.
	Baggage area B [maximum: 60 lbs]
	
	116
	

	7.
	Totals


	(max.: 3100 lbs)
	Not needed
	


Hint: When you give the weight of the usable fuel, don’t forget to use the information on how much airplane fuel weighs per gallon. This information is mentioned in the table.
(b) The formula for the center of gravity (CG) is 
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Calculate the CG for this flight. Show your calculation.

(c) To determine if the airplane is properly loaded for this flight, use the CG limits envelope given in the graph. Use the CG you calculated in part (b) and the total weight from part (a) for this decision. Show work in your graph. 
Now briefly explain whether or not it is safe to fly with this loading.
(d) Let’s assume we have the same passengers as above and still 88 gallons of usable fuel on board. If in addition to these baggage area A is loaded with a 20 lbs suitcase and cargo of 80 lbs and Baggage area B with a 15 lbs duffle bag and seven packages that weigh 5 lbs each, fill in the table with these new specifications.
	
	
	Weight
(lbs)
	Arm 

(in)
	Load Moment
(lb-in)

	1.
	Aircraft Basic Empty Weight (BEW)

	1874
	36.1
	

	2.
	Front (pilot and passenger)
	
	37
	

	3.
	Rear passengers
	
	74
	

	4.
	Fuel, usable [maximum: 88 gallons]

(Airplane fuel weighs 6 lbs per gallon.)
	
	46.6
	

	5.
	Baggage area A [maximum: 100 lbs]
	
	97
	

	6.
	Baggage area B [maximum: 60 lbs]
	
	116
	

	7.
	Totals


	(max.: 3100 lbs)
	Not needed
	


(e) Calculate the Center of Gravity.

(f) Determine from the graph in part (c) whether or not it is safe to take-off. Show work in the graph and explain.
(g) Do you see any problems with landing the airplane if no weights change during the flight? Explain. (The airplane actually can get lighter during flight by burning fuel. This will be addressed in the next question.) 
(h) So burning fuel will reduce the weight the airplane carries. Airplane fuel weighs 6 lbs per gallon. How many gallons of fuel does the pilot have to use up at least during the flight to safely land this airplane? Show all calculations. (Hint: Since you need to get the weight down, be careful to round to a safe number of gallons.)
*********************************************************************************

We are now applying a method that uses different graphs. It is called the Loading Graph Method. 
Note: In an effort to make the moment numbers more manageable, they are already divided by 1000, so that our total moment will be in the hundreds. All the graphs we use now will have these adjusted moment numbers and display a word label of “moment/1000”. For example, our moment of the Basic Empty Weight of our airplane in the example above was 67,651.4. It will now be displayed as 67.7. (It’s like using 67.7 in thousands of lb-in, but the handbook does not call it that.)
Here is the Loading Graph:
(i) Given the Loading graph from before. Use two points from it to find the slope of the line for the rear. (Be as exact as possible, so use points for which you can determine exact coordinates.)
(j) Using this slope, give the equation of the line.
(k) We are planning another flight in our airplane. Suppose you take off with full fuel, i.e. the maximum amount allowed for your airplane.  Two people in the front seats weigh a total of 360 pounds, two passengers in the back seats weigh a total of 235 pounds, and a package in baggage area 1 weighs 20 pounds.  When you land, all of your fuel has been used up, and the package was dropped over the land during the flight. Complete another table to help with take-off.  To fill in the moment column, refer to the graph you used above. 

	
	
	Weight
(lbs)
	Load Moment/1000
(lb-in)

	1.
	Aircraft Basic Empty Weight (BEW)
	1874
	67.7

	2.
	Front (pilot and passenger)
	
	

	3.
	Rear passengers
	
	

	4.
	Fuel, usable [maximum: 88 gallons]

(Airplane fuel weighs 6 lbs per gallon.)
	
	

	5.
	Baggage area A [maximum: 100 lbs]
	
	

	6.
	Baggage area B [maximum: 60 lbs]
	
	

	7.
	Total
	
	



(l) If the maximum weight is 3100 lbs, is this flight below the maximum allowable weight?
(m) A new graph is used to determine whether or not it is safe to take off (or land). This graph will NOT require you to calculate the center of gravity. It will use the total weight and moment from your table above.

(n) The center of gravity changes as fuel burns and as weight (the package) is dropped.  
Fill in the following table below for the landing scenario. (Recall: When you land, all of your fuel has been used up, and the package was dropped over the land during the flight.)
	
	
	Weight
(lbs)
	Load Moment/1000
(lb-in)

	1.
	Aircraft Basic Empty Weight (BEW)
 
	1874
	67.7

	2.
	Front (pilot and passenger)
	
	

	3.
	Rear passengers
	
	

	4.
	Fuel, usable [maximum: 88 gallons]

(Airplane fuel weighs 6 lbs per gallon.)
	
	

	5.
	Baggage area A [maximum: 100 lbs]
	
	

	6.
	Baggage area B [maximum: 60 lbs]
	
	

	7.
	Totals


	(3100 lbs max.)
	


(o) Using the appropriate graph (moment envelope) from above, explain if it will be safe to land.  
Show work in the graph.
**************************************************************************************
Sources: 
Federal Aviation Administration (FAA): Aircraft Weight and Balance Handbook 2007, http://www.faa.gov/library/manuals/aircraft/media/FAA-H-8083-1A.pdf
Article “Math Used by Pilots” by Renate McLaughlin in “She Does Math!”, Marla Parker, editor, Mathematics Association of America (MAA), 1995
And for an introduction the newspaper article:

http://www.dailymail.co.uk/news/article-1066989/The-airline-diet-Couple-lose-12st-plane-heavy.html
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Note: The BEW of an airplane includes unusable fuel, full oil, etc.








Moment Envelope
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Is it safe for the pilot to take off? 


Show in the graph and explain. 
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