UNCLASSIFIED

AD NUMBER

AD802293

LIMITATION CHANGES

TO:

Approved for public release; distribution is
unlimted.

FROM:

Distribution authorized to U S. Gov't. agencies
and their contractors;

Adm ni strative/ Operational Use; 30 JUN 1966.

O her requests shall be referred to Arny

M ssil e Command, Redstone Arsenal, AL.

AUTHORITY

MCOMItr 26 Feb 1968

THISPAGE ISUNCLASSIFIED




802293

VOLUME |

AERODYNAMIC
FORCE ANALYSIS

By Branimir D. Djordjevic
JUNE 1966

DISTRIBUTION LIMITED SEE NOTICES PAGE

-
-~

CONTRACT NO. DA-01-009-506-ORD-851 (Z)

AEROSPACE DEPARTMENT

AUBURN UNIVERSITY

For

U.S. ARMY MISSILE COMMAND

REDSTONE ARSENAL, ALABAMA




DiSPOSITION INSTRUCTIONS

Destroy this report when it is no longer needed. Do not return it to the originator.

DISCLAIMER

The findings in this report are not to be construed as an official Department of the
Army position, unless so designated by other authorized documents.

DISTRIBUTION LIMITATION

This document is subject to special export ceatrols and each transmittal to
foreign governments or foreign nationals may Le made only with prior
2pproval of this Command, Attn: AMSMI-RF.




30 June 1966

AERODYNAMIC FORCE
g ANALYSIS

by

BRANIMIR D. DJORDJEVIC

DISTRIBUTION LIMITED
SEE NOTICES PAGE

Prepared for

FUTURE MISSILE SYST ZMS DIVISION
RESEARCH AND DEVELOPMENT DIRECTORATE
U. S. ARMY MISSILE COMMAND
REDSTONE ARSENAL, ALABAMA

By

DEPARTMENT OF AEROSPACE ENGINEERING
AUBURN UNIVERSITY

: CONTRACT DA-01-009-506-ORD-851(Z)

DA Project 1S222901A206
AMCMSC 522]. 11. 148



ABSTRACT ' 1

Aerodynamic Force Analysis methods and technology from an
extensive bibliography, originally prepared as an internal reference
for the U. S. Army Missile Command, is presented in conjunction
with definitive guidance for use and applicability. An altitude
range from O to 400,000 feet and a Mach number range from low ; '
subsonic through orbital-re-entry level hypersonic is encompassed,
with appropriate continuum, slip and free molecule flow treatments.
The extensive coverage should prove useful as a reference for
engineering analysis and for introductory educational purposes.

The user is also directed to the extensive bibliography of source

A

material for rigid proofs and intensive subject treatment.
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FOREWORD

The methods and technology presented herein are the result of
considerable condensation and regrouping of an original reference
prepared by the Aerospace Department of Auburn University. The
original was prepared as an internal reference for the U. S. Army
Missile Comnmand under Contract DA-01-009-506-ORD-851 (Z) with
Auburn Research Foundation, Inc. The extensive coverage and
usefulness indicated educational and reference value of significance
to warrant wide distribution. This revision of the original work
retains the quality of an extensive engineering reference, but directs
the user to source material fcr rigid proofs and intensive subject
treatment. Revision has been accomplished under a supplement to
the original contract, with distribution rights reserved by the U. S.
Army Missile Command.

The principal author and technical supervisor for the original
~ffort, Professor Branimir D. Djordjevic, supervised the format
revision and condensation. Extensive participation in support of the
effort, by the Aerospace Engineering Staff and many of its graduate

and undergraduate students is acknowledged.
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1.1 PLAN AND SUMMARY OF PART 1.

The material presented i Part I is
a rudimental introduction to some of
the basic aerodynamic and flight dynam-
ic elements and definitions. It is
thought that this part will prove to be
a useful framework for a discriminating
application to the differing aerodynam-
ic design requirements and criteria of
the explicit aerodynamic force data pre-
sented in Part 1II. It may prove, how-
ever, either superficial or inadequate
when a broader and deeper knowledge in
the subjec¢t already exists.

Part: I is subdivided into eight sec-
tions. Each section is conceived of as
an independent unit, but related to the
rest in that they constitute sets of
basic premises that are used later in
the proposed methods of flight per-
formance computations. Equations and
page numberings are independent in each
section,as is the explanation of sym-
bols which is effected immediately and
relative to the analytical expressions
in the text. All accompanying figures
and tables follow the respective con-
text as closely as possible. They serve
illustrative purposes and consequently
arc not meant as source data for direct
numerical computations, with a few ex-
ceptions. Definitions, equations and
underlying analytical methodology are
not fully derived. Rather, it is felt
better to indicate in each case the re-
lated source references where a
thorough mathematical and phenomenolog-
ical elaboration can be found. The
list of references is supplied in the
final Section 1.9.

Section 1.2 comprises the main lim-
itations pertaining to the material
presented both in this part, Part I,
and in subsequent parts. The general
restrictions and assumptions are speci-
fied for both the theoretical analysis
and the physical nature of the flow as
related to the evaluation of the aero-
dynamic forces required for practical
aerodynamic design and flight dynamics
analysis. Further limitations and
approximations, however, which may ap-
pear respective to specific body geome-
try, flight regime and air flow type,
are stated as the particular case is
treated.

In Section 1.3 the general aerody-
namic force concept and its components
are analytically defined and are formu-
lated respective to an arbitrary refer-
ence coordinate system. These expres-
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sions, quite general in form, are in-

tended to serve as a basis for more

specialized interpretations respective

to a few of the most common reference !
frames used in atmospheric flight dynam-

ics.

A few of the most important special-
ized coordinate systems are defined and
presented in Section l.4. They are
grouped according to their usage into
reference frames related tc the trajec-
tory, to the vehicle itself, and to the
Earth respectively. 1In order to estab-
lish their mutual interrelationship and
to clarify the corresponding transfor-
mation matrices, the intermediate or
transformation-sequential coordinate
systems are specified and illustrated
graphically. Related analytical expres-
sions for the evolutory angular veloc-
ities and the transformation tables for |
the aerodynamic force components are H
given without an elaborate derivation,
The supplied self-explanatory illustra-
tive figures and the quoted refevences
are meant to fill this need. Special
attention is given to the clessical aero-
dynamic system, which is presented both
in its left-hand and its right-hand ver-
sion, since basically the theoretical
and experimental aerodynamic force data
are referred to them.

In Section 1.5 the transformation
expressions for the aerodynamic force
components between different reference
frames are elaborated in detail.

Section 1.6 contains the definitions
of two principal aerodynamic angles,
i.e. the angle-of-attack and the side-
slip angle conventions. Formulation of
the lift, the drag and the sideforce
concepts is then presented in terms of
the two angles. Due to its fundamental
importance the material is elaborated
at length, including the special re-
strictive case of the vertical plane
and a related example. In this context,
the aerodynamic force coefficients and
their dependence on the local normal
pressure and the local skin friction
coefficients are defined in a general
analytical form,

In order to enable a later methodi-
cal presentation of explicit aerodynam-
ic force data, a practical subdivision
of the characteristic flight dynamics
and fluid mechanics realms is outlined
at the beginning of Section 1.7. Since
only the relative distinctions between |

o 00



themare intended, no particular rigour-
osity or extensive argumentation is
ugsed. Instead, amgle graphical illus-
tration of the various flight and fluid
flow regimes as encountered for a few
representative missile configurations
is supplied. 1In accordance with the
characteristic airflow regimes (contin-
uum, slip, transitional and free molec-
ular) and the flight speed regimes
(incompressible subsonic, compressible
subsonic, transonic, supersonic and hy-
personic), a unified explicit aerody-
namic force coefficient functional de-
pendence on the aerodynamic angle-of-
attack, the control surface delection
angle, the Mach Number, the Reynolds
Number, and the flight altitude is
conditionally formulated. Special con-
siderations are given to the zero-lift
and the lifting conditions, as well as
to a general interpretation of the aero-
dynamic drag polar and the aerodynamic
efficiency in the different flight
speed regimes. The accompanying graphs
are for illustrative purposes only. On
the basis of the above definitions, a
general aerodynamic drag force breax-
down scheme for compound vehicle con-
figurations is then formulated in terms
of the constituent vehicle parts and the
physical flow conditions. The respec-
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tive zero-lift and induced drag decom-
position schemes are tabulated and de-
fined in detail since they are in-
tended to serve later as a fundamental
scheme for presentation of the related
aerodynamic force data in all flight
and flow speed regimes.

Finally, in Section 1.8 a summary
of the principal physical and theoreti-
cal aspects of the fluid flow patterns
at subsonic, transonic, supersonic,
and hypersonic speedsare globally inter-
preted, in as much as the restrictive
aerodynamic force analysis is con-
cerned. The subject treatment is still
quite general and intended solely for
the purpvse of defining more closely
various critical Mach Number concepts
which serve as boundaries between the
different speed regimes.

In conclusion, it is stressed again
that the material presented in the Part
1 is meant as a basic orienting intro-
duction to the use of the aerodynamic
force data for practical purposes. As
such, it lacks rigourousness and depth,
both theoretically and phenomenological-
ly, and may prove to be superfluous
for an advanced reader.




1.2 PRINCIPAL LIMITATIONS OF THE PRESENTED MATERIAL

The aerodynamic force and moment
analyses constitute only one aspect of
the complex problem of vehicle design.
Since the ultimate goal is to design
a practical vehicle capable of per-
forming specified tasks, the aerody-
namic considerations must of necessity,
be viewed in light of their relation-
ships to other design factors, such as
overall vehicle size, chape, and
weight; flying performance; trajectory
dynamics; stability and control;
structural integrity; payload capacity;
power plant selection; operational
safety; production and maintenance
costs; llablllty, etc. A successful
integration of such a variety of deslgn
problems into a final vehicle conflgu-
ration cannot be accomplished in a
straight-forward analytical manner, but
rather presents a complex problem of an
artful compromise between the noncom-
plimentary requirements and solutions
from the different engineering aspects.
Indeed, before reaching its final form,
a given vericle design undergoes many
phases of aerodynamic, structural, and
system modifications which are the
results of successive refining compro-
mises. Evidently, during such a
design evolution, the required accuracy
of aerodynamic force and moment evalu-
ations will tend to vary as a respec-
tive design phase or a particular design
aspect might require. As a criterion
of practical expediency, the required
accuracy of the aerodynamic predictions
should be, if possible, conformable in
each particular case to the accuracy
with which the overall design problem
is treated. This implies use of aero-
dynamic force and moment evaluation
methods which differ both by degree of
complexity and by form of analysis,
to meet the particular requir-ments of
a given design phase.

In presenting the aerodynamic drag
force methods of estimates and the
related aerodynamic data of various
degrees of accuracy, no attempt is
made to elaborate explicitly their
respective applicability relative to
the different aerodynamic vehicle
design optimization criteria, since
this problem belongs in the complex
realm of the overall art and philoso-
phy of design and definitely lies
beyond the limited scope of this
treatise. A proper selection of a
particular aerodynamic force evaluation
procedure from the compiled material is
thus left to the discretion and the
judgment of the individual. 1In general,

1.

both the acquisition of theoretical and
experimental data and their selective
engineering applications involve, by
necessity, a considerable number of
idealizations and approximations.

While a reasonable effort is made to
enumerate the specifically restrictive
analytical and physical assumptions

and approximations as they pertain to
each particular set of aerodynamic
data, the following limitations can be
considered to be common to all the pro-
posed aerodynamic force estimates:

(i) The atmospheric flight condi-
tions are restricted to flight speeds
in the Mach number range of 0 < M < 20
and flight altitudes in the range of
0 < H < 400,000 ft.

(ii) The compiled aerodynamic data
pertain to conventional aircraft and
missile configurations, such as the
ground-to- alr, ground-to-ground, air-
to-air and air-to- -ground ballistic,
semiballistic, and winged missile
categories; the high-speed, high-alti-
tude gliders; and the clas51cal ground
take-off and landing aircraft designs.
The more specialized aerodynamic
features and aspects of the sea-born
aircrafts, VIOL, STOL, and the less-
common re-entry, spacecraft and para-
glider shapes are not treated.

(iii) All the constituent parts of
a given missile configuration are
assumed to be absolutely rigid, i.e.
no aeroelastic or thermoelastic effects
are considered.

(iv) A steady-state Standard Atmos-
phere (void of turbulence, winds, gusts
and meteorological phenomena) is
assumed, rotating as a unit with the
Earth, Varlatlons of the grav1tatlonal
field patterns and of all the signifi-
cant physical and chemical air proper-
ties with altitude follow the respec-
tively prescribed standard analytical
laws. In this treatise the compiled
numerical data associated with the
variable altitude flight conditions
are taken directly from the orlglnal
sources of information, which in most
cases have been based on the ARDC 1956
or the ARDC 1959 Standard Atmospheres.
It should be noted that the lately
officially acc%g ed U, S. Standard
Atmosphere '62 shows marked differ-
ences in overall physical and chemical
air-properties for altitudes above
100,000 ft. when compared with the
ARDC 56 and 59 standards. Since

2-1
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further modifications in the Standard
Atmosphere structure are expected to
take place at an increased rate as new
and improved data become available, it
was considered that a unique reduction
of the differently based aerodynamic
data to a specific common Standard
Atmosphere form would be premature. In
each case, the necessary corrections
and/or conversions are thus left to be
performed in accordance with the user's
preference or need.

(v) Although the proposed aerody-
namic force analyses are meant to be
applicable to Standard Atmosphere
flight dynamics problems in general,
the pertinent aerodynamic data have
been obtained exclusively from the
theories and experiments of steady
equilibrium flow. The proposed aero-
dynamic force estimates shall be,
therefore, dynamically.restricted to
steady, rectilinear flight conditions.
Consequently, when extended to acceler-
ated and/or intrinsically unsteady
flight regimes, the presented data are
conditionally valid only, i.e., the
data may be utilized provided the
unsteady, time-dependent, Standard
Atmosphere flight phenomena are treated
tentatively as ''quasi steady'' by intro-
duction of the following two condi-
zional approximations:

First, so-called '"apparent mass"
effects common to fluid-solid body
systems are neglected. The '"apparent
mass'' phenomenon, wherein fractional
masses of fluid are (by induction)
dragged along with a solid body moving
relative to and with an acceleration
through a fluid medium, is transient in
nature, disappearing when the body
acquires a steady uniform linear motion.
The net effect of this phenomenon is an
increase in overall fluid resistance to
body motion, thereby causing a restric-
tion to the applicability of the well-
known principle of ''reciprocity of
relative motion'" from the §¥assical dy-
namics of (solid) bodies. This con-
ditionality is explained in the
following paragraph:

In accordance with the principles of
classical mechanics a valid formulation
of any dynamical occurrence is expres-
sible in terms of relative motions of
the involved mass particles, provided
the relative motions are referred to a
supposedly inertial (Newtonian) coordi-
nate system. Choice of such an inertial
reference frame is generally quite arbi-
trary, and an appllcatlon of the
associated reciprocity principle of

1.2-2

relative motions is fully valid in any
Newtonian reference frame, regardless
of the type of motions or accelerations
involved. However, in choosing such
an inertial reference frame for fluid-
solid body bounded systems, the princi-
ple of reciprocity of relative motions
acquires the restrictive form: to
regard the consequences of relative
fluid-body motions as invariantly recip-
rocal, whether the body be considered
at rest in a relatively flowing fluid
or the fluid be taken at rest while the
immersed body is moving relative to it,
is strictly valid only if either the
fluid is flowing perfactly uniformly
and steadily with respect to the body,
or the fluid at rest is completely
void of any turbulence or unsteadiness
of any nature while the body moves
steadily through it.

Accelerated or unsteady transient
flow phases which are associatel with
the "apparent mass'' effects, are
beyond the classical theoretical con-
cepts according to which steady flow
patterns are presumed to be established
in an impulsive manner from an ini-
tially 1rro€§§10nal condition of the
rest fluid. Fundamentals of some
special theoretical methods of analysis
of both the irrotational non-uniform
(accelerated) flows and the nonuniform
flows with discontinuity surfaces
(gusts, for instance) can be found in
Ref. (2), (3), (10) and (14). Unfor-
tunately, stralghtforward simple, and
reliable engineering-type computational
techniques of the nonuniform flow
phenomena associated with accelerated
atmospheric flight conditions are as
yet unavailable.

Second, all the time-dependent
physical and chemical nonequilibrium
characteristics associated with dif-
ferent unsteady and/or transient flow
patterns are neglected. They may be
broadly classified as the spec1flc
time-lags in acquiring respective equi-
librium pressure, density, temperature,
air comp081t10n, dissociation, and
ionization states or flow proflles.
Under the unsteady and/or accelerated
fllght conditions such steady equilib-
rium states of various gas parameters
may never be realized for major por-
tions of actual vehicle flight tra-
jectories. In such cases, the proposed
""quasi steady' aerodynamic force pre-
dictions should be treated with
restraint. The unsteady and/or accel-
erated flow time-lag effects are most
promlnent in determlnlng the nonequi-
librium distributions of air parameters
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and the air composition behind stron
shocks and in boundary layers. Within
the present context of the aerodynamic
force analysis, these aerothermal
transient effects are treated in some
of the proposed methods in a very ap-
proximate form only (i.e., within the
overall level of accuracy of the aero-
dynamic force predictions at large).
Any more detailed analysis of unsteady,
nonequilibrium flows, as eventually
will be needed for optimization of
technological, structural, or other
aerothermodynamic and flight dynamic
aspects, is considered beyond the scope
of the gross aerodynamic force predic-
tions for the limited flight dynamics
analysis purposes.

(vi) 1In addition to the steady or
the ''quasi steady'" equilibrium flow
limitations, it is assumed that no pro-
nounced flow separation occurs. The
permissible angle-of-attack values are,
thus, restricted to domains well below
stall.

(vii) Most of the theoretically
derived data incorporate the approxi-
mations inherent to the classical
Prandtl's postulate, which allows for
separa=e analytical treatments of com-
pletely uncoupled perfect inviscid and
viscous boundary layer fluid-flow
models, the respective partial results
being then superimposed to form total
aerodynamic for:ze effects. The mutual
irteraction pher )mena between the two
types of flows are then eventually
added as semiempirical o experimental
correction factors, when possible.

Although originally defined and
verified by experimental evidence for
subsonic flow patterns, this concept
has also been successfully extended to
theoretical analyses of supersonic and
bypersonic continuum flow with proper
inclusion of the across-the-shock
conditions.

The separation of the very complex
totality of aerothermodynamic flow
patterns around arbitrary body shapes
into the supposedly predominantly in-
viscid perfect fluid flow and the pre-
dominantly viscous continuum fluid fiow
regions, becomes an invaluable theoret-
ical proposition because of the severe
lack of mathematical capacity for
finding valid, closed-type solutions
for the equations governing fluid flow
problems in general. The situation
may be briefly outlined as follows:

The acquisition of any particular
bounded set of theoretical aerodynamic
data demands a valid simultaneous solu-
tion of a necessary and sufficient
number of the governing partial dif-
ferential equations. These equations
shall be fully descriptive of the
assumed analytical model, representing
the investigated aerothermodynamic
phenomena within the prescribed bound-
aries of a specified fluid-body dynamic
system. The related descriptive set of
governing differential equations is
only a limiting mathematical formula-
tion of the classical physical princi-
ples of the conservation of mass,
momentum and energy, to which an ade- -
quate number of auxiliary internal
functional relationships between the
involved physical properties of the
bounded aerothermodynamical system is
added to make the total number of
independent equations equal to the
number of the constituent independent
variables. Nominally, there is a
strong interaction between the influ-
ential physical parameters entering
into the expression for conservation
of momentum and energy. Therefore,
the fundamental proposition of a simul-
taneous validity of the three conser-
vational principles is tacitly accepted
even when, in some specific or approxi-
mately treated cases, non-simultaneous
solutions of conditionally uncoupled
momentum and energy equations are
performed.

For very simple htody geometries and
significantly idealized (for instance,
thermally and calorically perfect gas,
subsonic regimes) viscous flow pat-
terns, and within the first-order
theoretical gas model propositions, the
resulting momentum exprfssigns ake the
classical Navier-Stokes(Z,10,1l4 par-
tial differential equations form. A
direct attempt for their general solu-
tion leads to formidable mathematical
difficulties. Instead, by application
of the Prandtl's postulate, the con-
gsiderably simplified inviscid fluid
flow momentum (and energy) expressions
allow, in some special cases, a reason-
able analytical handling, leading to
acceptable aerodynamic data for the
perfect fluid inviscid flow field
regions. The subsequent confinement
of viscous flow effects within a thin
boundary layer allows for an eventual
approximative reduction of the Navier-
Stokes equations to an analytically
simplified boundary layer form, which,
in some restrictive cases, may also be
tentatively solved with some acceptable
degree of accuracy.
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Thus, although the Prandtl's concept
proves an invaluable analytical tool,
it gives no direct information regard-
ing any possible real flow interference
effects between the inviscid flow pres-
sure distributions and the viscous
boundary layer frictional phenomena.
Actually the mutual interplay between
pressure fields and the associated
pressure, density, temperature and
velocity discontinuity surfaces or
shock-waves of the inviscid flow pat-
terns and the boundary layer frictional
phenomena may be rather pronounced. 1In
such cases, adequate semi-empirical or
experimental interference corrections
should be applied (if available) either
to final theoretical results or as
corresponding modifications of the pre-
sumed flow patterns. For instance, for
slender, streamlined body shapes, which
are of primary interest in engineering
applications, this type of interference
may result in effects such as:

(1) A pressure field change, pro-
duced by an apparent body shape deforma-
tion caused by thickening of the sur-
rounding boundary layer.

(2) A partial flow separation
phenomena, particularly at the rear
portions of a body, promoted through
combined interplay between the angle-
of-attack variations, the inherent
susceptibility of the boundary layer
flow mechanism to external pressure
fields and the shockwave-boundary layer
interference (for transonic speeds
especially).

(3) Complex interaction patterns
between the slipping boundary layer and
the shock waves in the dead air region
(or wake) at the body base, affecting
the base pressure and temperature dis-
tributions, etc.

Furthermore, since the individual
simple body shapes will finally be
assembled into a compound vehicle con-
figuration, additional interference
effects between the assembled simple
body shapes in situ are introduced,
altering both the pressure and the
frictional stress distributions around
the total configuration and in the wake.

Thus, interference corrections should
be made in principle for both the
Prandtl's analysis of simple body geome-
tries (nose cones, cylindrical bodies,
wings, fins, etc.) and the assembled
configuration, if and in as much as the
related corrective data are available
from the related experimental, the

L

compatible semi-empirical, or the
simplified theoretical sources.

(viii) From a physical standpoint
there are ever present approximations
and errors caused by both analytical
and experimental limitations with which
the overall aerodynamic problems can be
best understood, formulated, solved

and measured. Both the idealized
mathematical models and the necessarily
simplified experimental techniques are
thus inherently limited in adequately
reproducing or representing the ex-
tremely complex reality of the actual
aer othermodynamic phenomena in toto.
The degree of sophistication to which
an analytical model can be developed
reflects, at best, the level of accu-
racy with which a fluid flow occurrence
may be formulated or measured. In
establishing both physically repre-
sentative and analytically manageable
real gas flow models the complexities
and difficulties become especially pro-
nounced under high speed, high tempera-
ture flow conditions. The problem is
further aggrevated by an insufficient
factual knowledge of the internal
interdependency and dynamics of the
different physical and chemical gas
properties on molecular and atomic
levels for such highly elevated and
dynamically reacting energetic states.

(ix) Theoretically, there are addi-.
tional simplifications and approxima-
tions because of the inability to find
physically meaningful mathematical
solutions for the tentatively defined
analytical models. In the case of
fluid flows even the simplest first-
order highly idealized theoretical
models result in a set of gartial dif-
ferential equations(3)(#)(3) which are
only conditionally solvable in a closed
type form for some simple body geome-
tries and for special boundary con-
ditions.

Once a representative form of
governing equations is specified as a
conditional formulation of the investi-
gated flow pattern around a given body
geometry in terms of an accepted
essential number of influential physi-
cal parameters and their internal
functional relationships (auxiliary
equations), the analytical degree of
relative accuracy with which a valid
soluticn is obtainable within the
specirfied boundary conditions camn be
traced tc and expressed in terms of
the mathematical approximations intro-
duced. Here a reservation must be
made regarding the claimed mathematical
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"exactness' of some solutions, as fre-
quently encountered in a wide spectrum
of fluid flow theories. When either
electronic computers or various numeri-
cal analysis techniques are used, the
exactness is evidently expressed either
by the number of significant figures or
by the discarded residue values, plus
the approximations which might be intro-
duced in the overall analytical treat-
ment. However, the relative validity
of such '"exact'" solutions still remains
questionable within and does not exceed
the relative physical correctness of
the fundamental premises upon which the
theory and the formulation of the
problem are based. It is still depend-
ent on the relevant accuracy with which
the influential physical parameters,
variables and constants may be under-
stood, measured or evaluated, and their
mutual interrelations properly formu-
lated. Therefore, it is considered
justifiable to judge the overall valid-
ity and acceptability of a theory not
primarily in terms of its mathematical
exactness or its theoretical degrece of
sophistication per se, but rather by a
direct comparison with correspondingly
coordinated and conscientiously cleared
experimental data. In accepting such

a correlating criteria it is essential
to bear in mind that the supporting
experimental evidence is necessarily
conditional and restrictive itself, the
comparative agreement between a con-
trolled (necessarily simplified)
experiment and a full scale (far more
complex) physical occurrence remaining
still questionable. For instance, the
high speed and the viscous fluid flow
problems, which are of primary impor-
tance today, present such a formidable
array of physical and chemical com-
plexities and parametric uncertainities,
that even the habitual expectancy that
a more detailed higher-order theory or
a more exact analytical treatment would
yield a result closer to reality may
not necessarily hold. Moreover, some
rather simple analytical models and
assumptions, which can hardly be
claimed as well-representative of a
real fluid flow internal mechanism, may
prove comparable by their relative
accuracy of results to many a more
sophisticated end ma?hematically more
elaborate treatment.(6,9) As another
interesting illustration of the ques-
tion of exactness, it may be mentioned
that the 1ong—cl?§Ted, and the well-
accepted Blasius ""exact' mathe-
matical solution of incompressible
laminar boundary layer along a smooth,
insulated flat plate at zero-angle of
attack has been achieved by expansion

1.2-5

into a series ygich in a much later
investigation( proved to become di-
vergent after some thirtieth term.
Nevertheless, the Blasius solution is
still one of the best available for the
restricted type of incompressible
laminar boundary layers to which it
pertains.

(x) Finally, there are usually
analytical or numeri-al approximations
in computing the overall resultant
aerodynamic forces for a given set of
body-fluid flow conditions. Both the
actual phy-rical relationships between
a solid bcuy and a fluid medium in
relative motion and the corresponding
analytical set of descriptive dif-
ferential equations reflect the space-
time distributed nature of the local
pressure and shear stress loads, be it
within the continuum or the discrete
particle structural concepts of fluid
mediums. In order to define and solve
the flight dynamics of a solid body
using the classical Newtonian force
postulates, an integration of the
relevant variable local (normal and
tangential) stress distributions 1is
required. This leads to the condi-
tional formulation of a resultant
external aerodynamic force and its
point-of-action location. For most
practical purposes this summation or
integration procedure is conveniently
performed in a suitably simplified way,
especially so in the case of usual
compound t¢dy geometries. The cor-
responding error can be readily deter-
mined in terms of the approximations
introduced in the adopted integration
technique.
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1.3 THE RESULTANT AERODYNAMIC FORCE AND ITS COMPONENTS

Within the overall limitations
specified in Section 1.2, the reaultant
force with which the ambient equilibri-
um atmonghere opposes the steady uni-
form motion of a vehicle may be con-
veniently traced to two basic physical
sources: the resistance caused by normal
pressure and the resistance caused by
viscous shear distritutions on a given
body contour. This conceptual division
is well coincident with both Prandtl's
postulate and the classical mechanistic
force definitions. Thus, the local re-
sultant aerodynamic force exerted by the
flowing gas on each surface element of
a body in relative motion can be ana-
lytically determined as a vectorial sum
of the local normal (pressure) and the
local tangential (frictional) force com-
ponents. A subsequent integration of
the local components over the entire
exposed body surface gives the sum of
the total pressure and the total fric-
tional resistance force components
reapectively as

ﬁ:L(.Apﬁ +¢T) ds
_'

where: ® is a unit vector normal to
the surface element, dS , positively di-
rected inward; 1 is a unit vector tan-
gent to the surface element, dS , paral-
el to and positively directed in the
same sense as the local free stream
velocity vector, V| , of the inviscid
fluid flow outaide the boundary layer;
Op=(p-p,) represents the difference
betwéen the local (at the body surface)
and the ambient (free stream at infinity)
etatic (normal) pressures; and r is the
local shear stress value.

(1.3-D)

Two principal conceptual features
intrinsic to the above definition are:

(1) Choice of a reference datum
for measuring the local static pressures
is in principle a quite arbitrary con-
vention. Neither the physical flow
pattern nor the form of the governing
differential equations are influenced by
it. But, for ascertainment of a mini-
mum number of the flow similitude re-
quirements as well as for general atmos-
pheric flight dynamics purposes, it is
convenient to measure the local static
pressures, p , relative to the ambient
atmospheric pressure datum, p, , i.e. to
select the static pressure '"at infinity,"
PA=Pw ; @8 the basic zero-datum value
in the fluid flow analysis in general.

1.3-1

(2) For powered atmospheric
flight conditions the resultant aero-
dynamic force concept should be speci-
fied exclusive of some conventi?nally
adopted thrust force definition,.(11)
Thus, in the case of rocket-propelled
vehicles, it has become customary in
most technical flight dynamics analyses
to restrict the local normal and the
local tangential force integrations to
the actual solid body exposed (wetted)
areas. In the case of jet-propelled
vehicles it is customary to extend the
above inte%ration procedure to the sum
of the vehicle wetted areas, the stream
tube area ahead of the engine duct, and
the engine afterbody area protruding in
the jet stream. In both cases the base
pressure effects, as dueito the overall
body geometry and the associated wake,
are included in the '‘wetted area' term,

The general expression for the
total aerodynamic resistance force, Eq.
(1.3-1), is usually vectorially re-
solved into three directional components
respective to a suitably defined refer-
ence coordinate system. The selection
of a particular reference frame depends
largely on the type and the analytical
aspects of the aerodynamic or flight
dynamics problem itself, the final aim
of the respective flight dynamics analy-
sis, and the form of the available theo
retical or experimental data.

Given a conventional Cartesian orthogo-~
nal space reference frame, Oxyz , the
respective resultant aerodynamic force
components are specifically:

R=X+Y+2:=xi+Y]+2k
x men-nﬂ‘-ms

Ll (1..3-2)
Y= [ (ApR- T+t ]dS

j; pi] )

wet

y B _/;(Apﬁ-h r1-k)dS

wet

Specific reference frame cases of
the above aerodynamic force resolutions
are treated in Sections 1.4 and 1.6 in
detail.

For the purpose of establishing
valid comparative aerodynamic force and
similitude criteria when different
fluid-body systems are investigated, as
well as for a generalization of theo-

ke
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retical results, the conventional con-
cepts of non-dimensional aerodynamic
force coefficients are introduced:

= X g A : (1.3-3)
Cx -qrguf' Cy 9 Sret’ Cz a‘z{of

Similarily and for the same reasons,
instead of the dimensional pressure and

shear stresses, the non-dimensional local

pressure coeff{cient and local skin-
friction coefficent definitions are in-
troduced in the forms

Ap _p-py ’ c,=5'-

Cp‘ q—A q‘ (1.3-“)

respectively.

Consequently, the three resultant
aerodynamic force component expressions
(1.3-2) acquire the respectively dimen-
sionless forms:

= 3 77
o= 5l j;(c,ﬁ T+ Ceies

wet

= o fT+ctT (1.3-5)
Cy g_/;ﬁ:'pn 7+ ¢ T-Tias

Cy= .s.rl._'j;'(“c'pﬁ-u + C¢i K)dS

where:
2

QASEQA is the ambient atmospheric
reference dynamic pressure,
or the free stream dynamic
pressure '"'at infinity,"
9a“ Qe . 3

Vy and p, are respectively the ambient
atmospheric~-fiight relative
speed of the vehicle CG
and the ambient atmospheric
density. Again, by fixing
the reference frame to the
aircraft CG, these become
by magnitude the ''free stream
at infinity' values, i.e.
Vai Ve y Pp=Pe -«

The process of non-dimensional-
ization involves two significent con-
ventions. First, the choice of a refer-
ence area, S,¢ , 18 completely arbitrary,

not necessarily representing the actual

exposed (wetted) surfaces of any specific
vehicle part or of the vehicle as a

whole, i.e. in general, S,¢ #Suer -

There is but n~ne important restriction
regarding the reidrence a2.ea: it must
be a comwron non-cdimensiorilizing factor
€or all the different configurational
partn ot © given vehicle geometry.
Customarily, the common reference area

1.3-2

is chosen to be either the wing platform
(projected to the Oxy plane) area, or
the maximum body (fuselage) cross-
sectional area. The specific choices,
apart from serving the non-dimension-
alizing convention, reflect physically
important features of the winged (lifting
surface) missile and the ballistic (drag
characterized) missile configurations
respectively.

Second, for the sake of preserving
the uniform{ty of definitions, the
reference dynamic pressure '"at infinity,"
949w, has been extended from the
initially incompressible or negligibly
conpressible, low subsonic fluid flow
regions to supersonic and hypersonic
flow conditions as well. Inasmuch as
analytically convenient formal defi-
nitions of the resultant force and the
local pressure and skin-friction coef-
ficients are concerned, the selection
of any one specific and common refer-
ence non-dimenedonalizing dynamic
pressure value is a proposition of uni-
formity and convenience. But, if the
physically important role of actual
local dynamic pressures upon the local
numerical values of C, and C; are in-
vestigated, the compressibility effects
and the related behind-the-shock ve-
locity, density, and temperature
changes should be properly included.
Clearly if the local pressure and the
local skin friction coefficients are
treated as the respective actual di-
mensionless local forces per unit area
(subscript 1),
. Ap . T LAVE (1.3-6)
AR IR T M
then their correlations with the re-
spective reference values (subscript a)
are:

X =CxQySres = '/s‘ﬁ:qplqlﬁ'?"' CfIQ;;'i.’ds

=‘/;'('<.:'qu‘6-1 +Crai-Tras  (1.3-7)
@ —al g 1
Cx q s’.' L:?'D|Q|ﬂ ' + Cf'q" T)ds
’S'f'.?f;f,f,"“'“ cei-hds (1.3-8)
otc.,
and c,,=:—;cp, . c,=:—;c,, (1.3-9)

Furthermore, in the particular case
of the local skin friction coefficient,
C" » the actual local dynamic pressure,
q, , is referred to the local inviscid

P
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flow conditions outside the boundary
layer, so that ir terms of the conditions
at the surface proper:

2
Chegt o Cr* @ . Q‘IAIYL (1.3-10)

.
Cn®q Ctw (1.3-11)

where the wall local density value, p, ,
is a function of the overall aerothermal

flow conditions at the surface, as shall
be discussed later.

Before a further elaboration of
the aerodynamic force concept in terms
of the involved physical variables, a
formalistic vectorial resolution of the
aerodynamic resistance force onto a
few most common flight dynamics co-
ordinate systems is defined in Sections
1.4 and 1.6.



1.4 COORDINATE SYSTEM CONVENTIONS

In many engineering problems it
appears most convenient to resolve_ the
resultant aerodynamic resistance, R
into three components, i.e., the result-
ant lift, T, the resultant, drag, D, and
the resultant side force, Q in the mod-
ified right-hand aerodynamlc coordinate
system, OxqyqZq Their physical inter-
pretations are given later, while their
conditional vectorial definitions and
transformations respective to various
other flight dynamics reference coordi-
nate systems are considered below and in
Section 1.86.

The flight dynamlcs analysis may,
in general, require several different
reference coordinate systems, each co-
ordinate system being advantageous for
some specific investigation or a partic-
ular computational procedure. Subse-
quently, a respective number of trans-
formations of all vectorial quantities
from one reference frame to another may
be needed. Assuming an arbltrary space
flight trajectory and a rotatlng spher-
ical earth, a few Cartesian right-hand
orthogonal reference frames and the in-
volved aerodynamic force component trans-
formations most commonly used in the
overall flight dynamics analysis are:

Reference frames related to trajectory

(1) Modified aerodynamic coordi-
nate system, Ox,y,zq , used as
a basic reference frame for
the resultant aerodynamic
lift, L, the drag, D, and the
side force,®@ , definitions.
Wind axes coordinate system,
Oxwywzw , convenient for both
the three degrees of freedom
(point mass) and the six de-
grees of freedom (rigid body)
trajectory dynamics analyses.
Principal trihedral coordinate
system, Otbn , representing a
natural reference frame for
the centripetal, 'f , and the
tangential, ﬁ ' £orce investi-
gations.
Local horizon coordinate sys-
tem, Oxy,z, , defining the
local space attitude orienta-
tion of a vehicle on its tra-
jectory.

(ii)

(iiid

(iv)

Reference frames related to vehicle
(Eulerian axes)

(v) Body axes coordinate system,

Oxpyp2p » convenient for the
norma , the axial, C, and
the lateral Y, force defi-
nitions, as well as for the
moments-and-products of in-
ertia computations.

Stability axes coordinate sys-
tem, Oxgys2y , used for static
and dynamic stability investi-
gations.

(vi)

Reference frames related to earth

(Newtonian systems)
Curvilinear ground reference
system, EXYZ , determining the
instantaneous geographical
position of the vehicle.
Rotating Earth axes system,
Exeye2e , used as the launch-
ing or impact point reference
frame.
Star fixed reference frame,
0én{, the fundamental inertial
coordinate system necessary
for a valid formulation of
the governing dynamic equa-
tions of motion within the
classical Newtonian concepts
in the case of a rotating
Earth.

(vii)

(viii)

(ix)

Intermediate reference frames

When performing the rotational
transformations, the final relative
position between two rotated coordinate
systems can be conveniently defined by
specifying an orderly sequence of suc-
cessive partial rotations through three
characteristic (Eulerian) angles. 1In
order to perform an analytical trans-
formation of the aerodynamic force com-
ponents {(and of any other resolved
vector quantities entering the govern-
ing sets of equations of motion) from
one coordinate system to another by
this method of sequential Eulerian an-
gular conventions, it is necessary to
introduce respectively defined inter-
mediate coordinate systems, designated
by subscripts 1, 2, 3, etc. This
method is commonly preferred to the
alternative method of direct projections
from each of the three axes of the in-
itial coordinate system onto the three
axes of the final (rotated) reference
frame, since such a procedure requires
manipulation of nine directional cosines
(or six directional cosines and three
auxiliary cosine relationships) which
are necessary for a statical definition

1.4-1
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of the six axes orientatio?r of Ehe 5310 sential flight dynamics coordinate ref-
rotated coordinate systems(ll, 12, 13), erence frames is illustrated in Fig. 1l.l.

The relative disposition of es-

LOCAL PARALLEL

FUNDAMENTAL PARALLEL

LOCAL MERIDIAN

EQUATOR

FUNDAMENTAL MERIDIAN

FIG. I.! Relative disposition of basic flight dynomics reference frames with respect to a rotating,
spherical Earth.

Definitions of the individual co- Earth's local horizon (tangential)
ordinate systems are given in Sections plane, Hxyy, , and contains both the
1.4.1 to 1.4.6. The few comparative trajectory local horizon plane, Oxy, ,
reference planes pertaining to the spa- and the first intermediate coordinate
tial dispositions in Fig. 1.1, and com- system plane, Oxyy, . A partial coun-
prising the adopted sequence of Euler- terclockwise rotation of the 0Ox, into
ian angle definitions are: Ox, ax:s (i.e. Oy, into Oy, ) around the

0z,= 0z, axis defines the velocity yaw

The m plane is the velocity yaw angle, x .
angle (x) plane. It is parallel to the ’
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The = lane is the velocity pitch
angle (y) plane. 1t contains both the
first intermediate coordinate system
Oxz,  (coplanar to Ox;z, ) plane and the
second intermediate coordinate system
Oxyz, (coplanar to Ox,z;) planes. A
partial counterclockwise rotation of the
Ox, into Ox, =0x; axis (i.e, 0z=0z, into
Oz ) around the Oy =0y, defines the ve-
locity pitch angle, y .

The = lane is the velocity roll
angle (y) plane. 1t contains both the
wind axes Oy,z, and the initial stabil-
ity axes Oy;z; planes, as well as the
second intermediate coordinate system
Oy,z, plane. A partial counterclockwise
rotation of the Oy;=0y, into Oy =0y,
axis (i.e. 0z into Oz, = 0z; ) around the
Ox, =0x2=0xy axis defines the velocity
roll angle, un .

The 74 plane is the side-slip angle
(8) plane. Et contains the wind axes
Ox,y, and the initial stability axes

Ox,y, Pplanes, as well as the third inter-
mediate coordinate system Oxzy; (coplanar
to Oxzyp, ) plane. A partial counterclock-
wise rotation of the Ox, =Oxy into Oxi
axis (i.e. Oyy=Oy; 1into Oy;=0Oy, ) around
the 0Oz, =023 =02; axis defines the side-
slip angle, 8 .

The 7™s plane is the geometric angle-
of-attack 30? plane, usually taken co-

planar with the reference (vertical)
plane of symmetry for classical vehicle
geometries. It contains the body axes
Oxpzp, plane and the third intermediate
coordinate system Ox3z; (coplanar to
Oxsz, and Oxzz; ) plane. A partial coun-
terclockwise rotation of the Oxs into
Oxp axis (i.e. of 0z3=0z,=0z; into Oz,)
around the Oy; =Oy, axis defines the geo-
metric angle-of-attack, .

l.4.1 CLASSICAL AERODYNAMIC COORDINATE
SYSTEMS Oxgy, 2o AND Oxqyq 24

The aerodynamic left-hand orthogo-
nal reference frame, Oxqy, 2o , @nd its
alternative right-hand version, Oxgyq2q
are historical legacies. The fundamen-
tal two- and three-dimensional low speed
airfoil and wing theories and the respec-
tive basic aerodynamic force and moment
concepts have been postulated with re-
spect to them. Although numerous later
refinements and extensions of the respec-
tive aerodynamic theories to higher
speeds and to various three-dimensional
body effects have introduced a number of
other more convenient reference frames
better suited for specific theoretical

(a) 3

- FLIGHT PATH
Yo Ky
F
Iy
(b
i
]
1
FIG. L2 Spatlal definitions of the classical
eft and right-hand orthogonal aerodynamlc
coordinate  systems , Oxgy,z, » and Oy yz
relative to the wind axes , Ox,y,z,, and
the trajectory local horizon axes , Ox, yn2), »
right -hand orthogonal coordinate systems .
|
I
|
b
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FIG. 1.3 Spatial definitions of the classical ieft and right hand orthogonal aerodynamic coordinote systems,
Ox, Y, 2, and Ox° Yoo ¢ relative to the wind oxes, Ox_y_ z , ond the body axes, Ox, y z,, right hand orthogonal

coordinate systems.
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developments, the practice of expressing
the final analytical and/or experimental
total aerodynamic force components rela-
tive to these classical aerodynamic
frames has, in general, been retained.

Comparative spatial relations be-
tween the aerodynamic reference frames,
Oxg¥o2zo and Oxgygz, , and the flight
dynamics basic reference systems (the
wind axes, Oxwywzw , the local trajectory
horizon axes, Oxpynz, , and the body axes,
Oxpybzp ) 1s illustrated in Figs. 1.2 and
1.3. From their respective spatial dis-
positions it ‘s evident that the left-
hand aerodynam.c and the right-hand wind
axes coordinate systems are related by a
direct inversion.

GLOSSARY for Figs. 1.2 and 1.3

The 74 plane contains the side-
slip angle,d , defined by a partial
counterclockwise rotation of the Oxg
into Ox3 axis, (i.e. Oy,zOyg into
OypzOys ) around the Ozyz0zz axis. The
74 plane is coincident with the Oxwyw ,
the Oxgyq , the Oxgyg , and the Oxzyz=Oxay
planes. It is generally not coincident
with the local principal trihedral tan-
gent plane, Oy, , on a space trajectory.

The 7s plane is the reference (ver-
tical) plane of symmetry of the vehicle

geometry. It contains the geometric
angle-of-attack, a , defined by a partial
counterclockwise rotation of the Oxs
into the Oxp, axis (i.e. 0z3=0z, into
Ozp ) around the Oy3z 20y, axis. The plane
is coplanar with the Oxyzp and the

Ox3zz =Ox3z,, PpPlanes. It is generally

not coincident with the principal tri-
hedral local osculating plane, 04, , on

a space trajectory.

Aerodynamic forces

The total lift force for the over-
all vehicle configuration, L =Lk,, is
contained in the referernce plane of sym-
metry, ms . The total drag force,D=Dia
is in the 74 plane. e total side-
force, @=Qjgq and the total cross-wind
force ¥ =Yjo are perpendicular to the
reference plane of symmetry, 75 , fol-
lowing the right-hand and the left-hand
coordinate system conventions respec-
tively.

The left-hand aerodynamic
coordinate system

The aerodynamic coordinate system
is conditionally treated as instantane-~
ously inertial for the presumed steady
or quasi-stead flow (or atmospheric

flight) conditions. Its origin,O0 , is
arbitrarily fixed at the vehicle's cen-
ter of gravity, CG, when the rigid body
flight dynamics problems are investi-
ated. At any local point (i.e. at any
instant of time) on a given trajectory,
orientations of the aerodynamic axes
are conventionally defined as follows:

The Ox, axis is taken collinear and
positive in the sense of the relative
free stream ''at infinity' velocity vec-
tor, Vm =-Voa . The Ox, axis is thus
always locally tangential to the flight
path and oriented in the (-f) sense.
The relative free stream velocity vec-
tor, Vo , is defined "at infinity,' i.e.
well ahead of vehicle, where the steady
uniform flow conditions are assumed.
Reciprocally, this implies that the in-
stantaneous ambient flight velocity, Va ,
at any point (or at any instant) on a
given trajectory should be referred to
a steady equilibrium Standard Atmos-
phere, free of turbulence, winds, and
gusts. The atmosphere is assumed to
rotate with the earth, its angular ve-
locity, we , being constanc. Further-
more, in accordance with basic assump-
tions in Section 1.2, thre effects of
instantaneous flight accelerations upon
the overall flow pattern are neglected.

The 0z, axis is, by convention,
always contained in the reference 7s
plane of symmetry of a vehicle, regard-
less of the relative position of the
vehicle respective to the flight tra-
jectory. 1t is taken perpendicular to
the Ox, axis (which is not generally
in tlie plane of symmetry) and sensed
positively '"upward'' fer a noninverted
vehicle flight attitude. For classical
aircraft configurations the reference
plane of symmetry is usually the ini-
tially 'vertical'' plane of symmetry for
a no bank (wings level) flight condi-
tion. For axially symmetric vehicle
configurations the reference plane of
symmetry should be conveniently speci-
fied in terms of some initial flight
conditions, so that both the velocity
yaw angle, y, and the side-slip angle,
B , may be uniquely specified.

The Oy, axis (or the cross-wind
axis) is perpendicular to the Oxgz,
plane, sensed so as to form a left-hand
orthogonal coordinate system.

When the definitions of the aero-
dynamic (or absolute) angle-of-attack,
a,, and the side-slip angle, 3, are a-
dopted as specified later in Section 1.6
the total lift,L , the total drag,D ,
and the total cross-wind force, Y, , are
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collinear with the aerodynamic axes Oz, ,
Oxg , and Oy, respectively. For positive
values of the aerodynamic angle, a. , the
lift force, [, is thus made condition-
ally positive. The drag force, D , is
always positive, Due to the adopted
dynamic convention for the definition
of angles, the cross-wind force, Y,
becomes nagative for the adoptec posi-
tive values of the side-slip angle, 8.

It is noted that the left-hand
aerodynamic reference frame, Oxgyq2Ze
is directly related to the dynamic wina
axes coordinate system, Oxwywzw » through
the simple unit vector relationships:

ig = iy
. __r
Jo ="y

--»>

ic"kw

(1.4-1)

Consequently, the Eulerian vecto-
rial matrices for the resultant aero-
dynamic lift, d-rag, and cross-wind
force component transformations from
the aerodynamic coordirate system into
other flight dynamic reference frames
are formally the same as later speci-
fied for the wind axes coordinate sys-
tem, Section 1.4,2, provided the unit
vector sign convention, Eq. (l.4-1), is
correctively taken into account.

The right-hand modified aerody-
namlic reference frame

In order to bring into a better
accord the sign convention between the
positive incidence angles and the posi-
tive forces, the original aerodynamic
left-hand coordinate system, Oxqyo 2o
in the fli&ht dynamics and mathematical
theories(14) ig replaced by the right-
hand modified aerodynamic reference
frame, Oxgyqze: That is, the cross-wind
force, Yo, 18 replaced by the side- ~
force (or aerodynamic lateral force)
@=-Y, by changing the cross-wind
axis, Oy, , into the lateral axis, Oyq -
The changed unit vector 7,7,k rela-
tionships rospective to the wind axis
then becoine:

(1.4-2)

Aerodynamic force components

In both aerodynamic reference
frames the aerodynamic force components
comprise the integrated static pres-

sures and the frictional effects caused
by the relative airflow only; see Eq.
(1.3-1), Section 1.3, i.e. the gravity,
the thrust and all the other (if pres-
sent) external force components are ex-
cluded from this purely aerodynamic defi-
nition.

Rotational sequence convention

Using the Eulerian angles conven-
tion, the adopted order of successive
counterclockwise partial rotations indi-
cated in Figs. 1.2 and 1.3 are as follows:

Starting with the trajectory local
horizon axes, Ox,yyz, , the first inter-
mediate coordinate system, Ox y, z, , is
defined by the first partial counter-
clockwise rotation for the velocity yaw
angle, x, around the Oz, =02y axis. The
second partial counterclockwise rotation
for the velocity pitch angle, y, around
the intermediate Oy 20y axis results
in the second intermediate coordinate
system, Oxz2y21z2 .

The final partial counterclockwise
rotation for the velocity roll angle, u ,
around the final Ox, =0x; axis, forms the
local right-hand orthogonal wind axes
coordinate system.

The classical left-hand orthogonal
aerodynamic coordinate system, Oxgy,zs ,
is then obtained by reversing the posi-
tive senses of the wind axes, while the
modified right-hand aerodynami: coordi-
nate system, Oxqyq2z, , i8 formed by re-
taining the lateral axis Oyg 2Oyy .

A further partial counterclockwise
rotation of the local wind axes coordi-
nate system, OxwywZw , around the Oz, =0z3
axis, through the side-slip angle, ﬁ 5
results in the third intermediate co-
ordinate system, Oxzyzzz3 . Finally, a
second partial counterclockwise rotation
around the Oy,=Oyy axis, through the
geometric angle-of-attack, @, yields the
right-hand, orthogonal, body axis coordi-
nate system, Oxpyyz, -

1.4.2 LOCAL WIND AXES COORDINATE
SYSTEM Oxyywiw

The right-hand, orthogonal, local
wind axes reference frame, OxyywZw , is
one convenient choice for the rigid body
trajectory and the flightperformance a-
aalyses. Since it is collinear with and
oriented inversely to the left-hand
classical aerodynamic coordinate system,
Oxg¥e2a , the respective local orienta-
tions of its axes relative to the flight



trajectory and the geometrical reference
(vertical) plane of vehicle symmetry
Y,%Y, follow the specifications already dis-

| 3 cussed for the Oxgyz, or Oxgyg?e ref-
erence frames. That is, the positive
sign convention is given by the simple
unit vector transformation shown in
Eqs. (1.4-1) and (l.4-2)., For the a-
dopted sequence of the partial angular
rotations, the spatial angular elements
of the Eulerian transformation from the
trajectory local horizon axes, Ox,yz, ,
to the wind axes, Ox,y,z, , are explic-
itly given in Fig. 1.4,

GLOSSARY for Fig. l.4
The 7, 7 and 7. planes contain

the velocilty yaw, x , the velocity pitch,
y, and the velocity roll, u , angles.

The Ox, axis is collinear to the
local tangent on a space trajectory,
Oxy= 0t .

The adopted sequence of partial
angular rotations og the Oxpynz, » into
the Ox,ywzw axes, pogsitive counterclock-
wise, is as follows:

(1) First, a rotation about the
0z, = Oz, axis for the velocity yaw
angle, yx .

{(2) Second, a rotation about the
Oy, =0y, axis for the velocity pitch
angle, y .

(3) Third, a rotation about the
Ox,=0x, axis for the velocity roll
angle, u .

The corresponding pattern of Euler-
ian transformations of the components
of any vector (i.e. force, moment, vel-
ocity, acceleration) from the wind axes
into the horizon axes reference frame
is given by the following unit vector
transformation matrix, or by its alter-
native tabular form, which is convenient
for direct transformations both ways:

?'- !' (sinusinycosy {(cosusinycosy ||~
n cesy cosx ~cospsiny ) +Siny..hx) 1"1

. (sinusinysiny (cosusinysiny ||T
’rﬁ' COSy$INX +cosucosy) -sinucosy) ||w

FIG. 1.4 Adopted Eulerian sequence of

partial counterclockwise rotations from the trojectory k-,, -siny sinu cosy COSuCOS Yy LR'J
local horizon reference frame , Ox.y,z, . to the <+ c
wind axes locol coordinate system Ox,y,z, : (1.4-3)
1.4-7
) W
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_ Ry
(sinusiny cosy | (cosys siny cosx
T |[ cosyooex -cosusiny) | +sinusiny)
o (sinasinysiny | (Cosusinysin
Iy fjcosysinx +cosp.co:;5 -slnpoosx)x
Ry || =siny sinucosy CoOsuCOosy
(L.4-4)
i.e. explicitly

& = L cosy cosy + Ju(sinu siny cosy — cosusiny)

+ ylcosu siny cosy + sinu siny) (1.4-5)
or
he-Te cosycosy + 'j;(sin;uinycosx — cosusiny)

~ g lcosusinycosy + sinusiny) (1.4-6)
efc., and vice verso

W=z cosycosy + T,'cos7 siny — Kysiny(1.4-7)
efc.

The evolutory angular velocity,
@,, of the wind axes, Ox,yszy , relative
to the trajectory local horizon axes,
Oxpyn2z, 1is:

GurBHTHE AR 45T+ xR
alwt vl (1.4-8)

The resolution of the evolutory
angular velocity, @, , onto the wind

axes, Oxwywiw , is sl':)ecified by the
transformation matrix:
Py | 0 -siny 1 m
q, | =| O cosu sinupcosy y
Tw 0 -sinp  cosucosy X

(1.4-9)

-

Dy = Pyt *+7, = P'-i.w "’q"j.""'u i\, (1.4-10)

[ Y X
=
Pw O (—Pg) | o -siny
Qw =0q Or (-aq4) o cosu sinu cosy
ry OF (—1g) . 0 -sinu COSu COS Y
(1.4-11)

1

Alternatively, the mutual rela-
tionships between the evolutory angular
velocity components,u ,y ,x and its
wind axes components, Py , 9w » Tw are
readily obtainable from the correspond-
ing transformation table, Eq. l.4-11i,
valid both ways:

The trajectory local horizon axes
components, Puh , Quwh » Twh , oL the wind
axes angular evolutory velocity, &, , in
terms of its wind axes initial compo-
nental values, B, , dw, Tw, and vice
versa, are directly obtainable by use
of the respective unit transformation
matrix, Eq. (1.4-13) or the correspond-
ing unit vectors transformation table,
Eq. (l.4-14):

Wa = Pyly+ Qi+ Tykg = Punin + Qunlntfun kn  (1.4-12)

[ [ (sinusimy cosy (cosusinycosy 1

COSYCOSX —cosusing)  +sinusiny) Py
. . (sinusinysiny (cosusinysiny
cosysinx 4 cospcosy) —sinpcosy) U
r.,'.J =siny sinucosy cospcosy J M |
(1.4-13)
Re OB | & 9oH4g | T oref)
(sinusinycos x | (cosusinycos x
wh || OS7COBX | _cogusinX) | +sinpsinx)
: (sinusiny sinx | (cospsinysinx 1.4-14
Qun|| COSTSINX [} cosucosy) | ~sinpcosx) ( )
fuh || =sinY sinpcosy cosp cosYy

The body axes components, Pupy Quwps
Twp » of the wind axes evolutory angular
velocity vector, @y, are defined either
by the respective unit vector transform-
ation table (1.4-14) in terms of p,, §,,
Ty 1=

P, Or €py) | q, 0r(-q,) ry ori-ry)
Pub || cosacosB cosasinf -sina
qubd -sinf cosf o)
wb sinacosf3 singsinB cosa
(1.4-15)

or, alternatively in terms of &, ¥, %
by the transformation matrix

.4-8
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Pub cosacosf cosasing -sina
9| * —sin3 cosf 0
r'D_J sina cosf3 sinasin8 cosa

0 —~siny B’

cosu sinucosy | |y (l.4-17)

-sinu cosucosy | | x

- -3 -

i.e. in the alternative tabular form, convenient for transformations both ways:

2 Y

X

(cosu)cosasing )
Pub (EE¥aTeaes) +(-siny)(-sina)

(-siny}(cosacosf3)
+(sinucosy)(c sasin8)
+(cosp.cosyl (~sina)

(~siny)(-sing) (1.4-18)

+(-sinu)(cosa)

Twd Gi8ing) toensiitosa) + (sincosy)(cosB)
N (-siny)(sinacosB)
i (sinacosf) {8812} GingEins) + (sinucosy) (sinasinf)

+ (cosyu cosy)(cosa)

1.4,3 BODY AXES COORDINATE SYSTEM Oxyypzs

A body axes reference frame is pre-
sumed to be rigidly fixed respective to
the vehicle geometry. It is sometimes
referred to as an Eulerian coordinate
system, the name implying that it par-
ticipates in all the translational, ro-
tational and oscillatory motions of the
specified rlgld body, the relative
motions belng defined from another, pre-
sumably inertial, Newtonian reference
frame. Dependlng on the inherent physi-
cal characteristics of the investigated
dynamic occurences, the correspondingly
suitable specific choices of the Euleri-
an body axes, Ox,y,z, , may facilitate
both the numerical computations and the
related definitions of the involved mass
inertial parameters. In the flight dy-
namics analysis it is. usually convenlent
to fix the body axes origin, O, coinci-
dent with the vehicle center of gravity,
CG, which allows for a corresponding
Slmpllflcatlon of the general form of
the governing equations of motion.(ll)
In accordance with the adopted aerody-
namic force definitions, a representa-
tive right-hand, orthogonal, body axes
reference frame, Ox,y,z, , 18 illustrated
in Fig. 1.5. A subeequent choice of the
relative positions for two of the in-
dividual axes, Ox, and Oy, or 0z, re-

1.4-9

spective to the vehicle geometry and
mass distribution, shall implicate the
following fundamental aspects of rigid
body flight dynamics:

(i) Any arbitrary body fixed ref-
erence frame renders the moments and
the products of inertias invariant of
the rotatioual time-histories of a
flying vehicle for a fixed CG position
and a constant mass distribution.

Since the body-fixed coordinate system
rotates along with the vehicle, the
time-derivatives of any vector referred
to it shall acquire the correspondingly
expand%d Euleréan gi.e. non Gallilean)
foms 1 13 1 17

(ii) When body fixed axes are
chosen to be the principal inertial
axes of the given vehicle mass distri-
bution, the products of mass inertia
vanish and two out of the three moments
of inertia become maxima and minima
respec*tvely. For vehicle configura-
tions hav1ng one reference plane of
symmetry, in which the Ox, and the o0z,
body axes are conventlonally contalned
the respective product of inertia terms
become zero:

.[n"oybdm -j'},z.,dm!o (1.4-19)

’;-vl." -
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1f in addition, the Ox, and the 0:, axes
are the principal axes, the remaining
product of inertia term also becomes
zero.

[sunemuo (1.4-20)

Then, the Oy, axis (which is, by virtue
of orthogonality, perpendicular to the
Oxp2, plane) becomes a principal axis

also, and the moments of inertia about
the Oxp,, Oy, and Oz, axes respectively

2 2
Lok +spam = 1,
Lo} +fiem = 1,, (1.4-21)

L‘lﬁ*yf)dm = I,,

become maxima and minima, since the ori-
gin of the rigid body axes system is
assumed tc be central {(0=CG).

(iii) For sting-balance wind tunnel
aerodynamic force and moment measure-
ments, as well as for some analytical
aerodynamic force and moment considera-
ticns in the case of axisymmetric body
gecmetries, the body fixed reference
frame is conveniently defined when the
Ox, axis is made collinear with the body
center line.

(iv) From an overall aerodynamic
force analysis point of view, a chosen
body fixed reference frame of a given
vehicle configuration serves for condi-
ignal definitions of the representative
geometric angle-of-attack, a, and the
side-slip angle, 8.

(v) A special case arises when the
Ox, axis is so fixed in relation to the
ve%icle configuration (if possible) that
the reference geometric angle-of-attack
becomes equal to the representative
aerodynamic (or absolute) angle-of-
attack of the overall vehicle geometry

Gg*a , @y* O (1.4-22)

The Ox, axis is then termed the first
aerodynamic axis of the body configura-
tion. This case is more specifically
elaborated in Section 1.6.

GLOSSARY for Fig. 1.5

The 74 and 7= planes contain the
side-slip angle, 8, and the geometric
angle-of-attack, a , respectively (see
Figs. 1.2 and 1.3 for further specifi-
cations).
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FLIGHT PATH

(0)

FIG. 1.5 Spatial definition of the right—hand,

orthogonal, body oxes coordinate system , Ox,y,z, -
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The 7g plane is the lateral body The unit vector transformation
axes plane, Oy,z, or Oy,z, . matrices and the respective tabular
: forms, which are convenient for trans-

The w7 plane is the axial body axes formation both ways of the respective
plane, Oxpy, or Oxpys . sets of components of any vectorial

quantity, are:

The convention for sequence of ro- .
tations from the wind axis, OxwywiZw , (i) Body axes - Wind axes unit
to the body axes, Oxuy,z, , coordinate vector trarsformation, Aand vice versa:
aystems is as follows:

() First, a partial rotation b i %
around the Oz Oz3; axis in a counter- 2
clockwise sense for a positive side- e e -
slip angle, 8, defines the third inter- o O Iy cosacosf sinf sina cos 8
mediate coordinate system, Oxyyzzy .

_ ~TeorT=lq || cosasinB | cosB sina inf
(2) Second, a partial rotation ]
around the Oy;=Oy, axis in a counter- - =
clockwise sense for a positive geometric -kgorky || —sina (o] cosa
angle-of-attack, a, results in the '
adopted body axes coordinate system, (l1.4-23)
Oxpyp2Zp - (ii) Body axes - Local horizon
: axes unit vector transformation matrix:
[ ] ( [ [
§ ip cosa cosf cosa sinf3 -sina cosy cosy cosy siny -siny ﬁ,
Z o . (singe siny couy {sinu siny siny " -
i jp | = |—sinB cosB 0 —cosy siny) +cosu cosy) SN cosy In

o inyco {cosu siny sin -
% kyp sina cos 8 sina sinf8 cosa (ﬁ?#;:&) X -si#pmzx) X cosu COsy Ky,

: ] L Jbr
F‘ (1l.4-24)
%‘ i.e. in the convenient tabular form, valid both ways:

g

; h | ; A

¢ _ (cosy cosy Ncosa cos) (cosy siny)cosacos3) {-sinyXcosacosf3)

# lp || *(sinusiny cosy —cosusiny NcosasnB) | +einusiny siny+cosu cosy)icosa sin8) | +(sinucosyXcosa sin)
+Hcosusimycosy + sinu siny)(-sina) +eosusiny siny —sinu cosy X—sina) +(cosucosyX~sina)

- (cosy cosy N—sind) (cosy siny X—sin3) (=sinyX-sin8)

b +{sinu siny cosy ~cosu siny J(cosS) Hsinusiny siny +cosu cosyXcosp) +HsinucosyXcosS)

|
 (cosy cosy)isina cos/8) (cosy siny )(sina cos/3) (-3iny Xsinacos B )
k, || +isinusinycosy —cosusiny Asinasing) +(sinusinysing +cosucosyNsinasinB) | +sinu cosyXsina sir8)
+(cosusiny cosy +sinusiny Xcosa ) +(cosu siny siny - sinu cosy Xcosa ) +cospucosy)cosa)
/ (1.4-25)
s 1.4-11
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The evolutory angular velocity of
the body axes coordinate system is

B,-a"+§ = aj, +BK, 2 ajy+ Bk, (1.4-26)

The body axes evolutory angular velocity
components, B, , §, , fp s in terms of the
defining angular velocities a and are
given by the transformation matrix:

Py 0o ©O -sina (o]
Q| * 0 | o] a (1.4-27)
S 0O O cosa ﬁ

or in a convenient tabular form, valid
both ways:

o a B
=
0 o] -sina
o I o] (1.4-28)
f 0] 0 cosa
since by definition
Dy = aly+ BR, = £yl +agh 5 Ky (1.4-29)

Similarly, a resolution respect ve
to the wind axes components, Pwb » Guwb »
twp L0 terms of the @ and components
of the body axes evolutory angular velo-
city, @,, is given by the transformation

table:
o a J
~ Phe® Py 0 o] ~sin B
“Qyq OF Gy, 0 cos S 0 (l.4-30)
“Tpo OF 1y, o 0 |

In accordance with the unit vectors
transformation matrices, the following
transformation tables for the body axes
evolutory angular velocity components
respective to other ccordinate systems
are obtained:

(i) PBody axes components - Wind axes
components transformation, and vice
versa, from the corresponding unit vectors
transformation tagble , Eq. (L.4-23):

@ = Poib + Wb * Kb = P T Wb + o R (1.4-31)

B % I J
~PbaO' Ppy cosacosB | —sinf sina cosf3
=Gpq OF P, cosasinfB cos B sinasinfB
~T5aOF Tpy ~sina o cosa

(1.4-32)

(ii) Body axes compone:its - Trajec-
tory local horizon axes components
transformation, and vice versa:

Ozpdtantrkz=pT+q T +r ¥k

b b'b b’b b'b "bhh bh’h bh h

(1.4-33)
i.e. from the corresponding unit vectors
transformation matrix, Eq. (l1-4-24):

Poh

Qbh "oh

(cosy cosy )lcosacosf)

lcosy siny)(cosacosB)
Py +(sinu siny cosy —cosusiny Ncosasing) | +sinusimysinyt cosu cosy)cosa sin8) | +(sincosyXcosasing)

Esinylcosacosl)

+{cosusinycosy + sinusiny)(-sina) +eosusinysin x —sinu cosy X—sina) +(cos ucosyX-sina)
(cosycosy N-sinS) (cosy siny X-sin8) (=sim-sinS8)
% +(sinu siny cosx—cosusiny)cosS) +(sinusiny siny +cosucosyiicosf) +Hsiny cosyiicos )

(cosycosyl(sinacosB)
o +(sinusinycosx ~ cosu sinx Xsinasin/)
+kosusinycosy +sinusimg)cosa)

(cosy sinx}(sinacosf)
+(sinusinysin +cosucosxsinasin8) | +sinicosylsinasinB)
+(cosusiny siny —~sinu cosxNcosa )

(-siny )sinacos 8 )

+Hcosucosycosa)

1.4-12

(1.4-34)



Resultant evolutory angular velocity,
ﬁe’ for an overall rotation from the tra-
jectory local horizon axes, Oxpy,z, » toO
the body axes, Ox.y,z, , in terms of the
adopted sequence of partial rotation
through the Eulerian angles, x , ¥y, x, 8,
a, becomes:

Qp = Wyt Wp = (/,l.Tz + Yiz + xM) + (ajs + Bka)

Then, a resolution of the resultant
evolutory angular velocity, §ly, onto the
body axes is given in a convenient tabu-
lar form by use of the respective trans-
formation matrices, Eqs. (L.4-17) and
(1.4-27):

(n=paib +aadp *raks = (Pup +Pp)1y

YL+ YI e xRn)+(al + BR,)  (1.4-35) +(aup+ap)Tn + kb (1.4-36)
or explicitly in terms of x,y , 4, B, a:
A y X a B
Pa = : (-siny)(cosacosB)
® (cosacosB) (ca84c) (cosaain) + (sinucosy)(cosasinS ) o] -sina
Pub * Po t(-sinu)(-sina) |4 (cospcosy)(-sina)
Qg * ) (-siny)(-sin3)
e (-sin) (cosu )(cosB) +(sinpcosy) (cosB) 1 o] (1.4-37
may L inasi (-siny)(sinacosB)
8 (sinacosfB ) {cosgzlieingsing +(sinucosy)(sinasin8) (o) cosa
'wb* b +(-sinu)(cosa) |4 (cosy cosydcosa)

Simil .rly, a resolution,of the
resultant ingular velocity, ﬁa , onto the
wind axes (s given in a convenient tabu-
lar form by use of tihe respective trans-
formation matrices, Eqs. (1.4-11) and
(1.4-29):

wB . pawiw + quiw + 'Bwkw
=(pw * pbw)]w + (qw + qb\v)jw

+(ry + rp )%, (1.4-38)

or explicitly in terms of x, y, &, B ,

Bl ¥ X a B
pBw=
| o (-siny) 0 (-si
e siny sinBY
aw” 0 | cos sinucos cos B 0
qw + wa F F r
fBw” 0 [(-sinu)|cosucos. ) I
L™ + fow s o 4

(1.4-39)

1.4-13

1.4.4 STABILITY AXES COORDINATE SYSTEMS
Oxgyszy AND Oxgy,z,

The stability axes coordinate sys-
tem represents a specific variant of a
right-hand, orthogonal, body-fixed ref-
erence frame with its origin at the
vehicle CG. Commonly used in the dyna-
mic stability analysis, it is specified
at the initial dynamic equilibrium
flight condition to which the subsequent
dynamic disturbances and control inputs
are then related. By definition, the
reference initial stability axes orienta-
tions are as follows (see Fig. 1.7)

0 xy axis is locally and instantane-
ously tangential to the flight path at
the point of the initial symmetric flight
equilibrium (undisturbed) condition,
i.e. it is collinear and cosensed with
the instantaneous flight velocity vec-
tor, V, , of the vehicle CG at the ini-
tial time instaht, tg .

02’y axis is in the reference plane
of symmetry (''vertical'' plane for wings-
level flight condition), sensed posi-

tively downward in a non-inverted flight
attitude.

Oy's axis is perpendicular to the
Oxgys Teference plane of symmetry, sen-

e e T e
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sed positively to form a right-hand,
orthogonal coordinate system.

Thus, the stability axes reference
frame, Ox,y,z, , i8 initially coincident
with the local wind axes system, OxyywZw,
at the reference initial equilibrium
flight instant of time, provided the
side-slip angie, 8, is zero. However,
since the stability axes are not fixed
to the trajectory, but to the vehicle,
in any subsequent dynamically disturbed
flight condition they participate in the
six rigid-body degrees of freedom of the
disturbed vehicle motion. 1In doing so
they behave as a special set of Eulerian

1.4-14

body axes, having the Ox, axis condition-
ally fixed with respect to the vehicle
configuration prior to the dynamic dis-
turbance onset such that Ox"Ox, , for
B=0. As a consequence, the stability
axes reference frame, Oxyysz; , 1s condi-
tionally (B=0) coincident with the wind
axes, OxuywiZw , at an initial flight
equilibrium instant of time, t,, only.
At any other arbitrary instant of time,
t >t5, during a dynamical flight distur-
bance, the spatial correlations between
the instantaneous stability axes,

Oxsys2s , and the local horizon axes,
Oxyn2, , are as specified in Fig. 1.6
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FIG. 1.6 Spoatial relative position of the right hand orthogonal stability axes coordinate system, Ox
respective to the instontaneous local horizon axes, Ox,y,z,,9t ony arbitrary instant of time during a dynamical flight
disturbance.
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GLOSSARY for Fig. 1.6

Oxyynzn 18 the local horizon refer-
ence frame at any instant of time, fixed
to the corresponding point on a given
flight trajectory.

Oxsyszs 1s the stability axes ref-
erence frame at the same instant of
time, fixed to the vehicle.

Oxqys24 and Oxgyszs are the inter-
mediate reference frames, resulting
from the respective partial angular ro-
tations ¥y, 8 ard ¢.

m, plane is coplanar with the
Ox,y, ans Ox4y4 planes. It is perpendic-
ular to the 0z,®0z, axis, containing the
instantaneous azimuth angle Y.

mgplane is coplanar with the
Oxq24 ang Oxszs planes. It is perpen-
dicular to the Oy4=0ys axis, containing
the instantaneous elevation angle. 8.

7g plane is coplanar with Oysz
and Oygzg planes. It is perpendicuiar
to the Oxg=0xy axis, containing the in-
stantaneous bank angle, ¢ .

The adopted sequence of the succes-
sive angular rotations from the local
horizon axes, Oxpy,z, , to the instantane-
ous stability axes, Oxgysz, , is as fol-
lows:

(1) The first partial rotation
through the instantaneous azimuth
angle, y , about the 0z4=0z, axls results
in the intermediate reference frame
Ox5y5z .

22) The second partial rotation
through the instantaneous elevation
angle, 8§ , about the O0y4=0ys; axis results
in the intermediate reference frame

Oxsygzg .

("3) The third partial rotation
through the instantaneous bank angle,
¢, about the Oxs=0Oxy axis results in
the final stability axis coordinate
system, Oxgygzg

The evolutory angular velocity, ;s ,
for the specified sequence of angular
rotations is:

Wy TPk 8T +dls = Yk +0fs +oT,  (1.4-40)
The stability axes components, Pps,

s, Ts , of the evolutory angular velo-
city,

Ws = Pels + iy + 5 K, (1.4-41)

are related formally to the Eulerian
angles derivatives, $ , 8, $ , by the
same type of transfer matrix as speci-
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fied for the rotation of local horizon
to wind axes system: The same is true
for the respective unit vectors trans-
formation matrix.

-9 .7
A cosycosf cos8Gsiny (-sin8) |1,
T |< [singsinBcosy (singsinBsiny -
4 -cosgsing)  +cosdcosy) SnPosl In
% | [(cosgsinBcosy (cospsinBsiny = .
I '- +singsing)  -~singpcosy) cos¢cos£j Lkh_J
(1.4-42)
p‘ | 0 (- 'lﬂe ) é
A[=|0  cosd  (singcosd) |[8| (1.u4-u43)
rg] |0 (-sing) (cospcos) ||y

Alternatively, in a convenient tabular
form, valid both ways:

3 -2 -

Tn Jn K,
Is || cosycos@ (singsinGcosyy| (cospsincosy
~cosgsing) | +singsiny)

N | (singsin@siny | (cospsinGsiny
J || cos@siny +coscosy) | —singcosy)

ks || (-8in@) | singbcos8 cospcosd

(l.4-44)
é 6 v
Psi| ! 0 ) i
$
as|| o cosdp |(~singp) (L.4-45) f
rs |1 (~sin@) | singpcos8 | cos¢pcosd '

The above spatial and functional
relationships and the related illustra-
tion, Fig. 1.6, are valid at any arbi-
trary instant of time, t , on a disturbed
trajectory.

Since the body-fixed stability axes
are formally coincident with the wind
axes only at the inital equilibrium
flight instant of time, tg , the evolu-
tory angular velocity components ( p,,

S g
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Q¢+ ry ), aswell as instantaneous Euler-
ian angles,and rotational velocities
(8,¢,v, 8,é,¥), are time dependent
functions, even for W =const, for any
other time interval,t>!, on the dis-
turbed trajectory.

A generalized illustration of the
spatial relationships between the local
horizon axes, Oxyy,z, , and the stability
axes, Oxgys?s prior to and Oxgysis
during a dynamic disturbance, is pre-
sented in Fig. 1.7.

INITIAL UNDISTURBED CONDITION,
DYNAMIC EQUILIBRIUM AT TIME to.

ARBITRARY FLIGHT PATH

*s 7,52, (UNDISTURBED)
DYNAMICALLY DISTURBED CONDITION
AT TIME f.
: D
51, 4 °
¥ L]
Iy "Iy

FIG. 1.7 Spatial relative position of the right hand ort

hogonal stability axes coordinate systems,Ox,y, z, » and

Oxeye 24 felative to the instantaneous local horizon axes coordinate systems, Oxhyhzn ond Ox,y, zp,0t the dynomic

equilibrium time instont , te , and at any arbitrary time insta
GLOSSARY for Fig. 1.7

Ox,ynzy, 1s the initial local hori-
zon reference frame, fixed at the dyna-
mic equilibrium flight condition at
some initial instant of time, t5 . It
serves as the conditional, reference
inertial (Newtonian) coordinate system
in the small perturbations dynamic sta-
bility analysis.

Oxgyszy 1s the initial stability
axes coordinate system for the dynamic
equilibrium flight condition at the in-
itial instant of time, tog . The body
fixed axes, Oxsyszs , and the trajectory
local wind axes, OxwywZzw , 8re coincident.
The Oxsz; and Oxyzy planes are condition-
ally coplanar with the vehicle's refer-
ence plane of symmetry for a no side-
slip initial equilibrium flight condition,
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nt during @ dynamic disturbance, t, respectively.

B:=0. The Oxgysze stability axes are
obtained from the second intermediate
coordinate system, Oxgyszs , by the
third partial rotation through the in-
ital angle-of-bank ¢, about the Oxg=Ox
axis,

Oxnyn2zn 18 the local horizon refer-
ence frame at any subsequent instant of
time, t>tg , on the disturbed flight tra-
jectory.

Oxgyszg 1s the body-fixed stability
axes coordinate system at the corres-
ponding time instant, t>t, , on the dis-
turbed flight trajectory. The Oxgz
plane is coplanar with the vehicle's
vertical plane of symmetry. The Oxgyszsg
stability axes are obtained from the
second intermediate coordinate system,
Oxsyszs , by the third partial rotation



through the instantaneous angle of bank
¢ about the Oxg=Ox; axis.

Oxgysz4 and Oxgyszq are the first
intermediate coordinate systems, at the
time instants t=t5 and t>t, respectively.
They are obtained from the local horizon
reference frames Oxynz, and Ox,y,z, by
the first partial rotations, about
0z,=0z4 and 0z,=0z4 axes through the
corresponding initial and instantaneous
azimuth angles Y, and y respectively.

Oxsyszs and Oxsyszs are the second
intermediate coordinate systems, at the
time instants ty and t>ty respectively,
obtained from the first intermzdiate
coordinate systems Oxgygzy and Oxgayqzq4
by the second partial rotations about
Oya=Oys and Oys=Oys; axes through the
corresponding initial and instantaneous
elevation angles &, and 8 respectively.

In small perturbation dynamic sta-
bility investigations(l5) it is custom-
ary to resolve all instantaneous vector
quantities (velocities, accelerations,
forces, moments) onto the disturbed
Eulerian stability axes, Oxgygzg , and
to treat any such resultant disturbed
vectorial component (subscript s) asthe
vectorial sum of its respective initial
equilibrium (subscript o or s') and its
disturbance incremental (A) values:

is =io +AX
Y, =Y, +a7 (1.4-46)
Z,=2,+42

i.e. the incremental force disturbances
are referred to and measured from the
initial equilibrium condition at time
to. Within the adopted premises for the
coordinate systems and the defining an-
gular rotational sequences in Fig. 1.7,
a direct correlation between the respec-
tive componental addends of any vectori-
al quantity may prove rather involved in
general. For instance, the magnitudes
and directions of the instantaneous
aerodynamic force components will depend
on the aerodynamic angle-of-attack, a ,
the side-slip angle, 8, and the adopted
angular evolutory sequences (y, 8, ¢ )

of the rotating coordinate systems. An
illustration of the few significant re-
lationships between the (Newtonian)
local horizon axes, Oxyy,z, and Oxyynz, ,
the (trajectory) wind axes, Ox,y,Zy, the
initial stability axes, Oxzyszs , the in-
stantaneous disturbed (Eulerian) stabil-
ity axes, Oxgysz, , and the reference body
fixed axes, Oxpypzp , shall indicate their
conditional use in the dynamic stability
computations:

1.4-17

(1) At the initial (subscript o)
equilibrium flight condition at t,, the
wind axes, Oxwyw2zy , and the initial sta-
bility axes, Oxgysz{ , are coparallel for
B-0, rendering the initial azimuth, ele-
vation, and bank angles, y,, 8o, ¢¢
equal and coincident to the initial ve-
locity yaw, velocity pitch, and velocity
roll angles, xqy y5 » Ko+ respectively:

(L.4-47)

Consequently, the transforration
matrices for the evolutory angular ve-
locity, wwd,, for the unit vectors and
aerodynamic force components, from the
initial local horizon axes, Oxyy,z, , to
the initial stability axes, Oxgyizi |,
are formally the same as indicated for
the transformation from the initial local
horizon axes, Ox,yz, , tothewind axes,
OxwywZw; See Eqs. (l.4-3) to (l.4-7),
Section 1.4.2.

At the same initial instant of time,
to , the reference body axes coordinate
system, Oxpypz, , 1s spatially related
to the initial stability axes,
0xsysze Il OxXyYw 2w , through the initial
geometric angle-of-attack, @, , (provided
the side-slip angle, 8, is zero) in terms
of which the total aerodynamic resis-
{at;c):e force, R(a), is defined (see Fig.

) The reference body axes, Oxpyyzp, ,
in general are not coparallel to the
body fixed principal axes, Oxpypz, , with
respect to which the moments and prod-
ucts of inertia are analytically com-
puted in simple form in terms of the
vgh@cle mass and geometric symmetry con-
ditions. A subsequent resolution of
the moments and products of inertia from
?hg principal axes, OxpYpzp, , onto the
initial stability axes, Oxgyszz , re-
quires a special transformation, invol-
ving a set of three additional evolu-
tory angles. Once properly transformed
into Oxgyszy , the moments and products
of inertia remain constant during the
subsequent time dependent disturbed mo-
tion of the vehicle, if the CG is kept
fixed. The necessary transformation
matrix takes a simple form (15) if the
restraint of no initial side-slip angle,
B=0, is introduced, rendering the
Oxg=Ox, , the Ox, and Ox, axes coplanar.

(2) For a 'flat earth" trajectory
and dynamic stability analysis, the local
horizon axes Oxhynz, and Ox,y,z, are
coparallel.

|~y - Ml
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For a ''spherical earth'" trajectory
and dynamic stability analysis (viz.,
high speed, high altitude, prolonged
duration, slightly damped perturbations)
the additional evolutory angular trans-
formations representing the relative ro-
tations between the Ox,ynzz and Oxpyz,
local horizon axes are required (see
Fig. 1.1, Section l.4).

(3) Wheri the '"flat earth' approxi-
mation is acceptable, the instantaneous
v, 8,¢, and the initial y,, 8y, ¢o,
azimuth, elevation and bank angles are
referred to the same reference (Newtonian)
local horizon coordinate system, since
Ox,y,2, and Oxfy,z, local trajectory
axes are then coparallel, both mutually
and relative to the fixed (Newtonian)
flat earth coordinate system Ex,y,z, ,
which is the basic reference frame for
the trajectory analysis (see Fig. 1.1
and Section 1.3). The instantaneous
(1>1,) evolutory angular velocity, @, ,
of the stability axes, Oxgys2, , respec-
tive to the local horizon axes Ox,y,z, ,
is then defined, both in terms of its
evolutory angular components and in
terms of its stability axes components,
formally in the same way and by the
same type of tranaformation matrices as
already specified for the initial angu-
lar velocity vector @, at time t,.

If the instantaneous ( t>tg) Eulerian
angles, y, , 8 , ¢;, are tentatively ex-
pressed as sums of their respective ini-:
tial values and relative angular incre-
ments between the Oxgysz, and OxgysZy
axes, as is customarily done in the
small perturbations dynamic stability
analysis, then their vectorial equiva-
lents of the Eqs.(l.4-46) are:

da <8 oo <0
' Y+ AY * x + Av
A EETY
de <4 an 4
" h+AP " s+ A
and in terms of scalars
V, = Y+ AV = x + AV
6, * 6, + A0 = y + A¢
$,° b+0% = n+ AP
The above relationships represent
a first order approximation, acceptable
within the validity of the first order
small perturbation theory at large.(l5
The incremental angles Ay, A68,A¢ are

sometimes referred to as the disturbance,
yaw, pitch and roll angles.

SEEEE

(1.4-49)

Similarly, at any perturbed time
t>1, , the position of instantaneous body
axes, OxpypZp, , relative to the initial
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equilibrium wind axes, Oxyywzy, at time
1ty 18, in a first order of approximation,
given by:

B=AB for bb==0,

ata,+Aa. (1.4-50)

(4) In the small perturbations
dynamic stability analysis the dynamic
equations of motion and all the con-
stituent external forces and moments
(as well as all velocities and accelera-
tions) at any arbitrary instant of
time t>ty, during a small disturbance,
are necessarily related to the initial
equilibrium local horizon axes, Oxyy,zy ,
at the initial time instant t,. These
axes in the case of a flat earth, are
coparallel with the earth fixed Newto-
nian coordinate system, Exyyyzy , aswell
as with any other instantaneous local
horizon axes, Oxpy,2, , at time instant
t>t, . A subsequent resolution of all
the constituent vectors onto the instan-
taneous Eulerian stability axes is per-
formed by introducing the above stated
first order approximations for the rel-
ative angular rotations. The corres-
ponding transformation matrices are of
the type specified in paragraph (3) of
this section. The explicit forms of
the resulting system of differential
equations of motion are given in the
literature.(15)

1.4.5 PRINCIPAL TRIHEDRAL COORDINATE
SYSTEM Otnb

The principal trihedral coordinate
system, Otnb , serves well for the point
mass, three degrees of freedom, trajec-
tory analysis. It should not be con-
fused with the local tangent, normal
and lateral axes coordinate system at a
given local point of the body contour,
as used in the aerodynamic force com-
ponents definitions in Sections 1.3 and
1.6.

The principal trihedral coordinate
system is conventionally defined as a
right-hand oriented set of orthogonal
axes,0t, On and Ob , such that (a) the
intrinsic geometrical characteristics
of a space curve (trajectory) are eas-
ily expressed in terms of the analytic
geometric motions and (b) the Otnb
axes represent a natural reference frame
for vectoral presentation of linear
velocities, linear accelerations, and
centripetal accelerations. At any in-
stant of time, t , the principal trihed-
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"STAR FIXED" (NEWTONIAN)

COORDINATE SYSTEM,
FLAT EARTH

F1G6. 1.8 (b)

rdinote system, Otbn.

FIG. 1.8 Right hand orthogonal principie trihedral coo




freedom motion:

The Ot axis is locally tangential
to the trajectory, taken collinear and
cosensed with the instantaneous linear
velocity vector, V, , of the vehicle CG.

The Ow axis is perpendicular to the
Ot axis and collinear with the local
radius of curvature, sensed positive
towards the local center of curvature.

The Ob axis is perpendicular to the
local osculating plane (the Otb plane),
sensed positive to form a right-hand
orthogonal coordinate system.

rE The respective local unit tangent,
t, unit normal,n , and unit binormal,b ,
vectors on the principal trihedral axes
are thus defined, at any instantaneous
position of the generic point 0=CG, in
terms of the respective geometrical tra-
jectory elements as follows:

In general the parametric equations
of a known space curve ir terms of the
curvilinear abscissa,s(t),

x= x(s)
J=y(s) (1.4-51)
2 =2(s)

are referred to a basic Newtonian (''star-
fixed") coordinate system, in which the
flight trajeccory is specified. For a
flat non-rotating earth, it is the earth
horizon Hx,yyzy axes system, which is
coparallel to the local horizon axes,
Oxpyp2p The. position vector of the
generic point is then

——h - - -

HO(1)=le“ + yulu + zyky
-y~ - - i
.. dHO=00"=dxi, + dy, J, + dz,k, =d% (1.4-52)
and the Ot axis forms the geometric

angles 8,(t), 8,(t), 8,(t) with the
respective locaf horizon axes Oxpynzn -

cos 8x = g—fh-
S

cosdy = :—?’- (1.4-53)
d
cos8; = a%“
cos?8, + co.~28y + coczb, =\ (1.4-54)
Xy = x(s) , dx,=dxy , T,, iy
yu= Y6 , dy,=dy, , T 11T, (1.4-55)

Ty =206} , dz,=dzy , i;ﬂih

The vectorial equation of the space
curve is
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A= FAO(s) , s=s(t) (1.4-56)
while the unit vectors of the principal
trihedral are: _

dHO
ds

t= i,,_iow, + 1,_2«3, + kycos8,*
- _dt/ds dt

Nz—=———3 R —

_ ldt/ds ds

b=t Xn

where the radius of local curvature is

H=E—ﬁ=E—,ﬂ

ds =(dxf' + dy: + dzi)'/2

(l1.4-57)

(1.4-58)

—_

and = 0 defines the local oscula-
ting plane, containing the upit vectors
t and #, as well as R and £ .

It is noted that the local tangent
axis, 0t , is always collinear and co-
sensed with the local Ox, wind axis.

Resolutions of the aerodynamic
forces ., D and Q, at a given generic
point O0=CG, onto the principal trihed-
ral axes require that the instantane-
ous geometric angles 3&,(t), 8,(1),
8;(1) are known from the above given
trajectory data, or that the relative
spatial positions of the principal tri-
hedral axes QOtnb respective to the local
horizon axes, OxynZ, , are known. Two
special cases in the flat earth flight
dynamics performance analysis permit
simplified transformation procedures:

(i) 1In case of a trajectory com-
pletely confined in the vertical plane,

* the Oz, and On axes, in addition to the

Oxw and Ot , become collinear. This
leads to an overall collinearity of the
Otnb and the Ox,ywzw coordinate systems,
provided the following geometrical,
kinematic and dynamic conditions are
satisifed:

(a) Vehicle possesses a vertical
plane of symmetry.

(b) Thgathrust,T, and the velo-
city vector, V, , are in the same plane
of symmetry.

(c)u=B=0

(d) Q=0

The unit vectors and the evolutory
angular velocity transformation matrices
are then specified for the wind axes,

OxwywZw , coordinate system, Section l.4.2
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(i) In the case of trajectories
confined to the horizon plane, Ox,y, , of
the local horizon axes, Ox,y,z, , eéhich
are coparallel with the Hxyyyzy and the
Exeyezq on & ''flat earth'') the local
wind axes, Ox,y,z, , and the principal
trihedral axes, Otnb , are not collinear.
The thrust, T, and the velocity, V,,
vectors are contained in the vertical
plane of symmetry, Ox,Zzy , i.e. the side-
slip angle, B, is zero, rendering the
aerodynamic side-slip forze zero, 3:=0,
for configurations geometrically symmet-
ric with respect to the vertical planc.
In addition, there ia no velocity pitch,
y=0, since the trajectory is in the hor-
iz-ntal plane. Then, a direct cosine
projection of all the vectorial compo-
nents from the local trajectory wind
axes onto the local principal trihedral
axes yields a dynamically simplified set
of the govemin% equations of motion,(13)
with the centrifugal force appearing
naturally as a single force in the di-
rection of the On axis.

1.4.6 BASIC NEWTONIAN FIXED REFERENCE

FRAMES HxHszH and Exgyeze

vValid formulations of flight dyna-
mics occurrences within the classical
Newtonian concepts and dynamics postu-
lates necessitate that the governing
equations of motion be defined and rela-
ted to reference framee which can be con-
ditionally regarded as inertial. 1In
view of the nonexistance of such inertial
reference frames in terms of the abso-
lute, all motions being but relative in
a classical sense, a conditional choice
of such a basic inertial reference frame
depends largely on the type of investi-
gation and the time-spatial scope of the
flight dynamics problem. Thus, in dif-
ferent analyses a tunber of cunditional-
ly acceptable inertial reference frames
may be formulated. 1In Fig. 1.1, a few
tentative dynamics of flight choices of
such basic reference coordinate systems
are indicated. Inasmuch as they are the
dynamically defined basic reference for
a later componental resolution of the
vectorial governing equations of motion
upon other, more convenient, non-Newto-
nian trajectory-bound or body-rotating
coordinate systems, i.e. for the respec-
tive aerodynamic force components trans-
formation in particular, their formula-
tions and their relative spatial rela-
tionships are briefly outlined below.

The instantaneous right-hand, or-
thogonal, local horizon reference frame,
Oxpynzn ,» has its origin at the vehicle
CG and its axes sensed with and coparal-
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lel to the instantaneous ground horizon
coordinate system, Hxyy 2, . The Oz,
axis is the local vertical, positive
downward. The Ox, and Oy, axes are in
the = plane vhich is parallel to the
earth local horizon plane, Hxyyy , 80
that the Ox, axis is coparallel to the
tangent tr, the instantaneous parallel
passing through H; while the Oy, axis
is coparallel to the instantaneous mer-
idien passing through H.

The earth axis right-hand ortho-
gonal coordinate system, Exeyeze , 18
assumed rigidly attached to the obser-
ver's fundamental reference point E on
the earth surface; the Ez, axis is ori-
ented towards the centroid of the spher-
ical earth, while the Ex and Ey, axes
are tangential locally to the fundamen-
tal parallel and the fundamental merid-
ian, respectively, i.e. they form the
fundamental local horizon plane, Exgye -
The Eye axis is sensed positively toward
the pole, causing the Ex, axis to be
positive in a clockwise sense for the
Northern Hemisphere. Note that the
fundamental parallel and the fundamental
meridian are in general arbitrary refer-
ence circles, i.e. they are neither the
equator nor the zero meridian.

The Exgeveze coordinate system can be
interpreted as the initial surface ref-
erence (launch sight) for a spherical
earth. For a flat earth the Hxyyyzy and
the Exeyeze axes are coparallel.

The intermediate instantaneous local
horizon reference frames, Dxgyyzqy and Hxyy,zy
are defined consistently with the Exeyeze
system, i.e. they are obtained from it
by eguccessive partial rotations through
the relative longitude angle, r, and the
relative latitude angle, A\, plus the
corresponding translation. Note that
the relative longitude angle, v, is the
only angle conditionally taken positive
in a clockwise sense (Northern Hemisphere).

The curvilinear orthogonal coordi-
nate system, EXYZ , is defined consis-
tently with the fundamental reference
frame, ExgyeZe The curvilinear coordi-
nates X and Y determine (in degrees)
the instantaneous position of the ve-

hicle CG with respect to E. Since
Xzrt,
Yarh, (1.4-59)

[B|=cE=CD=CH,

the resultant unit vector transformation
matrix between the Hxyyyzy (or Oxpyyz, i
and the Exgyeze reference frame 1s: (15)
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218 iw 17, QPow, (see Section 1.4.2).
- 8.8 since j, I j, (1.4-64) In conclusion, it is pointed out
4-l h r that the evolutory angular velocity ma-
HT Th trices reflect the respective coordinate
For a flat earth case, a pure transla- systems relative rotations only; the
! tion takes place, {I42£,=0, wind axes components By, , Bew » Tew OF
: the earth angular velocity of rotation,
i The resultant evolutory angular @e, in terms of P, , Ge , Te components
¢ velocity for an overall rotation v: the are then determined (when necessary as
Exeyeze 1into the Oxwyw2z, trajectory re- in case of the Coriolis force) by use
¢ ference frame becomes, for a spherical of the respective unit vector transfor-
| ¢ earth: mation matrices between the Exeyeze and
Oxwywzw coordinate systems, i.e. the
- T S-SR earth rotational angular velocity @, is
ﬂ,-9H+w,-(X-f)+(p.+7+‘Y) ! (1.4-65) treated as any substantial vector quan-
.'.-d,=(.kﬂ“i’};)+(;l-i..,+ 7.'}.2"').(?“' ’ tity whose resolution is sought in con-

sistence with the respective vector
transformation rules:

1.4-23
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(1.4-71)

1.4-24

unit vector transformation motrix , Eq. .4-70 , PeH
expressing relative rotations of Oxy,yw Zw Qo
and  Hx,yy 2y lor Oxp y, z, 1 Hxy yy 2zy)oxes. feH

L

K ar ar
unit vector tronsformation unit  vector transformation
matrix , Eq. .4-70 , express-| |matrix , Eq.1.4 - 60 , express-| |p,
ing relative rotations of | |ing relative rotations of Qe
Oxwywzw  Ond Hxyyy 2y U] [Hxgyy, 2y I Oxpy, 2y fe
Oxy, ¥n Zp axes. ond Exq yo 24 Oxes.

= 4 - L

(1.4-72)
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1.5 TRANSFORMATIONS OF THE

A formal resolution of the resultant
aerodynamic force

: R(a) + R(B) (1.5-1)

onto the adopted modified right-hand,
orthogonal, aerodynamic coordinate sys-
tem, Oxqygz¢ , (Sections 1.3 and 1.6,
Fig.l.12) in accordance with the defini-
tions of the geometric angle-of-attack,
a, and the side-slip angle B, yields
basic expressions for the llft L, the
drag,Dd , and the side-force, §, vectors.
These, along with the corresponding co-

efficients, are
T = LKk, =(C_qp Syerlkq (1.5-2)
CL=—pr(a)nvk°dS (1.5-3)
wo'
B =D5(a) + B(B) = DTy = (Cpq, S,e)ia (1.5-4)
Cp = Cpial + Cp(B)
sl BT et 1.5-
== j;w"[CD(a)n ig + C,(a)talo]ds (1.5-5)
1 AP Ty o o
* 5o .'[CD(B)F w T ug.,]as
Q@ = Qj, = (CqqySratlig (1.5-6)
(1.5~7)

L o
CQ- Sr.f ];wC.l:(B)n jods

Subsequent transformations of the
C,D, and @ aerodynamic force components
from the modified right-hand aerodynamic
coordinate system, Oxqyqzq , onto other
flight dynamics reference frames can be
affected either by the method of direct
projections (involvirg nine cosine rela-
tionships, six of which are independent)
or by use of the adopted set of three
sequential Eulerian angular rotations.
Through use of the respective unit vec-
tor transformation matrices from Section
1.4, the latter method yields the fol-
lowing transformation sets for the lift,
the drag, and the side-force aerodynamic
force components:

(i) Local wind axes aerodynamic
force components, Xy , Y s 2w , are,

R = Diy+Qjg +Lky =X, +Y, +Z, (1,5-8)
Xu= -Dl, =Dig

Yo =Qjw =Qje (1.5-9)
Z, =—Lk, = Lkg

L R=X, +% +2, =-Diy +Qjw —Lkw (1.5-10)

(ii) Local hourizon axes aerndyna-
mic force components, X, , %, , ¢, , are,

AERODYNAMIC FORCE COMPONENTS

.5-1

from the unit vector transformation ma-

trix Eq. (l1.4-3), Section 1.4.2,
R=X+%+2Z, = X0 + %0 +2,k, (1.5-11)
X' i, = (—cosy cosx)ia-Dlg

+(-cosusiny +sinusiny cosx)jg'Qjg (1.5-12)
+(—cospsiny cosx —sinusinX )kq*LKq
etc.,
X, = = D{cosycosx)
—Qlcosu siny —sinusinycosy)
—L(cosusinycosy +sinusiny)
Yn = — Dlcosysiny ) (1.5-13)

+Q{cosucosy + sinusinysiny)
- L{cospsinysiny —sinpcosy )
Z2,=Dsiny +Qsinucosy —Lcosucosy

(iii) 1Initial stability axes aero-
dynamic force components, i . 7 5 2,
for R=0 are from Section 1.4.1,

R=Xg+ T+ Z; = X,y + Y+ Zyky= - Digr Qla~ LKy

‘ i

where X¢, Y, , 25
(1.5-9), since

(1.5-14)
are given by Eq.

‘i‘=2'
%Y, ¢ (1.5-15)
B

(iv) Spherical earth fixed axes
aer odynamic force components, Xe » Ye »

Z., are, from the unit vector transfor-
mation matrix Eq. (1.4-60), Section
l1.4.6, g
R=Xe +Y% +24 = Xeie + Vi jo + Zo ke (1.5-16)
Xe = Xnin Cos(é)rh
+thh[ sun(x)sm(;)]}.h (1.5-17)
+Z"Ikh[ Sln( ) (‘:—) kn
efc.,
S thos(,io) +Yh[—sim"-),-<-) snn(—:—)]
X Y (l1.5-18)
+Zh[ sin(7¢ )cos(75 )J
Ye = Yheos(+ )+Zh[ sin(l)]
(L.5-19)

R xhsln(,°)+Yh[cos( )sin(L )]
+ 2, [cos‘(x )cos(Y )]

AT
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where X,, Y, , Z, are given by Eq.
) (1.5-13) "

(v) Body axes aerodynamic force
components, X, , Y, , £, , are, from the
unit vector transformation matrix, Eq.
(1.4-23), Section 1.4.3,

ReRy+% +2, 5, +% 0 + 20

ReT

gDn ‘.’QB"’L;‘ (1.5-20)
X, * —Dcosa cosB +QcosasinS+Lsina
Y, =DsinB +QcosB (1.5-21)

Z, 3-Dsina cosB + Qsina sin8 —Lcosa

e o \\

For a general illustrative purpose,
the method of graphical stepwise resolu-
tion of the aerodynamic force components
on body axes by following the adopted
sequence of angular rotations is pre-
sented in Figs. 1.9, 1.10 and 1l.1ll.
Similar stepwise geometrical presenta-
tions can be worked out for other trans-
formation cases.
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FIG. 1.9 First portial resolution of the
cerodynamic force components 5, 5, L onto the
intermediate coordinate system Oxzy3za due to
the first partial
angle 8.

GLOSSARY for Fig. 1.9

Ox3yzza is the intermediate coor-
dinate system obtained by the first par-
tial rotation of the wind axes, OxwywZzw
through the side-slip angle, 8, about
the 0z3=0zy axis. The Oxzyyz; intermed-
iate axes are collinear and cosensed with
the respective Oxszypzy axes.

The 74, s and Mg planes are as
specified earlier (Section 1.4.3) i.e.:

7™ The 74 plane is coplanar with the
Oxwyw (1.e. the Oxgyg ©Or the Oxgyo )
plane. It contains the side-slip angle,
B, as well as the Oxg, Oxy , Oxzy and the
Oys , Oyw=Oyq , Oys and Oy, axes. The my
plane is generally not the local geomet-
rical tat.;rent plane on a space trajectory.

The mg plane is coplanar with the
Oxpz, (I.e. the Oxzzz ) plane, which is
the reference vertical plane of vehicle
geometric symmetry. It contains the
geometric angle-of-attack, a, as well as
the O»3, Ox, , and the 0z3, Oz, , Oz, and
0z, axes. The wy; plane is generallynot

1.5-3

rotation for the side~slip Ya

(e)

the geometrical local osculating plane
on a space trajectory.

The w9 plane is coplanar with the

Oxqzg, (1.e. the Oxwze ) plane, containing
the T and D force vectors. The Oywzw :
(i.e. the Oxqyo and Oxgyy ) plane is co-

planar with the w3 plane (see Fig. 1.12)
containing the side force vector, @.

The resultant aerodynamic force

components:

(i) 1In the OxayqZa
dynamic reference frame

R=D+ +L = Di,+Qjg + LK,

modified aero-

(1.5-22)

e ST TS a1

(ii) 1In the first intermediate ref-
erence frame, Oxzyszz , resulting from a
partial rotation through the side-slip i
angle, 3,

R=P+8+L

- - - (1.5-23)
=Pi3 +Sja +Lk3

P =GP, +OP

| T (1.5-24)

==(DcosB - Q sinB )iz= - Piz

P

A A BT e i
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FIG. 1.10 Second portlo|__re_s‘ol_\iﬂon of the
gerodynamic force components, P, S,L onto the
body axes coordinate system Oxpyp2zp due to the
second partial rotation for the geometric angle—
of — attack , a.
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angle-of-attack, a , about the Oy,=0y; | 1
§=0§ + 0s, - axis.
. ; > o (1.5-25) 1
=(D sinB + QcosBljy = S|, The 72 plane is parallel to the |
. R=-(DcosB - QsinAT. Oxpyy plane, 1.e. to the w; plane in foa
- - (1.5-26) Fig. 1.5.
+(Dsin B+ Qcosh)jy- Licy !
The 73 plane is parallel to the |
Oxpz, reference plane of symmetry, i.e. i |
GLOSSARY for Fig. 1.10 to the 75 plane in Fig. 1.5. i ’
Oxpyp2p is the body axes coordinate The 7, plane is parallel to the i
system, obtained by the second partial Oy,z, (1.e. to the Oygz, ) plane.
rotation of the intermediate coordinate !
system, Oxsyszz , through the geometric i

Ih l’h! vﬁ !

X3y

\f
o
-]

Iy El3

FIG. 1.1l Resultant resolution of the liff,t, the droq,g, and the side-force, 6, l
vectors onto the body axes, Ox,ypzp, defining the normail, Z, the oxlol,Yb, ond the
lateral, Yy, forces. 1
!
{
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The resultant aerodynamic force

comgonents :

(i) 1In the first intermediate ref-
erence frame, Oxsyzz3 , resulting from
partial rotation through the side-slip

angle ’ B ’

R=B+8+L =Piy+Sjz+Liy (1.5-27)
.. Rz (-DcosB +QsinB)iy
+(D|inB"'OcosB)T3-Lf3 (1.5-28)
(ii) 1In the body axes reference

frame resulting from partial rotation
through the geometric angle-of-attack,
a,

R =Ry +%+Z,= %0+ + Lk (1.5-29)

X, = O, +6€z= (-Pcosa +Lsina)i, (1.5-30)
= [(-DcosB+Qslnﬁ)cos¢ +Lsina]ﬁ, ‘

Yo = S =(DsinB +QcosB)j, (1.5-31)
3 + =(-Psina - K.

2, = OF, +OF, =(-Psina-Lcosa)k, . (1.5-32)
z [(— DcosB +QsinfS)sina —Lcosa]kb

.. R =(-Dcosf cosa +QsinBcosa + Lsina)T

+(DsinB +0cosB)}, (1.5-33)

+(—-Dcosf sina +QsinBsina + Lcosalky

GLOSSARY for Fig. 1.11

Resolution of the aerodynamic force
components on the Oxuy,z, axes by direct
geometrical projections, in terms of the
side-slip angle, 8, and the geometric
angle-of-attack, a, are

§=5+5+'L.=)?b+?b+ 2,, (1.5-34)
R=Dig +Qjg + Lkg = -Diy + Qjw = LKw (1.5-35)
R=Xyly + X + 24y (1.5-36)

)‘(,,= Ot,+O0t +OL,

Xp=(D cos B cosa)y) + (@sin ﬂcosa)f; + (L sin a)g

Xy= Xph = (DcosBcosa +QsinBcasa + Lsinaliy
(1.5-37)

7b= O-§| +0-§2

ff(Dsinﬂ)I;«r(Ocosﬁ)i; )

Yo = %= (Dsin B+ Qcosh)j,

(1.5-38)

i°= 0'7’5 + 07-‘4 + 6?-‘2
f.,=(0cost‘s‘na)(-fb)+(QsinBsina)'k.b + Lcosal(-ky)
Z, = 2.k, -DcosBsina + QsinBsina - L cosalky (1. 5-39)

i.e. by algebroic values:

Xp= (-Ocos a cos 8 + QsinBcosa + Lsina)
Y= (DsinB + QcosB)

Z,=(-DcosBsina + QsinBsina - L cosa)

(1.5-40)

Alternatively by using the respec-
tive unit vectors transformation matrix,
Eq. (1.4-23), Section 1l.4:

Xplp *Tp| [-cosacosB) (cosasing) (sina) | | Dig T
Yb rb ’rb s (.'nd ) (cotﬁ) (o] QTQ'TQ
Z,ky k| [-sinacosB ) (sinasing) (-cosa)] | Lkq kg,
(1.5-41)
Xy= [-—ocosa cosB +Qcosasing + lena]
Yy =[ Dsina +Qcosg] (1.5-42)
Zp 3 [-Dslnacosﬁ +QsinasinB -Lcosa ]
7. Xy =Xply = [-Dcosacosg +Qcosasing
+ lena] Tb
(1.5-43)

7., =Ybfb =[ Dsina +Ocosp] j‘;
2, £ Zbib =[-Dslna cosB + Qsinasing
-Lcosa] I?b

For the special case of no side-
slip, B0, and no side-force, Q=0 , (i.e.
a steady, rectilinear flight condition
with no velocity roll angle, u=0, no
bank angle, ¢=0, and no side-slip angle
B=0; the Oxpz, plane being the geometric
plane of symmetry for the overall ve-
hicle configuration), the transforma-
tion equation (1.5-42) reduces to the
simple form

Xp =—Dcosa +Lsina
Y =0
Z, =—Dsina —Lcosa

(l.5-44)

Alternatively, by introducing ‘the
aerodynamic normal force, N, and the
aerodynamic axial force, ¢, concepts,
viz,

(1.5-45)

the Eq. (1.5-45) takes the familiar
scalar form

C = Dcosa —Lsina

.5-46
N =Dsina +Lcosa o5 )

s
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1.6 GEOMETRIC ANGLE-OF-ATTACK, a , AND SIDE-SLIP ANGLE, 8, DEFINITIONS

The geometric angle-of-attack,a , taken as a body-fixed line parallel to |
and the side-slip angle, g8 , of a composite the mean aerodynamic chord, & , or the
vehicle configuration are conventionally mean geometric chord, € . For bodies of
defined by the two respective sequences revolution (non-lifting missiles), the
of partial rotations which would bring reference axes might be taken as the
the local wind axes system,Ox,y, 2z, » into center-line of the body. In general,
the arbitrarily chosen body axes system, the reference axis can be any line with i
Oxpy, 2z, (see Fig. 1.12). The reference respect to which the geometric angle-of-
body axis,Ox, , may be any convenient attack of a compound vehicle configura- §
body-fixed reference line. It might be tion can be purposefully specified.

— WS
—cr——
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"
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—_— :/ _:__::.:.. IIIT_.'I,.,III. \ (x4 ) - l‘

FLIGHT PATH

ly=1y

1.6-1
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FIG. I.12 The adopted conven
definitions.
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GLOSSARY for Fig. 1.12

The m¢ and 7s planes contain the
side-slip angle, 8 , and the geometric
angle-of-attack, a , respectively. The
74 and the Ox3y, ,0%x,Y¥y ,0xzys and Ox,y,
planes are coplanar; they are generally
not coplanar with the local tangent plane,
Otb , on a space trajectory. The m plane
conta‘ns B(B8), D(a), b, &, and R(B)
forze vectors. The 7s plane is the ref-
erence (vertical) plane of symmetry,i.e.
it is coplanar with the Ox,y, and Oxzy,
planes.

The 7 lane is coplanar with the
Oye2, and Oy, z, planes, containing the T
and @ aerodynamic force components.

The mo plane is coplanar with the
Oxq2q  ,0x42, and Ox4zq planes, containing
the l., D, D(a) 0(B) end R(a) aerodvna-
mic force components

OxgYoZa ,O%aY¥eZg , OXwYwZw 8Nnd OXpyb2p
are the classical left-hand aerodynamic,
the modified right-hand aerodynamic, and
the right-hand body axes reference
frames respectively. The Oxz axis be-
comes conditionally the Oxp body axis
for a:0. The Ox4 axis becomes condi-
tionally the Ox, body axis for 8:=0.

Arc conventions. Arc DC is in the
Oxg4xp skew plane. However, DCHAB al-
though 0C=AB=8. In the same manner,
ADHBC although AD=B¢

Velocity vectors conventions. V,
is the 1nstantaneous, ambient flight,
linear velocity vector of the vehicle
CG, relative to the Standard Atmosphere
at rest. Uy ,Vp, , and W, are the instan-
taneous, ambient flight velocity vector
components in the Eulerian, body-fixed
reference frame Oxpy, z, . The magnitudes
and relative geometry of the velocity
vectors are as follows:

Va = Uy + Vp + W,

W - w
= tan 'U-:- = sin 'V‘EOJSF

¥ "=@= "—V-.-: opl v
<AA'0B =B =sin Va tan _J—VAcosB

2 B"0C"za

ocliocupT
VA=‘b_A”|

u,=loc’l= 188"
Vp= I6A"I= | A78"|= Vasin B

.6-3

Wy=108"=l 87|
Wycsca = Upcosa= los”l=1 AT

Vptan B=Vacos 8 = |58"| =| ATa| (1.6-1)

BASIC CONVENTIONS FOR THE GEO-
METRIC ANGLE-OF-ATTACK, a , AND
THE SIDE-SLIP ANGLE, S

1.6.1

The geometric angle-of-attack,a ,
is in the vehicle reference (''vertical')
plane of symmetry,Oxpzp, , contained be-
tween the Oxz and Ox, axes. When the
dynamic precsure '"'at infinity," is
taken as a common reference for the
aerodynamic force component definitions,
L, D and Q, and when it is assumed that
the individual flow patterns due to the
geometric angle-of-attack, a, and the
angle-of-side-slip, B8, can be treated
as partial and uncoupled; then the lift,
L, and the drag, D(a), components are
conditionally determined as if B8 were
zero:

CzLKo=[CLQaSrer] Ko

.6-2
=f(ag,M,Re,Pr,St,Kn) (1 )

Dta) = D(a)To = [CD(Q)QA Srcf] -i.o

=f,(aq,M,Re , Pr,St, Kn) (e 6=6)

i.e. as if the geometric angle-of-attack,
a, were in the Ox,2, plane

= |ADI =18¢c| ; AbWEC (1.6-4)
In the same manner, assuming a=0,
the side-slip angle deflnes the and -
the D(B) components,
6= QT°=_QT0= [CQqunf] TQ (1 6_5)
= f5(8,M,Re,Pr,St,Kn) :
-f4(B M, Re , Pr st, Kn) (1.6-6)
with the side-slip angle,B , contained
in the Ox,y, plane, i.e.:
Be=|ABl=16¢] AB Il 6T (1.6-7)
Thus, the combined effects of the

geometric angle-of-attack and the side-
slip angle upon the aerodynamic force
components are

g e
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RzRia)+R(B) = t+v+a-t+[&a)+mp)]+6(l 6-8)

for cvo and Br0 , where

Rla)+L +Dla); B*0, a¥0
R(8)+Q +D(8); B#O, a*0 (1.6-9)
DsD(a)+D(B); B#0, a#0

For flight dynamics analysis pur-
poses the a and the B angles are some-
times expressed in terms of the ambient
flight velocity vector coumponents, Op ,
Vb, W, , on the body-fixed Eulerian,

Oxpyp2p , reference frame as
s -l—.. w -
a =ton s sim Vacos 8 (1.6-10)
] "—L s -1V -
B =sin ton acos8 (l1.6-11)
VA 'Ub +Vb +w,, (1.6-12)

As already stated in Section 1.4, a
dynamically positive side-slip angle,fB ,
creates a negative side-slip force, Q,
due to the adopted convention of a left-
hand basic aerodynamic reference frame,
OxgYe 24 In aerodynamic wind-tunnel
practice, the equivalent negative aero-
dynamic ''angle-of-yaw,'' o, is sometimes
substituted for the positive side-slip

angle,fS ,
Bx-o (1.6-13)

thus coincidently allowing for a posn:lve
aerodynamlc side-force, @, corresponding
to a positive aerodynamlc "angle-of-yaw, "
o. This conditional ''angle-of-yaw'' con-
vention is different from the actual
"yaw" definition in fllght dynamics tra-
jectory analysis. )

Discounting the wind tunnel prac-
tices, the accepted counterclockwise
positive senses of the partial angular
rotations, 8 and a , by which the wind-
axes, Ox,y, 2y , are brought to the body-
axes, Oxpyp 2, , lead to the following coi.
dltlons

(i) In the right-hand, wind-axes
reference frame, Ox,y,2z, , the LA
and the drag, D, aerodynamlc force com-
ponents are negative for positive values
of the angle-of-attack, a, and the side-
slip angle, 3, while the side- force, @ ,
is positive for positive values of the
side-slip angle, 8,

(1.6-14)

Ls-Lk, ond D=-Diy for (+a),(+8)

G=+ql, for (+8) (1.6-15)

(ii) In the modified right-hand

aerodynamic reference frame, Oxqygz, , the
lift, L, and the drag, 0, aerodynamlc
force components are positive for posi-
tive values of the angle-of-attack,a ,
and the side-slip angle,B , while the
side-force, Q, is positive for a posi-
tive value of the side-slip angle,fS ,

E-Li'. ond B'Di; for (+a), (+8) (1.6-16)

G=-af, =afg for (+8) (1.6-17)

Following the adopted conventions
for the breakdown of aerodynamic force
components in terms of a and B, as il-
lustrated in Fig. 1.12, the partial
evaluations of L and D(a) in terms of
a and of Q and D(B) in terms of 8 are
performed separately, i.e. by treating
the casesaz0, 8=0 and a=0, 8#0 inde-
pendently. The resultant aerodynamlc
force components L, @, and O for the
more general case, when both a andR
are not zero, is then conditionally ob-
tained by the linear yectorial super-
position of L, D(a), O(B) and Q@ as in-
dicated by Eqs (1. 6- 2) to (1.6-6). The
interference effects between the partial
flow patterns due to a and those due to
B, in terms of the configuration ele-
ments, are thus not included. The lin-
ear superposition assumption is formally
valid in terms of the vectorial resolu-
tion in Fig. 1.12, and may eventually
be acceptable within idealized fluid
flow theoretical premises. However, the
real flow patterns, including the inter-
ferences between various configurationa.
parts as assembled in a compound vehicle
configuration, will not necessarily be
represented by the supposed linear su-
perposition of the a and the B8 effects.
But, due to the extremne complexities of
the real fluid flows, even when treated
in their simplest forms, the tentative
linear superposition of the partially
evaluated aerodynamic components is
retained by necessity in engineering
practice. An illustration of the
method, as applied to compound vehicle
configurations, is given next.

1.6.2 AN ILLUSTRATION OF THE REPRE-
SENTATIVE ANGLE-OF-ATTACK AND
THE DEFINITION FOR COMPOUND
VEHICLE GEOMETRIES

For actual flight dynamics condi-
tlons, on a general space trajectory,
the instantaneous values of the aero-
dynamic lift,( , the aerodynamic drag,
D, and the aerodynamlc side-force, @,
at a given instant of time, t, are in




general intricate functions of all the
involved geometrical, dynamical and
aerodynamical governing parameters, as
they pertain to the investigated flight
occurrence and the compound vehicle ge-
ometry. Even in cases where a quasi-
steady equilibrium flight condition is
assumed, at an instant of time on an ar-
bitrary flight trajectory under Standard
Atmospheric conditions, the aerodynamic
forces are intricate functions of many
fluid flow and flight dynamics parameters.
Thus, for instance, the total lift force
£, comprises (under the above restrictive
conditions) the sum of the individual
lift vectors of all the assembled parts
of a given compound vehicle configura-
tion, including many forms of aerodynamic
interference effects of the resultant
flow pattern:

- ﬂ_‘ -
Lay L,=ﬁL,K,
;ll'l=”ali Bl' Miv Kei' Sf|,
Pri, 8e,8,8m,...)

(1.6-18)

(1.6-19)

Similar implicit functional depend-
encies may be written for the_total drag,
D, and the total side- force, Q.

Assuming that the governing physi-
cal properties of the gaseous medium and
the fluid flow pattern are known for a
steady flight speed, flight altitude and
a standard atmospheric density at a
given instant of time; the resultant
aerodynamic lift, £, the aerodynamic
drag, D , and the aerodynamlc side-force,
G, can be expressed as functions of the
conditionally defined, represuntative
aerodynamic angle-of-—attack,a° , and the
representative aerodynamic side-slip
angle,B, , of the overall vehicle con-
figuration by using the classical uni-
form steady flow aerodynamic conventions

C = fy(ag, Ba)
Ca f2(2q s Ba)
Co= f3‘a° ' Bg)

L=CLaASref »

Q=CQQaSrer » (1.6-20)

D= CD qurcf '

The representative values of a, and
B, can then be obtained by a simultane-
ous solution of the respective six gov-~
erning equations of motion, under the
instantaneous dynamic steady state equi-
librium flight conditions, in terms of:
the re%ulred aerodynamic control deflec-
tions 8r ; the velocity yaw, x ;
the veloc1ty pltch y : the velocity
roll,u ; and the thrust vector parame-
ters. For direct aerodynamic force
estimates the six degrees of freedom

procedure is complex. Instead, the
aerodynamic force dependence on the
representative angle-of-attack, a, , and
the representative side-slip angle,f, ,
is evaluated separately, i.e. by assuming
conditionally uncoupled cases of a4#0,
B=0 and of ag=0 , By#0 .

The simplified case of ag#®C, 5,20
is presented below. In this case: the
flight trajectory is necessarily con-
fined to the vertical plane Oxhzn respec-
tive to a flat EARTH ; the vehicle pos-
sesses a geometrical plane of symmetry
OxpZp , coincident with the Ox,z, and the

Oxy Zu planes; the velocity roll angle
is zero,u=0; and 8,:8z:0; i.e.3:0 and
D (B)=0.

For the equilibrium steady flight
condition in the vertical plane, includ-
ing all other restraints specified abuve,
the instantaneous resultant lift, C , and
drag, D(a), aerodynamic force components
become functions of a conditionally de-
fined representative aerodynamic angle-
of-attack of the overall vehicle con-
figuration

@g=a-ap v (1.6-2D
is called the representative
zero-lift angle-of-attack. Only when
the reference body axis, Ox, ,' is speci-
fically chosen such thata° 0, does the
geometric angle-of-attack, a , become
numerically equal to the aerodynamic
angle-of-attack, @ . ‘A convenient fix-
ing of the reference body axis,Ox, , is
dependant upon the body geometry as il-
lustrated in Figs. 1.13 and 1l.1l4.

where a,

For simple and isolated body ge-
ometries taken individually, the speci-
fic zero-lift condition for each is
acqyired when the respective aerodynamic
angle-of-attack, (ag)i , which is defined
with respect to the first aerodyne.aic
axis (or the zero-lift line) is equal to
zero,

(ag)i=(a);—(ag)i=0

where (a,); , (usually numerically nega-
tive) is sometimes called the zero-lift
angle, contained between the chosen ge-
ometric reference l ne,O0x, , (i.e. be-
tween the reference wing or airfoil
chord, © or T, , or the body &, etc.) and
the first aerodynamic axes (see Fig
1.13). Historicaly, both the zero-lift
angle, (a,), , and the geometric angle-
of-attack, 7a); , are a consequence of
analytical expressions adopted for the
airfcil geometry detinitions, which are
either functionally or numerically

T .'ihig;-l iﬂ
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FIG. 113 The conventional angle - of-attack

definitions for two-dimensiono! aerofoils , 8=0.

referred to a geometrically convenient,
but aerodynamically arbltrary conglg—
urational reference chord, ¢ {
Axisymmetric bodies of revolutlon and
symmetric two-dimensional (with respect
to Ox, or t©) airfoils have the singular
aerodynamic properties

(ag)h=0 (aq); = (@) (1.6-22)
For all other simple and isciated body
geometries which do not possess a ge-
ometric axis of symmetry, such as general-
three-dimensional aerodynamic shapes,
two-dimensional cambered airfoils, three-
dimensional airfoil shapes composed of
cambered two-dimensional airfoils (i.e.
for body geometrzes havlng aerodynamlc
and/or geometric spanWLSe twist, etc.),
the general condition is that. QO#O.
Evidently this holds for three-dimension-
al airfoils having a geometric twist,
even in case of a spanwise distribution
of symmetric sectional airfoils.

1.6-6

For compound vehicle configurations,
a common Ox, reference line is defined
which may or may not be coincident with
the aerodynamic or geometric angle-of-
attack reference line of any one of the
individual components. A representative
geometric angle-of-attack, a , for the
total vehicle configuration is thus re-
ferred to such an arbitrarily chosen,
common Ox, axis. The conditional defi-
nitions of the representative geometric
angle-of-attack, ¢, and the zero-lift
angle, a, , of such compound configura-
tions depend in each case on both the
chnice of the common geometric reference,
Ox, , and the related aerodynamic charac-
teristics of various individual parts.
The problem of finding the representa-
tive values of a and g, is thus neces-
sarilytreated specifically for every
given overall design concept of a vehicle.
As an example, in Fig. 1.15 a tentative
formulation of the geometrlc angles-of-
attack (a); , and the zero-lift angles-
of-attack (ao),, for the individual con-
stituent parts of a vehicle geometry is
illustrated. Analytical expressions for
the overall representative angle-of-
attack and the representative zero-lift
angle of the specified compound vehicle
configuration are of the type illustrated
by Eqs. (1.6-56) and (1,6-57), respec-
tively.

GLOSSARY for Fig. l.l4

Angular convention in aerodynamic
analysis. All aerodynamic and geometric
angles sensed clockwise from the (-V,)
direction toward the respective refer-
ence lines are positive. The zero-lift
angles-of-attack are measured from the
first aerodynamic axis to the reference
lines, positive clockwise (i.e. they are
negative in the illustrative example).
The wing and the horizontal tail built-
in angles, iy and iy, are positive when
measured clockwise from the _common re-
ference line, &, to Tty and Ty respec-
tively (i.e. iy is positive and iy is
negative in the illustration). The ele-
vator deflection angle, 8¢ , is positive
clockwise (i.e. downward) from the hori-
zontal tail mean chord, Ty, in accordance
with the general rule, valid for all
control surfaces: a positlve angular
control deflection results in a negative
moment increment about the vehicle GG.

Reference lines. Ox, is an arbi-
trary, body -fixed common reference line.
For convenience it is usually chosen
through the vehicle ¢6. In the illus-
tration it is assumed that Ox, is col-
linear with the body ¢ . tw and Ty are
the mean geometric (or mean aerodynamic)

]
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FIG. 1.14 A schematic illustration of the representative geometric angle-of-attack definitions for a compound
vehicle configuration, consisting of a body with a nose-cone (or ogive), a wing,and a horizontal and vertical tail ,ar-

ranged in a classical manner.
condition assumed, 8=0.

chords of the wing and the horizontal
tail, respectively.

The first aerodynamic axis (or the
zero-lift line) of the wing (or of the
horizontal tail) exists when cambered
airfoils are used. It is assumed that
the horizontal tail is composed of sym-
metric airfoils with no geometric twist
spanwise.

R R S e—— e - —

No propulsion or base pressure effects included.

1.6-7

7 o

The equivalent to a zero side siip

Angular values. ey =[e,+(der/da,)a,]
is the linear functional form of the
downwash angle (negativz) due %o the
wing, evaluated at the horizontal tail.
No other interference effects (fuselage,
power unit, etc.) on the downwash are
considered.

ay is the wing geometric angle-of-
attack, assuming no upwash due to fore-

—
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body presence, blanking of the wing cen-
tral portion due to the body and no pow-
er plant effects (jets or propellers).
A tentative combined wing plus central
body plus power plant value of a,, and

ao,, can be defined and a correspondingly

corrected form of the CiL,:=0a.p(a,p—ag,,)
functional law correctly introduced.
Local force and musncnt reduction

oints. NOSE 18 the center-of-pressure
gor a conical (or ogive) nose section,
Sep€fsenting the action point for the
LyLlVa and ByLV, forces. When the influ-
ence of the front part of the body,
(fuselage) is introduced, the CPy, Ly and
Oy numerically change to their combined
forebody (nose plus front-part of body
proper) values. AC, and ACy; are the wing
and the horizontal tail aerodynamic cen-
ters respectively, as defined in the
aerodynamic theory. C€Gi0 is the common
force and moment reduction point for the
overall vehicle configuration.

Aerodynamic forces. [, 0,Cy, Oy
Lw, Ow ,LT ,Dt are the total, the nose
cone, the wing and the horizontal tail
individual lift and drag force compo-
nents, normal and parallel to the local
relative flow velocity vectors respec-
tively, i.e. in accordance with the in-
troduced assumptions that: [, [y and [y
are normal to (V4 ); D, Oy and Dy are
coparallel to (-V4 ); [y is normal to
Vr; and by is parallel to V;.

No pitching moments are indicated
except for Cm,, which implies a cambered
wing.

The expression for lift force is

LsLytLytLicosey — Dysiner
Je (1.6-23)

then for small values of a, and ey :

coser X1, sinerrer, Dr<«<iy, Drer®0

> > = (1.6-24)
LRLN+LwtLlr (1.6-25)
T=lkg ™ Ly +Ly+L7)%, (1.6-26)
"'L=LN+LW+LT (1.6-27)

2 w2 V2
CL BB =0 B sy +c,, Bsy (1.6-28)

\4
+C T sy

S

e o —_Sw =S}
SOy T Y Clw S PO S T (1.6-29)

1

where:

¢y is the angle of downwash at
the horizontal tail.

Sy ,Sw,St are individual reference areas
of the noce cone, the wing and
the horizontal tail, respec-
tively.

Siet 18 any common representative
reference areaof the total
vehicle configuration.

gy .9y .9y are the common free stream at
infinity, and the corrected
wing and horizontal tail dy-
namic pressures, respectively.

The specific q4 and q; values comprise
the upwash, the downwash and the power
unit interference effects on the wing
end the horizontal tail dynamic pressures
values "'in situ" (i,e._ in the assembly).
For subsonic speeds(18)wv,/y~0(1) and
Vr/Ww~0(0.9-1.1 ). 1In this illustrative
case it will be assumed that qy=qy,
while the factoqu/qA=nTis retained.
Further, it is customary that:

Sy is taken as the wing planform
area, i.e. the projected area
in the Oxpyp plane of either
the total or the exposed wing
area, depending on the choice
of the method of aerodynamic
analysis.

S,et is taken as the cone base
area,

Sy is taken as the horizontal
tail platform area, i.e. its
projected area (total or ex-
posed) in the Oxpy, plane.

St is usually taken either equal
to Sw (aircraft) or equal to
the maximum cross-sectional
area of the vehicle body (mis-
siles). More generally, it
can be any convenient common
reference area for the com-
pound missile configuration.

Within the concepts of the perfect
inviscid fluid flow theory, the indivi-
dual lift coefficients of the constitu-
ent parts can be conditionally evpressed
in terms of the respective individual
aerodynamic angles-of-attack, (aq); , and
the individual lift curve slopes,

(a)) = () * Oq /da), .

Thus for the given illustrative ex-
ample, assuming that the nose cone is
substantially the lift producing repre-
sentative part of the missile forebody:

aaN'-'a -a
S (1.6-30)
CLy=ONGgN=ONAN=ONa, AoNEO; €420

(1.6-31)
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CL = 0w ‘aw"aow)=0w(a+ iwt+agw); ey=0

(1.6-32)

de (1.6-33)
Qgr=ay—dagr; aor=0, €= '°+o_aLa"‘<1 631)
00[_7007 )

CLT'OTQCT +058£ ¢rary + a

CLT= CT(QT + 08

ar=(ayw—er +ir—iw) (1.

da
CLT=OT(GW—¢T+iT_iw)+°T0—§rE' SE (1.
der
CLT=°T(GW—‘O— adw

da (1.
‘or 5, B

ar 98¢
9%y
85). or = ar (1

Gw"'if"lw)

CL.‘.:Owa“"g—:L ) - ﬂr(to‘i'r“w)
w
da (1.
+016_81é' SE

CL

O¢
= (a+i ool IR =i+
pearla+iy)l ay )-ar(eo-iy+iw)

da (1.

+0T£TE—SE

de . de
CL =0Ta(|-'5;Iw)-OT((°'IT+Iw'a—L)
+0 00
LIFF

T

I3

ac aC 2 -
oN= -o—aLN-N— ‘—o:l i Gn=a , G°N=o, ¢~=0

E
(1.6-35)
.6-36)

6-37)
6-38)

6-39)

6-40)

6-41)

(1.6-42)

(1.6-43)

OC ach

[0} s apw=const. | iy = const,
w* auw da y dow y w )

€w 0
- OCLI

ap= dar i ot Z0 ,

it =const. , iy=const.,

(1.6-44)

Py (1.6-45)

€1 €ot Oaw Qw »

)
and o = 3%: aCLT aT i

S — e — 5

effectivene«: i i

dar/98¢ is t . el
ness, i.e, 'h2 ra
to 8 . Alen

doNa aN"'aoN'aN' a.,

daw b aw - ao

G\ 0, EN2O
e a+lw-a°w; €y10

Qgp = Ay = @ 2 A7 » (Qw-lysly-e7); a5 20

(1.6-46)
(1.6-47)

15 *the elevator lift

*o St and qt , where
vator ungle effective-
«f ctange of ar due

(1.6-48)

1.6-9

LT ("Vl"o'g_;I Ayw=ly +it); € rsconstant
y (1.6-49)

where ¢ is the downwash angle at the
horizontal tail due to zero geometric
angle-of-attack of the wing,awz0, Also
iw and it are the geometric "built-in"
incidence angles of the wing and the
horizontal tail respectively, relative
to the adopted common reference line,
Oxp, conditionally positive measured
clockwise from the Oxp axis. For the
sake of generalization in the above ex-
pressions, both iy and ir appear as al-
gebraic terms, i.e. they are algebra-
ically added to the respective a, and
ar geometric angle-of-attack values.
As a result, in this specific case, the
iw angle of geometric incidence is posl-
tive and the iy angle of geometric inci-
dence is negative,
positive and negative numerical values
should be substituted in the algebraic
equations above.

Note that the nose section lift
coefficient is explicitly:

Ly

CyeT———
TRy (1.6-50)
where, according to Fig. 1.15
LN=LN'|+I:~2
(1.6-51)

tN 7 LNKC = (LN|+ LNZ )Tﬂ
Ly=Zpcosay — Xpsinay

Note also that, in general, ow , Qw
and aow are the average values for the
three-dimensional effects, the fuselage-
wing interference effects, the upwash,
the partial ''shading'' of the central
portion of the wing planform by the
fuselage, the aerodynamic and geometric
spanwise wing airfoil twisting, the
power plant (pull propeller) effects,
etc. The same implicitly holds for the

respective horizontal tail average values

of oy , @; and @7, in addition to the
explicit corrections due to ¢ , a7, etc
as sketched in Fig. 1l.1l4.

Explicitly, the total lift coeffi-
cient for the compound vehicle config-
uration is then obtained conditionally
by the aerodynamic definition analogy

C_=ola—a,) (1.6-52)
or in terms of the componental parts:

i T
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i.e. their respective
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FIG. 1.15 Adopted convention for the nose cone lift coefficient,Ly, in terms of normal ond oxial force

components , (-Zpy), (-XbN) , respectively.

By a direct comparison of the aero- Where, provided der/da, is constant, the
dynamic expression for the defined total total lift curve slope, o , is constant.
lift coefficient, Eq. (1.6-52), and the
derived total lift coefficient expres- For the vertical plane, steady-state
sion, Eq. (1.6-53), it is evident that equilibrium flight regime, at a fixed
the total lift curve slope,a , the rep- instant of time, the representative zero-
resentative geometric angle of ~attack, 1lift angle-of-attack becomes a function
a, and the representative zero-lift of the equilibrium elevator deflection
angle ao , for the compound configura- angle, 8¢ , provided day/08¢ is a con-
tion are stant. The corresponding numerical val-

a=9y S [(

ues of 8¢ and a are obtained from a si-
dey multaneous solution of the respective
;t\iv._s_el.+|)+ —L’"“-Oa ](1 6-55) force and moment equations. (11,17)
The above expressions for the rep-

a=ay~iw=ayzarter—ir (1.6-56) resentative lift curve slope,a , the

Qo=

representative geometric angle-of-attack,

_: ELEL _-.;~.f£..9213 @, and the representative zero-lift
(aow |w)‘k“'w A [“o T ‘wo"w) (085 E)] angle, @o , of the compound vehicle con-
oy Sk gTsT d‘T figuration are conditional, i.e. for the
(ow gf'+|r*“§‘“vr( daw special case illustrated in Fig. 1.14,
(1.6-57) and with the assumptions stated therein.

1.6-1v



In each other case, similar repre-
sentative aerodynamic expressions for e,
@ and a, can then be defined accordingly.

1.6.3 REPRESENTATIVE SIDE-SLIP ANGLE
DEFINITIONS FOR COMPOUND VEEICLE
GEOMETRIES ASSUMING a =0

For each specific compound configur-
ation an explicit expression for the
representative side-slip angle, 8, isde-
termined. Then the total side-slip force,
Q, is aerodynamically defined through a
procedure similar to that outlined for
the lift force, L , the main difference
between the two belng the fact that the
aircraft aud the missile configurations
generally are not geometrically symmetric
with respect to the Oxpy, plane. 1In the
case of cruciform conflguratlons, the
double symmetry respective to both the
Oxpzp and the Oxpyp plares is specifical-
ly satisfied, and the @ force evaluation
follows identically the analytical pat-
tern of the L force. The side-slip
angle, B, then acquires its specific
aerodynamic an: zero-side-force defini-
tions:

Bo=B-By , or B=B,+B, (1.6-58)

where the interpretations for B, and Se
are equivalent to the already-specified
definitions for a, and ag. For body
geometries possessing only one (Oxpzp )
plane of symmetry, the side-slip angle,
B, has in the first approximation onlya
conditional geometrical meaning, i.e.

B=B: . Bo= (1.6-59)
provided the reference Ox, axis has the
quality of the body center line, and the
vertical fin airfoil is symmetrical,
which is commonly the case.

1.6.4 GENERAL DEFINITIONS OF AERODYNA-
MIC FORCE COMPONENTS IN TERMS OF
THE REPRESENTATIVE ANGLE-OF-ATTACK
a, AND THE REPRESENTATIVE SIDE-
SLIP ANGLE, 8

Once the representative angle-of-
attack, a , and the representative side-
slip angle, B, are defined for a given
vehicle configuration under specified
steady equilibrium flight conditions
(i.e. for agivenset of V4 and p, values),
the total aerodynamic lift coefficient,
GL, and the total side-force coefflcent
Cq, are obtainable from the fundamental
perfect -fluid potential theory defini-
tions

1.6-11

ac
CL= d—ah (d—ﬂo)

Ca= 3z (B-Bo)

The inherent underlying assumption
of the potential flow theory excludes
any frictional or viscous effects; con- |
sequently, these effects are not in-
cluded in the expressions (1.6-60) and
(1.6-61). This approximation is condi-
tionally correct for all practical pur-
poses, provided the configurations are
aerodynamically slender and the repre-
sentative angles a and B8 are small,

(1.6-60)
(1.6-61)

Except in the case of simple New-
tonian impact theory analysis, there are
no correspondingly simple expressions
for the drag force components, D(a) and
D(B), since the drag phenomena include

(directly or indirectly) strong
frictional effects. Thus, evaluation
of the drag force component: is gener-
ally a far more tedious and involved
procedure, Procedures for the evalua-
tion of drag force components will be
elaborated later in sufficient detail
for engineering purposes. Here, fol-
lowing the classical vectorial aero-
dynamic force definitions from Section
1.3 and the adopted vectorial interpre-
tation as illustrated in Fig. 1.12,
analytlcal examples of general expres-
sions for the aerodynamic lift, L, the
aerodynamlc dra% 1] , and the aerodyna-
mic side-force , are developed.

The total aerodynamic resistance
force, R, which opposes the vehicle mo-
tion through an ambient atmosphere, has
been conveniently defined in terms of
the classical concept of the normal and
the tangential stress distributions -
taken around the vehicle contour

R:= (p=Poo )a+rt] dS
fEn ] (1.6-62)

where the numerical values of p, py , and
T are evaluated locally (note that Ap=
PPy ). The local normal, ", and the
local tangent, T, unit vectors at the
small wetted surface element, dS , are
taken respectively as normal to and
collinear with the local zero-streamline.
The local unit vectors t and n obvlously
should not be confused with the princi-
pal trihedral reference frame Otnb in
Section 1l.4.

A subsequent resolution of the re-
sultant aerodynamic resistance force,
R, into the 1lift, L, drag, 0, and side-
force, &, components on the 0z, , Ox4
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and Oy, axes respectlvely, leads to the
correaponding expressions

Ls Ln,zk,f(Apnt +r1k,)dS

(1.6-63)
wﬂ
B=0%:1, f(ApnT, + i, )ds (1.6-64)
swﬁ
O=qu=lq‘L(AWlo"'"'1°’ds (1.6-65)

The above expressions are represen-
tative for general three-dimensional flow
patterns. The unit vector dot productes
involve the cosines of the_locally sub-
tended angles between the t,n, i , 7 ,
and k vectors respectively. Since the
local t and n unit vectors follow the
zero-streamline of a three-dimensional
flow pattern the explicit forms of the
general vectorial expressions (l.6-63)
to (1.6-65) are individually defined for
any given body geometry and flow regime.
If the combined aerodynamic effects of
the angle-of-attack, a, and the side-
slip angle,B , are treated as-a linear
sum of their partial aerodynamic contri-
butions, then, from the adopted vectorial
force conventions in the Fig. 1.12, it
follows conditionally that

R=R(a)+R(B) ; a0, B#0
Rla)=L+D(a) ; B=0, a#0
RB)1=Q+D(® ; a=0, B¥0

~RT+B(a)+B(@+3-T+B+T (1.6-66)

with (V4 ) being the representative rela-
tive flight velocity. Following the
fundamental aerodynamic force definitions
in Section 1.3, the non-dimensional aero-
dynamic expre851ons for R, L, 0 and ]

can then be formulated as shown in the
following paragraphs.

Resultant aerodynamic resistance
force

R=RT de f(c,lq,mc,q,nas q.f(c,,n+c,nds

wﬂ

z[ar ficpiT+cqt7ras]7 (1.6-67)
we!
R=CrqaSrer=aa é(c,,a-ncfr-?)as (1.6-68)
wet
(1.6-69)

f(c 37+ cIes
rof
\u'

:m: = = P __T._
Co " an * S @ e 0 Ot Taa
Ty ﬂ!v.z pvz
cf'= q » QAF ' Q|=_|2_'L
where C, and C; are the local pressure

and local skin friction coefficients of
the resultant flow pattern due to both
the angle-of-attack, a, and the side-
slip angle,8 . Also, n and t are the
local normal and the local tangent unit
vectors at any surface point of the body
contour; t being totally tangent to the
resultant streamline (positive in the
serse of the local stream velocity,V, )
ard n being locally normal to the sur-
face element dS (positive inward).

Furthermore, by a formal vector
resolution:

R=R(a)+R(B)=R(a)7, +R(B)7g

=|§'§ % + |§'7p|ﬁs (1.6-70)
Rla) =R(a), = [qu(c,,n ARYTA AN I
Suat (1.6-71)
R(a)=Cglalgy S ,,-qu(cp m +CeT7, a8
Swet (1.6-72)
~.Cpla) = = S,. /(C ra+c,r-v;,)as (1.6-73)

R =R(BYT = [¢;A_f(cp '+C,Trp)dS]rp

(1.6-74)
R(B)= CR(B)QASVOY°QA./(CP“ rﬁ*Cfr'p)dS
Swet (1.6-75)

. _ # .'- ~ -
~CriB)= 5,5 L"‘jg“ B Ot 9S () 6-76)

The above rormal vectorial resolu-
tions imply the follow1ng restrictive
aerodynamic a'.d geometric conditions:

The resuiltant three-dimensional
fluid flow :ield around the vehicle is
presumed tr correspond to a total angle
of inciderce, a+§, measured between the
reference body axis, Ox,, and the total
air stream velocity vector. 1In the
more gereral flight dynamics cases the
instantaneous total air stream velocity
is a vectorial sum of the air stream
velocity tangent to the fllght path,

V -V, , the atmospheric wind or turbu-
lence velocity, V, , and the resultant
translatory disturbance velocity, VD 1
presuming a no-spin flight condition.
For the more-iimited aspects of the
present aerodynamic force analysis, un-
der steady equilibrium flow conditions,
it is assumed that V,=V,=0 .
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Fig. .16 Total angle of incidence, E+E, mea—
sured between the Oxy and the Oxp axes,in a plane nor-
mal 1o the (8+3) vector. MNote: a+S5#B3+a .

The resultant aerodynamic resistance
force, R, and the corresponding local
pressure and local skin friction coeffi-
cients (Cp, Cf ) are due to the total in-
cidence angle, a+B8 . A direct analyti-
cal investigation of the complex flow
pattern around comppund vehicle config-
urations is unattainable. Thus the local
Cp and C; values in the formal vectorial
expressions (1.6-67) to (1.6-76) can be
adequately extablished by experiment
only. In order to allow for a theoreti-
cal evaluatinn procedure, the complex
flow pattern is conditionally resolved
into vectorially additive componental
flows, assuming the conditions of 8:0,
a#C, and B¥0,a=0 respectively. Then,
according to Figs. 1.12 and 1.15,

R(a) = Cgla) apSver= 94 /3' [, (@I, + Colalt, Jus
o (1.6-77)

A

C (a)=—J— o (a)i? +Cila), T |ds
R Sret 'é,[.," o= “] (1.6-78)

R(A) = Cp(B)aySur= 9y j; [cotBIRTg+ cotB i Jos
wet

(1.6-79)
CRB) = g'!.Tfs'.['Cp(B)n'IBO'C'(ﬁ)fp'rp Jos
(1.6-80)

where Cp(a), C¢(a), and Cp(B), C¢(B) are
the normal pressure and the tangential
shear stress coefficients evaluated lo-
cally under the partial flow conditions
of a¥0, B=0 and a=0, 8¥Orespectively.
It is important to realize that each of
the two pertial flow patterns is still
three-dimensional. The local unit vec-
tor, A , is normal to the local surface
element, dS, of the body contour (posi-
tive inward) while the local unit vec-
tors Tq and Tg are tangential to the
local surface element, dS, and directed
along the respective componental zc¢ro-
streamlines for the a#0, 8:=0 and a=0,
B#0 inviscid flow patterns.

When comparing the corresponding
conditional pairs _of equations (1.6-72)
and (1.6-77) for R(a), 'and (1.6-75) and
(1.6-79) for R(B), it should be noted
that they are equal only if locally, for
any surface element, 4§,

Coi = [Co“” +CP(B)]H (1.6-81)
CqT = Coladly + C4(B)g (1.6-82)

and for the total compound configuration

j;cpi';:l ds :j;:i?(a)ﬁ-ﬁ, 95  (1.6-83)

wot

[eoias = [cyBREds (1.6-84)
Swet Swet

Cetorg dS = [ Col@Tiry S (1.6-85
'/;wz' ¢ fs\n: ¢'a '( )

chmds=/ ¢  d -
j;':’fp j;”,'tﬁ)grp S (1.6-86)

where the conditions (1.6-83) to (1.6-86)
are possible due to the double integra-
tion procedures performed in different
respective planes.

In order to satisfy the conditions
of Eqs. (1.6-81) and (1.6-82), the com-
ponental values of Cp(a), Cyla) and
cp (B), C4(B), although evaluated under
the partial restraints of az0, B:=0 and
@:=0, B#0 respectively, should incorpor-
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ate the partial corrections for resultant

induced effects and the resultant inter-
ference effects between different parts
of a compound vehicle configuration. The
task is usually beyond the theoretical
possibilities. Instead, in a first ap-
proximation the uncoupled analyses of
the partial flow cases for a#0,8=0 and
a=0, B#0 are cciiducted, the respective
partially evaluated interference effects
introduced separately, if available and
the R(a) and the R(B) components added
vectorially,

Lift force

Using the formal vectorial resolu-
tion in Fig. 1.12 and Eqs. (1.6-67) and
(1.6-71), the lift force and related co-
efficient can be formulated as follows:

T =Lng= (Rgiks = [ag JiC, BHa+CiwaIas] ks
Swet (1.6-87)
L= Lkg =[§(a)'k; ]x;
. {qus[C'p(a)i-k;+ C,(G)Ta-k:]ds} K>

(1.6-88)
L= CL(Q)QAS,“
z I a-..- -. i
CL Sret j; [Cp(a)n kg ’C'(d)t ka]ds
= (1.6-89)

Side force
Again employing the vectorial reso-

lution in Fig. 1.12 and using Eqgs.
(1.6-71) and (1.6-74)

&=, <[RBT]T
fu [0 cnmrs T Jos),

(1.6-90)
Q=C° 9 Sret
. N 1 -~
S Cos < j [CP‘B )"'To"' Cf(B )%-To]ds
= (1.6-91)
Drag force

The drag force and related coeffi-
cient are fo:mulated in a manner com-
pletely analogous to Lhat in which the
1lift expressions are formulated as:

0 =D(a)+D(B) (1.6-92)

Bta)=ota), = R, ],

= {aaf[Cplai Ty + o)y T, Jas}

Swet (1.6-93)
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Dta,= Cplalqy Sy (1,6-94)

. :—I— ~00 55

" Cola) = gk '/;..[ff(a)n o+ ColartyT, Jos
(1.6-95)

5(8)= DB, = [RIBN]T,

= {anf[coB1R T +ce (81T, Jas } 5,
swot
(1.6-96)

: St n 3
S CplB)= 5 j;w[.c',,(mn .,+c,(mbr,(]:s6 o)

Co* Cpla) + Co(B) = gl _/;i.['cp(an Cp(BI]RT,
+ [cptarig+ ¢ (8RR }as
(1.6-98)

1.6.5 PHYSICAL CONSIDERATIONS AND
SPECIAL CASES

For a given body geometry and for

a specified instantaneously steady or
quasi-steady flight orcurrence, the
aerodynamic force coefficients are ex-
plicit functions of the representative
angle-of-attack, a, and the representa-
tive side-slip angle,B . Thus, keeping
constant all the dynamical and physical
variables governing a specific flight
occurrence, the aerodynamic force co-
efficients G, Cq, Cp (a), Cp(B) are ob-
tained by a double integration of the
local normal and the local tangential
strecs coefficients GCp (a), Cp (B), Cf (a),
C¢ (B) around the body contour as indi-
cated in Eqs. (1.6-89), (1.6-91),
(1.6-95) and (1.6 97). 1In performing

the formal mathematical operations, the
following physically important condi-
tions and restrictions should be recog-
nized:

(i) When the geometric representa-
tive angles a and B are used, the inte-
grated Gp (a) and Cp(B) values are gen-
erally not zero for a=0and B8=0 respec-
tively. However, according to the
inviscid, perfect fluid theory, the in-
tegrated dot products

[eptarnwzas (1.6-99)
Swet )
and
[eotBinTyds (1.6-100)
sﬂ'



s

S

kL

R

L
x

E‘
z.
;
:
t
i

become zero for zero values of the re-
spective aerodynamic angles, a0 and
B,0. At the same time

Cplaln: T, ds
suof .
and (1.6-101)

fc (B)n-T,ds

of

still have, in general, finite values
which depend upon the real three-dimen-
sional flow pattern, body geometry and
relative attitude with respect to the
fluid flow, including: ef’ects of the
forebody and the base slopes, the outside
flow streamline distortions due to boun-
dary layer thickness changing the effec-
tive body shape, the boundary layer-shock
wave inteferences and the entropic losses
through strong detached bow shocks.

(ii)

tributions

The integrated frictional con-

fc,(a)t K2dS fo(B)fpk ¢s

Swet Swet
fc,(ana igds , _/'c,(B Wy ls ds

Swet Swet
fcf(a)t, 148, fcf(B)t,g

Swet Swet

(1.6-102)
are always present.

(iii) Following the customary aero-
dynanic representation for the total
drag and drag coefficients in the case
of three-dimensional flows

Cpla)=Cp (a)+Cp, (a)
ColB)=Cp, (814 Coy(B)

where Cp, (a) and Cp, (B) are the zero-
1ift, and the’ zero side-force drag co-
efficients, while Cp, (a) and Cp; (B) are
the drag coefficient increments due vo
non-zero values of the lift and the side-
force, it follows from the above that

(1.6-103)

Cpia)= 's—'—j;'l;ip(u)ﬁ-l, +Cf(¢)t-."i.¢]ds

when a@g=a=-a,=0 (1.6-104)
cn(ﬁ)-—f[c,,(ﬁ)n +Cy(B1g T, Jas
when B,=8-Bo0 (} 6-105)

The above expressions are very gen-
eral and involved for actual computations.
Useful engineering simplifications are,
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therefore, introduced, taking into ac-

count the order of magrnitude of the

respective integrals und the overall

limitations in accuracy with which the

pressure and the frictional effects can

be evaluated theoretically and/or mea-

sured experimentally. Thus, for aero-

dynamically slender body shapes it is

usually acceptable for practical pur-

poses to neglect frictional force con-

tributions to the lift,L , and the side-

force,Q . The approximation reflects

the experimentally well substantiated

Prandtl's postulate, of the inviscid

perfect fluid theory, that the lift and

the side-force are functions of the

pressure distribution components in the

respective directions normal to the uni-

form free stream flow at infinity, while

the skin-friction contributions are,

substantially, creating only a drag in-

crement. Furthermore, in view of the i

considerable uncertainty with which the

frictional contribution to the drag

force,p, can be eithei theoretically t

predicted or eerrlmenrally measured,it

proves acceptable to consider the Local

C¢ (a) and the €y (B) coafficients prac-

tlcally independent of the respective

a and 8 values, provided these angles

are relatlvely small, 1.e. the local

C¢(a)ty Ty and the local Cf(ﬁ)f T

components are usually estimated under
= a-a, and By=B-B,:0 conditions and

the estimates subsequently considered

constants for small @q#0 and B #0

values. With these conditional approx-

imations, restrictively valid for aero- E
dynamically slender conflguratlons at ‘
small angles respective to Vo , Presum- i

ing steady flow conditions w1thout se-
paration, the general expressions

(1ﬂ6-89), (1.6-91), (1.6-95), (1.6-97)
attain the respectively simpler forms:

~= | . )
sk ol

(1.6-106)

- -
Ca™Srar L[SS(B’:L: Tads (1.6-107)
(1.6-108)

Cola)= g [Rpfal ATy + CylalyTy) o
ref s'.'

~Cpla)=Cp,la)+ Col(a)
ol | ([c,(a)] i+ [Ctal ::;;,) ds

f [Ac,,(a) T, ds '

rof

=.s'_/{([c,(a)] + [Acy(al )u ia

vlﬂ

* [Cf‘ﬂ’].zqfl}ds (1.6-109)

A
&
&
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Goll)s 5L f [c,(p)n +Ce(8)gT,Jas
(1.6-110)
. ColB)= Cq (8) + C, (8)

“gr [ {[coe), 7%
¥ St I[Acp(ﬁ)] “'odS
o (b ;o )

+ [c,(ﬁ)]ﬁef%-f.}ds

[c,(pﬂ TB AN

(1.6-111)

CD=CD(°)+CD(B)=CD°+ CD‘ (1.6-112)

“Sarl{{[oe] s feo8], )it
([C,(a)] T [c,(p)] fB )}ds
f ([Ac,,(a)] [AC (B)]po);.;; .

1,6-113)

where the Cp(a) and Cp(B) are necessarily
defined for the respective partial three-
dimensional flow patterns corresponding
to the ag#0,8,=0 and ay=0,8,#0 uncoup-
led conditions.

Consider the special case of a flight
trajectory confined to the vertical plane
Os, 2, , respective to the flat earth lo-
cgl horizon axes, as illustrated in de-
tail in Subsection 1.6.2, i.e. assuming
at a given instant of time an equilibrium
quasi-steady flight condition for a ve-
hicle possessing a geometri:al plane of
symmetry Ox,2, coincident with the Ox,z,
and the Ox,2, planes so that

BsBz0
8,=8r20

pe0, ¢:0 (1.6-114)

the aerodynamic side-slip force, Q , and
the aerodynamic drag component, D(B)
become zero. Then, the correspondlng
expressions of the lift, L, and thedrag,
D(a), force components take the classical
simple coefficient forms

(I fcpnk dS=a(a-a,)=aa, (1.6-115)

ro'

Co=a— [(Cpn-Ty + Cql-Ty
o '.'/(p {174 1dS

(1.6-116)

S'.'

Co* Cop + Co, = gLr L {[icplageor e
wet

+ ‘°f’«,3;7o] +[iacp, i %] }es (1.6-117)

where:

(1) The local pressure coefficient
on any surface element, dS,

Cp=22fn
.+ [aco]: [Fm], 2 0[5t

"Cp =[]
(1.6-118)

is evaluated for three-dimensional flow
conditions.

(2) The local skin friction coef-
ficient on any surface element, dS, is

Ct=(Colgeo & 1o1g (1.6-119) °

(3) The representative geometric
angle-of-attack, the representative
zero-lift angle-of-attack, a, , and the
respective total lift curve slope, a,
of a compound vehicle configuration are
given by Eqs. (1.6-56), (1.6-57) and
(1.6-55) respectively, as determined
from the overall vehicle geometry and
the instantaneous equilibrium flight
conditions.

The local C, and C; values are
evaluated for three- d1mens10na1 flow
conditions, and double integrated for
each i-th part (in situ) of a compound
vehicle configuration. The individual
results of the integrations are then

summed :
cL=——[(Ac,,) RATER if(Acm’aJ‘- kadS;
Swety (1.6-120)

. = g -
CD- Sp.f ‘/S‘{[(CP)u:’l.+ (Cf)dofso'a + [(Ac.p)afelTa }ds
= (1.6-121)
=g AT HC T .
Co® Sret gé[(f'?')az'-g""‘(cfl)‘::ig;"] +[( Acpl ):g io] }dS
- (1.6-122)

where, for each i-th part in situ, at
any surface element, ds; ,

Co;* [c"i]a;o [Ac,,']a:[ A L:,,A[ -‘“ ]q,

. .6-123)
O (o], %, [Cfl],“,,, (1 6-121)
[cm],o:: filai, a1, 6) (1.6-125)

[ACpi]c = flai, ajo. 6;)
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with 8, being the local incidence angle
of the surface element dS; with respect
to the common reference line Oxp of the
compound vehicle configuration, while
the individual geometric angle-of-attack,
a; , and the individual zero-lift angle-
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of-attack, g, , of the i-th part are ex-
pressed in terms of the representative
aerodynamic angle a,: a - a, definition
for the overall vehicle configuration
(see Eqs. (1.6-46), (1.6-47), (1.6-48),
(1.6-56) and (1.6-57) of the illustra-
tive example of Subsection 1.6.2).
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Atmospheric flight dynamics involve,
in general, flight regimes varying from
low subsonic to high hypersonic speeds
and flight altitudes ranging from sea-
level to the extremely rarefied outer
limits of the atmosphere. Consequently,
at any given instant of time on a
specified flight trajectory, the aero-
dynamic force coefficients may become
functions of a rather complex and inter-
coupled array of varying aerothermody-
namic, chemical and electromagnetic
properties of the air-body interacting
system, even when quasi-equilibrium
flight conditions and a Standard Atmos-
phere are assumed. The functional de-
pendence of the aerodynamic force coef-
ficients

CL=CL(QOt SE »Pa Py V,#.k,y,T,e’C)
Co=Cplay , 8 , PvpyVypo,k,y, T, etc) (1.7-1)

takes a corresponding specific form for
a given vehicle at any instant of time
during a flight performance.

In order to establish a more general-
ized functional relationship between
the aerodynamic forces and the signifi-
cant physical parameters governing the
fluid-body interacting mechanism, the
non-dimensional similarity parameters
(natural variables) are introduced in
place of the dimensional substantial
physical variables. A reduced number
of the nondimensional variables is
obtained in place of the larger number
of individual physical parameters. The
nondimensional relationships are then
valid for families of dynamically and
geometrically similar fluid-body bounded
systems,

In order to perform the task, a
proper understanding of the role of
substantial physical vuriables and of
their conditional grouping into respec-
tive nondimensional ratios under widely
differing fluid flow and speed regimes
is necessitated. A unified analytical
approach to the problem in its most
general form, comprising simultaneous
and extremely complex aerothermal inter-
plays of all the influential physical
variables, is both theoretically and
practically unwieldy. Instead, a par-
tial grouping of possible real flow
aspects according to their relative
significance is restrictively performed
for conditionally simplified fluid-body

.7-1
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systems. Several analytical me thods (19
are available which lead to suitable
non-dimensionalization of the governing
flow equations and to a meaningful form-
ulation of the resulting non-dimension-
al similarity parameters. When the
non-dimensionalization procedures are
applied, corresponding sets of signifi-
cant non-dimensional natural. variables
are obtained in terms of which the
respective similarity generalizations
are easily performed. Results and
solutions of such relatively simplified
investigations are then partially and
restrictively applicable to specific
flight speed and flow regimes.

In the application of aerodynamic
force analysis very convenient and use-
ful groupings of different fluid flow
patterns are obtained on the basis of
two significant physical criteria:
the degree of ambient atmospheric rare-
faction and the degree of fluid com-
pression when in motion relative to a
given body geometry. The corresponding
non-dimensional natural variables,
serving as the generalized similarity
criteria for various fluid-body systems,
are the free stream Knudsen Number,Kn,,
and the free stream Mach Number, M, ,
respectively.

The rarefaction criteria, kn, , is
used for distinguishing between four
intrinsically different fluid flow
types from an internal kinetics point
of view: the continuum, the slip, the
transitional and the free molecular
flow regimes. The second criterion,
M, , serves as a measure of the rela-
tive significance of the compressibil-
ity and the associated thermal effects,
leading to a useful formulation of
five characteristic flight speed re-
gimes: The incompressible subsonic,
the corpressible subsonic, the tran-
sonic, the supersonic and the hyper-
sonic speed domains. As stated already,
in both cases the criteria are used in
conjunction with correspondingly sim-
plified fluid-body analytical models,
including the viscous flow effects
which are represented by the respec-
tive free stream Reynolds Number value,

Rey. The generally transient and
nonequiiibrium effects of thermal,
radiative, and chemical nature are
then treated separately when necessary
as corrective factors of the aerody-
namic force estimates.



1.7.1 KNUDSEN NUMBER CRITERIA AND FLUID FLOW REGIMES

A systematized investigation of the
rarefaction effects on the grounds of
the kinetic theory of isothermal equi-
librium steady gas flows and a tenta-
tive formulation of the four major flow
regimes (continuum, slip, transitional,
free molecular) is defined in the clas-

sical w?£k§ on the S?E§§Ct by Knudsen(26)

Maxwell Kennard Loeb(2
Tsien(30,31), Chapman and Cowllng( 2),
Shaaf(33) . Shaaf and Chambre(34

Roberts(35) | Donaldson(36), Siegel(37)
and others. The governing "natural vari-
able is the Knudsen Number,

A

Knz L

(1.7-2,

where X is the mean free molecular path
in a gaseous medium, andlL is the body
characteristic length. The Knudsen
Number criterion leads to two character-
istic fow patterns of an isothermal
steady gas flow in equilibrium at near
ordinary temperatures:

<<|\def1nes the classical contin-
uum ow regime. Ambient (atmospheric)
gas conditions are near standard, and
the relative influence of the Knudsen
Number as a natural variable may be
neglected.

(Kni~1) defines the domain where the
rarefied gas flow effects become impor-
tant. When the mean free molecular
path, X , is comparable to the charac-
teristic body length, L , the statis-
tically averaged effects of the fluid
discrete molecular structure cannot be
acceptably approximated by the contin-
uum medium concepts. The term ''charac-
teristic length", L , may apply to any
representative external body dimension
(diameter of ar. internal flow duct,
boundary layer thickness, shock wave
tnickness, etc.) depending upon the
type of problem and the aim of the in-
vestigation conducted. It is pointed
out that the qualification of ''rarefied
gas effects' is not exclusively related
to low gas densities only, but rather
to any gas flow condition characterized
by very sharp pressure, velocity or
temperature gradients in a distance of
a few mean free molecular paths, regard-
less of the absolute gas density values.

The '"rarefied gas'" flow domain (Knr~1),
is further subdivided into three flow
regimes, based on rarefactional levels
involved:

.7-2

1. Slip flow regime--characterized
by slightly rarefied gas conditions,

2. Transitional flow regime--char-
acterized by mcierately rarefied gas
condition,

3. Free molecular flow regime--
characterized by a highly rarefied gas
condition.

Boundaries between the characteris-
tic reglmes are conditionally defined
by assuming nearly isothermal condi-
tions and a fixed spec1flc heats ratio,

y , in a steady, viscous, compress1ble,
non-conducting gas flow around insu-
lated bodies. The significant natural
variables under such restrictive con-
ditions are the Mecn Number, the Rey-
nolds Number, and the Knudsen Number.
When referred to the ''free stream at
infinity'" or the ambient Standard At-
mosphere conditions, they become the
rain representative similarity param-
eters for a given instant of time on
a given flight trajectory:

_(A
Mf(%)g' Re“:(%%&)g’ Kn“'(r)A (1.7-3)

Using as the characteristic meas-
ure either the overall body length,L ,
or the boundary layer thickness, & ,
the three similarity parameters can be
conditionally interrelated on the
grounds of the equilibrium kinetic the-
ory of gases:

oo i

or, alternatively:

V.. M
R i T 1y
(1.7-4)
A AL -
Kng= 5 = T = Ko JB'ReL Re7Z
(1.7-5)
_l :—L—
where o a'’ ReL” v
(1.7-6)
- V2 p i/2
Az (2;T) =p (ZET)

according to Chapman's law. Therefore,

sp Y2V NG ¥
\r2gs (ae_)"z = 2y ¥glg * 126VY

where o is the speed of sound,

o=(r L)/2 (rr T)'/2

(1.7-7)

>
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€ is the mean speed of the molecular

random motion,
172
e=($35) (1.7-8)

vV ig the reference ordered flow speed,

T is the absolute temperature of gas

stream,

R is the gas constant,

viusp 18 the kinematic coefficient of

viscosity,

y'¢p/¢y is the specific heat ratio,

3 is the boundary layer thickness.
When a laminar boundary layer on a flat,
insulated plate is assumed, it becomes
approximately

L:m’l' ~ =l
2~ Rejve
bR R 79

The laminar boundary assumption is
justifiable as a representative cri-
teria, since under atmospheric flight
conditions significant rarefaction
effects for actual vehicle geometries
are encountered only at considerable
altitudes, where the boundary layer (if
existing) is predominantly of a modi-
fied laminar type.

Depending on the numerical values
of the three interrelated natural vari-
ables, M ,Re and kn , the respective
boundaries between the four essentially
different flow regimes are tentatively
specified as follows: (see Figs. 1.17
to 1.20)

(1) Continuum flow regime prevails
for relatively high Reynolds Number and
relatively low Mach Number values, their
ratio resulting in a negligibly small
Knudsen Number:

.‘-l—v M -2
Kn, ) W<l°

A M
Kn = iliad Re, << |

Re >>1, 0<M<I5 (1.7-10)

In the continuum flow regime the clas-
sical aerodynamic theories for incom-
pressible subsonic, compressible sub-
sonic, transonic, supersonic and hyper-
sonic flow speeds are used. 1In -absence
of adequate data they can be, in a
first approximation, tentatively extra-
polated to the slip and even to the
transitional flow regimes.

The continuum flow regime is en-

countered during most of the time his-
tory of atmospheric flights; notable
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exceptions are the satellite orbit, the
skip-and-dive and the initial phase of
re-entry trajectories.

(2) Slip flow regime boundaries
have been approximately set at (34)

2 ~ z -
9 <*1.L,z Kn8 -§-< 10

Re > 1, M>I
(1.7-11)

The Knudsen Number is still relatively
small, but not negligible, indicating
an onset of gas rarefaction. The ef-
fects are primarily confined to changed
conditions inside the thickening vis-
cous laminar boundary laver along the
exposed body surfaces, and to the rela-
tive weakening of the shock wave pro-
files. The outer, inviscid stream
patterns remain practically unchanged,
(see Fig. 1.19). This is due to the
fact that the mean free molecular path,

A , becomes comparable to the charac-
teristic viscous flow thickness, & ,
(although X is still, by order of mag-
nitude, smaller than L ), and the
emerging discerningly discrete molecu-
lar structure brings about changes in
the formulation of the internal (body
surface) boundary conditions. As a
result, the relatively rarefied molecu-
lar gas layer immediately adjacent to
the immersed solid surface can no
longer be assumed to be "at rest.' The
no-slip continuum flow assumption is no
more valid, since the next-to-the-sur-
face gas layer acquires a finite tan-
gential velocity. This fact explains
the corresponding term, 'slip flow.'
Moreover, the velocity discontinuity at
the body surface is accompanied by a
corresponding ''temperature jump' con-
dition.

Generally, the slip flow regime
criteria implies that either the Rey-
nolds Number should be rather small or
that the Mach Number should be very
large. Their permissible variations
within the slip flow regime must satis-
fy the indicated inequality limits of
Eqs. (1.7-11). From the criteria it is
evident that the slip flow rarefied gas
effects occur in connection with either
strong viscous or pronounced compres-
sibility phenomena. Under actual high
altitude, high speed atmospheric flight
conditions, the 'slip flow" rareiied
gas regime is created predominantly due
to strong compressibility effects, pro-
vided the Mach Number is still not ex-
cessively great while the corresponding
Reynolds Number is great enough, so



g

that the two combined still ensure
existence of a laminar boundary layer
concept. This restriction is important,
since at hypersonic speeds, coupled with
extreme rarefactions (very low Re ), the
very concept of a boundary layer in the
classical sense used for formulation of
the above criteria loses its meanlng

It should be noted that the laminar
boundary layer assumptlon used in form-
ing the proportionality in Eq. (1.7-11)
is not restrictive for atmospheric
flight conditions, since with the speci-
fied Reynolds and Mach Number values the
flow laminarity on actual body geometries
is assured (when the condition, Re <0

is taken to approximate the upper limit
of a laminar boundary layer existence

at large.), see illustrative Fig. 1.20.

(3) Transitional flow regime, also
called "mixed flow regime', 1s defined
for flows in which the Knudsen Number
variation is between

Knys 2 A l/ >16' lower boundary

(1.7-12)

upper boundary

Kan:E-a-'g-.lf 3

It is characterized by a mean free
molecular path of the same order of
magnitude as the characteristic body
length itselt. As a consequence, the
rolecule-su. face collisions and the
molecule-molecule free stream col-
lisions in the immediate vicinity of
the immersed body are of the same impor-
tance,which renders the analysis of the
transltlonal flow phenomena extremely
complex. Existing theoretical solutions
are so highly limited and the related
empirical evidence so scarce that no
reliable aerodynemic, analysis is as yet
available. Consequently, the aerody-
namic force data related to either slip
flow or to free molecular flow regimes
are usually extrapolated to cover the
transitional flow regime as well.

(4) Free molecular flow regime

A further 1increase 1n rarefaction_
makes the mean free molecular path, X ,
greater than a characteristic body
dimension, L . The discrete molecu-
lar gas structure then becomes the
governing factor, affecting the flow
pattern formation around an immersed
body in several ways, the two most
important being:

(i) the classical concepts of a
boundary layer and a shock wave are
completely invalidated,

(ii) the individual molecules of

1.7-4
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such a highly rarefied gas impinge

freely and without interference on the

solid boundary, and after being re-

emitted from the body surface travel

several mean free molecular paths be-

fore becoming involved in an inter-

molecular collision at distances rela-

tively far away from the immersed body.
Obviously, the flow boundary conditions 4
at the body surface are thus radically t
different from those of the classical
continuum and the slip flow regime.
The very mechanism of the molecular
collisions with the body surface is
changed to a far greater extent than
in the previous cases of 'slip'' and
"transitional' flows.

The lower boundary of the free molec-
ular flow region cannot be determined
on the basis of Kngdue to the absence of
a boundary layer notion in its clas-
sical form. 1Instead, it is necessary
that the Knudsen Number be interpreted
in terms of A and L . Then the onset
of a free molecular flow regime can be
tentatively defined by the condition

KnL=§-~‘g-.L>3 . Re,~ O(D) .

Obviously, this implies primarily hy-
personic flight Mach Numbers and high
flight altitudes, although any other
lower Mach Number - Reynolds Number
combination satisfying the above in-
equality is not ruled out, p ovided
Re, is kept below one in order to en-
sure a proper relatively high rare-
faction existance.

In Fig. (1.19), the boundaries of
the continuum, slip, transitional and
free molecular flow regimes as func-
tions of altitude and flight velocity,
are illustrated with the vehicle
characteristic length, L , taken as a
parameter. The boundaries have been
computed using data from Figs. (1.17)
and (1.18) assuming a steady isother-
mal flow condition over an insulated
flat plate at zero-angle-of-attack.

Under extremely rarefied atmospheric
flight conditions the aerodynamic
forces may bec me negligibly small
compared with gravitational and iner-
tial forces. Nevertheless, their com- !
putation in the free molecular flow
regime becomes of relative importance
in cases where they are applied over
long periods of time, producing signi-
ficant cumulative effects on the orbi-
tal and the skip and glide trajectory
decay rates.

e R A



add correctively the high temperature
effects and the dissociation, ioniza-

The high altitude, high speed flight
imes are characterized by extreme

Figs. 1.21 to 1.28 a few

illustrative samples of missile trajec-
tories with indicated boundaries of
different flow regimes are given as

cantly affect the aerodynamic force es-
overplotted from Fig. 1.19.

tion, chemical, ablative and other as-
timates.

pects in as much as they may signifi-

pro-
Never-

temperatures which eventually

in

mote dissociation, ionization, chemical

and electromagnetic reactions,
flow conditions at first, and then to

theless, for practical aerodynamic
force analysis purposes it is deemed
convenient to analyze the rarefied gas
effects by assuming nearly isothermal

re
sk

FIG. I.IT7 The regimes of gas dynamics. (Ref. 34)
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GLOSSARY - FIGURES 1.21 - 1,28
Notation

Cp -total drag force coefficient,

dimensionless.
S -reference area, ft.2
M -vehicle gross mass, _slugs.
H-fli%ht altitude, 103 ft.

Tew -maximum permissible equili-
brium skin temperature for a
presumed high grade steel ma-
terial, OK; plotted for sus-
tained flight conditions as
a function of speed and alti-
tude.

v-flight speed, 103 ft./sec.
IRBM-Intermediate Range Ballistic
Missile.
1c.BM-Intercontinental Ballistic
Migsile.
w -vehicle gross weight, lbf.

CF -centrifugal force, lbf.

L -aerodynamic 1ift force, 1lbf.

Description

Illustrative flight envelopes for a
few missile categories are tentatively
presented. Fig. 1.21, 1.24 and 1.26
are for ballistic vehicles for which no
aerodynamic lift is required. Fig. 1.22
is for satellites and glide missiles.
Fig. 1.23 and 1.27 are for skip and
glide vehicles. Fig. 1.25 and 1.28 are
for sustained flight and anti-missile
missiles. Other related general flight
data are tabulated in Table 1.7-1.

The space between the limit of aero-
dynamic lift and the allowable equili-
brium surface temperature represents
the '"corridor' in which conrtinuous pro-
longed flight is possible. The '"allow-
able'" skin temperature is defined in
terms of inherent structural material
properties without artificial heat-
relieving devices (ablation, heat sink,
etc.)

The illustrative ballistic missile
curves in Fig. 1.21 are representative
for presumably high drag-mass ratios
(CpS/M=4) with a corresponding low re-

1.
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entry angle, and for low drag-mass
ratios (CpS/MR.05)with a corresponding
higher re-entry angle, respective to
both categories illustrated in Fig.
1.21

The segments of the actual flight
envelopes lying below the curves of the
presumed maximum permissible equilib-
rium skin-temperature, Tew , curves indi-
cate the necessity for an eventual
introduction of artificial cooling tech-
niques, taking into account the actual
time-intervals during which the vehicle
is exposed to the excessive heating
rates. In this respect the relative
advantage of high drag-mass ratio con-
figurations at lower altitudes (H<
100,000 f1.) and at flight speeds less than
10,000 ft./sec. is evident. In general,
a re-entering missile is likely to
penetrate the- imposed permissible equi-
librium skin-temperature limit.

Vehicles involved in long range and
orbital re-entry flight regimes, such
as in Fig. 1.23,.generally require aer-
odynamic lift for sustained flight con-
ditions.

No lift is necessary for the spiral-
ling-in part of a glide-vehicle tra-
jectory during the re-entry phase and
for the ballistic part of the skip-
vehicle trajectory.

The air-breathing power plant mis-
siles and the high-maneuverability
anti-aircraft (or anti-missile) mis-
siles in Fig. 1.25 require a sustaining
lift force, the air-breathing missile
to a greater extent due to its more
prolonged sustained flight regime
durations.

The actual skin-temperature condi-
tions appear to be temporarily more
severe for the anti-aircraft missiles,
due to relatively higher flight speeds.

Both missile categories in Fig.
1.25 are operational at relatively
lower altitudes (H<150,000)
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FIG. 1.21 Flight regimes for baollistic vehicies. No aerodynamic
lift is required. (Ref.38)
Space between the limit of oerodynomic lift and !hc allow'ablc
squilibrium  surface temperature represents the ‘“corridor” in which

gontinuoug prolonged flight is possible.
Allowable” skin temperature defined in terms of inherent structural

material properties without artificial heat-relieving devices (ablation,
heat sink  etc.)
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FIG. .22 Flight regimes for glide missile. (Ref.38)
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FIG. 1.23 Flight regimes for skip and glide vehicles. (Ref.38)
Space between the limit of aerodynamic lift ond the allowable
equilibrium surfoce temperature represents the “corridor™ in
:vhich the continuous prolonged flight is possible.
Allowable” skin temperature defined in terms of inherent structural
material properties without heol-relieving devices (ablation,
heat sink , etc.)
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FIG 1.24 Flight regimes for ballistic vehicles.(Ref. 38)
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1.7.2

The second practically useful sub-
division of possible flow patterns in
terms of the relative intensity of com-
pressibility effects entails two basic
premises:

(1) 1t is strictly meaningful for
the continuum flow regime only, i.e.,
for flow patterns characterized by

K"L='ﬁ"‘.T<<' , R.L >, 0 <M< 0O(lI5)

(1.7-14)

In the rarefied gas flow domains, the
inter-relationship between physical flow
parameters and the associated fluid-body
interaction mechanism are being essen-
tially changed, rendering the classical
flow compressibility formulations
through the Mach Number concept the more
inapt the higher degree of rarefaction
is realized. Thus, although the Mach
Number definition is nominally retained,
the shock wave pattern and the boundary
layer structure become increasingly dif-
fuse from slip to transitional flow re-
gimes, finally disappearing completely
at the free molecular flow conditions.
This, coupled with the changes in solid
boundary conditions and the very nature
of momentum, mass and energy transport
mechanisms makes the flight speed re-
gimes distinction based on the Mach
Number compressibility criteria pro-
gressively invalid with the onset of
rarefied flow conditions.

However, despite the above argumen-
tation, the aerodynamic force analysis
of the continuum flow regime is tenta-
tively extended, with slight modifi-
cations, to the slip flow ans sometimes
even to the transitional flow regimes,
primarily due to lack of respective
theoretical and/or experimental data.
Therefore, the restriction (l.7-14)
necessarily becomes conditional.

(2) The theoretically extremely use-
ful Prandtl's postulate is maintained:
the overall flow field is conceived to
consist of a relatively thin, pronounced-
ly viscous flow region over exposed sur-
faces (boundary layer) and of an outer
inviscid streamlined flow pattern, the
two being treated separately by respec-
tive theoretical methods of analysis.

Then, depending upon the degree of
compressibility and its impact upon the
internal aerothermodynamic flow mecha-
nism, both the viscous and the inviscid

FLIGHT SPEED REGIMES FOR CONTINUUM FLOW

continuum flow states can be conven-
iently subdivided into five major speed
regimes using the Mach Number as a pri-
mary reference. Furthermore, the sub-
division can be performed according to
either flight dynamics or aerodynamic
considerations. Thus:

(i) When the value of the ambient
flight Mach Number

M, = (L
n (), (1.7-15)

is used as a criterion, five character-
istic "flight speed regimes'' are de-
fined:

(1) incompressible subsonic flight
regime, O<M,<.4

(2) compressible subsonic flight
regime, .4<M,<.8

(3) transonic flight regime,8<My<i.2

(4) supersonic flight regime,2<M,<s

(5) hypersonic flight regime,
5<M‘3< 0(15) ]

hen extending thus formulated bound-
aries to more general (and in flight
more common) cases of curvilinear (ma-
neuver) and unsteady (accelerated) at-
mospheric flight regimes, two main al-
ternatives are possible:

Either the established steady, recti-
linear flight speed criteria are applied
assuming ~hat they are conditionally
valid instantaneously at the corres-
ponding points on the trajectory for a
vehicle in an accelerated, curvilinear
flight condition. The trajectory is
locally approximated by its tangent (or
its chord). The curvilinear flow,
apparent mass and other unsteady, time
dependent, aerodynamic and inertial ef-
fects due to acceleration are neglected.
This treatment is conditionally called
""quasi-steady."

Or, the assumed steady, rectilinear
criteria are corrected and re-evaluated
at each point on the general curvilinear
flight trajectory, by accounting for the
specific curved flow geometry, the ac-
celeration effects, the time-lag effects
upon the aerodynamic pressure distri-
bution and heat transfer rates under the
generally non-equilibrium aerothermal
conditions, etc.. Such a corrective
analysis is clearly of an unsteady tran-
sient type and therefore usually lengthy,
involved, and pronouncedly lacking in
reliable theoretical and/or experimental
evidence needed for general practical

1.7-19
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purposes.

It is evident that, in general, tne
cited flight speed boundaries in terms
of the flight Mach Number values, M, ,
body geometry and its attitude are
necessarily of an indicative order-of-
magnitude nature. In cases of compound
vehicle geometries, the actual numerical
values of the boundaries between dif-
ferent flight (and flow) speed regimes
should be evaluated for every individ-
ual componental body shape in situ, i.e.
including interference effects when pos-
sible. Then, the most critical M,
values for lower and upper boundaries
are taken when establishing the extent
of each flight speed regime.

(ii) A similar subdivision can be
effected on theoretical grounds. The
somewhat changed boundaries, reflecting
both the differing snalytical form of
the. governing equations of motion and
the degree of approximation with which
the underlying physical flow aspects are
mathematically handled within specified
fluid-body systems. The corresponding
flow states are then tentatively called
"flow speed regimes', and the valid

criterion for subdivisior becomes the
local Mach Number value at any critical
Socar : 55 s

polnt on a given body configuration:

(1) steady incompressible flow speed
regime, 0<M<.4

(2) steady cumpressible subsonic
flow speed regime, 4<M< Mcg=l

(3) (unsteadv) transonic flow re-
gime, M=Mcq =1

(4) supersonic flow regime,M.p=N<M<5

(5) steady hypersonic flow regime,
M>5

Near the critical value of local Mach
Number, Mcgp=! , the theoretical sub-
division is rather fictitious from an
experimental point of view. The tran-
sonic flow regime, characterized by the
onset of an unstable shock wave pattern,
is intrinsically of an unsteady, tran-
sient nature for a span of Mach Num-
ber values greater than one. A steady
supersonic flow speed regime actually
sets in only after both the bow and the
trailing shock wave patterns are firmly
established. The extension cf the tran-
sonic flow realm beyond the Mgp:1 value
depends on the body geometry and its
attitude with respect to the assumed
uniform stream conditions at infinity.

1.7-20
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1.7.3 CONVENTIONAL FUNCTIONAL REPRESENTATIONS
OF AERODYNAMIC FORCE COEFFICIENTS

In terms of properly defined natural
variables for a given vehicle geometry,
flight speed and flow regime, the lift
and the drag force given in Eq. (1.7-1)
take the convenient dimensionless func-
tional form

CL s % 2 L s
(PAVAZ/21S 4y 172)p, yuM,E

= Gla,,8,7,M,Re,Kn,Pr,St....)

Cp= D H D H
(Pp VR2/21S,y (V200 1y M

z Co(an.SE,Y.M,Re,Kn.Pr,St“.J

(1.7-16)

where the number of involved similarity
parameters depends on the nature of the
actual physical occurrence. The nondi-
mensionalizing factor

2 . PaVa® ART, 7 Ma2
(PaVa 728 4 __A{A.Z%E_Lsm < PA A MA
(1.7-17)

renders the numerical value of C_ and Cp
implicitly deperdent on the dynamic

pressure variation with flight altitude
and the choice of the common reference

area of a compound vehicle configuration.

As pointed out in Sections 1.7.1 and
1.7.2, for flight dynamics and general
aerodynamics corputational and compara-
tive purposes, it is customary to ex-
press the lift and the drag coefficients
conditionally as explicit functions of
the aercdynamic s.agle-of-attack, a,,
the elevator deflection angle,3¢ , the
Knudsen Number, the Mach Number, and
the Reynolds Number only.

All other influential natural vari-
ables, reflecting rarefaction and ther-
mal effects, are then contained im-
plicitly in the different forms of the
related functional laws of the involved
local skin friction coefficients,Cy ,
and the local pressure coefficients,

Cp , as applicable to a given flight
speed and flow type regime.

CL=C (ay,8¢,M,Re, Kn)

Co‘%(ﬂc-SE +M, Re Kn)
(1.7-18)

Furthermore, it is formally assumed
that, as long as there is no pronounced
flow separation, the variation of the

normal pressure distribution is inde-
pendent of the Reynolds Number, and
that the tangential shear stress dis-
tribution on the wetted surfaces is
practically independent of the pre-
sumed small variations in angle-of-
attack. Then, within the overall re-
strictions and the approximations
stated in Section 1.6, the fundamental
lift and drag coefficients, Egqs. (1.6 -
120) to (1.6 - 125), for a given ve-
hicle configuration, flight speed and
flow regime are treated conventionally
in the explicit parametric forms:

Cp, * [cpl] +[ACP|]¢°

@420

t =[Cf|]°;gf(el M, Kn, Re, 7, Pr st...)

cho
(1.7-19)
and
= I A, . o -
" Syet ig (S(Ac)PlL:‘ KadS; =C_(ag,8¢, M,Kn)
" (1.7-20)
Cp: )y - & .
£ - -,
L[ (Bch ol Fadsy =0 (1.7-21)
& (svﬂ)l

= =4 =T T,
Co=Cog Cp7 Smgn{ [(Cpi)ar;,ggo +(c:i)¢°.°', *ig) dS;

wot)i

*S'Jf.e.i-u-é '(Ac"i)afl"‘.ﬂ"Si (1.7-22)
we

ls Co=Cplae.8¢ , M, Re,«n)
Co°= CD(SE,M.RQ,Kn3 K
r (1.7-23)
CD|=CD(-'1°.SE,M, Kn)
where (except for Cpi subscript "i"
denntes the "i"-th 1ndividual part of
a compound configuration,8i is the lo-
cal incidence angle of the surface
element dS; respective to a common
reference line Oxp, of the compound ve-
hicle configuration, while the indivi-
dual zero-lift angle-of-attack, a, ,
and the individual geometric angle-
of-attack, a; , of the "i"-th config-
urational part are expressed in terms
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of the representative aerodynamic angle-
of-attack, ag4= a-a,, for the overall ve-
hicle conflguratlon (See Eqs. (1.6 -
46) to (1.6 - 57), Section 1.6.2).

For a given set of Reynolds and Mach
Numbers, the basic parametric relatiorn-
ships in Eqs. (1.7 - 20) and (1.7 - 22)
are graphically illustrated in Fig. 1.29,
The illustration is restrictively repre-
sentative for subsonic and supersonic

speed regimes within the continuum flow
concepts. The lift force coefficient
is presumed independent of Reynolds Num-
ber for relatively small angles-of-
attack and follows approximately a
straight line law in terms of the re-
presentative angle-of-attack nearly to
the stall point, S , where the pro-
nounced flow separation and the Rey-
nolds Number effects become all impor-
tant, usually reducing abruptly the
lift coefficient values.

lcu ICL
s
EE = constant g 8 = constant
M = constont M =constan!
Re = constant
I )
[1]] L
Co
|
| a
= / -
s ¥ §
g Qg -
Ter

FIG. 1.29 lllustrotive plots of drag force coefficient, Cp, ond lift force coefficient, C|_ , versus
representative angle of attack, @, ot subsonic or supersonic speeds in the continuum fiow regime for

vehicles possessing o vertical plane of geometric symmetry.

aerodynomic efficiency point)

The total drag coefficient dependence
onthe representative angle-of-attack,
a , is generally of a pseudoparobolic
type, the zero-lift drag coefficient
value corresponding to the a,=0 condi-
tion being automatically the minimum
drag coefficient value if the vehicle
geometry has a vertical plane of sym-
metry. At hypersonic speeds the

C = C (a,) law becomes norn-linear even
for small angles-of-attack,

GENERALIZED DRAG POLAR CONCEPT

The total drag force coefficient, Cp,
is sutdivided into two parts, Eq.
(1,7-22): vhe zerv lift (or the zero

(S = stall point , Emax = maximum

»

aerodynamic angle-of-attack) drag roef-
ficient, Cp, , and the "lift induced"
drag coeff1c1ent Cop; This subdi-
vision leads to the generallzed drag
polar concept, which has advantages for
some flight dynamics and fluid mechan-
ics purposcs and it is obtained by in-
troducing the formalistic relationships:

Coi =

f (ACDI Jagoh * 1o 48, =

n! =1

b
. ko dS‘]
(1.7-24)

e n
| ?:.f (ACh, g,
(swot)|

1.7-22
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Co‘z Kcll_

CL:C(ag,8e, M, Re)

x = x{M,Re ,body geometry)
%z x(M,Re)

Co¥Coy* Co,* o+ ¥ €L =ColBg, CL W,\Re)
(1.7-25)

The parameters «{(M,Re) and x(M,Re) are
called the induced drag factor and the
drag polar exponent respectively. For

a given body geometry they are generally
functijons of both Mach and Reynolds Num-
bers. In that way both parameters
account for the flow separation phencm-
ena and the boundary layer displacement
effects upon the inviscid outer flow
normal pressure distribution, i.e. upon
the lift coefficient and the induced
drag inter-relationship given in Eq.
(1.7-24). As already stated, for small
angles-of-attack and for given explicit
values of lift coefficients, it is some-
times permissible to assume (in a first
approximation) that the respective in-
duced drag coefficients, Cp; , are inde-
pendent of Reynolds Number over the en-
tire domain of flight speeds, i.e.
CL=CL(@a, 8¢ ,M), x=x(M), x=x(M) g
The approximation is conditionally jus-
tifiable provided the rear flow separa-
tion is negligible, as in the case of
some not-too-thin aerodynamically smooth
configurations, (sharp trailing edges,
pointed or properly boattailed bodies)
when the boundary layer displacement
thicknesses are small in comparison to
actual relative thicknesses of the solid
body crossections. Moreover, for low
(incompressible) subsonic and higher
hypersonic speeds, M>15 , both the in-
duced drag coefficient and the zero-lift
drag coefficient dependence on Mach Num-
ber is negligible (Newtonian Impact
Theory).

In addition to the Mach Number and
the Reynolds Number dependence, the in-
duced drag factor,~, is a strong func-
tion of the overall vehicle configura-
tion, the geometry of lifting surfaces
(wings primarily) being the most influ-
ential factor. The drag polar exponent.
x , is primarily influenced by the speed
regime (for a given value of C).

For symmetric, relatively thin winged
and aerodynamically smooth vehicle con-
figurations at relatively small angles-
of -attack, the following ~ and x values
may be considered representative in a
first approximation:

1.7-23

Incompressible subsonic speed regime,
O<M <.4: Cp,= Co (3 Re)

CO' s CD (CL)

122 x 3 cons!

. 2.
. Cp2Cps xCF=Co(3g, Gy Re) (1.7-27)

i.e. the drag polar takes a parabolic
form, where x is merely a constant char-
acteris*ic for a given vehicle config-
uration.

Compressible subsonic flight speed

regime, .4 <M,<Mcp ~ .8
co°= CO(SE,RQ.M)
co'gco(cL.M)
x32 xz k(M

.. Cp*Cpo+xC2*Cp(8g,CL,M,Re) (1.7-28)

Transonic flight speed regime,~. B<Mp<~2

Co,* Cp (Bg:Re, M)
Cg, = ColCLiM.Re)

x=2 «x=x(M,Re)

"\ Cp=Cp ¢ xCF2CH(8,,C M Re)  (1.7-29)
Note that the parabolic approximation
for the inherently unsteady transonic
flow conditions represents an engi-
neering convenience only, the relative
validity of the approximation remaining
questionable, z
Supersonic flight speed regime,~1 2<M;,<

Co.= Co( a:,RO,M)
CDI= CD(CL M)
x=2 K=Kk (M)

~Cp=Cpy*+ xC7=Cp(Bg ,CL,M,Re) (1.7-30)

High hypersonic fl.ight speed regime,M,®l
CD°=C°(BE 0 Re)
co‘= Co(Cp)

X :3/2 « = const

ola CD=CD°"’ KCL3/2=‘:D(BE,CL, Re) (1.7-31)
i.e. the drag polar follows a 3/Z ex-
ponent law (Newtonian Impact theory
approximation).



AERODYNAMIC EFFICIENCY

The aerodynamic efficiency, E , or
the lift-to-drag ratio is another use-
ful criterion in flight dynamics com-
putations. On the basis of the drag
polar definition:

_C C - C
&t " Tog*Co; - Cog* K C
(1.7-32)

For a definite vehicle configuration

and a given elevator deflection angle,
8¢ , and given Mach and Reynolds Num-
bers, its maximum value, E,, , is
graphicelly determined by the tangent
from the origin to the polar curve
Co=Cp(3e:CL+M.Rg), as shown in

Fig. 1.30 Algebraically, the necessary
condition of maxima

HEL)’E ,SM?R. rconst

x =x(M,Re)=const
x=x(M, Re) =const (1,7-33)

leads to the 1ift coefficient value

(o A
(c), = ]
mos (1.7-34)
and consequently to
i
o+ (LT (LA
(1.7-35)

from which the corresponding ratio of
induced-to-zero lift drag ratio is ob-
tained as

|
_B;ztr
(1.7‘ '36)

Referring to the representative X
values, Eqs. (1.7-27) to (1.7-30), it
follows that for the subsonic,
transonic and supersonic speed regimes
(x = 2) the maximum aerodynamic effi-
ciency is obtained when

2
CD|= C°°= KCL

(CL)E,,, [o(a-ao)]smg 'EE"]V?

ax ax

(a)g_ =[50 ) +aq]

o:%%L

;hi}e at high hypersonic speeds with
3/2

(1.7-37)

Co;=2Cp,= 2 K C 72
' Cpo ¥/
(CL)E";[o(a-ao ’]Em:.('f%l i

el - (4@ o]

(1.7-38)

The term ''induced drag' coefficient
originated in the classical incom-
pressible subsonic theory of perfect,
inviscid gas flows around three dimen-
sional aerofoil shapes, i.e. it was
originally associated with the vortex
system shedding from the trailing edge
and the tips of lifting surfaces.

Here, the term is conditionally retained
and extended to all speed regimes, but
its meaning is respectively changed:

tte '"induced drag' coefficient comprises
any kind of drag coefficient increment
due to lifting conditions (a4 #0), not
only the ''vortex drag'' contribution.

DRAG COEFFICIENT DEPENDENCE ON MACH
NUMBER

In aerodynamic practice it is also
customary to express the explicit de-
pendence of the drag coefficient on
Mach Number, treating the other prij-
mary variables, (a,, 8¢ Re»Has cond1-
tional parametric constants. Then,
retaining the drag polar concept, the
resulting parametric families of curves
Cp=Cpo* Cpi=Cp(M serve as a very con-
venient basic reference for aerodynamic
drag force data in flight dynamics, per-
formance and stability and control com-
putations. For a given vehicle con-
figuration, possessing at least one
(vertical) plane of geometric symmetry
and within the general approximations
and limitations specified in Sections
1.6 and 1.7, the explicit parametric
dependence Cp= Cp(M) is thus condition-
ally established as follows:

(1) For a given set of 8g and M,
values and a fixed flight altitude, H,
the zero-lift drag force coefficient
value(a,:=0) is computed first in terms
of the reference Reynolds Numbers of

1.7-24
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the individual (i) parts of a given com-
pound vehicle configuration:

PaVal

(R°L|)A 7 _A“..:_L

M, 8¢ H = const

Coolcoo(R.L')A (1.7 39)
In order to facilitate numerical
evaluations of the corresponding refer-
ence Ma:=M, and (ReL;)A = (Reu)u values
at a given flight altitude, H, i.e. for
a given ambient flight speed, V, , and
the characteristic body lengthL; of the
“"-th part, the related data (Re )=
f(M,oH) in Figs. 1.31 and 1.32 and in
Table 1.7-2 are presented for conven-
ience. There, the Standard ARDC 1958

(), (&),

Hy = uiH)
VA= OAMA

O‘ = O(H)

Vafa
Ky

(1.7-40)

. a
- (), mA"/‘-"fL:MA"‘(“)

Atmosphere is assumed, and the compu- 0.f, a
tations are performed using the rela- K(H):-ﬁ-t—:;ﬁ
tionships: (1.7-41)
C 8g =constant
T M =constant E.I. Bg=constant
Re =constont | s M =constant
Re=con.tant
] Eﬂ'il'l d
-]
By E
; _ o
G & g “a
GD
o | D)
o a,
C
A 8¢ = constont
5 M =constant
Re=constant
FIG. .30 ltustrative plots of the drag
polor, Cp*Cp(Cy ), and aerodynamic efficiency,
€s€{a) ,E=E(C_), at subsonic or supersonic
speeds in the continuum flow regime for sym-
metric vehicle configurations. (S =stall point)
.
E
et 2
Emox
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TABLE 17-2 MACH

NUMBER, M

ALTITU
ol .0 L] [
IN FEET 5 1 1e? 2:0

2.5 3.0 3.5 L.0 LS 5.0

0 355 710 | 1065 | 1420

1775 | 2130 | 2L8s | 28k0 | 3195 3550

5,000 309 618 927 | 1236

1545 | 185k 2163 | 2h72 | 2781 3090

1o,ooo| 268 | 535 | 802 | 1070

1338 | 1605 1872 | 21L0 | 2408 2675

15 ,oooI 230 | L6 | 692 | 922

1152 1383 1614 | 18LL 2074 2305

2o,ooo| 197.6 | 395.2 593 790

988 1186 21363 | 1581 | 1778 1976

25,000| 168.5 | 337 | 505.5 | 67

8L2,5 1011 1180 | 1348 1516 1685

30,ooo| 12,5 285 | L27.5 570

2.5 855 | 997.5 | 11ho | 1282 1425

35,000' 120 240 360 480

600 720 810 960 1080 1200

10,0 9545 191 | 286.5 362

L7745 573 | 668.5 76L | 85945 955

us,oocl 75.5 | 151 | 226.5 | 302

3775 | U453 ;| 528.5 60l | 679.5 755

So,oool 59.5 | 119 | 178,5 | 238

297.5 357 | L1645 L76 | 535.5 595

ss,oocJI 16,7 | 93.h | 1m0.1 | 186.8

233,5 | 260.2 | 326.9 | 373.6 | L420.3 L67

60,004 36475 | 73450 |110,25 | 147 183475 | 220.5 |257.25 | 29k [330.75 | 367.5

65,ooo| 29.8 | 59,6 | 89,4 | 119,2

249 | 178.8 | 208,6 | 238,k | 268,2 298

70,004 22.8 | L3.6 | 68. | 91.2

11l | 13648 | 159.6 | 182.L | 205.h 228

mood 18| 31| |

92,5 111 | 129.5 148 | 166.5 185

80,004 14,35 | 28,3 | L2.45 | 5646

70,75 | 8L.9 | 99,05 { 113.2 [127.35 | 1hl.5

I REYNOLDS

R
NUMBER, T+ X10*

SEE FIGS .31 AND 1.32

In order to estimate the average
zero-lift drag coefficient for each
individual "i"- th part, the related lo-
cal values of Mach and Reynolds Numbers
corresponding to the indicated refer-
ence ambient values in Eq. (1.7-40)
must be found, and the integration indi-
cated by Eq. (1.7-22) performed. The
bilateral relationship between the lo-
cal and the ambient Reynolds Number
values is ob'-’'ned by use of the corres-
ponding theoretical relationships per-
taining to the particular body geometry,
flight speed and flow type regime. The
proper local Reynolds and Mach Number
values determine the laminar and/or the
turbulent boundary layer extents across
the individual body part, the intensity
of aerothermal effects, the boundary

layer-inviscid outer flow interaction
‘pattern, the degree cf flow separation
at the body base or at the wing trailing
edge, etc.

(2) Holding 8., M , andH constant,
the variation in %he representative
aerodynamic angle-of-attack is intro-
duced. The induced drag coefficient
Cpi functional dependence is computed

CoﬁCo-h°]

aa#0 , g, My, H = const.
(L.7-42)

In cases where the Reynolds Number

1.7-28
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effects upon the induced drag coeffi-
cient (i.e. the normal pressure distri-
bution) are not considered negligible,
the same general approach as outlined
above for Cp, may be used to establish
the respective functional dependence

Co,* Co. [(R.L;)A -“a]
AAS
(R.L|)A F Ha
a,#0
Bg .M, H=const
(1.7-43)

where a, serves as the primary variable
parameter in presenting the results.

(3) The total drag coefficient con-
ditionally hbecomes then explicitly de-
pendent on the aerodynamic angle-of-
attack, a, , only:

Cp: CD°+ Coi= Cpla,)
My H, 8¢ = const
(1.7-44)
or, alternatively, an explicit function
of the corresponding lift coefficient,
CL
- - l -
CD' CDO'O‘ Co‘- CD°+ KCL - CD( CL)
CL= an
x,x = const

M, H,8¢ = const

(1.7-45)

The respective graphs are given in Figs.

1.29 and 1.30.

(4) The above procedure is then
repeated for a series of Mach Number
values, still keeping Sg=const. and
H = const. conditions. As a result, a
family of parametric curves

[co]%= Coo’[cos]aj [CD(M“,]a,
H,8g = const
(1.7-46)

with aq as the variable parameter is ob-
tained.

1.7-29

The respective illust—ative plot is
given in Fig. 1.33. Evidently the aq
variation influences the induced drag
term oaly.

{(5) A repetition of all the steps
(1) to (4), with the addi*ional re-
moval of the restriction 8 g =const.,
yields the double-parametric families
of curves

[CD]%. . [co,+ (Coi)ao]a; [cotma)]

H=const

a,,.aE

(1.7-47)

with 8¢ influencing both the zero-lift
and the induced drag coefficient values.

1t should be noted that the a, and 8¢
variations are unrelated in general.
But, when specific flight dynamics
applications are performed, the re-
quired instantaneous equilibrium aq and
the trim 5¢ values are functionally in-
terrelated for any given flight alti-
tude and a specified flight trajectory
through the respective sets of simul-
taneous dynamical equations of the ve-
hicle motion. For instance, for a no-
spin vehicle possessing a vertical
plane of symmetry in a steady rectili-
near horizontal flight condition, wings
level, anc zero slideslip (B=0lthe re-
spective system of dynamical equilib-
rium equations of motion in the wind-
axes coordinate O xwYwZw reference
frame is

zx\,:O Tcose —D =0
22,50 @ W+ Tsine—L:=0
IMyy=0 @ M(T) + Miael, + MiBg)=0

(1.7-48)

whereM(THis the thrust force pitching

moment,

M(aglge=0is the aerodynamic force
pitching moment for zero ele-
vator deflection

M(3g) is the elevator balancing
moment

€ is the thrust force angle,
positive or negative, contained
between the thrust line and
the Ox, axis.

The corresponding nondimensional
form of the system of Eqs. (1.7-48)
yields




Tcos ¢ _ Tcos ¢
(PaVAZ/2)Sear  (V2) pAYAMAZ Srat

G [CL]SE-o’ C'-a 3 = [o (a- a°)]8£'0+

36 W+Tsine = W+ Tsine
(Pwi/2)Sret  (/2)paYaMAZ Scat

Cm = [C"'°]'BE'O’ [Cm'(a—a,)]sz'o +

s = M(T) N M(T)
E (PAVAZ/Z) Sref ('/2) DA)KMAZ Sret

Co= Coo+ Cpi=

+ Cpd

H=const , CG=const , M, = const

(1.7-49)
where (see Section 1.6.2)
Cp*= C°°+ KCt =Cp(CL)=Cplag , Bg)
(1.7-50)
S ay S ar S de
=g -2 [(ZNON Rl A = =
O-O'S'.'[(o' Sw 0 I) Oy Sw nT(l a:f,)]-con“'
Eq(1.6-55)
Qa2Q = Qo (1.7-51)
: Eq.(1.6-56)
aza,— i,
... 0rS ., Oe
_(@owiwl+ ;ng'q-,(«,- iT +u,3;:l const
aop- = .
ONSN N Or St 9
(ow SW +|)+ 0' 37171’(' aa') (1.7_52)

c_ (%CLy 9%r\S; n _o. St Sy , 99,
b\ B T=T =— T —=cons!
8 (OGT OSE)S—REF S_\; SREFTGSE ¢
(1.7-53)
=(9¢ z 0(h-hy)= t
Cm, (d—am)85=0 n)=cons
(1.7-54)
(h-hp) = const.is the static longitud-
inal stability margin, stick-

fixed(

(Cmo) 5 .o = const. is the zero-lift
pitching moment coefficient
for the 5g=0 condition(17)

cma=(g%!§)= -quﬁg-g-; —gf.fconst (1.7-55)

1.7-30

S,L . .
27T = const. is the volumetric tail
H Swlret coefficient(17)

is the reference length,
usually_mean geometric wing
chord, C, or the maximum
body diameter, Dpax

ref

w is the vehicle gross weight,
assumed constant

D2
Sret = Sy OF Sref=—'_4'm'!'

Thus, for a fixed vaiue of Mach Num-
ber, M, (or ambient flight speed, Vq ,
at a given flight altitude, H, once the
basic aerodynamic and configurational
data are known, a simultaneous solution
of the system of Eqs (1.7-49) yields
the requirec thrust force, the equil-
ibrium aerodynamic angle-of-attac, a,,
and the elevator trim angle,8g . As
a result, at any fixed altitude, H=
const., a single family of the drag
coefficient curves results:

[co]a.,ag =[CD0*(CD| ,Cc] 3 = [CD(MA)]
ag=f(My)=agq

85 =f2(MA) s 85 tFim

(1.7-56)

Evidently any change in the flight
dynamics conditions (Eqs. (1.7-48) or
flight altitude will result in differ-
ent sets of @, and 8¢ values. Therefore,
for general aerodynamic znalysis pur-
poses, the generally unrelated arbi-
trary double parametric sets of curves,

[Co]a° z [coo + (coi)"‘]%-cons: [co (MA)]a

8¢ =const 85='co'|'m
(1.7-57)
and
[co]aE = [ coo " (CDI)QO: const ]8E= [CD (MA )]8E
ag=const Qqzconst
(1.7-58)

for H= const., are required.

(6) Finally, the altitude variation
effects are introduced ani steps (1) to
(5) are repeated. It is important to
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realize that altitude variations affect
not only the specific coupled values of
the equilibrium engle-of-attack, @agq ,
and the elevator trim angle, BETRIM ,
for some explicitly prescribed dynamical
flight condition and a chosen flight
Mach Number, but that altitude variations
may considerably affect the zero-lift
drag coefficient (and in a lesser degree
the induced drag coefficient) value per
se, even if a specific flow type regime
(for instance continuum) is maintained.
The theoretical ''constancy' of Cpe for
a given Mach Number (or eventually Mach
Number range, as in low subsonic speed
domain) and its independence of the ,
1" 1 $ -
free strear' dynamic pressure éPAVA =
£9A7A Ma?2 |, influence, is strictly
conditional: (1) it presupposes a con-
stant boundary layer pattern (laminar
and/or turbulent), unaffected by the
Reynolds Number variations (due to den-
sity and viscosity changes with altitude)
and, (2) it presupposes a negligible
change of the estimated skin-friction
drag coefficient in terms of the said
Reynolds Number variations with altitude.
The latter assumption is usually argued
on the basis that, under actual atmos-
pheric flight conditions, the relatively
bigh Reynolds Numbers involved(and other
unsteady atmospheric effects)cause the
boundary layers to be predominantly of
a turbulent type, and thus the skin
friction coefficient values to be nearly
invariant with altitude for all practi-
cal purposes. (See illustrative Fig.
1.35). The argument is definitely con-
ditional and should be applied with
caution. As indicat:d in Fig. 1.35, with
altitude increase and the respective
density drop a considerable effect of
the Reynolds Number variations upon both
the boundary layer type and the skin-
friction coefficient value may be en-

1.7-31

countered for a given flight Mach Num-
ber or a given ambient flight speed.

In general, for any constant flight Mach
Number, the altitude increase progres-
sively decreases the corresponding Rey-
nolds Number values (see Figs. 1.31 and
1.37) and consequently promotes a pos-
sible spread and gradual prevailance of
the laminar boundary layer, which ccn-
siderably affects the nverall skin-
friction coefficient values.

As an illustration, in Fig. 1.34 an
estimate of the zero lift coefficient
dependence on altitude is presented for
a hypothetical supersonic aircraft with
H as a parameter, assuming 5g=0 . Ob-
viously, even if the Cpi dependence on
Reynolds Number is neglected, the total
drag coefficient, Cp, is affected by Coe
variations with altitude, requiring in
general a triple parametric set of in-
dependent aerodynamic drag coefficient
data given by

[Co]a,=[°°o’(°°i)°o] *[co (M )]Gn

8+ Hsconst 3, Heconet 8 Hrconst
(1.7-59)

[CD]B; [Coo"(co; )agsconﬂ]a; [CD(MA)]GE

Qg+ Haconst H=zcons? @q'Haconst

(1.7-60)
[C"]H § [ (c°°)H’c°'] : [c°(M‘)]H

°0'85’°°“" “0'85_’“"" dg .aE=com'

(1.7-61)

where agq y O and H are successively
treated as primary parameters. The
number of independent graphs in each
parametric case is equal to the number
of the Bg:H),lag,H) and (8¢, @o)arbi-
trary sets of constant values respec-
tively.
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Fig. 1.33 continued
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i
i
]
BASIC DATA - FIG, 1.33
g Circular arc airfoil, 4% thick
g Exposed wing planform area, Sygxp = 6.75 sq f1.
i Exposed wing span, byexp = 4.5 ft.
Exposed wing root chord, (Cygxplr= 2.625 ft.
! Exposed wing tip chord, (Cygxp!! = 375 f1.
t Taper ratio, (Cwexp)r/ (Cygxp )t = 1425
Exposed wing mean geometric chord, %yEXP = 15 ft
Exposed wing aspect ratio, ARygyp = Pwexe = 3.0
i Swexp
n Leading edge sweepback angle, A = 45°
: Built-in inciderce angle, i, = 0°
Dihedral angle ' = 0°
Fuselage
i Length, Lg = 17.37 f1.
¥ Diameter, D = Dmax = . 833 f1.
Fineness ratio, lL/p = 20.84
Vertical Fin
Circular arc airfoil, 5% thick
¥ Total area, Syp = .74 sq. ft.
Mean geometric chord, Tvt = 1.025 ft.
Height from fuselage, ¢ = .70 ft.
Aspect ratio, AR, = 1.66
. Taper ratio, (C, it /C, = 0.094
} Leading edge sweepback angle, Ay = 45°
k
§

j—
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1.7.4 AERODYNAMIC FORCE TERMINOLOGY AND
GENERALIZED DECOMPOSITION SCHEME

The fundamental definition of aero-
dynamic force coefficients allows for
several decomposition schemes agplicable
to the total drag coefficient(22-25) for
compound vehicle configurations. Any of
the different schemes may be best suited
for a particular set of conditions, such
as body geometry, flight speed and flow
regime, type of related analytical and/
or experimental aerodynamic evidence, de-
gree of required accuracy of drag force
estimates, aim of the overall aerody-
namic force analysis, c¢tc. For the
present restrictive aerodynamics and
fiight dynamics applications as speci-
fied in Sections 1.6 and 1.7, the fol-
lowing aerodynamic force breakdown
scheme, which can later be easily ap-
plied to various numerical evaluation
procedures, is adopted:

(1) The Prandtl's postulate from
classical fluid mechanics permitting a
separation of the inviscid (normal pres-
sure) and the viscous (frictional) flow
phenomena is formally retained for all
gas flow regimes. This allows for an
independent application of the corres-
ponding theoretical analyses of the per-
fect fluid flows and the boundary layers
respectively. In terms of the classical
lift and the drag force definitions, it
leads to the approximate expressions

n
L=(pAVA2/2)S,.1CL= qAZ f(ACp,)a n; - kqadS;
i=1/(Syet) 9

(1.7-62)

n
D = (pAVE/2)Srer CD =qA2f [icpig com-To +
iz (Sw.i)i g

+(Cf|)q°= o-;i TQ] dS; + qa ?_l(AC"‘)%;i -_i:,dS;=Do+Di
(1.7-63)

which are valid for slender symmetrical
body shapes and restricted flight con-
ditions in the reference vertical
plane, Section 1.6.

The lift and the drag forces are pre-
sumed to act at a particular point
called the Center of Pressure of a given
body configuration. Its location is
commonly represented as an explicit func-
tion of the body geometry, body attitude
relative to the free stream direction
(angle-of-attack), and the Mach and Rey-
nolds Numbers.

A subsequent reduction of the lift
and the drag forces to the configura-

tional center of gravity, C. G., re-
sults in a pitching moment about the
axis. The total pitching moment
of simple, aerodynamically slender body
configurations and airfoil shapes is
composed of two terms: one is due to
the aerodynamic force reduction, and
the other is due to an aerodynamic force
couple which is, within some limits,
invariant of changes in angle-of-attack.
The invariant part of the overall
pitching moment around the configura-
tional C. G. is called the zero-lift
pitching moment, (see Eq. (1.7-49)).

(2) The drag polar concept is re-
tained for all speed regimes conven-
iently allowing for separate zero lift
drag force and induced drag force
analyses:

0=q,S,4t (Coo+Coi) =

]
* Elf [(CP i)a ¢=o"‘T°*(Cf|)a°=o'i'i°] asi +

(suﬂh
Li] - X i
+xq, [Z.:I'/‘(ACp')aon-kodS,] (§|_f)x I
(Sweth =

(1.7-64)

(3) 1In accordance with Section
1.7.3, the explicit primary dependence
of the force coefficients upon the
Knudsen, Mach and Reynolds Numbers, the
aerodynamic angle-of-attack, and the
elevator deflection angle for a given
body geometry is formally maintained
for all gas flow and flight speed re-
gimes. Effects of other influential
physical parameters are then implicitly
contained in the correspondingly cor-
rected values of the pressure, Cp ,
and skin friction coefficients, Cy ,
for each individual body part, as the
actual physical case may require.

(4) Application of the generalized
Eqs. (1.7-62), (1.7-63) and (l.7-64) to
compound vehicle configurations is then
performed by the following procedure:

(i) The individual lift and drag
force coefficient values for each
"i-th'" simple component of the body
geometry are estimated separately us-
ing the corresponding theoretical and/
or experimental aerodynmaic data,
whichever are more readily available.

(ii) Such isolated partial values
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are conditionally summed, as indicated

by Eqs. (1.7-62), (1.7-63), and (l1.7-64),
after first being reduced to the common
representative flight Mach and Reynolds
Numbers. The procedure is exemplified

in Section 1.6,

(iii) The assembly of individual
constituent parts into the resulting
compound vehicle configuration introduces
interference effects which may prove
important for specific flow and flight
regimes. Subsequently the interference
effects due to both the changed fluid
flow interaction patterns between var-
ious body geometries '"in situ'', the
bilateral interaction between viscous
boundary layers, shock waves, base area
flow separation on one side, and the
outer inviscid flow streamlined con-
ditions on the other, are introduced as
corrective terms in Egs. (1.7-62),
(1.7-63) and (1.7-64). 1t is stressed
that the availability of theoretical and/
or experimental data for evaluation of
the generally complex interference ef-
fects in various fluid flow and flight
speed regimes is usually very limited and
the corrective procedure very involved.

(5) For purposes of drag force anal-
yses, a compound vehicle configuration
may then, in general, be treated as an
assembly of the following individual
simple geometries or main individual
parts:

(i) Body - The body section is gen-
erally of an arbitrary shape. For clas-
sical missile configurations, however,
it can be subdivided into: the ''fore-
body', comprising the section from the
nose tip to the wing junction (or the
fin junction on wingless missiles); the
"midbody'' consisting of the central part
subtended by the wing root chord (for
winged missiles); and the '"afterbody',
comprising the rest of the body behind
the wing (with or without exclusion of
the section subtended by the horizontal
and vertical fins.)

For bodies of revolution, the fore-
body usually consists of a nose section
and a subsequent cylindrical part. Sim-
pler nose section forms are conically,
ogivally, hemispherically or ellipsoid-
ally shaped. The tip of the nose can
be sharp, spiked or partially blunted.
The midboly section is sometimes spe-
cially formed to fit transonic or super-
sonic area rules. The afterbody sec-
tion is, in many cases, aerodynamically
boattailed to alleviate the unavoidable
flow separation phenomena and the strong
shock wave-boundary layer-wake flow

1.7-38

interactions at the blunt base region.

The enumerated simplifying body sub-
divisions are necessarily limited, but
convenient for theoretical aerodynamic
force estimates. More general or ir-
regular body shapes require experimental
or semi-empirical aerodynamic data.

(ii) Wings - The wings are of dis-
tinct planform shapes, aspect ratios

and airfoil cross-sections. The rela-
tive position of the wings with respect
to the body center line is characterized
by the wing incidence angle, i, , and
its vertical location (low, middle,

or high).

When the midbody section is treated
as a separate unit, the exposed wing
planform becomes the representative
reference area for the wing aerodynamic
force estimates.

(iii) Fins - The fins or horizontal
and vertical tail surfaces follow spec-
ifications similar to wings.

(iv) Air inlet (scoops) area(s), -
The air inlet area effects are con-
sidered in the external aerodynamic
force concept if airbreathing power
units are installed.

(v) Elevators (or elevons) - The
elevators are treated as pitch con-
trols.

All other possible constituent parts
which may be found in manned vehicles,
such as canopies, cabins, landing gears,
turrets, slots, flaps, antennas, etc.,
are not explicitly considered in the
present missile restricted drag force
analysis. Their contribution should
be evaluated as shown in the litera-
ture(23,40),

Applying propositions (1) to (5)
listed above, the adopted drag force
breakdown is schematically presented
in Tables (1.7-3) to (1.7-5). The
evaluation procedure is then outlined
by the following main steps:

The total drag force of a given
compound vehicle configuration is de-
composed into its main constituent
parts. (See the illustrative Figs.
(1.36) and (1.37)):

D:DB+Dw+DF+DM+DEL (1.7-65)

where the subscript B denotes body, W
refers to wings,F to fins, Al to air
inlets or sconops, and EL to elevators
or elevons.

yalod



For nor.-dimensionalization of the
arag force expressions, the following
common representative quantities are
chosen:

2
ro max or sr."5ww

Reference area: Sret* 3

Reference length: Dmox: Lmaxs O Cwexp

K
Reference dynamic pressure: qA-J%A:
SIS
S Cq = o
® " 9\Sper Coy* Cpy* Cop* Cou* Cog

(1.7-66)

With a Standard Atmosphere adopted,
the four characteristic fluid flow re-
gimes, i.e. continuum, slip, transitional
and free molecular are determined to a
first approximation with the body length
L as a common criterion, using the re-
lated data from Figs. (1.31) and (1.32).
In more detailed numerical computations,
the individual reference lengths for
each constituent part can be used in
order to establish the correspondingly
more accurate individual boundaries of
the characteristic fluid flow regimes.

Similarly, the subdivision into five
characteristic flight regimes, which is
strictly valid in the continuum flow
domain, is introduced in terms of the
representative ambient flight Mach Num-
ber, My incompressible subsonic, high
subsonic, transonic, supersonic and
Fypersonic speed domains respectively,
(see Eqs. (1.7-15)). The subdivision
is tentatively extended to the slip and
eventually to the transitional flow re-
gimes when necessary due to lack of
data.

From a general configurational layout
in the vehicle vertical plane of sym-
metry (see illustrative Fig. (1.14)) the
local values of individual aerodynamic,
a,;, , and zero-lift, ¢o; , angles of
attack for each vehicle part are de-
fined in terms of the representative
angles-of-attack, a, , and a, , of the
overall configuration (see exemplary
Eqs. (1.6-46) to (1.6-49)). 1In the

rocess, the elevator deflection angle,

€, 1s trcated separately. Then, for
each of the possible and dynamically
unrelated combinations of a, and 8¢ the
corresponding sets of drag polar expres-
sions are obtained as

[CD(M‘)]%'!,E = [co. + (Cm)‘,«],,E

H = const
(1.7-67)

where My is considered the primary vari-
able, while ¢¢ and 8¢ serve as inde-
pendent variable parameters, and the
flight altitude is kept constant. A
subsequent variation inHwill then re-
sult in two more similar parametric
expressions as given by Eqs. (1.7-58)
to (1.7-60) in Section 1.7-3.

Ex\pllClt]-Yy [CD (MA)]ao.ae =

= [COOB + CDOW +CDOF + CDO“I +CD°EL]%'0.QE +

+ [Cm, +CDiy + CDig +CDiA|+C°'EL] aq 8¢
I

c (1.7-68)
Do 8 e %0, 85:

_L_[f (C1zigTs + CognyTe)es

where:

5 8
sr.' ',(S".' X ]ag=°»8E(1.7"69)
etc. .
~ - a _
[cms]do.aE ~ Sret [f(s“A')%pB ngigdS ]ﬂo. 8€E v
etc. (1.7-70)
Alternatively, [CD‘MA)]ao.ag -

[CDo’ + CDow + CD°F + CDoM + c°°EL]¢ :0, aE
°

+[x €00, 06
(1.7-71)

where, in general, as specified in
Sections 1.6 and 1.7:

Ks K(MA. R'A)
X = x(My,Re,)

(CLla. 8y = (Cllgq +(ACL)gqs
LlagBe = (CLige TIACLGe () 5i72)

(CUlgy® _'_[ 23 ] i
= §2.0 Sner ,):,.(fs/:m)" Ny kedS$; -
3

[a (a'")]a;-o (1.7273)
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ZERO-LIFT DRAG, Cp_ ,(for C = 0)

AL TOTAL ZERO-LIFT PRESSURE DRAG, B. SKIN-FRICTION, Cp, , pure viscous

ZCD°p FOR € =0 , all normal pres- drag, direct tangential shear

sure effects in the O,, direction. stress effects of viscosity on

a wetted surfaces, without flow
separation in the 0,, direction.
Laminar and/or turbulent boundary
J layers.
A,  INVISCID FLUID THEORY ZERO-LIFT f
t PRESSURE DRAG, Coop, exclusive i
' of base drag but including leading IINTEg%ggENCE
£ edge bluntness effects. No flow '
! separation. *
4 ]
i 111 Oy, COMPONENT OF THE FREE STREAM- An VISCOUS ZERO-LIFT PRESSURE DRAG
' NORMAL PRESSURE DISTRIBUTION FOR CORRECTION Coom FOR ¢ :0 , with-
? €0 , sometimes called ''fore- out foredrag. Indirect effects of
L, drag." viscosity, altering the perfect
§ fluid normal pressure force dis-
| tribution on a given body geome-
1 try.
A12 DRAG DUE TO ENTROPY LOSS THROUGH Ap] VISCOUS FORM DRAG, Coo,”‘ , FOR
SHOCK WAVES FOR C_ =0, usually C =0, due to effectively in-
E negligible for weak, attached, creased body profile, caused by
l oblique shocks. boundary layer thickening.
A3 BASE PRESSURE DRAG, Cp,, FOR C =0 Ay VISCOUS PRESSURE DRAG, Cpe,, FOR
on bluntended bodies or due to C_=0 , due to flow separation at
\ wake in general rear portion of streamlined bodies
? excluding base proper or wake.

TABLE 1.7-3 ZERO-LIFT DRAG FORCE BREAK-DOWN-PHYSICAL
INTERPRETATION, CONTINUUM FLOW REGIME

o
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R

ZCpi

A. INDUCED TOTAL PRESSURE DRAG INCREMENT,
FOR ¢ #0, ALL NORMAL PRESSURE
EFFECTS IN THE O

xo DIRECTION.

INVISCID FLUID THEORY INDUCED
PRESSURE DRAG INCREMENT, Coi,,
exclusive of base drag, no flow

separation.

A, VISCOUS PRESSURE DRAG CORRECTIVE
INCREMENT, Cp,,, FOR C_#0

Iadirect effects of viscosity,

altering the perfect fluid nor-
mal pressure force distribution

on a given body geometry.

4

A, Oy, COMPONENT OF THE FREE-STREAM

NORMAL PRESSURE DISTRIBUTION IN-

CREMENT FOR C_ #0.

Ayy1 VISCOUS FORM DRAG 1NCREMENT,

Coipm , FCR CL¢O N due to
effectively increased body pro-
file, caused by boundary layer

thickening, ususally negligible

in Cp; case.

DRAG DUE TO ENTROPY LOSS THROUGH
SHOCK WAVES FOR C_ #0, usually
negligible for weak, attached,

oblique shocks.

Agoy VISCOUS PRESSURE DRAG INCREMENT

Co FOR C  #0, due to flow

ip.
separation at rear portion of

streamlined bodies excluding base

proper or wake,

Coi

'

A BASE PRESSURE DRAG INCREMENT
FORC#0 ON BLUNTENDED BODIES
OR DUE TO WAKE IN GENERAL.

TABLE 1.7-4 INDUCED DRAG FORCE BREAK-DOWN-PHYSICAL 1NTERPRETATION
CONTINUUM FLOW REGIME
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(ACL)ag-0% CLaBe = —— [ $ [ (ACP)n, kodSi
g: La Sret [ §| (S('"). ) o ]g;xo
(1.7-74)

with the approximation that

daT St Sy

C -a ol /S
Lty T 95 Sy S

As stated earlier, the above expres-
tions (1.7-67) to (1.7-74) include as
corrective terms the important irter-
ference effects between individual parts
in situ and between the associated in-
viscid and viscous flow patterns. 1In
order to introduce them explicitly, both
the zero-lift and the induced drag force
components for each individual part of
a compound vehicle configuration are
further decomposed into four main phy-
sical constituents:

Coop or Cpip , represents the pressure
(or wave) drag as obtained from the re-
spective inviscid flow theories for
aerodynamically shaped geometries, ex-
clusive of the base drag effects (spec-
ified below). Inasmuch as nose tip or
leading edge bluntness effects are in-
volved they are included as additional
separate corrective factors.

Cbopv Or CDipv , which is called viscous
form drag and represents normal pressure
changes of the external inviscid flow
field due to the viscous boundary layer
displacement thickness. It reflects the
apparent distortion of body geometry,
which is most prominent at its rear
portions, accompanied by a partial flow
separation (and a subsequent formation
of a wake), evern when the end point or
the trailing edge is manufactured to be
sharp. The wake effects are excluded.

Cbob or Co0ib, represents the base drag
due to pressures acting in the dead air
region at the rear of bodies, where pres-
sures result both because of actual body
base bluntness and the inevitable ef-
fective base thickening caused by the
boundary layer and the rear shock-
expansion wave presence, and the boat-
tail, fins, and jet interference effects.

Coot , comprises the skin friction drag
due to viscous shear stresses within the
associated laminar or turbulent boundary
layers. It includes surface roughness
and thermal effects.

Each of these four zero-lift drag
components is evaluated ro the main

configurational parts of a design ve-
hicle, the individual parte being taken
as isolated geometric forms. The re-
sults are then corrected ror interfer-
ence effects which arise when the mis-
sile parts are grouped together. Such
a breakdown permits a quick correction
and only a partial re-evaluation of the
initial drag data as the geometry and
location of various missile parts are
being changed during various design
development phases.

The self-explanatory graphical scheme
of the drag force breakdown from the
physical point of view is presented in
Tables (1.7-3) and (1.7-4) for the
zero-lift drag force and the induced
drag fource coefficients respectively.
Evidently, when exceptionally conven-
ient the total drag coefficient can be
tentatively treated as a whole along
the same lines without an explicit
subdivision into Cbe and CDi compcnents,
i.e. without introducing the drag
polar concept,

Analytically, omitting for conven-
ience subscriptsa, and 8 and intro-
ducing the convention that small letter
subscripts refer to physical conditions,
that capital letter subscripts refer to
geometry, and that subscripts in brack-
ets refer to interference effects:

Cp=(Coot + Cpop + CDopv + CDob)
+(Coip + Coipv + Coib) (1.7-75)

where:

Coof = CDotg + COotw + CODotf + CDofparTs

CDop = COopg + CDopy + CDopp + CDop,, + CDopg
+C0oppaRTsS

CDopv = Cpopvg + COopvyy + COopve + CDopvpaRTS

Coob = Cobgp + CDobyyrg + COobpaRTs (1.7-76)

and

Coip = Cpipg + CDipyy + CDipg + CDip,y + COpg + ChipppnTs
CDipy = Coipvg + COIpvw+ Cpipvg + CDuvaL+ COi"’PARTS

Coib = CDibgy + COibpapts (L.7-77)

In Eqs. (1.7-76):

(i) In the skin-friction drag

1.7-45



S s

%

T

coefficient expression, Cbof

(1) Cpofg .3 the laminar and/or tur-
bulent boundary skin friction drag coef-
ficient of the body in the presence of
wings and fins, without flow separation:

Coofg = CDOfyoyq1 wetteg — A CDofy,qq segmenis

body crea, occupied by wing
exclusive of and fin junctions
hose.

(1.7-78)

In view of the inherent inaccuracy of
Coet estimates, the last term in the
expression (1.7-78) is neglected. Re-
ferring to the illustrative Figs.
(1.36 and 1.37), more explicitly:

Cootg = COlyey sectiont COOey( Bogy + Boor Tail

.. CDofg = CDofy + CDot ey 48T
(1.7-79)

where estimeates of Coofcyi4pt values
entail consideration of the prior his-
tory and state of the boundary layer
development or the nose section,

- (s'.')N
Co::— (Cty)g.:0 TN TadSK = Cf
N Sret ‘(s“'::"o LA ref
(1.7-80)
Coofcy 4+ T = '/(‘S(ﬂggtﬂ)r aq:0 Tevueer TadScyLrer=
= (Swet)cYL4OT
=ClcyL s BT BERTC R
(1.7-81)

vhere

- - [} - e
Ct= (C')ao:o= mfs(c')aq:O'.iqu
we!

(1.7-82)

is in general the average skin friction
coefficient, while locally a'. any point
(x,y,z2) defined by a dS surface element,

C'-(Cf)aoo( )%,o

(1L.7-83)

1.7-46

Tw= T(Re,M, Kn,Y, St,Pr...) N(%)lz
X

Re, = \:n , K= x(Re,M, Kn,y,S1,Pr..)
A 2 x(Re,M, Kn,y, St,Pr...)

(1.7-84)

(2) Costy is the laminar and/or tur-
bulent boundary layer skin friction drag
coefficient of the wetted exposed wing
surfaces

|
Cooty = C°°'wsxp’—5 ,/(‘(C'w)exp)uo o twexp’ 'odswExP'
Swet)wexp
= (Swet)wexp

= Ctyexp——=—
WEXP Sref (1.7-85)

(3) Cpofy 1is the laminar and/or tur-
bulent boundary layer skin friction
drag coefficient of the wetted exposed
fin surfaces

Cuofg = COotpgxp = 's'_, ﬁc'r explag:0 'rexp id Srexp *
Swot)rgxp

(Swet) FEXP
= Cleexp e

(1.7-86)

(4) Cootpant is the laminar and/or
turbulent boun gary layer skin friction
drag coefficient on the wetted sur-
faces of secondary vehicle parts such
as canopies, nacelles, exterior engine
cowlings, turrets, etc.

(ii) 1In the zero-lift inviscid
pre,sure drag coefficlient expression,

Chep

(1) Cpopg 1s the overall body in-
viscid flow zero-lift pressure drag
coefficient, excluding the blunt base
pressure effects for ag:0 condition.
The midbody section, contained by the
wing root chord, as well as the aft-
body section contained by fins junction
are included in the overall body geom-
etry, and the interference pressure
corrections due to presence of wings,
fins, air inlets and other externai
geometries are then additionally intro-

duced. Explicitly:
Coopg = CDopglender + ACDOPNose tip + CDOPMigbody +
Forebody bluntness
+ Coopatrbody ¥ ACDopwing £ ACDoP, jniers *
Interference Interference
$Coppants + ZCDopgygy Tail
Interterence

(1.7-87)
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overall zero-lift drag contribution is
commonly estimated globelly.

(iv) 1In the zero-lift hase drag
coefficient expression, Cbob :

(1) Coobgy is the zero-lift base
pressure drag coefficient, with or with-
out boattailing and jet effects, in pre-
sence of fins, taken over the effective
base or wake area:
c =C

Dob *
BA Body bass without
boottaling effects

C
LU Dobgogy boss dus

to boottailing

* AC + AcC

0%gody base aue D%%g04y bose dus 1o

to jet effects fins interferance

tac
0%gody base due to forabody

ond wings interference (1.7-105)
L C =C *cC +
Dibgy” “Oobgy(g) = “Dobgaiemy— 2 c°°°aA(J)
*AC + A
Dobgatrore) Coogar)
(1.7-106)

(2) Coobyyg and CoDobpyg are the
wings and fins trailing edge zero lift
base pressure drag coefficients, due
to the trailing edge bluntness and
wake flow effects for condition.

(3) Cpobparrs 1s the base pressure
urag coefficient for blunt base secon-
dary vehicle parts such as canopies,
nacelles, turrets, landing gears, etc.

Physical and geometrical interpre-
tations of individual terms in the :ift
induced drag coefficient expressions
(1.7-77) are conducted in a similar
way., Alternatively, the overall induced
drag term canr be, in a first approxima-
tion, treated by way of th=z total lift
coefficient expression (1.7-64) or
(1.7-71).

A summary scheme for the above in-
numerated zero-1ift drag force coeffi-
cient breakdown is presented in Table
(1.7-5).

When using the scheme, several impor-
tant aspects should be realized: The

1.7-49

breakdown is of a quite generalized in-
dicative nature. Depending upon the
overall required accuracy of the drag
force analysis and the available theore-
tical and/or experimental data sources,
various recombinations, approximations
and neglections can be introduced. Al-
so, for different flight speeds and
flow type regimes, the conditional exis-
tence and the relative importance of
different drag force coefficient terms
additionally requires respective modi-
fications and rearrangements of the in-
volved expressions. These points will
be elaborated in detail later, when the
explicit methods of drag force evalua-
tions are presented. In any case, the
final drag force coefficient estimates
in terms of the adopted primary param-
eters (Mach Number, Reynolds Number,
Knudsen Number, ay,,8¢ and flight alti-
tude) should be critically compared
with the related wind-tunnel or free
flight evidence, whenever possible. 1In
doing so, the fundamental underlying
limitations of the indicated drag Zorce
analysis should be remembered at all
times:

(1) Only steady, or quasi-steady
flight regimes without appre-
ciable accelerations are con-
sidered, under no-spin, no
sideslip and wings-level con-
ditions.

(2) All missile parts are treated
as absolutely rigid, the con-
figuration having a vertical
plane of symmetry.

(3) The Standard Atmosphere is re-
garded as void of turbulence
or gusts; or otherwise, the
flu.: flow is supposedly steady
and unifcrin at infinity.

(4) Entropic energy losses throuch
oblique, presumably weak,
shocks are neglected for the
aerodynamically relatively
high fineness ratio configura-
tions.

(5) There is no pronounced actual
flow separation, except even-
tually at aft body portions
(small angles of attack.,)




1.8 DRAG FORCE COEFFICIENT DEPENDENCE ON
MACH NUMBER - GENERAL TRENDS

From the point of view of atmospheric
flight dynamics, the continuum flow
regime is of predominant importance and
is defined by the inequality:

.L.- Kng ~ —A__ < lo-z
Rl 7 -
8 [ReL]A (1.8-1)
where
[ReL]A>> ! 0 < Ma< O(I5)

Within the continuum flow regime
there are five characteristic flight
speeds which in terms of the zero-lift
drag coefficient, Cp, , and the ambient
flight Mach Number M, , are illustrated
in Fig. (1,38). The functional deper-
dence of the drag coefficient, Cp
with Mach Number Mjp

° ?

CDO- [CDe“‘nA)]au=°
SE.H=conﬂ.

(1.8-2)
serves the pu:puvse of distinguishing
between the ditferent speed regimes in
terms of the characteristic or critical
Mach Numbers. Aerodynamic angle-of-
attack effects will, in general, cause
a shift of the indicated boundaries.

Six critical free stieam (ambient
flight) Mach Number values characterize
the changing trend of the zero-lift
drag force coefficient in the five
basic speed regimes:

1.8-1

(Mp)y ~ ol(.4) representing the
upper limit of applicability for ideal-
ized incompressible subsonic flow
theory.

{Ma), ~ 01(8) called the Critical
Mach” Number, indicating the onset of
sonic flow at some point on the vehi-
cle.

(Ma)p ~ o01(.8) called the Drag Diver-
gence Mach Number, characterizing a
noticeable and rather abrupt rise in
the drag force coefficient value.

(Mp)p ~ 0(L.C) corresponding to the
peak or maximum value of the drag
force coefficient.

(Malg  ~ 0(1.2) indicating establish-
ment of a completely supersonic flow
pattern over the whole of the craft
configuration (not valid for blunt
bodies).

(My) ~ 01(5) characterizing the
onset of hypersonic flow conditions.

The indicated Mach Number values
are of an order of magnitude nature
only. They depend strongly on the
actual compound vehicle geometry, the
angle of attack, the control surface
deflections, and the flight altitude.
They are subsequently used as criteria
for setting boundaries between dif-
ferent flight speed regimes and the
associated theoretical fluid flow ana-
lyses.

—— e e TR
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FIG. 1.38 Critical free stream Mach Numbers ond boundaries between continuum
flow speed regimes, zero lift drag coefficient , CpolM)
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1.8.1

At incompressible subsonic flight
speeds, the aerodynamic force and mo-
ment coefficients are invariants with
Mach Number. The steady relative air-
flow is considered to be adiabatic,
thermally and calorically perfect and
incompressible. Actual small temper-
ature variations and the associated
thermal transport processes are neg-
lected both in the viscous boundary
layer and in the outer inviscid and

INCOMPRESSIBLE SUBSONIC FLIGHT SPEED REGIME, My<.4

theoretically irrotational flow field.

(i) Error due to incompressibility

assumption

The
flow up
of less
timates

see Fig.

assumption of incompressible

to Ma< .4 introduces an error

than 4% in the theoretic?& gs-

of pressure coefficients Y :
(1.39).

0.9

1.25
.20 //
[
115 //,//4
Acomp
Qync
.10 7
1.0S //#//
l.oo /
(o] 0. 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Ma
FIG. .39 Illlustration of the compressible dynamic pressure to incompressible
dynamic pressure ratio as a function of Mach Number in a standord
atmosphere. Ref. 40.

For steady isentropic perfect fluid
flows, the pressure ratio along a
streamline in terms of the stagnation
point and the free str?Em at infinity
conditions is given by 0)

P [ 2
Pa 2 A

(1.8-3)

and, expanding in power series (for

Ma<1),

the stagnation point pressure

for compressible subsonic flows be-

comes:

Py = Py

I 2 | L2, 27 4.
3 Pa "’% PaVa [4"“’ 2a \* ]

(1.8-4)

or, for incompressible fluid flows,

My~ O

.8-3

i o i
Ps =Fat; PVa
(1.8-5)



Then, using the pressure coefficient
definition, and denoting the ambient
free stream, the local compressible,
the local incompressible, and the stag-
nation point conditions by subscripts

(A), (comp), (inc) and (s) respectively:

P-A __ | 3
C. = 2 —— (—=-1) (1.8-6)
P oan 27M? (PA )
L cp = TR (1.8-7)
s q,
[ e . -
(PS-PA)Im::E PAVA' W Yinc Gt
2 2.. 4
(P‘-ﬂ)mg q,ta, [%M‘* 247 My +....]=q
(1.8-9)
one gcts:
[CF ] = (_P:_'_ch = |
$dine b7
(1.8-10)
o] =2 2low, low
Ps comp LTy q"“
(1.8-11)
and
[Cpli,comp _ Goomp _ l+Llm . 227 M‘
0 BT T i T
Psjinc
(1.8-12)

The ratio is plotted in Fig. (1.39)

in a Standard International Atmosphere
Since the average aerodynamic

pressure force (and moment) coeffi-
cients C_ and Cp, are directly propor-
tional to the respectively integrated
values of the local pressure coef-
ficients,C, , it is evident that the
incompressibility approximation shall
result in a respectively negligible
error for the M,<.4 condition.

(ii) Drag force terminoiogy at
subsonic speeds.

Foundations of the aerodynamics
theory and the wind tunnel experiments
were developed at subsonic speeds.
Consequently most of the basic aero-
dynamic terminology was formulated at
relatively low speeds, where air com-
pressibility and thermodynamic consid-

o2]

erations played but a negligible role.
This necessitates a corresponding par-
tial reinterpretation of various com-

ponental terms in the proposed general
draguforce breakdown scheme in Section
1.7.4,

(1) Zero-lift drag coefficient,Coo .

For aerodynamically streamlined con-
figurations at low subsonic speeds the
frictional drag component,Cp,, , is of
primary importance and numerically
greater than the pressure drag com-
ponent Cp,, under a,=0 conditions (see
Fig. (1.40)). As a matter of fact, the
inviscid incompressible perfect fluid
flow theory past aerodynamically shaped
bodies predicts for ag:=0 a zero invis-
cid flow pressure drag term (D'Alambert
paradox). Actual existence of the
pressure drag component then is due to
boundary layer presence, altering the
ideal inviscid flow pattern and causing
subsequent partial flow separation at
the body base, even in case of ideally
sharp trailing edges (wings) and slen-
der pointed bodies. The resulting
pressure drag component is classically
called form drag at subsonic speeds,
the term being used both for ag=0 and
@q #0 conditions. In the adopted
general drag force breakdown scheme,
the subsonic 'form drag" thus repre-
sents the viscous pressure drag CDgp,
or Coj,, » while CDo, is automatically
zero (see Table‘l.&—S). The viscous
drag term should not be confused with
the base pressure term, Cp,, or Cp;, ,
which is due to actual bluntness of
the body base, if any. Note also that
Coip #0 for three dimensional body
geometries.

Since most actual subsonic drag
force data for finite aspect ratio
wings are available either from wind
tunnel tests or are correctively com-
puted from a rather extensive collec-
tion of two-dimensional airfoil data(4l)
both for ay=0 and aq #0 conditions, the
form drag and the skin friction drag
are sometimes found lumped together.

In the case cof two-dimensional airfoils
they are then classically referred to

as profile drag. Under lifting con-
ditions, ag #0 , the profile drag does
not include the induced drag term,

Cp; which is computed separately as a
three dimensional flow characteristic

in terms of the lifting surface geom-
etry, Mach Number and aerodynamic angle-
of-attack.

Both the skin friction drag Cpe,
and the form drag COoyyrm coeffi-




cients are evidently strong functions
of all the influential viscous flow
parameters: Reynolds Number, boundary
layer type (laminar and/or turbulent),
surface roughness, airfoil shape, etc.,
the skin friction being by far the pre-
dominent factor. The relative impor-
tance of the form drag (or the viscous
pressure drag) contribution depends
evidently on the body thickness ratio,
t , as illustrated in Fig. 1.40:

- {1ma _{D
t=(12%) or = (2mU) () 513
for typical two dimensional subsonic
airfoils and bodies of revolution

rcspectively, where:

tmax is the maximum airfoil thick-
ness
o is the airfeil chord
Dmax is the maximum body diameter
L is the overall body length

Correct skin friction drag coeffi-
cient estimates, Cpoy , are thus of
primary importance in the subsonic flow
regime. The pressure field and inter-
ference effects have no appreciable
influence on skin friction, and in the
absence of excessive flow-separations
(below lift-stall conditions), rela-
tively reliable estimates of the fric-
tional effects for adiabatic incompres-
sible viscous flow conditions over
streamlined body shapes are obtainable
from both theoretical and semiempirical
data, provided the surface roughness
effects and the relative extent of the
laminar and the turbulent boundary layer

portions are properly determined in terms

of the surface finish conditions and the
transitional critical Reynolds Number,
respectively.

In view of the qualitative consider-
ations stated above, the interpretation
of the zero-lift drag force coefficient
at. low subsonic speeds results in a
simplified decomposition scheme com-
pared to its more general form, (see
Section(1.7.4)):

\
c Do = (c Do'* CDOform’+CDOPE‘.LCD°pATCD°b’ at CDO'NT

(1.8-14)
and

Cooyorm (c°°pv)e ¥ (c°°9v)wm" (C°°pv)Fup
(1.8-15)

whe 2 the rest of the terms in Eq.
(1.8-14) are as specified in Section

L.
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1.7.4. The flow and the geometry inter-
ference a2ffects of an assembly of var-
ious siriple body geometries is intro-
duced as ACpo,y When related or
similar experimental data are available.

In application to missiles, the in-
compressible low speed zero-lift drag
coefficient data are of relatively
limited impo. tance during the launch
and the beginning of the boost phases.
For landing craft categories they play
a considerably more important role in
many performance phases. Combined
with the induced drag coefficient com-
ponent, the total zero-lift drag coef-
ficient values affect take-off and
landing characteristics of most air-
craft, as well as the ceiling, the
stall and some of climb, descent and
level flight performance cases.

For all vehicle categories esti-
mates of the zero-lift drag forces
are a valuable basic reference for
comparisons of the respective high
speed computations.

(2) 1Induced drag coefficient -~ Cp;-
basic concept.

The induced drag at subsonic speeds
is primarily associated with the vor-
tices shedded from the trailing edge
and the tips of a lifting surface for
the a,#0 condition. The phenomenon
is strictly of a three dimensional
nature, producing an additional (in-
duced) pressure drag component which
is sometimes called the vortex drag
or the drag due to lift. Any changes
in the skin friction drag ¢ and the
form drag Cpotorm force uéﬁér lifting
conditions, aq #0 , may be considered
negligible, provided no significant
spread of the flow separation takes
place, i.e. provided the aerodynamic
angle-of-attack values are kept below
the stall condition, qe<a@cr .

Fuselage contributions to the in-
duced drag term are negligible at low
subsonic speeds. Theoretically,
peinted slender symmetric bodies of
revolution at an angle of attack in an
inviscid incompressible steady stream
acquire a pressure distribution which
results in a pure couple (pitching
moment) i.e. mno r?ﬁu%tant lifting
force is created. (40

The lifting surface trailing edge
vortex sheet constitutes an integral
part of the vortex line concept by
which the actual wing (or fiun) struc-
ture is theoretically represented.

— e
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The lifting line vortex strength dis-
tribution possesses the same spanwise
c@rc?lgtion variation as the actual
wing(3), i.e. it is in accordance with
the actual wing geometry and its aero-
dynamic characteristics, such as plan-
form shape, aspect ratio, taper ratio,
airfoil spanwise distribution, geome-
trical and aerodynamic twist, etc.

The shedded vortex sheet pattern de-
flects the air stream downward, creating
a "downwash' velocity component and a
corresponding ''induced angle' of stream
deflection. The warping and downward
deflection of the trailing vortex sheet,
including tip vortices, varies longi-
tudinally, reflecting the actual geome-
trical and aerodynamical wing character-
istics. In order to enable a unified
analytical expression of the lift in-
duced effects for different wing con-
figurations, it is customary to define
first the induced angle, a; , and the
induced drag coefficient,Cp;, for an
idealized elliptical circulation dis-
tribution along the span of a hypothe-
tical wing whose aerodynamical and
geometrical properties are given by

the condition that the local (subscript
" | 'Y product (epaec); has also an
elliptical spanwise variation, where:

is the local effective
angle-of-attack,
varying spanwise,
(a.)|=a.(y 5

(a,), =(ao)|+ a;

(@o); is the local aerodynamic angle-
of-attack varying spanwise,
(ag),=aq (y) .

a; 1is the local induced angle-of-
attack, implicitly negative, and
constant along the span.

(ap), is the local two-dimensional
lift curve slope of an aerofoil,
varying spamwise, (05), =0,ly)

(C)) is the local geometrical chord,
varying spanwise, (C), =C(y) 3

Such a hypothetical wing has a mini-
mum of induced effects; their spanwise
integrated values give the representa-
tive or avera%e wing characteristics
(subscript w)(3):

c
(al)wz-#wu:onﬂ along the span

(1.8-16)
c 2
(cba)w S (analu) = T%g-
(1.8-17)
~1.8-7

b ——

(1.8-18)
a
i (1.8-19)
%0,%(2,-a),) = (a,-a,,)
(1.8-20)

where

0o, 1s the average two-dimensional
1ift curve slope of the aerofoil at
the mean aerodynamic chord when an
aerodynamic spanwise twist exists,
(ag), =0, (y)

a,, 1is the average effective angle-
of-attack of the aerofoil at the mean
aerodynamic chord in the case of a
spanwise aerodynamic and geometric
twist, (@), =a,(y) =@y (y)+agly)+ a; c

aq. 1s the average aerodynamic angle-
of attack of the aerofoil at the mean
aerodynamic chord in the case of a
spanwise aerodynamic twist,
(a), =agly) =afy)l-a, (y).

a;y, is the downwash or the induced
angle, constant along the span for an
elliptical spanwise circulation dis-
tri bution and an elliptical spanwise
variation of the local products(g,a,C).

a, 1s the wing representative geome-
trical angle-of-attack, (see Section
1.6 for definition).

a,, 1s the wing zero-lift representa-
tive angle of attack, (see Section 1.6
for definition).

General Remarks:

In the expression (1.8-20) the
representative angles a,,,ai,, I, and
ao, are defined on different premises,
and therefore are not directly related,
i.e,:

o, # ay

#a
Ua 7 G (1.8-21)

The necessary condition that the
local products (aoaeC); have an ellip-
tical spanwise variation, for the




idealized elliptical circulation dis-
tribution along the span of a hypo-
thetical wing, is a generalized re-
quirement, allowing for spanwise vari-
ation of the airfoil characteristics,
0oly), aely), Cly) As a consequence,
the wing planform is not necessarily
elliptical in shape. Only in the spe-
cial case of a,= const and a,= const. ,
along the span, does the necessary elllp—
tical Cly) spanwise variation result in
an elliptical wing planform,

The theoretical lifting line or
vortex line of elliptically varying
circulation is assumed to pass through
the local quarter-chord points along
the wing span.

The mean aerodynamic chord, ¢, , in-
troduced as an equivalent aerodynamic
substitute for the actual wing, is
assumed to be projected onto the wing
center line of symmetry. All repre-
sentative angles, aq,, a4, qj
a,, , are then defined respecg
this mean aercdynamic chord.

1 Qw
lve to

The induced angle-of-attack, a,,
is constant along the span for the
presumed elliptical conditions. 1Its
value, given by Eq. (1.8-16), is at
the quarter-chord (lifting Line) po-
sition.

'

For the three dimensional flow con-
ditions around finite aspect ratio
wings the resultant pressure force vec-
tor is tilted backward due to the in-
duced angle-of-attack, resulting in the
induced drag term (1.8-17), (see Fig.
(1.41)). According to the adopted lift
and drag force definitions:

- - -
Lw =Lr," Di,
2
PV
L'=CL' 2 Se
2 2 2
. Pa ¥, CLw AV
Dy =Cp, 2 Sw® 'A; .._Ié_ﬂ '
(1.8-22)
where '

Lw 1s normal to the undeflected direc-
tion of free stregm flow at infinity,
(i.e. normal to Ve).

LRwls normal to the deflected flow di-
rection (i.e. normal to Wetw).

G:is in the undeflected direction of

.8-8

freestream fiow at infinity (i.e. co-
parallel to Veo ) .

(3) Induced drag coefficient - Co;-
arbitrary wing planforms and compound
vehlicle configurations.

The induced drag coefficient for
wings of arbitrary planform is obtained
by introducing a corrective coefficient,
o , into the basic expression (1.8- 17)
for idealized elliptical conditions(

2 _dCp, 2 d+a
CDI"KCL" ‘d—!'cl- CL.* *7wAR. CL-.
W

(1.8-23)

where the numerical value of the cor-
rective coefficient (o <<l)depends on
the wing geometrical and aerodynamic
characteristics in general, as exempli-
fied later in Part 2.

Expression (1.8-23) is sometimes
written in the alternative form

c. 2
cDiw= Te zﬁ'

(l.0-24)

where
e-rlc is called Oswald's efficiency
factor,

e MR, represents the effective aspect
ratio of a hypothetical equivalent wing
having an elliptical lift distribution
which, when integrated, results in the
same total 1ift coefficient as of the
actual wing.

Wher. Eq. (1.8-24) is extended to
compound vehicle configurations the
meaning of Oswald's efficiency factor
is modified to account for nonellipticy
of actual planforms and of actual span-
wise pressure distributions on all
lifting surfaces (wings and fins), as
well as for the actual increase in the
skin-friction and the viscous pressure
drag coefficients under lifting condi-
tions (aq#0) for all vehicle parts.
Correct determination of the numerical
value of the factor e for wings and/or
compound vehicle configurations can be
attained only from either free flight
tests or from properly reduced wind-
tunnel data. Then expressed as:

€.
Co*Coe* AR,

(1.8-25)




(1.8-26) where

) - | _ dCp ]
e xmAR, " dC ¢ wAR, CL is the total lift coefficient for
the whole vehicle.
/ Approximate preliminary design esti-
E mates of ¢ are given later in Part 2.
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1.8.2 SUBSONIC COMPRESSIBLE FLOW SPEED REGIME,
.4< Ma <(Ma)c=01(.8)

From Fig. (1.39) the compressibility
of air begins to affect the local pres-
sure coefficient values noticeably when
the free stream Mach Number is in ex-
cess of ~.4. When the compressibility
effects are taken into account, drag
and lift coefficients change respective
to their incompressible flow values.

To a first approximation, the Glauert's
compressibility factor 2 for subsonic
flow conditions

SR
Vi-m2
(1.8-27)

can be used as a correction for the
compressible ¢, and Cp, values, while the
zero-1ift drag coefficient, Cp, , 1&
correspondingly changed through the in-
creased values of Reynolds Number and
the flow compressibility effects in-
side the boundary layers, i.e. primar-
ily due to the altered skin friction
coefficient functional dependence
Ci(M,Re) , which continues to be of a
predominant importance under the non-
lifting (@e#0) conditions for Cpo
estimates. Thus, retaining the basic
definitions from the incompressible
flow domain, the slightly changed val-
ues of aerodynamic force coefficients
due to air flow compressibility at sub-
sonic speeds are indicated implicitly
by

Co(M,Re)=Cpo(M,Re) +x(M,ReIC 2 (M)

(1.8-28)
c =C (M):_CL‘&
s =L 1-m,2
R
(1.8-29)

1.8-10

(M,Re) s ——— ——
s ¢ Fecomp AR,

(1.8-30)
where the Oswald's factor, ecomp , iS
only a weak function of compressibility
up to the critical Mach Number value
{(Ma)ec , which represents the upper li-
mit of the subsonic flow domsin. A
typical qualitative trend of che depen-
dence,

®comp= ¢{M, Re)

(1.8-31)
is illustrated in Fig. (1.46) for a
wide range of Mach Number values(42)
The plotted functional dependence
¢(M,Re)  indicates the same trend as
obtained for the related induced drag
factor, x (M,Re) , as independently com-
puted in the illustrative example of
Section 1.7.3, (see Fig. 1.33). Actual
numerical estimates of the Oswald's fac-
tor in terms of the overall geometrical
and aerodynamical characteristics for
different compound vehicle configura-
tions are deferred until Part 1I.

The subsonic compressible flow is
theoretically treated as a calorically
and thermally perfect fluid flow, wit!
the Mach and the Reynolds Numbers bein,
the predominant natural variables.
Thermal effects are still of a secondary
importance, appearing mainly in the
slightly modified viscous compressible
boundary layer analyses. The upper
limit of the subsonic compressible flow
regime is reached when the highest lo-
cal Mach Number at any point on a com-
pound vehicle geometry becoines equal to
one, indicating the onset of transonic
flow conditions. The corresponding
free stream or ambient flight Mach Num-
ber value is called the critical Mach
Number, (Malc .

s




1.8.3 TRANSONIC FLIGHT SPEED REGIME
(MA)g ~ O(.8) <Ma <(Ma)g ~ O(1.2)

The transonic flow conditions are
characterized by a considerable increase
in the pressure drag term, both for the
lifting and the zero-lift conditions.
The pressure drag rise is associated
with the local shock waves and is there-
fore alternatively called the wave drag
component. A subsequent spread of the
local supersonic flow regions over the
vehicle surfaces occurs as flight Mach
Number increases. Between the subsonic
and supersonic flow regions, a system
of intrinsically unstable shock wave
patterns is established. Their subse-
quent spread results in markedly un-
steady mixed flow conditions.

When the first local sonic condition
is reached, a Mach wave of infinitesimal
strength is established. Only after the
corresponding free stream critical Mach
Number (Ma)c is exceeded by a finite
mergin does the accompanying increase
in shock wave strength become apprici-
able enough to cause a noticeable pres-
sure drag rise. The corresponding free
stream Mach Number is called the drag
divergence Mach Number, (Ma)p, , indi-
cating an abrupt and markedly steep
increase in the drag coefficient, see
Fig. (1.38). A manifold drag cceffi-
cient rise is finally achieved at a
peak value; the corresponding free
stream Mach Number is consequently de-
noted as (Ma), . The mixed subsonic -
supersonic flow conditions still con-
tinue tc exist over some parts of the
vehicle configuration until finally a
completely supersonic flow is reached
over all surfaces and a steady shock-
expansion wave pattern is established.’
The respective free stream Mach Number
is denoted as (Ma),

A reliable estimate of the unsteady
transonic flow boundaries, (Ma)¢ and
(Malg , is theoretically a quite diffi-
cult task, as are the evaluations of
the zero-lift and the induced drag coef-
ficient increments under the unstable

trans-nic flow conditions, in particular.

their peak values. Therefore, for com-
parative and corrective purposes,
either reliable wind tunnel and free
flight test data or ample experience
with geometrically and aerodynamically
similar vehicle configurations is
needed. The pronounced transonic un-
steady flow characteristics are further
aggravated by a very strong viscous-
inviscid flow interaction and by signi-
ficant interference effects between

various individual parts of a compound
vehicle geometry. Since the mutually
interfering shock wave and the boundary
layer structures are highly eensitive
to both local Mach Number and Reynolds
Number values, extensive corrections
for the "scale effects'" and the ''wall
and sting interference effects' are
required when wind tunnel data are
used. It is therefore always recom-
mendable to resort, whenever possible,
to the actual free flight measurements,
or to apply a reasonable judgement from
experimental evidence for similar con-
figurations. As an example, compara-
tive data of the Cpgy , Cp; and CLq= 0
variations with Maé% Number at tran-
sonic flight speeds for three high
speed aircraft configurations are illiue
trated in Ref. 43.

As stated, the main characteristic
of the transonic speed domain is a
substantial rise in the pressure for
wave) drag component. The skin-
friction drag looses its dominant role
in the overall drag force estimates,
even under nonlifting (@4,=0) conditions.
This trend is further intensified as
the Mach Number increases toward the
supersonic and the hypersonic flow
domains.

For classical winged configurations,
the local sonic speed, M=l , 1s ordi-
narily first reached at some chord-wise
position on the wing surface. This is
due to the existence of comparatively
greater local velocity perturbations on
airfoils as compared to those on other
body shapes( for the same reference
flight Mach Number, Ma, values. Con-
sequently, in order to postpone the
onset of the drag divergence, it is
desirable to design wings aerodynam-
ically for the maximum possible {Ma)¢
value. For an isolated wing at a given
angle-of-attack, the local critical
Mach Number is in general affected by
the airfoil sectional properties and
their spanwise distribution (georetri-
cal and aerodynamic :wist), the wing
planform, the wing taper ratio, the
wing aspect ratio and the leading edge
sweep back angle, Ay ¢ - The sweep-
back angle effect is especially very
pronounced. In particular, for a two-
dimensicnal wirng, the critical Mach
Number, (MA)¢ , theoretically increases
proportionally to the factor l/cos Aw g
since the chordwise velocity distur-
bances are essentially affected by the

1.8-11
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free stream velocity component normal

to the leading edge only, provided the
spanwise streamn effects on the boundary
layer thickening and the subsequent
viscous pressure drag disturbances are
neglected. (44) Unfortunately, the

three dimensional wing-tip effects, the
generally strong boundary layer-irviscid
flow interaction effects and the central
body (or fuselage) interference effects
considerably offset the favorable theo-
retical influence of sweep-back. The
relative influences of the sweep-back
angle, Ay g , the repres t@ti e air-
foil thickness ratio, ty:= F and
the aspect ratio, ARy, of a typical
isolated wing on the critical Mach Num-
ber value, (MA)c , are illustrated(l7)
in Fig. (1.42). Influence of the same
wing characteristic on the peak zero-
lift drag coefficient increment are
similarly illustrated in Fig. (1.43).
The existence of a real peak drag
coefficient value is in accord with
linearized theoretical considerations
for two-dimensional airfoils , where-
by the compressibility corrective fac-
tors before and after the sonic speed
is reached locally are

| I
- Mgt und./Mmz-n

respectively, indicating the existence
of a real flow maximum value of Cp(M)
near the condition of Me®l. Two impor-
tant aspecte of a general significance
for design purpocses may be drawn from
the considerations of the moon value:

(1.8-32)

(1) 1t is desirable to keep the
peak drag force coefficient as low as
possible if a vehicle is intended for
operations at low supersonic flight
speeds. This is achieved by first se-
lecting such geometrical and aerodynam-
ical shapes for each part of a vehicle
configuration which minimize the
strengths of associated shock waves,
and then by investigating the intricate
interaction pattern of the shock wave
system for the vehicle assembly as a
whole. The latter is of a crucial im-
portance, since the complex interference
effects at transonic speeds are espec-
ially pronounced. A preliminary design
approach to the problem of a prospec-
tive minimization of the peak drag is
most easily achieved by use of t?e semi-
empirical Whitcomb's area rule(4 q
based on an experimental couclusion
that the pressure and the velocity dis-

1.8-12

turbances at great distances from a
iven wing-body assembly are primarily
influenced by the assembly's longitud-
inal cross-sectional area distribution,
while the particularity of the wing-
bodv relative arrangement is practical-
ly unimportant. A consequential de-
duction is that for each wing-body com-
bination there exists an equivalent
body of revolution having the same
crecss-sectional area distribution and
a correspondingly equivalent disturbed
flow pattern, i.e. the same Overall
wave drag characteristics. A subsequent
smoothing off of such an equivalent
body cross-sectional area distribution
in the longitudinal direction results
in a respective improvement of its
wave drag characteristics. Then, if
the actual wing-body combination is to
fit the new, improved equivalency re-
quirement of the improved idealized
body of revolution, the actual fuse-
lage shape has to become indented to
accomodate the addition of the wing
cross-sections at their joint. Al-
though devised for pure wing-body
assemblies, the method can be extended
to incorporate other parts of a vehicle
configuration, in as much as it proves l
practical from structural, payload ca- l
pacity and other general considerations.
It is to be remembered that the area
rule criteria is of a semi-empirical
nature, and that many other real flow
aspects may additionally affect the
total drag coefficient value, such as
boattailing, base area pressure, etc.
Effectiveness of the area rule for
wing-body combinations is at its best
for wing planforms satisfying the con-
dition:

oll—

AR, (tw) < |
(1.8-33)
where
2
b t
AR,z =2 % mox
- Sw b ( t )w
(1.8-34)
(2) Thechange in the corrective I

compressibility factor, expression |
(1.8-32), in passing from the Me <1 }
to Me >| condition is in accord with

the respective subsonic and supersonic
linearized theories, assuming in both

cases a thermally and calorically per-
fect, inviscid, isentropic and irro-
tational fluid flow.(3) The resulting
differences in the linearized dif-
ferential equations governing the sub-
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sonic and supersonic steady fluid flows
entail a correspcnding change of form

of the compressibhility factor, Eq.
(1.8-32). Their applicability is re-
strictive to slender, aerodynamically
smooth shapes and to small angle-of-
attack values, as specified by the so
called small pertubation theory require-
ments. Neither the steady subsonic nor
the steady supersonic theory analyses
are strictly applicable to the inher-
ently unsteady transonic flow domain.
Therefore, when due to lack of reliable
data the corrective compressibility fac-
tors, (1.8-32), are applied to the tran-
sonic speed regime, due reservations re-
garding their validity should be exer-
cised.

For the same practical ends, the
transonic speed regime is sometimes
split into two dorains: the low tran-
sonic speed regime, (Ma)lc <Ma<(Ma),
and the high transonic speed regime,
(Ma), <Ma <{(Malg (see Fig. (1.38)).
In the first, most of the attention is
concentrated on the drag divergence pro-

blem; in the second on the peak drag
value and the ultimate acquisition of
completely steady supersonic flow con-
ditions. A helpful physical interpre-
tation of the forwmation and the subse-
quent unsteady shift of the local wave
patterns throughout the transonic speed
domain can be found in Ref. 4 and 43,
accompanied by explanations of the rela-
tive importance and the impact exerted
by the various transonic flow phases
respective to practical design consider-
ations.

The viscous flow phenomenology in
the transonic speed regime is even more
difficult and involved for an adequate
physical formulation and a theoretical.
analysis, But, in view of a decreasing
importance of the skin-friction drag
respective to the pressure and the
viscous pressure drag contributions, it
is customary in applications to treat
the transonic boundary layers cn the
basis of the steady compressible flow
premises. The approach is one of ex-
pediency and necessity, and is treated
as such with all due reservations.

1.8-15
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1.8.4 SUPERSONIC FLIGHT SPEED REGIME
(MA)3~O(I.2)<MA <(MA)" ~ 0(5)

The steady supersonic flow conditions
over the entire vehicle configuration
are set on when the latest critical lo-
cal Mach Number (M=1) at any point on the
vehicle configuration is realized. The
corresponding free stream Mach Number is
denoted as (Mp);, . The criteria applies
to aerodynamically smooth and slender
body shapes in an inviscid outer stream,
excluding the partial flow separation
phenomena, the viscous subsonic sub-
layers within the boundary layers pro-
per and the near stagnation point re-
gions behind detached shock waves due
to local body bluntness effects. Steady
supersonic flow conditions are thus
assumed to be characterized by body
attached shock-expansion systems as ob-
tained from idealized flow conditions
and as eventually closely approximated
by the real oblique shock patterns for
relatively small angles-of-attack.

Under the fully developed steady
supersonic flow conditions, the zero-
lift pressure (or wave) drag term
steadily gains in importance over the
skin-friction drag term as the flight
Mach Number is increased. For an iso-
lated two-dimensional aerofoil the zero-
lift inviscid pressure-to-viscous skin
friction drag coefficient ratio in-
creases proportionally to the square of
the aerofoil thickness ratio, (see
illustrative Fig. (1.44)). This is due
to the fact that the pressure drag in-
creases as the square of airfoil thick-
ness ratio, t , while the skin-friction
drag is practically independent of it
for thin airfoils. The viscous pres-
sure drag and the base pressure drag
(due to inevitable trailing-edge blunt-
ness) as well as the leading-edge blunt-
ness contributions are not represented
in the example.

For isolated slender, pointed bodies
of revolution, the inviscid pressure
drag to viscous flow skin friction drag
coefficient rate is illustrated for
zero-lift conditions in Fig. (1.45) in
terms of a varible fineness ratio

= - L
F-+-B_I
(1.8-35)

keeping ,the maximum cross-sectional
2
area lﬁblﬂk constant. Under these
conditions, and excluding all other
real flow contributions as in the case

1.8-16

of wings, the inviscid flow pressure
(or wave) drag coefficient contribution
is inversely proportional to the square
of the fineness ratio, F , vhile the
skin friction drag increases in a
direct (nonlinear) proportion to F .,

As a result, for a given cross-sectional
area of a pointed body of revolution
there is an optimum fineness ratio for
which the total Cp, value acquires a
minimum, which in the illustrative ex-
ample is for a F value between 14 and
I5 . If the maximum cross-sectional
area is varied while the volume of a
body of revolution is being kept con-
stant (as sometimes required by pay-
load considerations), the above trends
in the zero-lift inviscid flow pres-
sure drag and the skin friction drag
coefficient variations with fineness
rat?o cquireythe functional forms of

( )Mand F’s respectively, while

the optimum of thc total zero-lift

drag coefficient is reached for F~25 .
A survey of optimization techniques

for slender body shapes respective to
different restraint criteria at super-
sonic speeds may be found in Ref. 6

and elsewhere. It is stressed that

the theoretical optimization considera-
tions are necessarily performed under
idealized inviscid flow conditions.

The actual total zero-lift drag coef-
ficient values shall incorporate the
viscous pressure drag and the base

drag terms, as well as other contri-
butions, (see general Eq. (1.7-76),
Section 1.7.4.)

At steady supersonic flow conditions
the induced drag term, Cp, , shall be
influenced not only by wing (and fin)
lift characteristics, but to a con~
siderable extent by the lift generated
by the pointed body itself, which may
constitute a considerable fraction of
the total lift coefficient of a com-
pound vehicle configuration. Thus,
the induced drag at supersonic speeds
is primarily due to:

(1) the pressure (or wave) drag
component of the lifting surfaces,
which is not zero, even under ideal-
ized, two-dimensional inviscid flow
conditions as compared to the subsonic
case,

(2) the vortex drag proper, as-
sociated with the system of shedded
vortices from the wing trailing edge
and the wing tips. At subsonic speeds,




it is the sole socurce contributing to
the wind induced drag term,

(3) the pressure drag comporent
in the free stream directiun due to
the resultant supersonic pressure dis-
tribution over the pointed slender
bodies of revolution at small angles-
of -attack.

According to lirearized supersonic
flow theories, both the inviscid pres-
sure drag and the vortex drag compo-
nents are still proportional to the
total Cf,and a parabolic law for the
drag polar, Eq. (1.8-25), can be as-
sumed still valid in a first approxi-
mation, provided the body contribution
to the total lift coefficient is pro-
perly accounted for. This treatment
is obviously idealized, and the correc-

1.8-17

« tions due to the viscous pressure drag,

the base drag and the interference
effects under lifting conditions, (a4 #0),
shall be added by a correspondingly
altered value of the Oswald's factor, e,
or the induced drag corrective factor

x . Since the prucedure is rather
involved and uncertain, it seems more
advisable to compute the induced drag
directly term by term, as indicated in
the explicit breakdown scheme in Table
(1.7-5), (Section (1.7.4)). When the

e or x value is thus obtained, a formal
drag polar expression of Cp; in terms

of the total lift coefficient is easily
defined for various sets of Mach Num-
ber, angle-of-attack, control deflection
angle and flight altitude values, (see
Eq. (1.7-45)). 1Illustrative examples

of the general trends of the e(M) and

x (M) functional dependence are given
in Figs. (1.46) and (1.47).
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1.8.5 HYPERSONIC FLIGHT SPEED REGIME
Ma > (Ma)H ~ 0 (5)

With a progressive increase of flight

Mach Number the bow shock wave at the
leading edge of wings or at the front
tip point of slender bodies becomes
more oblique, with a tendetcy to close
upon the wing or the body contour., As
a result, there is an ever increasing
interaction between the growing vis-
cous hypersonic boundary layer and the
diminishing corridor of inviscid

flow behind the shock. Furthermore,
with the increase of flight Mach Num-
ber, the progressively higher temper-
ature regions behind the shock and in
the hypersonic viscous boundary layer
itself successively excite the inert
(vibration, dissociation, ionization)
molecular degrees of freedom of var-
ious air components. Thus it may be
necessary to analyze the real gas
effects of a mixture of different com-
ponents under general non-equilibrium
conditions. This task is extremely
complex, especially so when intro-
ducing chemical reactions on the body
surface and different heat sink, abla-
tive or coolant-injecting protective
measures.

For practical and limited purposes of
the aerodynamic force analysis, exten-
sive simplifications and quasi-equilib-
rium thermal and compositional condi-
tions of the real gas are usually as-
sumed, i.e. the severe and complex heat
transfer phenomena both in the inviscid
and iu the viscous flow regions are
treated very approximately and only in
as much as they may have bearings on
the skin friction and the normal pres-
sure coefficients. The situation is
obviously of a quite different order of
magnitude when the thermal and the
structural problems are posed.

On the basis of permissible theoret-
ical and physical approximations, the
aerodynamic force analysis in the hy-
personic flow domain is performed along
the following lines:

The lower limit of the hypersonic
flight speed regime is lnosely set to
be of the order of Ma~5 for slender con-
figurations on the grounds that up to
that Mach Number the air can be still
approximately treated as a thermally
and calorically ideal gas. The temper-
atures realized behind shocks and with-
in the boundary layers do not affect
appreciably the thermodynamic and the
structural properties of air, so that

slightly modified classical supersonic
flow tueories and their shock-expansion
relationships yield acceptable aerody-
namic force predictions for most con-
figurations.

Since the relative importance of
high temperatures on the changes of
internal gas properties and the overall
hypersonic air rlow characteristics are
strongly affected not only by the free
stream Mach Number criteria, but also
by the body shape, the angle of attack
and the ambient atmospheric conditions,
several helpful subdivisions are made.
Accordingly, a rather sharp distinction
is made between the slender, sharp
edged or pointed configurations and the
blunted body shapes. The former are
presumed to have attached, relative
weaker bow wave patterns, while the
latter are characterized by prc.aounced-
ly strong, detached bow shocks. The
main difference between the two is in
the intensity of entropy losses and
the associated changes in pressures,
temperatures, densities and flow speeds
across the shocks, resulting in essen-
tially different sets of airflow char-
acteristics and the respective methods
of approximated analyses.

Thus, the inviscid flow <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>