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ponent of an aerosystem.

maintenznce, communications systems, manufacturer-customer liai-

son, etec.

At the same time, an alrcraft is a complex aggregate of di-
versified clements that have been designed to perform various
functions but in a manner conducive to successful performance of
the aircraft's principal tasks.

aircraft, we might mention the alrframe (wings, fuselage, empen-
. nage), takeolf and landing gear {(undercarriage, aerodynamic and
gasdynamic high-11ft devices), powerplant, fuel_zystem, equipment
- (piloting and navigational, monitoring and measuring, communica-
.tioﬁs, crew and pas.o:nger 1ife support), and miscellaneous systems.

The process in which @ moderin alrplane
plex and lengthy. Thls 1ls explaina2d by the need %o tle the alr-
plane in with the cther parts o7 the aerosystem and by the com-
plexity i the afuorementioned compcnents cf the alrplene.

The rrocesz of dev: ioping a wcdern airplane can be broken up

Intc the Tollicewing suages:

- design;

FOREWORD

Normally, regardless of application, an ailrcraft 1s a com-
This system 1ncludes, in addition to
the aircraft, facilities for engineering-technical and airport

- bullding of prototypes;

e i Rl e Y o
TL=HC-05- 7 =71
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— testing and debugging;

- placing in mass production.
In purn; design can be subdivided into the fcllowing steps:

— finding the optimum combination of parameters, as ulti-
mately embcdied in the technical specifications (TS);

- preliminary design of the aircraft;

—'engineering.design of the aircraft on the basis of the.
initial data obtained during the preliminary design stage.

. The work usually involved in preliminary design of an air- 3
craft 1s.as follows:

- the layout of the airplane, determination of its relative
geometrical parameters, and estimation of its aerodynamic char-
acteristics;

- determination of the basic weilght and geometrical char-
acteristics of the airplane, compilation of a summary of weights.
on the basis of more exact weight_formulés and data on the power-
plant, equipment, and various systems; ' '

— layout, trim, airframe development, and refinement of the
airplane's geometry; " o ' o

— calculation of the alrplone's polar curves, estimation of

c and ¢ and the initial coefficients for verifying the
Y1dg Yeko - | - -
aircraft's stability snd contrcllabllity;

) ~ determination of the technical flight performance charac-
teristics and the takeoff and landing propertiles pf'the aircraft;

— determination of the aircraft's stability and controlla-

- bility characteristics;

— estimation of the aircraft's reliability and time between

overhauls;

E calculatidn of ‘. aoot of manufacturing and cperating the -

airplane;

FTD-HC-23-753-71
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: T determination of the alrplane's efficiency in performing
varioua missions,

i determination of the tecnnical requirements to be met in
‘engineering design of the airplane'" components and subassembliern.

Performance of a nuwber of aspects of the preliminary design
_ﬂork on an airplane requires knowledge of the influence of the alr-
craft's parameters.cn its flight and welght characteristics and
its stability and controllability indices.

_ As for such aspects of the preliminary design work as evalu-
ation of cost, reliability, and time to overhaul, as well as cal-
cn?ation of the airplane's efficiency, they can be completed only
in the first aporoximacion.

Accordingly, the present. book consists of three parts:

— elaboration of technicszl specifications for the new alr-
craft design;

' — flight characteristics of the alreraft, 1ts stability, ana
how they are influenced by its parameters. '

_—'determination of the besic weight, geometrical and strus-
tural characteristics of the new aircraft design.

- " Chapters 1, 2, 3, 10,11, 12, 13, and §14.7 were written by
-N.N. Fadeyev, Chapters 4, 5, 6, 7, and 14 (-xcept for §14.7) by
-B.T.'Goroshchenko,-and Ch.apters & and 9 by.A.A. D'yachenko.

-Although the book uses the MKfS system of units (GOST 7664-
61), the kg (inqtead of tne kgf-s /m is used arbltrarily as a
~unit of mass to bring the notion of weight closer to the sense :r
wnich 1t. i3 usually understocd. o

Reader commenta on tne book should be addressed to Moskva, Y-
66 l-y Baamannvy per., 3, Izdatel'sivo "Mashinostroyeniye,”

" FTD-HC=+23-753-71
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Part One

ELABORATION OF TECHNICAL SPECIFICATIONS FOR THE NEW
AIRCRAFT DESIGN

Chapter 1
BASIS FOR GENERAL REQUIREMENTS MADE OF THE NEW AIRCRAFT DESIGN

§1.1. GENERAL REQUIREMENTS MADE OF THE NEW AIRCRAFT DESIGN

The numerous requirements made of a new aircraft design can
be boiled down to the following fundamental generalized require-

ments:
1. most complete performance of mission;
2. production adaptability of design;

3. high operational properties, including reliacility and
flight safety;

4, versatility;
5. low production cost .

The new aircraft design will conform most fully to its in-
tended purpose with proper selection of a set of flight-engineer-
ing properties (crulsing speed, altitude, and range, payload, and
payload bulk, takeoff znd landing characteristics, etc. ), as well

FTD-HC=23-753-T1 1
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gear laycut and data, cabin and cargo-compartment dimensions,

i

- Te impart good production adaptability to a design means to -

plan 1t in such a way that it can be built as quickly and easily
as possible [6].

In the desig. of a comporent or subassembly of a prcduct as
_complex as an ailrplane, it is insufficient to pay attention oni:
to faciiitating the manufasture of the component or subassembly.
The point 1is that since assembly is a highly time-consuming proco-
ess in the manufacture of a complicated product, considerakle
complication of the production of the components themselves is
generally accepted If final assembly can be grestly simplified ar
a result. This is alsc the origin of the interchangeability and

" manuafacturing-precision requirements to whaich the components are

subjecét, the need to provide for various "technological compensa-
tors" that facilitate assembly, and breakdown of the design into
individual panels and "prefabs" that make it possible to expand
the front of {he assembly operations, ete.

The following most important factors influence selection of
a3 technological process: 1) the construction cost of the new de-
sign; 2) the skilled-workforce requirement; 3) the time needed
for construction and assimilaticn into masrs production, ete.

Operational requirements are broad and varied. Here we set
forth only some of the operational principles awareness of which
may be very helpfil to the aviation designer:

1) failure cf any component, subassembly, o» instrument must
be "safe," tL.e., it must not result in a catastrophe. Under thls
principle, the most critically important components and subas-
semblies have come to be duplicated on the alircraft and a wide
variety of emergency and backup devices have been provided;

2) it must te made certain that components can be inc.alled
on the airplane in only a single correct positiocn. This is

FTD=HC-23-753-T71 2
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hormally easy to accomplish;

3) a component should be designed for the worst possible ser-
vice conditions, i.e., for work with inadequate lubricatisn or
none at all, without inspection and maintenance, being 'nocked
.against and stepped upon, shaken, subjected to high and low tem-
peratures, moisture, etc.;

4

4) provision must be made for possible deformation of the _ 3
componen: during pfoduction and use 1in the course of welding, '
cold working (ahd the assoclated internal stressing), temper.cure
v change, applied stresses, and the component's own welght.

e

T 2RO

Dlrubles]
/n[units;[ ‘\

A e

n[units]

Figure 1.1. Influence of production
scale on cost per unit,

The versatility (combination of functions) principle has al-
ways been applied to cne degree or another at various stages in
the development of civil aviation. At the present time, owing to
the broader range of problems in aviation and the increasing com=-

. plexity and cost of aircraft, a great deal of attention must be

‘devoted to this principle.
Y Application of the versatility{principle to components is

even more profitabie.

FTD-HC-23-753-T71
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e%sier to make, requires less installatioﬂ-worx, and occupies ‘less

epace on the instrument panel than the se¢ of stngle-needle in= .
dicators that it replaces. ’

Lowering the prcduction ccst of aireraft is one of the im-
ﬁortantldesign~problems. Very often, other ccnditions the same,
the selaction ¢f the optimum design of a component‘br*paszgs
dictated by its cost. To determine the cost of a given version
of a component, the designer mnust have at hand reférence tables
giving the zosts of various materlals, \em1f1n1°hed products, ang.
various machining methods {2]. It is alscﬂngcegsary to have at.

N}east 2 rough idea of the number of identical ﬁroducts to be made.

The;more there are of these product‘\*the cheaper will each of
them become (Fig. 1.1). The reason mhy this law applies’ for tre
design as a whole and for 1its individual componenss is that the

" cost of tooling (eguipment) per unit product represents a large

fraction when a small number are produced and 2 smaller one when
more are produced. The curve makesmah asymptotic approach t¢ the
cost of labor alone. As we ses ffoﬁ Fig. 1.1, use of more expen-
sive but more productive tooling (curve 1) in[a'shert run in-
creases product cost, but when the run is leangthened to include a
¢ertain number, it lowers unit cost (curve 2).

§1.2. CONTRADICTIONS SETWEEN REQUIREMENTS

The grdups of regulrements enumerated above frequently con-
tradict one another. Thus, contradictions may be noted between
technological and cperational requirements and between versatil-
ity and specializaton of the alrcraft. Essentlally, the contra-
diction betweaen technclogical and operational requirements con-
sists in the fact that improvement of the prcduction adaptah’lilty
of the design may result in detsrrioration of the alrplane’s opera-
tional properties. The contradiction between fhe need for

FTD-HC-23-753-71 4
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versatility in the airplane and its specialization consists in
the rollowing. On the one hand, the more versatile the airplane,
the less proficiently does it perform each of its specific ‘tasks,
but, orn the oﬁher hand, if it is possible to create an airplane
that, in-addition to its tasic function, finds numerous uses in
other branches of the economy, the economy of the aireraft is im-
proved substantially, since the larger production scale lowers
the unit cost of the airplane and increases the utilization fac-

tor of each copy.

oL

a)

Figure 1.2. Landing-gear strut. 1)
with splire; b) with torque arms.

There are also contradictions between the requirements per-
taining to specific properties ana characteristics in each grcup.

Examples of such contradictions are those between the re-
quirements for longer times to overhaul and lower aircraft weight,
for increased strength margin in a component and lower welght of
the component, for increased top speed and lowered landing speed,
for reduced relative weight of the wing structure and reduced drag
of this structure, etc. '

Because of these contradlctions, no single requirement can

be met to the maximum. In drawing up the technical specifications,

FTD-HC-23-753-71 5
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8 necessary to satis{y each requirement in a measure such thut
%ﬁa‘eontradictions are resolved and such that meeting the reguire-

gents oL the set - n_the stated ranges will optimize the design.

On occasion, a designer will find a design sclution that

' satisfies several contradictory requirements nicely. In such

cases, This solution will obviously be the one adopted, provided

~that it does not stand in contradiction to some still more impor-

tant requirement.

Figure 1.3. Landing flap.

A forturiate sclution =f{ this type 1s Tound in the landing

gear strut shock-absorber torque arm (Fig. 1.2). At a given

strength, it offers the following advantage over the spline: 1)
lower weight; 2) greater simpiicity of manufacture, and 3) higher
oprerational reliability.

However, design simplification s not always sufficlent

basis for adopting a giver solution. Thus, in spite of their

sinmpler design, lighter we_bht and high » liability, the wing
landing flaps shown in Fig. 1.3 are less efficient than slotted
and extension wing flaps, and use of the lutter may be more scund
from the standpoins cf lmproving the airplane's takeoff and land-
ing properties; this 1. confirmed by recent aeronautical engineer-

ing practice. However, it is by no means always possible to find

such successful solutions.

- As a rule, recourze must be taren Yo various expedlents to

resolve the contradictions.
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§1.3. PROCEDURES FOR RESOLVING CONTRADICTIONS [4] .

_ We now consider a number of procedures that the designer uses
to make 1t easier to find optimum solutions.

i

1. One widely used procedure is to list the requirements made
of the new design in order of their importance for the particular
case [2]. In elaborating the design, an effort is made to satis-
fy the first, most important requiremeni most fully, then the
second, and so forth. %

An example in which this expedient is applied can be found
in resolution of the contradiction between the effort to lighten
the aircraft and at the same tim2 lower its frontal drag. During
the development of the hligh-speed airplane, thls contradiction was
usually resolved in favor of aerodynamic shapes with acceptance
of a weight penalty. Progress moved from biplanes with struts and
bracing wires and braced and semicantilever monoplanes to the
cantilever wing with its thick profile, to the closed cockpit,
landing-gear cpats, retractable landing gea», then to the even

thinner swept wing, etec.

This procedure does not help the designer extricate himself
from the case — for example — in which the version that satisfies
the first requirement best is inferior to other versions as re-
gards meeting the second, third,‘and other requirements. In such
cases, it is always possible that the designer will abandcn the
first variant in order not to sacrifice other secondary but numer-
ous requirements. Note should be taken of the subjectivity in-
herent in this method when priorities are_assigned to the require-
ments. If priorities are established not by the designer himself,
but by his customer, the designer's task is easier, but this does
not eliminate the subjectivity of the approach, since 1t now

originates from the customer.

If the specified 1limits on the’ values of various properties
are difficult to meet, it is possible that ro design variant will
be found in which all properties are within the specified limits,

FTD-1IC-23-753-T71 7
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i.eo,-the problem is either tctally unsolvable at this time or
cah be solved only on the basis of a new invention or diszovery.

A major invention that results in technolcgieal advance
uaually comes about in one of two ways: either it proceeds from
a new discovery that establishes hitherto unknown relationships,
or it is obtained as a result of long-term laboratory research,
sometimes after many failures.

In either case, such inventions usually originate in the
scientific research institutes or in other ourganizations with com-
petent laboratory staffs; only in rare cases are they the result
of the activity of a single iiuventor.

Before it is incorporated into a new design, any new inven-
tion must be checked out carefully by calculation and experiment.

Excessive promotion of inventions and the effort to invent
regardless of cost, to the neglect of avallable experience, can-
not produce good results, since too many experimental and untried
elements 1n a prototype will lower its reliability, require in-
creased tinme for testing, and may even result in total fallure,
despite the fundamental validity of the new ideas.

2. Another procedure for arriving at the optimum combination
of properties and characteristies in the new aircraft design 1s
to find a criterion for unifying them.

Different criteria may be selected depending on the nature
of the problem.

If the contradiction between two propertles stems from the
fact that a change in one property will have a favbrable influ-
ence on a thifd, more impdrtant property, while the second prop-
"erty changes in such a way as to change this third property in
an undesirable direction, the third property becomes the criter-
ion by means of which the contradiction can be resolved. We
select the variant with the poorest value of the third prc*nrty
‘and find the optimum solution, provided that no other importaht
properties deteriorate as'a result. For example, when the

FTD-HC-23-753=71 8
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production process 1is made easier to the detriment of flight or
operational properties, the optimum design variant may be found
with the aid of a criterion that blends these properties and pro-
duction adaptablility. This criterion will necessarily be one of
economy .

Let us examine a few examples in which this procedure is

applied.

Example 1. Specific strength of material per unit welght.
In selecting the material for a certain stress component that we ;
. wish to make as light as possible, it 1s usually found that a
material with a higher strength couples this with higher speciil
weight. This contradiction can be resolved by selecting a mate-
rial that minimizes the welght of the component at a glven
strength. For example, the weight of a rod of length 1 that
must withstand a tensile force P can be expressed by the formula

N —

¢=yFi="pl, (1.4)

where F is the cross sectional area of the rod and Yy and ¢ are
the srecific weight and breaking stress of the material, re-

spectively.

As we see, the welght of the rod is inversely proportional
to the specific strength of the material per unit welght g/ys Tor
tension, this quantity is aléo known as the "breaking length,"
since for a length 1 = Zb = g/y we obtain C = P, i.e., the rod
breaks under its own welght. If v is in g/cmj and 0 in kgf/mmd,
we obtain Zb in kilometers. By selecting matefials on the basis
of maximum specific strength per unit welght, we can, in many
cases, minimize the weight of the component. without detriment to
i.e., resolve the contradiction from the standpoint of

strength,
minimum weight.

Example 2. Aviation weight*of component with respect CU Vmay
[(5]. It is kriown that a component having weight and frontal drag

*rranslator's Note: This designates the weight divided vy the
area. See definition, page 1l.
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ihflaéngés the top speed of an airplane through both of these prop-

erties, aﬁd,that the relative decrease in vmax due to the presence

of the,coﬁponent of the airplane can be expressed by the formula

AV.I! b S ‘ ) . G._j ‘ .
LA 3 CxTheg 1 'a.v,,) ey G (1.2)
2 & TG \avl e,

where dNa/dV is the speed derivative of the available power (in
kg). Substituting Na =P « V and

Np_ ap |,

-] L (_I_E_ (3 Lx
aV a4V P Cav Veiliz

Cy

we obtalin the same formula for a jJet alrcraft:

MWongx - 1 Gan

an B PX:”"'!‘ 1 (f’_e )1'_99 G ’ (1 . 3)

T

Sy

where Ga c i1s the aviation weight of the component. It is known
that

Glf;AG.LﬁggiQ. (1.4)
Consequently, the speed loas resulting from the presence of a
ccmponent with weight AG and frontal drag AQ on the airplane 1s
proportional to the aviation weight of the component, which con-
sists of the weight of the componen* and an increment proportion-
al to its frontal drag. '

Thus, the optimum variant of the component will be that which
glves the smallest decrease AV /v ‘or the lowest aviation

max’ max .

welght, and selection of thls version resolves the contradiction
between welght and frcntal drag {rom the standpoint of Vmax'
Similar expressions can be derived for the Increment of any flight

property, along with the correspording expresslons for the avia-

tion weight.
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Another definition of aviation welght proceeds from (1.2)
and (1.4): the aviation weight of a component with frontal drag
1s the welght that the airplane could carry without any change in
the given flight property if the component were removed.

The coefficient de /dc = m /2c of the component's frontal
drag AQ at vmax is so 1arge that the aviation weight increment usu-
ally greatly exceeds the welight of the component; this explains the
previously noted trend to more streamlined shapes at the expense of

a welght penalty in the development of the high-speed airplane.

It must be remembered that a selection based on the aviation
weight derived for a given flight property resolves contradic-
tions only from the standpoint of this property, and will not be
optimal with respect to other properties; further, for example,

a selection based on V o will increase the weight of tha aLrplane
to the detriment of its takeoff and landing properties.

In the above examples, contradictory properties are unified
in derived quantities — specific strength per unit weight and
aviation weight — quite soundly, i.e., component weight is in-
versely proportional to specific strength per unit weight and
the change in the flight property is propcrti- nal to aviation
weight. Derilved quantitles are sometimes devised artificially
to unify two contradictory quantities, e.g. . their product may
be used when it 1is desired to maximize both of them (for example,

the product LV combines range and speed).

If it is desirable to have one of the contradictory proper-
ties as small as possible, their ratlo is taken; an example is

the "speed range"

Ve
lel Vmin : v 3
Combination of contradictory quantities in the form of their
product implies that equal relative increments of the &two are
equivalent, since these relative increments result in equal rela-

tive increases in the product.
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Let us now combare«two relative Indicators: specific strength
per unit weight 0/y and the speed range Vmax/vhin' The former

proceeds logically from the need to minimize the weight of the

rod under tension, while we have Justified the latter only in

terms of the desirability of maximizing vméx and minimizing Vﬁ
consequently, the ;ndicator Vmax/vmin will not give a reliable
evaluation of the airplane in terms of these two properties. For
a relative index of the form A/B to serve as an accurate criter-

ion in evaluating the product with respect to propefties A and B,

it 1s necessary to resort to some more general requirement to

in;

prove the equivalence of a relative n-fold increase of A to a
relative, also n-fold, decrease of B. Relative indicators of many
kinds are used extensively both in design work and 1n operation of

‘the firal products, e.g., the efficiency

N
n = usefg;_’

Nconsumed

the unit production cost b B/N, the profit per ruble of invest-
ment p = P/D, productivity per machine tool N/n, ete. When zuch
indicators are used, 1t 1s necessary to know definitely whether
the indicator in question 1s accurately based on more general re-
guirements and starting speciflcations or serves merely as an
approximate criterion for evaluating the product with respect to

the two contradictory quantities composing 1t.

Obviously, the larger the number of requirements that can be
unified into a single more general eriterlon, the more fully will
the contradictions have been resolved. We noted above that equiv-
alence of equal relative increments of two contradietory proper-

ties can be expressed by the product of these two properties. This

procedure can also be extended to equivalence of unequal relative
increments, and not only of two, but of any number of contradic-
tory properties.

If we know that the relative increments a, b, ¢, ... Jf the
properties A, B, C, ... of the new design are equivalent, the
product '

FTD-HC-23-753-71
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K A B C tee . . . (1.5)

can serve as a criterion that unifies all of these properties.

takellogarithmé in (1.5), differentiate, and convert from dif-
ferentials to finite increments: '

nK:+mA+—nB+--lC+..
a b ¢
. L L N S . Y
K a 4 s B ¢ €7
S 0 2 1 g6 8 36
X & A "% B T e

It is clear from the last expression that each of the equiva-

lent relative increments

4 AA/A = a of property A
3 AB/B = b of property B
. AC/C = c of property C

W TR

gives the same rzlative increment of the criterion K, namely
AK/K = 1. Specific strength per unit welight is a particular case

of this criterion.

3
- Let us now examine a eriterion that expresses equivalence not
of relative, but of absolute increments.
1 If it is known that the absolute ircrements AA, AB, AC, e
é of properties A, B, C, ... of the new design are equivalent, the
£ abstract polynomial
. . . ---_./1_ ...IZ. e 9—- i .l
1 - _ o E A/_+AB ac - (1.6)
. or the "reduc ‘1 quantities" that are proportional to it
Ap=K-sA=A+2Brtor,
A8 AC
B, K388 it g 28 6 (1.7)
3] I\ a B i -“ A'T'Ac (‘+.... ] .

] j . FTD-HC-23-753-T1
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’;caﬁFse?#egas-a criterion‘that unifies a11 these pfoperties.

s e

St G

Chp KeaCoCLAC AL oy (1.7) Cont'd.)
p ) ' AA K AB s d

'Aéiation.weight is a particular example of this approach.

Let us consider one more example in which this procedure is
applied. (1)
craft with no change in load per sjuare meter (p = G/S = const)

An increase can be obtained n the speed of an air-

by increasing engire power; Since powerplant weight per horse- .

gy

power 1is approximately'constant, increasing the power with p =
= const results in increased flight welght and wing ares. Let
us suppose that calculations of this kind made for existing air-

i s S VR

craft of the same class have shown that they all have

dGg
AV nax

=C = cons . | (1;8)

while retainirg their true loads per square meter.

This means that the aircraft dimensions settled upon in prac-
tice are such that a 1 km/h speed increment is bought at the cost
of a C-kilogram increase in flight weight, i.e., practice itself

has established equivalence of a l-km/h speed increase to a C-kg

decrease in flight welght.

Then, having a family of G = f(Vmax) curves for a new air-
craft design of the same class, e.g., for various G/S = const (Fig.
1.4), we can find points on these curves that éorrespond to con-
dition (1.8); obviously, these will be the points of tangency of

straight lines drawn at an angle arc tan C to the Vmax axis.

'ﬁsing the above methcd, this equivalence of AG and Avmax can

- be expressed by the criterion

K=ty Voax

-G 1

Fcotnote (1) appears on page 16.
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This qgantity might be referred to as the
"peduced speed:"

—%o (109)

From the maximum of this quantity, or from

the minimum of the proportional "reduced
weight"” '

Figure 1.4. In-

Gup==—KC=G—CVomax (1.9") fluence of speed
g . on takeoff
we can find a variant that resolves the con- weight.
tradiction between V and G provided that

max ,
it is certain that a 1l-km/h speed increment is equivalent to a

weight reduction of C kilograms.

‘As we noted above, use of criteria of this kind requires

knéwledge of the equivalent values ©
absolute increments of the various properties.

tion requires analysis of more general criteria.
lence condition is not satisfied, the optimum combinatio

This investiga-
When the equi

contradictory properties and parameters 1
of a more general criterio

problem 1is red
form the content of the next two chapters.
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FOOTNOTE
Manu-~
sceript
- Page
No.
14 (1)Borrowed from Ye. I. Kolosov.
J
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Chapter 2

GENERAL PREMISES FOR CRLTRRION USED IN EVALUATING
A NEW AIRCRAFy DESIGN

§2.1. CONDITIONS FOR FINDING OPTIMUM VERSION OF DESIGN. GENERAL
REQUIREMENTS FOR CRITERION FOR EVALUATION OF NEW AIRCRAFT
DESIGN

In §1.3, we pointed out the need for use of a criterion that
unifies the particular requirements made of the new alrcraft de-
sign and its parameters in order to arrive at the optimum techni-

cal requlrements for the design.

In addition, it 1is necessary to find limiting reilationships
among the pr perties and parameters of the airplane. These rela-
tionships may be determined by the real construction and use con-
ditions of the airplane, the level of technology, and physical re-
lationships. Given a criterion and all possible limiting rela-
tions between the airplane's properties and pasr-useters, the fol-
lowing optimality condition can be formilated for the technical
requirements: those technical requirements and parameters that
ensure the extreme (minimum or maximam) value of the criterion
with observance of the limiting relations will be optimal.

The criterion must be quantitative and express objectively
the degree to which the alrplane, in the particular version,
serves 1ts purpose, and it 1s necessary to know how the criterion
depends on all of the design variables that influence 1it.

FTD-HC-23-753-T71 17




" Since there are many variables and the criterior. depends on
t them in a complex manner, the method used to find the optimuﬁA ¢
parameters must be such as to establish an absolute extreme of

the criterion and not simply relative ones.

- When it is remembered that the performance of a complicated
object is influenced by an enormous number of variables and that
many of these variables are interrelated in rather compléx fash-
ion, the task of finding the optimum design appears impossible.
In practice, howeﬁer, the work is made easier by investigéting
at t;rst only the effects of the basic variables and also by the *
fact that many of them, including important ones, are found to
be constant under the cohditions of the particular assignment. 1In .
alrcraft design, constant assigned quantities of this type might i
be, for exampie:

1) all engine characteristics if the engine 1s specified;

i 2) the strength according to the "Strength Norms";

3) landing speed for an airplane whose welght changes little
during flight;

L) takeoff run for an aircraft with a large change in weight
' auring flight, etc.

Those quantitlies whose gquantitative influence on the adopted
criterion cannot be determined may also be assumed constant. In
consideration of the effect of comfort on the criterlion, an ex-
ample of this may be found in the conditlon of constant percentage
welght of passenger equlipiment and space per passenger; this cor-
responds approximately to the conditlion of constant degree of com-
fort.

§2.2. THE GENERAL CRITERION

In many cases, the basic advantage, to be derived in the
new aircraft design, is subjJect to guantative evaluation
"in terms of its "production” during a definite time span.

FTD-HC-23-753-71
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The development and operation of any airplane has an inevit-
able negative erfect in the form of materials and live labor
over the same period, the full variety of which can be expressed
by a single indicator — the cost B expressed, for example, in
rubles/year. |

To add these two effects algebralcally, the positive effects
A must also be expressed in rubles/year. This is possible if
there is a monetary equivalent a [rubles/ton-kilometer] for the
unit annual production N [ton-kilometers/year]. PFor a transport

alrcraft, the average tariff for a one-~ton-kilometer haul is such
an equivalent. Then the positive effect A = Na [rubles/year] and
the criterion K assume the form

K=A—‘B. (2-1)

Thus, the criterion for design of a transport alreraft be-
comes
K=A--B=Na—B=PF, (2.2)

i.e., the famillar annual profit.

In addition to the two basic effects A and B, the general
criterion also covers other effects with their signs if these ef-
fects admit of evaluaticn in rubles/year.

One of the additional effects tnat makes its appearance in the
case of any capital outlay is the influence of this Investment on
the rest of the economy. The annual total of a country's capital
investments is determined by its balanced budget, and an invest-
ment of D rubles for the construction of a given objective diverts
this amount from the remainder of the economy. Thus, thils one-
time capital investment of D rubles results in annual losses %to the
remainder of the economy amounting to pavD rubles/yesr, where o
is the average profit per rubie oi investment in the entire na-
tional economy or that !wanch of i1t from which the amount is drawn.
From the government's standpoint, the amount pavD must appear in
the form of an additional minus term in the evaluation criterlon

for the project:

\C
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K=P—py.DwA—B—p.yD=Na—B—
| P PcpD) =Na—B—p.,D. (2.3)
Thué, the cost of manufacturing the new aircraft appears
twice in 1ts criterion: the total of expenses B includes the cost
-of material wear and tear (depreciation) and, in addition, the
loss pavD tc the country's natiornal economy. This must be taken
" Into account in comparing different versions of aircraft.

Let us consider such an example. Two versions have been
drafted for an airline to carry N ton-kilometers/year at the same
_annual profit P [rubles/year]}, but the second variant requires a
larger capital investment. This might occur i1f, for example, the
more expensive hardware of the second version has a service life
that is longer by exactly enough so that the depreciation and
all costs B and the profit P remain the same as in the first ver-
sion. If judged on the basls of profit P, the two versions are
equivalent. In actuality, however, the first version is superior
because 1t glves an additional capital-investment economy, as re-
flected by the criterion

K=P—pcyD.

The amount p,,D [rubles/year] is sometimes called the "con-
struction cost." Placing a completed plant in operation also re-
quires a simultaneous investment of working capital. This -=api-
tal must be added to the cost of construction, with the assumption
that the sum D also includes the working capital; then pavD may
be referred to as the "construction and start-up cost.”

Another additional term in the criterion will be considered
in Chapter 3.

In selecting the optimum version of a design on the basi:c of
maximum criterion K, the conditions set forth in the plan under
which the particular objective 1s being designed must also be ob-
served. Such conditions include the capital investment D allo-
cated for construction and commissiéning of these objectives and
their total annual product N. Two particular cases are possible:
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Y. D= const and Nmax' 2. N = const and Dmin'

Let 'is examine the general ériterion more closely for the
case 1n which only one element — a new airplane for an existing
airline - is being designed, and not the entire carrier. The same
expression for K will serve as the criterion for evaluating the
alrcraft-pool variants:

. K=P—peyD=Na—B—p.,D,

but the constant elements that are independent of changes in the

3 alrplane can be dropped from the sum B and D; B will now represent
f the annual costs that depend on the airplane, and D the cost of

1 the entire aircraft pool on the line. Let us consider the first
particular case, when a fixed total capital investment D = const
is allocated for the line's entire aircraft pool. When the con-
stant term pavD can be dropped from the criterion, leaving the

annual profit P = Na - B, 1l.e.,

sz(n-comt)=P| -n,

where P1 = Nla - B1 is the annual profit per airplane a.~d n is the ;
number of alrplanes on the line. Since n = D/Dl’ where ;i iz the ;
cost of one airplane, we have !

=P
K-DID.

Since D = const we may take ac our criterion in thils case

: PR G YOO L} Cnd - '
o Ke=p=5, =" ° (2.4)

3 i.e., the profit per ruble invested. Economists have also sug-
gested that this quantity be used as an effectiveness factor for
o capital investments in new technology [15]. The "1" subscripts
| ' can be dropped, since it nakes no difference whether the gquanti-
¥ ties N, B, and D are considered per unit or for the entire pool.

We obtain the seccnd particular case if a constant annual
5 '. cargo volume is specified for the line. In this case, the first

term in our expression for the criterion will be Na = const and

TR
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can be drcpped. The criterion becomes negative, assuming the form
K=B'=B+pD,

i.e., the ¢riterion is now the annual cost B', in which the on-
line expenses B are added to the "construction and start-up" costs
pavD. Reasoning analogous to that used in the first case endows
the criterion B' with the form

p=S1_B (2.5)

can serve as the criterion. Here the "1" subscripts have been
omitted for the same reasons as in the first example.

The quantity b' is the first cost per unit product, and this
indicator is also used frequently to evaluate the efrectiveness of
the airline or alrplane. 1If is only necessary to remember that
the cons.ruction and start-up.costs pavD should also be 1included
in the cost B' to obtain a more complete evaluation.

It 1s clear from these two
examples that criteria in the form
of the ratios p = P/D and b' =
= B'/N are quite correct for evalu-

g y ; ation of a given aircraft if for
f = f s the complex consisting of these
:W . aircraft we omit the fixed sum
A (Lome Pona) D = const (criterion p) or have a
) prescribed fixed annual production
volume N = const (criterion b').

Figure 2.1. Reglon of near-
optimum solutions.

It must be remembered that
it is not possible in all cases to gstimate the basic positive ef-
fect in the same units as are used for the negative effect; in
this case, reducing to equal conditions N = const, we obtain a
eriterion in the form of the "net cost per unit producticn" anc
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the variant selected will be optimum only for this particular con-
dition. Certain properties do not admit of inclusion in the gen-
eral criterion at all; examples are the political significance of
the new design, the defense value of a nonmilitary design, the
conservation or depvletion of "uncharged" natural resources, com-
fort, aesthetic gualities, ete. In thils case, there 1s no reason
to abandon the attempt to evaluate the project on the basis of a
general'criterion, but the selection must be "biased" away from
the criterion-optimum variant in the direction of support for
properties not incorporated in the criterion. 3Such selection will
inevitably be subjective and less precise. If, for example, the
influence of the smoothly varying quantities A and B on the cri-
terion adopted for evaluation of the objective 1is analy=zed (Fig.
2.1), there is usually a rather extensive zone F in which the
eriterion K differs little from its extreme value 1n the neigh-
borhood of the optimum parameter values (point 0). If it was not
possible to include certain important properties in the criterion
K, it 1s advantageous in the final selection of A and B to move
away from point O into the region of zone F in which the values
of the imponderable properties of the objective are more favor-
able. Considerations involving proposed future moaifications of
the objective may alsc dictate regression from the optimum in one

or another direction.

In the design of smaller parts and components, the criterion
may be the increment to the total criterion that results from the

" presence ot the particular part or component, and will be a func-

tion only of the properties c¢f the component.
Suppose, for example, that the criterion K is a function of
n variable properties of the object:

K=f(A, B, C... N),

and that each part of thc design influences only I of these prop-

T

erties, i.e., properties A, B, C, ..., L.
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~ We write the total differential of the criterion K with re-
spect to the I variables and convert from the differentials to
finite increments: - '

-

=X a8 K aca.. K 41
aK =2 a3 a8+ ac +... 5

Ak A K, g K oK
AK—OA AA+08 AB f—a—-c-;AC-'-...aL AL, (2.6)

In this case, the quantity AK can be used as a criterion for
small parts. Here the partial derivatives become constant coef-
f;cients and AA, AB, AC, ..., AL become the changes in the prop-
erties of the objective resulting from the presence of the com-
ponents in question.

On an alrplane, for example, each part perfcrms its function
and, in addition, has a weight AG and a cost AD. If variants of
a part that perform their functions equally well (have equal
"functional qualities") are compared, there remains as the cri-

 terion the binomial

B L S
AK—M AG+aDA s

If each designer has such a polynomial criterion at his
disposal for selection of optimum part variants, the efforts of
the entire designer staff will be oriented to acquisition of the
optimum design variant.

FTD-HC-23-753-T71 24

i o5, e i ot

Al avad 0w

i
%
k
4
E

N P T TRt WPRIT T




Chapter 3
EVALUATION CRITERION FOR CIVIL AIRCRAFT

§3.1. SPEED AS "QUALITY" IN HAULING

Tt was shown in §2.2 that a carrier can be evaluated on the
pasis of its gross revenue with allowance for "construction and

= " .
start-up costs pavD'

K=Na—B—pD.

Let us now show that,as applied to hauling, the critericen
must include another term that takes account of speed as "quality"

in hauling operations.

Let a load of value K in rubles/ton belonging to an enter-
_ . prise with a profit margin pen[%] ve nculed by a carrier at the
1 average commercial speed Vcom [km/h]}. If one ton of such cargo
remained en route for one year, i1t would be ocut of circulation
for a year; similarly, storage of the cargo in a warehouse would

result in a loss

Prp %  rubles
100 " con*yr

The loss incurred when the ton of cargo spends one hour en

route 1s
KPup Kpsp rubles ‘(3-1)

£ S — ==
100.365.24 876000 toneyr
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where Psn is in percent.

For a passenger, the coefficient C can be determined as fol-

lews:
; oLl BisdP E

365.2¢ B, 4 730

(l+- P \ rutles

where E [rubles/month] is the passenger's monthly salary.

Here the factcr in parentheses reflects the fact that each
hour spent on the job creates value greater than the passenger's
pay by the value of his production; for complete evaluation of
the passenger's time, therefcre, hils salary must be incereased by
his employer's annual profit P divided by his salary Bsal'

Let us assume that the passenger and hils baggage weigh

Gpas = 100 kg,
then
€ Erae iy, P
R (1}'3,")' _ (3.)

The cargo or passenger spends a time 1/Vcom (h/km] on each
kilometer traveled and, conseguently, the icss per ton-kilometer
is c/Vcom [rubles/ton-km]} or, 1n one year,

vy
N-£ ruble,
VK'JN VP

where ¢ is determined as the average for the cargo quota of the
line in questiui.
This ls the negative term that must te added tu the criter-

1on of a transport airplane to take account of speed as haullng-
performance quality; then the general criterion takes the form

. . (3.4)
K=Na—58~ Pl N——.

" Rem

where pav'D = B 5
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Evaluation of cargo time en route was proposed by Prof. M.M.
Protod'yakonov for selection of optimum railway routes [16]. As

-_eoncerns evaluation of passenger time en route, 1t is °ncountered
" in the foreign literature.

The numerical value of the coefficient C for passengers and

cargo can be estimated as follows.

 Let us assurme

£ 075,

3.0

then
=175 .
C ~ 1,75=0,024E;

for
8rubles

rubles Th DA
5—200 mO‘ﬂth C-=0,024'200-----4 m

Let us now see how much one ton of cargo belonging to an
enterprise operating with a profit margin of 6% must be worth for
the coefficient C for the cargo to have the same value:

P_UE_J;?i ~ 700 rublies .

K= 48876000 =700800
g

Obviously, it will seldom be necessary tc convey such expen-

sive cargo by air, whlle passengers earning 200 rubles per month

will be quite common.

This does not, of course, imply that alr cargo is unprofit-
able; after all, Nc/V is only a small correcting term to the

annual cutlay, and the question of advantage depends on the en tiwe

criterion.
The correcting term Nc/V o removes a certain element of

fetishism from the notion of transport speed and permits more

comprebensive and objective evaluation of the importance of spzed.

This evaluation of speed does not apply to erergencies in

which speed of dellvery is 0! prime importance; Such cases also
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xaquire special delivery, e.g., by "mercy flight" for emergency
medikal assistance, or perhaps even a heliﬂopter, which, although
;1t is slower-than an airplane, is not as restricted in its choice
of landing sites, so that the time to move a patient by automobile
is improved upon.

§3.2. AIR ROUTE EVALUATION CRITERION

To obtain an expanded expression for this criterion, an ex-
pression for the dapital investment D [rublés] for the annual
'product N [ton-km/year] of the air route and the annual operating
cost B [rubles/year] must be substituted into formula (3.4).

The capital invesument may be divided into two parts:

D= Dm.to;,,,, . (3.5)

where Dg " is the vost of ground stiructures and Da p is the cost
of the alrcrafi pool; thercdrresponding fractions of the working

cépital are incliuded in each port.

The annual product of an al» route 1is

N EOD KM i Gl = 3 GpiGTV e | (3.5)
ye

where AZ is ‘the lcad factor — the average payload of the aircraft
expressed as a fraction of its muximum capacity-Gpl, G is the
welght of the alrc: ft, 1 is the nuaber of hauls on the route per
year, L is the ncnstop distance traveled, G 1 is the maximum pay-
load for a given weight of fuel (for a given range), Gpl = Gpl/G
is the payload ratio {the relative weight of the payload), T is
the fiying time on the route per year, and V 1s the schedule

cruise
or trip speed in km/h.

The trip speed is determined from che formula

L ; L
v gen: T T l,xyem

, l'npeik' .pcnc L P pel: . .
v o X e (3-7)
apefie
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where V
t

rEe and Lcruise are the cruising speed and distance and

t=1 is the time to take off, climb, descend, and land.

The higher tnhe speed and altitude of flight and the shorter
the rauge, the greater will be the difference between trip and
crulsing speed.

For subsonic passenger aircraft with pressurized cabins,

Vtrip comes to 75-85% of V

crulise’
The annual expenses in B f17] consist of depreciation and
the cost of major repairs tc the aircraft (Ba) and engines (Ben),

the cost of fuel and lubricants (Bf), paying the crews (B ), tne

cw
cost of tecnnical servicing and routine maintenance (Br m)’ and

aircort expenses (BAP). Consequently,

B:Bc+Bnn+Br+B:u:"‘:‘B-r.n - Ban- (4. 8)

The ccst of reoairs to the airplane can be determined from the
formula

[}c;:'_'iji T e i Y i
MC ( Cee Vpenc ’ (?)-O’)

where n is the number of aircraft on the route, Da is the coszt o1
one airplane (dry and without engines), Ma is the total time (in
hours) logged by the alrplane cver its entire lifetime, Ka ig the
cost of one major overhaul, expressed a3 a fracticni 2f the co:zt

of the airplane, and m, is the number of major overhauls. It can

be assumed that

= )
B daGdPy w/0 en (2.10)

is : of ¢t y al > and 1ts e -
where Gdry i & is the welght o he dry airplane an equlp
ment without engines and dq 1s the cost per kilogram of the dry

airplane without engines; for present-day transport aircraft,
aa = 10-30 [rubles/kgl.

The lower 1limit pertains to small airecraft of mixed coun-
struction, and the upper 1imit te all-metal aircraft with
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pressurlized cabilns.
Statistics indicate that the lifatimes of aircraft lie in the
range -

M, =10000-+-25000 BT _
c-T .

The lower limit pertains to small aircraft used on local
short hauls, and the upper limit to large long-haul aircraft. h .
For medium alreraft of the LI-2 type, Ma = 15,000 h. The cost }
fractionaccounted for by major overhauls 1s ka = 0.15 for small
short-haul aircraft and ka = 0.10-0.12 for long~haul models.

If the time in fiight hours between overhauls Ha {h/0o'h] is
kncwn, the number of overhauls 1s determined from the formula

M.

m, == mee— —

“"H. (3.11)
The next smaller whole number 1s taken. According to statistics,

H.==1500-+-20000X__.
o'h

The expenses for the engines can be delermined from the formula

L
Bn’:—_%gﬂ(]+km"l")“i;‘i‘:”s (3. 12)
pettr

in

where z is the number of engines on the alirplane, De“ is the cost
of an englae together with 1ts propellers; Men 1s the useful life-

time of an engine, Kk = 0.2 1s the cost of one overhaul, express-

en

ed as a fraction of the cost of the englne, and Men is the number

of major overhauls per engilne.
It can be assumed that for piston and turboprop engilnes

Dy« N, (3.13) .

where N is the rated horsepower output of the engine, dg = 8
rubles/hp for piston englnes, and dN = 5 ruples/pp for turbo-

props. For turbojlet englnes,
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._D:u‘-‘-'-d:' « Py, (3.1h)

dp=8 rubles .
kgl of thrust’

PO is the engine's static thrust on the ground.

Statistically, the total lifetime of an engine depends on the
degree of post-inception refinement of the specific engine type,
lying in the range

M = %q
Mg, - 2000 = 5000 —a:—'

with Men * 4,000 for piston engines and Mer * 2,000 for turbecjets

&

and turbopropz.

The number of major overhauls is determined from the formula
My, = ——-—1, (3-15)

where Hen is the time between coverhauls and

M,

an

o
630 -+ 1000 ‘o,

oot
If no specific data are avallable, it may be assumed that Hen =
= 650 h/o'h for piston engines and Hen = 500 h/o'h for turbojets
and turboprops. The cost of fuel and lubricants is determined for
turbojets by the formula

B, <L1C,, Py e

Vieite (3. ]_6)

Here the coefflcient 1.1 takes account of cil consumptlion and the
fuel consumed in running the engines up on the ground, in the
takeoff runup, and during the climb with corsideration of the
fuel-consumptlon decrease during descent and deceleration. CSp
(kg/kgf of thrust] and P are, respectively, the average values of
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the engine's cruising specific fuel consumption and thrust, and
Xa [rubles/kg] is the cost of the fuel. For kerosene, Xp = 0.045
ruble/kg.

In more accurate determinations of runup and climbing fuel
consumption with consideration of the lower ~onsumption during
descent and deceleration, formula (3.16) takes the form

(3.17)

~ L Cragli—Cinlli—G,) (o0H  aM :
B -1,05¢ |C, P L. : =7 g
. '[ 2 Ve 300 (aM_FQJI)]L

Here the coefficient 1.05 takes account of fuel consumed in rev-
ving the engines up on the ground, Csp.M is the specifie fuel con-
sumption at maximum middle-alcitude c¢limbing power, the term

Csp(G - Gf) takes account of the fuel saved during descent and

deceleration, aM= V is the crulsing speed in m/s, and H

cruise
is the cruising altitude in meters.

The quantities H/aM and aM/9.81 take account of the fuel used
in climbing and in the takeoff run, vespectively. It can be as-
sumed in approximation that

G~ = 0.3G.

f

The came formulas, (3.16) and (3.17), are also sultable for
propeller engines, hut P must be replaced by the average crulsing
power Ne and CSp is taken in kg of fuel per horsepower-hour; the
expression

Covg/i—Cer(C—0Gy)
3600

is replaced by

Cora —Cya (700 ) i ..,C>"-d";"(-')'1((i—(i') ,
T 360077 R 200 000 prses

where Csp M is the specific fuel consumption rate at maximum mid-

dle-altitude climbing power per heorsepowec.-hour and Vcruise is to
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be taken in m/s.

Crew annual cost i1s compcsed of the monthly base pay of each _
crew member and flight pay. In addition, 7% of the total sum ' :
paid to crew members is budgeted by the line for 1ife insurance
and disability compensation.

4 A it i

Buw=1,07-12a(ZE) +1,07(Zx)iL, (3.18)

where n 1s the number of aircrart on the line.

* Table 3.1
Crew member E, X,
rubles/mo rubles/km
Pilot 210 0.0n8
b Copilot 176 - 0.005
B Navigator 161 0.006
1 Flight Engineer 154 0.0048
: Radar Operator 132 0.004Y
¢ Stewardess 80 0.0016

The monthly salaries E include beonuces and allowances; x 1is
- the rate of payment per kilometer flown. Values of E and x are
given in Table 3.1; the sums I are taken for the entlre crew.

The number of stewardesses is determined on the basl:s o1 one
rer 50 passengers.

Usually, the copilot's or navigator's seat 1is occupled on
50% of all flights by a higher-salaried chief pilot's representa-
tive; for this reason, 70 rubles/mo should be added to the sum
ZE and 0.0024 ruble/km to IX.

The annual cost of technical servicing and routine maintec-
nance (according t»> studies by Engineer V.P. Gal'kovskiy) pou
flight hour can be assumed proportional to the cost of the dry

" airplane with a proportionality factor of 5 - 10'5, so that

=

(3 19}

1 | B 5105 (D -+2D,,) £

Vpeﬁc

N Ty
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These five items of expenditure exhaust the basiec so-called
"direct" costs. These costs are usually increased by about an-
other 7% to take account of the total of minor direct expenses.
The cost c¢1 training, auxiliary, and ser&ice flights makes up a
considerable factlon of thLese expenses. However, these flights
may be regarded as a certain number of unpaid flights, i.e.,
"dry runs" with the load factor AZ = 0, and this must, in turn,
be taken into u 'count by reducing the average annual load fact: .-
A, of the lire. Ve shall assume that the coefflcient Az = 0.65
also takes account of these "unpaid" flights.

The same additional 7% also includes the cost of ground en-
gine te<ting, but we have already taken them into account with
the 1.05 coefficient applied to fuel cost. The remaining unac-
counted minor direct costs can be discarded as insignificant. .

There is one more major group of expenses — the so-called
"indirect" costs, which amount to 35% or more of the "direct"
costs. They include depreciation, repairs, and servicing for all
ground structures and equipment, ground servicing of aircraft,
passenger's and cargo, administrative overhead, etc. Foliowing
the example of [17], we separate from these indirect costs the
airport costs assoclated with servicing of the aircraft, passen-

gers, and cargo:

B, =40nG +30i3,Gyy. (3.20)

Here G and Gpl are in tons. The first fterm expresses the depre-
ciation and cost of repairing and cleaning parking areas and
cleaning the aircraft themselves, while the second term repre-
sents the cost of servicing passengers and cargo and loading and
unloading cargo. The coefficlents, 40 rubles/ton-year and 30 .
rubles/ton-flight may be lowered if cleaning and cargo handling
are mechanized, but the former will be considerably higher if

the aircraft are stored in hangars.

In the planning work on an air route, 1t i3 also necessary
to take all remaining indirect costs into account, since they all
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depend in one degree or another on the plan chosen for the route : §
and influence its criterion K. ?

Thus, in planning for a new class of air route and the air-
craft to service it, the takeoff and landing properties of the
alrplane and the corresponding runway length must be so selected
that the cost of the aircraft and the runways will minimize the
criterion K. Consideration of runway cost may result in selec-
tion of an airplane that costs more but uses less runway in
teking off and landing.

§3f3‘ CRITERION FOR EVALUATING A PASSENGER AIRCRAFT

Since an extensive network of air routes aiready exists, the
problem of designing an airplane for an existing network is of
great practical importance. In this formulation of the problem,
the characteristics of the air rcutes are the operating condil-
tions for the new alrcraflt design, knowledge of which becomes one

of the aforementioned conditions that are necessary for arriving
at the optimum design version of the aircraft.

. Alr routes vary widely in length, amount of passenger and
3 cargo traffic, airport equipment, runway length, terrain relief,

climate, and other properties. There are four classes of alrports

as listed in Table 3.2. Talle 3.2

T Runwav--end

Airport cla;s Runwav length! Runway widthisafetv-strip

length
. M_.

; Class 0-A <3000 1 80 <400
! Class I-B 2200 I 60 <400
Class II-C 1800 i €0 <400
Class III-D 1300 l 40 <hoe

, The variety of air routes and alrports has as a corsequence
1 ; b that a universal aircraft designed for all roates wculd be far
' from the optimum in any particular case. It is more advantageous
to design an alrplane for a whole coup of routes that differ
l1ttle from cne another in traffic flow and runway length, e.g

,‘. ’
an intercontinental or transcontinental "liner," an aircralt for
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trunk airways with 1000-2000-km nonstop distances, an airplane for
500-1,000~km local routes and, finally, an airplane for the very
shortest local routes. It 1s necessary to specify for each of

these ailrcraft types the appropriate airport class and the annual
passenger and cargo flow N [tons-km/year], which is planned on
the basis of an average N for routes of the particular type with
room for future adjustment.

Having a statement of this type, we can derive a criterion
for evaluation of the aircraft. Since the ground structures and
equipment of alr routes of an existing group remaln unchanged
when a new aircraft is designed for them, the cost of these ltems
will remain practically unchanged on a change in aircraft de-
sign. As a rusult, all indirect costs may be assumed constant and
discarded in formula (3.4) for the air-route criterion, leaving
only the costs expressed by formulas (3.8)-(3.20). Moreover, as
we showed earlier, the condition N = const enables us to change
from the poiynomial criterion of formula (3.4) to a criterion in
the form of a ratio, 1l.e., costs per ton-kilometer.

Finally, T = iL/Vtrip’ l.e., the number of hours flown on
the route per year, cancels in the numerator and denominator of
the resulting ratio; we then obtain the criterion as the ratio of
the hourly cost per single airplane to the hourly productivity of

the single alrplane.

For a jet aircraft, this formula takes the form

K e -[3.,:_ 1 - kclﬂ‘; ZD,. 14 kym Y
A, >'4(?-'1"peﬂc My ;‘3'?--1",0410
4_"'2(:-” S *_1_3712(2“_)_ , 1.07(2 x) 3 10-5(D, - 2D+) %
7~3”u.n“’peﬁc ' A:‘GnnflL NUY ' & 1(i|-.1‘,pem
s dh
1 __40(: 29_ . Pep (D + 2D,4y) L. . ( 3l; 21 )

)\a(in.1llL L k ""J(;n.u’.lL I "'pw‘lr

where D = 4 G
a

d D = d P,
a’dry w/o en’ and Ver,

en
A similar formula applies for aircraft with propeller en-
gines, but cspN must be substituted for quP, with recognition

of
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Let us consider a particular example:

G = 42 tons, P, = 6,000 kgf,

Gdry W T 22 tons, Do 8 - €£,000 - 48,000 rubles,

Gpl = 4§ tons, M., = 2,500 hours,

AZ = 0.65, ken = 0.2,

Vtrip = 790 km/hL, Mo = 3,

1, = i/n = 200 trips/air- Ol = 0.8 kg/kg of thrust,

plane-year p

L = 1,500 km, P = 2,000 kgf,

da = 25 rubles/kg, X = 0.045 rubles/kg,

D, = 25 * 22,000 = 2. = 990 rubles/aircraft-month,
= 550,000 rubles, 2, = 0.033 rubles/km-aircraft,

Ma = 23,000 hours, Da + ZDen = 650,000 + 2 °

ka = 0.12, * 48,000 = 646,000 rubles,

m, = T s PaV = 0.06,

z = 2 ¢ = 4.8 rubles/ton-hour,

d, = 8 rubles/kgf of thrust.

= | - +
K = ba ben + bf - bcwl o bcw2 @ br.m ¥ bAPl v bAPE =
or, in figures,

K =6'=00214+0,0299+0,0771 -} (0,0163-]-0,0136) - -
+0,0157 + (0,0022 + 0,020) 40,0496 0,0061 =U,2519 ;—————gﬁlfi =

959 KOp
ton-km

With the indirect costs, this comes to

g'=1,35.252--34 KOD ____|
tonekm
It is also possible to obtain another crit rion for evalua-
tion of a passenger aircraft that 1s also a ratlo of an advantage
to cost, namely: "profit per ruble of investment," which econo-
mists recommend for evaluation of new technology and which, as
we showed above, proceeds from the condition of constart total
capital investment D = const. In practice, a criterion of the
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form p = P/D is less suiltable, since the condition D = const is
usually not observed and allocations for the construction of a
given version of the aircraft may continue from year to year, de-
pending on the results from operation of the early series.

§3.4. CRITERION FOR EVALUATION OF A PART OR' COMPONENT OF A PASSEN-
GER AIRCRAFT

The properties of any part of an air:raft influence the prop-
ertles of the aircraft and the criteriosn for 1ts evaluation. The
whole-alrplane criterion may serve as =he criterion for a major
component of the aircraft, with exclusion of those terms uf the
criterion tha* do not change when the part being evaluated changes.
For smaller parts, the increment in the alrplane's criterion ow-
ing to the presence of the planned part on it may serve as the
crlterior.

Any part of an alrplane has a cost and a weilght and performs
certain functions, exhibiting a certaln functlional quality 1n the
process; it may also influence frontal drag, 1lift, safety, sta-
bility, contrcllability, comfort, and the like.

Let us consider a case in which a part has three inevitable
properties: cost, weight, and functional quality, and, in addi-
tion, has a ‘rontal drag or influences frontal drag. We shall
assume the functional qualiiy of the component to be constant.
This must be done either because the quality must in fact remaia
unchanged or because the exact dependence of the aircraft cri-
terion on the functional quality of the component is unknown.
When this assumption 1s used, the component willl influence the
critericn only in virtue of 1its cost, weight, and frontal drag.

Examples of such components are antennas, ram alr intakes,

landing-gear pods, etc.

Let us assume that the type and number of the englnes have
been decided upon, along with the layout, parameters, and tnsic
dimensions of the airplane; in addition, the aerodynamic design
and welght calculations have been carried out and all quantities
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appearing 1in formula (3.4) for the net cost per ton kilometzr have
been selected or calculated with the accuracy possible at this
ctage in the deslign work.

A number of cases will be considered, as functions of those
properties of the airplane that are assumed constant.

1. Cruising Altitude and Speed Constant

Installation of a component costing AD rubles, we* 'hing AG
kgf, and having a frontal drag AQ kgf to perform a certalin func-
tion on the airplane increases the airplane's welght by an amount
ADa and reduces its payload oy AGpl, which is equal to the avia-
tion weight of the component: '

The increase in b' due to the presence of the additional com-
ponent (as a result of the increase in Da and the decrease 1n Gpl)
is found by the general method, by writing the total differential
of b' with respect to Da and Gpl and replacing the differentlals

with finite increments:

. _\(;

L. T T S 1

36'*:lET'W'7I"ZU;) e e
\} L8 (Y

(3.22)

Here AGpl appears with the minus sign, since the welght AG and
frontal drag AQ of the component lower the payload Gpl by an

amount equal to the aviation welgnt Ga o?

s U

AG o AG I g a6 a0,
dey i

n >

=1t

Let us evaluate the influence of the weight, cost, and frontal
drag of the component.

We substitute the numbers from'the example glven earlier and
the quantity ﬁkef/2cy = 26.4, We obtain as a result
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Ag’=10-% - 0,14AD 40,0565 (AG +26,40Q) =

= 10-8. 0,14AD +0,0565AG +1,49AQ TUbles,
20 Q tone km

Here AD is in rubles and AG and AQ in tons. To make the coeffi-
clents more commensurable, we express AG and AQ 1In kgf and Ab' in
kopecks /ton-km.

A8’=0,000014AD -+ 0,0056 ko
SAG +0.149AQ t_Jéon. = (3.23)
A more convenient criterion for the component is the quantilty

.‘& r
K, ::?)'IC—OECE{I == AD 4+ 400AG + 10 6004Q. (3.24)

which is proportional to Ab'.

As we see, frontal drag has the dowinant influence on the
increase in the net cost of cargo hauling, weight 1s next, and
the cost of the component last. In deriving (3.24), we assumed
G = const, althdugh the weight actually appears in the term bAPl =
= Lo G/AZGpliL and G increases by 26.44Q when the component is
removed from the airplane. However, the ratio G/Gpl remains prac-
tically unchang=d.

However, cther circumstances related to the increase 1n air-
craft and payloads weightis are impcrtant. The former 1s detri-
mental to the alrulane's takeoff and landing characteristies,
while the latter requires cpace In the fuseiage. Consequently,
use of (3.22)-(3.24) presuppcses the presence of avallable space
in the fuselaye and that a certain deterioration of takeoff and
landing is acceptable.

2. Constant Pavloal and Varlable Trip Speed

In this case, the presence of the component on the alrplane

increases D, and lowers Jtrip'

Using the same method, we obtain
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“We determine AV

ANy A g S AT T

T

S 17 O g1

8,048 '
_\B —3 _ (&) c. D
k ZDJg ) A
-'\Vpene
= (3 — Byx1 ™ Oyu2 — Iam1 — Bpn2 — Oc. i
Vpenc

Assuming Vtrip to be proportional to vcruis
that
AVpcm: " -“"upex'u:
Vpeﬂc VKPI:"C

el eradlae % the formula derived for

Avmax/vmax’ taking instead of dP/dV

dPypette AP Pypeiic
av AV Pmax

Assuming for the alrcraft used in the example

C dP weite
e ..9,57, dm = 3,41,
tx;
R13
. 1G4 =2aQ
Aoede 118 ke
Vpetie G

(3.25)

o We can figure

(3.26)

and substituting the quantities for the particular example into

(3.25), we obtain

|e" I'U‘hles‘

=10"¢.0,14A0 4 1'” —

Here we substitute

AV N 1!
2 _.Ll’.‘(ba s o Q)_-o 0281(a@ 4 26, 4AQ)
"P"\c “2 2('[[
arnd obtain finally
A6’ ==10-6.0,14AD 4+ 0,00427 (AG +26,4AQ) ==

= 10-6.0,14AD 4-0,00427AG +0, nz{-,Ath] GER
on km

Again expressing Ab' in Kopecks/ton~km and AG and AQ in kg7,
we find that the cost, weight, and frontal drag of the component
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increase the net cost per ton-kilometer by

A¢’=0,000014AD+0,000427AG +.0,01 1 K',C_LE_O .

ON2BAQ o (3.27)
Dividing Ab' by (.000014, we obtain the critericn for the compo-
nent, which 1s proportional to Ab': '

As’ ~ )
KQ:O;OO&H :.':AD—{»-3OA(I-I—800AQ‘ (3'28)

As we see, in this case the same component has much loss ef-
fect on the net cost per ton-kilometer,because the coefficlents
of AG and AQ are reduced by & factor of 13. However, frontal drag
is still vhe dominant factor in this case. |

3. Payload of Trip Speed Constant

In this case, the increase in welght and frontal drag due
to th2 presence of the component on the alrplane lncreases the

- required thrust P:

e

P:...—_[‘x S'qi_@.
Sq

~ by an amount 4P:

¢ H p o .
AF) 23 AC ‘."Sq -4:-.2_‘:1_(1. AG = AQ .%—?—Q‘-—'— AG o AQ 4- :..gﬂ_ .\(J,
Sq (G Tap
where
Nt
ﬁAq‘b

Increasing the thrust lncreases fuel concumption:

1,1%,Cy1 AP P .
¥ Y1"AP""6 AF .:—B_r_ _2._(‘1/_ (;all‘

A8, it ——— B2y - -
' )\aG"n‘/'pci'{f‘_ ! F P ﬂhw

“where the aviation welght of the component is

3 ., Th,
(’a,m:‘—‘A(l 4“":9 AQ.
2(7‘/

The ~hange in thrust also changes specific fuel consumption
and engine life and, 1f these charnges are known, they can also
be taken into account. If these secondary effects of the thrust

- change are disregarded, the presence of the additional ccmponent

wad the airplane will in ti.ls ease increace b':
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X 4 £ ¥ xh
Af <ffen titte Yy b 2o (AG =
'.DC Dt | of 'D'. .’ l + P !l?-,. r 2" AQ '

(3.29)

' For cur numerical example, we obtain

A6 ==10-%.0,143D 3 10~%-0,761 (AG -+ 26,42Q) =

=10-4-0,143D - 10~-0,7614G + 10-4-20.22Q FubleS

{here AG and AQ are in kgf) or

kop {(3.30)

A =10"1(0.1410+-9,761aG + 20.: .
( 076146 +20.24Q) &=

Dividing by 0.14 ° 10“", we gret

K; o_;‘o'm = a0 $-5,44AG -+ 144,35Q. (3.31)

b, Fuel Weight Plus Payload Constant

Installation of an additional component on the alrplane re-
quires that the fuel load be increased by an amount

- Cy'lL Apz CylL. 2c”

AG
¥ Vpene Vpene n).,¢ 3.

Since the sum of the weights and the payload remains constant,
it is necessary tc reduce the payload by the same amount:

AGun =AGT.

Then, using the coefficient of Ga 2 obtained in the first
place, we determine one more term in the expression for 4b':

Al
Am __ _Cnl 2y
(" — 02— anp) G —(B —8ami2— 8.p) Vpeﬁcorm HZ” G. g

For our numerical example, this term equals
0,0765.0,8- 1500 -y
QOBOELN G, 108,256, .

With allowance for this term, we obtain
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£0'=0,000014A0 - (0,0000761 +0,000325) G, x =
-o.oooouw+o.oommAa+o.onossaolf_g%._k.ﬁ.
(3.32)
After dividing Ab' by the coefficient of AD, we obtain

Ky=AD+986AG+75645Q. (3.33)
In this case, it 1s necessary to have space availlable for the
additional welght of fuel; the takeoff weight and distance re-
main unchanged, but the landing weight and landing spreed will be
lowered slightly. It must also be rzecougnized that an increase n
the weight of fuel in the wling and a decrease in ths fuselage vay-
load will Increase the strength margin of the wing.

5. Comparison of Cases Considered

We see from the cases considered above that the criterion
for evaluation of an aircraflt component varles depending on which
characteristics of the alrplane are assumed constant.

Now which criteria should be used? First of all, it is evi-
dent from comparison of (3.24), (3.28), (3.31), and (3.33) that
the relation between the effects of weight and frontal drag 1s
the same in all formulas, i.e., the same as in the expression for
aviation weight:

Gaa=AG+264\
and a 1l-kgf decrease in @ may give a weight increase up to 26 kg.

Comparing these last two terms with the cost of the component,
we see that AG and to an even greater deigree AQ influence the cri-
terion b' much more strongly in the first criterion than in the
others.

Selection of each alircraft component on the basls of the
minimum Kl resuits in the greatest lowering of the net cost per

ton-kilometer.

Use of numerous similar criteria with cabulated numeri:cal
coefficients guides bthe efforts of the entire designer staff to-
ward the optimum ~‘rcraft design.
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The following procedure can be recommended for use of these
criteria.

When the plan has been worked out with application of the

eriterion Kl to all components, the design weight GK and the
frontal drag GO are adjusted; these quantities are compared with i

thelr wvzlues G, and Qo from the preceding approximation. Then

K
1 1
the change in payload weight 1s determined:

.
4G, =G,,~G,,-- J;—”(Qo. —Qo),
Cy

If Acpl > 0, the payload is to be increased by this amount,
vhile the takeoff weight is inereased by 7x__.(Q, -~ Q. )/2¢_.
ef Ol 02 y

Since there may also have been errors in the other welghts
in the calculation of the preceding approximation, it is better
to determine AGpl as follows:

'\Gm "‘(G“. A Cn ) ": 1“',((\ LT (x.(l ‘
?('!, ’

where Gd = (G - GDl); here we take Gpl from the preceding approx-

imation.

If we obtaln a AGpl < 0 (this may result {from the inaccuracy
of the preceding approximation), GD1 must be recduced by AGpl in

order to malntain the specified cruising regime, It wil® be re-
called that mx_.(Q - Q. )/2c. exprezses the Iincrease In takecff
ef O1 0? y

welght and that this increase is acceptable 1f takeeff is not af-
fected unacceptably, while an increase in payload by AGpl is ad-
missible 1f there 1s space in the fuselage. If payload requires
additional equipment (for example, passenger seats), some of the
weight goes intc the additional equipment and AGpl will be smaller.

If there 1s no available space in the fuselage and the detri-
ment to takeoff i1s unacceptable, the criteria K and K3 are used;
1f there 1s space in the fuselage but the takeoff welght cannot be

Increased, criterion Ku is applied.
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Many of the components of the airplane have no frontal drag,
but only cost, weight, and functional quaiities; hence the expres-
slon for the increments of b' or the criterion K become binomial:

16" = CpAD +CyaG,
K =D ;- 4.
Co

6. Cost of Weight Reduction

These biromial criteria can be used to solve the practically
interesting problem of the limiting and optimum cost of a welght

reduction.

Any component may carry excessive weight that can be removed
at additional cost with no detriment to the functional quality
of the component. The change in b' that results from component

welght reduction i1s expressed thus:

AB’= CDAD-F(;AG

Obviously, if the weight reduction is so expensive that there
is no decrease in b' (Ab' = 0), the weight reductlon should not
be undertaken; this limiting cost per kg of weight reduction is

= -Ca
\AG ¥ CD.

When the welght reduction
makes it possible to lncrease pay-
/ load ‘in our example),

J |
------- “B=const
mcon p

(0

‘!

)

S
A
/A
A
;N

) =43 L2
up K2

B

and in the case of a given payload
and an increase in trip speed

A .
Vil)==3oiﬂi,
L AG Ty K2

Figure 3.1. Cost of welght
reduction. i.e., it is much lower.
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But which weight reduction should be decide upon? Let us
assume that in its initial state, the component has excessive
weight, but that as the welght is removed 1ts removal becomes more
expensive as the amount of remaining excessive material becomes
smaller; assume, for example, that the cost'AD of the weight re-
drction 1s an accelerating increasing function:

AD={(AG).

Figure 3.1 shows the variation of Ab' as a function of the
initial <tate and AG. The term CGAG causes b' to decrease lin-
early, while the term CDAD = CDf(AG) increases b', diverting the
b' curve upvard from linear (curve 1). The largest decrease in
the net cost per ton-kilometer is obtained at AGopt’ and the
limiting welght reduction, which gives no increase in b', at
AGDr; at AGmax’ all of the excess material has been removed in an
operation that 1s now totally unproductive.

In approximation, we may assume an optimum weight reduction
equal to 1/2 or the limit.

The dasihied llines on the figure illustrate two more cases,
in which the cost of the weight reduction is proportional to the
welght removed. Line 2 corresponds to the case in which all of
the excessive material must be removed, and line 3 to the case in

whlch none of it should be removed.
§3.5. CRITERIA FOR EVALUATION OF OTHER CIVIL AIRCRAFT

The structure of the criterion for an air freighter wili be
the same as that for a passenger aircraft, although it may differ
greatly from the latter in layout, construction, and equipment.

It will probably be necessary to change the average tariff
a, the numter of trips 1 per year, and the coct of the time to
haul the cargo C [rubles/ton-hl, in which it may be necessary te
include losses of perishable cargo en route, and to change certain
other quantities. Otherwlse the analogy with the passenger air-

craft will be complete.
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Criteria for other civil aircraft can be drawn up in similar
fashion. If, for example, the "work" or "product" N of a given
airplane during a given time can be evaluated quantitatively (in
hectares of treated acreage, in square kilometers of protected

forest, etc.), a "net cost per unit product" criterion b = B/N
can be obt=ained easily.

If, in addition, the cost a of processing a unit product is
also known, it is possible to obtain a "profit per ruble invested"
criterion p = (Na - B)/D and an "income"-type criterion for a
given period:

K=Na—B—p,D.

If the advantage cannot be evaluated quantitatively, we may
follow the general rule for such cases and assume it to be con-
stant. This constancy can be ensured if all of the properties of
the airplane on which this effect depends (payload, speed, alti-
tude, range or endurance, takeoff-and-landing, and other proper-
ties) are assumed constant. Thic reduction to a set of constant
properties 1s also freguently applied even when the advantage can
be evaluated quantitatively. Then the criterion consists only of
the negative effect

K=B+p.D

and the optimum verslon of the design is found by minimizing it.
It must only be remembered that the prelimlinary design will be
optimal only for the assigned values of the airplane's properties.

The optimum prelimlnary versicn based on the minimum of the
negative part ot the criterion is very close to the optimum vari-
ant for minimizing the cost of the entlre airplane, and the cost
of the airplane is approximately proportional to its takeoff
weight. Thus we may use an even simpler criterion - the cost of
the airplane or its takeoff weight — for a given set of aircraft

propertiles.

The fixed values of the airplane's propertles appear in the
desiznated technicel specifications. Designing frem TS and from
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minimum takeoff weight requires the designer not only to lighten
the structural weight of the aircraft to the greatest possible de-
gree, but also to select engine characteristies and airecraft
'aerodynamics such that all items in the TS are conformed to at
minimum aireraft weight. . :

e ki N i R

' 2 i

Designing from TS does not eliminate the need for the use of
a criverion, but the criterion will become a narrow one of economy;
it will be the cost per unit time or, more simply, the cost of the
airplane, or, still more simply, its takeoff weight.

Determining the quantitative ‘dependence of the gereral cri-
terion on engine characteristics and on the geometry, welght, and
other parameters of the airplane with consideration of the con-
fining relationships between them is a complex preliminary-design
task. Because of the complexity of these relationships, the prob-
lem Is solved by successive approximations and comparicson of the
various versions with the general criterion, with selection of
the variant having the optimum criterion value. For selection of

L g+ e

the optimum parameters, the parameters are varied smoothly within
their ranges, i.e., at equal intervals, and the optimum combina-
tion will be the one for which tLhe general criterion has its ex-
treme value. The optimum combination of the TS is found by the
same manner and the same method of successive approximations. As
a rule, the parameters characterizing the design are first deter-
mined statistically for each of the sets of technicsl specifilca-
tions to be investigated, the layout of the airplane, the type of
the engine and its characteristics are chosen, its dimenslons znd

aerodynamic characteristics are evaluated, the weight, slze, and

; operational and economy indicatbrs of the alircraft are calculated,
and the value of the general criterion is computed. Then the
aerodynamic characteristics are determined for the selected lay-
out and the dimensions found for the zirplane for the various
versions of the design parameters, qnd the flight-engineering
properties, weight, geometrlcal, operational, and economy indi-
cators and the general criterion are adjusted.
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Approximationz are computed until the value of the general
criterion and, with it, the set of technical specificaticiis ceases
to change (by more than a predetermined amount). Thé result 1s
one "point" on the curve of the general criterion as a function of
the set of technical specifications and the aircraft parameters
characterizing the design.

After thus analyzing various combinations of technical speci-
fications and design parameters, the dependence of the general
criterion on these combinations can be found. The optimum combi- .
nation of technical specifications and design parameters is that
for which the general criterion has its optimum value.

To perform the above task, it is necessary to know the ef-
feets of various design parameters on the flight-engineering
properties of the airplane and its weight, operational, and

economy characteristics. It is also necessary to know how the
scheme will be affected by changes in tactical and technieal
) properﬁies, the principle followed in laying out, balancing, and
; developing the structural frame of the aircraft, and the method
§ of determining the takeoff welght and size of the airplane.
3 é All these steps are also necessary in designing to given
» technical specifications. The material is the subject of Parts
% II and III.
1
-
;
- ]
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!
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Part II

FLIGHT CHARACTERISTICS OF T!Hx AIRCRAFT, ITS ST TY,
AND HOW THEY ARE INFLUENCED BY ITS PARAMETERS

Chapter U
EQUATIONS OF MOTION. FORCES ACTING ON THE AIRPLANE

§4.1. EQUATIONS OF MOTION

As a rule, the spatial motion of the airplane is not analyzed
in preliminary design, but 1ts motion 1is investigated in vertical
and horizontal planes.

In analyzing the motion of
the airplane in the vertical plane,
it is most convenient to use equa-
tions written in the wind system
of axes, in which the 0X axis is
directed along the velocity vec-
tor and the 0Y axis perpendicular e
to the former ln the plane of sym-
metry of an airplane flying with- gigtﬁi gi%éliﬁﬁ?egyZEZ;ngf
out slip. axes.

The arrangement of the axes and the forces acting on the
airplane as a material point areshown in Fig. 4.1.
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Projecting the forces acting on the ailrplane on the axes 0x
and Oy and performing simple transformations, we obtain the equa-
tions of motilon

@ % fe

- L [Pcos(a+3p1~Q - Gsindl, (4.1)
dh __£_ ol i il]

= “,m![y +Psin(@-' 3p)—Gcos 8}, (4.2)

where ’P 1s the angle between the thrust vector and the wing
chonrd.

Since the angle ¢P is generally small, we may set cos
(a + ¢P) = 1 for flight at sm2ll angles of attack and neglect the
term P sin (a + ¢P) in (4.2). With these assumptiocns, expres-
sions (4.1) and (4.2) become

.‘%:g(egg —slno). (4.3)
%=%(g_mwy (4.4)

Since Y/G 1s the normal acceleration

Jaﬁ n, and (P - Q)/G = n,  Egs. (4.3)
and (4.4) can be rewritten
av” _ _ (ll . 5)
--‘;Tﬁ-g(n, sin b),
o _£ _
;?M.V(n” cos ). (4.6)

Trese equations must be supplemented
by the obvious kinematic relations
.ilj--:.;: l" S‘n 9 ]

S ' 4
Figure 4.2. System of — 1t
axes. -

(4.7
=1’ cos 8.

at .

Since d6/dt = V/ry, Eq. (4.6) yields an expression for the radlus

of curvature of the trajectory, vy:

or
r
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g(ny—cost) ° {4.8)

To consider curvilinear motion in the horizontal plane, we
take a system of axes 1in which Ox is directed along the velocity
vector, Oy perpendicular to it and in the vertical plane, and 0Oz
in the horizontal plane (Fig. 4.2).

With t he assumptlons adopted above and the coordinate system
in Fig. 4.2, we obtain

‘l_?--_‘:.””gin\* (u'g)
dt :
and
= V2 i
gnysiny
(4.10)

where ¢ is the turn angle of the veloclty vector horizontal pro-
Jeetion and y 1s the roll angle of the airplane. Since ny = 1/cosy
in a horizontal term, Eqs. (4.9) and (4.10) can also be written
fom Ly
T el (4.12)

sV Mo

gVl (4.11)
|14

v

These equations of motion in the vertical and horizontal planes

are used extensively in preliminary deslgn, boti: to determine the
flight properties of the airplane and for analysis of the effects
of various parameters on them, recognizliag that the aerodynamic
forces and the g-factors that they determine depend on these param-

eters.
§4.2. LIPT

The expression for the 1ifting force of an airplane is
familiar:

e (4.13)
Y = e S0 v—q— =0,7c,SpM?.
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If the pressure in the atmosphere is taken in mm Hg instead
of kgf/mz, we have

Y=9,55¢,SpM?2, (4.14%)

The dependence of cy on angle of attack is .linear for aircraft
wings of large aspect ratio. Violation of linearity indicates
that local flow separation has occurred on the wing. ¥ subsonic
speeds, c; = dcy/da is a function of the geometrical aspect ratio,
sweep, and taper of the wing, while at supersonic speeds it de-
pends basically on the Mach number M.

The smaller the wing aspect ratio and the larger M when the
latter exceeds unity, the smaller is Cy and the smaller cg for a
given «. )

Flow separation occurs on the wing at a certain angle of at-
tack, and dcy/da decreases. In the case of unswept trapezoidal
wings with aspect ratios A < 5-7 with large Reynolds numbers (Re),
a very small increase in angle of attack is sufficient to lower
cy as a resunlt of separation. In addition, separation usually
develops asymmetrically on the left and right wings for this wing
type, giving rise toc a strong moment that rolls the airplane onto
one wing. For strongly swept wings of small aspect ratio, such
as are used on supersonic aircraft, separz ion occurs first on
small segments of the wing. It causes buffeting of the airplane,
but no substantial rolling moment.. A slower lncrease of cy is ob-
served as the angle of attack ls increased further.

At & certaln angle of attack acr’ the value of cy reaches

its maximum. The c. at which buffeting begins (¢, ) and ¢
Y Jyr Ymax
decrease with increasing M. Buffeting at c,6 < ¢ should be
¥ Ymax
regarded ac helpful, since it 1. not dangerous in itself and tells

the pilet that the airplane has ceached & cy near c . The
max
coefficients ¢ and ¢ depend aAov c¢niy on M, but alsc on Re,
Int ‘max
increasing with it.
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Figure 4.3. a) cy as a function of a;

b) ¢ s C , and ¢ determined
Yo~ Imax Ybal

by maximum stabilizer deflection as

functions of M.

In certain cases of flight, the maximum value of Cy is de-
termined on the basis of longitudinal balance with the largest

possible deflection of the elevators or stabllizer.

This is done because above a certain M,with the elevators

or stabilizers at maximum deflection, the sum of the longitudinal
moments vanishes at c <c , and ¢ is not reached in ex-
Yba1  Yof Ybr

tended steady flight.

Figure 4.3 shows the nature of cy a3 a function of angle of

attack and of ¢ s C , and ¢ as functions of M.
Yor~  Ymax bal
Knowing ¢ as a function of M (see
max
Fig. 4.3b), we can calculate the maximum & On ground
1ift that the pilot can obtain for any 20 ‘
altitude and Mach number and find the maxi- 18
mum normal acceleration. Obviously, 1,2¢
08
4 o u . 1
¥ m‘.\'=0'7r“umxSpM.' ( 5 ) fp‘,b
0Ty, SpA |
Hypan = G . . (4.16) 4

Figure 4.4. c_ as

For straight-line level flight, a certain v

speed corresponds to each valiue of c_, and
y tne ground and at
high altitudes.
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i8 the larger the smaller cy.

, The lowest speed in level flight will be obtained in flight

ait ey & '
Imax.

Low landing (Vldé) and takeoff (V. ) speeds are especlally

important for an airplane. For this reason, special high-lift

devices that increase cy at the landing and takeoff wing angles g

of attack are used on the wing to increase cy during landing and
takeoff.

It must be remembered that the ground effect increases cy by
another 0.15-0.20 at takeoff and landing. Figure 4.4 shows how
cy depends on o under landing and takeoff conditions (&, = 60°).

Methods of increasing ¢ will ve discussed in greater de-

ldg
tail In the section on landing the aircraft.

§4.3. FRONTAL-DRAG FORCES

The frontal drag Q of an airplane depends on its frontal drag

F , coefficient Cys wing area, and ram pressure:

; Q=c,Se 0.7 Sp . (4.17)

The quantity

Con

; o =y

e

where ¢ is the coefflelent of profile wnd parasite drag at ¢ =

b4 y
. ) 5
; = 0 and ¢, = Acy ic the coefflcient cof induced drag.
4
1 i At constant M, A = const in a vread range of angles of attack.
E £ Thus
E SR b (4.18)
The coefficient c, is composecd of frictional drag and cressure .
0
drag. The latter includes the wave drag, which makes its .i.pear-
ance at M » M:“. Mﬁr ‘5 the Ma.h number al which a compression
" shoek forms as . result of loecal supnersonic veloelties in the flow
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past the body and Cy begins a rapid increase (cx increases by
0 0

mor2 than 1% when M is increased 1%). Cy is a function of the
0]

Reynolds and Mach numbers Re and M. With increasing de, the

value of cy decreases as a result of a decrease in the coeffi-
o o)
clent of friction. An increase in M zbove Mzr results in a

X3 but at an M greater than 1.1-1.4, the increase
0
in Cy gives way to a decrease owing to a decrease in the coef-

0
ficient of wave drag, wnich varies in approximately inverse pro-

portion to /M% - 1. At M greater than 2.5, the value of /MZ = 1 =
= M and, conseguentliy, the wave drag becomes proportional not to
M2, but only to M. As will be shown below, this is a highly ir-
portant fact.

sharp rise of ¢

Wave drag is proportional to the square of the profille thick-
ness ratio ¢. At M < M:r, an increase in profile thickness also

increaces cx , but not stirongly.

An increase in wing sweep causes an increase in M:r.

&, T T ] [ | Airplane

oag_Jk—” with unswept PR

’ i 1 I\ win

aos——A- o : I' ﬂf

= L ' = i

2024— Airplane 04 ‘

with swept] |

oo P Y108 ber== i
1| ! !
Yo e 18 22 M 19 s 18 22 M

Figure U4.5. ¢ of an airplane Figure U.6. Coefficient A as
X0 a function of M.

as a function of M.

Figure 4.5 shows the nature of‘.cx as a function of M for
0

wings of varilous planforms with the same profile thickness.
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¢, 1s the sum of the wing (e, ), tail (e, ), fuselage

x
0
T e : Owg otl N
{qxr),’and engine-nacelle (cx ) drag coefficients and those of ,
it 3 : ; e.n i
- other elements:
¢ Sea CoSa €r Sur - >
. — 1 _Som ¢ M.
Cr, “"'up T S + s S +-..- (‘l.19)

-~
N

We note that (4.19) implies a decrease in ¢, on an increase in ' i'
S 0
wing area, although the frontal drag Qo increzses at the same .

The cqefficient A, which determines cxi’ is inversely pro-
portional for subsonic speeds to the wing effective aspect ratio:

SO S S U—
£ H

b e Bk s i T

A::;Z;' : (4.20)
In turn,
i
A 3
Ao e
TS

where Sa £ is the wing area occupled by the fuselage and engine
pods and XA is the geometrical aspect ratio of the wing. At M >
> 1.8, ' '

1. ¥Ym_o |
M oo EE=] !

o 4 : (l‘vzl)

¥

Figure 4.6 shows how A depends on M. Unlike the coefficlent
of wave drag, which is inversely proportional to YMZ = 1 at large
| M, the quantity A is directly proportional to YM%< = 1, so that

cx increases rapidly with increasing M at a constant cy. .
-

The family of polar curves for the airplane for various M
takes the form indicated in Fig. E.7. .

We find the expression for the maximum lifv/drag ratic

Km.x‘»--—-(-f’-’-‘ from the conaition - ("'_._r_.j_:*f‘i').-_:o, Hence it follows

x )max Cy v
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Figure 4.7. Polar .8.
gur 7 lar Pigure 4.8 Kypax 28 8

curves of aircraft
as function of M. function of M.

. that at the optimum angle of attack

€y =Cspp 7
K=t q/ (4.23)
‘: 2 M‘.. . j ?jz

Figure 4.8 shows how the airplane's Kmax depends on M. Kmax =

= const at small M. In the range M = 0.8-0.9 to 1.2-1.4, K

o the increased A and L At higher
0

decreases sharply owing t

M, Kmax changes little, since the product Acx remains almost

constant.

0

Various methods are used to solve the problem of the Kmax
increase at high supersonic and subsonic speeds. At supersonic
speeds, the most effective way to increase Kmax is to lower ¢,

0

tnis is done primarily by reducing the profile thickness ratio.
However, the designer can adjust the coefficient A only in a nar- ;

At sutsonic speeds, he can not only reduce ey but
0

to lower the value of 4. How-

Ul 5 o S s R

row range.

also increase the wing aspect ratio
ing aspect ratlo makes 1t necessary

ever, a large increase inw
ing) to use thicker wing

(in order to avold an excessively heavy W

profiles and thus increase C, which ultimately reduces the ef-
0

fect from the increase in wing aspect ratio.
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Under the conditions of hovizontal straight-line flight, a

- definite c

y corresponds to each speed and altitude:

: : N Y e LIk _ G
3 YT asve T oaspm”

(4.24)

N and, consequently, we also have ¢ = Acs. The frontal drag in

level -stralght-1ine fiight is

R et S = NS

. : LoV
Qt == (g1 L ,’S 9'2"‘ [

= or é
: 1

Q=Qyt Qr=ceSes +300 (4.25)

or when the pressure in the atmosphere is substituted for the g

density ; i i
A T ! ]
Qr 5= Qﬂ _:—(.'ir" an017S:UM 5 0.7Sﬂﬁf)- ’ ( u 026) |

From this we see that,while Q, 1is directly proporticnal tc p, M2,

and S, the value of Qih is inversely proporticnal to these quan~
tities. As we noted earlier, QO is approximately directly pro-
portional to M at M > 2.

Q,skef AT D - Qh,kgf
“000 % ﬁg—-m———aﬂ:atfx === .fzm-m#-l!.—-[——l—j -
1 U éﬁ a L | A=tk
Jooo ! L : i ]— I R
Lss Zi_ | 17000 sl 4000 |
I: 2ml_=|= wE & 1 ~ t H-==20000 l'llj "
{ 7000 . £ ' L =T «oo ”-Mkm
? _ it a0 ?! i I 1
? - EEREEE gl t 4 J
: ) P 600 wovmis L0 L2616 18 28 M .
a) b).
Figure 4.9. a) Qh as a function of speed and .

altitude; b) Qh as a function of M and altitude.

‘ ' The family of Q, = Qh(V) curves for various flight zltitudes

1s referred to 2t Zhukovskiy curves or required-thrust curves.
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Figure 4.9 shaws the characteristic trends of the Q, = (V) and
Qh(u) curves.
o Since .
Q. =4,
% (4.27)
Q will occur at K i.e., at ¢ . The flight speed at
hmin w’ ] 8h pe

| Yopt -
this point is also called the optimum speed. In the absence of

wave drags and with constant cy and, consequently, constant 1ift/
drag ratio, Qh remains constant with increasing flight altitude,
and with ascent from the ground to altitude H, flight speed should
be increased by a factor vi/8 (A = pH/p is the relative air den-
sity).

In the range of Mach numbers in which the maximum lift/drag
ratio is independent of M, Qo = Qih end Qh i ZQO in flight at
the optimum speed. On the other hand, in the M range in which

1lift/drag ratio decreases with flight speed in flight at cy
opt
owing to deviation of the level-flight polar curves from the

second-degree parabola, Qih is slightly larger than Qo.

At any constant M in flight at the altitude at which cy =

=cy Q, will equal 2Q,. Figure 4.9 indicates that flight at
opt
speeds greater than the optimum in the subsonic range 1is accom-

panied by a sharp increase in Qh, while the same relative speed
increase at large M results only in a small increase in Qh The
explanation for this is that at subsonic speed, QO is directly
proportional to M and Qih inversely proportional to M2, while
at high supersonic speeds QO is proportional to M ard Q1h is in-

versely proportional to M.

For example, doubling the speed over Vopt increase Qh by a
factor of 2.125 in the subsonic range, but only by a factor of
1.25 in the high supersonic range. This is why 1t 1is especially
important to have a large Kmax for the supersonic airplane at
high supersonic speeds, together with aircraft parameters with

which high-altitude flight takes place at a lift/drag ratio near
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Figure 4.10. N,as a function
of speed and altitude. .
§
the maximum.
Another characteristic flight speed apart from the optimum
is the speed at which the ratio Qn/V is minimal. This is usually
known as the cruising speed.
In the absence of wave drags,
Verutse ™ ;'31Vopt.
At a cruising speed corresponding to M < M® , ¢ = 1/3 ¢_ »
. er’ "x; Xy
11 T
Qﬁ?%&fn»‘%L- and KV are maximal and K = 0.86KX ..
G £
A third characteristic flight speed is the economy speed,
‘which requires minimum power {Fig. 4.10):
.Vmgfﬁﬁ_ (4,28)
75 .
l r 3 ) = 3 ¥ ’
In the absence of wave drags, VeC vopt/l.3l. At the economy
. e _ . e .
speed, ¢, =35, ¢, =1y, 7&- is maximal and K = 0.86K .

Figure 4.1 shows the positionz of the characteristic speeds
on the curve of Qh = Qh(V) and the characteristie cy on the polar
curve of the airplane. To construct a family of curves of Qh =
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Figure 4.11. a) Positions of character-
istic level-flight speed cn curve of Qh =

= thV); b) positions of characteristic

cy on aircraft polar curve.

= Qh(M), it is necessary to have the relation ¢, = ¢, (M) and ; :
0 0

A = A(M) (see Figs. 4.5 and 4.6). Applying (4.26), we can plot
Qs Qpe and Q, as funetion of M (Fig. 4.12) for a glven flight
altitude, e.g., H = 11,000 m. Since Q0 is directly proportional
to the a“~mospheric pressure p and Qih is inversely proportional .
to it, we obvicusly have for any altitude o

Qr=Qp £ 4+Q; 1 2. (4.29) :
Pn 14 _ |

e b b e R

) e St
s

Formnla (4.29) was derived without consideration of the effect of

altitude on Cy through Re.
0
It is eacy to introduce the influence of Re cn Cy into the
4]

calculation. For this purpose, C, is calculated for several
' 0

alticudes and becomes dependent on the coefficlient KR = c_ /¢ 5
€ X0 *o11

which varies with altitude.
In th’s case, Qh is determined from the following expression

for any altitude:
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Figure 4.13. a) Plot of K = K/K ox V8-
cy/cyopt; b) plot of K = K/Kmax Ve .
V/Vopt'

(o O S B .
1PV R P IVQ ril p (u.30) .
In analytical calculations of Qh for subsonic speeds, it is
more convenient in many cases to determine it not with (4.26),
but by dividing the weight by the Lift/drag ratio, which depends
on the maximum lift/drag ratio and the ratic of actual speed to

optimum speed.
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It 1s easily shown that (Fig. 4.13)
_ 2
K =Ko : (4.31)

Cy Couaun
~ T
nam v

or

K—'«K‘“ ) ¥ .,,2 . .
_L_)Z+(£ﬂa)’ (4.32)

Viaau . 4

Thus, having calculated the optimum speed

Vo =1/ 20
vana osel? (4.33)
and K for any speed, we find the 1ift/drag ratio from (4.32)

max
and, dividing the weight by it, determine Qh. Thisz method is

highly convenient in that it permits easy allowance for the in-

fiuence of changes in aireraft weight and Cy on Qh without ploct-
0

ting the entire dependence of Qh on riirxht speed.

Assuming for high supersonic flight speeds that Q0 is pro-

portional to M and that, as a result of the variation of A, Qih

is inversely proportional to it, we find that
2 (4.34)

Eansal

r
Visawn

K = Kmax

This relation is less exact than (4.31) or (4.32), since the
maximum 1ift/drag ratilo usually decreases, if slowly, with in-

creasing M.
§4.4. THRUST OF TURBOJET AND TURBOFAN ENGINES (TJE AND TFE)

of a TJE depends on its thermodynamic and design
speed, the flight Mach number, and the air tem-

The thrust
parameters, its

perature and pressure.

A decrease in engine rpm caused by reduced fuel delivery re-

sults in a sharp drop in chrust. Near its maximum, thrust is ap-

proximately proportional to the four

e thrust of a TJE first drops by 12-15%
002"00“0 on a

th power of rpm.

With increasing M, th

at maximum rpm. A thrust minimum occurs at M =
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further ihcrease in M, the thrust increases. The rapidity of the
thrus§ buildup depends primarily on the compressic: ratio of the
air in the compressor. The higher the compression ratio, the more
rapidly does thrust incvrease with M. When the airplane reaches
certain Mach numbers, which depend on a whole series of factors

(a temperature ahead of turbine, compression ratio, air-intake
characteristics, etc.), the thrust of the TJE reachas its maximum
value, and a further increcase in M results in a sharp thrust de-
crease (Fig. U4.1l4a).

PT
9 4
4
i i T
YV /
Wi i o/~
s ‘\,r—t, ,——"" 1) /
rd /! *‘,’
y A\,
-, )2 s—A— K
b e y . / 4 5
b ’ 'b =
4 .j A -—
\..’___.—-’-;4- H=0 /
4 - i A —~ 4 /
. — 7
—] N = Hipm
2
¢ i 2 J M 7 2 M
a) b)

Figure 4.14. a) Thrust of TJE as
function of M and altitude. Solid
line: engine thrust without augmen-
tation; dashed line: with aumenta-
tion; b) thrust of TJE with augmen-
tation as a function of M and alti-
tude. Solid line: strength limita-
tions; dashed line: thrust without
these limitations.

If the engine 1is fitted with an atf'terburning system, there
may be no decrease In thrust in the range of small M, and the
trust increase with M may take place much more rapidly (see dashed
curve on Fig. 4.14%). Hence the thrust lncrease gained with the
afterburner increases with flight speed. ' '

For many present-day TJE's, engine thrust shows a character-
istic faster-than-proportional rise with Mach number when the
engine is operated at full augmentation and supersonic speeds.
Use of ejector norules contribute: greatly to fast TJE chrust
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buildup with increasing speed.

For geometrically similar engines, thrust 1is proportional
to the square of engine dlameter.

~ The thrust of a TJE depends on the temperature and pressure i
of the ambient air. At ccnstant air temperature, thrust 1s ai- i
rectly proportional to pressure. This describes the decrease in
thrust with increasing altitude in the stratosphere. The law 1s
approximate because the Reynolds number at which the compressor
blades are operating decreases with increasing pressure at con-

stant temperature, so that compressor efficiency is lower. In the

presence of a regulator that ensures constant temperature aheéd
of the turbine this causes the thrust of the TJE to drop off
somewhat more rapidly in the stratosphere than in proportion to

the pressure change. This effect is disregarded in most calcula—' :

tions.

A decrease in air temperature lncreases thrust. As a result,

TJE thrust decreases more slowly than air density in the tropco-

sphere at constant speeds and rpm. !

P,kgf P,kgf )
T 1 17 i ._If"_“ ) 1]
- T T
; AR VArE 8TV, 1000
u - ¥ 7 )
7000 W#M/ ;‘; '; 'J j_1 o \"‘i/ . // /r
A e ISR T S . 7
wl=C A 5 AT
ﬂml‘;ﬁ | 77 = mmtT '-Jﬁwﬁr
o 1 ! | !
0007 ’ b ! T*'-,.‘ H=0 1 |
"fﬁﬁgfﬁéi- bt 2000F 3 e ]
Joc0 '! i \\‘9\\ s ! T l ":L_ ;,r.gg%a} ___;_ P
L1 L | L] f - TI . | |
2. 08 2 18 20 M 0 0t 08 L& 1§ 20 26 M
Figure 4.15. Thrust of TJE Figure U4.16. Thrust of TFE

as function of M and alti-
tude (with and without pri-
mary and duct afterburning).

operated with augmentation
as a function of M and alti-
tude . Solid line: effective
thrust; dashed line: turust
without losses at entry of
air into diffuser. :
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The altitude curve of thrust depends on engine setting, but
for most engines at V = const below H = 11 km it is closely ap-
proximatved by " '

Pu=Po". (4.35)
For TJE, n = 0.7-0.8. |

At M greater than unity, the drop in thrust with altitude is
slower. :

As flight altitude increases to 11,000 m, the Mach number at

which thrust reaches its maximum value (MP ) increases. MP
max max

remains unchanged in the stratosphere at constant air temperature.
_Because of &trength limitations, the maximum de’ivery. of fuel
to an englne operating withlaugmentation i1s limited at heiéhté‘be-

low 11,000 m at M < My °, and the P = P(M) curve assumes the form
max

shown in Fig. 4.14p. For most TJE's, MP in augmented operation

: max
‘-exceeds the highesL M at which engine perf'ormance is stable. At~
‘tually, therefore, M = M, (see Fig. 4.14b).
max

At M below 1.1-1.3, the losses at entry of the air into the
TJE are relatively small. If, however, the engine is used on an
airplane capable of flight at Mach two and faster, proper . rofil-
ing of the inleu diffuser becomes very important. At & gLVén
pressure recovery factor 1n the diffuser and the diffuser de-
sign Mach number, which usually equals Mlim’ the thrust-lowering )
losses in the diffuser are small at the design altitude, which 1is
M 15 lowered from Mlim to M= 1, the

losses increase. They lncrease especially rapidly at M >7M11m'

et

11,000 m for meny TJL's. As

At altitudes above 11 km, they decrease in proportion to the

thrust decrease. Diffuser losses increase rapidly below 11 km.

TJE augmented thrusts for several altitudes are indicated by
the solid lines in Fig. 4.15, with consideiation of losses in the
diffuser and the restrictions ou fuel delivery to the engine's
afterburners.
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In computing the rlight characteristics of an airplane, the
thrust value used should be that actually developed by the engines
with consideration of the diffuser and ejector-nozzle losses.
These thrust values are referred to as effective thrusts.

For some engines, maximum delivery of fuel to the after-

. burners at maximum rpm and M = Mlim is permitted beginning at on

. altitude higher than 11 000 m.- In this case, the decrease in
thrust with altitude is proportional to atmospheric pressure only
beginning at this altitude. ' -

Turbofan engines (TFE) have*how come into extensive use.
_They are more economical than TJE's in unaugmented flight at
subsonic spe'is Without augmentation, the thrust of these e:-
gines decreases steadily with increasing speed in the subsonic
range. It does not increase with M.at large Mach numbers, as it

does in the TJE, but simply drops off somewhat more slowly (Fig.
l"-ls)-' ) '

If fuel is afterburned in both ducted and turbine air, the
augmented thrust increases even more rapidly with increasing M
than in the casélof the TJE. On the whole, given equal tempera-
tures ahead of the turbine and in the afterburner and egual englne
weights, the augmented thrust of a TFE may exceed that of a TJE

at - high supersonic speeds. At the same time, the TFE has a larger
frontal area than the TJE, but 1t is shorter A
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Chapter 5

FLIGHT SPEED AND ALTITUDE RANGES RATE OF CLIMB, AND THEIR
" VARTATIONS WITH AIRCRAFT AND ENGINE PARAMETERS

§5 1. TOP bPEED AND ITS VARIATION WITH ALTITUDE FOR SUBSONIC AND,
TRANUONI TJE ALRCRAFT

ax wer

> i ME <M < 1-1.1 amson
?hose for which MRS M - 1~1:1 transonic.

Wie shall call aireraft for which Mm < M*-_subsonié,ahd

Equation (4.3) amplies that the
frontal drag Q, and the thrust of the

rah_jL_,,f'fL ; engines must egual one anothier in level

" flight at constant speed.

P, @,

Obviously, thé greater the thrust
of the engines, the”ﬁigher will be the
speed at'whichﬁfhia uality is attalned.
auonsequently, ’11g1L at V will be _l

Figure 5.i. Deter—- max W1
minationlpf-Vﬁax of flight at mazimum ergine thrust. On the
TJE aircraft from curves- of avallable and rcquired thrust,
SUTTEET &5 Qh § Qh(v)' top spéed is determined by the intersec-
= PP and P = P{V). tion of the ecurvass of Q = Q (VY‘and P =

= P(V) (Fiz. 5.1)."Thé thraut of T E's

is taken at may imum rpm and, for aizmented engine operation, also

wfor"maximum fuel delivery into the afterburner.

It follows from the above thal at top speed

= e £ e AR, et o S5 T  W A il -t

3 Ll s




a7
5 =0n% 5o B
and - =
‘ _ b M c,;s.\ e

wher
O, =0y e

For present-day aircraft, however, ¢,y p comes to be a substan-

tgpl rraétion of ¢ only at altitudes approachirg the ceiling.

At low and medium altitudes, ¢, 1s determined by 2 at V...
X, xo max

: h
This means that the vmax for a given altitude (a given A) depends

on the relation between P and the product c¢_ S:
max _ X

e, S SO SeH oy Sure

=Ly
*p.
The larger P/S and the smaller ¢, , the larger the value of V_. ..
0 g

From the first airplane flight to the present day, the de-
velopment of aviation has been accompanied by a continuous in-
crease in maximum flight speed; this has been brought about both

as a result of increasing P/S and decreasing cy
0

The values of P/S were increased by lncreasing thrust and

reducing wing area. Smaller wing areas gave increased loads per

square meter of wing.
Let us briefly discuss the measures that have lowered the
value of Cy to a fraction on the present-day airplane — from

0
= 0,011~

¢ = 0.07-0.075 for the 1915/1917 biplane fighter to c,

X
0
0.016 for the modern interceptor operating at M < M:P.

0

a) in the case c¢f the modern airplane, only the wing, fuse~

lage, control surfaces and, in a few cases, engine nacelles are

swept by the free stream.
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i¢This approarh will undcuctedly be used wit'. increasing frequency

in the utwre,

amh;ning a small Cy with a relat;vely 1arge ] . A high-

- *wg yldg
£t <evice consis*s of a singly or multiply slotted flsp designed
<arﬁboundary-layer Llowing or a flap or turndown on the 1ead1ng R -
“ge of the wing that produces the same effect. It has recently 7
ecemw possible to change the sweep angla of the wing in flight.

¢) an ndispensible 1°quiremewt for the modern alirplane 1is
that the wiag, fuselage, and tail‘aasembly e smocth;

d) thsz design and manufacturing technology of the airplane
prevent ine entry of air into the wings, tzil assembly, or fuse-
lage and its circulation inside trem, since this would cause 2
substantial increase 1n €y

Let us turn to the influence of flight sltitude on top speed.

We ensider a TJE airplane for which M < MR
Je first ccnsider a TJE airplane for which M Mcr at Vmax
regardless oi altitude, sc¢ that there are no wave drags.

Since, according to (4.35), the thrust of a TJE ac V = const
decreases more siowly with altltude than the relative alr density
A, the ratio P/A will increase for Vmax' Thus, P/4 is approxi-
mately 1.4 times larger at 11,000 m than 1t is on the ground.

At the same tiwme, ¢ wiil alsge increase with increasing

X

fiight altitude, since ¢ is inversely proportional to the
“ih

square of air density.
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For most TJE aircraft operating below 11,000 m, P/Acx and;
| , h

gon§ggﬁentfy; also V., increase with altitude (?18'.5.2); only

,:or{ﬁﬁqge aireraft that have very large ¢, can Viax begin to de-
: g X o 1 >

crease with altitude below 11,000 m. Above. 11,600 m, Vmax‘alqays
decreases with increasing altitude, since P/A remains constant
and dx increases. ' '

h .
Torcaleqlate the change in vmax with altitude, Qg is calcu-
lated and Zhukovskiy curves plotted for several altitudes. The
intersection of the curves or Q = Qh(V) with the curves of P =

= P(V) will determine the value of V..

Tcp-speed flight at M < M:r 1s possible oniy for aireraft
with low thrust/weight ratios, €.8., trainers and light cport alr-
craft, and for multiengined Jet asireraft with one or more engines
out. The Mach number calculated on the assumption of zero wave
drag is found to exceed Mgr for military and even passenger air-
craft with TJE's and TFE's, if not on the ground, then &t high
altitudes at vmax'

In unaugmented operation of TJE's on any modern aircraft,
including most interceptors, P/S is such that MV is only a
max
1ittle larger than Mgr and does not exceed unity.

Since the speed of sound decreases with jncreasing altitude
up to H = 11,000 m, the critical flight speed Vgr - amgr abcove
which wave drag appears also decreases with altitude.

In addition, Mﬁr may be lowered sligntly as a result of the
sncreased ¢ . The net result is that the Vcr at 11,000-m altitude

- will be about 15-17% below the Vgr on the ground.

If Vv did not vary with altitude, M at H = 11,000 m
max vmax

would be found larger than the MV on the ground, also by 3=
max
17%. If My = Mgr or exceeds it on the ground, the rule is that

max
the relative increase in the airplane's Cy owling to increased
0

xceed the increase of P/A due to higher flight

g

5 ' wave drag will e
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j 'This is why V.
ly with 3ncreasing altitude

Ly
pax 2 Vo =4

Vﬁg: ) Vaszgn; |

. 008 200 ¢ wm/h “0g 509 m aem km/h g 2 ' -
Figure 5.2. Variavion of Figure 5.3. Top speed'of o :
maxinum fiilght speed with transonic alrplane as a _— ;
altitude for a subsonic function oP flight alti-~
airplane. tuae.,

On the whole, transonle aic-raft are cnaracterized by the

altitude ¢ cve of Vwax shown in Flg. 5.3.

Tt foliocws from the above that the mazni.ude and variation

‘

of qux witn altitude are determ.ned baslcaliy by V:P for a tran~
<
sonic aircrafo. We note that M inecreaces with altitude for
max

all transonis aircraft because of the increase In P/A.

The difrerencs Vm~7 - Vﬁr cannut re calculated analytically, :
s £n '™ 3
since a rapid increase in ¢~ takes place at Mgp <M< 1,4, It ? :
0
can only be stated that tne lavger P/S and the thinner the wing
profile, the larger will be Vmay - Vgr' This difference will be
smaller for an airplane with =i uncwept trapezolidal wing than for

one with a strongly swept wing.

Por the ahav- reansons, 1t is necessary. Lo abandon analytical

motheds for cai.tivtion cf the aititude variation of V . for the
FID-Hi-25-75 =71 T4 ‘




nsonic a;;g;ané; and to construct a family of 3, = Q (M) curves
al altitudes. . )

gbove implies that the designer wishing to increase the
>f-a new transonic airecraft design must give the ve-

_;1 e largest possible M3 ..
'};1§%§’Iﬁé£éa3es as a result of:
: s ,_';) a decreasc in wing profiie thickness;
; i Fa *'**fi ._'b) use of épecial "M-stable" wing profiles;
'.c) sweeping the wing.
A decrease in profils thickness from 12% to 6% increases Mgr
by about 0.08-0.10. =
For a wing with a quarter-chord sweep of 35°, M:r increases

by about 15% over that for an unswept wing.

produces little increase 1in

increasing the sweep to §50°-.55°

Mz , but the rate of increase of ¢ drops off markedly at M > M,
> X cr

§5.2. TOP SPEED AND ITS ALTITUDE VARIATION FOR PARTIALLY AND
FULLY SUPERSONIC AIRCRAFT

Use of thin profiles and increased sweep angles reduce the

rate of increase of ¢ at M > M*_.
XA (o
‘ vwg
LW AT — | "
"0 CPT T == | 2500
| 2000
J000 ‘ <
2 w4l 1500
) . Iﬁ 2N A 1000
\
gl = 15000 M 500
= ) EEAEDENENR 0
4z 06 06 08 W0 iz 14 M 07 M
H=I15000m

a) b)
Figure 5.4. a) Typical Mach-number curves of Qh

and P for partially supersonic airplane; b) Pexc

as a function of altltude and M for partially
supersonlic aircraft.
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Use of an afterburner increases P/S.
The net result is that the MV on the

max
37 ground has come to exceed Mgr'by a 3ub- ;
e A stantial margin. ‘ .
B ™ '
- 7 Increasing the altitude from H = 0
' .
- F-My 1 to H_= 11,000 m increases P/A by a factor -
I, of about 1.4. For a thin wing profile,
e ~this increase in P/A can increase teop >
t speed very sharply, even into the super-
" 06 03 4 1z M sonic range. Such a case is shown in
dgure 5.5. Mach . '
number as a Tunc- Figs. 5.4 and 5.5.
:iog ok ?éilgzgf For an airplane whose Zhukovskly ! :
max ‘ . P :
tially supersonic curves take the trend shown in Fig. 5.4
- alrplane. at 11,000-m altitude, there is a char-
acteristic rapid decrease in the excess
< n = - - ) A ¥
thrust Pexe. 11 Pll QOll Qi h 11 with the approach to Mvmax'

As altitude increases above 11 km, the difference P - QO will de~-
erease in proportion to the air density. Moreover, Pexc will
also decrease owing to the larger Qi ne The rapld decrease of
Poye With sltitude (see Fig. 5.4b) causes a rapld decrease in

M and the airplane will be flying at transonic speed at 1ts

Vmax

ceiling (see Fig. D.4b). As a result, supcrsenic speeds are
reached only in a certain altitude range for au alrcraft char-
acterized by the Q = Qh(M) and P = P(M) curves shown in Fig. 5.4.
l However, fligh. at the ceiling and, as will be shown below, at

st take place at M smaller than or only

We shall refer to such airplanes as

maximum rate of climb mnu

slightly greater than Mgr.
partially supersonic.

Usze of ejector norzies and bilgher zfterburner temperatures

Y
gives a grester increase in theust with increasing M and, as we
the Shrust cutput of many moderu TJE's jncreases more

L f thrast inereased in propor-

have noted,
rapidiy with 3pzcd than it worla

tion to I, T dveing the we' ™ of the (JE has also meor 1t

FIh-HC- "
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Figure 5.6. a) Typical Mach-number curves of-Qh
and P for fully supersonic airplane; b) L

as a function of altitude and M for fully
supersonic airplane. '

possible simultaneously to increase P and the ratio P/S. A3 2a
result, TJE's came to deliver thrusts in excess of Qh in flight

at M = 1.3-1.4 at 11,000 m. At larger Mach numbers, however, Qh
varles at a rate proportional to M instead of M2. The net result
is that Pexc has begun to increase ratner than decrease at M > 1.3~

1.4 (Fig. 5.6).

With thils trend of the avallable- and requirethhrust curves,
equality of P and Qh iz attained only at the Macn number at which
the increase of thrust with speed begins to slow down rapidly.

For TJE's with afterburners, the rule is that these Mach rum-
bers exceed the M1im at which engine performance 1s stable (with-
out surge). Hence the maximum thrust Pmax correcponds to the

limiting Mach number Mlim for which the inlet diffuser is designed.

In some cases, the decrease of excess thrust begins at a

Mach ninber just belcw Mlim'

With the curves of P = P(M) and Qh = Qh(M) shown in Fig. 5.6a,

Pexc varies with altitude and M as shown in Fig. 5.6b, and My
' max

as shown in Flg. 5.7. We see that the nighest flight altitude
(the celling) corresponds tc flight at M = Miyme It will be shown
below that the per-kilometer fuel consumption will also be minl-
mal In flight at M = Mlim' The rate of ¢limb also reaches 1tsa

FID-HC-23-753-T71 17
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maximum at.M = Miyme

Adreraft hévihg characterlstics similar to those shown 1n
Fig. 5.7 will be referred to as fully supersonic, since all of i
the most important flight regimes (icpy speed, maxioum rate of
climb, ceiling) are reached at supersonic fiight speeds.

Turning to foreign éircraft~design experience, we see that
all supersoconic aircraft_wefe partially supersonie during a certailn
period of the development of aviation, but that such aircraft are .
now seldom manufactured in quantity and have been replaced by

fully supersonic types. g
' ]

5t

. {he abandonment of long-run production of partially super-
sonic airplanes is explained by the following factors. Such alr-

e et ST

planes nust have thin, low-aspect-ratio swept wings. As a result,

they have low maximum 1ift/drag ratios at subsonic speeds and

small ¢

{: ; y £t the same time, a partially supersonic alrcraft,

max”
which has the disadvantages of the fullv supersonic aircraft, can
reach supersonic speeds only in a reiztiveiry narrovw altitude

range, and the valve of MV will itsell depend strongly on the
max

temperature In the stratosphere, since ever a small decrease 1n

P owing to a Cecrcase in the thrust of tre TJE lowers M

exc v
max

sharply (see Fig. 5.4b).

‘For the airplane to become fully superscnic, the relation

etween the TJE's thrust and cx S must be such that considerable
-0

excess Liruct ig avallable at M = Mlim at 11,000 meters of alti-
tude and that the product PQVCV at B = 11 km and M = 1.2-1.3 be -
smaller than the product P .V at the same altitude and M = M,, .
We shall discuss the c, 3 relstion for the fully supersonic .
0

airplane in greater detail below 1r our discussion of fthe super~

scale celling.

Fer a1l superseonic alreraft, flight &t Mv = Ml*m is at-
max -
tained with the T .87z in sugmented operation., If the T7E 1s not
FPD-HC-23- 782 0 Ik
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augnmented, the variation of Mv

max
with altitude is the same for most H, i =
supersonic airplanes as for tran- - ) -
Boundary of
sonic types. second regime
§ - ";4
7 For a fully supersonic air- 20001 ¥
plane at altitudes below the super- / L
sonic ceiling but higher than 11,000 -~ s
m, the curves of P = P(M) and Ph = t
= Qh(M) take the trends shown in - /
Pig. 5.6a. We see that thrust : |
equals frontal drag not only at Wiz & 4 oM
M= My (H = 17 km), but also at Figure 5.7. Mat V. as
M< M]im (H =15 km). Thus, the a function of altitude
; for a fully supersonic
thrust of the TJE determines not airplane.

only the supersonic top speed, but

also the lowest supersonic speed, below which horizontal flight
can be executed only with deceleration, since Qh > P. This speed
may be referred to as the minimum supersonic speed.

The altitude variation of both the top speed and the minimum
supersonic speed can be obtained by plotting a family of curves of
P = P(M) and Qh = Qh(M)’ However, for altitudes above 11,000 m,
at which the TJE's thrust varies in proportion to air pressure at
constant air tempefature and M = const, there is a very simple and
more convenlent analytical method for calculatirg the maximum and
minimum level-flight supersonic speeds. The eusentials of this
method are as follows. The engine thrusts at 11,000 m and H >
> 11,00C m are related by the expression PH = Pll(pH/pll). Since
the thrust PH equals QHh at vmax and the supersonic v}ﬂn’ we have

according to (4.29)
Pgﬁ::Qou ’L.’!.+Q‘ m!’.’!.
Pn 41 Pu

Solving the equation for pH, we find

FTD-HC~23-753-T1 79
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- - Qi rn :
i Pu=Pn Pu—Qu ' (5.1)

Assigning a series of values to M, we calculate Q011 and

Qi h 11 for them and determine the TJE's thrust at 11,000 m with
consideration of diffuser losses. We use (5.1) for each M to
determine py- Knowing the py, we refer to the standard-atmosphere .

table to find the altitudes corresponding to each of the chosen
M. Thus we obtain the relation between Mach number and altitude.
Mach numbers smaller than Mclg’ which is very close to Mlim’ will
be those of flight at the minimum supersonic speeds. Mach num-

bers M > Mclg will correspond to Vmax‘

In the above method of calculating the altitude variation of
the steady level-flight maximum and supersonic-minimum speeds for
each M, we determined the altitude at which the TJE's thrust P
equals the frontal drag of the airplane in level flight (Qh). At
higher altifudes and the same M, flight at constant speed 1is im-
possibie, since Qh > P. Consequently, each point of the curves of
v = V__ (H) and the supersonic V , =V (H) is a maximum-

max max m min
altitude point, 1.e., a point of the celling for the particular M.

For this reason, the altitude curves of the supersonic Vﬁax

and V are sometimes called celling curves.

min
If the numerator and denhominator of the radicand in (5.1)
are divided by the product of the ram pressure and S, the result

is

Epy =y,

Py, Pit ‘f/

e /A
S0, 7,01 I/ oy —Cy " (5.2)

If the TJE's thiust decreases more rapidly than in proportion to
prescure at altitudes above 11,090 m, the altitude of flight at

the supersonic M, and MV can be determined from expression
_ by k.

(5.1) or (3.2°. T=pr this purpose, Py is caleulated or the

FTD-HC -2 5=T07%=71 50
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: assumption that the TJE's thrust is proportional to air pressure.
'?f We then tigure the pércentage by which the thrust at the resulting
: 'ceiling altitude 1s smaller than that which would be developed in

the pressure-proportional case, reduced Pl1 or cp by the same
o x : £ 11

o

percentage, and repeat the calculation.

It must be remembered that, for certain engines, thrust be-
comes more closely proportional te preasure with decreasing M.
While the proportionality 1s hardly in evidence at M = 3, it is
. ©  quite important at M = 2, especially at altitudes above 15, ,00 m.

Correct calculation of the ceiling curve thereforé requires know-
ledze of the deviation qf the thrust from what it would be if it
were proportional to pressure for a series of flight speeds.

In most cases, the designer places limlts on the maximum per-
missible flight speeds.

If the speed limits (Vllm} are greater than the level-flight
top speeds over the entire altitude range, the values of Vlim will
obviously be determined only by the maximum diving speed of the
airplane. If the speed limit is below top speed at -all altitudes
or at certain altitudes, the speed 1limit must obviously be re-
garced as the practical top speed. In flying at this speed, the
pilot will not make full use of the engine's thrust.

Flight-speed limits are established from strength considera-
tions or with allowance for the influence of structural deforma-
tion on the controllability of the airplane. In this case, the
designer states maximum permissible ram pressures

]
oV npea

Tuper= —T (50 3)

_ Speed limits may also be established on the basis of ensuring
stable engine performance or with a view to the influence of air
compressibility on the stability and controllability of the air-
plane. In this case, a maximum permissible Macn number (Mlim)
is established.
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If the 1lmiting ram pressure (qlim) is stated, airspeed will
vary with altitudt in accordance with the law

v /2"""‘*—41/“”"‘ A (5.4)

upax

and will increase with altitude in proportlonJQg /17E.

ey

Lqmwm k;:,f'/ m ey
000 ’ ’ X
;JJ" I{""“'A1 " s

i v ;
. [ s{pu,/! M from 'qlim-’/
FRUY § ' ,‘F T ’—\“"‘x

I / ] P
g = ! & 1
i3 ww nwv km/h ! i M
a) h)

Figure 5.8. a) Speed 1limit of transonic
airplane; b) Mach-number limit for super-
sonic airplane.

As a rule, the speed limit stat~d on the basls of q11 1imlts
the top speed from the ground to a certaln altitude (Fig. 5.8a).
At high altitudes, the speed is limited by Ml 5 whicb anes not
vary with altitudec (see Flg. ,8b).

When the tor zpeqd is stated on the boasis of a maximum per-

ebtain Vo, = aMy, .
AL . JRAe I ]

9]

missible value Mlim’ wWe

In this c¢ase, the top speed at the constant Mlim will vary
with altitude 1like the speed cf sound, '.e., it will decrease up
to 11 m and th2n rcmalu constant,

M1jm is of narticular importance for modern fully supersonic
TJE aircraft, since 1t determines more than the speed limit. As
a rule, Lne larger Mlim’ the highe~ is the celling, the higher
the airplane's maximum rate of clinb at supersonic speeds, and
the lowar the minimum per=kllourct-r fuel consumption at thcse

7pur\
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_The most frequent pra¢t1ce.1s to limit speed on the basis of
9 im a“d.nllm‘ ;Ié'certain cases, speed may be limited by other

~ considerations, e.g., the héating of the alrplane's skin, the

permissible pressure exerted on the window glass of buildings by

the sonie béom,'the'pressufe'difference acrbss the duct supplying'

air to the engine, etc. We shall not dwell on these factors.

§5.3. THE AIRPLANE'S CEILING

The ceiling of an alrplane is the highest altitude at which

constant-speed level flight is possible.

Numerous sources refer to the "static" ceiling to draw a
fine.distinction between constancy of speed at the celiing and
variable-speed flight at altitudes above the ceiling. We shall
not make use of this qualifier. '

At ceiling altitude, the_speed curves of TJE thrust and Qh
do not intersect, but touch one another. As a result, flight at
the ceiling is possible only at a single defined speed.

If the airplane is subsonic and the wave drags do not influ-
ence Qh’ tangency of the curves of P = P(M) and Qh = Qh(M) occurs
at the optimum speed, at which K = K__. (Fig. 5.9) because the
thrust of the TJE varies little with speed at Mach numbers con-
siderably smaller than unity. Usually, Hclg > 11,000 m for TJE

aircraft;

ner

Figure 5.9. Trend of curves of drag Q, and thrust

P. a) In the absence of wave drags at celling al-
titude; b) in the presence of wave drags at celil-
ing altituae; ¢) in the presence of wave drags at
cetling altitude with TJE thrust-augmented.
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At the ceiling in this case U o

”Mv G~

PP g ==t
- Rl" " Fil __-'_ 3 Kﬂﬂ : a
. Consequently, 2
P gy G

P, 20T e
n > ’
m K msx

. Prteor™ Pk~ o- (5-5)

whence

Averaging the tarust at 11,000 m over the M range from 0.6 to 0.9
and determining m = (Vm) fxc )/2 we can apply (5.5) to cal-

3

culate the pressure at the ceiling and thus find 1its altitude with

almost the same accuracy as Iin a ceillng calculation by construc-
;fgionrof Zhukovsily curves or calculation ofhtheﬁﬁachenumber varia-

“tlon of altitude by means of (5.1). '

_ :j~" This method of caleulating the ce111ng can be recommended for
R jé.{'determinatiOﬂ of the maximum flight altjtuce of a multiengined
et ' turbojet airplane in flight with one or more engines out or for
TRE airplanes with TJE's having low thrust loadings.

E At the ~eilinys of a transonic.airplene, the Mach number usu-
% ally‘raﬁgec from 0.7 to 0.9. At these Mach numbers, the thrust

| of a TJE without augmentation varles little with speed at high

i altit&des. Az 4 result, the polnt of tangency of the thrust and

E frontal-drag cuives is close to the optlmum speed (see Fig. 5.9b).
? | In this case, howaver, Kclg < Koqx ¢alculated without'considera{_
% tion of wave drajy.

Ooviouszly,
; . nUnoy . “u (5 6)
Haory P“K;w* D . 0
The ceiling altitude of a transoni airplans can be calculated

only ang pgximaig1v by (5.6), sipce the value of Kclg remalns un-

known.

FID-HU -2 3 (55=71 84

PRSI AN By i e

L ]

Ay




-~
w

It can be assumed for approximate calculations that

Kclg/l(max = 0.85-0.95 for a transcnic airplane.

Ceiling can be determined more accurately for transonic air-
planes by plotting altitude as a function of M in accordance with

.(5.1). The ceiling for a nartially supersonic airplane is com-~

putedin a similar fashion. For such an airplane, Mclg usually lies
in the range from 0.95 to 1.1. At these M, the thrust of an
augmented TJE rises rapidly with speed. Az a result, the curves
of P = P(M} and Q, = Q (M) intersect at speeds greater than the
optimum (see ™g. 5.9¢). Under these conditions, even though for-
mula (5.6) remains valid, we cannot use it to calculate the ceil-
ing of a partially supersonic airplane, since P11 and Kclg are
unknown.

- As expressions (5.5) and (5.6) imply, the ceilings of sui~
sonic, transonic, and partially supersonic airplanes are deter-

mined primarily by the thrust/weight ratio of the alrplane, Pll/G’

"and the 1ift/drag ratio in flight at the celling, which is equal

or ne L 8
arly equal to Kmax

As a result, increases in thrust/weight ratio and Kmax ob-

tained by increasing the wing aspect ratio and reducing c, are
0

highly effective in raising the ceillng. If wave drags that
lower the maximum 1ift/drag ratic occur at ceiling altitude, 1t
becomes advantageous to lower the load per square meter of wing,
since it lowers the optimum flight speed and, consequently, the
ceiling speed, with the result that the wave drag vanishes.

. Accordingly, a high-altitude transoni:s airplane mu. have a
high thrust/welight ratic, a small load per square meter, and a
large wing aspect ratioc.

As we indicated abcve, flight of a fully supersonic airoslane
at its ceiling takes pluce at the largest permissible Mach number
(Mlim) or at an M close to it, with maximum thrust from the ' '3I.
This is because the thrust of the TJE increases rapidly with in-

creasing M, while Qh changes little with increasing M at the
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ﬁltitude of the supersonic ceifingz

curves of F = F(M) apd Q ;'Qh(n) at

sonic airplane are

indicated in ¥ig.

roa el
e,

s L £

19

"b‘ﬁ” g ab g

The relative posit'bns 6t'the'
the ce 111ng ox a fully super-
c.6a (H = 17 690 m)

It is Pl

clg remains almost

_ cons tant, beginning to decrease only on a sharp decrease in thrust.
We shall return agein to the question of the ‘value of H

*found that, as thrust decreases or incrmases,

Y ST e s

o 7  ”k,_'r ,E B
At the <eiling, ' =+ Sl

whence

PG
Py M“w.Kmn

Pitgor™

(5.7)

The value of P.1 is taken for M 1~ = M

clg lim’
the value of X in flight at the ceiling.

o

Lot us discu

As P, increases, Py decreases, flight altitude increases,

1L

coasequently, v

clg

and, increases at constant M. At a certaln
clig

which we shall arbitrarily call the optimum, flight

y and Kclg will
equals twlce the

vaiye‘of Pll’

at the ceiling will take place at the optimum c

become equal to K Let us show that P11
: opt

in flight at an altitude of 11,000 m:

max’

profile and parasite drags

i : 3
Pno‘,‘“QQon- J
Under the conditions of flight at the ceiling with M = Mclg: i ?
Py, e 0 7Spﬂnu1'M" .
- / ’TS S s 3
But P BaPy, . “Pyys  Wedng Ghiis, 9e ek
clg ol *

Py
P” !!rl?<<-f
1

. O7Sp M2

Flaer nov

and the conditicn. of flight at the celling imply the equality
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P“ = r‘wi0‘7 Sp"M:or‘

If flight at the ceiling takes place with

- v R
Cnar™ Puom® we have Cagar™ 2

and
Pﬂo'pi::'Q“x.O‘7pllM3M = 200" ! ( 5 9 )

QoE-Dc

Dividing left by left and right by right merbers of (5.8)
and (5.9), we obtain a highly important parameter:

B

i Pu ,___c‘nor -
: (5.10)

Py oot RIS Z;x'

If the airplane's polar curve
is a second-degree parabola, then
no matter what the values of ¢

X
C
and A, the samne ratio K/'KTlax will
correspond to a given value cf the ]
ratio ¢ _/2¢c. . Thus, for example,
X X —
in flight at c¢ , irrespective
of c¢. and A, crutse
X
0
c"erﬂc 2 Kpeiie *
= Py 2 =0,86. - -

Cx 3 Cxys 20“ 3! Koo , 27 7 14 P_j‘{.l;'-z%
The universal_dependence of h/hmax Flgipe 5:18. 7 = K/Kmax -
on cx/2cx0 = P appears in Fig. 5.10. o Punction of 5 Pu ¢k

P = wn wT—
2Qont Cry

It is convenient for use 1in cal-
culation of Kclg and determination

of the ceiling altitude from expresaion (5.7). To this end, we

compute the values of ngx and Q011 for M = Mclg = Mlim‘ Doubling
QOll’ we find the rati. P. Knowlng P, we refer to Fig. 5.10 to
obtain the ratilo Kclq/Kmax

tain the unknown K ., . Knowing K,
clg clg
and the altitude of the supersonic ceiling.

g
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and multiply the latter by Kmax to ob-
and applying (5.7), we deter-

mind p
H
cl




This method of calculation is quite accurate. It is possi-

ble to calculate pH in the same manner by using (5.1) and tak-
ing the values of P 11> Qo171 2" Qy 1 13 at Mclg v M

Let us consider the factors on which the supersonic-ceiling
altitude depends.

It follows from (5.7) that an increase in thrust lowers Py :
clg

and raises the ceiling altitude. As long as P11 < 2Q0,], increas=-
ing the thrust moves ¢ closer to ¢ end increases K
clg opt clg’
At P‘l greater than 2Q011, flight at the ceiling takes place
with ¢ > ¢ . Under these conditions, an increase in P
ycl y 11
g opt 3
will lower Kc 1g instead of increasing it.

Substituting ¢+ Acé for o in (5.8), we get
0 .y clg

“Vnor A 0.7 sp"‘“?"ﬂ Xo
— "‘P“_c.t.
“l/"'—"A : (5.11)

It follows from (5.11) that ey and, consequently, Kclg
clg
do not depend on the welght of the airplane, but are determined

primarily by Pll/s‘
Likewise, it 1s easily found that

.___P__...._ i
(”xxor (”nnm Vz (Q—Q—:;:T)_""(llmuu‘ 2P"" (5012)

We have shown that at the supersonic ceiling, cy may be
clg
<c
clg. yopt
> > 2 ‘
when P11 < 2Q011 and cy01g cyopt when P 11 QOll
If B = p,/2Q5, < O 8, it will be possible for M,  to aif-

either smaller or larger than the optimum, i.e., Cy

fer appreciably from Mlim

1n this case, 1% 1s recommended that the ceiling altitude be
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determined by calculating the celiling curve by expression (5.1)
or (5.2).

It follows from (5.2) that a given celling altitude for M =
= Mlim can be'ob*ained with a large wing 2vea (small G/S and small

cP ) or with a £mall wing S (large G/S.and large cpll)r
Foreign aircraft-engineering experience has shown that the
second alternative 1s prefefable to the first. This, in turn,
is explained by the fac). that an increase in S reduces the dif-
ference Cp = Cy - When this difference is small, 1t decreases
sharply even 1n0response to a small decrease in thrust, such as
might result from a rise in air temperature. As a result, the
airplane's summer supersonic ceiling is found to be much lower

than the winter ceiling altitude.

Further, as will be shown below, ‘a smell value of cp -
i1

- cy lengthens the'time needed to reach supersonic speeds and
0
increases fuel consumption.

According to {5.2), the pressure at celling altitude 1is
dire.tly proportional to the airplane‘s weight G at constant

Pll’ S, and M.

An increase in Mlim is accompanied by an increase in the
altitude of the airplane's supersonic celling. This is understand-
able. As we have indicated, an increase in h“ e leads only tc a
slight decrease in the maximum 1ift/drag;. At She same time, the
thrust of a TJE with afterburning alwavs rises rapidly with flight
speed. At a large mlim’ therefore, it 1s easler to obtain a
larger value of the product Pllxclg and thereby lower pHc]g than
1t 1s at small M11m
§5.4. CLIMBING. FLIGHT WITH ACCELERATION

Rate of climb is an important characteristics of an alrplane.
High rates of climb are especilally important for interceptors.
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It follows from (4.3) that

P.
: P S tsint, (5.13)

and, consequently, in the presznce of a thrust excess (P - Qh) > 0,
the pilot can accelerate (dV/dt > 0) or climb (6 > 0) or accom-
plish both sinultaneously.

- Multiplying the right and left sides of (5.13) by V, we find
that at ccnstant speed on a trajectory (dv/dt = 0)

1 = sing= (67;&2—_w V. (5.1%)

The rate of climb at V = ccnst has been denoted by V;. It 1is
easy to obtain an expression for Vy when speed changes along the
trajectory from (5.13):

*

- g
Vis=—<57 - (5.15)

g dH

Hence we see that the more rapid increase in speed on the tra-
Jectory with nltitude and the higher the trajectory speed V itself,
the greater will be the difference between Vy and V;.

A flying airplane possesses an energy E composed of its kin-
etic Ek = mV2/2 and potential Ep = GH energies. The energy per
kilogram of aircraft welght is characterized by the energy alvi-
tude He:

H,=H, +H~.— H.
i (5.16)

Multiplying the right and left sides of (%5.13) by ds, where s 1is
the path length, and recognizing that sinfds = dH, we get
"ﬂ+dﬁ:=n ds=dH,,

which implies that ati, o _ (5.17)
=nxv.’._‘.- . .

dt v

Thus, V; characterizes the rate of change of the airplane's energy

altitude.
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Figure 5.11. a) V; as a funetion of altitude and

speed for transonic and subsonic alrcraft; b) V;

as a function of altitude and M for a fully zuvoer-~
sonic airplane.

The energy aititude concept 1s extremely helpful in all cases

in which flight speed changes simultaneously with a change in

altitude.

It follows from (5.16) that
. V=VYgH,—H
Knowing H and He, we can always find the flight
(5018). $

It follows from (5.17) that the energy altitude increases in
> 0) and decreases when thrust

e it N

(5.18)

speed by applying

the presence of a thrust excess \n
At V* = 0, H is constant but this does not mean

is deficientc.
The latter may lncrease

that flight altitude le also constant.

on a decrease 1in speeG OT decrease when speed 1ncrecases.

The importance of the dependence of V; on alritude and speed
The nature of this depen-

is evident from all of the foregoing.
dence (Fig. 5.11a) 1s approximately the same for subsonic and
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transonic air@rart. V; is shown in Fig. 5.11b as a function of
Mfand altitude for a fully supersonic airplane. The speed at
which V; is maximal is of particular interest for each altitude.

s 300§
'l_ll'
-7 Mu ""1‘ - t\x ' .
.8 2 / S
; (]
\ [ won—
L m,"’nuu/\ l\ .
. b [
000 000
W WY 400600 Vg / % \
a) m/s b)km/h e TAETE
' 150 200 250 JN0vmls
Figure 5.12. a).V* as Figure 5.13. V as a
Ymax clb

function of altitude for

a function of altitude a transonic airplane.

for a subsonic airplane;

b) Vclb as a function of
altitude for a subsonic For subsonic, transonic, and
airplane.
partially supersonic alrcraft,
v decreases with altitude ow-
_ max
T Vo Supersonic ing to the decrease in P - Q
15020 - <] (Fis- 5-123) . The rate of climb
| I~ ' V,1p corresponding to Vi rises
10000 —NVap Subsond ¢ Ymax
o 9 with altitude for the subsonic i
B : j
P \\\ alrplane (see Fig. 5.1¢b). For .
b P u}g%“m/g the transonic and partially super-
;f ' ' sonic aircraft, it increases to
| Figure 5.14. V¥ as a ~ a point near V¥ . At high altl- . i
Fo _ max 4
3 2 funetlon of -&lel tude for tudes, the speed on a climbing
4 . a fully supersonic air- trajectory with V# makes a R
- plane. max

e

. close approach to sz (Fig. 5.13).
For a fully supersonic alrplane, the increase in augmented engine
‘thrust with speed becomes more rapid beginning at certain values
of M, and Qh becging to increase approximately in proportion to 7

TR VAT Mg e
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rather than V2. As a result, V; stops decreasing with increasing
M and begins to rise. The result is a second maximum of V;, which
corresponds to M = Mlim or to Mach numbers close to Mlim at alti-
tudes above 11,000 m (see Fig. 5.11b). ‘

At the second maximum, V; has 1its largést value at 11,000 m.
Above this altitude, it decreases with increasing altitude (see
Fig. 5.11b). The net result 1s that V; has 1its subsonic maximum
at the ground and its supersonic maximum at an altitude of 11,000
m (Fig. 5.14).

If full fuel delivery to the afterburner is permitted begin-
ning not at 11,000 m, but at a higher altitude, it 1s at precilsely
this altitude that V; reaches its maximum.

for most modern aircraft capable of climbing at high speed,
the climbing-trajectory speed should be dztermined with considera-
tion o the influence of dV/dH on Vy and, consequently, on the
time to climb.

. T Hqmeonst S
s =om/s | \
BT e —
10000 JB;::;‘.:::::E"V‘\\ :JK:;___Eggésgaiﬂ
N RN
RN — od
e | - i
000 iy o 1 e f{
”ﬂﬂ — ~ 4;’F N
SN |
LA} s

00 400 s00 600 M0 ¥m/s

Figure 5.15. Diagram for calculation

Of’vclb as a function of altitude to

ensure fastest climb to energy alti-
tude.

It follows from (5.17) that the time (t) to climb to the.
energy altitude is

Ixon

t= 1 gran, (5.19)

u
Snay
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Determination of the altitude variation of speed along the tra~
Jectory that minimizes t 1s a complex variational problém. How-
ever, 1t is not necessary to solve it in preliminary design of the
aircraft. Prof. I.V. Ostoslavskiy and A.A. Lebedev proposed an
approximate method for computing time to climb., It assumes ‘con-
ventionally that the acceleration Jy = ] during the climb. in
this case, the variational probl.m becomes degenerate and reduces
to determination of the speed end altitude at which Vg has its
‘maximum value at each energy ltitude (H ). : .

If a family of V* = cor.st curves [2.3] is plotted on the v -
= V(H) diagram for constan, H s the points of tangency of the V' -
= const curves with the cxrves of H = const give the altitude
variation of speed for waich the maximum of H will be reached in
the shortest time (Fig. 5.15). For a fully supersonic airplane,
the diagram simllar to that shown in Fig. 5.15 will always have
a segment_qf motion with acceleration and descent at He = const.
It 1s reasonable to replace it by acceleration along an approxi-
mately level trajectory, since no great altitude loss will occur
on exact solution of the problem with consideration of ny.'_Ploté
ting of the lines V; = const requires many calculations; another
method for computing the minimum time to climb and accelerate can
therefore be recommendea. The speed variation of l/V' is com=
puted for a series of altitudes. H is determined for each speed,
and the plots of 1/V§'= l/Vg(He) are plotted on the same diagram
for all altitudes. Then the envelope is drawn to these curves
- as indicated by the dot-dash line in Fig. 5.16.

C, ... on the curves, we obtain the
altitude variation of the speed V along
the climbing trajectory.

“Figure 5.16. Diagram
for c¢alculatior of

~"shortest time to climb

7 to energy altltude.
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o This me?hod must be used to calculate the time to climb for
fully. supersonic airplanes.

For transonic and partially supersonic aircraft climbing with -

augmented thrust, it is permissible to assume the climbing speed
constant and close to Vgr for the 11,000-meter altitude. If the
airplane has a modest thrust/welght ratio, it can be recommended

that V be calculated for V* at the ground and that the speed
. max
Vclb on the trajectory be taken as the mean between Vclb from the

V¥  at the ground and the V* at 11,000-meter altitude. V¥
Y max er y
i1s calculated for speeds computed by this method for several alti-

tudes. Its altitude curve is plotted, and the time to climb is
detefmined, adding to it the time te accelerate after takeoff to
the ground value qf Vclb' Since the variation of Vy with alti-
tude is nearly linear from the ground to H = 11,000 m and beyond
11,000 m (but with a different slope), and Vy = 0 at the ceiling,
.it is quite permissible to find Vy ut the ground and at 11,000 m
in plotting this relationship. '

If we éssume'a linear variation of Vy from the ground to the
celling altitude H, the time to climb from the ground to altitude
can be calculated with the expression

. 2,3H 1
t = o ]g
6 .
E Vi H

[ me e

HHOT

.' ' (5.20)

If 1t is necessary to make only rough calculations of the time to
climb and the rate of climb for a fully supersonic airplane, the
following procedure is admissible.

The time to climb to 11,000 m is calculated by the method
described above. Then the time to accelerate from Vgr to the
speed correspond;ng to'M1im is detormined, and this is followed -
by calculation of the time to climb to the required altitude at

M= M1‘.m'
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Chapter 6

~ FLIGHT RANGE AND ITS VARIATION WITH AIRCRAFT AND
: ' 'ENGINE PARAMETERS ‘

§6. 1 ENGINE FUEL CONSUMPTION

We shall consider first the influence of altitude and Mach
number on the specific fuel consumption C sp for turbojets and
turbofans operated at marimum rpm without augmentation (Figs. 6.1
and 6. 2) The specific consumption in.this case will be denoted
by C' o distinguish it from the value for a throttled-back TJE.
At all Mach numbers, increasing the altitude to 11,000 m results
in a 1owet Cép' The altitude chgnge from 11,000 to 15,000 m has
almost no effect on C'p It increases appreciably on a further
increase 1in altitude. Increasing the Mach number of. flight causes
'specific fuel consumptlon to rise.

wigure 6.3 shows C'p as a function of M and altitude for
augmented operation of turbofan and turbojet engines. Up to
-11,000 m, altitude ircrzase at constant M lowers C'p. Above
11,000 m, climbing increases C;p appreclably, especialiy above
15,000 m, and this increase 1s stronger at low Mach numbers than
at high ones. All TJE's are characterized by a weaker dependenée
of C!p on Mach numbers M > 1.2-1.5. '

It must be remembered that C'p depends appreciabiy on the
paramnters of the TJE. In unaugmented operation, turhofans have
lower specific fuel consumptions than turbojets at.subsonic speeds.

- FTD-HC-23-753-71 = - 96

» .
L T gl

&G lg iy s Ko e ® i T i PR




at

"’ v | Bee Ay = 1imid : ' //
o 2 A - 22 - -

‘m
10

?

51

o S,
v
T

v——4 [j o —

rop—A— i Z
i : //’
MY { =y g#Wré/ s

T T T R TR T TN

24 g8 {2 1§ 280 24 28M

Figure 6.2. §pecific fuel con-
sumption of unaugmented turbo-
fan as function of M and alti-

Figure 6.1. Speciflc fuel
consumption of unaugmented
turbojet as a funection of

M and altitude. tude.
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Figure 6.3. Augment=d specitic fuel consump~
tion as a functlon of M and altitude: a) TJE;

The per-hour fuel consumption Ch equals the praduct_éf the
thrust by Csp: Ch = CspP'. Since thrust decreases witp increasing
iatitude and increases with increasing M, the per-hour fuel con-
sumption will decrease répidly with inercasing altitude and'in—
érease with M. This 1s particularly strongly manifest in aug-

mented operation of TJE's.

‘In supersonic flight at altitudes below the design altitude
of the engine air inlet diffuser, the effectlve thrust Pef of the
engine is much smaller than the engine thrust obtalined without
consideration of the additional entry losses, while the per-hour
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original specific consumption.

: *,consumption remains unchanged. Hence the effective specific con-
sumption referred to the effective thrust will be larger than the

tion.

same altitude and Mach number).

sp

0.6, and it may bo assumed that Csp
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Figure 6.4. Influence of engine throttling
on specific fuel consumption in operation:
a) without augmentation; b) with augmenta-

In the quite frequent cases in which a definite thrust
smaller than the maximum must be obtained frcm the engine at given
M and altitude, fuel delivery 1is reduced (the engine is throttled
back), whereupon engine speed decreases in unaugmented flight and
even in augmented flight for certain TJE's. The throttling ratio
is characterized by P/P' (the ratio of the thrust of the throttled-
back engine P to its thrust P' at full delivery of fuel at the

We shall denote the specific consumption of che throttled-
back TJE'by C..- Then the influence of throttling of the TJE on
cp -
c will be given by the dependence of C

= ! ]
8p Csp/csp on P/P'.

Pigure 6.4a shows the nature of this curve in unaugmented engine
operation; it is determined to 2 substantial degree by the param-
‘eters of the TJE, the altitude, and the Mach number. The effect
of throttling of the TJE on Cqp 18 small for many TJE's at high
altitudes, Mach numbers from 0.8 to 0.95, and P/P' greater than

0'95-0'97Cép' If the TJE

:i
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is throttled far back (P/P' = 0.25-0.35), as may be required for
level flight at low altitudes with M = 0.5-0.7, CSp will exceed
C; substantially and may reach values of 1.4-1.5 or even larger

ones.

" Figare o.4b 3hows Esp = ssp/c;p as a function of P/P' in
augmented flight. We see-that in this case throttiing the TJE
tack causes a substantial decrease in specific fuel consumption.
This decrease will be larger at lower Mach numbers.

§6.2. PER-KILOMETER AND PER-HOUR FUEL-CCHSUMPTICN RATES OF TJE
AND TFE AIRCRAFT AT SUBSONIC AND TRANSONIC SPEEDS
The amount of fuel consumed during the time taken by the air-
planc in flying a distance of one kilometer with resr = .0 the
ground at constant altitude and speed is called the . . kllometer

fuel consumption q.

When the wind is calm and the tvae spesd V (the airplane's
airspeed) equals its ground speed, the per-kilometer consunption
is

C ’

0= (6.1)
In (6.1), speed 1s expressed 1n meters per second. 1In ste: ly=
speed level flight, the rpm of a TJE must that at which the

thrust developed by the engine equals the tevel-Flight fronsal
drag Qh of the airplane. Then, since QH = G/K, the per-hour &nd

per-kilometer fuel consumption ratcs will be

4%y (6.2
C!L ;"*I'\T"' ' )
g (6.3)
3,6"'&"
GCya
g
3,6a MK

1f substantial thrust losses cccur at the engine insake, the efl-
fective specific consumption shouid be pvsed in expressions (6.2)

and (6ﬁ3).
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We shall first consider the influence of speed on the per-
kilometer consumption in unaugnmented flight at M below H’

In high-altitude flight, the engire is run at almost full
throttle, and at F/P' > 0.6, the influence of P/P' on Csp is in-
significant (see Pig. 6.4a). Under these conditions, we may -as-

sume with a certain approximation that Csp is independent of

it i T o 0 daeter JURCER

flight spsed. = % *
Since q = C,/3.6V = C_ @ /3.6V, 1t is obvious that at con-

stant Cs > Q will change with speed in the sa ame way as_the ratio ’

Q,/V. : '

‘It was snown in §4.3 that Q/V 1is miﬁimai at the sc-called
~eruising speed, which exceeds the optimum speed by a factor'qf

1.31. At this speed, the product KV is smaliest and K = °‘86kmax'
- E

~

Consequently, the airplans should b2 flown at cruising speed
under conditions such that Csp depends little'on”séeed gnd the
throttling of the TJE in order to cbtain the lowest per-kilometer
fuel consumption. This speed is easily found graphically on the
zhukovskiy curve of Q, = Qh(V};by drawing a tangent to it from

the origin. g

For low-altitude flight, the engine must be throttled down
considerably at cruising speed. Under thece conditicns, there
sp‘. Thus, at the cruising speed, the i
ratio Csp/KV is not minimal because of the larger Csp, even

is a rapid increase in C

thonugh the product KV is maximal. Hence the minimum per-kilom-

eter consumption will be obtained in flight near the ground at

a speed higher than cruising. Obviously, the more rapid the in-

" crease in Csp as the TJE is throttled back (as P/P' is reduced), 5
the greater the margin by which the speed of minimum per-kilom-

i e e o e

eter consumption wilil exceed cruising speed.

"With increasing altitude, crulsing flight will occur at
steadlly increasing valuec of P/P'. This is because the thrust

of the TJE in maximum-rpm operation decreases with increasing
altitude, while Q) remains constant at a constant cy e With
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increasing altitude, thérefore,ythe difference between the speed
fo:\minimum per-kilometer consumption and cruising speed will
diminish.

500 00§00

a)

".m/h‘

Ui

Figure 6.5. Flight speed for minlium per-kilom-

eter fuel consumption as a functicn of gltitude ;
in unaugmented flight. a) Transonic airplane wlth iz
wing aspect ratio larger than 6; b) supersonic i
alrplane wivu wing aspect ratio smaller than 3-4.

The cruising speed 1s a speed wlth constant cy. It there-
fore increa.es with altitude in proportion to v¥1/a. The speed
for minimal per-kilometer fuel consumptlon increases somewhat
more slowly with altitude (Fig. €.5a).

The cruising spe=d will be higher, the larger the load »er
square meter of wing and the smaller the wing aspect ratio. As
a result, the cruising speed calculated on the assumption of con-

stant cx is found to exceed Vgr even at altitudes of the order
0 _
of 6,000-10,600 m for transonic aireraft with large wing loads

per square meter and small wing aspect ratlos. It willl be re-

called that Cy increases rapldly at Vgr owing to the appearance
0 :
of wave drag. An excess of speed over Vgp lowers the lift/drag

ratlo and increases per-kilometer consumption. For this reason,

V#* should be taken as V (see Fig. 6.5b). Since V¥ de-
S er e er
creases with altitude, the speed for minimsl per-klloneter con-

sumptlon does not 1ncrease with altitude at the altitudes for
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which V ) = Vgr, but decreases slcwly, becoming nearly constant
min

above 11,000 m.

Por supersonic aircraft in cruising flight at low altitudes,

the engine must be throttled back very sharply, so that Vq is
: nin
considerably larger than Vcruise; at high altitudes, V 1 % Vgr

and stops increasing with aititude (see Fig. 6.5b).

Let us consider the effect of flight altitude on per-kilom-
eter fuel consumption. With increasing altitude, the speed at
which the per-kilometer consumption is minimal increases. The

lift-drag ratio at VG increases with altitude, since the
‘nin
closer the approrach to cruising speed, the larger doces this ratio

become. Specific fuel consumption decreases primarily owing to
increased throttle given the TJE and, consequently, the smaller

B
sSp
in speed with cltitude is offset by a decrease resulting from
the altitude increase. On the whole, the higher the altitude,

the greater the decrease in per-kilometer consumption.

On the other hand, the increase of Cép due to the increase

For modern aircraft, a change in altitude from zcro to
10,000-12,000 m results in a decrease in per-kilometer ccnsump-
tion by about half. It might te assumed that, owing to the

relatively small change in V for aircraft with small aspect
min
ratio wings, an increase in altitude should not lower the per-

kilometer consumption so sharply. However, this is not the casge,

since per-kilometer consumotion rises considerabliv at low altitudes

as a result cof the largecr C~p, ard "light at a speed far ahove cruising
3

lowers the value of KV.

Obviously, the minimum per-kilometer fuel consumption will
occur at the altitude at which CQI/KV is minimal. This altitude

is slightly higher than that at which V_ , determined at con-
' min

stant Cy becomes equal to Vgr. The smaller the load per square
0

meter of the airplane's wing, the larger itc wing aspect ratio

g
o
™o
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Figure 6.6. a) Influence of speed
and altitude cn per-kilometer fuel
consumption in unaugmented flight;
p) variation of minimum per-kilom-
eter consumption with altitude in
wiaugmented flight.

and the larger Vgr, the closer 1is the altitude of minimum per-

kilometer consumption to the airplane's celling.

The per-kilometer fuel consumption cannot pe minimal in
flight at tne ceiling because 1) Cép at full throttle is larger
than the Csp of a slightly throttled-back engine; p) a: the ceil-
ing in flight at V near Vgr, rhe product of 1ift/drag ratio by
speed 1s smaller than it 1s at altitudcs below the ceiiing.

Modern aircraft have minimum-g altitudes 2,000-3,000 mevers

pelow celling.

Figure 6.6a shows the variation of per-kilometer fuel con-
sumption with altitude and speed 1in unaugmented flight, and Fig.
6.6b the altitude variation of Qrype

Aircraft for which Jow-altitude flight takes place with the

engine throttled far back and quin much higher than Vcruise owing
to large thrust/weight ratios have a characteristically indis-

tinct speed minimum of a. This 1is because botnh the product VK

andCSp in (6.2) decreasc simultaneously on an Increasc in speed
P & 1 M Q

in the speed range above vcruise’ so that the dependence of g3 on

flight speed becomes weakar.
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Let us consider the influence of speed and altitude on the
per-hour fuel consumption in flight. Per-hour consumption reaches
a minimum at a speed very close to that at which the alrplcne
flies at minimum rpm and, consequently, with the TJE throttled
farthest bhack. The ratio Csp/K is minimal at VC in expres-
sion (6.2) for C.. o Prin

1 . 3 4 -
Since Jch is close to Vopt’ VCh increases w*th altli
min min

tude in proportion to ¥1/4. The higher the altitude of flight,
the less 1is the er.gire throttled back at VC and thez smaller

= hmin
is Csp; since, despite the speed increase, Cép decreases with
altitude, ¢ = C_ 2' will also be smaller.

o ' Y aw
-.‘p Sp Sb'

At a constant lift/drag ratlo very close to Kmax’ the de-~

crease 1in Cop v':1 lower the minimum per-hour consumption az alti-
el

tude increases. Ch reaches its minimum value at about the alti-

tude at which the engine is throttled back to the point at which

Csp reaches 1ts minimum. This statement will hol. provided that

at this altitude the V calculated for constant cx is smaller

h 0

min

-than Vfr, which 1is true in most cases. This altltude is just be-

low the alrplane's ceiling.

For present-aay airplanes, per-hour fuel consumption near the
celling 1s lower than the minimum per-hour consumption at zero
alvitude by a factor of 1.5-1.8.

If Vv o= Vgr at high altitude, as is typical for modern

Imax
superscnic airplancs with small aspeclh ratio wings, the speeds

with minimum per-hcur and per-kilcmeter fuel consumption will be

‘closely similar and flight at VO' will not greatly increase the

‘min
per-hour ccasumption. For the sam: alrplanes, the speed V at
' S Amin

~ the ground. will be more than 1.8 times VC , and flight with °

h

min : _
v wlll take place with a Ch considerably larger than Ch .
9min : min
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The per-kilometer fuel consumption at flight speeds below Vgr
is most convenlently calculated as follows.

The values of the optimum lift/drag ratio and the optimum
flight speed are determined. The ratlo V/VOpt is found for the
speed V of’ interest. Expression (4.32) 1s used to calculate K,
followed by determination of Q = G/K and P/P' = Qh/P'.

B - AR

Using the relation Esp = ﬁsp(P/P') (see Fig. 6.4a), we find

C C C' and the per-kilometer consﬁmption

ESD’ sp sp

Q; C_\"l

=3

For low-altitude flight, knowledge of the relation Esp = Esp(P/P')
is indispensable for calculation of g, since Csp may be several
tens of percent higher than C'p In computing the per-kilometer
consumption at altitudes greater than 8-10 km, it may be assumed
in the first approximation that Csp = 0,95-0. 97fé“.

Calculation of qQin i{s complicated by the fact that we do not
know the speed at which ¢ assumes its minimum value. For flight
at low and zero altitudes, 1t 1is necessary to calculate q for
eruise = 1. 31V opt and higher. We find

and V by plotting q as a function of speed.
%min

For high-altitude flignht, 1t 1s necessary to calculate V
and inspect to determine whether it exceeds pr. If not, V

L I e T et

scveral speeds, 1.e., for V

qmin

cruise
Unin
» 3 o *
and g min 2¥¢ found as described above, but If Vcruise N Vcr’ the
speed of minimun per- ~kilometer fuel ceonsumption will be practical-
ly equal to Vgr. it is for this sveed that Qnin should be calcu-

iated, assuming zevo wave drag.

As we indicated, the lowest pef—kilometer fuel consumption
is obtained at an altitude 2,000-3,000 m below ceiling. Per-kilom-
etevr consumption varles cslowly with altitude in this altitude
range. 1f q il has been calculated for an altitude 2,000 m below
ceiling, it need not be calculated for other altitudes.
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A Tre maximum range of flight a2t sudronic speeds is proportion-
al to fuel weight and inversely proportional to the average value
of the minimum p:r-kilometer consumption. Per-kilometer consump-

tion at Vv < V:r will be lowered to some degree by increasing
min -
the crulsing speed and K

max® Since KCruise = 0'86Kmax‘ It follows

from the analytical expression for ¢ and K that V
i Y orulse max crulse
4 f

is inversely proportional to , and that K 1s directly pro-

max

portionai to Aiée and inversely proportional to ci/z. Thus, gilven
0
equal increases in 1lift/drag ratio through Cy and through Aef for
0

snbsonic airplanes, it willi be more advantagecus from the stand-

&y * -~ -
point of &5 to increase Kmax’ which lowers cxo, rather than in
creasing kef'
If Vv = V¥ o then X _ will not influence V » leaving
Unin . °F ef min

only the effect of Aef oﬁ lift-drag ratic. Then

GCx

=S (6.4)

q

At Vﬁ < Vgr, an increase in the load per square meter of
“min :
wing at K = const increases V and reduces ¢ . At V x
. min g
‘min min

T V# it will be more édvantageous from tic standpoint of lower-

cr?

ing g to have a wing load 1t which Vgr flight occuvrs with K = Kmax

at an altitude 2,000-~3,000 m below ceiling. At the same time, it

1s obvious that 1f v = = Vi, per-kilometer consuspsion will be
. “min
lowered as a result of all of the measures that incresse Vgr and

do not Jower K appreziablv.  For sxample, this explains why

max

30°-35° swept wings (at i/4 chord), which have a lLarge V:r at

wing aspect ratios from 6.5 to 7.5 and a M = Mir sround 0.82-
‘ min X
0.84, have come into extensive use on modern transonlc passenger

alrcraft.

Per-kilometer consumpticin 1s directly proportional to Csp'
At high altitudes; as we indicated, CSp is nearly equii to Cép.
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Thus, lowering specific consumption in engines operated at maxi-

mum power helps increase range. For many types of military air-
craft, it is important to secure low per-kilometer consumptions
in zerc-altitude flight. In flight at crulsing speed at these
altitudes, fuel consumption per kilometer is very high, chiefly
because the engine 1is throttled far back under these conditions
and CSp is very high. As a result, not only small values of csp’
but also the smallest possible lucrease 1n-CSp on throttling far
back are important for low-flying airplanes.

The turbofan engine is particularly sulted for zero-altitude
flighc. This 1s because the TJE has a smaller Cép and a smaller
incrzase in Csp when throttled down. Morecver, the thrust of a
TFE operated without augmentation does not increase with speed,
but decreases. As a result, it does not have to be throttled back

as far in zero-altitude flight at V
min
Aircraft that have high rates of climb and high ceilings as

a result of large thrust/welght ratios in unaugwented flight have
higher values of qm1n at the ground. This is beczuse of the need
to fly at a speed considerably higher than crulsing (to permit
opening the throttle to lower Csp), and this results in a smaller
KV.

Low-level range at high speeds rather that at Vq i1s impor-
min

tant for many airplanes, such as fighters.

In this type of flying, a rapid rise of per-kilometer con- .
sumption tegins at a Mach number higher than Mgr. As a result,
an increase in Mgr will help lower consumotion per kilometer. If
the airplane must fly at 1,200-1,300 km/h at zero altitude, per-
kilometer consumption can also be lowered by using the thinnest
possible profile on strongly swept wings.

In zero-altitude flight at the speed of sound, inrduced drag
is very small. As a result, a reduced wing area will lower Qh
and thus q. At high z2ro-altitude speeds apprqaching Vmax’ the

g ' e '
ratio P/P' is large and CSp close to Csp. The amal}er.Csp,
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therefore, the lower will be the consumption per kilometer per
ton of weight.

.§6 3. PER-KILOMETER FUEL CONSUMPTION OF TJE AND TFE AIRCRAFT AT
SUPERSONIC SPEEDS

3 ' For the overwhelming majority of aircraft, supersonic flight

! involveg augmenting the thrust of the 7 E. In this cese, thrott-

' ling the engine back results in a substantial decrease in Csp’

something that 1s not observed, as we noted above, in unaugmented

operation of ‘TJE's. - _ , *

7% ﬂ_ The transition to supersonic speeds 1s accompanied by changes
' in ¢, .and A that result in a sharp decrease in maximun lift/drag

: 0

;ratio ‘

As a result, the speed and altitude variations of the per- o

kilometer and per-hour fuel consumptions at supersonic speeds ex-
hibit a number of highly important peculiaritlies that must be 3
taken into account. - 2 | o i

In Fig. 4.9b, we showed typical Zhukovskiy curves covering a
broad range of altitudes and Mach numbers. We saw that the higher
the altitude of flight, the slower is the increase of Qh with in-
creasing speed (Mach number). This is because induced drag, whose

i contribution to Qh increases with altitude, decreases with in-

creasing speed.
The higher is M in the range from unity to 1.4-1.6 at an alti-

4
]
tude of 11,000 m, the smaller is the degree to which tiue englne ‘ g
of a modern superconic airplane must be throttled back tc make P

equal to'Qh. This results in an increase in Csp with increasing

M of level fllght. This dependence of Qh and C on M is due to s
the fact that the increase of the product Q C is faster than
proportional to M at 11,000 meters, uso that q = /3 6aM

usuallv increases with increasing M. The hiphev the altitude, the
smaller the increase in Qh' At a certain altitude, Qh vari.s with-
speed more slowly than M or in proportisn to it, so that ihe fuel

consumption per kilomater decrzases witn increasing WM.
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In high-altitude ilight, the low-
est consumption per kilometer is ob-

talned at the speed corresponding to g ke/km :
. _ H=1ru
the limiting Mach number. By way of } !
illustration, Fig. 6.7 shows per- < S 73
' e B

kilomete. consumption as a function J | ~1

1 He=l7ww
of M and altitude in thrust-augmented T ﬁfterburner_
flight. ' e fuﬁ iF

' 08 i iz 44 46 I8 2,
At high altitudes, the minimum A L

per-kilometer consumption 1is cbtained,
as we:indicated, at M = M

Figure 6.7. Influence
of Mach number and
1im altitude cn fuel con-
sumption per kilomecer
The question arises as to the In avgmentad-thrust

. — fligne.
altitude at which, in flight at Mlim'-
= const, the per-kilometer fuel cocn-
sumption will be minimal.

According to (6.3), this will be the altitude at which thez
ratio Cﬂp/K is minimized at M = const. 1In fligzht at constant
2
M, the higner the altitude, the larger must ¢ become. Here, Q =

= G/K will decrease up to the altitude at which c. = ¢ and
_ i Yopt
K = Kmax'_ Qh willl Increasc with altituds abovg tals level.
Qh = E in leve; filght at .onstant speen. Eguality of vhrust

to frontal Crag is.obtalned at M = M, , by throttling the TJE
back. At the ceiling, the engines arc operasing at full fuel de-

‘ivery. If P ,/S is large and P = P .7294q; > i. the equality
Qh = F will be obtained at the ceiling with ¢ > e . For
' Sl ‘ept

locwer thrust values, when P = 1, celllng fiight will occur with

@ = e, and 'K = K ‘A Purtler decreace in the airplane's
yclg Yopt '

chrust/welght ratio (F < 1) will reculi in fligst at vhe celling

max’

3 ax
= Wiy yopt

It p Were indepenient o f altitude and TJis throttle setting,

wilth ¢ < ¢ ard K < Km 5

which woul presumably be possible in unawgrmented-thrust super-
sorilec fiilght, the altitude of minimum per-kilcmetar fucl |
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Figure 6.8. Influence of
altitude on per-kilom-
eter fuel consumption in
 thrust-augmented rlight.
_Curve 1 — at celling

c > e ; curve 2 —
yclg yopt

at ceiling c. <¢

clg yopt

consumption would be the ceiling alti-
tude, or, for airplanes having B > 1,

the altitude at which e = cy and
K=K _. opt
max

In augmenﬁed-thrust flight,
throttling the TJE back lowers Cgy
sharply. It i1s therefore advantageous
.0 fly not at the altitude of maximum
1ift/drag ratio, but at a lower alti-
tude, at which the engine is throttled
back and the ratio Csp/K is at minimum

In constant-M flight, the farther

"the airplane is below 1ts ceiling, the

farther must its engine be throttled
back, and hence the smaller will Csp
vecome. Lowering altitude at M = const
lowers cy and, consequently, influ-
ences 1lift/drag ratic. At the alti-

tudes at which ¢ < ¢ ", a decrease
yopt

in altituu= will lower the 1lifrt/drag ratio the more sharply the

greater the difference between cy and ¢,

the altitude at which the relative decrease in Csp

(see Fig. 4.13a). At
Yopt:
with altitude

equals the relative decrease of 1ift/drag ratio with altitude, per-

kilometer fuel consumption will be minimal, since u /K assumes

its smellest vaiue.

at which ¢ = ¢
' . Yopt
e > c

yclg yopt

This altitude will always be lower than that
If B > 1, we have according to (5.12)

, and therefore a lowering of altitude from the cell-

ing with M = const wil. first lower per-xilometer consumption

" (Fig. 6.8, curve 1).

smaller than ¢
cpt

in a vezy sharp decrease in lift/drag.

A+ P smalirz than 5.70-0.85, ¢ - 1g much

yclg

, and a decrease in flight altituac will result

In this case, the minimum

per-kilometer fue. concumptlon is sbtalned in flight «t the
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ceiling {see Fig. 6.8 curv> 2). The altitude curves of per-kiloﬁ-
eter fuel consumption compared in Fig. 6.8 1llustrate the advan-

3 tage of a larger P in respect to the magnitude of q, especlally

for altitudes below the ceiling. -

For modern supersonic aircraft, the minimum per-kilometer

fuel consumpZion in augmented flignt around Mach two is 1.5-2.5
times the minimum per-kilgmeter fuel consumption in unaugmented

flight at M = 0.8-0.9.

Increasing Mlim to three brings the supersonic minimum con-
mption per kllometer of

s M,

sumption per kilometer close toc the consu
the same airplane at subsonic speeds, or even lower.

It must be remembered that in most cases the supersonic

flight range will nevertheless be shorter than the range at sub-
is expended in reaching M=

sonic speeds, since much less fuel
in climbing to 18-20 km

= 0.85-0.9 and altitudes of 11-13 km than
and accelerating to M > 3.

in q at M > 3 when
personic speeds

A more remote prospect is a decrease

further development of the TJE permits hlgh su

without thrust augmentation. Then the per-kilomcter fueli con- !

sumption at supersonic speeds w111 be much low=r than the con-

sumption at M = 6.85-0.95, and the supersonic fiight vange may

even exceed the range at transonic speeds.

Let us now turn to calculation of the minimum per-kilometer

fuel consumption at supersonic speeds.

If the dependence of ésp = Csp(P/P') is nonlinear in tche

from unity to 0.6, we prozeed av follows. We as-

range cf P/F!'
P /2Q. > 1, we take the alti-
1l 0

sign several altitudes. For P =
tude with ¢ and three to four lower gltitudes., The cal-

¥~ “opt
culation for P < 1 is carriled out for the ceiling and three or
four lower altitudes. 15 calculated from (h4.z9) for M = Myim
and the altitudes indicaved above; the 1o 0O Qh/P' = P/P' is de-
g is found.

3 i a3 , = c!
15 determined and CS Csp‘sp

-ermi . C
termined Sp p

L
}—
]
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1y simplified [33].

Next, q is calculated:

— Qr Cyx
© 3.6aMpe,

t The altitude curve of q is plotted ard used to determine the alti-
tude with the lowest per-kilom:ter consumption and the consumption

_;tSelf.
If the curve of Esp ='ﬁsp(P/P') is nearly linear, as it is in
most cases (see Fig. 6.Ub), calculation of g and H is vast-
min Qnin

If asp depends linearly on P/P', the variation of Gs as the
TJE is throttled down can be characterized by the Csp with P/P' =
= 0,6. We shall proceed accordingly.

We transform the expression for consumption per kilometer by

7 = ¥ e = L
introducing Kq K/Kmax and Csp Csp/csp’
GCy, ac, ¢ )
Q== = yx _____!_"_
3,6aM,peaK 3,6aMpenK max (Kq /L (6' 5)
En :}' ,‘Wll'!
T i EREL .
( ‘)M ] For 5'“ "fr.‘.""aw
| "
104 - 0.3-«!! ) | et 4 i
10 :
0}, 2
0% %
\I[‘Qo’
29z
htzfa- ;7
TN
F,‘é | J ?ﬁ,‘ ¥
¢/
1 —
a8 83 w0 I 1z d ":iﬂ
an
Figure 6.9. Curves o (ﬁsp/ Figure 5.10. Curves of cy =
/Kq)min' ' ey /c vs. P.
_ qmin opt
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If it is assumsd that Cép and K are independent of alti-

tude, 1t iIs obvious that at Mli =.const, ¢ varies wilth altitude
in proportion to Esp/Kq' The minimum of the C /R is what de-
termines the minimum of g. The minimum valuve of the ratio Csp/Kq
~is a function, ~n the one hand, of the degree of the decrease in
Csp when the TJE is tnrottled bacl:, which is charascterized, by
hypothesis, by the value of Csp at P/P' = 0.6, and, on the other
hand, of ¥ = P11/2941; - Figure 6.9 shown (ESP/KQ) as a func-

ion ¢f P for various Esp and P/P' = G.6.

min

The altitude with Unin is characterized by the ratio of the
pressurz at the altitude with ¢ = ¢ to the pressure at the

y
opt ~
altitude with Tpin® It is a function of P and the value of C at

sp
P/P' = 0.6.

Figure 6.10 presents curves of the ratio oi the pressure in
the atmosphere at the altitude cf flign® with ¢ to the pres-
oot
sure at the altictude cf flight with Umin”

Calculation of Ain and Hq iz greatly sinplified by use
: min

of the diagrams in Figs. 6.9 and 6.10.

The C for P/P' = 0.u is found frowm the engine's fuel-con-

- . = - Sevi | t“'{. o nv..: -
ves. Koo and ¥ t]1lwdal{ e ¢cciculated 1o
1

Their valu2s ars uscally know

sumption cu

- M iy .
We refer to the diagram of Fig. 6.9 to find (Cgp/&q)m*n forr P oand
Esp at P/P' = 0.6 and use expression 76.5) to find u_, .

We calculate ¢ ard the pressurce at t e flight altifrde
ot
with ¢,k = L
y opt
(i o=
y SOt i ey ekt T {5 H \
P s ™80T Mgy (9.6
The ratio p ‘n = cy /cv and the altitude of
Y4y, $ o
nin opt
Yopt L Imin P

flight with minimum consumption per kilomet 2r are determined from
the dlagram of Fig. 6.10 for the P und Evp at- BYRPY = £a6. I €L

[
—
LA
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':;1?cregses_rap1d1y with'altitude and 1ts curve is known, the above
calculation procedﬁrerrequires preliminary determination of the
"~ altitude of flight with Uein by assigning a Cép, taking the new

A y - ' P o : 3
_,?a%ueiéf Csp f?r 1t,,§pd then recalculating Quin and quin. %
i The alpitude,and Ymin obtained in this'way will be slightly f
on the high sidé;because the effects of the decrease in Cép on ,
H were rot consldered. '
9min
Let us turn to the influence of the airplane's design param- .

eters and the characteristics of the TJE cn the minimum fuel con- E
sumption per kilometer at supersonic speed. |

it follows from (6.5) that all measures that increase the

maximum 1if't/drag ratio reduce the specific consumption Cép and :
increase Mlim’ thus helping lower the per-kilometer consumption

&t supersonlc stpeeds.

As is indicated by the curves of C‘Sp/Kq = (ésp/Rq)(P) (see
Fig. 6.9) with 5sp a linear function of P/P', the larger P, the
min min® However, Csp is
usually observed to decrease more slowly with decreasing P/P' when

P/P' < 0.6. Therefore the minimum prr-kilometer fuel consumption

smaller is (Esp/ﬁ) and, consequently, g

will occur at a P near the value at which the englne ls throttled
back enough so that P/P' 2 0.6 in flight with Apin” This condi-
tion is indicated in Flg. 6.9 by the dot-dash curve. We see that
the less rapid the decrease in C_ as the TJE is throttled down
(the larger Esn at P/P' = 0.6), t;e larger is the P at which the
same minimum of CSP/KQ is reached.

It follows from the above that to lower per-klilometer fuel
consumption at supersonic speeds, it 1s advantageous to take a
F.. such that P = P,,/2Q exceeds l.u-..1. We note that the

11 011
altitude of flight with Qmin wiil then be below the supersonic .
celling.

As we noted above, larger values of P help lower per-kilom-
eter fuel consumphisn at altitudes far below celling (see Fig.

6.8).
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§6.4. CRUISING-CLIMB FLIGHT

Returning to the expressions for per-kilometer consumption,
ve see that at constant V and cy, the value of q is directly pro-
portional to the welght G of the airplane, since the lift-drag
ratio and Csp are then constant. Since a certain Mach number cor-
ove 11,000 m, and the 1ift-drag ratio
ve proposition 18 valid for
on the other

responds to each speed ab
depends on this Mach number, the abo

these altitudes even in the presence of wave drag;

hand, if wave drag i1s gzero, it holds for all altitudes.

C00 m at constant speed and

In flight at altitudes abcve 11,
sonstant as

at an angle 0 to the horizontal such that G/p remains
the welght of the airplane decreases owing to fuel depletion, the
nd, consequently, 1ts 1ift-drag ratio

airplane's angle of attack a
vary equally during

will be constant. In this case, Qh and P!
the throttling of the englne and, con-

flight, and at constant rpm
Owing to the constancy

will remailn unchanged.
tion comes to dim'nish in pro-

zht owing to fuel de-

sequently, also C:,p
of Csp/KV’ the per-kilometer consump

portion to the decrease in the airplane's wel

pletion.
5 at which G/p 1s constant 1s a very small

The climbing angle
This climy 1s known ne

It amounts to a few minutes of arc.
"flight along the ceilings.
1f, after the air-
10t holds to the

one.
the cruising climb or
latter name to the fo

" It owes ths

1lowing considerations.
practical aeiling, the pi
4131 be flying at all

This altitude

plane has reached its
ttack and the same speed, ne
sponding to the celling.
asing welght of the air-

same angle of a
times at the altitude corre

will increase steadily owing to the decre

plane.

the cruising s1imb at constant speed, constant angle
7JE rpm can be performed star
A1l that is necessary is

v the 2ltitude range in

1=t of the TJE will

However,

of attack, and constant
correaponding to b (IR0

ting at any

speed and the cy
that the ailr temp
which the filight 1is executed,
roportinn to the pressure.

erature remaln constant 1i
so that the thi
vary in p
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The cruising climb saves fuel, since the average value of ¢
1s lower for this flight mode. If the speed and altitude at the
beginning of flight corresponds to flight with Apnin? this condi-
tion will be preserved at all times Juring the cruising climb, but
if the pilot holds to a constant altitude, ‘the difference between
the ceiling and the actual altitude will increase as the airplane
beccmes,lighter. The larger this difference, the greater will be
the increase in per-kilometer fuel consumption.

he decrease in fuel consumption on transition to the cruis-
ing time as compared to level :light will be larger the greater
the welght of fuel burned. If fuel weighing 40-45% of the air-
plane's welght is consumed and Vgr does not influence the speed of
minimum per-kilometer fuel consumption, the average q can be
lowersd by abcout 12% or even more 1in crulsing-climb flight.

It Unin Was reached at about the altitude at which the pro-
duct Vng reached its minimum, the speed of flight with minimum
per-kilometer fuel consumption 1s usually close to Vopt' In this
case, the decrease in cy due to lightening of the airplane will,
in {ligpt at constant cpeed and altitude, lead to an insignificant
decrease in 1ift-drag ratio and the advantage of going over from

level flight to the cruising climb will not be as appreclable.

For many morw cri supersonlc alreraft in unaugmented flight.
it 1g 2-4% of the average consumption per kilometer.

Everything that we have sald concerning the crulsing climb
alsc appliesz to "flight along the ceilings" at supersonlc speed
If the altitude 1s not Increased as fuel 1s burned at

LA Unin
supersounic specds, Csp/K w;ll increase. Otviously, this increase
will be larger, the more rapid the increase in per-kilometer fuel
consumption as the airplane descends from that at which it 1s
minimal. For this reason, "flight clong the ceilings" 15 espec-
1ally advantageous ror supersonic alrcraft having P = 0.7-0 3.
For airplanes with P > 1, such flight saves less fuel.
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§6.5. gggﬁTCONSUMPTION IN ACCELERATING CLIMB AND DECELERATING DE-

Tne amount of fuel burned by a modern supersonic airplane in
reaching Mlim and near-celling altitudes amounts to 10-15% of the

ailrplane's takeoff wecight. This means that.#0-50% of the entire
normal fuel load may be burned during the climb. Serious atten-
tion must therefore be given to correct calculation of fuel con-
sumption and possible ways of lowering it. 1In climbing at maximum
engine power

PP 2 R A S S S Ao RN

Chl!t P’ C
dGr,,,,“ 00 - 3600 2 df.

According to (5.17)

whence

PC, (6.7)
da, n -
noa "Ib(\()l" ”’/{

When the energy altitude changes from Hei tTo RQ?, the amount of
fuel burned will be

e (6.8)

U'fm)x = -_)On‘ T L
H.y

To obtain the shortest time to ciimb and reacn speed, 1t would be
necessary to tly at trajectory speeds at which L/V* is"minimal at
each energy altitude (see §6.2). To cbtain minimum fuel consump-
tion at each He’ on the other hand, the speed must be such as to
minimize the rétio P'Cép/36oov;. Since P' and Cép vary with
changing altitude and speed, fligni for minimum time to climb will
not be the climbing moac with minimum fucl consumption.

Figure 6.11 shows 3600V§/P'Cép as 2 Fausiion of spned fer

various constant altitudes for a supersonic zirplane, and Fig.
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supersonic. Calculatlons indicate that the climbs with V¥ and

[N\ S
N \ _'
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J00 400 500 &0 M0V gfg
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N

Figure 6.11. Typical dependence of 3600V§/
/P'Cép on speed and altitude.
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Figure ¢.12. Diagram for determining rate of climb
that ensures reaching energy aititude with minimum
fuel consumption. ,

6.12 presents a diagram for determining the Vclb with minimum fuel
consumption.
We see that at hligh altitudes, the speed at which the -atio

3600V§/P'C:_p is razximal and fuel consumption is minimel becomes

“max
those with minimwr fuel consumptiion are verv closely ~f.dlar at
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subsonic speedS‘and;’adeé 11-13 km, at M near Mlim' There 18 a
differenge in the altitudes of accelerating to M near Mlim‘ To
.obtain minimum fuel consumption, 1t is more advantageous to ac-
celerate at a slightly higher altitude. However, the accelerating
altitude difference is not very large and a single mean altitude
1s often indicated for interceptors.

Expression (6.7) can be transformed by introducing the value

£ V&,
ot Yy

P'Cy,GVH, Gc,,

_ PC,H,
3600V, — 3600V(P'—Q)

TIIOI—-

G

aeoov(x—%;—) Fi

is conveniently used in resolv-
clb
ing the question as to whether it is advantageous to go to the

afterburner to reduce climbing fuel consumption.

The resulting expression for GGf

If the increased Cgp in the augmented-thrust climb offsets
the increase in the difference 1 - (Qh/P'), climbing with the
It should be noted that for most tran-
sonic airplanes, with the exception of heavily overloaded ones,
climbing without the afterburner is more economical.

afterburner may save fuel.

The calculation of fuel consumed in climbing and accelerating
is quite similar to the calculation described in §5.4 for the time
to climb and accelerate. The only difference is that in the time
calculation, we plotted the He curve of l/V; for a series of alti-
tudes, while 1n calculating Gf we construct the He curve of

clb
P’Cép/3600V§ for a series of altitudes and then draw the envelope.
The area between the envelope and the axls of abscissas glves the
Gf needed to change He from H to He h
clb ini fin

It is often necessary in preliminary design of an alirplane to
determine the climbing and accelerating fuel consumption referred
to takeoff welght even when the weight of the airplane, the wing
area, and the thrust of the TJE are unknown. In this case, 1t is
convenient to use an approximate method proposed by N.N. Fadeyev.

With this method, determination of Gf /G requires only knowledge
. clb
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'of the average C
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over the climbing and accelerating stage and

the energy altitude H at the ernd of the accéleration and climb.
€f1in :
If during the elimb the frontal drag 1s zero and the thrust

is uG, where y = P/G, we have V; = uV, since

dHy i (P=Q)V .y
dt YV G ze

The time to accelerate and climb will be

H’fﬂl ) .. Ha‘o' HQ‘Q‘.

t== = -~
Weo  0.5aVye '

Vep
and the frei consumed in climbing and accelerating

C Rep !‘-ﬂcylc;

G, ' = ==
mox = 3500 3600
and
G"mu . C!"cp”’ms _ Cy‘cp( Kknd ) Hyon ) ' ( 6. 9 )
G 1800V 4 1800 \ 2¢ b Viou .

It is clear frcm the above that at Q = 0, the relative fuel

: consumption Gf /G is independent cf thrust, depending only on

clb
, and H . . Expression (6.9) does not take account

spa;’ Ffin €rIn

qf the fuel consumed in overcoming frontal drag in motlon on tle
climbing and accelerating trajectory. In approximate calcula-
tions, it is permissible to assume that this part of the fuel con-
sumed in motion on the climbing trajectory is equal to the fuel

consumed in level flight at the final altitude and speed over a

C

distance equal to the length of the c¢limbing and accelerating .
. trajectory. _
With these assumptions, and having reduced the weight of the -
airplane at the beginning of flight by the G, - , calculate¢ from
: - 1b

(6.9), we calculate the range of cruising-climb.flight. The range of -
value obtalined hzre will also include the length of the climbing

AN BN s i 0




and accelerating trajectory.

For transonic airplanes, it is usually necessary to calculate
/G for an unaugmented-thrust climb to 10,000-11,00C m with

G
fe1p
acceleration to M = 0.85-0.9, since flight with minimal per-kilom-

eter fuel consumpticn (q = qmin) takes place at these H and M. In

this case, we exaggerate the time to climb to He - and Gf /G by
¢lb
assuming that V_ _ = 0.5Vs, , as was done in deriving (6.9). To

adjust the calculation, we introduce the correction factor kclb
into (6.9):

Gr“‘ - knolek;H ol
G lmn"loll ’ ( 6 . 10 )

Comparison of the calculated results for Mrin = 0,85-0.90 indi- |

cates that k ,, = 0.8. CSp _ is determined as the mean between : %
av é

the CSp at M = 0.85-0.9 at the ground and at 11,000 m. If after-
burners are used during the c¢limb and Mlim = 2, kclb should be

taken equal to 1.2 in determining G, /G and using (6.10); Csp
: clb
3 should be determined at 11,000 m as the mean between the Csp for

M= 0.9 and M = 2.

At this stage in the design, when the thrust at Mlim and
11,000 m, the weight of the airplane, and 1ts wing area are al-
ready known, we recommend another approximste, but more exact
method of calculating the total climbing and accelerating fuel
consumption, distance, and time.

i R i R

We recommend this method for supersonic aircraft, which have

large Gf _ /G. It 1s based on the results of processing a

clb
large number of calculated climb-and-acceleration fuel-consumption

figures for various Pll/G and P = P11/2Q011.

To determine Gf /G, 1t 1s necessary to calculate
clb

9

V'nu :
H'Nuvu = —2_:;—"_ Huon' find QOII =007p|lM30ncx’Sv

FTD-HC-23-753-71 121

e T i Sl o e e s e g R Tt S A




and calcalate the values of P 1/G and P = 11/2Q011 for “fin‘
(Fcr a supersonic airplane. Mfin is usually equsl to the Mach-
number limit.) Then, referring to Fig. 6.13, we find the initial

value &, = G, /G for H_ and calculate
- ¢lb.ini clb.ini : fin

—

E*nﬂl G"no.l nex leKa (6 . 11)

0,”‘{ S b—

o e
210 /

A

s
o014~y
0'05 . V . el
007 |

49 Js 40 4§ 5 &5 a K, xon ™™

Figure 6.13. Relative climbing and accele—
rating fuel consumption as a furction of
final energy altitude H and M .
e fin
fin _
The coefficient K;. which allcws for P, 1s taken from the
diagram of Fig. 6.14, and the coefficient K, for P11/G is taken

. 2
from Fig. 5.15.

Tre coeffilcient

Ky=0,5 +C,,

quu)

( Cyimagg 7 Cymm
2

LA )""“0.25(6

YiMag,9

1s calculated for H = 11 km. In determining G by (6.11), we

fc]b
incur an error no greatcer than 1.5% of the airplane's takeoff

we;ght.
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The accelerating and c¢liabing

R PR
”:izrig 3 . = distance 1is determined from the ex-
a— hf“ﬁa~r : - pression
2 L R =2.2H, KKy
Y e Laor =2, bron” 41051 - (6.12)
v L ) : Y
LS L M H, . 1s calculated from the values
2 . fin ) L :
ety £ | -
Figure 6.18. V /V = o] Hfin and Vfin’ while the coef

tin -
climb and acceleration as
a: function of Mfin the influence of

SN - c¢limbing and accelerating distanee,
are taken from. the diagrams of Figs. 6.16, and 6.17).

ficients K, and Kg, which allow for

The time to aycelerate and climb is

L‘lﬂl

o= g Y
g 7l (6.13)

av

V. is determined from Vesn and the dependence of A /vfin on Mg,
that appears in Fig. 6.18.

~ Since this nethod 1ves the total fuel consumption during the
_acceleration and climb, as well as the. ancelerating-path length,
‘the .flight. distance "along the cellings" will no longer include '
“the length of the climbing and accelerating.trajectory, as it does
_Qin N. N Fadeynv s method. In this case
7L = L +-Ll 1t Lde

cib
If the airplane ‘has’ Mlim 2.5-3 and. thp limiting ram pres-f
sure qli is much smaller than 10.700 RQf/m 3 8 Gonsiderable part

of the acceleration 4nd ‘climb will be flcwn at the limiting tra-

stantial error.

‘For a rough est timate cf Lclb’ it may be assumed that with -
.qlim = 14,000 Kz*’n at Mlim = 3, the value of Lclb will be twice
that obtained when i, . 1s determined from (65.12).
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In a decelerating glide with the engine operating at minimum

’rpm and He changing from 39-3% km %o zevo, the welght of fuel con-

sumed equals about 0.01 of tic airplane's welght. This consump-
tion may be assumcd propertional to the change in He'

£5.6. FLIGHT FANGE AND ITS CALCULATION '

range L {s tne ground distance covered by

“tec
climbing and zcceleration, level flight at Apin

and gliding descent using all fuel on board.

The technical
an airplane during
or cruising climb,

Thue,

p ¥ .

1vl Tdes (°';u)

= I +
Ltec clb L

in level flight or, more precisely,cruisingclimb, the amount of

fuel consumed ecuals the fuel pes~pves iess the amounts consumed

in climbing Gf _and descarding Ua
clb T Hes
G, “:(;' —(CTM-J i G’c:«)' (6-15)

X

technical flight range,
in the tanks after land-
to takeoff and in taxi-

In real .v, an airplane cannct reacs its
since a certain fuel reserve mast remain

ing for use in tesIing the engines prior

ing, as well as during the landing. In zddition, there iz prac-

tically always a certain amcunt cof el 1=ft in the tanks that

cannot be burned. Hewever, the tactical-techrical specifications

for the airplane usuzlly ~tate a technical range, and this range

is calcuiated in the course of preliminary design.

With aircraft having M,, < 2.5-3, maximun range 1is obtalined

with unaugmented operaticn of the engine 1r cruising-climb flight

with q = Apin®
In some cases, €.8., interception of an aerial target by a

fighter, it is necessaly to obtain a higher average flight speed
and, simultaneously, t. loarest possible range. Under this re-
quirement, the airplane nust be flown with the afterburner on at
Mlim at the altitude at which per-kllometer fuel consumption 1s

minimal.
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A certain range at supersonic speed with M = Mlim may be re-

guired of supersonic bombers and recennaissance and passenger air-
crart.

In thrust-augmented supersonic 1iizlic, a 18C° turn involves
considerable ccnsumption of fuel owing to its large radius. This
consumption must be taken into account.

Let us turn to calculation of the maximum range of an air-
plane.

In cruising-c2limb rlight, ver-kilometer consumption is di-
rectly proportional tc weight. In flying a distance dL the weight
of the airplanc decreases by dG = qdL, so that 4L = dG/q, and

the distance c¢cvered during a cnange in flight weight from G1 to
G2 will bte
G, G,
N T
Gl q G"q
Substituting the expression for q, we get
3 am
Ly \ 2OMK G 23:36aMK (0 230G Gy 1
i } Civ 0 Cia gn?" q lgGQ. (6.16)

In the expression {or range, G is the weight of the alrplane for
which the per~kilcmeter tuel consumption ¢ was calculated. Since

G1 - G2 = Gf’ we have

and, consequently,
o= g T (6.17)

It follows from (5.17) that, in order to calculate the ¢istance
covered on the crulsing-climb segment of tne fiight, it is nec.s-
sary to know th:o 1nfi12al and firal welghts ¢f the alrnlane, which
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differ by the welght of the fuel burned. In the preceding sec-
tion, we described a method for computing the fuel consumed during

21imbing and accelerating, Gf _ , and the level-flight initial

clb
weight will obviously be G - Gf . The level-flight final weight is

clb .
G -G+ G , where G, is the fuel reserve and G is the fuel
f fd f f
€s des
consumed during descent. Applying (6.17), we find the cruising-
climb range and, adding it to the distanzes covered during the

climb and glicde, we find the technicali flight range of the air-

plane.
If a bomb or a load sccommodated inside the fuselage is
f1ight, and this bomb

or load weighs more than 2-39 of the welg.t of the airplane, use
distance covered

of formula 7€.17) to compute the eruising-cliat
underestimation oi the flight range,
lighter after leaving the target. In

dropped over the target in crulsing-climb

will result in srpreciable
since the airplane will be
this case, it is necessary to determine the cruising-climb dis-

tance from the expression

s !
br e e (6.18)

the psr-kilometer fuel consumption

where G is the weight for which
airplane at the beginning

Q was calculated, G, is the weight of the

of cruising=-climb flight, Gog is the weight O
¢che weight of the fuel burned

f the cargo or bomd

dropped over the target, and'Gf is
in cruising-climb flight®.
aruising-climb flight or f1ight at constant
determined by calculating the average per-
he level-flignht segment instead of

The range of
altitude (lel) may be

kilometer fuel consumption on t
by use of (6.17). To this end, we find the averacs flight welght

of the airplane:

G G =Gy =08 (U, b el (6.19)

ep Thuk
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We find the altitude and speed of minimal per-kilsmeter fuel

consumption and the value of g for G__.
avioin av
The cruising-climb range is determined from the expression

Liog=—2, ' (6.20)
qt‘l.‘m

If Gf ~ /G < 0.3, the ervor in the calculation of Ll- from the
1vl vi

average per-kli-meter consumption 1s negiigible. For Gf /G of

ivl
0.4 and 0.5, it lowers Ly,1 by comparison with the value obtained

from (6.17) by 2.3 and 3.5%, respectively.

If the alrplane fiies part of the distance with underwing
tanks, which increase its frontal drag appreciably, it is neces-
sary to calculate the ruel consumed during climbing with the
underwing tanks. Procedure: determine the weight of the fuel re-
maining in the underwirg tanks for level 'light and make separate
caleunlat.ons of the level-flight range with the underwing tanks
and after they are dropped. If an e=xternally stored bomb or
missile that lncreases the airplane's frontal drag appreciably is
released over the target, qmin shouid be caiculated with the mean

between the values of cx with and without the external load. 1If

£

v

the flight i1s made at low altitude and the frontal drag during
the flight away from the target diftfers appreciably from the
froatal drag during flight to the target, it is recommended that
the minimum per-w«ilometer fuel consumptions be found for the
welght of the airplane at the beginning of level flight frem the

} and at the end of level flight from the target
ni
minfin)’ with the approximate assumption that qminav =
= 0.5(q ). Simultaneously, this calculation will
ini f'in
give V for flight to and frecn the target.

min .
As expression (6.20) implies, the crulsing--climb range is

sorget (qw‘n
min,
A

(q

+ .
min qmln

inversely proporti-nal to g a1:d depends in large part on the

minav

relative weight G, /G of the fuel burned in the cruil-ing climb.
1vi
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If we are concerned with the supersonic flight range, Gf
1vl

will be strongly influenced by the climbing and acceierating fuel

consumption. In subsonic flight, the climbing fuel consumption is

relatively small and Gf is determined basically by the welght

lvl
of tha fuel placed in the airplane's tanks.

Methods for lowering the per-kilometer fuel consumption and
‘the amount of fucl consumed in climbing and accelerating were ex-
amined above. f :

Opportunities for increasing flight range by increasing the ;
relative fuel weight Gf/G involve decreases in the relative weights
of the airframe, powerplants, equipment, and payload of the air-

plane.

s O v o i e S T Mty L il i =Vl
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| Chapter 7 . ;
I
| TAKEOFF AND LANDING CHARACTERISTICS OF THE AIRPLANE ;
§ AND THEIR VARIATION WITH AIRPLANE AND ENGINE PARAMETERS %
% §7 1. TAKEOFF 3
' Takeoff consicts of the following stages (Fig. 7.1): runup é
along the ground to 1liftoff speed and climbing acceleration. i
i
Takeoff distance
I :
’ T Runap- A Receleration o
a)and climb ;
Takeoff distance i
| Junup__.—"F ;
YA 208 .Climb r e S /./Czlirhi) “J/ 3
Holddown :
b) i
Figure 7.l. Diagrams of takeoff: a) turbo- ?
Jjet airplane; b) propeller-driven airplane i
(with low power/weight ratio). 1
On reaching a height of 2% meters, a turbocjet airplane is . E

moving at a speed approximately 30% above that at 1liftoff. After
1liftoff, piston-engined and light turbojet aircraft may use most
of thelr excess thrust for acceleratlicn only while covering a
certaln distance. This stage In the takeoff is then known zis

b N b L Ml

A mar
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holddown (see Fig. 7.1b).

The distance from the start of the takeoff run to the point
over which the airplane passes at an altitude of 25 meters is known
as tne takeoff distance. Abroad, the altitude at the end of the
takeoff distance is conventionally set at 15 rather than 25 meters.
Pakeoff distance naturally depends strongly on the flight speed
developed at the end of this distance. The higher this speed, the
smaller will be the fraction of the thrust excess used to gain
altitude on the climbing and accelerating segment and the flatter
and longer will this trajectory become. The takeoff distance
defined by attainment of h = 25 m is 1.6-2 times longer than (lhe

runup for TJE airplanes.

Pa;Fkegf-
———) P
\
1200
; 800
=
~07 F g+F
] 1 Ly ;
IR e ——— e
Gl 0 w20 J9 w0 S50 V;TPV n's
Figure 7.2. Diagram of forces Figure 7.3. Forces acting
acting on airplane during airplane during runup as func-

takeoff runup. ticns of runup speed.

The speed of a modern Jet airplane or. the climbing trajec~
tory with V is considerably greater than 1ts speed at Lthe end

y
max .
of the takeoff distance. Before climbing to gain altitude, thera-

fore, the pilot executes a climb combined with rapid accaleration.

In most cases; the technical specifications for an airpla:-
the takeoff ana

It is

state specific requirements as to the lengths orf

landing distances or the runup and rollout distances.

therefore important thst the designer be able to relate the runuyp

and takeoff distances with the characteristics of the alrplane and

its engines.
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This book will consider the problems of takeoff solely from
this point of view.

Let us first consider the runup. During runup, the forces
indicated in Fig. 7.2 act on the airplane. Projecting them onto

i the Ox axis, we write the equation of motion for runup:
av

A— 2

. 4
z ar g P—Q=F) (7.1) )

i s o

. .2 ’
j =FfN=j7(G-V), (7.2)
where [ is the fricZion coeffliclent and N is the ground-reaction
3 force.
i

Ihe higher the speed, the greater will be the frontal drag @
and, since 1lift is stronger, the smaller will be the friction F.
Ls a resulf, the sum Q + ¥ varies little during runup (Fig. 7.3).

o S .ﬁli« g o

In th> case c¢f jet airplanes, the thrust of the TJE during runup
decreases slowly in a takeofy without afterburner and increases
slightly in an afterburner takeoff. The acceleration varles in §
the same fashion during the runup. £n expression for the runup
distance Loyn follows from (7.1):

z

LDaLl:"};' 3 _—..__.(.;__.._‘-(IVQ. (7- 3)

Since the acceleration changes insignificantly during runup and
its variatior, with speed 1s near linear, errors no greater than
5% are lncurred in computing runup distance from an average ac-
celeration that does ncot vary during the runup. Here the average
acceleration must be determined as the acceleration at a speed
equal to 0.72 of the iiftoff speed for turbojet airplanes and for
0.75 of liftoff speed for airplanes with turboprop engines.

Let 43 derive an analytical exprescion for the average runup

acceleration:
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Transforming, we have

S

szp _qufnp c”t)"l’ (‘_,_1)2

2 2 Cyom Votp

. 2 ~
but at liftoff = \ =
o} spe:d Scyl/opvl/o/2 G, and the ratio (Javlvl/o)
* 0.5, so that SpVav/2 = O.SG/cy ; . Substituting the expression
i 1/0 ,

for sov§/0/2, we obtain

0,5 1 v
A= F =] D 2 -, - 5
Q! )cp G[ o (c,np“ + v C,,m/) # fl
The sum in the square brackets will be referred to as the reduced

coefficient of friction f g
red

05(0 — g
U H0pan t T, Clops — Ctimaf

fe==Iif s pa
Sop==S . (7.4)

Then j ., = gl(P /8) = frnd] and tne ruang :listance can be de-

termined from the expression

Ll'n’:_'_l‘.c;“:d—-nm‘ (1.5)

As we indicated, Pav should be ‘alken ztv a speed of 0.72V1/O for
turbojet-engine airplanes. Analysic of the ~unup distances of
rodern airplanes indicates “hat for takeoff from a concrete run-
way, in which case r = 0.02, the reduced coefficients of friction
are 0.056, 0.045, and 0.035 Tor wing aspect ratlos of 2-3.5 and
Cyl/o = 0.7, 1.0, and 1.3, respectively, and 0.037, 0.031, and
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0.0285 for aspect ratios larger than six and c of 1.0, 1.5,

Y1/0
and 2.0.

It follows from(7.5) that the runup distance is proportional
to the square of 1liftoff speed, while the latter is

‘/ur'r == 4 l/—i" .
! SC”OI[' ( 7 . 6 )

In determining the liftoff spead of aircraft with large thrust/

welght ratios, it is recommended that the projection of the thrust
! onto the y axis at the liftof{ angle of attack %3 /o be taken into
! aceount. 1n this case,

G~ Psin(Qap -+ g;)

Vin=4] ’ (7.7)

C'yorps

where ¢t is the angle bhetween the chord and the thrust vector. Ex-
pressions (7.5) and (7.6) imply that the runup distance is approxi-
mately proportional to the load per square meter of wing and in-

versely proportiocnal to ¢ .
Y1/0
The 1ift ccefficient at 1liftoff should be deteimined with con-

sideration of flap deflection, which increases-it. It must be re-

membered that the prokimity of the grcund at the landing angle of

attack increases ¢ (for a low-wing desizn) by 0.15~0.20 (see
_ 1/¢ E
Fig. 4.4). The wing attack angle of an alrplans at liftoff must

always be 3°- 4° smaller than the critical attack angle (ucr), at

which cy falls off, since reaching ¢ - causes one-sided flow
cr
separation from the wing and sharp rolling cnto that wing for

many aircraft, and espectally those with unswept trapezoidal wings. *

Jord .
T O T A oo

For small airplanes with unswept wings, the landing angle of
attack was determirned by the critical-angle value. As a resuilt,

c and ¢ depended on ¢ . The critical attack angles
j Y1/0 yldq Ymax _
5 hecame larger for alrplanes with small-aspect-ratio wings. The

value of a,, > 1A° for aspect ratios of 2-3 on airplanes with
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wings swept more than 45°. With decreasing aspect rat’c and in-
creasing sweep, the distance from the airplane's CG to the end of
the fuselage increased simultaneously. A4s a result, landing gear
that would have permitted takeoff with liftoff angles of attack
3°-4° smaller than .. would have been very. tall and, consequently,
heavy. Retraction would also be extremely difficult. For these
reasons, the liftoff attack angle of an airplane with small-aspect-
ratio wings is determined not by ooyt but by landing-gear height.
This heilght also determines the liftoff attack angles of many

heavy airplanes having wings with aspect ratios of 6-8 and 25°-

35° sweep. The liftoff attack angles c¢f such alrplanes are ap-
proximately 8°-11°. If the undercarriage height of an airplane
with a 35° swept wing permits aldg > 13°, it is necessary to lind
the wing's acr in the presence of the ground and the value of the
difference s = a .

r ldg
In determining cyl/ » 1t must [ -
= . Tpas | N& I
be remembered that the propwash \{?;»}
over the wing from turboprop en- = :::::\ﬁg ‘
&
gines (when the engines are housed o4 \\“?Jﬁi“wt_
) : i
in wing nacelles) increases ¢ %o = |
yl/o 02 : t —
N | ' 1
by 15-25%. b id
P TV BTy Yo
It follows from expressions . P T Py
(7.5) and (7.6) that the best ways Figure 7.4. Runup dis-
to shorten the runup distance are tance reduction as af -
fected by bhooster thrust
A '
to increase the airplane's thrust/ and speed at which booster
weight ratio PO/G, which equals the is cut in.
ratio of zero-altitude engine thrust
to the airplane's takeoff weight, to increase c¢ , and to re-

1/
duce the load per square meter of wing, G/S.

A highly effective means of shortening runup distance 1is o
switeh in the engine's afterburner during takeoff and use rocket

takeoff bdosters.

"FTD-HC-23-753-71
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Augmenting the thrust of & mocern turbojet engine on the
ground increases 1ts output by U40-60%. Without afterburning, P
during the runvro is also about 5% smaller than PO’ while Pav P P0
in augmented operation. !

av

On the whole, thz runup distance is much shorter with aug-
mentatiocn than without it. o

The shortening of the runup distance that results from using ;
bouster thrust depends first on the ratio of booster thrust Pbo e |
to tne average accelerating force during takeoff without boosters
(P - Q - F), and second on the ratio of the runup speed at which

the boosters are cut in to the lirftoff speed vci/vl/o'

It can be shown that the relative decrease GLrun/L of the
runup distance is spproximately [2.4]:

WLy, 2 Pre
“Ji_::(l--in_ ' (7.8) m
Vig) Pyt (P=Q =P, ° - ;

l‘l“” o1

b
Figure 7.4 shows 6Lrun/Lrun as a function of relative booster

thrust and the speed at which the booster is cut in.

A s50lid booster can be dropped after takeoff, and its use -
has almost no effect on the design weight of the alrplane. Thus,
although the use of takeoff boosters increases the cost and com-
plexity of operating the alrplane, it hac no effect on its other
flight characteristies. |

§7.2. LANUING

An alrplane lands 1in the following characteristic stages (Fig.
T-5)¢

a) the glide, in which flight altitude 1s lowered from 25 m
to 8-12 m;

i e b

b) flattening out - curvillnecar motion during which altitude 1
is reduced to 0.5-1 m and the glide-speed vector angle 6 is re- f

duced tc zero;

¢) the flzre - flight parallel or nearly parallel to the
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gfound, during which the

angle of attack is steadily . Landing distance

Increased from ivhe value at T - i

the end of flattenin% to the = ?ﬁﬁ?" e "';ﬁollout .
Glide

\Flare'Péncaking

landing angle of attack, Flatteni
ng:

while speed is reduced;

d anc - -
) pancakiug - curvi Figure 7.5. Diagram of airplane
linear motion at constant landing.

angle of attack with loss of
N.5-1 m of altitude;

e) the rollout, during which speed varies from the landing
speed at the instant of touchdown to .ero or to the runway-end
taxliing speed. '

Not every landing can be broken up into the above flve steps.
In many cases, altitude is lost during flattening out and the
airplene's wheels touch down without a pancaking stage. In some
landings, the airplane touches the ground at the end of flattening-
out; then the angle of attack may be either small~r than or equal
to the landing attack angle.

Modern jet airplanes with small aspect ratio wings have moder-
ate maximum 1ift/drag ratios. If, therefore, the glide were flown
with little or no engine thrust the glide-path angle would be
large and the airplane would be descending at a high rate in the
giide. In this case, it will be necessary to increasé the inicial
altitude of the flattening maneuver and the pilot weould find 1t
very difficult to start this maneuver at the'proper time. For
this reason, the landing glide of a modern airplane 1is flown with
the engines developing considerable thrust. Many airplanes are
very hard to land dead-stick. This does not imply that dead-stlck
landing cf the Jjet is inmpossible, but its execvtion is complicated
by the fact that the landing glide must be flown with a speed re-
duction, at which the glide angle decreases. It follows from the
above that all measures that increase the maximum 1ift/drag ratios
of subsonic aireraft under landing cqnditions aid in simplifying

FTD-HC-23-753-T1 1 8:f
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Figure 7.6. Diagram of fcrces Figure 7.7. Forces acting on
acting on airplane during alrplane during rollout as
rollout. functions of rollout speed.

The larding glide 1s flown with the gear down and with use

of the wing “iaps, which Increase the wing's Cy . Therefore,
ldg
especially for airplanes with small aspect ratlo wings, the high-

11t devices must increase ¢ , but must lower the maximum

1ift/drag ratio to the smalleiggposs;ble degree.

Airplanes with tricycle landing gear run on their main
wheels during the first part of rollout and do not use the wheel
brakes. Then, steering the alrplane, the pilot brings down the f
nose wheel and begins to brake sharply. Here the airplane is acted
upon by the forces indicated in Flig. 7.6. Their changes with
speed during rollout are shown in Fig. 7.7, and the equation of

motion is written thus:

& Ri0u
at G(Q e

(790

It follows from the above that.the.braking force F changes 2abiupt-
ly durihg rqliout and that its average value depencs on the time
at which braking 1s started and to an even greater dezree on the
coeffirient of friction at the wheel-brake shoes. All of this
makes 1t very difficult to calculate the rollout distance:

by o a (7.10)
b=z \ o dVe. S
V:O: .
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The main braking force in operation durinz rollout is the fric-
tional force determined by the wheel-brake mechanism. It may
therefore be assumed that variations from the average negative
acceleration during roliout are small.

Working ocut of the relation between Léo, vldg’ and Jav with
the rollout considered as uniformly decelerating motion during

wnich
—-Wm
" 2 (7.11)

has shown that Jav = .2,3 -~ 2.6 m/s2 for modern jet alrplanes with
45°-60° swept wings; Jav = 2,0-2.3 m/s2 during rollout for heavy
alrrlanes with 25°-35° wing sweep.

When drag parachutes are used, jav is increacsed to -3.0~3.5

Wron thrust is reversed, the absclute values of the J_, given
- 2 '
above must be increased by 9'81Prev/0 fm/s“].
Using the above average values of the rollout acceleration

and knowing the landing speed, we can determine tne rollout dis-
tance accurate to about 10%. The landing distance is 2.0-2.5

times the rollout distance.

Since the values of Jav during the rollout differ little from
one another for modern alreraft, the roilocut distance is obviously
determined basically by the airplane's landing speed.

During pancaking from a height of about 0.5 meters, the flight
speed drops by about 5%. Thus we obtain the following expression

for the landing speed:

) G

Vno¢’=0.95-4V scynoc P (7. 12)
It follows from expressions (7.11) and (7.12) that the rollout
distance is directly proportional to the load per square meter of
wing under landing conditions and inversely proportional to ¢

ylag
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ﬁnalysis of' the landing speed of modern aircraft indicates

that their cy - range from 0.5 to 3. Aircraft of the flyiﬁg-wing
- " ldg )
type with wing aspect ratios of 1.9-2.2 and leading-edge sweep
angles around 60° have the smallest cy _ s from 0.5 to 0.6. The
ldg
swall cy of these wings is explained by the absence of the
ldg .

horizontal stabilizer and hence the impossibility, dictated by

the need for longitudinal balance, of using flaps.

In airereft having the same type of wing but also horizontal ;

tails, flaps increase ¢ to 0.7-0.8. Increasing the wing as-
ldg
peect ratio to 2.5-3.5, reducing the sweep angle to 45°, and blow-

ing the houndary layer off the flap and turnad-down wing leading

edge increase cy _ to 1.15-1.4. The lendirg attack angles of all
ldg
these alrcraft are determined not by Oups but by landing-gear

neight, and vary from 9° to 12°.

e ISR 8 s o R 1 S S

For transonic alrplanes with wing sweeps around 35° and as-

pect ratios of 6.5-8, cy varies ovrr a very broad range, from
ldg :

1.2 to 3.0. Te value of cy is determined basically by the *
ldg 3

effectiveness of thz wing high-11ft devices and, in addition, by

landing-gear height. Transonic airplanes have landing angles of :
attack between 8° and 13°. At aldg
comes to depend not only on landing angle of attack (landing-

equal to or greater than 13°,

(P
Y1dg ‘
frear height), but alsv ¢on ¢ (acr)' Thus the designer must use i

max i

high=1if{ devices that increase a P’ e.g., by providing the outer

¢
wing with leading-edge slats. Thus, the wings of the Boeing 707 i
and 720 passenger airplanes, which have aldg z 10.4°, do not have
wingtip leading-edge flaps, while the Boelng 737 wing, for which

aldg z 12.%9, does have them.

The impossibility of obtaining large cy ~ with small wing
1dg
aspect ratios and large sweep angles gave a great deal of impetus

to the development of variable-sweep aircraft capable of super-
sonie flight with the wing swept far back and with & sm:1l aspect

TPy TS v S, PP
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ratio and landing with the wing a%t a small sweep angle and large
aspect ratlo.

she relation between the runup and rollout dis-
In military supersonic
shorter than the

™he protlem of
tances of aircraft is of great interest.
airecraft, the rule is that the runup distance is

rollout distance even without takeoff boosters.
For transonic aircraft, the runup and rollout distances are
crosely similer, and the runup distance of & heavy airplane may

even exceed its rollout distarnce.
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Chapter 8

METHODS OF ENSURING STAPILITY AND CONTROLLABILITY
OF AIRCRAFT

§8.1. GENrRAL “EQUIREMENTS FOR STABILITY AND CONTROLLABILITY OF
AIRCRAFT

L}

Irrespeetive cf whether an alrplane is controlled by a pil&f

or by automatic devices, good stabllity and controllability are

necessary for guidance of the airplane along a given trajectory.
Thus, problems of the aerodynamlic layout of the airplane that will
endcw 1t with the necessary stability and controllability char-
acteristics under all flight conditions occupy an important posi-
tion in the over-all prcblem of synthesizing the closed-loop control

system in the preliminary design stage.

To obtain satisfactory stability and controllability char-
acteristics in the airplane in all flight situations, 1ts aero-
dyriamic-design characteristics must meet certain requirements:

— the control-surface deflections that are pessible and ae-
ceptable or. the basis of design or zther considerations, as well 1
ac the forces fed back to the control levers, must ensure all

)

flight regimes required of the ailrcraft in question;

— the airpiane muct be stable in its own disturbed motion.

The parameters of the disturbed motlon must damp as quickly as

possible;

vt
=
N
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= the airplane's response to manipulation of the controls
nust be such that the transition is not accompanied by overshoots
of the parameters of the airplane's motion (ecpecially of the
normal acceleration) beyond established limits;

— the lag in the airplane's response tb operation of the
controls (its response time) must remain within established limits;

— the airplane's control system must perform with high reli-
ability.

Because of the rather broad altitude and speed ranges of
flight, a glven set of aerodynamic-design features cannot satisfy
all of the requirements stated above. The resulting gap between
the required stability and controllability characteristics and the
possibilities inherent in the airplane's aerodynamic-decsign layout
must be filled by automatic devices designed to improve the air-
plane's stability and cohtrollability. Rational aerodynamic-
design layout of the airplane and selectlon of the prop2r automatic
. systems are two inseparable parts of the coordinated process of
syntheslizing the clczed-loop control system.

T R Y

The present work 1s concerned basically only with the first g
department of closed-control-system development. In other words, i
we are concerned basically with problems in the selection of ad-
vantageous — from the standpoint of stability and controllability
— aerodynamic shapes for the airplane, taill-section and control-
surface dimensions, wing dihedral, and aerodynamic devices that
improve stability and controllability characteristics.

T e

In addition, we shall submit a technique for checking the
correctness of the choice of basic tail- and control-suriace
parameters based on the airplane's trim in the design flight modes.
It is assumed in the latter case that the geometrical shape and
dimensions of the airplene have been arrived at in the first approxi-
mation and that the takeoff weight, moments of inertia, and stan-
dard aerodynamic characteristics are known.

The class of airplanes considered here will be limited to
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transonic and supersonic types that take off and land con-
ventionally.

Before proceeding to the claboration of a rational aerodynam-
ic-design layout of the airplane (from toe viewpoint of stability
and controllability), it is necessary to form a clear conception
of the basic stability and controllability‘problems that arise in
modern transonic and supersonic airplanes.

§8.2. ENSURING STABILITY AND CONTROLLABILITY OF TRANSONIC AIR-
PLANES

Analysis of statistical data on modern transonic aircraft in-
dicates that the overwhelming majority have swept wings and tails.
Use of swept wings has disadvantages as well as advantages. The
former censist in deterioration of stability and controllability
characteristics. Tne following problems arise:

— when the airplane 1s set at large attack angles, it loses
some or all of its normal-acceleration stability. This phenomenon
is known as "grabbing" in aviation practice, since the alrplan:
inereases its angle of attack spontaneously and bends the tra-

Jectory of 1ts moticn upward.

The ncrmal-acceleration instabllity at large angles of attack
is compounded by "floating" of the ailerons, i.e., when both alle-
roi.s are deflected upward simultaneously on an increase in attack
angle. Upward deflection of both allerons is made possible by
deformation of the control rods (cables), taking up of slack, and
deformation of the wine structure at the attachment points of the

ailleron contrcl-line rockers;

— Jonritudinal normal-acceleration stability is lowered at
eritical flight speeds owing to the appearance of shock~stall ef-
fects (formation of local compressicn shocks);

-~ the lateral svabillity and controllability characteristics
of the alrplane deterlorate in low-speed flight at large attack
angles, which cause the airplane to wobble from wing to wing.
This effect s gove med largely by the transverse stability mi,
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the decrease in alleron effectiveress, and the directional sta-

bility mg;

—~ the effectiveness of the control surfaces, and that of the
allercns in particular, decreases substantially in flight at Mach
numbers éqgal to or greater than critical. ' Alleron effectiveness
is also lowered sharply in the presence of bending-torsional de-
formations of the wing. These deformations become especially large
toward the wingtip.

Let us consider what measures must be taken in laying out a
transonic airplane to eliminate some or all of the above stability
and controllability deficiencies.

a) Aerodynamic-Design Measures to Reduce "Grabbing" of the Air-
plane on Going to Large Attack Angles

First of all, let us briefly examine the essential physical
nature and causes of the decrease in the normal-acceleration sta-
bility of swept-wing aircraft on going to large attack angles. It

i1s known that this phenomenon 1s basicaily due tc features of the
flow past the swept wing and the horizontal tail surface behind it
in the airplane system, 1.e., when the entire airplane as a whole
is considered instead of just the isolated tail surface.

The presence of the midlength
and tip effects in the airflow

ﬁt In tip over a swept wing changes the pres-
section .
At center sure-distribution pattern along

of half-span

the span and chord of the wing,
with the rcot sections differing

from the tip sections basically
in the amount of vacuum at the

8 In root

R A

3 ' section

: front of the profile. The vacuum

1 Figure 8.1. Distribution of on the upper surface of the front

1 pressure over chord in root,

A midlength, and tip sections of the profile (a > 0) is smaller
of swept wing. in the root sections than in the

tip sections. Figure 8.1 indi-
cates that at small attack angles and subcritical speeds, the tip
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Figure 8.2. Changes
in spanwise distribu-
tion of lirt ccef-
ficient c, on
Ysec
swept wing. -—cy H
seq
-~-=-variatiocn ol
e ¢n dncrease of
sec
wing angle of uttack;
--—-—cy ;5 0 1s
sec max
the point at which
flow s=paratic. de-
gins.

sections of the wing are more heavily
loaded than the root se-.tions. This
means that the section 1ift coefficients

e wlll be larger on the tip sections
Ysec

of a swept wing (even for unity taper)
than in the root sections {Fig. 8.2,

501id 1line). When the airplane's angle

of attack increases, the 1ift coefficlents
increase on all secticns of the wing
(dashed line in Fig. 8.2), with cy in-
creasing more rapidly on the root sections
of the swept wing than on the tip sec-
tions.

At a large enough wing angle of at-

tack, ¢ may reach its maximum on cer-
se¢
tain sections of the wing (see dash-dot

line 1. Tig. 8.2). This means that flow
detachment will occur in these sections
as the angle of attack increases and he-
gin to spread alony the wing. Conse-

quently, flow dectachment begins or. that parc of the wing cn which

the section 1ift coofficient ¢

Figure %.3. Origin »f pitenup
moment on flow separation at

tips of swept wing.

planform. Tho n G

FiD-HC-23-"73-11

reaches 1ty maximum first.
3ec
To find the point at which

flow separation beglns on the
wing, it is necessary to knaow
the spanwise variation of the

Lifv eonfficlents c, and
“gec
¢ . For an unwarped wing
Yo max
wisn the same profile over the

apuni, the variatlon or o
Yize max
aiong the span depends on wing
of plan.Jsy on G 18 asacelated
seC max
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principally with the taper and sweep of the wing.

The taper lowers the Reynolds numbers of the tip sections and

reduces ¢ . The sweep of the wing causes crossflow of the
sec max
boundary layer from the roct tcward the tips of the wing ard its

accumulation and premature separation at these points. As a re-

sult, c decreases along the half-span of a tapered swept
sec max

wing even when the taper is unity (see Fig. 8.2).

. This flgure 1indicates that,as the angle of attack of the

swept wing increases, the 1lift coefflcient ¢ reaches 1ts maxi-
sec
mum c earliest near the tips of the span. Thus, flow
Ysec max
ceparation begins a+ the tips of a swept wing at large angles of

attack. This means that at large cy’ an increase in wing angle
of attack lowers the 1ift at the wing tips and sets up a pitchup
moment (Fig. 8.3). An over-all increase in 1ift occurs as a re-
sult of the increased 1ift at the roct and at midlength of the

wing, anc¢ this also tends to increase the pitchup moment origi-

nating from wing 1ift.

1n addition, the pitchup moment acquired by the ailrplane on
going to largzer attack angles 1s further increased by a decrease
in the 1ifting properties of the horizontal tail, since the 1ift
of the wing root sections 1s increased, leading to an increase in
the downwash angles in the vicinity of the horizontal tall and
a decreace in i1ts true angles of attack.

n
As a conzeauence, the airplane iLM«_

loses longitudinal stability with re- gl \\\\\\——///-:n

spect to normal aczceleration. Graphlic-

ally, this is represented by an upward

cend of the m_ = f(a) curve — a so- Figure 8.4, Pitching-
called "s = o am i e GrEles moment~coefficient
al spoon" appear: at large angles vapriation of & sweph-
of attack (Fig. 8.4). wing airplane as a
function of angle of
It follows from this analysis of attack.

the aerodynamic problems of swept-wing
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alrcraft that the loss of normal-acceleraticn stability at large
attack angles can, In principle, be =lirinated by:

— changing the spanwise distribution of the maximum section

1ift coefficient c, (dot-dash curve in Fig. 8.2);
“sec max .

- changing the spanwise distribution of ey (Figs 802,
sec
solid curve) in such a way that c¢ will be smaller at the tips
sen

of the wing at a given angle of attack than in the root section;
- preventing accumulation of boundary layer on the wing tips;

- rational placenment of the horizontal tail on the airpiane

to minimiz~ the downwash at the tail.

Accovdingly, “h- ~e are ceveral aerodynamic-design measures
directed toward improvement of longicudinal normal-acceleration

stabllity at large attack angles.

The first of thess, whese purpose is to adjust the spanwise

digtrikacieon af o , 28 to build up the wing with a variety
Y8ec max
of proriles instead of 1ldentical ines: profiles wich less 1ift
at the root and profiles with higher 1ift at the wing tips, with
the possibility of using symmetrical profiles in the root of the
wing or evin profiles with negative centorsl ne curvature, the
so-called "inverted" profiles. Use of lovwr-11ft profiles with
negative centerline camber has practically nc detrimental effect
on the total 11fting ability of the wine, sinco the root sectlen
of a swept witnrs 14 Lot fully loaded because of the aspanwlse re-
dizteitetion of the 1ift, as we seo [rom Fia, §.2. It then be-
comes vossikle fe wae rost profiley with (ibkge? Pelabtive thlekness
(12-15%) wich no appreciable lnerease in the frontal drag at near-

critical Mueh numbers.

It appearc thet the Reei. - Ticn was plided by this principle

-~ . 0 an e 2 AR s " E) 0.0 1 %o S
in mcéifying the type 707 to the =ype V70, wnen it introducea a

] bulldup on the leading edge of the w'n, roct sectlions to give the

profile center 'an 4 negative curveture and reduce 1ts fhickness
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ratio (Fig. 8.5). The value of ¢ was lowered on the built- ‘
sec max i
up segment at the root cf the wing (Fig. 8.6).

T Ty

F.
“Jeen

A-A

Tip
section

Root section
with "buildup"

77 %

Figure 8.5. Schematic repre- Figure 8.6. Variation of 1lift
sentation of "a buildup" on coefficients vs. angle of at- ﬁ

Jegioo el o

swept wing of Boelng 720 air- tack of root sectlons with

craft. "a buildup" and tip sections
without "a buildup" on swept /
Thus, by placing higher- wing.
1ift profiles at the tips and : a
lower-1ift profiles at the root of the wing, it 1s possible, in k

_ principle, to distribute = spanwise in such a way as to
1 sec max
prevent f.ow separatlion from the wing tips at large attack angles.

.

; In addition, Cy can alsc be increased at the wing
] sec max ;
: tips by the use of leading-edge slats at the tips to deflect the ;
3 : wing nose sectlons.

i A second measure for improvement cf the normal-acceleration

] stability of swept-wing airecraft is to lwpart an aerodynamic twist

i, Sl sl

to the wing. It consists 1n twisting tie wing sections progres-

sively away from the root sections, vo an angle of -3° to -5° at

the winy tips. This adjusts the spanwise distribution of ¢
sec

3 in such a way that the wing root sccrion is loaded more heavily
and the wing tips are relieved. Sincc thoere is no change in

3 C. on the tip cections, a wing twisted in this way can

sec maX
reach large attack angies (with respoct to roct chord) before

%i separation beglns on the tip sectlons of the wine.
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In designing a swept wing twisted in this manner, it 1s
necessary to take account of bending-torsional deformation of
the wing tips, which also twists the tip sections of the wing to
a negative angle with respect to the root sections. The more
flexible the wing, the greater will be the twist acquired as a
result of 1its deformation.

Vortices{ -~
trailing ; 4
from wing 5 :

4

>

in presence===___ i} s J

of fences A I A S T
¢, 3 Without fences 0 -~ N
Yeen i ! z\\\

Figure 8.7. Effect of mount- Figure 8.8. Variation of aero-

ing stall fences*on upper dynamic characteristics of

surface of swept wing on swept wing (x = 35°) on in-

spanwise distribution of stallation of stall fences:

the 1ift coefficient ¢ : 1) without fences; 2) with
Ysec fences.

1) without fences; 2) with

HENEEET: A third wav to improve longl-

tudinal normal-acceleration sta-
bility at large attack angles consists !In the uge of devices that
reduce boundary-layer pileup at the wing tips. They include use
of stall fences on the upper surface of the wing, use of pylons
to suspend the engines under the wings, and the use of "doglegs"

on the leading edge of the swept wing.

Usuaily, one or two. and les¢ often three stall fences ure
mounted on the wing. They must be orlented in the directicn of
symmetrical flow over the wing. The helght of the stall Teoes
represents 2-U% of the lecal wing chord. The fences mounted on
the wing divide ic intc separate ~aations., Flow of the houndary

L] o g .
Translator's hiote: & 3tall fence is a barvier tmnr - over the
wing chord te piev 't crossflow cver the 'ving.

2
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layer toward the wing tips then occurs only within the limits of

the particular wing segment. Vortices form at the fences, and

the boundary layer accumulated at these points flows off with

them (fig. 8.7). We see that the use of two stall fences on the

wing upper surface has not only eliminated "accumulation and de-

tachment of the boundary layer at the wing tips, but has at the
i same time improved the spanwise distribution of 1lift.

v e Nl

o o

As an example, Fig. 8.8 shows the variation of the pitching- :
- moment czoefficient m, with the angle of attack a and that of the 2
maximum 11ft/drag ratio Kmax as a function of M for a swept wing
with sweep angle X = 35° whe.l two 3tall fences are mounted on it
(their heights are h = 0.04; £g # 0.4172/2 and z, = 0.661/2). We
see that while the stall fences improve rnormal-acceleration sta-
bility, they also lower the airplane's 1ift/drag ratio, since
they increase its frontal drag.

Continuously_ 3 E
generate ! ] 1
vortices

Figure 8.9. Wing of Boeing FPigure ©.10. Diagram of "dog-

707 airplane showing engine leg”" cn leading edge of swept 3

nacelles on gylons. wing.

The effect of using pylons to suspend the engines under the 5

wing is similar to that of stall fences. However, these pylons
act as stall fences on the lower surface of the wing, where the
boundary-layer crossflew is consideratly smaller than it is on g
the upper surface. The gain from use of such pylons 1is therefore ]
small. For this reason, the engine pylons of certain airplanes

(for example, the Boeing 707) are mounted in sucn a way that they , ]

also extend ontn the wing upper surface (Fig. 8.9). In this case,
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the pylon* work as stall fences.

A "dogleg" in the leading edge of = swept wing, as shown in
#lg. 8.10, functions in much the same way as a stall fence. The
"dogleg" forms a steady vortex on the wing surface and this vor-
tex acts as a stall fence, pulling the accunuiating boundary layer
along with it and preventing it from flowing across to the wing
tip. It should be noted that, unlike stall fences, "doglegs" are
effective over the entire speed range. They are therefore used
' by military aircralft with swept and delta wings capable of flight
f ‘ not only at subsonic, but also at supersonic speeds. Sometimes
% the use of the "dogleg" alone does not give the'désired result.
§ In this case, the "dogleg" may be used with a buildup on the wing
| leading edge (see Fig. 8.10, section A-A). This enhances the

? effect.
It is not recommended that the
"dogleg" be made very deep, since this
Fin would weaken the wing.
o A fourth way tc improve longi-
S ) b}' tudinal normal-acceleration stability
a

at large attack angles 1s to place
Figure 8.11. Diagrams
showing two placements .
of horizontal tall to relative to the wing and fuselage in

the horizontal tail at a posltion

£ obtain minimum down- . L
! wash in the symmetry which the downwash in the tgil region
plane of the airplane: Is minimized. It is known that, dis-

[ a) horizontal tail on
fuselage; b) horizont-
‘al tall on vertical fin. of gases from the TJE's, the least

regarding the influence of the stream

downwasn at small attack angles is ob-
teined when the horizontal tall 1s plac=d on the fuselage below

its axial line (see Fig. 8.11a) or on top cf the fin (see Fig.
8.11b). At 1argé attack angles, a horizontal tail atop the fin
enters a reglon of strongly stagnated flow. This lowers ifs ef-

&, s piosie | o iidah

g fectiveness. The horizontal tall telow the tuselage axis dzes

not have this deflciency.
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However. 1t should be noted that
the choice of the horizontai-tail mount-

“ing *'po)int on s conventionally configu- : Horizontal tail
rated alrplane depends very strongly on e
where the engines are mounted on. the "””’T;‘
aizvplane. The tail may not be placzd £ E -

. where it is struck by the stream of S—

\

gases from the englines Cr in a position

Figure 8.12. Diagram

; showing positicn of

the surface of the horizontal tail. horizontal ta!l rela-
tive to engine ex-
haust-gas Jet.

-such that this jet passes too far from

When the jet of gases from the en-
glnes passes close to the surface of the tall, a suction {crce
will be appiied to it. This force will vary in ragnitude as a
fupction of engine setting. Reeordingly, the lonzitudinal mo-
went that tends to throw the airplane out of trim will vary with
the power being developed by the TYE. This makes control more
aifficuls.

It has been established experimentally that the horizontal
tail must be placed relative to the stieam of gascs from the
engines in such a way that it does nct intrude across the bound-
ary of the jet, i.e., into the surface of the jet, on which the
speed of an air particle equals the speed of ©1tght. In approxi-
mation, tnis surface may be assumed to¢ pe that formed by a cone
with a generatrix inclined 15° to the axis of the TJ8 and de-
seribed about the engine's exhaust nozzle (Fig. 8.12).

If the TJE's have no effect on the tzil, then of the twe
schemes shown in Fig. 8.11, the one with the lower position of
the horizental tail on the fuselage is surerior from the de-
sign and welignht standpoints and alsc as regards vibrational
strength (immunity tc flutter).

We note that %his placement of the herizontal tall is
better not only for transonic aircraft, but also for supersonic

types.
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A £ifth measure taken to improve lcngitudinal normal-accele-

-ration stability at large attack angles is concerned with

counter-
ing alleron "float."

The phenomenon of simultaneous upward deflec-
tion of ailerons at the wing tips when the alrpiane's angle of

attack Increases is known as ailevron "float." It 1s caused by
deformation of the control rods or cables and the taking up of

slack under the fnfluence of the aileron hinge moment Mh

The hinge moment that causes aileron "float" can be computed
by the formu‘a )

Af,m.’?—“m;’,Q‘Ssb,:la, (8: 1 )

where mh‘ i1s the derivative of the aileron hinge momen%t coef-
ficient with respect to angle of attack, g is the ram pressure,
-Sa is the aileron srca, and ba is the aileron mean chord. We

see that, other conditions the same, the amount of aileron "float"
depends on the derivative mh Thus, by reducing mg.a, the de-~
signer reduces aileron "float. We note that one way to reduce

the derivative mz 3 is to compensate aercdynamically by blunting
the trailing edge of the aileroa.

Aileron "float" can also be reduced at a given “% by rout-
ing the aileron control lines so as to m’ nimize the ﬁeformation
of the control rods and reduce the amouni of slack. For example,
alleron "float" can be reduced substantisily hy placing the hy-
draulic boosters in the immediate vicinity of the ailerons.

For unswept-wing aircraft, aileron "float" has no substantial
influence or pitching moment. For swept-wing aircraft with aile-

roins at the wing tips. simultaneous upward deflection of the aile-

rons on an increase in angle of attack glves rise to a secondary 2
pitchup moment (since the tip sections of the wing are behind the
airplane's center of gravity), which lowers normal-acceleration

stability. This makes it understandable why the following deszign
measures must be taken to reduce the influsnce of alleron 'float"

on normil-acceleration stability if the‘effect cannot be elimi-

nated altogether:
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~ eliminate (to the extent possible} the ailerons at the tips
of the wing and provide lateral control by means of allerons placed
at the center of the wing and interceptors on the upper surface of
the wing. These measures are used, for examplie, on the American

Convair &80 and 990 passenger aircraft;

~ mount two ailerons on the wiag: an inboard aileron that

* operates at all times durihg flight and an cutboard aileron that
15 switched in under flight conditions such that the inboard e2ile-
. rons alone are noi, sufficient tec provide lateral control (for ex-

ample, during takeoff, landing, flight with the flaps down, etc.).
This principle 1s exemplified in the Boeilng 707.

b) Measures to Improve Lonzitudinal Normal-Accelcration Stability
at Critical Flight Speeds

3 It is known that a substantial decrease in the 1lift coeffi-

(1)

clent cecurs on a swept wing at a zertain attack angle at M >

2 B (Fig. 8.13). Other conditions the same, the critical M

fy L llzf. - Mxp
"“

" ._’—-:-(’/‘(-'\_ 0’5 x=356
| =™ \
1 1= 33"0 . 8

|
]
|
TS o 1/
i’.fl | a7k e

l | . T~

I ' i

L Ao

+ 1 - : 1 1 . 1 :

42 54 s 4 M aﬁa 02 a4 95 ¢y
Figure §.13. Coefficient ¢, Figure 8.14. M as a function
as a function of M (at a = 2°) of ey for suepr and unswept
for swept and unswept wings wings .

puilt up from fdentical pro-
files.

decreases with increasing ccefficient ¢ (Fig. 8.14). Remembering
!

e that the spanuise distritution of cV ‘alcng a <wept wing is non-
Yzec
onclude that the development

3
ani form (see Pigs. 8.1 and .2y we e

Footnote (1) appears on page 188.
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of shock stall on a swept wing begins at the wing tip. Since the
tip sections of tha wing are aft of the center of gravity, the
decrease in 1lift caused by an increase in angle of attack at M >
> Mcr_results In an increase in the pitchup moment, i.e., it re-~
duces longitudinal normal-acceleration stability. This phenome-
non can be eliminated or controlled by the following procedures:

— by reising the critical Mach number of the wing tip sec-~
tions by reducing their thickness retio (use of buildups, etc.,
see Fig. 8.10), by changing the coordinate of maximum profile

ey

H
AR
¢

w220° |
|

Figure 8.16. Diagram showing

s o - placement of trips in the
Figure 8.15. Diagram showing form of vanes on the right
placement of wedge-shaped

wing; height h = 0.01b, length
boundary~layer trips on wing L = 0.015-0.03)b; soascing B =
of &lEpEancn = (0.04-3.08)b. |

?_ thickness (in the tip sections, the profii: should have maximum
thickness at about mid-chord), and by imparting aerodynamic twist
to the wing;

1-,

— by preventing prematuré separation of the boundary layer
he lccal compression shock. Thic 13 done by reducing the

pbehind ¢

+

<

§ profile thiickness ratic (thercby iowering the intensity of the ‘
, shock) and by increasing the energy of the boundary layer by mount-

: ing various type5 of leading-edge siate, by becundary-layer blow- .
ing and suction, and by installing bcundafy—layer trips. The

latter take the form of a row of wedg -shaved projections i..g.

8.15) or a row of vrofiled vanes mounted on the upper surface of

the wing perp ndicsiar to it te Jurm an angle of 15°-20° with the

FTD-HC=2 3=7%3=71
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direction of the flow (Fig. 8.16). The air stream acquires a
twist in a certain direction as it flows over the trip. The re-
éult 1s formation of a serles of vortices that act parallel to
the washed surface of the wing along the upper surface of the
beoundary layer. This causes strong mizing of the boundary layer
with the external flow. The boundary layer acgulres an Influx of
energy from the externzl low, and this prevents it from heing
separated from the compressicn siock. This 1s essentlally

a kind of boundary-layer blowing.

Trips rfunctioning in thls manner z1sc prevent premature de-
tackment of the boundary layer during flignt at large attack
angles. Placed in the immediate vicinity of the contiol-surface
{alleron, rudder) axles, they remain effective up to large attack
angles.

Rule-nf-thumb dimensionz for trips mads in the form of rec-
tangulair vanes are ac follows: height above surface h = 0.01b;
length 7 = (0.015-0.0%)L; cpacing {(distance beilwoen vanes) D =
= (0.04-0.08)b; b i3 the wing chord (see Fi:. 5.1lb).

Naturaliy, the sencration of vortices by the vpips regulres
an expenditure of ener, v, sn that the alrplanc's drag s in-
crzased. The drag of the wrips 2dan be roouced by oadjvsting their
shape. Thu:, the rectanguisz: voaes mayv 0o reciaced by wedve trips
(see Fig. B.1%). A radical :oijufisn of uhe v ip-drag problem con-
sists in retracting them inis the surface on whien they are
mounted and deploying them as noaded dusine [ient.  Such trips

are used, [or exampie, on the delaviiliacd Trldenc,

c) hevoaynamic Design Mearures Taken to Improve Lu'nyal Stabllity

and Controilahility Characteristies at farpge Aneclos of Attack

A peculiarity of swept-wing alreva’t 1o that thelr lateral

stability inereascs with lnereasing attack ansie (i .cong as the

airstream vemalins wmeot 1. AL the same time, the alrplane’s
directional stability m; dercreases charply ~f o fect anples o
greatzr than 10°. Hence it fullows tnat Lhe polation uetween
¢iiun of flight

S
i

lateral and directlional stability wvaric o aw o fu

FTD-HC=-23-753~11 15
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conditisn for swept-wing aircraft (this applies equally to delta-

‘w'ng alreraft), énd, consequently, so do its lateral stability

characteristics. If a normal relation between lateral and direc-
tional stability prevails at medium and high speeds (compara-~
tively small angles of attack), lateral stability may become ex-
cessive and directional stability deficient at low speeds and
large attack angles. This usually results in excessive fluctua-
tion of the parameters of lateral divergent motion, making it
difficult to fly the airplaue in critical takeoff and landing
situations.

In rilizht at large angles of attack, it also becomes very
Aifficult to enzure normal lateral contrellabllity of the alr-
plane. This 1is due basicaliy to three factors: a decrease in
the effectiveness of the allerons (which usually work in a flow-
detachment zone at the tips of a swept wing), a decrease in
directional stabllity, and an increase in the lateral stabllity
mi. In fact, even a small slip angle in the presence of high
lateral stabiilty sets up a substantial rolling moment. It be-

comes difficult to counter this moment by deflecting the alle-

rons since the ailerons are not sufficlently effective (mxa is

small).

The above implles, that In order to improve the lateral sta-
bility and contrilabllity of an airplane at large attack angles,

it is necessary to take aercdynamic-design measures directed to-
ward reduction of the lateral stability mi

alrplane's zontrolling moments in roll and its static directlonal

stabllity ms.

and increasing the

The lateral stability mi of an airplane can, in principle,

be reduced by:

— plaecing the wing lower on the fuseclage;

— giving the wing a negative dihedral (of the order ol 2% -
EO).
J 3

—~ mountinzg & T=nze under the {uselage
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Lift-reducing
pressure zone

Lift-reducing flow=-
detachment zone F

Figure 8.17. Aerodynamic (a) and design
(v) schemes of spollers.

pe increased by two methods:

taking measures to prevent
.2a)}and by mounting
he form

‘The roll controlling moment can
inersasing alleron effectiveness {by
flow separation from the wing tips (see §8
ol surfaces on the airplane in t

additional lateral contr
ign literature as "spoilers."

of what are known in the fore
a flap whose dimen-

A spoiler is a plate (movre precisely,
that is extended

may be comparable to these of the aileron)

sions
per surface of the wing (Fig. 8.17).

from the up
wing surface, the spoil

Raised above the

er ralses the pressure in rront of it by
ramming the airstrazam, while the pressure tehind it also in-
a3 a result of flow detachment.

at a czrtain

crensas Thus, the 1ift on the

surface of the wing is reauced
Thne resulting moment. causes the

upper qistunce from
the airplane's longitudinal axis.

airplane to roll.
Spoilers are highly efficicnt contrcis even in flight at

soch numbers ibove critical.

1,2 spollers can also be used as air brakes when they are

deployed simultaneously oOn both wings.

Spoilers are usualiy hydraulically controlled.
are used together witn oilerons, ohe
signed in such & way that when the aileren has reached a certaln
deflection angle (32Y, go.10°), the spoiler cenbral 1o activated

159
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and opens the spoiler(Q) on the side of the wing on which *he
allercn has been deflected upward. Such spoilers nced not he
used in the basic flight situatlions (fhose prevailing for most
cf the time); This greatly reduces the detrimental effect of
the spoilers, which consists 1n an incréase'in the airplane's

frontal drag.

d) Measures Designed to Improve Ccntrol-Surface Effectiveness,

Primarily That of the Ailerons, in Flight at M > Mcr

A substantial decrease in elsvator, rudder, and especially
aileron effectiveness 1s observed in flight at nigh speeds cor-
respcnding to M > Mcr' The decrease in alleron effectiveness at
high speeds 1is due to the compressibility of the air, on the one
hand, and to elastiec deformaticns of the wing on the other.

Let us eonsider the effect of the compressibility of air.
The operation of the allerons, like that of the elevators and
rudder, is baced on the fact that deflecting them through an
angl> § changes the curvature of the profiile and increases its

lifting or lateral force.

Figure 8.18. Schematic drawing of
change in aerodvnamic load on tail
surface in subsouic flow. 1) Sur-
foce undeflected; 2) surface de-
flected.

Figure 8.18 shows schematlcally the variatlion of aerodynamic

load (51 - ﬁu) along the chord cf a tall (wing) at a small angle

Footnote {(2) aprn~av. on page 188.
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of attack in subsonic flow (¥ < Mcr) for two positions of the
control surface: 1) undeflected and 2) deflected through an angle
§. We see that at suberitical flight speeds, deflection of the
tail control surface (or aileron) causes a change in the pressure
distribution not only in the reglon of the control-surface chord,
but also over the entire profile. The result is a substantial
increase in the 1ift of the tall surface or wing.

Thus, the force increase depends baslcally not on the change
in the pressure distribution over the control =urface, but for
the most part on the pressure-aistributicn change over the entire

tailplane or wing profile.

T ]
Compression —_
shocks

aBy -
/”/ \ L il
ra ’

Figure 08.19. Schemztic drawing of
change in asrodvnamic toad nn tail
surface in tranacnie fiow (M > W

DG

1) Surface undeflected; 2y surlace
deflected.

A different picture forms in P1Light atv apove-critical speeds,
rvoanie speed terminating

4

when rather large zones of locally supe
in compression shoces form cn the wins or tailplanz. The forma-
ticn of saversonic zones reduzes the etfret of deflecting the
control surface on the chordwise distriousion of pressure On the
tailplane.

It may be found at a certain ¥ > M thai the distribution

of pressure over the profile on the cermant from the nose to the

compression shock no longer depoads on sonb rol-surface position
(Fig. B8.19). We see that at above-criftical flight zpeeds, de-

i

flection of the control snrface hag practlezily no effect con the
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: :_ﬁiess&re distribution over the profile from the nose to the com-

:?Q pnession shoek. The pressure changes only on the chord of the

= ontrol suriace. This results in a smaller change in the control-
'riing~fbrce and, consequently, reduced effectiveness of the con-

4-{ trols: ailerons, elevators, and rudder.

: Since smaller thickness ratlos are usually used on the tail-
f‘plane than on tie wing, and since the tail is usually swept back
mcre sharply than the wing, the allerons lose effectiveness in

flight before the elevator and rudder

The decrease in contrcl-surface effﬁcti /eness means that
-larger deflections are needed to turn the airp.ane at a given
angular velocity, and this results in a substantial increase in
the effort at the controls. In modern aircraft flying at high
speeds, these efforts may be far beyond the physical capabili-

ties of the pilct. It therefcore becomes necessary to lighten
the airplane's controls (reduce the required effort).

Ppp———

Flow separation due to boundary-
layer Qgtachment

U S S

Figure 8.20. Diagram showing Figure 8.21. Diagram showing !
placement of trips on swept effect of trips on flow past . §
wing to counter tip separa-~ rudder at large rudder deflec- |
tion and inprove alleron ef- tions: a) flow without trips; ;
fectiveness. - _ . b) flow with trips. i

The following measures are taken to Improve control-surface
_effectiveneés and reduce the effort required at the control:

- — 1in longitudinal control, the elevator is abandoned in favor
of' the all-movirs stahilizer, a measure that increases iongitudinal
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control effectiveness substantially;

~ aileron effectiveness at above-critical speeds is improved
by measures whose effect 1s to improve longitudinal stability at

MM, (see §8.2b);

-+ tripq (vortex generators) are used direct‘y to ensure aile-

ron and rudder effectiveness at large deflection angles; they

are mounted ahead of the alleron (Fig. 8.20) and rudder (Fig.

8.21) leading edges. Figure 8.21a shows the flow around a cross
section of a rudder deflected at large angles without tne use of
trips, and Fig. 8.21b the corresponding flow when trips are used.
We see that this improves not only the effectiveness of the rud-
der, but also lts hinge moment, since the use of trips actually
eliminates the possibility of rudder overcompensation at large 8.

Various types of compensation (aerodynamic,'"internal,"
servotabs, servorudders) and hydraullc boosters, usually in re-

versible operation, are used to reduce the effort required at

the controls. However, there are also cases in which boosters

operating on the irreversible princirle are used on transonic
aircraft (e.g., the Boeling T727).

Let us
aileron effectiveness.

analyze the influence of wing elastic deformations on

Elastic deformations of the wing may also lower alleron ef-
fectiveness substantially In flight at high speeds. This applieu

in particular to swept wings with straight leading edges, rela-

tively small profile thickness ratios, and comparatively large

aspect ratios.

When the allerons are deflected on such a wing, they set up

Simultaneous deflectjon of the ailerons

a rolling monent M H
re in the part of the

causes. a shift of tnp wing center of pressu

wing serviced by the atierons. This shift in the center of pres-

1se to twist of the wing sections. Thus, when the

sure gives r
sections will

aileron 1s deflected downward, the profile nose

also dip to smaller angles of attack. For this reason, the
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increment in wing 1ift grodueed by downward deflection of the
aileron becomes smaller (as cumpared with its value on an abso-
lutely rigid wing). The resistance to twisting depends-gﬁ-the '
rigidity of the wing. It 1s a constant for a given airplane (a
glven wing). In this case, the wing twist angle Aa increases in '
_proportion to ram pressure at a given alleron deflection. Con-
aequently, the change 1in 1lift and rolling moment due to deforma-
tion of the wing is approximately proportional to the fourth power
of speed. The rolling moment stemming directly from the aileron o
~ deflection 1s proportional to the square of épeed) T

The t4ist of the tip sectiohs of a swept wing also helps the |
downward-deflected aileron to flex the wing by increasing the 11ft
~at 1ts tip. ‘Upward bending of a swept wing causes a further de-
crease of the angleq ‘of attack of the wingtip secticns and, con-
sequently, a further decrease in uhe 1if¢ and the rolling moment

imparted to the airplane.

As flight Speed increases, therefore, the 1ncrement 1n the
1ift and rolling moment -due to deformation of the wing increases
- more rapidly than the rolling-moment increment due directly to the
" aileron deflection. This means that a speed may be'reached at :
which deflection of the allerons will not set up'rolling_moments,
since the rolling moment due directly to the aileron deflectlicn
 will be cancelled by the rolling moment duc to de .rmation of the
wing, i.e‘, ' ' '

M= My =0 - (8.2)

where Mx 'is the moment set up about the x axis by the alleron de~
a _

flection alone; Mx is the rolling moment due to deformation of .
- def : ' ' g
‘the wing.
The speed at which these moments become equal (at which the’ o ‘-f

ailerons have become totally inaeffective) is knowh as the aileron=
reversal speed. At flight speeds greater than the revers:il speed,
a deflection of the ailerons produces the oppbsite of the usual

effect. Quite 1nderstandably, the more rigid the wirg, the higher
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flength of the aileron and moving it toward the
f,mg?‘°f the—wi&g (far pxample, with the obJect ‘of increasing flap
span) &owers the aileron-reversal speed eince the alleron 1s
mavad to tha 1east rigiu part of the wing, which is most suscepti-'
ble to twisﬁing 1n the direction opposite to the direction of alle-

' an deflection. @

..%“>iThus$ qualitatively, aileron~reversa] speed depends on
the rigidity, ﬁweep, and aspect ratio of the wing.

w'! |

s09 : Vees 1000 Ynpus km/ h '

) Figure 8.22. Illustrating effective—
ness of variation of atlerons (1)
and allerons with speilers (2) as
a function of indlcatei airSpeed

*w”Peliability of the a*xplane roquir°~ what the maximum per=

*nsible flight‘speed be about 100 km/h below the reveraal speed.

S . To move the aileron- -reversal- kpﬂed farther from tne opera-

tionalAspeed range,«the folléwing measures are taken on moderq
_aircraftf ‘
’ o = wiﬁg rigldity ié inbreased, aé'ﬁy'uving prefiles with

iness at the root of the wing, by reducing

1arger relative thicl
We see that

* ) - the sweep of the wing, by reducing lts as pect ra”1o.
ar ¢ those taken to improve takeof and

A

these measures run count
sties (aspect ratio) or to red

l1anding characterl
y and controllability characteristics;

‘of -shoc¢ck stall on stabilit

b | ememceasIm s

uce the influence

T




~ the aiiereﬁs“éiéﬁmévéd (as ar as. pessiﬁle) tewasdethe root

sections. This eliminates the actual cause of aileren reVBrsal
ami mpresents a radic&l measure far heav; aircmft,

o= spoilers are used together with ailerons for lateral von—
trol of the airplane, ‘We note thaf the use ef spoilers does not
‘twist the wing and, consequently, does not contribute to reversal

_ Figure 8.22 gives an 1dea of the f?fectiveness of 1afera1
"control with ailerons and a Ierons used together with spollers.
We see. tnaf the parameter w“?, which charactevizes aileron ef-
fectiveness, varies- dirferently as a function of indicated air-
‘speed when ailerons are used aIbne (curve 1) and when they are
_used together wich spoilers (curve 2). o _
§8.3. ENsLQIﬁG STAﬁluITY AND CONTROLLABILITY OF. bUPERSOHIC AIR—
CRAFT -

) The need to increase flight speeds and aititudes required
changes in the aersdvnemic sna"as of" aircraft, their inertial char-
dctev stics, and the characferiSuics of their powerplants As
'zuowpared to subsonic and transcnic aircvaft modern super. onic
'_aircraft have the following design features: .

-

e - for tne most part’ they use thin (¢ = 0-5%) awept and

delta wings of ;mall aspect ratio and fixed ,weep angle, as wel.
= as‘«wept wings whose sweep is variabie in ,3L5hu,

~ thelir fuselages have large slenderne s_ratios (Af

= Lo7d g 8-12); , o _rl;t e

< ghe pelative dimensions Sv % sf"v t/é of their vertical -

tailplanes have incrc=ased considerubly, witn some decrease in the

arm ratic Lv.t = v,t/L‘ - e it :N,fll_u‘»

— the povierplants of the airuréft and their altitude-speed
‘characterist ics cbanged substantlally. Thi applies in uartica-
lar to-the thrust characteristics of_fne engines 1in augmen,ed
operatlon. The result has been that the airplane'may'have lower

=~y

stability in cruizing sﬁpersdﬁic,i ight at high altitudes.
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The'small ralative tbickness of the uing profilg, of inter-
ceptor—type suparsanic aircraft prohibits use of ihe wing to
acccmm@ﬁate-basmc loads, Tais Sharply lowers the mottent of in-
ertia I Las cempared with subsonic aireraft) about the airplane s
longitudinal -axis, with sinu.:anecas substantial increases . 1n the
woments of inertia I, and I owing to the faet tnat the basic -
it o3 wﬁaaccommedatndin the 1ong fuselage. ~

Analyeis of statistical data on alrcraft of similar types

.indiuates that in supersonic aircraft the ratio of the moments

of 1nertia I”fI v=s inereased by a factor of #8-7. This has a
definite influev»a on stabillsy and controllahility characteris-

tles.

In designing a supersonic alirplane, the designer must take _
measures that wiil ensure the necessary stabiiity and controlla-
bility characteristics both in flight at subsonic speeds (at small
and large angles of attack) and in flight at super rsonic speeds

at high and medium altitudes.

This precblem cannot be solved by aercdynamic-design measures
alone, since it 1s usualiy necessary to deal with a number of
problems the rejuirements for solution of which are contradictory.
further, certain protlems of stubility and controliability cannot

be so.vela st all without gutomatlic Jdevices.

If we proceed from the assumption that the supersocnic air-
plane will have a %Wing of swept or delta planform, with fixed

sweep angle, the basice effort directed 2t improvement of its sta-

bility and controllability will reduce to the follnwjnb
adinal normal acceleration

- providing the necessar} longit
B {n flight at

stability, aileron effectiveness, and ratio mg /m
low speede and large angles of attack;

tieally constant norical-acccleration sta-
to supersonic flight;

== pnsurinb prac
bility (iF - ) on transition from subsonie

the required effectiveness oi longitudinal con-
for the particular

— ensurtugz
trcl at M > 1 and stick (control-column) effort
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_ ‘providing the necessary damping cf ro’ational and transla-
tisﬁal divergent motion in pitch. The 1atter is vital for air-
lhrart that crulse at supersonic speeds at high alt 1tude,

; ‘?w PT—-provlﬂing the necessary dlrectional stability mg and yaw

damping my in flight at H > 1. 5,
_5 * ensuring effectiveness of the directional and lateral con=
L trols at large M.
Let us dwell brlefly on the aerodynamic-design measures taken

1soivp these problems.

Aeasureu Paken to Improve Longituainal and Lateral Stabilitx
N and Lateral Contrnliability of the Airplane in Flight at Large
Angles of Attack

Wnen a supersonic airplane flies at low subsonic speed and
large angles of attack, it encounters the same problems as a sub-
sonic or transonic airplane with a fixed-sweep wing. For this
reason, the design measures taken to elliminate longitudinal- and
lateral-stability and lateral-controllavility deficlencies in the
supersonlc airplane wlll be the same in principle as those for
transonic zircraft (see §8.2, a, c).

1t 1s appropriate to note here that use cf a variable-sweep

wing is an effective measure agalnst the decrcase in normal-accele-
ration stability and the increase in the airplane's lateral sta-

bility mi at larse attack angles. Thisis provided that the wing JIs

swung to the minimum--sweep position before going over to large
angles of attack. In this case, flow det achment rrom the wing
tips does not produce a strong pitchup moment, since the tip sec~
tions of the wing are only a short distance zft of the airplane's

center of gravity.

It i{s known that the lateral stablilisuy m% ~f an airplan. with

a srall wing sweep angle varies little witn increasing angle of
attack. Tre smwall lateral stahility mi 5f she airnlane and its con-

stancy in practice as the 1ift coelficient Cy increase; has a
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favarable influence on the ratio mﬁimﬁ and, consequently, also

on thé lateral stability and controllabliity characteristics. Re-
search has shown that better lateral stabllity and controllability

characteristics ave obtalned in the airplane at large angles of

attack in low-speed flight when a small value of the ratic mi/mB

: . y
1s_sbtained by reducing mi and increasing the static directional
‘stability mg, which is generilly inadequate.

b) Measures Taken to Ensure Practical Constancy of Normal-fccele-
ration Stability over the Eantire Range of M

It is known that when an airplane goes from flight at K <1
to flight at M > 1, a large increase in its normal-acceleration
stability (xg - icg) takes place owing to a tailward shift of the

Figure 8.23. Variationof aercdynaiic-
center position of airplane sith 136
ing fuselage as a function of M tor

two wing sweep angley Y ¥ By .. 2 TE2

i~

airplane's aerodynamic center 1 the carwee o fog-boi. Uoe of
conventional swept and delta wingd Witih laroce wwoep angles and

a conventicnal low-11ft fuselage maico t porsible te reduce the
tailward shift of the aerodynamic center ond mave 1% smoother 1in

this M range. Use of 2 fuselage with greaeer 197, topether witn

47
4

[

a conventional strongly cvept wing alsve rezuits in o smocther t

ward shift of the aerodyramic center i1 uihwe ranes - U.u=-1.4 and,

in addition, shifts the renter forward ot 1 2.0 ‘vig. F:2%50s
T™his has 2 favoraplse « "Fo2t on tne alvpian ' Lo eerinal atae

pility in superscnic £1ignt,. Howawiu, be D g ommmein s B0 Lhe

gepodynamnic center due %o pedtructuring «f Luo 1w pah toe: alv-
plane nevertheless remaln lurge R P e O bt oamven tionad
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- Tugelage and conventionai\swept wings_ﬁith sweep angles up tc

~ 60°. This means that these aireraft will also have high normal-

-{acceleration stabllity [(xF/ba) - (iég/ba)] at supérsonic speeds.
High normal-aczeleration stability is undesirable because it re-

duces the"maneuverability of the airplane at supersonic speeds
considerably, Increases the sacrifice of lift/drag ratio that must
be made to trim the airplane, and lowers the altitude of trimmed
nonsteady level flight in the dymamic-altitude range.

Yeesro

Figure 8.24. Longitudinal balance of
airplane of conventional configuration.

Figure 8.25. Longitudinal balance of
airplane of "canard" configuration.

The aecirusc in maneuverability occurs because the hligh nor-
mal-acceleration stability (EF - icg) requires large stabllizer
(elevator) deflections to trim the airplane in level flight.
Since the available stabilizer (elevator) deflections are always

limited, the increased use of the stabiliizer to trim the alrplane
in level flighi at M » 1.5 medans that the ctabilizer-defleciicn

margin {or maneuvering is reduced. 3

Let = conpsid oy the influence of (EF - icg) on the lift/drag 3
ratio in ievei §'vighe. :
FrD-H "2 =707 170
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For this pnrpose, we shall compare two supersonic-aircraft
configurations: the conventional layocut with the horizontal tail
positioned aft of the wing annd the "canard" configuration. We

shall consider their longitudinal-balance conditions in level !
flight on the assumption that mxo (i.e., the moment at c, = 0)

and the moment from tne powerplants are zero (Figs. 8.24, 8.25).
The figures show that the trimming force of the horizontal tail

(or elevons) 1is directel downward in the case of the conventional

(and "tailless") aircraft and upward for the "eanard." It must
also be remembered that in the case cf the "canard," the arm L. . ) 1
of the horizontal "tail" is slightly larger by virtue of the lay- ‘
out than it is for tie conventional airplane and much larger than
in the "tailless" airplane. This means that the teimming forces
will be larger in absolute value for the “tailless" layout and
smallest for the "canard." Since the tail (elevon) trimming force
of the "tailless" and conventional aireraft requires increasing
the 11ft of the airplane without the horizontal tail (i.e., it
lowers the lifting property of the airplane), and the tail trim-
ming force increases the 1ilting properties of the airplane in the
case of the "canard," this mzans that, other conditions the same,
the sacrifice of L/D to triu the airplane will be smallest for the

"eanard" and largest for the Meailless" airplane.

Calculation indicates that rop a conventional-layout airplane
in superscnic flight (at M > 1.5), the lo3s of maximum lift/avag
ratio Kmax involved in trimaing maoy Tud t 10% or more. This fol-
lows, for cxample, from formula (5.3) for determination of the
maximum lift/drag ratio with allowance for ¢rimming the airplane:(3)

T

.- 15 / o
N, g S .
man T | e (8.3)

where a is a quantity tuarl wiiows for the trimaing drag of the air-

plane:

e

Footnote (2) appears on paks 168.
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a 73 i _...._(’;F.____"_“ ;}' ”, (8.4)
r.0 L;‘.' v >

n is a coefficient that takes acrount of the peculiarities of the
conflguration. For a conventiconally configurated airplane n = 1.7,
and fcr the "canard" it is about 0.8: '

— s —]
Srlo == ;"’ 0 Lr.o :—.:.L_'.'i.
8,

¥We see that to reduce the loss of the maximum 1lift/drag ratio
of the nirplane that is involved in trimming it, normal-accelera-
tion clabillity must be reduced at supersonic speeds.

It foliows from the ezpressicn for normal-acceleration sta-
Lilivy that it can be ccntrolled in two ways:

- &y changing the trim (the coordinate xcg) in accordance

with the csharge in the aerodynamic-uenter coordinate Xp of the

-~ by stabilizing the position of the longitudinal aerocy-
namic center while the CC position ¢f the alrplane is left un-

In practice, 1t ig quite difficult to adjust the trim of the
airpiane in accordance with the changes 1n the position of its
aeruvdynamic center because this requires development of special

: syotems that determine zand 2djust the position of the
”;rf tiie gerodynamic longitudinal center. If 1s also
tastall powerful pvmps to transfer a large amount of
durive the chord time that it tar.s the airplane to accele~
from Moo 0.9 Lo Mo 1.4, special trimming fuel tanks mounted
»qlile distanees from Lo alrpiane's CG, and the a3soei-

plumb-ing.  This means thob the alrplune must carry extra

equipment. Howsver, <ach extr itilogram of aquipmenc invalivez a

-8~k tnereace in tacooff welight.
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imately constant static normal-acceleration stability over the en~
tire range of M is neversheless used in practice on certaih modern
supersonlc airplanes. For example, the American B-58A "Hustler"
and French "Mirage IV" supersonic bombers have special trimming

tanks in the tail section of the fuselage for transfer of fuel.

By thus ensuring ccnstancy of the rninimum (iF - ieg),with recpect
5 of 1lift/drag

to Mach number, the designers have reduced the 1os
ratio that is involved in longitudinal trimming of the alrplane.

Another method of maintaining constant longltudinal static
stability with respect to normdt aceeleration at subsonic and
supersonic speeds is tc stabilize tne position of the airplane's

longitudinal acrodynamic center against Mach-number changes.,
In principle, this can be dore in any of several ways:

~ changing the aerodynamic configuration of the airplane in
flight;

— changing the horizontal-~tailplane area In flight. This is
not accompanied by a change in confijuration;

- by relecting a fixed wing-and-luselape shape, i.e., a con-
figuration of the alrplane, Yia b engtrsy « more rduantagening shift
of the aerodynamic center as A Funiction of M.
Let us brief'ly discuss the rronlem of stanilizine the yosi-
tion of the airplane's aercdynamic cent. b ariinat M by changing
the aerodynamic layout of the alrplane in riicht.

By mounting a norizontal foreplanc on a norinal 1y confligur-

ated or "tallless" alrplane, »otracting i1, into the fuselage 1in
‘uQsonic flight and extending it with tne uvransition to supersonic
speeds as the coordinate of the glrplane’s e rodynamic center
without the foreplans Inereases, the posit.on of the aerodynamic
center of the entire vouicle can b Gopht practieally constant.
We see that the conventionally confipurated airplane becomes &
combination type, while the Negqlless" sirpline becomes a "oandrd.,”

FED=HC~23=753-T1
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1. A Figure 8.26. Variation of position
e of airplane's aerodynamic center as
a functi ion of Mo

5 On ”caﬁ&rd" aircraft stabilizahion of the position of the
'ffloﬂnitudlra¢ aprodynamic center aga inst Mach number requires that
‘i;the bOFiZOﬂtdn noseplane e designed to foather in flight at sub-
sonic speeds ("free-floating foreplane") and be locked in position

by a special device at a certaln sunersonic speed. At subsonilc
speeds, the "free-floating foreplane" will have no influence on
aerodynamic—center coordinate, because, even though the airplane

is a "canard" in external configuration, 1t is escentially a "tall-
less" airplane by the manner in which the aerodynamle ferces are
generated. When the for&plané has heen locked, 1t tecomes a trus

f "ecanard," since the foreplane Infiuences the positicn of the ve-

, hicle's longitudinal aercdynamic center. In thls case, the tail-

f ward shift of the aerodynamic center of ths airplane without hori-

zontal stabilizer due to an increase in M must be offset by a for-
ward shift »f the aerodynamlec centz2r obtained by acltuating the

e

foreplans.

in Fig. 8.26. the solild line abef Indicates the variatlon with
M of the position of the longltudinal aerodynamic center of the
E - airplane with the foreplane "free-Tloating"” at subsonic speeds and
iocked at supersonic speeds. We see that the foreplane is locked

at M = MZ. Curve abe indicates the Mach-~number variatiom df the

aerodynamic-center pcesition with the "free-floating foreplane' at
subsonic an. supersoniec spesds. Curve def shows the variation of

alrplane's aercdyrn:mnin-center ccoridinate when 1ts nor!vsntal fore~-
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Main horlzontal

plane is locked in position. 1In other words, curves ABC and DEF
indicate the Mach-number variation of the longitudinal aerodynamic
center position for alrcraft of two configurations: "tailless" and
"eanard," respectively. The shaded area in Fig. 8.26 indicates
the vardiation of the airplane's normail-acceleration stabvility with
- Mach number when it has a forward stabilizer feathered at M < Mz
and locked at M > M,. We see that the (iF - icg) of such an air-
plane varles little on the transition from subsonic to supersonic
flight and back, and can therefore be adjusted to ensure the neces
sary controllabllity characteristics.

We note that a "free-floating stabilizer" can, in principle,
also be used with a servotab at subsonic speeds to seft up a longl-
tudinal controlling (trimming) moment. This may be found helpful
for imprcvement of the takecoff and landing characterists of "can-
ard” aircraft.

To reduce the influence of downwash from the foreplane cn the
wing, 1t 1s advisable tc mount the foreplane above the plane of

the wing chord on the fuselage.

-3
£

=

Auxiliary tail
tallplane at M < 1.0

3 ) (e e e o By

S
M

o
»
o~
=3
o~
g

Auxiliary tail at M > 1.0

Figure 8.28. Mach-numcer curves

Figure 8.27. Diagram of tail- of normsl-acceleration stabil-
plane whose area 1s varied in ity of airecraft with fixed (1)
flight as a function of M. and in-flight-variable (2)

tallplanes.

The position of the airplane's longlitudinal aerodynamic cen-
ter can also be stabilized against Mach number in the case of a

snvantion~ )l configuration, by wounting a horizontal stabllizer
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‘whose area can be varied in flight. It is known that use of the
~conventional horizontal tailplane causes a tallward shift of the
airplane's aerodynamic center. At a given M, the exti.t of this

displacement depends on Ah.t = Sh.tLh.t/Sba' By varying Ah.t in

flight, e.g., by adjusting Sh £ the positibn of the aerodynamic
X,g):
igh normal-acceleration stability at supersonic speeds means,

center can be regulated and, consequently, so can (iF -

among other things, that the alrplane has a large Ah £

If twoe horizontal tailplanes (main and auxillary) are mounted
on the airplane in a biplane scheme, and in such a way that at

KM > 1 the planes of one auxiliary horizontal tail can be rotated
with respect to the longitudinal axis, the total horizontal-tail
ares will be rednczed and the total vertigal-tail area increased.
Pigure 8.27 iz a schematlc representation of such an in-flight-

(4)

sonic to subsonic speeds, the auxiliary tailplane must be returned

ﬁariable tallplane. When the airplane decelerates from super-
from the vert.cal to the horizontal positicnn in accordance with
the change iIn M. To obtain smooth variétion of the airplane's
aerodynamic-center coordinate with changes in M, 1t is necessary
to couple the servomotor that controls the position of the auxil-
iary tailplane with a Mach-number sensor. It is then possible to
"provide a varlation cf the normal-acceleratsn stability approxi-
mately as shown by the dash-dot line in Fig. 8.28.

The next way to reduce the aft dicplacement of the aerody-
namic center as M rises from 9.% tc 1.4 and promote forward dis-
placement of this center during flight at M > 2.0 is to use the
optimum fixed-in-i'light @onfiguraticn of the airplane. It 1s as-

sumed that one such configuration might be a "tailless" airplane
with a doublie-delta wing; On suzh a wing (which consists of two
triangles), the sweep of the rcow. sectinn may range up to 70°-75°,
wh’le*the tip section may be swert back at around 60°. The fuse~
~lages.afe designed to give lncrearcd 1ift. To reduce the 1ift

Footnote () apneare on page 188.
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Figure 8.29. Diagram of super- Figure 8.30. Varlation of lon-
sonic airplsne wilth double- gitudinal-moment coefficient
delta wing. 1) Elevons along m, as a function of cy of
entire span; 2) outboard and double-delta-wing airplane

F d *
midwing elevon sections model.

an aerodynamic twist 1s imparted to
root sections and the

from the wing tip sections,

the wing. This increases the load on the
swept and have lower 1ifting

fuselage, which are more strongly
Thig results in a more favorable displacement

properties (c;).
= 0.0-1.4.

of the aercdynamlc center in the range M
Swedish Draken supersonic

This wing form is used c¢n the
t under development in the

fighter and on the supersonic transpor
USA, a diagram of which appears in Fig. 8.29.

By selectling the proper relation between tre areab of the

; rore and aft deltws and giving an aercdynamic twist toO the doub.e-

[

delta wing, it is possible to obtain rot only a small displacement
of the airplane's aerodynamic center in the range M= 0.9-1.4, but
od longitudinal normal-acceleration stability at large

This 15 fully consistent with what was saild in
also supported by the data given in Fig.
-deita airplane. We see that this alr-

also go
angles of attack.
§8.2a. This statement e
8.30 for a model of a double

plane suffers no appreciable decrease of
pility at large cy. In other words, the so-called "spoon" does

nrrmal-acceleration sta-
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‘not appear at large cy - This is an advantage of the double-delta
‘wing over the conventicnal swept wing. We see that elevon ef-
fectiveness 1is retalnec up to large angles of attack (large cy).
It is appropriate tc m.ntion that elevons, which art as eleva-
tors, can be used .to 3ot up a cohtrolling mpmént during takeoff
‘such that the angular acceleration in pitcﬁ‘@s approximﬁtely i3~
14 deg/s®. Statistical data indicate that the pitch angular ac-
celeration at takeoff may reach<10-l2_deg/s2 for a subsonic Jet
airliner of conventional configuration. |

¢) Measures Takea to Ensure the Required Effectiveness of Longi-
tudinal Control and the Required {tick Forces

It was Indicated in the preceding sectlon that an elevator
loses its effectiveness as a longitudinal-control surface when a
| transonic airplane flies at M > Mcr' This statement also applies
toc the cupersonic airplane.

Elevator effectiveness also remains low on an increase in
M above 1, slnce the aerodynamic load changes only on the deflect-
ed conirol surface, l1.e., the effect of the elevator does not ex-
tend to the stabllizer in this case. For this reason, an all-moyA
ing stabilizer is used for longlitudinal control of almest all |
supersohlc airplanes of conventional layout (except for the "tail-
less™ configuration). Use of the all-moving stabliizer improves
the maneuverability of fighters a,preciably 2t supersonic flight
speeds. It alsoc reduces the pilvchup moment of the aircraft (and
the surge of the normal acceleration ny) as it decelerates from
supersonic to cubsonic speed with the stick forward (the pitchuy
moment arises as a result of the forward shift of the aerodynamic
center). This iz explained by the fact that the effectiveness of
the all-moving stabllizer does not vary as much with M as does
that of the elevator. '

Use of an all-moving stabilizer in longitudinal control ve-
-quires the designer to place its pivot axis properly. This 1s
complicated by the fact that the flow around the stabilizer 1is
_réstructured when =“te Mach number moves from M < 1 to M > 1. At
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M > 1, the sercdynamic louad is more
13¥a |8V, uniformly distributed chordwise over - .
the stabilizer. A&s a result, the

g6 — point of application of the 1ift in-
o Z} z crement AY, . of the stabilizer
-——l—-—-——-‘ )

(Fig. 8.31, poins 2) lies at about
Pigure 8.31. Illustrating 50% aerodynamic chord. In subsonic

overcompensation of sta- flight, on the other hand, the sta-
bilizer in subsonic

f1ight when the pivot bilizer 1ift increment AYh.t is
Sxis passes through point placed at about 25% chord (Fig. 8.31,
2° point 1). Tc reduce the hinge mo-

ment at superconic speeds,'it would
be desirable to place the stabilizer axle at 02 rather than 01
Then, however, the stabilizer would be overcompensated in flight
at subsonic speeds. Such a stabilizer cannot pe zontrolled manu-
ally or by means of a reversible hydraulic booster. In sueh cases,
therefore, it is necessary to provide supersonic aircraft with
irreversible hydraulic boosters capable of taking up all of the
aerodynamic lcad acting on the stabiiizer, i.e., the stablilizer
is controlled not directly by the pilot, but thrrough an irrevers-
ible booster.

3

When the pilot deflects the stick in this case, ne has to
overcome only the friction in tre contral line from the stlek to
the booster, and holding the.stick in a glven position requlires
‘neo effort of him. This is not acceptable, since the pilot cannot
fly the alrplane without "feel" at the controls. The deslgnev -

v

t

AN T 116

1s therefore obliged to insert special loading systems corrected
for stick travel, speed (Mach number), and flight altitude into
the longitudinal-control sy"fem. ‘In other wordr, the use of
irreversible boosters ra2qulres installation of power assists and
.autOmatic devices that iegulate control-lever force 1n accordance
with the airplane's flirght =ituation and the phycioleg {cal capa-

oilities of the pilot.
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Supersoaic airglanas”are dﬁgigned,xe-fiy in a braad range of
altitudes and’ sweds (Maeh- m;mbers)  Their static ceili&ga may
range above«zo km. This means enat flight ‘at altituées of 18~20 km

: ¢ : i f-a_r'nj_ﬂiiﬁcmgse, in flight alti- |
;ﬁv‘ ] ~tude 1s accompanied by a sharp :
7 fe\s~¢_¢_ ~decrease in theidensity of the =
R . : - air, which results in a decreg=e
. 1 : B in the damping moments of the

airplane in general and the pitch
‘damplng manent in partluul&r.” - 'Vf/

- . I & - o N
£y ¥ 0 w2 25 @
-__“__,_-o" sec

It 13 known that a decrease
in the damping moments of an air- . -
plane weakens the damping of 1its

Figure d.32. Variatlon of:

AL longitudinal-motion param- angular moticns and increases the
T eters of alrpiane after an - . 5
: "~ instantaneous deflection of - peak values of the airplane’s
the stabiiizer by a constant angular coordinates (for example,
~ amount A¢_. = -1°. . :
st - 1ts attack and pitch angles) and

the perioua of the oscillations.

at new alrplane-motion parameters after deflection

. The settling timea
" of the stabilizer by a constant amount 1s then found to be rather

This can be seen from the caleulated data shown in Fig.

e e b ettt - b

i long.
8.32 for a hypothetical alrplane flying (vefove the stabllizer

deflection) at cupersonic¢ speed and an altitude of 20 km. We see

. that the stability and controllability characteristics with re-

angles of attack a and pitch ¢ are poor. ‘The trans-

spect to the
angles a and O can be improved by artificially in-

ients of the
airplane's damping moment. This is usually drne by

creasing the
ices {(dampers) which, for example, by de-

installing damping dev
_flecting the stabilizer in proportion to the pitch angle rate
Ar/dt = w, 2 a-tivi-tally increase the damping moment .r. pltch and

>thc1mbj iﬁb*ﬂTC “me- gngular (rotational) motion of '+e airplcne.
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,ﬁahaiétiohal”métign‘of the airplane (variation of'speéd v
! 'tLtude B) is not 1mproved, Hiﬂue thare is practically no
enansefin its ﬁanpingg -

- Calnuiations indicate that cruiaing uuperSOHiC flight of
_a TJE airylane at high altitudes will often involve level-flight
: mades in which the 1ongitudina1 stabilit' and controllability of
the airplane with respect to speed and altitude are much poorer
" than they are in flight at low and medium altitudes. This is
bseigally tecause high-altitude flight ie accompanied by a sub-
,atantial decrease in the d~mping of the alrplane's translational
mcticn (speed damping) which is characterized by the quantity

u’t

R A

where Qa=const v
“the frontal drag calculated for a constant angle of attack «a, PP

is the partial derivative of the avallable thrust with respect to
speed and m = G/g s -the mass of the alrplane.

rating the airplane.\
A radical solution to the problem consists in providing the

whose operation is coordinated with that of the automatic pllot.

dohtrol anust regulate flight speed by varylng powe.,plant thrust
output. To aczomplish this, the engines must have a thrust re-
serve amounting to about 25-30% of the maximum thrust in the

given flight situation.

tor passes through or above the alrplane's center of macs, the

v

alone causes oscillations of the alrplane to build up; hzre, at

fFTD-uc-23-753-71 | 191

Qeommf - (8.5)

1s the partisl derivative with respect to speed of

It is impOusible to eliminate the. shortuomlng by reconfigu-

airpléne with an englne-type flight~speed control (thrust control)

To this end, the autcpllot must stabilize pitch anple. This thrust

It is appropriate to note that 1f the powcrplant thrust vec-

thrust control can solive thls problem by itself. If, however, ti»
placement of the engines on the alrpline causes the thrust vector
to pass below the center of mass, use of the engine thrust control
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‘the bsganning of the transient response, “the. speed ahﬁ,aztgssae° -

'e) Ensu ‘n’ the Necessa

;directional stability of an airplanue wit\out an auxiliary nori-

oscillations. decrease, but. then 3norease with\;ngreasing time, .,-‘1‘3‘
This phqhbmenon 1s undcceptable. In ‘this: cose, the:engine chrust\ o ¢ R
4cntroi (flight«speed control) muat work‘in harﬁ@ny with an autoe ‘
matic piiot that stabilizes pitch angle. ?hese meakures are suf—u

ficient to enaure 5ood rlight-situation atabilit fermal fon= iy g

% trollability of the airplane with geod speed and alt%ﬁude control,ﬁ-
Uk reaponse. :

_ N |
; 4 Direq:ien‘iVStabiiity ” and‘Y ggggf
gg in F ggt at M > 1;5 N DA : _ = .
It is known that accbleraﬁiaa of an’ airplane from\aubsonic~ .

speeds to M > 1.5 'reésnlts in obanges for the worse in sueh 1m-
portant lateral stability characteristies as the directional :

Y SR

[ ]
Myl : 5 ;
ol Mt e W

Fi’ure 3.33. Mach—numbe curves of j
direational stabllity my of a hypa- o - i

thetical airplane with conventional .
tatl (solid curve) and with in-flight-
variab;e tail (dashed curvv) (3ee
PFig. 8.27).

e e

stability mg'and the relaﬁed yawr damping of the mirplane. This
can be éeen from tre data presented in Fig. 8.33. . This figure
1ndicates, for example, a typlecal ‘Mach-number. variation of the

e e Bt et =

zontal tail at ‘two anslea of attack a. We wee that inc“easing _ ?

‘the angle of attack at supersonic speeds (M > 1.5) causes a sub- g

stantial_dacreusq 11 mg. This 1s tecause an increase in the angle
of attack a at this M causes an 1ncreuaq in the crosswash angles

in the area of the fin atop the fuselage. An increase in the

crdaahash_angled at the top fin means a decreaqe in 1t5 true 1ip
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vrsv{tL

ing 1t at the optimum position with respect

anglea,”the,lateral'forcevor the vertical taii, snd the yawing

~moment generated by tiils ‘orae.

A-fin'or fence mounted under the fuselage ir in a superior

- ipoé;tiph (as'regards-drosswashvat positive attacn angles) than
a fin mounted atop the fuselags. ' i '

é decrease in the diiectional stapllity mg and the damping

W, .
myy-with increasins M {at. M > 1.5) implies, among other things,

that at'ﬁhéae_Mach numhers the airplane doez not have a large

».

enough static movement of the vertical tall area B, ¢
v.t/ 3t and that this tall 1s not sifficlently effective.

Aerodznahic~dés1gn“measures taken to improve the directlonal
: \ X & _
stability mg‘and yaw damping myy are as followa:

— inecreaning the area of the vertical taill with 1little change

‘,inrits aspect ratio;

- inereasing the area and aspect ratio of the vertical tall;

~~'increasing the effectiveness or the vertical tall by locat-
to the horizontal

tail.
//,/');;7

~ 4//‘

: _ e

G 3 . :’. ::.:...‘A,,,,_ " i..

- , ”_:l--—«]

e Tatllskid ~Ventral fin
il Fence . retractable into fuse-

ground line with full welzht on —- lage

undercarriage wheels at lsading - p)
' a)

Figure 8.34. Diagram showing mount ing of
ventrul fences (a) and fins that retract

when landing gear is lowered h).

The first measure — increasing the arca of the vertical tall

with practically no change in its aspect racio — involves parallel
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L; gtiveness unehahgéd. Trie wesults are an 1ncrease 1n the 1ataral
stability m, since the planes of the vertical tall ave situated .
té cne side of the airplane‘s longitudinal axis (i.e., asymmetri-
cally}  The 1ncrease in 1atera1 stahility must be regarded as s
un&esirable, ' e \

e The second measure 18 to 1ncrease the area and aspect ratio
or the vertlcal tail. .This is conveniently done by installing
ventral fences, auxiliary ventral fins that are dropped at landing
or retracted into the fuselage when the landing gear is lowered
(Fig. 8.34), or an auxiliary-horizontal tail that becomes an aux-
111ary t. et M > 1.5 (see Fig. 8.27) or by using wingtip sections
“that rotate downward at supersonic speeds Lo function as ventral
fins. This last design solution was used on the North American
B-70 Valkyrie bomber. Figure 8.33 gives an idea of how the direc-
tional stability of an'airpLane with in-flight-variable %tall var-
ies with Mach number.

b
2
%
;i
"
E
]
3

Such aerodynamic—design measures increase the moment-area
ratio Bv & of the vertical tall and increase its effectiveness
- appreciably, since the auxiliary vertical-tail surfaces below
| the fuselage utilize the fuselage also and thus increase the effec~-
tive aspect ratio of the vertical tail considerably. The latter
results in a substantial increase in its lifting properties and,
consequently, an increase in the directiona; stability my and yaw

| W

{ damping m Y. \le note that the measures enumerated above also
L lower the lateral stability mB. This is also a desirable effect.
t

!

|

| Naturally, such designs produce a substantial increase in
the weight of the atrplane, but this 1s dictated by the necd to
improve its most important iateral stability and controllability

| characteristics.

FTD-HC~-23-753-T1 -
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The third aerodynam&c-design measure OOﬂSiotS essentially
1n plaeing the vertiﬂal and horizontal talls relative to.one an-
othar in- aach a way & a3 to optimize the effectlveness cf the ver-
tical tail. Research has %hown that for this pLrpose, the hepl-

ust be placed“on the fuselage .as far as possible b#-

>zontal tai; m
aft of -

low the airplane 5 1ongitudinal axis, with 1/ b,
.t

1/4 b - to make the orm Lh £ longer than L
a,. t v.t’
-It 1s alsc pos»ible to place the hori ontal tail actop tne

fin.

The increase in vertical~- -tall effectiveness when. ths hori-
zontal\tail is placed in the above positions is due to the plate
-effect. ' ’

~ We note that in addition to the desirable inerease in verti-
cal-tall effectiveness obtained by mounting the stabilizer high
(on the fin), there 18 also an undesirable increase in the air-
plane's lateral s:abllity nB and a decrease 1in 1ts affectiveness

at large attack angles owing to movement into a region of strongly
When the herizontal tail 1s mounted lower on the

rease in vertlcal-tail effectiveness is accom-
panied by a decrease in mB. For these reasons, and also in view

of the structural difficulties of ensuring rigldity of the tail
when the horizontal tailplane is placed atop th2 fin, 1t 1s more
wer horizontal-tail positicn.,

the effectlive~

stagnated flow.
rusélage, the inc

advantageous to use the 10
When the lower stablllzer position ils uwsed,
n be increased even further by
This 1s because the
case and increases the
atabilizers of this
gft Trident II

ness of the vertical tail can the

using a large s tabi]iZex negative dihedral.

stabilizer produces a plate effect in this
a and aspect ratlo of the vertical tall.
ern French supersonic alrer
e American Phantom Il.

are
type are used on the mod

and Nord 1500 Griffon znd th

The above methods of 1lncreasing directional srabtiity and

yaw damping do not always ensure the necessary velue of these

characteristics, especlally 1n high-altitude flight. Acceptable
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‘uv;abnva that contr01~surface effeotiveness
t 8 : This applies not only

: so-tb elevnns, ailerons “and rudders. The
e 1entiveneas of t?e'cbntrol aurrabes decreases eteadily as M in-
-.“creases aboVe A 5. : 5

-t 2 73
7 - s &
i B S R AN
o e G, " - . S

| Aileron effectiveness depends not only .on the forces set up

o on them, but also on uingspan. For swing~-wing aircraft, the tran-

| . sition to high supersonic rlight speeds i1s accompanied by backward
votation of the wing. This results in a substantial reduction of
the wingspan and the rolltng moment from the ailerons.

" o inovease directional-control effectiveness at M > 2.0,
1t ‘18 advisable to use gll-moving vertical fins with conventional
b profiles. In flight at ¥ > 4§, all-moving fins with wedge pro-
files are quite effective and are used, for example, in the ver-
tical-tail design of the experimental hypersonic North American
X-15 aiveraft. :

i
|
1 _
i ) Elevons with blunt trniling edges cuan be used (for "tai;less"
i type aircraft) to increase lateral=-control effectiveness at high
: speeds. Thigs measure to inprove lateral and longitud.nal control~
'1ab111ty 1s ‘used in the COnvair F-106, SAAR-3% Draken, and other
.1nterceptor-type aircrar
The 1atera1-control erfevtiveneqq of an airplane of conven-
tional configuration cen also be increased by the use of staviliz-
er halves (elevons) capable cf differentinl deflection. This has
" been done on the F-111, the North American X-15, the Britlsh TSR-2, -

and other aircraft.
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. We note that the - djfferential stabilizer may be. 1nadequate
as the sole lateral-control componen* on the airplanc at low ;
sreeds, and ecpecially at landing. In .ucb cases,: it 1s neces~ - -
aary to use combinations of lateral controlq on the airp;ane as

follows. .
o b= aileronb together with the differential stabilizer;

vpoilers together with the differential stabillzer.
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'FOOTNOTES

Page
No. :
156 (l)we refer here to.wings with éweep angles no larger
" than 45° and profile thickness ratlos of the order >
160 ' (2)The spollers on tne Convair 880 can be opened to

: their full deflection of 60° in about 2 seconds.:
= _ The time to retract spoilers is usually shorter
than the time to deploy thenm. '

171 (3)Formula (8.3) is valid for a flat, untwisted wing;
sec A.A. Badyagin, "The maximum lift/drag ratio
of an airplane with consideration of trim," Avia-
tsionnaya tekhnika," No. 1, 1963, "Vysshaya shkola,"

176 (u)This tailplane design is used 'on the American
' Change-Vought or FBU=3 Crusader.

o e e

o _ ‘188
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: Chapter 9
;SELECTION oF. GEOMET?Y OF TAILPLANES AND W1NG DIHEDRAL

§9. l =SELECTION OF GEOMETRICaL PARAMETERS OF. THE ATIRPLANE'S
- HORIZONTAL TAILPLANE 4
Generally, the nori*ontal tailplane of an airplane consists
of a stabilizer and an zievator, ‘"Pailless"” aireraft are an
exception., In this type of airplane, the wing performs its own
functions and those of the stabilizer, while the elevons take over

the elevator function.

mhe basic "equirement mede of a horiﬂontai tail is that 1t
provide the neceqqary utability and controllability character-

“4sties 1n all operational flight situations. However, 1t ‘s not

tn calculate these

necessary ir the prellminary—dccibn stage
It is' sufficlent to esti-

characteristics for all flignht regimes.
mate the 1ongitudtnal stabilicv and- controllobility characteris-

tics in the decign flight modes.
The design regimeq chosen are as follows
- takeoff,
= Jandinp With'ge r down at mexliwum flap dcflection,

4= flight in the rtrxmc mest characteriatic for ‘the rarticular

airplane,
- flight at the speed limiv or Mach-numoer 1imit.
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et ) ,';‘ters of the ncrizental tail muat be such as to
y yre,the required trin margin (xF - x ) and adequate control-

A,Lahil&ty in thess regimes. We note thab the ground effect must

be taken into acgount in plotting trim diagrams for takeoff (at
thc instant of liftoff) and for landing with geor and flaps down.

_ On the basis of the requirements made of the horizontal tail,
the roilowing parameters of this surface muet be selected during

_pneliminary ‘design:

1L planrorm and piaeemenb on. the airplane,

- the relative ?aluea oi’ the area 8, ¢ = Sy.¢/S and the mo-

>1ment-aree ratio Ah £ §h i L, of the horizontal tail. A, .
must be such ‘a8 to provide the airplane with the necessary nor-

mal-acceleration ctability at 1ow speeds in maximum tallheavy
trim; :

- the relative elevator area §ele Se1e’Sn.4v the tyve of
elevator compensaticn, and the naximum elevator deflection angle°

The dimensions of the elevator (all-moving stabilizer, ele-
vons) are considered adequate 1f they leave an elevator-deflection
margin of at least 10% of the maximum deflection angle for a nose-

~ wheeled airplane trimmed at its landl. ; angle of attack with gear
and flaps down., For aircraft with tail skids, this margin must be
- increased to approximately 15~20%. We note that trir 1s checked

wibh the airplane in its maximum- operational nose-heavy atate.

If the airplane has a moving stabilizer and an elevator (ele~

" vons), it 1s expedient to use the stabilizer to trim the ‘airplane
': and the elevator for. finer pitch-angle corrections. The dimen-

sions of the stabilizer are then selected for the landing trim of
the airplane, and those of the elevator (elevons) on the besis of
the pitch controllability needed in level flight.

In selecting the planform of the horivnntal tail, we b~gin
from the requirement that it is desirable to have a large Eh oo

h t/b at any given horizontal~tallplane area. One way of

accompliehing this is to sweep the tailplare back. The tailplane
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ﬂswnep should he about the same as the wing sweep. For transonic
aircraft, the sweep angle of the tail is usually adJusted 80 that
the M of the tail will be slightly higher than the M of the
wing, 1 +€., 80 that the phenomena as3oclated with the aom;ressi-
bility of air will appear cn the tail after they have appeared on
the wing. Thils ensures retention of good controllabllity of the
airplane even when its flight speed has reached the value corre-
sponding to the wing M If the tail nrofile thickness ratio
exceeds 10%, 1t 1e recommtnded that the 5wsep of the tall be made
greater than that of the wing by 3°-5°. These considerations
apply equally to the vertical tallplane. o :

Table 9.1 -

Approximate Over-All Parameters of Horiaontal Tdilplanes}m
of Transonic Aireraft

. tor area. 5 'S

N Typeaggcwaft Light turbo- Heavy turﬁo~ Heavy prop-
Parameters ™\~ = 1 Jets : Jets . Jets
Ay o= B oD 0.30-0.45 | 0.52~0.76 0.8-1.1
Eh;t_=_sh t/s - | 0.12-0.20 €.15-0.25 - | 0.2-0.28
§ele = 8g10/5h. . | 0.25-0.30 0.20-0.30 '. o,z-o.u :

The taper of the tailplane can be arrived at on the baslsz of
statistical data for existing alrcraft of the same type. Usuelly,
horiuontal tails are taperod in the range M.t = 1,5- 3.0,

~ The position of the horlzontal tail was di)CU%QEd in §8. 2a,
from which 1t follows, for nxample, that the horlzontal tail of ',
a conven*lonally Lonfigurated airplan= is placed to tivantage, i
other conditlion: the same, on the fuﬂelagc below 1ts 1ong;tud5na1
axis with the largest possible Lh t° lAtrcrafC'with'engihbs
mounted on thn'lubelage behind tho wing are an exoeption.:

In first approx*ns")n, uhe moment~arga “atio Ak o ‘h ﬁﬁh.i.-
of the horizontal tail, as well as §n % and the rclatlive eleva-

“ele ele”
esisting simiiar airerafi.
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i

h(xp - X g) at supersonic flight speeds, its Telative ares Sh r.

PTD-HC-23-753-71

; __Q__-““;asxas that they 1lie for the most part in
. , iadigiﬁéé in Table 9.1. For transonic aircraft, the

: hpw&seﬁt&lwtailplaﬂe area Sh t includes the center seetion in the
' fgta!:go o . Ly

ﬁ Hodtrn auperaonin airaraft of normal configuration have the
fuliowing horizontal - tail parametera. '

A, _f&a_.ﬁyau&w-m%;
i

"olul
S, o
r.ﬁulmh;__:& s (‘at 0,2,
where 8, 1s the area of the horizontal tail washed by the
airatream. Very often, it is equal to the area of the moving
'stabilizer; Loy is the distance from 1/4 b/a of the washed
' wash

- part of the horigzontal tail to the aivplane s center of gr avtpy‘

calcula*ions indicate that for. “canard"-type superuonic
transports. tho relative area of the hor‘zontal foreplane washed -

-'by the flow, Sh £.p? depends on the function of the foreplane. Ir

the horizontal foreplane is designed basically vo trim the airplane

Ai'(i.o.. 1in the caae in which sontrol of the airplane 1n pitch is -
- the job of the stabilizer and elevonz), then 3§

g " ‘= 0,02-C.04
and the 2levon area 8 = 28 v/s ®= 0,06-0.12.

xr, on the othev hand. the horizonta‘ to"nplane is to c.ve
as a d;atahiliser, l1.e., to lower normal-accele"aticn stabilicy

p

= 8 /8 washed by the flow depends on the required decrease in

h.f.p

" normal-acceleration stability at M > 1.5. It can be assumed for
";pproxinute calculations that one percent of washed horlzontal-
‘tOroplhhﬂ arei,displabés the longitudinal .center forward by 1.7=-

. 2.0% of wing mear aerodynamic chord when the rorep.ane has o oarm 3

© ratio Eh £.p of 1-1. 3 R ‘ - - - '
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;Sa;eatian ef tﬁa alanrnrm, profile, and t&ntazive geori=

ok aagy»ta*débarminﬁ the pasision of %ha airplanec's ‘longitudinal
' agyaﬁxaamia ﬁeﬁﬁar aad the maximumﬁuailheavy xcg- and the maximum
: t

nasehaavy x ap&rational trims for the sdlected tailpi&nu puram~\

CE,

: ﬂ%ira., 1f it 18 ‘then found that the range of variation of the air-,«9"

plane's operatianal brims (‘cg c ) does not conform to re-
v °8p

zuiramant1. this m&a:a Lhat Lho parameters ufl the »a;xplane muut
be ehange&. - : - : i

%9,2. APPROXIMANE CAL ULATION OF LONGLTUDINAL AERODYNAMIC CENTER
POSITION éND EXTREME TRIMS 'OF AIRPLANE :

, "A5 we Know, i"he point about whieh the pitching moment is in-
dependent of attack angle is known as the longitudinal aerodynamic
genter of a vedy. The most widely used definition 1s different:"
the longitudinal aerndynamic center is the point of application
of‘the inerement to Lhie body's toral rerodynamic force that re-
gulty from a change in sttack angle.

Aerodynamlic centev
of alrplane

Aﬁ
Aer@dygiﬁggr fa”? perodynamic center of fuselage
:;:ff W1”P R LTS
\'-..‘ '}'\_ _...__;-:’ i'-;k “W:_”-".‘” Aa
i el R .-?‘E
wﬁfﬁ‘lypamib L T L ‘g.w
center of h.t .] T

Wlgur= 4.1, Dlagram for deternining aero-
deami center of a turbojet-enpgined air-
plane.

In steady flight, the posltion of an airplane's longltudi-
nal aerodynamic eent o (¥, = Xp/b,) depends on the aerodynamic-
center poslitions and 140t of 1ts indlviaual parts: wing, fuze-
lage, cnglne pods, horizontal talil. ‘"he position of an airplana's

longltudinal aerodynamle center ls also strongly infiuenced by
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inbertqaaace or the uins with the ruselage. engine pods, and hori-
zontal tail. ‘l’he enginea and :rlap. tab, and airbrake cteflaetions
nny also mﬂu.nce the poaition of the airplane'a longttudmal '
i mrodynamic oenter. "

Reccmmendationa will .be "1ven below for approximate deeermin-f

ation of .the- airplane s aerodynamic center poaition and those of
its component parts on the assumption that landing rlaps, tabs,

and airb‘akes are retracted.

Ir the positions of the 1ougitud1na1 aerodvnamic centers are
knnmn separetely for each design component of the airplane, the
aerodynamic-center coordinate of the airplane as a whole with re-
apect, for oxample, to point 0 (Fig. 9. 1) can be determined rrom

the relation
AV xp, =3 a¥i%p;

(9.1)

where AY = ZAYi i1s the total 1lif% increment for the airplane due to

the Increment in angle of attack, Xp 1s the coordinate o¢f
0

the

airplane's lonsituoinal aerodynamic center relative to point 0.

Positlive values of X
2 FO

are reckoned in the direction of flight

speed (see Fig. 9.1); AYi 1s the 1ift increment of the 1-th de-
sign compcnent of the airplane due tc the attack-angle increment,
and Xp is the coordinate of the point of application of the lift

1

increment of the 1-th design component, 1.e., the coordinate of

the center reckoned from the point 0 of the partlicular des'gn

component of the alrplane.

As applied to a siagle-turbocjet airplane (see Fig., 9.1), ex~

pression (9.1) is written
AY xp = AP aYqa— AV a~ L, AV,

whence we obtain after transformations

de
_ %, epic Jrc.',.";s (c"us-) a- (c, ) A”,Kr. (l-j‘-;)

h T = » dud

R (. - (c,,m) 30Ky o (‘ e
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.‘ii:;q 15 ehs-rém preasure, P ap 3 15 the spaoirie thrust, $ is the wing
-L*léarea ineluding the part in the fuselage, ¢ cf 18 the deriv“”ive o

(9.3)

Ve
the tnaelage lirt coerriaienc rerarred to ‘the midshipa-section

_area. ?r 18 ‘the midehipsvseetion area of the rnnelage,_lcy pLLEN

T ws
is the derivative of the wing 11ft coerricient with respeot to

;angle or attack witn consideration of its 1nterrerence with the

»fuselage and engive pods. cc Y 5 i is the derivative of the
Yh.t”
;horizontal-tailplane lifb eoefficient with respert to attach cugle,

" referred to tailplane area with consideration of fuselage inter-

" ference, Sh g ¥ /S is the relative area cf the horizontal tsail
including the part 1n the fuselage, Ay , = (Sh tfs)(t' /b } is
the momenv-area ratio of the horizontal tail with the part in the
fuselage about the seleptedApoint 0 (see Fig. 9.1), K hot is the
flow-stagnation coefficlent at the herizontal tall, € is the down- :
" wash at the horizontal tail in the airplane's plane of symmetry, %
and a = a/b,, b= b/bé,’and c = c/b, are, respectively, the arm :
ratios of the forces Ang, AYf, and AEsp

s - 280

1t is evident from (9.2) that in order to detcrmine the coor-
dinate of the new ailrplane's longitudinal aerodynamic center, it is
necessary to know, in addition to its geometrical parameters, the
position of the center on each design elemcnt the value of c§ for
this element, and, for a horizontal tail placed aft of the wing,
the Jownwash gradlent ‘de/da (or de/dc ) and the stagnation coef-
ficient K in the region of the horizontal tail. Bclow we pre-
sent mat:ria! that can be used as a basia for upproxlmate deter-
mination of the longltudinal- -center position and the 1ifting prop-
erties of the airplanp 8 basle design component: .
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Ay

:?} Jeterm‘natlon of Longitudinal Aerodxnam‘c'c nter Positions and

Jifcing Properties of Fuselagﬁg and Eng.ne acelles

As & rule, the fuselages and enginn nacelles of modern air-
crat‘i, and their weapons pods and undewing tanks are given shapes
closely approach ng those of axisymmetric solids of revolution.
In approximate calculafinns, 1t 1s therefore quite acceptable to

assume that the aerodynam1o characteristics of the fuselages aﬁa hen
engine uocelles are id=ntlnal to thoae of axiaymmet.rie 5011ds ot Ll
. evolutﬂon. - '

- =

fc}l -8 ,....]—- { -—j I
T = -,.__.__._..,...'.;f
L By ey e we——

o R jﬁ,*‘ YL

b

o d G S
gk—'-—-‘_ 5y

‘.CG :_ﬂ..’ ! -.m -

1 T

a0t | A=2% (cone)

1-1@4

T T

B AT R 7 MY R Y M T

Flgure 6.2 Mach-number va§¢- Flgure 9. 3 Srenderness~rattc

ation 27 ths derdvative (eg) .q curves of _aerodynamic-center

of 30lids of revolution with - position xw = x,/4 of solide

conlesi nose secetlons, of revolution with conical
' nose secclons,

A wide vaviety of solld-of-revolution shapes are used in avia-
tion. A simples boedy can be divided Intc two parts: a forward
(nose) section -wid a stern (tail) section,  The boundary sepaf-
ating the tail and nose sectlons of a solid of revolution 1g
the cross seclion wjth'thc_lavgest dlameter d, which 18 known as
the midéhips- (maximume=)section diameter. In general, the tail
gecti~n of Lhe soild oﬂ-revolution-muy have a curved generatrix

(1n the form of a parabola), but 1t 15 usually made eylindrical

or with eylindrical and econlcal segments, terminating i, a bisge
plane. ' :

FPD-HC-2" =753=71 1yt
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conical and ogival generatrices.

Ny W
& Ty T 2oy

T AR T P D

 The most “common nose-section shupes are sharp-pointed with

b4 TITTTIIIT
: =4§Jd =]

‘"q - ——— L —

| “‘F L
= ! i ' ’,.l

21> 45 -

e —ueqs

2+ & ¢ w0 x-}

B I Y IRy T 1

Figure §.4. Mach-niumber variacion Figure J.5. Slenderhess~rétio 3“
of the derivatlve (cg)auo'for_ varlation of aerodynamic_cen-

axisymmetric 3olids of revolu- ter relative coordinate x, =

tion with ogival nose sectlons. - xF/d of solids of revolution
‘. : ' " wlth cgival nose sections. :

W s

The aerodynami : characteristics of sharp-noczed éxisymme;nic
solids of revolution with cylindricol tall sccetlons are repre;
sented graphically in Figs. 6.2 and 9.3. These flgures give the
aerodynamlic characteristics cg = £(M; A) and EF * xp/d = fe(M, A)
for solids of revolution with conliecal nose seoations. The slender-
ness ratio of the cori:al nose veetion 1y A = 1./d - 2.85. It
is assumed that the clenderness ratlo of the body as a whole 1s

changed by changing the slenderness ratlco of the cylindrical sec-

tion.

Figures 9.4 and 9.9 glve the aerovdnamte chzracteristics
c; = fg(M, %) and fF = xF/d = f“(M, AV Por axisymmetric sollds
of revolution witn oglval noue seetlons. The generatrix radlus

‘oi the oglival noze section is R = 8.3d.

The experimental results presented in rigs. 9.4 and 6.5 per-
taln to axisymmetric :olids of revolution whune slenderness 1s
varled by Qarying that -f the eylinirical cection, while the
élendernesn of.éhe oglval nose scetion retia ' ns uonntunt at An =
= 1./d = 2.85. | |
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i . e
it #
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L Y. b b,
¥ ~ oy : &
% ;

m;ﬁ,nips sec Lion area uf nd /4 = Fr

4;ikh€z 3-5, wh ie the tail section consists of cylindrical and

o8 -

\ sinm
n\\,

In Figw. 9. and 9. h, ch° derivafiVe (c ) 1= rcferred to a

b L the.” elage or ergine naééllé_df the vehicle teing de-
£ty qigneﬂ has a conical or oglival nose section with a slenderness

'é:conic 1 se ments and “he taper argle of the conical aegment is
smull, the aévodvnamic characterlstics of tha fuselage or engine
n&CEIié wi L then be cloaely similar to the solidg-of-revolution

_*\fgaﬂr@uynam1u rhaﬁabteristica given in Figs. 9.2-9.5.
S th"vtu p;ven *n thes: figures can also’ be used as- abproxin
A R AL A ﬁcr'ncliin of zev0¢ution with paraoolic nose-section
SEeneRIty e G,
b) Lemormination of UOHE tulinal Aerodynamic Center Position and
o LI tas Peopsryies of Wings
i e e ivat]ve s3 for isolated delta wings can  be deter-
A VS

mined Croe i dlagream in Fig. 9.6, The position of the iongl-

"'I’NP";f 7 J!‘ i “

vfum

]

coordinate of gueoadynamlz

I\
061 =iz o
= ﬂﬁ&:E%:FE = oy
. 1 o I I s st £
TR g 12 18 0 e
L

Kigure 0,7, Plot of retative
&L At
Lor Xy o= vR/L o denlaned

g D
SR e wrn b eperae s woaptat lon delta winge azainst tan c/fan
G R BT YT fgq ) . ok T 3) with wedgpe-zhapen Leading.
. 2 y : T gk

1 : T i cdpey 2y wilh ellly 403l lead-

SOlrTe w by Wiinae A . e

'“‘“1-' ‘ i At : tupg edye. -

(ELa WS voodermge e e owlith recpect 2o tie forward anld ot the
mes: s be tocrmdnen approxinately Toeoam the
foilbw . . . Cp docdoated Eoita owlue oart Mo«




‘Expression (J.4) can.be used 0 determine gerodynamio-center
coordinates for delta wings with aspect ratios of 1.5 to 3.0,

ic;li;})‘. =l
1 [
-t £ {Gady -
’!/ : ﬂ%mM; _‘
Jr / - 10 TN
‘ )/' - s
. J Y ' ) 3
J__ _ GeTTATTE S 40 2 i W

0 2 5 & 8 Ay

Pigure 9.8. The derivative Mgure 9.9. Mach-number plot of
a . : . o a
(cv )x=O for siraight (un- Lh? ratio (c‘wg)M/(cng)M§p°5'

uwg
swept) wing as a function
of aspect ratio A at M <
< 0.5. Wi

L]

!
<0k =008 0 002 0% O Ly % Fin)

Figure 9,10, Relative coor- Flgure 9.11. Plot of the func-
dinate of aerouynamic center tion F(n) aiainst the taper
Xp *° XF/b, of lsolated n of a awept wing.

WE =
swept wing as a function of
Awg tan xF(n) at M < 0.0,
acrody namie center of an

“he position o the Jougltadinad
& . | fprom the diagram

1solated delta wing can be detarmived tor
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2 fo wings with elliptical Iead-

AFar isslated swept wings, the derivative cg i3 determined
‘wg '
/_mately ¢rom the expression R

(c;xp)vﬁﬁz(cz,‘p):x-v-_ﬁ V“é-(.‘;i.s ' : (9.5)

ties ﬁf the- qtraight wing. 'Tt is determined for M < 0.5 from

”jﬁFig. 9.8 (whers o is in radians)
4 If -he aaviyative (ca ) of ‘& swept wing is known for small
‘Mach numters M < 0,7, its values for M > 1.0 are easily deterw

minud from the data of Pig. 9.9. This figure presents a plot of

the ratio (¢¥ ) /(c : against Mach number, where (¢2 )
wg M wg "M<0.5 ~ ng M
is the derivative for the isolaiad swept wing at any M < 3.0 and

(c ) 4¢ the derivative for tic isoliated cwept wing at smail
i M<O.5 , :

WE
M < 0.5
i, The relative ccordinate of the
AL - o longitudinal zeo»dvnamice center %w o
Ehaos™ T T T 1 1 _ L _ T
] ! T ] p S
e L WL e for an isclated swept wing can be de-
RN K termined for small M 7 0.5 from
T !, o File. 9,10, where Awa van X F(nj) i=s
- k. g iMoo the absclssa. Here: v is the lead-
tgure 0.12. Variation »f - ing-edge asweep angle of the wing),
s the ratio (XF) /\x,.,) M<o.v - ®(n) 1o deteriminel from “le dlagran
with o for swept wing" . b S o 3 5 i
n Pig. Coll, and n o= f./b 0 1t the
with 3ween anﬁieb larger e ? s 8 0" Ve !
“than hu2. Wl tapcr satto.

: : T™e position of the acro yeinaic
‘center of u swept wirg relative tn the forward point of iis mean
aerodynamt - ziord can be deternn, od for ¥ > 1.0 from P, o 08 &

1ts positicn ~F 310 1 M < 4.5 ras peen. deternmined.
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Figure 9.13. Plot of ¢ =
: e E y
a o wgl
= (¢ )#/c as a function
Yug Ywe
of fuselage relative dlameter

af. = d/1.
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"
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Pigure 9.15. Influence of
engine nacelles on posl-
tton of wing aerodynamic
center.

reduces to an increase in the derivatlve c;.

of the longifuainal aerodynami

This effect of wing tin na

the presence and in the absence of a fuselaye.
{stics of these effects are presented in dlagram form in

character
Fizs. 9013-9Q15Q
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aerodynamic center toward the trall-
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i Y r——
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Osp— = _ it
W et
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Figure 9.14. Flot of & -

a
y
wg?2

= (e )‘“/(c“ )* against

we we
relative diameter of engine
nacelle den/Z.

Interference of a wing of any
planform with the fuselage 1owérs E
the 1ifting propertles of “he wing
(¢* ) and shifts its longitudinal i

ng . i
ing edge. The extent of this inter-
ference depends cniefly on the
ratio of the maximum fuselage dla-
eter to the wlngﬁpan,“i.e., or
/1. 5 TS 2

1f fuel taiks or engine
nacelles are mounted on the wing
tips, thelr influence on the wing

and a forward shift
wEg '

¢ cenver on deita and swept wings.
selles on the wing ls manifested in

The quantitative
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Fisure 9. 13 shows '; .- (cy )*/c;- as a function of fuse-
vgl - wg  'wg ik ' '

-»lase relative diameter ror M<0.5andM> 1.0,

Here (c; )' is-the derivative of the wing lirt coefficient -
wg -

with respect. to engle of attack when the wing 1s mounted on the

'f'airplane 5 fueelage and ¢® is the derivative of the isolated- C

Yw
8
wing 11 coefticient with respect to angle of" attack._

as Theory~and experiment have shown that the results,given 15
Fig. 913 can be used for delta, trapezoidsl, straight, and swept -
winge mounted on a cylindrical airplane fuselage aection in the
Mach-number range M= 0 2-5.0 and at angles of attack o = 0-6°,

Figure 9.14 shows &% s (¢ )er/(c? )% as u function of

yugz Yug Yug
the relative ‘dlameter d /Z cf the englne . nacelle.

| Here-(cy- e is the.derivative of the wing 111t coefficlent
wg :
with respect to angle of attack in the presence of a fuselage and

w1ng tip cngine nacelles, 1 .e., wkelr. the wing with the nacelles

is mounted an the fuselage, and (ﬂy )% is the derivative of the
vg

wing lift coefricient witn respect to angle of attack when the
wing is mounted on the fuselage without the engine nacelles,

Theory and certain experimental data indlcate *hat the re~ _
sults shown graphically in Fig. 9.14 can be used for delta and
swept wings ﬁounted on'a cylindrical fuselage section in such a
way that their center chords coincide with the fuselage (solid-
or-revolution) axis, while the axes of the wing tip engine nacelles
1ie in the plane of - the wing. These results are valid in the
Mach-number range from 0.2 to 3.0 if the fuselage relative dlam-
eter is in. che rahge dt/z = 0=0.35.

Figure 9.15 shows how the longitudinal aerodynamic centers of
 Gelta and swept wings Aare ahirted as a result of their intes{er-
ence with the fuselage and wing tip engine nacelles at subeonic,
and supersonic speeds._ We . see that an increase in the fuselage

relative diameter d./1 1ncreases_xF = (xF )"/x y S,
N . weg e "5 '

W A b < 8 B
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shifts the longitudinal center toward the wing trailing edge.
Here (EF )¥% is the relative coordinate of the wing longitudinal

, Wg
center with cornlderution of wing interference with the fuselage
and enpine nacelles and x ~is the relative coordinate of the

wg :
1ongitndlna1.aerodynumic center of the Isolated wing.

An ircrease in the englwe-nacelle relative dlameter d@n/l

causes a deurease in RF , and this means that placing wing tip

Wg ‘ :
englne nacelles on delta and swept wings shift their longitudi-.

nal foeci forward. |
We note tiwmt the data glven 1in Figs. 9,13-9,15 were calcu-
lated in such & way that the entlre ePfﬂof “of mutual interference

[

E i . - of the wing wivh the fusclage and with the wing tip fuel tanks
. . _ and enblﬁ» nacellen would apply only to the win,, f.e., 1t 18 un-
4 : necessary. to consldrer the Influence of the wing in determining

the lifting properties and lnngltudtnaj -center positions of the
fu”L]ﬁ&P and nncelles. ‘

¢) DeLoxn‘natinn 0: Llr*inv Urqperbie and o%it*on of Longitudin-.

........

The' wj&uate of the lnngitudinal aerodynani e center of the
hovicontar tail relati = Prom thns forward polnt of its mean aero-

dynamie chord must be determined in tno same way as for #ingu,
with considcration of tne fuselage effect; fusela;e.diametcr,iu

to be méa«xrnd at the 1/2 b, level of the nirtunntal ‘tail plane.
' ' hst : : -
In determining the it 1ng propbrtl el A narizontas tail

ZF b

mouﬁééd afL.nf vhe wing, 1t is ne-esuary to cnr51dvr how tney are
Influenced not-onky by the ;en..on of “u,elagu on which the hort-
.- i zontal tail is mounted, "but-slg by the purt T the rusélwge for- .
‘ward of the hortzuntal tail. 1t is ,&'"ﬂ nnccsa{fj,t> altlow ﬂor
the influence ¢f the winz sn tne lift;ng prouCVt5er_(t the . horl—
. ﬂ f0pur 56::0?

zqntal La‘] .Thﬁ‘ 3 SO uIY@“Lu )n_thQ 1‘”f*ns

the hor;“ontal tail are Lwian into upcauﬁf by ik 1<P” niLg the doun-

Wash ‘gradient ‘at the tatl, as/da = cyde/d,, any- Tlr rluw'stag:af_

J

uiyﬂ coefficient kh g the rerioq of the u?rinon“;; taﬂl;;

0
S <
SR
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VCQnaequently. the 1ifv incrament A! ¢ °F the horizontal tail due
to a change in the airplane s angle or ettack is determined with
: cousi¢erptiqn qf the fuselage and wing effects by the familiar
 expression " |
] E . X con ’ '.d 4 . V2
*..'“' - : : | \.Ayg_.o"":(c,-m) Au\ l““;‘;‘) sr.uK\-.a'_!;"' -

(9.6)

.gwhare da is the attack-angle. increment, (c; )* 1s the derivative

8 .

: gar the. horizontal-tail 11£t coefficient with respect to attack

sle. It is determined in the same way as fuv the wing, with
conaideration of the fuselage effeoct; Sh + is the area of the

horizontal tall countins the part in the fuselage, if the hori-
. zontal tail is vounted directly on the latter.

If the horizontal tail of an airplane with &« wing having an

aspect ratio A - < 3.0 is mounted oul the fin far above the fuse-

_lage. we can take a Kh 3" 0.9. If the horizontal tail 48 in

the immediate vicinity of the fuselage, Kh - 0.85.
If the airplane has a large wing aspect ratio, i.e., Awg

> 3.0, then K. ¢ is determined by the expression

Kr.u“—f0095_op4'%‘°‘o ) : d ( 07) .
= . : 10 .

;where Sf is the area of the horizontal tailplane covered by the

h.t

'fueelage._;

The derivative d:/da = e“ ds/dcy, which characterizes the
we

_”fvariation of tﬁe downwash at the horizontal tailplane as a func-
. tion of attack angie, 1s easlly dstermined 1f de/de, is known.
- For delta-wing aircraft flying at aubsonic speeds. this quantity
:.can be determined rrom the formuia -

0.8 9.8)
J = ey .lw kak&tr: |
.. where .
PTO-HC-23-753-TL  20%
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TR W

I is the wirgspan, LH t ig the distance betWeen the center of

gravity and the aerodynamic cenfer of the horizontal tail,

~m=me%%ﬂosﬂ'

horizontal tall.

Table 4.2

- ; . : R .. ,
\\\\\\\ a2 | 1|03 \\\\:L\ P

For s wegt-winﬁ aircrart

! N

4

2

K, -| 0.6 0321043 K, 1| 0,83

'
I

Ll 1 e
11('" 1“, l'... 344

where
2y =] 0,45 — ¢, 0. Y
=i 4; Ons2hg) ( 2 n),
n is the relative 1 ‘per of the wing,
1 4] -—0.75 "’f‘ "?:"2"‘ 0
Ay -""“01(2"".”-;,.[“.
x.—-l-’-«OlSsin’/ )
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0,7

|
!
|
!
|

-the derivative'defdcy

0,53

‘where y*h £ = 2yh t/Z and yh o 1s the distance bethen the wing_
" poot chord line and the longitudinal aerodynamic center of the

13 glven by

(9.9)

A i AR e AR b

a3 0k s o R ol

%:.'

i

%

1.

%
1

.‘% 3




For'supersonic speeds, the derivative de/dc&v“br déltg.ﬁingaf">

and trapozoidal wings with straight leading edges'égnfbe[detér- a
'nined from the formula ' '

S A
-Lh_a'-.' K'c (‘ ~¥Y o)o

‘__aq- by L Tk .' i   19.101'

where yh £ - th t/z is the distance( 2 of the hcrizcntal tail-

plane above or below ths wing vcrtex sheet, expressed as a frac-f7 ;
_tion of wing half-span. K is .a coefficient indicating the depen-~f
dence of de/dey on L, o (see Table 9.2), and K, 18 a coefficient

.1ndicating*the dependence of the derivative ds/dcy on the taper
, of a crcpped delta wing (see Table 9. 2). L

_ We note that formula (9.10) can also be used to determine
;the downwash behind swept wings with trailing-edge sweep anglea
nc greater ‘than 25°.

Having:kﬂermineothe position or the airplane 8 longitudintl
aerodynamic center, we can prcceed to determination of tiae extreme
trims.

d) Determination of Extremy Tailheavj and Extreme Nogghea!x Tr;ms
.o'?"é'ﬁé'T{_T"“"‘ rplane.
Tf Ghe cocrdirate of the airplane 8 longitudinal Aerodynamic
¢enter ‘relative tn the forward point’ or the mean aercdynamio chord
:ip = xF/b‘i is known, ‘the naximum tailheavy operaticna] trim of
. the airplane X 1s easily determined if the maximum permissible

N normal-acceleratiun stability at aubscnic apeeds 1s also known.

'jThe smalleat acceptable normal-acceleration stability (xF - x

‘depends on’ the type of airplane. Thus, for 1nterceptors »
',(i?;- X, ) 0,02-0.4; for bombers (xp = %, ) * 0.08-0. 06, and

g,
ror passenger aircrart (xF cg ) = 0.08-0. 10.
t .
" The maximum noseheavy trim X ‘cz' ia deteruined from thr air'_

n
p;ane s land.ng-trim_conditipns: 2k

-Pobtnoté'il) appéafs 6n_page 235,
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¥ + Pty = G,

l”l;'. -&_Bj:u’;w'c + A”;? N l“i”l\’]aw‘ = -sz =0, ¥ v (9. 12 )
where Y is the 1ift of the airplane wiéh’landing fiapﬁ ddﬁh'and-
- with consideration of the ground effect; ® 15 pcwerplant thrust

6el

M, 1s the piiching moment at o = 4 =8

2 = 0, ¥, M, ana u,

el

¥ s are the derivatives of the airpléne;élpitching moment with re- -

§ spect to angle of attack and the deflcotibn angies of the sta=-

: " bilizer and elevatdr; respectively.,Kl is a coefficient that tahes T
s accoun* o the required elevator—defleLtion margin avallable at

‘ landing, ¢ is the stabilize: deiflection angle (a defined quantity),

sélHT is the maximum oleVa*ov aefleotlnn, Nidp is .the airplane’s §

max ° =R 3
landing angle cf attacx. It can be assuneu in f1r:t approxima- &

tion that o 2 109129, M 3 Pvﬂ is the moment of the thrust
ldg Zp

P, which passes al a distance Yp from the aivpliue'" center of

v AR K

v,

gravity; Mz > 0 If the thrust sets up a2 pifchup moment.
P '
After simple transformations, we obtain expressions for the

maximum nOSﬂhea"y-posi+1on iég of the center of gravity znd the
n

lift-trim’ coefficient to land the airplaﬁ( wlth maximum noceheavy

-

crim: S - {ri. tmg, o I)I.,g ERPTRTA ol
X, X 3
T

R T

Ml e

(9.13)

{(a.1h)

i e 1
Iy bl (OB G RN AT WY et e Az oA
Fuae,gag — e 1603 I A Woas 0 g 2Ny ey M MM

I"va y Y
where "op =77 ds the thruse moment coel'laiclient,
e 8

. . ) i1l
.

i (s

)AL

. .
e e (("r.n) A sl i

(In these expreszil.s, the minus slgn to wsed when the tall

13 situated aft of the center of gravity); i, nun boe assumed
: ‘0
equal to zero in flest approximation, n_, and n , are the
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erﬂactiveneus coefricients of the stabilizer and elevator, respec-
tively; at subsonic speeds, it can be assumed that Ngy ™ /S;;?S;T:,
while at supersonic speed n, = S 1/S Sel n,, is defined

similarly, Sh t is the total area of the horizontal tailplane, in-

¢luding the elevator,

’ , ; ds Fur
C;::((‘é = ”ro) gro( l"'“""") Keote ”0T+¢:Hrm8 : :
: "‘.l =:("‘FM,) Sr.l; r.ofeys

3 . ; :
eS= (c:‘,;.,,) 3r.ol(r.o”u; j

. cp = 2P/ovzs is tnelthruqt coefficient, Auy is the 1lift-coef-
f1
flelent 1ncrement due to lowering the landing flaps. This quar-

tity con be taken from statistical data in first approximation;

Acy is the lift-coefficient increment due to the ground-
grd
proximity effect. It can be taken from the statistics 1n first

approxliation.

§9.3. SELECTION OF VERTICAL-TAILPLANE PARAMETERS, WING DIHEDRAL
ANGLE, AND AILERON PARAMETERS

a) Selection of Vertical-Tailplane Parameters

The vertical tall of an ajirplane usually consists of a fin
(fins) and a rudder. They are subject to the following require-
ments:

- they must provide the airplane with the required lateral
stability and controllatility characteristics in all operational
flight conditions;

- they must make 1t pcssible to trim the airplane in the
event of railure of one cutboard (critical) eungine during take-

off at ¢ ~ ¢ with the flaps ur,
, y Y1/0

- they must make it possible to trim the airplane in the
_event of failure of twe engines on one side in flight in tte con-
dition most charscteristic for the particular aircraft type;

- they must rere 1t possible to land the airplane without

- FTD-HC-23-753=71 ' 208
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crabbing ln a side wind with a speed of no less than 15 m/s.

It is possible to conform fully to all these requirements
made of the vertical tailplane of a modern aircraft oniy when both
the vertical tailplare itself and the entire aircrart are properly '
configurated and automatic devices are used.

- During the preliminary design process, it 1s necessary to
selnct the following vertical-tail parameters'

- planform and position with respect to the fuselage and
with respect tg the horizontal tailplane;

- th relative value of the area-§v £ = v t/S and the ;
moment-a?ea ratio Bv.t f " t - t/SZ of the vertiecal tallplane;
— the rudder relative area §rud Sruuls§:t._the type of

compensation, and the maximum rudder deflectio:n angles.

Table 9.3

Over—All Dimensions of the Vertical Tailplanes of
Modern Transonlc Aircraft

' Aircra;g, Light turbo= 3 Heavy alrecraft
_ Parameter - Jjets Turbojet Pronjet
5 7] 0.08-0.10  |0.040-0.06 sg-nosen
Bv.t Sy, . - /sz 0.06-0.10 0.040-0,065 0.05¢ 2
= . b ’ o LIS 4 e L 3™

; sv.t v.t/s 0.15-0.20 0.10-0,17 0.13-0.19

3 : " o A i
Srud = S..4/8y.1 N.20-0.28 i ed2=0. 35 0.28-0.50

GP £(209-25°) 1 (209-25°) 1(20°-25")

max :
e 3 The planform énd_profile of the vertical tail are selected

on about the same baszls as the planform and profile of the horl-

. : zontal tail. The reader is referred to §8.3¢ concerning the posi-
tion of the ver=iecal tall with respect to the fuselage and hori-
zontal tall. '

and 8 and the me-

v.l rid _
¢ of the vertical tail are taker in first ;

The relative values of the areas §
ment-area ratio B

FTD~HC=23-753=71
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approximation from statistiral data.

' Analysis of statistics on t'e geo-
metrical‘parameters of vertical
tailplanes as used on modern tran-
sonic airplanes indi.ates that 3v.t,
B,.¢» and srud are in the ranges in~
dicated in Table 9.3.

[ 4

Figure 9.16. Iilustrating In determining the parameters
determination of vertical Jisted in this table, only the part
tallplane area 3, . and of the fin above the fuselage was
included in the vertical-tailplane
éréa. Ventral-fence areas were not
included.'.Figure 9.16 schemetizes the determination of the ares
of the vertical tail, the position of its mean aerodynemic chord

b, , etec.
v.t
Modern supersonic alrcraft have the following vertical-tall-

plane parameters:

c '
its span zv.t'

B.-O‘zo'07+0|]l; §'."‘z0']6“"0|20;
Spu=020+026; 8, +95°,

We note that large values of Bv p are characteristic for
supersonic interceptors. Analysis of statistical data indicates
that the effective aspect ratios of the vertical tallplanes of
modern  personic alrcraft lie in the range 1.5 < A, , < 3.5.

Here the effective aspect ratio of the vertical tail 1s a
relative juantlity equal to the ratlo of the square of the effec-
tive span of the veftical tail'Z;‘t (see Fig. 9.1€) to the area
of the vertical tail: : '

) g .?
) ) o‘.: (".u)

T S

| The_?ertical tallplanes of mndern transonic and supersonic
aircrért are tapered in the range 1.5 < Wy g & 3+.3. However,
vertical tails with rapers of 2.5-3.0 are most frequen:iy en-
countered. R | '
PTD-HC-23-753-71 - 210
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The area of the'ventral fences used to improve lateral sta-

bility and controllabllity characteristics represent 2-5% of wing ;
area. The effectiveness of ventral fences per unit of fence area i
1s approximately 1.5-1.8 times the effectiveness of the mein dor- '
3al tailplane csurface. | | k ]

Following tentative selection of the vertical-tailplane and
ndder dimensions, it is necessary to establish the wing dihedral
and aileron parameters.

b) Selection of Wing Dihedral and Alleron Geometry

The designer can adjust the lateral stability mi of the alp- i
plane by varying the dihedral of its wing. Modern transonic and
supersonic alrcraft with swept and delta wings are given a nega-
tive dihedrzl to lower lateral stabllity, which becomes exnessive=
ly high in flight at large angles o attack (i.e., at large °y>°
Statistlcal data indicate that modern transonic and supersonic
aircraft generally have negative wing dihedrals from zero to -70,
: However, there are also knowr. aircraft configurations w;th nega-

P

tive wing dihedrals of minus ien degrees. A large wing negatlv:
dihedral results in 2 substantial deerease in the distance he-
tween the ground ahd the wirrtips. Thi: dlstance must be suf-
ficient to prevent the ailrplane from rtriking its wings on th2
ground during takeoff and la~ding 1a crcsy winds up to 15 m/:.

For this purpose, the negative wing dinedral 1o sometimes impartad

B T

not to the entire wing, but only to 1ts tip sectiona. It ‘v ap-
propriate to note thau the airplanufs jateral stabllity can, In
principle, be lowered by imparting a negative dihedral to the
horizontal taiiplane i and’] by_plactng'the'wing lower on che fuie-
lage. However, the latter measure lowers the airplane's it/
drag ratio and incereaces the fuselagu—£o~ground distance, whic:

5 = ~makes it difricult to ube, for example, on tranvport alipian=u.
Tt i3 expedicnt Lo begln by assigning a wing dihedral on
the basis of statistical data, wlth subsequent hypothetlcal vtes:--
ing and adjustment. o '

FID=HC=-23=753=71 a1
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Ailaron geometry in arrived at on the_baaiiﬂbf lateral-
cortrol requirements. Basic among the latter are the following:

- providiang for trimming of the airpiane at zero slip angle
in the event of failure of an outboard engine during tekeoff with

ey = ¢© (wing flaps up);
Y1/0 _ : .

- making 1t possible for the airplane to execute its landing
glide and landing (gear and flaps down) in a 15-m/s crosswind
blowing at 90° to the runway;

-~ providing for trim of the airplane in the event of in-
flight failure of two ergines on the same side in the flight
situation most characteristic for the particular alrplane;

— alleron efficlency must be such that when they are fully
deflected during takeoff and landing at speeds V =(1.1-1.3)V , ,
the dimensionless steady-state roll angular velocity Gx =
= @xZ/ZV will be greater than or equal to 0.07;

— the ailercns of maneuvsrable aircraft must be able to set
up a roll angular rate of

1 rad/s ¢ w, < 1.6 rad/s
in flight at the speed limit;

- the stick effort per unit of roll angular veloeity at the
flight-speed 1imit must not exceed & certalin value.

Statistical data on modern aircraft and caleculations indi-

" cate that these reduirements can generally be satisfied oy uslng

conventional allerons. Their dimenslon: should be in the follow-
ing ranges: o

- alleron relanivé area 2Sa/S 3 0.036-0.08%; the smailer
figure i3 more pertinent to interceptor~type alrcraft, and the
larger to heavy alrcraft; '

~ the chord of the ailerons (to the aileron hinge axis)

. shquld ke 20 to'30$ of the wing chcrd;
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~ the span of the ailerons is often limited by the span of
the landing flaps, usually representing 30-40% of the wing half-
span. '

The maximum alleron deflection angle depends on the type of
balancing employed.and, according to statistical data, ranges from
20% to 30Y%., We note that the relative span and chord of the alle-
rons are selected simultaneously with the dimensions of the balanc-
ing tabs and the maxirum aileron deflection angle.

Having arrived at the geometry of the vertical tallplane, the
allerons, and the wing dihedral, it is necessary to make an uap-
proximate calculation of the airplane's lateral-stabillty deriva-

. tives and its axial moments of 1nertia, and then to check the

selection of the vertical-failplane and aileron geometries and the

wing.dihedral against them.

§9.4. APPROXIMATE CALCULATION OF THE AIRPLAIE'S LATERAL ESTABILITY
AND CONTROLLABILITY DERIVATIVES

a) Calculation of the Alrplane's Lateral Stability

‘The lateral stability m’

ally'by the wing, the vertical tallplane, and wing-fuselage inter-
tereénce. The lateral stability due to the fuselage,'the rorizont-

of the_airpiane is detérmined basie-

al tail, and their interference is usually small! and can he dis-

regarded in preliminary desisn. Or this basis, the alrpiane's
lateral stability can be writien

mixml- 4amd Lo SPOLY
! A Xy ¢ : 3

R

whe'r'_e, mi i the lateral sta_bility Jue It‘,o Lhe al ﬂplane"a: wing,
Ami igsthe lateral-stabllity increnent due to intérfereuce oy
theicfngxwith the fuselage, and'mi is the tateral stability

due to fhe vertical tailplane. Lez'gs conslder the caleoulaticn of

each term in (9.1%5).

It is known that wheﬂ a sweptback or dolta wing acqulres a

" s1lip angle, the forward hal f-wing has a-smalier effective sweop
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ahgle, \?bile the - aweap angle of ehe other wing half increases by
the amount of the slip ansle 8., This results in changes of the
cy of the r:lght and left wings in.8lip and in the formation of a

ng roning moment characterized by 1ts coefficient mB. It has

. been established theoratically and experimentally that the lateral

stability of a swept (delta) wing with zero dihedral insreases as .

‘the 1ift coefficdent of the wing increases up to a certain point.

- If a wing qf any planrorm has a dihedral angle ¢ (formed by v
the chor¢ planes ), the angle of attack of the forward wing half '
lncmases at.a slip angle B, while it decreases on the other half
of the wing by an amount

Aa=¢f.

This results in changes in the 1ift of the left and right wings
and the appearance of a wing rolling moment at any angle of atta-k
3. ' -

The sirplane's lateral stability is strongly influenced by
the heightwise position of the wing on the fuselage. Thus, 2
high wing increases lateral stability as a result of wing-fuse-
lage interference, A low wing, on the other hand lowers latrral
stgbility.

It follows from the above that the wing lateral stability
can be determined, without consideration of its interference with
the ruselage, rron the f'ormula ' '

S (m ), ), (9.16°
where (nx )x 18 the lateral stabilirty due to the sweep of the
wing and (mx )y 18 the lateral stability due to the wirg dihedral

wg -
angle w. At smallm, (m ), and (mb )w car. be determined apprcx-

Xwg X Xwe
imstely from formulas (9.17)- (9 22).

- For delta wings with relative tapers ®>n>5, ‘these derivav
tives can be detem'ned rron the exoressions
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(9.17)

- (9.18)

where n = bO/ W is the wing relative taper and be is the length

of the tip chord.

Tavle 9.4
n 5 3 2 1
W 0.73 0,87 1L 1,2

For sweptback wings with relative wing tape pe o n-€ Y,

m3 } -= 0,15t At2 ..

(m vl g/I o’
AN R . .I' - ;
(mj”!),, 1 l‘3cybp "-—-—-‘ l b,

For unswept wings

' K, (1,154-0.15) - =
(mi )L_O*-'- Ll B '-——-'l"‘-'—_'fn.ﬂ )]ll'u.
Kp Lyp n+1) .

where A is the wing aspéct ”atio,'Ko ts a coefficient rhat

pendq on wing tzper (see Table 9 by, and

3 e .
(my ), - O.lhr”wg.

(34

Table 9.5

2,%

T
|

| ‘30 4
!
K, ‘ 0 | ..ss' 0.5 Oﬁ°!o.7 ’
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Figure 9.17. Plot of m, /[l + {c./ho)] egainst
' Int 5 :

halghtwise position of wing oh fuseiage ywé/Hp_at
small M < 2.5, -

he lncrement to the eirplanc's lateral stacllity due to the

interference of any wing planform wtth'the'fuselage can be deter-

mined frcm the formula

. ram? \ ’ ¢
amd - -(-~--—- M (-1 L --4"—\ K.
o hy

tively, and & ! '~ radians.

9TD’H¢~2547§3-7] 1%

‘Where Cp aﬁd'u“ ar. the wildtn arnd helght of the fuselage, respec-




The quantity (Amxi /[1 + (cr/hr)])is-taken_from the diagram
. nt _ ;
in PFig. 9.17. We note that the results are valic for a wing with

an aspéct ratic of 6. For wings with other aspect ravios, the
figure cobtained from Fig. 9.17 must bclmultiplied by a correction
factor KA Table 9.5 shows how KA depénds ‘on wing .aspect ratio,

We note that for a low-wing monoplane, (mx /[1 + (e /hr)J)
int
taken from Fig. 9.17 with the plus sign, while the minus sign is

used for a high-wing monoplane.

We know that use of 3 vertical tailplane changes the air-
plane's lateral stablility. This 1s because the total lateral
force Z, . that arises from the Verticaitaiiplanein'SliP 1s gen-
2rally applied at a certain distance from the longitudinal axis
of the alrplane, thus generating a rolling moment of the alrcraft.
The verti:cal-tallplane lateial stabllity mg can be determlned

: v.t
for small M from the formula
.nlgu.au(‘gu.u§"-"§“a° [( 1— -, K“‘°]¢ . \, ‘,:' .2 i‘: )
o e
where cg 1s the derivative of the lateral~thrust coeffilent

‘V-t :
of a vertical tall mounted on the fuselage (in the abseance ci the

wing) with respect to the slip angle B, iv ¢ T Yy t/Z iz the arm
ratio of the vertical-taill lateral force, ! i1s the wingspan, ©
is the average crosswash angle at the vertlcal tallplane, Kv o

qv t,q is th2 flow-stagnation coefficlent, [(1 - ac/aB)Fv t3l+‘5 &

Kf+wg i1s a coefficient that takes account of the change n tue
effectiveness of a vertical tailplane mounted on the fuselapge due
to the influence of the wing, the interference of the wing with

-the fuselage, and stagnation of *he rlow by the wing and fuce’a; ‘0.

With ‘the airplane at a glven angle of attack, o 1s a practl-
cally linear function 5 the 31ip angle B (for B < 10°), l.e., 't
can be assumed that ' 3
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At M £ 0.5, the derivative 30/38

'x-gtzlﬁﬁ_hhord ¢2péﬁds.qh angle of attack and
k;;gsap; the configuraticn of the air- SR
:; " ;_;:_ N 'plane.? In the preliminary~de- .
‘g | sign stage, the dependence of ;
: 30/3B on angle of attack can ,':
| be disﬂegarued, using its aver- E
-0z }—f age vziue in the range ¢, = 0- e
]7 i : . ,.9.-_Ingthis case, the depiva~ A
2 o - T tive 3a0/38 will depend only on _' i
. the airplane's configuration, D
Pigure 9.18, Derivative'cg - 1.e., on how high the wing is :
' v.t ‘placed on the fuselage. As com-
of vertical tall as a func- o ' T .
tion of its aspect ratio and pared with the midwing configqra- _
l/g-ghord sweep at small M - tion, a high. positicn o?gthefwipg '
_ - on the fuselage increases the
: crosswash at the. vertical tall-
plane, thereby lowering its effectiveness. ow positlon of ‘the
wing on the fuselage, on the other-hapd, reduces xh&_cpqsswash ' _
: angle 0 at the vertical tail, thereby increasing its offective-
] j ness. 2K s e e i e
X [ _Jff-h~
N R
F. - AR en3g . .
o L - " hal. " ‘. : 4 l _
N\ E=— 1A ,
iz \\\‘_ #l.:-.u } .':i' .
SN _}: A
T i | | !
az a¢ o o If; -
f Figure 9.19. Variation of ef- rigure 4.20. Scheme lllustrat-
fectiv: aspect ratis coeffic- ing determination of the coor-
lent K £ of verticai tailpLan dinate xh t*

due to its §1 serference with ;
the horizontal .ati “awn Mg 0 S
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agpec; rat%?/xv't: V

8  peferred to the area of the vertical

The derivative c

2

v.t
tailplane can be determined from Pig. 9.18, whiceh shows the varia-
tion of vertical-tailplaue effectiveness cg as a function of

ve.t
the effective aspect ratio Av ™ (lv t)d/sv ¢ for various sweep

angles at: 1/“ chord. If a horizontal tailplane is mounted on

the fin or fuaelage, the derivative cg ; should also be determ ned
v.t -
from Fig. 9. 18 for small M, but for a different vertica’-tailplans

r;mygkgk.f s : (9.25)

herﬁ K of is a coefficiant that take% acﬂount of the helghtiwise
posltion of the horizontal tail on the vertical tail. This coef-

‘ficient can be obtained from the dlagrams in. Fig. 9.19; R is a
 goefficient that takes account of the relative positions of f!

horizontal -and vertical talls along the longitudinal axis Ox

Tégig. 9.20). Table 9.6 thows how R depends’ on ENT 1.e.,, on the

distance of 1/ b, from ‘the leading edge. b e

hat W
Table 9.6
: ! i E | 1
e e K | —1,0 | 0.5 TN S |, TR £
. l | l _m_l_,__l_#_m‘ )
z I .
® ! 0,2 ‘ 0.5 l 1.0 1 1o l i
] | . i
| f | i
If 1/4 b, is aft of the forward end of ¢ he Vertx n‘*u14

ti.t

plane mean serodynamic choird, we have X, t/b > 3.

.

h.t .

The gquantity [(1 - (30/38))Kv t]f+wg . hf+wg can be dstar-
mined ooproximately from the formula S -

. Yup
Kosup=—0.95 - 0.6 .-‘-‘— .

[
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s;_fcalculating ma fer "tailless” deuign,

)  ¢;piant, 1. e.,

;:*‘ E§}pl§ne s certer cf wravity, Assuming that the fLSPlP‘ ias

S_ie the. diatanee between the plane of the wing chord and
.;tuselage longitudinal axis, If the wing 1s abOVP that axls.

i g > 0, hr is the he;ght or the ruselage (or its diameter) at tu
ng 1/& b 1eve1. ' A

. ! We note that determination of the ccﬂr?icient xf+wg rrcm ,
(9ﬁ26) "ives reliable reqults for a*rcraft configurations in which ;g"

’df/t = 0 1«0 3 and the coerficient c.y does not exceed 0.4.
The value or the airp1ane's 1atera1 stability mg with the °

7wing landing flaps down can be determined on. the assumption. that

RO “and. mg de not depend directly on flap deileﬂtion, buc only
a“%g v.t‘

‘on cy.' Since ldwering of ‘the wing landing flaps changes cy, thisxi

‘means thar *t w111 also arrect the . airplane ] laferal stability

A
M.

Having determined the airplane s 1ateral qtabilify for small
1, we ‘can then convert 3% to other Mo> 0, 5 by the rormula

(m’h = ,M(OﬁK ‘h . : _. (9 27)

*IQAwﬁere <mx)M<0 ; is the atrplanc 8 Iqteral stabiiitb at M < 0.5,

7f'The procedure for determining it was given. dane K g 1s a cor= -
ol o fes : : m,
"rectEOn'rac*or. Tuble 9.7 show» oW 1t deoeads on M for eonven-

- ;tionally configurated airpl anes, theae eaf & also be used in

"?tb) h’eulation of Airplane'* Direetiinai ““’bi‘lg[

§, . snﬂ » rec*‘snil stuoii*ty oi tho ais pla' san b de*erm ned
,in appruximaticn as a2 sum consisting of the di"ec*iwval qtabi’itieq
Lof - the fuselare, fueelabt-mpun,ed vertieal tailplane, and power~

Pomd 3 < 5 A ) i 3 . - -
i mv - »"!r .m ot . : \9--&55. o o

Yy

| X Th» fracsion of tb“ direetional stability creatﬂd by t.o
tifuselage et a gifén M depends on the shape ard. dlmene ons of the _ - 3
" fuselaye- an&:the OVerhang of ‘1t5 forward eng relativ: te the al r- D

"1_:IF‘I’D~RC-‘3- 75371 - e20
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-aerodynamic characteristics similar to those df axisymmetric %
solids of revolution, we can write mgr "mg . For fuselages 'i
with shapes cloSeiy approaching those of axgégmmetric s30lids of -?
resolution with parabolic nose and tall sections and having slen- j
derness ratios Ag 6«12, directional stability can be determined Y
from the empirical fcermula ' :
_ - g

iy (e e ‘Lf(”z;‘”f:.’f“) (9.29)

% §

1

where (cgf)1 is the derivative of the fuselage 1atcral-force coef-

(O

ficlent referrad to 1ts lateral-projection area Sf,, B 1s expressed
in degrees, L, is the total fuselage length, X, S/Lf is the dls~
tance from the airplane's center of gravyity to the nove of the

fuselage, expressed 1in fractvione of its length;'iq /Lf 18 8
Fy
f

i

Bt

g

~distance of the fuselag: aerodynamic center from the noce of Lie f
fuselage, expressed &8 « tunction of its lenguh, kf = Fr/df is
the fuselage slenderness ratlo, df 1s the midships-cection diam-

eter, S 1s the wing area, and 1 1s the wingspan.

"B X N o s £ e
For M < 0.5, (o} ), and Xp = Xp /L can be determin=d {ro

f
vhe formulas
(r?hxwummm3+nymwnm, o
¢ 5,300
}F¢v=(LQ2lz¢mN(L092_ (.44

The fraction of the directional stability due ftc the vernleal

depends on 1lts area, aspect ratio, vuesp, oiid

tailplane, m[5 A

J
v.t
C arm, as well as on the relative positioning of the vertleca nnd
horizontal taillplanes and the crosswash at the vertical uull.
- The quantity m? can be determined from tho formula
“Ria )
"l::ln,n i (“t;"',,s‘n‘ozu.nK"“i xp' ("‘ ' 3 ;

whoere Ev ¢ ® Lv t/l s the arm of ®ho verticual “all, cxprefea
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ac a8 fraction of wingspan.

The‘procedure ror.determiniﬂg the derivative cg and éhe
’ o v.t

coefficient K was set forth above (see §9.%4a).

fewg . )

The influence of the powerplant on the directional stability
of a turbojet-engined airplane can be determined approximately
from the relation

6 -~ Vs
Amy“ 2 P Cpy ...__; .
- P ! N ,
where rm=:;?--FJ--[see (9.2)7, %in is the Aictance between the
= ¢

-t}

air intake and theka@rplane“s center ol pravity. For air intakes
ahead of the center of gravity, X i5 positive; 1 1s the wing-
gpan, and g 1s the ram pressure.

For M > 0.5 and cy = 0~0.2, the airplane's directional sta-
bility zan be determined approximately from the formula

My (M )y oK (9.33)
”
where (mS)w<3 « 1s the airplane‘s direct?onal stavility at M < 05%
— 4 )
and K 8 15 a correction factor that depends on M. The value of
m
y R .
this coefflcient can be taken from Table 4.7,

8
¢) Determ.ning the Derivative ¢

[

Coefriclens with Respeat to S..p Angle

of the Alrplane's Lateral-Force

Tre derivative of the aivpl - ~'7 Tateral-force coefficlont
with respect to slip angle can be otermitod approxtmately as the
sum of two derivatives:

of = Qe g (9.30)
where (c: Y# 4s the fraction - %u2 #lisangle derival: o+ ¢ the
v.t '

airplane's lateral=torce crerfflcic.t thnt 15 due to the vertlceal
tailplians. 1t 1n zeflopred o lan are g cﬁ ig thn SIa-t Yol oF
the slip-=arcic Ger..itlve of tie aicplane's laterst o ooce due to
ETU-HC-Y - 1 53=71 .22
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' Notes

{ore| for
; € gy =\ -_—,0.2
. ,00‘8 - for
L Cylaﬂ—-ﬂg'.’.
0,74 fgr
. . Cyz= 0,2
10,151 for
i fy*:i)-“(‘ 2
: y ) 1 ! 0,191 for
; % 1 . g ey=0--0,1
K,,;x',,l 'lvm: lilo 'f'2 ]v"' 'uo 0;75 0'82 0.5‘ f("r
. i , ; . d * e‘--o “' .

the fuselage. It is referred to the area of the airplane’s wing.

At M i 0.5,"(02 - )% and cg can be determined from the

formulas L -
(cgn_n)‘==—.‘t-'5...n3-.oK¢+w; | . o (9.35)
S . ' 'o.?vi
”‘:("«n o | o “6}*

The determination of e? e { B ) , and K, . was given atove.
' | gyt Zp FHNg

The airplane's derivative cB can be determined for M > 0.5
and cy = 0-0 4 from the expression ‘

(c’)M““(cz)mos A’ | (9352

Table 9.7 shows the dependence of the correctiod factor K 8 o M,

o
. -t
. - : : ' 8§, §, 5. &,
. B » g o .
d4) Determination of the nirplane's Derivatives m,“5 C, » M., M,

&
‘The approxim“te effectiveness of conventional ‘allerons, m, iy
for M < 0.5 and cy < 0.4 can be determined from the: formula

FTD-HC-23-753-T1 - 223
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ﬁifEAWl 1s the wiﬂg area serviceﬁ by bhe aileron.; it 18 dezer- R
ned as 1ndieated 1n Fig. 9. 21.; b cise the axleron mean geo=- ' ="
;E“gaetric _chord, b is the mean w*ng geometric chord on ‘tue segment :
"1serviced by . the uileron, z2, i8 the coordinate or Lhe center of ° .
’;fgravity of the wing area S (see Fig. 9. 21), and. (cyw )¥¥ 13 the : b
derivative gharac*e\izing the 11ft1ng proparties of tge wing o
ﬁ:rwith co"sideration of its interferenc wi*h the fuselage and 2 ~
angine nacelles; 1ts determination wos given in §9 ?b. e ‘ i

It follows from formula (9.38)
that the ef;ectiveness of the aile-
. ron can be varied by varying 1tg
geom:try: S,/4, b ,b, and z /Z
The effectiveness of the ailerons
at M > 0.5 can be estimated by
the férmuia ’ .

{(m}s)y - (‘":')Mw,s/ﬁ' Blc

ms' 0 (9.39)

§ 2
- ' where-(mxa)N<O 5 is the efrective=~
Figure 9.21. Illustrating . Py, e e
determination of wing area ‘ness of the 21lerons for ﬁ < 0.5,
Si serviced by aileron fur and K Sa is 4 correction factor

Coon ‘

M < 0.5, ‘ X .
that depends on ™; its values are
E:I"e" in Tubkle 9.7,

The airplane's derivative o "fﬁr M 0.5 can Lo determined

‘s

from the expres-ion : . ' , -
(3 v S | ,
e A )YV (9.40)
‘where b# i3 the mean gecmetric chord of the rudder, Dy '8 coLhe
' mean geometric chord of the entir: werrical %311, and (e YE i
: V.t

f}determined i u'cordqnue aith (1.3, It ¢an bhe assumei in the
f7pre11mina“'~dnn1rw stage that for omall M < G.%, the lorivative

“TD-HC~ 5~'53—11 . LB




e, : | ' ' )
*" is mdapendent of the lift coerﬂcient xy 1n the range ey

.. ()..o 5‘ L2 | X St
) 30? M 0 5. the derivative czr oan be-déterﬁined-rrom the
. formula :-; M= L o

, (%")M 'f(c'.“)m“oé K c"' ' : B (9 . 1 1/) :

B S : o B = ;
= where (c )M<0 g 18 the value of the derivative ez at M < 0.5
and K Gr is a anrrootion coeftieiant that depends on M (see ?able -

S : ' -;GZ-A:_

9.7, |
' 8

Having the aivplana s derlvn‘ive e, Y for any M and the arm
ratios Ly, t;/2 and ¥y, c/! gr the vertioal ‘tail, 1t is easy vo de-

termine the~der1vat1vea myr.and mxr from the formulas

Cmpecptie, ©(9.42)
S mbeddee, (3.43)

6 .
where ¢, ¥ is the derivatlve of the 1ateral~force coefficient with
respect to rudder- def;ectiox angle, referred to the wing area,
Lv # is the. distance between the center of gravity and the centor
of the mesn geometric chord of the vertical tailplane, y, 5 13 the
distance from the x ox1s tc the center of pressure of the vertical &
tail with the rudder deflected, and 1 is the wingspan. :

nen et dies S s M I S R

@
e) Determining the Rotary Derivative mxx of the Alrplane i

The derivative m cha"acterizes tne damp.ng propeztie‘ ot
o the alrplane in robation acout. the longitudinal axis x. In ap-
12747 proximate calculations it 1s quite admissible to assunie that tair
- derivative of the airplane is numerically equal to the sum of tie
danping coefficients of the wing m:x s the vertical tallplane

W ey
m,x , and the horizontel teilplahe mX , i.e.,
X :
v.t : o “h.t
m e m .r ‘_m hy ,"'"f" . A (( ‘i;z';')

FTD-HC-23-753-T1
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| 4ﬂalx aaﬁping artsea wheﬁ kha wing 1s rotated &bout tne air-
,5‘:9'54l&ﬁgixud1nai axls x as . ‘resuit of r&diatr*butien of thev
ﬁmaa leaﬁ ‘over tha wing&p&n ﬂﬁis re&istrﬁbutian takes place

*; iﬂg to the appe@xaaea of additiomal normal velec*tiea Avy that

3&9?&&;9 fvem zero at the azis of the airglane to /2 ab the .

wing t;p., At a givan x, the derivative m Yx depends basically on
*ug
the asp&at ratio, 5weep, and taper of the wing., At M < 0.5 end

’:-- 0-0 8, the éerivative o¥% can be determinea’“ro the diagrams

? 3716 -

aaawn in Fig. 9 22, 'This ?1gure shows the VFPiation of the de-

rivative mxx a: a funotien of the aspect ratio A ‘e for various
Wg

l/ﬂ-chord Bweap angles and three valueﬁ of wing taper. These

~ data apply for eswept, delta, and stralght wings.

"To determine the roll

2 _
l =
?p darping moment of the vertical
) i T
L N - wf » tallplane, itz motion on ro=-
1
N ‘ » o
- ¢ ) | = - 1 t d ‘-;
7 M,_“L;_. E” m+ Xat 1/4 chora '[2'ion of the alrplane abou
i 1) *:=ww;%£:§§j the longitudinal axis x can
' Lt M$0 it 4g;,' Le resolved into a transla-
i A I " &
08—t (it =20 tional motion at a rate V=
P
0t E —T 'f-]"—l,--T 2 W v {v.. ., 1a the d*stancn
B ...,mr ‘!ﬁ——-' *,,,‘i__} . X \é}t v, t F 1
i g (S ‘ rom th: x axis to the center
02 7ty ot 114 chord T :
w—L-hjﬁq of pressure of the vertical
"“"*“”“L*“y' *E:rql.w tallplan ). and a rotational
gt | | i motfon about the axis pas:sing
¢ 1 : sk I f l Lhiough the cenler of pressure
! A A i f g
: i, et J * of the werticsl tallplane paral-
-“1:_:-_":?% W:i‘: lel to the x osxia. At M < 005,
—w% : 5 ’“*TL-J the vervical- -tatiplane center
. L ] & X
: _'P of proeasure Ys then sltuated
Wigure 9.:2. Derlvatives'mzx near tho 174 poin. 0f the ver-
. ' ' W@' g ] # Ty 0 o 4y fovs.
; 3 ~talinlane mean a:rciynam
of isolated wings as functious ta o + _ y
of thnir aspect ratio Ay wg at T eherd.
M0, : "he relf=damplng of the

vertloal tatlplane 1t

FODeNC - 3= 75371 226)




o and ‘moment about the x. axis whose coefficient is given by

hﬁﬁ Oﬁly,ﬁyan 1gtional motion tx' ratg V, - 3xyh t Aa a re~,.' M
S“RI ‘the averaged valie of ‘the slip-angle merement appears over
the en*:‘i!‘e Span of’ the vertzical tailplane**‘-‘ ‘ s :

.. P ) | ! A,,«Jﬂ-&ﬁ'xymol

where

= i = - X
= ) =gJu,_,
x ?V Yn.o F

The slip—angle 1ncrement AB causes an increase in the force
m

Y.t

s ’ FAd
m_,"_nAh x n.,m“.. ,y,,‘,.

It foilows from this expression that

m’ "‘vlﬂ.l }'.(;. : (q'us)

'"

gy ebvh e 5l

was given above (see

" The determination of the derivative mi
v.t

§9 la).

The following procedure should be used in determining the
fra~tion of the ruxizontal-tailplane roll damping at small M d
< 045 -

- given the sweep Xy /y» the aspect ratio A . the horizon=*
tal-tailpleae taper Ny oo and the diagram shown in Fig. 0.22, de=-

@
termine m* ;

Xvg 4
- multiply the value obtained for mxx by the cocfticlen’ e =
T —
= 2 2 Wy
gh.tKh.t(Lh.t/z) . The result will ve mxh.t.

The alrplane's derivative mgx'for M > 0.5 can be determincd

by the_formulav

(m o () M<n.sK.;”',' . B . C(9.46)
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4‘h§m1hnﬁins angleﬂ of attack ‘ i
’firmdepends on the digtance .
as _6% ratia, wing: planfcrm, and the con
t*gura ion of the airplane. For modern traasonic ard supersonic

' alrcrafu of conv&ntLonal configuratien the ground exfecr as land-
ning angles of attack with the fleps dcwn) results in an 1ncrﬁaae
igaf mi and g decrease in mg, mér, and mg The increase in the

- derivative mi near the grouna 45 oxplained by the unequal effects
.5of the ground on the 1lift from the left and rlght sides of the

wing at a 8lip angle,

It has been established tha' the larger the wing aapen* retio,
the greater the amount by which the proximﬁty of the ground ln~
creases the‘derivatiue me '
da.

and the mite BhE 1y does 1t thereby

reduce the deriva*ive m

This apolies espguially to swept-wing
j_airczﬂaf‘ | o ' '

Fnr a*rgr:“f hgving swept wings-wi;h aspect vaticu_kwé'r 2%
the inicresse in the lataral stability ”i near the ground dur ng
landing with tre [lans down u1>u;i: Lo’ 2-15%. The caaller t1, e J
bertaina tc aircrafc with smaller-aspcct-rntib winga and he
larger to aircraft with 11xgn"~1 spact-ratio wings. Fforv the s Se @ir=
craft, the proximity f? vhe :"'Lwd towers rleron el lr chlveness

63 at the landing qntacx angles oy about -i0%8. The 1 S G
'figure pertainw to Varge wing anpect ratt a.  The dqrivativea ms
and m;- ire then h;wered by apy ™ x‘maﬁ Ty G-10%, '

PTD=H" - 3,-7fs i T . oy
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: For delta~w1nge& airﬁrart wieh aspe#t ratios x
'proximity of the grouaa resulta. ‘ f; -"; GG ket St

7
]

e
_ - in an- 18«253 decrease 1n mﬁ aﬁd mgr££1§§§51§q§iq§.at;ack:
angles, 2;_- R ; : e Brgl by Bl RS

- in a 6- 128 decrease in’ g%-. i 'Llfﬁﬁ

-~ in a 5—10% 1ncrease in the airplané‘s lateral stability

» WD :

_ The substantial decrease 1n the directional stability nf 1he
delta-winged alrcraft near the ground 1s evidently. caused by the
vevtical tailﬁlane entering a strongly stagnated flow at lafge

angles of attack near the ground, since the wake zone bph;nd the
'delta wing is shifted upward by the ground effect. ' :

For airplanes having trapezoidal wings with aspect ratios

A 2-3, the proximity of the ground causes an increase of about .

- %% in the airplane's lateral stabillty mg and an B8-16% de-
" erease in the ailleron e{;ectiveness mia In this case, there 1is

practically no change in the derivatives my and mgr.

We see' from the above data that the proximity of the pround
makes lateral balancing of the airplane difficuli in slip andl |
'15 detrimbntal to lateral stabllity characteristics. This ipp}ir
{n particular to swept= and delta-wing alrcraft.

z) Apg_pximafe Determination of the Airplane s Axiel Moments of
- Inertia

To determine the dyhamtc stability and controliabllity onar-

acteristics of the alrplane, it 1s necessary to kncw its sxral
moments of inertia 1., I, and 17{

y
Table 9.8

Coefficients R I S | K, £,
X Y R

TTurbajet alrvraft welghing |0.10-0.12 0.6 Q.lgfo.iﬁ

up to 20,000 kg ) » _

Tarbojet aircra?t weighing | 0.13-0.15 0.27 .14~ 5.

more than 29,000 kg

FTL-HC-23-753-71
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: ?he moments of 1nertia of a conventionally cenriguratgd air-
B ;_g‘uith nermally loaded wing about the. ma*n*centrg; axes -can
'y,JQAcalﬂulateo approximately by the empirical fowmulas N '

SO L ._”‘""“’” Ve R g

where G is the welght of the airplane in kg,_Z is the wingspan"in >
,rmeters, L is the length of the alrplane in metevs, and Ky Ky S
and K, are coefficlents taken from statistical data., =

_ Table 9.8 gives values of these coefr‘cients for aircraft
with normal specific wing loads. L :

The muunents of 1nertia‘o” the airplaﬁe éboﬁt coobdinéte axes
that deviate by an angle ¢ from Lhe malin- central axes of inertia
aan te calculatoﬁ by the" formulas '

I.*I“coﬁgbthnﬂv : - o (9.,50)

ly= il,,cos&p Ay, 50 g = A:’9 adiy)
. ' . o ™ e

_ I‘,-.m-n‘f-é--i‘-—sin?«;. - roi9.52).

59 5. VEdIFYING gELECTION OF VERTICAL«TAIL“LANE.DIMENSIONS,-NLNG
DIH&DHA » AND AILERON LIMENSIONS -
In a first approximatian, the =iloctlon o the dlmensions una
' pUnlulau pfEha vertieal taill a i she wing dinedral wan be chesked

acainat the garsmeter € T W /w , whitern indicates tiv: ratic
‘_a & x g y ! . B
: BTSSR B o c

“of the maxiimuin rol! sugular fate Lo “he maximen angular rate of
yawing motion. Th= fuliowing exprossion spplles for tne param-

etor k!

oty ©19.53)

- ’;— -}...... - Zoo ) .......,,s.__. St b
» ¢ ¢ mor 1
v ‘ ‘__‘--.f- t “'.,qSl
K}
Iy Wl
e L

Q4 Lyl . r - ER s
I,,m--—(xh. j ) b - (6.48)
g 1, ——-»ums (9.49)
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-L'where mg and 3 -are the airplane s transverse and directional

3tabilities, respec%ively, 1 and Iy are the. airplane 8. moments
of 1nert1a abeut the axes X an& s rasgeetively. ey ﬂi‘QV is
the roll damping derzvative, q is the ram preasura, S 1s the wing

area, and 1 is the wingspan.

Practice has shown that airplanes with good 1ateral sta~-
bility and controllability charaeteriatics have x = 0-3,0. In
particilar, 1t 1s desirable to have K 3 3.0 for fast mancuverable -
airplanes and ¢ < 1.0 for heavy airplanes, The value ¢f « must
be checked for takeoff and landing aituations and for light of
the airplane near ite cailing at ita speed or Mach-number limit.

It 1s advisable to check the choico of aileren and pruddor
parameters for steady slip at an angle B = W /V (wrere d s 1hH

n/s) during the landing glide. and landing of a s nwleaengined
airplane. For multlenglined alrplanes, these parameters musi be
checked for lateral valancing of the airplane without s:1p (8 =_

= Q) 1u two cases:

I P
I

- = fallure of one outhoard englne duriﬁy tnkeoff at ey by
V0
Wing flaps not deflected; &
- fgllure of two engines un the same side 'n vte 1. Ttaa-
tion most characteristic¢c for the parriculav alrelare.

© hyes

The conditiona for lateral balancing af the alrplane o

written

3 My==0,
2 14'1_! '—-O.

( 4By

— o

Z 2=,
Here M is thé projection of_the morent onto the y axls, K\
the projection of the r .ont onto the x axls, and 4 °¢ the pre-

ETE

jectlon of the force ento the 2 axis, or the alvplane's

force componeni.

FTD-HC=23-753=T1
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y‘gi‘*‘Mis?m%'Maﬁ*\. s
A MMM Mg (9.55)
L i z‘sa,+z’s+z‘¢,+acm sy 0,,_ :
?where . .
- Mpy==mpgSt;

M ¥ on iﬂiqSl'
Ai* m'mﬂ

- 2 ‘;p:a "%'Qn) T ml’_l‘,.qSl ;

Myen 1s the sum of the moments about the y axis due to the un-
balanced thrust and addivional frontal drag of the nonfunctioning
"~ englnes. '
| . .z _Wfﬁ:;;'
Yan A

M‘i 2 m ogSI;

M5 - miqSt:

R :“ 3 : g8k

-

S w g8
.".ﬁ -(4 (J"P‘f‘l -'uxaqtsl

.

‘Mx. 13 the total roliings moment lus. to vn“aa.lan\;c_a :._»;j_,tjonj_ng_e;f‘
thg iond: (witn rezpu~t to the X ax‘n) under the wing, §a-and 5?
are the alleron and rudder dofl: ctian angles, b&srectiv»3y, 8 ir
the sl!p angle;
| PARTT
yi R ,’_Q:

7' oS .

Cfieas sy - a8y, ' .
A arati vrolt oareles we bave tany = y. CToe obtnt. the o
e o At . o Y) - V
trimadng rucdsr ot ot loron del> . ion angles and tb 11 angle,
FTR=Hi~ 2375372 EY

o

- foR TT wT M cegdAas Ny
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-1t 1s convenient to writ& tbeg
lateral steady-state motinn 1a

m, "+'";'§' f‘("’%“‘m!;.)
mis, mﬁ.m-{m?n{-m )
: ,.“,'*‘0"6 ““"‘v\’” """lpa S

. Assuming ina.firatapprcximationthac 063 = mga ) 0. we obtain the

following expressions for the rudder aﬁd ailercn defleetions and _'

~the roll angle that are required to balance the airplane'A

3»“,“*‘*“":-5 —';:" ' | (9 57)
8 N F ‘ i “’ “y ‘ R N N . - .
- 'h;"m: : n"‘n}n;. » o 5 -
- - — = X . —'-n—ﬂ-' .
" ,(“ ' m:‘m:")g ¢ m o my P 3 (9'5'8)
- s ’ Gf"‘"’ °c :"M ' . ‘
,y;.:--(,-—-... f)H—’ 'y o (9e59)
v eym eym _

‘where vy .8 1n radians.
It is clear from these expressions that the balancing VaIUPo
of the control-surface deflections and the roll angle aonsist of
two parts: ) ‘ '

the first part 13 composed of the cuntrol-surfacn deflecticns
and;roll angle necessary to balance the airp.ane in steady slip at

a »onstant slip angle g in the. abse1ce of miements produced by un~-

balanced engline thrust and stores that are not symmetrically ar-
ranged with respect to the x axis;

i the second part is compoqed of the control-surfece deflec-
tions and roll angle needed to fly the aircrzft without 31lip (8 =
= 0) when the airplane 1z being acted upon by moments due uvO un-
talanced engine thruat and wing stores that are nouttioneﬂ aqymu
metrically relative te the x axis. )

- The alleron and rudder deflection angles determined frem
(9.58) and (9.57) should be 3°-5° smaller than thelr maximum

FID-HC-23=753-71 233
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F ;) kot
¢ Thal g
'w_i’ beet to reduce the balanéing'ﬁaflee§ian 6'

LU
‘by .nereseing thelr effﬁetivaneas mﬁ ana by n&ﬁagins sha ﬁirw

“plane ] 1aﬁera1 stabiiity ms §9. ! diﬁGUﬂaQB theue parameters
as functions of the vertical-eail and aileron param@ters and the
uing dihedral.
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I

Footrnote

\
(1’This distence is measured from the free streantine
passing through the trailing edge of the wing.
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Part III ' | et

DETERMINATION OF THE BASIC WEIGHT, GEOMETRICAL,
AND STRUCTURAL CHARACTERISTICS OF THE NEW AIRCRAFT DESIGN

: Chapﬁer 10 .
SELECTION OF THE AIRPLANE'S CONFIGURATICN

§10.1. CONFIGURATION AS AFFECTED BY THE INTENDED USE OF THE AIR~-
PLANE A _ ' '

The external configuration of an alrplane 1z characterized by
the shapes of its alrfpame components and their relatlve posi-
tions and by the type, number, and placement of vhe engines, =2s
well as cthelr alr intakes.

The intended use of an alrplane influences its conflgura-
tion both directly and through the required flight-technical and
takeoff/landing properties.

The direct influecnce of fthe airplanc's purpose cn speclfic
features of its configuraticn car be trace. ' the declslon as
tc the number of englines to be used cn a rasesn;or alreraft. One
- of the baslc requirements made ol the paswenger uwirplane is sufety,
and this 1s provided, among other measaier. by making the alrpian2
capable o0 taking oft and flylng <7t r fatlin e of one oy more en-

glnes.

Since “light aceldents zuused iy fno-'lpht engin- fatllure
tnvolve forced landings, the proonahility o7 a foreed laniing due
‘to engine fallure may be consld-red instead cf the aee.ds - Lrroba-
bil¥ty., [f the airrlané has 7 cngives, the probablility that one

PTD=HC~2 37K 57! O3k
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“of them will fail is greater the larger the number z, and for

 small p, this probability equals z « p with sufficient acauracy,

where p 1s the protability of engine failure. If the total thrust
of the engines 1s such that failure of one of them does not leave

V-ehoush thrust (o continue flight, the probability g * p of failure

" of one of the z engines will also be the forced-landing proba=-
- pility. : '

If, on the other hand,- the remaining thrust is sufficient to

' sustain_flight, flignt may‘be‘continued. Then the probability of

failure of one of the remaining (z - 1) engines equals (z - 1)p.
The probability of the first and second engines on the same flight
equals the product of the failure probabilities of the two, i.e.y

z.p(z—1)p=2(2—1)p".

I =
’""’(r.....) p =10 3 _ probapility of

failure of one englne
24 .
2 hﬂz - number of engines
A = : i - AL
! ]
' SN &1
ol ¢ r = . 555
o
el
xr'{
.wz et ‘
Thrust margin in %

gD W w0 W
ST J ' I

pmu\

Figure 10.1. Influence of thrust margin and
number of engines on forced-landing proba-

bility.

This probability becomes the forced-1aiding probabllity if
the thrust remalning after fallure of the second engine 1s not

k)
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~anough for gontingatiah of flight. ''hus, given enough total
- thrust in a multiengined airplane, it becomes possible to con-

TThis 13 accompanled by a stepwilse decrease .In the Torced~landing

Wwe obtain Lhe minimal forced-landing probabillty. ] R

vinue f‘ight af'ter failure of the first, second, et:. engine. ‘ |

probability until one engine remsuins in operation, at which point

- Flgure 10.1 shows the forced-landing probability in the
event of =n51ne failure° as a function of tne total thrust of

all engines for z = 1, 2, 3, and 4 engines. The probability

plotted logarithmically, with p = 10 3_taken as the peobability
of engine failure. 7he total thrust is giveh in relative form ] i
P = 1272 S where P, 1s the minimum thruct required to con=- :
tinue flight. We cee from the diagram L1at ‘when the total thrust

is .smal’, an inerease In the nunver of cnglne” inereases Lhe

forced~lunding probability. |

Tor a slngle-engined airplans, the inropd~‘dnd‘np protanility
equals the probability p of engine fallure an A remains at thly
value regardless of thrust. For a twin-englined alrplane, taere
1s orne step on the forced-landing probabliicy wrrease curve at
P=2 (thrust margin 100%); for a three-en.iood alrplane, Lhere are
two such stepe, and three for a four-engin » alrplane,  The largor
the number  of engines, the greater the <. 1o of safety that can
be attained, provided thai there 1o 2 o0 . ous inurcass in
the thrust margin.

Thus, the optinum number of enzines o o ansLenrer afrplan
from the ustand point of maxinum Vlignt ohis ia tbe event of
englne fallure Js determined by the ibwit v teess veguired of the
alrplane as compared with the mindmun -ogvc . pogpeioed “op Plight,
In the event of engine falinre during ne 0 P e L 4 npeed
telow vtrim’
ping the alrplane b fore “ne eud of tne reaweyt In the evar o0

aafety 1s ensured by & orti-n: o takeorf ool stop-

angine fallure at 1 opecd Zuove V'sz’ v ket dz ool Lited

and the queatlon of safety 2:1d "he number of wuoplnes 15 resolved

-

on the basls of =he dlagram (reo Pim. 1000, hut P,
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datarmined on the baaia of the thrust excess that ensures an "en-
-gine«cat takeofr" on the particulaw runway and not on. the basis
:or levc.1 flight at zero a;tluude.

"~ It should be noted that making »o passehgér airplane safer by

inereaaing the number of engines and their relative thrust as com-

pured to the minimum rgquirement results in heavier powerplants.

In addition to the speeiflc requirements as to the airplane 8

configuration that proceed from its purpose, it must also catisfy
Azengral'rehuiraments that are mandatory for alrplanes of 1ts'par-
ticular purpose. Such requirements are drawn up, for example, by
the State Sclentific Fesesrch Institute of Civil Aerconauties for
Soviet civil aircraft. '

Qur passenger airplanes must now also conform to ICAO {Inter-
national Civil Asronautical Organization) requirements. '

There are also gene:al requirements for other types of air-
craft. '
§10.2. INFLUENCE OF HEQUIRED SPEED ON CONFIGURATION, ENGINE TYPE,
AND ENGINE I ATION

The basic property that has the strongest influence on selec-
tion of the airplane's configuration 1s its speed. The changes 1n
aircraft layout that took place during the development of avia-
tion were at all times prompted by the desire tc obtaln increased
speeds. At the same time, the configuration had to guarantee tn:z
necessary stability and controllabllity characteristics in the
airplane.

The braced biplane has major asdvantages when speed require-

ments are minimal and emphasis is rlaced on load capacity, takeoff

and landing properties, light weight, small dimensions, and low

cost.,
is acceptéd as the price of the great weight reduction resulting
from the fact that the entire helght of the biplane cell becomes
the base that takes the cell bending forces.

FTD-HC~23-753~71
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X fiéﬁren for the same Job done by the blplane
- - and - thﬁ'moﬁaﬁla e, Dhe semican*ilever moroplane may be found
e SN euperiar in &,acmp&ratively narrow range of required speeds. In
- I '*hla cass 35 tae n*g%-wing type will be best, . .ce the struts work
& 51n ﬁensian duxlag flight, the upper surface c¢i the wing is free
of superatruebﬁrnm, and the downward visibilivy is good., As in
the case of the biplane, the rectanzular wing is found to be
simpler and ﬁhe&par for the semicantilever monoplane, and much

welght iﬁiﬁﬁveﬂ ty virtue ¢f the same leastheoning of the base
that takes the half-wing bending load; thls can be regarded as
2 principle in which lift 1s transferred from the wing half to
the fuselage by the shortest possible rouv (the strat). Non-
retractable landing gear wlth wheet falrings ls preferred to
save useful space in the fuselage

The thick-profile cantilever morepian. will be advantageous
with a further increase in the required “iight speed. Specific
calculations are again performed to establiisi tne preference of
this configuration in accordance wiih tlhe TCQUJTﬂd.ﬁDeed, In
specifying the profile thickness ratio, in lg necessary to re-
solve a contradictlon between the uonlic oo reduse wing wolght
and increase its rigzidlty on thc one hand, and, 9n the other, to
reduce 1ts induced and profile drag. The "irst twe conditlions
dictate a small span-to-maximum-ihlcknes: ravlo tor the wing, a
quantity expressed as follows 'n terms of the wing's parémeters:

© Cmax

where
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n,auw. and G ammu
: Cmin - S

This makes it clear that to reduce wing weight, it 1s necessary
to. reduce A and increase e, but reducing A and 1ncreas1ng c =

= bmidls increases both wing-drag components. In first approxi-
'mation, the problem 18 resolved by taking /¢ = A/Z from sta-
tistical data on good airplanes of the same type, and then more
precisel; to minimize the aviation welght of the wing at a given
flight speed; the general method of optimum~parameter selection
might also be used. |

The demand for higher flight speeds influences the airplane's
conflguration especlal™y strongly with the approach to the speed
of sound. First, the compressibility of the air begins to make
1tselfl felt, and wher local velocitles become supersonic, com-

pression shocks appear, primarily on the wing, so that wave drag
must be dealt with. Thinner and M-stable profiles and small
aspect ratio swept wings are used to reducr wave drag. If shocks
appear and develop primarily on the thickest profile and the
fuselage effect promotes thelr development, 1t i3 advantapeous

Lo use the so-called "crescent wing," whiceh has & larger sweep
angle at the root and a smallar one toward the tips. To simplify
the design of extension flaps and increase their effectiveness on
the swept wing, it is helpful to reduce the sweep of the trallins
edge at the root, offsetting this with & larger sweep angle at the
root of the leading edge (a leading-edge ”buildup"). Ail of these
measures, which shift the waye-drag poirt to higher speeds (with
the exception of the redﬁced aspect ratio), make the wing more
complicated and'heavier. Measures that shift the appearance of
wave drag to larger Mach numbers also lower the maximum wave drag
at the transl‘ion to the speed of sound.

Thus, to break the so'nd barrier 1t is neccssary to uge a
wing with even smaller prufile thickness ratio and aspect ratlo
and stronger swaepback.
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_ : 'ongitudinal axis mu%t bte as smooth as possible.
| : It 1mp11&§ tha% 'allnwa and bumps on this curve must be smoothed

- out by moving varioua components of the alrplane along this azis

" and slimmin@ 6own dﬁd rilling in the corraaxordlng cross sections.

n Configu"ation reauirementu and winpg-fuce be 1nuerfnrence
Influence the heightwise placement of the wing on the fuselage.
o A 1ow wing reduces structural weight and simplifier retrac-
F } tion of the landing gear into the wing, but 1t atso lncrease
& i ) L
i ; paraslte Lnterference; The midwing pos! ‘on produces less inter-
\ - ference vetween the wing and a round-seoiion facz2lage, but clut-
ters the interio:r space of the fuselage. '
. The high wing glves 1itt1e interfer~:.  Hyt complicates re-
: tractlon of the landing gear-into the wine.
Here it must be rercmberea thHab Lae wndenirabe interference
_ “of the low wing can “e correcte. bv . up i e Dselage ocross
i- : section and provlding wing fillets.
As concerns the re lative posifionf of e wing and t.e horl-
zontal tailplane, the prevalent uonxf~ux1tJ); will be the cone-

ventional one with the tallplane aft of tis wing as lony s the
alrplane's speed does not exccéd thu w1 0NN, Such long--.om
configurations as the "f.vlig wiag,” tne "ualileas® airplane, and
the "canard" have been bullt and fiawi 1w times, but Lhey were

found inferlor o dlncraft witr ‘oo normatl toll design i have
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ot come 1nto extensive use.

The main- reason for fallure of the "canard“ to gain aceept-
ance 1s that 1t is not as aa“e in flight owing to the "stiekinz"
that oceurs whan the attack angle 1s increased to eriticel. The
“influence of stubility and cnntrollability requirements on-the.
relasive positions of the wing and stabilizer way discussed in
detail in Chapter 8.

Flight speed influences not only select on'of layout, but
also selection of engine type. 8ince the developmenc of the
aviation engine paralleled the developmnnt of configurations
baﬁically urder the pressure for 1ncreased speedo, it is natural
that. there is a relation between the speed of the airplane and
the type of engine. At low subsonic speeds, 0 < M < n0.6, the
air-cooled piuton engine is the optimum, while the propjet be-
comes more advantageous at higher speeds (n0.6 < M <n0.8). At
trars~ and supersonic speeds, 0.8 < M < 43, various types of turbo-
Jet englnes are used. ' ]

In turn, the type and number of the engines influence the
cnnfiguration of the alrplane. Englnes may be placed in thn fuse-
lage, on the fuselage, or on the wing.

Placing the engines in the fuselage feduces the drag on the
airplane, but it also compllecates thw-:*wucture of the fucelage
and makes 1t neavier. If there are an odd number cf englires, onc
of them must be placeu in or on the fuselage, the best place for
a propeller engine 1s the nose of the fuselage, but this'lg in-
evitably detrimental to the pilot's ferward vision. For Lurbcjet
engines, the optimum placemant i1s the tail section of thn stp-
lage because of the short exhaust-gas path that this gives. As _
for the sir intake, 1t can be.either frontal or lateral. With uc
intake in the nose of the fuselage, the alr passage must be.
apiit to aceommodate tne tetracted nose wheel and th. cockpit.

This explalns the advantage of having an rven rather thas an
odd number of engines. - In the case of propeller eng nes, the
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7 fne5e of - ﬁhe ruselage is ieft free and the pi’ot can see better,
o with turbojets, the tail of the fusetage 1is unburdened and in
'5§¢;‘rboth cases the - fire ha"ard is reduced and the nnse 1eve1 18 lowar~
w o Ezu gl for passenge-,h A even number of propeller anines 15 best
s :'plaued on the wing in suzh a way. that the prcpdash 1ncrnases lirt
Cat % axeoff. An even number of Jets can he placed - eithe1 on the
wing or on the fuselage tail section. Placing the engines on- the
I¢;wins gives a distinct welght advantage over the tail mounts on -
the fuselage, because wing weight is lowered by engine "unloading AL : o
of +he wing and fusalage weight 1s increased by the additional e
‘load . impo“ed by the engines.

Landing gear can be retracted into *he engline nacelles with-
“oub grea*l inerensing thelr midshlps avea.

when the engincs are mounted on the wungq, it is recessary
to consider reclprocal ef“@ut% between tne naceiles and the w*ngs.
Thig makes it desirable to pluco the nac-olle under the wing, as
can he .done when the wing is nigh.

Whaen the ailrplane has a high wing, rotrazction of the gear
Into the wing or engine nacelles is nur=agvzanble; 14 &5 vetter
t5 retract 1t into the funelage, With tinet ineroxsed hy elgeing
tne supporting arms out ¢n the stdes of ¥ ?us;laae_and,covering
them with fairing:, as was done in tho faae 1 sliplane cf‘designer
“0.K. Antonov.. ' ' B, ‘

Combining turbojet englnos with the ».nig may e advantagecus
whether the’ényin.ﬁ_af@ placed uader "he otey (on pylons or withe
out pylons) oribehlud the wing. "o reuu:v~nardsite interference
and lmprove otsesrvance of the arca rule wnsn the :ngines are sps-'
pcnded‘cn pyluio, it 15 necessary to move Lo au flar forward as
poasible; when pylons are not usod, Loy aust ve moved furward
or aft "> that tnc-m“xlmum thic:neasss n the nrofile and the

englne aacelles wiil ot ceinelde.

Placing thﬁ are nas benind ot wine arars lowers Jrag ap-
preciably. - :in ti:l. 23w, the al-ineake fauage must bo run
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._‘_tbraugh the 8pars. and this 1ncreaaes their weight. The passage
bt s’ run under the wiag 17 the latter's profile is thin. In placing
"-_.turboiets on ehe span of the wing, they can be p1a~ed close to

one anotrer and to the ruselage.' The. possibility ‘of placing turbo-

\Jet eng‘nes eloae to the fu“elage makes it possible to reduce the

moment that cauues the airplane to yaw on railure of an engine on

one s*de. It also becomes poaaible to hang a palr of’ engines'on

a single underwing pylon or mount. a8 whole “package" of engineu E
flush,under'the wing. Turbojet engines can.also be mounted on
the tail sectidﬁ'of the_tnselggalqn horlzontal pylons. This set:
up. a févoréble'1nterference'with the fuselage, reduces the fire
hazard, and lowers the noise 1eve1 in the passenger cabin,

Turbnjets mounted on the fuselage tuil sectlion must not
blanket the horizontal tallplane at lavge attack angles. If
there are an odd number of engines, one of them can be placed
in the root section of the vertical fin or in the tall section
of the fuselagé. “In addition to the weight penalty; placing &
heavy engine on the tall section of the fuselage makes it diffi-
cult to trim <he airplane, so that it is necessary to lengthen

the nose seetion and accept the associated deterioration of lengl=

tudinal and directional stability.

§10.3. INFLUENCE OF TAKEOFF AND LAN?INC REQU..REMENTS ON CONFI% URA;
TION :

The configuration selected for the airplane on the basis of
the rejulred flight speed 13 often inconglstent with good takeoif
and 1and1n sharacteristics.

In specifying the configuration for the airplane, therefore,
it is also necessary ‘to take takeoff and landing propert1ns Inte
consideration. - _ _ >

Three basic trends are now emerging in. the aivcraft inducce:y
in regard to salecticn 8 configuration with allowsnece  for vake Lt
ahd ]anding behavior:

1. Use ol the'conventional éifplane_cbnriguratiqn wi:h tie
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_ Chapter 11 ;
DETERMINING THE AIRPLANE'S WEIGHT AND BASIC DIHENSIONS
- §11.1. THE METHOD OF RELATIVE WEIGHTS 3
This method is of great importance in preliminary aircraft

7deaign. It enables us, without imposing additional requirements, _
to determine the takeoff weight and dimensions of the airplane _ 1

quite_quiéxly‘and accurateiy, t¢ establish whether all items cf
the Technical 3pecifications are 1‘alisticg and 1o analyze the in-

fluence of varicus factors on takeoff‘weight and,'consequently,
on the ccst of the airplane and the technical-economic criterla
used as a basis for determining the optimum version of the d:z-

sign. ' ' ' '

This method consisis essentlally in the following.

The takeoff weight G 1s broken uo !nto four groups ol welghts:

1) Gp 1
- welghts of the crew, equipment, armameni, anld cargo;

,'the'wéight of the pavload, which consists of the

2) Gs, the structura’ weight; |

3) Gp.p’ the WEight of the powerplant; |

b) Gr,s’ the weight of the fuel and fuel system.
The weight—balaﬁce cqﬂ&tion'is obtained 1n the form

e Ingt Gu'*’ G;"""G‘»_(.
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might he called the "equaeion of 1nterreactian cf T
'rties of the airplane,ﬁ because, as we shall see below.
_th _flight properties of the airplane with one another,

the pnyload, and with other prope“ties and paramaters of the :

airplane ané its engine.

Thﬁ weight O5.1. (1n kilograms) depends on the purpose or the

airplane, it "an be establ!ahed at the very utart of the design
‘work -and asaumed ~onstant forrx given clasa of" airplanes'

p 1 =" const.

Th@ “elatxve gtruCCural weﬂgh; 63 depends on the design over-
loads, configuration, dimenaions, ete. in rirSE approximation,
1t can be assumed constant (E = const) and taken from statisticsl
-data for aivcraft oP the same purpose and o¢m11ar configurat¢on.
Working formulas are used for more accurate determxnations.

The ralatwe weimt of the power;lmu 1s determined from the
formnlas

for propjet engines

K Lﬂh~ SR (11.2)

for turbojet cnglnes ) '

s ) = ! h Y".” " . ) - o
(J”. 114 K’) a2 .. | (11'3)',

wnere Ky = G773, 1s the relative welght of pewerplant accessories

1" ‘en
‘expre sed as'a function of cngine welgh., The power.’we! eht ratio-

N/G of a wropjef ajrplane and the thrust/weight ratio P/G of
turbolet airplane a are. deteﬁmined 1u-ﬁccor¢nnce with f1light data,
‘L.e., on the basis of top speed w.d Iight altitude, ceiling.
rate of blimb, or takeoff di,tance. N R

The }arueft Vﬂ:ue of E P frnm émong_those determircd for.
°ach fl gﬁt )";nax 1t to'be subsiituted into (11.1). 'The
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;rsqairemanta ror the rest of the properties Will then be more . -
ﬁhan ﬁatisried. "he weight of the fuel system 1s determiried from L

o~

:3”"1'-“““"'-"’6" | T (lztﬁ\ﬁ-

where Ksy /Gf is the relative welght of the fuel-system
machinery and tanks expressed as a fraction of fuel wWelp ht and
" the relative weight of the fuel G = GrfG 15 determined from the
deaired.rlight range or endurance. To this end. it 13 neces-
-5saxy to know the angine 8 ﬂuel consumption curve and the aero-

dynamic characteristics of the airplane.

If the relative waights 5 Gp p» and 3, é are known, the

=.relat1ve payload weight can be uetermined from (11.1):

Gu.n = ""(Gx"“ G !.y+Gt.c)i

Knowing the absolute.and relative payloéd weights, we can
determine the takeoff welght: a8 :

e !‘u.u (i [ : -' : ' ““
G S ! —f{11.5) .

(;II." 1 ""(('u l"('l) i "1 r)

Equation (11. 5) clearly shows that the higher the strength

. and flight-performance requirements, i.e., the larger Gq, p.p’
and Gf g» the smaller i3 the fraction remaining for Gp~1 and the
larger the airplane's takeoff welight. '

A near-zero remainder from thefunity, and the more so a nega-
~ tive remainder, indicates that the desiyn 1s unrealistic because -
the. flight-performance requirements are toc high. '

Thus, the équation interrelating the properties of the alr-
plane enables us to determine the feasibility of meeting the set

of property requiremento and to determine (or approximac e) the
optimum combination of these requirements on fhe basis of minimun

' takeoff weight.

We see from (11.5) tha% a relative error 1n.tbc dcaerm*narion
of the payload Gp 1 rpqulcb 4n an identical relative error in uhf
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takeorf&weight determination, but the absolute error 1n the latw:
: : ter will be’ 1arger by a fackor 1/3 p.1 than the absolute error “in e
,}f;\,:;_ ,;gp 93 consequently, the payload must be determined as accuratelv > frff 1

= as possible the rirat time to avoid ‘he need to recomoute it re- : e
peatedly.

© ‘§11.2. DETERMINATION OF PAYLOAD . R : .

“?he payload censists of the créw; éqﬁipment, and cargo,dfProF
_ rceeding'from the intended use of the airplane, 1t is necesssfy to B
determinﬂ the compnsition and welgnt of the crew, ‘draw up a de- ; -
tailed list of equipment, and cslculate 1ts welght, 1nc1uding .
fasteners, wiring, and plumbing. The special cargo pf a military
aircraft,consisfs of armament, launchers, ammunition, and special
equipment. For a cargo aircraft;:thezmaximum cargo welght can
- be determined as the welght of a single heaviest transportable
. object or even the welgnt of several such objects. Thg maximum

“. cargo dimensions determine the dimensions of the eargofbay.

X The. situation becomes more complex when the payload of a pass-
. ‘1_'enger airplane 1is to be determined. This is because a given traf-

- fie load on a.given line can oe handled during a gilven per’2d by
;afsmall number of hauls by larger airplanes or a larger number of
" hauls by small airplanes. In the former case, the intervals be-
‘tween hauls may be longer, which is inconvenient for passengers,
but in the latter the ~irport may be overloaded and the cost of
compensating the crews may rise. For how many passengers should o

the airplane be designed? K - :
The ontimum payload can be determined from the minimum value

of a genera‘ critérion. A tentative anawer can be cbtained from .

such ﬂonbiJerations. . : i

 ?' A Lﬂ the finished airplane, the marimum sum of payload and
9 fuel weights is determined by takeoff conditions and etrenpgth,
and can be assumed constant: ' :

Gna"}'Gr‘?COﬂSL (11 .6)

s
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L’ﬁeae by the airplage is maximized. Since,n is’ approxi-
.iy proportional to Gf, we can write 1n approximation that

[ [

G,,,;G,-max e o (’1 .7)

max’
] -1t follows from (11 6) and (11 i Lhat the airplane will be
i optimel ir ’

Zcorresponos to the condition (G ]L)

Gn{x el Gt'- i

The uew alrcraft design will be near-optimum if - é :
Gn’l ¥ G'r P » ) i % =3

. where Gf. 1s the weight of the fue; COnbUde

, Since the welight Gp.e of the passenger equipment stands In
about the same relation to the payload weilght as the welght of 3
- the navigationalvfuel regserve and the welght of the dry fuel sys- :
tem have to the welght of the fuel conrumzd (v25-30%), the laut .

equation can be replaced by

ity

me+ Gn. = G'r.m

where Gf s_is the welght of the fuel system with a full fuel load
Gpy as determined from the technical range L,. Tu thls case,
takeoff weight is determlned as follows:

6 B R
== (fiy -1 "H‘ 420, 0)

where G, . 1s the welght of the crew and cquipment (withcut the
passenger equipment).
§11.3. DETERMINATION OF RELATIVE STRUCTURAL WEIGHT

The structural waight ls composed of the we._ghts of the wings,
fuselage, landing gear, and control systems. Welght formulas musi
be used to determine the weights of these parts of tie airplane
with satisfactary accurucy as functions of thelr parameters.
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é_ror Lhe Wei ht of a Tra zoidal Win withf
TR 3 APe .nz_____

7:% ; The weight G - or the wing consists of tbe weight af the'
.¢_‘?£spar flangea {or the carry~through structure in _general) G £
“;.;ﬁhe weight of the spar webs GS w? the weign; er the rib flanges

r £ the weight of the rib webs Or w? the weight of the. skin
‘on the leading and trailing parts or ‘the wing a k’ and the welght

"'ex the ailerons end flaps G,

aup" Gua+Gor a+6nm+acrw+aoﬂ+ou - _ (:11.9-)

T {;The welght of the spar flanges is [12]
G 12. Im,nco:’o‘x 5 K. ] (11.10)

Here C o is ah'empirical'coefficieﬁt, n, is the computed ulti-
mate overload for case A, G is the takeoff weight of the airplane
in kg, Y ic the specific gravity of the material in g/cm3, f =

= 0.82 is the ratio of the average stress in the flange to the

- maximum stress in the same cross section, ¢ is the ratio of the

arm of the force couple acting on the upper and lower flanges
(panels) to the wing profile thickness, ¢ s the stress at an
-mtewet-point on the flange at the moment of failure, i.e., with-
out consideration of stress concentration in the weakened cross.
section, in kgf/=m2, x is the sweep angle of the wing on the
line of maximum profile thickness, A is the wing aspect ratio,

¢ is the wing mean profile thickness ratio, and ! is the wingspan
in meters. The numeral 1000 takes account of the dlmensions in-
dicated above for the quantities G, vy, ¢, and 1.

 The coefficient K  , allows for the lighter welght of the
spar flanges in the trapezoldal wing due toc unloading as compared
with the flange weight 1n the rectangular wing with spanwlse-
censtant thickness and load per unit length and without considera-
tion of unloading. It is determined from the formula

Kn A ""'klklr'““klr(;v(f|<p'“klvﬁ1" ‘klrparp- ( 11 . 11 )

Here the coefflcient k, depends on the wing tapers n, = /bmin
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rection factor: that rerleotl ‘the 1nf1uenoe or the spanwiserdié~Hf
tribution of the ciroulatian T as oompared«with bhe distributior
according to the. law of ohordl.‘”'

The remaining coef‘ricimta qz;mss Hm inrluence of unloaéing

due to the weight G Ve of the wing 1tself; the'xeight Gn of the ol
fuel, uhich is diatributed over the onttre span of the wing, and
”.the weight of eoneentrated loads. Gld ‘These concentrated loa§s ‘
may be engine nacelles with engines, 1&nd1ng-gear housinss with
1anding gear, tanks with fuel if they eveupy a3 small fraction o4
the span, ete. o . MR

These coefficients are determined from the following faz-

_mulas.
: ”13£;+l)l3(ﬂm- ) — (q=-!)l ln.-—¥)§§gv

O o= B =17,

7 ,k._:_,j :+ ('kf"‘“ 7 mﬂfl :

.kwwLM awu«nm

when n_ > 4, Kyp = 1. Oﬂ klwg 13 determinod xrom.{ll 12),wwhere '

"y is replaced by ng * ® or nG “b“c’ klf ean also be dﬂtermined

from (11.12), where Ny is replaced by
m=_~Lan&*, 3
- A8gtgdwin

where (btct X and (bt t)min are the . cross-sectional areas of.

the fuel tanks at the root and tip of tbe wing, I
3 e"* !
B leme=1={1 =11 |

% (1-e)ll e T et |
x(1-¢)}in Prmary gl | (11.14)

where & = e/(1/2) and e is the arm of the load measured from the
airplane's plane of symmetry.
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‘;‘A#h$=weight of zhe spar webs from ‘the formula

£ Ayl _
cha mkﬂa‘ (11-15)

Here the’eaefficiant K, ,, takes account of the decrease in
ﬂgb w&ight in the trapeaoiﬁal wing due to urnloading as compared
ﬂith web waight in a rectangular wing with spanwlse constant thick-

,nesg ‘and LQud per unit length.

It is ﬂatermined from the formula

K---.' .a"’"k:!kSr"“' ksxpcxp ka,G., k:lrpG"rp e K,, a0 ' ( 11. 16)

cos Y,

I 2 . At A sy s 1.

:Here the cqg;ijieata k3, kBP’ kng, k3f, and k31d are analogous
~ to the coefficients k
"o (efeos x)KS r takes nccount of the unlcading of the Wwebs by forces

k. k

acting along tha upar flanges.

22 M2 |
b= e (11.17)
kar =1,03—0013(4--10)". (11.18)

1f ny > B, we have kgp = 1.03.

kSwg 1s determined from (11.17) after replacing Ny by n, = =
or ng = nyn.; K,e 1o determined from {(11.17), taking instead of
J
M
n, - 8dna
i ("e='cﬁ)nnlvi '
k3r|v':'.'25‘»
S (11.19)
G 5 =last
3? fqe ! l
Ks ¢ 15 detormined from (11.11). T woipht of the rib flanges:
v nals y ! r
C’u.ngp Cnonep lg‘)a' "T‘ "."”f[a B ! i1, 20)

The welght of the rib webs:

PPL-HC-23-7753-01 254

e S TS ETAAA

S W .

4 sk g sz Sy b o i tds Ly ;—.ﬁé



~wing' ; A R = -z,_ RO I £ Ty Ty - 7
 Gwmews. T auen

-”he weight of the ailerons and takeorf/landing flaps'
OB+ 506 iy E (1. zzv)

gubstituting all of these weights 1nto (I& 9) and dividtng
“both - sides of ‘the equation by the takeoff weight Gy We obtain an

**éf?;;;? feqaatian for determination of the wing relative weight,ﬁ ik

= 0,/0. AV b L, e R S
p Splving this equation for b g’ we bbtainragfcrmuia er the
relative welght of the wing: 2 ki

A B¢
- ¢
mf{["‘:?.a‘“" (s lyr -—'kwb -k,,,(l,,)-r "'""(kak‘” k"’o ™

Ciuep Corvep | mpY! ¢ : A
- L N R AV +_..__."° -2 -
arp rll) = ,‘M - .‘ 1000 ' p Con lss T'su) } x

. A>_Bc _ B
; - ¢ B myl -y (11.24)
s " cos?y Ak"" i cosy R3xy TO%OT ! v
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