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Preface

L N YT e =y reroy

The ability to predict the aerodynamic characteristics of a flight
vehicle without actually fabricating and testing the vehicle has always
= been a highly sought-after engineering goal. Original predictions
generally involved numerous, simplifying assumptions and were done via hand
calculations. Today, however, the computer has greatly expanded the

horizons of the theoretical aerodynamicist and has enabled him to solve

much more complex and realistic problems. The work discussed herein
combines the basic, time-honored principles of theoretical aerodynamics
with the modern capabilities of a high-speed computing machine in order to
investigate a topic df very current interest. This topic is the ejector
wing; and the goal has been to develop a methodology that can be used to
' calculate the two-dimensional 1ift per unit span of any ejector wing
configuration. In support of this goal, a FORTRAN computer program has i
been created which provides the basic mechanism for making these i

calculatons.

It 1is appropriate at the close of this endeavor‘to express appreciation i
to all the people who aided me throughout its duration. Primary are the
members of my committee, Dr. Harold Wright, Lieutenant Colonel Michael
Smith, and Lieutenant Sal Leone, whose collective encouragement and
suggestions helped me over several potential stumbling points. Especially,
though, I need to thank my girls, Jan, Emily, and Elizabeth, for their

patieice and understanding thoughout this project. I assure thom the ¢ime
(

spent away from them during the past year will_be made up many times over

during the upcoming ones.

i ' John T. Domalski
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Abstract

The theoretical framework and general solution procedure have been
developed for calculation of the 1ift per unit span of an ejector wing
model. This model is based on the fundamentals of Potential Flow and Thin
Airfoil Theory and incorporates a point sink, point source, and two bound
vortex sheets. The solution procedure consistently satisfies both the flow
tangency and Kutta conditions, but its usefulness is shown to be highly
dependent on the number of coﬁtro] points used. Numerical examples are
presented for cases involving five control points, and the lift
calculations which result are shown to be inconsistent. A FORTRAN computer
program is included for the five control point case, but it can be modified

to accommodate any number of control points.
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THEORETICAL DETERMINATION OF THE
LIFT OF A SIMULATED
EJECTOR WING

1. Introduction

Background

An ejector wing looks much like a conventional subsonic aircraft wing

except for the presence of one or more slots which run along its span-wise
direction. Figure 1 shows an actual ejector wing that has recently been
tested in the 7' x 10' Army tunnel at the NASA Ames Research Center (7).
The figure shows the underside and leading edge of the wing and the
presence of four distinct slots. These slots occupy what would be the
interior region of a conventional wing, and they exit at the top surface
near the trailing edge. Figure 2 is a cut-away drawing of the wing showing
both its external and internal configurations (7). Figure 3 shows
schematic representations of the cross sections of both conventional and
ejector wings.

The principle upon which the design of an ejector wing is based
involves the injection of high energy air into the slots. This air is
: obtained from the aircraft's exhaust, and it is mixed with the air flowing
' through the slots. When this mixture reaches the wing's upper surface, it
acts to delay the onset of boundary layer separation. By keeping the flow
attached to the ejector wing's surface over a greater area, an increase in
11ft over that of a conventional wing is obtained.

The particular wing design shown in Figures 1 and 2 was first proposed
by the Flight Dynamics Laboratory of the Air Force Wright Aeronautical

Laboratories at Wright-Patterson Air Force Base, Ohio. It was designed




Figure 1. Leading Edge and Underside of an Ejector Wing
2
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using methodologies incorporating three-dimensional vortex-lattice and 1ifting

line theories and two-dimensional analog techniques which were coupled with
boundary layer prediction methods and empirically-based ejector augmentor

design and performance procedures. The objective of the design was to

e e it s

produce a wing which would achieve high 1ift over a range of high angles of j

attack in subsonic flight up to Mach numbers of 0.3 (7).

Purpose

As an aide to assessing the data generated by the testing of this wing,

it was requested that a simple theoretical model of an ejector wing be
developed. This model, hopefully, would enable quick and easy
determination of the effects on the 1ift of the wing that result from
varying its geometric characteristics. These characteristics include, for

example: ‘ *

* the height of the slot (i.e., the vertical distance y
between the upper and lower airfoil sections)

* the horizontal distance between the leading edges of
the two airfoils i

* the length of the lower airfoil with resbect to the
upper

The development of this model is the objective of this thesis. The 5

methodology of the development and the results obtained are discussed below.

Geometric Model

A two-dimensional geometric model was constructed as shown in Figure 4.
It was based upon a two-element 1ifting surface; with a sink and source to
reprosont the ejector inlet and exhaust mass flows, respectively (5, 3, 3.
1t was decided to simulate the upper and lower airfoil sections as paraliel : ;

symmetric airfoils and to represent them by their chord lines. Each chord

1ine was assumed to be of unit length, and the leading edge of the lower
1ine was selected to be 0.55 unit behind the leading edge of the upper line.




(Orientation of the two surface elements was arbitrary (8).) This resulted
in an overall chord length for the simulated ejector wing of 1.55 units.
The vertical spacing between the lines was assumed to be about one-tenth of
their collective horizontal length (7). Thus, a vertical spacing of 0.15
unit was selected.

The horizontal location of the sink was determined by placing it near
the leading edge of the lower line; at a distance of 0.05 unit in front of
the lower line. The horizontal location of the source was determined by

placing it midway between the trailing edges of the lines. The vertical

locations of both were established by placing them midway between the chord
lines.

Figure 5 shows the complete geometric model of the ejector wing and
identifies all the numerical constants that are involved in defining its
configuration. The configuration is drawn with respect to a universal X-Y
coordinate system, but it should be noted at this time that two other
coordinate systems also are present. They have significance only in the
horizontal direction and they have origins at the leading edges of the
chord lines. They are designated the :EI-Y' and 'EZ-Y" systems and will be

~

? used later to develop the mathematical model of the wing.
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Figure 5. Geometric Model of a Simulated Ejector Wing
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I1. Theory

General Equation Development

The mathematical model for an ejector wing was developed from
consideration of the principles of low-speed aerodynamics. Central to this
development was the assumption that the viscous boundary layer surrounding
the wing was thin and, therefore, had a negligible influence on the
inviscid flow field (1). 1In addition to ignoring the effects of viscosity,
it was also assumed that the flow about the wing was steady,
incompressible, and irrotational. Thus, for this combination of
conditions, the governing equation for the flow field is Laplace's
Equation: 2
V=0 (1)
where 4715 the total velocity potential (1).

The model was constructed by the addition of a point sink, a point
source, and two parallel vortex sheets to a uniform stream. The vortex
sheets are needed on the chord lines in order to produce a lift-generating
pressure difference between the upper and lower surfaces of the airfoils
they represent. The vortex sheets are parallel to the uniform stream and
the sink and source are located in the area between them. The procedure
used to develop the model began with determining expressions for the
y-components of velocity (v) at all points on the sheets. Since the
governing equation is linear, the velocity potential at any point in the
field resulting from this combination of elements is simply the sum of the
velocity potentials for each one (4). Therefore, the velocity at any point
consists of contributions from the individual components. Thus, for the

case involving no angle of attack, two scalar equations for U result:

9

Ny

e A ey sraa P [T A




vy per =Vsink *7Vsource +z,IJpper . * “lower
sheet gortimt . vorticgity,
istribution distribution (2)
lower “v;ink *’U;ource +—U;lpper . +—Ul’ower: ) ‘
sheet vort1¢1t¥_ vortigity.
distribution distribution (3)

Considering first the contributions of the sink and the source, an
expression for the velocity potential at any point (x, y) in the flow field

is:

CP =CPsink *‘Psourjce (4)
where: ’ :
Psink = - M In ra and (5)
‘ 21 : |

Psource "'_hgme_ In (6)

2T

For points on the sheets. expressions for ry and rp in terms of x and y can

be written. They are:

\}(x - xl)2 + y2 .and (7)
V(x - %02+ y2 , (8)

Ta

™

Substituting into the expression ford, gives:

An expression for \J is obtained by differentiating this expression with

respect to y. Thus:

V= 3%‘&- (10)

-

YU = '.J-sink y +—A-source
270 |x2 - 2x1x + 12 + y2 em

y

VT =y

v Ve

XA Apr -
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Next to be considered are the velocities induced by the vortex sheets
at points on the sheets, themselves. It is known that these velocities are
perpendicular to the sheets (1). Considering an incremental element of the
upper vorticity distribution (d%;), the incremental velocity it induces at

a point on the upper sheet; namely at (x, yj)is:

dv = ¥1(51) d¥
Y1/d3y —L(z%)?rL . (12)

where:

33(31) = upper vorticity distribution

y=x- 51
Substituting for ry in Equation (12) and integrating over the entire length

.of the upper sheet leads to:
c :

\/al/x,(s) —;;J%(—f%i 3} (13)
Likewise for the lé;er sheet, consider the incremental velocity induced by
dS2 at a point, (x, y2). Integrating over the entire length of the lower
sheet leads to: .

Xu / %~ %s
Vit (5, =J A f s
% ’ (14)
Again, this velocity is perpendicular to the sheet and thus, is in the
y-direction.

Additional complexity is found when considering the velocities induced
by d§; at points on the lower sheet and by d52 at points on the upper
sheet. This complexity is caused by the éeometry of the model but is
easily handled by separating and focusing on the components of the induced
velocities that are normal to the sheets, only.

Consider the velocities induced at points on the lower ;heet by d¥y
(See Figure 6). For this case, the velocity in question is:

11
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A

dVy2/d5, = %131 d5)
27T 0 ) _ (15)

where:

= Vix - 52 + (y1 - y2)2 (16)

The angle, 8, is involved in defining the normal component of this velocity

and this angle is defined as:

- -1{y1-y2
= tan —
g ( X 5] (17)
Thus, the normal component of velocity is:
v Y1 31.(3y)
Y2I851/n " ey 4L COS 6 (18)

.Integrating over the length of the upper sheet gives:

¢ R (19)
v o () e [ (Y]
d/ ¥ (8) Jn = 27 = =45,
° q (X'g:) *(jl—j")
Likewise, the velocities induced at points on the upper sheet by d%2
are (See Figure 7):
dv = ¥2 (32)d%
e (20)
where:
g = (x-x3-%202+ (y1 ~ y2)2 : (21)

The angle S is involved in defining the normal component and this angle is

defined as:
Xatan‘l)’l'yz
X = x3 =32

The normal component of the incremental velocity then is seen to be:

dVy1/d32/q MZL d32 cos §

Integrating over the 1ength of the lower sheet gives:
12
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Xy-¥s

Ay -y2 N7
Vyforsyn Y2 (32){cos[tan l\pl y2 ) 1
g6/ 2T k- x3-%p } _j 859

) Vix - x3 -12)2 + (31 + y2)? (22)

In order to find the total y-components of velocity at points on the

vortex sheets, it is necessary to sum the contributions from all the

elements in the model as per Equations (2) and (3). Thus, for the upper

sheet: ——A-‘o‘m‘{ ; i i »}—‘l’.&f"_"‘-[ Pl ]+
2w LX

W;Fl’cf_ 217 —.ZX;X’X;+5" 21 Xl'lxlx”xll*g"
Sheet '
YA
L CX( /v & ‘K;(ﬁ)jcos [’fan (x Xy -%, 51%
21 X - ),77"

\I?X'X;; ~E)+ (4 'i’

(23)

-And for the lower sheet:

- Lo Z : |+
,U:akf = —LS;‘;;'SC [ XP-2X, X+ X, 3 ,2,77' [XL-Q-X’X*X'H?,
Shee!

Xy-X3

1’_ b’(f)gcos[‘hn (%)E,dg +5LT'T b’,(.? ) 0’5
g 0 WE) (a \7‘ 0

(24)

Equations 23 and 24 are the heart of the ejector wing model, and the
method of their solution is the key to determining the 1ift per unit span
of such a wing. The method of solution used involved satisfying both a
boundary condition and an auxiliary condition and assuming algebraic forms
for the two unknown vorticity distributions: b/1 (51) and b’z(fz).

First, the boundary condition. In order to make the geometric model
actually representative of the aerodynamic characteristics of an ejector
wing, Thin-Airfoil Theory states that the camber lines (which for the case
of symnetric airfoils are coincident with the chord lines) must be

streaml ines of the flow field. In order to make the camber/chord lines

14
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streamlines, it is necessary that all velocity components normal to them be

zero (1). This is the flow-tangency condition and its imposition on

Equations (23) and (24) gives:

+
N -LSOUJCQ[: x*-ax, X+X2 ] //LSI'\k[-X —J-XX-rX (7, 7

-X L \"'.Z
J ¥ (%) JE + jx" ! {,(Z,)?COS[‘hn X-¥X3- !.))‘ J5,=0
0 0

’51 - - + -y,
* V(xXs 5 () (25)

8 v, T
Source x* ,’LX;X +X, + 3 Sink X - ..IX,X +X, J’

{

’; K/(S )jcos [‘f-wn (w & )].S )Q/'X3

t l'f“j ) X (5) c{f _

( Voo Gy o X-X37357F (26) "
: The auxiliary boundary condition is the Kutta condition which demands

i

that the vorticity distributions at the trailing edges of the airfoils be
zero (1). This condition was satisfied through specification of the
coefficients of the functional expressions assumed for ?{1(31) and Xz(gz).
It was decided to use power series representations for both of these |
functions and to expand the series about the trailing edges of the airfoils.

Thus',\61(§1) jis:

\51(31)=A0+A1(51-c)+A2 1 -¢)2+. .. +A (B -c)n+. .. (27)

where c is the length of the upper sheet. Simﬂarly,b’z(fz) is:

¥2(32) = 8g + 8152 <) +8p(32 -L)2+ . .. +B,(52 AN+ . .. (28)

where)( is the length of the lower sheet. |




;

By assuming that'xl(fl) and Z}(fé) both are able to be represented by power
series, it has further been assumed that all points on the sheets lie within the
convergence sets of two series. The result of these assumptions is that both
¥1(%1) and {2(72) are continuous over the lengths of the sheets. As will be
shown later, these two functions are indeed continuous over the lengths of the
sheets thereby justifying the assumptions made.

The Kutta condition demands that.fi(c) =0 and fz(f) = 0. These conditions

are satisfied by setting both Ag and By equal to zero. Thus, the series reduce

to:

Y1) =A(ZL -l + M(T1 - )2+ . . .+ A(Fy - )N+ ... (29)
and
XZ(EZ) = B1(¥> -Z) + Bz(l"z -,(])2 + ...+ Bn(fz -1)" + ... (30)

The next step in the solution of the two major equations of the model,
Equations (25) and (26), involves substitution of Equations (29) and (30) into
them and the subsequent determination of Ay through A, and By through B, which
force the vortex sheets to become streamlines of the flow field. These
coefficients are, of course, infinite in number and, therefore, require an
infinite number of equations for their complete determination. Needless to say,
this is an impossibility and truncation of the series representations at some
finite power must be done. It will be shown later that the accuracy and
validity of the 1ift estimations calculated for the model are highly dependent
on the order of the truncations used and that very high order truncations are
required for believable results. However, for the present discussion, it will
pe assumed Lhat no truncation is used and that an infinite number o7
coefficients will be determined.

From inspection of Equations (25) and (26), it is seen that the terms

associated with the source and the sink take on finite values for any value of X

selected., (It should be remembered that Xps Xos ¥y Y2’-j-source' a"d‘A‘sink
16
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are all constants of the model and are assigned finite values.) Thus, in order
to determine values for Aj through A, and By through B,, it is necessary to
evaluate the sink- and source-induced velocities at n different values of X.
This is easily done and the values which result are labeled Nypper and Nygyer.

Equations (25) and (26) then become:

¢ Xl(g) 4 b’,(f)gcas[ﬁm" )(x3 Iﬂz

C{E 7 Pftf
L +
Xo X- . Y (x-x-5)* (45) o
¢ ¥,(5) Jeos [’ (e Ifcm EACA I
v (x_ S,)L“‘(gl °J1)" / i X~ X 5 owev (32)
where:- ,
Jl 3 : 2 2
N“PPCV =J{'5'."k [XL-,ZX,X *X,L-i-a,"]‘lsoufce [ X =2 X, X *X, "(7, ] (33)

/,w" J—s.nk[x ,?_XX+X “+ 43 ] "LSM'CC( X5-2%, X*X J (34)

Since both Nypper and Nygyer can take on an infinite number of values (i.e., one
value for each value of X selected), it is the generation of these constants
that enables an infinite set of algabraic equations to be formed.

Substitution of Equations (29) and (30) into Equation (31) gives:

J° A,(z,—c)+A,(§,-c_)‘+. A,
X-§,
g [B.C)n5 s B 50 Vet @2, 9)
, \l()( )(3 +(3 j;) d.Sz /Vu”ev

By expanding and simplifying the integral expressions in this equation, the

parent equation for a set of n algebraic equations is arrived at. Namely, this
procedure leads to:
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| Af g5 A f(xsdf +'4/ o C)‘/ff“

1 1, 2
3 ] (1-4)ad¥, + B, jf (5085 ¢, ¥ 34(:, D'ads - ..
) eos [1‘“- X- x, 5;}]

wheve A=
Y (x-x3-3.) + (3950

(36)

Similar substitution, expansion, and simplification of equation (32)

produces:

A “(5-)odz +4, / Gscrods+.. A, J (5-0 045+

!y L3, 4 Loom
B,/ 53 ’e CJ_;;—+ B;‘/ ) C'/f +B"/ X-X, 3' A&»«k/‘(37)

o X-X3-8, X- X 5
cos [fan"( X-'.;L ):{
V-84 0y, 9,y

Equations (36) and (37) are much more easily represented by use of

wheve O =

matrix notation. By designating the integrals contained in these two
equations as Ui j and by adding the subscript, i, to the Nupper and Nyower

constants, the following matr1x equation 1s arr1ved at:

u1,1 Y12 ... U, [ N Nuppery
U0 Y22 ... Uz, A2 Nupper;
An - - Nuppern
: By Nl ower;
B2 Niowers

Ll.]n’l Un,2 + « Un‘,n . By N]owern : (38)
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Or, in more compact notation:
Cul CA8] = [N] (39)
The solution of this matrix equation, namely, the determination of the
vector, AB, is accomplished by premultiplying the N vector by the inverted

U matrix. Therefore, the solution is:
(A8 = [ul-1 [N] (40)

As stated earlier, the coefficients, A1 through A, and By through B,, which
comprise the AB vector, are the éssumed coefficients of the two unknown
vorticity functions. The values of these coefficients which result from
this method of solution are the ones which cause the two vortex sheets to
be streamlines of the flow field. When these coefficients are substituted
into the vorticity functions, polynominals of degree, n, result. The lift
per unit span of the airfoil section is then calculated from these

vorticity functions according to [4]:
¢ 4
L =QV, 50{1(51)d3'1 +5 ¥ 2(52)d5; | (41)

Evaluation of Integrals,

The preceding section has provided the general theory needed to
establish the solution framework for the ejctor wing, two-dimensional, 1ift
calculation problem. The solution of Equation (39) was shown to be a
fairly easy and straight-forward procedure. However, the problem is
complicated by the need to evaluate all of the integrals shown in Equations
(36) and (37) and which comprise the U matrix in Equation (39). Basically,
these integrals are of two different types and are handled in two different
ways. The first type is associated with the Ay} through A, coefficients in
Equation (36) and the Bj through B, coefficients in Equation (37). It
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is of the general form:

2

g-;—%)— d¥

! ‘
and possesses a singularity at the point, ¥ = a. In attempting to evaluate
the integrals of this type numerically, the presence of the singularity
created somewhat of a problem.

The second type of integral, although more complex in appearance, does
not contain a singularity and thqs, is much more amenable to numerical
methods. This type is associated with the coefficients By through B, in

Equation (36) and the coefficients Ay through A, in Equation (37). It is

of the general form:
2

3 f(¥) 9(3) di.
|

Regarding the first type, it was decided to evaluate those integrals
analytically. The most complicated of these is, of course, the one of nth
order and its evaluation will be presented as representative of all others.

The nth order integral is of the form:

2

(3 -c)n
1—5?3— ds.

Expansion of the numerator, for all values of n, produces polynomials that
have coefficients which are determined according to Paschal's Triangle.
Ignoring these coefficients for the time bging, this expansion shows that
the general form of the integral is actualiy made up of n+l individual

integrals as follows:

3"ds “'ldS n-2ds . L
a - -S L] L] L] a -S
. (
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From this, it is seen that the original problem of evaluating one integral
containing (%- c)M reduces to evaluation of n+tl integrals; each

containing one term. Fortunately, an analytical expression is available to
aid in evaluating the single integrals. Their general expression is of the

following form:

xNds
(a + bE)M

where:
b = -1
and m=1,

The analytical expression used to evaluate these integrals is [2]:

s 1 i n!(-a)S(a + bE)N-m-s+l
(a + b5)m ~ b+l — (n-s)s{n-m=-s+1) (42)

except whenn -m-s +1 = 0. In that case, the corresponding term in the

square brackets is:

n! (-a)n-m+l
(n-m+l)!(m-1)f 'ln|a+b§|.

With the aid of these formulas, an integral containing any power of
can be evaiuated. Tne expressions Tur the inteyrals containing terms up to
¥? are shown in Table I.

The second type of integral was evaluated by way of a numerical
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integration method commonly known as the trapezoidal rule. This method is
used for functions which are continuous over an interval and involves
evaluation of the function at points within the interval. Given the values
of the function at the points selected; namely fg, fy, f2, . . . fg, the
trapezoidal rule gives the value of the integral according to the following
expression [3]:

Sbf()d*‘l:f +2fy + 2f, + + 2f +f]-é-5-

. X1x=17g 1 2 n+l n 2 (43)

where Ax is the spacing between evaluation points.

The two procedures described above provide all the information needed

toc evaluate integrals encountered in attempting to solve this problem. All

that remains is to determine how many integrals there will be. The answer

to this question is directly dependent on the order of truncation of the
power series used to represent the vorticity functions and the number of
integrals increases rapidly with increasing truncation order. It turns out
that for truncation at order n, (Zn)2 integrals are required. In order to
generate these integrals, n separate control points need to be selected.
Control points can be any points on the vortex sheets except their ;
beginning and end points. The use of either of these two points gives rise
to integrals which are undefined at either the upper‘or lower limits of
integration. These integrals do not have finite values and, therefore, can
i » not be used in the purely numerical computation procedure used to find the

unknown vorticity function coefficients.




ITI. Numerical Examples

In order to prove the validity of the theory presénted in the preceding
section, it was decided to perform an actual 1ift calculation using five
control points. This required creation of the FORTRAN computer program 3
contained in Appendix A and the truncation of the assumed power series
representations of the vorticity functions at the fifth power. The control
points were arbitrarily chosen to be .2, .5, .8, 1.1, and 1.4 and were
selected so as to fairly evenly cover the 1.55 unit length of the total
airfoil section.

Before beginning discussion of this proceduré,'it is necessary to first
‘specify the values of the numeriba1 constants which are required. The
geometric constants are the same as those discussed earlier and are found
in Figurc 5. The density and velocity of the free strecam were determined
according to Mach 0.3 flow at sea level. Thus,

(= 0023769 stug/t3
and V= 334.8 ft/sec

The values of the sink and source strengths were determined by considering
the two-dimensional area rate of flow incident on a line located between

the vortex sheets and perpendicular to the direction of the free stream.

This area rate of flow is:
A=y - y2) Ve (44)

and carries the units of ftzlsec. The sink strength was arbitrarily set

at 0.7A. For the source, it was decided that its strenath should be six

times greater than that of the sink. The value of the source strength also

included the mass which was “lost" into the sink and was determined

according to the following formula:

'Lsource = -A-sink + 6 lsink (45)
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The reason for adding the sink strength to that of the source was caused by
the need to "regain" the flow which was absorbed by the sink. In reality,

this flow is associated with the free stream and represents the air which

passes through the wing slots. The reason for using the factor of six in
the other source term was to account for the substantial mass addition to
the slot flow caused by the ejector. The results of these calculations
are:

.Lsink = 35.1540 ft2/sec

lsome = 246.078 ft2/sec

In order to generate the system of equations needed to solve the
| problem as posed, Equations (36) and (37) with fifth order truncations are
‘used. These equations become: ‘

5, L5 “(5-0)" c> G- c>* NEAI

Bf(IDAJE + B/(z ,()AJ.F + B;](f I)AJ.E +
84/ (%-1)" AJ! +B;/ (5,-0)°8d5, = Nupper  (86) g

I A, [ (5-c)eds +A, [ (55645 4, [(5-0Vods + 4, [ (5-e'6ds, + ;
| ‘ e :»
Asf(mm TYARC WERY-N) G TRy I :

(%5.-4)* 2)Ss
B;]’x,%;c/ B;/ e I LAY)

cwev

(47)

In order to determine unique values for Aj through Ag and By through

B5, each of these equations was evaluated for the five different values of

X corresponding to the control points selected. For example, for the first

control point, X = 0.2, the two equations became:
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“replacing the constant 0.2 by, successively, 0.5, 0.8, 1.1, and 1.4. From

Cl’-

3’-

C(I ) ‘-(5'- )V
</5 ,4,/ “2-1, 45 *A) Cc/f

(5 c)

As | S5 d%, +Bf(§ 1)A45+B/(§1)Aa/3’*

BB/( AV ods By [((5-0)0d5, +
| 5;[0 (5-4)°8d5, = N oppes o)

¢ ¢ 2 c
,4’,f (3,-0)0d%+ 4, /(3’-6)&/3 +,43/ (5-6)3643’%@[?5-()245«
As [ (3,-c)odE, + a + (50
5/ (5-4) £)3 & / 5, 5 % f c2-Xy- X, T2-x,-3, 457
B[ 2-x,-5,4%. + B, fz______(f’ j)q/r_,.
£

Similar equations were generated for the four other control points by

these 10 equations, 100 different integrals result. For example, for the

A1 coefficient, the integrals are:

¢ X-c ' ’
U1,1 ‘S .2-3, d3, , (50) :
A :
e 3 an @

A
o a?‘sl

[ S,‘C-
U4’1 g. I.,‘s’

¢ I,-C
Us,1 = §: 7-3 95

45,

Ya

Usl'jc (%, - c)cos(w‘am""—f_! d¥
T JC25) 4 (5-95)



¢ _ 0 w..l f/:-']s.
u7.1‘§ & C?cs(hz ’} d35
° \/(.5’-5,) + (5.-3,)
¢ - -t 4-Ya

Ug.y = g (576) cos (™ 2B v

_\/ (-8' 3-31" (3. "fj:)L

‘ (3,-¢) cos (tan™" LE2 >
U9,1 = . 1.1 ;
o J(1-3)+(4,-92)

J3

C
(3-¢) cos (o™ 205

/-"‘!:

o \f(/"/“fl)z"‘(j:’j;)t

U10,1 = J3,

The values of these integrals comprise the first column of the U matrix
Similarly, the integrals associated with the Bs coefficient make up the

tenth cotumn of the matrix. They are:

Y -1 .9,-57,
".10 =S[ 415’—1).605(41“ '1‘)(3‘31) JE
’ 0 \((’-,?.-XB-S;)q.(j‘_j’)L 2
oo - | GollemCo 2550
» o J(.b"xs‘zz)l*.(j'*y’)L a2
L () et 52y
Us,10 = PR s

° \/(.?-X_.,-F,)l+ (j,~52)'

Vs 10

/4 - L s
-JA (3.-1) cos (4a ,T}TJ_‘}:)J!

* \/(/" X 5) s (,7' 4" *

(56)

(57)

(58)

(59)

(60)

(61)

(62)
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|

A0 [N
(50 cos lan™" Ti-xs)

Us,jo = g- 3 Y 43
o J(/-‘/“X;' I&) + (j,-jl-> =
(64)
I (57'1);
Ug,10 =j x5 9%
(65)
e
WJ°=50-$XVFLJE’
(66)
L _5-L)°
LU e 2L
67
}, (5.1'1); ( )
Ug,10 = S° TZ;fff;;‘:jf;_clsg
l (-—S'/{)s (68)
V10,0 =) ., x- 3, 45
(69)

The other 80 integrals are defined in similar fashion for the other
coefficients, but they will not be listed here. It is sufficient to say
that the U matrix which results from these integrals is 10 by 10 in size
and can easily be inverted by existing routines (3).

The values of Nypper and Nygyer were calculated for the five different
control points from Equations (33) and (34). These constants comprise the
N vector in Equation (39). From Equation (40), values for the unknown
coefficients were determined to be: '

Ay = -130782.2

A2 = -4213634.4

A3 = -20230426.5

Ag = -32400910.7

As = -16521998.5
28
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545461.9
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4372389.1
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8572411,4
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>
n

Bs = 4925628.4

These coefficients give rise to vorticity functions that cause the
y-components of velocity at the control points to be zero. The lift per
unit span is calculated from these functions according to Equation (41) and
is:

L' = -2230.5 1bg/ft.

The negative sign associated with this value, needless to say, looks bad
and casts doubt on the validity of the procedure used. However, inspection
of Figures 8 through 11 shows that the boundary and auxiliary conditions
have been satisfied. Namely, the y-components of velocity are zero at the
control points and both¥y (%1) and Y2(%2) are zero at the trailing edges of
the vortex sheets. Thus, in spite of the seemingly wrong answer for L', it
appears that the model and theory are correct and that the computer program
performs as expected. As a step toward investigating potential reasons why
negative 1ift was obtained, the calculations were repeated for different
selections of control points. The results obtained.are summarized in Table

I,
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TABLE II

Lift Calculations Resulting from Four Different Control
Point Selections for Fifth Order Truncations

Control Points Lift per Unit Span
.2, .5, .8, 1.1, 1.4 -2230.5 1bf/ft
.1, .45, .80, 1.15, 1,50 3690.1 1bf/ft
.05, .40, .75, 1.10, 1.45 -289.3 1bf/et
1, .3,.5,.7, .9 . 343.8 1bf/f

From Table II, it is apparent that the 1iff is directly related to the
control points used. Of course, there are an infinite number of possible
control point selections and the criterion by which the "correct" ones
could be determined is unknown. Further, since the choice of control
points was arbitrary, their selection should not have an impact on the
final answer. However, the consistency with which the boundary and
auxiliary conditions were satisfied does appear to indicate that the

solution method, itself, is valid (See Figures 12 through 23).
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IV. Conclusions

A conclusion that can be‘drawn from consideration of the numerical
examples is that more than five control points are needed for determination
of the 1ift. It has been shown that the flow tangency boundary condition
is satisfied at the control points, but it is not satisfied at other points
on the sheets. It is believed the validity of the 1ift calculated from the
model is directly dependent on how well the sheets are made to coincide
with streamlines of the flow field. From inspection of the plots of the
y-companents of velocity over the sheets, it i; apparent that for the
five-control-point case, the sheets do not closely resemble streamlines.

By using more control poi&fs, the flow tangency requirement would be
satisfied at more points on the sheets and, as a result, they would more
closely resemble the streamiines. Use of more control points wild
entail much more work, however. This work will not be theoretical in
nature, but rather, will involve the fairly tedious procedure of
determining values for the definite integrals,

z X JX
e

where n takes on values from zero to a very high integer.

a7




V. Recommendations

Inspection of Table 1 shows that the series which result from the
integrals of concern are not built one upon the other -- i.e., by simply
adding a new term to a previous string of terms. It is seen that the
coefficients for any term containing (a + bX) to any power change as n
changes. This lack of simplicity in the generation of these series
complicates the manner in which they could be developed by a computer. If
these series and the associated integrals are worked out by hand, the large
number of terms involved can soon become overwhelming. For example, an
integral containing only a fifth order polynomial gives rise to six
individual integrals containing the following terms: x5, x4, x3, xz, x1,
and x0. These integrals contain, respectively, six, five, four, three,
two, and one term and, the original integral requires Lhe summation of
these terms -- i.e., 21 -- for its evaluation. Clearly, it can be seen
that to do this procedure by hand would be very laborious.

The most promising method for solution of this problem appears to
involve creation of a computer routine based on Equation (42) which would
generate the series representations of the integrals for any value of n.
If such a routine were available, many more than five control points could
be used and thus, the vortex sheets could be brought more into line with
the flow field streamlines. Then, the calculated values of L' probably
would not display the same erratic behavior as they have done for the cases

where only five control points were used.
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APPENDIX A

Listed on the following 11 pages is the computer program that was used
to make the 1ift calculation. The inputs to the program are contained in
~ lines 17 through 39 and consist of the required geometric values and
aerodynamic constants. Evaluation of integrals is done in lines 44 through
252, and the sink- and source-related constants are generated in lines 260
through 273. Following these calculations, the U matrix is inverted by
means of the subroutine labeled INVDET.

Output from the program begins with line 315 which prints out values of

* the upper vorticity distribution. Similarly, line 344 prints out values of
the lower vorticity distribution. The overall 1ift per unit span is output
via line 364.

The program also contains a large section which verifies that the flow
tangency condition is, indeed, satisfied. Velocities and pressures at
points along the upper sheet are output via line 459 and similar values for
the lower sheet are output via line 538.

The plots included in this report were not generated by this program,
but were made via a separate plotting program. Potential users of this
program are advised to procure similar independent plotting routines if

graphical output is desired.

~
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UNCLASSIFIED

‘D=SONWOWORK (1) FINAL
1 PROGRAM THMND2]
2 REAL U(10,10)N{1),AB(10)
3 REAL LIFT LIsL2 HLIFTWINCLEEINCL2 ,
4 REAL LBROT,INCBOT
j 5 REAL LBTOP,INCTOP
: Iy REAL P1120).,P2(20)4P3120),P4120),VTOP(20)
. ? ReAl P5120),P6120)4P7(20),PB(20),vROT(20)
g ] REAL P9(20).,P10(20)P11(20),UTOP(20)
i 9 REAL P12(2C),P13(20),P14(20),UBO0T(20)
10 REAL PTOP(20),PROT(20)
11 ) INTEGER STEPL
12 ¢
13 c
ta c
18 ¢ THESE ARE THE GEOMETRIC PARAMETERS OF THE MODFEL
16 ¢ q
17 Cal,0 '
18 T X3am,5%
19 - X{=x3=,05 ,
20 8L=1.0
21 X4=2x3+8L
i 22 X22(C+XH4) 72, :
; 23 Yi=,075 ;
24 Y2m(=tedeY] ]
28 HaY(=Y2 ]
’ 26 WRITE(6,10) , 14
r 27 10 FORMAT(' THe VALUFS OF (¢ X! X2 X3 X4 Y1 Y2 ARgi‘'/) ;
28 WRITE(O4 ' (1Xs7F1449)%) CoXloX29X3eXU0Y10Y2
29 c . f
30 c THESE ARE THE AERO PARAMETERS OF THE MODEL .,
a ¢ E
32 Pl=3,14159 ;
33 RHO=.00237490 |
a4 VEL=334.8
is PRES=2116.22 ‘]
3a Flu,7 . . [
37 SINKksKHeVELeF ] )
38 F284 ]
a9 SOURCE=SINKe(F2eSINK) i
4p WRITE(&,20) !
41 20 FORMAT(,* VALUES OF F1,F2,SINK AND SOURCE STRENGTHS ARE:!?/) l
T 42 WRITE(6. ' (IXy4F16e4)")F],F2,SINK,SOURCE i
43 c - l
4y Ame)
45 00 30 1=1,5 ) |
4 . Uil tiaiateivlanealll{AB5{A=CiieAoii0GIABSIA)).
47 c ColALOGIABS(A=C))I=ALOGIABS(A)))
48 AsAeeld
.9 30 CONTINUE i
50 4 b
L)} Ase2 }
A 52 DO 4D 1%1,5 . . .
. s3 Ul ,2)8=0650(AaC)90202¢0A0(A=C)eoAee20ALNAGIARS(A=C))
54 ¢ 40502002 « 2,00802 4 AGO2eALOGIABS(A)) «
(13 (4 2¢0Co(C*A®ALOG(ARS(A=C))=aealLO0GIABS(A)) )=
. 56 C Cee2e(ALORIABS(A~C))=ALOG(ARS(AY))

!- 51




UNCLA‘ !FIED
S7 AzhAeqsd
-3 ) 40 CONTINUE .
59 4 ]
&0 Ame2 }
| 61 DO S0 [=1,5 :
, 42 Ull,3)m(=1e/3e)eCo®3creelerl0GlABS(A=C))=A®(s50C002
| 63 c sAeC J+Aee3eALOG(ABS(A)) «3esCe
44 C ("e5elA=Cle®242,080(A=C)=Ae@20ALOG(ABS(A=C))ee5%A0e2 ~
N 45 C 200A882 o+ A®®20ALOG{ARS(A)))= 3e0Coe2e
'Y's c (C+AsALOGIABSIA=C)) = A®ALOG(ARS(A)))e i
87 C Cee3e{ALOGIABS{A=C))=ALOG(ARS{A)))
AB AmAnrel
: 49 50 CONTINUE
é 70 c .
7 Ane2
72 DO 51 1a1,S
73 Ull.4)im(=]e)®(Coey/4y ¢ (A0Co83)/3,
74 c ¢ (Ae®208Ce82)/20 + Aee3e(
i 75 C ‘¢ ASo4sALOGIABS(A=C))=A®e4esL0GIABS(A)})
: 76 C el oCce®(Co03 /34 (ASCO02)/2,4A0020C )
f 77 C oAOO;OALOG(ABS(A-C))-A-03-ALOG(ABS(A)))
' 78 (4 46.9¢0020(we50(A=C)e0242,0A8(AC)
79 C ah0e20ALOGIABS(A=C))+s50A002=2,0A002
80 c +A®e28ALOG(ABS(A)))eleeCoe3e(Ce
At C A®ALOGLABS(A=C))=pA®aLOGlARS(A)})
82 c _ eCoe4e(ALOG{ABS(A=C))=ALOGLARS(A)))
83 Ashedd
“ . 84 5] CONTINUE ,
8s c : f
Rsé AI.? N I
87 DO &2 =1,5 i
8g utr, 5)-(-1.:0(Co-s/5.¢(Acc-OQ)/4.¢(A0020c003)/3. !i
89 c (Aee3eCea2)/2ssAveqeCe i
°0 c A®e5eALOG(ABS((A=C)/A)))e5,0(C» J
; 91 C (Cood/Hoa(A®CR0])/3,+(A®020C082)/2,¢ l
i 92 C A®e3eC+Ae*4*ALOGIABS((A=CI/A)) )= ' ;
! 91 C 10.0c®020(C®03/3s+(A0C002)/2e¢A002e(CH f
! 94 c A0e3eALOGIABS((A=C)/A)) )+ 10s0Coele 3
! 9s C (s80(A=C)082=2,0A0(A=C)+(2s%A%02) /20 I3
] 9% c A®e2eALOGIABS((A=C)I/A))) =5 0Co0ele
‘ 97 c (CoAoALOGIARS((A=C)/ZA)) )
98 c Cee50ALOGIABS((A=C)/ZA))
.99 Aunhqeel
100 §2 CONTINUE
1 101 C
. 102 Ame?
) 103 ST80T=100.
104 . NBOT= 101
108 LRBOT=0.0
106 UBBOTaBL ,
| 107 INCROTa(URROT=LARBOT)/STBOT |
108 00 4D 136,10 i
109 SuUMa0,0
110 NUMBR =0
11 X12aLABROT
112 0o 70 Jwi1,S
113 SiiMa0.0
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-y
[ |
&

118
116

118
1te
120
12
122
123
124
125
126
127
128
129
130
! 131
132
133
134
138
134
137
138
139
140
141
142
143
144
148
: 146
' 147
f48
. ‘149
i 150
; 151
152
i 153
1 154
18§
156
i ‘7187
1sa
. 1S9
160
té6t
162
143
164
148
. 166
1 ‘“ 147
148

et e

149
t70

80
70
40
<
<

UNCLASSIFlED

NUMBR=0
Xt2=LRBOT
On 80 Kal,NAOT
IF (1 EQes) THEN
TOPa(X12=BL)*(COS(ATAN(N/(A=X3=X12))}))
ELSE IF (1+ENe7) THEN
TOPS(X12~BL)®e20(COS(ATAN(H/(A=X3=X]2))))
ELSE JF (1+£R4B) THEN
TOPs(XI12=BL)*e3® (COS(ATAN(H/ (A=X3=X12))))
ELSE IF(]+EQ«9) THEN
TOP=(X12=8L) o4O (COSIATANIH/ (AwX3=X12))))
ELSE IF(1+EQe1C) THEN
TOP=(X17=BL)*e56 (COS(ATAN(H/(A=X3=X12}))})
END IF
BOT®SQRT((A=X3=X]12)0e2 ¢ Hee2)
oiv=ToP/B80T
NUMBR=NUMBR +
1F ((NUMBReEQel)eORs (NUMBReEQeNBOT)) THEN
SUMESUMaDIV :
ELSE
TEMP=plve2.0
SUMsSUM+TEMP
END IF
XI12=X[2+INCROT
CONTINUE
U(J,1)8SUMS(INCROT/24)
[ Y PY)
CONTINUE
Ame 2
CONT INUE

Am,2

STToP={00.

NTOP=101

LaTorP=0.0

UsToPrsc ' .
INCTOP=2(URTOP=LARTOP)/STTOP

DO 90 1s}1,5
SUM=(0.0
NUMRR=O
X{i=LATOP
DO 100 Jma,10
SuM=0.0
- NyUMaR=0
XtjsLBTOP
DO 110 X=ml NTOP
jret.e0, 1) vueN
TOPR({Xf1=Clo(COSULATANIN/LA=X]1))))
ELSE IF_(1¢€Qs2) THEN
TOPR (Xl (=Clee20(COS(ATANIH/ (A=X1}))}))
ELSE 1F (1+FQe3) THEN
TOPS(X[1=Cleodo(COSIATANIN/(A=XT11)1}))
FLSE IF(1.EQed4) THEN . .
TOP(X1t=Cleeu® (COS(ATANIH/ZA=XT}))))
ELSE 1F(1.EReS) THEN
TOPa({Xl1=Cc)oeSe({cOS{ATANIN/tA=XT]))))

53
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Wi, Ln~sJar LGV

171 END IF
172 EOTlSOR?((A-xll)Otz ¢+ Hes2)
173 plvaToP/BOT :
174 NUMARaNUMBR« |
178 IF({(NUMRRGEQe1)eORs (NUMBRJEQsNTOP) ) THEN
124 SUMSSUMLDILV
177 ELSE
178 . TEMP3DIV®2.D
179 SUMSSUMeTEMP
180 END IF
18} ‘ X11s8X1y ¢ INCTOP
182 110 CONTINUE
183 UlJel)s SUMe (INCTOP/2,)
184 AsA+e3
185 too CAONTINUE
186 Aze2
187 90 CONTINUE
188 c o
189 Ame2 )
190 00 120 124410
19} UlTJalm{=]e)®BL = (A=X3)0AL0G{ABS(A=X3=BL)) +
192 ¢ (A=X3)®ALOG(ABS(A=x3)) « BLO((wls)n
193 c ALOG(ABS(A=X3=RBL)) + ALOG(ARS(A=X3}))
194 A'AOQJ
198 120 CONTINUE
196 o
4 197 Aloz .
q 198 DO j3p 136,410
199 Ull (7122050 (AaX3aBL)oe2 ¢ 2.0lAaXI}o(A=X3=BLl)
200 4 = {A=X3)e020AL0G 'ABS{A=X3=BL)) ¢ e58(A~X3)ee? o
204 C o 2e¢{A=X3)%82 ¢+ (A=X3)9020aL0GIABS(A=X3)) i
202 C 2+0BLO(BL4A=X3I®ALOG(ABS(AwXx3=RL)) ‘
203 c ® (A=X3)eALOG(ABS(A=X3))) = BLee2e !
204 C ] C(ALOGIABS(A=X3=BL)) = ALOG(ABS(A=X3)))} é
205 AsAe o3 i
-2né _ 130 CONTINUE :
207 c |
208 A=o2 _ }
209 DO 140 1=4,10 !
23109 U(1.8)3(=10s/3s)0BL%03 =(A=X3)e®3eALOG{ABS(A=X3=~RL)) .
211 C « (AaX3)o(,598Le02 , (A=X3)eBL ) o i
212 C (A=X3)ee3e,L0GLABS{A=X3)) - 3s8B8LS® i
213 c (~e50(A=X3=R 1962 ¢ 2,0(AaX3)o(A=X3=BL) = !
214 C (AaX3)0970ALOGIABS(A=X3=BL)) ¢ (S58(A=X3)e03 = !
218 '3 200(A=X3)002 & (A=X3)%02¢ALOG(ARS(A=X3))) = !
214 c 30081 %020 (L (A=X3)@ALOGI(ABS(A=X3=8L))
217 c « (A«X3)eALOGIABS(A=X3))) o BLee3*[ALOGLABS!
28 (4 . A=X3=BL)) « ALOG(ARS(A=X3))1
219 : AmAe 3
220 140 CONTINUE
221 C
222 Ame?
\ 223 DO 141 1=6410
224 Ule9)miego)o(Beeti/de ¢ ((A=)x3)eBLee3}/],
22% c ¢ ((A=x3)0e20RL%e2)/2¢ ¢ (Aa)xI)nesleBi+(A=)))oey
22, c eALOGIABS {A=X3aBL))alAnXI)eateALOG(ABS (A=X3)))
227 C sdooplolnleold/Jesl(A=XJ)0EL002)/2¢0(AmXI)02
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228
229
230
2131
232
233
234
23s
236
237
238
239
240
241
242
243
244
248
24,
247
248
249
250
281
252
253
254
255
256
‘287
258
259
260
261
2462
243
"264
26S
266
247
248
249
279
27

292

273
274
278
2764
277
278

a N aNaNa¥aNaXa)

oBLe(A=X3)00JeALOG(ABS(A=X3J=BL))=(A=X3)ee)
SALOGIABS(A=XJ))) +he0Co020(=¢50(A=XIaglL)®e2+2,0(A~X]3)
O(A=xd=B )elAaXI)e020A L 0G(ARS{A=XI=BL))

*s50(A=X3)092 « 2,¢(Aw)I)ee?
*lA=X1)0e2eALOG(ABS(A=X3)))eloeRL ®e3e(RL e
(A=X3)oALOGIARS(A=X3=BL))=(A=X3)eALOG(ABS(A=X2)))
=BLoe4e (ALOG({ARS{A=X3=BL) )= LO0GIABS(A=X3)]))

A-AOQJ
141 CONTYINUE

Ame?
D0 142 136410

Ullel10)8(ajs)o(RLe85/5¢¢((A=X3)0BLeod)/4es{(A=X3)0e2%8 00]3) /3

((A=x3)®e3eBLee2)/2¢¢+(A=x3)eeyeRL+
(AaX3)ee5eAL0G(ABS(((AX3)eRL)/(A=X3))))eS,eBLe
(BLeed/4.+((A=X3)oBL®e3) /el (AmXI)®e20ep L 002)/2,+
(A=X3)oeyefLe(AcXI)eel4oALO0G(ABS(((A=X3)=BL)/(AX3))) )=
10s%ALee e (BLlLend/3ev((A=x3I)eRLO02)/ 24+ (A=X2)e®2eBL +
(AaX3)0oe3eALO0GIABS{((AaX3I)aRL)/{A=X3))))el0esBLa0le

leBe({A=x3)=BL)®®22¢2(A=X2)0((A=X3)=BL)¢(Jee(naXI)®e2)/

(A=X3)0020 AL 0G(ABS{({(A=X3)=RL)/(A®X3))))=5,2BL 004

(BL+(A=Xx23)6ALOG(ABS({(A=X3)=RAL)/(A=X3))))+
BLOOSOALOG(ABS(((A=X3)=BL)/(A=X3}))

HNOAANDONNAOAD

; A=A¢e3
142 CONTINUE

WRITE(44150)
150 FORMAT(* THF U MATRIX [S:/)
DO 140 1=1,10
WRITE(649) (U(],J)eJm1,10)
160 CONTINUE

ASSIGN THE CONSTANTS ASSOC WITH SINK AND SOURCE
Ame2

00 170 I=1.5
NET)n(ele)®(SOURCE®(YI/(A®e2-200X20A¢X2002¢Y]002) )~

c SINKe(Y|/(Ae®2=2¢0X|0A+X]®e2sy 002)))
‘.A0.3 .

170 CONTINUE A
Ame?2

0o 180 y=4,10 .
Nlyislele)®o(SOURCE®(Y2/(A002=20s0x20A A0 200824Y2002) )~
c SINKe(Y2/(Ae®2=20s0 | 6A4X]|002+Y2002)))
A"Q.J
180 CONTINUE
WRITEC(ALI9C) . .
190 FORMAT(' THE N ARRAY S:¢/)
00 200 1=1.41G
WRITE(6.'(1X,12,3X,F2048)%) L ,N(])
200 CONTINUE

CALL INVDFT(U,1N,0TNRM,DETM)
WRITE(44210) i :
FORMATIY THE INVERTED U MATRIX 1S:0)
00 220 I=1.10
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T ammryw S AL

2as WRITE(S6,0) (ULT,J)y JU=1,10)

284 220 CONTINUE
287 c
! 288 ¢ V . . ‘

: 289 00 230 I=1,10
290 ABLIIBUTT, 1)ION(I+Ul]42)eN(2)4Ul[,3)eN(3)e :
291 c UG 4)eNt4)I*U(T,5)eN(S)IeUlT 6)eN(S) :
292 c SU(T47)eN(7)eU(],8)eN(B) . ;
293 c *UCTs9)eN({F)sUlT,10)eN(10) N

N 294 230 CONTINUE ;]

295 .~ WRITE(6,240) 1
294 240 FORMAT(' THE COEFFS+Al1,A2,A3,A4,A5,B1,R2,B83,84,B85 ARE:'/)
297 DO 250 1=1,410 . ]
298 WRITE (e, (1X,F20,8)') AB(I) X
299 250 CONTINUE i
309 ¢ 1
o c NOW FOR THE LIFT CALCULATION ¥
an2 4 . 4
303 NLIFT=100,0 ;
304 STEPL=100
30% SUM=0.0 ;
306 TEMP=0.0 H
o7 NUMAR=0 i
g8 - X=0.0 o i
309 INCLI=(C=0e0)/NLIFT i
3i0 DO 240 1=} ,STEPL+I ]
3 GAMMAL=AB(l1®(Xag)*aB(2)0((X~Cloe2)4AB(3)e((XnC)eel) ‘
312 _ c +AB{4le((X=Cleeq)+aB(5)®((XxuClens) '

. ‘3113 C

: 314 c . .

; 318 WRITE(3,270) XsGAMMA|

| 316 270 FORMAT(1X,2F16e8) \
317 C o
318 ¢
e NUMRR=NUMBR + 1 : L
320 IF ((NUMBR +EQs 1) sORe (NUMBR +EQe STEPL*I)) THEN L
32y SUM=SUM+GAMMA | i
322 ELSF |
323 TEMPaGAMMAL 2,0 ,
324 SUMsSUM+TgM®
azs END IF y
324 XaXeNcLl : 5
327 260 CONTINUE

.-328 Li=SUMe(INCL]/24)
329 WRITE(6,280)
3a3n 280 FORMAT(' THE VORTICITY OF THE TOP PLATE IS:'/)
33 NRITELSL.*(/1X,F20410)) L1
332 SUMa0.0
333 TFMP=0.0 §
334 . NUMRRaD
33s ¢ 3
336 X=20.0 ‘
337 INCL2=(Xx4=X3)/NLIFT
, 33g 00 290 =) ,STEPL+I

33 GAMMAZ2uAR(A) O (XaRlL)*AB(7)0(X=BlL)ee2+4ARB(B8)e(XwpL)00)

: &n c sAB(9)e(x=RL)oeyerB(]10)®(X=R| )00

: 344 c
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344
Jus
346
347
348
349
aso
asy
is2
353
k1Y }
assg
3ss
387
ass
3ise
340
34t
342

sy -

344
A4S
344
387
dse
149

37p

374
372
kYt
374
378
376
kY N

‘378

379
aso
LY
3g2
asa
384
3as

“3me

3a7
a8
Ing
390
39}
32
3o
L 2]
398
39
397
39e

laNaRa X

dao

290

310

320

500

ARITE(11,300) X,GAMMA2
FORMAT(1X,2F1408)

NUMAR=NUMBAR |

IF ((NUMBR o EQe 1) oORe (NUMBR ¢EQs STEPL41)) THEN
SUMaSUM+GAMMA2 '
ELSQ

TeEMPaGAMMaAZe2.0

SUM=SUM+TEMP

END 1F

X=sXeINclL2

CONTINUE

L2aSUMe (INCL2/2.)

WRITE(4,310) .

FORMAT(' THg VORTICITY OF THE BOTTOM PLATE 1S:*/)
WRITE(A"(/1X,F20s10%) L2

LIFTa(RHOeVEL)® (L *L2)

WRITE (4,320) :

FORMAT(' THF VALUE OF THE LIFT 1S:v/)
WRITE(e s (1X4Flhe8)?) LIFT

THIS 1S THE CHEcK PORTION OF THE PROGRAM

Cilasta]s)®aR(5)

C2=AB(4)=8.aCeap(g}

C3maB{3}=4eeCeAB(4)+10e0Co020AB(5)

C4sAR{2)=3s0CoAR(3)+4e0Cos20AB(Y4)u esCoe3eaB(g)

C53AR(()=2s0CeAR(2)¢3.0Co020AR(3)~
YooCeeaeAB(Y4)eBeeCooyopap(5)

ComCeABR(j1eCre2eAB(2)+Coe¢3eAB(3)aCoryerB Yyl
ree5eAR(S)

CIst=jodeoaBt o)

CB=aAB(9)=5eeBL*AR(1D)

Co=AB(g)=4,eBLeABR(9)+10,eB8L0e2¢AR(10)

Cl0xAB{7)=3.,°8LeaARI(8B)+4,9BLOe20AR(9)=)0eoRLOe3eaB(]D)

ClinsAB(4)e2,0BLeAB(7)+3,0BLe®20AR(R)~
4oeoBLoe3esAB(9)eScoRLoeyeaB( D)

C122RLeAB(4)~BLos2sAB(7)+BLeo3vAB(p)aBLosdeAB(9)+
RLeesSeaR(10)

FOR THE TOP PLATE WE HWaAVE:!

WRITE(4450C) _

FORMAT(* V.U AND PRESSURE .ALONG THE TOP PLATE/)

X-0.0S

DO 321 1=1420

Pirl1)nSOURCFO(Y(/(Xoe2u2,8X20X¢X20e2¢y]002]))
'9(I)I‘SOUR&E/(2O.PI))‘(‘X-Xz)/lX‘CZ'ZO.iz‘XOXz"z'Y10'2))
P2ll)u(w]e)o(SINKe(Y|/(X0022,0X eXeX 10024V 002)))

PIO(I)IS{ (] e®SINKI/(2¢0P]) )0 (XX} /(X002240 0 eX}%02+Y)002))
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399
400
401
402
4n3
40y
408
404
4n7
408
409
410
411
42
413
414
415
414
417
4in

‘419

420
421
422
423
424
425
426
427
428
429
430
43
432
933
. 434
435
434
437
438
439
440
441
442
443
444
44%
444
'Y
qun
449
4s0
4s1
“s2
453
454
4ss

22

32y

o N o NaNaNaNalal

C
(o

C
C

ViiILzLAJI1" LUV

93(1)lC]O(coosls.o(xococq)/q.o(x-o;oc.o;)/:.o(xoc;ocooz)/z..
XeeyocexeeSeALOG(ABS((X=C)/X)) )= )
czo(cgoq/qgolxocoog)/3.¢(xoozocooz)/z.o
XeoejeC+xeoyeALOG(ABS({X=C)/X)) )=
Cl®(Ce?3/3¢e{X0C002)/20eX®020e(s
X003 ,LO0GLABS((X=C)/X)))mClo(C®02/2.*
XeCoXe020A  OGIARS((X=C)/X)))uCEo(Xe
ALOGUABS((x=C)/X))+C)eChHOALOGIABS I (x=C)/X)) -

SUMa0.0
TeMP=0.0
X12=30.0

D0 322 X=1.4101
TOPa(AB(6)a(X12-BL)+AB(7)e(X]2=aBL)oe24s
AB(B)e(X12-RL)®e3¢pR(9)e{X]2=nL )04+
AB(10)e(XI2=BL)®eS)e(COSIATAN(H/ (X=X3=X]2))))
BoT-SQRT((xg(xlztxs)iOOzonocz)
nDIV=TOP/BOT

IF((K oFQs 1) e0Re (K +EQe¢ 101)) THEN
SUMsSUMeD ]V

ELSE

TEMP=DIV®2e

SUMaSUM+TEMP

END IF

X128X12+¢01
CONTINUE

Pull)aSUMel.01720)

SUM=0.0
TeMP=0.0
X12a040

D0 324 K=]1,101
TOP=(AB(6)e(X12aBL)+AB(7)e(X]2=BL)002¢
ABR(B)e(X]2=BL)®e3+aAR(9)0(X]2=BL)0e4+
AB(JD)*(X]2=8L)®eS)a(SIN(ATAN(H/ (X=X3=X]2))))
BOTaSORT((Xxel(xI2¢x3))es2¢KHae?)
DIVaTOP/B0T .

IF((K oFQe¢ 1) eORe (K +EQe 101)) THEN
SUMBSUM+DIV

ELSE

TEMPeplve2,

SUMsSUMeTEMP

END IF

Xi2eX12+001
CONTINUE

Pritids{e/12e0P1))0SUMO (4720}

VIOP(1)sP (1)+P2(1)eP3LI)ePul])
UTOP (1 )aVeL+PO(1)ePIO(L)eP1I( )
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456
457
4%a
4859
440
“s1
442
443
4464
4465
LYY Y
LY ¥4
448
Y449
470
471
472
473
474
475
474
477
478
479
480
484
482
4813
4Ry
488
484
4A7
488
489
490
491

‘492

493
494
49s
496
497
49p
499

“ 500

801
502
503
504
505
S0é
§07
508
so9
Si0
$1)
512

(s NaNa K

321

600

3

4

o NaNaNaNaNaNalalal

C
C

PYOP(])=(.50RH0OVEL®®2)e()e=((UTOP(])0e24VTOP(])®e2)/
(VEL®®2)) ) *PRES
WRITel&:3213) l.vYOP([).UTOP(I).PTOP}])

XaXe o085
CONT INUE

WRITE(6,6C0)

FORMAT(® V,U ANp PRESSURE ALONG THE BOTTOM PLATE'/)

X20,.4
00 330 1=1,20

——— o om

FOR THE BOTTOM PLATE WE HAVE! _ i

j
|
!
!
i

PS(1)sSNURCFe(Y2/(Xee2a2,eX20X+X2002+Y2002))

PI12([)1m(SOURCE/(2+®PI))e((X=X2)/(X002=2e0X2eX¢X2%024Y2002))
Pal])s(=]s)e(SINKe(y2/(X082-2,9X 0x4X|®02+Y2002)))
Pl3(1)m( (=] eeSINK)I/(2.0P]1))0((XaXxi)/(X002a2,0 ]0XeX]®024+Y2002))

Pagli)aC7e(BLeeS/S*((x=X3)eBLe®y) /yet({X=Xx3)0e20BL®e3)/3,
*((XaX3)egleBlLaee2)/2,¢
(X=X3)eo4onL+(X=X3)®e5eL 0G(ABS((X=X3=BL)/(X=X3))))=
CBe(BLosU/4,e((XwX2)08  083)/3¢¢((XeX3)0e2eB L *02)/20¢
(X=X3)%03eBL*(x=X3)004eALOG(ABS({(Xx=x3=BL)/(x=x3))))=
CO*(BL®e3 /3, +({(X=X3)%BLe®2)/2,+(X=X3)es2egL,
(X=X3)19¢3eAL 0GIARS{({XeX33=BL ) /X=X )))=C1D® 0L *e2/2,+

(X=X3)9BLe{X=X3)®020AL0G(ABS((X=¥3=BL)/(X=X3))})) _
=C11¢1(X=x3)®ALOGIABS((x=x3=BL)/(Xx=Xx3))) o

+RL ) «C12%ALOG(ARS((X=X3=BL)/(X=X3)))

SUM=0.0
TeMPu0.0
X11=0.0

00 331 X=1,101

TOP=(AB(1)e(X]1aC)+AB(2)0(XI1=Cloe2s

AB(J)e(XIl=Cloe3+AB(4)e(X[]=Clooye

AB(S)eo(X11=C)®e5)e(COSIATAN(K/(X=XT1)2)}
BOT-SQRT((x:xll)oozouooz)

otvaTOP/BOT

IFL(K «FQ@e 1) oORe (K oEQe 101)) THEN

SUMaSUMeD 1LV
ELSE
TEMPepive2,
SUMSSUM+TEMP
END tFf

X1isXl1+001
CONTINUE

P?(1)sSUMe(,01/2¢)

SUM=0.0
TeMPaDL0
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Wit TN s LW

1 S13 X1120.0

Si14 4 .
518 00 332 k=1,101
Sté TOP=(ABIl)e(X]l=C)*AB(2)e(X]1=C)ee2+
S17 C AB(3)elxX1j=C)os3+AB(Y4)o(x]|=Cloeye
518 C AB(S)e(XI1=C)®e5) e (SINIATAN(H/(X=X[1))))
S19 BOTaSART((X=X[[)ee2¢Hee2)
520 . nivsTopsB0T
521 4
~ 522 IF((K «FQs t) sORs (K +EQs 1Q3)) THEN
523 : SUMaSUM+D1V
524 ELSE
525 TEMPaDIV® 2.
826 SUMESUMTEMP
& 527 END IF
i 528 ¢ . .
& 529 X1l=zX1leoCl
530 . 332 CONT[NUE
531 4
S32 . Pruati)s(]1e/(2¢%P1))0SUMeln1/20)
533 c ‘ ' .
534 VROT(1)=P5(1)+PALL)+P7(])+pPBI])
538 UROT(I)SVEL+P12(T)+P13()+P14(T)
534 PROT(1)3(,5eRHOeVELe®®2)e(]e=((UBOT(I)0e2+VvBOT(1)ee2)/
s37 c . (VEL®®2)) ) +PRES
538 WRITE(A,323) X,vBOT(1),UBOT(I),PROT(])
5139 XzXe+e09
540 _ 330 CONT|INUEg f
sS4y c ; ;
: 542 323 FORMAT(1X,4F|&e8)
; 543 END . '
; S44 SUBROUTINE INVDET(CsN DTHRM,0ETMI
545 DIMENSION CIN,N), J(100)
S4é Po®). -
547 DO 124 L=l 4N
. 548 0n=Q. .
549 00 323 K=y ,N H
850 123 ON=pD+CIL ,K)oC (LK) '
851 DD®SQRT(0D) 1
552 124 PD=PDeDD
583 DeTmsl,
554 00 125 Ls]4N
119 125 J(L+20)=(
1Y) DO 144 Lwy,N
: 887 CC=n,
- S58 Mal _
| 559 0O 135 KaL,N : !
! 540 IF ((ARS{CCI=ABS(CIL,K)))eGEsDe) GO TO 138 4
F L YY) 126 MaK _ !
542 dLTIINY 4] !
= S43 135 CONTINUE ;
/ 544 127 IF (LeEQeM) GO YO 1238
548 128 KnJ(Me20)
S48 J(Me20Imy(L+20)
_ $467 JILe20) =K
! L YY) Do 137 Ksq,y
‘ 549 SaCiK,L)
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136
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163
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CIK,LImClK M)

C(K,M)=S

ClL,L)ale

DETM=DETMeCC

00 139 M=|,N
C‘LQM,-C‘L.")ICC

DO 142 M3l N

IF (Leg@eM) GO TO 142

CCcoc (M, L)

IF (CCeEQeDe?) GO TO 142
CtM,L)=De

DO 141 K= ,N .

CiM . x)aciMex)=CcoClLoK)
CONTINUE

CONTINUE

DO 143 Lsl,N

IF (JIL+20).EQeL) GO TO 143
MaslL .
MaMe

IF (J{M+20).EQeL) GO TO 133
IF (NeGTeM) GO TO 132
J(HQZO)aJ(L¢20)

DO 143 K=1,N .
CCmc(L,4K)

C(L,K)=C(M,K)

CiM,x1=CC

JiLe20)=L

CONT NUE

DFTM=2ABS(DETM)
DTNRM=xDETM/PD

RETURN

END
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