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ABSTRACT

The aim of this study was to develop a computational technique to

predict the incompressible, two-dimensional flow around an elliptic aerofoil

at low Reynolds number at angles of attack up to and beyond the sta11. The

potential flow was to be calculated by a uniform flow and a distribution of

vortices on the elliptic aerofoil. The displacement effects of the boundary

layer and the separated walce were to be represented by a distribution of

sources on the surface of aerofoil.

An elliptic cylinder with a fineness ratío of 6:1 at a Reynolds

number of 800 r,Jas used as a representative aerof oi1 . Its shape r,ras

approximated by an inscribed polygon of flat elements. The vortíces with

linearly increasing strength were distributed on these elements. The

potential flow around the aerofoil rdas computed by satlsfying the zeto-

normal velociËy condition at the rnid-point of each element and the

dor¡nstrearn end of the elliptic aerofoil as a stagnation point. The boundary

layer calculations and the separation points were predicted using Thwaites'

methocl. Another potential flow solution r¿ith a different stagnation point

r,/as developed " These tr.7o potential f lows r{rere combined to adjust the

circulation to the value needed to equalize the upper and lower surface

separation velocities " This noclified the surface pressure gradlent; the

boundary layer \^ras recalculated and the process iterated until the

separation points stabilized. The sources urere distributed on the same flat

elements as \47ere used in developing the potential solutions. The strengths

of the sources were adjusted íteraÈfvely so that the surface streanline hlas

(i)
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displaced by an amount equaJ- to the displacernent thickness of the attached

boundary layer and the separated wake was a constarlt pressure region.

For arrgles of attack bet¡veen 0 and 7 degrees, the f 1ow !,¡as

represented successfully. The coefficients of lifË, drag and pitching

moment were caculated. The coefficients of lift were corapared with those

calculated by Howarth. A slight difference in these results e/as due to

different methods of boundãry layer calculations. For angles of attack frorn

B to 1t degrees, the iterative process for circulation adjustment failed to

converge. The solution predicted oscillatory leading edge and trailing edge

separation poinEs. This may be indicative of an unsteady flow and reqrrires

further study. For angles of attack greater than l2 degrees, the separated

flow model predicted source strengths lùrich gave velocities incompatible

r¿ith the constant pressure criterion. Further \,lork is required to model the

separated wake at higher angles of atLack.

tia:

(ii)
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I. INTRODUCTION

It has always been one of the interests of aerodynamists to be

able to predict the. performance of an aerofoil in flight, or conversely, to

design an aerofoil for a given flight performance. Experiments are carried

out to measure the characteristics (coefficients of lift, drag, pitching

moment, etc. ) of an aerofoil, ínvolving wind tunnels of various sizes.

These experiments are time consuming and expensive. It is also difficult to

achieve exact flight conditlons in the rvind tunnel tests. DespÍte these

shortcomings, the wind tunnel tests are carried out as the present

computational techniques are unable to j.nclude the complete boundary layer

effects.

angles of

separated

It has

aÈtack,

reg]-on,

thÍn

theory

at 1ow

and a

gives

fluid

been observed that for two-dímensional aerofolls

the boundary layer around the aerofoil 1s

if ít exists, is srnall. The inviscíd flow

fairly close results to those obtained experimentally. The inviscid

flow pressure gradients can be used with the boundary layer theory to

predict the skin friction for the attached region. As the angle of attack

increases the theoretical results for the inviscid flow sho\.l marked

differences from the experirnental results (for example the predicted

coefficient of lift is too high). This probably can be attributed mainly to

the separat.ed flow which modifies the circulation around the aerofoÍl. The

pressure ín the separated regíon is nearly constant. This real Pressure

distribution around the aerofoil can determine the forrn drag.

At hígh Reynolds number encountered in actual flights the

boundary layer Ís usually turbulent leadÍng to turbulent. separatlon at
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higher angles of attack. It is difficult, theoretically, to model the

separated region. In a recent attempt Zumwalt and Elangovan (Ref" l) have

tried Eo represent the separated region using some empirical relations frorn

jet mixing theory. They have achieveci good agreement wíth the experimental

results for their chosen aerofoÍ1s. Their results are dependent on the

eurpirical relaËions used. It has been observed that the laminar boundary

Iayer is more predictable with goocl methods available to compute the

displacement thickness and the separation points. The separated regÍon

stí1l remains to be analYsed.

The aim of the present study is to develop a technique to corcpute

the characteristics of an aerofoil accounting for the effecÈs of both the

boundary layer thickness and the separaEion. the computational- techníque to

be developed is intended to be a general one and thus applicable to any

aerofoil. Here, this Ëechnique will be applied to a two-dÍmensional

elliptic aerofoil in an incompressible flow at low Reynolds numbers so that

the boundary layer is laminar. If this technique is successful then it can

be extended to aerofoils with sharp trailing edges, multi--element aerofoi-ls,

and to a boundary layer r¡hich is initially laminar and undergoes transiEion

to turbulent flow. The elliptic aerofoil is chosen to r¿ork with as an exact

analytical solution for the polential flow can be obtained easily. Howarth

(Ref. 2) has made a first approximation of the effects of lauinar boundary

layer separation on the coefficient of lift of an elliptic aerofoil and his

results are available for comparison"

In the present study the potential flow r¿ill be represented by a

uniform flow and dist.ríbuted vortices on the aerofoil surface. It is

i.rrtended Èo represent the boundary layer displacement thickness and the

separated wake by a distribution of sources on the surface of the elliptic
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aeroÍ.oíL. Í/ith suitable boundary conditions, this will shift Ehe dividing

streamline ar'ray from the elliptic aerofoil by a dístance equal to the

dísplacenent thickness in the attached part of the flow and cause a constant

pressure wake region after separatj.on. The assumption of a constant

pressure in the wake region has been observed experimentally and reference

to these experimental evidences will be nade in the later chapters.



2. INVISCID FLUID FLOW

Z.L Classical Method:

This section deals with

and velocity distribution

the classical method of obtaining the

pres sure

shaPe.

around the two-dimensional body of any

The fundamental assumptions nade here are thaË the fluid, through

which the body moves, is incompressible, inviscid and irrot.ational.

The various early approaches for obtaining the surface pressure

distributíons around aerofoils have been compiled in Ref.3. For the sake

of completeness, the principle used for such computations can be restated

here. The aerofoí1 is first napped into a pseudo-circle by an inverse

Joukowski transformation and then inÈo an exact circle by a second

transformation. The procedure can be generalized and ínproved by replacing

the single Joukowski transformaLlon by one or more inverse l(arman-Tref.ftz

transformatlons. If the l(arman-Trefftz transformat.ion is used, an aerofoil

with any ntrnber of surface slope discontinuities can be mapped into a smooth

pseudo-circle. The inverse Joukor{ski transformation can only be used for an

aerofoil that has no surface slope dÍscontinuities except at the trailing

edge, where the change in slope is 180". When the ínverse Joukowski

transformation is used on any other type of aerofoí1, the results are

incorrect in the region near the surface-slope discontinuities. Although it

appears Èo be a powerful technique, it is linited to a single element

aerofoil since Ít is a rnapping technique. The Riemann mapping theorera

guaranÈees that any single body can be mapped into a single circle but says

nothing about multiple bodies. However; the potential flow abouE two
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Liftíng circles can be calculated and the círcles are then transformed

conformally onto Èwo aerofoils (Ref. 4).

An elliptic aerofoil can easily be transformed conformally onto a

círc1e using Joukowski transformation (Ref" 5). The circulatíon around the

ellipse can be obtained by specifying, arbitrarily, the downstream end of

the major axis of the elliptic aerofoil to be a stagnation point. This is

equivalent to specifying the Kutta-condition for the aerofoil witlt sharp

trailing edge. The theorem of Kut,t.a-Joukowski can be used to evaluate the

coefficient of lift. Appendíx A gives the derivation of the forrnulae used

to calculate the surface velocity distribution on the elliptic aerofoil.

Appendix A also gives the surface velocity derivaEives with

respect to the surface distance of Ehe elliptic aerofoil startlng aE the

trailing edge. These values will be used to check the velocity gradients

obtaÍned by other approxímate methods.

2.2 Approxinate Solutions:

In the last section, it was mentioned that the classical method of

solving fluid dynamic probleras could not be used for flow around more than

one body except in a few special cases. In the last five decades

researchers have tried two techniques to solve Èhese problems - approximate

analytical inethods and exact numerical methods. The approxirnate solutions

introduce analytical approximat,ions into the formulation itself and thus

place a limit on the accuracy that can be obtained in a given case

regardless of Èhe numerical procedures used. In conÈrast, itt exact

nurnerical methods the analytÍcal formulation, including all equations,

is exact and numerlcal approximations are introduced for purposes of

calculation. Exact numerical methods have the property thaE the errors in
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the calculated solution can be rnade as small as desired, by sufficiently

refining the numerical calculations.

Because exact analytic solutions (classical approach) are scarce

for practical aerofoils and exact numerj.cal methods were beyond the

capability of hand computation, approximate solutions received the attentj-on

oÍ the investigators in the field of inviscíd f1ow. Many approaches have

been formulated. Some are analytic in that Ehe general solution can be

written in sÍmple closed foru and others are numerical in that consíderable

computat.ion is required to obtain Ehe solution for each specific case. The

conmon property of all approximate solutions is that restrictions are placed

on the type of body or body surface about which the flow can be computed.

l'loreover, it is not always clear whether or noE a particular approximate

rnethod is valid for a given body.

one type of approximate solution can be obtained by considering

one or both of the following assumptions:

(a) the body is slender, with small local surface slope;

(b) the perturbation-velocity conponents due to the body are

small r¿ith respect to the uniform stream that is the onset

flow "

Thin aerofoil theory based on these assumptions has been

Glauert. These approximations are

camber and snall surface curvatures

of the computed soluËion is unknown.

Another large and well

valid for thin aerofoils

developed by

having sma1l

The accuracyat smal1 angles of attack.

known approximate solutíon utilizes a

distribution of singularities (sources and vortices) interi.or to the body

surr*ce. For example, the singularitÍes are normally placed along the chord

or camber line for trso*dÍmensÍonal aerofoils. The slngularities may be
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discrete or distributed. The location and general properties of the

síngularlt.ies are assumed and their strengths are determined so that the

body surface coincides with a streamline of the flor.¡. This method is

lirnited to the bodies with small surface curvatures.

Approxímate solutions are Èherefore unsatlsfacLory for thTo

reasons. First, they are obviously ínapplicable in many cases such as

bodles with sharp edges, two bodies j-n close proxirnity and many non-unlforro

f1ows. Second, their validíty in many cases is not predictable, and the

accuracy of the computed solutions is unknown. These facts lead to

consideration of exact numerical methods of soluËion.

2.3 Exact Numerical l"lethods:

Exact numerical roethods for the solution of the problern of

potential flow are characterized by the fact thaÈ, at least in principle,

any degree of accuracy üay be obtained by sufficiently refiníng the

calculational procedure without changing the analytical formulation. There

appear to be two classes of exact numerical solutíons that have been applied

to the general fluid-dynamics problem: network methods based on finite-

difference approximations of the derivatives of the potential and integral

equation meLhods such as the surface singularity melhod'

2.3 .L Network l4ethod :

Network method is based on distributing a network of points

(terrned conÈrol points) many body lengths in each directlon around the body

throughout the flow field. The finíte-difference of the values of the

potential at various control points around the aerofoÍ1 can

satisfying the boundary conditions at the surface in some

be calculated by

form. Thus the



8

solution must be obtained for the whole field even íf it is required only on

the boundary. Moreover, the most common application is that of the exterior

flow about a closed body, where the flow field is infinite but the body is

finite. The situation is illustraÈed in Figure 1. This results i-n the

distribution of conErol points around the body in each direct,ion" A large

ntrnber of equatÍons need to be solved to obtain the results on the surface

of the bodY.

The .results can be refined by decreasing the spacing between the

points being considered.

2"3.2 Integral Equation Method:

Exact Íntegral-equation representation of the problem of potentíal

f1ow may be formulated in a variety of \¡/ays, all leading to a Fredholn

integral equation of either the first or the second kind" l"lost of the

nethods thaË have been formulated are equivalent to determining a

distribution of singularities over the body surface. Both sources and

vortex clistributions have been used. The boundary conditions are satisfied

so that the body surface is a streamline of the f1ow. There are no

restrictions on the shape of the body or the type of flow. Thus it is cluite

a versatile roethod and has been used widely. A good survey of the surface-

singulariEy methods is presented in Ref. 6.

2"3.3.f Present Theoretical Model:

The

the elliptic

follows. The

present rnethod

aerofoil. The

uses Èhe vortex distribution on the surface of

basic idea of the burface-vortex method is as

superimposing

a contlnuous

f low, whích unrst satisfy I:¡.rracer s equatÍon, is produced

a uniform stream U- at angle c to the x-axis, (Figure 2) ,

distribution of vortices round the periueter of

by

and

the
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aerofolL. The boundary condition must be such as to ensure Lhat the

aerofoiL surface is a streamLine of the flow. IE.1s convenient to stipulaEe

the condition of zero velocity normal to the aerofoil surface. The present

for¡nulation generates a Fredhokn íntegral equation of Ehe first kind. This

integral equation Eay be changed to a summation equation by dividing the

aerofoil surface lnto a finite number of elemental arcs and satisfying the

boundary condition at a siuilar number of points.

Mathe¡natlcally, if the ellÍptic aerofoil surface is divided into N

vortex elements then the boundary condition of zero normal velocíty applied

to the rdd-point of each element (terrned control point henceforth) leads to

a linear equation of the tYPe
.N

(2. 1)

where;- is the unit. vestor normal at the conÈrol point; t- is the
l_

uniform vector onflow and 1.. is the vector velocity induced at the controltJ
point Í by Ëhe j-th vortex element around the body surface. The

mathematical expression for i.. depends on the order of approximation

demanded by equation (2.L). The zerotÌì order model developed by Hess and

Smith (Ref. 7) utilizes flat surface elements of constant singularity

strength. In the surface vortex model considered here, iL ls convenient Eo

adopt a modest improvenent over the zeroth order approximatíon; namely use

of flat elements with línear variation in singularity strengLh. This

Ï v...n.*u.n.=oÎ_, r.J ]- @ L
| -IJ

1-mproveruent, as

vortex strength

noted by Gibson and

betrveen ad jacent

computation time associaÈed with parabolic approximations.

Wilcox (Ref. B) ensures continuity 1n

elements and avoids the increase in



l0

2.3.3"2 Numerical Formulation:

In this section it is intended to throw some light on the actual

nunerical formulation of the potential flow probleru. The vortex tyPe of

singularity distribution is chosen for the present work. It has the

distinct advantage that the vorEex density, which is determined directly, is

equal to the surface velocitY.

The two-dimensÍonal elliptic aerofoil j.s approximated by a large

number of. surface elements, whose characteristic dfmensions are sma11 as

compared to those of the elliptic aerofoil itself. The total mrmber of

surface elements and their distrlbution influence the accuracy of the

resulting calculations. As noted by Hess and Srnlth (Ref. 7) elements should

be concentrated Ín regions where the body geometry-slope changes rapidly.

The size of the elements should change gradually between Ëhe regíons of

concentratíons and regÍons where the dísuribution ís sparse. In the

here, the distribution of elements is achÍeved by applyingelliptic aerofoil

the tcosine ru1er,

X:0
t"

which is illustrated

5 (I + cosQ
t"

in Figure 3, and where I is an j-nteger between

surface is thus approximated by an inscribed

) (2.2)

and I'1.1

The elliptic

of N sides"

aero fo i1 polygon

\,liEh 60

0.L3% of

ae ro fo i1

of each

elements it

the chord.

surface.

element.

Solutions with N - 10, 20,40 and 60 have been tried.

1s possible to obtain the pressure distribution up to

It may be noted that the element end-poínts are on the

The control points are then located at the mÍd-point

After specifyíng the control poínts, ít Ís requíred Èo determine

the velocity at all control points induced by all vortex elements. In

Appendix (B) the induced velocity at any point due to a line vortex wlth
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linearly increasing vortex strength has been derived. These expressions are

used repeatedly for each elernent and each control point.

If j represents an element over r,¡hich the distrÍbuted vorEex

strength increases linearly from y. to y¡+I with a gradient of yj

(y¡+f -tl/2n., then the induced velocities at i-th control point in the

directions para11e1 to and perpendicular to the j-th elerrent, denoted by

U..and V-. respectively are1J lJ
v. ¡:.. A. Ë....^. vl å.. A.

u., = þ ¡r",,-t(3t=) -tu,,-l(+=) ).* [(er,* ar){t",,-1(A+=)1J ¿7t ' t ,r, ,l_J '-r-J J" ,lJ

8.. A.
r'LJ t J'r l[ . JJtl..

1J

(Ei )2 + n.'a
2 r/2-^-1tan -n. .1.n {,1 J \ Ìl (2.3)(Eij + *¡A.

J 1J

and

v..
1J

Erj * ^3¡' *11¡
t A l-\(

¿. . -A.12 +n4 .-lJ J' '1J

L/2 - 2 A.- n. { tuttJ .1J nij
I 1 _1. 1 +

{ ( ) -tan )ilcz.¿>n.'rJ

where these notations have been explained in Figure (4).

These conponents are further resolved into a direction normal to

the i-th elernent at the i-th control point. Keeping i-th element t.o be the

same ancl varying the position j, the total normal component at i is
N

v, * ñ, = ,x, l{urrsinOj * Vij"o"ô¡}.cosô, - {u..cosô, -j=r
- v. .sínô . ]sinô. l. . . . (2.5)

rJ J' 1-
where ô ís the inclination of the element with the positive x-axis as shown

in Figure (4). Equation (2.5) sinply means that the total normal velocity

induced at the i-th cont.rol point is the sum of the N velocities due to the

distributed vortex at each of the j-th elernents.
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The onset flow (U_ aE angle of attack ø) has a component of

velociry normal to the i-th element given by

U . n. = U sin (s - ô.)@1æ1

The boundary condition of zero normal velocity at

at the i-th control point, ês given by EquaËion (2.1)

equatlons

N

the body

.."(2"6)

surface

novr leads to N

sinô ) sinô l*u sín( ø-ô )=0. . (2.7)
1 L

r [<u
j=l
where

sinô +Vij jij cos ô )cosô (u
l_

cosô -Vij jijJ J

]-
,)., NI

The munber of equations is N while the number of unknown y's is

(N+f). The stagnation point is specified at the downstream end of the major

axis of the elliptic aerofoil. Thls gives

YN+l = -Y1.. ...(2.8)

Incorporating Equat,ion (2.8) in the EquaLion (2.7) reduces the

nuruber of unknown y's to the number of equations. The N linear equations

with N unknowns can be solved on a computer using any well-knorrn algorithn

to find the unknowq yrs. Here, the Gaussian elinination technique is used

to evaluate Èhe unknorrn y's. The surface tangential velocities are the same

as the values of the local vortex strength since the internal velocity is

zeto.



3. LAI"IINAR BOUNDAITY LAYER CONSIDERATIONS

3.L TheorY:

The general problem of the flow in the larninar boundary layer with

the prescribed pressure disfributions is one of formidable complexity,

involvíng as it does, partial dif f erential eqrratio.rs with t\.to independent

variables. The rnost effective analytic attack on it has been by the so-

called series solution nethod to which Blasius, Howarth and Frosslíng have

made the most important contributions. The essential features of these

methods are given in Ref. 9. However, many external velocity distributions

of practical interest can not be handled by these methods. The numerical

difflculties lnvolved in obtalning exact solutions of the boundary layer

equations for Lhe general case has 1ed to much attention beÍng paíd to the

development of approximate methods. Usually such methods have been developed

with the lirnited objective of predicting the overall characterístics of t.he

boundary 1ayer, e.g. momentum thickness, displacement thickness and the

points of separation, if 3îy, rather than the velocity distribution of ttre

boundary layer flow. The momeirtum integral equaËion generally provides the

basis for such met.hods and the approximations are manifest in the

assuruptlons adopted to solve thaË equation"

The momentun integral equation of the boundary layer 
. 
is obtained

by íntegrating the equation of motion of the boundary layer. Pohlhausen's,

Thwaltes'and Youngrs methods are the important ones in which att.eropËs have

been made to soLve the integral equations using different approximating

assumpti.or'r. Thwaitesr method (Ref. f0) as modified by Curle and Skan (Ref"

11) has been found to give good predictions of the separatlon poinE and



!herefore it

of Ëhe method

Ttvo

equations :

ô_L_

and m=

0 ¡dur
f ldÍJ 

"rrrg2 ,d2r.
U \ --. Jwall

dy'

L4

is adopted for use in the present work. The pertinent details

are repeated below.

non-dimensional paraaeters I and m are defined by the

(3.r)

(3.2)

where u 1s the boundary layer velocity paratlel Ëo the solid boundary, U is

the val-ue of u at the outer edge of the boundary layer, ! i" the distance

perpendicular to the boundary and 0 is the momentum thickness.

The parameter ,t is directly related Eo the skin friction while m

is related to the pressure (or velocity, U ) through the only boundary

condition in which the external pressure appears' vtz. :-
2

,d u. I dp -UdUv (-l .. = :--_ = - 
.(3.3)'d!2'warr P a" d;

The first part of this ,equation is obtained from the equatlon of mot.ion

evaluated at the wa1l; the second part is obEained from Bernoullif s

equation. Here -x ís the distance parallel to the boundary and v is the

coefficient of kinematic viscosity.

Combining (3 .2) and (3 " 3) ,
2

-0 du (3.4)o¿i

wheremisavery

that the laminar

important paraüeter of velocity profile and if we assume

boundary layer velocity profiles form a uniparametric

case I nust befamily, then we can regard m as the forn parameËer. In that

a unique functíon of m for all velocity proflles, as must be

*
ô is the displacement thickness and H is the shape fact.or.

H ô /0 where

m=

*

The momentum
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iîEegraL equation can then be written successively as

de
dr

f
+ 0 (H+2)(du/d;) /u = fiz

vl
UE

(3.s)

ots U = 2v [m (H+2)+X]

=vL(n)

where L(m) = / [rn(H+2)+ 1]

Thwaites evaluated the expression represented

Equatíon (3.6) for velocity profíles given by

a wide range of pressure gradients and found

by the right Ìrand side of the

known exact solutions covering

2

d(e )
di

(3.6)

that the resulting

lras L (m)

curves 1ay

0. 45 + 6n.close to a straight line for which the equation

Equation (3"6) therefore can be written as

2

u 4(e) -0.45u*69u 02=o

of¡ 2 2
oo* 0.45 v

Tu6t-
dx.

dx

e

dx

x 5

UI
o

(3.7)

where 0

2
of 0 can be determined

determined the parameter

selected certain of the

thickness at the stagnation point. Thus

at. any point by a simple quadrature.

m can be obtained from Equation (3.4).

exact solutions rnost relevant to the

0 is the momentum t.tre value
2

Once 0 is

Thwaites

flow past

aerofoils as a guide, particularly the case of a

gradient, and on the basis of these solutions, he

as uníque functÍons of m"

Thr¿aites (Ref. f0) suggests the value of

constant adverse velocity

devised a table of I and H

m at the sragnation point

as -0.075, which, with Equation (3.4) gives Ehe initía1 values of momenturn

thickness. The separatíon point occurs when m reaches the value of 0.082"

Later, Curle and Skan (Ref" 11) applied Thwaites'method to more examples of



L6

separation and noted that Thwaites' rnethod systematically underestimates the

distances to separation from the stagnation point for different tyPes of

velocity distributions. Curle and Skan recomrnended rnodified values of I and

fi f.or values for m greater Ehan 0.06. According to rhis modification the

parameter m is equal to 0.09 at the point of separaËion. Values of I and H'

including Curle and Skan's modifications, are presented in Table 1.

3.2 Numerical Method:

It is 'intended here to outline, briefly, the nunerical technique

used to evaluate the laminar boundary layer characteristics, along the

surface of the aerofoilr up to the separation points. The momentum

thickness, the paramet,er m and the displacenent thickness are given by

Equations (3.7), (3.4), Table 1 and the relation ô* = HQ respecti-vely.

EquaÈion (3.7) can be written in non-dimensional form as

xld 5

)(
e

a
U2

U

e
a

2

0
0.45¿-'(u/u_)6(n")

cter [r (

{

)+4f (

d

)+2f.

()
;
d

(3"8)
@

where d is a characteristic length, here chosen as the najor axis of the

Ud

elliptic aerof oil, U- is the f ree stream velocity and nu(=l) is the

Reynolds number based on the maín stream velocity and the uajor axls of the

aerofoil. The main task then is to evaluaEe the integral ín EquaËion (3.8)

,Uwhile [¡)"." be determined f rom the potentíal f 1or^¡ solutíon, as obtained

in the ni..rrro,r" chapter. The integral can be evaluated by the lO-point

Simpsonts 1/: rule. Thus

"t d . ,x,o (¿)
i-1

_L

j= r_

xJ
dI

0

5U ":,¡"dã- <ä+rF> *
U
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+4f
d

(3.e)

where Ax =

*i+t
1 where I'f = 10, f(x) )5 and i = number of control

t-{

points after the stagnation point, on each 
"itr."u, up to the downstream end

of the major axj.s. It can be observed froro the EquaËion (3.9) that in order

to flnd the momenËum thickness at a control point the velocitíes must be

interpolated beEween that point and the previous control point. This

interpolation of velocities at i-ntermediate points is carried out using

Lagrangian lnterpolation. Near the sËagnation point, these velocities are

interpolated linearly.

Once the distribution of momentum thickness is knor¿n, the values

of the paraneter m can be determined fron EquaÈion (3.4) as

ii. (¡'r-r) ft -,- f(
*j *1

)l

g2 dU
\dr

d

d

)

U/U ._-9
<îta>

U

U
(

m

Re
,ê 12

- lãJ
(

where the velocity gradient
, U.
tof u J

is calculated by differentiating a cubic
@

spline relating the lcnown values of velocities aE control poinËs to the

distances of the control points from the trailing edge. The calculation of

the parameter m is stopped as soon as m has a value equal to or greater than

0.09. The separation point is located r¿herever the paramet.er m has a value

0.09 .

The shape factor H is calculated by linear interpolation of the

values of t,he parameter n in Table I and the displacernent thickness is given
*

by ô = H0.



INVISCID FLOW AND BOUNDARY LAYER REPRESENTATION
4

GeneraLz

The surface-vortex method, described earlier, determines the

ia1 velocíty distribution around the elliptic aerofoil for the given

' conditions ' Then ThwaiLesr uethod is used to calculate the

of displacement thickness on the uPper and lower surfaces in
ibution

of atËached flow and the points of separation on both the
regions

of the elliPtic aerofoil' The existence of the boundary layer and

ted wake nodifies the circulation around the elliptic aerofoil ' These

ts can be represented by a distribution of sources on the elliptic

í1 surface. In Èerms of the surface-vortex method this is

ished bY treatíng the flow induced by the sources as an additional

t flow. This concePt of the boundary layer source flow ís termed as the

acement onset flow.

The same surface elements are used for the source distributions as

e used for t.he surface-vortex method. Sources with uniform strength are

tributed on each of these elements" In order to calculate the strength

SE sources, boundary condítions are applied at the rnid points of each

elements. The boundary conditions differ in the attached and the

parts of the flow. These are discussed in the following

e

ated

aphs.

Attached part:

The main flow in the presence of

flowing wit,hout friction past a

the boundary layer behaves as if

s surface dlsplaced outv¡ards bY a



n point. The boundary

the normal velocities

attached region is set bY

at the control- points in that region. This

effectively means that at a given control point, i, in the aËtached region'

ðíslaîce õ*' The displacing effect

at the surface with velocity nornal

The deriv

19

is produced here by discharging sources

to the surface given bY Vt., = U' (g)-
dx

is given Ín Ref. L2, The displacement

of t,he elliptic aerofoil ís determined by

with respect

condition in the

to t.he distance f rom the

ation of this formula

slope along the surface

differentiation of ô*

refers to the control points in the

velocity induced aÈ I due to a unit

strength of the source at the element j

around the e11iptíc aerofoil.

thickness

numerical

stagnatio

defining

the

of

r¿here i

no rmal

uniform

elements

normal velocity induced by all the sources is Vn.

the strength of sources the equation can be wrltten

An.."cr.=rJ J

= lJ.
1

dô*(¿x ) i' rn terms

(4"1)

AS

.::,;:.

1
Vn

N

I
j=1

"3 Separated Part:

Due to the

the determination of

presence of the boundary layer and

circulaËion around the aerofoil

attached region, *rj t" the

source at j, õ. refers to Ehe

and N is the total nt.rmber of

the separated wake

IS

4

at the dol¡¡nstream

not possible by

end of the majorsimply specifying Èhe stagnaËion

axis of the ellíptíc aerofoil.

conditions are sEeady then the

the wake frorn Èhe upper and lower

f3 & f4). It further follows then

of the separated wake must be the

this it is argued that if Ehe flow

into

(Ref.

rate at which vorticity is discharged

surfaces must be equal and opposite

that the free stream velocity at the edge

:dme for both upper and lower surfaces in

point

For



20

the region of the separated wake. This then is the condiLion that rm-ist be

applied to determine the circulation. Since the present model is all

potential flow, the constant velocity condition in the separated r¡ake leads

to a constant pressure wake region. The technique Lo deterrnine the

circulatj-on with a constant pressure liake region is described in Section

4.4.

It must be noted here that main streaxo velocity at the upper and

component

the normal

lower separation points is the resultant of the total tangential

(due to onset, vortex dístribution and source distribution) and

component (due to the

can be written as

source dÍstribuËion). Thus the separation velocity

Y2=
sep

NN
lu. +I Ar..õ.lz+(.I an..o.l2t 1 3=i r-J J' ' j=r 1J J'

(4.2)

where i refers to the control points in t.he separated region, U. is the

tangential velocity at i-th control point due to the vortex distribution and

the onset f1ow, Oarj is the tangential velocity induced at i due to a unit

source at j, 6. refers to the uniform strength of source at the element j
J

and V represents the total velocity at the separation point "
sep

Equations (4.1) and (4.2) have N unknovms (o's) and there are N

equations. Since Equatíon (4.2) is not a línear equatíon, an iterative

procedure is followed to solve the Equations (4.1) and (4.2). The first

iteration begins by assuming the tangential component of the velocities

induced by the distributed sources is zero. Thís gives us the first

approximation of the sÈrengÈh of the sources from Ehe following equations:

N

j=1 1J J
/nz- : uz. for í in the separated regionsep r

and

In" U
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6
N

I
j=l

An V

1n Ëhe subsequent iteratíons

re-written as follows:

for i in the attached region.

equations (4.1) and (4.2) can be

ij rÌ1j

denoted by k,

N

ILj=r

N
I
j=1

1.AAn.. õ.r-J J
...õ.r.J J

k-1 2+X At
j=1

(4.3)

for í in the separated

An ij Vn
1

(4.4)

for i in the attached region.

EquaEion (4.3) simply means rhat for the kth iteration for

evaluatirrg the strength of the sources, the tangential velocity induced is

due to the sources from the previous iteration. This process of iteration

2 (u.
\1sep

region, and

Õ.=
J

k

is stopped

subsequent

strength of

subsequent

when the strengths of. sources do not vary significantly in the

vary by more than 12, the

the corresponding

iteration process is stopped.

4.4 Circulation Adjustrnent With Separated Wake;

As $ras pointed out earlier, the circulation around the elliptic

aerofoil was calculated by specifyÍng the stagnation point at the downstrean

end of the major axis " This specifícation is no longer applicable in Èhe

presence of the separaËed wake" The modified condition requires the

separatj-on velocities at the upper and lower surfaces to be equal. To

satisfy this condition the tangential velocities at the control points

íterations " If

to the separaEion points are equated. tt y, .tU tj

srrengths at the upper and lower separaÈion points,

iterations. The criterion chosen

the sources near the upper and

to achieve this is to test the

lower separation points in the

strengths of the sources do not

are the

therr

nearest

vortex
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yi =-yj

Thís reduces the number of unknown 1's frou (N+1) to N but by doing so the

ri.ght hand side of the rnatrix system is disturbed. Thus the modified Kutta

condiEion can not be applied in the same manner as the conventional Kutta

condition in the surface-vortex ¡nethod.

A different and new approach is followed to satisfy the modified

Kutta-condition. Firstly, we have a poËential flow solution satisfyíng the

conventional Kutta condition. Using Thwaitesr method the separation points

on the upper and lower surfaces are determined. Secondly, a ne\¡r potential

flow solution is calculated with an arbitrary stagnation point for the same

onset flow conditions. Now, these Èvro pot.ential flo!¡ solutions are combined

so as to gíve equal velocities at the upper and lower separation points.

However, the new resultant potential flow solution gives a rìe\il pressure

field for the boundary layer. The boundary layer is recalculated giving new

separation points. This leads to an iterative process to follow. These

iterations are carried on til1 the upper and lower separation velocities are

not dÍfferent by more than L7". The flow is now a potential flol¡ satisfying

the conditions tl'IaÈ:

(f) far a\:{ay the flow has a velocity of U inclined at o to the

ellipse rna jor axis,

(ii) in the region where the laminar boundary layer would be

attached, the nainstream is displaced from the elliptic aerofoil

surface by the same distance as the laminar boundary layer would

displace it;

(iii) in the region dor¿nstream of separatíon, the pressure is

constant, which is observed to be nearly true in Ref. 13 and 14.



23

4.5 EsEimation of the Lift, Drag and Pitching Moment coefficients:

Appendix C gives the derivaEion of the formulae used to esEimate

the coefficients of lift, drag and pitching moment. Once the potential flow

of lift, drag andrepresentation of the flow has been made, the

pitching moment can be estimated.

A flow-chart, Fígure 5, lists all

predict these coefficients.

coefficient. s

Ehe operations carried out to



5. RESULTS & DISCUSSION

The problem of the steady, incompressible, 1ow Reynolds number

laminar flow around an elliptic aerofoil Tras formulated in the earlier

chapters. A computer program was developed and a copy of the listing is

attached in Appendix D. Figure 5 shows a flow-chart of the sequence of

cornputations carried out. The prograrn T^7as tested on an ellipCic aerof oil

with a fineness ratio of 6:1 at a Reynolds number of 800. The progran r¡as

used on an Amdahl 4701V8 computer of t.he Unlversity of l'lanit.oba. The

program r^/as tested for angles of attack fron zeÍo to 20 degrees. This

program was íntended to be a general one and hence will accep! coordinates

of any aerofoil and any Reynolds number appropriate for laminar boundary

layers.

5.1 PotentÍal Flow:

The adequacy of the surface-vortex method for the potential flow

was tested by predicting the flor¿ about the elliptíc aerofoil at several

angles of attack using from 20 to 60 elements. When the number of elements

chosen was 20, the control poinE nearest to the upstream end of the elliptic

aerof oil was I.2"/. af t of the f ront point. This hTas not good enough to

represent ttre true contour because the shape of the aerofoil changed rapidly

in the vicinity of either end. Therefore, to obtain the rapid velocity

changes near both ends, it r^/as decided to use 60 elements which made it

possible to calculate the tangential velocity at 0.138% chord.

Table 2 represents the velocities obÈained at chord positions fro¡n

57.82 to 99.82 using 60-element surface-vortex method at an angle of attack

of 0 degree. Table 2 also includes the corresponding velocities obtained by
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the exact Conformal Transformation urethod and the error in the surface-

vortex method r¡hich was defined as

Appr oximate velocity - Exac t velocitv ) x r00%
Percentage error

(

It was found that the error was much

Exact velocitY
less than 1% over most o.f the aerofoil

surface for

t07.. This

all angles of attack, but near the stagnaEion point it was 8 to

high percentage of error is due to the small value of the

denominator.

Figure 6 represents the pressure distribution calculated from tlte

velociEies obtained by the surface-vortex method at an angle of attack of B

degrees .

the exact

The differerces in pressures obtained by surface-vorEex method and

method are difficult to distinguish on the graph.

In general, the 60-eleraent surface-vortex method predicted the

potential flow around the elliptic

for the subsequent work. Ref. 7

arise while solving the Fredholm

difficulti-es were encounrered here

that the non-unifortu distributíon

aerofoil with high accuracy and r¿as used

mentions that nunerical difficulties tnay

equation of Ehe first kind. But no such

and one reason for the present success j-s

of vorticity on the

unj-form vorticity

leads to a

the latter

elemenEs

is used:better condÍtioned matrix than when

gives a zero diagonal in the coefficient matrix'

The surface velocity graciients, required for the boundary layer

calculaEions, r¡rere calculated f rorn the velocity distribution using cubic

splines; the details of the method are given in Appendix B. An exarople of

the accuracy of ttris method is given in Table 3 where the gradients

calculated by the Conformal Transforuation ruethod are used as the basis of

comparison.
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5.2 Potential- Flow Results for Circulation Determined by Boundary Layer

Separation:

The boundary layer calculations began by calculating the momentuln

thickness using Thwaitesr method. Then Ehe parameter m was calculated up to

a position where ru reached the value 0.09; the displacement thickness was

also calculated for each of the control points on both upper and lower

surfaces. The exact positions of the points of separation (determined by

m= 0.09) rdere calculated. The nor¡oal components of velocity due to the

boundary layer growth at the separation polnts on both the surfaces \.vere

calculated. If the upper and lower separation velocities were not equa1, a

potential flow with an arbitrarily chosen stagnation point râIas calculated

(loop I, Figure 5). A fraction f of this ne\Ár potential flow was combined

with a fraction (1-f) of the original (rear stagnation poínt) flow in

proportions required to equalize the upper and lower separation velocities,

and at the same time keep Ëhe onset flow unchanged. This resulted in a

modified surface pressure rlistribution; the boundary layer was recalculated

and the process iterated until the separation points \^¡ere stabilized with

equal separation velocitles.

The growth of momentum thickness when Èhe angle of attack was 7

degrees is shorì7n in Figure 7 a f or the f inal iteration" The momentun

thickness on both the surfaces increases rapidly frorn the stagnation point

and then grows more slowly. The predicted val-ues appear to be quite smooth.

The distribution of paraüeter m vJas studied for each angle of

attack on both the upper and lower surfaces of the aerofoil. Figure 7b

shows the distribution of m, in the final iteration at an angle of attack of

7 degrees. It is observed that for both the surface:, near the stagnation

point, ttre m-values were irregular. But these smooth out away from the
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stagnation point. The lower surface m - values ríse steeply near the

separation point. Since separation occurs when m = 0.09, the values of m

downstream of separation were noL calculated.

This displacement thickness up to the separation point \.Ias then

estinated. Figure 7c shows the final iteraÈion result for an angle of attack

of 7 degrees. The growt.h is rapid near the stagnation point because of the

high shear st.ress at the surface. The growth is again very rapíd as the

separation points are approached. These large slopes of Ehe displacernent

thíckness would imply unrealistically high normal velocities. It Í/as

observed that, after the initial rapid growth, the displacement thickness

rate of growth decreased r" i ir,"reased except near the separation points.

In Èhe absence of a better technique, the displacement thickness growth was

arbitrarily restricted near the separation points*. The nodified values of

ô* are shown doÈted on Figure 7c. The normal velocities aE the separation

points were thus small as compared to the tangential velocíties.

Table 4 shows the locations of the nearest control points where

the separation occurred on each surface at varÍous angles of attack. The

the circulationTable also shows the ntrnber of iterations required to adjust

so that

magni tudes

angles of

adjust the

the 'upper

of these

attack of

and lower separation velocities rtere equa1. The

velocities are also given. It is observed that from

0 to 7 degrees, only 2 to 4 iterations \^Iere requireci to

circulatíon so that the upper and lower separation velocities

were equal.

From B

converge. It Þ/as

the upper $urface

elliptic aerofoil.

degrees up

observed

to l1 degrees the iteration

that at 8 degrees, the value

reached 0"09 very close to the upstream end of the

When the circulation \{as adjusted, as a next step, the

process failed to

of parameter m on

* The value" of *o r"ru checked for a few conErol- points upstream the
dxseparation point.

thickness was not
Inlhenever d9o b"gurl to rise rapidly the displacement

diallowed ro -þrow more than the average growth of the
prev.ious interval in proportion to its length"
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separation Point moved way back on the upPer surface. On readjusting the

¿irculation, the separation point moved again close to the upstream end of

the aerofoil. This oscillatory behaviour continued between upstream and

downstream separations and a unique solution could not be obtained' The

same \{as true for angles of attack from 9 to ll degrees. Some further

dlscussion of this problern is glven later'

For angles of attack of IZ degrees, a unique stable solutíon was

obtained after about 14 iterations. As a matter of investigation, angles of

aÈtack well beyond the stall up to 20 degrees, in steps of 2 degrees, v/ere

tried. ïhe circulation was able to be adjusted in 4 to 6 iterations. These

separation results are also included ín Table 4 '

There are two possible explanations for the behaviour of the

solution between B and 11 degrees. Fírst, the iterative compuÈational

procedure itself roight have been the cause of faj-lure to converge. Second,

the real flow nay be oscillatory, like l(arman vortex shedding, for these

angles of attack.

Theref ore, whenever a unique solution \^ras not obtained, further

investigation was carried out. For example, at an angle of attack of B

degrees, the parameter ü \^ras calculated for the futl range of conLrol points

even after m had first acquired the value of 0.09. It was observed that m

\^ras greater than 0.09 for only four or five control points. Beyond these,

the values of m became and stayed less than 0.09 for quite a distance

downstream. Eventually, m exceeded 0.09 again where "trailing edge"

separation would normally be expected. It was postulated that this trailing

edge separation r,ras close Èo the real separation posilion and the

circulation hras adjus'-ec to make the upper and lower separation velocíties

equal . The process r¡/as iterated and af ter the solution st.abilized, the
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the solution obtained was a leading edge seParation would

angles of attack of 9 and 10occur. Similar results were obtained for

degrees '

Since this nethod failed to produce a unique valid solution, it is

possible thaÈ the flow nay be naturally unstable for angles of attack

between B and 1l degrees. As mentioned in Chapter IV of Reference L2, it is

possible that a vortex street ßay occur under these conditíons. This

unsteady flow cannot be predicted by the computer Prograü developed here

because steady flow was postulated.

A few values of the parameter m greater than 0.09 near the

upsEream end of the aerofoil may lead to another conclusion that a

separation bubble may have been formed. The treatment required to handle

the separation bubble near the leading edge of an aerofoil is dependent on

ernpÍrical relations (Reference 1) and is beyond the scope of the present

study.

Further work is necessary to investigate whether the iteration

steady solutiorr for angles of attack
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values of m !/ere checked . It was f ou¡rd

valu

Lhat

es greater than 0.09 neâr

be modified to give a

tliat m stil1 had uPPer surface

end of the aerofoil. This rneant

condiEions in the attached and

in Chapter 4. As íllustrated bY

process can

between 8 and 1l degrees.

the upstream

invalid and

boundary

discuss ed

5.3 The lterative Solution for Displacement and l^iake Ef fects:

To represent

separated wake, uniforru

The strengths of these sources

velocÍty and constant pressure

separated regions respectively as

the boundary layer displacement effects and the

sources \dere distributed over the surface elements'

Lrere calculated to satisfy the normal



the flow chart (Flgure 5),

a first approximation by

velocities induced by the

Figure 5), the tangential

iteration rdere considered.

strengths of these sources

required.
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the strengths of these sources \,lere calculated as

neglecting the contribution of lhe tangential

sources. In lhe subsequent iteration (1oop 2,

velocities induced by the sources of the previous

This iterative process IÁIas continued till the

díd not vary. An average of t\{o iterations llas

As shown in Figure 5, during the last pass through loop 2, the

normal and tangenËial velocities due to sources \¡/ere combined with the

tangential velociËies obtained by the onset flor¿ and the distributed

vortj-ces. This resulted in modified surface velocities. The boundary layer

calculations râ¡ere performed again to predict the separation points. If the

veloci.ties at the separat.ion points r^7ere not equa1, loop 3, Figure 5 was

followed in which the modified velocity distribution \,/as comblned with a

potential flow to adjust the circulation ti11 equal velocíties resulted.

The source-calculation was performed again and the process iteraEed ti11

equal velocities resulEed at the upper and lower separation points. The

number of iterations required were 1 to 3 for various cases.

The cases of angles of attack f rom 0 to 7 degrees \^¡ere obtained

rvith the boundary layer displaceruent thickness and the wake represented by

source distributions. Figure B shows the pressure distribution at an angle

of attack of 1 degree satisfying the above conditions" The full solution

could not be applied to the cases with angles of attack between B and ll

degrees because the separation points were not stationary " When the ful1

solution was sought for angles of aÈtack betr¿een 12 and 20 degrees, it was

found that the sourco; generated such high tangential and normal velocities

that a constant pressure separaÈed wake could not be obtained. A possible
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cause for this is tl'rat in the first iteration to obta'in the strerÌgths of the

sources, the boundary conditions changed too abruptly from the attached

region to the separated region" In the attached region the normal velociry

hTas related to the displacement thickness while the normal velocity in the

separated region r,ras related to the separation velocity and the tangential

velocity due to the onset flow and the distributed vortices. This first

approxirnation produced very high source strengths which \"/ere poorly

condit.ioned for input to the subsequent iteration and convergence was not

achieved. Proper representation of the separated wake aE higher angles of

attack \r-i11 require further study. A recommendation to this ef f ect is to

re-specify for the first iterat.ion the normaL velocities in the separated

region of the upper and lor¡er surfaces. It is suggesEed that the normal

velocit.ies should be specified equal to their values aE the separation

points. Since these normal velocities are small, the first approximation of

the strengths of sources should not j-nduce high tangenEial and normal

veloci ties .

5.4 Results of Force and llonlent Coef f icients

5.4"1 The Coefficient of Lift:

The coefficient of lift r¡¡as calculated at several, stages of the

calculated where the inviscid velocity

the rear stagnation point beíng at the

These results show a linear variation with

degrees. The lower end of the range is

calculations " It \¿as first

distribution \¡ras determined by

downstream end of the aerofoil.

angle of attack right up to 20

plotted on Figure 9.



n

32

The coefficient of lift \./as calcul-ated after the circulation rvas

adjusted to equalize tlie upper and lor¿er separation velociLies. Figure 9

r+i11 be

the results r'rere well

used the saxoe criterion

layer separation. The

snall differences in the lift-coefficients can be attributed to the

different methods of calculating the boundary 1ayer. Howarth used a

Pohlhausen-type solution which is known to have limited accuracy in

predicting separation. The present analysis used Thv¡aites' method as

modified by Curle and Skan specifically for improving the prediction of

separation. It is therefore assumed tlrat the slightly higher lift predicted

by this method is valíd. These results up to an angle of 7 degrees show a

marked reduction of lift compared to the potential flol solution.

UnfortunaËely, there are no suitable experiinental results for comparison but

the computed results are consisLent wirh typical aerofoil data. It is

interesting to note that Ilowarth was able to establish that che lift reached

a rnaximum round about 7 degrees and tirat tTre stalling occurred by B degrees.

The present method seems to indicate thaL the stalling angle v/as about 7

degrees but the solutions in the post-sta11 region require special

discussion.

The oscillatory solutions obtained for angles bet.ween B and

shows these values of the coefficient of lifr.

discussed in three parts for three ranges of angle of

For ar-rgles of attack up to 7 degrees,

behaved and are very close to those of Howarth who

fot determining the circulation from the boundary

These results

at tack .

values of the coefficients

coefficíents of lift are

the downstream end of

degrees are also represented by ttüo possible

1íft at each angle " The higher values of the

1l

of

for

the

the

the ca-,cs

aerof-'oil"

when the separation occurs near

The lower values correspond to leading edge separatíon. If
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real- flow is in<leed oscillatory in this range of

unlikely that the dynamic solution would have such

The coefficients of lift obtained for

degrees and greater

characterized by the

angles of attack' it is

a large amplitude "

angles of atÈack of L2

region and the flow is

leading edge.

[./hen

were taken into

up to 7 degrees

values are a litt1e less than when

allowed for. This can be ínterpreted

does not greatly nodify the boundary

single element aerofoils, iË could

are truly ln Ehe sÈalled

upper surface boundary layer separating near the

the displacing effects of the boundary layer and the wake

were obtained for angles of attackconsideratlon, solutions

and the coefficients of lift are plotted on

only the points of

as meaning that the

Figure 9. These

separatíon were

displacing effect

separation. For

adequately predicted by calculatÍng the

effect on circulation. For aerofoils

uore important that the wake of the

calculating the boundary layer behaviour

5.4.2 The Coefficient of Drag:

layer growth and its

be concluded that rhe lifr could be

layer separation and its

flops, Ít is probably

be represented r^¡hen

boundary

with slotted

maín aerofoil

on the flap.

The profile drag force experíenced by an aerofoil is due to the

frictional stresses called the skln-frictlon drag and due to a distribution

of surface pressures contributing a force component in the direction of the

flow, called the form drag"

Figure 10 represents the distrÍbution of the coefflcient of skin-

fríct.lon on the upper surface of aerofoil at an angle of attack of 3

degrees as calculated by Thwaltesr nethod. It ls observed that near the

stagnatfon poÍnt the skin friction dra; 1s high and reduces downstream of

the velocity maximun. The skin fric.tion dístribution was calculated up to
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the separation points. High value of the skin friction near the stagnation

point is due to high velocity gradients existing near the stagnation poinL.

Table 5 presents the values of the coefficient of skin friction drag at

various angles of attack " It is observecl as the angle of attack increases

the coefficient of skin-friction drag increases very s1ow1y.

The coefficienLs of form drag hrere calculated by integrating the

drag forces due to the normal pressure distribution on the surface of the

aerofoil. The values of the coefficients of form drag at various angles of

attack are presented in Table 5 where it is observed that as the angle of

attack increases the coefficient of foru drag decreases slightly.

Table 5 and Figure 11 give the values of the coeffieients of

profile drag at angles of attack up to 7 degrees. The calculaEions depended

on a successful represent,ation of the boundary layer displacement and wake

effecEs by sources.

5.4.3 The Coefficient of PitchÍng

The moments of lhe lift and drag forces about the upstream end of

the aerofoil were calculated and normalized to give the pitching moments for

coefficients are presented inof attack up to 7 degrees " These

L2. The sign conventj.on is such that a positive pitching moment

to increase the angle

observed

l"loment:

angles

Figure

tends

It is

of attack"

from

increases, the pitching moment

Figure 12 that as

decreases " Thís is

contribution to the moitrent by the l-ift force, which

of attack increases

The compilation and executíon tlmes were 0.75

approximately 40 seconds respectively for: the angles of

7 degrees "

the ang1e of attack

due to the increaslng

increases as the angle

seconds and

attack between 0 and



6. CONCLUSIONS

The surface-síngularity method to represent two-dimensional,
incompressible flow around an elliptic aerofoil of fineness ratio 6:I with a

laminar boundary layer at a Reynolds number of 800 gave the following
resulLs:

1. The potential flor¿ is represented accurately by 60 flat
elemenËs and a linearly increasing strength of distributed
vortices.

The boundary layer calculations using Thwalt.es I method
I^/ere successf ul except for the rapid growth of the
displacernent. thickness near the separaÈlon point which had
to be rnodlf ied.

The displacing effects of Èhe attached boundary layer and
a constant pressure wake region were modelled successfully
by adding source distribution for angles of attack between
0 and 7 degrees.

The osclllatory flow obtained for angles of attack between
I and 11 degrees may be real or it may be due Eo the
iterative process whích failed to converge. Further
investlgation is needed to establÍsh the genuineness of
the oscillatory flow.

For angles of att.ack greater than L2 degrees, the present
work predicted excessively higÌr velocity contribut.ions
frorn the source distríbution as a result of whích the
iterative process breaks down. It is recommended that the
first approximation of strengths of sources be changed
such that t.he norroal components of velocities calculated
at the separation points be specified at points aft t.he
separation points on both upper and lower surfaces.

The force and moment coeffi.cienËs were calculated
successfully up to 7 degrees of angle of attack.

2

3

4

5

6



APPENDIX A

CO}ÍPUTATION OF VELOCITY AND VELOCITY GRADIENT

- ANALYTICAL METHOD

The potential flow around an elliptic aerofoil can be obtained by

conf ormally transf orming it from the flow around a círcular cylinder. The

the velocity gradient along Lhe aerofoil surface

for the result.s obtained by the panel method.

a circular cylinder of a uniform stream U- inclined

real axis is shown in Figure (13) and its complex

velocity distribution and

are calculated as a check

The

aL an angle

potential, I{,

!J

flow past

of a to the

in the Z-plane is (Ref.

'J- le-idz * ^' *l
radius of the circular

s)

(A.1)

where a is the

The complex potential (in

cylinder '

the Z-plane) of a pure circulation of

bystrength k about the origin is given

W í]rcLnZ (A.2)

theThus the complex potential of the uniforrn flow combined with

circulatory flow

follows:

can be obtained by adding the equations (4.1) and (4.2) as

l^l u - Le"Laz

position of

calcula t e

the x and y

+
ni-u

a¿e
.l + l<.r.nz (A.3 )7

The t.he rear stagnation point can be used as a

condition Èo the cÍrculation. If u and

directions respectively, then

v are l-he velocitY

components in

u
dl^l

1V
dZ

(A.4)
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At a stagnation Point, such as B in Figure

For the circular cylinder,

and at Èhe Point B

l-Re

so that

-ia
U(e

@

(R=a,
p

u- (e-Íd - "to) * *

di'j(13), 
ð,2 = O.

dI^i

dZ

^Iua¿ ik-z2e )+z
F = o),

L

Therefore

=a

0

aUó_/-i\

'de
(A.6) ,

dvr

dz

the elliptic aerofoil.
dW dl^/

ia -iø,e* - e-*) = 2aU sins
@

The velocities in the Ç-plane are.given by

dZ

l.

dË = 
ð,2

From Lhe equaÈion

(A.5)

Thus the complex potential of a uniform stream at an angle of

aLtack a, with circulation, around the clrcular cylinder such that the poínt

B is a stagnation poínt., is given by

-ia " ta
I^I = U- (e Z + +-) * i2aU-sinø.l.nZ .(4.6)

The region outside the circular cylinder ís rnapped on the region

outside the elllptic aerofoll in the C-plane by using the transformatl.on

ç2e - ,* u ...(A.7)

r,rhere C2 = "2 - b2 , c is the semi major axis and b is the semi roinor axis of

(A.B)

2a U sinc,
U

@

ó Z

r,rtrich can be rearranged to give (on the surface of the circular cylinder)
dw

ä = u- [{cosø-cos (u-2p) + 2 sina sfnB}+i {-sínø-sin (ø-28) + 2sÍnacosp}]

(A"e)

d!ù
M

.)ia.-LAa'e[e-----;i-]+iL_
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AIso' from (A'7)'
de-c2
dz= L - 412 ,

but on the surface of the circular cylinder,

z - r"tp,

so that
de
dz

I ç2
4a'

_2iF

ot
de
dZ G-# cos2B) + i ($ sinzO) (A. ro)

givenTherefore the velocities on the surface of the elliptic aerofoil are

by

g
de

= U-[ {cosa-cos (a-2þ) *2sina sinB}+i{-sina-sin( u-Zfi)+2sínu cosp}] /

[1t
ç2 ç2

-4uz cos29) + i (4J sin 2B)J

It should also be

This means that the ellipse

the real axÍs.

noted that as Z +

is in a strearû of st.rength U_ at an angle a to

The relationship between the position of a point on

cylinder

the elliptic

can be foundaerofoil and the corresponding point on the circular

out as follows:

In polar

e = re
I = Re

coordinates,
íÕ

iB

therefore the

i@re

Èransformation function, Equation (4.7)

íß ç2= Re ' * - .-
4Re1þ

becomes

or



39

RC2Rc2
coso + i sinÕ = | "o"P 

+ ä; cosp * i (| sinB - A; sinB)

Equating the real and imaginary parts gives
RC2cosÕ= {;+O*r)

sinÕ=,ï-*,

and elimínation of r gÍves

ç2R+^
tanB = ,_ii- tanO

¡\ 
4R-

eos B

sinB

(A" 12

(A.13

(A.14)

Knowlng the posit.ton of a pofnt on the ellipse, iê, angle Õ, R (=

c*b \t?
î) and C (= (c2-62¡ ' ) , vre get the correspondíng position (p) on the

circular cylinder. This value of F can be used ín the equation (4.11) to

compute the velocity at the point Õ on the elliptic aerofoil.

Once the velocity distribution has been obtained on the elliptic

aerofoil, the velocity gradients wlth respect to the dlstance along the

surface of the aerofoll can be computed as follows:

du du gÊ_

do
do (A.15)

ds

dv

ds

dÕ (A.16)ds dp
g.Ê.

do ds

-du vdvu ds (A.17)ds 1[z + l\r/2
where u and v are the x and y components of the velocity on the elliptic

aerofoil, s is Ëhe distance along the elliptic aerofoil surface, measured as

shown in Figure (2) and V represents the resultant of i and i ut t given

point on the elliptic aerofoil

dB

d;

dv
ds

In the EquaÈions (4.15) and (4.16), $f, "r,ajf, ut" calculated fron
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dB dÕ
(A.11), ãã is calculated by (4.14) and fr is calculated from the

properties of the ellipse as follows. In polar coordinates the equalion of

rne ellipse is
rr cosÕ.2 ,r sin Q.2t 

" 
.l *1. u ) =L (A.18)

which gíves

c2
dr rsin2ÞGT-D (A.19)

c2 c2
do (-r-uz)- cos 2o (r-b2)

and this can be used in the expressj-on for the requíred derivative
dÕ

ds {rz t- (:å)'}_I/2
(A" 20)
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APPENDIX B

COÞIPUTATION OF VELOCITY & VELOCITY GRADIENI

- SURFACE SINGULARITY METTIOD

In this sectíon the foruulae are developed for the induced

velocity at a point due to an element

strength, a linearly varying strength

of distributions.

SirnÍ1arly, the corresponding

with a distributed vortex of uniform

and a corobination of these trto t.ypes

formulae are derived for the induced

velocities at a point due to distributed sources of uniform strength, linear

strength and a combination of these tr4to types.

8.1 Uniformly Distributed Vort.ex Strength:

L e t y be the strengt.h of uniformly distributed vorticity over a

straight element AB with O as t.he centre such that 0A=08=A r as shov¡n in

Figure 14. Consider a small portion ds of the elemenÈ at a distance s from

the centre O. Let P (x,y) be the point r¿here the induced vefocity is to be

found. The velocity induced at P, due to the small length ds, is dV.

Therefore

dv=Igj-
¿T\'t

r/2
wherer={(*-s)r*yr)

Assuming positive vorticiry gives counter-clockwise flow, the x-

componenÈ of the induced velocity at P is given by du

du= y ds sinO
2xr

where 0 is the angle betrøeen

a point on the x-axis distant

the x-axis and the line

s from the origin.

joining the poÍnt P to

tùi { {'/t

--t.\ 
\ 

¿\i*:-1'".L...'¡r'--*- 
-!a

, 
l.l¡j f?q,r:.Á\:{ iÍ )ir ¡.

,.4-
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Sirailarly, the y-component of the induced velocity at P is given

by dv such that

dv _ y ds cos0
2r,r

(8.2)

to theTherefore, u, the total x-conponent

element AB is given by integrating

(i.e., from -^ to A). Then

of the induced velocity at P, due

(B.f) over the length of the element

u ^ 1 "ir,ã ¿"
2rx-^

ot¡ u

Sími1arly,

_Y
2n

v, the

(0t - Qz) (8.3)

r1\,r=1À

total y-component of velocí.ty is given by

"¡ .o"õ d"
2nr
rI

orr V -f.
2x

.Ln
(_\r, (8.4)

8.2 Linearly Increasing Strengt.h of Vortex

Consider a short element AB along the x-axis with its centre at 0

such that AO OB A, as shown in Figure L4. Let the vortex strength be

zero at A and increase linearly tov/ards B al- the rate of yr . A sroall length

at P(x,y)ds at a distance s f rom tire centre
(s + A)

induces the velocity dV

dV Y'ds

thus, the x and

2xr
y components are

du s*A sin0 ds (8. s)

dv=

2nr

1r(s + A) cos0 ds (8"6)

(B.s)
2xr

To find the total x-component of the induced velocity at 0 due to AB,

is integrated over the length AB (i"e., from - A to A)
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A yt(s + A) sinO ds
2tr

-A

ot,
^.r T2

h L(" + 
^)(oz- or) + y .Ln ; I

for the y-component,

(8.7)

Similarly,

I
a 

"'(s 
+ a cos0 ds

-A 2nr
I

1_
L)L

t

t*l -21 +y(Qz-or)+nrn(
'2 I

r
1oï¡ x .l.n t2 )l (8.8)

8.3 Uniforrnly Distributed and Linearly Increasing Vortex Strength:

Combining Equations (8.3) and (8.7) , the x-cornponeût of the

induced velocicy at P due to uniformly distributed vorticity of strength '¡
J

and linearly varying vortex sËrength which increases at lhe rate of Y

given by

I

j

b
2r

Y1 r-
(0, -or) + i - # {," +^j)(Qz - 0r) + v t" +}1......

...(B.e)

v j+r - Y j 2 2,+y l {{* - nr)2 2
IL 

l2where Yj , rl {{" + ar)

v

, 12 + v)^ j

-1 ,tan -[
v -Lr

to1 + A
0 aL

tan ) and 0, ancl 02 vary between 0 and 2n.
j J

Similarly, the y-componeni of

the equations (8.4)

the índuced velocity at P is given by

and (8"8)conbining

b
2x

r I
I

J
2"

r.t
ix tn ; - zlj + y (Qz' ôr) n a, .Q.n

"2 J ,

t I
.tn l

t t2 I ."(8.10)
t2

In the above equations (8.9) and (IJ.10), the distances x and y

perpendicular distances from the

In the computer program, x and Y

have been referred to

element whose effect

as the parallel and

1S being considerecl .

XI and ETA. Inhave been referred to as the equations (8"9) and (B.10)'
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special cases arose when trying to find the induced velocities at the centre

of the element due Eo the element itself.

Frorn (8.9), as x + 0 and y + * 0

Itj _ tj (^i)
22J

From (8.f0), as x + 0, and y + * 0,

Yi
J

¿'fi
v= -')A( j

8"4 Uniformly Distributed Sources:

Let o be the strength of a uniformly distrÍbuted source over an

element AB with O as t.he centre such t.hat A0 = OB - 
^, 

as shown in Fi_gure

15. Consider a suall portion ds of the element at a distance s from the

cent.re 0. Let P (x,y) be Ëhe point qrhere the induced velocity due to the

element AB is to be found. The velocity induced at P, due to the suall

length ds, is dV

Therefore,

odsdv =îã

where r = {f* - ")2 
+ Y2}L/2'

The x-component, du, of the induced velocity is gÍven as follows:

du = dv "o"õ. 
.(8.11)

where g i" the angle between the x-axis and the line joining thå point P to

a point on tl-re x-axis, dístant s from the origin.

Similarly, the y-component, dv, of the induced velocity is given as

dv = dV sin0" (8.12)

0n integrating (B.ff) and (8.1.2) over element length, the total

components of the lnduced velocitles u and v in x and y directions
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resPectively are

AIÌd

r/here

rÕ^Iu=;-.fn-¿'Í1, T.,
L

6v = i; (Qz - 0r)..
,22tl = {(x + A) * y

-t0, = tan ' (;l 
A)

t2 {çx - n)

-1= tan

(8.r3)

(8. r4)
Ll2 2 2,r12+y I

and 0, (;+T)

::'

8.5 Linearly Incereasing Strength of Sources:

Consider a short element AB along the x-axis ¡.rith its centre at 0

such that A0 = 0B = A, as shown in Figure 5. Let the source strength be

zero at A and increase linearly tor/,rards B at the rate of Õr. A small length

ds at a distance s from the centre induces the velocity dV at P(xry)

dV _ o'ds (s * A)
2nr

(8. 1s)

The total x-component of the induced velocity at

source is found as

che poinE P due to a

linearly increasing strength of

(8. r6)

Similarly, the total y-component of the induced velocity at the point P due

to a linearly increasing strength of source is found as

t

r
L(* + a) .e.n * - ro - y (Ot - O2)].-2

= fi f(x + a) (02 - or) .'-, *r, flt

Õ'U=;-
¿TÍ,

v ....(8"17)

Equation (8" 16)

of the

is of tlie same form as Equation (8"8) whereas

Equation (8.17) is - Equation (I1.7).

8.6 Unlforruly Distributed & Linearly Increasing Source Strength:

The sources of uniform strength and linearly increasing strength

can be combined to evaluate the total x and y components of the induced



l
I

46

velocities at a given poinr in a similar manner to what was done in Section

(8.3) for vortices " Thus, combining (8.13) and (B.16) gives the total

induced x-conponent while on adding (8.14) and (8.17), the total y-component

of the induced velocities is obtained. These comPonents are:

' o r" <]> *-* {* + a) rn*- ro - y (or - o2)}......(B.rB)u=T;^",'l,-7;1n ,2

and

o .,l (, '? r, = h (02 - 0r) + !; {t" + a¡ Øz- 0,) + v.tn(É )}..."..(B.re)t tl

It is, again, possible to find the induced velocities at the

cenËre of the element itself due to partly uniformly distributed strength

and partly linearly increasing strength of the source.

From the equation (B.IB)' on putting x=o and y=*o,

tl = * ,- ,0, (8.20)

and

8.7 Computation of Velocity Gradient on the Surface:

The velocity gradients on the aerofoil surface are deterruined by

differentiating cubic splines fitted to the known velocity distribution

along the surface. It r,ras convenient to measure the surface distance

counterclockwise from the downstream end of the e1l-iptic aerofoil.

The theory of fitting cubic splines between tr¿o variables is given

ln Reference 15. The principle Ínvolved is re-r¿ritten here. Let the

aerofoil surface be divided into N parts" LeË S represent the dist.ance and

U represent the velocity. Consider the k-th interval which is between
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(,,.,to) and (ron,, sk*L).

fk(s) = u = Ak(s-sk)'n uo

where Ak' tsk, aU and trU

lhe spline is the sanre for

inLerval. If Aç = Sk*l*S

(b.22) at Sk und Sknl are

The cubic

)2+

f clr the k- th interval is r,rritten as

(8.22)tù-ð k ck (s-s
k )+D k

are determined so that the slope and curvature of

the splines in (k-l)th interval and (k+1)the

k, then the spline function values from Equation

given by

ll _U_
k

D
k

(8" 23)

(8.24)Uk+l = 4,.4S3,. * B,_ ns,f + c,_ as,- + D,_
ñl!ttr\f\KtL

The first derivatives of the spline function fron Equation (8.22) at Sk and

S are eiven bv
K+1

rr tU_
k

and

C
k

(8.2s)

UI =3A AS2+28 AS +Ck+lkkkkk (8.26)

where Ut

Then the

foflows:

dU

ds'
coef f ic ien ts 4.,8.,C.,D,

KKKK
for the k-th interval are writLen as

-2 
^U/ =!-r. -k +.u'I(+ ,',._rr)lc ASú . Ato

' AU'
'o 

- 
I fe K 

- , ttf - ì'tr )"k - ASO t' ASk ' ' [c " k+li

)

(8.27)

C
k

U'
k

l),
tC

U
lc

r¡here AUt = ,k*l - UO

The continuity conciirion (f"f._f (Sk) = f"k

6ot -, ast-t * 2tst -l = 2ut (k=2 
' ' '

(sk) ) g].ves

N-i )

ut r,
JA

(ts.28)

which leads to N-2 equations in the N unknowns --u vLz, i
N

I I I
Ãto

3AUk-1
U

tr
U' ( + + ( Àsi..ASk-l k-l +2

AS k-1
) u'r+t

( ASk_1 ) ¡z 
(h=2,---N-1). . (8.29)
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fi
fot

The

and

rlre quanEi tl tes Ul and U' 
,o

Ul (k = 2, ---Ii-l) .
K

values of Urt and Utr., are

the rest of the velocity

are given, the Equation (8.29) can be solved

approximated using the finite difference form

derivatives are evaluated.
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incidence a to the fluid streaü, which is

at a speed of U-. Consider the pressure,

of length ds , of the surface. Let p be

rli- = - {-pd" sinô} sinc * {p¿" . cosô}

wllere ô is the counterclockwise

x-axis (Figure 16).

Replzrcing ds. sin$ by

po si t ive

re-rdritten as

dL = (pdy) sincr + (pdx) cosd

If this is integrated round

the total lift force, acting nonnal to

C

ESTII"IATION OF TIIE LIIIT, DIìAG A¡.ID PITCHING }'IOMETIT COEF}'ICIENTS

Pressure DistribuÈion AroundC,L The Lift Coefficient by Integration of the

the Elliptic Aerofoil:

Let Figure (16) represent a section of

as sumed

the elliptic

to be from

aerofoil at an

left to right

Thi s

Pt on a snall element AB,

pressure of the

undisturbed stream. Ttre normal force on the elenent is pôs inr¿ards.

force per unit span may be resolved into components ôD and ôL acting

paral-lel and perpendicular to the direction of the undisturbed strearû

respectively.

Then

ttre

acEing

stat ic

COSG (c.1)

inclination of ttre element AB frorn the

dy and ds.cosô by dx, the Equation (C.1) is

(c.2)

the contour of the elliptic aerofoil,

the direction of the undisturbed

The coefficient ofstream, can be obtained"

dividing the total- lift force

elliptic aerofoil.

by L/2 pu2d where d

obtained by

of the

lifr,

is tLre chord

(l
t,

1S
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Then

^ $ot
'r = tlzpuz¿

ot C,- #,
P-P-

TT'Ñ: ;atlr . sinc. ó,|þ*,0 (f,)""ouo ...(c.3

since $ l-a<f> = o. Then introducina Co

,, = 6ro d(å) sins * {co ac}

p-pó
rTTñ-r

) cosa

C.2 The Lift Coefficient by Calculating the Circulation Around the EIliptic

Aerofoil

The lift force of an aerofoil is given by the Kutta-Joukowslci

Theorem as

L p Uf (c.s)
@

where f is the total ci.rculation given by

, =Éu (s) ds (c.6)

where s ís the arc length of the contour, measured counterclockwise from the

dowr sEream end of the elliptic aerofoil. lf the fluid is considered

inviscid U(s) is the tangential velocity along the

aerofoil. Combining Ecluations (C.5) and (C.6) and

surface of the elliptic

nornralizing by tl2pU2a,

gives the lift coefficient
L pu_f uc" ro"

L L lZou2d,ó t llpula

2 {,r
u( s)

d( d)
(c.7)

U
@

C.3 The Forrn Drag Coefficient by Integration of the Pressure Distribution

Around the Elliptic Aerofoil:

The form drag is due to the pressure distribution on the aerofoil

ln a direction parallel to the stream.
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For a small surface element AB,

JD = (-p d". sinô) coss * (p ds

= -pdy . cosa * pdx . sínc

Integration round the aerofoil

dD

(c.e)

gives the form drag. The

the drag force by IlZPU2d"

(as in r6)

cosô )

Fig.

s inø

conLour

C
L /2oU I l2oU2

ó-<r-, >
J@ c'(f) cosa *4 

(ffiro<i>
s]-n0

D

or

the lift and drag

element AB about

dM=dF

to u(ä cosg *
'o =ó $c d (ä) s]-nd (c.r0)

p

C.4 The Coefficient of Pitching Þloment by Integration of the Pressure

Distribution Around the Elliptic Aerofoil:

The pitching moment can be calculated about any point by taking

the moments of the lifË force and the drag force about that point. Here,

the pitching moment about the upstream end of the najor axis is calculated

by first finding the moments of the lift and the drag forces on the eleruent

shov¡n in Fig. 17. Then on integrating this round the contour, the total

pitching moment about the leading edge is calculated.

Let dF* and dF, be the forces in the element AB as calculatecl in

Section (C.1) and (C.2). x and y are the coordinates of che mid-point of

eleruent AB" Then moment of dF and dF about 0'xy is equal to the moment of

force on AB about O'. Thus the pitching moment on the

0r is

(y-y ) + dF (c.11)
L

The sign convention for the pitching moment is chosen so that a

moment whích tends to increase the angle of atÈack is positive. g-;;essin$

v
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Equation (C.I1) is re-written as

+ (pds.cosô).xd¡t = (-pds.sinô)(y-y
o

)

=pdy(r-r¡)*pdx.x (c.12)

The coefficient of moment, C

yl2 p\z d2.

m
is obtained by dividing the total moment by

h

7 ¿¡t f (n-R-) u(v-ro ) (r-r¡ )

f ro-o->
(x) . (x)oã

d d d
Then C" I 2pu d 1 2pu I /2oU¿

@

I Y-Y o(o )(
Y-Y o

I *f X
(ã )Cd

d
C

d
d (c.13)

p p
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APPENDIX - D

CO},IPUTER PROGRA}I FOR LAMINAR BOUNDARY LAYER AROUND AN ELLIPTIC AEROFOIL

The computer program for the laminar boundary layer around an

elliptic aerofoil is presented here.



10.
20.
30.
40.
50.
60.
70.
80.
90.

1 00.
110.
120.
130.
1 40.
1 50.
1 60.
17 0"
1 80.
1 90.
20 0.
21 0.
220,
23 0.
2tt0,
250.
26 0"
27 0.
280.
290.
300"
310.
320.
33 0.
3l¡ 0.
3 50.
36 0.
37 0.
380"
390"
40 0.
41 0;
t+20.
430.
lt40.
4 50.
460"
4 70.
480"
49 0.
500.
51 0.
520,
53 0.
540"
550.
56 0.
57 0.
58 0.
59 0.
60 0.
610"
620"
630.
6¿t0"
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//A,ÍJXLà,8 JOB ¡1 39OrKÀNBBÀTrT=1ãr, I BEÀ1IÄr
// ÊxE= TATFIY'SIZE=1024K
GO. SYSrB DD t
sJoB cÀTFIY BHÀ1rÀ,ìIOEXT

DrsENSroÌ¡ x(61) ,Y(61),PEr (61) ,XCON(61) ,yC0H(61) ,D¡L (60),
sELEF (60) , rr (60,60) ,81À (60 r60) , nû (60,6 0l ,v0 (60 ,60) , uL (60,60) ,
*vL(60,60),COnSÀ (60,60),COtSB(60r60),COEPA (60,60),COBFB (60
E,60),COEr(60,611 rRH (60),cÀE(60),GÀHãÂ (61),GÀHC0N (61),
sUCrR (60),VCrE (60),RCrR(60),UEtL(60l,vELL(60), BELL(60),
*rHElÀ(60),YCrR (60),EBRoE(60),f1rS1 (61 t rDÀEPP(10)' DTHENSTON THTCHU (50) ,THICüL{50),PÀBAËn (5C) ,PÀRÀEt (50)
*,cÀÀ (4),x8(61),Y1L (61),ylF(61),GBÀDC(61),SrÀGû(50),DSÎÀGL
f (50),DUDS (61),DPLÀC(50),DPLAL (50l,SrE (61),GÀH'{ (61),Y1 (ó1)

: 0H HON,/SPEED/SÎC, G À ?{CoN f G å¡14C0, ROOI
c0tHoN,/ARE¡./EH (261 

"Et4 
(26',) ,EL (26)

DIHENSTON DDDSU (l¡0),DDDSL (40) r SlC {61}, GRADD(6 1),DS1t]P (50), DSTLH
* ( 50) r coNsr.u (50),cor{sLr (50 }, cP (60), :D ( 60}, cEUl (60), cf{ti2 (60),
*3ÀH t¡CO (61) 

"COEFñ 
(60,61) ,GÀtt4P (61) ,REH (601 ,CLTFT (60)

DIñENSloH XcOH!r (60),YcoHE (60),ELENr (60),DErH (60)
DIdENSION SIGCON (60,51,SIG(60),SrG¡!A (60,5) ,UT (60) 

"CHK(40) ,CL(61)
Dr¡{Er¡sIolq 1nñ (50) ,TrH (50) ,UN (60],PIRST (611 ,DP (60)
r Hr EGER G, H, B, S rT, lt, V, g rIA, fJOB.lZ, IE8 e C0 DE

c 0õ Eo tr,/PR Es RE/ xeo N , Ycoll , c P

REÀL cOSÀ1(60,60),BK (3720)

:0¡lPLEX HÀ (60),2À (60,60) rZl¡

* * * * * ** * * ¡È,1'È* * ¡t!'t ü $ * **'t* I + ** ** tt S¡* * * * * ¡t f t * * * t* * * :* *
* DTSlBTBUTlCN OF ELEËEI¡1S ÀEOUIID À3ROF3IL ****

g ¡Ë * * )E * ¡f * + * * ** * * * t * ¡* ** * ¡* * * * * *'Ê * :l* * * * * * * * * * *'ß+ * *
¡I=NO. OF ELEHEI{TS
N+1=NO" OF PANEL ENDS

c

c

c
c
c
c
c
c

12
5300

PI=4.0*ÀTÀll (1" 0)
H=50
dH=l{+1
3oDE=1
rP(coDE.EQ.1) cO TO 12
cÀLL CORDÌ¡T (À¿B,C,N)
co ?o 21
P8TìTT 53OO
p0Rt{À1 1r-r "05x, 

rlHE cooEDINÀTES ARE GENESÀTEDr)
DO 10 I=1 , tll{
P HI (I) =2. 0*PI*PLoÄT (T-1) //PLoÀ1 (N)
x (I¡ =9. 5* (1.0+COS (PHI (I) ) )
AÀ=0.5
B B= AÀ16. 0
IP (I. LE"N/21 THEN DO

r (r) =BB*sQRT (1" 0- ( (X (I) -0.5¡**2¡sÀs*2) ) +2.0
ELSE DO
Y (I) =-tg*588T (1" 0- ( (X (I)-0.5) **2/,'ÀÀ**2ll +Z"O
END IP
COÑTINI'E
PBIill 1rÀÀ,/BB
FORHÀl1I.I,2OXAITBE FINENESS BÀ1IO OF ELLIPSE',F7.21
PRIXT 4O
fORËÀ1 (,-,, 3X, I ¡qo o BXn I¡e o 13I, o Yt' 1 3I r I XCCN ¡ r'l'1X r! YCCN ¡ t

41 2X. I DELTÀ r, 1 4X, I EI,EN t r12X o I T HETAr I

D0 20 J=1rN
X (NDt¡ =¡ 11¡
Y(NN)=Y¡1¡
xccìl (J) = (x (J) +X (J+ 1ll /2.0

10

1

40

21



650.
660.
67 0.
680.
69 0.
700.
71 0.
720"
730.
?40.
750.
7 60,
77 0.
780.
790,
80 0.
810" c
82 0"
830.
840.
850"
86 0.
B7 0"
880"
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91 0.
920.
930.
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96 0.
97 0"
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1 020.
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1040¡
1 050.
1060.
1070.
't 080"
1090"
1100.
1110.
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1130"
1140.
1't s0.
1 160.
1170,
1180"
1190.
1 200"
121 0"
1220,
1 230.
1240,
1 250.
1260"
1270,.
1 280.
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Ic0t (J) = (I (J) +Y (J+ 1ll /2"O
DEL (J) =ÀÎÀu2 ( (Y (J+1)-l (J) ), (x (J+1) -r (Jl I )
DEL (J) =DEI, (J) f 180. 0,/PI
IF (DEL (J) . rr.0" 0) rHEN Do
DEL (J) =360.0+DEL (J)
END IF
DBL (J) =PI*DE! (J) /1 80.0
ELEll (J) =SQBT ( (x (J) -x (J+1) l*s2+ (Y (J] -Y (J+1 ] ) **2)
tRET¡' (J) =41ÀN2 ( (TcoN (J) -2.0) , (xc'N (J) -0.5) )
lHETÀ (J) =ÀTAN (TÀH (TH¡TÀ (J) ) *ÀÀ//BB)
IF(THETÀ(J).L8. 0. 0 "ÀND. J"LE.N/2l18ETÀ(J) =PI+THErÀ (J)
Ir (lHETÀ (J) .c1" 0.0 " AND. J.GT,tt/21 THEIÀ (J) =PI+lHETA (J)
pRrt¡T 30,J, x (J) rr (J) r XCOÌ{ (J} , yCON (J) , DEL (J) , ELEN (J) ,

*TE¡TA (J)
30 FOBt{ÀT(r ..1Xr13 o1X,6 (8 14.7,2N.1 ,F11,'ll
20 CONlTNI'E

CÀLCI'LÀTIOI{ OF ANÀLYTICÀL VELOCIÎTES
ÀLPHA=2" 00*PIl1 80" 0
PBrNl 1777, ÀLPEÀ*180, /PI

1777 PCRttÀ1(r-r,20X,tTHE ÂNGIE OF ÀTTÀCK 15=onF5" 1)
D0 160 H=1rll
ûcI R (H) =cos (ÀLPHA) -c0s (ÂLPHÀ-2" 0*lHErA ( H) ) +2. 0*srH ( À1PHÀ) *

ÊS IN (TBETÀ (R) }
vcIR (H) =sIH (ÀLPHÀ) +SI[ (ÀIPHÀ-2.0*THEIÀ (H] ) -2. 0*SIN (ÀlPtlÀ) *

sCOS (THETâ (H) )
RCIB (H) =SQBT (UcIR (H) **2+VCIB (u¡**2¡
c1-ÀÀ**2-BB**2
aR= (ÀA+BB) *+2
FÀC11=1.0-CoS (2" 0tTRllÀ (H) ) *c1,/nR
FÀCT2=SIN (2. O*lHETÀ (H) ) *C 1,/RR
p 1 = F ÀcT ',|,/ ( ( F À C T 1 ) * * 2 + (f ÀC I 2 ) I * 2)
?2=-FAC't2/ ( (FÀCT1) **2+ (FÀCT2) **2)
uEI.t (n) =ucIR (F) *F1+VCI8 (H)'8F2
vEtt (H) -- (fIcIB (H) *F2-vcIR (H) *F1)
R ELL (H) =SQBT (UEtL (H) **2+vELL (H¡ *r'2¡
IF (H. LE.N/21 lEEN Do
IF (ttELL (H).G8. 0.0" ÀND.YELL (H), l,E" 0.0) RELt (H) =n¡tl (fi) *(-1)
IF(UELL (H) .GE. 0. 0" Àr¡D.vErt (E' .GÎ.0"0) BELL (H) =BEtt (H) *(-1)
ELSE DO
IF(ttELL (tt) "LT.0.0.ÀND.vEtL (Hì "GÎ"0.0) RELt (H) =-REtl (H)
EID IT

160 3OITTIHTE
C ÀLL RHS (ÀLPHÀ, DEL,I¡, Bfl)
D0 200 IÀ=1rN
:0EF (IA'NI) =BH (IÀ)

20O CONTII¡UE
cÀLL VËLOC (XCON,YCONTDEL,ELEN,NTC0gF)
cALL E8N (COEF, GÀltBÂ,}rrHN)
DO 155 fB=Î rN
GA¡llÀ (t¡il) =-GÀMHA (HN-N)
GÀHcON (I8| = (GÀBñÀ (TB) +GÀr,!ðÀ (IB+1t | /2"O0
ERRoB (IB) = (cAtcoN (IB) -RELL (rB) ) /8Ett (In¡ * 1 69. a

155 CO¡TTINI'E
PRII{T 156

156 PCRHÀT 1t-t,2OXo 'THE VELoCfTY DISIRIBttTI0N-PÀNEL ¡TETHI
*Dr)
PRIHT 159, (GAñCON (I),I=1,ìl)
PÊTN1 157

157 FORHAT¡I-I,2OX,TIFE VELOCITY DISTBIBUlICI¡-ANÀLYTTCAI"IY
ûrl
PRINT 159, (RELt' (I) ,I=1eN)
PRrilT 158

158 F0BEÀT 1t-t,20\o rtHE Í ERROR rN YELlCrly DTSTRtBUTTONT)
PBfNT 159, (ERROB (f) 'I=1,N)



1 290.
1300.
1 310.
1320,
't 330.
1140.
1 350.
1 360.
1370.
1380.
1 190.
1 400.
1410.
1rt20.
1430.
1 4q0,
1450.
1 460.
1 q70.
1rtB0.
1490.
150C.
1510.
1520.
1 530.
1 540.
1 550.
1 560.
1 570.
1 580.
1 590.
1 600.
't610.
1620.
1 630.
1640.
1 650.
1660.
167 0.
1 680.
1690"
1700"
171 0.
17 20,
1730.
1740.
1 750.
17 60"
117 0,
1780.
1790.
1800.
1810.
1 820.
1 830"
1 840.
1 850.
1 860.
1 870.
1 880.
1890.
1900"
1910.
1920"

c

159

3502

3503

161

162

1599

56

FORHÀT (6 (5X,P12" 7) )
PRrNl 3502
P08HÀT ('-r 

"45Xn 
rTIIE PBESSUBE DISl.-INYISCIDT)

DO 3503 I=1 rF
3P ( I) =1" 0-GÀl{C0n (I¡ **2
PRINT 159, (CP(I) ,I=1,N)
CÀLCt'IÀlION OF SUSFÀCE SLOPES
4 ** r8* *** * * *+ 8'8 * * rÈ* rü ** ** ¡8¡ß ?rÈ**
cÀLL SLOPE (X,yrNrNNrXRrylLrrlFrDERl, DER2f
PBINT 1 61

FOÊ¡lÀT1t-tn20Í,rTHE S0BPACE SL0PES ÀT C0NlROL POIRTST)
PBfNT 159, (Y1F (I) ,f=1 oN)
3ÀLCtLATI0ì¡ OF PÀNEL END DISlÂt{CES PROH TEArtrilc EDGE')
A ** *** 'f rß* s * *** + * ** *****,8* 'ß*û* + **û * * * * * ¡ü * * * *** rt * *** t* 

'Ê 
**

cÀLL SttRLEN (X,Y 1F, t¡, XB, Y1 L, Y1, STE, DER 1, DER2)
PRraT 162
F0BüÀ11c-r,20X,rTHE pÀNEL END DISîÀNCES rBOU TE0)
PRfII 1599, (STE (I) ,I=1,NN)
FORBÀI(6(5x,F12.7) )
DO 140 J=1,N
sîc (J) - (sTE (J+1) +srE (Jll /2"0
C ON lINTE
PRIICT 141
PCRüÀT(! t.20X".THE DrSlÀNCE OP CoNTROL pOrNTSr)
PAl$T 1 599, (STC (I) ,l=1,N)
CALL ÀNVEGR (ÀLPHÀ, ilN, DUDS)
PRI NT 1 63
E0RIATIt-t,20X,!1HE ÂtlÀlYTlCÀL VELCCITY GBÀDIENTS! )
PRINT 1 59 ' (DODS (I) ,I= 1 o l{ )
Y1{ts1 (1)=(GÀñc0N(1)-GÀÞll{À (1) I/(sTc(1) -sTE(1) )
Y 1 us1 (60) = (GÀEcolr (60) -GAüHÀ 160l I / (src (60) -srE (60) )
cÀLL C0BICT (60, SlC,GÀECON,Y1US1)
PRr F1 1 220
F0RHÄT 1r-r,20Xr I THE VEIOCITT cRÀDIENTS BY CUBIC SPtINET)
PBINT 1210. (Y1US1 (I) nr=1,N)
F0RHÀT (6 (5x,F12.7) )

REÀD lIl 40, (Et{ (I) ,l='l ,26)
REÀD 1440, (EH (I) ,T-=1,261
REÀD 14q0, (Pf, (I),I=1,26)
F0RnAT (9 (FB" 4) )
PBINl 1II47
FORtÀ1 ('- t r'll¡X, I Ar r18X, rH r r18X, rLt l
DO 1445 LQ=1,26
pRrNl 1446,8¡t (tQ) ,EH (L8), EL(LQ)
FORHÀT (r . r10X rF8. 4r10XrF8"l¡r10XrFE.4)
3ONlTNUE
ITEBÀTIONS BEGIN HEEE FOR BOUì¡DÀRY LÀYER CÀLCÛI,A1IO}ìS I 

)

CÀLCULÀTTON OF VELOCITT DEEIVATIYES BY LÀGÀRÀNGfÀN
IPLÀG=1
ITER=1
cÀLL DEErV (SÎC,GÀñCON,GRÀDD)
PRrNl 1 502
F0BñÀ1 (.-. n20X, tTHE VELOCITT GBÀDIEIT5 By r,ÀGRÀHGfÀH¡)
PRfrT 1 503, (GRADD (I) ,I=1 r 60)
rosHÀT (6(5x,912,71 )
I1us1 (1) = (GÀt4c0ll (1) -GÀHEA (1) ) / (src(1) -srE (1) )
Y1tts1 (60)= (GÀtlcoN (60) -GÀHHÀ (6011/ (src (60) -srE (60) )
IF (IFLÀG.88" 1) TREN DO

cÀLL C0BrCr (60,SÎC,GÀHCONeYIUSl)
PRINT 1220
PRiHT 1210, (r1US1(r) 'I=1'N)

c
c

140

141

163

1220

121 0

1440

1447

1q46
1445

c

c
c
c

151 0

1502

1503



1930.
19q0.
1 950.
1 960.
'197 0.
1980.
1990.
200 0.
2010.
2020.
20 30.
20r¡0.
2050"
2060,
207 0.
2080.
2090.
210 0.
2110.
2120.
2130,
21q0.
2150.
2'160.
217 0.
21 80.
2190,
2200"
2210"
2220 "
2230.
2240.
2250.
2260,
227 0.
2280.
2290"
2300,
2310"
2320..
2330"
2t40"
2350.
2360"
237 0.
2380,
2390.
2q00.
2410.
2tr20.
2430,
2t¡tr0"
2450.
2460.
2q70"
2480.
2490.
2 500.
251 0,
2520"
2530.
25110 

"2550.
2560.

35 09

1507

2600

1980

57

cÀLL ZERO (cAliltÀ,STErrND,X.I.1,xLL1,XL,XLL)
3ÀLL SÎÀGPT (IND, XL rXLlrSTE,cÂ¡tHA, ROoI)
PRrNl 3509,IND
F0RHÀT ( r- ¡,45f, rlgE SÎÀG[ÀlloN p0rNl rs 0N pÀNEt ]r , Irl)PRINl 1 507,RoOT
P0REÀ1(r .,20X. rlHE STå,GNÀTION p0rNl IS Àrc ap10.7)
cÀLL COLIPT (GÀ¡il{À,GÀËCON, S1C,ñ,C!,S18)
PBIill 260O
roR!tÀT (r-t,45x1¡ TH¡ LIFl COEP. F0R INyISCID F,LOFrl
PRrr¡1 1980,cI,(r{N)
P0RüÀT1t-r,20X,rTBE COEFFICIENT Of LIPl=r,F12"?)
END IF
IP (IFLÀG. r¡8.1) lREN DO
cÀLL Vllol (cÀüc0N,sT¡, IHD, BOOT, SlC)
PRrHT 3509,ÌND
PSINT 1 507, BOOT
E I{D IF
C ALL DISîAG (Sî8, IND, ROOT, STÀGU,DS1ÀGL, I NEI
PRINT 1381
P0Et{ÀT 1 

r- t , 20X, I THE DlSTÀI|CES FROH SrÀ,6NÀTION pOINT
*CN Í]PPER SIIRFACEI )
PBrNT 'l 382, (S1ÀGtl (I) ,I=1,fHD)
P0RHÀT ( 6 (5X,F1 2. 7) )
PRII{1 1383
FCRHAT(r-!,20X,rTHE DrSTÀNCES FROn SiÀGNÀTrON pOINT

*CF NOD¡SI)
PRINr 1382, (DSTAcL (I) ,l='l ,lNE)
3 ÀLL DSTNCE (STC, IN D, ROOl, DSÎUp,DSlls, LÀSTttp, tÀslDN )
PRINT 3501,LÀSÎUP,LÀSTDN
F0RðÀT 1t-t ,20X, r THE LÀ5T CONTROL pÎ. UppER *t t73ezr, rtHE LAST

*coNTROL PT. LOHEB Sr.t3)
PRINT 1751
F0BEÀT1t-t,20X, rlEE CONTBOL pOIt{T DISlÀt{CES-ÛppERr )
PBINf 1750, (DSTûP (f),I=1, LASTUP)
PRINT 1?52
PORt{Aî 1t-r o20X,rÎHE C0t{IROL pOINT DISrÀNCES-LOHERT)
PRIHl 1750, (DSTLw (I),I=1,1,ASTDN)
80RüÀT(6(5X,F12"7) )
B E=800. 0
cALL THCKNS (n001rGÀECON,RE,DSTt p,DSlLF,LÀSTüp,LÀSTDN,tUp, LDN

+, IND,THICüU,THICHL, STC, NSlÀTû, ÌlS1À1L)
PRr IT 1 384
p0RnÀT (t-N n2QX" rlnE H0HEt¡tUH TFICKNESS DrSlnI.

*---UPPER SURFÀCEr )
PRrNT 1385, (THf Cl{tl (I) ,I=1,LÂSTUP)
PRI}IÎ 1386
FCRBAT ( I- I , 2OX, I lHE EOðENTUH THTCKNESS DISERI"

&---LOHER SLRFÂCÐr)
PRINT 1385, (THICItL (I) ,I=l rtASTDN)
FORtTAT(6(5X,P12"7) )
:ALL GÀttS (8O01, GABCON,RE, DSTU p, DSTLH, LÀSrUp, L ÀSÎDN, LUp, LD N

&, IN D, TUT, TL¡I, STC, N STÀTU, NSTATL)
PRINT 1981
FORãÀT ¡t-t, 20Xr I GÀUSSIAN lHICÃNESS-ttppERr )
PRf FT 1385, (ÎUl{ (I} of=1"LÀSTUP)
P BI }¡T 1 982
F0RHÀT 1r-t, 20X, ¡cAt SSrAN lHICKFESS-LOHERT )
PRINT 1385, (TLð (I),I=1,tÀSTDH¡
DO 1989 f=1,LûP
I HIcHU (I) =TU¡! (1)
C ONlTN UE
DO 1988 I=1¡f,DN
lHIcñL (I) =TLH (l)
CONlIHOE

1381

13 82

1383

35 01

17 51

11 52

1750

1 384

13 86

1385

1981

19 82

1989

1988



257 0.
2580"
2590.
260 0.
261 0.
2620.
2630"
26 rr 0.
26 s0.
2660.
267 0"
2680.
2690.
27 00.
2't 10.
2'120.
27 30,
2740"
2-t50,
21 60.
z't't 0.
27 80,
2190"
2800.
28't 0.
2820.
2830.
28q0.
2850.
2860.
287 0,
2880.
2890"
2900.
291 0"
2920.
2930.
29t+0,
2950,
29 60.
29't 0.
2980.
2990.
3000.
301 0.
302 0.
3030.
3040.
3050.
3060.
307 0.
3080.
3090.
3100.
3110.
3120.
31 30.
3140.
3150"
3160"
317 0.
3180"
319 0.
3200.

58

CÀLL SEPRET (RE, GBÀDD, THfCI'U, ÎHICHL, LÀ SÎUP, LÀSÎDN, PÀBÀIIU,
t P À R À !I L , SI P T P, S E P LO 9 , V 5E PU ? VS E PL, DS T O P , DS.I L ¡I , B OOT , I N D, L S E PU
* , LS EPL, NSÎÀÎU, ùSlrTL)
PBIN? 140O

1400 FOBËÀ1 ('-, , 20X, r THE PÀRÀU E1EB It ON UPPEB SUR. r 
)

PRINT 1IIO1, (PÀRAH{' (I) ,I=1,LSEPI])
PBINT 'I ITO2

1402 FCRHåT 1r-t t20X,. ÍRE PÀRÀüETER ll 0ì{ LOHER SIIE. r)
PBI[1 1 q01 , (PÀAÀüL (I) oI=1,LSEPL)

1401 F0REÀT (6 (5X ,F12,7) |
PBIHT 1 IIO3,SÉPUP,STPÍ,OH,VSEPU,VSEPL

1q03 F0RBÀT(¡-rr20X,F10.7 r10X,p10.7//' t,20r,.F10.7r10X,
8F10"7)

c ÀL L DISPLT (SEPIt P, SEPLOH, DSTU P, DSILg, TliICH tt,T HrCüL,
+PÀB ÀH I], PARATL, I ND,DPLÀC, D PLÀL, ISE PU, LSEPL, DIS PT, DTSPL,
r lf 0P, ILo!t)
PBINl 1 qO4

1404 F0Rt{À1('-"20X,rTHE DISPLÀCEHEHT lHICKNES DISl"
8 ON UPPEF SI'BFÀCE I 

)
PBIlll 1405, (DPLAC(f ),f=1,NUP)

1405 ronüÀ1 (6 (5x tP12.1l I
PRTI¡T 1qO6

1406 F0nüÀT(r-r,20t(, rTHE DlSPLÀCEHEÌT lflICKNE5S DIS?.
S ON I,OC¡R SUBFÀCÎ!)
PBÍNT 1I¡05, (DPI,ÀL(T},T=1¡NLOI{)
CÀLL DISLOP (DSTUP, DSlL!¡, LSEPU, LSEPL" D PLÀC, DPLÀL, DTS PT,

{.D I S PL, DDDST], DDDSL, DDt] P, DDLOH, S EPU P, S E PLOH, NTIP, NLOH, CHK )
PRI}¡T 1979

1979 F0REÀ1(r .,20X., rTHE DISPrÀCEHEHl SLOPE By LÀGRÀNGrÀNr)
PBrNI 1570, (CHK (I),f=2rNtlP)
PBf wT 1570, (DDDS0(I),I=1,NtlP)
PRINT 1 570, (DDDSL (I), I='1, NLOll)

1570 roRHÀT (6 (5X,812.-ll I
PRrNr 1 575,DDUP,DDLCS
PAITT 1 576, DISPIJ,DISPL

1576 F0RltÀ1 (t-rr20Xr¡TIIE DIS" Tfl. AT trPP. ¡,F10,5r2Xrt THI DIS.
* TH. AT LOgER r,r10"5)

1575 F0B!tÀ11t-t 
"20X,rTHE 

DIS. StoPE Aî tppEn SEP" r,P10.5.
¿20y., rlHE DIS" SLOPE À1 LO8¡R SEP. r,F10.5)

tt NRUP=VINT (RO0T-SBP0P) *DDUP
UDBLOH=vf NT (R00T+S EPIos) *DDLolf
PBrüT 1 560, ItNBUPTITNSLOf,¡

1560 p0EüÀT(r-,o20x,rNoBnAL VEL. ÀT UppER SEp. pT. r,F10"5.20X,
rr E0BlitÀI. vEL. À1 Logr8 SEP pT. r ,F'l 0. 5l

vELItP=SQRT ( (vINT (BO0T-SEPUP) ) **2+û¡¡RUP**2)
vELLoH=SQRT ( (vIHT (BooT+sEPLoH) ) *s2+ûNRLoH**2)
PBrNT 1 550, VELUP,VET,LOS

1550 r0RñÀ1 ( r- o ,20x, t UPPER s¡PABÀlION VEtOCIIf | 
"20X., 

r LOH¡F
rsEpARÀÎf 0N vElocIlyf ,//r t c22Í..812"5a25x.?12"51
cåLL CDRÀG (CP, ÀLPHÀ,CLIFT,N,XCON)
cÀLL CD8ÀG2 (CP, ÀLPHÅ,CD,YCON, !{)
PLTPT=CLIFI (F¡ *995 (ÀLPHÀ) +CD (N) *SIN (ÀLPHAI
CoDRAG=ctrIrT (N) *51¡ (ÃLPIIA)-cD{F) *cos (ÀLPHÀ)
PBrNT 2365, PLfFI,CODAÀG
c ÀLL SKr N (G Àt1cotf , EE TTHICd tt, TE ICHL, CO NSL0, COtrS lI, t{û P, NLOll,

t P ÀB A 6I], PÀRA HL, I{S1A 10, NSÎA ÎL)
PRIFT 2360
PRINT 2361, (C0HSLU (I) ,I=1,NUP)
P RI ¡¡T 2 362
PBIIÍT 2361, (C0NSLL (Il ,I=1,ì¡L0E)
IF ( (ÀBS (yELUp) -ÀBS (YELLOS) ) . tE. 0. 01 " ÀND. (ÀBs (vELLou)-ÀBs (vELUp

û) ) " LE.0. 01) Go 1o 1601
l{S=4
cÀLI SHIFl (N, NS, XCON,YCON,DEtr, EIEN, RH, XCCNü,



3 210,
3220.
3230.
3240.
3250.
3260"
327 0.
3280.
3 290.
3300"
3310.
3320.
3330.
3 3rt 0"
3 150.
3360.
3170.
3380"
3390.
3400.
3'l 10.
3 rr2 0.
3r¡ 3 0.
3 trq 0.
3450.
34 60.
3470.
3480.
3490.
3500.
3 510.
3520.
353 0.
3540.
35 50.
3560.
3570.
35 80.
3590"
3600¿
361 0"
3620"
3630.
36q0"
36 50.
3660.
367 0.
3680.
3690.
3700"
371 0.
37 20.
3730.
374 0"
3 750.
3760.
3770,
3780"
379 0.
3800"
3810.
382 0.
3830.
3840.
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ÛY CO N¡i , DELTI , ELE }IE, BH H)
IlEn=ITER + 1

cÀLL VELOC (XCOnË,YCON n, DELtt, ELEUT{, N, COEpfl }
Do 1905 IÀ=1,N
COEPI{ (IÀ,Nll) =BHH (IÀ)

1905 CONTINUE
cÀLL EQN (COEFñ, GAI{4F, il, t{t¡)
GÀltttF (Il¡ =-6¡tUf (Hü-ì{)
Do 1910 I=1¡NN
IP(r.GT. (NN-{r¡s-1) ) }THEr D0
GÀll l{ (I+Ns- 1-tl¡ =C¡¡¡4 t,t,
ELSE DO
GÀt'r4 (I+ì{S-1) =GÀ114F (r)
END IP

1910 CONIINnB
PBINl 1605

1605 FOR!5ÀT(I-"20X.,'?IIE VEL. DTST. HITH SIIIFTED S1ÀGNÀTTCN
r' PolNTr )

GÀ84 (NN-ll) =GÀtl4 (l{N)
PBINT 1 606, (GAt q (I) ,I=1 ,NN)

1606 F0RtlÀ1 (6(5X,F12.'tl. I
D0 'l 660 I=1,t{
GÀö4co (I) = (GÀEq (r) +GAE4 lt+1ll /2"0

1660 CONTINUE
PEINT 1 66 1

1661 F0RHATJT-.,20X, rTHE VEtr0CrTY A1 SHTFTED CONTROL POINTS¡)
PRIIIT 1 606r (GÀH4CO (I) ,1=1,H)
Y EL B ttP= VEt ( RoO1- SEP ûP)
vELBLH= VEI (ROOT+ SEPLCw)
PRINT 1 61 O, SEPUP,SEPLOH,VEI,BUP,VELBLH

161 0 FORHAT ( r- r, 20X,F10. 7, 10X,F1 0.'l //" t,20N,? 10.7, 10X, F10, 7)
AÀÀ=1" O+ ( (VEI,UP-VELLOW)/ (VELBLC-À85 (VELBUP) ) )

ÀAÀ=1,0,/AÀA
PRINT 1 91 5, ÀÀÀ

1915 FCRIIÀT 1r-t ,20X,. THE ORIGINÀL SOLN. *t cF12.'ll
Do 1500 KY=1,N
GÀl¡! CON (Kv¡ =6¡6aON (KY) *ÀÀÀ+GÂtl 4CO (KY) * (1.0-ÀÀÀ)

1500 30N1rNÛE
IP ( IFI.ÀG" EQ. 1) THEN DO

D0 2000 KP=1rNN
cÀdllA (Ke¡ =6¡ntn (KP) *ÀÄÀ+GÀH4 (KP) * (1 " 0-ÀAÀ)

20OO CONTTNUE
END IF
DO 5200 I=1rll
:P (I) =1.0-GÀHCoN (f¡ **2

52OO CONTINÛE
rF (IFLÀG, EQ. 1) lHEt{ D0
PRrñT 1990

1990 FORf{ÀT (r-r ,20N."e THE HODIFIBD PÀHEL 5Orû110H¡)
PRfNT 1606, (GÀt1t'tÀ (I) o I=1"NN)
END IP
PRTNT 1501

1501 F0Rt{ÀT (r-0 ,20N..1THE nODTFIED POTSI¡1IÀL FL0Hr)
PnfRT 1 509' (GÀt CON (I) 'I=1 'N)1509 FOBnÀT (10 (2X,F10"7) )
IF(IPLAG"EQ. 1) THEII DO

cÀLL COLïFÎ (cAüt{À, GÀHCON, S?C, HcCt,SlE)
PRINT 260 1

2601 p0BHÀT(r-r,45XrrTHE LIFl COEFF. å,FtER CTRCULÀTrON CEåNcE')
PRINT 1980,CL ([]¡]
E}ID IF
GO To 1510

C SUBPÀCE SOURCE DTSTRIBUTION
1601 PRTNT 1602,rTER



3850.
3860.
387 0.
3880.
3890.
3900.
391 0.
3920.
3930.
3940.
3950"
3960.
397 0.
3980.
3990.
rt0 0 0.
401 0.
r¡0 2 0.
403 0.
4040.
4050.
406 0.
4070.
4080.
4090.
4100.
4',t 10.
tt120.
.r130.
41q0.
4150.
4160.
¡t 170"
41 80.
4190.
4200.
421 0.
tt220.
4230.
4240-
0250.
4260"
q27 0.
4280.
q290.
410 0.
Ir 310.
4320.
rr330.
43t¡0.
4 350.
4360.
4370.
¿t3 80.
4390"
44 00.
441 0.
4r¡20,
4{30"
4440.
l¡ 4 50.
4q60.
447 0.
4480"

60

1602 poRdÀT(t-t,20xra üo. oF rrEBÀTroNs 10 EQUÀLrSl
* VELOCITTES ÀT SEPÀRÀÎION POINl=toI3)

IP(TPLÀG.TQ.1) ?BEN DO

cÀLL COLTFT (6ÀËHÀ, GÀHCON, SÎC, N,CLTSTE)
PBrilT 4r¡r¡0rCL (Ht¡)

4rt¡¡0 poRËÀT(r-r,zox.,.THE cL ÀrTrR EQUAL VEL0CIIrES. oF12.7l
END IF
IF (VEIT,OH. GT" VELI'P) ÎHEN DO

Q SE P= VELI,OU
ELSE DO

Q SE P= VELU P

EI{D IF
KOD= 1

c ÀL L SOI]FCE (XCON, rCOll,DEL,ELEl{, QSEP, LSEPÛ, LS E PL, NSl ÀTU, NS T ATL,
ûS IG , STG BÀ , N , NN , G AECON,DDDSU, DDDSL 

" 
t]T ' i¡ N, I T 

' 
KO D)

PRII¡T 1950
1950 FORHÀT(I ',20N, '1RE 1ÀNGENTIÂI VELOCITIES BY SOUECEST)

PAf NT 1951, (I1T (I),I=1,1¡)
1951 roRsAl (10 (2x,F10"7) )pBrET 1952
1952 PORHÀÎ(I I.2ON., IlHE PTRST ÀPPROX" ]F SOTRCS STREHGTHS À1 PANELI)

PRrNT 1951, (SIG (I) of=1oN)
PBIr{T 1953,r1
rP(KOD.EQ"1)Go ro 1600
D0 21 00 K=1,I1
PBf l¡T 1951r (Sf GHA (l,ITl 

'I=1nll)2100 30x1r!{ûE
PRTNT 1983

1983 F0RüÀ1('-t,20ï,rÎR¡ NOBHå,L VEtOCITTES Dt8 TO SOÛRCEST)
PRI NT 19 51 ' (Ull (I) , f =1 ' 

N)
D0 2300 I=1,H
cÀHcoN (I) =GAI,{COH (r) +UT (r)

23 OO CON TIù¡U E

IF (1FLÀG. BQ.1) lHEN DO

PRIFT 2603
2603 FOR¡tÀt (r- ¡ ,45f" rTHE LrFT COEFF.ÀPlER S0ÛRCB DTSTRTBITTIONT )

cÀLL COLTFT (GÀttl{À, GÀHC0N, STC, i{,Cl,STE)
PRINT 1980,CL(Nlt)
END TT

cÀLL T¡S1 (ROOT,Fl, PRE5N1)
PRI¡¡T l90O,PT,PBESNT

1900 FORfÀT (t-r ê20X.tTHE lNTEGBÀL=r'F10.7,2x,n t ÀND' rF10. 7)
c

1953 FORHÀT(r-r,20X, rlHE NO" Or TTEBATIONS P0B SOÛaatt-r ,13)
cÀLL SKrN(GÀðCoN,BE,TKICÌ{tr,lHICnL,C0BSLU,C0NSLL,lluP,llLOH,PÀRAHrJ,

ÛPÀR ÀðL, TtSlÀÎU, NSTÀTI,)
PRT WT 2360

2360 FOBTAT (O-I 945X, OTHE SKTN FRT3TTON-I'PPER St'BFÀCEI)
PRII¡1 2361 ' (CoHsLtl (I) ,I=1 ,NUP)

2361 roRñÀT (10 (2x,F10.7) )
PRINl 2362

2362 FOR¡tÀ1 (r-r,45Í'!1HE SKII¡ FBICTION-LOHER SllRPÀCE0)
PBInt 2361' (c0NsLL (f) ,I=1el¡tos)
D0 2700 I=1rN
CP(I) =1"0- (GÀtsco[ (I) *s2+U]¡ (I) s*2)

27OO CONTINUE
PRINT 2363

2363 FORTÀT('-',45X,ITHE PBESSTBE COEFF' DIST.Aî CONlEOL POINTST)
PRINT 2361 ' 

(cP(I) rI='l'Nl
cÀLL CDRAG (CP, ALPHÀ,CLrPÎ,l{TXCOF)
cÀLL CD8åG2 (CP,åLPBÀ,CD,YCOU, N)
PLIFT=CLIFT (tl) Êcos (å1PnÀ) +CD (H) *SIN (ÀLPRÀ)
coDRÀc=cLIFT (N) ssIN (ÀLPHÀ)-CD (F) sCCs (ÀLPHÀ)



.'.il

.4..

4490.
450 0.
rt51 0.
4520.
4530.
45q0.
¡r 550.
q560"
rt 570.
4580,
4590.
4600.
461 0.
q620.
4630.
4640.
4650.
466 0.
q670.
4680.
4690.
4700.
47't 0.
q720.
4730.
4740.
475 0.
476 0.
4770,
4780.
479 0.
4800.
481 0"
4820.
483 0.
4840.
.r 85 0.
q86 0.
487 0.
488 0"
4890.
4900.
491 0.
4920"
4930.
4940.
4950.
496 0.
497 0.
49 80.
f¡ 99 0.
500 0.
501 0"
5020.
5030.
5040.
5050.
506 0.
507 0.
50 80"
5090.
51 00.
5110.
5120.

6l

PeINT 2365,PLIFÎ,CODRAG
2365 F0REAT(r-t 

'20N.' 
rTHE LfFT COEFF. Bf PBESSTBE DIST.=r nP12,7,2X,

sf THE DBÀG COEpF"=t,p12.71
cÀLL CH1 (XCOH, UTCP,CHû'l)
IÀ=2
IB=30
cÀLL Cí2 (IÀ,IB,CP,YCON,CEU2)
IÀ=31
IB=59
cÀLL CH2 (IÀ,IB,CP, YCON,Cd02)
Cd0ËNÎ=_CËU1 (N) _CHU2 (30) +cür,2 (59)
PBrHT 2370,C8OËH1

2370 FORËÀT ¡I-' ,45X, OTHE IIO¡ÍENT COEFP. ÀB)UÎ THE LEÀDITiG ED. T qF12"7I
cÀLL DERIV (STC,GA!'CCN,GBÀDD)
P8INl 1 502
PBINT 1503' (6RÀDD(I),r=1r60)
cÀLL YHOÎ (GA6C0N,SÎE,MD, nOOî,STC)
PRr ì¡T 3 509, rND
PRI ¡¡T 1 507, EOOÎ
c ÀLL DSÎHCE (STC rf ND, BOOIo DSlû P, DSlLg, LÀSÎûP, LÀSTDN )pRINT 3501,LÀSTUP,lÀSTDN
PRINT 1751
PBINT 1750, (DSTIJP (I) ,I=1¡LASTUP)
PRINT 1 752
PRII¡T 1750, (DS11F (T),I=1, LÀSTDll)
cÀLL THCKT{S (R00T,GA 8C0I, nE, DSIITP, DSTLH, LÀSTUP, LÀSlDt¡,LUP, LDN, It{D

8, lHICåU, IHICt{L, STC, NSlÀTIt, HSlÀTI.)
PRI NT 1 384
PRINT 1 385, (THICIIU (Il ,I=1,LÀSTUP)
PRINT 1 386
PBrNT 1 385, (THTCHL (f) ,r=1,LÀSTDN)
CÀL L SEPRET (RE,GRÀDD, THIC Ë0, T HICBL, tASlI]P, trÀS1DN, PÀR ÀÞ1U, PÀ BÀHL,

S S EPIJP, SEPLO H, V S EPU, VSEPL, DSTUP,DSILH, BO)T, IND, ISEPU. !SEPL,
fNSTAIT], NSTÀTL)
PBIIT 'I 40O
PRINT 1401, (PÀRÀäU (I) ,I=l cLSEPIl)
PBTWT 1402
PRINT 1401, (PARÀflL (I)'I=1,tSEPl,)
PRINT 1 IIO3,5EPI]P,SEPLOI{,VSEPI',VSEPL
cÀL L DISPIÎ (SEPIIP, SEPLOT{, DS10 P, DSlrH, THrCfr t,1 Erctll, pÀ BÀHû,

sPARAHI,IHD, DPLÀC,DPLAf,, LSEPT'O LSEPL, DISPU' DTSPI', NT]P, NLOH)
PRIn"T 1404
PBINT 1 405, (DPLAC (r) ,r=1, FUP)
PRI ilT 1¿I06
PRTNT 1 I¡05, (DPLÀL (TI OT='I' NLOH )

CÀL L DTSIOP (DSTI'P, DSÎIH, LSEPU, I,SBPL, D PLÀ:, DPL ÀL,DISPlJ, DIS P I,,
* DDD S{" DDDSL, DDT P, DDLOE, SEPUP, S EPLOC , NT P4 N LOH, CHK)
PBINT 1570, (DDDSU (I),I=1rN0P)
PBINT 1570, (DDDSL(I) 

'I=1'NLOH)PNINT 1 575, DDUP,DDLOH
P8rì¡T 1 576, DTSPU,DTSPT
0NR t P=YINT (ROOT-SEPI¡P) *DDtP
0[B LOH=VIHT (nOOf +SEPUP¡ *9¡160
PRrNT 1560,nHEUPrûNFLOH
U¡¿sp=$QRT ( (VIFT (ROoÎ-SEPtrP) ) **2+ÛHRItP*E2l
VELLOg=SQBT ( (vIl{T (ROOI+SEPLOT¡) } 882+Ul¡BLOtl*+2)
PRrNT 1550, YELnP,VELIOH
IF ( (ÀBS (VELUp) -ÅBS (YXLIOH) ) "t8.0" 01" AND. (ÀBS (VELrcw) -ABs (vELuP

*l ) . tE.0.01) co To 1600
I FL AG=I P]. ÀG + 1

Go TO 1510
c
c
c



51 30.
5140.
51 50.
51 60.
51 70.
51 80.
51 e0.
5200.
521 0.
5220"
523 0.
524 0"
5250.
5260.
527 0.
5280.
5290.
5300.
5310.
532 0.
5330.
5340"
5350"
5360.
5 370"
5380.
5390.
5q00.
5r¡ 10"
5l{ 2 0.
5430.
5q40.
54 50.
5460.
547 0.
5q 80.
5q90.
550 0.
551 0.
5520.
553 0.
55rr 0.
5550.
556 0.
557 0.
5580.
5590,
560 0.
56',t 0.
5620"
5630.
56q0.
5650.
566 0.
567 0.
5680.
5690.
570 0"
571 0.
5720.
5730.
574 0.
5750;
51 60.

c
c
c
c
c

c
c
c
c
c
c

16 00

1

1

3

4

I

62

STOP
EHD

stBRooTrNE CORDItT (À,B,C,t¡)
PRTNT 1

F0BIAT (r-0,20X. !THE COEDIEÀrES EISSINGT )

A ET ÛRH
E !ID

SUBROUTTNE BHS (ÀLPHÀ,DEI,II,BH)
DI¡rENSrC!{ DEL (N) ,RH (N)
D0 1 I=1,N
Rtt (t¡ =- (cos (DEL (I) ) *sIn (ÀtPHÀ) -sIE (DEL (Il ) *cos
CONTIHI] E

R ElI'RN
EIID
s uBRouTrNE TESl (ROOI,Pr, PRESNT)
ll=10
FN=N
À=0.0050573
B=0. 01 62640
þf,= (B-À),zPN
FI1 =FS (RooT-À) +Fs (BooT-B)
P12=0.0
FI3=0.0
IDX=2" 0*DX
X=À + DX
ll l{= N,/2
DO 3 J=1,NN
p12=ftl+FS (ROo1-X)
X=f +TDX
X=À
l{ l{= HN- 1

DO ¿t J=1rNlt
X=X+TDX
FI3=FI3 +FS (ROOT-X)
FI=DX* (FI 1 +4. 4fÍ,2+2. *Ff.3l / 3.
A=0. 0
B=.0050573
þl= (l-À),zPN
îDX=2. 'rDX
Frl=PS (800T-A) +fS (BOOluB)
F12=0.0
9I3=0. 0
H [= N,/2
X=A +DX
Do I J='l ,NN
P12=PI2+FS (ROOT-X)
X=X+TDX
X=À
Nñ=llN-1
D0 9 J=1r[H

(ALPEÀ) )

4



OJ

571 0"
578 0.
5790.
5800.
5810.
5820.
5830. c
5840. c
5850.
586 0.
587 0.
5880".
5890.
5900.
59f0"
59 20.
5930. c
5940"
5950.
596 0.
5970"
5980.
5990.
6000. . c
6010.
6020. c
603 0"
60 tt 0.
6050"
6060.
607 0.
6080.
6090"
6100.
6l 10.
6120 "6130. c
6140.
61 50" c
6160.,
6170.
61 80.
61 90"
6200.
6210"
6220.
6230.
62q0,
62 50.
626 0"
62'10.
6280"
62 90.
6300.
6310.
6320,
6330.
6340.
6350"
63 60.
637 0.
6380.
63 9 01,
6400.

9
N=I+ ÎDX
FI3=Ff3+PS (ROOI-X)
FI=DX* (FI1 +4. *FI2+2.*FI3l /3. 0
P RE SI¡T=FI
RETT'RN
SND

6

sttBRot TrHE EoN (À,X,N,NN)
DIüENSTOH À (N,NN),X (N)
t=N+1
L=N- 1

D0 12 K=1rl
JJ=K
BI6=ÀBS (A (K,K! )
KPI=K+1
SEÀRCH FOB LÀBGESÎ PIVOT ELEI'EFT
DO 7 I=KPIrÈI
ÀB=ÀBS(À(I,K))
IF(BIG-ABl6,7r7
B fG= ÀB
JJ= I
CON lINUE
DECISIOII OF ÑECESSTTY OF ROH TIITERCHANGE
IF(JJ-K)8,10,8
BOT{ INTERCHAHGE
D0 9 J=Krl{
TEI{P=À (JJ,J)
A (JJ,J) =À (KrJ)
À (K, J) =TEdP
DO 11 I=KPTTN
QtCl=À (f ,K),/À (K,K)
DO 11 J=KPITH
À (I,Jl =À (Ir J) -0ttoT*À (K,J)
DO 12 l=KPfrN
À (I , K) =0.0
PTRST STEP III BÀCK SUBSÎIlUTION PRCCESS
X(N¡=¡(nrH)/À(N,H)
REHATHDER OF BÀCK SUBSlITOTTOü PSOCESS
DO 14 llH=1"L
sUH=0" 0
I =l{- Ë l!
¡p1=f+1
DO 13 J=IPITN
SUI{=SUü+A (I,J¡ *¡ ¡¡¡
X (I) = {À (!, ã} -SttH) /À (I,l)
8 ETURIC
END
suBSoItTINE CUBTCT (N?X,Trt1 1)
DÎl1ENSION X (61),Y(61),F (61!,G (61),y11 (61)
N1=[-1
G (1¡ =9. 6
F (1 ¡ =9.6
DO 2 K= 1r H'l
J2=K+1
fl2=1" 0/ g,(J2l -r(K) )
82=3. *82*82+ (Y (J2l -y (K) I
rF(K"EQ"1)co T0 1

7,=1.0/ ( 2. 0* (H1+H2) -H1*G (J 1) )
G (K) =l*t¡l
B=R 1 +82
IF ( K" EQ. 2) H=H-81*Y 1 1 (1 )
IP (K. E0. !¡ 1) H=H-fl 28Y'l 1 (N)
F (x¡ =2* (H-H 1*F (J1) )

7

I

9
10

1'l

12

13
1¡t

r T1 ( 61)



6q10.
642 0.
643 0.
6t¡ q 0.
6450.
6460.
6q?0"
6480.
64 90.
6500.
651 0"
6520,
6s30,
65q0. c
6550. c
6560.
6570.
6 580.
6590.
6600;
661 0.
6620.
6630.
6640.
6650.
666 0"
667 0.
6680.
6690.
6700.
671 0.
6720.
6?30.
674 0.
675 0.
6760.
677 0.
6780. c
6790. c
6800"
681 0.
682 0.
6830,
6840"
6850.
6860"
6870,
688 0.
6890.
69 00,
691 0.
6920.
693 0.
69q0.
6950.
6960,
697 0"
6980.
6990.
70 00.
7010.
7 020.
7030.
?04 0.

1

1

64

J1=K
fl1=82
R1=R2
cor{1IFÛE
I11(N1)=F(N1)
IF (H1.L8.2) BEIUBr{
ñ2=il1-1
D0 3 J1=2,N2
K=N-J 1

r11 (K)=P (K) -G (K) *Y1 1 (K+1)
CON TIIII' E

RET URN
END

FûNC1ï0N VIFT (SBEQD)
coH HoN /sPEED,/SÎC, cÀüCON, GÀ H4CO, BoC1
DrrEl.lsrcN slc (61),cAncoN (61},GABr¡C3 (61)
Do 1 I=1,60
IF (STc(I) "tT,sREQD) Go 1o 1

rF(r"EQ"1)Go ro 9
rF(cAHCON (r-11 "tT.0"0"ÀrùD.GÀHCON(rl.cÎ. 0. 0)G0 10 11
vINT= ( (GÀHcoÈ¡ (l) -GÀñcoil (I-11 ) / (src (I) -sIc (I-1) ) ) * (sB¡QD-

rstc (r-1) ) +GÀEcoR (r- 1)
GO107

1 c0¡rIrNUE
9 vINr= ( (GÀHcoN (1 ) -0. 0) / (sTc (1 ) -0. 0) ) *s BEQD

GOTOT
11 L=I

rr ( SBEQD. cr. BoOl) THEN DO
vINT= ( (cAHcoN (L) -0. 0) ,/ (sTc (I,) -R00Tf ) * (SBEQD-Ro01)
ELS E DO
vINT= ( (0.0-GÂHcON (1-1) ) // (RooT-sTc (t-1) I ) * (SBEQD-sTc (r-1) ) +

scÀt{c0N (L-1)
END IF

7 BËTURN
END

FrrNcTroH Ps (cLEN)
c 0ü H 0N/SP EED /SîC, G À üCON, G À H4 C O, B0Ot
BEÀI. ?S,CI,EN
Drr.lENSION SlC(61),GAECON (61),VEL5 (61), GAr,t4CO (61)
D0 2 J=1o60
vEt5 (J) =GÅllCoH (J)

2 CONlïNttE
D0'1 I=1r60
rF(sÎc(r) "tT"cLElr) co To 1

rF (r.80.1) Go ro 9
IF(yEL5(r-1) "LÎ.0. 0"Àr{D.vEL5(r).GT.0"0) GC To 11
p5= ( (vEL5 (I)-vEL5 (I-1) ) / lstc (I)-sÎc (I-1) I ) t (cLËN-stc (I*1) )

*+YEL5 (T-1 )
FS-FS*û5
GOTOT

1 CONÎIAOE
9 F5= ¡ (vEL5 (11-0" 0) / (src (1) -0.0) ) tcln¡¡

PS-FS*85
GO TO 7

11 L=I
IF (cLEN 

" EQ. BooT) FS=0" 0
Ir ( cLEl{. GT. RO01) lHEN DO

rs= ( (cAncoN (L) -0" 0) / (sTc (L) -nooT) ) s (cLEN-Roor)
F5- FS**5
ELSE DO

3



7050.
706 0.
707 0.
7080.
7090.
71 00.
7',t 10.
't 120.
71 30.
71 40"
71 50.
716 0.
7170.
71 80.
7190,
7200,
721 0.
7220,
7230.
7240,
7250.
7260.
7270"
7280"
1290.
7300.
7310.
7320"
7330.
734 0.
7350"
7360"
't37 0,
7380"
7390.
7t¡ 00.
?410.
7q20.
74 30.
7440"
7l¡5 0.
7460"
7tr10,
7lt B 0.
7l¿ 9 0.
7500.
7510.
7520"
7530.
7540.
7 550.
7560"
't570"
7580.
7590.
760 0.
761 0.
7620"
?6 30.
7640"
7650.
766 0.
76?0.
7680.

'l

65

Ps= ( (0" 0-GåHcoN (t-11),/(RoOT-sÍc (t-1¡ ) ) 4 (cLEì¡-sÎc(L-1) ) +GAtcoN (
rL-1)

lg=fg18*$
EID TP
AETI'RN
END

sttBBoullNE FrrDB0 (À rr,x1, x2,x, Äcc)
DIä ENSIOT{ À (3)
J=1
x=x2
Z=A (1)
D0 3 I=1rN
z=z*N+À (I+1)
30 10 (4,5),J
X=x 1

J=2
1=Z
c0To2
rP (ÀBS (X2-X) -ÀCC*ÀBS (X) ) 10, 10, 6
IF (T*Z)'l ,10,8
x1=X
G0109
x2=x
fl= (x1+X,21 /2" O

GOTO2
B ET t'BN
EHD

suBRouTrNE vüoÎ (GÀHCoN,SÎE,lND,R0O1,STCI
DIHEHST0N GÀr{CoN (61),ST¡ (61),STC(61)
D0 1 I=3,59
IF(c¡,RcoN(I) "tT"0.0.ÀND"GÀBccF(I+1,.LÎ.0. 0) G0 To 1

rF(6AnCON (r) "GT.0.0"ÀND"GÀdcoU (I+'l).31,0. 0) GO T0 1

R00Î=sTc (I) + ( (sÎc(I+1)-sTc(l) ) /(GÀt{c0N (I}1)-GÀt{coN (I} ) ) *
* (-GÀ¡lCOr (I) )

IP (BO0T. GÎ. SlE (r+1) ) lHEN DO

I ND=I+ 1

ELSE DO

I HD=I
END IT
C ON TI ¡¡UE
REl I'RN
E I'D

Ff'N CT]ON flPÀH (EtsREQ)
coHrroN /AB,EA/EH (261 ,EE (261 oEL (261
IF(EñREQ.GÎ"Eü(26) "OR.EnBEQ"tT.Efi{1) } Go 1o 6
Do 'l I='1 r25
rF ( (EHREQ-8H (I) ) * {EñREQ-EE(r+1}}.LT.0.0) co ro 2

colrllNt 3
EPÀH= (EH (I+1) "EH (I) I / ßá (I+1) -Eð (I) ) * (Et{8EQ-En (I) ) +8ts (Il
GOTOT
P BI !IT S, EEB EO

P0BHåT1t-rr20X, tB=r rP'12;7 r1Xj0IS OUT OF RÀNGEr )
BËlUAN
E I{D

e

c
c

1

2

3

tt

5
6
'l

I
9

10

c

c
c

1

2

6
B

7

c
c
c



7690.
770 0.
7710.
7720,
77 30.
77 u0"
7750. e
't-t 60.
777 0.
77 80.
7't90.
7800.
78't 0.
't 820.
783 0.
78rr 0.
7850.
786 0.
787 0.
?880.
789 0.
7900.
7910"
7920,
7930.
79q0.
7950.
7960.
79'l 0.
7980"
799 0.
I 000.
8010.
8020.
80 30.
8040.
80 50.
8060"
807 0.
808 0,.
809 0.
81 00.
8110"
81 20.
8130.
8140.
8150.
81ó0.
8170"
818 0.
819 0"
8200.
8 210.
8220, c
8230. c
82q0" c
8250" c
8260.
827 0.
B2BO.
8290"
8300.
8310¡
8320"

70

66

soBBouTInE YELOC (XCON TyCOB,DEL,ELEN,t{,C0Dp)
rüTEG¡R BrSrUrV
DIËErStOn XI (60r60) ,!TÀ (60,60) ,COEFÀ (60,60) ,cOEFB (60,60) 

"üc0Er (60,61),xcon(60),ycoN (60),DEL (60),xLEtr (60),
EUU(60,60),Vn(60,601,0L(60,60),VL(60,60),C0NSÀ (60,60),
*cots8 (60,60)

PI=4.0*À1ÀH (1" 0)
Do 50 K=1rN
DO 60 L=1rN
rF (K.EQ. L) co ro 70
xT (K,L) = (XCoN (K) -xcoN (L) ) $cos (DEL (Ll ) + (YcoN (K) -YcoN (

*L) ) *SIN (DEL (I,) )
ETÀ (K,L)= (YCoN (K)-TcoN (1) ) *cOS (DEI(I) ) - (xc0N (K) -xcoN (

+Ll ) *srN (DEr (r) )
A=XI (K, L) +0.5*EIEN (t)
B=XI (K, L) -0.5*EtEH (I)
C=ETÀ (K rl)
PHil=41ÀN (BTA (K,L) / (xIlR. t) +0.5*ELEì¡ (t) ))
IF(PHI1.LE" 0" 00) PHIl=PHI1+Pl
PHI2=41ÀN (81À (K,L) / (xf. lK, ¡-) -0.5*ELEN (L) ) )
rP ( PHI2. LE. 0" 0) PHr2=PI+PtlI2
ûr (K,L) = (PHr1-PHr2) / (2" 0g.PTl
Vû (K rL) =ÀL0G (SQRT ( (Às*2+c**21 / (B*42+Ct.*21 I I / (2. *PI

*)
üL (K,t) = (À* (PHI 1-PHI2) -C*ÀLOc (sQRT ( (B*82+c*t2 | / (L**2

*+c**2) I ll / (2.0*Pr*EtEN (1) )
vL (K,L) - (-À*ÀLOG (SQRT ( (B*¡r.2+Cfr*2) /(Àrs2+C**2) ) ) -ELEN

* (L) -ETÀ (K,L) * (pHI1-PHr2l I / (2" 0*pr*ErE!t (L) )
CoFSÀ (K,L¡ =sg (K, L) -ûL (K" L)
eON SB (KnL¡ =Yg (K rl) -Yl (K, L)
:0EFÀ (K,L¡ =sg¡5À (K,L) *SIH (DEL (L) 

' 
*C0s (DEL (K) ) +CoNSB (K

s, L) tcos (DEL (r) ) scos (DEl (K) )-c0NsA (K,¡.1 *cos (DEL (r) ) *sr
*N (DEL (K) ) +CONSB (KnL¡ *51¡ (DEL(L) ) *SIN (DEL(K) )

COEPB (K,I) =¡tr (K,L¡ *51¡ (DEt (t) ) *cos (DEL (Kl ) +VL (K,L) sCO
*s (DEI (t, ) *cos (DEr(K) )-uL (K,L) *CoS (DEr (t) ) *SrN (DEr (K) ) +

*vL (K,r) *srr¡ (DEt (t) ) *srN (DEt (K' )
GO T0 60
COEFÀ (K,L) =1"0//(2" 0*PI)
coEFB (K'L¡ =-1.0/ 12"O*Prl
COHTfHIIE
COI¡ TINt¡E
DO 80 U=1rN
Do 90 Y=2rN
C0EF (0' V) =C0EFA (U 

' 
Y) +COEITB (U, V-1)

COITINUE
CON TTNI'E
S='l
D0 100 R=1rN
COEF (R¡S) =COEFA (R,S)-COEfB (R, N)
CON fTNTE
B Ë1 ÛAN
EFD

s uB RoftTINE SltELEN ( X rY 1F, É,XR, y'lL, Y1, STE, DER 1, DER2)
DrHEì¡SIoN X (61) ,y1r (61) ,SÎE (61) ,S1 (61) ,xR (61) ,y1L (611

*, Y 1 (61)
D0 900 fN=1¡29
XINl= (x (IH+ 1) -x (IN) I /9"0
DINT= (Y1P (IH+1) -Y1F (1N) ) //8. 0
SU¡l=0.0

60
50

90
BO

r00



8330.
8340.
8350.
8360.
8370.
8380.
8390.
8rr0 0.
8q1 0.
8s20"
8430"
8rl tt 0"
8rt 5 0.
8460.
847 0.
8480.
8q90.
8500.
8510.
852 0.
853 0"
8540.
855 0.
8s60.
8570"
858 0"
8s90.
8600.
8610"
8620.
863 0.
8640.
8650. c
8660. c
8670. c
8680.
869 0.
870 0.
8710.
8't20-
8?30.
8740.
8750.
8760.
877 0"
87BO,
879 0"
880 0.
BB1 O.
882 0.
883 0.
884 0.
885 0.
8860.
8870.
8880"
BB9O"
8900"
8910"
8920.
8930"
8940.
8950.
8960,

910
900

67

D0 910 IP=1¡9
IERIt=T1F (TH) + (IP-1) *DINT
lBg g=5QBT ( 1. 0+TERËrt2)
IF ( XIlll. LÎ. 0, 0) IIIIT=-IINT
PÀC lOR=lERII *XINT
S Ull=SUlt +PACÎOB
S1 (In¡ =5t ¡
coltTll{tE
COI¡ TINI]E
rrNrl= (xB (2) -xB (11 I /9"0

DI t{T'l= (DEB2-DER 1 I / B. O

IF (xI!¡f 1" LT" 0" 0) XINTl=.XI[î1
S0E å,=0" 0
D0 920 JK='l r9
lERB=D881+ (JK- 1 ) *DINT1
13¡¡=gQ8T (1 " 0+TEBH**2)
FÀC ÎOR=ÎER lrûXI l{T 1

STEÀ=Sf]HÀ+FÀCTOR
COflTTNI'E
S1 (1)=59¡¡
s1(30)=sunÀ
sl (31)=SÜHA
S1(60)=StlHÀ
SfE (1)=0"0
DO 700 ð=1,28
sl (31+H)=S1 (30-E)
CON TIIII'E
D0 1145 JB=2r51
sTE (JB) =STE (JB-1) +s1 (JB-1)
COHTII¡UE
RETURÌI
END

s ÛBROUTTNE SLOPE (Í,Y,N, NN, XR, YlLrr1 F,DER1, DEB2)
DTSENSTCN X (61),r(61),y1F (61) ,yl (61),XB(61),yB (61),

8Y 1E (61) ,8XC(61),rC(61),XP(61),yp(61l,rF(61',yp(61),y1L (61),y1F1 (61)
PI=4. 0*ÀTÀ¡r (1. 0)
lA= N /2- 1

Do 640 JJ=1 rfÀ
xc (JJ) =x (JJ+1)
Yc (JJ) =Y (JJ+1)
COH TIIIUI
Y1(1)=-2.36
Y1 (rÀ)=2.38
cÀLL CUBICI (IÀ,XC,YCrY1)
BET À=-30. *pI,/180" 0
x0=1"0
Ío= 2. 0
DO 710 L=1r16
rB (L) = (x (Ll -xo) *ç95 (BETÀ) + (Y (L) -Yo) ûSIN (BBTÀ) +xo
YB ( t) = (Y (t) -Yo) *ç65 {BETÀ) - (X (t) -X0l 451¡ (BETAI sYo
CO}¡ TIN UE
Y 1t (1) =-1"7320508
r1L (16) =-TÀt¡ (ÀÎaN(Il (15) ¡ +6¡1¡¡
cÀLL CUBICT (16,Xn,Y8rY1L)
DBR=ÀBs (Y1L (1) -Y1t (2) )
DO 7¡10 ll=1,16
r1L (H) =lÀN (ÀTÀt (Y1L (s) ) +BETÀ)
COH lIIIIJ E

8ETÀ=30" 04Prl1 80.0
XO= 0. 0

920

700

11 q5

640

710

740



8970.
89 80.
899 0.
9000 "
901 0,
902 0.
90 30.
90 tr 0.
9050.
906 0.
907 0"
908 0"
9090.
9100.
9110"
9120.
91 30.
914 0.
91 50.
9160"
91 70.
91 80.
91 90.
9200 "9210,
9220.
9230.
9240.
9250,
9260.
927 0.
9280"
929 0.
9 300.
9310"
9120.
933 0"
9340.
9350.
9360"
9370"
9380"
9390"
9lr0 0.
9410.
9420 

"
943 0.
9440"
9450.
9460.
9470.
9480.
949 0.
950 0.
951 0.
9520.
953 0.
95r¡ 0.
9550.
9560.
9570"
9580.
9590;
9600.

?00

750

70

760

780

710

68

IO= 2" 0
D0 700 J=16r31
XR (.1¡ = (x (Jl -Io) *coS (BErÀ) + (Y (J)-Yo) ssrN (BETÀl +xo
YB (J)= (Y (J)-I0) scoS (BErÀ)- (x(J)-Xo) *srH (BETÀ) +T0
cow 1I r{uE
Do 750 üñ=1,16
IP (frü) =xR (32-BH)
YP(ã!l) =YR (32-ñH)
coNlIr{0E
r1H (1)=1.7320508
r1Ë (16) =tl¡¡ (ÂrÀH (Y1 (15) )-BErÀ)
cÀLL CItBÍCI (16,ÍPrrP,Y1n)
DER 1=Y1¡! (1)
DEB2=Y1s (2)
D0 70 KJ=1r16
rlE (KJ) =TÀN (ÀTÀN (Y1 ã (KJ) ) +BETÂ)
cor¡ 1I N 0E
Y 1F1 (1) =Y'tL (2)
Y1F1 (29) =r1 H (2)
DO 760 Ìlll=1 r 29
fr(tN)=X(UN+1)
Yr(uH)=Y(l{N+1)
coN Tf NttE
cÀLL CUBTCT (29,XF, YF,Y1F1 )
DO 780 Í1P=1 029
r 1 F (HP+ 1) =T 1 r1 (nP)
CONTlNUE
D0 770 HQ=zr30
Y1r(62-HQ)=-Y1F(H0)
CONTTNUE
PI=ÀTÀN (1. 0¡ *r¡. 6
Y 1F (1) =1Àn (PT,/2" )
r1F (31) =TÀN (PI/2"1
Y1P (61, =1AH (PI/2.1
RElURN
END

c
suBEotlTINE STÂCPT (rND,Xl, XLL, STEsGAãl{À rB00T)
DIUE!¡SrON STE (61),GÀnHÀ (61),P0L (3)
DúÄBtT= ( (SrE (rND+1) -sTE (IND) ) / (GÀHHÀ (IND+1) -GAlldÀ (f ¡lD)

8) * (-cÃËEA (rND) ) ) +STE (IND)
DIS T1 =DUdRUT-STE (Il{ D)
DISI2=STE (IND+ 1 ) -DUHR0T
rF(Drsl1"LT.DrST2) GO TO 1368
NUH=IñD+1
GO TO 1 369

1368 NUI{=IND
1369 cc1=GÀHHÀ (liuts-1) /( (sÎE(HUa-1) -srE (NUr{l ) s (sr8(N0H-1)

*-sTE(ñnr{+1}})
cc2=GÀdËA (NUr{' / ( (S1E (NUH) -SÎE (FUH-1) ) * (S1E (N{]ü)

*-STE(NnF+1)))
cc3=GÀHHA (NnH+1) /( (SIE(r{UH+11 -STE (NUHI I s (STE (}¡uH+1)

*.STE (IIJff-1) ) )
PoL (1) =CC1+CC2+CC3
Por (2) -- (CC1* (STE (!¡UU+1) +STE (UUff) ) +CC2* (s1E (NÛ¡!-1) +

csTE (lfuü+1) ) +cc3* (STE(nltE-1) +SÎE(NûH]) )
Pot (3) = (CC1tSlB (HUff) *sTE (N0H+ 1 ) ) + (cc2ssTE (NUð- 1) ssTE

s (NUH+1) ) + (CC3ssTE(NtH)*S1E(È¡UH-11 )
Àcc=0.000001
cÀLt FTNDBO (POL, 2 rN.L,XLL,RO01, ÂCC)
R OOT=DÛHAUT
rp (ÀBs (DUERrrl-ROOT) "G1" 0" 01) GO T0 1 375
R ET URN



69

1375 PRrr¡1 13?6
13?6 FOBnÀ1(r-!r5I'rTHÊ DIFFERENSE

*NOHIÀL TS LÀBGEI)
BBTI]RN
E8D

BETçEEH LINEÀB T POLY
9610.
9620.
963 0.
964 0.
9650.
966 0"
967 0.
9680.
969 0.
9700"
971 0"
9720.
9130.
9?q0.
9750.
9760"
9't7 0 "
9780.
979 0.
980 0.
981 0"
9820.
9830.
9840.
9850.
9860.
987 0.
9880.
9890.
9900.
9910.
9920"
9930.
9940.
9950"
996 0.
9970.
9980.
9990.

1 0000,
'r 001 0"
1 0020"
1 00 30.
1 0040.
1 0050"
1 0060"
1 0070.
1 0080"
1 0090.
1 01 00"
10110"
1 01 20.
1 01 30"
1 01 40"
10150"
10160.

c
c

s0BBoIJTrl¡E ZBBO (GÀEH¡'STErIllD rXLl rXLLl'XL, XLL)
Drr{ENSION GÀt!llÀ (61 },ST3 (61)
Do 1365 IQ=1'60
rF(GA¡tnÀtiol "1,t.0'0.4Ì{D"GÀHHÀ 

(rQ+1) .LT.0' 0) Go To

r?aGÀBdÀiro) "cr" 0. 0.AND'GÀdäÀ {r0+1) "Gr" 0' 0) Go ro
1365

1365

c

T ND=IQ
XL=STE (I0)
XLL=STE (TQ+1)
rF ( f Q. tÎ" 15) GO TO 1 36r¡
GO TO 1 367

1364 XL1=XL
XLL 1 =XLL
PRrNT 1 352, XLl 'XlL11352 FORTAl(I-I '2OX' 

TlHE FIBST SlAGNATICN
û-d-! og1O.'le t -AND'roF10.7)

1365 CONTINTE
1367 PRrNT 1366,XL'XLf.
1366 PORäÀT1r-t,20x, rTHE PB0NT STÀGilÀTrlN

sBETgEEN I, P10. ?' r-ÀHD- ¡ rF1 0"7)
BETURI{
END

*SÍE (KG+1)-S1E (KG) )

1501 COilrrNUs
cc1 =GÀEt{À (1 ) / ( (srE ( 1) -sTE {2) )

cc2=GAEðÀ (21 / | $rr' (2) -srE (1) )

ce3=GÀHt{À (3) /( (STE (3) -srB (1) }

GBÀDc (1) *cCls (2. *sTS (1) -sTE (3
$sTE (1) -srE (3) ) +cc3+ (2"*SrE (1ì

cc1=GÀBllÀ (581 / I (s1E (58) -srE (5

cc2=GAHüA 1,591/ I (srE (59) -SÎE (5
cc3=6å8flÀ (601 / ( (s1E (60) -srE (5
GBÀDC (60¡ =çç1* (2" *sTE (60)-sTE

860) -sTE (s8) -sÎE (60' ) +cc3s (2"8l
RÊTI'NN
BED

POINT IS BFTHEEN

POTNT I,fES

* (srE(1) -sÎE (3) ) )

* (srE (2) -sÎE (3) ) )I (sÎE (3) -SrE (2) ) )

) -sfE (2) ) +cc2* (2. 4s1E ( 1) -
-srE(1)-srE(2))
9) ) s (srE (s8) -sTE (60) ) )
B) ) s (sTE (s9) -sÎE (60) ) )
B) ) * (STE (60) -sTE (59) ) I
(59) -STE (60) ) +cc2* (2. sslE (

srE (60) -srE (58ì -sÎE (s9) |

suBRotlrNS DËBfy (STE'GÀnEÀ'GRÀDC)
Dr¡1 El¡SION SrE (60) ,GAflBA (60) 

'GRADC 
(60)

Do 1501 KG=1r58
CC1 =GÀEHÀ (KGi / ( (SÎE (KG)'STE (KG+1) ) * (S1E (KG) -518 (KE +2¡

f))
iêz=caur¡ (Kc+1) / llsrg (Kc+1)-srr(Kcf ¡ t (srE (KG+1)-srE

Ê (Kc+21 ) )
ic:=e irirfue (KG+2) / ( (srE (KG+2) -srE (KG) ¡ * (srE (Kc+2) -srE

s (KG+1) ) )
èñiociír'c*r) =cc1* (2. *srE (KG+1) -srr (Kc+2f -518 (KG+1) ) +cc2

s; at"+drt (rê+l) -sie (xe)-srE (Kc+2) I +cca* (2' 8stE (KG+I ) -

1 01 70.
101 I0.
1 0190.
10200.
10 210.
10220.
10230'.
1 0240.

c
c
c

sltBRoulInB DLSlÀG (SÎE'IHDrROOl.STÀGU' DSÎAGI,'ÏNE)
DrHEnsroll sTB (61)'S1ÀG0 (50),DSTÀGL(50)
Do 1380 IT=1rIND
slaGfl (rr¡ =ç90t-srB (rND+1-lrl

1380 cONTI!¡uE
IHE=61-IED



I

1 0250.
1 0260.
1 027 0.
1 028 0.
1 0290.
10300. c
10310. c
10320" c
1 0330.
1 0340.
1 0350.
1 0360.
tr0370,
10380"
1 0390"
't 0q00.
10tr10.
1 0420.
1 0q30.
1 044 0.
1 0450.
1 0460.
1 0rr7 0,
1 0480.
1 0490.
t 0500.
1 051 0.
1 0520.
1 0530"
1 0540.
1 05s0.
1 0560.
10570"
1 0580"
1 0590.
10600.
10610.
1 0620.
10630.
10640,.
1 0650.
1 0660.
1 0670.
1 0680.
1 0690.
1 0700.
10710.
1 0720"
10730.
1 074 0"
1 07 50"
1 076 0.
1 077 0.
1 0780.
10790.
10800.
'r0810"
10820.
10830.
1 08q0.
1 0850.
1 0 860.
1 0870"
1 0880.

2
3

10

DO 1 460 LB= 1 rfNE
DSIÀGL (LR¡ =51t (fND+t ¡¡-¡661

1l¡60 coNTfilItE
B ETT'8N
EIID

2

FrilcTIOtr YEL (DISI)
con HoH,/SPEED /StC.GÀflCONr GÀ[4CO, 8001
DIHENSIOH STC (61),cÄB4CO(61),cÀBCOrf (61)
Do 1 I='1 ,59
IP ( sTc (1) . rT" DrSr) co ro 1

DUll=STC (I) -DIST
IF ( Drrü. EQ" 0.0) G0 TO l¡

B IJll =DI ST- STC (l- 1 )
rF ( BUË. 8Q.0.0) c0 ro 5
rP (DrJü. Gî. Bn8) G0 1o 2
K=I
GOTO3
K=I- 1

vEL =( (DISl-sTc(K) ) *(DIsT-sÎc (K+1, ) /( (sTc (K-1)-
*src (Kl ) * (sTc(K"1)-sTc(K+1) ) ) ) s6ÂH4c0(K-11 + (( (Drs
+T-sTc (K-1) ) * (DTSl-src (K+1 )ll / ( (src (K) -sfc (K-1 ) ) *
* (sÎc (K) -sTc (K+1) ) ) ) $GAH4C0 (K) + ( ((DrST-SÎc (K-1) ) *
+ (Drsl-sÎc (K) ) ) / ( (sTc (K+1)-Sîc {K-1) ) * (sÎc (K+1} -*src (K) ) ) ) *GÀ¡r4co (K+ 1)
co107
coF lltrUE
VEL =GÀ84C0 (I)
co107
VEL =GÀtl4C0 (I-1)
R ET ITsN
END
s uB R0trlIlrE TRcKFS ( ROOT, GÀ HCON, RE, DS10 P, DS lL$1, LÀSÎU P, LÀSID N,

* LUP, LDH, TilD, TIif CEU, ÎHICHL, STC, FSTÀIt" !{S1A 1I,)
DIHEHSIoil GÀHCON (61 ) ,DSTUP (50) ,DSlLï (50) ,lHrCH11 (50) ,THrclrL (50)

*, sTe (61)
D1=STC (IND) -AooT
C't=GÀðCoÌt (IND-1) /( (src(I¡¡ù-1) -sTc (Ifl D) l * (sTc (rND-1)-

*src (IllD+1) ) )
c2=GÀEco[ (rND) / ( (sÎc (rND)-sîc (rHD-11 ) * (src (rltD)-s1c (rND

*+1) ) )
C3=GÀHCoN (IllÐ+1) /( (sÎc (ItlD+1,-STc (IHD-1¡¡ * (sTc (It{D+1) -

*sTc (rl{D) ) )
DYDSl=C1* (2.88Oo1-sIc (11{D)-sTc (IHD+1} } +c2ü (2" *R00T-STc (IND-1)

ü-s1c(It¡D+1) ) +Ca* (2" sRoor-SÎc (It{D-1) -Src (IND) }
rP(D1.GI.0.0)G0 1o 1

IHIcEU (1) = (0" 075/REl * (1 " /DvDs 1 )
lRIcðL (1f = (0. 075/RÊ,1* (1. //DvDS 1)
g STÀ1û=IllD
I Sî ATI,=TND + 1

GOTO2
TnIcHU ( 1) = (0" 075/REl s (1. //DvDS1)
THIcËL (1 ) = (0" 075/nBl * (1 ' /DYDs 1 l
H ST Å TU=lND- 1

!l5T ATL=f ND
LUP=LÀSTUP- 1

rF (D1.GÎ" 0.0) rHEH DO
sIwT= (RoOT-sTC (IND-1) )/10"
0I¡f 1=(0"0-GÀËCoH (IilD-1l| /10"
û=UI ilÎ
SUt{=0.0
DO 50 I=1,9

1
q

5
7



1 0890.
1 09 00.
10910.
10920.
10930.
109rr0.
10950.
1 0960.
10970"
10980.
10990.
1 1 000.
1 101 0.
1 1 020.
11030.
1 1040.
1 1 050.
1 1060.
11070.
11080.
1 1 0e0.
11100.
11110.
11120.
1 1130.
11140"
11150"
11160"
11170.
11180.
11190"
1 1 200.
1 121 0.
1 1220 "
1',t230.
1 12 r+0.

1 1250.
1 1 260"
11270.
1 1 280.
11290.
1 1 300.
11310.
1 1320"
1 1330.
11340.
1 1 350"
1 1360.
1 1370,
11380"
1 1 390.
1 1 400.
1 1t110"
11420.
1 1t¡30.
1 1 q40.
1 1450.
1 1tr60.
1 1470.
1 1 480.
11490.
1 1 500.
1 151'0.
1 1520.

]L

F= {U**5) û2.0
S Ub=Sutl+P
U=U +{rIì{T

50 CONTINUE
stð=s0!t+ (uINl*10" ¡ **5
THICT{û (2) =0.5*Sr}B*SfHl*0.45/ (BE* (GÀãCON (f ND-1¡ t*6¡ ) +f HIc¡'iU (1)
SINrL= (stc (ItD! -RooT) /10" 0
ûINTL= (GÀnCOF (IED) - 0. 0) /1 0.0
U=Û TNTL
SUt{=0.0
D0 30 I=1r9
P= ( [tt*$) *]. Q

Sttt!=SÛl+F
U=U + 0fNTL

30 c0NlIlcuÏ
s u¡{= suH+ (ttINTL* 1 0. 0 ¡ **5
IErCüL (2) =0" 5*sltH8sINTLr'O.45/ (RE* (GAnCON (IND) s*6) ) +THICHL ( 1)

ELS¡ DO

SINT= (Bool-STC (rND) ) /10.
üIÌ¡T= (0.0-GÀËCON (IND) ) i/10"
U=UINT
S tt¡{=0" 0
D0 40 I=1o9
F= (t**5) *2.0
SUl!=stH+P
tl=u +UIHT

40 coNll[uE
s û!{=sû!t + (urNT* 1 0. ¡ ** 5

lHICHU (2) =0.5*S{JE*SrNl+0. tl5l (RE* (GAt{CON (f Ho¡ **6¡ ) +THICbIJ ( 1)

SINTL= (sTc (IND+1)-RoCT) /10"O
UIIITL= (GAHc0ll (IND+ 1) -0" 0) //10" 0

U=0Iì¡TL
SUü=0.0
D0 60 I=1r9
l= (U**!) *1. Q

S 0lt - SUI'l + F
û=û+ÛftlTL

60 coNTrno¡
sûü=suB+ (ÛrNTL*1 0. ¡ **5
T H r C HL ( 2) = 0 " 5s S U ¡ts S I N TL* A " 

q5 ,/ ( RE* (G À É C O N ( r N D+ 1 ¡ * * 6 ¡ ) +T HI c H L ( 1 )

EED IP
f=1 0
Fl{= t¡
Do 10 f=2rLÀSlUP
A=DSTUP(I-1)
R=D STUP (I)
oX= (B-À) /FN
TDx=2. *Dx
FI1 =FS (RooT-À, +FS (ROOI-B)
Ff2=0.0
PI3=0.0
ñ tl= N,/2
¡=[ +DX
DO 3 J=1rNN
FI2=Fl2+FS (R00T-X)

3 X=X+TDÍ
x=À
Htl=Nl{-1
Do 4 J=1ruH
l=X+ÎDX

q Fl3=Ff3+FS (ROOT-X)
FI=DX$ (Ff 1 + ¿t' 0sPI2+2. 0s?I3),/3. 0

IHO¡tûp=0. t\ss?f / (REs (GÀ,HCON (ùSTAltt+2-f )!.*6) )* (-1' )

lHIcnû (I) =THÍC$Û (r- 1) +1¡¡ssgP
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1 1 530.
1 1 540.
1 1 550.
1 1 560.
1 157 0.
11580.
11590.
1 1 600.
11610.
1 1 620.
1 1630.
1 1 6q0"
1 1650.
1 1660.
1167 0.
1 1 680"
1 1 690.
1 1700.
1 171 0.
"t1720,
1 1730"
1171¡0.
1 1 750.
1 1 760.
11'17 0.
't 1780.
1 1790.
1 1800.
11810.
1 1820"
11830.
1 1 840.
1 18s0"
1 1 860.
118?0.
1 1 880.
1 1890.
1 1e00.
1 1910.
I 1 920-
11930.
1 1940.
1 1950"
1 1 960.
1 1970.
1 1 980.
1 1 990"
12000"
I 201 0.
12020.
1 2030.
1 2040.
12050.
12060.
1 2070"
12080.
12 09 0.
12100.
121 1 0.
121 20.
121 3 0"
12140.
121 50.
121 6 0"

10 coIlrHUl
LDH=LÀSfDN- 1

DO 20 J=2,LÀSTDN
À=DSTLB (J-1)
B=DSTLL (J)
¡¡= (g-À) rrFlt
lDX=2.0*DX
PI1=FS (BOOT+À) +PS (A0OT+B)
F12=0.0
PI3=0.0
l8tt=tt /2
X=À +DX
DO 5 K=1ndN
tt2-¡'12+PS (ROOT+Xl
f=X +TDX
Í=À
Ntl=NN-1
D0 6 L=1rNll
f=X +1Dx
PI3=Fr3+FS (ROOÎ+X)
FI= DX* (Fr 1 +4" 0*E 12+ 2. 0*FI3),/3 " 0
lEOHDN=0. 45*FI/ (RE* (GÀüCOìr (llsTÀTI,-2+J) *s6l )

lHIclll, (J) =lEIcñL (J- 1) +ruonon
CON?INUE
RETt]RN
EüD
s uB RoUTINE SEPRET ( RE,GRÀDD, THICStt, I HICüL, LASTUP, LÀ STDN, PÀF ÀHU'

*PARAI{L,SEPUP,SEPLOH,VSEPI],VSEPL,DST['P,DSTI,B'ROOl'TND,LSEPT],LSEPL,
Èfl s1ÀTtt, NslÀTL)
DItlEltsIoN GRÀDD(61),THICI.fU(50),THIC¡1L(50) ,PÀ8.[HU(50),PÀRÀlYL(50) 

"*DSTUP (50) ,DSlLH (50)
CÀLCÜLÀlION OF PÀNANETEB H

Ltl P=LÀSTtlP- 1

LDN=LASTDN- 1

PARÀHIt ( 1) =-0" 075
PåRÀtL (1) =-0.075
DO 10 I=2, LÀSTttP
PÀR480 (I¡ =-lttatU (l) *RE*GRÀDD (ìlSTÀIÜ+2-I)
L SEPU=I
IF ( PÀRA¡rIl (r) . GT" 0. 09) GO 10 15
CON TINI'E
D0 20 J=2,LÀsTDN
PARÀðL (J) =IHICHT (J) ÛBE*GRÀDD (NSTÀTL+J.2) * (.1" )

L SE PL=J
IP(PÀRÀHL(J).GÎ"0"09) G0 r.o 25
CONTINUE
SEPUP= (DSTttP (LSEPU) -DSToP (LsEPÛ-11 ) / (PÀRÀlåÛ (LSEPU) -PÀBÀl{u (

ELSE pÛ-1 ) ) * ( 0" 09-PABAHU (tsEPr- 1 ) ) + nStup (Ls EPU- 1 )
sEPLoH= (DsTLc (tSEPL)-DSTLB (I"SEPL-1) ) / (PÀaÀñL(LSEPL) *PARÀFL (

rLsEpr- 1 ) ) * (0. 09*PÀBIHL (LSEPL- 1 I ) +DSlLH (LSEPL- 1 )
V SE PII=YIllT (ROOT-SEPUP)
Y SE PL=YINT (BOOT+SEPLOCI
8 ET ÛRN
END
s uB RottllilE DTSPLl (Sr PÚp, SE PLO g, DSlL P, DS rLI{ ¿ THICH{J'

S T HIC!{I,, PAR ÀEI" PARÀ NT, IND 
' 

DPLÀC 
' 
DPIAL 

' 
LS EPÚ , LS EPI,'

*DIS PIJ, DISPL, !{Í' P, NLO H)

DIËENsION DSTTP(50),DSTLS {50),PARÀl{t (50) ¿PÀRÀÈlL(50),
stHrcúu (50) ,THTCHL (50) ,DPLÀC (50),DPtAL (50)

NUP=LSEP0-1
Do 10 I=1'NttP
EHREQ=PABÀHI' (I)
DPLÀc (I) =HPÀtl (EtaEO) *SQRT (TsIcnU (I) )

CON lTN ITE

5

6

20

c

10
15

20
25

10



1217 0.
12180.
121 90.
12200.
12210 "
12220.
12230.
12240.
12250.
12260.
1227 0.
1 2280.
1 229 0.
12300.
12310.
12320,
12330"
12340"
1 2350"
1 2360"
1237 0.
12380.
12 39 0.
12400.
12'r10.
12q20 

"
1 2430.
12440.
1 2S50"
1 2460.
1247 0.
1 2480.
12490.
1 2 500.
1 251 0.
12520,
1 2530.
1 2540.
1 2550,
't2560.
1257 0.
12 58 0.
1 2590.
12600.
12610.
12620,
1 2630"
1264 0 

"
1 26 50.
12660,
1267 0.
12680,
12690"
12700.
121 1 0.
12720,
12130.
12-l t40"

12150 
"

12't 60.
1277 0,
1 2780"
12790,"
1 280 0"

t3

B LO H=I,S EPL- 1

DO 20 J='l ,ùLOr
El{REQ=PÀBÀäL (J)
DPLÀL(J) =nPla (EEBEQ) *sQRr (TBIcEL(J) )

20 CON 1I[rE
IHIHU= (TRIcBtr(tlûp+1)-THfc¡lU (ntP) I /(DSTUP(N0P+ 1)-DsTuP(NûP) ) *

û ( sEPUP-DSlr p (HUP) ) +lHrCBn (r¡trPl
DISP0=3. 55*SQBT (înIËû)
f HIEt= (TRICHt(NLoff+1)-THIcEL(llLoE) ) /(DSTLS ([I,oH+1) -D5TI,8 (NL0H) ) *

t ( sEPLOÍ-DSTLS (lrLOE) l +lHfCHL (ilLOH)
DISpL=3. 55* SeAT (THIEt)
RET I'BI
END
S I]B ROI'TII{E DTSLOP (D SlIJP, DSTtrW, ISEPIJ, LSEPL, DPLÀ C, DPL À L, DT S P U,

Û DIS PL, DDDSI], DDDSL, DDOP, DDLOg, SEPUP, SE PLOH, NI}P, HLOH, CHK)
DIHENSION DSII'P (50),DSTLH (50) .DPLÀC (50), DPLÀL (50),DÐDSÛ (tl0),

*DDD SL (40) ,C8K (40)
NûP=LSEPII-1
DPL AC (NUP+1 ) =DISPÛ
D0 20 Í=2¡NUP
c1=DpLAC lt-11/ ( (DSlr'p (r-1)-Ðs10P(r) ) I (DsluP (I- 1)-DS10P (I+1) ))
c2=Dpf,åc (I) / ( (DsTUp (Il"DSTUp (r-1) ) * (DSTUP (r) -DSluP (r+1) ) )
c3=DpLÀC (f.+',ll / ( (Dslup {t+1) -Dslup (r-1) } s (DslrJp (r+1) -ÐsluP (r) ) }

cHK (r) -c1* (DSTUP (r) *2"-DSluP(Il-DSIttP (l+1) ) +C2+ (DST0P (I) *2. -
*DSlnp (I-1) -DSlUp (I+ 1) ) +C3* (DSTtP (I) *2. -DSTûP (r-1) -DSTUP (I) )

20 COd TrWtE
DO 1516 KT=1,liUP
DDDSU (Kt) = (DPLAc (KT+1)-DPLÀc (KT) ) /(DSTrlP (K1+1 ) -DsrûP (KT) )

1516 cot¡TrHûE
N LO H=l,SEPL- 1

DPLÀL (HLOs+1) =DfSPL
Do 1517 Kv=1,}¡LoH
DDD sL (KY) = (DPLÀl (Kv + 1 )-DPLÀL (Kv) ) / (DSlLs ( Kv+ 1 ) -DsTL r¡ (Kv) )

1517 C0NTTNUE
llEH=LSEP0-12
rF ( NEH. tE. 0) Go To 2366
DO 2360 I=NEBTNUP
rF ( ÐDDStt (f) . LÎ. DDDSU (I-1) ) GO TO 2360
DrFr=ÀBs (DDDslt (I-3) -DDDSû (I-'{ ) )
GO TO 2361

2360 CONTIHÛT
2361 Do 2362 J=I¡NÛP

DDDSU (J) =DIFF+DDDSU (J-1 )
2362 COìrTft¡UE
2366 llEEl=LSEPL-12

rF (flES. LE.0) CO TO 2367
DO 2363 I=ilEHrNLO9
rF (DDDSL (1) . tÎ. DDDsL (r-1) ) Go To 2363
DIFF=ÀBS (DDDSL (1-3) -DDDst (I-4) )
GO TO 2361t

2363 EOHÎIHUE
2364 DO 2365 J=ITHLOE

DDDSL (J) =DIFF+DDDSL (J-1)
2365 CONTTNI'E
2367 I=L SEPtt- 1

DD0P= ( (sEPIrP-DslUP (I-2) ) * (SEPIJP-DsrUP (I-1t-I I / f, (DsTUp (1-3) -DSTUP
s (I-2) ) f (DsTúP (I-3) -DSTUP (I-1) ))*DDDSII (I-3) + ( (sEPfrP-DslnP (I-3) ) Ér

s (sE pr¡p-DslUP (r- 1l I I / ( (DsÎ0P (l-21 -DSruP (r-3 ) ) * (DsluP (r-2) -DsruP
* (r- 1 ) ) ) *Dooso (r-2) + ( (SEPUP-DsltP (T-31 ) * (s EPUP-Dsrû P (r-2) ) ) / ( (Ds
sTûp (Ì-11 -DSTrp (1-3) ls (DSruP (I-1' -DsrûP (I-2) ) ) *DDDSu (I-1)

J=L SEPL- 1

DDLow= ( (SEPLor:DSTL H (J-2) ) * (sEPLos-DSTLH (J-1 ) ) ) / ( ( DsTtH (J- 3) -DSr
8Lt{ (J-1} ) * (DSTLw (J-3)-DslLB (J"
s2) ) l *DDDSL (J-3 ) + ( (SEPtos-DSTLc (J-3) ) * (sEPLoH-DsltH (J-1) ) ) / ( (DS



T

12810.
12820.
1 2830.
12840,
1 2850.
1 2860.
12870.
1 2880.
1 289 0"
1 2900.
12910,
12920.
12930"
1 2940.
12950,
1 2960.
1297 0 

"
12980"
1 2990.
1 300 0.
13010.
1 3020.
1 30 30.
130'10"
1 3050.
1 3060"
13070.
1 3080"
1 3090.
1310 0,
131 1 0.
13't20"
1313 0"
1 314 0.
13 1 50"
1 316 0.
131 7 0"
13180.
1319 0.
1 3200"
1321 0"
1 3220 "
1 3230"
13240"
1 3250.
'13260.
1327 0 "
1 3280.
1 3290.
1 3 300.
13 31 0.
1 332 0.
1 3330"
1 3340.
1 3350"
1 3360.
1 3370.
1 3380.
1 3390,
131¡00.
I 341 0"
1 3420.
1 3430.
1 3440.
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*rLï (J-2)-DsILrl (J-3) ) * (DSTLc (J-21 -DSrts (J-1) ) ) *DDDSL (J-2) + ( (sEPLo
rs-DslLr (J-3) ) * (SEPl0fi-DSTLT (J-2) | ) /( (DSltC (J-1) -DslLH (J-3) ) * (DSr
*Ls ( J-1) -DST].s (J-2) ) I ûDDDSL (J- 1)

DDDSU (NItP+1)=DD0P
DDDSL (Nlo¡f +1) =DDLOH
RETf'BTI
EWD
SUBBOUTIIIE ÀilVEGR (ÀLPBÀ,NN, DÛDS)
DrHEt¡SrON XN(61),YN (61),THETÀ (61),PÀr (61),0CrR(61),

svcrB(61),DUDT(61),DVDT(61),DÛDS(61),BELL(61)
s, UEL! (61) ,VElL (61) , PHIN (61),XCOÌ{ {61) ,rCoN (61)

F=ÈN-1
lA=0.5
BB=ÀÀ,/6.0
PI=4.0*ÀTÀlE (1.0)
CSQE=ÀÀ**2-BB**2
RSQR= (åÀ+BB) +*2
D0 1330 I='l r l{N
PEIN (I) =2" 0*PI* (I- 1 ) /N
xt{ (I) =Q" s* (1.0+cos (PHIN (I} ) )
rF(1"LE"NN/2)THElf Do
YN (I) =1" 0+BB*sQRr (1.0- ( (xN (I) -.5) *s2lÀÀü+2) )
ELSE DO
Yr¡ (r) =2" 0-BB*SQRT (1" 0- ( (XN (I)'.51 **2¡¡¡**2¡ ¡

E I,ID IF
1330 CONTI¡¡U3

DO 1310 KE=1¿N
xc0ìt (KE) = (ÍN (KE) +XN (KE+1)
YCoN (KE)= (Yl{ (KE) +YN (KE+1)
PÀI (KE) =À1ÀN2 ( (YcoN (KE) -2
lHETÀ (Kr¡ =¡'¡Un (6.4TÀN (PÀ1

.0
,0
, (xcoH (KE) -0. 5) )

t))

l/2
l/2
"0)
(KE

I P ( P À I ( KE ) . GT. 0 " 0 " À l{ D. KE. GT. ñ /21 P Ar ( KE ) = P I + p¡ 1 1¡ ¡ ¡
I F (lHETA (KE) " GT' 0" 0.ÀND" KE" LE" H/2) lHETA (KE¡ =p1n1'nETÂ (KE)
I F (THETÀ (KE) . Cr" 0" 0. AND. KE. GT. N,/2) rHErÀ (KE) =p¡+1¡¡ETÀ (KX)

1310 CONTINÛE
D0 1 300 KD=1,N
ÛcIR (KD) =cos (ÀLPIIA) -cos (ÀLPHÀ-2.0*1H81À (KD) ) +2"

**SI IJ (ÀLPEÀ) *5IN (TH31A (KD) )
vctR (KD) =srN (ÀLPHÀ) +SrN (ALPHÀ-2.0*THETA (KD) t -2.

**stn (ÀLPHÀ) 8C0S (1fl8TÀ (KD) )
FÀCT1=1.0- (csQB,/RSQF) +çs5 (2.08TH81À (KD) )

FÂc12= (csQR/BSQR) *sIN (2" 041HETÀ (KDl )

F1=FACî1/ ( (PÀcTl) **l+ (FAc12) s*2)
?2=-pAC1'Z/ ( (?Àc11) **2+ {FAcÎ2) s*?)
tELL (KD) =ûCI8 (Ko¡ *91+vCIR (KD) *r2
vELL (KDl =- (ÛcIE (KD¡ *¡2-oaIR (KD) *Fll
RBLL (KD) =SQRT (UBtr (KD) **2+vELL (KD) **2¡
r F ( KD" LE.Ã /21 lHEll DO

IP (VELL (KD) . GÎ.0.0. ÂND. UIlt (KD) 
" GÎ.0.0) RELL (Kn¡ =-s¡tt,not

IF (vELL (KD) . LE" 0" 0" ÀND" uELt (KD). G1.0. 0) BELI (K0¡ =-pstt ,*t,
ELSE DO

I F ( UELL ( K D ) . LT. 0 
" 

0 . À N D. v E LL ( I( D ) " G 1. 0 . 0 I B EL L ( K o ¡ =" ¡ ¡ tt , *0,
END IP
rF (KD. LE"E/21 lHEN Do
ÛELL (KD) =-llELL (KD)
vELL (KD) =-vELL (KD)
EI{D IP
IP(KD.GL.H/2"ÀND.BBLL(KD) "Lr" 0.0) THEH D0
ûELL (KD) =-tlELL (KD)
YELL (KD) =-YELL (KD)
EI{D IF
DIS-sQRT ( (xF (KD) -0¿ 5) **2+ (YN (KD) -2.0¡ **2¡
CoNl=1"- (CsQE/RsQR) *ç65(2.0sTfl81À (KD) )

coN 2= (cSQR,/8s0R) *sIN (2" 0*lHETA (KD) )



1 3450.
1 3460.
1 3470.
13 48 0.
13rt 9 0.
1 3500.
13 51 0.
13520"
1 3530"
13540.
13sso"
1 3560.
13570.
1 3 580.
1 3590.
1 360 0"
1 361 0.
1 3620.
1 36 30.
1 3640.
1 3650.
13660"
1 367 0.
1 3680.
13690"
1 3700.
13?10.
13't20"
1 373 0"
1 374 0.
1 37s0.
1 3760.
13'17 0.
1 378 0.
137 9 0.
1 3800"
1 3 810.
1 3820.
1 3830.
1 384 0-
1 3850.
1 3860.
1 3870.
13880.
1 3890.
13900"
13910.
1 3920.
1 39 30.
139q0"
1 3950.
1 3960"
1 3970.
1 398 0.
1 3990.
14000"
14010.
1 4020.
1 4030.
140'r0.
1 q0 50.
'l t¡060.
1¿¡070'.
't 4080.
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coH 3= (con 1*s2) + (coN2**2)
COH4= (ÀLPHÀ-2.O*THEÎÀ (KD) )
C0N5=CoS (ÀLPHÀ) -Cos (coüq) +2"*sIN (ÀtPrlÀ) +srN (

*THETA (KD} )
c0l¡6=sIN (ÀtPHå) +srr (coN4) -2.0*Srù (ÀLPHÀf *c0s (

ûrHElÀ (KD) )
coF ?=4. orco N1 *coN2 + 4. oscoN2* (csQR/Bs QB' *C0S (2. 0*

*lHETÀ (KD) }
coN 8-coN 3** 2

DtrDT (KD) = (-2.0+SIN (c0N4) +2" 0* Sf N (ÀLPHÀ) *c0s (T HE
eTA (KDl ) ) * (CON1/CON3) + (C0t¡5) *( ( (C0H3s2"0*CON2) -
+ (c0fl1*ccN7) ) /c0H8) + (-2" 0*cos (co¡¡q) +2.04SIN (AIPHÀ) *sIN
û (lHETÀ (ñD) ) ) + (-cON2,/COì¡3) + (CON6)'È ( ( (C0N3# (-2.0* (CSQR
8,/nsQB) sCOS (2" 0*THETÀ (KD) ) ) ) - (-coN2àCoN?) ) //C0nB)

DYDT (KD) - (-2.0*srN (c0n4) +2.0*SIN (ÀLPHÀ) tcoS (TRETÀ (KD
*) ) ) * (-coil2/cou3) + (c0F5) s ( { (co}¡3* (-2" O* (csQB/8sQR) +COS (
f 2.00*THElÀ (KD) ) ) )- (-CON2*COH7) ),/COll 8) - (-2" o$cos (CoN
s4) + 2" 0*SIt¡ (åLPRÀ) sSrN (TñETA (KD) l ) $ (coN 1,/coN3) - (coN6)
*8 ( ( (coN3*2. 0*C0N2¡ - (C0U1*C0H7) )/CoN8l

DRDP=-35.*DrS+sIl{ (2.*PÀI lKÐ', I / (37.-35.*cos {2"*PÂr (KD) ) )
DTD P=6. * (coS (lHETÀ (KD) I 8*2) / (cos (PAI (KD) ) s*2)
DPD S= 1. 0,/ (SQRT (DIS**2+DBDP**2 ) )
DUDT (KD) =DUDT (KD) *DlDP*DPDS
DVDT (KD) =DVDT (KD) SDTDP*DPDS
DttDs (KD) = (UEI,L (KD¡ *¡sp1' (KD) +vEI,L(Ko¡ *¡v¡t (KD) ) /

È (sQRT (UEtL (KD) **2+VELL (KD) *82) )

1300 coilTrHrr
RETI]RN
E¡ID
suBBotrTlNE sHrFl (N,HS,TCONoYCONTDEL, ELEN, RH,XCCNH,

T f CO III{, DEL¡I, ELENð, B HB)
DIüENSI0N XCON (60),YCoN {60),DBr(60),ELEI{(60),8H (50),

*8C0r¡r (60) ,Ycol{ä (60) ,DELI{ (60) , ELENT{ (60) ,RHH (60)
DO 1 BY=1¡60
rF (Hv.LE. (r¡- (Ns-1) ) ) lnEN Do
ET3=ËY+ (¡¡S- 1)
XcON¡t (nr¡ =¡ç6o,utt,
YCOÈ¡E (UV) =VçOt,Ott,
ELENH (t{Y¡ =P¡gt,ttt,
DEL H (Hr) =DEL (l{Y3)
BnH (ËY) =BH (nY3)
ELSE DO

t{Y3=llY- (t¡- (t¡s-1} )
Xc0 l{H (Hr) =r6o*,Ota,
YcoN¡l (ðt¡ =rç6t,ota,
DELH (ðY) =DEL (frY3)
ELENB (uY¡ =e1gt,ttt,
RllH (üY) =BH (ñY3)
END IF

1 Coì{TïNflE
R ETURN
END
s ttBBottlINE SOURCE (XCON,lCOH, DEL, ELEN, 0SEP, LSE P0, LSEPI, NSTÀTU,

* g S1 ÀTL, SIG, SIGEÀ, H, NI{,GÅI{COF ? DDDS U' DD DSI, UÎ, U }¡, TT, K OD)

Drr,tEüsror xr (60,60) ,ETÀ (60r60) ,XCON (61) ,YCON (61),COìlS1 (
r60, 60), coHs2 (60, 60),CoNSÀ (60, 60),C3lfSB (6C, 60), DSL (60),8!EN
r (60) ,t N (60) ,uÎ (60) ,CoEFA (60,60) ,COEP8 (60,60) , COEP (60,61) ,SrG
s (60) , srGHÀ (60,5) ,lANG (6 0,60) , BmÀ (60) , rU (60,60) ,VU ( 60,60) ,
8G Âdcon (6 1 ), DDDSU (r{0), DDDSI, {t¡0 ),C0FÎ (60, 60 ), WKÀREÀ ( l¡000)
DrHgNSroR coÌ¡sx(60,60),coNsY (60r60,,c08rû (60,60) 

"s1G2 
(60)

PI=l¡. 0$ÀTÀN (1. 0)
Do 50 K=1rH
D0 60 L=1¿N

' rF (DEL (t) "GT" (PI/2" ) " ÀND. DEL (Ll " tT. PI) BElÀ (L) =D3L (l) -PI



1 4090.
1 410 0.
14110.
14120.
1 41 30"
141¿r0.
1 41 50.
1 4160.
14170.
1 41 80.
1q190.
14200.
1421 0"
14220.
1 423 0.
1tr240"
1 4250.
14260.
1u27 0.
1 4280.
14290"
1 4300.
1431 0"
14320.
1 4330"
1l¡340.
1 4350.
14360.
1 4 370"
1 4380.
1 4390"
't4400.
14410.
141120.
1 4430.
1 q440.
1q450.
144 6 0.
14'¿70.
1 4480r
14490.
1 4500.
1 451 0"
1 4520 

"
1 4530.
1 454 0.
1 4550.
1 4560.
1 4570.
1 4580"
1 4590.
14600"
14610.
1 4620.
1 4630"
1 464 0"
1 46 50.
1 466 0.
14670.
1 468 0"
1 4690.
1 470 0"
1 q710.
14'120.

60
50

Ir (xI (I,J)
rF ( XT (I, J)

32 rF (aBs (xr (

76

IP (DEL (t) "GÎ"Pr.ÀND.DEI (L).Lr. (1" 5*PI) ) BBTÀ (L)=DEL (!)-pr
IF (DEL (l) . GT. (1. 5*PI) " ÀND. DBL (t) . tÎ. (2. *PI) ) BETÀ (I,) =DnL (L) -pr
ïF (DEL (t). tE. er./2" ) " ÀND. DEt (t1.c1.0.0) BETÀ (L) =orl (t) +pr
ÍI ( K,L) = (XC0ll (K) -XcoN (L) ) EcoS (BETÀ (L) ) + (IcOil (K) -ycoN (L) ) **SIN (BETÀ (L) )
E1À (K,L) = (Yco[ (K) -lcoH (r) ) *CoS (BETÀ (L) ] - (xcoN (K) -rCCN (r,l ) **SIN (BETÀ (].) )
c0¡r ÎIN uE
CON TINI]E
Do 90 I=1eN
Do 100 J=1rN
IP(J.EQ.r)co 1o 110
R1=SQRT ( (XI (l,J) +0.5*ELEN (J)
B2=S0RT ( (XI (InJ)-0.5EELEN (J)
IF(XI (I,J).GT.0"0. ÀND.ETÀ (f,
IF (xr (r,J) 

" LT" 0"0. ÀnD.EîA (r,

*82+EIA (I,.1¡ r*2¡
**2+EIÀ (I,J¡ **2¡
).GT"0.0)c0
).Gr.0.0) Go

)
)
J
J
J
J

) "r,T.0"0
) " Lr.0. 0

)Gc
)Go
DO

r0
TO
10
TO

31
32
33
3r¡

33

31

34

38

. 1T. 0 " 0" À ND" ETÄ (I,

. GT. 0.0" À[D"BTÀ (r,
r,J) ) "cE. (" 5*ELEN (J) l) rHEN

PHIl=ÀTÀN (ETÀ (I ,Jl ,/ (X,1(I,J) +.5tEtEN (J) ) )
PHfl=PHI1+PI
ELSE DO
PHIl=ÀTÀN (ETÀ (I,Jl / (xÍ (I,J) +.5*EL¡N (J) ) I
END IF
PHI2=ÀTÀH (81À (I.Jl / (xr (I,J) -.5*3LEN (J) ) )
PHI2=PHI2+Pf
ßo To 38
IP (åBS ( xT (r ,Jl ) . cT" (" S*ELEN (J) ) ) THEN Do
PHI l=À1Àìi (BTÀ (I ,J) / |x.f. (l,J) +. 5*ELEN (J) ) )
PHI 1=PET1 +PI
ELSE DO
PHI l=ÀTÀN (ETÀ (I e JI / (T,Î (I, J) +. s*ELEN (J) ) )
PHI 1=PHI1 +2. *PI
END IP
PHI2=À1Al¡ (ETÀ (I tJl / (x.r (I,J) -.5*ELEN (J) ) l
PHI2=PIlI2+PI
co To 38
IF(ÀBS (Xr (Ì,J) ) "GE. (.5*E1EH(J) ))ÎHEN Do
PHI2=ÀTÀN (ETÀ (I,J) / lxll1 ,J)-" 5*EtEN (J) ) )
ELSE DO
PHi 2=ATÂli (¡TÀ (I,J) / lx.I (r.. J) -, s*ELEN (J) ) )
PHI 2=PHI2+Pf
END IP
PHI 1=ÀTÀN (81À (I ,Jl / (xt (I,J) +" s*ELEN (J) ) I60 10 38
rF (ÀBs (xr (r,J) ).G8. (" 5*8LEN (J) ) ) ÎEEN D0
PBI2=ÀTÀll (ETA (I ,Jl / (xL (I,J) -" 58BLEì{ (J) } I
PHI 2=PHI2+2" *PÎ
ELSE DO
PHI2=ÃTåN (81À (I,J, / (xL (InJ) -. 5sEtEN (J) ) )
P ñI 2=PI + PflI 2
END I?
PHIl=ATÀN (ETÀ (I ,Jl / lÍ.1(I,J) +" ssEtEH (J)) I
PHr 1=PHr1 +2"kpl
À=xr (Tr J) +0.58ELEN (J)
ûtt (I,J) = 11 " / (2. *PI) ) 4ÀLoG (8,1 /R2l
vt (r,J) =(1. / (2" EPI) ) * (PHr2-PHI1)
IF (DEL (J) . tÎ. Pr. ÀND" DEL (J) "G',P. lPr./z. ) ) G0 ro 1 1 1

rF(DEL (J)"GT"pI"AND"DEr(J)"LT" (1"5*pr) ) c3 To 112
tp (DEL (J).cr" (1. 5*pr) "ÀND"DEL(.t) "Lr. (2"*pï))Go TO 1 13
r p ( DEL (J) . L1. (pf /2, ) . alrD" DEL (J¡ 

" cE. 0. 0) lHEH Do
C0NSr (I,J¡=69 (I,.1¡ eç65(DEL (J) +PI) +vU (I 

".1¡ 
*ç65 (lpL/2" ) +pI+DEL(Jl )

coN sY (r,,:¡ =gs (I nJ¡ *ç65 (DEt (J) +Ê1/2" ) +vu (I, J) *cos (DEL (J) +pr)
EI{D IP



14730.
1 4740.
1 4750.
1 476 0.
1 477 0.
1 4780.
1 tr79 0.
1t¡800.
1t¡810.
1rr820.
1 4830.
1 q840.
1 48 50.
1 486 0.
1 4870.
1 4880.
1 48 90.
1 4900.
1 491 0.
1 4920.
1 4930.
1 4940.
1 49 50.
1 4960.
1 4970.
1l¡980.
14990.
1 5000.
1 501 0.
1 5020.
1 5030.
1 504 0.
1 50 50.
1 s0 60"
1 507 0.
1 5080.
1 5C90"
1 51 00.
1511 0"
1 51 20.
1 51 30"
15140.
1 51 50.
1 51 60,
1 517 0.
1 51 80,
1 51 90.
1 5200"
15210"
15220.
1 5230.
1 52tr 0.
1 5250.
1 5260.
1527 0 "'! 5280.
1 5290.
1 5300"
15310.
1 5320.
15330"
15340.
15350:¡
1 5360.

77

GO TO 115
111 coNsx(I'.r¡=sg(I'J)*ç65(PI-DEL(J)l+vu(I'.1¡*ç65((PI/2")-(Pi-DEL(J)))

CoNsY (I,J) =uU (I,J) +ç65 ( (PI-DEL lJll +PL/2, ) +vu (IrJ) *CoS (PI-DEt (J) )
GO TO 115

112 ccNSx (I ,.t¡ =sg (I,J¡ *ç65 (DE1(J) -PI) +vU (I,,1¡ *q65 ( (DBt (J)'Pll +p¡¡2,'t
col¡sY (I,J¡=ss (I,J) *çç5 ((PT/2" ) - (DEL (J) -PI) ) +vu (I'J) *cos (DEL (J)

*-pI)
GO TO 115

1 1 3 C0NSx (f rJ¡ =gg (I, J¡ *ç65 (DEL (J) -PI) +vu (f ,J¡ *gs5 (DEt (J) -PI/z. )

coNsY (I,J¡ =gs(l'.r¡ *6ç5 (lPÍ/2. )-(2.sPI-D3t (J) ) ) +VÛ (I"J) *COS
Ë (DEL (Jt ¿PI)

115 c0EFIr(I,J¡=s9¡5X(I,J)*COS(DELG',t-Pr/2.)+cOnSY(I".1¡*ç65(DEL(I) -PI)
co To 100

110 CoEFU (I"J¡ =9.5
lOO CONTTRI'E
90 co¡¡TrN{tE

C CÀLCULÀÎION OF TIORËAL VILOCTTIES TN ÀTTACHED REGION
N U P =I.S EPII- 2
DO 10 f=1,NUP
tt N ( H STÀTu-I+ 1¡ =6¡¡1ççN (NSTATtT- I+1 ) *DDDSÛ (I + 1 ) * (- 1. )

1 0 CON Tll{UE
Nl0l{=LSIPL- 2
D0 20 J=1 r Nl.oll
Û N ( N STATI, +J- 1 ¡ =pp¡5 1 (J+ 1 ¡ *6¡gç0l{ (l{S1Àît+J- 1 )

20 CONTINOE
N ST U=N51À1U- (LSEPt- 2)
Do 30 K=lrllSTU
UN (K) =5QRT (QsEP+*2- (GAl4coil (K) ) **2)

3 O COI{TINUE
F S T L=I¡ S1À ÎL +LS E PI,- 2
D0 40 L=NSTLTN
i=Q$f,P**f- (GÀEC0t{ (L) **2¡
rF (c. LE. 0. 0) lHEN Do
Un (L) =Q' g

GO TO 40
EHD IF
Ûl{ (L) =sQBl (QSEP**2- (GAHcoN (I.) ) **2¡

4O CONTTNUE
D0 850 f=1,N
SIG (I) =0N (I)

850 CONTrtr0E
I DGT=0
cÀLL LBQl2F (C0¡FU, 1, N rN, 5rG, ID6T, WKÀ88À, r ER)
IT=1
DO 851 J=1rN
SIGHÀ (J'IT) =SlG (J)

851 CONTINÍ'E
C CÀLC['Í,ÀTIOH OF TÀT{GENTTAT VELOCITIES DI'E 1O SOOSCES
859 Do 852 I='l rN

S UH=0" 0
DO 853 J=1¡N
IF (J. EQ. I} TBEB DO

1Àll G (I r J) =0. 0
ELSE DO

rANG {I"J) = (coNSx (T,J¡ *ç95 (DEt (I) ) +c0tlsY (I'.1¡ *5J¡ (DEt (I) ) ) *sIGl{À (
ÛJ,I1)

END IF
SUH=SUtt+TAlrG (f 'J)853 COìITINUE
ÛT (I) =$u¡4

852 COltlrNUE
KOD= 2
rF (KOD"EQ.1)G0 TO 858
D0 85q I=lrNSTU



T

15370.
15380.
1 539 0"
1sq00.
15010.
1 5420.
15q30.
1 5440.
1 5450.
15tr6 0.
1 5q70.
1 5480.
1 5490.
't 5500"
1 551 0.
1 5520.
1 s530"
1 554 0.
1 5550"
1 5560.
15570.
1 5580.
1 559 0"
't 5600.
1 560 1.
15610.
15620,
15630.
156{r0.
1 s650"
15660.
1 5670.
1 5680.
15690.
1 5700"
1 571 0.
151 20.
1 5730.
15740"
1 5750"
1 576 0"
1577 0.
15780.
15790.
1 5800.
15810.
15820.
1 5830.
1 58q0.
1 5850.
1 5860.
1 5870.
1 5880"
1 5890.
1 5900.
15910.
1 5920.
1 5930.
1 5940"
't 5950.
1 5960.
1 5970.
I 5980"
1 59 90.

854

855

856

857

858

10

5

15

25

30

20

35

40

7B

c=Q SEP*+2- (cÀËcoN (Il +0T (Il ) s* 2

rF (c"I,1. 0.0) lEEF Do
Un (I) =Q. Q

ELSE DO
tN(I)=SQnT(QSEP**2- (GÀðCON(I) +U1(r) ) *s2)
EI{D IF
COH TINÛE
DO 855 J=HSTL rll
c=QSEP*$2- (GÀgcoF (J) +oT (Jl ) +*2
rF (c.tT" 0.0) THEI DO

ûH ¡.r¡ =9.9
ELSE DO
ttl{ (J) =$Qs1 (QSEP*Û2- (GÀrcOil (Jt +rlT (.I) ) +*2)
END IF
COil lINUE
Do 856 f=1't{
5Ic 2 (I) =Ûl{ (I)
CON TINUE
IT=IT+1
CAL L LEOT2F (COEFÛ' 1, N'N,5 IG2' TDGT' I{KÀBEÀ' TEB)

D0 857 J=1rN
SIGsÀ (J'IT) =SIG2 (J)
CONlTIIUE
IF(ÀBs((SIGHA(LsEPt''lT).sIGHÀ(LSEPU'I1.1)),/sIGHÀ(ts8PU'ÏT))

*" LE" 0.01) Go r0 858
co To 859
REl URI{
ERD
stBBoulINE DSTNCE (STC,fND,ROOT,DSTUP, DSlLW'LÀSÎUP'LÀS1DN)
Dr¡IENSrON SlC (61ì ,DSTUP (50) 

'DSTtw 
(50¡

DsTt¡P (1) =0.0
DSrLs (1 ) =0. 0
D 1 = STC ( TN D, -BOOT
rP (D1. GT.0. 0) Go To 5
INF=IllD+1
DO 1O T=2'INF
DsTtP (I) =RooÍ-sÎc (IND-l+2)
CON TINTE
L ÀS lUP= IIiF
G0 T0 25
IN= f ND-'l + 1

Do 15 J=2rIN
DSTITP (J) =RooT-sTc (IND-J+1 )
coNTlÌ{0E
L ÀSTUP=IN
rP(D1.GÎ.0o0)C0 To 20
Il{E=60-IID+1
Do 30 K=2afì{E
DSTI,s (K) =sÎc (rND+K- 1) -BooT
COI{TI I{UE
LÀS TDN=Iì{E
GO TO 40
IltE=60-11{D+2
Do 35 L=2'InE
DsTLH (L) =STc (IllD+L-2) -RooT
CON Tf Nf,E
L ÀSTDN= TNE
R E1 URN
EIID
s ûBBottTIllE corlFT (GÀHüÀ'G ÀäC0H,S1C' N, CL' SlE)
Dlr.rEìISION GÀðllA (61),GÀðCOl{ (61ì'SÎC(61) "SlE 

(61) 
"CL 

(61)
CL ( 1 ) = ( (GABcoN (1) +GAEHÀ (11 I /2. 0) * (s1: (1)'srE ( 1) )

Do 5 f=zrN
À=STC (I-1)



f
ì

l9

16000.
16010.
1 6020"
1 6030.
1 6040.
1 6050"
't 6060.
1 607 0.
16080.
16090.
1610 0.
16110.
161 2 0.
161 30.
1 61 40.
1 61 50"
16160.
16170"
1 61 80.
16190.
1 6200.
1 621 0.
1 6220.
1 6230.
162r¡0.
1 6250.
16260.
1627 0.
1 6280.
162 9 0.
1 6300.
16310.
1 6320.
16330.
163 t¡ 0.
1 63s0.
16360.
1 6370.
1 6380.
16390-
16400.
161¡ 1 0.
1 6420.
r6430.
1 6440.
16450.
16460.
16 tt7 0.
1 6480.
16090"
1 6500. ,

1 651 0.
16520.
16530"
16540.
1 6550.
16560.
16570,
1 6 580.
165e0.
1 6600.
16610.
1662O|
1 663 0.

3

B=STC (I)
ü1=10
FN=N1
þf,= (g-À),zFN
TDX=2.0*DX
PI1=YIllT (À) +VIHT (B)
PI2=0.0
FI3=0.0
llNl=N1,/2
X=A + DX
Do 3 J=1rNN1
FI2=FI2+VINl (X)
Í=X +TDX
x=A
NE=NN1-1
DO 4 K=1rNH
X=X + lDX
FI3=F13+vfilT (x)
FI=DX,F (FI 1+4. tf I2+2"EFt3) /3.
cL (tr) =CI, (I-1) +FI
CONTINUX
3L (F+1 ) =CI. (l¡) + ( (GAËcoH (N) +GÀünA (N+1 ) I /2" 0) * (sTE (H+ 1 ) -sTC (N) )

cL (t¡+1) =2.l!CL (l¡+1) s (-1")
RETI}RN
EIID
! ilnnourrr¡n cÀUs (nooT, GÀHcoll' RE,DslU P' DsTLH' LÀsÎÛP' LÀsTDN' l'

*II P, LDN, IN D, TTJ8, TLH' SlC' ilSTÀTtJ, NSlÀTL)
DTnENSIoN GÀHcoN tOi) ,oitup (50) ,DsTLH (501 

'1Uu 
(50) ,Ttn (50)

È,sTc(61) rH(3),Z(3)
D1=STC (IND).ROOT
ðt=clriou (i¡ln-t ),/ ( (src (rND-1) -src (rND) ¡ * (src (rND-1) -src (lliD

*+1) ) )
c2=GAÈCotl (IND) / ( (sTc (It¡D)-src (IND-1) ) s (sIc (IJD)::Ic (IND+1) ) )

ð¡=e¡icox ir xoi I tii (si¿ (rí¡o+r) -stc (¡ tlo' 1 ) ) * (src (rND+ 1 ) -src (rND

*)))
DVD S1=C1'r (2.*ROOT-STC (IND)-S1C (lND+1ì ) +C2$ (2" *ROOT-STC (IND- 1)

*- srð (rro* il l +ca* (2" *Rool- sÎc (Il{D- 1 } -sTc (I}lD) )

rr (D1" cT.0. 0) G0 T0 1

lUl{ (1 ¡ = 1. 075rzRE) + (1'I/DVDS1)
1Lü a1t = (" 07 5¡an¡ * (1./DvDS1)
t STÀÎU=IND
N ST ÀtrL=IN D + 1

GO102
rUH (1) = (" 075/8.81 * ( 1 "/DvDS1)
rtu a1i= 1" OzSTnr) * ( 1.//DvDs 1)

N STÀTU=IND- 1

NSTÀTL=I D

LUP=LÀSTtlP- 1

LDN=LåSTDN- 1

H (1 ) =" 8888888
2) =.5555555

4

5

2

U

s
z

3 ) =. 5555555
1 ) =" 0000000
2l ="'l'145966
3) =-.77,0UrU6|

z
z
Do 20 I=2'tAsTftP
A=D sTUP (I-1 )

B=DSTÛP (I)
5ûH=0.0
DO 'l 0 J=1r3
![6=5s¡+n (¡) ors (RooT- (z (J]* (B-A) + (B+À] ] '/2" )

COE lINUE
1Ul{ (l)= (-1. ) sSUB*. 5+ (B-À) *'45/ (RE* (GAEcoN (NSTArt+2-I) 4*6) )

r+1nñ (I-1)
10



80

16640"
1 665 0.
1 6660"
166 7 0.
16680.
1 6690.
16700.
1671 0.
16720.
1 673 0.
167 1r0.
1 6750.
I 676 0.
1677 0"
1 6780.
1 6790"
1 6800.
16810"
1 6820.
16830.
16 84 0.
1 6850.
1 6860.
16870.
1 6880.
16 89 0.
1 ó9 00.
16910.
16920.
16930.
169q0.
1 69 50"
1 6960.
1 697 0.
1 6980.
16990"
1 7000.
1701 0.
1?020.
17030.
170q0"
17 0 50.
1 706 0.
1 7070 "
1 7080.
170 9 0.
17 1 00.
171 1 0.
17 120,
171 30'
171t|0"
17150.
1 71 60.
1 71 70.
171 80"
17190"
1 720 0.
1'1210.
17220.
11230.
1'12q0 "
17250.

20 CONl INU E

DO 30 I=2,LASTDN
À=DSTts (1-1)
B=DSTLS (f)
S uÞl=0" 0

17260i
1'12'10 "

Do 25 J=1 r3
!s6=5ur+Ei¡) *rs (Roor+ (z (J) t (B-À) + (B+À) ),/2' ì

25 C0nTlì{IrE
Itll (I) =5Ût*0.5* (B-À) 40. 4 5,/ (BEf (GAtlcoN (NSIÀ11+I-2) **5¡ ) +TlÞ

f (r-1)
3O CONTII¡UT

BET I'8N
END
FUNCÎION TPÀt{ (S)
c0ñ HoN/åREA/EH (261 

' 
EB (26) 

'EL126lii ti" ci. ru tio) -on" s.Lt" EH (1) ) Go ro 6

Do 1 f=1r25
ir( (s-rEir¡ ¡*1s-nn (r+1) )"LT'0"0)Go Tc 2

1 CONTfllÛE
2 ;nl[=irr(r+1)-Er,(l] )/(EH(r+1)-En(r) )*(s-Et{ (r) } +Et(l)

GO107
6 IF(s"LÎ.Eü(1))TPÀH=0'5

IF ( S" GT. BH (26) ) TPAH=0' 0

? REII'RH
END
St]BRol'TINEsKIN(GÀnccl{¿BE'lHIcEU'THIcdL,coNSL0'collSLL'NUP,NLog,

S PÀR ÀllU' PÀRÀHL' t]ST¡.T1]' HSlÀTL} _ .
DIðENsIoR GÀHco}¡ (61) ,1flIcBU (50l,THIcHL (50} 

'PÀRÀ!'t 
(50) 

'PÀRÀ|5L(50) 
,

scou sLU (50), coltsLL (50)
CONSI.L (1) =0" 0

coH SI,L (1) =0. O

DO 10 I=2rI¡uP
ELBEQ=PÀRÀHll (I)
coH slu (r) =2.osrpAn (ELREQ) sGÀECOH (NSTÀTrI-r+2) / (BE*SQ8T (ÎHICHU (f) ) )

** (- 1.0)
1O CON TINI'E

D0 20 J-2,NLol{
ELBEQ=PÀRÀlf I (J)
cot{ sLL (J) =2" o*1pÀÌ1 (rrBEQ) *GÀ¡rco!{ (t{srÀ1L+J-2) / (RE+SQRl (lHrcbL (J) ) )

20 CONTTWUE
RET I'BN
EÑD
PttNcTION CPrl{T (X8E0 

'NSUB)
coE 60H,/PRESnE/XCON 'YCoN 'cPDrüEt{sroN xcol¡ t61) ; YCON (61) 

'CP 
(60) 

'UBEQ 
(60)

IP (NSltn.88. 2) GO TO 2

Do 1 I=1r30
rF ( xREQ.Lr. xcol{ (30) " AND" XBEQ" G1' 0' 0) G0 T0 1 0

rF ixREo"trr. xcoN (r) ) Go ro 1

rF(l"Bo"1)Go To 9

cpINl= ( (cP (I) -ðp tr-1) )/ (xcoN (I)-xcJu (I-l) ) ) * (xREQ*xcoN (1- 1) ) l
*cP (r-1)
GOTOT

1 CoNIINUE ,!,ñã^ t ^r r I
9 cPlNl= ( (cP ( 1) -0" 0) / (TcoN (1) -0" Ol ) * (XBEQ-1 ' 0) + 1 " 0

GOTOT
10 cpIlfT=(.5È(cP(31)+cP(30))-cP(30)),/(0'O-x3oR(30)ì*(XRIQ-xcoN(30))

s+cp {30)
GOTOT

2 DO 3 I=31¡60- rF(xREQ.GT.o.0.aND.IBEQ'LT'XCOI{(31))c0 Tl 11

ir ixcoi (r) " tr. xBEQ) Go ro 3

cprHT= t rcp tîi-õpli: l¡ ¡/ (xcoN (r)-xclN (f -1) ) ) * (xnEQ-xcoÌ'r(r-1) ¡ +

*cP (l-1)



-

B1

GOTOT
3 COUÎINUE
1 1 3PIll=- (cP (31) -. 54 (cP (30) +cP (311 ) ) / (xcoN ( 31) -0' 0) * (xREQ-0' 0) +

trcP(311
? RETUNI

EAD

1 728 0"
1 729 0"
1 73 00.
1731 0"
17 320.
17 33 0.
1 7340.
1 7350.
I 736 0.
1 737 0"
173 8 0.
17390.
1 7400"
17q1 0.
171¡20,
1 7430"
1 ?q40.
17 4 s0.
1 ?460.
17 tr1 0.
17rt80.
17490"
17 50 0.
1751 0.
1't520,
17530.
i75t¡0.
't7550,
17 56 0.
'!7570.
17580.
17590.
1 76 00.
17 61 0.
1't620"
176 3 0.
t 76 40.
1?650"
1?660.
17 67 0.
1 76 80.
1 769 0.
17700.
1 771 0.
11-120,
17130.
17?40.
17750.
17'160.
1777 0.
17780.
1 7790.
1 780 0.
1781 0"
17 820.
17830"
17840.
17850.
1 ?860"
1 787 0"
17880.
'! 7890"
1?900¡
17910"

3

4

5

su BSOIITTHE cDnÀG (CP, À],PHÀ, CLIFT' ¡¡, XCON)

órnrusror¡ xcoN (61) ,cLrFT (60) ,cP (60)

cLrFT (1) =cP (1 ) * (1, -xcoN (1) )

D0 5 I=2r59
å=xCoN (r)
B=XCOÌ{ (I+1)
N1=10
FN=H1
DX= ( (B-A) //FN)
lDT=2. *DI
rP (I" LE"N/21 lHEN Do
ïS UR= 1

ELSE DO

NS 0R= 2

END IF
FI 1=CPINT (À,NSI]R) +CPINl (B' IISÛR)

PI2=0" 0
PI 3=0. 0
ñti 1=N1,/2
X=À+DX
DO 3 J=1rNl{1
FI 2=FI2+CPINT (x, HSUS)

X=¡+TDX
X=A
EB=NN1-1
DO 4 K=1r[Ë
¡= f,+TD X

911=fll+cPI!{T (X, NS UB)

FI =DX* (FI1 + t¡, *FI2 + 2. +r 13 ) ,/3" 0

cLIFT (I) =Cr,lrt (I- 1 ) +PI
co l¡1IH On

èr,rit (H) =cLrFr (N-1 | +cP (60) * (1 "-xc0N (60) )

BElI'8R
EHD

FUNCTIOH CINT (TBEQ 
' 

NÇI'AD)

colt ðotr,/PBESRE,/XCOI{ ' 
YCCN ,CP

õiìinrsîor¡ ycou (61) scP (60),ú8Eo (60)'xcox (61)

rF ( NQItAD. EQ. 1) Go TO

rF (NQttÀD. EQ.2ì GO 10
rF (tQuÀD. EQ. 3) Go 1o
rF {nQUÀ0" EQ" q} co ro
rF (NQuÀD. EQ.5) Go 1o
f P ( t¡QIlÀD. 80" 7) Go TO

1 Do 5 I=1r15
rF(YcoF (r! "Lr"YREQ) Go T0 5

crNT= (c p (r) -¿P ii;ii ) ,/ (YcoN (r) -Yco N (r- 1) ) * (YBEQ- YcoN (r- 1) )

s+cP (r-1)
GOroT

5 EONTINI'E
2 Do 6 I=16130

IF ( YB¡0" 1,1" YcoN (I) ) Go To 6

rP(YR80"EQ. YcoN (16) )TtsEN Do

cÎllT=cP (46)
ELSE DO

cINl= (cP (I) -cp (l-1 ) ) / (YcoN (I) -YcoN (I- 11 ) * (YREQ-YcoN (I- 1) )

*+cP (I-1)
EID IF

GOroT

1

2
3
q

12
14



17920.
179 3 0.
179q0.
1 7950.
17960.
179'l 0.
1 7980.
17990"
1 800 0.
18010.
1 8020.
18030.
1 8040.
1 8050.
1 8060.
1 807 0.
1 8080.
1 8090"
18100.
181 1 0.
1 B1 20.
18130.
18140.
18150.
18160.
18170.
18180.
18190.
1 8200"
18210.
't8220.
1 8230.
1 8240"
1 82 50.
18260.
1 821 0,
18280.
18290"
1 8300.
18310.
1 832 0.
1 8330.
1 8340.
18350.
1 B 360.
1 83?0.
1 8380.
18390"
1 8400,
1B¡¿10.
1 8420.
18430.
184rr0.
1Bt¡50"
1 8460"
1 847 0"
'1 8480"
1 8490.
1 8500.
1 851 0"
1 8520.
1 8530"
1 854 0"
1 8550.

6
3

B
q

B2

CON TIIIf]E
DO 8 I=31r45
IP ( YcoN (r) " cr. YBEQ) Go 1O I
crNr= (cP (I) -cP (I-1) )/ (YcoN (Il -YcoH (I-1) ) * (IREQ-YcoN (I-1) )*+cP (r-1)
GOTOT
CONTINUE
DO 9 f=46r60
rF ( YCON (I) " t1. YREQ) co To 9

IF (YBE8" EQ. YCON (r¡6) ) THEH DO
CINT=cP (tt6)
ELSX DO

cIHr= (cP (I)-cP (1-1) ) / (ycoN (I) -rcoN (I-1) ) {, (TREQ-Ycot{ (I-1) )
s+cP (t-1)

END IF
GOTOT
COHTTNUE

12 rF (YREQ.rE. 2"083333)lBEN D0
cINr= (" 5* (cP (16) +cP (15) ) -cP (15t1 / (2" 083333-rcoN (15) ) * (yREQ

*-Yco¡r(15) ) +çp115¡
ELSE DO
cr¡{T=- (cP (16) -.5* (cp (15) +cp (1 6) ) ) /(ycoN (16} -2" 083333) * (ycoN

8(16)-TREQ) +cP(16)
END TF
GOTOT

14 rF(YREQ.rE. 1"916666)THEN Do
crNT= (" 5* (cp(46) +cp (45) )-cp (4511 / (1"96666-ycoN (r¡5) ) * (yREQ-

âYcoN (q5) ) +cP(45)
ELSE DO
crNT=- (cp (46) -" 5û (cp (q5) +cp (46) ) ) //(yc0!¡ (q6)-1" 96666) * (ycol¡ (

s46) -YREQ) +cP (46)
END TT

7 RElt'RH
END
s UBBoUTINE cDEÀG2 (Cp, ÀLpHÀ,CD, yCON, Nl
DIñENSICN cP (60) ,CD (60) ,YCON (61)
cD(1)=Q.9
DO 5 f=2r59
À=yCON (I)
B=YC0F (I+ 1)
ll 1=10
FN=N 1

D l(= (B-À) //PN
TDX=2" 0sDX
IF (I.8Q.15) t{QtiÀD=5
rF ( I" EQ" 45) NQtÀD=7
IF (I. tT" 1 5) HQUÀD=1
IF(I.cT" 15" ÀND"r"LE.30) NQÛÀD=2
IF (I. GT. 30, ÀND" I. tT. 45) NQUÀD=3

IP (I" G1" 45) HQtÂD=4
FI1 =CINT (À, NQUÀD) +CIl¡T (8, NQUÀD)
F I2=0. 0
FI3=0.0
l{}11=N1,/2
X=A +DX
Do 3 J=1rllN1
F I2=F T.2+CINT (X, NQ0À D)

3 x-x+TDx
X=A
Ng=HN1-1
D0 .{ ff=1r}¡H
X=X +1DX
pf 3=FI3 +CINT (X, HgUÀD)
PI=DXE ( Fl1 +4" EYl2+2" fPI3) ,/3" 0

9
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1 8560.
1 8570.
18580.
1 859 0.
1 8600.
1 861 0.
1 862 0.
1 8630.
18640.
1 8650.
1 8660.
1 8670.
1 868 0.
1 8690.
1 870 0.
1 871 0.
1 8720.
1 8730.
't 8740"
1 8750.
18760.
18770.
1 878 0.
18790.
1 8800.
18 810.
't 8820.
1 8830.
1 8840,
1 8850.
1 8860.
1 8870.
1 8880.
1 8890.
18900.
1891 0.
18920.
1 89 30.
1 894 0.
1 8950,
18960.
1 8970.
1 898 0.
1 8990.
1 9000"
19010.
19020.
1 9030.
190q0.
1 9050.
1 9060.
1 9070.
1 9080.
1 9090"
19100.
19110"
1 91 20"
1 91 30.
19't 40.
1 91 50.
1 91 60"
1917 0,
1 91 80.
19190.

5

c

3

4

5

c

83

CD (I) =ÇP (I- 1) +rI
COH lIN UE
cD ( N) =cD (N- 1)
RET UB}I
END
sIlBBOttlINE Cn1 (XCoH,N,Cp, CHUl )
DIr{ENSlON XCOH (61),Cp (60),Crû1 (60)
IHlEGRÀlION CPXDX
cEÛ 1 (1) =0.0
Do 5 I=2¡59
À=ICON (f)
B=XCON (l+1)
N1=10
FN=ll1
¡¡= qB_À) /pil
TDX=2.0*DX
IF(r"Lî..N/2lTEEI DO
NS0R=1
ELSE DO
H SI] R=2
EI{D IT
FI1=CPINT (À,1{SUR) 'ÈÀ+CPINT (B,FStlR) *B
P T2=0.0
Ff3=0.0
IN1=N1,/2
X=À + DX
DO 3 J=1,NN1
PI2=Ff2 +CPINT (X, NSttB) 4X
f=X +1DX
X-=A
tlB=NN1-'l
DO 4 K=1,N8
X=X +TDX
FI3=PI3 +CPINT (X, IISUF) *X
FI=DX* (FI1 +4" 4Fl2+2. ËFI3) /3" 0
C8u 1 (I) =CllU 1 (I- 1¡ +31
COI¡ lINI'E
cHU 1 (l{) =cñU 1 (R- 1)
RETUBN
END
suBnouTrNE c82 (IÀ, rB,cP,YcoN,cHIt2)
DlHENSICN cp (60) ,yCCr¡ (6 1) ,Cñû2 (60)
INlEGRÀTION CPYDY
rF (rÀ. EQ.2) lHEN Do
CHU2(IA-1)=Q"Q
ELSE DO
cHu2 (IÀ-1) =cHIr2 (30)
EWD TF
DO 5 f=fArIB
Â=YC0F (I)
B=YCON (I+1)
81=10
FN=N 1

!f,= (B-À) ¡rFN
lDX=2" ÊDX

rF ( r" EQ. 15) !¡0uÀD=5
I F ( I. EQ. 4 5) WoÍIÀ D=7
IF (I.rT" 15) HoUÅD=1
IF(I.GT.15. ÀE¡0. r"LE" 30) NQIIåD=2
IF (I. GT. 30. ÀND.I" LÎ" rr5) [QûÀD=3
FQÛ AD=4
PI1=Crt{T (À, NQtÀD) *ÀBS (A-2.0) +CI¡¡t (8, NQr}ÀDl +ÀBS (B-2" 0)
Ff2=0" 0
Ff3=0.0
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'l9200.
1921 0.
19220,
1 9230.
1 92q0.
1 9250.
1 9260.
1927 0.
1 9280.
19290.
1 9300.
19310,
1 9320"
1 933 0.
19340.
1 9350.
1 9360"
1 9370.
I 9380.
1 9390"
1 9400.
1 941 0.
19420.
1 9430.
1 9440.

ÈN1=il1,/2
X=À +DX
Do 3 J=1rNN1
PL2=ÊÍ.2+crNT (X, ìQUÀD) *ÀBS (X-2 " 0)

3 X=X+TDX
X=Â
HK=Ell1-1
DO 4 K=1rHE
N=X +TDX

4 FT3=PÍ3+CINT (X,FQIIÀD} TÀBS (X.2.0)
Fl=DX* (?r1 +q" 0*FI2+ 2. 0*FI3),/3 " 0cHt2 (I) =cnu2 (I-1) +rl

5 COI¡TINUE
R ET I'RN
EHD

$EFlRf
-0.250 -0. 200
-0.016 0.000
0.068 0.072
2.00 2"01
2"55 2.61
3.09 3" 15

0.500 0. q63
0" 2fi4 0"220
0.09s 0,085

-0.11¡0
0.016
0.076

2" 18
2,6'l
3" 22

0" 404
0. 195
o.0'12

-0.120
0" 032
0"080

a a2

2"7 5
3" 3 0

0.382
0.168
0,056

-0.100
0"0q0
0" 08lr
2"28
2.81
3.39

0.359
0"1s3
0.038

-0"080
0. 0rr I
0.086

2,34
2. 87
3"ftrl

0,333
0. 138
0.027

-0"064
0.056
0.088

2.39
2"94
3" 49

0.313
0" 122
0.015

_0.0t¡B
0.060
0.090

2. q4
2.99
3. s5

0 "29'l
0" 't 13
0.0

-0" 032
0" 06 t¡

2" t+9

3.04

0"268
0. 1Ott
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TABLE 1

PRESCRIBED FUNCTIONS FOR MODIFIED THI,IAITESI METHOD

n Ht-

-o.25
-0.20
-0 .14
-0"12
-0. 10
-0 .08
-0.064
-0,048
-0.032
-0.016

0
0.016
0.032
0. 040
0. 048
0. 056
0"060
0. 064
0. 068
o "072
0. 076
0. 080
0.084
0,086
O"OBB
0.090

0"500
0. 463
0.404
0.382
0.359
0. 333
0. 313
0. 291
0. 268
0.244
0 "220
0. 195
0.168
0.152
0.138
0.r22
0"113
0. r04
0.095
0.085
0"072
0.056
0"038
0 "027
0.015

0

2.00
2.07
2 .18
2.23
2 "28
2,34
2.39
2.44
2 .49
2.55
2 "6L
2.67
2.7 5

2 "8L
2.87
2 "94
2 "99
3. 04
3 .09
3. r5
3.22
3.30
3 .39
3 .44
3"49
3. s5
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TABLE 2

TIIE SURFACE VELOCITY DISTRIBUTION 0N A 6:1 ELLIPTIC AEROFOII.:
INVISCIDFLOW'd=0o

POSITION VELOCTTY (U/U-)

Chord-
I,Iise
Position
(x/d)

Control
point
No.

Conformal
Transformatlon
Theory (Exact)

Distributed
Vortíces
(n = 6b)

ERROR

0"998

0.993

0.982

0.966

o.945

0.918

0.888

0. 853

0.814

0.772

0.726

0.679

o.629

0.578

I

2

3

4

5

6

7

B

9

-0. 349

-0.803

-0. 990

-1 .070

-1 .109

-1 .130

-t.t42

-1 . 150

-1.156

-1.159

-r.L62

-1.164

-1.165

-1"166

-0 .320

-0.780

-0.982

-1 .066

-1 .107

-L.L29

-t.L42

-1 .150

-1.156

-r.159

-L.L62

-L.t64

-1 .165

-1 .165

-8.3

-2.8

-0.8

-0.4

-o.2

-0.09

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

l0

11

L2

13

L4

The velocity 1s considered positive if it is counterclockwise
abouÈ the aerofc-i.r.

Note: I
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TABLE 3

SURFACE VELOCITY GRADIENT AROUND A 6:1 ELLIPTIC AEROFOIL:
INVISCID FLOI'I, u= 5o

POSITION VELOCITY GRADIENT a (u/u- )
õ(-s7dl

Chord-
l{is e
LocaË ion
(x/d)

Control
point
No.

Conformal
Transformatíon
Theory (Exact )

Dis Eributed
Vortices
(N = 60)

ERROR
ol

0. 998

0. 993

0.982

o "966

o "945

0. 918

O. BB8

0. 853

0. 8r4

0.77 2

0.726

0.679

0 .629

0"578

0 "526

1

,)

3

4

5

6

-7

oU

9

-69.82

-24.29

- 7.51

- 2.82

- 1.31

- 0.72

- 0"46

- 0.33

- 0.25

- o"2r

- 0.19

- 0.17

- 0.16

- 0.16

- 0.18

-62,II

-25.37

- 7.85

- 2"97

- 1.38

- 0.76

- 0"48

- 0"34

- 0"27

- 0"23

- 0.20

- 0.19

- 0.18

- 0.rB

- 0.19

-1r "0

4 "0

10

4

5

5

5

4

3

B

9

5

0

0

3

5

J

0

U

5

011

t2 11.7

13 t2 "5

L4 l-2.5

l5 5"5

rox. Gradíent-Exact GradientNote: Error (%) = 100 x ( xact ta en



COMPUTED SEPARATION CI{ARACTERISTICS FOR 6;1

ELLIPTIC AEROFO]L AT REYNOLDS NUMBER = 8OO

90

TABLE 4

SEPARATION POSITION
Nearest control nr)

SURF

ANGLE OF

ATTACK
(DEGREES )

SEPARATION
VELOCITY

(u/u_)

t.14

I .14

1.15

L .15

r .15

1 .16

L.t7

1"18

r.7 2

1.91

2 .10

2.28

2"47

N0.
OF
ITERATIONS

r4

1

1

)

2

j

2

4

4

5

6

4

5

ô

B

9

9

9

l0

11

t2

NO

NO

NO

2T

2B

29

29

29

0

I

2

3

4

5

6

7

8

9

l0

L2

T4

16

1B

20

54

54

54

55

55

56

56

57

UNlQUE

UNIQUE

UNIQUE

SOLUTION

SOLUT]ON

SOLUTION

58

59

59

59

60
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TABLE 5. COEFFICIENT OF DRAG VALUES

ANGLE OF

ATTACK (IN
DEGREES )

COHFFICIENT OF

SKIN FRICTION
DRÁ.G

COEFFICIENT OF

FORM DRAG

COEFFICIENT
OF PROFILE

DRAG

0

1

2

3

4

5

6

7

0.043

0.044

0.045

0.046

0 .051

0.054

0"059

0.066

0"102

0. l0l

0.101

0.099

0.097

0.095

0.090

0. 090

0. 145

0 .145

"0.146

0 .145

0"148

0.r49

0.149

0 .156
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NETWORK

Fig. L Control Points f or Network Method
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g - Plone

U6

Fiç. 2. The uniform Flow Around an Ëtliptic Aerofoil
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X
i"

O5

ËLEMEN'ì- MID POINT

AËROFOIL SURFACE
ELEMENT END TJOINT

\i! =t.5 (l.O + Cos t'¿ )

þ n = 2 tT- (!"- l),/ N

N = Totci number of elements

Fig 3 Distribution of Elements /\round the llerofoil by
Cosine Rule
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v
U ij

l
f¡i + tJ

j
o X

Fig.4. lnduced Velocity Components of o Point due to
Distributed Vortices on on Element.



LOCA-TE CC)I'J-TROL POINTS ÀT PANEL M IÞ POI N]Ts
LìJ NaÀ cce;tñEDl vl AE PA

Pc)iNTs; cÓF?RESPONDIÑq -To C'OÑ.F'ROL F)c)IÑTS BY EXACT ME.Tts,}ÔD
THEI E AT

MEINE ''HIS trLÔW AND OÑsET FLOW
NDI

ERO WÉLOC I-T>, AT .DÔb,NSTPEÀM END OÊ AËRÔÊÕI: , c:AL¿ULÀ.TE:--
ls'FY ZE

SURFACE VÊLO¿ITIES NI LIÑEAR EôI.1U AY SOLVINl IT Ptr¡

L ÞOIN-T DI
AEQÔFOIL

U
FPOM DON}..¡S;IPEAM EÑD

EL

LOCIfCALC(J LA 1-ì

c E. I o s
ÞÓIÑfS USJNG SHÀPË. FÀCloR I=IwEÑ By THWAIlES, MFTts]OD

NOT LL
PT(2 AÑÞ INCLUDIÀ]6 5EÞAPATIÔN po,ÑJ1s B)/ UN =U x ¿*/¿s

POTENT|A Flbw5
PFJ ANÞ PFz Ao
MAÉE VIIOCIIIES
EôUAL AT
SEPÀRAT¡ON POtÚS

rNl-S ,

Þ ñlBÉ. Ë6ìUÀL TÓ VELOCITIÉS A'I'5Er5ARê\T
)R Ea-

FIRgT APPRÔXI M

è_(ui.rjru "J ,É ÀTTÀ.ctslF_.D REG'tOFl

WÉ ÊÉ¿E L tu sge¡c-r¡ÈÞ EÉútÕNU

l!'.ERE L

RE

= tJ¡¡,
pÞ

{Lt¡)nr5 :

frorNT.JROLL L'tTrÉ5T
ITERÀTto¡J Cc¡rJñTER (K)SOURCES ANÞ,N¿REASE

IAL VE

(U¿j)Nf = L/ñ; wHEÉ?Ê L tN aTTÀcuËD RE'iìð'N

(uii)Nd=ffi,*", D

PPROXI MÀ. SÔOF"oF sT fe
f €o!4

ANÞ

9r.r Rl=ACE 0+L (U + 5J

SÉPRATIôN pôtñTS ANÞ V€LLC)¿tTt

ICKNMOM EN N

TH ERE

ENDCALCULA-IE- c;OEFF'ICIENTG Ôtr I-IFT, PRc)trII.E DR,AG A,NÞ
C)

SlA R*T 96
Itl

DINA.TES otr AÊROFOIL 7 ALPHATNo , oF lL= M E:N-fS 'N

U L ENI'T¡A.L FLObJ l-l-ll STA.GN N L
ÑÞ NUMRãÊ 4, CALL IT Ptr2

LC E NT-RÕL POINTS
rJSrt16 THwAI'fÊS'ME-fHoD FÔe LÀN4 lN.¡ÀR. BoLJNÞAaY LA./E-tP

MÔDItrIE.Þ AY .UELI } SK¡I , ÞEEÞICT THÉ SEpARATLOÑ ÞoI NTs

LOOP 1

YES

YES

NO

YES

FTG 5 TLOW CHART OF COMñJTER PROGRAM
rOA I_ÁMTNqE B"L.AROÙND-AN TI_LIRIC AËROTOIL

o



97

* 4.4

IJ
K
3
Ø
CN

td
æ
n-
ti-
O
Þ
æ.

H
a
LL
u*
KJ
O
()

- 3.5

-3.O

-4"5
EXAGT METHOD

O SURFACE VORTEX
MËTHOD (N=6o)

* 2,O

-t.5
-l.o
- o.5 r.o

o.o
o.7 0.8 0.9

o.5 (x /d)
t.o

Fis. 6 lnvise id Pressure Distribution ct G, = I u by

Surf ce e Vortex Method.

o.r o"2 o.3 0.4 o.5 0.6



9ðioo
I
x
U)
U)
L.lz
\<
O
:E
F-

Þ
3
t_
f

z.
LLI

Þo
ã
-:ol=

25

20

t5

ro

F
J

o

(o)

oo o.2 0.4 06 08 lo 1.2

UPPER SEPARATION POINT

SEPARATION

(b)

E

LL
LÙ
L_I

LrJ

Þ
E.

È

olo
o. o9

o05

o.o

-o 05

- o.lo

- o.l5

- o.20
o.o 02 04 0.6 08 r o t.?

50

55

50

ac\

40

3O

25

20

tÃIJ

lo

UPPER SËPARATION POINT (c)
()

a
x
U)
(n
LrJ

7.
:<
O
:tr
F
F.-
z.
UJ
Þ
t¡J
(-)

J
o-
U)
â
-i

I,T\ IT
col "

I
*-d

^
¿¿'Â

LOWER SEPARATION POINÏ

O UPPER SURFACE

À LOWER SURFACE

MODIFIED

Ã.

o
o o o.2 04 06 08 I'O t.2

DISTANCE FROM STAGNATION P0INT (x/d)

F\g 7. Boundory Loyer Resulls (ct =/o, N =60 , Re=BOO)

LOWER SEPARATION POINT



99

-1.O A UPPER SURF'AEE

O LOWER SURFACE¡åltr
(n
cn
UJ
tr
tu
u_
O
F-z
Lr,l

C)

L
u-
trJo
(J

-o.B
UPPER SgPARATION

* o.6 POINIT

- 4.4

-4.2 LOWER SEPARATION POINT

o.o
o.r o.2 0.3 o"4 0.5 0.6 0.7 0.8 0.9 l.o

o.2
(N /d)

o.4

o.6

o.8

O

Fig. 8. Pressure DisTribution lncluding Boundory
Loyer Ef f ects. (N =60 , e = lo )



o.90

o. Bo

o.70
E]

þ
þ

u-
O
&-
z.
uI
t¡-
b-
til
c)

o.60 E¡

o.50

o.40

A r¡¡vtsctD wtrH srAG$.¡ATloN PoINT
AT TRAILING EDGE

O HOWARTH

E] CIRCULATION ADJI.,ISTED FOR
SEPA RATIOf{

\7 cIRCULATIOTü MODIFIED BY

EOL,Ih¡DARY LAYER THICKNESS
A¡,¡D WAKE

O
O

o.30

û.20

o. to

E

o.o0 B lo t2 t4 16 lB 20

OF ATTACK (IN DEGREES)

o246
ANGL E

Fíg. 9. The Coefficient of Lift Curve



SËPARATION POIruT

l0l

z,g
F-g
tr
u-

æ

V)

t:.
Õ

F-
æ
ug
u-
tJ-
bJ
O
()

o.lB

o.l6

o.l4

o. l2

o.lo

o. oB

o.06

o.o4

o" 02

ooo
o o o.2 0.4 0.6 0.8 l'o

DISTANCE FRCM STAGNATIOfl{ POINT (X/d)

Fig " lO. ïhe Coefficienl of Skin Friction Distribution (CI'=3")



.:

:,,'

:

t::

i::t'

:l
:::'.

.jl

.:.:

.:,'
l:'
,t.

102

O COËFFICIËNT OF
A coEFFIcIENT oF.

PROFILE NRAG
FORfoî DRAG

u_
OH
Þffi
¿-u
BJ u*:(JJ
tL tLLLñ
5r(Jo

o.25

o.20

o. r5

o. ro

o.o5

O t23456
ANGIË OF'ATTACK IN

COEFFICIENT OF SKIN
FRICTION DRAG

COËFFICIE NT O[: FORM
DRAG

7 I I r0

DËGRËES

o

Fig. ll. The Coef f ie ient of Prof iie Drog Curve.



*

103

- o.5

* o.4

- o.5

*o.2

-o. I

o.o
O t234567

ATUGLË OF ATTACK
¡N DEGREËS

Fig. 12. Coefficient of Pitching
fuloment Curve.

þu-?Oil
¡-ä
æ.Q
HH
9ca
wæ.
t"Â- #
rlJ ;i
EH
fl-

â-

::'.

):1.

.a::

il r'

.ì.

,a.

::l

:::

l:'

.a

.

.)l

ll

I
4,..

ll

.ta

::

a

::
ri

.:':

::
.,.

:l



r04

Z * Plone

U

Y

X

d

Fig. 13. The Uniform Flow Around a Circular Cylinder

:.

)a

Ì.'

tai

'iì .

:il

,.,

::

:):
:i

]:

.ì

.a.

:.

'a



I0s

)

POSIÏIVE DIRECTION
OF VORTICITY r. dV

dv

q\* $
du

r

v

X
A

S

S+

X

lnduced Velocities at c Point due to Distribuied
Vortices.

Bo

^
A

F iç. l4



i06

v dv

\$

dV

$
?

du

S B
s+ds

A

Fig. 15. lnduced Velocities ot a Point clue to Distributed
Sou rce s.

v

A
ln
[_

X

X



-î

f:,
li:j
tj

i:' r07

p

v dFv
e\0ds,1 r-

c)

o' dFx

UÓ

o

Normal Pressure on on Elemenl of Aerofoil
Surf cce.

X

Fig. l6

,a

:

.ll

:ì.
::
t:



l0B

v

o

òv
dFv

dD

dFo
Y- vo

T

CT
uq)

X

Fig. 17. Pilching Moment About the Leoding Edge

of the Aerofoil"




