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ABSTRACT 
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1988 

A numerical scheme for determining the two dimensional, 

incompressible flow field about an airfoil is described. The scheme 

combines two methods: the Neumann (panel) method to determine the 

potential flow and a hybrid numerical method to determine the boundary 

layer flow. In the panel method, the fundamental theorems of 

potential theory are employed to derive the pressure and velocity 

fields around and along the airfoil. The velocity field obtained in 

the panel method is used in the hybrid method to determine the 

boundary layer thickness along the surface of the airfoil. The hybrid 

numerical method is an implicit finite difference numerical scheme 

which combines central and upwind differencing for the convective 

terms. The boundary layer thickness obtained is introduced back into 

the panel method to determine new pressure and velocity fields, thus 

imposing the effects of laminar, viscous flow on the solution. Lift 

coefficients for various angles of attack are derived and compared 

with experimental data presented in appropriate NACA technical 

reports. Reasonable agreement was obtained. 
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CHAPTER 1 

INTRODUCTION 

Literature Survey 

The Douglas Aircraft Company has been on the forefront in the use 

of potential flow theory coupled with boundary layer theory to predict 

flow characteristics about lifting (e.g., airfoils) and nonlifting 

(e.g., fuselages) surfaces. The solution of the potential flow (or 

Neumann) problem was begun in 1954 [1] and a summary report outlining 

developments from 1954-1965 was published in 1966 [2]. The Douglas 

method for calculation of boundary layer flow resulted from work begun 

in 1960 [3-14] through 1968 and resulted in overcoming the weaknesses 

of earlier attempts [15-17]. 

Other work in the field of machine calculations of fluid flows 

grew out of these accomplishments. Callaghan and Beatty used the 

method to successfully analyze and design multielement airfoils [18]. 

In an exploratory report, John L. Hess probed the possibility of 

constructing a computer program for calculating flow about arbitrary 

three-dimensional configurations including viscous effects [19]. It 

is from this work by Hess in 1976 and an article he wrote in 1974 [20] 

that much of the work done in this paper is derived. For the purpose 

of this paper, only two dimensional flows were considered. 

1 
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This method is not restricted to airfoils or lifting surfaces. In 

fact Hess and Smith extended the method to low speed flows in inlets, 

and ducts and about propeller shrouds [21]. Another application that 

demonstrates the overall versatility of the method is its use in th~ 

design of ships [22]. The Douglas method has been applied to a 

variety of flows, compressible and incompressible, which seemingly 

fills the gap left by analytical closed form methods. Before the 

introduction of the Douglas method, empirical data were absolutely 

essential for predicting complex flows. Now one can predict complex 

flows by the Douglas method with reasonable accuracy through machine 

calculations. 

Layout 

The paper is organized into three principal parts: explanation 

of numerical method, results and conclusions. The first part is 

subdivided into: 

(a) Theoretical development of the potential flow problem. 

(b) Neumann (panel) method. 

(c) Implicit and Hybrid methods for determining the flow field 

in a boundary layer and the boundary layer thickness. 

(d) Modification of Neumann method to account for boundary layer 

thickness (i.e., viscous effects). 

(e) Brief discussion of geometric considerations of the problem. 
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In part two, I will depict graphically the following: 

(a) Coefficient of lift versus angle of attack for the CY-14, 

N-68, and Gottingen 387 airfoils. Both the ideal flow and 

boundary layer displaced flow will be graphed as well as 

compared with NACA (National Advisory Committee on 

Aeronautics) Technical Report data. 

(b) Coefficient of pressure versus percent chord position for 

various angles of attack. 

(c) The wall shear stress, 1w, versus downstream distance and 

the point of flow separation when it occurs. 

In addition to the above, information on the numerical efficiency 

(e.g., computer time, etc.) of the program is presented. 

In part three, an evaluation of results gathered and suggestions 

for improving the technique are given. 



CHAPTER 2 

EXPLANATION OF NUMERICAL METHOD 

Theoretical Development of Potential Flow Problem 

A general, exact, closed form solution for the Navier-Stokes 

equations does not exist [23]. Furthermore, the use of numerical 

techniques for solving the Navier-Stokes equations for flows around 

airfoils would involve excessive computer time and memory. It is for 

this reason a three tier approach is used to solve the flow field 

around the airfoil. In the first tier, Potential Flow Theory (Neumann 

Method) is used to determine the inviscid flow solution around the 

airfoil. In the second tier, the velocity field derived in the first 

tier is used to determine the boundary layer thickness. In the last 

tier, the potential flow solution is modified to account for the 

boundary layer thickness found in the second tier. That is, the 

boundary conditions are applied at the edge of the boundary layer 

instead of on the airfoil surface. This modified solution better 

simulates the real flow solution. 

The focus of this paper is restricted to two dimensional, 

subsonic flows with Mach numbers less than 0.5. As a result, 

compressibility effects are negligible [24] and the assumption of 

constant fluid density is valid. 

4 
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It is experimentally observed that viscous effects are confined 

to a very narrow region along the airfoil known as the boundary layer 

(25]. For subsonic, incompressible flows, there is no significant 

pressure variation across this boundary layer [26]. Theoretically 

then, a nonviscous or ideal flow solution can be used to determine 

lift on an airfoil at low angles of attack. For larger angles of 

attack, flow separation occurs which nullifies the potential flow 

solution. 

The use of potential flow to determine drag on an airfoil would 

lead to the erroneous conclusion that the drag is zero. This is known 

as the d'Alembert's paradox (27]. However, by solving the boundary 

layer equations one can calculate the drag force on an airfoil from 

the wall shear stress provided that there is no flow separation [28]. 

When flow separation occurs, the boundary layer solution is no longer 

valid and in addition, a pressure drag occurs as a result of the 

development of a low pressure area downstream of the point of 

separation [29]. 

In treating an ideal flow around an airfoil, it is usually 

assumed that the flow is irrotational; i.e. 

V X V • 0 (2.1) 

where v is the fluid velocity vector. Justification for this 

assumption is based on Kelvin's Theorem and the fact that the flow 

field is uniform far upstream from the airfoil (30]. 
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Neumann (Panel) Method 

When the flow field is irrotational, the fluid velocity vector 

can be expressed as the gradient of a scalar [31]; i.e., 

v .. v ~ (2.2) 

where ~ is the potential function. The governing field Equation for 

potential flow is obtained by substituting Equation (2.2) into the 

continuity equation shown below: 

au av 
V·v z ax + ay • o (2.3) 

This gives: 

( 2.4) 

The boundary conditions for the problem are (see Figure 1): 

y 

a 

a angle of attack 

Figure 1 Boundary Conditions 
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Therefore, 

~(-~,Y) • U~[cosa! + sinaj] 

and on the boundary: 

where 

v (B) is the velocity on the airfoil boundary 

and 

~ (B) is the unit normal vector on the airfoil surface. 

(2.5) 

(2.6) 

The potential flow solution allows a non-zero tangential velocity 

component on the surface of the airfoil, which is not consistent with 

the no slip boundary condition observed experimentally. However, the 

boundary layer is very thin and the allowance of a non-zero tangential 

velocity component on the surface of the airfoil instead of the edge 

of the boundary layer introduces only a small error. This small error 

is compensated for by the third tier. 

Superpositioning of some simple flow configurations such as 

sources, sinks, and vortices can lead to streamline patterns that 

simulate some particular flow of interest [32]. Each simple flow 

configuration by itself satifies Laplace's equation. The addition of 

several simple flow solutions also satisfies Laplace's equation. This 

is so because Laplace's equation is linear. 

In the panel method the velocity potential, Q, is assumed to be 
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the superposition of the velocity potential of a uniform stream, and 

source and vortex distributions on the airfoil, i.e., 

~ = U~ cosa X + U~ sina Y + $s + $v ( 2. 7) 

where: 

v~ is the free stream velocity. 

a is the angle of attack of the airfoil. 

$s is the potential from the source distribution. 

$v is the potential from the vortex distribution. 

Substituting equation (2.7) into the above equations yields: 

[U cosa i + U sina 1· + V$ (B) + V$ (B)]·n(B) = 0 
~ ~ s v - (2.8) 

The above source distribution in equation (2.8) is assumed to have a 

variable strength (o) while the vortex distribution is assumed to 

have a uniform strength (av). Thus, 

~ = fa(c) log r dt (2.9) 
s 

c 

where 

r • 
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and (X, Y) are the coordinates of a point in the flow field, (X, Y) 

are the coordinates of a point on the airfoil (see Figure 2), and d~ 

is an arc length on the airfoil (see Figure 2). 

y 

Figure 2 Source Distribution Geometry 

Subdividing the airfoil into M segments yields: 

M 
jcr(c)log r d~ ~ rcr f 
c m•lm c 

m 

M 
log r d~ = L 

m•l 
cr U m m 

X 

(2.10) 

In this method, cr(c) is taken to be a constant on each line segment 

but has varying values for different line segments. The potential 

function, $v, due to the vortex distribution is given by: 

~ = a jed~ v v (2.11) 
c 
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(X,Y) 

Figure 3 Vortex Distribution Geometry 

where 9 is the angle (in radians) between the line connecting the 

points (X, Y) and (X, Y) and the normal line to the airfoil as shown 

in Figure 3. 

One can see that there are (M + 1) unknowns: cr1, cr2,···· crM and 

crv· Application of the boundary condition at the control points on 

each element provides M linear algebraic equations. The Kutta 

condition provides one additional equation, making the system 

solvable. The control points, (Xm, Ym), are taken to be the center 

point on each element. 

Um and Vm are best written in terms of tha local coordinates 

-
associated with each line segment. If (x, y) are the local 

coordinates of a point in the flow field and ( 0, y) are the 

coordinates of a point on the airfoil line segment (see Figure 4 

below), then [33}: 

and 

J./2 
U • ! f log [x2 + (y - y) 2 ] dy m 2 _,_ 12 

v = m 

J.,/2 
J 

-J./2 
arctan 

(2.12) 

( 2.13) 
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y . 

(x,y) 

~----------~-------------------4x 

-g_/2 

Figure 4 Element Local Coordinates 

The local coordinates of a point in space can be related to a 

global coordinate system (X, Y) by the following equations (see 

Figure 5): 

X = (X - X ) cos y + (Y 
m m 

(2.14) 

y • - (X - X ) sin y + (Y 
m m 

(2.15) 
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y 

/ 
/ 

/ 
/ 

/ 
/ 

/ 

/ 
/ 

/ 
/ 

/ 

<'~m • Ym>--ij~....._~~::-:--*--+"':...._ _________ X 

~+-~.....:..;..;._~-~ 

Figure 5 Local to Global Coordinate Transformation 
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The unit vector in the direction of the line segment, 

given by: 

The unit normal vector to the line segment, ~· is then: 

~ • cos(Sm - ~/2)! + sin(Sm - ~/2)i 

Recall that: 

(from Equation (2.10)) 

and 

$v • av L Vm (from Equation (2.11)) 

Therefore: 

M [ au au ] 
V'$ - L a 

m 
i m . 

s m•1 m ax + ay l 

and 

M [ av av ] V'$ ,.. a L m 
i m . 

v vm•l ax + ay l 

(e ) , is 
-y m 

(2.16) 

(2.17) 

(2.18) 

(2.19) 
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We can express Equations (2.18) and ( 2. 19) in terms of local 

coordinates by use of the chain rule: 

au au 
ax 

au 
1Y m m m --- + ax ax ax ay ax 

(2.20) 

and 

au au 
ax 

au 
1Y m m m -- = + --dY ax ay ay ay (2.21) 

The derivatives of (x,y) with respect to (X,Y) can be obtained from 

Equations, (2.14) and (2.15). Similar relations can be obtained for 

To obtain a set of equations for the set {an}, one needs to apply 

Equation (2.8) to the control points on each element, i.e., points 

(Xn, Yn). To do this, expressions for V$ 5 and V$v must first be 

obtained. Then, evaluating V$s and V~v at the boundary points 

(Xn,Yn) and combining the results with Equation (2.8) yields: 

au 
m 

ax 

a 2: { 
vm#n 

au au 

<e1)m . axm <xn,Yn) + (e2)m aym <xn,Yn) 

av 
(e2)n [ (e2)m axm 

l} + 
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av 
<xn,Yn) + (e2)m aym <xn,Yn) ] } = 0 

(2.22) 

Subscript n refers to a control point on the element where the 

boundary condition is being applied and m refers to the source and 

vortex contributions from the mth element. Equation (2.22) can be 

written in index notation, i.e., 

Anm 0 m = Bn 

where: 

[ ] A (e2)n(e2)m + (el)n(el)m • nm 

+ [ (e2)n(el)m- (el)n(e2)m ]· 
A = 11 nn 

and 

au 
m 

ax 

au 
m 

ay 

av 
m 

ay 

<x , y ) 
n n 

<x , y ) 
n n 

av 
m 

ay 

(2.23) 

(2.24) 

<x ,x > 
n n 

(2.25) 
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au au av av 
The derivatives 

m m 
ax ' ay 

m and __..!!! 
' ax ay 

can be determined 

analytically. It should be noted that these partial derivatives are 

in terms of the local coordinates; but, throug~ the chain rule they 

can be expressed in terms of the global coordinates. Recall that from 

Equations (2.12) and (2.13): 

and 

1 ~ 12 2 ? 
U = - f log [x + (y - y)-] dy 

m 2 -~/ 2 . 

v -m 
-1 Y:Y -tan dy 

X 

To evaluate these integrals, let z = y-y; then 

1 y-~/ 2 2 2 
U = - - f log [x + z ] dz 
m 2 y+~/ 2 

1 y+~/ 2 2 2 
= 2 f log [x + z J dz 

y-~/2 

From the use of integral tables, we obtain 

(2.26) 

(2.27) 

(2.28) 

-1 ( y + ~/2 ) 2 2 + 2x tan - (y - ~/2) log [x + (y - ~/2) J 
X 

- 2x 
-1 ( y - J./2 )} tan 

X 

(2.29) 
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Taking the derivative of Equation (2.29) with respect to x and y 

yields: 

au 
-1 ( y + !/2 )- -1 ( m -= tan tan ax X 

au 
! 1 [ x

2 
+ <x + !12)

2 
] m -· ay 2 og 2 2 

X + (y - }./2 ) 

For the special case where (x,y ) ~ (0,0), 

and 

au 
m 

ax 
-1 -1 (0,0) m tan (+ m) - tan (- m) 

~ ~/2 - (-~/2) a ~ 

y - !-/2 
X 

au 
m 

ay 1 [ i1J1.) 
2 

] 1 (0,0) • 2 log (-J.,/
2

) 2 = 2 log 1 • 0 

Similarly , 

v = 
m 

y+J.,/2 
f tan ~ dz 

y-J./2 X 

From integral tables: 

-1 -1 1 2 2 f tan ax dx • x tan ax - - log (1 + a x ) 2a 

) ( 2 . 30) 

( 2. 31 ) 

(2.32) 

(2.33) 

(2.34) 

(2.35) 
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Therefore, 

v ... (y + ,./2) 
-1 ( y + !/2 

) - (y - · ~/2) -1 
tan tan 

m X 

-I log [1 + (X: !1 2 
)

2 
] + I log [ 1 + ( X : 

Taking 

and 

the derivative with respect to x and 

av 
1 [ :: + ( y - ~/2)2] m 

log = dX 2 + (y + !/2)2 

av 
m 

-- = ay tan -1 ( .._y _+__.!<..;..:./~2 ) -
X 

-1 
tan 

y yields: 

For the special case (x,y) z (0,0) 

and 

av 
m 

dx 

av 
m 

ay 

1 
(0,0) = 2 log 1 = 0 

-1 -1 
(0,0) '"' tan ( +~) - tan (~) = ~ 

( y - !/2 ) X 

!/2 y1 ( 2. 36) 

( 2. 37) 

(2.38) 

(2.39) 

(2.40) 

The superposition of a vortex distribution of uniform strength 

induces a lift on the airfoil, but makes the solution multivalued. 

However, the use of the Kutta condition makes the solution unique. In 

the panel method the Kutta condition is achieved by making the 

velocities at the trailing edge control points (points A and B, Figure 

6) the same. 
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To apply the Kutta condition, we need to obtain an expression for 

the tangential velocity, Vt· This is accomplished as follows: 

where: 

Thus: 

(e ) • (e1) i + (e2) i -y n n- n..t. 

(e ) 
-y n 

au 
m 

ay <x ,Y ) } n n 

+ C1 lr 
v 

av 
(el)n(e2)m- (e2)n(el)m] axm cxn,Yn) 

av 
m 

ay <x ,Y > } n n 

Figure 6 Application Points for Kutta Condition 

(2.41) 

(2.42) 

(2.43) 
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An iterative scheme is employed to determine the value of av 

that will satisfy the Kutta condition, i.e., 

l. A value for av was assumed (av ~ 0.0 was used for the 

first iteration). 

2. Tangential velocities, Vt, were determined at points A and B 

by the use of Equation (2.43). 

3. A correction term, dav was determined which was proportional 

to the difference of tangential velocities at points A and 

B, i. e. [ 34] : 

(2.44) 

where 

Vt,v is the tangential velocity due to a vortex distribution of 

unit strength and W is some weighting factor less than one. 

W is initially taken as 0.5 which from experience provides faster 

convergence than a value of 1.0 throughout the iteration process. 

4. A new Gv is obtained utilizing the dav obtained in (3), 

i.e., 

n+l n a • a + d a 
v v v 

(2.45) 
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Iteration continues until the the values of Yt(A) and Yt(B) are the 

same within 1.0 x 10-6 ft/s. 

At this point, the nonviscous solution for flow around an airfoil 

is solved. To determine the accuracy of the obtained solution, it is 

necessary to compare the obtained results with some experimental data 

or documented data by others, such as those presented in Technical 

Reports published by the National Advisory Committee on Aeronautics 

(NACA). Originally, we had planned to conduct tests whi~h w~uld have 

provided the local press.ure distribution along the airfoil. However, 

due to complications with using the wind tunnel in the Department of 

Ocean Engineering, the experiment was cancelled. For details on the 

experimental procedure see Appendix D. Therefore, attention was 

focused on NACA Technical Reports on airfoil performance [35]. To 

compare results with these data, it was necessary to calculate the 

lift coefficient, CL, versus the angle of attack. The lift 

coefficient is related to the circulation, r, around the airfoil and 

is given by [36] 

-2 r c = L c U CX) 
(2.46) 

where c is the chord length, UCX) is the free stream velocity and f is 

the circulation defined by: 

r = 1 ~ 
c 

~t d~ ~ I J Vtd~ 
n c 

n 
(2.47) 
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It should be noted that for positive angles of attack, f is negative 

when the line integral is taken in the counter clockwise direction. 

Since in the program, the line integral was taken in the 

counter-clockwise direction, the negative sign in Equation (2.46) 

gives a positive CL when the angle of attack is positive. In 

evaluating f, as given by Equation (2.47), it should be observed that 

Vt varies along en. It is convenient to express Vt in terms of the 

local coordinates. It should also be noted that only the vortex 

contribution to Vt results in a non-zero circulation [37]. 

Thus: 

where 

and 

r • 

~n/2 

+ [(el)n(el)m + (e2)n(e2)m] J 
-~n/2 

av 
m 

ay 
m 

av 
m 

ax 
m 

(c )dy 
n 

(c ) dy 
n 

(2.48) 

(2.49) 

(2.50) 
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The integrals in Equation (2.48) were calculated numerically by the 

use of the trapezoidal rule with 100 sub-divisions on each element. 

Implicit and Hybrid Methods 

Up to this point, fluid viscous effects have not been considered. 

As stated before, the potential flow solution allows for a non-zero 

tangential velocity component on the surface of the airfoil. In 

reality, this premise does not agree with experimental observation. In 

1904, Ludwig Prandt demonstrated the existence of a thin boundary 

layer adjacent to a solid surface in a fluid flow [ 38 J. The 

characteristics of boundary layer flow are: 

1) Fluid viscous effects are important. 

2) At normal fluid densities a "no-slip" conditon exists at the 

wall (experimental observation). 

3) Boundary layer thickness increases with distance downstream. 

4) Skin friction drag is determined by wall shear stress. 

5) Flow outside the boundary layer is inviscid. 

There are several objectives in determining the boundary layer 

flow for the airfoils of interest. First, it is used to modify the 

potential flow solution, thus imposing fluid viscous effects onto the 

solution. This is accomplished by displacing the boundary condition 

from the surface of the airfoil to the edge of the boundary layer. 
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Second, it is used to determine the point of separation along the 

airfoil. Finally, it can be used to determine drag when there is no 

separation. 

When the airfoil is thin, the geometry of the boundary layer 

problem may be simplified by projecting it onto two flat plates as 

shown: 

6 

l 
dt 

I 

Vt(P)""""-~;,..-:!:====::::::~. dt • l .. d,..x 2 ... + u dyy 2-

a~~=i;========:====== ~=====---

6 boundary layer thickness 

Point P' is on the flat plate and U is at the 
edge of the boundary layer . Point P is on the 
airfoil. 

Figure 7 Airfoil to Flat Plate Coordinate Transformation 
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The stagnation point (point a, Figure 7) was determined through linear 

interpolation between the two points near the nose where the 

tangential velocity changes direction. Once the stagnation point is 

located, Ue(P') is set equal to the tangential velocity (Vt(P)), where 

P is a point on the airfoil and P' is its corresponding point on the 

flat plate (see Figure 7). Thus, the tangential velocities at the 

control points on the airfoil become the Ue(X) in the boundary layer 

equations. 

The boundary layer equations are [39]: 

continuity 

au av + .. 0 ax ay (2.51 ) 

momentum 

(2.52) 

where 

u(x,O) = v(x,O) • 0 

u(x,li) = Ue(x) 

To obtain the finite difference equations, one uses the first few 

terms of a Taylor series expansion. Using central differencing, the 

continuity equation becomes: 
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u - u 
n + 1,m n- 1,m 

nx + 
v - v 

n,m + 1 n,m - 1 = 
0 

2f':ly 
(2.53) 

where u(xn,Ym) ~ un,m· On the other hand, using forward differencing, 

one obtains: 

u - u v - v 
n + 1,m n, m + n,m + 1 n,m = 0 

!J.x !J.y 
( 2. 54) 

In Equation (2.54), the order of error is f':lx whereas in Equation 

(2.53), the order of error is (!J.x)2. Thus, the more accurate of 

the two is central differencing. 

There are various schemes or approaches to solving the boundary 

layer equations. A discussion of two of these, explicit and implicit, 

follows: In the explicit method, forward differencing is used for 

the 
au 
ax 

central 

term on the 

differencing 

left hand side of 

a2
u 

is used for the 
a/ 

Equation ( 2. 52) , while 

term. In addition, the 

latter term is evaluated at position X . This gives: 

u 
n,m 

(U ) 
e 

n 

( u -
n+1 1m 

!J.x 

u ). n 1 m 

+ v ( 

n 

( u 
n 1 m+1 

- u ) v 
n 1m 

= 
n,m !J.y 

u + u -2u ) 
n,m+1(f':ly)~,m-1 n,m (2.55) 
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Solving Equation (2.56) for Un+1,m yields: 

u u /1x { n+1,m = n,m- u 
n,m 

_u.:.:n~,..::m:....;+..:l;.,_-_u_n;.:..l.., m~ ) _ 
!1y 

( z. 56) 

Equation (2.56) is an explicit expression for un+l,m, since all of the 

other terms are considered to be known [40]. 

It should be noted that explicit methods are inherently unstable 

[41). In the implicit method, the differential equation is 

a2
u approximated by using central differencing for the term but it 

a/ 
is evaluated at x 

1 
[42], which gives: n+ 

u -n,m+1 un,m-1) . u n,m 

0n [ un+ 1 _ un] 
e e e 

/1x 

211y 

u - 2u n+1,m+l n+l,m n+l,m-1 +u ) (2.57) 

This formulation does not permit the explicit calculation of un+1 m in 
' 

terms of known variables and must be solved through a system of 

algebraic equations. However, the coefficient matrix is tri-diagonal 

and thus this system of equations can be solved more readily than one 
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that requires the use of a Gaussian elimination procedure. Implicit 

methods are touted to be unconditionally stable [43]. Solving 

Equation (2.57) for the un+l,m term yields: 

D U =AU +BU +C 
m n+l,m m n+l,m+l m n+l,n-1 m 

(2.58) 

where: 

A 
v 

v ~ m = --- + 
(6y)2 26y 

B 
v 

v -.!!...z.!!l m :z --- + 
(6y)2 26y 

0n[U n+l_0n] (U )2 

c e e e n,m 
= + m 6x 6x 

( u 
2v ) D a: -.!!...z.!!l + m 6x 
6/ 

This scheme is purely implicit with central differencing for the 

advection term. Numerical stability requires that Am and Bm be 

greater than zero when vn,m is greater than zero. This requires: 

v 
~ 

\1 
Lly > 2 (2.59) 

If one uses upwind differencing for the advection term, the numerical 

scheme becomes more stable. However, the truncation error of this 

scheme introduces an artificial viscosity which may result in an 

inaccurate solution [44]. 
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A method that contains the best features of central and upwind 

differencing is the hybrid method. In the hybrid method, the 

convective term is taken as: 

when v > 0, and n,m 

au v ()y 
~ 

R 
c 

1 - R 

( R c 
R 

(I -R 
c 

R 

v n,m 

) vn,m 

) v 
n,m 

) v 
n,m 

u - u ( n+l,m+l n+1,m-1) 
2~y 

u - u ( n+l,m n+1,m-1) 
~y 

u - u n+l,m-1) ( n+1,m+1 + 
2~y 

u -
~ n+1 1 m+l 

u n+ 1 1 m) 
~y 

when v < 0. In the above formula, R is a constant $ 2 
n,m c 

and R is a local Reynolds number defined by: 

R = 

(2.60) 

(2.61) 

(2.62) 

We can see that when R >> 2, upward differencing will dominate, while 

for R approximately equal to Rc, central differencing dominates. 

Incorporating the hybrid method into Equation (2.58) yields: 
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* * * u = Au + B u + c (2.63) 
n+l,m m n+l,m+l m n+l ,m-1 m 

where: 

{ R -((I -0 

) } In: * 
v v 

\! c ...!!..z2!! ...!!..z2!! A = 
11/ - Rc/R m R 211y 

11y 

. { R 
+ ((I -0 

) } In: * 
v v 

\1 c ...!!..z2!! ...!!..z2!! B --+ Rc/R m 
11/ 

R 
211y 

/1y 

* . { u: [ un+l ] + 
u 2 }I * c - un ( n 1m) 

D 
m 11x e e 11x m 

and: 

* 
u 2v ( R 

)~ ...!!..z2!! c 
D = + + 1 -

m 11y 
11/ - R 11y 

Note: Upper option is applicable for vn,m > 0 and lower option is 

applicable for vn,m < 0. 

A no slip boundary condition is imposed at the wall and u is set 

equal to the potential velocity (Un) at a y position outside of the 
e 

boundary layer (see Figure 8): 
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y 

l- ------ ---- ---- - ------

Figure 8 Boundary Layer Geometry 

Therefore: 

at y ~ YM: ~ . = B = 0 and C = un - "M M M e 

where YM is the largest y position carried in the program and was 

determined by estimating the boundary layer thicknesses through 

experience and successive trials. The v velocity component was solved 

explicitly through the use of the continuity equation; i.e. 

v v -!J:t.._ u -u +u -u 
n+l,m = n+l,m-1 2 ~x ( n+l,m n,m n+l,m-1 n,m-1) (2.64) 
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The use of ul,m = Ue(o) for all mas a starting condition results 

in a numerical instability. A remedy was obtained by using the 

Hiemenz (stagnation flow) solution near the stagnation point [45]. 

Hiemenz obtained a solution to the stagnation flow problem (see Figure 

9) by searching for a similarity solution in the form: 

u = Bxf'(n) and v • - JBv f(n) (2.65) 

where: 

n = Y ~ v 
(2.66) 

Substituting the above into the Navier-Stokes equations gives the 

governing equation for f, i.e., 

f''' + ff'' + (1- f 2). 0 (2.67) 

X 

region of nonzero vorticity 
Figure 9 Stagnation Point Flow 
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Imposing the following boundary conditions: 

f(O) = f'(O) = 0 and f'(m) ~ 1. 

values for f' and f can then be determined for a given y. This 

solution is used at a station just downstream of the stagnation point 

(at x • l.Oxlo-6 ft) to provide starting values for the numerical 

scheme. 

Values for un,m and vn,m can now be determined. From these 

quantities, the boundary layer thickness, 6n, can be obtained. 6n was 

found numerically by satisfying the condition that at the edge of the 

boundary layer, u(x,o) a .95 Ue(x). Linear interpolation was used to 

determine the position of 6n along the y axis. A discussion on how 

the use of 6n was used to improve the potential flow solution follows. 

Once on is determined for all n, we are in a position to modify 

the Neumann method to account for boundary layer thickness. This is 

accomplished by applying the boundary condition at the edge of the 

boundary layer instead of on the surface of the airfoil. This in 

effect lifts the potential flow solution away from the airfoil 

surface. The geometry of this modification is shown in Figure 10. 
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Note: o is exaggerated for purposes of clarity. 

Figure 10 Boundary Condition Adjustment for Boundary Layer Thickness 

' ' The (X n' yn ) coordinates are determined by: 

X = X + 0 (e ) i n n n -x n ( 2. 68) . 

and 

y = y + 0 (e ) . i n n n -x n (2.69) 

Note: ( e ) · i z e
2 

and ( e ) • j • - e 
-x -x 1 (2.70) 

Thus, the local coordinates adjusted for the boundary layer thickness 

become: 

x = [X + o (e
2

) -X J(e ) -
m n n n m 2m 

[Y - o (e ) - Y ](e
1

) 
n n 1 n m m (2.71) 
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and 

y = [X + 6 (e2) - X ](e1) + 
m n n n m m 

[Y - 6 (e ) - Y ](e
2

) 
n n 1 n m m 

(2.72) 

These local coordinates are used once again to evaluate aum/ax, 

aum/ay, avm/ax, and avm/ay (Equations (2.30), (2.31 ) , ( 2.37) and 

( 2. 38)) . 

Geometric Considerations 

The final item to be discussed is the a i rfoil geometry . Standard 

NACA data provides x and y coordinates along the surface of the 

airfoil as a percentage of the chord length ( see Figure ll). 

Percent of Chord 

Station Upper Surface Lower Surface 

0 4 . l9 4 . l9 
l . 2S 6 . 52 2.3l 

2 . 5 7 . 78 l.ll 
20 s.o 9 . 4S . 7S 

7 . 5 l0 . 59 .so 
lO lO ll. 48 . l8 

lS ~2. 79 .04 
20 l3. 60 0 .00 

0 30 l4 . 00 0 .00 
40 l3 . 64 0 . 00 

lOO so l2 . 59 0 .00 
60 l0 . 95 0 .00 
70 8 . 130 0 .00 
80 5 . 25 0.00 
90 3 . 35 0.00 
9S l. 78 0 . 00 

lOO . l4 0 .00 

Figure ll Sample NACA Technical Report Data 
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For the CY 14 and Gottingen 387 airfoils, the data plots as follows: 

y 

Figure 12 Before Axis Rotation of NACA Data 

Since angles of attack are normally given with respect to the 

line connecting the nose and the trailing edge, the NACA coordinates 

were transformed such that the x axis runs along the chord length as 

shown in Figure 13. 
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y 

Figure 13 After Axis Rotation of NACA Data 

Points were added by a cubic spline curve fitting subroutine at each 

five percent chord length position to refine the solution and smooth 

the geometry. 



CHAPTER 3 

DISCUSSION OF RESULTS 

The results from both the Neumann (nonviscous flow) Method and 

Neumann/Boundary Layer Combination (viscous flow) Method were compared 

with the test data presented in NACA Technical Report Number 628 [46). 

The technical report provides CL versus angle of attack and CL versus 

Cn for two-dimensional airfoils. The coefficient of lift was 

determined for angles of attack from 2° to 18° by both methods. Plots 

of these along with NACA test data are shown in Figures 14 - 16, 

Appendix B. In order to adequately compare results with the NACA test 

data, the slopes of the straight line portions of the graphs were 

determined. In the case of the NACA test data and the nonviscous flow 

solution, the slopes were calculated by dividing the difference of the 

extremes of CL with the difference of the extremes of a. However, for 

the viscous flow solution, it was necessary to use a least squares fit 

approximation of the slope since the points did not clearly fall on a 

straight line. The following equation for slope was used [47): 

a = 
n !<x.y.) - <!x.)(!y.) 

1 1 1 1 

2 
n !x . -

1 

38 

(3.1) 
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where: 

and 

a is the slope of the CL vs a curve. 

n is the number of data points. 

x corresponds to a. 

y corresponds to CL· 

The results of this comparison were as follows: 

1. CY-14 airfoil. 

a. NACA Test Data 

a= .095 --for angles of attack from -6° to 4°. 

b. Nonviscous Flow Solution 

a a .1219 (28.3% error) 

c. Viscous Flow Solution 

a • .099953 (5.214% error) 

2. N68 airfoil. 

a. NACA Test Data 

a~ .0975 --for angles of attack from -2° to 6°. 

b. Nonviscous Flow Solution 

a • .11675 (19.74% error) 

c. Viscous Flow Solution 

a = .089614 (8.09% error) 

3. Gottingen 387 airfoil. 

a. NACA Test Data 

a a .099 --for angles of attack from -6° to 4°. 
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b. Nonviscous Flow Solution 

a • .1225 (23.74% error) 

c. Viscous Flow Solution 

a= .10624 (7.32% error) 

The nonviscous flow solution deviates significantly from NACA data at 

the higher values for angle of attack. Adding viscous flow effects 

improves results, particularly for these higher angles of attack. 

These results are reasonable in that according to Hess, applying the 

Kutta condition alone for smooth bodies with sharp trailing edges can 

result in errors as high as 20 percent [48]. Further, it should be 

noted that the accuracy of the solution is enhanced by as much as 15 

percent when boundary layer effects are included in the solution. 

Plots of coefficient of pressures versus the percent chord 

position for the CY-14 airfoil at angles of attack of -6°, 6°, and 12° 

are shown in Figures 17 thru 19~ Appendix B and tables 1 thru 3, 

Appendix A. At -6° angles of attack, the upper surfaces values for CP 

are positive near the leading edge and turn negative at X/L equal to 

.1; the lower surface Cp values begin negative and turn positive at 

X/L equal to .77. However, the area between the lower and upper 

surface Cp curves is less in front than in rear, thus, the overall 

lift is negative. 

For a positive angle of attack, such as 6°, the Cp values for the 

lower surface remain positive while for the upper surface they remain 

negative. This leads to a positive value for lift. Although, the 

anticipated ''flattening" out of the upper surface curve failed to 
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materialize after flow separation (see Figure 19, Appendix B), the 

overall characteristics of these curves plot as expected. To further 

illustrate this, Cp values derived by Hemke for the NACA 4412 airfoil 

at -2° angle of attack [49] are compared with Cp values derived by the 

viscous flow solution (see Figure 20, Appendix B).). As can be seen, 

good agreement exists between the two. 

Plots of the wall shear stress, tw, versus X' position along the 

flat plate are shown in Figures 21 thru 23, Appendix B. The salient 

feature of this family of curves is to show whether or not the flow 

separates as a result of the value for tw becoming negative. One can 

note that for the laminar region of flow (low angles of attack), the 

value for tw gradually reduces to zero whereas the degradation of this 

value becomes acute for the higher angles of attack where the flow 

separates. These results correlate well with observed phenomenon. 

The locations of the points of separation on both the upper and 

lower surfaces at several different angles of attack are shown in 

Figure 24, Appendix B. It can be seen that at -8° angle of attack, 

the separation point is on the lower surface. For angles of attack 

greater than 10°, separation occurs on the upper surface and moves 

closer to the nose of the airfoil as the angle of attack increases. 

These results appear to correlate well with physical reality. 

Typical computer time to complete the nonviscous solution for an 

angle of attack was 2 minutes and 47.01 seconds. The number of 

iterations necessary to satisfy the Kutta condition was typically 39. 
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For the viscous solution, computer time expended was 5 minutes and 

28.53 seconds with convergence occuring within 41 iterations. For the 

boundary layer subroutine, a mesh size of approximately .01055 ft in 

the x direction (24 steps) and 1.25 x 10-5ft in they direction (80 

steps) was used~ 



CHAPTER 4 

CONCLUSIONS AND RECOMMENDATIONS 

After many months of work on this method, we have come to the 

following realizations: 

1. The Neumann Method is a very powerful method for determining 

all types of flows about complex geometric figures. 

2. The accuracy of this method can be greatly enhanced by 

combining the Neumann Method with a boundary layer 

algorithm. It is the boundary layer algorithm that appears 

to be the weakest part of the program and is therefore the 

area that can be improved the most. A copy of the algorithm 

developed for this thesis is given in Appendix C. 

Before I discuss possible improvements in the boundary layer 

algorithm, I would like to touch lightly on a possible improvement to 

the potential flow solution. According to Douglas Aircraft Company, 

for two-dimensional or axisymmetric bodies, a minimum of 60 elements 

must be used to acquire needed accuracy (50]. Since the NACA data did 

not provide that many data points for the airfoil profile, a cubic 

spline routine had to be used to create additional profile points. 

Points were obtained at every 2.5 percent chord (which exceeded this 

60 element minimum) as well as at every 5 percent chord (which did not 

satisfy this 60 element minimum). The use of points at every 2.5 

43 
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percent chord resulted in only a minimal improvement in the results 

(i.e., to the third place in the lift coefficient). Therefore, this 

was discounted as a possible method for meaningful improvement. 

We also tried sub-dividing the elements adjacent to the trailing 

edge into several elements, thus, moving the points of application of 

the Kutta condition closer together. We found that if the points 

where the Kutta condition is applied are too close, the iteration 

scheme for determining av did not converge. Further investigation on 

selecting an optimum size for the elements adjacent to the trailing 

edge is warranted. 

As can be seen by the references (i.e.,[3 -14] in particular), 

much work has already been done in the area of boundary layer theory, 

including the method used in this thesis. An alternate method for 

treating the boundary layer problem was given by Smith/Clutter. They 

used non-dimensional variables obtained in the similarity solution 

method for a flat plate and combined it with an implicit finite 

difference method [51]. This effort resulted in circumventing the 

singularity problem at the stagnation point. Even though this method 

holds much promise, there is a hint of stability problems with the 

velocity profile [52]. It should be noted that the method employed in 

this thesis is not without these same problems. In fact, the velocity 

profiles at several stations just downstream from the stagnation point 

showed a bulge instead of the asymptotic behavior as expected in 

boundary layer theory. However, when the algorithm used in this 

thesis was employed in the flat plate problem and compared with the 
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Blasius closed form solution, reasonable agreement in the velocity 

profiles was obtained (see Tables 4 thru 7, Appendix A). We suspect 

that the overall results can be improved by the use of the 

Smith/Clutter approach. 

Another possible area for improvement, is to modify the boundary 

condition at the edge of the boundary layer [53]. In our algorithm, 

we displaced the zero normal velocity component at the surfaces of the 

airfoil to the edge of the boundary layer. However, due to the 

viscous effects along the body of the airfoil, fluid is entrained into 

the boundary layer, resulting in a non-zero (but small) normal 

velocity component. When we applied the normal velocity component 

obtained in the boundary layer algorithm to correct the Neumann Method 

(tier 3), we obtained a coefficient of lift that significantly 

deviated from the NACA data. This led us to conclude that the v 

values obtained in the boundary layer algorithm were not sufficiently 

accurate to yield good results. 

Finally, more sophisticated flow models could be used to account 

for the existence of a wake (when flow separation occurs) or the onset 

of turbulence [54]. Since the flow speeds analyzed in this paper 

required only a laminar approximation (i.e., Reynolds number never met 

nor exceeded the critical Reynolds number necessary for turbulence), 

there was no need to include a turbulent model. The inclusion of a 

wake model was beyond the scope of this thesis. 
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Based on the obtained results, the following conclusions can be 

1. The results obtained by the Neumann Method agreed reasonably 

well with documented test data. 

2. Results can be further enhanced by imposing the effects of 

laminar, viscous flow on the potential flow solution vis a 

vis boundary layer theory. 

3. There is potential for improvement. 

4. The use of numerical methods can close the void left by 

analytical closed form methods, particularly when the flow 

is about irregular shaped bodies. 



APPENDIX A 
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Table l Data Table for CY-]4 Airfoil at a 

LII'T COEI'FICIEHT • •0. 1.0 

ANOLIE 01' ATTACK FIIIEIE STIIEM YELOC I TY CHOIID LENGTH Mil ENT ~AESSUIIE DENSITY VOIITEX ST OTH 
CDIEOAEE!II CFT/HCI CINCHES I CLIF/SQFTI CLI"/CUFTI 

-6. 00 70. 40 5. 0 2116. 2 0 . 0735 0 . 4376 00 

STATION X/L TAHOENTIAL \IO.OCITY COfii'VTED IIALUE 01' c~ LOCAL ~AlES . D 

I . 00625 0 . 12"05E +03 -0. 23402£+01 -o. 13341£+0 
2 · . 01175 0 . 13871£+03 -o. 28823£+01 •0. U.317E+O 
3 . 03750 0 . 11'17H+03 -o. 18CJ19E+Ol ' -o: I0710E+O 
4 . 06250 0 . 10843£+0:1 -o . 13722£+01 ·0. 77480E+O 
5 . 08750 0 . 10170E+03 ·Q . 10868E•OI -o. 61522£+0 
6 . 12500 0 . 95817E+02 -o. BS244E:•oo -o. 48257£+0 
7 . 17500 0 . 90229£+02 -o. o•;ooE•oo - o . :J6381E+o 

• . 22500 0 . 85781£+02 -o 4147tE+OO -o. 27440E+O 

• . 27500 0 . 112725£+02 ·0 :180 78E +00 ·0. 21 554E+O 
10 . 32500 0 . 80604[+02 -0. :11090E+OO -o. 1 7400E +o 
II . 37500 0 . 7873ft+02 -o. :zso'f:JE•oo ·0. 14205[+0 
12 . 42500 0 . 77238£+02 -o. 20:J69E•oo -o. t t5:JtE+O 
13 . 47500 0 . 76024E+02 -o. soos•E•oo -0 . 9405:1E+O 
14 . 52,00 0 . , •• 24£+02 -o . t:J:zo•E•oo -o. 7508BE+O 

" . ,7500 0 . 73877[+02 -o. t0122E•oo -o 57:J03E+O 
16 . 62,00 0 . 72882£+02 ·0. 71746E·OI -0. 406U.E+O 
17 . 67500 0 . 719041:+02 ·0. 4JI82E• OI -o. 24446€+o 
II . 72,00 0 . 70924€+02 -o. ••••7£-ot -o. 84413£-o 
19 . 77,00 0 . 69886£+02 0 . 14,35£-01 0 . 82286£-o 
:zo . 112500 0 . 61761[+02 o . 46029£ -o 1 0 . 26057£+0 
21 . 87500 0 . ,,.,,£+02 0 . 81858E • OI 0 46340£+0 
22 . 92500 0 . 65769£+02 0 . 1272,£•00 0 . 72034£+0 
23 . 97500 0 . 62808£+02 0 . 20406£ • 00 0 . 11552£+0 
24 . 97'00 ·0 62808£ +02 0 20406[•00 0 11552£+0 
25 . 92,00 -o. oa•oJE•o:z 0 40J.BE - Ol 0 22869£+0 
26 . 87500 - o 72oaoE•o:z -o. •a•aoE-ot -o. 27445E+o 
27 . 82500 -o . 74122£•02 -o 10852E•OO -o. ot434E+O 
28 . 77500 ·0. 76302£+02 -o. t747tE•oo -o. 98906E+O 
29 . 72500 -0. 77,97£+02 -o . :zt4'90E•oo -0. 12166E+O 
30 . 67500 -o. 79474E•02 -o. 21••,E•OO - o. 1 ''37E•O 
31 . 62500 - 0 . 80334£ +02 ·0. J0220E•OO -0. 17108E+O 
:12 : 51500 ·0. 82002E+02 -0. :I'"' 'E+OO -0. 20196E+O 
:13 . ,2500 -o. B214 7E+02 ·0. 36155E•OO -0 . 204b8E+O 
34 . 47500 •0. 83:189E+02 -0 40:105E•OO -0. 22817£+0 
3' . 42500 -o. 8270oE•o2 ·0. J8015E+OO ·0. 21520E+O 
36 . 37500 -o. 84191£•02 -o. 4301 7E•oo - o . 24352E•o 
37 . 32500 -o. 82513£•02 •0. 37J72E+OO -0. 211 56E+O 
38 . 27500 -o. 811 75E+o2 -o 32952E+OO -o. 186,4£+0 
39 . 22,00 -o. 81414£+02 -o. 33736E•oo -o. 19098E+o 
40 . 17500 -o. 77751E•o2 -0. 21975E+OO -0. 12440E+O 
41 . 12500 -o. 70•93E•02 -o 2646tE-o2 -o. 14980£-o 
42 . 08750 -o. 64096£•02 0 . 17106£•00 0 . 96B39E•O 
•:a . 06250 -o. 56730E•02 0 :1506,E• OO 0 . 19851[+0 
44 . 0:1750 -o. 40016£•02 o . 6769tE•OO 0 :18320£•0 
45 . 01875 -o. t747X+02 0 . 9:J840E•OO 0 . 53123[+0 
46 . 00625 0 . 29507[+02 0 . B2432E+OO 0 . 46465E+O 
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Table 2 Data Table for CY-)4 Airfoil at a 

LIFT COEFFICIENT - I. 122 

ANCLE OF ATTACK FREE STRENI VELOCITY CHORD LENGTH Af111ENT ~RESSVRE DENSITY 
<DECREE!Il !FTISECI !INCHE!Il <LIFISOFTI !LI"/CUF"Tl 

• . 00 70. 40 5. 0 2116. 2 0 . 0735 

STATION 

I 
2 
3 
4 
5 

• 7 
8 
9 

10 
II 
12 
13 
14 

" 14 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
3' 
34 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 

IlL 

. 0062, 

. 01875 

. 037,0 

. 062,0 

. 087,0 

. 12,00 

. 17500 

. 22,00 

. 27500 

. 32500 

. 37500 

. 42500 

. 47500 

. 52500 

. 57,00 

. 62500 

. 67500 

. 72500 

. 77500 

. 82'00 

. 87500 

. 92500 

. 97,00 

. ~n,oo 
92500 
87500 

. 82'00 

. 77,00 
72500 
67500 

. 62500 

. ,7,00 
52,00 

. 47500 

. 42,00 
37,00 
32,00 
27,00 

. 22500 

. 17,00 

. 12,00 
087,0 
062'0 

. 03750 

. 0187, 

. 0062, 

TAHOENTlAL VELOCITY 

-0. IB2,4E+02 
0 . 34820£+02 
0 . 4'837E+02 
0 . 53519£•02 
0 . 56166E+02 
0 . 58785£+02 
0 . 61001E+02 
0 . 618:]&£+02 
0 . 61998£+02 
0 . 62403£ +02 
0 62933£+02 
0 . 63061£•02 
0 . 633B,E+02 
0 . 63720£+02 
0 . 63975£+02 
0 . 64134£ +02 
0 . 64057£+02 
0 . 63695£+02 
0 . 63329£+02 
0 . 62931£•02 
0 . 62479£ •02 
0 . 61418£•02 
0 . 60599£+02 

-o. oo59BE •o:z 
-0. 70245£+02 
-o. 74Jt 5E•02 
-o 7844 7E •o:z 
-o a 1 024E •02 
-o. S4BB5E•o:z 
-o aoao•E •02 
-o 906 nE •o2 
-0 92JJOE +02 
-0 960JBE+02 
-o. 9 72BoE•o2 
-0. I 0072E •03 
-o. so:zttE•OJ 
-o. 1 0604E •OJ 
-o. 1061 7£•03 
-0. 1099BE+03 
-o 1139tE•03 
-o 11442E•OJ 
... o. 11640€•03 
-o. 11700E•03 
-o. 11514£•03 
-o. ttt7tE•OJ 
-o. 96713£+02 

0 . 93277E+OO 
0 . 75536E+OO 
0 . H607E+OO 
0 . 42207£+00 
0 . 363,0E +00 
0 . 30276&:+00 
0 . 249UE+OO 
0 . 22850[+00 
0 . 22471E+OO 
0 . 2142BE•OO 
0 . 20::141£+00 
0 . 19763£+00 
0 , 18935£+00 
0 . 18076£+00 . 
0 . 17421£+00 
0 . 1 7010£+00 
0 . 17207£+00 
0 . 11141[+00 
0 . I 90BOE +00 
o. :zooq:::JE •oo 
0 . 21237E+OO 
0 2J392E+OO 
0 25908E+OO 
0 25q08E•OO 
0 4404JE-02 

-0 11431E•OO 
-0 2416BE+OO 
-0 3245BE+OO 
-0 . 45386£+00 
-o. 52&30E•oo 
-0. 65BBJE•OO 
-o 72006£ •oo 
-o B609BE•oo 
-o 90941E•oo 
-0 1046BE+OI 
-o 11038£•01 
-0. 126B6E+OI 
-o. t2745E+01 
-o. 1440:5E+Ot 
-0. lhi82E+OI 
-o. 1641BE•Ot 
-0. 173JSE•OI 
-o. 17620E•ot 
-o to747E•ot 
-0. I 5180E+OI 
-o . BB721E+OO 

YOfltT£1 ST QTH 

-o. 3069 01 

0 . 52805E+O 
0 . 42762E+O 
0 . 32612E+O 
0 . 2J894E+O 
0 . 20578£•0 
0 17l:::Jq£+0 
0 . 14107£+0 
0 . 12936£+0 
0 . 12721E+O 
0 . 12131E+O 
0 . 11515£+0 
0 . 11188£+0 
0 . 10719E+O 
0 . 102JJE+O 
0 . 98'-21£+0 
0 . 96293E+O 
0 . 97412£•0 
0 . 10270E•O 
0 . 10901£+0 
0 . li:::J75E+O 
0 . 12022E+O 
0 . 13243E+O 
0 . 14667£+0 
0 . 14667£+0 
0 . 24933E-O 

-0. 6471:::JE+O 
-0 IJhBIE+O 
-0. IBJ75E+O 
-o . 2569JE•o 
-0. 29455E+O 
-0. 37297E+O 
-0. 40763£+0 
-0. 48741£+0 
-o 514B2E•o 
-0. 59259E+O 
-0 . 624B,E+O 
-0. 71915E+O 
-o . 72152£•0 
-0 . 81548[+0 
-0. 91609£•0 
-o. 92941E•o 
-o. 981 soE•o 
-o 99746£+0 
-o. ••808£•o 
-0 . 8:59:::J5E•O 
-0. 50225E+O 
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Table 3 Data Table for CY-)4 Airfoil at a 

UFT COEFFICIENT - l. ,80 

ANOLE OF ATTACK FREE STA£ .... VEL.OC I TV CHORD L.ENOTH A"IIENT PRESSUIIE DENSITY VORTEX ST OTH 
<DECREES I <FT/SECI <INCHES I tL.IF/SQFTI <L.I"/CUFTI 

12. 00 70. 40 5 . 0 2111>. 2 0 . 0735 -o. 4321 01 

STATION X/L. TAHOENTIAL. VELOCITY CO,.,.UTED · VALUE OF c~ LOCAL. PRES . D 

I . 001>25 -o. 77,34£+02 -o. 21294£+00 - 0 . 120,£+0 
2 . 01875 -o. 74320£+01 0 . 98925£+00 0 . 55945£+0 
3 . 037,0 0 15910£+02 0 . 94953£+00 0 . ,753£+0 
4 01>250 0 . 31616£+02 0 79832E+OD 0 . 4"93E+O 
5 . 09750 0 . 3 7991£+02 0 708'93£+00 0 40133£+0 
I> . 12,00 0 44024£+02 0 60896£+00 0 . 34473£+0 
7 . 17500 0 . 49661£+02 0 . 50:~9£+00 0 . 29440£+0 
8 22500 0 . '2937E+02 0 431>72E+OO 0 . 24723£+0 
9 . 27500 0 54441£•02 0 40199£+00 0 22757£+0 

10 . 32500 0 . 55951£•02 0 3b93bE+OO 0 20953E+O 
II . 37500 0 . 57295£•02 0 . 33799£+00 0 . 19128£+0 
I:Z . 42500 0 . 58114£+02 0 . 3185'9£+00 0 19036£+0 
13 . 47500 0 . 59934£+02 0 . :JO t b0£+00 0 . 17074£+0 
14 . 52500 0 5'9202£+02 0 . 29293£+00 0 . 16577£+0 
15 . 57500 0 . 5'9094£+02 0 29540£+00 0 . 16723£+0 
lo . 62500 0 . 59990E+02 0 . 29799£+00 0 . lo91>4E+O 
17 . 67500 0 . 59056£+02 0 . 29630£•00 0 . 16774£+0 
19 . 72500 0 59146£+02 0 29416£+00 o . 16652£+0 
19 . 77500 0 . 51J209E•02 0 2CJ268E+OO 0 . 16569£+0 
20 . 92500 0 . 59131£•02 0 . 29452£+00 0 . 1667:JE+O 
:ZI . 97500 0 . 59000£+02 0 2976:3£•00 0 l694CJE+O 
2:Z . 9:Z500 0 . 594 72£+02 0 . 31016£•0 0 0 . 17559£+0 
23 . 97500 0 58172E•Oa 0 . ~1722£•00 0 . 179~9E•O 
24 . 97500 -o. 59171£•02 0 ~172~£+00 0 . 17959£+0 
25 . 92500 -o. 09798£•02 0 44990E-OI 0 . 25464£+0 
2o . 97500 -o . 730~5E•Oa -o. 76240E- Ol -o 4~16:JE+O 
27 . 9:Z,OO -o. 77994£•02 -o 22424£ +00 -o. 12695£•0 
28 . 77500 -o. 90b08E+02 -o. ::Jt tO:JE•OO - o 17b08E+O 
29 . 72500 -o. 855:J2E•Oa - o 4 7607£ • 00 - o 26951£+0 
30 . 67500 -o. 87619[+02 -o 54901E • OO -0 . :JtOBOE•O 
31 62500 -o. 92917£•02 -o 7 4199£•00 -o 42004[+0 
3:Z . 57500 -o . 94960£•02 -o. 9194~E•OO -o 46JBSE+O 
33 . 52500 -o. 100,9E•O:J -o. 1041 1£•01 - o . 5B9:J5E•O 
34 . 47500 -o. t 02o4E+03 -o 11255£+01 -o. b3 7 18E+O 
35 . 42500 -o 10924E•OJ - o 14079£•01 -o 79695£+0 
36 . 37500 -o 11137£•03 - o . 1 5025£•01 - o . 85059£+0 
37 . 32500 -o. 11554£+03 -0 . 16935£• 01 -o. 9 58b9E+O 
39 . 2noo -o. 11 510£•03 -0 16729£+01 -o. 94705E+O 
39 . 2:Z500 -o. 11926£+03 -o. 19699£•01 -o. 10596£+0 
40 . 17500 -o. 12513£•03 -0 . 21 594£+01 -o. 12225£+0 
41 I:Z500 -o. 12950E+03 -o . :Z3317E+OI - o . 13200£•0 
4:Z o9no -o. 13431£+03 -o 26:J97E+Ol -o. 14943£+0 
43 06250 -o. 1391:ZE+03 -o. 29492£+0 1 -0 . 16129£+0 
44 o3no -0. 14270£•03 -o. 31085E•OI -0 . 17:598£+0 
45 . 01975 -o. 14745£+03 -0 . :JJB69E•01 -0. 19173£+0 
41> . 00b:Z5 -o. 14577£+03 -o. 3287bE+OI -o. 19o11E+O 
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Table 4 Table Depicting Comparison of Blasius Closed 

Form Solution of a Flat Plate to Numerical 
Solution at X = 0.0 

X E'JUALS --o.oooo ~LAS IUS !IL --.000000 tiUM !L --.ocoooo 

COJROINUE u VELOCITY v V~LOCTTY !!LAS u VEL BLAS v VEL 

O.OOIJO 0.7'JO +'J2 'J.OOO +I)'J 0.700 •o2 'J.'JO'J!:+OO 
O.'lOIJ2 0. 700 •'l 2 'J.'lOIJ +::J'J 0.7')0 +rJ2 O.OOIJE+OIJ 
0. 'Jua 3 0.700 +0 2 a. o JIJ +O'J 0.7')0 +IJ2 o.oooe+oo 
O.OO'JS 0.71)0 ., 2 O.'JOO +oo 0.7ao •o2 O.OOO!:+OO 
'J.IJ J06 0. 7'JO ., 2 O.IJOIJ •c'J 0.700 +02 O.IJOO!:+OO 
0. O.JIJ 3 0.7ao +'! 2 O.IJOCI +on 0.700 +'JZ o.oooe•oo 
0.00':11 0.71)8 +I)~ rJ.ngg IJ.OU11 0.7') +I) o.o •oa +o o.~o8 u. ') +a~ +a g.ogoe+oo 

.o oe+oo 
1).1)012 0. 700 +IJZ O.IJOO •oo 0.71)0 +oz O.OOQE+OO 
O.IJU14 0. 7'JO +0 z O.IJOIJ +JO 0.700 +a~ o.ooo;:+oo 
fJ.IJ01S 0.7'JU +'J 2 o.oo'J • ·JIJ 0. 71)0 +o o.ouoe+oo 
0.0016 0.70\J +0 z IJ.'JO'J +I) I) 0.700 +'J2 o.oooe•oo 
O.C!ll1d 0.700 +o 2 O.'JOQ +l)(l 0.700 +02 O.OOC!E+OO 
O.'J019 0.700 +(I 2 O.IJ'JI) •oo 0.7')0 + 0~ t'.ooa;:+oo 
R:88H 8:~88 !3 ~ 8:888 •og g: ~ 88 +I) o.88C!e•og •o +o 0. IJE+lJ 
0.()0~4 1).00 5 8:~~8 :8~ 8:188 !38 8:~18 +0~ •o 8·8ooe•oo • ua;:+oa 
O.'JOU 0. 71J:J +1)2 O.IJ'JO +•)0 0.7':10 +OZ o.oooe+oo 
0.0028 0.700 +0 2 O.OO'J +JO 0.700 + 1)2 o.oooc:+oo 
0.0030 0.7':10 •c2 O.OO'J +I) I) 0.700 + 02 O.t'UOE+OO 
'1.00!1 0. 7':10 +a 2 O.'lO'l +oo 0. 7 00 +02 IJ.oooa+uo 
1).~0 J3 0.7')0 •c 2 'J.'JO'J •oo 0. 7'JO • !12 o.oon;:+oo 
11.00!4 0.700 +:)2 O.'J'JIJ •oo 0.700 +('2 O,OOOPO'l 
o.'lUJo 0.700 ·~2 O.'JJ'l • •JO 0. 7(10 +1)2 O.OON:•OO 
t'.COH o. 70u +I) 2 ~.'J'.l'l +')I) 0.7'JO +I)' o.oooe•oiJ 
0.00!~ U.7CO +I) 2 O.IJJ'J •·J '1 0.700 +02 o.ooo:•oo 
Cl.IJU40 o.71JU +,)2 ').'JJIJ • ·JIJ IJ.71JO +02 o.IJoo:•uo 
O.'J04l 0. 700 +I) 2 a.ooo +Jr) 0.700 +02 a.acoe•oo 
'.).')1)44 a. no +1)2 IJ.IJOO •oa 0. 700 + 02 o.cor.;:•oa 
., .'1()4 ~ 8. 700 +1)2 IJ.OOO +()Q o.7'Jo •a~ o.ogo:•oo 
IJ.IJ04 .71JO .,2 0. O'JIJ • •J'l u.7oo . ') o.o o:•oo 
'l.C'IJ4'i 0.700 +'12 'J.IJ'JC • ·JIJ 0.700 +1)2 o.oorJa+orJ 
!l.OJ50 0.700 +')2 r:J.noo +'J'J o.1ao +02 o.ooo;:+oo 
r). OJ~ 1 0.7!JIJ ., 2 'J.OJ!J +·J() •J. 7 ')') +QZ IJ.OO'JE+UO 
1).00~3 0. 7~0 . .,, 'J.~'J': +I)') 0.7')0 •02 o.ooo;:•oo 
'}.1)0~4 fJ.71J +'l2 O.O.J~ +l)l) 0. 7'JO +02 o.oooe•t:o 
fJ.OJ56 ll. 7 na +I) 2 c.'Juc +•J I) (J. 7-JiJ +02 IJ.Oll'JE+OQ 
'.l.~:J·7 J. 7')'] • '12 C'.'J(J'J +IJIJ i.J,711G .r;2· c.oooe+oo 
rJ.JJ~9 ll.7'J'J +02 O. 'l'J0 • JO 0. 7'JJ +')2 r:J.cor:J~+oo 
n.ru~o o.7'lu •n 2 'J.Cl J O +J() 0. 700 +!)~ 'J.ooae+uo 
u. n J~2 U.7'JJ ·~ 2 IJ.'l J ':' +J 'l u. 7')0 H) o.oo0:•oo 
'1. ~(j~ 3 0.7CU •" 2 '). " ·J I) +UIJ 'J. 7')0 +Q2 o.oooe•oo '1., ·J ~; ll. 7n..: • ~ z IJ. r. '.l :: •uJ 0. 710 •c2 o.ouoe•oo 
'). r, u~ !I J.i'JO +., 2 'l. ,, 1) !) +J ::J 0.7~0 +i1~ rJ.Oor:Jc:•uo 
rJ. " 'J ~a fJ. 7 '! 'J • ':' 2 IJ.'lJ'l +-JI) u.7'lO +02 'J.oon:+oo 
fJ.nuq :J. 7'JU ·~2 'l.ll tJ!J •·n IJ.71JU • r,2 IJ.OUOE+OO 
'). nu71 u.71JO +I) 2 ~ ·" J'J +J'J (J.7'l'J +'}2 'l,O •J'.JE+OIJ 
0. " 'J ~ 2 0.7')0 •"l a.'lO'l •J) ll. i00 +I')( r:J.auf):+u'J 
') .'l•J? lo 'J. 71') +0·2 J.~'J') +\.)0 0.700 +1)2 O.aJ'Ja+OO 

!l.(HFS 1).7')0 +I) 2 ').~)() +J') l). 700 .. ')2 !1.00!1 +OIJ 
n • ., ,J 17 0. 7'l ·J • r. 1 :J. ') ·), • •J':} l!.71JC +02 0.000 •o'J 
'l,I)J~; •). 7~1) ·ri2 ').'))~ • •I IJ o. n;; +02 f'J.COC +00 
n.~u~o '). 7 co +'; 2 I).~O'l +J') J. 7 O•J +nz o.oJr:J •uo 
'1. 0·J11 0. 7'!0 +'JZ 'J.0'JC •oc 0. 700 +')2 C.000 +00 
'l.'hP3 0. 71) •) +1)2 'J.')JQ +•)Q '.l.7JO + IJZ IJ.000 +QQ 
').'11)~4 0.70a +'J2 0.00') +G'J 0.7'JQ • •J2 O.OIJr. •oo 
IJ.r)O'tc) 0.7~0 ., 2 IJ.'l::JI) +IJ') IJ.7"1J +•JZ C.OQIJ +QQ 
rJ.OU'37 0.700 +') 2 r:J.'Ju:: +l)rJ c. 7 ')I) •c2 0.000 •uo 
IJ.noH 0.7')0 +I) 2 Q.0'J'l +'JC :).700 +')2 O.OO'J •oo 
a. t::ll"'J u.7JO +:')2 'J.'J-J') +Jf} '). 7 ')(J +1)2 'J.OOQ +•JO 
C.'.JU'2 0. 700 +'}2 O.IJQ'l +•JO G. 7 Q·J +QZ ').000 •uo 
n.~ 'J'3 0.7')0 +I) 2 '),'}\)') +•J ') 0. 7 :JO +f'J2 O.OJO +O'J 
0.0 tP5 0.700 +)2 'J,IJIJO +Jr. G.7J'.l +')2 O.Oll'J •oo 
O.'lQ?o 0.7')0 +0 2 o.aO'J +I) I) 0.7')0 +')2 0.()01) +co 
'J.OG?8 a. 7r:Jo +Q 2 IJ.IJOIJ +QQ 1).7')0 +02 o.ouo +oo 
I),QQ'J? 0.7'.)0 +I) 2 O.'JOO +IJQ O.i'JO •o' O.OO!J •oo 
IJ.011J1 J.7'JU +IJ 2 'J.'JOIJ +QIJ :J. 71JU +Q2 IJ.OO'l •uo 
n .IJ 102 0.7110 ·~ 2 o.coo +iJ') iJ.7JO +1)2 IJ.OOQ +QQ 
').11104 0.7'.)0 +02 'J.'lO'J +')') 0.700 +fJZ o. 000 •oo 
O.IJ11J5 0. 700 +()2 0.00':} +::J'J 0.70ll +02 0.000 •oo 
n.01fJ7 0.700 +C 2 'J.IJOO •oo 0.7')() +f}C: o.ooo +oo 
0.01')8 0.7')0 +1)2 o.noo •·Jf'J 0.700 ·o~ 0.080 •oo 
I). 01 1 I) 0. 7'::0 +() 2 'J.'lOO •OIJ O. 7JO +a 0.0 0 +QO 
f). f) 11 1 0. 71)0 ., 2 O.OOIJ +(JQ i). 71JQ +')2 Q.OOIJ •a a 
0. ') 11 2 o.7ou +02 rJ.OJIJ +Q!) 0. 71JO +'.l2 O.OiJO +oo 
').0114 0. 71)0 +02 IJ.OOO +ol) 0.700 + c2· o.aoo +co 
o.o 11) 0.7'10 +12 o. o·Ja +iJO 0.7CO +1)2 o.ooo +OO 
0. f) 11 7 0. 7'.JO +0 2 o.ooa +j:J 0. 700 •o2 r:J.IJOO •oo 
').I) 11 8 0.700 +I) 2 'l.ngrJ +a a 0.700 +02 fJ.OOIJ +QO 
a.o zu 0. 700 +IJ2 a .IJ• o +oa o.70u +1)2 o.ooo +oo 
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Table 5 Table Depicting Comparison of Blasius Closed 

Form Solution of a Flat Plate to Numerical 
Solution at X = .033 

X ECU&LS --0.0333 BLASIU~ !L --.001403 NUM ~L --.0017!!8 

COOII.JfNATE u VELOCITY v V<;LOCtTY !!LAS u V~L BLAS v VEL 

~.1Ju00 0.000 ·~u 0.000 +')') 0.000 +O-J O.OOIJE+OO 
n.t'OIJl 0.945 +()1 ').177 -01 J. 1 z 3 +1)2 0.13~E-01 
0.00~3 0.1!!3 +02 ~.10~ -1)1 0.244 + 02 o.546E-o1 
IJ.~I)')j 0.2~0 +I) 2 0.15~ +JQ J. 35 ~ •o2 0.119E+OO 
O.I'JO'J6 0.3~4 .,. 2 1).?62 •oo 0.4~2 +1)2 o.2o1J:•oo 
1).1)01)3 0.4 j9 +')2 ~. 37 .. +1)0 0.547 +02 1).236€+00 
n.go•p 8:~~~ +I)~ '). 01) +1)0 g. 611 +I)~ 0.3o4E+OO 
I). u 1 +f) IJ.H1 +•JI) .6~3 +o 0. 4HE+OIJ 
0.0012 O.P6 +I) 2 ~.H~ +·)I) 0. 6 7 8 +1)2 0.4!17Et'OO 
IJ.C011t 8·6~$ ·n~ 8·144 •-Jg 0.611 •02 0.492E+Oa 
0.0015 .~4 +') .n~ •o 0.607 +1)2 o.504e•oo 
0.001:i 0.6~5 +0 2 o.~B •uo 0.699 •02 0.509E+OO 
0.0011! tJ .6?7 +() 2 ').,~5 +')') 0.700 +1)2 O.S11E+OO 
0.0019 0.6~5 +" 2 0.835 +·JI) 0. 7 00 + 02 o.S1ZE+oo 
8:88B 8·60~ :32 8:ci~~ :s3 8:~38 !82 8:~tH!88 .61 
n.f"074 8· 6"9 ::u 0.014 •oo tJ. 700 +f)~ 0.5J2E+OO 'J.Ou25 .oo o.o , +tJf) 0. 700 +o o.5 z:•oo 
r).~0?7 0.615 ·~ 2 I). 021 +I) I) 0. 700 •o2 o.s12e•oo 1).('1023 0.69~ •'J2 0.?22 +·JO 0.71)0 •02 1J.s12:•oo 
0.1)1)~0 '].6°1 +1)2 0. 0 2~ •oo 0.7~0 •oz 0.512c+OO 
0.01)~1 0.700 +1)2 0.'l24 • ·J~ 0.7')0 +02 0.512E+OIJ 
1').110~3 0.7110 ·~2 0.?25 +')Q 0.700 +')2 0.512c+OO 
'1.1'034 a. 100 •oz 0.025 +•JI) 0.7')0 +')2 0.512!:+00 
1).~'036 1).700 +C 2 o.o2~ • ·JO 0.700 +02 0.51Zi:+OO 
1').0037 0. 7'JO +12 0.925 +0') 0.7ao +1)2 0.512!:•00 
0.'10!1 0.71)0 +I) 2 0.?25 •oo O.i'OU + 02 1).512!:• 00 
1).(' •)40 0.7')0 +')2 1J.o2s +<)I) 0.7ao +1)2 o.s12c:•oo 
1'.'11)42 0. 7':'0 +I') 2 0.'l2~ • ·)I'J f).71J •a2 O.SIZE+OO 
1').'11)44 a. 1oa +') 2 0. 0 2~ +J') •J. 7'JC +')~ o. s12:•oo 
'.J.f)iJ45 0. 7JO +I'll o.ols +JI) a.700 +f) 0.512e+OO 
f).!' ]4 7 u. 7110 +') z IJ. 025 +JI) u. i'J •J +a2 0.51ZE+OO 
').1)•)49 I). 7~0 +I) 2 0.:125 +J') 0.7')0 +')2 o.spe•oo 
O.C'•JSO I). 7n .J +f) 2 1J.:~25 +J') u. 7 JO + IJ2 o.s ze•oo 
I'J.OJ~1 •J. 7CJ •"2 a.oz~ +•J') ; • 71)0 tn• _, a.s12:•o0 
'1.'J(J~3 a.7!)1) ·~ 2 0.?2~ +)') o. FlO +02 0.51?c+OC 
'1. ~ r) ~ 4t 0.7::'0 + n 2 1).025 •uiJ 1). i'I'JO +02 o.512c:•oo 
f'.IJ •JS 6 1).7.,0 tn 2 1J.o2s +JI) lJ. 711C +CJ2 O.S12E•i.JO 
r. "u 57 0. 7'}') +0 z IJ.o2~ •')') .J. 71') 0 + ')2 o.5jze•oo 
r). 'l u ~ ~ 1).7~1) •"Z IJ.'l2~ •I) ') •). 71 0 •c2 o.5 ~e•uo 
'l. ~J~I) J. 7CJ ·) +"2 IJ,'l2S 6 1J ~ O.i 'JU •oz IJ.51Ze•oo 
'~·" 'J ~2 0.7n c +n • . ' ~. ~ 2 < •)0 '). 71J:J +C'Z o.51Z:•on 
11. nrJ ~3 J.71J +12 I').~ 2 ~ +J') ·J. 7 :J J •n 'l.512:•oo 
P . ~ ·; J: 3 ().70 0 • 0 2 ~. ~ 2 ~ ·J~ o. 1 ~a • c z IJ.Sl?E•UO 
P .':'J~c J.7 ~ U tn • o.?2• +J'"I J. 700 · ~ 2 - 0.51ZE•uo 
~. ~ a~e J. i ') ·j •·rz ·: • ., 2 ~ +oj :J 1).71:) + ·J2 o.512~·o1J · 
I') . 0 ')~ ~ 0.7nJ +('~ z ') .:: 2 ~ •u: J.7110 •az 0.512c+OO 
''l.~J'1 0. 7 ') •J •: z o .:~z~ +.) J 0. 700 +:J2 o.51z:•u1J 
').'JJ72 O.i'IJC ., z a . ., 2 ~ +J:} J.7'11) ·~z 0.512:+00 
n.~O"r. (). 7') ·J ·~2 a.oz~ •00 J.700 + ':>2 0.512E+OO 

'J.I)J?5 u. 7 ')•) .~2 n.::z~ +)~ 'J. 7') 'J +')2 :J.S1?:•uo 
').~" ·]77 0. 7'10 • :: 2 ') '. ~ +•J0 J.7JJ + 1)2 0.51?E+tJO . ' . 
1. ') \J' 0 0.7~0 •'J 2 ::.0::25 +•J'J o. 710 +')2 o.51?:•oo 
o.nJ~O 0.7'JJ +I) 2 'l.::z~ +]') \). i 'lf) ·o~ o.s12:•oo 
O.O'J11 1).71)0 ·~ 2 0. 0 25 •oo 0.700 tnJ 0.512E+Oa 
f).f)J33 •J. 7 JQ +02 0. 'l2 5 •oc IJ.7')') +62 0.512!:+00 
11. 'Ju~ 4 :J.7aJ +') 2 , 04( +JI) ·). i 00 +a2 0.512:•00 -. ' 
I] .CtJ ~ ':) o. 1ra +12 ').'l2~ •a'l <). 7':)0 •c2 0.~12E+OO 

0.(1<.)37 0.700 +0 2 'J.o2~ +·J'J J.71'J') +<::2 o.512c:•oo 
0.'Ju1~ 0.700 +1)2 1).:12~ +'J') 0.7 '1 0 + ~2 o.stz:•oc 
O.IJO"O ~. 7 ~ 'J ., 2 0 o;c • ·J~ 'J. 71)0 +'J 2 o.:11E•'Jo . -. 
aJ~:.P2 0.7'.)0 ., 2 'J.oz:: •oo I). i ')Q +') 2 o.s1z:•oo 
'1.1)0:13 0.71)1) +'12 o.?2~ +JC ').7')0 +02 o.stze•oo 
a.Ciuo; 0.700 +')2 r:J.o2s +<):") O.i'1a +')2 0.512E+OO 
0.00'~ 0.7(10 +n 2 l).'l2~ +oa 0.7')0 + ')2 C.512E+OO 
O.OO:Id J. 71)0 •a 2 c.oz5 •uo 0.700 +'J2 C.513E+I)0 
1).1)0°1 0.7::'0 +c 2 f).:) 2 ~ +O') u.7JO + •)2 0.512E+On · 
O.C'1'.J1 0.71)0 •':' 2 0. 0 25 •Jc 0.700 +1)2 o.S12E•oo 
fl.I'J1C2 0.71)0 +1)2 0. 0 25 +1)0 0.71)0 +02 0.512:+00 
o.OJ04 0.700 +1)2 1J.o2s •oa a.700 +')Z 0.512E+OO 
11.1') 1)5 0. 71Ja +112 0.'l2S +00 0.7')0 +02 0.512E+OO 
o.a107 0.700 +') 2 0.025 +JO 0.700 +oJ2 0.512E+OO 

8:8lia 0.7oa +0~ 0 o~• +Jg 0.7'JO + 1)2 o.s12e•oo 
0.700 +0 a:9 5 +o 0.700 +a2 O. 512E+Oa 

I'J. a 111 0. 700 +I) 2 1).?25 +)0 0.7')0 +02 O.S12E+OO 
I).') 112 I). 700 +112 0.925 +')') 0.7')0 +02 C.512E+OO 
11.0114 0. 71)0 +a z 0. :12 5 +'.)') 0. 700 +1)2 0.510E+OO 
0. ') 11 5 1).7(10 +')2 o.ozs + •)') 0.730 +Q2 0.512c+OO 
I). 'l11 7 o.7'JO +0 2 0.?25 +JO 0.7')0 +1)2 0.512E+OO 
o. ') 11 8 0.700 ·~ 2 I).02S •oo 0.700 +1)2 0.512e+OO 
0.0120 0.700 +cz 0.925 +'JO o. 700 +OZ 0.512E+OO 
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Table Depictinq Comparison Blasius Clos P. d 
Form Solution of a Flat Plate to Numerical 
Solution at X= .]33 

X EQUALS --0.1133 !LASIUS BL --.aOZ807 NUM !L --.002827 

C~OOOINATE U VELOCITY Y VELOCITY !LAS U VEL 

1).(1()')0 
I"J.Oui)Z 
n.QOI"Jl 
O.:J005 
'1."01)6 
IJ.OJIJd 
0.0•J09 
0.0011 
0.0012 
0.1)014 
0.0015 
O.C1a16 
o.oa1d 
1).1)019 

R:88~l 
O.l"OH 
IJ.0a25 
0.0027 
O.IJO~d 
0.~o~a 
I) .oo 31 
O.Qll!3 
Q .Oll ~ 4 
1").0036 
O.OOH 
a.ro~9 
1).0040 
IJ.Qa4Z 
0.0()44 
I] .f)'J4 5 
I"J.Oa47 
o.~J48 
o.t:~u~ll 
O.'lll51 
n.~u~ 3 
{).I)J~4 
~~.r:JG~ci 
'l.nuH 
IJ.nus~ 
O.'lu~O 
,.r1u~2 
l'l.OJ~j 
n • n.J.r,; 
., .n •J ~ 6 
n. ')•J ~ ~ 
I) .cu ~ -~ 
IJ.n •J71 
1).1')072 
'1. , ,,7 4 

0.0J75 
f'.IJQ 77 
".IJJ75 
0.GJ~0 
'i.':G~t 
) • I" OS 3 
IJ.no~4 
n.'l:>•o 
').00~7 
rJ.'lu~1 
I) .f]OO•J 
f].a ·:n 2 o. Q•J'l 3 
a.ouo5 
O.l'lll.,o 
0.0-J"d 
').('10~1 
1).0101 
0.0102 
O.IJ11J4 
0.1) 11) 5 
0.0107 
1).011J& 
0.011a 
0.0111 
r) .c 112 
o.nt14 
o.o 11 5 o.o 11 7 
0.':118 
0.0120 

o.':'ao •v'J 
0.103 -02 
0.413 -02 
IJ • .,25 -n 
o.t§~ -at 
o.z,, -at 
o.334 -ot 
0.46!1 -Q1 
IJ.5o9 -01 
o.1n -01 
o.!l5 -a1 a. ,:;z -01 
0.10~ •·JIJ 
o.1n +JIJ 
8: t H !88 
I). 137 +IJIJ 
0.142 +,JI) 
o.146 •co 
0.14., +Q') 
IJ.t~t +')I) 
o.153 •oo 
0.154 +J'J 
o.tss •oo 
IJ.t;>S "•Jr) 
C.15~ +IJIJ 
0.15~ +Jf) 
1).157 +J0 
o.1s1 •oo 
0. 1 57 +·J0 
r..1F +JO 
1).1 p +J:J 
0.157 +JIJ 
I). 15 7 +)I) 
0.157 +:JJ 
O.'F +JO 
1).157 +J') 
1.157 +J:') 
o. q7 +J(J 
f).IJ~ +')") 
1).1~7 *..!'1 
n. 1 F +·J1 
I). 15 7 + J') 
I). 1 57 • ·JI) 
1.157 •J') 
I). 1 j7 • ·J'l 
'l.t F •on 
'l .n; •u 'J 
1).1 57 +JI) 
'1.15~ +JI) 

:J. 1),. • Jl) 
'l. n. •u'l 
1) • 1 57 +·JIJ 
1).1)7 " ·J') 
'J. 1;- .. J') 
0.1~ 7 +J) 
I). 1 57 • Jl) 
0.1 F +J'J c. 1 ;7 +JI) 
0.1 F +J'J 
I). 1 5? • J') 
1).,;- +JI') 
'J.157 · ·J'J 
C.157 +·J'1 
').157 +0() 
1).157 +JI) 
IJ.1P •;,a 
I). 1 57 +oJI) 
0.137 +'JO 
1).15"' •00 
1).157 +J() 
0.157 •o'l 
').157 +:jl) 
0.157 •oo 
1).157 +00 
o.t57 •uti 
o.t;7 •oa 
'J.157 +;JO 
0. 1 57 +I) 0 
1).157 +1)1) 
0.157 +QI) 

O.OIJO!:+OQ 
O.b15E+IJ1 
-J.12lE+02 
J.1 "~+02 
o.244E+'J2 
().303=+1)2 
0.351~+'.)2 
0.41JE+02 
0.4~2=•02 
0.507!:+02 
0.547E+OZ 
0.5~2~+02 
J.611:+()2 
0.634E+02 
9: gHH8~ 
0.673=+1)2 
o.o~6~•n 
0.~.,1!:+02 
0.()04!;+02 
o.6H:+o2 
;j.6~S':+IJ2 
0.69~':+1)2 
O.oQ9E+IJ~ 
0.71JO~•IJ2 
a. 71JO~+'J2 
·J.71JOE•IJ2 
0.700:+02 
0.700E+02 
0.700:+'J2 
a.7:J:J:•rJ2 
;).7'l0:•02 
·J. 7'lO:•IJZ 
u.1::o:•o2 
!.).7"0~+1)2 
IJ. 7jo:+o2 
v.71Jo:+'J2 
•J. 700=+1)2 
:J.71JOE•02 
(J.7C'CE+02 
0.71JOF.+02 
•J. 7"0:+1'l2 
J.7oo:•n 
a. 7'JO~+IJ2 
;J. 7'1 ·JE+02 
u.7a:::•rJZ 
'J. 7"0:+1)! 
•J.71JQ<;+'J2 
IJ.700E+IJ2 
a. 7'lo:• ·JZ 
U.7'l<J 
').71)0 
u. 71)'J 
I). 7-10 
J. 7'10 
'J.7J:J 
J.7'JO 
0. 700 
'). 7~1) 
:).71)0 
~.i;JQ 
'J. 1 ;o 
U.i'JO 
J.71JQ 
J.7'J:J 
Q.7'10 
u.700 
0.7')0 
0. 7'J'J 
0. 7 'JO 
ll.7;)0 
0.700 
0.700 
0.700 
0.71)8 0.70 
0. 700 
'.).71)0 
0.71)0 
0.71)0 
U.7oa 

·~2 
+fJZ 
• ·12 
• ·12 
•"2 
+ 12 
+1)2 
+ 02 
• '12 
+02 
+1)2 
+'JZ 
· ·n . •)( 
·~2 
+ IJ2 
•02 
•·n 
+1')2 
+02 
• •J2 
+'J2 
+02 
+1)2 
+')2 
+ IJ2 
+1)2 
+1)2 
•oz 
+(12 
•n 

BLAS V VEL 

o.oo'Je•oo 
0.173~-02 
0.691E-02 
o.tssc-o1 
0.27H-01 
0.422~-01 
'J.59H-01 
0.791E-01 
O.lOOE•OO 
1).122!:•00 
0.14!E+OO 
0.16H+OO 
IJ.16 2E"OO 
1).191E+OO 
8:HH!88 
o.zH:+oo 
Q.241E+OO 
O. Z4 H•OIJ 
o.z5o2•oo 
o.2sz:•oo 
0.254E•oo 
0.255E+OO 
0.255E+OIJ 
o.255:•oo 
o.zs-s:•uo 
0.2BE•OO 
0.256E+OO o. zs-se+aa 
o.zs~e+o'l 
0. 25 ~e+OO 
1J.zs~2•oo 
'l.zs~:•oo 
(1.2562•00 
'J.2s~e·oo 
C".2S>SE+OO 
o.zs~:•uo 
IJ.ZSH•OO 
o.2s~e+oo 
O. 25 H•OO 
o.256:•oo 
IJ.2562•oo 
IJ.z;~e·oo 
IJ.25!-E+OO 
0.256E+OO 
IJ.25~E"ll0 
'J.25~E+~n 
rJ.2s~:·oo 
O. 256E.,JO 
0.25>SE+OIJ 

IJ.25H•OIJ 
0.2s~:·uo 
IJ.2S~E·lliJ 
'l.ZBE+~JIJ 
-::.zs5:•oo 
o.?5~E·oo 
IJ. 25 ~: +<JO 
1).25$2+00 
IJ.25~E+\JIJ 
1).~56':+0() 
J.25SE•O:J 
0.2s~e•oo 
'J.25~E+IJIJ 
IJ.25~:·oa 
0.2562+\Jr) 
IJ.255E+OO 
IJ.25H•OIJ 
rJ. 25 H+OO 
o.z5~2•oa a. 256:•oo 
0. 25 H+OIJ 
O.'S~E+OIJ 
O.ZS!-E+UO 
o.zsH•oo 
8:HH!88 
IJ.256E+QO 
IJ.256E+OO 
o.Z56E+oo 
o.256E•uo 
0.2562+00 



Table 7 

':'. ':: ·F5 
n ."' ·F7 
'J. ~ ·J ' e 
O.'JJ :lu 
a .C"J 31 
0.'Ju~3 
n.aJ~4 
0. ':'0 2 ~ 
0 .'l'J ~ 7 
n.:J ~ ? 
'J.')QJO 
0 .IJJ, 2 
~. ')')0 3 
OJi lP5 
(I.'JOJ6 
').'11)03 
a. ') o)'J 9 
U.O!IJ! 
O.OIIJZ 
0.0!1)4 
IJ.IlJOS 
0.011)7 

3:811d 
(1.0 111 
0 .IJ 11 2 
0.1)114 
0.01 t 5 
0 .o 1 t 7 
0 .o 11 3 
O.IJ 12 0 
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Table Depicting Comparison of Rlasius Closed 
Form Solution of a Flat Plate to Numerical 
Solution at X .233 

J.7'J0~+'1Z 
•J.7no:•~2 
0.7'JO:•'l2 
O.iiJ U ~+ ') C: 
o. 71J 'J~+'l2 
0.7'JIJ:•02 
0.7')0~·~2 
0.7~0:•~2 
0.7'J •J:+'JZ 
o.7'JOc+':'' 
o.7oo:•c2 
O.i'Ju:+n2 
C.71JOE+C2 
0.7')0~+')2 
0.7':'0!:•')2 
u.7oo:•')2 
0.71JOE+IJ2 
0.7()lJ~+nl 
0.7JO~+IJZ 
o.1ao:•oz 
u.700E+'JZ 
0.7':'0!:+(12 

8:?38~!8~ 
0.7'J0:+02 
o.71JO:•oz 
O. 7C0':+')2 
u. 700E +'JZ 
0. 700E+'J2 
Q.71JO!+Q2 
o.7ao:•oz 

NU~ 8L --.'JOJ346 

'!LAS U VEL 

•J .oaoe•.o'J 
(:.4~50:+01 
0.929:+rl1 
0.13H+OZ 
0.1~5:+':'2 
0.231!+1)2 
0.276:+r:J2 
(j.J190:+IJ2 
O.l62E+OZ 
O.io'JZE+IJ2 
iJ.441:+02 o. 477':+')2 
o.s1o:•oz 
0.54JE+02 
3:~HH8~ 
0.613:+02 
\.1.631:+02 
0.646':'+1)2 
0.65~!:+(12 
J.e~9:•o2 
o.e77o:+IJ2 
0.6°3':+02 
J.6~~=·oz 
o.~o~~·oz 
').~040:+02 

3: ~~n:8~ 
o.6,a:+o2 
g .6~1~+r:J2 
.6o~:+IJ2 

0.7'JO:•'l2 
o. 7:Ju:·•o2 
o. 7oa:+u2 
•J. 7'JO~+C2 
o.no:•·'JZ 
'J.i')O~+IJZ 
0.7')0~+02 
o .11Jo:•o2 
0.7'JJ~+'l2 
v. i1o:•o2 
:J. 71J •JO:+'J2 
G.710:+'J2 
o. 7'lQ!:+'J2 
Jo 71J0C+fl2 
IJ. 7'10:HJ2 
0.7 '1 ~·• 11 2 
J.70'J:• •J 2 
IJ. 7'JJ:+ ') ( 
·J. 7')0~+02 
'). 7'J'J: + 02 
•j . i'1!)~.+0.2 
'J.n~:+ :j z 
J.7~u~• 'J 2 
u.7ca:•'J2 
J.70C ~+Q2 
J.7()J=+')C: 
J. 700:• 0 2 
•J.71J U:+ IJ 2 
u.7 ; c::•IJC: 
]. 700:+ •)2 
J.7'J'J<;+')2 
J -"J=+n' J: ho ~· ·jz 
iJ.7')0!:+'l2 
•J.7'Jc:•n 
IJ. 70Q;:+rJ2 
J. 7'JO:+ (.'Z 
o. 71Ju:•n 
0.7f10E+OZ 
0.7'l'Jf+IJ2 
u.7'lo~•02 
0.71J0:+02 
o. 70•J:+uz 
IJ.701JO:+C2 
0.7'JOO:+IJ2 
0.7'JO:+IJ2 
0.7'100:+1)2 
0.7')00:+02 
0.7'l0~+02 
').700~+1)2 

BLAS V VEL 

0.oa'Je•oo 
0.747E-03 
:). 29.,!:-02 
0.671E-02 
0.11'H-01 
IJ.18~E-01 

8: HH=81 
0.4;7E-01 
0.568E-01 
0.6::1H-01 
o.!a7c:-o1 
o.o3te-01 

8:lHHs8 
0.13QE+OO 
0.143~+00 
a.157e+oo 
IJ.164POO 
0.17tc•oo 
0.17~0:+0() 
o.1e'le•oo 
0.184~+00 
o.1s~e•uo 
n.1dlle•oo 
0.19':'E•OO 
IJ.191:•oo 
0.192E+OO 
0.19'0:+Jr') 
'l.19~:+oo 
o.1n:• uQ 
o.1~~e•oo 
0.11~e•oo 
0.1~H•u'J 
IJ.1?4c+OO 
0.1.9H•OO 
o. 940:+01) 
0.194:+0() 
0.1?4E+OIJ 
0.194:+0(1 
0.194:+0(1 
'J.1 He•oo 
0.194C:•I)O 
:J.t940:+UIJ 
O.IY4E+OO 
a.!Ho:•uo 
0.1'14E+OO 
0.19f.C+ 'j l) 
IJ.1H:•ao 
'). 114c+O!'J 
'1.1v4o:•oo 
o.1H:•oa 
').114E•:JIJ 
'}.1 H: •ue 
'). 11'!:+00 
0.1 ?H•tl'J 
IJ. IHO:•u'J 
IJ.19'c•uiJ 
".1~4E+()') 
0.1Hc•OI) 
'J.1H:•oo 
;.1H:•oc 
'1.194E+OIJ 
0.19H+OIJ 
0.194E+OO 
o.to4E+OO 
o.JY4:+oo 
IJ.!94E•uo 
!.'1.194~+00 
o.n,~·oo 
o.194c+OIJ 
o.!He•oo 
'l.194E+UO 
IJ.194E+OO 
0.194:+0() 
o.194c+o:J 
IJ.194E+OO 
0.194E+OO 
o.19H•oo 
0.194E+OO 
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Clark Y-14 Airfoil 
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Figure 14 Graph Depicting CL vs a for CY-14 Airfoil 
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N-68 Airfoil 
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Figure 15 Graph Depicting CL vs a for N-68 Airfoil 
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Gottingen 387 Airfoil 
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~ 

14 



. 4 

0.0 

- . 4 

- . 8 

-1. 2 -

-1.6 

-2 . 0 

-2 . 4 

-2.8 

. 2 

59 

Clark Y-14 Airfoil 
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Figure 17 Graph Depicting Cp vs X/l for a = -6° (CY-14 Airfoil) 
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Clark Y-14 Airfoil 
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Fi r: ure 13 Graph Depicting cp VS X/L for a = G0 (CY-14 Airfoil) 
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Clark Y-14 Airfoil 

a = 12° 
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Figure 19 Graph Depicting Cp vs X/l for a = 12° (CY-14 Airfoil) 
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NACA 4412 Airfoil 
a = -2° 
Mach= .1 (113.87 ft/sec) 
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Figure 20 r,raph Depicting Cp vs X/l for a = 2° (NACA 4412 Airfoil) 
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Clark Y-14 Airfoil 
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Clark Y-14 Airfoil 
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Figure 22 Graph Depictinq Tw vs X' for ~ = 2°, 
Upper Surface, CY-14 Airfoil 
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Clark Y-14 Airfoil 
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Points of Flow Separation 
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Figure 24 Points of Separation for the CY-14 Airfoil 



APPENDIX C 



68 

c ........................................................ ~············· 
C • THIS PROORN'I DETERMINES THE LOCAL PRESSURE DISTRIBUTION ALONO AN • 
C • AIRFOIL USINO THE SOURCE DISTRIBUTION METHOD. A DATA FILE 11UST • 
C • IE READ INTO THE PROORN'I <DEVICE NUI18ER 0071 PROYIDINO: NU118ER • 
C • OF DATA POINTS ALONO THE AIRFOIL, CHORD LENOTH <INCHES), A REFER- • 
C • ENCE Y COORDINATE, FREE STREN'I VELOCITY <FT/SECI, AND THE DATA • 
C • POINTS ALONO THE SURFACE OF THE AIRFOIL PER PERCENT CHORD. THE • 
C • PROORAI1 WILL PROVIDE lOTH A NONVISCOUS <DEVICE NUI11ER 0081 AND • 
C • VISCOUS <DEVICE NU111ER 00•1 FLOW SOLUTIONS FOR: LOCAL PRESSURE • 
C • DIFFERENCES, COEFFICIENTS OF PRESSURE, AND TANOENTIAL VELOCITIES • 
C • ALONO THE AIRFOIL• AND COEFFICIENT OF LIFT FOR ANOLES OF ATTACK • 
C • OF -8 TO 18 DEOREES <EVERY 2 DEOREESL ALSO· SOLUTION OF THE • 
C • BOUNDARY LAYER FLOW IS INCLUDED <DEVICE NU11BER 010). OUTPUT FROI1 • 
C • THE BOUNDARY LAYER SOLUTION INCLUDES : TAUW liS LENOTH ALONO THE • 
C • X-COORDINATE, BOUNDARY LAYER THICKNESS, AND SEPARATION POINT IF • 
C • APPLICABLE. • 
c ..................................................................... . 
c 
c 
C AROUEI1ENT8 
c 
c 
C REAL NUI1BER8 
c 
C A<N,I11 . .. .... . .. ; ....... .. . .. ..... . COEFFICIENT 11ATRIX USED TO DETER-
C 111N£ UNKNOWN SI011A 'S. 
C B<NI ... .. ........... . . .... ......... SOLUTION 11ATRIX USED TO DETERMINE 
C UNKNOWN S I 011A '9. 
C El<NI ... .. .. ..... ...... . .. ... .... .. UNIT \lECTOR ON THE ELEI1ENT IN THE 
C X DIRECTION. 
C E2<NI ..... .. ........... . ... . .. . .... UNIT VECTOR ON THE ELEMENT IN THE 
C Y DIRECTION. 
C SICMA<NI ....... . ............ . ...... SOURCE STRENOTHS. 
C WKAREA<NI .. . ....... .. ... . .. . . . ..... WORK SPACE NECESSARY FOR 11ATRIX SUB-
C ROUTINE LEOTtF. 
C X!IAR<NI ..............•....... . ..... CONTROL POINT <X C011PONENTL 
C YBAR<NL . ...... ... . . · . . . ..... ....... CONTROL POINT <Y COMPONENTI . 
C XDAT<NL .. ..... ....... . . . ..... . . ... DATA POINT <X COMPONENTI . 
C YDAT<NI ..... . . ... ........ . . .. .. ... . DATA POINT <Y COMPONENTI . 
C XDIF<NI ......... . . .... .... . ........ DIFFERENCE BETWEEN CONTROL POINTS 
C IN THE X DIRECTION. 
C YDIF<NI .. . ..... ... .. . ..... . . ....... DIFFERENCE BETWEEN CONTROL POINTS 
C IN THE Y DIRECTION. 
C CAMA<NI .. .... . .... ... ......... .. . .. ANOLE OF OUTER NORMAL TO AN ELEMENT 
C AT THE CONTROL POINTS. 
C CP<NI ..... .. . . . .. ... ......... .. . ... COEFFICIENT OF PRESSURE PREDICTED 
C AT THE CONTROL POINTS. 
C VT<NI . .......... .. . . . .. . . .. ..... . . . TANOENTIAL VELOCITY PREDICTED AT THE 
C CONTROL POINTS. 
C ALPHA . . . .......... . .. • ... . . . ..... .. ANOLE OF ATTACK OF AIRFOIL IN RADIANS . 
C DEN . . ............. . .......... . . .. . . FLUID DENSITY. 
C P . . .... . ..... . ... . .... . ... . . . ...... AMBIENT PRESSURE. 
C T .. . .... . .... . .. . ......... . ... . .... OUTPUT FROI1 SUBROUTINE THETA USED TO 
C DETERI11 N£ OAI1A. 
C CHORD .... . ... ...... ... .... .... . .... AIRFOIL CHORD LENOTH. 
C U .... . ........ . ... . .. . . . . .... .. .... FREE STREAM VELOCITY . 
C YREF . .................... .. ... .. . .. PARAMETER USED TO ROTATE AXIS OF 
C NACA TECH REPORT DATA. 
C X .. ... ... .... . ...... . .. . ... ...... .. LOCAL X COORDINATE OF A POINT IN 
C SPACE. 
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C Y ... . .. .. .. .. .... .. ............ . ... LOCAL Y COORDINATE OF A POINT IN 
C SPACE. 
C 0 ...... .. ... ............... . ....... DUMMY VARIABLE USED TO DETERMINE 
C QAMA. 
C UVT ....... . .......... ...... . ....... TANQENTIAL VELOCITY CONTRIBUTION FROM 
C THE FREE STREAM VELOCITY. 
C PI . . ...... .. ....................... 3. 1415927 RADIANS. 
C XO~ ...... . ............... . ... . ... . PARA~TER USED TO ESTABLISH THE X 
C DISTANCE IN DETERMINING 0~. 
C YO~ ... ..... ..... .. .... . ......... . . PARAMETER USED TO ESTABLISH THEY 
C DISTANCE IN DETERMININQ Q~. 
C EL . .. ....... ... ................... . ELEMENT LENQTH. 
C SUM ...... .. .. . ............. . . ...... SUMMATION USED TO DETERMINE THE 
C TANQENTIAL VELOCITIES. 
C BSUM . .. ... ... . . . . . .. . ..... . ... ..... SU""ATION USED TO DETERMINE VORS. 
C PSUM ..... ....... .. .. . . . . ..... ... .. . SUMMATION USED TO DETERMINE THE VORTEX 
C CONTRIBUTION TO TANGENTIAL VELOCITIES. 
C D . . . ... . . . ... .. . .. .. ....... . .... ... DU""Y ARRAY USED TO REORDER DATA 
C FOR VARIABLE TWO DI~NSIONAL ARRAYS 
C USED IN SUBROUTINES. 
C Z<M.N) .. . .. . .. ......... . . . .. ... .... DU""Y ARRAY USED FOR COEFFICIENT MA-
C TRIX TO REORDER DAT.t:. 
C SIOV . . .. ... .. .. .. ..... ... .. . .. .. ... VORTEX STRENQTH. 
C DD ..... . . ... . . . ... ... . ... ........ .-. ABSOLUTE VALUE OF THE TANGENTIAL 
C VELOCITY AT CONTROL POINT A WITH 
C NO VORTEX STRENQTH CONTRIBUTION. 
C EE .. . . .. ..... . .. .. ....... .... ... ... ABSOLUTE VALUE OF THE TANGENTIAL 
C VELOCITY AT CONTROL POINT 8 WITH 
C NO VORTEX STRENQTH CONTRIBUTION. 
C FF ..... ... .. . .. · ...... ... .. ... .. . ... UNITY VORTEX STRENOTH CONTRIBUTION 
C TO THE TANGENTIAL VELOCITY AT CON-
e TROL POINT A. 
C GG . .. ....... . . . . .. . ... . . ..... . .... . UNITY VORTEX STRENGTH CONTRIBUTION 
C TO THE TANGENTIAL VELOCITY AT CON-
e TROL POINT 8 . 
C ABLE ...... . .. .. .. .... .... ....... . . . ANGLE OF ATTACK OF AIRFOIL IN DEGREES. 
C QQ ... . . ... ... .. .. . .... ... .. . . .. . ... ABSOLUTE DIFFERENCE BETWEEN DD AND EE. 
C RR ..... . .. .. . ........ .. . . .. .. .... . . DELTA SIGV. 
C ECHO .......... . .. .... ..... . . ... ... . PARAMETER USED TO DETERMINE WHETHER 
C TO ADD OR SUBTRACT RR. 
C EPS .. ... ......... .. ...... .. ... ... . . CONVERGENCE TOLERANCE FOR KUTTA 
C CONDITION. 
C XCOR<N) ....... .. ...... ..... .. ..... . X COORDINATE FROM NACA DATA. 
C YCOR<N). ..... . ............. . . ...... Y COORDINATE FROM NACA DATA. 
C XD<N) .. . . . .. .. .. ... . . ...... . .... .. . DIFFERENCE IN X COORDINATE USED TO 
C DETERMINE CONTROL POINTS A AND B. 
C YY .. . ..... ..... . .. . ....... . . . . .... . DUMMY VARIABLE FOR Y COORDINATE USED 
C TO ROTATE AXIS. 
C SS . . ..... .... .. . . . . . ............... WEIGHTINQ FACTOR USED WITH DELTA SIGV. 
C VORS<N) .. ...... .. .. .. . ........ . ... . VORTEX STRENGTH CONTRIBUTION. 
C VQRVT<N) . ...... ...... . .. . .. ...... .. VORTEX STRENQTH CONTRIBUTION TO TAN-
C GENTIAL VELOCITIES. 
C Al<N,M) ..... ............. . ......... DUMMY ARRAY USED TO REORDER COEFFI-
C C lENT MATRIX. 
C PL<N) .... . . . . ... ... .... .... .... . . .. PRESSURE DIFFERENCE PREDICTED ALONO 
C AIRFOIL. 
C VTTCN) .. .... . .. . .. . ................ DUMMY VARIABLE FOR TANGENTIAL VELOCI-
C TIES USED AS INPUT TO STAGNATION POINT 
C DETERMINATION SUBROUTINE. 
C DELTA<N) . ...... .... . .. .. .. . . . . ..... ELEMENT LENQTHS USED AS INPUT TO STAQ-
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C NATION POINT DETERMINATION SUBROUTINE. 
C XBUP<N> .. .. ... . . . .. . . . . . .... . .. .. .. X COORDINATE LOCATION ALONO FLAT PLATE 
C FOR UPPER SURFACE OF THE AIRFOIL. 
C VPUP<N> ..... . ... .... .. ... ... . ..... . POTENTIAL VELOCITY FOR X COORDINATE A-
C LONO THE FLAT PLATE COORESPONDINO TO 
C THE UPPER SURFACE OF THE AIRFOIL. 
C XBLOW<N> . . .. .. ... . ........ ... . . . . .. X COORDINATE LOCATION ALONO FLAT PLATE 
C FOR LOWER SURFACE OF THE AIRFOIL. 
C VPLOW<N> .. .. .. ... . .. .. ... . ..... . . . . POTENTIAL VELOCITY FOR X COORDINATE A-
C LONO THE FLAT PLATE COORESPONDINO TO 
C THE LOWER SURFACE OF THE AIRFOIL. 
C BPAR .. .. ........... . . . ...... . . . . . .. INITIAL CONDITION VECTOR USED IN CUBIC 
C SPLINE SUBROUTINE ICSICU. 
C XOVL<N> .. ...... . . ... . . .... . .. .. . . .. X COORDINATE OF THE CONTROL POINTS 
C DIVIDED BY THE CHORD LENOTH. 
C PRINT ... ..... .. .. . . .. .. , .. . . . ... ... FLAO USED TO PRINT HEADER INFORMATION 
C ONLY ONCE. 
C E .... .. . .. . .... . .. . .......... . ..... DUMMMY ARRAY USED TO REORDER VARIABLE 
C TWO DIMENSIONAL ARRAYS USED IN SUB-
C ROUTINES. 
C XDAT1 . . . ..... . .... . .... .. . . ... . .... ARRAY USED TO ORDER X COORDINATES 
C IN ASCENDINO ORDER FOR USE IN CUBIC 
C SPLINE SUBROUTINE. 
C YDAT1 . .. . .... . .. . . . . ..... . ... . ... .. ARRAY USED IN CON~UNCTION WITH XDAT1 . 
C XDAT2 ........... . .. . .. . ... . . . .. .. .. SAME AS XDAT1. 
C YDAT2 .... ...... . ........ . .. . ....... SAME AS YDAT1. 
C XDAT3 . . . .. .. . .... . ........ . ...... . . SAME AS XDAT1 . 
C YDAT3 .. ... ...... . . .. . . .. . ... ... .... SAME AS YDAT1. 
C XOAT4 ........ . .. . . .. .. .. .... . .. . ... SAME AS XDAT1. 
C YOAT4 . ... . . ... . . .. . . . . . ....... . .... SAI'IE AS YOAT1. 
C XDAT5<N> . .. . .. . .. . . . ...... ... ... ... USED TO STORE EXPANDED X COORDINATES 
C PER PERCENT CHORD. 
C YOAT5<N> ... . .. . ...... . . .. ...... . ... USED TO STORE EXPANDED Y COORDINATES 
C PER PERCENT CHORD. 
C C ... . ........ . .. . . .. .. ... . . .... .. .. ARRAY FROM CUBIC SPLINE SUBROUTINE 
C <ICSICU) PROVIDING 1ST, 2ND, AND 3RD 
C ORDER DERIVATIVES. 
C CT .... .. .... .. .......... . .... . ..... SAME AS C. 
C X1 . . ... ......... . .. .. . . ....... ... .. DUMMY VARIABLE USED TO DETERMINE 
C WHETHER THE INTERVAL BETWEEN DATA 
C POINTS IN THE X DIRECTION IS GREATER 
C THAN 5 PERCENT CHORD. 
C BLA ... . .. . ........ . ... . .. .. ... .. ... DUMMY ARRAY USED IN SUBROUTINE BLIMP 
C PROVIDINO SPACE FOR A COEFFICIENT 
C MATRIX . 
C BLB . . . . .... .. .. . . ... . ... ...... . ... . DUMMY ARRAY USED IN SUBROUTINE BLIMP 
C PROVIDINO SPACE FOR 8 COEFFICIENT 
C MATRIX. 
C BLC ..... . ........... ... .. . ........ . DUMMY ARRAY USED IN SUBROUTINE BLIMP 
C PROVIDINO SPACE FOR C COEFFICIENT 
C MATRIX. 
C CTT ..... . . . .... . .. . .. .. . . .... . ... .. SAME AS C. 
C DU . ........ . . . .. . .. .. . .. .... .. ..... ARRAY DENOTING VELOCITY IN THE X DIREC-
C TION USED IN CON~UNCTION WITH ICSICU TO 
C DETERMINE WALL SHEAR STRESS. 
C DOY . . ...... . . ......... .... ... . .. . .. ARRAY DENOTINO DISTANCE IN THEY DIREC-
C TION USED FOR THE SAME PURPOSE AS DU. 
C BLT2 . . . . ..... . .. . .. . ........... .. . . DUI'II'IY ARRAY USED TO TEMPORARILY STORE 
C BL T VALUES. 
C OX .... .... ... . ... .. .. .. . . ...... . ... DIFFERENCE BETWEEN CONTROL POINT OF 
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C INTEREST AND CONTROL POINT IN FLOW 
C STREAM IN THE X DIRECTION. 
C DY . ..... .. .... . . ......... . .. . . . .... DIFFERENCE BETWEEN CONTROL POINT OF 
C INTEREST AND CONTROL POINT IN FLOW 
C STRE~ IN THE Y DIRECTION. 
C DYB .. . . . . . .. . . . . .. ... . ........ . . . . . ELEMENT SUBDIVISION USED IN DETERMINING 
C LIFT COEFFICIENT. 
C CIRVOR . .. ... . .... .... .... .... . . ... . ARRAY DEPICTINO VORTEX STRENGTH CON-
e TRIBUTIOH TO CIRCULATION. 
C BLLOW ..... ... .. . .. .. ...... .. . . ..... BOUNDARY LAYER THICKNESS ON LOWER SUR-
e FACE. 
C BLUP . .. . ... . . . . . . . .... . ....... . .. .. BOUNDARY LAYER THICKNESS ON UPPER SUR-
e FACE. 
C STALOW . . .... . . . . . .... . ... .. . .. . . ... STATION POINT ON FLAT PLATE CORRES-
C PONDINO TO A CONTROL POINT ON THE LOWER 
C SURFACE OF THE AIRFOIL. 
C STAUP . . . .... .. . ....... .. . . . .... . ... STATION POINT ON FLAT PLATE CORRES-
C PONDINQ TO A ' CONTROL POINT ON THE UPPER 
C SURFACE OF THE AIRFOIL. 
C SMXCI . ... . .. . .... . ....... .. . . .. .. .. LOCAL X COORDINATE USED IN DETERMININO 
C LIFT COEFFICIENT. 
C SMYCI .... ... . . ..... ....... .. ... . .. . LOCAL Y COORDINATE USED IN DETERMININQ 
C LIFT COEFFICIENT. 
C TERM3 .. . .. .. . . ... . ... . . ..... . .. . . . . SUMMATION TERM USED IN DETERMININQ LIFT 
C COEFFIC lENT. 
C TERM4 . .. .. .. . .... . .. ... . ..... ... . .. SUMMATION TERM USED IN DETERMINING LIFT 
C COEFFICIENT. 
C TAUUP . . . .. . . ..... .. . . ... .. .. . . . . .. . WALL SHEAR STRESS ON UPPER SURFACE OF 
C AIRFOIL. 
C TAULOW . .. . ..... . .... . .. . .. .. .. .. ... WALL SHEAR STRESS ON LOWER SURFACE OF 
C AIRFOIL. 
C CIRVORT .. .... . . . ..... . .... . .... . ... FLOW CIRCULATION. 
C SMVB . . .. ...... . ... . ...... . ....... . . SUB-ELEMENT LENQTH USED TO DETERMINE 
C LIFT COEFFICIENT CEL/100). 
C VDUM ... . .. . .......... ... .. . .... . ... DUMMY ARRAY USED IN BLIMP FOR Y DIREC-
C TION STEP SIZE. 
C CAPUDX ....... . ....... : . .... . . .... .. DUMMY ARRAY USED IN BLIMP AS INPUT 
e PROVIDINQ POTENTIAL FLOW VELOCITIES 
C C TANGENTIAL VELOCITIES> . 
C UDUM ... .. .... . . . . . ... ... ... . ... .. . . DUMMY ARRAY USED IN BLIMP AS INPUT 
e PROVIDING SPACE FOR X DIRECTION 
C VELOCITIES. 
e VDUM ...... . .... . . . .... .. .. .. . ... ... DUMMY ARRAY USED IN BLIMP AS INPUT 
e PROVIDING SPACE FOR Y DIRECTION 
C VELOCITIES. 
C DDX . ... . .... . .. .. ... . . . ......... . .. DUMMY ARRAY USED IN BLIMP AS INPUT 
e PROVIDINO SPACE FOR DIFFERENCES IN 
C STEP SIZE IN THE X DIRECTION <I.E. , 
C X HAS A VARIABLE STEP SIZE> . 
C F .... . ........... ... . . ............. FLAQ USED IN BLIMP TO INDICATE WHE-
e DATA IS FROM THE UPPER OR LOWER SUR-
e OF THE AIRFOIL. 
C ZXDUM . . ... . ..... .. .. .... . .. . .. ... . . DUMMY VARIABLE USED TO DETERMINE XDIF. 
C ZVDUM . ............. ... . .... .... . ... DUMMY VARIABLE USED TO DETERMINE VDIF. 
C BLD .............. . ... . ... . ....... . . DUMMY ARRAY USED IN BLIMP PROVIDINQ 
C SPACE FOR D COEFFICIENT MATRIX. 
C BLE . . .. ... . ..... . ............ .. .... DUMMY ARRAY USED IN BLIMP PROVIDINO 
C SPACE FOR E COEFFICIENT MATRIX . 
C BLTCN> .... . ... . .... . . .. .... .... . . .. BOUNDARY LAVER THICKNESS CORRESPONDINO 
C TO CONTROL. POINTS. 
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C QAI'tCNL .. ... . . . .. . . ..... . .. . .. . · . .. . DUI'tt'1Y ARRAY USED TO OUTPUT OAI'tA IN 
C TERI'tS OF DEOREES. . 
C TAUWCN) . . . . .. . .. . .. ........ . ... ... . WALL SHEAR STRESS PER CONTROL POINTS. 
C VDVER ..... . . . ..... . ..... . ..... . .. .. VECTOR CONTAININO F',F''• AND F''' 
C USED IN RUNOE KUTTA SUBROUTINE CDVERK) 
C CSTAONATION POINT FLOW) IN BLII'tP . 
C COVER . .. . .. .. .... . . ... . . . . ...... . . . PARAI'tETER USED IN DVERK. 
C WDVER . . . . . . .. . .. .. ... .. . .. .. . .. . . .. WORK SPACE USED IN DVERK. 
C 0~ ... .. . .. . .... . ... . . ...... . ...... ARRAY USED IN BLIMP TO PROVIDE SPACE 
C TO DENOTE THE TANOENTIAL VELOCITIES. 
C ZDVDX . ..... . .. . ..... .. . . . .... .... . . DVDX TERI't USED IN DETERI'tiNINO LIFT 
C COEFFIC lENT. 
C ZDVDY . . . . . . . . .. . .. ... . . . .... . ..... . DVDY TERI't USED IN DETERMINING LIFT 
C COEFFICIENT. 
c 
c 
c 
C INTEROERS 
c 
C N . . . . . . . . . . . . . . . . . . . .. . . . .... .. . . .. NUI'tBER OF DATA POINTS. 
C KSTARL . .... . . . ... . ... .... .... . . .. . . START POINT ON LOWER SURFACE FOR EX-
C PANDINO DATA POINTS. 
C KSTARU . . . . . . . . .. . . . . . . . . . .. . .. . ... . START POINT ON UPPER SURFACE FOR EX-
C PANDINO DATA POINTS. 
C KENOL . .. . .. . . . . ... .. . .. . .. ... . ..... END POINT ON LOWER SURFACE FOR EX-
C PANDINO DATA POINTS. 
C KENDU .... .. . . .. . . . . .. . . . . .. . . .. .. . . END POINT ON UPPER SURFACE FOR EX-
C PANDINO DATA POINTS. 
C NVF . . . . ... . .. . .. . .. . . . .. .. .. . .. .. .. FLAO FOR NONVISCOUS FLOW SOLUTION. 
C I"''A . . .. . .... ...... . . .. . .. . .. .. . . . .. . CONTROL POINT A. 
C 1'18 . ... . . . .. .. . . . . ... . ... . .... . ... .. CONTROL POINT B. 
C NREF . . . . . . . . . . . . . ... . . . . . . .. . .. . . .. REFERENCE POINT DENOTINO LOCATION OF 
C STAONATION POINT. 
c 
c 
c 
C SUBROUTINES AND SUBPROORAI'tSCINTERNAL) 
c 
C THET~ . . . . . . . . .. . . . . .... . ... . . ... .. USED TO DETERI'tiNE OAMA. 
C DUDX .. . . ... .. . .... . . .... . . . .... . ... ANALYTICAL DERIVATION OF DU/DX. 
C DUDY . .. . . . . .. . .. . . . . .. ... .... . . . ... ANALYTICAL DERIVATION OF DU/DV. 
C DVDX . . .... . . . . . .. . .. . . . .. . . .. . . .. · . . ANALYTICAL DERIVATION OF DV/DX. 
C DVDY . . .. : . .. ... . .. .... . .... . . . . .. . . ANALYTICAL DERIVATION OF DV/DY. 
C STORE . . . . . . . . . . .. . ... . .... ... . . . . . . USED TO REORDER DATA STORED IN 
c A TWO-DIMENSIONAL ARRAY CE. 0. I 

C A) 
C STORE1 . . .. .. . . ... . .. . . . .. . .. . . . .. .. SAI'tE AS STORE EXCEPT USED FOR 
C C, CT, CTT, ETC. 
C STAO . ... . .. . . . . .. . .. . . . .. . . . .. ... .. USED TO DETERMINE STAGNATION POINT. 
C BLIMP . . .. . . .. . . .. .. . .. . . . . . . . . . . . . . USED TO DETERMINE BOUNDARY LAVER 
C FLOW. 
C FCN .... ... .. ..... . . .. .. . . . . .. . ... . . EXTERNAL SUBPROORAI't USED IN DVERK 
C DEFININO FUNCTION. 
c 
c 
c 
C SUBROUTINES CEXTERNAL) 
c 
C DVERK ..... . .. .. . . . . .... ... ...... .. . RUNOE KUTTA. 
C ICSICU . . . .. . . ... . . . ... . . . ... .. . . . .. CUBIC SPLINE. 
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C LEOTlF .. . . .. .. ........... ... . .... . . MATRIX REDUCTION USINQ GAUSSIAN 
C EL U11 NATION. 
c 
c 
c 
c 

c 
c 
c 
c 
c 
c 
c 

PROQRNt MAIN 
REAL A<75,75),8C75, 11,E1C751.E2C751,SIOMAC751,WKAREAC751, 

+XBARC751.YBARC751,XDATC751.YDATC751.XDIFC751.YDIFC75), 
+OAMAC751,CPC751,VTC751,ALPHA.DEN,P,T,CHORD,U,VREF,X,Y,Q, 
+UVT,PI,XONf,VQNf,£L,S~.BSUM,PSUM,DC5000),ZC75,751,SIQV, 

+DD,EE,FF,QQ,ABLE,QO,RR,ECHO,EPS,XCORC501,YCORC501,XDC751, 
+YV,SS,VORSC751,VORVTC75),A1C75,751,PLC751,VTTC751,DELTAC75), 
+XBUPC75),VPUPC751,XBLOWC751,VPLOWC751,XOYLC751,PRINT, 
+BPARC41,EC1600),XDAT1C20I,YDAT1C20),XOAT2C20),VDAT2C20), 
+XDAT3C201,VDAT3C201,XDAT4C20I,YDAT4C201,XDAT5C75),VDAT5C75), 
+CC40,:J),CTC40,31,Xl,BLAC8li,BLIC811,8LCC811,CTTC3,31, · 
+DU<41.DDVC4),VDUM<81),CAPUDXC40),UDUMC41,8li,VDUM<41,811, 
+DDXC40),F,ZXDUM,ZVDUM,BLD<8llo8LEC811,8LT<75),QAMC75), 
+TAUW<41),YDVERC31,CDVER<241,WDVERC3,9),0UMC81),8LT2C751,0X, 
+OV,OYB,CIRVORC75),8LLOW<751,BLUPC751,STALOWC751,STAUPC75), 
+SMXCICl501,SMVCICl50),TERM3C751,TERM4C751,TAUUPC751,CIRT, 
+CIRVORT,CIRVT,SMYB,ZOVOX.ZDVOV,TAULOW<751 

INTEGER I.~.K.L,MoN• IA, II, IC, ID, IE, IF, IK, IDQT, IER, IQ, IH. 
+II.~..J,NA,"MA,MB.KK,LK,MK,NK, IM, IN,LL,LU,KA,KB,KC,KO, ILOW,NVF, 
+NLOW, IUP,NUP,LET,NREF,NREFF, IFLAQ,NYI,NYIPl,NYIMl.NNl.NNao 
+KSTARU.KSTARL,KENOU,KENDL 

EXTERNAL ICSICU.STOREl.DVERK,FCN 
COMMON PI 
READC7,601CN,CHORD,VREF,U, CXCORC~..J),VCORC~..J),~..J•l,NII 
PI•ACOSC-1. I 
PRINT•l.O 
IFLAO•l 
LK•l 
DEN•. 0735 --
P•2116. 2 
GC•32. 174 
NA•75 
Nl•N 
IA•N 
M•t 
IDOT•t 
KA•l 
..JK•l 
..JKK•l 
IT•O 
ITT•O 
KT•40 
KTT•l 
LET•O 
KSTARL•O 
KSTARU•O 
YY•YREF 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
• • 
• 
• 

PROBLEM GEOMETRY • 
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C ••••••• AXIS ROTATION ••••••• 
c 

DO 1 I11•2,N 
LK•LK+1 
XDCI11-11•XCOR<IMI-XCOR<I11-11 
IF<XDC IM-1) . LT. 0 . 0 . AND. LK . EG. IMITHEN 
11A•IM-2 
MB•IM-1 
LK-LK-1 

END IF 
1 CONTINUE 

XDATC11•<CHORD•XCORC111/12. /100. 
YDATC11•CCHORD•YCORC1)-CHORD•YREFl/12. /100. 
DO 2 I.J•2,MB 

YY•YY•<100. -XCORCI.JII/C100. -XCORCI.J-11) 
XDATCI.JI•CCHORD•XCORCI.J))/12. /100. 
YDATCI.JI•<CHORD•YCORCI.Jl-CHORD•YYl/12. /100. 

2 CONTINUE 
YY•YREF•C100. -XCORCNII/C100. -XCORC1ll 
XDATCNl•<CHORD•XCORCNll/12. /100. 
YDATCNI•<CHORD•YCORCNl-cHORD•YYI/12. /100. 
DO 3 IN•N-1 , 118+1,-1 

YY•YY•<100.-XCORCINll/C100.-XCORCIN+1ll 
XDATCINl•CCHORD•XCORCINll/12. /100. 
YDATCINl•CCHORD•VCORCINl-CHORD•YYl/12. /100. 

3 CONTINUE 
c 
C •••••••• EXPANSION OF DATA POINTS ******* 
c 

LK•1 
DO 4 1•2,118 

Xl•ABSCXCORCil-XCOR<I-lll 
IF<X1 . GT. 5 .. AND. KSTARL . EG. OlTHEN 
KSTARL•I-1 

END IF 
IF<X1 . LE. 5 .. AND.KSTARL. QT. 0 . AND. LET. EG.OlTHEN 
KENDL•I-1 
LET•LET+l 

END IF 
4 CONTINUE 

LET•O 
DO 5 I•N,MB+l,-1 

Xl•ABS<XCORCil-XCORCI-1ll 
IF<X1 . GT. 5 . . AND. KSTARU . EG. OITHEN 
KSTARU•I 

END IF 
IFCX1 . LE.5 .. AND. KSTARU.QT. O . AND. LET. EG. OITHEN 
KENDU•I 
LET•LET+1 

END IF 
5 CONTINUE 

DO 6 1•1 , 4 
BPARCil•O. O 

6 CONTINUE 
ILOW•KENDL-KSTARL 
NLOW•ILOW+l 
IUP•KSTARU-KENDU 
NUP•IUP+l 
KB•KSTARL+ILOW•2 
KC•KENDU+IUP•2 



KD•IUP•2+1 
IF<NLOW . ~T . 2100 TO 20 
DO 7 I•KSTAR~.KENDL 

XDATl<KAI•XDAT<II 
YDAT1<KAI•VDAT<II 
KA•KA+1 

7 CONTINUE 
KA•l 
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CALL ICSICU<XDAT1.VDAT1,NLOW,8PAR,C, ILOW, IERI 
CALL STOREl<C,E,KT, ILOW,CTI 
DO 8 1•1, I~OW 

XDAT2CII• . 5•<XDAT1CI+11-XDAT1<III+XDAT1<I> 
YDAT2<I>•YDAT1<II+CT<I~3>•<<XDAT2<I>-XDATl(II>••3>+ 

+ CT< I I 2>•U XDAT2( I )-XDAT1 (I, >••2>+CT<I I 1 ,. 
+ <XDAT2<I>-XDAT1CII) 

8 CONTINUE 
20 IF<NUP . LT. 2100 TO 22 

DO 9 I•KSTARU,KENDU~-1 
XDAT3CKAI•XDATCII 
YDAT3<KAI•YDATCI) 
KA•KA+l 

9 CONTINUE 
KA•1 
CALL ICSICU<XDAT3,YDAT3,NUP,8PARICI IUP1 IER> 
CA~~ STORE1<C,E1KT1 IUP,CTI 
DO 10 I•l. IUP 

XDAT4CII•. 5•<XDAT3CI+11-XDAT3<III+XDAT3<I> 
YDAT4<I>•YDAT3<I>+CT<I.3>•<<XDAT4<I>-XDAT3(I11••3>+ 

+ CT<I~2>•<<XDAT4<I>-XDAT3CI1>••2>+CT<I~ 1>• 
+ <XDAT4CII-XDAT3CI>I 

10 CONTINUE 
IF<NLOW .~T . 21QO TO 21 
DO 11 I•1,KSTARL-1 

XDAT5CKAI•XDAT<II 
YDAT5<KAI•VDATCII 
KA•KA+1 

11 CONTINUE 
DO 12 I•KSTARL,KB 

.JK•MOD<JK+1~2> 

IFCJK . EO. OITHEN 
XDAT5CKAI•XDAT1<KTT-ITI 
YDAT5<KAI•YDAT1<KTT-IT> 
KA•KA+1 
KTT•KTT+1 
IT•IT+l 
E~SE IF<.JK . EO. 11THEN 

XDAT5<KAI•XDAT2CKTT-ITI 
YDAT5<KAI•YDAT2CKTT-ITI 
I<A•KA+1 
KTT•KTT+1 

END IF 
12 CONTINUE 
21 IF<N~OW . ~T . 21THEN 

DO 13 I•1,KENDU-1 
XDAT5<KAI•XDATC1) 
YDAT5<KAI•VDAT<Il 
KA•KA+1 

13 CONTINUE 
END IF 
DO 14 I•KENDL+1,KENDU-1 



XDAT,<KA)•XDATCI) 
YDAT,<KA)•YDATCl) 
KA•KA+l 

14 CONTINUE 
DO 1' I•1,KD 
~KK•MOD<~KK+1,2) 

IF<JKK .EO. O>THEN 
XDAT,<KA)•XDAT3CNUP-ITT) 
YDATS<KA)•YDAT3<NUP-ITT) 
KA-KA+1 
ELSE IF<~KK . EO. l)THEN 

XDAT,CKA)•XDAT4CIUP-ITT) 
VDATSCKA>•VDAT4<IUP-ITT> 
KA-KA+1 
ITT•lTT+1 

END IF 
15 CONTINUE 

DO 16 I•KSTARU+1,N 
XDAT,CKA)•XDATCI) 
VDAT5CKA)•VDATC1) 
KA•KA+l 

16 CONTINUE 
N•KA-1 
N1•N 
IA•N 
DO 17 I•l. N 

XDATCI>•XDAT5CI) 
YDATCI>•VDAT,CI) 

17 CONTINUE 
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DO 18 I•l. N 
XDAT5CI>•XDATCI>•12. •tOO. /CHORD 
YDAT,CI)•V0ATCI>•12.•tOO. /CHORD 

18 CONTINUE 
DO 19 IM•2,N 

LK•LK+1 
XD<IM-1)•XDATCIM)-XDATCIM-1) 
IFCXDCIM-1) . LT. 0 .. AND. LK . EO. IM)THEN 
MA•IM-2 
MB•IM-1 
LK•LK-1 

END IF 
19 CONTINUE 
c 
C ******* DETERMINATION OF QAMA ••••••• 
c 
22 DO 23 IG•2.N 

XQAM•XDATCIQ)-XDATCIQ-1) 
YGAM•VDATCIQ)-YDATCIQ-1) 
CALL THETACXQAM,VQAM,T> 
G•T-PI/2. 
IFCQ . GE . . 0. O)THEN 

QAMAC IG-1 )•Q 
ELSE IFCQ .LT. O. O>THEN 

QAI1A<IG-1>•G+2. •PI 
END IF 

23 CONTINUE 
XQAI1•XDAT<1>-XDATCN) 
YQAM•VDATC1)-VDATCN) 
CALL THETACXGAM,VGAM.T) 
G•T-PI/2. 



24 

c 
c 
c 
c 
c 
c 
c 

26 
58 

IFCQ .QE. O.OJTHEN 
QAMA(N)•Q 
ELSE IFCQ . LT. O.O)THEN 

QAI'1ACN)•Q+2.•Pl 
END IF 
QAMACNl•O 
DO 24 I•l,N 

ElCI>•-SINCQAMACI)l 
E2Cll•COSCQAMACI>> 
QAI'1CI>•OAI'1ACI>•360. /2. /PI 

CONTINUE 
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DO 2' IH•2,N 
XBARCIH-1>•<XDATCIH>-XDATCIH-l)l/2. +XDATCIH-1) 
YBARCIH-1)•CYDAT<IH)-YDATCIH-1)l/2. +VDATCIH-1) 
XOVLCIH-1>•XBARCIH-1>•12. /CHORD 

CONTINUE 
XBARCN)•CXDATC1l-XDATCN))/2. +XDATCN> 
YBARCN)•CYDATC1>-YDATCN))/2.+YDATCN) 
XOVLCNl•XBARCN>•12. /CHORD 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
• • • 
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POTENTIAL FLOW COMPUTATION • 
• 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
DO '9 ABLE•-8. O, 18. 0.2.0 

ALPHA•ABLE•PI/180. 
IFLAG•1 
NVF•1 
DO 26 I•1,N 

BLTC I >•0. 0 
BLUP C I >•0 . 0 
BLLOWCI>•O. O 
TAULOWCil•O. 0 
TAUUP<Il•O. 0 
STAUPCI>•O. O 
STALOWCil•O. 0 

CONTINUE 
KK•O 
MK•O 
NK•O 
NNl•l 
NN2•N 
55•1.0 
ZXDUM•O. 0 
ZYDUI'1•0. 0 
XDIFC1>•2.0•XBARC1) 
YDIF<l>•2.0+YBARC1) 
DO 27 I•2,N 

ZXDUI'1•ZXDUI'1+XDIFCI-1) 
ZYDUI'1•~YDUM+YDIFCI-1l 

XDIFCil•2. O+CXBARCI)-ZXDUI'1) 
YDIFCI>•2 . O•<YBARCI>-ZYDUI'1) 

27 CONTINUE 
c 
C ******* DETERMINATION OF VORTEX STRENGTH ******* 
c 

DO 29 I•l,N 
BSUI'1•0. 0 
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PSUM•O. O 
DO 28 ..J•l, N 

EL•SORT<XDIFC..J>••2+YDIF<..J>••2> 
DX•XBARCI>+BLTCI>•E2<I>-XBAR<..J> 
DY•YBAR<I>+BLT<I>•<-E1CI>>-YBARC..J) 
X•E2C..J>•DX-E1<..J>•DY 
Y•E1<..J>•DX+E2<..J>•DY 
IFCI . NE . ..J>THEN 
BSU1'1•8SUI'1+E2<I>•E2C..J)•DVDX<EL,X,Y>+E2<I>•E1<..J>• 

+ DVDYCEL,X,Yl+E1<I>•E1CJ>•DVDXCEL,X,Y>-E1CI>• 
+ E2C..J>•DVDVCEL,X.V> 

PSUM-PSUI'1+E1<I>•E2C..J>•DVDXCEL,X,V>+E1CI>•E1<..J>• 
+ DVDV<EL,X,V>-E2<I>•E1<..J>•DVDX<EL,X,Y)+E2<I>• 
+ E2C..J>•DVDV<EL, x,y) 

ELSE IFCI .EG . ..J>THEN 
PSUM•PSUI"'+PI 

END IF 
28 CONTINUE 

VORSC I >•BSUI"' 
VORVTCI>•PSUI"' 

29 CONTINUE 
3' IFCKK .EO. O>THEN 

SIOV•O. 
ELSE IF<KK .EO. !>THEN 

DD•AB9CVTCI'1A)) 
EE•AB9CVTCI'18)) 
FF•VORVTCMA) 
QQ•VORVTCMB> 
SICV•ABS<DD-EE>ICFF+CO> 
RR•SIGV•. ' 

ELSE IF<KK . GE. 2>THEN 
EPS•ABSCABSCVTCI"'A>>-ABSCVTCI"'B>>>•l . OE-, 
GO TO 37 

END IF 
36 IFCKK . OE. 2lTHEN 

c 

NK•I"'OOCNK+1,2> 
IFCNK .EO. O>PP•SICV 

END IF 

C ******* DETERI"'INATION OF SIGMA ******* 
c 

DO 31 I•l, N 
DO 30 J•l,N 

EL•SGRTCXOIFCJ>••2+YOIFC..Jl••2> 
DX•XBARCI>+BLTCI>•E2CI>-XBAR<..J> 
DY•YBARCI>+BLTCI>•<-El<I>>-YBARC..J> 
X•E2<Jl•DX-E1<..J>•DY 
Y•E1C..Jl•DX+E2C..J>•DY 
IF<I . NE. J>THEN 
ZCI,J>•E2CI>•E2C..Jl•DUDX<EL, X,Yl+E2<I>•E1C..Jl• 

+ DUDYCEL,X,Y>+El<I>•El<..J>•DUDX<EL,X,Yl-
+ E1CI>•E2<..J>•DUDVCEL.X,Y> 

ELSE IF<I . EO . ..JlTHEN 
Z C I, ..Jl •PI 

END IF 
30 CONTINUE 

BCI,M>•U•<SINCALPHA>•El<I>-COSCALPHAl•E2CI>>-SICV•VORSCil 
31 CONTINUE 

CALL STORECZ,O,NA,N,A) 
CALL LEQT1FCA,I"',N1, IA.B, IDQT,WKAREA, IER> 



DO 32 L•t,N 
SIQI'IACL>•BCL,I'I) 

32 CONTINUE 
DO 34 IB•t, N 

SUI'I•O. O 
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DO 33 IF•t,N 
EL•SORTCXDIFCIF>••2+YDIFCIF>••2> 
DX•XIARCI8)+8LTCI>•E2CI>-XBARCIF> 
DY•YBARCIB>+BLTCI>•<-EtCI>>-YBARCIF> 
X•CDX•E2CIF>+CDY•C-E1CIF)))) 
Y•CC-DX>•C-E1CIF)))+CDY•E2CIF>> 
IFCII . NE. IF>THEN 
SUI'I•SUI'I+SICI'IACIF>•<E1CIB>•CE2CIF>•DUDXCEL,X,Y>+E1CIF>• 

+ DUDYCEL.X.Y))+CE2CIB>•<-E1<IF>•DUDXCEL,X,Y)+E2CIF>• 
+ DUDYCEL.X,Y)))) 

ELSE IFCII . EO. IF>THEN 
SUI'I•SUI'I+O.O 

END IF 
33 CONTINUE 

UVT•U•CCOSCALPHA>•E1CI8)+SINCALPHA)+E2CI8)) 
VTCIB>•SUI'I+SICV•VORVTCIB>+UVT 

34 CONTINUE 
c 
C ******* BEQINNINO OF ITERATIVE SCHEME ******* 
c 
37 IFCKK . CE. 2>THEN 

OO•ABSCABSCVTCI'IA>>-ABSCVTCI'I8))) 
ECHO•VTCI'IA>-ABSCVTCI'II)) 
IFCOO . LE. EPS>THEN 
00 TO 38 
ELSE IFCQO . QT. EPS>THEN 

I'IK•I'IK+l 
IFCI'IK . EQ. 50100 TO 38 
IFCRR . LT. 1. OE-10100 TO 38 
IFCECHO . LT. O. O)THEN 
SIOV•SIOV+RR 
IFCABSCSICV-PP> . LE. 1. 0E-5>THEN 
RR•RR•SS+.75 
55•55•. 8 

END IF 
ELSE IFCECHO . OE. O. O>THEN 

SIOV•SICV-RR 
IFCABS<SIOV-PP) . LE. 1. 0E-5>THEN 
RR•RR•SS•. 75 
55•55•. 8 

END IF 
END IF 
GO TO 36 

END IF 
END IF 
KK•KK+l 
00 TO 35 

c 
c 
c 
c 
c 
c 
c 
38 

••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
• 
• 
* 

BOUNDARY LAYER COMPUTATION * 
* 
* ......................................................... 

IFCIFLAO. OE. 2 . 0R.NVF. EO. 1)00 TO 57 
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c 
C ******* STAONATION POINT DETERMINATION ******* 
c 

DO 39 I•1,N 
VTT< I ) •VT< I ) 

39 CONTINUE 
DELTA<1>•SORT<X8AR<1>••2+Y8AR<1>••2> 
DO 40 I•2,MA 

DELTA<I>•SORT<<XBAR<I>-XBAR<I-1>>••2+<YBAR<I>-
+ YBAR<I-1>>••2> 

40 CONTINUE 
DO 41 I•I'IB.N-1 

DELTA<I>•SORT((X8AR(I)-X8AR<I+1>>••2+(Y8AR(I)-
+ YBAR(I+1>>••2) 

41 CONTINUE 

c 

DELTA<N>•SORT<XBAR<N>*•2+YBAR<N>••2> 
CALL STAO<VTT,DELTA,MA,MS,N,XBUP,VPUP,XBLOW,VPLOW,LL,LU,NREFF) 
F•-1. 0 
IFCABLE.LT. O.O>THEN 
NREF•NREFF+1 
IFCNREF. OT. N>NREF•1 
ELSE IF<ABLE. OE.O.O>THEN 

NREF•NREFF 
END IF 

C ******* BOUNDARY LAYER DETERMINATION ******* 
c 

IF<ABLE.E0. -8. OlTHEN 
DDDY•. 001625/80. 
ELSE IF<ABLE. E0. -6.0>THEN 

CODY•. 001125/80. 
ELSE IF<ABLE. E0. -4.0)THEN 

DDDY•. 001625/80. 
ELSE IF<ABLE. E0. -2.0>THEN 

DDDY•. 000625/80. 
ELSE IF<ABLE. EO. O.OlTHEN 

DDDY• . 000625/80. · 
ELSE IF<ABLE. E0.2. 0lTHEN 

DDDY• . 001125/80. 
ELSE IF<ABLE.E0.4. 0lTHEN 

DDDY•. 001125/80. 
ELSE IF<ABLE. E0.6.0lTHEN 

DDDY•. 001125/80. 
ELSE IF<ABLE.EO. 8.0>THEN 

DDDY•. 001625/80. 
ELSE IF<ABLE. OT. 8.0. AND.ABLE. LT. 18. 0)THEN 

DDDY•. 001625/80. 
ELSE IF<ABLE.EO. 18.0>THEN 

DDDY"!' . 001/80. 
END IF 
CALL BLIMP<ABLE,ODOY.VDVER,CDVER,WDVER,SLA,BLB,SLC,BLD,BLE, 

+ F. BPAR.CTT,C,CT,E,OU,OOY,XBLOW,VOUM,VPLOW,CAPUDX.UDUM, 
+ VDUM,OOX,N,MA,NREF,LL,OUM,TAUW,BLT2l 

BLLOWC1l•O. 0 
STALOWC1l•O 
TAULOWC1l•O. O 
IF<ABLE. LT. O.OlTHEN 
NREF•NREFF+1 
IFCNREF. OT. NlNREF•1 
ELSE IF<ABLE.OE.O. OlTHEN 



NREF•NREFF 
END IF 
IFCNREF. LT. MAlTHEN 

DO 42 I•2,LL 
BLLOWCil•BLT2CNREFl 
STALOWCil•NREF 
TAULOWCil•TAUWCI) 
NREF•NREF+l 

42 CONTINUE 
ELSE IFCNREF. QT. MAlTHEN 

DO 43 I•2,LL 
IFCNREF.LE.NlTHEN 
BLLOWCil•BLT2cNREF) 
STALOWCil•NREF 
TAULOWCil•TAUWCI) 
NREF•NREF+l 

ELSE IFCNREF. QT. N)THEN 
BLLOWCil•BLT2CNN1l 
STALOWCil•NN1 
TAULOWCil•TAUWCil 
NN1•NN1+1 

END IF 
43 CONTINUE 

END IF 
DO 44 I•1,N 

BLTCil•BLT2CI) 
44 CONTINUE 

F•t. 0 
IFCABLE.LT. O.OlTHEN 
NREF•NREFF 
ELSE IFCABLE. GE. O.OlTHEN 

NREF•NREFF-1 
IFCNREF. LE.OlNREF•N 

END IF 
IFCABLE. EG. -8. 0lTHEN 

DDDY•. 00162~/80. . 
ELSE IFCABLE. EG. -•.O)THEN 

DDDY•. 00162~/80. 

ELSE IFCABLE. EG.-4 . OlTHEN 
DDDY•. 00112,/80. 

ELSE IFCABLE. EG. -2. 0)THEN 
DDDY•. 00112~/80 . 

ELSE IFCABLE. EO. O. O)THEN 
DDDY•. 001125/80. 

ELSE IFCABLE. EG. 2.0lTHEN 
DDDY•. 00112,/80. 

ELSE IFCABLE. E0. 4. 0lTHEN 
DDDY•. 001625/80. 

ELSE IF CABLE. EO. ·o. OHHEN 
DDDY•. 001625/80. 

ELSE IFCABLE. E0. 8. 0lTHEN 
DDDY•. 00062"80. 
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ELSE IFCABLE. QT. 8 . 0 . AND.ABLE. LT. 18. 0lTHEN 
DDDY•. 00162,/80. 

ELSE IFCABLE. EG. 18. 0lTHEN 
DDDY•. 001/80. 

END IF 
CALL BLIMPCABLE,DDDY,YDVER,CDVER,WDVER.BLA,BLB.BLC.BLO, 

+ BLE, F,BPAR.CTT,C,CT.E, OU.DDY , XBUP,YDUM,VPUP,CAPUDX, 
+ UDUM,VDUM.DDX,N,MA,NREFoLU.DUM,TAUW.BLT2l 



45 

46 

47 

48 
c 
c 
c 
c 
c 
c 
c 

BLUP<l>•O. O 
STAUP<11•0 
TAUUP<11•0. 0 
IF<ABLE.LT. O.OITHEN 
NREF•NREFF 
ELSE IF<ABLE.OE.O.OITHEN 

NREF•NREFF-1 
IF<NREF. LE.OINREF•N 

END IF 
IF<NREF. LT. MAITHEN 

DO 45 I•:Z,LU 
IF<NREF.OT.OITHEN 
BLUP<II•BLT:Z<NREFI 
STAUP<II-NREF 
TAWP<II•TAUW<I> 
NREF•NREF-1 
ELSE IF<NREF. LE. O>THEN 

BLUP<II•BLT2<NN:ZI 
STAUP<II•NN:I 
TAUUP<II•TAUW<II 
NN:I•NN:I-1 

END IF 
CONTINUE 
ELSE IF<NREF. OT. KAITHEN 

DO 46 I•2.LU 
BLUP<II•BLT2<NREFI 
STAUP<II•NREF 
TAUUP<II•TAUW(I) 
NREF•NREF-1 

CONTINUE 
END IF 
DO 47 I•1,N 

IF<BLT2<II . NE. 0 . ITHEN 
BL T< I I •BL T2 <I ) 

END IF 
CONTINUE 
IFLAG•IFLA0+1 
IF<IFLAQ .LE. 2100 TO 58 
DO 48 I•l,N 

8'2 

CP<II•1 . -<<VT<II/UI••2) 
PL<II•<<CP<II•DEN•<U••:I))/(2. •GCI) 

CONTINUE 

••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
• • 
• 
• 

CALCULATION OF LIFT COEFFICIENT • 
• ••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

NVI•100 
NYIP1•101 
NYit11·~~ 
C IRVORT•O. 0 . 
CIRVT•O. 0 
DO 56 I•t. N 

DYB•SQRT<XDIF<I>••2+YDIF<I>••21/NYI 
DO 54 J•1,N 

IF<J. EQ. IIGO TO 5:1 
DO 50 K•l,NVIP1 

SMYB•-SQRT<XDIF<I>••2+VDIF<I>••21/2. 0+<K-11•DVB 



~0 

c 
c 
c 
c 

· C 

59 
60 
70 
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SMXCICKl•CXBARCil-XBARCJl+ElCI>•SMYBl•E2CJl-
+ CYBARCll-YBARCJl+E2Cil•SMYBl•E1CJl 

SMYCICKl•CXBARCil-XBARCJl+E1Cll•SMYB>•ElCJl+ 
+ CYBARCil-YBARCJl+E2Cll•SMYB>•E2CJ) 

+ 

+ 

+ 

+ 

CONTINUE 
ZDVDXeO.O 
ZDVDY•O.O 
DO 51 K•2,NYI 

EL•SORTCXDIFCJ>••2+YDIFCJ>••2> 
ZDVDX•ZDVDX+DVDXCEL,SMXCICKl,SMYCICK>l•DYB 
ZDVDY•ZDVDY+DVDYCEL,SMXCICKl,SMYCICK>>•DYI 

CONTINUE 
00 TO 53 
ZDVDX•O.O 
ZDVDY•PI•SORTCXDIFCI>••2+YDIFCI>••2> 
TERM3CJ>•<E1CI>•E2CJ>-E2CI>•ElCJ>>•ZDVDX 
TERM4CJl•CE1CI>•E1CJl+E2<I>•E2CJ>>•ZDVDY 

CONTINUE 
CIRVORCil•O. 0 
DO 5~ J•l, N 

CIRVORCI>•CIRVORCil+SIOV•CTERM3CJl+TERM4CJ)) 
CONTINUE 
CIRVORT•CIRVORT+CIRVORCil 

CONTINUE 
CL•-2.0•CIRVORT•l2. /U/CHORD ........................................................ 
* • 
• 
• 

OUTPUT • • 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
IFCPRINT . LE. 1. 0 . AND. NVF . LE. 1 HHEN 
WRITE CS, 701 
WRITE C8,72lCXDAT~<IEl.VDAT5CIEl,QAMCIEl, XBARCIEl,YBARCIEl, 

E1<IE>.E2<IE>, IE•l.Nl 
ELSE IF<PRINT . LE. 1.0 .AND. NVF . OT. llTHEN 

WRITE (9, 71> 
WRITE C9,72lCXDAT~Cil,YDAT~Cil,OAMCil,XBARCil,YBARCil,El<I>, 

E2CI>, I•l,Nl 
PRINT•PRINT+l . O 

END IF 
IF<NVF . LE. llTHEN 
WRITE C8,73lCCLl 
WRITE C8,74>CABLE,U,CHORD,P,OEN.SIOVl 
WRITE C8,75lCIK,XOVLCIKl,VT<IIO,CPCIKl,PLCIK>, IK•l,Nl 
NVF•NVF+l 
GO TO 38 
ELSE IF<NVF .OT. llTHEN 

WRITE (9,73lCCLl 
WRITE C9,74lCABLE,U,CHORO,P.OEN,SIGVl 
WRITE C9 , 7~lCIK, XOVLCIKl,VTCIKl,CPCIKl,PLCIKl, IK•l,Nl 
WRITE C10,7olCABLEl 
WRITE <10,77lCSTALOWCil,XBLOWCil,TAULCWCil,BLLCWCil, 

I•l, LL> 
WRITE <10,7olCABLEl 
WRITE (10, 781 <STAUP C I), XBUPC I l, TAUUPC I), BLUPC I), 

I•l,LUl 
END IF 

CONTINUE 
FORMAT <I2/.F5. 2/,F6.2/,Fo. 2/,50CF6. 2,3X,Fo.2/ll 
FORMAT ('1',//,40X, 
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+ 'FLOW AROUND AN AIRFOIL BY SOURCE DISTRIBUTION METHOD',/, 
+ S4X, 'CNONVISCOUS FLOW SOLUTION)',/) 

71 FORI"'AT C't',//,40X, 
+ 'FLOW AROUND AN A.IRFDIL BY. SOURCE .DISTR IBUTIDN METHOD', I, 
+ 53X, 'CVISCOUS FLOW SOLUTION> '• I) 

72 FORMT C/,31X, 'X-COORD. ',4X, 'YCOORD. ',5X, 'O~A',aX, 'X BAR', 
+ ox. 'Y BAR •, 7X. 'Et', ax. 'E:z •, 1. 3ox. • ex CHORD) •, 3x. 
+ 'CX CHORD)',:ZX, 'CDEOREES)',5X, 'CFT)',7X, '(FT)',//, 
+ 75C30X,Fa.4,4X,F&.4,5X,F5. 1.5X,Fa.5,3X.Fa.5,3X,F7. 4, 
+ 3X,F7.4,/)) 

73 FORI"'AT C '1'• /, 53X, 'LIFT COEFFICIENT -•, u, ~o. 3, /I) 

74 FORI"'AT C13X, 'ANOLE OF ATTACK',3X, 'FREE STRE~ VELOCITY',3X 
+ 'CHORD LENOTH',3X, '~BIENT PRESSURE',3X, 'DENSITY', 
+ 5X, 'VORTEX STRENOTH',/,15X, 'CDEOREES)',l:ZX, 'CFT/SEC)', 
+ t:zx. 'cINCHES> ',ax. • <LBF/SOFT> ', sx. • <LBI"'/CUFT> •, 11, 
+ 1oX.Fo. :Z.loX,F5. :Z,15X.F3. 1.13X,Fo. 1.9X,Fo.4,7X,E1:Z.5,/) 

75 FORI"'AT u. 2:zx. 'STATION', ox. 'X/L', ox. 'TANOENTIAL VELOCITY', 
+ 5X, 'COMPUTED VALUE OF cp•,ax, 'LOCAL PRES. DIF',//,75C:Z5X, 
+ I:Z. oX. F6. 5, lOX, Et:Z. 5, 13X, E.l:Z. 5, 1:ZX, El:Z. 51>) 

7o FORI"'AT C'l'• 17X, 'BOUNDARY. LAYER SOLUTION',//, l:ZX, 
+ 'ANQLE OF ATTACK <DEOREESJ ',F4. 1) 

77 FORI"'AT C//,:Z3X, 'LOWER SURFACE',//, IX, 'STATION',:ZX, 
+ 'X-COORDINATE', 7X, 'TAUW', oX, 'BOUND. LAYER THICK. '• /, 
+ t4X. '<FT) '• 7X. '<UFtBG FT> '• tox, • eFT> •, 11. 5oc:zx, F3. o. 
+ ax,Fo.5.7X,E10. 3.9X,Fa. 7/)) 

7a FORI"'AT <I/, 23X, 'UPPER SURFACE',//, U, 'STATION', :ZX, 
+ 'X-COORDINATE '• 7X, 'TAUW ',oX, 'BOUND. LAYER THICK. '• /, 
+ 14X, 'CFT)',7X, 'CLBF/S<I FTJ',lOX, 'CFT)',//,50C:ZX,F3.0, 
+ ax.F6.5,7X,E10.3.9X,Fa.7/)) 

STOP 
END 

SUBROUTINE THETACX,Y, Zl 
REAL x,y,z 
COI"'I"'ON PI 
IFC X . E<l. 0. 0 . AND. Y . OT. 
Z•PI I:Z. 
ELSE IFCX . E<l. 0.0 . AND. 

Z•3. •P I /:Z. 
ELSE IFC X . OT. 0.0 . AND. 

Z•O. O 
ELSE IF C X . LT. 0.0 . AND. 

Z•PI 
ELSE IFCX . OT. 0 . 0 . AND. 

Z•ATANCY/X) 
ELSE IFCX . LT. 0.0 . AND. 

Z•ATANC,Y/X I+P I 
ELSE IFCX . QT. 0.0 . AND. 

Z•ATANCY/XI+:Z.•PI 
ELSE IF<X . LT. 0. o .. AND. 

Z•ATANCY/XI+PI 
END IF 
RETURN 
END 

FUNCTION DUDX<EL.X,YI 
REAL A,S,X,Y,E.L 
COI"'I"'ON PI 
A•Y+EL/:Z. 
B•Y-EL/:Z. 

O. OITHEN 

y . LT. O. OITHEN 

y . E<l. 0. OITHEN 

y . E<l. O.OITHEN 

y . QT. O.OITHEN 

y . QT. O.OITHEN 

y . LT. 0. OITHEN 

y . LT. O. OITHEN 



IFC X. EO. 0. ITHEN 
DUDX•PI 
ELSE IFCX.NE.O. )THEN 

OUDX•ATANCA/X)-ATANCI/X) 
END IF 
RETURN 
END 

FUNCTION DUDYCEL,X,Y> 
REAL A,J,X,Y,EL 
COMI'ION PI 
A•<X••2>+< CY+EL/2. >••2> 
B•CX••2>+C CY-EL/2. l••2> 
DUDY•.S•LOQCA/8) 
RETURN 
END 

FUNCTION DVDX<EL,X.Y> 
REAL A,J, X,Y,EL 
COMMON PI 
A•<X••2>+< CY-EL/2. >••2) 
B•CX••2l+C CY+EL/2. >••2> 
DVDX•. S•LOQCA/8) 
RETURN 
END 

FUNCTION DVDYCEL,X.Y> 
REAL A,B,X,Y.EL 
COMMON PI 
A•Y+EL/2. 
B•Y-EL/2. 
IF C X. EO. 0 . ) THEN 

DVDY•PI 
ELSE IF C X. NE. 0 . ) THEN 

DVDY•ATANCA/X)-ATANCB/X) 
END IF 
RETURN 
END 

SUBROUTINE STORECZ,D.NA,N.A> 
REAL ACNA,NA), ZCNA,NA),DCSOOO) 
INTEGER I.~.K.L,M 

K•O . 
DO 101 J•t.N 

DO 100 I•t.N 
K•K+l 
DCK>•Z C I,~) 

100 CONTINUE 
101 CONTINUE 

K•O 
DO 103 M•t. NA 

DO 102 L•1.NA 
K•K+l 
ACL. M)•DCK) 

102 CONTINUE 
103 CONTINUE 

RETURN 
END 

SUBROUTINE STORE1CZ,D,NA.N,Al 
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200 
201 

202 
203 

c 
c 
c 
c 
c 
c 
c 

300 

301 

REAL ACNA,3l,ZCNAo3),DC400) 
INTEGER I.~.K.L,M 
K.O 
DO 201 ~·1·3 

DO 200 1•1,N 
K-K+1 
DCK>•ZC I,~~ 

CONTINUE 
CONTINUE 
K-o 
DO 203 ~1.3 

DO 202 L•1,NA 
K-K+l 
ACL,Ml•DCK) 

CONTINUE 
CONTINUE 
RETURN 
END 
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•••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
• 
• 
• 

STAONATION POINT DETERMINATION 
• 
• 
• •••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

SUBROUTINE STAQCV,DELTA,MA.M&,N,XBUP.VPUP, XBLOW,VPLOW,LL,LU.NREF> 
REAL VCNI,DELTACN> , XBUPCN),VPUPCN), XBLOWCN),VPLOWCN),Xl,X2, 

+ X3.SUML,SUMU 
INTEGER I.~.L.LL,LU,NREF 
XBLOWCl )•0. 0 
VPLOWCll•O.O 
XBUPCl 1•0. 0 
VPUPC1>•0. 0 
SUML•O. O 
SUMU•O. O 
L•3 
DO 300 I•MB.N 

VC I 1•-V< I) 
CONTINUE 
DO 30q I•;!,N 

IFCVCI-11 . LT. 0. 0 .AND. VCI) . CE. O. O>THEN 
NREF•I 
X1•DELTACI>•ABSCV<Ill/ABSCVCII-VCI-1ll 
SUML•SUML+X1 
XBLOWC2>•SUML 
VPLOWC2l•ABSCVCI)) 
DO 301 .J•I+1,MA 
SUML•SUML+DELTAC~) 

XBLOWCL>•SUML 
VPLOWCL>•ABSCVC~)) 

L•L+l 
CONTINUE 
LL•L-1 
L•3 
SUMU•SUMU+DELTACI>-Xl 
XBUP<2>•SUMU 
VPUPC2>•ABS<V<I-l>> 
IFCCI-2> .LE. O>THEN 
SUMU•SUMU+DELTACl>+DELTACN) 
XBUPCL>•SUMU 



VPVPCLI•ASSCYCNII 
L•L+1 
DO 302 J•N-1.~8.-1 
SV~•SVMU+DELTACJ) 
XBVPCLI•SVMU 
YPVPCLI•ABSCYCJ)) 
La\.+1 

302 CONTINUE 
LV•L-1 
ELSE IF<<I-21 . QE. UTHEN 

DO 303 J•I-2. 1.-1 
SVMU•SV~+DELTACJ) 

XBVP<Ll•SVI1V 
YPVPCLI•ABSCY(J)) 
L•L+1 

303 CONTINUE 
SU~V•SUMV+DELTA<t>+DELTA<N> 
XBVPCLl•SVI'tV 
VPUPCLI•ABSCYCN>> 
L•L+1 
DO 304 J•N-1rM8.-1 

SUMV•SU~U+DELTACJI 
XBVP<L>•SUMU 
YPUPCLI•ABSCYCJ)) 
L•L+1 

304 CONTINUE 
LV•L-1 
END IF 
RETURN 
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ELSE IFCYCII .LT. 0.0 . AND. YCI-11 .QE. O. O>THEN 
NREF•I-1 
X2•DELTA<I-ll*ABSCYCI-1ll/ABS<Y<I-1>-Y<I>> 
SVMU•SUMU+X2 
XBUPC2l•SU~V 

VPUPC2l•ABSCYCI-11) 
DO 30' J•I-2,MB,-1 
SU~U•SU~U+DELTACJI 
XBUP<L>•SUMU 
YPUPCLI•ABSCYCJ)) 
L•L+l 

30' CONTINUE 
LU•L-1 
L•3 
SU~•SUML+DELTA<I-11-X2 
XBLOWC2l•SUI'1l. 
YPLOWC2l•ADSCYCI)) 
IFCCI+l) . QT. NITHEN 
SUML•SU~L+DELTACNl+DELTACll 
~BLOWCU•SU~L 
YPLOWCLI•ABSCYC1)1 
L•L+l 
DO 306 J•2.~A 
SU~L•SU~L+DELTACJ) 

XBLOWCLI•SUI'tl. 
VPLOWCLI•ABSCYCJ)) 
L•L+l 

306 CONTINUE 
LL•L-1 
ELSE IFCCI+ll . LE. NITHEN 

DO 307 J•I+l,N 



307 

308 

309 

310 

311 

312 

c 
c 
c 
c 
c 
c 
c 

SUML•SUML+DELTAC~) 
XBLOW(L)•SUI'I.. 
VPLOW(L)-ABSCV(~)) 

L•L+1 

88 

CONTINUE 
SU~L•SUI'I..+DELTA(N)+DELTAC11 
XBLOW<LI•SUI'I.. 
VP~OW<LI•ABSCV<111 
L•L+1 
DO 308 ~·2.~A 

SUI'I..•SUI'I..+DELTA<~> 
XBLOWCLI•SU~L 

. VPLOWCLI•ABSCVC~I) 
L•L+1 

CONTINUE 
LL•L-1 
END IF 
RETURN 

END IF 
CONTINUE 
NREF•1 
DO 310 I•~B.N 

VCII•-V<II 
CONTINUE 
X3•ABSCVC111•<DELTACNI+DELTAC111/ABS<VC11~V<NII 
SU~L•SUI'I..+X3 

XBLOW<21•5U~L 
VPLOW<21•ABS<V<111 
DO 311 I•2, ~A 

SUI'I..•SUI'I..+DELTACII 
XBLCWCLI•SU~L 

VPLOW<LI•ABS<VCIII 
L•L+l 

CONTINUE 
LL•L-1 
L•3 
5UMU•SU~U+DELTACNI+DELTAC11-X3 
XBUP<21•5UMU 
VPUP<21•ABS<VCN)) 
DO 312 I•N-1.MB,-1 

SUMU•SUMU+DELTACII 
XBUPCLI•SUMU 
VPUP<LI•ABS<VCI)I 
L•L+l 

CONTINUE 
LU•L-1 
RETURN 
END 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

+ 
+ 

+ 

• • * BOUNDARY LAYER DETERMINATION • 
• • 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 
SUBROUTINE BLIMPtABLE.DY,YDVER,CDVER,WDVER.A,B,C,D.E.F.BPAR. 

CTT.CC.CT.EE.DV.DDY,X.Y.CAPU,CAPUOX.V,V,DX,N1, 
MA.NREF.L,VT.TAUW.BLT21 

REAL X<LI,YC811.DX<LI.CAPU<L),CAPUDXCL),U(L,811.VCL.81), 
AC811.Bt811,Ct811,Dt811.EC811.DEN,PNU,DY.CTTt3.31.TAUWt411, 
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+ BPARC4>,DUC4),00YC4),F,CTC40,3),EEC1600),CCC40,3),REC,REO, 
+ YDVEAC3),A8LEoCDVEAC24>,WDVERC3o9>,ETA,ETAEND,BVER.TOL,YV, 
+ XDUM.VT<Bl>oBLT2C75) 

INTEOER I, ..J, K, Lo M, N, IE. IF, IO. IH, I..J, IK. IL. IH. IN. IC, IER, NX, N1, N2, N3, 
+ HA,NDUM,ICC.KT.NN,NW,IND,IT, IFLAO 

EXTERNAL ICSICU.STOREI,DVERK.FCN 
AC1>•0.0 
8( 1)•0. 0 
cc u-o. o 
DC 1 )•0. 0 
EC1>-o. 0 
vco-o. o 
ACB1>-o.O 
aceo-o. o 
ECB1>•0.0 
XDUM•1 . OE-7 
DEN•.0735/32. 174 
PNU•.000168B 
AEC•0.9 
UC1, 1>•0.0 
vet. t>•O. o 
BVEA•CAPUC2)/XC2) 
YDVERC1)•1.232588 
YDVERC2)•0. 0 
YDVEAC3>•0.0 
IT•l 
~T•40 

NW•3 
NN•3 
TOL•.01 
IND•1 
ETA•O.O 
DO 401 I•2.81 

Y< I >•YC I-1 )+DY 
401 CONTINUE 
c 
C ******* STAONATION POINT FLOW ******* 
c 

DO 414 I•2.81 
ETAEND•YCI>•SORTCBVER/PNU) 
CALL DVERKCNN.FCN.ETA.YDVER.ETAEND,TOL, IND,CDVER. 

+ NW.WDVER. IER> 
V(1, I>•-SQATCBVER•PNU>•YDVERC3> 
UC1. I>•BVER•XDUI'1•YDVERC2) 

414 CONTINUE 
NX•4 
IC•3 
ICC•L-1 
N2•1 
N3•N1 
NDUI'1•0 
TAU•O. O 
00 402 I•1.L-1 

OXCI>•XCI+1)-XCI) 
402 CONTINUE 

CALL ICSICUC X. CAPU. L. BPAR, CC, Ic·c, IEA) 
CALL STORE1CCC.EE.KT. ICC.CT> 
DO 403 I•t. ICC 

CAPUDX C I >•CT< I. 1) 
403 CONTINUE 



+ 

+ 

+ 

+ 
+ 
+ 

+ 
+ 

+ 
+ 

+ 
+ 

+ 
+ 
+ 

+ 
+ 

40, 

406 

DO 412 N•1, L-1 
DO 40' IN•2,80 

REQ•ABSCV(N, INll•DY/PNU 
IF<Y<N, INl . EG. O.OlTHEN 

90 

C<IN>•<U<N, IN>••21DXCNl+CAPUCNl•CAPUDXCN))/ 
CUCN, INl/DXCNl+2. •PNU/DV••2) 

ACINl•CPNU/DV••2-YCN, INl/2. /DVl/CUCN, IN)/ 
DX<Nl+2.•PNU/DV••2l 

BCINl~CPNU/DV••2+YCN, INl/2. /DVl/CUCN, IN)/ 
DXCNl+2.•PNU/DV••2> 

ELSE IFCYCN, IN) . LT. O. OlTHEN 
ACINl•CPNU/DV••2-REC/REQ•Y<N, INl/2. /DV

(1 . -REC/REO>•YCN,INl/DVl/CUCN, IN)/ 
DXCN)+2.•PNU/DV••2-<1.0-REC/REO>• 
YCN, INl/DVl 

BCINl•<PNU/DV••2+REC/REO•Y<N, INl/2. /DVl/ 
<U<N, INl/DX<Nl+2.•PNU/DV••2-C1.0-
REC/REOl•Y<N, INl/DVl 

CClNl•<UCN, IN>••2/DXCNl+CAPU<Nl•CAPUDXCNll/ 
<U<N, INl/DX<Nl+2. *PNU/DV••2-<1.Q-REC/ 
REO>•YCN, INl/DVl 

ELSE IFCYCN. IN) . OT. O. OlTHEN 
ACINl•CPNU/DV••2-REC/REO•Y<N, INl/2. /DVl/ 

CUCN, INl/DXCNl+2.•PNU/DY••2+C1 . 0-REC/ 
REO>•Y<N, INl/DVl 

BCINl•(PNU/DV••2+REC/REO•V<N, INI/2. /DV+ 
Cl. -REC/REQ>•Y<N, INl/DVl/CUCN, IN)/ 
DXCNl+2. •PNU/DV••2+C1 . 0-REC/REQl• 
VCN, INl/DVl 

CCINl•(U(N, IN>••210XCNl+CAPU<N>•CAPUDX<Nll/ 
CUCN, INl/DXCNl+2.•PNU/DV••2+C1.0-REC/ 
REO>•V<N, INl/OVl 

END IF 
CONTINUE 
DO 406 .J•2,80 

OC.Jl•(C(jl+BC.Jl•D<.J-1))/(1 . -BC.Jl•Ef.J-1)) 
EC.Jl•AC.Jl/C1.-BC.Jl•E<.J-1ll 

CONTINUE 
CC81l•CAPUCNl 
D<81l•<C<81l+BC81l•D<80ll/C1 . -B<81l•EC80ll 
U<N+t. 81 >•0<81) 
DO 407 K•BO, 1,-1 

U<N+l,Kl•D<Kl+ECKl•UCN+1,K+l) 
407 CONTINUE 

DO 408 1'1•2,81 
VCN+1,1'1l•VCN+1,M-ll-<DY•<UCN+l,Ml-UCN,Ml+UCN+1,1'1-ll-

+ UCN, 1'1-ll l/2. /DXCN)) 
408 CONTINUE 
c 
C ******* BOUNDARY LAVER THICKNESS ******* 
c 

VTC1l•O. O 
DO 409 I•2.81 

VTCil•ABS<U<N, Ill 
409 CONTINUE 

IFCXCN) . GT. 0. OlTHEN 
IFCN. EQ.2)THEN 
VY•O.O 
GO TO 417 

END IF 
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IFl..A0•1 
DO 413 I•2,Bl 

IFCVTCI-1) . l..T .. 9,•CAPUCN).AND.VTCI).QE. 
+ : 9'*CAPUCNL AND. IFl..AQ. EO. 1 )THEN 

VV•YCI-l)+CCAPU<N>-VT<I-1))/CVT<I>-VT<I-1))* 
+ CVCI)-Y(I-1)) 

IFl..AO•IFLA0+1 
00 TO 417 

END IF 
413 CONTINUE 

IFCVTCB1 ) . l..T . . 9'*CAPUCN). AND. VTCB1 ) . QT. 2,. >THEN 
VV•VCB1) 

END IF 
417 IF<NREF . l..E. Nl . AND. F .LT. 0. >THEN 

c 

BLT2CNREF>•VY 
NREF•NREF+t 
ELSE IFCNREF .QT. Nt .AND. F . LT. 0. >THEN 

8l..T2CN2)•YY 
N2•N2+1 

ELSE IF<NREF .QT. 0 . AND. F . QT. 0. )THEN 
8l..T2CNREF)•YV 
NREF•NREF-1 

ELSE IFCNREF .LE. 0 . AND. F . QT. 0 . >THEN 
8l..T2CN31•YV 
N3•N3-1 

END IF 
END IF 

C ******* WALl.. SHEAR STRESS ******* 
c 

DO 410 IK•1,4 
DUCIKI•UCN+1, IK) 
DDVC IKI•YC IK) 

410 CONTINUE 
DO 411 Il..•1,4 

SPAR< ILI•O. 0 
411 CONTINUE 

CALL ICSICUCDDY,DU, NX,SPAR,CTT, IC, IERI 
TAUWCN+11•DEN•PNU•CTTC1, 11 

412 CONTINUE 
c 
C ******* BOUNDARY LAVER THICKNESS CAT LAST STATION PT. ) ••••••• 
c 

VTCll•O. O 
DO 41' I•2,B1 

VTCII•ABSCUCL, II) 
415 CONTINUE 

IFLAG•1 
DO 416 1•2,81 

IFCVTCI-1l . LT .. 9,•CAPU(L) . AND. VTCI>.OE. 
+ . 9'+CAPU C l.. l . AND. IFLAO. EO. 1) THEN 

VY•V<I-11+CCAPUCl..)-VTCI-1>>1CVT<I>-VTCI-1>>• 
+ CVCII-YCI-11) 

IFLAG•IFLAQ+1 
GO TO 419 

END IF 
416 CONTINUE 

IFCVTC81l . LT .. 9'•CAPUCl..l. AND. VTCB1). QT. 2,. )THEN 
YY•YC81) 

END IF 



419 IFCNREF. LE. Nl . AND. F.LT.O. )THEN 
BLT:ZCNREFl•VY 
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ELSE IFCNREF. QT. Nl . AND.F. LT.O. lTHEN 
BLT:ZCN:Zl•VY 

ELSE IFCNREF.QT. O.AND. F.QT. O. )THEN 
BLT:ZCNREFl•YY 

ELSE IFCNREF. LE. 0. AND. F. QT. O. ·>THEN 
BLT:ZCN3l•VY 

END IF 
RETURN 
END 

SUBROUTINE FCNCN,X,Y,YPRIHEl 
REAL YCNl,YPRIHECN),X 
INTEQER N 
VPRIHEC 1 )•CYC:Zl•YC:Z)-1. )-VC 1 l•VC3) 
YPRIHE<:Zl•VC1) 
YPRII'IEC3l•V(2) 
RETURN 
END 
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PROPOSED EXPERIMENTAL PROCEDURE 

The purpose _of the proposed experiment was to compare local Cp 

values obtained experimently with those obtained in the numerical 

scheme. The apparatus necessary to conduct such an experiment are: 

1~ Wind tunnel (Aerolab located in the Department of Ocean 

Engineering). 

2. Airfoil with pressure taps (CY-14 airfoil). 

3. Digital multimanometer (Aerolab). 

The test section of the Aerolab wind tunnel is 28" x 40". By placing 

the airfoil vertically in the center of the test section 

(approximately 27.5" long spanning the entire height of the test 

section) with the pressure taps located near the centerline of the 

airfoil (see Figure 25), local pressures on the airfoil can be 

measured. The center location of the pressure taps minimizes wall and 

end effects. 

The experiment had to be aborted due to the extraordinary effort 

required to remove another piece of test equipment from the wind 

tunnel test section (i.e., sting measuring device). 



Clark Y-14 Airfoil 27. 5"x3 . 5" 

0" .35" . 7" 1.05" 1.4" 2 . 1" 

I I Bottoo View I 
. 6" 20" 

I I ------...., 

I 

1/ 32" holes 

Too View 

1/16" diameter copper tubing 

'Figure 25 Diagram of CY-14 Airfoil for Use in Proposed Experiment 
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