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Preface

About AA241

This material is based on course notes for the class AA241A and B, agraduate level coursein aircraft
design at Stanford University. The course involves individual aircraft design projects with problem sets
and lectures devoted to various aspects of the design and analysis of a complete aerospace system.
Students select a particular type of aircraft to be designed and, in two academic quarters, define the
configuration using methods similar to those used in the aircraft industry for preliminary design work.
Together with the vehicle definition and analysis, basic principles of applied aerodynamics, structures,
controls, and system integration, applicable to many types of aerospace problems are discussed. The
objective of the courseisto present the fundamental elements of these topics, showing how they are
applied in apractical design.

About the Web Version of These Notes

Thisinternet-based version of Aircraft Design: Synthesis and Analysisis an experiment. It isthe
forerunner of a new type of textbook whose pages may be distributed throughout the world and
accessable via the world-wide-web. The text will be evolving over the next few months; new items will
be added continually.

This may turn out to be atrue "Hitchhiker's Guide To Aircraft Design” if people are interested in
contributing. Y ou are welcome to send revisions, suggestions, pictures, or complete sections. | will
review them and consider including them (with credits) where appropriate. Send submissions (in html,
gif, or jpeg form) to llan Kroo.

Why a Digital Textbook?

There are severa reasons for using this format for the course notes:

. They are easily updated and changed -- important for aircraft design so that new examples and
methods can be added.

. Analysisroutines can be built into the notes directly. The book permits you to build up adesign as
you progress through the chapters.

. Theformat permits easy access to information and organizesit in away that cannot be done in
hardcopy.

. Itisinexpensive to include color pictures and video.


mailto:kroo@leland.stanford.edu

. Itispossible, by providing just a couple of custom pages, to tailor the textbook for a particular
course. If the material on supersonic flow is not appropriate for the class, a new outline and
contents page may be created that avoids reference to that material.

About the Authors

Ilan Kroo is a Professor of Aeronautics and Astronautics at Stanford University.
He received adegree in Physics from Stanford in 1978, then continued graduate
studiesin Aeronautics, leading to a Ph.D. degree in 1983. He worked in the
Advanced Aerodynamic Concepts Branch at NASA's Ames Research Center then
returned to Stanford as a member of the Aero/Astro faculty. Prof. Kroo's research
In aerodynamics and aircraft design has focussed on the study of innovative
airplane concepts and multidisciplinary optimization. He has participated in the
design of high atitude aircraft, human-powered airplanes, America's Cup
sailboats, and high-speed research aircraft. He was one of the principal designers
of the SWIFT, tailless sailplane design and has worked with the Advanced
Research Projects Agency on high altitude long endurance aircraft. He directs a research group at
Stanford consisting of about ten Ph.D. students and teaches aircraft design and applied aerodynamics at
the graduate level. In addition to his research and teaching interests, Prof. Kroo is president of Desktop
Aeronautics, Inc. and is an advanced-rated hang glider pilot.

Richard Shevell was the original author of several of these chapters. He worked in aerodynamics and
design at Douglas Aircraft Company for 30 years, was head of advanced design during the devel opment
of the DC-9 and DC-10, and taught at Stanford University after that for 20 years. To alarge extent, thisis
his course.
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Instructions

Thisversion of Aircraft Design: Synthesis and Analysisisintended for use with Netscape Navigator,
version 4.0 or later, or with Microsoft's Internet Explorer, version 4.0 or later. The text makes use of
frames, javascript, and Java, so be sure your browser supports this and that these features are enabled.
Please see the help available from Netscape or Microsoft for using the browser software.

Navigating

To navigate through this text, click on the topic shown in the frame to the right. The browser remembers
whare you have been, and sections that you have already visited are displayed in another color. To reset
the history information so that all section names are displayed in the default color, follow the browser
instructions on clearing the history or disk cache.

We have minimized the use of embedded hypertext links as we have found this often confuses students
trying to navigate through a textbook. It also makesit difficult to expand or delete sectionsto form a
custom version of the text (see below). This means that most of the navigation is done through the table
of contents. A rather complete table of contents can also be found in the prefatory information and active
links on this page will also work. Some hypertext links are used, but most are restricted to single level
pages with additional detail, as might be found in an extended footnote.

Printing

Most pages in the text can be printed directly from the browser. Make sure to specify color or greyscale
printing for improved photo images. The chapter and section numbers are generated by javascript on the
fly, and some browsers will omit the numbers from the printed heading name. Also, at the time of this
release, no platform-independent printing strategy is available for java applets. To print the results from
one of the interactive computations, you may need to capture the screen image and send it to the printer.
This can be done on most platforms, but the approach depends on the operating system.

Frames

If you are confused by navigating with frames, please read the material available from the Netscape or
Microsoft sites and be patient. Many people do not like frame-based pages, but after years of
experimentation, we have found that this really does seem to work best for this text. Let us know if you
have other ideas.

Y ou may resize the frames to make more or less of the table of contents visible. The best size depends on



the size of your monitor and your personal preferences -- experiment. Also, because you may want to
make as much of the content visible in the available screen space, we recommend that you hide some of

the toolbar or directory areas at the top of the screen. Y ou can do this from the browser preferences or
options menus.

Trouble-Shooting

If you have other difficulties, please check the Desktop Aeronautics web site:
http://www.desktopaero.com for further suggestions and any fixes that may be posted.
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Introduction

This chapter includes a discussion of the history of aircraft development, some notes on aircraft origins
(how a new aircraft comes to be developed), afew ideas on future aircraft types and technology, and a
number of references and links to related sites.

. Historica Notes

. Aircraft Origins

. Future Aircraft

. References



History of Transport Aircraft and
Technology

There are numerous interesting books on the history of aircraft development. This section contains afew
additional notes relating especially to the history of aircraft aerodynamics along with links to several
excellent web sites. Among the conventional references of interest are the history section in Shevell's
Fundamentals of Flight and John Anderson's book on the history of aerodynamics (see References).

Here are some additional links with aeronautical history.

. Some historical notes on the history of aircraft and aerodynamics.
. Boeing History

. Airbus History

. Milestonesin the History of Flight (Air and Space Museum)

. Invention of the Airplane

. The Octave Chanute Pages

. AlIAA 1903 Wright Flyer Project

. The Wright Brothers
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http://aeroweb.brooklyn.cuny.edu/history/wright/first.html
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British Airways overview of the airline industry
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Historical Notes

It was not long ago that people could only dream of being able to
fly.

The dream was the subject of great myths and stories such as that of
Icarus and his father Daedalus and their escape from King Minos
prison on Crete. Legend has it that they had difficulty with structural
materials rather than aerodynamics.

A few giant leaps were made, with little forward progress. Legends
of people attempting flight are numerous, and it appears that people
have been experimenting with aerodynamics for thousands of years.
Octave Chanute, quoting from an 1880's book, La Navigation
Aerienne, describes how Smon the Magician in about 67 A.D.
undertook to rise toward heaven like a bird. " The people assembled
to view so extraordinary a phenomenon and Simon rose into the air
through the assistance of the demonsin the presence of an enormous
crowd. But that St. Peter, having offered up a prayer, the action of
the demons ceased..."

(Pi cture frorﬁ awoodcut of 1493 )

In medieval times further work in applied aerodynamics
and flight were made. Some rather notable people climbed
to the top of convenient places with intent to commit
aviation.

Natural selection and survival of the fittest worked very
effectively in preventing the evolution of human flight.




As people started to look before leaping, several
theories of flight were propounded (e.g. Newton) and
arguments were made on the impossibility of flight.
Thiswas not aresearch topic taken seriously until
the very late 1800's. And it was regarded as an
important paradox that birds could so easily
accomplish this feat that eluded people's
understanding. Octave Chanute, in 1891 wrote,

" Science has been awaiting the great physicist, who,
like Galileo or Newton, should bring order out of
chaos in aerodynamics, and reduce its many
anomolies to the rule of harmonious law."

(A Galapagos hawk -- Photo by Sharon Stanaway )

Papers suggested that perhaps birds and insects used some
"vital force" which enabled them to fly and which could not
be duplicated by an inanimate object. Technical meetings
were held in the 1890's. The ability of birdsto glide without
noticeable motion of the wings and with little or negative
atitude loss was a mystery for some time. The theory of
aspiration was devel oped; birds were in some way ableto
convert the energy in small scale turbulence into useful
work. Later thistheory fell out of favor and the birds' ability
attributed more to proficient seeking of updrafts. (Recently,
however, there has been some discussion about whether
birds are in fact able to make some use of energy in small
scale air motion.)

Thefigure here is reproduced from the 1893 book, First
International Conference on Aerial Navigation. The paper is
called, "The Mechanics of Flight and Aspiration,” by A.M.
Wellington. The figure shows the flight path of a bird
climbing without flapping its wings. Today we know that the
bird is circling in rising current of warm air (athermal).



Designs were made before people had the vaguest idea about how aircraft flew. Leonardo Di Vinci
designed ornithopters in the late 1400's, modeled on his observations of birds. But apart from his work,
most designs were pure fantasy.

The first successes came with gliders. Sir George Cayley wrote a book entitled *On Aerial Navigation” in
1809. He made the first successful glider in 1804 and afull-size version five years | ater at the age of 36.
For many years thereafter, though, aeronautics was not taken seriously, except by a small group of
zealots. One of these was William Henson who patented the Aerial Steam Carriage, shown here, in 1842.
The aircraft was never built, but was very well publicized (with the idea of raising venture capital). Both
the design and the funding scheme were ahead of their time.



Some rather ambitious designs were actually built. The enormous aeroplane built in 1894 by Sir Hiram
Maxim and shown below, weighed 7,000 Ibs (3,200 kg) and spanned over 100 ft (30 m).

In Germany in the 1860's Otto Lilienthal took a more conscientious approach with tests on awhirling
arm, ornithopter tests suspended from a barn, and finally flight tests of a glider design. He studied the
effect of airfoil shape, control surfaces, propulsion systems, and made detailed measurements of bird
flight. His book, "Birdflight as the Basis of Aviation" was an important influence on later pioneers.
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Thiswas one of Lilienthal'slast flights. He was killed in 1896 by a gust-induced stall too near the
ground.

From Lilienthal's first flightsin the 1890's, to the Wright brother's glider flights and powered aircraft,
evolution was quick.
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rviIIeV\/right soars a glider in 50 mi/hr (80 kmvhr) winds for 10 minutes at Kitty Hawk, Oct. 24, 1911.
Thiswas one of the first applications of a aft horizontal tail on the Wright aircraft. From Aero Club of
America Bulletin, Jan. 1912.

Thefirst 'Aerial Limousine', 1911. "The limousine has doors with mica windows and seats for four
persons fitted with pneumatic cushions, the pilot seatsin front. A number of flights have been made, with
and without passengers, with entire success.”
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The Boeing 777, Courtesy Boeing Commercial Airplane Group.

It istruly amazing how quickly this has happened: we tend to think of the dawn of flight as something
from Greek mythology, but it has been only about 100 years since people first flew airplanes.

Of course other things happen quickly too. When the 747 was designed cal cul ators were big whirring
contraptions which sat on desks and could not do square roots. The earlier transports, still flying today,
were designed when cal culators were women who worked the computing machines.

The picture below shows the computational grid for a modern calculation of the flow over 737 wing with
flaps and dlats deployed.

Boaging 737 with High Lill Devices Daployad
(200,000 Teirahedra)
" o '_. L "

o T, St

—~F
| I T |

Image from NASA Ames Research Center

The revolution in computing has changed the way we do computational applied aerodynamics, but we
still utilize a variety of methods. Computation, ground-based testing, and finally, flight tests.
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The plot shows the computer power required to perform the indicated calculations in about 15 minutes
using 1985 agorithms. Using more modern supercomputers and now, parallel machines, thistimeis

dropping dramatically. Y et, we are still along way from routine applications of direct Navier-Stokes
simulations or LES.
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The Cray C916 Supercomputer

Projects such as NASA's Numerical Aerodynamic Simulation program continue to develop simulation
software that takes advantage of recent advances in computer hardware and software.

In this class we will talk about the methods used to compute aerodynamics flows. We will use simple
methods on personal computers and design airfoil sections. We will analyze wings and talk about the
elements of wing design. We will be talking about fundamental concepts that can be demonstrated with
simple programs but which form the basis for modern computational methods. We will discuss how these
methods work, what they can and cannot do. We will use results from analytical studies, wind tunnel
tests, and CFD to discuss wing and airplane design.

While we discuss aircraft a great deal, the concepts and methods are relevant to a wide range of
applications. Weather prediction, boat design, disk drive aerodynamics, architectural applications, and
land-based vehicles.

The aerodynamics of bumble bees, disk heads, weather, and many other things is not a solved problem.
Whileit isimpressive that the methods in use today do so well, we are still not able to predict many
flows.


http://www.nas.nasa.gov/

Early Attempts

There are records of people doing this as far back as the eleventh century: Oliver of Mamesbury, an
English Benedictine monk studied mathematics and astrology, earning the reputation of awizard. He
apparently build some wings, modeled after those of Deadalus. An 1850's history of Balloons by
Bescherelle describes the legend of his experiments. "Having fastened them to his hands, he sprang from
the top of atower against the wind. He succeeded in sailing a distance of 125 paces; but either through
the impetuosity or whirling of the wind, or through nervousness resulting from his audacious enterprise,
he fell to the earth and broke his legs. Henceforth he dragged a miserable, languishing exisitance,
attributing his misfortune to his having failed to attach atail to hisfeet."

In 1178, a'Saracen’ of Constantinople undertook to sail into the air from the top of the tower of the
Hippodrome in the presence of the Emperor, Manuel Comnenus. The attempt is described in a history of
Constantinople by Cousin, and recounted in several 19th century books on Aerial Navigation. "He stood
upright, clothed in awhite robe, very long and very wide, whose folds, stiffened by willow wands, were
to serve as sails to receive the wind. All the spectators kept their eyes intently fixed upon him, and many
cried, 'Fly, fly, O Saracen! Do not keep us so long in suspense while thou art weighing the wind!' The
Emperor, who was present, then attempted to dissuade him from this vain and dangerous enterprise. The
Sultan of Turkey in Asia, who was then on avisit to Constantinople, and who was also present at this
experiment, halted between dread and hope, wishing on the one hand for the Saracen's success, and
apprehending on the other that he should shamefully perish. The Saracen kept extending hisarmsto
catch the wind. At last, when he deemed it favorable, he rose into the air like a bird; but hisflight was as
unfortunate as that of Icarus, for the weight of his body having more power to draw him downward than
his artificial wings had to sustain him, he fell and broke his bones, and such was his misfortune that
instead of sympathy there was only merriment over his misadventure.”



In the late fourteenth century there are reports of partial success by an Italian mathematician Giovanti
Dante. He is said to have successfully sailed over alake, but then attempted to repeat the trick in honor of
awedding. "Starting from the highest tower in the city of Perugia, he sailed across the public square and
balanced himself for along timein the air. Unfortunately, the iron forging which managed his left wing
suddenly broke, so that he fell upon the Notre Dame Church and had one leg broken. Upon his recovery
he went to teach mathematics at Venice." According to Stephen Dalton, in The Miracle of Flight, "Four
years later, John Damian, Abbot of Tungland and physician of the Scottish court of King James |V,
attempted to fly with wings from the battlements of Stirling Castle." He is also not credited with being
thefirst to fly.




Birdflight as the Basis of Aviation

Lilienthal's book isfull of interesting comments such as this one from the introduction:

"With each advent of spring, when the air isalive with
innumerable happy creatures; when the storks on their arrival
at their old northern resorts fold up the imposing flying
apparatus which has carried them thousands of miles, lay
back their heads and announce their arrival by joyously
rattling their beaks; when the swallows have made their entry
and hurry through our streets and pass our windows in sailing
flight; when the lark appears as a dot in the ether and
manifestsits joy of existence by its song; then acertain
desire takes possession of man. He longs to soar upward and
to glide, free as the bird, over smiling fields, leafy woods and
mirror-like lakes, and so enjoy the varying landscape as fully
asonly abird can do."

In addition to his romantic view of aeronautics, Otto Lilienthal was
acareful observer of nature, an innovative scientist, practical
engineer, and determined experimenter. His observations of bird
twist and camber distributions, instrumented experiments to
compute lift and drag, and flight tests of many glider configurations helped to transform aerodynamics
into a serious field of inquiry at the end of the 19th century.




Origins of Commercial Aircraft

Aircraft come into being for anumber of reasons. New aircraft may be introduced because of new
technology or new requirements, or just to replace their aging predecessors. Commercial aircraft
programs are driven by demand and air travel is booming (over 2 trillion revenue passenger miles
(RPMs) by the year 2000 and 5-6% forecasted growth).
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The market for new aircraft is the difference between the required and available RPMs, and as can be
seen from the curve below, current in service aircraft and aircraft on order do not come close to filling

the projected demand. It has been projected that 6000 new commercial aircraft will be required between
1988 and 2002, representing a market of about $300 billion.
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In fact, for many years, commercial aircraft have represented one of the few areas in which the United
States has achieved a favorable trade balance.

U.S. Manufacturer's Trade Balances
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Why doesn't everyone go out and start an airplane company? It seems that there are enormous amounts
of money to be made. History has shown that thisis not so easy. In fact the saying goes, "If you want to
make a small fortune, start with alarge fortune and invest in aviation."

Airplanes are very expensive, risky projects. The plot below shows the cumulative gain or lossin an
airplane project during its life. This curve is sometimes called the "you bet your company" curve, for



obvious reasons. The plot was drawn in 1985 and the scale has changed. It was recently (1995) estimated
that anew large airplane project at Boeing would take 20 billion dollars to devel op.
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Thus, commercial airplane programs are risky propositions and companies are not likely to assume even
more risk on projects that rely on unproven technology. Thisis one reason that innovative concepts are
not likely to be tried out on the next generation commercial airliner and why aircraft such as the A340
look so much like their ancestors, such as the Boeing 707.

Airbus A340
First Flight
1991

Boeing 707
First Flight

One approach to minimize the risk involved in new aircraft development is to base the design as much as
possible on an older design. Thus the DC-9-10, a 77,000 |b, 80 passenger airplane grew into a DC-9-20,
then the -30, -40, -50, -80 then on to the MD-80 and MD-90 series. The MD-90 weighs as much as
172,000 Ibs and can carry 150 passengers. This design was then shrunk to make a more contemporary
version of the DC-9-30, called the MD95 and later renamed the Boeing 717 following the merger of
McDonnell-Douglas and Boeing in 1997.



NEW AIRCRAFT
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Another approach might be to start small...but even for small airplanes there are difficulties. Along with
the investment risk, thereis aliability risk which is of especially great concern to U.S. manufacturers of
small aircraft. It is often cited as one of the primary reasons for the dramatic decline in new single engine

aircraft in this country.
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So the development of anew airplaneis still a Sporty Game, as detailed in John Newhouse's book by that
name.



Why is anew airplane project undertaken?
Generally to make money. But it is much more complicated than just having a better product as the
discussion of new aircraft development, by Richard Shevell, suggests.

The reason that new airplane projects begin is.

1. New technology or new processes become available that provide the aircraft company with a
competitive advantage.

2. New roles and missions are identified that can be addressed much more effectively with an airplane
designed for that application.

Thisistrue for military and recreational aircraft as well as commercial aircraft.



New Aircraft Development:
Reflections and Historical Examples

by Richard Shevell

What makes any group of people decide that they're going to build a new airplane? In the capitalistic
world, the basic motivation is always profit. After all, the thing that makes an aircraft company exist is
the desire of the stockholders to make money. If the aircraft company continually fails to make a profit,
the stock goes down, and eventually the company may become bankrupt. In many countries, aircraft
companies are al or partially government-owned. Sometimes a project is promoted for national prestige
or as a make-work program to employ a skilled work force. Even then, however, it is usually necessary
that a reasonable chance to make a profit be demonstrated.

In recent years, aircraft projects have been initiated, even in so-called capitalistic countries, without aa
strong likelihood of profit. In some cases there may be a potential economic justification in long term
future, but private capital does not exist to exploit it. In other cases the economics of the project are
doubtful, or hopeless, but other national needs are judged to justify government financial support.

The Concorde program is a good example. Probably the British and the French Governments have
voluminous studies that show how much money the companies building the Concordes will eventually
make and prove that the participating Governments will eventually get all their money back. Once these
reports are in hand, the governments can proceed to subsidize the program whether it ever happens or
not. In the United States, we have seen the same thing with the Supersonic Transport in which the capital
requirements are so great that no aircraft company or consortium of companies can begin to handle them.
The Douglas Aircraft Company dropped out the SST competition in 1963. At that time, a study showed
that if Douglas could borrow all the money required to build the SST at 6% interest and had an
agreement with the lender that if the project did not succeed, none of the money had to be paid back,
even then Douglas Aircraft Co. could not have afforded to go into the program. The interest charges
alone on the investment over the ten-year cycle of development were more than the net worth of the
Company. In this case the doubtful economics and changing national prioritiesfinally terminated the
program.

An aircraft company is also motivated by the need to keep its facilities busy. One of the mgjor problems
in the aircraft industry has been the extremely cyclic nature of the aircraft production rate. Thisis
brought about by the fact that when an airline decides to buy new-type airplanes, it usually doesn't want
them delivered at a slow rate. The airline decides, for example, that it's going to outrun its competitors
and it wants enough of those airplanesto put at last a couple of lead flights on each important route. Then
there's another reason; once the airline pays for al the maintenance equipment, space parts, loading
equipment, and for the training of crewsto fly and maintain the airplane, it is not desirable to be flying
only afew of them. Thereisasort of critical mass of aircraft that makes any sense for abig airline.
Training people at Los Angeles, New Y ork and three intermediate places to service, maintain and load an



airplane that only comes through once aday is aterribly inefficient thing.

A special case, of course, isthe small country with asmall airline that can afford only a couple of
airplanes. In such case, the airline cannot really afford even these but because of national prestige, they
feel they cannot afford not to buy the airplanes. Furthermore, in recent years, the small airlines have
developed a very sensible approach to this problem. Very often, an airline in Europe, Africa, or Asiathat
has 1 to 2 707's will contract with an airline like TWA or United Air Lines to do some of their
maintenance. For example United Air Lines does the major maintenance for many small airlines at its
San Francisco overhaul base. Then the smaller airline does not have to make a huge investment in
equipment and United Airlines gains from spreading the overhead cost of its expensive facility.

In general, the airlines buy airplanesin big blocks. When an airline buys a sizable number of airplanes
much larger than their previous type, both their load factors and their capital funds are abruptly reduced
and they cannot consider buying more airplanes for awhile. So, there's always a lull in demand and this
has happened again and again and again. When the DC-6 came out in 1946, American bought 25 and
United bought 25. By 1948, the Douglas plant was practically empty. Douglas had saturated the market.
By 1951, DC-6'sand DC-7's could not be built fast enough. In 1958-59, Boeing and Douglas introduced
the jet transport. By 1961 again, the airlines were in financia trouble and 707 and DC-8 production was
down to atrickle. Theincrease from 130 or 140 seatsin standard 707's and DC-8's or 200 seatsin a
stretched DC-8, to 360 seats in the 747 was an enormous jump and that, together with the serious
business recession in 1970-71, led to lack of repeat ordersfor the 747. Later the 747 order rate rose to a
very satisfactory level.

The merger of the Douglas Aircraft Co. with McDonnell Aircraft was forced by this cyclic problem. In
1961-62 Douglas was building one DC-8 a month. That was the total production of transports at Long
Beach. The employment was reduced to under 10,000. Then came the sudden big build up in worldwide
air traffic, plus the fact that Douglas came out with the DC-9 which started selling beyond anyone's
dreams. Furthermore, after several years of effort by the engineering department to convince
management to improve the DC-8, the management finally decides that this was the time to develop the
DC-8 series 60 and the orders poured in for that. And in two years the Douglas Company tried to go from
10,000 to 40,000 people. It was also atime of atight labor market when few people were looking for
work in the aircraft industry. So, the DC-9's and DC-8's were being built by carpenters, hairdressers,
barbers and people with all sorts of skills, none of which had anything to do with building airplanes. And
the man hours required to build the airplanes literally tripled. Now, if Douglas had been able to keep its
facilities busy in 1961 and not let employment drop so low, it would have had sufficient experienced
people to provide a base for expansion.

This cyclic problem goes on all through the history of the aircraft business. The intelligent aircraft
management (and | think now that probably all the companies are well aware that thisis essential) does
everything it can to level the work load. It tries to discourage the airlines from requesting excessively fast
deliveries - in an effort to spread the deliveries over alonger period. Each company triesto initiate a new
project in the engineering phase so that about the time the workload on an old project is plummeting, a
build-up starts on the new one, thereby leveling out the peaks and the valleys. On the other hand, one
cannot just say you need a product and therefore decide to build something which has no market. Of



course that may level out your peaks and valleys so you no longer have the oscillations. In fact, you may
find that your production rate has been permanently leveled out at zero because there is no company. A
company never goes into a new project unlessit thinks it can make a profit. Experience shows that if you
are ever going to break even, you had better think that you're going to make a profit.

Now, what are the requirements for a profit? The prime requirement for a profit is alarge enough market.
The number of factorsinvolved in amarket are very great.

First, thereisthe basic travel growth pattern which will be discussed in more detail later. The there's the
capacity of the projected-airplane. If you build the wrong size, just after you have spent several hundred
million dollarsin development, somebody else will come and build the right size and you'll have to take
your airplanes and sell them off as unique lunchrooms. History has afew of those. There was large
engine airplane built in the twenties called the Fokker F-32. It was afour engine airplane with anacelle
under each wing with each nacelle having both atractor propeller in front and a pusher in back. And it
was magnificent to behold. But it was much too big for the traffic. And within a couple of years the F-
32's literally were being used for lunchrooms. It was the wrong size.

Then you have to have passenger demand for your airplane. The airlines will often emphasi ze that
aircraft economy data alone may be meaningless. Suppose an airplane is produced with aten percent
lower cost per seat mile. The airlines may say "that's just great, but what does it mean if the people don't
come into our gate? A new airplane must have al the features desired by the public and you have to
know and anticipate what those features are. As an example, in history, the Boeing 247 had many of the
technical advances of the DC-3. It was built only ayear or two ahead of the DC-3. Most of you have
never heard of a Boeing 247 because it was too small and after Boeing built something like 65 of them it
disappeared from production. It was afine looking airplane and it still istoday. But it was aten
passenger airplane. The DC-3 came along with 21 seats, afloor to ceiling height permitting people to
walk down the aisle without bending over, a more spacious feeling in the cabin, and a higher cruise
speed. And all of a sudden, nobody ever bought another Boeing 247. The DC-3 took over the world. So,
you have to have passenger demand for your airplane. It should be mentioned that the DC-3 also
benefited from significant technological advances such as gull engine cowls, wing flaps, more powerful
engines and structural efficiency improvements.

First among the items that contribute to passenger appeal is speed. The whole function of air travel isto
go fast and the airplane second best in speed, if it is second by a significant amount, has little chance of
economic survival. The next important factor is comfort. Comfort is affected by a great many items, such
as seat width, seating arrangement such as the triple seat versus the double seat, leg room, interior noise,
vibration, good beverage facilities, entertainment systems, and storage for brief cases and coats. Another
important comfort factor is ride roughness which depends on wing loading, cruise altitude and wing
sweep. Baggage retrieval is avery important factor. Design of the airplane cargo holds, containerization
and associated ground systems for rapid transportation of baggage to the pick-up area all vital to this
phase of an airlinetrip. A delay of 15 minutes in baggage retrieval can produce a substantial reduction in
effective overall speed, about 10% or 40 knots on a 1000 mile flight. All of these things could make a
passenger prefer one airplane to another. Usually all airplanes of a given generation are about equal in
order to remain competitive, unless a dlightly later design is able to introduce and innovation which the



earlier airplane cannot duplicate because of the cost of changing tooling.

An overriding requirement in al airplanesis safety. | purposely did not list safety first becauseit is so
self-evident. If one has some new invention that increases speed or reduces cost but not compromises
safety, it cannot even be considered. The extensive government safety requirements must be satisfied.
The requirements cover all safety-related phases of flight including strength, fatigue, stability and
control, emergency performance, and emergency design such asfire resistance and control, and
evacuation. Thus we have uniformly high standards of safety both because the companiesin the
commercial business arereally ethical on this point and aso Big Brother is constantly watching over
their shoulders to eliminate any concern about ever being tempted from the straight and narrow path.

The next important characteristic is range. In order to get the market, the airplane has to be designed to
cover the distances required by the passengers and the airplanes at that time. If the market is growing a
great deal internationally, a new airplane tailored to the transcontinental routes with poor ability to do the
international job, will face a severely reduced market. If market studies show a sufficient need for aircraft
of a shorter range, then you may design for the 700 to 1000 mile range successfully, e.g. the DC-9 and
the 737. Companies ook for niches that can be filled in the spectrum of airplane range and payload.
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Then there isthe total operating cost. | emphasize "total" because operating cost is basically broken up
into two parts. Thereisdirect cost that deals with flight crew, fuel, maintenance, depreciation, and
insurance. Y ou can determine direct cost in afairly logical way. The indirect costs are the costs of the
loading equipment, the ramp space, terminal space, cabin attendants, food, advertising, selling tickets,



management, etc. If cost is not competitive, an airplane cannot be sold. One of the things that iskilling
the helicopter, and the helicopter isincidentally being killed in the commercial business, is that the total
operating cost is so high. Thisis partly due to the high maintenance of the helicopter. But it isalso dueto
the fact that when you run an airline with avery short flight, it costs you just as much to board a
passenger, to sell aticket, to advertise, to load the airplane, to load the baggage as if the passengers were
going three thousand miles. And you collect $15 to $30. Total operating cost is probably the major
measure of effectiveness of aircraft. Fuel usage is also very important but shows up in cost also.

Another vital design factor today is community acceptability. Community acceptability primarily
concerns noise and air pollution, visible and invisible. In addition, there are the requirements of the
airport community itself, namely runway length, runway strength, ramp parking areas, |oading docks,
etc. The subject of runway flotation, i.e., the wheel loading on the runway, is avital consideration in
landing gear design asis the radius of turn. Airplane design to minimize ram space per passenger isan
important factor in airport compatibility.

Now another very important thing is the manufacture's reputation for dependability, reliability, and
service. An airplaneisterribly complex. Y ou know the problems of gettinga T.V. set or car serviced;
they're bad enough. An airplane has the complexity of aT.V. set and a car ahundred times over. So the
manufacturer has to provide a vast system for supplying parts, technical assistance and training. An
airlinereceiving anew airplane like a DC-10 or 747 will find it absolutely useless unlessit has
previously obtained pilot training, mechanic training, special tools, special loading stands, and a
tremendous amount of equipment. The dependability of the service and emphasizing an airplane design
that minimizes the required servicesisvital.

Anitem of less technical nature, but of equal importance in market determination is the manufacturer's
presidents charming golf. The ability of a president of a manufacturer to establish a good relationship
with the airline president and to inspire confidence, a process often done over a beaker after a golf game,
Is often significant. In spite of the fact that most airlines go through very elaborate technical analysis of
new aircraft and come out with books 3 inches thick comparing the competitive airplanes, the purchase
decision usually is made by one man. Very often someone takes the grand engineering evaluation and
simply filesit. The only timeit'simportant is when an airplaneis deficient. If an airplaneisreally
deficient, then the prejudices will have to get swept away, and that airplane will lose. But in thisworld,
the mgjor aircraft companies are all very capable. So it's unlikely that there's any terrible blunder pulled
by any one of them. As amatter of fact if thereis one or two deficiencies, it's not unheard of for an
airline president to say to a manufacturer "we really want to buy your airplane, but my engineerstell me
that your landing gear is going to fail from fatigue in ashort time." That is the same thing as saying "go
fix that landing gear design and I'll buy your airplane.” So, it gets fixed. Although thistype of decision is
not dominant, I'm sure it's not wrong to say that ten to twenty percent of the airplanes purchased come
from this kind of relationship.

Now another very important factor in evaluating the market size, isthe airline's financial position. If the
airlines of the world are having trouble keeping their financial heads above water, they're not going to be
able to buy a new fleet.



Market timing istiming is tremendously important. Suppose we have decided to initiate a project. Our
company needs a new project and we are sure that it can be profitable. But if we are right that the world
needs the selected airplane but wrong about when they needed it, then we may end up in bankruptcy.
Sometimes, people go into a project with the hope that it will work. In past years when aircraft were less
complicated there were several examples of airplane types for which the first airplane completely
saturated the market. One example is the Douglas DC-4E. | will bet there are many of you who have
never heard of the DC-4E, an airplane with atriple vertical tail. In fact it would be easy to jJump to
conclusion that this was an artist's joke with an old Lockheed Constellation tail on a Douglas DC-4. In
the middle thirties, very shortly after the DC-3 came out, the airlines contracted with Douglas to build a
40-passenger airplane, the DC-4E. By the time the DC-4E was built, the technology had moved so fast
that the airlines and Douglas realized that it was a blunder. It had a 2100 sg. ft. wing to carry 40 people.
The same useful work was being accomplished with 1/3 less wing and tail structure. The reasons for the
large improvement were that the original DC-4E did not have wing flaps of an efficient type, was
underpowered, and had to comply with afederal regulation prohibiting stalling speeds higher than 65
mph. When the economics of the DC-4E were compared with those of an airplane with more powerful
engines, a better flap technology, and aless restrictive law, the DC-4E was discontinued.

There is another example of one airplane saturating the market. In the 1947 Lockheed built an airplane
called the Constitution. This airplane was enormous double decker, a design idea that was not duplicated
until the Boeing 747's small upper deck, originally used only as alounge was stretched in late 1980's to
hold about 35 pass. The Constitution was bought by Pan American Airlines. In order to demonstrate that
they were the pioneersin the air travel development, probably to justify the federal financial aid they
received for so long, Pan American Airways always bought the biggest airplane available whether it was
the most sensible thing or not. The Constitution was the biggest airplane in the world at that time and was
never heard from again. The difficulty with both the DC-4E and the Constitution was that they appeared
too early. The market was not ready for them and neither was the technology. Market timing is very, very
important.

So much for the failures. Now let us examine some successes. In 1952 Boeing built a prototype of the
707 jet transport while Douglas management was following the policy of "never cut a piece of metal until
you see the green of the customer's money." When the engineering analyses showed that an economical
Jet transport could be built, Boeing could take people for aride in wonderful jet transport and Douglas
had only color pictures of an airplane-to-be. It was atribute to Douglas skill in engineering salesmanship
and in preparing presentations on swept wing drag, swept wing stall characteristics, and Dutch Roll
stability that at least one mgjor airline wrote in their evaluation study that Boeing had an airplane flying
but Douglas understood why it flew. Nevertheless Boeing achieved a strong lead in jet transport sales
which Douglas struggled to overcome for years.

The B747 is another example of really jumping ahead and |eap frogging the competition. In order to start
aproject early enough so that competitors such as Douglas and L ockheed would not be financially able
to compete, Boeing started selling this 360 passenger airplane (mixed class) in 1966. ("Mixed class"
refersto interior arrangements with first class passenger accommodation in the front of the cabin and
coach in the rear. Normally about 15% of the seats arefirst class.) | have mentioned the B-747 asa
successful example but its financial success was in doubt for years and a profit for the project was



delayed for many years. Two years after the B-747 production engineering began, Douglas and L ockheed
started projects about 2/3 the size of the B-747. originally built for domestic service the Douglas DC-10
was soon extended to the range of the 747 but with asmaller size. On many routes, 360 passenger
airplanes are too large. On may routes, 360 passenger airplanes are too large. After the Lockheed L-1011
the Douglas DC-10 were offered, the re-orders for the 747 were being greatly reduced. The situation for
Boeing was aggravated by the fact that the economic recession in 1970-71 reduced travel growth for both
business and pleasure. In 1973, the future of the 747 seemed a little indefinite and Boeing's financial
situation was poor. By 1975 the economic recovery was followed by an air traffic resurgence and B-747
ordersimproved. Then reduced fares stimulated alarge air travel increase and 747 orders grew to a high
level that insured that the project will be profitable. But Boeing faced afew years of very low production
when the airlines found the smaller airplanes more suitable. The B-747 was too big, too soon.

Another example of atiming error isthe Boeing 737. By the time Boeing decided to build the 737 over
half of the market had been taken by Douglas and 10% by the British BAC 111. Still another exampleis
the Lockheed 1649 which was a long range version of the famous Constellation. TWA forced Lockheed
into the design, a major change from the basic Constellation, in order to compete with the Douglas DC-
7C. Only about 40 of them were sold and a great deal of money must have been lost on that project.
Timing is one of the very important factors.

Related to timing is the important matter of competition. The overall market may be strong and a great
airplane design may be under consideration. However, if there are two other companies six months or a
year ahead of you, with many of the major airlines having already spoken for their airplane, you may be
finished before you start.

A vital decision factor isthe ability to sell aan airplane for a profitable price. How can you sell the
airplane at a profit? The sign that you have seen that says "This is a non-profit corporation but we did not
mean it that way, " isreally more true than humorous in the aircraft industry. Among the historical
examplesis Convair which would have gone completely out of existence if they did not belong to
General Dynamics Corporation which could withstand the $400 million loss on the CV-880 and CV-990
airplanes. These airplanes were great flying machines. If you ever happened to ride on them with their
large windows, 4 abreast seating and excellent flying qualities, you may have found them preferable,
from a passenger's point of view, to more successful aircraft. It is atragedy that people who could create
this magnificent craft derived only disaster from it. Several had heart attacks and most of the rest lost
their jobs as result of the financial problems that struck Convair. Convair's problem was a case of bad
timing and bad sizing. Convair arrived late in the market place, and compounded the error by choosing
the wrong size. Aiming at a somewhat smaller and faster airplane, they failed to make it small enough to
attract atruly different market. The higher design speed introduced severe technological risk which
proved very costly especially in the higher speed 990. Furthermore, their original customer was Howard
Hughes TWA. Hughes' eccentric demands were an automatic invitation to financial disaster since they
involved development for specialized customer rather than for a broad market.

One important aspect of selling at a profitable price is having an understandable technical risk.
"Understandable” means knowing that the technical problems can be solved with a reasonable amount of
expenditure. One of the reasons that Douglas dropped out of the SST program in 1963 was that the



technical risk was known to be tremendous. There were great problemsin the SST not only in the
aerodynamics and structure but aso in the machinery involved in the systems, the hydraulic fluids, the
gaskets and sealants, and the lubricants. At the high temperatures involved everything was a question.
While all of these problems are capable of solution, the cost of development was high and indefinite. The
cost of manufacture of the final product -- so many ways not yet specified-- was also unknown but
certain to be high. Thus the eventual economics of operation were a grave concern.

Even in aless bold design, it is possible to find after initial flight tests that substantial changes, costing
many millions of dollars are required. Thus an understandable technical risk is something that the
prudent management will want to have well in hand.

Another important factor affecting price is obtaining some degree of standardization. The airplane
manufacturers would like to have compl ete standardization among all customers. The automobile
industry gets to build hundreds of thousands of cars and they all look alike. They do offer many different
paint colors and features, but the design is based on the most complex car, with the other models
obtained by leaving parts off. Unfortunately airlines usually want changes that involve substitution, not
simply omission.

An airplane involves complexity that is almost unbelievable. The DC-9 was sold to about 33 customers.
There were 4 different basis types of DC-9 using 4 combinations of 3 fuselage lengths and 2 wings. (In
1973, Douglas offered a 4th fuselage length.) In addition there were cargo versions of two of them. Most
of the 33 airlines wanted a different cockpit arrangement. Y ou can never get two pilots who want to put
their airspeed indicator in the same place. It sounds ridiculous and it is ridiculous. On the DC-9 there
were about 30 different compass systems. The question of where you put the indicator, the location of the
flux gate and here you run the wiring were selected differently by 30 airlines. These kinds of changes
require re-engineering and a vast communication system to the purchasing and manufacturing
departments. Custom design and manufacture is a significant factor in raising airplane costs.

Just to process the paper to tell someone to move one wireis expensive. | know of one case, where the
standard airplane had amirror on awall of a cockpit. Some airline said that they didn't want it and they
wanted the manufacturer to remove it. The usual paper work was filled out and a price quotation for the
change was developed. The cost of removing the mirror was $500. The airline woke up to the fact that it
was much cheaper to buy the mirror and have a mechanic remove it with a screwdriver and throw it in
the trash. The reason that it was so expensive to remove amirror was that it required instructions to the
appropriate people not to buy the mirror, not to send the mirror to the right place, not to install it, and to
an inspector not to get hysterical because the mirror was missing. Somebody had to produce all the
paper, transmit it , read it and file it, consuming alot a man-hours. A large transport manufacturing
system is not designed for that kind change.

Some degree of standardization is essential. In the case of the DC-10 the initial customers, American and
United Airlines, cooperated in setting the specifications. Their engineers worked with Douglas engineers,
and later additional customers joined the conferences. The cockpits are very standard and a great deal of
equipment is standard. However, in the battle for standardization some things are just hopeless. One story
about standardization is hard to believe. The toggle switches in airplanes are such that, whether they are



on the ceiling or on a pedestal, the switches are moved forward to the "on" position. TWA for many
years had developed a training process in which the pilot was supposed to think in circular terms -- that
when he moved his hand in acircle, forward on the bottom and aft on the top, he turned things on. So
TWA toggle switches had to switch on with a backward motion on the ceiling. Thus on the DC-9, dll
toggle switches are moved forward to be turned on, except for TWA.

In summary, in order to have a reasonable expectation of a profitable market for a new airplane, one must
have an understood and reasonable technical risk, the correct size airplane to obtain an adequate total
market, a satisfactory competitive situation, and a reasonable amount of standardization.

The foregoing discussion was written in the early 1970's and updated in 1977 and 1987. Although based
on the early history of air transportation, the discussion is still correct with the following exceptions:

1. Therelevance of the personal relationships between the presidents of the airlines and the presidents of
the manufacturersis no longer so important. The major aircraft manufacturers and airlines were founded
by giants who headed their respective companies for decades. Bill Paterson of United, C.R. Smith of
American, Eddie Rickenbacher of Eastern, Donald Douglas, Bob Gross of Lockheed, Bill Allen of
Boeing, and other builders of the industry are gone, so the great mutual respect between individualsis
not what it used to be.

2. Foreign subsidized competition is a new element. The European Airbus, a company financed by the
French, British, and German governments, has emerged as a very competent aircraft manufacturer.
Because their worries about losing their company are mitigated by their governments' history of
forgiving debt, if necessary, Airbus can proceed with projects that prudent financial people might avoid.
This aspect of the transport aircraft scenario is discussed in the discussion that follows this section.

3. Because of government financial interestsin Airbus and in many of the world's airlines, non-economic
and non-technical factors sometimes warp airplane purchase decisions. For example, a country may offer
nuclear fuel to another country whose airline is about to buy some transport aircraft; the nuclear fuel sale
may be dependent on the aircraft contract going to the right manufacturer.

4. Significant progress has been made in streamlining the configuration managment using computer-
based systems. Thisis particularly true in the recent Boeing 777 devel opment.



Future Technology and Aircraft Types

The following discussion is based on a presentation by Ilan Kroo entitled, Reinventing the Airplane: New
Concepts for Flight in the 21st Century.
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When we think about what may appear in
future aircraft designs, we might look at recent
history. The look may be frightening. From
first appearances, anyway, nothing has
happened in the last 40 years!

There are many causes of this apparent
stagnation. Thefirst is the enormous economic
risk involved. Along with the investment risk,
thereisaliability risk which is of especially
great concern to U.S. manufacturers of small
aircraft. One might also argue that the
commercia aircraft manufacturers are not
doing too badly, so why argue with success
and do something new? These issues are
discussed in the previous section on the origins
of aircraft.

Because of the development of new technologies or processes, or because new roles and missions appear
for aircraft, we expect that aircraft will indeed change. Most new aircraft will change in evolutionary
ways, but more revolutionary ideas are possible too.

This section will discuss severa aspects of future aircraft including the following:



« Improving the modern airplane
. New configurations
. New roles and requirements

Improving the Modern Airplane

Breakthroughs in many fields have provided evolutionary improvementsin performance. Although the
aircraft configuration looks similar, reductionsin cost by nearly afactor of 3 since the 707 have been
achieved through improvements in aerodynamics, structures and materials, control systems, and
(primarily) propulsion technology. Some of these areas are described in the following sections.
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Active flight control can be used in many ways, SINGLE-SUKFACE DUAL —,
ranging from the relatively smple angle of attack MLE, AAL -
limiting found on airplanes such as the Boeing SPLIT OUTBOARD
727, to maneuver and gust load control

investigated early with L-1011 aircraft, to more

recent applications on the Airbus and 777 aircraft
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3% span increase without increasing wing
weight. This produces about a 6% reduction in induced drag.

Reduced stability requirements permit smaller tail surfaces or reduced trim loads which often provide
both drag and weight reductions.

Such systems may also enable new configuration concepts, although even when applied to conventional
designs, improvements in performance are achievable. In addition to performance advantages the use of
these systems may be suggested for reasons of reliability, improved safety or ride quality, and reduced
pilot workload, although some of the advantages are arguable.

New Airfoil Concepts

Airfoil design hasimproved dramatically in the past 40 years, from the transonic "peaky" sections used
on aircraft in the 60's and 70's to the more aggressive supercritical sections used on today's aircraft. The
figure below illustrates some of the rather different airfoil concepts used over the past several decades.
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Continuing progressin airfoil design islikely in the next few years, due in part to advancesin viscous
computational capabilities. One example of an emerging areain airfoil design is the constructive use of
separation. The examples below show the divergent trailing edge section developed for the MD-11 and a
cross-section of the Aerobie, aflying ring toy that uses this unusual section to enhance the ring's stability.

Flow Near Trailing Edge of DTE Airfoil and Aerobie Cross-Section
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Flow Control

Forebody Blowing
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Subtle manipulation of aircraft aerodynamics,
principally the wing and fuselage boundary layers,
can be used to increase performance and provide
control. From laminar flow control, which seeks to
reduce drag by maintaining extensive runs of
laminar flow, to vortex flow control (through
blowing or small vortex generators), and more
recent concepts using MEM S devices or synthetic
Jets, the concept of controlling aerodynamic flows ,
by making small changesin the right way isamajor }
area of aerodynamic research. Although some of the : T
more unusual concepts (including active control of turbulence) are far from practi cal realization, vortex
control and hybrid laminar flow control are more likely possibilities.
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Structures

Structural materials and design concepts are evolving rapidly. Despite the conservative approach taken
by commercial airlines, composite materials are finally finding their way into alarger fraction of the
aircraft structure. At the moment composite materials are used in empennage primary structure on
commercial transports and on the small ATR-72 outer wing boxes, but it is expected that in the next 10-
20 yearsthe airlines and the FAA will be more ready to adopt this technology.

New materials and processes are critical for high speed aircraft, UAV's, and military aircraft, but even for
subsonic applications concepts such as stitched resin film infusion (RFI) are beginning to make cost-
competitive composite applications more believable.



Propulsion

Propulsion is the area in which most evolutionary progress has been made in the last few decades and
which will continue to improve the economics of aircraft. Very high efficiency, unbelievably large
turbines are continuing to evolve, while low cost small turbine engines may well revolutionize small
aircraft design in the next 20 years. Interest in very clean, low noise enginesis growing for aircraft
ranging from commuters and regional jets to supersonic transports.

Multidisciplinary Optimization

In addition to advancesin disciplinary technologies, improved methods for integrating discipline-based
design into a better system are being developed. The field of multidisciplinary optimization permits
detailed analyses and design methods in several disciplines to be combined to best advantage for the
system as awhole.

The figure here shows the problem with sequential
optimization of adesign in individual disciplines. If
the aerodynamics group assumes a certain structural

design and optimizes the design with respect to
aerodynamic design variables (corresponding to
horizontal motion in the conceptual plot shown on

the right), then the structures group finds the best
design (in the vertical degree of freedom), and this ]
process is repeated, we arrive at a converged C//
solution, but one that is not the best solution.
Conventional trade studiesin 1 or 2 or severd
parameters are fine, but when hundreds or thousands

of design degrees of freedom are available, the use
of more formal optimization methods are necessary.

The Meed for Multicisciplinary Oplimiz ation
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Although a specific technology may provide a certain | 155 ft apan 17137t spen
drag savings, the advantages may be amplified by |
exploiting these savingsin are-optimized design. The
figure to the right shows how an aircraft was redesigned
to incorporate active control technologies. While the
reduced static margin provides small performance gains,
the re-designed aircraft provides many times that
advantage. Some typical estimates for fuel savings
associated with "advanced" technologies are given
below. Note that these are sometimes optimistic, and
cannot be simply added together.

Basellne Final ACT ‘

Active Control 10%
Composites 20%
Laminar Flow 10%
Improved Wing 10%
Propulsion 20%

Total: 70% ??

New Configuration Concepts

Apart from evolutionary improvements in conventional aircraft, revolutionary changes are possible when
the "rules" are changed. Thisis possible when the configuration concept iteself is changed and when new
roles or requirements are introduced.

The following images give some idea of the range of concepts that have been studied over the past few
years, some of which are currently being pursued by NASA and industry.

Blended Wing Body



Oblique Flying Wing

New Roles and Requirements



Pacific Rim Travel

Supersonic transportation



Low Observables

Autonomous Air Vehicles



Halo Autonomous Air Vehicle for Communications Services (an AeroSat)




Accessto Space

Conclusions

- Improved understanding and analysis capabilities permit continued improvement in aircraft designs
- Exploiting new technologies can change the rules of the game, permitting very different solutions
- New objectives and constraints may require unconventional configurations

- Future progress requires unprecedented communication among aircraft designers, scientists, and
computational specialists




The Airline Industry

In order to understand how new aircraft might fit into the current market, one must understand the
?2customer?. For commercial transport aircraft manufacturers, the customers are the airlines. For business
aircraft, military programs, or recreational aircraft, the market behaves quite differently.

The following discussion, intended to provide an example of an up-to-date view of one market, is
excerpted from the British Airways web site, Jan. 2000. (See
http://www.briti shairways.com/inside/factfil e/industry/industry.shtml)

INDUSTRY OVERVIEW

Air travel remains alarge and growing industry. It facilitates economic growth, world trade, international
investment and tourism and is therefore central to the globalization taking place in many other industries.

In the past decade, air travel has grown by 7% per year. Travel for both business and leisure purposes
grew strongly worldwide. Scheduled airlines carried 1.5 billion passengers last year. In the leisure
market, the availability of large aircraft such as the Boeing 747 made it convenient and affordable for
people to travel further to new and exotic destinations. Governments in devel oping countries realized the
benefits of tourism to their national economies and spurred the development of resorts and infrastructure
to lure tourists from the prosperous countries in Western Europe and North America. As the economies
of developing countries grow, their own citizens are already becoming the new international tourists of
the future.

Businesstravel has aso grown as companies become increasingly international in terms of their
investments, their supply and production chains and their customers. The rapid growth of world trade in
goods and services and international direct investment have also contributed to growth in business travel.

Worldwide, IATA, International Air Transport Association, forecasts international air travel to grow by
an average 6.6% a year to the end of the decade and over 5% ayear from 2000 to 2010. These rates are
similar to those of the past ten years. In Europe and North America, where the air travel market is aready
highly developed, slower growth of 4%-6% is expected. The most dynamic growth is centered on the
AsialPacific region, where fast-growing trade and investment are coupled with rising domestic
prosperity. Air travel for the region has been rising by up to 9% ayear and is forecast to continue to grow
rapidly, athough the Asian financial crisisin 1997 and 1998 will put the brakes on growth for ayear or
two. In terms of total passenger trips, however, the main air travel markets of the future will continue to
be in and between Europe, North Americaand Asia

Airlines profitability is closely tied to economic growth and trade. During the first half of the 1990s, the
industry suffered not only from world recession but travel was further depressed by the Gulf War. In


http://www.britishairways.com/inside/factfile/industry/industry.shtml

1991 the number of international passengers dropped for the first time. The financial difficulties were
exacerbated by airlines over-ordering aircraft in the boom years of the late 1980s, |eading to significant
excess capacity in the market. IATA's member airlines suffered cumulative net losses of $20.4bn in the
years from 1990 to 1994.

Since then, airlines have had to recognize the need for radical change to ensure their survival and
prosperity. Many havetried to cut costs aggressively, to reduce capacity growth and to increase load
factors. At atime of renewed economic growth, such actions have returned the industry as awholeto
profitability: IATA airlines profits were $5bn in 1996, less than 2% of total revenues. Thisis below the
level IATA believesis necessary for airlinesto reduce their debt, build reserves and sustain investment
levels. In addition, many airlines remain unprofitable.

To meet the requirements of their increasingly discerning customers, some airlines are having to invest
heavily in the quality of service that they offer, both on the ground and in the air. Ticketlesstravel, new
interactive entertainment systems, and more comfortable seating are just some of the product
enhancements being introduced to attract and retain customers.

A number of factors are forcing airlines to become more efficient. In Europe, the European Union (EU)
has ruled that governments should not be allowed to subsidize their loss-making airlines. Elsewhere too,
governments concerns over their own finances and a recognition of the benefits of privatization have led
to agradual transfer of ownership of airlines from the state to the private sector. In order to appeal to
prospective shareholders, the airlines are having to become more efficient and competitive.

Deregulation is aso stimulating competition, such as that from small, low-cost carriers. The US led the
way in 1978 and Europe is following suit. The EU's final stage of deregulation took effect in April 1997,
allowing an airline from one member state to fly passengers within another member's domestic market.
Beyond Europe too, 'open skies agreements are beginning to dismantle some of the regulations
governing which carriers can fly on certain routes. Nevertheless, the aviation industry is characterized by
strong nationalist sentiments towards domestic 'flag carriers. In many parts of the world, airlines will
therefore continue to face limitations on where they can fly and restrictions on their ownership of foreign
carriers.

Despite this, the airline industry has proceeded along the path towards globalization and consolidation,
characteristics associated with the normal development of many other industries. It has done this through
the establishment of alliances and partnerships between airlines, linking their networks to expand access
to their customers. Hundreds of airlines have entered into alliances, ranging from marketing agreements
and code-shares to franchises and equity transfers.

The outlook for the air travel industry is one of strong growth. Forecasts suggest that the number of
passengers will double by 2010. For airlines, the future will hold many challenges. Successful airlines
will be those that continue to tackle their costs and improve their products, thereby securing a strong
presence in the key world aviation markets.



NORTH AMERICAN INDUSTRY OVERVIEW

The commercial aviation industry in the United States has grown dramatically since the end of World
War 1. In 1945 the major airlines flew 3.3 billion revenue passenger miles (RPMs). By the mid 1970s,
when deregulation was beginning to develop, the major carriers flew 130 billion RPMs. By 1988, after a
decade of deregulation, the number of domestic RPMs had reached 330 billion (Source: Winds of
Change).

The United Statesis the largest single market in the world, accounting for 33 per cent of scheduled
RPMs (41 per cent of total scheduled passengers) in 1996. The most significant change in the history of
the industry came in 1976 when the Civil Aeronautics Board (CAB) asked Congress to dismantle the
economic regulatory system and allow the airlines to operate under market forces. This changed the face
of commercial aviation in the United States. Congress passed the Airline Deregulation Act in 1978,
easing the entry of new companies into the business and giving them freedom to set their own fares and
fly whatever domestic routes they chose.

Deregulation of the industry was followed quickly by new entrants, lower fares and the opening of new
routes and services to scores of cities. The growth in air traffic brought on by deregulation's first two
years ended in 1981 when the country's professional air traffic controllers went on strike. Traffic surged
again after 1981, adding 20 million new passengers ayear in the post strike period, reaching a record 466
million passengersin 1990.

In 1989 events began which severely damaged the economic foundations of the industry. The Gulf crisis
and economic recession caused the airlines to lose billions of dollars. The industry experienced the first
drop in passenger numbers in a decade, and by the end of the three-year period 1989-1992 had lost about
USS$10 hillion - more than had been made since its inception. Great airline names like Pan American and
Eastern disappeared, while others, such as TWA and Continental Airlines, sought shelter from
bankruptcy by going into Chapter 11.

Today the domestic industry in the USisalow cost, low fare environment. Most of the major airlines
have undergone cost restructuring, with United Airlines obtaining employee concessions in exchange for
equity ownership. Some airlines sought the protection of Chapter 11 bankruptcy to restructure and reduce
costs and then emerged as strong low-cost competitors. The majority have entered into cross-border
alliances to improve profitability through synergy benefits.

In 1993 President Clinton appointed the National Commission to ensure a strong competitive industry.
Its recommendations seek to establish aviation as an efficient, technologically superior industry with
financial strength and access to global markets.

Another key recommendation by the Commission was that foreign airlines should be allowed to invest
up to 49 per cent of the equity in US airlines and in return, obtain up to 49 per cent of the voting rights.
Current US law allows foreign investment up to 49 per cent of the equity with voting rights of up to 25



per cent. An amendment to existing law requires an Act of Congress.

Autumn 1996 saw the UK and US Governments hold bilateral talks with the intention of negotiating an
'‘Open Skies arrangement between the two countries. The result of these talksis eagerly awaited by
airlines on both sides of the Atlantic.

The last few years have seen the proliferation of airline alliances as the so called 'global carriers of the
future are created. North American carriers have been very much at the forefront of this activity, and
today much of the world aviation market is shared between several large global alliances, including
KLM/NorthWest, Atlantic Excellence aliance, STAR, and the British Airways/ American Airlines
alliance which also includes Canadian Airlines and Qantas. The latter still awaits regulatory approval on
both sides of the Atlantic.



The Aircraft Design Process

The aircraft design process is often divided into several stages, as shown in the figure below. This
chapter deals with some of the basic concepts in product devel opment.
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Design Requirements and Objectives

Design Optimization

The Role of Computational Methods in Aircraft Design

Exercise 1: Design Requirements



http://cromagnon/aa241/comp_methods.html

Market Determination

The most current data is available from manufacturers and airlines. Links on this page take you to an
excellent market summary by Boeing and data from British Airways.

. Boeing Market Outlook

. Air Passenger Traffic Statistics (Worldwide)
. Traffic Forecasts (Worldwide)

. Passenger Traffic in the US Domestic Market
. Traffic Forecasts (US)
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SCHEDULED AIR TRAFFIC

DEVELOPMENT OF WORLD* SCHEDULED AIR TRAFFIC 1970-1994

- Internagional  To
80 107 173 107 411 107 494 107
88 117 206 127 450 117 560 122
98 131 |236 146 489 128 |618 134
102 136 250 154 515 134 656 143
108 144 270 167 534 139 697 152
118 157 |302 186 |576 150 |764 166
129 172 332 205 |610 159 818 178
143 191 385 238 |679 177 936 203
158 211 440 202 |754 197 (1,060 230
163 217 |466 288 |748 195 1,089 237
173 231 |49 305 |752 196 1,119 243
170 227 497 307 765 200 1,142 |248
173 231 |511 315 |798 208 (1,190 |259
184 245 |555 343 |847 221 |1,277 |278
194 259 590 364 899 235 1,367 |297
198 264 |603 372|960 251 |1,452 |316
222 296 |688 425 1,027 268 (1,589 |345
243 324 761 470 1,082 283 1,705 (371
262 349 |824 509 |1,119 292 |1,780 |387
280 373 |893 551 |1,165 304 (1,894 |412

266 355 860 531 1,133 296 1,843 |401
302 403 982 606 |1,152 301 |1,929 |419
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* Including The Commonweal th of Independent States.

Source: ICAO
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TRAFFIC FORECASTS

Industry forecasts indicate that demand will grow at a rate of some six per cent per annum
over the next ten years. The table below summarises the most recent traffic forecasts from
IATA, Airbus Industrie, Boeing, and McDonnell Douglas. IATA forecasts indicate that
Pacific markets will continue to be the most important growth markets in the world. South
East Asian markets are forecast to grow between 1994 and 1998 at an average growth of
9.3 per cent, with North East Asiaat 9.5 per cent. North America and Europe are forecast
to grow at lower rates (some four per cent and 5.6 per cent respectively), but from a much

larger base.

IATA October 1994 | 1994-1998 I nternationa
scheduled
passengers

Airbus March 1995 1994-2004 Total world 54

Industrie RPKs

Boeing May 1995 1994-2005 International | 5.7
RPKs
Tota world 55
RPKs

McDonnell 1994 1993-2013 Total world

Douglas scheduled 5.7
RPKs
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Aircraft Aerodynamics and Design Group

Welcome to the Aircraft Aerodynamics and Design Group, aresearch lab in Stanford University's Department of Aeronautics and
Astronautics. This server is an experimental in-house server. See our main home page at: http://aero.stanford.edu.

The Aircraft Aerodynamics and Design Group at Stanford University isinvolved with research in applied aerodynamics and aircraft
design. Our work ranges from the development of computational and experimental methods for aerodynamic analysis to studies of
unconventional aircraft concepts and new architectures for multidisciplinary design optimization.

Our research group consists of about a dozen people including doctoral students, post-docs, and faculty. Our work is currently
supported by NASA Ames and Langley Research Centers, Boeing Commercial Airplane Group, and Lockheed-Martin. The Flight
Research Laboratory is the part of our group involved with flight experiments. See this link for more detail.

If you are interested in this type of work and are associated with a potential sponsor, we'd like to hear from you. Some of the best
graduate students in the country may be able to help in your field and are currently looking for research support.

Last update 1/99
by llan Kroo
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scheduled passengers carried worldwide, and 42 per cent of scheduled RPKsin 1993,
according to statistics from ICAO. After North America, Europe is the next largest market
in the industry, with 25 per cent of scheduled passengers and 26 per cent scheduled RPKs.

Development of scheduled air traffic of North American*

airlines 1976-1993

2 100 0 100 1100
23|104.5 66 |110.0 259 107.5 338 107.6
25|113.6 78 |130.0 293 121.6 393 125.2
30 136.4 95 |158.3 334 138.6 455 144.9
31 140.9 99 165.0 3171315 445 141.7
32 1455 100 |166.7 299 124.1 431 137.3
30 136.4 98 |163.3 303 125.7 442 140.8
31 140.9 105 175.0 321 133.2 468 149.0
34 154.5 118 |196.7 352 146.1 513 /163.4
34 154.5 124 1206.7 382 158.5 561 178.7
36 163.6 125 208.3 431 17/8.8 622 198.1
42 1190.9 151 |251.7 459 190.5 681 216.9
48 218.2 180 300.0 475 197.1 726 231.2
50 |227.3 197 328.3 472 195.9 744 236.9
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55/250.0 221 368.3 485 |201.2 783 |249.4
51 231.8 212 353.3 469 |194.6 760 242.0
55/250.0 239 398.3 484 |200.8 806 |256.7
57 1259.1 245 408.3 487 |202.1 814 |259.2
* By region of carrier registration Source: ICAO
Back | ndustry
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TRAFFIC FORECASTS

According to traffic forecasts produced by IATA and leading aircraft manufacturers,
demand for air travel in North Americawill grow at approximately four per cent per
annum over the next ten years. Whilst the mature North American market is forecast to
grow at alower rate than the world average of some six per cent, in terms of incremental
traffic growth, it is expected to outperform the other five mgjor world markets. The table

below summarises the most recent forecasts.

IATA  |October 1994 1994 -  |IntraNorth Passengers

1998 America carried
Boeing |(May 1995 1995 - |US domestic RPKs 4.0

2010
Mc November 1994 11993 - |USdomestic RPKs 40
Donnell 2013 Intra North RPKs 4.1
Douglas America
Airbus |[May 1995 1995- |IntraNorth RPKs 4.2
Industrie 2004 America

Back | ndustry
Home [Feedback |Site Guide
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Design Requirements and Objectives

One of thefirst stepsin airplane design is the establishment of design requirements and objectives. These
are used to formally document the project goals, ensure that the final design meets the requirements, and
to aid in future product development. The specific DR& O's are based on customer requirements,
certification requirements, and company policy (often in the form of a design standards manual). They
have evolved from rather simple letters to very complex system engineering documents.

Early aircraft were developed in response to very simple requirements as demonstrated by the Army's
contract with the Wright brothers. The agreement shown below requests one (1) heavier than air flying
machine to be delivered in 6 1/2 months -- although even then fine print was included in the Signal Corps
Specification Number 486. (Click on the image below for areadable version.)
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Twenty five years later, aletter from Transcontinental and Western Air brought about the birth of the DC-
1 through a page list of specifications shown below.



g
e Bt
] M, Ml
eams W, e B
[Ty
i LIUL W R e
R Ty S Arw—
T rre— fre=—rrremg
T . L " LA it il oy
——— - rELrE B iy,
=4
B =, e mmn s b g e b
R P i e
oy g e
B
- E = y _
- oL AT 1 1 Sy w1
-I B o - T Ty e —p—
B R
Foly Pleme comprnr Th St el b i i
R Seeievrae o pm on e i | L P il s st sy e i
[ | St e W ki i - i
W et retTiary
.I e g S v

i
L e e LU .

Today, complex sets of requirements and objectives include specification of airplane performance, safety,
reliability and maintainability, subsystems properties and performance, and others. Some of these are
illustrated in the table below, based on a Boeing chart

Transport Aircraft Design Objectives and Constraints

|ssue Civil Military
Dominant design criteria Economics and safety M 1SSion _a(_:compl Ishment and
survivability

Maximum economic cruise | Adequate range and response

Performance Minimum off-design penalty |Overall mission
in wing design accomplishment
M oderate-to-long runways
Short-to-moderate runways
Paved runway
All types of runway surfaces
Airfield environment High -level ATC and landing
aides Often spartan ATC, etc.

Adequate space for ground  |Limited space available
maneuver and parking




Low maintenance- economic | Low maintenance- availability

issue Issue
System complexity and Low system cost Acceptable system cost
mechanical design
Safety and reliability Reliability and survivability
Long servicelife Damage tolerance

Military standards

Must be certifiable (FAA,

etc) --Performance and safety --

. Reliability oriented
Government regulations and

community acceptance Safety oriented . .
y accep y Low noise desirable

L ow noise mandatory _-Good neighbor in peace --

Dectability in war

A list of some of the typical high-level design requirements for an example supersonic transport study
project are given in the table below.

Design Requirementsfor a Transpacific Supersonic Transport

Payload 300 passengers at 175 Ibs. and 40 |bs. of baggage each.

Crew 2 pilots and 10 flight attendants at 175 Ibs. and 30 Ibs. of baggage
each.

Range Design range of 5,500 nm, followed by a 30 min. loiter

Mach 2.5 at 65,000 ft. Outbound and inbound subsonic cruise legs
at Mach 0.95, 45,000 ft

FAR 25 field length of 12,000 ft. Standard days, Wl 4,q= 0.85 W4

of f
Fuel JP-4
Materials Advanced aluminum where applicable

Asrequired, rely on passive systems when feasible, use active
systems only when necessary

Certification Base FAR 25, FAR 36 (noise requirements)

Cruise

Take-off and Landing

Themal Protection

Many of the design requirements are specified by the relevant Federal Air Regulations (FAR'S) in the



U.S. or the Joint Airworthiness Requirements (JAR's) in Europe. These regulations are divided into
portions that apply to commercial aircraft, general aviation, sailplanes, and even ultralight aircraft. The
applicable regulations for aircraft with which we will be dealing depend on the aircraft category and are
grouped as described in the tables bel ow:

Aircraft Categories

Characteristic General Aviation Normal Transport
Maximum tekeoff | 5 5 <12,500 Unrestricted
weight, |b

Number of engines >0 >1 >1

Type of engine All Propeller Only All

M_l nimum crew: One Two TWo

Flight crew N None for < 20 None for < 10
Cabin attendants one one for pax one for pax
Maximum number of 10 23 Unrestricted
occupants

Maximum operating | g oy, 25,000 Unrestricted
altitude, ft

FAR Applicability

Regul_atl c.)ns General Aviation Normal Transport
Covering:

Airplane

airworthiness Part 23 Part 23 Part 25
standards

Engine alrworthiness | ..+ o Part 33 Part 33
standards

Propeller

airworthiness Part 35 Part 35 Part 35
standards

. Part 36 Part 36

Noise Appendix F Appendix F Part 36
General operationand | o1 o Part 91 Part 91
flight rules

Large_alrcraft/alrllne B B Part 121
operation




Agrlcult_ural / _Travel Part 137 Part 135 Part 123
clubs/ Air taxi

In addition to the regulatory requirements, the primary airplane design objectives include a specification
of the number of passengers or cargo capability, target cruise speeds, and ranges. These are often
established by extensive marketing studies of target city pairs, current market coverage and growth

trends, and customer input.
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Techniques for Aircraft Configuration
Optimization

This section is an overview of the design process - a more philosophical discussion before plunging into
the details of compressibility drag prediction, high-lift systems, etc.. The specific approach to the design
problem used here will be discussed later, but now we will step back and discuss the big picture of
aircraft design optimization.

Overview

Y ou may have heard that a particular new airplane was designed on the computer. Just what this means
and what can or cannot be computed-aided is not obvious and while design and analysis methods are
being computerized to a greater degree than was possible earlier, there are great practical difficultiesin
turning the design task entirely over to the computers.

The design process has, historically, ranged from sketches on napkins (Fig. 1) to trial, error, and natural
selection (Fig. 2), to sophisticated computer-aided design programs (Fig. 3).
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Because the process is so complex, involving hundreds or thousands of computer programs, many people
at many locations, it is difficult to manage and companies are continuing to try to improve on the
strategy. In the early days of airplane design, people did not do much computation. The design teams
tended to be small, managed by a single Chief Designer who knew about al of the design details and
could make all of the important decisions. Modern design projects are often so complex that the problem
has to be decomposed and each part of the problem tackled by a different team. The way in which these
teams should work together is still being debated by managers and researchers.

The goal of these processes, whatever form they take, isto design what is, in some sense, the best
airplane. To do this requires that we address three basic issues:

1. What do we mean by best?

2. How can we estimate the characteristics of designs so we can compare two designsin a quantitative
way?

3. How do we choose the design variables which yield an optimum?

Thefirst of these questions is perhaps the most important one, for if we don't know what we are trying to
achieve, or if we select the wrong goal, it doesn't matter how good the analysis method may be, nor how
efficient is our optimization procedure. Nevertheless, this question is often not given sufficient attention
in many optimization studies.

Defining the Objective

If we were to examine advertisements for aircraft it might seem that the definition of the best aircraft is
very simple. Madison Ave. Aircraft Company sells the fastest, most efficient, quietest, most inexpensive
airplane with the shortest field length. Unfortunately such an airplane cannot exist. As Professor Bryson
putsit, "Y ou can only make one thing best at atime." The most inexpensive airplane would surely not be
the fastest; the most efficient would not be the most comfortable. Similarly, the best aerodynamic design
is rather different from the best structural design, so that the best overall airplane is always a compromise
In some sense (see Fig 4.). The compromise can be made in arational way if the right measure of
performance is used. Structural weight and lift to drag ratio, for example, become parts of alarger
equation. The left hand side of this equation is termed the figure of merit or objective and depends on the
intended application for the aircraft.
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Figure 4. One can only make one thing best at a time.

Various quantities have been used for this purpose including those listed below. Thislist is applicable to
commercial transport aircraft and isin order of increasing sophistication. Many studies of new aircraft
currently use direct operating cost as a measure of performance. This quantity isa more representative
measure of the aircraft's performance than is a number such as gross weight since it is sensitive to fuel
costs and other important variables. While some estimate of fuel prices, depreciation rates, insurance,
labor rates, etc. must be made in order to compute direct operating cost, it is not necessary to estimate
arline traffic, fares, and other difficult-to-project variables which would be necessary for computing
numbers such as profit or return on investment.

Possible measures of performance:

Minimum empty weight

Minimum take-off weight (includes some measure of efficiency as fuel weight isincluded)
Minimum direct operating cost (a commonly-used measure)

Minimum total operating cost (a bit more difficult to estimate)

Minimum system cost over X years (life-cycle cost)

Maximum profit

Maximum return on investment

Maximum payload per $ (Sometimes used for military aircraft)

NG~ E



Analyses and Modeling

Once we have decided on the definition of "best" we must find away of relating the "design variables' to
the goal. This processis shown schematically, below.

Objective

Design —
L and Constraints

Model
Variables

For aircraft design, this process is often extremely complex. The number of parameters needed to
completely specify a 747 is astronomical. So one uses a combination of approximation, experience, and
statistical information on similar aircraft to reduce the number of design variables to a manageable
number. This may range from 1 or 2 for back-of-the envelope feasibility studies to hundreds or even
thousands of variables in the case of computer-assisted optimization studies. Even when the situation is
simplified the model is usually very complicated and difficult. One generally must use a hierarchy of
analysis tools ranging from the most simple to some rather detailed methods.

Calculating the drag of even asimple wing is not just a matter of specifying span and area. Other
parameters of importance include: taper, sweep, Reynolds number, Mach number, C; or alpha, twist,

airfoil sections, load factor, distribution of bugs, etc.

This can be programmed and available as an analysis tool, but one must be very cautious. Which of these
variablesisincluded in the model? What if the wing is operating at 100,000 Reynolds number? Has it
been compared with experiment in this regime?

As the design progresses, more information becomes available, and more refined analyses become part of
the design studies. The expertise of a designer, these days, involves knowing what needs to be computed
at what time and identifying the appropriate level of approximation in the analyses.

One of the most important, but least well understood parts of the design processis the conceptual design
phase. Thisinvolves deciding on just what parameters will be used to describe the design. Will thisbe a
flying wing? A twin-fuselage airplane? Often designers develop several competing concepts and try to
develop each in some detail. The final concept is"down-selected” and studied in more detail.

Design Iteration and Optimization

The last question which must be addressed seems the most straightforward but is full of subtlety and
potential pitfalls. There are several methods by which one chooses the design variables leading to the
"best" design. All of these require that many analyses be carried out-often thousands of times. This
requires that the model be simplified to the point that it is fast enough, but not to the point that it is
worthless. (Einstein's saying comes to mind here: "Things should be as smple as possible, but no



simpler.") When the design may be described by only afew parameters, the processis very simple. One
investigates several cases, and usually can easily see where the optimum occurs. (Even this may be
difficult if the computations are extremely time consuming and theories called 'design of experiments,
'response surfaces, and Taguchi methods are currently used to solve such problems.) When the number
of variablesis more than afew, more formal optimization is required. Two approaches to optimization
are commonly used.

1) Analytic results: When the objective function can be represented analytically, it is sometimes possible
to construct derivatives with respect to the design variables and produce a set of simultaneous equations
to be solved for the optimum. The ideais that a necessary condition for an optimum (without constraints)
is: dJ/ dxi = O for al i. Thisapproach isvery useful for fundamental studies, but requires great
simplification (often oversimplification). One can see how useful thisisin example cases. Consider the
determination of the C_ for maximum lift to drag ratio, L/D. If wewrite: Cp = Cp, + C "2/ AR

andL/D =C / Cp, then L/D is maximized when Cp /C|_ isminimized

or (Cp/C))IC =0.

Thisimpliesthat: 0= (Cp/C + C_ / AR)/ C =-Cp,/C 2+ 1/AR.

The result isthat at maximum L/D: Cp, = C 2/ AR. That is, the zero-lift drag is equal to the lift-

dependent drag. Thissimple result is very useful, but one must be careful that the analysisis applicable.
When the aspect ratio or Cp, is very high, the drag departs from the simple model at the computed

optimal C, . When the problem involves constraints, the derivative is not zero at the optimum, but a

similar analytic approach is possible by introducing Lagrange multipliers, A. In such a case, when the
constraints are represented by g; = 0 the condition for an optimumiis: d(J+ A; g;) / dx; =0 and g; = 0.

2) Numerical optimization: In most aircraft design problems, the analysis involves iteration, table [ook-
ups, or complex computations that limit the application of such analytical results. In these cases, direct
search methods are employed. The following are schemes that have been used in aircraft design:

a. Grid searching: A structured approach to surveying the design space in which designs are evaluated at
points on a grid. The disadvantage with this approach is that as the number of variables increases, the
number of computations increases very quickly. If one evaluated designs with just five values of each
parameter, the number of computations would be 5n where n is the number of design variables. Note that
when n = 10, we require almost 10 million design evaluations.

b. Random searches. A less structured approach that does not require as many computations as the design
variables increase, is the random search. It also does not guarantee that the best solution will be found.
This method is sometimes used after some of the more sophisticated methods, described below, have
gotten stuck.

c. Nonlinear Simplex or Polytope Method: In this case, n+1 points are evaluated in an n-dimensional
design space. One moves in the direction of the best point until no improvement is found. At that point,
the distance between points is reduced and the method tries to refine the search direction. This method is
described in more detail in the book, "Numerical Recipes'. It isvery ssimple and robust, but very



inefficient when one must consider more than afew design variables. Nevertheless, it has been used in
aircraft optimization.

d. Gradient methods: These methods involve computation of the gradient of the objective function with
respect to the design variables. The gradient vector pointsin the direction of the steepest slope. Moving
in this direction changes the objective function most rapidly. Several forms of gradient methods are used.
The most ssimple of these is the method of steepest descents in which the design variables are changed to
move in the direction of the gradient. This method is usually modified to make it more robust and
efficient. Variants on this theme include the conjugate gradient method and quasi-Newton methods that
estimate values of the second derivatives (Hessian matrix) to improve the estimate of the best search
direction. Most of these methods use the gradient information to establish a search direction and then
perform aone- dimensional search in this direction.

So that'sit. Wejust put it on the computer and press Return and out popsa 777, right?

Not really. Despite its obvious utility, numerical optimization seems to have been talked about alot more
than it has been used. It certainly istalked about a great deal. Prof. Holt Ashley gave the AIAA Wright
Brothers Lecture in 1982. It was entitled, "On Making Things the Best -- Aeronautical Uses of
Optimization”. For this lecture, he surveyed the relevant literature and found 4550 papers on optimal
control, 2142 on aerodynamic optimization, 1381 on structural optimization. A total of 8073 papers,
along with surveys, texts, etc.. But Ashley had a hard time finding a single case where this formal
procedure was employed by industry. In his paper he cites the results of an informal survey he conducted
on the uses of optimization.

Typical responses included:
- From an aeronautical engineer, experienced in civil and aeronautical structures, "One of the reasons that
| stopped work in optimization was my dismay ... that there were so very few applications.”

- From a Dean of Engineering who has known the field for over a quarter century: "I do not recollect any
applications.”

- From aforemost specialist on synthesis with aeroelastic constraints, "l am sorry, but | don't really have
any..."

- From arecently-retired senior design engineer, describing events at his aerospace company, "For fifteen
years | beat my head against astonewall ... The end was: formal optimization techniques were never
used in aircraft design (even to this day!). The company was forced to use them in its subsequent ICBM
and space programs.”

A great deal has changed in the past decade, however, and optimization techniques are (only now)
starting to become a standard tool for engineering design. Why has it taken so long for these methods to
become well-used, and why, still, are the methods not used everywhere?

There are ahost of reasons:



1) First, the analysis, itself, of a complete aircraft configuration is rather complex, even without the
optimization. Program size and complexity are such that only very well-documented and well-maintained
computer programs can be used. These programs are often written by many people (some of whom have
retired) over many years and it is very difficult for an individual to know what the program can and
cannot do. Many grandiose plans for completely integrated aircraft design systems have fallen by the
wayside because they quickly become unmanageable.

2) Any analysis makes certain approximations and leaves certain things out. Optimizers, however, may
not understand that certain considerations have been omitted. Optimizers are notorious for breaking
programs. They exploit any weakness in the analysisif that will lead to a"better" answer. Even when the
result appears reasonable, severa difficult-to-quantify factors are often omitted: the compatibility with
future growth versions for instance, or the advantages associated with fleet commonality. Moreover,
optimums are, by definition, flat, so that leaving something out of the objective can cause large
discrepanciesin the answer - the optimum is never optimal. Some examples are shown in figures 5 and 6.
These are examplesin which real-life testing, rather than reliance on simulation, is critical.

3) Ruts, creativity, and local minima: New technology changes the assumptions, constraints, experience.
An optimizer is limited to consider those designs that are described by the selected parameter set. Thus,
an optimizer and analysis that was written to design conventional structures may not know enough to
suggest the use of composites. An optimizer did not invent the idea of folding tips for a 777, nor would it
create winglets, canards, active controls, or laminar flow, unless the programmer anticipated this
possibility, or at least permitted the possibility, in the selection of design variables. (Figure 7.)

4) Noisy objective functions: When the analysis involves table |ook-ups or requires iterative intermediate
computations, the objective function can appear to vary in a non-smooth fashion. This causes difficulties
for many optimizers, especially those that require derivative information.

5) The dangers of sub-optimization: It istempting to fix many design variables and select afew at atime
to optimize, then fix these and vary others. Thisis known as partial optimization or sub-optimization and,
while it makes each study more understandable, it can lead to wrong answers. One must be very careful
about the selection of design variables and avoid partial optimization.
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Figure 5. "Optimal" Flight Path for Landing a Sailplane - An example of what happens when the
analysis does not include sufficient constraints.



Figure 6. "Optimal" Redesign of Cessna Cardinal. Optimizer has exploited simplified lateral stability
constraints.




Figure 7. A Variety of Designs Not Likely Invented by an Optimizer

6) Finaly, optimization is sometimes not needed as there are few feasible designs may exist. In aircraft
design, problems are often constraint-bound. That is, the constraints, themselves dictate the values of the
design variables. When many constraints are active at the optimum, the value of the gradient is not zero,
and a modification the gradient methods are needed. One approach to constrained optimization is ssmply
to add a penalty to the objective function when the constraints are violated. Such penalty function
methods sometime work, but lead to rather difficult design space topologies and can cause problems for
the optimizer. Often the constraints are visualized (at |least as they affect up to two design variables) in a
plot called a summary chart. Examples are shown on the following pages.

A variety of new approaches are being explored to avoid these difficulties. Improved software
development environments reduce some of the problems of communication, maintenance, etc.. Simply
changing the computer language (even from Fortran IV to Fortran 90) helpsin understanding and
maintaining the program. Artificial intelligence (Al) is being used in severa waysto improve the
efficiency of aircraft design. The ideas are beginning to be described in conference and journal paperson
the subject. Watch for articlesin Aerospace America, AIAA Journal of Aircraft, and similar publications.
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Excercise 1. Design Requirements

Enter some of the prime design requirements and objectives for your aircraft below. By clicking on the
map, you may choose destination and departure locations. The range and block time are computed here.




Computational Methods in Aircraft Design

Juan Alonso

Computational methods have revolutionized the aircraft design process. Prior to the mid sixties aircraft were designed and built largely
without the benefit of computational tools. Design information was mostly provided by the results of analytic theory combined with a
fair amount of experimentation. Analytic theories continue to provide invaluable insight into the trends present in the variation of the
relevant parametersin a design. However, for detailed design work, these theories often lack the necessary accuracy, especially in the
presence of non-linearities (transonic flow, large structural deflections, real-life control systems). With the advent of the digital
computer and the fast development of the field of humerical analysis, avariety of complex cal culation methods have become available
to the designer. Advancements in computational methods have pervaded all disciplines: aerodynamics, structures, propulsion, guidance
and control, systems integration, multidisciplinary optimization, etc.

Role of Computational Methods

The role of computational methods in the aircraft design process is to provide detailed information to facilitate the decisionsin the
design process at the lowest possible cost and with adequate turnaround (turnaround is the required processing time from the point a
piece of information is requested until it isfinally available to the designer in aform that allowsit to be used). In summary,
computational methods ought to:

. Allow the simulation of the behavior complex systems beyond the reach of analytic theory.

. Provide detailed design information in atimely fashion.

. Enhance our understanding of engineering systems by expanding our ability to predict their behavior.
. Provide the ability to perform multidisciplinary design optimization.

. Increase competitivity and lower design/production costs.

Computational methods are nothing but tools in the aircraft designer's toolbox that allow him/her to complete ajob. In fact, the aircraft
designer is often more interested in the interactions between the disciplines that the methods apply to (aerodynamics, structures,
control, propulsion, mission profile) than in the individual methods themselves. This view of the design processis often called
multidisciplinary design (one could also term it multidisciplinary computational design). Moreover, adesigner often wantsto find a
combination of design choices for all the involved disciplines that produces an overall better airplane. If the computational prediction
methods for all disciplines are available to the designer, optimization procedures can be coupled to produce multidisciplinary design
optimization (MDO) tools. In anutshell, viaa combination of analytic methods and simple computational tools, thisiswhat we will try
to accomplishin AA241: an optimum aircraft design for a specifically chosen mission.

The current status of computational methods is such that the use of a certain set of tools has become routine practice at all major
aerospace corporations (this includes simple aerodynamic models, linear structural models, and basic control system design). However,
avast amount of work remains to be done in order to make more refined non-linear technigues reach the same routine use status.
Moreover, MDO work has been performed using some of the simpler models, but only afew attempts have been made to couple high-
fidelity non-linear disciplines to produce optimum designs.

Potential Problems Arising from the Misguided Use of Computational Techniques

Although computational methods are a wonderful resource to facilitate the process of aircraft design, their misuse can have
catastrophic conseguences. The following considerations must be always in your mind when you decide to accept as valid the results of
a computational procedure:

. Asolutionisonly as good as the model that is being solved: if you try to solve a problem with high non-linear content using a
computational method designed for linear problems your results will make no sense.

. Theaccuracy of a numerical solution depends heavily on the sophistication of the discretization procedure employed and the
size of the mesh used. Lower order methods with underresol ved meshes provide solutions where the margin of error is quite
large.



. Therange of validity of the results of a given calculation depends on the model that is at the heart of the procedure: if you are
using an inviscid solution procedure to approximate the behavior of attached flow, but the actual flow is separated, your results
will make no sense.

. Information overload. Computational procedures flood the designer with awealth of information that sometimes is complete
nonsense! When analyzing the results provided by a computational method do not concentrate on how beautiful the color
pictures are, be sure to apply your knowledge of basic principles, and make sure that the computational results follow the
expected trends.

Let's examine the status of the more relevant aerospace disciplines to which computational methods have been applied. These include
applied aerodynamics, structural analysis, and control system design.

Computational Aerodynamics

Computational methods first began to have a significant impact on aerodynamics analysis and design in the period of 1965-75. This
decade saw the introduction of panel methods which could solve the linear flow models for arbitrarily complex geometry in both
subsonic and supersonic flow. It also saw the appearance of the first satisfactory methods for treating the nonlinear equations of
transonic flow, and the development of the hodograph method for the design of shock free supercritical airfoils.

Panel methods are based on the distribution of surface singularities on a given configuration of interest, and have gained wide-spread
acceptance throughout the aerospace industry. They have achieved their popularity largely due to the fact that the problems can be
easily setup and solutions can be obtained rather quickly on today's desktop computers. The calculation of potentia flows around
bodies was first realized with the advent of the surface panel methodology originally developed at the Douglas company. During the
years, additional capability was added to these surface panel methods. These additions included the use of higher order, more accurate
formulations, the introduction of lifting capahility, the solution of unsteady flows, and the coupling with various boundary layer
formulations.

Panel methods lie at the bottom of the complexity pyramid for the solution of aerodynamic problems. They represent a versatile and
useful method to obtain a good approximation to a flow field in avery short time. Panel methods, however, cannot offer accurate
solutions for avariety of high-speed non-linear flows of interest to the designer. For these kinds of flows, a more sophisticated model
of the flow equationsis required. The figure below (due to Pradeep Rg)) indicates a hierarchy of models at different levels of
simplification which have proved useful in practice. Efficient flight is generally achieved by the use of smooth and streamlined shapes
which avoid flow separation and minimize viscous effects, with the consequence that useful predictions can be made using inviscid
models. Inviscid calculations with boundary layer corrections can provide quite accurate predictions of lift and drag when the flow
remains attached, but iteration between the inviscid outer solution and the inner boundary layer solution becomes increasingly difficult
with the onset of separation. Procedures for solving the full viscous equations are likely to be needed for the simulation of arbitrary
complex separated flows, which may occur at high angles of attack or with bluff bodies. In order to treat flows at high Reynolds
numbers, oneis generally forced to estimate turbulent effects by Reynolds averaging of the fluctuating components. This requires the
introduction of aturbulence model. As the available computing power increases one may also aspire to large eddy simulation (LES) in
which the larger scale eddies are directly calculated, while the influence of turbulence at scales smaller than the mesh interval is
represented by a subgrid scale model.



A\

IV. RANS (1990s)

”/ + F:'scous\

HT. Euler (19805)

/ + Rotation \

Ii. Nonlinear Potential (1970s)

+ Nonlinear

I. Linear Potential (196(rx)

\/ / 3 Inviseid, Irrotational \
Linear

Figure 1. Hierarchy of Aerodynamic Models with Corresponding Complexity and Computational Cost.

Computational Cost

Computational costs vary drastically with the choice of mathematical model. Panel methods can be effectively used to solve the linear
potential flow equation with personal computers (with an Intel 486 microprocessor, for example). Studies of the dependency of the
result on mesh refinement have demonstrated that inviscid transonic potential flow or Euler solutions for an airfoil can be accurately
calculated on amesh with 160 cells around the section, and 32 cells normal to the section. Using multigrid techniques 10 to 25 cycles
are enough to obtain a converged result. Consequently airfoil calculations can be performed in seconds on a Cray YMP, and can also
be performed on 486-class personal computers. Correspondingly accurate three-dimensional inviscid cal culations can be performed for
awing on amesh, say with 192 x 32 x 48 = 294,912 cells, in about 20 minutes on a high-end workstation (SGI R10000), in less than 3
minutes using eight processors, or in 1 or 2 hours on older workstations such as a Hewlett Packard 735 or an IBM 560 model.

Viscous simulations at high Reynolds numbers require vastly greater resources. Careful studies have shown that between 20 and 32
cellsin the normal direction to the wall are required for accurate resolution of the boundary layer. In order to maintain reasonable
aspect ratio in al the cellsin the mesh (for reasons of numerical accuracy and convergence) on the order of 512 cells are necessary in
the direction wrapping around the wing, and at least 64 cells are required in the spanwise direction. This leads to over 2 million cells
for aminimally resolved viscous wing calculation. Reynolds Averaged Navier-Stokes calculations of this kind can be computed in
about 1 hour on a Cray C-90 computer or over 10 hoursin atypical high-end workstation. These computations not only require
powerful processors; they also need computers with large memory sizes (1-2 Gb for this kind of calculations).

Sample Panel Method Calculations

C130 Hercules Lifting Calculation
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Calculation from VSAERO from Anaytica Methods

Whitbread Race Sailboat

Whitbread—Race Sailboat Design

Under—Water Geometry with Free—Surface
28,672 Panels

Hull, keel and bulb arrangement of Whitbread-race sailboat (courtesy of Dr. J. C. Vassberg)

Indy-500 Car


http://www.am-inc.com/

Indy Race Car
151,776 Panels

Geometry using the method of images to simulate ground effect (courtesy of Dr. J. C. Vassberg)

Indy Race Car

151,776 Pancls

Geometry showing surface panelization (courtesy of Dr. J. C. Vassberg)



Indy Race Car
151,776 Panels

Pressure color contours and surface streamlines for the underside of the car (courtesy of Dr. J. C. Vassberg)

Sample Euler Calculations




Unstructured Euler (inviscid) calculation on a generic HSCT (High-Speed-Civil-Transport) configuration. Pressure contours showing
Mach cone footprint on vertical and horizontal cutting planes beneath and behind the aircraft.

Airbus A-320 flow solution and unstructured mesh



Parallel computation on an unstructured mesh showing the domain decomposition of 16 processors of a distributed memory computer.

Sample Navier-Stokes Calculations



Transonic Business Jet

FLO107-MB Solution
Baldwin-Lomax Turbulence Model
Mach =.82 240 Blocks 5.8 Million Mesh Points

Viscous Calculation on afull configuration Raytheon-Beechcraft Premier business jet. Parallel computation on 32 processors of an
Origin2000.


http://www.sgi.com/

Viscous computation of afull configuration McDonnell Douglas MDXX with optimized wing. Approximate mesh size: 6,000,000
cells. Computation time: 4 hours on 32 processors of an IBM SP2.



Viscous computation of afull configuration McDonnell Douglas MDXX with optimized wing. Approximate mesh size: 6,000,000
cells. Computation time: 4 hours on 32 processors of an IBM SP2. White lines denote mesh boundaries on the multiblock structured
mesh.



McDonnell Douglas X2C Blended Wing Body Configuration. Multiblock Mesh.




Detail of viscous mesh for wind tunnel model (notice sting in the rear part of the aircraft) of the Blended Wing Body Configuration.

Notice the extreme bunching towards the surface of the airplane in order to resolve the high Reynolds number boundary layer.

Structural Analysis

Computational methods for structural analysis have reached an even higher level of maturity and several software packages that

incorporate this technology are widely used throughout the aerospace industry. These programs are used to perform static and dynamic

structural stress analysisin the linear and non-linear regimes, fatigue analysis, heat transfer calculations,

etc.



Similarly to computational aerodynamics programs, structural analysis software is composed of numerical methods that solve the
discretized structural equations of motion on a suitable mesh that is created from the geometry of the configuration in question. These
numerical methods can also be used to optimize the shape of a given structure by repeated application of the analysis procedure with a
suitable coupling to an optimization algorithm.

A few links to some of the more popular software packages are included below:

. MSC/NASTRAN
. ANSYS

. ABAQUS

In preliminary aircraft design one istypically more interested in the structural weight and performance of the principal load bearing
structures (wing, fuselage, empennage). However, in the detailed design phase, computational structural analysis often includes avery
large percentage of the aircraft components and parts that will be subject to static or dynamic loads.

Control System Design

The design of complex linear and non-linear control systemsin aircraft has also benefited greatly from the appearance of
computational methods. These systems range from components of an aircraft (hydraulic actuators, propulsions systems, fly-by-wire
systems) to the control of the speed and attitude of the aircraft itself (autopilots, take-off and landing systems, oscillation damping
systems).

Traditionally, control systems for aircraft and aircraft components were designed using linearized models of the plant and classical
control theory. Large simplifications of the models were introduced because of the inability to easily handle large numbers of inputs
and outputsin the system.

Software packages like MATLAB and SIMULINK, and MATRIXX can routinely simulate the behavior of very large and complex

control systems including some limited amount of non-linearities. The figure below shows the interactive design of a control system
using SIMULINK.
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Computational Work in this Course

In this class we would like you to become familiar with afew computational tools so that you have some exposure to common
industrial design practices. These computational tools will mainly be used to complement your work in some of the homework

assignments. In particular, for aerodynamic design, we will be using the following tools:

. Airfoil design: Panel method with boundary layer coupling
. Airfoil analysis: Two-dimensional Euler solver for transonic flows.

. Wing design and analysis: Three-dimensional full potential flow solver with or without boundary layer coupling.

These tools are meant to assist you in coming up with better aircraft designs, but the bulk of the work will till be done using traditional
techniques.



Cabin Layout and Fuselage Geometry

The design of the fuselage is based on payload requirements, aerodynamics, and structures. The overall
dimensions of the fuselage affect the drag through several factors. Fuselages with smaller fineness ratios
have less wetted area to enclose a given volume, but more wetted area when the diameter and length of
the cabin are fixed. The higher Reynolds number and increased tail length generally lead to improved
aerodynamics for long, thin fuselages, at the expense of structural weight. Selection of the best layout
requires a detailed study of these trade-offs, but to start the design process, something must be chosen.
Thisis generaly done by selecting a value not too different from existing aircraft with similar
requirements, for which such a detailed study has presumably been done. In the absence of such
guidance, one selects an initial layout that satisfies the payload requirements.

The following sections are divided into severa parts: the selection of cabin cross-section dimensions,
determination of fuselage length and shape, FAR's related to fuselage design and seating, and finally
considerations related to supersonic aircraft.



Cross-Section Design

It is often reasonabl e to start the fuselage layout with a specification of the cross-section: its shape and
dimensions.

Cross-Section Shape

Most fuselage cross-sections are relatively circular in shape. Thisis done for two reasons

1. By eliminating corners, the flow will not separate at moderate angles of attack or sideslip

2. When the fuselage is pressurized, a circular fuselage can resist the loads with tension stresses, rather than
the more severe bending loads that arise on non-circular shapes.



\

Many fuselages are not circular, however. Aircraft with unpressurized cabins often incorporate non-circular,
even rectangular cabins in some cases, as dictated by cost constraints or volumetric efficiency.

Shorts 360 ATR-42 (-.'::"'-l-l._i_'_:r ‘
Aisle Height 6" 4" Aisle Height &' 3" Alsle Height & 2
Max Width &' 4" Max Width 8' 5" Max Width 59"

DHC-8 EMB-120 SF-340
Aisle Height 60" Aisle Height 5' 10" Aisle Height 60"
Max Width 8'2" Max Width 7' 1" Max Width 7" 1"

Sometimes substantial amounts of space would be wasted with a circular fuselage when specific
arrangements of passenger seats and cargo containers must be accommodated. In such cases, €elliptical or
double-bubble arrangements can used. The double-bubble geometry uses intersecting circles, tied together
by the fuselage floor, to achieve an efficient structure with less wasted space.
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The dimensions are set so that passengers and standard cargo containers may be accommodated.
Typi cal di mensi ons for passenger aircraft seats are shown by way of the several examples below.
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In addition, space must be available for cargo: either revenue cargo or lugggage. Typical cargo weighs 10
Ib/ft"3 while luggage averages 12.5 [b/ft"3 (Torenbeek). Passengers are generally allotted 35 to 40 lbs for




bags. This means about 4 ft"3 per passenger for baggage. Most large airplanes have much more room than
this, thus allowing space for revenue cargo. 767/ MD-11/ 747 values are more like 12 ft*3 per person,
although thisis not arequirement. A 757 provides about 10 ft*3 per passenger of bulk cargo volume. Since
substantial income is generated by revenue cargo, it is often desirable to allow room for extra cargo. The
preferred approach isto accommodate standard size containers, some of which are shown below.

&1 dimensions
in inches.

&g
&0.4
Volurne : 120 oft Valure 158 oft Valure o 195 oft
Gy 2700 1bs GY 2500 1bs G 5400 Tbs

=
l 7 \
N iﬂ’f

) LA

One must provide for asidewall clearance of about 3/4" to account for shell deflection, seat width
tolerances, and seat track location tolerances. Finally, the fuselage frame, stringers, and insulation thickness
must be added to determine the fuselage outer diameter. Typically, the outer diameter is about 4% larger
than the cabin diameter.

Busness Jets

The diameter of smaller aircraft such as commuters and business aircraft is dictated by similar
considerations, although cargo is not carried below the floor and the cabin height is much more a market-
driven decision.
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The interiors of business aircraft are laid out more flexibly than are commercial transports. Interior
appointments often cost millions of dollars and can be very luxurious, especially for the larger long range
aircraft such as the Gulfstream V or Global Express. Business aircraft based on commercial transports such
as the Boeing Business Jet provide even greater possibilities.

Very Large Aircraft

Recent interest in very large aircraft suggests that additional creative possibilities exist for the aircraft
interior. The figure below illustrates some concepts for large aircraft fuselage cross sections as described by
Douglas Aircraft in 1966.



Some of the cross-sections that Douglas considered for a very large aircraft project,
with a conventional cross-section to provide scale. A prime requirement was
efficient accommodation of an 8'x8' container.

More recently, aircraft such as the A380 have been designed with interesting interior possibilities. The
figures below show some of the options that were considered in the early design process.




The cross section of the A380 departs from the double-bubble concept with a rather eccentric ellipse as
shown in the cross sections below.
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The table available here gives the external cross-section dimensions and seating layouts for a number of
aircraft. Use the interactive layout computation in exercise 2 to check your hand layout.




Sample Cross-section Dimensions and
Seating Layouts
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Exercise 2: Fuselage Cross-Section

Enter fuselage cross-section parameters.

About the input variables:

. Seat Width: The width of the seat including armrests associated with that seat (inches).
. Aisle Width: The width of the aisle in inches.

. Main Deck Seat Layout: Distribution of seats and aisles written as an integer. 32 means 3 seats
together, then an aide, then 2 seats. 353 means atwin aisle airplane with 3 seats then an aisle,
then 5 seats in the center, then another aisle, then another 3 seats.

« Upper Deck Seat Layout: On airplanes with an upper deck the seat layout as described above. If
the airplane has a single deck, enter 0. At the moment the cross-section is not drawn with an upper
deck.

. Height / Width: The ratio of fuselage maximum height to width.

. Floor Height: The vertical offset of the floor from the center of the cabin in units of cabin height.
A vaue of 0 placesthe floor at the fuselage centerline, while avalue of 0.5 would place the floor
at the lowest point on the fuselage. Typica vaue: 0.15.



Fuselage Shape

Planform Layout

Cabin Dimensions

The figure below shows a generic fuselage shape for atransport aircraft. The geometry is often divided
into three parts: atapered nose section in which the crew and various el ectronic components are housed,
a constant section that contains the passenger cabin, and a mildly tapered tail cone.

FuzelLength
) Filat FwdSpace Seat ATES
pace
Length |._.1 Pitzh MSeats —
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CabinLength

Moselength TailConelength

Note that passengers or other payload may extend over more than just the constant section, especially
when the fuselage diameter islarge. Because of the long tail cone sections, the pressurized payload
section often extends back into this region.

187 passengers (12 T:rst class 35 busmess claaﬁ, 14(1 economy class)

Additional areaisrequired for lavatories, galleys, closets, and flight attendant seats. The number of
lavatories depends on the number of passengers, with about 40 passengers per lavatory, atypical value.
One must allow at least 34" x 38" for a standard lavatory. Closets take from a minimum 3/4" per
passenger in economy classto 2" per first class passenger. Room for food service also depends on the
airline operation, but even on 500 mi stage lengths, this can dictate as much as 1.5" of galley cabinet



length per passenger. Attendant seats are required adjacent to door exits and may be stowed upright, but
clear of exit paths. In addition, emergency exits must include clear aisles that may increase the overall

length of the fuselage. The requirements are described in the FAR's.

On average the floor area per person ranges from 6.5 ft"2 for narrow body aircraft to 7.5 ft*2 for wide-
bodiesin an all-tourist configuration. A typical 3-class arrangement requires about 10 ft*2 per person.
The figures below show two layouts for the 717. Note the fuselage nose and tailcone shapes.
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Two-Class 717 configuration with 8 first-class seats with 36" pitch and 98 coach seats with 32" pitch.
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Single-class 717 configuration with 117 seats at 32" and 31" pitch.

In addition to providing space for seats, galleys, lavatories, and emergency exits as set by regulations, the
aircraft layout is important for maintainence and studies are done early in the program to determine that



the layout is compatible with required ground services.
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Aerodynamics

The fuselage shape must be such that separation and shock waves are avoided when possible. This
requires that the nose and tail cone fineness ratios be sufficiently large so that excessive flow
accelerations are avoided. Figure 2 shows the limit on nose fineness ratio set by the requirement for low
wave drag on the nose.



Effect of Mose Fineness on Drag Divergence Mach Number
Typical Transport Aircraft Shapes
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Even when the Mach number is low, constraints on fuselage pressure gradients limit nose fineness ratios
to values above about 1.5. Thetail cone taper is chosen based on similar considerations and generally
fallsin the range of 1.8 to 2.0. The details of fuselage shaping may be determined by looking at the
pressure distributions.
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Tailcone Fineness Ratio

Several rules result from these analyses: The transition from nose to constant section, and constant
section to tail cone should be smooth - free of discontinuitiesin slope (kinks). The tail cone slopes should
resembl e those shown in the examples. That is, the slope must change smoothly and the trailing edge
should not be blunt. The closure angle near the aft end should not be too large (half angle less than 14°-
20°).

Considerations Related to Fuselage Side-View

The shape of the fuselage in side view is determined based on visibility requirements for the cockpit and
ground clearance of the tail cone. Usually aft-fuselage upsweep is required to provide the capability of
rotating to high angles of attack on the ground (often about 14°). The upsweep cannot be set without
estimating the length of the main gear, but this can be done early in the design process by comparison
with similar aircraft.

Boeing 777 ﬁ

Upsweep




Exercise 3. Fuselage Top View

Enter fuselage seating parameters.

About the input variables:

. Number of Seats: The total number of seats to be included at the specifed effective pitch.

. Seat Pitch: The average longitudinal distance between seats. This drawing includes only asingle
seat pitch, while most aircraft will be divided into 2 or 3 classes with rather different seat pitch.
Use an efgfective value that produces the correct cabin length.

« Nose Fineness. Theratio of nose length to maximum diameter. The nose section is defined as the
section that extends from the forwardmost point on the aircraft to the maximum diameter section.

. Tailcone Fineness: Theratio of tailcone length to maximum diameter. The tailcone section is
defined as the section the end of the constant section to the aft end of the fuselage.

. Forward Extra Space: The distance (in feet for now) from the start of the constant section to the
first row of seats. This parameter is used to add extra space for galleys or closests, or may be
made negative if seats extend into the "nose" section of the fuselage.

. Aft Extra Space: The distance (in feet for now) from the end of the constant section to the last row
of seats. This parameter is used to add extra space for galleys or closests, or may be made
negative if seats extend into the tailcone section of the fuselage.

The layout is based on the cross-section geometry specified in exercise 2.



Fuselage and Seating-Related FARs

FAA Regulations Affecting Fuselage Design

A number of federal regulations have amajor effect on the fuselage layout and sizing. Included here are
links to portions of FAR Part 25 that influence fuselage design.

Seating-Related ltems
Emergency Egress
Emergency Demonstration




FARs Related to Seating

Sec. 25.815 Width of aide.

The passenger aisle width at any point between seats must equal or exceed the valuesin the following
table:

M ni mum
passenger
ai sle width
(i nches)
Less 25 in.
t han and

Passenger 25 in. nore

seati ng from from

capacity floor floor
10 or less /1] 12 15
11 through 19 12 20
20 or nore 15 20

/1/ A narrower width not less than 9

I nches may be approved when
substantiated by tests found necessary
by the Adm nistrator.

Sec. 25.817 Maximum number of seats abreast.

On airplanes having only one passenger aisle, no more than three seats abreast may be placed on each
side of the aisle in any one row.

Sec. 25.783 Doors.
(a) Each cabin must have at |least one easily accessible external door.

(b) There must be ameans to lock and safeguard each external door against opening in flight (either
inadvertently by persons or as aresult of mechanical failure or failure of asingle structural element either
during or after closure). Each external door must be openable from both the inside and the outside, even



though persons may be crowded against the door on the inside of the airplane. Inward opening doors may
be used if there are means to prevent occupants from crowding against the door to an extent that would
interfere with the opening of the door. The means of opening must be simple and obvious and must be
arranged and marked so that it can be readily located and operated, even in darkness. Auxiliary locking
devices may be used.

(c) Each external door must be reasonably free from jamming as aresult of fuselage deformation in a
minor crash.

(d) Each external door must be located where persons using them will not be endangered by the
propellers when appropriate operating procedures are used.

(e) There must be aprovision for direct visual inspection of the locking mechanism to determine if
external doors, for which the initial opening movement is not inward (including passenger, crew, service,
and cargo doors), are fully closed and locked. The provision must be discernible under operational
lighting conditions by appropriate crewmembers using a flashlight or equivalent lighting source. In
addition, there must be a visual warning meansto signal the appropriate flight crewmembers if any
external door is not fully closed and locked. The means must be designed such that any failure or
combination of failures that would result in an erroneous closed and locked indication isimprobable for
doors for which the initial opening movement is not inward.

(f) External doors must have provisionsto prevent the initiation of pressurization of the airplane to an
unsafe level if the door is not fully closed and locked. In addition, it must be shown by safety analysis
that inadvertent opening is extremely improbable.

(g) Cargo and service doors not suitable for use as emergency exits need only meet paragraphs (e) and (f)
of this section and be safeguarded against opening in flight as aresult of mechanical failure or failure of
asingle structural element.

(h) Each passenger entry door in the side of the fuselage must qualify asaType A, Typel, or Typell
passenger emergency exit and must meet the requirements of Secs. 25.807 through 25.813 that apply to
that type of passenger emergency exit.

(i) If anintegral stair isinstalled in a passenger entry door that is qualified as a passenger emergency exit,
the stair must be designed so that under the following conditions the effectiveness of passenger
emergency egress will not be impaired:

(1) Thedoor, integral stair, and operating mechanism have been subjected to the inertia forces specified
in Sec. 25.561(b)(3), acting separately relative to the surrounding structure.

(2) Theairplaneisin the normal ground attitude and in each of the attitudes corresponding to collapse of
one or more legs of the landing gear.



() All lavatory doors must be designed to preclude anyone from becoming trapped inside the lavatory,
and if alocking mechanismisinstalled, it be capable of being unlocked from the outside without the aid
of special tools.

Sec. 25.785 Seats, berths, safety belts, and harnesses.

(a) A seat (or berth for anonambulant person) must be provided for each occupant who has reached his
or her second birthday.

(b) Each seat, berth, safety belt, harness, and adjacent part of the airplane at each station designated as
occupiable during takeoff and landing must be designed so that a person making proper use of these
facilitieswill not suffer serious injury in an emergency landing as aresult of the inertia forces specified
in Secs. 25.561 and 25.562.

(c) Each seat or berth must be approved.

(d) Each occupant of a seat that makes more than an 18-degree angle with the vertical plane containing
the airplane centerline must be protected from head injury by a safety belt and an energy absorbing rest
that will support the arms, shoulders, head, and spine, or by a safety belt and shoulder harness that will
prevent the head from contacting any injurious object. Each occupant of any other seat must be protected
from head injury by a safety belt and, as appropriate to the type, location, and angle of facing of each
seat, by one or more of the following:

(1) A shoulder harness that will prevent the head from contacting any injurious object.
(2) The elimination of any injurious object within striking radius of the head.
(3) An energy absorbing rest that will support the arms, shoulders, head, and spine.

(e) Each berth must be designed so that the forward part has a padded end board, canvas diaphragm, or
eguivalent means, that can withstand the static load reaction of the occupant when subjected to the
forward inertiaforce specified in Sec. 25.561. Berths must be free from corners and protuberances likely
to cause injury to a person occupying the berth during emergency conditions.

(f) Each seat or berth, and its supporting structure, and each safety belt or harness and its anchorage must
be designed for an occupant weight of 170 pounds, considering the maximum load factors, inertia forces,
and reactions among the occupant, seat, safety belt, and harness for each relevant flight and ground load
condition (including the emergency landing conditions prescribed in Sec. 25.561). In addition--

(1) The structural analysis and testing of the seats, berths, and their supporting structures may be
determined by assuming that the critical load in the forward, sideward, downward, upward, and rearward



directions (as determined from the prescribed flight, ground, and emergency landing conditions) acts
separately or using selected combinations of loads if the required strength in each specified direction is
substantiated. The forward load factor need not be applied to safety belts for berths.

(2) Each pilot seat must be designed for the reactions resulting from the application of the pilot forces
prescribed in Sec. 25.395.

(3) Theinertiaforces specified in Sec. 25.561 must be multiplied by afactor of 1.33 (instead of the
fitting factor prescribed in Sec. 25.625) in determining the strength of the attachment of each seat to the
structure and each belt or harnessto the seat or structure.

(g) Each seat at aflight deck station must have arestraint system consisting of a combined safety belt
and shoulder harness with a single-point release that permits the flight deck occupant, when seated with
the restraint system fastened, to perform all of the occupant's necessary flight deck functions. There must
be a means to secure each combined restraint system when not in use to prevent interference with the
operation of the airplane and with rapid egressin an emergency.

(h) Each seat located in the passenger compartment and designated for use during takeoff and landing by
aflight attendant required by the operating rules of this chapter must be:

(1) Near arequired floor level emergency exit, except that another location is acceptable if the
emergency egress of passengers would be enhanced with that location. A flight attendant seat must be
located adjacent to each Type A emergency exit. Other flight attendant seats must be evenly distributed
among the required floor level emergency exits to the extent feasible.

(2) To the extent possible, without compromising proximity to arequired floor level emergency exit,
located to provide adirect view of the cabin areafor which the flight attendant is responsible.

(3) Positioned so that the seat will not interfere with the use of a passageway or exit when the seat is not
in use.

(4) Located to minimize the probability that occupants would suffer injury by being struck by items
dislodged from service areas, stowage compartments, or service equipment.

(5) Either forward or rearward facing with an energy absorbing rest that is designed to support the arms,
shoulders, head, and spine.

(6) Equipped with arestraint system consisting of a combined safety belt and shoulder harness unit with
asingle point release. There must be means to secure each restraint system when not in use to prevent
interference with rapid egress in an emergency.

(i) Each safety belt must be equipped with ametal to metal latching device.



(j) If the seat backs do not provide a firm handhold, there must be a handgrip or rail along each aideto
enable persons to steady themselves while using the aisles in moderately rough air.

(k) Each projecting object that would injure persons seated or moving about the airplane in normal flight
must be padded.

(I) Each forward observer's seat required by the operating rules must be shown to be suitable for usein
conducting the necessary enroute inspection.



FARs Related to Emergency Evacuation

Sec. 25.801 Ditching.

(a) If certification with ditching provisions is requested, the airplane must meet the requirements of this
section and Secs. 25.807(e), 25.1411, and 25.1415(a).

(b) Each practicable design measure, compatible with the general characteristics of the airplane, must be
taken to minimize the probability that in an emergency landing on water, the behavior of the airplane
would cause immediate injury to the occupants or would make it impossible for them to escape.

(c) The probable behavior of the airplane in awater landing must be investigated by model tests or by
comparison with airplanes of similar configuration for which the ditching characteristics are known.
Scoops, flaps, projections, and any other factor likely to affect the hydrodynamic characteristics of the
airplane, must be considered.

(d) It must be shown that, under reasonably probable water conditions, the flotation time and trim of the
airplane will alow the occupants to leave the airplane and enter the liferafts required by Sec. 25.1415. If
compliance with this provision is shown by buoyancy and trim computations, appropriate allowances
must be made for probable structural damage and leakage. If the airplane has fuel tanks (with fuel
Jettisoning provisions) that can reasonably be expected to withstand a ditching without leakage, the
jettisonable volume of fuel may be considered as buoyancy volume.

(e) Unless the effects of the collapse of external doors and windows are accounted for in the investigation
of the probable behavior of the airplanein awater landing (as prescribed in paragraphs (c) and (d) of this
section), the external doors and windows must be designed to withstand the probable maximum local
pressures.

Sec. 25.803 Emergency evacuation.

(a) Each crew and passenger area must have emergency means to allow rapid evacuation in crash
landings, with the landing gear extended as well as with the landing gear retracted, considering the
possibility of the airplane being on fire.

(b) [Reserved]

(c) For airplanes having a seating capacity of more than 44 passengers, it must be shown that the
maximum seating capacity, including the number of crewmembers required by the operating rules for



which certification is requested, can be evacuated from the airplane to the ground under simulated
emergency conditions within 90 seconds. Compliance with this requirement must be shown by actual
demonstration using the test criteria outlined in appendix J of this part unless the Administrator finds that
a combination of analysis and testing will provide data equivalent to that which would be obtained by
actual demonstration.

(d) [Reserved]

(e) [Reserved]

Sec. 25.807 Emergency exits.

(a) Type. For the purpose of this part, the types of exits are defined as follows:

(1) Typel. Thistypeisafloor level exit with arectangular opening of not less than 24 inches wide by 48
inches high, with corner radii not greater than one-third the width of the exit.

(2) Typell. Thistypeisarectangular opening of not less than 20 inches wide by 44 inches high, with
corner radii not greater than one-third the width of the exit. Type Il exits must be floor level exits unless
located over the wing, in which case they may not have a step-up inside the airplane of more than 10
inches nor a step-down outside the airplane of more than 17 inches.

(3) Typelll. Thistypeis arectangular opening of not less than 20 inches wide by 36 inches high, with
corner radii not greater than one-third the width of the exit, and with a step-up inside the airplane of not
more than 20 inches. If the exit islocated over the wing, the step-down outside the airplane may not
exceed 27 inches,

(4) TypelV. Thistypeisarectangular opening of not less than 19 inches wide by 26 inches high, with
corner radii not greater than one-third the width of the exit, located over the wing, with a step-up inside
the airplane of not more than 29 inches and a step-down outside the airplane of not more than 36 inches.

(5) Ventra. Thistypeisan exit from the passenger compartment through the pressure shell and the
bottom fuselage skin. The dimensions and physical configuration of this type of exit must allow at |east
the same rate of egressasa Type | exit with the airplane in the normal ground attitude, with landing gear
extended.

(6) Tail cone. Thistypeis an aft exit from the passenger compartment through the pressure shell and
through an openable cone of the fuselage aft of the pressure shell. The means of opening the tailcone
must be simple and obvious and must employ a single operation.

(7) Type A. Thistypeisafloor level exit with arectangular opening of not less than 42 inches wide by
72 inches high with corner radii not greater than one-sixth of the width of the exit.



(b) Step down distance. Step down distance, as used in this section, means the actual distance between
the bottom of the required opening and a usable foot hold, extending out from the fuselage, that islarge
enough to be effective without searching by sight or feel.

(c) Over-sized exits. Openings larger than those specified in this section, whether or not of rectangular
shape, may be used if the specified rectangular opening can be inscribed within the opening and the base
of the inscribed rectangular opening meets the specified step-up and step-down heights.

(d) Passenger emergency exits. Except as provided in paragraphs (d) (3) through (7) of this section, the
minimum number and type of passenger emergency exitsis as follows:

(1) For passenger seating configurations of 1 through 299 sedts:

Enmergency exits for
each side of the
fusel age

Passenger
seating
configuration
(crewrenber
seats not Type Type Type Type
I ncl uded) I I 11 | V

1 through 9 1
10 through 19

20 through 39 1
40 t hrough 79
80 t hrough 109
110 through 139
140 through 179

NN R
NEFRENR R R

Additional exits are required for passenger seating configurations greater than 179 seats in accordance
with the following table:

Addi ti onal
ener gency | ncrease in
exits passenger
(each side seating
of configuration

f usel age) al | oned



Type A 110

Type | 45
Type |1 40
Type |11 35

(2) For passenger seating configurations greater than 299 seats, each emergency exit in the side of the
fuselage must be either aType A or Typel. A passenger seating configuration of 110 seatsis allowed for
each pair of Type A exits and a passenger seating configuration of 45 seatsis allowed for each pair of
Typel exits.

(3) If apassenger ventral or tail cone exit isinstalled and that exit provides at |east the same rate of
egressasa Type |11 exit with the airplane in the most adverse exit opening condition that would result
from the collapse of one or more legs of the landing gear, an increase in the passenger seating
configuration beyond the limits specified in paragraph (d) (1) or (2) of this section may be allowed as
follows:

(i) For aventral exit, 12 additional passenger seats.

(i) For atail cone exit incorporating afloor level opening of not less than 20 inches wide by 60 inches
high, with corner radii not greater than one-third the width of the exit, in the pressure shell and
incorporating an approved assist means in accordance with Sec. 25.809(h), 25 additional passenger seats.

(iii) For atail cone exit incorporating an opening in the pressure shell which is at least equivalent to a
Type Il emergency exit with respect to dimensions, step-up and step-down distance, and with the top of
the opening not less than 56 inches from the passenger compartment floor, 15 additional passenger seats.

(4) For airplanes on which the vertical location of the wing does not allow the installation of overwing
exits, an exit of at least the dimensions of a Type I11 exit must be installed instead of each Type IV exit
required by subparagraph (1) of this paragraph.

(5) An alternate emergency exit configuration may be approved in lieu of that specified in paragraph (d)
(1) or (2) of this section provided the overall evacuation capability is shown to be equal to or greater than
that of the specified emergency exit configuration.

(6) The following must also meet the applicable emergency exit requirements of Secs. 25.809 through
25.813:

(i) Each emergency exit in the passenger compartment in excess of the minimum number of required
emergency exits.

(it) Any other floor level door or exit that is accessible from the passenger compartment and is as large or



larger than a Type Il exit, but less than 46 inches wide.
(iii) Any other passenger ventral or tail cone exit.

(7) For an airplane that is required to have more than one passenger emergency exit for each side of the
fuselage, no passenger emergency exit shall be more than 60 feet from any adjacent passenger
emergency exit on the same side of the same deck of the fuselage, as measured parallel to the airplane's
longitudinal axis between the nearest exit edges.

(e) Ditching emergency exits for passengers. Ditching emergency exits must be provided in accordance
with the following requirements whether or not certification with ditching provisions s requested:

(1) For airplanes that have a passenger seating configuration of nine seats or less, excluding pilots seats,
one exit above the waterline in each side of the airplane, meeting at least the dimensions of a Type IV
exit.

(2) For airplanes that have a passenger seating configuration of 10 seats or more, excluding pilots seats,
one exit above the waterline in a side of the airplane, meeting at least the dimensions of a Type |11 exit
for each unit (or part of aunit) of 35 passenger seats, but no less than two such exits in the passenger
cabin, with one on each side of the airplane. The passenger seat/exit ratio may be increased through the
use of larger exits, or other means, provided it is shown that the evacuation capability during ditching has
been improved accordingly.

(3) If itisimpractical to locate side exits above the waterline, the side exits must be replaced by an equal
number of readily accessible overhead hatches of not less than the dimensions of a Type |11 exit, except
that for airplanes with a passenger configuration of 35 seats or less, excluding pilots seats, the two
required Type |1l side exits need be replaced by only one overhead hatch.

(f) Flightcrew emergency exits. For airplanesin which the proximity of passenger emergency exitsto the
flightcrew area does not offer a convenient and readily accessible means of evacuation of the flightcrew,
and for al airplanes having a passenger seating capacity greater than 20, flightcrew exits shall be located
in the flightcrew area. Such exits shall be of sufficient size and so located as to permit rapid evacuation
by the crew. One exit shall be provided on each side of the airplane; or, aternatively, atop hatch shall be
provided. Each exit must encompass an unobstructed rectangular opening of at least 19 by 20 inches
unless satisfactory exit utility can be demonstrated by atypical crewmember.

Sec. 25.809 Emergency exit arrangement.

() Each emergency exit, including aflight crew emergency exit, must be a movable door or hatch in the
external walls of the fuselage, allowing unobstructed opening to the outside.

(b) Each emergency exit must be openable from the inside and the outside except that sliding window



emergency exitsin the flight crew area need not be openable from the outside if other approved exits are
convenient and readily accessible to the flight crew area. Each emergency exit must be capable of being
opened, when there is no fusel age deformation--

(1) With the airplane in the normal ground attitude and in each of the attitudes corresponding to collapse
of one or more legs of the landing gear; and

(2) Within 10 seconds measured from the time when the opening means is actuated to the time when the
exit isfully opened.

(c) The means of opening emergency exits must be ssmple and obvious and may not require exceptional
effort. Internal exit-opening means involving sequence operations (such as operation of two handles or
latches or the release of safety catches) may be used for flight crew emergency exitsif it can be
reasonably established that these means are simple and obvious to crewmemberstrained in their use.

(d) If asingle power-boost or single power-operated system is the primary system for operating more
than one exit in an emergency, each exit must be capable of meeting the requirements of paragraph (b) of
this section in the event of failure of the primary system. Manual operation of the exit (after failure of the
primary system) is acceptable.

(e) Each emergency exit must be shown by tests, or by a combination of analysis and tests, to meet the
requirements of paragraphs (b) and (c) of this section.

(f) There must be a meansto lock each emergency exit and to safeguard against its opening in flight,
either inadvertently by persons or as aresult of mechanical failure. In addition, there must be a means for
direct visual inspection of the locking mechanism by crewmembers to determine that each emergency
exit, for which theinitial opening movement is outward, is fully locked.

(g) There must be provisions to minimize the probability of jamming of the emergency exits resulting
from fuselage deformation in aminor crash landing.

(h) When required by the operating rules for any large passenger-carrying turbojet-powered airplane,
each ventral exit and tailcone exit must be--

(1) Designed and constructed so that it cannot be opened during flight; and

(2) Marked with a placard readable from a distance of 30 inches and installed at a conspicuous location
near the means of opening the exit, stating that the exit has been designed and constructed so that it
cannot be opened during flight.

Sec. 25.810 Emergency egress assist means and escape routes.



(a) Each nonoverwing landplane emergency exit more than 6 feet from the ground with the airplane on
the ground and the landing gear extended and each nonoverwing Type A exit must have an approved
means to assist the occupants in descending to the ground.

(1) The assisting means for each passenger emergency exit must be a self- supporting slide or equivalent;
and, in the case of aType A exit, it must be capable of carrying ssmultaneously two parallel lines of
evacuees. In addition, the assisting means must be designed to meet the following requirements:

(i) It must be automatically deployed and deployment must begin during the interval between the time
the exit opening means is actuated from inside the airplane and the time the exit is fully opened.
However, each passenger emergency exit which is also a passenger entrance door or a service door must
be provided with means to prevent deployment of the assisting means when it is opened from either the
inside or the outside under nonemergency conditions for normal use.

(i) It must be automatically erected within 10 seconds after deployment is begun.

(iii) 1t must be of such length after full deployment that the lower end is self-supporting on the ground
and provides safe evacuation of occupants to the ground after collapse of one or more legs of the landing
gear.

(iv) It must have the capability, in 25-knot winds directed from the most critical angle, to deploy and,
with the assistance of only one person, to remain usable after full deployment to evacuate occupants
safely to the ground.

(v) For each system installation (mockup or airplane installed), five consecutive deployment and inflation
tests must be conducted (per exit) without failure, and at least three tests of each such five-test series
must be conducted using a single representative sample of the device. The sample devices must be
deployed and inflated by the system's primary means after being subjected to the inertia forces specified
in Sec. 25.561(b). If any part of the system fails or does not function properly during the required tests,
the cause of the failure or malfunction must be corrected by positive means and after that, the full series
of five consecutive deployment and inflation tests must be conducted without failure.

(2) The assisting means for flightcrew emergency exits may be arope or any other means demonstrated
to be suitable for the purpose. If the assisting meansis arope, or an approved device equivalent to arope,
it must be--

(i) Attached to the fuselage structure at or above the top of the emergency exit opening, or, for adevice at
apilot's emergency exit window, at another approved location if the stowed device, or its attachment,
would reduce the pilot's view in flight;

(i1) Able (with its attachment) to withstand a 400-pound static load.



(b) Assist means from the cabin to the wing are required for each Type A exit located above the wing and
having a stepdown unless the exit without an assist means can be shown to have arate of passenger
egress at least equal to that of the same type of nonoverwing exit. If an assist meansisrequired, it must
be automatically deployed and automatically erected, concurrent with the opening of the exit and self-
supporting within 10 seconds.

(c) An escape route must be established from each overwing emergency exit, and (except for flap
surfaces suitable as slides) covered with a dlip resistant surface. Except where a means for channeling the
flow of evacueesis provided--

(1) The escape route must be at least 42 inches wide at Type A passenger emergency exits and must be at
least 2 feet wide at all other passenger emergency exits, and

(2) The escape route surface must have a reflectance of at least 80 percent, and must be defined by
markings with a surface-to-marking contrast ratio of at least 5:1.

(d) If the place on the airplane structure at which the escape route required in paragraph (c) of this
section terminates, is more than 6 feet from the ground with the airplane on the ground and the landing
gear extended, means to reach the ground must be provided to assist evacuees who have used the escape
route. If the escape route is over aflap, the height of the termina edge must be measured with the flap in
the takeoff or landing position, whichever is higher from the ground. The assisting means must be usable
and self-supporting with one or more landing gear legs collapsed and under a 25-knot wind directed from
the most critical angle. The assisting means provided for each escape route leading from a Type A
emergency exit must be capable of carrying ssmultaneously two parallel lines of evacuees. For other than
Type A exits, the assist means must be capable of carrying simultaneously as many parallel lines of
evacuees as there are required escape routes.

Sec. 25.813 Emergency exit access.

Each required emergency exit must be accessible to the passengers and located where it will afford an
effective means of evacuation. Emergency exit distribution must be as uniform as practical, taking
passenger distribution into account; however, the size and location of exits on both sides of the cabin
need not be symmetrical. If only one floor level exit per side is prescribed, and the airplane does not have
atail cone or ventral emergency exit, the floor level exit must be in the rearward part of the passenger
compartment, unless another location affords a more effective means of passenger evacuation. Where
more than one floor level exit per sideis prescribed, at least one floor level exit per side must be located
near each end of the cabin, except that this provision does not apply to combination cargo/passenger
configurations. In addition--

(a) There must be a passageway leading from the nearest main aisle to each Typel, Typell, or Type A
emergency exit and between individual passenger areas. Each passageway leading to a Type A exit must
be unobstructed and at least 36 inches wide. Passageways between individual passenger areas and those



leading to Type | and Type || emergency exits must be unobstructed and at least 20 inches wide. Unless
there are two or more main aisles, each Type A exit must be located so that there is passenger flow along
the main aisle to that exit from both the forward and aft directions. If two or more main aisles are
provided, there must be unobstructed cross-aisles at least 20 inches wide between main aises. There
must be--

(1) A cross-aisle which leads directly to each passageway between the nearest main aisle and a Type A
exit; and

(2) A cross-aisle which leads to the immediate vicinity of each passageway between the nearest main
aisleandaType 1, Typell, or Typelll exit; except that when two Type |11 exits are located within three
passenger rows of each other, asingle cross-aisle may be used if it leads to the vicinity between the
passageways from the nearest main aisle to each exit.

(b) Adequate space to allow crewmember(s) to assist in the evacuation of passengers must be provided as
follows:

(1) The assist space must not reduce the unobstructed width of the passageway below that required for
the exit.

(2) For each Type A exit, assist space must be provided at each side of the exit regardless of whether the
exit is covered by Sec. 25.810(a).

(3) For any other type exit that is covered by Sec. 25.810(a), space must at |east be provided at one side
of the passageway.

(c) The following must be provided for each Type Il or Type IV exit--(1) There must be access from the
nearest aisle to each exit. In addition, for each Type Il exit in an airplane that has a passenger seating
configuration of 60 or more--

(i) Except as provided in paragraph (¢)(1)(ii), the access must be provided by an unobstructed
passageway that is at least 10 inches in width for interior arrangements in which the adjacent seat rows
on the exit side of the aisle contain no more than two seats, or 20 inches in width for interior
arrangements in which those rows contain three seats. The width of the passageway must be measured
with adjacent seats adjusted to their most adverse position. The centerline of the required passageway
width must not be displaced more than 5 inches horizontally from that of the exit.

(i) Inlieu of one 10- or 20-inch passageway, there may be two passageways, between seat rows only,
that must be at least 6 inchesin width and lead to an unobstructed space adjacent to each exit. (Adjacent
exits must not share a common passageway.) The width of the passageways must be measured with
adjacent seats adjusted to their most adverse position. The unobstructed space adjacent to the exit must
extend vertically from the floor to the ceiling (or bottom of sidewall stowage bins), inboard from the exit



for adistance not less than the width of the narrowest passenger seat installed on the airplane, and from
the forward edge of the forward passageway to the aft edge of the aft passageway. The exit opening must
be totally within the fore and aft bounds of the unobstructed space.

(2) In addition to the access--

(i) For airplanes that have a passenger seating configuration of 20 or more, the projected opening of the
exit provided must not be obstructed and there must be no interference in opening the exit by seats,
berths, or other protrusions (including any seatback in the most adverse position) for a distance from that
exit not less than the width of the narrowest passenger seat installed on the airplane.

(it) For airplanes that have a passenger seating configuration of 19 or fewer, there may be minor
obstructionsin thisregion, if there are compensating factors to maintain the effectiveness of the exit.

(3) For each Type Il exit, regardless of the passenger capacity of the airplanein which it isinstalled,
there must be placards that--

(i) Arereadable by all persons seated adjacent to and facing a passageway to the exit;

(it) Accurately state or illustrate the proper method of opening the exit, including the use of handholds;
and

(iii) If the exit is aremovable hatch, state the weight of the hatch and indicate an appropriate location to
place the hatch after removal.

(d) If it is necessary to pass through a passageway between passenger compartments to reach any
required emergency exit from any seat in the passenger cabin, the passageway must be unobstructed.
However, curtains may be used if they alow free entry through the passageway.

(e) No door may beinstalled in any partition between passenger compartments.

(f) If it is necessary to pass through a doorway separating the passenger cabin from other areasto reach
any required emergency exit from any passenger seat, the door must have ameansto latch it in open
position. The latching means must be able to withstand the |oads imposed upon it when the door is
subjected to the ultimate inertia forces, relative to the surrounding structure, listed in Sec. 25.561(b).



FARs Related to Evacuation
Demonstration

FAR Part 25, Appendix J: Emergency Evacuation
Demonstration

The following test criteria and procedures must be used for showing compliance with Sec. 25.803:

() The emergency evacuation must be conducted either during the dark of the night or during daylight
with the dark of night ssimulated. If the demonstration is conducted indoors during daylight hours, it must
be conducted with each window covered and each door closed to minimize the daylight effect.
[1lumination on the floor or ground may be used, but it must be kept low and shielded against shining
into the airplane's windows or doors.

(b) The airplane must be in anormal attitude with landing gear extended.

(c) Unlessthe airplane is equipped with an off-wing descent means, stands or ramps may be used for
descent from the wing to the ground. Safety equipment such as mats or inverted life rafts may be placed
on the floor or ground to protect participants. No other equipment that is not part of the emergency
evacuation equipment of the airplane may be used to aid the participants in reaching the ground.

(d) Except as provided in paragraph (a) of this Appendix, only the airplane's emergency lighting system
may provide illumination.

(e) All emergency equipment required for the planned operation of the airplane must be installed.

(f) Each external door and exit, and each internal door or curtain, must be in the takeoff configuration.

(g9) Each crewmember must be seated in the normally assigned seat for takeoff and must remain in the
seat until receiving the signal for commencement of the demonstration. Each crewmember must be a
person having knowledge of the operation of exits and emergency equipment and, if compliance with
Sec. 121.291 is aso being demonstrated, each flight attendant must be a member of aregularly scheduled

line crew.

(h) A representative passenger load of personsin normal health must be used as follows:



(1) At least 40 percent of the passenger load must be female.

(2) At least 35 percent of the passenger load must be over 50 years of age.

(3) At least 15 percent of the passenger load must be female and over 50years of age.

(4) Threelife-size dolls, not included as part of the total passenger load, must be carried by passengers to
simulate live infants 2 years old or younger.

(5) Crewmembers, mechanics, and training personnel, who maintain or operate the airplane in the normal
course of their duties, may not be used as passengers.

(i) No passenger may be assigned a specific seat except as the Administrator may require. Except as
required by subparagraph (g) of this paragraph, no employee of the applicant may be seated next to an
emergency exit.

(j) Seat belts and shoulder harnesses (as required) must be fastened.

(k) Before the start of the demonstration, approximately one-half of the total average amount of carry-on
baggage, blankets, pillows, and other similar articles must be distributed at several locationsin aisles and
emergency exit access ways to create minor obstructions.

(1) No prior indication may be given to any crewmember or passenger of the particular exitsto be used in
the demonstration.

(m) The applicant may not practice, rehearse, or describe the demonstration for the participants nor may
any participant have taken part in this type of demonstration within the preceding 6 months.

(n) The pre-takeoff passenger briefing required by Sec. 121.571 may be given. The passengers may also
be advised to follow directions of crewmembers but not be instructed on the procedures to be followed in
the demonstration.

(o) If safety equipment as allowed by paragraph (c) of this appendix is provided, either all passenger and
cockpit windows must be blacked out or all of the emergency exits must have safety equipment in order
to prevent disclosure of the available emergency exits.

(p) Not more than 50 percent of the emergency exitsin the sides of the fuselage of an airplane that meets
al of the requirements applicable to the required emergency exits for that airplane may be used for the
demonstration. Exits that are not to be used in the demonstration must have the exit handle deactivated or
must be indicated by red lights, red tape, or other acceptable means placed outside the exits to indicate
fire or other reason why they are unusable. The exits to be used must be representative of al of the
emergency exits on the airplane and must be designated by the applicant, subject to approval by the
Administrator. At least one floor level exit must be used.

(g) Except as provided in paragraph (c) of this section, all evacuees must leave the airplane by a means



provided as part of the airplane's equipment.

(r) The applicant's approved procedures must be fully utilized, except the flight crew must take no active
role in assisting others inside the cabin during the demonstration.

(s) The evacuation time period is completed when the last occupant has evacuated the airplane and ison
the ground. Provided that the acceptance rate of the stand or ramp is no greater than the acceptance rate
of the means available on the airplane for descent from the wing during an actual crash situation,
evacuees using stands or ramps allowed by paragraph (c) of this Appendix are considered to be on the
ground when they are on the stand or ramp.



Additional Considerations for Supersonic
Aircraft

Additional Considerations for Supersonic Aircraft

At supersonic speeds the shape and dimensions of the fuselage have a strong effect on the aircraft drag.
Supersonic wave drag increases quickly as the fuselage volume increases and the fineness ratio is reduced. For
this reason, the cabin diameter is kept as small as possible and the cabin length increased.

The figure below shows a Aerospatiale design for the fuselage of aMach 2.0 transport (Avion de Transport
Supersonique Futur, ATSF).

TWO CLASS LAYOUT
40 FIRST CLASS (F) , 160 ECONOMY (Y)

Note that the diameter and seat layout is similar to the MD-80, but the fuselage is much longer. The Concorde
diameter of 113 inchesis very small because of the strong impact of fuselage diameter on wave drag.

The requirement for a high overall finenessratio is reflected in the fuselage geometries shown below.
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For comparison, a Boeing design for a high speed civil transport is shown below.

Note that the Boeing design has a fuselage whose diameter varies over the cabin section. Thisis done to reduce



the interference wave drag between wing and fuselage. This was not done on the Concorde as it was felt that the
increase in production costs would be too high. Indeed the variable cross-section introduces many difficulties and
affects the seating arrangement as shown below.

292 Total Fassengers

28 lirst-class passengers 60 business passengers 204 tourist-class passengers
3% in pitch 36 in pitch 34 in pitch
FLIGHT
DECK
FIRST CLASS BUSINESS CLASS e ECONOMY CLASS
28 SEATS 86 SEATS ‘ 186 SEATS
EEE] Lmu %@%@@ﬁ@@iﬁﬁﬂ@&uwu %E’ﬁfﬁﬂﬁfﬁfﬁfﬁﬂﬂgu 55&5@@@@%%%%%%\

Es= @ R
‘Flf

] .

42

|
| 5

e ] ] -~

54 24 54 62 22 42 42 18 42 62 18
MIN MIN MIN MIN

FIRST CLASS BUSINESS CLASS ECONOMY CLASS ECONOMY CLASS

The supersonic business jet represents a somewhat less ambitious entry into commercial supersonic flight. Since
supersonic wave drag depends on volume, the motivation for a smaller cabin cross-section is greater, and high
finenessratios are required. The drawings below illustrate the fuselage and cabin design for a supersonic business
jet by Reno Aeronautical Corporation.
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Drag

Drag Bookkeeping

Drag may be divided into componentsin several ways.

To highlight the change in drag with lift:
Drag = Zero-Lift Drag + Lift-Dependent Drag + Compressibility Drag

To emphasize the physical origins of the drag components:
Drag = Skin Friction Drag + Viscous Pressure Drag + Inviscid (Vortex) Drag + Wave Drag

The latter decomposition is stressed in these notes. There is sometimes some confusion in the
terminology since several effects contribute to each of these terms. The definitions used here are as
follows:

Compressibility drag is the increment in drag associated with increases in Mach number
from some reference condition. Generally, the reference condition istakento be M = 0.5
since the effects of compressibility are known to be small here at typical conditions. Thus,
compressibility drag contains a component at zero-lift and a lift-dependent component but
includes only the increments due to Mach number (C, and Re are assumed to be constant.)

Zero-lift drag isthedrag at M=0.5 and C| = 0. It consists of several components,

discussed on the following pages. These include viscous skin friction, vortex drag due to
twist, added drag due to fuselage upsweep, control surface gaps, nacelle base drag, and
miscellaneous items.

The Lift-Dependent drag, sometimes called induced drag, includes the usual lift-
dependent vortex drag together with lift-dependent components of skin friction and
pressure drag.

For the second method:

in Friction drag arises from the shearing stresses at the surface of abody due to
viscosity. It accounts for most of the drag of atransport aircraft in cruise.

Viscous pressure drag also is produced by viscous effects, but not so directly. The pressure



distribution is modified by the presence of aboundary layer. Although in 2-D inviscid flow
the pressures on forward and aft surfaces balance so that no drag is produced, the effect of
the boundary layer leads to an imperfect canceling of these pressures so some additional
drag is created.

Inviscid or vortex drag is produced by the trailing vortex wake of athree-dimensional
lifting system.

Wave drag is produced by the presence of shock waves at transonic and supersonic speeds.
It isthe result of both direct shock losses and the influence of shock waves on the
boundary layer. The wave drag is often decomposed into a portion related to lift and a
portion related to thickness or volume.

In these notes, a somewhat more detailed drag breakdown is used. The total drag is expressed as the sum
of the following components:

Drag =

Non-lifting skin friction and pressure drag
+ Fuselage Upsweep Drag

+ Control Surface Gap Drag

+ Nacelle Base Drag

+ Miscellaneous Items

+ Vortex Drag
+ Lift-Dependent Viscous Drag
+ Wave Drag (Lift-Dependent and V olume-Dependent)

Thefirst five of these items do not change as the lift changes and are taken together as the parasite drag.
Thisis not quite the same as the drag at zero lift because the zero lift drag may include vortex drag when
the wing is twisted. Another drag item that is sometimes considered separately is trim drag, the drag
increment associated with the required tail load to trim the aircraft in pitch. Here we consider trim drag in
the discussion of vortex drag of the lifting system.

Nomenclature

The drag is often expressed in dimensionless form:
¢, = 8
I
%‘f 3

where S, isthe reference area. The reference areais not so clear when the wing is not a simple tapered
planform, but for the purposes of this class, it is taken to be the projected area of the equivalent



trapezoidal wing planform.

The parasite drag is often written in terms of the equivalent flat plate drag area, f:

f=0 g _ Paresite Drag
I el

¥ %1.;2

Drag Components

Subsequent sections deal in some detail with each of the components of the aircraft drag. The drag
associated with compressibility is treated in the following chapter.

The parasite drag components include:

. Non-lifting skin friction and viscous pressure drag
. Fuselage Upsweep Drag

. Control Surface Gap Drag

. Nacelle Base Drag

. Miscellaneous Items

The lift-dependent drag contributions include:

. Vortex Drag
. Lift-Dependent Viscous Drag

The wave drag contributions may include:

« Transonic compressibility drag
. Supersonic volume wave drag
. Supersonic lift-dependent wave drag




Parasite Drag

The parasite drag of atypical airplane in the cruise configuration consists primarily of the skin friction,
roughness, and pressure drag of the major components. There is usually some additional parasite drag
due to such things as fuselage upsweep, control surface gaps, base areas, and other extraneous items.
Since most of the elements that make up the total parasite drag are dependent on Reynolds number and
since some are dependent on Mach number, it is necessary to specify the conditions under which the
parasite drag isto be evaluated. In the method of these notes, the conditions selected are the Mach
number and the Reynolds number corresponding to the flight condition of interest.

The basic parasite drag area for airfoil and body shapes can be computed from the following expression:
=k Ct Syet

where the skin friction coefficient, ¢; , which is based on the exposed wetted area includes the effects of
roughness, and the form factor, k, accounts for the effects of both supervelocities and pressure drag. S
Isthe total wetted area of the body or surface.

Computation of the overall parasite drag requires that we compute the drag area of each of the mgjor
components (fuselage, wing, nacelles and pylons, and tail surfaces) and then evaluate the additional
parasite drag components described above.

We thus write:

CDp =2 K; Ct, S\Neti [ Sret + Cbupsweep t Cpgapt Cbnac_base t Comisc
where the first term includes skin friction, and pressure drag at zero lift of the major components. Ct, IS

the average skin friction coefficient for arough plate with transition at flight Reynolds number.
Equivaent roughness is determined from flight test data.

These computations are divided into evaluation of the following terms:

. Skin friction coefficient, Ct

. Form factor, k
. Wetted area, S\ﬁt

. Control surface gap drag

. Aft-fuselage upsweep drag
. Nacelle base drag

. Miscellaneous items







Skin Friction and Roughness Drag

Skin Friction Coefficient

The skin friction coefficients are sometimes based on experimental datafor flat plates with various
amounts of roughness. In the present method, experimental results for turbulent flat plates are fit and
combined with basic laminar flow boundary layer theory to produce the data in the figure below. The
data apply to insulated flat plates with transition from laminar to turbulent flow specified as a fraction of
the chord length (x; / ¢ = O represents fully turbulent flow.) The data are total coefficients; that is, they

are average values for the total wetted area of a component based on the characteristic length of the
component.

Skin Friction Coefficient vs. Eeynolds Number
Effect of Transition Location (M=0}
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When the skin friction is plotted on alog-log scale the curves are nearly straight lines, but the actual
variation of c; is more pronounced at lower Reynolds numbers.



Skin Friction Coefficient vs. Eeynolds Number
Effect of Transition Location (M=0)
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For fully turbulent plates, the skin friction coefficient may be approximated by one of several formula
that represent simple fits to the experimentally-derived curves shown in the above figure. For
incompressible, flow:

The logarithmic fit by von Karman seemsto be a better match over alarger range of Reynolds number,
but the power law fit is often more convenient. (Note that the log in the above expression is log base 10,
not the natural log, denoted In here.)

In the computation of Reynolds number, Re=p V | / |, the characteristic length, |, for a body (fuselage,
nacelle) isthe overall length, and for the aerodynamic surfaces (wing, tail, pylon) it is usually the
exposed mean aerodynamic chord. The values of density (p), velocity (V), and viscosity U are obtained
from standard atmospheric conditions at the point of interest. For our purposes we often use the initial
cruise conditions. Atmospheric data may be computed in the atmospheric calculator included here.


http://aero.stanford.edu/stdatm.html
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Experimental measurements of skin friction coefficient compared with curve fits. Note scatter and
transition between laminar and turbulent flow.

Roughness

Itis, for al practical purposes, impossible to explicitly define the incremental drags for al of the
protruding rivets, the steps, the gaps, and bulges in the skin; the leakage due to pressurization; etc.
Instead, in the method of these notes, an overall markup is applied to the skin friction drag to account for
drag increments associated with roughness resulting from typical construction procedures. Values of the
roughness markup factor have been determined for several subsonic jet transports by matching the flight-
test parasite drag with that calculated by the method described in these notes. The values so determined
tend to be larger for smaller airplanes, but a 6%-9% increase above the smooth flat values shown in the
figureisreasonable for initial design studies. Carefully-built laminar flow, composite aircraft may
achieve alower drag associated with roughness, perhaps as low as 2-3%.

The drag assigned to roughness also implicitly accounts for all other sources of drag at zero lift that are
not explicitly included. This category includes interference drag, some trim drag, drag due to unaligned
control surfaces, drag due to landing gear door gaps, and any excess drag of the individual surfaces.
Consequently the use of the present method implies the same degree of proficiency in design as that of
the airplanes from which the roughness drag correlation was obtai ned.

Effect of Mach Number

The friction coefficient is affected by Mach number as well. The figure below shows that this effect is
small at subsonic speeds, but becomes appreciable for supersonic aircraft. For this course, the effect may
be approximated from the plot below, but a computational approach is described by Sommer and Short in



NACA TN 3391 in 1955. Theideais that aerodynamic heating modifies the fluid properties. If one

assumes awall recovery factor of 0.89 (areasonable estimate), and fully-turbulent flow, the wall
temperature may be estimated from:

Ie)

=14 1L178M,,"

An effective incompressible temperature ratio is defined:

1 2 T
== 035 Moo? + 0,
T 1+ 0.035 M, -I—DJE"[T

L]

—1)

leading to an effective Reynolds number:

R (TN+216}1,T_W3’5
Boo  (T'+216) " T

when the viscosity ratio is given by the Sutherland formula (with T in units of °R):

The compressible skin friction coefficient is then given by:
Too o
{l-r = ?&_:jcft-.:

where Ct, Is the incompressible skin friction coefficient, computed at the Reynolds number R'.

Finally, the ratio of compressible C; to incompressible C; at the same Reynolds number is:

- T{“u} 0.2
o (rmy(

R

T fime

The net result is shown in the plot below.



Note that the difference in C; between Mach 0 and Mach 0.5 is about 3%.

A program for computing q is available here.




Skin Friction Calculation

This page can be used to compute the skin friction coefficient for aflat plate at a specified flight
condition.

Altitude:

Mach:

Reference Length:

Transition x/I:

Cf:

Default Inputs Compute




Form Factor

The parasite drag associated with skin friction and pressure drag is determined by incrementing the flat
plate results by a factor, k, to account for pressure drag and the higher-than-freestream surface velocities:

=k Ct Syet

The principal cause of increased drag is the increased surface velocity (supervelocity) due to thickness.
For agiven airfoil we can compute the maximum increase in velocity. This can aso be done for arange
of airfoil thickness ratios, wing sweeps, and Mach numbers to determine the form of variation with these
parameters. After that one must still resort to experimental datato correlate the actual drag increment
associated with skin friction and pressure drag. Such avariation is shown in the figure below at a Mach
number of 0.5 for afamily of airfoils similar to those used on commercial transports. Additional details
on how thisis computed are available here.

Aerodynamic Surface Form Factor
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Thickness Ratio, tfc

The fineness ratio of the fusel age affects the fuselage drag by increasing the local velocities and creating

apressure drag. The increase in skin friction due to higher-than-freestream vel ocities can be estimated by
considering the symmetric flow around a body of revolution.

For bodies of revolution, the increase in surface velocity due to thickness is smaller than for 2-D shapes.
The maximum velocity can be computed as a function of fineness ratio, assuming afamily of fuselage
shapes. The actual surface velocity distribution depends strongly on the shape of the body: paraboloids



have about half again as much maximum perturbation velocity as ellipsoids, and fuselages with constant
Ccross sections are quite different, but the idea here is to represent the correct trend theoretically, and then
obtain empirical constants. The results are shown in the figure below with details available through this

link.
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Fineness Ratio
When the body has a non-circular cross-section, the effective diameter may be computed from:
Deffeciive = (4 S/ 11)V2

where S is the maximum cross-sectional area.

Nacelles may also be modeled as bodies of revolution, with an effective fineness ratio given by:
_ HMaecelle Length + Inlet Diameter

B K| A+ A
\/;{Amm{' 3ol 21.1:|1'.l-:-1.'.r}

Here, Ag,jt = total exit area
Ainfiow = effectiveinlet area based on mass flow, approximately = 0.8 Ay et
A ax = maximum nacelle cross-section area

Typicaly Ajyet 1S approximately 0.7 A o




Form Factor for Lifting Surfaces

The principal cause of increased drag is the increased surface velocity (supervelocity) due to thickness.
This may be computed as follows for wing-like surfaces. Consider an infinite swept wing with a
perturbation due to thickness of:

AU i) and define ATT' = AT TT .. The surface welocity is then:

U=1,, +A0_cozh and ¥ = AT sin & Heg

and reanltant is: l N
2172 2 2 2z

U, =0+¥ =0+ A0 “+=21T_ AU cosh E

The zkin friction drag coefficient is given b
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Ignoring the reduction in ¢; due to Reynolds number and Mach number changes associated with the
increased local velocity, because this cannot be computed at all well and because c; varies weakly with
these:

k=1+2AU cosA +AU2 (1 +5cos2 A) /2

Now in incompressible flow, AU' = C t/c, even for large t/c (with t/c measured in the normal direction).
In 2-D subsonic flow:

AU' = C t/c cosA (1-M 205 =Ct/ccosA / B

So: k =1+ 2 Ct/lccos?A /B + C2 cos?A t/c2 (1+5 cos?A) [ 2 B2

2 2 2 2 z
. 2C It/ cos A L L cos Altic) ©1+5cos Al

ko= 1
= = _ Z Z

The value of k is given in the next figure and compared with other methods and experimental data. A
value for C of about 1.1 agrees best with the rather scattered data. When M cos/\ > 1, thereisnot a



velocity increase due to t/c and so we take C=0.
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Form Factor Calculation

This calculator may be used to compute the form factor for alifting surface.

t/c:

Mach:

Sweep:

K:

Default Inputs

Compute




Form Factor for Bodies

The fineness ratio of the fusel age affects the fuselage drag by increasing the local velocities and creating
apressure drag. The increase in skin friction due to higher-than-freestream vel ocities can be estimated by
considering the symmetric flow around a body of revolution.

For bodies of revolution, the increase in surface velocity due to thicknessis smaller than for 2-D shapes.
From potential flow theory, the maximum velocity over an ellipse with thicknessratio t/c is:

AUpg | Ug = t/C.

The maximum velocity increase on an ellipsoid of revolution is given by the potential flow solution:
AUpax | Ug = al (2-3) / (1-M2)05, where a= 2(1-M?2) d2/ D3 (tanh'1 D - D)

and D = (1 - (1-M2) d?)05, and d = diameter / length.

The actual surface velocity distribution depends strongly on the shape of the body: paraboloids have
about half again as much maximum perturbation velocities as ellipsoids, and fuselages with constant
cross-sections are quite different, but the idea here is to represent the correct trend theoretically, and then
obtain empirical constants. If a sort of average perturbation velocity is represented by C Auy,, then the
form factor, k, for bodies may be written:

k = (1 +C Aumax / U0)2.

The figure below shows that afactor, C=2.3 leads to reasonable agreement with the purely empirical
method given by Shevell.
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Fineness Fatio

At supersonic speeds, the optimum body shape is closer to a paraboliod, but the velocity distribution is
quite different. The maximum velocity no longer occurs at the middle of the body, and the flow is
decelerated over more of the area. In fact, based on linear theory, the net form factor is 1.0.

Form Factor Calculation

This calculator may be used to compute the form factor for alifting surface.

Fineness Ratio:

Mach:

K:

Default Inputs Compute




Wetted Area Calculations

In order to compute the skin friction drag, it is necessary to multiply this coefficient by the wetted area.
For wing-like surfaces, the wetted areais related to the exposed planform area. It is a bit more than twice
the exposed area because the arc length over the upper and lower surfaces is a bit longer than the chord:

s-.-.r\.al;l;.;.]_ﬁ 2.0 l: 1 +0.2 t.'"IC:' a3

exposed

The exposed areais that portion of the wing planform that is exposed to the airflow. It does not include
the part of the wing buried in the fuselage, but does include any chord extensions.

For bodies, the wetted area can be computed by adding the contribution of the nose section, constant
section, and tapered tail cone. This requires knowledge of the actual fuselage shape, but for typical
transport aircraft, the wetted area of the nose and tail cone may be approximated by:

3 =75 nDL_ 3 =72 nDL,,

watked ppra watked 41

where D isthe diameter of the constant section and L is the length of the nose or tail cone. For elliptically-
shaped fuselage cross-sections, of width W, and height H, an approximate formulafor the perimeter may
be used to estimate an effective diameter. One such expression is given below.

Dgst = (W/2 + H/2) (64 - 3R4) / (64-16 R?)

where: R = (H-W)/(H+W)



Control Surface Gap Drag

The parasite drag also includes extra drag due to gaps at the control surfaces. Thisis best estimated based
on experimental data. The drag depends on the detailed design of the controls, but for the purposes of this
course we take the drag increment to be:

fgaps = -0002 Cos? Sweep Sytected:
where Sgacteq 1S the area of the wing, horizontal tail, or vertical tail affected by control surfaces. Thisis
typically about 0.3 Sying, 1.0 Sporiz, and 0.9 S, but the detailed layout should be used. The correction

for sweep isincluded since the component of the dynamic pressure normal to the gap is the significant
term.



Fuselage Upsweep Drag

The drag due to the upward curvature of the aft fuselage is the sum of afuselage pressure drag increment
due to the upsweep and a drag increment due to aloss of lift. Because of the loss of lift, the airplane must
fly at a higher wing lift coefficient in order to maintain the required net airplane C, . This causes an

increase in lift-dependent drag. The total upsweep drag may be written:
MDﬂu'psv.ree'p = {MDﬂupsmep}a:chst + (MLﬂu'psv.ree'p}a:chst * I:BGD ! 'EIG]'_.-':I
The changein drag with C, (i.e. dCp / dC ) varies with both airplane lift coefficient and Mach number

(by virtue of its dependence on the wing compressibility characteristics.) For afirst approximation, a
single value may be used; 0.04 istypical. The geometric parameter used to correlate upsweep drag with
fuselage shape is the vertical displacement of the fuselage centerline in thetail cone above the fuselage
reference plane. The vertical position of the center of cross-sectional areais measured, not at the end of
the fuselage, but at a point that islocated 75% of the total upsweep length. The parameter is thus (h/1) 75

it- Thisisto minimize the effect of modifications at the very aft end of the fuselage that do not produce
much change in the effective upsweep.

The total upsweep drag increment (including each of the two terms discussed previously) increases with
the parameter, (h/1) -5 ¢, according to the following expression, derived from wind tunnel data:

CDT[upSWeep =0.075 (W) 751

The subscript Tt denotes the fact that this Cp is nondimensionalized by fuselage maximum cross-sectional
area, rather than reference wing area. To obtain the increment in Cp based on wing area, remember to
multiply by the ratio of fuselage cross section areato wing area. Typical values of CDT[upSNeep are around

0.006. Thistrandates into about 0.0007 based on wing areafor aDC-9.
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Fuzelage Upsweep Geometryv
Two points are of interest with regard to aft-fusel age upsweep:

1. Tests of fuselage shapes in the absence of the wing yield results that greatly overestimate the
magnitude of the upsweep drag.



2. Wind tunnel test results have indicated that the loss of lift due to upsweep is significantly greater than
just the download on the aft fuselage, which suggests that there is a flow change over the wing and
forward fuselage due to the aft-fuselage upsweep. Also, the net change in pitching moment due to
upsweep is an increased nose-down moment instead of a nose-up moment that might be expected. Asa
result, the loss in lift does not complement the download on the tail that is required to trim the airplane.
In fact, the effect of upsweep isto dightly increase the airplane trim drag.



Nacelle Base Drag

Among the many items that are included in an explicit manner, one usually estimates the drag increment
associated with asmall gap between the engine nozzle and the nacelle. Nacelle base drag isa small item,
but is representative of the types of drag components that one triesto model in arealistic manner.

Most turbofan engines maintain a gap between the engine nozzle and nacelle of about 1/2 inch. Flow
separates and creates a base drag area that may be estimated as the base area (.5 inch times the
circumference at the nozzle exit) multiplied by adrag coefficient of about 0.2.

S0 Cp = 0.5/12* TU* Dy * 0.2/ Sef

nacelle base

with the nozzle exit diameter measured in feet.



Drag of Miscellaneous Items

In addition to the basic parasite drag of the major components, the drag due to aft-fuselage upsweep, and
control surface gaps, there is usually other parasite drag that must be taken into account. Thisisthe drag
associated with the air conditioning system, various cooling systems, and the many necessary
protuberances that exist on an airplane. The classification of the items to be included in the
miscellaneous drag category-and hence to be separately listed-and of the items to be implicitly included
in the roughness drag, is somewhat arbitrary. Neither extreme isvery attractive. That is, it isimpractical
to account for every last protuberance on the airplane separately. yet, on the other hand, some of these
items can be significant, so that failure to account for them separately could cause the airplane drag to be
underestimated. In the method of this course, such items are included in the miscellaneous drag category.
These items include the air conditioning system, flap hinge and track covers, wing fences, and any
unique protuberances. Items for which the drag is an implicit part of the 'roughness' markup include
cabin leakage, normal antennas, nacelle compartment cooling, canopies, pressure and temperature
probes, windshield wipers, and miscellaneous inlets and exhausts.

In accounting for the drag caused by the air conditioning system, only losses associated with the cooling
air areto be included. No engine bleed losses are included. However, any thrust recovery resulting from
the efficient discharge of cabin air should be included in this evaluation. The parasite drag of any specific
protuberance should be calculated by applying the methods discussed previously.

If the design of the airplane has not progressed to the point where a detailed calculation of the drag of the
air conditioning system and other items can be made, the drag of these miscellaneous items can be
assumed to be about 1.5% of the total airplane parasite drag. This estimate is based on the drag of such
items on the DC-8-62, -63, and on the DC-9. The breakdown of the miscellaneous drag for these
airplanesis shown in the following table. (Numbers are percent of total airplane parasite drag.)

Iltem / Airplane DC-8-62|DC-8-63 DC-9-10 DC-9-20 DC-9-30
Flap Hinge Covers 0.12 0.12 0.69 0.97 0.69

Air Conditioning System

(indl. thrust recovery) 0.84 0.82 0.25 0.24 0.24

Vortilon - - 0.30 0.29 0.29
Fence and Stall Strip - - 0.99 - n
Miscellaneous 0.25 0.25 - - -

Total 1.21% 1.19% 223% 1.50% 1.22%




Lift-Dependent Drag Iltems

The total drag coefficient includes the parasite drag and other components:
CD = CDp + CDvortex + C:Dlift-dependent viscous * Dcomprbility
Thisis sometimes written:

Cp=Cp, +Cp, *+ Cp,

The second term, is often called the induced drag, but it includes more than just the invicid drag
associated with induced vel ocities from the wake. For purposes of this analysis, the "induced" dragis
customarily divided into viscous and inviscid parts. The inviscid (vortex) drag includes a zero-lift term
dueto twist, and lift-dependent parts that depend on the twist and planform. The remaining portion of the
"induced" drag, the so-called viscous part, is chiefly due to the increase of skin friction and pressure drag
with changes in angle of attack. Such increases come about because of the increased velocities on the
upper surface of the wing leading to higher shear stresses and more severe adverse gradients with
corresponding increase in pressure drag. Asin the case of parasite drag, the "induced" drag also includes
several miscellaneous effects not accounted for in a simple theoretical study. Additional empirically-
estimated terms arise from fuselage vortex drag, nacelle-pylon interference, changesin trim drag with
angle of attack, and a change in drag due to engine power effects (either inlet or exhaust).

Inviscid Part

For twisted wings, the inviscid drag may be written:

i = Ci +a BC v o+ EI}E‘ﬁ.r
Pipew MARUZ % L %

The last term is present at zero-lift and is the zero-lift drag due to twist. Thefirst term is the vortex drag
associated with the untwisted wing.

The factor, s, accounts for the added lift-dependent drag caused by the modification of the span loading
due to the addition of the fuselage. Its value is presented in the figure below for various ratios of the
fuselage width (or diameter) to wing span. The values of this factor are obtained from a solution for the
minimum induced drag of alifting line in combination with a circular fuselage of infinite length and at
zero angle of attack. A simple explanation of this effect is available for interested readers using this link.

Although the analysis was made only for a mid-wing location, the results are used in this method for all
wing locations. These results are probably sightly conservative for application to low-wing designs.
However, the use of these results for wing installations with large root incidence angles does not fully
predict the detrimental effect of the fuselage on the wing span-load distribution. It has been shown that




with large wing incidences there is a much greater deficiency in the lift “carry-over" on the fuselage. The
value of 's' is usually between .965 and .985. For initial studies assuming avalue of .975 will lead to no
more than a 1% error in lift dependent drag, but if the chart below is available, use that.

Lift-Dependent Drag Factor for Fuselage Interference
Fit: 1 -.0407 x - 1.792 x2
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Apart from this factor, the expression for inviscid inviscid drag of the wing alone shows how planform
and twist affect the drag. Simple finite wing theory shows that if the distribution of lift over thewingis
elliptical, the inviscid drag is minimized with a given span, lift, and flight condition. We can make the
span loading nearly elliptical with suitable choices of wing planform and twist and so should be able to
approach the ideal minimum value quite closely. We can use the expression above, in fact, to solve for
the twist angle that produces the minimum CDi for agiven planform. Generally, twists that are somewhat

greater than that required for minimum induced drag are used. Thisis often done to improve handling or
reduce induced drag at low speeds. Thus, the total inviscid drag is somewhat greater than the ideal
minimum: C 2/ TAR.

For most transport-like configurations taper ratios are chosen in the 0.20 to 0.35 region where the value
of uiscloseto 0.99. (The values of u, v, and w depend only on the planform.) The lift-dependent twist
term can actually contribute a negative drag increment. If the taper and sweep are higher than ideal, for
example, the wing can be "washed-out" (negative twist) to bring the loading closer to elliptical.

Rather than evaluate the u, v, and w terms in the expression above, designers generally now rely on
computations of a specific wing planform and twist distribution to estimate the vortex drag. If awing-
body analysis code is available, the lift carry-over can be estimated well and there is no need for th
fuselage s-term either. In many cases, though, initial wing design studies will be performed without the
fuselage and the fuselage correction factor, s, appled to these results.



Trim Drag

When thetail of an airplane carries some load, several drag components are increased: thetail itself has
vortex drag and lift-dependent viscous drag, but the lift of the wing must be changed to obtain a specified
arplane C, :

CLAirpIane = CLAirpIane + CLtaiI (S[a” / vaing)

Theincreasein wing C; means that the wing vortex and lift-dependent viscous drag increases. In
addition, wing compressibility drag is affected.

To compute this, we first must calculate the lift carried by the tail. For most transport aircraft without
active controls thisis about 5% of the airplane lift, but in the wrong (downward) direction. We could
then compute the vortex drag of the combined wing/tail system and then add in viscous and
compressibility increments. The difficulty with thisis that unless we know the airplane center of gravity
(CG) location, we cannot compute the tail load and in the early stages of the analysis, we do not know
the airplane CG location. Sometimes we make rough estimates of the CG. When thisis not possible, we
can rely on more detailed computations done on other aircraft which show trim drag of about 1% to 2%
of airplane drag. Airplane designs can easily be created with very high trim drag values, though. We will
discuss thisin connection with tail design in subsequent chapters.

Viscous Part

Over most of the flight regime of interest, the viscous part of the "induced" drag may be approximated by
aparabolic variation with C, . Thus we write:

Di_viscous =K CDp CI—Z

Ideally, this drag contribution should be estimated for the individual airplane components, with factors
such as the influence of wing leading edge geometry, wing camber, wing thickness ratio, wing sweep,
pylon interference, fuselage upsweep, tail induced drag, power effects, etc. taken into account. Since the
information required to do this usually does not exist in preliminary design, it is assumed that a new
airplane will be similar enough to previous airplanes that the viscous part of the lift-dependent drag can
be represented by the equation above, with the K factor determined from previous flight test data. The
wing contribution, including the effect of sweep, isincluded separately from the contributions of the
other components. The form of the expression for lift-dependent viscous drag may be derived by
combining simple sweep theory with the equation for airfoil supervelocities due to circulation.

The value of the factor K has been determined from flight test data for the DC-8-62 and 63 and for the
DC-9-10, -20, and -30 airplanes to be approximately 0.38.



When each of these effects is added together, the total drag is seen to vary quadratically with C, . In fact,

apart from the lift dependent twist term, the drag polar is a parabola and would form a straight line when
plotted vs. C 2. Since the lift-dependent twist term is usually very small, we expect that the Cp vs. C; 2

will be nearly straight. Thisis often the case. The drag polar can thus be approximated, over most of the
range of interest by the two-parameter expression:

L
-
L ' mARe

'€’ is a parameter which expresses the total variation of drag with lift. It is sometimes called the span
efficiency factor or Oswald efficiency factor after Dr. W.B. Oswald who first used it. It would be 1.0 for
an dlliptically-loaded wing with no lift-dependent viscous drag, but for practical aircraft '€ varies from
about 0.75 to 0.90.

We can predict the value of '€ by computing the inviscid drag from alifting surface method and adding
the lift-dependent viscous drag:

Cp=Cp, *Cp, it K Cp, CLZ=Cp + CL 2/ (TTAR €pyissiq) + K Cp C 2

So if CD=CDp+CL2/(T[ARe)

then:
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The figure below shows atypical variation in e with aspect ratio, sweep, and CDp . The chart was

constructed by assuming u=0.99 and s= 0.975, and it works quite well, although the cal culation should
be done in detail for a specific airplane. CDIO for jet transports typically varies from about .0140 for

aircraft with small ratios of body wetted area to wing wetted area (707 or DC-8) to .0210 for short range
aircraft with arelatively large fuselage. The wide-body tri-jetslie in the middle of this range. Note that
this plot shows typical values, the actual value of '€ for a particular airplane should be computed as
described above.
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Aircraft with wing-mounted propellers have a further reduction in '€’ due to the downwash behind
inclined propellers. The exact effect is difficult to calculate but a reduction of about 4% is reasonable.



Fuselage Effect on Induced Drag

One may estimate the drag associated with fuselage interference in the following manner:

b'/2  brZ

a2

If the flow were axially symmetric and the fuselage were long, then mass conservation leads to:
b2=Db2- d2.

For minimum drag with fixed lift, the downwash in the far wake should be constant, so the wake
vorticity isjust like that associated with an elliptical wing with no fuselage of span, b'. Thelift on the
wing-fuselage system is computable from the far-field vorticity, so the span efficiency is.

e=1-d?/b2

In practice, one does not achieve this much lift on the fuselage. Assuming along circular fuselage and
computing the lift based on images, the resulting induced drag increment is about twice the simple
theoretical value, so:

s=1-2d?/b2



Transonic Compressibility Drag

This section deals with the effect of Mach number on drag from subsonic speeds through transonic
speeds. We concentrate on some of the basic physics of compressible flow in order to estimate the
incremental drag associated with Mach number.

The chapter is divided into the following sections:

« Introduction

. Predicting M,,.and M.
. 3-D Effects and Sweep
. Predicting Cp,

Notation for this chapter:

CL Airplanelift coefficient
ACp_Incremental drag coefficient due to compressibility

Crest critical Mach number, the flight Mach number at which the velocities at the crest of the wing
in adirection normal to the isobars becomes sonic

Mo Theflight Mach number

B Prandtl-Glauert Factor (1-Mg)1/2

t/c  Average thicknessto chord ratio, in the freestream direction, for the exposed part of the wing
Vo Theflight speed

AV  Surface perturbation velocity

MCC

Ng4 Wing quarter-chord sweepback angle, degrees
N. Sweepback angle of isobars at wing crest, degrees
y  Ratio of specific heats, 1.40 for air.



Compressibility Drag: Introduction
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The low speed drag level is often defined at a Mach number of 0.5, below which the airplane drag
coefficient at a given lift coefficient is generally invariant with Mach number. The increase in the
airplane drag coefficient at higher Mach numbersis called compressibility drag. The compressibility drag
includes any variation of the viscous and vortex drag with Mach number, shock-wave drag, and any drag
due to shock-induced separations. The incremental drag coefficient due to compressibility is designated
Cp,

In exploring compressibility drag, we will first limit the discussion to unswept wings. The effect of
sweepback will then be introduced. For aspect ratios above 3.5 to 4.0, the flow over much of the wing
span can be considered to be similar to two-dimensional flow. Therefore, we will be thinking at first in
terms of flow over two-dimensional airfoils.

When awing is generating lift, velocities on the upper surface of the wing are higher than the freestream
velocity. Asthe flight speed of an airplane approaches the speed of sound, i.e., M>0.65, the higher local
velocities on the upper surface of the wing may reach and even substantially exceed M= 1.0. The
existence of supersonic local velocities on the wing is associated with an increase of drag dueto a
reduction in total pressure through shockwaves and due to thickening and even separation of the
boundary layer due to the local but severe adverse pressure gradients caused by the shock waves. The
drag increase is generally not large, however, until the local speed of sound occurs at or behind the ‘crest'
of the airfoil, or the 'crestline’ which isthe locus of airfoil crests along the wing span. The crest isthe



point on the airfoil upper surface to which the freestream is tangent, Figure 1. The occurrence of
substantial supersonic local velocities well ahead of the crest does not lead to significant drag increase
provided that the vel ocities decrease below sonic forward of the crest.

Crest

Small radius
Fig. 1 Definition of the Airfoil Crest

A shock wave is athin sheet of fluid across which abrupt changes occur inp, p, V and M. In general, air
flowing through a shock wave experiences a jump toward higher density, higher pressure and lower
Mach number. The effective Mach number approaching the shock wave is the Mach number of the
component of velocity normal to the shock wave. This component Mach number must be greater than 1.0
for ashock to exist. On the downstream side, this normal component must be less than 1.0. In atwo-
dimensional flow, a shock is usually required to bring aflow with M > 1.0to M < 1.0. Remember that
the velocity of a supersonic flow can be decreased by reducing the area of the channel or streamtube
through which it flows, When the velocity is decreased to M = 1.0 at a minimum section and the channel
then expands, the flow will generally accelerate and become supersonic again. A shock just beyond the
minimum section will reduce the Mach number to less than 1.0 and the flow will be subsonic from that
point onward.

Whenever the local Mach number becomes greater than 1.0 on the surface of awing or body in a
subsonic freestream, the flow must be decel erated to a subsonic speed before reaching the trailing edge.
If the surface could be shaped so that the surface Mach number is reduced to 1.0 and then decel erated
subsonically to reach the trailing edge at the surrounding freestream pressure, there would be no shock
wave and no shock drag. Thisideal istheoretically attainable only at one unigue Mach number and angle
of attack. In general, a shock wave is always required to bring supersonic flow back to M< 1.0. A major
goal of transonic airfoil design isto reduce the local supersonic Mach number to ascloseto M = 1.0 as
possible before the shock wave. Then the fluid property changes through the shock will be small and the
effects of the shock may be negligible. When the Mach number just ahead of the shock becomes
increasingly larger than 1.0, the total pressure losses across the shock become greater, the adverse
pressure change through the shock becomes larger, and the thickening of the boundary layer increases.

Near the nose of alifting airfoil, the streamtubes close to the surface are sharply contracted signifying
high velocities. Thisisaregion of small radius of curvature of the surface, Figure 1, and the flow, to be
in equilibrium, responds like a vortex flow, i.e. the velocity drops off rapidly as the distance from the
center of curvature isincreased. Thus the depth, measured perpendicular to the airfoil surface, of the flow
with M > 1.0 issmall. Only asmall amount of fluid is affected by a shock wave in this region and the
effects of the total pressure losses caused by the shock are, therefore, small. Farther back on the airfail,
the curvature is much less, the radiusis larger and a high Mach number at the surface persists much
further out in the stream. Thus, a shock affects much more fluid. Furthermore, near the leading edge the
boundary layer isthin and has afull, healthy, velocity profile. Toward the rear of the wing, the boundary



layer isthicker, its lower layers have alower velocity and it is less able to keep going against the adverse
pressure jump of a shock. Therefore, it ismore likely to separate.

For the above reasons supersonic regions can be carried on the forward part of an airfoil almost without
drag. Letting higher supersonic velocities create lift forward allows the airfoil designer to reduce the
velocity at and behind the crest for any required total lift and thisisthe crucial factor in avoiding
compressibility drag on the wing.

The unigue significance of the crest in determining compressibility drag islargely an empirical matter
although many explanations have been advanced. One is that the crest divides the forward facing portion
of the airfoil from the aft facing portion. Supersonic flow, and the resulting low pressures (suction) on
the aft facing surface would contribute strongly to drag. Another explanation is that the crest represents a
minimum section when the flow between the airfoil upper surface and the undisturbed streamlines some
distance away is considered, figure 2. Thus, if M= >1.0 at crest, the flow will accelerate in the diverging
channel behind the crest, this leads to a high supersonic velocity, a strong suction and a strong shock.

Undisturbed
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Fig. 2 One View of the Airfoil Crest

The freestream Mach number at which the local Mach number on the airfoil first reaches 1.0 is known as
the critical Mach number. The freestream Mach number at which M= 1.0 at the airfoil crest is called the
crest critical Mach number, Mcc The locus of the airfoil crests from the root to the tip of thewing is
known as the crestline.

Empirically it isfound that the drag of conventional airfoils rises abruptly at 2 to 4% higher Mach
number than that at which M= 1.0 at the crest (supercritical airfoil are abit different as discussed briefly
later). The Mach number at which this abrupt drag rise startsis called the drag divergence Mach number,
Mp;y- Thisisamajor design parameter for all high speed aircraft. The lowest cost cruising speed is either

at or slightly below Mp;,, depending upon the cost of fuel.

Since C, at the crest increases with C, Mp;,, generally decreases at higher C, . At very low C, the lower
surface becomes critical and Mp;,, decreases, as shown in Figure 3.
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Fig. 3 Typical Variation of Airfoil Mp;,, with C;

The drag usually rises slowly somewhat below Mp;,, due to the increasing strength of the forward,
relatively benign shocks and to the gradual thickening of the boundary layer. The latter is due to the
shocks and the higher adverse pressure gradients resulting from the increase in airfoil pressures because
Cp a each point rises with (1-Mg2)-Y2, The nature of the early drag riseis shown in Figure 4.
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Figure 4. Typica Variation Of CDC with Mach Number

There is also one favorable drag factor to be considered as Mach number isincreased. The skin friction
coefficient decreases with increasing Mach number as shown in figure 5. Below Mach numbers at which
waves first appear and above about M= 0.5, this reduction just about increased drag from the higher
adverse pressure gradient due to Mach Therefore, the net effect on drag coefficient due to increasing
Mach M = 0.5 isusualy negligible until some shocks occur on the wing or favorable effect of Mach
number on skin friction is very significant sonic Mach number, however.
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Figure 5. The Ratio of the Skin Friction Coefficient in Compressible Turbulent Flow to the
Incompressible Vaue at the Same Reynolds Number



Compressibility Drag: Mp;,

Since Mp;, 1S 2 to 4% above M. (we shall see that the '2 to 4%’ is dependent on wing sweepback angle),
we can predict the drag rise Mach number, Mp;,, if we can predict M. If we can identify the pressure
drop or more conveniently the local pressure coefficient, C,, , required on an airfoil to accelerate the flow

locally to exactly the speed of sound, measured or calculated crest pressures can be used to determine the
freestream Mach numbers at which M= 1.0 at the crest. If p isthe pressure at a point on an airfoil of an
unswept wing, the pressure coefficient is
c - Pl
P 1, u2

2 oo o)

The CIo may be expressed in terms of the local and freestream Mach numbers. Under the assumption of
adiabatic flow:
& 25
1+02M :
1 o S ]

0.7 M | +0.2 M

By definition, when local Mach number M= 1.0, C, = C,*, the critical pressure coefficient. Thus,

Hereisasimple calculator that provides Cp* given avalue for freestream Mach number using these
eguations.

Freestream Mach: |0.8

Cp* : *%

Compute

A graph of thisequation is shown in figure 6. If the C,, at the crest is known, the value of Mg for which

the speed of sound occurs at the crest can be immediately determined. The above discussion appliesto
unswept wings and must be modified for wings with sweepback.
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Figure 6. Variation of Pressure Coefficient at the Crest on a Modern Peaky Airfoil, t/c = 0.104, Re - 14.5
Million

It will be noted from Figure 6 that the airfoil information required is Cpcr&st versus M. In Figure 6, typical

wind tunnel airfoil crest C, variations with M are shown for several angles of attack. M. occurs when
the Cpcrest versus M curve for agiven angle of attack intersects the curve of C,* versus M. A few percent

above this speed, the abrupt drag rise will start at Mp;,,. The approximate relationship between Mp;,, and
M isgiven in the next section.

If the airfoil pressure distribution is calculated by one of various complex theoretical methodsat M = 0,

the value of the crest C,, can be plotted versus M using the Prandtl-Glauert approximation:
C

I:p . Pinc =

1-M

e

or the somewhat more involved Karman-Tsien relationship:
E

A '“*(1 L1 -M

Thevalue of C, at the crest is an important design characteristic of high speed airfoils. In general, Chores
at agiven C, is dependent upon the thickness ratio (ratio of the maximum airfoil thickness to the chord)
and the shape of the airfoil contour.




We have been describing a method of predicting M. which is useful in evaluating a particular airfoil

design and in understanding the nature of the process |eading to the occurrence of significant additional
drag on the wing. Often in an advanced design process the detailed airfoil pressure distribution is not
available. The airfoil is probably not even selected. It is still possible to closely estimate the M. from

Figure 7. This graph displays M as a function of airfoil mean thicknessratio t/c and C, . It is based on
studies of the M of various airfoils representing the best state of the art for conventional 'Peaky' type

airfoilstypical of all existing late model transport aircraft. The significance of the term 'peaky’ is
discussed in the chapter on airfoils. Use of the chart assumes that the new aircraft will have a well
developed peaky airfoil and that the upper surface of the wing is critical for compressibility drag rise.
Implied in the latter assumption is a design that assures that elements other than the wing, i.e. fuselage,
nacelles, etc., have a higher M ;,, than the wing. Up to design Mach numbers greater than .92 to .94 this
Is attainable. Furthermore, it is assumed that the lower surface of the wing is not critical. This assumption
isaways valid at the normal cruise lift coefficients but may not be true at substantially lower lift
coefficients. Here the wing twist or washout designed to approach elliptical loading at cruise and to avoid
first stalling at the wing tips, may lead to very low angles of attack on the outer wing panel. The highest
Cporeq MY then occur on the lower surface, a condition not considered in developing figure 7. Thus the

chart may give optimistic values of M at lift coefficients more than 0.1 to 0.15 below the design cruise
lift coefficients.
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Figure 7 Crest Critical Mach Number vs. C; and t/c for a Family of Peaky Airfoil Sections

Figure 7 does not apply directly to airfoils with pressure distributions that ook significantly different
from the peaky airfoil family. Modern supercritical airfoils, discussed in later chapters, can achieve
higher drag divergence Mach numbers than those suggested by the figure. Although the performance of
such airfoil familiesis often a closely guarded company secret, the effect can be approximated by adding
an increment to the value of M. shown in the figure. A very aggressive supercritical section might

achieve adrag divergence Mach number increment of 0.06, while more typically the increment is 0.03 to
0.04 above the peaky sections.



Compressibility Drag: 3D Effects and
Sweep

The previously described method applies to two-dimensional airfoils, but can be used effectively in
estimating the drag rise Mach number of wings when the effects of sweep and other 3-D effects are
considered.

Average t/c

In Figure 7 the mean thicknessratio t/c is the average t/c of the exposed wing weighted for wing area
affected just as the mean aerodynamic chord, MAC , is the average chord of the wing weighted for wing
area affected. The mean thickness ratio of atrapezoidal wing with alinear thickness distribution is given

by:

This equation for t/c,,q is based on alinear thickness (not linear t/c) distribution. This results from

straight line fairing on constant % chord lines between airfoils defined at root and tip. The same equation
isvalid on a portion of wing correspondingly defined when the wing has more than two defining airfails.
The entire wing t/c,,4 can then be determined by averaging the t/c,,4 of these portions, weighting each

t/cayg by the area affected. Note that C, o and Cy;p, are the root and tip chords while t,q and t, are the
root and tip thicknesses. b is the wing span and y is the distance from the centerline along the span.

Sweptback Wings

Almost al high speed subsonic and supersonic aircraft have sweptback wings. The amount of sweep is
measured by the angle between alateral axis perpendicular to the airplane centerline and a constant
percentage chord line along the semi-span of the wing. The latter is usually taken as the quarter chord
line both because subsonic lift due to angle of attack acts at the quarter chord and because the crest is
usually close to the quarter chord.



Figure 8. Velocity Components Affecting a Sweptback Wing

Sweep increases M . and Mp;,,. The component of the freestream velocity parallel to the wing, V||, as
shown in figure 8 does not encounter the airfoil curvatures that produce increased local velocities,
reduced pressures, and therefore lift. Only the component perpendicular to the swept span, Vn, is
effective. Thus on awing with sweep angle, A:

Voeff = Vg COSA

Moeff = Mg Cos A

Qloeff = o COS? A\

The meaningful crest critical Mach number, M, isthe freestream Mach number at which the component

of the local Mach number at the crest, perpendicular to the isobars, first reaches 1.0. These isobars or
lines of constant pressure coincide closely with constant percent chord lines on a well-designed wing.

Since doeffective IS reduced, the C based on this g and the C, at the crest, also based on gOgsfective Will
increase, and M. and Mp;,, will be reduced. Furthermore, the sweep effect discussion so far has assumed

that the thickness ratio is defined perpendicular to the quarter chord line. Usual industry practiceisto
define thickness ratio parallel to the freestream. This corresponds to sweeping the wing by shearing in
planes parallel to the freestream rather than by rotating the wing about a pivot on the wing centerline.
When the wing is swept with constant freestream thickness ratio, the thickness ratio perpendicular to the
guarter chord line increases. The physical thickness is constant but the chord decreases. Theresultisa
further decrease in sweep effectiveness below the pure cosine variation. Thus, there are several opposing
effects, but the favorable one is dominant.

In addition to increasing M ., sweepback dightly increases the speed increment between the occurance
of Mach 1.0 flow at the crest and the start of the abrupt increase in drag at Mp;,,. Using a definition for
Mpiy asthe Mach number at which the slope of the C vs. M curveis0.05 (i.e. dCp/dM = 0.05), the
following empirical expression closely approximates M p;,:

Mpiy = Mg [ 1.02+.08 (1- CosA )]



Other 3-D Effects

The above analysisis based on two-dimensional sweep theory and applies exactly only to awing of
infinite span. It also applies well to most wings of aspect ratio greater than four except near the root and
tip of the wing where significant interference effects occur.

The effect of the swept wing isto curve the streamline flow over the wing as shown in Figure 9. The
curvature is due to the deceleration and accel eration of the flow in the plane perpendicular to the quarter
chord line.

Stagnation streamline
{1ateral curvature
exaggerated)

Figure 9. Stagnation Streamline with Sweep

Near the wing tip the flow around the tip from the lower to upper surface obviously aters the effect of
sweep. The effect isto unsweep the spanwise constant pressure lines known as isobars. To compensate,
the wing tip may be given additional structural sweep, Figure 10.

ﬁ¢ Increased
0 sweep

|
|
I
Figure 10. Highly Swept Wing Tip

It is at the wing root that the straight fuselage sides more seriously degrade,the sweep effect by
interfering with curved flow of figure 9. Airfoils are often modified near the root to change the basic
pressure distribution to compensate for the distortions to the swept wing flow. Since the fuselage effect is
to increase the effective airfoil camber, the modification isto reduce the root airfoil camber and in some
cases to use negative camber. The influence of the fuselage then changes the altered root airfoil pressures
back to the desired positive camber pressure distribution existing farther out along the wing span.

This same swept wing root compensation can be achieved by adjusting the fusel age shape to match the



natural swept wing streamlines. This introduces serious manufacturing and passenger cabin arrangement
problems so that the airfoil approach is used for transports. Use of large fillets or even fuselage shape
variations is appropriate for fighters. The designing of a fuselage with variable diameter for transonic
drag reasons is sometimes called 'coke-bottling'. At M= 1.0 and above, there is a definite procedure for
this minimization of shock wave drag. It is called the "arearul€" and aims at arranging the airplane
components and the fuselage cross-sectional variation so that the total aircraft cross-sectional area, in a
plane perpendicular to the line of flight, has a smooth and prescribed variation in the longitudinal (flight)
direction. Thisis discussed further in the section on supersonic drag.

Practical
Application -
~—=____ Convair F 102A

Figure 11. 'Coke-Bottled' Fuselage

The estimates provided by Figure 7 and the equation for Mp;,, assume that the wing root intersection has

been designed to compensate for the 'unsweeping' effect of the fuselage either with airfoil or fuselage
fairing treatment. If thisis not done, Mp;,, will be reduced or there will be a substantial drag rise at Mach

numbers lower than Mp;,,. For all aircraft there is some small increase in drag coefficient dueto
compressibility at Mach numbers below Mp;,, asillustrated in Figure 4.



Compressibility Drag: Computing Cp,

The increment in drag coefficient due to compressibility, Cp, from itsfirst appearance to well beyond

Mpijy can be estimated from Figure 12 where Cp, isnormalized by dividing by cos3A and plotted against

theratio of freestream Mach number, Mg to M.. Actual aircraft may have slightly less drag rise than

indicated by this method if very well designed. A poor design could easily have higher drag rise. The
differences arise from early shocks on some portion of the wing or other parts of the airplane. Figure 12
isan empirical average of existing transport aircraft data.
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Figure 12 Incremental Drag Coefficient Due To Compressibility

In summary, the method for estimating compressibility drag is as follows:

1. Determine the crest critical Mach number for the values of lift coefficient being studied from figure 7
for the appropriate values of the wing quarter chord sweep angle and the average thickness ratio for the
exposed part of the wing.

2. Determine the incremental drag coefficient due to compressibility from figure 12 for the crest-critical



Mach numbers from step 1.

When this method is used, the following limitations should be kept in mind:

1. The method assumes that the dominant factor in the airplane compressibility drag characteristics at
cruising conditionsis the wing. This means that the other components must have drag-divergence Mach
numbers higher than that of the wing and that interference must be kept to a minimum in order for this
method to be applicable.

2. The estimates for the crest critical Mach number in terms of the wing sweep angle, thicknessratio
measured in the freestream direction, and lift coefficient are based on peaky airfoil sections. This method
would not be reliable for significantly different types of airfoil sections.

One further noteisin order. The expression "drag divergence Mach number" or M, isthe Mach
number at which the drag begins to rise abruptly. It isusually desirable to cruise close to Mp;,, .
Numerous definitions of 'rise abruptly' have been used including:

a Mpj, =M for Cy_=.0014, or some other value varying from .0010 to .0025
c

b. Mp;, =M for dCD/dM = .03 or .05 or 0.10

c. Mpj, = M at constant lift coefficient for M C, /Cp, aterm in the range expression, equals 99% of the
maximum M C, /Cp

Method (c) is most meaningful and corresponds approximately to (dCp/dM) = .03 and usually to CDC =
.0012 to .0016.

The Mp;, for bodies can be related to the occurence of critical Mach number, or sonic velocity, at or
behind the longitudinal station of maximum cross-sectional area. Thisis analogous to the crest theory of
M for airfoils. Another factor is present on bodies, however, namely that the expanding forward portion
of the body tends to thin the boundary layer and make it less likely to separate. Generally the M ;,, of

bodies can be assumed to be about 3% above the Mach number at which sonic velocity occurs at the
maximum cross-sectional area.



Compressibility Drag Example

NACA 0012 Airfoil, CL =0.5

The following figures show the development of the flow field around a two-dimensional NACA 0012
airfoil section in the Mach number range 0.50 - 0.90. The data was obtained with a two-dimensional
Euler flow solver. Since the program solves the Euler equations, only the compressibility drag due to the
presence of shock wavesis accounted for. Other effects such as shock-induced separation cannot be
predicted with this model.

The different shades of color represent the changing values of Mach number in the flow domain. Red
represents regions of high Mach number (mostly on the upper surface where the flow is being
accelerated) and blue represents regions of low Mach number (mostly at the stagnation point regionsin
the leading and trailing edge areas).

The sonic line (countour line where the Mach number is exactly 1.0) is shown as afaint white line when
sonic flow exists. The flow is presented for the following Mach numbers:

. Mach 0.50
. Mach 0.55
. Mach 0.60
. Mach 0.65
. Mach0.70
. Mach0.75
. Mach 0.80
. Mach 0.85
. Mach 0.90

The appearance of drag in the compressible regime is directly related to the existence of shock waves and
the consequent total pressure losses and entropy creation. This image shows the entropy field for the

Mach 0.80 condition. Asyou can see, in an inviscid calculation, entropy is created at the shock and is
convected downstream with the flow. Ahead of the shock the dark blue color indicates that no entropy
has been generated and that the level of entropy thereisthat of the free stream. In aviscous calculation,
additional entropy would be generated in the boundary layer.

With an average angle of attach of 3.966 degrees for these flow solutionss, you can get an idea of the
location of the crest for this airfoil. The following two figures are plots of the coefficient of drag of the
airfoil vs. Mach number at two different scales. From theses plots and the images of the flow field, you



should be able to get an idea of the relationships between critical Mach number, Mc, crest critical Mach
number, Mcc, and divergence Mach number, Mdiv.
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Notice that the scale in the following plot is quite large. Drag divergence occurs somewhere between
Mach 0.65 and 0.70 for this airfoil. For carefully designed supercritical airfoils Mdiv achieves a higher
value (around 0.80 - 0.85).



Inviscid Coefficient of Drag for a NACA D012 Airfoil - CL = 0.3
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These results courtesy of:jjalonso@stanford.edu
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Supersonic Drag

Asthe Mach number increases further, the drag associated with compressibility continues to increase.
For most commercial aircraft this limits the economically feasible speed. If oneiswilling to pay the price
for the drag associated with shock waves, one can increase the flight speed to Mach numbers for which
the above analysisis not appropriate.

In supersonic flow an aircraft has lift and volume-dependent wave drag in addition to the viscous friction
and vortex drag terms:

2 Z L2 z
Lift s M- Lift + g 122 Volume

2 z i |
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friction viortesx lift-dependent wave valurme wave

Drag = gk 5 +

This approximate expression was derived by R.T. Jones, Sears, and Haack for the minimum drag of a
supersonic body with fixed lift, span, length, and volume.

The expression holds for low aspect ratio surfaces. Notice that unlike the subsonic case, the supersonic
drag depends strongly on the airplane length, |. This section describes some of the approaches to
computing supersonic wave drag components including:

Wave Drag Due to Volume

Wave Drag Dueto Lift

Program for Computing Wing Wave Drag




Volume Wave Drag

One can compute the wave drag on a body of revolution relatively easily. For a paraboloid of revolution
the drag coefficient based on frontal areais:

c, = 1&131
T (LD

For a body with minimum drag with a fixed length and maximum diameter, the result is:
9.7
C =

LDy

Note that even with afinenessratio (L/D = length / diameter) of 10, the drag coefficient isabout 0.1 -- a
large number considering that typical total fuselage drag coefficients based on frontal area are around
0.2.

Minimum Drag Bodies

In the 1950's Sears and Haack solved for the shape of a body of revolution with minimum wave drag.
These results provide guidance for initial estimates of volume wave drag, even before the detailed
grometry is known. Two solutions are shown below.

1. Given maximum diameter and length: 2. Given volume and length:
2
= = f £ 2 3/2
I:L:' = ‘I—HE —H21n1+ 1_H (Lj = {1‘:’"::'
r M i
0
2 2 2
Co=2n%r /1
D . 0
z z z
C.o=dm r_ /1 2
D 0 or p - 12849 Yol
71 -




Sears-Haack Area Distributions

o

Radius

Streamwise Coordinate

General Shapes

When the body is does not have the Sears-Haack shape, the volume dependent wave drag may be
computed from linear supersonic potential theory. The result is known as the supersonic arearule. It says
that the drag of a slender body of revolution may be computed from its distribution of cross-sectional
area according to the expression:
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where A" is the second derivative of the cross-sectional area with respect to the longitudinal coordinate,
X.

For configurations more complicated than bodies of revolution, the drag may be computed with a panel
method or other CFD solution. However, there is a simple means of estimating the volume-dependent
wave drag of more general bodies. This involves creating an equivalent body of revolution - at Mach 1.0,
this body has the same distribution of area over its length as the actual body.
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At higher Mach numbers the distribution of areais evaluated with oblique slices through the geometry. A
body of revolution with the same distribution of area as that of the oblique cuts through the actual
geometry is created and the drag is computed from linear theory.

Mach Plane

Frojection

The angle of the plane with respect to the freestream is the Mach angle, Sin 6 = 1/M, so at M=1, the
planeis normal to the flow direction, whileat M = 1.6 the angle is 38.7° (It isinclined 51.3° with respect
totheM = 1 case))

The actual geometry is rotated about its longitudinal axisfrom O to 2 rtand the drag associated with each
equivalent body of revolution is averaged.

leE 2m 11
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A comparison of actual and estimated drags using this method is shown below.
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At the earliest stages of the design process, even this linear method may not be available. For conceptual
design, we may add wave drag of the fuselage and the wave drag of the wing with aterm for interference
that depends strongly on the details of the intersection. For the first estimate in AA241A we simply add
the wave drag of the fuselage based on the Sears-Haack results and volume wave drag of the wing with a
15% mark-up for interference and non-optimal volume distributions.

For first estimates of the volume-dependent wave drag of awing, one may create an equivalent ellipse
and use closed-form expressions derived by J.H.B. Smith for the volume-dependent wave drag of an
ellipse. For minimum drag with a given volume:
I R

“p = t_[ ﬁz 2 zaarz

I

wheret is the maximum thickness, b is the semi-major axis, and ais the semi-minor axis. 3 is defined by:
B2=M2- 1. Note that in the limit of high aspect ratio (a-> infinity), the result approaches the 2-D result
for minimum drag of given thickness:

Cp =4 (Uc)2/ B

Based on this result, for an ellipse of given area and length the volume drag is:
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where sisthe semi-span and | is the overall length.

The figure below shows how this works.
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V olume-dependent wave drag for slender wings with the same area distribution. Data from Kuchemann.



Wave Drag Due to Lift

£
P’I2—1 Lift

2

The expression given for wave drag due to lift: >
qm 1

holds for wings of very low aspect ratio.

A more general expression is derived by R.T. Jonesin "Minimum Drag of Airfoils at Supersonic
Speeds’, J. of Aero Sciences, Dec. 1952.

The combined vortex and wave drag may be written:

z

C
C. = L 2_ AR -2
Dﬂ,&,E\/1+{M”{4}

This expression approaches the correct limitsfor ellipsesas M-> 1 and as AR -> 0 or infinity. The
assumption hereisthat the lift distribution is élliptical in all directions, an assumption that is not realized
exactly in practice.

Jones also gives an expression for the wave drag due to lift for a yawed ellipse, showing that thereis an
optimum sweep angle. At M = 1.4, a10:1 yawed ellipse at 55° has less than 1/2 of the wave drag of the
ellipse with 0° or 90° of yaw.

When the planform shapeis not elliptical, it may be better to form an equivalent ellipse with the same
area and length rather than one with the same aspect ratio as the real wing. In this case:

48,2
o =153c[\/1+-{m 1:.( ] 1]

wl

Here, Sisthewing areaand | isthe overal length. This choice preserves the average wing pressure
difference and agrees well with experimental data for well-designed supersonic wings.
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Supersonic Wing Drag Calculation

A program for computation of these drag components is provided here. It may be used to compute the
various components of supersonic drag for awing of given area, length, span, and t/c at a specified Mach
number and C, . The program uses the formulas for drag of an equivalent ellipse as described on the

previous pages of this chapter.

I nputs Results
Mach Number: CDw (lift):
CL: CDw (volume):
AR: CDi:
AR ength: Ceffective:
t/c:
Default Inputs Compute

The computations are based on the following code:
with the definitions:

beta = sqgrt(mach*mach-1. 0)

and:

X = pi*arl/4

The wave drag dueto liftis:

cdw = cl*cl*x/4*(sqrt(1l+betan2/x"2)-1)

The wave drag dueto volumeis:

cdw = 4*tc"2*(betar2+2*x"2)/ (bet a®2+x"2)"1.5



The vortex drag takes the usual form:

cdi = cl™2/(pi*ar)

The effective span efficiency is defined here as the drag of alow-speed ellipse (with the same span and
lift) to the total lift-dependent drag of thiswing

e effective = cdi/ (cdi +cdw )



Wing-Body Drag Polar

Computations here show the various components of drag as they vary with CL. The program computes
drag based on the methods of this chapter, based on data for the current wing and fuselage. Before
running this program, be sure that you have entered the wing and fuselage geometry parameters on pages
such as the Wing Analysis page, the Airfoil Design page, and the Fuselage layout pages. Alternatively an
entire input set may be entered in the data summary page of the appendix.




Airfoil Design

QOutline of this Chapter

The chapter isdivided into several sections. Thefirst of these consist of an introduction to airfoils. some
history and basic ideas. The latter sections deal with simple results that relate the airfoil geometry to its
basic aerodynamic characteristics. The latter sections deal with the process of airfoil design.

. History and Development

. Airfoil Geometry

. Pressure Distributions

. Reation between Cp and Performance

. Relating Geometry and Cp

. Design Methods and Objectives

. Some Typical Design Problems

. Airfoil Design Program




History of Airfoil Development

The earliest serious work on the development of fetgnleq 1884

arfoil sections began in the late 1800's. Although 24 . .- i . i
it was known that flat plates would produce lift

when set at an angle of incidence, some suspected M a—

that shapes with curvature, that more closely Ak
resembled bird wings would produce more lift or _..—-# '
do so more efficiently. H.F. Phillips patented a w —

series of airfoil shapesin 1884 after testing them
in one of the earliest wind tunnelsin which
“artificial currents of air (were) produced from e
induction by a steam jet in a wooden trunk or 1".:‘ “r
conduit." Octave Chanute writesin 1893, "...it S e

seems very desirable that further scientific *'“E-.. - —
experiments be be made on concavo-convex
surfaces of varying shapes, for it is not impossible
that the difference between success and failure of
a proposed flying machine will depend upon the
sustaining effect between a plane surface and one
properly curved to get a maximum of 'lift"."

At nearly the same time Otto Lilienthal had similar ideas.
After carefully measuring the shapes of bird wings, he
tested the airfoils below (reproduced from his 1894 book,
"Bird Flight as the Basis of Aviation") on a 7m diameter
"whirling machine". Lilienthal believed that the key to
successful flight was wing curvature or camber. He also
experimented with different nose radii and thickness
distributions.

L

Direction of Motion
Scale 1:5



Airfoils used by the Wright Brothers closely resembled Lilienthal's sections: thin and highly cambered.
Thiswas quite possibly because early tests of airfoil sectionswere done at extremely low Reynolds
number, where such sections behave much better than thicker ones. The erroneous belief that efficient
airfoils had to be thin and highly cambered was one reason that some of the first airplanes were biplanes.

The use of such sections gradually diminished over the next decade.

A wide range of airfoils were developed, based primarily on trial and error. Some of the more successful
sections such asthe Clark Y and Gottingen 398 were used as the basis for afamily of sections tested by

the NACA in the early 1920's.
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In 1939, Eastman Jacobs at the NACA in Langley, designed and tested the first laminar flow airfoil

sections. These shapes had extremely low drag and the section shown here achieved alift to drag ratio of
about 300.

Flow
]

A modern laminar flow section, used on sailplanes, illustrates that the concept is practical for some
applications. It was not thought to be practical for many years after Jacobs demonstrated it in the wind
tunnel. Even now, the utility of the concept is not wholly accepted and the "Laminar Flow True-
Believers Club" meets each year at the homebuilt aircraft fly-in.



—

One of the reasons that modern airfoils ook quite different from one another and designers have not
settled on the one best airfoil isthat the flow conditions and design goal's change from one application to
the next. On the right are some airfoils designed for low Reynolds numbers.

At very low Reynolds numbers (<10,000 based on chord length) efficient airfoil sections can look rather
peculiar as suggested by the sketch of a dragonfly wing. The thin, highly cambered pigeon wing is

similar to Lilienthal's designs. The Eppler 193 is a good section for model airplanes. The Lissaman 7769
was designed for human-powered aircraft.
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Unusual airfoil design constraints can sometimes arise, leading to some unconventional shapes. The
airfoil here was designed for an ultralight sailplane requiring very high maximum lift coefficients with

small pitching moments at high speed. One possible solution: a variable geometry airfoil with flexible
lower surface.

/ High Tift Eo &R - 20
High Speed Configuration  R.N. = 300K - 1M
Configuration

The airfoil used on the Solar Challenger, an aircraft that flew across the English Channel on solar power,
was designed with an totally flat upper surface so that solar cells could be easily mounted.



Flat upper surface
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The wide range of operating conditions and constraints, generally makes the use of an existing, "catalog"”
section, not best. These days airfoils are usually designed especially for their intended application. The
remaining parts of this chapter describe the basic ideas behind how thisis done.



Airfoil Geometry

Airfoil geometry can be characterized by the coordinates of the upper and lower surface. It is often
summarized by afew parameters such as. maximum thickness, maximum camber, position of max
thickness, position of max camber, and nose radius. One can generate a reasonable airfoil section given
these parameters. This was done by Eastman Jacobs in the early 1930's to create afamily of airfoils
known as the NACA Sections.

uppet surface

) thickness
Leading edge

/ Trailing edge

u lower surface mean or camber line

0
—-ﬁf + chord length

The NACA 4 digit and 5 digit airfoils were created by superimposing a simple meanline shape with a
thickness distribution that was obtained by fitting a couple of popular airfoils of the time:

%
1 7
' carnber

+-y = (1/0.2) * (.2969*x0-5 - .126%x - .3537*x2 + .2843*x3 - .1015*x4)

The camberline of 4-digit sections was defined as a parabola from the leading edge to the position of
maximum camber, then another parabola back to the trailing edge.

FMeanline
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NACA 4-Digit Series:

4 4 1 2
max canber position max thi ckness
in % chord of max camber 1in %of chord

in 1/10 of c

After the 4-digit sections came the 5-digit sections such as the famous NACA 23012. These sections had
the same thickness distribution, but used a camberline with more curvature near the nose. A cubic was
faired into a straight line for the 5-digit sections.



NACA 5-Digit Series:

2 3 0 1 2
appr ox nmax position max t hi ckness
canber of max canber in %of chord
in % chord in 2/100 of c

The 6-series of NACA airfoils departed from this simply-defined family. These sections were generated
from amore or less prescribed pressure distribution and were meant to achieve some laminar flow.

NACA 6-Digit Series:

6 3, 2 - 2 1 2
Si x- | ocati on hal f wi dth | deal d max thickness
Series of mn Cp of |l ow drag in tenths in %of chord

in 1/10 chord bucket in 1/10 of d

After the six-series sections, airfoil design became much more specialized for the particular application.
Airfoils with good transonic performance, good maximum lift capability, very thick sections, very low
drag sections are now designed for each use. Often awing design begins with the definition of several
airfoil sections and then the entire geometry is modified based on its 3-dimensional characteristics.




Airfoll Pressure Distributions

The aerodynamic performance of airfoil sections can be studied most easily by reference to the
distribution of pressure over the airfoil. This distribution is usually expressed in terms of the pressure
coefficient:

c - PP
P12
2 P Y0

Cp isthe difference between local static pressure and freestream static pressure, nondimensionalized by
the freestream dynamic pressure.

Wheat does an airfoil pressure distribution look like? We generally plot Cy, vs. X/c.

x/c varies from O at the leading edge to 1.0 at the trailing edge. C,, is plotted "upside-down” with negative

values (suction), higher on the plot. (Thisis done so that the upper surface of a conventional lifting airfoil
corresponds to the upper curve.)

The C,, starts from about 1.0 at the stagnation point near the leading edge...

It rises rapidly (pressure decreases) on both the upper and lower surfaces...

...and finally recoversto asmall positive value of C, near the trailing edge.

Various parts of the pressure distribution are depicted in the figure below and are described in the
following sections.
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. Upper Surface
The upper surface pressure islower (plotted higher on the usual scale) than the lower surface Cp
in this case. But it doesn't have to be.

. Lower Surface
The lower surface sometimes carries a positive pressure, but at many design conditionsis actually
pulling the wing downward. In this case, some suction (negative Cp -> downward force on lower
surface) is present near the midchord.

« Pressure Recovery
Thisregion of the pressure distribution is called the pressure recovery region.
The pressure increases from its minimum value to the value at the trailing edge.
This areais also known as the region of adverse pressure gradient. As discussed in other sections,
the adverse pressure gradient is associated with boundary layer transition and possibly separation,
If the gradient istoo severe.

. Trailing Edge Pressure
The pressure at the trailing edge is related to the airfoil thickness and shape near the trailing edge.
For thick airfoils the pressure here is dlightly positive (the velocity is a bit less than the freestream
velocity). For infinitely thin sections C, = O at the trailing edge. Large positive vaues of C, at the

trailing edge imply more severe adverse pressure gradients.

- CLandC,
The section lift coefficient isrelated to the C, by: C = int (C, - Cy) dx/c

(It is the area between the curves.)
with Cy,, = upper surface C,,

and recall C, = section lift/ (q c)

. Stagnation Point
The stagnation point occurs near the leading edge. It isthe place at which V = 0. Notethat in



incompressible flow C, = 1.0 at this point. In compressible flow it may be somewhat larger.

We can get amore intuitive picture of the pressure distribution by looking at some examples and thisis
done in some of the following sectionsin this chapter.



Airfoll Pressures and Performance

The shape of the pressure distribution is directly related to the airfoil performance as indicated by some
of the features shown in the figure below.

Favarable preszure gradient leads
p to larminar flow , lower drag.
If gradient i=s too =rmall, 1ift is lost.

-2.0 FMinirnurn Cp walue determiines maximum speed

‘fand can be a useful indication of shack formation,
T also determines the extent of pressure recovery.
10 + Adverse pressure gradients lead
- to transition and separation. It is
especially irmportant to avoid strong

adverse gradients as we approach the
trailing edge.
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severity of adverse gradient,

Most of these considerations are related to the airfoil boundary layer characteristics which we will take
up later, but even in the inviscid case we can draw some conclusions. We may compute the maximum
local Mach numbers and relate those to lift and thickness, we can compute the pitching moment and
decideif that is acceptable.

Whether we use the inviscid pressures to form qualitative conclusions about the section, or use them as
input to a more detailed boundary layer calculation, we must first investigate the close relation between
the airfoil geometry to these pressures.



Relating Airfoil Geometry and Pressures

The relationship between airfoil geometry and airfoil pressure distributions can be predicted numerically
solving the relevant field equations. But it can also be understood in aratrher intuitive way.

Wefirst look at the effect of changesin surface curvature (Click on figure to look in more detail.)

The figure below shows how the airfoil pressures vary with angle of attack. Note that the "nose peak”
becomes more extreme as the angle increases.
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To make thisabit more clear, you may use the small java program below to change the angle of attack
and seeits effect on Cy, C;, and C,. Click on the upper half of the plot to increase the angle of attack,

alpha, and on the lower portion to decrease it.

Let's consider, in more detail the relationship between airfoil geometry and airfoil pressure distributions.
The next few examples show some of the effects of changes in camber, leading edge radius, trailing edge

angle, and local distortionsin the airfoil surface.



A reflexed airfoil section has reduced camber over the aft section producing less lift over thisregion. and
therefore less nose-down pitching moment. In this case the aft section is actually pushing downward and
C,, a zero lift is positive.
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Angle of attack = 25000

A natura laminar flow section has a thickness distribution that leads to a favorable pressure gradient over
aportion of the airfoil. In this case, the rather sharp nose leads to favorable gradients over 50% of the

section.
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Thisisasymmetrical section at 4° angle of attack.
Note the pressure peak near the nose. A thicker section would have aless prominent peak.
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Hereisathicker section at 0°. Only one line is shown on the plot because at zero lift, the upper and lower
surface pressure coincide.
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A conventional cambered section.
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An aft-loaded section, the opposite of areflexed airfoil carries more lift over the aft part of the airfail.
Supercritical airfoil sectionslook abit like this.
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The best way to develop afed for the effect of the airfoil geometry on pressuresisto interactively

modify the section and watch how the pressures change. A Program for ANalysis and Design of Airfoils
(PANDA) doesjust thisand is available from Desktop Aeronautics. A very simple version of this

program, is built into this text and allows you to vary airfoil shape to see the effects on pressures. (Go to
Interactive Airfoil Analysis page by clicking here.) The full version of PANDA permits arbitrary airfoil
shapes, permits finer adjustment to the shape, includes compressibility, and computes boundary layer
properties.



http://www.desktopaero.com/

An Intuitive view of the Cp-curvature
relation

For equilibrium we must have a pressure gradient when the flow is curved.

Streamlines

Fluid particle

Centrifugal force = p dx dy dz '|||'2.F 24

Direction of
fluid particle

Balancing pressure force =
dx dy dpfdz dz

In the case shown here, the pressure must increase as we move further from the surface. This means that
the surface pressure is lower than the pressures farther away. Thisiswhy the C, is more negative in

regions with curvature in this direction. The curvature of the streamlines determines the pressures and
hence the net lift.



Interactive Airfoil Analysis

Introduction

The program built into this page allows you to experiment with the effect of airfoil shape and angle of
attack on the pressure distribution.

Instructions

Click on the top part of the plot to increase the angle of attack; clicking on the lower portion reduces
alpha. Drag the handles shown on the upper or lower surfaces to modify the shape of the section and
watch the effects on C,,.

Suggested Exercises

Change the airfoil thickness and note the effect on upper and lower surface pressures. Notice how
thickness affects the C,, at the trailing edge. Create a pressure peak near the nose on the upper or lower

side by changing the angle of attack. Change the camber near the nose to remove the pressure peak. Try
to create a positive pitching moment section, a very thin, highly cambered section, and a symmetrical
section.

Technical Details

This program uses a combination of thin airfoil theory and conformal mapping to very quickly compute
pressures on an airfoil. A method like this was used in the 1950's to compute airfoil pressure distributions
before Javawas invented. The section shapeisvery ssmple as well: upper and lower surfaces consist of a
quadratic in sgrt(x) and a quadratic in (1-x), patched together at the control points. This provides just 4
degrees of freedom, but does lead to curves that ook like airfails.



Airfoil Design Methods

The process of airfoil design proceeds from a knowledge of the boundary layer properties and the
relation between geometry and pressure distribution. The goal of an airfoil design varies. Some airfoils
are designed to produce low drag (and may not be required to generate lift at all.) Some sections may
need to produce low drag while producing a given amount of lift. In some cases, the drag doesn't really
matter - it is maximum lift that isimportant. The section may be required to achieve this performance
with a constraint on thickness, or pitching moment, or off-design performance, or other unusual
constraints. Some of these are discussed further in the section on historical examples.

One approach to airfoil design isto use an airfoil that was already designed by someone who knew what
he or she was doing. This "design by authority" works well when the goals of a particular design problem
happen to coincide with the goals of the original airfoil design. Thisisrarely the case, although
sometimes existing airfoils are good enough. In these cases, airfoils may be chosen from catal ogs such as
Abbott and von Doenhoff's Theory of Wing Sections, Althaus and Wortmann's Stuttgarter Profilkatal og,
Althaus Low Reynolds Number Airfoil catalog, or Selig's "Airfoils at Low Speeds’.

The advantage to this approach is that there is test data available. No surprises, such as a unexpected
early stall, are likely. On the other hand, available tools are now sufficiently refined that one can be
reasonably sure that the predicted performance can be achieved. The use of "designer airfoils'
specifically tailored to the needs of a given project is now very common. This section of the notes deals
with the process of custom airfoil design.

Methods for airfoil design can be classified into two categories: direct and inverse design.

Direct Methods for Airfoil Design

The direct airfoil design methods involve the specification of a section geometry and the calculation of
pressures and performance. One evaluates the given shape and then modifies the shape to improve the
performance.

The two main subproblems in this type of method are

1. theidentification of the measure of performance
2. the approach to changing the shape so that the performance isimproved

The ssimplest form of direct airfoil design involves starting with an assumed airfoil shape (such asa
NACA airfoil), determining the characteristic of this section that is most problemsome, and fixing this
problem. This process of fixing the most obvious problems with agiven airfoil is repeated until thereis


http://adg.stanford.edu/aa241/airfoils1/airfoilhistory.html

no major problem with the section. The design of such airfoils, does not require a specific definition of a
scalar objective function, but it does require some expertise to identify the potential problems and often
considerable expertise to fix them. Let'slook at asimple (but real lifel) example.

A company isin the business of building rigid wing hang gliders and because of the low speed
requirements, they decide to use aversion of one of Bob Liebeck's very high lift airfoils. Here isthe
pressure distribution at a lift coefficient of 1.4. Note that only a small amount of trailing edge separation
is predicted. Actually, the airfoil works quite well, achieving a Cimax of almost 1.9 at a Reynolds
number of one million.
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This glider was actually built and flown. It, in fact, won the 1989 U.S. National Championships. But it
had terrible high speed performance. At lower lift coefficients the wing seemed to fall out of the sky. The
plot below shows the pressure distribution at a Cl of 0.6. The pressure peak on the lower surface causes
separation and severely limits the maximum speed. Thisis not too hard to fix.
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By reducing the lower surface "bump" near the leading edge and increasing the lower surface thickness
aft of the bump, the pressure peak at low C, is easily removed. The lower surface flow is now attached,

and remains attached down to a C; of about 0.2. We must check to see that we have not hurt the C; .5 to0
much.
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Hereisthe new section at the original design condition (still less than C;p5). The modification of the
lower surface has not done much to the upper surface pressure peak here and the Cj,,5 turns out to be

changed very little. This section is a much better match for the application and demonstrates how
effective small modifications to existing sections can be. The new version of the glider did not use this
section, but one that was designed from scratch with lower drag.
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Sometimes the objective of airfoil design can be stated more positively than, "fix the worst things'. We
might try to reduce the drag at high speeds while trying to keep the maximum C, greater than a certain

value. This could involve slowly increasing the amount of laminar flow at low C;'s and checking to see
the effect on the maximum lift. The objective may be defined numerically. We could actualy minimize
Cd with aconstraint on Cyy. We could maximize L/D or C1-5/Cy of Cypay / Cy@Cigesign- The selection

of the figure of merit for airfoil sectionsis quite important and generally cannot be done without
considering the rest of the airplane. For example, if we wish to build an airplane with maximum L/D we
do not build a section with maximum L/D because the section C, for best C,/Cy is different from the

airplane C_ for best C, /Cp,.

Inverse Design

Another type of objective function is the target pressure distribution. It is sometimes possible to specify a



desired C,, distribution and use the least squares difference between the actual and target C's asthe

objective. Thisisthe basic idea behind a variety of methods for inverse design. As an example, thin
airfoil theory can be used to solve for the shape of the camberline that produces a specified pressure
difference on an airfoil in potential flow.

The second part of the design problem starts when one has somehow defined an objective for the airfoil
design. This stage of the design involves changing the airfoil shape to improve the performance. This
may be done in several ways:

1. By hand, using knowledge of the effects of geometry changes on C,, and C,, changes on performance.

2. By numerical optimization, using shape functions to represent the airfoil geometry and letting the
computer decide on the sequence of modifications needed to improve the design.



Typical Airfoil Design Problems

Regardless of the design goals and constraints, one is faced with
some common problems that make airfoil design difficult. This
section deals with the common issues that arise in the following
design problems:

. Design for maximum thickness

. Design for maximum lift

. Laminar boundary layer airfoil design

. High lift or thickness transonic design

. Low Reynolds number airfoil design

. Low or positive pitching moment designs
. Multiple design points




Thick Airfoil Design

The difficulty with thick airfoilsis that the minimum pressure is decreased due to thickness. This results
In amore severe adverse pressure gradient and the need to start recovery sooner. If the maximum
thickness point is specified, the section with maximum thickness must recover from a given point with
the stegpest possible gradient. Thisisjust the sort of problem addressed by Liebeck in connection with
maximum lift. The thickest possible section has a boundary layer just on the verge of separation
throughout the recovery.

The thickest section at Re = 10 million is 57% thick, but of course, it will separate suddenly with any
angle of attack.

=30 1-

Optimurn Transition

Strut
-2.0
Cp

Transitione
RFe = 10,000,000

-1.0F

Joukowski




High Lift Airfoil Design

To produce high lift coefficients, we require very negative pressures on the upper surface of the airfoil.
The limit to this suction may be associated with compressibility effects, or may be imposed by the
requirement that the boundary layer be capable of negotiating the resulting adverse pressure recovery. It
may be shown that to maximize lift starting from a specified recovery height and location, it is best to
keep the boundary layer on the verge of separation*. Such distributions are shown below for a Re of 5
million. Note the difference between laminar and turbulent results.

The thickest section at Re = 10 million is 57% thick, but of course, it will separate suddenly with any
angle of attack.
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For maximum airfail lift, the best recovery location is chosen and the airfoil is made very thin so that the
lower surface produces maximum lift as well. (Since the upper surface Cp is specified, increasing
thickness only reduces the lower surface pressures.)

0.

WEell, amost. If the upper surface Cp is more negative than -3.0, the perturbation velocity is greater than
freestream, which means, for a thin section, the lower surface flow is upstream. This would cause
separation and the maximum lift is achieved with an upper surface velocity just over 2U and a bit of
thickness to keep the lower surface near stagnation pressure.



Liebeck's Famous MMaximum Lift Airfoil
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A more detailed discussion of this topic may be found in the section on high lift systems.

*This conclusion, described by Liebeck, is easily derived if Stratford's criterion or the laminar boundary
layer method of Thwaitesis used. For other turbulent boundary layer criteria, the conclusion isnot at all
obvious and indeed some have suggested (Kroo and Morris) that thisis not the case.



High-Lift Systems

QOutline of this Chapter

The chapter is divided into four sections. The introduction describes the motivation for high lift systems,
and the basic concepts underlying flap and slat systems. The second section deals with the basic ideas
behind high lift performance prediction, and the third section details the specific method used here for
estimating C., - Some discussion on maximum lift prediction for supersonic aircraft concludes the

chapter.

. Introduction and Basic Concepts

High Lift Prediction: General Approach

. High Lift Prediction: Specific Conceptual Design Approach

. Estimating Maximum Lift for Supersonic Transport Aircraft

. Wing-Body C._ . Calculation Page




High Lift Systems -- Introduction

A wing designed for efficient high-speed flight is often quite different from one designed solely for take-
off and landing. Take-off and landing distances are strongly influenced by aircraft stalling speed, with
lower stall speeds requiring lower acceleration or decel eration and correspondingly shorter field lengths.
It is always possible to reduce stall speed by increasing wing area, but it is not desirable to cruise with
hundreds of square feet of extrawing area (and the associated weight and drag), area that is only needed
for afew minutes. Since the stalling speed is related to wing parameters by:

Vaan =@ Wi(BpCy_ 137

It is aso possible to reduce stalling speed by reducing weight, increasing air density, or increasing wing
CLmax . The latter parameter is the most interesting. One can design awing airfoil that compromises

cruise efficiency to obtain a good C,_max , but it isusually more efficient to include movable leading
and/or trailing edges so that one may obtain good high speed performance while achieving a high CL...
at take-off and landing. The primary goal of ahigh lift systemisahigh CL, . however, it may also be

desirable to maintain low drag at take-off, or high drag on approach. It is also necessary to do thiswith a
system that has low weight and high reliability.

Thisis generaly achieved by incorporating some form of trailing edge flap and perhaps aleading edge

device such as adat.
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Figure 1. Flap System Geometries

Flap Geometry

Split Flap




Figure 2. The triple-dotted flap system used on a 737.

Figure 3 shows a double-slotted flap and dat system (a4-element airfoil). Here, some of theincrease in
CLmax is associated with an increase in chord length (Fowler motion) provided by motion along the flap
track or by arotation axis that is located below the wing.
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Figure 3. Double-Slotted Flap and Slat System

Modern high lift systems are often quite complex with many elements and multi-bar linkages. Hereisa
double-dlotted flap system as used on a DC-8. For some time Douglas resisted the temptation to use
tracks and resorted to such elaborate 4-bar linkages. The idea was that these would be more reliable. In
practice, it seems both schemes are very reliable. Current practice has been to simplify the flap system
and double (or even single) dlotted systems are often preferred.



¥ fized points

Figure 4. Motion of a Double-Slotted Flap

Flap Aerodynamics

Flaps change the airfoil pressure distribution, increasing the camber of the airfoil and allowing more of
the lift to be carried over the rear portion of the section. If the maximum lift coefficient is controlled by
the height of the forward suction peak, the flap permits more lift for agiven peak height. Flaps also
increase the lift at a given angle of attack, important for aircraft which are constrained by ground angle
limits. Typical results are shown in figure 5 from data on a DC-9-30, a configuration very similar to the
Boeing 717.
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Figure 5. DC-9-30 CL vs. Flap Deflection and Angle-of-Attack

Slotted flaps achieve higher lift coefficients than plain or split flaps because the boundary layer that
forms over the flap starts at the flap leading edge and is "healthier” than it would have been if it had
traversed the entire forward part of the airfoil before reaching the flap. The forward segment also
achieves ahigher C, .. than it would without the flap because the pressure at the trailing edge is reduced

due to interference, and this reduces the adverse pressure gradient in this region.



Figure 6. Maximum Lift Slotted Section.

The favorable effects of a slotted flap on C L was known early in the development on high lift systems.

That a 2-dlotted flap is better than a single-slotted flap and that a triple-slotted flap achieved even higher
C,'s suggests that one might try more slots. Handley Page did thisin the 1920's. Tests showed a C, .. of

amost 4.0 for a 6-dotted airfoil.
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Figure 7. Results for a multi-element section from 1921.

Leading Edge Devices

L eading edge devices such as nose flaps, Kruger flaps, and dats reduce the pressure peak near the nose
by changing the nose camber. Slots and slats permit a new boundary layer to start on the main wing
portion, eliminating the detrimental effect of the initial adverse gradient.
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Figure 8. Leading Edge Devices

Slats operate rather differently from flaps in that they have little effect on the lift at a given angle of
attack. Rather, they extend the range of angles over which the flow remains attached. Thisis shownin



figure 9.
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retracted.

Today computational fluid dynamicsis used to design these complex systems; however, the prediction of
C,_max by direct computation is still difficult and unreliable. Wind tunnel tests are also difficult to

interpret due to the sensitivity of C,to Reynolds number and even freestream turbulence levels.

Figure 10. Navier Stokes computations of the flow over a4-element airfoil section (NASA)



Maximum Lift Prediction -- General Approach

The calculation of C; o IS difficult because we must deal with aflow that is viscous, compressible, and

highly three-dimensional. Generally, one does not use a Navier-Stokes cal culation to estimate maximum
lift. Thisis partly because it takes a very long time to generate a grid and then solve the equations.
However, it isalso is difficult to estimate the effects of stall strips, fences, and vortex generators that are
routinely used on wings and are essential to obtaining acceptable stalling characteristics. Thus, the more
usual approach is as follows. The distribution of pressure on the wing is computed from a 3-D panel
method. The pressure distributions along streamwise strips are used as input to a two dimensional
boundary layer calculation in which the onset of separation is predicted. The actual maximum lift
coefficient is based on the boundary layer data, sometimes supplemented with 2-D wind tunnel data.

In the absence of even 2D boundary layer computations, a variety of ssmpler rules are used. One of these,
the pressure difference rule, has been applied frequently to aircraft with high lift systems. Experiments
show that the difference between the peak C, and the C,, at the trailing edge at Cy\5 varies with Mach

number and Reynolds number. This has been correlated in a number of proprietary rules, but for
turbulent sections at low Mach number, it varies roughly from 7 or 8 at a Reynolds number of 1 million
toasmuch at 13 or 14 at 6 million and above. Viscous corrections are made to the results of an inviscid
panel method (including a reduction in effective flap deflection due to boundary layer decambering) and
then the pressure difference rule applied to each section aong the span.

This method usually works well, but many approximations are made. The process of high lift prediction
therefore relies strongly on wind tunnel data. But, since the flow is sensitive to changes in Reynolds
number, good 3-D measurements are rare. Thisis often one of the areas of greatest uncertainty in aircraft
design.

At the early stages of design, it is not possible to run even a panel code and 2-D boundary layer analysis.
In such cases, one may compute the distribution of wing lift with a vortex lattice method or Weissinger
model and compare the distribution of section C, with the C;;, 5, estimated from 2-D data. One provides

some margin against stalling of the outer panels to account for aileron deflections and spanwise boundary
layer flow. When flaps are deflected, sections just outboard of the flap tend to stall early according to this
method. In reality, the flow near the flap edge induces effective camber in the adjacent sections and so
their maximum lift coefficient isincreased. This effect must be included if reliable estimates of C| 1«

are to be obtained using this "critical section” approach.
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Figure 1. Critical Section Method for C| ,ax Prediction: Compute C; at which most critical 2D section
reaches Cax:

One might be concerned that the use of 2-D maximum lift datais completely inappropriate for
computation of wing C; o because of 3-D viscous effects. Thisissue was investigated by the N.A.C.A.

in Report 1339. A figure from this paper is reproduced below (Figure 2). It indicates that the "clean
wing" C max IS, 1N fact, rather poorly predicted by the critical section method. However, when wing

fences are used to prevent spanwise boundary layer flow, the C;,5 iSincreased dramatically and does
follow the 2-D results quite well over the outer wing sections. The inboard C; .5 iS considerably higher
than would be expected by strip theory, but inboard section C,,,5« Values are generally reduced with the
use of stall strips or other devices to make them stall before the tips. Thus, the tip C, o« @nd lift
distribution determine what the inboard C; ;.5 must be to obtain good stall behavior.

Station, B bS2

—Fences Off
——- Fences On
16 -
- --- 2D O
C, o0&k -
. Station 0 [~ Station3 |
16 - - -
- i e T i —_ T A
A £
E] DB = .-__K-r B l__--" L = -;.__r'l-. lllhhh
Station 55 | Station 75 [ Station 20 | 7 Station 98
|:| 1 1 1 1 1 1 1 ! 1 1 1 1 1 1 1 1
0 16 2 16 32 16 32
o, deg o, deg o, deg

Figure 2. Effect of fences on the section lift coefficients of a sweptback wing. Sweep = 45° AR = 8.0,



taper = .45, NACA 63(1)A-012 section. Datafrom NACA Rpt. 1339 Note the result that with fences,
outer panel section C,'s are nearly their 2-D values.



Maximum Lift Prediction -- Specific Conceptual
Design Method

When the distribution of lift is not computed, it is still possible to make arough estimate of maximum lift
capability. This section describes a simple method appropriate for early design of conventional aircraft.

Outer Panel Section Cax

One starts by estimating the section C,,,,5 Of the outer wing panels. If the airfoil is known, this value may
be based on experimental data or computations. A typical variation of section C, 5 With thickness for

peaky-type transport aircraft airfoils is shown in figure 1. Note that outer panel airfoil thicknessratio is
generally less than the average value. Assuming that the outer panel has at/c about 90% of the average
value isreasonable. The increase in Cj,5 With thickness up to about 12%-15% reflects the larger nose
radius of the thicker airfoils. Increased nose radius reduces the leading edge suction peak, the associated
adverse pressure gradient, and the tendency to stall. Since supercritical airfoils have large nose radii, their
Cimax 1S @bout 0.1 greater than the conventional sections shown here.
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Figure 1. Section Cy,,,o« for Various Families of Airfoils.

The section Cy,,« IS @S0 affected by Reynolds number. Some data on this effect is shown in figure 2.



The effect of Reynolds number is sometimes very difficult to predict asit changes the location of laminar
transition and boundary layer thickness. Thin airfoils are less Reynolds number sensitive, thick sections
are more sensitive and show effects up to 15 million.
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Figure 2. Effect of Reynolds Number

Recent experiments have suggested that, especially for slotted flap systems, significant variations with
Reynolds number may occur even above Reynolds numbers of 6 to 9 million. But for initial design
purposes, the variation of C,,5« With Reynolds number may be approximated by:

Cimax = Cimax_ref * (Re/ Rey¢)01

Relating Wing C| 4 to Outer Panel C,ax

The plot in figure 3 shows the ratio of wing C s« t0 the section C,,,,5« Of the outer wing panel as a

function of wing sweep angle and taper ratio. This plot was constructed by computing the span load
distribution of wings with typical taper ratios and twist distributions. The results include a reduction in
C| max due to tail download of about 0.05, avalue typical of conventional aircraft; they also include a

suitable margin against outer panel stall. (Thismargin istypically about 0.2in C;.)
When estimating the C, 5 Of the wing outer panel, one should use the chord of the outer panel (typ. at
about 75% semi-span) to compute the Reynolds number effect on that section.



Effect of Sweep and Taper on CLmax
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Figure 3. Effect of Taper and Sweep on Wing / Outer Panel Cj, 4

Additional corrections to wing C| ,,ax

FAR Sall Speed

The formulafor stalling speed given earlier in this section refers to the speed at which the airplane stalls
in unaccelerated (1-g) flight. However, for the purposes of certificating atransport aircraft, the Federal
Aviation Agency defines the stalling speed as the minimum airspeed flyable at arate of approach to the
stall of one knot per second. Slower speeds than that corresponding to 1-g maximum lift may be
demonstrated since no account is taken of the normal acceleration. The maximum lift coefficient
calculated from the FAA stall speed is referred to as the minimum speed C| ax OF C max vmin- 1 he

increment above the 1-g C| .o« IS @function of the shape of the lift, drag, and moment curves beyond the

stall. These data are not usually available for a new design but examination of available flight test data
indicate that C| ya vminaverages about 11% above the 1-g value (based on models DC-7C, DC-8, and

KC-135). A typical time history of the dynamic stall maneuver is shown in figure 4.
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Wing-Mounted Engines

The presence of engine pylons on the wings reduces C, ,,ax- On the original DC-8 design, the reduction
associated with pylons was 0.2. When the pylons are " cut-back"” so they do not extend over the top of the
leading edge, the reduction can be kept to within about 0.1 with respect to the best clean-wing value.

Increment in C, ox Dueto Sats

When leading edge slats are deployed, the leading edge pressure peak is suppressed. The introduction of
a gap between the leading edge device and the wing leading edge increases the energy of boundary layer
above what it would have been without a gap. For this reason, the section lift coefficient is increased
dramatically. The specific amount depends on the detailed design of the dlat, its deflection, and the gap
size. For the purposes of our preliminary design work, the value is estimated based on Douglas designs
shown in figure 6. The effect of sweep reduces the lift increment due to slats by the factor shown in
figure 7. A better method would include the observation that when leading edge devices are employed,
the favorable effect of nose radius (and increased t/c) would not be realized. Although this data applies
for 5 deg of flap deflection, this slat increment can be used for preliminary estimates at all flap angles.
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Figure 6. Effect of dlat deflection on C, ;.5 increment due to sats. Prediction based on maximum Mach
number constraint. This dataisfor a17% dat.



Effect of Sweep on Slat ) . Increment
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Figure 7. Effect of wing sweep on slat maximum lift increment.

Increment in C ;o Dueto Flaps
A simple method for estimating the C; ..o« increment for flaps is described by the following expression.

It is highly approximate and empirical, but the next level of sophistication isvery complex, and
sometimes not much more accurate.

AC| max_flaps™ St | Sref AC, max _flapsK (Sweep)

where:
Sy = wing area affected by flaps (including chord extension, but not area buried in fuselage)

Ser = reference wing area
ACimax_flaps = increase in two-dimensional Gy, dueto flaps
K = an empirical sweepback correction

The wing area affected by flaps is estimated from a plan view drawing. Typical flaps extend over 65% to
80% of the exposed semi-span, with the outboard sections reserved for ailerons. The resultant flapped
arearatios are generally in the range of 55% to 70% of the reference area. (See table at the end of this
section.)



ACimax_flaps IS determined empirically and isafunction of flap type, airfoil thickness, flap angle, flap
chord, and sweepback. It may be estimated from the expression:

ACimax_flaps = K1 K2 ACa ref
ACimax_ref 1Sthe two-dimensional increment in Gy, for 25% chord flaps at the 50 deg landing flap
angle and is read from the experimentally-determined curve below at the mean thickness ratio of the

wing.
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Figure 8. Section Cy,,,ox increment due to flaps. The results are for double slotted flaps. For single slotted

Ci. o Increment Due to Flaps

Optimized 2-Slot 25% Flap at 50 deq.

s

0.

= 10. 15, 20.
Adrfoil Thickness (26 chord)

flap multiply this value by 0.93. For triple slotted flaps, multiply by 1.08.

K1 isaflap chord correction factor. It includes differences between the flap chord to wing chord ratio of

the actual design to that of the reference wing with 25% chord flaps.



K1 — Flap Chord Correction Factor
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Figure 9. Effect of Flap Chord.

K2 accounts for the effect of flap angles other than 50 deg.



K2 — Flap Motion Correction Factor
2 Slot Flap
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Figure 10. Flap Motion Correction Factor

K (sweep) is an empirically-derived sweep-correction factor. It may be estimated from:
K = (1-0.08* cos?(Sweep)) cos34(Sweep)

Effect of Mach Number
The formation of shocks produces significant changes in the airfoil pressure distribution and limits the
maximum lift coefficient. In fact, a strong correlation exists between the C,,,, Of aslat and the C; at

which flow near the slat becomes supersonic. In general, as the freestream Mach number isincreased, the
arcraft C| ax 1S reduced. The figure below shows this effect for the DC-9-30.



Estimated Effect of Mach Number on C 5
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Figure 11. Effect of Mach number on maximum lift.

As afirst approximation this data can be used to estimate the effect for another aircraft as follows:
CLmax(M) = CLmax_l.s. * CLmax_resf M)/ CLmax_l.s.ref

Where:
Clmax_I.s. ISthe C| may at low speed (Mach number < 0.3)

and M' = Modified Mach number based on equivalent normal Mach = M* cos(sweep) / cos(DC-9sweep),
where the DC-9, which provides the reference data here, has a sweep of 24.5 deg.

The final figures show the approximate C, o Values for a number of aircraft.
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Low Aspect Ratio Wings at High Angles
of Attack

At high angles of attack, several phenomena usually distinct from the cruise flow appear. Usually part of
the wing begins to stall (separation occurs and the lift over that section is reduced). An approximate way
to predict when thiswill occur on well-designed high aspect ratio wingsis to ook at the C; distribution

over the wing and determine the wing C; at which some section (the critical section) reachesits 2-D
maximum C,.

When the sweep is very large, or aspect ratio low, this approach does not work. Separation tends to occur
near the leading edge of the wing, but unlike in the low sweep situation, the separated region is not large
and does not reduce the lift. Instead, the flow rolls up into avortex that lies just above the wing surface.



Attached Flow Flow with Leading Edge Yortices

Rather than reducing the lift of the wing, the leading edge vortices, increase the wing lift in anonlinear
manner. The vortex can be viewed as reducing the upper surface pressures by inducing higher velocities
on the upper surface.

The net result can be large as seen on the plot here.
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The effect can be predicted quantitatively by computing the motion of the separated vortices using a
nonlinear panel code or an Euler or Navier-Stokes solver.

This figure shows computations from an unsteady non-linear panel method. Wakes are shed from leading
and trailing edges and allowed to roll-up with the local flow field. Results are quite good for thin wings
until the vortices become unstable and "burst” - a phenomenon that is not well predicted by these
methods. Even these simple methods are computation-intensive.
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Polhamus Suction Analogy

A simple method of estimating the so-called "vortex lift" was given by Polhamusin 1971. The Polhamus
suction analogy states that the extra normal force that is produced by a highly swept wing at high angles
of attack is equal to the loss of leading edge suction associated with the separated flow. The figure below
shows how, according to this idea, the leading edge suction force present in attached flow (upper figure)
istransformed to alifting force when the flow separates and forms aleading edge vortex (lower figure).
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The suction force includes a component of force in the drag direction. This component is the difference
between the no-suction drag:
Cp, = Cysina, and the full-suction drag: C 2/ TTAR

where a is the angle of attack.

The total suction force coefficient, Cg, is then:
Cs=(Cysina - C 2mAR)/ cos A\

where A isthe leading edge sweep angle. If this acts as an additional normal force then:
Cn'=C,+(C,sna - C 2mAR)/cosA



and in attached flow:
CL=C_ snawithC,=C_cosa

Thus, Cn'=C| cosa + (C_ cosa sina - C; 2mAR) / cos A\
= CLasin a cosa + (C,_asin a cosa sina - (CLasin a)2/TtAR) / cos A\
=C_ sinacosa +Cp /cosAsina cosa - C_2/(TTAR cosA) sinZa

C '=C_ [sinacos?a +sin2a cos? o /cosA - C /(TTAR cosA) cosa sin2 a]
= CLasin o cosa (cosa +sina cosa/ cosA - CLasin a /(TAR cos\))

If we take the low aspect ratio result: C|_ = TTAR/2, then:
C_ '=mAR/2sna cosa (cosa +sina cosa/ cosA -sina /(2cos) )

Cross-Flow Drag Analogy

An even simpler method of computing the nonlinear lift isto use the cross-flow drag analogy. Theideais
to add the drag force that would be associated with the normal component of the freestream velocity and
resolveit in thelift direction. Theincrement inlift isthen simply: AC = Cp_ sina cosa.

The plot below shows each of these computations compared with experiment for a 80° deltawing (AR =
0.705). In these calculations a cross-flow drag coefficient of 2.0 was used.
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Another case with much higher aspect ratio is shown below. Note that the very simple model seems to do
nearly aswell as the more involved suction analogy.
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The maximum lift of alow aspect ratio wing is significantly increased by the presence of these vortices
and is limited either by vortex bursting or by allowable angle of attack. VVortex bursting is a phenomenon



in which the structured character of the vortex is destroyed resulting in aloss of most of the vortex lift. It
occurs due to adverse pressure gradients acting on the vortex. When the vortex burst occurs on the wing
(as opposed to downstream of the wing) the lift drops substantially. Although there are some empirical
methods for predicting vortex burst, the phenomenon is quite complex and difficult to predict accurately.
For many SST designs, however, the maximum C; may be predicted by assuming that the vortex does

not burst at the maximum permissible angle of attack. Because of the length of the fuselage, thisangle
may be restricted to a value of 10-13 degrees. Using this value in the above expression for C; leadsto a

reasonable estimate for maximum lift on such designs.

A flow pattern, similar to that of the highly swept deltawing, is found at the tips of low aspect ratio
wings and over fuselages. The vortex formation significantly increases the lift in these cases as well.
Especially in the case of fuselage vortices, the airplane stability is affected. Interaction with downstream
surfacesis often important, but hard to predict. Computations of lift at a specified angle using the cross-
flow drag analogy can easily include the component associated with fuselage lift as well.

U U U,

Flaps are often not used on SST designs due to difficulties with longitudinal trim. Designs with tall
surfaces or canards can employ some flaps, increasing the effective alphalimit by 2-3 degrees. Clearly,
conventional slats do not help these designs as they produce little changein C, at agiven angle of attack.

However, studies have shown that some types of |eading edge vortex flaps, intended to strengthen the
leading edge vortices can be used to further increase the maximum usable C, .



Wing-Body Maximum CL

The program computes wing C; ,ax USing the methods described in this chapter, and based on data for

the current wing and fuselage. Before running this program, be sure that you have entered the wing and
fuselage geometry parameters on pages such as the Wing Analysis page, Airfoil Design page, and the

Fuselage layout pages. Alternatively an entire input set may be entered in the data summary page of the
appendix. The plot shows the variation in C|_ ,,5x With flap deflection with a slat deflection of 0 deg and

20 deg.




Laminar Airfoil Design

Laminar flow may be useful for reducing skin friction drag, increasing maximum lift, or reducing heat
transfer. It may be achieved without too much work at low Reynolds numbers by maintaining a smooth
surface and using an airfoil with afavorable pressure gradient. The section below shows how the
pressures may be tailored to achieve long runs of laminar flow on upper and/or lower surfaces.

Again, the Stratford-like pressure recovery is helpful in achieving the maximum run of favorable
gradient on either upper or lower surfaces.
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Transonic Airfoil Design

The transonic airfoil design problem arises because we wish to limit shock drag losses at a given
transonic speed. This effectively limits the minimum pressure coefficient that can be tolerated. Since
both lift and thickness reduce (increase in magnitude) the minimum Cy, the transonic design problem is

to create an airfoil section with high lift and/or thickness without causing strong shock waves. One can
generaly tolerate some supersonic flow without drag increase, so that most sections can operate
efficiently as "supercritical airfoils’. A rule of thumb is that the maximum local Mach numbers should
not exceed about 1.2 to 1.3 on awell-designed supercritical airfoil. This produces a considerable increase
in available C; compared with entirely subcritical designs.

Supercritical sections usually refer to a special type of airfoil that is designed to operate efficiently with
substantial regions of supersonic flow. Such sections often take advantage of many of the following
design ideas to maximize lift or thickness at a given Mach number:

. Carry asmuch lift asis practical on the aft potion of the section where the flow is subsonic. The
aft lower surface is an obvious candidate for increased loading (more positive Cy), although

severa considerations discussed below limit the extent to which this approach can be used.

. Make sure that sufficient lift is carried on the forward portion of the upper surface. Asthe Mach
number increases, the pressure peak near the nose is diminished and without additional blunting
of the nose, possible extralift will be lost in this region.

. Thelower surface near the nose can also be loaded by reducing the lower surface thickness near
the leading edge. This provides both lift and positive pitching moment.

. Shocks on the upper surface near the leading edge produce much less wave drag than shocks aft
of the airfoil crest and it is feasible, although not always best, to design sections with forward
shocks. Such sections are known as "peaky" airfoils and were used on many transport aircraft.

. Theideaof carefully tailoring the section to obtain locally supersonic flow without shockwaves
(shock-free sections) has been pursued for many years, and such sections have been designed and
tested. For most practical cases with arange of design CL and Mach number, sections with weak
shocks are favored.

One must be cautious with supercritical airfoil design. Several of these sections have |looked promising
initially, but led to problems when actually incorporated into an aircraft design. Typical difficulties
include the following.

. Too much aft loading can produce large negative pitching moments with trim drag and structural
weight penalties.
. The adverse pressure gradient on the aft lower surface can produce separation in extreme cases.



. Thethin trailing edge may be difficult to manufacture.
. Supercritical, and especially shock-free designs often are very sensitive to Mach and C; and may
perform poorly at off-design conditions. The appearance of "drag creep” is quite common, a

situation in which substantial section drag increase with Mach number occurs even at speeds
below the design value.

The section with pressures shown below is typical of a modern supercritical section with aweak shock at
its design condition. Note the rooftop C,, design with the minimum C, considerably greater above Cp*.

Supercritical Section Pressures
DLEA 186 at M= 742, C1 = 94

-1.5

— PGM-H upper
: : : : : : PGH-H lower
1o F- Ll PR P * NAE Data
: : : : : : Cp#
-5 ...- ..................................
0 J ..- .....................................
5 ...- ........................................
~ 5
1.0 -
o 1 2 3 4 3 & T g = 1.0



Low Reynolds Number Airfoil Design

Low Reynolds numbers make the problem of airfoil design difficult because the boundary layer is much
less capable of handling an adverse pressure gradient without separation. Thus, very low Reynolds
number designs do not have severe pressure gradients and the maximum lift capability is restricted.

Low Reynolds number airfoil designs are cursed with the problem of too much laminar flow. Itis
sometimes difficult to assure that the boundary layer is turbulent over the stegpest pressure recovery
regions. Laminar separation bubbles are common and unless properly stabilized can lead to excessive
drag and low maximum lift.

At very low Reynolds numbers, most or all of the boundary layer islaminar. Under such conditions the
boundary layer can handle only gradual pressure recovery. Based on the expressions for laminar
separation, one finds that an all-laminar section can generate a C; of about 0.4 or achieve a thickness of

about 7.5%, (Try thiswith PANDA.)



Low Moment Airfoil Design

When the airfoil pitching moment is constrained, it is not aways possible to carry lift as far back on the
airfoil asdesired. Such situations arise in the design of sections for tailless aircraft, helicopter rotor
blades, and even sails, kites, and giant pterosaurs. The airfoil shown hereis aLiebeck section designed to
perform well at low Reynolds numbers with a positive C,y. Its performance is not bad, but it is clearly

inferior in Cj 5 When compared to other sections without a C,,, constraint. (Cyy4 = 1.35 vs. 1.60 for
conventional sections at Re = 500,000.)

The thickest section at Re = 10 million is 57% thick, but of course, it will separate suddenly with any
angle of attack.

e
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Multiple Design Point Airfoils

One of the difficultiesin designing a good airfail is the requirement for acceptable off-design
performance. While avery low drag section is not too hard to design, it may separate at angles of attack
dlightly away from its design point. Airfoils with high lift capability may perform very poorly at lower
angles of attack.

One can approach the design of airfoil sections with multiple design pointsin awell-defined way. Often
itis clear that the upper surface will be critical at one of the points and we can design the upper surface at
this condition. The lower surface can then be designed to make the section behave properly at the second
point. Similarly, constraints such as Cmo are most effected by airfoil trailing edge geometry.

When such a compromise is not possible, variable geometry can be employed (at some expense) asin the
case of high lift systems.



Interactive Airfoil Design

This page lets you select and modify afamily of airfoils to suit the specific needs of your aircraft.
Specify the section t/c and type (0 is a conventional peaky section, 1 isarather aggressive supercritical
section). The resulting pressure distribution is shown below. The parameter xt/c lets you force transition
to turbulent flow at the indicated chordwise position. Setting xt/c = 1.0 corresponds to free transition
while setting it to asmall value such as 0.05 forces mostly turbulent flow.

Hints: Change angle of attack by either entering avalue or by clicking on the angle of attack displayed
on the plot. Holding down shift while clicking reduces alpha. Y ou may also change scale by clicking on
the C,, axis labels. Also note that you may modify the airfoil shape by clicking on the upper or lower

surface to add thickness near the point where you have clicked. Hold down the shift key while clicking to
remove thickness. The boundary layer computations indicate transition to turbulent flow (T), laminar
separation (LS), or turbulent separation (TS). If you change parameters, click recompute to enter these
values, but note that the airfoil is regenerated as well based on the specified section type and t/c.



Wing Design

There are essentially two approaches to wing design. In the direct approach, one finds the planform and
twist that minimize some combination of structural weight, drag, and CLmax constraints. The other
approach involves selecting a desirable lift distribution and then computing the twist, taper, and thickness
distributions that are required to achieve this distribution. The latter approach is generally used to obtain
analytic solutions and insight into the important aspects of the design problem, but isis difficult to
incorporate certain constraints and off-design considerations in this approach. The direct method, often
combined with numerical optimization is often used in the latter stages of wing design, with the starting
point established from simple (even analytic) results.

This chapter deals with some of the considerations involved in wing design, including the selection of
basic sizing parameters and more detailed design. The chapter begins with a general discussion of the
goals and trade-offs associated with wing design and the initial sizing problem, illustrating the
complexities associated with the selection of several basic parameters. Each parameter affects drag and
structural weight as well as stalling characteristics, fuel volume, off-design performance, and many other
Important characteristics.

Wing lift distributions play akey role in wing design. The lift distribution is directly related to the wing
geometry and determines such wing performance characteristics as induced drag, structural weight, and
stalling characteristics. The determination of areasonable lift and Cl distribution, combined with a way
of relating the wing twist to this distribution provides a good starting point for awing design. Subsequent
analysis of this baseline design will quickly show what might be changed in the original design to avoid
problems such as high induced drag or large variationsin Cl at off-design conditions.

A description of more detailed methods for modern wing design with examplesis followed by a brief
discussion of nonplanar wings and winglets.

. Wing Geometry Definitions

. Wing Design Parameters




Lift Distributions

Wing Aerodynamic Design in More Detail

Nonplanar Wings and Winglets

Wing Layout | ssues

Wing Analysis Program




Wing Geometry Definitions

The wing geometry may be specified in several ways. This section defines afew commonly used terms
and how to compute them.

Wing Areas

The definition of wing areais not obvious and different companies define the areas differently. Here, we
always take the reference wing area to be that of the trapezoidal portion of the wing projected into the
centerline. The leading and trailing edge chord extensions are not included in this definition and for some
airplanes, such as Boeing's Blended Wing Body, the difference can be almost a factor of two between the
"real" wing area and the "trap area”’. Some companies use reference wing areas that include portions of
the chord extensions, and in some studies, even tail areaisincluded as part of the reference area. For
simplicity, we use the trapezoidal areain thistext.

Reference Wing Area Exposed Wing Area Area Affected by Flaps

In addition to the reference area, we use the exposed planform area depicted above in the calculation of
skin friction drag and the wetted area which is a bit more than twice the exposed planform area.

Wing Span and Aspect Ratio

Of all the parameters that might be defined without a footnote, span seems to be the most unambiguous;
however, even thisis not so clear. The small effect of wing bending on the geometric span can become
very measurable when the wing includes winglets. We ignore the differences here, but suggest that a
reference span should be measured on the ground with a prescribed fuel load since thisisthe only
condition in which it may be conveniently verified.

Aspect ratio is often used in place of the dimensional span in many of the aerodynamic equations of
interest. Aspect ratio, or AR, isroughly the ratio of span to average wing chord. It may be computed by:
AR = b2/ S;4. Itisimportant that the same definition of reference area be used in the definition of aspect



ratio asis used in the definition of coefficients such as C; and Cp,.

Reference Lengths

Various wing reference lengths are used in aerodynamic computations. One of the most important of
these is the mean aerodynamic chord, or M.A.C.. The M.A.C. is the chord-weighted average chord
length of the wing, defined as:

b2

= 2 CE d
M.AL. = EDJ y

For alinearly tapered (trapezoidal) wing, thisintegral is equal to:
M.A.C. =23 (Croot + Ciip - Croot Ctip / (Croot™Cip))

For wings with chord extensions, the MAC may be computed by evaluating the MAC of each linearly-
tapered portion then taking an average, weighted by the area of each portion. In many cases, however,
the MAC of the reference trapezoidal wing is used.

The M.A.C. is often used in the nondimensionalization of pitching moments. The M.A.C. of just the
exposed areais also used to compute the reference length for calculation of Reynolds number as part of
the wing drag estimation. The M.A.C. is chosen instead of the simpler mean geometric chord for
guantities whose val ues are weighted more strongly by local chord that is reflected by their contribution
to the area.



Wing Design Parameters
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Span

Selecting the wing span is one of the most basic decisions to made in the design of awing. The spanis
sometimes constrained by contest rules, hangar size, or ground facilities but when it is not we might
decide to use the largest span consistent with structural dynamic constraints (flutter). This would reduce
the induced drag directly.

However, as the span isincreased, the wing structural weight also increases and at some point the weight
increase offsets the induced drag savings. This point is rarely reached, though, for several reasons.

1. Theoptimum is quite flat and one must stretch the span a great deal to reach the actual optimum.
2. Concerns about wing bending as it affects stability and flutter mount as span is increased.

3. The cost of the wing itself increases as the structural weight increases. This must be included so
that we do not spend 10% more on the wing in order to save .001% in fuel consumption.

4. The volume of the wing in which fuel can be stored is reduced.



5. Itismore difficult to locate the main landing gear at the root of the wing.

6. The Reynolds number of wing sectionsis reduced, increasing parasite drag and reducing
maximum lift capability.
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On the other hand, span sometimes has a much greater benefit than one might predict based on an
analysis of cruise drag. When an aircraft is constrained by a second segment climb requirement, extra
span may help agreat deal as the induced drag can be 70-80% of the total drag.

The selection of optimum wing span thus requires an analysis of much more than just cruise drag and
structural weight. Once a reasonabl e choice has been made on the basis of all of these considerations,
however, the sensitivities to changes in span can be assessed.

Area
The wing area, like the span, is chosen based on awide variety of considerations including:

1. Cruisedrag
2. Stalling speed / field length requirements
3. Wing structural weight

4. Fud volume

These considerations often lead to a wing with the smallest area allowed by the constraints. But thisis
not always true; sometimes the wing area must be increased to obtain areasonable CL at the selected



cruise conditions.

Selecting cruise conditionsis also an integral part of the wing design process. It should not be dictated a
priori because the wing design parameters will be strongly affected by the selection, and an appropriate
selection cannot be made without knowing some of these parameters. But the wing designer does not
have complete freedom to choose these, either. Cruise altitude affects the fuselage structural design and
the engine performance as well as the aircraft aerodynamics. The best CL for the wing is not the best for
the aircraft as awhole. An example of thisis seen by considering afixed CL, fixed Mach design. If we
fly higher, the wing area must be increased by the wing drag is nearly constant. The fuselage drag
decreases, though; so we can minimize drag by flying very high with very large wings. Thisis not
feasible because of considerations such as engine performance.

Sweep

Wing sweep is chosen aimost exclusively for its desirable effect on transonic wave drag. (Sometimes for
other reasons such as a c.g. problem or to move winglets back for greater directional stability.)

1. It permits higher cruise Mach number, or greater thickness or CL at a given Mach number without
drag divergence.

2. It increases the additional loading a