Lo

A Chapter 2. The general arrangemént

P

SUMMARY

A sound choice of thé\general afrangeﬁeht of a new aircraft design should be based on a
proper investigation into and interpretation or the transport function and a translation
} of the most pertinentrrequiréments into a suitable positioning of the major parts in re-
i . lation to each other. The result of this synthetic exercise is of decisive importance to
; the success of the aircraft to be built. However, no clear-cut design procedure can be
followed and the task of devising the configuration is therefore a highly challenging one
to the resourceful designer.

e | Considerations, arguments and some background information are presented here in order to
provide the reader with a reasonably complete picture of the possibilities. The differ- .
ences between a high wing and a loﬁ'wing layout, and the location of the engines either
on the wing or fuselage or elsewhere, aré~discﬁssed‘on the basis of various cases firom
actual practice. Examples of unconventional layou€§ and many references to relevant lit-
erature are given to stimulate further study and may possibly generate ideas for new
conceptions. o ' o

The study of possible‘configurations should result.-in one..or more sketches of feasible
layouts. They serve as a béﬁis for more detailed design efforts, to be discussed in later
chépters, and they can therefofe be regarded as a first design phase.

'Y
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2.1. INTRODUCTION

Before a general arrangement drawing of a
new design can be put on paper, a choice
will have to be made as to the relative
location of the main components: wings,
fuselage, engines, tail surfaces and land-
ing gear.

A specific configuration is often inspired
by a trend or line of evolution which may
have its origin somewhere in the past. It
say be that previous experience with air-
craft in a similar category has established
a tradition which cannot be easily dis-
~arded. But even when a company tackles an
=ntirely new type, it is generally found
‘hat designers fall back on research work
"one years before by the company's research
"epartment or aeronautical laboratories.

‘ne gxample is the Boeing 707 - or its imme-

diate predecessor, the KC-135 Stratotanker
-~ in which certain design features can be
traced back as far as the 1945 Strato-
cruiser design, which itself was developed
from the B-29 Superfortress (Fig. 2-1). At
first sight the final version shows prac-
tically no similarity to any aircraft the
Boeing company had previously built. Even
so, the 367-60 and 367-64 preliminary de-
signs have much in common with the Strato-
cruiser Model 377, particularly as regards
the fuselage, while an obvious similar-
ity also exists with the B-47 with respect
to the location of the engines (Ref. 2-2).
Although the Model 707 pioneered the new
era of long-range high-subsonic ﬁransport
aircraft with jet propulsion, its general
shape still had its origin in previous de-
signs. It follows that a sound evaluation

of practical solutions incorporated in ex-
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lurbajet tanker transpo
design -1952 <
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Fig. 2-1. Similarity be-
tween various designs by

Boeing (Ref. 2-2).
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[AVRO VULCAN 8-1]

Fig. 2-2. Development of the wxternal
shape during the design of the Avro
(Ref.: Flight, 31 Jan.

Vulcan bomber.

isting successful designs should be the
first step in the conceptual phase.

A successful first choice of the configura-
tion does not mean that no major changes
will be required as development proceeds:
This is illustrated in Fig. 2-2 in which

an early design.sketch of the AVRO Model
698 is compafed with the final layout of

- the B~1 Vulecan bomber (approximately -1945-

19438).
siderable differences, a gradual evolution
of the initial baseline configuration took
pPlace in the course of the project devel-
opment (Ref. 2-~7). If this design is com-
pared with that of the Handley Page Victor
and the Vickers Valiant, which were both
based on the same specification, it can be
concluded that various solutions, each with
its own particular merits, are possible.
This will be discussed in more detail in
Section 2.3. Unfortunately, for various

Though these versions exhibit con~" -

1950)

reasons feQ examples of désign evolutions
have been published, and it is therefore
difficult to draw general conclusions from
which recommendations can be deduced. The
list of references includes one publica-
Ref.

teresting in this connection since it pres-

tion, 2-6, which%is particularly in-

ents some very unusual arrangements dating

from the introduction of jet propulsion.

in
fact, only be prdéerly justified once the

The general arrangement adopted can,

design has been finalized. A satisfactory
comparison of two different’solutions for
the same specification will not always bé
possible, as many design details add ué to
determine the characteristics of an air-
craft and the design considerations pub-
lished by the manufacturers are as a rule
insufficiently detailed.

Competition forces manufacturers to ex-
plore new solutions, which is one of the
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reasons why competition has the long-term
effect of advancing the technology. Exces-
sively large departures from the existing
lead to the

taking of unwarranted commercial risks. An-

state of the art may, however,

other restraining factor is the circum-
;tance that all designs have to meet the
:xisting or anticipated airworthiness re-
juirements. Hawthorne's™ definition of de-
;ign may be aptly quoted in this context:
"Design is the process of solving a problem
Hy bringing together unlikely combinations
of known principles, materials and proc-
csses". A typical example resulting from
such a procedure is the Sud-Aviation
~aravelle (Fig. 2-3), which successfully
pioneered the location of the engine pods
at the tail of the fuselage. The spiritual
father of this design was Pierre Satre.

It is scevcely possible to give hard and fast rules
‘or arriving at a sound configuration. Some relevant
.onsideratvinans will be presented in the sections
‘hich fcllow but these should be interpreted with
;aution, as it sometimes happens that even small
iimensional differences between the designs may lead
‘o completely different conclusions. Sketches that
re reasoucbly accurate with respect to dimensions
.re ihdisf;wsable in the design stage. Without a
-orrect representation of the relative size of the
ajor components, the design drawing might perhaps
‘esult in a good artist's impression of the design-
r's ideas but it is likely to be useless as abasis
or further engineering. Engine dimensions, espe-
ially in the case of high bypass ratio engines,

.:re often of particular importance in view of their
-elation to fuct sizes, landing gear height, etc.
ertain di.sensions needed for these drawings may be
aduced from data of similar aircraft, preferably
.sing parameters such as wing loading, aspect ratio,
elative airfoil thickness, etc. The statistical
:ata presented in other chapters of this boock may

.1so be used as a source of information.
During the configuration study the designer
should have a clear picture in his mind of

the operational requirements of the air-

* Engineering Laboratory, Cambridge Uni-
versity
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craft and the environment, such as how it
is to be loaded, the airport facilities,
special requirements regarding visibility
from the cockpit, the desirability of the
aircraft carrying a very low price-tag, etc.
Although the general design requirements
will provide important pointers, the de-
signer should develop a "design philisophy",
determining priorities, indicating solu-
tions, etc. In some cases the manufacturer's
production facilities and capabilities af-
fect the structural design and may thus in-
fluence the general concept. Every aircraft
essentially is a very complicated entity;
all superfluous complication will be costly
both to the manufacturer and to the user
and will lessen the design's chances of

success.

The next few sections will be devoted to
discussion of the general arrangement. This
chapter will not deal with the fuselage
layout, including the use of tailbooms, for
which the reader is referred to Chapter 3,
while the center of gravity limitations of
the design and their influence on the gen-
eral configuration will be discussed in
Chapter 8. When engine location is dealt
with (Para. 2.3), it will be assumed that
the number and type of engines have already
been decided. If this is not so, the reader
should turn to Section 6.2 for more

]

information.

2.2. HIGH, LOW OR MID WING?

The vertical location of the wing relative
to the fuselage must be considered first.
Fig. 2-4 shows three layouts of aircraftr
design projects in different categories.
It will be obvious that the wing location
relative to the fuselage is to a very large
extent determined by the operational re-
quirements. Although the aerodynamic and
structural differences are not without im-
portance, they can only be deciding factors
when the choice between high, low and mid
wing is not dictated by considerations of
maximum operational flexibility.
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Fig. 2-3. Design projects by Sud-Aviation (Ref. ALATA, Febr. 1959)

a. SE X200, 200-tons all
wing for transatlantic
ranges

b. SE X202, Feb. 1947

c. SE X2Q3, March 1947,
40 passengers

d.SE X204, two engines,
30 passengers

e.SE X205, July 1947,
three engines

£.SE X206, four engines,
40 passengers

g.SE X206.02.03,different
version from f.

h.SE X206.02.03,two other
versions

k.SE X206.02.04,September
1947, four engines, two
decks

1.SE X206.02.09,Jan. 1948,

four engines, 40 passengers

m. SE X206-02-17, May 1948
four engines (Nene)

n.SE X206-02-21,June 1951,
four engines (ATAR D),48-60
passengers
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p. SE X210.02.01, four en-
gines Turbomé&ca "Tourmalet’
40-58 passengers

g. SE X210.02.09,July 1951,

high wing,four turboprops

r.SE X210.02.10,July 1951,

three engines derived from
Grognard airplane, 48 pass.
s.SE X210.02.20, Jan. 1952,

four turboprops

t.SE X210.02.10 and 14,
December 1951, twe versions
with three engines

u. SE X210.Q02.24,March 1952.
Final version, four engines
later replaced by 2 Avons

|
f
Lz

118° 10

'ig. 2-3. (continued)
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Fig. 2-4. Examples of high-wing, mid-wing and low-wing layouts (preliminary designs) -
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5.25m

[
l14.00m

A4 - WING short-haul passenger transport designed by G.H. Berenschot and the author

je 274. {concluded)

2.1, sgdh wing

lesign requirement for the military trans-
't Lockheed C-5A was quick loading and un-
ding of infantry troops. The aircraft al-
had to carry a variety of cargo, such as
ton trucks, M-60 tanks and artillery ve-
cles, while space had to be provided for
rsonnel. Fig. 2-5 gives a number of cross-
ctions showing how this load is accommo-
“ed in the fuselage. The floor is stressed
take a load of 740 1lb/sqg.ft (3600 kg/m2)
1 has an area of 2370 sqg.ft (220 mz),
“le it lies about 8% ft (2.5 m) above the
con. The couckpit and the seats for trans-
rt of personnel are arranged in two sec-
ons, separated by the wing center-section
ading and unloading take place through
se and tail doors and the sketch clearly
shows the importance of a low floor level
tsr this very large aircraft. In the case of

& low wing aircraft of comparable size, such
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as the Boeing 747, the main deck floor is
about 16 to 17 ft (5 m) above the apron.
This makes such an aircraft dependent on
special loading and boarding equipment,
which is unacceptable for a military air-
craft such as the C-5A.

Fig. 2-5 shows clearly that retraction of
the main undercarriage gear has posed spe-
cial problems for the designers. In smaller
high-wing propeller aircraft it may be pos-
sible to retract the main gear into the en-
gine nacelles (Fokker F-27) or in the tail
booms (Hawker Siddeley Argosy), but in the
case of very large aircraft doing so would
make it too tall and too heavy. This will
unavoidably lead to mounting the gear to
the fuselage, but the strengthening of the
fuselage structure required for the trans-
mission of the landing impact loads will
result in a weight increase. This is only

e o -
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nose gear forward main gear aft main gear

a: upper lobe; b: central lobe; c: lower lobe; d: upper deck; e: main deck; £,g: longitu-
dinal supports; h: main fuselage frames; k: main gear shock strut; l: external mounting

frame

a: fuselage nose; b: radome; c: pres-
sure bulkhead; d: door hinges; e:
guide; f£: slide; g: post; h: adjust-

able floor element; k: articulation;
1l: nose floor element; m: ramp; n:
flap

aft loading

sections 1-1
{ rear view)

a: load-carrying structure; b: adjustable floor element; c: articulation; a;k: flap; e:
central loading door; fl,fz: lateral doors; 9,09, screwjacks; h: levers

Fig. 2-5. Loading provisions and undercarriages supports for the Lockheed C-5A (Ref.:
DOC~AIR-ESPACE No 113 - Nox. 1968) .
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Antonov An-14 Pchelka

Cessna 172 !

*ig. 2-6. Examples of airplane types with braced wings

artially offset by the saving in weight in
;omparison with a low-wing design, due to
.he shorter landing gear struts. Moreover,
rith a fuselage-mounted main undercarriage
-t is difficult to obtain a sufficiently
ride tack. These considerations may be re-
jarded as having favored the use of low-
‘ing monoplanes.

raced~wing monoplanes (Fig. 2-6) are nowa-
.ays generally high-wing designs. Bracing
truts cause little interference when at-
ached to the lower side of the wing, while
hey usually can be lighter than in other
ositicrns since in this case the critical
.trut lcads are likely to be tension loads.

in the case of STOL aircraft close proximity of the
ring to .‘;fahe ground in takeoff and landing may cause
sronounced and generally undesirable ground effects.
“oreover, if a low wing was adopted, the required
-round clearance of the large, fully deflected
~railing-edge flaps and - in the case of propeller-
driven STOL aircraft - of the large propellers,
would entail a very tall and heavy landing gear. In
this case a high-wing design generally has more to

recommend it.
2.2.2. Mid wing
This layout is generally chosen when mini-
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mum drag in high-speed flight is of para- i
mount importance. With a fuselage of rough-
ly circular cross-section, the surfaces at
the wing-fuselage junction meet at practi-
cally right angles so that interference be-
tween the boundary layers at small angles
of attack will be minimized. In most cases
the fuselage section at the location where
the wing is mounted to it is roughly cylin-
drical. The divergence of the airflow over
the wing root at high angles of attack is
thus minimized. Wing root fairings of only
very modest size will therefore be required.
For these reasons many mid-wing layouts are
found in fighter and trainer aircraft, where
it is an acceptable arrangement, provided
the space required for the useful load is
small in relation to the total internal
fuselage volume and can be divided into

) separate sections. The wing may be contin-

uous- through the fuselage because the
transfer of the loads from the wing may
take place via almost "solid" bulkheads

to which each winghalf is attached. It is
generally not feasible to adopt such a
scheme for transport aircraft, and very few
mid-wing monoplanes are to be found in this
category. However, it is worth noting that
on large transport aircraft the wing ar-
rangement adopted approaches the mid-wing
position, the reason being that the cabin
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floor, which is located just above the wing
center section, is positioned relatively
high in the fuselage cross section.

Another exception is the HFB 320 Hansa
(Fig. 2-7), which features a negative angle

\

cargo hold

equipment bay
\pamry wardrobe

entrance door

toilet
compartment
Lbusiness jet — 7passanqev:]

Fig;'2-7. Fuselage layout of the HFB Hansa
jet - R

of sweep, with the engines at the tail bal-
ancing the cabin ahead of the wing center
section. However, with this layout it is
difficult to avoid considerable shift of
the center of gravity for different loading
conditions unless serious loading restric-
tions are acceptedf.The swept-forward wing
presents certain aerocelastic problems which
are difficult to solve without the use of
tip tanks. Although the manufacturer claims
that the aircraft possesses low drag char-
acteristics, maximum cabin height for_ a

. given fuselage diameter, and a good view .

for all the occupants, it remains doubtful-

‘whether these outweigh the disadvantages.

2.2.3. Low wing

The low wing position frequently offers many
advantages. It is true that light aircraft
still account for a fair number of high-

Qing monoplanes, but this may be more a

- matter of company tradition than an obvious

technical advantage. The low cargo floor
height“is of benefit to small freighters
designed for operating into secondary air--

» L4
See Section 8.5.4

ports and from airfields and airstrips
where special loading equipment is not a-
vailable. In the case of most passenger
'aircraft, the height of the cabin floor
above the ground is of lesser importance
as use can be made of steps of loading
bridges.

Efficient use of the underfloor space in
the fuselage for the stowage of cargd is
possible only if the fuselage is at a suit-
able height abové the apron. Without re-
sorting to a tall undercarriage, this is
more easily achieved in a low-wing design.
The generally larger fuselage height above
ground level on a low-wing configuration
may also offer advantages when, after a
fuselage stretch, the tail angle available
is still sufficiently large to allow for
optimum rotation during the takeoff, wit-
hout creating an unacceptable geometrical
pitch angle limitation (Fig. 2-8).

2-8. A stretched version of the Lock-

Fig.

heed Tristar is envisaged in the design
stage. The fuselage will be stretched by
3.56 m (1) and 4.57 m (2) in front of and
behind the wing resp. The undercarriage is

sufficiently long to allow rotation over
12° after stretching (Ref.: Aviation Mag.

No. 550, 30 Nov. 1970) )
2.2.4. Effect of the wing location on the'
general arrangement ‘

a. Interior arrangement, : i -
On a high-wing aircraft the fuselage sec-
tion below the floor is generally flattened
in order to reduce the undercarriage height
and to keep the floor at the desired level
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above the ground, truckbed height being
generally 4 to 4% ft (1.20 to 1.40 m). A
lat fuselage belly leaves little or no
‘oom to carry underfloor cargo and this may
\ecessitate a longer cargo hold in the cab-
n, as compared to aircraft with a circular
‘uselage cross-section. This in turn may
"engthen the fuselage, particularly when,
‘n addition, most equipment and services
‘111 have to be located above the floor. A
arge center of gravity travel may result.
m low-wing aircraft the landing gear may
e retracted into (propeller) engine na-
‘elles or into the fuselage just behind the
‘enter-section of a swept-back wing. Re-
raction of the main undercarriage between
he main wing spars is more easily achieved
ith a non-stressed lightly loaded skin
‘han with a stressed-skin structure.

n small high-wing transports the aisle is
ometimes sunk in relation to the rest of
he cabin floor to provide adequate stand-
.ag room. The most critical point is at the
ing-fuselage intersection where a slightly
oweréd cabin ceiling may be unavoidable.

t may be worthwile investigating whether
his space can be used for stowage or a
loakgoom, or whether lavatories can be
xtend:3d into this area.

ow-wiis aircraft sometimes have the wing
rotruding slightly below the fuselage,
acessitating extensive fairings (e.q.
awker Siddeley 125). In some small touring
ircraft the front seats may be mounted
.irectly on the wing box, thus saving space.

b. Safety.
"he. low wing and possibly the engines will
orm a large energy-absorbing mass during
forced landing, although they also present
.otential fire hazards upon contact with
‘he ground. The wing generally contains
-uel and the tanks are likely to be damaged,
particularly if they are of the integral
zype. If the impact is not too heavy, dam-
-ge and fire risk in a high-wing aircraft
may be limited. When an aircraft is forced
down on water, the fuselage of a high-wing
monoplane will be submerged; provisions
must therefore be made for escape through
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the cabin roof. It should be noted, how-
ever, that not all aircraft have to be cer-

tificated for overwater operation.

c. Performance and flying qualities.

The principal difference between the char-
acteristics of high- and low-wing layouts
during takeoff and landing is the ground
effect, which decreases with increasing
wing height above the ground. Ground effect
will generally cause a reduction in vortex-
induced drag, resulting in a decreased
takeoff distance and an increased landing
it leads to
premature breakaway of the airflow and even

distance. Sometimes, however,
reversed flow below the wing flaps, re-
sulting in an increase in the Minimum Un-
stick Speed* and consequently a longer
takeoff run.

Probably more important is the decrease in
downwash at the horizontal tail, leading
to a nose-down pitching moment. This will
require greater elevator deflection for the
takeoff rotation and the landing flare-out
and this may be a determining factor for
the elevator power required. The proximity
of the ground may have an opposite effect,
causing the aircraft "to land itself™”. This
means that after a properly executed final
approach little or no elevator movement is
requirement for the flare-out. This can be
the case when the wing is placed in such a
low position that ground effect causes a
marked lift increment, while the nose-down
pitching moment mentioned above is approx-
imately compensated by a nose-up pitching
moment due to the wing lift. Though this
characteristic may in itself be advanta-
geous, it is practically impossible to de-
sign the aircraft from the outset in sucha
way as to achieve it.

With respect to maximum lift and minimum
drag, there are admittedly differences be-
tween the high and low wing locations, but

these may be minimized by proper use of
fillets and fairings (Fig. 2-9). Even so,

the high wing is superior ir this respect
to the low wing, particularly where induced

*See Appendix K, Section K-2
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c. fillets act to obey the area rule and to
house the main landing gear

- Filg. 2-9. Several types of fillets to reduce

unfavorable wing-fuselage interference ‘' -

e
drag at high lift is concerned. The poten-
tial differences in damping the Dutch roll
may be largely suppressed by good design,

‘particularly proper choice of the wing di-

hedral angle and fin area. Negative wing
dihedral, desirable on swept-back wings,
can easily be incorporated in a high-wing
design without resorting to a tall under-
carriage. However, both configurations may
possess comparable flying qualities, except
for fast maneuvers in aerobatics, which are
favored by the mid- and low-wing layout.
High-wing aircraft will generally require
roughly 20 percent more vertical tail area

- than -low wing types.

d.. Structural aspects. -

The Lockheed C-5A has already been cited as
aﬁ examplé of the difficulties encountered
when designing the undercarriage of a high-
wing aircraft. Although the weight penalty
in the fuselage structure is partly offset
by a lighter wing and a shorter and lighter
nosewheel gear, on balance the high-wing
layout will be at a disadvantage with re-
spect to empty weight and complication of
the structural design. N

2.3. LOCATION OF THE ENGINES

2.3.1. Propeller aircraft
'

Aircraft powered by piston engines are gen-
erally seen in two layouts: the single
tractor engine type with the powerplant in
the fuselage nose and the twin tractor type
with both engines fitted to the wing. New
aircraft types with four piston engines are

. not being built any more since any rating

over, say, 500 hp is produced more effi-
ciently by the turboprop engine, and piston
engines in that class are practically ob- -
solete. Configurations are occasionally
observed which differ from the generally
accepted solutions described above, but-in
such cases the choice must have been in-
flﬁenced by special considerations, such as
the desirability of creating a high thrust- -
line (amphibians) or avoiding asymmetry in
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l SHORT BELFAST '

?ig. 2-10. Three types of turbopropeller engine installation

the event of engine failure by using one
tractor and one pusher engine in the plane
of symmetry (e.g. Cessna Skymaster).

Positioning the propeller engines in front
of the wing generally results in the most
attractive configuration from the aerody-
namic and structural point of view. The
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propeller slipstream of operating engines
generally has a favorable effect on the’
stall and increases the wing 1ift, in par-
ticular when trailing-edge flaps are ex-
tended, thus forming a kind of built-in
safeguard against stalling. On the other
hand, an engine failure may cause consid--:
erable windmilling drag before the propeller
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is feathered and while the flow over the
wing is stillAdisturbed. The yawing and
rolling moments induced by engine failure
present control problems and downgrade the
flight performance, in particular when the
engine fails in the takeoff. Variation of
the engine power will change the downwash
behind the wing and this is of particular
influence on the stabilizing contribution
of the tail surfaces (Section 2.4.2).

The location and installation of the en-
gines in nacelles mounted to the wing
leading edge is illustrated in Fig. 2-10
for several aircraft types. As will be
shown in Chapter 6, the'engine configura-
tion and the propellér design have consid-
erable influence on this.
high-wing layout there is generally more

In.the case.of a

freedom with respect to the vertical posi-.
tion of the engines relative to the air-
foil as comparedfto low-wing aircraft, since
propeller clearance over the grpund is rel-
atively easily provided. ;

When turboprop engines are used, an engLne
nacelle which is placed low relatlye to the

-

wing is to be favored, both for its light
supporting structure and for effective
discharge of the hot gases, requiring only
a short exhaust pipe. On a low-wing air-
craft designers are often forced to adopt

a relatively high position for the engine
nacelles in order to ensure sufficient pro-
peller to ground clearance. This may lead
to unfavorable interference effects between
the nacelle and the wing, causing premature
breakaway of the airflow and additional in-
duced drag.

2.3.2. Jet-propelled transport aircraft

When the Jet engine became an acceptable
prime mover for both transport and large
military aircraft (about 1947-1950), the
traditional piston engine layout was dis-
carded and-a new configuration was sought
which would suit the specific characteris-
tics and demands of the jet engine. Smaller
jet aircraft were generally designed for
military purposes and had a single engine
in the case of transport

in the fuselage;




Handley Page Victor B-1 {
et

Vickers

Armstrong Valiant

Boeing B-47 Stratojet

Avro Vuican 8-t

g. 2-12. Different configurations for aircraft designell to similar specifications

d large military aircraft there appeared
be two entirely different lines of
-ought:
Engines buried entirely within the root
° the wing, with the air intake in the
.adlng edge and the exhaust at the trailing
‘ge, cloaéito the fuselage. Examples of
.-ach an arranyement may be seen in the De
zvilland Comet (Fig. 2-11), Avro Vulcan,
ickers Valiant, Handley Page Victor and
“upolev 104.
2. Pod-mounted engines, initially suspended
relow the wing, but later also fitted to
the rear of the fuselage. The first impor-
tant representatives of this school were
the Boeing models B-47, B-52 and KC-135
(Fig. 2-1), while Sud-Aviation originated
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the rear-mounted engines in the Caravelle.
The former of these two concepts was pre-
dominantly favored by British designers,
the latter by the Americans. The protago-
nists of both solutions were able to jus-
tify their choice with sound technical ar-
guments (Ref. 2~11). In the author's opin-
jon it was not so much the engine instal-
lation but rather the aerodynamic concept
of the wing which formed the deciding fac-
tor in the difference between the two ap-
proaches.

Comparing the Avro Vulcan with the Boeing
B-47 (Fig. 2-12), we find that the total
wetted area is about the same for both air-
craft (Fig. 2-13), in spite of the fact
that the wing area of the Vulcan is nearly



L X}

[BOEING B-47 |AVRO vuLCan
1430 (133)
11300 (1080){ 3sco (s8s)

GROSS WING AREA  ~ ft?({m?) 3448 (320)

TOTAL WETTED AREA ~ f& (m?)

SPAN ~ ft {m) 116 (3s4) | 99 (302)
MAX. WING LOADING ~ Ibffdikg/m?] 140 (8%0) | 435 (212)
MAX. SPAN LOADING ~ Ib/ftikg/m)| 1750 (2590)| 1520 (2250)
ASPECT RATIO 9.43 2.84
Cp, (ESTIMATED) .oue .0069
YrAe (2-0SWALD FACTOR) 0425 (.8) | azs (.9)
UOmax & Clopt T TR25; 882 | 12.0°5..238

Fig. 2-13. Similarity in max. lift/drag ra-
tios for two widely different configura-

" tions

three times that of the B-47 (wing area®).
In contrast to this, there is the differ-
ence between the aspect ratios'*, namely a
figure in excess of 3. However, both air-
craft have nearly the same span loading
(weight/span). The remarkable conclusion
can be drawn that for a given dynamic pres-

" sure both the profile and vortex-induced

draé“*will be roughly equal for these air-
craft. Although the comparison shown.inm-
Fig. 2-13 is based on estimated values, it
clearly shows that it is péssible to a-
chieve a comparable ranée'performance with
both wing 1ayouts.»There are, all the same,
considerable differences between the two
types:

- a. The maximum lift/drag ratio occurs at

Cp = .235 for the Vulcan and at CL = .68
for the B-47. When cruising at high alti-
tude the Vulcan had more freedom to maneu-
ver without experiencing serious buffeting
due to compréssibility.. : .

b. The structural height at the wing root
of the‘eﬁlcan, namely about 6 feet 8 inches
{2 meters), proved ample to house the en-
gines internally; in the case of the B-47
the height available was only about 26
inches (.66 m). ~ .

* The gross wing:area used in Fig. 2-13
is as defined in Appendix A Section -
A-3.1, S me g :

** Aspect ratio= spanzlarea = spaﬁ/@eometric
mean chord. See Appendix A.

* % ¥

Definitions in Section 11.2.

N

In a sense this means that the design phi-
losophy with regard to the engine installa-
tion was mainly decided by the shape of the
wing. Although this example is predominant-
ly of historical interest, it shows that
there is a close connection with decisions
in other fields.

The protagonists of podded engines attached to the
wings by means of pylons use the following argu-
ments to support their views:

a. Separately spaced engines are well placed from
the safety point of view. In the event of fire in
one of the pods the likelihood that fire will
spread to the fuel in the wing is limited. In fact
this was the main argument for the choice of the
B-47 configuration.

b. The short intake and exhaust ducts enable the
engine to run under optimal conditions.

¢. The mass of the engines and the pylons lead to
a reduction in the bending moment of the inner
wing, thus lightening part of the wing structure.
wWhen they are located ahead of the flexural axis,
they constitute a mass balance against flutter.

d. The engines can be made easily accessible at
the cost of very little increase in structure
weight since the pods do not form part of the
stressed structure. Access to engines buried in the
wing roots has to be provided by detachable skin
panels at a location where the wing is highly

' stressed.

e. The engine pylons appear to have a favorable
effect on the airflow at large angles of attack and
tend to counteract pitch-up of sweptback wings

(Fig. 2-14). The pylons act in a manner similar to

m

(+)

'Fig. 2-14. Effect of wing-mounted pods on -

longitudinal stability (Ref. 2-11)
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fences, which are often used on "clean" wings.
~gainst this the protagonists of completely buried
-ngines list the following arguments:
. The extra drag resulting from the buried engine
nstallation is only a few percent as against about
5% of the total drag in the case of a configura-
‘on similar to the B-47. Incidentally, the current
:neration of turbofans show a value of about 8 to
i%. »
. As a result of the low wing loading and low
+lue of CL in cruising flight, maneuvering is
»ssible without compressibility problems such
5 buffetiﬁg.
. The pitch-up problem of swept wings is less
ignificant for low aspect ratio wings.
. As a result of the low wing loading, the low-
veed performance will be better.
. The relativel& low aspect ratio wing box struc-
ure will lead to greater stiffness and aeroelas-

icity will be less of a problem.

iy of theéfﬁarguments are only valid up to a
aint, and'in-particular the progress in engine
echnology.towards high bypass ratio engines, to-
2ther with the development of more efficient high-
ift devicfé in 1950-1970, has settled the case in
avor cf high wing loadings and pod-mounted engines.
nis does ﬁot mean that buried engines will not re-
arn to favor Gyain in the future. For example, the
oplicatici ot iaminar flow control by suction of
1e boundary iayer to reduce drag might eventually
2ad to a totally different design approach, such

3 a combiration of low wing loading and engines

F relatively low thrust in cruising flight, inte-

-ated into the wing or fuselage.

. interesting example of configuration
-udies is shown in Fig. 2-3 for the Sud
7iélion Caravelle. The maiden flight of
1is airplane, with its engines at the rear
Z the fuselage, took place in 1955. Thus a
ewW configuéation was added to that intro-
.uced by the B-47 with the engines in pods
~zlow the wing, a layout also adopted by
Douglas (DC-8) and Convair (880 and 990).
when this engine location had proved a
success in the Caravelle, various new types
were designed to practically the same for-
mula: the BAC 1-11, Vickers VC.10, Hawker
Siddeley Trident, Douglas DC-9, Boeing 727,

44

Fokker F-28 and all executive turbojet air-
craft. Though this layout has the obvious
advantages of a "clean" wing, low door sill
height and little asymmetric thrust after
engine failure, it also has a large center
of gravity variation with variation in
loading condition and it has to be care-
fully designed to avoid the superstall
problem. Therefore, after 1965, a new trend
towards engines on the wings occurred
(Boeing 737, Lockheed L-1011, Douglas DC-10,
Dassault Mercure).

It would serve little purpose to express a
general verdict in favor of either of these
two configurations. Each specification, as
well as every new type of engine, will re-
quire renewed study to support a particular
choice and the outcome can only be properly
assessed when various configurations have
been designed according to the same ground
rules. Thi§ procedure was followed by the
Boeing Company for the development of their
Model 737 (Fig. 2-15), when two competing

E} -.s-n-.s-uuulntfl \475“*'

Fig. 2-15. Two configurations of the Boeing
Model 737, resulting from a competition of

two design teams

design teams were put on the same exercise.
Factors which should be investigated in the
case of a transport aircraft are indicated
in Fig. 2-16. The principal differences be-
tween the Caravelle and the Boeing 737 en-
gine location will be briefly discussed
with reference to that list.
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Fig. 2-16. Engine location factors (Ref.:
ATA Engng and Maint. Conf., Oct. 27, 1964)

a. Empty weight.

The following factors have to be considered:
- A wing structure weight-saving is pcssi-
ble with wing-mounted engines due to the
mass relief effect on the bending moment
on the inner wing.

- Engines placed too far outboard increase
the landing impact loads and necessitate a
large vertical tailplane.

- Engines at the rear of the fuselage re-
quire local "beef-up" and lead to loss.of
useful space in the tail, reéﬁlting-in
added structure weight'and'a larger fuse-
lage for the same payload.

- Differences in weight of the tail sur-
faces depend on various factors which do
not permit a general conclusion. '

-Sﬁmming up, we may say without too much

emphasis that the empty weight of a Cara-
velle-type layout will typically be 2 to
4% more than that of a comparable design
with the engines on the wing.

. -

b. Engine maintenance.
Although the size of
to it, engines below

the aircraft comes in-
the wings are general-
ly better accessible from the ground than

in any other layout.

c. Flexibility of loading.

This depends primarily on the locatidén of
the load relative to’ the center of gfavity
of the empty aircraft, a subject that is
treated more fully in Chapter 9. Both con-
figurations may be designed for good load-
ing characteristics, although a greater

bt

c.g. travel must be catered for in the case-

‘of rear-mounted engines. At full payload

the download on the tail, with consequent
loss in the lift to drag ratio, will be

considerable with engines mounted to the
rear fuselage. Besides, the layout with
wing-mounted engines will have a larger
underfloor cargo-hold behind the wing,
which is qenefatiy more easily used.

d. Performance.

Regarding drag in cruising flight there is
little to choose-between the two layouts,
assuming that both have been well designed
aerodynamically. Douglas, however, claims
that in the case of the DC-9 the drag of
the wing plus nacelles at high subsonic
speeds is reduced as a result of favorable

aerodynamic interference, (Ref. 2-30). Gen-

. erally speaking, a layout with wing-mounted

engines will lead to an increase in induced
drag and a slight reduction in the drag-

~eritical Mach number. The drag resulting

from the asymmetrical flight condition -
following engine failure, rapidly increases
with the lateral distance of the failed en-
gine to the aircraft centerline and will,
therefore, be greater with engines mounted
on the wing. The protagonists of the Cara-
velle layout claim that their clean wing
gives a gain of 20% in maximum 1lift. The
Boeing Cy. does not agree, basihg'its opin-
ion on test data énd'arguing that in the
case of the clean winélthe useful 1lift is
reduced by gadgetry to ensure a favorable
pitching behaviour at the stall. And in-

deed, looking at maximum CL values for a
number of aircraft with different layouts,
it is not possible to discern a clear-cut

tendency either way.

e. Flying qualities.

Engines mounted to the rear of tge fuselage
are often combined with a tailplane on top
of the fin (T-tail). This particular lay-
out has a potential problem in the high
incidence range, namely the "deep staii"*

*Also referred to as "superstall" or -

"locked-in stall"; see Section 2.4.2
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(Section 2.4.2).

the wings, the yawing moment resulting from

In the case of engines on

engine failure will be more pronounced.

f. Mounting of a central engine.
Three-engined aircraft generally have one
engine mounted centrally at the rear of the
fuselage. The problem which will have to be
faced here is whether to bury this engine
in the fuselage, which will require a fair-
ly long and curved inlet (Boeing 727,
Hawker Siddeley Trident, Lockheed L-1011)
with consequent loss of intake efficiency
and extra weight. Alternatively, the engine
can be installed in a pod on top of the
fuselage, but in that case the vertical
tail surface forms an obstruction. Fig.
2-17 depicts some possible solutions, all

BUTTERILY TAIL

AFT-FAN

L-101

Fig. 2-17:. Installation of the central en-
gine on a three-engined jet aircraft

of which present particular design problems
The thing to do here is to optimize the
chosen solution in such a way that the dis-
advantages will be limited. Ref. 2-23 shows
that a purely objective comparison of two
solutions is very difficult. Manufacturers'
data for structure weight,
and economy for both the L-1011 and the DC-
10 are used to show that both solutions are
best.

fuel consumption
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2.3.3. Single-engined subsonic jet aircraft

Aircraft of this type have the engine mount-
ed inside the fuselage and the intake and
exhaust ducts often present a problem. The
inlet duct has to supply a constant flow of
air at different operational engine set-
tings and in different flight conditions.
Flow distortion and turbulence at the com-
pressor face must remain within the limits

flow
separation

Fig. 2-18. Intake problem on a stubby fuse-
lage with side intakes

laid down by the engine manufacturer. Pro-
nounced curvature in the inlet duct should
therefore be avoided. This is not very easy
to comply with in the case of a fuselage N
which is relatively wide at the location of
the air inlets unless a long inlet duct is
acceptable (Fig. 2-18). The latter is gen-

‘erally undesirable for reasons of space or

balancing. It also costs weight and results
in inlet pressure loss.

At different angles of attack variations in
the direction of the incoming air should

flow separation

Fig. 2-19. Asymmetric intake condition in a
sideslip
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Fig. 2-22. Exhaust locations of single-engined subsonic jet aircraft
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not be excessive. The wake of the partly
stalled wing must not enter the inlet duct,
which means that the leading edge of the
wing would be an unsuitable location unless
special measures were taken. When split in-
takes are used, a sideslipping condition
will cause dissimilar flow patterns, which
may lead to unstable flow and even to air
oscillating instead of’entéring the duct as
2-19.

when the engine is installed in the fuse—

shown in Figq.

lage, the designer has to decide whether it
is desirable to continue the wing structure
through the fuselage without -interruption.
On Eﬂhighly maneuverable aircraft, designed
for high normal load factors, such a con-
tinuous structure.is Very attractive. It
will then depend upon the relative propor-
tions of the inlet duct and the thickness
of the wing whether it is feasible to lead
the inlet ducts through the spar webs. Fig.
2-20 shows that this was possible in the
case of the De Havilland Vampire, but in
other cases it may prove desirable to lead
the inlet either over or under the wing. '
Fig. 2-21 shows different_types,of‘inlet
which will be briefly discussed here.

The pitot type. (a) provides the engine with
undisturbed airflow for all flight condi-
tions. It requires a long inlet duct, which
generally will havg}to be divided at the
jevel of the cockpit, and intake efficiency
is low. This type is now rarely used on
subsonic aircraft. - e

An intake in the wing-root (b) is difflcult
to realize as the intake opening must be
able to supply the required airflow at dif-
ferent intake velocitieS'and also. cope. with
changes in the- angle of attack and:angle of-
the local airfoil
shape must not be modified more than is~

sideslip. At the same time

strictly necessary.’

-Side inlets on either side of the fuselage
additional drag.
airscoops must

form scoops and thus cause
To keep this drag low, the
not be kept too short and must be well
faired. A divertor is needed to prevent the
fuselage boundary layer from entering. the
duct but this also adds to the drag. The
inlet opening should be located sufficient-

N

ly far ahead of the wing in order to avoid
interference with the wing and excessive -
variations in the intake conditions.

An air inlet on top of the fuselage has
sometimes been used in experimental air-
craft and was adopted for the Miles Student
The opening has to be raised sufficiently
fartabove the fuselage to avoid boundary
layer and wake ingestion at large angles
of incidence.

A split inlet at the bottom of the fuselage
may be regarded in some ways as a cCoOmpro-
mise between the pitot inlet and side in-
lets. When measures are taken to avoid the
ingestion of debris during takeoff and
taxying, this layout may be particularly
attractive for mid-wing and high-wing air-
craft.

The exhaust nozzles should be so positioned
and directed that the (hot) jet efflux will
not impinge on the structure. At subsonic
speeds in a parallel flow, the expanding
gases of a pure jet may be assumed to ex-
pand within a cone with half the top angle
equal to 6 degrees. Exhaust nozzles are
manufactured from- stainless steel sheet.and
are fairly heavy; on pure jet engines they
will weigh from 1 to 1.5% of the engine
weight per foot of length (3 to 5% per me-=
ter). The weight will be even greater in
the case of bypass engines. Mbreover, ex-
haust nozzles cause a thrust loss of about

.3% per foot (1% per meter). They should

. therefore be kept as short as possible.

Some examples shown in Fig. 2-22 will be

discussed.

_When the exhaust nozzle is located in the
.rear end of the fuselage, it is possible t«

keep the efflux away from the aircraft wit
hout having to take any special precaution
A single tail boom is sometimes adoptéd in
order to shorten the exhaust. Another solu
tion consists of a split exhaust with ﬁwo
openings on either side of the fuselage.
Unfortunately, both configurations lead te¢
structural problems, while cqmplicated fai
ings must be used around the exhausts.
Another way to shorten the length of thee
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@) FUSELAGE- OR FIN-
MOUNTED STABILIZER

BUTTERFLY TAIL

ig. 2-23. Classification of tailplane configurations

-

aust p{pe is to use two tail booms. This

as the added advantage that it provides
k2

xcellest accessibility to the engine.

!

o

.4. ARRANGEMENT OF THE TAILPLANE

ne desiun of the tail surfaces probably
~pends more on the general arrangement and
e detail layout of the aircraft than any
cher major part. Because of their loca-
ion, their effectiveness is influenced by
)¢ wing and the operation of the engines,
~rticularly in the case of propeller-
“iven aircraft. The way in which the em-
niage is mounted to the fuselage, or pos-
.bly to tail booms, affects the structural

~=~ yout of the tail surfaces and that of the

:selage. General instructions applicable
. the preliminary design stage are there-
.re very difficult to lay down.

< ——

.4.1.
_gurations

Classification of tail surface con-

Examples are given in Fig. 2-23 of the
principal configurations seen in practice.

Although there are many intermediate solu-
tions, these will not be discussed here.

Group A: A single fin with the stabilizer
mounted either on the fuselage or on the
fin represents the most common current lay-
out. It also ensures structural simplicity
and stiffness, although in the case of the
T-tail (A-3) attention must be devoted to
preventing tailplane flutter. Aerodynamic
considerations leading to this choice are
discussed in Section 2.4.2.

Group B: The considerable height of a large
fin will cause a rolling moment due to rud-
der deflection as a consequence of the large
distance of the fin aerodynamic center from
the longitudinal axis of the aircraft. If
this is considered to be objectionable, a
twin fin may be well worth investigating as
2 means of minimizing this effect. When
twin tail booms are used (group B-2), such
a layout is the fairly obvious choice.
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Group C: The V- or butterfly tail is often
adopted for sailplanes, with the obiject of
avoiding damage to the tail when landingon-:
overgrown terrain. The V-tail is sometimes
alsc used on powered aircraft, e.g. the
Fouga Magister where it served to keep the
tail surface clear of the jet efflux of the
engines, without having to resort to a T-
tail. Another classical example is the
Beechcraft Bonanza. The V-tail has never
become popular, mainly because the moving
surfaces have to serve both as rudders
(differential deflection) and as elevators
(simultaneous deflection), which leads to

a complication in the control system design.

2.4.2. The location of tail surfaces

a. Jet efflux effects.

The tail surfaces must never be in the jet
efflux. Assuming that the efflux of a pure
jet spreads out conewise with half the top
angle equal to 6 degrees, this defines a
region which may be regarded as "out of
bounds" so far as the tail surfaces are
concerned. If necessary, the centerline of
the jet efflux may be diverted a few de-
grees in any desired direction. Another
possibility is to apply a moderate dihedral
to the horizontal tailplane. It is advisa-
ble to have as great a distance as possible
between the noise generating regions and
the tail surfaces, since otherwise the very
high intensity of the engine noise may cause

acoustic fatigue in the relatively flat skin
panels of the tail. Any special measures to
prevent this will entail a weight penalty.
A jet efflux close to the stabilizer will
affect the direction of the airflow and di-
minish its stabilizing contribution due to
the jet pumping effect.

b. Slipstream effects.

In symmetrical ¥light, the lift distribution
of the wing with deflected flaps depends on
the engine speed. The same applies to the
downwash and the locﬁl velocity distribution
at the tail. When the airspeed and the angle
of attack are changed, the stabiliZer moves
in a vertical direction relative to the

slipstream, which causes variations in the
longitudinal stability. These depend partly
on the location of the stabilizer, measured
in the vertical direction. Fig. 2-24 shows

Agx = forward shift of

neutral point due
Asx" to slipstream
< € awing m.a.c.
. L4 T L
o° 10° 20° 2 30°

Fig. 2-24. Forward shift of the neutral
point due to slipstream (Ref.: ARC R & M
2701)

that loss of static stability is small with
the stabilizer pleced very high or very low,
but this cannot always be realised in prac-
tice. As the power to weight ratio and the
maximum 1lift coefficient increase, the slip~
stream effects will also become more pro-
nounced and generally the tail size will
have to be increased.

In flight with one engine inoperative there
will be a yawing moment which has to be
counteracted mainly by rudder deflection.
There will also be a non-symmetrical 1lift
distribution ovexr the wing and this will
cause a sidewash at the fin, effectively
resuliing in an increase in the yawing mo-
ment. This condition of flight provides a
criterion for the size of the fin and ruddef

in the case where the engines are mounted
on the wing.

€. Stability and control in the stall and
post~stall condition.

Although in ncrmal operating conditions a
wing stall is avoided by applying adequate
safety margins relative to the minimum fly-
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Fig. 2-25. Static stability at high angles
of attack as affected by wing shape and tail-
plane location (Ref.: NASA TM-X-26)
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able speed, a stall may be encountered oc-
casionally. The stall speeds must be dem-

onstrated during certification testing as
they form the baseline for most performance
figures in takeoff and landing. Safe recowv-
ery from a stall is therefore a requirement.
The longitudinal flight characteristics are
affected primarily by the "stiffness in
pitch", represented by the slecpe of the
Cm-a curve (Fig. 2-25c). A negative slope
corresponds to positive static stability,
while the trimmed condition is equivalent

to Cm = 0, to be obtained by elevator and/

or stabilizer deflection. The wing and hor-
izontal tailplane are the main contributing
components, the tailplane location being of
prime importance. Fig. 2-25b shows comkina-
tions of wing sweep angles and aspect ra-
tios which ensure a stable wing pitching

stall. The stable re-

approximate and may be

moment slope at the
gion marked is only
influenced by airfoil variation, wing
twist, boundary layer fences, engine pylons
and leading edge high-lift devices. The

‘boundary of the stable region, as derived

from windtunnel tests, indicates a reason
why highly swept wings generally are of low
aspect ratio. A slightly unstable wing
pitch-up may be acceptable, provided the
horizontal stabilizer is sufficiently ef-
fective. The effect of the vertical loca-
tion of the stabilizer is illustrated in
Fig. 2-25c for several cases, defined in
Fig. 2-25a. In region A, which covers most

T-tails, instability at large angles of in-
cidence is generally preceded by a less
pronounced instability at the stall. In
region B the stabilizer only enters the -
wake of the wing when the latter becomes
unstable. Region C does not show these phe-
nomena at low speeds, but pitch-up may oc-
cur on maneuvering flight at high subsonic
speeds. Region D is a location which may
be regarded as satisfactory for all angles

of incidence. This arrangement may some-
times be possible in the case of high-wing
aircraft, but attention should be paid to
the location of the wake, particularly whe
flaps are deflected.

Most tailplanes designed for normal opera-
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ting conditions will be sufficiently effec-
tive to provide stability at high angles of
attack as well. However, if the wing wake
is augmented by the wake of a wide fuselage
and pod-mounted engines on either side of
the rear fuselage tail, conditions may ex-
ist such that a T-tail aircraft encounters
extended regions of post-stall instability.
At very high angles of attack the tailplane
contribution to longitudinal stability will
be reduced to 10-20% of its normal value.
At angles of attack between 30 and 40 de-
grees the tailplane itself stalls and the~

'slope of the Cmfa curve is once more re-

versed into a stable one. At cm = 0 the air-
craft is trimmed in a-"deep stall". In that
condition the pitching moment due to eleva-
tor deflection may be insufficient to re-
store the normal attitude and the airplane
is locked in this condition. A very fast
descent at low forward speed is unavoidable
and recovery from it is very doubtful. There
are various methods of curing such unac-
ceptable behavior, e.g. increasing the tail-
plane span and modifying the wing shape.
For added safety a stick shaker can be in-
stalled to warn the pilot at a preset angle
of attack, while a stick pusher is fre-
quently used to force the steering column -
forward when the stalling angle of attack
is approached. . ‘
Adoption of a T-tail does not necéssarily
face the designer with. disadvantages only.

J - NACA 0012
chord 10:
R, 8.10
- aspect ratio 2
zero sweepback

O\Al [ L L

1o 1.2 14 1.6

effective aspect ratio
geometric aspect ratio

diameter. 5° .
length 20" ,
Fig. 2-26. Effective aspect ratio of the fin
in combination with a horizontal tailplane
(Ref.: NACA TN 2907) - - ] =

Fig. 2-26 shows that placing one tail sur-
face at the tip of another leads to an iﬂ-
crease of about 50 percent in the aerody-
namic aspect ratio, so that the stabilizer
may increase the lift curve slope of the
fin by roughly 15 percent. A similar im-
provement in the effectiveness of the hor-
izontal stabilizer may be obtained by the
use of two fins at the tips. Another point
is that the downwash at moderate angles of
incidence decreases with increased verti-
cality of the stabilizer, which in the case
of“a’T-~tail may sometimes justify reduéing
the area. The same effect is achieved by
placing the stabilizer on top of a swept-
back fin, thus increasing its moment arm.

d. Recovery from spins.

In the case of aircraft designed for aero-
batics (e.g. trainers), recovery from a
spin must be possible. In small aircraft
this involves use of the rudder, which must
therefore be effective even at very large
angles of incidence. It will be seen from

‘Fig. 2-27 that the indicated location of

UNDESIRABLE

T
4ow during a spin

GOgo

Fig. 2-27. Effectiveness of the rudder
during a spin

the stabilizer will cause the greater part
of the rudder to be shielded. Some layouts
for avoiding this are indicated. V-tails
and fins at the tips of the stabilizer are
favorable in this respect. -
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2.5. ARRANGEMENT OF THE UNDERCARRIAGE

arious configurations for the undercar-
iage have been adopted in the past, but
iny of them were designed for special pur-
yses. Only three of these need be dis-
issed in the present context. The discus-
.on is further amplified by Fig. 2-28 and
:fs. 2-35 through 2-38.

tailweel undercarriage

Pilatus Porter

ol gy
RAGE ST

tem undercarriage
. Quest 4050 -Vautour

 nosewheel undercarriage
«. .. Fokker F28 Fellowship

j. 2-28. Undercarriage configurations
5.1. Tailwheel :ndercarriage

thgugh gﬁis type of undercarriage was in

1eral use during the first three decades

aviation, 1t must now be regarded as ob-

..ete for most designs. Its advantages

suld nevertheless be mentioned:

The tailwheel is small, 1ight and simple

design.

The location of the main gear legs makes

.achment to the wings an easy matter.

A three-point landing can be carried out
* bringing the aircraft to a stalled con-
". tion. The aerodynamic drag will provide a

. ztarding force, which is particularly
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needed when the airfield is unsuitable for
full application of brakes (e.g. wet grass).

d. When brakes are applied the vertical
load on the main gear will increase, there-

by reducing the risk of skidding.

The reason why the tailwheel undercarriage
has been almost completely superseded by
the nosewheel or tricycle gear is that it
also possesses the following drawbacks:

a. Violent braking tends to tip the air-
craft onto its nose.

b. The braking force acts ahead of the cen-
ter of gravity and thus has adestabilising
effect when the aircraft is moving at an
angle of yaw relative to its track. This
may cause a ground loop.

¢. In a two-point landing a tail-down mo-
ment will be created by the impact force on
the main landing gear, resulting in an in-
crease in lift which makes the aircraft
bounce.

d. The attitude of the wing makes taxying
difficult in a strong wind.

e. In the case of transport aircraft the
inclined cabin floor will be uncomfortable
for the passengers and inconvenient for
loading and unloading.

£. In the tail-down attitude the inclina-
tion of the fuselage will limit the pilot's
view over the nose of the aircraft.

g. During the initial takeoff run drag is
high until the tail can be raised.

In some designs it is possible to circum~
vent some of these disadvantages at least
partly. Interconnection of the tailwheel
and the rudder control provides a simple
means to control the aircraft on the ground.

2.5.2. Nosewheel undercarriage

The merits and drawbacks of the nosewheel
gear are roughly the opposite of those of
the tailwheel type. The principal advan-
tages are:

a. The braking forces act behind the c.g.
and have a stabilizing effect, thus en-
abling the pilot to make full use of the
brakes.

b. With the aircraft on the ground, the
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fuselage and consequently the cabin floor
are practically level. ) )
c. The pilot's view is gouod. =
d. The nosewheel is a safeguard agalnstthe
aircraft turning over and so protects the-
propeller(s) when used.
e. During the initial paft of the takeoff
the drag is low. i
f. In a two-poxnt landlng the main gear
creates a nosedown pitching moment.
The steady increase in landing speeds of
modern aircraft has accentuated these ad—'
vantages, so that they carry more weight.
than the following disadvantages: .
a. The nose unit must take 20 to 30%. ofthe
aircraft's weight in a steady braked con-
dition and it is therefore relatively heavy.
b. The landing gear will probably have to
be fitted at a location where special
structural provisions will be required. In
the case of a retractable\nosegeér on light
aircraft it may also prove difficult to
find stowage space inside the external con-
tours of the aircraft.
Although there .is still a measure of choice
during “the preliminary design stage, this
constitutes one of the most difflcultprob-
lems to be solved.

Summing up, we may state that the nosewheel
undercarriage has gained favor because it
grquly facilitates the landing maneuver
and enables the brakes to ‘he used more ef-
ficiently.

2.5.3. Tandem undercarriage
Hére the main wheels are arranged practi-

cally in the plane of symmetry of the air-

craft and the front and rear wheels absorb

landing impact forces of the same magnitude.

Use of the tandempgeaf is justified when
much emphasis has to he;§1aced on the fol-
lowing advantages: ‘ ’

a. Both main legs are placed at nearly e-
qual distances ahead of and behind the cen-
ter of gravity, thus locally creating space
for payload close to it. :

b. The wheels may be retracted inside the
fuselage-without interrupting the wing

"structure. The increase if any in fuselage

weight will depend on other factors.
Against these we have to set the following.
disadvantages:

a. Outrigger wheels will be required to
stabilize the aircraft on the ground and
these may increase the all-up weight by
approximately 1%. However, by using two

pairs of main legs instead of single ones,
a certain amount of track may be obtained,

resulting in a reduction of the load on the
outriggers (Boeing B-52).

‘b. The pilot must carefully maintain the

proper touchdown attitude in order to avoid
overstraining the gear. Care has also to be
taken to limit the angle of bank during the
landing to avoid overstraining the outrig-
gers. It may sometimes be possible to lo-
cate the rear legs close to the center of
gravity of the aircraft, and so reduce this
disadvantage, but that also means losing
the opportunity to have an unobstructed
space.

c. A larye tail download is required to ro-
tate the aircraft. It will therefore be
desirable to chose the attitude of the air-
craft at rest so that it will fly itself

- off, but this may lead either to an in-

crease in drag during the takeoff roll or
to a high liftoff speed. K

Generally speaking, the arguments against
the tandem gear'are of such a nature that
its adoption should only be considered when
no other solution meets the case.

2.6. SOME UNCONVENTIONAL AIRCRAFT CONFIGU-
RATIONS

The characteristics of different general
arrangements discussed in the preceding‘
sections mainly apply to the classic alr-
plane layout for whithavclear distinc—
tion can be made between lifting, non-
lifting and stabilizing major components.
It was assumed that the tailplane was mount
ed at the rear of the aircraft. The payloa
is carried inside the fuselage while the
fuél is mainly stored in the wings and, if
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necessary, the fuselage. The fuselage is
basically designed for optimum transport

and rapid loading and unloading, and con-
tributes little to the 1lift.
% radical departure from the classic lay-
‘ut is the integrated configuration of
hich the flying wing is the purest repre-
2ntative. The wing is designed to produce
ift as well as to contain the entire pay-
2ad while it also provides stability and
ontrol. Less radical is the tailless air-
;raft which does have a fuselage but no
>rizontal tail surfaces. A third unusual
iyout is the tail-first or canard.
aen the choice of one of these types is
>nsidered, there have to be obvious points
nich indicate that materially better per-
wrmance, a considerably lighter structure
r improved flying qualities will be a-
hieved. For example, the flying wing lay-
ut would most probably be considered only

n the case of a sailplane or a long-range
ircraft, both of which make full use of

he potential improvement in lift drag ra-
io. Practical experience with this type
ndicahé% that -a new design will require

ttensi research before a reliable prod-

2t ca@ > put on the market. Many examples

1lust1;_at_jng this point are known in the
:-istory o7 aviation.

2.6.1. The flying wing

During the period around the Second World
War, several designers in various countries
regarded the flying wing as the ideal lay-
out, promising large reductions in drag and
structure weight. They included A. Lippisch
and the Horten brothers in Germany, J.K.
Northrop in the U.S.A. and G.H. Lee in
Great Britain. Round about 1965 Lee at-
tempted to draw attention to a flying wing
design for a short-haul airliner (Fig.
2-30, Ref. 2-45).

Since a pure flying wing possesses no fuse—
lage and no horizontal tail surface, it may
be possible to achieve a very low zero-ift
drag coefficient. This may be of the order
of .008 to .0l11 as compared to .015 to .020
for conventional aircraft. The maximum lift/
drag ratio being inversely proportional to
the square root of this figure, a theoret-
ical improvement of about 40% may be ob-
tained for a given aspect ratio (Fig. 2-29).
Assuming similar fuel weights, takeoff
weights and cruising speeds, the same im-
provement applies to the range. Alterna-
tively, this gain may be taken in the form
of a reduction in fuel consumption, engine
power and takeoff weight for a specified
payload and range.

Qp
r F/bnwx
0 b, ;
g all wing aircraft b = wing span
aspect ratio 6 to 8 Ef = mean skin friction coeffi-
0 b .
cient, based on Swet
subsonic transports e = Oswald's span efficiency
factor
10 r =
L/D = V= 1 b Swet = total airplane wetted area
max 2 VT/e VS, 0 D = drag
L = lift
o 1 A 1 L L —
0 5 10 1.5 20 25 30
span Fig. 2-29. Maximum lift/drag ra-

vV wetted area
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The empty weight of the flying wing could
be less, mainly as a result of the favor-
able mass distribution within the wing,
which reduces the bending moment at the
root. Supposing the mass to be distributed
along the span in a similar manner to the
lift, it would even be theoretically pos-
sible to reduce the bending moment to zero

in 1-g flight.-Hence the bending moment

it = o —

will predominate in the landing and the

} torsion moments in flight and a large part
of the wing structure will be designed on
the basis of stiffness requirements. By
-and large, a .reduction in structure weight
relative to the conventional layout. is
likely to be possible. To ensure stability
- in a trimmed condition, the following re-

. b e o e s na = <

quirements must be fulfilled: . -

a. The aerodynamic-pitching moment at zero
1ift and zero control deflection must be
.positive (i.e. nose-up)..This condition can
be met by using a special wing sectionwith
a bent-up trailing edge-or a sweptback wing
with washout at the .tip, or aileron deflec-

A P m———————————

tion. Both measures tend to increase the
. vortex-induced drag. '
b.- The center of gravity must be ahead of-
: the aerodynamic center, but this condition
is difficult to fulfill in the case of a
. straight wing, as it imp1ies that the en—:

tire -load must be concentrated in the for-
ward part of the wing. With a sweptback

| W
1

wing" there “is 1ess-trouble,:fifstsbecause
the. aerodynamic center is situated further
back and second because more space is a-
vailable in the plane of symmetry aheadof
- it. o _ .

- - . A high aspect ratio sweptback wing is lon-

———

incidence (Fig. 2-25b). Imn- the case of a
flying wing this. instability cannot be
corrected by means of a horizontal tail-
plane and a high aspect ratio is therefore
detrimental to stability. Consequently,
part of the aeronnamic gain:is lost and

- in the case of Lee's flying wing (Fig.
2-30) its aerodynamic superiority over the
conventional layout has largely disap- .
peared. : . - :

A low aspect ratio wing enables the design=—

gitudinally unstable at large angles. of" -

L. F\'Lf

entrance

40 seats 70 seats seats

_Fig. 2-30. Proposal for a short-range all-
wing aircraft

er to get a sufficiently thick wing to ac-

In addi-
tion to comparing a conventional aircraft

commodate the locad to be carried.

- and a_flying wing on the basis of equal

aspect ratios, we can also do so on that
of equal volumes.VWith a given payload

density an optimum design will generally
be one in which the space within the ex-
ternal contours is fully utilized. For e-

qual volumes both configurations have

- -roughly the same wetted area and the fly-

ing wing can only gain through a greater
span-and the use of buried engines, cre-
ating less drag. Another drawback of the
flying wing is that it is incapable of a-
chieving a high maximum lift coefficient.
Effective flaps at the trailing edge cause
a nose~down pitthing moment which cannot
be trimmed. A low wing loading is not just
a secondary effect here but an absolute
must. However, high load factors in turbu-
lent air will be the inevitable result;
these will be objectionable less from the
-structural viewpoint than from that of the
-occupant's comfort and the pilot's. work-
%oad. The flying wing can be made longitu-
dinally stable but its response to control
surfaces deflections and bumps will always
be accompanied by a poorly damped phugoid
and an oscillatory short period motion;
both annoying characteristics to thepilot,
although this might be improved by some
form of artificial stability augmentation.

It should finally be pointed out that the
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loading flexibility of the flying wing is
not very good, particularly in the case of
a low-density payload. Loading restrictions
will be necessary with respect to both the
longitudinal and the lateral position,
which is an undesirable factor in the op-
eration of transport aircraft. Moreover,
the shape of the flying wing is far from
that of an efficient pressure vessel and
incorporation of a pressure cabin might
well lead to a considerable increase in
structure weight. Further development to
increase the payload is not feasible as
the stretch potential of the flying wing
is almost nil. :

Summing up the case for the flying wing, we
may say that this configuration is poten-
tially capable of reaching a high 1lift to
drag ratio with a low structure weight but
the flying and operational characterisiics
are troublemakers. Since the control func-
tion is integrated in the wing, there will
be additional trim drag. As a passenger
traisport aircraft the flying wing does not
appé%r to be a suitable proposition but it
may %e considered for special purposes,
such’ as sailplanes, long-distance recon-
naissance or very large, special-purpose

cargo. aircraft.
2.6.2. Tailless aircraft

Although the flying wing and the tailless
aircraft share the characteristic of not
possessing a horizontal tailplane, the lat-

ter type has a conventional fuselage which
carries a large part of the load. The tail

of the fuselage is relatively short and
carries only a vertical tail surface. The
tailless aircraft is generally designed for
supersonic speeds and utilises a slender
delta wing. The movable parts at the trail-
ing edge act as elevators when deflected in
the same direction and as ailerons when de-
Like the
flying wing the tailless aircraft is un-

flected in different directions.
able to carry effective landing flaps and
sufficient 1ift for landing is obtained by

choosing a low aspect ratio wing of large
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area, resulting in large approach angles.

Some of the disadvantages mentioned in con-
nection with the flying wing also apply to

this type, although they generally weigh

less heavily on account of .the lower aspect
ratio and larger mean chord. l
Since the tailless delta is of a much less
radical nature than the flying wing, vari-
ous successful aircraft have been built to
this formula and have reached series pro-
duction. The best known are: Avro Vulcan
(almost a flying wing, Fig. 2-12), Convair
B-58, Convair F-102, Lockheed YF-12A,
Douglas F-4D, Dassault Mirage, SAAB Draken

and the BAC-SUD Concorde. These aircraft

all operate in the transonic or supersonic
speed region, the tailless delta being one

of the best configurations for supersonic
cruise. Ref. 2-44 gives general information
concerning the design of such aircraft.

2.6.3. Tail-first or canard aircraft

Canard aircraft have attracted the interest
of designers from time to time on account

of several particular characteristics. Af-
ter all, the Wright brothers’ aircraft was :
a canard and it appears an attractive idea -

to place the longitudinal control surface
in front of the wing and out of the wing

downwash to where it can never be in its
wake. The aircraft's equilibrium is pre-
served by means of an upward force on the
forward plane, which contributes to the
1lift in a positive sense. In contrast to
the conventional layout, this will increase
maximum l1ift and reduce the trim drag, a
characteristic which is of particular ad-
vantage in the case of high-speed, highly
maneuverable aircraft.

A distinction can be made between a long-
coupled and a close-coupled canard (Fig.
2-31). In the former category emphasis is
laid on the reduction of drag in cruising
flight, which is obtained by placing the
forward plane far ahead of the wing, there-
by reducing the mutual interference. Dy-
namic stability may be assured by keeping
the area of the forward plane below 10% of
that of the mainplane. Design problems re-
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a. Long-coupled canard (North American de-
sign for an SST, 1964)

b. Short-coupled canard

Fig. 2-31. Tail-first airplane configura~-
tions

lating to this configuration are:

a. To achieve an acceptable range for the )
center of gravity, the forward plane has tu .-
be capable of producing a2 higher maximum .
1ift coefficient than the main wing. Gener-
ally speaking, this‘'can only be achieved
when the main wing possesses a low aspect
ratio. The forward plane has to be provided
with a sophisticated flap system.

b. The trailing vortices of the forward
plane affect the flow over the wing and
will set up a rolling moment in a sideslip.

_The vortices may also strike the fin.

In the case of the short-coupled canard the
mutual interference between the two planes
+is deliberately used to achieve a high max-
imum lift. This effect is obtained at large
angles of attack on surfaces of low aspect
ratio with sharply sweptback leading edges.
The large drag which now occurs will only
be acceptable for aircraft with sufficient-
ly powerful engines.

In short, the canard layout appears to be
suitable for transonic or supersonic and
highly maneuverable aircraft, in the latter
case if sufficient thrust reserve is a-
vailable. -
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