AN ECONOMIC ANALYSIS OF AIRCRAFT
DESIGN

By Steven A. Morrison*

1. INTRODUCTION

The rise in the price of fuel in the last several years has had a significant impact
on the air transport industry. Initiallg it led to increases in ticket prices and to
operational procedures designed to save fuel. For example, many airlines are
towing aircraft in situations where previously taxiing was used. The quantity of
potable water, as well as of reserve fuel, is being reduced in an effort to reduce
weight. Indeed, airlines are becoming so weight-conscious that some have resorted
to more frequent vacuuming of their aircraft. Many of these efforts are needed
because the majority of current jet transport aircraft were designed to operate in
an environment in which fuel was relatively inexpensive. However, as the cost
of operating these aircraft increases, new designs become practical. New designs
with lower fuel consumption have been, and are being, developed in an attempt
to adapt to the higher price of fuel.

This paper combines basic aerodynamics and production theory to present an
economic analysis of aircraft design, stressing the influence of relative prices on
optimal aircraft design. Aerodynamics is a science which deals with physical
relationships. A prominent relationship is that between drag and velocity — as
velocity increases, drag decreases and then increases. On the other hand, eco-
nomics is concerned with optimisation subject to (physical) relationships or
constraints. The economic consequences of an aircraft design will ultimately
determine its success or failure in the market, particularly in the current era of
increased competition among airlines. Therefore the synthesis of these two
disciplines is well suited for use in an analysis of aircraft design. Though the
aerodynamics and economics used in this paper are basic, together they make
possible a comprehensive analysis.

* Assistant Professor, Department of Economics, Northeastern University, Boston, MA. A draft
of this paper was written while the author was Assistant Professor, Faculty of Commerce and
Business Administration, University of British Columbia. He thanks Mr. James F. Heye of Lear
Siegler, Inc., for information on the Lear Siegler Performance Data Computer System.
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In aerodynamics texts, the economic consequences of designs are generally
implicit. In any case, the emphasis is on how, in a given economic environment,
designs differ according to the mission of the aircraft.! Recently, owing to the
increase in the price of fuel, papers have appeared which discuss how new designs
will differ from previous designs (Williams, 1977; Hopps, 1977, Tye, 1981). This
paper provides a framework within which to study the influence of the economic
environment on aircraft design. The new generation of aircraft will differ from
previous generations because of the vastly different economic environment
characterised by a high relative price of fuel. For the most part, these differences
are predictable from the analysis in this paper. The examples in the paper pri-
marily deal with the effect of fuel price increases on design; but, since the
framework is based on standard production theory, it can be used to analyse the
impact on design of any change in relative prices (for example, an increase in
interest rates).

As a generalisation, the production of air transport requires three basic inputs:
crew time (labour), aircraft time (capital), and fuel. For a given aircraft type, crew
time and aircraft time are used in fixed proportions. For example, if two pilots
are required, two pilot-hours must be combined with one aircraft-hour to produce
transport. Because of the fixed proportions involved, the situation reduces to one
of combining time (both crew and aircraft) with fuel. There is a tradeoff between
fuel use and trip time, so that, in order Q reduce the use of fuel, more time is
required. This interchangeability of fuel and time for a given aircraft extends to
different aircraft designs. Aircraft can be designed for the extremes of high speed
with high fuel use to low speed with low fuel use. Another tradeoff involved in
aircraft design is that between capital cost and operating cost. Expensive aircraft
can be built with low operating cost, or inexpensive aircraft can be designed with
high ogerating cost. The aircraft designer is faced with all these tradeoffs (and
more),” and must decide which of the many potential designs will enter
production.

The paper is organised as follows. Some basic aerodynamics useful throughout
the paper are presented in Section II. Section III contains the development of the
fuel-time tradeoff in air transport. Section IV examines the effect of different
designs on the fuel-time tradeoff. Section V is concerned with the determination
of the optimal design for a given economic environment. A summary is given in
Section VI.

lFor example, see Hurt (1965, p.71). He states that aircraft designed for slow-speed
flight demand a large wing span (emphasis added). More explicitly, it is only worth while
to incur the high construction cost of a large wing span if the aircraft will be operated in
a regime (slow flight) where the decrease in operating cost due to the longer span exceeds
the increase in construction cost. This capital-cost/operating-cost tradeoff is discussed in
detail below.

2The range of tradeoffs which are presented in this paper is limited by a desire for
expositional and graphical simplicity. A more general model could be constructed which
incorporated more of the tradeoffs facing the designer. However, this would be at a cost of
greater complexity.
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II. BASICS OF AERODYNAMICS

The following is only a brief summary of the aerodynamics relevant to the sub-
sequent analysis. Those interested in a more complete treatment should see an
aerodynamics text such as Von Mises (1954).

There are four forces which act on an aircraft in flight: lift, weight, thrust and
drag. The equilibrium conditions for level unaccelerated flight (that is, cruise)
are: lift equals weight; thrust equals drag. Lift is the force generated by the wing,
and is defined as acting perpendicular to the flight path. An important concept
for understanding lift is the angle of attack, the angle which the wing makes with
the flight path. The lift generated by a wing increases with angle of attack,
velocity, air density, and wing area. Thus, for a given wing area and air density,
there are an indefinite number of combinations of angle of attack and velocity
at which lift equals weight. A high velocity requires a small angle of attack; a low
velocity requires a large angle.

Weight is the force due to gravity, and acts towards the centre of the earth.
Since lift must equal weight in cruising flight, a decrease in weight allows a
reduction in angle of attack or in velocity, or in a combination of the two.

Drag is the retarding force, and acts along and opposite to the flight path.
There are two distinct types of drag which sum to total aircraft drag. Parasite
drag is what is popularly known as “wind resistance’; it depends on how
streamlined or aerodynamically clean the aircraft is. Parasite drag increases
with velocity, wing area and air density. The other type of drag is a by-product
of lift, and for that reason is called induced drag. Induced drag is a function of
the angle of attack and the wing span. This type of drag decreases with wing
span and, because of the angle-of-attack effect, increases with weight and decreases
with air density and velocity.

Since parasite drag increases with velocity and induced drag decreases with
velocity, there is a velocity at which total drag is minimised. At this point parasite
drag and induced drag are equal. Therefore, at higher velocities parasite drag will
predominate, while at lower velocities induced drag will predominate. However,
since cruising flight will always take place above the minimum drag point, parasite
drag will be greater than induced drag in the cruise regime. (The fact that
drag is not monotonically increasing distinguishes air transport from other
modes.)

Thrust is supplied by the engines, and acts along the flight path. For a jet
engine, fuel consumption per hour is proportional to thrust. The factor of
proportionality is called specific fuel consumption, and is measured in pounds of
fuel per hour per pound of thrust. Thrust must equal drag in cruising flight;
therefore, above the minimum drag point, an increase in velocity will require
an increase in thrust and thus an increase in fuel flow.

3There is an angle of attack beyond which lift decreases rapidly. When this happens, the
wing is said to be “stalled”. The speed at which the stall occurs is the minimum speed at
which sustained flight is possible.
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Cruise Performance of Boeing 727-200; 160,000 pounds; 30,000 feet

III. THE FUEL-TIME TRADEOFF

A standard method used by engineers to present information on aircraft perform-
ance is a graph of the type shown in Figure 1. The graph shows the relationship
between nautical miles per pound of fuel and Mach number? for a Boeing
727-200 aircraft at a weight of 160,000 pounds and an altitude of 30,000 feet
(Boeing, undated). This graph is useful for the task for which it was developed,
but it can be transformed into a form more useful for economic analysis. Figure 2
is obtained by taking the inverse of nautical miles per pound of fuel and then con-

verting Mach number to nautical miles per hour and taking its inverse. Since this

4One nautical mile equals approximately 1.15 statute miles. Quantity of fuel in aviation
is measured in pounds because fuel expands in volume under different operating temperatures.
Mach number is the ratio of the speed of the aircraft to the speed of sound under ambient
conditions. (The speed of sound in air is a function of temperature only.)
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The Fuel-Time Tradeoff
Boeing 727-200, 30,000 feet, 160,000 pounds

figure shows the combinations of the two “inputs”, fuel per mile and time per
mile, that produce one aircraft-mile of transport, it is similar to an isoquant.®

Several characteristics of this tradeoff merit discussion. First, there is a max-
imum speed (minimum time per mile) which, for structural reasons, may not be
exceeded. So the tradeoff ‘“‘ends” at this high-fuel, low-time point. At the other
extreme, there is a minimum velocity (maximum time per mile) below which the
aircraft will not fly because the wing is unable to generate lift equal to weight
(that is, the wing is stalled). This gives rise to another end point on the curve,
Between these two end points, as time per mile increases, fuel per mile decreases,
reaches a minimum, and then increases. The velocity corresponding to the point
of minimum fuel per mile is known as the maximum-range speed. For higher
velocities (lower time per mile) fuel may be substituted for time, so that, in order
to reduce the time of a trip, more fuel is required. For velocities lower than the
maximum-range speed, an increase in time per mile results in an increase in fuel

5 A conventional isoquant measures the quantity of input and output per unit time,
However, in the case of air transport, incorporating time in this way is not productive, since a
change in speed alters the quantity of output (e.g., aircraft miles per hour). This problem is
avoided by using time as an “input”.
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per mile. This is analogous to the “uneconomic region” of an isoquant and is of
no importance to cruising ﬂight.6

For a given cruising altitude, the cost-minimising combination of fuel and time
can be determined graphically by the tangency between an isocost line and the
fuel-time tradeoff curve. (The isocost line is a line of constant o%erating cost per
mile.” Its slope is the negative of the input price ratio, Pt/P ) In Figure 3, a
general fuel-time tradeoff curve’ and two isocost lines are shown. The steep
isocost line corresponds to a low relative price of fuel, while the other isocost
line corresponds to a high relative price of fuel. With a high relative price of fuel
the point of tangency occurs at a lower fuel per mile and higher time per mile
than when fuel has a low relative price. This illustrates the substitutability of fuel
and time. In order to mitigate some of the effects of an increase in the
price of fuel, the aircraft may be flown slower, thus substituting time for fuel.
Verification of this for some US airlines is contained in Baumgarner (1980).

Accuracy in determining the optimal flight speed is of such importance that
many airlines are now using on-board computers called performance management
systems; these calculate the cost-minimising flight speed, using aircraft perform-
ance data stored in the computer. In the more sophisticated systems, the pilot can
input the price-of-time/price-of-fuel ratio directly and thus use a different value
as circumstances warrant (Lear Siegler, 1981).1 0

6Though not relevant to cruising flight, this region is important in explaining situations
where the objective is to minimise fuel consumption per unit time (e.g., holding, awaiting,
landing). Fuel used per hour is minimised (and thus endurance is maximised) at the point where
a ray from the origin is tangent to the fuel-time tradeoff curve (in its “uneconomic region”).
See Morrison (1981).

7Operating cost is the sum of fuel cost and time cost. In calculating operating cost, the price
of fuel is straightforward (except when fuel is rationed). The price of time includes wages of
pilots and flight attendants, the opportunity cost of aircraft time, and maintenance and
depreciation costs which vary with use. In addition, the price of time would include also the
effect on revenue of increased passenger loads attracted by flying faster.

8Many airlines base pilots’ pay on the “greater time principle” under which pilots are paid
for the greater of scheduled time or actual time (Baitsell, 1966, p.61). The isocost line is then
not a straight line but is kinked at the scheduled trip time.

9For graphical simplicity and from lack of data, in the remainder of the paper the fuel-time
tradeoff curves will refer to a hypothetical aircraft rather than the B727-200.

10The Lear Siegler Performance Data Computer System was used to calculate the cost-
minimising flight speed for two different price-of-fuel/price-of-time ratios for the case above
(Boeing 727-200, 160,000 pounds, 30,000 feet, no wind). In 1970, when the price of fuel
was approximately $0.11 per (US) gallon and the “price” of time was approximately $195
per hour, the cost minimising flight speed was 558 miles per hour with a fuel flow of 10,228
pounds per hour. In 1981, when the price of fuel had risen to approximately $1.02 per gallon
and the price of time was approximately $560 per hour, the cost minimising flight speed
decreased to 527 miles per hour, with a concomitant decrease in fuel flow to 9,323 pounds
per hour. This speed adjustment due to the different price ratio in 1981 reduces total costs
by approximately 3.25 per cent. The sensitivity of optimal flight speed to the relative price
of fuel increases as aircraft weight decreases and when flight is below optimal altitude (which
increases as the relative price of fuel increases).
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Effect of Price Change on Optimal Fuel-Time Combination

IV. AIRCRAFT TECHNOLOGY

Technology places a limit on the combinations of fuel and time that are attainable
for a given aircraft capacity. Within the constraints imposed by technology,”
aircraft can be designed in a variety of ways. The fuel-time tradeoff approach is
well suited to analysing the economic implications of the various feasible designs.
It is standard practice in the aerodynamics literature to divide aircraft tech-
nology into three categories: aerodynamics, structures, and propulsion (Simpson,
1972). These are discussed separately below. A change in the design aspects of
any of these will have a primary effect on the fuel-time tradeoff, and a secondary
effect through its effect on aircraft weight (due to changes in structural weight
and/or induced changes in fuel required). For expositional simplicity (and to
isolate the different effects) only the primary effect will be shown graphically;
but it must be recognised that the secondary effect on weight may enhance or
detract from the primary effect.

11This paper analyses how designs change when economic conditions change, given a level
of technology. However, it must be recognised that economic conditions create incentives
which may result in technological change.

129



May 1984 JOURNAL OF TRANSPORT ECONOMICS AND POLICY

A. Aerodynamics

Aerodynamics deals with the drag of an aircraft at a given velocity and weight.
To analyse the effect that changes in aircraft design have on drag, changes in
induced drag and parasite drag must be analysed separately. For a given weight,
velocity and air density, induced drag is a function of wing span. The effect of
a change in wing span (holding wing area constant) is shown in Figure 4. It will
be seen that, with an increased span, there is more reduction in fuel per mile
as time per mile increases. This is because induced drag is greatest at low speeds
(high time per mile). Thus the impact of reductions in induced drag will be largest
where induced drag is largest — at low speeds.

For a given air density and velocity, parasite drag is a function of how aero-
dynamically clean the aircraft is and of the wing area. Figure 5 shows the effect
of changes in parasite drag on the fuel-time tradeoff. The upper curve reflects the
tradeoff for a large wing area and/or a ‘““dirty” structure, while the lower curve
corresponds to a small wing area and/or a clean structure. The reduction in fuel
per mile due to reduced parasite drag is greatest at high speeds (low time per
mile) where parasite drag is greatest.

B. Structures

The measure used for structures technology is the ratio of the weight of payload
(passengers, baggage and cargo) and fuel to the empty weight of the aircraft. The
higher this ratio, the more weight a given pound of structure is capable of carry-
ing. Alternatively, a given amount of payload and fuel can be carried in a lighter
structure, thus reducing the gross weight of the aircraft. The effect of reducing
weight on the fuel-time tradeoff is shown in Figure 6. As can be seen, the reduc-
tion in fuel per mile is greatest at low speeds, because a reduction in weight
reduces the angle of attack required (for a given velocity) and thus reduces
induced drag. Since induced drag increases as velocity decreases, the effect of
weight on the fuel-time tradeoff is greatest at low speeds.

C. Propulsion

Specific fuel consumption is the measure used for propulsion technology; it is
equal to the pounds of fuel per hour per pound of thrust produced. The effect
of a reduction in specific fuel consumption is shown in Figure 7. The upper curve
in the figure shows the fuel-time tradeoff for some base level of specific fuel con-
sumption at eight-tenths of the base level. A change in specific fuel consumption
does not affect drag, but affects the fuel burned per pound of drag (equal to
thrust). In this case, the lower curve has 20 per cent less fuel per mile for any
given time per mile. The percentage change in fuel per mile is the same for all
time per mile, but the absolute change in fuel per mile is obviously greater
where fuel use is greater — at the lower time per mile.

To summarise, changes which reduce induced drag will cause the largest
reduction in operating costs at low speeds, while changes which reduce parasite
drag and specific fuel consumption will generate the largest cost reductions at
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high spee,ds.12 The circumstances in which such changes are cost effective are
discussed in the next section.

V. AIRCRAFT DESIGN

The aircraft designer is faced with many tradeoffs. For example, there is a trade-
off between cruise performance and takeoff and landing performance: a small
wing area improves cruise performance but results in increased takeoff and land-
ing distances.!3 Other tradeoffs are the general tradeoff between fuel and time
and the broader tradeoff between capital cost and operating cost. The remainder
of this paper is concerned with the implications for aircraft design, for a given
aircraft capacity and range, of the fuel-time tradeoff (at cruise altititude) and that
between capital cost and operating cost.

Each of the technologically feasible designs discussed in the previous section
will result in a different level of capital cost. For example, in order to reduce
weight, more expensive materials must be used. Furthermore, decreasing parasite
drag by using retractable landing gear will also increase capital cost. However, by
varying the mix of features of the aircraft, many different designs can be pro-
duced, each with the same capital cost.14 In Figure 8, there are three curves
labelled 1y, I, and I3 representing the fuel-time tradeoff for three different
aircraft designs all with the same capital cost K, Aircraft 1 was designed for
high-speed flight. As it is a high-speed design, a large portion of the capital cost
will be devoted to reducing parasite drag. To reduce parasite drag, this aircraft
will be aerodynamically clean, with retractable landing gear and flush rivits.
Induced drag is of less importance in a high-speed design, so less capital cost will
be allocated to reducing weight and increasing wing span.

Aircraft 2 is designed for lower speeds than aircraft 1. Therefore more emphasis
will be placed than in aircraft 1 on reducing induced drag, and less emphasis on
reducing parasite drag. For example, aircraft 2 may have a less elaborate gear
retraction mechanism and be less aerodynamically clean, but have a larger wing

12The effect of the design parameters on the fuel-time tradeoff is derived mathematically in
the Appendix.

13In many cases, this tradeoff takes the form of a constraint. For example, the Boeing 727-
100 was constrained to be able to operate from the 4,860-foot runway at New York’s La
Guardia Airport (Boeing, 1978, p. 3). Any constraint which is imposed on a design will result
in an increase in capital cost and/or operating cost. In the case of the 727, the constraint was
met with a small wing area (for low operating cost) and a complex system of high-lift devices
(flaps and slats) which increased the capital cost. The reason the constraint was satisfied in this
way is explained below.

14The model presented here is an abstraction, and so must omit various complexities of the
design process. At the design stage, aircraft performance is not known with certainty. There-
fore, analysis of alternative designs must be based on the best available estimates of aircraft
performance. Also, capital cost is not well known and, in any case, depends on the size of the
production run. However, as above, best estimates can be used.
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FIGURE 8

Fuel-Time Tradeoff with Variable Design

span and be lighter in weight. There is a similar explanation for aircraft 3, which
was designed for low-speed flight. This aircraft will have fixed landing gear, be
very light in weight, and have very long wings.

The Cessna Citation I and Swearingen Merlin IIIC provide an example of the
different fuel-time combinations attainable for the same capital cost. The Citation
is a turbofan-powered aircraft, with seats for seven to nine and a purchase price of
$1,695,000. The Merlin is turboprop-powered, with seats for eight to eleven and
a purchase price of $1,630,000. (These two aircraft are as comparable in size and
price as can be found.) The Citation is a high-speed aircraft with a normal cruising
speed of 405 mph and a fuel consumption of 2.7 miles per gallon.1 5 The Merlin
is a lower-speed design, with a normal cruising speed of 345 mph and a fuel
consumption of 4.0 miles per gallon. Thus the Citation uses less time but more
fuel per mile than the approximately equally-priced Merlin (data from Aviation
Week and Space Technology, 1981).

The curve labelled EX, (envelope) is found by connecting the minimum fuel
time combinations that can be attained with a capital cost of K. Thus it is tan-
gent to one point on each of the tradeoff curves from the (many possible)

15The fuel consumption of the Citation and Merlin was calculated by dividing the range of
each ajrcraft by its fuel capacity.
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Development of Tradeoff between Operating Cost and Capital Cost

aircraft designs. Each individual curve reflects the fuel-time tradeoff for a given
aircraft (that is, the design is fixed). Thus, it is a short-run type relationship. The
envelope, which shows the fuel-time combinations attainable when aircraft design
is variable, is thus a long-run type relationship. Because the design is variable,
there is more substitutability between fuel and time in the long run.

Though it is determined simultaneously, graphical analysis is facilitated if the
selection of the optimal aircraft design is broken down into two steps. The first
step is to determine the designs which minimise operating cost per mile for
different levels of capital cost. The next step is to use this capital-cost/operating-
cost tradeoff to determine the optimal level of capital cost.

Figure 9 shows three of the envelopes for different levels of capital cost,
together with corresponding tangent isocost lines. (Each isocost line is a line of
constant operating cost per mile.) Since using more time and fuel increases
operating cost, operating cost increases away from the origin (that is,
C, < C; < Cp). On the other hand, since it requires increased capital cost to
reduce both time and fuel simultaneously, capital cost increases towards the
origin (that is, K5, > K; > Kj). The points of tangency between the isocost
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Determination of Optimal Combination of Capital Cost and Operating Cost

lines and the envelope curves determine the fuel-time combinations which
minimise operating cost per mile for each level of capital cost. By plotting
these combinations of capital cost and operating cost per mile, the tradeoff
between capital cost and operating cost can be displayed graphically.! 6

This tradeoff is shown in Figure 10, where the vertical axis is the capital cost
and the horizontal axis is the operating cost per mile.!7 The shape of the curve
indicates the diminishing marginal product of capital. Given this tradeoff, the
optimal design is one which minimises the sum of (yearly) capital cost and
(vearly) operating cost. Yearly capital cost is the selling price of the aircraft
times the rate of interest (r),!® whereas yearly operating cost is operating cost
per mile times the number of miles flown per year (M). On the graph, the optimal

16The notion of the tradeoff between capital cost and operating cost in aircraft design was
discussed (in a different form from that used here) as long ago as 1940 in the classic article by
Mentzer and Nourse (1940).

l7Clearly, this tradeoff depends upon the prices of fuel and time. This is discussed in more
detail below.

18Also included in yearly capital cost are maintenance and depreciation costs which are not
use-related.
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capital cost is determined by the tangency between an isocost line and the capital-
cost/operating-cost curve. (In this case, the isocost line is a line of constant
(yearly) operating cost plus capital cost. Its slope is —M/r.)

When the optimal capital cost has been determined, the optimal design (fuel-
time combination) can be found by reference to Figure 9. This occurs at the
point of tangency of an isocost line and the envelope corresponding to the
previously determined optimal level of capital. Because of the definition of the
envelope, the tradeoff curve for the optimal design is also tangent to the isocost
line. This indicates that, when the optimal design has been selected, the optimal
speed at which to operate the aircraft is the speed for which it was designed.

Two factors in the determination of the optimal design merit discussion. First
is the influence of yearly miles of operation on aircraft design. Because of the
tradeoff between capital cost and operating cost per mile, the more miles an
aircraft operates per year the higher the optimal level of capital cost. (In Figure
10, the isocost line would be steeper for more miles of operation, resulting in a
tangency at a higher level of capital cost.) Thus an aircraft designed for low util-
isation will have a lower capital cost (but higher operating cost per mile)
than one designed for high utilisation. This tradeoff explains why the takeoff
distance constraint of the 727 (footnote 13) was met by flaps and slats (capital
cost) and not by wing area (operating cost).

The explanation by Hiscocks (undated) of the decision to put retractable gear
on the de Havilland DHC-7 (Dash 7) while the DHC-6 (Twin Otter) had fixed
gear can be stated in terms of the analysis above. Because of its complexity the
Dash 7 was going to have a higher capital cost (per seat) than the Twin Otter. The
high capital cost design (with the corresponding low operating cost per mile)
would be viable only if operators were able to achieve high utilisation (miles). To
obtain high utilisation from a short-haul aircraft (which spends much of its time
on the ground between flights) a high cruising speed is necessary. Since the plane
will be flown at high speed, it is then cost effective to incorporate retractable
gear. Another example i$ the difference between military and civilian designs. The
military places more emphasis on reducing capital cost, and less on operating cost,
than the airlines, because an airliner may fly up to ten times as much as a military
aircraft!? (Miller and Sawers, 1968, p. 87).

The second factor in the determination of optimal designs is the influence of
the price of time and fuel. Besides changing the optimal combination of time and
fuel for a given level of capital cost, a rise in the price of fuel or of time (relative
to the cost of capital) will alter the tradeoff between capital cost and operating
cost. This will increase the operating cost per mile for any level of capital cost,
and so bring about an upward shift of the curve in Figure 10. The result is a

19This same principle also applies to the selection of used aircraft. On the used aircraft
market, aircraft with low fuel consumption will command a higher price than less fuel-efficient
models. Airlines which operate few miles per day will minimise costs by selecting aircraft with
low capital cost (and high operating cost per mile). Federal Express is an example of an airline
in this situation. The nature of its overnight package service results in low utilisation of aircraft,
Federal therefore favours older, low-priced, fuel-inefficient aircraft (Feazel, 1980).
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Long-Run Effect of Price Change on Aircraft Design

tangency at a higher level of capital cost. Thus, in order to mitigate the effect of
a rise in operating cost, capital cost may be substituted for operating cost; this
will result in a rise in the price of aircraft.

This analysis can be used to show the effect of price changes on aircraft design.
A change of current relevance is an increase in the price of fuel relative to the
price of time and capital. In the 1950s and 1960s, when the majority of current
jet transport aircraft were designed, the price of fuel was relatively low (approx-
imately ten cents per gallon), giving rise to a situation like the one shown in
Figure 11. The upper curve labelled EK represents the optimal level of capital
expenditure in the 1960s. It is tangent to an isocost line with a steep slope
reflecting the relatively low price of fuel. Because of this, aircraft were designed
for high-speed flight, using large amounts of cheap fuel and small amounts of
expensive time. As has been explained, these aircraft would be designed with
(relatively) greater effort and expense devoted to reducing parasite drag and
specific fuel consumption, with less effort going into reducing induced drag and
weight.

During the 1970s the absolute and relative price of fuel rose sharply (in May
1981 the price was approximately $1.05 per gallon). The initial short-run
response to such an increase is to fly existing aircraft more slowly, thus substit-
uting time for fuel. However, in the long run this is suboptimal, because aircraft
are being flown at a speed other than the speed for which they were designed.
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In the long run, costs can be reduced by developing aircraft designed to operate
at the speeds which are optimal for the prevailing price ratio. This is shown in
Figure 11 by the tangency between the new isocost line and an envelope corres-
ponding to a higher level of capital cost. (Since operating cost increased because
of the rise in the price of fuel, the optimal level of capital cost would also
increase.)

The increase in the relative price of fuel will result in a substitution of both
time and capital for fuel. These substitutions can be divided into two separate
movements (graphically analogous to the substitution and output effects of
standard production theory (Layard and Walters, 1978, p. 261)). First, for a
given level of capital cost, the substitution of time for fuel will result in more
effort being devoted to reducing induced drag (increased wing span, reduced
weight), and less emphasis on reducing parasite drag (aerodynamic cleanliness)
and specific fuel consumption. The second component of the substitution
effect is an increase in the optimal level of capital resulting from the substitution
of capital cost for operating cost. This will result in increased emphasis on
reducing induced drag, as well as parasite drag and specific fuel consumption.

The substitution of time for fuel and the substitution of capital cost for
operating cost work in the same direction with respect to induced drag and
weight reduction; this indicates that aircraft designed for a high relative price
of fuel will have increased wing spans and decreased weight. However, the two
components of the substitution effect work in opposite directions with respect
to parasite drag and specific fuel consumption; this indicates that no definitive
conclusions are possible on these components of design.20

What is clear from the foregoing analysis is that the new generation of aircraft
will have a higher capital cost and longer wing spans, will be built of lightweight
materials, and will use less fuel per mile than previous designs. Examples of
differences in aircraft design which solely reflect differences in the price of
fuel are difficult to come by, since other important design considerations have
also changed (for example, range and capacity). Some comparisons are drawn
below between current and past aircraft generations; but in view of the caveat
above, these comparisons should be considered illustrative rather than definitive.

The design differences between Gulfstream II and III business jet aircraft
provide a good example of the effect of fuel price increases on aircraft design.
The G-III is an updated version of the G-II, designed to be more fuel efficient
because of the higher price of fuel (and in order to increase range). The G-III
uses winglets to increase the effective span of the wing over that of the G-II.

20However, the “secondary” weight effect of a decrease in specific fuel consumption must
be taken into account. The elasticity of fuel required with respect to specific fuel consumption
is greater than one due to this weight effect. This effect is quite striking in the case of long-
range aircraft which carry a lot of fuel. Simpson (1972) points out that a change in cruise
specific fuel consumption from 0.8 to 0.6 (due to the development of new engines in the
1960s) decreased the required gross weight of a 747-type aircraft (i.e., 4,000 miles range,
100,000 pounds payload) from 1.67 million pounds to 840,000 pounds, thus making the
development of such large aircraft feasible.
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TABLE 1

Aircraft Design Comparisons

Aircraft Date Entered Passenger Wing Span  Span Loading Specific Fuel Maximum

Type Service Capacity Consumption  Speed
feet ft/1000 1bs Ibs/lb-hr mph
B707-320B 1962 165 145.8 0.43 0.55 600
B767-200 1982 233 156.3 0.52 0.34 593
DC9-30 1967 115 93.3 0.77 0.62 586
DC9-80 1980 172 107.8 0.77 0.51 576

Source: Aviation Week and Space Technology, 14 March 1983, pp. 126, 156.

This and other changes result in a decrease in fuel per mile of approximately
20 per cent. The improvements in operating cost come at the expense of an
increase in the purchase price from $7 million to $9 million (1980 dollars) (Mead
et al., 1980). Table 1 presents a comparison of certain design characteristics of
the two generations of transport aircraft: the Boeing 707-320 is compared with
the 767-200, and the McDonnell Douglas DC9-30 with the DC9-80. In both cases
the wing span of the new aircraft is greater (though in both cases the size of the
aircraft also increased). A more appropriate comparison, which takes into account
the increase in aircraft weight, is the span loading (wing span divided by gross
aircraft weight — see equation (4) in the Appendix). The span loading is increased
in the new Boeing, and remains the same in the new DC-9. Specific fuel con-
sumption has decreased in both cases: this no doubt reflects technological change
as well as the importance of the secondary weight effect. Also, in both cases, the
maximum speed of the newer generation is lower than in the earlier. By and large,
these comparisons are consistent with the analysis presented in this paper.?!

21This analysis has assumed a constant aircraft size, but the effect of relative prices on
optimal aircraft size can also be studied by use of the concept of schedule delay introduced by
Douglas and Miller (1974). Schedule delay is the difference between a passenger’s desired
departure time and his actual departure time. In general, these two times differ because of the
(discrete) scheduled nature of common carrier transport and also the possibility that no seats
may be available on certain flights. As the cost of additional flights to a particular destination
is increased by a rise in the price of fuel, for example, some of the effect of this increase is
mitigated through a reduction in the optimal number of flights (i.e., an increase in the level of
schedule delay). Furthermore, additional savings are possible by designing larger aircraft, thus
taking advantage of the economies of aircraft size.
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VI. SUMMARY

By combining aerodynamics and economics, we have presented a unified
approach to aircraft design. In this way “performance” attributes and “eco-
nomic”’ attributes of aircraft designs may be analysed in a single model. With this
model the effects on aircraft design of changes in relative prices can be studied.

At the core of the analysis is the tradeoff between fuel use and trip time. To
save fuel, more time is required. When airlines are faced with changes in the
relative prices of time and fuel, the short-run response is to alter the speed at
which aircraft are flown. When fuel prices are rising optimal flight speeds will
decrease. In the long run, the effect of price changes may be mitigated by sub-
stituting capital cost for operating cost (or vice versa). In the current era of rising
fuel prices, this will result in capital cost being substituted for operating cost, and
that will lead to an increase in the price of aircraft. The paper has also discussed
the influence of yearly miles of operation on the optimal levels of capital cost and
operating cost. Airlines operating few miles per year will minimise costs by
selecting aircraft which have a low capital cost but a high operating cost per mile.
Given the high price of fuel, at the optimal flight speed for the new designs a
greater proportion than previously of total drag will be induced drag. This indic-
ates that newer aircraft will be built of lightweight material and will have long
wing spans.

APPENDIX

The aerodynamic foundation for the graphical analysis contained in this paper
is presented below. For simplicity, the mathematical analysis assumes a subsonic
flight speed of the aircraft. The aerodynamic principles for the transonic flight
regime of modern jet transport aircraft are similar in nature but much more
complicated. This simplification will allow the basic principles of design to be
illustrated without undue complications.

The drag on an aircraft in flight can be expressed as:

D =Cp¥pV?S (1)

where D is drag (measured in pounds)
Cp is the coefficient of drag (a pure number)
p is the air density (measured in slugs per cubic foot)
V is the velocity of the aircraft (measured in feet per second)
S is wing area (measured in square feet).
The coefficient of drag can be approximated by the following expression:

Cp = Cppmin + CL*/[em(4AR)] )
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where CDPmin is the minimum value of the coefficient of parasite drag
Cyp, is the coefficient of lift
e is the airplane efficiency factor (partially a function of the wing plan-
form)
mis 3.14159
AR is the aspect ratio of the wing, i.e., the ratio of the wing span (b)
to its chord (i.e., width). AR can be expressed as b2 /S.

The equation for lift, measured in pounds (L = Cy % pV2S), can be used to
solve for the coefficient of lift. The result can be substituted in (2) and that result
substituted into (1). Making use of the equilibrium condition that in cruising
flight lift (L) equals weight (W), and simplifying, results in:

D = Cppmin 5 PV2S + 1/ pV2en(b/w) ] 3)

By making use of the equilibrium condition that thrust equals drag (in cruising
flight), multiplying D by specific fuel consumption (¢, measured in pounds of

fuel per hour per pound of thrust), dividing by ¥ and making units consistent, we
find:

F=85.350cCppyinSt" + {1.036 X 10'60/[pe(b/w)2} }t3 (4)

where F is pounds of fuel per nautical mile
t is minutes per nautical mile.

Thus equation (4) expresses the fuel-time tradeoff developed in the text in
terms of the design parameters Cpppip, ¢, S, e, and W. The first term in (4) is
the fuel used (per mile) to overcome parasite drag, which increases as time per
mile decreases. The second term is fuel used to overcome induced drag, which
increases as time increases. As is evident in equation (4), changes in wing area ),
aerodynamic cleanliness (Cppy,in) and specific fuel consumption (¢) will all have
the greatest effect on fuel use for low #, while changes in span (b) and weight w)
will have larger effects for high ¢.
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