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ABSTRACT

With the aim of developing a fast and accurate
T computer code for predicting the aerodynamic forces
i needed for a flutter analysis, we review some basic

concepts in computational transonic$. The unsteady

dimensional unsteady transonic potential flow equation

_: transonic flow past airfoils in rigid body motion is

? adequately described by the potential flow equation as

¥ H
g long as the boundary layer remains attached. The two |

in quasilinear form with first order radiation boundary

conditions is solved by an alternating direction implicit
) scheme in an airfoil attached sheared parabolic coordinate

system. Numerical experiments show that the scheme is

very stable and is able to resolve the highly nonlinear
transcnic effects for flutter analysis within the context

of an inviscid theory.
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T I. INTRODUCTION
N
? We begin with a survey of the behavior of flows ’i
j past conventional airfoils. Then, we introduce the ii
~f unsteady transonic problem in flutter analvsis. Finally, ; ;
E we discuss the mathematical difficulties of solving [
%

such a problem. x

P e

;
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1. Flow Past Airfoils

We begin our discussion with a brief survey of the
behavior of flows past airfoils; when a conventional

R symmetric airfoil accelerates from subsonic speed to

7

R - Y

supersonic speed the flow pattern usually develops in

& i the manner shown in Figure 11. As the flight speed

‘ 'z of the airfoil reaches the critical speed, the local

2 % flow speed equals the local sound speed. Beyond the

? ,j critical speed, a supersonic region appears on the ‘
i j airfoil which is usually terminated by a nearly normal E
; ‘é shock through which the flow speed jumps from super- |
.

E i sonic to subsonic. With a further increase in the 1
flight speed, the shock moves aft and the size of
the supersonic region and the shock strength both

increase. If the pressure jump through the shock

is sufficiently large, separation of the boundary
layer occurs. This shock induced separation starts when

the local Mach number, the ratio of local flow and sound

speeds, just upstream of the shock is about 1.25 to 1.3.
When the boundary layer downstream of the shock separates,

i the nature of the flow around the airfoil changes ;

L A A CiaC
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completely and often turbulent flow phenomena, such as
buffet or buzz, start to occur.

The other important flight parameter is the angle of
attack, the angle between the flight direction and the
airfoil chord. The effect of changinathe angle of attack
of a conventional symmetric airfoil at a given super-
critical speed is shown in Figure 9 . When the angle of
attack is increased, the speed over the upper surface
increases, and the shock strength and the supersonic region
on the upper surface both increase.

The flow patterns for a modern supercritical airfoil
acceleration in speed or angle are usually similar to the
patterns shown in Figures 12 and 10, respectively. The

supersonic zone in these cases may consist of several

pieces.

e




2. Engineering Considerations

An aircraft under certain circumstances may experience
vibrations of an unstable nature. This phenomenon, called
flutter in aeroelasticity, 1is governed by the interaction
of the elastic and inertial forces of structure with the
aerodynamic forces generated by the motion of the vehicle.
These forces interact in such a way that the vibrating
structure extracts energy from the passing flow. This may
lead to a progressive increase in the amplitude of vibra-
tion and may cause structural damage and loss of control of
the vehicle.

For a given vehicle, the aerodynamic forces increase
rapidly with the flight speed while the elastic and
inertial forces remain essentially unchanged. There is a
critical flight speed called the flutter speed, above which
flutter occurs. The requirement that a flight vehicle be
free of flutter over the entire flight range, which may
include subsonic, transonic, supersonic and hypersonic speeds,
is one of the most crucial factors in the design and construc-
tion of flight vehicles. The vibration characteristics of
the vehicle at zero speed can be determined quite accurately
by numerical methods or ground vibration tests [44)}. Thus

flutter analysis depends mainly on the knowledge of the aero-

dynamic forces. In subsonic and supersonic flight, aerodynamic

forces can be predicted reasonably well by current

methods based on linear theory. For transonic flight,




. nonlinear effects make the evaluation of the transient
aerodynamic forces considerably more difficult. This has

concerned the flutter analyst sirce the beginning of

transonic flight. The transonic regime with its mixed
subsonic-supersonic flow patterns, usually containing
shock waves, is the most critical regime for the deter-

mination of the flutter boundary. A typical flutter

A wwy
5 i it o e <o o

o

- boundary with transonic dip is depicted in Figure 1.
‘ The flight speed may exceed the flutter speed in the

transonic region. o

speed

flutter speed

N //
- -2
flight speed
) IS AECRER] *
.4 8 1.0 1.4

Mach number

Fig. 1. Typical Flutter Speed vs. Mach Number Curves

of a Flight Vehicle. i;




Currently, supercritical wings make it possible to cruise
at transonic speeds with low drag. This leads to a renewed
interest in transonic flutter analysis. 1In this paper
we consider inviscid unsteady transonic potential flow
past airfoils in rigid body motion with the aim of provid-
ing a method of predicting the aerodynamic forces needed

for a flutter analysis.

.



3. Mathematical Problem

In mathematical terms we find solutions to a partial
differential equation that describes flow outside a wing
section which is in rigid body motion. There are several
difficulties in this problem:

1. The equation is nonlinear,

2. The physical time direction is not the time-like
direction of the equation when the flow is supersonic,

3. Shock waves occur, and

4. The body surface is moving in time, which is equivalent
to saying that there is an essential singularity at
infinity in the airfoil attached reference frame.

While much progress has been made in the mathematical
theory of transonic flow, many basic questions remain open.
For example, even for the small disturbance equation, one
of the simplest nonlinear mathematical models, it has not
been shown that the problem is well posed in a suitable class
of weak solutions. The linear theory is deficient 1in
predicting important features of transonic flow outside
airfoils in low reduced frequency motion [29].

At present, a very effective way to study unsteady
transonic flow is to obtain approximate solutions by compu-
tational methods. We overcome the first difficulty by the
use of finite difference methods. This allows the solution
to be advanced in time by solving a sequence of linear

equations which approximate the nonlinear equation if the




The second difficulty, as well as the

time step is small.
third, is solved by a type dependent differencing strategy
which employs central differencing for all terms at sub-
sonic points and upwind differencing for the streamwise
derivatives and central differencing for the transversal
derivatives at supersonic points. Shocks are captured
automatically. The fourth difficulty is solved by using a
coordinate system in which the airfoil is fixed. The

far field then has an essential singularity that can in turn
be treated by introducing radiation boundary conditions at
the artificial boundaries which are a finite distance away

from the body.




4. Plan of Work

The plan of this work is as follows: In Section II,
several flow models derived from the conservation laws of
fluid dynamics and the proper constitutional hypothesis are
reviewed in decreasing order of complexity. We begin with
the Navier-Stokes equations and step down to Euler equations,
potential flow equations, small disturbance equation, and
low frequency small disturbance equation. We discuss the
proper boundary conditions and related concepts in each
flow model. We also review some basic numerical concepts
and discuss a splitting technique for constructing stable
implicit schemes.

In Section III, we restrict our attention to the poten-
tial flow equation in quasilinear form. We study the
characteristic surfaces of the egquation and derive the
proper radiation boundary conditions for the artificial
boundaries of computational domain. We also discuss
coordinate transformations which render the airfoil surface
lying along a portion of coordinate surface in the compu-
tational domain.

In Section IV, we construct a highly stable alternatirg
direction scheme for the potential flow equation in the compu-
tational domain. The finite differencing strateqgy and
approximate factorization technique are analyzed through
linear models, convection equation and wave equation .

It is shown that the scheme is unconditionally stable for
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n

P R Y P

these two cases.

In Section V, we check the scheme by calculating
steady flow past some airfoils. The computational results
show that the scheme is very stable and there is no problem
in calculating sonic flight. Then, we demonstrate our
ability to calculate unsteady transonic flow past realistic
airfoils in rigid body motion.

In Section VI, we present the conclusion of this work.

In Appendix A, we describe a 5-diagonal matrix solver
employed in our scheme.

In Appendix B, we explain the operation of the computer
program and the glossary of input parameters. We also
present the listing of the computer program UFLOS.
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II. BASIC CONCEPTS

With the object of developing a fast and accurate
computer code for unsteady transonic flow past airfoils
we review in this section some basic mathematical models,
including governing equations and boundary conditions
for unsteady transonic flows and some relevant numeri-
cal concepts including the resolution of the finite
difference mesh system, the ideas underlying the split-
ting technique and the shock capturing technique used
to construct an alternating direction implicit scheme
and the advantages and disadvantages of conservative

and nonconservative difference schemes.
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1. Customary Flow Models

In many aeronautical applications
observed. The phenomenon of turbulence is not well under-
stood and currently much attention focusses on finding
useful models to describe turbulent flow theoretically.
Continuous flow models have been found adequate to

describe a large class of flows of practical importance [32].

1.1 Navier-Stokes Equations

With the proper constitutive approximations, the

conservation laws

the Navier-Stokes equations in Cartesian x,y coordinates

of mass, momentum and energy lead to

in the conservation form {32,38]

(L)
where
,
P
pu
U =
pv
[ ] J
G =

with

U

e PF* Gy =0
{
pu
ou + o
F = X
puv + Txy
(e+0x)u + Tyxv -
pv |
puv + Tyx
2
vi + o
0 y

13
(e+oy)v+ 'rxyu- KW J

turbulent flow is

Y. by . 2 .
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- = oy (Y, 3V
xy _ yx v (5% ay)
du v u
kTP Mty -
and
= du vy _ v
o = P - A(ax + 5?1 2u Y

in terms of density p, pressure P, velocity components
u and v, viscosity coefficients » and u, total energy
per unit mass e, specific internal energy € and coeffi-
cient of heat conductivity k. To close the system we
adjoin the ecuation of state p = p(c,p). The simplest

equation of state is the polytropic relation (y-law)

P= (y=-1l)ep , Y = constant ,

where Yy is the ratio of specific heats, equal to 1.4
for air.
The above system can be rewritten in the nondimen-

sional form [42])

_ =1
(2) Ut + Fx + Gy = Re (Rx + Sy)
where
) } [ pu ) [ ov )
2
pu pu“+p ouv
U = , F = s, G = 2 '
pv puv pv+p
| e | | u(e+p) | [ v(e+p) |
0 0
T T
- XX _ Xy
R = T ’ § = T
Xy Yy
R S

P

SEBET Y U Y




'
R %

PR DR NP

T = (A + 2u)ux + v

XX Y
Txy = u(uy + vx)
= (X + 2 + A
Tyy ( u)vy u, . X )
R4 = ut . + VTXY + KPr (vy - 1) axa
- -1, _ -1 2
and S4 = u'rxy + VTyy + KPr (y 1) 8ya
2 2
P = (y-1)[e ~ 0.5 p(u“+v°)]

where the local sound speed a is given by

a2 = y(y-1)[e - 0.5(u2+v?)] ,

A is taken as ~(2/3)u, the Stokes hypothesis. Note that
the nondimensional reference quantities are arbitrary, the
Reynolds number Re and the Prandtl number Pr used in equa-
tion (2) are defined in terms of these reference values.
Usually, two types of boundary conditions must be
specified to determine flow past airfoils in motion.
a. The body surface condition requires the flow velocity
relative to the body be zero (no slip condition), and
b. Appropriate far-field boundary conditions must be
specified at the necessarily finite limits of the

computational domain.

-~ e -
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1.2 FEuler Equations

If viscosity and heat conduction are neglected, the

flow equations (2) are reduced to
(3) Ut + Fx + Gy =0

and the equation of state for the y-law gas,

(3") P = (y=-1) €p

In the inviscid flow field, if there are surfaces

of discontinuity, the solution of the differential form

(3) has to be interpreted as a weak solution of the flow

equation with proper entropy condition. u(x,y,t)

weak solution of differential eguation (3) if

T
f [J [wt-U+wX-F+wy-G] dx dy dt = JJ WU dx d%}
S

T

S

is a

for any smooth test function W({(x,y.t) which vanishes

for " (x,v)! large. An eguivalent statement of weak solu-

tions of the differential form (3) is that

a. The differential form (3) holds in the smooth region, and

b, Across any surface § of discontinuities, the following

jump condition holds:

nt[U] + nx[F] + ny[G] =0 on S

Here n = (nx,n ,nt) is a unit normal vector to

Yy

]
t

the surface S
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of discontinuity pointing from the region (1) to the
region (2). More specifically, if & is the velocity
vector of the flow and s is the velocity of the surface
of discontinuity, then the jump relations derived from

the conservation laws of mass, momentum and energy are

(4) m = (n-ql—s)no1 = (n-qz—s)p2
and

el e2 -~ I
(6) m(BI - 5; = pl(n°q1) - pz(n-qz)

Equation (5) implies the following two equations:

(7) ‘m(n+q, -n+q;) = py - P,
and
(8) m(nxq, - nxqy) = 0

We can distinguish two cases with either m # 0 or
m = 0 across the surface of discontinuity. In the first
case, the tangential velocity component nxq is continuous
across the surface which represents a shock wave; in the
second case, it is a slip surface across which the pressure
and the normal velocity component ;°& are continuous while
the density and the tangential velocity component can have

arbitrary jumps. In the particular case both m

vanishes and nxq is continuous, the slip surface is called

PO
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a contact discontinuity where only density is discontinuous
and there is no relative motion.

If there is a region of supersonic flow in the flow
field it is well known [30] that shock waves will
generally appear. The entropy condition to pick the right
weak solution is that ﬁ-i decreases across the shock.

For the inviscid flow model the boundary condition at

the body is reduced to the kinematic condition requiring

the body to be impenetrable to the flow. Namely, the flow
remains tangent to the body surface. 1In mathematical terms

it is subject to the condition é
dF _ _ -0
gt = Fe * g«-VF = 0 on the body surface F(x,y.,t) =

At the trailing edge it requires that the pressure and
the flow direction be continuous. To be specific, the
rate of change of circulation I', measured counterclockwise,

is given by
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where the velocities a, and q, are the upper and lower
velocities at the trailing edge. Consequently, if the
circulation is to change with time, neither the average
velocity nor the jump velocity can be zero. The vortex
sheet, comprised of vortex filaments, trailing
downstream of the airfoil, 1is viewed as a

slip surface. In reality, the vortex sheet

is convected with the motion of the fluid and rolls up

on itself due to its self-induced velocities. A consistent
model accounting for the roll-up of the sheet would add
greatly to the difficulty of constructing a boundary
conforming coordinate system. If the convection and roll-up
of the sheet are ignored, the vortex sheet may be assumed

to be along the streamwise coordinate surface that leaves
the airfoil trailing edge smoothly. The constraints applied
on it are that the pressure and the normal velocity component
be continuous across the vortex sheet.

The appropriate radiation boundary conditions at the
artificial boundaries of computational domain are again
needed.

We remark that in steady flow calculation, the energy
equation can be replaced by Bernoulli's equation for constant

P ul+v? _

total enthalphy H = V%T > + ) Z const. thereby reducing

the number of dependent variables from four (p,u,v,e) to

three (p,u,v).

———

-
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1.3 Potential Flow Eguation

Assuming that the flow can be described by a velocity
potential, the Euler equations can be reduced to a single
quasilinear equation. This implies that the flow is irrota-
tional and hence in view of Crocco's relation that there are
no entropy changes in the flow. The entropy produced by a
shock is proportional to the third order of the shock strength
[12]. We may assume that the entropy is conserved across the
shock if we just consider weak shocks, such as occur on the
surface of a well designed airfoil. This approximate model
should not be a source of serious error if the Mach number of
the normal component of the flow ahead of the shock is less
than 1.2.

Let ¢ be the velocity potential with g = V& the

velocity vector. The equation of motion Dg/Dt = -Vp/o
leads to

3q ,o(a® vp

It +V(2) - gx(Vxqg) +'E-=0

qz dp
v(¢t+~2—+[_p_)=o

2
. + %T + I %? = f(t) + constant.

If ¢ = ¢ - J f(t) dt then V¢ = V$ and ¢t = 0o - £(t).

t
We therefore call ¢ velocity potential as well and

we have the Bernoulli equation for ¢

q? d
(L) ¢t + 5 4 J 7? = constant.

The conservation of mass is

— it i " i ik PRRPPEIT I )
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(2) Pe t (o¢x)x + (mby)y =0
We take the equation of state to be

1
i 3) p = (7) o)
with p, =1 and a_ =1
In the smooth region of the flow we may eliminate p from

the above equation and get a quasilinear equation for ¢.

The equation of continuity yields

le— . = . =

The Bernoulli equation, after differentiation, leads to

2 v-1
D 9, - .5 dp) - _ D oy - . Y2 Do
ot Pt ) Dt{f o) 5t (y=1) o bt
2
- -2 Do _ 2
o bt - & A

Finally, we combine them and get an equation

D

(4) s

(3, + 3 -v)0 = a%as
or

_ 2 _ 2 _ 2 _ 2
(5) ¢tt-+2u¢xt-+2v¢yt = (a u )¢XX 2uvdsXy + (a \Y )évy

4

The shock conditions which will be applied in the model
(1), (2) and (3) are
a. BXQ is continuous across the shock which implies
¢ is continuous
b. (5'6 - 8)ep 1is continuous which says mass is conserved

across the shock, where s is the shock speed
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C. ﬁ-i decreases across the shock. This is the entropy
condition.
Here n is the normal to the shock surface.

According to these conditions, a normal shock is to be
modeled as a jump between equal points of an isentropic
stream tube. The corresponding change in normal momentum
is balanced by a force on the discontinuity. The combined
force on the body and the discontinuity is zero so
that the integral of the pressure over the body surface
yields a drag which is an approximation to the wave drag.

The surface condition requires that
Véen = v ‘n on the body surface.

Here n is the normal to the body surface and Vg is the
body velocity relative to the absolute reference frame.
The trailing edge and wake condition are basically the

same as for the Euler equations. Specifically, the rate

of change of circulation I' of airfoil is given by

_d _da _
%) = 3t é q dr = Ic [¢]TE = [¢t]TE

Q.-lQa
o[

With the continuity of pressure and normal velocity component
across the wake, the Bernoulli eguation gives
2
, ¢s -
(7) [¢t] + [TT] = [¢t] + ¢s[¢s] =0
where 53 stands for the average velocity at any point in the

wake. Thus the c¢irculation can change only if
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there is a velocity jump at the trailing edge. Hence a
vortex sheet is shed and the wake condition (7) expresses
the equation for the transport of vorticity downstream.

We will discuss radiation boundary conditions for

equation (5) 1in a later section.

1.4 Small Disturbance Equation

For small disturbance transonic flows, the flow
equation can be further simplified by a perturbation
method [1)]. Namely, assume that the thickness to
chord ratio 1 of the airfoil under consideration
T2/3 2

n 1-M° << 1 , where M is

o o]

is small in the sense of
the free stream Mach number. If we expand the potential
¢ to the potential flow equation in the powers of T and
retain the lowest approximation, we obtain the small

disturbance equation

S10pe * 2850, T ViOyux t 0

Cc XX Yy
where
s, = M2 (23, s, = wi/e?3)
and
 y1m2y s-2/3_ 2, _ o a2
v, = (1 M)/t (y+1IM 0 = (Y-1)M ko,

The reduced fregquency k = wc/qoo is a measure of the
degree of unsteadiness of the flow field since it is the

ratio of the time scale of the airfoil flight speed c/q_
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and that of the unsteady motion 1/w, where c is the chord
of airfoil, w is the frequency of the unsteady motion and
q 1is the flight speed. The flow velocity is the sum of
the free stream velocity q_ and the gradient of ¢. We
remark that ¢, t, vy and x have been scaled by
;;‘ ” c12/3qoo , 1/w, c/vcl/3 and c respectively.
pR The primary merit of this approximation is that the
surface condition is very simple. The surface of the
airfoil is transferred to the slit y =0, 0 < x < 1,
which is the mean surface approximation to the airfoil

in the new scaled coordinate system. If h(x,t) is the

A, i, P

unsteady displacement of the airfoil surface from the true

Ay e

Ay N

mean contour f(x), then the surface condition is

~ = 3 - <
: ¢y fX + hx + ht on the slit vy 0o, O x < 1.

The wake condition is that the jump of the pressure coefficient

across the wake y = 0 , 1 < x, rmust vanish Namely,

[cp] = 0 where cp = - 2 12/3(

b+ 0y) -
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1.5 Low Frequency Small Disturbance Equation

2/3

For low frequency k ~ 1-M2 NoT << 1, it is well

known [1] that the small disturbance equation reduces to
2S2¢xt - vc¢xx + ¢yy
where v_ = (1-M2)/t/3 - (yr1mls .
The surface boundary condition and the wake condi-
tion can be either that of the small disturbance
equation or as follows:
a. ¢y = fx + hx on y=0, 0<x<1

b. e ) = 0 on vy 2/3

b, .

0, 1 < x where cp = =21 X

1.6 When to Use Which Model

Each model has its own limitations based on the assump-
tions used in developing the flow equations. For example,
the low frequency small disturbance equation does not
describe high frequency motion well, the small disturbance
equation does not describe the blunt leading edge airfoils
well, the potential flow equation does not describe the
strong shock wave well, the Euler equation does not describe
separated flow well. We briefly remark that when strong shocks
lead to separation, viscous effects cannot be neglected. Either
boundary layer correction equations or the Navier-Stokes equa-
tion have to be employed [10]. The consideration of turbulence
is probably needed to resolve the complicated flow phenomena
such as buffet separation, reattachement, and so on. Here we
will consider flows with relatively weak shocks which can be

adequately described by the potential flow model.




Basic Numerical Concepts

The numerical problem is to find an approximate
solution accurate to within some tolerance. The most
basic and widely used method to solve time dependent
problems is the finite difference method. In this sec-
tion we review some basic numerical concepts about the
finite difference method and propose a finite difference
strategy with a splitting technique which result in
unconditionally stable schemes for the heat equation,
linear advection equation . and wave equation. respectively.
And we will apply those ideas to construct an ADI
type scheme for the potential flow equation in quasilinear

form in Section 1IV.
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2.1 Mesh Spacing

In the finite difference method, one performs all
calculations on the grid points of a computational domain
which is of finite extent. Once the grid points are
given, the resolution of the physical phenomena is
naturally limited by the mesh spacing. To be specific,
we introduce some terms through the definition [36] of

a Fourier mode:

vy = a ei(wt+£x)

= a elE(x+(w/€)t)
i Z(x+ct)
(1) = ae
where a is called the amplitude; w, the phase rate;
£, the wave number, ¢ = w/E, the wave speed; X = 21/, the
wave length; wt + £x, the phase angle; f = w/2m, the
frequency; T = 1/f, the period.
Suppose we express a function u({x) as a Fourier series
© 1£jx

(2) Culx) = ¥ a; e

On a mesh system containing I equally space points of !
spacing Ax, the Fourier mode of shortest wave length

resolvable in the system is Amin = 2Ax ; the longest

wave length is xmax = (I -1)Ax = L. The corresponding L

wave numbers are = n/Ax and §_ . = 2n/L.
gmax / “min /

So the total number of wave models resolved by this

mesh system is N = (I -1)/2 and the part of u which can be




27

resolved by this system is the partial sum

A= J i =j._'n-_
u Z a. e with gj NEx

In viscous flow, the diffusion and the advection for

. a Fourier mode u = a elfx lead to
. d2u 2
W= =-ut
dx
and
¥ du_ .
pu Fo = pul(ifiu
Their ratio is (pu)/(uf). As £ increases the diffusion

'
A "A.

JO S

becomes stronger and dominates eventually. The mesh

P

spacing should be fine enough to understand the dissipa-
tion mechanism. On the other hand, for computational
efficiency the number of mesh points must be kept to

the minimum required to resolve all the significant
phenomena. Hence, in practice [32], a typical computational
domain consists of a fine mesh region where viscous effects
are important and a coarse mesh region where the flow is
essentially inviscid. Some techniques, for instance,
coordinate stretching and/or coordinate transformations are
useful [14,19,24,41]. Automatic mesh system generation

techniques for flow about multiple bodies in a plane have

been developed (42,43].
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2.2 Time Step and Approximation Factorization Technique

Explicit finite difference methods have demonstrated
their ability to solve a wide range of flow problems. How-
ever the size of a time step that a solution can be advanced
during each step of calculation is restricted by the
Courant-Friedrichs-Lewy condition (CFL condition). The CFL

condition imposed on the time ster is

A
At <

~ lal

where A is the grid mesh spacing and |g| is the fastest
propagation speed anywhere on the mesh system. Therefore,
the solution requires long and expensive computation time.
Unlike the explicii method, implicit methods can be
theoretically stable for all time step sizes. Unfortunately,
an implicit method in two or higher space dimensions
requires a set of equations to be solved at the advanced
time level which is not always easy to accomplish directly.
Accordingly, the splitting technique is introduced to yield
feasible computational processes. We illustrate the split-

ting technique on the heat equation in two space dimensions.

(1) bp = by * O

XX Yy

The finite differencing strategy is replacing the
differential operator in time Dy by the forward difference,

the ¢ in the right-hand side by the average of ¢n+1 and ¢n
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and the differential operators Dxx and Dyy by the second

order center difference operators in x and y respectively.

Namely,
n+l .n -1 -1 n+l, . n
. . -0, . E_-2I+E E. =-2I+F ..+, L
ij i3 o [[IX x oy TC 7y A T
(2) At {[ 3 }*{ 2 }[ i]
Ax Ay
n _ .n . n _ .n
where Ex¢ij = ¢i+1,j , Similarly Ry@y = ¢i,j+1'

The accuracy of the finite difference equations is of

second order in time and space.

We may write the finite difference equation in terms

= - -1 _ _ -1 , _ . 2
of Gxx = Ex ZI+Ex ’ GYY = Ey ZI+F,y , Wwith p = At/2Ax
and q = At/ZAy2 as the equation
(3) (1-ps__-qs_ Jo"*t = (1+ps__+qé_ ) ol

A 4 A £ xx T yy''y

The idea behind the splitting technique is to generate
a perturbation of the above equation that permits a simpler
computé&ional process. Namely, we may factor equation (3)

as follows.

1 n

4 1-pé 1-g6 ntl - [(1+ps 1+g6

(4)  (1-p8,.) (1-as, oy (1+p8,,) (1498, oy

Here, we add a term (At3/4)¢xxyyt of third order in time

to the equation (4). The von Neumann stability analysis shows
that the scheme is unconditionally stable which means there

is no restriction on the time step At to the spacial steps

A ei(mx+ny)

Ax and Ay. Indeed, substituting ¢ = ¢ into
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equation (3) we obtain
!
131 = 1-2p(l-cos £) 'I—Zg(l-cos n)
1+ 2p(1-cos &) 1 +2g(l-cos n)

with £ = m Ax and n = n Ay. By the fact that both p
and q are positive we conclude that the right hand side
is less than 1. This shows the amplification li! is
bounded by unity without any restriction on p and q.

The algorithm for the solution of equation (4) con-

sists of three easy steps:

= +q8 n ”
X (1+q yy)¢y
(l-p&xx)Y = (1+p6xx)x
-as n+l _
(1-q YY)¢Y Y

Each of the last two sSteps requires a 3-diagonal matrix
solver which is not expensive at all and can be found in
any standard numerical method book [23,41].

It is worthwhile noting that equation (4) can be taken

to represent an iterative procedure which converges if

¢ij = ¢ij = ¢ij for sufficiently large n.

Then, equation (2) is reduced to the standard five-point
difference approximation of the Laplace equations. In this
case the quantity At can be viewed as an iteration parameter
and may be varied from iteration to iteration to optimize

the convergence of the process.
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Equation (4) can be rewritten as

At At n+l n _ n
or
n+l n _ n

It falls in the following general form [20,25],
(6) Ne™ + wR™ = 0

which is used to solve the steady differential equation Id = 0.

n n+1l n

Here, ¢ = ¢ - b n

is the correction, R" = L¢ 1is the
» residual which measures how well the finite difference equa-
tion is satisfied by the nth level solution ¢n, w is a

relaxation parameter and N is chosen as a product of two

or more factors indicated by
N

The factors Ny and N, are chosen so that (1) their
product is an approximation to L, (2) only simple matrix
solvers are required, and (3) the overall scheme is stable.

This type of implicit scheme has been found very power-
ful in the calculation of steady flow. We remark that the
parameter a in the equation (5) can be replaced by some
lower order differential operator to speed up the convergence

rate as well as to introduce damping which is needed in the

multigrid technique [26].
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2.3 Artificial Dissipation and Upwind Differencina

In inviscid flow calculation, a scheme that seems
stable for shock free flows sometimes blows up when it
is employed to calculate shock waves. This is due to the
fact that using some difference formulas across a disconti-
nuity can lead to oscillations which may grow. To remedy
this, the well known shock capturing technique is to add
to the inviscid flow equation a proper amount of artificial
dissipation to simulate the physical dissipation in the
shock layer and to provide the necessary damping for large
wave number disturbances so that the shock wave is smeared
out over several mesh points [28]. Namely, if we model the

physical solution by the inviscid flow equation

(1) u, + Vef(u) =0

For shock calculations, we look at the solution u of (1)

as limit of the viscous flow equation

(2) ug + Vef(u) = V(eVu)

where ¢ is positive and is of the order of the mesh spacing.
Equation (2) 1is of diffusion type and the solution

can be shown to exist [31]. Suppose that the solutions u{e)

of (2) tend to a limit u boundedly almost everywhere as € = 0.

Then, ut(c) tends to u Vf(u(e)) to VE(u) and V(e Veu) to O

t 14

in the distribution sense. This says that u satisfies (1)
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in the distribution sense which is equivalent to saying

that u satisfies the conservation law in the integral form.
The artificial viscosity can be viewed as a kind of

truncation error exhibited by the approximation to the

differential equations. It may be either in explicit or

in implicit form. We consider the artificial viscosity

introduced by upwind difference for the advection

equation

(3) ¢t + up. =0

i u n+l n+l n n _
(4) 5Tt 7R {(¢i “biop) f “1’1"")1-1’} = 0

The von Neumann local stability analysis is to substitute
a Fourier mode ¢ = ¢k e™™X  into equation (4). This leads
to

~ l-p(l-cos &) -ip sin §
fel = < 1
1+p(l-cos &) +ip sin &

with p = uAt/2Ax > 0 and £ = mAx. It is trivial that the
scheme is unconditionally stable.

In equation (4), we did add an artificial viscosity

implicitly through the upwind differencing in x. We can see

it explicitly by Taylor series expansion. Equa-

tion (4) is equivalent to the equation

+ ud = u = ¢ + O(Atz,Ax2

(5) ¢t X 2 XX

) .
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The extra term u(Ax/2)Gxx is the leading term in the trunca-
tion error and is referred to as the artificial viscosity.

To discuss the diffusion and dispersion properties
of this finite differencing, we first derive the dispersion
relation of the differential equation (3). Substituting
¢ = ei(mt+€x) into the equation (3), yields the relation
w+uf = 0. w is a real number so that there is no damping
of any wave mode and all waves have the same phase speed u.

Next, we apply the same Fourier mode to the viscous

differential equation

+up. = lu] o

(6) ¢t X 2 XX

It has the dispersion relation

w + ug = lul %? €2i

So a solution of equaticn (6) is

if(x-ut)  -1lulE £2)e

p = e e
The magnitude of the damping increases with the wave
number f and the velocity u. Hence, the effect of arti-
ficial viscosity is to introduce larger dissipation for both
the larger wave number mode and the faster flow region.
We see that there is no dispersion up to the first order
approximation. However, if we add an extra term of ¢xxx to

the right of equation (6) then dispersion occurs. This

means that different frequency waves propagate with different
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speeds in the flow field.
The upwind differencing has played a very important
role in transonic flow calculations. The main purpose is

to exclude the expansion shock.

2.4 Conservative Finite Difference Schemes

The main idea behind the use of conservation form is
the fact that if the difference equation to the differential
equation in conservation form is again in conservation
form, the solution of the finite difference equation satisfies
the Rankine Hugoniot jump conditions automatically ([30,39].

The differential conservation form

(1) u, + div f(u) = 0

can be derived from the more general integral form

t ot t t
”udx +Jff-ﬁdsdt=f”utdxdt+f[f-ndsdt
R s s 9R s R s 3R

t t
(2) _ )
= u, dx At + v-f dx dt
s R s R

which says that the change in the amount of a substance with
density u contained in the region R of space under considera-

tion 1is due to the flux f of that substance across the




boundary 3R from time s tu time t.
The conservative finite Jdifference approximation is

then defined having the form

n+l n-1 tn+1
Ygy “Ygr ( ]
R R N R EA R
gy \ (BR J
R tn—l

which simulates the integral conservation form.
Our differencing strategy for the flow equation in
conservation form yields the finite difference equation
n+l_ n-1 (1 F )n+l*_( J F yn-i
u -u o o
(4) 77 Br Br | . R 3R =0
2At 2
BRr

n+l

The question is how to solve for u for this large

nonlinear system. Some linearization for F is needed.
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III. POTENTIAL FLOW EQUATION

In the steady inviscid transonic flow calculation,
the nonconservative form method agrees well with wind
tunnel pressure data all the way up to the onset of
buffet [18]. On the other hand, for the conservative
form method, the agreement is less satisfactory and the
adequate correlation with experimental data seems to be
achieved by making correction with boundary layer shock
wave interaction. For mesh sizes of practical interest,
instead of doing a better simulation by combining a finer
scale model of boundary layer shock wave interaction with
conservative transonic equations, we pick up the noncon-
servative quasilinear potential flow equation as our model
and develop a computer code for it.

We first discuss the characteristic surfaces of the
equation and explain the domain of dependence for super-
sonic points. Then, we give a set of radiation boundary
conditions which is shown to be very satisfactory with
the numerical scheme we propose in Section IV. And,
finally, we introduce the coordinate transformation such

that the airfoil is fixed on a portion of coordinate line.
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1. Characteristic Surface

It is helpful to know the characteristic surface of the
flow equation on which the wave front along with informa-
tion is propagated throughout the flow field. Let s and N
be coordinates in the local stream and normal directions
respectively. The direction cosines of s are u/q and v/q.
¢ss and ¢NN can be expressed locally in terms of the actual

coordinates as

- 1 2 2
g = ;7 (¢, . + 2uv¢xy + v ¢yy)

= 1 2 _ 2
by = ;7 (Vb py 2uv¢xy + u ¢yy)

The potential flow equation in Cartesian coordinates locally
aligned with the natural coordinate system (s,N) can

be written as

- 2 _ 2 2
¢tt + 2q¢st = (a ! )¢ss +a cbNN y

The characteristic surface satisfies the equation
2 2.2 2 2_32
(g“-a”")t” - 2gst + s - (9—~7—)N = 0,
a

As shown in Figqure 2, on the (N,t) plane, the character-

istic equation is reduced to

azt2 - N2 =0 or (N-at) (N+at) = 0 .

The disturbance propagation speed is a.

On the (s,t) plane, the characteristic eguation is reduced

to

(qt-—s)2 = a2t2

or
(s~ (g+a)t) (s-(g-a)t) = 0 .
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The particle speed is g, the upstream propagation speed
is g~a and the downstream propagation speed is g+a. Thus
the disturbance information is propagated by the Doppler
shifted sound wave velocity. For transonic flow, the
particle and downstream waves quickly travel away from
the airfoil but upstream waves remain in the vicinity
of the airfoil for a much longer time. The slow waves
force a slow approach to a steady state solution, while
the fast waves stipulate a small time step by the CFL
condition At < Ax/(g+a).

If a new time coordinate T = t + qs/(az-qz) is
introduced, then the potential flow equation can be
expressed as

a2

2 2 2
(a® -g™)d + a’¢ = —5
ss NN (a2_q2)

O

So for supersonic points, a2 < q2 T is a space-like
direction and s 1is a time-like direction. This means
the differencing in the s-direction should be retarded in
the supersonic region in order to have the right domain of

dependence. For subsonic points, a2 > q2 , S is a space-

like direction and T is actually a time~like direction.




(b)

(c)

Fig
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subsonic case, q < a

t 4

supersonic case, q > a S

ure 2. Characteristic Surface of the Potential

Flow Equation in Ouasilinear Form:

(a) (N,t) plane; (b),(c) (s,t) plane.
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2, Computational Boundary Conditions

Problems of transonic flow field are usually posed
in the exterior of the body which is an unbounded domain
f4]. Owing to the finite storage capability of the
computer, the numerical computations require that the
computational domain be finite. The proper boundary condi-
tions must be developed at these computational boundaries
so that the computed solution closely approximates the
free space solution which exists in the absence of these
computational boundaries ([15,16,17].

For steady state calculations in transonic flow,
coordinate mapping techniques are a traditional and
effective way of handling these computational boundary
problems. The reason for the success of coordinate mapping
techniques lies in the fact that the steady state far field
asymptotic behavior is given by a regular algebraic
singularity without oscillation. For genuinely unsteady
transonic phenomena, the solution of flow equations usually
possesses a strongly oscillatory transient behavior and
the far-field asymptotic behavior is an oscillatory
singularity. The standard coordinate mapping technique is
not adequate to resolve this problem. It must be supplemented
by a set of proper boundary conditions at the computational
boundaries.

In this section we will give a set of radiation boundary

conditions for the potential equation in the Cartesian
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coordinate system and in a later section we will give
its corresponding form in the computational domain.
In the physical domain, the computational region for an

airfoil in two dimensions is depicted as

Ry P

1 @Ililiﬁu. i

Q) 0

Figure 3. The Typical Computational Region for an Airfoil.

The design of effective far field radiation boundary

condition depends on the wave propagation properties of
the flow equation. We consider the potential flow equation

_ 2_ 2 _ 2__2
(1) ¢, .+ 2u¢xt+ 2v¢yt— (a“-u )¢xx 2uv¢xy+ (a®-v )¢yy

tt

~ i(wt+Ex+ny)

For a plane wave ¢ = e to satisfy equation (1),

it requires that its wave information satisfy

(2) w + 2ufw + 2vnw = (a2-u)£? - 2uvEn + (a2-v?)n?

or (w+ ut + vn)2 = a2(£2 + n?).

A boundary condition on the upstream wall, Ry

boundary, which annihilates the upstream propagating
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wavelet is given by
_ 2,.2
(4) w + uf + vn=agyl+n"/g

Recalling the dual relationship between iw, 1§, in
and Dt ’ Dx ’ Dy respectively, the equation stands for
a nonlocal condition. By the first approximation of

2 + O(x3) we get the first radiation

/l+x=1+l/2x—}8-x
condition for R1 boundary, namely, w + uf + vE = af
which leads, after Fourier transformation, to the condi-

tion

() by + (u-ale, + vo =0

Similarly, we can derive the artificial boundary condi-
tions for the R2 ’ R3 and R4 boundaries. At their inter-
section points Pl ’ P2 ' O_1 and Q2 , we use the average of

the corresponding conditions, and have the following general

formula
(6) ¢t + u¢x + v¢y =0
with u+iv = (u+iv) + ae'® where g = - %

at 02 ’ P2 m Q1 and Q1 and B = 0, % v Ty &

R, . R3 ¢+ Ry and R, respectively.
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3. Coordinate Transformation Technique

When the body surface crosses the coordinate lines 1
it is difficult to satisfy the physical boundary condi-
tions. This is particularly the case near the leading
edge of the modern supercritical wing section where the
surface has a high curvature and the flow is sensitive
to small variations in the shape [41]. For the rigid body
motion of the airfoil the treatment is facilitated by the
use of a moving sheared parabolic coordinate system in
which the body contour coincides with a segment of coordi-
nate line and the whole mesh system is moving
with the wing section so that the relative position of grid
points is kept.

We describe the moving sheared parabolic coordinate

system as follows {3,25]:

3.1 Coordinate System ' ]

First, we consider the physical plane to be described
in a Cartesian coordinate system (x,y), and the airfoil
attached coordinate system in Cartesian coordinate system ;
(x*,y*). Let the origin of (x*, y*) system be at the
singular point of the parabolic mapping which unwraps the
airfoil and will be described in the next step. If the

1(m-8) ¢ time t, then the

flight velocity of the airfoil is M,e
position of the origin of the (x*,y*) system can be described as

t .
0o = J M*el(“_e) ds. 1If the angle of attack of
0




the airfoil at time t is a,

airfoil chord lies will

respect to the x-axis.

45

then the x*-axis on which the
have an angle - (a + 8) with

Their relation can be seen in

Figure 4 and described as the relation
t
(1) (x+1y) = j M*(S) el(W‘S(S)) ds + (X.‘fiy*) e—l(e+a)
0
AY
*
Y
*
0

(=]
]
v

Figure 4. Frames of

x|

Reference.
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Second, we unwrap the airfoil by introducing the square

root mapping
x . % . 2
(2) 2(x + 1y ) = (x14»1y1)

which maps the entire airfoil contour to a shallow bump
near y, = 0 , as shown in Fiqure 5b.
Third, if we Adenote the height of the bump as Y= s(xl),

then the shearing transformation
(3) X + 1Y = x; + i(y; - s(xy))

reduces the airfoil contour to a portion of the line Y = 0.
Fourth, we stretch the coordinate line by the stretch
mapping to render the computational domain finite. The

stretch mapping, for instance,

by

(4) Y= ——5— +» 02acl
(1-Y7)

will map the infinite lines Y = + » to ¥ = + 1

Fifth, avoiding discontinuities at the trailing edge of the

wing section, the branch cut is contined smoothly downstream. In

physical space, the continuation is represented by ;
- =% '
n [ =X
- — - % Xte-x*
= v + 1 -
(5) Y = Yie [Xy o =% ] -
X=X
[———— ]
Xpa™X
where 1 is the mean of the upper and lower surface slopes
- - - %
at the trailing edae (xte’yte) and x 1is a suitably chosen
scaling constant (asually taken as the ordinat:: of  the
lorzal amarter-chord point) .
s itnssitriston il




Figure 5.
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(a) Cartesian

coordinates

(b) Parabolic
coordinates

(c) Sheared
parabolic
coordinates
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3.2 Flow Equation

The transformations (1) and (2) are conformal. We will
write the flow equation on the (xl,yl) coordinate system,
and use the chain rule to convert the equation into the
(x,y) system. Several key formulas are written down for
reference. We begin with some notation.

* . %
x* 4+ iy

Let z = x + 1iy, z

z.= x1+ iyl, Z =X + iy , 7= X + iY¥

1
Then the mapping (1) and (2) may be expressed as

the following compact forms.

t
S , = f M. (s) el (T=8(S)) 4o . ,* omi(B(B)+a(t))
9 ‘ *
, ; 5
zi = 22*

The modulus of the mapping function to the 2y plane can

be evaluated as

( a d }
H dxl H dyl'

H = ‘éz*l =V x 2+y§ ; thus V =

The velocity components in the(xl,yl) system:

¢ b
y= A 71
H ! H

The chain rule gives the relation for ! in the (xl,yl)

t

system:
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where dxl/dt and dyl/dt can be found as follows. Since

, t .
3 A
222, - 281(C+u){ z - J M, et (M%) gg }

2
1 0

we take differentiation with respect to timz t and hold

z fixed. Hence

2 i
g = 7} [i(8t+ut)] + M§
z fixed 1

Q

z
t

—

|

oF)

(v,*V)d if v_ is the relative

We remark that ¢t = ¢ R R

T
1
velocity of the origin of the (x,,y;) system to the (x,vy)

syatem [36]. Then, we conclude that
dx dy
_ 1 1

VR - (H dt ’ H dt ) -

The same differentiation applied twice on zy yields

d“z z z, (dM .
1 I R “1 * . 1o
3 7| = 5 [1(Qtt+utt)] + = {az—-+ M*(lat)}e
t . H
z fixed
2 2
_ (Opray) . - Mo i2a
4 1 3 !
21

which will be needed in the evaluation of the following term:

dx dy1 d X, dzy1
d,.,.= ¢ + ¢ ‘ — 4+ + ¢ —=
tt T, T T, dt %, T, dt Xy dt2 Y1 dt2




Similarly, the chain rule gives

¢x t - ¢x T + ¢x X Zil + ¢’x :il + ¢x (Z:l)x + (:il)x
1 171 1%1 1¥1 1 1 N1 1
¢ = ¢ + ¢ i(i ) dy_l dyl) ¢ (d_yl_)
ylt YlTl X1¥y dt Y Yy dt Yy at ‘y Yy dt yl
Recalling that
7 (o) ([ve]%) = L {u2¢x ot 2uve o+ vPs
H 11 1¥1 1¥1
2,2
u“+v 1
- (—H_) (uxl + Vyl)j
and
1
Ay = = {¢ + ¢ }
B2 ¥1%1 17y
Finally, we can write down the potential flow equation
in the (xl,yl) frame as the partial differential equation
2
u, v, u, , u_v
¢ + 2 ¢ + 2 ¢ + ¢ — + 2
TlTl H xlTl H lel X1¥1 H2 X1Y, 2
2 2
vV d "x dx dy
+ 9 —+¢{ Lyl w2 L |
Yi¥y H2 Xy dt2 H 'dt Xy H t ylf
2.2
dy dy dy 2
1 u 1 2v 1 u“+v
* ¢yl{ w2 T 2H (3e) T Ge) } 3 ety
*1 1
a2
= — {4 ) }
2 *1*1 1Y
dx dyl
where u_ = u + H I and v_ = v + H e -




The shearing and the strvetchins transfor.;ations
will further bring the flow equation in much more
complicated form. We will not write down the flow
equation in the (X,Y) frame here. Instead, we write the

useful formulas

o T Oy T oS¢y
1
$ = ¢
Y
Yy
) = - -
%%, dxx T 2SyOxy T Sybyy T Syx®y
¢ = ¢ - s,¢
XY x vy
11
¢ = ¢
’ vy
Y1¥y
A = -
Yx Ty T Pxe T Sxlyo
o = ¢
lel YT
and dx
o, = ¢ =%
X 7 dX
4
b, = O_ %
Y g av
- 2 2_
ax d°x
oo, = == (3=} + o =5
XX xx ‘dx X dX2
_ AXy (AY
bxy = ¥%7 (dx)(EY)
- 7 2_
_ ay Y
by = 455 (@ g G




3.3 Body Surface Condition

The velocity observed in the (xl,yl) frame 1is

q. = (u,,v.) =V - Vp. Thus, the nonpenetrating surface

~

condition requires that ér *n =0, which leads to

dx dy
_ 2 1 _ 71
¢y1 B sx1¢xl + H {sxl dt dt }

3.4 Wake Condition

The zero pressure jump in the wake which lies on the
portion of the singular line along which the airfoil is

opened up can be [21] expressed as

dxl 3
[¢T11 + ac [éxl] + H [¢xl] =0

where u is the average of the upper and lower wake velocities.

3.5 Computational Boundary Conditions

The computational domain is depicted as

R’)

Py _ . 2 Py
P R
} lower wake upner wake

' airfoil
e e+ e A AR TN T — e
O )

Figure 6.
The radiation boundary condition is of the form

dxl dyl _
¢ + = ¢ + == ¢ + ud + v =0
T1 dt Xy dt Yy X Yy

where u and Vv are defined as before.
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IV. NUMERICAL METHOD

In this section, we apply the idea introduced before
to design our numerical solver for potential flow equation
in quasilinear form. First, we use type cdependent dif-
ferencing to introduce the proper amount of dissipation
into the finite difference approximation such that the
scheme is stable and shock waves are captured auto-
matically. Then, we factor the finite difference egquation
into one~-dimensional factors so that we are able to solve
the equation efficiently by employing a 5-diagonal matrix
solver. Since the disturbance of potential flow is prop-
agated by the total effect of advection and wave propaga-
tion, we cxamine the stability of our method to two linear
models: advection and wave equations. The local stability
analysis shows that our finite Adifferencing strategy and
approximate factorization technique result in uncondition-

ally stable schemes for these two models.

l. Finite Difference Scheme

The finite difference scheme is a time marching
alternating direction implicit scheme. Before we write
down the differencing strategy we need the following

convention:




oN = ¢ -9

oM = d)n _ ¢n-l

D = central difference

D = upwind difference

D = Type dependent difference

To be specific, we define the operators in x~direction,

Do = %i417% 1
XTi 2Ax
$.-¢.
1 Vi-1 R
('u*(*—75:~4 if u>0
ub_¢, =/
x'i 0. =6
Cur (=) ifu <o
"D for subsonic point
b, =¢ %
x {

* . .
; Dx for supersonic point .

1.1 On interior point of computational domain

The potential flow equation in Cartesian coordinates
locally aligned with the natural coordinates system assumes

the canonical form [21]

= 2_ 2 2
dpe t 290, = (aT-qT)o  * Aoy,

with q = (u,v) the velocity, s and N are coordinates in the

local stream and normal directions.
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Basically, the velocity components u and v at the
grid point are evaluated by using central difference at

time level n. The ﬁt term in the Bernoulli equation is

evaluated by backward difference in the natural way.

l.11 For St term, central difference will be used for

temporal derivative,

S (“n+1__2":n+ﬂn-—l) = 5 (ON~oM)

ol T (At)

1.12 For contributions to ¢ upwind differences

st’

will be used for all spatial derivatives and central

difference will be used for temwcaral derivagives,

2Abgy T 2Uguy T 2V

(Zubx+2vﬁy)¢t
ntl n-1

- ¢ -¢
(2uﬁx+2vﬁy)( X )

= 2 uh +vb )
= At(qu+vDy)(¢N+¢J).

1.13 For contributions to bog? type dependent differences

will be used for all terms. The term Qn is substituted

n+l, n-1
+ - .
by the mean of @n 1 and ¢n l, i.e., ¢n = Q———%i———,
= L,2 2
¥ss ~ q2(u ¢xx+2uv¢xy+V wyy)
n+l n-1
l, 2= = 2~ s +9
= e |11 + +
qz(\ DXx 2uvay v Dyy)( 5 )
n
= JE(UZD +2uvD +v25 )(£§:£¥i££~h
q XX Xy vy g
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1.14 For contributions to ¢VN’ central differences will

he used for all terms. The term ¢n is again replaced by

the mean of ¢n+l and ®n—1.

2 2

l
¢) = ——( A -:!\]‘V*\, + A
N 7( Y XX 4 .

q xy 'YY)

n
_1,.2. 2 ON=-hM+2¢
= q'—'i-(v DXX ZUVny+U Dyy) { ] ).

Finally, the finite difference approximation can he

written as

N-¢M 1 hy hig
1——£? + —(ub +vD ) (6N+0M)
(At) At X Y

2 2 _ _ o n
= i2~:g—L(u2D +2uvD  +v2D )(Qﬂ_ﬁﬂigﬁ_)
q2 XX Xy YY 2

2

n
20 ., 2 PN-EM+2¢
(v Dxx “uvDXy+u Dyy)( 5 )

uQN|Q)

or

2 2 2
b & a - At 2
1+rtub_+atvb ~ (22 (¢ (u A
{ N vD, q2 ) (=) %x oy vy
2 2
_ a_ At 2, _ 2 N
=5 (55 (Vi =2uvd, ot Dyy]m

2 2 2
(At)2 H§~%3—)(nzﬁ, +2uvD_ 25
XX XYy

a 2 2
) + _E(V Dxx-2uvr)x +u’D

’ YY q 4 Yy

2 2 2
\ « _ (ay) " a”- 2= = 2=
+ (l-(ut) (UDX+VBY) -—-———2 (_;33._) (u Dxx+?uvD +v°D

2 2
(At) a 2 - + 2 ‘
=5 (=) (v7D_, 2uvay u oyy) 14M

- q

D

)

Yy

(1)
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The discretization errors associated with the finite
Aifference approximation is of first orcder in space an-?
sccond order in time. The leading error terms in the
space derivative introduce the Aesired shock viscosity.
The system of algebraic equation generated by the equation
{1) is large and cannot be solved efficiently. Mowever,
this eqguation can bhe factored within the same order of
accuracy in time and space hy the spirit of splitting
technique. The following factorization »as heen tested
and found to he numerically stahle with time steps much

larger than the time step allowe” hy the CFL condition

2 2
for explicit methods. Let M2 = q /a’
2 2
- A o}
= 1 . p Mt 2— - _l_ At 2‘ 2
L, 1+ tun, + 5 v Dy Mz(—j—)(u DXX+V Dxx)]
and -
At 2= 1 At 2= 2
L= [1 + rtvD + vD = =5(==)(vD +uD_ )]
Y y 2 Yy 42 2 Yy Yy

Then, the apnroximate factorization of the equation (1) can

be written as

L +L #N = PHS (2)
Xy

This factorization reduces the large complicated matrix
inversion problem to two one-dimensional problems. The

algorithm can be expressed as

(1 X = RHS
X

_,
<>
—
prA
1]
=<
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Each of the above steps requires a 5-diagonal matrix
solver which will he described in the Appendix A.

1.2 On the boundary points of the computation domain

The artificial radiation boundary condition is of

the general form

We approximate it by

n+1l_ n-1
20t

—. e n+l+ n-1
+ + ¢ *¢

(qu vDy) 5 )
which can be expressed as

- - - -
= (=1
(l+Atqu+AtvDy)¢N ( _+Atqu+AtvDy)¢>M
« n
- 2At(uDX+v5y)¢

which can be factored within first order in space and

second order time as
(1+At56x)(1+At36y)¢N = RHS
The algorithm consists of the following two steps.

(1+At65x)x = RHS

1+4£9D )N = X
{ v v ¢

1.3 wake condition

As before, we assume that both pressure and normal

velocity components are continuous across the wake which

e iy p———
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is assumed to lie on a segment of the x-axis. The wake

condition is
[¢.] + ul¢_ ] = 0 on the wake
t X

where u is the average velocity of the upper and lower
wake velocities.

The finite difference approximation is given hy

1 n n-1 u n n _
Follo01-1607 71} + (o1l 1e] (1} = 0
_ uAt
Let B = - then
L e el
[¢i] = 1+R (1)

Hence, once the jump at the tail point has h»een estimated,
all the jump in the wake can bhe calculated from the equa-
tion (1).

Wle remark that the artificial viscosity we have added

in the finite difference scheme 1is of amount

th(sign u)uu + k(sign v)vv  }

xt yt
i + + k ] ’ +v 1
+ ufh(sign wuluu vvxx) (sign v)x(uuyy ‘Vyy)'
1
with u = max {0; (1 - —3)},h = '», and k = Ay.

"

The term in first braces is an advection viscosity vhich will
damp out some noise generated either by the artificial

boundaries or the body surface. The term in second braces |
is the desired shock viscosity. The whole artificial vis-

cosity can be cast into the divergence form

-~ a0 L
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I +
hY Y
2. 2
o . us e \
with P = 1 {is1.mn Whuug +oadsian ujuls bt
L2_.2
and 0 = k {(siun v)vvt + ulsian v)v(=- o )}
Failure to maintain proper conservation [orpm can result
in computed shock speeds that depend on rri:l syacinag,

2. Analysis for the Finite Differencing Strategy an?

The Approximate Factorization Process

We have shown that the disturbance information in the

potential flow field is propagated as the Doppler sound wave

which consists of the advection an? wave propagation effects.

The potential flow equation is nonlinear. As a guide to the
stability of the difference scheme, we consider two linear

models, the advection and the wave equations.

2.1 The radiation boundary conditions is modeled by the two-

dimensional advection equation

@t + U¢x + v$j =0 (1)

Nour finite differencing strategy says that

¢n+l_?n—l . S eoh )(bn+l+¢n-l) . )
YT . —_— = <
240t ub v Y 2
We examine the amplification of a Fourier mode. Substi=-
, NG »+ .
tuting ¢ = & e mxrny tor : at the v=level, the growing

~

factor ) is governed by

“

52 = 1 = (pule P =1 s quieT a1y (82

+1)

P i e Tl T g
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for the case that u » 0 and v > 0 where p = At/Lx,

g = At/hy, L = mix, n = nAy. Yence,

122 :'T-Du(l—cos “y=av(l-cos )=i(pu sin ‘+gv sin ") | <1
S {1+pu(l-cos 7)+gv)l~-cos n)+i(pu sin I+qv sin n)[

So it is unconditionally stable for this case.

The scheme for the other cases where either u, or v,
or both of them may be negative are casily shown to he
unconditionally stable.

Next, we examine the approximate factorization method
for this finite difference approximate for the acdvection

equation. Our approximate factorizatior. says that (2) can

e factored as

1 s i N = - . ’4 _» < a R - Y" ‘n
{1+ tub ) (1% tvby),.‘ ti=seub ) (1 JtvDyMM 2‘.t(uDX+ny)¢
3y Fourier analysis, we substitute ¢ = $" i(mx+ny)
-1 iy, a2 0 ;
fl + nu(l-e Y101 + qguv(l-e RECREED
—i.’ -i' -
= =[1 ~ pu(l-e "~ )J(1l = qu({l-e " H)1(-1)
-ZTPu(l-r‘_lW +oauli-e T Ty ‘1

l-pu(l=cos “)+ipu sin inl-qv(l—cos n+igv sin n} j
E4

D G2
"+puf{l-cos 7)-ipu sin £!l1+gv{l-cos n)=~igv sin n|

We, therefore, conclude that the approximate factorization

methnd does nreserve the unconditinnal stability of our finite
lifferoncing strateqy and that »nur numerical scheme ‘or the

advection equation is unconditionally stable,




2.2 As oa guirde to the difference scheme at the Intorg
points of the comnutational domailn, we consider the w
= +
¢tt ¢xx vy
Our finite differencing yields
n+l n-1
n b +
b = +
Dtt\ (DXX Dyy) 5
or
2 2
At Lt
1 - - (D + PN o= 1 - —= (D + Mo At
[ 5 ( “x Dyy)]a [ 5 ( %X D )]
. i {kKt+mx+ny
Substaituting 4 = el( t+mx+ny) and lettina . = K .t ,
we have
2 2 ‘
{(cos w-1) = [pT(cos £- 1) + g (cos n— 11] cos
. _ 1
cos SR - o T

As lona asg p,a, are real, o 1s real for oarl ooand

means that the finite differeonce avproximation 1s uncon it

stable
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Next, our approximate factorization preserves this

property and permits us to solwe the large algebraic

system easily. Indee, 1f we write
2 2
t "t
. - nooJl - === D o
' 2 MR 2 yy]'
e t2 t2 5
. ) n
= - - ! ry - = D Mo+ At +D )
t 2 )XX]' 2 yy]‘1 t (DXX yy)¢

i +mx+
Let 4 = pl(kt mx ny)' we have

2 2 .
- 1+ 1- i -
COs w = Fp g (l-cos £) (l=-cos n)

1+p2(1-cos €)+q2(1-cos n)+p2q2(l—cos £) (1=cos n)
For all real p and g, +» 1s real if £ and n are real, 1In
nther words, t is real whenever x and y avre real. This means
that the scheme is unconditionally stable.

Finally, we remark that the scheme has no time step

't restriction based on a linear stability analysis.

However, in actual computation, an instability can be
udenerated by the motion of shocks across which the
differencing switches from upwind to central. To prevent
this instability from occurrinag, it has been found in

practice that the time step “t must be chosen small enough

that such shocks do not move a distance areater than one
spatial arid point per time step. This restriction is
necessary to maintain time accuracy anyway, and it is much
less severe than the time step /'t restrictions associated

with explicit methods.
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V. COMPUTATTIONAL RESULTS

Our computer code UFLOS5 consists of steady and unstealy
modes. The steady mode is the stancdard line relaxation
scheme for the steady equation. We use it to generate
a good initial guess for the unsteady mode. In fact,
any steady potential flow solver can be used to
replace this steady routine. The unsteady mode can
also be used to compute the steady solution. In this section
we first check the unsteady mode by calculating some steady
solutions. Then we present some computational results for
conventional and supercritical wing sections in rigid body

motion.

1. Steady Calculations

As a test case, steady state calculations for the
NACAOO12 airfoil at Mach number M = 0.79 and angle of
attack o = N° are performed hy the standar” line relaxa-
tion method for the steady equation and hy the unsteady
scheme. The two modes produce virtually identical results.
The time step size for the unsteady mode in this calculation
is set to At = 10Ax which is much larger than the time step
allowed by the CFL condition for the explicit methos. For
a coarse mesh of 32 « 8 grid points, the time regquired to
converge to the steady state using the unsteady mode is

comparable to the steady modo.




The optimal location of the artificial boundary is

problem dependent. If the artificial boundary is moved
too close to the airfoil, instability can occur. The
computational <domain shown in Figure 8c has also been
used for the NACA0012 airfoil at M_=0.79 and a = 0°.
Note that the upstream boundary is about 1.5 chord
lengths from the nose as compared to a distance of about
16.5 chordlengths used for the above example. The ratio
At/Ax is given the value 10 as above. The correction is
observed to decrease much more slowy in this case. Since the
grid system is stretched in the code, the reduction in the
computational mesh is not linearly proportional to the physical
distance of the boundary from the airfoil. The benefit obtained
by the reduced number of mesh points is overshadowed by the
reduced numerical stability.

There is no difficulty in calculating flows with sonic
flight speed. A Joukowski airfoil at M_ = 1 and a = 9°
is chosen as an example, with the ratio 4t/Ax set to 3.5
in this case. Usually, the numerical stability of the un-
steady mode, in terms of the ratio At/Ax, Jdecreases with

either flight speed or angle of attack.

2. Unsteady Calculations

The NACA0ON12 airfoil and XORM airfoil (75-06-12) are

chosen as prototypes for conventional and supercritical
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airfoils, respectively. Both airfoils have the same thick-
ness to chord ratio. The rigid body motion of an airfoil
can be describhed by three parameters: angle of attack,
flight spe=d, and flight angle. We consider the flow past
each airfoil when these parameters are varied scparately.

2.1 Variation of flight speed

First, we consider the acceleration of the airfoil in
the streamwise direction. That is, the airfoil moves with
a sinusoidal variation in flight speed but with flight
angle and angle of attack fixed.

In Figure 11 a,pb,c, forthe NACAQ01l2 airfoil, as the flight
speed increases (decreases), the supersonic region grows
(shrinks) in size and the shock strengthens (weakens) and
moves aft (fore). The shock wave displacement can also be
observed in the pressure distributions in Figure i1 d.e.f., or
from the position of peaks in the traces of pressure sensors
on the upper surface of the airfoil in Figure 11 g . The
peaks in those local pressure traces are produced as the
shock wave passing by the pressure sensors. The nonsinusoidal
trace curves demonstrate the nonlinear transonic effects
caused by the shock wave displacement. The same calculations
for the KORN a'rfoil appear in Figure 12. The unsteady

loading distributions are shown in Figure 12 e,f, where

peaks in the loading distributions are acain due to shock waves.

The loading 1s the difference of lower and upper pressure

coefficients.
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2.2 Variation of angle of attack

Next we consider the pitching airfoil which moves with
a sinusoidal variation of the angle of attack, but with the
flight velocity fixed. Small variations in angle of attack
may lead to considerable changes in the pressure distribu-
tion, shock position and shock strength. As shown in
Figure 9 g,bc, for the NACA0OOQl2 airfoil, when the angle of
attack increases (decreases), the supersonic region on the
upper surface of the airfoil grows (shrinks) in size, and
the shock wave strengthens (weakens) and moves aft (fore).

In Figure 9j the nonsinusoidal trace of the pressure at loca-
tion *6 on the airfoil surface clearly displays the shock wave
movement. The unsteady pressure loading distributions are
shown in Figure 9g,h,i.

The same calculations were performed for the KORN airfoil
as shown in Figure 10. It 1s worthwhile noticing that the
unsteady traces of the local pre-sure sensors for the KORN
airfoil are much more nonlinear than those for the NACA0012
airfoil. This pattern is also observed in the loading distri-
bution for the two airfoils. The fact that the shock
excursion amplitude decreases with an increase in oscillatory
frequency can be seen from the unsteady traces of the pressure

sensor *6 in Figqure 9 i,k,1l.

2.3 Vvariation of flight angle

Finally, we consider chanqges in the airfeoil's flight

angle while keeping the angle of attack and flight speed

A | . x
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[l

fixed. The motion, for angle of attack a

foil is described in Figure 7.

Figure 7. The Chords of Airfoils are Tangent to the Flight

Trajectory.

The characteristics of this case are similar to those of

the pitching airfoil., Computational results for the
NACA0012 and KORN airfoils are shown in Figures 13

14 , respectively.

0, of the air-

and
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VI. CONCLUSION

1, Summary cf the Work

A numerical method has been presented for determining
the inviscid transonic flow past airfoils in rigid body
motion., The method is based on the unsteady transonic po-
tential flow equation in a computational domain designed
for accurate application of the body surface boundary con-
dition. A set of first order radiation boundary conditions are
applied at the artificial computational boundaries located at a
finite distance away from the airfoil surface. The finite differ
ence approximations of the potential flow egquation and radiation
boundary conditions are constructed by using a type dependent
differencing strategy. The leading truncation term provides the
necessary dissipation to stabilize the scheme and to capture the
shock waves automatically. The tinite difference approximations
are perturbed within the same order of accuracy in order to
permit their factorzation into one-dimensional operators. Conse-
quently, the problem can be solved efficiently by using a
5-diagonal matrix solver. The resulting algorithm is a time

marching scheme without any iteration process in each time step.

Numerical experiments show that the scheme is very
stable. The results presented in Section V demonstrate
that the method is able to resolve the highly nonlinear
transonic flow effects for flutter analysis of airfoils as

long as the boundary layer remains attached.

R T v
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2. Extension of the Technigue

Our numerical method can be extended to three space
dimensional problems. An important application is the ur-
steady transonic flow past wing-body combinations that
model our airplane. The necessary geometric mapping tech-
nigues are available in analysis codes that compute steady
flow past a wing-body combination [27]. Singularities
associated with the geometric mapping would not be a
serious problem and could be treated in & manner similar
to the one used in the steady calculation. A further
application could be the helicopter rotor in forward
flight. Here the flow is unsteady because of the relative
velocity of the advancing and retreating blades [8].

In principle, shock accuracy would be improved by
shock fitting methods [45] or, alternatively, by the use
of a difference scheme in conservative form. In practice,
however, a turbulent boundary layer correction would be

needed for more exact shock jump modeling (10, 13, 351}.

e i £ -
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APPENDIX

A, A 5-Diagonal Matrix Solver

Here, we present a method of solving a 5-diagonal
matrix problem. Suppose Ax = y is solved for x, where

x and y are nxl column vectors and A is of the form

1 S &
by a; ¢ &
d3 b3 az ¢y ey
dn—2 bn—2 3h-2 n-2 €n-2
91 Pp-1 31 p-1
| dp bn 2n

Assume the matrix can be factored in the tridiagonal fo

1 (1 Y1 &
By oy 1 v, 7
63 83 cx3 . .
A=1U = .. i
8 Bn % (

rm
1 Yh-2 En-2
1 nrl

1
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Then we find
5. = d,
1 1
8iYi-2 * By = Dby
(1) 8ifi-p * ByYjoq * oy = oAy
Biei-—l Y3 TSy
ai=el

for i = 1,...,n if the default values are set equal to

zero. Namely, b1 d, =4, =c¢c_ = e =e =0,

solved as

8, = d,
85 B ~ Y58

(2) a; =ay - By - 8585,
v = (eg= Bie5 )/
e, = ei/cxi

for i = 1,...,n, in ascending order if none of the oy vanish.

The intermediate step ILg = y becomes

e = y, for i=1,...,n,

$i9i-2 * Bjgjq * 0395 = ¥y

we can solve this system recursively in ascending order.

Namely,
B = - -
3) 9; = ¥y =F3950 7395007y
for i = 1,...,n, if the default values G = A, = 0.
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The final step Ux = g is expressed by

X. +

(X, +
i le1+1 €

=95 for i=1,...,n,

i%i+2
where Xnpp = X = 0. The system can be solved in

descending order recursively as

L - v.x. - £.X. £ i = ceerl.
i Yi¥isl €i¥ie2 or 1 n, o1

We remark that the LU factored form is not unique;

for example, L and U can be the following

r ¢
1 1 al Yl El
By 1 Ay Yy &y
8 B 1 t.
Lo |03 P2 U = .
(Sn Bn 14 \




B. Computer Program "FL0O5

1. Operation of the Program

The sheared parabolic coordinates described in Sec-
tion III,3 are introduced. The input parameters XSING
and YSING determine the location of the singular point
about which the square root transformation is made. It
is important to choose these two parameters so that the
unfolded profile does not have any sharp bumps. The
mapped coordinates are printed so that this can be
checked.

The difference scheme for the steady routine used to
initialize the calculation is in fact the standard line
relaxation method. Faster convergence is usually obtained
by using horizontal relaxation, y-sweep, marching toward
the body. The difference scheme for the unsteady routine
conforms closely to the description in Section IV, 1. It
is implemented in the computational domain described in
Section III, 3 as first performing a y-sweep, marching
toward the body with horizontal lines, then followed by an
x-sweep, with vertical lines marching from left boundary
toward right boundary of the computational grid.

The initial values of the time dependent problem are
provided by either using unsteady mode alone or using both
steady and unsteady modes. The program contains a switch
for the choice. For fine mesh, such as 128 x 32, the

method employing both modes is recommended. A run using




both modes can be described as follows. First, using
steady mode, calculations are first performed on a

coarse mesh and then on a fine mesh with twice as

many intervals in each coordinate direction. The coarse
mesh result 1is interpolated to provide the starting
guess for the fine mesh. It usually consists of 200 h
cycles on coarse mesh, 32 x 8, followed by 100 cycles on
a fine mesh, 64%x16, 50 cyles on a finer mesh 128x32,
The resulting reduced velocity potential is used as the i
starting guess for the steady iteration using the unsteady i
routine. After 75 cycles in this steady iteration step,
we begin our time marching calculation. A better initial
value can be obtained after one complete periodic cycle.

Computational results show that the difference between the

second and the third period cycles is small. We therefore
consider the results from the second period as our desired
output.

The input data deck for a run is arranged to include
title cards listing the required data items. The complete
set of title cards provides a list of all the data which
must be supplied and can be used as a guide in setting up
the data deck. Fach title card is followed by a card
supplying the numerical values for the parameters listed.
The input parameters are given in the Glossary in the order
of their appearance on the data cards. All data items are

read in as floating point numbers in fields of 10 columns,




and values representing integer parameters are converted
inside the program. The data deck for NACA 0012 at
M=0.79, o = 0° + 1° sin kt is shown in Table 1.

The output consists of printout and Calcomp plots.
The program prints the mapred coordinates of the airfoil
generated at the mesh points of the computational grid.
Parameters such as mesh size, flight speed, flight angle,
angle of attack are also printed so that the case can be
identified easily.

For each iteration using the steady routine the
program prints the iteration number, the maximum correction
to the reduced velocity potential, and the maximum residual
for the steady flow equation together with the coordinates
of the point where these occur in the computational grid, the
circulation, the relaxation factor ©vl, p2, p3, and the
number of supersonic points. After a maximum number of
cycles has been completed or a convergence criterion has been
satisfied, the angle of attack, flight speed, flight angle,
lift, drag and moment coefficients are printed. 1If
desired, the pressure distribution along the airfoil surface
and a chart of the local Mach numbers can be printed.

If the mesh 1is to be refined, the program then repeats
the same sequences of calculations and output on the same
mesh. A Calcomp plot is generated to show the pressure
distribution over the airfoil on the fincst mesh at the

end of this subroutine.
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For a steady iteration using nonsteady mode, the
program first prints the flight conditions, the mesh size,
and the dimensionless time step. After each iteration,
the program prints the maximum change in the velocity
potential with the coordinates of the point in the grid

system. If desired, the pressure distribution along the

airfoil and the local Mach number chart can be printed. ;
Calcomp plots for the pressure distribution, the leading
distribution, and the supersonic zone over the airfoil are
generated separately at the end of this step.

Before the unsteady time marching process, the
advanced time steps required to finish the assigned period
is estimated and printed. After one complete period has
been computed the flight conditions together with the
aerodynamic forces, lift, drag and moment coefficients, are
thereafter printed periodically. 1If desired, the pressure

distribution over the airfoil is also printed. Calcomp

plots for the pressure distribution, the loading distribu-
tion, and the supersonic zone over the airfoil are
generated periodically. At the end of the calculation the
unsteady traces of the airfoil motion and the grid system
near the airfoil are plotted. The graphs can also be
produced as individwal frames in a film strip. Then a

complete history of the time dependent motion will be visible.
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Glossary of the Program

The input parameters are listed in the order of

their occurrence on the data title cards.

Title
Card 1

ISYM

NU

NL

NX

Ny

MHALF

Indicates the type of profile.

ISYM = 0 denotes a cambered profile. Coordinates
are supplied for upper and lower surfaces, each
ordered from nose to tail with the leading edge
included in both surfaces.

ISYM = 1 denotes a symmetric profile.

A table of coordinates is read for the upper surface

only.
The number of upper surface coordinates.

The number of lower surface coordinates.

For ISYM = 1, NL = NU even though no lower surface

coordinates are given.

The number of mesh cells in the direction of the
chord used at the start of the calculation. NX =
causes termination of the program,

The number of mesh cells in the direction normal
the chord.

Determines whether the mesh will be refined.

MHALF = 0. The computation terminates after completing

0

to

the prescribed number of iteration cycles or after

convergence for the input mesh size.
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MHALF # 0. The mesh spacing will be halved after
NRELAX cycles have been run on the crude mesh size.
The refinement will be performed MHALF times.

RSTAD Determines whether the steady mode will be employed.
RSTAD = 0. The steady mode will not be called,
the steady flow calculation entirely depends upon
the unsteady mode. RSTAD = 1. Both steady and
unsteady modes are employed for the steady flow
calculation.

STADI Indicates the type of flow calculation.
STADI = 1. The computation is running for the
steady state solution. STADI = 0. The computation
is a time dependent run.

Title
Card 2

NRELAX The maximum number of iteration cycles which will be
computed in the steady iteration process.

RELAXTO The desired accuracy. If the maximum correction
is less than RELAX TO the calculation terminates
or proceeds to a finer mesh; otherwise the number of
cycles set by NRELAX are completed.

CHECKPT Determines whether the CHFKPTX is required.
CHEKPTX = 1. The CHEKPTX is called.

Title
Card 3

COORS The stretching factor in the x coordinate stretching

transformation described in Section III, 3.

\
et e M______‘.d




COORT

RCBDY

Title
Card 4

P10

P20

P30

P10l
P102
P103

Title
Card 5

FREQRA
MAPLA

FREQRM
AMPLM

FREQRC
AMPLC

The stretching factor in the y coordinate stretching
mapping described in Section II1I, 3.

To locate the computational boundaries.

The subsonic relaxation factor for the reduced
potential in the steady flow calculation routines.
It is between 1. and 2. and should be increased
towards 2. as the mesh is refined.

The supersonic relaxation factor for the reduced
potential in the steady routine. It is not greater
than 1. and normally set to 1.

The relaxation factor for the circulation. It is

usually set to 1. but can be increased

The increments of P10 as the mesh system is refined

1l time, 2 times and 3 times, respectively.

The frequency rate (rad/time) and amplitude (degree)
of the sinusoidal variation of angle of attack (in

degrees) .

The frequency rate and amplitude (mach number) cf the

sinusoidal variation of flight speed in mach number.

The frequency rate and amplitude of the sinusoida.

variation of flight angle in deqgrees.
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PERIOD The complete sinusoidal periods to be calculated.

DEGREE The degree interval to plot the graphs, pressure
distribution, the loading and the supersonic zone
over the airfoil.

Title
Card 6

ALPHAl The angle of attack in degrees.
- MACH1 The flight speed in mach number. The speed of sound
at infinity is set to be unity.
THETAl The flight angle in degrees

TSRATIO The ratio At/Ax between time step and

{(min)
minimum spacial step.

Title
Card 7

TE ANGLE The included angle at the trailing edge in degrees.
The profile may be open, in which case it is the
difference in angle between the upper and lower
surfaces.

TE SLOPE The slope of the mean camber line at the trailing

edge. This is used to continue the coordinate surface,
assumed to contain the vortex sheet, smoothly off the

trailing edge.

XSING

YSING The coordinates of the singular point inside the nose

about which the square root transformation is applied
to generate parabolic coordinates. This point should
be located as symmetrically as possible between the

upper and lower surfaces at a distance from the nose




roughly proportional to the leading edge radius.

It can be seen whether the location has been correctly
chosen by inspecting the coordinates of the mapped
profile printed in the output. If the mapped

profile has a bump at the center, the singular point
should be moved closer to the leading edge. If the
mapped profile is not symmetric near the center,

with a step increase in y, say, as x increases through
0, the singular point should be moved closer to the

upper surface.

Title

Card 8

X

Y The coordinates, upper surface coordinates, of the

THETA
upper surface and its tangent angle in degrees.
These are read on the data cards which follow, one
pair of coordinates and its tangent angle per card
in the first three fields of 10 from leading to trail-
ing edge inclusive.

Title

Card 9

X

Y The coordinates and 1its tangent angle at the lower

THETA
surface, read from leading to trailing edge. The
leading edge point is the same as the upper surface
leading edge point. The trailing edge point may be
different if the profile has an open tail.

Title

Card 10

End of the calculation.
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Cols.
Titl 1-10 } 11-20} 21-3q 31-40}41-50 |51-60 {61-70 | 71-80
Card
. NACA0012
1 ISYM | NU NL NX NY MHALF | RSTAD | STADI
1. 37. 37. 32. 8. 2. 1. 0.
2 NRELAY RELAX ppowpr
TO
200. {1.E-6 0.
3 COORS |COORT | RCBDY
0. 1. 1. !
4 P10 | P20 | P30 | P10l | P102 | P10O3 |
> 1
0.94 0.8 i 1. .19 .58 72
I .
5 FREORA [AMPLA [FREQM | AMPLM | FREQC | AMPIC 'PERIOD DFGREE
0.3 | 1. 0. 0. 0. 0. 1 2. 90.
6 ALPHAL !MACH THETAl |TSRATIO
0. | .79 | o. 10.
7 ITEANGLE [TESLOPE | XSING | YSING
16.15 ! 0. .8 0.
8 x | v THETA (UPPER SURFACE)
1 i -
NN
9 X Y THETA {LOWER SURFACE)
1
NL
Table 1. Data Deck for the Program.
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3, LISTING JF Tai 2w ,L,weav

PRUGFAN JFLCSCINPUT» CUTPUT s TARE =1 PL Ty Tar  mxsSuTPLY,,TAPESESQLTIPUT,
TAPET)

THE ANALYSIS oF TRANSUNIC FLLw ~AST &lkr it IN RIGIC BUODY MOVIDN

THE UNSTEAUY TRANSUNIC PuTbnTial Fluw FwusTIUN wlTH RACIATION

SUUNUARY CUNCDITIUNS IN MUVING SHEAREL FPARASCLIC CCORLUINATE SYSTEM

ARE STLVED BY ah ALTER™ATING DIKECTICON IMPLICIT SCHEME wlTH

FIVE ODIAGUNAL MATRIX SULVEN

PRIGFAMMELD BY JI-CHUNG CHANDS UUKING SEPTEMBLER 198C

6, 1S THE VELCCITY PUTENTIAL 1IN THE ABSLLUTE FRAME

CouMMUN/AY GM(132,30)90(132936),G6N0132,36),50(1321551(132)5521132)

s LO0(132),A1(132)9A2(152),083(132),B0(36)sBL1(36)s82(306)
sB33(3E) s NXINYp IXLsIX2sRSYAy FMACHP ALPHASCA9SAYFMACHZ
AL UTIMICBySopNS» KRG I1GsdU

COMMUN/ZA/ SVI132)s5M(132),CP(132)

CLMMON/C/ XxPU2EC)»YP(260C)»01(260)502(260)503(260)

CCMMON/D/ SLUPTTRALL,>CAL

CUMMUON/ZEY/Z CHORCoXMpCLICUSCM

CCMMUN/FYZ XPyYRYKSeXS(50C)»YS(LCO)

CuMMUW/GY, TITLECZO)»IPLUT

COMMUN/ZH/Z DXs DY DTy OXXy DYY»OTT,0XYsDXTHDYT» TSR

CUMMOUN/TI/Z X(¢60)sY(260)

CLMMUN/ZYY RADSPISALS»ALT»ALTT»AMPLAS FREGRASFASAGAYFMACHS,FMACHT
PAMP LMy FREQrMy FASAGM ) CETASyCETATSCETATT»AMPLC)FREQRC,FASAGC,CETA
s FREGUR,, IPSUNE

COMMUN/KY 109 11lsi2s135Jd19d2,03

COMMON/LYZ TCLLEO1)»TCO(BUOL)»TCM(BCL)»TCP(I980L)sTCPS(9)»CLSH»CUS

MY NITSH»TIUMPHINETEPSISTEPSPERICDs MHALF
CCMMON/MY P1sP2,P35TAU o
CUMMAN/O/ CUDRS,CUART ~ é
!
5

COUMMULN/STADL/ Qky 1P, urRy IXRSTAD
COMMUN/wAKEYZ NIT,wG(132)
vATA VAR/O/

I*EAL= 5 f

IWwRIT = A Y

1FLOT = -1

vl = 341415926 9355979

FAD = S 7,095779%13C8¢3 D
}

whITE (IWwkIT,2)
FURMAT(L&AtOPRTGRAM b L iS5y 7C R 3241 I=CHUNG CHANGs COURANT INSTITUTEY/

S56CHL L] N T U ThACY TRANSUNIC POTENTIAL FLOW EGUATION )
¥ LA (IREAUPESC) (TITL eI )s]l=1l,20)
wr DT CTwe ITee 50 T 4T dllelslel2GC)

AR ITE (Ia®1Ty600) ‘
i




w

PEAD (IPEAD,>CC)

READ (IREADSSIC) FSYMyFNUSFNLs FNXsFNY,,FHALF,FRSTAD,FSTADI
ISYM = FSYM

[RSTAU= FRSTAD

ISTALI= FSTADI

Ny = FNU

NL = FNL

IF (NUSLTSL) GG TO 302
NxO = FNx

NYO = FNY

N X = NXO

NY = NYO
IFINXJNELA4ENY) Gu TJ 3592
MHALF 2 FHALF

NHALF = 0

READ (IREAD,SCC)

Rt AD  (IREAD,51C) FITsCAV,CHECPT

ICHECK= CHECPT

FEAD(IFEAD,S0C)

ReAD(IREAD,S10) CCCKHS»COuRT,RCBOY

LHALF= RCBDY

IF(LHALFoLE«CsUkeLHALFoGTA3) LHALF=1
READCIREAD,SCGT)

REAL(IKEAD,HL1O) FLlOsP2UsP3CHPL10OL»PlO2yF1luU3
KLAD(IREAL»SLC)
FLAD(IREAD)SICIFREIRAPAMPLA,FRECKM) ANPLM,FRECRE S AMPLLE, PERTUDS DEGRE
IF(PERIUVDCCT.2.) DEGKRE 45,
IF(PERIOCSLT3) GJ Tu 3

DEGFE= 45,
IF(PERIUDWLTWG) GO TE 3
DEGRE= 90,

I1GRAF= 360./0tCkt
IFUIGRAFGTL12) IGRAD = 12
IPSURE= PERICI*IULRAF
FrEWR= 1CO.
[F{FREQRAWLESCe) GU Ti) 4
FrEQR= AMINI(FKFQRAFREQK)
IF(FREJRM.LE.Ce) GJ TO 5
FrEQR= AMINL(FRECRMp FREQR)
IF(FREQRCLLELOW) GU TO 6
FREGF= AMINL(FREWRC, FREQF)
IF(FREQR.LESG) GO TL 30¢
MITO = F1T

FEAC (IKEAD,50C)

READ (IKEAL,510) ALL,FML,CT1,TOR

FMACH = FM1
FMACHZ2=FMACH®*FMACH

CLTa= CT1 |
CcTAS= CETA/RAD

ktAD (IKEAD»50C)

rEAD (IKEADs 510) TPAILSSLUPTYXR,YR
TrRAIL = TkAJL/RAC |
1 = ML sy -1

Rr AL CIREAD, B0




10

11

12

13

37
o

la

16

147

DU 7 I=NLN

FEAD (IktAl»51C) x(1)sYL(])
L = NL 41

IF (ISYM.GTLO) CGU TY 9

Kt AD (IFEAD, L00)

Ca » I= i,ht

R AD  (IxtAD»»1C) VALsUUM

J = L -1

x(J) = VAL

Y(J) = UM

Ci, Tu 11

J = {

v 1C I"‘L’N

J = J, -1

x(J) = x{(1])

Y(J) = =Y(I)

CHORD = X(1) =X {1iL)
XM = X(NL) +425%CHURD
AL = ALl

ALPrA = LL/KAD

ALS= ALPHA

Ko>YM = [SYM

IF (ALPHAWNE.O.) KSYM = O
CALL COORD(NLsN)
IFCIX1+IXxCaNESNX+S) GO T 302
It (IRSTADLGT.C) GC TC 37

CALL ESTIM

oL TL 38

CALL SESTIM
UTIM= Q.

MIT = 4ITC
ALT=u.

ALTT= O,

FMACHS= FMACH
FMACHT= O,

CeTaT= Q.

CETATT= C,

Wk ITE (IWRIT,000)
ankITE (TwrITs112)
KXx= NX¢1

UG 19 T= 3sKX

ARITL (IWRIT#E1C) A0(I)»SO(1)»SilI)sS2(1)»A(I)sA2(1),A3(])

wre [TE (IwRIT»620)

wr ITE (IWKkiTslle)

MY= NY+2

QU 1n J= 3, MY

wh T (IwkITys1C) BO(J)ssl(J)sBR2(J)sB3(J)
It (I®STAD.GTL.Q) GG TO %0
IF(NHALF s QeMHALF) MIT= MIT*1.5
MIT=0u

Ji= 3

KHAL = LHALF R #*NHALF

Jiz 3 + NY~-KHALF

J2= J3 -1

. PR w o Ny




20

21

50

I0=
I1 =
13=
12=
INX=
INY=

2 + KHALF

10 +1

2 + NX =KHALF
13 -1

13 - IO

J3 J1
whkITE (1WRIT»00C)
wRITE (IWRITs124)
whk [TE(IWRIT»640)
wRITE(IWRIT,120)
WRITE(IWRIT,e10)
WRITE(IWRITy»132)
CAaLL SFCUND(T)
WRITE(IWRIT,»66C)
Wk ITE(IWRIT,128)
NIT = NIT
CALL USTADI
WRITE(IWRIT»E5D)
IF(NIT.GFEMIT) GO
IF(RC.GTLCAV) GO
CALL SECGOND(T)
WRITE (IwkIT,0660)
IF{ NHALFLGE.MHAL
NHALF = NHalF +
MIT=sMIT/2

Nx=NX +NR

NY= NY+ NY
CALL COO0PLINLsN)
Ir(IxLl+IX2ME P X+
CALL REFIN

Gu TDO 1le

USING THE STEADY
wkITE (IWR1T,600)
WkITE (IwklIT,124)
WKITE (IWKITy540)
wRITE (IwWRIT,12¢)
whITt (IWwkIT»61C)
CALL SECIND(T)
WRITE (IWRITs06k0)
wRITE(IWRIT,129)
NIT=0

INXs INY

FMACH, AL
CT

7
+1
NITsRGsIGJGIS
T0 21
Tu 20
T

F)
1

CJ 11 22

4) 63 TU 302

MODE TJ GENeRATE T4t INITlAL DATA

NX s NY
FMACH AL

T

ALT‘U.

Pl = 2/ (1, +(2./710 ~le)Fau%aNHALF)
IF(PL1OLetCeuUs) GL TOU M1

Pl= P10

IF( NHALF.EQ.1) P1l= P10 + P1l0U1
IFC NYALE WFGe2e) PL= P10 + P1CC
IF(NHALF,ECe3) P1l= P10 + P10O3
Pe= P20

P s = 1.

Jl= 3

Ji= NY+2

I0o= 1

13= NX+]




LU

(gt}

53 Jy2= J3-1

94

57

W

11= 10 + 1

I¢= 13-1

STEADY ITERATICN USING THE STEADY MODE
NIT = NIT  +1

CALL STEALY

AR ITE(IWRIT,67C) NIT,R391GsJCs &Ry IR JRsTAULIPLIP2sPIHNS
[F(NIT.oEMITY G3 TG 5%

IF(ReeGTLCaV) GC TO 54

CALL SeCJND(T)

akITE (IwwlTs€e0) T

IF( NHALFJLT.MBALF)Y GJ T2 47

CALL SVELYD

Call HOKCE

WRITE (IuxT,560C)

wRITE (IwkIT,18c)

WRITL(IWRITs610) ALsFMACH,CETASCLSCD,CM

WrRITt (IwkiTs184)

DU ¢ I=1x1,1X2

wRITE (LakITs610) XPLI)oYPUI)YsSV(LI)ySM(I),CP(])
WhITE (IwR1IT»600)

catL CPLOT

WRITC (LwrIT,60C)

CALL SCHakT

IRIVUTE= |

CALL PSU2E

IPLOT= O

IFCLISTADILGTL0) GO TL 303

od TU 58

NHALF = NHALF + |

X ENX +NX

NY = NY ¢+ f\Y

CALL CCURD(NLN)

Ir(Ix1elIX2sNLoNX+4) Go TD 2302

LALL SPEFIN

MIT=r]T/2

Lo TL 14

STEALY I[TExATION USING UNSTEALY MODE !
WIT=¢ !
ALT=C,

ALTT= 0,

FMACHS= FMACH
rAACKHT= C.
CLTAT= Ce
CLTATT= C.

CALL FSTIM

MIT= MITOU /7 ¢
whkITE(Iak]1T»40C)
wRITE(IwRITy134)
WRITE(IWR]ITSILZ4)
NHRALF 2L 4ALF®2¢en{ALF
J32 3 4+ NY-KHALF
Je= J3 -1

Je= 2 ¢ XKHALF




59

60

22

23

3%

I1 = 10 +1

[3= 2 + NX =KHALF

I¢e= 13 -1

INX= I3 - 10
INY= 43 - J1
WRITE(IWRIT»640)
wRITE(IWKIT,126)
ARITE(IWRIT,61C)
WRITF(IWRIT,132)
CaLl SECONDI(T)
WRITE(IWRIT,0060)

wRITE (IwkIT,128)

NIT = NIT
CALL USTAUIL

WRITE(IWRITS650)
IFINIT.LT.3) GO
IF( NITSGELMIT)

150

INXs [*Y

FMACH» AL
DT

1

+1

NITHyRGeIS»IGHNS
TC 59
G0 TC o0

[F(RRGSTLCIV)Y GU TC 539

CALL SECCNDA(T)

wkITE (IWRIT,55C)

T

UNSTEADY CALCULATICN --= TIME MARCHING

NIT=0
INITIAL DATA
NITS= 1
JSTeps=s 0
CaLt VELC
CaLL FORCE

WkITtH (IWxlT,6C0)
WRITr (IwkITy1lEc)

wkITE(IWRIT,0l1C)

ARITE (IWPIT,1€4)

Lu 23 I=Ixl,IXe

wPITE (IARITH»Z1IC)
WKITE (IwkIT,600)

CaLt CPLITY

WrITE (IWRIT,60C)

CALL CHART
IRQUTE= 1
CalLL PSUFt
IPLOT= O

IFCISYMuGT «Oa ANL o ALS o Fd el e ANDo AMPLAVEC Do e ANDSAMPLC.EC.D.)

ALs FMACHYCETASCLICODyCM

XPCL) o YPUI)aSVII)»SMUTID)sCP (T

IkJUTE= [wOUTE + 1

catL LOPD
IFJUTE= JROUTE+
catl SJaNIC

CALL SECUNDIT)

we [Tt (IwklT,660)
GG TO 303

IF(ISTADIGTeu)
wkITE(6,60Q0)

T

ISTEP= PERIOD*2.*%#P1/(FREGUR*DT)

wr [TE(IWR]IT,13¢)

ISTEr

MsTEPs ISTEP/IPSURE
TJKLMN= MINO(BOCSISTEP)
KFIRC= [JKLMN/IPSURE

o oact codl oo

6CTC35




24

26G

3¢

3G

31

32

39

41

30l

JUHECK= [STEP*.25
FIMUDIMSTEPKFLFrC)eEwe D) GU TO 2%
KEDJR(as KFLRC-1

oL TO 2¢

NoTrRP= ISTEP/(KFURC*IPSURE)

LoTEF= ISTEP + 5

KSTEP= lo

RKSTEF= FLIAT(ISTeP)*,%

CALL uSTADI

IF(PERIOIWGEL24) GO TG 33
JTF(MCD(RSTEP,MSTEP)LEILC) GU TL 27
G T 39

IF(KSTEPSLT «&kKSTEP) Gu TO 30

od TL 34

IF(IKCUTELLTL2Y) G TJ 2

CALL ROUTE(OLIUTPUT,)2LLP)

IxJUTE= O 4
CALL PLOT(ND4s04sr»797)
IPLUT= -1 '
IrdJTE= IROUTE +1

CaLtL VELuU

JSTEk= JSTEP + 1

call FORCE

WRITE (IwWkIT,6CC)

whk [Tc(IWEITs138) LTIMy<STEP

wRITE (IWKIT,182)

WRITE(IwRITS»610) AL,FMACH,CETA,CLsCO,CPM

WkITt (IwRIT,1E4)

ou 29 1= Ixl,Ixe

WRITE (IwRITH»H10) XPUIDaYP(I)sSVII)sSM(I)CP(I)

CAaLL rSURE

IrLldT= O

IFCISYMaGT oD e ANDoALS et 2004 s ANDOAMPLAGEC.De s ANDLAMPLC.EQ.O,.) GOTO36
IKQUTE= TRJUTE + 1

CALL LOROG

I JUTE= IRJQUTE+ 1

CALL SONIC

o2 TO0 32

IF(MUDIKSTEPONSTEP)LEWQ.Q) Cu TU 31
Ge TU 32 .

CALL VELO

JSTEP=JSTEP+1

CALL FURCE

KSTEP=KSTEP +1
IFIMCD(KSTEPs JCHECK) eEweC) GO TO 41
IF(KSTEPLGELLSTEP) GOL TO 301

oU TC 2o

IF(ICHECK «GT«0) CALL CHEKPTIX(VAR)
GO TG 39

CALL TRACE

Ji= 3

KHALF=s 3% 2%MHALF

Ji=x 3+ NY-=nrtALF

ivs 2 ¢ KHALF




152

I3 2 ¢+ NX -KHALF

CALL GRID

303 CALL PLUOT(0.»0es999)

302 STQP

112 FURMAT(41HOMAPPED CDDRDINATES AND X STRETCH FACTORS/
1 15H0 X 515k Y »15H YpP ’
2 15H YPP » 1ok Al » 15K A2 »
3 15H A3 }

116 FORMATI(1boHOY STRETCH FACTORS/
1 15H0 Y » 15K 81 »15H B2 ’
2 15H B3 )

124 FURMAT(15HO Ok DIVISIUNS»15H VER OIVISICNS)

126 FORMAT(15HO MACH NO »15+  ANG OF ATTACK)

128 FURMAT(LIOHOITERKATIUNY1OH CIOFRECTION »5H 1 »5H J
1 5H 2 10KSOANIC PTS )

129 FURMAT(1IOHOITERATICON,1ISH CCRKECTICN »5H I »5H J oo
1 19H RESIDUAL »5H I »5H J o
2 100 CIFCULATN,L1CH REL FCT 1,10H REL FCT 2,10H REL FCT 3,
3 10H SUNIC PTS)

132 FURMAT(1HOs*TIME STEFP = #,F15.,10)

134 FURMAT(1HC,*UNSTEADY ITERATIUN¥)

136 FOURMAT(LIHU, *UNSTEADY STEPS = %, 5X,[10)

138 FURMAT(1H ,*TIME=%,5X,F104055Xs%STEP=*,5X5110s757/)

182 FURMAT(1SHO ANG UF ATTACKs1lS%k FLIGHT SPEED »15H FLIGHT ANGLE »
1 15h L » 15k CcL s 15H (0| }

166 rURMAT(36MOCUDRLINATLS OF INTEKPOLATED AIKFOILS

1 26H AND PRESSURE LISTPIBUTIUN/
2 1oH X s 15+ Y »1oH V/VO ’
3 lon MACH NO s 15t CF )

500 FURMAT(1X)

510 FORMAT(u6Fl0.7)

530 FORMAT(20A4)

600 FURMAT(1HIL)

610 FURMAT(B8Flze%)

620 FURMAT(BELS.2)

€30 FURMAT(1HC,»2CAG)

40 FORMATI(IB,7115)

650 FORMAT(IICt1SeS92155110)

600 FURMAT(15HOCOMPLTING TIMESF10e3s10H SECUNDS)

670 FURMAT(IL1CPL194592159E1549921594Fl0eor211))
£END

SUBRCUTINE COOURL Ly N)
SETS UP MOCIFItD PARARILIC CLURDINATE SYSTEM
COMMGN/AYZ GMIU132536)50(132,3¢)sGN1132936)550(132),5,51(132),52(122)

1 »AO0(132)5A1(132),A2(132),A3(1322),80(36),81(36),82(36)
2 933(36) ) NXyNY)IX1pIX2sKSYMs FMACHs ALPHAP»CAySA,FMACHZ
3 sAL,UTIF,»CBySByNSIRGy1IGIG

CUMMON/C/ XP(2mn0)sYP(200)s01(26C)5D2(260),03(260)
CUMMUN/D/ SLLPT,TRAIL,SCAL
CUMMUN/F/ XRypYRyKSpX5(500),YS(500)

e -




i . CUMMON/A/ OXo DY DT DXXsDYYHOTT,UXY»DXT,DYTH» TSR
' CodMUNZ DL x(260),Y(260)
CuMMIN/T/ CUaRS,COCRT

If
: |
| Pl = 3,164156265358779 ;
. X244 /NX
Ly = 1e/NY ’
IRY=0X¥DY
LYY=0Y*DY !
DxxXx=0Cx*D2X :
KX= NX+1] 4
Yx= NX+2 ‘
<Y = NY +1
S MY = 1Y  #2 }
. S= CUDRS f
[ l 1= CLORT .
; . xTe=1.
SCAL = (50001« XTE*#2/(X(N) =XR)
01 12 1=1sN ;
v X0 = SCAL*(X(I) =xR) ]
. YO = SCAL#(Y(I) =-YRr)
- R = SQKT(XC*¥XQ +YO%YC)
ANGL = CMPLA(XOsYO)

IF (TeLTeLoANDGANGLWLTooS*PI) ANGL = ANGL +PI +PI
If (JeGT el oeANCOANGLSGTA1e5%PI) ANGL = ANGL =PI =PI

ho R = SGRT(R  +R)
S ANGL = J5%ANGL

L xP LI = 2#CLSLANGL)
! : 12 vye (I = RE*SIN(ANGL)

, DG 2& 1= 3sKX
r Xx= (I-2)%0X -2.

:‘, b = 1.
: If (ABS{XX)GT.XTE) GO TC 23
‘ S A = SIN(PI®*XX/XTE)
- Cx = CCS(PI®*XX/XTE)
xC 2 xX +SEXTESSX/(PI%(], +5))
0 X1 = 14/(1s +S%*(1l., +CX))
' X2 = S*PI*SX*x1/XTE
] Xi z (le +5)%x1
: GO TL 24
: 23 IF (XXelLT.0e) 8 = -1,
A 2 1 =((XX —B*XTE)/(2s =XTE))%%2
X0 = 3%XTE  +{XX ~B*XTE)/(A*(1l. +S))
xl = (1. +S)*a®a/(2, -4} ;
A 2 —2.%(XX =d*xTE)%(4, -A)/(A%(2, —A)®(2., ~-XTE)*%*2)
264 IF (XO0.LT4xP(1)) IX1 = I
IF (X0oLE«XPINY) X2 = |
ALt = X3
AlCD) = JH%X1/0X
L2¢ 1) = al%x]
22 A3(I)=s.5%X2/UX
ixl = Tl 41

DL 3¢ J= 3 MY
YYs= (J=3) ®ypyY
o] = 1l -YY®YY

LL‘u ity i . - N - RN "I




32

42

5e

62

72

Y1l
80(J}
Bl(J)
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B*B/ ({2,
T*YY/8B
« 5%Y1/DY

~B81*T)

LTI T ]

B2(J)=Y1#*Y]
83(J1=~YY*(4.~B)/(B*¥{2.,-8)%DY)

ANG = ATAN(SLOPT)

ANGL = CMPLACIX(1l) ~xR)s(Y(1) =YR))
IF (ANGl1.GT.PI) ANG1l = ANGl =-P[ =PI

ANG2 = CMPLACIXINY  =XR)s(Y(N) <=YR))
IF (ANG2.GT.PI) ANGZ = ANG2 =-P1 =-P1

ANG1 = ANG ~+5%ANG1l +,5%TRAIL

ANG2 = ANG ~=.5%ANG2 ~.5%TRAIL

T1 = TAN(ANG1)

T2 = TAN(CANG?Z2)

CALL SPLIF (lyNeXPsYPsuUlsD2sD351sTLlsisT2505,0.,5IND)
CaLL INTPL (IX1yIX2sAa0sSUslaNsXPsYP»U1lsul2s0350)
X1 = X(1l) ~75%(XxX(1l) =X(L))
SC(2)= 0.

SO(MX)= 0O,

M = Ixl1 -1

A = SLUPT®({(Xx(1l) ~=x1)

C = 1,/(Xx(l) -X1)

DU 42 I= 3,M

XX = JS5¥AQ(I)%%2/5CAL  +XR

X0 = SCAL*(XX =XxR)

Y = SCAL*(Y(1) +a*ALCG(C*(XX =X1)) ~YKk)
R = SGRT(X0%¥X0 +YQ%*YQ)

ANGL = CMPLA(XO,»YO)

IF (ANGLoLT«oS%PI) ANGL = ANGL +P] +?1

R = SAURT(R +R)

ANGL = +5¥ANGL

SO(I) = R*¥SINCANGL)

M = Ix2 +1

A = SLCPT*(X(N) -Xx1)

C = 1.,/7(XI(N) -=X1)

DL 52 I= MykX

AX = JH%AQ(1)*%2/SCAL  +XR

X0 = SCAL* (XX -Xk)

YO = SCAL*(YI(N) +ARXALUGIC* (XX -X1)) -YR)
R = SOkT{X0*x0 +YO%YO)

ANGL = CMPLA(XO»YO)

IF {ANGL +GTl.o%P]) ANGL = ANGL =Pl -PI
1% = SGORFT(R +R)

ANGL = 5%ANGL

SC(D) 2 r&SINCANGL)

SCAL = 1./SCAL

DU 62 I= 3yKX

VST = 50(I+1) -=SO(I-1}

CSII=(SO(1+41)=2,%SC(1)+50(01=-1))/0Xx +A3(I)*DSI

S1(I)

= Al1(])#%0351

S2{(1)=A2(1)=*DSII
DS 72 1=1X1,1K2

XP(I)
YP(Ir)

= JO5%SCAL*(AQ(])**2
2 5CAL*¥AQ(I)I*SO(1) +YR

-SO(1)r#*2) +xR

RN S VP GO S
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RETUFRN
END

SUBKRLUTINE SPLIF(MaNSSsFaFPsFPPyFPPPy KMy VMy KNy VN MODE» FQMs IND)

C SPLINE FIT - JAMESUN
C INTEGKAL PLALELD IN FPPP I+ MUDt GREATEF THAN O
C IND SET TU ZCPRU IF DATA TLLECAL
DIMENSICN SEL)sFCLY»FP(L)sFPRUL)FPPP(L1)
IND = C
- K = [ABS(N =M)
’ IF (K =1) Bl1481,1
1 « = (N -M)/K
I = M
v = M +K
Cs = S(J) =5¢(1)
+ e = DS
P IFr (CS) 115,81,11
i 11 DF = (F{J) =~F(I))/0DS
IF (KM =2) 12,13,14
’ 12 U = +5
4 v = 3,%(DF -vi)/DS
Gu T3 25
13 U = O,
vV = VM
6C Ty 25
le U = ‘10
v = =D4*VM
GO rc 2%
21 1 =
J = J +<
L> = 5{J) =S5(}])
IF (C*DS) 81s81,23
23 Dt = (F(J) -F{I1))/70VS
o = 1,/7(05 +0S5S +U)
U = N#*NS
v = dx (e *¥DF -v)
25 FP (L) = U
FPP(1) =y
U = (2. -u)*D5S
v = 6 W% +05*V

IF (J  =N) 21s3isdl
31 IF (kKN =¢) 32533,34

32 v = (6.*VN -Vi/u
vu Tu 395
33 v = VN
Go TG 35
34 v = (DS*VN +FPPC(IY) /(1. +FP(I))
35 9 =V
] = DS
41 05 = S(J) -S¢I)
u = FPP(I) -FP L) *V




O O D

51

6l

71

(¥9)

11

12
13

21
31

FPPP(I) = (V. =UM/DS

FeP(]) z U

FPCI) = (F(J) =F(1))/0S ~-DS*(v +u +Ul}/0.
v = U

J = ]

1 N |
IF J -M) 41s51,41

1 3 N =K

FPPP(N) = FPPE(])

FPP(N) = b

FP () = UF  +D*(FPP(]) +B +B)1/6.
IND = 1

I+ (MODE) 3lsBlyel

FPPP(J) = FQM

Y = FPPI(J)

l = J

J = J K

0s = S(JYy -=-%(1)

V] = FPP(J)

FPPP{J) = FPPF(]) +.9%03%(r (1)  +F(J) =DS*DS*(U  +VI/12.)
v = U

IF (3 =N) 71»€1,71

Rt TUEN

FMND

FLNCTION CMPLAIX,Y)

ANGLE TF COMPLEX NUMBEK X +I%Y IN RANGE J. TU 2.%PI
Pl = 3,1415926239%8979

IF (ABS(Y) =ABS(X)) 1lsl,ll

SHIFT = P

Ir (x) 4,152

SHIFT = O

IF (Y) 354,54

SHIFT = 2.,%P]

CMPLA = SHIFT 4ATAN(Y/X)

Ge T2 31

SHIFT = W 5%P]

IF (Y) 12512513

SHIFT = 1,5%P]

CvPLA = SHIFT =ATAN(X/Y)

sC To 31

CHMPLA = Q.

KETURN

END

SUBRUUTINE  INTPLUMISNISSIsFIsMyNySsF,FP,FPP,FPPP,MODE)
INTERPILATIUN USING TAYLOK SUEIES = JAMESCON

AUDS CORRELCTIUN FUR PIECEWISE CUNSTANT FOURTH DERIVIATIVE
IF MGDE GREATEP THAN ©

OIMENSION STUINYs FLICL)»SUL)sFLL)9FPCLI»FPP(L),FPPP(1)




11

13

33

35
37

41

= 1ABS(N  =M) ‘
= (N ~M)/K ]
I = M |
MIN = M] i
NI = N] |
L = S{N) -S({M)
I (us(S1TO(N]) ~ST(MIY))) 11,13,13
YN = N1
.1IN = lﬁI
K1 = TABSININ =NMIN)
[F (KI) 2192191¢
KI = (NIN  =MIN)/KI
I1 = 4IN =KI]
C = (.
[F (MUDE) 31s31s23
; = 1‘
Il = 11 +K ]
SS = SI(IID)
I = [ #K
Ir (1 =N) 35537,35
IF (0*(>5(1I) -SS)) 33,33,37
J = ]
I = ] -K
SS =SS =3(I)
FPPPF = C*(FPPP(J) -FPPP(I))/(5¢CJ) -StI1))
FICII) = QUARPI(SSsF(I)sFP(I)sFPP(I1)sFPPP(I)sFPPPP)
IF (1] -NIN} 31,415,331
RETUFN
END
FUNCTION CUAFP(US»F»FPFPPsFPPPyFPPPP)
EVALUATES FIRST FOUR TERMS OF TAYLOR SERIES - JAMESON
QU ARF = FPPP +.25%¥DS*FPPPP
GUARP = FPP +DS*QUARP/3,
GUARP 2 FP 4,5%0S*wuAry?
JUARP = F +JS*QUARP
KETUKN s
END !
o
o
SUBRCGUTINE PARAF(SYs52sS3sF1lstk2sF3sFsbkPsFPP) 1
PARABILIC FIT - JAMESON :
5C 2 ,5%(53 +S51) 1
FPro = (F3 -F1)/7(53 -51) ,
FPP = (F3 -F2)1/(>3 -52) -(F2 -Fl1)7(S2 -S1)
Fpp = PL%FPP/(S] -51)
+ ¥ = rPQ -FPr&S9)
b = F2 ~-S2%(FPO +HPPR(40%S -S5C1))
FETURN
()




S

-

oy O

12

22

23

n —
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SUBRCUTINE SFESTIM

STEADY ROUTINE

INITIAL ESTIMATE OF REODUCED POTENTIAL

CTMMUNZAY GM(132530)9G0132536)9G6N(1329s36)»50(132)5S51¢(132)1,52(132)
»AQ(122),A1(132),A2(132),A3(122)sBGC(36)58B1(36),B2(36)
pB3ICIE)pNXaNY»I XL,y IX29KSYMy EMACHIALPHASCAy SASFMACKH?
sALsUTIM)CBr»50sNSHRGsIGHIG

CUMMCN/M/ PLl,P2,P3,TAU

CLUMMON/WAKE/ NIT,wG(132)

Ix= ANX+4
Iy NY+4
Kx= NxX+1
MY 2 NY 42

Ce= CJIUS{ALPHA)
Sv= SIN(ALPHA)
Ct= FMACH*CB
SAa= FMACH%*SB
Tau= 0.

0C 12 I= ls1IX
UL 12 J= 1,1V

GlIsd) = G

DC 22 I=IX1,1IXx?

Uis= CasaCG(Il) +SA*S50(1)
3I5= B1(3)* {1, +51(1) *%2)

G(Is2)= G(Iye)-(CA%S50(1) ~SA%AQ([) +y0*S1(I))/BIS
D0 23 I= IX2sKX

Mz Nx+4 =]

wGlI)= G(Ir»3)-G(Ms3)

ke TurN

END

SU3KFTJT INE SREFIN

STEALY ROUTIMNE

HALVES MESH SI17¢

CCMYON/ZAZ GM(L132530)506(132936)9G6GN(132,36)950(132),S51(132),52(132)
s AC(132),A1(132),A2(132),A3(132)s30(35),81(3b)s82(138)
PB3(36)sNXpNYs IX1yIX29KSYMy FMACH» ALPHAPCA»SA»FMACHZ
ALY UTIMH)CBSbsiSHRGIGH IO

CUMMON/WAKEYZ NIT»WG(132)

KXz NX+}

Fx= phX4+2

KY = NY +1
MY= NY+2
1Y= NY+3

LXx= WX/2 + 2
LY= NY/2 +3

DO 22 K= 2L X
I= LXx+2-K

II= ([=2)%2 42
Dd 22 KK= 3,LY
Jz LY+3-KK

_——-—-—“w



LA

42

\r
~No

€l

54

159

Jds (J=3)%2 +3

ClIIsdJ )= G(l,u)

Ou 42 1= 2sMxy2

Uu 42 J= &Y 2

L{lsrd) = ¥ (G(]sdtl) +G(1,d-1))
DL 32 d= 3, 1Y

ud de 1= 3,KX»?2

olls»d) = G SR(G(I+1yd) +G(I-1,J))
(L 3. I= 1X2sXKX

Me NX+4-1

#GUIY=2 GUI3)=5(My3)

Ou 922 I=IxlsIXx?2

Gl= GUI+1s3)-G(1-1,3)

Los= ALCI)*GL +CL*60(I)  +SA%SO(])

EIS= 8l03)%(1. +S101)*x%.)

S(ls2)= G(Iss) —(CA*SCO(I) ~SA*AG(I}) +UC*S1{I)})1/8BIS
N = Ix1 =1

Cu 62 I= 3yN

M= Nx+4q -]

ClMs2)= G(Ise) + WhH(M)
N = Ix2 +1
Cd b4 I= NyxX

Mz Nx+4 -1

a{Ms2)= G(lsa) =wWG(1)
PETURN

tEND

SUBRCUTINE SVELC

STEADY ROUTINE

CALCULATES -SURFACE VELICITY

CUMMON/ZAYZ GMU132536)50(132530),6N(1325,36)550(132),51(132),52(132)

1 pA0(0132)sA1(132),42(132)»A3(132)580(36),B1(36),82(36)
¢ 9B3(3C) s NXy Y IX1,IX2s KSYMyFMACH) ALPHA» CAp SAy FMACHZ
3 s ALY UTIMyCBs»S3ynNSHIRG,IGIG

CUMMON/BY SVI1320,5M(132),CP(132)
COMMINYIYS RADSPL s ALSHALTs ALTT,,AMPLASFREQIRASFASAGASFMACHS,, FMACHT
1 JAMPLMyFRECRM)FASAGM)CETAS,CETAT,CETATT, AMPLC) FREQRCHFASAGCHCETA

2 JFRFIR,IPSURF

CUMMON/K Y/ ICyI1ls125135,019d2,543

AAD= 1o + Jz®fFMLCH?2

vl L2 I=1Ixl,Ix2

Y=80(3)+350G(1)

B=3dRT(AD(L)*#2 +SC(I)*%*2)

Gl= CUI+41,3)=-GU1=1,3)

odx GlIsb)=6(1s2)

S 2(ALCT)* G =SL(I)*B1(3)% Gy +CA®AQ(I) +SA*Y)/H
Vv = (Bl(3)* GJ +S5L¥AC(L)  =CA%Y)/H
Ju= LEY+VRY

«zHURPTIQI)

[P (el Tete) o« = =0

svil) ER-—

S

Py
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AAs AAD =,2%QQ
Aa= ABS (AA)
A= SORT(AA)
SM(i)= Q/A
12 CP(I)= (AA**3,5 =1,)/(+7*FMACH2)
KETURN
END

SUBRUUTINE SCHART
C STEADY ROULTINE
¢ GENERATES MACH MNJ CHART
CUMMON/ZAYZ SMU132s3b)90(132s36)156N01325,36),50(132)5,51(132),52(132)

1 2AO(L32),A1(132)5A2(0132),A3(122)580(36)1,81(361)y82(36)
b sB3(36) ) NXshY s IX1pIX2)KSYMy FMACH, ALPHAY CAY SASFMACHZ
3 AL UTIM,CBY»S3,NSHRGHIGHIG

COMMUN/ZIY RADSPIs ALLs ALTSALTTSAMPLASFREQRA)FASAGASFMACHS»FMACLHT
1 s AMPLMyFKEQFMIFASAGMyCETAS)CETATYCETATT,AMPLCSFREGRC,FASAGC,CETA
2 »FREQR,IPSURE
CCMMON/KY JCs T1ls12s135d1sd2sd53
CIMENSION INDC1EQ)
AAD = 1o + 2 ¥ FMACHZ
IwRIT = 5
& = NY/32
IF (NY.GTe32%K) Kk = K 4]
WRITE (IWkIT,2)
2 FURMAT(L4HCMACH 1O CHART)
11 DG 12 I= 10,13
J=J1
N= O
14 N= N+1
Y = SO(I) +B80(J)
HH=AQ(I)*AG(I ) +Y*Y
M=SGURT(HH)
GI=G{I+1lsJd}=G{I-1sJ)
Gd=06(I,Jd+1)-G(]sJ=-1)

U =(AL(I)* GI =S1(I)*B1(J)* GJ +CA*AO0([) +SAx*Y)/H
v = (Bl(J)* GJ +SA¥*AO(I) ~CA*Y)/H
QQ=U*U+V*\

Ad= AAQ -.2%QQ

Aa= A3S(AA)

whz  QG/AA

‘ INDIN)= 100.,%SCRT(QA)

r IF (uelTo06) INDIN) = —InND(N)
J= J+K
IF(JeLE«J2) GG TC 14

12 WRITE (IwkITy61C) (INO(J)sJd=lsN)

RETUKN

€10 FuMAT(1X,32]14)

l END
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le6l

SUBNCUTINE STEADY

STEAOY RIOUTINE

STEALY TRANSINIC PLTENTIAL FLORP EQUATICN IN SHEARED

PARABCLIC CuCFOINATES SYSTEM SLLVED BY RUW RELAXATION

G I> THE VELSCITY POTeaTlAl IN THE AuvSCLUTE FRAME

AND 15 THE PFOUCED POTENTIAL IN THE UNIFIKM MOVING FRAME

CUMMIN/AAY GMULl3¢936)50(13253€)9GN(132526)550(132),S1(132)s52(132)
2AC(132)»A1(132),42(122)9A3(132),50(36)yB1(36)»B2(30)
233(3C) s NXyNY s IX1sIX2oKSYMyFMACH) ALPHASCA» SAPFMACHZ
2 ALY UTIM,CB35306sN39sRGe1IGHIG

COMMUNZHY UX2 DY s DTy 0K DYYsOTTHoLXY,DXTH»DYT,PDT

COMMON/KY/ T0s 115129155015 Jd25J3

COCMMUN/MY/ PLlsP2,yP3,TAU

CUMMLN/STADI/le!IQ!JK)IQSTAU

DIMenSIdN C(132),5(132)

Jé= J3 +}

Ia= 13 +1

1[= I0-1

I10= ]J0 +¢

113= I3 =2

JU= 14/70XX

Et= 1./70YY

NS = 0

AAO = 10 + 02 x FNACHZ
KR=0,

IR = 0

JK = U
RG=D.

16 = C

Jo 0
KE3de

1E=0D.

\JE=O'

Wl = 2./P1
Ge = l./F2
C(II)= 0.

Uelll= v,

J= J3

Lu 3¢ I= 10,13

Fr=le4S1{I)%%2
Y=SO0(I)+B8G(J)
HR=zAQ(I)*AQ (]I )+Y*Y
FH=SURT(HH)

Dh= le/H

SI=G{I+Lsd) =G(I-1sJ)
wd2G(lsd+1)-G(Ilsd=1)

v; =(ALCII* G =31(L1)*Ci(J)i¥ GJ +CA®AQ(I) +5A*Y)*DH
Vv = (BL(J)* GJ +SA*AQ0(]) -CA*Y)*DH

Av = Vv =U*S1(I)

AUz U+ v*51(1)

S = 1.

I (LelTeUe) S = =1,

T = l.

IF(C AV.LT.O.) T= -1l
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yu=u*y
Lv=usy
VVeyVsy
wuaUU+vy
AA= AAQ -.2%QQ

AB=A1(I)%BL(J)

GIT=( GUI+1sJ)1=0(1sJd)=GlIsd)+G(L-15J))%0L +A3(1)*GI

GIJ =G(I+1sJd+1) =G(I-15J¢1) ~G(I+lsd=1) +G(I-1sJ-1) *
GJd= (G(IpJd+1) =G(Isd) =G(Isd) +GLI»Jd=1))%EE + B83(J)*GJ !
Rz ~(AA —UJ)*S2{T1)*BL(J)* GJ
1 +CA*(VV-UU)=2.%JV%SA

2 ¢ CCX(U*AQ(I)+VeY)*DH

IF(QQ.GE.AA) GO TU 35

AXX = (AA  =UU)*A2(I) ?
AxY==(AA®S1(I)+URAV) *2, %A}
’ - AYY= (AAXFX—AV*AV)#B2(J)
b R AXXEGII+AXY*GIJ+AYYRGIJ+R

‘ Al= =Z.,%AXX*DD ~CL*AYY*EE
Bi= AXX*DU
Cl= AXX%DD
, YI==F
S GO TG 35
. 33 NS

& E 12N
‘ It

-, IM™ IM =X
' : L= 1

JM= J-L

JAM= gM-L

AC = AA/QG

BXX=vV*A2(I)

BXY= =2, %AB*V%AU

; BYY= AUXAU¥B2(J)
GNN=EXX*¥GII+BAYSGIJ+BYY*GJy
Ir{ IMM.L1.2.0R.1MM.uT.14) GU TC 66

[T T B ]
v

VR

SIIM=  (G(I,d) =GUIN,d) ~G(IMyJ) +GULIMM,J))*DD  +A3(1)*GI
6U TUd 67
66 GlIM= GII
67 GLIM=  GUIsJ) =G(IMyd)  =G(I,JM)  +G(IM,JM)
LF{ IMMOLTe2+ Uk JMMGGTAJ4) G0 TU b4
CIIM=  (GUIsJd) =G(I,JiM) =GC(I,dM) +G(IsyMM)  I*EE + B3(J)*GJ
GU TG 65
b4 GJIM=  GJJ
3 €5 AxY = CURA2(T)
] AXY=B8 ¥ SKTRUKAVEAB

AYY=AV®AVRB2 L))
GSSTAXNX®G I IMEAXY G I IMPAYY *GJUM
r S = (AC ~14)%3S3  +AWBGNN  #R
b= (AJ=1.)%(AXXx%30 + +9%AXY)

A= ACH(—=(2*yYY*EE ~-2,%uxXX*DD)
1 +(AG=1e )% Co% (AXX®IC ¢ AYYXEE +4XY)
vi® AQ®3IXX®¥DD~(1.+S)*Bu

Ci= AQ*pXX*[0 =(le=S)%85

Y]==¥F




3% lr(asS(R)JLELRr) GG 10 37 ;
Ck=ARS(R) .
sR=]
Jr=y
37 A= 1 /(AI-BI%*C(1-1))
C(Iys Cl=A
DOIY= (Yi-21%9(1I-1))%A
3¢ CIONTINUJE
1= 5
£o=0.
L3 4z M= 10,13
e = c(I1) ~=C(])=*CG
RN IF (AES(COIeLELASS(RG)) LI TU 453
KG=AES(CU)
Ie=1
JG=1J
43 G(lsJd)= GlIsd) +L9o ‘
47 1 = I -1
+ J=J-1
i IF( ueoGELJL) GO 10 21
) FTAU= L(1a2s3)=CG(IX1,3)
IFO KSYMWLELD) TAU= TAU+ P33 (TTAU-TAU)
DU 92 I=1xl,1x2

. Cl= G(I+1s3)-G(I-1,3)
T Ly = ALLI)® GI  +CA¥AC(I) +5A%SO(I) :
8I5= BLG 3)%(i. +S1(1)**2) j
GlIsc)= G(ls4) —(CA*S0(I)-SA*aC(I)+UD*SL(T))I/BIS
52 CUNTINUE
I = Xl -1

LL 62 I= [0y«
M=z X+ 4 =]
62 (M) Glls4) +TAU
b = [X2 +1
VU 1tae Iz NypI3
¥ Mz oNx+ 4 =]
] led G(My2)= G(Isa)-TaAU
IFC FMACHSLT.1e) 60 130 91
UL 32 J= Jlsrda
GUITsd)= Fe%(GUIC,J)=G(Ilsy)) + G(IT10,J)
92 Gllasul)l= 32 {Gl139d)=C(12,J)) + G(I13,J)
et TURN
41wl 3¢ J= J1sJ3
vlllyd)= —eso%TAL
G2 wllayd)=z .H5*%T AV

SUILlsda)z =,25%1A0
Gllapdad= J25%TAU
rETURMN

Eivg

yidd < o T [ut FSTIv
C INITTAL FESTIMATY Le PUTENTIAL
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CIMMUN/ZAYZ GMUL132536),6(0132,36)56N(132536),50(132)951(132),52(132) .
1 sAO(CL132),A1(132),A20132)9A3(122),B80(36),81(36)s8c(3¢)
2 pB3L3E) s NXINY s IXL1pIX2sKSYVMyFMACH)ALPHA,CAs SA FMACH?
3 sALsUTIMICBsS3aNIIRGIGHIOG

CUMMUN/HYZ DXy DY»OTs0XXsDYYsDTT,DXY»DXTHDYT,TSPR i
COMMUN/ZJZ RAZsPIsALS»)ALT)ALTT pAMPLAY FREQOKA,FASAGA,FMACKHS,FMACHT i
I s AMPLMyFREQRMyt ASAGMyCETASHCETAT»CETATT»AMPLCs FRECLKLIFASAGC,CETA
2 yFREQR,IPSUKF

COMMON/STADI/ RE, IR UKk IRSTAL

CUMMUN/WARE/ NIT,wisl132) !
KXz NX+]1

MY = NY +2
Cd= COS(ALPHA)

>t= SIN(ALPHA) ‘
Ch=x FMACH*(CH i
Saz FMACH=*SQ

It (IFSTADLGT.0) Ga Tu 11

UL 12 I= 3,KX

LDC 12 J= 3, My

GA(Ilsd)= 0.

GN(I»J)=D,

G(Isd)= C.

CuNTINUE

ul 22 I= IXls1IX2

Y=30(1)+80(3)

x= Aull)

Hh= X®X + Y=*Y

DhH= la/HH

XT= —=,5%Y*(ALT+CETAT) + OHH*(CA%X + SA*Y)
YT= o9%X*® (ALT+CETAT) —=LHH*(CA*Y-SAx*X)
VonNs=hH®E(xT%2S1(1) -YT)

wiz= GUI+1,3)-G(]-153)

Fx=le+S1(I)%%*?2

515 FX*Bl(3)

CXIXVB= AL(I)*GI*S1{(1)+VsN

G(lls2) = G(Ixd) =GXxSXxvB/BIS

G{Isl)=s G(I9Y) =24%GXSXVB/RIS

CUNTINUE

CU 23 I= TX2sKX

b=z NX+4& =]

wWGC(I)= ((1,3)=-G(My1)

HFIN= 11U,

Cu 13 I= 3,»KX

CZo 13 J= 2.MY

Y=S0(I)+B0O(J)

HH=Y*Y+AQ([)*AOQ(])

H=Sudr T (HH)

HX= «5%H/AL(])

Yz o%H/BEL1(J)

vl ve AMINL(HMIN)HX HY)

CUNTINUE

0T= HMINRTSP

IOT= 2,1/ (FRECR®UT) ¢ 1,

[OT= 12771 PSLVE + 1.
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OT=2 2.,%P1/(IDT#]PSURE*FKREIKR)
wiTa0LT*DT

OxTaLxX*(T

LYT=(Y*DT

¥ TUKN

END

SUBRLUTINE  rEFIN
C HALVES MESH S12F
CUMMON/AY GM(132,30)5G6(132,36),06N(0132,36),50(1321),51(132),52(132}

1 yAO(%3Z)9Al(l32);AZ(132))A3(132))30(36)151(36))82(36)
2 233036 ) piXaNY s IX1sIX2,KSYMyFMACH)ALPHA,CA»SAFMACH2
3 AL UTINMN» (B0 sNS9PCsIGsJL

CUMMON/HZ DXxs DY 0T 0xas0YYsUTT,0XY,0XTyDYT, TSR

COMMUN/IY “AY9PI ALS»)ALT)ALTT  AMPLAY FREQRA,FASAGA,FMACHS ,FMACHT

1 JANMPLMyFFEGRMyFASAGMs CETASI CETATICETATT »AMPLCSFREJIRCH)FASAGC,CETA
2 s FREQR,IPSUFE

CUMMON/wWaKE/ NITH»WG(132)

DCT= OT

HMIN= 10.

KXz ANX+1

MX=E NX+2

KY = NY +1
MY= LY +2

DU 13 I= 3sKX
Uu 13 Jd= 3,MY
¥Y=50(1)+20(J)
HH=Y®Y+AQ(I)*A0(])
H=SAark T (HH)
HX= J5¢H/LL(])
HY= H%H/bL(J)
HMIN= AMINLI(HMIN HXpHY)

13 COUNTINUE
Di= HMIN®*TSK
IuT= c.*Pl/(FRECH*DT) + 1.
10T= IDT/Z1IPSURFE + 1,
UT= 2.%PI/(10T*]FPSURE*FREQY)
CT= AMINLI{(DT»NOT)

le FATIC= ODT/DOT
il T=0T*0T
CaT=0x%DT

) CYT=QY®yT

i [Y=s NY+3

LXx= NX/2 ¢ 2

LY== NY/2 +3

LL 22 K= 2yLX

I= LX+2-K

1l (I=-2)%2 +¢

LL 2¢ KK= 3,LY

JE LY+ 3=-KK

JJdz= (J=3)%2 +3
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22

42

32

33

62

64

w o -

GM(IIsJJ)

G(II,JdJ)=

oC 42 I=
DC 42 J=
GMlisJ)=
G(I»J)

CO 32 J=
DU 32 I=
GM(I,J)=
G(IsJ)

DO 33 I=

M= NX+4-1]
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= GM(I,J)*RATIY
G(Isd)
2oMXs?2
by MY 2
¥ (GM(1sJ¢l) + GM(I,J-1))
= WO¥(G(1sd+l) +G{1,Jd-1))
30 1Y
39KX 2
«S¥(GM(I+1lyd) + GM(I-154))
2 LH%(G(I+1lrd) +G(I-15Jd))
1Xx2sKKX

wGlI)= G(I,3)=-G(M,3)
D0 52 I=Ixlslx<
Y=S0(1)+80(3)

x= AQ(I)

HH=z Xx%¥X + Y®Y

DHH= 1./HH

XT= =.5%Y* (ALT+CETAT) + DHH®(CA%XX + SA*Y)
YT= 5%x*(ALT+CETAT) ~DHH* (CAxY-=SA%XX)
VBN=HH*(XT%51(1) =-YT)

GI= G(I+1,3)-G(I-1,3)

Fx=le4S1(I)%%x¢

BIS= FX*¥31(3)

GARSXVB= AL(I)*GI*31(])+VBN

ClIs2) = GUIp&) =GXSXVB/BIS
Gilsl)= GUIs5) -2.*%GXSXVR/BIS
GM(1s»2)= CHM(Is»4)

CUNTINUE

N = Ixl -1

VG 62 I= 3»sin

M= NX+4 -]

GM(Ms2)= GM({1,4)

G(Mp2)= G(Isa) + WG(VM)

N = X2 +1

DC 64 I= NpKX

Mz Nx+4 -]

GM{My»2)= GM(Isr4)

G(My2)= G(Ipé&) —-wG(])
RETUKRN

END

SUBRUUTINE VELG

CaLCLLATE

CUMMON/ZA/ GMU132536)96(132536),06N(132,36),50(132),51(132),52(132)
sAC(L132),A1(132)»A42(132)5A3(132)»E0(36),B1(36),562(36)

CiMMutira/

> SJUPHACE VELLCITY

2383(36) s NXsNYs I X1sIX2sKSYMyFHACHIALPHASCA»SA)FMACHZ
sALIUTIMPCRISIHNS KRG IGH G
SVI132)s5MIL32)9CP(1352)

CUAMUNTIHY URsUY» ST OXXpDYYUTTHyDXYyDIXTH0OY T, THR

CUMMON/JY/ RACIPISALSIALTIALTTIAMPLAYFREIRAIFASAGAY FMACHS FMACHT
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P AP LMy FrEQP Myl ASAOM p U VAL, Lt T AT (P TATT, AP CHFREGRCyFASAGC,CETA
yFREURY [FSURE

CoAMONIKY TGy Il 1251590l dlru

wol=s Lo/Ut

wnl) = lo

Je 22 T=lxislx?

Y=32(2)+5C (1)

= AG( )

bz X EX + YRy

sreds Lot

£ <58y x (ALTH(CPTAT) & 4% ( (et & SA%Y)
YTa ,o%xe (AT 40 TAT) —_deed (L ®Y-5A%X)

Hr S P T (M)

IR Y

si=z LI+l 3)=6(]=-1,12)
wer ClIsa)=C(lsc)
o X = Alll)® G =5ltl)*en i) Gy
Y= #103)#Gy

v UX*OH

v OY*)H

GWTURJeVEY

ok xT%He

vz YT¥*H + v

WwUR= UR¥UF + VE*YR

wkRz SURT(GWGR)

IF(URWLTW0L) CR= =(R

SviI) = Gr

CHAIN=Z XT%xGX ¢ YT*5Y

t1T= GM(Is3) *00T + CHAIN

Ans= »“AO _IZ*OQ—QQ‘FI1

AA= 48S(AR)

L= SuxT(AA)

SM(I)= Qk/A

el ([)s= (AA%¥%3,9 =1}/ (JT*FMACH2)
re TURN

END

SUdQLJTINE FURCE

CALCULATES FyURCE COEFFICIENTS

oMM OINIAL GMUL37936) 500132536 s 0N1132936),5ul132),51(132)1,52(132)
pAOCL32) 94101 32)9A20132)9A3(152)»B0(36)1»81(36)982(36)
sB303FY s NXaNY s IX1y X2y nSYMpFMACH)ALPHA)CAy SAyFMACHZ
AL JUTIMyCRySE S »FC,I060d0

CoMMINIES SV LT sSMULI2»CHIEL32)

CatMUNAC xPL2el ) YP U200 L2 C),02(2€0)»03(0260)

CoMMOUNZEY ChUKE s XMy CL2LDCM

CoMMOU W/l TOL ROl Yy TOulsul )y TCMEEUL ) TCPL9»201),TCPS(9)sCLSHYCLS
P M I TSy LU Y e S TR JSTEPYPERIC Ty MHALF

CuMMINIWAKE, NIT G130
L = U
C[ .

e cndiias .. - e e




12

10

11

13

la

l68

cn = C.

N=Ixe=1

DU 12 I=1IXx1l»N
Dx=s={(XP{I+1)=xP(I))/CHJIRD
OYa(YP(I+1)=-YP(I))/CHURD

XA=( 5% (XP(I+1)+XP(I))~=XxM)/CHORD
YA= 5% (YP(I+1)+YP(I))/CHJIRED

CPaA = JO%(CP(L+1) +CPC(I))

bCL = -CPA¥DX

DCD = CPA*DY

L = CL +DCL

CcC = (0 +02CD

M = CM  +DCD*YA -LCL*XxA

bCL = CL*CCSCALPHA)  =CD*SIN(ALPHA)
Cob = CL*SINCALPHA)Y +CD*CCS(ALPHA)

cL = JCL
IF(NITNESQ) PETURN
IF(NITS.EQ.0) GL TO 11
IJUMP= 2%¥MHALF

CLS= CL

CLS= CD

(MS= (M

ISP= (IX1+IX2)*.>
=1

TCPS(I)= CP{ISP)
IF(ISP.GEL.IX2) GC TOU 11
I= 1+1

ISP= ISP+ [JuMP

GL 1C 10

WITS= 0

JJUSTEP= JSTEP + 1
TCLOJJISTEP)Y= CL-CLS
TCD(JJSTEP) oL ~CUS
TCM{JJSTEP) CM —-CMs
IJUMP= 2%%MHALF

IsP= (IXx1 + [IX2)% .5

I= 1

TCP(IJJISTEPY= Cr(ISP) =TCPSI(I)
IF(ISPsGELIX2) GO TO 14
I= [+1

ISP= ISP + IJUMP

GO TU 13

kKt TUKRN

END

o

SUBRUUTINE CPLOT

PLJTS CP AT EwuAL INTERVALS IN THE MAPPED PLANE

CUMANN/ZAY GM(132,36)»05(13293€)s06N(132536),50(132)551(132),52(132)
sAC(13c) s Ad(132),A2(132),A30132)580(30)s81(35),08¢l30)
983(3€)sNXaNY XL pikZoSYMp FMACHs ALPHASCAsSAY FMACHZ

PALYUTIN)CbrsusnNSsRGyIGHJG
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COMACN/87 Sv(132),5M1132)sCP(132)

CUMMON/C/ XPL26U) s YP 250} 01(26U)502(2€00503(260)
COMMON/STAUILY/ FrsIPydrsioTALL

DIMENSTIUN  KUDE(Z2),LINE(LLY)

DATA KIDE/ I 5 L+ /

CrO IS PESERVUR PkeSSURE CUEFFICIENT WHERE 3=0 AND F1T=Q
CPO=s Q.

IF(ISTADIwoTaC) CPO={(Lle+e2*%FMACH2)*%3,5-14)/(.7T*FMACH2)
Il1=1x1]

12=1Xx2

Iar]T = 5

WKITE (IWRIT,2)

FORMAT(50H0°PLOT UWF CP AT sGual INTERVALS IN THE MAPPED PLANE/
1 SHC X st CF

re 12 I= 1,112

LINE(D) = KuDE(L)

OL 2¢ I=11,1c

K= 204*% (CPO-CP(1)) +55.0
IF( xaLTal) K=1

IFU KoeGTW115) K=113

LIz (K) = KSUE(2)

wrhITE (IWw*ITeol0)xe(I)»CPLI)sLINE
LINE(X) = KIDE (1)

ke TURN

FURMAT(LIH ,2F9.445115481)

END

SCURRLUTINE  CHAKT
GENERATES MACH NS ChHAKT
CUMMUN/ZAY GMU1L32535)5G(132536)9GN(132»36)550(132)551(132)552(132)

1 2AO( 131 pAl(L02)9482(132)943(122),80(36)sB1(36),B2(36)
¢ 233036 ) ) X g NY, IX1pIn2,xSYM, FMACHY, ALPHA,CA»SASFMACH2
3 AL UTIMsCRBy 3B NS»RGH IGHIG

CuMMONZHYL DXy CY» 0T DXXpDYYLTT,0XY,DXTsDYT, TSR

CUMMUN/JY RAT»PLIo AL ALT»ALTT»AMPLAFREQRASFASAGA)FMACHSFMACHT

1 > AMPLMyFrECKMyt ASAGMYCETAS CETATH,CETATT  AMPLC)FREQRCy)FASAGCSCETA
2 »FRELR,IPSUYKE

CUMMCN/IKY TCrIlel29s[2s3dlsd2sy3

GIMENSTION THOD(Ll9u)

DLT= 1./0T7

AAD = 1.

IwrliT = b

X = NY/3¢

IF INYL.GT.32%K) K = rn  +]
WhITE (TWRIT,2)
FORMAT(L14HOMACH w0 CHART)
Du 12 I= 10,13

J=J1

Nz O

tx v+ ]

x= AC(])
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Y=50(1)+BCty)

HH= x*X ¢ Y&y

PrAH= 1l4/HHK

XT= =, 5%Y* (ALT+CeTAT) + UAH*(CA*X + SAs%Y)
4 . YT= JOo%X*(ALT+CETAT) -OHR*x (CA%RY=SA%X)
H=SQRT(HH)

U= 1./H

GIl=aG(I+41yd)=G(l=-1,J)

GJ=G(Isd+l)=-6(lrJd-1)

—

GX = AL(I)* oI  =S1(I)=*Bl(y)* GJ
. GY = Bl(J)* GJ
1 U= GX*DH
V= GY*DH

A : QusUFyu+VE)

. ) CHAIN= XT*GX + YTI*oY

3 FIT= GM(1IsJ) *0LT + CHAIN
: AA=z AAQ —,.2%QQ-o 4%F]1T
AA= ABS(AL)
UR= XT*®H+ U
Vk= YT*H + V
JER= UR*UF + VYRr*YPR
GA=QWR/AA
INDUNDY= 10J.%SJdRT(GA)
IF(URGLT.Ce) INDIND = =INQO(N)
J= J+K
IF{JsLELJ2) G0 TUL 1lea

12 wkITE (IwRIT,610) (INDIJ)sdelsn)

RETURN

610 FLRMAT(1X,3214)
END

SUARUUTINE PSUPE

¢ GENEKATES PREDSURE LIo(RIBUTIUN OVER AIRFOIL
C AT BGUAL INTERVALS IN THE MAFPEL PLANE
C wWITH The ASSSCIATED SHUCRS

COMMUNZAY OMU13293€E)20(132535)90N(132936)550(132)»S51(132)»52(132)
pA0C1I32) A2 (132, A2(13)5,43(0132)»80(36),B81(36),B2(38)
230 3E)WNX MYy I X1 IY2skSYMyFMACH, ALPHAS CAy SAyFMACHZ
sALsUTIMyCEsSBINIsRUPILPIG 5

CUMMONY/ZBY/ >Sv(132)s5M(132),CP(132) '

CUMMUNITY XPU26C )y YP(26U) s L1 ECY2(260),03(26C) !

CUMMUNZES CHIORD  XMsCLoCUI(CM

COMMUN/GY TITLE(2O)IPLOT

COMMON/ZJI/Z RADJPIHZALSH)ALT)ALTT»AMPLAFREFQRA)FASAGA,FMACHS,)FMACHT

1 sAMPLMy b PE My FASAGE o CETASCETATS CETATT) AMPLCY FREQRLUIFASAGC»CETA

2 »sFReQRy [FSURE

CIMENSIUN X(260)Y(260) 4&(19C)

! It CIPLOT) 1s115101

CALL PLDTSBLES00COU 23HI-CHUNG CHANG 1C91C4w)

chlL PLUT(2,5597.005=3)

CALL SYMu Ul (=240 =1450940793,0C4y-1)

w M

—

[
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CALL SYMBULUGD a9 =145C9aC7929Cas~1)

FNCoob(fuy12yR) TITLE

roP AT (lcAy)

CALL SYMBUL - o0 =679y elapylasbr)

FAA= FASAUA¥*LISC./PL

tAM=z FASACT%: 20./P]

FLEC= rASALLFIBUe /P

ENCAUECST s lasR) LTIMyFAAsFAMSFLC

FXMAT (O T IME =l Pl Xy crtALFAZ  F 7,203 X, 40 FA, FTe2s3Xs5HCEFAR,
1 F7.2)

CALL SYMELL =62y =10l el 4eRyplert 7)

e CHOLE (425109 Kk) AL,FNMACH,CETA

FURMAT(SHAL =y F7e353xy5H] =y F74393%X,54CETARFT743)

CcALL SYMHEUL(=499=14290.14srsCayptal)
ENCIUE(G2s 169 k) CLyCODsCM
FURMAT(SHCL ST by aXsorilU  =9F 74453 Xy5HCM z,3F7.4)
CALL SYMoUL(-eS9=1e5CseslasksCarsl)
XMAX=XP(IXx])
xMIn=xXP(Ix1)
vL 22 =IxlyIX2
XMaXx=AMAXL1{(XP{1)sXMAX)
raIN sAMINIOXP (D) aMIN)
SCALE = S/ (XNMAX =-XMIN)
JL 2¢ I= IxlsIXxe
X{I)=SCALE*(XxP(])=xMIN)
Y(I)=SCALE*YP(]I)
M= Ix2-IX1+1
CALL LINEC(XCIXY)»YCIX1)pilplrUsasCuslarCasle)
CkMAxX= D,
[MAaXx= IX1
0 22 I= ixlylIxe
ABSCP= ABS(CP(1))
IFCARSCP.LELCPMAX) O TQ 2%
CPMAX=A3SCP
[Max= 1
CUNTINUE
VALL PLCT(Cus»@e295—3)
CALL AXIS(=1lesp=4ep2HCP3293¢990eslebr=0e4r0)
CrC IS5 CRITICAL PRESSURE CLEFFICIENT
AAz {1l 4.2%FMLCE2)7102 :
CPC=(AA®%3 51 ,)/(7T*FMALAHZ)
TF{ CPCelOl =1t ANDCCPCoLESLs6)
TCALL SYModLl=lesp=2450%CPCyetesltys0es—1)
Ue 32 I= IxlslMAx
IV (CP{Tl}eCTalat) CC TS 32
IFCIP(I) el Te-1let) GO TL 32
CAall SYASLL XTI »p=2e00%CP( 1)y ol 79354549 -1)
co T L E
Joo 36 1= IMAX,IxcC
[r (2 (D) eToal et GO T 34
M S O O PO R D SR IR TY IR
Call sYMe LI s =2a80% i () e P7o 890 se-1)
R AT
CALL oYM L0 =2 0 =0 e T s a3 uer—1)
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12

la

15

le¢

) Mo

CALL SYMBUL(G«S» =5 eT75%9 4075350 er=1)
CALL PLAT(=-24Ds-C ol =3)

CALL FRAME(L)

RETURN

CALL PLOT(UGss»Ceyp939)

FETURN

EnD

SUBKUUTINE LOKD

GENERATES THFE LLADING DISTRIBUTIGOH JVER AIRFOIL

AT EQUAL INTERVALS IN The MAPPEL PLANE

COMONZAZ GMI132,36)90(013252€)506N013253€)5500132),351(132)152(132)
sAD(13c)yAl(L32)922(132),43(132)580(36)s81(36),82(36)
s B3(36) s NXsNY, IALlsIX2sKSYMy FMACH, ALPRA,CA,SA,FMAIKH?
sALs UTIMyCBYSIaNSeyxGrIGsJG

COMMON/E/ SVIE137)sSM(132)CP(132)

CUMMLICsT XPL260)sYP (250 U1 (260102020 0)sD3(¢60)

COMMUN/EYZ CHURDy XMy Ly COs M

CUMMON/EY/Z XEs YRHKSH,XS{HC2)»YS(L0Q)

CUMMUIGYL TITLE(L Oy TIPLUT

COMMUIUNYIIY KAUSP L s ALS»ALT»ALTT AMNPLAYFREIRASPFASAGAYFMACHS»rMACHT

;AMPLW)FFL’wK{‘],FASAGM)CEiA‘\.)!(,'tTAI)(,EIA‘T!AMF'LC’FHEORC,FA)A\JC)CETA

s FREGRy IFPSURE

DIMENSION X(260) s Y (2t )y n{15C),0LP(132)

I1=1x1

le=Ix¢

It CIPLST) 1s11,101

CALL PLOTSUBLISCCO»3RI-CHunG CHAND 1C31C4aw)

CALL PLOT(2.592. 0s»-3)

CALL SYMBUL(-CsUs~142U»oU0T53504y-1)

CALL SYMBUL(neSs=1e5CseU79390ay~1)

ENCOUE (G 12sR) TITLE

rURMAT(12A%)

CALL SYMBUL(=e5s=aT7%sel4srRsCerun)

rAA= FASAGAX*]IBO./PI]

FAM= FASAGM*180Q./P]

FAC= FASAGC*1380./P]

ENCUUE(DT9149R) UTIMsFAAIFAMPFAC

FURMAT(OHT IMt =9 73X o AL AZpFT a2y 3XsDHM FA3,FT7.2,3%X,5HltFA=,

F7.c¢)

CALL SYMBOL(-4Y99=1eCsaltsns04,57)

ENCODE(429155R) ALsFMACH,CETR

FORMAT(SHAL 2pFT74393Xs 50 29 F7.393X95HCET A FT,3)

’\:l‘ALL SYM&UL(’-IJ)-IOZ‘/}ol‘i)R!Col"Z)

FNCOULE(42,16yR) CLy(DyCM

FUPMATI(SHCL =F7e493X,9HCU  =5F 74453 Xy 5HCM 2y 7.4)

CALL SYMBOL(=495-1,505414sR9Ces6c)

xMAX=XP(]I]1)

AMiIN=XP(I]1)

DG 2¢ I=11s172

YMAX=AMAXLI(XP(I)s XMAX)




[ NN

I~

3¢

<
—

w e — 3

1
2

P sSAAT LX) xMIN)

Laut = S5 ¢/ KAA) -xA[IN)
« I=11il,1¢
sSCALEF(XP(LI)=XM]IN)
CALE®YP(])
So®( 1]l + (¥2)

[= 1~nusScelx?
X+ 4 =1

= CP(My=CP(I)

(L O V7]

N = 2 -I1 +1

Call LINE(XCILYsY(UIY)oNslsoUsplsCepberlasls)
CALL PLIT(C.yGa299-3)

CALL AXIS(=1,as=6493H0CP sz e Yl ap=LabsebsQ)
Do 3¢ I=INISE,IC

ir(oCrP(I)ecTalet) GC Tu 32
IF(OCP(L)elle=1a:) CC TO 3¢

CALL SYMBOL(A(DI)y Ce2%3CP (1) aC79350es-1)
CuNT INUE

CaLl SYMELL(=24Cs=La799 407539045 -1)

CALL SYMBLUL(C459=5e75940793504,-1)

CALL PLOT(=Cabs=hells=3)

call FRAMEC(L)

RETUKN

CALL PLUT(Oe2Ta»739)

RETURN

£n0

SUBRCUTINE 50NIC

GeNERATEY SONIC LINE OVER ALKFCIL

KtrAMe CLMeo /A

THE FOSITIUN CZF OGN OIS JveERLAPPED H8Y SHUCK

CLMMUN/ZAYZ SM(132536)506(132530)ySHOCK(L1325306)
»S0(132),3531(132),52(132)
2 AO(132)1sA1(132),420132)5A3(132)530(306)s8L(36)s82(36)
s B303E)aNXgNY IXLpIX2)KSYMs b MACH)ALPHASCApSASFMACHZ
2ALSUTI " sCBs38sNSHIRG1G9J06

CUMMON/BY SVEL32)s5MI132),CP(132)

ComMMN/C/ xP2FUY s YP(200),01(260)502(2€0)503(260)

COoMMUNIDY SLLUPTTIRAILsSCAL

CuMMUN/ZES THIRDyxMyCLsCULSCH

CLMACN/IF/ AP ¥R yK Sy XS{500)»YS(5C0)

CUMAMUIN/GY TITLF(20),1PLUT

COMMUNIHYL X OY s DT s CxXs DYY s OTToUXY»OXTH,DYT,TSK

COMMTNIIY PAUSPIs ALS»ALT AL TTsAMPLAYFREWPAY FASAGAYFMACHS»FAACHT

s AMPLMy FREGF MY FASAOM)CETAS,CETAT L LETATT»AMPLCFREQRCH)FASAGC,CETA
sFYtUR,IPSURE
CUMMINIKS 10y Tlei2y 139 dL9dl,0s
LiMart IO XA(200)sYALZ20o ) yw (190)

JiMr ot J{2su)

[r CIPLaT) 1,11s1CH

ey
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CALL PLOTSBL{SUCUS23HI-CHUING CHANG 1C91064w) a

CALL PLAT(24552.0Us=3) :

CALL SYMBUL(=24Cs=14509407935C0>y-1)

CALL SYMbOL(E «59=1e50UsreuTr3904s-1)

ENCIODE(4B,12,R) TITLE

FARMAT(12AL4)

CALL SYMECL(-abs=eTYpelasnyDeptt)

raA= FASAGA¥185./P]

FAM= FASAGM*1R0,.,/PI

Fal= FASAGC*180./PI

ENCIDE(SD 7oL ™) UTIMaFAASFAM, FLC

FURMATIOHTIME = F 7429 3K 2dALFA= 3 FTacs3Xs 0N FA2,FT74293Xs5HCELF A=)
F7.2)

CALL SYMBUL(=eS9=1e0ralasksCert?)

ENCIOLUELG29155R) ALSFMACH,CETA

FURMAT(9HAL =g Ta39 3Ky 5HM =y F74353X594CETAZ,F7,.3)

LAt SYMROL(=-64Zyr=1e20selbrk90aral)

EMCUlE(42ylosr) ClyCUsCM

FURMATI(oHCL =F 7.4 3Xp0tiC D s9F 7Te4sp 3 xp HHCHM SyFT7e4)

CALL SYMRUL(-eSp~1eb5Crpalasbky(aparl)

AIRFCIL

XMAX= XP{1x1)

xFIN= XP(IXx1)

DL 22 1= IXlslIxe

AMAX=AMAXLI(XP (1) XMAX)

F = AMINTI(XPLI) 2 XMIN)
SCact = S¢/UAMAXR  =XATiv)
Lu 26 I= IxlsIxe

L1 = SCALF*(xP(])=AMIN)

Ya(l:= SCALExYP(])

CALL PLUT(Ues4er=3)

= Ix2-IX1l+l

CALL LINE(XACTIX Y)Y o YACIXL) o N1 901l 0eslesCerls)
AAU= 1.

DLT= lo/UT :
v 2 1= 10,13 !
fU 2 Jd= JlsrJd3

x= AC(I)

Y=SO(I)+BO(J)

AH= x%X + Y*Y

UHH= 1o/ Hh

XT= — 9%Y*®(ALT+(FTAT) + Duex(CA®X + SA%Y)
YT1= 5%X%(ALT+CETAT) —0H e (Ca*Y-SA*X) ‘
H=SJ+ T(HH) !
OH= 1./H
GI=zG(I+lyd)=-G(I=-1sJ) 1

e —
. Hl

Sdzol{lsd+l)=6(1lsJ-1)

GX = Al(I)Y® G =S1(I)=t L (J)* GJ
GY = BlJI® GJ {
U= ux*DH
V= GY®[H
ULzU*U
VVEvEy
\JL=:II;*VV !




17

21

v2
Tu

1C1

JhREOXTEYHe U

vis YTEbH 4y

LuR= Lh*Uk

Vi R= VK¥VE

LwRE O OUUR 4 VYW

CridIth= XTH*5LXx + YT2GY

FIl= GMUlpJd) L[0T + CHAIN
LLZALO—a2% =4 *F]T
AA=AMAXI (AAY o DU0]L)
StICk(Tsd) = SUrT(uwuF/7aA) = 1,
CONTINUE

LLCATES THe SIONIC POINTS
5= (

Vool d= Jlsud

w{JdY = ShHuCK(10,J)

(2 18 1= 11is12

e le K= o Jlsdd

¢z J14d2-K

vw® SHOCK(I»u)

LF QG eNESCL) G0 Tu 1y

Ko= Ky +1

x5 (KS) = AU(])

Y50<8) = Sull) + sC(J)

(31. Tk. 18

TP C2C2S(J+1)GEWCe) Gu TO 20

T2 AL S{Wl/ (wa=2(d+1)))

ry= KS 4]

xy(XS) = AO0(])

YoU(xS)= SOCD)+2C(J) +RT*(BL(J+1)-00(J))
TECSWHQ(u)eG2404) GO 7O 138
RT2AB5(We /(3L ~-0(J)))

“y=s xS o+ )

AS(XS)y= LO(1) +kT*(A0(I=-1)-A0(1))
Yo (®S)=SO(I)+00J)+kT*(S50(I~1)=-S0(I))
~{J)= QQ

o 21 I= LpKS

xx= JH5®RSCAL¥(XS(I)**2=-YS(])%x%2) + XR
YSUL) = HCAL%XSCLI*=YS(])Y + vy
x>{) = Xx

UC »e I= 19KS

xx= SCALE*(XS(I)=xMNIwn)

YY= SCALE#*YS(])

LF(xxaLlTe=2.0) GL Tu Y2
TF(XXaGTateb) G2 Ti) 52
TFCALSIYY) oGl 0ot ) GU TU 5S¢

CALL SYMBLULIXX»YYye075350es9-1)
CUNT INUE

CALL SYMBOL(=2.0s=949 »eCT9350es-1)
CALL SYMBUL(HLS2=%4H 3407239040 -1)
CALL PLOT(=2e09=64Cp=-3)

CALL FRAMEC(L)

xE TURN

CALL PLIT(Qes04,sv99)

Rf TURN

LND
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SUBRLUULTING TkACe
GENEWATES JUNSTEADY TRAZEY UF AIRFJIL

COMMON/ZAYZ oM™(132,3u)9G152s3€) 9060 132536),S0(132)9S51(132),S2(132)
1 2AV(CL30),A0(0L32),42(13¢)5A3(132)»80(30),Bi(30)sdc(3e)
¢ 2R3(30)sNXsNYp [ X1 oI X2sKSYMy FMACH) ALPHASCAsSA»FMA(KHSE

pa

3 s AL UTIYyChs 5 anNSskGrIGd0

RENAME COMMUN/C/

COUMMUN/C/ APL25U)sYP(2uU)y 126U ) s Y 26C)9Kk(2560)
CIMMON/ G/ TITLE(2L),IPLLT

CUMMULN/ZH/Z OXsUYs U T OxXoDYYsDTTsOXYsDOXTH»DYTs TSR

COMAUN/SYS RPAGIPIpALS»ALT ) ALTT,AMPLASFREIRASFASAGL,FMACHS, FMALHT
L pAVMELYMpFREJEM )y FASACM)LETAS y(ETAT,CETATT)AMPLC, FRECRC)FASAGC,CETA

2 sFREGRS IPSUFE

COMMON/ZLYZ TCLEZel) s TCU(BUL) s TCHLEIL)»TCP(Y,BUL), TCPS(3),,C Loy 0S5

1 p CASHNIToy TUUMPHINSTEFR» JSTEP»PERIC U MHALF
DIMENSION A(500)sA0A(001)sFS(0li)yrAa(3Cl)
I+ (1PeuT) 1s1is1cl
CALL PLOT>HLEYCCL»?23RkI=-Cruhy CHAMS 1C31l04aw)
CALL PLAOT(Z.592.00y-3)
CALL SYMROL(=2e(s=245C24075350es—-1)
CALL SYMEoL(Eehs~14D0seUl935Cas-1)
TITLE
eNCULE(4wslcyr) TITLE
le FUrRMAT(124A4)
CALL SYMBUL{=e99=e5CselesrRy0es6v)
tNCUOuE (D89 1l4s k)
14 FPURMAT(GCHUNSTEADY THACFES CF ALIRFUIL IN SINUSOIDAL,
" 13k RIGIL £0DY MOTLUN)
Catl SYMBUL(=—eos=eT7lselbsr,y,uarb8)
ACAS= ALS*RAD
ENCUCE(ST7 9159 R)ALASy AMP LAY FRECRA
15 FURMATLLIEHMEAN ATTACK ANCLE=9F94295Xs4hAMP=F5,255Xy
1 10RFREL RATC=,F942)
CALL SYR2UL(=459-1e00relayFs0a257)
ENCICE(STolly k) FMACHS)AMPLM, FPEGRM
16 FORMAT(LIAHME AN FLIGHT SPLEU=sFLe229 X ahAMP=F5.255X)
1 10HFREY ReTL=yF2ec)
CALL SYM3CL(~459=1422941l6sky0.957)
FANGLE= CETAS®*RAL
INCIODE(DT791T79k) FANGLE s AMPLCy FREIRC
17 FURMAT(LISHMEAY FLIUMT AlGLE=sFoe295X s aHAMPEFD, 205X
1 10HFKkEw RATE=s kD42
CALL SYMRBLL(=e99=1450s 414 rs0.957)

e

—

AIRrOIL
Il = IXxl
= [X2

KMAX=XP{I1)

XIIN=XP(11)

DU v2 1= Ilsl2
AMAX=AMAXI(XP (1) XMANX)

XF1h SAVINIOXP (L) XMIN)
SCALE = 1,/ (X%AX  =XMIN)
Ud 9% 1=I1s1¢
X{I)=SCALE*(XP(])=-XMIN)

]
[a
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YelI)y=SCalt»Yr(l)

™~ = i¢ =11 +1i

CALL PLullces—acio=4)

CALL LINE(ARCIIY»Y(Il)anNslouslouaslesOasls)
S~ AWS PRESSUE SENOURS U TrE AIRFOIL
JTouMpP=s 2% sMbalr

1oP= (IX1+Ix2)%.v

IPCINTs ]

CALL SYMBTLUA(TSP )Y {157 )y eC752504,5-1)
CALL SYMSOLOY (ISP Y Y(1aP)rel75394545-1)
ENCUE (LY~ IPULLINT

FoRAAT(IL)

CALL oOYMBLLIA{TO )y o1 4Y (ISP )y aCTsxs04srl)
IPIFIINT L o9) 0d Tu 20
TF(IsPeccoIXx2) L2 10 2v

IPIINT= [PLINT ¢+ ]

152= ISP & lyuvre

Go Tu 17

UNSTEADY Pxblsukt TRACES OGN Tht PRLSSURE SENSGRS
KSTAL= (6, %FFELW)/(2.%1%PLRICD)
TFCAMPLAGEC D) ! TC 995
ALCAL=.,2/7AMPLA

e TL 50

a5CaL= 0,

TFCAMPLMerZeue) 52 TL U7

POSCAL=E L 2/7AMPLY

Gu TU 953

FJCAL= Oo

IF(AMPLCEDWC ) 3L 1O 29

LSTal= J2/ArFPLC

Lu TU 6L

CSCaL= 0.

Jy= JSTEP + |

DL 2 I=1,48

TIMe= DT®NSTEPR(1-])

KCL)= XSCAL®T[ME

ALA(T) = ASCAL¥AMFLAXSIN(TIME*FKEQRA)
Fo>(l)= FSCAL*#ANMPIMESINIFKECKMETIME)
FACIY=CSCAL®AMPLI*S IN(FRELKCHTINME)
CONTINUE

CalL PLOT(=2,55e75,-2)

Call AXIS(DesDasrllte 3=11356e9Cer2Ues . 60%PERIDD,O)
ENCULE(LLly209R)

FURMAT(LIHPHASE ANGLE)

Coll SYMEBUOL(Ues=evreléyKRsDarll)

vall PLOTL Oes0ey3)

CALL PLUT(Dercesr?)

CALL PLLT(Cespoiyp=13)

CALL SYMBUL(Ges»Ceare07919%904,-1)

CALL SYMBULE =759 Uar e 1299 AANGLEYDer b)
CALL PLOT( Oes(usr3)

Lo 3 I= 1s4d5

CALL PLUT(xUL)padAl])s2)

COnTInue

o | —— d
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71

e
74

72

73

{
CALL PLOT(Oes e55=3) |
CALL SYMEOL(OeoCuaspal75155009—1) !
CALL SYMOLL(=479500salartHFANGULESGWsb ) |
CALL PLOT( Uuey04s3) *
DU & I= 1sJ5 |
CALL PLOTUX(I)»FA(I)s2)
CONTINUE :
CALL PLOT(O4)e355=-2)
CALL SYMBUL(Le2Uese0T7s1590as=1)
CALL SYMBUL(=e7%90esel4snttFSPFEDSO,,€)
CALL PLUT( 049045 3)
0O Y I= 1,45
CALL PLUT(X(I),ES(1),y2)
CONTINUE
IECKSYM e T o CuANE e ALS et dodosalh e i ol Aot CeDe  ANLGAMPLC W ES.LW) LGLT1OTD
TCMMEX= O,
DL 71 I= 1,35
ABSTCM= ABS{TCM(I))
IFCABSTCM LELTCHUNAX) oo Td 71
TCAMAX= ABSTCM
CUNTINUE
TLMCAL=s J2/TCmMAaR
GL Ty 76
1CMCAL=J.
CALL PLUT(Oere55-3)
CALL SYMBUL(O4sUe»aCTs19904s-1)
CALL SYMBUL(=elE9CLepelasZtiCllFyLaer2)
CALL PLOT( 2.5Ce93)
00 6 1= 1,49
CALL PLOT(X(I)s TCMCAL®TCN(I)92)
CeNTINUE
TCOMAX= Q.
DC 72 I= 1,JS
L5STCO= AsS(TCNHUL))
IF(ABSTCDLLELTCLMAX) GU T3 7¢
TCOMAX= ABSTCO
CONTINUE
TCDCAL= .2/TCDMAX
CALL PLOT(Des ebs=3)
CALL SYMBUL(Oe92UepeC751i5904s-1)
CALL SYMBUL(=e2t s 0apoalny2nCisGas2)
CALL PLOT( QVesCosr 3)
cO 7 1= 1,45
CALL PLUT(X(ID» TCUCAL®TCLLL)s2)
CUNTINUE
IF(KSYM.\}In\)oANL-ALSotdc\JocANDcAMPLAOECcOOQAND.AMPLC.ECOUO) GCT1077
DU 73 I= 1,J5
A3STCL= ABS(TCL(1))
[F(ArSTCLWLESTCLMAX)Y &) TU 73
TCLMAX= AESTCL
CONTINUE
TCLCAL=E o /TCLMANX
6o TL 7%
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TCLoaL=0.
CaLl PLOT(Dese%r—=2)

CALL SYMoCrL(UasCoesreaC79i5904s-1)
CALL SYMBUL(=eZlHpCapal+pcHCLI»Uesr?2)
CALL PLOT( wesUas3)

tuos I= 1,38

CALL PLOTIX (L) »TCLCAL®TCL(I)»2)
CuNTINUE

TCPMAX= O,

OL 30 K= 136

Uil 30 I= 1,JS

ASTOP= ALSTTIP(K,1))
IFCALSTCPLLELTCPrAaX ) &0 T2 3C
TCPMAX= A45TCP

ConTINUE

TLP2CAl= 2/ TLPHAKX

CALL PLUT(D. s emy~=3)

CALL SYMZ2LL (L esCesrel7rlusdey—1)
Call SYMoCUlL(=e2b9le9el@s2HPLly0aesl)
CallL PLCTUC Cuasvesn2)

Jo 9 I= 103

CALL PLUTIX(I)»TCPCAL*TCR(Ly1)y2)
CuNT INUE

CALL PLUT(U.).‘)}‘.‘)

CALL SYHRUL(DesCere0791590,5-1)
CALL SYMULL(=0e289CeseaivscHP2yGas2)
CALL PLOTH! 0O.sCus3)

2C 29 I= 1,43

CALL PLOTUX( L) »TCPCAL®TCP(2,]1),2)
CUNTIMUE

Catlt PLUT(Uwsr o59-3)

CALL SYMBLL(JDerCopadT9lHrles=1)
CALL SYMoLll=el%0Ues el 8P 3s0asrl)
CALL PLUTC CuasGan?)

Lu «1 I= 1,J53

CALL PLAOTUX () s T P atelc (4,1 )02)
CONTINUE

CALL PLETUODes a9y =3)

CaAatl SYMOBLL(Oer»LerelTrlor0er-1)
CALL SYMBNL(=a2t9Cepeiwsplt 4y C,uy?)
CALL PLUTC( OesDes i)

DU 42 I= 1,48

CALL PLITUX (L) s TCPLALRTCP(4yl)s2)
CuNTINUL

CALL PLOT(Cer e99=3)

CALL SYM30OL(Oes0Ue2e079155049-1)
CALL SYMBUL(=420s0ep el@p2HPYSyUes?)
CALL PLOT( Qes0493)

vd 63 1,45

CALL PLOTUIX(I)sTCPCAL*TCP(YH9I)92)
CUNTINUE

cALL PLOT(Jey e99—-3)

CALL SYMBLL(Ues»UesaO791H55049-1)
CALL SYMBULL(=e2FRs0asei@slHPOsUes2)
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CALL PLUT( 00’0013)

LC 44 I= 1,48

CALL PLOTU(XCI)» TCPCAL*TCP(6s]1)52)
44 CUNTINUF

CALL PLUT(Uese5s-2)

CAaLll SYMBCL(CesCasal?7915900s~-1)

CTALL SYMOLL(=e289Cas el4s2HPT,0.,52)

CaLL PLOT( O49Ces?)

L 45 I= 1,48

CALL PLUTUIXCI)»TCPLALETCPI(T,1),y2)
45 CUNTINUE

CALL FLUT(Ceseds-3)

Call SYMBUL(DesCarel79159049-1)

CALL SYMBUL(=elhsUapel@sltHHPB9lasr?l)

CALL rLOT( QOesCer3)

DG 46 I=2 1,08

CALL PLOT(X(I)sTUPCAL®TCP(8,1)s2)
46 CUNTINUE

CALL PLOT(QeseS9-3)

CALL SYMBULA{C e»CapoalC7515504s-1)

CALL SYMBULCG 289 0espel@scrPyyrues2)

CALL PLUT( Cues04s3)

tu @7 I= 1,48

CALL PLAOTAX(L)»TCPCAL®TCP(yrl)se)
47 CUNTINJE

CALL PLUT(.59=7,00s-3)

CALL SYMROUL(—=Ze0s=L1eS0sau793s0as~-1)

CaLl SYMBLULL(O WS 9»=1ab0Upe07y39Cas=1)

TALL PLUT(=2.5¢=-2.05-3)

CaAlLL FRAME(])

FETURN
1C1 CALL PLOT(Ces04s»999)

FETUEN

END

SUBFIUTINE GKID

PLOTS THE MESH >YSTENM

PENAME CUMMON/ZAY

THE POSITION GF oM AKD GN O ARF LVERLAPPED vY XMESH AKNL YMESH.

THE RCUTIhE SHSULLO 8SFE CALLEDL Al THt wIGHT END UF THI PkUoRAM

COUMMUON/ZAY XMESH{L132536) 9060132536 )9YMESH(L3Ly36)
pSCI132)5,51(132),5¢(1352)
JACGIL3¢)Y A1 0i32)942(132),A3(132),30(36)581(36),621(38)
sB3L3E)aNXs Yo I X1 o IX29RSYMy FMACH)ALPHAYCA» SA» FMACH?
s AL UTIMsCB»33sN5sRC»I0LIIS

CUMMUN/DY/ SLJIPTSTRAIL,SCAL

COUMMINIF/ XRy YRpKS»XS{2CU)»Y5(500)

CUMMUN/GY/ TITLE(2C) 1PLOT

CUMMUN/KYZ T0s 119129 13sd1sd2su3

iF CIPLUTY 1511,:01

1 Catl PLITSBLISCCG»22HI-CHunNG CHANG 1C9104aw)

W r) - B

TR e
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CaLll PLOT( 2692409 =3)

CAhLl SYMELL(=24ls=1e2C2eUl 93904 =1)
CALL DYYull(oebs—levOsaolssslar—1)
ENCADE(BI,12,%) TITLe

FUrRGAT(20A4)

CALL SYMAUL(ees=eb5selbpPruast0)
ENCILEC3D,516,®) “wxygNY

FUORMAT(2annNb AN b JELD GRID >YSTEM s L4s3H X ,14)
CAll SYMPOL(Ces=e 7Y alasrmslay b))

CAlLl PLAT(L1a7996009-3)

Mp S H

AL=s xRP/SCAL

Y= Ye/DSCAL

g 13 I= 10,13

Ju 13 Jd= Jlsd3

XEESELipa )= XD +.5%(A0(1)*%x7  =(BC(J) +S50(I1)Y)*x%2)
YMESH(IsJ)= YO +LCLTI)Y (B8O ) +S0(1))
UkAWS THE GFID CURVES ARLUUND AIRFOIL
XtAXE XMESH({IX1»3)

XIN= XMAX

LS 22 1= IxlslIxe

XMAX = AMLXLI(XMESH(I»2),XxMaXx)

XM Les AMINLOXMESH(Is3) s XIN)

SCALE=s 1o/ (XPAX=—XMIN])

ov 3¢ J= Jisd3

KF = 3

JL 3¢ I= 1¢»I3

yP= SCALE#*(XMESH(I»J)=xMIN)

YP=z SCALE*(YMELHE(I»J)= YIESH(ICs3))

It (Y P e LT e =3 ¢79¢lRaXPalGT e e 7Y9elCFeYPolle—%:e5eUKkaYPGTe%eb) GO TO 33
CALL PLOT(XPsYP,KF)

Xy = 2
cuw TH 32
K P = 3
CUMTINUE

UkAWS THE GRID CURVES RAOIATINC FKROM AIRFUIL

oL 42 I= Tusl3

P = 3

Ju 42 J= JlsJd3

Xbr SCALE* (XMESH(IsJ)=XMIN)

yP= SCALEX(YMESH(I»J)=YMESH(I0y3))

T KPP alTo=3e724lReXPeul e e 0P YP LT e=4.5.0ReYPGToee5) GO TO 43
CHLL PLOT{XP,YPyKP)

K P = 2
GU TC 42
KP = 3
CUNT INUE

CALL PLOT(=147%p=40ely=3)

CALL SYMBOL(=24C9-1¢5%09407»3504»-1)
CALL SYMBUL(6455=1¢5C»407935045~1)
CALL PLUT(=2499p=2.00r=3)

CALL FRAMEC(L)

RETUKN

Call PLOT(O.2L42999)

k]
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RETURN
END

SUBRGUTINE UsTALI
UIRSTEADY TRANSINIC PLTYenNTIAL FLOW EQUATION IN QUASILINEAR FCORM
wITH FIRST SPUFF KADIATION SoUNUARY CONDITIONS IN MOVING
SHEAKED PARADZILIC CUURDINATES ARE SAOVLELDL BEY &N ALTEKNATING
DIRECTIUN IMPLICIT SCrtMu WITH Y-SWEEP FIRDT
COMMUNZAZ SM(132536)550132,30),06N1132,36)5350(132),510122),52(130)
1 PAU(L32) 80032V 9Ac0132)9A43(132)030(36)s81(35)932(5¢)
3 : a s 33036 ) 0 NY s IX 1] X ,KSYM,FMACH) ALPHACA,SA,FMALHZ
L . 3 sAL> UTIMeCBysUsNSIRUPIGSIN
CUMMON/HYZ UXy DY uTyOxxsDYYsLTT,0XY,DXTHDYT, TSR
CUMMOUN/Z I/ RALU SPLsALSSALTHALTTANMPLAY FREQRAYFASAGAFMACHSy FMACHT
1 s AMPLM)FRECRMyFASAGr» CETAS»CETATHCETATT»AMPLC,FFECRC,HFASAGC,CETA
. 2 »FREGR,IPSUFRE
CUMMUN/IKY/ T0s 111251254150 2542
CIMMUN/WAKES NIT,wG(132)
: UIMENSIUN C(132)»F(132)sFr(1352)
* COMPLEX hA
; DOT= 1./0T7
DUXX= 14/70XX
UDYY= 1.,/DYY
NS = 0
AAD = 1.
R()=Oo
16
¢
T
Y-SwEEP
C T
IM= 10 -1
IMM= 10 - 2
CtIM)= Q.
C{IMM)= 0.
E(IM)=OQ

FOCIM)Y=0.

F(IMM)=0.

J=J3 g
1
!
t
)

e N EaNa

0

[T 1)

e e

C LPPER BIUNDARY
= 1IC

ANG=PI*, 7Y
Y=SJ0(1)+80¢J)
xx AO0(T)

HH= X%®=X 4+ Y*Y

DHH= 1./ hH

XK1= ~, oY R (ALT4H+ILTAT) ¢ Urid®(CAXX + SA®Y)
YT= SeX*¥(ALT+CLTAT) =DHHs (CA¥Y~-SA%*X) i
HESART L HK) (
ChH= 1./H X
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Gls (oll+l,u)=Cll,u))*2,
ST GVE I AN B B ES B E LN

X = ALCI)* 61 =>1(I)*tl(od® oo
(VA 4 = Bl{J}* GJ

L= LX¥FOH

Vs 5YRDy

dwSUTULYEY

crAlh=E XT*,x + YT %,y

FaT= GM(I,J) #0007 + (HALSYN

AASAAQD- (23U~ @®%FIT

AA=AMAX]1(AAy.OCCL)

A=SQPT(AA)

»A=CMPLX(CUS(ANb),SIN(ANG))*CMPLX(A;L.)

U= JtREAL(AA) +H*XT

V=V + AIMAG(WA) + H*YT

Avz v=UxS1(1)

TGI= G1I

Tod=s GJ

TO4T= Z24%(GM(I+1,0)=-6M(1sJ))

TCMd= 2.%(GMIT»Jd)=3M{1sd=1))

Yl= -GMUI,J) + CI*(U*TOMI*AL (1) +AVETOMI*31(J) )*DN
~CoFOT#(LETGI*ALLL)+AVETGI*31(d))*DH

sl= C.

;1= 0.

cl= C.

Cl= OT*DH®U*2,%A1(1)
AI’ lo"CI

GAMA= DI

SEDA=BI~C([=2)%GANMA

ALFAs Lo/ (AI=-R3EDARC(I-1)-GAMNARE(I~2))
ClI)= (CI-BEDA®E (I~1))*ALFA

EC(I)= EI%ALFA
FOI)=(YI-BEUA®F(]=1)-GCAMARF([-2))%ALFA
e 1 1= I1sl2

Aiv5= OS*PI

Y=590(I)+B0LIJ)

Xz AC(I)

HH=z XX + Y*Y

DHH= 1,./HH

AT=2 = SeY* (ALT+CETAT) + OHH®{CA®X + SA*Y)
YT= J5%X%(ALTHCETAT) =ubHx (CAXY=SA%X)
H=5QRT (HH)

D= 14/H

Gl= GUI+1,d)=-C(1=-1,4)

Gd= 2% (G(Isd)-G(IsJ=-1))

Tod= GJ

TGMI= 2e%x(GMUTsd)=GM(Isd=1))

Gx = AlL(])* G =S1(I)*Bl(J)* GJ
Gy = Bl(J)=® GJ

U=z GX*DH

vz GY*®DH

PRV VA VA RY
CHATN= XT*6X ¢ YT%GY
FIT= GM(Llsy) *DDT + CHAIN
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AAU=2%QC-L4%F T

AMAXL (AA,,0CUL)

dr«T(AA)
C”VLX(CJS(ANu):SIN(ANG))*CMPLX(A,C.)
JeREAL(WA) +HikxT

vE= ooy o+ AIMAG({ wA) o+ HEYT

PR N W O

Ads
A
~
3

T .2
M.
oo

C

.

cloet o) LU T 2

T 1= \7~‘(J(I)J)'J(I-l)J))

Tl 20 {lMUT0d)=GM{I=-1,J))

s S CGFAL(] )R TRk

L R R

N T.. 3

Tolzee®(50Ie1sd)=301,4))

To%]s= /.‘(L:"'x(l“)u‘)"u?’i(I;J))

.. = e AL AT ny

£l= 1.-C1

RNV VN

Yz =5M(0isJ) » JI‘(U‘TJNI*AL(I)+AV*I5HJ*31(J))'DH
~leFLT e (URTOIRAL(L)+AVETGU®BL(J))*0N

DI= o,

bAWA- 01

Lbrua=31~C(I-_)%caMa

ALFas Lo/ (AL-SELARCII~1)=5AMAKE (1=2))
Cilde (CI-CESA*L(I~-1))%ALFA

£( = Bl*ALFA

PO =2 (Y I=cbDA®E(I-1) -G amMA*F (]~ —-Z))YXALFA
J INUF
= ]

I

I
N

= = YR (ALT+CETAT) + DHH®(CA®X + SA*Y)
T e ¥XR(ALTCETAT) ~DHHx (CASY -G A%X)
SSPT(HH)
= le/H
= LOlIsd)=GlI=-1sd) )%z,
J= (G d)=G(1ru~-1))%z,
X = alll)* (1 =SLOI)*p1(y)* GJ
v 21 0J)1% GJ

"

U- Gx¥DH

V= GY*UH

daT LAUsyry

CHALIN= XT#2GX + Y[=#(GY

FIT= CM(isJ) *LOT + (CHAIN
ALzAAD-¢2%00=,4%F 1T

Ac= AMAX1(AA, . UCL)

Az SCRT(AA)
HA’CVPLX(CJS(ALQ);SIN(ANU))*LMPLX(A»O.)
J= UsRFAL(WA) +HEXT

, e
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v=lixs ] (1)

2%
J= :'cv J
-ty
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_(I

- T EDHRUR2 L) (]

Le=721]

Cli=-201%2cams
L= le/(Al-nF"
b= (l1-3E.

= E[*ALFA

y=A{YI-Tro2

4 <=
[3 ¢I0—~

(-

ICy13

{1

)

1)-

HEY T

(OGMUTsd)=0M(1~1,49))
(MOl d)—,

A N VRS SR Iy ALl +avETUMU%41(J) )Y *DH
ST LT IR (T v AVET GRS () ) %D

pd=11)

ExC{I=-1)=oaMasr ([~2))
ARECI=1) ) eaprd

Araty (I=2))®*aLFa

FOIY-Clid®e o= (I)={(

)
T
X

= 1o/

—eH¥YE (AL

AL
)

ey

e X E(ALT+CETAT)

R T(HEg)
e/ A

T+CETAT)

+ UMHE(CA%X ¢+ SA*Y)

Dt e CARY~SARX )

(GUI+lsd)~u(T,0) )%,
lIsd+1)=-06C01,u=-1)
ALCLY® G

IXE (A
GY*DH

PISERVE AR RVA 3

C"Alf\'
FiT=

AKT#,x

3103y

fifA:ﬁAO‘oZ#bQ'-L’*FIY
AAd=AMAX 1 (aAy, D7 C 1))

¥
w o

y =

s T an)

=1 vpLX((,i_S(:‘xio"-] r S

UtHEAL (W)

v + HI‘".V“\)(WA‘A) +

+ Y%,y
GM(L,Jd) *u0T «

o

=>1(Ii*el(drs G

Al

Lf\(f«f‘»))”(\"L'LX(A‘A!\ .)

+o&x ]
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Av = vV -us51(1)
Tol= 61
TOMI= 2.%(GA(I+1sd)=-0M(Isd))
if( AV-LT-O.) [ TU b
Tod= 24%¥(G(1sJ)=C(lsu=-1))
Tz 2ex{GMUTpd)=0N{Iyd=1)) 2
ol TO 7 1
Tod=Zo*®¥(G(I,d+1)-G(],J))
TeMdz 2% (GMUTsd+1)-CM(I»J))
T Y= =GM(IJ) ¢ DTH(usTOMNI=AL(I)+AVETOGMI*51(J) ) *#DK
1 = J¥CT R (UXTOI*AL (L) +AVET A1) %01
= (.,
= Q0.
= C,
DT*OH*»J* . %L1 (])
le—-CI
Ma= U1
JA=ssl-C (I 2y RUANMA
FA= 1./ (Al=-orLA*xC{l-1)-5aMaxE(]-2))
Y= (Ci-BL_oast (I-1))%ALFA
)= EBEI®ALFA
Y (Y[ =-piuast (I-1)=La"ask(]-2) )ALt A
w L!"'(:,(I:]R
s 3 I= Ils1l2
Fx=1l4S1(1)%%y
=300+ RG ()
= AQ(L)
fibes x2Y 4 Y xY
Cbert= 1o /HH
iz =5 YE{ALT+CLTAT) + Db {Cha*xx + SA%Y) :
Yr e OFXXE(ALTHCETAT) —LHHX(CA¥Y-5A%L) g -
Cxs Y®xY=-X*xX
CY= Z2,%xX%Y
KTxz (CA®CX-CY®ESA )Y =Dt
xTY= = 5% (ALT+CLTAT)=-UHH* ALY L ARCX+(A*(CY)
Yix= =XTY
YTv= xTX
Cx= x**3-32 &) %Y3Y
Cy= B dXEXEY-Y¥¥ 3 ,
bx= Z.%SA%CA
pYz CA®CA=-SA%SA
A1 T == 2% Y * (ALTT+IETATT) =0 X LALT4CETAT) X2
1 - MACHT *OHH® (X (34 Y %53 ) AL TR H& ((*JA-YSCA)~UHHE*3¥ (X% Y+Bx2CY)
YiT= 5% X% (ALTT+CETATI ) —eco®¥Y®ALT+CETAT)*x%2
1 +FMACHT ® UHHE ( X* SE=Y*# T3 ) +ALT*UHHE(X*C LY SA) +UHH ¥ 3% (LY >l Y-pa*(X)
1= SAF T (HH)
Oh= 1e/H
wIl=0 I+l )=0Gl1I-15J)
GMI=z= GM{I+lpd)-0OMII=-1sJ) X
GJ=GIad+1)=ClIso=1) )
Uhids GMUT» 41 )=0GNMTsd-1)
Cx = ALCID)* G =510 L (y)*x GJ
R1(d)* GJ
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V= GY*DH
AL= L+V*S1(1)
A\ =V =ULAS1(D)

UR= XT*H+ U

VK=® YT*H + V

AVR= VE=Ur*S$1(])

ULR= UR*UF

VVR= VR¥VR

Guf= UUR + VVR

S= 1.

IFr( UkelT.0s) S= =~1

T=1.

IF(AVRE LT .04) T= -1,

Lus=U*y

uv sU*y

VizVvxy

CusllU+VYV

CHAIN= XT#*Gx + YT#*5Y

FIT= GM(1l,J) *0dT + CHAIN

AA=AAQ=2%CU-oa*FIT

AA=AMAX1{AA» OCOL)

AB=A1([)%B1(J)

VII= (6T +1,0)=2.%G 1o Jd)+GLI-15J))*LDXX ¢ A3(1)%G1
GIJ=G(I+1sJ+1)-G({I+1lsJ=1)-0(Il-1»J+1)+G(I-1yy~-1)
OJJ= UG I +1)=2e*G(1sJ)+G(Iod=1))%CDYY + £3(J)*GJ
CMII=(GM(I+1lsJ)=2e%GM(IsJd)+6M(1-15,4))%00XX + A3(])*GMI
GMIJ=CGM(I+1sJ+1)~GM(I+1,J=1)=GM(I=1yd+1)+GM(I-1rJ=1)
GMJIJ={GMITI»J 411 -2 %GMUL»J)+GNM{T»Jd=1))%DDYY + B3(J)*GMJ
RCTATED CUOPDINATES TERMS

Cx= XTT+ 2.%¥(U*XTX+ VEXTY)*DH

CY= YIT 4+ 2.,*¥(U*YTX + V*YTY)*LH

Axs AI(I)*Cx

AYs Bl{J)*{(CY-CXx%*S1(1))

whks AXE¥GI + AY*Gy

P= QO *(U#Xx+V*Y)*DH —(AA=UURI*S2(]1)*GY —=HH*WR
IF(GCR,GELAA) GO TO 9

CENTRAL CIFFEREMCING

AxX=s (AA=UUR) *A2(])

AXY= =2 ,%4B%( AL#S1(I) + UR%*AVR)

AYY= B2(J) *(AA*FX=AVR*AVR)

YR=s R + AXX*GII + AXY®*uIJ + AYY®GJJ

AXY= =2.%¥Ux*AVR%AB

YMR=AXX*GMII + AXY*GNIJ + AYY*GMJJ

Bb= S*DTT*OHH*A2(])*(JUR=-AA)

Cl= C.

0I= BB*(D0XX=A3(]))

Als 1.-2.¥B8*DDXxX

Cl= 38%(00XX+A3(]))

FI= O.

GU TC 10

TYPE DEPENDENT DIFFERENCHG
NS = NS +1

K = )

M = T =K
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IM¥M = [M =K
L=T
JM=J-L

RLLENE AN

AURs UR+ VR*S1(1)

AQ= AA/QQR

pXX= VVR*A2(I)

BXYs =2,%Ap*%VR¥AUR

EYY=s AUR¥AUR*22(y)

ONN=BXX*GII+BXYX5[0+BYY*GJJ

GMNN= BXX*GMII+BYY*GFJJ
GIIM=G(IsJ)=G{IMsu)=G(LruM)+C(IM,JIM)

GMIJMz GM(I,J)=GM(IMyJ)=GM(T1sJM)+GM(IM,GM)

IFC JMMeGTWJ3) GO TU 11
VIIM=(GUIJ)=2.%G(I,dM)+G{IsJNM))I*DDYY + B3(J)*GJ
GMJIIM={ GMIIrJ)=2.%GH{1sJM)+GMII,IMM))I*DDYY + B3(J)*GMJ
60 TO 12

CJIM=GLJ

GMJJIM= GMJIJ

IFC IMMoLT ICeORe [MeGTLI3) GO Ta 13
CGIIM=(GUIsJ)=2.%G(IM,J)+L(IMM, ) I*00XX ¢ AZ(I)*GI
CGMIIM= (GMUilsJd)=Ce¥GM(IMJ)+GMIIMM,J)I%20DXX + A3(I)*GMI
GG TC 14

GIIM= GII

GMIIM= GMII

LXX= UUR*XAZ2(])

AXY= B *S*¥THUR®AVR*AY

AYY= AVR*AYR*B2(J)

GSS=AXXEGLIM+ AXY*GIdMeaYYHOIUM

GMSS= AXX¥GMIIM+AYYRGNIIM

YK = (AQ =1.)#%555 +AC*GNN  +R
YMR=AQ* (GMSS+CMNNYD
GiSS 2 AXXRGMITHCAXNYRGMIJIMAAYYRGMIINM

YMR= YMR -GMSS

Qo= JORDTTHOHHXUUF* (le-Aw)*a?(1)
CC3 = 5%DIT*DHH*ACKRVVYR*AZ(])
BBCC= BB+CC

IFC URWLTW0W) GU TU 19

I1F(C I.2Q.11) GU TO 16

DI= BB*D0DXX

Bl= DOXX¥(CC-2.%3E) -a3(I)*bbCC
Al= 1, #C0xx*(2B=~2.%CC)

Cl= CC*DUXX + A3(1)*BBCC

EI= DJ.

Ld 7O 10

IFC I.ede12) G2 7D 16

Di= C.

BIa CC*DLXX—=A3(I)*BBCC

Al=z 1.+4DDXX*(BB=2,%(C)

Cl= DOXX*(CC-2¢.%3B) + A3(I)*tBCC
rl= ER*DDXX

SU TU 10

di= 0.

3I= B3CC*¥(DOXX=A3(1))
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Al= 1, ~-2.,#DDxx*eBCC

CI= wBCC*(DDXX+43(I))

ElIs 0.

AOVECTION TERMS

UPWIND DIFFERENCING

YY3AVR*2 ,*31(J)*(GCM(TsJ)-GNM(IyJd=1))
IFLAVRLT.0.) YY=AVR*BL1(J)*(GM(Isd+]1)- GH(I:J))*Z.
33Uk ¥DTHLHe2 4 *A1(])

IF(URLTL.0s) GU TC 18

YYs YY+UR¥2,*¥AL{II*(CM(Isd)-0M(I-154d))
5]l= £]-B8

Al= Al+33

G TC 19

YY= YYSUR*2, AL 1)={(CM(I+L,J)-0M1sJd))
Cl= Cl+o8

Al= Al-38

Y= GM{IsJ)+lTTH(YR=45%YMU)*DHH -OT*YY*0H
5AMA= D]

CEDA=3I=-C(I-2)%GAMA

ALFA= 1./ (Al-bEUA*CL]=i)=GAMA*L (]1=2))
C{I)= (CI-vEDA*L(I-1))=ALFA

E(l)= ELl*ALFA
FCL)=(YI-BEDA*F(I-1)-0AMA®F(]-2))¥ALFA
CONTINUE

RIGHT BAUKUAKY

I= 13

ANGs 0.

Y=S50(1)+BO(J)

x= AC(])

HH= X*¥X ¢ Y#Y

DhH= 1./HHK

ATz =, 5¢Y (ALT+CETAT) ¢ DHH*(CA®X ¢+ SA®Y)
YTe S*x%(ALT4CETAT) =DHu®x(CA*Y=-SA%X)
HsSQAFT(1IH)

Ch= 1./H

Gl= (GUI»J)=G(I-1,4))%2,
GJsG(Ir»Jel)=C(]Isd-1)

GX s AL(I)* GI =~=SL(l)*BlUJ)* GJ
oY = 31(J)* CJ

Us GX*DH

Vs GYS®DH

Cus LsyUevey

CHAINs XTeux ¢ YTOGY
FITs GM(I,J) *0CT ¢ CHAIN
AASAAD=,2%C0=,4*F T

AAs AMAX1(AAs.0Q0CL)

AsSQRT(AA)
wAsCMPLX(COSCANG) sSINCANG) )*CMPLX(A,0,)
Us U¢REAL(WA) +HeXT

vs V ¢ AIMAG(WA) ¢ HeYT

AV s v =yusSl{(I)

T6l=s G1

TGMIs 2.¢(GM{1)J)-CM(]1-1»J))

I8¢ AveLT,04) GO TO 20
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Tod=s 2.%(G(I»Jd)=G(Ird=~1)})
TGMI= 2,%(GM(I,J)=GM(I,J-1))
60 TC 21

20 TGJU32*¥(6(I1sJ+41)~G(Isd))

TGMJ= 2.%(GM(L1,J+1)=GM(15J))

21 YI= -GM(I»J) + DT*(U*TGMI*Al(I)+AV*TGMJ*61(J))*DH

24

25

26

1

=2¥DT*(USTGI*AL (1) +AVX*TGJ*B1(J))*DH
Dl= C.
gl=s 0.
Cl= 0.
Bl= ~DT*DH*U*2.,%A41(1])
Al= 1.-BI
GAMA= DI
BEDA=BI-C(I-2)*GAMA
ALFA= 1./ (AI-3ECA*C(I~-1)-GAMA%E ([-2))
C(I)= (CI-BEOA*E(1-1))*ALFA
E(I)= EI*ALFA
FOI)=(YI-DEOA*%F({]1-1)=GCAMA*F(I-2))#*ALFA
Co= G
CiGé= 0,
DU 22 <= ]0s13
I= I3+¢]0-K
Ge= CG
CG= FUI)-CLI)*CG-r(]1)%CCG
CcG= DG
GMULsJd)= CG
IF{ J.GT.,3) GO TO 5
LERE X2
X=SWtEP
xkik
C(l)= 0.
Ct2)= 0.
E(l)= O,
gE(2)= 0,
F(l)= Q.
F(2)= Q.
LEFT SOUNDARY
I= 10
D3 23 J= Jl,J3
IFC JWFQ.J1) GU TU 24
L1F( JsEQed3) GO TO 29
ANG= PI
Gd= G(IsJ¢1l)=G(IyJ=-1)
Gu TC 26
ANG= 1.,25%P1
GJs G(IpJd+l)=-G{lsd=-1)
6L TC 2o
AtiGs ,795%P]
Cdz 2.%(0(1,J)=-6(1,J-1))
Ys50(I)+801(J)
x= AG(])
HHE XX ¢+ Y*Y
LHH= 1 ,/7HH
XT2 =, 5%Y® (ALT4CETAT) ¢ UHR*®(CA%X + SA*Y)

[ ——
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YT= 5%X*(ALT+CETAT) =DHH*(CA%Y=SA%X)
Hh=AO (I )*AO(T)4YY
: H=SGRT(HH)
; Dh= 1./H
; Gl= (G(I+1sd)=G(IsJ))%2,
L 53X = AL(I)* G1 =S1(I)#Bl(J)* GJ |
LY = B1(J)%* GJ ]
. Us GX*DH 4
! V= GY#*DH 1
; Gu=URUevEy ' ]
¢ CHAIN= XT#GX + YT*0Y :
» , F1T= GM(I»J) *UDT + CHAIN
2 AATAAD= o 2%QG-o 4*FIT :
AA=AMAXL(AA».QCO1) ]
A=SUFT(AA)
wASCMPLX(CISCANG)pSINCANG) )*CMFLX(A» 0. ) :
J= U+REAL(AA)  #E*XT
Y= V o+ AIMAG(wA) + H=YT
AvVE V=UxS1(1) 1
IF( JeEQedl) GU T0 27
IF( JJEQ.J3) GG TG 28 1
IF( AVeLT.0e) GU TO 27 ]
25 Rl= =DT#DH*AV#2.%B1(J) :
A" 1.-Bl
CI‘ Coe
Ga TG 29
27 Ci= CT*DH®AV#2,%531(J)
Al= 1.-CI
BI= Coe
29 Yl= GN(1lsJ)
ol= 0.
| El= G.
CAMA= DI
BEDA=J3I-C(J=2)*GaMA
T ALFAT 1./ (AI-BELA*C(J-1)-GAMAXE(J=2))
b CtJd)= (CI-BEDA*E(J-1))*ALFA
S E(J)= EI#ALFA
F(J)a(Y1=BEDA*F(J=1)-GAMA®F(J=Z))*ALFA ]
23 CUNTINUE
CCu= O
CG’ O
DU 30 K= Jlsd3
Jd=z J3 + J1 =K
Les CG6
Co= FUJI=C(J)2CG-E(J)I* CG
CLe= DG
30 GN(IsJ)=s (6
¢ INTERIOR
w0 31 I= I},12
FX= 1o + S1(1)%#2
Py 32 J= Jl1,d3
IF( JJ.EQ.J3) GU TU 33
Y=SO(I)+RO(J)
Xs AG(I)

v M
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HHs X*X + Y*Y

DHH= 10/HH

XTa «,5%Y¥ (ALT+CETAT) + DHH*(CA®X + SA%Y)
YTz (S5%X*¥(ALT+CETAT) <DHH*({CA*Y=SA%xX)
H=SQRT (HH)

OH= 1./H

GI=G(I+1,J)=-G(I-1sJ)

OJd=G(I»J¢l)=G(IrJ=-1)

GX = AL(I)* GI =51(I)*Bl(J)* GJ
GY = Bl{J)* GJ

Us GX*DH

V= GY*DH

AUus U+v%S51(1)

AV = vV -U¥S1(1)

UR= XT*H+ U

VR YT*H + V

AVR= VR=~UR*S1(])

UUR= UR*UR

VVR= VR*VR

QUR= UUR + VVR

QUs UkU + Vv

CHAIN= XT®35X + YT%GY

FIT= GM(I,J) *D5DT + (HAIN
AA'AAO“.Z*QQ‘.Q*FIT
AAAMAX1(AA,.0CCL)
IF(QO0R.GEAA) GO TO 34

BBz JS*¥DTT*DHHR*(AVR*AVR-AA®FX)*B2(J)
DI= 0.

Bls pBX*{DLYY=83(J))

Al= l.-2.%¥BB*DDYY

Ci= BB*(DDYY + B3(J))

El= C.

GC TO 36

AUz AA/GQR

AUR= UR+VE*S51(1])

BB LH5&DTT*DHH¥AVR*AVK*(1,~-AC)*E2(J)
CC= =,.5¢«DTT*DHH*ACTAUR*AUR®BZ (J)
vdCC= BB+ CC

IF( JeEQe4) GC TL 38

IF( JoFQeJ2) GC TO 39
IF(AVR.LT.0,) GL TO 40

DI= 8B+DDYY

sls DOYY*(CC~2.%cd) -u3(J)*BLECC
Als 1. + DOYY*(BB=2.%(C()

CI= CC*DDYY + E3(J)*eBCC

ElI= C.

60 TG 36

DI= 0.

dl= COYY*(CC -83(J)*88BCC

Als 1. ¢ 0OYY*(BB=2.%CC)

Cls COYY*#(CC-2.,%BB)+B3(J)*3BCC
€El= BB*DDYY

6L TO 36

Cls G.

-~
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IF(AVR L TW34) GG TO &l
€l= C.

Bl= BBCC*(DDYY=83(J))
Al= 1. -2.,%EBCC*0DYY
Cls B8CC*(LOYY + B3(J1))
GC TG 36

Bl=s CC*OCYY -33(J)*BBCC
Al= 1. ¢ LOYY®(Bo=2,%(CC)
Cl=s LOYY*(CC-2.%88) + 33(J)1#8b((
t.[= 8B*00YY

GC TGO 30

tl= O,

IF(AVRWLTLDe) GU TO 62
Ol= ER*DOYY

o= DOYYR(CC-2.,%88) =-83(J)%ubCC
Al=s 1,+D0YY*(308-2.%CC)
Cl= LOYY®CC + B3(J)*883C
GL TC 36

vis G,

3[= B3CC+#(DOYY-B3(J))
Al= 1,=2.%PCCC*LDYY

cl= BBCC*(D0YY+B3(J))
ADVECTION TERMS

Gbhs DT*DH*AVR*®2 ,*B1(J)
IFLAVR LT 40s) GJ TO 43
Bi= BI-BE

Als AL+ BB

50 10 &6

Cl= CI +8b

Als Al-do

60 TC 46

ANG=2 ,5%P ]

Y=S0(I)1+BO(J)

X= AG(I)

AHE XEX ¢ YRY

DHH= 14 /HH

XTz = ,5%#Y%(ALT+CETAT) + DHH®(CA%X + SA*Y)
YTs ,5¢X*(ALT+CETAT) <-DHH*(CA*Y~SA*X)
H2SART(HH)

"Hs 1,/H

Gl G(I+1,J)=-G(I-15J)
Gds 2% (G(I»J)=G(I,J=1))

GXx = AL(1)*% GI =S1(1)*Bl(J)* GJ
LY = Bl(J)y* GJ

us Gx*DH

V= GY*DH

desU*UsveEy

CHAINs XT*GXx + YT*GY

FI1T= GM(1,J) *DDT + CHAIN

AAZAAD=, 2900~ 4%F]T

AA=AMAX]1 (AAy.0001)

A=SQRT(AA)
WASCMPLXICOSCANG) »SINCANG) ) *CMPLX(A,0,)
Us USREAL(AA) +H*XT
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V= V + AIMAG(WA) + H*YT

AVs V-U*S1(1)

Bl= =DT*DH*AV*Bl(J)*2,

Al= 1.-BI

Cl= C.

Di= 0,

£I= 0.

YI= CN(I,J)

IF( JeEQe3) YI= YI-BIXGM(I,2) -DI*GM(I,1)
IF( JeEQe&) YI= YI-DI*GM(I,2)

GAMA= DI

BEDA=BI=C(J~-2)%GAMA

ALFA= 1./ (AI-BELAXC(J=1)=GAMA*E (J=2))
ClJ)= (CI-BEDA*F(JI=-1))%ALFA

E(J)= EI*ALFA
F(J)=(YI-BEDA*F 1 =] )=GAMAXF(J=2))*ALFA
CONTINUE 3
CCG= O. }
6= 0.

DG 49 K= J1sJ3

J= J3+J1-K

06= €6

Co= FUJII-C(J)*CE-E(J)*ICO
CCG= DG

GN(Isd)= CG

CONTINUE ;
RIGHT BUUNDARY ]
I= I3 £
LG 50 J= J1,43

IF( J.EQ.J1) GO FC 5
IF( J.EQ.J3) GL TC 5 ]
ANG= Q.

GJ= G(I,J+1)-G(I,J=1)

6L TO 53

ANG= =,25%P1

Gd=x G(Ird+1)=G(I,J-1)

GU TC 53

ANG= ,25%P1

Gdz 2.%(G(I,d)=C(I,d=1))

Y=SO(I)+60(J)

Y=SO(1)+BO(J)

X= AO(]) ;
HH= X¥X + Y*Y ;
DHH= 1,./HH ;
XTs ~,5#Y*(ALT4+CETAT) + DHH*(CA%X + SA#Y)

YTz 5%X*(ALT4CETAT) =OHH®(CA*Y=SA*X)

LS

H2SUMT(HH)

DH= 1,.,/H

GI= 2.%(G(Isd)=G(1I=154))

GX = AL(I)* G =S51(I)*B8l(J)* GJ
GY = Bl(J)* GJ

U= GXx*DH

Vs GY*DH

QusyUsU+ VY
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CHAIN= XT*GX + YT=GY

FlT= GM(I,Jd) *DuT + CHAIN
AA‘AAO'.Z‘QQ'O“‘FIT
AA=AMAX1(AA,.00C1)
A=SQRT(AA)
wA=CMPLX(CUS(ANC),SIN(ANG))*(MPLX(A’O.)
uz U+REAL(WA) +HEXT

V=V + AIMAG(WA) + HeYT

Av= y-U*51(1)

IFC JJEQ.u1l) GO TA 54

1F( JoEQed3) GO TS 55

IF{ AV.LT.0.) GO TO 564

Bl= —OT*DH*AV#Z.%B1(4)

Al= 1.-81 '

Cl= (VI

ou T0 56

Cl= OT#DH*AV%2,%81(J)

Al= 1,-CI

3l= 0,

YI= GN(Is4)

il= Q.

EI= C.

GAMA= D]
8eDA=3I=-C(J-2)%GAMA

ALFA= 1./ (AI-BECA*C(J=1)=GAMAXE(J=2))
ClJ)= (CI-BEDA®E(J=-1))*ALFA
E(J)= EI*®ALFA
FUI)=(YI-bEDA*F(J=1)~GAMAXF(J=2))%ALFA
CUNTINUFE

CCG= 0O,

CG= C,

DU 57 K= J1,43

J= J3 + J1 =K

LG= (G

Co= FLII=-CUJI)*COo-F(J)%*CCo
CCG= 06

GhlIsd)=s CG

UPJATE NEXT RUN UATA

Vi 58 I= J0,13

DU 98 Js J1,J3

CG= GN(I»J)

GlIsd)=s GUI,J)4CS

GM(Isd)= CG

IFC ABS{CG)IJLELKG) GU TO 58
RG= ABS(CG)

I6= 1

Jo= J

CUNTINUE

IFINIT.NE.O) 6O T9 59
UTIM=UTIM + DT

FASAGA=s FKEQRA%UTIM™

ALPHA= ALS + AMELASSIN(FASAGA)/RAL
ALs ALPHA®*RAD

ALTs AMPLA®FREGKA*COS(FASAGA)ZKAD

adiniian
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63

ALTT= —AMPLAXFREQRA*#2*SIN(FASAGA)/RAD
FASAGM= FREQRM*UTIM

FMACH= FMACHS + AMPLM*3IN(FASAGM)
FMACHT= AMPLM*FREWRM®COS(FASAGN)
FASAGC= FREQRC*UTIM

CETARD=CETAS + AMPLC*SIN(FASAGC)/RAD
CETA= CETARD *RAD

CETAT= AMPLC®FREQRC*CGS(FASAGC)/RAL
CETATT= —AMPLC*FREGRC*#2*5IN(FASAGC)/RAD
Cb= COSCALPHA)

Sb= SIN(ALPHA)

CA= FMACH*CB

SA= FMACH*SB

FMACH2=2 FMACH#®%?

WAXE CONLITION

It NITLEG.L) GO TS ¢

su TO 61

CO 62 I= Ix2,13

WolI)= G(IX2s3)=G(IX1,3)

I= Ix2

volId=s WG(I) + GWN{IX2s3)=GN(IX1,3)

I= [+1

Y=3S0(1)+B0O(3)

Xz AU(])

HHs XXX 4 YXRY

CHH= le/HH

XT= =.5%Y% (ALT+CETAT) + UHH®(CA%XX + SA¥*Y)
H=SQKT{HH)

YP= Y

HP = h

GI= G(I+1,3)=-G(I-1,s3)

IF( 14EQeI3) Gl=z 2.%(G(1s3)=G(I=153))
Gz Ce%®(G(Isa)=G(I»3))

LP ={Al(1)*% GI -=S1(I)*BL(3)% GJ )/H
M= NXx+ & =]

Y=SO(M)+B0(3)

HEzACIM)IZAO(M)+YEY

2 3QRT (HH)

HM= H

Y= Y

GI= G(M+1,3)=-G(M=-1,s3)

IF( 14EQel3) GI=z 2.%{3{M+1,3)1=-G(i1r3))
GJe2 «*(GUMp4)=G(Ms3))

L =(A1(M)* GI —S1(M)*P1(3)* GJ)/H
Yz 5% (YP-YM)

Uz 5% (UP-UM)

Hz oS5%¥(HP+HM)

BFz 2.%0T*AL(I)*%(U/H +xXT)

pol(I)e (WG(I)+BF*WG{I-1))/(1s4EF)

1FC 1.LT.13) 60O TC 63

Su 57 I= 10,13

CCG= G(isl)

Co= G(Is2)

Mz X+ 4 -1

N
s
1
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It (1.6T.Ix2) Gu TN 65

IF (1.LT,IX1) GL TO 606
TANGENTIAL BCUNUARY CUNDITIUN
Y=SO(I)+8C(3)

X= AG(I)

HH= XXX + Y¥Y

OHH= 1l./HH

XT= —o5%Y*(ALT4CETAT) + UHH*(CA%XX + SA¥Y)
YT= S5*X*¥(ALT+CETAT) -OHH*(CA*Y=-SA%YX)
VBN=FH*{XT*S1(I) =YT)

Gl= G(I+1,3)=G(I-1s2)
FX=1la4S1(L)**x¢

B1S= FX*81(3)

GXSxVvB= AL(I)*GI*S1(I)+VEN
LEIs2) = G(Is4) -GXSXVB/BILS
G(Isl)= GlIsb) =2.%GXSXVE/BIS
GU TO 64

G(Is2)= G(Mrad+hol(l)

GEIsld= G(Ms5)+wul(])

GO TC 64

G(Is2)= G(Ms&)-WG(M)

GlIsl)= G(Ms5)=nG(iM)

GM(Is2)= G(I»2)-CG

GM{Isl)= G(I,1)-CCG

CUNTINUE

RETURN

END
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This report was prepared as an account of
Government sponsored work. Neither the
United States, nor the Department, nor any
person acting on behalf of the Department:

A. Makes any warranty or representation,
expressed or implied, with respect to the
accuracy, completeness, or usefulness of
the information contained in this report,
or that the use of any information,
apparatus, method, or process disclosed
in this report may not infringe privately
owned rights; or

B. Assumes any liabilities with respect to
the use of, or for damages resulting from
the use of any information, apparatus
method, or process disclosed in this
report.

As used in the above, "person acting on behalf
of the Department" includes any employee or
contractor of the Department, or employee of
such contractor, to the extent that such
employee or contractor of the Department, or
employee of such contractor prepares, dissemi-
nates, or provides access to, any information
pursuant to his employment or contract with the
Department, or his employment with such
contractor.
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