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ABSTRACT 

A recent innovation in aerodynamic calculation techniques is a formulation 

for the velocity field based upon scalar and vector potentials. This technique is 

presented and implemented into the panel method such that it is able to solve not 

only irrotational flow but also rotational flow. The application of interest is to 

two-dimensional airfoils moving into a nonuniform approach flow. Comparisons 

with theoretical and numerical results are included. Furthermore,the variations of 

lift and moment coefficients of quasi-steady simulated flight of an airfoil through 

JAWS wind shear are also studied. 

Although the present study does demonstrate the hazard of microbursts, the 

indicated wind shear effects on aerodynamic coefficients are not as great as ex 

pected. The present method only indicates the decrease of the effective angle of 

attack as an important factor. However,in a wind field with intense downdrafts, 

viscous effects and flow separation should also be crucial. Although the present in-

viscid model has shown great advantages as a preliminary study of the wind shear 

effects on aerodynamic coefficients, it cannot predict viscous effects and flow sepa 

ration phenomena. Therefore,further investigation is recommended to implement 

viscous effects. 

For potential flow calculations, comparable accuracy to that obtainable from 

higher-order panel methods can be achieved by the present formulation using the 

same number of control points. The present conceptual split of the onset flow into 

two components, Vo„ normal and Vq, tangential to the zero lift line, is new. The 

proper vorticity distribution can be determined from —Vo„ • n directly without 

imposing an artificial vorticity distributor. This split also supplies a numerically 

superior form for the Neumann-type lower-order formulation. 
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CHAPTER I 

INTRODUCTION 

A. OBJECTIVE 

The piirpose of this study is to investigate the effects of a variable wind 

field on the aerodynamics of a body. The classical theory of aerodynamics usually 

assumesthat the body isimmersed in aimiform flow field. But in many engineering 

applications the approach flow is not uniform. Animportant example is that ofan 

airplane taldng-off or landing in a strong wind shear. This problem has recently 

received considerable attention because of the numerous aircraft incidents and 

accidents associated with severe microburst wind fields(Aviation Week & Space 

Technology, August 12, 1985 and September 22, 1986 ). Microburst wind fields 

are severe downdrafts accompanied by intense outflows( see Figure 1.1 ). It is 

strong wind shears of the microburst type which has prompted the present study. 

However, the general theory presented herein has applicability to many other 

areas such,for example, as the operation of helicopter rotor blades in the wakes 

of preceding blades. The specific examples presented are restricted to the two 

dimensional airfoil in an arbitrary wind field. 

Wind shear is a spatial or temporal gradient in wind speed and/or direction. 

This variation can create changing tailwind, crosswind, and vertical wind as ex 

perienced by an aircraft in flight. Strong shears are generally associated with the 

presence of cold and warm fronts and with thunderstorms. Both fronts and mi-

crobursts induce low-level wind shear which endangers aircraft operations during 

the landing and takeoff phases of the flight envelope. 
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Previous research relating to wind shear may be classified into two main cate 

gories. One category consists of meteorological analyses of the naturally occurring 

phenomenon itself such as its cause and prevalence [1,2]*, simulating wind shear 

with mathematical models [3,4], or employing multiple Doppler radar to measure 

the magnitude ofshears as done in the Joint Airport Weather Studies(JAWS)[5]. 

The other category relates to aircraft control and performance such as implement 

ing the wind shear terms into the equation of aircraft motion[6]and simulating the 

flight through microburst type wind shear [7], or determining the optimal flight 

paths through microbursts [8]. It is recognized that a principal cause for loss of 

lift is the rapid rotation of the wind approaching the aircraft and its attendant 

rapid change in effective incidences. 

In the studies above the effects of variation of wind on the aerodynamic co 

efficients of the aircraft are not considered. To investigate what the magnitude 

of these effects may be, a computational technique is developed in the present 

study. Since most wind shear data consists of an array of the three wind speed 

components on a rectangular grid, the ultimate goal of the computational model 

was to solve for the aerodynamic forces on a body immersed in a volume element 

within the grid( see Figure 1.2 ). The wind field at any point within the vol 

ume element is computed from a volume weighted interpolation scheme. But the 

wind field between corner grids in Figure 1.2 is determined by linear interpolation. 

The ultimate goal is to solve the three-dimensional body in a three-dimensional 

non-uniform "onset" velocity flow field. A scalar/vector potential panel method is 

formulated for this three-dimensional, inviscid, incompressible, highly rotational 

flow problem. But solutions are only carried-out for the two-dimensional case. Be 

sides, the quasi-steady state assumption is employed as follows: first, it is assumed 

* Numbersin brackets refer to similarly numbered references in the Bibliography. 
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Figtire 1.2. Schematic illustration of a wing in a volume element with 
a grid wind field determined either experimentally or 
computationally. 



that the(input)wind field is "frozen", therefore each computational domain,or 

volume element, can be considered els a steady state. After calculating this wind 

field, a new wind field is input and "frozen" as before. Through this process, a 

continuous unsteady state can be broken into discrete quasi-steady states, which 

simphfies the problem. The model is believed to have more general applicability 

and accuracy and removes many of the restrictive assumptions of models devel 

oped by earlier researchers. The effects of wind shear on the coefficients of lift 

and moment of two-dimensional airfoils axe investigated with the model for both 

theoretical and experimentally measured wind shears. 

B.BACKGROUND 

The problem of the influence of shear flow on the aerodynamics of bodies is 

not a new topic. It has existed virtually since the introduction of the airplane but 

only sporadic attention has been given to the problem. In the 1950s and 1960s, 

research related to the effect ofshear flow on aerodynamic forces on a body sought 

either exact solutions or analytical solutions based on small perturbation assump 

tions. Since the 1970s, advances in digital computers have allowed computational 

methods to be applied to solutions of the problem for either inviscid or viscous 

flows. The following paragraphs briefly discuss the early progress in analytical 

and numerical methods for studying bodies in shear flow, and explain why the 

scalar/vector potential panel method of solution has been chosen for the present 

problem. 

The effect of uniform shear flow was treated by von Sanden [9] in 1912. In 

his work, consideration was restricted to a wedge profile in a flow with a linear 

velocity gradient; that is, imiform shear. The same problem was taken up again 

by Tsien [10] in 1943,in connection with the influence of ground-level gradients in 



wind velocity on airfoil characteristics. Tsien considered a symmetrical Joukowski 

airfoilin a two-dimensional inviscid flow with uniform shear,and obtained an exact 

solution for the forces on the airfoil. In 1958,Sowyrda[11]extended Tsien's theory 

to the case of a cambered airfoil in uniform shear and obtained an exact solution 

for any thickness, camber,and angle of attack. Since the flow is two-dimensional 

and the onset vorticity is constant, the Joukowski transformation can be applied 

to the flow governing equations. This single fact makes it possible[10,11]to obtain 

exact solutions to these problems. 

An understanding ofthe influence ofnommiform shear flows on airfoil charac 

teristics can be obtained from the two-dimensional investigations made by Jones 

[12,13]. He considered a thin,cambered, Joukowski airfoil and an elliptic cylinder 

in flow with a parabolic and with a hyperbolic onset velocity distribution,respec 

tively. This is in contrast to the previous vmiform shear flow analyses for which 

the flow vorticity is a constant. Prom Helmholtz theorem, the vorticity must be 

conserved along a streamhne(D(^/Dt=0for two dimensionalideal flow ),thereby 

implying that the disturbance stream function does not satisfy the Laplace equa 

tion. This is the main reason that an exact solution for the nonuniform shear 

flow problem in closed form is difficult to flnd. Therefore, for nonuniform shear 

flow, small perturbation assumptions have to be made in order to linearize the 

governing equation. 

To summarize the above,the existing theoretical treatment for airfoils in imi-

form or nommiform shear flows has been applied only to two-dimensional flow in 

an unbounded fleld. The methods of treatment fall into two categories: exact so 

lutions for airfoils in flows with uniform shear and small perturbation solutions for 

airfoils in flows with symmetric nonuniform shear. Both categories are constrained 

either to two-dimensional airfoils generated by conformal mapping,or to solution 



techniques which do not violate the small perturbation theory. From inspection of 

Figure 1.2 it is quite obvious that the above cited theoretical approaches cannot 

be applied to the present problem. However, these known theoretical results are 

valuable for checking the scalar/vector potential method developed in this study 

when it is applied to these simpler problems. 

In the early 1970s, one group of researchers applied Fourier transformation 

and integral methods[14-17],and anothergroup applied finite-difference and finite-

element methods[18-20]to solve nommiform(shear)flow problems. The different 

groups were interested in fiow problems associated with panel flutter, propeller or 

jet slipstreams, body wakes, and bovmdary layers(including that generated in 

the atmosphere near the groimd ). The computational approach relaxed some of 

the assumptions required by the analytical approach,such as restrictions on airfoil 

geometry and the size of disturbances. However,several limitations still could not 

be removed;for example,linearized fiow [14-17] and piecewise linear shear profiles 

[19]. Later in the 1980s, further finite-difference techniques were developed, but 

these in turn were limited to slender wings [21,22] and confined domains [23]. 

C. METHODOLOGY 

For the reasons delineated in the preceding section, it is believed that a suit 

able computational methodology should be formulated and applied to the present 

nonlinear shear fiow problem. Basically, there are two approaches for solving fiuid 

fiow problems. One is solving for the primitive or physical variables, such as ve 

locity and pressure, etc. The other is to compute the scalar/vector potentials as, 

for example,in the vorticity-stream ftmction method for two-dimensional fiow,or 

the vorticity-potential method for three-dimensional fiow. 
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In the approach based on primitive variables,there are two basic formulations 

to the problem: finite-difference and finite-element methods [24-26]. The major 

disadvantages ofboth ofthese relative to the scalar/vector potential panel method 

are: (1) the use of the Navier-Stokes or Euler equations requires the solution in 

the whole physical domain rather than just on the surface of the body and thus 

may be prohibited by the computer costs, (2) the incompressible viscous flow 

calculation lacks an evolution equation for the pressure(this difficulty does not 

exist, however,for compressible flow problems)[24]. 

To avoid some ofthe problems described above,a scalar/vector potential for 

mulation is adopted in this study. Theoretical work on the scalar/vector potential 

method has been done [27-36]. However,only limited solutions of the formulated 

equations have been reported. Some examples include wind shear effects on wind 

mills and buildings by Morino et al [37,38], rotational flow calculations in blade 

passages by Lacor and Hirsch [39] and flow in ducts by Chaviaropoulos et al[40], 

two-dimensional transonic rotational flow calculation by Chaderjian and Steger 

[41], and three-dimensional flow calculation for wind tunnels by Rao et al [42]. 

The advantage of using the vorticity stream function method for two dimen 

sional flow is well known [24]. For example, the continuity equation is automat 

ically satisfied. But in applying the vorticity stream function method based on 

eitherfinite-difference orfinite-element methodsto solve the external flow problem, 

consumption oflarge amounts of computer memory space is inevitable. Since the 

panel method requires less memory space than other methods,a computer system 

with relatively small computer memory space, such as the VAX/11-785, can be 

used for the study of nonxmiform shear flow over aerodynamic lifting bodies. Also 

the panel method is convenient for its simplicity and its versatility in solving flow 

problems in infinite space. The primary restriction of the panel method in previ-



ous studies is that it has been mainly used to solve irrotational(potential)flow 

problems. However, employing the classical Helmholtz decomposition technique, 

a scalax/vector potential approach using the panel method can be developed to 

solve external incompressible and rotational flow problems. The method is valid 

for either inviscid or viscous flow but is only developed for inviscid flow in the 

present study. 

In the following sections, an introduction to the panel method and an im 

plementation of the panel method for solution of the scalax/vector potential flow 

problem are given. The apphcation of interest is to a two-dimensional airfoil em 

bedded in a spatially nonuniform flow fleld. Comparisons with theoretical and 

numerical results, when available, are included. Finally, the computed variations 

oflift and moment coefficientsfor quasi-steady simulated flight ofan airfoil through 

measured microburst wind shears are presented and discussed. 
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CHAPTER II 

ON PANEL METHODS 

Panel methods are useful for solving for aerodynamic forces on objects with 

complex geometry that are immersed in incompressible and inviscid flow fields. 

The method solves for a distribution ofsingularities(such as sources, doublets,or 

vortices)on the body surface. The main advantage ofthe panel method,compared 

with finite-difference and flnite-element methodsfor external flow problems is that 

the "unknowns" are situated only on the surface of the configuration and not 

throughout the external space. This advantage enables very complex geometries 

to be handled with a reasonable munber of unknowns. Furthermore, the panel 

method makes no approximations in its basic formulation as would be required for 

small perturbation or lifting-surface theories. 

Although the panel method has been utihzed for more than three decades, it 

has generally been restricted to the solution of potential flow problems, namely 

irrotational flow problems. The restriction to irrotational flow can be removed if 

a scalar/vector potential formxilation is employed. This approach is carried out 

in the present study. However, because many of the basic concepts of the panel 

method applied to potential flow problems are the same as for the scalar/vector 

potential problem ofrotational flow,the panel method as applied to potential flow 

problems is reviewed in the next section. 

A.POTENTIAL FLOW PROBLEMS 

To review the panel method as appHed to the irrotational flow problem, con 

sider the potential flow ofan incompressible,inviscid fluid. Let V denote the fluid 

velocity, p the fluid pressme, and p the fluid density. If the viscosity is set equal 
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to zero and the density is taken as constant, the general Navier-Stokes equations 

reduce to the well-known Euler equation 

5V - ^ ^ Vpar+(^-v)v=f-f (2.1) 
and the continuity equation becomes 

V • V=0. (2.2) 

In Equation (2.1), the gravity force, which is a body force, has been assumed to 

be conservative with f= V17, where 17 is a scalax function of position. Equations 

(2.1) and (2.2) can be solved for the flow field in a region R exterior to a body 

denoted by5(see Figure 2.1 ). 

For nonpotential flow problem, the vorticity transport equation needs to be 

coupled into the calculation and it can be expressed as 

DC ^ ^ ^=C• vv 
Dt ^ 

But for a potential flow field the flow velocity V can be expressed as V$,where$ 

is the total velocity potential,such that the vorticity field C{= V xV)is identically 

zero in the whole flow field. Therefore, the vorticity transport equation does not 

need to be coupled into the solution technique for the potential flow problem. 

Boundary conditions must be added to the above equations to complete the 

problem statement. Attention will be restricted here to the so-called direct prob 

lem [43] offluid dynamics. That is specifically where the locations of all boimdary 

surfaces are known, possibly as functions of time, and the normal component of 

fluid velocity is prescribed on these boundaries. In general there may be several 

bodies moving with respect to each other. But the entire boundary surface will 

be denoted by S,and the boundary condition will be written as 

V-n=F(x,t) (2.3) 
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where n is the unit outward normal vector at a point on S, and F is a known 

function of the position vector x on5and possibly also a known function of time. 

For the external flow problem a regularity condition at infinity must also 

be imposed(that is, the perturbation velocity due to the body should die out at 

infinity ). 

A solution for the fluid velocity field V at any point in the region R can be 

obtained by expressing it as the stun of two velocities: 

V=Vo+u (2.4) 

MB

The velocity Vo is the tmdisturbed flow field without the presence of the body 

and is called the "onset velocity". The u is the perturbed velocity field due to 

the presence of the body. The velocity V must satisfy the incompressible flow 

condition V • V. This is satisfied if both Vo and u are divergence free fields. It 

is further assumed that u is irrotational, that is: V x u = 0. Thus u may be 

expressed as the gradient of a perturbed potential function <f), 

= (2.5) 

The condition of zero divergence then yields the Laplace equation for (f>, 

V^<l> =0 (2.6) 

The boundary conditions on S are derived from the requirement that on a station 

ary impermeable surface 5,the normal component of fluid velocity must vanish, 

that is F'(x,i)=0. Thus,Equation(2.3) becomes 

V^-n=|^=-Vo-5 (2.7) 
Since the right-hand-side is known.Equation(2.7)expresses a Neumann boimdary 

condition for (j). If the boimdary Sis moving or if a nonzero normal velocity(such 
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as a porous wall condition)is prescribed, the right-hand-side of Equation (2.7) 

can be easily modified. 

A regularity condition at infinity is also necessary. In the usual external fiow 

problem this condition is 

I V(^ I —^0; X —> oo (2.8) 

For a simply connected region i?, Equations (2.6) - (2.8) comprise a well-posed 

problem for the perturbed potential <j). 

The essential simplicity of potential flow derives from the fact that the ve 

locity field is determined by the continuity Equation (2.2) and the condition of 

irrotationality Equation (2.5). Thus the Eiiler equation Equation (2.1), is not 

used directly, and the velocity may be determined independently of the pressure. 

For a steady state problem the velocity is obtained from the boundary condition 

Equation (2.7), and once the velocity is known, the pressure is calculated from 

Equation (2.1). Equation (2.1) can be integrated to give the Bernoulli equation 

as 

I V |2 p 
— 1 U=const. (2.9)
2 p 

and the pressure coefficient Cp can be expressed as 

C,=f^=l-ii£- (2.10)
V,p IV.p ' ' 

where po is the far upstream pressure. The general approach to solving this well-

posed problem is to apply Green's theorem of distributing surface singularities 

(such as sources, doublets or vortices) on the body surface, and use the panel 

method to discretize the resulting integral. Figure 2.2 schematically illustrates 

the computational approach. More details are given in the next section. 
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B.METHOD OF SOLUTION 

Tosolve thesystem ofequations described above consider the three-dimensional 

domain R in Figure 2.3. An enclosed region is considered initially but this will be 

converted to the external flow region ofinterest later. Define two arbitrary scalar 

fields $1 and $2 which are second-order differentiable throughout R. According 

to Green's second theorem,the following equality holds 

ILh du=J y($2V$i-$iV$2)• 3ds, (2.11) 
where 5 is a piecewise smooth boundary of R and n is defined as positive when 

pointing into the domain R. Because of the definition of the direction of n, the 

right-hand-side will have a different sign from the usual Green's theorem, where 

n is normally taken as positive outward. 

Applying Greens theorem to the potential flow problem,the fimction $1 will 

be replaced by the total velocity potential $,which satisfies the Laplace equation, 

and thefimction$2is replaced by the elementary solution ofthe Laplace equation, 

1 / r{p,q), where r{p,q) is defined as the length or absolute value of the vector 

r(p,q). The vector r(p,q)isfrom point q,a dummy variable, to point p, any point 

in the domain. The derivatives in the vector operator V are taken with respect to 

the coordinates of the point q. 

Following the formulation given by Hunt [44], the expression for the total 

velocity potential is 

47rr$p =47r$<,+ f /(—)fia •(V$a-V$6)ds 
Js.,J r 

+ / /($a-$5)na-V(i)ds (2.12)
Js.,J r 
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\ 

Figure 2.3. The three-dimensional mathematical domain. 
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where is the unpertiirbed velocity potential. and are the velocity poten 

tials inside and outside ofthe body surface Sab,respectively,and ria is the outward 

normal. In the following paragraphs the two integrals on the right-hand-side of 

Equation(2.12) will be identified as source and doublet distributions, respectively. 

For a somrce distribution of variable density a per unit area on an arbitrary 

surface S(see Figure 2.4(a)), the perturbed potential and velocity associated 

with or can be expressed [51] as; 

(2.14) 

In a limiting analysis as q —^ p,the contribution to 4:TrYi,^ due to the infinitesimal 

area ofSis equal to 27r<Tpna on the side a of5and equal to 2Tra-pna{= —2irapna) 

on the side b ofS. The normal velocityjump na-(Vo—Vj)is equal to cr. Therefore, 

the first integral on the right-hand-side of Equation (2.12) can be identified as a 

source distribution. 

A surface doublet distribution of variable density p, per imit area on an arbi 

trary surface S(see Figure 2.4(b))produces at an external point p a perturbed 

potential as follows: 

where the normal n and the derivatives in V are tahen with respect to the coordi 

nates ofthe variable point q lying on the surface S. The local unit normal n is the 

doublet axis drawnfrom the negative to the positive end ofthe doublet. A similar 

limiting analysis as noted before is required as g —> p on S". The contribution to 

47r(^(ip due to the side a of5is —2i:pna • n and equal to —27rpn6• n(= 27rpna • n) 

on side b. The potentialjump($a — ̂ft) is thus equal to —pHa • n. The normal 
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velocity is continuous across S while the tangential velocity jumps by an amount 

equeil to the tangential derivative of the jtunp in potential. Hence, the second 

integral on the right-hand-side of Equation(2.12)can be identified as the doublet 

distribution. 

However,while the vortex and doublet sheets axe computationally equivalent, 

the former has more appeal,from a physical point of view, in the present appli 

cation. The theorem relating doublet and vortex sheets has been established by 

Hess [45]. The theorem is stated as follows: 

Theorem: Let the surface S be covered with a variable doublet distri 

bution of intensity fj,(the doublet axes axe along n ). The velocity at 

(x,y,z) due to the doublet sheet is equal to the sum of the velocities 

due to a certain vortex sheet of strength 7 on 5 and due to a vortex 

filament of strength F along C, where C is the curve surroimding the 

surface S. The strength of the vortex filament is the local(edge) value 

of the doublet strength, i.e. F = /x on C. The vorticity on the sheet 

is a vector everywhere tangent to the ctirves of constant fx and has an 

intensity equal to the magnitude of Vfi. More specifically, if 7 is the 

vector vortex strength on 5,then 7= —n x Vg/x. See Appendix A for 

proof. 

A general formiilation of how to distribute and identify the surface singulari 

ties is derived in the above paragraphs. The procedures for solving potential flow 

problems which involves these surface singularities axe identical to those described 

in the previous section. Let sources and vortices be distributed on a body surface 

such as to satisfy the normal boundary condition Equation (2.7). Thus 

(")=I/ (z::,) 
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where Equation (2.16)is expressed in symbolic form. The source or vortex kernel 

fimctions are directly related to the geometry of the body, which is independent 

ofthe normal boundary condition. Ifthe integration over surface S is divided into 

discrete "panels" and the sources and vortices are distributed piecewise constant 

on the panels, Equation(2.16)can be expressed in a discrete form as 

/Normal\ F [[fsource\ , f ffvortex\ , 
(2.17)( B.C. ["'JJ [kernel) ]J 

where summation extends over all panels withjstanding for thejth panel. Equa 

tion (2.17) can be split into two equations and the resulting system of equations 

can be solved for the strengths of oj and 7j by matrix inversion or some other 

technique. Once the Ojand are obtained,the velocity and pressure distribution 

can be solved. An illustration of the numerical solution procedure for the(source) 

surface singularity distribution is shown in Figure 2.5. 

Different choicesfor the singularity distributions and panelgeometry in Equa 

tion (2.17) are possible. Generally spealdng, the simpler form of singularity dis 

tributions and panel geometry,such as constant or piecewise constant singularity 

distributions and the use offiat panels,are named a "lower-order" formulation,in 

contrast to the so-called "higher-order"formulation which uses linear or parabolic 

singularity distributions and/or curved panels. More details on panel order is 

given in Section D.Before describing these details, however,the important Kutta 

condition required to render a unique solutionfor the lift on the airfoil is discussed. 

C.KUTTA CONDITION 

In two-dimensional external flow problems,the region exterior to the object is 

not simply-connected,and Equations(2.5)-(2.8) do not define a rmique velocity 
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^ n-v ff dS = n.
4ttv S |r - f'(S) 

[-n.-v ff L_ IS] 
Panel |r. - r'.(S) 4IT V n. 

1 V1 ' J 

Influence 
Coefficients Matrix 

T 
Linear Equation System 

t'ip 
Matrix Elements Solution Vector Right Hand Side 

= ¥. 
iVo i 1 

Figure 2.5. Illustration of numerical solution procedure for the 
(source) STirface singularity distribution. 
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field. To see this let the total circulation F around any closed path C in the field 

be defined els the line integral: 

r= / v di 
'c-L 

=/Yo-dl+ f u dl 
Jc Jc 

=Fo+F', (2.18) 

where F'is the circulation associated with the perturbed velocity due to the body. 

If C does not enclose all or part of5,then F'=0. If5is a single surface, it can 

be shown [43] that the velocity field u is rendered unique by specifying F'for any 

C that encloses S. 

For a two-dimensional airfoil in a uniform inviscid stream, the drag force is 

zero, and the lift is proportional to the perturbed circulation F'( because for 

uniform undisturbed flow the total circulation F is equal to F' ). However, for 

a doubly-connected domain. Equation (2.18) is not equal to zero, and can have 

any value. Thus,in two-dimensional flow problems the lift can also be any value. 

Some auxiliaxy condition is needed to fix the indeterminancy of lift(or F'). For a 

two-dimensional airfoil, the well-known"Kutta condition" can be applied to insure 

that the flow leaves the trailing edge smoothly and has a finite value such that the 

value of lift is unique. 

Unlike the two dimensional case, the region exterior to a closed three dimen 

sional body is simply connected,so that if the flow is potential, i.e., has zero cuW, 

and is free from singularities, then Equation (2.18) will equal zero. Therefore, 

with inviscid potential flow the resvdting net force on a closed three-dimensional 

body is zero. This is because of the fact that all components of force on a body, 

both the lift and drag, are ultimately due to viscosity. Hence the formiilation of 
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the potential flow model for the three dimensional lifting body problems must 

impose a Kutta condition as in the two dimensional case if a nonzero lift value is 

to be computed. 

In order to obtain nonzero values of section circulation, there must be some 

form of singularity in the external flow. The nature of the singularity can be 

exhibited by considering the path C shown in Figure 2.6. The line integral of 

velocity around this path is 

J U • d r= r'l -Fj+J(u„pper-U/o„,er)'d T (2.19) 
For the deflnition of the subscripts 1 and 2 see Figure 2.6. Let I represent the 

intersection ofasheet of vorticity with the body surface. To complete the potential 

flow model, a stream surface (i.e. walce) leaving the body is selected based on 

physical intuition. It is reasoned that vorticity is introduced only to the fluid that 

passes by the body and that the path I of Equation (2.19) must lie along the 

trailing edge of the wing [45]. Therefore, a vortex sheet issues from the trailing 

edge and for steady flow proceeds to inflnity. The average strength of the sheet 

along J is proportional to the difference F'l —F^. Talcing the Hmit as the two section 

curves approach each other gives the result that the local strength of the trailing 

vortex sheet is proportional to the spanwise derivative of the section circulation. 

The physical Kutta condition reqmres the pressure( or velocity )on the 

upper and lower stirfaces to have a common limit at the trailing edge. There are 

two alternative ways of imposing the Kutta condition: one is at the two control 

points on the two adjacent and rearmost panels, and the other is on a certain 

number of control points which are placed on a sheet extending downstream from 

the trailing edge. However determining an appropriate location for this sheet and 

the downstream position of the control points is critical and requires considerable 

experience [45]; therefore it is not used in this study. 
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Some properties that may be deduced from the Kutta condition are as follows 

[45]: 

Two-dimensions: 

(1) A stream line of the flow leaves the trailing edge with a direction along 

the bisector of the trailing edge angle. 

(2) As the traihng edge is approached, the siirface pressures (velocity mag 

nitudes)on the upper and lower surfaces have a common limit, which equals 

the stagnation pressure if the trailing edge angle is nonzero. 

(3)The somrce density of variable strength is zero at the trailing edge. 

Three-dimensions: 

(1)A stream surface of the flow leaves the trailing edge with a direction that 

is known,or at least can be approximated (see below). 

(2) As each point on the trailing edge is approached, the surface pressures 

(velocity magnitudes)on the upper and lower surfaces have a common limit. 

(3)The source density ofvariable strength is zero at each point on the trailing 

edge. 

This section has pointed out that a strong relationship between the Kutta 

condition and the trailing edge exists. For airfoils with cusped trailing edges(such 

as the Joukowski airfoil) the panel method has difficulty because the two rearmost 

panels are almost identical causing the matrix inversion to become ill-conditioned. 

The same is true if the trailing edge angle is very small. Raising the order of the 

panel method to overcome this difficulty has been proposed for years. Recently, it 

has been found, however,that the lower-order formulation is able to handle these 

airfoil types if the problem is properly specified. This will be discussed in the next 

section and some new observations will be presented. 
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D.ORDER OFPANEL METHOD 

The siirface singularity method provides a concise and accurate way to com 

pute potential flow fleld problems and is an extension ofthe classical slender body 

theory. Hess and Smith[43]suggested that the boundary condition ofzero normal 

velocity on the surface ofthe body(rather than on the chord line as is donein slen 

der body theory)be used to solve for the source and vortex singularity strengths. 

They adopted a piecewise constant source strength and a constant surface vortic-

ity distribution on flat surface elements. However this formulation is not capable 

of handling airfoils with very thin and/or highly loaded trailing edges. This is 

manifest by a calculated surface pressure distribution exhibiting an inappropriate 

crossing of the upper surface and lower surface pressure distributions close to the 

traihng edge, thereby indicating a flctitious negative loading(see Figure 2.7 ). 

The correct solution of the Cp distribution of the Joukowski airfoil can be found 

from the classical aerodynamics textbook. 

In order to alleviate this unacceptable phenomenon, Hess [46] proposed a 

higher-order method which led to a new fashion in panel methods. The higher 

order formulation uses parabolic surface elements and piecewise parabolic source 

distributions. However, the higher order methods still do not eliminate the un 

realistic calculation of the pressure distribution. With the higher-order methods 

(but with a constant surface vorticity distribution), the crossing at the trailing 

edge is replaced by a "hump"(illustrated in Figure 2.7 from Hess [46])at the 

trailing edge. Therefore, Hess proposed implementing the calculation by a vortic 

ity distributor whose strength approaches zero at the trailing edge on both the 

upper and lower surfaces. He believed that this vorticity distributor would stop 

the source distribution from simulating a doublet sheet at the trailing edge(since 
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Correct Solution 

2.0 Solution With Hump 
Solution With Crossing 

-1.5 

-1.0 

-0.5 

0.2 0.4 0.6 O^S^N^l.O 
x/C 

0.5 

Figure 2.7. Illustration of the pressure distributions with inappropriate 
crossing or hump at the trailing edge [46]. 
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this phenomenon was thought to have caused the singularity problem ). According 

to his numerical experiments,a vorticity distribution which was parabolic over the 

entire airfoil surface gave smooth results. 

Recently Maskew [47] suggested a lower-order panel method for solving sub 

sonic a.erodynamic flow characteristics. He felt that although the higher-order 

panel methods reduced the number of panels they did not result in any benefits in 

computing costs. Moreover care and experience are needed in the choice of the in 

terpolation function for the piecewise higher-order representation. Hence Maskew 

proposed a piecewise constant singularity panel method for internal Dirichlet 

boundary value problems. Comparable accuracy to solutions given by higher-

order panel methods can be obtained by his formulation using the same number 

of control points. However,asymmetrical panelling, i.e. unequal number of panels 

on the upper and lower surfaces, gave a poor pressure distribution near the trail 

ing edge. This was clearly observed in Maskew's results. Even for a conventional 

airfoil such as the NACA 0012 the results were poor with asymmetrical panelling 

as shown in Figure 2.8. 

Ardonceau [48] adopted the well-known idea of transforming an airfoil with 

small traihng edge angle into a near circle via the Joukowski transformation. Panel 

methods work well in the transformed plane. Groh [49] pointed to the numerical 

condition of the problem by noting(in a formal sense)that AX=B and(A -t-

A')X= B-f-A'X(B,X G V„;while A,A':Vn —* V„)are algebraically identical 

equations but can have different numerical conditioning; that is the smallest|A| 

where A is an eigenvalue for A -I- A'can be made larger than the corresponding 

one for A alone. 

Since no common viewpoint on the preferred order of the panel method has 

emerged from previous research, this issue was further pursued by the present 
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Figure 2.8. Calculated pressure distribution on NACA 0012 at 10 deg.
angle of attack by Maskew [47]. 
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author [50]. Reference [50] notes the difference between airfoils with nonzero lift 

and with zero lift is solely due to the vortex distribution. The source distribution 

malces no contribution to lift. Based on this idea, the onset velocity was split 

into two parts: one aligned along the zero-lift line and the other perpendicular to 

it(see Figure 2.9 ). The zero lift line velocity component is used to determine 

the source distribution and the perpendiciilar component in determining the vor 

tex distribution. The reason for doing this is based on the following observation. 

Physically, since the component of the onset flow along the zero-lift line produces 

no lift, this component should be used to determine the source distribution. The 

other component ofthe onset flow,which is perpendicular to the zero-lift line, will 

then produce all the lift. This concept is in keeping with Hess' speculation that 

for airfoils with a cusped trailing edge,the source distribution must be inhibited 

from simulating a doublet at the trailing edge. Therefore,the proper vorticity dis 

tribution must be determined to completely remedy this problem. The artificial 

parabolic vorticity distribution suggested by Hess however is not appropriate. But 

by decomposing the flow into a component tangential to and one perpendicular to 

the zero lift line, a vortex distribution which will eliminate the simulated doublet 

distribution can be computed. The following paragraphs described the method of 

solution proposed in this study and demonstrate the improved form of solution. 

The method begins by distributing piecewise constant surface singularities(source 

and vortex) on flat panels over an airfoil with a cusped trailing edge. The com 

putational scheme is different from Maskew [47] in that the external Neumann 

boundary value problem is solved as contrasted to the Dirichlet boundary value 

problem. For the external Neumann boundary value problem, the boimdary con 

dition of zero normal velocity on the surface of the body is used to derive the 

integral equations for the distribution of surface singularities. Applying 
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piecewise constant source and vortex distributions on each flat panel will result in 

the following discrete equations: 

15^=-Vo, H,=R, (2.20) 

D?; g:=-Vo. Hi=R2 (2.21) 

The matricesI"and D"are the influence coefficient matrices in the normal direc 

tion for the source and vortex distributions, respectively. The subscripts t and n 

refer to tangential and normal to the zero lift line, respectively. 

Prom Equations (2.20) and (2.21), it is evident that the column matrices cr 

and7are determinable only if the matricesI"and D"are invertable. The rows of 

I" and D"are linearly independent as long as all the surface panels are distinct. 

As the trailing-edge angle ofthe airfoil approaches zero,two panels(onefrom each 

sluface)become almost identical in geometric location. In this case,the inversion 

process for I" and D" becomes ill-conditioned. However, appeal to the Kutta 

condition( applied so that surface pressures are equalized on the last panels of 

the upper and lower surfaces)causes the rows with the identical panels(that is, 

repeated rows)in the influence coefficient matrices to be replaced by two distinct 

rows(more details see Chapter IV ). 

As suggested in the works of Maskew [47] and Groh [49], the right hand sides 

of Equations(2.20)and (2.21)can also have significant effects on the accuracy of 

the overall solution process. Thus, amplifying a comment by Groh, this can be 

discussed in terms of the eigensystem of the matrices I"or D". The final discrete 

form for the velocity vector is 

u=CRi-C-^R2, (2.22) 
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where C = —D" ( see Appendix C)is the coefficient matrix for the 

contribution from the source distribution and C~^ the coefficient matrix for the 

vortex contribution. 

Let {(A,-,Xi)} be the eigensystem of C. Then if Ri=^OiXi,R2= 0i^i 

and u=^SfX-i, it directly results that 

Si =aiXi-I3i/\i (2.23) 

is the expression for the coefficients in the expansion of the velocity vector u. 

Since the numerical values of Aj are widely spaced, poor results are obtained from 

Equation(2.23) because the importance ofsmall changes to a;or may magnify 

their effects on Si. The coefficients ai and 13i axe dependent upon the form of the 

decomposition, Ri and R2, used to determine the source and vortex singularity 

strengths. 

Recall that Hess [46] suggested a parabolic vortex distribution around the 

surface ofthe airfoil be used. From classical thin airfoil theory [51],the calculation 

of uniform flow over a cambered airfoil at incidence can be decomposed into a 

uniform flow without angle of attack over a symmetrical airfoil, a uniform flow 

without angle of attack over a camber line only, and a uniform flow with angle of 

attack over a flat plate(see Figure 2.10 ). In the case of a symmetric airfoil, it is 

only necessary to consider the thickness distribution and the flat plate incidence 

loading. In thin airfoil theory,theformer can be expressed as a source distribution 

and the latter as a vortex distribution placed on the chord line. The analytical 

expression for the vortex distribution, the flat plate loading, is given as 

= (2.24) 

where —tt <9 < tt. The argument 9 is used to replace the x coordinate in such a 

way that, x =(1+cos{9))/2. 
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A computer program is developed for solving Equations (2.20) and (2.21), 

which is bcised on the proposed onset velocity split. More details about the com 

puter program will be discussed in Chapter IV.The vortex distribution calculated 

from Equation (2.21)is plotted along the surface around a NACA 0012 airfoil at 

10 degree angle ofattack in Figure 2.11. It is evident that this is not the parabolic 

distribution suggested by Hess[46]. Figure 2.12shows the total vortex distribution 

(sum of upper and lower surface distributions from Figure 2.11)compared with 

the analytical result for the flat plate, Equation (2.24). Both are for 10 degree 

angle of attack. The difference between them is due to the thickness effect, which 

is not included in the flat plate calculation; that is, the differences resulting from 

placing the singularities on the chord Hne rather than on the surface. 

When an imequal number of panels on the lower and upper surfaces,(for 

example 19 and 29 panels, respectively )is used, inaccuracies can result from 

the dissimilar panel sizes. Figure 2.8(page 30)shows one of Maskew's calcu 

lations [47] where a poor pressure distribution, especially near the trailing edge, 

is observed. Maskew uses two different internal velocity potentials for imposing 

boimdary conditions, <f>i = 0 and <j>i = (^oo- He thought that this was due to a 

severe mismatching of panels at the trailing edges. But,for a conventional airfoil 

hke NACA 0012,there is no large curvature at the trailing edge. This means that 

the number of panels in that area should not cause the reported problem. On 

the contrary, because of the laxger curvature change at the leading edge, fewer 

panels may lead to the calculation being inadequate at the leading edge. In order 

to show that the poor pressure distribution found by Maskew [47] is really due 

to inappropriate panelling, the same conflguration as Maskew's was calculated by 

the author's method. The results are shown in Figure 2.13 and as expected this 

phenomenon does not occur 
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Figure 2.11. Vortex distribution along the surface axound 
NACA 0012 at 10 deg. angle of attack with 50 panels. 
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□ NACA 0012 (author's method) 
— Flat Plate (exact solution) 

0.8 

s' 
0.6 -

Y/2jtVo 

0.4 

P 

_ \D0.2 

0.5 

s'/c 

Figure 2.12. Comparison of vorticity distribution between calculated 
NACA 0012 result (50 panels) and exact flat plate
result, both at 10 deg. angle of attack. 
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Figure 2.13. Calculated pressure distribution on NACA 0012 at 10 deg. 
angle of attack with 29(upper)/19(lower) panels. 
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at the trailing edge. There is, however, some oscillation near the leading edge 

which, most likely, is due to the inadequate panelling there. 

Joukowski airfoils axe the best typeofairfoilfor exploring the author's method 

as fax as its ability to handle airfoils with cusped trailing edges. Figure 2.14 shows 

an excellent comparison between the analytical solution and the calculated results 

with various numbers of panels. These calculations axe for a symmetric Joukowski 

airfoil at 10 degrees angle of attack. From Figure 2.14, it is obvious that the 

number of panels is not a critical factor as long as the number is great enough 

to describe the airfoil geometry. Figure 2.15 confirms this by comparing results 

for a range of panel ntimber from 8 to ICQ panels. It can be observed that going 

to more than 30 panels gives no further improvement in Cp distribution. But 

on the other hand, although the resiilt can be obtained for only 8 panels, the 

geometry already lose its validity. Generally speaking,30 panels axe able to reveal 

the proper geometry of conventional airfoils such as NACA 0012. Figure 2.16 

shows the calculated pressure distribution for a cambered Joukowski airfoil at 4 

degree angle of attack. Again,good agreement with the analytical solution can be 

obtained. 

The conclusions of this section are as follows. The present conceptual split 

of the onset flow into two components, Vo„ normal and Vq, tangential to the 

zero lift line, is new. The proper vorticity distribution can be determined from 

—Vo„•n(where Vo„ is the component of the onset velocity normal to the zero lift 

line)directly without imposing an artificial vorticity distributor. This split also 

suppHes a numerically superior form for the Neumann-type lower-order formula 

tion. Higher-order formulations, such as using curved surface elements, piecewise 

parabolic source distributions, and extrapolated Kutta conditions, can improve a 

correct solution. However they cannot cure an incorrect solution, because of the 
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Figure 2.14. Comparison between analytical solution and calculated 
solution with various panel numbers for a symmetric
Joukowski airfoil at 10 deg. angle of attack. 



42 

-6.0 — 
— 100 panels 

I □ 50 panels 

-5.0 A 30 panels 

V 8 panels 

-4.0 1 
-

-3.0 

-^-^7C£.=. II -

0.5 
l.O^-S^ 7 

Figure 2.15. Calculated pressure distribution on NACA 0012 at 10 deg.
angle of attack with various panel numbers. 
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induced "hump" on the Cp distribution at the trailing edge. A proper vortex 

distribution is the key to removing the unacceptable crossing phenomenaon the Cp 

distribution, which is obtained from the author's formulation without specifying 

an artificial distribution. 
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CHAPTER III 

THE SCALAR/VECTOR POTENTIAL PANEL METHOD 

This chapter introduces the scalar/vector potential formulation of rotational 

flow over a rectangular wing. The panel method is thereby extended from irrota-

tional flow to rotational flow. The airfoil/wing geometry and coordinate transfor 

mation will be specifled. The types of surface singularities and their relationships 

with the numerical solution technique will be derived. The detailed formulations 

for a two dimensional airfoil and a three dimensional rectangular wing will also be 

presented in this chapter. 

A.FORMULATION BASED ON SCALAR/VECTOR POTENTIALS 

Assuming athree-dimensional,inviscid and incompressible flow field,the com 

posite velocity field of Equation (2.4) can be extended as 

V = V,,+u 

=Vo-|-(ui-f U2), (3.1) 

where ui is treated as an irrotational field and U2 as a solenoidal field i.e.: 

V X ui =0 

V • U2=0 

With the above assumptions the divergence and curl of Equation (3.1) results in 

the two equalities: 

V-V=V-Vo + V-Ui=0 (3.2a) 

VxV= VxVo -I- Vxu2 
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= Co+C' 

= C (3.26) 

where(in general is not zero and is the onset vorticity vector. Equations(3.2) 

can be rewritten as follows: 

V-Ui= - V-V,,=0 (3.3a) 

Vxu2= VxV- VxVo 

=C-Co 

= C' (3.36) 

Let the perturbed irrotational velocity field be expressed as 

ui = V(f> (3.4) 

Then 

V • ui = =0 (3.5) 

The above Laplace equation can be solved for ̂ by Green'sformulation(see Hunt 

[44] ). A source distribution is selected for ui in the present formulation such that 

=IsJ0<j>ds (3.6) 
where 9^= —a/(4'Kr). Let the perturbed solenoidal field be 

U2= V X (3.7) 
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where tp is a. divergentless quantity such that 

V X U2= V X(V X 

= V(V • xP)-vV 

=-vV 

=C-Co (3.8) 

or 

V'V'i = -c.' (3.9) 

where i represents the ith component of the vector xp. The above Poisson equation 

is again solved by Green's formvdation. A source form is selected for U2. The 

method of selection is explained later in the next section. The vector potential xp 

can be expressed as 

-i/,/aig 4//./ * 

where 6^^ = —ai/(4-Kr). The volmne integral in Equation (3.10) is due to the 

onset vorticity. Therefore, the perturbed velocity field becomes 

\i= V(l> + Vxxp (3.11) 

or in cartesian tensor notation 

dp dxpj 
— "X I" ̂ ijk"^

UXi uXk 
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ff.de. de^ 

-hHJ 
where the integration is with respect to Xg and the differentiation with respect 

to X. The first integral is determined by applying the usual normal boimdary 

conditions and the second integral is determined by integrating iteratively. The 

• —♦iteration procedure first assumes C = Co and calculates a set of vector potentials, 

then updates the vorticity field and recalculate a new set of vector potentials. The 

iteration is stopped when the vector potential has converged in the given norm 

(for example Max(A^) < ±10"^). 

It is easy to identify the type of singularity for the ^ distribution, because, for 

irrotational flow, only the scalar potential is needed and its perturbed velocity 

is V<^. However, it is difficult to identify the singularity type associated with if 
because its perturbed velocity is given as V x xf. Therefore, in the next section, 
the relationship between a source and a vortex will be derived in order to identify 

the type of singularity required to express the vector potential -f. 

B. SINGULARITIES ASSOCIATED WITH THE VECTOR POTENTIAL 

It remains to be shown how singularity strengths can be determined for the 

vector potentied formulation. The form of the vector potential is not readily avail 

able from the literature. Hence, in order to identify the type of singularity for the 

vector potential the following derivation of the relationship between source and 

vortex is presented. It is shown that the curl of the source distribution 6.^. is equal 

to the gradient of the vortex distribution F. Once this equivalence between source 

and vortex is found, it is possible to use a vortex distribution to simulate the 
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vector potential rather than a doublet. The gradient of the vortex distribution 

then gives the the perturbed velocity U2. 

For the three-dimensional case, first consider the vector potential component 

tl^y in the jdirection. Let the singularity be distributed on a flat plane in the xy 

plane and be expressed as 

(3.13) 

where ctj, is piecewise constant. Based on the nomenclature of Figure 3.1, the 

perturbed velocity due to the vector potential tpy can then be expressed as 

U2J,= V X 

f n 
=— X dyo dxo 

47r kJXi Jyi y/(x- Xo)^+(y-Vof+(2-ZoY 

(3.14) 

where x, y and z are the coordinates for the field point p, and Xg, yo and Zq are 

the coordinates of the dummy variable on the singularity surface. Upper limits 

X2,y2 and lower limits Xi,yi are the extreme values of the singularity surface. 

Since the singularity surface is flat on xy plane, the variable Zq does not enter the 

integration. Note that the subscript y on U23, does not stand for a y component 

but a pertmbation velocity vector due to i/'y. Since 

V X(
y/(x-XoY+(y-yoY +{2-zof) 

k3 

dy d. 

0 l/^/{x-Xo)2+(y-yoY+(z-ZgY 0 
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(x, y, z) 
y. j 

(XI n Zo) (X2, 72. Zo) 
/• 

(Xq. yo Zo) 

(XI yi (x2» yi» zq) 

^.o 

yo 

w X, 1 

Xo 

Figtire 3.1. Illustration of the coordinate system for a flat 
singularity surface. 
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-i ^ 
Vi^~ +(y-voY+iz-ZoY 

h ^ f ^ )
\/(x-Xo)2+(y-yo)2+{z-ZoY 

[{z-Zo)i-{x-Xo) k], (3.15)
[(x-Xo)2+(y-VoY +{z-2o)^]2 

Equation (3.14) can be expressed as 

U2y =-^J (^[{Z-Zo)i-(X-Xo)^ 
r ^ 
Jyi [{x- +{y-Hoy+(z-ZoY]^J 

(3.16) 

Since 

ry. dyo 

Jyi [(x-Xo)2+(y-yoY +(^-ZoY]2 

y-yi 

[(x-XoY+{z-2o)2]a/(x-Xo)2+(y-yi)2+(z-Zof 

y-y2 
(3.17)[(x-XoY+{z-zoY] \/(x-XoY+{y-y2Y +(z-z^Y 

Equation(3.14) can be integrated once as 

.1:2 

U2 = f' ^ /. y-yi
./{x XnY +(z-ZnY^ 47r J'2^1 \/(x--Xo)2+{z-ZoY \/(x-Xo)2+(y-yi)2+(z-Zo)^ 
y-y? 2-2o 

^/(x-Xo)2+(y-y2)^+{z-ZoY V(x-Xo)2+(z-ZoY 
X-Xr 

k^ dxo (3.18)
yj{x-XoY+{z-ZoY 

https://Equation(3.14
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To show the relationship between a source and a vortex,compare the integrand of 

Equation(3.18) with the induced velocity due to a finite, discrete vortex filament; 

u( X)= (cos(0i)-cos(^2))e (3.19) 

Equation (3.19) is the Biot-Savart law where h = ^/{x — XoY+(z — ZoY and if 

—(Ty = Ty,the integrand ofEquation(3.18)is equivalent to that ofEquation(3.19) 

where cos(^i), €03(62) and e are expressed as frmction of(x,y,z)and (xo,yo,Zo) 

as can be seen from Figure 3.2. This means that the y component of the vector 

potential tp can be simulated by a piecewise constant vortex filament distribution 

as shown in Figure 3.3. 

Similarly, the x component of the vector potential can be expressed as 

^^=',p^i=z-LJ^J ds (3.20) 
and its perturbed velocity as 

U21= V X X 

4"- ^ (/. L, ̂ /{x-x,)^+{y-y,y+(z-z,f '''')' 
(3.21) 

Since 

/•rj dx. 

Xl [(a;-Xo)2+(y-Xl yo)2 4-(2-2g)2]t 

X — Xl 

[(y-yo)^+(2-^o)^]\/(x-Xl)2+(y-yo)2+(z-2o)2 

X — X2 
(3.22)

[(y-yo)^+(^-Zo)^] a/(x-2:2)^ +(y-Vo)^+(z-ZoY 
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Equation (3.21) can be integrated once as 

a . a; -xi 
U2 

yi [{y-Vof+{z-Zo^]y/{x- xiY+(y-VoY+{z-ZoY 
X — X2 

)x 
[(y-yoY+(2-zo^W{x-X2Y+(y-voY+iz-zoY 

[-{z-Zo)j+(y-yo)^] dyo (3.23) 

Thus for an individual panel the relationship is equivalent to Equation (3.19), 

CTj; = —r. In addition, the wake can be simulated by letting X2^00 for a panel 

at the wing trailing edge.(See Figure 3.4) 

V X-X2 
lim .
12-00[(y _ y^)2 -t-(2 _ 

= limrj-oo[(y _ y^)2+(2 _ 2o)2]>/[(x-X2)/X2]^+[(y"yo)^+(z-2o)^]/a;l 

-1 

"(y-yo)'+iz-

Substituting Equation(3.24)into Equation(3.23) gives 

1 ^ X-Xi 
jyi V(y- yoY+{z-ZoY v'(x-X:)2+(y-yo)2+(z-ZoY 

"'K 'W Tl ,2*) ('-25)V(y-yo) +(^-2^0)^ V (y-yoY +{z-zoY 

The integrand of Equation(3.25)can also be compared with the induced velocity 

due to a semi-infinite discrete vortex filament, 

u( X)= (1+cos(do))e (3.26) 
47r/i 
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obtained by the Biot-Savart law, where 9o and e are defined in Figure 3.4. This 

also means that the contribution from the wake simulated by a semi-infinite strip 

source distribution for the vector potential 'ifx can be replaced by a semi-infinite 

vortex strip, as shown in Figure 3.5. 

The contribution of the vector potential to the induced velocity can be 

derived by a similar procedure and the composition of the vector potentials ipx, 

ipy, and ipz can be simulated as shown in Figvue 3.6, that is, as vortex panels on 

the wing srirface and as vortex filaments on the wake surface. In Figure 3.6, the 

wake roll-up phenomena is neglected in order to avoid wake relaxation calculation. 

According to Hess [44] the wake geometry may be assumed known and parallel 

to the chord surface of the wing in the near wing region and then parallel to the 

direction of the oncoming flow for the further downstream. 

C.GEOMETRY AND NUMERICAL MODELS 

The global and local coordinates of the present formtilation are shown on 

Figure 3.7 where b is the wing span. The global coordinate is situated on the 

mid span of the wing with the x and y axes along the chord and span directions 

respectively. The local coordinate system on each panel is oriented in a similar 

manner as the global coordinate. A field point p(xi,y^,Zj), either the control point 

on the panels or the grid point in the domain, can be expressed in terms of the 

local coordinate variables (xi,yj,z,) as follows: 

Xi i- j• &x k • Cj ^i ^io 

Vi =x I I e J e k • e Vi-Vio (3.27) 
Zi I - tz 3 • e k • iz Zi Zig 

where {xio,yio,Zig) is the origin of the local system measured in the global coor 

dinates(where i,j,k are the unit vectors in global coordinates and ei,ej,,e^ are 

the unit vectors in the local coordinates as shown in Figure 3.7 ). 
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Up Perturbed Velocity 

(xi, n) X2^ 

Ox Piecewise 
Constant on 

Stripe 

dYc 
z,k 

yJ (Xq. Yo) 
X2-

(xi. Yi) 
(a) source. 

_ /s 

x.i 

(xi, Y2) X2^~ 
—^ 

(Xq. Yo) Vortex Filament
z,k Y.J X2-

(xi, Yl) 
(b) vortex. 

"x.i 

Figure 3.5. Equivalence of a source and a vortex filciment used for 
vector potential tpx-
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A rectangular finite wing will be used as the model. According to the previous 

derivation, a piecewise constant source distribution is used for the scalar potential 

and a piecewise constant vortex distribution for the vector potential tp( see 

Figure 3.8 ). The wake ofthe wing is assumed to befixed and known(parallel to the 

chord linefor one totwochord lengths and then parallel to thefree stream)in order 

to avoid the wake relaxation calculations. For a two-dimensional airfoil, piecewise 

constant source and vortex distributions are distributed on each fiat panel. No 

wahe specification is needed for the two-dimensional flow problems and the Kutta 

condition is applied to render a imique solution for the two-dimensional airfoil 

ELS mentioned in Chapter II. For a three-dimensional wing the Kutta condition is 

imposed at each trailing edge section. 

In the next two sections, the mathematical formulation for the rectangular 

finite wing and the two-dimensional airfoil, based on the numerical models intro 

duced in this section,is presented. Since there are many similarities in procedures 

between the two-dimensional airfoil and the rectangular finite wing, the simpler 

two-dimensional airfoil is introduced first. 

D.TWO-DIMENSIONAL AIRFOIL 

For two-dimensional flow, there is only one vector potential tp in the j di 

rection. Through a similar Green's formulation els that for the three-dimensional 

case. Equations(3.6) and (3.10), the two-dimensional scalar and vector potentials 

can be expressed as 

and 

^^ (̂X IsI ~ 
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where a and (Ty are piecewise constant distributions on each flat panel, and C,y 

and (lyo are the present and onset vorticity, respectively. The C and S of the 

integration stand for the integration path along the airfoil surface and throughout 

the two-dimensional domain respectively. The perturbed velocities associated with 

(f) and ^ can be expressed as 

ui =^V^y a\n{r)d?j (3.30) 
and 

^^i(X IsI ~ 
According to the derived relationship between a source and a vortex, Equations 

(3.18) and (3.19), U2 can be further expressed as 

U2 ^^ QttIsJ Cyo) dsy (3.32) 
in which a piecewise constant vortex distribution(7)is used to simulate the vec 

tor potential tpy, and 0 is the expression for the vortex distribution given as 

tan~^{{zi — Zj)/{xi — Xj)) [51]. The perturbed velocities Ui and U2 can be dis-

cretized as 

=E ^Vi(b(r,,-))i/,) (3.300 
and 

U2 

where subscript i stands for the ith control point (field point p) and subscript j 

stands for the jth control point(dummy variable q, see Figure 3.9 ). 

Applying the normal boundary condition, 

Vo • n,--I-(ui-f-U2)• n,-=0 (3.33) 
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where n,- stands for the unit outward normal on the ith panel, then Equation 

(3.33) can be split as follows 

=-Vo,• Hi (3.34) 

and 

1=-Vo„ • ni+ 
j L Jj J 

Vi X Jln(r-)(Cj,- Cj/o) • Hi
L1 

(3.35)1 
where Vq, and Vo„ are defined as in Figure 2.9 page 32 and Equations(2.20)and 

(2.21). Equations(3.34) and (3.35) can be further expressed in matrix forms, 

5)
■<7/ 

= (3.36)
27r 

= (3.37) 

where I^- and D"^ axe the influence matrices for the normal components of the 

somce and the vortex distributions and Rii = —Vq,• Hi and Ri2= —Vo„ • Hi+ 

Vi X [i/(27r) fln(r)((^j, —(yo)ds]• Hi The influence matrices and can be 

expressed and integrated analytically as follows(Note :dlj replaced by dsj ); 

= / Vi(lnrij)• Hi dsj
dj 

Xisin{Oj — 9i) + ZiCos{9j — Oj) — Sjsin(Oj — Oj)
-I (xf + zf)- 2xiSj + sj 

d + esj 
a + bsj + csj dsj (z ^ i) (3.38)-IJ 
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In Equation (3.38), Xi and Zi are transformed in terms of local coordinates (see 

Equation (3.27)), and 9i and 9j are defined as in Figure 3.9. The definitions of 

the quantities a through e are 

-2 , -2 
a= X +z-

b = —2xi 

c=1 

d= Xisin{9j — 9i)+ZiCos(9j — 9i) 

e= —sin(9j — 9i) (3.39) 

Also 

R=a+bsj+csj 

A=4ac — b^ — 4zf 

For A > 0, 

be, 2 
-1 

.-u h ~ +cos(9i — 9j) tan i('J — tan (i 7^ j) (3.40a)
Zi Zi 

and for A =0, 

-2 

Jo 

Ij Xi 
=sin{9i — 9j)In (3.406) 

where Ij is the panel length for the jth panel. For i =j,If- = tt, see Appendix B. 

Similarly, for the influence matrix DJI-, 
Ij' 
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D"j=-fVi(0ij)• n,- dsj 
Jj 

[Vi[^an Hi dSj 
Jj L , 

f tan ^{— dsj
Jj OUi I Xi — Xj 

f Xicos{0j — 9i) — Zisin(9j — 9,) — SjCos{9j — 9i) , 

Jj {xUzl)-2xiSj+s^j 
d+esj 

dsj (z^j) (3.41)=/ja+bsj+csj 

where 

-2 , -2 
a= X • +z-

b = —2xj 

c= 1 

d= —XiCos(9j — 9i)+Zisin{9j — 9i) 

e — cos{9j — 9i) (3.42) 

For A > 0, 

I]-2xilj 
X? -

,—Xi4.—-irh ~ — sin(9i — 9j) tan ^('•^ _ — tan (i^j) (3.43a) 
Zi Zi 

and for A=0, 

= cos{9i-9j)In I h—J^L I ^ y) (3.436) 
Xi 

For 2 =j,the singular integrations of D-t gives a value of zero (see Appendix B). 
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The discrete expressions for V,- x [j/{2Tt) -Cj/o) ds] n,- in R,-2 is 

as follows: 

V,X(1/J w..) ^/J 
(Cy(^)y) Cyo) dxdy (3.44) 

In solving for a and 7in Equations(3.36) and (3.37), an iteration procedure 

is used. The first iteration assumes that equals to Co for which the surface 

integral(see Equation (3.35))is zero. Then,the matrix of Equations(3.36) and 

(3.37) is inverted for the values ofa and 7^. The calciilated a and 7^ are used to 

update the velocity field and then the updated velocity field(implying an updated 

vorticity field)is substituted into the right-hand side of Equation(3.37)to obtain 

a 7^ value. The iteration procedure is repeated tmtil — 7") does not 

change significantly, say by no more than ±10"^. The convergence criterion of 

±10""^ has been compared with more strict convergence criterion such as ±10~®. 

It is found that the results for Cp do not change beyond the Ath decimal place 

and the iteration converges approximately 10 times faster based on the former 

criterion than the latter. 

Once the strengths ofa and7are determined,the magnitude ofthe tangential 

velocity on the airfoil surface can be obtained as 

Vai = Vo • tj+(ui+U2)• t,-

= Vo • ti+(IJ. 11 
27r 

+(Dli 
2tt 

+V X -Cyo)ds^ ti (3.45) 
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where 

[]j= J^Vi{]jarij)• ti dsj 
—(Inrij)dsj (3.46) 

and 

Dlj=-/Vj(0,_,)• ti dsj
dj 

=-

Jj [. 
* ti dsj 

Jj dti[ Xi-Xj 
dsj (3.47) 

For two-dimensional calculations, the following symmetric relationships hold(see 

Appendix C ): 

=-D" 

(3.48) 

Oncethe magnitude ofthe tangential velocity is obtained,the pressure distribution 

can be computed from Equations(2.9) or (2.10). 

E. FINITE WING 

In this section,the formulation for a rectangular finite wing will be presented. 

Piecewise constant source and vortex distributions are used to simiilate the scalar 

potenticd (f) and vector potential ip respectively. Similar procedures to those in the 

last section are performed here. 

First, the perturbed velocities uj and U2 can be expressed as 

ui = V(/i (3.49) 

U2= V xtp (3.50) 
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The normal boundary condition is applied to ui as usual such that 

ui - nit/ = Vki{<f>)-nki 
j ' 

j i '/j 

=EENMd|S| (3.51). . 47r 
3 « 

that is, 

(Tij
4^ =-Vo.•5,, (3.52) 

Subscripts k,I stand for the kth panel in the Ith section for field point p and 

subscripts i,jstand for the ith panelin thejth section for point q on the singularity 

surface(see Figure 3.8, page 62). The influence matrix can be expressed as 

^kl,ij I 
JjJi ^kl,ij 

- f f -Sij)sin(9ij-9ki)+Zkicos(9ij-6^) , 

where 

^kl,ij= y/(xki-Xij)^+(yki-VijY+{zki-ZijY 

The bar on top of coordinates indicate that they have been transformed in terms 

of local coordinates. After lengthy and complicated integrations, the analytical 

expression for the influence matrix is as follows. For Zki 7^ 0, 

IfcZ.i; =sign{xki-Sij) sign(zki) cos(^jj-6ki)[ 

ian (yki,ry/(xki-Sij)^/{zl,[{xki-Sij)^+ ) 

-tan (yki,iyj(xki-Sij)y{zli[{xki-5.;)2+yl ^ + )]_ sin(9ij-Oki) 

(ykl,r + yj(xki-Sijy+ yli^^+zli)/( yki^i + yj{xki-Sij^+ yl^ ̂ +z^)] 
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-sign{xki) sign(zki) cos(6ij-Oki)[tan yk^,r^J + 2/1/,r +^li)]) 

-tan-\ + + ) + sin{Oij-dki) 

(ykl,r+ y/xh+ +zh)/( yki,i+,Jxl,+ yl,i+z^)] (3.54) 

and for Zki=0, 

1^,0'= -sin{9ij-^fc/)ln 

(ykl,r+ yJixki-SijY+ yli.^)/( yki,i+ ) 

+ sin{Oij-9ki)In (ykl,r+ y^li+ yL.r)/( ykl,l+\l^ll+fkUl) 
(3.55) 

where 

ykl,r — ykl ^ij,r 

yki,i = ykl-txj,i 

and the subscripts r and 1 stand for the integration limits in the y direction on 

each panel. The symbol sign is defined as follows: 

a=sign{a)y/^ 

Similarly, the normal boimdary condition is applied to U2 such that 

U2 ■nki = ^Yl X (xf) ■ njfc, 
3 » 

Jii + V X R • nfc/= EE (DHi, (3.56)
47r 

3 » 

that is, 

^kt,ij lij = -Vo„ • rijt/ - ( V X R • iifc; (3.57)
47r 
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The influence matrix ̂ kl,ij 0,can be expressed as 

Dfcz,ij= sign{yki,i) sign{zki) sin(8ij-Oki)[ 

ian~^({xki-Sij)^{yki,iy/izl,[{xki-Sij)^ + +2^,])) 

-tan-\Xk^^J{yk^,^)y(Hl[Hl+vlij+Hil)) 1 

-sign{yki,i) cos{dij-9ki)/2{ 

i^kl-SijY+ y\ii+zli-^Jyl^^l)|{ yj(xki-SijY+ y\i i + + yjyh^i)] 
- xli+fki,i+Hi- )/( + yh^i+ )]} 

+sign{yki,r) sign{zki) sin(0ij-^jtz)[ 

tan {{xkl ^ij)\/{ykl,ry/{Zkl[{Xkl + J/fc/r +^fc/])) 

tan (^ki^JiVkUrY/{zhlxXi+ y\i j. — z\^))] 

-sign{yki,r) cos{dij-9ki)/2.Q{ 

ln[(y/{xki-SijY + +zh- y/^)/(yj{xki-SijY+ yli^^+z^+ ] 

-H(y/^ll+fkl,r+4l-\l^r)/(\l^kl+ yll,r+4l+ )]) 
(3.58) 

and for Zki=0, 

^kl,ij= -COs{9ij-

(ykl,l+ yj{Xkl-Sijy+yh i)/( yki,r + yj(xjt/-SijY+ y|, ) 

+ cos{9ij-9ki)\n (ykl,l+\Jxli+ yll,i)/( ykl,r+ yjxl,+ y|,,,) 

(3.59) 
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The discrete expressions for —V x R • Hfc/ in Equation (3.57) is as follows: 

-[(Vk-y)Cz-i^k-zXy]sin(9k)+[(XA:-x)Cy-ivk-y)Cx](^os{9k) 
[(xjfc -x)2+(j/jt -y)2+(^Zk -2)2]3/2 

dxdydz (3.60) 

which is integrated numerically. 

For inviscid and incompressible flow,the vorticity transport equation becomes 

DC =C-VV (3.61)
Dt 

Ifthe flow is two-dimensional,the right-hand-side ofEquation(3.61)is zero, which 

means that the vorticity is just advected by the flow with no vortex stretching. 

The vortex stretching is not zero, for three-dimensional flow, but that case is 

not considered herein. The implementation of the vorticity transport equation 

(without vortex stretching)into the iteration technique is similar to the approach 

of Chow et al. [18]. Since there is no vortex stretching, vorticity is conserved 

along each stream line. After updating the velocity fleld from Equation 3.1, the 

vorticity fleld is updated by tracing the stream function on each grid point to its 

far upstream location. The onset vorticity, Co, at that point is then used to update 

C — C~ Co- This iteration technique usually converges in less than 10 iterations. 
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CHAPTER IV 

NUMERICAL ALGORITHM 

In this section the computer program for solving the scalar and vector po 

tentials, or soinrce and vortex strengths for a two-dimensional airfoil, is described. 

The program uses an iteration procedure to solve for a and 7in two-dimensional 

nommiform shear flow. The area integral due to the onset vorticity fleld in Equa 

tion (3.31) is determined by integrating numerically with each iteration. The it-

eration first assumes C= Co and calculates a set of piecewise vortex values7from 

Equation (3.37), The velocity at all grid point is then calculated from Equations 

(3.30') and (3.32'). The stream fimction for each grid point is then determined 

from 

ip{x,y)-tl^ref = / u{x,y)dy- f v(x,y)dx (4.1)
^VreS ^^ref 

where x^e/ and j/re/ are the coordinates at which the stream fimction has the value 

'ipref- The computation next updates the vorticity fleld by assigning to the grid 

point the upstream value of C= Co+C which corresponds to the grid point value 

of tp and recalculates a set of values of7 for the new vortex distribution. The 

iteration is stopped when the vortex distribution has converged in the selected 

norm(in this case for Max{/\'y)< ±10"^ ). 

An outline of the computational procedures for the two-dimensional airfoil is 

presented here. The computer program is composed ofseven major sub-programs, 

i.e. FORCE, FIELD, GEOMTY, JAWS, LEQN, MAIN, and ONSET. A brief 

description of these sub-programs is as follows: 

FORCE- This sub-program is for calculating the aerodynamic coefficients, 

such as Cp, Ci, and Cm-

FIELD -This sub-program is for calculating the velocity and vorticity fields. 
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GEOMTY- This sub-program is for determining the airfoil shape and grid 

size in the domain. 

JAWS- This sub-program is specifically for calculating the necessary infor 

mation from JAWS wind shear data. 

LEQN - This sub-program is the core of the computation, which calculates 

the coefficient matrices for the normal boimdary condition and the singularity 

strengths. 

MAIN-This sub-program is the main program for initializing the computa 

tion and for connecting all the sub-programs. 

ONSET-This sub-program is for determining the onset velocity field. 

In the following paragraphs, the introduction of each sub-program will be 

based on the order of the computational procedures. First, the MAIN program 

initializes the control parameters to begin the calculation. The parameters are 

input by NAMELIST in AIRFOIL.DAT. An example file for a given test case 

of the input and output formats is included in Appendix E. As an example of 

the control parameters, a specific head wind can be selected with the following 

parameter IFLOW: 

IFLOW = 1, uniform flow 

2, linear shear flow 

3, Gaussian shear flow 

4, JAWS sheEir flow 

and with or without different downdrafts 

IDBL= 0, without downdraft 

1, uniform downdraft 

2, linear shear downdraft 

3, Gaussian shear downdraft 
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4, Cosine-type shear downdraft 

5, Sinousoidal type shear downdraft 

The parameter lAIR is used for selecting different airfoil shape 

lAIR = 1, NACA 0012 

2, NACA 2412 

3, NACA 4-digits 

4, symmetric Joukowski 

5, cambered Joukowski 

After initialization,the MAIN program calls GEOMTY to determine the geometry 

of the airfoil and grid size. More details about the grid size which is computed by 

the subroutine GRDCORD is given in the following paragraphs. 

In the sub-program GEOMTY,the coordinates for the airfoil shape are cal 

culated first. There are two subroutines, NACA4 and JOUKAR,for calculating 

NACA 4-digit and Joukowski airfoils respectively. The formula for the NACA 

4-digit Eiirfoil are as follows [53]: 

±zt=^(0-29690 Vx-0.12600 x-0.35160 
-I- 0.28430 x^-0.10150 x'^) (4.2) 

for constructing the thickness distribution, zt, and 

TTtZc=^(2p ^~ (forward of max. ordinate) 

(1 — 
TTl

p)2 ~ 2p)~ 2pa: — x^j (aft of max. ordinate) (4.3) 

for constructing the camber distribution, Zc, where t stands for the maximum 

thickness of the airfoil, m for the maximum ordinate of the mean line, and p for 

the chordwise position of the maximum ordinate. Values of x, z^, and Zc from the 
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above equations are substituted into Equations(4.4a) and (4.4b), for calculating 

the upper and lower coordinates of the NACA 4-digit airfoil. 

Xu = X — zt sin{6) 

Zu =Zc+zt cos{8) (4.4a) 

XI=X+Zi sin(6) 

zi=Zc-Zt cos{6) (4.46) 

The definitions of xj, zi, and 6 can be found in Figure 4.1. Similar pro 

cedures are used for generating the coordinates of the Joukowski airfoils except 

the classical Joiikowski transformation is used instead of a standard formula. The 

panelling technique used in the program for generating both NACA 4-digit and 

Joukowski airfoils is as follows: 

X =0.5 X (1.0+cos{9)) (4.5) 

where —tt < 9 < tt and x is the coordinate for determining the z coordinate in 

Equation (4.2) and (4.3). Both x and 2 are the coordinates for the airfoil(see 

Figure 4.1 ). The range —tt <0 <0 is for the lower surface of the airfoil and the 

range0 <^ < tt is for the upper surface. The increments of9is just Tr/(NPAN/2) 

where the parameter NPAN stands for the total number of panels. 

After the coordinates of the airfoil are determined, subroutines BDYCORD, 

PANEL and CNTCORD are used to calculate the control point, panel length and 

panel orientation. The control point is a position on each panel for imposing the 

no penetration boimdary condition and for calculating the velocity(or pressure) 

value. The location ofthe control point is not necessarily situated in the middle of 

each panel because this will cause the diagonal elements of the vortex coefficient 
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matrix to become zero(for more discussion see Appendix B). The parameter 

RCP is designed to control the location of the control point, which is also input 

by NAMELIST.The range 0.55/ < RCP < 0.75/ is recommended for calculation 

and RCP=0.60/ is used in the present study, where / is the length of the panel. 

Subroutine GRDCORD is for calculating the coordinates of the grids in the 

computational domain. In the present algorithm the computational domain is 

taken a 10 x 10 chord length square region and a imiform rectangular mesh is 

used. The number of grid points used have been 21 x 21, 41 x 41 and 51 x 51 

(see Figure 4.2). The grid points are used only in the iteration for nonuniform 

shear flow. For the 10 x 10 chord length computational domain,the diff"erence in 

computed values of C/ for a grid number of 21 x 21 and for 41 x 41 is less than 

1.5%. However,the grid number of41 x 41 has been the primary grid size used in 

the present study. 

Subroutines TRACORD and TRANXY are used for determining the trans 

formed coordinates with respect to local coordinates. These local coordinates are 

substituted into the Equations (3.40) and (3.43) for calculating the coefficient 

matrix and DJ^-. The formula for the transformation is: 

Xi = cos{6i)(x-x,o)+sin{Oi)(z-Zio) 

Zi = -sin(6i)(x-Xio)+cos{di)(z-Zio) (4.6) 

where 9 is the panel orientation angle and Xjo and Zio are the origin of each local 

coordinate(see Figure 3.9 page 64 ). 

After all the geometrical quantities have been determined, the onset velocity 

is calculated based on the control parameter IFLOW the value of which selects 

various subroutines such as: 



so 

z 

i 
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10 

Figure 4.2. Computational domain for iterating the forcing term. 
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IFLOW = 1, call subroutine UNISFL 

2, call subroutine UNISFL 

3, call subroutine EXPSFL 

4, call subroutine JAWSFL 

Again the parameter IFLOW is input by NAMELIST in AIRFOIL.DAT. 

The sub-program JAWS is special for the JAWS wind shear data set. The 

JAWS wind shear data set provides three wind speed components: longitudinal, 

latitudinal, and vertical, at each grid point, which axe on a 500/t x 500ft spacing. 

For two-dimensional calculations, a corridor (or vertical plane through the mi-

croburst flow fleld) of grid point wind speeds from the JAWS data,5AU1847AB. 

COR [5], is used. The wind velocity at a specific point is calculated from each 

grid point of this corridor by area-weighted interpolation. 

> (bJ =l,4) (4.7) 

where Wp is the wind velocity at any point p of this corridor and Wi is the input 

wind velocity at the four corners of each computational domain which is 50 x 50 

referenced to the airfoil chord length. Because the JAWS wind fleld is taken 

500/t X 500/t, the airfoil chord length is fixed to 10ft long. The areas Ai to A4 

are the areas diagonal opposite to the comer points 1 to 4. 

In sub-program LEQN,the subroutine COEF calculates the coefficient ma 

trices for the somce and the vortex. Equations (3.40) and (3.43) are the expres 

sions for the coefficient matrices of the normal components of perturbed veloci 

ties. Equation (3.48) shows the relationship between the coefficient matrices of 

the normal and the tangential components of perturbed velocities. Algorithms for 

calculating these expressions are programmed in the subroutine COEF. 
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The Kutta condition is based on Criterion (2) page 26, which requires the 

surface pressures(velocity magnitudes)on the upper and lower surfaces to have 

a common value. The Kutta condition is imposed by replacing the last row of 

the normal coefficient matrix, DJ^-,for the vortex by the following expression(see 

Figure 4.3 ). 

Oi +E V.(log(r.,)) dlj-ES^ '"i 

-Cjo) <'■5^] -(-'i) 
Om + E ̂ ^ V„(log(r„,)) dl, - E i- _( dlj 

X (Jir ~ M <^■'1] ■ ('«) 
such that 

E + D'li) ^ = 
j 

Oi • "-1 

+'^0m ■ tM + ^ ~ ^ (J^ J ~ C»°) (4.8) 

The subroutines RHSl and RHS2 calculate — Vq, • nj and — Vo„ ■ Hj respec 

tively. The subroutine RHS2 implements V,- x [i/(27r) /log(r)(Cj, - Cyo) ds] • 

for calculating nonlinear shear flow problems by calling sub-function RESL. The 

area integral is calculated by calling the bicubic spline quadrature DBCQDU from 

International Mathematical and Statistical Libraries ( IMSL ). The matrix in 

versions of Equations (3.36) and (3.37) are calculated by calling LINV2F from 

IMSL, which has the featmes: row equilibration, partial pivoting, and iterative 

improvement. Once the inverse matrices are obtained the singularity strengths a 
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Figure 4.3. Two reaxmost panels on the airfoil for imposing 
Kutta condition. 
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and7can be calculated by multiplying the inverse matrices with R,i(= —Voj•iij) 

and Ri2(= -Vo„ • + Vj x [i/(27r)J^flog(r)((y - Cj,o) • fij), with excep 

tion of the Rm2 element which is given by the right-hand-side of Equation (4.8), 

respectively. 

Based on the calculated singularity strengths a and 7,the velocity and vortic-

ity fields are updated in sub-program FIELD. First, the velocity field is updated 

in subroutine VELFLD by summing the onset velocity field and the perturbed 

velocity field as follows: 

V=V,+I(-)+D(^) 

X ^J -Cyo) ds^ (4.9) 
where I and D are the second order tensors(square matrices)and a and 7 are 

the column vectors of the strength of each panel. 

In solving for 7 in Equa^on (3.37), an iteration procedure is needed. First, 

it is assumed that C equals (o which causes the surface integral (see Equation 

(3.35)) to be zero. The first iterative step is carried out and initial values of a 

and 7 are calculated. These values are then used to determine the velocity field 

and stream function in order to update the vorticity field in subroutine VORFLD. 

The vorticity field is updated by tracing the stream function far upstream in order 

to satisfy the vorticity transport equation. The present vorticity value at each 

grid point is determined by searching for the equivalent stream function value far 

upstream. The onset vorticity value with the equivalent stream function value is 

used as the present vorticity value. A similar approach is also used by Chow et al 

[18] and van der Vooren and Labrujere [20]. 

The onset vorticity Co is calciilated from Co = dv/dx — du/dy. Fourth order 

accurate finite differencing schemes [53] are applied to calculate the vorticity Co, 
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for example, 

^fi — ~^ -^'-1 "'■ ^ -^'+1 ~ fi+2) (4.10a) 

for central differencing and 

^fi — •^'+1 ~ •^'+2 + /«+3 — 3 fi+i) (4.106) 

for one-sided differencing. The accuracy of the above finite difference techniques 

is /i^ where h is the grid size. Typically 0.2 < h < 0.5 hence the accuracy is on 

the order of 5 x 10""^. 

Subroutines STREAM and STFN are designed for calculating the stagnation 

stream function and the stream function at each grid point respectively. The 

formula for calculating the stream function is given by Equation (4.1) ( also see 

Figure 4.4 ), where Xref and j/re/ are the reference coordinate, and, V're/ equals 

zero in the lower left corner of the grid. The line integrals in Equation (4.1) are 

calculated by calling the cubic spline quadrature DCSQDU from the IMSL. 

At last the criterion for checking convergence is Max{A'y) within ±10""*. 

Originally a convergence criterion of Max(A'y) < ±10~® was used for the calcula 

tion, however, the converged results were equal within at least 4 to 5 decimal for 

either criterion, therefore Max{A'y) < ±10"^ was used for the remainder of the 

study. Usually the iteration scheme converges in less than ten iterations. 

Once the iteration converges, the sub-program FORCE is called by the MAIN 

program to calculate the aerodynamic coefficients Cp, Ci, and Cm- Again the nu 

merical integration of the pressure distribution ( from Bemoulh Equation, Equa 

tion (2.9) ) along the airfoil surface is done by calling the cubic spline quadrature 

DCSQDU from the IMSL. Finally the subroutine OUTPUT outputs results to the 

output file AIRFOIL.OUT. 
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Vs 
Stagnation 
Streamline 

iPref = 0 
(xref» yref) 

Figure 4.4. Illustration of integrating the stream function. 
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The calculation for nonpotential flow problems requires about 1.5 X 10 ^ sec 

per iteration per grid point or panel on a VAX-11/785. The CPU times required 

for finite difference which solve formulations such as given by Chaderjian et al. 

[41] and Rao et al. [42], are 1 x 10 ® sec and 5 x 10"® sec per iteration per grid 

point respectively on a CRAY XMP vector processor. It should be noted that 

because the VAX-11/785 is 100 times slower than the CRAY XMP,and because 

the present program is intended for method validation and has not been optimized, 

the calculations do not show any adveintage in CPU time. 
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CHAPTER V 

RESULTS AND DISCUSSION 

In this chapter the calculated results using the present method are presented 

and compared with theoretical solutions such as two-dimensional uniform shear 

and two-dimensional nonuniform shear flows. Also comparisons with other nu 

merical results based on either finite-difference or finite-element method are made. 

Final results from studies of downdraft and microburst wind shear effects on two-

dimensional airfoils are presented. 

A.TWO-DIMENSIONAL UNIFORM SHEAR FLOW 

For a two-dimensional linear shear flow,the onset vorticity is constant every 

whereinside the domain and there is no vortex stretching. Therefore the perturbed 

vorticity C'(= C ~ Co) is identically zero such that the forcing term in Equation 

(3.9) is also zero. Thus,no iteration is necessary for two-dimensional linear shear 

flow. Tsien [10] attacked the linear shear flow problem depicted in Figure 5.1 ana 

lytically. Figures 5.2 and 5.3 compare Tsien's theoretical results with the present 

numerical calculations. Figure 5.2 shows the variation of lift with onset vortic 

ity for a symmetric Joukowski airfoil at zero angle of attack. The computational 

model begins to departsfrom the theoretical model with increasing values of| |. 

According to thin airfoil theory, only camber and angle of attack cause hft in 

uniform flow. Since angle of attack and chamber are zero for the airfoil analyzed 

in Figure 5.2, the effect of the onset vorticity in nontmiform flow produces the 

induced lift. 

Figure 5.2 shows that: for a symmetric airfoil at zero angle of attack, Ci is 

linearly proportional to the onset vorticity This relationship can befound from 
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X,Y Pressure Forces 

U(y) = Uo(l + K^) 

il 

■1 

Figure 5.1. A symmetric Joukowski airfoil in stream 
with uniform shear. 
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Figtire 5.2. Lift vs onset vorticity for zero angle of attack, 
Co =-K. 
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T 
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T 
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Figure 5.3. Lift vs angle of attack for various uniform shear, 
Co =-K. 
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Tsien's [10] Equation (60), i.e. : 

Ci= 2'k[Io sina+K(li +l2Cos2a)+ 

(Issina+/45m3a)] (5.1) 

where Ig, h, h, h and U are the constants related to the geometry of the airfoil 

and K= —(^o- At zero angle of attack(a=0)lift becomes lineaxly related to the 

shear, i.e. : 

C/= 27r K {Ji +I2) (5-2) 

This is consistent with two-dimensional tmiform flow in that the Kutta-Joukowski 

theorem predicts 

L= pUoT (5.3) 

which indicates that lift is linearly proportional to the boimd vortex circulation F. 

The present calculation also gives a linear variation but has a 12% steeper slope. 

The diff'erence may be due to the numerical model for example, the panels at the 

trailing edge cannot simulate the cusped trailing edge as well as the theoretical 

model,that may induce large numerical error. Although the theoretical derivation 

shows a linear relationship there is presently no physical interpretation of this 

linear relationship between lift and onset vorticity. 

Figure 5.3 shows a comparison of lift at various angles of attack and values 

of onset vorticity predicted by Tsien's theory with the numerical results of the 

present method. Agreement with Tsien's theory is good for smaller onset vorticity. 

For larger onset vorticity the munerical results depart from the theory by as much 

as 13% at a= 10° and Co = —0.15. Again,this error may be due to the numerical 

( panel)model itself. According to thin airfoil theory, lift is induced by airfoil 

camber and angle ofattack in uniform flow. Butfor nonuniform flow such as linear 
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shear flow,onset vorticity may induce extra lift if it is in a favorable sense,or vice 

versa(see Figure 5.2 ). The onset vorticity in the same direction as that of the 

bound vorticity is considered as favorable. 

B.TWO-DIMENSIONAL NONUNIFORM SHEAR FLOW 

Figure 5.4 depicts the flow problem of a parabolic onset velocity profile over 

a Joukowski airfoil studied by Jones [12,13]. For nonuniform shear flow,the linear 

relationship. Equation (5.2), mentioned in the last section does not hold. The 

forcing term in Equation (3.9) is not zero because neither the onset vorticity 

(o nor the present vorticity(is constant everywhere inside the computational 

domain. Therefore an iteration is required for nonuniform shear flow. Figure 5.5 

shows the lift coefficient versus the angle of attack with 5 as a parameter defining 

the magnitude of the nonuniform shear. The figure shows that, again, additional 

lift is gained because of the favorable onset vorticity. The resiilts obtained by 

Jones [12,13] can only be considered as small perturbation resiilts because the 

small perturbation assumption is apphed to linearize the governing equation as 

mentioned in Chapter 1. The present result agrees within 12% at a = 10° with 

Jones'small perturbation result for the case considered. 

Another example of the influence of shear flow is the interference effect of 

propellers on an airfoil. It is usually assiimed that the disturbance of an airfoil on 

the jet stream behind the propeller is small. Chow et al[18] and van der Vooren 

and Labrujere[20] use finite-difference and finite element methods respectively to 

solve this problem. In order to compare the present method with Chow et al, van 

der Vooren and Labrujere's results, the scalar/vector potential panel method was 

applied to an airfoil submerged in a free stream with a Gaussian onset velocity 

profile as shown in Figure 5.6. 
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i 

y 

« / 

\ 

V U(y) = U 1 + 

Figure 5.4. Theoretical modelfor a cambered Joukowski airfoil 
in stream with nonuniform shear [55]. 
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Jones [12] 
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Cjl 

1.00 -

0.50 

0.00 
2.00 6.00 10.00 

a (degrees) 

Figure 5.5. Lift vs angle of attack for nonimifonn shear with q =0.02, 
the parameter of parabolic nonuniform flow 
(100 panels on a cambered-Joukowski airfoil ). 
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u(y) 

U(y 

Figure 5.6. A cambered Joukowski airfoil in a stream with a 
Gaussian upstream wind profile, [IS]. 
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Figure 4.2 page 80 depicts the computational domain for iteration of the 

voliune integral (area integral in two-dimensional flow). The present algorithm 

utilizes a rectangular mesh for the iteration and chord length as the reference 

length for normalizing the grid. This square computational domain (10 x 10)is 

wider but not as long as the strip-type computational domain (36 x 6.4) used 

by Chow et al and van der Vooren. For uniform flow, an analytical solution 

can be obtained and is used to justify the present result and van der Vooren's 

result. Figure 5.7 compares the present calculation with the analytical solution 

and finite element solution respectively [20]. Van der Vooren's calculation tends to 

overestimated the analytical result, whereas,the present calculation is very close to 

the analytical solution. The present method predicts C/ within 0.4% of the exact 

solution while the finite element method is only within 4.3%. The overestimation 

may be due to fictitous "wall effect" caused by the slender computational domain 

used in the finite element method. Figures 5.8 - 5.10 compare the scalar/vector 

panel method results with Chow et al and van der Vooren's results for different 

magnitudes of Gaussian shear flow. The general form of the velocity profile is 

U{y)=1+a exp(—y^f(P)where the parameter a represents the difference between 

the maximum velocity and the constant value i.e. Uo(y = H)= 1, and the 

parameter d represents the spread of the velocity nonuniformity. The Ci values 

of the present. Chow et al, van der Vooren and Labrujere's results are included 

in the figures. The fictitious "wall effect" observed in Figure 5.7 is not very clear 

in Figures 5.8, 5.9 and 5.10 which are for various Gaussian shear flows. Because 

the Ci values from the present computation are now very close to, from 0.5% to 

2.61%, Chow et al and van der Vooren's results. The C/ values of Figures 5.9 and 

5.10 are lower than their results, but Ci value of Figure 5.8 is slight higher(2%). 
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o Finite Element Method [20] Cl = 0.728 

(308 elements) 
A Finite Element Method [20] Cl = 0.725 
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Present Method (100 panels) Cl = 0.692 

Figtire 5.7. Pressure distribution of an airfoil in uniform flow, 
■C7(y) = Uo. 
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-3 •• 

l.C 
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Finite Difference Method [18] Cl = 2.50 
Finite Element Method [20] Cl = 2.50 
Present Method (100 panels) Cl = 2.55 

= 0.85 Uq
max9y 

Figrire 5.8. Pressiire distribution of an airfoil in nonuniform stream, 
2 

U'(y)=1/0(1+e~^ ), Uo reference velocity. 
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Figure 5.9. Pressure distribution of an airfoil in nonuniform stream, 
U{y)= Uoil+2e-y"). 
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dU 

ay max = 1-72 Uo 

Figiire 5.10. Pressiire distribution of an airfoil in nonuniform stream, 
U(y)= Uoil+ 
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Experimental or other numerical results axe needed to justify the present results 

and Chow ei al and van der Vooren's results. 

Figure 5.11 shows the pressure distribution for three different onset flows, 

uniform, linear, and nonlinear. In comparing the effects of different shear profiles 

on the lift a common velocity reference values is difficult to define. It is argues 

herein that Uo should be the mean velocity which corresponds to the equivalent 

momentum in each profile i.e. 

U,= \ U\y)dy/L
y-Li2 

It is observed that the Cp distributions in Figure 5.11 for the three different onset 

flows are about the same if the dynamic pressure pU{yooY is used to nondimen-

sionalize the pressure distribution. Based on the dynamic pressure pU{yoo)^12, 

the C/ values for uniform,linear and nonlinear shear flows are 0.6921, 0.7374 and 

0.7290 respectively, which axe also very close values. But, the pressure forces for 

the three different onset flows axe quite different because U{yoo) values for imi-

form, linear and nonlineax sheax flows axe 6.0, 5.26 and 13.17 respectively. That 

means the nonlineax onset flow induces the highest lift and uniform has the lowest 

lift because L — Ci pU'^iyoo) c/2. 

A similar analysis was carried-out which compared shear profiles on an equiv 

alent mass bases, i.e. 
rL/2 

Uo= / U{y)dy/L
J-LI2 

The result is shown in Figure 5.12. The values of Ci for the uniform,linear shear 

and exponential sheax in this case are 0.6921, 0.7317 and 0.7420( if based on 

pU{y00^/2 ), respectively. Again, the exponential sheax flow with the strongest 

onset vorticity has the highest lift. 
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The present method does not incm fictitious wall effects because the compu 

tational domain is wider than that of Chow and van der Vooren,and also because 

the influences due to the domain is indirect. For both the finite-difference and 

the finite-element method all the grid points in the computational domain need to 

be calculated directly. But for the scalar/vector potential panel method only the 

scalar and vector potentials on the body surface need to be calculated directly. 

The flow properties(such as velocity)on the grid points will only be updated 

by the perturbation of the scalar and vector potentials. These features of the 

scalar/vector potential panel method make it possible to do a preliminary calcula 

tion of a three-dimensional flow problem on a relatively small and slow computer 

system such as VAX-11/785. 

C. TWO-DIMENSIONAL DOWNDRAFTS 

In this section the influence of a downdreift on the lift of an airfoil is studied. 

The microburst wind fields are severe downdrafts accompanied by intense outflows 

and thus an understanding of the downdraft effect on airfoil lift is important. 

Figure 5.13 shows the influences of downdraft on a camber Joukowski airfoil for 

a uniform onset flow with three different kinds of downdraft: uniform, linear 

shear and nonlinear(cosine)shear. Ci values decrease from 0.6921 to —0.2768 

,-0.4468 and -0.5470 respectively where pU'^{yoo)is the dynamic pressure used to 

nondimensionalize the lift. The major cause of the reduction is primarily effective 

decrease in the angle of attack. The concept of angle of attack however loses 

its meaning in nonuniform flow, because the angle of attack varies from point to 

point around airfoil. The angle of attack in the present study is general achieved 

by rotating the onset flow at each grid point in the flow field(see section D ). 

This is equivalent to rotating the airfoil relative to the onset flow field. For the 
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downdraft study no angle of attack was imposed other than occurring due to 

variations in the flow fleld. A similar decrease in C; is shown in Figure 5.14, in 

which the downdraft flow shears in the reversed sense from that of Figure 5.13. 

Both results use a velocity profile with a common mass flow rate as a reference 

criterion. This criterion will induce stronger downdraft shear than that based on 

a common momentum profile. 

The interesting thing is that the value of Ci in Figure 5.14 does not decrease 

as much as that in Figure 5.13. Ci drops from 0.6921 to -0.2768, -0.1067 and 

—0.1675 respectively in Figure 5.14. This phenomenon is contradictory to the 

previously stated concept that for onset vorticity in the same direction as that of 

the bound vorticity, a positive contribution is made to C;. This is true for the 

onset shear flow without downdraft shown in Figure 5.11, but from the results 

in Figures 5.13 and 5.14, the effect is reversed. A theoretical explanation of the 

fact that downdraft induced vorticity with a conceptually unfavorable direction 

having less drop in Ci than a favorable vorticity is not readily available. The 

common and straightforward concept from tmiform onset flow can be applied to 

nontmiform onset flow without downdrafts(Figure 5.11 and 5.12) but in this case 

not to the imiform flow with downdrafts (Figure 5.13 and 5.14). This probably 

occurs because in the latter case the lift is influenced by both the local angle of 

attack and the onset vorticity, whereas in the former case probably just the onset 

vorticity influences the Hft (i.e. at the center of the flow fleld). As an estimate the 

local angle ofattack in Figure 5.13 and 5.14 is — 13°. Since angle ofattack changes 

from point to point, it is hard to separate the contribution to lift from angle of 

attack and that from vorticity. In Figure 5.13 and 5.14, the Cp distribution uses 

pU^iVoo) as reference dynamic pressure which is believed by Chow et al [18] to 

isolate the effect of shear. The I7(yoo) values for three different downdrafts 
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(uniform, linear shear and nonlinear shear) in Figure 5.13 are 6.059, 6.000 and 

6.000 respectively(Note: U{y^)= +V^{-b,y)unless the streamline 

moves to the upper boundary which was apparently not the case here). The U{yoo) 

values in Figure 5.14 are 6.059,6.277 and 6.433 respectively. 

D.A TWO-DIMENSIONAL AIRFOIL IN JAWS WIND SHEAR 

The forgoing results are obtained for simple forms of nonimiform approach 

flow. In order to investigate the influence of more realistic wind shears, measured 

datafrom the JAWS(Joint Airport Weather Studies)program [5] was input to the 

present calculation procedure. The JAWS wind shear data set provided the three 

wind speed components: longitudinal, latitudinal, and vertical, at each point of a 

492 ft X 492 ft grid. The wind speed employed in the calculation was obtained by 

applying an area-weighted interpolation between grid points. Ten stations along 

a corridor of the Jaws data set were selected(see Figure 5.15)and the C/ and 

Cm ofthe airfoil with flxed attitude were calculated at each station. Quasi-steady 

state was assumed at each station. 

The calculated forces will be quite different from those associated with the 

actual dynamic flight with transient effects and ofa complete aircraft with fuselage 

and tail, but still interesting results can be observed from the airfoil model alone. 

Figure 5.16(a)and(b)showsthat the C/and Cm variations,referenced to absolute 

airfoil velocity,for four different altitudes, 250 ft, 750 ft, 1250 ft and 1750 ft. For 

very large aircraft, groimd effect will become important when the altitude is lower 

than 250 ft. The groimd effect is not included in the present model however it 

would not be hard to implement the ground effect into the present model. Figure 

5.17(a) and (b)shows similar calculations except at a different angle of attack. 

As mentioned in the last section, the angle of attack is defined as rotating the 
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(a)Lift coefficient. 
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(b)Moment coefficient. 

Figure 5.16. Lift and moment variations of an airfoil in JAWS wind shear 
for four different altitudes(a=0°, Vair =lOOm/s 
= I94.2kts.,5AU1847AB.COR ). 
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(a)Lift coefficient. 
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(b)Moment coefficient. 

Figure 5.17. Lift cind moment variations of an airfoil in JAWS wind shear 
for four different altitudes{ a — 5°, Vaw=lOOm/s 
= 194.2A:ts.,5AU1847AB.COR ). 



113 

onset flow relative to the airfoil. Because the local angle of attack is different from 

point to point in the nonuniform flow field. It is observed that C\ drops around 

20% - 60% for different altitudes and that C'^ has a strong nose-up tendency, 

when passing the center of the downburst. This loss of lift, and nose-up pitch are 

a direct consequence of the downdraft and the increase in tailwind that occur as 

the airfoil emergesfrom the downburst. For an aircraft in its landing configuration 

(high incidence and large flap deflection)such a rapid change offorce and moment 

is difficult to control (partly due to the slow response of the aircraft to increase 

engine power in this configuration), plaeing the aircraft in a hazardous condition. 

However,the above observations can also befound from early investigations based 

on the point mass and uniform flow assumptions. That means the wind shear 

effect is insignificant in the present calculation by using the JAWS wind field 

data. Only the strong downdraft effect, or reducing the local angle of attack, is 

shown. In order to further investigate the wind shear effects, a comparison of 

the Ci variations between a nonimiform flow model,a imiform flow model and an 

empirical model is shown in Figure 5.18. The wind field velocity at the center of 

the computational domain(see Figure 4.2 page 80)is calculated by interpolating 

the measiured JAWS wind field data at four comers and then is input into the 

computer program for the uniform flow model. Additionally results generated 

from empirical design equations for uniform flow are also included in the Figure 

5.18. These equations axe based on a computational and empirical model from a 

commercial airline company computer code for lift and drag. From Figure 5.18 

the two-dimensional results are basically similar to the three-dimensional empirical 

results. The differences between the two-dimensional nonuniform(i.e. with wind 

shear)and uniform(i.e. without wind shear)flows are the effects of wind shear 
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□ 2D Nonuniform Flow 
^ 2D Uniform Flow 
O 3D Uniform Flow (A/C) 
V 3D Uniform Flow (wing) 

O 

-40000 -20000 20000 40000 

Figure 5.18. Comparison of present model ( w. & w/o wind shear )
with empirical model ( 250 ft. a = 0" ). 
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over the airfoil(i.e. the area integration in the flow fleld domain ). Figure 5.18 

shows that the contribution ofthe area integral due to the JAWS wind shear data 

is insignificant. 

A number ofreasonsfor the wind shear effects not being significant are readily-

apparent. The majdmum onset vorticity of the JAWS wind fleld data is of the 

order of 10"^ which is a very small number. Besides the JAWS wind field data 

(no larger than 20 kts)is small compared to the air speed(almost 200 kts ). 

Based on the above reasons,it is clear why the difference between the two inviscid 

models(with or without wind shear)is small. Although the present method has 

all the ad-vantages as described before, it is still an inviscid model which can not 

predict the viscous effects such as flow separation and viscous drag. It is believed 

that for such a strong downdrafts viscous effects should be a vital factor and the 

flow separation phenomenon may be crucial in the present problem. However,the 

present method is still very helpful for the preliminary design and study of the 

wind shear effects. The calculated Ci and Cm coefficients can be used to analyze 

an airfoil in a quasi-steady simulated flight through JAWS microburst. 



116 

CHAPTER VI 

CONCLUSION 

A recent innovation in aerodynamic calculation techniques is a formulation 

for the velocity field based upon scalar and vector potentials(Stokes-Helmholtz 

decomposition technique ). This technique is presented and implemented into 

the panel method such that it is able to solve not only irrotational flow but also 

rotational flow. The application of interest is to two-dimensional airfoils moving 

into a nonuniform approach flow. 

The present method also has general applicability to many other areas such 

as airfoils in various uniform or nonuniform shear flows,and the comparisons with 

theoretical and small perturbation theories [10-13], or finite-difFerence [18] and 

flnite-element [20] methods are also good. More specifically, the preceding cal 

culation results reveal that the present formulation has the following advantages; 

(1)It can be used for different kinds of airfoil shape,including symmetric or cam 

bered, Joukowski or NACA-4 digit, with or without cusped trailing edge. (2) It 

can work with various onset velocity profiles without restriction to small distur 

bances.(3)It can simulate the infinite space,in good agreement with the solutions 

of finite-difFerence [18] or finite-element [20] methods. 

An innovation to the panel method consisted of splitting the onset velocity 

into two components(see Figure 2.9 page 32)one along the zero-lift line and one 

perpendicular to the zero-lift line. This approach provided a stable and efficient 

way to solve airfoils with cusped trailing edge using thelower-order panel methods. 

The inappropriateness of using higher-order panel methods and of imposing an 

artificial vorticity distributor for airfoils with cusped trailing edge, as suggested 

by Hess [46], is also explained. The coefficient matrix(i.e. the left-hand-side)of 



117 

the system of equations is normally thought to be the most sensitive part of the 

analysis when solving the system ofequations. This is true for either direct matrix 

inversion or for any other elimination procedures. It is believed that this idea led 

most researchers in the 1970s to raise the order of the panel method in order to 

adjust the coefficient matrix to attain a numerically superior form. However it is 

shown(see Chapter II, on the basis ofeigensystem analyses, Equation 2.23)that 

the influence of the right-hand-side of the system of equations is also crucial. If 

the eigenvalues are widely spaced,any small change ofthe right-hand-side such 

as to otj and will be magnified by either A,- or 1/Aj, which can lead to large 

errors. 

The present study demonstrates the same hazard to flight in microbursts as 

reported elsewhere, but it is concluded that the shear distribution over the airfoil 

dose not significantly effect the aerodynamic coefficients. The present method 

indicates that only the decrease of the effective angle of attack is an important 

factor. However,in a wind field with intense downdrafts, viscous effects and flow 

separation could also be crucial. 

The present inviscid model is shown to be an effective tool for preliminary 

studies of the wind shear effects on aerodynamic coefficients. It cannot however 

predict viscous effects and flow separation phenomena. Moreover the model only 

investigates two-dimensional flow effects. It is expected that the shear over a 

three-dimensional airfoil in the spanwise direction will have a much more profound 

influence on lift and particularly rolling moment. The formulation of the three-

dimensional scalar/vector potential solution is developed. It is recommended that 

the computer algorithm be programmed and analysis of wind shear be extended 

to include spanwise variations 
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APPENDIX A 

THE RELATIONSHIP BETWEEN DOUBLET AND VORTEX SHEETS 

This appendix develops the relationship between a doublet and vortex sheets 

and demonstrates that for a closed surface a distribution of doublets can be re 

placed with a vortex sheet. The derivations basically follow Reference [45]. Con 

sider a surface Sin space bounded by a closed curve C(see Figme A.l ). If5is 

a closed surface,C vanishes. At any point (x,,,j/o,Zo)on S the unit normal vector 

is n, and at any point on C the unit tangent vector is t. The vector between the 

point {xojUoi^o) and a general point(x,y,z)in space is denoted r, where 

r={x-Xo)i+(y-Vo)j+(z-Zo)k (A.l) 

r 1= \/(x-Xo)2+{y- yo)"^ +(2-Zo)"^ (A.2) 

The gradient operator Vj,is used to denote that derivatives with respect to(x,y,z) 

and is with respect to (xo,yo,Zo)-

According to Biot-Savart law the velocity at(x,y,z)due to a vortex filament 

of variable strength F lying along any curve C is given by: 

f t XTV=j^—Tds (A.3) 
where s denotes the axe length along C. If the velocity due to the vortex filament 

with the strength F equivalent to the doublet strength ^on a closed curve C,then 

Equation(A.3)can be expressed as 

/ t X r ,
Vr= — n d s (A.4) 

Theexpressionfor the velocity due to a vortex sheet can be obtainedfrom Equation 

(A.4)by writing the vector vortex strength7=Ft so that Equation(A.3)becomes 

V= (-4.5) 
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(x, y, z) 

(Xo» Yo* ^0' 

ds = ds t 

Figure A.l. Notation for a general surface. 
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Now simply redefine7 as a surface density instead of a linear density and rewrite 

Equation(A.5)to a surface integral over S. This gives the velocity at any point 

{x,y,z) due to a vortex distribution of strength 7on 5as 

V.7./^" »■•> 
where dS is an elemental surface area on S. From the theorem of Hess [45] the 
particular vortex strength can be expressed as 7 = -n x then Equation 

(A.6) can be rewritten as 

- f f (nx Vi u) X r , „ 

or 

v,=-^y rf s (/t.8) 
The velocity potential of a doublet sheet is 

r 

n- r 

(A.9)^3 

where n is the unit vector along the axis of the doublet, and in this application 
the axis is along the normal vector to S. Therefore the velocity due to the doublet 
IS 

Vd = V<^, = V(-^)
ri 

= ^V(a.r)-(n.f)V(l) (AlO) 
Equation (A. 10) can be fiurther expressed as 

V, = ^(5.V)f-(S.f)V(l) 
= -^ + 3i5-r^ (All) 
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Thus,the velocity at any point p(x,y,z)due to a normal doublet distribution of 

strength // on 5is 

jjL d S (A12)V,-LI 
The proof of the theorem stated in Chapter II(see page 20)consists ofshowing 

that V(i from Equation (A.12) equals the sum of Vp from Equation (A.4) and 

~^ifrom Equation (A.8). This can be done as follows; (1) Write out the line 
integral Equation (A.4)in terms of components. (2) Apply the Stokes' theorem 

to each component separately to obtain surface integrals over 5. (3) Manipulate 

the result to obtain the expected equality. 

The details of the proof are shown in the following paragraphs. For a point 

q on the curve C(xo,yo,Zo) are functions of the arc length s along a curve. The 

unit tangent vector to C is 

^ dxp t dyg j dzg s-
(A.13) 

Take the cross product with r from Equation(A.l)and substitute the result into 

Equation(A.4)such that 

Jc. r3 

Z Zq j X XQ -
+JiJ A' 3 d Xq "I" jJ- r d Zq

Jc 

.y-Vo , x-xo ,
+kL f^-r- dxo-// ^d yQ 

(A.14) 
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The Stokes theorem in component form is 

/ [P dxo -{-Q dyo-\-R dzo]= 
Jc 

dR dQ. ^.dP OR. ^.dQ aP. 
d S (A15)V p—:^)"1+(:3—;5—)"2+(-^—LI _ dyo ozo ozo oxo dxo dyo 

where 

n=ni i 4- n2j+na k 

Apply the Stokes'theorem to each component of Equation(A.14)so that 

X-Xo 

1 , o y-yo^+3fj. —)ni 
dye 

+{z-Zo) +3fx^ )na} d S 
V dyo 

, o+k^y"{(x -Xo)(1 

+(y-vo) «2 

+(y-yo)(;^|;+3,?^)-^ln,).iS 
(A.16) 

https://3,?^)-^ln,).iS
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After lengthy algebraic manipulations, Equation(A.16)can be expressed as 

dS 

Finally,from Equations(A.8)and(A.12), the following equality is proven. 

Vr=Vd-V, (A.18). 

If5is a closed surface, such as an airfoil, then F=0 and Vr =0 hence the 

velocity due to a vortex sheet 7is equal to that of a doublet distribution, //. 
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APPENDIX B 

THE SINGULARITY TREATMENT AND LOCATION OF CONTROL POINT 

In this Appendix the treatment ofthe singularity for a two-dimensional source 

and vortex is described along with the location of the panel control point for an 

accurate solution. 

(1)The Singularity 

The singularity problem arises when|r(p,?)|-»- 0 resulting in ln(r(p,q))or0, 

or alternately stated the value of either or becoming indefinite for i =j. 

The proper value of these coefficients can be determined by a careful integration 

as follows. 

Consider 1"^- for i =j,i.e. the matrix coefficient for the, u, pertmbed velocity 

normal to the ith panel due to the source distribution cr,- on the panel itself. Let 

rij= yj{xi- XjY+{zi-ZjY {B.l) 

and 

fij = cos{0i) i+sin(/3i) k 

=-sin(6i)i -I- cos(Oi) k (-S.2) 

where /? and 0 are defined in Figure 3.7 page 60. Since (xi,Zi) and (xj,Zj) are 

both on panel i, they can be expressed as(see Figure B.l(a)) 

Xi . , . 

(B.3) 

and 

I Xi\ ̂ (/ .qSjXj \ \ 
(R.4) 
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Zi. e-

(xo» ^o)/^(xi» z^) 

Xj' 

Xi. e-

z. k 

X, 1 

(a) 

z, e-

(Xi, Zi) 
By-pass path 

01 

X, e-
z, R (xj» zj) 

X, 1 

(b) 

Figiire B.l. Illustration of the path along the panel and 
the by-pass integration curve. 
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where {xi,Zi) and ixj,Zj) are transformed coordinates with respect to the local 

coordinate on the Hh panel and sj is the dummy variable of integration( for 

example, Equation (3.38) ). The transformed imit vectors for (i,k)and the local 

normal fii are as follows: 

i = cos(di) Cj-sin{Oi) ej {B.5a) 

k=sin(6i) ex +cos(6i) {B.5b) 

Hi=ej {B.5c) 

The integrand of the source distribution can be transformed as follows: 

•( —sin(6i) i+cos(^i)k) 

r/ \ Sj^cosfOj^=[(cos(ffi)ex -s^n(0i)e^) — 
(^5j' SjJ 

(szn{ei) +cos{9i)e2)̂  ^ 
l*®! ^j) 

=( h 0)• 
Si — Sj 

=0 (5.6) 

for any point on panel i except sj= Si. This means that the source distribution 

for Sj ̂ Sj on the same panel i heis no contribution on the perturbed velocity 

normal to the panel i nor the singularity problem. The integration for the point 

Si =Sj can be treated as follows. The singularity is excluded by integrating along 

a infinitely small by-pass as shown in Figure B.l(b)such that 



 � 
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Therefore from Equation B.3 

Xi — Xj\ _ _ /cos(6i+di) 
(B.9)Zi-Zj)~ ^ \sinl6i+9i) 

Substitute Equation(B.9)into the relationship 

In(ri^))=|-(ln(r,-i)) 
=117 +(Xi-Zj)2+(zi-ZjY {xi-XjY+(zj-Zj)2 

=[{cos(9i)ei-3in{9i)e-,) c , ^ ^^2+ 
{ecos{8i+9i)y+{esin{8i+9i)y 

{ ' tQ \ I '~~€StTl(Sx "f" 1 A{stn(9i)es,+cos{9i)ei) ^q ̂ ^2 , t tc , ^ ̂^2 ' 
[ecos{8i+9i)y+{esm{8i+9i)Y 

_ -cos{8i) , . -sin{8i)^ , , . ..s -
—(Si f- 05 )• -( cos{8i) e£+sm{8i) 

(fl.lO) 

Therefore 

=J M^ii)d Si 
f° 1 = / i-)ed8i
J—TT ^ 

= TT (-S.ll) 

The singularity treatment for the vortex distribution is similar but easier. 

The integrand of can be transformed as follows: 

^ U -If ^i ~ \1 _ r; —(z,- — Zj) ^ - Xj — Xj _ 
dui Xi-Xj {xi-XjY+(z,--Zj)2 (xi-Xj)2+(zi-ZjY 

=((cos(0i)e,-sin(0,)e,)ziipii)£i^+
[Sj Sjj 

{sin{9i) ki+cos(9i)ei) (■^' ■Sj)cos(^,)j _ . _
[Si Sj) 

= (77^ 
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By Cauchy principal value theorem D"- can be expressed as 

=/'7^
JQ 

=-^"(17^1) (^-13)oi li 

where li is the panel length for ith panel. It may be noted that for s,- = /,/2,D 

equals zero. 

(2)Control Point Location 

From the discussion in the preceding, it is obvious that the location of the 

control point shoiild not be chosen at the center of each panel. The standard 

analysis for the location of the control point for a single vortex located on a 

single panel [51](as in the vortex lattice method)is extendible to a continuous 

distribution of vorticity along that panel. The Joukowski theorem will give 

2 /■'Cl = Tj—J / ■^{s)ds = 27ra (-S.14)
JQ 

the second equality following from slender body theory. Hence 

nVooloc = / 'y{s)ds
Jo 

= 7l (B.15) 

where 7 is constant over each panel. 

To satisfy the boundary condition of no normal velocity at point s on the 

panel, small disturbance theory gives:* 

V a = — ~ 27r J, (s - s') 
= t/tt (B.16) 

* If 7(5) is not a constant then 

" ij-^)7is')ds' = 0/:s-l I S 

is the equivalent condition. 
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from Equation B.15. Hence by integration : 

In =2 (S.17) 
s — I 

but as 0 < 3 < /: 

Inl —)=2 

or 

s exp(2) 

7~ 1+exp(2) (B.18) 
Hence the requirement s/l 0.88. It may be noted from Equation(B.17)that for 

s/l < 0.5 there is no solution since In|s/(s-/)| < 0,that is, the required tangency 

boundary condition cannot be satisfied. There is a fundamental restriction 0.5/ < 

RCP < 1.0/, where RCP is the multiplicative factor(used in the code described 

in Chapter IV - see also Appendix D)on the panel length / to specify the location 

of the control point on the panel. Figure B.2 depicts the influence of different 

choices for the location of the control point. The pressure distribution for RCP= 

0.50/ is a bad solution because Equation(B.17)cannot be satisfied. The pressure 

distribution for RCP=0.60/ is almost identical to that for RCP=0.75/. Figure 

B.3 compares calculations for RCP = 0.6/ and for the estimate RCP = 0.88/. 

Again, there is little difference except near the leading-edge( and this may be 

due to an insufficient number of panels ). It should be noted that this estimate. 

Equation(B.18),is for a single panel. Loss of sensitivity of the precise location of 

the control point is evident for the large number of panels used for the calculations 

herein. RCP=0.6/ is chosen for the present study. 
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A RCP = 0.50 S, 

V RCP = 0.60 Z 

□ RCP = 0.75 A 

6.0 

5.0 ci-

-3.0 -

-2.0 -

1 
-1.0 

0.0 
^59 

Figure B.2. Influence of different choices of the location of 
the control point on NACA 0012 at 10 deg. angle of attack. 
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^ RCP = 0.6 Jl 
y RCP = 0.88i 

-5.0 

-3.0 -

2.0 

-1.0 -

0.5 
2^ 2^ 

x/c 

T^l.O 

Figure B.3. Comparison of the Cp distribution for RCP=0.6/ and 
RCP= 0.88/ on NACA 0012 at 10 deg. angle of attack. 
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APPENDIX C 

THE RELATIONSHIP BETWEEN MATRIX COEFFICIENTS OF THE 

SOURCE AND VORTEX STRENGTHS 

The elements of and in Equations(3.38)and(3.41)are the perturbed 

velocities normalto each panel i due to the source crj and the vortex jjrespectively. 

Now let the elements ofIC and DC be the perturbed velocities tangential to each 

panel i and expressed eis follows: 

I'i = /Vi(logrij)• ti dsj
Jj 

f d= y.^(logry)oi., 
_ f XiCos{9j-6i)-Zisin{dj-dj)-SjCos(6j-Oj) 
Jj (x]+z^)-2xiSj+ 

_[ d+esj , ,. / .N 

Jja^hsj+cs]'^'' 
In Equation (C.l), Xj and Zi are transformed in terms of local coordinates(see 

Equation(3.27)), and 9i and 9j are defined as in Figure 3.9 page 64. The defini 

tions of the quantities a through e are 

a= X • +zf 

b= —2xi 

c=1 

d= XiCos(9j — 9i) — Zisin(9j — 9,) 

e=-cos{9j-9i) (C.2) 

Also 

R=a-\-hsj+cs^ 

A =4ac — 
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For A > 0, 

Ij-2xilj\= -Y(^os{6j-9i)log(1+ ^ xf+z? J 
— sin{9j — 6i) («#;) (C.Sa)

Zi Zi 

and for A=0, 

i!> =^liogWll;+«/-!)[ 
-1 

= —cos{9j-9i)log(1+-A («■ # j) {C.Zb)
xi+zf 

where Ij is the panel length for the jth panel. The singularity treatment for i = j 

can done as Appendix B. 

Similarly, for the influence matrix D'^-, 

D-j = - f ^i(Qij) • tj dsj 

* t j dsj 

-1/ Zi - Z dsJ 
Xi — Xj 

Xisin{dj - 6i) + ZiCos(dj - di) - Sjsin{dj - di) , 
2Ij (x^ + z'f)-2xiSj + sj 

(C.4)J. a+ ^Sj + csj 
where 

a = z • + zf 

b = —2z,' 

c = 1 

d = —Xisin{9j — 9i) — ZiCos(9j — 9i) 

e = sin(9j — 9i) (C.5) 
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For A > 0, 

D',=-^llogWlJ-(.-|)^<an-l^]S 

+cos(9j — 9i) tan i(^J _ ^')-tan (« ¥"j) (C.6a)
Zi Zf 

and for A=0, 

D!,=-^[Iog(B)lS-(<i-^)[;^]J
2c 64- 2csj' 

—1 . .. / l'] — 2xilj\= log(^1+^rpiTj 

By comparing Equation(3.40) with Equation(C.6)and Equation(3.43) with 

Equation(C.3)the following equalities are satisfied, 

=-D" 

=P {C.I) 

which axe equivalent to Equation (3.48). 
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APPENDIX D 

COMPUTER PROGRAM FOR THE TWO-DIMENSIONAL FLOW 
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PROGRAM IDENTIFICATION 
k

■k 

•k PROGRAM NAME : AIRFOIL k 

k
k 

************************************************************************ 
k

* 

k WRITTEN BY JYH-CHYANG ALEX WANG k 

k
k 

k DATE APRIL 10, 1988 k 

k
k 

k NOTE SOLUTION OF THE PROBLEM OF UNIFORM OR k 

k SHEAR FLOW W. OR WO. ANGLE OF ATTACK k 

k PAST AN AIRFOIL BY " NEW SCHEME " k 

k SOURCE & VORTEX PANELS + ITERATIONS k 

k VARIABLE GRIDS AND PANEL # ( EVEN ) k 

k VORTICITY TRANSPORT IMPLEMENTED k 

k
k 

k- USAGE : (1) BREAK COMMON.FIL INTO SUB-FILES k 

k
k 

k (2) FOR/CH FILENAME k 

k
k 

k (3) LINK FILENAME,LIB_IMSL_S/LIB k 

kk 

k (4) RUN FILENAME k 

kk 

k (5) READ INPUT FILE, AIRFOIL.DAT k 

kk 

k (6) WRITE OUTPUT FILE, AIRFOIL.OUT k 

kk 

k (7) DATAl.OUT, DATA FOR AIRFOIL PLOTTING k 

kk 

k (8) DATA3.0UT, DATA FOR CP PLOTTING k 

kk 

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk NOMENCLATURE 
kk 

k IDBL W/O. CROSS FLOW * 
k W. UNIFORM CROSS FLOW * 
k _ W. LINEAR SHEAR CROSS FLOW * 
* 3, W. *VI. EXPONENTIAL SHEAR CROSS FLOW 
* * 

* IDIR = 0, UPDRAFT CROSS FLOW * 
* 1, DOWNDRAFT CROSS FLOW * 
* * 

* lOUT =0, NO OUTPUT * 
* 1, COMPACT OUTPUT * 
* 2 FULL OUTPUT * 
* * 

* ALPHA ANGLE OF ATTACK * 
* 

* ZETAO ONSET VORTICITY * 
* * 

* UYO REFERENCE VELOCITY * 
* * 

************************************A*********************************** 

PARAMETER ( NPAN - 100, NPANl 101, NPAN2 102, NPANHl = 51 ) 
PARAMETER ( NGRID =■ 41, NGlOl 101, NGIOO 100 ) 

INCLUDE ' ANGL.FIL ' 
INCLUDE ' AUXI.FIL ' 
INCLUDE ' CTST.FIL ' 
INCLUDE ' CORD.FIL ' 
INCLUDE ' DBLE.FIL ' 
INCLUDE ' DFWS.FIL ' 
INCLUDE ' JAWS.FIL ' 
INCLUDE ' JOUK.FIL ' 
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INCLUDE'MTRX.FIL' 

INCLUDE'NAC4.FIL' 

INCLUDE'STFN.FIL' 

INCLUDE'VLTY.FIL' 

REAL AA( NPAN ) 

NAMELIST / INPUTl / IFLOW, IDBL, lAIR, lOUT, ALPHA, ZETAO, 
UYO, S, IMAX, ERROR, RCP, IDIR 

NAMELIST / INPUT2 /AM, AP, AT 
NAMELIST / INPUTS / AREF, CREF 
NAMELIST / INPUT4 / AREFl, CREFl, ZETAl, VXO 
NAMELIST / INPUTS / YREF 
NAMELIST / INPUTS / XTOT, YTOT, UCN, VCN, VREF 
NAMELIST / INPUT? / UCNl, VCNl, VREFl 

OPEN( UNIT = 
OPEN( UNIT = 
OPEN( UNIT -
OPEN( UNIT -

10, NAME 
11, NAME 

111, NAME 
113, NAME 

AIRFOIL.DAT 

AIRFOIL.OUT 

DATAl.OUT 

DATA3.0UT 

TYPE 'OLD' ) 
TYPE 'NEW ) 
TYPE 'NEW ) 
TYPE 'NEW ) 

*23456789-123456789-123456789-123456789-123456789-123456789-123456789-12 
* * 

INITIALIZATION ****************************** 

* 

/ CONTROL PARAMETER / * 
* 

IFLOW 1, 
* 2, 
* 3, 

4, 
5 

IDBL 0, 
* 

1, 
2, 
3, 

* 
4, 
5, 

IDIR 0, 
* 

1, 

lAIR 1, 
2, 
3, 

* 4, 
* 5, 

lOUT 0, 

1, 
2 

PI = ACOS( -1.0 ) 
READ ( 10, INPUTl ) 
WRITE( 11, INPUTl ) 

IF( lAIR .EQ. 3 )THEN 
READ ( 10, INPUT2 ) 
WRITE( 11, INPUT2 ) 
END IF 

IF( IFLOW .EQ. 3 )THEN 

* 

UNIFORM FLOW 

LINEAR SHEAR FLOW 

EXPONENTIAL SHEAR FLOW( NONLINEAR 
INPUT JAWS DATA( NONLINEAR ) 
INPUT DFW DATA ( TASS AXISY. WIND 

W/0. CROSS FLOW 
W. UNIFORM CROSS FLOW 

W. LINEAR SHEAR CROSS FLOW 

W. EXPONENTIAL SHEAR CROSS FLOW 
W. COSINE SHEAR CROSS FLOW 

W. SINE SHEAR CROSS FLOW 

UPDRAFT CROSS FLOW 

DOWNDRAFT CROSS FLOW 

NACA 0012 

NACA 2412 

NACA 4 DIGIT( INPUT AM, AP, T ) * 
SYM. JOUKOWSKI(-9.2376D-2,0,1.092376)* 
CAMBERED JOUKOWSKI( -0.05,0.05,0.5 ) * 

* 

NO OUTPUT * 

COMPACT OUTPUT * 

FULL OUTPUT * 
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READ ( 10, INPUTS ) 
WRITE( 11, INPUTS ) 

ELSEIF( IFLOW .EQ. 4 )THEN 
READ ( 10, INPUTS ) 
WRITE( 11, INPUTS ) 
CALL SORT( UCN, VCN, VREF ) 

ELSEIF( IFLOW .EQ. 5 )THEN 
READ ( 10, INPUT? ) 
WRITE( 11, INPUT? ) 
CALL SORT( UCNl, VCNl, VREFl ) 
END IF 

IF( IDBL .NE. 0 )THEN 
READ ( 10, INPUT4 ) 
WRITE( 11, INPUT4 ) 
END IF 

50 
WRITE( 11, 50 ) NPAN, NGRID 
FORMAT( IX, 'NPAN - ', 15, /, IX, 'NGRID = ', 15 ) 

* CONSTRUCT INITIAL CONDITIONS * 

ALPHA - ALPHA * PI / 180.0 
NPANH - NPAN / 2 
NPANH2 =■ NPANH + 2 

CALL 
CALL 
CALL 
CALL 
CALL 
CALL 

SHAPE 
BDYCORD 
PANEL 
CNTCORD 
GRDCORD 
ONSET 

CLOSE( UNIT = 10 ) 

CALL 
CALL 

TRACORD 
COEF 

CALL 
CALL 

INVERSE( 
INVERSE! 

AISTORE, 
DISTORE, 

AINVER 
DINVER 

) 
) 

CALL 
CALL 

RHSl 
LEQINV( AINVER, RHSCl, ASIGAMA ) 

10 ICONT = ICONT + 1 

DO I - 1, NPAN 
AA( I ) - AGAMA( 
END DO 

I ) 

CALL 
CALL 

RHS2( ICONT ) 
LEQINV( DINVER, RHSC2, AGAMA ) 

CALL VELFLD! ICONT ) 

IF( ( IFLOW .GT. 2 
CALL STREAM! ICONT 
CALL VORFLD 

) 
) 

.OR. { IDBL .GT. 2 ) )THEN 
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END IF 

IF( ( IFLOW .LE. 2 ) .AND. ( IDBL .LE. 2 ) ) THEN 
GOTO 100 

ELSEIF( ICONT .GE. IMAX )THEN 
TYPE*,'ITERATIONS OVER IMAX', ICONT 
GOTO 100 

ELSEIF( ICONT .EQ. 1 )THEN 
GOTO 10 

ELSE 

CALL ERRCHK( AA, AGAMA, ERMAX ) 
TYPE*,'ICONT,ERMAX=',ICONT,ERMAX 

END IF 

IF( ERMAX .GT. ERROR )THEN 
GOTO 10 

END IF 

TYPE*,'ITERATION CONVERGES AT',ICONT 

100 CALL PRESUR 

CALL AEROFR 

CALL OUTPUT 

STOP 

END 

SUBROUTINE VELFLD( ICONT )-
************************************************************** 

* * 

* CALCULATE THE PRESENT VELOCITY FIELD : ON THE SURFACE OF THE * 
* AIRFOIL AND IN THE COMPUTATIONAL DOMAIN * 
* * 
******************** NOMEaJCLATURE ****************************** 

* * 

* VS TANGENTIAL SPEED ON THE CONTROL POINT * 
* 

U, V VELOCITY FIELD ON THE CONTROL POINTS 

* UG, VG VELOCITY FIELD IN THE INNER DOMAIN * 

* UOUT, VOUT VELOCITY FIELD IN THE OUTER DOMAIN * 
* * 
****************************************************,,* 

* * 

PARAMETER ( NPAN = 100, NPANl = 101, NPAN2 = 102, NPANHl = 51 ) 
PARAMETER ( NGRID = 41, NGlOl = 101, NGIOO = 100 ) 

INCLUDE'ANGL.FIL' 

INCLUDE'CNST.FIL' 

INCLUDE'CORD.FIL' 
INCLUDE'MTRX.FIL' 

INCLUDE'VLTY.FIL' 

DO I - 1, NPAN 
SUMl -0.0 

SUM2 =0.0 

DO J = 1, NPAN 
SUMl = SUMl + AINTGL2( I, J ) * ASIGAMA( J ) 
SUM2 = SUM2 + DINTGL2( I, J ) * AGAMA( J ) 
END DO 
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IF( ( ( IFLOW .GT. 2 ) .OR. ( IDBL .GT. 2 ) ) .AND. 
1 ( ICONT .GT. 1 ) )THEN 

VS( I ) = U0( I ) * COSINE( I ) + V0( I ) * SINE( I ) + 
1 SUMl + SUM2 + RESLT( I ) 

ELSE 

VS( I ) = U0( I ) * COSINE( I ) + V0( I ) * SINE( I ) + 
1 SUMl + SUM2 

END IF 

U( I ) - VS( I ) * COSINE( I ) 
V( I ) - VS< I ) * SINE( I ) 

END DO 

IF( ( IFLOW .GT. 2 ) .OR. { IDBL .GT. 2 ) )THEN 

DO I - 1, NGRID 
DO J - 1, NGRID 
SUMU - 0.0 

SUMV - 0.0 

DO K - 1, NPAN 
SUMU - SUMU + AGINTGL2( I, J, K ) * ASIGAMA( K ) + 

1 DGINTGL2( I, J, K ) * AGAMA( K ) 
SUMV - SUMV + AGINTGLK I, J, K ) * ASIGAMA( K ) + 

1 DGINTGLK I, J, K ) * AGAMA( K ) 
END DO 

IF( ( ( IFLOW .GT. 2 ) .OR. ( IDBL .GT. 2 ) ) .AND. 
1 ( ICONT .GT. 1 ) )THEN 

UG( I, J ) - UGO( I, J ) + SUMU + RESLU( XG(I,J), YG(I,J) 
VG( I, J ) - VGO( I, J ) + SUMV + RESLV( XG(I,J), YG(I,J) 
ELSE 

UG( I, J ) - UGO( I, J ) + SUMU 

VG( I, J ) - VGO( I, J ) + SUMV 

END IF 

END DO 

END DO 

END IF 

RETURN 

END 

SUBROUTINE VORFLD 

* * 
* CALCULATE THE PRESENT VORTICITY FIELD IN THE DOMAIN AND AT * 
* FAR UPSTREAM: OMEGAG AND OMEGOl * 
* * 
******************** NOMENCLATURE ****************************** 

* * 
* OMEGAG VORTICITY FIELD IN THE DOMAIN * 
* * 
* OMEGOl VORTICITY FIELD AT FAR UPSTREAM * 
* * 

* * 
PARAMETER ( NPAN = 100, NPANl = 101, NPAN2 = 102, NPANHl = 51 ) 
PARAMETER ( NGRID = 41, NGlOl =■ 101, NGIOO = 100 ) 

INCLUDE ' CNST.FIL ' 
INCLUDE ' STFN.FIL ' 
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INCLUDE'STRM.FIL' 
INCLUDE'VOTY.FIL' 

REAL C( NGIOO, 3 ) 

DO I = 1, NGRID 
DO J - 1, NGRID 

DO K - 1, NGlOl-1 
K1 - K + 1 

IF( PSIK K ) .EQ. PSIG( I, J ) )THEN 
OMEGAG( I, J ) - OMEGOK K ) 
GOTO 100 

ELSEIF( ( PSIK K ) .LE. P$IG( I,J ) ) .AND. 
1 ( PSIK K1 ) .GT. PSIG( I,J ) ) )THEN 

N - NGlOl 

IC = N - 1 

D = PSIG( I, J ) - PSIK K ) 
CALL ICSCCU( PSIl, OMEGOl, N, C, IC, lER ) 
OMEGAG(I,J) - ( ( C(K,3) * D + C(K,2) ) * D + C(K,1) ) * D + 

1 OMEGOK K ) 
GOTO 100 

END IF 

END DO 

DO K = 1, NGlOl-1 
K1 - K + 1 

IF( PSI2( K ) .EQ. PSIG( I, J ) )THEN 
OMEGAG( I, J ) - OMEG02( K ) 
GOTO 100 

ELSEIF( ( PSI2( K ) .LE. PSIG( I,J ) ) .AND. 
1 ( PSI2( K1 ) .GT. PSIG( I,J ) ) )THEN 

N - NGlOl 

IC - N - 1 

D - PSIG( I, J ) - PSI2( K ) 
CALL ICSCCU( PSI2, OMEG02, N, C, IC, lER ) 
OMEGAG(I,J) = ( ( C(K,3) * D + C(K,2) ) * D + C(K,1) ) * D + 

1 OMEG02( K ) 
GOTO 100 

END IF 

END DO 

100 CONTINUE 

END DO 

END DO 

RETURN 

END 

SUBROUTINE ONESD( FX, L, DH, OMEG ) 
**************************** 

* 

* 1st DERIVATIVE BY 4th ORDER ONE-SIDED DIFFERENCING (DOWNSTREAM)* 

******************** NOMENCLATURE ****************************** 

* 

* FX FUNCTION ARRAY * 
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* L GRID INDEX * 
* 

* DH GRID SIZE * 
* 

* OMEG FIRST DERIVATIVE * 
* * 

********************************************************************1^**^ 

* i, 

PARAMETER ( NGRID - 41 ) 
REAL FX( NGRID ) 

OMEG - ( -25.0 * FX( L ) + 48.0 * FX( L+1 ) -
1 36.0 * FX( L+2 ) + 16.0 * FX( L+3 ) -
1 3.0 * FX( L+4 ) ) / 12.0 / DH 

RETURN 

END 

SUBROUTINE ONESU( FX, L, DH, OMEG ) 
************************************************************ 

* * 

* 1st DERIVATIVE BY 4th ORDER ONE-SIDED DIFFERENCING (UPSTREAM) * 
* * 
******************** NOMENCLATURE ****************************** 

* * 

* FX FUNCTION ARRAY * 
* * 

* L GRID INDEX * 
* * 

* DH GRID SIZE * 
* * 

* OMEG FIRST DERIVATIVE * 
* * 
*****************************************************^^^ 

* * 

PARAMETER ( NGRID - 41 ) 
REAL FX( NGRID ) 

OMEG - - ( -25.0 * FX( L ) + 48.0 * FX( L-1 ) -
1 36.0 * FX( L-2 ) + 16.0 * FX( L-3 ) -
1 3.0 * FX( L-4 ) ) / 12.0 / DH 

RETURN 

END 

SUBROUTINE CNTLD( FX, L, DH, OMEG ) 
*****************************■), 

* * 
* 1st DERIVATIVE BY 4th ORDER CENTRAL DIFFERENCING * 
* * 
******************** NOMENCLATURE ****************************** 

* 
■k FX FUNCTION ARRAY 
k 

* 

k L GRID INDEX * 

k 

k DH GRID SIZE 
k 

k OMEG FIRST DERIVATIVE * 
k 

********************************** 

* * 
PARAMETER ( NGRID = 41 ) 
REAL FX( NGRID ) 
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1 

OMEG = ( FX( L-2 ) - 8.0 * FX( L-1 ) + 8.0 * 
1 FX( L+1 ) - FX( L+2 ) ) / 12.0 / DH 

RETURN 

END 

SUBROUTINE OUTPUT 
************************************************************************ 

* * 

* OUTPUT FILE * 
* * 

* * 

PARAMETER ( NPAN = 100, NPANl - 101, NPAN2 = 102, NPANHl = 51 ) 
PARAMETER ( NGRID - 41, NGlOl = 101, NGIOO = 100 ) 

INCLUDE'ANGL.FIL' 

INCLUDE'AUXI.FIL' 

INCLUDE'CNST.FIL' 

INCLUDE'CORD.FIL' 

INCLUDE'DBLE.FIL' 

INCLUDE'JOUK.FIL' 

INCLUDE'MTRX.FIL' 

INCLUDE'NAC4.FIL' 

INCLUDE'VLTY.FIL' 

INCLUDE'VOTY.FIL' 

WRITE(113, *)( X( I ), CP( I ), I = NPAN, 1, -1 ) 

IF( ( lOUT .EQ. 1 ) .OR. ( lOUT .EQ. 2 ) )THEN 
SUMl - 0.0 

SUM2 - 0.0 

DO 1 I - 1, NPAN 
SUMl = SUMl + ASIGAMA( I ) * PL( I ) 
SUM2 = SUM2 + AGAMA( I ) * PL( I ) 

CONTINUE 

WRITE(11, 50) 
WRITEdl, 52) ( I, X(I), Yd), XBd), YB(I), PL(I), THETA(I), 

1 ASIGAMA( I ), AGAMA( I ), CP( I ), I - 1, NPAN ) 

IF( lAIR .GT. 3 )THEN 
WRITEdl, 57) XZ, YZ, AZ 
1?T QP 

lAM - 100.0 * AM 

lAP - 10.0 * AP 

lAT = 100.0 * AT 

WRITEdl, 53) lAM, lAP, lAT 
END IF 

AD = DALPHA * 180.0 / PI 
ALPHA - 180.0 * ALPHA / PI 
WRITEdl, 54) SUMl, SUM2 
WRITEdl, 55) ALPHA, ZETAO, RCP 
WRITEdl, 56) CL, CD, AD 
WRITEdl, 58) YINTY, UINTY 
WRITEdl, 59) UYO, VXO 

WRITE( 11, 100 ) 
WRITE( 11, 101 )( I, UO(I), VO(I), U(I), V(I), 1=1, NPAN ) 

END IF 

IF( lOUT .EQ. 2 )THEN 
WRITE( 11, 102 ) 
WRITE( 11, 103) ( ( AINTGLK I, J ), J=1,NPAN,2 ), I=1,NPAN,2 ) 
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WRITE( 11, 104 ) 
WRITE( 11, 103 ( ( DINTGLK 1, J ), J=1,NPAN,2 ), 1=1,NPAN,2 ) 
WRITE( 11, 105 ) 
WRITE( 11, 103 ( ( A1NTGL2( 1, J ), J=1,NPAN,2 ), 1=1,NPAN,2 ) 
WRITE( 11, 106 ) 
WRITE( 11, 103 

WRITE(11,201) 
WR1TE(11,200) 
WRITE(11,202) 
WRITE(11,200) 
WRITE(11,203) 
WRITE(11,200) 
WRITE(11,204) 
WRITE(11,200) 
WRITE(11,205) 
WRITE(11,200) 
WRITE(11,206) 
WRITE(11,200) 

WRITE(11,301) 

( ( D1NTGL2( 1, J ), J=1,NPAN,2 ), 1=1,NPAN,2 ) 

XG( I, J ), 1 - 1, NG21 ), J - NG21,1,-1 ) 

YG( I, J ), 1 - 1, NG21 ), J = NG21,1,-1 ) 

UG( I, J ), 1 - 1, NG21 ), J = NG21,1,-1 ) 

VG( I, J ), I = 1, NG21 ), J = NG21,1,-1 ) 

OMEGAGO( I,J ), 1-1, NG21 )! J = NG21,1,-1 ) 

( OMEGAG( 1, J ), 1-1, NG21 ), J = NG21,1,-1 ) 

WRITE(11,103)( ( XE( 1, J ),J 
WRITE(11,302) 
WRITE(11,103)( ( YE( 1, J ),J 

END IF 

OUTPUT FORMAT 

1, NPAN, 2 ),1 = 1, NPAN, 2 ) 

1, NPAN, 2 ),1 - 1, NPAN, 2 ) 

******************************** 

* 

50 FORMAT( 'V,11 35X, 'PANEL CONFIGURATION & STRENGTH III 3X, 
'1', 7X, 'X(l)', 5X, 'Y(l)', 7X, 'XB(l)', 4X, 
'YB(l)', 6X, 'PL(l)', 4X, 'THETA(l)', 6X, 'SIGAMA', 
6X, 'AGAMA', 6X, 'CP', 
// 2X,' ',4X,' ',2X,' ', 5X,' ', 
2x,' ', 5X,' ', 4X,' ', 4X, 

52 FORMAT( 14, 3X, 2F9.4,'3X, 2F9.4,'Fio'.4, IX, F11.4, F12.4, 2X, 
F12.4, F9.4 ) 

53 FORMAT( ///, lOX,' NACA - ', 2( 11, IX ), 12 ) 
54 FORMAT( lOX,' SUM OF SOURCE DISTRIBUTION - ', FIO.4, /, 

lOX,' SUM OF VORTEX DISTRIBUTION - ', FIO.4 ) 
55 FORMAT( 21X,'ANGLE OF ATTACK - ', FIO.4, 'DEG.', /, 21X, 

'ONSET VORTICITY = ', FIO.4, /, 2OX, 
'RATIO OF CNTL PT - ', FIO.4 ) 

56 FORMAT( 32X,' CL - ', FIO.4, /, 32X,' CD - ', FIO.4, 
/, 22X,' ZERO LIFT ANGL - ', FIO.4 ) 

57 FORMAT( III, lOX,' JOUKOWSKl AIRFOIL ', 3E20.6 ) 
58 FORMAT( 31X,' YINTY - ', FIO.4,/,SIX,' UINTY = ', FIO.4) 
59 FORMAT( 31X,' UYO - ', FIO.4,/,31X,' VXO - ', FIO.4) 

100 FORMAT( '1', III 35X, 'VELOCITY AND VORTICITY ON AIRFOIL •' ///
3X, '1', 7X, 'UO(l)', 5X, 'VO(l)', 5X, 'U(l)', 5X, 
'V(l)', n, 2X,' ', 4X,' ', 2X, 

___t 
2X,r —"-f // )

101 FORMAT( 14, 3X,4F9.4 ) 
102 FORMAT( '1', /// 35X, 'INFLUENCE MATRIX n )
103 FORMAT( IX, 25F5.2 ) 
104 FORMAT( '1', /// 35X, 'INFLUENCE MATRIX // )
105 FORMAT( '1', /// 35X, 'INFLUENCE MATRIX // )
106 FORMAT( '1', /// 35X, 'INFLUENCE MATRIX // ) 

200 FORMAT( IX, 21F6.2 //) 
201 FORMAT( '1', 40X, 'XG( I, J )', III) 
202 FORMAT( '1', 40X, 'YG( I, J )', I/I) 
203 FORMAT( '1', 40X, 'UG( I, J )', III) 



 

 
 

 

 
 

 

 

 

 

151 
204 FORMAT( '1', 40X, 'VG( I, J )', ///) 
205 FORMAT( '1', 40X, 'OMEGAGO( I, J )', ///) 
206 FORMAT( '1'/ 40X, 'OMEGAG( I, J )', III) 

301 FORMAT( '1', 40X, 'XE( I, J )', ///) 
302 FORMAT( '1', 40X, 'YE( I, J )', ///) 

RETURN 

END 

SUBROUTINE PRESUR 

* * 

* CALCULATE PRESSURE COEFFICIENT * 
* * 

*******★★★★*****★★★* NOMENCLATURE ****************************** 

* * 

* CP PRESSURE COEFFICIENT * 
* * 

************************************************************************ 

* * 

PARAMETER ( NPAN - 100, NPANl - 101, NPAN2 - 102, NPANHl - 51 ) 
PARAMETER ( NGRID - 41, NGlOl - 101, NGIOO - 100 ) 

INCLUDE'AUXI.FIL' 

INCLUDE'CNST.FIL' 

INCLUDE'CORD.FIL' 

INCLUDE'DBLE.FIL' 

INCLUDE'JOUK.FIL' 

INCLUDE'STRM.FIL' 

INCLUDE'VLTY.FIL' 

IF( ( IFLOW .EQ. 1 ) .AND. ( IDBL .EQ. 0 ) )THEN 
USSQ - UYO** 2 

ELSEIF( ( IFLOW .EQ. 1 ) .AND. ( IDBL .LE. 2 ) )THEN 
USSQ - UYO** 2 + VXO** 2 

ELSE 

CALL INTY( PSIST, USSQ ) 

END IF 

TYPE*,' USSQ -', USSQ 

DO K - 1, NPAN 

IF( ( IFLOW .EQ. 1 ) .AND. ( IDBL .LE. 1 ) )THEN 
UYOSQ - UYO** 2 

CP( K ) - ( USSQ - VS( K )** 2 ) / UYOSQ 

ELSEIF( ( IFLOW .EQ. 1 ) .OR. ( IFLOW .EQ. 2 ) )THEN 
UYOSQ - UYO** 2 

CP( K ) - ( USSQ - VS( K )** 2 ) / UYOSQ 

ELSEIF( ( IFLOW .EQ. 1 ) .AND. ( IDBL .EQ. 4 ) )THEN 
UYOSQ = UYO** 2 
CP( K ) = ( USSQ - VS( K )** 2 ) / UYOSQ 

ELSEIF( ( IFLOW .EQ. 1 ) .AND. ( IDBL .EQ. 5 ) )THEN 
UYOSQ - UYO** 2 

CP( K )- ( USSQ - VS( K )** 2 ) / UYOSQ 
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ELSEIF( IFLOW .EQ. 3 )THEN 
UYOSQ = UGOl( 1 )** 2 + VGOl( 1 )** 2 
CP( K ) - ( USSQ - VS( K )** 2 ) / UYOSQ 

ELSEIF( IFLOW .EQ. 4 )THEN 
CP( K ) - ( USSQ - VS( K )** 2 ) / 1.0 

ELSEIF( IFLOW .EQ. 5 )THEN 
CP( K ) = ( USSQ - VS( K )** 2 ) / 1.0 
END IF 

END DO 

RETURN 

END 

SUBROUTINE STREAM( ICONT ) 

* * 

* CALCULATE STAGNATION STREAM FUNCTION * 
* * 
******************** NOMENCLATURE ****************************** 
* 

* XSTAG, YSTAG COORDINATES FOR STAG. STREAMLINE * 
* 

* 

* XINTG, YINTG COORDINATES FOR CALCULATING * 
* STAG. STREAM FUNCTION * 
* * 

* PSIST STAGNATION STREAM FUNCTION * 
* * 
************************** 

* * 

PARAMETER ( NPAN - 100, NPANl - 101, NPAN2 = 102, NPANHl - 51 ) 
PARAMETER ( NGRID = 41, NGlOl - 101, NGIOO - 100 ) 

INCLUDE'CNST.FIL' 

INCLUDE'CORD.FIL' 

INCLUDE'JAWS.FIL' 

INCLUDE'MTRX.FIL' 

INCLUDE'STRM.FIL' 

INCLUDE'VLTY.FIL' 

REAL XX( NGlOl ), YY( NGlOl ), ASTAG( 300 ) 

DO I - 1, NPAN-1 
II - I + 1 

IF( ( U( I ) .GE. 0.0 ) .AND. ( U( II ) .LE. 0.0 ) )THEN 
ASTAG( ICONT ) - FLOAT( I ) 
XSTAG = (X( I ) +X( Il ) ) /2.0 
YSTAG = ( Y( I ) + Y( II ) ) / 2.0 
USTAG = ( U( I ) + U( II ) ) / 2.0 
VSTAG = ( V( I ) + V( II ) ) / 2.0 
GOTO 1 

END IF 

ASTAG( ICONT ) - FLOAT( NPANH ) 
XSTAG - 0.0 

YSTAG -0.0 
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1 

1 

1 

USTAG =0.0 

VSTAG - 0.0 
END DO 

IF( ICONT .EQ. 1 )THEN 
XO - XG1( 1 ) 
YO - YGK 1 ) 

ELSEIF( ASTAG( ICONT ) .EQ. ASTAG( ICONT-1 ) )THEN 
GOTO 100 

END IF 

DX = ABS( XSTAG - XO ) / FLOAT( NGIOO - 1 ) 
DY = ABS( YSTAG - YO ) / FLOAT( NGIOO - 1 ) 

DO K - 1, NGIOO 
XINTG( K, XSTAG 

YINTG( K, YO + FLOAT( K - 1 ) * DY 
XINTG( K, XO + FLOAT( K - 1 ) * DX 

YINTG( K, YO 

END DO 

CALL TRANXY 

CALL COEFl 

CALL ONSET1 

DO I - 1, NGIOO 
SUMU - 0.0. 

SUMV =0.0 

DO J - 1, NPAN 
SUMU = SUMU + A2( I, J, 1 ) * ASIGAMA( J ) + D2( I, J, 1 ) * 

AGAMA( J ) 
SUMV = SUMV + Al( I, J, 2 ) * ASIGAMA( J ) + Dl( I, J, 2 ) * 

AGAMA( J ) 
END DO 

IF( ( ( IFLOW .GT. 2 ) .OR. ( IDBL .GT. 2 ) ) .AND. 
( ICONT .GT. 1 ) )THEN 

UINTG( I ) - SUMU + UGINT( I ) + RESLU( XINTG(I,1),YINTG(I,1) ) 
VINTG( I ) - SUMV + VGINT( I ) + RESLV( XINTG(I,2),YINTG(I,2) ) 
ELSE 

UINTG( I ) - SUMU + UGINT( I ) 
VINTG( I ) = SUMV + VGINT( I ) 
END IF 

END DO 

UINTG( NGIOO ) USTAG 

DO I - 1, NGIOO 
XX( I ) = YINTG( I, 1 ) 
YY( I ) = UINTG( I ) 
END DO 

A = XX( 1 ) 
B = XX( NGIOO ) 
lY = NGIOO - 1 

CALL INTEGK XX, YY, A, B, lY, NGIOO, Q ) 
PSIY = Q 

DO I = 1, NGIOO 
XX( I ) = XINTG( I, 2 ) 
YY( I ) = VINTG( I ) 
END DO 
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A - XX( 1 ) 
B - XX( NGIOO ) 
IX - NGIOO - 1 

CALL INTEGK XX, YY, A, B, IX, NGIOO, Q ) 
PSIX - Q 

PSIST - PSIY - PSIX 

100 CALL STFN( PSIST ) 

RETURN 

END 

SUBROUTINE INTY( P, USSQ ) 
******************** *************** 

* * 

* CALCULATE THE STREAM FUNCTION OF FAR UPSTREAM AND * 
* INTERPOLATE THE STAGNATION STREAM FUNCTION * 
* * 

******************** NOMENCLATURE ****************************** 

* * 

* PSIl STREAM FUNCTION ARRAY AT FAR UPSTREAM * 
* * 

* P STAGNATION STREAM FUNCTION * 
* * 

************************************************************************ 

* * 

PARAMETER ( NPAN = 100, NPANl - 101, NPAN2 = 102, NPANHl = 51 ) 
PARAMETER ( NGRID - 41, NGlOl - 101, NGIOO = 100 ) 

INCLUDE'CNST.FIL' 

INCLUDE'CORD.FIL' 

INCLUDE'DBLE.FIL' 

INCLUDE'VLTY.FIL' 

INCLUDE'STRM.FIL' 

REAL C( NGIOO, 3 ) 

DO J - 1, NGlOl-1 
J1 - J + 1 

IF( PSIK J ) .EQ. P )THEN 
UU = UGOK J ) 
W = VGOK J ) 

USSQ = UU** 2 + W** 2 
YINTY = YG1( J ) 
UINTY - SQRT( USSQ ) 
GOTO 100 

ELSEIF( ( PSIK J ) .LE. P ) .AND. ( PSIK J1 ) .GT. P ) )THEN 
N = NGlOl 

IC = N - 1 

D = P - PSIK J ) 
CALL ICSCCU( PSIl, UGOl, N, C, IC, lER ) 
UU = ( ( C(J,3) * D + C(J,2) ) * D + C(J,1) ) * D + UGOK J ) 
CALL ICSCCU( PSIl, VGOl, N, C, IC, lER ) 
W = ( ( C(J,3) * D + C(J,2) ) * D + C(J,1) ) * D + VGOK J ) 
USSQ = UU** 2 + W** 2 
CALL ICSCCU( PSIl, YGl, N, C, IC, lER ) 
YINTY = ( ( C(J,3) * D + C(J,2) ) * D + C(J,1) ) * D + YGKJ) 
UINTY = SQRT( USSQ ) 
GOTO 100 

END IF 
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END DO 

IF( ABS( P ) .LT. 0.1 )THEN 
P - 0.0 

END IF 

100 TYPE*,' USSQ - USSQ 
TYPE*,' YINTY -', YINTY 
TYPE*,' UINTY -', UINTY 

RETURN 

END 

SUBROUTINE STFN( PSIO ) 
*********************************************************************^** 

* * 

* CALCULATE THE STREAM FUNCTION IN THE DOMAIN * 
* * 
******************** NOMENCLATURE ****************************** 

* * 

* PSIG STREAM FUNCTION IN THE DOMAIN * 
* * 

* PSIO STAGNATION STREAM FUNCTION * 
* * 

* * 

PARAMETER ( NPAN - 100, NPANl => 101, NPAN2 - 102, NPANHl = 51 ) 
PARAMETER ( NGRID -• 41, NGlOl - 101, NGIOO =• 100 ) 

INCLUDE'CNST.FIL' 

INCLUDE'CORD.FIL' 

INCLUDE'STFN.FIL' 

INCLUDE'VLTY.FIL' 

REAL XX( NGRID ), YY( NGRID ) 

DO I - 1, ICRD 
NX - I 

IX - NX - 1 

DO J =■ 1, NGRID 
NY = J 
lY - NY - 1 

IF( ( I .EQ. 1 ) .AND. ( lY .EQ. 0 ) )THEN 
PSIG( I, J ) =0.0 

ELSEIF( ( I .EQ. 1 ) .AND. ( lY .GT. 0 ) )THEN 
DO K = 1, NY 
XX( K ) - YG( I, K )
YY( K ) = UG( I, K ) 
END DO 
A = XX( 1 ) 
B = XX( NY ) 
CALL INTEG2( XX, YY, A, B, lY, NY, Q ) 
PSIG( I, J ) = Q 

ELSEIF( ( I .GT. 1 ) .AND. ( lY .EQ. 0 ) )THEN 
DO K = 1, NX 
XX( K ) = XG( K, J ) 
YY( K ) = VG( K, J ) 
END DO 
A = XX( 1 ) 
B = XX( NX ) 
CALL INTEG2( XX, YY, A, B, IX, NX, Q ) 
PSIG( I, J ) = PSIG( 1, 1 ) - Q 
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ELSEIF( ( I .GT. 1 ) .AND. ( lY .GT. 0 ) )THEN 
DO K - 1, NY 
XX( K ) = YG( I, K ) 
YY( K ) = UG( I, K ) 
END DO 

A = XX( 1 ) 
B - XX( NY ) 
CALL INTEG2( XX, YY, A, B, lY, NY, Q ) 
PSIG( I, J ) PSIG( I, 1 ) + Q 
END IF 

DO L = 1, NGRID 
XX( L ) - 0.0 
YY( L ) - 0.0 
END DO 

END DO 

END DO 

DO I = ICRD+1, ICRDl-1 
NX - I 

IX - NX - 1 

DO J - 1, NGRID 
NY - J 

lY = NY - 1 

IF( ( J .LE. JCRDMl ) .AND. ( lY .EQ. 0 ) )THEN 
DO K - 1, NX 
XX( K ) = XG< K, J ) 
YY( K ) - VG( K, J ) 
END DO 

A =■ XX( 1 ) 
B =■ XX( NX ) 
CALL INTEG2( XX, YY, A, B, IX, NX, Q )
PSIG( I, J ) - PSIG( 1, 1 ) - Q 

ELSEIF( ( J .LE. JCRDMl ) .AND. ( lY .GT. 0 ) )THEN 
DO K - 1, NY 
XX( K ) YG( I, K ) 
YY( K ) UG( I, K ) 
END DO 
A - XX( 1 ) 
B = XX( NY ) 
CALL INTEG2( XX, YY, A, B, lY, NY, Q )
PSIG( I, J ) = PSIG( I, 1 ) + Q 
END IF 

IF( J .EQ. JCRDPl )THEN 
DO N = NPANHl, NPAN 

N1 =■ N + 1 
IF( ( XG(I,J) .GE. X(N) ) .AND. ( XG(I,J) .LE. X(N1) ) )THEN 
UR - U(N) 
YR - Y(N) 
GOTO 100 

( 
( 

U(N1)-U(N) 
Y(N1)-Y(N) 

) 
) 

* ( 
* ( 

XG(I,J)-X(N) 
XG(I,J)-X(N) 

) 
) 

/ 
/ 

( 
( 

X(N1)-X(N) 
X(N1)-X(N) 

) 
) 

END IF 
END DO 

100 XX( 1 ) YR 
YY( 1 ) UR 
XX( 2 ) YG( JCRDPl 
YY( 2 ) UG( JCRDPl 
A = XX( ) 
B = XX( ) 
CALL INTEG2( 
PSIG( I, J ) 

XX, YY, A, 
= PSIO + Q 

B, 1, 2, Q ) 
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ELSEIF( J .GT. JCRDPl )THEN 

DO K = JCRDPl, NY 
KK - K-JCRDPl+1 

XX( KK ) - YG( I, K ) 
YY( KK ) - UG( I, K ) 
END DO 

A = XX( 1 ) 
B - XX( KK ) 

KKl - KK - 1 

CALL INTEG2( XX, YY, A, B, KKl, KK, Q ) 
PSIG( I, J ) = PSIG( I, JCRDPl ) + Q 
END IF 

DO L = 1, NGRID 
XX( L ) - 0.0 
YY( L ) - 0.0 
END DO 

END DO 

END DO 

DO I ICRDl, NGRID 
NX I 

IX NX - 1 

DO J 1, NGRID 
NY J 

lY NY - 1 

IF( lY .EQ. 0 )THEN 
DO K - 1, NX 
XX( K ) = XG( K, J ) 
YY( K ) - VG( K, J ) 
END DO 

A - XX( 1 ) 
B - XX( NX ) 

CALL INTEG2( XX, YY, A, B, IX, NX, Q ) 
PSIG( I, J ) = PSIG( 1, 1 ) - Q 

ELSEIF( lY .GT. 0 )THEN 
DO K - 1, NY 
XX( K ) =■ YG( I, K ) 
YY( K ) = UG( I, K ) 
END DO 
A - XX( 1 ) 
B - XX( NY ) 
CALL INTEG2( XX, YY, A, B, lY, NY, Q ) 
PSIG( I, J ) = PSIG( I, 1 ) + Q 
END IF 

DO L = 1, NGRID 
XX( L ) 0.0 
YY( L ) 0.0 
END DO 

END DO 
END DO 

DO K = 1, NGRID 
IF( ABS( PSIG( K, 1 ) .LT. 0.1 )PSIG( K, 1 ) = 0.0 
END DO 

DO I = ICRD, ICRDl 
PSIG( I, JCRD ) = PSIO 
END DO 
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RETURN 

END 

SUBROUTINE AEROFR 

* * 

* CALCULATE AERODYNAMIC LIFT & DRAG BY CALLING IMSL: * 
* ICSCCU, DCSQDU ( CUBIC SPLINE ) * 
* AND CALCULATE THE COEFFICIENT OF MOMENT REFERENCED TO LE, * 
* POSITIVE WHEN NOSE-UP * 

******************** NOMENCLATURE ****************************** 
* * 

* CL LIFT COEFFICIENT * 
it it 

* CD DRAG COEFFICIENT * 
* 

* CM MOMENT COEFFICIENT * 
* 

********************************************************************^*** 

* * 

PARAMETER ( NPAN - 100, NPANl =■ 101, NPAN2 - 102, NPANHl = 51 ) 
PARAMETER ( NGRID - 41, NGlOl - 101, NGIOO = 100 ) 

INCLUDE ' ANGL.FIL ' 
INCLUDE ' CNST.FIL ' 
INCLUDE ' CORD.FIL ' 
INCLUDE ' VLTY.FIL ' 
REAL XXI( NPANl ), XX2( NPANl ), YY( NPANl ), ZZ( NPANl ) 

SUMX - 0.0 
SUMY - 0.0 

CM - 0.0 
DO K - 1, 8 

GOTO( 1, 2, 3, 4, 5, 6, 7, 8 ), K 
1 II - NPANH 

12 - IMAXL 
13 - -1 
GOTO 100 

2 II - IMAXL 
12-1 
13 - -1 
GOTO 100 

3 II - NPANHl 
12 - IMAXU 
13-1 
GOTO 100 

4 II = IMAXU 
12 = NPAN 
13 = 1 
GOTO 100 

5 II = IMAXL 
12 - NPANH 
13-1 
GOTO 200 

6 II = IMAXL 
12 = 1 
13 - -1 
GOTO 200 
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11 - NPANHl 

12 = IMAXU 

13-1 

GOTO 200 

11 - NPAN 

12 - IMAXU 

13 - -1 

GOTO 200 

100 II - 0 

DO) I - 11, 12, 13 
II - II + 1 

XX1( II ) - X( I ) 
YY( II ) - CP( I ) 
ZZ( II ) = XX1( II * YY( II ) 

END DO 

NN II 

LL NN - 1 

A XX1( 1 ) 

B = XX1( NN ) 
CALL INTEG( XXI, YY, A, B, LL, NN, CX ) 
CALL INTEG( XXI, ZZ, A, B, LL, NN, SUM ) 

IF( 13 .GT. 0.0 )THEN 
SUMX SUMX + CX 

CM CM + SUM 

ELSE 

SUMX SUMX - CX 

CM CM - SUM 

END IF 

GOTO 111 

200 II - 0 

DO I - II, 12, 13 
II -'11 + 1 

XX2( II ) - Y( I ) 
YY( II ) - CP( I ) 

END DO 

NN - II 

LL - NN - 1 

A - XX2( 1 ) 
B - XX2( NN ) 

IF( ( lAIR .EQ. 5 ) .AND. ( IMAXLL .NE. 0 ) .AND. 
1 ( K .EQ. 6 ) )THEN 

lEXE =• IMAXL - IMAXLL + 1 

lEND = II 

CALL AEROFRK XX2, YY, lEXE, lEND, CY ) 
ELSE 

CALL INTEG( XX2, YY, A, B, LL, NN, CY ) 
END IF 

IF( 13 .GT. 0.0 )THEN 
SUMY - SUMY + CY 

ELSE 

SUMY = SUMY - CY 

END IF 

111 DO I = 1, NPAN+1 
XXI( I ) = 0.0 
XX2( I ) = 0.0 
YY( I ) = 0.0 
ZZ( I ) =0.0 
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12 

13 

14 

15 

16 

17 

18 

19 

END DO 

END DO 

DO I - 1, 8 

GOTO( 12, 13, 14, 15, 16, 17, 18, 19 ), I 
XXI( 1 ) = XB( NPANHl ) 
XX1( 2 ) - X( NPANH ) 
YY( 1 ) -0.5* (CP( NPANH ) + CP( NPANHl ) ) 
YY( 2 ) - CP( NPANH ) 
GOTO 300 

XX1( 1 ) XB( NPANHl ) 
XXK 2 ) X( NPANHl ) 
YY( 1 ) 0.5 * ( CP( NPANH ) + CP( NPANHl ) ) 
YY( 2 ) CP( NPANHl ) 
GOTO 300 

XXK 1 ) X( NPAN ) 
XXK 2 ) XB( 1 ) 
YY( 1 ) CP( NPAN ) 
YY( 2 ) 0.5 * ( CP( NPAN ) + CP( 1 ) 
GOTO 300 

XXK 1 ) X( 1 ) 
XXK 2 ) XB( 1 ) 
YY( 1 ) CP( 1 ) 
YY( 2 ) 0.5 * ( CP( NPAN ) + CP( 1 ) ) 
GOTO 300 

XX2( 1 ) Y( NPANH ) 
XX2( 2 ) YB( NPANHl ) 
YY( 1 ) CP( NPANH ) 
YY( 2 ) 0.5 * ( CP( NPANH ) + CP( NPANHl ) ) 
GOTO 400 

XX2( 1 ) - YB( NPANHl ) 
XX2( 2 ) - Y( NPANHl ) 
YY( 1 ) - 0.5 * ( CP( NPANH ) + CP( NPANHl ) ) 
YY( 2 ) - CP( NPANHl ) 

GOTO 400 

XX2( 1 ) - YB( 1 ) 
XX2( 2 ) - Y( NPAN ) 
YY( 1 ) = 0.5 * ( CP( NPAN ) + CP( 1 ) 
YY( 2 ) - CP( NPAN ) 
GOTO 400 

IF( ( lAIR .EQ. 5 ) .AND. ( IMAXLL .NE. 0 ) )THEN 
XX2( 1 ) - YB( 1 ) 
XX2( 2 ) - Y( 1 ) 
YY( 1 ) -0.5* (CP( NPAN ) + CP( 1 ) ) 
YY( 2 ) - CP( 1 ) 

ISEED - 1 

ELSE 

XX2( ) = Y( 1 ) 
XX2( ) - YB( 

YY( ) = CP( 
YY( ) = 0.5 * ( CP( NPAN ) + CP( 1 ) ) 

END IF 

GOTO 400 

300 A = XXK 1 ) 
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B - XXI( 2 ) 
CALL INTEG( XXI, YY, A, B, 1, 2, OX ) 

ZZ( 1 ) - XX1( 1 ) * YY( 1 ) 
ZZ( 2 ) - XX1( 2 ) * YY( 2 ) 

CALL INTEG( XXI, ZZ, A, B, 1, 2, SUM ) 

IF( ( I .EQ. 2 ) .OR. ( I .EQ. 3 ) )THEN 
SUMX - SUMX + CX 

CM - CM + SUM 

ELSEIF( ( I .EQ. 1 ) .OR. ( I .EQ. 4 ) )THEN 
SUMX - SUMX - CX 

CM = CM - SUM 

END IF 

GOTO 20 

400 A - XX2( 1 ) 
B - XX2( 2 ) 

CALL INTEG( XX2, YY, A, B, 1, 2, CY ) 
IF( ISEED .EQ. 1 ) CY - - CY 
IF( ( I .EQ. 5 ) .OR. ( I .EQ. 6 ) )THEN 

SUMY - SUMY + CY 

ELSEIF( ( I .EQ. 7 ) .OR. ( I .EQ. 8 ) )THEN 
SUMY - SUMY - CY 

END IF 

20 CONTINUE 

END DO 

CL - - COS( ALPHA ) * SUMX - SIN( ALPHA ) * SUMY 
CD - - SIN( ALPHA ) * SUMX -I- COS( ALPHA ) * SUMY 
TYPE*,'.CL.- ', CL 
TYPE*',' CD - CD 
TYPE*,' CM - ', CM 

RETURN 

END 

SUBROUTINE AEROFRK XX, YY, lEXE, lEND, Q ) 
************************************************************************ 

* * 

* SUB-INTEGRATION OF JOUKOWSKI AIRFOIL W. 2ND LOCAL LIMIT * 
* * 

************ir************************-***********-*****-)!****************** 

* * 

PARAMETER ( NPAN = 100, NPANl =■ 101, NPAN2 = 102, NPANHl =- 51 ) 
PARAMETER ( NGRID - 41, NGlOl - 101, NGIOO - 100 ) 

INCLUDE ' CNST.FIL ' 
INCLUDE ' CORD.FIL ' 
REAL XX( NPANl ), YY( NPANl ) 
REAL XI( NPANl ), Y1( NPANl ), X2( NPANl ), Y2( NPANl ) 

DO I - 1, lEXE 
Xl( I ) = XX( I ) 
Yl( I ) = YY( I ) 
END DO 

NN - lEXE 
LL = NN - 1 
A = Xl( 1 ) 
B = Xl( NN ) 
CALL INTEG( XI, Yl, A, B, LL, NN, Q1 ) 

II =■ 0 
DO I =» lEND, lEXE, -1 

https://TYPE*,'.CL
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II - II + 1 

X2( II ) =■ X( I ) 
Y2( II ) = Y( I ) 

END DO 

NN - II 
LL - NN - 1 
A - X2( 1 ) 
B - X2( NN ) 
CALL INTEG( X2, Y2, A, B, LL, NN, Q2 ) 

Q - Q1 - Q2 

RETURN 
END 

SUBROUTINE INTEG( X, Y, A, B, IC, NX, Q ) 
************************************************************************ 
* * 

* INTEGRATION BY CALLING IMSL:DCSQDU, ICSCCU * 
* CUBIC SPLINE QUADRATURE ( INTEGRATION ) * 
* FOR ARRAY ( NPAN ) * 

* 

******************** NOMENCLATURE ***★**★★**★★★*★*★★*****★****★* 
* * 

* X INDEPENDENT VARIABLE * 
* 

* Y DEPEDENT VARIABLE * 
* 

* A, B END CONDITIONS * 

* IC ARRAY OF INTEGRATION * 

* NX ORDER OF X ARRAY * 
* 

* 

* Q INTEGRATION VALUE * 
* 

*dc********************* ************** 

* * 

PARAMETER ( NPAN - 100, NPANl - 101 ) 
REAL X( NPANl ), Y( NPANl ), C( NPAN, 3 ) 
INTEGER NX, IC, lERl, IER2 

CALL ICSCCU( X, Y, NX, C, IC, lERl ) 

CALL DCSQDU( X, Y, NX, C, IC, A, B, Q, IER2 ) 

IF( < lERl .NE. 0.0 ) .OR. ( IER2 .NE. 0.0 ) )THEN 
TYPE*,'lERl = lERl 
TYPE*,'IER2 = ', IER2 
TYPE*,'X=',X 

TYPE*,'Y=',Y 
CALL OUTPUT 

STOP 555 
END IF 

RETURN 

END 

SUBROUTINE INTEGl( X, Y, A, B, IC, NX, Q ) 
**********************************************i,i,i,i,i,i,i,-l,i,i,i,-l,i,i,-)rir*i,i,i,i,-t,i,ifi,i, 

* * 

* INTEGRATION BY CALLING IMSL:DCSQDU, ICSCCU * 
* CUBIC SPLINE QUADRATURE ( INTEGRATION ) * 
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* FOR ARRAY 
* 

******************** 

k 

* X 
k 

* Y 

* A, B 
* 

* IC 

* NX 

* Q 

( NGlOl ) * 

NOMENCLATURE ****************************** 

INDEPENDENT VARIABLE * 

k 

DEPEDENT VARIABLE k 

k 

END CONDITIONS k 

k 

ARRAY OF INTEGRATION k 

k 

ORDER OF X ARRAY k 

k 

INTEGRATION VALUE k 

k 

************************************************************************ 

* * 

* * 

PARAMETER ( NGlOl - 101, NGIOO - 100 ) 
REAL X( NGlOl ), Y( NGlOl ), C( NGIOO, 3 ) 
INTEGER NX, IC, lERl, IER2 

CALL ICSCCU( X, Y, NX, C, IC, lERl ) 

CALL DCSQDU( X, Y, NX, C, IC, A, B, Q, IER2 ) 

IF( ( lERl .NE. 0.0 ) .OR. ( IER2 .NE. 0.0 ) )THEN 
TYPE*,'lERl - ', lERl 
TYPE*,'IER2 - ', IER2 
TYPE*,'X-',X 
TYPE*,'Y-',Y 
CALL OUTPUT 

STOP 555 

END IF 

RETURN 

END 

SUBROUTINE INTEG2( X, Y, A, B, IC, NX, Q ) 

* * 
* INTEGRATION BY CALLING IMSL:DCSQDU, ICSCCU * 
* CUBIC SPLINE QUADRATURE ( INTEGRATION ) * 
* FOR ARRAY ( NGRID ) * 
* 
******************** 

k X 
k 

k Y 
k 

k A, B 
k 

k IC 
k 

k NX 
k 

k
Q 

* 

* 

* 
NOMENCLATURE ****************************** 

* 

INDEPENDENT VARIABLE 

DEPEDENT VARIABLE ■k 

END CONDITIONS 

ARRAY OF INTEGRATION •k 

* 

ORDER OF .X ARRAY 

INTEGRATION VALUE 
* 

* 

PARAMETER ( NGRID =41 
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REAL X( NGRID ), Y( NGRID ), C( NGRlD-1, 3 ) 
INTEGER NX, IC, lERl, IER2 

CALL ICSCCU( X, Y, NX, C, IC, lERl ) 

CALL DCSQDU( X, Y, NX, C, IC, A, B, Q, IER2 ) 

IF( ( lERl .NE. 0.0 ) .OR. ( IER2 .NE. 0.0 ) )THEN 
TYPE*,'lERl - ', lERl 
TYPE*,'IER2 - ', IER2 
TYPE*,'X-',X 
TYPE*,'Y=',Y 
CALL OUTPUT 

STOP 555 

END IF 

RETURN 

END 

SUBROUTINE SHAPE 
************************************** 

* * 
* DETERMINE THE GEOMETRY OF THE AIRFOIL: * 
* * 
******************** NOMENCLATURE ****************************** 

* * 
* lAIR = 1, NACA 0012 * 
* 2, NACA 2412 * 

3, NACA 4 DIGIT( INPUT AM, AP, T ) * 
4, SYMMETRIC JOUKOWSKI * 
5, CAMBERED JOUKOWSKI * 

* AM, AP, AT PARAMETERS FOR NACA-4 DIGIT AIRFOILS * 

* XZ, YZ, AZ PARAMETERS FOR JOUKOWSKI AIRFOILS * 
* 

***************************,t****************************,,*,^,t„^,^,^^^^^^^^^ 

* * 
PARAMETER ( NPAN - 100, NPANl » 101, NPAN2 - 102, NPANHl = 51 ) 
PARAMETER ( NGRID - 41, NGlOl - 101, NGIOO - 100 ) 

INCLUDE'BDPT.FIL' 

INCLUDE'CNST.FIL' 

INCLUDE'JOUK.FIL' 

INCLUDE'NAC4.FIL' 

GOTO( 100, 200, 300, 400, 500 ), lAIR 

100 TYPE*,'NACA 0012' 
AM - 0.0 

AP - 0.0 

AT =■ 0.12 
CALL NACA4 
GOTO 600 

200 TYPE*,'NACA 2412' 
AM =• 0.02 
AP = 0.4 
AT - 0.12 
CALL NACA4 
GOTO 600 

300 TYPE*,'NACA 4 DIGIT AIRFOIL, AM, AP, AT =', AM, AP, AT 
CALL NACA4 
GOTO 600 
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400 TYPE*,'S'iMMETRIC JOUKOWSKI AIRFOIL' 
XZ = -9.2376E-2 

YZ - 0.0 

AZ - 1.092376 

CALL JOUKAR 

GOTO 600 

500 TYPE*,'CAMBERED JOUKOWSKI AIRFOIL' 
XZ - -0.05 

YZ - 0.05 

AZ = 0.50 

CALL JOUKAR 

600 DO I - 1, NPAN2 
WRITE( 111, * ) XB1( I ), YB1( I ) 
END DO 

CLOSE( UNIT - 111 ) 

RETURN 

END 

SUBROUTINE NACA4 
************************************************************************ 

* 

* CALCULATE NACA 4 DIGIT AIRFOIL * 
* 

******************** NOMENCLATURE ****************************** 

* XX; YY THE COORDINATES FOR THE AIRFOIL GEOMETRY * 
* * 

* C1 - C5 PARAMETERS FOR GENERATING THE AIRFOIL (ABBOT) * 
* 

* YT THICKNESS DISTRIBUTION * 
* * 

* YC CAMBER DISTRIBUTION * 
* * 

* * 

PARAMETER ( NPAN - 100, NPANl - 101, NPAN2 - 102, NPANHl - 51 ) 
PARAMETER ( NGRID - 41, NGlOl - 101, NGIOO - 100 ) 

INCLUDE'BDPT.FIL' 

INCLUDE'CNST.FIL' 

INCLUDE'NAC4.FIL' 

REAL X( NPAN2 ), YT( NPAN2 ), YC( NPAN2 ), THETA( NPAN2 ), 
1 XU( NPANHl ), YU( NPANHl ), XL( NPANHl ), YL( NPANHl ) 

DATA Cl, C2, C3, C4, C5 / 0.29640, -0.12640, 
1 -0.35200, 0.28390, -0.10190 / 

DA =■ PI / FLOAT ( NPANH ) 
DO I - 1, NPAN2 

IF( I .LE. NPANHl ) THEN 
ANGL = PI - ( FLOAT! I ) - 1.0 ) * DA 
ELSE 
ANGL = - PI + ( FLOAT! I ) - FLOAT! NPANH2 ) ) * DA 
END IF 

X! I ) =0.5* ( 1.0+ COS! ANGL ) ) 

IF! X!I) .EQ. 0.0 ) THEN 
YT! I ) = 0.0 
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ELSE 

YT( I ) - AT * ( C1 * SQRT( X(I) ) + C2 * 
1 X(I) + C3 * X(I)** 2 + C4 * X(I)** 3 + 
1 C5 * X(I)** 4 ) / 0.20 

END IF 

IF( AM .EQ. 0.0 )THEN 
YC( I ) - 0.0 
THETA( I ) - 0.0 

ELSEIF( ( X(I) .LE. AP ) .AND. ( AM .NE. 0.0 ) )THEN 
YC( I ) « AM * ( 2.0 * AP * X(I) - X(I)** 2 ) / AP / AP 
THETA( I ) - ATAN( 2.0*AM* (AP-X(I) ) /AP/AP ) 

ELSEIF( ( X(I) .GT. AP ) .AND. ( AM .NE. 0.0 ) )THEN 
YC( X ) - AM * ( I.O - 2.0 * AP + 2.0 * AP * X(I) -

1 X(I)** 2 ) / ( 1.0 - AP )** 2 
THETA( 1 ) = ATAN( 2.0 * AM * ( AP - X(I) ) / 

1 ( 1.0 - AP )** 2 ) 
END IF 

IF( I .LE. NPANHl )THEN 
XU( I ) = X( I ) - YT( I ) * SIN( THETA(I) ) 
YU( I ) = YC( I ) + YT( I ) * COS( THETA(I) ) 

ELSE 

XL( I - NPANHl ) -X( I ) +YT( I ) * SIN( THETA(I) ) 
YL( I - NPANHl ) - YC( I ) - YT( I ) * COS( THETA(I) ) 
END IF 

END DO 

XU( NPANHl ) - 1.0 
YU( NPANHl ) =0.0 
XL( NPANHl ) - 1.0 
YL( NPANHl ) = 0.0 

DO I - 1, NPAN2 

IF( I .LE. NPANHl ) THEN 
XB1( I ) - XU( I ) 
YB1( I ) - YU( I ) 

ELSE 

XB1( I ) = XL( I - NPANHl ) 
YB1( I ) - YL( I - NPANHl ) 
END IF 

END DO 

CALL ZLANGL 

RETURN 

END 

SUBROUTINE ZLANGL 

ir 
* 

* CALCULATE ZERO LIFT ANGL FOR NACA 4 DIGIT AIRFOIL * 

******************** NOMENCLATURE ******************************■k 

* 

* DALPHA ZERO LIFT ANGLE * 
* 

********k******ifk-kk-k*ick-k*icieir-k-kk-kk-k-k-kickic-kkkifkifkif**i(ifk*'k-kirifkifk*if*it*ifkir-kiririt 
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INCLUDE'CNST.FIL' 

INCLUDE'NAC4.FIL' 

IF( AM .NE. 0.0 )THEN 
AO - ACOS( 1.0 - 2.0 * AP ) 
A1 - ( ( -2.0*AM/AP + 3.0*AM/2.0/AP/AP + 2.0*AM*AP/ 

1 (1.0-AP)** 2 - 3.0*AM/2.0/(1.0-AP)** 2 ) * AO + 
2 ( 2.0*AM/AP - 2.0*AM/AP/AP - 2.0*AM*AP/ 
3 (1.0-AP)**2 + 2.0 * AM / ( 1.0 - AP )** 2 ) * 
4 SIN( AO ) + ( AM/4.0/AP/AP - AM/4.0/ 
5 (1.0-AP)** 2 )*SIN< 2.0*A0 ) + ( -2.0*AM*AP/ 
6 ( 1.0-AP )** 2 + 3.0 * AM / 2.0 / 
7 ( 1.0 - AP )** 2 ) * PI ) / PI 

END IF 

DALPHA = ABS( A1 ) 
A1 - -ABS( A1 * 180.0 / PI ) 
TYPE*,'ZERO LIFT ANGL (DEC) A1 

RETURN 

END 

SUBROUTINE JOUKAR 

* * 

* CALCULATE JOUKOWSKI AIRFOILS * 
* * 
******************** NOMENCLATURE ****************************** 

* * 

* XS, YS THE COORDINATES FOR THE AIRFOIL GEOMETRY * 
* * 

* X COORDINATES ALONG THE AIRFOIL CHORD * 
* * 

* AL AIRFOIL CHORD LENGTH * 
* * 

* DALPHA ZERO LIFT LINE * 
* * 

* BE CAMBER * 
* * 
********************************************** 

* * 
PARAMETER ( NPAN =■ 100, NPANl - 101, NPAN2 - 102, NPANHl =• 51 )
PARAMETER ( NGRID - 41, NGlOl - 101, NGIOO - 100 ) 

INCLUDE ' BDPT.FIL ' 
INCLUDE ' CNST.FIL ' 
INCLUDE ' JOUK.FIL ' 

ASQ = AZ** 2 
C = SQRT( AZ** 2 - YZ** 2 ) - ABS( XZ ) 

CSQ = C** 2 
BB = ATAN( YZ / ( XZ - C ) ) 
AM - SQRT( XZ** 2 + YZ** 2 ) 

AMSQ - XZ** 2 + YZ** 2 
DD - PI + ATAN( YZ / XZ ) 

DALPHA = ABS( BB ) 
BED = -ABS( BB * 180.0 /PI ) 

TYPE*,'XZ,YZ,AZ =',XZ,YZ,AZ 
TYPE*,' ZERO LIFT ANGLE ( DEG ) = ', BED 

DA = PI / FLOAT( NPANH ) 
XMAX - 0.0 
XMIN - 0.0 
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1 
1 

1 
1 

1 

DO I = 1, NPAN2 

IF{ I .LE. NPANHl ) THEN 
ANGL = PI - ( FLOAT( I ) - 1.0 ) * DA 
ELSE 

ANGL - - PI + ( FLOAT( I ) - FLOAT( NPANH2 ) ) * DA 
END IF 

SINA - SIN( ANGL ) 
COSA - COS( ANGL ) 

XBl( I ) - XZ + AZ * COSA + CSQ * ( XZ + AZ * COSA ) / 
( AMSQ + 2.0 * AZ * ( XZ * COSA + YZ * SINA ) + 

ASQ ) 

YB1( I ) - YZ + AZ * SINA - CSQ * ( YZ + AZ * SINA ) / 
( AMSQ +2.0*AZ* (XZ* COSA + YZ * SINA ) + 

ASQ ) 

IF( XB1( I ) .LT. XMIN ) THEN 
XMIN - XB1( I ) 
IMIN = I 

AMIN =- ANGL 

END IF 

IF( XB1( I ) .GT. XMAX ) THEN 
XMAX = XB1( I ) 
IMAX - I 

AMAX = ANGL 

END IF 

END DO 

IF( ( ( IMIN .EQ. 1 ) .OR. ( IMIN .EQ. NPANH2 ) ) .AND. 
( ( IMAX .EQ. NPANHl ) .OR. ( IMAX .EQ. NPAN2 ) ) )THEN 

GOTO 100 

END IF 

IF( IMIN .LT. NPANHl ) THEN 
DALU - AMIN 

DALL - - PI - (PI - AMIN ) 
ELSE 

DALU - PI + ( AMIN - ( - PI ) ) 
DALL = AMIN 

END IF 

IF( IMAX .LT. NPANHl ) THEN 
DATU - AMAX 

DATL - AMAX 

ELSE 

DATU - AMAX 

DATL = AMAX 

END IF 

DAU =• ( DALU - DATU ) / FLOAT( NPANH ) 
DAL = ( DALL - DATL ) / FLOAT( NPANH ) 

XMAX - 0.0 

XMIN =0.0 

DO I = 1, NPAN2 

IF( I .LE. NPANHl ) THEN 
ANGL = DALU - ( FLOAT( I ) - 1.0 ) * DAU 
ELSE 

ANGL = DALL - ( FLOAT( I ) - NPANH2 ) * DAL 
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END IF 

SINA = SIN( ANGL ) 
COSA - COS( ANGL ) 

XBl( I ) - XZ + AZ * COSA + CSQ * ( XZ + AZ * COSA ) / (AMSQ + 
1 2.0*AZ* (XZ* COSA + YZ * SINA ) + ASQ ) 

YBl( I ) - YZ + AZ * SINA - CSQ * ( YZ + AZ * SINA ) / (AMSQ + 
1 2.0*AZ* (XZ* COSA + YZ * SINA ) + ASQ ) 

IF( XB1( I ) .LT. XMIN ) THEN 
XMIN = XB1( I ) 
IMIN - I 

AMIN = ANGL 

END IF 

IF( XB1( I ) .GT. XMAX ) THEN 
XMAX = XB1( I ) 
IMAX - I 

AMAX = ANGL 

END IF 

END DO 

IF( ( ( IMIN .EQ. 1 ) .OR. ( IMIN .EQ. NPANH2 ) ) .AND. 
1 ( ( IMAX .EQ. NPANHl ) .OR. ( IMAX .EQ. NPAN2 ) ) )THEN 

GOTO 100 

ELSE 

TYPE*,'IMIN, XMIN, AMIN', IMIN, XMIN, AMIN 
TYPE*,'IMAX, XMAX, AMAX', IMAX, XMAX, AMAX 
STOP 777 

END IF 

100 ALZ = XMAX - XMIN 

TYPE*,'CHORD LENGTH OF JOUKOWSKI AIRFOIL', ALZ 

DO I = 1, NPAN+2 

XB1( I ) = ( XB1( I ) - XMIN ) / ALZ 
YB1( I ) = YB1( I ) / ALZ 

IF( ABS( XBl(I) ) .LT. l.OE-6 )THEN 
XB1( I ) =0.0 
END IF 

IF( ABS( YBl(I) ) .LT. l.OE-6 )THEN 
YB1( I ) = 0.0 
END IF 

END DO 

RETURN 

END 

SUBROUTINE BDYCORD 
********************** 

* 

* COMPUTE COORDINATES OF BOUNDARY PTS. * 
■k 

******************** NOMENCLATURE ****************************** 

* XB, YB THE COORDINATES FOR THE PANELS * 
* 

******************************************^^^„,^^^^^^^^^^^^^^^^^^^^^^^^^
* 

* 
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PARAMETER ( NPAN - 100, NPANl - 101, NPAN2 = 102, NPANHl = 51 ) 
PARAMETER ( NGRID - 41, NGlOl - 101, NGIOO = 100 ) 

INCLUDE'CNST.FIL' 

INCLUDE'CORD.FIL' 

INCLUDE'BDPT.FIL' 

DO I - 1, NPAN2 
IMl - I - 1 

IF( I .LE. NPANHl ) THEN 
XB( I ) - XB1( NPAN2 - IMl ) 
YB( I ) - YB1( NPAN2 - IMl ) 

ELSE 

XB( IMl ) - XB1( I - NPANHl ) 
YB( IMl ) - YB1( I - NPANHl ) 
END IF 

END DO 

RETURN 

END 

SUBROUTINE PANEL 

* * 

* SPECIFY THE PANEL ORIENTATIONS ( NPAN PANELS ) : * 
* * 
******************** NOMENCLATURE ****************************** 

* * 
* THETA PANEL ORIENTATION ANGLES * 
* * 

* BETA PANEL NORMAL ANGLE * 
* * 

* PL PANEL LENGTH * 
* * 
******************************************** 

* * 
PARAMETER < NPAN - 100, NPANl - 101, NPAN2 - 102, NPANHl =■ 51 )
PARAMETER ( NGRID = 41, NGlOl - 101, NGIOO - 100 ) 

INCLUDE ' ANGL.FIL ' 
INCLUDE ' CNST.FIL ' 
INCLUDE ' CORD.FIL ' 

DO 1=1, NPAN 
II = I + 1 

YXIJ = ( YB( II ) - YB( I ) ) / ( XB( II ) - XB( I ) )
PL(I) = SQRT( ( XB(I1)-XB(I) )** 2 + ( YB(I1)-YB(I) )** 2 ) 

IF( ( II .GE. NPANHl ) .AND. ( I .GE. NPANHl ) )THEN 

***** UPPER SURFACE ********** 
THETA( I ) = ATAN( YXIJ ) 

ELSE 
***** lower surface ********** 

THETA( I ) = - ( PI - ATAN( YXIJ ) ) 
END IF 

BETA( I ) - THETA( I ) + PI / 2.0 
COSINE( I ) = COS( THETA( I ) ) 

SINE( I ) - SIN( THETA( I ) ) 

END DO 
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DO I - 1, NPAN 
II - I + 1 

EXX = (XB( I1 ) -XB( I ) ) /PL( I ) 
EXY = ( YB( II ) - yB( I ) ) / PL( I ) 

IF( ( ABS( EXX-COSINE(I) ) .GT. l.E-6 ) .OR. 
1 ( ABS( EXY-SINE(I) ) .GT. l.E-6 ) ) THEN 

TYPE*,'TANGENTIAL IS INCORRECT' 
TYPE*, THETA 

ELSEIF( ( ABS( -EXY+SINE(I) ) .GT. l.E-6 ) .OR. 
1 ( ABS( EXX-COSINE(I) ) .GT. l.E-6 ) ) THEN 

TYPE*,'NORMAL IS INCORRECT' 
TYPE*, THETA 
END IF 

END DO 

RETURN 

END 

SUBROUTINE CNTCORD 

* 

* SPECIFY THE COORDINATES OF CONTROL PTS. * 
* 

******************** NOMENCLATURE ****************************** 

* X, Y COORDINATES FOR CONTROL POINTS * 
* * 
* RCP PARAMETER DETERMINING THE LOCATION OF C.P. * 

* IMAXL PARAMETER DETERMINING THE LOCAL EXTREME ON 
*

* 
* THE AIRFOIL LOWER SURFACE * 
* 

* IMAXLL PARAMETER DETERMINING THE 2ND LOCAL EXTREME ON *
* 

* THE AIRFOIL LOWER SURFACE * 
* 

* IMAXU PARAMETER DETERMINING THE LOCAL EXTREME ON * 
* THE AIRFOIL UPPER SURFACE * 

* 

■k 
k 

PARAMETER ( NPAN - 100, NPANl - 101, NPAN2 - 102, NPANHl = 51 )
PARAMETER ( NGRID - 41, NGlOl = 101, NGIOO - 100 ) 

INCLUDE ' ANGL.FIL ' 
INCLUDE ' CNST.FIL ' 
INCLUDE ' CORD.FIL ' 

DO I = 1, NPAN 
II = I + 1 

IF( ( II .GE. NPANHl ) .AND. ( I .GE. NPANHl ) )THEN
******* UPPER SURFACE ************************************************** 

X( I ) = XB( I ) + RCP * PL( I ) * COSINE( I )
Y( I ) = YB( I ) + RCP * PL( I ) * SINE( I ) 

ELSE
******* lower SURFACE ************************************************** 

X( I ) = XB( I ) + ( 1.0- RCP ) * PL( I ) * COSINE( I )
Y( I ) = YB( I ) + ( 1.0- RCP ) * PL( I ) * SINE( I ) 
END IF 
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END DO 

AMAX = 0.0 

DO I = 1, NPANH 
IF( ABS( Y(I) ) .GT. AMAX )THEN 
AMAX » ABS( Yd) ) 
IMAXL « I 

END IF 

END DO 

AMAX - 0.0 

DO I - NPANHl, NPAN 
IF( Y( I ) .GT. AMAX )THEN 
AMAX - Y( I ) 
IMAXU = 1 

END IF 

END DO 

DO I - 2, IMAXL-1 
IPX - I + 1 

IMl - I - 1 

IF( ( Yd) .GT. YCIMl) ) .AND. ( Yd) .GT. YCIPl) ) )THEN 
IMAXLL = I 

END IF 

END DO 

RETURN 

END 

SUBROUTINE GRDCORD 

* * 
* COMPUTE THE COORDINATES OF INNER GRID PTS. OF A SQUARE DOMAIN * 
* 
******************** NOMENCLATURE ****************************** 

* * 

* XG, YG COORDINATES FOR INNER GRID POINTS * 
* 

* 

* XGl, YGl COORDINATES FOR FAR UPSTREAM POINTS * 
■k 

* DS INNER MESH SIZE k 
k 

k 

* NG21 MAX. NO. OF MESH PT. ( NG21 BY NG21 ) * 
* * 
* NGlOl # OF GRID AT FAR UPSTREAM * 
* * 
************************************************ 

* * 
PARAMETER ( NPAN - 100, NPANl - 101, NPAN2 - 102, NPANHl =■ 51 )
PARAMETER ( NGRID = 41, NGICI - 101, NGIOO = 100 ) 

INCLUDE ' CNST.FIL ' 
INCLUDE ' CORD.FIL ' 
INCLUDE ' DBLE.FIL ' 

SEDGE =■ S / 2.0 
DS = S / FLOAT( NGRID - 1 ) 

DO J = 1, NGRID 
DO I =■ 1, NGRID 

XG( I, J ) = - SEDGE + ( FLOAT( I ) - 1.0 ) * DS 
YG( I, J ) = - SEDGE + ( FLOAT( J ) - 1.0 ) * DS 

END DO 
END DO 
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DYI - S / FLOAT( NGlOl - 1 ) 
IF( IFLOW .EQ. 3 )THEN 
DO K = 1, NGlOl 
XGK K ) = - SEDGE 
YG1( K ) SEDGE + ( FLOAT( K ) - 1.0 ) * DYI 
END DO 

ELSEIF( ( ( IFLOW .GT. 2 ) .OR. ( IDBL .GT. 2 ) ) .AND. 
1 ( IDIR .EQ. 1 ) )THEN 

DO K = 1, NGlOl 
XGK K ) - - SEDGE 
YGK K ) - - SEDGE + ( FLOAT( K ) - 1.0 ) * DYI 
XG2( K ) - - SEDGE + ( FLOAT( K ) - 1.0 ) * DYI 
YG2( K ) - SEDGE 
END DO 

ELSEIF( ( ( IFLOW .GT. 2 ) .OR. ( IDBL .GT. 2 ) ) .AND. 
1 ( IDIR .EQ. 0 ) )THEN 

DO K - 1, NGlOl 
XGK K ) = - SEDGE 
YGK K ) SEDGE + ( FLOAT( K ) - 1.0 ) * DYI 
XG2( K ) - - SEDGE + ( FLOAT( K ) - 1.0 ) * DYI 
YG2( K ) - - SEDGE 
END DO 

END IF 

JCRD - FLOAT( NGRID - 1 ) / 2.0 + 1 
ICRD - JCRD 

INCR - 1.0 / DS 
ICRDl- ICRD + INCR 

ICRDMl « ICRD - 1 

ICRDll = ICRDl + 1 

NGRID1 - NGRID - 1 

JCRDMl - JCRD - 1 

JCRDM2 =■ JCRD - 2 
JCRDPl = JCRD + 1 
JCRDP2 - JCRD + 2 

RETURN 
END 

SUBROUTINE TRACORD 
************************ 

* 

* TRANSFORM THE COORDINATES OF CONTROL PTS. & GRID PTS. * 
* RELATIVE TO LOCAL COORD. ON EACH PANEL * 
* * 
******************** NOMENCLATURE ****************************** 
* * 
* XE, YE COORDINATES OF CONTROL POINT W.R.T. EACH PANEL * 
* * 
* XGE, YGE COORDINATES OF INNER GRID POINT W.R.T. * 
* EACH PANEL * 
* * 
* XOE, YOE COORDINATES OF OUTTER GRID POINT W.R.T. * 
* EACH PANEL * 
* 

* 

****************** 

* 

PARAMETER ( NPAN = 100, NPANl = 101, NPAN2 = 102, NPANHl = 51 )
PARAMETER ( NGRID = 41, NGlOl = 101, NGIOO = 100 ) 

INCLUDE ' ANGL.FIL ' 
INCLUDE ' CNST.FIL ' 
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INCLUDE'CORD.FIL 

DO I = 1, NPJ^ 
DO J = 1, NPAN 

XE( I, J ) - COSINE( J X( I) * ( ) - XB( J ) ) + 
1 SINE( J ) it ( Y( I ) - YB( J ) ) 

) ( ) - XB( J ) ) +YE( I, J ) - - SINE( J X( I 
1 COSINE( J ) * ( Y( I ) - YB( J ) ) 

IF( ABS( XE(I,J) ) .LE. l.OE-6 ) THEN 
XE( I, J ) - 0.0 
END IF 

IF( ABS( YE(I,J) ) .LE. l.OE-6 ) THEN 
YE( I, J ) - 0.0 
END IF 

END DO 

END DO 

IF( ( IFLOW .GT. 2 ) .OR. ( IDBL .GT. 2 ) ) THEN 

DO I - 1, NGRID 
DO J - 1, NGRID 
DO K - 1, NPAN 

XGE( I, J, K ) - COSINE( K) * (XG( I, J) -XB(K) ) + 
1 SINE.( K ) * ( YG( I, J ) - YB( K ) ) 

YGE( I, J, K ) - - SINE( K) * (XG( I, J) -XB(K) ) + 
1 COSINE( K ) * ( YG( I, J ) - YB( K ) ) 

IF( ABS( XGE( I, J, K ) ) .LE. l.OE-6 ) THEN 
XGE( I, J, K ) - 0.0 
END IF 

IF( ABS( YGE( I, J, K ) ) .LE. l.OE-6 ) THEN 
YGE( I, J, K ) - 0.0 
END IF 

END DO 

END DO 

END DO 

END IF 

RETURN 

END 

SUBROUTINE TRANXY 

* 

* TRANSFORM THE COORDINATES OF STREAM PTS. W.R.T. * 
* THE LOCAL COORDINATE ON EACH PANEL * 
* 

******************** NOMENCLATURE ****************************** 

* 

* XSE, YSE TRANSFORMED COORD. FOR STREAM PT. * 
* 

********************************** 
* 

PARAMETER ( NPAN = 100, NPANl = 101, NPAN2 =• 102, NPANHl = 51 )
* 

PARAMETER ( NGRID = 41, NGlOl = 101, NGIOO = 100 ) 

INCLUDE'ANGL.FIL' 

INCLUDE'CNST.FIL' 
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INCLUDE'CORD.FIL' 

INCLUDE'STRM.FIL' 

DO K - 1, 2 
DO I - 1, NGIOO 
DO J - 1, NPAN 

XSE( I, J, K ) - COSINE( J ) * ( XINTG( I, K ) - XB( J ) ) + 
1 SINE( J ) ( YINTG( 1/ K ) - YB( J ) ) 

YSE( I, J, K ) - - SINE( J ) k ( XINTG( I, K ) - XB{ J ) ) + 
1 COSINE( J ) k ( YINTG( I, K ) - YB( J ) ) 

END DO 

END DO 

END DO 

RETURN 

END 

SUBROUTINE SORT( U, V, VO ) 

* * 

* SORT THE VELOCITIES( UCN, VCN ) OF FOUR CORNERS AND * 
* NORMALIZE THEM REFERENCED TO VREF * 
* 

******************** NOMENCLATURE ★*★★*★**★★*★★★★**********★*★★* 
* 

* U, V JAWS VELOCITIES AT FOUR CORNERS * 
"k k 

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk 

INCLUDE'CNST.FIL' 

REAL U( 4 ), V( 4 ), VN( 4 ), A( 4 ) 

DO K - 1, 4 

GOTO( 1, 2, 3, 4 ), K 
1 KCONT - 2 

GOTO 5 

2 KCONT = 1 

GOTO 5 

3 KCONT - 4 

GOTO 5 

4 KCONT = 3 

5 UU = -U( KCONT ) - ( -VO ) 
W = V( KCONT ) 

VN( K ) = SQRT( UU** 2 + W** 2 ) / VO 

IF( ( ( UU .GE. 0.0 ) .AND. ( W .GE. 0.0 ) ) .OR. 
1 ( ( UU .GE. 0.0 ) .AND. ( W .LE. 0.0 ) ) )THEN 

A( K ) = ATAN( W / UU ) 

ELSEIF( ( UU .LE. 0.0 ) .AND. ( W .GE. 0.0 ) )THEN 
A( K ) = PI + ATAN( W / UU ) 

ELSEIF( ( UU .LE. 0.0 ) .AND. ( W .LE. 0.0 ) )THEN 
A( K ) = -PI + ATAN( W / UU ) 
END IF 

END DO 

DO K = 1, 4 
U( K ) = VN( K ) * COS( A( K ) ) 
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V( K ) =• VN< K ) * SIN( A< K ) ) 
END DO 

RETURN 

END 

SUBROUTINE JAWSFL 
A*********************************************************************** 

* READ ONSET FLOW VELOCITY AT 4 CORNERS FROM JAWS DATA AND THEN * 
* INTERPOLATE THE ONSET FLOW VELOCITY AT ANY POINT IN THE DOMAIN * 
* USING SUB-AREA AS WEIGHTING PARAMETER : * 
* * 

* 4 3 * 

1 A2 1 A1 1 k 

1 X 1 k 

1 pi 1 k 

* 1 kA3 1 A4 1 
•k 1 1 1 k 

•k 2 * 
k k 

* = ( Wi * Ai ) / ( Aj ) ( i, j = 1, 4 ) * 
* * 
******************** NOMENCLATURE ****************************** 

* * 

* UO, VO ONSET VELOCITY ON THE CONTROL POINT * 
* * 

* UGO, VGO ONSET VELOCITY IN THE DOMAIN * 
* * 

* UGOl, VGOl ONSET VELOCITY IN THE FAR UPSTREAM * 
* * 
************************************************************* 

* * 

PARAMETER ( NPAN - 100, NPANl - 101, NPAN2 - 102, NPANHl - 51 ) 
PARAMETER ( NGRID - 41, NGlOl - 101, NGIOO - 100 ) 

INCLUDE'CNST.FIL' 

INCLUDE'CORD.FIL' 

INCLUDE'JAWS.FIL' 

INCLUDE'VLTY.FIL' 

REAL A( 4 ) 

XEDGE - XTOT / 2.0 
YEDGE - YTOT / 2.0 
DO K =■ 1, NGlOl 

PX - XGK K ) 
PY = YGK K ) 
CALL SUBAREA( XEDGE, YEDGE, PX, PY, A) 
UGOK K ) - WINTPL( UCN, A ) 
VGOK K ) - WINTPL( VCN, A ) 

IF( ALPHA .NE. 0.0 )THEN 
CALL JAWSAL( UGOK K ), VG01( K ), ALPHA ) 
END IF 

PX - XG2( K ) 
PY = YG2( K ) 
CALL SUBAREA( XEDGE, YEDGE, PX, PY, A) 
UG02( K ) - WINTPL( UCN, A ) 
VG02( K ) = WINTPL( VCN, A ) 

IF( ALPHA .NE. 0.0 )THEN 
CALL JAWSAL( UG02( K ), VG02( K ), ALPHA ) 
END IF 
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END DO 

DO I - 1, NGRID 
DO J = 1, NGRID 

PX = XG( I, J ) 
PY - YG( I, J ) 
CALL SUBAREA( XEDGE, YEDGE, PX, PY, A) 
UGO( I, J ) - WINTPL( UCN, A ) 
VGO( I, J ) - WINTPL( VCN, A ) 

IF( ALPHA .NE. 0.0 )THEN 
CALL JAWSAL( UGO( I, J ), VGO( I, J ), ALPHA ) 
END IF 

END DO 

END DO 

DO K = 1, NPAN 

PX - X( K ) 
PY = Y( K ) 
CALL SUBAREA( XEDGE, YEDGE, PX, PY, A) 
U0( K ) = WINTPL( UCN, A ) 
V0( K ) - WINTPL( VCN, A ) 

IF( ALPHA .NE. 0.0 )THEN 
CALL JAWSAL( UO( K ), VO( K ), ALPHA ) 
END IF 

END DO 

RETURN 

END 

SUBROUTINE JAWSFLl 
***************************************************** 

* * 
* SPECIFY THE ONSET VELOCITY FOR STREAM FUNCTION CALCULATION * 
* * 
******************** NOMENCLATURE ****************************** 

* * 
* UGINT, VGINT VELOCITIES FOR STREAM FUNCTION CALCULATIONS * 
* * 

* * 
PARAMETER ( NPAN"100, NPANl - 101, NPAN2 = 102, NPANHl = 51 ) 
PARAMETER ( NGRID - 41, NGlOl - 101, NGIOO = 100 ) 

INCLUDE'CNST.FIL' 

INCLUDE'JAWS.FIL' 
INCLUDE'STRM.FIL' 

REAL A( 4 ) 

XEDGE - XTOT / 2.0 

YEDGE =• YTOT / 2.0 

DO J = 1, 2 
DO I =1, INTO 

PX = XINTG( I, J ) 
PY = YINTG( I, J ) 

CALL SUBAREA( XEDGE, YEDGE, PX, PY, A) 
UU = WINTPL( UCN, A ) 
W =■ WINTPL( VCN, A ) 
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IF( ALPHA .ME. 0.0 )THEN 
CALL JAWSAL( UU, W, ALPHA ) 
END IF 

IF( J .EQ. 1 )THEN 
UGINT( I ) - UU 
ELSE 

VGINT( I ) - W 
END IF 

END DO 

END DO 

RETURN 

END 

SUBROUTINE SUBAREA( X, Y, PX, PY, A ) 
************************************************************************ 

* * 
* DETERMINE THE SUB-AREA FOR INTERPOLATION * 
* * 
******************** NOMENCLATURE ****************************** 

* * 
* A(l) - A(4) FOUR SUB-DIVIDED AREAS * 
* * 

* * 
REAL A( 4 ) 

XL - ABS( -X - PX ) 
XR =■ ABS( X - PX ) 
YU - ABS( Y - PY ) 
YL - ABS( -Y - PY ) 

A( 1 ) = XR * YU 
A( 2 ) = XL * YU 
A( 3 ) - XL * YL 
A( 4 ) - XR * YL 

RETURN 
END 

FUNCTION WINTPL( W, A ) 
************************************* 

*
* 

DETERMINE THE VELOCITY VALUE BY AREA-WEIGHTED INTERPOLATION * 
******************** NOMENCLATURE ******************************* 

* 

* W(l) - W(4) JAWS DATA AT FOUR CORNERS * 
* 

* WINTPL INTERPOLATED VELOCITY * 
* 

*************************************i,i,i,i,.i,i,i,i,i,i,i,i,i,i,i,i,i,i,i,i,^,^,^i,^,^^^^^^^^^^ 
•k ^ 

REAL W( 4 ), A( 4 ) 

SUMl -0.0 

SUM2 =0.0 

DO K = 1, 4 
SUMl - SUMl + W( K ) * A( K ) 
SUM2 = SUM2 + A( K ) 
END DO 
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WINTPL = SUMl / SUM2 

RETURN 

END 

SUBROUTINE JAWSAL( U, V, A ) 
************************************************************************ 

* * 

* ADD ANGLE OF ATTACK * 
* 

************************************************************************ 

* * 

IF( U .EQ. 0.0 )THEN 
B - ACOS( -1.0 ) / 2.0 

ELSEIF( ( U .EQ. 0.0 ) .AND. ( V .EQ. 0.0 ) )THEN 
TYPE*,'ATAN(V/U), U, V - 0' 
STOP 333 

ELSE 

B - ATAN( V / U ) 
END IF 

IF( ABS( U ) .LT. l.OE-6 )THEN 
AU - V 

ELSEIF( ABS( V ) .LT. l.OE-6 )THEN 
AU = U 

ELSE 

AU - SQRT( U** 2 + V** 2 ) 
END IF 

U - AU * COS( B + A ) 
V - AU * SIN( B + A ) 

RETURN 

END 

SUBROUTINE COEF 
******************** 

* * 
* CALCULATE THE INFLUENCE MATRICES : * 

* * 
******************** NOMENCLATURE ****************************** 

* * 
* AINTGL1,2 INFLUENCE MATRICES FOR SOURCE IN NORMAL AND * 
* TANGENTIAL DIRECTIONS ( C.P. ) * 
* * 
* DINTGL1,2 INFLUENCE MATRICES FOR VORTEX IN NORMAL AND * 
* TANGENTIAL DIRECTIONS ( C.P. ) * 
* * 
* AGINTGL1,2 INFLUENCE MATRICES FOR SOURCE IN NORMAL AND * 
* TANGENTIAL DIRECTIONS ( INNER GRIDS ) * 
* * 
* DGINTGL1,2 INFLUENCE MATRICES FOR VORTEX IN NORMAL AND * 
* TANGENTIAL DIRECTIONS ( INNER GRIDS ) * 
* * 
* A0INTGL1,2 INFLUENCE MATRICES FOR SOURCE IN NORMAL AND * 
* TANGENTIAL DIRECTIONS ( INNER GRIDS ) * 
* * 
* D0INTGL1,2 INFLUENCE MATRICES FOR VORTEX IN NORMAL AND * 
* TANGENTIAL DIRECTIONS ( INNER GRIDS ) * 
* * 
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* * 

PARAMETER ( NPAN - 100, NPANl - 101, NPAN2 - 102, NPANHl - 51 ) 
PARAMETER ( NGRID = 41, NGlOl - 101, NGIOO - 100 ) 

INCLUDE'ANGL.FIL' 

INCLUDE'CNST.FIL' 

INCLUDE'CORD.FIL' 

INCLUDE'MTRX.FIL' 

INCLUDE'NAC4.FIL' 

DO I - 1, NPAN 
DO J - 1, NPAN 

THEIJ - THETA( I ) - THETA( J ) 
ALN - 1.0 + ( PL(J)** 2 - 2.0 * XE(I,J) * PL(J) ) / 

1 ( XE(I,J)** 2 + YE(I,J)** 2 ) 

************ CHECK CALCULATION ******************* 

IF( ALN .LE. 0.0 ) THEN 
TYPE*,'ERROR ON LN' 
STOP 111 

END IF 

IF( J .EQ. I ) THEN 
AINTGLK I, J ) - PI 
AINTGL2( I, J ) - 0.0 
DINTGLK I, J ) - 0.0 
DINTGL2( I, J ) - PI 

ELSEIF( YE( I, J ) .EQ. 0.0 ) THEN 
AINTGLK I, J ) - 0.5 * SIN( THEIJ ) * ALOG( ALN ) 
AINTGL2( I, J ) - - 0.5 * COS( THEIJ ) * ALOG( ALN ) 
DINTGLK I, J ) = - AINTGL2( I, J ) 
DINTGL2( I, J ) - AINTGLK I, J ) 

ELSE 

ATNU - ( PL( J ) - XE( I, J ) ) / YE( I, J ) 
ATNL --XE( I, J) /YE( I, J) 
AINTGLK I, J ) = 0.5 * SIN( THEIJ ) * ALOG( ALN ) + 

1 COS( THEIJ ) * ( ATAN( ATNU ) - ATAN( ATNL ) ) 
AINTGL2( I, J ) =- 0.5 * COS( THEIJ ) * ALOG( ALN ) + 

1 SIN( THEIJ ) * ( ATAN( ATNU ) - ATAN( ATNL ) ) 
DINTGLK I, J ) - -AINTGL2( I, J ) 
DINTGL2( I, J ) - AINTGLK I, J ) 

END IF 

END DO 

END DO 

IF( RCP .NE. 0.5 ) THEN 

DO K = 1, NPAN 

IF( K .GE. NPANHl )THEN 
******* UPPER SURFACE ************************************************** 

AKK = ALOG( RCP / ( 1.0 - RCP ) ) 

ELSE 
******* lower surface ************************************************** 

AKK =■ ALOG( ( 1.0 - RCP ) / RCP ) 
END IF 

AINTGL2( K, K ) = AKK 
DINTGLK K, K ) = - AINTGL2 ( K, K ) 
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1 

END DO 

END IF 

CALL LASTRW 

IF( ( IFLOW .GT. 2 ) .OR. ( IDBL .GT. 2 ) ) THEN 

DO I - 1, NGRID 
DO J = 1, NGRID 

IF( ( J .EQ. JCRD ) .AND. 
1 ( ( I .GE. ICRD ) .AND. ( I .LE. ICRDl ) ) )THEN 

GOTO 1 

END IF 

DO K - 1, NPAN 

THEIJ - 0.0 - THETA( K ) 
ALN - 1.0 + ( PL(K)** 2 - 2.0 * XGE(I,J,K) * PL(K) ) 

1 / ( XGE(I,J,K)** 2 + YGE(I,J,K)** 2 ) 

************* CHECK CALCULATION ******************* 

IF( ALN .LE. 0.0 ) THEN 
TYPE*,'ERROR ON LN' 
STOP 222 

END IF 

ATNU - ( PL( K ) - XGE( I, J, K ) ) / YGE( I, J, K ) 
ATNL => - XGE( I, J, K ) / YGE( I, J, K ) 

AGINTGLK I, J, K ) - 0.5 * SIN( THEIJ ) * ALOG( ALN ) + 
1 COS( THEIJ ) * ( ATAN( ATNU ) - ATAN( ATNL ) ) 

AGINTGL2( I, J, K ) - -0.5 * COS( THEIJ ) * ALOG( ALN ) + 
1 SIN( THEIJ ) * ( ATAN( ATNU ) - ATAN( ATNL ) ) 

DGINTGLK I, J, K ) - - AGINTGL2( I, J, K ) 
DGINTGL2( I, J, K ) =. AGINTGLl( I, J, K ) 

END DO 

CONTINUE 

END DO 

END DO 

END IF 

RETURN 

END 

SUBROUTINE LASTRW 

* * 

* CONSTRUCT THE LAST ROW OF INFLUENCE MATRICES : I ij, D ij * 
* FOR KUTTA CONDITION * 
* * 
******************** NOMENCLATURE ****************************** 

* * 

* A1STORE LAST ROW FOR SOURCE * 
* * 
* D1STORE LAST ROW FOR VORTEX * 
* * 
**************************************************************^*^^^^^^^^ 

* * 
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PARAMETER { NPAN - 100, NPANl - 101, NPAN2 - 102, NPANHl = 51 ) 
PARAMETER ( NGRID = 41, NGlOl = 101,~N5I00 = 100 ) 

INCLUDE'CNST.FIL' 

INCLUDE'MTRX.FIL' 

DO I = 1, NPAN 
DO J - 1, NPAN 

A1ST0RE( I, J ) - AINTGLK I, J ) 
D1ST0RE( I, J ) - DINTGLK I, J ) 

END DO 

END DO 

IF( ( DALPHA .EQ. 0.0 ) .AND. ( ALPHA .EQ. 0.0 ) .AND. 
1 ( IFLOW .EQ. 1 ) .AND. ( IDBL .EQ. 0 ) )THEN 

DO J = 1, NPAN 
AISTORE( NPAN, J ) = AINTGL2( 1, J ) + AINTGL2( NPAN, J ) 
END DO 

ELSE 

DO J - 1, NPAN 
D1ST0RE( NPAN, J ) - DINTGL2( 1, J ) + DINTGL2( NPAN, J ) 
END DO 

END IF 

RETURN 

END 

SUBROUTINE COEFl 
******************************************************** 

* * 

* CALCULATE THE INFLUENCE MATRICES : A1 ij, D1 ij, A2 ij, D2 ij * 
*- FOR CALCULATING STREAM FUNCTION * 
* * 
******************** NOMENCLATURE ****************************** 

* * 

* A1,A2 INFLUENCE MATRICES FOR SOURCE IN NORMAL AND * 
* TANGENTIAL DIRECTIONS ( STREAM ) * 
* * 

* D1,D2 INFLUENCE MATRICES FOR VORTEX IN NORMAL AND * 
* TANGENTIAL DIRECTIONS ( STREAM ) * 
* * 
*********************************************************^j^^^^,,**^^j^^^,,jj 

* * 

PARAMETER ( NPAN = 100, NPANl - 101, NPAN2 - 102, NPANHl = 51 ) 
PARAMETER ( NGRID = 41, NGlOl =« 101, NGIOO =• 100 ) 

INCLUDE'ANGL.FIL' 

INCLUDE'CNST.FIL' 

INCLUDE'CORD.FIL' 
INCLUDE'STRM.FIL' 

DO K = 1, 2 

IF( K .EQ. 1 )THEN 
IMAX = INTG - 1 

ELSE 

IMAX = INTG 

END IF 

DO J = 1, NPAN 
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DO I = 1, IMAX 
THEIJ - 0.0 - THETA( J ) 
ALN - 1.0 + ( PL(J)** 2 - 2.0 * XSE(I,J,K) * PL(J) 

1 ) / ( XSE(I,J,K)** 2 + YSE(I,J,K)** 2 ) 

************* CHECK CALCULATION ******************* 

IF( ALN .LE. 0.0 ) THEN 
TYPE*,'ERROR ON LN' 
STOP 444 

END IF 

ATNU - ( PL( J ) - XSE( I, J, K ) ) / YSE( I, J, K ) 
ATNL - - XSE( I, J, K ) / YSE( I, J, K ) 

Al( I, J, K ) = 0.5 * SIN( THEIJ ) * ALOG( ALN ) + 

1 COS( THEIJ ) * ( ATAN( ATNU ) - ATAN( ATNL ) ) 
A2( I, J, K ) = - 0.5 * COS( THEIJ ) * ALOG( ALN ) + 

1 SIN( THEIJ ) * ( ATAN( ATNU ) - ATAN( ATNL ) ) 
Dl( I, J, K ) - -A2( I, J, K ) 
D2( I, J, K ) - Al( I, J, K ) 

END DO 

END DO 

END DO 

RETURN 

END 

SUBROUTINE INVERSE( A, AINV ) 
*******************************************************j,*,tA^^^,r,r^^^,t^^^^ 

* * 

* SOLVE SIMULTANEOUS EQUTIONS FOR DIMENSIONLESS SINGULARITY * 
* STRENGTHS USING IMSL PACKAGE: LINV2F. * 
* * 

* LINK ; $LXNK FILE, LIB IMSL D/LIB * 
A 

**★★**************** NOMENCLATURE ****************************** 
* 

* 

* A INPUT LHS COEF. MATRIX ( INPUT ) * 

* 
* 

* N ORDER OF COEF. MATRIX A * 

* 
* 

* lA ROW DIMENSION OF A AND AINV EXACTLY AS * 

* SPECIFIED IN THE DIMENSION STATEMENT * 

* 
* 

* IDGT NO. GREATER THAN ZERO * 

* 
* 

* WKAREA WORKING ARRAY ( N X N + 3 X N ) * 

* 
* 

* lER OUTPUT WARNING * 

* 
* 

*********************************************************^^^^^^^^^^^^^^^ 

* * 

PARAMETER ( NPAN = 100 ) 

INCLUDE'CNST.FIL' 

REAL A( NPAN, NPAN ), AINV( NPAN, NPAN ), 
1 WKAREA( NPAN*NPAN+3*NPAN ) 

INTEGER N, lA, IDGT, lER 

N « NPAN 

lA = NPAN 

IDGT = 6 

CALL LINV2F( A, N, lA, AINV, IDGT, WKAREA, lER ) 
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IF( lER .NE. 0.0 )THEN 
TYPE*,'lER - lER 
TYPE*,'IDGT = ', IDGT 
END IF 

RETURN 

END 

SUBROUTINE LEQINV ( BE, RR, ALAMBDA ) 
*****************************************************************;^****** 

* * 

* MULTIPLY BB BY RR FOR DIMENSIONLESS SINGULARITY STRENGTH * 
* * 
************************************************************************ 

* * 

PARAMETER ( NPAN - 100 ) 

INCLUDE'CNST.FIL' 

REAL ALAMBDA( NPAN ), RR( NPAN ), BB( NPAN, NPAN ) 

DO I = 1, NPAN 
SUM -0.0 

DO J - 1, NPAN 
SUM = SUM + BB( I, J ) * RR( J ) 
END DO 

ALAMBDA( I ) - SUM 

END DO 

RETURN 

END 

SUBROUTINE RHSl 

* * 

* CALCULATE THE RHS COLUMN VECTOR OF SOURCE DISTRIBUTION * 
* * 
******************** NOMENCLATURE ****************************** 

* * 

* RHSCl RHS COLUMN VECTOR * 
* * 
************************************** 

* * 

PARAMETER ( NPAN = 100, NPANl = 101, NPAN2 - 102, NPANHl = 51 ) 
PARAMETER ( NGRID - 41, NGlOl - 101, NGIOO - 100 ) 

INCLUDE'ANGL.FIL' 

INCLUDE'CNST.FIL' 

INCLUDE'MTRX.FIL' 

INCLUDE'VLTY.FIL' 

DO I - 1, NPAN 
RHSCl( I ) = - ( UO(I)*COS(DALPHA) - VO(I)*SIN(DALPHA) ) * 

1 COS( BETA( I ) + DALPHA ) 
END DO 

IF( { DALPHA .EQ. 0.0 ) .AND. ( ALPHA .EQ. 0.0 ) .AND. 
1 ( IFLOW .EQ. 1 ) .AND. ( IDBL .EQ. 0 ) )THEN 

RHSCl( NPAN ) = - ( U0( NPAN ) * COSINE( NPAN ) + VO( NPAN ) * 
1 SINE( NPAN ) + U0(1) * COSINE( 1 ) + V0(1) * SINE( 1 ) ) 

END IF 
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RETURN 

END 

SUBROUTINE RHS2( ICONT ) 
************************************************************************ 
* 

* 

* CALCULATE THE RHS COLUMN VECTOR OF VORTEX DISTRIBUTION * 
* * 
******************** NOMENCLATURE ****************************** 

* * 
* RHSC2 RHS COLUMN VECTOR * 
* * 

PARAMETER ( NPAN - 100, NPANl - 101, NPAN2 - 102, NPANHl = 51 ) 
PARAMETER ( NGRID - 41, NGlOl - 101, NGIOO = 100 ) 

INCLUDE'ANGL.FIL' 

INCLUDE'CNST.FIL' 

INCLUDE'MTRX.FIL' 

INCLUDE'VLTY.FIL' 

IF( ( DALPHA .EQ. 0.0 ) .AND. ( ALPHA .EQ. 0.0 ) .AND. 
1 ( IFLOW .EQ. 1 ) .AND. ( IDBL .EQ. 0 ) )THEN 

RETURN 

ELSE 

DO I = 1, NPAN 
RHSC2( I ) = - ( UO(I)*SIN(DALPHA) + VO(I)*COS(DALPHA) ) 

1 * SIN( BETA( I ) + DALPHA ) 

IF( ( ( IFLOW .GT. 2 ) .OR. ( IDBL .GT. 2 ) ) .AND. 
1 ( ICONT .GT. 1 ) )THEN 

RHSC2( I ) - RHSC2( I ) + RESL( I ) 
END IF 

END DO 

SUMN =0.0 

SUMl =0.0 

DO J = 1, NPAN 
SUMN - SUMN + AINTGL2( NPAN, J ) * ASIGAMA( J ) 
SUMl - SUMl + AINTGL2( 1, J ) * ASIGAMA( J ) 
END DO 

IF( ( ( IFLOW .GT. 2 ) .OR. ( IDBL .GT. 2 ) ) .AND. 
1 ( ICONT .GT. 1 ) )THEN 

CCTN - RESLT(NPAN) 
CCTl - RESLT(l) 
RHSC2(NPAN) = - ( UO(NPAN)*COSINE(NPAN) + VO(NPAN)*SINE(NPAN) 

1 + SUMN + CCTN + U0(1) * COSINE(1) + 
1 VO( 1 ) * SINE( 1 ) + SUMl + CCTl ) 

ELSE 

RHSC2(NPAN) = - ( UO(NPAN)*COSINE(NPAN) + VO(NPAN)*SINE(NPAN) 
1 + SUMN + U0( 1 ) * COSINE( 1 ) + 
1 V0( 1 ) * SINE( 1 ) + SUMl ) 

END IF 

END IF 

RETURN 

END 

FUNCTION RESL( K ) 
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* 

* CALCULATE THE RHS RESIDUAL COLUMN VECTOR OF * 
* VORTEX DISTRIBUTION DUE TO NONLINEAR SHEAR FLOW * 
* IN NORMAL DIRECTION * 

* * 
******************** NOMENCLATURE ****************************** 

* * 
■k RESL residule due to the onset vorticity * 
* ** 

it 

PARAMETER ( NPAN = 100, NPANl = 101, NPAN2 = 102, NPANHl = 51 )
PARAMETER ( NGRID = 41, NGlOl = 101, NGIOO = 100 ) 

INCLUDE ' ANGL.FIL ' 
INCLUDE ' CNST.FIL ' 
INCLUDE ' CORD.FIL ' 
INCLUDE ' JAWS.FIL ' 
INCLUDE ' VOTY.FIL ' 
REAL F( NGRID, NGRID ), XX( NGRID ), YY( NGRID ), 

WK( NGRID*NGRID+11*NGRID ) 
INTEGER IFD, NX, NY, lER, K 

IFD - NGRID 
NX - NGRID 
NY = NGRID 

DO I - 1, NX 
XX(I) - XG( I, 
YY(I) = YG( 1, 
END DO 

A - XX( 1 ) 
B = XX( NX ) 
C = YY( 1 ) 
D = YY( NY ) 

DO J = 1, NY 
DO I - 1, NX 

IF( ( J .EQ. JCRD ) .AND. 
1 ( ( I .GE. ICRD ) .AND. ( I .LE. ICRDl ) ) )THEN

F(I,J) - 0.0 

ELSE 
F(I,J) - ( OMEGAG( I, J ) - OMEGAG0( I, J ) ) * ( ( X( K ) -

1 XG( I,J ) ) * COSINECK ) + ( Y( K ) - YG( I,J ) ) * 
1 SINE( K ) ) / ( ( X( K ) - XG( I, J ) )** 2 + 
1 ( Y( K ) - YG( I, J ) )** 2 ) 

END IF 

END DO 
END DO 

CALL DBCQDU( F, IFD, XX, NX, YY, NY, A, B, C, D, Q, WK, lER )
RESL =-Q/2.0/PI 

IF( lER .NE. 0 )THEN 
TYPE*,' IER=', lER 
TYPE*,'RESL=', RESL 
STOP 888 
END IF 

RETURN 
END 
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FUNCTION RESLT{ K ) 
************************************************************************ 

* * 

* CALCULATE THE RHS RESIDUAL COLUMN VECTOR OF * 
* VORTEX DISTRIBUTION DUE TO NONLINEAR SHEAR FLOW * 
* IN TANGENTIAL DIRECTION * 
* * 
******************** NOMENCLATXJRE ****************************** 

* * 

* RESLT RESIDULE DUE TO THE ONSET VORTICITY * 
* * 
********************************** 

* * 

PARAMETER ( NPAN = 100, NPANl - 101, NPAN2 = 102, NPANHl - 51 ) 
PARAMETER ( NGRID = 41, NGlOl = 101, NGIOO = 100 ) 

INCLUDE'ANGL.FIL' 

INCLUDE'CNST.FIL' 

INCLUDE'CORD.FIL' 

INCLUDE'JAWS.FIL' 

INCLUDE'VOTY.FIL' 

REAL F( NGRID, NGRID ), XX( NGRID ), YY( NGRID ), 
1 WK( NGRID*NGRID+11*NGRID ) 

INTEGER IFD, NX, NY, lER, K 

IFD - NGRID 

NX - NGRID 

NY = NGRID 

DO I - 1, NX 
XX(I) - XG( I, 1 ) 
YY(I) = YG( 1, I ) 
END DO 

A = XX( 1 ) 
B - XX( NX ) 
C - YY( 1 ) 
D - YY( NY ) 

DO J - 1, NY 
DO I - 1, NX 

IF( ( J .EQ. JCRD ) .AND. 
1 ( ( I .GE. ICRD ) .AND. ( I .LE. ICRDl ) ) )THEN 

F(I,J) = 0.0 

ELSE 

F(I,J) = ( OMEGAG( I, J ) - OMEGAGO( I, J ) ) * ( ( X( K ) -
1 XG( I,J ) ) * SINE( K ) - ( Y( K ) - YG( I,J ) ) * 
1 COSINE( K ) ) / ( ( X( K ) - XG( I, J ) )** 2 + 
1 ( Y( K ) - YG( I, J ) )** 2 ) 

END IF 

END DO 

END DO 

CALL DBCQDU( F, IFD, XX, NX, YY, NY, A, B, C, D, Q, WK, lER ) 
RESLT = Q / 2.0 / PI 

IF( lER .NE. 0 )THEN 
TYPE*,' IER=', lER 
TYPE*,'RESLT=', RESLT 
STOP 889 

END IF 

RETURN 
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END 

FUNCTION RESLU( XO, YO ) 
************************************************************************ 

* * 
* CALCULATE THE RHS RESIDUAL COLUMN VECTOR OF * 
* VORTEX DISTRIBUTION DUE TO NONLINEAR SHEAR FLOW * 
* IN X DIRECTION * 
* * 
******************** NOMENCLATURE ****************************** 

* * 
RESLU RESIDULE DUE TO THE ONSET VORTICITY * 

* * 
****************************************************^^*********^^^^^^^^^^ 

PARAMETER ( NPAN - 100, NPANl = 101, NPAN2 = 102, NPANHl = 51 )
* 

PARAMETER ( NGRID = 41, NGlOl - 101, NGIOO - 100 ) 

INCLUDE'ANGL.FIL' 

INCLUDE'CNST.FIL' 

INCLUDE'CORD.FIL' 

INCLUDE'JAWS.FIL' 

INCLUDE'VOTY.FIL' 

REAL F( NGRID, NGRID ), XX( NGRID ), YY( NGRID ), 
WK( NGRID*NGRID+11*NGRID ) 

INTEGER IFD, NX, NY, lER, K 

IFD - NGRID 

NX - NGRID 

NY - NGRID 

DO "I - 1, NX 
XX(I) - XG( I, 
YYd) - YG( 1, 
END DO 

A - XX( 1 ) 
B = XX( NX ) 
C - YY( 1 ) 
D = YY( NY ) 

DO J =■ 1, NY 
DO I - 1, NX 

IF( ( J .EQ. JCRD ) .AND. 
( ( I .GE. ICRD ) .AND. ( I .LE. ICRDl ) ) )THEN

F(I,J) - 0.0 

ELSEIF ( ( XO .EQ. XG(I,J) ) .AND. ( YO .EQ. YG(I,J) ) )THEN
F(I,J) = 0.0 

ELSE 
F(I,J) - ( OMEGAG( I, J ) - OMEGAG0( I, J ) ) * ( YO -

YG( I,J ) ) / ( ( XO - XG( I, J ) )** 2 + 
( YO - YG( I, J ) )** 2 ) 

END IF 

END DO 
END DO 

CALL DBCQDU( F, IFD, XX, NX, YY, NY, A, B, C, D, Q, WK, lER ) 
RESLU = - Q / 2.0 / PI 

IF( lER .NE. 0 )THEN 
TYPE*,' IER=', lER 
TYPE*,'RESLU=', RESLU 
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STOP 888 

END IF 

RETURN 

END 

FUNCTION RESLV( XO, YO ) 
************************************************************************ 

* * 

* CALCULATE THE RHS RESIDUAL COLUMN VECTOR OF * 
* VORTEX DISTRIBUTION DUE TO NONLINEAR SHEAR FLOW * 
* IN Y DIRECTION * 
* * 

******************** NOMENCLATURE ****************************** 

* * 

* RESLV RESIDULE DUE TO THE ONSET VORTICITY * 
* * 

************************************************************************ 

* * 

PARAMETER ( NPAN = 100, NPANl = 101, NPAN2 = 102, NPANHl = 51 ) 
PARAMETER ( NGRID = 41, NGlOl = 101, NGIOO = 100 ) 

INCLUDE'ANGL.FIL' 

INCLUDE'CNST.FIL' 

INCLUDE'CORD.FIL' 

INCLUDE'JAWS.FIL' 

INCLUDE'VOTY.FIL' 

REAL F( NGRID, NGRID ), XX( NGRID ), YY( NGRID ), 
1 WK( NGRID*NGRID+11*NGRID ) 

INTEGER IFD, NX, NY, lER, K 

IFD = NGRID 

NX - NGRID 

NY - NGRID 

DO I - 1, NX 
XX(I) - XG( I, 1 
YY(I) = YG( 1, I 
END DO 

A = XX( 1 ) 
B - XX( NX ) 

C - YY( 1 ) 
D - YY( NY ) 

DO J = 1, NY 
DO I = 1, NX 

IF( ( J .EQ. JCRD ) .AND. 
1 ( ( I .GE. ICRD ) .AND. ( I .LE. ICRDl ) ) )THEN 

F(I,J) = 0.0 

ELSEIF( ( XO .EQ. XG(I,J) ) .AND. ( YO .EQ. YG(I,J) ) )THEN 
F(I,J) = 0.0 

ELSE 

F(I,J) =■ ( OMEGAG( I, J ) - OMEGAGO( I, J ) ) * ( XO -
1 XG( I,J ) ) / ( ( XO - XG( I, J ) )** 2 + 
1 ( YO - YG( I, J ) )** 2 ) 

END IF 

END DO 
END DO 

CALL DBCQDU( F, IFD, XX, NX, YY, NY, A, B, C, D, Q, WK, lER ) 
RESLV = Q / 2.0 / PI 
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IF( lER .NE. 0 )THEN 
TYPE*,' IER=', lER 
TYPE*,'RESLV=', RESLV 
STOP 891 

END IF 

RETURN 

END 

SUBROUTINE ERRCHK( AA, BE, ERMAX ) 
********************************************** 

* * 

* FIND THE MAXIMUM DIFFERENCE OF VORTEX STRENGTHS FOR * 
* TWO DIFFERENT TIME STEPS * 
* * 

* * 

PARAMETER ( NPAN » 100 ) 

INCLUDE'CNST.FIL' 

REAL AA( NPAN ), BB( NPAN ) 

ERMAX - 0.0 

DO I =1, NPAN 
DIF = ABS( AA( I ) - BB( I ) ) 
IF( DIF .GT. ERMAX )THEN 
ERMAX = DIF 

END IF 

END DO 

RETURN 

END 

SUBROUTINE ONSET 
************************* 

* * 
* SPECIFY THE ONSET FLOW FIELD : ONSET VELOCITY & VORTICITY W. * 
* IN THE INNER COMPUTATIONAL DOMAIN AND ON THE SURFACE OF * 
* THE AIRFOIL * 

* * 
******************** NOMENCLATURE ****************************** 

* * 
* IFLOW = 1, UNIFORM FLOW * 
* 2, LINEAR SHEAR FLOW * 
* 3, EXPONENTIAL SHEAR FLOW( NONLINEAR ) * 
* 4, INPUT JAWS DATA( NONLINEAR ) * 
* 5 INPUT DFW DATA ( TABS AXISY. WIND ) * 
* * 
* UO, VO ONSET VELOCITY ON THE CONTROL POINT * 
* * 
* UGO, VGO ONSET VELOCITY IN THE DOMAIN * 
* * 
* UGOl, VGOl ONSET VELOCITY IN THE FAR UPSTREAM * 
* * 
* OMEGAGO ONSET VORTICITY IN THE DOMAIN * 
* * 
* **********************************************************^***^^^j^^^^^ 

* * 
PARAMETER ( NPAN = 100, NPANl = 101, NPAN2 = 102, NPANHl = 51 ) 
PARAMETER ( NGRID = 41, NGlOl = 101, NGIOO = 100 ) 

INCLUDE'AUXI.FIL' 

INCLUDE'CNST.FIL' 

INCLUDE'CORD.FIL' 
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INCLUDE'DBLE.FIL' 

INCLUDE'JAWS.FIL' 

INCLUDE'STRM.FIL' 

INCLUDE'VLTY.FIL' 

INCLUDE'VOTY.FIL' 

REAL AU( NGRID ), AV( NGRID ) 
REAL XX( NGlOl ), YY( NGlOl ) 
REAL AX( NGRID ), AY( NGRID ), AZ( NGRID ), C( NGRID-1, 3 ) 

GOTO( 100, 100, 200, 300, 400 ), IFLOW 

100 CALL UNISFL 

GOTO 500 

200 CALL EXPSFL 

GOTO 500 

300 CALL JAWSFL 

GOTO 600 

400 CALL DFWSFL 

GOTO 600 

500 IF( IDBL .EQ. 0 )THEN 
GOTO 600 

ELSEIF( ( IDBL .EQ. 1 ) .OR. ( IDBL .EQ. 
CALL DBLFL 

2 ) )THEN 

ELSEIF( IDBL .EQ. 3 )THEN 
CALL DBLNS 

ELSEIF( IDBL .EQ. 4 )THEN 
CALL DBLCS 

ELSEIF( IDBL .EQ. 
CALL DBLSN 

END IF 

5 )THEN 

DO J - 1, NGRID 
DO I - 1, NGRID 

IF( IDIR .EQ. 1 )THEN 
UGO( I, J UGO( I, J DUG( J 

VGO( I, J VGO( I, J DVG( J 

ELSE 

UGO( I, J UGO( I, J DUG( J 
VGO( I, J VGO( I, J DVG( J 
END IF 

END DO 

END DO 

DO K =• 1, NGlOl 
IF( IDIR .EQ. 1 )THEN 
UGOl( = UGOK K ) - DUGK K ) 
VGOl( K ) = VGOK K ) - DVGK K ) 
UG02( = UG02( K ) - DUG2( K ) 
VG02( - VG02( K ) - DVG2( K ) 
ELSE 

UGOK = UGOK K ) + DUGK K ) 
VGOl( = VGOK K ) + DVGK K ) 
UG02( = UG02( K ) + DUG2( K ) 
VG02( = VG02( K ) + DVG2( K ) 
END IF 

END DO 
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DO K = 1, NPAN 
1F( IDIR .EQ. 1 )THEN 
U0( K ) = U0( K ) - DU( K ) 
V0( K ) - V0( K ) - DV( K ) 
ELSE 

UO( K ) - UO( K ) + DU( K ) 
VO( K ) - VO( K ) + DV( K ) 
END IF 

END DO 

600 IF( ( IFLOW .LE. 2 ) .AND. ( IDBL .LE. 2 ) )THEN 
RETURN 

END IF 

DO J = 1, NGRID 
DO I - 1, NGRID 

DO K - 1, NGRID 
AU( K ) = UGO( I, K ) 
AV( K ) - VGO( K, J ) 
END DO 

IF( ( I .EQ. 1 ) .OR. ( I .EQ. 2 ) ) THEN 
CALL ONESD( AV, I, DS, OMEGO ) 

ELSEIF( ( I .EQ. NGRIDl ) .OR. ( I .EQ. NGRID ) ) THEN 
CALL ONESU( AV, I, DS, OMEGO ) 

ELSE 

CALL CNTLD( AV, I, DS, OMEGO ) 
END IF 

OMEGAGO( I, J ) - OMEGO 

IF{ ( J .EQ. 1 ) .OR. ( J .EQ. 2 ) ) THEN 
CALL ONESD( AU, J, DS, OMEGO ) 

ELSEIF( ( J .EQ. NGRIDl ) .OR. { J .EQ. NGRID ) ) THEN 
CALL ONESU( AU, J, DS, OMEGO ) 

ELSE 

CALL CNTLD( AU, J, DS, OMEGO ) 
END IF 

OMEGAGO( I, J ) - OMEGAGO( I, J ) - OMEGO 

END DO 

END DO 

************************************************************************ 

* SPECIFY THE FARUPSTREAM STREAM FUNCTION * 

DO J = 1, NGlOl 
NY = J 

lY =■ NY - 1 

IF( lY .EQ. 0 )THEN 
PSIK J ) =0.0 

ELSE 
DO K = 1, NY 
XX( K ) = YGK K ) 
YY( K ) = UGOK K ) 
END DO 
A = XX( 1 ) 
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B = XX( NY ) 
CALL INTEGK XX, YY, A, B, lY, NY, Q ) 
PSIK J ) - Q 
END IF 

END DO 

DO K - 1, NGlOl 
XX( K ) - 0.0 
YY( K ) - 0.0 
END DO 

1F( ( IFLOW .NE. 3 ) .OR. ( IDBL .NE. 0 ) )THEN 

DO I - 1, NGlOl 
NX - I 

IX = NX - 1 

IF( ( IX .EQ. 0 ) .AND. ( IDIR .EQ. 1 ) )THEN 
PSI2( I ) = PSIK NGlOl ) 

ELSEIF( ( IX .EQ. 0 ) .AND. ( IDIR .EQ. 0 ) )THEN 
PSI2( I ) - PSIK 1 ) 

ELSE 

DO K = 1, NX 
XX( K ) - XG2( K ) 
YY( K ) = VG02( K ) 
END DO 

A - XX( 1 ) 
B - XX( NX ) 
CALL INTEGK XX, YY, A, B, IX, NX, Q ) 
PSI2( I ) = PSI2{ 1 ) - Q 
END IF 

END DO 

END IF 

IF( ( IFLOW .EQ. 3 ) .AND. ( IDBL .EQ. 0 ) )THEN 
DO K - 1, NGlOl 
UREF = YGK K )/ AREF 
OMEG01( K ) - 2.0 * UYO * CREF * EXP( -UREF**2 ) * UREF / AREF 
END DO 

GOTO 999 

ELSE 

DO J = 1, NGRID 
AY( J ) - YG( 1, J ) 
A2;( J ) = OMEGAG0( 1, J ) 
END DO 

DO K = 1, NGlOl 
DO J = 1, NGRID-1 
J1 = J + 1 

IF( AY( J ) .EQ. YGK K ) )THEN 
OMEGOK K ) = OMEGAGO( 1, J ) 
GOTO 700 

ELSEIF( ( AY( J ) .LT. YGK K ) ) .AND. 
( AY( J1 ) .GT. YGK K ) ) )THEN 

N = NGRID 

IC = N - 1 

D = YGK K ) - AY( J ) 
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CALL ICSCCU( AY, AZ, N, C, IC, lER ) 
OMEGOK K ) = ( ( C(J,3) * D + C(J,2) ) 

AZ( J ) 
GOTO 700 

* D + C(J,1) ) * D + 

END IF 

700 

END DO 

CONTINUE 

END DO 

END IF 

IF( ( IDBL .GT. 2 ) .AND". ( IDIR .EQ. 1 ) )THEN 

DO I - 1, NGRID 
AX( I ) =■ XG( I, NGRID ) 
AZ( I ) - OMEGAGO( I, NGRID 
END DO 

) 

DO K = 1, NGlOl 
DO I - 1, NGRID-1 

II = I + 1 
IF( AX( I ) .EQ. XG2( K ) )THEN 
OMEG02( K ) = OMEGAGO( I, NGRID 
GOTO 800 

) 

ELSEIF( ( AX( I ) .LT. XG2( K ) ) .AND. 
( AX( II ) .GT. XG2( K ) ) )THEN 

N = NGRID 
IC =■ N - 1 

D =■ XG2( K ) - AX( I ) 
CALL ICSCCU( AX, AZ, N, C, IC, lER ) 
OMEG02( K ) = ( ( C(I,3) * D + C(I,2) ) * D 

AZ( I ) 
GOTO 800 

+ 0(1,1) ) * D + 

END IF 

800 
END DO 
CONTINUE 
END DO 

ELSEIF( ( IDBL .GT. 2 ) 
DO I = 1, NGRID 
AX( I ) = XG( I, 1 ) 
AZ( I ) = OMEGAGO( I, 
END DO 

.AND. 

1 ) 

( IDIR .EQ. 0 ) )THEN 

DO K = 1, NGlOl 
DO I - 1, NGRID-1 

II = I + 1 
IF( AX( I ) .EQ. XG2( K ) 
OMEG02( K ) = OMEGAGO( I, 
GOTO 900 

) THEN 
1 ) 

ELSEIF( ( AX( I ) .LT. XG2( K ) .AND. 
( AX( II ) .GT. XG2( K ) )THEN 

N = NGRID 
IC = N - 1 

D = XG2 ( K ) AX( I ) 
CALL ICSCCU( AX, AZ, N, C, IC, lER ) 
OMEG02( K ) = ( ( C{I,3) D + 0(1,2) ) * D + C(I,1) ) * D + 

AZ( I ) 
GOTO 900 
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END IF 

END DO 

900 CONTINUE 

END DO 

END IF 

999 RETURN 

END 

SUBROUTINE UNISFL 

****************************** 

* 

* SPECIFY ONSET UNIFORM FLOW AND LINEAR SHEAR FLOW * 
* 

* 

******************** NOMENCLATURE ****************************** 
it 

it 

* UO, VO ONSET VELOCITY ON THE CONTROL POINT * 
* 

* UGO, VGO ONSET VELOCITY IN THE DOMAIN * 
* * 

* UGOl, VGOl ONSET VELOCITY IN THE FAR UPSTREAM * 
* * 
************************************************************************ 

* * 

PARAMETER < NPAN = 100, NPANl - 101, NPAN2 = 102, NPANHl = 51 ) 
PARAMETER ( NGRID = 41, NGlOl ="101, NGIOO =■ 100 ) 

INCLUDE ' CNST.FIL ' 
INCLUDE ' CORD.FIL ' 
INCLUDE ' ROTE.FIL ' 
INCLUDE ' VLTY.FIL ' 

IF ( ALPHA .EQ. 0.0 )THEN 
DO J - 1, NGRID 
DO I - 1, NGRID 
UGO( I, J ) - UYO - ZETAO * YG( I, 
VGO( I, J ) - 0.,0 
END DO 
END DO 

DO K - 1, NGlOl 
UGOK K ) - UYO ZETAO * YGK K )-

VGOK K ) = 0.0 
UG02( K ) = UYO ZETAO * YG2( K )-

VG02( K ) - 0.0 
END DO 

DO K - 1, NPAN 
UO( K ) - UYO - ZETAO * Y( K ) 
V0( K ) - 0.0 
END DO 

ELSE 
CALL ROTATE( ALPHA ) 
DO J = 1, NGRID 
DO I = 1, NGRID 
UROT = UYO - ZETAO * YIJ( I, J ) 
UGO( I, J ) = UROT * COS( ALPHA ) 
VGO( I, J ) = UROT * SIN( ALPHA ) 
END DO 
END DO 

DO K = 1, NGlOl 
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UROT = UYO - ZETAO * YIJl( K ) 
UGOK K ) = UROT * COS( ALPHA ) 
VGOK K ) = UROT * SIN( ALPHA ) 
UROT - UYO - ZETAO * YIJ2( K ) 
UG02( K ) - UROT * COS( ALPHA ) 
VG02( K ) - UROT * SIN( ALPHA ) 
END DO 

CALL ROTJR( ALPHA ) 
DO K =» 1, NPAN 
UROT = UYO - ZETAO * YI( K ) 
U0( K ) = UROT * COS( ALPHA ) 
V0( K ) = UROT * SIN( ALPHA ) 
END DO 

END IF 

RETURN 

END 

SUBROUTINE EXPSFL 

* * 

* SPECIFY ONSET EXPONENTIAL SHEAR FLOW * 
* * 
******************** NOMENCLATURE ****************************** 

* * 

* UO, VO ONSET VELOCITY ON THE CONTROL POINT * 
* * 

* UGO, VGO ONSET VELOCITY IN THE DOMAIN * 
* * 

* UGOl, VGOl ONSET VELOCITY IN THE FAR UPSTREAM *' 
* * 
****************** 

* * 
PARAMETER ( NPAN » 100, NPANl - 101, NPAN2 - 102, NPANHl - 51 ) 
PARAMETER ( NGRID = 41, NGlOl - 101, NGIOO - 100 ) 

INCLUDE'AUXI.FIL' 

INCLUDE'CNST.FIL' 

INCLUDE'CORD.FIL' 

INCLUDE'VLTY.FIL' 

DO J = 1, NGRID 
DO I - 1, NGRID 
UREF =- YG( I, J )/ AREF 
UGO( I, J ) = UYO * ( l.ODO + CREF * EXP( - UREF** 2 ) ) 
VGO( I, J ) - 0.0 

END DO 

END DO 

DO K = 1, NGlOl 
UREF = YGK K )/ AREF 
UGOK K ) = UYO * ( 1.0 + CREF * EXP( - UREF** 2 ) ) 
VGOK K ) =■ 0.0 
UREF = YG2( K )/ AREF 
UG02( K ) = UYO * ( 1.0 + CREF * EXP( - UREF** 2 ) ) 
VG02( K ) =0.0 

END DO 

DO K = 1, NPAN 
UREF = Y( K )/ AREF 
U0( K ) = UYO * ( 1.0 + CREF * EXP( - UREF** 2 ) ) 
V0( K ) = 0.0 

END DO 
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RETURN 

END 

SUBROUTINE DFWSFL 
************************************************************************ 

* 

* READ ONSET FLOW VELOCITY AT 4 CORNERS FROM TASS DATA AND THEN * 
* INTERPOLATE THE ONSET FLOW VELOCITY AT ANY POINT IN THE DOMAIN * 
* USING SUB-AREA AS WEIGHTING PARAMETER : * 

* 

3 * 
1 A2 1 A1 1 * 

1 X *1 
1 pi 1 * 

1 A3 1 A4 1 

1 1 *1 

2 * 
* 

* = ( wi * Ai ) / ( Aj ) ( i, j = 1, 4 ) * 

******************** NOMENCLATURE ****************************** 

* 

* UO, VO ONSET VELOCITY ON THE CONTROL POINT * 
* 

* UGO, VGO ONSET VELOCITY IN THE DOMAIN * 

* UGOl, VGOl ONSET VELOCITY IN THE FAR UPSTREAM * 
* * 
**********************************************************^^j^j,**j,^^j^^^^^ 

* * 

PARAMETER ( NPAN - 100, NPANl - 101, NPAN2 - 102, NPANHl - 51 ) 
PARAMETER ( NGRID - 41, NGlOl - 101, NGIOO - 100 ) 

INCLUDE'CNST.FIL' 

INCLUDE'CORD.FIL' 

INCLUDE'DFWS.FIL' 

INCLUDE'VLTY.FIL' 

REAL A( 4 ) 

XEDGE - S / 2.0 
YEDGE - S / 2.0 
DO K - 1, NGlOl 

PX - XGK K ) 
PY - YGK K ) 
CALL SUBAREA( XEDGE, YEDGE, PX, PY, A) 
UGOK K ) - WINTPL( UCNl, A ) 
VGOK K ) - WINTPL( VCNl, A ) 

IF( ALPHA .NE. 0.0 )THEN 
CALL DFWSAL( UGOK K ), VGOK K ), ALPHA ) 
END IF 

PX - XG2( K ) 

PY - YG2( K ) 
CALL SUBAREA( XEDGE, YEDGE, PX, PY, A) 
UG02( K ) - WINTPL( UCNl, A ) 
VG02( K ) = WINTPL( VCNl, A ) 

IF( ALPHA .NE. 0.0 )THEN 
CALL DFWSAL( UG02( K ), VG02( K ), ALPHA ) 
END IF 

END DO 
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DO I - 1, NGRID 
DO J - 1, NGRID 

PX - XG( I, J ) 
PY = YG( I, J ) 
CALL SUBAREA( XEDGE, YEDGE, PX, PY, A) 
UGO( I, J ) - WINTPL( UCNl, A ) 
VGO( I, J ) - WINTPL( VCNl, A ) 

IF( ALPHA .NE. 0.0 )THEN 
CALL DFWSAL( UGO( I, J ), VGO( I, J ), ALPHA ) 
END IF 

END DO 

END DO 

DO K = 1, NPAN 

PX = X( K ) 
PY - Y( K ) 
CALL SUBAREA( XEDGE, YEDGE, PX, PY, A) 
U0( K ) => WINTPL( UCNl, A ) 
V0( K ) - WINTPL( VCNl, A ) 

IF( ALPHA .NE. 0.0 )THEN 
CALL DFWSAL( UO( K ), VO( K ), ALPHA ) 
END IF 

END DO 

RETURN 

END 

SUBROUTINE DFWSFLl 
************************** 

* * 

* SPECIFY THE ONSET VELOCITY FOR STREAM FUNCTION CALCULATION * 
* * 
******************** NOMENCLATURE ****************************** 

* * 

* UGINT, VGINT VELOCITY FOR STREAM FUNCTION CALCULATION * 
* * 
********************************************** 

* * 

PARAMETER ( NPAN - 100, NPANl - 101, NPAN2 - 102, NPANHl = 51 ) 
PARAMETER ( NGRID = 41, NGlOl = 101, NGIOO = 100 ) 

INCLUDE'CNST.FIL' 

INCLUDE'DFWS.FIL' 

INCLUDE'STRM.FIL' 

REAL A( 4 ) 

XEDGE =■ S / 2.0 
YEDGE = S / 2.0 

DO J = 1, 2 
DO I =1, NGIOO 

PX = XINTG( I, J ) 
PY = YINTG( I, J ) 

CALL SUBAREA( XEDGE, YEDGE, PX, PY, A) 
UU = WINTPL( UCNl, A ) 
W = WINTPL( VCNl, A ) 

IF( ALPHA .NE. 0.0 )THEN 
CALL DFWSAL( UU, W, ALPHA ) 
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END IF 

IF( J .EQ. 1 )THEN 
UGINT( I ) - UU 
ELSE 

VGINT( I ) - W 
END IF 

END DO 

END DO 

RETURN 

END 

SUBROUTINE DFWSAL( U, V, A ) 

* * 

* ADD ANGLE OF ATTACK * 
* * 
****************************** 

* * 

IF( U .EQ. 0.0 )THEN 
B = ACOS( -1.0 ) / 2.0 

ELSEIF( ( U .EQ. 0.0 ) .AND. ( V .EQ. 0.0 ) )THEN 
TYPE*,'ATAN(V/U), U, V = 0' 
STOP 999 

ELSE 

B - ATAN( V / U ) 
END IF 

IF( ABS( U ) .LT. l.OE-6 )THEN 
AU - V 

ELSEIF( ABS( V ) .LT. l.OE-6 )THEN 
AU « U 

ELSE 

AU - SQRT( U** 2 + V** 2 ) 
END IF 

U - AU * COS( B + A ) 
V - AU * SIN( B + A ) 

RETURN 

END 

SUBROUTINE ONSETl 
************************ 

* * 
* SPECIFY THE ONSET VELOCITY FOR STREAM FUNCTION CALCULATION * 
* * 
******************** NOMENCLATURE ****************************** 

* * 
* UGINT, VGINT VELOCITY FOR STREAM FUNCTION CALCULATION * 
* * 
* * 
********************************** 

* 

PARAMETER ( NPAN = 100, NPANl =■ 101, NPAN2 = 102, NPANHl - 51 )
PARAMETER ( NGRID = 41, NGlOl = 101, NGIOO = 100 ) 

INCLUDE ' AUXI.FIL ' 
INCLUDE ' CNST.FIL ' 
INCLUDE ' CORD.FIL ' 



 

 

 

 

-
-

200 

100 

200 

300 

400 

500 

INCLUDE DBLE.FIL 

INCLUDE JAWS.FIL 

INCLUDE JOUK.FIL 

INCLUDE STRM.FIL 

INCLUDE VLTY.FIL 

REAL YY1( NGIOO ), T£2{ NGIOO ) 

GOTO( 100, 100, 200, 300, 400 ), IFLOW 

IF ( ALPHA .EQ. 0.0 )THEN 
DO K - 1, NGIOO 

UGINT( K ) - UYO - ZETAO * YINTG( K, 1 ) 
VGINT( K ) - 0.0 

END DO 

ELSE 

DO I - 1, NGIOO 

YYl(I) ■XINTG(I,1) SIN (ALPHA) YINTG(I,1) COS(ALPHA) 
YY2(I) •XINTG(I,2) SIN (ALPHA) YINTG(I,2) COS(ALPHA) 
END DO 

DO K = 1, NGIOO 
UROTl UYO - ZETAO YY1( 
UR0T2 UYO - ZETAO YY2( 
UGINT( : ) UROTl * COS( ALPHA ) 
VGINT( UR0T2 * SIN( ALPHA ) 

END DO 

END IF 

GOTO 500 

DO K =1, NGIOO 
UROTl =■ YINTG( K, 1 ) / AREF 

IF( ABS( UROTl ) .GT. 7.0 )THEN 
UGINT( K ) - UYO 
ELSE 
UGINT( K ) - UYO ( 1.0 + CREF * EXP( - UROTl** 2 ) ) 
END IF 
VGINT( K ) - 0.0 

END DO 
GOTO 500 

CALL JAWSFLl 
GOTO 600 

CALL DFWSFLl 
GOTO 600 

IF( IDBL .EQ. 0 )THEN 
GOTO 600 
ELSEIF( ( IDBL .EQ. 1 ) .OR. ( IDBL .EQ. 2 ) )THEN 
CALL DBLFLl 
ELSEIF( IDBL .EQ. 3 )THEN 
CALL DBLNSl 
ELSEIF( IDBL .EQ. 4 )THEN 
CALL DBLCSl 
ELSEIF( IDBL .EQ. 5 )THEN 
CALL DBLSNl 
END IF 

DO K = 1, NGIOO 
IF( IDIR .EQ. 1 )THEN 
UGINT( K ) - UGINT( K ) - DUGINT( K ) 
VGINT( K ) VGINT( K ) - DVGINT( K ) 
ELSE 
UGINT( K ) UGINT( K ) + DUGINT( K ) 
VGINT( K ) VGINT( K ) + DVGINT( K ) 
END IF 
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END DO 

600 RETURN 

END 

SUBROUTINE ROTATE( ANGL ) 

* * 

* ROTATE THE COORDINATES OF GRID PTS. OF A SQUARE DOMAIN * 
* FOR CALCULATING THE ONSET VELOCITY FIELD W. ALPHA * 
* * 

************************************************************************ 

* 

PARAMETER ( NPAN - 100, NPANl « 101, NPAN2 - 102, NPANHl = 51 ) 
PARAMETER ( NGRID = 41, NGlOl - 101, NGIOO - 100 ) 

INCLUDE'CNST.FIL' 

INCLUDE'CORD.FIL' 

INCLUDE'ROTE.FIL' 

DO J - 1, NGRID 
DO I - 1, NGRID 

YIJ( I,J ) - -XG(I,J) * SIN(ANGL) + YG(I,J) * COS(ANGL) 
END DO 

END DO 

DO K = 1, NGlOl 
YIJK K ) - -XG1( K ) * SIN( ANGL ) + YG1( K ) * COS( ANGL ) 
YIJ2( K ) - -XG2( K ) * SIN( ANGL ) + YG2( K ) * COS( ANGL ) 

END DO 

RETURN 

END 

SUBROUTINE ROTJR( ANGL ) 
*********************************************************************^** 

* * 

* ROTATE THE COORDINATES OF CONTROL PTS. ON THE SURFACE OF * 
* THE AIRFOIL FOR CALCULATING THE ONSET VELOCITY W. ALPHA * 
* * 
************************************** 

* * 

PARAMETER ( NPAN - 100, NPANl - 101, NPAN2 - 102, NPANHl =• 51 ) 
PARAMETER ( NGRID - 41, NGlOl - 101, NGIOO •100 ) 

INCLUDE'CNST.FIL' 

INCLUDE'CORD.FIL' 

INCLUDE'ROTE.FIL' 

DO I - 1, NPAN 
YI( I ) = -X( I ) * SIN(ANGL) + Y( I ) * COS(ANGL) 

END DO 

RETURN 

END 

SUBROUTINE DBLFL 
**************************************************************^j,^^,,^^^^^ 

* * 

* SPECIFY THE CROSS FLOW FIELD ( 2ND ONSET FLOW FIELD ): * 
* UNIFORM OR LINEAR SHEAR * 
* * 
******************** NOMENCLATURE ****************************** 

* * 

* DU, DV DRAFT FLOW ON THE CONTROL POINT * 
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* * 

* DUG, DVG DRAFT FLOW ON THE GRID POINT * 
* * 

* DUGl, DVGl DRAFT FLOW ON THE FAR UPSTREAM POINT * 
* * 

**********************************-k-k-k-kit-kiiifkllltiiitiiir-k-kifk-kifk-kitifk-k-kl,****-/!-)!*** 

* * 

PARAMETER ( NPAN - 100, NPANl - 101, NPAN2 - 102, NPANHl - 51 ) 
PARAMETER ( NGRID - 41, NGlOl - 101, NGIOO - 100 ) 

INCLUDE'CNST.FIL' 

INCLUDE'CORD.FIL' 

INCLUDE'DBLE.FIL' 

DO J - 1, NGRID 
DO I - 1, NGRID 
DUG( I, J ) - 0.0 
DVG( I, J ) - VXO + ZETAl * XG( I, J ) 
END DO 

END DO 

DO K - 1, NGlOl 
DUGK K ) =0.0 
DVGK K ) - VXO + ZETAl * XGl( K ) 
DUG2( K ) - 0.0 
DVG2( K ) - VXO + ZETAl * XG2( K ) 
END DO 

DO K - 1, NPAN 
DU( K ) = 0.0 
DV( K ) = VXO + ZETAl * X( K ) 
END DO 

RETURN 

END 

SUBROUTINE DBLFLl 

* * 

* SPECIFY THE CROSS FLOW FIELD ( 2ND ONSET FLOW FIELD ): * 
* UNIFORM OR LINEAR SHEAR * 
* * 
******************** NOMENCLATURE ****************************** 

* * 

* DUGINT, DVGINT DRAFT FLOW FOR THE STREAM FUNCTION CALCULATION * 

*******************************************************i,***i,*i,*i,i,-),i,i,i,-t,*i, 

* * 

PARAMETER ( NPAN - 100, NPANl - 101, NPAN2 - 102, NPANHl - 51 ) 
PARAMETER ( NGRID - 41, NGlOl = 101, NGIOO = 100 ) 

INCLUDE'CNST.FIL' 

INCLUDE'DBLE.FIL' 

INCLUDE'STRM.FIL' 

DO K - 1, NGIOO 
DUGINT( K ) - 0.0 
DVGINT( K ) = VXO + ZETAl * XINTG( K, 2 ) 
END DO 

RETURN 

END 

SUBROUTINE DBLNS 
*********************************************************************i,i,i, 
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* * 

* SPECIFY THE CROSS FLOW FIELD ( 2ND ONSET FLOW FIELD ): * 
* EXPONENTIAL SHEAR FLOW * 
* * 

******************** NOMENCLATURE ****************************** 

* * 

* DU, DV DRAFT FLOW ON THE CONTROL POINT * 
* * 

* DUG, DVG DRAFT FLOW ON THE GRID POINT * 
* * 

* DUGl, DVGl DRAFT FLOW ON THE FAR UPSTREAM POINT * 
* * 

* * 

PARAMETER ( NPAN - 100, NPANl - 101, NPAN2 - 102, NPANHl - 51 ) 
PARAMETER ( NGRID - 41, NGlOl - 101, NGIOO - 100 ) 

INCLUDE'CNST.FIL' 

INCLUDE'CORD.FIL' 

INCLUDE'DBLE.FIL' 

DO J - 1, NGRID 
DO I - 1, NGRID 

UROT =■ XG( I, J )/ AREFl 
DVG( I, J ) - VXO * ( 1.0 + CREFl * EXP( - UROT** 2 ) ) 
DUG( I, J ) - 0.0 

END DO 
END DO 

DO K = 1, NGlOl 
UROT » XG1( K )/ AREFl 
DVGK K ) - VX<3 * ( 1.0 + CREFl * EXP ( - UROT** 2 ) ) 
DUGK K ) - 0.0 
UROT - XG2( K )/ AREFl 
DVG2( K ) - VXO * ( 1.0 + CREFl * EXP( - UROT** 2 ) ) 
DUG2( K ) - 0.0 

END DO 

DO K = 1, NPAN 
UROT = X( K )/ AREFl 
DV( K ) = VXO * ( 1.0 + CREFl * EXP( - UROT** 2 ) ) 
DU( K ) - 0.0 

END DO 

RETURN 
END 

SUBROUTINE DBLNSl 

* * 
* SPECIFY THE CROSS FLOW FIELD ( 2ND ONSET FLOW FIELD ) : * 
* EXPONENTIAL TYPE CROSS FLOW * 
* * 
******************** NOMENCLATURE ****************************** 
* * 
* DUGINT, DVGINT DRAFT FLOW FOR THE STREAM FUNCTION CALCULATION * 
* * 
************************** 

* * 
PARAMETER ( NPAN = 100, NPANl - 101, NPAN2 = 102, NPANHl = 51 ) 
PARAMETER ( NGRID = 41, NGlOl = 101, NGIOO = 100 ) 

INCLUDE ' CNST.FIL ' 
INCLUDE ' DBLE.FIL ' 
INCLUDE ' STRM.FIL ' 
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DO K = 1, NGIOO 
UROTl - XINTG( K, 2 )/ AREFl 
DVGINT( K ) - VXO * ( 1.0 + CREFl * EXP( - UROTl** 2 ) ) 
DUGINT( K ) - 0.0 
END DO 

RETURN 

END 

SUBROUTINE DBLCS 
********************************** 

* is 

* SPECIFY THE CROSS FLOW FIELD ( 2ND ONSET FLOW FIELD ): * 
* COSINE SHEAR FLOW * 
* 

* 

isitis isititis is is is is is is is is is is is is it NOMENCLATURE it it it is it it is it isit is it it it it it it is it it it is it it isis it itisit 
it 

is 

* DU, DV DRAFT FLOW ON THE CONTROL POINT * 
* 

* DUG, DVG DRAFT FLOW ON THE GRID POINT * 
* * 

* DUGl, DVGl DRAFT FLOW ON THE FAR UPSTREAM POINT * 
* * 

**********************************■)!* ****** 

* * 
PARAMETER ( NPAN = 100, NPANl =■ 101, NPAN2 - 102, NPANHl = 51 ) 
PARAMETER ( NGRID = 41, NGlOl =■ 101, NGIOO = 100 ) 

INCLUDE ' CNST.FIL ' 
INCLUDE ' CORD.FIL ' 
INCLUDE ' DBLE.FIL ' 

DO J = 1, NGRID 
DO I - 1, NGRID 

AA = ( XG( I, J ) + SEDGE ) * PI / 20.0 
DVG( I, J ) - VXO * ( 1.0 - COS( AA ) ) 
DUG( I, J ) - 0.0 

END DO 
END DO 

DO K - 1, NGlOl 
AA - ( XG1( K ) + SEDGE ) * PI / 20.0 
DVGK K ) = VXO * ( 1.0 - COS( AA ) ) 
DUGK K ) =0.0 
AA - ( XG2( K ) + SEDGE ) * PI / 20.0 
DVG2( K ) - VXO * ( 1.0 - COS( AA ) ) 
DUG2( K ) - 0.0 

END DO 

DO K = 1, NPAN 
AA - ( X( K ) + SEDGE ) * PI / 20.0 
DV( K ) - VXO * ( 1.0 - COS( AA ) ) 
DU( K ) - 0.0 

END DO 

RETURN 
END 

SUBROUTINE DBLCS1 
**************************************■),*** -I, 

* * 
* SPECIFY THE CROSS FLOW FIELD ( 2ND ONSET FLOW FIELD ) : * 
* COSINE TYPE CROSS FLOW * 
* * 
******************** NOMENCLATURE ****************************** 
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* 

* DUGINT, DVGINT DRAFT FLOW FOR THE STREAM FUNCTION CALCULATION *
* 

* * 

* 

PARAMETER ( NPAN «• 100, NPANl = 101, NPAN2 = 102, NPANHl = 51 ) 
PARAMETER ( NGRID = 41, NGlOl - 101, NGIOO - 100 ) 

INCLUDE'CNST.FIL' 

INCLUDE'DBLE.FIL' 

INCLUDE'STRM.FIL' 

DO K - 1, NGIOO 
AA - ( XINTG( K, 2 ) + SEDGE ) * PI / 20.0 
DVGINT( K ) - VXO * ( 1.0 - COS( AA ) ) 
DUGINT( K ) - 0.0 

END DO 

RETURN 

END 

SUBROUTINE DBLSN 
****** ********** -hi, 
•k 

•k 

* SPECIFY THE CROSS FLOW FIELD ( 2ND ONSET FLOW FIELD )• * 
* SINE SHEAR FLOW * 
* 

******************** NOMENCIATURE ****************************** 

* DU, DV DRAFT FLOW ON THE CONTROL POINT * 

* DUG, DVG DRAFT FLOW ON THE GRID POINT 
•*

* 

* DUGl, DVGl DRAFT FLOW ON THE FAR UPSTREAM POINT 
*

* 

**************************** 
* 

PARAMETER ( NPAN « 100, NPANl - 101, NPAN2 =■ 102, NPANHl = 51 ) 
* 

PARAMETER ( NGRID = 41, NGlOl - 101, NGIOO = 100 ) 

INCLUDE ' CNST.FIL ' 
INCLUDE ' CORD.FIL ' 
INCLUDE ' DBLE.FIL ' 

DO J » 1, NGRID 
DO I = 1, NGRID 

AA - ( XG( I, J ) + SEDGE ) * PI / 20.0 
DVG( I, J ) = VXO * ( 1.0 - SIN( AA ) ) 
DUG( I, J ) =0.0 

END DO 
END DO 

DO K - 1, NGlOl 
AA = ( XG1( K ) + SEDGE ) * PI / 20.0 
DVGK K ) " VXO * ( 1.0 - SIN( AA ) ) 
DUGK K ) =0.0 
AA = ( XG2( K ) + SEDGE ) * PI / 20.0 
DVG2( K ) = VXO * ( 1.0 - SIN( AA ) ) 
DUG2( K ) = 0.0 

END DO 

DO K = 1, NPAN 
AA = ( X( K ) + SEDGE ) * PI / 20.0 
DV( K ) - VXO * ( 1.0 - SIN( AA ) ) 
DU( K ) =0.0 
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END DO 

RETURN 

END 

SUBROUTINE DBLSNl 

* * 
* SPECIFY THE CROSS FLOW FIELD { 2ND ONSET FLOW FIELD )• * 
* SINE TYPE CROSS FLOW * 
* * 
******************** NOMENCLATURE ****************************** 

* * 
* DUGINT, DVGINT DRAFT FLOW FOR THE STREAM FUNCTION CALCULATION * 
* * 
************************************* 

PARAMETER ( NPAN - 100, NPANl « 101, NPAN2 - 102, NPANHl = 51 )
* 

PARAMETER ( NGRID - 41, NGlOl - 101, NGIOO - 100 ) 

INCLUDE'CNST.FIL' 

INCLUDE'DBLE.FIL' 

INCLUDE'STRM.FIL' 

DO K - 1, NGIOO 
AA = ( XINTG( K, 2 ) + SEDGE ) * PI / 20.0 
DVGINT( K ) =• VXO * ( 1.0 - SIN( AA ) ) 
DUGINT( K ) - 0.0 

END DO 

RETURN 

END 



207 

APPENDIX E 

INPUT AND OUTPUT FILES FOR THE COMPUTER PROGRAM 
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Thefollowing files are theinput(AIRFOIL.DAT)and output(AIRFOIL.OUT) 

files for a camber Joukowski airfoil in Gaussian type shear flow, 

U{y)= 3.5 [1+2.765 exp{—y'^)\ 

$INPUT1 
IFLOW - 3, 
IDBL - 0, 
lAIR - 5, 
lOUT - 1, 
ALPHA - 0.0, 
ZETAO - 0.0, 
UYO - 3.5, 
3 - 10.0, 

IMAX - 100, 
ERROR = l.OE-4, 
RCP - 0.6, 
IDIR = 0 

$END 

$INPUT2 

AM = 0.0, 
AP = 0.0, 
AT = 0.0 

$END 
$INPUTS 
AREF - 1.0, 
CREF = 2.765 

$END 

$INPUT4 

AREFl - 0.0, 
CREFl - 0.0, 
ZETAl - 0.0, 
VXO - 0.1405408. 

$END 

$INPUTS 

YREF - -0.368 
$END 

$INPUT6 

XTOT = 50.0, 
YTOT - 50.0, 

UCN( 1 ) - -12.53, 
UCN( 2 ) - -12.53, 
UCN( 3 ) - -15.02, 
UCN( 4 ) = -15.02, 
VCN( 1 ) - -0.17, 
VCN( 2 ) = -0.17, 
VCN( 3 ) - -0.33, 
VCN( 4 ) - -0.33, 

VREF - 194.2 

$END 

$INPUT7 
UCNK 1 ) - -13.96, 
UCNK 2 ) - -13.73, 
UCNK 3 ) - -13.72, 
UCNK 4 ) - -13.71, 
VCNK 1 ) = 0.0, 
VCNK 2 ) - 0.0, 
VCNK 3 ) = -0.60, 
VCNK 4 ) = 0.24, 

VREFl = 194.2 

$END 
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'■'■■"LOCITY 

T U.OC I ) V0{ I ) U { I) V( I 

13. 1775 0. .00.00 11 .10S0 -2.1330 
13.1775 0.0000 11 .2071 -2.0277 
13.1775 0.00;00 1 1 ..05 5 7 -1 .8654 
13. 1774 0.0000 1.0. 9.0! 4 -1 .6977 

5 13.1773 0 . 0.000 1.0. 731 1 -1 .5316 
6 13. 1772 0.0000 10.7112 -1.3592 
7 13 . 1770 0 . ,00,00 10.6332 -1 .2059 
3 13. 1757 0.0000 10.6135 -1 .0411 
9 13.1764 0.0000 1.0. 5789 -0.8757 

1.(7 13. 176.g 0 . .0000 10.5558 -0.7105 
1 1 13. 1757 0 . 000,0 10.544G -0.5462 
12 13 . 1754 0 . 0.000 10.5453 -0.3333 
13 13.1752 0 . 00,'1,0 1,0. 5 5 90 -0.2223 
14 13. 1751 0 . 0,000 10.5340 -0.0640 
1 b 
1 G 
17 

13 . 1751 
13. 1752 
13. 1754 

ir, 0,0;j,3 
0 . .00.0,3 
0.0000 

10. 6 20.! 
10.3579 
1.0. 7263 

0.03,09 
0. 2 /. 1 3 
0. 3 S 0 2 

IS 13. 1753 10.7953 0.5288 
1 9 
2.? 

13. 1762 
13. 1766 

>J . 0000 
0 . 0,0 .0 0 

1.0.5771 
10.3703 

0 . 6 ("i 314 
0 . 7 8 3 9 

21 13. 17 7;j 0.0000 11 .0772 0.3096 
22 13. 1773 0 . 0 0 '0 0 11 .1358 1 . 01 7 8 
23 1 o . 1 7 /■ 5 0 . 000,0 11.3258 1.1165 
2.; 13.1773 0 . 00.00 11 .4GS3 1 .2031 
25 13.1772 0 . 00,0,3 1 1 . S 1 S 5 1 .27G1 
2S 13 . 17G7 0.0000 1 1 . 7750 1.3339 
2 7 13 . 1760 0 . 000.3 11 .9450 1.3743 
2 8 13. 175.0 ,0.0,00.(3 12.1262 1 .3970 
29 13. 1733 0.0000 12.3184 1.3983 
3<j 13.1725 0.0000 12.5202 1 .3759 
31 13.1711 0.0000 12.7295 1 .3268 
32 13.1697 0.0000 12 . 9434 1.2475 
o o 
o <_> 13.1634 0.0000 13.1593 1 .1339 
34 13.1572 0.0000 13.3758 0.9815 
35 13. 1662 0.0000 13.SSiU 0.7848 
3S 13. 165! 0,0000 13.7972 0.5373 
37 13. 16 50 0 . ,00 1,3 1 3 . 9 9 4.8 0.2310 
38 13. 1649 0.0000 14 . 1675 -0.1440 
33 13. 1652 0 . 00,00 14.3136 -0.3396 
4.'J 13. 1650 0.0000 14.3316 - 1 . 1 4 9,8 
4 1 13.1667 0.0000 14.4112 -1 .8112 
42 13.1530 0.0003 14.2535 -2.5934 
A 13. 169 4 0.0000 13.9843 -3.5319 

13.1703 r.0000 13 . 2446 -4.5564 
4 3 13.1725 0.0000 12.3316 -5.7688 
4 6 1 3 . 1 7.! 1 0.0000 10.2009 -5.5926 
4 7 13. 1754 0.0000 8.1243 -7.5514 
43 13.1765 0.0000 3 . 8343 -5.6535 
4 3 13. 1773 0.0003 1 .3455 -5.2047 
5.3' 13. 1775 0.3003 -0.2230 3 . 5 G 9 2 
5 I 13.1770 a.0003 0.4472 2. 1035 
52 13. 1756 0.0000 4.52 5 5 9 . .1063 
5 3 
5 4 

13. 1734 
13. 1 7,02 

0.0003 
3.33;':3 

6 . 2 3 Si 6 
3 . ,5 7 7 1 

8.5 .3 5,0 
3 . 3 3 1 

5 3 13. 1GG0 1 1 .,7(23 

3- 33.^'3 '' ( ^ n 
9 . . ' ! 1 2 

13. 1 13 1 
13. ' MS 

AYC; VORi ICITY ON ATP./OI 
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6 1 13. 1 2.13 ( i :}0')0 16.5717 6. 1'l :,i.UG 
62 13.1159 17..7773 4.3379 
63 13.1EH4 0000 17.3911 4.2'^1 n!' 
6.; 13.1J993 n 0000 17.5 ,11 7 3.7 2 93 
6b 13.13916 .(J' 0000 17.3244 3.1 7G4 
56 1 3.'JG.'.G £i' 0000 17.9526 2.6427 
67 13.17785 0000 13..73619 2.12G4 
63 13.,17733 0000 18.:j7 1 3 1.6379 
53 13.,6693 (J 0000 10.,73614 1.1559 
irj 13.,9666 0000 10.3S614 7.7.71 2 
71 13.,0-&52 }J 0000 i3.,'7.777 7.26,G9 
72 13.,9651 il 0000 17.3163 ~.'J. 1 466 
73 1 3.,'7C G .1 0000 17.7377 -7.5352 
73 13.,'7691 :' 0000 17.6256 -7.972G 
75 1 3.,'7729 0000 17.4393 -1.2 44 
7C 13.,7779 _( •' 00:0 1 7.24,^5 -1.5627 
77 13.,9G3C :J000 1 7..7361.7 -1.3557 
73 13.,a 9,176 0000 16.3229 -2.1254 
73 13.,i79G;j 0 0000 15.5946 -2.3G97 
8ij 13.1753 0 0000 16.3,477 -2.5377 
SI 13.1139 0 0000 16..7333 -2.7738 
82 13.122,7 0 0000 15.3757 -2.9 31 
S3 13.1 3.67,7 0 0000 15.5198 -3.;j315 
34 13.1375 0 0000 15.2297 -3.1345 
35 13.1 44.6 0 0000 14.9377 -3.2S29 
8'' 13.1511 0 000'0 14.S451 -3.3472 
37 13.1563 0 0000 14.3527 -3.3381 
83 13.1 G I3 0 0000 14..7622 -3..1.6663 
S3 13.1G6;7 0 0000 13.77 3 -3..1.737 
9,3 13.163,,i 0000 13.49G.7 -3.3797 
91 13.172;7 : 0000 13 ?' -3.3377 
9 13.17.77 0000 12.9G6.0 _0 0 -■ 0

•-> . / 'J 0 

8 3 
3 4. 

13.175 
1 3. 1 764. V; M0 1 2 . 7 3.77 

12.4917 
-8 . 20 A-1 
- 3 . n 5 

3S 13 . 17 7.7 0 0000 12.2712 -3.0;22 
SG 13.1773 100 :' 0 12..73 7 7 -Z.2200 
O 

Cl 
^ Si' 

13.1774 
13.1775 

0 
0 

:j000 
0000 

1 1 . 7 9 9,7 
1 1 . 61,73 

- 2 . 7 S 2 5 
~ 2 . G 1 5 

99 13. 1775 0 0000 11 .2 1 '9 i -2 . .'.23G 
\!j2 13.1775 0 aJ XJ 1 1 . .:i 6 -2.3324 
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VITA 
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Schoolin 1974and graduatedfrom Taipei Municipal Chien Kuo Senior High School 

in 1977. Thefollowing October he enrolled in the National Cheng Kimg University 
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degree at The University of Tennessee Space Institute. He was awarded the degree 
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