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    Schaufele Annotations 
Chapter 3  Estimate of Maximum Takeoff Weight 

 
Breguet Range Equation for a Jet 
 
The Breguet range equation is the cornerstone of payload-range calculations.  It may be derived by 
assuming that the aircraft is in straight and level flight so that T=D and L=W, and that aircraft speed (V), 
L/D, and specific fuel consumption (C) are constant.  These are valid assumptions for a jet-powered 
aircraft. 
 
The rate of change of aircraft distance with weight is (speed)/(fuel burn rate).  The denominator has a 
negative value, because the weight of the aircraft is decreasing.   
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This may be integrated as follows: 
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This is the Breguet range equation.  To maximize range, the values of the product V(L/D) and Winital/Wfinal 
must  be maximized, and C must be minimized.   
 
To express the weight ratio as a function of other variables, the equation must be rearranged as: 
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This is the form in which the equation is used when calculating the total fuel required to perform a given 
mission.  
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Loiter Equation 

A similar equation may be derived for the loiter condition.  The rate of change of time with aircraft 
weight is simply 1/(fuel burn rate).   Again, a negative sign shows that the rate of change of weight is 
negative.  The change in endurance, E, with weight, W, is given by 
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To maximize endurance, the values of L/D and Winitial/Wfinal must be maximized, and C minimized. 

 To express the weight ratio as a function of other variables, the equation must be rearranged as: 
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This is the form in which the equation is used when calculating the total fuel burned in a mission that 
requires a loiter segment. 

 
Estimation of Maximum Lift/Drag Ratio 

If your design concept does not look like any of the aircraft illustrated in Figures 3-10 to 3-18, but fits 
into the class of modern commercial aircraft, then a good estimate of maximum L/D may be obtained 
from the equation 
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where b = span 
 Swet = total wetted area of the aircraft 
 
The derivation of this equation, and similar equations for other classes of aircraft, may be found at 
http://www.adac.aero/linked/3.4_fuel_fraction_estimation.pdf 
 
 

http://www.adac.aero/linked/3.4_fuel_fraction_estimation.pdf�
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Selection of Cruise Lift/Drag Ratio 
 
In Chapter 12 it will be shown that the optimum L/D for cruise is not at the maximum value of L/D.  
Maximizing range requires that the product V(L/D) in the Breguet range equation be maximized, and this 
occurs at a higher speed, and lower lift coefficient, than that for maximum L/D.   The most common 
estimate is to use: 
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 This value should in the estimation of the available operating empty weight.  Note that the values of L/D 
in Schaufele Fig. 3-8 and 3-9 are for (L/D)cruise, not (L/D)max. 
 
Cruise Profile 
 
During cruise, the airplane should fly at the lift coefficient for which the L/D is optimum (but not 
maximum, as discussed above).  The optimum lift coefficient may be written as 
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As fuel is burned off, the weight, and thus required lift, of the aircraft decreases.  To keep flying at the 
optimum CL, the value of ρ must also decrease.  (The alternative is for the aircraft to slow down, but it 
will be shown later in the book, that this is not a good idea).  Ideally the aircraft should maintain a 
steady climb to maintain a constant value of optimum CL .  This procedure is known as cruise-climb.  This 
may be done with military aircraft which may not have to comply with commercial air traffic control 
rules.   For your  mission, assume that the aircraft cruises at an optimum CL consistent with optimum 
L/D. 

 
Fig 3.1  Differences between RSVM and non-RSVM airspace 

 
Before 2005, east- and west-bound traffic were separated by 2000 ft altitude intervals.  In 2005, the 
vertical separation was reduced from 2000 ft to 1000 ft for aircraft flying in Reduced Vertical Separation 
(RVSM) Airspace (which includes the USA and Europe). This applies between 29,000 ft (FL290) MSL  and 
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41,000 ft (FL410).  Westbound flights now fly at even intervals of 1000 ft and eastbound flights fly at odd 
intervals of 1000 ft.  This means that aircraft must fly in a series of 2000 ft interval steps to stay as close 
as possible to the optimum altitude.  The procedure is known as step-climb.   
 

 
Fig 3.2  Boeing 737 Flight Management Computer:  Cruise Display 

(This photo was taken before 2005) 
 
Typically the flight management computer will tell the pilot the optimum altitude and the pilot will have 
to get authorization from ATC to climb to the altitude that best matches the optimum.  In a mission 
simulation computer program, the program will also constantly evaluate the optimum altitude and 
automatically have the aircraft climb to that altitude when appropriate.   
 
Mission Fuel Fraction 
 
The method described in the book calculates mission fuel fraction by adding fuel fractions referenced to 
TOGW.   This will work for a simple mission with only one cruise or loiter segment for which the weight 
at the start of the cruise or loiter segment is close to the TOGW.  However, if the mission contains 
multiple cruise or loiter segments the method would become somewhat cumbersome, because the 
value of Winitial in the ratio Winitial/Wfinal which is used in Equation (3-11) would not be the TOGW, as is 
assumed in this method.  It would be necessary (although this would not be difficult with computational 
methods) to keep track of the weight of the airplane in order to reference all weight changes back to the 
TOGW.   
 
A simpler method, which works for an unlimited number of cruise or loiter segments (or indeed any 
segment where the ratio of the weight Winitial/Wfinal is calculated or assumed) is to factor the ratios of 
Winitial/Wfinal for each segment so that the maximum zero fuel weight (MZFW in Figure 3-1) can easily be 
calculated, and thus operating empty weight (OWE) derived. 
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To illustrate the equivalence between the two methods, for the example problem on page 76 a one-time 
calculation must be done to convert the assumed reserve fuel fraction (WF Res/Wto) into a segment fuel 
fraction  (in this case a two-segment fuel fraction). 
 

From inspection of the mission  W6

W0

ffffffff= 0.859 ,  so that 

 

 

W8

W6

fffffffff= W8

W0

ffffffffffW0

W6

ffffffffff= W8

W0

ffffffffff 1
0.859
ffffffffffffffff

The reserve fraction is defined as

WF Res

Wto

ffffffffffffffff= W6@W8

W0

ffffffffffffffffffffffffff= 0.049

So
W8

W0

ffffffffff= W6

W0

ffffffffff
@ 0.049 = 0.859@ 0.049 = 0.810

W8

W6

fffffffff= 0.810
0.859
ffffffffffffffff= 0.943

 

 
[Note that the requirements for fuel reserves can be quite complicated, and depend on the type of 
operation.  The most simple reserves for air carrier operations are for operations within the contiguous 
48 states, and may be found in FAR 121.639.  More commonly a mission is defined for operations 
outside the contiguous 48 states, and reserve requirements are in FAR 121.645.  This latter has a loiter 
requirement which may be calculated using the method described here. ] 
 
The landing and taxi in ratio (W9/W8) must also be calculated as follows 
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Phase  Wfinal/Winitial Value 

1 Engine start and warm-up W1/W0 0.999 
2 Taxi W2/W1 0.999 
3 Takeoff W3/W2 0.998 
4 Accelerate and climb to cruise altitude W4/W3 0.984 
5 Cruise (using the Breguet range equation, see Equation (3-10)).  

Assume cruise range is total mission range 
W5/W4 0.876 

6 Descent W6/W5 1 
8 Reserves W8/W6 0.943 
9 Land and taxi in W9/W8 0.996 
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Fuel fractions on page 77 can now be converted into segment weight fractions and these are shown in 
the table above.  Note that the weight fractions used in this book for Phases 1-3 are extremely high (i.e., 
fuel burn is very low), compared with other textbooks.   For comparison, values for various textbooks 
are: 

• Schaufele 0.996 
• Raymer 0.97 
• Nicolai  0.97-0.975 
• Roskam 0.975 (for commercial aircraft) 

For your design, use the weight fractions in the BeachBoard Topic "Revised Mission Profiles". 
 
The weight ratio at the end of the mission (assuming reserves are expended) is given by 
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This closely matches the value of max zero fuel weight (MZFW) fraction, using the additive method, of 
0.804 (= 1 - 0.196, as derived from Equation (3-13)).  As can be seen from the calculation above, any 
number of segments can easily be strung together, provided that the value Winitial/Wfinal for that segment 
is known, or can be calculated.  Care must be taken if weapons are expended or cargo offloaded in the 
middle of the mission.  The ratio of Winitial/Wfinal for that segment must include the weight loss of the 
weapons or cargo.  To calculate the value of MZFW, the weight of weapons or cargo must then be added 
back in at the end of the mission. 
 
Operating Empty Weight Available 
 
The remaining steps in calculating the operating empty weight available after flying the mission are to 
subtract the following, as illustrated in Schaufele Figure 3-1: 

• Revenue cargo (if any) 
• Passengers and bags 

 
Matching Operating Empty Weight Required to Operating Empty Weight Available 

Graphs of empty weight required as a function of TOGW are shown in Figures 3-19 to 3-26.  For 
commercial airplanes it must be assumed that the empty weights listed are the operating weight empty.  
Matching operating empty weight available to operating empty weight required may be done by hand, 
as shown on pp 86-87.  A quicker and more versatile method is to use Excel or Matlab.  For operating 
empty weight required, the straight lines on the log-log plots imply a relationship  
 
 log10 WEMPTY  = log10 A + B log10 WTO         Eq. 3.9 
 
or WEMPTY = A WTO

B          Eq. 3.10 
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The values of A and B for any line may be found by noting the values of WEMPTY and WTO at the ends of 
the trend line on the figure, and then solving the simultaneous equations for A and B. 
 
Set up a model mission on Excel or Matlab that will find available WEMPTY as a function of assumed WTO.  
Then set up an iterative loop that varies WTO until empty weight required equals empty weight available.   
 
This is the procedure for all large-scale mission sizing computer programs.  A significant difference, 
however, is that in an industrial-scale program, empty weight required is calculated based on the 
geometry, materials, and loads for the structure and systems of the aircraft being designed. 
 
Aircraft Weight Growth Factors 

In the conceptual or preliminary design phases of an aircraft, a fixed weight added to (or subtracted 
from) the airplane does not simply add (or subtract) the same value of the weight to the maximum 
takeoff gross weight (MTOGW) in order to achieve the same payload and range.  If weight is added, 
most of the aircraft (such as wing, landing gear, and empennage) must increase in size and weight.  The 
ratio of the increase in MTOGW to the unit increase in fixed weight is the aircraft weight growth factor, 
and depends on the mission flown.  There are two methods of calculating weight growth factors: the 
"exact" method which can be used on designs which are still in the preliminary design stage, and the 
simplified method, which can be used on existing designs (although it is, of course, too late to actually 
change the design). 

Exact Method of Calculating Weight Growth Factor 

The exact method of calculating weight growth factor is to use a detailed mission sizing computer 
program with detailed component weight estimation equations.  Methods are similar to that described 
below except that empty weight is calculated using component weight buildup with fairly detailed 
empirical equations for each component.  A small arbitrary weight is added to the empty weight, and 
the required value of MTOGW recalculated.  

Simplified Method of Calculating Weight Growth Factor 

To use the simplified method, an important assumption must be made.  That is that empty weights can 
be broken down into two categories.  The first category is proportional to MTOGW, and the second 
category is independent of MTOGW.  This assumption is fairly close to reality.  It enables the derivation 
of a simple equation to determine what the growth factor would have been for an existing aircraft.  
There is no need to calculate empty weights or to simulate a mission.  This equation can be derived 
using two approaches.  The first is an algebraic approach, and the second is a graphical approach, which 
may be more intuitive.  In both cases a small arbitrary weight Wx is added to the baseline configuration, 
and the aircraft is resized to accommodate the addition of the arbitrary weight.  In the resizing it is 
assumed that the aircraft takeoff and landing performance is unchanged, which implies that the values 
of airplane thrust/weight (T/W) and wing loading (W/S) remain constant.  To the first order, propulsion 
system weight is assumed proportional to thrust, and thus to MTOGW.  Similarly, wing weight is 
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assumed proportional to wing area, and is also considered proportional to MTOGW.  The empennage 
sizes roughly with the wing dimensions, so its weight is proportional to MTOGW. 

Algebraic Approach 

The following method is taken from Ref. 1.  For commercial aircraft  MTOGW can be broken down into 
five categories: 

 

WEVar
= Variable empty weight proportional to MTOGW eg, landing gear, wing, etc

b c

WEPayload
= Empty weight proportional to payload eg, cabin crew, seats, toilets

b c

WEFixed
= Fixed weight flight deck crew, flight deck, avionics

b c

WPayload = Payload weight
WFuel = Fuel weight

   

For a Boeing 707-320B (weights are in lb and are approximate) 

 
WTO =WEVar

+WEPayload
+ WEFixed

+ WPayload + WFuel

= 98,000 + 7,000 + 43,000 + 35,000 + 153,000
= 336,000

                                                                                       (1) 

The numerical values above were determined by the author of Ref. 1.   

From the Breguet range equation we know that for a constant range 
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If we designate the original MTOGW with the suffix 1 and the MTOGW of the configuration with the 
extra weight, Wx, with the suffix 2, then 
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We define the total growth in MTOGW as  ∆WTO =WTO2
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Subtracting Eq. (6) from Eq. (5) we get 
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Rearranging terms we get 
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By definition, the growth factor is 
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The reason for re-ordering the terms in the denominator will become apparent later.   

Plugging in the numbers for the example Boeing 707 we get 
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1
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Note that the larger the fuel fraction,  
WFuel

WTO

ffffffffffff , or the ratio of variable empty weight to TOGW,  
WEVar

WTO

ffffffffffff, the 

larger the growth factor.  This suggests that for long range airplanes the application of advanced weight-
saving technology offers a greater payoff as compared with short range airplanes. 
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For aircraft with very small payload and crew fractions and large fuel fractions, such as the National 
AeroSpace Plane (NASP), the denominator is small and the growth factor becomes very large.  For this 
class of airplane, very small changes in structural fraction or fuel fraction have a very large effect on 
MTOGW.  It is almost impossible to estimate MTOGW with any level of confidence. 

Graphical Approach 

The second approach is based on analysis of airplane sizing and sensitivity described in Ref. 2.  Figure 3.3 
shows the empty weight of an aircraft as a function of MTOGW.  As for the algebraic method, airplane 
empty weight is broken down into two parts - one part is proportional to TOGW, and the other part is 
constant.  Note that a detailed component weight buildup is not required in this simplified method. 

 

Figure 3.1  Empty Weight Required as a Function of Takeoff Gross Weight 

In order to design an airplane to meet a required mission, the empty weight required must be equal to 
the empty weight available when the airplane is flown on the design mission, all the fuel (including 
reserves) is burned, and crew and payload then removed, as illustrated in Figure 3.4.  Depending on how 
weights are allocated, crew may be considered as part of empty weight required;  the weight of the 
converged solution does not change.  Often for military aircraft the crew is not considered part of the 
empty weight required, but for commercial aircraft the crew is part of the operating empty weight.  The 
gradient of the empty weight available line is the same as that of the zero-fuel line. 

Figure 3.5 shows a matching point between empty weight required and empty weight available.  In the 
conceptual design process, a computer program is available to the designer which calculates the empty 
weight required based on component weight buildup, and calculates empty weight available by "flying" 
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the airplane on a the design mission.  The intersection of the two empty weight lines is found by 
iteration. 

The figures show the procedure for finding the TOGW of a configuration that meets the mission 
requirement.  For our situation, the airplane has already been sized.  In fact it's already flying, so we can 
go straight to the solution point.  To calculate the weight growth factor, the intersection point may be 
examined in more detail, and the arbitrary weight Wx may be added graphically to the empty weight 
required line. 

   

Figure 3.4. Empty Weight Available from Mission Analysis 
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Figure 3.5 Finding a Match between Empty Weight Required and Empty Weight Available 

 

Figure 3.6  Adding an Arbitrary Weight Wx 

 



Schaufele Annotations Ch 3 rev 8.docx  13 
© 2012 Anthony Hays 

This is illustrated in Figure 3.6.  The initial solution is located at WTO1
.  The addition of the weight Wx 

moves the solution to WTO2
.  An examination of the increase in empty weight (i.e., vertical component of 

the displacement of the solution) shows that 

 W x = 1@
WFuel

WTO1

ffffffffffff
h
j

i
k∆WTO@

WEVar

WTO1

ffffffffffff
h
j

i
k∆WTO  

Rearranging:  

W x

∆WTO

ffffffffffffff= 1@
WFuel

WTO1

ffffffffffff
h
j

i
k@

WEVar

WTO1

ffffffffffff  

And inverting: 

 
∆WTO

W x

ffffffffffffff= 1

1@WFuel

WTO1

fffffffffffffff
f g

@
WEVar

WTO1

ffffffffffffff
fffffffffffffffffffffffffffffffffffffffffffff 

This is the same as Equation (10) above. 

Examples 

This equation can be used to estimate the weight growth factors for different classes of aircraft  by 
examining the weight breakdown of existing aircraft.  In the example above for the Boeing 707-320, 
empty weights were allocated by the author of Ref. 1 as fixed or variable.  It is possible to do this for 
other aircraft, as illustrated in Table 1.  Weights were taken from Refs. 3 and 4, with minor modification. 
The tables in the references show "Maximum Payload".  This may be greater than the design payload, 
but depending on the required design flexibility, the difference is normally not large.  For the most part 
group weights were used in the calculation, but for the Fixed Equipment Group, the definition of "Fixed" 
is not the same as for calculating weight growth factors.  Within the Fixed Equipment Group (shown 
indented in the table), weights were allocated to the fixed or variable categories based on knowledge of 
typical component growth.  To some extent, component growth is a function of the type of design so 
this allocation may not be appropriate for every design.   
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Table 3.1 Simplified Weight Growth Factor Calculations for Existing Designs 

The assumptions made by the author of Ref. 1 for the Boeing 707-320 were slightly different from those 
shown in Table 3.1, so the result for this airplane does not agree exactly with the result shown in the 
algebraic approach.  The fuel values shown in this table are derived values and not indicative of the tank 
capacity.   

Advanced Material Weight Reductions 
 
It is possible to estimate the reduction in WTO due to the application of carbon-epoxy composite 
materials to the aircraft structure.  The first step is to decide which parts of the structure will be made of 
composites.  The weight reductions (taken from References 4 and 5) for various group weight are shown 
in Table 3.2. 
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Weight Group  Reduction 

Factor 
(Nicolai) 

Reduction 
Factor 

(Raymer) 

Group 
%MWE  

Reduced 
Group 
%MWE 

Wing 0.80 0.85 - 0.90 25.0 22.5 
Tails 0.75 0.83 - 0.88 4.5 4.0 
Fuselage 0.75 0.90 - 0.95 23.0 21.9 
Landing gear 0.92 0.95 - 1.00 9.5 9.5 
Nacelles (Fig 10-6)  0.90 - 0.95 3.5 3.3 
Engines   11.0 11.0 
Furnishings and Equipment   16.0    16.0 
Systems (derived value)     (7.5) (7.5) 
Total   100 95.6 

 
Table 3.2  Composite Material Weight Reduction 

 

The next step is to estimate what percentage of the empty weight is represented by each weight group.  
If you have already obtained a value of empty weight for a baseline configuration with aluminum 
primary structure, use Schaufele Figures 10-3 and 10-6 to estimate the breakdown of empty weights by 
group.  Use Figure 10-3 for the major weight groups, and fill in the other percentages using Figure 10-6.  
Operating weight empty (OWE) is the sum of manufacturer's weight empty (MWE) and operating items, 
which are of the order of 5% of OWE.  For this exercise, it will be assumed that the percentage weight 
reduction for OWE is the same as that of MWE.  Multiply the weight reduction factor by the group 
weight percentage of MWE, and this will give you the airplane empty weight reduction for composite 
materials applied to a single weight group.   In the example in Table 3.2 the most conservative (i.e., the 
higher) values were used for group weight reduction factors.  Now apply the reduction factor for empty 
weight (in this example 95.6%) to the trend line for your class of aircraft in Figures 3-19 to 3-26 and 
derive a new value for A in Eqs. 3.9 and 3.10 above.    
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