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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 coeflicients, 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, \70" normal and \70, tangential to the zero lift line, is new. The
proper vorticity distribution can be determined from —Vo,, - 1 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 purpose 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
assumes that the body is immersed in a uniform flow field. But in many engineering
applications the approach flow is not uniform. An important example is that of an
airplane taking-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 ap.plicability 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.




"[2] ¥smqoIdt
' }IM JOJUNOOUS 3JRIDIIE UR JO UOIJRIISH]I dIjRWILSYDS "'T 2Ingi g

Aemuny jJo
PLOYS3UYL | (wy € 03 1)

MO| 4300

\ putmpeay
‘ buypsesauaou]

putmprel // /

fu|seauou] / * ;

ll"
- wa———
m———  —————

pmm;nczoo buouas *

|
N
i RARE

(SRR




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 of shears 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 fleld. 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

* Numbers in brackets refer to similarly numbered references in the Bibliography.



Figure 1.2. Schematic illustration of a wing in a volume element with
a grid wind field determined either experimentally or
computationally.




5

that the ( input ) wind field is “frozen”, therefore each computational domain, or
volume element, can be considered as 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
simplifies 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 are 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 of shear 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, uniform shear. The same problem was taken up again

by Tsien {10] in 1943, in connection with the influence of ground-level gradients in
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wind velocity on airfoil characteristics. Tsien considered a symmetrical Joukowski
airfoil in 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 of the influence of nonuniform 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 uniform shear flow analyses for which
the flow vorticity is a constant. From Helmholtz theorem, the vorticity must be
conserved along a streamline ( D{/Dt = 0 for two dimensional ideal 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 find. 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 uni-
form or nonuniform shear flows has been applied only to two-dimensional flow in
an unbounded field. 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
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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 another group applied finite-difference and finite-
element methods [18-20] to solve nonuniform ( shear ) flow problems. The different
groups were interested in flow problems associated with panel flutter, propeller or
jet slipstreams, body wakes, and boundary layers ( including that generated in
the atmosphere near the ground ). 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 flow [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 flow problem. Basically, there are two approaches for solving fluid
flow 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 function method for two-dimensional flow, or

the vorticity-potential method for three-dimensional flow.



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 of both of these 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 of the 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
either finite-difference or finite-element methods to solve the external flow problem,
consumption of large 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 nonuniform 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-
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ous studies is that it has been mainly used to solve irrotational ( potential ) flow
problems. However, employing the classical Helmholtz decomposition technique,
a scalar/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 solﬁtion of the scalar/vector potential flow
problem are given. The application of interest is to a two-dimensional airfoil em-
bedded in a spatially nonuniform flow field. Comparisons with theoretical and
numerical results, when available, are included. Finally, the computed variations
of lift and moment coefficients for quasi-steady simulated flight of an airfoil through

measured microburst wind shears are presented and discussed.
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CHAPTER 1II

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 of singularities ( such as sources, doublets, or
vortices ) on the body surface. The main advantage of the panel method, compared
with finite-difference and finite-element methods for 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 number 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 utilized 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 formulation 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 of rotational 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 applied to the irrotational flow problem, con-
sider the potential flow of an incompressible, inviscid fluid. Let V denote the fluid

velocity, p the fluid pressure, 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

ov - Vp

= +(V-V)V=f-— 2.1
(V) : (21)
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 = VU , where U is a scalar function of position. Equations
(2.1) and (2.2) can be solved for the flow field in a regioh R exterior to a body
denoted by S ( 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
D¢ _
Dt
But for a potential flow field the flow velocity V can be expressed as V®, where &

-t

C-vv

is the total velocity potential, such that the vorticity field 5 (=Vx \7) 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] of fluid dynamics. That is specifically where the locations of all boundary
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. ii=F(Rt) (2.3)
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where 11 is the unit outward normal vector at a point on S, and F is a known
function of the position vector X on S and 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 sum of two velocities:
V=V, +i (24)

The velocity V, is the undisturbed flow field without the presence of the body
and is called the “onset velocity”. The 1 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 V, and @ are divergence free fields. It
is further assumed that i is irrotational, that is: V x § = 0. Thus @ may be

expressed as the gradient of a perturbed potential function ¢,

i=V¢ (2.5)
The condition of zero divergence then yields the Laplace equation for ¢,

V24 =0 (2.6)

The boundary conditions on S are derived from the requirement that on a station-
ary impermeable surface .S, the normal component of fluid velocity must vanish,

that is FI(X,t) = 0. Thus, Equation (2.3) becomes

9 o .

Vé-ii= E= -V,-i (2.7)

Since the right-hand-side is known, Equation (2.7) expresses a Neumann boundary

condition for ¢. If the boundary S is 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 flow

problem this condition is
|[Vé| —0; X— (2.8)

For a simply connected region R, Equations (2.6) - (2.8) comprise a well-posed
problem for the perturbed potential 4.

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 Euler 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). Equa..tion (2.1) can be integrated to give the Bernoulli equation

as

<

+ P_ U = const. (2.9)

p

|2

[

and the pressure coefficient C, can be expressed as

_P-p _, VI
%PlVol"’ |V0|2

P (2.10)

where p, 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

To solve the system of equations 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 of interest later. Define two arbitrary scalar
fields ®; and ®, which are second-order differentiable throughout R. According

to Green'’s second theorem, the following equality holds

// /(¢1V2q’2 - ¢2v2q)1) dv =/ /(@2V¢1 - @1V@2) -1 ds, (211)
R S

where S is a piecewise smooth boundary of R and fi is defined as positive when
pointing into the domain R. Because of the definition of the direction of fi, the
right-hand-side will have a different sign from the usual Green’s theorem, where
il is normally taken as positive outward.

Applying Greens theorem to the potential flow problem, the function ®; will
be replaced by the total velocity potential ®, which satisfies the Laplace equation,
and the function ®, is replaced by the elementary solution of the Laplace equation,
1/ r(p,q), where r(p,q) is defined as the length or absolute value of the vector
T(p, q). The vector I(p, q) is from point ¢, 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 gq.

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

velocity potential @, is

47T, = 47d, +/ /(:rl—) fg - (V®, — V&) ds
Sab

v ) JCRR SEROTE (2.12)
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3¢

Figure 2.3. The three-dimensional mathematical domain.
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where @, is the unperturbed velocity potential. ®, and ®; are the velocity poten-
tials inside and outside of the body surface S,;, respectively, and i, 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 source distribution of variable density o per unit area on an arbitrary
surface S ( see Figure 2.4 (a) ), the perturbed potential and velocity associated
with o can be expressed [51] as:

o= [ [ e =

4V, = /S / —o(q) VP(T(T},qS) ds (2.14)
In a limiting analysis as ¢ — p, the contribution to 4#\7,,, due to the infinitesimal
area of S is equal to 2map1i, on the side a of S and equal to 270 ,l.(= —270,i,)
on the side b of S. The normal velocity jump ﬁa-(\-}a—\?’b) is equal to o. 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 u per unit area on an arbi-
trary surface S ( see Figure 2.4 (b) ) produces at an external point p a perturbed

potential ¢4, as follows:

dnda, = _[5/” ﬁ~V(;—(-p1’-—q)) ds, (2.15)

where the normal i and the derivatives in V are taken with respect to the coordi-
nates of the variable point ¢ lying on the surface S. The local unit normal 1 is the
doublet axis drawn from the negative to the positive end of the doublet. A similar
limiting analysis as noted before is required as ¢ — p on S. The contribution to
4m@4, due to the side a of S is —27pufl, - il and equal to —2wuf, - i(= 2w ui, - i)

on side b. The potential jump (®, — @) is thus equal to —un, - i. The normal
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velocity is continuous across S while the tangential velocity jumps by an amount
equal to the tangential derivative of the jump 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 are 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 x ( the doublet axes are along fi ). The velocity at
(z,y,2) due to the doublet sheet is equal to the sum of the velocities
due to a certain vortex sheet of strength ¥ on S and due to a vortex
filament of strength I' along C, where C is the curve surrounding the
surface S. The strength of the vortex filament is the local (edge) value
of the doublet strength, i.e. ' = p on C. The vorticity on the sheet
is a vector everywhere tangent to the curves of constant x4 and has an
intensity equal to the magnitude of Vu. More specifically, if 4 is the
vector vortex strength on S, then ¥ = —ii x V u. See Appendix A for
proof.

A general formulation 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 are 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

(Normal) / / ”(Z?:ZZ) / /7((1)(:2:262) (2.16)
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where Equation (2.16) is expressed in symbolic form. The source or vortex kernel
functions are directly related to the geometry of the body, which is independent
of the normal boundary condition. If the 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 source vortez
()5 o ) () o (i) 4] o
j

where summation extends over all panels with j standing for the j th panel. Equa-
tion (2.17) can be split into two equations and the resulting system of equations
can be solved for the strengths of ¢; and «; by matrix inversion or some other
technique. Once the o; and v; 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 choices for the singularity distributions and panel geometry in Equa-
tion (2.17) are possible. Generally speaking, the simpler form of singularity dis-
tributions and panel geometry, such as constant or piecewise constant singularity
distributions and the use of flat 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 solution for 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 unique velocity
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field. To see this let the total circulation I around any closed path C in the field

be defined as the line integral:
r= / V.dTl
c .
Vo dT+ / i-dl
c
+

I, (2.18)

Q

=T,

where I' is the circulation associated with the perturbed velocity due to the body.
If C' does not enclose all or part of S, then I" = 0. If S is a single surface, it can
be shown [43] that the velocity field i is rendered unique by specifying I'’ 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 I'' ( because for
uniform undisturbed flow the total circulation T is equal to IV ). 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 auxiliary condition is needed to fix the indeterminancy of lift ( or I ). 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 curl,
and is free from singularities, then Equation (2.18) will equal zero. Therefore,
with inviscid potential flow the resulting 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 formulation 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

/c §.dT=T!-T,+ /I (Tupper — Hiower) - d T (2.19)

For the definition of the subscripts 1 and 2 see Figure 2.6. Let I represent the
intersection of a sheet of vorticity with the body surface. To complete the potential
flow model, a stream surface (i.e. wake) 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 infinity. The average stréngth of the sheet
along I is proportional to the difference I'{ —I'}. Taking the limit 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 requires the pressure ( or velocity ) on the
upper and lower surfaces 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 trailing edge is approached, the surface 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 source 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 of variable 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 OF PANEL METHOD

The surface singularity method provides a concise and accurate way to com-
pute potential flow field problems and is an extension of the classical slender body
theory. Hess and Smith [43] suggested that the boundary condition of zero normal
velocity on the surface of the body ( rather than on the chord line as is done in 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
trailing edge, thereby indicating a fictitious negative loading ( see Figure 2.7 ).
The correct solution of the C}, 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



Correct Solution
2.0 1 - Solution With Hump
------- Solution With Crossing

Figure 2.7. Hlustration 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 aerodynamic 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 trailing 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 +
AX =B+A'X(B,X € V,; while A,A': V, = V,,) are algebraically identical
equations but can have different numerical conditioning; that is the smallest | A |
where A is an eigenvalue for A + 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
makes 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 perpendicular 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 of the 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 boundary 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



"A310012A 33sU0 Jo TOYISOdWO9p pue [I0JIe Jo AIJoW0RE) “§'g SINT1]

0 1Zo + » uo»

120 |ut paoyld

3ULT 34LL-0497




33

piecewise constant source and vortex distributions on each flat panel will result in

the following discrete equations:

n 9j 7 =

I # ==V, -0; =Ry (2.20)
n Yi _ 7 =

Dij o =V, -0; =R, (2.21)

The matrices I" and D" are the influence coefficient matrices in the normal direc-
tion for the source and vortex distributions, respectively. The subscripts ¢ and n
refer to tangential and normal to the zero lift line, respectively.

From Equations (2.20) and (2.21), it is evident that the column matrices o
and v are determinable only if the matrices I" 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 of the airfoil approaches zero, two panels ( one from each
surface ) 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

i=CR,;-C'R,, (2.22)
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where C = —D" (I")~! ( see Appendix C ) is the coefficient matrix for the
contribution from the source distribution and C~! the coefficient matrix for the
vortex contribution.

Let {(/\,-,i,-)} be the eigensystem of C. Then if ﬁl = Ea;ii, ﬁz =5 B;X,-
and @ =), 6:X;, it directly results that

6 = i — Bi/ A (2.23)

is the expression for the coefficients in the expansion of the velocity vector #.
Since the numerical values of A; are widely spaced, poor results are obtained from
Equation (2.23) because the importance of small changes to «; or 8; may magnify
their effects on §;. The coefficients a; and §; are dependent upon the form of the
decomposition, ﬁl and fi,g, used to determine the source and vortex singularity
strengths.

Recall that Hess [46] suggested a parabolic vortex distribution around the
surface of the 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, the former 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

1 — cos(8)

1) =2V; a sin(9) ’

(2.24)

where —7 < § < . The argument 6 is used to replace the x coordinate in such a

way that, z = (1 + cos(6))/2.
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A computer program is developed for solving Equations (2.20) and (2.21),
which is based 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 of attack in Figure 2.11. It is evident that this is not the parabolic
distribution suggested by Hess [46]. Figure 2.12 shows 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 line rather than on the surface.

When an unequal 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
boundary conditions, ¢; = 0 and ¢; = doo. He thought that this was due to a
severe mismatching of panels at the trailing edges. But, for a conventional airfoil
like 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 larger 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 configuration 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 around

NACA 0012 at 10 deg. angle of attack with 50 panels.
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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.



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 are the best type of airfoil for exploring the author’s method
as far 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 are for a symmetric Joukowski
airfoil at 10 degrees angle of attack. From Figure 2.14, it is obvious that the
number of pa.nefs 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 number from 8 to 100 panels. It can be observed that going
to more than 30 panels gives no further improvement in C, distribution. But
on the other hand, although the result can be obtained for only 8 panels, the
geometry already lose its validity. Generally speaking, 30 panels are 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, \70" normal and \70‘ tangential to the
zero lift line, is new. The proper vorticity distribution can be determined from
—-\70" -1l ( where \70” is the component of the onset velocity normal to the zero lift
line ) directly without imposing an artificial vorticity distributor. This split also
supplies 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.
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Figure 2.15. Calculated pressure distribution on NACA 0012 at 10 deg.
angle of attack with various panel numbers.

.
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—— Analytical Solution

-6.0 O 100 panels
L A 50 panels
-5.0 ¥V 30 panels
-4.0 —
-3.0 —
Cp

Figure 2.16. Comparison between analytical solution and calculated
solution with various panel numbers for a cambered
Joukowski airfoil at 4 deg. angle of attack.
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induced “hump” on the C, distribution at the trailing edge. A proper vortex
distribution is the key to removing the unacceptable crossing phenomena on the C,

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 specified. 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 a three-dimensional, inviscid and incompressible flow field, the com-

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

-
u

I
<

V=V,+
Vo +

~

d; + dy), (3.1)
where U is treated as an irrotational field and ; as a solenoidal field i.e.:

VXﬁ1=0

V-u2=0

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

the two equalities:

V-V=V.V, + V.ii;=0 (3.2a)

VxV=VxV, + Vx i,
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i

I
TN
Q
+
Yy

I
ﬁl

(3.2b)

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

can be rewritten as follows:

V-t'il:-—V-Vo:O (330,)
Vxid,= VxV-— Vx\_/"o
={-G
= (3.30)
Let the perturbed irrotational velocity field be expressed as
Then
Vi, =V =0 (3.5)

The above Laplace equation can be solved for ¢ by Green’s formulation ( see Hunt

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

SREINE L

54/%@ (3.6)

where 84 = —o /(4nr). Let the perturbed solenoidal field be

i, =Vxy (3.7)
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where zz is a divergentless quantity such that

V Xy =V X (VX))
=V(V-4) - V¢
= -V

=(-¢, (3.8)

or

Vi = (! (3.9)

where 7 represents the ith component of the vector v,l_; The above Poisson equation
is again solved by Green’s formulation. A source form is selected for @,. The
method of selection is explained later in the next section. The vector potential 1/;

can be expressed as

¥i(X) = /_/,.(,:(z:) 4w///r(7:(::))

=/S/9,,,,. s———///r(};(::) (3.10)

where 8, = —o;/(47rr). The volume integral in Equation (3.10) is due to the

onset vorticity. Therefore, the perturbed velocity field becomes
i=V4¢+Vxey (3.11)

or in cartesian tensor notation

_% . 0%
6:z:i ”kaxk
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[ [06s OBy,
= A/[amz +e,Jk axk] ds

—%//R/Eijké'i‘;(%'jq) dv (3.12)

where the integration is with respect to X, and the differentiation with respect
to X. The first integral is determined by applying the usual normal boundary
conditions and the second integral is determined by integrating iteratively. The
iteration procedure first assumes 5 = Eo 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 Maz(Ayp) < £1074). .
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 J
because its perturbed velocity is given as V x 1/; 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 1/;
B. SINGULARITIES ASSOCIATED WITH THE VECTOR POTENTIAL

It remains to be shown how singularity strengths can be determined for the
vector potential 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 z/; , the following derivation of the relationship between source and
vortex 1s presented. It is shown that the curl of the source distribution 8y, is equal
to the gradient of the vortex distribution I'. 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 1; rather than a doublet. The gradient of the vortex distribution
then gives the the perturbed velocity ds.

For the three-dimensional case, first consider the vector potential component
1/_);, in the 7 direction. Let the singularity be distributed on a flat plane in the zy

plane and be expressed as

- - 1 -0 7
d’yzl/’y.?:ar“/s/—:—]' ds, (3.13)

where o, is piecewise constant. Based on the nomenclature of Figure 3.1, the
perturbed velocity due to the vector potential z/-;y can then be expressed as

o]

=V (/ | / | V(R e A el i)
(3.14)

where z, y and z are the coordinates for the field point p, and z,, y, and z, are
the coordinates of the dummy variable on the singularity surface. Upper limits
T2,Y2 and lower limits z,y; are the extreme values of the singularity surface.
Since the singularity surface is flat on zy plane, the variable z, does not enter the
integration. Note that the subscript y on Uy, does not stand for a y component

but a perturbation velocity vector due to Jy. Since

~

v _ J
SV e e e e

- ~ ~

? J k

ES 6 z 6y az

0 1/ (z—2o)2+(y—yo)?+ (2 —2)% 0
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r
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/
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(Xx2s ¥1» Zo)
40
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Figure 3.1. Ilustration of the coordinate system for a flat

singularity surface.
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» 0 1

A (N e rE e e 2

P2 . )
02"/ (z = 20)2 + (y = ¥o)? + (2 — 2,)?

1
T (2= 20)2 + (y — yo)? + (2 — 2)2)3

Equation (3.14) can be expressed as

((z = 2,) i - (z — =) 127], (3.15)

T2
By, = — 22

Ugy =
v 4r Jo,

((c=i--an

/ (2 —20)? +(y —dzbz +(z- z.,)21%> dzo

(3.16)
Since
/!/2 dyo _
n [(2—2)2+ (Y ~y,)2 + (2 - 270)2]§i
Yy—in
(&= 20)% + (2= 20)?1V/ (2 = 20) + (y = y1)? + (2 — 2,)?
- y_ Y 3.17
CET N S PPN IO/ e e e e ey S
Equation(3.14) can be integrated once as
Uyy = i N _ ( L -
bl Ve T -2 Ve (- n) t (o)
Y=Y ) ( 2= 2 i
V(E =2 +(y =12+ (2~ 2)2 V(& —20)"+ (2 - 2,)
z 2o k) dz, (3.18)

V(& —20)? + (2 ~ 2,)?


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:

i(x)= éll;r—yh (cos(61) —cos(83) ) € (3.19)

Equation (3.19) is the Biot-Savart law where h = \/(z — z,)2 + (z — 2,)? and if
—oy = I'y, the integrand of Equation (3.18) is equivalent to that of Equation (3.19)
where cos(61), cos(62) and & are expressed as function of (z,y,2) and (z,, o, 2,)
as can be seen from Figure 3.2. This means that the y component of the vector
potential 1,[? can be simulated by a piecewise constant vortex filament distribution
as shown in Figure 3.3.

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

Ing 3 1 —12
¢z=¢zz=a/;/ - ds (3.20)

and its perturbed velocity as

ﬁ2:=VX"/}z

-

_o-zv (/y2 /3:2 7 d d )
= X Ty Yy |-
4m n vy \/(x_xo)2+(y—yo)2+(z"zo)2

(3.21)
Since
/" dz, _
z [(.’I) - 1:0)2 + (y - yo)2 + (z - 20)2]%
T —T
(v — y0)? + (2 = 20)2]/ (2 = 21)% + (¥ — ¥0)? + (z — 20)2
it (3.22)

W =9+ (=2 V(T =222 (4 — 0ol + (2 = 20 2
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Equation (3.21) can be integrated once as

oy [¥? T -2z

T4 Sy =y + =2 (T =21 £ (¥ - Yo (7 — 20)?

T — T2

[(y - y°)2 + (z - 20)2]\[(3: - 1?2)2 + (y - yo)2 + (Z - 20)2 )x

R
U2y =

[~ (2 = 20)] + (y ~ ¥o)k] dyo (3.23)

Thus for an individual panel the relationship is equivalent to Equation (3.19),
o, = —I'. In addition, the wake can be simulated by letting z; — oo for a panel
at the wing trailing edge. ( See Figure 3.4 )

lim s’
2% [(y = 4o)2 + (2 — 2021/ (5 — 22)° + (y — Y2 (= = 70

lim (¢ = 22)/2s
2220 [(y — yo)% + (2 =~ 20)2]V/ [(2 — 22)/22]2 + [(y — ¥0)? + (2 = 20)?]/2

-1
(Y= o)? + (2 = 2,)?
Substituting Equation (3.24) into Equation (3.23) gives

(3.24)

or [¥? 1 z—z

A e e A

Uzy =

VE=—21)2+(y—yo)? + (2 - 20)2)

Z—i(.) 7 = Y=Y A dy.. .
X(‘/(y“yo)2+(z—zo)2] VW —vo)? + (2= 2,)2 ) dy (3.25)

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

due to a semi-infinite discrete vortex filament,

(%)= 41;"h (14 cos(6,)) é (3.26)
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obtained by the Biot-Savart law, where 8, and é 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 1/?, 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 1/_);,
Jy, and Jz can be simulated as shown in Figure 3.6, that is, as vortex panels on
the wing surface 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 formulation 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 r 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(z;, y;, z;), either the control point
on the panels or the grid point in the domain, can be expressed in terms. of the

local coordinate variables (Z;, 7;, z;) as follows:

ji A éz j'éz k'éz zi'—zio
Y| = 1€ J7-& k-é, Yi — Yio (3.27)
Z; 1-€, )€, k-é, Zi — Zio

where (Z,, Yio, Zio) is the origin of the local system measured in the global coor-
dinates ( where Z,j,l; are the unit vectors in global coordinates and é,, €y, €, are

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

\up X9e
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.
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Figure 3.5. Equivalence of a source and a vortex filament used for
vector potential ¥;.
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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 1/; ( see
Figure 3.8 ). The wake of the wing is assumed to be fixed and known (parallel to the
chord line for one to two chord lengths and then parallel to the free stream) in order
to avoid the wake relaxation calculations. For a two-dimensional airfoil, piecewise
constant source and vortex distributions are distributed on each flat panel. No
wake specification is needed for the two-dimensional flow problems and the Kutta
condition is applied to render a unique solution for the two-dimensional airfoil
as 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 ¥ in the 7 di-
rection. Through a similar Green’s formulation as that for the three-dimensional
case, Equations (3.6) and (3.10), the two-dimensional scalar and vector potentials

can be expressed as
1
¢p = 2—71_/; oln(r) di, (3.28)

and

= '21? ( /C o, ln(r) di - /S / In(r)(C, = Cyo) ds) (3.29)
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where o and o, are piecewise constant distributions on each flat panel, and Cy
and (y, 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

¢ and ¥ can be expressed as

i = % v( /C o In(r) dl) (3.30)

and

iy =V x %(/; oyln(r) dl — [S/ln(r)(cy — Cyo) ds). (3.31)

According to the derived relationship between a source and a vortex, Equations

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

i, = ;—; v( /C 0 dl) _Vx (217 /S / 1n(r)(¢y — Cyo) ds). (3.32)

in which a piecewise constant vortex distribution () is used to simulate the vec-
tor potential Jy, and © is the expression for the vortex distribution given as
tan™'((zi — zj)/(zi — z;)) [51]. The perturbed velocities @i; and W, can be dis-

cretized as
i = Z <%/jvi(h1(7'ij)) dlj) (3.30)

and

=3 (%/jv,-(e,-,-) dz,-) _Vx (;;W/S/ln(r)(cy —¢y0) ds> (3.32")

where subscript ¢ stands for the ith control point (fleld point p) and subscript j
stands for the jth control point (dummy variable ¢, see Figure 3.9 ).

Applying the normal boundary condition,

V, n; + (ﬁ] + ﬁz) ‘n; =0 (3.33)
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where 1i; stands for the unit outward normal on the ith panel, then Equation

(3.33) can be split as follows
Z [ﬁ /V,‘(ln('l',‘j)) . ﬁ,’ dl]:l = —\7(,: . ﬁ,' (334)
; 27T j
and v

—Z[%/jv,—(@ﬁ).ﬁi dzj] = Vo, - flit
Vix (51; INESEES ds) &
(3.35)

where \7(), and \70,, 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,

() (2] -[m]
(o2) 2] - o

where 17 and D?; are the influence matrices for the normal components of the
source and the vortex distributions and R;; = —\70, -n; and R = —\70" - n; +
V. x[7/(2n) Js [ In(r)(¢y — Cyo) ds] - fi; The influence matrices I7; and D7} can be

expressed and integrated analytically as follows ( Note :dl; replaced by ds; ):

I?J = /V,-(lnr;j) B 1 ¥4 de
J

0
=/j%(lnrij) de

_ / fisin(ej - 6,) + E,’COS(GJ' - 9,) - S]'Sin(ej - 9,) ds.

~ U (2} +27) — 2Z:is, + 2 !

_ d+es; C

- /J e SUBRCEE) (3.38)
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In Equation (3.38), Z; and 2; are transformed in terms of local coordinates (see

Equation (3.27)), and 6; and 8; are defined as in Figure 3.9. The definitions of

the quantities a through e are

a=1z?+7
b= -2%;
c=1

d= i,-sin(e,- — 0,‘) + z‘icos(ﬁj - 9,')

e = —sin(d; —6;)

(3.39)

Also
R=a+bs;+ cs?
A = dac — b? = 47?
For A >0,
e 5 be, 2 1.0+ 2cs;.1
= 2c[ln(R)]0 +(d QC)\/Ztan [ VA o
1 . l? - 2:7,‘,'11'
= 58271(9, — GJ)ln (1 + W)
1 - -1, T ..
+ cos(0; — 8;) |tan™"( = ) — tan (Z—) (t#7) (3.40a)
and for A =0,

n o __ i l.i  —
Iij =~ 5% [n(R)]§ +(d )[b+2cs ]o
1

6 — 6.1 lJ- 2z;1;
= szn( ]) +_f?+_§i2
- Z;

= sin(f; — 6;)1n | !

| (E#9)

1

(3.400)

where [; is the panel length for the jth panel. For i = j, I% = 7, see Appendix B.

Similarly, for the influence matrix D,
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DZ = —/V,(@,‘j) D ¢ ds_,
j
- Ntan-1(Zi5N 4.
= /jV, [tan (xl —xj)] n; ds;
_ 0 1 i — Zj
- o [tan (331' — :v])] ds;
_ Zicos(8; — 0;) — Zisin(0; — 0;) — sjcos(6; — 6;) ds.
- (22 22) - 22;3; + 52 %
J 1 i L) 7
d+ es; S
_/Jm ds; (i #]) (3.41)
where
a=Zz}+z]
b= -27;
c=1
d= ——:'c',-cos(Oj — 0,‘) + Zisin(ﬁj - 9,‘)
€ = 603(0]' - 9,) (342)
For A > 0,
n_ & bey 2, o —1d+ 285,
Dij =95 [ln(R)]o (d 2c)\/Z'tan [ JA lo
1 I? - 2:1—?,‘11'
5603(9 —9 )ln( —xf-i-_z_?—)
. 1 =i —1,—T; . .
- szn(e,- - 91) tan (-E_) — tan (E_) (Z # ]) (343(1)
and for A =0,
D} = £ [In(R)§ +(d~ 20 ;
M9 0 b+2ch 0
1 12 2z;l;
= -2-008(9,' - 91) In <1 + 1512—-*_512—>
{ Z; } .
= cos(6; — 0,)In | L="2 | (5 #7) (3.43b)

i

For ¢ = j, the singular integrations of D, gives a value of zero (see Appendix B).
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The discrete expressions for V; x [j/(27) S JIn(r)(¢y = {yo) ds] - H; in Rz is

as follows:

v,-x(-;; /S / 1n<r)(<y—<yo>ds)-ﬁ,.=§7§ / /(zi—zfo_sf)igig::g;m(m

(Cy(2,9) — Cyo) d2dy (3.44)

In solving for ¢ and + in Equations (3.36) and (3.37), an iteration procedure
is used. The first iteration assumes that 50 equals to Z; for which the surface
integral ( see Equation (3.35) ) is zero. Then, the matrix of Equations (3.36) and
(8.37) is inverted for the values of o and 4!. The calculated ¢ and ! 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 72 value. The iteration procedure is repeated until M az(y™*! — 4™) does not
change significantly, say by no more than +107*. The convergence criterion of
+10~* has been compared with more strict convergence criterion such as £107S.
It is found that the results for C}, do not change beyond the 4th decimal place
and the iteration converges approximately 10 times faster based on the former
criterion than the latter.

Once the strengths of o and + are determined, the magnitude of the tangential

velocity on the airfoil surface can be obtained as

(3.45)
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where
Ifj = /V,’(Iﬂ?‘,‘j) . t,' de
J
= /i(lnr) ds; (3.46)
j ot; Y 1 '
and

D3=“1/V49w'hd%
J

= —/V,‘ [tan—l(-z—i—_ﬁ)] t; ds;
J

a:i—:cj
——/i tan_l(zi—_ﬁ-) ds; (3.47)
N jat,' x,-—x]- J '

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

Appendix C ):
I;=-D}
D}, =17, (3.48)

Once the magnitude of the 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 simulate the scalar
potential ¢ and vector potential 1/—; respectively. Similar procedures to those in the
last section are performed here.

First, the perturbed velocities ti; and Uz can be expressed as

=71

V¢ (3.49)
VX (3.50)

=1

1
2



The normal boundary condition is applied to @; as usual such that

U, - figy = Z Z V() - ik
=ZZ: [U'J // kl(
=25 () o @

) s dsij]

that is,
ai 1 7 -
(I;:I,ij> [4_7:] = —Vot * gt (352)

Subscripts k,! stand for the kth panel in the lth section for field point p and
subscripts 7, j stand for the ith panel in the jth section for point g on the singularity

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

Zl,ij = //Vkl(

_ / (Zp— s,J)szn(G,j — 6r1) + Zricos(6;j — 6x;) ds;
i [(l'kz —5i))2 + (G — ti;)2 + 232

) N ds,J

i dti;  (3.53)

where

TRiij = \/(ku = 2i)% + (yr — yij)? + (2k1 — 2i5)?

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 If; ;. is as follows. For zx; # 0,

I;:I,ij = sign(ikz - Eij) .Sign(sz) COS(G,']' - 9“) [

tan ™ (Gutry/ (Bt — 505/ (Fil(Ew = 50)% + 0, + 22)))
— tan ™} ykz,z\/(iu = 5%/ (Zl(@r = 352 + 3R, + 20)) ] — sin(8i; — 61)

In[ (Fre,r + \/(ka =5 + Tk, + 28/ (Gr + \/(ka —35i)2 + Th + 7)) ]
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— sign(Zw) sign(Zu) cos(8; — Ox1) ltan ™ (Gai,ey[SL/ (223 + T + F2)])

— tan™( ??kl,l\/a_’%z/[f%z(fil + Tk + 2] ] + sin(8ij — Our)

In[ (Grir + /T + Tha e+ 220/ (et + \/fiz +Th +74) ] (3.54)

and for zx; = 0,

IZI,ij = —'Sln(en - ekl)ln[

(Fkt,r + \/(ka =3i)% + 9k, )/ (G + \/(fkl —3i5)2 4+ 5y) ]

+ sin(8;; — 9k1)1n[ (Frir + /25 + G0, ) (Graa + 1 /33, + 52,)) J

(3.55)
where
Jkt,r = Gt — ijr
Trig = Jrt — tijy

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

each panel. The symbol sign is defined as follows:
a = sign(a)Va?
Similarly, the normal boundary c.ondition is applied to @, such that
Uz - figy =ZZ Vit x () - ik
- ZZ ( n ”) [7”] +V x R g (3.56)

that is,

(DZI,i,) [%} = —Vo, - fig — <V X ﬁ) Mg (3.57)
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The influence matrix D;:I,i i for Zp; # 0, can be expressed as
DZI,ij = Sign(gku) sign(fu) sin(ei,- — 9kl) [
tan ™ ((Zw — 5i5)\(@r0)2/ (Zhl(@r — 565)% + Ty + 221) )

— tan™( jkl\/(ﬂkl,ly/(zzz[fiz + 950+ Zul)) |

— stgn(Fri,1) cos(8i; — 0rki)/2{
In[ ( \/(ikl — 5 + T+ 7 — \/37%1,1)/( \/(ka =3+ G+ E+ \/?71%1,1) ]
—In[ (/2% + TR0+ 21— 7R )30 + T+ 2+ 5200 1)

+ sign(Fri,r) sign(Zir) sin(0ij — Oxr)|
tan~'((Z1 - §ij)\/(ﬂkz,r)2/(5§z[(fu =82 + Ui+ 20)))

— tan ™! (Zuy/(Gu, )2/ (ZHl3% + 1,0 — 200) ]

— sign(Fxi,r) cos(bij — 6x1)/2.0{

Inf (1/(Zr = 505)? + Ty, + 20— [0, /(@ — 5507 + 7+ 20+ VIh) ]

—Ia[ (/8] + T, + 2= 080, /(3R + T+ 20+ 7))

(3.58)

and for zx; = 0,

Dy, i; = —cos(8ij — 6k1) ln[

(Fr+ \/(fhz =52+ 9 )/ (Trar + \/(sz - 5%+ 9%,) J

+ cos(8ij — Ou1) ln[ (T + \/Zh+ G000 (Grr + /T + 53 ,) ]
(3.59)
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The discrete expressions for —V x R - fiz; in Equation (3.57) is as follows:

_Vxﬁ.ﬁk,—_—_l_///
Y g R

—[(yx = 9)¢: = (2k = H)Glsin(Bk) + [(zx = £)¢ — (i — §)CLlcos(8x)
[(zk — £)% + (v — 9)? + (21 — 2)2]3/2
didjds (3.60)

which is integrated numerically.

For inviscid and incompressible flow, the vorticity transport equation becomes

D+ o
S =C vV (3.61)

If the flow is two-dimensional, the right-hand-side of Equation (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 field 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, C:,, at that point is then used to update

¢' = ¢ — (,. This iteration technique usually converges in less than 10 iterations.




74

CHAPTER IV
NUMERICAL ALGORITHM

In this section the computer program for solving the scalar and vector po-
tentials, or source and vortex strengths for a two-dimensional airfoil, is described.
The program uses an iteration procedure to solve for ¢ and 4 in two-dimensional
nonuniform shear flow. The area integral due to the onset vorticity field in Equa-
tion (3.31) is determined by integrating numerically with each iteration. The it-
eration first assumes 5 = C, and calculates a set of piecewise vortex values v from
Equation (3.37), The velocity at all grid point is then calculated from Equations
(3.30') and (3.32'). The stream function for each grid point is then determined

from
A

u(z, ) dj — / o(2,y) d (4.1)

Tref

Y(2,y) — Yres = /y

Yres

where z,. ¢ and y,.s are the coordinates at which the stream function has the value
Yref. The computation next updates the vorticity field by assigning to the grid
point the upstream value of { = (, + ¢’ which corresponds to the grid point value
of ¢ and recalculates a set of values of v for the new vortex distribution. The
iteration is stopped when the vortex distribution has converged in the selected
norm ( in this case for Maz(Avy) < £107*).

An outline of the computational procedures for the two-dimensional airfoil is
presented here. The computer program is composed of seven 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 C)p, Cy, and Cj,.

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 coeflicient matrices for the normal boundary 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 shear 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 TAIR is used for selecting different airfoil shape

IAIR = 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 airfoil are as follows [53]:

dzy = 0—;6(0.29690 V7 — 0.12600  — 0.35160 2>

+ 0.28430 z* — 0.10150 z*) (4.2)
for constructing the thickness distribution, z;, and

Ze = 1%(2;0 z — 2°) (forward of maz. ordinate)

(1-p)?

[(1 - 2p) — 2pz — 2?] (aft of maz. ordinate) (4.3)

for constructing the camber distribution, 2., where ¢ 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 «, z;, and z, 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.

Ty =T — 2¢ s10(06)

2y = 2o + 2 cos(6) (4.4a)

Ty =z + 2z¢ sin(§)

21 =z, — z; cos(6) (4.4b)

The definitions of z,, zu4, i1, 21, and § can be found in Figure 4.1. Similar pro-
cedures are used for generating the coordinates of the Joukowski airfoils except
the classical Joukowski 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:
z = 0.5 x (1.0 4 cos(8)) (4.5)

where —7 < § < 7 and z is the coordinate for determining the z coordinate in
Equation (4.2) and (4.3). Both z and 2z are the coordinates for the airfoil ( see
Figure 4.1 ). The range —7 < 6 < 0 is for the lower surface of the airfoil and the
range 0 < § <  is for the upper surface. The increments of 6 is just 7 /(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 boundary condition and for calculating the velocity ( or pressure )
value. The location of the 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 uniform 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 difference 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 of 41 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 I:-‘j and D:‘] The formula for the transformation is:
T; = cos(0;) (x — zio) + sin(8;) (2 — Zio)

z; = —sin(6;) (z — zio) + cos(6;) (z — zi5) (4.6)

where 6 is the panel orientation angle and z;, and z;, 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:
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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 are on a 500t x 500 f¢ spacing.
For two-dimensional calculations, a corridor (or vertical plane through the mi-
croburst flow field) 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.

Z‘Wi X A; .
W, = &g, (1,7 =1,4) (4.7)
? ZjAj

where W), is the wind velocity at any point p of this corridor and W; 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 field is taken
500ft x 500ft, the airfoil chord length is fixed to 10ft long. The areas A; to Ay
are the areas diagonal opposite to the corner points 1 to 4.

In sub-program LEQN, the subroutine COEF calculates the coefficient ma-
trices for the source 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, D7,

i;» for the vortex by the following expression ( see

Figure 4.3 ).

— (o 2N f)/
o+ 2 /J Villog(rs)) s = 32 22 [ 91(05,)
J J

Vix (£ [ 0036 -6 )] -8

= [Fou+ S5 [ Vtontrae) ts = 2 2 [ 9ua(0uc)
Vaex (£ [ 1036 = 61 80)] - G0

5;
Z (Diy; + Di;) é‘fr' =

j

[V01 £ +ZIU 52— Vix (2]7 /S / In(r)(¢y — Cyo) ds) -4
+Vo,, - tM+ZI =L -v (%/S/ln(r)(cy — (yo) a’s) -EM] (4.8)

The subroutines RHS1 and RHS2 calculate —V, - ii; and — Vg, - ii; respec-

such that

tively. The subroutine RHS2 implements V; x [3/(27) [ [ log(r)(¢y — Cyo) ds] - 1i;
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 features: row equilibration, partial pivoting, and iterative

improvement. Once the inverse matrices are obtained the singularity strengths o



Figure 4.3. Two rearmost panels on the airfoil for imposing
 Kutta condition.
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and v can be calculated by multiplying the inverse matrices with Ri;(= —V,, -1;)
and Rio(= =V, - i; + Vi x [1/(27) [5 [log(r)(¢y — Cyo) ds] - /i), with excep-
tion of the R o element which is given by the right-hand-side of Equation (4.8),
respectively.

Based on the calculated singularity strengths o and «, the velocity and vortic-
ity flelds 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:

— — g ")’
V=VO+I(§)+D(2—W-)

_V x (2i [ 106, - 60 ) (49)

where I and D are the second order tensofs ( square matrices ) and o and 7 are
the column vectors of the strength of each panel.

In solving for 4 in Equé:%’lon (3.37), an iteration procedure is needed. First,
it is assumed that 5 0 equals (_:, which causes the surface integral (see Equation
(3.35)) to be zero. The first iterative step is carried out and initial values of &
and v 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 (, is calculated from (, = dv/dz — du/dy. Fourth order

accurate finite differencing schemes [53] are applied to calculate the vorticity (o,
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for example,
1

O%i = 1oy

(fi—2 — 8 fic1 + 8 fit1 — fit+2) (4.10a)

for central differencing and

1
Ofi = ﬁ(—% fi+48 fiy1 —36 fira +16 firs — 3 firs) (4.100)

for one-sided differencing. The accuracy of the above finite difference techniques
is h* where h is the grid size. Typically 0.2 < h < 0.5 hence the accuracy is on
the order of 5 x 1073,

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 z,.s and yr.s are the reference coordinate, and, % 7 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 Maz(Ay) within +10~4.
Originally a convergence criterion of Maz(Av) < £10~° was used for the calcula-
tion, however, the converged results were equal within at least 4 to 5 decimal for
either criterion, therefore Maz(Av) < £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 C,, C, and C,,. Again the nu-
merical integration of the pressure distribution ( from Bernoulli 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.



Stagnation
Streamline
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Figure 4.4. Ilustration of integrating the stream function.
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The calculation for nonpotential flow problems requires about 1.5 x 10~3 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 107% sec and 5 x 107° 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 advantage 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-
where inside the domain and there is no vortex stretching. Therefore the perturbed
vorticity ¢'(= ¢ — (,) 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 departs from the theoretical model with increasing values of | ¢, |.
According to thin airfoil theory, only camber and angle of attack cause lift 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 nonuniform flow produces the
induced lift.

Figure 5.2 shows that: for a symmetric airfoil at zero angle of attack, C; is

linearly proportional to the onset vorticity ¢,. This relationship can be found from




X,Y Pressure Forces

U(y) = Uo(1 + k&) A

- X

Figure 5.1. A symmetric Joukowski airfoil in stream
with uniform shear.
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Figure 5.2. Lift vs onset vorticity for zero angle of attack,
Co = -K.



91

1.50 r‘
_ v
mzgo=0 Symbols - Present Method
n a 5o = -0.05 Tsien [10] *
® ;o = _0010 A

1.00

0.50

0.00 2.00 4.00 6.00 8.00 10.00

a (degrees)

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 = 2r[l, sina + K (I} + lycos2a)+

K? (lzsina + lysin3a)] (5.1)

where [,, Iy, I3, I3 and l; are the constants related to the geometry of the airfoil
and K = —(,. At zero angle of attack (@ = 0) lift becomes linearly related to the
shear, i.e. :

Cr=2r K (I + 1) (5.2)

This is consistent with two-dimensional uniform flow in that the Kutta-Joukowski
theorem predicts

L = pU,T (5.3)

which indicates that lift is linearly proportional to the bound vortex circulation .
The present calculation also gives a linear variation but has a 12% steeper slope.
The difference 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 numerical results depart from the theory by as much
as 13% at a = 10° and {, = —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 of attack in uniform flow. But for 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 mor 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 ¢ 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 results obtained by
Jones [12,13] can only be considered as small perturbation results because the
small perturbation assumption is applied to linearize the governing equation as
mentioned in Chapter I. The present result agrees within 12% at o = 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 assumed 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.




Figure 5.4. Theoretical model for a cambered Joukowski airfoil
in stream with nonuniform shear [53].
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Figure 5.5. Lift vs angle of attack for nonuniform shear with ¢ = 0.02,
the parameter of parabolic nonuniform flow
( 100 panels on a cambered-Joukowski airfoil ).
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Figure 5.6. A cambered Joukowski airfoil in a stream with a
Gaussian upstream wind profile, [18].
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Figure 4.2 page 80 depicts the computational domain for iteration of the
volume 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 sfrip-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) = 14+a exp(—y?/d?) where the parameter a represents the difference between
the maximum velocity and the constant value i.e. U,(y = H) = 1, and the
parameter d represents the spread of the velocity nonuniformity. The C; 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 C; 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 C; value of Figure 5.8 is slight higher (2%).




Exact (infinite field) CL = 0.695

© Finite Element Method [20] C_ = 0.728
(308 elements)

&  Finite Element Method [20] C| = 0.725
(548 elements)

* Present Method (100 panels) C_ = 0.692

Figure 5.7. Pressure distribution of an airfoil in uniform flow,
U(y) = U,.
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Figure 5.8.

Finite Difference Method [18] C = 2.50
Finite Element Method [20] CL = 2.50
Present Method (100 panels) C_ = 2.55
au _

3y lmax = 0.85 Ug

Pressure distribution of an airfoil in nonuniform stream,
U(y) = U,(1 + e~¥"), U, reference velocity.
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— Finite Difference Method [18] C| = 4.98
40 Finite Element Method [20] CL = 4.68, 4.35
e  Panel Method (100 panels) CL = 4.85
au -
5 lmax = 172 Uo

Figure 5.9. Pressure distribution of an airfoil in nonuniform stream,
2
U(y) =U,(1 4 2e7Y").



— Finite Difference Method [18] C| = 1.98
bo  Finite Element Method [20] CL = 1.95, 1.9
e Panel Method (100 panels) CL =1.97
au -
3y Imax = 1.72 Uq

Figure 5.10. Pressure distribution of an airfoil in nonuniform stream,
U(y) = Uy(1 + e=®/0:5)%),
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Experimental or other numerical results are needed to justify the present results
and Chow et 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 U, should be the mean velocity which corresponds to the equivalent

momentum in each profile i.e.

L)2 1/2
U, = [ / 2U2<y>dy/L]

It is observed that the C, distributions in Figure 5.11 for the three different onset
flows are about the same if the dynamic pressure pU(yoo)?/2 is used to nondimen-
sionalize the pressure distribution. Based on the dynamic pressure pU(yo0)?/2,
the C; values for uniform, linear and nonlinear shear flows are 0.6921, 0.7374 and
0.7290 respectively, which are also very close values. But, the pressure forces for
the three different onset flows are quite different because U(yo) values for uni-
form, linear and nonlinear shear flows are 6.0, 5.26 and 13.17 respectively. That
means the nonlinear onset flow induces the highest lift and uniform has the lowest
lift because L = C; pU?(yoo) c/2.

A similar analysis was carried-out which compared shear profiles on an equiv-

alent mass bases, i.e.
L/2
vo= [ Utdy/L
-L/2
The result is shown in Figure 5.12. The values of C; for the uniform, linear shear
and exponential shear in this case are 0.6921, 0.7317 and 0.7420 ( if based on

PU(Yoo)?/2 ), respectively. Again, the exponential shear flow with the strongest

onset vorticity has the highest lift.
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The present method does not incur 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 scﬂm 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 downdraft 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. C) values decrease from 0.6921 to —0.2768
»—0.4468 and —0.5470 respectively where pU?(y) 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 field. 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 C; in Figure 5.14 does not decrease
as much as that in Figure 5.13. C; 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 C; than a favorable vorticity is not readily available. The
common and straightforward concept from uniform onset flow can be applied to
nonuniform onset flow without downdrafts (Figure 5.11 and 5.12) but in this case
not to the uniform 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 lift (i.e. at the center of the flow field). As an estimate the
local angle of attack in Figure 5.13 and 5.14 is — 13°. Since angle of attack 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 C, distribution uses
pU?(yoo) as reference dynamic pressure which is believed by Chow et al (18] to
isolate the effect of shear. The U(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(yoo) = 1/U?(=5,y) + V2(=5,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 nonuniform approach
flow. In order to investigate the influence of more realistic wind shears, measured
data from 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
C', of the airfoil with fixed 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 of a complete aircraft with fuselage
and tail, but still interesting results can be observed from the airfoil model alone.
Figure 5.16 (a) and (b) shows that the C} and C!, variations, referenced to absolute
airfoil velocity, for four different altitudes, 250 ft, 750 ft, 1250 ft and 1750 ft. For
very large aircraft, ground effect will become important when the altitude is lower
than 250 ft. The ground 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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5‘_
250 ft
A 750 ft
® 1250 ft
? v 1750 ft
| | | | | |
-40000 - -20000 0 20000 40000
(a) Lift coefficient.
| CME
-40000 -20000 0 20000 40000
L ! | ! | | | |
® 250 ft
-0.10 — A 750 ft
® 1250 ft
v 1750 ft
~0.30 AT—
= u
-0.50 —

{b) Moment coefficient.

Figure 5.16. Lift and moment variations of an airfoil in JAWS wind shear
for four different altitudes ( a = 0°, V,;, = 100m/s
= 194.2kts., 5AU1847AB.COR ).
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(a) Lift coefficient.
C'M e
40000 20000 0 "~ -20000 -40000
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-0.60 —

(b) Moment coeflicient.

Figure 5.17. Lift and moment variations of an airfoil in JAWS wind shear
for four different altitudes ( @ = 5°, V4ir = 100m/s
= 194.2kts., 5AU1847AB.COR ).
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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 emerges from the downburst. For an aircraft in its landing configuration
(high incidence and large flap deflection) such a rapid change of force and moment
is difficult to control (partly due to the slow response of the aircraft to increase
engine power in this configuration), placing the aircraft in a hazardous condition.
However, the above observations can also be found 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 C variations between a nonuniform flow model, a uniform 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 measured JAWS wind field data at four corners 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 are 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



D Nonuniform Flow
D Uniform Flow
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<© 3D Uniform Flow (A/C)
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Figure 5.18. Comparison of present model ( w. & w/o wind shear )
with empirical model ( 250 ft. a = 0° ).



115

over the airfoil ( i.e. the area integration in the flow field domain ). Figure 5.18
shows that the contribution of the area integral due to the JAWS wind shear data
is insignificant.

A number of reasons for the wind shear effects not being significant are readily
apparent. The maximum onset vorticity of the JAWS wind field 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 advantages 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 stfong 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 C; and C,, coefficients can be used to analyze

an airfoil in a quasi-steady simulated flight through JAWS microburst.
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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
finite-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 the lower-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
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the system of equations is normally thought to be the most sensitive part of the
analysis when solving the system of equations. 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 of eigensystem 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 of the right-hand-side such
as to a; and f;, will be magnified by either A; or 1/);, 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 S in space bounded by a closed curve C' ( see Figure A.1). If S'is
a closed surface, C' vanishes. At any point (z,,¥y,,2,) on S the unit normal vector
is fi, and at any point on C the unit tangent vector is t. The vector between the

point (Z,,Y,, 2,) and a general point (z,y, 2) in space is denoted ¥, where
F=(c—20) i+(y—yo) J+(2—2) k (4.1)

|Fl=V(z =202 +(y — o) + (2 — 2,)° (4.2)

The gradient operator V is used to denote that derivatives with respect to (z, y, z)
and Vg, is with respect to (z,,y,, 2,).
According to Biot-Savart law the velocity at (z,y, z) due to a vortex filament

of variable strength I' lying along any curve C is given by:
— i‘ r
V= / “~Tds (A4.3)
c T

where s denotes the arc length along C. If the velocity due to the vortex filament

with the strength I' equivalent to the doublet strength u on a closed curve C, then

Equation (A.3) can be expressed as
= tx ¥
Vp=/ 3r,uds (A.4)
c T

The expression for the velocity due to a vortex sheet can be obtained from Equation

(A.4) by writing the vector vortex strength ¥ = I't so that Equation (A.3) becomes
\7=/7”ds (A.5)
C

r3
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(Xos Yos Zo)

— S —

Figure A.l. Notation for a general surface.
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Now simply redefine ¥ 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

(z,y,2) due to a vortex distribution of strength ¥ on $ as

=[5/7r’;" ds (A.6)

where dS is an elemental surface area on S. From the theorem of Hess [45] the

particular vortex strength can be expressed as ¥ = —ii x V., ¢ then Equation

(A.6) can be rewritten as

\7,=_/ (Bx Ve, W) XF ) o (A7)
S

or

_/S/ (ﬁ'f")vza#;(f'"vz,#)ﬁ 4 (A.8)

r

The velocity potential of a doublet sheet is

ba=7- .3

- -
n-r

(A.9)

3
where 1 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

5 i F
Va=V¢s=V(-25)

- ZvaE.-(a. V(- ) (4.10)

r3

Equation (A.10) can be further expressed as

—

Vo= =2(5- V)F- (i V()
n LT
3
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Thus, the velocity at any point p (z,y, 2) due to a normal doublet distribution of

strength 4 on S is

. R
Vd=/s/[—r—3+3(n~?);g uds (4.12)

The proof of the theorem stated in Chapter II ( see page 20 ) consists of showing
that V4 from Equation (A.12) equals the sum of V from Equation (A.4) and
—-\7., from 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 S. (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 (z,,Y,,2,) are functions of the arc length s along a curve. The

unit tangent vector to C is

dz, ; dyo »  dz, »
T 1+ s j+ T k (A.13)

t=

Take the cross product with ¥ from Equation (A.1) and substitute the result into
Equation (A.4) such that

T 3 Z—2Z, Y=Y ]
VI‘=1/;‘[+/J 3 dy,—p 3 dzoj

2 zZ—2, -2z, ]
+J‘/;v[—# r3 dmo+”T dzo-

+1A</C[uy—_3‘gﬂ dz,—p=—22 dy,

r r3

(A.14)




The Stokes theorem in component form is

/ [P dz,+ Q dy, + R dz,) =
C

6yo ™ +(020 a:c,,) 2t (8a:o ~ By,

ds  (A.15)

/‘/[6R BQ 0P OR 0Q OP

where

g

n=nli+ngj+n3f(

Apply the Stokes’ theorem to each component of Equation (A.14) so that

e=i [ [t-lv-w) (5 Loy &

+ (2 — z,) (r—3620+3u7— —,,—3] n1
+ (¥ = o) (—1— 8" +3u5=72) g

+ z»(laaa;‘o “"”“’)ns}ds ‘
4 [ [ie-20) (Got +3ul o) m,
e =20) (5oL + uj”'—")—r%
+(a:—vco)(1 a” - Glne

+(z — 2,) (r_36y +3#y:5?/°) n3}dS

+f</]{<w—zo) (o + 35

+(y - yo)(———+3 °)n2
~f(a- z)(la—“+3 ‘”")—;’é—
+=w) (e + 35— Kin y d s

(A.16)
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After lengthy algebraic manipulations, Equation (A.16) can be expressed as

\7p=—//[ﬁ3 ﬁ+3(n—:f)¥u ds
S r r

- [ [ 5@ Vewi- @ Dol d s (4.17)
s
Finally, from Equations (A.8) and (A.12), the following equality is proven,
Vr=V,-V, (A.18).

If S is a closed surface, such as an airfoil, then I" = 0 and \71‘ = 0 hence the

velocity due to a vortex sheet 7 is equal to that of a doublet distribution, 73
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APPENDIX B

THE SINGULARITY TREATMENT AND LOCATION OF CONTROL POINT

In this Appendix the treatment of the 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 | F(p, ¢) [— 0 resulting in In(r(p, q)) or O,
or alternately stated the value of either I}; or D}, becoming indefinite for i = j.
The proper value of these coefficients can be determined by a careful integration
as follows.

Consider If; for i = j, i.e. the matrix coefficient for the, u, perturbed velocity

normal to the ith panel due to the source distribution o; on the panel itself. Let

rij = \/(a:,- —2;)? + (2i — z;)? (B.1)
and

i; = cos(S;) i+ sin(B;) Kk

= —sin(ei) i‘+ COS(G,’) E (Bz)

where § and 6§ are defined in Figure 3.7 page 60. Since (zi,2:) and (zj,2;) are

both on panel ¢, they can be expressed as ( see Figure B.1 (a) )
z;\ _ [ si
(-3
TiY = (%
(3)-(%) 58

and
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z, k
X, :i
(a)
z, &
(x4s 24)
By-pass path CE
€
z, R (X3, 23) X &%
X, 1
(b)

Figure B.1. Illustration of the path along the panel and
the by-pass integration curve.



132

where (Z;, Z;) and (Z;,%;) are transformed coordinates with respect to the local
coordinate on the ith panel and s; is the dummy variable of integration ( for
example, Equation (3.38) ). The transformed unit vectors for (i,k) and the local

normal n; are as follows:

i=cos(8;) &; — sin(6;) é; (B.5a)
k = sin(6;) &z + cos(8;) &3 (B.5b)
ﬁi = éz (B5C)

The integrand of the source distribution can be transformed as follows:

0 3 T —T; - 2z — 2
oy 20ra) ) =1 i)+ im gy e ;)? + (zi — 25)?
- ( —sin(6;) 1+ cos(6;)k )

]

— s;)cos(8;)
(si—s;)? -
- Sj)sin(ei)

(8i—s;5)?

= [ cos(B0)es — sin(Bz)

(sin(6;) €z + cos(6;)é;) (s
1
Si—8;

0 (B.6)

]-&;

(éi +é20)'é2

for any point on panel i except s; = s;. This means that the source distribution
for s; # s; on the same panel ¢ has no contribution on the perturbed velocity
normal to the panel 7 nor the singularity problem. The integration for the point
si = 8 can be treated as follows. The singularity is excluded by integrating along

a infinitely small by-pass as shown in Figure B.1 (b) such that
i\ _ [z { cos(6;)
(z,-) B <zo> + s (sin(ei)> (B.7)
z;\ _ [z cos(6; + 6;)
(3)=(2) = (6 iz



Therefore from Equation B.3

(572) = (%) 7

Substitute Equation (B.9) into the relationship

3 (1n(riy) ) = 5 (i) )
[ i(xi - xyz);;a(ciz T lA((wz' - x:):;;?zz - z;)?
= [ (cos(8:)éz — sin(8:)é:) (ecos(5; +_9€;;; fi(jsf;)(a,- 10,2
(sin(8:)82 + cos(8:)2:) Trr +_9€,~§§Z(-fi(:~sf;)(5,-+9,~))2]'é’
—cos(6;) . —sin(6;)

]'ér

+

=(é; - + é; —e——) - —( cos(6;) éz + sin(6;) é;
1
== (B.10)
Therefore
I = / ——( In(r;;) d s;
=/ -)edé;
=7 (B.11)

The singularity treatment for the vortex distribution is similar but easier.

The integrand of D7, can be transformed as follows:

3 an -1 Z] _(Z,' - ZJ) . Ti — x" . ﬁ
6n,[t ( —:1:-—$J =1 (x,'—xj)2+(2i—zj)2 +k(a:,-—z‘j)'2+(zi—zj)2] 2
~ (oo - i)y == 200
(sin(0;) &z + cos(6;)é:) (i SJ)Cosz(e )] &:
(si—s5)
_ 1 (B.12)

(8i — ;)
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By Cauchy principal value theorem D7 can be expressed as

Log
S
n !
D,.,._/ —
0 s,—s]

= —In( | —

[) (B.13)

si—1;
where [; 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 should 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

i
CL= i/ v(s)ds = 27a (B.14)
Vool Jo

the second equality following from slender body theory. Hence

{
7rV°°la=/ v(s)ds
0

=+l (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:*
1 [fly(s)ds'
Voot =— [ ——
Y= o /0 (s —3s")
=5/n (B.16)

* If 4(s) is not a constant then

2 1 N
| G- antshas =0

is the equivalent condition.
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from Equation B.15. Hence by integration :

In S_S_l =2 (B.17)
but as 0 < s < [:

=(%5) -
or

; 1 iXSgZz) (B.18)

Hence the requirement s/l ~ 0.88. It may be noted from Equation (B.17) that for
s/1 < 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 £ 1.0l, 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 RC'P = 0.60! is almost identical to that for RCP = 0.75l. Figure
B.3 compares calculations for RCP = 0.6] and for the estimate RCP = 0.88l.
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. RC’lP = 0.6/ is chosen for the present study.
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a RCP = 0.50 2
v RCP = 0.60 2
0O RCP = 0.75 ¢

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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4 RCP
v RCP

Figure B.3. Comparison of the C, 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 If; and D}, in Equations (3.38) and (3.41) are the perturbed
velocities normal to each panel : due to the source ¢ ;j and the vortex v, respectively.

Now let the elements of I}; and D}, be the perturbed velocities tangential to each

panel : and expressed as follows:
If]- = /V,-(log T,'j) . t,' d.s]-
j

0
= [ —(logri;) ds;
/jat,- 7

_ / Ticos(0; — 6;) - zisin(8; — 6;) — sjcos(8; — 6
— J; (27 +2]) — 2%isj + 52

i) de

d+ es; .,
== ——d ’
/,~a+bs,-+cs';f s (#9) (¢1)

In Equation (C.1), Z; and %; are transformed in terms of local coordinates ( see

Equation (3.27) ), and 6; and 6; are defined as in Figure 3.9 page 64. The defini-

tions of the quantities a through e are

a=z}4+7°

b= -2z,

c=1

d = Zicos(8; — ;) — z;isin(8; — 6;)

e = —cos(6; - 6;) (C.2)
Also

R=a+bs;+ cs?

A = 4ac — b?
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For A >0,

¢ € be _2_ 110+ 2850,
Ii,-—gc'[log(R)] +(d - c)\/Zt [—_\/K lo

= ?COS(OJ' - 9,) ].Og 1 + W

—sin(Gj—-G,-)[tan zi -tan-l(;—‘f")] (i#£5) (C3a)

and for A =0,
i
elos(R) +(d - 3ol
-1 12 -2z, o
= —2—-603(9 -0, )log (1 + J_—2_+'_—2) (2 # ]) (C3b)

where /; is the panel length for the jth panel. The singularity treatment for i = J
can done as Appendix B.

Similarly, for the influence matrix Df],

ij = —/V;(@,'j) -ty ds;
J

—/V.-[tan‘ u)} -t ds;
j Ti—T;

= / 36; [ta (%;’J)J ds;
=/”’3m(9j—0)+zcos(9 i — 0;) — s;8in(6; _9)

(22 +27) — 2%, + 52 ds;j
=_/ja—% ds;  (i#]) (C4)
where
a=2z;+1z
b=-2z;
c=1

d= —.’f,'sin(aj - 0,‘) - E,-cos(ej — 9,')

e = sin(f; — 6;) (C.5)
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For A >0,
e : 110+ 2¢s;.;
D} = “—[log(R)]f)’ —(d- )Tta ' A 215
l] 2z;l;
= —sm(G —8,)log (1 + ﬁ)
+ cos(8; — 6,) [tan"l( L . ) - tan_l(—-)] (t#7) (C.6a)
and for A =0,

Di; = —[log(R)}¢ - (d— —)[ ¢

b+2cs

2 -2z,
zn(0 -0, )log<1+ i

) G4 o

By comparing Equation (3.40) with Equation (C.6) and Equation (3.43) with

Equation (C.3) the following equalities are satisfied,

I{; = —D};

L)

D =1}, (C.7)

which are equivalent to Equation (3.48).
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APPENDIX D

COMPUTER PROGRAM FOR THE TWO-DIMENSIONAL FLOW



*ekkk kR Kk Kk k PROGRAM IDENTIFICATION LR L2 T 1Y
* *
* PROGRAM NAME : AIRFOIL *
* *

********************************************************t***************

WRITTEN BY : JYH-CHYANG ALEX WANG

DATE : APRIL 10, 1988

NOTE : SOLUTION OF THE PROBLEM OF UNIFORM OR
SHEAR FLOW W. OR WO. ANGLE OF ATTACK
PAST AN AIRFOIL BY " NEW SCHEME "
SOURCE & VORTEX PANELS + ITERATIONS
VARIABLE GRIDS AND PANEL # ( EVEN )
VORTICITY TRANSPORT IMPLEMENTED

USAGE : (1) BREAK COMMON.FIL INTO SUB-FILES
(2) FOR/CH FILENAME
(3) LINK FILENAME,LIB_IMSL_S/LIB
(4) RUN FILENAME
(5) READ INPUT FILE, AIRFOIL.DAT
(6) WRITE OUTPUT FILE, AIRFOIL.OUT
(7) DATA1.QUT, DATA FOR AIRFOIL PLOTTING

(8) DATA3.0UT, DATA FOR CP PLOTTING

d ok % O % Ak % ok o % Ok % % F Ok O X O F N * d F O X F
N S ok oF Ok OF Ok R ok 3k % R O % % OF Ok 3k b o * F X O * * X

dkkkhkkkkkhkkhkkkkkkkx NOMENCLATURE khkkhkkdkhkhkkkkhkhkkhkkrkhkkkXkkkkkkdkkx

IDBL = 0, W/0. CROSS FLOW
1, W. UNIFORM CROSS FLOW
2, W. LINEAR SHEAR CROSS FLOW
3, W. EXPONENTIAL SHEAR CROSS FLOW

IDIR = 0, UPDRAFT CROSS FLOW
1, DOWNDRAFT CROSS FLOW

Iour = 0, NO OUTPUT

1, COMPACT OUTPUT

2 FULL QUTPUT
ALPHA ANGLE OF ATTACK
ZETAQ ONSET VORTICITY
UYo REFERENCE VELOCITY

KAAAKKRARAK KRR AR IR AREE KRR E R AR ARRR KK AR KK AKX KRR KK AR KR KKK KKK ” XAk
*
PARAMETER ( NPAN = 100, NPAN1 = 101, NPAN2 = 102, NPANHl = 51 )
PARAMETER ( NGRID = 41, NG10l = 101, NG100 = 100 )

¥ ok % % & Ok R Ok Ok Ok Ok b % % Ok Ok O X % * R

INCLUDE ’ ANGL.FIL
INCLUDE ‘' AUXI.FIL '
INCLUDE ’ CNST.FIL ’
INCLUDE ’ CORD.FIL '
INCLUDE ‘ DBLE.FIL '
INCLUDE ' DFWS.FIL '/
INCLUDE ‘ JAWS.FIL '/
INCLUDE ’ JOUK.FIL '
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¥ % b % % % O d o A % A X * 2 ¥ X X %



INCLUDE
INCLUDE

MIRX.FIL
NAC4.FIL

r
14

INCLUDE ’ STFN.FIL
14

INCLUDE

REAL AA( NPAN )

VLTY.FIL

. % w N

NAMELIST / INPUTl / IFLOW, IDBL, IAIR, IQUT, ALPHA, ZETAO,

NAMELIST / INPUT2
NAMELIST / INPUT3
NAMELIST / INPUT4
NAMELIST / INPUTS
NAMELIST / INPUT6

NAMELIST / INPUT7
OPEN( UNIT = 10,
OPEN( UNIT = 11,
OPEN( UNIT = 111,
OPEN( UNIT = 113,

UY0, s, IMAX, ERROR, RCP, IDIR
/ AM, AP, AT
/ AREF, CREF
/ AREF1l, CREF1l, ZETAl, VX0
/ YREF
/ XTOT, YTOT, UCN, VCN, VREF
/ UCNl1l, VCN1, VREF1l
NAME = / AIRFOIL.DAT ’, TYPE = ’'QLD’ )
NAME = ’ AIRFOIL.QUT ‘, TYPE = 'NEW’ )
NAME = 7 DATALl.QUT ’, TYPE = ’'NEW’ )
NAME = / DATA3.QUT ’, TYPE = ’'NEW’ )

*23456789-123456789-123456789-123456789-123456789-123456789-123456789~12
* *

Ihkkhkkkhkkkhkhkhkhkkrkkkkkx

*

Ak A O % % o 2 b % OF F O O F % A O A N O X O O X F ¥

/ CONTROL PARAMETER /

IFLOW

IDBL

IDIR

IAIR

I0UT

PI = ACOS( -1.0 )

READ ( 10, INPUT1
WRITE( 11, INPUT1

)
)

IF( IAIR .EQ. 3 )THEN

READ ( 10, INPUT2
WRITE( 11, INPUT2
END IF

IF( IFLOW .EQ. 3 )THEN

)
)

INITIALIZATION

khkkdkkhkhkhkkkhkkkkkdkhkkkhrkkkhkkkkkxxx
*

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

F ok ok % % ok % % O % o O A A O ¥ % % 2k % % H * * % % F
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READ ( 10, INPUT3 )
WRITE( 11, INPUT3 )

ELSEIF( IFLOW .EQ. 4 )THEN
READ ( 10, INPUT6 )
WRITE( 11, INPUT6 )
CALL SORT( UCN, VCN, VREF )

ELSEIF( IFLOW .EQ. 5 )THEN
READ ( 10, INPUT7 )

WRITE( 11, INPUT7 )

CALL SORT( UCN1, VCN1, VREF1 )
END IF

IF( IDBL .NE. 0 )THEN
READ ( 10, INPUT4 )
WRITE( 11, INPUT4 )
END IF

WRITE( 11, 50 ) NPAN, NGRID
FORMAT( 1X, 'NPAN = ’, I5, /, 1X, ’NGRID = ’, IS )

************************************************************************

*

10

CONSTRUCT INITIAL CONDITIONS *

ALPHA = ALPHA * PI / 180.0
NPANH = NPAN / 2
NPANH2 = NPANH + 2

CALL SHAPE
CALL BDYCORD
CALL PANEL
CALL CNTCORD
CALL GRDCORD
CALL ONSET

CLOSE( UNIT = 10 )

CALL TRACORD
CALL COEF

CALL INVERSE( AlSTORE, AINVER )
CALL INVERSE( DISTORE, DINVER )

CALL RHS1
CALL LEQINV( AINVER, RHSC1l, ASIGAMA )

ICONT = ICONT + 1
DO I = 1, NPAN

AA( I ) = AGAMA( I )
END DO

CALL RHS2( ICONT )
CALL LEQINV( DINVER, RHSC2, AGAMA )

CALL VELFLD( ICONT )

IF( ( IFLOW .GT. 2 ) .OR. ( IDBL .GT. 2 ) )THEN
CALL STREAM( ICONT )
CALL VORFLD



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 AERQFR

CALL OUTPUT

STOP
END

SUBROUTINE VELFLD( ICONT )
AR Ly S R R Lt L L T g

: CALCULATE THE PRESENT VELOCITY FIELD : ON THE SURFACE OF THE :
* AIRFOIL AND IN THE COMPUTATIONAL DOMAIN *
:******************* NOMENCLATURE *****************************:
* *
: vs TANGENTIAL SPEED ON THE CONTROL POINT :
: U, v VELCCITY FIELD ON THE CONTROL PQINTS *
: uG, VG VELOCITY FIELD IN THE INNER DOMAIN E
* UouUT, VOUT VELOCITY FIELD IN THE OUTER DOMAIN *
:**********************************************************************:
* *

PARAMETER ( NPAN = 100, NPAN1
PARAMETER ( NGRID = 41, NG101

101, NPAN2 = 102, NPANH1 = 51 )
101, NG100 = 100 )

INCLUDE ’ ANGL.FIL '

INCLUDE ’ CNST.FIL ’

INCLUDE ' CORD.FIL '

INCLUDE ’ MTRX.FIL '

INCLUDE ’ VLTY.FIL ’

DO I = 1, NPAN

SUM1 = 0.0

SUM2 = 0.0
DO J = 1, NPAN
SUM1 = SUM1 + AINTGLZ2( 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)=0U0(I) *COSINE( I ) +VO(I) *SINE(TI) +
1 SUM1 + SUM2 + RESLT( I )

ELSE

VS(I)=U0(I) *COSINE( I ) +VO(I) *SINE(TI) +
1 SUM1 + SUM2

END IF

U(I) =VS(I) * COSINE( I )

V(I ) =VS{I) *SINE(TI)

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 + AGINTGLl1( I, J, K ) * ASIGAMA( K ) +
1 DGINTGL1( 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, ) + SUMU + RESLU( XG(I,J), YG(I,J) )
)

vVe( I, J + SUMV + RESLV( XG(I,J), YG(I,J) )
ELSE

UG( I, J
VG( I, J
END IF

= 0G0( I,

) + SUMU
) = VG0( I,

)
)
J
) = VGO( I, J
J
J ) + SUMV

)
)
END DO

END DO

END IF

RETURN

END

SUEROQUTINE VORFLD

************************************************************************

: CALCULATE THE PRESENT VORTICITY FIELD IN THE DOMAIN AND AT :
* FAR UPSTREAM: CMEGAG AND OMEGO1 *
:******************* NOMENCLATURE *****************************:
*

: OMEGAG VORTICITY FIELD IN THE DOMAIN :
* OMEGO1 VORTICITY FIELD AT FAR UPSTREAM :
:**********************************************************************:
*

*
PARAMETER ( NPAN = 100, NPAN1 = 101, NPAN2
PARAMETER ( NGRID = 41, NG10l1 = 101, NG100

102, NPANH1 = 51 )
100 )

INCLUDE " CNST.FIL ‘
INCLUDE ’ STFN.FIL ’




INCLUDE ’ STRM.FIL '
INCLUDE " VOTY.FIL *
REAL C( NG100, 3 )

DO I =1, NGRID

DO J = 1, NGRID

DO K = 1, NG101l-1
Kl=K+ 1

IF( PSI1( K ) .EQ. PSIG( I, J ) )THEN
OMEGAG( I, J ) = OMEGOl( K )

GOTO 100
ELSEIF( ( PSI1( K ) .LE. PSIG( I,J ) ) .AND.
1 ( PSI1( K1 ) .GT. PSIG( I,J ) ) )THEN
N = NG101
IC=N-1

D = PSIG( I, J ) - PSI1( K )
CALL ICSCCU( PSI1l, OMEGOl, N, C, IC, IER )
OMEGAG(I,J) = ( ( C(K,3) * D + C(K,2) ) *D + C(K,1) ) *D +
1 OMEGO1( K )
GOTO 100

END IF
END DO

DO K = 1, NG101-1
Kl =K+ 1

IF( PSI2( K ) .EQ. PSIG( I, J ) )THEN
OMEGAG( I, J ) = OMEGO02( K )

GOTO 100
ELSEIF( ( PSI2( K ) .LE. PSIG( I,J ) ) .AND.
1 ( PSI2( K1 ) .GT. PSIG( I,J ) ) )THEN
N = NG101
IC=N-1

D = PSIG( I, J ) - PSI2( K )
CALL ICSCCU( PSI2, OMEG02, N, C, IC, IER )
OMEGAG(I,J) = ( ( C(K,3) * D + C(K,2) ) *D + C(K,1) ) * D +
1 OMEGO2( K )
GOTO 100

END IF
END DO
100 CONTINUE

END DO
END DO

RETURN
END

SUBROUTINE ONESD( FX, L, DH, OMEG )
HHI A KA h ok kKA KA A KRR RR KK AL AR KRR KRR KR KRR KRR R KR ARk k ke kkk kA ke

* *
* lst DERIVATIVE BY 4th ORDER ONE-SIDED DIFFERENCING (DOWNSTREAM) *
* *
Thkdkkkkkkkhkhkkkkkkkdkkxk NOMENCLATURE hkdkkkk kA kdkhkhXAARkkkkkkk ek khk k&
* *
* FX FUNCTION ARRAY *

* *
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* L GRID INDEX *
* *
* DH GRID SIZE *
* *
* OMEG FIRST DERIVATIVE *
* *
KRR KA AR AR A A KRR AR R A A AR A A AR R AR A AN kR R KRR AR AR KRR R KR I RAKRRA KA AR AR ARk kK
* *

PARAMETER ( NGRID = 41 )
REAL FX( NGRID )

OMEG = ( -25.0 * FX( L ) + 48.0 * FX( L+l ) -
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 )
LA L T R T S R et s d L L I T T T wrurraa

* *
* lst DERIVATIVE BY 4th ORDER ONE-SIDED DIFFERENCING (UPSTREAM) *
* *
khhkkkkkkhkkhkhkkkhkkhkkk NOMENCLATURE Fe & Je dk Jede ke Kk e K e Kk kg gk ok ok gk gk K % ok ok Kk Kk
* *
* 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 )

************************************************************************

* *
* lst DERIVATIVE BY 4th ORDER CENTRAL DIFFERENCING *
* *
khkkkkhkhkkhkkhkkhhkhkkihkkk NOMENCLATURE khkhkkhkhkhkhkkhkkhkkkhkhkhkkAhkkhkhkrkkRkkkk
* *
* FX FUNCTION ARRAY *
* *
* L GRID INDEX *
* *
* DH GRID SIZE *
* *
* OMEG FIRST DERIVATIVE *
* *
************************************************************************
*

*
PARAMETER ( NGRID = 41 )
REAL FX( NGRID )
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*
*
*

1

OMEG = ( FX( L-2 )
FX( L+1 )

RETURN
END

SUBROUTINE OUTPUT
AR RK AR KR KKK KKK KRR KRR KRR A R KRR AR IR KRR KRR AR AR K KKK IR KRR KRR AR KA KK

OUTPUT FILE

- 8.0 * FX(L-1) + 8.0 *
- FX( L+2 ) ) / 12.0 / DH

*
*
*

AAKAKRKRKKRKRAKKAKRIAKXKAARKRRRRKR AR KA KA AKX ARk hkkhkkhkhkhhkkhkRhhkhrrkrkkrhkkhkkArhkhkhkikrk

*

PARAMETER
PARAMETER

INCLUDE
INCLUDE
INCLUDE
INCLUDE
INCLUDE
INCLUDE
INCLUDE
INCLUDE
INCLUDE
INCLUDE

D N T T LY

WRITE(113,

IF( ( IOUT .EQ.

*

( NPAN = 100, NPAN1 = 101, NPAN2 = 102, NPANHl1 = 51 )
( NGRID = 41, NG101l = 101, NG100 = 100 )

ANGL.

AUXI
CNST
CORD
DBLE

JOUK.
MTRX.

NAC4

VLTY.
VOTY.

*)(

SUM1 = 0.0
SUuM2 = 0.0

DO1TI

SUM2
CONTINUE
WRITE (11,
WRITE (11,

50)
52)

FIL
JFIL
FIL
.FIL
FIL
FIL
FIL
FIL
FIL
FIL

D O TR T N S T Y

X(IT),CcpP(I), I=NPAN,

1) .OR. ( IOUT .EQ. 2)

= ], NPAN
SUM1l = SUM1 + ASIGAMA( I ) * PL( I )
= SUM2 + AGAMA( I ) * PL( I )

(I, X(I), Y(I), XB(I), ¥YB(I), PL(I),

ASIGAMA( I ), AGAMA( I ),

IF( IAIR .GT. 3 )THEN

WRITE (11,

57)

XZ, Y2, AZ

IAM = 100.0 * AM
IAP = 10.0 * AP
IAT = 100.0 * AT

WRITE (11,
END IF

53)

IAM, IAP, IAT

AD = DALPHA * 180.0 / PI
ALPHA = 180.0

WRITE (11,
WRITE (11,
WRITE (11,
WRITE (11,
WRITE (11,

54)
55)
56)
58)
59)

* ALPHA / PI
SUM1, SUM2

ALPHA, ZETAO, RCP
CL, CD, AD

YINTY, UINTY

UYo, VX0

WRITE( 11, 100 )

WRITE( 11,

END IF

101 ) ( I, Uo(I), VO(I), U(I), V(I),

IF( IOUT .EQ. 2 )THEN

WRITE( 11,
WRITE( 11,

102
103

)

1, -1)

) THEN

CP( I},

) ( ( AINTGL1( I, J ), J=1,NPAN,2 ),

THETA(I),
I =1, NPAN )

I =1, NPAN )

I=1,NPAN,2 )
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WRITE( 11, 104 )
WRITE( 11, 103) ( ( DINTGL1{( I,
WRITE( 11, 105 )
WRITE( 11, 103) ( ( AINTGL2( I,
WRITE( 11, 106 )

[

(<)

WRITE( 11, 103) ( ( DINTGL2( I, J ), J=1,NPAN,2 ), I=1,NPAN,2 )

WRITE (11,201)
WRITE(11,200) ( ( XG( I, J), I =1, NG21 ), J
WRITE (11,202)
WRITE(11,200) ( ( YG( I, §), I =1, NG21 ), J
WRITE (11,203)

WRITE(11,200) ( (UG( I, J), I =1, NG21 ), J
WRITE (11,204)
WRITE(11,200) ( ( VG( I, J), I =1, NG21 ), J
WRITE (11,205)
WRITE(11,200) ( ( OMEGAGO( I,J ), I = 1, NG21 )
WRITE(11,206)
WRITE(11,200) ( ( OMEGAG( I, J ), I = 1, NG21 )

WRITE (11, 301)
WRITE(11,103)( ( XE( I, J ),J = 1, NPAN, 2 ),I
WRITE (11,302)
WRITE(11,103)( ( YE( I, J ),J =1, NPAN, 2 ),I

END IF

’

’

), J=1,NPAN,2 ), I=1,NPAN,2 )

), J=1,NPAN,2 ), I=1,NPAN,2 )

NG21,1,-1 )
NG21,1,-1 )
NG21,1,-1 )
NG21,1,-1)

J = NG21,1,-1 )

J = NG21,1,-1)

1, NPAN, 2 )

1, NPAN, 2 )

AXKKXKKKKKKA*R* KRR KXXhk*  QUTPUT FORMAT  Arkkkkkdkkhkkhkhhhkhkhkon ks k ks

*

50

52

53
54

55

56

57
58
59

100

101
102
103
104
105
106

200
201
202
203

[ = = T e N T

.

FORMAT( '1’,// 35X, ‘PANEL CONFIGURATION & STRENGTH :/ /// 3X,
I, TX, 'X(I)", SX, 'Y(I)’, 7X, 'XB(I)’, 4%,

‘YB(I)’, 6X, 'PL(I)‘, 4X, ‘THETA(I)’, 6X, ’SIGAMA’,

6X, 'AGAMA’, 6X, ‘CP’,

/] 2X, " ===" 4K, ! —m——mmm 2%, ' ———m—— ', 5%, f=——memm ’,
2X, ! =—m—mme , 5X, fmmmm—m ', AX, fmmm—meee r, 4x,
[, r , 4X' [ | 6X’ [ J—

FORMAT ( I4, 3X, 2F9.4, 3X, 2F9.4, F10.4, 1X, F11.4, F12.4, 2X,

Fl2.4, F9.4 )
FORMAT( ///, 10X,’ NACA - *, 2( I1, 1X ), I2)

FORMAT ( 10X,’ SUM OF SOURCE DISTRIBUTION = /, F10.4, /,
10X,’ SUM OF VORTEX DISTRIBUTION = ’, F10.4 )
FORMAT ( 21X, ’ ANGLE OF ATTACK = /, F10.4, ’DEG.’, /, 21X,

! ONSET VORTICITY = ’, F10.4, /, 20X,
’ RATIO OF CNTL PT = ‘, F10.4 )

FORMAT ( 32X,’ CL ="', F10.4, /, 32%,’ Ch =, F10.4,

/s 22X,’ ZERO LIFT ANGL = ’, F10.4 )
FORMAT( ///, 10X,’ JOUKOWSKI AIRFOIL ’, 3E20.6

)

FORMAT( 31X,’ YINTY = ’, F10.4,/,31X,’ UINTY = ’, F10.4)
FORMAT ( 31X,’ U0 = ’, Fl0.4,/,31X%,’ VX0 =/, F10.4)

*

FORMAT( '1', /// 35X, ‘VELOCITY AND VORTICITY ON AIRFOIL :/ ///
'U(I)’, 5X,

3%, 'I', 7X, 'U0(I)*, S5X, ’'VO(I)’, 5X,

'V(I)'/ //I ZX, f =, 4XI fm—————e ,l ZXI
fmm———— ,I 2XI fmmmm ——,I'le "-, ----- ,I // )
FORMAT( I4, 3X,4F9.4 )
FORMAT( “1’, /// 35X, ’'INFLUENCE MATRIX AINTGL1 /)
FORMAT( 1X, 25F5.2 )
FORMAT( "1’, /// 35X, ’'INFLUENCE MATRIX DINTGL1 /)
FORMAT( “1’, /// 35X, 'INFLUENCE MATRIX AINTGL2 . )
FORMAT( ’1’, /// 35X, ’'INFLUENCE MATRIX DINTGL2 2, /)

FORMAT( 1X, 21F6.2 //)

FORMAT( ‘1", 40X, 'XG( I, J)', ///}
FORMAT( "1’, 40X, 'YG( I, J)', ///)
FORMAT( ‘1, 40X, 'UG( I, J)', ///)
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204 FORMAT( ‘1’, 40X, 'VG( I, J)', //
205 FORMAT( ‘1’, 40X, 'OMEGAGO( I, J)’, ///)
206 FORMAT( ’1’, 40X, 'OMEGAG( I, J)', ///)
301 FORMAT( “1’, 40X, 'XE( I, J)', ///)
302 FORMAT( "17, 40X, 'YE( I, J)', ///)
RETURN
END

SUBROUTINE PRESUR
R e L L L L L T T T S P L P

* *
* CALCULATE PRESSURE COEFFICIENT *
* *
F ke % e Je d K d ok ok ke de ok gk ok kkk NOMENCLATURE kkkkhkkhkhkhkkhkkhkkhkhkhkkhkhhkhhkkkhdkik
* *
* CP PRESSURE COEFFICIENT *
* *
Je % F F 7 & J Je K % % gk %k Jr ok de ok %k ok ok kT e T ok e K Kk % % ok o ok e ok e e A e ok ek Kk K %k k Tk v de ok dk Sk de d J Je ok %k k Kk
* *

PARAMETER ( NPAN = 100, NPAN1 = 101, NPAN2 = 102, NPANHl1 = 51 )
PARAMETER ( NGRID = 41, NGl10l = 101, NG100 = 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
USsSQ = UYO0** 2

ELSEIF( ( IFLOW .EQ. 1 ) .AND. ( IDBL .LE. 2 ) )THEN
USSQ = UY0** 2 4 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
UY0SQ = UYQ** 2
CP(K) = (USSQ - VS( K )** 2 ) / UY0SQ

ELSEIF( ( IFLOW .EQ. 1) .CR. ( IFLOW .EQ. 2 ) )THEN
UY0SQ = UYO** 2
CP(K) = (USSQ -~ VS( K )** 2 ) / UY0SQ

ELSEIF( ( IFLOW .EQ. 1 ) .AND. ( IDBL .EQ. 4 ) )THEN
UY0SQ = UYQ** 2
CP(K) = (USSQ - VS( K )** 2 ) / UYOSQ

ELSEIF( ( IFLOW .EQ. 1) .AND. ( IDBL .EQ. 5 ) )THEN
UY0SQ = UYQ** 2
CP(K ) = (USSQ - VS( K )** 2 ) / UY0SQ
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ELSEIF( IFLOW .EQ. 3 )THEN
UY0SQ = UGOL( 1 )** 2 + VGO1( 1 )** 2
CP( K ) = (USSQ - VS( K )** 2 ) / UY0SQ

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 )

KhdkkkAkhkh kA kAR IRA KRR KA IR KAk kAT AA kAR KR RRA KA A KA IR A IRk ko dkkkkkkrkkdhr

* *
* CALCULATE STAGNATION STREAM FUNCTION *
* *
L T S T .3 NOMENCLATURE FkkkkkhkkhkRkkhkkhkrxkhkhkhkhkhdkkkk
* *

XSTAG, YSTAG COORDINATES FOR STAG. STREAMLINE

XINTG, YINTG COORDINATES FOR CALCULATING
STAG. STREAM FUNCTION

PSIST STAGNATION STREAM FUNCTION

KhK KT KKIEIRIA AR KR KRR KA KRR KA RI AR ARKRKRKRAR R AR KA RR A KA ARk KRR Kk Kk kdok*

* % O % F A F % A
* % * % A A X X *

PARAMETER ( NPAN = 100, NPAN1l = 101, NPAN2 = 102, NPANHl = 51 )
PARAMETER ( NGRID = 41, NG101l = 101, NG100 = 100 )

INCLUDE ’ CNST.FIL
INCLUDE ‘ CORD.FIL '
INCLUDE ’ JAWS.FIL ’/
INCLUDE ’ MTRX.FIL /
INCLUDE ’ STRM.FIL '
INCLUDE ’ VLTY.FIL ’

REAL XX{ NG10l ), YY( NG10l1 ), ASTAG( 300 )

DO I = 1, NPAN-1
Il =TI+ 1
IF( (U(I) .GE. 0.0 ) .AND. ( U( I1 ) .LE. 0.0 ) )THEN

ASTAG( ICONT ) = FLOAT( I )
XSTAG = ( X( I ) +X(I1) ) / 2.0
YSTAG = ( Y( I ) +Y(I1)) / 2.0
USTAG = (U(I) +U(I1) ) / 2.0
VSTAG = (( V(I ) +V(I1l) ) /2.0
GOTO 1

END IF
ASTAG( ICONT ) = FLOAT( NPANH )
XSTAG = 0.0

YSTAG = 0.0
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USTAG =
VSTAG =
END DO

0.0
0.0

IF( ICONT .EQ. 1 )THEN
X0 = XG1( 1)
Y0 = YG1( 1)

ELSEIF( ASTAG( ICONT ) .EQ. ASTAG( ICONT-1 ) )THEN
GOTO 100

END IF

DX = ABS( XSTAG - X0 ) / FLOAT( NG100 - 1)

DY = ABS( YSTAG - Y0 ) / FLOAT( NG100 ~ 1 )

DO K = 1, NG100 '
XINTG( K, 1 ) = XSTAG
YINTG( K, 1 ) = YO + FLOAT( K -~ 1) * DY
XINTG( K, 2 ) = X0 + FLOAT( K -~ 1 ) * DX
YINTG( K, 2 ) = YO

END DO

CALL TRANXY

CALL COEF1l

CALL ONSET1

DO I = 1, NG10O

SUMU = 0.0.

SUIMV = 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 ) +D1( I, J, 2 ) *
AGAMA( J )
END DO
IF( ( ( IFILOW .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( NG100 ) = USTAG

DO I = 1, NG10O

XX(I) = YINTG( I, 1)
YY( I ) = UINTG( I )
END DO

A=XX(1)

B = XX( NG100 )

IY = NG100 - 1

CALL INTEGl( XX, YY, A, B, IY, NG100, Q)
PSIY = Q

DO I =1, NG100

XX(I) XINTG( I, 2 )
YY(I) VINTG( I )
END DO
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A=XX(1)

B = XX( NG100 )

IX = NG100 - 1

CALL INTEGl( XX, YY, A, B, IX, NG100, Q)
PSIX = Q

PSIST = PSIY - PSIX
100 CALL STFN( PSIST )

RETURN

END

SUBROUTINE INTY( P, USSQ )
R L s S e e e Y S S SRR s a )

* *
* CALCULATE THE STREAM FUNCTION OF FAR UPSTREAM AND *
* INTERPOLATE THE STAGNATION STREAM FUNCTION *
:******************* NOMENCLATURE *****************************:
* *
: PSI1 STREAM FUNCTION ARRAY AT FAR UPSTREAM :
* P STAGNATION STREAM FUNCTION *
:**********************************************************************:
* *

PARAMETER ( NPAN = 100, NPAN1l = 101, NPAN2 = 102, NPANH1 = 51 )
PARAMETER ( NGRID = 41, NG10l1 = 101, NG100 = 100 )

INCLUDE " CNST.FIL ’
INCLUDE ’ CORD.FIL ’
INCLUDE ’ DBLE.FIL ’
INCLUDE " VLTY.FIL /
INCLUDE ’ STRM.FIL ’
REAL C( NG100, 3 )

DO J = 1, NG101l-1
Jl = J + 1

IF( PSI1( J ) .EQ. P )THEN
UU = UG01l( J)
w VGOL( J)
USSQ = UU** 2 + VV**x 2
YINTY = YG1( J )
UINTY = SQRT( USSQ )
GOTO 100

ELSEIF( ( PSI1( J ) .LE. P ) .AND. ( PSI1( Jl ) .GT. P ) )THEN
N = NG101
IC=N-1
D =P - PSI1( J)
CALL ICSCCU( PSI1l, UGO1l, N, C, IC, IER )
W= ((C(J33) *D +C(J,2) ) *D +C(J,1) ) *D + UGO1( J )
CALL ICsCCU( PSI1l, VGO01l, N, C, IC, IER )
W= ( (C(J,3) *D +C(J,2) ) *D + C(J,1) ) *D + VG01( J )
USSQ = UU** 2 + VV** 2
CALL ICSCCU( PSIl, ¥Gl, N, C, IC, IER )
YINTY = ( ( C(J,3) *D + C(J,2) ) *D + C(J,1) ) * D + YG1(J)
UINTY = SQRT( USSQ )
GOTO 100

END IF
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END DO
IF( ABS( P ) .LT. 0.1 )THEN
P=20.0
END IF
100 TYPE*,’ USSQ = ’/, USSQ

TYPE*,’ YINTY = ’, YINTY
TYPE*,’ UINTY = /, UINTY

RETURN
END

SUBROUTINE STFN( PSIO )
R R I L e e P e

* *
* CALCULATE THE STREAM FUNCTION IN THE DOMAIN *
* *
Je & % % ¥k % %ok Jr Kk Kk kA &k Kok kokok NOmeCLATURE Khkhkhkkhkkkhhkhkhkhkkkkdrkhkhkxxkikkkkk
* *
* PSIG STREAM FUNCTION IN THE DOMAIN *
* *
* PSIO STAGNATION STREAM FUNCTION *
* *
***************************************'k***************************'k****
* *

PARAMETER ( NPAN = 100, NPAN1 = 101, NPAN2 = 102, NPANHl1 = 51 )
PARAMETER ( NGRID = 41, NG10l1 = 101, NG100 = 100 )

INCLUDE ’ CNST.FIL ’
INCLUDE ’ CORD.FIL ’
INCLUDE ’ STFN.FIL '
INCLUDE " VLTY.FIL '
REAL XX{( NGRID ), YY{( NGRID )

DO I = 1, ICRD

NX =T

IX=NX -1
DO J = 1, NGRID

NY =7

I¥=NY -1
IF( ( I .EQ. 1) .AND. ( IY .EQ. 0 ) )THEN
PSIG( I, J) = 0.0

ELSEIF( ( I .EQ. 1
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, IY, NY, Q)
PSIG( I, J) =2¢Q

) .AND. ( IY .GT. 0 ) )THEN

ELSEIF( ( I .GT. 1 ) .AND. ( IY .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. ( IY .GT. 0 ) )THEN
DO K = 1, NY

XX(K)=Y(1I, K)

YY(K) =UG( I, K)

END DO

A=XX(1)

B = XX( NY )

CALL INTEG2( XX, YY, A, B, IY, NY, Q)

PSIG({ I, J) =PSIG( I, 1) +Q

END IF

DO L = 1, NGRID
XX(L) =20.0
YY(L) =0.0
END DO

END DO

END DO

DO I = ICRD+1l, ICRD1-1
NX =T
IX =N -1

DO J 1, NGRID
NY =g
IY =NY -1

IF( (J .LE. JCRDM1 ) .AND. ( IY .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. JCRDM1 ) .AND. ( IY .GT. 0 ) )THEN
DO K =1, NY

X(K) =YG( I K)

YY(K) = UG( I, K)

END DO

A=XX(1)

B =XX(NY)

CALL INTEG2( XX, YY, A, B, IY, NY, Q)

PSIG( I, J) =PSIG( I, 1) + Q

END IF

IF( J .EQ. JCRDP1l )THEN

DO N = NPANH1l, NPAN
Nl =N+1
IF( ( XG(I,J) .GE. X(N) ) .AND. ( XG(I,J) .LE. X(N1) ) )THEN
UR = U(N) + ( U(NL)-U(N) ) * ( XG(I,J)=X(N) ) / ( X(N1)-X(N) )
YR = Y(N) + ( Y(N1)=Y(N) ) * ( XG(I,J)=X(N) ) / ( X(N1)=-X(N) )
GOTO 100

END IF
END DO
XX(1)=7YR
YY( 1) =UR
XX( 2 ) =7Y6( I, JCRDP1 )
YY( 2 ) = UG( I, JCRDP1 )
A=XX(1)
B=XX(2)

CALL INTEG2( XX, YY, A, B, 1, 2, Q)
PSIG( I, J ) = PSIO + Q
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ELSEIF( J .GT. JCRDP1l )THEN
DO K = JCRDP1, NY

KK = K-JCRDP1l+l

XX( KK ) = YG( I, K)

YY( KK ) = UG( I, K)

)

e
[
" %8

(1
( KK )
KK -1
CALL INTEG2( XX, YY, A, B, KK1, 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 = ICRD1, NGRID
NX = I
IX=NX -1
DO J = 1, NGRID
NY = J
I¥Y = NY -1

IF( IY .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( IY .GT. 0 )THEN
DOK =1, NY
XX(K) =Y6( I, K)
YY(K) = UG( I, K)
END DO
A=XX(1)
B = XX( NY )
CALL INTEG2( XX, YY, A, B, IY, NY, Q)
PSIG( I, J) =PSIG( I, 1) +Q
END IF
DO L = 1, NGRID
X(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, ICRD1
PSIG( I, JCRD ) = PSIO
END DO



RETURN
END

SUBROUTINE AEROFR
L T T R L T S L T T T L R R T R R g

* *
* CALCULATE AERODYNAMIC LIFT & DRAG BY CALLING IMSL: *
* ICSCCU, DCSQDU ( CUBIC SPLINE ) *
* AND CALCULATE THE COEFFICIENT OF MOMENT REFERENCED TO LE, *
* POSITIVE WHEN NOSE-UP *
* *
IhkkkkkkkKkkkRk kXX RA KK NOMENCLATURE IhA KKK KIKKRK KKK RRKR A KKK K KKK
* *
* cL LIFT COEFFICIENT *
* *
* cD DRAG COEFFICIENT *
* *
* M MOMENT COEFFICIENT *
* *
LR R3St s bR R R Y Y e Y X R R R
* *

PARAMETER ( NPAN = 100, NPAN1 = 101, NPAN2 = 102, NPANH1 = 51 )
PARAMETER ( NGRID = 41, NG10l1 = 101, NG100 = 100 )

INCLUDE
INCLUDE

’ ANGL.FIL
’ CNST.FIL
INCLUDE ’ CORD.FIL
INCLUDE ’ VLTY.FIL
REAL XX1( NPAN1 ), XX2( NPAN1 ), YY( NPAN1l ), 2ZZ( NPAN1 )

.- w %o~

SUMX
SUMY

™
DO K

.0
.0
.0

HOOO

;8

coT0( 1, 2, 3, 4, 5, 6, 7, 8), K
1 I1 = NPANH

I2 = IMAXL

I3 =-1

GOTO 100

2 I1 = IMAXL
I2 =1
I3 =-1
GOTO 100

3 I1 = NPANH1
I2 = IMAXU
I3 =1
GOTO 100

4 Il = IMAXU
I2 = NPAN
I3 =

GOTO 100

5 I1 = IMAXL
I2 = NPANH
I3=1
GOTO 200

6 I1 = IMAXL
I2=1
I3 = -1
GOTO 200
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7 Il = NPANH1
I2 = IMAXU
I3 =1
GOTO 200
8 I1 = NPAN
I2 = IMAXU
I3 = -1
GOTO 200
100 II =0
DO I = I1, I2, I3
II=II +1
XX1(II ) = X(I)
YY(II) =CP(1I)
22( IT ) = XX1( II ) * YY( II )
END DO
NN = II
LL=NN -1
A=XX1( 1)
B = XX1( NN )

CALL INTEG( XX1, YY, A, B, LL, NN, CX )
CALL INTEG( XX1, 22, A, B, LL, NN, SUM )

IF( I3 .GT. 0.0 )THEN
SUMX = SUMX + CX
cM = CM + SUM

ELSE
SUMX = SUMX - CX
M =CM - SUM
END IF
GOTO 111
200 II =0
DO I = I1, I2, I3
II ="IT +1

XX2( IT ) =Y(I)
YY( IT) =CP(I)

END DO
NN = II
LL =NN -1
A = XX2( 1)
B = XX2( NN )
IF( ( IAIR .EQ. 5 ) .AND. ( IMAXLL .NE. 0 ) .AND.
1 ( K .EQ. 6 ) )THEN
IEXE = IMAXL, - IMAXLL + 1
IEND = II
CALL AEROFR1( XX2, YY, IEXE, IEND, CY )
ELSE
CALL INTEG( XX2, YY, A, B, LL, NN, CY )
END IF

IF( I3 .GT. 0.0 )THEN
SUMY = SUMY + CY
ELSE

111 DO
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END DO

END DO

DOI =1, 8
GoTOo( 12, 13, 14, 15, 16, 17, 18, 19), I

12 XX1( 1) = XB( NPANH1 )
XX1( 2 ) = X( NPANH )
YY( 1) = 0.5 * ( CP( NPANH ) + CP( NPANH1 ) )
YY( 2 ) = CP( NPANH )
GOTO 300
13 XX1( 1 ) = XB( NPANHL )
XX1( 2 ) = X( NPANH1 )
YY( 1) = 0.5 * ( CP( NPANH ) + CP( NPANH1 ) )
YY( 2 ) = CP( NPANH1 )
GOTO 300
14 XX1( 1) = X( NPAN )
XX1(2) = XB(1)
YY( 1) = CP( NPAN )
YY(2) =0.5* (CP(NPAN ) + CP( 1) )
GOTO 300
15 XXi(1) = X(1)
XX1(2) = XB( 1)
YY(1) = CP(1)
YY(2) = 0.5* (CP(NPAN ) +CP( 1) )
GOTO 300
16 XX2( 1) = Y( NPANH )
XX2( 2 ) = YB( NPANH1 )
YY( 1) = CP( NPANH )
YY(2) = 0.5 * ( CP( NPANH ) + CP( NPANH1 ) )
GOTO 400
17 XX2( 1) = YB( NPANH1 )
XX2( 2 ) = Y( NPANH1 )
YY( 1) = 0.5 * ( CP( NPANH ) + CP( NPANHL ) )
YY( 2 ) = CP( NPANH1 )
GOTO 400
18 XX2( 1) = ¥YB(1)
XX2( 2 ) = Y( NPAN )
YY(1)= 0.5* (CP(NPAN ) + CP( 1) )
YY( 2 ) = CP({ NPAN )
GOTO 400
19 IF( ( IAIR .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( 1) = ¥Y(1)
XX2(2) = YB(1)
YY(1) = CP(1)
YY(2) = 0.5* (CP{NPAN ) + CP( 1))
END IF
GOTO 400

300 A=XX1(1)
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B =XX1(2)
CALL INTEG( XX1, YY, A, B, 1, 2, CX )
2Z2( 1) = XX1( 1) * YY( 1)
2Z( 2 ) = XX1( 2 ) *YY(2)
CALL INTEG( XX1, 2Z, 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.
SUMX = SUMX - CX
CM = CM - SUM
END IF
GOTO 20

(I .EQ. 4 ) )THEN

400 A= XX2(1)
B = XX2( 2 )
CALL INTEG( XX2, YY, A, B, 1,
IF( ISEED .EQ. 1 ) CY = - CY
IF( (I .EQ. 5) .OR. ( I .EQ. 6 ) )THEN
SUMY = SUMY + CY
ELSEIF( ( I .EQ. 7 ) .OR.
SUMY = SUMY - CY
END IF

2, CY)

(I .EQ. 8 ) )THEN

20 CONTINUE

END DO

CL = - COS( ALPHA ) * SUMX - SIN( ALPHA ) * SUMY
CD = - SIN( ALPHA ) * SUMX + COS( ALPHA ) * SUMY
TYPE*,’ CL.= ', CL
TYPE*»,’ CD = /, CD
TYPE*,’ CM = ', CM

RETURN
END

SUBROUTINE AEROFR1( XX, YY, IEXE, IEND, Q )
LR e L e L Ty e T e e e Y Y R e a

*
*
*

SUB-INTEGRATION OF JOUKOWSKI AIRFOIL W. 2ND LOCAL LIMIT

*
*
*

ke ok g e ok e A K e K e Kok Ak sk gk ke g K3k kK ok A ok ke gt kA ok A ok ok ok ok ok ok ok gk ok ok ok ok 3k %k Sk K A ok K e ok ok ok e K ke ke

*

*

PARAMETER ( NPAN = 100, NPAN1 = 101, NPAN2 = 102, NPANH1 = 51 )
PARAMETER ( NGRID = 41, NG10l1l = 101, NG100 = 100 )

INCLUDE ’ CNST.FIL '

INCLUDE ’ CORD.FIL /

REAL XX( NPAN1 ), YY( NPAN1 )

REAL X1( NPAN1 ), Y1( NPANl ), X2( NPAN1l ), Y2( NPAN1 )

DO I = 1, IEXE
XI(I) =XX(1I)
YI(I)=YI(1I)
END DO

NN = IEXE

LL=NN-1

A X1( 1)

B X1( NN )

CALL INTEG( X1, Y1, A, B, LL, NN, Q1)

II =0

DO I = IEND, IEXE, -1
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IT=1II +1

X2(II ) =X(1I)

Y2( II ) (I)
END DO

NN
LL

II

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)
Rt L e e Py e e Y T R R i

: INTEGRATION BY CALLING IMSL:DCSQDU, ICSCCU :
* CUBIC SPLINE QUADRATURE ( INTEGRATION ) *
* FOR ARRAY ( NPAN ) *
:******************* NOMENCLATURE *****************************:

*
E X INDEPENDENT VARIABLE :
: Y DEPEDENT VARIABLE :
: A, B END CONDITIONS :
: IC ARRAY OF INTEGRATION :
: NX ORDER OF X ARRAY :
: Q INTEGRATION VALUE :

R R R T T LT Ty F P T T T R R L 3 S R p g gy ur ey
* *
PARAMETER ( NPAN = 100, NPAN1 = 101 )
REAL X( NPAN1 ), Y( NPAN1 ), C( NPAN, 3 )
INTEGER NX, IC, IER1l, IER2

CALL ICSCCU( X, Y, NX, C, IC, IER1 )

CALL DCSQDU( X, ¥, NX, C, IC, A, B, Q, IER2 )

IF( ( IER1 .NE. 0.0 ) .OR. ( IER2 .NE. 0.0 ) )THEN
TYPE*, ’ IERl = ‘, IER1

TYPE*, ’ IER2 = ', IER2

TYPE*,'X=/,X

TYPE*,’Y=",Y

CALL OQUTPUT

STOP 555

END IF

RETURN
END

SUBROUTINE INTEGl( X, Y, A, B, IC, NX, Q)
R R A Tt et e L s e R R R e e T Ty oy
* *
* INTEGRATION BY CALLING IMSL:DCSQDU, ICSCCU *
* CUBIC SPLINE QUADRATURE ( INTEGRATION ) *



* FOR ARRAY ( NG101 ) *
:******************* NOMENCLATURE *****************************:
E X INDEPENDENT VARIABLE E
: Y DEPEDENT VARIABLE :
: A, B END CONDITIONS :
: IC ARRAY OF INTEGRATION :
: NX ORDER OF X ARRAY :
* Q INTEGRATION VALUE *
:**********************************************************************:
; .

PARAMETER ( NG10l = 101, NG100 = 100 )
REAL X( NG10l1 ), Y( NG10l1l ), C{ NG10O0, 3 )
INTEGER NX, IC, IERl, IER2

CALL ICSCCU{( X, Y, NX, C, IC, IER1 )

CALL DCSQDU( X, ¥, NX, C, IC, A, B, Q, IER2 )

IF( ( IER1 .NE. 0.0 ) .OR. ( IER2 .NE. 0.0 ) )THEN
TYPE*, ’ IERl1 = ’, IER1

TYPE*, / IER2 = ’, IER2

TYPE*, 'X=' X

TYPE*, 'Y=’ , Y

CALL OUTPUT

STOP 555

END IF

RETURN
END

SUBRCUTINE INTEG2( X, Y, A, B, IC, NX, Q)

********t******i********************************************************

: INTEGRATION BY CALLING IMSL:DCSQDU, ICSCCU :
* CUBIC SPLINE QUADRATURE ( INTEGRATION ) *
* FOR ARRAY ( NGRID ) *
:******************* NOMENCLATURE *****************************:
*
: X INDEPENDENT VARIABLE :
: Y DEPEDENT VARIABLE E
: A, B END CONDITIONS :
: IC ARRAY OF INTEGRATION *
: NX ORDER OF X ARRAY :
*
* Q INTEGRATION VALUE *
:**********************************************************************:
. .

PARAMETER ( NGRID = 41 )
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REAL X( NGRID ), Y( NGRID ), C( NGRID-1l, 3 )
INTEGER NX, IC, IER1l, IER2

CALL ICsSCCU( X, Y, NX, C, IC, IER1 )

CALL DCSQDU( X, Y, NX, C, IC, A, B, Q, IER2 )

IF( ( IERL .NE. 0.0 ) .OR. ( IER2 .NE. 0.0 ) )THEN
TYPE*, ’ IERl =/, IER1

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: *
* *
dkkkAkdkkdkhkkhkhkhkkhkkkikkkhk NODQENCLATURE hkkhkkkkkkkhkkkhkkhkhkXkkhkhkkkkrdkhkki
* *
* IAIR = 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 *
* *
* X2, YZ, AZ  PARAMETERS FOR JOUKOWSKI AIRFOILS *
* *
*******************************‘k****************************************
* *

PARAMETER ( NPAN = 100, NPAN1 = 101, NPAN2 = 102, NPANHL = 51 )
PARAMETER ( NGRID = 41, NG101l = 101, NG100 = 100 )

INCLUDE ’ BDPT.FIL
INCLUDE ’ CNST.FIL ’
INCLUDE ‘ JOUK.FIL ’
INCLUDE ’ NAC4.FIL

GOTO( 100, 200, 300, 400, 500 ), IAIR

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



400 TYPE*, ' SYMMETRIC JOUKOWSKI AIRFQOIL’
XZ = -9.2376E-2
YZ = 0.0
AZ = 1.092376
CALL JQUKAR
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
LR R R T L L L Ly g B B R R R

*
: CALCULATE NACA 4 DIGIT AIRFOIL *
:******************* NOMENCLATURE *****************************:

*
E X; YY THE COORDINATES FOR THE AIRFOIL GEOMETRY :
: Cl -¢CS PARAMETERS FOR GENERATING THE AIRFOIL (ABBOT) :
: YT THICKNESS DISTRIBUTION :
* XYC CAMBER DISTRIBUTION *
:**********************************************************************:

*

PARAMETER ( NPAN = 100, NPAN1 = 101, NPAN2 = 102, NPANH1 = 51 )
PARAMETER ( NGRID = 41, NG10l = 101, NG100 = 100 )

INCLUDE ’ BDPT.FIL '

INCLUDE ’ CNST.FIL ’

INCLUDE ’ NAC4.FIL ’

REAL X( NPAN2 ), YT( NPAN2 ), YC( NPAN2 ), THETA( NPAN2 ),
1 XU( NPANH1 ), YU( NPANH1 ), XL( NPANH1 ), YL( NPANH1 )

DATA C1, 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. NPANH1 ) THEN

ANGL = PI - ( FLOAT( I ) - 1.0 ) * DA

ELSE

ANGL = - PI + ( FLOAT( I ) — FLOAT( NPANH2 ) } * DA
END IF

X(I)=20.5%* (1.0 + COS({ ANGL ) )

IF( X(I) .EQ. 0.0 ) THEN
YI( I) =20.0
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ELSE

YT( I ) =AT * ( Cl * SQRT( X{I) ) + C2 *
1 X(I) + C3 * X(I)** 2 + C4 * X(I)** 3 +
b CS * X(Ih** 4 ) / 0.20

END IF

IF( aM .EQ. 0.0 )THEN
YC(I) =20.0
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(I) =AM * (1.0-2.0 *AP + 2.0 * AP * X(I) -

1 X(I)** 2 ) / (1.0 = AP )*=* 2
THETA( I ) = ATAN( 2.0 * AM * ( AP - X(I) ) /

1 1.0 - AP )** 2 )
END IF
IF( I .LE. NPANH1 )THEN
XU(I)=X(I) -YT(I) *SIN( THETA(I) )
YO(I) =YC(I) + YT(TI) * COS( THETA(I) )
ELSE

XL( I - NPANHL ) = X( I ) + YI{ I ) * SIN( THETA(I) )
YL( I - NPANHl ) = YC( I ) -~ YT( I ) * COS( THETA(I) )

END IF
END DO
XU( NPANHL ) = 1.0
YU( NPANH1 ) = 0.0
XL( NPANH1 ) = 1.0
= 0.0

YL( NPANH1 )
DO I = 1, NPAN2

IF( I .LE. NPANH1 ) THEN
XBl( I) =XU(1I)

YB1( I ) =YU(TI)

ELSE

XBl( I ) = XL( I - NPANHL )
YB1( I ) = YL( I - NPANH1 )
END IF

END DO ‘

CALL ZLANGL

RETURN

END

SUBROUTINE ZLANGL
b bk R L L Ty R T R g g L LT L T uvarur

* *
* CALCULATE ZERO LIFT ANGL FOR NACA 4 DIGIT AIRFOIL *
* *
Khkkhkhkkhkkhkhkkhkkrkkkkxk NOMENCLATURE KhkkkRKAKKK I XKk hkRkkkkkhkkkkkkkkk k%
* *
* DALPHA ZERO LIFT ANGLE *
* *

************************************************************************



INCLUDE ’ CNST.FIL ’
INCLUDE ’ NAC4.FIL ’

IF( aM .NE. 0.0 )THEN

A0 = ACOS( 1.0 - 2.0 * AP )

Al = ( ( -2.0*AM/AP + 3.0*AM/2.0/AP/AP + 2.0*AM*AP/
(L.0-AP)** 2 - 3.0*AM/2.0/(1.0-AP)** 2 ) * AQ +
( 2.0*AM/AP - 2.0*BRM/AP/AP - 2.0*AM*AP/
(1.0-AP)**2 + 2,0 * AM / ( 1.0 = AP )** 2 ) *
SIN( A0 ) + ( AM/4.0/AP/AP ~ AM/4.0/
(L.0-AP) ** 2 )*SIN( 2.0*A0 ) + ( -2.0*AM*AP/
( 1.0-AP )** 2 + 3,0 * AM / 2.0 /
(1.0-2ap )** 2 ) ~pr) / PI

~SJoaUnmese WP

END IF
DALPHA = ABS( Al )
Al = -ABS( Al * 180.0 / PI )
TYPE*, ’/ ZERO LIFT ANGL (DEG) ', Al

RETURN
END

SUBROUTINE JOUKAR

KKK R KRR KA KRR AT AR KRR AR IR KRR KA A RN KRR KRR AR R KRR AR KRR AR h R AR kAR ARk kkkkk

* *
* CALCULATE JOUKOWSKI AIRFOILS *
:*******f*********** NOMENCLATURE *****************************:

*
Z XS, ¥s THE COORDINATES FCR THE AIRFOIL GEOMETRY :
: X COCRDINATES ALONG THE AIRFOIL CHORD :
: AL AIRFOIL CHORD LENGTH :
: DALPHA ZERO LIFT LINE :
* BB CAMBER *
* *
L L Ly L e L S R R L L L L E L T Corururarrara,
* *

PARAMETER ( NPAN = 100, NPAN1 = 101, NPAN2 = 102, NPANHl1 = 51 )
PARAMETER ( NGRID = 41, NG10l1 = 101, NG100 = 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**x 2

DD = PI + ATAN( YZ / X2 )

DALPHA = ABS( BB )
BBD = -ABS( BB * 180.0 / PI )

TYPE*,’XZ,YZ,A2 =' ,XZ,YZ,AZ
TYPE*,’ ZERO LIFT ANGLE ( DEG ) = ’, BED

DA = PI / FLOAT( NPANH )
XMAX = 0.0
XMIN = 0.0

167



168
DO I = 1, NPAN2

IF( I .LE. NPANH1 ) 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 )

YBl( 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 = T

AMAX = ANGL

END IF

END DO

IF( ( ( IMIN .EQ. 1) .OR. ( IMIN .EQ. NPANH2 ) } .AND.

( ( IMAX .EQ. NPANH1 ) .OR. ( IMAX .EQ. NPAN2 ) ) )THEN
GOTO 100
END IF

IF( IMIN .LT. NPANH1 ) THEN
DALU = AMIN

DALL = - PI - ( PI - AMIN )
ELSE

DALU = PI + ( AMIN - ( - PI ) )
DALL = AMIN

END IF

IF( IMAX .LT. NPANH1 ) THEN
DATU = AMAX

DATL = AMAX

ELSE

DATU = AMAX

DATL = AMAX

END IF

DAU = ( DALU - DATU ) / FLOAT( NPANH )
DAL = ( DALL - DATL ) / FLOAT( NPANH )

XMAX
XMIN

oo

0.
0.

DO I

1, NPAN2

IF( I .LE. NPANH1 ) 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 )
XB1( I ) = XZ

1 2.0

* COSA + CsQ * ( XZ + AZ * COSA ) / (AMSQ +
* ( XZ * COSA + YZ * SINA ) + ASQ )

* +

AZ
AZ
YBL1( 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 =T

AMIN = ANGL

END IF

IF( XB1( I ) .GT. XMAX ) THEN
XMAX = XBl( I )

IMAX = T

AMAX = ANGL

END IF

END DO

IF( ( ( IMIN .EQ. 1) .OR. ( IMIN .EQ. NPANH2 ) ) .AND.
1 ( ( IMAX .EQ. NPANH1 ) .OR. ( IMAX .EQ. NPAN2 ) ) )THEN
GOTC 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

SUBROUTINE BDYCORD

**************************************t*********************************

* *
* COMPUTE COORDINATES OF BOUNDARY PTS. *
* *
AhkkkKKkkk kA kA kXA Xk kX NOMENCLATURE KhkhkkkhkrkhkhkhkkkA XXk Ak kT hkkkh k% %k
* *
* XB, YB THE COORDINATES FOR THE PANELS *
* *

************************************************************************
* *



PARAMETER ( NPAN = 100, NPAN1 = 101, NPAN2 = 102, NPANH1 = 51 )
PARAMETER ( NGRID = 41, NG10l = 101, NG100 = 100 )

INCLUDE ’ CNST.FIL ’
INCLUDE ’ CORD.FIL ‘
INCLUDE ’ BDPT.FIL ‘

DO I = 1, NPAN2
M =1I-1

IF( I .LE. NPANH1 ) THEN
XB( I ) = XB1( NPAN2 - IM1l )
YB( I ) = YB1( NPAN2 - IM1 )

ELSE

XB( IMl1 ) = XB1( I - NPANH1 )
YB( IM1 ) = YB1( I - NPANH1 )
END IF

END DO

RETURN
END

SUBROUTINE PANEL

********'k***************************************‘k‘k**********************

* *
* SPECIFY THE PANEL ORIENTATIONS ( NPAN PANELS ) : *
:******************* NOMENCLATURE *****************************:
*

: THETA PANEL ORIENTATION ANGLES E
: BETA PANEL NORMAL ANGLE :
* PL PANEL LENGTH *
:*************************************‘*********************************:
* *

PARAMETER ( NPAN = 100, NPAN1 = 101, NPAN2 = 102, NPANH1 = 51 )
PARAMETER ( NGRID = 41, NG10l1 = 101, NG100 = 100 )

INCLUDE ’ ANGL.FIL ”
INCLUDE ’ CNST.FIL '’
INCLUDE ’ CORD.FIL ’

DO I =1, NPAN

I1=1I+1
YXIJ = ( YB( I1 ) = YB(I) )/ (XB(I1) -XB(I))
PL(I) = SQRT( ( XB(I1)-XB(I) )** 2 + ( YB(I1)-YB(I) )** 2 )

IF( ( I1 .GE. NPANH1 ) .AND. ( I .GE. NPANH1 ) )THEN

k**x*  UPPER SURFACE  ****kkkix
THETA( I ) = ATAN( YXIJ )

ELSE

kkkk*  TLOWER SURFACE  *#*%kkkkkix
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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Fkkkk Kk CHECK WITH OTHER METHOD Fhk ok ke kok ok

DO I =1, NPAN
Il=I+1

EXX = (XB(I1l)-XB(I))/PL(I)
EXY = (YB(I1l)-YB(I))/PL(I)
IF( ( ABS{ EXX-COSINE(I) ) .GT. 1.E-6 ) .OR.
1 ( ABS( EXY-SINE(I) ) .GT. 1.E-6 ) ) THEN

TYPE*, ’ TANGENTIAL IS INCORRECT
TYPE*, THETA

ELSEIF( ( ABS( -EXY+SINE(I) ) .GT. 1.E-6 ) .OR.
1 ( ABS( EXX~COSINE(I) ) .GT. 1.E-6 ) ) THEN

TYPE*, ’ NORMAL IS INCORRECT

TYPE*, THETA

END IF

END DO

RETURN
END

SUBROUTINE CNTCORD

************************************************************************

* *
* SPECIFY THE COORDINATES OF CONTROL PTS. *
* *
J d e e Jo g e de Kk Kk dede Kk Kk dkk kokkk NOMENCLATURE kkkhkkhkhkhkhkhkhkhkhkhhhkkkkkkkhkkkdkkk
* *
* X, ¥ 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 *
* *
************************************************************************
*

*
PARAMETER ( NPAN = 100, NPAN1 = 101, NPAN2 = 102, NPANH]1 = 51 )
PARAMETER ( NGRID = 41, NG10l1 = 101, NG100 = 100 )

INCLUDE ’ ANGL.FIL
INCLUDE ‘ CNST.FIL
INCLUDE ’ CORD.FIL

DO I = 1, NPAN
Il=1I+1

IF( ( Il .GE. NPANH1 ) .AND. ( I .GE. NPANHl ) )THEN

*kkkkkk UPPER SURFACE ***********t**************k***********************
X(I)= XB(I)+RCP *PL(I) *COSINE( I )
Y(I)= YB(I)+RCP*PL(I) *SINE(TI)

ELSE

kkxkkkk LOWER SURFACE **%kkdkkkdkdkhodnhdkokhhhhorkdkhhohdkkokddkokkhkhkddkhhhs ks
X(I )= XB(I)+ (1.0~-RCP) *PL(TI}) * COSINE( I )
Y(I)= YB(I)+ (1.0-RCP) *PL(TI) * 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( Y(I) )
IMAXL = I
END IF
END DO

AMAX = 0.0
DO I = NPANH1, NPAN
IF( Y( I ) .GT. AMAX )THEN
AMAX = Y( I)
IMAXU = I
END IF
END DO

DO I = 2, IMAXL-1
IP1 =I +1
M =I-1

IF( ( ¥Y(I) .GT. Y(IM1) ) .AND. ( Y(I) .GT. Y(IP1l) ) )THEN
IMAXLL = I

END IF

END DO

RETURN
END

SUBROUTINE GRDCORD

*******************************t****************************************

: COMPUTE THE COORDINATES OF INNER GRID PTS. OF A SQUARE DOMAIN :
:******************* NOMENCLATURE *****************************:
* *
: XG, ¥G COORDINATES FOR INNER GRID POINTS :
: XGl, YG1 COORDINATES FOR FAR UPSTREAM POINTS :
: Ds INNER MESH SIZE :
: NG21 MAX. NO. OF MESH PT. ( NG21 BY NG21 ) *
* NG101 # OF GRID AT FAR UPSTREAM :
:**********************************************************************:

*

PARAMETER ( NPAN = 100, NPAN1 = 101, NPAN2 = 102, NPANHl = 51 )
PARAMETER ( NGRID = 41, NG10l1 = 101, NG100 = 100 )

INCLUDE ’ CNST.FIL
INCLUDE ' CORD.FIL '
INCLUDE ’ DBLE.FIL

SEDGE = S / 2.0

DS = § / 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( NG101 - 1)

IF( IFLOW .EQ. 3 )THEN

DO K =1, NG10l1

XGl( K ) = - SEDGE

¥Gl( 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, NG1l01

XGl( K ) = - SEDGE

YG1( K ) = - SEDGE + ( FLOAT( K ) - 1.0 ) * DYI

XG2( K ) = -~ SEDGE + ( FLOAT({ K ) - 1.0 ) * DYI

¥G2( K ) = SEDGE

END DO

ELSEIF( ( ( IFLOW .GT. 2 ) .OR. ( IDBL .GT. 2 ) ) .AND.
1 ( IDIR .EQ. 0 ) )THEN

DO K =1, NG101

XGl( K ) = - SEDGE

YG1( K ) = - SEDGE + ( FLOAT( K ) - 1.0 ) * DYI

XG2( K ) = - SEDGE + ( FLOAT( K ) - 1.0 ) * DYI

IG2( K ) = — SEDGE

END DO

END IF

JCRD = FLOAT( NGRID - 1) / 2.0 + 1
ICRD = JCRD

INCR = 1.0 / DS

ICRD1= ICRD + INCR

ICRDM1 = ICRD - 1
ICRD11 = ICRD1 + 1
NGRID1 = NGRID - 1
JCRDM1 = JCRD - 1
JCRDM2 = JCRD - 2
JCRDP1 = JCRD + 1
JCRDP2 = JCRD + 2
RETURN

END

SUBROUTINE TRACORD
AL R SRR R RS L ST AT B R TRl R L L T R B P B R R T I SR

* *
* TRANSFORM THE COORDINATES OF CONTROL PTS. & GRID PTS. *
* RELATIVE TO LOCAL COORD. ON EACH PANEL *
* *
KhkKkAARXhkAkRkhkkkkkAdxhx NOMENCLATURE KhkhkhkhkAkhkhkkdkkkkhkkhkkhkkrkkkkkkik
* *
* 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 *
* *
****************************'k*******************************************
*

*
101, NPAN2 = 102, NPANH1 = 51 )
101, NG100 = 100 )

PARAMETER ( NPAN = 100, NPAN1
PARAMETER ( NGRID = 41, NG101

INCLUDE ’ ANGL.FIL ’
INCLUDE ’ CNST.FIL ’
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INCLUDE ' CORD.FIL ‘

DO I =1, NPAN
DO J = 1, NPAN

XE( I, J) =COSINE( J ) * (X(I) - (Jg) ) +
1 SINE(J ) * (Y(I)-YB(J))
YE(I, J) =-~SINE(J ) * (X(I) ~ (J3) ) +
1 COSINE( J ) * (¥Y(I) - (J))
IF( ABS( XE(I,J) ) .LE. 1.0E-6 ) THEN
XE( I, J) =20.0
END IF
IF( ABS( YE(I,J) ) .LE. 1.0E-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. 1.0E-6 ) THEN
XGE( I, J, K) = 0.0
END IF

IF( ABS( YGE( I, J, K) ) .LE. 1.0E-6 ) THEN
YGE( I, J, K) = 0.0
END IF

END DO
END DO
END DO
END IF

RETURN
END

SUBROUTINE TRANXY
bRt R R A SR R R LR S E R T L LS L L L E g R R e U

* *
* TRANSFORM THE COORDINATES OF STREAM PTS. W.R.T. *
* THE LOCAL COORDINATE ON EACH PANEL *
* *
kkkkhkdkkkkkkkkhkkxkkk NomNCLATURE LES SRS S SRS E R R R R R Ry
* *
* XSE, YSE TRANSFORMED COORD. FOR STREAM PT. *

* *

bl Ly R T R E L T LT T U Orn

* *
PARAMETER ( NPAN = 100, NPAN1 = 101, NPAN2 = 102, NPANH1 = 51 )
PARAMETER ( NGRID = 41, NG10l = 101, NG100 = 100 )

INCLUDE ‘' ANGL.FIL
INCLUDE ‘ CNST.FIL
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INCLUDE ’ CORD.FIL '/
INCLUDE ’ STRM.FIL '

DOK =1, 2
DO I = 1, NG100
DO J = 1, NPAN

XSE( I, J, K) = COSINE( J ) * ( XINTG( I, K) - XB( J) ) +
1 SINE( J ) * ( YINTG( I, K) - YB( J ) )
YSE( I, J, K) =-SINE(J ) * ( XINIG( I, K) - XB( J) ) +
1 COSINE( J ) * ( YINTG( I, K) - YB( J ) )
END DO
END DO
END DO
RETURN
END

SUBROUTINE SORT( U, V, V0 )
e T L T T T P T T e

* *
* SORT THE VELOCITIES( UCN, VCN ) OF FOUR CORNERS AND *
* NORMALIZE THEM REFERENCED TO VREF *
* *
KAkKAKKKRKKXRKKKRKAK KKK NOMENCLATURE KkkKAKKXRKKRX KX RIRRXKAK K KKK Kk K%
* *
* u, v JAWS VELOCITIES AT FOUR CORNERS *
* *
hhkhkhkhkhkhkhkhkhhkhkrAkhhkkhrhkkkhkhkhkhkkhkkkhkkhrkhkhkhkhhhhkkhkhkhkkAhkkhkkhkhkhkhkhrhhkhkhkkik
* *

INCLUDE ’ CNST.FIL '
REAL U( 4 ), V(4 ), VN( 4), A( 4)

DOK=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 ) - ( -V0 )
VvV = V{( KCONT )
VN( K ) = SQRT( UU** 2 + Vv** 2 ) / VO
IF( ( ( UU .GE. O. LAND. ( VW .GE. 0.0 ) ) .OR.
1 { ( UU .GE. O. .AND. ( VV .LE. 0.0 ) ) )THEN

0)
0)
A( K ) = ATAN( VV / UU )
ELSEIF( ( UU .LE. 0.0 ) .AND. ( VW .GE. 0.0 ) )THEN
A( K ) =PI + ATAN( VV / UU )

ELSEIF( ( UU .LE. 0.0 ) .AND. ( VV .LE. 0.0 ) )THEN
A( K) = -PI + ATAN( VV / UU )
END IF

END DO
DO K 1, 4
U( ) = VN(K) * COS( A( K) )

=
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V(K) =VN(K) * SIN( A(K ) )
END DO

RETURN
END

SUBROUTINE JAWSFL
R s R e ey S LT

* 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 *
* 1 X 1 *
* 1 pl 1 *
* 1 A3 1 a4 1 *
* 1 1 1 *
* 1 2 *
* *
* Wo=(Wi*2ai) / (Aj) (i, j=1, 4) *
* *
dkkkhkhkhkhkkkhkhkkkkkkkkk NOMENCLATURE AKkkkRkkAhkAkAkkkkhkkhkkhkkkkkrxhkkhkkdkk
* *
* uo, Vo ONSET VELOCITY ON THE CONTROL POQINT *
* *
* UG0, VGO ONSET VELOCITY IN THE DOMAIN *
* *
* UG01l, VGOl ONSET VELOCITY IN THE FAR UPSTREAM *
* *
KEA KKK KAARKRRR KR RARR AR KRR KRR R TR AR A A ATk kA kkk kAR AR Ik kA hkhkkdkk ki
* *

PARAMETER ( NPAN = 100, NPAN1 = 101, NPAN2 = 102, NPANHl = 51 )
PARAMETER ( NGRID = 41, NG10l1 = 101, NG100 = 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 X = 1, NG1l01
PX = XG1( K )
PY = YG1( K )

CALL SUBAREA( XEDGE, YEDGE, PX, PY, A)
UGO01( K ) = WINTPL( UCN, A )
VGOl( K ) = WINTPL( VCN, A )

IF( ALPHA .NE. 0.0 )THEN
CALL JAWSAL( UGOl{ K ), VGOl( 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( UGO2( K ), VG02( K ), ALPHA )
END IF




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 )

VO( K ) = WINTPL( VCN, A )

IF( ALPHA .NE. 0.0 )THEN
CALL JAWSAL( UO( K ), VO( K ), ALPHA )
END IF

END DO

RETURN
END

SUBROUTINE JAWSFL1
AR R bR R R R L g g B g R R P e uu N UG

* *
* SPECIFY THE ONSET VELOCITY FOR STREAM FUNCTION CALCULATION *
* *
*hkkkdhkkkkhkkhkkAkhkkkk Nomcmm khkAkkhkhkhkkdkhhhkkhkhkkkhkkdkkkkkkk
* *
* UGINT, VGINT  VELOCITIES FOR STREAM FUNCTION CALCULATIONS  *
* *
******************************'k*****************************************
* *

PARAMETER ( NPAN = 100, NPAN1 = 101, NPAN2 = 102, NPANHl = 51 )
PARAMETER ( NGRID = 41, NG101l = 101, NG100 = 100 )

INCLUDE ’ CNST.FIL
INCLUDE ’ JAWS.FIL
INCLUDE ’ STRM.FIL
REAL A( 4 )

XEDGE = XTOT / 2.0
YEDGE = YTOT / 2.0

DOJ =1, 2

DO I =1, INTG
PX = XINTG( I, J )
PY = YINTG( I, J )

CALL SUBAREA( XEDGE, YEDGE, PX, PY, A)
UU = WINTPL( UCN, A )
VV = WINTPL( VCN, A )
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IF( ALPHA .NE. 0.0 )THEN
CALL JAWSAL( UU, VV, ALPHA )
END IF

IF( J .EQ. 1 )THEN
UGINT( I ) = UU
ELSE

VGINT( I ) = vV
END IF

END DO
END DO

RETURN
END

SUBROUTINE SUBAREA( X, Y, PX, PY, A )

************************************************************************

* *
* DETERMINE THE SUB-AREA FOR INTERPOLATION *
* *
hhkkhkhkhkkkkhkhkhkkxhkxhkkkrk NOMENCLATURE khkAkkRkRhkAkhkkkhkAkhkkAkkhkhkhkkxAkkkhk
* *
* 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(1l) =XR * YU

A(2) =XL *YwW

A(3) = XL * YL

A(4) = XR * YL

RETURN

END

FUNCTION WINTPL( W, A )

*********************t**************************************************

L] *
* DETERMINE THE VELOCITY VALUE BY AREA-WEIGHTED INTERPOLATION  *
* *
Je ok Je ok de kKK Kk ke kK ek ke ok ok kK NOMENCLATURE KhkkAhRhkkAkARAkA XA IRk AARRKAAK Kk X%
* *
* W(l) - W(4) JAWS DATA AT FOUR CORNERS *
* *
* WINTPL INTERPOLATED VELOCITY *
* *
********************i******************************************t********
* *

REAL W( 4 ), A( 4)

SUM1 = 0.0

SUM2 = 0.0

DOK=1, 4

SUML = SUML + W( K ) * A( K )
SUM2 = SUM2 + A( K )

END DO
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WINTPL = SUM1 / SUM2

RETURN
END

SUBROUTINE JAWSAL( U, V, A )

AAKRKKAK IR A IR A KKK AKX KRR AR IR I RK KRR AR AR AR RRR AR KR A AR K AR IRk Ak kR ARk R A

* *
* ADD ANGLE OF ATTACK *
* *
**********************************************************************t*
* *

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. 1.0E~6 )THEN
AU = V

ELSEIF( ABS( V ) .LT. 1.0E-6 ) THEN
AU = U

ELSE
AU = SQRT( U** 2 + V*x*x 2 )
END IF

U=AU * COS( B + a)
V =2aU* SIN(B+ A4)

RETURN
END

SUBROUTINE COEF

************************************************************************

* *
* CALCULATE THE INFLUENCE MATRICES : *
* *
dkkkhkkkkhkdkhkhkdkikhkkk NOMENCLATURE AKX RR Kk Ak Rk A kkAkXhkkkkhkkki
* *
* AINTGL1, 2 INFLUENCE MATRICES FOR SOURCE IN NORMAL AND  *
* TANGENTIAL DIRECTIONS ( C.P. ) *
* *
* DINTGLI, 2 INFLUENCE MATRICES FOR VORTEX IN NORMAL AND  *
* TANGENTIAL DIRECTIONS ( C.P. ) *
* *
* AGINTGLI, 2 INFLUENCE MATRICES FOR SOURCE IN NORMAL AND  *
* TANGENTIAL DIRECTIONS ( INNER GRIDS ) *
* *
* DGINTGLL, 2 INFLUENCE MATRICES FOR VORTEX IN NORMAL AND  *
* TANGENTIAL DIRECTIONS ( INNER GRIDS ) *
* *
* ACINTGLL, 2 INFLUENCE MATRICES FOR SOURCE IN NORMAL AND  *
* TANGENTIAL DIRECTIONS ( INNER GRIDS ) *
* *
* DOINTGLI, 2 INFLUENCE MATRICES FOR VORTEX IN NORMAL AND  *
* TANGENTIAL DIRECTIONS ( INNER GRIDS ) *
* *

************************************************************************
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1

Jedk ok Ak ok okkokkkdk

* J Je ok Kk ok

khkkkkkxk

PARAMETER ( NPAN = 100, NPAN1 = 101, NPAN2 = 102, NPANHl = 51 )

PARAMETER ( NGRID = 41, NG10l = 101, NG100 = 100 )

INCLUDE ’
INCLUDE ’
INCLUDE ’
INCLUDE ’
INCLUDE “

DOI =1,
DO J =1,

THEIJ = THETA( I )

ANGL
CNST
CORD
MTRX
NAC4

NPAN
NPAN

LFIL
.FIL
.FIL
.FIL
JFIL

.~ % % W

- THETA( J )

ALN = 1.0 + ( PL(O)** 2 - 2.0 * XE(I,J) * PL(J) )

( XE(I,J)** 2 + YE(I,J)** 2 )

CHECK CALCULATION

IF( ALN .LE. 0.0 ) THEN

TYPE*,

STOP 111

END

IF

’ ERROR ON LN

IF( J .EQ. I ) THEN
AINTGL1( I, J ) = PI

AINTGL2( I, J)
DINTGL1( I, J )
DINTGL2( I, J )

ELSEIF( YE( I, J)

AINTGL1( I,
AINTGL2( I,
DINTGL1( I,
DINTGL2( I,

ELSE

END IF

END DO
END DO

PL( J )

[ |
o
. .
o

J
J
J
J

)
)
)
)

IF( RCP .NE. 0.5 ) THEN

DO K = 1, NPAN

IF( K .GE. NPANH1 )THEN

UPPER SURFACE **x*kkk Ak hh kA kXX AR KA ARXKKAN KKK ARAR KRk k kA kKA A Ak Ak k&
AKK = ARLOG( RCP / ( 1.0 - RCP )

ELSE

khkkhkkkkkkkhkkkkkhkkkk

.EQ. 0.0 ) THEN
0.5 * SIN( THEIJ )
- 0.5 * COS( THEIJ ) * ALOG( ALN )
- AINTGL2( I, J )

AINTGL1( I, J )

-XE(I, J)
XE(I, J)/YE(I J)

AINTGL1( I, J ) = 0.5 * SIN( THEIJ ) * ALOG( AILN ) +
COS( THEIJ ) * ( ATAN( ATNU )
AINTGL2( I, J ) =- 0.5 * COS( THEIJ ) * ALOG( AILN ) +
SIN( THEIJ ) * ( ATAN( ATNU )
DINTGL1( I, J ) = -AINTGL2( I, J )
DINTGL2( I, J ) = AINTGL1{( I, J )

)

* ALOG( ALN )

) / ¥YE( I, J)

/

~ ATAN( ATNL ) )

- ATAN( ATNL ) )

*

LOWER SURFACE ***kkkAXkkhRkkh ok hkkk kAR kk Ak kkkk ARk kR KRk &k kK Kk k%

AKK = ALOG( ( 1.0 - RCP ) / RCP )

END IF

AINTGL2( K, K )

DINTGL1 ( K,

K)

AKK
= AINTGL2( K,

K)
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END DO
END IF

CALL LASTRW

IF( ( IFLOW .GT. 2 ) .CR. ( IDBL .GT. 2 ) ) THEN

DO I = 1, NGRID
DO J = 1, NGRID

IF( ( J .EQ. JCRD ) .AND.

1 ( (I .GE. ICRD ) .AND. ( I .LE. ICRD1l ) ) )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 )

kkkkkkxkkkkkx CHECK CALCULATION  **xkkkkkkkkkhkkhhkk
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 )

AGINTGL1{ I, J, K ) = 0.5 * SIN{ THEIJ J * 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 ) )

DGINTGL1( I, J, K ) = - AGINTGL2( I, J, K )
DGINTGL2( I, J, K ) = AGINTGL1l( I, J, K )

END DO
1 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 *****************t***********:
* *
: AlSTORE LAST ROW FOR SOURCE :
* D1STORE LAST ROW FOR VORTEX *
:**********************************************************************:
* *

181



PARAMETER ( NPAN = 100, NPAN1l = 101, NPAN2 = 102, NPANHl = 51 )
PARAMETER ( NGRID = 41, NG101 = 101, NGI00 = 100 )

INCLUDE ’ CNST.FIL '
INCLUDE ’ MTRX.FIL ”

DO I = 1, NPAN
DO J = 1, NPAN
AlSTORE( I, J ) = AINTGL1( I, J )
D1STORE( I, J ) = DINTGL1( 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

Al1STORE( NPAN, J ) = AINTGL2( 1, J ) + AINTGL2( NPAN, J )
END DO
ELSE

DO J = 1, NPAN

D1STORE( NPAN, J ) = DINTGL2( 1, J ) + DINTGL2( NPAN, J )
END DO

END IF

RETURN

END

SUBROUTINE COEF1l

% %k de K o K e A ok de ok e A e e K e Kok Kk sk Kk ok gk ok sk ok ok ke A ke ok v e ok ok ok e ok ok ko ok ok ke ok ok A sk ok ok ok ke ok ok ok ok ok ok ok

* *
* CALCULATE THE INFLUENCE MATRICES : Al ij, D1 ij, A2 ij, D2 ij *
* FOR CALCULATING STREAM FUNCTION *
* *
khkkkhkhkkkkhkkhkkkkkkkkk NOMENCLATURE KEAKRKKKR IR RAKRAKRAKRKRKRR KA AR A ARk XKk k%
* *
* Al,A2 INFLUENCE MATRICES FOR SOURCE IN NORMAL AND  *
* TANGENTIAL DIRECTIONS ( STREAM ) *
* *
* D1,D2 INFLUENCE MATRICES FOR VORTEX IN NORMAL AND  *
* TANGENTIAL DIRECTIONS ( STREAM ) *
* *

R I Sy L e L L T T T,

* *
PARAMETER ( NPAN = 100, NPAN1l = 101, NPAN2 = 102, NPANHl = 51 )
PARAMETER ( NGRID = 41, NG101 = 101, NG100 = 100 )

INCLUDE ’ ANGL.FIL ‘
INCLUDE ’ CNST.FIL
INCLUDE ’ CORD.FIL
INCLUDE ’ STRM.FIL

DOK=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 )
ALIN = 1.0 + ( PL(J)** 2 - 2.0 * XSE(I,J,K) * PL(J)
1 ) / ( XSE(I,J,K)** 2 + YSE(I,J,K)** 2 )

*khkkkXKKKKKKRX*  CHECK CALCULATION  **kxkhkkkkkkkkxkrkrx
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( AINL ) )
A2( I, J, K) = - 0.5 * COS( THEIJ ) * ALOG( ALN ) +
1 SIN( THEIJ ) * ( ATAN( ATNU ) - ATAN( ATNL ) )

DI(I, Jd, K) = -p2( I, J, K)
D2(I, J, K) = a1(I, J, K)

END DO
END DO

END DO

RETURN
END

SUBRQUTINE INVERSE( A, AINV )
R L L L R B B B B R R g g e aTe

) SOLVE SIMULTANEOUS EQUTIONS FOR DIMENSIONLESS SINGULARITY )
* STRENGTHS USING IMSL PACKAGE: LINV2F. *
* LINK : $LINK FILE, LIB_IMSL D/LIB *
:******************* NCMENCLATURE ***************************-**:
*

* A INPUT LHS COEF. MATRIX ( INPUT ) E
* N ORDER OF COEF. MATRIX A *
* IA ROW DIMENSION OF A AND AINV EXACTLY AS .
* SPECIFIED IN THE DIMENSION STATEMENT *
* IDGT  NO. GREATER THAN ZERO *
: WKAREA WORKING ARRAY { NXN + 3 XN) z
* IER OUTPUT WARNING *
:********************‘k*********************************************‘k***:
* *

PARAMETER ( NPAN = 100 )

INCLUDE ’ CNST.FIL ’

REAL A( NPAN, NPAN ), AINV( NPAN, NPAN ),
1 WKAREA ( NPAN*NPAN+3*NPAN )

INTEGER N, IA, IDGT, IER

N = NPAN
IA = NPAN
IDGT = 6

CALL LINV2F( A, N, IA, AINV, IDGT, WKAREA, IER )
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IF( IER .NE. 0.0 )THEN
TYPE*, ’ IER = ’, IER
TYPE*, ’ IDGT = ’, IDGT
END IF

RETURN
END

SUBROUTINE LEQINV ( BB, RR, ALAMEDA )
LR R R SR T e S L R L L Ly L L L T E T L B L R B P 3 2 T P S R e

* *
* MULTIPLY BB BY RR FOR DIMENSIONLESS SINGULARITY STRENGTH *
* *
************************************************************************
* *

PARAMETER ( NPAN = 100 )

INCLUDE ’ CNST.FIL ’
REAL ALAMEDA( 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 RHS1
LR R R R R SR SRR LR e L Ly g T R R R T R T P S U

* *
* CALCULATE THE RHS COLUMN VECTOR OF SOURCE DISTRIBUTION *
* *
dkkhkhkhkhkkhhkhkhkikhkikki NOMENCLATURE KEAKAKRAKKKARKR KKK KRR XA AR XK Kk
* *
* RHSC1 RHS COLUMN VECTOR *
* *
************************************************************************
* *

PARAMETER ( NPAN = 100, NPAN1 = 101, NPAN2 = 102, NPANHl = 51 )
PARAMETER ( NGRID = 41, NG10l = 101, NG100 = 100 )

INCLUDE ’ ANGL.FIL ’
INCLUDE ’ CNST.FIL ’
INCLUDE ' MTRX.FIL ‘
INCLUDE ’ VLTY.FIL ’

DO I =1, NPAN

RHSC1( I ) = - ( UQO(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
RHSC1( NPAN ) = - ( UO( NPAN ) * COSINE( NPAN ) + VO( NPAN ) *
1 SINE( NPAN ) + UO(1l) * COSINE( 1 ) + VO(1l) * SINE( 1) )
END IF
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RETURN
END

SUBROUTINE RHS2{ ICONT )
kKK I IR KKK R KR IK A KR KRR AR AAR KRR KA RR KA AR KRR KRR AR KRR AR kR AR ARk kkkkkFkdk k kK

* *
* CALCULATE THE RHS COLUMN VECTOR OF VORTEX DISTRIBUTION *
* *
AXKKKKKKK KRR AK kXA K NOMENCLATURE KhkhkkkkRARKKRIARK KK KRK KKKk d Ak
* *
* RHSC2 RHS COLUMN VECTOR *
* *
bR R R R R g S Ly T T T L L L T
* *

PARAMETER ( NPAN = 100, NPAN1l = 101, NPAN2 = 102, NPANH1 = 51 )
PARAMETER ( NGRID = 41, NG101l = 101, NG100 = 100 )

INCLUDE ’ ANGL.FIL *
INCLUDE ’ CNST.FIL -
INCLUDE / MTRX.FIL '
INCLUDE ’ VLIY.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.
( ICONT .GT. 1 ) )THEN

RHSC2( I ) = RHSC2( I ) + RESL{ I )

END IF

END DO

SUMN = 0.0

SUM1 = 0.0

DO J =1, NPAN

SUMN = SUMN + AINTGL2( NPAN, J ) * ASIGAMA( J )
SUM1 SUM1 + AINTGL2( 1, J ) * ASIGAMA( J )
END DO

IF( ( ( IFLOW .GT. 2 ) .OR. ( IDBL .GT. 2 ) ) .AND.
1 ( ICONT .GT. 1 ) )THEN

CCTN = RESLT (NPAN)

CCT1 = RESLT(1)

RHSCZ (NPAN) = - ( UO (NPAN) *COSINE (NPAN) + VO (NPAN) *SINE (NPAN)
1 + SUMN + CCIN + UO0(1l) * COSINE(1l) +
1 VO( 1) * SINE( 1) + SUML + CCT1 )
ELSE
RHSCZ (NPAN} = - ( UO (NPAN) *COSINE (NPAN) + VO (NPAN) *SINE (NPAN)
1 + SUMN + UO( 1) * COSINE( 1) +
1 VO( 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

*

khkkkhkkhkhkkkhkkhhkkrkk NOMENCLATURE

*

*

*

*

*

PARAMETER ( NPAN = 100, NPAN1 = 101, NPAN2 = 102, NPANH1 = 51 )
PARAMETER ( NGRID = 41, NG10l = 101, NG100 = 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, IER, K

IFD = NGRID
NX = NGRID
NY = NGRID

DOI =1, NX
XX(I) = XG( I, 1)
YY(I) = YG( 1/ I )
END DO

A = XX{( )
B = XX( )
C=YY(1 )
D = YY( )

IF( ( J .EQ. JCRD )

F(I,J) = ( OMEGAG( I, J ) -~ OMEGAGO( I, J ) )} * ( ( X(
XG{ I,J) ) *COSINE('K ) + ( Y(K) - YG( I
SINE(K) )/ ((X(K) =-XG(I, J) )** 2 +

1 ( ( I .GE. ICRD )
F(I,J) = 0.0
ELSE
1
1
1 (Y(K) -YG(I, J)
END IF
END DO
END DO

CALL DBCQDU( F, IFD, XX, NX, YY, NY, A, B, C, D, Q, WK, IER )
RESL = -Q / 2.0 / PI

IF( IER .NE. 0 )THEN

TYPE*,’ IER=', IER
TYPE*, "RESL=’, RESL
STOP 888

END IF

RETURN
END

’
14
14
14
L4

RESL RESIDULE DUE TO THE ONSET VORTICITY

(I .LE. ICRD1l ) ) )THEN

* % X 4 %

KRRKKKhkAKkAR K I kAR A I kAKX kxR kRhkkkk&

*
*
*

***********************************************************************

*

*
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FUNCTION RESLT( K )

LR R 22X e LTS R R LE 2R 2R R T Y Y Ty R R R B R B R R

RESLT

F O R O O A F A X N W

PARAMETER ( NPAN = 100, NPAN1 = 101, NPAN2 = 102, NPANH1 = 51 )
PARAMETER ( NGRID = 41, NG101l = 101, NG100 = 100 )

INCLUDE ’
INCLUDE
INCLUDE ’
INCLUDE ’
INCLUDE ’

REAL F( NGRID, NGRID ), XX( NGRID ), YY( NGRID ),
1 WK ( NGRID*NGRID+11*NGRID )

khkkhkkkkkkkkkkkkhkikk

RESIDULE DUE TO THE ONSET VORTICITY

ANGL.FIL
CNST.FIL
CORD.FIL
JAWS .FIL
VOTY.FIL

CALCULATE THE RHS RESIDUAL COLUMN VECTOR OF
VORTEX DISTRIBUTION DUE TO NONLINEAR SHEAR FLOW
IN TANGENTIAL DIRECTION

NOMENCLATURE

LI S T Y

INTEGER IFD, NX, NY,

IFD = NGRID
NX = NGRID
NY = NGRID

DOI =1, NX
XX(I) = XG( I, 1)
YY(I) = YG( 1, I)

END DO

XX(1

Qwp

YY( 1

og o

0 J =1,
0o I =1,

IF{ ( J .EQ. JCRD ) .
1 ( ( I .GE. ICRD )

)

XX( NX )

)

YY( NY )

NY
NX

F(I,J) = 0.0

ELSE

F(I,J) = ( OMEGAG( I, J ) - OMEGAGO( I, J ) ) * ( ( X(
XG( I,J ) ) * SINE( K )
COSINE( K ) ) / ( ( X(K)
- YG(I, J) )** 2 )

[y

END IF

END DO
END DO

CALL DBCQDU( F, IFD, XX, NX, YY, NY, A, B, C, D, Q, WK, IER )
RESLT = Q / 2.0 / PI

IF( IER .NE. 0 )THEN
TYPE*,’ IER=',
TYPE*, 'RESLT=',

STOP 889
END IF

RETURN

( Y(K)

IER
RESLT

(I .LE. ICRD1 )

* 1

(Y(K) - ¥G( I,J

* 4 * * ¥

khkkhkhkkhkkkAkkkhkhhkhhkhkkkkkkhkhhkhkksk

*
*
*

Kkk kR I A R II KA I IR R AT R kR kAR KA AR I AR AR R AR AR KRR Rk Rk h ke kkhhdkkkkkkkhksk

*
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END

FUNCTION RESLU( X0, YO0 )
AR I IR KKK KKK KRAKIKRKAIKRRRK KKK RK IR A AR AR I KRR KKK Fe g de ok e ek ok ok ok e e ook e o ok ok

* *
* CALCULATE THE RHS RESIDUAL COLUMN VECTOR OF *
* VORTEX DISTRIBUTION DUE TO NONLINEAR SHEAR FLOW *
* IN X DIRECTION *
* *
KkkhkKkkkhkhkkhrrkhhkkkkk NOMENCLATURE KEAKKI KK ARKAKXIKRK R AKX KK KKK K Kk kK
* *
* RESLU RESIDULE DUE TO THE ONSET VORTICITY *
* *
************************************************************************
* *

PARAMETER ( NPAN = 100, NPAN1 = 101, NPAN2 = 102, NPANH1 = 51 )
PARAMETER ( NGRID = 41, NG10l = 101, NG100 = 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, IER, K

IFD = NGRID
NX = NGRID
NY = NGRID

DOTI =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. ICRD1l ) ) )THEN
F(I,J) = 0.0

ELSEIF( ( X0 .EQ. XG(I,J) ) .AND. ( Y0 .EQ. YG(I,J) ) )THEN

F(I,J) = 0.0
ELSE
F(I,J) = ( OMEGAG( I, J ) - OMEGAGO( I, J) ) * ( YO =
1 YG(I,J) )/ ( (X0 =-XG(I, J) )** 2 +
1 (Y0 - YG( I, J) )**x 2 )
END IF
END DO
END DO

CALL DBCQDU( F, IFD, XX, NX, YY, NY, A, B, C, D, Q, WK, IER )
RESLU = - Q / 2.0 / PI

IF( IER .NE. 0 )THEN
TYPE*,’ IER=’, IER
TYPE*,'RESLU=’, RESLU
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STOP 888
END IF

RETURN
END

FUNCTION RESLV( X0, YO0 )
R R R L T T T T T P P Py T T S Ly

* o % F O O F * ¥ * X%

*

CALCULATE THE RHS RESIDUAL COLUMN VECTOR OF *
VORTEX DISTRIBUTION DUE TO NONLINEAR SHEAR FLOW *

IN Y DIRECTION *

*

kkkkkkkRkkhhkkkdkhkkk NCMENCLATURE R T LR R T T T R
*

RESLV RESIDULE DUE TO THE ONSET VORTICITY *

*

KKK KRR AR AR KA R A AR RA A AR A AR A KK A AR IR AIAA AR AR Ak Ak kkhkk kA kk kK kK

*

PARAMETER ( NPAN = 100, NPAN1 = 101, NPAN2 = 102, NPANH1 = 51 )
PARAMETER ( NGRID = 41, NG10l1 = 101, NG100 = 100 )

INCLUDE
INCLUDE
INCLUDE
INCLUDE
INCLUDE
REAL F(

14
14
r
14
’

ANGL.FIL
CNST.FIL
CORD.FIL
JAWS .FIL
VOTY.FIL

D R Y

r

NGRID, NGRID ), XX( NGRID ), YY( NGRID ),
1 WK ( NGRID*NGRID+11*NGRID )
INTEGER IFD, NX, NY, IER, K

IFD = NGRID
NX = NGRID
NY = NGRID

DOI =1, NX
XX(I) = XG( I, 1)
YY(I) =Y¥YG( 1, I)

A = XX(
- XX(
= YY(

HGQ
[}

0 1
Q 1

1

B
C
D = YY(NY
D
D

r
14

1
NX

83

IF( ( J .EQ. JCRD ) .AND.

1 ( ( I .GE.

F(I,J) = 0.0

ICRD ) .AND. ( I .LE. ICRD1l ) ) )THEN

ELSEIF( ( X0 .EQ. XG(I,J) ) .AND. ( Y0 .EQ. YG(I,J) ) )THEN

F(I,J) = 0.0
ELSE
F(I,J) = ( OMEGAG( I, J ) - OMEGAGO( I, J ) )} * ( X0 ~
1 XG( I,J) )/ ( (X0 - XG( I, J) )** 2 +
1 (Y0 - YG( I, J) )** 2)
END IF
END DO
END DO

CALL DBCQDU( ¥, IFD, XX, NX, YY, NY, A, B, C, D, Q, WK, IER )
RESLV = Q / 2.0 / PI
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IF( IER .NE. 0 )THEN
TYPE*,’ IER=’, IER
TYPE*,’RESLV=", RESLV
STOP 891

END IF

RETURN
END

SUBROUTINE ERRCHK( AA, BB, ERMAX )
R R R R L L Ry R g R R g R o P AP arIa

* *
* 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
Kh kR R R IR AR AR IR AR KKK IR IR AR KRK KR AR A RI K II kAR kdhhkdkkhdkoko kg ks sk ki

x *
* SPECIFY THE ONSET FLOW FIELD : ONSET VELOCITY & VORTICITY W. *
* IN THE INNER COMPUTATIONAL DOMAIN AND ON THE SURFACE OF *
* THE AIRFOIL *
* *
hhkkkkhkkhkkhkhkkkhkkhkkkkk NOMENCLATURE kkdhhkkhkkkkhkhhkhkkhhhkhkkkkkkhhkkk
* *
* IFLOW = 1, UNIFORM FLOW *
* 2, LINEAR SHEAR FLOW *
* 3, EXPONENTIAL SHEAR FLOW( NONLINEAR ) *
* 4, INPUT JAWS DATA( NONLINEAR ) *
* S INPUT DFW DATA ( TASS AXISY. WIND ) *
* *
* U0, Vo ONSET VELOCITY ON THE CONTROL POINT *
* *
* UGo, VGO ONSET VELOCITY IN THE DOMAIN *
* *
* UG01, VGOl  ONSET VELOCITY IN THE FAR UPSTREAM *
* *
* OMEGAGO ONSET VORTICITY IN THE DOMAIN *
* *
* **********************************************************************
*

*
PARAMETER ( NPAN = 100, NPAN1 = 101, NPAN2
PARAMETER ( NGRID = 41, NG10l1l = 101, NG100

102, NPANH1 = 51 )
100 )

INCLUDE ’ AUXI.FIL
INCLUDE ‘/ CNST.FIL
INCLUDE ’ CORD.FIL ’
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100

200

300

400

500

INCLUDE
INCLUDE
INCLUDE
INCLUDE
INCLUDE

NN N wN

DBLE.FIL
JAWS.FIL
STRM.FIL
VLTY.FIL
VOTY.FIL

~ . w N

REAL AU( NGRID ), AV( NGRID )
REAL XX( NG10l ), YY( NG101 )

REAL AX{ NGRID ), AY( NGRID ), AZ( NGRID ), C( NGRID-1, 3 )
GOTO( 100,

100, 200, 300,

CALL UNISFL

GOTO 500

CALL EXPSFL

GOTO 500

CALL JAWSFL

GOTO 600

CALL DFWSFL

GOTO 600

IF( IDBL .EQ. 0 )THEN

GOTO 600

ELSEIF( ( IDBL .EQ. 1)
CALL DBLFL

.CR.

ELSEIF( IDBL .EQ. 3 )THEN
CALL DBLNS

ELSEIF( IDBL .EQ. 4 )THEN
CALL DBLCS

ELSEIF( IDBL .EQ. 5 )THEN
CALL DBLSN

END IF

DO J = 1, NGRID
DO I = 1, NGRID
IF( IDIR .EQ. 1 )THEN

UG0( I, J) = UGO( I,
VGO( I, J) = VGO( I,
ELSE
UG0( I, J) =UGO( I,
VGO( I, J) =VGO( I,
END IF

END DO

END DO

DO K = 1, NG101
IF( IDIR .EQ. 1 )THEN
UG0l( K ) = UGOl( K )
VGO1( K ) = VGOl( K )
UG02( K } = UG02( K )
VG02( K ) = VG02( K )
ELSE
UG0l( K ) = UGO1( K )
VGO1l( K ) = VG01l( K )
UG02( K ) = UG02( K )
VG02( K ) = VG02( K )
END IF

END DO

g qqg

+ 4+ +

400 ), IFLOW

—~
it

DUG1 (
DVG1 (
DUG2 (
DVG2 (

DUG1 (
DVG1 (
DUG2 (
DVG2 (

ARARRR RARRR

DUG( I,
DVG( I,

) + DUG( I,
+ DVG( I,

—— — ~—

— ——

( IDBL .EQ.

(SR S ]

~— —

~ -

2 ) )THEN
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600

192

DO K = 1, NPAN

Ir( IDIR .EQ. 1 )THEN
U0(K) =U0( K) - DU(K)
VO(K) =VO(K) - DV( K)
ELSE
UO( K) =U0( K) + DU(K)
VO(K) =VO(K) +DV(K)
END IF

END DO

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

Ir( (I .EQ. 1) .OR. (I .EQ. 2 ) ) THEN
CALL ONESD( AV, I, DS, OMEGO )

ELSEIF( ( I .EQ. NGRID1 ) .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. NGRID1 } .OR. ( J .EQ. NGRID ) ) THEN
CALL ONESU( AU, J, DS, OMEGO )

ELSE

CALL CNTILD( AU, J, DS, OMEGO )

END IF

OMEGAGO( I, J ) = OMEGAGO( I, J ) - OMEGO

END DO
END DO

AR AR AR KA K AR AR A KA KA AR K AR A AR I AR AR RN KRR KRk Ak kk Ak khdhkkkkk &k kk

*

SPECIFY THE FARUPSTREAM STREAM FUNCTION *

DO J
NY
Iy

1, NG10l1
J
NY - 1

IF( IY .EQ. 0 )THEN
PSI1( J) = 0.0

ELSE

DOK=1, NY
XX{(K) =YGl( K)
YY( K ) = UGO01l( K )
END DO

A=XX(1)
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B = XX( NY )

CALL INTEGl( XX, YY, A, B, IY, NY, Q)
PSIL(J) =@

END IF

END DO

DO K = 1, NG101
XX(K) =20.0
YY(K) = 0.0
END DO

IF( ( IFLOW .NE. 3 ) .OR. ( IDBL .NE. 0 ) )THEN
DO I = 1, NG101

NKX =T

IX=NX-1

IF( ( IX .EQ. 0 ) .AND. ( IDIR .EQ. 1 ) )THEN
PSI2( I ) = PSI1( NG101 )

ELSEIF( ( IX .EQ. 0 ) .AND. ( IDIR .EQ. 0 ) )THEN
PSI2( I ) = PSI1( 1)

ELSE

DOK=1, NX
XX(K) = XG2( K)
YY( K ) = VG02( K )
END DO

A=XX(1)

B = XX( NX)

CALL INTEGl( 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, NG101
UREF = YGl( K )/ AREF
OMEGO1( K ) = 2.0 * UY0 * CREF * EXP( -UREF**2 ) * UREF / AREF
END DO

GOTO 999
ELSE
DO J = 1, NGRID
AY(J ) =Y¥YG(1, J)
AZ( J ) = OMEGAGO( 1, J)
END DO
DO K = 1, NG101
DO J = 1, NGRID-1
Jl=J+1

IF( AY( J ) .EQ. ¥YG1( K ) )THEN
OMEGOl( K ) = OMEGAGO( 1, J )

GOTO 700

ELSEIF( ( AY( J ) .LT. YG1{ K ) ) .AND.
( AY( J1 ) .GT. ¥YG1( K ) ) )THEN

N = NGRID

IC=N-1

D=1YG1(K) - AY( J)



700

800

CALL ICsCCU( AY, AZ, N, C, IC, IER )

OMEGO1( K ) = ( ( C(J,3) *D + C(J,2) ) *D + C(J,1)

AZ( J)
GOTO 700

END IF
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, NG101
DO I = 1, NGRID-1

I1=1+1
IF( AX( I ) .EQ. XG2( K ) )THEN
OMEG02( K ) = OMEGAGO( I, NGRID )
GOTO 800

ELSEIF( ( AX( I ) .LT. XG2( K) )
( AX( I1 ) .GT. XG2( K ) ) )THEN
N = NGRID
IC=N-1
D=XG2( K) - AX( I)
CALL ICSCCU( AX, AZ, N, C, IC, IER )

OMEGO2( K ) = ( ( C(I,3) *D + C(1,2) ) *D + C(I,1) )

AZ( I)
GOTO 800

END IF
END DO

CONTINUE
END DO

ELSEIF( ( IDBL .GT. 2 ) .AND. ( IDIR .EQ. 0 ) )THEN

DO I = 1, NGRID
AX(I) =XG(I, 1)
AZ{ I ) = OMEGAGO( I, 1)
END DO
DO K 1, NG101
DO I 1, NGRID-1
Il I+1
IF( AX( I ) .EQ. XG2( K ) )THEN
OMEGO2( K ) = OMEGAGO( I, 1)

GOTO 900
ELSEIF( ( AX( I ) .LT. XG2( K ) ) .AND.
( AX( Il ) .GT. XG2( K ) ) )THEN
N = NGRID
IC=N-1
D=XG2(K) - &X( I)
CALL ICSCCU( AX, AZ, N, C, IC, IER )
OMEGO2( K ) = ( ( C(I,3) *D + C(I,2) ) *D + C(I,1)
AZ( I)

GOTO 900

) *D +

)

*D +

*D +
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END IF
END DO
900 CONTINUE
END DO
END IF

999 RETURN
END

SUBROUTINE UNISFL

AAKIA KKK AT I KRR KRR IR KA R KRR KRR A IR KRR AR AR KKK RRR A AR KAk kA kA Ak hkhkkkhkhkkk k%

* *
* SPECIFY ONSET UNIFORM FLOW AND LINEAR SHEAR FLOW *
:******************* NOMENCLATURE *****************************:
*

: uo, vo ONSET VELOCITY ON THE CONTROL POINT z
: uGo, VGO ONSET VELOCITY IN THE DOMAIN :
* UG01, VGO0l ONSET VELOCITY IN THE FAR UPSTREAM *
:**********************************************************************:
* *

PARAMETER ( NPAN = 100, NPAN1 = 101, NPAN2 = 102, NPANH1 = 51 )
PARAMETER ( NGRID = 41, NG10l =-101, NG100 = 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 ) = UY0 - ZETAO * YG( I, J )
VGO( I, J) =0.0

END DO

END DO

DO K = 1, NG101

UGOl( K ) = UY0 - ZETAO0 * YG1l( K )
VGOl( K ) = 0.0

UG02( K ) = UY0 - ZETAO * YG2( K )
VG02( K ) = 0.0

END DO

DO K = 1, NPAN

U0( K ) = UY0 - ZETAQ * Y( K )
VO(K) =0.0

END DO

ELSE
CALL ROTATE( ALPHA )
DO J = 1, NGRID
DO I = 1, NGRID
UROT = UY0 - ZETAO * YIJ( I, J)

UGO( I, J ) = UROT * COS( ALPHA )
VGO( I, J ) = UROT * SIN( ALPHA )
END DO
END DO

DO K = 1, NG101
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UROT = UY0 - ZETAO0 * YIJI( K )
UGO0l( K ) = UROT * COS( ALPHA )
VG01( K ) = UROT * SIN( ALPHA )
UROT = UY0 - ZETAO0 * YIJ2( K )
UG02( K ) = UROT * COS( ALPHA )
VG02( K ) = UROT * SIN( ALPHA )
END DO

CALL ROTJR( ALPHA )

DO K = 1, NPAN

URCT = UYO - ZETAOQ * YI( K )
U0( K ) = UROT * COS( ALPHA )
VO( K ) = UROT * SIN( ALPHA )
END DO

END IF

RETURN
END

SUBROUTINE EXPSFL
AR IR IR KRR AK KKK AR A AR I IR KARK AR KA AR KR AR KA A KA KK kA& Ak KAk dkok ok ok ke ok ok ok ek

* *
* SPECIFY ONSET EXPONENTIAL SHEAR FLOW *
:******************* NOMENCLATURE *****************************:
* *
: Uo, vo ONSET VELOCITY ON THE CONTROL POINT :
: UGo, VGO ONSET VELOCITY IN THE DOMAIN :
* UG01l, VGOl ONSET VELOCITY IN THE FAR UPSTREAM *
:**********************************************************************:

*

PARAMETER ( NPAN = 100, NPAN1 = 101, NPAN2 = 102, NPANH1 = 51 )
PARAMETER ( NGRID = 41, NG101l = 101, NG100 = 100 )

INCLUDE ’ AUXI.FIL /
INCLUDE ’ CNST.FIL
INCLUDE ’ CORD.FIL
INCLUDE ’ VLIY.FIL '

DO J = 1, NGRID

DO I = 1, NGRID

UREF = YG( I, J )/ AREF
UGO( I, J ) = UY0 * ( 1.0D0 + CREF * EXP( - UREF** 2 ) )
VGO( I, J) = 0.0

END DO

END DO

DO K = 1, NG101
UREF = YG1l( K )/ AREF
UGOl( K ) = UY0 * ( 1.0 + CREF * EXP( = UREF** 2 ) )

VGO1( K ) = 0.0
UREF = YG2( K )/ AREF
UGO2( K ) = UY0 * ( 1.0 + CREF * EXP( - UREF** 2 ) )
VG02( K ) = 0.0
END DO

DO K = 1, NPAN
UREF = Y( K )/ AREF
UG( K) =UY0 * ( 1.0 + CREF * EXP( - UREF** 2 ) )
VO(K) =0.0

END DO
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RETURN
END

SUBROUTINE DFWSFL
LR e L L e e e Y s e s A et T,

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 :

4 3
1 A2 1 Al 1
1 X 1
1 pl 1
1 A3 1 a4 1
1 1 1
1 2

Wp = (WLi*ai)/ (Aj) (4i, =1, 4)

kA kkkkkRk Ak kRhkx kA R*k NOMENCLATURE S T T e S SRR L
uo, vo ONSET VELOCITY ON THE CONTROL POINT
UGo, VGO ONSET VELOCITY IN THE DOMAIN

UGo0l1l, vGOl ONSET VELOCITY IN THE FAR UPSTREAM

Ok Ok o O X O kR k% O %k A A N A H * *

LR L R R T Y L L L g L L rurururur e
*
PARAMETER ( NPAN = 100, NPAN1l = 101, NPAN2 = 102, NPANH1l = 51 )
PARAMETER ( NGRID = 41, NG101l = 101, NG100 = 100 )

* ok Ok ok A ok O Ok R O A H N A H % d %k A ¥ * H * * *

INCLUDE ’ CNST.FIL
INCLUDE ’ CORD.FIL ‘
INCLUDE ’ DFWS.FIL ’
INCLUDE ‘ VLIY.FIL '
REAL A( 4 )

XEDGE = s / 2.0
YEDGE = S / 2.0
DO K = 1, NG1l01l

PX = XG1( K )

PY = ¥YG1( K )

CALL SUBAREA( XEDGE, YEDGE, PX, PY, A)
UGO1l( K ) = WINTPL( UCN1, A )

VGO0l( K ) = WINTPL( VCN1, A )

IF( ALPHA .NE. 0.0 )THEN
CALL DFWSAL( UGOl( K ), VGOl( K ), ALPHA )

END IF
PX = XG2( K )
PY = YG2( K )

CALL SUBAREA( XEDGE, YEDGE, PX, PY, A)
UG02( K ) = WINTPL( UCN1, A )
VG02( K ) = WINTPL( VCN1, A )

IF( ALPHA .NE. 0.0 )THEN
CALL DFWSAL( UG02( K ), VG02( K ), ALPHA )
END IF

END DO
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DO I
DO J

1, NGRID
1, NGRID

PX = XG( I, J)

PY = ¥G( I, J)

CALL SUBAREA( XEDGE, YEDGE, PX, PY, A)
UGO( I, J ) = WINTPL( UCN1, A )

VGO( I, J ) = WINTPL( VCN1, 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( UCN1, A )

VO( K ) = WINTPL( VCN1, A )

IF( ALPHA .NE. 0.0 )THEN
CALL DFWSAL( UO( K ), VO( K ), ALPHA )
END IF

END DO

RETURN
END

SUBROUTINE DFWSFL1
e R L L L T T T T T T R LT L T T g

* *
* SPECIFY THE ONSET VELOCITY FOR STREAM FUNCTION CALCULATION *
* - *
khkhkkhkkhkkhkhkkkkkkkkkhk NODENCLATURE dkkkhkkkhkkkhAkkhhkhkhkkhhkkhkkkkikhkhkk
* *
* UGINT, VGINT  VELOCITY FOR STREAM FUNCTION CALCULATION *
* *
*******'k****************************************************************
* *

PARAMETER ( NPAN = 100, NPAN1 = 101, NPAN2 = 102, NPANH1 = 51 )
PARAMETER ( NGRID = 41, NG101 = 101, NG100 = 100 )
INCLUDE ’/ CNST.FIL '
INCLUDE ’ DEFWS.FIL '
INCLUDE ’/ STRM.FIL ‘
REAL A( 4 )
XEDGE = § / 2.0
YEDGE =S / 2.0
DO g
DO I
PX
PY

1, 2

1, NG100
XINTG( I, J )
YINTG( I, J )

CALL SUBAREA( XEDGE, YEDGE, PX, PY, A)
UU = WINTPL{ UCN1l, A )
VV = WINTPL( VCN1, A )

IF( ALPHA .NE. 0.0 )THEN
CALL DFWSAL( UU, VV, ALPHA )
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END IF

IF( J .EQ. 1 )THEN
UGINT( I ) = UU
ELSE

VGINT( I ) = VV
END IF

END DO
END DO

RETURN
END

SUBROUTINE DFWSAL( U, V, A )
AR Ty e T L Lt LT d s L b T e

* *
* ADD ANGLE OF ATTACK *
* *
******************************************************k*****************
* *

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. 1.0E-6 )THEN
AU = V

ELSEIF( ABS( V ) .LT. 1.0E-6 )THEN
AU = U

ELSE
AU = SQRT( U** 2 + V**x 2 )
END IF

U=AU * COS( B +A)
V=AU * SIN(B + A4)

RETURN
END

SUBROUTINE ONSET1
e L L L AU AU AR,

* *
* SPECIFY THE ONSET VELOCITY FOR STREAM FUNCTION CALCULATION *
* *
khkkhkhkhkRkkhkkAhkkhkkXxhkxk NOD{ENCLATU’RE Akkkhkhkhkhkkhkkhhkhkkhhkrkkhkhkhkkkhkdkhhkkk
* *
* UGINT, VGINT  VELOCITY FCR STREAM FUNCTION CALCULATION *
* *
* *
************************************************************************
* *

PARAMETER ( NPAN = 100, NPANl = 101, NPAN2 = 102, NPANHl = 51 )
PARAMETER ( NGRID = 41, NG101 = 101, NG100 = 100 )

INCLUDE ‘ AUXI.FIL
INCLUDE " CNST.FIL ’
INCLUDE ’ CORD.FIL ’
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100

200

300

400

500

INCLUDE
INCLUDE
INCLUDE
INCLUDE
INCLUDE
REAL YY1 (

L R

GOTO( 100,

IF ( ALPHA .EQ. 0.0 )THEN

DBLE.FIL
JAWS.FIL
JOUK.FIL
STRM.FIL
VLTY.FIL

.~ % N NN

NG100 ), ¥YY2( NG100 )

100, 200, 300,

DO K = 1, NG100

UGINT( K ) = UY0 ~ ZETAQ * YINTG( K,

VGINT( K ) = 0.0

END DO

ELSE

DO I = 1, NG100

YY1(I) = -XINTG(I,1l) * SIN(ALPHA) + YINTG(I,1l) * COS(ALPHA)
YY2(I) = -XINTG(I,2) * SIN(ALPHA) + YINTG(I,2) * COS(ALPHA)

END DO

DO K = 1, NG100

UROT1 = UY0 - ZETAO0 * YY1( K
UROTZ = UY0 - ZETAQ * YY2( K
UGINT( K ) = UROT1 * COS( ALP
VGINT( K ) = UROT2 * SIN( ALP

END DO
END IF
GOTO 500

DOK =1,

UROT1 = YINTG( K,
IF( ABS( UROT1 )

NG100

UGINT( K ) = UY0

ELSE

UGINT( K ) = UY0 * ( 1.0 + CREF * EXP( — UROT1** 2 )

END IF
VGINT( K ) = 0.0

END DO
GOTO 500

CALL JAWSFL1

GOTO 600

CALL DFWSFL1

GOTO 600

IF( IDBL .
GOTO 600
ELSEIF( (

EQ. 0 )THEN

IDBL .EQ. 1 ) .OR.

CALL DBLFL1

ELSEIF( IDBL .EQ. 3 )THEN

CALL DBLNS1

ELSEIF( IDBL .EQ. 4 )THEN

CALL DBLCS1

ELSEIF( IDBL .EQ. 5 )THEN

CALL DBLSN1

END IF

DOK =1,

NG100

IF( IDIR .EQ. 1 )THEN
UGINT( K ) = UGINT( K )
VGINT( K ) = VGINT( K )

ELSE

UGINT( K ) = UGINT( K )
VGINT( K ) = VGINT( K )

END IF

400 ),

1)/ AREF
.GT. 7.0 )THEN

+

( IDBL .EQ. 2 ) )THEN

DUGINT
DVGINT

DUGINT
DVGINT

)]
)
HA
HA

(
(

(
(

)
)

K
K
K
K

IFLOW

)
)

)
)
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END DO

600 RETURN
END

SUBROUTINE ROTATE( ANGL )

AAK KKK RAKRRKR KKK AR AR AR A AR AR AR AR R R AR Rk Ak Ak hkdddhkhhdkkhhkkikhidhkkhhkikkik

* *
* ROTATE THE COORDINATES OF GRID PTS. OF A SQUARE DOMAIN *
* FOR CALCULATING THE ONSET VELOCITY FIELD W. ALPHA *
* *
R R L L R T T L B PO B R R B R Ry A uRuru AN UG,
* *

PARAMETER ( NPAN = 100, NPAN1 = 101, NPAN2 = 102, NPANH1l = 51 )
PARAMETER ( NGRID = 41, NG10l = 101, NG1l00 = 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, NG101
YIJ1( K ) = -XG1( K
YIJ2( K ) = -XG2( K
END DO

* SIN( ANGL ) + YG1
* SIN( ANGL ) + YG2

AR
* %
QaQ
[eX o]
nn
Q)

(=

RETURN
END

SUBROUTINE ROTJR( ANGL )
A AIEIEKRR AR KA RK AR K KRR IR KR KRR AR RIR KKK KKK KA KK R RAR R IR KRR AR A KAk dk

* *
* ROTATE THE COORDINATES OF CONTROL PTS. ON THE SURFACE OF *
* THE AIRFOIL FOR CALCULATING THE ONSET VELOCITY W. ALPHA *
* *
************************************************************************
* *x

PARAMETER ( NPAN = 100, NPAN1 = 101, NPAN2 = 102, NPANH1l = 51 )
PARAMETER ( NGRID = 41, NG10l = 101, NG100 = 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

************************************************************************

* *
* SPECIFY THE CROSS FLOW FIELD ( 2ND ONSET FLOW FIELD ) : *
* UNIFORM OR LINEAR SHEAR *
* *
Ahkkkhkkrkhkkhkhkkhkhkkkkk NOMENCLATURE KRAKKIAT AR Kk kkhkAkkkkkkkkdkkhk*x
* *

* DU, DV DRAFT FLOW ON THE CONTROL POINT *
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DUG, DVG DRAFT FLOW ON THE GRID POINT

DUGl1l, DVG1l DRAFT FLOW ON THE FAR UPSTREAM POINT

* o % %

R L L T T T g e R S T S R R T
*
PARAMETER ( NPAN = 100, NPAN1l = 101, NPAN2 = 102, NPANHl = 51 )
PARAMETER ( NGRID = 41, NG10l = 101, NG100 = 100 )

* % F X * % A

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 ) = VX0 + ZETAl * XG( I, J )

END DO

END DO

DO K = 1, NG101

DUGl( K ) = 0.0

DVG1l( K ) = VX0 + ZETAl * XG1( K )
DUG2( K ) = 0.0

DVG2( K ) = VX0 + ZETAl * XG2( K )
END DO

DO K = 1, NPAN
DU( K ) = 0.0
DV( K ) = VX0 + ZETAl * X( K )

SUBROUTINE DBLFL1
LR R R R R I L L L L L N R R R 2 B PR L g R g e,

* *
* SPECIFY THE CROSS FLOW FIELD ( 2ND ONSET FLOW FIELD ): *
* UNIFORM OR LINEAR SHEAR *
* *
hkkkkhhkkkkkkkkkkkxhkk NOMENCLATURE dkhkkkkdhkhkhkhkrhkkkhkhkhkhkhkkrhkkkkkkk
* *
* DUGINT, DVGINT DRAFT FLOW FOR THE STREAM FUNCTION CALCULATION *
* *
***************************************************t********************
* *

PARAMETER ( NPAN = 100, NPAN1 = 101, NPAN2 = 102, NPANH1 = 51 )
PARAMETER ( NGRID = 41, NG10l1l = 101, NG100 = 100 )

INCLUDE ’ CNST.FIL
INCLUDE ’ DBLE.FIL
INCLUDE ’ STRM.FIL

DO K = 1, NG100

DUGINT( K ) = 0.0

DVGINT( K ) = VX0 + ZETAl * XINTG( K, 2 )
END DO

RETURN
END

SUBROUTINE DBLNS
R Ly 2 S e R et R R e L T T Ty,
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203

: SPECIFY THE CROSS FLOW FIELD ( 2ND ONSET FLOW FIELD ): :
* EXPONENTIAL SHEAR FLOW *
:******************* NOMENCLATURE *****************************:

*
Z DU, DV DRAFT FLOW ON THE CONTROL POINT :
* DUG, DVG DRAFT FLOW ON THE GRID POINT :
: DUG1, DVGl DRAFT FLOW ON THE FAR UPSTREAM POINT *
:**********************************************************************:
* *

PARAMETER ( NPAN = 100, NPAN1l = 101, NPAN2 = 102, NPANH1 = 51 )
PARAMETER ( NGRID = 41, NG101l = 101, NG100 = 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) = VX0 * ( 1.0 + CREF1 * EXP( — UROT** 2 ) )
DUG( I, J) = 0.0

END DO

END DO

DO K = 1, NG101
UROT = XG1l( K )/ AREF1
DVGl( K ) = VX0 * ( 1.0 + CREFl * EXP( - UROT** 2 ) )

DUG1( K ) = 0.0
UROT = XG2( K )/ AREF1
DVG2( K ) = VKO * ( 1.0 + CREF1 * EXP( - URQT** 2 ) )
DUGZ( K ) = 0.0
END DO

DO K = 1, NPAN
UROT = X( K )/ AREF1
DV( K) = VX0 * ( 1.0 + CREF1 * EXP( - UROT** 2 ) )
DU(K) = 0.0

END DO

RETURN
END

SUBROUTINE DBLNS1
KKK IR A KRR AR KRR KRR KRR KRR AR AR R KA R AR AR KR KA IR RN AR KR AR RK KRR AR AR KRR KRR AR A K

* *
* SPECIFY THE CROSS FLOW FIELD ( 2ND ONSET FLOW FIELD ): *
* EXPONENTIAL TYPE CROSS FLOW *
* *
% d K gk ode e ok ek Kok ok ok kok ko NomNCLATURE Ahkdkhkhkkrkhkhkhkhkhkhkhkrkrhkhkxkkhkkkxkx
* *
* DUGINT, DVGINT DRAFT FLOW FOR THE STREAM FUNCTION CALCULATION *
* *
************************************************************************
* *

PARAMETER ( NPAN = 100, NPAN1 = 101, NPAN2 = 102, NPANHl = 51 )
PARAMETER ( NGRID = 41, NG10l = 101, NG100 = 100 )

INCLUDE ’ CNST.FIL
INCLUDE ‘' DBLE.FIL
INCLUDE ‘ STRM.FIL '




DO K = 1, NG100

UROT1 = XINTG( K, 2 )/ AREF1l

DVGINT( K ) = VX0 * ( 1.0 + CREF1 * EXP( - UROT1** 2 ) )
DUGINT( K ) = 0.0

END DO

RETURN
END

SUBROUTINE DBILCS
e RS e e L L L Ty L R P L B P T g 2 R e

: SPECIFY THE CROSS FLOW FIEID ( 2ND ONSET FLOW FIELD ): :
* COSINE SHEAR FLOW *
:******************* NOMENCLATURE, *****************************:
* *
: DU, DV DRAFT FLOW ON THE CONTROL POINT :
: DUG, DVG DRAFT FLOW ON THE GRID POINT :
* DUG1, DVGl1 DRAFT FLOW ON THE FAR UPSTREAM POINT *
:**********************************************************************:
* *

PARAMETER ( NPAN = 100, NPAN1 = 101, NPAN2 = 102, NPANH1 = 51 )
PARAMETER ( NGRID = 41, NG10l = 101, NG100 = 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) = VX0 * (1.0 - COS( AA ) )
DUG( I, J) = 0.0

END DO
END DO

DO K = 1, NG101

AR = ( XG1( K ) + SEDGE ) * PI / 20.0
DVG1( K ) = VX0 * ( 1.0 - COS( AA ) )
DUGL( K ) = 0.0
AA = ( XG2( K ) + SEDGE ) * PI / 20.0
DVG2( K ) = VX0 * ( 1.0 - COS( AA ) )
DUG2( K ) = 0.0

END DO

+ SEDGE ) * PI / 20.0
* (1.0 -COS(an) )

SUBRQUTINE DBLCS1
bRt R R R R R R A T L R T R T T TR R R R B 2 S U

* *
* SPECIFY THE CROSS FLOW FIELD ( 2ND ONSET FLOW FIELD ): *
* COSINE TYPE CROSS FLOW *
* *

Fe ok K ok dek ke Kk kK ok kA ko dkok NOMENCLATURE ARIKAI KR KKK KRR KA KKK Akkkkhhkkh ki
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* *
* DUGINT, DVGINT DRAFT FLOW FOR THE STREAM FUNCTION CALCULATION *
* *
*******************************************i****************************
* *

PARAMETER ( NPAN = 100, NPAN1l = 101, NPAN2 = 102, NPANH]l = 51 )
PARAMETER ( NGRID = 41, NG101 = 101, NG100 = 100 )

INCLUDE ’ CNST.FIL
INCLUDE ’ DBLE.FIL
INCLUDE ’ STRM.FIL

DO K = 1, NG100
AA = ( XINTG( K, 2 ) + SEDGE ) * PI / 20.0
DVGINT( K ) = VX0 * ( 1.0 - COS{ AA ) )
DUGINT( K ) = 0.0

END DO

RETURN
END

SUBROUTINE DBLSN
HE I I KRR R KRR KRR AR KA AR KK KRR AR AR IR K ARARR AR A KRR KAk ke kK kh Ak ok ek

: SPECIFY THE CROSS FLOW FIELD ( 2ND ONSET FLOW FIELD ) : :
* SINE SHEAR FLOW *
:******************* NOMENCLATURE ;****************************:
* *
: DU, DV DRAFT FLOW ON THE CONTROL POINT :
: DUG, DVG DRAFT FLOW ON THE GRID POINT *
* DUGl1, DVG1 DRAFT FLOW ON THE FAR UPSTREAM POINT :
:**********************************************************************:
* *

PARAMETER ( NPAN = 100, NPAN1 = 101, NPAN2 = 102, NPANH1 = 51 )
PARAMETER ( NGRID = 41, NG10l1l = 101, NG100 = 100 )

INCLUDE * CNST.FIL
INCLUDE ’ CORD.FIL
INCLUDE ' DBLE.FIL

DO J = 1, NGRID

DO I = 1, NGRID
AA = ( XG( I, J)
DVG( I, J ) = VX0
DUG( I, J) = 0.0

END DO

END DO

+ SEDGE ) * PI / 20.0
* (1.0 - SIN( AR ) )

DO K = 1, NG101
AR = ( XG1( K ) + SEDGE
DVG1( K ) = VX0 * ( 1.0
DUGL( K .

* PI / 20.0
SIN( AA ) )

|~

0.0

K) + SEDGE ) * PI / 20.0
VX0 * (1.0 SIN( AR ) )
0.0

AA = ( X( K) + SEDGE ) * PI / 20.0
DV(K) = VX0 * ( 1.0 - SIN( AA ) )
DU(K) = 0.0
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END DO

RETURN
END

SUBROUTINE DBLSN1
LR h R R R R R R R L Ly T Ly R L R e Lt L L L Ty

* *
* SPECIFY THE CROSS FLOW FIELID ( 2ND ONSET FLOW FIELD ): *
* SINE TYPE CROSS FLOW *
* *
khkkhkhhkkhkhkhhkkkkhkkkhkkh Nomcmm hkdkhhkkkdkhkkhkhkhkkhkhkhkhhkkkdkhkhhkiki
* *
* DUGINT, DVGINT DRAFT FLOW FOR THE STREAM FUNCTION CALCULATION *
* *
***‘k********************************************************************
* *

PARAMETER ( NPAN = 100, NPAN1 = 101, NPAN2 = 102, NPANHl = 51 )
PARAMETER ( NGRID = 41, NG10l1l = 101, NG100 = 100 )

INCLUDE ’ CNST.FIL ’
INCLUDE ’ DBLE.FIL *
INCLUDE ’ STRM.FIL ’

DO K = 1, NG100
AA = ( XINTG( K, 2 ) + SEDGE ) * PI / 20.0
DVGINT( K ) = VX0 * ( 1.0 - SIN( AA ) )
DUGINT( K ) = 0.0

END DO

RETURN
END
99
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APPENDIX E

INPUT AND OUTPUT FILES FOR THE COMPUTER PROGRAM
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The following files are the input (AIRFOIL.DAT) and output (AIRFOIL.OUT)
files for a camber Joukowski airfoil in Gaussian type shear flow,

U(y) = 3.5 [1 +2.765 ezp(—y?)]

$INPUT1
IFLOW = 3,
IDBL = O,
IAIR = 5,
IouT = 1,
ALPHA = 0.0,
ZETAQ = 0.0,
UYo = 3.5,
s = 10.0,
IMAX = 100,
ERRCR = 1.0E-4,
RCP = 0.6,
IDIR = 0
$END
$INPUT2
AM = 0.0,
AP = 0.0,
AT = 0.0
$END
$INPUT3
AREF = 1.0,
CREF = 2.765
SEND
SINPUT4
AREF1l = 0.0,
CREF1 = 0.0,
ZETALl = 0.0,
VX0 = 0.1405408347
$END
$INPUTS
YREF = -0.368
SEND
SINPUTE
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
SEND
SINPUT7
UCN1( 1 ) = -13.96,
UCN1( 2 ) = -13.73,
UCN1( 3 ) = -13.72,
UCN1( 4 ) = -13.71,
VCN1( 1) = 0.0,
VCN1( 2 ) = 0.0,
VCN1( 3 ) = -0.60,
VCN1( 4 ) = 0.24,
VREF1l = 194.2

$SEND



209

Yol
LELO W
L0 0
LD &
LESH &
1evy o
9620° 0

VHVOV

Z
-
P4
-
7 -
P4
Z

aGoT "
LR SRON B
Y112~
EOHT 2~
1iog -2-
193
010N 47 A
oroT -
Sr¥G 1~
EQO8 1-

-

VWVOIS

25100
e g
GoIY
L300
roas o
rASAI AN
geHe g

HLONIYLS % NOILVUNIIINOD 3NV

MW -

Gres
IR A
VELS

26
cato
ZEE6
I6FG

©
i

JE96

Strie6

T35
€166
€966
2666

184

o8

889 L° 2
SOEFes 1

oUIEHTI" O
‘G6-1L666666"6

U0 H1
BOROHS "€
‘EH+AIHREANE Y
100008 I

WD Ow

R

~
“
<
-
3




210

IR

o,

e 2 GiZapy 1960
o *2 G160 STt a
4 LB Tty
7 CERA s ERA A
4 PRVA AN [ R A 4
4 IO
farontg g
te GLGO W
" g [ G g
'€ 1SS AT
i e 2]
! "€ g
I ‘e LGAD O £
I ‘e GOy VL
4 ‘e VLI "1 OO0 Y G104
1 ‘e 9009 o DO
£ 96445 °€ YO ]
4 N S A SSAN A ¥~
< 9ere 1y ¢ ) b~
I 9Q3L¥ " ¥ GSIy B -
1 LB82Z B~ SLOB° 0 -
1 0L - 1v2o p-
1 9181 1- 8600 # L2 P~
1 8567 "1~ FARSI AN THey: g- AT G
1 EVLT T~ GCig g CLELH- SOGU* L Vicy g-
4 SEE6 1~ 6ETZ"H parYeEd g~ 99.0°0 eEex A~ 1599° ¢
7 60852~ CS10° 0 EGEQ B~ 65200 STEN M~  BGLHH
14 1Si¢ 2~ LI BIED H- 92H1° 0 LSEF B~ 6S6H°Y
24 £81e° 2~ 1s1e° g 19€@°"p- /92210 19e 0~ ¥veI1° A
2] 2ELY 2~ Q610 @ GEY P~ zZHVI O GSED M- LI H
24 ReLY 2~ TS0 R gaeE - 1191°f ESEy - QzZ51°m
Ky 562G 2- £eeo g LECA A~ CEQT°H JYEX W~ VLW
‘g 264G 2~ 9€20° 9 PCEM F- 8992 W LZEF B~ Vil61 g
‘g g119°2- 8va g 6620 Q- 91EC M LOEF B- L122°8
o 28€9° 2~ o920 Vieg p~ GLG2° 0 vo2a p- 1Lv2° 8
‘9 LLS9° 2~ 2Lz g Sr2e°p- Gv82°Q LG - LELZ O
6 ] wILI 2~ £820° 0 SIZO° A~ 921e° 0 L2200~ v1QEH
Vi ) 86492~ 6200 2810 - LIVE'H G610 - 1PEE°H 6
G ‘B 96492~ 6926 ° €~ |92 0" LYIR A- 91.LE°H 191 ¢~ 96S5E° 0 8
2l g 29L9° 2~ oLl e- 6OED " B S1ig - E2/V° W 9219 - PP6E"Q L2
fif g £659° 2~ naey e~ SIEO O 9L00° - 9SLEV U 166y O~ 112V f a2
< gvaety gyro-2- ANV 120 1vo6 /- G99V 9 GSUT - LGV GZ
Z 6LEZ 0 9v29°2- oLey: G2E0"' @ LOAB - 8LG6YV O 1200 0- o637 @ ve
/ ERA A ] GIA9°2- cevn: L2ey g 21606 CLIGTH o2
8 16020 16492~ CRHGH " BCED & VM 6HVS Ze
£ A2 100 - 66GVS°2- R6GH Leent g Loy 57050 z
A el g cri1s 2~ A GOL e [ 14
2 CELT FACRE A A /8N KRR AN ELr r1




211

el

o1 ,
Z6EL"G =
11100~ .

.CuDQ:‘D hq =
L98L = LUOA dn 5
81104 = NS 40 15

HO+300BB05° 5 1=

110

d1v DASAOInoe

L20L°
biras:
I696°

TOH 6656
IEmy G006
TN GG

=R

I
1
1
9964871 24 Lafye o 182674
HeH6T 1 ) nzca a COLGTH
GBL8° 1 g F396°H
r8vre-t ‘g gery:” LYS6° 0
L2 1 s SLTO . FOEG
395801 ) Sizo g 610" 0 12264
GG6L°1 s 6920 # geeo- o 1ep6° 0
680401 s oLy e WG4 AL 1]
89841 N (SR 500 ¢ Iy 2 14289 SveEg i U980
6G34° 1 ] eV Z8° o Eavg o £9E93 " #
888/L°1 N 6GVH" 6L v o 6TIB 3
Frel-l ..Q : : TLLT L £G4 1 ga8L R
R { R AL ORIt} (R ) 165/
1 39 9- 6320° 9 1279 EVog- o ﬁﬁn, 2
"1 q961 - I AN ) 290 LT H L@/ 3
;! (Vo1 6- Hoeo g 99 8GL0°p LELD 5 I
1 T141° 0~ (4040 1729 c1sot o Prote 3
1 LG O~ | ) GHO6GYS <980 Q gvia gy i
9£16° 1 QIvr1 - o- eaEm g LECG K 54
HEVG' 1 L9210~ SEU o8 ) ! 12696° 0 3L
8G46° 1 G010~ [ URN 0 ) Z¥ S 9G4 N226° 4 L
GIIO2 VAGHE 0~ G9oEN "N veon: LELY LIET” : BV M 3/
PIGY L SULE A= voEnT o oA’ FEbY PASA 919F "o rA
Sr6H2 ween -ty /a1 [OR 8 4 PACK: N i Q i L
Tivite BETEAO R ) S50 0 ] 8¢s YLaT g e YA
216l 16204 2OOT LVSE 13010 R4 2L
A A S82A° M 8L01°# i92¢€ s8R s 1L
veme: g 22E0° 0 GLZA LT COhe IACH ) heis I
re9E" & 8EIH" 0 1220°0 05010 I s nIHT L T 09
282v°2 L acy o) £920° 0 901" aaye aYeT o ¢ 29




212

PRI

TY

VILOC

VAR

VT

Vain)

-

iy
]

=

&~ LD Gy O O

)~ P~ 03 = ot

[N w03 €0 T

— & Cd s O I

...........
- R

i~ A._lr..]_.l:~ =

72”;3

lllggﬂquggw! ~14T-)g, DEIMT A A A = S NNNNANOOOMIOO S MO

L e B I R R e e B R e g ]

10

nmw RToo=
oAy SR T
Loy s NEehe,
mam foRegai]
Somatzaouny

WIS O N EY N = WIS =0 0 e G4 0O O LD 2 O (0 10 O P Y DO NN IO AN ODND =,
PSS IS P P P T 0D W00 1 LS LD 1D 10D 1D U7 LD WD N I Fe e e WD WD 1f LD O 03 @V CO M D 1 1) ~3 1) 1D WD 8D O
Lo e e e bt o o o e A N S S R O R R R T o N N S N N R R I R . R R T I R
1111111111111111111111.111111111111111111111J.
.....
;Mmmem 3333.,.:\“333333333333.e_.,:333_3333.53333?3e‘:,\.Je\.aJvZ,J
1111.11111111111111111111111111111111111’.1111

SO I ONOOR N T WD O = 0O W N
o~

et SOV SE LD I €0 € ) — O T
o e e e NN OO OO N MM ™

[ea)
NOT™ YO =t =t b T

20:56r326n..5693u0u5

....... ..‘......-......'-.....

S e i e B e B I T T I B T T e R e TR IR T R (e U |G U P R

R i I e R
333ﬁun.uﬂ..

=t e e D

L) = ) O T
TN TS AD I
~/7777:_/

Sall SN e e R A D R
SRR el [ ML BTy WEPRT, BT, W15}

J2.J.Jlﬁ<u i,.Y i

IMMOMEM Mo n
Rt B R R e R I I




213

62

TININOD =N
OO0~ =T D
§RG 0 I~ D 0D O 2D
RS R B e ]
s s e

NNNNOOMM

53

-y

s

Y RSN SRS BIsNTy)
w0 X ] N AR T
[N Y ol ~ : b © CICY =L DWW WD B P P P D P N
— d N - R e e e e B e B e B e B B B e I e I R ]
[splas] IO MMM 1M MOEOMEOMMOMMOMMOMIOM oMM
e o T e [ v A S O S B I - I [ iy S A R U I

= O CY PG P (T

SV s O 03 70 10 L e D2 O N e DN 0T T 0 U2 N O Y U e O 0 AR N S e |
WWVWWWWOIWOWLWT

7777“/—/777888880uouOuOUnOQJ.OJOJnu,nwgowhwwmagﬂd
—



214

VITA

Jyh-Chyang Alex Wang was born in Kaohsiung, Taiwan, Republic of China,
on December 12, 1958. He graduated from Chen Sheng Catholic Junior High
School in 1974 and graduated from Taipei Municipal Chien Kuo Senior High School
in 1977. The following October he enrolled in the National Cheng Kung University
with a major in Aeronautical Engineering. In 1981 he received the Bachelor of
Science degree in Aeronautical Engineering,.

After the fulfillment of compulsory military service, he married Min-Huei
Luo in Taiwan in June 1983. About a month later, they came to the United
States together and he received a M.S. degree in Aerospace Engineering from the
University of Maryland in 1984. In October 1984, he started to work on his Ph.D.
degree at The University of Tennessee Space Institute. He was awarded the degree
of Doctor of Philosophy with a major in Aerospace Engineering in December, 1988.

Mr. Wang is a member of The Honor Society of Phi Kappa Phi, American
Institute of Aeronautics and Astronautics, The Society for Industrial and Applied
Mathematics, and an associate member of Sigma Xi. He will be employed by Mc-

Donnell Douglas Astronautics Company in Huntsville, Alabama, after graduation.




