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Abstract: One of the first technical exercises for students enrolled in an 

undergraduate aircraft design course is to estimate the required takeoff gross weight 

of a notional aircraft to meet a given mission requirement.  Textbook authors take 

different approaches to the procedure, and some of these approaches both hide the 

lack of reliability of input data and in addition may make it more difficult to 

understand the procedure, and in particular, the high sensitivity of the result to the 

input variables.  Many students will eventually work in technical disciplines that 

support the design process, such as aerodynamics, propulsion, and structures and 

materials.  They should be aware of the impact of improvements in technologies on 

the takeoff gross weight (and resultant cost) of the design they are working on. 

 
1. INTRODUCTION 

Initial aircraft sizing is the determination of takeoff gross weight (TOGW) to 

perform the design mission.  It is usually the first technical exercise in the design 

process.  In the real world of both commercial and military design development, many 

design exercises will have been performed in developing requirements, but for 

college-level design classes, the requirements are usually defined by an independent 

organization, such as the American Institute of Aeronautics and Astronautics (AIAA).  

In Raymer [1], initial sizing is described in Chapters 2 and 6.  In Nicolai & Carichner 

[2], it is described in Chapter 5. In other textbooks the process is also described in the 

early chapters.  It is critically important that students fully understand this process, 

and the sensitivity of input variables (lift/drag (L/D), specific fuel consumption (sfc), 

and empty weight fraction (We/Wo)) to the output value of takeoff gross weight.  This 

sensitivity is a function of the type of aircraft being designed.  If students have an 

image of the empty weight matching process firmly engraved in their minds, they will 

be much more likely to pay attention to the quality of their subsequent analytical 

work. 
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2. BACKGROUND 

 

Initial aircraft sizing is usually based on “empty weight matching”, i.e., 

calculating TOGW by equating the empty weight required (WeR
) based on a statistical 

analysis of empty weights of existing comparable aircraft, with the empty weight 

available (WeA
) by flying the mission in a computer model (typically a spreadsheet) 

and subtracting fuel, crew, and payload weight from TOGW (commonly abbreviated 

as W0).   

 

For the most part, textbook authors are in general agreement about calculating  

WeA
, using the inverse of the Breguet range equation, except that Schaufele [3] adds 

fuel fractions, rather than factors them, and this only works for very simple missions, 

so this procedure is not recommended.   

 

More significant differences are in matching WeR
 to WeA

. Textbook procedures 

may be grouped into three approaches:  

1) Assuming a linear relationship between empty weight required and TOGW, in 

which case iteration is not required 

2) Assuming a non-linear relationship between empty weight required and 

TOGW, and equating empty weight fraction available (WeA
/W0) with empty 

weight fraction required (WeR
/W0), solving iteratively 

3) Assuming a non-linear relationship between empty weight required and 

TOGW, and equating empty weight available (WeA
) with empty weight 

required (WeR
), also solving iteratively. 

The differences between methods 2) and 3) may appear to be trivial, but they can have 

a significant impact on the ability of students to appreciate the significance of using 

the correct inputs.   

 

All the methods for calculating WeR
 have an obvious difficulty. If students propose 

a novel concept (and that should be encouraged), then there are no existing 

comparable aircraft from which they can estimate the empty weight required for a 

given TOGW. Even for fairly well established concepts such a blended wing-body, or 

a box wing, a limited number of weights are available from analytical studies, but 

there are no weights available for operational aircraft. For a novel concept, students 

will have to make the best guess. 

2.1 Linear Relationship Between Empty Weight Required and TOGW  

Several aircraft design textbooks show the empty weight fraction (WeR
/W0) as a 

power function of W0.   If weights data are available for similar designs in the same 

weight class, this relationship can be expressed more simply as a linear relationship 

without a significant loss of accuracy.  In this most simple form, there are some parts 

of WeR
 that are proportional to W0 and some that aren't, or 

                                         WeR
 = GW0  + K        (1) 
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where K represents weight that is not proportional to W0 (such as the cockpit or flight 

deck and avionics), and GW0 represents everything else.  We can compare these two 

methods using a spreadsheet.  Take the equation in Raymer Table 3.1 and convert it to 

the form 

                                        WeR
 = AW0

(C+1)Kvs       (2) 

where the constants are defined in the textbook.  Plotting these in a spreadsheet 

produces a pair of curves looking something like Fig. 1 for jet transports. 

 

Fig. 1 Comparison of Linear and Power Function Weight Equations for a Jet 

Transport 

For the straight line plot, K = 20,000 lb. and G = 0.425.  This seems reasonable 

that for aircraft above about 200,000 lb. the flight deck and avionics weigh about 

20,000 lbs and everything else is proportional to W0.   

A benefit of using a linear equation is that the iterative procedure described in 

Raymer Section 3.6.4 is not required.  However, in industrial-grade sizing programs 

the relationship between empty weight and takeoff gross weight is not linear, and 

iterative procedures must be used, so it is important for students to learn how to use 

them. 

There are some important differences in takeoff gross weight definitions between 

military and commercial aircraft.  For military aircraft takeoff gross weight may be 

defined as 

 W0 = Wc + Wp + Wf + WeA
                                         (3) 

where Wc is the crew weight, Wp the payload weight, Wf the fuel weight (including 

reserves) and WeA
 the empty weight available.  The payload (or fixed weight), using 

the Raymer definition, is defined as a combination of non-expendables (such as 

sensors and guns) and expendables (such as bombs, missiles, ammunition, troops and 

their equipment, and cargo). 
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For commercial aircraft the payload is defined as passengers, passenger bags (both 

checked and unchecked), and cargo (excluding cargo containers). 

The takeoff gross weight is then defined as 

  W0  = Wp +Wf  +Woe           (4) 

where Woe is the operating empty weight (OEW), which is  

  Woe = We + Wop                  (5) 

where We is the empty weight, usually defined as the manufacturer’s empty weight 

(MEW), and Wop is the weight of the operational items.  Crew (pilots and flight 

attendants) weight is absorbed into the operating weight empty, but so have a 

significant number of other items, such as food and galley service equipment 

including carts, drinking water, plus cargo containers, cargo pallets, evacuation slides 

and life rafts, and numerous other items that add up to about 5-6% of OEW. 

In Schaufele’s [3] weight trend data for commercial aircraft (Figures 3.22 to 3.26), 

the weights shown are for operating empty weight (Woe).  When online data is 

retrieved, students must check carefully as to whether commercial aircraft empty 

weights are manufacturer’s empty weight or operating empty weight. 

To determine values of G and K in Eq. (1), students should plot values of WeR
 and 

W0 for existing aircraft in a given class of aircraft using data that can be found online, 

using weight values for aircraft designs that are similar to the students’ proposed 

design.  For example, for commercial aircraft, if the students’ configuration has 

engines mounted on the rear fuselage, the comparable existing aircraft should have 

engines similarly located.  This should be done whichever method of sizing is used.  

Useful sources of data are:  

• https://www.wikipedia.org/ 

• http://www.airliners.net/aircraft-data.  When the empty weight is OEW, it is so 

stated. 

• http://www.aerospaceweb.org/aircraft/ 

From Eq. (3), empty weight available may be written as  

  

𝑊𝑒𝐴
=  −(𝑊𝑝 + 𝑊𝑐) +  (1 −  

𝑊𝑓

𝑊0
) 𝑊0 (6) 

 

where the fuel fraction (Wf /W0) is nominally independent of TOGW and is found by 

flying a notional aircraft on the design mission to determine mission fuel plus 

reserves.  Taking Eq. (1) and (6) and solving for TOGW for the condition WeR
 = WeA

 

produces 

 

𝑊0 =  
𝐾 + 𝑊𝑝 +  𝑊𝑐

(1 −  
𝑊𝑓

𝑊0
) − 𝐺

 (7) 

http://www.airliners.net/aircraft-data
http://www.aerospaceweb.org/aircraft/
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So why is this procedure not used more often? Possible reasons are 1) over a large 

range of values of TOGW, the power function relationship is somewhat more 

accurate, 2) most design textbooks use power function relationships, so coefficients 

are more readily available, and 3) in an industrial-grade sizing program, weights are 

based on physical properties of the components, and the fuel fraction is not quite 

constant, because the airplane geometry changes slightly as its gross weight changes, 

in which case iteration is required. 

Another way to estimate the values of G and K for a single existing aircraft (and 

by extension for similar designs in the same class) is by examining a detailed weight 

breakdown, and allocating empty weights as either proportional to TOGW, or 

independent of TOGW.  If there is only one vehicle in the class (such as for the 

Lockheed SR-71) this may be the only way to go.  However, the values of G and K 

are unlikely to be exactly the same in both methods. In the first method, the payload 

typically increases as TOGW increases, but in the second method it does not, so they 

can be renamed as G′ and K′. 

From Eq. (7) it is also possible to derive the weight growth factor, defined as 

ΔW0/Wx, where Wx is an arbitrary increase in empty weight, and ΔW0 is the resultant 

change in TOGW. The weight growth factor is 

  
𝛥𝑊0

𝑊𝑥
=  

1

(1 − 
𝑊𝑓

𝑊0
) − 𝐺′

 

 

 

(8) 

where Wf is the total weight of fuel available.  The growth factor can vary from about 

two for a short-range transport aircraft or light aircraft, to about nine for a high-speed 

reconnaissance aircraft. This provides students with a qualitative estimate of the effect 

of advanced technology on TOGW.  This exercise is somewhat of an approximation; 

in reality the growth in W0 is also a function of the type and location of the arbitrary 

weight added.  Quantitative effects are discussed in Section 3. 

 

2.2 Equating Empty Weight Fractions.   

 

Raymer [1, Fig. 3.1] shows empty weight fractions (WeR
/W0) as power functions 

of W0 for sixteen classes of aircraft (shown as straight lines in Raymer’s figure, 

although in reality the lines are not quite straight).  Figure 2 shows curves for nine of 

these classes in a similar format to that of Raymer. Unfortunately the data points from 

which the curves are based are not shown in the book, so it is not possible to establish 

the level of confidence in the coefficients.    Raymer’s Table 3.1 provides values of A 

and C for the relationship WeR
/W0 = AW0

C, with an additional correction for variable 

sweep wings. This is followed by an example of a manual iteration to solve for a 

value of W0 that satisfies WeR
/W0 = WeA

/W0.  A plot of WeA
/W0 is not shown.  Manual 

iteration is continued to within 0.05% TOGW of the converged solution, which is 

much closer than is warranted by the estimated values of L/D, sfc, and WeR
/W0.  

Although this procedure is valid, students will probably fail to recognize the 
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sensitivity of the result to the input variables, and may have more confidence in the 

result than it deserves. 

 
Fig. 2  Empty Weight Fraction Trends 

Why are the gradients of the lines in Figure 2 different for different classes of 

aircraft?  A plausible explanation is that a single-engine general aviation aircraft has 

typically four seats, so the cabin size does not change much.  Similarly, a high-

altitude UAV typically has a relatively small and fixed weight reconnaissance 

payload.  Jet transports, military cargo and bombers, and agricultural aircraft, can 

have an order of magnitude difference in payload between the smallest and largest 

airplanes in each class, and a change in cabin or cargo hold to accommodate the 

payload.  For these latter classes, the cabin, or payload bay must grow in size and 

weight, so the empty weight fraction does not decrease so rapidly. This suggests that 

technology sensitivity studies using this method, mentioned later in this paper, may 

overestimate the change in TOGW for these classes of aircraft. 

  

2.3 Equating Empty Weight Values.   

 

Nicolai & Carichner [2, Fig. 5.4] also show data plotted as empty weight ratios, 

except that a single equation is used for all classes of aircraft, and the vertical axis is 

logarithmic, which has the effect of compressing data points. The figure shows data 

points for three classes of aircraft (bomber and transport, light civil aircraft, and 

fighters).  More importantly, in the example calculation of W0, [2, Fig. 5.5] shows 

lines of WeA and WeR
 (not non-dimensionalized) as a function of W0, and their 

intersection at an acute angle.  A similar figure is shown in [3], Fig. 3-27.  It is this 

form of data presentation that must be engraved in the minds of students, because it 

shows that small differences in either calculation of We will make a large difference in 

the value of W0.  Usually non-dimensionalizing a design variable simplifies analysis 

and helps students understand the impact of that variable, but this happens to be an 

exception. (Another exception is the definition of induced drag coefficient, which 

leads students to believe, erroneously, that induced drag is inversely proportional to 

aspect ratio, as pointed out by MacLean [5, Sec. 8.3.5]). 

 

Other textbook authors show WeR versus W0 for different classes of aircraft, with 

data points.  In particular Roskam [4] shows data for thirteen classes of aircraft, but 

High-alt UAV

Jet transport

Military 
cargo/bomber

GA - single Agricultural

Tac Recce & UAV

0.3

0.35

0.4

0.45

0.5

0.55

0.6

0.65

0.7

0.75

0.8

100 1,000 10,000 100,000 1,000,000

Em
p

ty
 w

ei
gh

t 
fr

ac
ti

o
n

Sized takeoff weight W0 (lb)



Anthony P Hays 

7 

there have been no updates to the data since 1985.  Schaufele [3] shows data for eight 

classes of aircraft up to the publication date in 2000. 

 

A positive attribute of showing data in the form of Fig. 2 is that it highlights 

differences between classes of aircraft.  If data for aircraft empty weights are shown 

with logarithmic axes (which is the case in most textbooks) as shown in Fig. 3, then 

data becomes compressed.  Presenting data with linear axes also presents a problem in 

that most data points are close to the origin, so there no ideal form of presentation.  

Nevertheless, illustrating the important principles of empty weight matching can best 

be done with linear axes, as the next section describes. 

 
 

Fig. 3  Empty Weight vs. Takeoff Gross Weight 

Students may be lulled into believing that in Fig. 2, the value of WeR
/W0 for an 

aircraft in a given class of aircraft lies on or close to its curve, so that if other input 

parameters are close to being correct, the value of TOGW will be close to that of 

more detailed analysis.  If data from Schaufele [3] are plotted, they show that there is 

wide dispersion of the points, and for two of the selected classes, the gradients of the 

trend lines are of a different sign from those of Raymer. Students must recognize that 

this method is very approximate. 
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Fig. 4 Empty Weight Ratios using Schaufele data 

 
3. PREFERRED APPROACH 

 

Students must understand the significance of Figs. 5 and 6, which are derived 

from Ref. [2, Fig 5.5]. They are also a graphical representation of Eq. 1, where the 

gradient of WeR 
is (1- Wf/W0) and the gradient of WeA is G.  They illustrate that small 

changes in WeR
 or WeA

 will make a large change in W0.  Unless the students’ initial 

estimates of L/D, sfc, and empty weight required are reasonably accurate, then the 

estimate of TOGW is likely to be significantly in error.  The figure also shows that if 

the fuel fraction is small and the payload fraction large, then the intersection angle 

between WeR
 and WeA

 becomes larger, so that the sensitivity of TOGW to L/D, sfc, 

and empty weight ratio becomes smaller.  In general, short-haul aircraft do not have 

the same level of advanced technology as that of long-range aircraft with a small 

payload fraction.  Figure 6 shows that if the payload is negligibly small, and crew 

(and hence weight of cockpit) can be eliminated, then a very large reduction in 

TOGW can be achieved for a given mission range.  For example, in 2003 an aircraft 

flew across the Atlantic from Newfoundland to Ireland.  Its 

communication/navigation system included an autopilot, GPS, satellite-based 

telemetry, and air/ground communications (for local pilots to control the aircraft for 

launch and landing).  The airplane, named TAM-5, weighed 5 kg (11 lb.), and had an 

empty weight of 2.7 kg (6 lb.) [6].  Flight duration was 38 hours 23 minutes.  Fuel 

burn rate was about 1275 km/l (3000 miles/gal). 

 

 
Fig. 5 Equating Empty Weight Required to Empty Weight Available 
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Fig. 6  Elimination of Crew and Payload 

Spreadsheets have been used for initial sizing and constraint analysis since their 

introduction to personal computers in the 1980s [7]. In practice, the sizing procedure 

can conveniently be performed using Microsoft Excel, and an iterated solution 

obtained using the Solver add-in.  For the author’s class, a spreadsheet is made 

available that must be modified by the students to meet the stated design 

requirements. This may be found at [8].  This spreadsheet can size an aircraft to a 

given mission requirement, and generate the intersection points on a payload-range 

plot, but for the initial sizing exercise, only the sheet for determining the TOGW to 

perform the mission is used. 

 

Almost all the aircraft in the databases to determine empty weight trends use 

aluminum structures.  In Nicolai & Carichner’s sizing example for an Advanced 

Composite Lightweight Fighter, a somewhat arbitrary empty weight reduction factor 

for composite structure of 0.84 is assumed.  Both Raymer (in Section 15.4), and 

Nicolai & Carichner (in Section 20.2.3) have suggestions for weight reduction factors 

by structural group (e.g., wing, tail, fuselage, etc.).  If the students plan on using 

composite structure (as is increasing likely) these weight reduction factors must be 

introduced to students at the initial sizing stage.   

 

In the spreadsheet in Ref. [8], for a commercial aircraft, students can enter the 

estimated weight reduction factors by structural group.  The spreadsheet estimates the 

weight breakdown by structural group for the calculated empty weight, and applies 

the weight reduction factor to that weight. 

 

4. CONCLUSIONS 

 

In an undergraduate aircraft design course, calculating the TOGW of an aircraft to 

perform a specified mission may appear to be a fairly simple exercise.  But it is 
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important that students not only understand the process, but also appreciate the 

sensitivity of the input variables (L/D, sfc, and ratio of WeR
/W0) to TOGW.    
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