
Assignment #4 Solutions 
16.899 – Fundamentals of Systems Engineering 

 

Part I. Vehicle Design and Performance (Aeronautics)  

1) In Figure 1, what physical effects cause R to increase as m is increased from 1kg to about 
20000kg?  What causes the slight decrease as m increases beyond 20000kg?  Hint: examine 
the variables of the Breguet range equation. 
There are several ways to explain this.  This is just one of them:  In looking at the BRE, there 
are three main factors that affect range; engine performance (PSFC), aerodynamics (CL/CD), 
and fuel fraction (mfuel/m).  From the engine’s perspective, in general a) the less power it has 
to produce in cruise, the lower the PSFC.  At the same time, one wants to b) maximize CL/CD 
which we know, from the drag polar, occurs when parasite drag equals drag-due-to-lift.  
Typically, if the aerodynamic condition is satisfied, we’ve done as good as we can in 
minimizing the power required.  Finally, we want c) as much fuel as possible without 
overstressing the a/c.  When the aircraft is very light, the best improvement we can make is 
in terms of c) since the stress limits are easily avoidable by adding relatively low amounts of 
reinforcement (in terms of mass), and it is relatively easy to meet a) and b).  This is true for a 
range of mass that continues upward until stress limits become very costly to increase (i.e. 
the amount of mass required to reinforce is no longer worth the range gained by the increase 
in fuel mass).  This is related to the square-cube law as described below in the answer to 
number 3.  At this point, it is also no longer easy to meet the requirements of a) and b).  That 
is, although it may be possible to fly at the condition for which parasite drag equals drag-due-
to-lift, it requires much more power to do so, due to the higher aircraft mass and a slightly 
higher velocity (this is a second order effect), thus has a higher PSFC, etc., etc. 

2) In Figure 2, why is the optimum AR largest for an intermediate mass?  What causes it to 
decrease on the left of this maximum?  On the right of this maximum? 

Aspect ratio affects the design through mass (stress) and induced drag, which act in opposite 
directions from each other.   

To the left of maximum:  At the lower mass, AR’s effect on drag-due-to-lift (through induced 
drag) dominates.  From the drag polar, we want to maximize range by flying at the conditions 
for which drag-due-to-lift is equal to parasite drag (for a jet powered aircraft, this isn’t 
necessarily true, but fuel consumption was
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where C ~length, C ~1/Re(n>0)~1/length(n>0)
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at length2/AR ~ 1/length(n>0)  
AR~length(n>2)~(mass1/3)( n>2)~mass(n>2/3)  That is, AR has to scale with mass in order to 
maintain the drag polar maximum range condition.  This occurs up to the mass at which the 
stress constraint becomes more important and this is where the maximum AR occurs.  Note 
here that our estimate of how Cd0 scales with length is very rough, as Cd0 includes not just 
skin friction drag but also form drag and interference drag and the relative contribution of 
each of these depends significantly on the aircraft and flow conditions.  At any rate, it is safe 
to say Cd0 varies as the inverse of length.   



To the right of maximum:  At the higher mass, the stress constraint is more important that the 
constraint on aerodynam
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So, in this region, the stress constraint is the balancing point between adding mass to increase 
strength or decreasing AR to avoid exceeding the yield strength.  For constant stress (using 
the equations above), AR ~ stress/b ~ 1/length ~ 1/m1/3 (remember mass ~ length3).  To 
summarize, when the stress constraint is active, AR has to decrease with increasing mass. 

There is also an advantage to lower aspect ratio wings regarding fuel volume, as seen by the 
equations given in the problem.  My personal opinion is that this is secondary to the stress 
contraint effect but it is still an argument you could have used. 

 In Figure 3, the optimum wing loading increases very nearly as m1/3.  What physical principal 
is responsible for this? 
This is the square-cube law, that is, area scales as the square of length and mass scales as the 
cube of length. 
So, m~length3  length~m1/3; Σ~m/S~length3/length2~m/m2/3~m1/3. 

 The  assumed material properties are now upgraded to match exotic higher-strength and 
higher stiffness composites, and the sizing study is repeated.  Briefly describe how each of 
the curves in the three figures would change. 
The key here is that any particular aircraft geometry can now be obtained at a lower mass, 
leaving more room for fuel, and pushing the contraint on stress such that it further opens up 
the design space. 

Therefore, in Figure 1, range for a given mass increases with the improvement being most 
realized at the greater masses (i.e. lower masses don’t benefit as much).  The point at which 
the slope flattens out moves to the right. 
In Figure 2, the entire line shifts up and the point of maximum AR moves to the right.  This 
results in the greater improvement being realized once again at the higher masses, since the 
stress contraint is has effectively been pushed to the right.  The slopes remain more or less 
the same. 
In Figure 3, there should be a small upward shift in the line and the slope will not change.  
An improvement in material stiffness allows the optimized planform to realize some gains in 
aerodynamic efficiency for the same mass (through geometry improvements).  This is what 
leads to the small increase in wing loading for the same mass.  Note that if the planform were 
frozen, little to no change would be seen, as any savings in mass through structural efficiency 
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would be replaced by a corresponding increase in fuel mass in order to maximize range. This 
is why, although a given geometry (S) could be obtained at a lower mass, we would not see a 
downward shift in the line. (note: I only took off a couple of points if you showed the line 
shifting downward, this is a very difficult question. For all other answers I didn’t take any 
off) 
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