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ABSTRACT

A method of potentia'l flow solution for a simpìified two

dimensional augmentor wing with a thick uniform jet is presented.

Aiso, a solution for the non-uníform jet is attempted.

In order to concentrate on the effect of the jet thickness

and velocity profiles, the augmentor wing is simp'lified by assuming

that the aerofoil is a f'lat p'late and the augmentor has zero length.

Thus, the thick jet starts at (and above) the trailing edge, inc'lined

at an ang'le to the chord line.

For the uniform jet solution, the method replaces the aero-

foil by a vortex distribution and uses source and vortex distributions

at the jet origin and boundaries to represent the augmented iet. The

source strength is related to the primary jet momentum coefficient.

The problem is formulated by dividing the vortex distributions into

line segrnents of linear and logarithmic strengths. The vortex

strengths and the jet trajectory are determined by an iterative

numerical method which requires the flow to be tangentìa1 to the

aerofoil and jet boundaries, and the jet shape to be in equilibrium

under the pressure loading.

When the jet has a thickness of onìy 0.5% of the chord, the

solutions are in close agreement with linear theory and appropriate

experirents. Solutions for a range of iet thickness (up to 9% of

the chord) indicate that the lift coefficient and the iet traiectory

are not affected very much by the jet thickness provided that the
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primary jet momentum coefficient is kept constant.

The solut'ion for the non-uniform iet is formulated by

approximating the jet by several uniform layers. Results are obtained

for the special case of two equal thickness layers. It is found

that, for a constant total primary jet rnomentum coefficient, a higher

lift is developed when the lower part of the jet has a h'igher velocity

than the upper part.



| ::.:::.. .::1

111

ACKNOÌ¡ILEDGEMENTS

I would like to thank Dr. J. Tinkler for his invaluable help

as a teacher and a research adviser. I great'ly appreciate the'long and

late hours that Dr. Tinkler has spent generously to give me guidance,

instruction, and assistance. Also, I would like to thank him for his

concern and understanding of my personal difficulties.

I wish to thank Drs. D.J. Marrsden, D.l,rl. Trim and A. Trupp for

their review of the thesis.

I wish to express my appreciation to the staff of the Mechanical

Engineering Department, and my thanks to Mrs. Paulette Giardino for her

typing of this manuscript and to Mr. P. Mitra and H. I'Ieiss for their

preparations of some of the drawings.

The grants from the Defence Research Board and National Research

Council to support this work are acknowledged



rv

TABLE OF CONTENTS

ABSTRACT

AC KNOI^IL EDG EMENTS

TABLE OF CONTENTS

LISTS OF SYMBOLS AND SUBSCRIPTS

LIST OF FIGURES

CHAPTER

] INTRODUCTION

I] MATHEMATICAL MODEL OF AUGMTNTOR h¡ING

II.1 introduction

II.2 Idealized modei of augmentor wing

II.3 Straight uniform iet
II.4 Mathematical model of augmentor wing

III FORMULATION OF THE PROBLEM

III. 1 Boundary Conditions

I I I . 1. 1 Ki nematÍ c boundary condi ti ons

III.1.2 Conditions at infinitY

III. 1.3 Dynamic boundary condition

III.2 Geometrical construction of the problem

III.3 Types of vortex strength distnibutions

III.3.1 Linear vortex strength distributions

Page

a

iii

iv

víi

xií

1

7

7

9

11

11

13

13

13

T4

15

20

22

¿J



III.3.2 Logarithmic vortex strength distributions

III.3.3 Constant vortex strength distributions

IV THE ITERATIVE METHOD OF SOLUTION

IV.1 Genera'l principle of the iterative method

lU.2 The set of 'linear equations for vortex strengths

IU.2.1 Formul ae for i nduced vel oci ties

. LU.2.2 The resulting velocity components

23

25

26

26

26

26

a contro'l point by al l the finite

vortex segments

induced at

di stri buted

38

4I

44

45

47

50

50

50

51

53

55

55

57

59

64

IU.2.3 The kinematic boundary condition rewritten

as a set of linear equat'ions

IV.3 Differential equation for the iet traiectory

IV.4 Discussion of convergence

IV.5 Lift coefficient and pitching moment coefficient

V NON-UNIFORM JET AUGMENTOR l^llNG

V.1 Introduction

U.2 Mathematical model of the non-uniform iet

V.3 Non-uniform iet boundary condition

V.4 Method of so]ution for the non-uniform iet

VI RESULTS AND DISCUSSIONS

VI.1 Thin jet

UI.2 Thick uniform iet
VI.3 Thick non-uniform iet

VII CONCLUSION



.... --l

t':i
iJ

References

APPENDTCES

þpendix

Appendix

Appendix

þpendix

Appendix

þpendix

þpendix

Appendix

þpendix

Appendix

þpendix

Appendix

Page

66

7I

75

76

79

82

85

88

90

92

95

IT2

128



LIST OF SYMBOLS

tAl Coefficient nntrix

Al, 42, 43, A4 Vortex segment end points

tBl Column matrix

c Chord'length

Cl , CZ, C3 Constants

CJ Augmented jet momentum coefficient

CJ, Prinnry jet momentum coefficient

CL Lift coefficient

Cl¡ Pitching moment coefficient (about the leading edge)

D Function occurring in Equat'ion 78

E Function occurring in Equation 79

F FunctÍon occurring in Equation 4l

G S'lope of the iet center line

H Function occurring in Equation 42

J Augmented iet momentum

J' Primary jet momentum

K Coefficient in the expressions for singuìar vortex
di stri buti ons

L Lift
L Function occurring in Equation 48

M Function occurring in Equation 49.

N Total number of vortex segments

0 Origin of the x, y coordinates

0' 0rigin of the E, n coordinates



vI11

P Arbitrary point in the flow field

q Source strength per unit length

R Radius of curvature

S Function occurring in Equation 68

T Function occurring in Equation 69

u x-component of the induced velocity

u' [-component of the induced velocity

v y-component of the induced ve'locity

v' n-component of the induced velocity

U Free stream velocity

Uu, U. Free stream velocitigs gt upper and lower iet
boundaries respecti vely

V Augmented iet velocity

V.., V- Augmented iet velocjties at upper and lower jetu' e boundariès respectively

l^l Function occurring in Equation 64

x Horizontal coordinate

y Vertical coordinate

7 Function occurring in EquatÍon 65

0 Angle of attack

y Vortex strength per unit ìength

f Circulation

ô Jet thickness

n Nornnl axis to the vortex segment line

0 Angle reasured from the source segment line to the'line connecting the segment end point to control
point (0< o< 2Tr)

0 Angìe used in Equation l8

' .:: .l



p

T

0

Tangential axís to the vortex segnent line

Dens i ty

Initial jet deflection angle

Angle rneasured from the vortex segment line to the
line connecting the segment end point to control
point (0* O< ztr)

Tan rJ., is the slope of the aerofoil and jet boundaries



t: .;.:,::,;.;-,r,4

.t. r. i

l;].r:;':::

LIST OF SUBSCRIPTS

a average

A of point A

B of point B

c of the chord

ct center point of a segment

C of point C

D of point D

i order of control points

i-j (the induced velocity) at ith control point due to ith
vortex element

j order of vortex segments

k constant

9" 1i near

.Q, of lower boundary

Î,d linearly decreasing

.e,i I inearly increasing

N number of vortex segnrents on the chord line and jet lower
boundari es

NI N+I
N2 N+2

N3 N+3

NC number of vortex segments on the chord line

NCl NC+I

NC2 NC+2

NC3 NC+3

oj initial conditions of a vortex segment on the iet
center I ine



X1

P of point P

P-s (the induced velocity) at P due to a source distribution

P-y (the induced velocity) at P due to a vortex distribution

ps peak strength

q of the source distribution

u of upper boundary

æ at infinity (far upstream or downstream from the aerofoil )

i'-:.,'.' ¡i



Fj g ure

I

2

3

4

5

6

7

LIST OF FIGURES

Aerofoil with Mechanjcal Flap

Eì'liptic Aerofojl with Jet Flap

Aerofo'il wi th

Two Dimensiona

Chan's Model o

Development of

Strai ght Uni fo
Vortex Di str

Representati on

Augnrentor Wi ng
Singuìarjties

A Polar Element of a Curved Jet

Locations of Elements and Control Points

Example of Three Consecut'ive Vortex Segments

Typìcaì Logarithmjc and L'inear Vortex Strength
Distributions

A Distrjbuted Source Segment and Induced
Vel oci ti es

A Distrì buted
Vel oci ti es

Vortex Segment and Induced

Jet Augmented Fìap

1 Augmentor [.ling

Pa qe

130

i30

131

131

133

r34

134

13s

135

r36

r37

138

138

138

I
9

f the Augnentor lling I32 i'.,..',i:::'':' -

an Augmentor l^ljng Model

rm Jet Represented by Source and
i bu ti ons

of a Curved Thick Jet

Represented by Distrjbuted

l0

ll
12

l3

14

l5

l6

17

l8

l9

Sketch of Jet Shapes After Four Normal
iterative Steps 139

Specifìed Regions of Jet Shapes 139

Model of the Non-Uniform Jet Augmentor l^lìng i40

Stra'ight Non-Un'iform Jet I4l



í: - r-.+-l:':.ì!

xl_l-l-

Fi qures

20

32

33

34

35

Pa ge

Mathenntical Model of the Non-Uniform Jet
Augnentor Wi ng

21

22

23

24

29

30

3l

Center Lines of Jet Trajectories

Predjctions of Effect of Primary Jet Monentum
Coefficient on Lift When the Jet is Thin

Comparison of Present Theory vrith Experjmental
Results for the Effect of Primary Jet Momentum

An Element of the N

Vortex Strength D'is
Augmentor Wì ng

on-Uni form Jet

tributions for a Th'i n Jet

n Jet

ri ati on
r Wing

with Attack Angle for a

riation with Initial Jet
for a Thin Jet Augmentor Wìng

tributions for a Thick Jet

t4r
L42

143

r44

L45

25

26

27

28

on L'ift for a Thi

Lift Coefficient Va
Th'in Jet Augmento

Lift Coefficient Va

Deflection Angì e

Vortex Strength Dis
Augnentor l,Ji ng

r46

r47

148

r49

150

151

r52

153

L54

155

156

Effect of Jet Thickness on Jet Trajectory

Effect of Jet Thickness on Lift Coefficient

Vortex Strength Djstributions for Different
Dynamìc Boundary Conditions

Vortex Strength D'istribution for Non-Unjform Jet

Effect of Velocity Ratio on Jet Center Ljnes

Effect of Velocìty Rat'io on Lift Coefficjent

Flow Directions at and Near the Jet Start
(unt'forrn Jet)



'.r:.ji:.-:,....1:".:-.:i:,-'-.-,..11:i:.r::-r:..4-.:.r-:i.-.!-,it"ll-.:1-,.i.:,-r::r'..:t-ìa--,1.

CHAPTER I

INTRODUCT ION

The development of high lift aerofoils is a step-by-step

progress. Starting as early as .l920, 
methods of Ímproving the aero-

foil geometry to produce higher lift were studjed. It was found, then,

that the circulation around an ærofoil, which is dÍrect'ly proportional

to the lift, could be improved by temporarily increasing the aerofoil

camber and/or chord by means of nechanical flaps or slats. An

examp'le of a two dimensional aerofoil with a mechanical f'lap is

presented in Fig. l. In practice, there is a limit to the lift
obtained by the modification of the aerofoil geometry because of the

boundary'layer separation which has an adverse effect on the circulation.

Means of controìling or retarding the flow separation were

then tested. One nrethod was the blowing of a high-speed jet sheet

over the flap upper surface to suppress the separation. During the

test of flow separation control in 1938, Hagedorn and Ruden (l ) i,,,i.,,,,

observed that the excess of the blown air origina'lly used to control 
.,:.,:,,,'

flow separation also resulted in a higher ìift on the aerofoil. 
':::::i:

Unfortunately the signíficance of this important observation

was not recognized.until more than a decade later, when the high-speed 
i ,,,,,,,

jet sheet v,,as recognized as a solution to the high 'lift wings. In i:::rli:::

1953, tests were done by Dimmock at the National Gas Turbine Establish-

ment on the two dimensional el'liptic aerofoil with a jet of air



issuing from a slot near the trailing edge and at the lower surface

of the aerofoil as seen in Fig. 2. The lift and pitch'ing moment

were measured by pressure plotting. The jet sheet behaved like an

extended mechanÍcal flap; thus, the name of the jet flap aerofoil was

gi ven.

The experimental results of the jet flap aerofoil by Dimmock

and the empirica'l theory of Stratford were reported by M. DavÍdson

in Ref. 2 showing that a very high lift coefficient could be obtained ;,,;'i . r.

with the jet flap. Also another important result showed that the 
t.l,propulsive thrust was nearly equa'l to the momentum flux of the jet i': ''

regardless of the jet deflection ang'le

The first theoretical solution of a two dirnensional jet ì

l

flap was presented by Spence (3) in 1956. Spence's nnthenntical model I

lof the jet-flap aerofoil consisted of a two dimensional f'lat plate
:

aerofoil with an infinitesimally thin jet sheet issuing from the l

trailing edge. Ideal flow conditions were assumed, and the aerofoil 
I

and iet boundaries lvere replaced by vortex sheets whose distributed

strengths were determined by satisfying the boundary conditions that 
i,,,,.,.

the velocities on the aerofoil and jet boundaries must be tangentia'l . 
r,,,,t,,

An integro-differential equation for the vortex sheet strengths ii::'i:

was formed. In order to obtain a less compìex integro-differential

equation, the jet sheet was assutned to be aìigned with the aerofoil

chord but the local slope of the jet streamline was that of the i.,;ì';

correct jet trajectory. Spence successfui'ly solved this problem by

approximating the distributed vortex strengths by the logarithmic
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functions, vúhich satisfy the singuìarity behaviours of the velocity

field at the leadíng and trailing edges, together with a Fourier

serí es .

Spence's approximate solutíons are applicable to a thin

aerofoiì at snnlì angles of attack and small initial jet def'lection

ang'les, but the results are in good agreenent with experimental find-

ings even for an initial jet defTection angle of 50". Spence's

solutions have been regarded to be very reliabÏe, however in recent

years new methods of solutions for the jet fìap were attempted.

Leamon and P'lotkin (a) also used vortex sheets but ailowed

the boundary conditions to be satisfied on the real singular surfaces

instead of the linearized ones. The distributed vortex strength on

the chord and the jet center line trajectory were approximated by

singular functions whÍch satisfied the singular behaviour$ at the

leading and trailing edges. The results deviate from the experimental

and other theoretical results by l6 percent to 20 percent except for

small jet momentum coefficients.

Sato (5) represented a circular cyìinder with a jet flap

with a number of discrete vortices located on the cylinder surface and

aìong the jet. He then used conformal mapping to derive the flow

about an elliptic aerofoil with a jet flap. solutions of the effects

of the iet flaps on an elliptic aerofoil section of 12.5% thickness

chord ratio were found to be comparable to experinental results.

Examp'les of calculations for other aerofoil sections were also

presented.



At about the same time Herold (5) also presented a two

dimensional, iterative so]ution for the jet flap. He also used the

discrete vortex method but the thin aerofoil approximation was applied.

His results agreed with those of Spence and experiment for low momentum

coefficients, but in general, no rnrked improvement of the solutions

by this næthod is noted.

Although no exact solution of the jet flap was found, efforts

to improve the high lift system were never stopped in the laboratory.

One of the practical difficultíes of the jet flapped aerofoil was the

control of the jet initial deflection angle. It was found that if the

jet v,ras ejected over a traïling edge flap (F'ig. 3) instead of from

the trailing edge, the jet would attach to the f'lap and leave the

trailing edge at the same angle as the flap angle due to the Coanda

effect. It was also recognized that this arrangement, known as the

jet augmented flap, resulted jn a remarkable improvement in lift.
The first theoretical solution for the jet augmented f'lap was a'lso

presented by Spence (7) in 1958.

Almost a decade 'later, the jet-augmented flap arrangement

was modified by adding a shroud to improve the thrust and lifting
effectiveness. The latter arrangement Ís called an augmentor wing

and is íllustrated in Fig. 4. A jet issuing from a span-wise slot

at the rear portion of an aerofoil emerges into a gap formed by the

upper shroud and lower section of the flap, which directs the flow

with a downward angle of deflection relative to the aerofoil chord.

The flap is designed to allow mixing of the jet and the secondary

i \:,'.:.:. : : j \.. >t U : 4.! :.:\ 1 <'1.A | : r af 71:.i;:,t/.-:-i{i¿7
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induced air flow (Fig. 4) so that augmentation of momentum flux of the

prinnry jet is obtained.

The arrangement of the augmentor wing contributes to high

'lift on two accounts: the presence of the iet induces an asymmetry

in the n¡ain stream giving rise to a pressure lift on the aerofoil, and

the reaction of the augmented jet momentum results in a contribution

to lift (as well as a contribution to thrust). The augmented reaction

lift is clearly an advantage over the iet flap arrangement.

Past augnentor wing investigations have been mainly

laboratory experiments. In .l964, at the Fourth ICAS Conference in

Paris, t,rlhittley (8) presented a report on research progress which

indjcated the promise of the augrnentor wing concept. Research work

was then continued with tests on a large scale model in the NASA Ames

40 by 80 feet wind tunnel (9), and the results have shown a significant

advantage of such a lifting system.

In 1969, Y.Y. Chan (.l0) contributed to the ana'lytical solution

of the augmentor wing by simplifying the model to that of a iet-
augmented f'lap with the augmentor inlet suction represented by sinks

at the hinge line on upper or lower surfaces. He showed that the lift
coefficient could be improved by the augmentor wing arrangement. Later,

Woolard in Ref. ll tried to improve Chan's solution by redefining the

sink strength.

Recently, Wilson et al (12) presented a net^r approach to

the ana'lysis of the augmentor wing, in which the restrictions of thin

aerofoil and infinitesimally thin iet were avoided. The real two



dimensionaì aerofoil and assumed-constant-thickness jet surfaces v'rere

used in the calculation of the potential flow field outside the jet.

The solutions also allowed for the effects of the jet entrainment

and the induced flow at the augmentor entrance by using source and sink

distributions superimposed on the vortex sheets. r,,,.',

This thesis presents a theoretical model of the augmentor

wing which, in the restrictive conditions of the ideal f'low, represents

a complete flow field around an augmentor wing including the jet flow. ,,t.,

The object is to study the effects of the jet thickness and jet l" l

i ,'t'. t 
'

velocity or momentum distribution on the lift coefficient of the two i",".'

dimensional augmentor wing.



CHAPTER II

MATHEMATICAL MODEL OF AUGMINTOR hIING

II. I Introduction

The velocity field induced by a distributed vortex is a

very important concept in aerofoil theory as discussed, for example,

in Chapter 12 of Reference 13. The flow about a two dimensional

aerofoil can be represented by the flow resulting from the combination

of a uniform stream with a distributed vortex, the actual strength

distribution being determined by the shape of the aerofoil. The

method provides a convenient means to determine not only the total

lift but also the distribution of pressure on an aerofoil.

The problem of determinÍng the aerodynamic coefficients of

a given aerofoiì profile is very difficult. However, as reported in

Ref. 13, M. Munk introduced a method of approxÍmat'ion, known as the

theory of thin aerofoil, which has proved to be very useful. The

nethod rep'laces an aerofoil by its mean camber line which is assumed

to deviate only slightly from the chord line.

Using the concept of vortex sheets and thin aerofoil theory'

and based on Spence's solution for the iet ftapped aerofoil, Chan (.l0)

presented a theoretical model of the augmentor wing as shown in

Fig. 5. The real augmentor wing was approximated by a flat plate

aerofoil with a theoretical sink on the upper or lower surfaces of

the aerofoil at the flap hinges. The sink was added to represent

'-...'1.';,::
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the suction flow at the flap hinge. The use of a sink, as in this

case, or a distributed s'ink to represent the suction or entrajnment js

cormon. The strength of the sjnk was arbitrary, but in practice would

be empirically determjned. The jet thickness was assumed infjn'itesinnl.

The jet boundary condjtions were satjsfied on the l'inearjzed jet

trajectory; i.e., on the extension of the chord line.

tJoolard Ill] interpreted Chan's suction coefficient as being

based on the total majnstream flow into the augmentor and argued

that it should have been based on the increase of flow (due to the

jet entraìnment), on the basjs that no ljft should be produced on a

flat p'late at zero angìe of attack when the primary jet momentum is

zero.

Another nnthematical model of the two dimensional augnentor

wing was presented ry l^lilson et al (12), based on the experìmental

model of the augmentor wing tested by Wang, l^lright, and Mahal*. In

l,J'ilson's model, the aerofoil boundary was formed by connecting the

front part of the real aerofoil boundary to the shroud and the f'lap

chords by two planes, which were arbitrari'ly taken to represent the

boundaries of the mixing zone of the primary iet and the secondary

*l,Jìlson et al (12) incorrectìy gave the reference as "Design Inte-
grat'ion and Noise Studies for a Jet STOL Aircraft", Vol. IV, "l^Jind
Tunnel Test Program", The Boe'ing Company, Commercial Aìrplane Group,
Seattle, Washington, NASA CR-114286, May, 1972. Attempts to trace
this report have been unsuccessful.
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induced flow. The shroud and flap thickness were treated as negligible.

The jet, whose thickness v'ras constant and equal to the gap distance

between the flap and the shroud, issued from the trailing edge. The

aerofoil and the jet boundaries were divided into 200 segments of

vortex and source-sínk distributions. The segments were approximated

by finite straight lines. The iet was truncated when it turned to

within two degrees of the free stream. Then two end segments, having

the same length as the adiacent segments, were added onto the jet.

II.2 ldealized Model of Augmentor Wing

The flow field about an augmentor wing is very complicated.

For the practical purposes of engineering, the simplified or idealized

models of the augmentor wing, such as those presented in the prev'ious

introduction, are often used in the analysis of the augmentor wing.

These models, however, do not represent the complete augmentor w'ing

aerodynami cs .

In the real fìow, the viscosity of air causes the develop-

ment of boundary 'layers on the aerofoil and flap surfaces, and the

entrainment along the jet. The boundary layers change the effective

surfaces of the aerofoil and affect the drag and lift on the aerofojl.

The entrainment increases the iet thickness and changes the jet

momentum downstream. Another problem which complicates the augnentor

wing aerodynamics is the mixing of the primary and induced flow inside

the augmentor. The mixing process is very difficu'lt to understand

fu'lly because of the turbulent nature of the flows and nnny paraneters



10

which affect the nixing, such as the augmentor coniiguration, the initial
jet thickness, and the ratio betueen the initial jbt thickness and. augnento::

thickness (11).

For the purposes of this analysis the flow is assr.ned. inconpressible 
"

irrotational and" inviscid, so that potential fLow theory can be 4p1ied"
In addition, the augllentor wing configuration is systernatically sinplified.
so that it is possible to solve the problen and to test its results at
each stage, from the sinplified case to the more cqrplex one.

The sinpl.ified. two d.imensional augnentor wing model consists

of a thin aerofoil with a downward deflected f14 at the rear portion

of the aerofoil and a para11e1 shroud just above the flap as shown in
Fig. 6 (a). The au,qrented jet is ejected between the shroud and. the

fl-q at the trailing edge i¡ the direction of the flap chord line

Before studying the rnodel in Fig" 6(a), a more simplified model where

the f14 and shroud chords are assured to have zero-length will be exanined..

rn the latternodel, as shown in Fig. 6(b), the mixing of the jet and

secon<lary induced flow are assuned to be conpleted. j-n zero length. Furthermore

the ftrnctions of the shroud. and flap in controlling the jet exit angle

and their effects in turning the free stream flow at the trailing edge

and shroud leading edge are assuned to be retaj¡ed. Thus, the finite
thiclness jet hli1l be considered to issue f-rom the trailing edge at an

angle to the aerofoil chord.
i.,r:.rll
I. r:: .,::
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The model is

foil has no camber" The

a flat plate at an angle

edge,

simplified further by assuming that the aero_

model'is shown in Fig.6(c) and consists of
of attack with a thick jet at the trailing

ïï"3 Straight Uniform Jet

In chapter 3 of Ref. .l4, the technîque of replacing two

parallel vortices and a uniform flow by a source distrÍbution.is
dÍscussed" The technìque is modified here to represent a jet by

source and vortex distributions

l-lere the two semi-infinite, paralle.l vortex distrfbutions

on two straight 
]ines 

y = | anO y =-å, as shown in Fig. 7(a), ar"e

added to a sourcè ¿rstribution on the y axis and between the two

vortex dìstributions" It can be shown that Ìf the source distributíon
has equal strength to the two vortex sheets, the resuÏting flow is a

straight uniform jet flow of thickness ô in the region x > 0 and

between the two vortex sheets (see Appendix A)

It is assumed, in this work, that the thick curved jet in
a unfform flow can aiso be represented by a source distribution and

vortex sheets of unknown strength distributions as shown in Fig. g.

ïI.4 Mathematical Model of Augmentor hjing

It is desired now to use the concept of distributed vortices

toconstruct a hypothetical model for the augmentor wing of Fig. 6(c).



The flat plate is rep'laced by a distributed vortex with unknown

strength aìong its lines, and the jet is repìaced by two vortex sheets

at its boundaries and a source distribution at the trailing edge

(Fig. 9). Their strengths are to be determined.

Thus, the resultant flow field is made up of the uniform

flow, and the velocities induced by the distributed vortices and

distributed sources. Because the velocity potential of the uniform

flow, vortices and sources individually satisfy the Laplace equation,

which is a'linear equation, the potential of the resultant flow also

satisfies the Laplace equation. The nnin boundary conditions are

that the flow is tangential to the aerofoil surface and jet boundaries,

and is undisturbed from the uniform stream (except in the jet) far

from the aerofoi I .

T2
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CHAPTER I I I

FORMULATION OF THE PROBLEM

III.I Boundary Conditions

I I I. I . I Ki nemati c boundary condi ti ons

In using vortex sheets to represent the aerofoil and the

jet, one of the physical conditions needed in determining the strength

of the vortex distribution is that there will be no flow across the

aerofoil and jet boundaries

Generally, without knowing the type of vortex distribution,

this condition means the vortex sheets should assume strength

distributions that induce a velocity field such that the aerofoil and

jet boundaries are streamlines. Mathenntically, the velocities

induced by the vortex sheets at any point on the boundary, when

combined with the velocities induced by the source distribution and

the uniform flow velocity should make a velocity tangential with the

boundary at that point, or

T3

U- sin cl * V.r

qcosã-qa = tan (u¡)'

where cx, is the ang'le of attack (Fig. 9) and tan (r¡t ) is the slope

of the streamline at point "i". A'lso v., and u, are vertical and

(t )

l::i . :::r r.'ll
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horizonta'l components of the induced velocity, and

stream velocity for upstream.

U is the nninæ

by

U,

III.l.2 Conditions at infinity

At downstream infinity the effects of the disturbances caused

the aerofoil and jet are negligibìe and the free stream veloc'ity,

is assumed to approach U-_.

Concerning the jet trajectory, the physical condition requires

the finite thickness jet to be aligned with the free stream at down-

stream infinity. Thus the iet velocity at infinity must be (U_ + q_)

where q_6 ís the prinnry jet flow rate. The jet momentum coefficient

measured at infinity is

p(u- + g*)20
,r_

Èrú.
(2)

J-
=r7- =
+ou c
2'6

where J_ is the augmented jet momentum flux at infinity, 6 and p are

the jet thickness and density respectively, and c is the chord'length,

taken to be unity. The primary and augmented jet densities are assumed to be

equal and constant. In this work C, is called the augnented iet
momentum coefficient at infinity. 

co
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III.l.3 Dynamic Boundary Condition

The dynamic boundary condition of the jet is the requirement

for the forces acting on the jet to be in balance.

A curved, thick, two dimensional jet in a co-flowing external

field is sketched in Fig. 10. Its trajectory is determined by the

radius of curvature R of its center line.

The analysis, similar to that of Spence, Ref. 3, assumes an

inviscid, incompressible flow in the main stream and in the jet, and

the flow is everywhere irrotational except at the jet origin and at

the boundaries of the jet, where the pressure is continuous but the

velocity and densjty are both discontinuous.

The velocity and the pressure at the jet center line vary

along the jet; there are only two índependent physicaì quantities that

are constant: the mass flow and the total pressure. A polar element

of the jet is shown in Fig. 10. The analysis of the jet is presented

in Appendix B where a dynamic boundary condition is obtained, and

expressed by the relation between the distributed vortex strengths

on the jet boundaríes and the jet velocities and positíon. The

expression is

r - /Yu 
* vr,l ,4 *: 6vu\

F=\T-/.2 \(- Ç)
where R is the iet radius of curvature, and yu and y¿ are the vortex

strengths at the upper and lower iet boundaries respectively. Vu is

(3 )
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the average jet velocity, defined as

V + V^
r' - U J¿

'a Z '

where V, and VU are the iet velocities at the upper and lower jet

boundaries respectively. The average jet velocity can be used to

define the jet augmented momentum J = pU3 o, which is constant along

the jet.

(4)

The augmented jet momentum coefficient is defined as

C., = ---t- ,
" lnl)Zc

2P- æ-

and assumed constant along the jet. Thus,

*=(,:.*) /{+ i,

(5)

', 
= tr- (6)

The dynamic boundary condition, Equation (3) is rer,¡ritten in terms

of C, as

In the ìimiting

boundary condi ti
for the jet flap

case where the jet thick

oh" Equation (7), reduce

probì em.

rl

- r?q\ 1 /zlL
(r,? li (7)

ness approaches zero this

s to that used by Spence (3 )
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.'?ta'ali_l

It is more practical to express the dynamic boundary condition,

Equation (7), in terms of the primary jet momentum. For the present

nnthematical model the primary jet is assun¡ed to issue uniformly

across the jet thickness (ô) at the trailing edge. The primary jet

momentum flux, J', is defined as the momentum flux when the nnin stream

velocity is zero so that

I7

)J' = p q- 6

Because the jet mass flow is conserved

Q=9-

Thus the primar"y jet monentum coefficient is

uJ'

The augmented jet momentum is

primary jet monentum. Using Equations

now expressed in terms of the

(6) and (9), Equation (2) is

(B)

(e )

J'

! o* u2*'

(10)

*It should be noted that the primary jet momentum flux, J', is
different than the power jet momentum flux. In practice, the
primary jet is often underexpanded so that it continues to
accelerate after the nozzle exit. The power jet momentum flux
is defined as the product of the jet nnss flow and the velocity
which the jet would achieve if the gas expanded isentropicalìy
to ambient pressure. However, J', as defined in Equat'ion (8),
corresponds to the primary jet momentum at the exit of the zero-
length augmentor assuming incompressible flow. The relation
between J' and the power jet momentum must be determined
empi rical 1y.
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C.., =:3-:+ co¡ +Pq ö 

0Z)" 
+ o- u3. ! o- u2;^ ! o* u2*,
¿'Ø co

(ll)

(14 )
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rewritten as

Thus

p(u- * q)2 o

' lou2c*o U'
¿'@ æ

or

,r=P.ffi*cr, (13)

Substituting Equation (13) into Equation (7) gives

r=(t.r)/\ (.,n:.+l

f'

t_
\zo*+ * cJ'

2ô

E
Uæ

/1 I
)tJ

This form of the dynamic boundary condition has been produced

by using an approach simitar to that used by Spence. 0n the face of
it, it appears attractive in that the radius of curvature is defined

in terms of the local vortex strengths,y, ôhd y[, which are the nain

dependent variables in the mathennticar probìem. However, two

approxímati ons
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(15)

and

19

., vr*v¿
'a = ---

u +u!,
n o u (16)"æz

have been made which are valid within the linearizing restrictions of

Spence's jet f'lap theory. These approximations are not necessary for

the nunnrical computation except that they reduce the computer memory

requirements. In Appendix B it is shown that the dynamíc boundary

condition is

l_(vu-vo)2 2F-ìfif 6' (i z¡

when expresseC in terms of the local velocities rather than averages.

'.:a.-,: :

l--.

i-:.,--::

È::i!'-.' r' _
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III.2 Geometrical Construction of the Problem

From the mathematical model of the augmentor wing, the

vortex sheets are divided into a chosen number of finite length seg-

ments, except that the last two downstream elernents on the jet upper

and lower boundaries are semi-infinite. The vortex strengths on the

segments are original'ly unknown. The segments are approximated by

the straight 'lines as shown in Fig. l1(a). This approximation is

reasonable when the segment ìengths are snnll or the radii of curva-

ture of the segments are large. The latter condition is tnr¡i.e in the

case of pìate aerofoils of small camber and shallow jet trajectories.

Since a large number of segments taken will result in more unknown

vortex strengths to be determined, it would result in longer computing

time. Thus, for better approximation of vortex strength distribution

with less computing time the segment ìengths may vary accordíng to

the behavior of the vortex distributions. Shorter segments are used

in the regions of rapidly changing strengths (i.e., adjacent to the

leading and trailing edges where there are singularities of the vortex

distributions), and 'longer segments are used when the vortex strengths

do not change si gni fi cant'ly.

There are two coordinate systems apptied: the (x, y) and

(8, n) systems [Fig. ll(b)]. The (x, y) system is fixed and has its
origirì, 0, at the leading edge and the x-axis is on the chord rine. 

i¡,",i,,
The (E, n) system is temporari'ly attached to any vortex segnent, ir'i:a':':'

with its origin, 0', at the upstream end of the segment and the 6-axis

a'l i gned wi th the segment.



From the concept of different 'length segments described

earlier, the coordinates of the segment end poÍnts on the chord are

taken from the expression

x_.

{ = tl - cos oi)/z, (18)

where 0., is an arbitrary angle varying from 0 to IT with equal increments. ,:,.::
1.: ,.::. .;,

Thus, the leacling and trailing edge positions comespond to the values r';':'j:

of O., of 0 and II respectively, and shorter segments are crowded near ,, ,

the]eadingandtrailingedgesasshowninFig.ll(a)

0n the lower iet boundaries, the first few segment lengths

from the trailing edge are taken similar'ly to those in the first half

of the chord [Fig. l1(a)]. Further downstream, the segment lengths

are increased by a constant increment until the end point of the last
:

segmentisatfivechordlengthawayfromthetrai1ingedge,whereu.
semí-infinite segnent aligned with the free stream is attached

The coordinates of the segment end points on the upper iet

boundary are calculated from those on the lower iet boundary and the

jet thickness, as shown in Appendix C. The results give a similar

segment length arrangement as on the lower jet boundary, so that there

are pairs of paral'lel segnents on the iet two boundaries as shown in

Fig. 1l (a).

Finally, the mid-points of all the finite length segments

are taken as the control points [Fig. tl(a)] where the kinenntic

27



L'"'t::::'!': t

boundary condjt'ion js satjsfied.

For easy reference, the d'[strìbuted vortex elements are numbered

starting at one at the element adjacent to the leading edge increasing

to the last finite element downstream on the iet lower boundary,

and contjnuing on the jet upper boundary elenents from the element

nearest to the trajlìng edge to the last finite elenent downstream.

The control poi nts are al so numbered i n the saÌne ITEnner so that they

have the same order as the elements that they are situated on

[rig.]l(a)1.

III.3 Types of Vortex Strength Djstribut'ions 
,

Basedontheresultsofvortexstrengthdjstr.ibutionsjnthe
ljet f lap prob jenr Refs. 3, lS, l.inear djstr.ibutions of vortex strengths

are assuræd on al I the '¡ortex segments except those adjacent to the

leadingandtrai].ingedgesandthetwosemi-infinjteelements.At

the ieading and traììing edges where the flow makes the sudden turns
:

to satisfy the kinenut'ic boundary condition, the vortex strengths 
. i

must be 'infi ni te. These poì nts are cal I ed the si nguì arj t j es. However, .,, ,''.

the i ntegrat'ion of the vortex strengths over the chord and the jet -.,',.,,,'

: .. :.:

trajectory, which'is proportionaì to the lift, must be fin'ite. Spence

showed 'in Ref. 3 that the proper singu'lar functions are ìogarìthmjc.

For the two semj-'infjnite elenents, constant strength vortex
i.:.,a,,,tJ di stribut'ions are assurned such that the condi tion at downstream j: j:':::;

j.r::. : - r:

t :a .

22
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'infjn'ity ìs satjsfied.



III..3.l Linear vortex strength distributions

An example of the linear'ly distributed vortex strength over

a segment A.,4, is shown in Fig. 12. The vortex strength, in this

case, decreases (or increases) linearly from th.e strength of yAl at 4.,

to yAZ at Ar. This will be called a trapezoidal distribution of

vortex strength.

For the convenience of the calculations as seen later, the

trapezoida'l distribution is divided into two trianguìar distributions:

one in which the vortex strength increases linearìy from zero at 4.,

to yAz at A, and another in which the vortex strength decreases

linearly from yAl at 4., to zero at Ar.

Furthermore, consider.. t, for exampìe, three consecutive

vortex segments as shown in Fig. 12. There are trapezoidal vortex

distributions over segnìents 4.,4. A2A3 and A'AO, with the common

vortex strengths at A, and Ar. The vortex strengths at Al, AZ, 43,

and AO ut. yAl, rAZ, tA3 und yA4 respectively. These trapezoidal

distributions are divided into the overlapped triangular distributions

with the peak vortex strengths of tO.,, tOr, tO, und yA4 as shown in

Fig. 12.

III.3.2 Logarithmic vortex strength distributions

The logarithmic distributíons of vortex strengths over the i' ,,

''l
chord segments adjacent to the leading and trailing edges are

23
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and

yt=*r4$fud,(o<x< *z)

yNc=--r#z='I , (*Nc< x< l)

(l e)

(20)

^'=VI NCI ''NCI '#*, 
(l'x< *ncz) Q1)

and

0n (x - xn,o)
Y¡l = KNI --Ftr-, (*Nz < x < *ru¡) Q2)

respectively, where K*r., and K*., are the constants to be determined

and x*, is the x-coordinate of the starting point of the jet upper

boundary.

!.tr.;., r., .r:

respectively, where K., and K*, are the constants to be determined,

and x, and x*, are the coordinates of the downstream end point and

upstream end point of the chord segments adjacent to the leading and

trailing edges respectively. The logarithmic distributions of vortex

strengths over the lower and upper jet segments nearest to the trail-
ing edge are

The typical logarithmic and linear vortex strength

distributions over the chord and the jet boundaries are shown in

Fig. .l3. It is noted from Fig. 13 that if there are only the log-

arithmic distributions over the vortex segments adjacent to the

singularities, the number of vortex peak strengths which are originally
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unknown is less than the number of control points. In order to have

an equal number of controì points wjth the number of unknown vortex

strengths, the triangular vortex distributjons are superimposed on

the logarjthmic distrjbution as shown in Fìg. I 3. The added

triangular d'istributions have their peak-strengths at the leading and

trailing edges and at the origin of the jet upper boundary (see Fig. l3).

III.3.3 Constant vortex strength djstrjbutjons --,

It is recalled from the nnthenntical model that'if there is

no uniform f]ow, the thick jet issujng from the aerofoìl trailing
edge can be represented by a source distribution of strength q at

the jet origin and two straight semì-'infinite vortex sheets of

strength -q and q on the upper and lower jet boundarjes respectively.

f,/hen the j ncl i ned un j form f low js added, the pressure d'if ference

across the jet curves 'its trajectory unt'il the jet is asymptoticalìy

al'igned with the free stream at infjnìty, where the pressure djfference

becomes nil.

That part of the jet which susta'ins negìigible pressure

difference js represented by semi-infinite elements al igned wjth the

nnin stream with constant vortex strength of -q and q on the upper

and lower surfaces, respecti veìy.
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CIIAPTER IV

THE ITEP,ATIVE Ì'IETHOD OF SOLUTION

IV.l General Princip]e of the lterative tlethod

If the aerofoil and the jet boundaries are known, they can

be treated as the solíd boundaries Ín the uniform flol.¡. It is then

possibìe to write the integro-differential equation urhich specifies

the vortex strength distributions that will satisfy the kinematic

boundary condition, Equation l, at every control point

In this problem, the positions of the jet boundaries are

not known initialìy: they must be determined by an íterative process.

A iet trajectory is assurned and the vortex strengths calculated. The

vortex strengths are then used to calculate the jet curvature by

Equation ì4. Integratíon of the curvature gives the jet shape which

can be used as a new starting point for the next iteration. The

process is continued until there is no signíficant change in the jet

trajectories.

IV.2 The Set of Linear Equations for Vortex Strengths

IV.2.1 Formulae for induced velocities

a) Velocities induced by a constant strength distributed
source:

Consíder a constant strength source distribution on the

¡-axis from ¡ = 0 to n = ô, as shown in Fig. ì4. The vetocity
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components induced at a

di stri but'ion are gi ven

point P in the flow field by this source

by (see Appendix A).

uË-r=fr(u., -oz),

uå-, =

(23)

and

hu^+, (24)

where ui_, and vi_, are the E and n components, respectively, r., and

rZ are the dístances from P to the upper and lower ends of the

distributed source segment, and el and 0, are the angles measured

from n-axis to r., and 12 respectively. The angles 0., and 0, vary

positively c'lockwise from 0 to 2IT.

In this prob'lem, the distributed source segment is assumed

to be perpendicular to the jet boundary at the trailing edge (Fig. 9).

The jet deflection angìe at the trailing edge is.r, measured pos'itively

clockwise from the x-axis. Thus, the source segment inclines from

the y-axis by an ang'le r (Fig. 9). The x and y components of the

velocities induced by this inclined distributed source segment are

obtained by resolvíng u'O-, and u'p-, into x and y components by using

the coordinate transformation

l:::;.:,.,

[:,:l|:,:]
[..,
I

L-sr 
n

l.l sin 
''''lI'l cos I'l_J

(25)
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where up_s and vp_s are the x and y components, respectively, of the

velocity induced by the source distribution at point p.

Thus,

up_s = u'O_, cos l.l + v'O_, sin Irl, (26)

and

Vp_s = -ui_, s'in l.l + vi_, cos l.l (27)

b) Velocities induced by the distributed vortices:

Consider a distributed vortex on the segment 0'A of the

{ axis as shown in Fig. 15. One end of the segment is chosen at the

origin, 0', just for convenìence. The velocity components 'induced by the

distributed vortex at point P(Eo, no) in the flow field are(Ret. l3)

'Ë-v 
--
r I'Aarl

)
0

-rfon)
0

nP-t - -------T----2 alz
(Ep-q)'+np

t7sPs
t --------------T-------T u9r(6p-E)'+ni

(28 )

(2e)

and

uå-, =

where r'p_, and v'p-., ur. the E and n components of the induced veìocity

at P, and y is the vortex strength which is a function of {.

i ) Veloc'it'ies induced by a constant strength vortex

di s tri buti on :

I ;:..;.::
i:,<':ì: '

:¡ 'l:.:::.i-
llf,:i.:r--.

become

When y is equaì to a constant, equations (28) and (29)



and

where u!_., and vf_", are the I and n components of the velocity' rk ' rk
induced by a constant strength vortex distribution having the strength

of yk The integrations of Equations (30) and (3.l) are given in Ref.

13 and sumnnrized in Ref. 15, and the results are

,Ë-ro = If (0, - 0.,) , (32)

and

,rr = 
Yk f'o nPuË-yk Jo 11 -lr;qar '

, -Yk f'EA Ep - E
uå-ro = ãi Jo te ,f;7; ae ,

\u Y2
vå-Yk nn 

ú '
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(30¡

(31 )

(33 )

where 0., and 02 are the ang'les Íìeasured positive'ly anti-clockwise from

the E axis to dp and AP respective'ly, and r., and r, are the magnitudes

of 0þ and AP respectively (Fig. 15).

ii) Velocities induced by a distributed vortex of linearìy

increasing strength:

In the triangular vortex distribution, the lineariy

increasing vortex strength has the form of

i-,1
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Yr.i=lt, (34)

where yo.' is the linearly increasing vortex strength and vO, is the

vortex peak strength at A (Fig. l5).

Rewriting Equations (28) and (29) by neplacing v bV vsi

and using Equation (34) gives

'Ë-,0,=h # f,^ rf;Lq*' (3s)

and

-l yp, ¡,'o e (e, - e)uå-ru,=d {= ,Jo Ç_ rf;4-ae ,

where uj, -. and vi ^- are the E and n components, respectively, of¡'-Ygi 1'-Ygi

the velocity induced at P by the linearìy increasing vortex strength

distribution. The integrations of Equations (35) and (36) are

perfornnd in Appendix D, and the results are

- Eo)'

-1- lr.n-t9-ran-rg-.--lÌ , (37)
tnr f L"'" EP to - to 

-lJ 
'

(36) 
l

:J':::

=;# # {-,
r
eP

7,
+ 1/2

q, uå-vr,i
2

nP+
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71JI

and

=h#{Epcnvt
p-yti

'P-3
sp

1/2-En)'*n
*n?

*',p 
[r.,-'+-ran-r#-il.reor i (3a¡

The resultant components of u'o_ and v'^ in the x, y coordinateY¿i v-"( ni
system are '

up-y¿i = uË-yri cos if' 1 vi-vrí sin r! (3s¡

vp-yri = -uå-y[i sin r¡ + vå-yri cos ú (40)

using EquatÍons (37) and (38), it is convenient to rewrite Equations

(39) and (40) as

u^ = Y F.v-\ !,i 'Ps J
(4t ¡

and

vP-Ygi = tp' Hj (42)
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where F, and H, are functions of EA, Epr îp and rf.

iii) Velocities induced by a distributed vortex of linearly

decreasing strength:

In the trianguìar vortex strength distribution, the

'linearìy decreasing vortex strength has the form of

Yos
Ysd=-{=E+Yps (43)

where y[d is the linearly decreasing vortex strength und yps is the

vortex peak strength at O'(fig. 15).

Equation (43) shows that the tinearìy decreasing vortex

strength is the difference between the constant vortex strength yo, and

the linear'ly increasing vortex strength, þ t . Thus the velocity
e¡

induced by the linearly decreasing vortex strength is the difference

between the velocities induced by the constant vortex strength and by

the linearly increasing vortex strength. The formulae for the latter
velocities are presented by Equations (32), (33), (gZ) an¿ (3g).

After substituting yp5, for v¡in Equations (32) and (33), the induced

velocíties are obtained by subtracting Equation (32) from Equation (32)

and Equation (38) from Equation (33). Thus

32



uå-,uo = þ {,*, 
- ô, ) - ; þ' (++t )''

fu [,.,-'+-,an-'#ci , G4)

uå-vs¿ = þ i,, f ä [,0 
u, (++:t)*
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(46)

i ;.- . r r:

1r"..., :.

and

and

*¡P (,.,-'+- tan-' f\¡.',^' ]1, (45)

where u'p_y*d und ui_VøO u.. the E and n components, respectively, of

the velocity induced at P by the distributed vortex of linearly

decreasing strength.

The resultant components of u'p_yr,d und yi_vøO in the x and

y directions are

uP-YÍ,d = u'P-Y!,d cos i' + vË-vg¿ sin r¡ '

vp-Ysd = -'i-v¿o sin r¡ + vË-v¿¿ cos v (+t ¡



Using Equations (44) and (45), it is

(46) and (47) as

uP-Y¿d = Yp' 
'j '

.:. r¡.':;ì::;:ri;::::¿i.ì:itt;;ù =.".;;;.;.::.ll:i-;:.:;.;.t;i;:i*.:ii';+ji:f.i.:üi,:¡:*:itÍ.!à;ìl;-j!çi"rr;
I ;. ..1

convenient to rewri te Eq ua t'i ons

(48 )

(4e )

strength distributed

edge:

the E-axis js

become

34

and

where L. and
J

vP-YÍ,d = Yp, 
'j

are functions of [0, 6p, tp and ü.

iv) Velocities induced by the'logarithmic

vortex on the chord segment adjacent to the leadi ng

. In the (x, y) coordinate system where

coincident with the x-axis, Equations (28) and (29)

:.i..iM.
J

r l.tAuP-y=zl1 I Y

'*o'

uP-Y =

(xp- *)2*vzp

vP
dx, (50 )

(st )

and
\_

t

tX
-'tl

I

2TI I

)x

A XP-X
'¡ ----------3-3-ux

. (Xp - x)' + y'p

0'¡

where uO-., and vO_", are the

velocity induced at P(xo, Vp)

and xO are the x coordinates

Using Equation (19)

the limits of integration for

x and y components, respectiveìy, of the

by the vortex distribution y, ôñd XOr

of 0' and A respect'i vely.

to substitute V., for y, and noting that

the leading edge element are



.r:1

xô,= 0 and x2, yields

K, (xz

and

where u^ and vo_., are the x and y components, respectively, of thel'-Yl r-Yl
velocity induced at P by the ìogarithmic V., distribution.

The integrais of Equations (52) and (53) become singuìar

when the integrands become infinite within the range of integration.

The treatments of the singularities and the integrations of Equations (52)

and (53) are presented in Appendix E.

v) Velocities induced by the 'logarithmic strength distributed

vortex on the chord segment adjacent to the trajling edge:

The induced velocities are obtained by substituting

y¡6 for v in Equations (50) and (5.l) and using Equation (20) for the

distributed strength of yNC. Equations (50) and (5.l ) become

,,- =fu|.t r,n(l-x) Yp 
ÅuP-YNc=m:J*ruc T Ç14çax' 

(54)

and

l-::i.:.t:;.ììil:,i!ii:
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tn(l-x) "p-*tr__________=_- dx (55)
xu'' (xp - *)' * yl

where uo__ and v,., ^. are the x and y components, respectively, ofr-YNC r-YNC

the velocity induced at P by yNC distribution. The integra'ls of

Equations (54) and (55) are also singu'lar. The treatments of the

singularities and the integrations of tquations (54) and (55) are

presented in Appendíx F.

vi) Velocities induced by the logarithmic strength distributed

vortex on the jet lower boundary segment nearest to the trailing edge:

The equations for the induced velocities, Equations (50)

and (5.l) are reu¡ritten by changing x and y coordinates into 6 and ¡
coordínates as

vP-vNC=-þ 
f:_,

and

uå-r= hl'r', *:þ4oe ,

( 9"^,

uË-n=ã* l-t",, 
tt-Í 

^)o (E?:EFTdE'

(56 )

(57)

l::r:r:ir: ir::The induced velocities are obtained by substituting f*r*
for y in Equations (56) and (57), and using Equation (21) for the

distributed strength of y¡lCl. Equations (56) and (57) become



3r

, - Kncr lut,rct .Q,n (x - l ) rp
uå-vrucr =ä 

,Jo''"' 
YffÇ_rlz;4oe ' (58)

and

vå-y¡,cr = 
-*äfi'' 

fr'"" þifïåT,, (5e)

where uå_vnCl and vå_y¡¡Cl are the E and n components, respectìve'ly, of

the velocity induced at P by the r*ç¡ distribut'ion. The treatment of

the singu'larities and the integrations of Equations (58) and (59) are

presented in Appendix G.

vii) Velocities induced by the 'logarithmic strength distributed

vortices. on the jet upper boundary segment nearest to the trailíng edge:

The ìnduced velocities are obtained by substituting

yUl for y in Equations (56) and (57) and using Equation (22) for the

distributed strength of v*r. Equations (56) and (57) become

and

ur = þ lut*, 
nn 

I1-- 
t*r) rP^ - dE , (60)uP-yNr - r ,lo -712- (Ep -JtrG "

vå-yN, =+|o'- ïP',f;L40,, (6])

where uå ^. and vå ^- are the E and n components, respectively, ofr-YN.[ r-YN 
t

the velocity induced at P by ynt distribution. The integrations of
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Equations (60) and (61) are presented in Appendix G.

IU .2.2 'f he resul ti ng ve]oci ty components i nduced at a control
point by a'll the finite distributed vortex segments:

The velocjty induced at a control point by the jth vortex

element which is not adjacent to the singularities is the sum of the

velocitìes induced by the linearly decreasing and linear'ly increasing

vortex distributions whose peak strengths are at tfie jth and (j * I )th

dìvision points respectiveìy.

Thus, using Equations (41), (42), (48) and (49), the

components of the velocity induced at the control point "i" by such 5th

vortex element are

38

ui-j=Yj Lj + Yj*l tj (62)

and

ui-j = Yj *j + Yj * I tj (63)

where v, and yj * I are the vortex strengths at the jth und (j * I )th

di vision points, respectively.

However, the velocities induced at a control point by the

distríbuted vortex elements adjacent to the singuìarities are the sums

of the velocities induced at that point by the superimposed distributed

vortices of linear and logarithmic strengths. For instance, the

induced velocity components due to the vortex elenent adjacent to the

leading edge are

l':.:: ì1:'ì
l:;::,t:':,:ì'
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[to'] ,
Lt * Kr t^l'
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(64 )

(66 )

let)

(68 )

(6e)

and

vi-l =[trr], *, u Klz (os¡

where l,nl and Z are the coeffÌcients of K.¡ in Equations (52) and (53)

respectiveÏy" K., can be expressed in terms of yz by satisfying the

condition that at x = x, the'logarithmic vortex distribution on the

first element and the linear vortex distribution on the second element

have the common strengthr y2r oF

e"n (1 - x) I

l* = ,, [r'],
I
:

K1 3/2

Thus 
( ". I

,. - Iootlt
^1 - ïn-1T:f-ry-

Substituting (67) into (64) and (65) gives

'i-î =[ooj' t' . [l']' 
u'"

and

oi-t =[to']' M' . 
þ,], "

where



sr= \,Vñ-ll- rrT----3n-
x2'

and

T='l

similarly, the velocities.induced by the other vortex
to the singularities are obtaïned"

Ïhe induced velocÍty components due to the NCth

40

elements adjacent

vortex element

(70)

are:

and

Aìso, the

are

and

ui -Nc

ui 
-Nc

i nduced

'i -Ncl

= 
['o']*rr

u 
['ol*,'r'

hl*,y*,, 
- 

þ0,]*,,

É
'Nc

(7t ¡

(72)

(ts¡

(74)

(75)

= 
['oJ*.¡

veì oci ty

*, -['n,]NC rz"

components due to the l,lClth vortex element

= 
['0,]*r,

ui-rucl =

the induced

T3"

velocity components due to the N'lth uortex element
Fi na I Iy,

are

LNcï nhì*rþ,



,i-Nr = 
['0,]*, 

r*, .hì*]e (ta¡

and

(77)ui-Nr =[rd¡*, . 
[no,]*r 

ro.

The resultìng velocity components induced by a1'l the finite
distributed vortex elements are the summations of the induced velocity

components due to each vortex element',," The resulting velocity

components are obtained as

4I

( 7a¡

and

NN
E un n = Ij = I l:J j = I

NN
X v. n = X

j=l 1-J j=l

Di-j [þJ¡ ,

'i-j hJ, '
(7e)

where D.t-, and Ei-¡ u.. functions of the coordinates of the control

point "i" and the end po'ints of the jth vortex elenent"

: IU.2.3 The kinematic boundary conditfon rewritten as a set of: I inear equations:

Far downstream, the asymptotic value of vorticity along

the iet lower boundary is tO and equal to the jet source strength, g"

, 
*hilst along the upper boundary the asymptotic value -s -yq" The jet

i boundary vorticity is considered to be made up of two parts;

.yg = y' * tq along the lower boundary,

Yu = yn' - yO along the upper boundary,
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(ao ¡

(81 )

:--.,- ,:.: - ::..-..- . -.t.. )
t^.i-"--r':. i

where the y^ components are constant and related to the jet momentum,q

coefficient by Equation (8). The vo components make no contrÍbution

to the total lift because of their contra-rotation. The y'and y"

components can be considered to be responsible for the jet curvature

and lift. Further, let the lifting components of vorticity over the

chord and iet boundaries be denoted by yj at the ith segment. The

induced veJocity at any poÍnt can then be considered to be made up of

a component due to the lifting vorticity over the chord and jet, a

component due to the source at the jet origin, and a component due to

the non-lifting vorticity of the jet. Then

and

Here,

u. =
1

V.
1

N

L
j=

N

-s'-tr
j=

N

r 
ui-j *, I *rl 

"-(Yo)i 

+ ui-s

N

V. , + X v. , .. * v.
I 'r-¡ j = rucl 

'ì-(Yo)i 'i-s

is the u-velocity at i induced by the lifting
vorticity, y, at ji
is the u-velocity at i induced by the source

distribution across the jet origin;

'i -j

ui -s

'i-(y.)j is the u-velocity at i induced by the non-
(.1

lifting vorticity, yq, at j.

It is seen that the fírst termsof the RHS of Equation (80) and

(8.l) depend on the unknown vorticity, y, whilst the other terms are

dependent on the pre-specified jet momentum and jet shape.
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'^:.-:. : : ..':.::.,: .,'".: ".':
l,: _ 

a¡

The kinematic boundary condition of Equation (l) can be re-

written as

vi - ui tan ü' = U_ cos a tan rl.r., - U_ sin o. ßZ¡

Substitution of Equation (80) and (81 ) into Equation (gZ) leads to

. ¡ I., 
vt-i -tanr!'t 

¡]l 
ui-i =u-coscrtanr¡., -u-sino

N¡I- (vi-, - ri-, tan tr) - ,, ] *r., v.,-(ye)j - 
¡ I ,,r, 

,i_(vo)j

tan r¡r) . (a:¡

Providing the positÍons of all the distributed vortex and

source elements are known, and the source and yO strengths are calculated

from the jet monentum, Equation (B), the velocities induced by the

source distribution and by yq distríbution, which are presented in

the right hand side of Equation (83), are arso known. Thus, all the

terms in the right hand side of Equation (g3) are known from the given

initial conditions such as the angle of attack, o, and the origina'l jet
momentum.

However, the induced velocities in the teft hand síde of

Equation (83) are unknown because the distributed vortex strengths are

originally not known. Instead of so]ving Equation (83) for the unknown

induced velocitiet ui_j and ur_j, it is much s'impter to replace

the velocÍties by the expressions presented in Equations (7g) and (7g)
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to form a set of linear equation with the unknown vortex strengths.

Thi s method i s appì 'ied here .

The set of linear equations can be written'in the nntrix

form as

[Ai_jJ [v¡] = [Bj], (84 )

where

A, = = E, , - tan r!. D. (BS)]-J ]-J ''l ]-J

and B, is the right hand side of Equation (83). Equation (e+¡ js

solved by Gaussian Elimjnation method.

IV.3 Differential Equation for the Jet Trajectory

In the jet dynamjc boundary condìtion, Equation (7), the ,:r

radius of curvature, R, can be related to the first and second

derivatíves of the jet center lìne trajectory as

l= v"* (l + v'Z)t/z
(ao ¡

Substituting Equat'ion (86) into tquation (7) gives

In each iteration, except the first'iteration, using the vortex strengths

y, and VU obtained from the previous iteration, Equat'ion (87) is inte-

grated over each segment'length of the jet center line to give the

coordinates of the jet center line trajectory.

26 1/4 I+ lt (87)



45

The differential equation, Equation (87), is solved in

Appendix H and the result is

, t I I - (c,x+ cr)271,' * r, (8a ¡

where C., is the right hand side of Equation (87), and C, and C, are

determined by

vt
c^ = -fir* - c, xoj , (Be), (t +yoj t

' and

c3 = yoj - 
h t.t - (cl ,oj * cr)211/2 (eo)

The subscript oj denotes the initial conditions of each jet center line

segment; e.9., for the segment nearest to the trail'ing edge, V'o¡ is

the initial jet deflection slope, tan (-t).

IV.4 Discussion of Convergence

The iterative process described in Section IV.l was tried

and it was found that this símple iteratíve process led to divergent

solutions. Successive iterations produced jet trajectories which were

alternate'ly too low and too high by greater and greater amounts as

illustrated in Fig. '16. It was noted from Fig. l6 that the typical

input shape and the result of the subsequent iteration formed an

envelope setting upper and lower limits for the comect jet shape.

i ii:. :l: ì.i
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A nethod of setting the upper and lower ljmits of the.jet tra-
jectories closer after each iteration was developed in Ref. l5 and is

repeated jn Append'ix I for compìeteness. The method succeeded 'in

yìeìd'ing convergence ìn many cases but failed when an iterated solutjon

crossed over the ìnput jet trajectory. Because the næthod used the

posit'ion of the end poìnt of the last finìte jet center ììne segment

as an indicat'ion of the low or hìgh posjtion of the whole jet trajectory

(see Appendìx I), jt was unable to allow for the fact that trajectories

had crossed and therefore wrong upper and lower boundaries could be

sel ected for the envel ope. î::'

The reason for the cross over of the jet trajectories was

due to the choice of the injtial jet shape. It.was found that Spence's

solutio.ns for the jet-flapped aerofoil could be used to construct the

'initial jet shape for the thin jet augmentor wing. Solution for the

thick jetwas satisfactory if the 'injtial shape w¿s for slightly thinner

jet.

An alternat'ive method of predìcting the correct jet shape

after each'iteration was tested. Assuming the jet center ljne

trajectory before an iteratìon is y., = yl (x) and the iet center ljne

obtained after an 'iteratjon is lZ= lZ (x), the predicted correct jet

shape, y, used for the next iteration was calculated from the relation

Y = Yl r Y (lZ - Jl)'

where k was a factor (less than one) which was determined arbitrari'ly.

(el )
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A ìarge value of k meant the predicted iet shape was close to Vr.

One diffjculty with th'is method was the determjn'ing of k for each

solutjon. There wasno guide line for choosìng k except by tria'l and

error. It was found that smaller values of k, down to 0.15, were

needed for an augnentor with a thicker iet (ô = 0.09 c).

IV.5 Lift Coeffjcient and P'itching Monent Coefffi

The lift coeffic'ient is g'iven by ' . :-.

l.;:.'ìi(92) i"-,,.,;;1-'
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^L',-=ffi
where C, is the'lift coefficient and L is the total lift, per unit

span, on the aerofoil. The total lift ìs gìven by

L = La * LJ, , (e3)

where L is the l'ift related to the circulation on the aerofoil and
c

L, is the lift due to the vertical reaction of the primary jet momentum
d

Thus, 
:

Nc

L = o U r' f.i ' (94)
'C væ "æj = I

:

where f . is the circulat'ion over the jet segnent and N^'is the number"""'" 'j
of vortex segments on the aerofoi l, and

LJ, = J' sin (t + c) (95)

ì
Substjtuting Equat'ion (93) into Equation (92), and usìng Equations
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(e8 )

(loo)

N. r.cL=2¡lr #-#sin(t+o) ' (e6)

¿'æ æ

or N. f.
cL=2¡]l 

**tlsin(t+*) (st¡

(94) and (95) gives

where x, and tj * I are the coordinates of the upstream and downstream

end points, respective'ly, of the jth segment.

The pitching moment coefficient about the leading edge is

given by

Yx

The circulation, f-, ís given by

f.*j*rrj= 
,J- 

Y¡dx

J

=1,cM

p_

I
2

Uvxó
dx

o* u! uz

3
1

z

,--f.,UYX
coæ'ô

î
z

=[
)s

co

- Poo,- u2 ,',

¡c
CM = 2 I ^, C dx + CJ, s'in (r + o)

Jg co

Uæ dx (ee )

u:¿

or
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because the contribution to the moment from the jet vorticity is equal

to the nonpnt due to the jet reaction lift.

Equation (100) is rewritten in an approximate form as

N. x.. f.ct4=2¡lr 
tr*cJ'sin(t+a)' 

(lol)

wheré rctj is the distance from the leading edge to the center of the

jth vortex segment.

The computer program for the solution of the uniform jet is
presented in Appendix K.

i.-: '
i",'I'
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CHAPTER V

NON-UNIFORM JET AUGMENTOR hJING

V. I Introduction

It will be recalled that in the augmentor wing amangement

(Fig. 4), the primary iet issuing from a nozzle mixes with the secondary ,, r.,,,

induced flow in the augmentor and the resulting flow emerges at the ',, '..'",",'':'

trailing edge as an augmented jet. The augmented jet momentum and . ,,',.' ,' 
i

velocity distributions across the jet thickness depend on the degree

of mixing which has taken p'lace in the augmentor. A complete mix'ing
l

was assumed previous'ly to simplify the augmentor wing rnodeì for study- 
,

íng r the effect of the jet thickness. In practice, the mixing is

not complete and the discharge iet velocities are not uniformìy 
ì

di s tri b ute d.

InthisChapter,amethodofsolutionfortheeffectofthe

non-uniform jet on the lift coefficient is presented.

U.Z Mathematical Model of the Non-Uniform Jet

The velocity distribution across the thickness of a non-

uniform iet can be approximated by step-distributions such that the

non-uniform jet is considered to be made up of the successive uniform

jets of different momentums, as shown in Fig. l8(a).

50
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In this work, a simple example of a non-uniform jet is
considered to be represented by two successive uniform jets sharing

a common boundary but having different momentums [Fig. l8(b)]. First,

considering a straight non-uniform jet (Fig. '19) co-fìowing in a

stream of velocity u-, each straight un'iform jet is represented by

tlo semi-infínite vortex sheets and a source distribution as presented

in Chapter Ii.3. Let the velocities be U* * g, and U_ * qø in the

upper and lower halves of the jet respectively, then the source strengths

are qu and qn for the upper and lower halves of the jet, and the

strengths of the vortex sheets are: yu = - gr, y¿ = g¿ r ôñd

y, = gr - gt, where y, is the distributed vortex strength on the common

boundary of the two assuned uniform jets (Fig. l9).

By arguments simÍlar to those in Chapter II.4, the curved

non-uniform jet is considered to be represented by two source

distributions, g, ônd gn, at the traiìing edge and three semi-infinite

vortex sheets of unknown strengths (F'ig. 20).

V.3 Non-Uniform Jet Boundary Condition

Applying Bernoulli's equation to the free stream and the jet

flows at the jet elenent shown in Fig. 21 gives

pu*åoul = pu*Lpu?t., (loz)

\ * L p vf = v2 + ! o v?, ,
i:..

(l 03 ) i.,

ps * å p v3 = va + ! o uzo,

and

(104)



where pl and pO are the pressures of the jet at
lower boundaries respectiveìy, and p, and p, are
the upper and lower side of the common boundary
Simi'lar subscripts, I to 4r âÌ^ê used for the jet

The assumption of imotational flow in
the jet boundaries, is appìied to yield

:.:: t. .:,:..:t:- '::": -.:.1:. _. ..:- l . . .:. .... .; : l. .:.-,.. .:..' .::.r": : ::.:, ,:_^'. -, -r,.¡, --i:_, --t:.:,i:t:¿.-.:.:-;i::-,::--:i.-:_.2:1n:':.;r.::;:j1";iA:,i;¿;1$i:4if:jÉ;a
r".'-. :_ - it-1.,
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the jet upper and

the pressures on

of the two uniform jets.
veìocity, V.

the jet, except on

Vl R.l =VZRz

and

v3R3=v4

The upper and lower uniform jetsare
boundary, thus

Rz=R3

FurthermoFê, the pressures

the jet boundaries, so that

are assumed to be continuous on

R+

assumed to

(los¡

(too¡

share a common

These basic

are used in Appendix J

to the free stream and

equations, from Equation (lOZ¡

to re'late the jet centerline
jet ve'locitiesi the resuJt is

(r07)

(l08)

(toe)

(llo)

to Equation (tì0),
radius of curvature

D=,u

Pg. =

Pz=

pl

P4)

p3

'.:j

i!, :

i¡.t
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(Vi - v¿2

(lll )

where kU= Vr/Vr.

Equation (l1l) is the dynamic boundary conditjon of the non-

uniform jet.

V.4 Method of Solution for the Non-Uniform Jet

The numerical nethod of solutjon for the non-uniform iet was

similar to that used for the uniform iet. The vortex sheet on the

aerofoil and the three semi-infinite vortex sheets were divided into

finite'length segments except that the last three segments far down-

stream are semi-infinjte. All the vortex segments were approxinnted

by stra'ight line segments, and the control po'ints were taken at the

mid-point of each segment.

The vortex strengths were initially unknown, and assumed to

be linear'ly distributed everywhere except near the singuìarities where

the logarithmic distributions were assumed. The singularities include

those described in Chapter III.3 and an addjtional one at the start

of the jet middle vortex sheet. The logarithmic distribution of the

vortex strength on the segnent adjacent to the latter singularity was

expressed by tquation (22) with x* being rep'laced by the x-coordinate

of the upstream end-point of the segment.

53
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The iterative mthod described in Chapter IV was applied to

find the so]utions for the distributed vortex strengths and the jet

trajectory.

As the starting iteration for the non-uniform jet solution,

the iet trajectory for the uniform jet of the sarne primary jet momentum

coefficient and thickness as those of the non-uniform jet was used as

an iníti'al jet shape.

The computer program for the solution of the non-uniform jet
is presented in Appendix L.



CHAPTER VI

RESULTS AND DISCUSSIONS

VI.l Thin Jet
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The potentiaì flow solutions for an augmentor wing having a

thin jet were obtained and typical results of vortex strength

distributions and iet center line trajectories are presented in Fig. ZZ

and Fig. 23. In this analysis, the jet thickness of.005cwas consid-

ered to be "thin". vortex strength distributions on the aerofoil

chord and jet boundaries are presented in Fig. 22, where the vortex

segment ìengths are shown by the dÍvision marks on the x-axis. The

separate y-distributÍons on the upper and lower jet boundaries, shown

in Fig. 22(a), represent the difference between the jet and external

flow velocities at the respective boundaries. It will be remembered

from the mathematical model that the differenc. (yu - y.q,) is a measure

of the iet strength whilst the sum (yu * y.q,), plotted in Fig. ZZ(b),

represents the contribution to lift. It is seen that y, is very

nearìy equaì to -yg for x/c > 3.0 which is partial justification for
putting y, = -yg for x/c > 5 in the computations.

Spence's (3) linearized, thin jet solutions are shown in

Fig. 22(b) and Fig. 23 for comparison. The resultant vortex strength

distributions and the jet center line trajectories show very good

agreement$, although spence's nethod results in a slightly shallower

jet trajectory. This is because Spence assumed the vortex distribution
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to be a]ong the x-axÍs. Herord (6) also found that allowing the

vorticity to be on the jet center line gave a bigger jet disp'lacernent

for low values of Cr'.

Fig. 24 presents the effects of momentum coefficient on the

lÍft coefficient. comparison u¡ith spence's results shows that the

linear theory has underestimated the lift coefficient for the values

of c¡ less than 'l.5 ín the case of t = 55.5o, and for the values of
cJ' less than 3 in the case of'r = 30". The lower lift is consistent

with shallower jet trajectories.

Foìey's (r6) experimentar resurts of the rift of a two

dimensional jet flap wing are shown in Fig. 25 together with the
predicted values. Foley's model had a small hinged f'lap (0.og3c) so

that his tests represented a jet-augnented flap. This is why the
present theory underestimates the lift. A correctÍon, based on

Spence's (7) results for a jet-augmented flap, was app'lied to the

present results. The corrected values are.now" sligþ!.lv greater than

Folev',s experimenral resulrs; rhidr.i b. ;;#;i;;dï'ïffidary layer
effects.

The variations of lift
jet inÍtial deflection angle are

respectively. The results show a

solution (3) for the jet f'lapped

coefficient wíth angle of attack and

presented in Fig. 26 and Fig. 27

very good agreement with Spence's

aerofoi I .
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ur.2 Ihick Uniform Jet

The results of the djstributed vortex strengths and jet shapes

for a two dinens'ional augnnntor wing, corresponding to dìfferent jet

thicknesses, were obta'i ned.

Fig. 28 shows the vortex strength distributions on the

aerofoil and jet boundarjes for the case where the jet thickness is

0.09c, the attack and jet deflection ang'les are 0" and 30o respective]y,

and the primary jet monentum coefficient is 1.75. The results of vortex

strength djstribut'ions for the case of jet thjckness of 0.005c are also

presented in Fig. 28 for comparison. It was found that increasing the

jet thickness alters the vortjcity dìstribution over the aerofoil

slightly. For the thicker iet, the vortex strengths are greater over

the first three-quarters of the chord leading to a decreased nose-down

pìtching moment. The pitching moments are -l.Bl8 and -1.808, and the

lift coefficients are 3.071 and 3.147 corresponding to the jet thjck-

nesses of .005c and .09c respectively.

The effect of the jet thjckness on the jet trajectory is

presented in Fig. 29. There js a little change in the jet center

line shapes for the two extreme cases of ô = .005c and ô =.09c. If
the lower jet boundarjes were drawn for the two cases, it wouìd be

found that the lower jet boundary for ô =.09c had s'light'ly deeper

penetra ti on.

Fig. 30 presents the lift coefficients corresponding to

different iet thicknesses. It shows an insign'ificant increase in the

lift coefficient over the range of 6 from.005c to .09c. An examination
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of the dynamic boundary condition offers some expìanation.

The jet dynamic boundary conditjon as defined by Equation (7)

can be rewritten and combined with Equation (13) to gÍve

(r l2)

="#/[+.
Equation (ll3) shows that for an increnent in the jet thickness, the

coefficient of 
Yu * Yg 

^h--^^-j,;j changes less for smaller values of Cr,. This

means the jet dynamic boundary condition is less affected by the change

of the iet thickness for small values of Cr,. Based on this argunent

and the results found for Cr, = 'l.75, it is reasonable to predict that,

in the pract'icaì range of Cr, (0.4 < CJ, < l), the iet thickness has

a very little effect on the lift coefficient.

The fact that the vortex strength distribution on the upper

jet boundary becomes infiníte at the jet start seems to indicate that

a significant lift might be carried by the shroud. As noticed from

Fig. 22a, the vortex strength drops so sharply over the first small

element of the jet upper boundary that its integration, which is

finite because of the nature of the singularity, is very small. There-

fore the circulation around such an element, and hence the shroud

lift, is small.

(+)"' ,',f .,3) ::

:::. ì.,:
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A solution for an augmentor wing with the jet thickness

ô = 0.09c was also obtained using the jet dynamic boundary condition

Ín terms of velocities near the jet edges given by Equation (17).

The results of vortex distributions which are shown in F'ig. 3l are

very c]ose to the results obtained using the approximate jet dynamic

boundary condition (expressed in terms of average velocities) Equation

(14). However, the use of the dynamic boundary condition, Equation (ì7),

requíred more computing time and memory to compute the velocities and

is not considered justified.

VI.3 Thick Non-Uniform Jet

The effects of the velocity distributions across the jet

thickness on the lift coefficient were studied by comparing the

solutions of the lìft coefficient for different velocity distributions

provided that the mass flow rate and the momentum coefficient of the

primary jet are kept constant.

The mass flow rate and momentum coefficient of the primary

jet are defi ned as

pgdn , (r14)

and

(il5)

rô

ñ= I

Jo

I
z ol)Z c'æ



respectiveìy, where the n-axis coincides with the source distribution

segnents and i ts ori gin i s at the tra j I'ing edge.

The genera'l non-uniformity was simpljfied into a iet consist-

ing of two uniform parts and, 'in particular of equaì thicknesses.

The primary fìow veloc'ities in the upper and lower parts of the iet

are qu and q, (as discussed in Chapter Y.2). The integrations of

Equati on's (114 ) and (l 1 5 ) gi ve

m=FQu qø (il6)

and

respecti vely.

If the nnss flow

same as for a uni form jet so

and monBntum coefficient are

that

60

(il 7)

to be kept the

(il8)

(il e)

2
Þ9,

Ie,å-

oqzu È
ô
z

I ou!'

cJ' =

I,Ê,

ffi=ÞQô,

; . :.::.ì

and
2^pq0

cr' = 
T;,Ê,

then the only possjble solution of Equations (ll6),
(l l9) is for g¡ = g¿= g. To provide .some basis for

(ll7), (ll8), and

comparison, C,,

ì1.:-:|:i:a
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was kept constant and the mass flow was allowed to take on the values

required to satisfy Equat'ion (ll6).

Two djfferent non-un'iform jets (cases A and B) having the

same monìentum coefficient and same mass flow can be compared for the

specia'l condition represented by

[trJo = [cui, ; [anJ4 = [9uJ,

e , 
[+l^=

respecti vely.

,/lr")r, where subsripts A and B denote cases A and

The vortex distributions solutions for two cases. tU
r- I ' 

Lquj
and lþl = J= , are presented ìn Fis. (32). The vortex distrj

Lq'cJn u ' b

on the aerofo'il and parts of the vortex distribut'ions on the jet

contrjbutìng to the ljft are shown. It is seen that the djstrib
vortex strengths on the aerofo'il for case B are greater than tha

case A, where the ve'locity in the lower half of the jet is small

the velocity in the upper half. The distributed vortex strength

jet middle vortex sheet are small compared to the vortex strengt

the jet boundaries.

At the init'ial singularity on the jet middle vortex sheet,

the vortex strengths for cases A and B approach negative and positìve

infinìty respect'ive'ly. The reason for this behaviour nny be due to the

difference in the jet trajectories in the two cases (Fis. 33). The jet

trajectories give the generaì flow d'irection. The local flow in the

= 0.6
B

b uti on

uted

t for

er than

s on the

hs on
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neighborhood of the jet start is discussed Tater" The jet center line
trajectory in case A is much shallower t,han fn ease B.

Solut'ions for a range of values of þ Ouu. been obtaíned andqs

the effect on lift coeffieient is shown in Fig. 34. The prÍnnry jet
momntum coefficient was kept constant at 1"75. The jet thickness was

CI.09c, and the angle of attack.and jet fnitial def'lectíon angles were

0" and 30o respectívely.

By comparing the pairs of points sf the same rrnss flow rates

34" it shows that the Ifft coefficíents are higher for the
o

values of +. This means hÍgher lift is obtained when theQs

jet velocity in the Tower hatf of the jet is greater than that
upper half of the jet

. It should be noted that when þ is equal to l, the non-uniformqeo
iet becomes a uniform one. The "non-uniform jet" solution tor 

fr = t
wâ.s compared to the solutions obtained by using the uniform jet model

having the sarp initiaì conditions"

The results of the lift coefficíent, cL, are shown in Fig. 34.

It is noted that the resulr- of lift coefficient at qJq.è ¡., 1 differs by

4 percent from the result obtained by using the r-rriform jet rnodel"

Furthermo¡s, the ynì strength distribution was expected to

be nil so that the results of the vortex strength distributÍons could

be consistent with the results obtained by usíng the uniform jet nodeì.

However, this was not the case. The strengths of v, distríbutÍon

are small, but they are not negligibìe.
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To try to understand these inconsistancies in the ìift
coefficients and vortex dístributions, the flow conditions in the

neighbourhood of the jet start for the uniform jet nodel were sought

by calculating the veìocities in this reg'ion. The flow directions are

shown in Fig. 35(a). Also the velocities at l0 points equal'ly spaced

across the jet start were found and presented in Fig. 35(b).

. Figs. 35(a) and 35(b) show that at the jet start, the s'lope

of thé velocity decreases from tan r at the trai'ling edge to a shallow

slope nearer the jet upper boundary. Therefore, when the non-uniform

jet mode'l was used to represent the uniform jet flow, the middle vortex

sheet, which was assumed to have the initial deflection ang'le of 'r,

was subjected to an oncoming f'low with an angle less than t. This flow

condition created the circulation around the jet middle vortex sheet,

which affected the overall circulation and so the lift coefficient.

However, taking into account of the smalì discrepancy in the

lift coefficient (only 4%), Fig. 34 can be used to show the trend of

the effect of the velocity ratio on the lift coefficient. There are

no other results (either experimentaì or theoretical) with which these

present results can be compared.
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CHAPTER VII

CONCLUSION

A method of potential flow solution for a simplified two

dimensional augmentor wing has been deveìoped. The s'implification

involved the reduction of the aerofoil to a flat p'late, and the

reduction of the augnentor length to zero. This was in order to

concentrate on the effects of jet thicknesses and velocity profiles.

The method used a mathematical model of distributed vortices and l

sources to represent the augmented jet, and the jet shape was calculated 
l

by an iterative process which required specia'l treatnent to ensure

convergence.

Thegoodagreementbetweenthepresentsolutionforthethin

jet and the well known linearized solution demonstrates that the method

gives good results for calculating the vortex strength distributions ,
liet traiectories and lift coefficient curves at the limiting case

where the iet thickness is very small. Besides, the comparison verifies 
l,

the accuracy of the linearized solution for the jet flap probrem.

Solutions for a range of jet thickness indicate that the ljft
coefficient and the jet trajectory are not affected very much by the

iet thickness provided the primary jet momentum coefficient is kept

constant. However, there is a diffjculty in applying these results in
practice because of the difference between the definitions of the

primary jet momentum used in the present model and the power jet
momentum used in practice. The relation between these momentums must
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be determined empi rical ìy.

A solution for a non-uniform jet was attempted by dividing

the jet into several uniform ìayers and results were obtained for the

special case of two equal thickness layers. It was found that, for

a constant primary jet momentum coefficient, a higher lift was deve'loped

when the lower part of the jet had a higher velocity than the upper

part. The method does not completely represent the flow at the start

of the jet but the results indicate the lift trends due to jet non-

uniformity. The drawback of the model is outweighed by the simp'licity

and practicality of the method in predicting the performance of the

augnentor wìng.

For future work, the effects of the f'lap and shroud can be

studied by incorporating the flap and shroud to the present model ín

the form of flat surfaces. To take into account "f the effects of the

aerofoil camber and thickness, singularity distributions can be used

to repìace the solid boundary of the aerofoil. The use of sinks or

sink distributíons may be considered to represent the entraÍnment at

the augmentor inlet and aìong the jet boundaries. Regarding the non-

uniform jet mode'|, four or five vortex sheets in the jet nny be used

to represent a non-uniform jet with better approximation for the primary

jet velocity distribution.
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APPENDIX A

REPRESENTATION OF STRAIGHT UNIFORM JET

Induced Velocities b Two Semi-Infinite Vortex Distributions

Consider two semi-infinite plane paralìe1 uniforrn vortex dis-

tributions of strengths yO and -yq on two lines y = - å and y = å u,

shown in Fig. 7(a). The horizontal components of velocities induced

by parts of vortex sheets I and 2 which stretch from x = 0 to xo and

xo^ [Fis. 7(b)] are(Ref. 14) 
"l

,'2

uP-yqr = - ]#,r', - or) (A.l )

(A.2)

(A.3)

and

where gr, þ2, þ1., and þZZ increase

Adding (A.l ) and (4.2) yie'tds

hr, - ør) '

anti-clockwise from 0 to 2II.

t(0., - ö) - (ot j - þz)1.

uP-.,
'92

Yo
=J

2n

uP-Yqr + uP-Yq2
Yo

=J
2TT

At the limit nn.n xAl .nO *0, go to infinity,
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0ll =þZZ=f (A.4)

(A.s)

and Equation (4.3) becomes

uP-Yqr + uP-Yqz (ol - þz)

vP-" +
'e1

uP-,,
'92

=þt

(A.i)

(4.8)

(A.e )

(9,n ¿¿ -'r^
¿

en 
tll 

)rr

At the limit when

(4.8) becomes

,0,*0.,

tr
rz

The vertica'l components of the induced velocities are(net. t+)

vP-yqr = -;+ t' +
and

vP-Yqz =h nn t
Adding (4.6) and (4.7) gives

vP-Yqr + vP-Yqz

and go to infinity, r.1., is equal to rn and

(A.6 )

; :,r'.i'l:,ì:
l. \:;:::1j



Induced Velocities by a Source Distribution

Consider a two dinensional un'iform source distribution of

strength q on the y axis between y = - f ana V = las shown in Fìg. 7(b).

The two components of the induced velocity at P are

and

where subscript s indicates the source.

From Fig. 7(b) it can be written that

ô

s az sin o dvuP-s=21'l r -j6
-z

ô

oF
vP-s = zf I n--9 dy (4. I I )

Jo-7

(A.10)

X

tano=,, P (A.12)Yp-Y'

Differentiating both sides of (4..l2) with respect to 0 and y gives
i

do- tP
-----T- dy. (4.13)

L^ 
' 

\cos0 (yP-y/
i

Ii A'l so, from Fi g. i[ (b ) , i t can be wri tten that

22_,,2P =XP+(VP-Y/ (A.ì4)



Differentiating both sides of (4..l4) with respect to r and y gives

?rdr = - 2 (yV - y) dy r$.rS¡

using (4.13) and (4.15) to change the variables in the integrals in
(4..l0) and (A.ll) gives, respectivety,

and

r0''

up-r = z# l 'do = z# (u, - uz),
,,,

where 0., and 0, are nnasured positive'ly clockwise from 0 to zlI

,, =-g [t, _up-s=ã'r + =#n.f
)r,

(A.17)

(A. l8 )

(r.,

up_r=# I' coso(- " )d,^-r-s ¿tL )rZ r , lp - y,

0r

(4. l9 ) l',,

Resultant Induced Velocities by Previous Two Vortex Distrjbutions andthe Source Distribution

Assuming the vortex and source strengths per unit length

are equa'l or

i. .il ':: '
l . 'ì,';.-,
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The resultant induced
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(A.20 )

velocities, ua and vr, are

u,^ = (uP-Yqr + uP-Yqz) *'o-, (A.21 )

Substituting (4.5) and (A.17) into (A.21 ) and applying (4.20) sives

and

ur

Simi larìy, substituti ng

(A.20) gi ves

Atx
Atx

At x = 't'-

u'^ = (up_., +

'Ç1
vP-Yq2 ) * ur'-, (A.22)

o)1. (A.23)+ (ol
,o

zrf t (0., - þz)

(4. 9) and (A. l e ) into (A .22) and applying ';:r

v =0r

It is desired now to observe the velocity field in some partícular

regi ons .

(A.24)

The resulting flow is

y=åandy=-fand

i.: .,
l -:.4ì

0

0 for lvl 'å
Yq for lYl . å0 for lyl ,å
Yq for lvl . å

in the region between

constant velocity, ur=

Ê-@

=0+

a paral le1

forx>0,

u=r
u=r
u=r
u=r
u=r
fl ow

wi th

the I ines

Yq = Q'

a'
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APPENDIX B

ANALYSIS OF A POLAR ELEMENT OF A ThlO DIMENSIONAL JET

Consider a polar element of the two djmensional jet whose

boundaries are treated as concentric circular arcs subtending an

angle drl; at the centre of curvature (Fig. '10). The pressures p, and

p[ at the upper and iower iet boundaries are continuous across the

boundaries.

Bernoulli's equation can be applied to the external and jet : 
':'':

flows to gíve

pu *åo- u| = p.c * Lo-u'n, (B.r)

and

vu+louzu =p.Q,*Iru'u, (B.z)

where u, and uu are nnin stream velocities just outside the upper and

lou¡er boundaries; the jet velocities just inside the upper and lower

boundaries are Vu and Vn respectively. Assuming the jet and main

stream densities to be the same and constant, Equations (B.l) and

(8.2) are combined to yieìd

,'r-u'u=r'u-u'u

Since the jet flow is irrotational, the circulation round the jet

elerent is zero and hence

(8.3) , r, ,
r '.. '.1,,. ' :

l,:Èi;:-.,i:.,:.,::
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V, dt, = Vndsu ( 8.4)

0r

vu (R - $l ou = v.q, (n * þ o,l (8.5)

where R Ís the jet radius of curvature.

Rearranging (8.5) gives

(B.o)

or

Vu - Vu = Ê uu (8.7)

where Vu is the jet mean velocity defined as

uu=å(vu+vs) (8.8 )

This approximation was justified by Spence ( 3 ) for.jets of small

deflection and will be assurBd to be reasonable for the larger jet
deflection angìes to be used in this ana'lysis. Similarly, the external

velocities are assurned to have the average

(vu vr) R=å(vr*v¿)

l--'.'...:

i::i.-.. -,

r: ::,::l
i ... :.: . 'a,.

åtuu+uu)=u-

Rewriting (8.3) using (8.7) and (8.8) gives

(B.e)

u?,-u|=rÊuÍ (B.ro)



Using (8.9), (8.'10) becomes

The velocity discontinuities at the jet boundaries are equivalent to

vortex sheets of strengths

v =[J -V'u u u

and

.u2
uu - u.e, = Êf
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(B.lt )

(4. r z¡ :i

so that

Y¿=v¿-ug , (8.13)

(8.14)

Substítuting (8.7) and (8.11) into (8.14) gives

',2
,r*rn=Ê þ-$u. , (B.rs)

then nondinensionaIizing (8.I5) and rearranging gives

(8.16)

This is one form of the jet dynamic boundary condition, which expresses i

R in terms of Y, and yu. Another form of the dynamÍc boundary condition

expressed in terms of the velocities at the jet boundaries (without

averaging them) is derived from Equations (8.3) and (8.6) as



or

1-zvu-vuR-T q-Tq

1 _z (vu - vr)2
F-ô q4-
1 _? {vu - vu)2

R-6 q4-
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(8.17)

(8. l8)

(B.le)

th us
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APPENDIX C

CONSTRUCTION OF THE COORDINATES OF DIVISION POINTS ON THE

JET UPPER BOUNDARY

From Fig. 1l(c), assuming

point on the jet lower boundary, ¿y¿

corresponding division point on the

as fol I ows.

*0, = *ou *

the coordinates of An,

known, the coordinates

jet upper boundary, is

a division

of Ar, a

calculated

or

. cos (r)

(c. I )

(c.2)

(c.3)

(c.4 )

= ron * l**ilI." (À)

,ou = ,on l;nfo1"' (r)

neasured positively anti-clockwise from the

The ìength AuAø is found from the iet thickness ô and X,

half the ang'le forrned by the two adjacent vortex segments, as

^u^u = ffiltl

Thus, the coordinates of Au are

AA
uJ¿

and

where À is the angle

x-axi s to ÃlÃ-.
J¿U
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APPENDIX D

VTLOCITITS INDUCED BY A LINEARLY INCRTASiNG
STRENGTH DISTRIBUTED VORTEX

AS

Considering a

shown in Fig. 15, the

d'istri buted vortex

vortex strength,y,

segrrÊnt 0'A on the I axis

increases ìinearly as

r
Lv=yps{,

vortex peak strength at 6 = 4.where tp, is the

due

YdE

dV' =

into å and n

dut =

dut =

(D.l )

P (6n, np)

strength of

(D.2 )

(D.3)

Yd6 _zrffi
components gì ves

dV' sìn þ

Resol vi ng dV'

toa

atE

The di f ferenti al i nduced ve'l oc i ty, dV , , at po j nt

very sma'll element of distributed vortex ha vi n g a

]S

0r
nP

t(Ep - E)2 * nf,l rz

(D.4 )

YdE

21 lEv-Ð2*
TnP d E

and



dv' = - dV' cos p
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(D.5)

(D.6)

(D.7)

*D.8 )

t:r..: ,. ..' .

i:-,'.:-':: t ...

or

dv,= -yd6 EP-E
2Tïl(Eo-EV;W

(6p - 6) vdc

2n [( Ep - Elz * nSpl

The resultant velocities induced by the distributed vortex

segment 0'A are obtained by integrat'ing (n.+¡ and (D.6) over the

segnrent 'length. From (D.4),
I .1.: -

Þ
rìo I 

sA

u'-=: I¿11 I

)s

Substituting (D.l ) into (D.7) gives

or

eP
u' = H+{_'.

-Eo)' /z*n3

E2, * 
'lp

#["'.-'+ tan-]#t]] (De)

vdE

,r":Ef;},

u'=x;r[t ,irÊ



;.'i.i,-:,:,:"*.ii>ti.:-:;:;q.:i;:,:i,zj¡;.iii.ìi.;:¿+-:;:¡:.']r-¡¿i;:¡ta++i:].,:i¡,.;lìùi.C¿¿¡,*í
!,:):_i:ì:,

78

similarly, by substituting (D.l) into (D.6) and integrating, the

n- component of induced velocity is obtained as

0r

^r rEA
rr,=-to, ¡-(qo-e) EdEv = - ñq ,Jo (D.lo)

Epln þ$-'r-j"'v,=hq 
{

*np 
[r.,-'+-tan-r#d + Eor ] 

(D.')



APPENDIX E

TREATMENTS OF THE SINGULAR INTEGRALS IN THE
EXPRESSIONS 0F u^ AND v-P-Yt 'P-Yl

Equation (SZ) for up_yl is

up = 5 i" ¿.-tr-r-rr 

-Yp 
r-yr=zi 

,Jo T,þ_7;T dx (E.r)

The integra'l is singular at x = 0.

The method used to solve this integral is to separate the

integrand i nto addit'ive parts which are ei ther analytical'ly integrable

through the singularity or have no singularity (and hence can be solved

accurately enough by a numerical nethod). In this case the integrand

is rearranged so that

79

(E.2)

'P-tî , = f*

tJo Fn- (-P-;'-yr

* YP l*' rn (r - x) ,1.'T-a I -- dx
*P * YP )g

? (l-x) YP a+ñÈ ,to J o*
x tp"Ypj 

,,r

i,,,'',f,
i i.::j;i

= 
| o' 

r r*,. - ffi, lL* ï#- ïì/];, (E 3)



0r

uP_Yl

-ï-
m

(xz
=l

)g
il

2lo t-dx--7-jln"n
*p*Yp 

L

1/zl*xc sn(l-*")l
:__jn, _ 

T77__L_l . (E.4i
t-*2' x?' 

I

The integrand in (E.4) .is free

and can be calculated fairly accurately

tquation (53) for vo_- js¡ rl

-K-
tr=l'P-yl 2n

from singularity at x

by a numerical methodl

=0

lxz
)g

xP-x
(,P -lrlT d- ' (E'5)

For the

xP > x2'

ea rl i er,

values of xO outside the range of ìntegratjon, *p.0 and

the integral 'is singular at x = 0.

using the method of treatment of the singuìarity described

the integrand in (E.5) is rewritten as

rn (l - x)
3/2

X

lxz
Je

dx

vP-Yl 
_ l*, lun (l _ x) *p - x

T- Jo a-7'--
*P- 2- -2-

xP*YP
¿n (l - x)

x3/2

xP l.
-I;E] CIX

(E.6)

80

i;,;.1:':l

\)

* Integration by Gaussian Quadrature was used.
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or

For values of xO within the range of integration, 0 < *p. 
^2, 

and when

yp is equal to zero, the integral (E.s) is singular at x = 0 and

* = rp. Equation (E.5) is rewritten as

* 
d* * Ç.+l^:Ï;- Ï"'tl (E B)

T - ), L--;,t"-þ-- 
--T -, lpz-

I l* _ +l-, sn (1,; ,) d, _ nn (l - *P)f*, 
o*þ-11 o' - *o 

,Jo ry *rrr, )o þ - -

vP-Yl 
_ l^, "_n_= _ I f l

*)s

or (E.9) ;:, .

vP-y., f^z * ? t- t + xllz !,n (l - *r)-|
-.=-lf 

l dx+Llsn_
Å )s u^'çL."l4n -V 

J

_ nn(1,;tr,un tp 
(E.ro)

^;" ^z 
- 

^P



APPENDIX F

TREATMENTS OF THE SINGULAR INTEGRALS IN
EXPRESS IONS 9P up-Y¡c AND 

'P-YNC

Equation (54) for uo_^, is. INC

THE

82

(F.l )

.e,n (ì - x) dx (t.2)

up_yNc =*rr|.tun(]-x)- T )_--Frz-
^NC

11 r
I lun tl - *)
)- I *t''
^NC L

vP

,'P.;r;T

vP

, .-Z-.-Z _ Ln (l - x)(xP-x/ nYP

The integra'l is singuìar at x = l.

Using a method of treatment of the singular integrals similar
to that described in Appendix E, Equation (F.l) is rewritten as

uD-^,' tNc
-*=N, =

T

l*
Yol

,î'7*3J dx+
vP

,þ-fG
L,

or

up_y¡C

K-T
x*r) ln (l *¡rc) * -*, - 

']

(F.3)



.e,n(l-x) (*P-*) 
i.,

,;z+y3 
dx (F'4)

NC

xO outside the range of integrat'ion

tegral is singu'lar at x = l.

rewritten as

-;,;,:::.,;.;,.r;;;',:c:;;,,;l;;i:l:-;.;.__,-.-i.^_i*f_._,::.:_:i^:l_.;-iìp.1f;i¡4
t'-,,,
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Equation (55) for vp_y¡C

- K¡rc
v^=

r_yNC

For the

xp . xNC and xO >

Eq uati on

2n

va I ues

I, the

(F.4 )

f:

of

in

is

vD-.,
' 

'NC

-= 

_
Ktrtc

n-

tP-l

xP-x
:-- ,z--2(xP-xi *YP3/2

X

- e,n (l-x)

(l - x) dx (F.5 )
(xp - 1)2 f' Ln

, r*,

,l
I

ratíon, x*,

aratx=l

r
t(
IL

For values of

0, the integraì

*

+y

= 
l:,, 

,

dx-

*
ldx

*P-l

ãF)"G
or

vp_yNC

\;-
m-

*P-l

u-irG
'l - x*, Î,n (l - *NC) *

xO within the range of

in Equation (F.4) is

*Nc) -

i nteg

singul

(F.6)

tnP

andand yO =

X=XP'

¿n (l - x)

f:,,,1

< l,
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Equation (F.4) is rewritten as

+= f [ ]* ¿, d=- [,r- x*r) .cn (r - *Nc) + xr, - r]
T 'XNc

s.n (l - xo,)-ffi"çry

0r

(F.8 )
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APPENDIX G

TREATMENTS OF THE SINGULAR INTEGRALS IN THE
EXPRESSI,NS 0F uË-vrucr ' uå-vltct up-r¡* and vå-v*.

The expressions for uå_yN'. und ui_v* have the generaì form

of

¡9"

u'=h 
I

)s

wherekisaconstant.

From the geonntrical model [Fig. II(b)]

x-k=fcost

Substituting (G.2) into (G.l ) gives

nP

G;-Ðz;4 dE '

N,P

ils
(6p-6)-+n-p

Î.n (E cos t )

(E cos

u' lnt=l2n )0

(G.21

(G.3)

(G.l )

r + Ð3/2

Using a rnethod of treatment of the

described in Appendix E, Equat'ion

singularity similar to that

(G.3) is rewritten as

t"
Ip

FNG;7,1
rP l.

Frq;rr;çJ or. e"n (E cos r ) dE (G.4 )
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(c.6)

u'
-K-
m

l* aE - effiu þ, (ø cos') - t]. (G.s)

The expressÍons for vf_., and vi ^. have the general form oft-r¡c. r-YN'

r9"

\,,__-Klnn(r-r) Ep-6v =-zr)o=rr-d:T;Td6

Substituting (c.2) into (c.6) gives

¡9"

v'- I Ln (Ecost) Ep'E

S=-Jo ffi icp-sF;TdE

For values of EO outside the range of integration, the

integraì in Equation (G.7) is singular at g = 9. Equation (G.7) is

rewritten as

r9., r
u' =_ I l.q,n (Ecosr) 6p-€

E=-Jo |tæ c;æ;Fp-'* (6cos,)

=f,,

:"; a:'
:..:::

|._t ..,-.'.-¡

*o'- 

ffitrh(6cost) 
dE

(G.7)

(G.8 )

or :-.:.ì.,:r l

r5P
¡9"

+=-lr
I2n )0

*
tdE-

G?, * ,z¡ 13/z
uþt(Ecost) - (G.s¡
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For values of 6O within the range of integration, and tp = 0, the

integral in Equation (G.7) is singular at E = 0 and E = Ep. Equation

(G.7) is rewritten as

rI"v'=-f'[¿o-g-nntd--l r

E=-,loLffi6-E #¿n(Ecosr)

or

un(Eecosr) r l* I ( ,,.,.,

ñ6ï=J 
d6 -Ç7lnJot^ (rcost) ds .'

_ l,n (g, cos r) [s dE

(Eo cos 'r + k )T/z | 6=Z
)s

Ë= Irrt* ¿E Çþ, f,. 
* cos', -t-l

_ 
.e,n (Eo cos t) Qn Ep

(Eocos r+P¡3/? L-EP

(G.10)

(G.ll ) r,....j l
; ll:l:: r_ i:l:'l

;::l-:.;-: ::::-::-

' : 
j' 'r_:

.:: : .. .1..

ir..,,::.,,,', ' 
.' .,



APPENDIX H

SOLUTION TO A DIFFERENTiAL EQUATION

Rewriting Equation (87) gives

a;þfz= cl (H.l )

where c., is the right hand side of Equation (87) which is assuned

constant along each vortex segment.

Let

g=Y', (H.2) 
l

then (H.l ) becomes

i

q'

fi +?W= ci (H'3)

Both sides of (H.3) can be integrated to give

lryu=',f " ' (H.4)

r,*þY=\x+c'' (H.5)

where c, is determined by letting (H.5) satisfy the initial s'lope of

the jet center 'line segment



2=i;w-c1 xoi (H'6)

Sol vi ng (H. 5 ) g'i ves

n= 
cl **c2 

--.-
tr - (cr * *ÇÍn (u't;

Rewriting (H.7) letting X = C., , * C.and substituting fl for g gives

But

¿x=# , (H.to)ur

therefore substituting (H.10) into (H.9) and integrating (H.9) g.ives

y=- (1 --.d)1/2 *c3
ur

or

89

(H.8)

(H.e)

(H.il) 
:1

i 
,:r. :rì.: . ,.. ,:

Rewriting (H.ll) in term of x gives

y=-Lft-(clx+cz)zfilz*cr, (H.12)tl

where c, is determined by letting (H.12) satisfy the initial location

of the jet center line segment, and is given by

c3 = voj - h tr - (cr *oj * cr)21/2 (H.r3)



APPTNDIX I

CONVERGENCE OF ITERATIONS

The bas'ic iterative solution consists of two steps:

Step I rl
An assumed iet shape is used to evaluate the vortex strength

di stri buti on.

Step 2

The vortex strength distribution is used to evaluate the jet

shape to be used in the next "Step 1".

App'lication of this technique produces divergent solutions

as illustrated in Fig. 16. An additjonal step (Step 3) is introduced

to produce a modified jet shape for input to Step 1.

AnypairofsuccessivejetshapesformsanenveJopewithin

which the true shape'lies. Because the first assumed jet shape may '

cross the trueshape, it was found to be unw'ise to take it as a boundary 
i,,,.;

to the enve'lope. The first envelope is therefore taken as the two iet ',,',,,,,',,

i: :_

shapes resulting from the first tþJo applications of Step 2. ',''.,'

Suppose the enveìope is bounded by the curves V., 12 iwith

v1 above v2) as on Fig. '17. The next input shape is given by 
r,,,,::

I :'
y3=ä(yl *tz)

and produces the curve y4 which may'lie in any of four regìons. The

endpointsaredenotedby(,4)1,2,3,4ôSshownonFig.l7andare

90
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used in the computer prograrrne for determining the input for the next

iteration. Also, the end poínts of the curves 11, 12 and v, are denoted

by (yl), (V2) anA (Vr) resnectively. Consider the four possibiljties.

(vo).' ; (vo).' .Ur)

To produce a curve with (VO), . U), the (yr) value would

have had to be above(V1) because of the divergent nature of the solutions.

Therefore (VO)., cannot exjst.

0lr; (vr) . (y4)r. 0r)

Since the iterative solutions díverge, y3 and y4 must represent

a more restrictÍve envelope than 11, y2 and this new envelope is

retained for comparison in the next iteration for which the input is

taken ut ] {v3 * y+).

(yo)r; (y., ) . (yo), . (yr) 
l

A similar case to (ya)2. The new envelope is VO and y, and

the input for the next iteration is å ,r, * 1il. ',r,,.,.

¡',.,',t',1

Ulo; U4)o) (v., ) '

In this case, (VlO is outside the originaì envelope and is

reiected. The new envelope is spec'ified by y., and v, and the next .r,.,.

input ls ] (v., * y3).

A similar set of arguments is used if the curve yzlies above

curve yl.



APPENDIX J

NON-UNIFORM JET DYNAMIC BOUNDARY CONDITION

In thís Appendix, the non-uniform jet dynamic boundary

condition is derived from the nine equations given in chapter v.3,
from Equations (102) to (ll0). For convenience, these equations are

rewritten here

pu*åru?,=vs+!ouf,

P1 *Ioul=rr.loul

p¡*å ov3=vo+!ovzo

vl Rr = vzRz

V¡RS=V4R4

R2=R3

Pr=Pl

P.q, = P4

Pz=P3

Substituting (J.0) into (J.5), and combining (J.4) and (J.S) give

o')

(¡. I )

(r.2)

(J. s¡

(i.4)

(r.5) 
:

(r. o) :

(J.7)

(;.e¡

(,:. e ¡

ì ;. ':. .r'

irj:'ì,i'. ìl



V" V^

ü*, = ú*o (r.ro)

Substituting R., = ft - | anA RO = n + .} into (J.'10),

f,,--fr =fir*-$r (r.r)

Rearuan ji ng (J. ì ì ) gi ves

l-vrv3-vzv4 zn=ryþfi'; (r'rz)

Let V^.J*u=E '

(J.12) is rewritten as

93

(J.r3)

l-kvvr-v4 zn-\¡;;¡6'5' (r.r4)

I _ (kvvl -uù' 
2R-4q -q- 6

or

(J. l5) 
',','1,.'..:.,¡,,,',¡,,.,,,

,.'...., ,'..'..
..,, ,t. ,, ,,,,,, :, 

,,',',

Rewri ti ng (J.'l ) gi ves

P¿ - P, = l, tul - ull (r.16)

Combining (J.2) and (J.3) and using (J.9) yieìds
i r ¡.: .ll.i.: ..1.:

P+-Pr =!,N| -uf,i*|otv! -rr) (J.r7)
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Combining (J.'16) and (J.17) using (J.7) and (J.B) gives

u'" - fu= u| - ,1 - u3 - ut , (J.rB)

Adding and substracting kl Vf to the right hand side of (J.lB),

,3,- oî=o?, ,1 -ul- (ol - r) vl -13-uî (r.re)

Using (J.'13) , substituting Vg by kVVZ, (J.19) becomes

u?,- ,'u= n?, u| - u'?o - (kl - r) vf - xf, ul - ul (r.20)

Rearranging (J.20) gives

nf uf - uzo= trl - tfu) * 1rfr - rr wl - uzrt. (r.zr)

Substituting (J.2.l ) into (J..l5) sives

Ir:::i

'.:

t. .'..'
i.':a:i

i.r .. :.r....:i

l_
R

j

(kvvr -uù, ? .. _-. .

ô (J.22)
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APPEND]X K

FLOW GIART AND COMPIJTER PROGRAIvÍ FOR T}IE
SOLUTION OF TFIE TJNIFORM JET

a\,

t'.
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INPUT
Initial conditions: 0, r,
Increments or decrements

CJ,, 6, and c
in initial conditions

Add increments or decrements
condi ti ons
Calculate C, and q

to ínitial

I st
sol uti on

being solved !

Input number of vortex segments
Input exÍt criterion, e
Calculate coordinates of segment end poi nts ,control poÍnts, and segment sìopes

I st
sol uti on

being solved

Calculate jet shape
from Y distributions

Compute assumedjet shape

Are all
sol uti ons
obta i ned?

Compare new jet shape (Y^) to assumed
shape (Yol¿) "

Is Itolo - Y.l/lYojdl < e ?

Use convergence scheme to compute next'input iet sha

Compute y distributions

Compute lift coefficient
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SJOB IiATFIV TàNGTTJüE=1¿O,LTBIIST,LItES=50
Drr,tEl¡srory 

-x160l ,y (60) ,xp (60),yp (60) ,sLopE (60) ,cB(60) 
'A (60,601 ,rI{r (60),rfl2rccl,yolD(60) ,vr.iÀx (å0),yilrN(60)c,c (60) ,IC_(60) ,yc (60) ,xK (60) ,AS (60,60) ,sul (60) ,svt 1e o¡ 

'

crsYoL(30,10) , urND (20)
c
c
c
L
L
C

C

c
C

C
c
C

c
C

C

C

L
c
c
c
c
C

c
c
L
C

L
C

c
C

C

C

c
C

C

C

C

C

c
C
I

::: PR INCIPAL SY[lBCLS

CITORD
CJ
CPJ
ÐA LPH A

DCPJ
DD Et
DEL
DT i\U
EPS
IUA {IT
N

.\C
NT
PHT
0
R1

13,2

TAU
TÀ UD
TETA 1

TElÀ2

U

US

USINP

a ( r,J,

Atp[À
ÀI, FA Ð

ß(T)

SL FTNTTE VOBTEX SEGITENÎ t ENGTH
slopE (I) sLopEs cF THB VOETEX SEc¡{ ENTS

COEFFICISNl IIÀTRIX IN lfIE SET CF LINEÀR
BQ Û ATTO NS
ANGTE OP ATTÀCK (RADTÀN)
aNGLE OF ÀT1ÀCK (DUGREE)
ccL[J$N HATBIJ( IN TH E S ET Op LINEÀR IìQUÂTIONS
TËTIS !I,àTRIX TS EFÀSED AFTER THE SOTNTION
of THE SET or Lf tr¡EÀR EeUÀT IONS rS FOUNDTAND
T¡IE IIATRTX IS OSED 1O SÎORE THE SOLUÎTON
CI{ORD LENGTH
¡.fJG¡IENTED JET I'IC¡IENTT'!T COEFFTCIENT
FRI¡'IÀAY JET MOIIENTUII COEFFICIENT
I¡ICREIlENT TN ANGIE OF ÀTTÀCK
INCREi{ENT IN PBII{ÀRY JET IIIOHENTUII COEFFICTENT
INCREIIENT IN JEl THICKNESS
JEl THTCKilESS
TNCNEfiENT IN TNITTAL JET DEFLECTTON ÀNGLE
SXIT CRITEEION
l{AXIllUiI NUüBER oF fTEBÀTfotrS pER SOLUTfOÈ¡
NUiBER OF FTNITE YORTEX SEG¡IENTS ON THE CHORD
AND LOWER JET BCUNDÀBY
NI] YBER OF VORTEX SEGI't¡¡ITS ON T HE CHORD
TOTAI NUH.3ER OP FINTTE VORTEX SBG¡IENTS
III{GI,E I'fÀDg RY THE VORTEX SEGFIENT ÀND THE X.ÀXIS
FRTITARY JET VELOCTTY
DÏSTA NCE FFOII UPSTRT ÀN END POINT CF VORlEX
SEGIIENT TO EONTFCI, PCINl
DISTÀNCE ¡'BOII DOIINSÎREàT.! ENÐ POTNT OF VORTEX
SEGÈIENT TO CCNTAOL PCINT

rNITIÀt JEr DEFTECTICN ¡rNcLE (RADTAH)
ï¡{ITTAL JET ÐEFLICTICN ANctE (DEGREE)
ANGÍE ¡{EASURED FFCII VORîEX SEGIIENT TO
TËE IINE OF R1
AN GLE lì!EAS URED FFC È1 VOnT EX S EGTTENT TO
TTIE TTITE OF R2
X-COHPONENT OF VEI.OCTTY TNDÜCEÐ BY Â I.T THE
DISTRIBUTED VORTICES CON.lRTBUTING TO LIFT
T.COüPONSNT OF VELOCTTY TNDUCED BY SOIJRCE
DI S T RTBUTTON
X.COËPCI¡EIIT OF VELOCTTY IN DUCED Br
SE ¡II.INFINTTE VOFTEX EL EI.IENTS



2

3
4
5
6
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C V Y-CC¡IFCNENT Of VTIOCITT INDUCED BY ÀTL TflEC DISTRTBUTET, VOATICES COHTBIBUTING TO I,IFTC VS Y-CC I! EC NENÎ OF V EI,OCITT ril DUCED BY SOI]RCEC DISTRIBUTTON
C VSTNF T.CO¡IPONENT OF VELOCTTY TNDI'CED BrC SEüI.TNFINTTE VOATET BLE¡IENTSC X (I) X.COORDINATES OF FINTTE VORÎTX SEG¡{ENTC END POINÎS
C XCONP ZET.â-COORDTNAI ES OF CONTROL POINTSc xc ( r) x-cooRDrNiìTEs oF FTNTTE snctlEur END porNTS
C CN JET CENTER ITNEC XLC TTFT COEFFICTENT
C XLCJ JET ITFT COEFFTCIENT {JEÎ LIFT IS OBTATNEDc FRclt rFE r NTEGHÀTrou dr voRTEN Drsrn r¡rrrrousc FRCt-t THE TFÀrIING EDGE TO INFINITY)c xp (I) x-cooRDINÀTES OF CCNTROL POINTSC Y ( I) Y.COORDINÀTES OF FTNITE VORTEX SEGüB}TTC END POINÎS
C YCONP ÐTÀ-COORDII{ATES OP CONTROL POTNTSC YC(I) Y.COORDTNÀTES OF FTNITE SEGHENT ENÐ POINTSC CN JEl CENTEB TINE
c- yp(I) y-cooRDINÀTES CF CCNTFOT polNrs
C YOID {I) Y-COCRÐÍ N]TTES OF FTNITE SEGI'IENT END POTNTS ONC JET CENTER LINE CF THB PRECEDTNG ITERÀTIONc-- -
C-- - I¡{TrIÀI CONÐITrONS
c-- -

ÀLPHÀ=0,
TÀU=-3. 14 159266/6.
CPJ=1.'15
ÐE t=0. 005
CHOR D= 1 ,

C TNCFEIIENTS IN VARIÀBtES
c--- rN TIIrs EXA¡fPLÐ' JET THrcKllEss rs À vÀRTABLE.C--. THÀT TS I,IHTTE OTHER INITTAT CONDITTONS ARE KEPTc--- coNSTANT' SoLuTrcNs FcR DIFFERENT JET THIcKNESSEsC ¿R E CALCUTÀTED

DALFA=0.
DT AU=O .
DCPJ=0.
DD ÐL=0. 00 1

fNp=0
4 44 CO NTI NUE

INP=INP+1
CPJ=CPJ + DCP J
AtPHÀ=ALPHA+DALFA
TÀU=TAtJ+DIÀU
DEL=DEl+DDEL

C-.. AIJ6HENT¡D JST lfOi.!ENTÜI' COEFFTCIENl ANDC PRIIIIARY JET VËLOCITT

7
B

9
10
11
12
13
14
15
16
17



CJ= (SQRT (2. *DELlCHcRD) +SQRT (cpJ) ) **2
Q=SQRT (CJ*C HORD/ (2. *DEL) ) - I ,
DE T_l{=D EL/2
AL FAD=AIPHÀ *1 80. ¡ 3, 1 4 1 59266
TAUD=Tåtl* 1E 0, / 3. 1 4 I 59266
IF (INP.cT.1) GOTO 445

rN PUT DATA

EPS=0. C5
üA XfT=6
3Rl'lAX=C.'l
NT=TOTAL ELEttENT fN TItE THIcK JET

NT=38
N= ?4
NC=10
NT'l=NT+1
NT2=NT+2
NL2=N-2
NC1=NC+1
lJC2=NC+2
NCtl =lllC- 1

NC L2= ¡IC -2
NTC=NT- NC
NJ=N-NC
NJl=NJ+1
NJLl=NJ-1
N1=N+1
ll2 =N+ 2
N3=N+3
x AND Y cooRÐrNÂTns oF sEcrìtENT END po rNTs oN TI|E AEROFOTL
DO 23 f=1rNC1
Y(I)=Q.
ARG=3. 14 1 5,)26tx (l- 1 .) /NC
x { t¡ =0. 5*cltoRD* ( 1 . -bos (ÀRG) )
CONTINUE
X(NC1)=1.
REAÐ X AND Y CCORDTNATES ÜF VORTEX SEG¡{T}¡T END POTNTS
ON T¡ìE LO!IER JET BOUNDART
READ (5,21) (r (I) ,I=NC2, N1)
REÀD (5,21) (Y(I) ,f =ilCZ,Nl)
FO RilAT (6 F1 0.6)
T(N2) =-DEL*SrN (TÀU) +X (Nc1)
Y(N2) =tJEL*CcS {TAü) +Y (Nc1}
X AND Y COORDINATES OF VORTÍX SEGI.IENT END POINTS ON IJPPER.lET BOUNÐARY AND JET CENT,EN tINE
DO 60 -I=1,ltJ
TSGl=ÀTÀN2 ( {Y (I+r¡tC) -y (I+ttc1} ) , (X{I+NC) -X{I}NC1} ) )rF (r. EQ.IIJ) GOTO 61
ÎsG2-ârAN2 ( (y (r+Nc2) -y (r+NC1) ) , (x (r+NcZ) -x (r+Nc1) ) )

qq

18
19
20
21
22
¿3

c-- -
c___
c-- -

2q
25
26

c---
27
2g
29
30
.J1
32
33
34
35
36
:l'7
38
39
40
41
42
43

c-- -
44
45
46
47
48 2l
49

c---
c-- -

50
51
52 21
53
54

c-- -
c-- -

55
5t|
57
5rl



CONTTNUE
rr ( I. Í:0. NJ) 1SG2=ÀLPHA
THÀLF= (TSGl -ISGZI /2.
PSG=(1Sc1+TSc2) /2.
x(r+N2) -r(I+NC,t) +ÐrL*ccs (psc) /sIN (THÀLF)
v ( T+N2) =V (I +lYC1) +O¡t,r.SIN (pSc) /SIN itHAlr)xc(I+1)=(x(I+NC1) +¡(r+N2) I /2.
Yc (I+1) = (y {I+r{c 1) +y (T+ N2} , /2.
CONTTN I]E
YC (1) = (Y (N2) +Y {NC1l ) /2
xc ( 1) = (x {N2) +x (Nc tl I tZ
DO 24 i=1 rNC
XP ( I) = (x (I+ 1) +\ (Tl | /2.
YP (I)= (Y {r+1} +Y (r) I /2.
sLoPE (I) = (Y {I+1} -Y Gl ) / (x (r+t) -x (r) )
CO NlI}¡ U E

S'TARTING ITERATICN PROCESS

CO NTI HU E
llA XD= 1

IT R=0
fTF= fTR +1
Il¡(ITR.IQ. 1.AND. INp.Ðç. 1) GCTO 224
IF (ITR . NE. 1) GOTO 1 1 5
SXN2=X (N2)
SYN2=y (N 2)
x(N2) =-DEL*STN (TATJ) +X {Nc1}
Y (N2) =DEL*CoS (TAU) +T (NCt)
Xc (1) = (x (N2) +X (NC1l ) /2.
YC (1) = (Y (N2) +Y (NC1)) /2.
IF (ÐTA[J. NE. 0. ) coTo 451
DO 450 l=2,NJ1
Xc (Il =-DDEI*.SIN (TÀU) /2.+XC {I)
YC (I) =DDEL*CCS (TAol /2, +yOLD (T)
YoLD (I) =Yc ( I)
CO NTI N I]E
coTo 1c7
CO NTTNUE
DXTAtl= (x (N2) -sxv2l /2.
DYTAU= (Y {N2} -SrNZI /2.
DO 452 I=2 r NJ 1

XC (I) =XC (I) +DXTAU
Yc (r) = ( (rolD(r) +0vtAü) -Yc (1) ) *TAN {TAU),/TÀN(TAU-DTÀr¡}c+Yc(1)
YoLtJ (I) =YC (rì
CO N lTN UE
GOTO 107
CONTINI.IE

100

59
60
61
62
53
64
65
66
67
6B
69
70
71
72
73
7t1

61

60

24
c-- -
c-- -
c-- -
445

99

'75

76
77
78
79
80
B1
B2
83
B4
t5
36
f,t7

BB
89
90
91
92
93
94
95
96
97
98
Ð9

450

451

100
1Ð1 452
102
103 115

c-- -



c-- -
c-- -

104
105
106
107
108
109
110
111 221
112
113
114
115 222
116
117
118

119
120
121
122
123
124 220
125
1'¿6
127

c---
c-- -
c-- -

128
129
1-r0
131
1 l'2
1 33 226
134
1 35 225
116
137
138 55
139
140
141
142
1 4.J

101
JET SHAPE CAICI'TATICN

B(¡¡T1)=0.
G { 1) = rÀN (TII Ul
DO 220 I=1,NJ
rF{I.GT.1) GDlO'221
Àu=SAU/ (x (tl3) -x (NZ) )
ÀL=SAL/ (X (Nc2) -x (Nc1) )
GOTO 222
CO NTIN tIE
IF (I.80. NJ) B (NC1+f) =0.
AL= (B (NC+T) +B (NC1+rll /2
ÀU= (B (N+r) +n (N1+Il ) /z
C()NTINtIE
XK (I) = (AU+ÀL) /lCJ*CHORD* (1 . - (2. *DEL/ (CJ*CHoRD) l **0 .51 /Z,lc1 --G (rl / (1. +G (I) **2¡ **0.5-XK (I) +XC (r)
G (I+1) = (XK (I) *:{c (r+t) +c 1l / (1. - (xK (I) *xc (I+ t)

c+c 1) +*2) **.5
c2 =Tc (I) + ( 1 . - {xK (I) *XC (I) +C 1¡ +*2¡ **.5/xK ( I}YC(I+1) =-{1.- (xK{r) *xc(I+1} +c1l**21**.5/xK{r} +c2
rF {rNP. cT. 1 ) GOTO 220
IF ( lTlì . GT. 2) GOTO 220 i'
YOtD (r+1)=YC (I+1)
CC¡ITIN I'E
PRTNT, I JET SHÀPE CÀLCUtÀTED ÐIREcTLY FRoII GÀFtA DISTRTBUTIOtT t
PR INT 52, {YC (I},f=1, NJ1}
rF (rTR.8Q.2. AND.fNp.EÇ.1) GCÎO 10?

]EXTT CFITEIìTÀ

DO 225 I=2 r,tlJ 1

DrSP=ABS (YotD (I) -yc (r I I /ABs {yarD (r) )IF(I.EQ.2) cOTO 226
IF (DD. tT.llISP) DD=ÐISp
coro 225
CCNTTN UE
ÐD=DISP
CONTINIlE
PRINT,IJET IIEVIÀTTCNI ,.

PR INT 55, DD :

FORIIAT (F10.3////) r',

IF (DD. LT. EPS) GOTO 227 .I.
f F (DD. LT. F1ì¡lAX) t{,\XD=2
ïF (ITR.LE.MAXIT) G()TO 449
IF (¡1_{i(Ð. EQ.2) GCTO 227
GOTO 448

144

C
C... CÐNVERGENCE SCHEI.lE
(-

449 CO NTTN UE



145
146
147
148
149
150
151
152
153
154
1s5
156
157
158
159
160
r 61
162
163
16 tr

165
166
167
168
169
170
111
172
173
174
175
176
117
178
179

'14

72

71

::i.,:-..t;,,:,L':¿!i:¿i:L;;;r:ilr:r;sl,:;;¡r,tt io¿;¿irir:l¿l,t"fr,,l;*;._:,r,1ì.,'¡*.r:;.;:51Ç¡:;!.. _ -_- -, -, ., ,,._:,., j._¿-!

rF(yc(NJl).cT.totD(NJll) Goro 7c 
r02

IF(ITF.NE.3.ÀND,rNp.EQ.1) ccTo 71
fF (ITn.l'lE.2.AND.INp.cT. l) GOTO 71
DO 12 I=2rNJ1
Yl'lAx (I) =YotD (I)
Yil rN (I) =YC ( I)
coTo 7l
CONTINUE
IF(LL.cE.2) çoTO 74
IF(yC(NJ1l .cT.yüIN (NJl)) GCTC 14
KK= KK+ 1

DO 75 f=2rNJ1
Yc (r) = (YoLIr (r) +ytlIN(Il) /2.
YotÐ ( I) =Yc ( T)
GOTO 107
CONTINUE
IF (ITIt. NE,3.AND,rt{p. EQ. 1) ccTo 76
rF (rTF,!In.2.AND.rNp.cT. 1) ccTc 76
DO 77 f=2rNJl
Yu ÀN {I) =Yc (l)
YHrN (r) =YoLD ( I)
CONTIì{T'E
KK= 1

LL=1
DO 78 f=2,NJl
YC {I} = (Yr{AX (r) +yurN (r ), /2.
YoLD (I ) =Yc ( I)
GOTO 1C1
CONTINUE
Ir (KK. cE. 2 ) coTo 7 9
Ir(yc (NJ1) . LT.yrlÀx (¡¡J1)) GOfO 7g
tL=tL+1
DO 8û I=2rllJ1
YC (I¡ = (YûtD (I) +yHAr (Ill /2.
YoLD (T) =YC {I)
X AND Y COORDINqTES OF TTNITE VORÎEN SEGI.IENI END POTNTS
ON THE JET TOHEH AND UPPER ECUNTÀRTES

CO NTINÛE
ÐO 202 f=lrNJ
Tscl=ATåN2 ( (fc {1) -yc (T+1) ) ,Ir (I. E0.NJ) GOTO 203
TSG2=ATÀlr2 ( {rc (I+21-yc (r+t)
CO¡ITINUE

{xc (r) -xc (r+ 1) ) }

) ' (Xc (r+2) -xc(I+1) ) )

IF (I. EQ. NJ) TSG2=ALpHA
THÀlF= (TSc1 -TScZl /2.
PSG= (TSc1+TSG2l /2.
x ( r+N2) =XC ( I+ 1) +DBLH*COS (pSc) /srN (1HÀtF)
v(r+N2) =Yc (I+1) +ÐELH*SrH (pSG)/SIì¡ (THÀtpi

75

70

79

77
'13

78

76

180
181
182
1fi3
184
185
186
187
188
1fJ9
190

80

c-- -
c-- -
c
107

¿o3



191
192
193
194
195
111 6
197
1e8
199
200
201
'2C2

203
204
'¿c5

L0s

X (f+NC1 I =2.* XC (I+ l) -X (I+N2,
Y{l+NC1l =2.*YC (I+1) -Y (I+N2}.¿02 
C{) NTT N UE

22q CO NTI¡I UE
DO 228 f=NC1,¡¡T
rF (r. cT. N) coTo 229
XP (I)= (X (I+1) +X {I}, /2.
YP (r) = (Y (I+ 1) +y {I,)l /2,
sLoPE (I) = (Y {I+1) -Y lTl I / (x (I+1) -x(t) )coro 228

229 co NTr ¡¡ rJE

XP (I) = (X (r+2) +X (I+ 1) ) /2.
YP (I) = (Y (T+21 +T {r+1) I /2.
sLoPE (I) = ( Y (I +2) -Y (T+ 1ll / (x {r+ 2l -x (r+ 1} )228 CO NTI N II E

c-- -
C.-. COEFFTCTT.IT SI1TRIX :
c-- -

Dt 1 T=1rNT
ÛGAF'A=C.
VG A$A=0.
Syp=yp (r)
SXp=Xp {I)
fK=1
DO 2 J=1rNT
IF (ITR, EO. 1) GOTO 3
IF (I. GT. NC) c OTC 3
Ir (J. c T. l{c) coTo .l
À(I,J)=AS{I ,J}
coro 2

.I CC i{TI N UE
IF(J.EQ.N1) IK=1
ïF (ïK. EQ.2) GOTO 4
K=0
IF(J.GI.N) K=1
K1=K+1
PHr=ATAN2 ( (y(J+K1) -y (J+r() ), (x (J+i(1)-x (JlK) ) )
SL=SQRT ( (Y (J+K1) -Y (J+K) ) **2+ {x (J+K1r -X {J+r¡ i*,r2¡YCONP=- (sXp-x {J+K) ) *s rN (pHI) + {f;yp-r (J+r() ) *cðs tpiTI)
xcoNP= (sxp-x (J+K) ) *cos (pHI ) + (syp-y (J+r() ) *srN (ptrt)
,î 1 =SQRT (XCO t¡p** 2 +\CCNF+*2)
R2=SQRT ( (XCcNP- Sl) **2+YCONp+t2)
DCP=1.
IF (YCCNP. LT.0. ) DCF=- 1.
TETAl=ATÀN2 (ÀBS (YCCNp),XCCNE)
IF (TETÀ 1 . LT.0. ) TETA 1=1ÐTÀ 1 +2. * 3. 1 q159266
TErA2=À1Àlr2 (AB.s (ycoNp), (XccNp-Sr) )IF (1ETÀ2 . LT . 0 . l îET À2 =TET 

^Z+2. 
*3. 1 q15g}66

ïK=2
GOTO 5

206
207
208
209
210
211
212
213
214
215
216
2't7
21tl
21e
220
'¿¿1

222
223
224
225
226
227
228
229
230
2't1
232
233
234
235
236
231



238
2.19
2qo
241
2q2
ztr3
244
ztt5
246
2t+7
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
'¿66

267
268
269
210
271
272
273
274
275
276
277
278
279
2t)0
281
282
283
284
285
286
287

12

704

CONTTNÛE
rF (J .8Q.2) GOTO B
rF (J.80. Ncz) coÎr) 9
TF (J. EQ. N2 ) GOTO 9
siJ= (ycoNp*Àtoc (R2/R1) -XCC¡¡pfDCp* (TETAl_TETÀ2) I /SL
YI:l . + (ABs ( yccNp) * (TErÀt-TET.å2¡ +f cone*ÀLoG 1R'Z'/'Rlll /sLcoro 1 1

CONTTNUE
rF (xP (r) . LT. X {2) ) coTo 12
IEç= 1

cÀLL xrNT (rEo,xp,yprx,y,T,J,SI, ÀpflI,vv) ,. 
,

VV=-VV
TEP=2
cALL XINT (rEQ, Xpryprf, ,l rI, Jr5trrÀpEIrûU)
coro 1 1

CONTTN UE
IEç=.3 ,i ,

cAtt xINT(rEQrXpryp rxry rIrJrsLrApHIrVV) , 
',,

VV =-V V

uu=O . ..,,...

GOTO t1 ::."r:

CO NTT NIJE
XP (I) =TC3NP
YP (I) = YCoNP
APHI=ABS {PHI)
IF (.t. EQ. NC2 ) cOlO 10
t=J+1
IF(I.BO.N1) COTO lrt
GOTO 15
CONTINUE
L=J
ïF (I. 80. Ncl ) GoTo 14
CONTINIIE
IE ç=7
cÀLL XINT (TF0 , Xp,yg ,x ry, r, L, sL, Àpi{r,vv}
VV=- VV
fnç= 3
cÀtl, XINT (IEQrxprYprxry rlrLrsl, Àpftlruu) i,,,,j,,,,

XP (I) =SïP 'YP(r)=sYP ,,,,,,,,,,
GOTO 11 . .,:;::
CONTINT'E : :

fEç=9
cAtL xINT(IEQ rTpryp ry ry rIrLrSLrÀpHrrvy)
VV=-VV
UU=0.
XP (I) =SXP , ,:
YP (I) =SYP 1.'.,',ìi:,

CO NTT NUE
Ul =tlU*cOS (PHI) - VV+ Sf H (pHr)

10

15

14

11



105

288
289
290
291
292
¿93
29q
295
296
297
298
299
300
301
302
J03
304
305
306
307
3C8
309
310
.31 1

312
113
314
.i 15

316

.t 17
3lrl
319
320
t'¿1
t2'¿
t'23
324
325
326
327
328
329
3 30
131
332
3_r3
ll4
335

18

V1=UU*SIN (pt{I) +VV*COS {pHI)
IF (ITR. GT. 1 

' 
GoTC 1 g

IF (J. EQ . NC 1 .A ND. r. LE. NCI St 1 (I) =U1IF (J. E0.NC1 . AND. I. LE. NC) SV 1 (I) =V1
CO NTTN UE
TK= 1

GOTO 3
CO NTI N I'E
Ir (J . NE. NC) çOTO 1 9
ïF (I. EÇ. NC) GOTO 16
fEg= 4
cÀtl xINT (TEQ TXPTYP ,X rY rf , JrsL, APHI, VV)
VV=-VV
fE 9=5
cALt xINT (IEQ rXpryp rx ry rI,JrSLrÀpHrruu)coTo 17
CO NTTN UE
IE 0=5
cÀLL X INT ( IEQ , Xp, Ip rX, y, I, J, SL, ÀpHI, VV)
VV=-VV
UU =0.
GOTO 17
CO I{TIN UE
PST 1 = AT AN 2 {YCONp, l(CC NF}
IF (PSI1 . Lt. 0. ) PSI 1=pSI1+ 2. +3, I rl159266
PST2=ATAN2 (yCCNp, (XCcNp-St, )IF (PSf 2.LT. C. ) pSI2=pSI Z+2.*3. 141=9266
UU=PSI2-PSI1+ (XCoNp*DCF* (TEfA1 -TETÀ2) _

C YC ONP* A LOG (R2/Ê 1 ) ) //Sr
YV= ( 1,-xcoNP/sL) *tLoG (R2/R1 ) -1 . -aBS (ycoNp)

c* (TETÀ 1 -TETÀ2 I /SL
CO NTTN tIE
U2=Uti*COS (pHI) -VV*SIN (pt{I)
!2=ûü*Sll¡ (PHI) +vv*CoS {pflr}IF (J,EÇ.NC1.AND.f. LE.NC) U1=SU1 {I)fF (J. EQ.NCl.AND,I.LE, NC) V1=SV 1 (I)
IF(J.EQ.N1) V1=0.
IF (J. 80. N 'l ) U 1=0.
IF{J.EÇ,1) U1=0.
IF(J.EQ.1) V1=0.
U=U1+TI2
V=V1+V2
À ( I,J) =V-UTtSLOPE (f )
IF (J. tE. NC) GCTC 20
UG=PSI2-PSI 1

VG=ÀLOG (R2l/R1)
iF (J.c1.¡r) VG=-VG
If {J,GT, N) uG=-UG
ilcÀ¡{À=UG*CoS (pHI) -VG*SIN (pHr) +UGA¡tÀ
vG ¡\¡'lA=IIG+SIt{ (P HI) +Vc*COs (pHI) +VGÀt{ Â

16

19

17



3i6 20
337
338
3,J 9
.r40 2
3f¡1
142
J43
3¿{ 4
_j4 5
346
347
348
349
J50
35i
J52
:J5-3

354
355

356
357
358
359
360
361
362
363
364
365
_166 1

c-- -
.t61

c---
c--

3 6fl
369
.J7 

Q

37"1
372
t73
't7 4
)75
.17 6
377
378 2tl
:17I

CONTINUE 106

IF (I. cT . ¡{c) Gcro 2
IF (J. GT. NC) GOTO 2
ÀS (I'J) =A (I,J)
CO I¡ITNUE
R1= ( (Xp (r) -x {N2f ) *r,2+ {yp (r} -y (N2) ) *f2) **.5
:l?= ( (xP (r) -I (Ig1) I o*z+ Fp (r) -y t}¡.cil I **2) **.s
xP (r) = (sxP- x (Nc1) ) *cos (rAri) i lsve-y'{llc rl i osrn {rÀU}vP (Ï) =- {sxP-x (Nc1) ) *srN (rAU) + (syp-y (Hcri} ocod tr¡fu)T1=1.57C19-ÂTANZ l(yp (r) -DEr..),Xp(r) )IF (T 1. L T.0. ) Ll=2. *3. 1rt159+11
12=1,57 C79-ÀTÄN2 (yp (I),Xp (It )
f f {T2. f,T.0. ) t2=3. llt159*2+12
XP(f)=SXP
YP (I) =SYP
Us= (T1-T2l +coS (TAU) +nLcG {R2/R1) *stl¡(-tAU)
vS=- (T 1-T2) *srN (-TÀU) +ALoG (ÊZ/Rt) * cds (TAU)
US=US*e
VS=VS*e
B ( r) =-vs+sLcpE (r) +us- (srN ( ÀrFnÀ) -cos (Arpfla) *sropE (r) )C+2*3.14159
RR]= ( (xP (Il -x !NTzl I *o2* (1P tr) -y (Nr2) ) **2) **.5
RR2= ((xP{Il -x (Nl) ) **2+(yF(T) -y (81) )iiZ} oo.5pp1=ArÀN2 ( (yp (r) -y (Nr2) ), (xF(r) -x'1ñtz¡ j ¡fF (PP1.LT.0.) pp1=2.*3. 1415ç,26+ppi''
PP2=A?ÀN2 ( {yP (I} -y (N1) ) , (xF (r) -x (N 1) ) )If (PP2. LT.0. ) pp2=2,+3.14.15 gZ6+Eiz
vsrNF= ( PP1 -pp2) +5IN (.{LFHÀ} +À.LCc (EE l/RR2) *cos (AtpHÀ)usrNp= (pF1-F!2) *cos (AtpHÀ) -ÀroG inn r7nR2j *srN iArpHÀíB ( I) =B (I) - (vSINF-USTNF*stoFE (r) ) *Q
B (I) =B {I) - (vcåHÀ-UGAi,!¡.*SrcpE (r} ) *Q
CONTINTlE
SoLUTICN OF THE SET OF tINr¡R EOUÀTIOIùScALt LNEQNS (Ar60r60, NTrBrrti l rIHzrIER)LIFT CCEFFICIE¡{T

XLC=0.
DO 230 f= 1, NT
IF (I. EQ. 1) coTo 231
rF (r.E0.NC) GOTO 232
IF {I. Eg. NC1 } coTo 233
rF ( r. EQ. N) GOTO 236
rF (I. EQ. NT) GOTO 236
IF ( I. G1. N) coTo 234
xLC=xl,c+ {B ( I+1) +n (T} ) + (x (I+ 1} -x { tl I /2.coro 230
CONTTNUE
.{LC=Xl,C+B (I) * (X (I+1) -X (Tl | /2.-2.+B (I+ t) *X (I+1) **1.5

!1{Àroc( (1+x (r+1) *+.51 /(1-x {r+1} **. 5) ) +'
cALoG (1-X (I+ U I /x (I+ 1) **.5) /ALoc (1-x (i+ 1) l



380
3tl'l
382 2 t2
383
3ri 4

385
386
387
I fJB 233
389
390

391
392
393 2t4
394
395
t96
397 235
398
399

400
401
1102 2 36
403
404
405
¡r 06 230
407
4C8

c-- -
c-- -
c-- -

4C9
Ir10
411 54
412
413
414 53
415
416
417

\07
SL 1=XLC
GOTO 230
CO NTIN UE
SXLC= XIC
xLc=Ntc+B (Ncl) * {x (Nc1l -K (Ncll /2.-2.*B(Nc) *x(Nc¡ *+1. 5c* (2. *ALOc 12,l - ÀLoc ( (1+x (Nc) r,t .51/

c (1-x (Nc) **.5) ) -Àroc (1-T (NCtl/x (Nc) **,51 /aroG (1_x(NC) |XLCC=XLC*2,
StNC=XLC-SXIC
coTo 230
CONlTNUE
SXIC=XLC
X[C=XtC+B (Nc1 ) * (X ( NC2) -ï (N CU | /2. +B (N c2l *X (Nc2) ** t .5* ( 2c*(1-

c1/x (ìùc2) **. 5l * ALoc (x ( NC2) **.5- 1) - 2* {1+1/X (NC2} * *.5 } *CAtoc (X {NCz} *r. 5+1) +rt. *ÀLoG (2. ) ) / ALO1 (X (,r¡C )l - l'.)
SÀL=XLC-S XLC
GOTO 230
CONTINUE
rF (r. EQ. N 1 ) GCTO 2.J5
XLC=ÍLC+ (s {r+ 1) +B (r) ) * (x (T+2} -X (r +11| /2.
GOTO 230
CO NTIN I'E
SXLC=XLC
XtC=XLC+B (Ì{ 1¡ * tX (N3} -T (NZ) | 12.+ lZ.*(1. /XlN2) **.5-

c1 . /x (!I3¡ +*.5) *ÀlcG (x (ti3) **.5-x (N2) **.5¡ -
C2. + (1 ./X (N2 ) ** .5+ 1 . /X (N3¡ **.5) *ÀLOG (X {N 3) **. 5+
CX ( N2) *+.5) + 4. *ALOc (2,*N (N2¡ +* .Sl /X (N2) **.5¡
c*B (N2l *X (N3 ) ** 1.5/ALoG (X (N3) -X (N2) )

SA U= XtC- S XIC
GOTO 230
CONTIN UE
.J=I
IF (I.EQ.NT) J=f+1
XLC=B (I)* (x (J+1) -X (Jl I /2. +xtc
CO}ITINUE
XL C= XtC* 2.
ïtCJ=XLC-XLCC

OU'TPUTS

PR rNT, r NU¡.tBER ûF IIEBATIONS I
PnINT 54, rTR
FO Rt't ÀT ( 5r, r 4)
PF.INT, r ÀNGLE OF ÀTTJtCK IN DEGFEEI
PRft{T 53,ÀtFAD
90Rr,tAT (F10. -l)
PF INT, I INIT IÀt JET ÐEF.LECTICN ÀNGLE rN DEGREI r

PPINT 53, TAUD
PRïHT, t PO'rtÐR JIT ,IOttENTtftt CCEFFICIEN?l



PRINT 53rCPJ
PRrNl, rTOlAL. JET ¡tCtrENTUl{ CCEFFICIEnTI
PF INT 53,CJ
PRINT, I X CENTEBI
PRINT 52,(,XC(I) rf =1rt'¡J1)
PRTNTTTY CENTIRT
PRrNT 12, IYC(I) rI=1rN.I1)
PRtNT, r ¡ COORDINÀT¡S CF CC!¡lFOL
PRfNT 52, (XP {f},f=1,tiT}
PRTNT, t Y COORDIilAlES OF CCNTTOL
PRfNT 52 , {YP (I} , I=1, NT}
PR INT, r X COORDII¡ATES CP ÐMSICN
PFfNT 52, (X (I) rI=1 rNT2)PRINlrry cooRDINÀTES OF DIVISICN
PFïNT 52, (Y(I) rI=1,llT2)
PRTNT, r VORTEX DISTRIBUTTCN t
PRINT 52, (B (f) ,f=1rNT)
FO,Rt{AT (10P10.ó}
PR rNT, rLIFT COgFFTCIENTI
PR INT 5 -3 , XLC
PF rltT, r JET tIFT COEFFTCTE!{T I
PBrNT 53,XtcJ
c,oTo 99
CO NTIN IJ E

IF(IHP.tT.61) cûTo rJq4
CONTINUE
S'IOP
END

INTEGRATION USTNG GAUSSIIÌ{ QUADRATT]RESURAOüTrNE XINT (rEQ, rp,ip, x , y,I, J, SL, ÀpHI, VEL)
Dr UENSTCN X (60) , y (60) , xp (60) ,yp {60)
N=24
NC=10
N2=N+2
NC 2=NC + 2
G=1.
f F (J.l'I9.ì'lC2) c=X (N2)
rF (I80. cT.6) GOTO 421
IF (IEQ.tT.7.AND.IEQ.GT.3} GCrO 420
XU= X (J)
Xl=X(J-1)
coTo 401
CO MTIN U E

XU=ï {J+'l)
XL =X (J)
GOTO 40 1

CO NT IN UE
XU= SL
XI.=0.
CONTTNT'E

':ri,,,;:,.l.r.r,:,;:ri:¡i:,i:,¡iì-*¿:ì.i;i:a-¡:¿-¡tj{rk;:;::;tix;tt*iet*i*rø*U¡j¡i,j
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POTNTSI

PCINT S I

POINTS I

POTNTS I

'Ìi'.:. . .

l¡18
419
420
421
422
423
424
tl25
t+26

427
428
429
430
431
tI32
433
4_ì4
435 52
436
437
438
439
440
fi4l 227
442
443 44rJ
¿t44

445

4t16
447
448
449
450
451
452
453
454
455
45b
457
45 iJ

459 420
460
461
462

']6 3 421
464
r¡6 5
466 401



.:l- -t:..¡ i:.. . , -,-;:-..,:. -..:..r--,i--::l-,,.:;ij.ij ; ,i. :,,. :
f.ri.. ,t.'1f:1

467
tt6B
4b9
470

411
472

473
474

475
4't 6

471
¿t78

479
480 403

481
482 4 04

433
484 405

485
486
487 406

488
4rJ 9 rt 07

490
491 408

492
493
494 410

495
496 41 1

t+9'l

109

.4=.5* ( rtJ+xt)
BB=XU- XL
C=.4869533*BB
T=. 03 333567* (F (IEQrXpryprI rJ rXrÀpHI, A+C¡

ç+F (TEQ, XP, YP,!, J,r, APHI, À.C) }
C=.4 325317*BB
T= T+ .0'14725b'l * (r ( IEQ, Xp, yp,I rJ, X, ApHT, À +C)

C+F (TEQ, XP,YP, T,J,X,APHI, À-C} )
C=. -3397048*EB
T= T+. 1095 q )2* (F (IEÇ, X p ,yp ,T. ,J ,X, ApHI, lt+C)

ç+F (TEO,XP rYP,I,J,X,APHr, À-C} )
C= .21 66971 *BB
T=T+. 1 3¿¡63-34* {F (IEQrXpryprI rJ rx rÀpHI r.A+c}

c+F (r80 rxP rYP, T rJrX, ÀPHr, Jl-C) l
C=.07443717*BB
T=BBr((T+.1477621* (P (IEQ,Xp,Ip rT rJrXrApHf , A+Ct

C+F (TEO,XP,YP,I,J,X,ÀPHI, A-C) } }
GOTO (403r404,405r406,407r4C8rq 10r41 1,412),IEQ
vEL= (I-2. +Xp (r) * (Atoc { ( 1. +X (J+0} +*,5} / {1.-x (J+0) **.5} ¡ +CÀLoG (1 . -x (J +î) ) /x.lJ+o¡ ** .51 / (Xp (r! **2+yp ( I) **2) ) *cX(J+C) +*1.5/AfOc (1.-T (J+0) )
GOTO 4C9
VEt= (T-2. *YP (I) * (ÀtOG ( (1. +X (J+0) **.51 / (1. -X (J+0) **.5,l +

CAtoG{1.-N (J+0) l/x(J+0) **.51 / {xp (t) **2+\p(I)**2)l*
CX (J+0) **1.5/LtOG {1. -K (J+0) )

GOTO 4C9
VEI.=T-2.* (ALOG ( (1+X (J+01 +*.5) / l1-X (J+0) **.5) ) +

cAL oG ( 1 - X (J +01 I /x (J+0) **.5 I /xp (r) + aroc { 1 -xp (r) } *
cALoG(xP (I) / {X(J+0} -Xp (r} ) I /rp(r¡ **1.5

VilL=VEL*x (J+0) **1. 5/ALO? (1. -X (J+0) )
G0TO 409
VEL= (T+ (XP (r) -1. ) *

C(( 1.-X {J+0) ) +Atoc (1.-X (J+01 } +X (J+0) -1 .1 / ( (xp(I) -1.¡ **2
c+yp (r) *+21 ) *X f J+0) ** 1 .5/LLO9 {1 . -X {J+0) )

GOTO 409
VEL= (1+YP (I) *

C ( (1. -X (J+0) ) *.tl,oc (1. -X (J+0) l +T (J+0) - t.l ./ ( (Xp (I) -1 .l **z
c+Yp (r) **2) ) *x (J+0) **1.5/ALOG (1 .-l( (J+0) !

GOTO 4C9
VEI=T+ (1. -X (J+C) ) * (AtOc ( 1. -X {J+0}

cal,oG ( 1. -xP (I' ) *¡troc ( (xp (r) -x {J+0)
) -1. ) / (xP (I) - 1) +
I/(r-xP(r)))

c/x.P (I) +* 1. 5
VIL=VEL+x (J+0) +* 1. 5/À foc ( 1 . -X (J+0) )
GOTO 409
vEr.= (T+ Xp (r) +s [* {A loG (sr*ccs {ApHr} ) - 1 I / l(xp {r) **2+yp (r}

c**21 *c**'1. 5) ) *x (J) **1.5/ALCG (X (J) -G)
coTo 409
VEL= {T+TP (I) *st* (Aloc {SL*ccs (ApHr) ) -1 ) / llxp (I) **2+yp (r}

c+*2) *G** 1.5) ) *X (J) +*1.5/ALOG (t( (J) -c)
GOTO 409



498

t199
500
501
5C2

503
5C4
505
506
507
5CB
509
510
5r1
512

513
514

s15
516

517
518

51Íì
520

521
522

523
52tl

525
526

527
528

529
530
531

412

409

110

VEL=1+Sl* (AIOG (SL*COS (ApflI) ) -1.1 / lxp {t¡ *1;**1.5} +
cÀLoG (xP {I) * cos (ÀpHr) ) *ALcc (xp (rl / ßL-x.p G,l | | /
c (xP (I) *cos (ÀPHI) +G) +*1. 5

VEI=VEL*X (J+0) *+1,5/ALOG (X (J+0) -c)
CONTINUE
RE TU RN

END

FUNCTICN F (IEQ ,XP ryP rlrJ rX, ÀPflIrSl
ÐrÈ!FNSION X (60),XP (60),YP(6C)
N=24
NC=10
N2=N+2
NC 2=NC + 2
G=1.
ïF (J. NE. NC2) G=X (N2)
GOTO 11,213 r4r5 16 r7 r8 rg),rEQ
F=ALOG(1.-s) * (xP(I) -s, /(S*+1.5* { (rF (I) -S) **2ayp (r) **2) }c-Atoc ( 1. -Sl *Xp (I) / {S**1. 5* (Xp (I} **2+yp (I} **2) }coTo 10
F=âtoG (1.-S) *yp ßl /(S**1.5* { (Xp (I) -s} **Z+yp {I} **2¡ ¡ -

cALOG (1. -S) *Tq (I)/ (5** 1,5* (XF (I) **2+yp ( I) **2¡ ¡
GOTO 1 0
F=ALOG (1. -Sl / lS **1.5* (Xp (f l -S) ) -ALOG (,1.-Sl /

c (xP (I) *s*4r 1.5) -ALOc (1 .-Xp (r, ) / txp (I¡ **1.5* (xp (T) -s) )
GOTO 1 0
F=ALoG (1.-S¡* (XF(rl -sl/(S**1.5* l(Xp(Tl -S) *+2+\p (r) **2¡ ¡

c-ALOG( 1. -.s) * (Xp (Il-1.) / l{xp (r) - 1.1 **2+yp (r) **2¡
GO?O 1 0
F=ALoG (1.-S) *YP {I),/ (S+*1.5* l(Xp {I) -S¡ **21yp(I} **2) ) -cllloG (1. -s) *YP (I) / Ilyp (I) -1. ) **2+yp (I¡ **2¡
GCTO 1 0
F=ÀLOc ( 1.-S),/ (S+*1 ,5* (xp (I) -S) ) -ÀLcG (1. -Sl / (xp (I) -1. ) -

cAT,OG (1. -Xp {rl , / {xp (I) **1.5* (xp (r} -s) )
GOTO 10
F= AL0G (S*cos (,tPHI) ) * (XF (I) -S) //

c ( (s*cos (APHI) +c) **1.5* { (xp (I) -s) **2¡yp (I) **2) )c-ÀLoç (s*cos (ÀPHr) ) *xp {Ð / I {xp (I} +*2+yp (I) **2) *G+*1.5)
GOTO I 0
F=ALoG (S*CoS (ÀPHI) ) *yP (Tl /

c ( (s*ccfì (ÀpHI) 1G) +*1.5* ( (rp (I) -s) ** z+yp ( Ð **2) )
c-ÀLoG (S*coS (ÀPHI) ) *vp Gl / { (xP {I) **21yp (I) **2) *G**1.5)
coTo 1 0
F=ALoG (s*coS (ÂPHI) )/ ( (s*Cos (ÀpHr) +c) **1.5*{xp(I) -S) }

c-ÀLoG (sfcos {APHÐ I / (xP (t) *G+*1 . 5) - ALoc {xp (r) *cos (ApHr) ) /c ( ( xP (r) *cos (AFHI) +G) *(+1,5* (xp (I) -s) )
CO NT IÈI UE
RETUR N

iND

10
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APPENDIX L

COMPUTER PROGRAT4 FOR TTM SOTUIION OF
TrIE NON-TJN]FORM JET



$JOB
1

TI3

ilÀTFf V 'IÀ NG rT IüE=1 ZO ,LTBI IST, L IN ES=50
Drr{ENS tOt{ X (gO) , y (60} ,x.p 160l , yp (60) ,sLopE {60} ,cB(60) ' A (60'60) 

'rff1{601 ,T1,r2 {ó0),yof,D(60) ,yHÀx{é0},yHr}¡(60)c,G (60) ,XC (ó0) ,rc(60) ,xK(60) ,Às (60 ,6dl ,súr 160)',sii (oo) ,cvI (60,60, , uI (60,60) tLt02 {60) ,vo2 (60) , rJTl (60}',uæz ieoi ,cuJT3 {60} ,uJT4 (b0} , vJT 1 (60) ,vJTz (60) ; vJT3 iooi , v.lt,r ioóíREÀL KEP

IN ITIÀL CONDIlICNS

Af, 9H å,= 0 .
TAU=- 3. 1t1159266/6.
DEt=0. C9
CPJ= 7 .l5
RADEL TIIICKNESS RATTO
RAÐEL=0.5
DETl

2
c-- -
c-- -
c ---

3
4
5
5

c-- -
7

c-- -
8

c---
I

10
c

11
12
13
14
15
16 444
17
lri
't9
20
21

c-- -
22
23
24
25
26
27
28
29

c-- -
c___

30
31

c-- -
32
33

c-- -

lflTCK¡¡ESS OF LOÍIEB LÀYEB OF rflE JET
DEL 1=R ll D EL* DE L
RAO vEtocIlY RATIO (Ç-Up / Q-loH)
RA0=0. 9
CHORD= 1.
INCREI'I EN1TS TN YÀR TABLES
DA LFA=0.
DCPJ=0.
DT Àü=0 .
DDEL=0.
INP=0
CONTINUE
INP=fNP+ 1

CPJ=CPJ +DCP J
Àf,PHÀ=il[PHA+DÀtFA
TÀ U=TÂ U +DTA U

DE L= DEI + llDE I
ÀUGlIENTED JET üOIIEI{TI]!I COEFFICIENT ÀNÐ ERTIÍÀRT JET VELOCITYc.l= (S0RT (2. *DEtlCHCBD) +S0nT (CpJ) I **2
Q=sQRT (CJ*CHORD/ (2.*DEL) ) -t .
Q2=Q/ ( nADEL+8 àQ**2* ( 1-RADE[) ) **.5
Q1 =RA0*Q2
DEL Iì=DEL/2
AL FÀÐ= ÀLPHA* 180 .,/ i. 1 q'l 5926 6
1A [1D=1¡tU* 1 8A. /3. 1 q 1 5 9266
IF(INP.GT.1) GCTO 't45

rNPUT DÀT^[
EPS=0.03
I'tA XIT= 6
DF DA üPIHG FACîOR
DF=0. 1 5
EB,ï àX= C. I

i:::::.:;t::

,ì-¡.,j ¡



c
l4
35
36
37
38
39
40
41
42
43
44
45
46
47
4B
49
50
51
52
53
54
55

c-- -
56
57
5B
59
60 23
61

c-- -
c---

62
63
64 21
65
66

c---
c-- -

67
68
69
70
71 61
72
't3
74
75
16
77 60

174

NTT TOÍAt NUüBER CF FTITTE VORTEN SEGIIEIITS
NTT=46
NTT3=NTÎ+-3
NTll l=NTT- 1

N=22
.{C=10
NJ=N-NC
N1=N+NJ
NT.J=NT+3
NT4=NT+4
NT 1= iùT+ 1

NT 2=NT +2
Nt2=N-2
NC1=NC+1
NC2=NC+2
NCt 1=NC- 1

NC t2 =lf C- 2
N'lC=lIT -NC
NJI=NJ+1
NJL l=NJ- 1

N1 =N+ 1

N2=N+2
N3=N+3
X ÀND Y COORDINÀTES OF SEGIíENT END POII{TS ON THE ÀEROFCIL
DO 23 I=1,NC1
Y(I¡=6.
ARG=3. 14 1592ô * (f -1 . ) /NC
X(T¡ =9, 5* (1.-CCS (ÀRc) )
CÛNlINIJE
X(ì'lC1)=1,
READ X ANÐ Y COORDTNÄ?ES CF VORTET SBGIIENT END POINTSON THE LO|{ER JET BCUNDÀRY
REAÐ (5r21) (X{I) rI=NC2,N1)
READ (5 r21 ) (Y (I) , t=NC2, N1)
FORüÀT{6F10.6)
X(N2) =-DEL1*SIN lTÀtt) +x (Nc1)
Y {N2} =DEt1 *coS (TÀn) +y (Nc1)
X åND Y CC¡ORDTNATES CF VORÎTX SEGT! ENT ENDJST BOUNDART AND JET CEHTEF tTI,¡E

POINTS ON THE UPPER

DO 60 f=lrNJ
TSGl=ATÀN2 ( (Y (I+NC) -y {T+NC1)}, {x {r+NC) -r(I+Uct¡ ¡ ¡rF (r. BQ. NJ) cClA 6 1

TSG2=ÂTAN2 l ly (I+tlcZl -y (I+NC1) ), (X {I+Nc2} -X (r+Nc 1l l )
CO N TIN UE
I!' (I, FQ. NJ) TSG2=åIFHA
TH¡,LF= (TSc 1-T SG2l /2.
PSG= (TSc1+,rScZl /2.
X ( I+I2) =¡ ( r +Nc 1) +onL1*coS (psc) /SIN (TFtÀLr)
Y (I+t'12) ='t (I +NC1 ) +Ofrt *SIl¡ (pSc),/SIN itUlf.f¡
CO I{T IN TE



78
79
80
81
82
83
84
85
B6
87
BB
89

11s

DO 260 I=lrNJ1
x(r+NT2) =X (I+NC) + (X (I+H1) -X (I+NC) ) /RADEty(r+¡rT2l=u (r+Nc) +(y(r+N1) -y (r+l[ci i /RA,DEL
YC (I) = {Y (I+NT2) +y (t+Ncll /2.
YoLD (I) =Yc ( I)
xc (l ) -- ( x (r + NT 2) +X (r+NC) I /2.260 CONTINTJE

24
c-- -
c-- -
c-- -
445

9e

450

451

452

115
c-- -
C..- JET SH]IPE C,II,CUI.ATÍCN
c--- 

:L LrrlLulit:l'l-un 
.,i.,.;j=,

DO 32:l f=NC1,NTT
SV f= 0.
SU I=0 .

90
91
92
93
94
95
96
97
98
99

100
1)1
1t2
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118

DO 2tt I=lrNC
XP {I} = (x (I+1) +s, (Tl, /2.
YP (I) = (Y tr+1) +Y {I} I /2.
sLoPE (r) = (y (r+1) -y Gl I / (r (r+1) -x {r)
CONTINUE

STAATTNG ITERÀlTCN PFCCESS

CONTTNUE
l{A XD= 1

fT R=0
ïTR=I'IR+1
rF (ITA. EQ.1.ÀND. INp. EQ. 1) ccTo 224
rF(rTR.NE.1) coTCI 115
SXN2=X (N2)
SYN2=y (N2)
x(N2) =-DEL*SIN (TÀn) +x {Nc1}
Y ( N2) =DEt*CCS (TÀU) +y (t¡c1)
xc (1 ) = {x {N2} +X {NC1l ) /2.
YC ( 1) = (y {N 2l +1 (NC1} I /2.
IF(DTàil.N8.0.) coTo 451
DO 450 I=2rNJ1
XC (I) =-DDEL*SI N (tåûl /2.+XC lll
YC ( I) =DDEL*COS {TAU) /2.+yALD G_tYotD(r)=YC(I)
CO}ITINTE
coro 107
CÐNTINÜE
DXTÀU= (X (N2) - SxN2l /2.
DÍTAu= (Y (N2) - SYNZI /2.
DO 452 T=2 r lriJ 1

xc {I) =xC (I} +DXTAU
Yc (.Ï) = YcLD {T} +DYTâIt
YotD (I) =Yc ( I)
CONTTNUE
GOTO 1C7
CO NTTN I] E

119
1'20
121



::..:::: ri:äráir,; ri¡¡;;.,i;::,,;ti¿+;;rr¡!¿;:t¡*t ll,.lx!|,ii:ì-?&i r.-:.-.-_:.ir.....-..:,i,.u,;ri i, j
4."¡¡!- l:li-¡

116

122
123
124
125 324
126
127
128
129
1 .10
131
132
13.ì 325
134
135
136
137
138
139
140
141 328
142
143
144 J27
145
146
14'7 255
148
149 326
150
151
152
153
154
155
156
157
158
159
160
161
162 239
163
164
165
166
167
168
169 256
170
171

DO 324 J=1 rNTT
SVI=SVI+VI (IrJ) *B (J),/
SUI=SüI+UI (I, Jl *B (Jl /
CONlINUE
K=0
fF(I.GT.N) K=1
IF (I.cT. NT) K=2

(2. *3 .1tll59266!,
12.+3.14159266)

PtlI=ATÀN2( (y(I+K+1) -y (I+K) ), (X (I+x+t) -x (I+K) )rF (ï. GT. NCl) cOT0 325
GI=SÀL,/ ( (X (ñC 2l -X (NC1) I *Z.l
GOTO 326
CONTTNUE
ïF (r.80. NT 1) GOTO 255
IF (I. FÇ. N1 ) GCTO 327
rr (I.80. N) GOT0 328
rF (r. EQ. N?) cOTO 328
rF(I.EQ.NTT) GOTO 32S
Gr= lB ( I+ 1 ) +E (fl]' /4.
co90 326
COIITIHUE
GI=B (I) /4.
coTo 326
CONTINIJE
GI=SàE/ l(x (N3) -X (t{2}, *2.1
GOTO t26
CONTT}IÛ8
GI=SAU3/ I {X (,YT4) -x (NT3) I *2.1
CO ¡¡TIN UE
UQ'l= (QZ-9.1) +cos lÐn|l /2.
VQ1= lQz-ç1) *sIN (PHI) /2.
UQ 2=Q 1 *COs IPHII /2.
VQZ=Q1*SIN (pnIl /2.
UQ 3=-ç z*COS IPHll /2.
VQI=-Q2*SIN lpH Íl /2.
IF (I. GT. N) cOT0 2J9
Uo2 (I) =ao2 (I) +suI-cr*ccS {pHI) -rrÇ2+COs (ALpHÂ}
vo2 (I) =Vo2 (I) +SVt-Gr*SrN (pHI) -vÇ2+SI¡l (ÀtpH.A,
UJT¿r (f ) =Uo2 lfl +2. * (cI*COS (FBI) +tJez)
vJT4 (r) =vo2 lll +2, * {cI*sIN (EHI) +ve2)
GOTO 323
CONTTNÍIE
ïr (I. c1. NT) G0TO 256
UJT3 (I) =Uo2 {I) +SUI-cI*cos (FHI) -UÇ1+coS (ÀtpHÀ)
vJTi (T) =Vo2 (I) +svI-cI*sr¡t (pHr) -vQ 1+srH (ÂLpHAi
UJT2 (r) =UJt3 (I) +2.* (GT*coS (pHr) +UQ 1)
vJ12 (r) =vJt3 (r) +2. * (GI*SIN {FHI) +VÇ 1}
GOTO 323
CONTTNUE

IIJTI (I) =uo2 (r) +51¡1-cr*cos (EHr) -u03+cos (ÀrpHA)
vJTl (I) =vo2 {I) +svr-cI*SrN (EHI) -yQ3+SrN i¡r.p¡l¡i

l..i--l
i, j.:i



'172
173
17 4 323
1't 5
116
1't 7
178
179
1il0
1fi1
182
183
184
1rJ5
186
187
1 88 380

1$9

1e0
191

192 381
193
194
1 95 220
196
197

c-- -
c---
c-- -

198
199
200
201
202
'¿0 3 226
204
205 225
206
207
238 55
209
210
¿11
212
'¿13

c
c-- -

7I7

Uo2 (f ) =u¡tl {f ) +2. * (cI*cos (pHI} +Ue3}
Yg? (I) =v.'r1 (r) +2.* {cr*srN (pHr) +y03}
CONTTNUE
B(NT1)=0.
G( 1) =TÀN (T¿lU)
DO 220 I=lrNJ
ULS=UO2 (f+NC) **2+V02 (f+NCl **z
UUS=Uo2 (I+NT) **2+VC2 (f+NT) **2
uL =uLS**. 5
UU=UUS'k*.5
VONE= (tJTl (I+NT) **2+VJt1 (I+ltT) **2¡ **.5
VTfiO= (ûJT2 (I+N) *+2+VJT2 (f+N) **2) **.5
VTHR= (UJT3 (l+N) +*2+V JT3 (I+N) **2) **.5
VFOR= ( UJT4 ( I+NC) +*2+VJT4 (I+t{C) **2) **.5
KEP=VTtlR/VT tiO

!! rNT 380,û[, uu,vcNEr vlt{o rvTHR,VrCR
FORII AT (r10, 3, 5X, F 1 0. 3, 5X, F 1 0. 3; 5X, F1 0. 3 r5x, p1 0. 3, 5x,cF10.3)
XK (I) =2.* (n0S-ûLS+ (KEp**2-1, ¡ * (VO¡¡E{.*2

c-YT¡to** 2l I / {DE L* {KE F*VONE+ ÏFOR) **2)
C1=G (Tl / (1. +t (I) +*2) **0,5-XK {ri *xC'(r,
c{1*1) = (xK(I) *Xc (r+1) +c 1l /l 1.- (NK (r) +xc (r+1)c+c1)**2)**.5
CO NTIN üE
C2=YC {I) + (1. - (XK (r) *¡c (r) +C 1) **21**.5/XK(I)
YC{r+1) -- (1.- (xr((rl *xc (I+1) +cll'-*21**.5/TK(I} +C2
CONlIN{JE
PRrNl'rJET SHàPE CÀLCULÀTED DIßECTlf FAOil GÀ¡{À ÐISTRTBUIIONtPRfNT 52, (YC(I) rI=1, NJ1)

EXIT CRTTER IÀ

DO 225 f=2 r NJ 1

DISP=ÀBS (yoLD (I) -yc (r) )rF(I.EQ.2) coTo 226
If (DÐ.LT.DISP) DÐ=DfSp
coTo 225
CO NTTN UE
ln=¡tSP
CO N TTN TJE

PRINT, t JET DEVIÂfrcNt
PR rNT 55,DD
FoFüAT (r10.3////l
IF(DD.LT.EPS) GOTO 227
IF (DD. LT. ERITAX) üÀXÐ=2
IF (IT9.LE. HAXIT) GCTO 4r+g
IF (¡,tAXD. EQ. 2) GCTO 227
coTo 448

CONVERGENCE SCHEI.IE



21t4
215
'¿16

217

c
449

72

C

c---
c-- -
107

'¿c3

118

CO NTIN UE
DO 72 f=2rNJl
Yc { I) =YoLD (T} +DF* (yc (r) -yorD (r) )YoLD(r)=Yc(I)

Ï ÀND Y COCRDTNATES OF THE FTNTTE VORÎEX SEGI'IENT END PCI}¡TS
ON THE JET BCONDÀRIE5
CO NT IN UE
ÐO 202 I= 1 r ttJ
TsGl=ÀTÀN2((Yc (I) -yc (I+1) ) , {XC (r) -TC (r+1) } }rF (I. Eç.1.¡J) GOTO 203
ÏSG2=ÀTÀN2 ( (Yc (T+2) -yc (T+ 1) ) , {XC (r+2} -xc(r+1} ) )CONTINUE
IF (I.EQ.NJ) TSG2=ALPnA
TH IILF= (TSG1-TSGZt /2.
PSG=(1SG1+TSc2l /2.
x (r+NT3) =¡ç (I+1) +DEIIt*COS (FSc) /SrN
Y ( I+¡¡T3¡ =Yc lI+1) +DEtH*SrN (F sG) /SI¡¡
X(f+NC1) =2. *XC (I+1 ) -X (f+NT3)
Y ( I+ NC 1 ) =2. *YC (I+ 1 ) -y (T+NT3)

218
219
22A
22'l
222
223
224
225
226
'¿27

228
229
2J0
231
232
233
2t4
2.t5
236
2J7
238
2't9
240
241
2+2

(r HAr r)
(rHÀ L F)

x
Y

l+N2) = (X (f+NT3) -X (I+NC1ì ) *nÀDEL+X
r+N2) = (Y (I+NT3) -y (I+NC1) ) *nADEL+y

(r+Nc1)
(I+NC1)

202
224

228
c-- -
c---
c-- -

CO NlTN f.]E
CONTTNOE
KP=1
DO 22't I= i{C 1 , NTT
IF (I.GT.N) KP=2
IF (I.cT.NT) KF=3
XP (I)= (x(¡+KPl +X{I+KP-1D /2.
YP (Il = (Y (r+¡(P) +Y (r+KP- 1l I /2.sLoPE{I) =(Y (I+KP) -y (I+Kp-1ll/ 4X (r+Kp) -x (ï+Kp-1) )CONTTN[!E

COEFFTClENT I'1àTRIX

DO 1 l=1r\TT
UL 1=0.
VL1=0.
IIJUl=0.
VJü1=0. '

uGÀ¡{À=0.
VG Àl{A=0.
SYP=yP ( I)
SXP=Xp {I}
IK=1
DO 2 J=1 ,¡JTT
IF (rTR.EÇ.1) GOTO 3
rF {r. GT, NC} i;CTC 3

243
2tt+
245
246
247
248
249
250
251
252
253
254
255

;::.:.:.-:.



IF (J. c1. NC) cOlC 3
À(ïrJ) =AS(frJ)
GOTO 2
CONTINUN
IF(.l.8Q.Nl) IK=1
IF(J.EQ.lt11) IK=1
rF (rK. 8Q.2) ccTo 4
K=C
IF (J.GT.l{. AND. J.tE. NT) K=1
IF(.J.c1.NT) K=2
K1=K+1
PHI=,1T.riN2 { (T (J+xl) -y (J+K) ) r (X (J+K1) -X {J+r<¡ ¡ ¡
SL=SQRT ( {Y(J+K1)-y (J+K) ) **2+ (X {J+r1)-X (,:+rc)) *+2)
YCoNP=- (S!rP-X (J+K) ) *slN (pHI)+ (syp-y (J+r() ) *cos (pârl
XcoNP= (SXP-x (J+K) ) *CoS (pHr) + {Syp-r {J+K) )*SrN {pHI)
R1 =SQRT ( XCO NP** 2 +y CCt¡F+*2)
R2 =SQF T { (XcCltP-St) **2+yCoNF++2}
DCP=1.
IF { YCONP. LT.0 . } DCp=- 1,
TETAl =ÀTAl{2 (,18S (yCa Np), XCCtiE)
It' (TETA1 . LT.0. ) TETA 1=TETA 1+'2.* 3. 14159266
TtTA2=ÀTAN2 (ABS (yCCNp), (XCClfp-St) )fF (TETÀ2. LT.0. ) TETA2=TET A,Z+2. *3. 1 4159266
I K=2
GOTO 5
CONlINI]E
rF (.I .AQ..21 GOÍO I
TF {J. EQ. NC2 ) cCTC g
IF{J.80.N2) GCTC 9
IF (J.EQ.NT2) GOTO 9
IJU= (YCCNP*AIOG(R2/R1).XCcNF*DCF+ (TETAl.TET A2I I /SL
VV=1 . + (ABS ( YCC NP) * (?ETA1.TETA2¡ +XCONP*ÀLOG TRz/R1I I /SLlF (1+1. EQ. J) [I[I=0.
GOTO 1 1

CONTI$ÛE
ïF(XP(I).LT.X(2)) COTO 12
ïEÇ=1
cALL XINI(IEQrXpryp rx ry rr,JrSlrApHIrVV)
VV =-VV
fIO= 2
cÄLt xINT (IEQ,Xp,yprx,y,I, JrSL, ApHI,UIJ)rioro 11
C0 NTI}IUE
f iìq= 3

cALl xlNT (IEQ rXp,yprxry rT,JrSt, ÀpHIrVV)
VV=-V V

UÍJ =0 .
GOTO 1 1

CONTINiIF
XP (I) =XCOI{P

119

256
257
258
25e
260
'¿6't

¿62
¿63
264
265
'26 6
261
268
269
2ta
211
272
2'13
21q
275
2'16
271
27 ¡3

279
'¿80

291
¿82
283
'¿84

285
281.)
287
¿88
289
290
'¿91

292
293
294
295
2e6
297
298
2)9
J00
JC 1

t02
303
J04
.10 5

1¿



r20
306
307
308
J09
310
J11
'3 1'2
.J13
J14
315
316
'117

318
31e
t2c
.t21
322
i2.3
324
325
326
:t27
328
329
3J0
331
't.32

3 ì3
334
3J5
336
337
338
339
340
341
342
J43
344
345
346
347
348
349
350
351
352
.J53
354
355

YP (I) =YCCNP
Àpr{I=ÀES (pHI)
ïF (J. EQ. NCz) GOTO 10
rF (J. EQ. N2) GOTC 250
L=,I +2
IF (r.EQ.NT1) coTo 14
G0TO 1 5

250 C0 NTINUE
l=J+1
f F (I. 4Ç. N 1) ccTc 14
GOTO 1 5

1O CONTTNf'E
L=J
rr (1.8Q, NC1 ) GOTO 14

1 5 CO NTiN ÜE
IE O=7
cALL XrNT (IEQ rXp,yp rx ry rIrL rst, Apflrrvv)
VV=-VV
IEq=g
cÀLL XINT (IEQrXpryprxry rTrLrsL, ÀpHrrüû)
XP (f) =SXP
YP {I) =SYP
coTo 1-1

14 CCNTTNIJE
I Eç=9
cÀLL xINT (IE0rXprlprxrT rIrLrSLrApflrrvv)
VV=-VV
Uü=0.
XP {I) =SXP
YP (I) =SYP

1 1 CO NTr NIJE
U1=Uü*COS (pHf) -VV*SIN {pHI)
V1 =urJ*STN (pHI) +VV*COS f pHI)
IF (ITF . cT. 1 ) coTo 18
IF (J. EÇ.ttC1 ,AND.I. LE, NC) SU1 {I) =tJ1rF (J. EQ. NC1. aND.I. l.E. Nc) sv 1(Ii =yt1iJ CONlINUE
rK= 1

GOTO 3

5 CC NTT N IJE
IF(J.t'¡E.NC) GOTO 19
rr (I. E0. tic) GcTC 16
IE9= 4
cÀIt xINT (IEQ rXpryprxryrr, JrSI, Apftlrvv)
VV=-VV
IE O=5
cÀLL XINT(IEQ rXpryp rx ry rT, JrSLrApHrruu)
GOTO 11

16 CONTINÜE
f8ç=6



72I
356
357
.J58
359
360
361
362
363
364
365

366

367
36I
3fr9
370
3'11
3'12
3?3
374
375
316
'l'17

378
319
.l80
3É11

.382
l83
384
385
I rl6
387
r8B
389
390
391
3e2
J93
394

3 '15
3?6
397
398
3.) 9
40(j
401
402
40.1

i9

cÀLL xINT (TEQrXpryp rxry rI,Jrst, ÀpHIrVV)
VV=-VV
U[l=0.
{ìo To 17
CO NTIN I'E
PS I 1 =ATAN2 ( YC0NP, XCCNp)
IF (PSI 1. LI. 0. ) PSI 1=pSI 1 r2.*3. 1q 159266
PS I2=ATÀN 2 ( YCC NP, (XCC NF-St) )
IF (pSf 2. tT. C. ) PST2=pST2+ 2. *3. 1¿t l5 9266
UU=PSI2-PSr 1+ (XCCNF*DCp* (TEI À 1 -TIT À2) -

cYcoNP* ÀLOç {Rz/P. 1l | / sL
vv= ( 1 . -xcol'¡P/st) *¡rcG (n 2/.n.1) -1 . -ÀES (ycoNp)

c*(TETà1-TEîA2) /SL
IF (f . EÇ. .l) UU =0.
CONlINUE
U2=UU*CoS (lHI) -VV+SIN (pHI)
V2=Ut]+SIN (PHI) +VV*CoS {pHI)I!' (J.EÇ.NC1.ÀND.I.tE. NC) U1=SU1 {I)IF (J.EQ.NC1.AND.I. lE. NC) V1=SV1 (I)
ïF (J . 80. NT 1) V 1=0
IF (,l.ll0.NT1) II1=0
IF{J.EÇ.N1) V1=0.
IF (.I. EQ. N1) [J 1=0.
fF(.I,8Ç.1) U1=C.
fF (.1.IÌQ.1) V1=3.
U=U1+U2
V=V1+V2
A(I'J) =V-U+SLOPE{I)
IF (r. LE. Ne) GCTC 34tl
VI (I'J) =Y
tJI (I'J) =tJ
COIùTINUE
IF (J. tE. NC) GC'IO 20
IJG=PSI2-PSI1
IF (I. gÇ.J) 0G=0.
VG=ÀLOc(R2/R1l
IF (J.GT.N.ANÐ.J.LE. NT) VG= {ç2-A1) +Vç
IF (J.G'I.lI. AND.J. Ln. NT) UG= ( ç2-e1) +Ue
f F (.I.L5.Nì VG=Q1*YG
IF (J.LE.II) UC=01*llc
lF (J. GT. NT) VG=-Q2*VC
IF {J. GT.l,lT) UC=-02*Utl
UGAIlA=UG*CoS (PilI)-Ve*SIN (pHI) +UcÀ¡f À
VGÀt'|4=llG+S IN (FitI) +VG*COS (pH t) +VcA¡t A
CO NT TI.¡ IlE
IF(I.GT.NC) GOTC 2
rF (.I. cÎ. ì{c} c cTo 2
ÄS (I,.I) =A (I rJ)
CO\TTNI]E
n1 = { (xP (I) - X (N2) l**2+ (yp (I ) -y (N2) ) **2) **.5

17

340

i: i; . a: ....

20



404
405
406
407
408
409
410
411
412
413
414
415
416
417
41 r'
419
420
421
422

423
42tl
425
42t)
q27
428
429
430
431
432
433
434
415
436
rt37
438
439
440
/¡41

4tl2

443
444
445
446
\41
448
449

RR 1=
RR 2=
EB3=

:...,-:;,:,:,,..-,,:._._-,....,-.-... ..-.::.,.,..,.--...:...:....ì::::i:l
.:.:: -_,j_-l_-a..-. .' - :--..j:-:..:.t i:.;-:._!ti:...;-;1¿.:,;. ¡.;:,;.;.;,.;;-;1_:_:;.ì:-r.,:_:i:.,:i.: j

l:::':!

n2= ( (xP (I) -x (NC1) ¡ **2+ (Yp (r) -y (ilc1) )**2)**.5
R3= ( (l(p (I) -x (NT3r)**2+ (YP(I) -y (trT3) ) **2) **.5
xP (I) = (SXP-X (NC1) ) *COS (TAU) + (SyE-y (NC1) ) *Sr¡¡(TAU)
YP (I) =- (SXP-x (Nc 1) ) *Sr¡r (TåU) + {syP-y (Nc1) ) *cos (TAü)
T3 =1.57C79 -ATÀN2 I (yp (I) -DEt) ,Xp (I) )
IF {13.LT.0) T3=T3+2.+ 3.14159266
T2=1.57A79 -ÀTAN2 (Yp (I) ,Xp (I) )
TF ('t2. L1.0. ) T2=3. 1415 9*2+'12
T1 ='l .5'l C79-ÀTÀN2 { (fP (I) -DEl1),xF(r) )
fF (T1.IT.0) î1=2.*3.1 41j9266+T1
US 1= ( (T1-T2) *c0S (TÀÛ) +ALoG lÊ2/R1) *srr¡ (-TÀU) ) *Q 1

. vSl= (- (T1-T2) +stu (-TAU)+ALCc(R7/R1| *ç65 (TltU) ) *Q1
lIS2= ( (T3-T 1) *coS (TÀU) +,¡ILoc lE1/B3l *slN (-TÀir) ) *Q2
VS2= (- (13-T1) +51N (-TAU) +ALoc (R1//RJ) *Cos (TÀU) l*ez
US=US1+tiS2
VS=VS1 +VS2
XP {I) =SXP
YP (I) =SYP
B( I) =- vS+S.toPE (r) *US- (SIN (AtFHA) -cos (ALpHÀ) *sropE (r)

c*2 *3. 1i¡ 159
(xP (I) -x (NT2) ) **2+ (YP (I) -Y (Nî2ll **2) **.5
(xP (I) -X (.{1} ¡ +*2+ {YF (r} -y (N1) ) **2) **.5
(IP (Iì -X {¡{TT3) ) **2+ lt E (r) -r (NTr3) I **2) *+,5

PP 1=ArAN2 ( (YP (I) -Y (Nr2) ) , (TE (I) -x { Nr2) } )rF (Pp1.LT. 0.) pp1=2.* 3. 1415926+pp1
PP2=ATAN2 ( (YP (I) -Y (N1) ), (XE (I) -x (N1) ) )ïr (PPZ. LT. 0.) pp2=2. * 3. 141 5926+ppz
PP3=ATAN2 ( (YP (I) -Y (NTT3) ) , (Xp (r) -x {MTT3)} )IF (PPl.LT.0) PPJ=PP3+2.*3. 1 q159266
vINF2= ( {PP3 -PP1) *5IN (¡.tPHA} +ÀLcG (aR3/Rn1) *cos (ÀrpHA)
UIN¡'2= ( (PP3-PP1) *coS (ÀIPHA) -AtCc {FR3/RR 1) *SIN { j\rpHÀ)
VrNFl= ( (PP1-PP2) *SIN(ALPHA¡ +ALOc(Fnt/aR2) *Coc (ÀtpnA)
UINFl= ( {PPl-PP2¡*çç5 (AIPHÀ) -Àlcc{FB1/RR2) *sr}¡ (ntpHA)
B( I¡ =s (I) -vINF1-vINF2+ (UTt¡F1+UrNF2) *st oFs (I)
B (I) =B II) .VGAüA+UGA}1À+SrOPÌ {I)rF(I.LE.NC) GOTO 1

Uo 2 (I) = (ûGÄI.lA +UINf 1+û INF2 +uSl / ( 2. +3.141 592 66)
VO2 (I) = (VGA lrA +yINPl +VrNF2+ t¿Sl / ( 2. + 3. 14 t 59 2661 -
CONlINUE
soï,uTrcN oF'TtìE SET CF LrNEÀB EQUåT'IONS
cAtL tNEQNS (A,60,60,NT1 rP ,I51 rT¡i2,rER)
LTFT COEFT'ICIENT

X[ C=0.
DO 230 I=1rt{TT
rF (r. Eç.1) GOTO 231
IF ( I. EQ. NC) GCTO 232
rF (I.E0,NC1) coTo 233
rF ( I. EQ. N) cOTO 2 36
IP (r.80. NTì GCTC 2 J6

122

+Q2
*n?
*Q1
*Q1

1

c---
c---
c--



723

450
451
tt52
453
454 231
455

456
457
458 232
459
460

461
462
463
46 4 ¿:13
465
466

IF(f.EQ.NTT) GOTO 23r>
IF(I.Gt.N) GOlO 23q
xLC=XLC+ (B ( I+ 1) *n (r) ) * (x {r+ 1} -x
GO TO 230
CONTINIIE
XLC=XLC+B (I) * (X (I+1) _x (r) )

c* (Àtoc ( (1+X {r+1) **.51 / {'}-x.
cALOG (1- X (I +11 | /x. (r+ 1) **. 5)

SL 1=XLC
coTo 230
CONTTNIIE
SXLC= XT,C

(rl I /2.

/2.-2.*3 (I+ t) *r (t+1¡ **1.5
(I+1) **.5) ) +

/aLaG(1-x(r+1))

467
468
469 234
470
471
tt72
473
t+74 235
475
476

477
478
479 251
480
481
482
4fJ3 252
{¿ii4
4 É35

XLC=XLC+B(NC1) * (X(NC1) -X (NC) ) /2.-2,*B (HC) *X(NC) +*1.5
ç+ (2. *AlcG (2.1 -Àtoc { (1 +x (tic¡ **. 5¡7
c {1-x (Nc) **. s) ) -Ar.oc (1-x (NC) I tx INC) ** .51 /ALoc ( 1-x (NC) )XICC= N,LC*2.

SL lì C= XIC -S X lC
GOTO 2JO
CONTTNIlE
SX LC =ïtC
XLC=XLC+B (Ncl ) * lx (Nc2) -X (N clll /2.+B (Nc2) *r (Nc2) **1 .5,F (2c*(1-

c1/x (Nc2) **.5) *lIcG (x (Nc2) **.5- 1l-2* (1+1/x (Nc2) **.5) *
CALoG {X (Nc2) **.5+'l) +4. *ALSG 12.l I /ALoc (x (r{ci) - 1.)

SÀL=XLC-SXLC
GOTO 230
CONTINUE
rr (I. GT. NT) GCTC 251
IF (I. EQ. N 1l coîo 235
xLC=ÍLC+ (B (r+1) +B (r)) * (x (ï+Zr -x (r+ 1, I /2.
co TC 2 .10

CO NTÏNI'E
SIL C= XtC
X[C=XtC+n(N1) * (X(N3) -X (N2) I /2.+ (2.*(1./N(N2) *.*.5-

c1. /x (N 3¡ **. 5) *Àroc (T (N3) **.5-ï (N2¡ **, 5i -
C2.* {1. /X (N2¡ **.5+ 1./y. (N3) *1.5} *ÀLOG (X (}t3) **.5+
cx(¡¡2)**,5) +4.+ÀLOG (2. +X (N2¡ **.51 /x (N2) *+.5¡
c*B (n 2l *x (N3) *+1,5/hroc (x (N3) -x (N2) I

SAU= XLC-SXLC
coTo 230
CONlTNIJE
IF(I.E0.NT1) cOTO 252
xtc=xLC+ (B (I+1) +B (I) ) * (X (r+3) -x (I+2) I /2.cr To 23c
CONTINUE
SXLC=!(LC
Xtc=XLc+B (lrT 1) * (X (N?4) -x (NT .J) I /2.+ (2. * ( 1/X (NT3) +*. 5-c1/\ {N14 ) **,5) *ALoc (X (NTr¡} **.5-x (NT3) **.5i - )* ç/X (Nt¡} **

C.5+ 1/X (NT4) **. 5l *ÀtOG (X {NTq) **.5+X (t{T3) **. 5} ++iaiOe ¡Z+
CX (NT3) **.5) //X lNT3) **. 5) *B (NT2l *X (NT4) **1.5,/

¡li.1;l::i::l;J
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486
487

'rftg
4 il9
490
491
492
4e3
494
495

cALoc {x (NÎ4} -X (}¡r3) )
SÀ tl 3= l(tc- S X [C
GOTO 230

2'36 co NTItù ü E
J=f
IF(I.Eq.NT) J=I+1
IF (I. nQ. NTt) J=I+2
xLC=B (T) *(X (J+1) -X {Jll /2.+xLc

230 CONTTNUE
ILC=XLC*2.
XLCJ=XLC-XLCC

c-- -c--- ouTPûT5
c---

PRINT,T NII¡{BER OF ITERÀTICNST
PRTNT !4, ITF

54 F0Rr'rA1 (5X,14)
PRTNT,TANcLE OF ATTÀCK rN DEGREEI
PRINT 53,ALFltD

53 FORFTAT(F10..3)
PRrNT ' 

I rNrTr¡tl JET DEFr,EcTrcN ÂNGIE TN DITcREET
PRïNr 53, TAUD
PRrNl, r JET THICKNESS I
PR rNT 53, DEt
pRrNT, rpcHnF JET HCf''tENTII0t COEFFICIINTIpRrNT 53rCP.t
PRTNT, ITCTÀI JET I.!C}IEI\TÜH (CEFFICIENT'
PRrNT 5.l,CJ
PRINTTTN CENTERT
PR INT 32, IXC (l) ,I = 1 , }tJ 1)
PRINî, I Y CENT ER I

PRINT 52, {YC (I),I=1,NJ1}
PRTNT, r X COORDINATIS OF CC¡¡lFCL pOrNTSt
PRINT 52, (XP {I),I=1, NTT)pErNTrry cooRÐINÀTES CF CCNTFCL FCINTST
PAfNT 52, (YP (I) ,I=1, NTT)
PR INIT r X COOR DINATES OF ÐTVISICN pOINTS I
PRINT 52, (X (I),I=1, NTT3)
pRTNT, r y cooRDINATES OF DMSICN FOINTS I
PRf NT 52, (Y ( I) ,I=1 , rTT3)
PRI ÞIT, r VORT EX D IStRIBUT ICN I
PR TNf 52, (B (I) , I=1 r NTT)

52 FORF,IAT(10F10.6)
PR INT, I LIFT COEFFICIENTI
PR rNT 53,XLC
PR T t{T, r J ET tT FT C0ErF ICTENT I
PR rNT 5 3, XLCJ
PRTNT, T FO!{ERJET VEtCCT?Y I
PRrNT 53,Q
PRTNT,fQII

496
497
498
499
500
501
502
5Cl
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
s31
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532
533
534
535
5J6
53t
538
539
540

541
542
543
544
545
546
547
548
549
5_50
551
552
553
554
555
556
557
5sB
559
560
561
562
563
564
565
566
567
568
569

570
571

572
5"t 3

574
575

576

227
448

PRrNT 53,01
PR rNT ,. Qzr
PRrNT 53, ç2
PR INT, I VELOCITY ÐTSTRIRURTCNSI
GOTO 99
CO NTTìI UE
CONTTNUE
STOP
END

suBRouTINg XINT (IE0rXpryp rxrrl ,IrJ, sL, âpitIrvEL)
DrÞlENSICN K (60) ,y {60) ,Tp(60),yp (60)
N=22
N2=N+2
NC=10
NC 2=NC +2
NT=N+ (N-NC)
NT2=¡T+2
NT3 =NT +3
G=1.
ïF( (J-1) .80,N2) G=X (N2)
IF ( (J-21 .EQ.Nt2) G=X(NT3)
IF (I80. GT.6) cOTC 421
IF{IE0.LT.7.¡tNÐ,IEQ.cI. 3} ccTc 420
Xt =X (J)
Xl, =X (J- 1)
coTo 4u1

420 CONTINUE
Xü=X (J+ 1)
XL=X(J)
GOTO 401

421 CONTINUE
XU=SL
Xt=0.

4O1 CONTTNtTE
A=,5* ( It+XL)
BB= XU- XL
C=.486953_l*BB
T=. 03 l3 35ô7* (F ( IE0rX p, y p, I, J ,X, AFH I, À +C)

ç+F { IEQ, XP tYP I LrJ, X rÀPHI, À-C) )
C=.4.125317*EB
T=T+.0'1t112567* {F (IEQ, XprTp ,l rJ rXrÀFüf , A+C)

g+F (IEQTXPTYPTI ,JTXTAPHI, A-C) )
C=.319704ij*BB
T= T* . 'l C 95432+ tf {IEe, Np, yp ,I ,J, X, ApHI, À+C)

c+r (IEQrXP,YErf ,JrXrÀPHI, À-C) )
c-- ,2166977*BB
T=T+ . 1 J 461 34+ (F (IEerXF, yp, f rJ, x, ÀpHI, À+cl

c+F (IEQ, XP, YP, I ,J,X,APHr, A-C) )
C=.074437'!7*BB
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578
579 4 03

580
581 404

582
583 4 05

584
585
5iJ6 406

587
588 4C7

589
590 4 0B

591
592
593 410

594
595 r+11

596
597 412

598
599 409
600
601

602
603
604
605
606
607
608

126
T= BB*(T+. 1 417 62',l* (p (rrÇrNp, y p rI rJrX, ÀpHr, Â+c)

C+F (IgQ rXP ,Yp tI rJrX rApHIrÀ-C) ) )colo (4c3r40q, rlc5 r4c6r407r4Cgr4 10 rtt11 .4121 t]EQ
VEL= ('l-2.*XP{I)* (AtOc ( (1. +X (J+0) *+.5) / (1.-X(J+0t **.5} ) +CALoG(1.-X (.I+D) | /X(J+0) *+.51 / (xp(r) **2+yp(r) **2) i*CX(J+0) **1.5/A¡OG(1.-X (J+0) )coro 4c9
VEI= (T-2.*YP (I) * (Atoc ( (1. +X (J+0) +*.5) / 11.-X (J+0)**.5) ) +

cÀLoG (1.-x (J+0)l/x(J+0) **.51 / (xp (r) *+2+yp(I¡ **2¡ j*
CX(J+0) +*1.5/A,tOc (1.-X (J+0) )coTo lr09
vFL=T-2. * (AtoG ( (1+r {J+0) **,51 / {1-x {J+0) **.5) ) +

cÀLoc (1-x (J+01 ) /x (J+0) **.5) /xp (r) +¡roc (t-xp (ri ) *cALfJG(XP lTl/ lx lJ+01-xp (rlll/xp(r)**1.5
VEÏ,=VEL*X (J +0) ** I .5/À tOG ( 1 , -X (¡+0) )coTo 409
VEL= (T+ (XP (I) - 1.) *

c( (1.-x (J+0t ) *Àroc (1. -x (J+0) ) +x (J+0)-1 .l / (,{xp (r} -1. ¡ **2C+YP (r) *t*2¡ ) +X {J+0) ** 1 .5/AtCG ( !. -X (J+0) }
GOTO 4C9
VEL= (T+ YP {I ) *c{( 1.-x (J+0) ) *ALOG(1.-X (J+0) )+x (¡+c}-1 .l /(( )(p(I} _1.¡ **2

C+YP{I¡ **2) } *X (J+0} **1.5/ALOG{1.-X {J+0) )
GOTO 4C9
VEL=T+ (1.-x (J+0) ) * (Àtoc(1.-r (J+0) ) -1. ) / (Xp(I) -1) +

cALoG (1. -xP (I) ) *ÀLoc ( (xp(r) -x {J+0} I / (1-Xp(r}'} ic/xP (r) ** 1. r
VEL=VEt*X (J+0) **"1.5/Lf CG (1. -X 1.:+g¡ ¡
GOTO 4C9
VEL= (T+ tP (I) *st+ ( Atcc (sL*cCS {ÀpHr) ) - 11 / ( Gp { I) ,t*2+yp (t)

C**2) *G** 1. 5) ) *X (J) ** 1 .5/Àt¡c (X (J) -C)
coTo 4c9
VEL= (T+ YP (I) *S 1* 1Àloc (S[*Ccs (npHt) ) - 1l / l(Xp ( r) **2+yp (I)

C** 2) *G++ 1. 5l ) +X (J) ** 1 .5/A LCG (X (J) -C)coro 409
vEï,=T+SL*(ltLoc(st*cos (ÂpHI) )-1.1/ lxp (I) *G**1.5) +

cALoG (xP (r) *cos {ApHr) ) *arcG (xp (rl/ lsL-x.p lllll /
C (XP (I) *CoS (APHI) +c) ** 1.5

VEL=VEL*X {J +0) +*1.5/AtoG (X (J+O) -c)
CONTTNÜE
i{ETURN
ENÐ

gq¡¡çTION F (rEQrTpryp, I,J r:f-, AEHI,S)
DI¡tENSICN l( (60) ,Xp (60) ,yp (60)
N= 22
N2=N+2
NC=10
NT=N+ (N-NC)
NT2=NT+2
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610
611
612
613
61ri
615

616
617

618
619

620
621

622
623

6'¿ 4
625

D'¿6
6 ¿'l

628
629

630
6J1

632
633
6't 4

11

I27

NTJ=NT+3
NC2=NC+2
G=1.
IF ( (J-2) . ¡Q.l¡T2) G=X ( tiT3)
IF ( (J- 1) . EQ.N 2) G=X (N2)
GOTO (1,2r3,4,5 16 17,g rg),rEç
F=ALOG(1.-S¡* (Xp(I)-sl/ (Sr*1.5* t(xp(r) -S) i*2+yp(I) +*Z) )c-ALOG (1. -s) *xp (tl / ls**1.5* {xp (I) +*z+yp (I¡ **2¡ ¡coTo 1 0
F=ÀLoG (1.-S)*yp Gl / (S*+1.5* ( (Xp (Il -S) ,r,+2+yp (I) * *2) l_cALOG (1. -s) * Yp (I)/ (s** 1.5r (xE (I¡ **2+yp ( I) **2¡,
GOTO 1D
F=ÀI,OG (1. -S't/ ls**1.5* (xp(I) -s) ) -ÀLoG( 1 .-Sl/

c (xF (I) *s** 1.5)-ÀLOc (1 . -Xp Gl I I (xp (r) ** 1.5i'1Xp ( I) -s) )GOTO 1 0
F=,\LOG (1. -S )* (Xp (I) -Sl / ß** 1.5+ l( ïp (I) -S) **2+yp (I) +*2¡ ¡c-ALOG( 1.-s) *(xp (r) -1.1 I ( (xF (r) -1.) *42+yp(r) +*2)
GOTO 1 0
F=ÀLoG ( 1. -S) +YP G) / ß**1.5* I (XF {I) -S) **21yp{I) **21 ) _CALOG (1. -S) *YP (Il / l(XP (I) -1. ) **2+yp (I) **2¡
GOTO 1 0
F=.\LoG (1.-sl / ls**1.5* (Xp(r) -S) ) -ÀLCG (1. -Sl / Gp (It _1.) _

cÀLoG (1. -xp (r) ) / (xp (r¡ **1.5* (xp ( r) -s) )cOTO 1rl
F=ÀLOG (S*CoS (.¡pHI) ) * (XF (II -sl /

c ((s*cos (Àpilr) +c) **1.5* ( {xp (T) -S) ** 2+yp (r¡ **2¡ ¡c-ÀLoG (S*ccS (ÀFIII) ¡ *X? (Il / l(xp (r) ++2+yp (I) **2¡iG**1.5)
coTo 1 0
F=AloG (s*Cos (APHI) ) *yp (T.l /

c ({s*ccs (ÀpHI) +G) *r1.5* ( (xp ( I) -Sl **2+yp ( I) +*2¡ ¡c-¡tLoG (s*cos (APflI) ) +yp (I, / l(Ip (I) ++z+yp (I) *+21 *G**1 . 5)
GO,IO 1 O

P=ALoG (s*cos (¡pHTl I / ( (s*cos (ÀpHr) +G) ** r.5* (xp(r) -s) )c-ALoG (s*cos (ÀpHTll / (xp (r) *c**r,5) -ALoc (xp (I) *cos tnÞhrl lZc ( ( ïP (r) *ccs (ÀpHI) +G) *+1.5* 1XF (r) -S) )
CO!'¡TINUE
iìETURN
END

lt:,rr:.! I
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FLAP

Fig. I . Aerofoil with Mechonicol Flop .

Fig . 2 . E lliptic Aerof oil with .Jet Flop

AE ROFOIL
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AE ROFOIL

TRAILING

Fig. 3 . Aerofoil with Jet Augmented Flop .

u@

Fig. 4 . Two Dimensionol Augmentor Wing .
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(o ) Simplified modet of ougmenfor wíng

733

(b) Sinplified Mod.e1 of Augmentor
Zero_Length Shrõud 

"r,ã

AUGMENTED JET

Wing wirh
Flap

¡FLAT PLATE

I

\1
Uì.-€o î \-ANGLE OF ATTA

AEROFOIL

(c,) Finol model of ougmentor wÍng

AEROFOIL

¡AERoFolL

I_AUGMENTED JET

Fig. 6 . Development of on Augmenlor Wing Model .
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(o)

(b)

SOURCE
DISTRIBUTION

v

8tz
SOURCE ).
DrsrRrBUr¡oN 

ír7

SEMI- INFINITE VORTEX
DISTRIBUT ION -

:

:

v

612

0

- 3/2

Fig.7 . stroíght uniform Jet Represented by source ond Vortex
Distributions .

VORTEX DISTRIBUTIONS

Fig. I . Representotion of o Curved Thick Jet .
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SOURCE
DISTRIBUTION

VORTEX
DIST R IBUT ION S

Fig.9. Augmentor Wing Represented by Distributed Singulorities.

;:::i,..:,- ,

àtz
. -:u_.

Fig. lO . A Polor Element of o Curved .tet .



tt*

(c) Conslruction of the coordinotes of o division point on
the jet upper boundory .

136

';-l¿fg a7?B

CONTROL

29 30 3r

t2 3 4 5 6 7 9
t4 t5'o/ ,st tt tz f'7ffi"

LsIGMENT DrvrsroN MARK'

(o ) Control points ond distributed vortex segments

(b ) Relotionship of the coordinote systems

t: *,.

Fig. 11. Locatjons of Elements and Control points.
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T LOGARITHMIC
DISTRIBUTIO

Tc (\-Tq) LINEAR DISTRIBUTIONS

x/c

Fig. 13. Typicol Logorithmic
Distributions .

x/c

ond Lineor Vortex Strength

q

à

o

Fig. 14. A Distributed source segment ond lnduced Verocities .

ub-r

''p- ,

OGARITHMIC
DISTR¡BUTIONS

LINEAR DISTRIBUTIONS

Fig. l5 . A Distributed Vortex Segment ond lnduced vetocities.



F1g. 16. Sketch of Jet Shapes After Four

Normal Iterative Steps.
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Fig. 17. Specified Regions of Jet Shapes.
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AE RoForL 

7

(o ) An Augmenlor Wing with o Non-uniform Jet

cb) An Augmentor wing with a sinplified Non-u¡riform Jet

tt 
:. 

18. Model of the Non-Un'i form Jet Augrnentor l'li ng .
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VORTE X

DISTRIBUTION S
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Fig.19. Slroight Non - uniform Jet

SOURCE
DISTRIBUTIONS
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F'i g. 20. Mathemat'ical Model of the Non-Uniform

Jet Augmentor Hìng
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Fig. 2I. An Element of the Non-Un.iform Jet.
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