ECE 1011 - Spring 2003

Aircraft Weight and Balance Overview

(Last Modified: 05 JAN 03)

The first several homework assignments in this course involve progressively building a program to perform weight and balance calculations for a small aircraft. Each new assignment will add additional complexity to the program at a pace matched to the presentation of the course material.

The problem of computing the weight and balance for an aircraft, while very straightforward, is not the type of contrived problem so typical of introductory programming courses. In point-of-fact, the program that you will have created when you finish this series of assignments will be one that most pilots would be quite willing to utilize for actual flight preparation.

To better understand the motivation behind developing a program to perform these calculations, it is necessary to understand not only how the calculations are performed, but also why they are performed. In other words, you need to know what is meant by "weight and balance" in the context of aircraft operation and why it is important. To this end, the following introductory material is presented for your benefit.

Weight and Balance

It's easy to understand that an aircraft cannot be operated safely if it is too heavy. The obvious limit is that it won't be able to generate enough lift to get off the ground. But, even if it is able to takeoff, it might be so heavily loaded that the resulting stresses on the airframe are excessive and might cause structural damage, especially if the aircraft is maneuvered aggressively or encounters rough air. Furthermore, if the aircraft is too heavy, the control surfaces might not be able to generate enough force to adequately control the aircraft's motion about its three axes of rotation.  Therefore, every aircraft has a maximum weight at which it may be operated. For small aircraft, this may be a static value that doesn't change. For larger and more complicated aircraft, it may be a function of a variety of factors including such things as altitude, temperature, and runway length.

What are less obvious are the rather tight limitations placed on the aircraft balance or, more precisely, the limitations on where the aircraft's center-of-gravity can be located. A very useful analogy to understand the issues is a teeter-totter found on many playgrounds. If the teeter-totter is well balanced - meaning that the center-of-gravity is located very close to the pivot point, then it is easy to operate and control. Imagine standing next to one that has two children on it and is well balanced. With only light pressures with one hand, you can easily move the side you are on up or down as you please and accurately position and hold it at any angle you chose. Your hand is playing the role of the aircraft's flight control surfaces in this analogy.

Now imagine that one child gets off and another child of a significantly different weight, either heavier or lighter, gets on at the same location. Even if a lighter child is substituted, your ability to control the movement is greatly diminished - it requires substantially greater force on your part and it takes quite a bit of effort to hold it at a desired angle. It may even be beyond your ability to apply sufficient force to control it altogether. But if the balance is restored, perhaps by shifting the lighter child away from the pivot point, shifting the heavier child toward the pivot point, or adding additional weight anywhere along the light side, you regain the ability to control it.

Let's carry the analogy a bit further. Imagine that you decide that you can only apply a certain amount of force to the teeter-totter safely without risking loss of control. This limit might be either because you lack the strength to apply a greater force or perhaps you lack the stamina to maintain a greater force for a long enough period of time. In either case, you need to place limits on not only how heavy the children are that can get on the teeter-totter, but also on where they can sit. If you were to perform a number of experiments, it shouldn't surprise you that the key is to limit where the center-of-gravity is relative to the pivot point. It also shouldn't surprise you to find that the heavier the total weight of the children on the teeter-totter, the closer the center-of-gravity must be to the pivot point. In other words, the center-of-gravity limitations are a function of the total weight and, in general, become more restrictive as the total weight increases.

This same behavior is observed in the center-of-gravity (CG) restrictions on most aircraft. Under any specific set of conditions, there are a pair of CG limits between which the aircraft's actual CG must lie. These two limits are referred to the Forward CG Limit and the Aft CG Limit. As the names imply, the forward limit is the one closest to the front of the aircraft and the aft limit is the one closest to the tail. As you would expect based on the previous discussion, as the total weight of the aircraft increases, the restrictions of the CG location get more severe. In the light general aviation aircraft that will be the focus of this set of homework assignments, it is typically the case that below a certain weight both CG limits are static. As the gross weight increases above this value, the Forward CG Limit generally moves aft while the Aft CG Limit typically remains unchanged. 

The distance between the fore and aft limits can be quite narrow. For the four-seat aircraft that we will be using in our examples, the CG range is only 12" for aircraft weights below 1950 lbs and drops to just 6.5" at the Max Gross Weight of 2500 lbs. But limitations this tight are not limited to such small aircraft. The distance between limits on the 39-passenger, 29,000 pound, 67-foot long Saab 340A is only 10 inches and even the giant 450-plus passenger, 800,000 pound, 232-foot long Boeing 747 barely has five feet separating the forward and aft limits. 

The Consequences of Operating Outside of Prescribed Weight and Balance Limits 

As the aircraft's CG moves ahead of the Forward CG Limit, the tail surfaces have to provide a greater amount of downward force in order to maintain a level flight attitude. Among other things, this reduces the airspeed at which the aircraft will incur an aerodynamic stall, makes the recovery from such stalls more difficult, increases the required takeoff speed and corresponding runway length needed, and reduces the ability of the pilot to properly flair the aircraft during landing. Even more serious is an aft-loaded aircraft, which will tend to have unstable flight characteristics, a pronounced tendency to undergo abrupt and violent stalls, and the real likelihood of entering unrecoverable flight configurations such as flat spins

The Federal Aviation Regulations place specific requirements on the owners and operators of aircraft to ensure that they are operated within the specified limitations. In particular, the pilot-in-command from the smallest private airplane to the largest commercial airliner is specifically charged with verifying that every flight is in compliance with these limits. However, the fact that these regulations exist cannot, by themselves, guarantee that every aircraft is actually flown within limits on every flight. While only a tiny fraction of aircraft operations are in violation, the consequences can be catastrophic. 

From an article by the Air Safety Institute

( http://www.aero-farm.com/asi/q498cvr.htm )

In August of 1997, a DC-8 operated by the cargo carrier Fine Air crashed on takeoff from Miami, killing all four aboard and a motorist on the ground. The National Transportation Safety Board investigated the accident and found that numerous flaws in both Fine Air's company operating procedures and its oversight of contractors contributed to the accident.

The administrative causal factors cited in this accident are similar to those involved in the 1996 crash of ValuJet Flight 592. By the time Fine Air Flight 101 skidded across a roadway and crashed into a retail warehouse complex, a number of cargo loading errors had been made in addition to several significant misrepresentations on the loading manifest. The aircraft was observed at a steep attitude shortly after rotation, after which a severe pitch down, roll and crash occurred. The extreme attitude and subsequent pitch and roll likely resulted from an over-aft-center-of-gravity condition possibly made worse by unsecured cargo pallets that may have shifted during the event.
From a recent edition of Aviation Today 

( http://www.aviationtoday.com/reports/avionics/previous/0401/0401safety.htm )

The weight and balance issue is particularly important for cargo operations. Two fatal cargo plane crashes occurred in the United States in recent years because of a failure to load the airplane within weight and/or center of gravity (CG) limits. The first unnecessary crash involved the Aug. 7, 1997 fiery impact moments after takeoff of a Fine Air DC-8 cargo jet at Miami. The second, still under investigation by the U.S. National Transportation Safety Board (NTSB), involved the Feb. 16, 2000 crash seconds after takeoff from Rancho Cordova, Calif., this time of an improperly loaded Evergreen Worldwide Airlines DC-8.

These violations are not limited to cargo operations and there are significant penalties for violators even if no accidents or incidents result. Consider this recent article from the Denver Post:

( http://www.denverpost.com/Stories/0,1413,36%257E33%257E1028172,00.html )

The FAA also has proposed a $200,000 penalty against Denver-based Frontier Airlines, accusing the airline of violating federal regulations this year on aircraft weight and balance.

The FAA alleges that Frontier repeatedly violated operations specifications for weight and balance of 15 Boeing 737s between March 20 and March 27.
How Aircraft CG Calculations are Performed

The actual calculations used to determine the center-of-gravity for an aircraft are quite straightforward. The basic approach is to determine the moment of each item in the airplane (either individually or as in groupings), add all of the moments up and then divide by the total weight. 

The "moment" referred to above is merely the product of an item's weight and the location of that item relative to an arbitrary but consistently used imaginary reference point called the datum. On most small, single-engine aircraft the datum is located on the engine firewall and positive locations refer to locations aft of the datum. Again, the choice of datum is completely arbitrary but all measurements must me made relative to the same datum.

Let's first apply this concept to the teeter-totter discussed previously and shown in the following figure:
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For the above teeter-totter, the reference datum has been arbitrarily chosen to be one of the two handles. The locations of the loads are indicated relative to this datum and are called "stations". The station number equals the distance in inches to the right of the datum. So the left seat is located at Station -15 while the right seat is at Station 111. A little bit of analysis, and the assumption that the teeter-totter is built symmetrically, should convince you that the fulcrum is located at Station 48. In order to be useable, we will assume that the center-of-gravity must be located within 6" of the fulcrum which means that the CG must be located somewhere between Stations 42 and 54.

In order to determine the center of gravity for the teeter-totter, you need to know not only the weights of the two people riding it but also the empty weight and CG of the teeter-totter itself. Let's assume that this teeter-totter weighs 58 pounds and that the CG is not quite where you would expect it to be (namely Station 48) due to irregularities in the planks used to build it. Instead, the Empty CG is location at Station 46.9.

So what is the gross weight and CG of the teeter-totter is a 80 pound child is in the left seat and a 107 pound child is in the right seat?

Here are the calculations:

Item
Weight
Arm
Moment


(lbs)
(inches)
(inch-pounds)

Empty
58
46.9
2720.2

Left Seat
83
-15
-1245.0

Right Seat
107
111
11877.0

Total
248
53.84
13352.2

The order of computation is not obvious in the above table, so it is described below:

1) The Weight and Arm data is entered for each of the items. 

2) The Moment for each item is calculated by multiplying the weight and arm values on each line.

3) The Total Weight is calculated by adding up all of the individual item weights.

4) The Total Moment is calculated by adding up all of the individual item moments.

5) The Total Arm is calculated by dividing the Total Moment by the Total Weight.

For the example above, the teeter-totter is located near, but within, the right CG limit. For practice, have the children swap seats. What is the new CG and is it within limits?

The Example Aircraft for This Set of Homework Assignments

The aircraft that we will be using for most of the calculations in this class will be a T-41B aircraft. While the aircraft limitations might be common to all aircraft of a particular model, the actual weight and balance data is unique and specific to each aircraft. In fact, it is required that the aircraft's weight and balance data be present in the airplane during operation since the pilot might have need to perform calculations in flight. The T-41B whose data we will be using was built for the U.S. Army in 1968 and is presently in operation with the Aeroclub at the United Stated Air Force Academy. The tail number for this aircraft is N146AC.

The following is the allowed weight and balance envelope for a T-41B when operated in the Normal Category classification.
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The vertical axis is the gross weight of the aircraft and the horizontal axis is the location of the aircraft’s center-of-gravity (CG) aft of the datum (which, like most similar aircraft, is the firewall on which the engine is mounted). Since the empty weight of the aircraft is greater than 1500# and the maximum allowable gross weight is 2500#, the CG limits below and above those weights, respectively, is meaningless and considered undefined. Between those weights, the CG must lie between the forward limit (the left hand edge of the above graph) and the aft limit (the right hand edge) for that particular weight.

When describing the Aircraft Loading Condition, we will use four conditions with the following mutually exclusive interpretations:

Over-Gross: The Aircraft is loaded to a weight in excess of the Allowed Maximum Gross Weight regardless of the location of CG.

Fore-Loaded: The Aircraft is under Gross Weight but the CG is located forward of the Forward CG Limit at that weight.

Aft-Loaded: The Aircraft is under Gross Weight but the CG is located aft of the Aft CG Limit at that weight.

Within-CG: The Aircraft is under Gross Weight and the CG is located between the relevant CG limits for that weight.

A fifth condition could conceivable be defined - namely Under Min Weight - but we will ignore this since, again, the empty weight of the aircraft alone places it above this weight. In point-of-fact, the minimum weight shown on the weight and balance charts has no physical meaning. It is merely a convenient value safely below the lightest weight that could ever conceivably be needed.
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