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SECTION 1

INTRODUCTION

1.1 Definition of the Problem

The evaluation of the aerodynamic pressure is an important
tool for the design of aeronautical and space vehicles. Current
methods do not satisfy the requirements of generality, flexi-
bility and efficiency.* A general theory of potential aero-
dynamic flow around a lifting body having arbitrary shape and
motion is presented here. The theory is based upon the classical
Green theorem approach, and provides a tool for the evaluation
of the aerodynamic pressure acting on the surface of the body.
Comparison with existing results shows that the proposed method
is not only more general and flexible, but also at least as fast
and accurate as existing ones. The concept of the Green function.
is‘fundamental to the theory and therefore an ample discussion
of this concept is given in Section 2, where the classical ex-
pressions for the subsonic and supersonic Green function are
deriVed using a novel approach which, it is hoped, gives a clear
physical interpretation for these expressions. A detailed out-
line of this report is given in Subsection 1.3. Iﬁ the following,
a short analysis of tﬁe method (lifting surface theory) currently

used in the design of aircraft is presented.

*
An excellent analysis of the state of the art is given by

Ashley and R.odden.25
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The problem of the evaluation of the pressure acting on
a surface of a body immersed in a fluid stream has always
attracted the attention of the scientists. In particular,
interest in the theory of unsteady potential aerodynamics,
which is a basic tool in dynamic aeroelasticity, has been

1.2,3 Until re-

frowing steadily in the last fifty years.
cently, the attention of the researchers has been concen~
trated on lifting-surface theories in which the body is
assumed to have zero thickness; the solution of the problem
is reduced to an integral equation relating pressure and
downwash or similar quantities. An excellent analysis of
the recent literature in this field is given in Refs. 2

and 3.

Two major objections can be raised about the lifting-
surface theories. First, the numédrical solution of the
problem is rather complicated. The difficulties are re-
lated to the complicated form of the kernel function and
the numerical integration of improper integrals. An ex-
cellent analysis of the numerical problems which are en-
countered in the various lifting-surface formulations is
given in Ref. 3. Attempts to circumvent these difficulties

have been presented more recently,4 but the present situation

can be considered still unsatisfactory.

la
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The second objection is that the lifting-surface
theory cannot be easily generalized to include more com-
plicated geométries and motions. Geometries which need
further exploration are for instance the effect of thickness
of the wings, and the wing-body interferencez.5 The results
shown in Ref. 5 show that the lifting-surface theory is
being used beyond the limit of its validity and that, in
some cases, the results are still unsatisfactory. Similar
is the situation for motions which do not fall into the
categories of either harmonic oscillation or impulsive start.

An attempt to circumvent the present "impasse" situation
is described in Ref. 6, where a three-dimensional body of
arbitrary geometry which executes an arbitrary motion in an
incompressible fluid is considered. The method has the
advantage of satisfying the boundary conditions on the true
location of the surface of the body. This is a considerable
improvement with respect to the lifting surface theories
since it does not involve the use of zero thickness. Thus,
complicated geometries can be easily analyzed. Furthermore,
the formulation is suitable for treating arbitrary motions.
On the other hand, the formulation still involves a singular
kernel, which implies the above-mentioned difficulty of
evaluating the integrals in the principal sense. In addition,
thé method is limited to incompressible flow, since the

Green theorem for the Laplace equation is used.



l.2. Formulation of the Problem

In the following, the isentropic inviscid flow of a
perfect gas, initially irrotational, is considered. Under
this hypothesis, the flow can be described by the velocity
potential 4’ . The equatidn of the unsteady aerodynamic
potential, given by Garrickl is

<
D
a* Vi - X 1.1
Dt*
where a is the speed of sound, V?Z is the Laplacian operator,

and

D _ ;2—~+‘7¢3~V' ‘ 1.2

Dt ot
is the total time derivative (the subscript "c" reminds

that VCP should be treated as a constant in order to ob-

‘tain the second total time derivative). Consider a frame

of reference such that the undisturbed flow has velocity
1L in the direction of the positive x-axis. Then the

speed of sound is given by

Furthermore, it is convenient to introduce the perturbation

potential q , such that
P = U (x¢) 1.4

Note that.th 0 in the undisturbed flow. Combining Egs.
1,1, 1.3 and 1.4 yields the equation for the perturbation

potential
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For the sake of simplicity, it is convenient to separate
the linear terms from the nonlinear ones; thus Eq. 1.5

is rewritten as

Vg - 5 4f

a; des 1.6
= F ((ﬁr' ('Pa yLFar CPU I(Pﬁql(?diy‘ﬂtl(ﬂ"%l) (‘RH (ﬂgy"p.#-,‘ﬂw)
where
4 . 2,02 1.7

dt ot ~ 2x

is the linearized total time derivative and the nonlinear
terms are given by

F- {w 10g, < rg, T

e 2[(10) 4,0, + U4 8) 890 + 49,1,

2
U
ag

* i (‘f boe * P fe ‘ﬂ‘ﬂe)]
[ 4 4 (g 92 T



This is the equation for the unsteady potential compressible
(subsonic or supersonic) aerodynamic flow.

A very general approach is considered ﬁere by assuming
that the body immersed in this flow has arbitrary shape
and is moving with arbitrary motion. Thus, the surface of

the body is represented in the general form
SB(X,%,Z,t)=O 1.9

where the subscript B stands for Body. The boundary con-

dition on the body is given by

DS, .o , 1.10
Dt
Qr
25, , VP VS =0 1.11
2t

By using Eq. 1.4, Eg. 1.11 yields

Vo VS - -'_(eis L 25
(P B % € + Dx 1.12
or
¢ - &, 1.13
on
with

O . _ L L 45
i u, vg| dt

Furthermore, as mentioned above, the boundary condition at
infinity is given by

c{);O 1.15

Finally, the pressure can be evaluated from the Bernoulli



Theorem

- D ) .Yob - :
b (i

|-

<

~
S
i

or the linearized Bernoulli Theorem

p-p = - P U, (%ZQ + U 2?%) 1.17

which yields, for the pressure coefficient

c. Pk __2/" ) _2 44 d 1.18
P P U? U 3t U,
2 (g o

Note that no assumption was made on the Mach number

M- Y 1.19

a

]

Thus, the above equations are valid for both subsonic and

supersonic flow.

l1.3. Method of Solution

The method of solution presented here is based upon
the well known Green function technique. The Green func-
tions for the linear unsteady subsonic and supersonic flow
are derived in Section 2, and used in Section 3 to derive
an integral representation of the potential {P at any point
in the field (control point) in terms of the values of %
and 9<P /9’1 on a surface surrounding the body and the wake.

In Section 4, it is shown that the integral representation



can be simplified under the assumption of small perturbation;
and even further simplified for small vibration around a
configuration fixed with respect to the framé of reference.
Next, in Section 5, it is shown how lifting surface theories
can be obtained as limiting cases of the formulation pre-
sented here.

Finally, in Section 6, the problem of small vibration

around a fixed configuration in subsonic flow is analyzed in
detail. It is shown (Appendix C), that if the control point
is on the surface of the body, the problem reduces to an in-
tegral equation. The question of existence and uniqueness
is also discussed in Section 6 and, in particular, it is
shown that, for a zero-thickness flat wing, the integral
equation operator becomes singular.

Hence, in order to verify the limit of applicability
for low values of the thickness ratio, the steady subsonic
flow around very thin wings is solved numerically. The re-
sults are presented in Section 7, whereas the conclusions

are discussed in Section 8.



SECTION 2.

THE GREEN FUNCTION FOR SUBSONIC AND SUPERSONIC’
LINEAR UNSTEADY POTENTIAL FLOW

2.1. Introduction

The Green function for the linear unsteady potential
flow for the whole space (which represents a unit-impulsive-

source) is the solution of the problem

Via .-

S(x-x, g-u 2-3, £-¢t
6_(1 dr? (x x,}g %1'} '/ ) ‘ 2.1
od
with
q =0 at iqfiniliy 2.2
In Eq. 2.1, S is the well known Dirac delta function de-

fined by

j] F dvas, JH[F(X')Y-)E')e 3 (k-tsgta 2 bot) drdydaclhz F( f:%:¢) 2.3

~ ob

The solution of Eqg. 2.1 for the subsonic case (subsonic

Green's function) is given by

CS 2 - tg(tf-t+7j 2.4
Anﬁ

where 5(ért-+T) is the usual Dirac delta function and

{(*-*')z*fﬁ‘ (-4, )" +(2-z.)‘J§% 2e3

and

T [rF—M(x—x,)] 2.6
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where

Fzm . 2.7

8,9 for the sake

Although this result is well known,
of completeness, Eq. 2.4 is derived here (Subsection 2.3)
using a particularly instructive procedure.

Similarly, the supersonic Green function is given byg’10

G- [g(t,-m-)+ 5(&,-t+T*):) 2.8

4y
with
B = {(x-x,)"- Bz[(%-‘{.v +(2-2:)LJ§ 2.9
and
T = _',z [M(""") - rb] 2.10
a‘&)
where
B - M2t 2.11

Equation 2.8 is derived in Subsection 2.4.

2.2. Galilean Transformation

In order to obtain the Green function of the linear
unsteady potential flow, it is convenient to use a Galilean
transformation, such that the new frame of reference is
rigidly connected to the undisturbed flow. Then the differ-
ential equation reduces to the well known wave equation for

which the Green function is well known. Then, by using



'r«m

the inverse transformation, the Green function for the un-
steady linear potential flow is derived.

In order to.avoid transformation of generalized func-
tions (distributions) it is convenient to consider the non-
homogeneous equation of the linear unsteady potential*

2
Vch- ai;(a%*'%’%)? = Q(x, y,z2.t) 2.12
This equation reduces to the nonhomogeneous wave equation
for a coordinate system £§ 7,§,'C rigidly connected to the

undisturbed flow. The Galilean transformation relating

the two systems is given by

x=Z4 k{ot 4= z=Z t-T ) 13
whose inverse is given by

£- x- Ut n= Y Z-2 T=t 2.14
Since

Equation 2.12, in the new frame of reference, reduces to

Fe o, B . ¢ T |
@_%3.» 9q=+ag* bl ol ,(-g,z),g,t) 2.16

with

ro(é, n,3g, t) = K (-§+ %t/ ", 3, 'C) 2.17

. A
Note that Q is a fictitious prescribed source distribution,

while F in Eq. 1.6 depends on the unknown itself.
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The solution of Egq. 2.16 is given byll

- P/a‘

05,15 )~ 2 T 210)" g an e

p [(g—&,)H— (-1,)"+ (%-K.)‘J :
0™ - Tea g
T, - L-pla,
(1™ -«

1, =t- P/a‘

Equation 2.18 is equivalent to saying that the Green

for the wave equation in the space isll

G - =~ S(x, -t +p/al)

w 4nP

2.18

function

Finally, in order to obtain the solution of Eg. 2.12, it is

sufficient to express Eg. 2.18 in terms of the original

variables x, y, z and t. It should be noted however,

that

the inverse transformation is not given by Eq. 2.14, since,

according to Egq. 2.21, one has

11



-c-t,=P/% 2.24

Thus, the inverse of the transformation

x-x, = £-§, +U..(t-t,)=§-§.+"’1f‘ 2.25a
y-4 = -1, 2.25b
z-2, = &-C, 2.25¢
t-t, = t-17, = p/a, 2.25d

has to be considered. The inverse is given by (*)

£-Z = |-le (x-x £ M7) 2.26a
M = 944, 2.26b
5% = 2-2 2.26¢c
T-T, = = L ¢ e Mix-x,

' ?/aw a, '_Mz\-— x X)J 2.264

(*) Equation 2.25a yields

[teoen - 28] = #pt = e (e et (6

By solving for £-%, , one obtains

Z-&, = —_ (x-x,) 2 M7

nl

that is, Eg. 2.26a. Combining this equation with Eg. 2.19,

yields, in agreement with Eg. 2.26d

2 ] (x-1,) * 2M7(x-x) g M v | 4 (u- ‘)14_(2_2‘)1
P (( _Mz)z- [ + }.’ l'j 1

\ [M (x-«,) ¢ ‘i

= (l - H")z 4
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with

A 4+
et s 0o [ e o] 2.27

The interpretation of the double sign which appears in Eq.
2.26a is discussed later in this section. For clarity, it is
convenient to consider the subsonic case and the supersonic
one independently (Subsections 2.3 and 2.4, respectively).

Note that, in either case*

- M(E—é,)+f> 2.28
and that the Jacobian of the transformation is given By
(mEE MLt MES]
a(x P F P
bY53) | pet o) 1 o __p____m(g-g,) 2.29
9(§'Jy)|)€|) P
o o I
L J
which shows that
ME - 2.30
P

*By combining Egs. 2.25 and 2.27 yields
P2 (x4 (1-M2) (4-4,) 4 (2-2)°
(8- ) 4 2Mple-a) + M2p] $ 0-M2) (-0, o (5 &Y
L(Z-5)F 4 2Mp (&-8) 4 NPE-B)*+ (9-0)7r Q-3

M-z pl”
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2.3. .Subsonic Green's Function

Consider the subsonic case. For M < 1, one has ?:r}
and
M)x—x.}<r 2.31
F
Thus, Eq. 2.26d, by eliminating the absolute-value sign,

may be rewritten as

I
P = '?—l. [t M(X-‘K,) +r{3] 2.32
By substituting this equation and Eq. 2.26a into Eq. 2.25a,

one obtains

X-X, = P_’z (x—x, * Mrp) + M F—',_ ['-t M(x-x,)+ rP] 2.33

which is satisfied only if the lower sign is used.
Thus, by using the lower sign, the inverse trans-

formation for the subsonic case is given by .

g-g' = _F_'_z [(x—x,)- ﬂrﬂ]
2:2; i Lf-% , 2.34

= &-&,
T-1T, = P/a"‘z “' z[rP-M(X-X,)]
with ?
rp . P + H (é..g,l) 2.35

This transformation may be used in order to express Eq.
2.18 in the frame of reference (x, y, 7z, t). This yields
Ly et)e [l =L 1| A, d,
(P( J ‘1I. 2 4'nP '[,=I—P/a‘ g. qt él
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-l

-1
4"P L, = t-pla, /J/ Ax, dd, dlz

2.36
T
ﬂ ] d,x.dq'dz,
4nr
where
T
- 2.37
[O] = Q/e-e re Qs t- -)
with
T- [r - ﬂ(x-m)} 2.38
2 LP
a-b
Equation 2.36 shows that the Green function for subsonic
case is
G- -1 S(t-t+T)
anr ( 2.39
P
as shown in Eq. 2.4.

2.4. The Supersonic Green Function

Consider the supersonic case.

For M > 1,
yields

Eq; 2.25a

X=X >0

which shows the well known property of supersonic flow
that any point can influence only the points downstream

Equation 2.40 implies

M(x-x,)> T,

B

2.41
Thus, Eq. 2.26d may be rewritten as

p - E‘; [M (x-x,)irB]

2.42
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Note that B2 = M2 - 1> 0. Finally, combining Eq. 2.25a,

and 2.42 yields

X-¥ = = = (x-x, * M@)Jf% [/"l(x-x.):er 2.43

which is satisfied by both signs.

The interpretation of this double sign lies in the
well known fact that a disturbance A, (Fig. 1) traveling
at supersonic speed, influences a given point B two times.

The first by "backward-traveling waves"coming from position

A+, and the second by "forward-traveling waves" coming from
position A . In other words, the supersonic inverse trans-
formation is not a one-to-one but a one-to-two transformation.
Thus, for supersonic case, the inverse transformation is

given by

%;-<§' - x-x'il%rﬁ>
M- \
-z,
T-T, = p/a, = 1 [M(x—x,):_ rB]

"

-
[

==

1
V)
!
n

with

o=t [P + M(i-é,)J 2.45

This transformation may now be used in order to express

Eg. 2.18 in the frame of reference (x, y, z, t). This

yields, in analogy to the subsonic case,




il

!——\-4

\‘/ B
where
[Q]Ti - Qlc cE- T 2-47
with |
T, - a'y [M(x-x,) 15] 2.48

Equation 2.46 shows that the supersonic Green function is

given by

G- L ECEBAREICETS) 2. 49

in agreement to Eg. 2.8.
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SECTION 3

GENERALIZED HUYGENS' PRINCIPLE FOR THE NONLINEAR EQUATION OF

THE UNSTEADY AERODYNAMIC POTENTIAL
3.1.

Introduction

As mentioned in the introduction, the purpose of this
analysis is to obtain a representation of the potential in

terms of its values (and the values of its derivatives) on the
surface of the body and the wake.

A representation of this
type for the wave equation is called Huygens' Principlell
(or Kirchhoff's formula).

The corresponding formula for the
unsteady compressible (subsonic or supersonic) aerodynamic

potential will be called Generalized Huygens' Principle.

In order to obtain this principle, it is convenient to

follow a procedure similar to the one used in Ref. 11 to de-
rive the Huygens' Principle.

There are two major differences
between the two problems.

The first is that Eq.
complicated than the wave equation examined in Ref. 11.

1.6 is more

The

This assumption is necessary if enough generality is desired,

second is that the surface is assumed to be changing in time.
in order to include arbitrary motions,

stance.

like the roll for in-
cedure used in Ref.

In order to simplify the generalization of the pro-
ll'

it is convenient to make use of the
theory of distributions developed by Schwartz.
In order to do this,

7
basic definitions.

it is convenient to introduce a few

18
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Note first that the equation of the aerodynamic potential
given by Eq. l.é, is not valid on the wake, where discon-
tinuities on <P exist. Thus, consider the volume V in which
Eq. 1.6 is valid. At any instant of time, this volume is
given by the whole physical spacé except the volume, VB'
occupied by the body and an infinitesimally thin layer, V.,

representing the wake. Define the function E (see Fig. 2)

on V

Il
=

E(x,y,z,t)

= 0 otherwise

This function represents the domain of validity of the
equation of the potential and will be called "domain function”.
Consider the surface of discontinuity of the function E, that

is the surface, 2: » surrounding the volume Vg + V. Let

S(X,L{,Z,b)=o 3.2

be the equation of the surface 25 .
Note that the surface ZE is composed of two branches.

The first, 2: is the surface of the body given by Eq. 1.9.

BI
The second is the surface, Z:w, of the wake

SW(X)V,E,ﬁ).-.O 3.3

Note that this surface Z%q is considered twice, since 2, is

a closed surface. 1In other words, the upper side and the lower
side of the wake are considered to be two independent surfaces
having the same equation (but opposite outwardly-directed

normal).

19



Finally, for later convenience, the four-dimensional
gradient of the function E is introduced. Consider first the

four-dimensional cutwardly-directed* normal to the surface

2: defined by

Soos Y5
Vsl \os| )os/ee 3.4
25 /2t
with
z S z 5 "i
ol (@ GGG

It should be noted that, in writing Eq. 3.4, it has been assumed
implicitly that the vector 0s is equidirected with the four
dimensional normal ; . This condition can always be satisfied
(by a suitable change of sign in Eq. 1 if necessary).

Next, note that along the direction of the normal ; ,

the function E behaves as a step-function. Thus its directional

derivative in the direction of the normél v 1is a Dirac delta

function on the surface 2: ., which will be indicated with the
symbol 3,
5 =z —;.)~E., 3.6
Z on :

It may be worth noting that the integrals of 52 are equivalent

to hypersurface integrals (the surface 2: is on the four di-~

mensional space),

*"Outwardly" is understood as "going from the body into the
fluid", that is, from the region E = 0 into the region E = 1

(see Fig. 1)
20



m F 3, dudy,de, dt, = #f Fds | .

By using Eq. 3.6, the four-dimensional gradient of the
function E can be written immediately, since Eq; 3.6 is equi-

valent to

. 28y g 03
OE 2 = 1os| 3.8

where Eq. 3.4 has also been used.
By separating the spatial components from the time com-

ponent, Eg. 3.8 yields

VE = &, VS _L

= \os|
3.9
9 . g5, 8
? 22t |Os|
Note that
dE _ 9E, Y 2E _ g A 1 3.10
ak 2t " ox = 2k s )

3.2. Green's Theorem for the Equation of Aerodynamic Potential

In order to obtain the generalized Huygens' principle, it
is convenient to follow the general method that leads to the
Green theorem. Multiply the equation of the aerodynamic
potential (in the form given by Eq. 1.6) by the Green function
G and subtract Eq. 2.1 (definition cf the Green formula)

multiplied by (F :

G{(V‘LCF—L dl%))-(f(v‘lé_a_li dZC

o
ay dt? dt}
where the arguments of cp and its derivatives are Xyr Yy

):GF-(Fg(n.—t,j;jyz.'l»t.'t) 3.11

zy and tl’ while the arguments of G and its derivatives are

Xy - X, ¥y Y 2y " Zy and t1 - t.
21



Making use of the identities

. V. (o,VlL_)z Vo..9b + a V%b 3.12
and
d (a.éf) = dade ;adb
dt' M. dtl d‘tg d'tll 3-13
Equation 3.11 reduces to
3.14

BT g 4] o

Multiplying Eq. 3.14 by the domain function E, defined by

Eq. 3.1, and integrating over the whole four-dimensidnal

spase yields
Welv-og-goa)-f g (4 - v use

= Jlff & (cF - g8)dus
where the subscript 1 indicates the dummy variable of in-

tegration, and
- 3.16

d .2 ,U

2 2
a_"—u ot ox,

By suitable integrations by parts, Eq. 3.15 yields

- (G - @VG)- 1} dE

W Tre-(Gng-n6)-3 & Gg-qfovs
- [l € (GF-98)ava, |
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or, by using Egs. 3.9 and 3.10

M s Eopopm)- g (e tp - g )4 fod e

ey
aﬂ

- 3.18

= [l e (¥ - @8)avat,

-

which is the Green theorem for the equation of the aerodynamic

(subsonic and supersonic) potential. Note the presence of the
factor 'SZ which shows that the integral on the left hand
side of Eq. 3.17 is a surface integral, as it is indicated by
Eq. 3.7.

Finally, making use of the definition of the Dirac delta

function (Eq. 2.3) yields

Eg - ﬁﬂ EGF dvd

Pl [rs:@op-v9)- 3 45 (64 v ol auds oo

3.3. Generalized Subsonic Huygens' Principle

In this subsection, Eq. 3.19 is specialized to the subsonic
case for which the Green function is given by Eq. 2.4, which

may be rewritten as

BRI )
G - Fredld; 3.20
F
with
3, - 5,-t+T) 3.21
where T is given by Eq. 2.38. Note that
VS, =24 VT 3.22
ot,

23



and

dg’ ( ) = 2:; (HU ;":') 3.23

Combining Egs. 3.19 to 3.23 yields

“nEg - - jmﬁ L5 Favde,
?

- ﬂJJ[-S;W- B ] B s 4t

ak, dt,

sty SAG R 5 BT
4 ijVS vT- 2 dS(uU”i’_Z)]nf 5 'DS‘ dav dt,

-
Note that the integrands of the integrals on the right hand
side contain products of distributions (either 51 57 or
52_ 9a7/3ﬂ ). For the sake of convenience, integrals of this
type are discussed in Appendix A where it is shown that, for

any"regular" function f,

]ﬁj 15,5, |oslavdt, - $117vs [ az” 3 95
x

-]

and

@‘ v, 3% }st'aw, -2 ﬁ“ﬂ vs|" ds" .

In Egs. 3.25 and 3.26, the symbol [ ]T indicates evaluation

at time t1 =t - T,

24



with T given by Eq. 2.6. In particular

ST 'S<n,tﬁ,z,’£ - T)

i

3.28
- S(x,,%, z,,t_a;'?_[ -M(x—x,)D

Note the difference between ‘V, ST ‘ and l VS| T :
|V,87] = |98 (%o 41208 .

(2 9T\*, (38 _95 2T\, /: a_s_a_rzi_

:l(a—i'g%faf) "%y, '5‘:‘, %) + g‘%«_,’at. 2:,)}
t‘:t'T

VST - s (2t .

[GRGEEN

tl'—t-r

. T . . . .
Finally, 2. indicates the surface defined by the equation

ST 8 (%, 4r2,t-T)=0 3.31

r
Note that 2, is a surface of the three-dimensional space
(xl, Yy zl), which depends parametrically upon x, y, z and

t.

T
Note that, for steady state, the surface 25 coincides
with the surface % . For quasi-steady state, the surface
T
22 differs very little from the surface S, . Thus the

T
surface 22 will be called "deformed surface of the body

and wake".
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=

By using Eg. 3.25 and 3.26, Eg. 3.24 reduces to

T T
4nEqg = - gi[v.s V¢ -, ﬁéé{} : rz\'s*ldz
| ds d 7
' fi[’\’s V'(-rr;)— 5': dt, &, (7:)] LPTW.'S'I o 3.32

_2 Hlvs. v 2 48 U a1 JT T 45T
ot z*[‘ ' a:dx,(“"a—x.) (fr;g|v,s*]

- [/j [EF]Té dV

Equation 3.32 is the desired generalized subsonic Huygens'
principle. The reduction of Eq. 3.32 to the classical Huygens'
principle and to other well known formulas is considered in
Appendix B. The more general case in which initial éonditions
are also considered is analyzed in Appendix F.

Finally, in Appendix C, it is shown that Eq. 3.32 is
still valid when the control point is on the surface 2 if
the convention is made that E = 1/2 on Z: , that is, if Eq.

3.1 is replaced by:

E=0 inside 2,
=1/2 on 2 3.33
=1 outside Z

3.4. Steady Subsonic Flow

By assuming the time derivatives to be equal to zero,

Eq. 3.32 reduces to the steady state case

26



4nEyp - - . _ Mz 25 9 | !
nEg f[‘zsw?r«_a_%g%;'_%l_v'_s'dz

. f[v,s.xz(é)_mg_f'%(é)”ﬁdz 3.34
M F A
v P
13 in that,

Note that Eqg. 3.34 differs from Eq. 2.6.10 of Ref.

in Ref. 13:
- the convention on the normal is opposite

- the function represents the volume density of
a fictitious creation of sources

- the terms which contain quggi have been neglected*
X
|

(see Ref. 13, p. 33).

The correctness of Eq. 3.34 results from the fact that, by

using the well known Prandtl-Glauert transformation
Xcz___x__. t‘nzlf

Eg. 3.34 reduces (in agreement with Eq. B.8) to

4nEQ = - } 4z,

¥ # an (“r")‘? 42.

z
e
\4

is the normal to 2, ,

3.36

where 7& and

*The analysis of the order of magnitude of these terms is

given in the next section.
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r - [(x° %)+ (Y.- 4, )+ (2- zo,)l] : 3.37

and, having used the relation

= _ 1 lga%,';ql(u, - 2 }f_s | 42

WL s

— -

|
% hzs, %

3.5. Generalized Supersonic Huygens' Principle

In this subsection, Eg. 3.19 is specialized to the super-
sonic case for which the Green function is given by Eq. 2.49

which may be rewritten as

G - =! <5r+ e& 3.39

‘ 4nt
with

S, = S(t-t+Ty)

*

where T and T_ are given by Eg. 2.48.

The analysis for the supersonic case is obtained from
the subsonic one by replacing each term with two, the first
evaluated at time tl =t-T, and the second evaluated at
time t1 = t - T_. The final result is obtained by modifying

Eg. 3.32 to yield

. - gp-_LdS do Tt 1 45T
4nE<P ﬁ [V.S e at df, d_%J [A V3™ >
C Tos v, L 48 49T L 1 45"
- f’T [V,S Vg Z dt, ZfJ % ST

(Eq. cont'd.)
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ZT' rs ?“t—l 'Vlsr"
| 48 d4 (1 - \ .
¥ [_V'S K (é)- ;l:' 75; ?Zt,(rs)] "p v ST‘{ 2 3.41
s I
-2 vsS.yT, - 1 43 |+uaT,J* T L 45T
2t éziy]: w 1( 3)(.) CP ?B 'V'ST‘[
) vs. .1 ds oT. }T' T | T
= ZLLV.S VT e _7<‘+U“ K‘) ¢ £ 4%

T, T.
It may be worth noting that Zi and 2 are, in general,
two different surfaces.

For steady state S is independent of t and Eq. 3.41

simplifies into

. | 295 29 ] L 1 dE
2nEQ = - g_f (7S mp- e 28 20 ] (%]

[+ ]

3.42

FICRTOR EACY T R

Note that Eqg. 3.42 differs formally from Eg. 3.34 only for
the factor 2n instead of 4n on the left hand side. This
is a consequence of the well known fact that the supersonic
doublet is equal to twice the subsonic one:' this is due to
the fact that, as mentioned in Subsection 2.4, the supersonic
inverse transformation is a one-to-two transformation.

It should be noted that, according to Eqg. 2.40, a point

can have influence only on the points located inside the

29



"downstream Mach cone" defined by

x-X, > B/(Lf.q’)z‘*.(z_zl\z _ 3.43

Thus, it should be understood that the integration is extended
to the part of the surface for which Eq. 3.43 is satisfied.
More precisely, G must be considered as a generalized

function (or distribution according to Ref. 7) defined as

G:= - — (ST.-ST_ ) X-x, > B[(‘f,“ﬂl-&(z,- B'zJ‘z'.

“niry

= O x-%, & B[(‘1,-‘1)1+ (;:',-z)"}i 3.44

This implies that the supersonic doublet cannot be integrated
in the ordinary way, but must be integrated as the distribu-
tion theory indicates, that is, the Hadamard finite part of

the integral7 must be considered (see Appendix H) .
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SECTION 4

SIMPLIFIED FORMULATIONS

4.1. Introduction

The formulae derived in Section 3, for subsonic flow,
Eg. 3.32, and supersonic flow, Eq. 3.48, are very general,
in that only the hypothesis of potential flow was assumed.
Usually in practical applications, it is possible (and con-
venient) to introduce more restrictive assumptions, which
allow considerable simplification of the above mentioned
formulae.

In particular, one can make the assumption of small-
perturbation flow, which is discussed in Subsection 4.2.

Furthermore, in most of the practical applications, the
surface is almost fixed in space. Thus the case of almost
fixed surface in small perturbation flow is discussed in
Subsection 4.3.

Finally, in flutter problems, the surface of the body
is vibrating with exponentially damped or growing oscillatory

motion for which the boundary condition can be written as
‘3 -~ st
—-Q— = Q s Qr\ € 4.1

where

s :/L+£w 4.2
is called the complex frequency. This problem is considered

in Subsection 4.4. Note that, in particular for r = 0, one

31



obtains the harmonic motion.

It is important to note that the results obtained in
this section do not require the general forﬁulation of
Section 3. In other words, using the procedure employed
in Section 3 under the restrictive hypotheses considered
here, yields the same results through a much simpler
derivation. However, it is felt that going through the
complicated general formulation and then simplifying under
restrictive hypotheses gives a better understanding of
the error introduced with the simplification.

4.2 Subsonic and Supersonic Small Perturbation Flow

As mentioned in Subsection 4.1, the results obtained
thus far can be simplified considerably if the hypothesis
of small perturbation is made. In the following, it is
assumed that M < 1 (subsonic) or M » 1 (supersonic) but
not M > 1 (hypersonic) nor ]MZ - 1| << 1 (transonic).
Consider the boundary condition, which can be rewritten as

o . _ 1 dS

! I
?2n 4, 4k |Ts|

Assuming that,.g (where L is a characteristic length of the

problem) is small, say of order £ << 1,

9 . o) 4.4

L

is equivalent to assume that the right hand side of Eq.

4.3 is small, also of order ¢

2438 L. ol
Yy de |Vs|

32
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Thus Eq. 4.3 may be rewritten as

29 __

dS | Q - = 4
T - e ——— = pd E .
on U d t |Us] " Q.
where éﬂ = O(1) . Hence, it is convenient to find an
asymptotic solution for ¢ , as
—_ - . =N+
(f: E(P‘-fél(pz-f----f-O(E ) 4.7
In particular, by limiting the analysis to N = 1, one may
write
= E 9 + O(éz)
f=c9 s
It may be noted that all the nonlinear terms are of order
=2
of ¢&

or higher and thus one can write

-2 -3
F - 8°F + 0fe?) 4.9
By combining Egs .6, 4.8 and 4.9 with Eq.

3.32 yields
4nEwp - eQ, - ]T wsl® gz
ZT V'p [Vs'r’
2 ) } s’ T
+ 2 [\ 4 az
et [9 ("P> f VS| 4.10
N A I
ot o Lon, VST
Neglecting terms of order &° in Eq.

4,10 and returning to the
original variable

yields
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Equation 4.11 represents the small-perturbation subsonic

Huygens' principle.
Similarly, by combining Egs. 4.6, 4.8 and 4.9 with

Eq. 3.41, one obtains, for supersonic flow

4n E‘;P(x, ¢ 2, (:)

- - § [ _] sl 4z

golon ] s
_ # [?_‘f_ _'JT' [vsl™ Az™
Lo wlmsT
A 4.12
T
(92 (1 Y ys|™ dsT
+ r [EI(@)?J l9s™
z‘
_ T- T. T-
2 (1 st 4z
Ty ta”'(”gﬂ 95"
St
_ 2 2T, "P]T*_t_ wsl® 4z
ot ST, Lon B I%ST
9 9T- q}t _‘_ IV|SIT. AZT
) -gé—:_ PN m "s |V'$T|




It should be noted that Egs. 4.11 and 4.12 are not the exact
solutions of the linear problem but an approximate (small
perturbation) solution of the nonlinear problem. For, not
only the nonlinear terms have been dropped, but the linear
terms containing g%, have been eliminated as well. It may
be noted that one of the reasons to carry the effect of the
nonlinear terms in the general analysis is to show that the
order of magnitude of the terms which contain g% is of the
same order of magnitude of the nonlinear terms. Thus, these
terms can be consistently eliminated if the nonlinear effects
are neglected.

It should be noted however, that once the value of <f
has been obtained by using Egs. 4.11 and 4.12, then the effect
of the neglected terms can be obtained by studying the equa-
tion of terms of order &% in Eq. 4.10, which has 'q;
as unknown (second order term of Eq. 4.7). It may be worth
mentioning that this equation contains only known nonlinear

terms and thus is linear with respect to the unknown qt

It may be expected however, that the solution obtained in

this way is not uniformly valid. Singular perturbation methods,

which yield uniformly valid solutions, are now under consider-

ation.
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4.3. Quasi-fixed Surface in Small-Perturbation Flow

In many practical applications, the surface of the body
is almost fixed with respect to the frame of reference. This
is the case, for instance, of small elastic vibration of the
wings of an airplane.* In this case, the surface may be
considered to be fixed in space, although the time derivative

cannot be neglected. Mathematically speaking, it is assumed

that
ST=S - 3(xy,2) 4.13
and
|vs|T = |vsT] = [vs] -~ 4.14
although
gf $#0 4.15

in the boundary conditions.

Under these hypotheses, Eq. 4.11 reduces to

4nE<P(x,u',z,t)= fg?[ ] df_

T 2 ’
- iﬁ [LP] 'a_"--(?lﬁ)a(z 4.16
I

*Important exceptions are, for instance, the problems of

heliccpter blades and spinning missiles.
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where 2, is the surface defined by the equation S = 0 and
gf— is given by Eq. 1.13. Similarly, for supersonic case,

Eq. 4.12 yields

AnEQ(xY,at) - - # ([_g’%f‘ +[§(_£-]T>_é Az
2

s s
-l m)s £

with 9?/64. given by Eq. 1.13.

4.4. Complex-Exponential Flow

As mentioned in Subsection 4.1, in flutter problemns,
the motion of the surface is exponentially damped or growing
vibration. In this case, the surface of the body can be

written as

¢
Z:%(nﬂ)* gzl(x,v’)?-s 4.18

or, in general

Ss(x,q, 2)+ & ,Su(x,%e)eSt:o 4.19

where Ss represents the steady state geometry, whereas

SU gives the unsteady contribution. Fér 2 << 1, the

hypotheses assumed to derive Egs. 4.16 and 4.17 are valid.
Hence, Egs. 4.16 and 4.17 can be used with the surface o

described by SS = 0 and boundary conditions given by Egs.
1.13 and 1.14, with ‘V.Sl replaced by \Vssl , that is,
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(a8

rlul

_ v i ds
on U, |vs| dE
4.20
t
- | / 95, 2 is asu\eS -
B ) |73 | [ZB:f " (Li vt ot / —CL *Q%U
where
4.21
@ _ { a'S:
ns T T ve 2 x
V5, |
Qn,u = - g A S N + E‘S—\CSt = 5 e—St 4.22
ey (U7 o) ”
with
~ A
Qn = - & (_S_ Su + 2‘3"> 4.23
[vs] \ U, o x A

Since Egs. 4.16 and 4.17 are linear, the steady and unsteady
problems can be studied by setting
= 4.24
C? q& +(fb
with 4
~ st
- 4.25
= e
P,= ¢
and separating the two problems, solving them independently
and finally, superimposing the results.
Hence, only the unsteady state component is considered

in the following. For the subsonic case, by combining Eq.

4.16, 4.22 and 4.25, one obtains

41EF - - S " az
z r,
sT ? _sT - 4.26
N - 9 . \ ~ - _’_ ?‘-[- dz
+§‘Pe %'(&F)'?Lpse % 2n,



or . o eT - e—ST Iz 4.27
4nE(p:—#Qﬂ dZ*ﬁ‘f)a——m(T’:)
z ;

Ly <
S
It may be of interest to note the similarity between

«

Eq. 4.27 and the solution of Laplace's Egquation given by
Eq. 3.41.

Similarly, for the supersonic case, Eq. 4.17 yields

-sT.

4
EFCge)- - 9@, < lcear
r
4.28
~ -sT sT-
. # ¢ 2 (e dz
where, according to Eg. 2.10,
ST LsT. el s =5
e . e - e *® c + € 4.29
or, for s:=¢w (harmonic motion),
_sT, -sT. -:u” (x x,
R w1
e 4+ e - 2 e b COS(—;”Ez) 4.30
-y

Finally, it should be remarked that Eqs. 4.27 and 4.28
are suitable for comparing this formulation to the lifting
surface theory (see Section_S). However, from the numerical
point of view, it is convenient to use a slightly different
procedure described in Subsection 6.6. It should be noted
that the two formulations differ only for terms of the same

order of the terms neglected in Subsection 4.2.
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SECTION 5

LIFTING SURFACE THEORIES

5.1. Introduction

As mentioned in Section 1, the methods currently available

for evaluating the pressure acting on a wing are based on the

" assumption of zero-thickness-wings (lifting surface theories).
The lifting surface theories generally used for aeroelastic
application14 are those given in Refs. 8, 15 and 16. In this
section, it is shown how lifting surface theories are related
to the formulation presented here. It should be noted that,
for the case considered here, all the hypotheses of Subsection
4.4 are satisfied. Thus the results obtained there will be
used in this section. The subsonic flow is considered in Sub-
section 5.2 and the supersonic in Subsection 5.3.

5.2. Oscillating Wing in Subsonic Flow

Consider an oscillating thin wing in subsonic flow. If
the thickness approaches zero, then Eqg. 4.19 with s = iw re-

duces to

() r

£

4n<?(x, 4,2) = g AP a%“' (-e-‘w}dz 5.1

where n, = Nupper *

Acp = %rpef - %,w 5.2
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ae ol

-

— (W)
and 2. is the upper side of the surface of the wing and

the wake. By assuming that this surface is contained in the

plane Z, = 0, Eg. 5.2 yields

L“:\JT
¢ =-0 205~ 4, 5.3
5 £
since '
4|~|T _'wT
EINE i Ny ,
oe, rF‘ oz \ e
Note that Ac{i = 0 outside Z“ ; thus it is convenient to

replace the domain of integration, ZE , with the whole

“

plane (in conformity with theory of distribution). Then,

differentiating with respect to 2 vyields

9,\, =] ot ~ L e—(.L_JT
47 9% . . f ( a2y & ( )d«.dq, 5.5
o2 o 22" \ g
. . o9 ~
This is a relation between the downwash 5 and 43? .

Since the downwash is known at 2= 0, Eq. 5.5 as & goes to
zero yields an integral equation relating the downwash with
~J
A Q . However, for practical applications it is convenient

to have a relation between the downwash and the pressure dis-

tribution
AP: Pkrper . Plowcr 5.6
According to Egs. 1.17, 4.18 and 5.6, A p is given by
~ ~ wt ~  (wt
. 'WAP + U 2489 Yo - Ap e .
Dp = PMU,Q, Py L P 5.7
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with

aF = -p U (iwad +y 2 o3 5.8

Equation 5.8 can be rewritten as
2 ~ "'L‘)x "’)
- ud .
4p = - P U e 2 (e 29 5.9

By integrating Egq. 5.9 with the condition

AQ)): 0] at x= - >+ 10
one obtains
~ | e,“%x ‘\;%& ~
20 < - ?—u_’ ]e_ Ap(,\z,q)d& 5.11

9 ~ l ad e } 9 1. Q_A‘i . ‘,“_‘Ju_x‘ _"“T
471 ——(E = j ;6 Y ™ “ .?z_
2 T U ap dpe T & (er )d".d‘h
0 o -l -0 - P
5.12
| i ~N
= — JI AP (KW%) k(x'-x"‘"“‘)dxfd‘{l
pUF
with
- € =
’ 22 4, 5.13

X, ’ §(x- A op* [y F ¢ szg-;

Note that the finite terms of the integration by parts are
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equal to zero because of Eq. 5.10 and the condition
K,=©C ak X oz o= 5.14

which is obtained from Eq. 5.13. By using the transformation

A= Xx-4A, Eg. 5.13 yields a simpler expression for
X-X, W (-
_t'_bd_()(-l(,) 2 (D:FL(A Mrf\)
k- e “ CAN S )o(,\
: 22> r 5.15
with

4
2

r,o- {,\‘ +F2{(t1-*1.)2+ ’-2]} 5.16

Finally, as z goes to zero, Eq. 5.12 reduces to

29 ) . p
%(XJ% O)-ZTT‘%_ j_LU:‘ K dx,d"{, 5.17
' 2

w

with

k . b kK(xx, Yoy, 5.18

290

in agreement with results given by Watkins, Rynyan and
Woolstona. An explicit expression for K , given by Egq.

D.48 , is derived in Appendix D. Note that in Eq. 5.17,

the integration can be limited ég the surface, Zh,, of wing,

~
since 4p=0 outside the wing.

5.3. Oscillating Wing in Supersonic Flow

For the supersonic case, it is important to note that
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the integration domain must be restricted to Mach cone defined
by

X-x, > B ‘)(q_q')z+gz 5.19

Thus, the supersonic case can be handled in a way similar to

the subsonic case if a cutoff or unit function is used as a

factor:lS

H=H(xx-B @1-‘1.')’4?*)

5.20
where }JG% is the Heavyside step function
H®©) = | 6 >0
5.21
= 0 & <0
By performing the same type of operations described in
Subsection 5.2, one obtains
.@Q(X:"(ao) . —'—}(J , ko, 5.22
Dz 41 5 me,,

~tw(x_x) (W,
% Sy ,1
= piw) 2e J};[H('\'B (“l"fu)zdl)e QBM(% )_5"[(‘1_”1,11])@\ 5.23
20 l_ ®

in agreement with the results given by Watkins and Berman.15
However, if the wings have only supersonic edges, then the

two sides of the wing become independent and by assuming a

—
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"symmetric flow", one obtains

~cwM (x-x,
- - ! _2(& ‘ c 'Bzuno
= — — co
(P nb H o2,
2.

in agreement with Refs. 10 and 16.
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SECTION 6

NUMERICAL FORMULATION

6.1. Introduction

In the preceding sections, a general theory of unsteady
compressible potential aerodynamics is presented. In Section
1, the problem is formulated. Section 2 deals with the Green
functions (for subsonic and supersonic linearized equations)
which are used in Section 3 to derive an equation which re-
lates the value of the potential q at any point in the field,
the values of (f and g@} on the surface of the body and
the value of Aﬁ? on the wake with an additional contri-
bution of the nonlinear terms. 1In Section 4, the formulation
is simplified for (1) small perturbation, (2) almost fixed
surface, (3) oscillatory motion, whereas in Section 5, it is
shown how the classical lifting surface theories can be de-
rived from the general formulation.

It is obvious that the general formulation presented
here has no closed-form solution except for a few very
special cases. Hence, in general, the use of high speed
computers will be required. Thus, the numerical solution of
the problem as formulated in Subsection 4.4 (small pertur-
bation flow around an oscillating wing) is discussed here.

It should be emphasized that this discussion is given

in order to focus a few difficulties which may arise during
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the numerical computation. Furthermore, it may be noted
that the difficulties of the unsteady flow (Eq. 4.19) are
similar to the one of the steady flow. Hence, for the
sake of simplicity, the numerical formulation is discussed
for the steady incompressible flow. However, the general-
ization to the unsteady compressible flow is indicated.

It should be mentioned that the numerical problems
arise especially on the treatment of a thin wing (see Sub-
section 6.4). Thus, in the discussion, it will be assumed
that the body under consideration is a thin wing, although
the formulation is valid for any body with sharp trailing
edges (see Subsection 6.3).

6.2, Inﬁégral Equation Formulation; Existence and Uniqueness

of the Solution.

For steady incompressible flow, Eq. 4.27 reduces to
the classical equation
2 \ :
anep = G2 LAz § g L(L)R 6.1
Z z

In order to analyze the question of uniqueness of the solution,
the surface 2. is replaced by a smooth surface Z' sur-
rounding (at very small, but finite, distance: the boundary
layer thickness for instance) the body and the wake (Fig. 3a).
The wake is truncated at a very large, but finite, distance
from the wing. If the control point is on the surface ZE'

the function E assumes the value 1/2 and equation 6.1
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reduces to

Zm{) #

“)le

L2de o g2 (84

24
on,

If the geometry of the wake is known and if is re-

placed by the value (see Eg. 1.12)

o9 . 28 /1\7,5! 6.3

on,

which assumes on the body and the wake, then Eg. 6.2 is an
integral equation relating the downwash integral to the
unknown value of (P on the surface. Note that Eq. 6.2
gives the solution of the exterior Neumann problem and,
in this case, the solution of the equation exists and is
unidue* for any smooth (Lyapunov) surface (Ref. 17, pp.
620-621).

Next, the surface '2' (surrounding the body and the
wake) is replaced by the surface Z: ,» composed of two
branches, the surface ‘2% of the body and the surface

Zw of the wake (Fig. 3b). Thus, Eg. 6.2, combined

*Note that, for the interior Neumann problem, the solution
of the equation is not unique, for any arbitrary constant
can be added to the solution. Physically speaking, one
might say that, for the exterior problem, this arbitrariness

is eliminated by the condition q>= 0 at infinity.
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r LAY )

‘rvut

with Eq. 6.3, reduces to

] s | 4z
ang - 4 2%, U |ys|
2B

SAL 1k
v O6-9) 5 (£) 2

6.4

)
Zw (\"}
In Eq. 6.4, Zw'

wake and hence,

-
the normal

is the upper side of the surface of the
n

upper normal.

flow,

is understood to be the
Note that, according to Eq.

1.17, for steady
?
_a—xl (('Pu-(ﬂ):o

on the wake
for no

.pressure jump is possible through the wake.
From physical considerations,

the solution of Eq.
is "very close" to the one of Eq. 6.2

6.4

Thus, it will be

assumed that, if the geometry of the wake is known, the
solution of Eqg.

6.4 exists and is unique.
emphasized however,

It should be

that this conclusion is based upon
physical reasoning.

However, this reasoning is question-
able, as shown by the remarks given in Subsection 6.5.

Hence, a rigorous mathematical proof of the existence and
desirable.

uniqueness of the solution of Eq.

6.4 would be highly

However, there are still two important questions to
be considered:

cond,

first, the geometry of the wake and se-
the special behaviour of Eq.

6.4 when the thickness
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of the wing goes to zero. These two questions are discussed
in Subsectiop 6.3 and 6.5, respectively.

6.3. The Wake

As mentioned in the preceding subsection, the surface
of the wake in Eq. 6.4 is not known. Thus, Eg. 6.4, which
is satisfied on the body, must be completed by thé equation
on the wake, which says that the velocity on the wake is
tangent to the surface of the wake. Thus, one obtains two
coupled integral equations, one on the body and one on the
wake, with <f unknown on the body and é?% unknown on
the wake, whereas g% is known on the body and Zl?: qu-¢£
is constant along the x-direction on the wake. According
to the Kutta condition, this constant value is egual to
the value of .A&P at the trailing edge. Given the velo-
city on the wake, the geometry of the wake is obtained by
the condition that the velocity is tangent to the wake.
This approach has been successfully used in Ref. 6 to study
the transient incompressible flow around a wing after a
sudden start. However, from a practical point of view,
this approach is too lengthy and a simplified treatment of
the contribution of the wake is presented in the following.

Note first that

Jla ()de Jazu. [Jasdz. . fan o

@Yh re
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where

d2 . d2 eos(B,7)

n) ~ 6.7

is the projected area (into the plane normal to the direction
T) and

d2c
dil - r;’ 6.8

is the solid angle (see Fig. 4).
Next, consider the wake integral as a sum of M strips
in the x direction (see Fig. 5). Applying the mean value

theorem, one obtains (note that Z\Q is only a function of

y)

(») )
Zw “

Iy = ﬂ A\c(q),ﬁ—' (—’r)dZ - f/{ apy) 4

2
= - % AP (4.) /} dfl 2 Ap(4n) L1,
z

"

where Atp(u‘,‘) are the mean values of AY for each strip
an » and Lo

Equation 6.9 shows that any changes of the wake such that

.~ are the solid angles of the strip Z,., .
solid angles JZ“ are not altered, do not have any influence
on the value of the wake integral I,

This suggests that a "reasonable" geometry for the wake can
be assumed, provided that the values of the associated solid
angles are not excessively different from the true ones. Hence, it
is possible (and convenient) to approximate the wake by stréight

vortex—-lines, parallel to the direction of the flow, emanating
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[ )

from the trailing edge of the wing. For, geometrical
considerations show that the solid angles, .J?m , are
changed only slightly. With this assumption, the wake
integral simplifies considerably and its contribution
reduces to a line integral. For if the trailing edge

is given by

2%
)

= Xez (4)

N
¢

Zre (Y)

then the equation of the surface of the wake is given by

S =g -2.04)=0 . 6.11
and
b/2 -
I, = jd«f 4({)(‘25-?); dx,d,

~b/2 l,(l{

b/z 6.12

= j ‘3? Jw dﬁ
~b/e

where b is the span of the wing and

I, [(z-z) ?(”J[ L oax,

‘re | 6.13
(ORISR - (2
441 (4, q)+@ - 3¢ (LA I S
with 2, = ZTE(ql) . In particular, if trailing edge is

in the plane z, =0 (i.e. ZTE( % Y£ 0), Eg. 6.13 reduces to

J, - 2 » Xre =X 6.14
(4 4%+ 2 [(xre X0 # (-0 - 2]
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In conclusion, under the reasonable assumption of cylindrical
wake (straight vortex-lines) the effect of the wake sim-

plifies considerably and Eq. 6.4 reduces to

A2 : Z
2ng - f2s LA G f(2)n

b/ 6.15

G S A

-b/2

with I given by Eq. 6.13.

Finally, an important remark about bodies without
sharp trailing edge must be made. In the discussion pre-
sented in this subsection, it was assumed that the wing
had a sharp trailing edge. Note that the results can be
easily gengralized to the case of general bodies with
sharp trailing edge. However, for bodies without sharp
trailing edge, the inviscid flow theory is incapable, in
general, of predicting the location of the stagnation
point from which the wake emanates. This can be easily
seen in the case of rotating cylinder of finite length.
From the experiments the location of the stagnation point
depends upon the angular velocity, wW . On the other hand,
the equation of the geometry of the cylinder does not de-
pend upon (W and thus « does not even appear in the
equation of the inviscid flow.

In the following, it is assumed that the body under

consideration has a sharp trailing edge. However, an
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unsteady viscous theory which predicts the location of

the stagnation point from which the wake emanates is neces-
sary in order to extend this method to bodies without
sharp trailing edges. Similar consideration holds for the
case of detached flow (when this can be approximated by

a wake emanating from a point different from the sharp
trailing edge).

6.4. Numerical Solution of the Integral Eguation

In order to solve Eq. 6.15, various approximate
techniques are available. For lifting surface theories,
one of the most successful ones is the collocation method.
In this method, the unknown function is approximated by
a linear combination of N prescribed functions with un-
known coefficients. The functions are generally the first
N ones of a complete set of functions, each of which satisfy
the boundary conditions of the problem. The N unknown
coefficients are determined by solving a linear system of
N equations obtained by satisfying the integral equation
at N points (collocation points). This method is being
explored for the solution of Eq. 6.15. However, it should
be noted that, for complex geometries, this approach is
not feasible, for each geometry requires a different set
of functions and the more complicated is the geometry, the
more difficult it is to guess the appropriate set of
functions.

Hence, a more flexible approach is desirable. A
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b

representation of the unknown function similar to the one

used in finite elements for structural problems seems to

be more convenient. 1In finite elements, the domain of the
equation is broken into small elements. The function in-
side the element is expressed in terms of its unknown values
(and the values of its derivation, eventually) at nodes of
the element. This general tvpe of reoresentation is now
under examination. It should be noted that, in finite
elements, the final equations are derived from variational
principles. Here, the same type of representation is used,
but the algebraic equations are obtained by satisfying

Eg. 6.15 at prescribed voints (control points).

The most elementary form of this approach is very
close to the box method and is described in the following.
Consider the surface 2, divided into small elements 2.

(see Fig.6)

2ng(P) = § 24 l,di s //‘f’%(%) dz. + 1, 6.16
z

a’h ozt
Z:

By the mean value theorem

ﬂ‘f%, ('r")dz‘ -9 lf’a% (7')"2" 6.17

2.

t

where LP', is an apvpropriate value within the element 2;.

This suggests that ¢, may be approximated by the

value, (ﬂ , at the center of the box. This yields

55



() 9 ! > 2 (1 \ys
G By 2 (e
z Z;

5 0w
LR (I

where, in the last term, the index { covers only the boxes
in contact with the trailing edge and
W, == ] et 6.19

Aq!

where the upper (lower) sign is used for the upper (lower)

side of the wing.

(k)

By satisfying this equation at the centers P of the

boxes,one obtains

. o
(FK:bk+ZC ({)':-P%‘J;‘.“f‘.

L 6.20
with
b, - # g_.‘fl o4z 6.21
s n, 2pr,
i = ﬂ 2 ( ')da 6.22
an, 2nr,
Z;
where

( | [ 2 (k] (kt Z z 6.23
AN LR O e )

is the distance of the dummy point of integration Pl from

(k)

the center P of the element k. Finally,

Y 6.24
’P: PLK)
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for the boxes in contact with the trailing edge

and
wn: =0 6.25
otherwise. Equation 6.20 can be rewritten as
N
Z a. 9 =k 6.26
with

a. =93, -c. - W, 6.27
where 5&; is the Kronecker delta. Eg. 6.26 is the
equation which yields the solution of the problem.
6.5.

Limiting Behavior for Zero Thickness

As mentioned above,

the formulation described thus
far becomes singular in the case of zero thickness.

(in the plane 2

This
is shown clearly by the fact that, for lifting surface
1 = 0).

In this case, Eq.

A A O
b

6.28
and

6.1 reduces to

2nf s o [l (440 2 G) Aedq

ZN)

2,z=o

- (“'
where 2

is the portion of the plane z)

0 (upper side)
which contains the wing and the wake.

By adding and sub-
tracting Egs. 6.28 and 6.29, one obtains

O

57



and

Zn A¢ + // Ay %(?’) dAx,dy, | : 6.31

a(n)
This implies that (since, as well known, there exists a

nontrivial solution ‘A?fo ) the operator shown in'Eq.6.3l
is singular.

Hence, one can expect that the numerical procedure
-‘also has a singular behavior. 1In order to show that this
is indeed the case, consider a symmetric wing with angle
of attack & and thickness ratio T , and let T go to

zero. In this case, Eq. 6.21 shows that

)im _lpk:O 6.32

T-»0°

In order to simplify the discussion, the numbering of the
boxes is assumed to be such that the odd (even) numbers
correspond to boxes in the upver (lower) surface and that
the box in opposite position to the upper box i, has the
number i + 1 (see Fig. 7). For simplicity, upper box i and
lower box i + 1 will be called "“opposite boxes".

With this numbering, it is easy to show that, according

to Eq. 6.22,

- )
0 -110 O] :007
-1 Qoo 100
0 076, oo
YO .
.O_Q'. '_..-;. l-o_q
. 6.33
llm C ‘]=
T-0 .
1 \ !
—— o dl q——e
o 2,0 O: -1
-O 0|OOI "'OJ
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In other words, all the coefficients C); are equal to zero
except for the ones relating opposite boxes, which assume
the value -1. Furthermore, the coefficients W,y are equal

to zero. Hence, Eq. 6.26 in the limit, as Tt goes to zero,

reduces to

[0 !

‘-.OO:. ;00
100, |°.0
ea e b=y - - - e e
QO vt 1y ‘Oo
oot 1 ‘o o
e e ey m P

| {‘Pa}“) 6.34

- - .- ;_——- LY .
»OO:’OO' --'.l_(—'-
00,90, Xy

This equation can have nontrivial solution since the deter-
minant is equal to zero.

Note that this result implies that zero thickness
wings (lifting surface theory) are more difficult to deal
with than finite thickness wings.

However, this shows also that, by using the method
proposed here, one may encounter numerical complication
due to the fact that, for very thin wings, the determinant
is close to zero and hence, one may encounter strong eli-
mination of significant figures. This implies that one

has to be very accurate in the evaluation of the coefficients
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cki and bk

It may be of interest to analyze the order of magni-
tude of the different terms of Eg.
6.26 as

6.26: by writino Eq.

6.35
and noting that
H;% - 00 6.36
i"’ki = 0O(t) 6.37

one obtains

In order to establish the practical limits of the

applicability of the method, Eq. 6.26 has been solved
numerically for very small values of T The results
are presented in Section 7.

6.6. Generalization to Unsteady Subsonic Flow’

In this subsection, the formulation presented above
is generalized to cover steady and unsteady subsonic flow.
As shown in Appendix C, great simplification is obtained

if the generalized Prandtl-Glauert transformation

X, = X
P
qO = b’
. 2 6.39
t, - au(st
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is introduced. Following the same procedure used in Sub-

section C,3.2, by using Eg. 6.39, neglecting nonlinear

terms, Eq. 3.32 reduces to

4-nE(,P = - #[VO,S.\Z‘P-F‘ 25 %9

ot ot., 2¢,,
T, %
M2 mas 99" 1 42
at. ox,, o dtu] T |7,ST|
T 6.40
+lusy(1)-mas 2.(1)} @° _d
"> ¢ Yo
z" o 2R 2, 5%
-2 }:,,S-V,,r,-ﬂﬁﬁ
?2& Z1' at, 9x,
NN
ot I3 [v,s™
where
1T
Mo-< [(Xo°x°')z+ (‘{o_tfm)z*(z‘-z")z_i! 6.41
and
[T -1
]_ = [ Jtﬁ:t,-T. 6.42
with
T - a“'sT = M -x)+r, °-43
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Next, it is assumed that the surface is almost fixed and

Egs. 4.13 to 4.15 can be used, to yield

4nEQ - - # T2¢ _ M9k 29 1T 1 43
2 [9» Ig,s| 3t fo

/a ] T.
+ a:,(?.) 7 4
2,

T.

2
ip_g,__‘!;

Ol

a2,

ot -

n, 2&

Finally, neglecting terms of the same order of the nonlinear
terms (which implies that 2¢ can be replaced by gﬁ =GO, )
1,

2n,,
Eq. 6.44 reduces to

anEy=-§oF L+ P2 (L) A
7 Sl £

. T, 6.45
,#?E_'_Eﬂ 43,
on, v 0t
Z.

This is the desired equation. It may be noted that M
appears only in TO’ whereas (5 does not appear at all.

For steady state, Eq. 6.45 reduces to

dnEP = - # Q. Loz + g2 (L) ¢4
s, z
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This shows that the same method used for incompressible
flow can be used for steady compressible subsonic flow.
This equation is essentially the same as Eq. 2.6.10 of

Ref. 13, already discussed in Subsection 3.4.

Furthermore, for unsteady oscillating flow (as des-
cribed in Subsection 4.4), combining Egs.

6.43 and 6.45 yields

4.1, 4.18 and
o - _s, M (x..-x.)w.]
- i | L
47’t({) = —ﬁ Q-\ E e di;
>3
o -5, [M (X., -k )+ ’u]
7] 1
*# o ()9 e dz.
2,
_s [M(mmern ] 6.47
_ #25 1§ ose AS.
on, "%
Z

~ -5 [N - m)r e
--po L
b2

d2.,

. # (}, e-‘. H(K..- X-) %%

2 (L ) a2,
3, 2
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where
- S_ 6.48
g

This equation can. be simplified further by introducing the

functions
A ~ _S.M‘o
= e 6.49
A ~ -SoM‘o
- qe
° 6.50
to yield
A A -S.%e
4n€Q - - H@ e dz.
. fo
an 6.51
A n (e )AZ,
+ —
[[ t? 901,' r,
P2

This equation is equivalent to Eq. 4.27: the difference
between the two equations is of the same order of the terms
which have been neglected.

Furthermore, Eq. 6.51 shows tﬁat, by using the general-
ized Prandtl-Glauert transformation (Eq. 6.39) tﬁe equation
relating ? to éL is completely independent of Mach
nurber. Note however, that the contribution of the wake
depends explicitly upon the Mach number, M: for, using
Eg. 6.34, Eg. 5.9 reduces to

- Se X 2e >
-t A?-_e” Q(eMAQI)
2
ﬁtl oKX,

L]

6.52
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where
-5, Mx,

Ly
tt
N

O ¢
n

N
wn
w

which implies that, on the wake, whereidp = 0,

A
A9 e” . 4g, e " 6.54

Note also that the only terms neglected are those in
the integral which contains the boundary conditions. This
is important, because, as shown in Subsection 6.5, the
operator becomes singular when the thickness goes to zero.
Hence, even small terms may become important when the
thickness becomes small.

In conclusion, Eq. 6.5 is more suitable than Eq. 4.27
from the numerical point of view. The procedure used to
solve Eg. 6.1 can be used with minor obvious modification
to solve Eg. 6.51. The only complication arises from the
contribution of the wake, which can be treated as described

in Appendix D.
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SECTION 7

NUMERICAL RESULTS

7.1. Introduction

As shown in Subsection 6.5, in the case of very thin
wings, one may expect to encounter strong elimination of
figures. 1In order to establish the limits of applicability
of the proposed method, Eq. 6.26 has been solved numerically
for a simple case for which numerical results are available:
rectangular wing in steady subsonic flow. For the sake of
simplicity, the procedure is described for incompressible
flow only, since, by using the Prandtl-Glauert transformation,
the steady compressible flow reduces to the incompressible
one (Eq. 6.46 in Subsection 6.6).

7.2. The Geometry of the Wing

Consider a rectangular symmetric wing with thickness,

h, given by
l«:tr:_3_£\’3_d—§'((-§) | -7 7.1
with
g: ;/C
- 7.2
n = 24/b

where ¢ is the chord and b is the span, X and y are the

cartesian coordinates of the planform at zero angle of attack

(see Fig. 8) and, finally,
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= Amﬂ.’ l
T ~—C = « h 3:-1/3 7.3
n:0

is the thickness ratio,
Eguations 7.1 and 7.2 can be used to give the geometry

of the wing in parametric form (parameters & and ﬁ ), at

zero angle of attack, as

g

- X

T W
do- p
~3|

™
"
14

tcjij VE (1-8)Vi-72

= 1

h
2
where the upper (lower) sign holds for the upper (lower)

surface of the wing.

If the angle of the attack, ® , is different from

zero, the geometry of the wing is given by (See Fig. 9)

Xz X cos +2 Sinw

Y=

7.5
2z -X din« + 2 cosx
For small values of T and « , Eq. 7.5 can be
approximated as
X=X
‘1»7
2 : I -Xo 7.6
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Hence, the surface S can be written as 1+ 2 - fl + X x= O
2

which implies

QD
>

2s
O X

N -

i

>
+
b3

ZN
°3
2s
o2

Ny
as|®

= =+

Equations 7.6 and 7.7 fully describe the geometry of the
wing and enable one to evaluate the coefficients C,_. and
by .

7.3. The Numerical Procedure

\

The numerical procedure used to evaluate the coefficients
of the equation is briefly described in the following. First,
note that the wing is symmetric with respect to the plane

y = 0. Hence, Eg. 6.26 can be rewritten as

A

N N
A — A A \
> (s -¢& - -b
3 a'rﬁ(ﬁ,; 1“( ra " G m e ) M7 % 7-8

A
) where N is the total number of boxes on the right hand part

of the wing and Srg is the influence of two boxes (in
symmetric position with respect to the plane y = 0) on a

p)
point P on the right hand part of the wing,
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=2 )
& (R) 7.9
Y (S IRETE
Z:)
with
- Y
[@%‘(‘r‘;)L ,‘V'—S, {%ﬁ‘ (x-%) *ZT?‘ (4,-4) 2—§ (z;z)}@))
7.10
. - ()4 25 7 (. J.)’
[’%‘(ﬂL lV.;SI)igé’ SRR A
where

2 i/2
[l e g7 e - 2]

rP[LI B} [(X‘— \(0")1 +(% +%(pl)z +(2, _ 2(pi)zj 1z

and all the other quantities are evaluated on the right hand

A
part of the wing; similar expressions hold for w

Second, note that 35,/9K‘ , and as/zq, are
infinite at the leading edge and the tip of the wing,
respectively. Hence, it is convenient to use a nonuniform

mesh for the definition of the boxes (smaller boxes in the

neighborhood of the leading edge and tip, larger boxes in
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the neighborhood of the trailing edge and root). This is

accomplished by introducing the transformation
%:)<a (Oé)?é')

v‘)-.l-(l-‘?)z (o<cv <) 7-12

and using boxes of constant sizes AX , AY in the plane

X,? :

AX = L/ NX

AY =1 /NY

where NX and NY are the number of boxes in direction X and
Y respectively. In other words, the center of the box

(m, n) is given by (see Fig. 10)

x: =('"'%)A2 mzl,..., NK
(oY) = 7.14
?n = (n—i) AY Nl oo NY
whereas, its boundaries are given by
X g e k@
) ( 7.15
- ~®)
Y,‘ < Ye¢ v
with
A } y: _ -
Xm : X: - %;-’ (m-1] AX
- P - -~ -
XY _ XY 42X L m o AK 7.16
i 2
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Y:P' - :‘-Jn“}_*_ _A‘_\;;_ - n AY
2

Note that, for each couple of values m and n, there are two
boxes, one on the upper and one on the lower side of the wing:
hence, the total number of boxes on the right hand part of
the wing is

ﬁ: 2-NX-NY 7.17

Third, the coefficients bP are evaluated as

N
b:ZHQS__l<_L+L a5,
P S ZX‘ 2n r;(ﬂ) _20-) lV'SI 7.18

where ;21 are the same boxes used for the evaluation of
Spq* This procedure is particularly convenient because it
yields very accurate results and is very little time con-
suming, since most of the operations required are needed
anyway for the evaluation of the coefficients cpq'

Fourth, it should be noted that the emphasis here is on
very thin wings. Hence, it is feasible to approximate each
surface element ZE% with its tangent plane at the center
of the element; the boundary of the element is still given
by Eq. 7.15. In this case, the integrals can be evaluated
analytically. This is shown in Appendix E for the more

general case of trapezoidal element, which is needed, for

instance, in the case of swept or delta wings.
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Finally%, since only very thin wings are considered here,
the pressure coefficient, given by Eq. 1.18, is evaluated

as

cp=_29_ké - -2 92y 2X
ox

v ?
ox °ox 7.19

=LY
e X 2x

where J¢/0X is evaluated by central finite differences.

Note that af/af' is finite whereas 2?/9x is infinite

at the leading edge. This is one of the advantages of using

the transformation given by Eg. 7.12.

7.4. Numerical Results

In order to compare this method with experimental and
lifting surface results, the rectangular wing considered in

Refs. 18 and 19, for which

® =z O
b/c_:3 7.20
M:.24

is investigated here. Analysis of the thickness effect (pre-
sented in Subsection 7.4.1) shows that the solution obtained
by employing a thickness ratio T = .00l is a good repre-
sentation of the zero thickness solution. Furthermore,
analysis of the convergence (presented in Subsection 7.4.2)
shows that using NX = NY = 7 (that is N = 98) is sufficient
for the convergence. The results obtained with T = .001

and NX = NY = 7 are shown in Fig. 11 and 12 where the
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distribution of the potential (f over the wing and the 1lift

distribution

ce' :—ACr :CPi_Cr“ - 7.21

respectively, are presented in threedimensional form.

It may be noted that the diagram of ‘Alf is flat in
the neighborhood of the root of the wing and the trailing
edge (more precisely 9:3?/9q = 0 at the root and QAV/@X =0
at the trailing edge). Similarly, the diagram of % is flat
in the neighborhood of the root (more precisely QCL,/OV =0
at the root). Hencé, the values of A‘f and C, at the
center of the boxes in contact with the root (root boxes
values) and the value of Aﬁf at the trailing edge boxes
will be considered in the following in order to discuss
the effect of the thickness and the convergence.

7.4.1. Thickness Effect

In order to analyze the thickness effectt the problem
has been solved for four values of the thickness ratio,
T = .1, .01, .001 and .0001 respectively. 1In all these
cases, the number of boxes in both x and y direction is
NX = NY = 4. Hence, the total number of boxes (for upper
and lower side of the right half of the wing) is N = 32
(i.e., Eg. 6.26 is a systeﬁ of 32 equations and 32 un-

knowns). For the value T = .00l1, no message indicating

strong elimination of figures was given, whereas, for the

*This is not an analysis of the thickness effect on the real
solution (since that would depend upon nonlinear terms) but only
the examination of the effect of decreasing thickness on the

numerical process.
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value T = .0001, a message indicating an elimination of
significant figures higher than the prescribed tolerance at
the 19th step was obtained.*

Hence, only the cases T = .1, .01 and .001 are pre-
sented here. The values of AS? at the centers of the
trailing edges boxes and the root boxes are shown in Figs.
13 and 14, respectively, whereas, the lift distribution

13
results indicate that the solution converges to a zero-

cC, = -Ascp at the root boxes, is shown in Fig.- 15. The

thickness solution and that the solution for T = .001 is
a good approximation for the zero thickness solution.

Note that, according to Eg. 6.6

N
Zoay L3l 2 (Va5 -t Bdan -]
%‘1 ﬂ () t o 7.22
since the point from which the solid angle is evaluated
is on the surface 2., . This equation is poorly satisfied
on the leading edge and the tip where the approximation of

the surface element with its tangent plane is poorer. The

*For the solution of Eq. 6.26, the standard IBM SUBROUTINE
GELG has been used. The value of the tolerance {(which is
compared to the ratio between the pivot at the n-th step and

the initial step) was chosen to be TOL = .00l.
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poorest values of ESC
3

at "tip or leading edge boxes", are

given in Table 7.1, column 1, whereas the poorer value fo
the "internal boxes"

(not at the leading edge nor at the tip)
are given in column 2.

TABLE 7.1
T 1 2
.1 .76946 .98986
.01 .96247 .99899
.001 .99625 .99990
.0001 .99960 .99999

Table 7.1 indicates that the approximation of the surface

elements with its tangent plane is not satisfactory for the
"tip or leading edge boxes" for the case T=

.1. A more
sophisticated analysis, which evaluates the error (difference

between integral on the tangent plane and integral on the

real surface element) by Gaussian numerical quadrature
formulae is now being analyzed.*

* - —
Note that the use of X and Y See Eq. 7.12) as variables of

integration eliminates the singularity of the integrands at
the leading edge and the tip.
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7.4.2. Convergence

In order to study the convergence of the solutions, the

case T =

pectively.

boxes are
values of

are shown

.001 was solved for NX = NY = 4, 5, 6 and 7, res-
The value of th at the root and trailing edge

shown in Fig. 16 and 17 respectively, whereas, the

the 1lift distribution Cy = —:Qcp at the root boxes

in Fig. 18.

The results show that the solution is convergent very

fast and that the case 4 x 4 is sufficient for an accurate

analysis.

available

The computer time employed on the IBM 360/50

at the Boston University Computing Center, are

given in Table 7.2.

TABLE 7.2
Number of Computing Time
Boxes Sec.
4 x 4 x 2 22.2
5 x5 x 2 60.4
6 6 x 2 129.9
7 x 7 x 2 259.9

7.5. Comparison with Existing Results

In order to evaluate the accuracy of the method, the

results shown in Fig. 12 are compared to the one obtained
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in Ref. 19.

For convenience, three vertical sections of the three-
dimensional diagram presented in Fig. 12, are plotted in
Fig. 19. The three sections correspond to values of ﬁ = .5,
.7 and .9 resvpectively.

In order to evaluate the comparison, the following
factors should be emphasized. First, this test case was
considered in order to verify the applicability of the
method in the worst possible conditions (very thin wings
with thickness ratio T = 1/1000). Second, the numerical
procedure was chosen for its flexibility (i.e., possibility
of applying it to very general geometrics) and not for its
accuracy. Furthermore, it should be noted that the com-
parison should not be made with the experiments, but rather
with the lifting surface theory, since the thickness ratio,

T = .001 is considered here, is very small. Finally, it
may be concluded that the results obtained here are in
surprisingly excellent agreement with the ones presented
in Ref. 19.

Note that the case T = .1 (which represents a realistic
value of the thickness ratio) is only partially satisfactory,
because Eq. 7.22 is poorly satisfied. Hence, a comparison
with the experiments is not atﬁempted here. As mentioned

above, a more accurate procedure to evaluate the coefficients

cpq and bp (in this procedure, the surface elements are not
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necessarily‘planar with straight boundaries) is now under
investigation. Preliminary results are in good agreement
with the ones presented here (Ref. 20).

On the opposite end of the range of the thickness
ratio (the case T = .0001) strong elimination of signi-
ficant figure was obtained (see Subsection 7.4.1). However,
note that this value of the thickness ratio is much too
small to be of any practical interest. Furthermore, despite
the elimination of figures, the results obtained were very
close to the ones for T =. .001. In conclusion, there is
no limitation of the method (at least for cases of practi-
cal interest) due to the singular limiting behavior (for
zero thickness) described in Subsection 6.5. It should
be remarked again that finite thickness wings can be treated
in a simpler fashion than zero-thickness wings.

Finally, it should be emphasized that, once the values
are known, the potential ? and the pressure coefficient
cp can be evaluated at any point of the field. For, by
using the same procedure applied to derive Eg. 6.18 (with
E =1 instead of E = 1/2), Eq. 6.1 can be approximated as

05 § 2w e g

-

<
2000 ' 7.23

Yoo
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Similarly

o--28 - § X SE)

2N
2 oW
zn--'?ﬂag' 5_?. I O

Note that these expressions can be evaluated by using the

7.24

same trapezoidal elements described in Appendix E: the
coefficients to be used in Eq. 7.24 are simply the de-
rivative with respect to x of the coefficient given in
Appendix E. Furthermore, if the point is on the surface
> . Eq. 7.23 and 7.24 are still valid if coefficients
are evaluated in the limit sense and the value of E is

maintained equal to one.

Finally, note that the 1lift and the moment coefficients

can be evaluated as

Wz ¢ Wz
"‘f‘h1/ c, &k, = Sl dﬁ
": ] ° 7.25
] 4 [ e L K f’““"
4] ([ags] ]““1’ dn,) o4,
: f&jcmp,‘ | -c%j’;f.f‘“?"*' 7.26

Similar relations can be used for evaluating the

generalized forces.
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SECTION 8

DISCUSSION

8.1. General Comments

As mentioned in Subsection 1.1, lifting surface
theories have two main disadvantages. First, they are
complicated from the numerical point of view (singularity
of the integrands and, especially for unsteady state,
complication of the kernel function). Second, they can-
not be easily generalized to study complex configurations
and motions. The formulation presented here is an attempt
to reduce these disadvantages. The numerical simplicity
of the proposed formulation, in comparison to the steady
and (especially) unsteady lifting surface theory, is
apparent from Sections 6 and 7. Note that a sufficiently
accurate pressure evaluation requires only 22 seconds of
computing time on an IBM 360/50 (see Subsection 7.4.2).
The second point, applicability to complex configurations
and motions, is discussed in the next subsection.

8.2. Applicability of the Method

The main advantage of the method proposed here is
the fact that it can be used to solve a large variety of
problems. for which the lifting surface theories can be
used only in a very unsatisfactory way. It should be

noted that the method, although classic, (as shown in
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Section 5, the lifting surface theories can be obtained
as a limiting case of the present formulation when the

thickness goes to zero) has never been developed to its
full generality.

Note also, that the method is valid for both subsonic
and supersonic flow. The procedure described for the sub-
sonic flow can be used for the supersonic one. However,
for supersonic trailing edges, the procedure is simpler,
since the wake has no contribution on the body.

In order to appreciate the extent of the applicability
of the method, it might be convenient to consider a few
typical examples.

A simple, but interesting application of this method
is the evaluation of the aerodynamic forces acting on wings
of finite thickness. The importance of thickness effects
in the prediction of flutter boundaries has been shown by

Yates and Bland.21 It should be noted that, in the pro-

posed formulation, the nonlinear effect of the thickness might
be included in a very systematic and natural way, by using
singular perturbation methods mentioned in Section 4.

More importantly, the method can be used to solve
more complicated problems, since it is formulated for
arbitrary geometries and motions. The arbitrariness of
the geometry implies that even complete configurations

(wing, body, tail) can be studied, including wing-tail
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wake interference effects. Even more detailed configurations,
like tanks at the wing tips can be analyzed without any in-
crease of difficulty.

On the other hand, the arbitrariness of the motion
implies that problems which cannot be examined with lifting-
surface theory, can now be solved, although the solution is
rather complicated. Typical examples are: curved tra-
jectories, accelerated motion, and roll (which is particularly
important for practical applications). Other problems
like gust response (and indicial motions in general) can
be solved, in a relatively easy way, by making use of the
generalized formulation, derived in Appendix F , which in-
cludes the effects of arbitrary initial conditions. It may
be noted that damped oscillatory motion, which is important
in predicting the degree of stability of linear systems,
as well as arbitrary periodic motions do not offer more
difficulty thén the simply harmonic motion.

A particularly interesting problem is the evaluatién
of the aerodynamic pressure on the blades of a helicopter
in forward flight in which both geometry and motion are
extremely complicated. These examples show the appli-
cability of the proposed formulation in solving problems
involving complicated configurations having arbitrary
motions.

It is of interest to mention that, by making use of

82



the method of images, described in Ref. 11, the present
formulation can easily be extended to study the motion in

the presence of an .infinite rigid planar wall which acts

like a plane of symmetry: this corresponds to the practical

problem of motion in the vicinity of the ground (ground
effect). Also, using the method of images, the problem
of flow inside a rigid circular duct can be studied, as
well as the slightly more complicated flow inside a duct

11 These cases correspond to the

of rectangular section.
important problem of accounting for the effect of the
walls of a wind tunnel. In summary, with the method of
images, the proposed method can be extended to study the
ground effects and the effect of the wind-tunnel walls on
the experimental results.

It may be worth noting again that the formulation
reduces to appropriate formulae in the particular cases
considered in Appendix A. Also, the lifting surface

theories can be derived as a limiting case of this for-

mulation.
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SECTION 9

CONCLUDING REMARKS .

A general theory of steady and unsteady, compressible
aerodynamic flow around a lifting body having arbitrary shape
and motion has been developed. The theory is based upon the
classical Green function method. This yields an integral-differen-
tial representation of the velocity potential. For the important
practical case of small perturbation, 1f the control point is on
the surface of the body, the representation reduces to an in-
tegral differential equation relating the potential on the
surface to its normal derivative. In particular, for small
harmonic oscillations around a rest configuration, one obtains
a two-dimensional Fredholm integral equation of second type.
Thls formulation reduces properly to 1lifting surface theories
and other classical results. The question of uniqueness was
examined and it was found that, for thin wilngs, although the
operator becomes singular as the thickness approaches zero, good
numerlical results can be obtalned even for thickness.ratio, T =
.001.

In conclusion, the formulation developed here can be used
for efficient numerical solutlion of a large variety of problems
for which no satisfactory methods are available. Hence, the
method should be more convenlent than exlsting ones, even for
very simple problems, as the rectangularlwing in steady subsonic

flow presented here.
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Fig. 12 Lift coefficient distribution for a rectangular wing with aspect ratio
b/c = 3, angle of attack o = 5° and Mach number M = .24
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Effect of decreasing thickness on the numerical scheme: Potential
difference at the trailing edge boxes for NX = NY = 4 and different
values of the thickness ratio, T , for a rectangular wing with
aspect ratio b/c = 3, angle of attack o = 5° and Mach number M = .24
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Fig. 14 Effect of decreasing thickness on the numerical scheme: Potential
difference at the root boxes for NX = NY = 4 and different values
of the thickness ratio, T , for a rectangular wing with aspect ratio
b/c = 3, angle of attack ® = 5° and Mach number M = .24
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Fig. 15

Effect of decreasing thickness on the numerical scheme: Lifting
pressure coefficient at the root boxes for NX = NY = 4 and different
values of the thickness ratio, ¥ , for a rectangular wing with as-
pect ratio b/c = 3, angle of attack & = 5° and Mach number M = .24
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16 Potential difference at trailing edge boxes for thickness ratio
T = .001 and different values of NX and NY for a rectangular wing
with aspect ratio b/c = 3, angle of attack & = 5° and Mach number
M= .24
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Fig. 17 Potential difference at the root boxes for thickness ratio T= .00l
and different values of NX and NY for a rectangular wing with as-
pect ratio b/c = 3, angle of attack ® = 5 and Mach number M = .24
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Fig. 18 Lifting pressure coefficient at root boxes for thickness ratio
T = .001 and different values of NX and NY for a rectangular wing
with aspect ratio b/c = 3, angle of attack &« = 5° and Mach number
M= ,24
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APPENDIX A
TWO TUNDAMENTAL FORMULAE

In Subsection 3.3, the formulae

and

were used (see Egs. 3.25 and 3.26) to derive the generalized
Huygens' Principle. In this Appendix, it is shown that A.l
and A.2 are valid for any "good function", as defined by

Lighthill.??

The concept used in the following is very
similar to the one introduced in Ref. 22.

In order to prove Egqg. A.l, it is convenient to assume
the "surface distribution”, 5; , as the limiting case
of volume distribution in a thin layer of the four-
dimensional space (with constant infinitesimal thickness,
6' ) surrounding the surface S(x, y, z, t) = 0. This
is equivalent to the classical procedure of defining a
surface integral (which is connected to the distribution

52: , see Eq. 3.7) as a limiting case of a volume in-

tegral. Thus define
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where the "layer function" L (similar to the function E

defined by Eq. 3.1 is defined by

L=1 inside the layer
=0 outside the layer

More precisely, the function L has the value one for the

1

)
tl) such that

points (xl, yl, 2y
|2 X, - X,) 405 eht) |« €
|a,s| oK, ( (qs J '( Z)+ ( ) <= 5 A.5

In Eq. A.5, all the derivatives of S are evaluated on

)
the surface 2, . Furthermore (xl, Yqr tl) is a point

1
2,
3 ) 3 . * -
in the direction of the normal, v , to the surface 2 at

the vpoint (xl, Yyr 27 t.). Note that, by definition,

1

S(xn“i.a Z1y t,);O A.b6

Combining Egs. A.3 and A.5 yields

L =0

M ts, s, ava, = tin 2 ][4 6, ava . e

E'—o o) 3

- od -

Performing the time integration yields

[/ o5 am e tn s ff v

-ob

&
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e
T(.,u'.

The integrand is different from zero only for the pointé
of the layer of the three-dimensional svace for which

LT = 1. More precisely, the integrand is different from
zero for the points for which Eq. A.5 is satisfied with

L}
t, =t - T and t1 = t - T; that is, for the points for

T

e R KR GRSl

(1asl”

Note that the thickness of the laver is infinitesimal,
[}

and thus neglecting higher order terms, T - T can be:

expressed as

{ o7 -
TUT = 2L (ox) e 2 lg ) s 5 @ 2) Ao

where the derivatives are evaluated on the surface

Combining Eqs. A.8 and A.9 yields

L[z 28 B0 ) o[- 2 Tyl

,D.SF X, atl axl at, %,

0s _ 25 a1 Z - '<3i
+[az ?taz]( %)) <2

or
L |38 (ry) e 28 q,-yq,) + = (2-8) oSl e am
1,57 ’am(' ) a%»(' )a" lus| ¢
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where ST is given by Eg. 3.28. Thus, the layer in which

the integrand is different from zero, is a layer surrounding
the surface Ef' of equation ST = 0; the thickness of the
layer is given by

|os|”
| vsT|

" ]
£ = 3 A.12

Hence, performing the integration through the thickness
and taking the 1limit, Eq. A.7 reduces to the desired Eq.
A.l.

Next, in order to prove Eq. A.2, consider 95;/96,

as a limit of the incremental ratio. Then

/iif# 3, 20t qu, de,

ot,

= A.13

= lim L [j/Z[ £5 3(teat-ter)dyds, -m[#sza(rl-m}aw‘,l

At 20 -

By using Eq. A.l and performing the limit operation, Eq.

A.13 reduces to the desired Eq. A.2.
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APPENDIX B

REDUCTION TO ELEMENTARY CASES

In this Appendix, it is shown how classical results
can be obtained as particular cases of Eg. 3.32.

B.l. Huygens' Principle

The problem related to the Huygens' principle is a
particular case of the one considered here, the differences
being that

1) The velocity of the undisturbed flow is equal to

zero ‘

2) The surface is assumed fixed in time

3) The nonlinear terms are zero
Mathematically speaking, these differences can be ex-
pressed as

U,=0 (H-0)
2s/2€t = O B.1
F-o

Note that, according to Eg. B.1l

ds _ 2s , y s .
:;E‘ Zﬁ; + Y 2% 0 B.2
Combining Egs. 3.32, B.l and B.2 yields
— r + |
- - v L d}
4nEp g vs- [l + s -
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P

'ragl

ﬁ; \VA
-f-
S § s (g) [2] L4
' - 2t [V'S'
Z
where
+
[ ] _[ Jt,=t-£ 2.4
and
1
Yy = 1("‘1)2 "‘(‘f"’l;)l"’(z’zl)] B.5
Note that
7 e TS
! l‘7'5| B.6
is the outward normal,directed from the region E = 0
to the region E = 1. Thus, Eq. B.3 reduces to
- + t
Fd = - VL 4s o+ ?p-g-(—L—) dz
Ef = #l?’ﬂ. anr on, \ant L4
Z Z
B.7

which is the well known Kirchhoff formula which is the
mathematical expression of Huygens' principle (see Refs.
11 and 12 in which the opposite convention on the definition

of the normal is used).
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B.2. Integral Representation of Solution of Poisson's

Eguation

The differences between Poisson's equation and the

case considered here are:

1) No time dependence
2) M=0

Then Eq. 3.32 reduces to the classical result12

By == B3 - 2 A

= A B.8
- M7
4nr
)
In particular, for F = 0 (Laplace's equation) Eq. B.8

reduces to the well known formula

Ep: - § 22 -1 57 5.5

Z -

B.3. Poisson's Formula

In Appendix F, it is shown how Eg. 3.32 can be used
in order to derive the contribution of the initial con-
ditions. Here it is shown that for M = 0, the contribution
of the initial conditions reduces to the well known Poisson
formula, that is, the solution of the wave equation with
given initial conditions. The contribution of the ini-
tial conditions is derived in Appendix F and is given by

|

Eq. F.2. For ({= 0, one obtains r, =r, T = . r and

ﬁ L]
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Eq. F.2 reduces to

L (e 4, 2#
‘?I.C. - 4"".4 # <55£.) rt 4na, 7
Z+

+ . . .
where 2 =t - T is the spherical surface of equation
r = a“t B.11l

By using Eq. B.ll, Eq. B.1l0 may be rewritten as

Go L BE2) e L 2 B e

+
where AL = 427 /r? | Equation B.12 is the well known

Poisson formula:L2 .
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APPENDIX C

THE VALUE OF THE FUNCTION E ON THE SURFACE

C.l. Introduction

Consider Eq. 3.32: neglecting the nonlinear terms
(F = 0) Egq. 3.32 gives a representation of the potential
LP , anywhere in the volume, in terms of the values of
c{ and %%? on the surface of the body. The values of
2?/94 on the surface of the body are given by the boﬁndary
conditions but the values of q are not known. In order
to solve the problem, it is thus necessary to obtain first
the values of 4{ on the surface. This can be done by
letting the point P of the volume V approach a point P,

of the surface. Then Eq. 4.9, with F = 0, yields

L [G5.9¢ - 1 45 & ToA
= | 7 - (el I‘F 'a—‘ 7&' dtl ] (P |-VI$7,
PP, ST b
'
| ) :i_(l Tt 4z
+ # [V.S'V.(?-) - Ii_ G, AL, rf) 1787 c.1
ZT
2 Glusvr oL :ﬁ(u%?l)flﬁ 42
e ) £ e s
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In this Appendix, it is shown that, in the limit, Egq. 4.9
is still valid if the definition of the function E is

generalized as follows

E=1 outside Z
E = 1/2 on 2 c.2
E=0 inside Z

By letting P —P_, the integrands beéome singular in the
neighborhood of P,. Thus, it is convenient to separate
the contribution of a small neighborhood* of P,, which

will be indicated as ZC . Thus, Eq. 3.32 can be re-

written as

T T AT

?;I [vsvT- L 48 (1yy2t)] & 2=

B ot z[_z;r d"tl( BX.) rP ,V|S‘
+E€ c.3

*The neighborhood Z‘ is a small circular surface element,

with center P, and radius ¢
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where 5; is the contribution of the neighborhood of

P,, given by

In order to simplify the discussion of the limit of Si

as P — P,, the steady incompressible case is considered
first. The results are then extended to the unsteady com-
pressible subsonic case. The supersonic case is now under
consideration.

C.2. Steady Incompressible Flow

For steady incompressible flow, Eq. C.3 and C.4 reduce

to

and

on, 7
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The analysis of 5} is highly simplified by using local

coordinate X, Y, Z,with 2 normal to the tangent plane

(directed from E = 0 to E = 1).

Then, separating terms

of order ¢ , Eg. C.6 reduces to*

\
g, - - (%) ﬂ dx,dY,
€ 2Z, |, JX,’-rY,’+Z" I
K412 ¢g?
- q U 2 ' AXdY + O]
* Zz "x|).+ Y'l 3 Zl
Xlt*&(}(‘z
c.7
where the subscript * indicates evaluation at P,. By
using polar coordinate
R = v x|1.+\,lll
e = ta’".'_‘i_ c.8
xI
one obtains
I3
' R dR
) =-2n(%) J
£ 2 . 3 JR%Z‘
€
—2ng, | 2 |_ R4R + Ote)
+ |9Z \}Rﬁ—z.z
]
c.9
*Note that X =¥ =10, 2, = 0 and 2 -. 2
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Noting that

- 2 | | »
| 0 (__~>- —(Rz*z) =f{az(vl'€=7'z7) .10

— —

Equation C.9 becomes

§ -2 (%) [z

°Z,

£
-2n ¢ Z [rz:-zzj + O(e)

c.11

Finally, by letting P go to P,, (that is, Z —0), one

obtains
U 8+ U [-2n(32) (757 - 2]
- 2ng z<ﬁf_7 _ Tz"[)]* ote)
- {-z,,(gzl)f c2ag, I%] , Oc)

= 2ng 4 O(e) c
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where the upper (lower) sign holds for Z> 0 (Z< 0), that
is, when P originates outside (inside) the sgrface Z: ;
correspondingly, the function E assumes the value E =1

(E = 0).

Finally, using this result in Eq. C.4, one obtains

4n (E ¥ z')“f; = ‘/fei(g,' FLAZ +/‘/‘()5/%._”':0(&0(%.13
5-3, -2,

Note that, in both cases (P inside or outside 2 ),

A
= 2

»
N~
Ni-

- O+_|- =L
2 2 C.14
Furthermore, r, is the distance between the dummy

point, Pl’ and the control point (on the surface 2. ),

P,. Hence, by letting & go to zero, Eg. C.1l3 yields

B - § i RGN
l

It should be emphasized that the limit &£-— 0 is now per-
formed with P on the surface 2, . This implies that the
contribution of Z; is now of order & . In order to

clarify this point, consider the quantity
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v > > C.16
VR 72 ‘. Veis2? Vet+ 22

and note that

zw0 L&*0 Z-0 Vet lzl C.17
whereas

Y ¢ ‘ -

lim %‘M 1‘& ) ::o 0-0 c.18

E.-‘o 7=°

The difference between these two limits is due to the fact
14 » . 13 é
that, in the limit (as Z — 0), the integrand of I,
behaves like a Dirac delta function and hence, its con-

tribution for a domain which excludes the singular point

is zero.

It may be worth noting that, in Eq. C.12, the sequence
of limits indicated in Eq. C.17 must be performed, whereas
in Eq. C.15, the one indicated in Eq. C.18 must be used.

Finally, it is shown that the results obtained here

120



are equivalent to the definition of E given by Eq. C.2:
note that for steady incompressible flow, Eq. 4.9, with

F = 0, yields

4/1E(70:_ _a_‘f_ tod2 +#¢F%(_})dz

on,
z Z
Note that Eq. C.19 must be used if P is outside or

inside the surface, whereas Eq. C.15 must be used if P is
on the surface. However, by comparing Egs. C.1l5 and C.19,
it is easily seen that Egq. 19 is valid everywhere (outside,
inside and on the surface 2. ), if the convention is made
that E is given by Eq. C.2.

C.3. Unsteady Compressible Subsonic Flow

In order to simplify  the analysis of unsteady sub-
sonic flow, it is convenient first to analyze Eq. C.4 with
the nonrestrictive assumption that the frame of reference

is connected with the undisturbed air; this implies that

U,-0 M-o0 p= C.20
This is considered in Subsection C.3.). The general case

is discussed in Subsection C.3.2.
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C.3.1. Frame of Reference with U, = 0

With the assumption_C.20,* Eq. C.4 reduces to

(%)
"

. 25 ap 1T 1 427
¢ ’H [qs'v'“f)'zjé?.‘é“ AY

E

4 H [es v ()] 9 %, c.21

where, according to Egqs. 2.38 and C.20,

T. ¥ | | c.22

In order to examine Eg. C.21, it is convenient to.
introduce a time shift so that t = 0. Furthermore, let P,
'be a point located on the surface at t = 0; then it is
convenient to consider a frame of reference with origin-at
P, and Z axis directed along the normal to the surface of

the body (Fig. C.1).

*Note that, strictly speaking, this assumption makes Eg. 1.3
meaningless. Hence, this section should be considered as
a mathematical introduction to Subsection C.3.2. Physically
.meaningful results can be obtained if ¢ is replaced by ¢

in this whole Subsection.
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Thus, the equation of the body is given by

—

S.Z- f(x,,v,,t,)zo

c.23
with

;f(q 0,0)= O

of e

s (00°]

giY. (o, 0,0)= © c.24
but, in general

9_5(0,O,o)=5 $0 c.25

2¢t,
By using a Taylor series expansion and negliecting higher

order terms, Eq. C.23 reduces to

.S:Z'-Et=0 C.26

where Egs. C.24 and C.25 have been used. Eq. C.26 shows
that ¢ is the velocity of the surface of the body at P = P,
and t = 0. Hence, in an infinitesimal neighborhood of

P,, the surface ST is given by

ST

Z, -et + i J X% 4+ T (2-2F

Z,-et e £ )rei(z-2) -0
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R = \) XE+ Y2 : c.28

Next, it is important to note that, for P = P, (i.e.,

2 =0and t = 0), the surface EST does not have a tangent
plane in P,, but rather a tangent cone. 1In order to see
this, consider the normal to EET given by V, ST /lV, SY‘

where, according to Eq. C.27

v, \/ RZ+2% c.29

where K is a unit vector in direction Z. Equation

T

VS --'24'

‘h jny

C.29 shows that the surface Z:T = 0 has the shape of
a cone in an infinitesimal neighborhood, 2%?, of P,.

For, Eq. C.29 can be rewritten as
T .0 :
VS -K +H C.30

with

H= £ V[gez? c.31

a

[ 4

In Eq. C.30, E is constant whereas H is directed
along the tangent to the surface ZET. Note that iE + ﬁ
is directed along the normal to Z:E. This configuration
is sketched in Fig. C.2 where K and H are shown at two
points, Pl' and Pln, in the neighborhood of P,.

In order -to analyze the contribution SL it is

~J
convenient to use polar coordinates in the plane ZaT,
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defined as the plane normal to K at the point P Note,
however, that for Z = 0, the surface 2,

is.a hyperboloid
with axis parallel to K '

Noting that

dz’  dZT  27R 4R
[us| Z

|2s7/2z,|

— C.32
{+ <

A r

and that the first integral in Eq. C.21, as well as T,

is of order ¢

» Eq. C.21 reduces to

&

¢ = LP(P,,t)ﬂ K.w(2) 4z

— + Ote)
" [€. A .C.33
Z t-o
£
) (p t) z,-7 2nRdR
- -‘f ! r3 1+ & &1
0 a,
£

SRR ekl b &
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In order to evaluate the integrals, it is convenient to
use, as variable of integration, the variable

~

Z =7Z -¢t c.34

Note that, according to Eq. C.27

Z‘ : - Cr :-5_1/22_(%’,-'2)‘ Cc.35
qab aﬁo
where )
~J -
Z = Z - et C.36
Note that, according to Eg. C.27
g & R 4R
|+ & E‘_)O‘Z -- < = )
( a, r ' a, r c.37
By using Egs. C.35 and C.37, Eg. C.33 reduces to*
Z )
~ 2 o~ -~
8& = -Zn({)(P ,t) Z-L a7 dZ,
* ;=5\ =z
4 (-£2°) ¢
Z) ¢’
Z.(0)
_r e ZMP('P,,,t) (z,-2~_ S\ & ZdZ (| .0
a 2(: —eé: ,) au (-ﬂ-Z,) c‘
Z(") ¢ t-o
Z6)
sl2ng (R, t)e | 2.2 4F
a =1
» Z,
Z,0

%*
Using Eg. C.32, C.35 and C.37, it is easy to show that,
as anticipated, the first integral in Eg. C.21 is indeed

of order ¢ .
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~. o~ 12t) o 49
= chf(P,t)é{lmZ, +_ZZ_] + __a_gznur(P,,t)Z[enZ,] J) + O(e)
Z,0)

..

4

E(Imi“)-fni@))-? 92l _ _z_ 2Zp)
ot Ze % Z() at |,

+2n 2P(p,0)

)
ot a,

- ~ ~J ~
[Z nZ - ZLnZ,(O)J + O
t:o
where El(R) is obtained by solving Eq. C.25 with respect

to El' This yields

Z - - L [rz +JZ=+(|-r‘)RJ
1-T*%

' c.39
with [ = c/a Hence
> o I r + st n(z)]iz
Z (o) . [ d
C.40
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| .
a, Jt i-T?
4 2Zk) _ rz [,-+ P4 C.41
a, ot -T2 J22+Q—r‘)e‘
since, according to C.36
19z & . .T
a ot Q, C.42

C.38, C.40, C.41 and C.42 yields

Y
s,y 2[Z (B )]

Combining Eqgs.

5 - c.43
+ 2n 2&(?,,0) 1 [Z b Z,& ]
a“ Z'(O) t-0
Note that
A [Ef aZ(&/]: r [l + __.'-_2__. ,
a, . ot (-2 VZ2 . (1-1¢)¢
_ - . , C.44
_ T ¥Zi-r)e o TZ yd&3)
-T% Ji‘»,(t-r‘)a‘ YZ*4(t-12)€
and .
L [5+ 83.(0)} . T [| o T sign(Z)J
A ot | -T?
. - sign(2) Z,0) c.45
; z
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Finally, combining Egs. C.43 to C.45 yields (note that,

for t = 0, El = Z1 and Z = Z)
' Z ]
5 =2n (P"O) [-—Z— -
& LP lZl ﬁ&+(‘-rz)£ZJ
C.46
+2n 2 (p,,0) 1 [z ta(1 2 IZ e )J
ot 4, r+z/iz|
and, by lefting Z go to zero
b S, <21 ¢(P,0) 5gn(2) + O] -

P+ P,

which is identically equal to Eq. C.12. This implies

that the results obtained in Subsection C.l1 (in particular
Eq. C.2), are valid also for unsteady compressible sub-
sonic flow with U= 0. The case Us0 is considered
next.

"C.3.2. PFrame of Reference with UL# 0

In Subsection C.3.2, it is shown that the results
obtained in Subsection C.2 are valid also for unsteady
compressible subsonic flow with frame of reference
connected with the undisturbed air ( V., = 0). In this
subsection, this last restriction is removed. In this
.case, noting that the first integral of Eg. C.4 is of

order & , and T is also of order ¢ , Eq. C.4 can be
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rewritten as

L '
4z
5, ﬂ [7s z(é)-é(gg‘m.j_j,)%%‘(:‘,,)] s
! |
&€
-2 s Ty
5 T[V'S 0T ‘é(‘?‘i.*“"%)(’*‘*%” - o
€

U 4z
Sl [ RO R A0 e

¢

[

225 2T Vs :
2 {({)(P.,t)” [V.S-V,T_M 3r 2%~ 2 3¢ 7%

In order to analyze Eq. C.48, it is convenient to use the

Prandtl-Glauert transformation.

3.40, Eg. C.20 reduces to

' . 3 ()] ds.
) £J [nson(z)- % 2 2 (1))
€, '
- 2at 2 jj_[vﬂs V"T',s(i} z_f. 32’5.
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By using Egs. 3.37 and



Combining Eq. C.49 and C.50 and generalizing the Prandtl-

Glauert transformation by introducing

t ‘F“nt c.51
yields
5, - /[v,s- (). W 35 2 ()] d%
€ ?ﬂ‘ i ' (r,) a, 2&, a&'(r.) ,Vs-,l
Ze. M)

_2 (P I[ﬁﬁ;.Zn - 2 o zi]l.éé;

ok *z’ A, 2%, o, ot | h (g9 c.52

+0()

This equation can be considerably simplified by noting

that
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V.S«

g
where 1

with

: 7 (5) [597‘ V,,T]'
- [,,5- 59.5; (T *Z\“)]T

"
| ]
o]}
!

Q lQ)
.J'* [V
9
S
|

-

10
‘-——
S\
—
<l
[-)
-+
x|
S
[
-

is a unit vector in xo-direction and
D.=Vz,'5_9_-.2§1",
d. achl

K°=Bo/lﬁ’
IL . 95 Y. r ol - & %%

& v /lal. &%
= - 25

ato' ‘D-\

C.55

Note that Egs. C.53 and C.54 are in full correspondance

with Egqs. C.30 and C.31l.

yields
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"Equation C.56 is formally equal to Eq. C.33. Hence,
the results obtained for L£==0 (Subsection-cp3.l),
are valid for the. general case as well.

Finally, an important remark should be made. As
shown by Eq. C.38, each of the two integrals tends to
infinity as 2 goes to zero. However, their difference
tends to the finite value given by Egq. C.47. Hence,
“the numerical integration of the two integrals must be

very careful.

133



Fig. C.1

The surface X in the neighborhood of P,
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Fig.
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The surface 2.

in the neighborhood of P,



T el

APPENDIX D

UNSTEADY WAKE AND LIFTING SURFACE THEORY KERNEL

D.1. Introduction

In this Appendix, an explicit expression for the
evaluation of the unsteady wake (Subsection D.2) is given.
Finally, for the sake of completeness, an explicit ex-
pression for the kernel function of the integral equation
given in Ref. 8 is derived from the results obtained in
this appendix.

D.2. Unsteady Subsonic Wake

In this subsection, a treatment for the wake of an
oscillating wing in subsonic flow is derived. The same
assumption made for the steady state wake (Subsection 6.3)
is made here: the wake is approximated by straight vortex-
lines, parallel to the direction of the flow, emanating
from the trailing edge of the wing. For the sake of
simplicity, the trailing edge is assumed to lie on the
plane X = 0.

Under this assumption, Eq. 4.19 reduces to

~ ~ T
4"E?=-#Qﬂeu L dz

Ze B
- -7 f
+ # 2 (£
@ 3”.< 7 ) A2 + tw D.1l
2y .
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Iw = //((Fu(?c)é%l <e-;wT)d“'d‘f' A D.2

-
3, f

In order to take advantage of the fact that tkere is no
pressure jump across the wake, it is convenient to follow:
a procedure similar to the one outlined in Subsection 5.2.

By using Eq. 5.11, Eg. D.2 may be rewritten as

b/2 o0
~ Wt " sw (‘\z - x,) .
I, ;qu.j?_ (e____) f-lze% AF(%%)‘“- o
oz, \ g P‘q.
b2 Xy, -

2

Iw Ml

e D.3
where
2 | [ 2 e“""T ( '%(‘\z"‘: ~
Iw ] _PU‘ {ﬁ(?)} ) AF(’\”")d'\‘} o
;- -'N(Tf%) B (wha
- - .LU_Z/ {a—?z'(e ) . @ AF(.\n,‘{)d'\‘jd#,
' Ly
P" o XTE P -
’ “"’(Tw\' ! Wi M
- _'_Jg(e u'))dk..,e% AF(“:.‘{)M:
2 ?,
R.M "\ 4 .
‘ D.4
0a " _‘.U(T‘%l). c'é-_J.Xl
e[ ([R5 < e
Puuao X, ' r'\- .
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where integration by parts has been used and

1z .

e O e e

Eq. D.4 can be simplified considerably by noting that
AP = 0 on the wake: this implies that the last term is
identically equal to zero. Furthermore, the upper con-
tribution of the first term is zero because the first
integral is equal to zero for Xy = e . Finally, note

that, according to Eg. 5.11

Kre . 1 Xpg
, twh 0~
-— [ e AF(*:J%)AA\ = € A"P(XTE‘%)
P”U‘ D.6
-od
Hence, Eq. D.4 reduces to
‘W ox r | ..'L)(TQ.L')
A U TE ~ v
- e “ X ‘) .2_ _Q______ Al\,
IW Atp('re)% IEZ.( . )
e ‘ D.7

where )\= x->\,, and

Ha

e [l ]
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pet

o

Note that, according to Egq.

2.38, with x - x

_3;_ _u:-___l:rA-MAI

Q$‘
D.9
- [»- Mr)] -
f

Finally, combining Egqs. D.3, D.7 and D.9 yields
b/2
i

j 23 (tre ) T (x0e4.) A,

w
R D.10
with (note that 9/9z, = - 2/2%)
!-Xm
~ ' "3’ (x" _K) "‘5‘? (*‘MfA)
C] e 3
1, (x,e,q,)z - e 2 Al
' Je r, D.11
-ob
Note that, according to Eq. 5.15, the Kernel function of
the lifting surface integral equation is given by
9 ~
K = -2 3, (x.4) D.12
o2 o

D.3. An Explicit Expression For Jw

In order to derive an explicit expression for EW,
consider the integral
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~

7
A

a ip_‘;é‘.)()\-MrA)
JQ (x, ,qJ :./ é&_{ﬁ ] AA

— € A\
P

' D.13
a[ A

A
In order to evaluate Jw, consider the classical transformation

U= Mr‘\-,\ - MVA)}RZ -_)\4

D.14
pR FR.
with |
ke Vgl ey D.15
Note that
\/2
+u? = [(52224‘ M*(X4RY) -2 MAYaAR: + ,\’-:}
gR '
I/z
- [(le\’) _z2My e +MZA1] D.16
R
AL RE _M)
Fil
and

du . ‘[M A -IJ=_JA‘+Q"-M,\:~,[,T;T .
da f;Q, a2 aR v, . .
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Hence, using the transformation D.1l4, Eq.

N o _(wRu
J - 2 [ e f* 4
" 02 Vi+ru

ul

where

M‘\l(x-x, LR _(x-x)
ﬁ?

Consider the integral in Eg. D.18

, -

I .

where

n=-—2-R-= —u‘“—)— \/(‘1,-%)%(2,-?)&

%P

D.1l3 becomes

A
In order to evaluate I it is convenient to make use of

the contour integration.

A ~-Ru
I = § &=

c
Vieu

where C = C, + C, +C, +C, + C

1 2 3 4 5

in Fig. D.1.
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Consider the integral

is the contour indicated

The point + i and - i are branch points:



by connecting them by the branch line shown in Fig. D.1,
the integrand can be treated as an analytic function;

thus, the Cauchy's Theorem yields that

— — —

I»+IL+IS+I4 fIS:O D.23
where
_ “CHU
- e
Iy - [ - du D.24
Ce 1+u

On the other hand, if the radius of the circle C4 goes to

zero and the circle of C, goes to infinity, one obtains

I, —o D.25

and, by the Jordan lemma

I, -0 D.26
Furthermore,-:
_ A 2 —tu
[ - 1= f £ du D.27

whereas
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and finally (Ref. 23)

-t an

- A % X RN
L—1I, = J € d_._ | & 4
oV (ru?

o8

. -/e"‘“‘“da K.

°
where K_ () is the modified Bessel function of second kind
of zero order.
Hence, by using Egs. D.25 to D.29, Eq. D.23 yields,

in the limit

A - (nU A - <RU
I = e dM s - I3—-I5 = Ko(u) + £ d“'
— D.30
l+u* I+ u®
u, u,
Next, this result can be used in Eq. D.18 to yield
A A r -i%d -y,
Jw=?_]_=-K(x)?_&_i?_x_jue du . & 24 31
22 e 2] o fiour 22 P-

u,

where the relation (Ref. 23)

oK. (v _ _ K (x) | D.32
o

has been used, where Kl is the modified Bessel function of

second kind of first order, given by (Ref. 23)
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7ol

[ Zm
w2 ! o +_L)-_'_'_}<ﬁ) D.33
2 m:zo wmi{me)l ,. mel 2 me 2
where 7= .4772157 is the Euler constant.
Finally, the indefinite integral
A —iMuU
\ ue
Fu o -onite D.34
1+ u®

is analyzed in Subsection D.4.

The results are given by
Egs. D.41 to D.44.

By combining Eq. D.1ll, D.1l3 and D.34,
one obtains

. % (r-%) o
jw(x.,q‘): _e J

L (x,x) —inu, D.35
c-e - 2% [F(--)-F(u.)}- e M _ Kpedn
R 9z [+uz 22 22
where ® is given by Eq. D.21 and
% | w PR 1P -ptuin :%,r———zl’a D.36
2z  py %z R7E RE O Udlgqgugeay ™
since, according to Eg. D.15
?Lg_z ‘ g -2 :fgi 2 -2, .37
%2 gy ey R
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and,- finally, according to Egs. D.16, D.19 and D.38

| 9u. ‘_ | _@ (wa"c)z"‘gl +(xl_x)>
Vieuz 02 Visuz 22 PR

: | MR M%)+ B2 +(x,-x) | 4p

+
V f+uz P‘R /\/(X_X')z_'_ R? -P p? de

‘ ‘ [MR’ - MG 22]-(x.-x);}p“—é&

Vi+uz  gR*Y D.38
s gt g
Visuz R3 rP
2 (2-2,)(x.-X)
- gR(x.ﬂQF(z.-z,] [N(X.”‘)*'J: -F _._R_;_:_—
M("‘.")"'F R*r P
P
s (e-z)aex) 1
(q't{\)l"’(z'a')z rF
Note that, as shown in Subsection D.5 (Eq. D.63)
A
Fi)s - 2w Lw) D.39

where Il(n) is the modified Bessel function of the first

kind of first order (Ref. 23).

Finally, combining Egs. D.35 to D.39 yields
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~ "_%_J (x'-g) .
Jw(anv) = - &= {‘ % ' {k'(%) (q"1-)2+(z'2')1?

Wi' ljl,z_"@”zl)z ‘

-t (l|—l)* Mr
+ 0 Il<_*;d_ (‘1-'-1)1‘(3-8)7') PO L S _e_ﬂ[ P]
2 U 1 ) (‘1_,1')2’(!_2’)2 rP

- ' 71-(“-) (z-¢,
(4-4)* + (-2 )

~As mentioned above, an explicit expression for F (u)

is derived in Subsection D.4, where it is shown that

?‘(u) - i

(u) D. 41

s>

N
where Fn(u) can be evaluated by using the recurrent formula

Pl L) v W et R (w)

with % given by Eq. D.21 and

V)
Foou) = - imf1en? D.43

and
A

?(u):-_llz__z.{u\luu"-lm(u*m)J D. 44

2

D.4. The Kernel of the Lifting Surface Theory

In this Subsection, the results obtained thus far

are used in order to derive an explicit expression for

146



i

the Kernel function of the lifting surface theory. 1In
order to do this, it is convenient to rewrite Eq. D.40

as

Tad ~n
sz -(e-2) K D.45

where

‘ " D.46
-t W |(x ~-x LY .
X,-x e p‘U.[ )+ ]+ [F(—c) -F (u,)]
(4-4, )% @ -2,) " Y-4,)*+ (2-2,)?
According to Eq. D.12
~ ~ ~
K - 2[(2-1,)KJ:[!< +(Z-Z,)?-‘—<-] D.47
¢ o2 3,z 0 oz =0
and
K = Livn k - ‘('
a0 ° g:2,20
(W (x,-x)
=e - K (wy,.
U‘. '%—\1' |(U.° ,‘1, \1')+
4 XX e-%-[("")*”’/(""’):Fl“f""ﬂ D. 48

|
ly,-yl* "

R - Fuy
L J
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In order to show that this expression is equal to the

one given in Ref. 8, it is sufficient to note that

4,

- A _ -Gy ’ —imu
‘F(u.), F(-{) :[ixu e du + /i'xue du

z z

3 +u I+
u, ) D.49
=y 3y
:—(')t/i_e__dﬂ_.iu $inn [I(x x)}
l+ut z

o

where Eq. D.66 has been used.

Finally, combining Eq. D.48 and D.49, yields

@ (x,-x)
K= e ™ g-__w il k,(alq-«t)
’ ,"‘” u-a Uao '

- K=Ky = M (i K)‘4P"(q q)" D.SO

[1 5 14 %l (‘“Iw %I)w‘:’-—'—
- v“ Hl-‘“

C S CRET 62 [ 4]
+ \—)— ue dﬂ
Visut
p‘% [”'“' - My (xex V*P'(«.-ﬂ)‘]
X=X | e

19,-4I* VhrkV+P%qqu

in agreement with Eq. D.8 given in Ref. 8.
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A
D.5. Evaluation of the Integral F

Consider the indefinite integral

A . . u ) :
. ~dx
P:-.xjue dun D.51

This integral can be integrated by series as follows:

A hod m - n
Fovcin|aZ Ginva) 1 g, 7 ) ¢
mz o m! m nzt (n-1)! D.52

with

Lﬁj 4 du D.53

itut

Note that the interchange between integration and summation
signs is allowed by the uniform convergence of the series
of the exponential function.

The integral given by Eq. D.53 can be evaluated by

using the recurrent formula*
nel
ﬂ‘n = U l+ul -(n-:){,,, D.54

In particular, disregarding the constant of integration,

s = j/_‘_%_:‘dM = !M(uf m) D.55

J U_ du = f|+u?
Vizut

*Note that, for u > 1, fn is divergent as n goes to infinity.
However, the ratio §/i-\)! (where £, is evaluated analytically) is

b
’

4,

convergent to zero.
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Hence, Eq. D.52 may be written as

ob

'F(u Z F (u)

where
A
Fn - (-I:K) .‘n
{n-1)
AN
AR A [P JCSR LD L
(n-ﬁ? n (- ,y n
AM " n- . n-e
:("-) xu "JHJL +—-—-—-—-K‘ (————-——-ﬂu)‘——-“n-z
n! n(n-2)  (a-3)
or
* ]
AN n L3
Foaay el u e+ 2 Fo,
n! nin-2)
with
A
F o=-4 Ji+ut
and
2
Fz = -......-( oJ +u? - ‘fm(uﬁ Hu"))
Note, in particular, that @1(— i) = 0 and

i

¥, (i)s X Anfidz - Xond
2 4
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N
Hence, Fn(—i) = 0 for n = odd and

for n = even. Thus

A 5 A i ? = | x 2m
Feo)e 2 R60022 T 0 2 —— (%]
g 2p+) D.63
- onin 2 ' (l‘) conin I (x]
Z P (pen)! p! 2 2
A
Note also that FZ(O) = 0 and
F0o)= -ixn D.64
A
Hence Fn(O) = 0 for n = even and
. s
F.‘ (0) = X Fn-z (0)
n(-2)
D.65

. !
" TR

for n = odd (where I’ is the Euler gamma function or

factorial function). Thus

(o) Z F (0= - mmZ; (5)’""3 ! - s

z Tneg) Tlr3)

Sim L(») -in
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where Ll(ﬂ) is the Struve function (Ref. 23).

Combining Eqs. D.63 and D.66 yields

b
-ind

A A
F(.¢)-F(o)=-iu/H€ du =~ BENT(w) - L, (x)]4ix
| e > [ J D.67

in agreement with the well known relation (Ref. 23)

2
—xcou(
A[L@}—Awqg xJe sintp A
2
1 ° -t .
3 . o<
= *[J.—? e e = "‘fs/\w‘e ! u
--‘xu-i 7 -oxd
v =-[l+uz.€ J +_f Yy e d44 D.68
o Virus

o
-

| +/__E__ €-;“du
4l+u‘

]
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o
rds'd

i Imag (u)

branch |;
line. -

Real (u)

Fig. D.1 The contour of integration
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APPENDIX E
SOURCES AND DOUBLETS ON A TRAPEZOIDAL ELEMENT

E.1. Trapezoidal Element

In this Appendix, the effect of the sources and
doublets distributed on a trapezoidal planar element are
obtained in analytic form. As mentioned in Section 6,
it is of interest to consider planar elements described

by the equation
Z. - zuc s & (KI -x'c) + ?(114-(1&) E.1l

where the subscript c stands for center of the element.
The boundary of the projection of this element on the

plane z = 0 are given by

i () & 5

N

KT + dp(%-q)

%"" < '1' ¢ %lr

Equation E.2 represents a trapezoid and the element
defined by Egs. E.1l and E.2 is called trapezoidal planar
element (see Fig. E.l).

E.2. Doublet Distribution

Consider first the integral of a doublet distribution

‘of unit density over a trapezoidal planar element, given
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by

— S

2 (z) 4

Yo %p e (4-4)
-! 25 25 |
- / 4*1. 2‘5“ [g;s-'(‘.")f;'%(‘4.“{)*5;(2.'*)];“'

= de,
E.3
1'.‘ x:n" d—(","')
LTS x,'fd' (‘1,-‘4) _
z SJ M.J l'&(x,-x)-;—f?(‘l.“f) '(3.'2)J7‘,JM'
fim ‘"'l*d"(ljl~")
where
23 /92,
z — s on upper surface
Ias/agl E.4
= =] on lower surface
and use has been made of the fact that, according to
Eq. E.1
2« = - 25 /25
2%, 22
E.S5

- 25 25

p—

== a2y, | 28
" It should be noted that, for trapezoidal planar elements, &

and B are constant and that, according to Eq. E.l,
$=(a-2)- %(x-x)-f (4,-4)
2@ -2)- (%) - P (oY)
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Thus, Eqg. E.3 reduces to

R q‘P X,P + dP (4,-‘1) ) .
. _sS | : E.7
ID = 7 S fd"t/ -r—a Mc
‘1--—\ %,*4-4(7,'7) ’
with

r- )V(X‘—X)z + (%_,{)2. + (g-#- o:(x,-x) + F(%'“‘))?] E.8

This integral can be simplified considerably if the new

variables are introduced:

X
F3

g:[cx.—x) ; J(a.—e)J(H&‘)

K - <x.-x)+«+a‘)<~1.-«>+?<2--*)Jﬂwf"(w&ué‘)"

»i-

W

[ # e B+ o) (e

These new variables represent coordinates in a new frame

of reference with origin in the point x, y, z and base
- | 'ﬁ
: {o } (l+&‘)
&
BY) - Lk
x? (‘|+?£") : (H'&" 4-F‘) ! E.10

o

vectors

FN
"

s 1
"
LT P ¥ [

oL 4
[1]
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It should be noted that the vector k is normal to the
plane of the element. It is also immediately verified
that ?'., -j., X are ‘mutually orthogonal unit vectors and
thus represent a (right-hand) reference system.

Note that Z, is not an independent variable: com-

bining Egs. E.l1 and E.9 yields

Ni-

-f +%?)(x-x)+ xB(Y,~ +%8 "’:‘l-
S (CEICORE I ](l )

(103 ) -0) B[00 6
L

UND>

-4
2

>
"

S(H * +Fz)-f

UND
"

where 8 is a constant given by Eg. E.6.
~

Using £ and ﬁ as new variables of integration,

o =2 | a2y-% 2 A
Eq. E.l reduces to (note that dx,dy, = (1 +X° + P ) * d&dn)

e &0
P N
lp - é dq Fﬁ é E.12
Y £.(q)
where P" = é‘ 49t e 2z and, according to Eg. E.1ll

ﬁp—. [(H'-e‘ +ﬁ‘)(°t,,,"1) +f5 3] (,+;(z)’*' (“ &1+§z).§
0 [('*;‘l"ﬁt)(%m-q)'ffsi}(a,;t)”(,,;‘,‘f,:)-

m

d E.13
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and

ér@’ {('*“‘>[(‘np”‘)+"p (4.-%)} xpH,-4) +a§f(,,,&t)“%
) g(' Wl)(’('r”‘)*[(“’-“) d,+ E‘F](‘{.-ﬁ) ¢ ZY} ( +a¢)-—;

l+d‘+F

E.14

5( ) oy )< Q205 BT j( TR

AR | +R%4p%

(l+~1)d’p$+ (lﬂ(l)olg}(' )'é (1+a2)d, +8F A

(X-d,F)8 }+ & +Ceayd, A
'+&"+Pa 1/ lflz#ﬁ"

= Of&ﬂﬁw

=/ 1+t E(X'P-x)"

) g"" +g'r ;\)

with
A - , - .
Sep = V173 fig o)y wapt(““"r/s)"J
% _ &B+(1rar)d E.15
A
P
V l+5(’+fsz
Similarly
A A A A |
Sr s Ren 7T E.1l6
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with
A

Sem = [\:’: [:(Xm-x)+— ' (E(- d,‘ﬁ

I+§‘+§’ :
% . &B+ (1+%2) da E.17

,/,*31+P2

Integrating Eq. E.12 yields

7
A A
ID~=‘=“;J

3

ni-

A~ P A A A . ~ - N 22 ’ A
: séj ﬁ“ﬁ{(éouén'))ﬂﬁhé] “
| '-’1* 2

-

Consider the indefinite integral
1

R SN O N

YRRED E.19

This can be integrated by standard methods of integration;
using the transformation
A E, E-3%80/5
s - = = E.20
q £, t+]

and integrating yields

A

91\ = —,,l— hM-‘ €°t I+ ;2 §'L /Q:A =
INEY Il Vi BAL 81 ) £ 21
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.Y
and, returning to the original variable, 7

A A A_gl &
% . han ) = (A }
< |%| [(é,*%, ':\l)z+ﬁt* ng /2

I%\ E.22
Finally, by using Eq. E.22, Eqg. E.18 reduces to
a A A
I, =-s 5 1 E.23
i3
with
I - %aﬁl %ﬁ (ﬁP—'éﬁ 2)1L f
15 S Pre
: ., (5 _ &, 52 1
_ tan 2 ( -—zlé-:-§
|5} n P ) Prm
E.24
Codad ) B (- Ee @)L g
13| o mp
+  tan’ .-—-g:“ (;]M- ———%’”’ gz)':‘“%
]gl %em ?"‘M
where
A 22 a2 2,712
pr : [grr et ]
A A A2 "2 '/2
P = [gw ANRLY E.25
A A2 A 32 ' )
Pmp : [g”‘P * q ]
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with

ém- = g“r *'g'r '?F
2ok, o, e
g"‘r ) %M Wi aP E.26
S S

E.3. Source Distribution

Finally, consider the integral of a source distri-~

bution of density gév/lysl over a trapezoidal planar
Xy
element, given by

A
S (-

Using the transformation introduced in the preceeding

subsection yields

)

gz - S¥ (l +&2+P2)
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and, by integration

(0
A

58,0
- =t [ [T “
S (1-}5(‘4—?‘); / [ é y] )]%=»§“(:)} d’)

-

"
A
{"

[ﬂn{ ,,...+§.m 1/(% % ;\ %]W]

T

Consider the indefinite integral

i . j!an (&+¢) 44

N
] (l;is‘f?) z;’[ &‘[(é“' +§'P "}) ‘/(é‘ fE ) :)‘*i‘Jd;l E.29

E.30
with é> A A ﬁ . Integrating by parts yields
(note that 3%/ 6:2 )

§4Cef)- [l g (b -2 ) 4
. E.31
A A A A A y)‘ ) -
”\j“‘“(é*f)'/(é-’l*—g—@;‘)?'“‘”l
Note that |
/R Y 5 RN L2 By}
g+ §  ¥F P pret L F
E.32
aL % al i %f § + ﬁ‘
o T - R R Atfgt
RE+S P NS Foonms 8 1
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Combining Egqs. E.31 and E.32 yields (note that &

A

v)«(}v\ §+g> +§ f——d‘] Q/A,*_S

Note that
-2 R

4 [[E5A7 i) 4

e (R

Combining Egs. E.29, E.33 and E.34 yields

oo 25 (Bt )7 o ()
Visxep? ’ Swp T Prp Sam? P

£, M(ﬁp‘”g?af’/(*gl "?rr/‘“*éz )
V)M+§°r§ /|1’§,P PP"‘/V'+§P

B AN
;in"'gbm ' ('*%"m)*P.lefi';
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Fig. E.1

*y

-y
a oy
*‘5*\“\‘\' m \
%" Ym Hxgyy) ™

The projection of the trapezoidal element in the
plane Xl' Y1
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APPENDIX F
INITIAL CONDITIONS

In this Appendix, the generalized Huygens' principle
is further generalized to cover also the case in which
the problem is formulated with initial conditions. In
this case, the function E, defined by Eg. 3.1, must be
assumed to be zero also for t € 0. Thus, a branch of

the surface 2. is given by the equation*
S=¢=0 F.1l

For this surface, VS = 0 and 9S8/3t = +1. Furthermore,

sT = ¢t -7 and IVSTl = |VT| . Thus, Eq. 3.32 can be

generalized by adding to the right-hand side the term

Eo = L ([(ee)\ 1 1 43’
4n ‘f:.c. a_f ”(ﬁb.) rP VTI
5
| 2 T 1
L jilneq ' d:
a ” 9x.('p) ! | VT F.2
T,
‘Lgﬁ'*”” T4t
at dt ( éT.) v, v
7 P

*
The condition that S is directed like the four-

dimensional outward normal v is satisfied (see Fig. 2).
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As shown in Appendix B, for M = 0, Eq. F.2 reduces to
the classical Poisson formula’ (Cauchy problem for the
wave equation).

Similar results can be obtained for the supersonic

flow.
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APPENDIX G

SMALL THICKNESS FORMULATION

G.1 Introduction

As mentioned in Section 6, the integral equation for the
potential ? has the disadvantage that it becomes singular as
the thickness goes to zero. In this Appendix, the charac-
teristics of this equation are analyzed more in detail. 1In
particular, the behaviour at the trailing and the leading
edges (where one might consider that the thickness is zero)
are examined (Subsection G.2), vortex layer interpretation
is given (Subsection G.3) and an alternative approach to
solving the problem is suggested (Subsection G.4).

G.2 Leading and Trailing Edges

Consider first the trailing edge. In order to obtain
the integral equation at the trailing edge, it is convenient
to use the same procedure used in Appendix C, that is, to

obtain the integral equation as the limit (when the control

point approaches the trailing edge) of Eg. 6.1, or for simplicity,

the corresponding one for incompressible flow

o L@ 92 ()as 6.1
LP ZB 4nr Zﬁriﬂ on, (4nr)

For the sake of simplicity, the surface 25 is replaced by the

I
smoothed surface Z: in an infinitesimal neighborhood of the

trailing edge (see Fig. G.l).

167



Next, the limit value of Eg. G.1l as the control point P
goes to P*, is considered. Following the same procedure used

in Appendix C, one obtains immediately

9 i sfi o L az- #qu 2 (L )dsz

where (ﬁaM(QwJ) is the upper (lower) value of(P at the trailing

é ((Pre,q-(ﬁ'e,t) ¢.2

+
P,

edge. Similarly, if P approaches P* from the bottom, one

obtains

o {$0 598 02 it o

B ZB+2W P=P

o

(1}

However, the two equations are not independent since both are

equivalent to

! ? !
CP‘I’Eu tPﬂzl { < 2—;'17-42 -Zﬁz (\05.1_' (E-)dz_}?sh G.4

5+ w

Note that in general for lifting bodies . Thus

d J qlaq # ¥Lq¢ !
one has only one equation (Eq. G.4) for two unknowns ?w“and
(PTee . Hence, an additional condition, the Kutta condition,

must be given in order to make the problem complete:

Ac =(_-. _;dtP,,-d(P -0 G.5
AR A (?f Ke)re .

The implication of this on the numerical formulation described

in Section 6 are obvious. If the control points of the upper
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and lower surface are very close to the trailing edge, the two
equations are both very close to Eg. G.4 and thus, the deter-
minant is very close to zero. Hence, use of small boxes in
the neighborhood of the trailing édge yields elimination of
significant figures even for thick wings. An alternative
formulation is then required (Subsection G.3).

It may be noted that the above problem does not exist
at the leading edge since there, the upper and lower values
of the potential are equal. Incidentally, however, it may
be worth noting that, as is well known, at the leading edge
the hypothesis of small perturbation fails. For, at the

leading edge, the boundary conditions are given by

9__(£:~95/9X :_y)x'_\-'_-i G.6
an VS|

(since the normal n is almost parallel to the x-axis), which
is in contradiction to Egs. 4.5 and 4.6. It may be noted
however, that the boundary condition is still used in its
exact form and that the terms neglected in Section 4 are
still of the same order of the nonlinear term of the differ-
ential equation. Moreover, this yields only a local effect
which eventually can be analyzed with the method of matched
asymptotic expansions (see for instance, Ref. 24 ). 1In any
case, the error involved is smaller than the one obtained in
the lifting surface theory where the value of 9¥>/2x is

infinitely large.
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G.3 Vortex Layer

As is well known, a discontinuity in the potential
corresponds to a vortex layer.

The direction of the vortices
in the layer is given by the direction of the line 4¢= constant

where s is the direction

and the intensity of the vortex is given by variation of
ALP lines",

2 4¢

2s
(in the layer) normal to the "constant
that is,

the direction of the perturbation
velocity component in the plane of the vortex layer.

Phy-
sically speaking, the doublet integral can be interpreted as

a (zero-thickness) boundary layer
pretation, E

(note that, with this inter-
0 inside 2

should be replaced by ¢= 0 inside
, which implies that the perturbation velocity is identi-

cally equal to zero inside Sy ). Finally, it may be noted
that this implies that this formulation does not yield any

phenomena of the type encountered in lifting-surface formu-
lations

(with elements inclined to the flow), for which "wakes
emanating from points near the body leading edge will thread
through the body surface near its trailing edge"

p. 446 ).

(Ref. 25
It should be noted that the tangent plane approxi-

mation (Section 7) yields a similar phenomenon.

the

However,
tangent plane approximation should be considered only as a
numerical approximate procedure

(with controlled error) to
solve a physically well posed formulation.
G.4

Alternative Formulations

Finally,

it is worth noting that alternative numerical

formulations can be used in connection with the theoretical
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formulation presented here. Again, for the sake of simplicity,
the discussion is carried out for the steady incompressible

case. Consider first the normal derivative of the basic equa-

tion
2
M_#a 2 _-_',,>az- o° (- \dE
'Y J 5% 3n (4;112 ‘f ? onon, (4T‘R) G.7

By taking the 1limit as the control point approaches}i , one
obtains an integral equation (different from Eq. 6.2), which has
the advantage that if the thickness is equal to zero, the opera-
tor is not singular: the 1limit equation is the one used by
Haviland.26

Two other alternative formulations are obtained by intro-
ducing a convenient flow field inside the surface Z; (see

7

Lamb2 ). If the value of the potential is continuous across

the surface, one obtains
= 5 _l—- dz )
C? éj’ R G.8
2

where S is the intensity of the source distribution (equal to
the discontinuity in normal velocity). On the other hand,

if the normal velocity is continuous across the surface, then
one obtains

g - fbé%(;)dz G5

4R

where D is the intensity of the doublet distribution (equal

to the discontinuity of “f ). By taking the normal derivative
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of Egs. G.8 and G.9 and imposing the boundary conditions,

one obtains two integral equations for the unknowns S and D,
respectively. These methods are used, for instance, by Hess
and Smith28and Djojodihardjo and Widnall, 6 respectively.

It may be noted that more complex formulations can be ob-
tained by combining two or more of these four basic methods,
Egs. 6.2, G.7, G.8 and G.9. The advantages and disadvan-
tages of the four basic methods are briefly discussed here.
Note first that the "source method", Eq. G.8, is limited to
nonlifting bodies: extensions to lifting configurations must

239 On the other hand,

include doublet distributions as well.
the other two methods, Egs. G.7 and G.9, if applied to a
closed surface, involve a singular operator (which yields a

determinant equal to zero). For, according to Eq. 6 .6, one

obtains, outside 2 ,
# 2 (_'_jdz L #{m L0
2n, \ 41R 41l (G.10)

and thus its normal derivative is zero: hence, Egs. G.7 and
G.9 have a nontrivial (constant) solution for the homogeneous
problem.* Thus, the method presented here is the only one of

the four basic methods, which can be applied to "closed-surface"

*
It should be noted however, that these two methods can be

used for open surfaces (lifting surfaceszs), or for the analysis

of the transient response.

171a




(e

ot

description of 1lifting configurations. On the other hand, as
mentioned above, combinations of two or more of the four basic
methods can be usefully employed. Various combinations are

now being explored.
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Fig. G.1 Su_rfaces 2, and Z'
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APPENDIX H

SUPERSONIC DOUBLET

H.1 Introduction

It should be noted that, as mentioned in Subsection 3.5,
the supersonic Green function (Eq. 3.44) has an infinitely
large discontinuity at the Mach cone. Hence, the normal de-
rivative 9@/%5n, (supersonic doublet) has meaning only in
the theory of distributions.7

The scope of this Appendix is to obtain the correct
definition of the supersonic doublet within the theory of
functions (as distinct from distributions). 1In order to
obtain this, the Lighthilizdefinition of distribution, or
generalized functions (as limit of regular functions) will be
employed. For simplicity, the steady case is considered.

The potential steady supersonic flow around a body of arbitrary
shape is described by the equation

¢= § % Gaz- 925 az H.1
2 z :

on,

where (P is the perturbation potential, 2, is a surface surroun-

ding the body and the wake and (see Eq. 3.44)

S g 2 ool gurtea]T efud ]

' H.2
.0 oo, <[4 (&2

is the steady supersonic source or Green's function. In Eq.
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A

et

B.2, it is assumed for simplicity that B=YH:%) =] , since

by using the supersonic Prandtl-Glauert transformation, ex-

pressions formally equal to Egqs. H.1l and H.2 can be obtained.
For the sake of simplicity, an element of planar surface

z

change of coordinates, this element can be reduced to be

o o parallel to the x-axis is considered. By suitable

lying in the plane 2 = 0. In this case

2 . 2 ._ 2 H.3
on, 22, F
Furthermore, the origin will be assumed to be moved to the

point (x,y,0), so that Eg. H.2 reduces to
-4

G = - —‘- Xlz" (1'2___27-> : K|<‘[L1|2*zz]i

Zn
H.4

= 0O K.>'[‘1‘z+?zj%

In conclusion, the supersonic doublet integral reduces to

ID 5~£{ g%' dz - lf g_z dx,dy, H.5

with G given by Eq. H.4. This integral is analyzed in the

following.

H.2 Modified Supersonic Doublet Integral

As mentioned before, following the Lighthill approach,
the Eq. H.4 will be considered as the limit of a more manage-

able function. A suitable choice is (see Fig. H.1l)

A !
G= -+ — r >¢ H.6
an "8 3
= L
2n ze r‘Bsé
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Furthermore,
A
G -0
Hence, the function has no discontinuity
of x, and y.

In conclusion, the modified

is given by

A -

Q= - 2’1,, (Klz"'fll‘ El)

(X.l— q‘z _ zz)'

4
2

N

!

2net

= O

X, > - [%uz*zz]—'z'

—ee <

-(qf-«- 2")*& X, & 00

H.7

for all the values

supersonic source G

€ (qteetee)

.3

-(‘1.‘*356’)*{ X - (q.‘d‘)l‘

H.8

Consider the modified supersonic doublet integral

a_a_ Ax
= Ay,

I =
I =
2,:342,43,
where Z, ’ Z,_ and 23 are shown in Fig.
of simplicity, two edges of 2, have been

parallel to the x-axis. Hence,

A

- L (i\,+1z

where

w |-

and
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H.2. For the sake

assumed to be



Using the transformation

X, = -yr?tiy? 4z
one obtains
dx, = -_x_r'idf.
and
R Y  Royfxzyr 22
1’ = ZZJA% A ...—___l__-— dy;
4 ° ! 1/7-‘2.., ,{‘z+it
v
_2ZJ"L‘{ [ VrTsy2eet
) (‘112"‘?' . r
! 3
Y
SSEpLYy gty
€ 0 q,’-+2"
-1 ,rg_&_a_ [%(4.4‘\16"4-4,24-22) +Ti_ tan'__€4 4
| ’éwiﬁﬁf*# Y
- ]+ 22 %(Y"Jel*“’l*"-') 2 Z- tan( >
£ €24 22 lilm
where
Y Y
I--zzJ (Reda et 2 'zaf p \/"‘dq"' '
' qreer R RS/ DT

Q

is the contribution from the edge x = X(y).
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On the other hand, combining Egs. H.12 to H.14 yields

A v SV Eeet v ; :
dr
I ::_z_i—Jd%J ‘id":_z'lj‘h{.f [
2 £* / l : FB £t 5 ; V ﬁx*‘f,z"'?t
'Vt{ffé'}e"
g

22 | [t (o VErmma ) - tn (gziat) | 4,

(4]

¥
{[‘1,1}&(& £%y, ‘4-?.) 9, 1,248‘)]

2]

Y
Y ! Y
4 j
! L* \ri,q % at rﬂ{, L ﬁn”' \{-’-+ 2t ]d"’f

= .g_ {t\)—(m € +V4E‘)_qu‘z[-€+/m" ) | Jd‘{‘j
e Voze 5 (4 2t) W Y+t
Y ‘t’
R L e R ey
e Ve 5 Veyies q‘*é %y 2

™

1"

~

-2z im (f 2T ) ¢ on(RIEFE)

-‘ H.17
el e ()

Finally, combining Eq. H.15 and H.17, one obtains
A A r —— _
L*Iz :I+23[ %Mﬁ __l_ta,y\l( E‘r’ )
Vet 2t 1 \ el Jeir oh e
-“\"-f}n(_ﬁ_*__"_"i';{f)_ I %(Yf c,\”nz% [2] f‘w-’< ey )JH.ls
I Y il Y A :

€T

3 Vot e e ey,
bt EY
=] 4+ 22 [_g ( V *') (H’ lu (!él e'+°‘+¢‘)]
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P

Bv expanding in power of ¢ one obtains

s+ 2) L otan _eY T SR J
( 5‘)121 )zlw/\’ﬂe‘( - 1¢L+ )

= 14+ 22 __\1_).[__5__ b1 _E5 O(e5))-l(__é_+0(e')t+0(£’)‘]
e (V%z" 2 ‘l”+é‘+ 2 Wi, )

+(l+3§) _L.<Taf:i__ +(3(eﬁ>

L Sy e
2
. 1422{[.-; L 064 E g T fo«)]j
v‘l"-&ﬁ" 3 [Zl ‘/vizz
=1+ O(e)
H.19
Finally, combining Eq. H.10 and H.19, one obtains
A
= - O (e
I, < 1] I+ OC) H.20
H.3 The Supersonic Doublet Integral
By letting €& go to zero, one obtains
I I L1
- y - — —— H.Zl
D £—»o0 P 2n

where I, given by Eq. H.15, is the contribution of the boundary

X = X(yll. Hence, the rule is that the contribution of the

boundary r_ = 0 (which is infinity if the theory of function
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't,,,‘

=

is applied carelessly) is zero.

Note in particular that if X

= const.
: . XY
1 - _,_'_I-: s ﬂ(a l W e
D 2n K )n ;,_.;Wez H.22
Finally, note that
T @=0)= I (X=v=u) = & syyn(z) H.23

which is the same result used in subsonic flow to prove that
E =

—
1/2 on the surface Z2, .
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