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ABSTRACT

With the aim of'developing_a fast and accurate
computer code‘for_bredicting4the aérodynamic forces
needed for a flutter analysis, we review some basic
concepts~1n computational transoniés. The unsteédy
 transonic flow past airfoils in rigid body motion is
adequately described by the potential flow equation as
long as the boundary layer remains attached. The two
dimensional unsteady transonic potential flow equation
in guasilinear fbrm with first order radiation boundary
conditions 1is solved by an a_Lterriating'directionimpliCi_t
scheme in an airfoil attached shéared parabolié coordinate
system. Numerical experiments show that the scheme is
‘very stable and is able to resolvé the highly'nonlinear
transcnic effects for flutter analysié within the context

of an inviscid theory.



I. TINTRODUCTION

We begin with a survey of the behavior of flows
past conventional airfoils. Then, we introduce the
unsteady transonic problem in flutter analysis. Finally,

- we discuss the mathematical difficulties of solving

such a problem.



1. Flow Past Airfoils

We begin our discussion with a brief survey of the
behavior.of flows past airfoils; when a conventional
symmetric airfoil accelerates from subsonic speed to
supersonic speed the flow pattern ﬁsually‘deVelops in
fhe manner shown in Figuré 11. As the flight speed
of the airfoil reaches the critical speed, the local
flow speed equals the local sound speed. Beyond the
critical speed, a supersonic region appears on the
airfoil which is usualfy terminated.by a nearly normal
shock through which the flow speéd jumps from super-
sonic to subsonic. With a further increase in the
flight speed, the shock moves aft and the size of
thé supersonic region - and the shock strength hoth
increase. Tf the preasure jump through the ghook
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,

the nature of the flow around the airfoil changes



completely and dften turbulent flow phenomena, such as
buffet or buzz, start to occur.

The other important flight parameter is the angle of
attaék, the angle between the flight direction and the
airfoil chord. The effect of changingthe 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
patternslshown in Figures 12 and 10, respectively. The
superSoniq zone in these cases may consist of several

pieces.



2. Engineering Considerations

An aircraft under certain circﬁmstances may experience
vibrations of an unstable nature. 'This éhenomenon, called
flutter in aeroelasticity, is 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
stfﬁéfﬁré éxtracts’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 incrcase -
rapidly with the flight speed while the elastic and
inertial forces remain essentially unéhanged. 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 fliéht vehicles. The vibration characteristics of
the vehicle at zero speed can be determined gquite 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 éﬁpersonic flight, aerodynamic
forces can be predicted reasonabiy well by current

methods based on linear theory. For transonic flight,



nonlinea: effect% make the evaluation of the transient
~aerodynamic forces'considerably'more difficult. This has
concefned the flutter analyst since the beginning of
-transonic fiight, The ﬁransonic regiﬁe 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
boundary with transonic dip is depicted in FigufeA 1.

The flight speed may exceed the flutter speed.in the

transonic region.

speed

flutter speed

/___—\ ~ o

flight speed

1.4
" Mach number
Fig. 1. Typical Flutter Speed vs. Mach Number Curves

of a Flight Vehicle.



Currently, supercritical wings make it possible to cruise
at transonic speeds with low drag. This leads to a renewed
intérest in fransonic flutter analysis. In 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

1In 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,
C2. The physical time direction is no£ thewfiﬁéQiike'
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 mathematiéal
theory of transonic flow, many basic questions remain open.
For example, even for the small diéturbance_equation, one
of the simplest nonlinear mathematical models, it has nof
heen shown that the problem is well posed in a suitable class
of weak solutions. The linear theory is deficient in \
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 differende methods; This allows the solution
"to be advanced in time by solving a sequence ol lineér

equations which approximate the nonlinear equation if the



.time step is small. The second difficulty, as well as the
third, is solved by a type dependent differencing strategy
which employs central differéncing‘for all terms at sub-
sonic points and upwind differéncing for the streamwise
derivatives and central différencing 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 artifiéial 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 cohcepts 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 attentioﬁ to the poten- -
tial flow equation in quasilinear form. We study the
characteristic surfaces of the equation and derive the
proper radiation boundary conditions' for the értificial
boundaries of computational doﬁain. We also discuss
coordinate traﬁsformations which render the airfoil surface
lying along a poftién 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 domgin..‘The finite differencing strategy and
approximate factorization technique are analyzéd through
linear models, convection equation ‘' and wave equation .

It is shown that the scheme is unconditionally stable for
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these two cases.

in Section V, we check fhe.écheme 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 bédy motion.

-in ééétion 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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IT. BASIC CONCEPTS

With the object of developing a fast and aécufate
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 trahsonic flows and some rélevant 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 coﬁservative

and nonconservative difference schemes.
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1. Customary Flow Models

In many aeronauticai‘gpplications turbulent flow is
observed. The phendmenon of turbulence is ﬁot well under-
stood and currently much attention foéusses on finding
useful models to describé 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 of mass, momentum and cnergy lead toO
the Navier-Stokes equations in Cartesian X,y coordinates

in the conservation form [32,38]"

(l) | .Ut + FX + Gy =0
where
Nt ) A f pu W
pu pu? + o
I = ) ™= _
pVv puv + Txy
[ 2 ) t (eto Ju + TyxV = K 3x |
4 pv 3\
uv + T
G = P F Tyx
pv2 + 0
VT e
{ (e+0y)\,+rxyu ..Kay )

with
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_ = _y f9u , 3V
Txy = Tyx © 7H (Bx * oy
du , Av du
o, =P - gty -2
and
= p - af3u . 3y _ v
o, = P Maz + ay) 20 5y

in terms of density p, pressure P, velocity components
u and v, Viscosity coefficients XA and u; total eneréy
-ber unit mass e, specific internai energy € and coeffi-
cient of heat conductivity k. To close the system we
adjoin the ecuation of state p = p(g,p). The simplest

equation of state is the polytropic relation (y-law)
P= (y-1)ep , Y ='constant ’

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

sional form [42]

(2) | Ut + Fx f Gy» Re (RX + Sy)
where
[ o0 ) [ pu ) [ pv )
2 : :
ou pu +p . . puv
U = . s F = ’ G = 2 [
pv . puv PV +p
. e | g(e+p) ] { v(e+p) |
0 ' 0
R = XX . S = Txy
Xy Yy
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with
Tex = (A + Zu)ux + kyy
TXY = u(uy + vxf
Tyy = (X + 2u)vy + lux‘l X
- — _ - 2
R4 = urxx + VTXY + KPr (v 1) Sxa
- : -1 R 2
and S4 = uTxy + VTYY + KPr (v 1) Bya
' . 2 2
P = (y-1)le - 0.5 p(u” +v7)]

where‘the local sound speed a 1is given by

a? = y(y-1)[e - 0.5(u?+v%)] ,

A is taken as —(Z/B)ﬁ, the Stokes  hypothesis. Note that
the nondimensional reference quantities are arbitrary, the
‘Reynolds nﬁmber Re and the Prandtl ﬁumber 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 Qelocity
relative to the body be zero (no slip condition), and
b. Appropriate far-field boundary conditions must be
Aspecified at the necessarily finite limits of the

computational domain.
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1.2 Euler Equatipns

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) ep

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) is a

weak solution of differential equation (3) if

[J] [sevmm,oron,-c) e ay ac = [[ wev ax oy
S

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

T

S

for I (x,v)!l large. An ecuivalent 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 S of discontinuities, the following

jump condition holds:
nt[U] + nx[F] + ny[G] =0 on S

Here n = (n_,

% ny,nt) is a unit normal vector to 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

@ m= @rg-sley = (negyms)ey
and
¢ %2 .~ -

Equation (5) implies the following two equations:

(7) ‘m(n'qz -.“.ql) = Pl'Pz
and
(8) m(nxq, - ﬁx&l) = 0

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

arbitfary jumps. In the particular case both' m

vanishes and nxqg is continuous, the slip surface is called
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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 cohdition tobpick the right
weak solution is that ﬁ-& decreases across the shock.

For the inviscid flow model the bpqndary condition at
.ﬁhe 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
=— =F_ + g-VF = 0 on the body surface F(x.y,t) = 0 .

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

dt ~ dt
=$dj.dr+ .d_qz
7 dt 2
__fap, §ad®
4] 2
_ §ad®
2
(q.+q9,) .
2 .
= [q7] =-—“—2—i—(qufq2)
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where the velocities q, and q, are the upper and lower
velocities at thé trailing edge._ Consequently, if the
circulation is to change with time, neither the average
velocity nor the juﬁp velocity can be zero. The vortex
sheet, comprised of vortex filaments, trailing
downstream of the airfoil, is viewed as a

slip  surface. In reality, the vortex sheet

io convected with the motion ot 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 sﬁeet 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

"y P u‘2+v2 -

total enthalphy H = ¥-T 7 + 5 = 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 Equation

Assuming that the flow can bé described by a velocity
potential, the Euler equations can be reduced to a single
guasilinear 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 q = V& the
velocity vector. The equation of motion Dg/Dt = -Vp/p

leads to

2
3 q VP
Kg-h +v(_2.) - gx(Vxqg) + - = 0

2 .
vie, + L+ I %?] =0
2 a

o, + L 4 J ap - f(t) + constant.

If¢=®—jf(t) dt then V¢ = V6 and ¢, = 0 - £(t).

t
We therefore call ¢ velocity potential as well and

we have the Bernoulli equation for ¢

2
(1) ' 4 ¢t + %T + J %T = constant.

The conservation of mass is
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(2) oy + (PO L+ (p0)y = 0

We take the equatibn of state to be

= &y o
(3) P = ()

with p =1 and a_=1 .

[¢ 3] (o]
In the smooth region of the flow we may eliminate p from
the above eguation and'get a quasilinear equation for ¢.

The equalion of continuity yields
l —’2 p—v L] —3 L4 —
[p Dt] Veg = VeVé = Ad

The Bernoulli equation, after differentiation, leads to

D oo 4%y =D [ [d) oD 7y y20De
Dt t 2 - Dt { o] Dt ‘v -1 Dt
2 D 2
- a 20 _
= o Dt a“Ad

Finally, we cumbine them and get an equation

(4) Do, + 3 00 = a%ne

or
. " 22 ) 2 2
(5) ¢tt4-2u¢xt4-2v¢yt = (a u )¢xx 2uv¢xy + (a v )cbyy

The shock conditions which will be applied in the model
(1), (2) and (3) are
a. nxqg is continuous across the shock which implies
¢ is continuous
b. (ﬁ-& - s8)+*p 1is continuous which says mass is conserved

across the shock, where s is the shock speed
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c. ﬁ-& 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 jump4between equal points of an isentropic
stream tube. The corresponding change in normal momentum
..is.balanced by.a. force -on themdiseontinuityu-Theucombined'
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 = -n  on the body surface.

VB
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 circeulation T of airfoil is given by

ar _ 4 _ 4 _ ,
(6) 3t~ 3E % qdr = g¢ [¢lpp = [0 00p

With the continuity of pressure and normal velocity component
across the wake, the Bernoulli equation gives
2
! ¢S "
(7) 6,1+ (] = (6] + ¢ leg] = 0
where $s stands for the average velocity at any point in the

wake. Thus the circulation 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 vdrticity downstream.

We will discuss radiation bounaary conditions for

equation (5) in a later section.

1.4 'Small Disturbance Eguation

For small disturbance transonic flows, the flow
equation can be further simplified by a perturbation
method [l1]. Namely, assume that the thickness to
chord ratio T of the airfoil under consideration
is small in the sense of T2/3 n l-Mi << 1 , where M is
the free stream Mach number. If we expand the potential
¢ to the potential flow equation in the powers of 1 and

retain the lowest approximation, we obtain the small

disturbance equation

+ 282¢xt = v ¢ + ¢

Sl¢tt c XX Yy

where

S, = Mi(Kz/T2/3), 5, = Mi(n/T2/3)

2
and

v

o = WM/t 3 (Mo - (v-1)mMZks,

The reduced frequency k = mc/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 is 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

2 .
/qu r 1/w, c/'cl/3 and c respectively.

Cc1
The primary merit of this approximation is that the
surface conditidn 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 scaied coordinate system. If h(x,t) is the

unsteady displacementAof'the airfoil surface from the true

mean contour. £(x), then the surface condition is

¢Y‘= fx + hx + ht on the slit y =0 2 0 < x <'1.

The wake condition is that the jump of the pressure coefficient
across the wake y =0 , 1 < x, must vanish Namely,

- - - 2/3,
[cp] = 0 where cp = 2 1 (¢X-+¢t).
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1.5 Low Frequency Small Disturbance Equation

For low frequency Kk " l—M2 n 12/3 << 1, it is well

known [1] that the small disturbance equation reduces to

2S2¢xt - Vc¢xx + ¢yy

4where v, = (1-M°2°)/12/3 - (Y+1)Mi¢x .

The surface boundary condition and the wake condi-
tion can be eilther that of the smail disturbance

equation or as follows:

a. ¢Y = fx + hX on vy 0, 0<x<1

b. [cp] = 0 on y 0, 1 < x where cp = =271

1.6 When to Use Which‘Model

Each model has . its own limitations bhased on the assump-
tions used in developing the flow equations. For example,
the low frequcncy'small dislurbance equatibﬁ does not
describe high‘fre@uency mdﬁidh Qell, the small disturbance
“equation does not describe the blunt leading edge aiifoils
well, the potential [luw equation does nol describe the
strong shock wave well, fhe Euler eéuation does not describe
separated flow well. We briefly fémark £hat When strong shocks
lead'to separation, viscous effects cannot be neglected. Either
boundary layer correction equationé 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.
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2. Basic Numerical Concepts

The numerical problem is to find an approximate
solution accurate to within some tolerance; The most
basic and wideiy used method to soive time dependent
problems is thé fiﬁite 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 thevheat equation,'
linear advection equatipn, ~ and wave equation, respectively.
And we will apply those ideas to construct an ADI
type scheme for the potential flow eqﬁation in quasilineaf

form in Section IV.
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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 Qrid points are
given, the resolution of the physical phenoﬁéna is
naturally limited by the mesh spacihg. Td be specific,
we introducé some terms through the definition [3A] of

a Fourier mode:

vy =a éi(wt+5x)

= 5 oif(x+(w/E)t)

o . i 2x7»l(X+ct.)
(1) ... = ae
where a is called the amplitude; w, the phase rate;
£, the wave number, ¢ = w/t, the wave speed; A = 27m/E, the
wave 1ength} wt + £x, the phase angle; £ = w/2m, the
frequency; T = 1/f, the period.

Suppose we express a function u(x) as a Fourier series
w i .
lﬁjx

(2) ulx) = Z aj 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 Amax = (I-1)Ax = L. The corresponding
wave numbers are gmax = m/Ax and Emin = 2n/L.

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
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resolved by this system is the partial sum

A N iij X
u = _g aj e | with gj = NAix

In viscous flow, the diffusion and the advection for -

. » i
a ‘Fourier mode u = a e £x lead to

d2u 2
U ——>=-uétu
dx
and
du _ .
Dua{‘—pu(lg)u
Their ratio is (pu)/(uE). As E increases the diffusion

becomes stronger and dominates eventually. The mesh
spacing should be fine enough to understand the dissipa-:
tion mechanismf On the other hand, for compu£ational
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 develoged [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 stép of calculation is festricted by the
Courant-Friedrichs-Lewy condition (CFL condition). The CFT.
condition imposed.on the.time ster is

A
At € ——
lal

where A is the grid mesh spacing and-lql is the fastest

propagation speed anywhere on the mesh system. Therefore,

the solution requires long and éxpensive computation time.
Unlike the explicit 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 eguations td 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.

XX + ¢yy

SR oy = ¢
The finite differencing strategy is replacing the
differential operator in time Dt by the forward difference,

the ¢ in the right-hand side by the average of ¢n+1 and ¢"
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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
L 3 E, -2I+E_ E —21+Ey ¢ij +¢ij
(2) At 2 + 2 2
Ax Ay
n _ .n - n _ .n
where Ex¢ij _»¢i+1,j , Similarly Ey¢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

of § = E -2T4EY, & = E -2I+E.' , with p = At/28x2
xx | X x vy Yy y ,
2

and q = At/2Ay” as the equation

n+l _
Joy (l+pﬁxx+q§yy

n

)by

_q6 ’

(3) (1-p5X vy

X
The idea behind the splitting technique is to generate

a perturbation of the above equation fhat.permits a simpier
computational process.  Namely, we may factdr‘equation (3) -

as follows.

-pé 1-g6 N+l - (1+4ps 1+g6
(4) (1-p Xx)( q Yy)¢y ‘( PS) (1+as oy
Here, we add a term (At3/4)¢ of third order in time

XXyyt

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

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

Ak i(mx+ny)

Ax and Ay. Indeed, substituting ¢ = ¢~ e into
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equation (3) we obtain

15] = 1 - 2p(l-cos &) ’1-—2q(l—cos n)
1+ 2p(l-cos &) 1+ 2g(l-cos n)

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

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

sists of three easy steps:

(L+gs__ ) ¢"

X
Yy 'y

(l—péxx)y = (1+p§xx)x

+1
1-q6 n+l _ o
(1-q yy)cby

Each of the last two steps requires a 3-diagonal matrix
solver which is not éexpensive 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

n+l _ _ A A
i§ = ¢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
(1 5 DXX)(l > Dyy)(¢ij ¢ij) - At‘(Dxx+Dyy)¢ij
or
‘ ‘ ntl_n. .,  _ n
(5) - (@=Dy ) (aDyy ) (0557 =055) = 20Dy ¥y ) 045

It falls ih the following general form [20,25],

(6) Ne® + wR® =0

which is used to soéolve the'Stéady differential equation 1L¢ = 0.

n

n+l ¢n is the correction, R = L¢n is the

Here, c" = ¢
residual which measures ﬁow well the finite differenqe equa-
tion is satisfied by thé.nth level solution ¢n, w is a
relaxation parameter and N is chosen as alproduct of two

or more factors indicated by

N =N

1N

2

The factors N, and N, are chosen so that (1) their

1 2
product is an approximatiun to L, (2) bnlyAsimplé matrix
solvers are required, and (3) the overall scheme is stable;

This type of implicit scheme has been found very powér-
ful in thelcalculation of steady flow. We remark that the
parameter o in the equation (5) can be replaéed 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 Differencing

“In iaviscid flow caléUlation, a scheme that seems
stable for shock free flows sometimes blows up when it
is employed to calculate shock Qaves. This is due to tﬁe
fact that using some difference formulaé across a disconti-
nuity can lead to oscillatiuns which may grow. '1'0 remedy
this, the well knuwn shock capturing téchnique is to add
to the inviscid flow equation a proper amount of artificial
dissipation to simulate the physicalldissipation in the
shock layer and to provide the necess&ry damping for large
wave number disturbances so that the shock wave is smeared
dut 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) u, + V-f(u) = V(eVu)

t

where ¢ is positive and is of the .order of the mesh spacing.
Equation (2) is 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 bouﬁdedly almost everywhere as € -+ 0.

£ VE(u(e)) to VEf(u) and V(e Vsu) to O

in the distribution sense. This says that u satisfies (1)

Then, ut(e) tends to u
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in the distribution sehse 'whiéh 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) ¢, +ugp, =0

The finite difference approximation for the case u > 0 is

¢p+l_¢§_.
(4) 7=+ 7% {(¢?+l'¢?fi) * ‘¢?"¢?-1’} = 0

The von Neumann local stability analysis is to substitute

a Fourier mode ¢ = $k'elmx into equation (4). This leads
to

~ 1 1 -p(l-cos &) -ip sin &

lo] = — ' <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 vis;osity
impiicitly:through.the'upwind differencing in x; We can see
it .explicitly by Taylor series expansion. Equa-

tion (4) is equivalent to the equation

| _ Ax 2,2
(5) ¢t + u¢x = n TT'¢xx + O(ALT,AXT). .
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The extra term u(Ax/Z)Gx# 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, Wé first derive the dispersion
relation of the differential equation (3). Substituting

¢ ='ei(mt+£x)

wtug = 0. w is a real number so that there is no damping

into the equation (3), yields the relation

of any wave mode and all waves ha#e the oame phase speed u.
Next, we apply the same Fourier mode to the viscous

differential equation

(6 | | ¢t + u¢x = |u] %§ éxx :
It has the dispersion relation
w + ut = |ul %? %4
So a solution of cquation (6) is
ig(x-ut)  -[|ul3F €2t

¢ =e ‘e

The maghitude of the damping increases with the wave
number £ 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 thaﬁ 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 Differehce Schemes

The main idea behind ﬁhe use of conservation form is
the fact that if the difference équation 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)-=

can be derived from the more general integral form

| t ot t | ot
JJ u dx + [ f f.n ds At = J J[ u, dx dt + f'[ f;n ds dt
R s s 9R s R, ' . s 3R :
ot t
(2) = ‘
= u, dx dt + Vef dx dt
s R ' sR o

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

"tion is due tu the flux f of that substance aoross the
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boundary 38R from time s to time t.
The conservative finite difference approximation is

then defined having the form

n+l_n-1 'tn+l,
Ygr "Ugr -
SERRPAES Saa R B RENEEY
BRr tn_l 3R »

which simulates the integral conservation form.
onr differonoing atrategy fu: the flow edguation in

conservation form yields the finite difference equation

n+l n-1
ug:.-l' “g;l ( gRF"‘") e 8ZR fo)
(4) Bz Z [ - TAE } + . — 5 - = 0
R | '
n+l

The question is how to solve for u for this large

nonlinear system. Some linearizatian for F, is ncedcd.
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III. POTENTIAL FLOW EQUATION

In the steady inviscid transonic flow calculation,
the nonconservative form method agrees well with wind
tunnel preésure 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 correctioh with boundary layer shock
wave interaction. For mesh sizes of practical interest;
instead of doing a better simulation by4combining a.finer‘
scéle model of boundary layer shock wave interaction with
conservative transbnic equatioﬁs,Awe 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 dbmain of dependence for super-A
sonic points. Then, we give a set pf radiation boundary
conditions Which is shown to be very satisfactory with
the numerical scheme we propoéé in Section IV. -Ahd,
finally, we introduce the cdordinate tranéformation 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 propagéted throughout the flow field. Let s and N
be coordinates in the local St:eam.and‘normal directions
respectively. The direction cosines of s are u/q and v/qg.

$ and ¢, can be expressed locally in terms of the actual

ss
coordinates as
2 2

St .
¢ == (u ¢xx + 2uvcbxy + v ¢Yy)

gq
1 2 _ . 2
;7 (v 2uv¢xy + u ¢yy)

*NN XX
The potential flow equation in Cartesian coordinates locally
éligned with the natural coordinate  system (s,N) can

be written as

'_ 2.2 2

The characteristic surface satisfies the equation

. .
(q?-a%)t? - 2qst + §% - (g—:%—)NZ'= 0.
a

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

istic equation is reduced to
a2t2 - N2 =0 or (N=at) (N+at) = 0 .

The disturbance propagation speed is a.

On the (s,t) plane, the characteristic egquation 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 disturbénce iﬁfbrmation is propagated by the DopplerA‘
shifted sound wave velocity; For transonic flow, the
. particle and downstream waves_quickly-travei‘aﬁéy'from‘
‘the airfoil but'upstream waves remain in the vicinity
of the airfoil for a much longer time. The slow waves
force a siow approach to a steady state solution, while
the fast waves stipulate a small time step by the CFL
condition At < Ax/fq+a). ‘

If a new time coordinate T = t + qs/(az-qz)'is
~iﬁtroduced} then the potential flow equation can be
expressed as |

2
a

(a2_q2)¢ss + <"‘2‘1’1\11\1 = =53 bpp
(a"=-q”) -

So for supersonic points, a2 < q2 , T is a space-like
direction and s is a time-like direction. This means
the differencing in the s-direction should be retarded in'
the supersonic region in order tolhavé'the right domain oﬁ-
dependence. For subsonic points, a2 > q2 , S is a space-

like direction and T is actually a time-like direction.
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(a)

(b) 

(n) snpersonic case, q > A s

Figure 2. Characteristic Surface of the Potential
Flow Equation in Quasilinear Form:

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

Problems'of transonié'flow<field are usually posed
in the exterior of the body which is an unbounded domain
.[4].‘ Owing to ﬁhe finite storage capability Qf.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 ¢om§uted solution closely apprqximaﬁes the
free space solution which exists in the absence of these
computationai boundaries [15,16,17].

For steady state calculations in transonic flow;
coordinate mapping techhiques 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 regulgr algebraic
singularity without oscillation.'FOr genuinely unsteady
transonic phenomena, the solution of flow eqqations usually
possesses a strongly oscillatory tranéient behavior and -
the far-field asymptotic behavior'is an oscillatory
singularity. The standard coordinate mapping technique is
not adeéuate 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

. . R. - .
3 . - P
P, | ] 2
Rl ' R2
0 R4 .
1 A' ‘ - ' 05

Figure 3. The Typical Computational Region for an Airfoil.

The design of effective far field radiation boundary
condition dcpends on the wave propagation pfoperties of

the flow equation. We consider the potential flow equation

2

e (2222 SR 2_
(1) byt 2ud, + 2v¢yt— (a“=-u )¢XX 2uv¢xy+ (a=-v )¢y

Y

For a plane wave § = ol (wt+Ex+ny)

to satisfy equation L,
it requires that its wave information satisfy
(2) w2 + 2uEw + 2vnw = (az-dz)iz - 2uvén .+ (az-vz)nz

oY (w+ uf + vn)2 = az(b:2 + nz).

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 + yn—-a§/1+n /&

v Reca11ing the dual relationship between iw, ig, in

t
a nonlocal condition. By the first approximation of A
2

and D_ , Dx ' Dy respectively, the equation stands for
Y1+x = 1+ 1/2 X - %'x + O(x3) we get the first radiation
condition for R1 boundary, namely, w + uf + vf = ag

which leads, after Fourier transformation,.to the condi-
tion

(5) ¢y * (u--a)cbx + v¢y.= 0

Similarly, we can derive the artificial boundary condi-
5 7 R3 and R4 boundaries. At their inter-

section points Pl ’ P2 ' Ql and Q2 , we use the average of

tions for the R

the corresponding conditions, and have the following general

formula
(6) ¢t + u¢x + v¢y = 0
with U+ iv = (u+iv) + aelB where B = - % ,'% ' é% v é%

at Q2 P P2 m Ql and Ql and B = 0, g r Ty =5 , ON

R R, and R

Ry » Ry v Ry 4

reSpectively.
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3. Coordinate Transformation Technique

When the body surface crosses the coordinate lines
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 thé airfoil the treatment is facilitated hy the
use of a moving chcarcd parabolic coordinate syslem 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 codrdinate

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

tlight velocity of the airfoil is M*ei(““e) at time t, then the
position of the origin of the (x*,y*) system can be described as

t .
0’0 = J M*el(“—e) ds. If the angle of attack of
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‘the airfoil at time t is a, then the‘x*-axis 6n which the
airfoil chord lies will have an angle - (a + 6) with
'respect to the x-axis. Their relation can be seen in

Figure 4 and described as theArelation

. t ' .
(1) (x+iy) = J M, (s) eX(™9(S)) 45 4 (x*+iy™) e-1(9+°)
(4] .
y
*
Y
O*
0 6 g !
o
.X* v
N Y
6
0 “x

Figure 4. Frames of Reference.
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Second, we unwrap the airfoil by introducing the square
root mapping
* L, % . 2
(2) 2(x +1iy ) = (x, +1iy,)
1 1
which maps the entire airfoil contour to a shallow bump
near y; = 0., as shown in Figure 5b.
Third, if we denote the height of Lhe bump as ¥i= s(xl),

then the shecaring transformation
(3) X + iy = Xy + 1(yl-s(xl))

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,

bYy
(4) Y=—:'2f—f s, 0 < ac<1l
(1-9%5)% -7

will map the infinite lines ¥ = + 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

[ EE
- = _ = - —% Xte‘x
(5) Y—Yte"'T[xte'xl - =%
X=X

[———= 1
Xte"X

where 1T is the mean of the upper and lower surface slopes

- -k
at the trailing edge (x ) and x is a suitably chosen

te'Yte
scaling constant (usually taken as the ordinate of the

local gquarter-chord point).
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Figure 5,

T~

T

~—

(a) Cartesian

coordinates

(b) Parabolic
coordinates

(c) GChearcd
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
(§,§) system. Séveral key formulas are written down for
reference. We begin with some notation.

» * . *
X + 1y, z = x* + iy ,

Let z

Zi= ¥l+ iyl, Z =X | iY , 2 - X | i¥

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

the following compact forms.

t .

zZ = f M*(S) el(“-e(s)) dS + Z* e-l(e(t)"‘a(t))
0

Z$ = Zz*

The modulus of the mapping function to the zq plane can
be evaluated as
d 2

z = /o 2 . -
H = |d—51 = v Xy +yl ; thus V

d d
e,
1 H dyl

''he velocity components in the(xl,yl) systemi

¢ ¢
g S Y
L, .

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

system:
1
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where dxi/dt and dyl/dt can be found as follows. Since

o . t
2 2z* = 2e1(6+a){ z - j

z M, el (m=9) ds.}

0
we take differentiation with respect to time t and hold

z fixed. Hence

Q
-]

z Z ia
X 1 . Me

— [i(6, +a,. )] + —
t |, fixea 2 = B Y%

o}

We remark that ¢, = ¢ (v,°V)¢ if v_ is the relative
t T R :

1 R

velocity of the origin of the (xl,yl) system to the (x,y)
syatem [36]. Then, we conclude that

dxy le)
dt :

The same differentiation applied twice on z, yields

a‘z z z. (dM Y s
1 _ . 1 * . io
3e2 =7 [0 tad) + = {dt + M*(lat)}e
t . H
z fixed
2 2
_ (et+at) Z _ M* ei20t
3 1,3 !
1

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

ax ay ax, . aly
Ove” O .t Oy dtl b by dt1 by % 0 %
t 171 X Ty T 1 dt Y1 at
R T P
*1M1 *1*1 XY
F oy by mE b oD
Y14 1Y ¢ YYp
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Similarly, the chain rule gives

dx dy dx dy
1 1 1 1
o, . = ¢ + ¢ =+ 0 =+ ¢ (37, + ¢, ()
xlt XlTl Xq%y dt xly1 dt 1 dt Xy Yy dt ’x
b= b alae o g (B 4 (o
ylt lel XYy dt YiYq dt y,'dt ‘y y, ‘dt

Recalling that

1 2 1 2 2
= (Vo) (|Ve]©) = = {u ¢ + 2uvd + v
2 u? X1¥y XY, ¥1¥p
2. 2 ‘
(E—%Xﬂ)(uxl + vyl)}
and
1.,
A = = {9 + ¢ }
 GARRES LS TS £ 41

Finally, we can write down the potential flow equation

in the (xl,yl) frame as the partial differential equation

2
A v u u v
T r Y . r e r r
¢T1Tl T2 ¢xlTl 2 F ¢lel + ¢xlxl 52 + 2¢xly1 12
2 2
Vr dxy u 2v 1)
+ o Fr T %2 @), &y,
Y1¥7 ¢ 1aes 1 Yy
2 2 .
d7y ay Y% 2
1 u 1 2v 1 _ _u'+
+ by { > +25 (@) + 7 (G } 3 (uxp+vy;)
1l at 1 ¥y
L2
= == {¢ 0 }
g2  *1¥1 1Y)

where u. = u + H =—
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The shearing and the stretcﬁing transformations
will further bring the flow equatién in much more
complicated fofm. We will not write down the flow
equation in thé (i,?) frame here. Instead, we write the

‘useful formulas

¢Xl = Oy 7 oSydy
¢. = ¢
Y, Y
i _ 2 _ '
¢xlxl = Oyx 2SX¢XY * Sybyy Sg(x¢Y
¢xlyl = Oy T Sxbyy
d) =
Y1Yy *vy
b m = %1 T SxPyr
¢Y1Tl " fvr
and ‘ ax
o, = ¢~ F%
X z dX
_ ay
. — 2 : 2_
ax - 3°x
bpye = 0= (FF) + ¢- =
XX xx dX X de
_ axy (dy
Oy = ¢i§_(a§)(ay)

s 2
_ av
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3.3 Body Surface Condition

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

.qr = (ur,vr) = V¢ - VR' Thus, the nonpenetrating surface

condition requires that"ﬁr n =0 , which leads to

. dx, dy
_ 2 1 9
d’y]_ - sxlq’xl + H {le dt at }

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 ué can be [21] expressed as
,' dxl
[0 1 + 35~ 6.1 =0

Ty dt Xy

where 41 is the average of the upper and lower wake velocities.

mpn

6, 1 +
. X 1

3.5 4Com§uta§ion§1 Boundary Conditions

" The computational domain is depicted as.

R :
. . k! .
) PP .- - P2
Rl R'z.-
. lower wake o upper wake |

L : airfoil. )
oy e —— o,
Figure. 6. ' ‘ '

The radiation boundary-condition,is~éf'the form.

dx, dy, _ -
¢ *t 5T 0, + 9 +up, + v, =0
Tl dt 3 dt Yy X3 Yy

‘where G and Vv are defined as before.
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- IV. NUMERICAL METHOD

-In this section, we apply the idea intfqduced before
to design oﬁr numerical solver.fdripotential flow equatioh
in quasilinear form. First, we use type dependeht dif-
ferencing to introduce the proper amount of dissipation
into the finite difference approxiﬁation such that.the
scheme is stable and shock waveé'are captured:auto-
matically. Then, we faptor the finite difference equation
into one-dimensional factors so thaf we ‘are able to solve
the equation_efficiehtlyAby employing a S-diagonal matrix
' solver. Since the disturbéﬁce of potential flow is prop?
agafed by the total effect of advéctién and wave propaga?
tion, we examine the stability of bur method to two linear
models: advection and wave équations. The local stability
analysis showé that our finite differencing strategy and
approximaﬁe factofization teéhnique 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 foliowing

convention:
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ON = d)n+_l _ ¢n‘

om = o7 < ¢"7Y

D = central difference

b = upwind -difference

D = Type dependent_differencé

To be spccific, we Jdeline the operators in x-direction,

%5175

Dy =~ 325x
¢;-d,
ju*gf—l—-zl;-}-) if u >0
. <
ub_¢. =

I
(o (5 if u <o

_ " Dy for subsonic point
D, = i

Y« _ . o
_ x o 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 o2
+ = - +
P t 2q¢st (a"-q Yo o+ @ ¢NN
with q ﬁ_(u,v) the velocity, s and N aré coordinates in the

local stream and normal directions.
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Basically, the veloc1ty components u and v at the
grid point are evaluated by u51ng central dlfference at
time level‘n. The ¢t term in the'Bernoulll equation is
'evaluated by backward'differencé 'in the natural way.

1.11 For ¢tt term, central difference will be used qu

temporal derivative,

1 , n+l . n n-1 1
o] = —— (¢ ~2¢- +¢ ) (pN=~¢pM)
tt a2 wey?

"1.12 For contributions to ¢st' upwind differences

will be used for all spatial derivatives and central

difference will be used for temporal derivagiﬁes,

29p .y = 2u¢ <t T 2v¢

(2u§ +2v§ )cpt
n+l
(2ub +2vﬁ )(Q———JL——4

i

—E(d5x+vﬁy)(¢N+¢M).

1.13 For contributions to bog? type dependent differences

will be used for all terms. The term ¢n.is substituted
n+l, n-1

+ - . ,
by the mean of ¢" 1 and s77 1, i.e., ¢" = Q—-%i__.,

1,2 2

= - + +
q)s_s qz(-u d>xx 2uv¢xy v q’yy)

- 4 | n+l, n-1
= i(uzﬁ- +2uV5 +V2D (L—L—)

q2 XX Xy

- L +2uvb +vD )(LN‘—@-"—Z#L)
q XX Xy

i
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1.14 For contributions to ¢, central differences will

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

+1

the mean of ¢n and ¢n-l.

_ 1.2 _ 2
= —E(V d ex 2uv¢xv+u $ )

PN
q v Yy

n
2 -oM+
= "%‘(Vsz _zuvD +1 (QN_d.)_l\?L_g.(E_ ) .

“D,,.,)
X .
g Xy YY
Finally, the finite difference approximation can be

written as

PN=-¢M 1, = *
(At)2 + At(qu+vDy)(¢N+¢M)

2 2 _ ' _ - .n
= LE—:%—L(uszx+2uvﬁxy+v2Dyy)(QE-Q%igg—)
2 - . n
(Vszx—2UVDvy+u2Dyy)( N ¢§+2¢ )

QNIDJ

or
2

2 2
; < GE _a =g At W2h F2uuD  +
[l+AtuDX+AtvDy ( q2 ) ( 5 ) (u DXX 2uvay v

bo '
“D..)
- YY

2.2
- 2 Aty %p  —2uvp  +us
5 () (v7D_ 2uvay+u Dyy]¢N

2

2 2

. 2
- N2 pa =gty 2 = o2s= a_ .2
(aL) = [« ) (u DXX+2uVDXY'+V Dyy) + 2(v

n

s

2 .
- . ; Dox 2uvay+u D)1

Yy

9 .
(At)“(az-qz
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q .

= < A 2= - 2=~
- - < 2 R
+ [1 ‘At)(uDX+vDy) ) (u Dxx+uuVD .+v D_)

Yy

2 2
(At) T ,a”,
- ——T"“(—'z-) (v

2 _ 2. ,
Dox 2uvay+u Dyy)]¢M (1)
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The discretization errofs associated with the finite
differencelapproximation is of first order in space and
second order in time. :Tﬁe leading error terms in thé
space cderivative introduce thé desifed shock Viscdsity,'
The system of algebraic equation generated by the equatibn.
(1) is iarge and cannot be solved efficiently. However,
this equation can be factored -within the same order of
accuracy in time and space by the spirit of splitting
tecﬁnique. The following féctorization.ﬁas been testea
and founé to be numerically stable with time'steps much

larger than the time stép allowed by'the CFL condition

for explicit methods. Let M2 = qz/a2
« o Aat® 2= 1 A2 2= 2
L, = [1+ Atub + =5— u'D_ . - ;5(—5—)(u DtV DXX)]
and )
ae? 2= 1 at? 2=
L, = 1 +,Atv§y‘+ —— VD, - ;5(—5—)(v Dy tU Dy )]

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

be written as
LXfLy¢N = RHS | (2)

This factorization reduces the large complicated matrix
inversion problem to two one-dimensional problems. The
algorithm can be expressed as

<fL X = RHS
X

i‘Ly¢N,= X

"
.
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Each of the above steps requires a 5-diagonal matrix
solver which will be 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
+” - -
¢t u¢x + V¢j 0
We approximate it by

n+l_ n-1
2At

n+1
+ (uD +vD )Q————AL——-
which can be expressed as
- - e - )
(1+Atqu+AtvDy)¢N = (-l+AtuDX+AtvDy)¢M
. 4 - n
- 2At (uDX+vf5y> )

which can be factored within first order in space and

second order time as
(1+Atﬁ*15!) (1+At?zﬁy)¢>N = RHS
The algorithm consists of the following two steps.

(1+At'ﬁ§x)x = RHS

(1+At?,-5y)¢N = X

1.3 Wake condition
As before, we assume that both pressure and normal

velocity components are continuous across the wake which
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is assumed to lie on a segment of the x-axis. The wake
condition- is

[¢,] + Q¢ ] = 0 on the wake
where u is the average veloéity of the upper .and lower '
wake velocities.

The finite difference approximation is given by

1 n, ;.n-1 Q. ﬁ_ n ;"
_ uAt <
Let B = Tt— then ‘
L e Nl

Hence, once fhe jump at the tail pointghas beén estimated,
all the jump iﬁ the wake can be calculated from the equa-
tion (1). | | N

We remark that the.artificial viscosity we héve added

in the finite difference scheme is of amount

}

{h(sign w)uu_, + k(Slgn v)vyyt

+ u{h(sign u)u(uuxx+vvxx) + k(sign v)v(uuyy+vvyy)}
with p = max {0; (1 - ;%)},h = Ax, and k .= Ay.
M

The term in first braces is én advection viscosity which will
4damp out some'noisé generated either by the artificial
bqundarieé ér'the body surface. The term in second braces

is the desired‘shock Qiscosity. Tﬁe whole artificial vis-

cosity can be cast into the 'divergence form
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Px+Qy o ,

with P = h {(sign u)uut + u(sign u)u(E—%X——)X}
, , u2-v2

and 0 = k {(sign v)vvt + u(sign v)v( 3 y }

Failure to maintain proper conservation form can result

in computed shock speeds that depend on grid spacing.

2. Analysis for the Finite Differencing Strategy and

''he Approximate Factorization Procese

We have shown that the disturbance information in the
potential flow field is propagated as'fhe'Doppler sound wave
which consists of the adveétion and 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)

Our finite differencing strategy séys that

1 n-1 n+l n-1
¢n+ -¢ < T+ - ;
e + (UDx|VDy)(9—_-3£L—_° =0 (2)

We examine the amplification of a Fourier mode. Substi-

tuting ¢ = ¢Ke

N

factor ¢ is governed by

mx+ny for ¢vat the k-level, the growing

62 - 1 = (pule™ 5-1) + gqv(e™ M-1)) (62+1)
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for the case that u > 0 and v > 0 where p = At/AXx,

q =.At/Ay, £ = mAx, n = nAy. Hence, -

|$2I l-pu(l-cos &)-gqv(l-cos n)-i(pu sin &+gv sin n)| . 1
l+pu(l-cos £)+qv)l cos n)+i(pu sin £+gv sin n)

So it is unconditionally stable.for this case.

The schéme for the other cases where eithér u, or vy
or both of them may bé‘negative are easily shown to be
unconditionally stable.

Next, we examine the approximate factorization ﬁethod
for this finite difference approximate fqr the advection
equation. Our approximate factorization says that (2) can

be factored as
<« <« -~ < “« n
+ 1+ tvD YgN = - (1- 1- = C 4y
(1+ tuD ) ( v y)¢ (1-Atub_) (1 Atv.Dy), oM =2At (_,qu+,vDy)¢

- By Fourier analysis, we substitute ¢ = ¢K l(mX+ny)

1+ pu(l—e-ig)][l + qV(l-e-in)](;2'$)
- o[l - pu(l-e Y5y 101 - quii-e™ M1 (e-1)

_z[pu(l-e—ig) + qv(i-e-in)j;

|A2l4 l-pu(l-cos g)+ipu sin ng-qv(l—cos n)+igv sin n| _ 4
¢ B 1+pu(l-cos £y-ipu sin || l+qv(l-cos n)-iqv.sin n

We, therefore, conclude that the approximate factorization
method does preserve the unconditional stability of our finite
differencing strategyAand that our numerical scheme for the

advection equation is unconditionally stable.
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2.2 As a guide to the difference scheme at the interior

points of the computational domain, we consider the wave equation

¢tt = ¢xx * ¢yy

Our finite differencing yieids

. n+l n-1
n _ ) +9¢
Dtt¢ (Dxx f Dyy) 2
or . .
A2 ’ at? 2
[1 - > (DXX+Dyy)]¢N-= 1 - —§~(DXX+Dyy)]¢M + At (D

i(kt+mx+ny)

Substituting ¢ = e and letting w = kat ',

we have

I

(cos w-1) [pz(cos E- 1) -+ qz(cos n- 1)] cos w

1
2, j 2
1l +p (1= cos E£)+ g (1- cos n)

COos Ww

As long as p,q, are real, w is real for all § and n .

+D )¢n

XX Yy

This

means that the finite difference approximation is unconditionally

stable .



63

Next, our approximate factorization preserves this
property and permits us to solve the large algebraic

system easily. 1Indeed, if we write

2 - 2
At At
(1 2 Dxx][l 2 Dyy]¢N
2 2 :
At At ‘ -2 n
= - - ——— + +D
[1 5 Dxxlll 5 Dyy]cpM AtT (D, yy)¢,
Let ¢ = el(kt+mx+ny)’ we have

4 1tp2q2(l—cos £) (l-cos n)
l+pz(l-cos €)+q2(1fcos h)+p2q2(l-cos £) (1-cos n)

Cos W =

For all real p and ¢, -w is real if & and n are real. 1In
other words, t is real whenever x and y are real. This means
that the scheme is unconditionally stable. .

Finally, we remark that the scheme ﬁas no time step
At restriction based on a linear stability analysis.
However, in actual computation, an instability can be
generated by the motion ot shocks across which the
differenciné switches from upwind to central. To prevent
this instability from occurring, it has been found in
practice that the time step At must be chosen small enough
that éuch shocks do not move a distance greater than one
spatial grid point per time step. This restriction is
necessary:to'maintain time accuracy anyway, and it is much
less severe than tho time step At restrictions associated

with explicit methods.
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V. COMPUTATIONAL RESULTS

Our computer code UFLOS consiéts of steady and unsteady
modes. The stéady mode is the standard line relaxation
 scheme for the steady equation.f'We use it to generate
a good initial éuess for the unéteédy . mode. In fact,
any Stgady potential flow solver can be used fo
replace this steédy‘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. Thén 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 Mmé 0.79 and angle of
attack o = 0° are performed by the standard line relaxa=
tion method for the steady équatiqn and by 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 sfep
allowed by the CFL condition for the explicit method. For
a coarse meéh of 32 x 8 grid points, the time required to
convergé to ﬁhe steady state using the unsteady mode is

comparable to the steady mode.
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The optimal location of the artificia; boundary is
problem dependent. If the artificial boundary is moved
too close to the airfoil, instability can occur. The
computatiohal domain shown in Figure 8¢ has also been'
used for the NACA001l2 airfoil at M_=0.79 and a = 0°.

Note that the ubstream bouhdary is about 1.5 chord
-lengths from'the nose as compared to a distence~of about"

lO.S'chordlengths used'forbthe above example. ‘'The rétio

:_ At/Ax is glven the value lO as above. The correctlon 1s

observed to decrease much more slowy in thls case. Slnce theA
grid system is stretched in the code, the reductlon 1n the
computatlonal mesh is not llnearly proportlonal to the physical
distance of the boundary from the alrf01lw The beneflt obtalned
by the reduced numberfof}mesh poihts is oVershadowed by'the
' reduced nuﬁerical stability. . | |

There'is>no difficult§ in calculating flows with sonic
rlight speed. A Joukowski airfoil at M= 1 and o = 0°
'is chosen as an.example, with'the ratio At/Ax set to 3.5
ih this case. ' Usually, the numerical stability of the un-
steady mode, in terms of the ratio At/Ax, decreases with

either flight speed or angle of attack.

2. Unsteady Calculations

The NACA0012 airfoil and XORN 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 described by three parameters:'angle of attack,
flight speed{ andAfliéht angle. We consider -the flow past
each airfoil when these parameters’are varied separately.

2.1 Variation of flight speed

First, we consider the acceleraﬁion of the airfoil in
the streamwise direction; 4Tha£ is, the airfoil moves with
'a sinusoidal varlatlon in fllght speed but with flight
angle and angle of attack flxed

I_n Flgure 11 a,b,c, fortheNACAOOIZ airfoil, as the flight
speed increases (decreases), the supersonlc ‘region grows
(shrinksl in slze and rhe shock strengthens (weakens) ‘and
moves aft.(fore). The shock wave displacehent can also be
observed in the pressure distributions in Figurc 11 d.c.f., or
from the position of peaks. in the praces of pressure sensors
on the upper surface of the airfoil in Figure 11 g . The
peaks in rhose local Pressure traces are produced as the
shock wave pa551ng by the pressure sensors. The nonsinusoidal
trace curves demonstrate the nonllnear transonlc effects
caused by the shock wave dlsplacement. The same calculations
for the KORN airfoil appear in Figure 12. The unsteady
loading distributions are shown in Figure 12 e,f,  where
peaks in the loading distributions are again due to shock waves.
The loading is 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 ﬁo&es with
a sinusoidal variation of the angle of attaék, but with the
flight velocity fixed. Small'variations in éngle of attack
may lead to considerable chaﬁgés in the fréésufe distribu-
tion, shoék'positiqn and_shock sﬁrépgth. Aé shown in
Figure 9 a,b,c, for the NACAQ012 airfoil, when the angle of.
attack increases {(decreases), thé supersonic region on the
-upper surface of the airfoil groWéi(shrinks) in size, and
the shock wave strengthens (weakensf and hovés aft (fore);

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

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

sensor *6 in Figure 9-j,k,1.

2.3 vVariation of flight angle

- Finally, .we consider changes in the airfoil's flight

'angle while keeping the angle of attack and flight speed
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fixed. The motion, for angle of.attack a =0, of the air-

foil is described in Figure. 7.

Figure 7. the Lhords of Airfoils are Tangent to the Fllght
Trajectory. '

The characteristics of this case are similar te those of
the pitching airfoil. Computational results for the
NACA0012 and KORN airfoils are shown in Figures 13 and

14 , respectively.



69

VI. CONCLUSION

1. Summary of the Work

A nuﬁéfical method has been pfesented for determining.
“the inviscid transonic'floQ past airfoils-in rigid bédy
motion. The method is based on tﬁeAunsteady transonic_po—-
tential flow equation in a~coﬁputational-domain designed
for accurate applicatign of the bédy 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 equation and radiation
boundary conditions are constructed by ﬁsing 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 finite difference approximations
are pertﬁrbed within the same ordef 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 fhe method is able to resolve the highly nonliﬁear
transonic flow effects for flutter analysis of airfoils as

long as the boundary layer remains attached.
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2. Extension of the Technigue. -

Our numerical method can be éktended to three space
dimensional problems. An important application is thé un-
steady transonic flow past wing-body combinations that
model our airplane. The necessary geometric mapping tech-
niques are available in analysis codes that compute stcady
flow past a wing—body combiﬁatioﬁ [27]. Singularities
associated with the geometric mapping would not be a
serious problem and could be treated in a manner‘similar
to the one used in the steady calculation. A further
application could be the helicopter rotor in férward
flight. ~Here the flow is unsteady because of tﬁe relative
velocity of thé advancing and fetreating.bladeé [8].

In principle, shock accuracy would be improved by
shock'fitting metﬁods'[4S] 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, 35].
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APPENDIX

A 5-Diagonal Matrix Solver

Here, we present a method of splving a

matrix problem.’.Suppose Ax = y is solved for x, where

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

2 ¢
b2'_a2
d; by

Y

a
n

2.

b2 82 Sn-2 ©n

dn-l bn—l -1 Sn-1

‘dn bn 2n

)

J

5-diagonal

Assume the matrix can be factored in the tridiagonal form

LU




- Then we find

5, =d;
8ivi-a * By = Db;
(1) 8i€i-p* ByYig vy = oy
Bifi1 ¥ %33 = ¢
di := el

for i = 1,...,n if the default values are set equal to
- zero. Namely, b, = 4, =d, =c_ = e -1 =¢e, =0,
Bl = 61 =6, =y =¢ = e¢_ = 0. and which can be

solved as

5 = 4,
By = by = vi_598;

(2) @3 T a3 T BiYig < 85855
i = (o457 Byes 4)/04
€. = ei/ai

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

The intermediate step Lg = y becomes

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

8393-2 * B39531 * 39;

1

we can solve this system recursively in ascending order.

Namely,
(3) 9; = (¥3-B395.3 7 8;9;5.5)/04

1

for i =1,...,n, if the defauit values g1 =9, = 0.
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The final step Ux = g 1is expressed by

+ € =g, for i=1,...,n,

.+ X, X
1 Yl i+l 1x1+2 i

where x ., = X, ,, ='0. The system can be solved in

descending order recursively as
i = . - . ‘. - s . f- ; i = o--- .
xl 9; 71x1+l €iXi+2 oro 4 Ly vl

We remark that the LU factored form is not unique;

for example, L and U can be the following

) N
1 ) (al Y, € | \
By 1 Ay Yy €y
S B 1 °.

I N LS g = i

“2 o2 *n2
%-1 Yn-1

L 5n Bn 1 L | an

7/
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B. | Computer Program UFLO5

1. Operation of the Program

The sheared parabolic coordinates described in Sec-
tion III,3 aré introduced. The input parameteré XSING
and YSI&G determine tﬁe iocétion of tﬁe singular point
about-which the squaré~rodt transformation is made. It
iS'importantlto choose these two parameters so that the
unfolded profile does not have any sharp bumps. The
mapped'coordinaﬁes are printed so that this can bé
checked. | | |
| The difference scheme for the steady routine used to
_initialize the calculation 1is in fact theAsténdard line
relaxation mefhod. Faster convefgence‘is usually obtained
by using horizontallrelaxation, y-sweep, marching toward
‘the body. The difference scheme for the unsteady routine
conforms ¢losely to the description in Section 1V, 1. It
is implemented in the c0mpu£ational domain described in
Section III, 3 as first performing a y-sweep, marching
toﬁard the body with horizonpal 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 uéing unsteédy'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 Ee described as follows. First, using
steady mode, calculations are first performed on a

coarse mesh and then on a fihe mesh with twice as

many intervals in each coordinate direction. The coarse
mesh result is interpélated to provide the starting -
éuess for the fine mésh; It usually consists of 200
cycles on coafse mesh, 32 X 8, followed hy 1do aycles on

a fine mesh, 64x%16, 50 cvyles on a finer mesh 128%32.

The resulting reduced velocity potential is used as the
sﬁarting guess for the steady iteration using the unéteady
routine. After 75 cycles in this steady iteration step,
we begin our time marching calculation. A bgtter inifial
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 thérefore
cuonsider 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 theldafa which
must be supplied and can be used as a guide in setting up
the data deck. Each title card is followed by a qard
supplying the numerical values for the parameters listed.
The input parameters are given in the Glossary in the order
df their appearance on the data cards.' All data items are

read in as floating point numbers in fields of 10 columns,
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and'vélues representing ihteger parameters are converted
inside the program. The data deck for NACA 0012 at
M= 0.79, o = 0° + 1° sin kt 1is shown in Table 1.

The output consists. of printout and Caicomp‘ plots.
The program.prints the mapﬁed coordinates of the airfoil
generated at the ﬁesh points of the computational grid.
Parametefs 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 redpced velocity potential, and the maximum residual
for the steady flow equation together with the coordinates
of the point where these occur in the domputational grid, the
circulation, the relaxation factor pl,4p2, P3, aﬁd the
number of.supersonic points. After a maximum number of
cycles has been éompleted Oor a convergence criterion has been
satisfied, the angle of attack, flight speed, flight angle,
lift, drag' and moment coefficients are printed. If
~ 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 finest mesh at the

end of this subroutine.
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For a steady iteration using nonsteady mode, the
program first prints the flight éonditions, the mesh size,
and the dihensionlessAtime stép.‘ After each iteration,
the progfam printslthe maximgm change in the velocity
potential With the coordinates of the poiht in the grid
system. 'If'desired, fhé-ﬁressure distribution along the
airfoil'and the local Mach number charf can be printed.
Calvomp plots for the pressure distribuLion,‘the‘leading
-distribution, and £he supersonic zone over the airfoil are
generated separately at the end of this step.

Before the unsteady time marching process, the
advanced time'éteps required to finish the assigned period
is estimated and printed. After one complete period has
been computed the fiight conditions together with the
aerodynamic fdrces, lift, drag and moment coeffi¢cients, are
thereafter pfinted periodically. If 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 airtoil are
generated periodically. At the end of the calculation the
unsteady traces of the airfoil motion and the grid system
near the éirfoil are pldtted. The graphs can also be
produced as individual 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 réad for theluppex surface
only. | | . |
The number of upper surface coordinatés.

The number of lower surface coofdinates.

For ISYM_= 1, NL = NU' even though no lower surface
coordinates are given.

The number of mesh cclle in the direction of thé
chord used at the start of the calculation. NX = 0
causes termination of the proéram.

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

Determines whether the mesh will be refined.

MHALF = 0. The computation terminates after completing
the prescribed number of iteration cycles or after

convergence for the input mesh size.



RSTAD

STADI

Title
Card 2

NRELAX

RELAXTO

CHECKPT

Title
Card 3

COORS

- 140

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.
Determihes'whethe: the steady mode will be employed.
RSTAD = 0. The steady'mode:willAnot be called,
theAsteady'floW calculatién entirelj depends upon
the unsteady mode. RSTAD = 1. Both steady and
unsteady modes are employed for the steady flow
calculation.

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.

The maximum'number of iteration cycles which will be
compuled in Lhe steady iteration process.

The desired accuracy. ‘If the maximum correction

is less fhan RELAX TO the calculation terminates

or proceeds t§ a finer mesh; otherwise the number of
cycles set by NRELAX are completed.

Determines whether the CHEKPTX 1is required.

CHEKPTX = 1. The CHEKPTX is called.

The stretching factor in the x coordinate stretching

transformation described in Section III,; 3.



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 III, 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 reéefined.

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

The réiaxatién factor for the circulatidﬁ. it is

uéually‘Set to 1. but can Be increased

The increments of P10 as the mesh system is refined

1 time, 2 times and 3 times, respectiveiy.

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

degrees) .

The frequency rate and amplitude (mach number) of the

sinusoidal variation of flight speed in mach number.

The freéquendy rate and amplitude of the sinusoidal

variation of flight angle in degrees.
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PERIOD The complete sinusoidal periods to be calculated.
DEGREE The degree interval to plot the graphs, pressure
distribution, the loadiﬁg and the supersonic zone
ovei the aiffoil. |

Title
. Card 6

'ALPHAl.The'angle of aftack in degrees.v

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

(min) between time step and

minimum spacial step.

Title
Card 7

TE ANGLE The included angle at the trailing edge in degrees.
The préfile may be open, in which case it is the
difference in anglc bectween the upper and luwer
surfaces..

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

| 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 paraboulic coordinates. This point should
be located as symmetrically as possible between the

upper and lower surfaces at a distance from the nose
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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
profiie'printed in the output. If the mapped

profile has a bump at the center, the singular point
should be moved4c105er to the leading edge. 1If the
mapped profile is not symmetric near the center,

with a step increase ih Y., say, as x increases through
0, the singular point should be moved closer to the

upper surface.

Title.
- Card 8

Yo The coordinates,; upper surfdace coordinates, 6f the

THETA _ :

: upper Surface and its tangent angle in degrees: '
These are readlon the data cards which folloﬁ, one
pair of coordinates and its tangent anglée per card
in the first three fields of 10 from leading to trail-
ing edge inclusive.

~Title

Card 9

X .

Y The coordinates and its 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 poiht may be
different if the profile has an open tail.

Title

Card 10

End of the cdlculation.
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Cols.’ , _
Titl 1-10 | 11-20} 21-3q 31-40|41-50 |51-60 {61-70 | 71-80
Card R _ .
' NACA0012
1 IsYyM | NU NL NX NY MHALF | RSTAD | STADI
1. 37. 37. | 32. " 8. 2. 1. 0.
2 NRELAX REVAX) cypcipr
e To v
200¢ llE-G 05
3 COORS |COORT | RCBDY
0. 1. 1.
4 P10 P20 | P30 | piol | p102 | P103
0.94 | 0.8 1. .19 .58 .72
5 FREQRA [AMPIA [FREQM | AMPIM | FREQC | AMPLC | PERTOD | DEGREE
0.3 1. 0. _}o. 0. 0. 2. 90.
6 ALPHAL |MACH]. |THETAL |TSRATIO '
0. .79 | 0. 10.
-
7 TEANGLE [TESIOPE { XSING | YSING
16.15 | 0. .8 0.
8 X Y THETA (UPPER SURFACE)
1
NN
-9 X Y THETA (LOWER SURFACE)
1
ol |

‘Table 1. Data Deck for the Program.
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.3, LISTING OF THE PRUGRAM

PROGRAM UFLOS(INPUT,OUTPUT»TAPES=INPUT,TAPEG=0UTPUT,TAPEGS8=0UTPUT,
1 TAPET)

THE ANALYSIS OF TRANSONIC FLOW PAST AIRFOIL IN RIGIDC BODY MOTION
THE UNSTEADY TRANSUNIC PUTENTIAL FLOW EQUATIUN WITH RADIATION
BOUNDARY CONDITIONS IN MOVING SHEARED PARABOLIC COORGINATE SYSTEM
ARE SOLVED BY AN ALTERNATING OIRECTIOGN IMPLICIT SCHEME WITH

FIVE DIAGUNAL MATRIX SGLVER
" PRIGRAMMED BY I-CHUNG CHANG DURING SEPTEMBER 1980

G IS THE VELCCITY POTENTIAL IN THE ABSOLUTE FRAME

CUMMJN/A/ GM(132,36)56(132,36)5G6N(132,36),50(132),51(132),52¢(132)
»A0(132)5A2{132),A2(132),A3(132),B0(36),B1(36),B2(36)
sB3(36) s NXsNY» IX1oIX29KSYMs FMACH) ALPHASCA»SAs FMACHZ
AL UTIM»CBsSBINSIRGSIGHJG
COMMGN/B7 SV(132),5M{132),CP(132)
COMMON/C/ XP(26C)sYP(260),D1(260),D2(260),D3(260)

COMMON/D/ SLOPT,TRAIL,SCAL

COMMON/E/ CHORDsXMsCL2CDsCM

COMMGN/F/ XRs YR KS,XS(500),YS(500)
COMMON/G/ TITLE(Z20)sIPLOT

COMMUON/HYZ DXxs DYy DT)DXX)DYY’DTT:DXY,DXT)DYT TSR
COMMON/I/ X(260)sY(260)
CUMMON/ZJ/ RAU’PI;ALS,ALT:ALTT,AMPLApFREJRA;FASAGA:FMACHS;FMACHT

[VS I AN TN ol

:l ;AMPLM’FREQRM,FASAGM;CETAS;CFTAT,CETATT’AMPLC:FREQRC FASAGC,CETA

2 »FREQR,IPSURE
COGMMONZKY 105 115125135d19d25J3
COMMON/L/ TCL(BOI))TCD(801))TCM(SOl),TCP(Q’BOI))TCPS(Q) CLS’CDS

-1 ’uNS’NITS:lJUMPpNQTEP;JST&P)PERIUD;MHALF

1

COMMON/M/ P1lsP2,P3;5TAU
COMMONZU/ COORSsCUORT *
fDMMGN/STADI/ RR.y IRy JRy IRSTAD
- COMMON7YwWAKE/ NIT,hG(132).
‘DATA VARZO/

IkEAL= 5

IWRIT = 6

LPLuT 2 =1

P ;,3.14159265553979
ARAD = 57.2957795130823

WRITE (IWRIT»600)
WRITE (IWKRIT,2)

2 FORMAT(14HOPROGKAM UFLU5,70X»32H I-CHUNG CHANG» COURANT INSTITUTE/

1 56HOSOLUTION OF UNSTEADY TRANSONIC POTENTIAL FLOW EQUATIONS)
READ (IREAD»530) (TITLE(I)»I=1,20)
WRITE (IWRIT,»630) (TITLE(I)»I=1,20)
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READ (IREAD,500)

READ (IREAD»51C) FSYMyFNUsFNLsy FNXsFNY,FHALF,FRSTAD,FSTADI
ISYM = FSYM ' .

IRSTAD= FRSTAD

- ISTADI= FSTADI

NU = FNU

NL =" FNL .

"IF (NU.LT.1) GO TO 302
NXO = FNX..

NYO = ENY

N X = NXO

NY - = NYO -
CIF(NXJNE.4*NY) GO TQ 307
MHALF = FHALF

NHALF ° = 0

- READ (IREAD,500)

READ (IREAD»510) FITsCOV,CHECPT
ICHECK= CHECPT

READ(IREAD»50C)

READ(IREAD,%10) COCRS,COORT,RCBDY
LHALF= RCBDY
IF(LHALF«LE.O.ORLHALF.GT43) LHALF=1
READ(IREAD,S500)

READ(IREAD»510) P1l0,P20,P30,P101,P102,P103
READ(IREADs50G0Q)
KREAD(IREAD»51G)FREQRAS AMPLA, FREQRM, AMPLM, FREQRC:AMPLC;PERIUD:DEGRE
IF(PERIDD.GT.2.) DEGRE= 45,
IF(PERIOD.LT.3) GU TO 3

- DEGRE= 45,

IF(PERIUD.LT.%) GC TC 3

DEGRE= 90,

1GRAF= 360./DEGKE

IF(IGRAF.GT.12) IGRAF= 12

IPSURE= PERICD*IGRAF

FREQR= 1C0.

" IF(FKEQRALLE.D.) GO T3 4

FREQR= AMINI1(FREQRA,FREQR)
IF(FREQRM.LE.O.) GO T0.5

FREQR= AMIN1(FREQRM, FREQR)

IF (FREQRC.LELO.) GO TO 6

FREQR= AMIN1(FREQRCs FREQK)
IFIFKEURCLEWUL) GU TU 302

MITO - = FIT

READ" (IREAD,»500) ,

‘READ (IREAD»>10) ALL»FM1,CT1,TSR

FMACH = FML
FMACH2=FMACH* FMACH
CETA= CT1 '

CETAS= CETA/RAD

READ {(IREAD»S500) . B

" READ (IREADs510) TRAIL,SLOPTsXR,YR
TRAIL = TRAIL/RAD '
N = NL  +NU -1

KEAD (IREAD»S500)
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DO 7 I=NL,N

READ . (IREAD»S51CG) Xx(I)sY(I)
L = NL O+

IF (ISYM.GT.0) GO TO 9

READ (IREAD, 500)

DO 8 I= 1l,NL

READ (IREAD»S510) VALsOUM

J = L -1

X(J) = VAL

Y(J) = DUM

GU TU 11

J = L

DG 10 I=NLsN

J = J, -1

X(J) = X(])

Y(J) = -Y(I)

CHORD = X(1) =X(HML)
XM = X(NL) +.Z25%CHOURD
AL = ALl

ALPHA = AL/RAD

"ALS= ALPHA

KSYM = ISYM

IF (ALPHALNE,O.) KSYHM = 0O
CALL COORD(NL,N) _
IF(IX1+IX2.NEJNX+4) GO TO 302
IF(IRSTAD.GT.0) GO TC 37 .
CALL ESTIM

60 TG 38

37
38

14

16

CALL -SESTIN

UTIM= 0. ‘
MIT = MITO
ALT=0.

ALTT= 0.,

FMACHS= FMACH
FMACHT= O,

CETAT= Q.

CETATT= C.

WRITE (IWRIT»600)
WKITE (IWRIT,112)
KX= NX+1

DO 15 I= 3,KX

ARITE (IWRIT,61C) AO(I)»SO(I)sS2(I)»S2(1)sAl(I),A2(]1),A3(])

WRITE (IWRIT,»600)
WRITE (IWRITs»1l1lé)
MY= NY+2

DU 16 J= 3, MY

wRITE (IWRIT»610) BO(J)»B81(J)s»B2(J)s»B3(J)

IF(IRSTAD.GT.0) GO TO 50
IF(NHALF+EQ«MHALF) MIT= MIT*1.5
NIT=0

Jl= 3

KHALF=LHALF*2#**NHALT

J3= 3 + NY-KHALF

J2= J3 -1
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I10= 2 + KHALF

-I1 = I0 +1°

I3= 2 + NX —-KHALF

I12= 13 -1
CINX= I3 -~ IO

INY= J3 - J1

WRITE (IWRIT,»5600)

WRITE (IWRIT,124)

WRITE(IWRIT,640) INXsINY

- WRITE(IWRIT,120)
"WRITE(IWRIT,610) FMACH, AL

WRITE(IWRIT»132) DT
CALL SECOND(T)

-WRITEUIWRIT,660) T

. WRITE(IWRIT,128)

20

NIT = NIT +1

.-CALL USTADI

21

50:

WRITE(IWRIT»650) NIT,RGsIG»JGaNS

"IFINIT.GE.MIT) GO 7O 21
- IF(RG«GTLCOV) GO TO 20

CALL SECONDI(T)
WRITE (IwWRIT,660) T
IF( NHALF.GE.MHALF) 63 TO 22

NHALF= NHALF + 1
MIT=MIT/2
NX=NX +NX

NY= NY+ NY

CALL COORD(INLN)

IF(IXI+IX2.NEJNX+4) GO TO 302

CALL REFIN

GO TN 14

USING THE STEADY MODE TO GENERATE THE INITIAL DATA
WRITE (IWR1T,600)

WRITE (IWRIT,124)

WRITE (IWRIT,640) NX,NY

WRITE (IWRIT,12¢)

WKITE (IWRIT,»610) FMACH»AL

-CALL SECOND(T)
WRITE (IWRIT»660) T

WRITE(IWRIT,129)
NIT=0
ALT=0,.

- IF(P101.tC.0.) GO TO 51

Pl= P10

TIF( NHALF.EQ.1l) Pl= P10 + P10l

51

52

IF( NHALF.EGQ.2.,) Pl= P10 + P1l0O2
IF(NHALFJEG.3) P1= P10 + P103
P2= P20

P3 = 1v0

J1l= 3
J3= NY+2
I10= 3
132 NX+1
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55

57

58
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J2= J3-1

Il= 10 + 1

I12= 13-1

STEADY ITERATION USING THE STEADY MODE
NIT . = NIT +1

CALL STEADY :
WRITE(IWRIT,670) NITsRGsIG»JGIRRIIRs JRsTAUSP1sP2s»P3sNS
IF(NIT.GE.MIT) GO TG 5%
IF(RR.GT.COV) GO TO 54

CALL SECOND(T)

WKITE (IWRIT,660) T

IF( NHALF.LT.MHALF) GO TQ 57

CALL SVELD

CALL FOKCE .

WRITE (IWRIT,600)

WRITE (IWKIT,182)

WRITL(IWRIT,610) ALsFMACH»CETASCLsCD,CM
WRITE (IWRIT,»184)

DU 56 I=Ix1l,Ix2

WRITE (IWRIT,610) XPUI)sYP(I)sSVII)ySM(I),CP(I)
WRITE (IWRIT,600) ‘

CALL cPLGOT

WRITE (IWRIT,60C)

CALL SCHART

IROUTE= 1

CALL PSURE :

I[PLOT= O :
IF(ISTADI.GTL0) GO TU 303.

GU TO 58

NHALF= NHALF + 1 -

NXENX  +NX

NY = NY+  NY

CALL COORD(NLsN)

IFCIXI+IX2.NEGNX+4) GO TO 302

CALL SREFIN .

MIT=MIT/2

GO TC 1%

STEAQY ITERATION USING UNSTEADY MODE
NIT=0

ALT=00

ALTT= 0.

FMACHS= FMACH

FMACHT= 0.

CETAT= O,

CETATT= 0.

CALL ESTIM

MIT= MITO / 2

WRITE(IWRIT,600)

WRITE(IWRITS134)

WRITE(IWRITy124)
KHALF=ULHALF*2%¥NHALF

J3s 3 4+ NY=KHALF

J2= J3 -1

10= 2 + KHALF
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I1 = 10 +1

I3= 2 + NX -KHALF
12="13 ~1

INX= I3 - 10

INY= J3 - J1

WRITE(IWRIT»640) INX,sINY
WRITE(IWRIT,126)
WRITE(IWRIT»610) FMACH» AL

"WRITE(IWRIT,132) DT

CALL SECOND(T)

WRITE(IWRIT,660) T

WRITE (IWRIT,128)

NIT = NIT +1

CALL USTADI

WRITE(IWRIT,650) NITHLRGs»IG»JIGHNS
IFINIT.LT.3) GO TO 59

IF( NIT.GE.MIT) GO TO o0
IF(RR.GT.COV) GO TO 59

CALL SECCGND(T) '

WRITE CIWRIT,66C) T

UNSTEADY CALCULATICN ==~ TIME MARCHING
NIT=0

INITIAL DATA

NITS= 1

JSTEP= O

CALL VELQC

CALL FORCE

WRITE (IWRIT,600)

WRITE (IWRIT»182)
WRITE(IWRIT,610) AL»FMACH,CETA,CL,CD,CM
WKITE (IWRIT,184)

D3 23 I=1Ix1l,1IX2

WRITE (IWRIT»61G) XP(I)sYP(I)sSVII)sSMII)sCP(I)
WRITE (IWRIT,600) ‘ :
caLlL CPLOT

WRITE (IWRIT,600)

CALL CHART

IRUUTE= 1

Call PSHRF

IPLOT= O

IF(ISYMeGT a0« ANDGALS «¢FQe0¢eANDoAMPLAGEC.Oe e AND.AMPLC.EQ.O.) GOTO35

IROUTE= IROUTE +

CALL LURD o

IROUTE= IROUTE+ |

CALL SONIC

CALL SECOND(T)

WRITE (IWRIT,660) T
IF(ISTADI.GT.0) GO TO 303
WRITE(6,6C0)

ISTEP= PERIOD*2.%PI/(FREQR*DT)
WRITE(IWRIT,136) ISTEP
MSTEP= ISTEP/IPSURE
IJKLMN= MINO(800,ISTEP)
KFORC= IJKLMN/IPSURE
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JCHECK= ISTEP*,25

24 IF(MUD(MSTEP,KFURC).EQsO) GO TO 25
KFORC= KFURC-1
GO TG 26

25 NSTEP= ISTEP/(KFORC*IPSURE)
LSTEP= ISTEP + 5 :
KSTEP= 1. <
KKSTEP= FLOAT(ISTEP)*.5 : ‘

26 CALL USTADI
IF(PERIOD.GE.2.) GO TO 33

34 IF(NOD(KSTEP,MSTEP).EQ.C) GG TO 27
6O TG 30

33 IF(KSTEP.LT.KKSTEP) GO TO 30

60 TC 34 , |

27 IF(IKOUTE.LT.25) GO TO 28
CALL ROUTE(6LOUTPUT,2LLP)
IRQUTE= 0
CALL PLOT(04s045599)
IPLOT= -1

28 1RQUTE= IRDUTE +1
CALL VELL
JSTEF= JSTEP + 1
CalLl FORCE
WRITE (IWKIT,600) '
WKITE(IWRIT,13&) UTIMsKSTEP
WRITE (IWRIT,182)
WRITE (IWRIT»610) ALsFMACHsCETA,CLsCDyCH
WRITE (IWRIT,184)
DU 29 I= IX1,IX2 .

25 WRITE (IWRIT»610) XP(I)sYP(I)sSV(I)sSM(I)sCP(I)
CALL PSURE
IPLOT= 0
IF (ISYMuGT .04 ANDoALS EQu00s cANDAMPLALECLO.« AND.AMPLELEQ.O.) GOTO36
IROUTE= IRJUTE + 1
CALL LORD

36 IROUTE= IRQUTE+ 1
CALL SONIC
60 0 32

30 IF(MOD(KSTEP,NSTEP).EQ.0) GO TO 31
G0 TO 32 x

31 CALL VELO
JSTEP=JSTEP+1
CALL FORCE

32 KSTEP=KSTEP +1
IF(MOD(KSTEP, JCHECK) sEQ.0) GO .TO 41

39 IF(KSTEP.GELLSTEP) GU TU 301
GO TC 26

41 IF(ICHECK.GT.0) CALL CHEKPTX(VAR)
G0 TO 39

301 CALL TRACE
Ji= 3
KHALF= 3% 2%%MHALF
J3= 3 + NY-KHALF
10= 2 + KHALF
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I3= 2 + NX =KHALF

CALL GRID :
303 CALL PLOT(0.»0.5,999)
302 STOP
112 FORMAT(41HOMAPPED COORDINATES AND X STRETCH FACTORS/
1 15H0 X s15H Y 215H YP ’
2 15H YPP » 15H Al » 15H - A2 ’
3 15H A3 ) o
116 FORMAT(18HOY STRETCH FACTORS/ :
1 15H0 Y »15H Bl »15H B2 ’
2 15H B3 )
124 FORMAT(15HO HCR DIVISIONS,15H VER DIVISIONS)
126 FORMAT(15HO MACH NO 2»15H ANG OF ATTACK)
128 FORMAT(1OHOITERATIUN,15H CORRECTION »5H I »5H N
1 5H »10RSONIC PTS )
179 FORMAT({INHNITFRATINN,15H CCRKECTIGN »5H I »5H Jd
1 15H RESIDUAL »5H I »5H J o
2 10H CIRCULATN,1CH REL FCT 1,10H REL FCT 2,10H REL FCT 3,
3 10H SONIC PTS) .
132 FOURMAT(1HO,*TIME STEP = *,F15,.,10)
134 FORMAT(1HO»*UNSTEADY ITEKATIONX)
136 FORMAT(1HOU,*UNSTEADY STEPS = *, 5X,I110)
138 FORMAT(1H »*%TIME=%,5XsF10e5,5Xs%STEP=*,5X5110y/75/)
182 FORMAT(15HO ANG OF ATTACKs15H FLIGHT SPEED »15H FLIGHT ANGLE »
1 15+ - CL 215H CC »15H CM )
164 FURMAT(36HOCUORDINATES OF INTERPOLATED AIRFOIL,
1 26H AND PRESSURE DISTRIBUTIGN/
2 15H X » 15H Y » 15H V/VO ’
3 15H MACH NO »15HK CP )
500 FORMAT(1X)
510 FORMAT(BF10.7)
530 FORMAT(20A4)
600 FORMAT{1H1)
610 FUORMAT(BFl15.4)
620 FOUORMAT(BE15.5)
- 630 FURMAT(1HC»2CA4)
640 FORMAT(IB,7115)
650 FORMAT(I10,E154552155,110)
660 FORMAT(15HOCOMPUTING TIME,F10.3510H SECONDS)
670 FURMAT(I109EL154552159E15e45921554F10455110)
END ‘ ' . :
SUBROUTINE COORD(LsN).
SETS UP MODIFIED PARABOLIC COORDINATE SYSTEM
. COMMON/A/ GM(132,36)56(132,36)»GN(132»,36)550(132),S1(132),52(132)
1 2A0(132),A1(132),A2(132),A3(132)5B0(36),81(36),82(36)
2 sB3(36)sNXsNY, IX1pIX2sKSYMy FMACHs ALPHASCA»SA,FMACHZ
3 AL UTIM,CBsSBINSIRG,IGHJG

COMMON/C/ XP(260)»YP(260)sD1(260),D2(260)503(260)
CUOMMON/D/ SLOPT,TRAIL,SCAL
COMMON/F/ XRpYR»KS»XS(500),Y5(500)
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23

24

22

CUMMCN/H/
COMMON/ZT/
CGMMGN/3/
PI
DX=44/NX
DY
DXY=DX¥DY
CYY=0Y*DY
DXX=DX*¥DX
KX= NX+1
MX= NX+2
KY

MY

S= CUORS
T= CCORT
XTE=1'
SCAL

DU 12 I=1,
X0

YO

R

- ANGL

IF (I.LT.L
IF'(I.GT.L
R

ANGL

XP(I)
YyP(I)

D0 22 I= 3
Xx= (I=2)%
B .

IF (ABS(XX
SX :

" CX

XC
X1
X2

-x1l

GO TG 24
IF (XX4LT,
A

- X0

X1l

X2

IF (X0.LT.
IF (x0sLE.
AG(I)
A1(I)

A2( 1)
A3(I)=.5%X
IX1

bag 32 J4= 3
YY= (J=3)
B

DX+ DYsDTs»DXXsDYY,DTT,DXY,DXT,DYT, TSR

X(260),Y(260)
CUJRS,COORT
= 3,14159265358979

1./NY

NY +1
1Y +2

-+ 50001%XTE*%2/ (X(N)

SCAL*(X(I) =XR)
SCAL*(Y(I) =YR)

oW on WwZoa

CMPLA(XOsYOQ)

oANDJANGL.LT.5%PI) ANGL = ANGL +PI

ANDo ANGLoGTo1a5%PI)
SQRT(R +R)
« SEANGL
R¥CGS(ANGL)
R%¥SIN(ANGL)
s KX
DX -2
= 1.
)+GTXTE) GO TO 23
CSIN(PI*XX/XTE)
COS(PI®*XX/XTE)
XX. +SEXTEXSX/{PI*(

SHPL¥SX¥XL/XTE
(L. +$)%X1

«) B = -1,

o on o

~2+¥{XX =B¥XTE)*® (4
XP(1)) IX1 = 1
XP(N)) Ix2 = [
= X0

= «5%X1/DX

= X1#%*X1

2/0X

= IX1 +1

» MY

*DY

= 1ls =YYXYY

SQKT(XC*¥XC +YO0*YO0)

153

-XR)

+P1

ANGL = ANGL . =PI =PI

1o +5))

le/(1e #35%(1. +CX))

le =((XX =B¥XTE)/(2. <—XTE))**2
BEXTE  +(XX —B*XTE)/(A¥(l. +5))-
(1., +S)*A*A/(2. -A)

. ’A)/(A*‘Zo.

~A)%(2.

~XTE)*%2)
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Yl = B*¥B/((2. -B)*T)
BO(J) = T*YY/B
Bl1(J) = +«5%Y1/DY

© B2(J)=Y1l%Yl :
32 B83(J)==YY*X(4.=-B)/(B*(2.=B)%DY)

ANG - = ATAN(SLOPT) : 4

ANG1 = CMPLAC(X(1) =XR)s(Y(1) =YR))
- IF (ANG1.GT.PI) ANG1l = ANGl =PI =PI
. ANG2 .= CMPLACIXIN)Y  =XR)»(Y(N) =YR))

IF (ANG2.GT.PI) ANG2 = ANG2 =Pl =PI

ANG1 = ANG =—o5%ANG1l +.,5%TRAIL
ANG2 = ANG =.5%ANG2 —-,5%TRAIL
Tl = TAN(ANG1) E

T2 = TAN(ANG2)

CALL SPLIF (1)NsXPsYP»D1sD2sD3515sTLs15T250,0.,IND)
CALL INTPL (IX15IX2)A0550s1sNsXPsYPsD10ii2aD3,50)

X1 = X{(1) ~eT5%(X(1) - =X{(L))
S0(2)= 0.

SO(MX)= O, E

M ' = Ix1 -1

A = SLOPT*(X(1) -X1)

C = 1./7(X(1) =X1)

DO 42 I= 3,M

XX - = W5%AO(I)%%2/5CAL  +XR

X0 = SCAL*(XX ~=XR)

YO = SCAL*(Y(1l) +A*ALOG(C*(XX =X1)) =YR)
R = SURT(XO0%X0 +YO%YO0) '
ANGL = CMPLA(XO0»YO)

IF (ANGLWLT. 5%PI) ANGL = ANGL +P[ +P1

R = SQART(R +R)
ANGL = «S¥ANGL
42 SO(I) = R*SINCANGL)
M = Ix2 +1
A = SLOPT*(X(N) =Xx1)
C = 1o/7(XIN) =X1)

DG 52 I= M,skX

XX = JH5%A0(I)*¥%2/SCAL +XR
X = SCAL¥(XX =XR) _
YO0 = SCAL®(Y(N) +A%ALUG(C*(XX =X1)) =YR)
R = SQRT(XO%X0 +YO%YO)
ANGL = CMPLA(XO»YO)
JF (ANGL +GT.1.5%PI) ANGL = ANGL ~PI =PI
R = SQRT(R +R) :
ANGL =+ 5*%ANGL
52 SO(I) = R*SIN(ANGL)
SCAL = 1./SCAL
DU 62 I= 3sKX
DSI = SO(I+1) =-S0(I-1)
DSII=(SO(I+1)-2,%SO(I)+50(I~1))/DXX +A3(I)#DSI .
S1(1I) = A1(I)*DSI

62 S2(I)=A2(I1)*DSII

DO 72 I=1IXx1,IX2

XP(I) = ,5%SCAL*(AQ(I)*%2 -—SO(I)%%2) +XR
72 YP(I) = SCAL¥AO(I)%S0O(I) +YR :
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RETUEN
END

CSUBROUTINE  SPLIF(MsNsS»FsFPsFPPsFPPPyKMsVMs KNy VNsMODE» FQMs» IND)
SPLINE FIT - JAMESON . -

INTEGRAL PLACED IN FPPP IF MODE GREATEF THAN 0

IND SET TU ZERD IF DATA ILLEGAL

DIMENSION S(1)sF(1)»FP(1)sFPP(1)sFPPP(1)

d

11

12
13

14

21

23

25

31
32

33

34
35

41

IND = 0
K = [ABS(N =M)
IF (K -=1) 8142811
K = (N =M)/K
I = M
= M +K
DS = S(J) -S(I)
0 = DS
IF-(DS) 11,81,11
DF = (F(J) ~=F(1))/DS
IF (KM "=2) 12,13,14
U ’ = 05 .
v £ 3,%(DF =-VM)/DS
Gu TO 25
U = 0,
V. = VM
60 TO 295 :
U = -lo
v =. =DS*YM
GO 10 25 .
I = J
J = J  +K
DS = S(J)y =S(D)
IF (C*DS) 81s81s23
DF = (F(J) =F(I))/7DS
B = 1.7(D5 +D35 +U)
U = B*DS -
Vo = B%(6¥DF -V
FP(IL) = U '
FPP(I1) =V
U = (2. ’U)*OS
vV = 6&.¥DF  +DS*V
IF (J =N) 21,31,21
IF (KN =2) 32,33,34
vV z (H.%VN =V)/U
GO TO 35
V- = VN
GO TO 35
vV = (DS*VN +FPP(I))/7(1. +FPLI))
8 =V
D = DS
DS = S(J)y -=S(I)
U = FPP(I) ~-FP(I)*V
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- . DS

g1

w

11

12

13

21
31
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FPPP(I) = (Vv =U)/DS
- FPPA(I) = U - '
FP(I) = (F(J) =F(I))/DS ~-DS*(V +U +U)/6.
= U :

J. = 1

1 ' = I =K

IF (J -M) 41,515,541

1 = N =K.

FPPP(N) = FPPP(I) "

FPP(N) = B ) ) :
T FPANY = DF +D+(FPP(I) +B +B)/6.
IND = 1 )

IF (MODE) 81,81,61

FPPP(J) = FQM

v = FPP(J)

1 = J

J = J +K

= S((J) -S(I)

U . = FPP(J)

FPPP(J) = FPPP(I) +.5%DS*(F(]) +F(J) -DS*DS*(U
') = U ’ v
IF (J =N) 71,81,71

RETURN

END

- FUNCTIGN CMPLA(X,»Y)

"ANGLE OF COMPLEX NUMBER X +I#%Y IN RANGE Q0. TU 2.%PI
PI ) = 3,14159265358979

IF (ABS(Y) -ABS(X)) 1,1,11
P SHIERT = P

IF (X) 452152

SHIFT = Q.

TIF (YY) 35454

SHIFT = 2.%P1

CMPLA = SHIFT <+ATANC(Y/X)

GG TO 31

SHIFT = (5%PI]

IF (Y) 12512513

SHIFT = 1.5%P1

CMPL2 = SHIFT ~—ATAN(X/Y)

G0 T0 31

CMPLA = 0.

RETURN

END

RIVIVISY

SUBROUTINE INTPL(MIsNI,SIsFIyMsNySsFsFP,FPP,FPPP,MODE)

INTEKPOLATION USING TAYLGR SERIES = JAMESON

ADDS CORRECTION FUR PIECEWISE CONSTANT FOURTH DERIVIATIVE

IF MODE GREATER THAN O

OIMENSION SI(1)sFI(L)sS(1)sF(1)sFP(L),FPP(L),FPPP(1)
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K = TABS(N =M)

K = (N =-M)/K

I = M

MIN = MI

NIN = NI .

D = S(N) -=-S(M) :
IF (D¥(SI1(NI) ~SI(MI))) 11,13,13
MIN = NI

NIN = M1

KI = IABS(NIN -—MIN)

IF (KI) 21521515

K1 = (NIN =MIN)/KI
i1 = MIN =KI
- C = Q.
IF (MUDE) 31»31,23
c - . = 1.
Il = I1  +KI
$S = SI(II)
I = 1 +K

33

35

37

L4l

‘IF {1 =N) 355»37,35

IF (D*(S(I) =SS)) 33,33,37

J =1
I =1 =K
SS = $S =35(I)
FeeePp = C*(FPPP(J) =—=FPPP(I))/(S(J) =S(I))
FICIT) - = QUARPI(SSsF(I)»FP(I)sFPP(1)y FPPP(I):FPPPP)
IF (II -=NIN) 31,41531
RETURN
END
- FUNCTI1ON QUARP(DSsFsFP,FPP,FPPP,FPPPP)

EVALUATES FIRST FOUR TERMS OF TAYLOR SERIES - JAHESUN

QUARP = FPPP +425%DS*FPPPP
UUARP ¢ FPP +D5*QUARP/3,
QGUARP = FP  +,5%¥DS*QUARP
QUARP = F  +DS*QUARP

RETURN

END

SUBROUTINE PARAF(S15525sS5S3sF1,F2sF3sFsFPsFPP)
PARABOLIC FIT - JAMESON

50 2 L5%(S3 +51)

FPO = (F3 =F1)/(S3 =S51)

FPP = (F3 =-F2)/(53 =S2) -(F2 =Fl1)/(S2 =3S1)
FPP = 2.%FPP/(S53 =S1)

FP = FPO =FPP%*S50

F = F2 ~S2%(FPO +FPP%(.5%S2 -50))

RETURN

END
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SUBROUTINE SESTIM

STEADY ROUTINE

INITIAL ESTIMATE OF REDUCED POTENTIAL

COMMON/A/ GM(1325,36)56(132536)sG6N(132936)550(132)»51(132),52(132)
1 sA0(122),A1(132),A2(132),A3(122),80(36),81(36)sB2(36)

2 pB3(36) s NXsNY»IX1pIX2sKSYMy FMACHIALPHASCA»SASFMACHZ

3 )AL;UTIM’CB:SB)NS:RG,IG JG '

COMMON/M/ P1l,P2,P3sTAU . : :

COMMON/WAKE/ NIT, NG(132)

IX= NX+4
IY= NY+4
KX= NX+1
MY = NY 42

Ceé= COSUALPHA)
SB= SIN(ALPHA)
CA= FMACH*(CB
SA= FMACH*SB
TAU= 0,

DO 12 I= 1,1IX
DO 12 J= 1,1Y

G(IsJ) = 0.

DU 22 I=IX1,1IX2 :

Uo= : CA*AO(I) +SA%*SO(I)
BIS= Bl(3)% (1. +S1(1)*%2)"

G(Is2)= G(I»4)=(CA%SQ(I) ~~SA¥AQ(I) +UO*S1(I))/BIS
DU 23 I= IX2sKX

M= NX+4& -]
WG(I)= G(I»3)-G(My3).
RETURN

END

SUBROUTINE SREFIN

STEADY ROUTINE

HALVES MESH SIZE :
COMMON/A/ GM(132+¢360),G(1l32,36)5G0N(132»36),50(1321,51(132),52(132)

1 »AO0(132),A41(132),A2(132),A3(132)»B0(36),B1(36)s82(36)
2 sB3(36)sNXsNY»IX1s IXZ)KSYM;FMACH:ALPHA’CA’SA’FHACHZ

3 )AL)UTIM;CB)SB)NS)RG)IGpJG

COMMON/WAKE/ NIT»WG(132)

KX= NX+]

MX= NX+2

KY = NY +1

MYs= NY+2

IY= NY+3

LX= NX/2 + 2
LY= NY/2 +3

00 22 K= 2sLX
I= LX+2-K '
II= (I-2)%2 +2
DO 22 KK= 3,LY
J= LY+3-KK
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JJ= (J=-3)%2 43

G(II,JdJ)= G(I,J)

DU 42 I= 2,MX,2

DO 42 J= 4yMY,s2

G(Isd) = W5%(G(Isd+l) +G(I,J=1))
DO 32 J= 3,1IY

DU 3¢ I= 35KXs2

G(Isd) ' GO (GII41,d)  +G(I=1,0))
DG 33 I= IX2»KX

M= NX+4=1]

WG(I)= G(I»3)=G(M)y3)

DU %2 1=Ix1,IX2

GI= G(I+15,3)-G(I-1,s3)

o= AL(I)*G1l +CA*AOQ(I) +SA%S0(I)
BI1S= BI1(3)*(1, +S1()*%2)
G(Is2)= G(Isa) =(CA*SO(I) =SA®AG(I) +UO*S1(I))/BIS
N = Ix1 =1 '
DO 62 I= 3,N
M= NX+4 -]
G(Ms2)= G(Isa) + WG(N)
N = IX2 +1
" DU b4 Iz NyKX
Mz Nx+4 =] -
G(Ms2)= G(Is4) =WG(1)
RETURN : :
END

SUBRGUTINE SVELD
STEADY ROUTINE

" CALCULATES:SURFACE VELICITY
_COMMON/A/ GM(132,36)56(132536),GN(132536),50(132)551(132)552(132)

!AO(132))A1(132))A2(132))A3(132))80(36);81(36) B2(36)
»B3(36)yNXsNY»IX1, IXZ:KSYN)FMACH}ALPHA)CA)SA)F"ACHZ
AL UTIM>CBySBINSsRG»IG,JIG

COMMON/B/ SV(132),SM(132),CP(132)

COMMON/J/ RADSPISALS»ALTHALTT,AMPLA,FREQRA, FASAGA;FHACHS)FMACHT

1 SAMPLM,FREQRM; FASAGMsCETAS,CETATSCETATT,AMPLC, FREQRCFASAGC,CETA

»FREQR, IPSURE
COMMON/K/ I10511,125135J1,5025J3
AAO= 1., + OZ*FMACHZ
D0 12 I=IXlsIXx2
Y=BO(3)+50(1)
H=SQRT(AO(])**2 +50t1)%=®y)
GI= G(I+1,3)~-G(I-1,3)
Gd= G(Isa)=-G(I,s2)

U =(AL(I)* GI -S1(ID*B1l(3)% GJ +CA*AQ(I) +SA*Y)/H
v s (Bl(3)% GJ +SA*AQ(I) =CA%Y)/H

QQ=U*y+Vsy

Q=SQRT(QQ)

IF (UoLToOo) Q = =0

SVID) = Q



160

AA= AAQ -~,2%QQ
AA= ABS(AA)
A= SQRT(AA)
SM(OI)= Q/A
12 CP(I)= - (AA*¥*¥3.5 =1,)/(.7%FMACH2)
RETURN
END

SUBROUTINE SCHART
STEADY ROUTINE
GENERATLS MACH NO CHAKT
COMMON/A/ GM(1325,36)5G(132536)s6N(132536)55S0(132)5,51(132)+52(132)
1 PA0(132),A1(1352)5A2(132)2A3(132):R0(3A),B81(36),82(36)
2 933(36))NX)NY}IX1)IXZ)KSYMyFMACH}ALPHA)CA)SA’FMACHZ
3 sAL,UTIMSCBs»SRINSHIRGIG,H»JG
COMMON/J/ RADsSPI»ALS»ALTH»ALTT)AMPLAS FREQRASFASAGASFMACHS» FMACHT
1l »AMPLM,FREQRMsFASAGMyCETAS)CETATSCETATT)AMPLC»FREQRC,FASAGCHCETA
2 »FREQRs»IPSURE .
COMMEN/KYZ 10, I15125s135J15J2543
DIMENSION IND(150) )
AAD = 1. + .2 * FMACHZ2
IWRIT 6
K NYZ32
IF (NY.GT.32%K) K = K +1
WRITE (IWRIT,2) )
2 FORMAT(14HOMACH NO CHART)
11 00 12 I= 10,13

J=J1l
N= 0
14 N= N+1 :
Y = SO(I)  +B0O(J)
- HH=AO(I)*AQ(I)+Y*Y
W H=SQRT(HH) :

GI=G(I+1,J)-G(I-1,4)
TGd=6(Isd+1)=-G(Isd-1) S
v =(AL(1)% GI -S1(I)*B1(J)* GJ +CA*AO(I)  +SA%Y)/H

v = (B1l(J)* GJ +SA*A0(I) -CAxY)/H
QQ=UxU+VRY

AA= AAQ -,2%QQ
AA= ABS(AA)
QA= QU/AA
IND(N)= 100.,%SGRT(QA)
IF (UeLT.04) IND(N) = —IND(N)
J= J+K '
IF(JJLELJ2) GO TO 14
12 WRITE (IWKITs610) (IND(J)sJ=1,N)
RETURN o
610 FURMAT(1X»3214)
END
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SUBROUTINE STEADY

STEADY RCUTINE

STEACY TRANSONIC PCLTENTIAL FLOW EQUATIGN IN SHEARED

PARASBOLIC COORDINATES SYSTEM SOLVED BY ROW RELAXATION

G IS THE VELOCITY POTENTIAL IN THE ABSCLUTE FRAME

AND IS THE REDUCED POTENTIAL IN THE UNIFORM MOVING FRAME

COMMON/ZA/Z GM(132536)5G(132536)y,GN(132,36)550(132),5S1(132),52(132)
)A0(132)’A1(l32))A2(132))A3(132))80(36)981(36))82(36)
283(36)sNXyNY, IX1sIX2s9KSYMs FMACHs ALPHA» CA» SASFMACH2
AL UTIM»CB»SBINSIRGHIGHJG

COMMON/H/ DX»DY»CToOXXsDYY,DTT,DXY, DXT,DYT}PDT

CUMMON/K/ 105I15125135J15J2,43

CGMMGN/M/ P1l,P2,yP3,TAU

CDMMUN/STADI/IRR)IR@JR)IRSTAD

DIMENSION C(132),D(132)

Ja= J3 +1

I4= 13 +1

I[= 10-1

I110= I0 +2

[13= 13 =2

D= 1./DXX

EE= 1./0YY
NS = 0

AAO 2 1. + .2 * . FMACH2
RR=0.,

IR = 0 N
JR = 0 .
RG=0, ) )

16 = 0

JG =0
RE=0.

IE=0.

JE=0. T

Q1 = 24/P1
Q2 = 1./P2
CtIIi= 0.

D(Il)a 0.

J= J3

DO 32 I= 10s13
FX=1le#S1(I)%%2
Y=S0(I)+BO(J)
HH=AO (1) *AQ(I)+Y%Y

H= SQRT (HH)

DH= 1l./H

GI=G(I+1sJ) -G(I-1sJ)
GJaG(IsJ11)-G(IsJ=-1)

U ={A1(I)* GI -S1{(I)*B1l(Jd)* GJ +CA*AQ(I) +SA*Y)*DH
v = (Bl{J)¥* GJ +SA*AQ(I) -=CA*Y)*DH

AV = Vv =U%S1(I)

AU= U + V®S1(1I)

S = 1,

IF (U'LT.OO) S = =1

T = l.

IF( AV.LT.0.) T= -1,
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Uu=u*y
Uv=yU*v
VVzV#y
QQ=UU+VV
AA= AAD -,2%QQ
AB=A1(I)#*B1(J)
“GII=( G(I+1sJ)=G(I»J)=G(I,Jd)+G(I-1,J))%D0 +A3(I1)%*GI
GIJ =G{(I+1sJ+1) =GUI-15J41) -G(I+1lsd=-1) +G(I-15J-1)
GJJ= (G(IsJ+1) =G(IsJ) =G(IsJ) +G(IyJ=1))I%EE + B3{J)*GJ
R= ~(AA =UU)I%S2(1)*Bl(J)* GJ
1 4CAX(VV-UU)=-2.%UV*%SA ‘
2 + QCX(UXAO(I)+V%Y)*DH
“ "IF(QQ.GE.AA) GO TO 33
AXX = (AA  =UU)¥A2(I)
AXY==(AA®*S1(I)+U*AV)-*2.%AB
AYY= (AA¥FX—AV¥AV)¥B2(J)
CR=EAXXEGII+AXYRGIJ+AYYRGJJ+R
Al= =Z ¥AXX*DD -Ql*AYY*EE
BI= AXX*DD
Cl= AXX%DD
YI=~R
GO TC 35
33 NS
- K
IM
TIMM
- L= T
JM= J-L
CJMM= UM=L
AQ = AA/QQ
“BXX3VV¥A2(I)
BXY= =2,%AB*V %Al
BYY=: AURAU%RBZ2(J) , :
CNN=BXX*GII+BXY*GIJ+BYY*GU
IF(C IMMoLTe2.0R.IMM.GT.1I4). GO TO 66

[T I ' |
[V

L GIIM= (G(IsJ) =G(IMyJ) =G(IMsJ) +G(IMMsJ))*DD +A3(1)*GI
GU TO 67 ' -
66 GIIM= GII . ,
67. G1JIM= GlIsd) =G(IMyJ) -G(IsJM) +G(IMydM)
©OLFL JMMeLT 2. 0ReUMMeGToJ4) GO TO 64
GJJIM= (G(IsJd) =G(Is,JM) =G(IsJM) +G(I,JMM) DI*EE + B3(J)*GJ
- GU TO 65 ‘ : .
64 GJJIM= GJJ o
6% AXX = dusaz2(l)

AXY=8,%SETHU%AV*AB
AYY=AVEAVEB2(J)

6SS=AXX¥GIIM+ AXY4GIJM+AYYRGJJIM,

R = (AQ -1.)%GSS +AQ¥GNN +R

BBz (AQ-1.)%(AXX¥DD + +5%AXY)

JAl= AGH(=Q2¥BYYXEE =2,%BXX*DD)
1 #(AQ=1,)% 2.% (AXX*¥DD + AYY*EE +AXY)
Bla AQ*BXX*%DD-(1.+S)%BE

Cl= AQXBXX*DD =(1.-S)*BB.

YI=-R
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IF(ABS(R)LLELRR) GO 10O 37
RR=ABS(R) .
ir=]

JR=y -

A= 1./(AI-BI*C(I-1))

C(I)= CI%*A

D(I)z (Y1=BI*D(I-1))%A

CONTINUE

I= 13

€6=0.

D3 42 M= 10,13

€6 = D(I) =C(I)*CG
IF (ABS(CG).LELABS(RG)) GO TC 43
kG=ABS(CG)

16=1

JG=J

G(IsJ)= G(Isd) *CG

I =1l -1

J=J-1

IF( U.GELJ1) GO TG 21

TVAU= G(Ix2s3)Y=G(IX153) _

IF( KSYMJLE.D) TAU= TAU+ P3*(TTAU-TAU)

DU 52 I=1Xx1,1IX2

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

uu = Al(I)¥ GI +CA®AQ(]) +SA%S0O(I)
BIS= Bl 3)%(L. +S1(1)*%2)

G(Ir2)= G(1Is4) -{CA*S0(I)-SA*A0([)+UD*S1(I))/BIS
CUNTINUE : . .
"N = IX1 -~k

DG 62 I= 10yn

M= NX+ 4 =]

G(Ms2)= GUIs4) +TAU

N s [X2  +1

D0 1€4 Iz NyI3

M= NX+ & -]

G(Ms2)= G(Is4)=-TAU

IF( FMACH.LT.1s) GO 10 91

DG 82-Jd= Jlsda .

G(IIsdd= 3% (GUI0,J)I=G(ILyJd)) + G(IIO0,J)
G(I4asd)= 34%(G(I3,J)=G(I25J)) "+ G(II3,J)
RETURN :
DU 92 d= J1,J3

G(Ilsd)= =eH*TAU

G(I4sd)= o5%TAU _

G(IIsde)= —,25%TAU

Glldrjé)= J25%TAU

RETUEKN

" END

SUBROUTINE ESTIM
INITIAL ESTIMATE UF POTENTIAL
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COMMCNZA/ GM(132,36)5G(1325,36)sGN(132,36)5S0(132),S1(132),52(132.
1 »AO0(132),A1(132),A2(132)5A3(132),80(36)5sB1(36)sB2(36)
2 »B3(36)sNXsNY» IX1,IX2sKSYMy FMACH) ALPHASCAy) SA,FMACH?2
3 sAL)UTIMsCBsSBINSHIRGHIGHJIG

COMMON/H/ DXsDY»OTsDXXsDYYsDTTsDXYsDXTsDYT»TSR

COMMON/J/ RADSPISALS,ALTHALTT,AMPLA) FREQRA,) FASAGA,FMACHS, FMACHT
1 ,AMPLM,FREQRMyFASAGMyCETAS,CETATS»CETATTSAMPLCYFREQRCyFASAGC,CETA
2 »FREQR,IPSURE

COMMON/STADI/ REy» IRs»JR»IRSTAD

CUOMMUN/WAKEZ NIT,WG(132)

KX= NX+1

MY = NY 42

CB= COS(ALPHA)

SE= SIN(ALPHA)

CA- FMACH*CB

SA= FMACH*SB

IF(IPSTAD GT.0) 60 TC 11

DU 12 I= 3,KX

DO 12 J= 3, My

GM(Isd)= 0.

GN(I»J)=0.

G(IsJd)= 0.

CUNTINUE

U0 22 I= IX1s1IX2

Y=5S0(I)+B0O(3)

X= AO(I)
HH= X#%*X + Y*Y
- DHH= 1./HH

XT= =o5%Y*(ALT+CETAT) + DHH¥(CA%*X + SA%Y)
YT= o9%X*(ALT+CETAT) —UHH*(CA*Y= SA*X)
VEN=HH* (XT%*S1(I) -YT)

GT= G(I+1,3)=-G(I=-153)

FXsl.+S1(I)%%2

BIS= FX*B1(3)

. GXSXVB= AL(I)*GI*S1(I)+VBN
G(Is2) = G(Is4) —GXSXVB/BIS
G(I»l)= G(Ip5) =2.%GXSXVB/BIS

. .COGNT INUE

DO 23 I= IX2sKX

M= NX+4 -1

WG(I)= G(I53)-G(My3)

HMINe 10,

DO 13 I= 3sKX

DO 13 J= 3,MY

Y=SO(I)+BO(J)

HH=Y#*Y+AQ([)*A0(])

H=SQRT(HH)

HX= .5%H/A1(])

HY= .5%H/B1(J)

HMIN= AMINL(HMIN,HXsHY)

CGNT INUE

DT= HMIN*TSR

IDT= 2.%P1/(FREQR*DT) + 1,

IDT= IDT/IPSURE + 1.
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vof DT= 2.%PI/(IDT*IPSURE*FREQR)
OTT=DT*DT

DXT=CX*DT.

DYT=DY*DT

RETURN

END

SUBRGUTINE REFIN

HALVES MESH SIZF

COMMOUN/AY/ GM(132)36))G(l32;3b):GN(132936))50(132)151(132);52(132)
1 ‘ sA0(132),A1(132)»A2(132),A3(132),B0(36),B1(36),B2(36),

2 )33(jb))NX NY)IXl}IXZ:KSYH,FMACH’ALPHA’CA)SA)FMACHZ
3 sAL UTIMCBsSBEINSSRGIIGHJIG

CUMMCN/H/ DXsDYsDT,DXXsDYY5sOTTyDXYsDXTsDYT, TSR .

COMMUON/J/ RADSPISALS»ALTHALTT,AMPLA, FREQRA,FASAGASFMACHS,FMACHT
1 ,AMPLMSFREQRM,FASAGMs CETAS»CETAT»CETATT»AMPLCsFREQRCyFASAGC,CETA
2 »FREQR,yIPSURE

COMMCN/WAKE/ NITsWG(132)

DDT= DT

HMIN= 10,

KX= NX+1

MX= NX+2

KY = NY +1
MY= NY +2

DO 13 I= 3,KX
DT 13 J= 3,MY
Y=S0(I)+R0O(J)
HH=Y#*Y+AO0(I)%A0(T1)
H=SQRT (HH)
“HX= «5%H/AL(I)
HY= J5%H/BL1(J)
HMIN= AMINICHMIN,HXsHY)
13 CGNTINUE
DT= HMIN*TSR
I0T= 2 *PI/{FREGR*DT) #+ 1.
I0T= IDPT/IPSURE # 1,
OT= 2.%PI/(IDT*IPSURE *FREQR) - .
DT= AMIN1{(DT»DDT)
14 RATIO= DT/DDT
OTT=DT*DT
DXT=DX*DT
DYT=DY%DT
IY= NY+3
LX= NX/2 + 2
LY= NY/2 +3
DG 22 K= 251X
I= LX+2-K
[I= (I-2)%2 +2
DO 22 KK= 3,LY
J= LY+3=KK
Ji= (J=3)%2 +3
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GM(IIsJJ)= GM(I,J)*RATIO

G(II,JJ)= G(I,d)

D0 42 I= 2,MX»s2

DO 42 J= 4sMY,s2

GM(Isd)= +5*%(GM(I,J41l) + GM(I,J=1))
G(Isd) - = «5%(G{Ilsd+1l) +G(1yd-1))
DO 32 J= 3,1Y

DU 32 I= 3,KX»2 . : L
GM(Isd)= 5%¥(GM(I+1sJd) + GM(I-1,J))

G{I»J) = J5%(G(I+1s,J) +G(I-15J))
- DO 33 I= IX2,KX ‘
M= NX+4-1

WG(I)= G(I+3)-G(Ms3)
DO 52 I=1X1,IXZ
. Y=S0(T)+RO(3)

X= AOQ(I)
HH= X%X + Yx*Y
DHH= 1./HH

XT= = 5%Y* (ALT+CETAT) + DHH*(CA%X + SA*Y)
YT= 5%X*(ALT+CETAT) =DHH* (CA¥Y=SA%X)
VBN=HH*(XT*S1(I) -YT)

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

FX=1e4S1(I)%%2

BIS= FX*¥31(3)

GXSXVB= AL(I)*GI#S1(I)+VBN

G(Is2) = G(I,4) =GXSXVB/BIS

G{Isl)= G(I»5) —-2.%GXSXVB/BIS
. GM(1s2)= GM(Is&)

CONTINUE

N = Ixl1 -1
DO 62 I= 3,N

M= NX+4 -1

GM(Ms»2)= GM(1,4)
G(My2)= G(Isa) + WG(M)

N , = Ix2 +1
DO 64 Iz NjyKX )
M= NX+4 -1

GM(My2) CM(Is4)
G(M2)= G(Iyxs) =WG(I)
RETUKN
END

SUBRUUTINE VELD

CALCULATES SURFACE VELUOCITY

COMMUON/Z A/ lelié;jb)yb(132’36)’GN(132)36))50(132))51(132):52(132)
1 »A0(132)5A1(132)5A2(132)5A3(132),80(36),B1(36),B82(36)
2 183(36):NX)NY;IXl)IXZ;KSYM;FﬂACH,ALPHA)CA)SA)FMACHZ

3 sALIUTIM»CB)S3yNS»RGLIG,JG

CGMMON/B/ SVI(132),SM(132),CP(132)

CCHAMUN/HZ DXy DYsDT,DXXs DYY,OTT,DXY»DXTyDYT, TSR

CGMMON/J/ RADsSPISALSsALTSALTTsAMPLASFREQRASFASAGASFMACHSy FMACHT
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1 sAMPLMyFREQRMyFASAGMyCETAS,CETATH CETATT,AMPLC,FREQRC»FASAGC,CETA
2 »FREQR,»IFPSURE

COMMONZKY 109115125139 d1sJ2s43

OOT= 14707

AAQ = l-'o

00 12 I=1IX1,IX2

Y=BO0(3)+50(1)

X= AO(I) |
HH= X*X + Y*Y
UHH= 1./HH

XT= =o5%Y%(ALT+CETAT) + DHH¥(CA%X + SA*Y)
YT= +5%X* (ALT+CETAT) —-DHH*{CA*Y-SA%*X)
H= SGRT (HH)

DH= 1l4/H

Gl= G(I+1,3)—G(I 1,3)

Gd= G I,»a)=G(Is2)

oX = AL(I)* GI -S1(I1)%B1(3)* GJ
GYy= B1l(31*GJ

U= GX=*DH,

V= GY*DH

QQ=U%U+Vvxy

UR= XT*H+ U

VR= YT*H + V

QQR= UR*UR + VRx%VR

QR= SQRT(GQR)

SviI) = QR

CHAIN= XT*¥GX + YT%*GY

‘F1T= GM(I»3) *DDT + CHAIN

Aa= AAQ —.2%QQ-.4*FIT

AA= ABS(AA)

A= SQRT(AA)

SM(I)= QR/A

cP(l)= (AA%%3,5 <=le)/(.7%¥FMACH2)
RETURN .

END

SUBROUTINE FORCE

CALCULATES FURCt COEFFICIENTS

CUMMODON/ A/ GM(lS?:36)’u(132)36))GN(13C,36),50(132)931(132)152(132)
1 2A0(132),A1(132),A2(132)5A3(132)»B0(36),B1(36),B82(36)

2 2B3(36) s NXINY»IX1yIX2sKSYMy FMACH)ALPHASCAs SAyFMACH2

3 AL UTIMsCBsSBINSH»RG»IG,»JG

COMMON/BY SVI(132)s5M(132),CP(132)

COMMUN/C/ XP(260)sYP(260),D1(260),D2(2€¢0)sD3(260)

COMMON/E/ CHORD»XM»CLs»CDsCHM

COMMON/L/ TCL(BOL)»TCD(BOL)»TCM(BOL)sTCP(9,801)TCPS(9)»CLS»CDS

1 sCMSHNITS, IJUMPHNSTEP,JJSTEP,PERIODy MHALF
COMMON/WAKE/ NIT,WG(132)
CL = 0.

Cco = 0.
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cH = 0.

N=Ix2-1

DO 12 I=1IX1sN
DX=(XP{I+1)=XP(I))/CHORD
DY=(YP(I+1)=YP(I))/CHORD

XA=( 5% (XP(I+1)+XP(I))=XM)/CHORD
YA3 . 5%(YP(I+1)+YP(I))/CHORD

CPA = J5¥(CP(I+1) +CP(I))

OCL = -CPA*DX o

DCO = CPAXDY

CL = CL +DCL

co = CD +DCD

CM = CM  +DCD*YA -DCL*XA

LCL = CL*COS(ALPHA) =CD*SIN(ALPHA)
CD = CLX*SINCALPHA) +CD*CCS(ALPHA)

cL = DCL
IF(NIT.NE.O) RETURN
IF(NITS.EQ.0) GO TO 11
IJUMP= 2%*MHALF

CLS= CL

CDs= CD

CMS= CM

ISP= (IX1+IX2)%.5
=1

TCPSUI)= CP(ISP)

IF(ISP.GE.IX2) GO TO 11

I= I+1 ,

ISP= ISP+ IJUMP

GC TC. 10

NITs= O

JUSTEP= JSTEP + 1

TCL(JJSTEP)= CL-CLS

TCD(JJSTEP) = CD -CDS
TCM(JJSTEP) = CM -CMS

IJUMP= 2%%MHALF

ISP= (IX1 + IX2)%* .5

I= 1

TCP(I,JJSTEP)= CP(ISP) =TCPSI(T)
IF(ISP.GELIX2) GD TO 14 :
I= I+1

ISP= ISP + IJUMP

GO TO 13

RETURN

END

SUBROUTINE CPLOT ' .

PLUTS CP AT EQUAL INTERVALS IN THE MAPPED PLANE

COMMONZA/ GM(132,36)5G(132,36)56N(1325,36),50(132)551(132),52(132)
1 »A0(132),A1(132),A2(132),A3(132),80(36)sB1(35),B82(386)
2 2B3(36)sNXsNY»IX1sIX29KSYMs FMACH) ALPHASCA»SASFMACH2
3 2ALIUTIMICBYSBINSIRGPIGSJG
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COMMON/B/ 5V(132),5M(132)sCP(132)

CUMMON/C/ XP(260)sYP(260)501(260)502(2€60),03(260)
COMMON/STADI/ FRRs»IR»JR»ISTADI

DIMENSIUN - KODE(2),LINE(115)

DATA KODE/IH ,lid+/ - :

CPO IS RESERVOR PRESSURE CUEFFICIENT WHERE Q=0 AND FIT=0
CPO= 0. . '
IF(ISTADI«6Te0) CPO=((1le+e2*FMACH2)*%3,5-14)/(7#%#FMACH2)
I1=1Ix1 :
12=1x2

IWRIT = b

WRITE (IWRIT,»2)
2 FORMAT(50HOPLOT GF CP AT EGUAL INTERVALS IN THE MAPPED PLANE/

1 9HO X »9E cp )
- 0G 12 I= 1,115
12 LINEC(I) = KUDE(L)
DU 2¢ 1I=11,12
K= 20.*%¥(CPO-CP(1)) +55.0

IF(C Kol Tel) K=1
IF( KeGTW115) K=115

LINE (K) = KODE(2)
WRITE (IWRIT»H610)XP(I)sCP(I)sLINE
22 LINE(K) = K3DE(1)
RETURN
616 FORMAT(1H ,2F9.45115A1)
END

SUBRGUTINE CHART
GENERATES MACH NJ CHART
CUMMON/A/ GM(132536)56(132536)»GN(132536)»50(1321551(132),52(132)

1 ‘ 2A0(132)5A1(132),A2(132),A3(132),B0(36)9B1(36)sB2(36)
2 sB3(36) s NXsNYs IX1oIX2,KSYMy FMACH, ALPHA»CA»SAsFMACH2
3 sALIUTIMI)CBy»SBsNS»RG» IG»JG

COMMON/H/ DXs LY, D1, UXXsUYY,DTT,0XY5DRT,DTT, TSR

COMMON/J/ RAD»PI»ALSsALT,ALTTSAMPLA» FREQRA FASAGASFMACHS)FMACHT

1 »AMPLM; FREQRMsFASAGM,CETASsCETATSCETATT,AMPLC, FREQRCs FASAGC, CETA
2 sFREQR,IPSURE | | |
COMMON/K/ I10s115125,13,d15J2543

DIMENSION IND(150)

DDY= 1./DT7

AAQ = lo

TWRIT = 6

K = NY/3<Z

IF. (NY.GT.32%K) K = K +1
~ WRITE (IWRIT,2) .

2 FORMAT(14HOMACH NC CHART):
11 DU 12 I= 10,13

J=J1
N= 0
14 N= N+l

X= AC(I)
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Y=50(I)+B80(J)

HH= X%X + Y*Y

DHH= 1./HH o

XT= —.5%Y% (ALT+CETAT) + DHH*(CA%X + SA*Y)
YT= o5*%X*(ALT+CETAT) -DHH* (CA%*Y=SA%xX)
H=SQRT(HH)

UH= 1./H

GI=G(I+1sJ)=G(I=1,J)

GJ=G(Ird+1)=G(IsJd-1)

GX = AL(I)* GI  =-S1(I)*B8l(J)* GJ
GY = Bl(J)* GJ

U= GX*DH

V= GY%*DH

QQ=U*U+V*V

CHAIN= XT*GX + YT*GY
FIT= GMUI,J) *DDT + CHAIN
AA= AAQ =.2%QQ=.4*FIT
AA= ABS(AA)
UR= XT*H+ U
VR= YT*H + V
QQR= UR*UR + VR*VR
QA=QQR/AA
IND(N)= 1CO.*SQRT(QA)
IF(UR.LT.0.) IND(N) = —IND(N)
J= J+K
IF(J.LE.J2) GO TO 14
12 WRITE (IWRIT,610) (ING(J)sJ=1sN)

RETURN

610 FORMAT(1X,32I4)
END

SUBROUTINE- PSURE
- GENERATES PRESSURE DISTRIBUTION QOVER AIRFOIL
AT EQUAL INTERVALS IN THE MAFPED PLANE
WITH THE ASSOCIATED SHUCKS
COMMON/ZA/Z GM(132536)56(132+s36)sGN(132936)»50(132)5S1(132)»52(132)
2AULL32),ALUL132)Y,A20132),A3(132),B0(36),B1(36),B2(36)
»B3(36) s NXyNY,IX1lyIX2sKSYMy FMACH, ALPHASCAy SA,FMACHZ
sALyUTIMyCBy3BINIHIRGHIGHIG
COMMON/B/ SV(132)sSM(132)sCP(1232)
COMMEN/C/ XP(26C),YP(260)5sD01(260),5,02(260)5D3(260C)
COMMOGN/E/ CHORDs XMsCLSCDsCM
COMMCN/G/Z TITLE(20)s1IPLOT
COMMON/J/ RADSPI,ALS,ALT,ALTTSAMPLASFREQRASFASAGAFMACHS,FMACHT
1 )AMPLM,FPtQRM)FASAGh:CETAS;CETAT;CETATT;AMPLC!FREQRCDFASAGC)CETA
2 »FREQR»IPSURE
DIMENSION X(ZbO),Y(ZbO);R(le)
IF (IPLOT) 15115101 ,
1 CALL PLOTSBL(5000,23HI-CHUNG CHANG 1091C4w)
11 CALL PLOT(2.592.005-3)
CALL SYMBUL(=2¢0s=14509¢0753504s~1)

[SS R A
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CALL SYMBUL(H455=14505407935049-1)
ENCODE{(48y12,R)Y TITLE
12 FORMAT(12A4)
CALL SYMBOL(=e55=e755¢145R»0.,48)
FAA= FASAGA*180./PI
FAM= FASAGM*180./PI1
FAC= FASAGC*180./P1
ENCOLE(57s14»R) UTIMsFAASFAM,FAC
14 FUORMAT(SHTIIME=F74¢2s3Xs DHALFA=»FT7.253Xs5HM FAssFT7.253Xs5HCEFA=,
1 F7.2) ‘
CALL SYMBOL{(=459=1405e14sR»04557)
ENCODE(425155R) ALSFMACH,CETA
15 FORMAT(S5HAL =5F7.353%Xs5HM =yFT7e393Xs5HCETA=,F7.3)
CALL SYMBOL(=455=1e255e14sR9Cesé2)
" ENCODE(42,165R) CLyCD,CM
16 FURMAT(S5HCL =F7.4»3Xs5HCD =3sF7.453X95HCM  =,FT7.4)
CALL SYMBOL(-455-1, 50).14)R’0.)42)
XMAX=XP(IX1)
XMIN=XP({IX1)
DO 22 I=1IX1,1IX2
. XMAX=AMAXL(XP (L), XMAX)
22 XMIN sAMINL(XP(I)»XMIN)
SCALE o= 5./ (XMAX  —=XMIN) -
DO 24 I= IX1lsIX2
: X{I)=SCALE*(XP(I)=XMIN)
24 Y(I)=SCALEXYP(I) ‘
" N= IXx2-IX1+1
CALL LINE(X(IX]);Y(IXl)’Nyl’O)l’O.,1-)0.)1-)
CPMAX' 0.
IMAX= IX1
DO 25 I= 1X1,1IX2
ABSCP= ABS(CP(I))
-IF(ABSCP.LE.CPMAX) GO TO 25
CPMAX=ABSCP
IMaxX= 1
25 CONTINUE .
CALL AXIS(-1les—4e92HCP»2584990e91lebr—0e4s0)
C CPC IS CRITICAL PRESSURE CGEFFICIENT. ‘
A= (1le+2%¥FMACHZ2)/162 e
CPC=(AA%*%3,5-1.)/ (. 7T%FMACHZ2)
IF( CPC.GE.—l.b.AND.CPC.LE.l.b)
1CALL SYMBUL(=145s-2¢50%CPCsre4915504s—-1)
D0 32 I= IX1l,IMAX
IF(CP(I)«GTWs1lu46) GG TO 32
IF(CP(I)LTe=1e¢&) GO TO 32
CALL SYMBOL(X(I)»=2¢50%¥CP(I)se075394545-1)
32 CONTINUE
DU 364 = IMAX,IXZ
IF(CP(I).GT.1.6) GO TO 34
IF(CP(I)aLTe-1.¢&) GO TU 34
CALL SYMBOL(X(I)s»=2.50%CP(I)se072350e9~1)
34 CUNTINUE
CALL SYMBOL(=2¢05=54759¢0753506s-1)
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CALL SYMBOL(6¢55=5e752.07935045-1)
CALL PLOT(=2455-6425,-3)

CALL FRAME(1)

RETURN

CALL PLOT(0+50.5999)

"RETURN

END

" SUBROUTINE LORD

GENERATES THE LGADING DISTRIBUTION OVER AIRFOIL

AT EQUAL INTERVALS IN THE MAPPED PLANE

CUMMUN/ZA/ GMUL3Zs3b)960132936)p0LN(132538),50(132)5,31(132),352(132)
sAO(132),A1(132),A2(132),A3(132),8B0(36),81(36),82(36)
sB3(36)sNXsNY» IX1sIX2sKSYMy FMACHy ALPHA»CA,SA FMACH?2
AL UTIMsCBsSB8sNS»RGH»IGs»JG

COMMGN/B/ SV(132),SM(132),CP(132)

COMMUN/ZC/ XP(260)sYP(260),01(2601,02(260),D3(260)

COMMUN/E/ CHORDs XMy CLsCDsCM

COMMON/F/ XRyYRsKS»XxS(500),YS5(500)

COMMGN/G/ TITLE(20),IPLOT

w N

. COMMON/J/ RADSPISALS»ALT>ALTTS»AMPLASFREQRA,FASAGA, FMACHS» FMACHT

1 s AMPLM, FREQRM’FASAGM)CETAS)CETAT’LETATT’AMPLC "FREQRCyFASAGC,CETA
2 »FREQRs IPSURE

DIMENSION X(26G)»Y(2€60),KR(150),DCP(132)

I1=IX1

[ezlXxe

IF (IPLOT) 15115101 :

CALL PLOTSBL(5CC0,23HI-CHUNG CHANG 1C9104W)

CALL PLOT(2.552.005-3)

. CALL SYMBGL(-24C»=1¢5054075,35,045-1)

CALL SYMBUL(6459=1e¢50G»e0753,045~-1)
ENCODE(48,12sR) TITLE

FORMAT(12A4) -

CALL SYMBOUL(=e55=e7554145R»0.948)

FAA= FASAGA*180./PI

FAM= FASAGM%*180./PI

FAC= FASAGC*180./PI

ENCODE(57514sR) UTIMsFAAsFAMIFAC
FORMAT(SHTIME=9FT7e293Xs5HALFA=yFTe29s3Xs5HM FA=sF74253Xs5HCEFA=,
1 F7.2) '

CALL SYMBOL{(-e¢55-14054145Rs04,57)

ENCODE(42s15,R) AL, FMACHLCETA

FORMAT(S5HAL =»F7.3,3Xs5HM 29 F7¢393Xs5HCETA=»FT7.3)
CALL SYMBOL(=455-1¢2554145R»Cesr42)

ENCODE(425165R) CL»CD,yCM

FORMAT(S5HCL =F7.453X55HCD =)F7.4)3X,5HCM =yFT44)
CALL SYMBOL(=45»=1¢505¢145R504542)

XMAX=XP(I1l)

XMIN=XP(I1l)

DO 22 I=11,12

XMAX= AMAXI(XP(I))XMAX)
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22 XMIN AMINLI(XP (1) sXMIN)
SCALE 5¢/(XMAX  —=XMIN)
DO 24 I=11,12
X(CI)=SCALE*(XP(I)=XMIN)

24 Y(IV)=SCALE=*YP(I)
INOSE= +5%(IX1 + IX2)
DU 26 I= INOSE»IXZ2
M= NX + & = 1

bcP(l)y = CP(M)-CP(I)
26 CONTINUE
N = J2 =11 +1

CALL LINE(XCIL)Y»Y(I1)sNs»lsOplsCoeslesrCasrls)
CALL PLOT(O4s4e255-3)
CALL AXIS(-lo)-“-,3HDCP05,:oJQC.;-l-b,oQ)O)
DG 32 I=INUSE,IZ .
IF(DCP(I)eGTele.€6) GO TO 32
IF(DCP(I)eLTe=146) GC TO 32 .
CALL SYMBOL(X(I)s 2¢5%DCP(I)s»eG7535045-1)
32 CUNTINUE
CALL SYMBOL(=2¢05-5e795¢0753500s~-1)
CALL SYMBOL(E e55=5¢755407935045-1)
CALL PLOT(=2455~64255-3)
Call FRAME(1)
. RETURN
101 CALL PLEGT(0e9065999)
RETURN
END

SUBRCUTINE SONIC
GENEPATES SONIC LINE OVER AIRFCIL
RENAME CUMMON/AY
THE PUSITIUN CF GN IS UOVERLAPPED BY SHOCK
CHMMON/ZA/Y GM(132,36)5G(132,36)sSHOCK(132536)
»S0(132),51(132),52(132)
)AO(132)9A1(132))A2(132))A3(132)180(36)181(36)182(36)
2B3U3E)INXINY»IX15IX2,KSYMsFMACHIALPHASCA»SAyFMACH2
2ALSUTIM)CBySBINSHIRG1IGHJG
CGMMON/B/ SV(132),5M(132),CP(132)
COMMON/C/ XP(260)sYP(260),D1(260),02(2€0)5D3(260)
COMMON/D/ SLCPT2TRAIL,SCAL
CUMMCON/E/ CHORDsXMyCLsCD,CHM
COMMCN/ZF/Z XR»YRSKSsXS(t500)5YS(500)
COMMUN/G/ TITLE(Z20)s,1IPLOT
COMMCN/H/ DXsDYsDTH»DXXsDYY, DTT;DXY,DXT,DYT’TSR
CUMMON/Z Y/ RAD,PI;ALS)ALT;ALTT)AMPLA;FREQRA)FASAGA)FHACHS:FMACHT
1 »AMPLMyFREQRMyFASAGMyCETAS,CETAT,CETATTyAMPLC)FREQRC,FASAGC,CETA
2 »FREQR,IPSURE
COMMON/K/ I0sI1s125135J15d2,43
DIMENSION XA(260)sYA(200),R(150)
OIMENSION Q(260)
IF (1PLOT) 15115101

[SVRRAST Sl - 3
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1 CALL PLOTSBL(5000923HI-CHUNG CHANG 109104W)
11 CALL PLOT(24¢552.00,5,-3)
CALL SYMBOL(=2405-1e¢5054075350e5-1)
CALL SYMBOL(6+455=145054¢075350es-1)
ENCODE(48,12,R) TITLE
12 FORMAT(12A4)
CALL SYMBOL(=¢59=e755¢1495sR»04945)
FAA= FASAGA*180./P] o
FAM= FASAGM*180,/PI :
FAC= FASAGC*180./PI
.ENCODE(57s14»R) UTIMsFAAsSFAM,FAC
14 FURMAT(SHTIME=9F7¢253Xs5HALFA=»F74253Xs5HM FA=yFT742s3Xs5HCEF A=)
1 F7.2)
“CALL SYMBOL(=259s=140s4149R3504957)
" ENCDDE(42»15,R) ALyFMACH,CETA
15 FURMAT(OHAL =2,FT74353X,5HM 29 F7¢353Xs5HCETA=,F7.3)
CALL 'SYMBUL(".5)‘1.25’.l"iRpO..’QZ)
ENCGDE (425 165R) CLsCDsCM
16 FORMATI(S5HCL =F7.453X»5HCD  =3F74493Xs5HCM =5FT7.4)
CALL SYMBOL(=e55-165Cr»e145R»0.542)
AIRFGIL ’
XMAX= XP(IX1)
SXMIN= XP(IX1)
DO 22 I= IX1lsIXe
C OXMAX=AMAX1(XP (1) XMAX)
.22 XMIN- =AMINLI(XP(I)YsXMIN)
SCALE -2 54/(XMAX  =XMIN)
D8 24 I= IX1lelIX? :
XA(I) = SCALE*(XP(I)=XMIN)
24 YA(L)= SCALE*xYP(])
‘ CCALL . PLOT(Qesb4ar—-3)
N= IX2=-1X1+1l ‘ .
CALL "LINE(XACIX1),YACIX1)sMNyls05150e91eas04sl,)
AAO= 1. | - '
DLT= 1./0T
DG 2 I= 10,13
DO 2 J= J1,J3
X= AC(I]) .
Y=SO0(I)+BO(J)
HH= X%*X + Y*Y
DHH= 1./HH
XT= —,5%Y* (ALT+CETAT) -+ DHH*(CA*®X + SA*Y)
YT5. o 0% X* (ALT+CETAT) ~DHH*(CA%Y-SA%*X)
H=SQRT(HH)
DH= 1./H
GI=G(I+1lsJ)-G(I=-1sJ)
GJ=G(Isd+1)-G(I,J-1)
GX ‘ ALCID)® GI  =S1(I1)*E1(J)* GJ
GY Bl(J)*x GJ
U=. GX*DH
V= GY*DH
Uu=U*y
VV=Vxy
QE=UU+VV
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UK= XT%H+ U

VR= YT*H + V

UUR= UR*UK

VVR= VR*VR

GAR= UUR + VVR

CHAIN= XT*GX + YT*GY

FIl= GM(I,J) *DDT + CHAIN
AA"'Af\O—QZ*QQ—ol'*FIT
AA=AMAX1(AAs. 0001) A
SHOCK(IsJ) = SQRT(QQR/AA) - 1.
CCNTINUE

LCTATES THE SONIC POINTS

KS= O

00 17 J= J1,43

Q) = SHUCK (. 10,sd)

60 18 I= IlyI2
DU 1€ K= Jlsd2

J= J1+d2-K

QG= SHOCK(I,J)

IF(QQ.NEJC.) GO TO 19

K5= KS +1

XS{KS) = AO(l)

YS(KS) = SO(1) + 30(J)

GO TG 18

IF(QG*C(J+1) . GELO.) GO TG 20
RT=ABS(UC/(QR=-C(J+1)))

KS= KS +1

XS(KS) = AO(I)

YS(KS)= SOCI)+BC(J) +RT#(BO(J+1)=B0(J))
IF(QU%Q(J).GELO.) GO TO 18
RT=ABS(QQ/(CG-Q(J)))

KS= kKS + 1 :

XS(KS)= AO(I) +KT*(AO(I-1)-A0(1))
YS(KS)=SO(1)+80 (JI+RT*(SO(I-1)=S0(I))
Q(J)= 0Q

DO 21 I= 1,KS$

XX= oS5%SCAL*(XS(T)*%2-YS(I)*%2) + XR
YS(I) = SCAL#XS(I)¥YS(I) + YR

XS(I) = Xx

DG v2 I= 1sKS

XX= SCALE*(XS(I)=XMIN)

YY= SCALE*YS(I)

1F(XX.LTa=2.0) GO TU 52
IF(XX.GT464,5) GO TO 52
IFCAES(YY)oGT w%s5) GG TO 52

CALL SYMBGLU(XX,YY,40753504s=1)

CONT INUE

CALL SYMBOL(=240»=545 »+G7535045-1)
CALL SYMBOL(6+55=545 5.07535045-1)
CALL PLOT(=2.55=6,0,-3) ,
CALL FRAME(1)

RE TURN

CALL PLOT(04504,999)

RETURN

END
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SUBROUTINE TRACE A
GENERATES UNSTEADY TRACES UOF AIRFOIL

COMMDN/A/ GM(132,36)»G(132536)»GN(1325,36),50(132)s51(132),52(132)
1’ »A0(132),A1(132),A2(132)5A3(132)5B0(36)sB1(36)sB2(38¢)

2 2B3(36)sNXsNYsIX1sIX29KSYMy FMACH) ALPHASCA»SA»FMACHZ
3 .

2ALSUTIM,CBsSByNS»RGIGHJG
RENAME COMMUGN/C/
CUMMCN/C/ XP(260),YP(260)5sD1(260)sY(26C)sR(260)
COMMON/G/ TITLE(20),1PLOT
COMMUON/H/ DX)DY’DT}DXX)DYYJDTT)DXY)DXT’DYT’TSR

COMMON/J/ RACIPISALSHALT,ALTT,AMPLASFREQRASFASAGA)FMACHS,, FMACHT
1 »AMPLMsFREQKRMyFASAGMyCETAS»CETAT,CETATT,AMPLC,FREQRC,FASAGC,CETA

2 »FREQR,IPSURE

COMMON/L/ TCL(BCL)I»TCD(BOL),TCM(BOL)Y»TCP(9,801),TCPS(9)5CL3,COS

1 < s LMSHNITS, TUUMPHNSTEP, JSTEP,PLRIOCsMHALF
DIMENSTION X{(801),A0A(801),F5(BU1L)»FA(B0L)
IF (IPLOT) 1,115,101 .
1 CALL PLOTSBLUSQCCG,»23HI-CHUNG CHANG 109104W)
11 CALL PLOT{(24592.00,-3)
CALL SYMBOL(-ZCO’-;‘LOSO’007,3’0.’-1)
CALL SYMBUL(60-5~~)‘10509007!3’(}0)—1)
TITLE
ENCULE(46,12,R) TITLE
12 FUORMAT(12A4)
CALL SYMBUL(—-5,—.SC,.l‘uR’O.;"B)
ENCOUE(58914,sR)
14 FORMAT(4CHUNSTEADY TRACES CF AIRFOIL IN )INUSOIDAL’
1 18H RIGID BODY MOTION)
CALL SYMBUOL(=e59=e7554149R504558)
ACAS= ALS*RAD
ENCOCE(S57»15sR)AUASY AMPLAY FREQRA
15 FORMAT(18HMEAN ATTACK ANGLE=sF5,295X»4HAMP=,F5,255X,
1 10HFREGC RATE=,F5%.2)
CALL SYMBUL(=459=1e00»+s145R»04257)
ENCODE(57516sR) FMACHS, AMPLM, FPEQRM
16 FORMAT(18HMEAN FLIGHT SPEED=»F5.255Xs 4HAMP=»F5.2»5X)
1 1OHFREQ RATE=,F>5.2) '
CALL SYMBOL(=45»=142524145Ks04557)
FANGLE= CETAS*RAD
ENCODE(57»17skK) FANGLES AMPLC» FREQRC
17 FORMAT(18HMEAN FLIGHT ANGLE-:FJ-Z»:X GHAMP=F5,.254%Y,
1 10HFREQ RATE=sF5.2)
CALL SYMBCL(=e9s=145094145Ry0.4557)

AIRFOIL
I1 = IX1
I2= IX2

XMAX=XP(I1)
XMIN=XP(I1l)
DO 52 I= 11,12
- XMAX=AMAX1(XP (I)s»XMAX)

52 XMIN SAMINI(XP(I)»XMIN)
SCALE = 3./(XMAX -—XMIN)
D3 54 1I=I1,12
X(I)=SCALEX(XP(I)=XMIN)
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Y(I)=SCALE*YP(I)

N = 12 -11 +1

CALL PLOT(249=0259=3)

CALL LINE(X(I1)»Y(Il)sNyl, O,l)O.)l.)O.)lo)
URAWS PRESSUKE SENSURS ON THE AIRFOlL
IJuMP= 2%*MHALF

ISP= (IX1+4IX2)%*,

IPOINT= 1

CALL SYMBOL(X(ISP)sY(ISP)»eC753504s-1)
catt SYMBUL(X(I\P)pY(ISP),.O7’3,45.;-1)
ENCUOCE(1518,R) IPOINT

FURMAT(I1) .
CALL SYMBULIX(TISP)»el+Y(ISP)s «(07sKs04s1)
IF(IPOINTL.GEL9) GO TU 20

1F(ISPeGEWIX2) GO TC 20 ™

IPOINT= IPGINT + 1

1sP= ISP + 1JUMP

Gu TG 19

UNSTEADY PRESSuUKE TRACES ON THE PRESSURE SENSORS
XSCAL= (& *¥FKECR)/(2,%PI*PLEKIGD)
IF(AMPLALEQ.DL) GU TO 55

ASCAL=.2/7AMPLA

GO TG 56

ASCAL=.0,

IFCAMPLMWEG.O.) GG TO 57

FSCAL= o 2/7AMPLM

GU TC 53

FSCaL= 0,

IF(AMPLC.EQ.O4) GG TO 99

CSCaL= +27AMPLC

68 TC. 60

CSCAaL= 0.

JS= JSTEP + 1

DC 2 I=1,J5S

TIME= DT#NSTEP*(I-1)

X{I)= XSCAL*TIMF

AGACTI)= ASCAL*ANMPLAXSIN(TIME*FREQRA) '
FS{I)= FSCAL*AMPLM*SIN(FREGRM*TIME)
FA(L)=CSCAL*AMPLC*SIN(FREQRC*TIME)
CONTINUE

CALL PLDT("Z-S)-?S}‘B)

CALL AXIS(Oes»0e»rllH : 2=1156¢90e5065.60%¥PERICD»O)
ENCUDE(L1,50,R)

FURMAT(11HPHASE ANGLE)

CALL SYMBUL‘OQD":b! 01‘1 R’Oo’ll)

CALL PLOT( O0450.453)

CALL PLOT(0es84s2)

CALL PLUT(Oese5s-3)

CALL SYMBUL(O-’O.}007)15)001‘1)

CALL SYMBOL(=e7550esr e14s6HAANGLE»Oes6)
DS 3 I= 1,J5S

CALL PLOT(X(I)»AODA(I)»2)

CONTINUE
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CALL

caLtL
DU 4
CALL
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PLDT(O.).5)‘3) ) ’
SYMBOL(OesCes»e0751550,45-1) o )
SYMBGL(—.75QO.).lQ,bHFANGLE)O.)b)v
PLOT( 0es04s3)

I= 1,45 '
PLOT(X(I)sFA(I)»2)

CGNTINUE

caLv

CALL
CALL
CaLL
DO 5
CalLL

PLOT(Q4y+55~3)
SYMBOL(Cw»s»0Uese072155009=1)
SYMBGOGL(=e7990es e14s6HFSPEEDSO0.56)
PLOT( OQ’01,3)

I= 1,45

FLOT(X(I)sFS(1),s2)

CONTINLIE

If(KSYM.GTtQ;AND.ALS.EU.U..AND.AMPLA.EQmOm.ANDiAMPLﬂ;EG:GVl"CﬂTOT&

ICMMAX= O,

DO 71 I= 1,48

ABSTCM= ABS(TCM(I))
IF(ABSTCM.LEL.TCMNAX) 60 TO 71
TCMMAX= ABSTCM

CONTINUE

TCMCAL= .2/TCMMAX

GG TG 74

TCMCAL=0.

CALL
CALL
CALL
CAaLL
00 6
CALL

PLOT(O.!.B"3)
SYMBUL(04s0e9e075155,045-1)
SYMBOL(=4285Cos «14s2HCM»Uey2)
PLOT( 0450493)

I= 1,48

PLOT{X(I)s TCMCALXTCM(I)s2)

CoNTINUE

TCOMAX= 0.

DO 72 I= 1,95

ABSTCD= ABS(TCD(I))
IF(ABSTCDLELTCCMAX) GO TO 72
TCDMAX= ABSTCD

CONTINUE

ICOCAL= .2/TCDMAX

CALL
CALL
CaLL
calLtL
o0 7
CaLL

PLOT(D4s «59-3)

SYMBOL(O ¢s0e5¢e075155045-1)
SYMBUL('.Z&)OQ)014}2HCD)00)2)
PLOT( Des»Car3)

1= 1,J8

PLOT(X(I)s TCOCALXTCO(I)s2)

CUNTINUE

IF(KSYM.GT 404 AND
TCLMAX= Q.

DO 73 I= 1,45
ABSTCL= ABS(TCL(I))

"IF(ABSTCL.LE.TCLMAX) GO TO 73

TCLMAX= ABSTCL
CONTINUE

TCLCAL= +2/TCLMAX
GG TG 75

eALS s EQ e U0 o ANLoAMPLACEGeOs o AND.AMPLC.ECLO.) GCTO?77
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TCLCAL=0.

CALL PLOT(Oes455-3)

CALL SYMBGL(OQ0es»0e»e075155045-1)
CALL SYMBUOL(-=428»CareltrpeHCL»0,.,2)
CALL PLOT( Gesr04s3)

DU 8 I= 1,J5S .
CALL PLOTU(X(I)s»TCLCAL*TCL(I)»2)
CUNTINUE

TCPMAX= 0.

DC 30 K= 156

DU 30 I= 1,JS

ABSTCP= ALGS(TCP(K,I))
IFCABSTCPLLELTCPKAX) Gi3 T 3C
TCPMAX= AZSTCP

CUNTINUE

TCPCAL= ,2/TCPMAX

CALL PLOT(Oer eH9=3)

CALL SYMRBUL(Ce»0eseCG751550e5-1)
CALL SYMBOL(=e2850e941492HPLly0.»2)
CALL PLOT( QOue2Cos3)

DO 9 1= 1,49

CALL PLOT(X(I)sTCPCAL%XTCP(Lls»1)s2)
CONT INUE

CALL PLUT(OQ’QS’—a)

CALL SYMBUL(OesCe»e075155049-1)
CALL SYMBUL{=¢2bs0esrelds2HP250.,2)
CALL PLOT( Oe¢s04s3)

DC 29 I= 1,J8

CALL PLOT(X(I)sTCPCALXTCP(251),52)
CUGNTINUE

CALL PLUT(Ces» +55-3)

CALL SYMBUL(O0453Ce9»e07515504s-1)
CALL SYMBOL(=¢2€50es41452HP35,C04s2)
CALL PLOT( 0435045 3)

OU 41 I= 1545

CALL PLOTHUX(I)aTCPCALFTOCP(3sT)e2)
CONTINUE

CALL PLOT(Qare59-3) ’

CALL SYMBOL(Oes»Ce9e(GT7515904s-1)
CALL SYMBOL(=42690es el4s2HF45GCur2)
CALL PLOT( 04s20493)

DU 42 I= 1,J5

CALL PLOT(X(I)sTCPCALXTCP(4,sl),2)
CUNTINUE

CALL PLOT(Oas» +5»-3)

CALL SYMBDL(00500}007)15’00,-1)
CALL SYMBUOL(-4285009el4s2HP550452)
CALL PLOT( Qes0453)

DO 43 I= 1,JS '

CALL PLOTH(X(I)sTCPCAL*TCP(5s1)s2)
CONTINUE A

CALL PLOT(Qes+95-3)

CALL SYMBLGL(Oe»0ase0751550e5=1)
catL SYMBOL(=e2850e941452HP650452)
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CALL PLOT( Oes04es3) . -
00 44 I= 1,JS ‘ _ . -
.. CALL PLOT(X(I)s TCPCAL*TCP(6sI)»2) ++ - °
44 CONTINUE
CALL PLOT(Oese55-3)
CALL SYMBLUL(Oes»04se075,155005-1)
CALL SYMBUL(=2269Cer»al4y2HP7,0.,2)
CALL PLOT( 04sCes3) '
DG 45 I= 1,48
CALL PLOT(X(I)sTCPCAL*TCP(7,51),2)
45 CONTINUE
CALL PLOT(Oese55-3)
CALL SYMBOL(O0esGes407515504s-1)
CALL SYMBUL(=428904»elay2HPESCuy?2)
CALL "LOT( 0910-;3)
VO 487T= 1,0
CALL PLOT(X(I)sTCPCAL*TCP(8,1)52)
46 CUNTINUE
CALL PLOT(Oes455-3) o
CALL SYMBOL(OQ0es»O0eseG7515504s-1)
CALL SYMBOL(~c2650e941432HPI,0e52)
CALL PLOT( GCes0.53)
DO 47 I= 1,48
CALL PLOT(X(I)s TCPCAL®XTCP(95I)s2)
47 CONTINUE
CALL PLOT(455-8.00,-3)
CALL SYMBOL(=2405-1¢5054075350es-1)
CALL SYMBUGL(6455=1450s¢0753504s-1)
CALL PLUOT(=2.59-2.0,-3)
CALL FRAME(1)
K ETURN
101 CALL PLOT(0es045,999)
. RETURN
END

SUBROQUTINE GRID

PLOTS THE MESH SYSTEM

RENAME CUMMONZA/

THE POSITION OF GM AND GN ARE GVERLAPPED BY XMESH AND YMESH,
THE ROUTINE SHOULD BE CALLED AT THE KIGHT END OF THE PROGRAM
CGMMON/A/Z XMESH(132536),G(13253¢6),YMESH(132,36)

‘ »S0(132)5,51(132),52(132)
sA0(132)sA1(132),22(0132),A3(132),B0(36),B1(36),82(38)
2B3(36) s NXyNYsIX1oIX2yKSYMs FMACHI ALPHASCAs SAs FMACH?
ALY UTIM,CBs»S3sNS»RCy»IG,IG

COMMON/D/ SLOPT,TRAIL,SCAL

COMMON/F/ XRyYRsKSsXS(500),YS5(500)

COMMCGN/G/ TITLE(2C), IPLOT

COMMON/K/ 105 115125135J15J2543

LF (IPLOT) 1,111,101

1 CALL PLOTSBL(5000,23HI-CHUNG CHANG 109104W)

[SORR AN BNl 3
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CALL PLOT(2.552405-3)

CALL SYMBDL(-Z.O)-IOSO)007’3)00)‘1)
CALL SYMBUL(605’-1050)007’3)009-1)
ENCUODE(B80,125R) TITLE

FORMAT (20A4) .
CALL SYMBUL(Oes=455414,R50.580) .
ENCUCE(355145R) NXyNY
FORMAT(24HNEAR FIELD GRID SYSTEM ,1453H X 514)
CALL SYMBOL(Oes=e7554145R»0.535)
CALL PLOT(1.47594455-3)

MESH

x0= XR/SCaAL

YCo= YrR/SCaAL

GO 13 I= 10,13

DO.13.J= J1,d3

XMESE(Isd)= XD  +.5%(A0(1)*%¥2 ~(BC(J) +SO(I))*%2)

YMESH(IsJ)= YO +AG(I)*(BO(J) +S0(I))

DRAWS THE GRID CURVES AROUND AIRFOIL

XMAX= XMESH(IX1,3)

XMIN= XMAX

0O 22 1= IxlsIX2

XMAX= AMAXL1(XMESH(I»3)j,XMAX)

XMIN= AMINL(XMESH(I,3),XMIN)

SCALE= 1¢/ (XMAX=XMIN)

D0 32 J= J1,J3

KP = 3

DC 32 I= 10,13

XP= SCALE* (XMESH(I,J)=XMIN)

YP= SCALE¥(YMESH(I,J)= YMESH(IC,»3))
IF(XPQLT.-3.75'0ROXP'GT0407BCUP.YPQLT.‘“OS.DR.YP.GT.“.S) GD TO 33
CALL PLOT(XPsYP,KP) '

K P = 2
Gu TU 32
KP =3
CCNT INUE

DRAWS THE GRID CURVES RADIATING FROM AIRFOIL

DU 42 1= 1U»I3

KP = 3

DO 42 J= J1,J3

XP= SCALE* (XMESH(I»J)=XMIN)

YP= SCALE®*(YMESH(I»J)=YMESH(IO,3)) ,
IF(XPalTe=3e79elReXPeGTe4e75.0ReYPLTe=445.0ReYPeGTe445) GO TO 43
CALL PLOT(XP,YP,sKP)

KP = 2
GO 10 42
KP = 3
CONT INUE

CALL PLOT(=1.755-4.5,-3)
CALL SYMBOL(-2¢05-1.505.075350.»-1)

- CALL SYMBUL(6455-14505¢07535045-1)

CALL PLOT(=24.55-2.00,=3)
CALL FRAME(1)

RETURN

CALL PLOT(045045999)
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RETURN
END

SUBROUTINE USTADI

UNSTEADY TRANSCONIC POTENTIAL FLOW EQUATION IN QUASILINEAR FORM
WITH FIRST ORDER RADIATION BUUNUDARY CONDITIONS IN MOVING

SHEARED PARABOLIC COORDINATES ARE SOVLED BY AN ALTERNATING
DIRECTION IMPLICIT SCHEME WITH Y-SWEEP FIRST

COMMONZA/ GM(132536)5sG(132,36)s6N(132,36)1550(132),51{132),52(132)
1 2A0(CL32)1,A0(132)sA20132),A3(132):B80(36)sBL(3A)sR2(38)
2 2B3(36) s NXINY»IX1oIXEsKSYMs FMACH)ALPHASCA)SASFMACH?
3 AL UTIM,CBrSBaNSP»RGPIGHIG

COMMOUN/ZHZ - DXsDYs0TsOXXsDYYsDTTsDXYsDXTHDYT5 TSR

COMMON/ZJ/ RADSPISALSHALTSALTTHAMPLAy FREQRA)FASAGASFMACHS, FMACHT
1 » AMPLM» FRFQRM;FASAbM)CETAS)CETAT,CETATT:AMPLC;FREQRC)FASAGC CETA
2 »FREQR,IPSURE

COMMON/K/. I0» 115125 135J19J2sJ3

CUMMON/WAKE/ NIT,4WG(132)

DIMENSION C(132)sE(132)sF(132)

COMPLEX KA

DDT= 1./D7

DDXX= 1l./0XX

ODYY= 1,/0YY

NS = 0

Ap0 = 1.
RG=0.

IG

JG

ok o
Y-SWEEP
% ¥ X A %k
IM= 10 -1
IMM= 0 - 2

"C(IM)= 0.

C{IMM)= 0.

E(IM)=0Q.

E(IMM)=0.

F(IM)=0.

F(IMM)=0.

UPPER BOUNDARY

J=J3

I= IO

ANG=PI=, 75

Y=S0(I)+B80(J)

X= AQ(I)

HH= X*X + Y*Y

.DHH= l./HH

XT= —o5%Y%(ALT+CETAT) + DHH*(CA%XX + SA*Y)

H U
C o

CY¥T= J5%X¥(ALT+CETAT) =DHH* (CAXY=SA*X)

H=SQRT(HH)
CH= 1./H
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GI= (G(I+1,J)=G(I,u))%2.
Gd= (G(I»Jd)=G(I,J=1))%2,

GXx = AL(I)* GI ~-SI(E)*pl(J)* GJ
GY = Bl(J)* GJ

U= GX*DH

V= GY*DH

QQ=U*RU+V*YV

CHAIN= XT*GX + YT*GY

FIT= GM(IsJ) *DDOT + CHAIN

AA’AAO‘.Z*QQ'.“*FIT

AA= AMAX1(AAs.0001)

A=SQRT(AA)

WA=CMPLX(COS{ANG)»SINCANG) }*CMPLX(AsCs)

U= U+REAL(WA) +H*XT

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

Avs V-U%S1(I)

TGI= GI.

T6d= GJ :

TGMI= 2.%(GM(T41,J)=-GM(15J))

TGMJ= 2.%(GM(I,J)=-GNM(IyJ-1)) : ,

YI= =GM(IsJ) + DT*(USTGMI*AL(I)+AV*¥TGMJI*B1(J))*DH
—2.¥DT*(UXTGI*AL(I)+AVETGJ%*B31(J))*DH

BI= Oo ’

DI= 0.

EI’ 0. ) -

Cl= DT*DH*U%*2,.,%A1(1

AI= l"'CI

‘GAMA= DI

BEDA=BI-C(I=-2)*%GAMA

ALFA= 1./(AI-BEDA*C(I=1)-GAMA%E(I~-2))

" C(I)= (CI-BEDA*E(I=1))*ALFA

E(I)= EI%*ALFA . _ »

F(I)=(YI-BEDAXF(I-1)-GAMAXF(I-2))%ALFA

DO 1 I= Il,12

ANG= o5%PI1

Y=SO(I)+BG(J)

©X= AC(I)

HH= X%X -+ Y¥Y

‘DHH= 1, /HH

XT2 <, 5%Y¥(ALT+CETAT) + DHH®(CA%X + SA*Y)
YT= J5%X* (ALT4CETAT) -OHH¥ (CAXY=SA%X)
H=SQRT(HH) . ' o

DH2 1./H

GI= G(I+13Jd)-G(I=1,J)

GJd= 24%(G(IpJ)=G(TsJd=1))

T6d= GJ

TCMJI= 2% (GM(IsJ)=GM(IsJ=1))

GX = AL(I)* GI ~S1(I)*Bl(J)¥* GJ
GY = Bl(J)* GJ

U= GX*DH

V2 GY*DH

QQaU*U+VHV

CHAIN= XT#GX + YT%GY
FIT= GM(I,J) *DDT + CHAIN
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AA=AAD=.2%QQ=-o4*FIT

AA=AMAX1(AA,.0001)

A=SQKT (AA)

WA=CMPLX(COS(ANG)»SIN(ANG) )*CMPLX(A,0.)

U= U+REAL(WA) +H*XT

™~

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

AV= V=U%S1(I)

IF(U.LT.0.) GO TO 2

TGI= 24%(G(1,J)=G(I=1,4))
TGMI= 2.%(GM(I,J)=GM(I-1,4))

Bl= - 2 *Al(l)*DT*DH*U
Al= l.-31

CI= "0,

G0 TU 3

TGIs24*(G(I+15J)-G(IsyJ))
TorMle Z2o%¥tLMUI+1,J)=-GML1sJ))

CI= 2.%¥A1(I)*DT*DH*U
- Al= 1.-CI
BI= 0.

3
1

YI= =GM(IsJd) + OT*(U*TGMI*AL(I)+AV*TGMJI*31(J))*DH
=2*DT*(UXTGI*AL(LI)+AV¥TGJI*BL(J))*DH

DI= 0.
€El= GC.
"GAMA= DI

BEDA=BI=C{I=-Z2)*GAMA

ALFA= 1./ (AI-BEDA*C(I-1)-GAMAXE(I-2))
C{I)= (CI-BEDA*E(I-1))*%ALFA

E(I)= EI®*ALFA

FOI)=(YI-BEDA*F(I-1)-GAMA*F (I~ L))*ALFA
~CONT INUE

I= 13

-ANG= 425%P]

Y=S0(I)+BO(J)

X= A0(I)

“HH= X%X + YXY

DHH= 1./HH

XT= —.5%Y% (ALT+CETAT) + DHH¥ (CA%XX + SA%Y)
YT= o5%X*¥(ALT+CETAT) -DHH*(CA%Y=-SA%X)
H=SQRT(HH) '

“DH= 14/H

GI= (@(I,J)QC(I 15J))%2,

GJd= (G(I,d)- G(I,d=-1))*2,

G X = Al(I)*% GI ~SL(I)*BLl(J)* GJ
S 6Y = B8l(J)* GJ

‘U= GX*¥DH :

V= GY*DH

QA= UkU+vxy

CHAIN= XT*GX + YTI=*GY

FIT= GM(I,J) *DDT + CHAIN
AA=AAD-,2%QQ-. 4*F IT

AA= AMAX1(AA,.001)

A= SGRT(AA) . ’

WA= CMPLX(CUS(ANG))SIN(ANG))*CMPLX(A’O-)

U= U+REAL(WA)  +H*XT
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V=V + AIMAG(WA) + HxYT

AV=s V=U%xS1(I)

T6I= GI

TGd= GJ

TGMI= 2.%(GM(IsJ)-GM(I=-1,J))

TGHMI= 2.%(GM(I»J)-GM(IsJ-1))

YI= -GM(I,J) ¢ CT*(U*TOGMI*AL(I)+AV=TOMI%*B1(J))*DH
=2 ¥DT*(U*TGI*AL(I)+AVXTGJ*BL(J))*DH

CI= 0C.

bI= 0.

El= Co
BI=~DT*DH*U*2,%A1 (1)
Al= 1.-BI

GAMA= DI .

BEDA=BI-C(I-2)*GAMA

ALFA= 1./ (AI-BEDA*C(I-1)-GAMA%E(I-2))
ClI)= (CI-BEUA*E(I-1))*ALFA

E(I)= EI*ALFA
FOD)=(YI-EEDAXF(I-1)-GAMA*F(I-2))*ALFA
CG= 0.

CCG="0,
DU 4 K= 10,13

[= I13410-K

-D6= CG A

CG= FAI)=C(I)*CG=E(L)*CL6
TLG= D6 :

GN(Isd)= CG

Jz J-1 ]

LEFT BOUNDARY

I= 10
" ANG=P]

Y=SO(I)+BO(J)

x= AO(I) °

HHs X*X # Y*Y© A

_DHH= 1;/HH :

XT= = 5%Y*(ALT+CETAT) + DHh*(CA%X & SA%Y)
TYT= JS5XX(ALT+CETAT) —DHH*(CAXY-SA%X)
H=3QRT (HH) :

DH= 14/H4

GI= (G(I+1,J)=G(I,J))%2,.

" 6d=6{I»d+1)-G(IsJ-1)

GX = A1(I)* GI ~=S1{I)%B1(J)%x GJ
GY s Bl{d)* GJ ' :

Us GX*DH '

V= GY*DH

QQ=U*U+V*V

CHAIN® XT#GX + YT#GY

FIT= GM(I,J) *DDT + CHAIN
AA=AAO=,2%QG= o4 %FIT

AA=AMAXL (AAs,0001)

A=SQRT(AA) a
WASCMPLX(COS(ANG) »SINCANG) ) XCMPLX (A, 04)
Us U+REAL(WA) #H*XT

Ve V 4+ AIMAG(WA) + H:YT
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AV =V =U*S1(I)
TGI=. 61
TGMI= 2.%¥(GM(I+1sJ)=GM(IydJ))
IF( AV.LT.0.) GG TO 6
T6d= 2.%(G(I1,J)=-G(Isd=-1))
TGMJ= 24 {(GM(I,J)=-GM(I»J=-1))
GO TO 7 .
6 TGJI=2.*%(G(I,J+1)-G(Isd))
TGMJ= 2% (GM(I»,J+1)-GM(I,J))
7 YI= =GM([»J) + DT*(U*TGMI*AL(I)+AVXTGMJI%B8L(J))*DH
1 —2¢*¥DT*(UXTGI*AL(1)+AV*TGJ*¥BL1(J)) *DH
BlI= 0.
DI= 0.
CIa C. .
Ll2 UT*UH®RURZ.®ALLL)
Al= lo-CI
GAMA= DI
BEDA=BI-C(I-2)%GAMA
ALFA= 1./7(AI-BEDA*C([-1)-GAMAXE(I-2))
C(I)= (CI-BEDAXE(I-1))*ALFA
E(I)= EI*ALFA
FOI)=(YI-BEDA*F (]~ ;)—GAWA*F(I -2))%ALFA
INTERIOR
D0 8 I= 11,12
FX=1.+4S1(]1)%%2
Y=S0(I)+B80(J)
x= AQ(I)
HH= -X%X + Y¥*Y
DHH= 1./HH
XT= =o5%Y*(ALT+CETAT) + DHH¥*(CA%X + SA*Y)
YT= 5%X*¥(ALT+CETAT) -OHH%®(CA*XY-5A%X)
CX= YXY=X*X '
CY=z 2.%X*%xY
XTX= (CA*CX-CY*SA)®DHH*DHH
XTyY= -.b*(ALT+CETAT)—DHH*OHH*(SA*CX+CA*CY)
YTX= =-XTY
YTYs XTX
TXs X¥*¥3=3 %X *Y%Y
CY= 3, %XxXkY=Y%%3
BX= 2.¥5A%CA
BY= CA*CA-SA*SA
XTT==e0%Y¥ (ALTTH+CETATT )= 25%X*(ALT+CETAT) %%
1 +FMACHT®DHH* (X*CB+Y%SB) —ALT*DHH* (X *S A~ Y*CA)—DHH**B*(CX*BY+BX*CY)
YTT= J5%X*(ALTT4+CETATT)=e25%Y*(ALTH+CETAT)%%2
1 +FMACHT*DHH* ( X*SB=Y*CB8 ) +ALT*DHH*( X*¥CA+Y¥SA)+DHH**3x (BY*CY~-BX*CX)
" H=SQRT(HH)
DH= 10/“ .
GI=G(I+lsJ)=-G(I-1,J)
GMI= GM(I+1,J)-GM(]I-1,J)
GJ=G(I»J+1)=C(Iri-1)
GMJ= GM(IsJ+1)=-GM(IsJ-1)
GX Al(I)* GI -Sl(I)*bL(J)* GJ
Gy Bl{J)* GJ
U= GX*DH
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V= GY*DH

AU= LU#VeS1(1)
AV =V -U#*S1(I)

UR= XT#*H+ U

VR= YT*H4 + V

AVR= VR-UR*S1(I)
UUR= UR*UF

VVR= VR%*VR

QUR= UUR + VVR

S= 1.

IF( UKsLT.0,.,) S= -1
T=1.

IF(AVR LT .0) T= -1,
Uu=us*u

S UV =URY

VV=V%y
CQ=UU+VV
CHAIN= XT#GX + YT#5Y
FIT= GM(1,J) *UDT + CHAIN
AA= AAO=~. 2%QQ- 4 *FIT
=AMAX1(AA» « OGO1)
AB=A1(I)*B1(J)
CII=(G(I+1,d)=2.%G(LsJ)+G(I-15J))%DDXX + A3(I)%GI
GIJ=G(I+1sJ+1)=G(I+1,J=1)=G(I-1,J+1)4G(I-1,4-1)
OJJ= (G I +1)=2.%G(1,J)+G(I,J=1))%00DYY + B3(J)*GJ
GMII=(GM(I+1sJ)=2.%GM(IsJ)+GM(1-1sJ))%D0OXX + A3(I)*GMI
GMIJ=GM(I+1sJ+1)-GM(I+1sJd=1)=GM(I=-1,J+1)+GM(I-15J-1)
GMJJ=(GM(IsJ+1)=2%GM(LsJ)+GM(I,J=1))%DDYY + B3(J)*GMJ
RGTATED CUORDINATES TERMS
CX= XTT+ 2.%(U¥XTX+ ViXTY)*DH
CY= YTIT + 2.%(UXYTX + V*YTY)*{UH
AXx= AL(I)*Cx
AY= BI{J)*(CY~-CX*%S1(1I1))
WR= AX¥GI + AY*GY
R= QG *(U*X+V*Y)%*DH —(AA=UUR)I*S2(I)*GY -HH*WR
IF(QQR.GE.AA) GO TO 9
CENTRAL CIFFERENCING
AxX= (AA-UUR) *A2(])
AXY= =2.,%AB%( AA¥S1(I) + UR%AVR)
AYY= B2(J) *(AA%FX—-AVR*AVR)
YR= R + AXX*GII + AXY#GIJ + AYY*GJJ
AXY= =2 ,%UK¥AVR*AB
YMR=AXXXGMII + AXY®*GMIJ + AYY*GMJJ
BB= +5*DTT*DHH*A2(I)*(UUR-AA)
DI= C.
Bl= BB®*(D0UXX=-A3(I))
Al= 1.-2.%BB*DOXX
Cl= 3B*(DDXX+A3(I))

FI" 00 :

GO TC 10

TYPE DEPENDEMNT DIFFERENCNG '
I'JS a N.) +1

K = S

1M = 1 =K
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IMM = IM =K
L=T ‘
JM=J-L

MM=JIM-L

AUR= UR+ VR*S1(1)

AQ= AA/QQR

BXX= VVR*A2(I) -

BXY=- =2,%AB*¥VR*¥AUR

BYY= AUR*AUR*B2(J)

GNN=BXX*GII+BXY*SIJ+BYY*GJJ

GMNN= BXX*GMII+BYY%GMJJ
GIJM=G(IsJ)=G{IMyJ)=G(I»JMI+G(IMsJIM) A

GMIJM= GM(I,J)=GMIMsJ)=GM(I,,JMI+GM(IM,JIM)

IFC JMM.GT.J3) GO TGO 11
GJIM=(G(IyJ)=2.%G(IsJdM)+G(I,JNM))*DDYY + B3(J)*GJ
GMIIM={ - GMOTyJI=2.4Gi LTI sJM)*GMI T JMM) I*DDYY + B3(J)I*GMJ
GO T0 12

GJIM=GJJ

GMJJIM= GMJJ

[F{ IMMJLT.IC.OR«IMMGTLI3) GO TU 13
GIIM=(G(Isd)~2.*%G{IMyJ)I+GC(IMM, ) *DDXX + A3(I)*GI
GMIIM= (GM(IsJ)—2+%GM(IMyJd)I+GMIIMM,J))I*DDXX + A3(I)*GMI
GC.TC 14 :

GIIM= GII -
GMIIM= GMII

AXX= UUR*AZ2(I])

AXY= B *S®TH*UR¥AVR*AB

AYY= AVR*AVR*B2(J)

GSS=AXXXGIIM+AXY*GIJN+AYYXGIUM

GMSS= AXX¥GMIIM+AYY*GMJIJINM

YK = (A0 =1.)%5S85  +AUKGNN. +R

YMR=AQ* (GMSS+CEMNN)

GHMSS = AXXAGHMITM+AXY*GMIJM+AYYRGMIIM

YMR= YMR —-GMSS

BB= oS5*¥DTT*DHH*UUR%*(1le-Au)*A2(1)
CC= —o5*%DTT*DHH*AQRVVR*AZ(])
BBCC= BB+CC

IF( URLLTLO.) GU TU 15

[F( I.eQ.11) GO TO 16

DI= BB*DDXX

Bl= DDXX*¥(CC-2.%3B) =-A3(I)*BBCC
Al= 1, +D0DXX*{3B=~2.%(C(C)

Cl= CC*DOXX + A3(1)#BBCC

EI= 0.

GO 1O 10

IF( T.EQ.I2) G2 TOD 16
DI= 0.

BI= CC*DDXX-A3(I)*BBCC

Al= 1.+DDXX*(B8-2.%CC)

ClI= DOXX*(CC-2.%8BB) + A3(I)*EBCC
EI= BB*DDXX

GU 1O .10

Di= 0.

8l= BBCC¥(DDXX-A3(1))
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Al= le —-2.%D0OXX%2B8BCC

CI= BBCC*(DDXX+A3(1))

El= O'Ao -

ADVECTION TERMS

UPWIND DIFFERENCING

YY=AVR*2,¥B81(J)*(GM(1, J)-GM(I J=1))

IF(AVR.LT«0.) YY=AVR%BL(JI*(GM(I»J+1)=GM(I,» J))*Zo
BB=URXDT*0DH*2 ¢ *A1(])

IF(URLTLO0.) GO TC 18

YY= YY4UR¥2,%AL(I)¥(CMII»,d)=-GM(I-1sJ))

31= EI-BB
Al= AI+33

50 TO 19

YY= YY+URKZ.¥ALCLI*(GM(T+1,0)=GM(T,J))

CI= CI+88 e
Al= AI-BB

YI= GM(IsJ)+DTTH(YR-¢5%YMR)¥DHH -DT#YY*DH
GAMA= DI

BEDA=BI-C(I-2)%*GAMA

ALFA= 1o/ (AI-BEDA%®C(I-1)=GAMAXE(1=-2))
C(I)= (CI-BEDA*E(I-1))*ALFA

E(I)= EI*ALFA
F(I)=(YI~=BEDA*F(I-1)-GAMA*F(I-2))%ALFA
CONTINUE

RIGHT BOUNDARY

I= I3

ANG= Q.

Y=SO(I)+B0(J)

X= AQ(I1)

HH= X*X + Y#®Y

DHH= 1./HH

XT= —.5%Y* (ALT+CETAT). + DHH*(CA*X + SA*Y)
YT= o5%X%¥(ALT+CETAT) =DHH%(CA*XY=SA%X)
H=SQRT(1H) : ‘ .

"CH= 1../H

GIl= (G(Isd)=G(I=-1, J))*Z.
GJ=G(IsJd+1)=G(Isd-1) ‘

6X = AL(I)*% G1 =—SLUI)*BLl(J)* GJ
Y = " B1(J)% GJ

U= GXx*DH :

V= GY#DH

GQ= UxY+V=xV

CHAIN= XT#GX + YT*GY

FIT= GM(I,»J) *DOT + CHAIN
AA=AAQ=,2%QQ=44*FIT

AA=AMAX1(AA,.0001)

A=SQRT(AA)
WA=CMPLX(COSCANG) »SINCANG) )*CMPLX(As04)

"U= U+REAL(WA)  +H=XT

Ve V 4+ AIMAG(WA) + H¥YT

AV . = v -U%S1(I)
TGI= GI

TGMI= 2.%(GM(I,J)=-GM(I-1,J))
IF( AV.LT.0.) GO TO 20
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21 YI= =GM(I,J) + DT*(U*TuMI*Al(I)+AV*TGMJ*61(J))*DH

24

25

26

1
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TGJ= 2%¥(G(I,J)=G(IrJd=-1))
TGMJ= 2% (GM(I,J)=-GM(I,J=1)) "
GQ TC 21
TGJU=2+%(G(I1sJ41)=G(I,d)) .
TGMJI= 2.%(GM(I1sJ+1)=-GM(I,J))

~2 ¢ ¥DTH(UXTGI*AL(I)+AV¥TGJI%*BL(J))*DH
.DI= 0_0
El= 0.
Cl= 0.
BI= -OT*DH*U*2.%A1(])
Al= 1.-BI
GAMA= DI

BEDA=BI-C(I=2)*GAMA

ALFA= 1./(AI-BEDA*C(I-1)-GAMA%E (]-2))
C{I)= (CL=BEDASE(1l=1))%ALFA

E(I)= ET*ALFA
FII)=(YI-BEDA*F(1=-1)-GCAMA*F(]- 2))*ALFA
Co= G

CCG= 0.

DO 22 K= 10,513

I= I3+4I0-K

De= CG

CG= FODI=COIN)*CG-E(1)*CCG
CCG= DG

GN(IsJd)= CG
IF( J.GT.3) GO TO 5
YT LT
X=SWEEP
EREkE%

C(l)= O,
C(2)= 0,
E(1)= 0.
E(2)= 0.,
F(1)= 0.
F(2)= 0.

-LEFT OSOUNDARY

I= I0

DO 23 J= JlsJ3

IFC JJEQ.J1) GO TO 24
IF( JeEQ.J3) GO TO 25

ANG= PI
Gdr G(I,J+1)1=G(I,J=1)
GG TC 26

ANG= 1.25%PI

GJ= G(I,J+1)-G(1,J-1)

60 TO 26

ANG= ,T75%P]

GJ= 2.*¥(G(I1,J)=6(I,J=1))
Y=S0(I1)+BO (J)

X= AG(I)
HHE X%X + Y¥Y
DHH= 1./HH

XT= —o5%Y* (ALT+CETAT) + ODHhR¥*(CA%X + SA*Y)



28

27

29

23

30

191

YT= «5*%X*(ALT+CETAT) —-DHH* (CAXY=-SA%X)
HH=AO (I }*AQ(I)4Y®Y

H=SGRT(HH)

DH= 1./H

GI= (G(I+1,J)=G(I,J))%2,

GX = AL(I)* G1 =S1(I)*Bl(J)* GJ
GY = Bl(J)* GJ

U= GX*DH

V= GY*DH

GR=UxRU+V2Y

CHAIN= XT%¥GX + YT%GY

F1T= GM(IsJ) *0DT + CHAIN
AA=AAD= 2% QG=o 4%FIT
AA=AMAX1(AA,.0001)
A=SURT(AA)

WAZCMPLX (COSCANG)»SIN(ANG) )*CMPLX(A»0.)
Us U+REAL(WA) 4#E*XT

V=V + AIMAG(WA) + H*YT
AV= V=U%S1(I)

IF( JJEQ.J1) GU TO 27

IFC JJEQ.J3) GO TG 28

IF( AV.LT.0.) GO TO 27

Bl= ~DT#*DH*AV%*2.,%B1(J)
Al= 1.-81

Cl= C.

GO TG 29

Cl= DT*DH*AV*2,*51(J)
Al= 1.-CI

Bl= G

YI= GN(1,J)

oI= 0.

ElI= G

GAMA= D1

BEDA=3I-C(J-2)*CAMA - :
ALFA= 1./ (AI-BECA*C(J-1)-GAMAXE(J=~2))
C(J)= (CI-BEDAXE(J-1))*ALFA

E(J)= EI*ALFA
FOJ)=(YI-BEDA*F(J-1)-GAMA*F(J=¢) )*ALFA
CONTINUE

CCG= 0.

CG= 0.

00 30 K= J1sJ3

J= J3 + Jl1 =K

bG= CG '

CG= FEII=-CCII*CC-E(JI*TCG

CLe= D6

GN(Is»J)= (G

INTERIOR

v0 31 I= I1l,12

FX= 1. + S1(I)%*%2

03 32 J= J1sJ3

IF( J.EQ.J3) GU TO 33

Y=50(1)+480(J)

X= AGQG(I)
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HH= X*X + Y*Y
DHH= 1./HH
XT= —=o5%Y* (ALT+CETAT) + DHH*(CA%®X + SA*Y)
YT= +5%X%(ALT+CETAT) —DHH*(CA®Y-SA%X)
- H=SQRT (HH)
ODH= 1l./H
GI=G(I+1,J)-G(I-15J)
GJ=G(Isd+1)-G(IsJ-1)

GX = A1(I)% GI =SL(I)*BLl(J)* GJ
GY ‘= Bl(J)% GJ .

Us GX*DH

V= GY#DH

AU= .U+V*51(T) ,

AV . =V =U¥S1(1)

UR=+ XT*H+ U

VR= YT*H + V

AVR= VR-UR%*S1(T1)

UUKE UR%UR

VVR= VR*VR

QUR= UUR + VVR

QU= U%U + V=*V

CHAIN= XT%GX + YT=*GY

FIT= GM{I»J) *DDT + CHAIN
AA=AAD=- 2% 0Q-  4%FIT '
CAA=AMAX1(AA,.0001)
IF{QQR.GELAA) GL TO 3%

BBz S5%0TVTT*DHH*X(AVR¥*¥AVR-AA*FX)*B2(J)
DI=s O

BI= BB*(DDYY=-B83(J))

“Al®= l.-2.%BB*DDYY

Cl= BB*(DDYY + B3(J))

EI= Ce

GO TG 36

34 AG= AA/QQR

AUR= UR+VR*S1(I)

BB= .5*DTT*DHH*AVF*AVk*(l.-AO)*BZ(J)
CC= ~.5%DTT*DHHXAC*XAURXAUR*BZ (J)
bsCl= B8+ (C

IF( JJEQ.4) GG TC 38

IF( JoEQ.J2) GC TO 39
IFCAVRCLTL0,.) GU TO 40

DI= BB*DDYY -
Bl= DOYY*{(CC=2.%88). -u3(J)*BECC
Al= 1. + DDYY*(BB-2.%C()

Cl= CC*DDYY + B3(J)*EBCC

EI= 0.
GO TG 36
40 DI= 0.

BI= DOYY#CC -B3(J)#BBCC
Al= 1. + DDYY#(BB-2.%CC)
CI= CDYY*(CC-2.%BB)+B3(J)*BBCC
El= BB*DDYY
GU TO 36
38 0I= O, ‘
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IF(AVR.LT.0.,) GO TO 41

EI= C‘o

BI= BBCC*(DDYY-B3(J))

Al= 1. =2.%BBCC*)DYY

CI= BBCC*(ODYY + B3(J))

GD TG 36

Bl= CC*DCYY -33(J)*BBCC

Al= 1. + UDYY*(Bi=-2,%(C()

CI= DDYY*(CC-2.%88B) + B3(J)*BECC
tI= BB*DDYY

GC TG 36

EI= 0.

IF(AVRWLT.04) GG TO 42.

DI= BR*DDYY

ol= DDYY®X(CC-2.%88) -B3(J)*BECC
Al= 1,4DDYY*(BB-2,%CC) ' :
CI= DOYY#CC + B3(J)*BBCC

Gu TC 36

V1= GC.

3I1= BBCC*(DDYY-B3(J))

AI= 10—20*?8CC*DDYY

Ci= BBCC*(DOYY+B3(J))

ADVECTION TERMS

Gb= DT#DH®AVR*2,%B81(J)
IF(AVRW LT 0s) GJ TO 43

BI= BI-BB
Al= Al+ BB
_GU TO 46
Cl= CI +8BB
Al= AlI-Bd
GO TC 46

ANG= ,5%P]

Y=S0(1)+80(J)

X= AG(I)

HH= XX + Y*Y

DHH= 1./HH .

XTe = . 5%Y%(ALT+CETAT) + DHH¥ (CA%X + SA¥Y)
YT= 5%X*(ALT+CETAT) —-OHH%(CA*Y-SA%X)
H=SART (HH)

:‘H= lo/H

G1= G(I+1,J)=-G(I-15J)

GJ3 Ze¥(G(I»Jd)=-G(I,Jd=1)) :
AL(L)* GI . =S1(I)*Bl(J)* GJ

GX =

GY = Bl(J)* GJ
Us GX#*DH

Vs GY®DH

GO UXU+VEY

CHAIN= XT*GX + YT*GY

FIT= GM(I,J) *DDOT + CHAIN
AA=AMAX1(AAs.0001)

A=SQRT (AA)
WA=CMPLX(COS(CANG) »SINCANG) ) *CMPLX(A50.)
Us U+REAL(WA) - +H*XT
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52

V=V + AIMAG(WA) + H*YT
AV= V=-U¥S1(I)

bl= -DT*DH*AV*B1(J)*2,.
Al= 1.~-BI

Cl= C.

0I= 0.

ElI= 0.

YI= CN(I,»J)

IF( JeEQ.3) YI= YI-BI*G
IF( JoEQe4) YI= YI-DI%G
GAMA= DI
BEDA=BI=-C(J=2)%GAMA
ALFA= 1,/ (AI-BEDAXC(J-1

CGJ)= (CI-BEDAX*F(J=1) }*

E(J)= EI*ALFA

FUJ)= (X ]=BEDARF{J=1)=CA
CONTINUE

CCG= Q.

CG= 0.

DO 49 K= J1ls4d3

J= J3+4J1-K

DG= CG

CG= F(JI-C{J)*TE—E(J) %L
CCG= DG

GN({IsJd)= CG

CONTINUE

RIGHT BUUNDARY

I= 13 :

PO.50 J= Jl»J3

IF( J.EQ.J1) GO TC 51
IF( J.EQ.J3) GUL TC S5¢
ANG= 0.

Gd= G(I,Ji*l)=GtlsJ=1)
GO TO 53

ANG= —=,25%P1

GJd= G(IsyJ+1)-G(Isy-1)

"GU TO 53

ANG= ,25%P]

GJd= 2.%(G(I»J)=C(I»J=-1)
Y=50(I)+80(J)
Y=350(I1)+B80(J)

X= AO(])

HH& X¥X + Y*¥Y

DHH= 1./HH

XT= =o5%Y*(ALT+CETAT) +
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M(I,2) -DI%#GMI(I,1)
M(Is2)

)=GAMA*E (J=2))
ALFA

MASE(J=2 ) )% ALFA

CG

)

DHH*(CA*X + SA%Y)

YT= 5%X¥ (ALT+CETAT) —-OHH%(CA*Y-SA%X)

H=SQRT(HH)

DH= 1,/H :

GI= 2.%(G([»J)=G(I-15J)
GX = AL(I)* GI
GY , = Bl(J)* GJ
U= GXx*DH

V= GY*DH

Qu=U*U+V*V

)
=S1(I)*Bl(J)* GJ
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CHAIN= XT*GX + YT=GY
FIT= GM(IsJ) *DDT + CHAIN
AA=AAD=.2%QQ- 4*FIT

AA=AMAX1(AA,».00Cl)

A=SQORT(AA)

WA=CHMPLX{COUSCANG) »SINCANG) I*¥CMPLX(A» QL)

Us U+REAL{WA) +H=XT

V= V. + AIMAG(WA) + H¥YT
Av= V-U%S1(I)

IF( J.EQ.J1) GO TO 54
IF( JoEG.J3) GO TG 55

CIFC AVLLTL0.) GO TO 54

Bl= -DT*0OH*AV#Z.%*B1(J)
AI= lo-BI t

CI= 00

GC 10 56

CIl= DT#DH*AV*2.,%81(J)
Al= lo'CI

31= 0.

YI= GN(I,J)

0I= 0.

E,I= 00

GaMAs DI

BEDA=BI-C(J=2)*GAMA
ALFA= 1./(AI-RECA%C(J- l)-GAMA*k(J Z))

CCld)= (CI-BEDA*E(J-1))*ALFA

eE(d)= EI*ALFA

F(J)‘(YI -BEDA*F (J- 1)’GAMA*F(J 2))I%ALFA

CONT INUE
CCG= 0.
CG= 0.

DU 97 K= J1l,J43

57

58

J= J3 + J1 =K

bG= (G

C6= FEJ)=CUI)*CG-FE(J)*LCG
CCG= DG

GN(IsJ)= CG

UPDATE NEXT RUN DATA

UG 58 I= I0,13

D0 58 J= J1l,43

CG= GNI(I»J)

G(Isd)= G(I,JI+CG

GM(Isd)= CG

IFC ABS(CG).LE.KG) GU TU 58
RG= ABS(CG)

IG= 1
Je= J
COUNTINUE

IF(NIT.NE.O) GO TO 59

UTIM=UTIM + DT

FASAGA= FREQRA%UTIM

ALPHA= ALS + AMFLA®SIN(FASAGA)/RAU
Al= ALPHA*RAD

ALT= AMPLA%FREQRA*COS(FASAGA)/RAD
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ALTT= —AMPLA*FREQRA*#2*¥SIN(FASAGA)/RAD Bl

FASAGM= FREQRM*UTIM

FMACH= FMACHS + AMPLM¥SIN(FASAGM)
FMACHT= AMPLM¥FREURNACOS (FASAGH)
FASAGC= FREQRC*UTIM

CETARD=CETAS + AMPLC*SIN(FASAGC)/RAD
CETA= CETARD *RAD

CETAT= AMPLC*FREQRC*COS(FASAGC)/RAD
CETATT= ~AMPLC*FREGRC**2*SIN(FASAGC)/RAD
Cb= COS(ALPHA)

S= SIN(ALPHA)

CA= FMACH%CB

SA= FMACH*SB

FMACH2s FMACH®%2

WAKE CONCITION

IF( NITLEQ.1) 60 TO €O

GO TO 61

LU 6d I= [X¢,13

WG (I)= G(IX253)1=-G(IX1,3)

I= IX2

WG(I)= WG(I) + GN(IX2s3)-GN(IX1,3)
I= I+1

Y=50(1)+B80(3)

x= AO(I)

HH= X%X + YxY

DHH= 1./HH"

XT= =.5%Y* (ALT+CETAT) + DHH*(CA%¥X + SA*Y)
H=SQRT(HH)

YP=Y

HP= H

GI= G(I+1,3)-G(I-1,s3)

FEC J.EQeI3) Gl= 2.%(G(I1,3)=-G(I- 1,3))

GJ= 2+%{G(Is4)=-G(Is»3))

ve =(Al(l)* GI -=-S1(I)*B1(3)% GJ )/H
M= NX+ & -1

Y=SO(M)+80(3)

" HE=AG(M)I*XAQ(M)+YXY

H=3QRT (HH)

HM= H

YM= Y

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

IF( J4EQ.I3) GI= 2.%(6(M+153)-GC(i1s3))
GJ=2¢#(G(HM,4)=G(M)y3)) :
UM =(AL(M)* GI. —=S1(M)*B1l(3)% GJ)/H
Y= J5%(YP-YM) :

U= o5%(UP=UM)

H= +5%(HP+HM) :

BF— 2. %0T*AL(I)%(U/H +XT)

WG(I)= (WG(I)+BF*WG (1~ -1))/ (1. +BF)

IF( I.LT.I3) 60O TC 63 -

DU 67 I="10,13

CCG= G(Is»l)

Co= G(Is2)

M= NX+ & ~1
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IF (I.6T.Ix2) GO TO 65

IF (I.LT.IX1) GO TC 66
TANGENTIAL BOUNDARY COUNDITION
Y=SO(I)+B0(3)

X= A0(I)
HH= X%X + Y*Y
DHH= 1./HH

XT= —o5%YX(ALT+CETAT) + OHH®(CA%X + SA%*Y)
YT= o 5%X*(ALT4CETAT) =DHH*(CA*Y=SA*X)
VBN=HH* (XT*S1(I) =YT)

Gl= G(I+153)=G(I-1y2)

“FX=1e4S51(1)%%2

BIS= FX%¥B1(3)

GXSXVB= AL(1)%GI*SLI(I)+VEN
G(Is2) = G(Is4) —~GXSXVB/BIS
G(Isl)= G(Is5) =2.%GXSXVB/BIS
GO TO 64

G(Is2)= G(My&) 4w (1)

G(Isl)= G(Ms5)+uwutl)

.GO TO 64

G(Is2)= G(Ms&)=WG(M)
G(Is1)= G(Ms5)=WG(M)
GM(Is2)= G(I»2)=CG
GM(Iyl)y= G(I»1)=CCG
CUNTINUE ‘
RETURN

END
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