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Preface

The need for increased efficiency in the use of our
energy resources has stimulated apt lied research in many
areas. Recently progress has been made in the field of
aerodynamics, where the development of the supercritical
wing promises significant savings in sgs’ﬁggl consumption
of aircraft operating near the speed of sound. Computa-
tional transonic aerodynamics has proved to be a useful
tool in the design and evaluation of these wings.

We present here a numerical technique for the design
of two-dimensional supercritical wing sections with low
wave drag. The method is actually a design mode of the
analysis code I’ developed by Bauer, Garabedian, and Korn
[2,3,4]. This analysis code gives excellent agreement
with experimental results and is used widely by the air-
craft industry. We hope the addition of a conceptually
simple design version will make this code even more useful

to the engineering public.
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I. INTRODUCTION

1. Description of the Problem

In this section we discuss scme of the principles
behind the supercritical wing and describe our contribu-
tion to the subject.

General considerations show that the range of an
aircraft is roughly proportional to the parameter M_L/D,
where L is the lift, D is the drag, and the free stream
Mach number M_ is the ratio of the aircraft's speed to
the speed of sound. The top curve in Figure 1 shows the
general behavior of this parameter as the Mach number M
is varied. The value of M_L/D that maximizes the range
of the aircraft occurs near a region of rapid 1ncrease
in drag known as drag rise, shown by the bottom curve of
Figure 1. At this speed the flow is observed to be
transonic, with regions of supersonic flow appearing where
the air accelerates over the wing. When the free stream
Mach number has the value Mc depicted in Figure 1, the
maximum speed of the flow is equal to the speed of
sound. When M_ > Mc the flow is said to be supercritical.

Figure 2 illustrates some wmportant characteristics
of the flow past an airfoil a% speeds corresponding to drag
rise. The region of supersonic flow is terminated by a

shock, where the pressure is observed to be discon:inuous.




As the speed of the wing is increased, the supersonic zone
grows in size and the pressure jump becomes larger. The
occurrence of such shocks in the flow imposes a retarding
force on the wing known as wave drag, which is one reason
for the drac rise seen in Figure 1. The large pressure
gradients present in strong shocks can also induce separa-
tion of the boundary layer of air that adheres to the wing
because of friction; separation results in a decrease in
lift and more drag. The study of transonic flow is
therefore important not only because transonic flow
encompasses the most economical regime for aircraft opera-
tion, but because the deterioration of an aircraft's
efficiency at higher speeds is due to transonic effects.

The supercritical wing is designed to delay the onset
of drag rise to higher Mach numbers. Since “he efficiency
of the wing is governed by the optimal value of M _L/D,
postponing the onset of drag rise to higher Mach numbers
results in a corresponding decrease in the fuel requirements
of the aircraft. The delay in drag rise can be effected by
constructing the wing so that the strong shocks accompanying
supersonic zones of moderate size on conventional wings are
replaced by weaker shocks with less wave drag and no appreci-
able boundary layer separation.

We are mainly concerned here with the contributions to
supercritical wing technology made by computational transonic

aerodynamics. The numerical solution of the partial
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differential equations of gas dynamics provides a theoreti-
cal means for both the design and evaluation of supercritical
wings. For example, two-dimensional shockless airfoils can
be obtained by calculating real analytic solutions to the
hodograph equations of transonic flow. These airfoils have
the property that at a specified speed and angle of attack,
the calculated two-dimensional transonic flow is smooth.
This guarantees that the wave drag will be small near at
least one operating condition. It may happen that there 1is
an increase in wave drag at supercritical Mach numbers below
the design condition known as drag creep. Since a wing must
operate efficiently over a range of conditions it is desir-
able to avoid the occurrence of drag creep. Provided this
is done, a practical approach to the supercritical wing is
to design the wing using computer-generated shockless airfoils
in each cross~section.

It is also possible to evaluate the performance of wings
at off-design conditions using computer codes. Programs
that calculate the three-dimensional transonic flow past
wing-body combinations are used regularly by the aircraft
industry. Considerable savings can be realized by replacing
preliminary wind tunnel testing of new wing designs by such
computer simulation.

There is presently much interest in the possibility of
developing a numerical scheme for the design of three-

dimensional wing-body combinations. Hodograph methods employed
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in the design of two-dimensional shockless wing sections
cannot be used for this purpose. Our contribution in
this direction is a two-dimensional design code based on
techniques that may prove useful in such an endeavor.
Although our method does not produce shockless airfoils,
we show that it is possible to obtain wing sections with
low wave drag by using an artificial viscosity to smear
shocks properly. The design procedure is outlined in
Section 4.1.

Our program is actually a new design mode of the
two~dimensional analysis code H developed by Bauer,
Garabedian, and Korn [2,3,4]. This analysis code solves
the direct problem of obtaining the transonic flow past
a given wing section. The code includes a turbulent
boundary layer correction which gives a reliable approxima-
tion to the drag due to skin friction and predicts boundary
layer separation. Drag estimates obtained with the
code are in good agreement with experiment, and the program
has found wide acceptance in the aircraft industry.

There are two major steps in the operation of the
analysis routine. Given the coordinates of the airfoil,
the region exterior to the airfoil is mapped conformally
to the interior of the unit circle as in Sell's treatment
of suocritical flow past -n airfoil ([33]. The nonlinear
partial differential eqgu.tions of transonic flow are then
solved iteratively in the unit circle using a type-
dependent difference scheme similar to the one first

4
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deseloped by Murman and Cole [27]. If boundary layer
corrections are desired, the shock wave - boundary layer
interaction is simulated by iterating between inviscid
flow calculations and boundary layer corrections until
convergence is achieved.

The design modification we have added to the code
solves the inverse problem of calculating the shape
an airfoil must have in order to achieve a specified
pressure distribution. When operating in this mode, an
initial guess is provided for the shape of the desired
airfoil and the region exterior to this airfoil is mapped
into the unit circle as in the analysis mode. A number
of flow iterations are performed using an artificial
viscosity that inhibits the formation of shocks, as
described in Section 2.2. The pressure dist.ibution
resulting from these calculations is then compared with
the desired input pressure distribution and a better
approximation to the desired airfoil is obtained, as
described in Section 2.3. This new profile is mapped

to the unit circle as in the first step and the process

is repeated until the approximations converge. A boundary

lay2r correction may then be calculated on the basis of
the last pressure distribution. The desired airfoil is
obtained by subtracting the displacement thickness of the
turbulent boundary layer from the coordinates of the

computed profile.
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The inverse method transfers the difficulty in
designing wings from determining the coordinates of the
airfoil to finding pressure distributions that give rise
to airfoils with desired specifications. We therefore
include descriptions of some pressure distributions that
generate airfoils with low wave drag, and indicate how
to modify the input distribution in order to obtain air-
foils with a desired 1lift, thickness-to-chord ratio, and
design Mach number.

The remainder of the paper is organized as follows.
The mathematical statement of the problem is formulated
in Chapter II. The computational procedure is outlined
in Chapter III. In Chapter IV we present results obtained
with the design mode, together with some comparisons to
airfoils obtained by other methods. Chapter V is more
theoretical in nature and includes a convergence proof for
the design problem in a special case of subsonic flow.

We provide a description of the modified version
of the Bauer, Garabedian, and Korn analysis code H in
Chapter VI.

I would like to express my gratitude for the advice
and encouragement of Paul R. Garabedian, who suggested thais
problem and made the work possible. I am also grateful for
the help of Frances Bauer and Antony Jameson at various
stages of the research, and for a fast and accurate typing

job by Connie Engle.
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2. References to Other Work

Transonic flow research has a colorful history [5,29].
In the late 1940's, arguments to the effect that smooth
transonic flows past arbitrary profiles should not generally
be expected to exist were formulated by Busemann [10],
Frankl [1s}, and Guderley [16]. These observations raised
doubts about the physical significance of the smooth solu-
tions to the steady, two-dimensional potential equation for
transonic flow that were known at the time. It was observed
experimentally that transonic flows generally exhibit shocks
when the supersonic zones are of moderate size, but there
were occasional instances of near-shockless flow that
seemed to contradict the implications of the nonexistence
theorems. A "transonic controversy" developed over the
true nature of transonic flows in general and of shockless
flcws in particular.

The controversy attracted considerable attention from
mathematicians in the hopes that a rigorous investigation of
whether the flow roblem was well-posed would help clarify
matters. From this viewpoint, a satisfactory demonstration
that the problem nf finding smooth transonic flows past
convex symmetric profiles was not correctly set was supplied
by Morawetz [26], although the apparent discrepancies between
theory and experiment remained unresolved.

More progress was made in the early 1960's with the

experimental work of Pearcey [31], who was able to systemati-
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cally produce near-shockless flows past wing sections having
a suction pressure peak near the nose of the profile. The
subsequent development of numerical techniques capable of
treating transonic flows with shocks brought about a
reinterpretation of the nonexistence theorer= since the
computational problem seems to be correctly

set in terms of weak solutions. Results of both
experiment and computation show that snockless and
neighboring near-shockless solutions do in fact have
physical significance and can provide an important means
of reducing the drag experienced by airfoils travelling

at transonic speeds.

Several numerical techniques have been developed for
the design of two-dimensional supercritical wing sections
using inviscid flow theory. We can distinguish between
approaches relying on hodograph methods and the remaining
approaches.

The hodograph transformation conrists of reversing
the roles of the dependent and independent variables in the
flow equations with the result that the partial differential
equations are linear. Using this transformation, several
methods have been devised to allow the systematic computa-
tion of airfoils that have shockless flows at given operat-
ing conditions [2,4,8,30]. Such airfoils necessarily have
low wave drag at nearby operating conditions, although

drag creep can occur elsewhere.

e e - -
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Other approaches to the design problem Jdo not
generally provide shock-~free solutions to the equations.
This is not necessarily a disadvantage, since for some
applications it is possible that an airfoil designed with
a weak shock might have an overall performance that is
as good or better than a shockless airfoil with similar
specifications. The main difficulty is to find pressure
distributions that will generate airfo:ls with low drag
levels.

Some design methods use the approximations of small
disturbance theory and thin airfoil theory [11,22,31].

With this approach the solution is expanded in terms of a
parameter describing the thickness of the profile, which
is assumed to be small. This has the advantage that to
leading order the profile can be replaced by a given slit.
The desired pressure distrubution along the surface of

the airfoil can then be used in a boundary condition applied
at the slit, and so the difficulties caused by the unknown
boundary are avoided. The coordinates of the desired air-
foil can be determined from the resulting velocity components.
This technique has the disadvantage that the flow is not
represented correctly near the stagnation point at the
leading edge of a “lunt-nosed airrfoirl. It should be noted
that applications of this technique to the design of three-

dimensional wings have been initiated [17,34].
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The design methods of Carlson (12] and Tranen [36]
solve the inverse problem for the full potential equation
with a free boundary. Both of these methods use the
prescribed wressvre distribution in a boundary condition
for the determination of the velocity potential, and
calculate the position of the surface of the profile by
using the condition of flow tangency along the body. In
Carlson's method the calculation is performed using Cartesian
coordinates. The coordinates near the nose are given in
advance and the remainder of the profile is determined as a
free boundary. Tranen uses the analysis ccde H to perform
the flow calculations and to provide a computational domain,
and proceeds by alternating between analysis and design
computations. At each cycle the user modifies the prescribed
pressure distribution in order to achieve convergence.

The design procedure of Hicks and his associates [18]
is based oa the use of a numerical optimization routine
together with the analysis code H to minimize the drag coeffi-
cient with respect to design variables that describe
the shape »f the profile, while satisfying various constraints
on the operating conditions and gcometry. This technique
has the advantage of drag reduction without the necessity
of choosing the pressure distribution. Its main drawback
1s the large amount of computing time required when many

parameters are allowed to vary.

10



The method we present for supercritical wing design
uses the prescribed pressure distribution in a boundary
condition for the determination of the conformal mapping
from the unit circle to the desired airfoil. This
approach to the desizn problem is similar in spirit to
Lighthill's inverse method [23], which is based on the
linear theory of incompressible flow and so does not
require an iterative procedure to determine the flow and
profile. Other incompressible treatments along these

lines have also appeared [1,13].

The practical success of an inverse method of airfoil

design depends on the prescribed pressure distribution.
It is therefore important to study the relation between

the assigned pressure distribution and the performance of

the resulting airfoil [7,29). Much work remains to be done

on this aspect of the problem. The many shockless flows
produced by hodograph methods provide a good basis for

investigation.

11
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II. THE PARTIAL DIFFERENTIAL EQUATIONS OF TRANSONIC FLOW

In this chapter we consider the mathematical formula-
tion of the design problem. We summarize the basic equa-
tions of motion for gas dynamics and discuss the boundary

conditions appropriate for the direct and inverse problems.

1. The Equations of Gas Dynamics

We begin vith some comments about the choice of equa-
tions to describe the problem. We wish to model the
flight of aerodynamically ;fficient wings at transonic
speeds. We are especially concerned with the drag on such
bodies, which includes forces dve to skin friction and -
shocks. For our treatment to be of practical use we must
consider equations which allow estimates of the wave drag
due to shocks, and we nmusi provide for the calculation
of viscous effects. Furthermore, we must choose equations
that are compatible with the inherent storage limitations
of computers.

It i1s common in experiment as well as theory
to treat the case of steady, two-dimensional flow past a
wing of uniform cross section. This provides a good

approxaimation of the flow near the middle section of

a three~dimensional wing with a straight leading edge

12
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moving with a constant velocity. This geometrical simpli-
fication permits the use of just two independent var: =bles,
which we take to be the x and y coordinates.

Another important simplification is possible if the
airfoil is streamlined so that viscous effects are confined
to the immediate vicinity of the profile. In this case
the flow outside the boundary layer can be obtained from
lower order partial differential equations describing
inviscid fluid motion. The inviscad solution can then
be used to calculate a boundary layer correction to the
flow past the airfoil, making it possible to obtain esti-
mates of the drag due to skin friction [28,32]. Separation
of the boundary layer should be avoided for aerodynamical
reasons, too, so it is important for the theo:sy to give
reliable estimates of the growth of the boundary layer.

Inviscid fluid flow can be described by conservation

[
laws consisting of nornlinear, first order partial differ-

ential equations involving tge velocity components of the
flow and two thermodynamic variables such as the density
and entropy. The conservation laws also provide shock
conditions which determine the jump in these quantities
across a surface of discontinuity in the flow. For the
case of flows past thin bodies at speeds close to the
speed of sound, the shocks are usually weak in the sense

that che jump in velocity across the shock is small compared

to the speed of sound. The jump in entropy across a shock

13
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is of third order in the shock strength; to a good
approximation, the change in entropy can therefore be
neglected in a weak shock. With this assumption, the
entropy of a fluid particle is constant throughout its
motion, and the flow may be considered isentropic.

As & result of considering the entropy to be con-
served across a shock, the shock condition expressing
conservation of the normal component of momentum is lost.
The defect in this quantity can be interpreted as an
approximation of the wave drag exerted on the airfoil
by the shock.

For isentropic flow, the velocity field is irrotational
if the flow is uniform at infinity. This permits the
introduction of a velocity potential whose derivatives are
the velocity components. The inviscid equations of motion
can then be reduced to a single second order partial differ-
ential equation for the potential, and in the computation
it is only necessary to store values of a single dependent
variable.

We shall list below the equations describing the flow
of an inviscid, isentropic gas. In Section 3.4 the equa-
tions used to describe a turbulent boundary layer correction
will be discussed. It is found in practice that these
equations provide a description of the transonic flow past
an airfoil that agrees well with experiment over a wide

range of conditions [3,4].

14
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The equations describing the steady two-dimensional
motion of an ideal polytropic gas are familiar [14,25].

From thermodynamics we have the equation of state
(2.1) p = A(s)p"

where p, p, and S are the pressure, density, and specific
entropy of the gas. A(s) is a known function of the
entropy and vy > 1 is a constant depending on the nature

of the gas.

Conservation of mass gives
(2.2) (pu)  + (nv)y =0

where u and v are the x and y components of the velocity.

Similarly, the conservation of momentum asserts that

]
o

(2.3) (uu, + vug) + py

’

(2.4) (uv, + vv ) + py

]
(=}
-

and the conservation of energy gives
(2.5) us, + vS, = 0 .

As mentioned above, we consider the case of constant
entropy, so that (2.5) is automatically satisfied and A(S)
in (2.1) is a constant. The flows we consider become
uniform at large distances. It then follows from a theorem

of Kelvin that the flow 1s irrotational,

15
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(2.6) u =-v._ =9

1 2
y=T

(2.7) W+ v + <?

Nf=

where 02 = dp/dp 1is the square of the local speed of

sound and c, is a constant known as the critical speed.

The dimensionless ratio

" - [UZ + v2]1/2

)
is called the local Mach number and is greater than one if
u2+ v2 = q2 > cf (locally supersonic flow) and less than
one if q2 < cf (locally subsonic flow).
According to (2.2) and (2.6), there are two functions
¢ and Y such that

(2.8a) u=¢, = wy/p

(2.8b)

<
I

<
]

-wx/p

% and ¢ are the velocity potentiai and stream function of

the flow. We may obtain a single equavion for ¢ from (2.1),

(2.2), and (2.7),

(2.9) (c® - ¢y, - 20,804y + (c? - ¢y2)¢yy =0

This is the partial differential equation that is the basis

of our numerical work. V¥ satisfies a similar equation.

16
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Equation (2.9) is a quasilinear partial differential
equation which is elliptic when M2 < 1 and hyperbolic when
u? > 1. We are interested in the case of transonic flow,
so that (2.9) has mixed type in the region of interest,

It is appropriate to consider weak solutions to (2.9)
or (2.2) under the conditions that ¢ is continuous and

that any shocks present are compressive. This corresponds

to the proper entropy inequality in nonisentropic flows.

17
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2. The Direct Problem

In this section we discuss the formulation of the
direct, or analysis, problem of determining the flow
past a given wing section.

We consider an airfoil with coordinates (x(s),y(s))
parametrized by arc length s measured from tail to tail
as in Figure 2. The included angle at the trailing edge
is denoted by €. The frame of reference is chosen
so that the airfoil is at rest and the air has a resulting
velocity u = (g, cos a, g, sin a) at infinity, where
the angle of attack a gives the direction of motion relative
to fixed coordinate axes.

The fact that the flow must be tangential to the
surface of the airfoil provides one boundary condition
for (2.9). If v is a unit normal to the profile, then

this condition can be stated as

(2.10) Seu =32 =9

on the curve (x(s),y(s)). Since the airfoil is a stream-

line of the flow, this fact can ulso be expressed by
(2.11) y(x(s),y(s)) = constant.

We consider lifting proiiles with cusped trailing edges,
0 < e << 1, in which case the potential ¢ need not be
single-valued. The cairculation ' = [¢] of the flow around
the airfoil 1is Eﬁen uniquely detgrmined by the Kutta-

Joukowski condition
18



(2.12) ,E(X(O)JY(O))I < o,

which states that the velocity must be finite at the

— -+ v = T T~y

trailing edge. 1f € > 0 the flow necessarily nas a

: stagnation point at the trailing edge. This is not the
. case for € = 0, The pPresence of a stagnation point at

the tail of the airfoil should generally be avoided

since the resulting adverse pPressure gradient promotes

Separation of the boundary layer.

It can be shown [24] that ¢ has an asymptotic

expansion

(2.13) ¢ q.,X cos(8-q) + §£-tan-l(8 tan (8-qa))

as r2 = x2 + y2 + o, where 82 =1 - Mi and 6 = tan-l y/x.

This is similar to the corresponding e:jansion for
lncompressible flow. The Prandtl-Glauert scale factor B8
commonly occurs in linearized treatments of compressible

flow.

For the analysis problem it 1s convenient to express

Bernoulli's law (2.7) in the form

2,2
¢ +¢ 2 )
211 1
(2.14) Xy, et _ qm[_ R
2 ¥=1 2 (12 J

where M is the Mach number at infinity., wWith this nota-
[+2]

tion, the direct problem can be formulated by specifying

the airfoil coordinates (x(s),y(s)), the angle of attack a,

= 19
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and M_ < 1. 1In this case we are free to choose the units
so that g, is normalized to one. The flow is then obtained
by solving the partial differential equation (2.9), along
with the boundary conditions (2.10), (2.12), (2.13), and
(2.14).

The 1lift of the airfoil is proportional to the
circulation I'. When the angle of attack i1s varied, the
circulation of the flow adjusts so that the Kutta condi-
tion (2.12) 1s satisfied. For a given Mach number M,
the lift is therefore a function of the angle of attack.

A variant of the above formulation of the problem that
is useful in applications is to specify the lift of the
airfoil instead of o. The angle of attack necessary to
Preiu.e this lift is then determined by imposing the Kutta

condition.

20
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3. The Inverse Problem

In this section we describe the inverse, or design,
problem of calculating the shape that a profile must have
in order to achieve a given pressure distribution.

Suppose there is a flow past a profile such as the one
depicted in Figure 2. If the velocity of the flow along

the profiie is written in the form

u(s) - iv(s) = o(s) e 10(s)

then the direct problem consists of specifying the angle
0(s), which determines the shape of the airfoil, and solv~
ing for the flow. For the inverse problem, the values of
Q(s) are given and both the flow and the body are to be
determined. Since Bernoulli's law (2.7) provides a corres-—
pondence between the values of q2 and c2 = constantop(Y_l)/Y,
we may formulate the inverse problem in terms of either

q or p, and the choice of q is only a matter of mathematical

convenience,

The inverse problem 1s seen to be a free boundary problem

and 1s for this reason more compiicated than the direct
problem. The coordinates (x(s),y(s)) of the airfoil are
now unknown and are to be determined from the knowledge

of the velocity distribution Q(s). We may write the

relationship between ¢ and Q(s) as an additional boundary

condition

21



(2.15) &5 o xi9),v(s)) = a(s)

on the interval 0 < s < &, where £ is to be the total
length of the airfoil.

It is also necessary to specify the constant in
Bernoulli's law. 1In the direct problem the Mach number
and speed at infinity are prescribed as in (2.14); for
the design problem we give instead the value cf the
critical speed c; in (2.7). This means that the Mach
numbers of the flow along the airfoil are specifiad.

The choice of ¢, determines the type of the equation (2.8).
If c, > max |Q(s)|, the flow will be subsonic and (2.9)
will be elliptic; if there are points with |Q(s)]| > c, ,
the flow will be transonic and (2.9) will have mixed type.

We remark that with this formulation 4, 1S not speci~
fied as data, but must be determined alcng with 4 and
(x(s),y(s)).

The fact that Q(s) is to be the velocity distribution
of a flow past an airfoil places restrictions on the form
Q(s) may have. A typical choice for Q(s) 1s illustrated
in Figure 3. Q(s) must have a zero corresponding to the
stagnation point that forms at the nose of the airfoal,
and then must be nonzero along the surface of the airfoil
until the tail is reached. At the tail the velocity must
be continuous and may be taken to be nonzero provided the

included angle ¢ at the trailing edge 1s zero.

22



Q(s) must satisfy further compatibility conditions in
order to determine profiles defined by simpie closed curves.
Note that since the circulation of the flow 1s given
by the integral of the speed along the profile, the lift
of the airfoil can be calculated from the prescraibed
velocicy distribution. The angle of attack may still be
specified in the asymptotic form (2.13), since in the design
problem the airfoil is free to rotate with respect to the
fixed coordinate system so as to satisfy (2.12).
To summarize, the design problem is posed by specify-
ing the speed distribution Q(s), the critical speed Cyp s
and the angle of attack a. The potential of the flow and

the airfoil coordinates are then obtained by solving the

equations
2 .2 2 2 _
(2:9) (0000, m 20000, + P+ 0D = 0,
2 2
+ ¢ 2
X y c = 1 v+l 2
(2.7) +Y-1_7YTIC*'
(2.10) g% (x(s),y(s)) =0 ;
(2.15) & o(x(s),y(s)) = Q(s) ;
(2.12) [u(x(0) ,y(0))| <=
r -1
(2.13) ¢ ~ g r cos(6-a) + —7 tan (8 tan(6-a)) .
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III. DI3CUSSION OF THE COMPUTATIONAL PROCEDURE

In tkis chapter we describe the method used to solve
the design problem outlined in Section 2.3. In Section 3.4
we also provide a brief suminary of the equations used to

compute the boundary layer correction.

1. Overview of the Computation

The procedure we describe hgre is based on the Bauer,
Garabedian, and Korn analysis code H [2,3,4) which solves
the direct problem described in Section 2.2. The analysis
routine computes the inviscid flow past a given aarfoil in
two steps. The region exterior to the airfoil in the
z-plane is mapped conformally onto the interior of the
unit circle in the t-plane, ana the partial differential
equation (2.9) for ¢ (x,y) is expressed in terms of the
variab“ (r,w), where ¢ = r eiw. The resulting nonlinear
equation is then approximated by a finite diffecence schene
which is solved by a relaxation procedure to provide the
solution ¢ (r,w).

For the inverse problem, we are given the velocity

distribution Q(s) rather than the coordinates of the

airfo-l. The basic idea is to use Q(s) to determinc botk
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the mapping z = £(&) of the unit circle onto the desired
airfoil and the potential ¢. With this free boundary
approach, the flow calculations are done in a fixed
computational domain and the geometry is determined by
introducing the appropriate mapping as an additional
unknown. This results in coupled nonlinear equations for

¢ and for the mapping function f which we solve iteratively
using existing routines in the analysis code.

The iterations go roughly as follows. We start with a
first guess for the potential function which we take to be
the incompressible solution ¢(0) obtained by replacing the
partial differential equation (2.9) by Laplace's equation.
“he values of ¢(0) are used in the equation for the mapping
function, which we solve for the approximation z = f(l)(s).
Using the mappaing f(l) in the flow equation then provides
a better approximation ¢(l)(r,w) to the potential, and
the process is repeated until the approximations converge.

In terms of the analysis code, at each cycle the design mode
starts with an approximation to the desired airfoil P(n),

maps it to the unit circle, and solves for the flow past P(n)
in the usual way. The resulting speed distribution i1s then
compared to the desived speed distribution 0O(s), and a correc-
tion to P(n) 1s made to obtain the new approximation P(n+l).
The 1terations continue until the computed speed dastribu-
tion agrees with the prescribed distribution Q(s) within

an acceptable accuracy.
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We now describe this procedure in more detail. Consider

a conformal mapping z = £(z) from the unit circle onto the
exterior of an airfoil such as appears in Figure 2. We
assume f has a pole at the origin and takes the poeint
£ = 1 into the tail of the profile (x(0),y(0)). The
included angle at the trailing edge will be taken to be
zZzero, although the 1less important case € > 0 could be
treated similarly. The derivative of the map function has
an expansion of the form

dz 1l - k

C o0
(3.1) ¥ = £'(g) = - exp J ¢ %,
z .2 Wl Sk

where the behavior of the mapping at the trailing edge of
the airfoil is taken into account by the factor (1 - z).
The mapping determines a boundary correspondence
between the unit circle z = eiw and the airfoil which we
write as s = s(w), where s is arc length along the profile.

If we denote the inclination of the tangent to the airfoil

by ©(s), as in Figure 2, then on the unit circle ¢ = ¥
we have

' = (92 dz
(3.2) f£'(g) = ldcl exp {1 arg 22 }

gf exp {i(O(S(w)) -w - % ]}.

If Cp = ap + ibk’ then (3.1) gives
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f 1
(3.3a) log l

a,cos kw - b, sin kw
- 2 sin k k

[l
€

gy

k

e

0

(3.3b) 0O(s(w)) + % + 1

Y b,cos kw + a,sin kw .
k=0 X k

o

. These equations show that the mapping is essentially
determined once the correspondence s = s{w) is known.

iw

Under the change of variables z = £(t), ¢t =r e,

the partial diffcrential equation (2.9) for ¢ becomes

2

(3.4) rz(c - u2)$rr - 2ruv5rw + (cz— v2)5ww

+ r(c- v2)$r +1 (w?+ v?) (r3un + r?h ) = 0,

where $(r,m) = ¢ (x,Y), h2 = Idz/dclz, u2 = $§/h2 P
v2 = &j/(rzhz), and c2 is given by Bernouli's law (2.7).
Note that the mapping function f appears in (3.4) through

the Jacobian h. Furthermore, for the inverse problem the
solution 5(r,m) of (3.4) can be used together with the
data Q(s) to provide boundary values for the determination
of £'(¢). The relation $(1,w)= ¢(x(s(w)),y(s(w))) vyields

upon differentiation

ds _ 1 3¢
(3.5) de - a(s(@)) 3w (l,w) ?

which can be used in the expression (3.3a) for loglf'(elm)l.
. The problem 1s therecfore described by the equations
(3.1), (3.3a), (3.5), and (3.4), together with the appropraiate
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boundary cénditions for ¢ to supplement (3.4). The
iterations used in the computation to solve this problem
start with the approximation ;(0)(r,w) provided by
incompressible theory. Tf we introduce harmonic function
-1

G(Z) = log Icz(l - ¢) “£'(z)], the iteration scheme then

proceeds by solving in succession

as™ 1 a3 {n-1)
dw Q(sTn) (w)) dw

(3.6) (1,w) ,

J 6™y =0
(3.7)

. (n) 1
l G(n)(elw) = log 1 . g: (m)J
2 sin =
2
(3.8) n(g) = 1= L exp 6™ (z)
|z ]
(3.9) r2( n un)éég) + runvn¢ég) + (c -v )¢(n)
+ r(cz- vi 5£ n % (u )[r u h(“) + rlv h(")] =0

2 2 .2
for n = 1,2,3,..., where uﬁ = ¢§“) smme vi e 2, (n)? ),

and ci 1s given in terms of ui and vg by Bernoulli's

law (2.7). The boundary conditions used to solve (3.9)
are those of the direct problen.

The mapping computation (3.7) can be done rapidly using
the fast Fourier transform to evaluate the coefficients

(n) .

appearing 1in a truncated series expansion for G
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The flow computation is performed using a nonconserva-
tive difference scheme similar to the one first developed
by Murman and Cole [27]. Its main feature is type-
dependent differencing which captures shocks over two mesh
widths by effectively producing an artificial viscosity

in the supersonic regions.

The iterative procedure works very well for subsonic
flows, presumably because the initial guess 1s a good
approximation to the solution. In fact we prove in
Section 5.2 that a similar iteration converges to a solu-
tion provided the maximum Mach number in the flow is small
enough.

Fo- the case of transonic flow, the problem is
complicated by the possible presence of shocks in the flows
Fast the various approximations to the desired airfcil.

A large gradient in the derivative of 5(n_l)(l,w) appearing
in (3.6) is undesirable, since a discontinuaty in (3.3a)
causes a logarithmic singularity in (3.3b), which 1s
inconsistent with the assumed smoothness of the airfoil.

One way to avoid this difficulty i1s to solve the equa-
tions on a coarse mesh. The coefficient of the artificial
viscosity implicit in the Murman-Cole scheme 1s of the
order of a mesh width. If the grid 1s coarse encugh, weak
shocks are suppressed by this viscosity, as 1llustrated
in Figure 4. This smoothing effect allows the process to

converge even in the case of transonic flow. If the grid
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is refined, unwanted shocks may appear in the flow,

causing the jterations to diverge. Oon the other hand,

a solution computeu on too coarse a mesh may not accurately

mode, the actual flow past the airfoil because of the
smoothing effect of the artificial viscosity.

In oéder to operate on a fine mesh, we have added
an additional smearing term to inhibit the formation of
shocks. We describe this term in more detail in the
next section. It has the form of an artificial viscosity
multiplied by a coefficient elAm , where Auw is the
mesh width in the angular direction. The factor €4 can
be varied to change the amount of smoothing used. This
permits the use of more viscosity in the early itera-
tions when 1t is jimportant to suppress shocks, and less
viscosity towards the end of the computation when a more
accurate solution is desired. The additional smoothing
term therefore significantly increases the versatility of

the design routine.
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2. The Flow Computation

In this section we discuss the difference scheme
used in the flow calculation and also give the form of
the additional artificial viscosity term used in the
design procedure.

For computational purposes it is convenient to

remove the singularities of $(r,w) and h(r,w) by defining
a

-~ w € 0

¢(r,u) =

H(r,w)
2 »

cos (w+ a - bo) + &(r,w) , h(r,v) =
r

The equations for ¢(r,w) then become

2, 2 2 2 2 2 2 .2
(3.10) r“(c“-~ u )¢rr - 2ruv¢rw+ (c“-v )¢ww+ r(c ™ -2u-~-v )¢r

1 2 2 -
+ F (u+ v )[ruHr + vﬂw] = 0,
where
u = [r2¢ - q eaocos(w+a—b )1/H
r L 0 '
29
v = [r@w - q.2 sin(w + o ~ bo)]/H R

and c2 is given by Bernoulli's law (2.7). The boundary

conditions (2.13), (2.10), and (2.12) become

(3.11) ¢(0,uw)

tan-l(s tan(uta-by)) ,

o =

(3.12) ¢_(1,u) q.e %cos (0 + a - by)

i
- g_e sin (o - bo) .

(3.13) ¢_(1,0)
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In the flow computation, centered differences are used

to approximate the coefficients of ¢r ¢ ., and ¢wm ’

r ' ‘ruw
as well as all of the lower order terms in (3.10). A rotated
difference scheme due to Jameson [20] is used to evaluate
the second derivatives. This method uses centered differ-
ences at all subsonic points. At supersonic points,
one-sided differences that are retarded in the local stream
direction are used to produce an artificial viscosity
similar to (3.15) below. The resulting nonlinear algebraic
equations are solved using line relaxation in the direction
of the flow.

For the two-dimensional flows past a wing section that
we consider, the direction of supersonic flow is to a good
approximation alligned with the w-coordinate direction.

The original Murman-Cole scheme would suggest the approxi-

mation .

2%5,3-1*%4,5-2

(dw) 2

b, .
(3.14) o, (i 8x, j bo) = 1]

which is first order accurate at (i Ar, j Ow). The dominant

truncation error in (3.14) is Awa w(l Ar, 3] Aw), which has

W

the effect of an artificial viscosity. We may consider

this scheme as an approximation to the equation

2,2 2 _ 2_2
(3.15) r“(c-u )®rr+ ee. = Aw max [0, (V°-cC )]d)mmm .
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The artificial viscosity on the right is absent in the
subsonic regions and the coefficient tends to zero
at the sonic line.

In order to improve the convergence of the design
routine, we have added an additional artificial viscosity

to the flow equation (3.10). The added term has the form

lo)

(3.16) Aw (v ¢ 1

€1 ww*

[

w

which is motivated by the Murman-Cole artificial viscosity
appearing in (3.15). Here V(M) is a smooth function of
the local Mach number M which vanishes for M < M0 and is
and M, so that

one for M > M We choose the numbers M

1 0 1
this term is effective across the sonic line. For example,
we may use MO = 0.85 and Ml = 0.95. This is in contrast

to the behavior of the artificial viscosity in (3.15),

which is switched off at the sonic line.

The term (3.16) 1s added directly to the rotated
difference scheme, so that for €, = 0 the original scheme
remains unchanged. Figure 5 illustrates the smoothing effect
of (3.17) for a flow with a weak shock on a fine mesh.

Note that the shock does not appear on a cruder mesh.
By adding the term (3.16) to the partial differential

equation (3.10) we can obtain satisfactory convergence of

the design scheme on either crude or fine meshes as desired.
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3. The Conformal Mapping

In this section we discuss the calculation of the
mapping function from (3.3a), and we also explain how the
Mach number M_ , the coefficient .f lift CL , and the
rotation factor bo are obtained.

puring each design iteration we use the data Q(s)
and the previous estimate 5‘““1)(r,m) for the potential
function to calculate a boundary correspondence s = s(n)(m)
between the unit circle and the nth approximation to the
airfoil. The values a(n—l)(r,m) are obtained from the
analysis routine, which uses dimensionless units that are
normalized by the free stream velocity g and the chord
length L of the profile. Since q_ and L are not specified
for the design problem, it is necessary to adjust the scal-
ing at each 1iteration to make the prescribed data compatible
with the units used by the analysis routine.

In order to use the analysis routine we need to supply

values for the frece stream Mach number M and the 1lift

coefficient CL' To determine M we use the relation

2
Cx
(3.17) %[—'Z"J”Ei—':%* L,
q {(y=1IM,

o

which results from Bernoulli's law (2.14) and (2.7). The
speed g corresponding to the data Q(s) and c, is obtained

(0)

X

1teratively. 1In the farst cycle we use the value for g

provided by the incompressible solution. At the nth step,
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q, is chosen to be the scale factor that minimizes the

expression

2¢ (n) 2
(n-1)2 _Q°(s ‘“i’JJ
q; - ’

(3.18) ) ( >
i qin)

where the points W; are evenly distributed around the unit
circle and q{n-l) are the velocities along the surface of
the (n-1) st approximation to the airfoil as computed by
the analysis routine.

The coefficient of 1ift supplied to the analysis

routine,

A

. Io Q(s')ds (31

L T T ’
%qu 7 9L

is also affected by the scaling and must be similarly
adjusted.

In order to evaluate s(n)(w) we use the data Q(s) and
¢(n-l)(l,m) as follows. Formula (2.15) is integratcd to
provide the function

¢l(s) = Q(s') ds' .

O—xn

Ql hes a minimum at the stagnation point of Q, say Sg *
and is monotonic on either side of Sp- We define a smooth

function

= /o, (s) = ¢, (s.) R s <s.,
(3.19) %, (s) .—.J 1 10 0

l+ /¢l(s) - ¢l(sdT R s > Sg +
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which is monotonically increasing ani can be inverted.
Both the speed Q and the arc length s may then be considered
functions of the modified potential ¢2.

At the nth stage of the iteration, the potential
6&r1%1,w) is modified as in (3.19). The result is
scaled to have the same range as ¢2 and inserted into the
appropriate expressions for Q and s. This provides an
expression s = s(n)(w) which can be differentiated and
used directly in (3.3a) instead of using (3.5), which

requires special treatment at the stagnation point.

The series

(n) ©
(3.3a) log (1 gs ] = ) a{™cos kuw - b{n)sin kw
l2 sin % w k=0 k k
is truncated at N terms and the coefficients aén) and

aén) + ibén) , k=1,...,N-1 are obtained using a fast

Fourier transform. This procedure does not rovide the
p

coefficient bén), which determines the orientation of

the airfoil with respect to the coordinate axes. To find

%
bén', we appeal to the Kutta condition
a
(3.13) 8 (1,00 = - q, e 0 sin (« - by) .

At the nth stage of the iteration, bén) is determined so
that (3.13) will be satisfied as the 1terations converge.
In summary, at each iteration we rescale the data to

update M and CL , and determine the mapping coefficients
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a, and Cp = ay + ibk + k=1,...,8-1, which are used as
irput to the analysis rout.ne. The analysis routine then
provides the potential $(r,w) along with the necessary
rotation factor b0 to complete the cycle. The iterations
continue until the velocity along the airfoil comput.d

by the analysis code agrees well enough with the prescribed
data Q{s5}. The iemaining bourndary conditions are automati-

cally satisfied, since at each iteration we use the analysis

routine to solve for the flow past a given airfoil.
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4. The Boundary Layer Correction

For the computations to be of practical value it is
important to supplement the inviscid equations discussed
thus far with equations describing the flow near the
surface of the wing section where viscous effects cannot
be disregarded. Tc do this, the inviscid theory is used
to design a profile with a finite thickness between the
upper and lower surfaces at the trailing edge. Next a
boundary layer correction is computed on the basis of
the inviscid pressure djstribution. The displacement
thickness of the boundary layer is then subtracted from
the coordinates of the inviscid profile. Thus the end
results of the computations are the actual coordinates of
the airfoil, a viscous boundary layer next to the surface
of the airfoil, and inviscid flow outside the streamline
determined by the boundary layer.

The method oi Nash and Macdonald [28] 1is used to
compute the turbulent boundary layer correction. The
momentum thickness 6* and the displacement thickness §*

are calculated from the von Karmen momentum eq.uation
* *
(3.20) =—— + (2 + H-M) = —

where H = 6%*/9* is the shape tactor and T 1s the skin

friction. M2 and q are functions of arc length s determined

by the 1inviscid solution, and H and T are given by
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semi-empirical formulas. The ordinary differential equation
(3.20) is integrated from transition points (xR,yR) that must
be prescribed on the upper and lower surfaces of the airfoil,
and a starting value for 0% is obtained from the specified
Reynolds number of the flow.

Separation of the boundary layer is predicted when the
Nash-Macdonald parameter

*

-8 g9

Csep = g ds

exceeds 0.004. It is important to choose the input spced

remains around 0.003 on the upper

distribution so that C
sep

surface near the trailing edge. This is our version of a
criterion due to Stratford for avoiding boundary layer
separation [35],

When theoretically designed airfoils are evaluated
in wind tunnel tests, 1t is sometimes found that the effects
of the boundary layer cause losses in 1lift apr” -~ther
discrepar.cies between theory and experiment. However,
airfoils designed with such a Stratford pressure distribu-~
tion using a similar inverse formulation [4] have been
found to mecet thear design specifications in wind “unnel

testaing.
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IV. COMPUTATIONAL RESULTS

In this chapter we present some results produced
by the design mode of the analyvsis code. We include
a description of pressure distributions that generate
profiles with no significant drag creep according to
the analysis code. Possible extensions of the main
jdeas to other problems in transonic flow are discussed

in Section 4.2.

1. The Design Procedure

The inverse method of airfoil design uses as input
the pressure distribution rather than the airfoil
coordinates. .n order to obtain airfoils with acceptakle
drag levels, an appropriate pressure distribution must be
prescribed. In this section we discuss a method of using
the design mode that produces wing sections with low wave
drag as predicted by the analysis mode.

Our first example appears 1in Figures 6 and 7. Figure
shows the speed distribution used to produce the airfoil
of Figure 6. On the upper surface the speed distribution
rises from the stagnation point at the nose to a flat

section of supersonic values along the first sixty percent
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of chord, and then falls into a Stratford distribution
near the tail. The distribution over the lower surface
is entirely subsonic and is arranged so that the lift

is evenly distributed along the section, with aft load-
ing at the tail. The profile has been provided with a
gap at trailing edge so that a boundary layer correction
can be removed from the displayed coordinates, as shown
in Faigure 7.

Our experience with the design routine to date
indicates that drag creep can be avoided by designing the
airfoil to have a small enough supersonic zone. The
supersonic zone can be increased or decreased in size
as desired by varying the cratical speed ¢, used in the
design routine. If too large a supersonic zone is used
at design, the middle part of the zone tends to collapse
at speeds below design, giving rise to one or two shocks
that can cause significant wave drag at off-design condi-
tions. This effect is reduced by designing at a lower Mach
number with a smaller supersonic zone.

Fiqure 8 shows an airfoil design with a speed distri-
bution similar to that of Figure 6 but with the critical
speed c, lowered so that the supersonic zone 1is significant-
ly larger. The pressure distribution was altered slightly
near the nose and tail of the airfoil to retain the same

thickness-to-chord ratio and about the same gap at the tail.
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When drag rise curves are computed for these two airfoils,
the profile designed with the larger supersonic zone
exhibits drag creep as illustrated in Figure 9. The
observed difference in the drag levels for the two profiles
is due to increases in both the wave drag and the form drag
of the second airfoil, although both airfoils have virtually
identical form drag at subcritical speeds.

The design mode can also be used to improve the
performance of airfoils by altering off-design pressure
distributions. For example, we mayv exploit the fact that
some shockless airfoils designed by hodograph procedures
exhibit characteristic off-design distributions when
evaluated near the design angle of attack with a lower Mach
number (cf. [2], p. 96; [3], p. 131, p.143). The speed along
much of the upper surface 1is roughly sonic, with a prcnounced
peak near the nosc of the profile. Such peaky dastributions
also recall the experimental work of Pearcey [31], as well as
Boerstal and Uijlenhoet [9 ] and Niculand and Spee [29],;
who have published examples of shockless airfoils designed
with peaky distributions.

We illustrate the use of this observation with another
example. We begin with an airfoil that was obtained
using the design mode with a Mach number M_ = 0.745. We
use the analysis routine to compute flows past this profile

with the same angle of attack but with smaller Mach numbers.
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At M, = 0.710 there results the distribution shown in
Figure 10, with an upper surface distrabution that
resembles the characterisiic distributions except for

@ bump in the distribution around sixty percent of chord.
This distribution is obtained as output from the code in

the form of punched cards. Wwe modify the distribution by

removing the bump so that the distribution remains relatively

flat along this section of the airfoil. The resulting
distribution is used in the design mode to obtain the
airfoil shown in Figure 11. 1In Figure 12 we display drag
rise curves for this airfoil and a shockless airfoil with
similar specifications designed by Dr. Jose Sanz using
the hodograph code of [4]. The airfoil produced by the
design wrode of the analysis code compares quite favorably
with the shockless airfoil. Figure 13 shows that a near-
shockless flow is obtained at M, = 0.740.

The two previous examples illustrate the procedure we
use to obtain airfoils with low wave drag. We start with
an upper surface speed distribution similar to the one
appearing in Figure 3. This portion of the distribution
determines the wave drag experienced by the airfoil at
off-design conditions and also determines the growth of

the boundary layer near the tail. To obtain airfoils with

a given gap at the tail, thickness~-to-chord ratro, and 1lift,

the lower surface distribution should be modified as we
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will indicate in Section 6.1. The value of c, used
determines the free stream Mach number M, , as well as
the size of the supersonic zone. In order to find the
proper size for the supersonic zone, it may be necessary
to make a tentative choice for c, and use the analysis
code to calculate a drag rise curve for the resulting
profile. The size of the supersonic zone should be
decreased if the wave drag is too high at speeds below
design.

The size of the supersonic zone used at design
determines the height of the pressure peak near the nose
of the profile at off-design conditions, which in turn is
related to the amount of wave drag occurring below design.
The amount of wave drag near the design condition is
effected by the curvature of the profile at the rear of
the supersonic zone, which is governed by both the
prescribed pressure distraibution and the amount of
artificial viscosity used in the design routine. Rather
than attempting to adjust this area of the profile when
it is in the most sensitive region of flow, we have found
it more convenient to make any necessary modifications in
an additional design run at a lower Mach number correspond-
ing to the characteristic off-design condition as in
Figures 8 and 9. To do this, the analysis mode is used
to obtain the flow past the profile at the design angle of

attack but with lower Mach numbers. At some Mach number
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the flew should have a pressure peak near the nose
followed by a section of nearly constant sonic flow.

The pressure distribution over the region corresponding

to the rear of the supersonic zone at the design condition
is examined for any irregularities, and, if necessary, the
pressure distribution is modified near this point so that
it more closely resembles the characteristic off-design
distribution of shockless airfoils.

In taking this approach, our philosophy is therefore
to use a relatively simple upper surface distribution as
in Figure 3 at the design condition. At this stage we
adjust the remainder of the input distriubtion so that the
airfoil has the desired specifications and we determine
the size of the supersonic zone so that the off-design
performance is acceptable. 1In doing so we operate on the
fine mesh of code H with enough added artificial viscosity
to ensure cenvergence of the scheme.

If the 1ﬂ4ysis mode is used to evaluate the airfoil
at the des:j“ condition, the resulting pressure distribution
usually agrees with the assigned pressure distribution
except near the rear of the supersonic zone where the
extra artificial viscosity used in the design mode has
its largest effect. Rather than attempting to achieve
better agreement betwe.n e gn and analysis in this region
by using less artificial viscosity in the design mode, we

instead go to the off-design condition to make any necessary
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modifications to the profile at this point. Small correc-
tions usually do not significantly alter the specifications
of the airfoil that were determined at design. The result
is a smooth profile with low wave drag at off-design condi-
tions.

We discuss the implementation of this procedure,
together with the necessary boundary layer correction,
in Sections 6.1 and 6.2.

Figure 14 shows an airfoil with a larger supersonic
zone designed on a fine mesh using a relatively small
coefficient €y = 0.05 in the additional artificial
viscosity term (3.16). The appearance of the sonic line
Suggests the presence of a shock in the interior of the
flow region which weakens as it approaches the profile.
This picture illustrates the fact that this approach does
not produce shockless airfoils, but car provide some control
over the shock strength at the body by fitting a smooth

pressure distribution.
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2. Extensions of the Technique

A procedure similar to the one presented here would
allow the design of transonic cascades with low wave drag.
Codes which compute transonic flow past turbines and
compressors by using relaxation schemes similar to the
one in the analysis code used here have been written [19]
and would presumably lend themselves to a similar desagn
modification. An attractive feature of this approach
would be avoiding the complicated paths of integration
necessary for the design of transonic cascades using complex
characteristics in the hodograph plane [4]. For example,
it might prove possible to obtain cascades with a smaller
gap-to-chord ratio than can be obtained using the hodograph
method.

An important extension of this method 1s to the case
of three-dimensional transonic flow past wing-body combina-
tions. The results obtained so far with the design routine
suggest that by choosing the proper pressure distribution,
a satisfactory wing might be obtained with the mesh widths
usually available to three-dimensional codes. Analysais
codes that compute the transonic flow past a given wing
are currently available [3,21]. It would be necessary
to extend the method used in two dimensions to treat the
more complicated free boundary. One possibility would be
to use a separate conformal mapping at each wing section

to define the wing.
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V. A CONVERGENCE THEOREM

This chapter treats some theoretcical aspects of the
design problem. Section 1 describes the simplest design
problem in incompressible flow, where the method 1s exact.
Section 2 outlines a convergence proof for an iteration
scheme similar to the one used in the computations. The

estimates needed for the proof are described in Section 3.

1. The Incompressible Problem

In this section the design problem is illustrated for
the elementary case of incompressible flow. The explicit
solution obtained here is used in the next section as the
basis for a convergence proof of an iteration scheme similar
to the procedure outlined in Chapter 3 in the case of
subsonic compressible flow.

To make the presentation as simple as possible we will
consider the case of purely circulatory flow around a
smooth object. The Kutta-Joukrwski condition (2.12) is
then unnecessary and the speed of the flow at infinity is
zero, which simplifies the asymptotic representation (2.13).
It is also convenient to formulate the problem in terms of
the stream function ¢ as well as the velocity potential ¢.

We first establish some notation which will be useful
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in the next section. Consider a flow circulating around
a smooth body as indicated in Figure 15. We choose units
so that the total arc length of the body is 2w, so thac
the density tends to one at infinity, and so that the
maximum speed on the surface of the body is one. We
measure arc length s from a fixed reference point on the
body and express the coordinates as functions (x(s),y(s)]
of s for 0 X s < 2 . The speed of the fluid along the

body is denoted by
(5.1) Q(s) = Ju(x(s),y(s))|

for 0 < s < 21. We let § = min Q(s) > 0 so that § < Q(s) <

The potential function

s
(5.2) ¢(s) = ] W(s') ds'

0
is then monotonically increasing and ¢(2m)-9(0) = -T > 2u¢,

where T < 0 is the circulation of the flow.

It is convenient to consider Q(s) as defined by (5.1)
to be a 2n-periodic function defined for -= < s < », and to
consider ¢ to be defined on the whole real line. The

function

(5.3) s = S(9)

inverse to ¢(s) then satisfies

S{(¢ + T) = s(¢) + 27
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for -~» < & < » , and the function
(5.4) 3(¢) = Q(s(9)

has period -T over the real axis.
In this section the motion is assumed to be incompres-
sible, which means we may take p = 1 in (2.2). Formulas

(2.8a) and (2.8b) then show that the complex function
(5.3) x(z) = ¢(2) + ip(2)
is analytic with derivative

=u - iv .

Q-!Qa
NP

Near infinity, the asymptotic form analogous to (2.13) is
(5.4) x(z) v 5t log z
* 2n1 ~ -
We normalize ¥ so that
(5.5) p(x(s),y(s)) = 0.

We begin by observing that the body is determined up
to a rotation and translation by the function Q(s). To see
this, consider the conformal mapping z = £(z) which takes
the interior of the unit circle in the Z-plane onto the
region exterior to the body 1in the z-plane. We assume the
pole of f is located at ¢ = 0 and £{1) = x(0) + iy(0).

In the zZ-plane, the complex potential x assumes the

simple form
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-T
x{z) = 577 109 Z,

and in particular for ¢ = elw,

corresponds to the function ¢(s). This provides a corres-
pondence s = s(w) between the unit circle and ~he surface

of the body of the form
_ Tw
(5.6) s = S[- '2—,"'),

which is valid for all w. To determine the body from the
boundary correspondence (5.6), we note that if
F(g) = -czf’(;), t 2 have
iwyyp _ | dz ,_ iw _ | as
[Fe™) | = | g% (™) ' = d @ l

and therefore

(5.7) log|F(e*)]| = log|ds 99| = 1oqf{— =T
d¢ dw Ar=Tw
21 9(=7)
This determines the boundary values of the harmonic function
log|F(z)|. 1If G(z) is a conjugate harmonic function for

log|[F(z) |, we have
(5.8)  £'(5) =c[F(0)] exp 1(G(2) + by)

where b0 is a real constant. The mapping f(g) is therefore
determined up to a translation and a rotation by Q(s). The

flow
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(5.9) u - iv =
. o -ib,
is determined as well up to a multiplicative factor e .
This is all that can be expected, since a Euclidean
transformation of the coordinates leaves the speed distri-
bution Q unchanged.

We may now change our viewpoint and let the formulas
(5.7), (5.8), and (5.9) determine a nonzero analytic
function £'(Z) and a flow u - iv(z), say with b0 =0,
from a prescribed function Q(s). Provided that the func-
tion £(Z) determines a reasonable profile, the boundary
condition (5.7) shows that the resulting flow u-iv(z)
does have magnitude Q on the body, since
3011

aw —, = Q(S) .

lumiv(x(s)uy ()| = 1§35 ¢ (x(s),yie)) | = |38y

The question arises whether every smooth, pericdic
function Q(s) determines a reasonable profile (x(s).y(s)].

This 1s not the case. For example, if

1 n
£'(z) = - exp } c iz,

C2 n=0 n

then
o
0 = dz = - é £'(z) dr = 2ni cl e ’
body lz]=1

where
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log|F(a)] ™ qu .

Q
[
]
2|
(= Y

This imposes a compatibility condition

2

log él:g%Je-lm dw

[=]
1]
O oy =t

on Q(s) in order to obtain a closed body in the z-plane:
In the transonic dcsign problem for flow past an airfoil,
an analogous condition on Q allows one to design airfoils
that have a finite thickness between the upper and lower
surfaces of the trailing edge in order to represent a
wake extending downstream from the tail of the airfoil.

A more subtle detail is that the mapping z = f(:)

determined by Q(s) may define a profile with self-intersect-

ing boundaries. In the airfoil design problem, this
consideration is important since the body determined by
Q(s) may have so much curvature that the top and bottom
surfaces overlap.

Nevertheless, we emphasize that the formulas (5.7),
(5.8), and (5.9) do provide a locally one-once napping
z = f£(2) and a flow u-i1v(:) 1f only Q(s) 1s positive and
periodic. Similarly, the numerical computations for the
transonic design problem are possible under very mild
requirements on Q(s), and the process converges whothor

or not che resulting airfoil 1is physically realizable.
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It falls to the user of our computer code to make the
modifications of Q(s) necessary to obtain an acceptable

gecmetry.
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2, A _Convergence Proof for the Compressible Case

We now consider the more complicated case of subsonic
compressible flow around a smooth opbstacle. We wish to
show that an iteraéive pProcedure similar to the one useqd
in the numerical computation converges to a solution of
the inverse problem. The approach we take exploits the
idea that incompressible flow can be considered to be
a limiting case of compressible flow as the speed of
sound ¢ becomes infinitely large. The convergence proof
requires the maximum Mach number in the flow to be small,
which can be assured by taking the prescribed criticail
speed c, large enough. In this case we obtain a Poisson
problem with nonlinear inhomogeneous terms which we solve
by iteration. we are able to use standard estimates
expressed in terms of H8lder continuity to show that the
iterataive procedure defines a contraction, so that the
iterations converge. Less restrictive results could prob-
ably be obtained using deeper techniques from the mathemati-~
cal theory of subsonic flows. However, the proof outlined
here is a satisfactory illustration of the computational
Procedure, which is our main concern.

For the subsonic design problem, the critical speed
Cx is given in addition to the speed distribution Q(s).

We continue to use the conventions of Section 5.1, with
units chosen so that P approaches one at infinity and

max Q(s) = 1. As in the computational procedure, we solve
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the free boundary problem by finding both the map z = f£(f)
from the interior of the unit circle to the region exterior
to the desired body and by solving for the compressible
flow 9(;). We show that for a fixed speed distribution
Q(s), if ¢, is sufficiently large we may construct a map
z = £(g) and a stream function ¥(z), both depending on ¢, ,
which approach the corresponding incompressible solutions
determined by Q(s) as ¢, + » .

For compressible flow, the velocity potential ¢ and
stream function ¢, considered as functions of the variable

£ = § + in, satisfy

(5.10a) D¢£ = ¥,

{5.10Db) D¢n = -wg .

We choose to work with ¢ instead of ¢ so that we may use
the Dirichlet boundary condition ¢y = 0 rather than the
Neumann condition 3¢/3v = 0.

By eliminating ¢ from (5.10a) and (5.10b) we obtain

the equation

l 2 1
_ 1 2 2 . ' '
(5.11) ayp = ;7[ Vegt 2uvip + vy o+ ;?;TT (Vglf |€+ vl £ M]l '

Where u2 = wnZ/DZIf.IZ . v2 - wgz/OZIftlz , q2= u2+ VZ,

2

and c“ = (Y+1)c3pY'l/2. The density o can be obtained from

Bernoulli's law in the form
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WE+ v 1(y+1) 2. y-1 _ 1 y+¢1 2
(5.12) + cip'™ = & cs .
292|f'(§)l2 2(y=-1) “» 2 y-1 *

The solution we shall obtain has the asymptotic form
r
Vv log|z]

as ¢ + 0, where the circulation I' is given by

27
r = - J Q(s) ds
0

We have 2m > -T' > 2n§, with § = min Q(s) > 0.
We again consider the analytic function F(g) = -czf'(;),

which satisfies the by row familiar boundary condition

iw _ 1 9 iw
(5.13) 1og|F(e )I = log m Em ¢(e”) .

Using (5.10) we have p 3¢/dw = =-3y/3r , so that we may express

the potential function on the boundary in the form

W
(5.14) ¢(w) = - f — 3 ') @ .
p Ple™)

¥y | (5.14) could be used in

If we knew the solution yY(re
the boundary condition (5.13) for the determination of |£'(z)].

We consider the expressions

(5.15) ¥(z)

¢(z) - (r/2%) log|g| ,

(5.16) H(zg) log|F(g)] - loglFo(C)I,
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where —c_ZFO(C) is the derivative of the conformal mapping
obtained by solving the incompressible problem with the
same data Q(s), as described in Section 5.1. ¥ and H are
perturbations of the corresponding incompressible solutions.
Note that ¥ and H are not singular at the point ¢ = 0, in
contrast to both the mapping f(f) and the stream function
v(zg).

Substitution of the expressions (5.13) and (5.14) into
the equations (5.11) and (5.13) for U and F shows that

Y and H must satisfy equations of the form

AY = M[Y,H,c,]

(5.17) _
Y') = o0 .
AH = 0
(5.18) )
H(e'™) = N[¥,H,c,] ,

where M and N depend nonlinearly on ¥ and H and formally
tend to zero as cf + @. We give the explicit form of M
and N in the next section. M is a function of ¥ and the
partial derivatives of Y up to second order, H and 1og!P0|
and their first order derivatives, and the variables

£ and n. N involves the boundary values of H,Y , and

the normal derivative (SW/Gr)(cim) in a manner

similar to (5.13) and (5.14). Tue function Q(s) enters

the problem through the term NIY,H,c.l.
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We are interested in solving equations (5.16) and
X (5.17) by iteration. We set Y(O) = H(o) = 0, and formally
define ?(n+1) and H(n+l) as solutions of

ay (ML) gy )yl

(5.19)

w(n+l)(eiw) =0

(5.20) .
H(n+1)(elw) - N[y(n+l)'ﬂ(n),c*] .

We denote this operation by

(5.21)  (¢(P*D) yntl)y L(y®,um oy,

We wish to show that for a given Q(s), if c, is large

enough the iterates satisfy an inequality of the form
(5.22) pyP¥L) _y(n)y o p(nel) o (n), < a1y _yln-1),

+ IH(“’-H(""I’I)

with 6 < 1, which implies convergence of the iteration,

We therefore must examine how the solutions W(n+l) and H(n+1)
of (5.19) and (5.20) depend on the functions W(n) and H(n),
and we must define the norms to be used in (5.22). It
turns out that since M and N are formally small as Cp *+ ®,

we may succeed by using basic estimates for Laplace's

equation which are expressed in terms of H8lder continuity.
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Let D denote the closed unit disk and consider the
space Cn+a(D) consisting of n-times continuously differ-

entiable functions u defined in D with finite norm

ful = sup aiaj u(c)l +
n+ao €D &n
i,j<n

i.j _ainj
|a€an ulzy) - 9z ulz,)|

+ sup =
Ly ¢5,€D le; - z,l
i+j =n

where n 1is a nonnegative integer and 0 < a < 1. cn+a(D)

is a complete space with this norm. In addition, if
1
u € Cn+a(D), then u € Cn'+a'(D) when n* < n

and o' < a, and lul < ful If uy,u, € C . (D),

n'+a’ +a”

then u, *u, € Cn a(D) and lul-uzl < K fu, il fu,l

+ nta — n+a 1 n+to 2 n+a”

If u € Cn a(D) and G is (nt+l)-times continuously differ-

¥
entiable on the real axis, then G{u(g)} € Coq (D)

We also need the idea of H8lder continuous boundary
values. If g(w) is an n-times continunously differentiable,
2n-periodic function defined for all w, we will say
g € Cn+a(aD) if the norm
1209 () =309 (w,) |

Igl = sup ISig(w)[ + sup —
n+o, 9D w - o
' w wy .0, lo; - w,]

i<n
is finite. The norm I'ln+a 3D has properties similar to
’

I-In+a. Note that if f(¢) € Cn

and If(elw)l

(D), then £el®) e c . (ap)

+

v Bl
n+a £ n+o*

n+ao

n+a, 3D 2K
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For any fixed o, 0 < a < 1, we will show ?(n) € C2+a(D)

and H(n) € C1+0(D) by using the following fact, which is

an elementary instance of the more general a priori esti-

estimates of Schauder [6]:

THEOREM. Let u(Z) be the solution of

where f € Ca(D) and ¢ € Cz+a(8D). Then u € CZ+G(D) and

(5.23) tul o S Ky(igl  + LLLPYWPPS B

where K3 depends only on a.

We will also use the following consequence of (5.23).

COROLLARY. Let u(g) be the solution of
Au =0
-~ 1m) = 3)

where ¢ € C1+a(aD). Then u € C1+a(D) and

(5.24) Tl o S KGOV, ap

where K4 depends only on a.

This result can be obtained from the previous th-cron

(5.23) by setting

2
G(relw) = %5 (u(relm)] +(%;) f 5(w') dw' ,
0
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where u is obtained by solving

Au =0

27

w
: { ~
Wy = J p(w') dw' Eﬂ j (w') dw' .
0 0

u(e
We assume the data Q(s) 1s three times continuously
differentiable. The expressions {(5.2), (5.3), and (5.4)

show that the function 6(¢) is also that smooth, and

we set
(5.25) K. = sup Q(¢)'
Q2 ecoco d¢3
3=1,2,3

Using (5.24) we see that the harmonic function loglFo(c)l

determined by (5.7) is in Cy4q (D) with llogIFo(;)lll+a

< Ké , where Ké é.pends only on K 8 , and a. This

Q 4
implies IFO(C)fZ % Cy44 (D) with a similar bound

2
”FO(C)l !l+a K

5 -
Consider the closed subset B of C (D)XC (D)
(rl.rz)
defined as
B(rl'rz) = {(?,H): IWl2+a <ry. tn T ea S rz}

In order to show the iteration scheme (5.21) converges,

we first establish the following

LEMMA A. There 1s a constant KA depending only on

a, v, § = min Q(s), and K such that for c, > Ky » the

Q
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operator L(-,+,c,) formally defined by (5.19) and (5.20)
1s well defined cn 8(6/2,1) and maps B(G/Z,l) into itself.

Thus the iterates ?(n+l) and H(n+l) all exist and satisfy

(n+l)
iy i 14 S 1.

We sketch the derivation of the estimates necessary for

(n+1)
240 S 6/72, IH I

the proof of Lemma A in the next section. There we show that if
(Wl,Hl) € B(6/2,1) and if c, is large enough, we have
M!Wl,Hl,c*] € Cu(D) and N[?l,Hl,c*] € Cl+a(aD) , wWith
IM[Wl,Hl,c*]la = KG/c*2 and UN[Wl,Hl,c*]I1+a'3D
< Ks(l/c*2 + lwll2+a) + where K. depends only on

«,Y,8, and KQ. Using the basic estimates (5.23) and (5.24),
we tnen have that the functions (Wz,Hz) = L(?l,Hl,c*)
defined by solving (5.15) and (5.16) satisfy

i 2
(5.26) Wolo < K, /e,
- 2
(J.27) lﬂzll""l i K7/C* [

with K7 depending on a,Y,8, and KQ r» which establis..es
Lemma A with KA2 = K7/6.

Lemma A shows that the functions W(n) and H(n) can
indeed be generated for n = 1,2,... . In order to show

convergence, we have

LEMMA B. There 1is a constant KB depending only on
o,v,8, and KQ such that for C, > KB + the operator

L(+,+,c,) defined on B(G/Z 1) is a contraction. More
r
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specifically, if (YZ,HZ) = L(Wl,ﬂl,c*) and

(Yg,H,) = L(¥5,H,,c,), we have

by, - v b, 4 VHy- B L o<oo(iy -y 0, +lH -H I, )

i where 8 < 1. Thus the iterates ?(n) and H(n) form Cauchy

sequences in the complete spaces C (D) and C (D).

To establish Lemma B we consider the expressions

(5.28) A(WZ-‘P‘;) = M[‘yllﬁlrc*] - M[\P3IH3IC*]
iwy _ iw =
. ¥, (e ™) ¥, (™) 0
]
A(H,~H,) = 0
(5.29) . .
Hy(e'™) - H,(e™) = N[¥,,H),c,] - N[Y¥,, Hy,c,) .

In the next section we see that

IM[?l,Hl,c*] - M[W3,H3,c*]|a
2
< (Kg/c* )(l?l-VBIZ + IH H3I1+ ),

IN[‘i‘z,Hl,C*] - N[‘P4,H3,C*]il+a aD
2
S Ko (N¥ym¥y0pug* VHYHE) o/047) o

where K, dpends on a,Y,8, and KQ. Applying the basic

estimates (5.23) and {5.24) to egquations (5.28) and (5.29),
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we have

2y (ry -
AP RLVLPYE S (VN J(by =eahy o 1H, LELPI

2
THy Hy e S Kyg(P¥yvd, 4 Ty -H3ly 0 /ef)

which together yield the statement of Lemma B with
2 _ _ 2 2
Ky® = Klo(l + 3K10) and 8 = Ky /e, .
)
The Cauchy sequences of iterates ?(n) and H(n' there-
fore converge to functions ¥ € C2+a(D) and H € Cl+a(D)

which must satisfy (Y,H) = L(¥,H,c,) if c, > K We

B*
note chat since L is a contraction, V¥ and H are the
only solutions of (5.16) and (5.17) with IWI2+a < 48/2

and IH! Moreoveir, the expressions (5.26) and (5.27)

1l+a < 1.
show that the solution satisfies

2

U /
1yi +|Hﬂl+a < 2K7/C* .

2+a

Recalling that ¥ and H are perturbation quantities represent-
ing the difference between the compressible and incompressible
solutions for a given Q(s), we s=2e that the compressible
solution indeed tends to the corresponding incompressible
solution as the critical speed ¢, + =, This fact, together
with the explicit solution availavle in the incompressible
case, is the underlying basis of che above cenvergence

proof.
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3. Inequalities for the Convergence Theorem

In this section we consider in more detail the
inhomogenecus terms M[Y¥,H,c,] and N[¥,H,,c,] appearing
in equations (5.17) and (5.18) and indicate how the

estimates mentioned in the discussions of Lemmas A and B

are derived.

A calculation shows that the inhomogeneous term

M[Y,H,c,] of (5.17) has the form

T(Ei'wgi"* 5153 IHEitloglFolgi)
(5.28) M[Y¥,.d,c,]

csz"Lllr‘oI2 exp 2H

where Sl =g, 52 =n7n, and T is a third degree polynomial
in its arguments with coefficients depending only on the
circulation I'. The term N[¥,H,c,], takes the form

2m oY

(5.29) w¥,i,e,] = log[1 + ZF 3% (o™

- log p(e®)-10g10(8 (w))/B(~Tw/2m)]

Here the density p can be defined by Bevnoulli's law (5.12)

to pe a function p = R(&z/cz), where 52 = (wé + q;g)/[f'l2 .

valid for ¢ < q° < 2K,c2 , with R(0) = 1. R is the

1
subsonic branch of the multiple-~valued function giving
p in terms of the gradient of the stream function. The
constant K, depends on Y, 2K; = [2/(y+l)]2/(Y-l). The
only information about R that we need 1is that for
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&2 < chf + there is a constant K2 depending on Yy such

that 1 > R > Kz'l > 0 and [R'[,[R"] < K,.

expressions (5.15) and (5.16) giving ¥ and H in terms

Recalling the

of ¢ and £', we have that

2

- 2
(5.30) §2 = —1 |G 1e1? - el ey any )
IFy|“exp 2H
4.,2 2]
+ |z (?€+Wn )J

The term ¢(w) appearing in the expression (5.28)

for N[¥,H,c,] is written in the form

© .
_ 1 r . ay(e?)
(5.31) ¢(w) = (I'/c) Jp(T“’)— ,:'2‘?+ or J dw
0

rather than (5.14), where the constant ¢ 1s given by

2¥ [ iw 1
A sl e
00(0 ) a
The factor c 1s introduced to make sure ?(w+2m) -9 (w)= =T,

so that 6(¢(w)) is 2m-periodic and smooth.

We first describe the 1inequalities used in the proof
of Lemma A. Since the expressions (5.28), (5.29), (5.30),
and (5.31) are rather complicated, we do not attempt to
present all the details. We have chosen the data Q(s) to
be smooth enough so that nothing more sophisticated than

the mean value theorem 1s needed.
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We assume (¥,H) € 8(6/2,1) - We claim that if c, is
large enough, MI[¥,H,c,] € C, (D) with iM[‘P,H,c*]Iu :TKG/C*z,

and N[¥,H,c,] € ¢;, (D) with IN[W.H:C*]|1+a'3D =

2 . . .
< Kb(l/c* + ‘W§2+a)’ In the following expressions, Kj
will denote constants depending only on a,8,y, and KQ.

Consideraticn of the expression (5.30) for &2 shows
2 ]
Tta = K9‘
properties of the function p = R(§%/c?) defined by (5.12),

that g € ¢/, (D) with 132 Recalling the
we see that p € Ci40(P) with lpl1+al < Kio , provided

that we have chosen c?2 > Ké/Kl‘ This choice keeps iz/c*2
on the subsonic branch of the density-stream function
relation. We then see from (5.28) that M[Y¥,H,c,] € C, (D)

and we obtain lM[?,H,c*]la < Kil/c*z.

We next observe that each of the three terms on the
right hand side of the expression (5.29) for N[Y¥,H,c,] are
in Cl+u(8D). The first term is well behaved since we have
IT] > 218 and B¥l,, . < 8/2, giving [2n/T) (3¥/ar) (e*¥) | ::% .
and its norm is bounded by a constant times l?!2+a. The
second term log p(elm) is also well behaved since p is
bounded away from zero, and we can estimate

flog p(elu)l < K12/C*2.

l+a,9D

The desired factor l/c*2 1s essentially due to the fact that

log o(ei“) log R(éz(ei“)(c*z) ~ log R(0)

~2, 1w

g (e ™) T R.(t§2/c*2)

dt
Cy d R(téz/c*z)
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by the mean valuc theoren,

The last term in (5.2a) can be estimated Lv

~ ~ 2
(5.31) tlog Q(¢(w))-~1lcg Q(—Fw/Zﬂ)ll+a'aD < K13(1/c* + Ivli*a .

This inequality is more complicated and we sketch it as
follows. Usaing the fact that 0 is three ’ ‘mes continuously

differentiable one car easily obtain

llog §(¢(w)) - 1og 6(-?&/2n}ll+a,an

< Kl4!¢(m) + I‘m/2nll_|_°“SD .

We then express ®{w) + Tw/2n7 in the form

w
_ T+c 1T Y
®w) + Tw/27 = — ] 5 lf? + sEJ dw

(s3]

o 4
- 1-p T ER -] oY

I '—-——-—-—p [—2—-1}‘ + TJ dw J ’—E' dw
0

and estimate the three éxpressions on the right in terms
of T+c, p-1, and Y, respectively. The factor I'+c can be

written

2
J dw -

L8
.€l

)

l

dw.

[¥34

P |2m

%)

r

n
{

Ftc = - J 1-o [r_ + =
0

O
1%

We again gain a factor l/c*2 from the expression p-1, and

we may obtain

2
) I d(w) + Tm/2nil+a'aD < Kygl(l/cg + bve,. )
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and (5.31) follows. We therefore have an inequality

. 2
'N[y'ﬂ'c*]!1+a,an $Kyell/e,” + vt )

as stated in Lemma A, provided ck2

> ]
> Kg/K, .
We now consider Lemma B. We wish to verify that it

(¥, 1)), (¥y,H)) € 5(6/2,1) and ¢, is large enough, we

have

(5.32) MY, Hj,c,] = MIY,, Hy,c 0l

2, v 3
S (Rg/e, ) (1) =¥alppo * TH =H3H )

(5.33) IN[Y), Hy,cp] = NI, Hyec 0l ap

2
< Kg(lwl-v2|2+a + '“1‘53’1+a/°* ).

Consider the first inequality. The form of (5.28) shows

that, with an obvious notation, we may write

- 19 . - 1 - 1 N
T A G TR PLPYO L) PE LB b YFL A
Cx f1 P2

+ lexp(—2Hl) - exp(—ZHz)la) .
It is easily seen that the last term is dominated by some

constant times lHl— H2i1+u' Examination of the expression

(5.30) for éz shows that we also have
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~ 2 2 . _
19" - 9,1, < Koo (1¥y=¥ 1, + P -H 0 )

and using this result with p = R(&z/c*z) then gives the
first inequality (5.32).

To obtain the estimate (5.33) we write
iw
lNl—N2Il+u'aD < llog(1+(zn/r)awl/ar (e™™))

iw
- log(1+(21/T) 3¥,/3r (e ’)’1+a,ao

iw i
*1log 0y (™)~ logp, (e Mysa,ap

+11og 6(¢l(w)) - log é(qz(w)]ll+a,3D

and estimate each of the terms on the right separately.
The last cxpression is the most complicated, and can be
treateca in the same fashion as was the term
Ilog é(¢(u)) - log é(—Fm/Zﬂ)i1+u,aD in Lemma A.
Straightforward calculations then show that an estimate
of the form (5.33) holds, and the statements of Lemma B
follow. The map (Wz,nz) = L(Wl,Hl,c*) 1s a contraction
and has a unique fixed point that can be obtained by
1teration.

There remains a technical point due to the introduction
of the factor c in the expression (5.30) for {(w).

We desire the fixed point (Y,H) of the mapping to provide
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solutions Y(z) and F(Z) = ~C2 f'(z) to the equations (5.11)
and (5.13), where (5.14) rather than (5.30) is the expres-
sion for ¢ (w). Therefore we should check that for the

fixed point (Y,H) we have
2w

]

To see this, note that the corresponding function

{g— —%] dw = =T

‘Dll—'

v(z) = (I/2m) loglz| + ¥(z) by construction satisfies

the equation

with ¢(z) ~ /21 log |¢| as ¢ » O, whether or not c = - r.

By Green's theorem we therefore have

21 2 1 3¢, iw
c = J - .__l_—- g_w- (elw) dw = lim J - ( 1“’) -—E(Ee )C dw
o p(elu)) r s_*0-}- plee
I __
p(0) °

The expression (5.30) for g% shows that
p(0) = R(az(O)/c*z) =1, soc = - T as desired. This
completes the convergence proof for the subs-onic inverse

problem.
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VI. DESCRIPTION OF THE CODE

In this chapter we explain how to modify the input
speed distribution in order to obtain airfoils with given
specifications. We also describe the other input para-

meters necessary for the operation of the design mode.

1. Achieving Design Specifications

We refer zgain to the speed distributicn illustrated
in PFigure %. The form of the upper surface distribution
determines the amount of wave drag experienced by the
airfoil and the growth of the boundary laver along the
upper surface. We suggest using a distribution waith
constant supersonic values over the first portion of the
profile, followed by decreasing values along the rest
of the surface in accordance with the Stratford criterion
Csep ¥ 0.003 near the trailing edge.

The value of c, should be determined so that the
supersonic zone has the proper size, as discussed in
Section 4.1.

The 1lift of the airfoil is related to the area between

the upper and lower surface speed distraibutions. By varying

the lower surface distribution, the lift can be distributed
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as desired over the airfoil. The free stream Mach number
is also affected by changes in the speed distribution.
For example, increasing the magnitude of the velocities
along the lower surface will generally decrease the lift
and increase M_.

The thickness-to-chord ratio of the wing section can
be adjusted by varying the slope of the speed distribution
near the stagnation point Q = 0. Increasing the slope
will result in a thinner profile with little change in
the lift of the airfoil. The free stream Mach number also

increases as the thickness-to-chord ratio 1s decreased.

The vertical separation between the upper and lower surfaces

is decreased as the slope is increased.

The relative position of the upper and lower surfaces
at the trailing edge can be adjusted by changing the
velocity distribution near the tail. The vertical separa-
tion is increased by raising the prescribed speed at the
tail on both the upper and lower surfaces. This will not
have a strong effect on the thickness-to-chord ratio. For
most purposes the vertical separation should be around
0.015 so that after removing the boundary layer a gap of
around 0.007 remains. The horizontal separation can be
adjusted by changing the amount of arc length near the
tail.

Finally, we mention that a decrease in the prescribed

critical speed c, will generally increase the size of the
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supersonic zone, increase the free stream Mach number,
decrease the thickness-to-chord ratio, and increase

the vertical separation at the trailing edge. It should
have 'ittle effect on the lift or horizontal separation
at the tail.

When designing an airfoil with given specifications
it is advisable to proceed in stages by modifying the
pressure distribution in the appropriate areas one at a
time so that the effects of each change can be isolated.
When beginning a new design it is useful to make the
initial runs on a coarse mesh of 40x7 or 80xj5 points,
where results can be obtained in one or two minutes
on the CDC 6600. The finer mesh can then be used to
make minor adjustments to the pressure distribution and

obtain accurate resolution for the final runs.
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2. Operation of The Code

We have included the design modification to program H
in such a way that when design parameters are not explicitly
spacified, thev assume default values that do not affect
the operation of the analysis routine. The description
of the operation of the analysis code given in [4] therefore
remains in effect for the new version also. We assume
the user is familiar waith this description of the analysis
routine.

For operation of the design mode, the input speed
distribution should be provided on TAPE6 in the format
given in Table 7.1, with negative values along the lower
surface follcwed by positive values on the upper surface,
as in Figure 3. The arc length s must be monotonically
increasing.

Table 7.2 contains the other input parameters necessary
for operation in the design mode. These parameters have
default values as indicated and can also be specified using
standard namelist conventions. We provide some sample
commands below to illustrate their use.

The parameter NDES specifies the number of overall
iterations to be performed in the design mode. FEach itera-
tion consists of NS cycles of flow computations, followed
by a new mapping to the unit circle as described in Sec-

tion 3.3. Since the time required to calculate a new
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mapping function is small compared to the time required
to find the flow past a profile, we use relatively few
cycles of flow computation between each mapping. We
generally specify NS = 10, NFAST = 0, and NREXL2X = 1,
so that 10 relaxation sweeps are used between each
mapping. The results we have prese..ted have all been
produced with this choice.

The parameter TSTEP is a relaxation factor for the
Fourier coefficients determining the mapping function.
The rate of convergence of the overall iteration procedure
depends on the valuec of TSTEP. If TSTEP is too large, the
coordinates of the profile may oscillate and the scheme
will converge slowly or not at all. When a small amount
of artificial viscosity is being used in the flow equations,
it is sometimes nececssary to use smaller values of TSTEP
to avoid abrupt changes in the successive profiles that
may cause undesirable shock formation. We have TSTEP ~ 0.2
for the design procedure outlined in Section 4.1,

An example of the control cards and data cards used
to design an airfoil on the CIMS CDC 6600 is given below.
To improve turnaround time we have found it convenient to
break up the job into several shorter Jobs rather than one
longer job.

The relevant control cards have the form
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GETPF (TAPE 6=SPEED) Speed contains Q(s) as in Table 7.1

GETPF (LGO=HDES) HDES 1s a compiled version of the
modified ¥%na1ysis code H.

LGO.
SAVE (TAPE3=COMP1) Tape3 contains data to continue

the computation if desired.

SAVE (TAPE4=COORD1) Tape4 contains the coordinates
of the resulting airfoil in FSYM=1.0
format, and the final pressure

distribution.

For an initial run on a crude grid, the first card

used as input to the program could be
[ SP RN = 0., ALP=0., NDES=1 $ 1

NDES = 1 puts the code in the design mode. The specified
angle of attack with respect to the x and y axis must also
be given on this card. The Reynolds number is zero for the
inviscid flow calculations. The speed distribution is read
from TAPE6 and a Plot of Q(s) is provided. (If CSTAR < 0,
the program will then terminate.)

The next cards are
[ $P NS=-1, ITYP=1 § ]
The grid 1s coarsened from 16Cx30 to 80x15.
[ $P NS=-1, ITYP=1 3 ]
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The gird is coarsened from 380x75 to 40%7.

[ SP NDES=20, NS=10, NFAST=0,
NRELAX=1, EPS1=0.5, TSTEP=0.2,
REM=0.5, ITYP=4, XP=1.0,

KDES=10 ]

Tweaty design cycles are performed. After each increment
of 10 (KDES) cycles, the coordinates of the resulting air-
foil, the Mach numbar diagram, and a Calcomp plot of
the flow are produced. XP=1l. causes the desirequ;éssure
distribution to be plotted on the graph also; if XP=0.

it will not appear. The results of this computation are

automatically saved on TAPE3 after NDES cycles.
{ $P NS=1, ITYP=-1 § ]

The grid 1s refined f£rom 40x7 to 80x15.
[ $P NDES=20, NS=10, ITYP=4 ]

Twenty more design runs are performed on the new grid, and

the results rewritten on TAPE3.
[ $P ITYP=0, XP=0. ]

The computation stops. XP=0. causes the airfoil coordainates
to be wraitten on TAPE4. This run takes about 90 CP sec-
onds execution time.

If the airfoil produced by *this run does not meec the

desired design specifications, Q(s) is changed and the run
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is repeated. 1If the airfoil is satisfactory, the run may be

continued on a finer mesh as follows.

GETPF (TAPE3 = COMP1)
GETPF(LOG = HDES)

LGO.
SAVE (TAPE3 = COMP2)
SAVE (TAPE4 = COORD2)

The data cards are then
[ $P NDES = 1, RN = 0., ALP = 0. 31
[ $P NS = -1, ITYP =1 § )

Coarsen mesh from 160 30 to 80 15,
[ SP NS = 0, ITYP =1 § ]

Read in data stored on TAPE3 (stored with MxN = 80x15)

to continue the computation.

[ $P NS=1, ITYP= -1 § )

[ $P NDES 10, NS = 10, ESP1 =1., ITYP = 4 § ]

[ $P ITYP 0, XP = 0. $§ ]}

This run takes about 130 CP seconds execution time.

The next run might have

[ $P NDES = 1, RN 0., ALP = 0. $ ]

[ $P NS = 0, ITYP 1]

{ $P NDES

10, NS = 10, EPS1l = 0.75, ITYP = 4 $ ]

[ sp 1TYP 0, Xp = 0. $ 1] ,

and so on.
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If it is desired to do the design in a single run,

the data cards might read:

[ $P NDES = 1, RN = 0., aLP = 0. 3 ]
[ SP NS = -1, ITYP = 1 ]

{ $P NS = -1, ITYP =1 ]

{ $P NDES = 20, NS = 10, NFAST = o,

NRELAX = 1, EPS1 = 0.5, TSTCP = 0.2,

REM = 0.5, ITYP 4, KDES = 10, XP = 1. § )

[ $P NS = 1, I1TYP = -1 $ ]

il

[ $P NDES = 20, NS = 10, ITYP 48]

[ SP NS =1, ITYP = -1 ]

[ $P NDES = 10, NS = 10, EPS1 1.0, ITYP = 4 § |

[ $P NDCS = 10, NS = 10, EPS1 = 0.75, ITYP = 4 $ ]

[ $P MDES = 10, xS = 10, c£ps1 0.50, ITYE = 4 § ]

[ $SP ITYP = 0, XP = 0. ]

This run takes about 529 cp seconds execution time on the
CIMS CDC 6600.

For the present version of the code, a separate run
1s requircd to perform a boundary layer correction for
the airfoil designed with inviscid the ry. Assuming the
coordinatcs and pressure distribution from the desian run
were stored on TAPE4 = COORD1, the control cards for a

boundary layer correction would be
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GETPF (TAPE3 = COORD1)
GETPF (LGO = HDES)
LGO.
SAVE (TAPE3 = COORD2)
The required data -axds have the form
[ $P RN = 20.206, XP = -1., pcy = 0.07, PLTSZ=8 0 $ ]

[ $SP ITYP = 0, XP = 0. ]
COORD2 then contains the corrected coordinates in FSYM = 2.0

format. A plot of the profile is also generated by this
run.

Finally, we mention that the parameteyr XOUT can be
tsed to obtain speed distributions for use in the design

mode. The command
[ $P XOUT = 1.0 )

will cause the spced distribution currently in memory to be

written on TAPE3 1in the format shown 1in Table 7.1.
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TABLE 7.1.

TAPE6 INPUT SPEED DISTRIBUTION Q(s).

Wls. 1-10 11-20 21-40
\\\
Cards ™~
1 XIN CSTAR
2 ~-lel at tail initial value of
arclength
3 speed along profile increasing values
of arclength
XIN + 1 lo] at tail final value of

arclength
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CSTAR

KDES

EPS1

NDES

PLTSZ

QPL

QPU

REM

TSTEP

Xourt

XIN

TABLE 7.2. DESIGN PARAMETERS
Glossary of Input Parameters for Design Mode
Parameter Default

100.

10

50.

.85

.95

None

Description
Real. Critical speed Ce. If c, < 0, the
program plots the prescribed speed distri-
bution and halts.
Integer. Graphs and flow printout are
generated every KDES design cycles. .
Real. Artificial Viscosity coefficient €
appearing in the expression (3.16).
Integer. Number of design iterations
to be performed.
Real. Length in inches of profile in
graph generated when boundary layer
correction is performed.
Real. Lower limit My of the cutofs
furction V(M) in formula (3.16)
Real. Upper limit Ml of the cutoff
function V(M) in formula (3.16)
Real. Relaxation parameter for determaina-
tion of M.
Real. Relaxation parameter for coeffici-
ents of mapping function.
Real. XOUT = 1 causes the current
velocity distribution to be written
on TAPE3 in the format of Table 7.1.
The computation 1s then terminated
Real. Number of points used an prescribing
input speed distribution Q(s).
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Figure 5
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Figure 8
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Figure 9
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Figure 12
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LISTING OF COE

PKOGPAM H{UINPUT = 0650JTPUT =
10UTPLT, TAVES = INPUTSTAPED)
CUHHCN/FL/FLUXT#;CD4;CUh;lNLCL
COMMON PHI(le:31)yPP(102’31’)A(3l)’d(3l)9C(31);D(31)’E(31)

1 ,RP(31)’FPP(31):R(31)1RS(31))RI(31)pAA(lOZ):bb(le)JCU(ICZ)

2 ’51(102))PHIR(IOZ),AC(loZ);YC(loZ);FH(IbZ))AQCL(lCZ))DSUM(lLZ)

3 :ANGGLD(le);XGLC(le):YJLD(ltz):ARCULD(IbZ);DELGLD(162)

4 SRP4(31),kP5(31)

CLMMUN /A7 PI:TP’PAD;EW;ALP)FNrPCH;XP)T&;CHD;DPHI;CL’RCL)YR
’XA;YA!TL)DT!DR}DELTH:DELR;kA;DCN’DSN’RA4:EPSIL:QCRIT:C1)C£
’C41C5;C69C71b[T:BcIA:FSYM:XSFP:SEPM;TTLE‘4):M)N,MM,NN;NSP
)IK)JK’129ITYPQMDDE)IS:NFC)NCY!N?N;NG,IOIN;NZ;N3)N4:NT’IXX
;NPTS’LL)IyL)EP:KQ,hEd,EPSl,thS,ALEN)SCALQI
’SCALQO)Nb)GAhPA)NQPTICSTAR;REH’DEP)QINF,TSTEP)XULT
,INC,QFAC:GAH)KDLS:PLTSZ’QPL}QPU

DIMENS ION COMCUET)»CLA(2) s NAMEFR(G)

EQUIVALEN(E (CDNC(I);PI);(CLK:CL#;I)))(ALPX:CLA(Z))

LSTERR IS THF SUBRCUTINE To PRGCESS A NAYMELIST E&RKUR
EXTEPNAL LSTERR

FRENON-ANS T %4 4

NAMELIST /p/ ALP:BET#:OCP:CL:tH:PSYH’GANHA,lS’ITYP’IZ)KP9LL9LSEP,
1 HIN:NFC,NPTS)NRN;NS:NSI:PCH:RQCP:KCL}KDEL;RFLU:R&,SEPN:Sf;
2 XMONy XPsXSEP» NRELAXs NFAST
3 9EPSI:CSTAR,NDES;REN’JEP,TST&P:XOUT’KCESpPLTSZ’QPL)QPU
DATA GAMMA/144/ 5 ST/0.7 » XHONZ4957 5 RBCP/.107 » RFLO/1.47
1 FDEL/ 4125/ 5 bCP/44/ » N51/20/ » N3/1/ » KP/1Y/

DATA N9/57 5, NAMEKR/o0*d/ » ULy02,SL/3%Co/ 5 CP17e47 s XPF/1./
1l sVer6/

AA(Ll) = 99999,

INDCC=0

NEw=1

NFAST=1

NRELAX=6

THESE TWJ CARDS TRANSMIT TG THE SYSTEM THE RECOVERY ADDRESS
NAMERR(5) = LOCF(LSTERR)
CALL SYSTLMC(66sNAMEKK)
M4 = Ng

REWIND N4

WRITE (N2,180)

READ (N55P)

IF (CLWNE.100.) MOCL = 0

50C>TAPE2 = tU0,TAPEG = 4GUs I APE2 =

WV w e~
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10

7727

AT N e

7728
c

eI

o

20

114

e I T P T
T4

25

IF (1Z.GE.80) N& Ng
IF (NS.EG.0) Gu TO 30
CALL RESTRT

CLX = (L

ALPX= RAD*ALP

GC TG 140

WRITE (N2,180)
NEw=1

ALP = 100,

CL 100,
t***NaN—ANSI"“
READ (N5,P)

LN = RN¥]1,E=~b+,t
TxT = 3HALP

IF (MUODE.EQ.O) TXT
CaLlL SECUND(TIME}
WRITE(N2,200) EMs TXTsCLACMOUE+L) s LNs MsNsNS» TIMEs kELOs RULIKTELS
1 RBCP»BETASSTHPCHy SEPMyXSEPSNPTS, ISosLLy 12
2 sEPS1INDESIREMINFASTINRELAXs ITYP,FSYMsTSTEP,DEP

IF (ABS(XOUT)eGTeed) 6J 13 7727

60 TG 7726

CALL OuTteT

CALL PLOT(0.50.s999)

STOP

CONTINUE

SELECT DUTPUT TAPE

N4 M4

IF (12.Gt+.80) N&
CZ s 05*(GAMMA"10)

Cc7 GAMMAZ(GAMF A=1,)

IF (ALP.EC.100.) GJ TO 20

ALP hHAS BELEN INPUTTELs KEEP IT FIXED

- 3H CL

N2

NCY =0

MODE = _

ALPX = ALP

ALP = ALPX/RaAD

IF (CL.EC.100¢) GO TG
CL HAS BEEN INPUTTED,

25
KEEP IT FIXED

NCY = O

MODE = O

YA = +5%CL/CHD-DPHI

DO 114 L = 1M

D0 114 J = J,NN

PHI(L»J) = PHI(L,J)+YA%PHIR(L)
DPHL = +5*%CL/CHL

CLX = CL

CL = CLX

CHANGE PAKAMETERS wHlCH DEPEND ON THt MACH NUMEER

EM = AMAXL(EMy.1{=-4C)
Ir (EMJNEJEMX) NY = O
Cl = C2+1./7(EM *EM )
Co = C2*EM *EM

Ce = 1.+Co

C5 = 1./(Co*C7)

105
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v

(8]

QCRIT = (Cl+Cl)/(GAMMA+1,.)

BET = SQRT(1l.-EM *EM )-1.

CHECK FOR TERMINATEs KETRIEVEs OR STOKE INSTRUCTIONS
IK wILL B8E =1 ONLY 1F THERE 1S A NAMLLLIST ERROR

IF ((ITYPJEGeO)eGRe(IKeEQs=1)) GO TO 170

CALL €O0OS1

IF (NSeNEWD) 6D TO &C

KEWIND N3

IF (1TYP.GT.0) GU TO 30

WRITE(N3) C7MCy PHI» AAy B2 ARCOLD,ANGOLDy XOLD s YOLD)VDELULDs ks RSsR]
1 »DOSuUM)GAMHA, XMUN)RBCP)RFLGIRDELIBCPyNSLpkP,ST

GO TG 140

30 KEAD (N3) CUMCrPHI»AAs5Bs AKCOLDs ANGULDY XOLD» YOLD» DELOLDs Ky KSsR1

40

70

99
100

80

105

141

142
151

1 ,DSUMYGAMMA) XMON)RBCP RFLOSJRUEL s BCPINS1KP,ST
CALL MAP

GO TO 140

CONT INUE

I (NS.GT.0) GG YO 70

NS = ¢

GU TG CRULE GRID IF ITYP.GT.O
IF (ITYP.GT.O) CALL KEMESH(-1)
GO TO 140

IF (1iYP.GT.C) GU TO 99

50 BACK TOU FINEK GRID

CALL REMESHI(1)

GO TU 140

SET UP CONSTANTS AND DJ CUNFOKMAL MAPPING
K = 1

XPHII = 0.

IF { RCLoNE«VS) XPHII = 2. %CHU/ZKCL
XA = 1,-2./KFLO

ANGD = -~RAD*B8(1)

TXT = 3H CL

IF (MODEWEGa0) TXT = 3HALP

DU AT MNS™ NS CYCLES

IF (KN«eLE4Ds) NS1 = 1000GI0

IXX = M+2

IXX = Ixx-1

IF (XC(IXX-=11.GT.XMON) GU TO 8C
LC =0

DO 12C K = 1, NS

IF (NDES«GE.O) GG TO 10>

IF (MODILCy»56)eNELD) G3 T 105
WRITE (N2,210) TXT

LC = LC+1

CONT INUE

IF(NFAST.LEWD) GO TG 14l

CALL SWEEP1

REPRON:
IF(NRELAX LE. O} 6O TO 151 0D

BC 142 LF=1,NKELAX QRIGIN 4y, 11)811,111 o,
CALL SWEEP AGE IS pygpy’
CONT INUE !
NEw=Q

NCY = NCv+1

107



ALPX = RAD*ALP

CLX= 2,%DPHI*CHD

YA = YA&XPHII

WRITE RESIDUALS ON nz EVERY KP CYCLES

If (NDES.GE.O0) GO TO 110 ¥
1F (MOD(KsKF)NE«O) GJ TD 110 H
LC = LC+1

INDCD=1

CALL GTURB(D1sD25CP1yCOWs SLyRDELs RBCP)

INDCC =0

ANGO = -RAD#*8B(1) !
WRITE (N2,130) NCY»YRy)YAsD1sC25 IKsJK)NSPYyCLA{2=MUCE)» ANGGHCPL,
1 COw:.CD4
CO A BOUNDRY LAYER CLRRECTIGN EVERY N31 CYCLES
110 IF (MOD(KsNSL)NELO) GO TO 12% .
IF {K<EQ.NS) GU TO 140
WRITE (N2,190)
LC = LC+1
FSY“ z H,
CALL GTUREB(D1sD2»CPlydCPsSLsRUELSRBCP)
ANGDO = =RAvu*88(1)
IF (MODEJEQ40) DPHI = .5%CLX/CHL
CHECK TO SEE IF wE HAVE SATISFIED CONVERGENCL CKITER1A
125 IF C(AMAXY1(ABS(YK)»ABS(YA))oLT4ST) GO TC 310
120 CONTINUE
310 IF(NDES.LE.O) GU TO 140
CALL CYCLE
IF (MOD({ KOsKDLES )eNte0Q) GO TU 138
CALL GTURE(D1,D25CP1s3CPsSLsFDELyRECP)
CALL MAP
LALL COSI
138 IF (KD+EQ.NDES) GC TO 139
KD = KD+1
GC TO 10v
139 REWIND N3
ITyp = 1
WRITE(N3) COMCsPHI»AA, 8B, ARCILDSANGILD, XULL s YOLD» DELOLDSRSRSHRI
1l »OSUM,GAN"MAY XMON)RBCPsRFLOIRDELSBCPHyNSLIskP»ST
140 I1YP = TAES(ITYP)
CL = CLX
LN = RN*1.k=6+.%
XPF = XPF*AMINO(LlsIABS(Ma—-N4))
XP = XP*XPF
CALL SECUND(YINME)
NTPE = N4
TXT = 3HALP
IF {MODE.EQ.0) TXT = 34 CL
150 WRITE (NTPE,200) EMyTXTsCLA(MODE+L1)sLNsMyNsNSsTIMES FELOs kLLsRUELS
1 RBCPsPcTA)ST»PCHy SEPMs XSEPSNPTSsISsLLyI2
2 SEPS1yNDESIREMyNFASTSNRELAX ITYP)FSYMy FSTEP,DLP
IF (NTPELEGeNZ) GU TL 1vu
NTPE = N2
60 TO 150
160 IF (ITYP.GEL2) CALL CTURo{(D1sD2,CPL, BCPySLeNCELYFBCP)

198
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EMX = EM
1Typ=}
GO TO 10
170 ITyp = 4
IF (IKeEQC.-1) WRITE {N&45220)
CaALL GTURB(DIvDZrCPl:dCP:)L:RDEL’RBCP)
TERMINATE PLOT
Call PLCT(04s042999)
CALL EXIT
180 FORMAT (7H READ P/)
190 FDR”AT(&X’IQ:4F12.3114113:Ib)ZPlO.ﬁchll.D;Fll.5)
200 FORMAT (BHOEM=F§.393XAJ’lH=Fb-2:3XJHRN'IC’ZHE6’3XQHH4N’:IJ’IH‘)IZn
1 3X3HNS=14,3X5hTIME=F7.2/0H PFLU=F1.£’3X-4HRCL=F4.2;3XbHKDtL'F4.3
2 :3X5HRBCP=F3.2:3X5HLE[A=F4.2y3X3HST=pt?.1/ 5H PCH=xF4,2,
3 3X5HSEPH4F:.4;3XbHXSEP=FQ.2’3X5HNP75=IS:3K3HIS=12’3X3HLL'I3:
4 3X32H1Z=13/ 6H tPS1=t3.4)y3X6H NUES=13,3%
5 s4HKREM=FB .4+ TH NEAST=13,3%, THNKELAX=13,/,
6 3X,bHITYP'13:3XybHFSYA=F5-413X;6HfSTtP=)F6o993X;LHDEP-;F8o4:II)
210 FCRMAT(1H15X3HNCY6X4HDPHISX3HUCL’SX;QHLDEL)bX:QHUbCP’5X’2H1Kn
1 2X92HJKpZX3HNSP;5XA4;DXQHANGO,8X3HCPI:6X3HCU«;8XZHCUI)
220 FORMAT (21HO*=*NAMELIST ERROP*#%,10Y, 20HPRUGRAM Tu TERMINATE )
END

SUBRUUTINE LSTERR
CUMMGN /47 M(47),IK
IK = =]

KETURN

END

SUBROUTINE RESTHT
CCMMON PHI(16&931);FP(162;31)1A(31);5(31);((31)»3(31))&(31)

1 )PP(31),PPP(31))h(31)9R3(31)'RI(Jl):AA(le)pBB(102);CU(104)

2 ’SI(lb?):PHIR(le)))C(lti);YC(le)’FH(loZ):ARCL(ICZ):DSUH(le)

3 ,ANGULD(162)pXULD(le’pYJLD(le):ARCULU(le):UELULD(I&&)

4 »RP4(31)sRP5(31)

CUMMON 74/ PI)TPJQAQ’[W’ALP;RR;PCH;XP:1C'CHC;UPH1)CL)RCL’YK
,XA:YA:TEpDT:DR;DLLTH)DLLQ)uA:DCN:DprRAQ;EPSIL,QCRLT;ClpC<
)C41C5)Cb}C7lEEfobETA’FSYN;XSEP:StPM’TILE(Q)’M’N’MM)NNpth
’IK’JK’IZ,ITYP:MUDL)IS:NPC}NCY;NRN:hG;131N)N2;N3:h4:NT,IKX
)NPTS)LL:I;LSEP:NQ»NL#:EPSI)NDES’ALEN:JCALOL
’SCALOthétGAVNA:NQPTpCSTAK;RE”:OEP;QINF:TSTEP’XLUT
’INC)QFAC;GAM}KDE)’PLl)ZoUFL’QPU

SET UP CJUNSTANTS

TP = PI+pPl

¥AD = 180./P]

ALP = ALP/RAD

IF CON#LT) oNEGNNGURG(M+L) oNE S MM) NCY = ¢

P = Me]

Lo AN LI ST N e
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IF (LLEQ4O) LL = M/24]
NN = N+)
DR = =1./FLOATIN)
DT = TP/FLOAT(M)
OCN = CcOs(DT)
DSN = SIN(DT)
PELR = ,5/DR
DELTH = ,5/D71
RA = DT/DR
RA4 = DTx*DT
DO 106 K = 1,N
R(K) = 1,+4DR*FLCAT(K-1)
RS(K} = (RASR(K))*(RA®R(K))
RI(K) = =,25%DT/R(K)
10 CONTINUE
R{NN) = 0,
BET = SQRT(l.-EM*EN) -1.
IF (NDES.GE.O0) GO TO 5
CALL AIRFOL
60 TU 6
5 CALL READGQS
6 CONTINUE
IF (MODE.EQ.1) CL = Be*PL*CHD*SI(L)/(1s+3ET)
DPHI = .5%CL/CHD
MA = MM/3
MEB = MM=2%((MA+1)/2)
IF((NT.GTOI"O)QDRO(XPOLTOOO), JK = -1
J=1
DO 40 L = 1,MM
DELOLD(L) = O,
DSUM(J) = 0,
) ARCOLD(L)=ARCL(J)
IF(J.GE.MM) GO TC 70
IF((JoLE.”A’oDR.(JQGEu"B)) JxzJ+l
DSUM(J) = 0,
' JaJ+l
' 40 CONTINUE
70 NT = L
WRITE (N4,100) NT
100 FORMAT (1HO,I4y45H POINTS WILL BE USED TO DEFINt INNER ALKFUIL )
CALL SPLIF(MM:ARCL»XC;PHI(I;B))PHI(l,9))?HI(1)7))3)0.;3’0.)
) CALL INTPLINT, ARCOLD, XOLD’AﬁLL)XC,PH](113)1PH1(115))PH1(117))
catL S?LIF(MH’ARCL)YCyPHI(l’3):PHI(I’D)QPHI(l)?):d;Uc:B’U-)
CALL INTPL(NT,ARCULD), YULU’ARCLJYC’PHI(l)3)pPHI(ly5)’PHI(l)7))
CALL SPLIF(H")AFCLJFM;PHI(1’3)9FHI(I’5):PHI(1)7))3)0.)3;0.)
CaLL INTPL(NT:ARCULD;ANGOLD)ARCL:FH)PHI(l:S))PHI(l)b))PHI(l)?))
00 60 L = 1,M
D0 50 J = ]1,NN
20 PHI(LsJ) = R(OJI*CO(L)+DPHI*PHIR(L)
60 CONTINUE
FSYM = FSYM=-12.
IS = 2
RETURN
END
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SUBROUTINE COSI
SET THE SINES,COSINES, AND THE TERM AT INFINITY
COMMON PHI‘162’31’!FP(162)31))A(31,)H(31,IL(31’)0(31)'t‘31)

1 JRP(31)}RPP(31))R(31);RS(31,1R1(31))AA(162))58(162))CU(162,

4 151(16211PHIQ(I&Z):XC(I&Z))YC(162)’FH(IﬁZ);ARCL(le);DSUN(IOCJ

3 :ANGULD(IOZ))XULD(162):YOLD(162):AQCDLD(IbZ))UELOLD(IOZ)

4 sRP4(31),RP5(3]1)

COMMCN /a/ PI’TP’RﬁD’EM)ALP!kNIPCH)XP}TCpCHS)DPHIICL’RCL)YK
:XA)YA)TE:DT;DR’DtLTH’DCLR)ﬁA)DCN,DSN;RA4’EPSIL90CR171C1:CZ
JC4;C5:Cb;C?)ELT;BETA’FSYN;XSEP,SEPH:TTLE(ngﬂjﬂpﬁﬂjhh’N)P
)IK:JK;IZ;ITYP)MUUE;lS)NFC)NCY:NRN’NG,IOI":NZJN3)N41NT)IXX
QNPTSILL’I:LSEP:HQ:NEd’EPSl)NDESpXLEN)SCALQI
)SCALQU;N6;GAMMA9NQPT,CSTAP)REH)DEP}QINF:TSTEP’XUUT
lINCDQFAC’GAH’KDFSQPLTSZ’QPL}QPU

TPI = 1,/7TpP

ANG = ALP+BB(1})

SN = SIN(ANG)

CN = SQRT (1.,-SN*SN)

DO 10 L = 1,M

co(L) = ¢N

SI(L) = SN

PHIR(L) =(ANG+ATAN((BET*SN*CN)/(1.+BET*SN*SN)))*TPI

CN = CN*DCN=SN*DSN

SN = CO(L)*DSN+SN*DCN

ANG = ANG+DT

CONTINUE

CU(MM) = CN

CO(MM+l) = CO(2)

SI{MM) = SN

SI(MM+1) = SI(2)

RETURN

END

T WVswn-

SUBROUTINE SWEEP

SWEEP THROUGH THE GRID ONE TIME
CUMMON/FL/FLUXT4,CO%

COMMON PHI(162:31):FP(102’31)’A(31)!B(3l))C(31))D(31)’£(31)

1 rRP(31):RPP(31)’R(31)JRS(31):91(31);AA(JbZ);BB(lt&):CG(le)

2 151(162):PHIR(1b2)pXC(loZ):YC(162)’FM(162))ARCL(162):050”(ltZ)

3 ’ANGULD(lbz)’XCLD(Ibé):YULC(lDZ))ARCULD(IOZ);DELDLD(le)

4 »RP4(31),RP5(31)

COMMUN /Ay PI’TP;RAD)EH)ALP:RN:PCH:XP)TC:CHD;DPHI:CL;RCL;YR
’XA,YA)Th,DT}Dp’DELTH’DELR;Rﬂ’DCN,DSN’RAQ:EPSILJQCRlTyClyCE
)CQ:CS:Cb;C?:BET,BETA’FSYM)XSEP,SEPM)TTLE(4):”»N;ﬁN!Nh’hSP
’IK;JK;IZ;ITYP)EUDE:IS)NFC)NCY)NQNQNGyIDIN}NZ;N3;N4)NT’IXK
,NPTS)LL:IrLSEP;H%:NEd)EPSIJNDES;XLEN;SCALOI
)SCALQD’Nb;GAMNA)hQPT:CSTAR)REM)DEP;QINF}TSTEP’XDUT
rINC:QFAC)GAM)KDES;PLTSZ)QPL;QPU

YP‘O'

NSP = 0

D0 10 J = 1,NN

U DN e

cﬁﬁ%mag PAG
o L
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10

30
32

51

80

60

70

11

50

12

13

PHI(MM»J) = PHI(L,J)4DPHI
PHI(MM+1,J) = PHI(2,J)+0PH]
E(J) = 0,

RP4(J) = 0,

RP5(J) = 0,

RPP(J) = 0.

SWEEP THROUGH THE GRID FROM NOSE TO TAIL ON UPPER SUKFACE
TE = -2

LLP=lL+l

DO 30 Is=LLP,HM

CALL MURMAN

00 30 4 = 1,N

PHI(I=15J) = PHI(I-1,J)=RP(J)
00 32 J=1,N
PHI{MyJ)ePHI(MyS)=E(J)

03 51 J=1,N

ECJ)=0,

RPP(J)=0,

RP&(J) = 0,

RP5(J) = 0,

CONTINUE

SWEEP THROUGH THE Gklu ERIM NUSE TG TAIL UN LOWER SUKRFACE
Tt = .

I =1L

1 = |-}

CALL MURMNAN

00 60 J s 1,N

PHI(]I+1,J) = PRI(I+1,J)=RP(J)
IF (I.6T.2) GO TO &0

DO 7C J = 1,N

PHI(2,J) = PHI(2,J)=E(J)

DC 11 !.1,NN
PHI(MM+L1sJ)=PHI(25J)4DPH]
E(J) =0,

RES(J) = 0,

CUNT INUE

TE==2,

I=MM

CALL HURMAN

DO 50 J=1,N
PHI(HMM, J)=PHI (MFyJ)=E(J)
PHIC1,Jd)=PHI(MMyJ)=DPHI

DO 12 J=1,N

I:(J)=0.

RP4(J) = 0,

RP5(J) = O,

CONTINUE

TE=2,

I=LL

CALL MURMARN

Ou 13 J=z1,N

PHICLL,J) =PHI(LLyJ)-E(Y)
ADJUST CIKCULATION TG SATISFY THE KUTTA CUNOLTION
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C

41
42

90

95
97

242

100

T Y T ¢ AL T YhA t e

IF (RCL +EQ.0,) GO0 10 90
YA = RCL*((PHI(H,I)-(PHI(2:1)+DPHI))‘DELTH+SI(1))
IF (MODE.EQ.1} G0 7O 90

IF (NDES.GE.0) GO TO 41

ALP = ALP~, 54y,

GO TO 42

88(1) = BB(1)~.5%YA

CALL coSI

GO TQ 95

YA = TPXYA/(1.4BET)}

OPHI = DPHI+ya

DO 97 L = 1,M

PHI(LINN) = DPHI*PHIR(L)

FLUXT=0,

NF=N-10

IF(N.LT.30) NFaN~5

00 262 La=2,MM
UtR(NF)*(PHI(L+1pNF)-PHI(L-1pNF))*DELTH-SI(L)
V-R(NF)*R(NF)*(PHI(L:NF*I)-PHI(L;NF-I))*DELR -CO(L)
QF-(U*U*V*V)IFP(L:NF)
RH-(1.+.2*EH*EH*J1o-QF))**2.5-
FLUX=RH*V/R(NF)

FLUXT=FLUXT+FLUX

CONTINUE

FLUXT-DT*FLUXT*CHD

FLUXT4=FLUXT

IF(MDDE.EQ,0) RETURN

00 100 4 = 3,N

DO 100 L = 1,Hn

PHItLsJ) = PHI(L;J)*YA*PHIR(L)

RETURN

END

SUBROUTINE MURMAN
SET UP COEFFICIENT ARRAYS FOR THE TRIDIAGONAL SYSTEM USED FUR LINE
ND COMPUTE TH INE

COMMON PHI(162’31)’FP(162)31),A(313,B(31))C(31);D(31))E(31)
1 JRP(31”RPP(31))R(31);RS(31’;RI(31))AA(162)’BB(162):C0(162)
2 ’51(162))PHIR(IbZ):XC(IbZ):YC(162)9FH(IOZ))ARCL(IGZ))DSUM(IOZ]
3 :ANGULD(162),XOLD(162))YOLD(162))ARCULO(IbZ):DELDLD(le)

4 2RP4(31),RP5(31)

COMMON 74/ DI)TPJRAD}EM)ALPIRN’PCH}XP,TC’CHD’DPHIIPLJRCL’YR
,XA’YA’TE,DT:DR:DELTH:DELR:RABDCN’DSN;RAQ:EPSIL)QCRIT’CI:CZ
)CQJC5:C6;C7:BET;BET&,FSY”)XSEP’SEPH;TTLE(é)’H’N,ﬂH’NN’NSP
;IK}JK:IZ:ITYP;HUDE»IS;NFC»NCY’NRN’NG’IDI“!NZ’N3:N4!NT’IXX
;NPTS’LL)I)LSEP,MQ)NEN:EPSl:NDES:XLEN;SCALQI
JSCALQU'NG;GAHHAJNQPT’CSTAR’REM;DEP’QINF;TSTEP:XUUT
9INCIQFAC’GAM}KDES)PLTSZ’QPLDQPU

DO THE BOUNDARY s

E(NN) = o,

FAC = -, 5%7TE

OV wNn
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c
10
c
I
1
c
30
C
40

IH =

PHIYY
PHIXX
PHIXM
PHIXP
CHECK

c(1)

A1)
0il)

BQ =

I-1
1F (FAC.LT.O;) IM = I+l
KK = 0
PHIO = PHI(I;Z)-Z.*DR*CO(I)
PHIYP= PHI(Is2)=PHI(I,1};

R -

PHIYP+PHIO-PHI(1,1)
PHI(I*1;1)+PHI(l—l;l)‘PhI(I)
PHICI+151)=PHI(1-1,1)
PHICI+152)=PHI(I-1,2)

FGR THE TAIL PGINT
IF (I.NEJ.HMM) GC TO 16

(

Cl+Cl)=RS (1)

=Cl1ly+xascl-c1
s Cl*(PHIXX*FS(l)*PHIYY+&A4*CD(I)"E(l))
GO TO 40
U = PRIXM$DELTH=SI(])

U/FP(1,1)

QS = uy*ag

€S = C1-C2#%aQ$

BQ = EQ*OS*(FP(I-l;l)-FP(I+1:1))
X = RAG*(CS+0S)*C0O(])

Cl1l) = (CS+CS)*RS(1)

G(1) = CS‘KS(1)*PHIYY+KI(1)‘HQ+X
CMOS = CS-@S

PHIXT = BETA®ABS(U)+A335(CHCS)
EM2 = QS/cS

EPS2 = EPSL*VLA\EP(ENZ-QPL,QPU)
PHIXXX= EPS2*PHIXX-RP4(1)

RF4(1) = EPS2%pHIXx

D(1) = D(1) + PhHIXXX

IF (GSJLELACPIT) GUL T3 30

FLOW 1S SUPERSOMiC

KK =

1

PHIXT = PHIXT-CMQS

PHIXX
All)
re1)
A(l)
0(1)
PP5(1

M

Huw uwwn

)

RPP(1)

={C(L)+PHIXT)

o
A
D

GO TO 40
SUBCRITICALs CENTRAL DIFFEKENCE

FLOwW
All)
oL
A(l)
v(l)
RPH(1

nonon

)

X
)]
A
L

(1)+CMCS*PHIXXM-PHIXT*[(1)
(1)=2,%EPS2-RPY (1)

(1) ~(EFS2+42.,%RP5(1))*E(1)
EPS2

A¥CMAS =C(1)=PHIXT
(1)+CMQS*PHIXX—PHIXT*E(1)
(1)=2.%EPS2-RP5(1)

(1) ~lEPY2+2,#RP2 (1)) %E (1)
EPS2

UG NGN-BUULNDARY PCINTS

RPP(1

)

00 50 4

PHIXX
ou =
PHIXP

PHIXY =

PHIXX
x 25N

1)1=PdI(I,1)

> BACKWAND LIFFEKENCES

A\

PPI(I+11J)*PHI(I—l:J)-PHI(I;J)-PHI(I:J)
PHIXP

PHI(X*I:J*I)-PHI(I—I:J*I)

PHIXP-PHIXH*(:(J+l)-L(J~l))*FAC
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[

R TSR s

, “;hn‘iﬁ!: o i

- - -

nyvy

LA 4

PHIXM = pu

DU = DU%UELTH

PHIYYM = PHIYY

PHIYH = PHIYP

PHIYP = PHI(I,J+1)=PHI(I,4)
PhIYY = PHIYP-FRIYNM

U= RIJIEOUL-STI(])

Vv = R(J)'(PHI(I,J*l)-PHI(I;J-I))*DELR
V = LV*R(J)=-CO(])

RAV = R(J)*RA*y

BO = 1./7FP(I,J)

BCU = BQ#u

LS = BQuxu

Uv (8QU+duU) =y

VS BQ¥yxy

¢S US+vs

() Cl-C2%ys

CMVS = CS-~vs

CMUS = CS-us

PHIXT = BETA*4BS(U)

PHIYT = BETA%*AES(FPaAV)

EM2 = QS/CS

EPS2 = EPSl*VLAYER(ENZ,QPL,QPU)
PHIXXX= EPS24PHIXX=-RP4{J)
RP4(J) = EPSZ2¥PHIXX

(I

COMPUTF CONTRIBUTICON OF RIGHT-HAND SIDE FiUM LOw GROER TERMS
D(Y) *RA#*((CMVS+U>-VS)*DV—UV*UL)+RI(J)*Jb*BQ*(U*(FP(I-l:d)-
1 FP(I*l’J))+PAV*(CP(I;J-1)-FP(I;J*l)))

DCJ) = D(J) +PHIXXX

UV = 5%3CU*RAY

IF (0S.LE.CCRIT) 63 Ta 20

SUPERSUNIC FLUVY, USE BACKAAKD DIFFERENCING
KK = KK+1

CMQS = CS-¢S

FG = 1-/35 _
AUU = US*FQ

BUU = RS(J)*aUL

BVV = vS«%FQ

AVV = PS(J)*BVY

BUV = UV&EFQ

ALV BCU*ABS(RAV)*FGHTE

PHINN = BVV*PHIXX-BUV*PHIXY+EbU*PHIYY
B(J) = (Cs*BLU

PHIX! = PHIX[-ChQS*(AUU*AUu-AUV) +CS*Bvy
PRIYT = PHIYT ~CHMOS*H(AVY+AVV=ALY)
COJ) = 8(J)+PHIYT

PHIXXM = RPP(J)

If (VJLT.0) 6O TGO 45

PHIYYM = PHICI»J42)=PHI(I,J41)~PhIYP
PHIXYM = PHIYP+PhI(Ih;J)-PHI(IM;J*l)
Gu TG 46

PHINYM = FHICING G)=PHI( 1My J=1)=PHIYH
be = 8(J)

B(J) = C(y}
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- = e T

, TRYes

. ,\\‘

C(J) = 8o

46 PHISS = AUU#PHIXXM+AUVAPHIAYM+AVV*PHIYYM

ACJ) = =(BLJIC(JI)+PHIXT)

DUJ) = D(J)+CMIS*PHISS+CS*PHINN=E(J) *PHIXT
AlJ) = A(J)-2.%EPS2-KRP5(J)

D(J) & D(J) =(LPS2+2.#RP5(J))I*E(J)

RP5(J) = EPS2

GG TU 60

SUBSONIC FLOws LSE CENTRAL ULIFFERENCES

50 C(J) = RS(J)I*CMVS

B(J) = C(JI)+PHIYT

PHIXT = PHIXT+CMUS

AlLJ) =  XA#CMUS=B(J)=-C(J)=-PHIXT

DUJ) = DUJI+CHUS*PHIXX=UV*PHIXY+C{J)*PHIYY=PHIXT*E( )
AlJ) = A(J)=2.%EPS2-RP5(J)

D(J) = DUJ) =(EFS2+24%RP5(J) %L (J)

RF5(J) = EPS2

IF (VelLT.0.) GO TO 60

E(J) = C(J)

C(J) = CUJI+PHIYT

60 RPP(J) = PHIXX

10

NSP = NSP+KK

SOLVE THE TRICIAGONAL LYSTEM
CALL TRID

RETUPN

END

SUBROUTINE TRID
SOLVE N DIMENSIONAL TRIDIAGONAL SYSTEM uf EGUATICGNS
CUMMCN PHIC102s31)sFP(162531)5A(31)5B(231),Cl31)s0(31),E(31)

1 rRP(31)’kPP(31);P(3l)tRS(3l)’R1(31):AA(ch))BB(IOZ)JCJ(IO&)

2 251(162)yPHIR(162)sXC(162)5,YC(162)sFM(162)s ARCLELE2)sCSUM(LC2)

3 s ANGOLD(162)sXCLD(162) s YILD(16Z)s ARCOLD(162)»DELGLLI162)

4 SRP&{3]1),RP5(31)

COMMUN 7AY PIlsTPyRADIEMsALPsRNJPCHI XPsTCoyCHOS DPHISCLs RCL, YR
JXA)YA;TE;DTJDP:bELTH;UELRJPA;DCN;OSNJKAQ’EPSIL;UCRIT)CIJLZ
3C45C5,C69CT7AET)BETAs FSYMy XSEF 9 SEPMs TTLE(4) »MaNs MMy NNs NSP
:IK:JK:IZ:ITYP:HGDE)IS)NFC)NCY:NKN’NGJIJIN)NZ)N3:N4:NT)1XX
sNPTS»)LLy IsLSEP» Mas NEWSIEPSIH)NDLSs XLENY) SCALOI
2SCALQUSINO»GAMMASNQP T, CSTARS FFMsDEP» QINFy TSTEP s XGUT
s INCSQFAC»GANM)KDESIFLTSZsQPLyGPU

XX = 1,/7A(1)

RP(1) = E(1)

EC(1l) = XX*p(1)

DO ELIMINATION

N » THE

D0 10 J = 2,N REPR()DUCIBI[,uSgSOgOOR

Cld=1) = ClJ=-1)#xX ORIGINAL PAGE

XX = 1o/(A(J)=B(J)IEC(J=1))

RPUJ) = E(J)

E(J) = (D(JI)=BUJ)*E(u=L))*XX

DO EACK SUsSTITUTION

owm W
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EMX = ABS(E(N))
00 20 J = 2,N
L = NN={
E(L) = E(L)=C(L)*E(L+1)
20 EMX = AMAX1(EMX» ABS(E(L)))

C FIND THE LOCATION OF THE MAXIMUM RESIDUAL
IF (EMX.LE.ABS(YR)) RETURN
IK = |

00 70 J = 1,N

IF (ABS(E(J)).EQ.EMX) GO TO 74
70 CONTINUE
T4 JK = J

YR = E{JK)

RETURN

END

SUBROUTINE REMESH(LSIGN)
C GO TO CRUDER GRID IF LSIGM IS -1
C GO TO FINER GRID IF LSIGN IS +1
COMMON PHI(le’31))FP(162’31)’A(31))8(31090(31)’0(31)’5(31)
1 ’RP(31);RPP(31)’R(31)ORS(31):RI(31)IAA(162):BB(IbZ))CQ(le)
2 )51(162)‘PHIR(162))XC(le))YC(le)’FH(IbZ))ARCL(le):DSUH(1627
3 ’ANGOLD(IbZ))XDLD(IéZ)!YULD(IbZ),ARCULD(162)’DELOLD(162)
4 sRP4(31),RP5(31)

COMMON 7aA/ PI;TP:RAD’EM:ALP)RN)PCH’XP)TC!CHD:DPHI)CL)RCL)YR
:XA;YA’TE:DT;DR}DELTH’DELR)RA,UCN)DSN’RAQ;EPSIL’QCRIT:CIJCZ
!C#}C5:C6)C7’BEW:BETA’FSYH:XSEP’SEPH}TTLE(Q”H’N’HHrNN,NSP
)IK)JK:IZ)ITYP;HUDE,IS:NFC,NCY;NRN:NG’IDIH)NZ}N3:N6)NT;IXX
)NPTS,LL,I)LSEP:HQyNENsEPSI)NDES)XLEN)SC&LQI
,SCALOU)beGAHNA’NQPT,CSTAR,REH’DEP’QINF:TSTEP;XUUT
»INC»QFAC,GAM)KDES, PLTSZs QPL,QPU

? X = 2,%*%LSIGN

U

NG = FLOAT(NG)/X+.2

M = FLOAT(M)%X +,2

N = FLOAT(N)*X+,2

} IF (N.EQ.14) N=15

LL = FLOAT(LL=-1)*X+1,2
IF (LSIGN.GT.0) MM = M+l
F IF (LSIGN+GT«0) NN = N+1
]

]

LSEP = FLOAT(LSEP=1)#%X+1,2
PF = 1./X
DELR = X#DELR
DELTH = X*DELTH
DR = PF*DR
DT = PF*DT
DCN = COS(DT)
DSN = SIN(DT)
RA4 = PF*PF#RA4
NCY = 0

- I = LSIGN
MP = MM+l
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nisy

L\"\\

20
30

40

0
80

10

20

CALL PERMUT (Rs»NNsy1)

CALL PERMUT (RS»NNs1)

DO 5 J = 1,sN

RI(J) = =,25%#DT/R(J)

CALL PERMUT (DSLMyMP,1)

00 20 L = 1sNN

CALL PERMUT (PHI(1lsL)»NPsl)

DG 30 L = 14,MP

CALL PERMUT (PHI(Ls1)sNNsIDIM)

MM = M)

NN = N+l

IF (X.EG..5) GO TO &G

DC 40 L = 19My2

DSUM{L+1) = ,S5*¥(CSUM(L)+DSUM(L+2))
DO 40 J = 1,NN,2

PHI(L+1,J) = 5% (PHI(LsJ)+PHI(L+254))
DO 5C 4 = 1,N»2

DO 53 L = 1,MM

PHI(L,»J+1) = 5% (PHI(LsJ)+PHI(L,J42))
CALL MAP

RETURN

END

SUBROUTINE PEPMUT (AXsNXpJX)
REJRDERS POINTS wITHIN AN ARRAY
COMMON PHI(162531)sFP(102531)5A(31)5(31)sC(31)D(31)sk(31)

1 JRP(31),kPP(311,R(31),RS(31),kI(31),A8(162),806(1262)5CC(102)

2 sSI(162)sPHIR(162)sXC(162)sYCL102),FM(162)sARCLILO2Z)sLSUNMCLERZ)

3 »ANGOLD(162),XCLL(1062)YOLD(162)sARCOLD(162)DELCLE(L02)

4 JRP4{31}sRP5(31)

CUMMUON /A7 PI»TPsRADIEAIALPIFNIPCHy XP»TCrLhUs UPHISCLsRLL, YK
s XAy YA TEHDTsDRsCELTHI DELRIRASDCNs DSNIRAG)EPSILwCRIT,CLlsC2
2C49CY s ClsCTs3eToRETAFSYMaXSEP)SEPMs TTLE(4) Mo Ny MMy NNy NSP
sIK» UKy IZ5 ITYPoMOLES LSoNFCaNCY s NKNs NGy IDIMIN2s N3sNGsNTs 27
INPTSsLLsIsLSEPs MG NEns EPSYyNLES)XLENy sCALGY
»SCALQUING,GAMFASNGPTsCOTAR) FEMyDEPswINF»TSTEPS XLLUT
s INRCHQFACIGAMIKDES,PLTSZyUPLQPU

DIMENSION AX(1)

L =1

JY = JX+ux

NY = 2%((NX-1)/2)+1

NZ = 2%(NX/2)

IF(I.GT.0) GO TG 30

NY = JX¥(NY~1)+1

NZ = JX*{NZ-1)

DO 10 J = 1pNY,JY

ACL)Y = AX(J)

L = L+}

DG 2C J = JUXyNZ,JY

A{L) = AX(J+1)

L = L+]

WS WN e
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G0 TO 60
30 00 4C J = 1,NY,2
ACJ) = AX(L)
40 L = L4dX
00 50 J = 2,NZ,2
= ACJ) = AX(L)
- 50 L = L+JX ]
: *® bo re REPRODUCIBILITY OF TH

L0 7C J = 1,NX R
AX(L) = A(S) ORIGINAL PAGE IS POO

70 L = L+JX
RETURN
END

\rat
ENOAE
3

SUBROUTINE GETCP(CDF)

COMPUTE CP,CDy» AND CM oY INTEGRATIUN ANO CUTPUT MACH LIAGKAM

) COMMON/FL/FLUXT4,CD%sCOws INULCD
COMMON PHI(167531)sFF(102531)5A031)58(31),C(31)52(31)sk(31)

1 sRP(31),RPP(31)s%(31)sRE(31)SRI(3IL)I»AA(L0O2),BB(162)5CC(L02)

2 sSI(102)sPHIR(1E2)sXCUL62)sYC(162)sEM(LE2)5APCLILO2)s0SUN(LLL)

3 SANGOLD(162)» XUl (162)sYILL(1e2)»axCOLD(1E2)»DELSLD(1E2)

4 4PP4(31)sRPY(31)

CUMMON /A7 PIyTFsRADSEAsALF RNy PCHs KP»TCoCHIHDPHINCLoRCLY YR
,XA;YA)TE'UT,DR,DELTH;DELR)PA)DCN:U)N}(AQ’EVSIL)QCKI])CI}CZ
2C49Co5CorCT7sBET s BETAVFOIYMIXSEFsSEPMTTLEC) sMsinslds NAsNSP
s IKsdKs IZs ITYP» AURLE s LSsNFCOINCYsNUis NG IDIMsN2s N3y N4sNT s 1XX
INPTSsLLsIsLSEPsMas NEws EPSLIINLES)XLe Ny SCALOL
»SCALQOs Nos GAMMASNCPT s CO3TARS REMIUEP» wINF» TLTEP, XOUT
2INCHQAFACIGAMIKLES»PLISZsQPLIUPUL

RLAL MACHNsMACH

CUMPLEX CLCD,THP

DIMENSION MACHN(L1)sCPX{L)sMN{1)s1lMuCH(Z]1)

EGQUIVALENCE (MACHN(L)»A(L))o(CPXLL) s PHIRCI) o (MNCL)sFP{Llp31))

DATA INACH/]HciIHR)IHSQLHT)IPL)IHV)lﬂd}l“X;lHY:lHZ}lHO’lﬁl)lhd}1H3

151HG4, 1H5,1H6s LH7 9 1HB8, 149y 14/

DaTA TX /4HCDF=/

MACH({w) = SORT(C/(C1-C2%C)})
IMC(C) = MING(21lsIFIX(10Le*C)+1)
CLCD = 0.

CM = O,

z OY = YDLO(NT)-YOLD(1)

IF (FSYMaNESOW) DY = YC(MMA)=-YC(1)
REWINEL M4
wkITE (M4,12C) LN,CLsDLYS>TCs NRN2 MG
10 LO 20 L = 1,MM

e aTai 4
(@]

oy
g s o

SRS e

WM DWLN

CP = CPXI(L)
C CUMPLTE (P*D2Z
TMP = CP#SAKTIFP(L, 1)) *#CHPLX(CUSLEAIL) ) s SINCFM(L)))
c SUM UP CL,CD, AMND CWM
v CLCD = CLCO+T~P
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CH = CH+(XC(L)*oZS)*REAL(TMPF-YC(L)*tlﬂAS(TﬂP)

c WFITE PUNCH OUTPUT UN M4 I+ XP=0 AND 127407480
If ({XPeGTe0e)eORe(IZoLELBC)) GC TO 20
Q= hACHN(L)*SORT(Cl/(1.*C2*PACHN(L)*HACHN(L)))
V s Q*SIN(FM(L))
U = Q*COS(FM(L))
IF (XP.EQ.0) 60 TO 1%
WRITE (M4,130) UyVsaXCIL)>YCLD(L),CP
GO0 TO 20

S WRITE (M&4,130) UsVsXCUL)»YCLL),CP
20 CONTINUE

C CORKECT CLsCD FOR ANGLE OF ATTACK
CLCD = ~(D T*CHC) *CLCO*CAPLX(SIN(ALP),COSCALP))
CM = DT*ChD*CM

C WRITE CD,CLsCM CNTO N4
COW = REAL(CLCD)
QCR=SQRT(QCRIT)
DCD4=2.%(UCR=-1.) *FLUXTS
CDO = CDW+COF
CC4=CD+DCD4
COW=CDW+DCD4%
IF(INDCD.EG.0) PRINT 291,C0WsCCFsCu4

261 FORMAT(SH CDw=zF10.5, 5H COF=F104554H CO3F10.5)
CL2 = AIMAGI(CLCD)
IF (INDCD.EQ.0) GO TD lb6u
CALL COSI
RETUKN
160 CONTINUE

IF (M4 EweN3) GO TO &5
IF (CDF+EQ40.) GU TO 70
WPITE (N4s90) EMsCL2,CM2COWs TXs LDEsCL4

GG TO 80
70 WKITE (N4,90) EM,CL2,CMsCD%
C COUNSTRUCT MACH NUMREK DIAGRAM

WRITE (N4,140)
80 I = IMC(EM)
I = IMACH(I)

C USE PRINT WIDTH OF IZ FGR MACH NUMBER DIAGRAM
MB 3 MM
MC = MAXO(1,MB/12)
? MA = MC+MAXOQ(1,MB=1Z%MC)
C WRITE DUT MACH NUMBEKS AT INFINITY
WkITE (N4,100) (Is L = MAyMB,MC)
C OO MACH NUMBERS UNE LINE AT A TIME DJdwh TG THE BUDY
) J 2 NN=M(C

) 40 RSJ = R(J)*R(J)
DG 50 L = MA,MbsMC
U s (FHI(L+1,J)=PHI(L=15J))*R(JI*DLLTH-SI(L)
Vo= (PHI(L,J+1)-PHI(LsJ=1))*LELR¥*KS5J ~COU(L)
Q = (URU+VXV)/FF(LsJd)
{ I = IMC(MACH(Q))
! MN(L) = IMACH(I)
50 CONTINUE
WRITE (MN4,100) (MN(L),L = MAsMB,MC)

-
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Jd = J=-MC
IF (JsGTal) GO TO 49
U0 THE LINE WHICH S THE 30DY
PO 6C L = MAsM6sMC
I = IMC(MACHN(L))
60 MN(L) = IMACH(I)
WRITE (N4,100) (MN(L)»L = MasMhyN")
IF C(ITYPJOES4) CALL GRAFIC(CD)
RETURN
85 RNX = ,1%#AINT(RN*1,E-5)
WRITE (N&4y,150) EMsCLsTCs»CHMsRNXyCDF
RETURN
90 FORMAT (1H12X3HEM=F5.494X3HCL=F744s4X3HCM=F544» 4X4HCUW=F7 ¢354 XA
1 sF7e594X 3HCO=FT7.5/177)
100 FIRMAT (3Xx,13CAl)
120 FORMAT (3H M=9F4.355Xs3HCL=9F5e355Xs3HCY=0F5¢3,6X94HT/C=)
1l F4.3514X%X5215)
130 FORMAT (4020)
140 FORMAT (1KOZ/)
150 FORMAT (1HO//7X3HEM=,F4 .35 4X3HCLasFA4y 4X4HT/C=9F44354X3H M=,
1 FOolhs GX3HRN=3FGel, 4X4HCUF=pF&4/)
END

SUBRGUTINE GRAFIC(CD)

COMPLEX ZP»ZQsSFAC,SIG

REAL MACHN

COMMON/FL/FLUXT4,CL4»(DwWs INECD

COMMCON PHI(1625s31)sFP(162531),A(31)55(31),C(31)s0(31),E(31)

1 »RP(31)sRPP(31),R(31)sPS(31)sRI(31)sAA(LE2)»BB(LE2),CO(LEL2)

2 2SI(162),PHIR(1I62)»XC(162)sYC(162)sFM(162)sARCL{L1E2)DSUM(LER2)

3 JANGOLD(162)sXULO(162) s YGLO(L0E)» ARCOLD(LA2),0ELLLD(L62)

4 »RP&(31),KPY(31)

CUMMON ZA/7 PIsTPyRALSEMSALPIKN)PCHy XPsTCHCHDsUPHISCLARCLY YK
2 XA» YAy TEsDTsURIDELTHY DELRSRASDCNs OSSNy RAGsEPSIL2OCRITSCLsCE
2C49L55sCOsCTsBET»BETAS FOYMy XSEP»SEPMTTLE(L)» My Ns MMy NN, NSP
2IK» UKy IZs ITYPIMCDES» IDsNFCONCY s NRNs NG IOIMsN2sN3s NGy NIs» I1XX
SNPTSH)LL»IsLSEPyMasy NEws EPS1oNCES)ALENSSCALQL
2 SCALOT-NOEyGARNAINUPTY CSTAR REMP DEP» wINF)TSTEP» ACUT
s INC, CsGAMIKDES)PLTSZ,QPL»QPV

CIMENSION CPX(1)sMACHN(1)sT(o)

EQUIVALENCE (CPX(L),PHIR(L1)) »(MACHMN(1),A(1))

DATA T3L/lebk=0/ 5 PF/=etl » SCF!/9¢0/9YIR/IGe0/pSIZ2ESeLlalsSCO/cuCH?

MOVE THE ORIGIN TwO INCHES OVER AND TWC INChHeS UP

CALL PLOT(24052495-3)

YCR = AMAXL1(3.55 S%AINT(20.%EN=7.,0))

PLOT CP CURVE AS A FULNCTION GF X

CPF = 1./PF

CCP = CPF*CPX(1)

Call PLOT(SCF*XC(1)s»YOr+CCP,3)

DO 10 L = 2,M4

CLP = AMINLI(B.5=YCRpCPFRCPX(L))

U DwNn
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10 CALL FLOT(SCF*AC(L)s YUR+CCPs2)
DRAWw AND LABEL THE CP-AXIS
CALL CPAXIS{=e9sYCRyle=1e/PFs7¢5=YORsPF)
COMPUTE AND PLCT CRITICAL SPEEL
CALL SYMBOL (=e5s YOR+CPF*CPX{MM+1)s2¢*SIZE»1550es-1)
PLOT BODY
CALL PLOT(SCF*XC(1),SCF*YC(1),3}
DO 20 L = 2,MM
20 CALL PLOT(SCF*XCIL)s>CF*YC(L)»2)
LABEL THE PLOT
ALPX = RAD*ALF
TXT=6HANALYSIS
IF (EPSIQGT!O!, TXT = lOHART' VISC.
IF(FSYMeOGEabs) TXT=6HTHEUOIRY
XLz=,Q
%4k NON—-ANS] = SEE WRITEUP AT END*#*%
IF(FSYMeGEWH.) GL TO 30
1F ((NDES«LT+0) AND (EPS1.LE.O.)) GO TC 200
TTLEL(]L) 4HVISC
TTLE(2) = 4HOUS
TTLE(3) = 4HCESI
TTLE( &) 4naGN
ENCJIDE (0Cs21CsT) TTLLaMsNSNCY,EPSL
Gu TO 40
200 ENCOPE (60,1615, 71) TTLEsMsNsNCY
GO TL 4«0
30 LM=RNR1,E-b+,5
ENCODE(6V»190sT) TTLEsMsNsNCY,LN
40 CALL SYM3CL(=1el24s=140sS1ZEsTs0esbE)
ExkRNON=ANSI = SEE wWkITEUP AT END#¥*¥
ENCGDE(60,170sT) IXTHEMsALPX,(L,CDS
IF(CD4.LT+0) =NCCDE(E02171»T) TXTHEMsALPXsCL»CD4
CALL SYMBOL(XL»=1e33s5I2ksT»Cere0)
CALL SYMBOL(XL=e10s=1e39+e5%SIZEs1eo*S1ZE»1950e5~11)
CN=CO0(1)
SN=S1(1)
READ AND PLOT EXPERIMENTAL DATA IF XP 1S5 HNODT ZERO
IF (XPeEweDe) GG TO 130
RPEWIND M4
READ (M4,140) NP
IF (EQF(M4)NE.O) GO Tu 130
IF (NDES.GELO) GO TG 220
READ (1i45150) EMXs ALPXsCLXsCDXs SNX
READ (M4y160) (CO(L)»SI(LIsL = 1sNP)
TXT = 1OHEXPERIMENT
60 TC 230
220 READ (M4,240) TCXs CGAVES YRX s SNX
READ (M4,160) (CO(L)»SI(L)sL = 1,NP}
TXT = @8HINPUT CP
230 CUNTINUE

NC=5G

1F(SKX.GEWULIGD TO C

TXT=6HDESIGN ORIGENAY, Pase s
NC=3 OF P0QH nuaLIFY
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50

180
130

60

70

80

82

¥EEENCON-ANST =~ SEE WKITEUP AT END#%#+

ENCUDE (60:170,7) TXTHEMXs ALPXsCLX,CDX

IF (CD4.LT.0) ENCUDE(60» 715T) TXTHEMXs ALPXsCLXsCOX
IF{NDESGE.OQ) ENCUDE(BOs250,T) TXT»TCX»DQAVE, YRX
CALL SYMBOLIXLs=1479S12E9T50.560)

CAaLL SYHBUL(XL-.lO;-lo7+-b*SIZE’SIZE)NC,O.:-I)
00 180 L = 1,NP

CCP = YUR+CPF®SI(L)

IF (CCP.GT.8.4) GO TO 180

CALL SYMBOL{SCF#CO(L)»CCPs «5*S12tsNCs0es~1)
CONTINUE

IF (ITYP.EQ.5) GO TO 122

PLOT THE SONIC LINE

EX = 1.~EPSIL

SET SINES AND CUSINES FOR USE IN FUUKIER SERIES
MXx = M/2

Co(l) = 1.

SI(1) = 0,

DO 62 L 1sMX

COoO(L+1) COUL)*DCN=~SI(L)*DSN

CO(MM=-L) = CO(L+1)

SI(L+1) = COCL)*DSN+SI(L)*DCN

SI(MM=-L) = =SI(L+]1)

DD 120 L = 2,

LCOK FOk SONIC POINTS ON THE BODY

IF (MACHN(L).LT.1le} GO TU 110G

1F (MACHN{L=1).6Esle) G3J TUO 8C

IPEN = 3

CGMPUTE Z AT SOUNIC LINE ON BODY

Rl = (HACHN(L)'1.,/(NAuHN(L)-MACHN(L°l))

IP = CHPLX(XC(L)*Rl*(kC(L"ll-XC(L)))YC(L)+R1*(YC(L-1)—YC(L)))
CALL PLOT(SCF*REAL(ZP)»SCF*AIMAG(ZP ), IPEN)

IF (IPEN,EJ.2) GUL TO 12v

FIND THE SCNIC LINE ALONG A RAY

Q = MACHN(L)

SX = SI(LY*CN+SN%CO(L)

CX = CO(L)®CN=SN®STI(L)

FAC = ,5%[0R

2Q = CMPLXIXC(L)»YC(L))

00 9C J = 1,N

IP = SFAC

Ry = R(J)

QS = Q

IF (JJEQ.1) GO TQ 82

U = (PHI(L+1,J)=PHI(L=1,J))*RJI*DELTY=-SX

V = (PHI(L’J*I)-PHI(L’J-I))*DELR*RJ*RJ‘CX

G = (UkU+VXV)/FP(LyJ)

3 = SQRT(W/{Cl-C2%*4}))

SIG = CMPLX{RJI*CO(L),RI*SI(L))

COMPUTE ((L-SIGMA)*¥(1=EPSIL))SIGMA

SHEAC = CEXPUEX*CLUG((1es04)=51G))/SIG

SUM UP FOURIER SERIES TO OBTAIN CUNJUGATE OF W
S = -Be(l)

D0 84 K = 1,NFC
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Lo

A
¥
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&

84
86

90
100

110
120
122

132

134

140
150
160
170
171
190
191
240
210

LT = MOD((L-1)%K,sM)

S = S*RJ*(AA(K*l)*SI(LT+1)-BB(K*1)‘C0(LT*1))

RJ = RJI%ER(J)

IF (RJ.LT.TOL) GO TO 86

CONTINUE

COMPUTE THE ARGUMENT OF DZ/DR

SFAC = =SFAC#CHPLX(COS(S)sSIN(S))/CABS(SFAC)
MULTIPLY THE ARGUMENT BY THE MAGNITUDE TO OBTAIN DZ/DR
SFAC = SFAC*(CHD*SQRT(FP(LyJ) )}/ (RCJ)*R(J))

PERFORM THE INTEGRATION

ZQ = ZQ+FAC*SFAC

FAC = DR

IF (Q.LE«1.) GO TO 100

CONTINUE

ZQ = 7Q0-,5%DR*SFAC

IP = ZQ~,5%DR*(SFAC+ZP)

Rl = (Q-1.}/(Q-0QS)

IP = ZQ+R1*(IP-2Q)

CALL PLOT (SCF*REAL(ZP)» AMAXL(~2.0, SCF*AIMAG(ZP))52)
GO TO 120

IPEN = 2

IF (MACHN{L=-1).GE.1.) GO TO 70
CONTINUE

POSITION PEN AT BEGINNING OF NEXT PAGE
CALL FRAME

CALL PLOT(-Z.O;-2.§’-3D

IF ((FSYM.NEeT74)eORe(ITYP4EQe6)) RETUR

PLOT THE BOUNDARY LAYER DISPLACEMENT

MX = INDEXR {0esXCsM)

CALL PLOT(2451455-3)

CALL SYMBOL(1.26,=465,51ZE,19HLOWER SURFACE DELS 50.519)
CALL CPAXIS (0450090es44»1.75C0D)

PLOT LOWER SURFACE

CALL PLOT (SCF*XC(1),3CD*DSUM(1),3)

00 132 L = 2, M

CALL PLOT (SCF2XC(L)»SCD*DSUMI(L),2)

CALL PLOT(0us4¢55-3)

CALL SYMBOL(1.36s=4655SI12E;19HUPPER SURFACE DELS »0.5165)
CALL CPAXIS (0¢50e5045%4514/5CD)

PLOT UPPER SURFACE

CALL PLOT (SCF*XC(MX)sSCD*DSUM(MX),3)

DO 134 L = MXsM

CALL PLOT (SCF*XC(L+1),SCO*DSUM(L+1),2)

CALL PLOT(i0es~645=3)

RETURN

FORMAT (10X513)

FORMAT (3F6¢35F7.55E9.1)

FORMAT (2F10.4)

FORMAT (Al2,4H M-F4.313X4HALP=F5.2’3X3HCL=:F5-3:3X3HCD=:Fb-ﬁ)
FCRMAT(AL12,4H H*FQ.3’3X9HALPIF5.2:3X3HCL“:F5.3:2X3HCD=F6.4)
FORMAT(4A4,3X4HM*N=I3;lH*IZ:3X4HNCY'IQ’4X2HR-12;8H MILLION)
FORMAT(4A4»3X4HM*N=13,1H*[2,3X4HNCY=]4y4X12HND VISCOSITY)
FORMAT  (F74352E10425F441)
FDRHAT(4A4;3X4HH*N=I3;lH*IZ,3X4HNCYBI4;4X,5HEPSI=:F5.3)
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250 FORMAT(AL12,2Xs4HT/C2F5352X»3HDQ=EB¢252X)5SHDPHISES,2)
END

SUBROUTINE CPAXIS(XORsYORs»BOT,TOPs»SCF)

DRAWS AND LABELS THE CP AXIS

XORs YOR IS THE LOCATION OF THE ORIGIN OF THE AXIS

BOT IS THE LENGTH OF THE AXIS BELOW THE ORIGIN

SCF IS A SCALE FACTOR USED FOR LABELING

DRAW THE LINE FOR THE AXIS

SCF NEGATIVE FOR CP AXIS AND POSITIVE FOR DELS AXIS

SIZE = ,12~SIGN{+02sSCF)

CALL PLOT (XOR»YUR+TUOP»3)

CALL PLOT (XDRsYOR-80T,2)

C DRAW HATCH MARKS AND LABELS ONE INCH APART

. N = L+INT(BOT)+INT(TOP)

S = =AINT(BOT)*SCF +1.E-12
XH = XOR~{3.,%SIZE)/.7
) YH = YOR-AINT (BOT)
DD 10 I = 1,N
CALL SYHBOL (XORsYH»SIZE»15,0e2-1)
c *EXEANON-ANST = SEE WRITEUP AT THE END##*#*x%
IF (SCFeGT+04) ENCODE (10+255A) S
IF (SCF.LE«O«) ENCODE (105205A) S
S = S+SCF
CALL SYMBOL (XHsYHsSIZE»As0ep4)
| 10 YH = YH+]1.,
IF (SCF.GT.04) GO TO 30
CALL SYMBOL(XDR+41)YUR+245541451HC»0.91)
CALL SYMBOL(XOR+425)YOR+2¢38941451HP»04ss1)
RETURN
C DRAW THE X=-AX1S
30 CALL PLOT (XOR»YOR=52T»3)
CALL PLOT (XOR+5.,0,YOR~-BOT,2)
CALL SYMBOL (XOk+5¢5sYOR=e07s ¢14»1HX50.s1)
YH = YOR-BOT-SIZE-SIZE
DO 40 I = 1,5
S = L2¢«FLOAT(I)
ENCODE (10,20,A) S

] XH = YOR+FLOAT(I)-SIZE-SIZE
CALL SYMBOL (XHyYHsSIZ2E»sA»Oes4)

40 CALL SYMBOL {XOR+FLOAT(I)s YOR=BOT»SIZE»155904s-1)
CALL SYMBOL (XOR+¢29sYOR+3:05¢145s4HDELS»0es4)
RETURN

25 FORMAT ( F4.3)

20 FORMAT (F4.1)

END

OO0
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SUBROUTINE GOPLOT (NRN)
C INITIATE PLOT
¢ bR L Y e S P P Y
c THIS SUBROUTINE SHOULD BE KEPLACED BY 2NY ROUTINE wWHICH INSTRUCTS
c THE SYSTEM TG INIT1ATE A PLOT
C FRES SRR RABERRR SRR RO R LR RN CA DA R R AR R R SRR R AR KRR AR R AR RO AS SRR AR SRR k2
IF (NRN.GT.1000) GO TO 50
CALL PLOTS(600s26HJEFF MCFADDEN, FOLLER 3210)
RETURN
50 CALL PLOTSBL(600,26HJEFF MCFADDENs FOLLER 3210)
RETURN
END
SUBRUUTINE AIRFOL
c READS IN DATA FOR AIRFJIIL ANL MAKES INITIAL GUESS FCR MAPPLING
c FUNCTION BY COMPUTING FOURLIER COEFFICIENTS
c IF ONLY X»Y CUCKDINATES ARE PRESCRIBED SMOOTHING IS DOMNE

COMMON PHI(162531)sFP(162,31)sA(310s5(31)5Cl3L),0(31)sE(31)
1 JRP(31)sRPP(31)sR(31)»RSE31),RI(31),AM(162)s5B(162)5C0(162)
2 »SI(162),PHIR(162)sXc(162),¥YC(L162)sFM(L62),ARCL{L162),LSUN(L62)
3 »ANGOLDI162) 9y XGLD(102)5YOLD(162),ARCOLD(1E2)>DELGLD(162)
4 »RP4(31)sRP5(31)
CGMMUN /A/ PIsTPsRADSEM)ALPIkNsPCHs XP»TCrCHOsODPHISCLIRCLSYK
1 »XAs YAy TESDTs DR s CELTHIDELRIRAY LCHNy DSNy RA4SEPSILIGCRITsC1sC2
2 9C4sC59C6sCTBETILETASFIYMyXSEPySEPM) TTLE(4) s My Ns MMy NNy NOP
3 sIKsyJKsIZsITYP)MUDES ISsNFCINCYINRNI NGy IDIMo N2 N3 NGpNTH» IXX
' 4 JNPTSH)LL»IsLSEPs M4y NEWIEPSIsNDESsXLEN,SCALQL
5 sSCALIOsNOSGAMMASNGPT s CSTARI REMs DEP» QINF» TSTLP s XLUT
6 sINC»QFAC,GAMIKDES»PLTSZsQPL,OQPU
DIMENSION XX(1)oYY(1)ou(1l)sV(1)sw(L)sSP(LYsCIRC(L))THIL)»TT (1)
1 »DS(1)sSSC1)sCX(1)sSX(1)sQSP(L)yTITLE(LD)»Z(1)
EQUIVALENCE(XX{L)sFP(1s3 })s(YY(L)sFPUL1»5) )5 (U(L)sFP(Lly1))s
1 (V(L)sFP(Ls7))stw{1)sFP(159) ) (SPLY)»FP(1slLl)})s(LIRC(L1),y¢tP
2 (1513))s(TH{L)sFP(1s15))s(TT(L)sFP(L1s17))s(DS(L)»FP(1,19)),
3 (SS(1)sFP(1521))2(CXCL)sFP(1523))2(5X(L)»FP(1525))5s(QSR(1),
4 FP(1527))s(Z(1),FP(1,29))
SQ(Q2) = C2*Q2
SMOOTH{Q1,02,03,Q4) = Q2+S5C(SC{SQ(U4)))*,25%(Q1=-22~-C2+U3)
] DIS{UL) = (QL-ERR)*((WUl—ERR)I%*{(Q1-ERR)+CONST)
CATA TOLsNT»ISYMsCONSTHVAL/ e4E=7599950, 4254HRUN /
DATA DXDS1s0XDS2,DYDS1s0DYDS2/74*0./ » X1/-=1./
C NMP 1S THE NUMBEr OF PUINTS IN CIRCLE PLAMNE FOR FOURIER SERIES
LC = NFC
NMP = 2*L(C
MC = NMP + 1
PILC = PIl/FLOAT(LC)
IF (FSYM.GE.bs) GO TO 150
WRITE (N&4s470)
REWIND N3
READ (N3,410) TITLE
IF (FSYM.GEL3+) GO TO 100
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C READ IN CGORDINATES AS PRIDULEL BY PRUGRAMS D AND F

EPSIL = 2,
Xx(1) = o,
NL = 2

REWIND N3

READ (N3,510) EMsCLsDY,» TCyNRN

IMC = MOD{INT(100.%EM+45),100)

ICLL = MOD(INT(CL+.05),10)

ICL2 = MOD(INT(10*CL+45),10)

ITC1 = MIDCINT(10*%TC+405),10)

1TC2 = MODCINT(1004%#TC+45),10)

ENCOCE (40,530, TTLt) IMCs ICLL, ICL2, ITCL,ITC2

MODE = 0
' lF ('\RNOLTOO, FSYH-ZQ
DO 4C L = 1,999
READ (N3,500) UCLI,V(L)sXX(L)»YY(L),FAC
4 c *REECHECK FOR EMD UF FILE%%#%
IF (EOF(N3).NE.O) GO TOU 50
IF (XX(L)WLTeXX(NL)) NL = L )
40 CONTINUE
1 c AIRFLIL HAS BEEN EXTENDED IN PRGGRAM D
B 50 NT = (-1
NRN = IAGS(NFN)
GU TG 15v
¢ READ IN AIRFUIL DATA +KOM CARDS
100 READ (N3,420) FNU,FNLSEPSIL
g KEAD (N3,470)
NT = FNU+FNL-1.
NL = FNL

| LU 110 1 = NL,NT
110 READ (N3,420) U(I)sV(I)sXX(I),YY(I)
. READ (N3,470)
D0 120 I = 1,NL
J o= NL+1-]
120 READ (N3,420) UCJIIsVII),XX(d),YY(d)
LO 130 J = 1,4
130 TTLE(J) = TITLE(J)
IF (FSYMJLEJ44) 6O TO 150
DO 140 L = 1,nT
TH(L) = XX{L)/KAD
XX(L) = u(L)
140 YY(L) = V(L)

) 6L TU 195
c NO PERIOD IN THE STFEAM FUNCTIGA
95 EPSIL = 0.
c DEFINE SLUPES SC THAT ARC LENGTHS CAN EE COMPUTEW TG FIKST GRLEK

150 IF ((FSYM.EQ.I.)-UK-(FSYM.EL.3.)) 60 TC 170
00 160 I = 1,NT

160 TH(I) = o0,
I[sym = 1
Gu TO 200

C COMPUTE SLJPES FXOM VELOCITIES

170 TH(1) = ATAN(V(1)/U(1))

QSR(1) = LELY*UCL)Y+v (L) *v (1)
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190
195

200

210

220

230

232

240

322

00 190 I s 2,NT

CHOOSE NEAREST BRANCh FOR THE ARCTANGENT

DTH = ATAN((U(I-l)*V(l)-U(I)*V(I*l))I(U(I-l)*U(I)*V(I-l)*V(1)))
TH(I) = TH(I-1)+DTH

QSR{I) = UCI)*UCI)eviI)*viI)

IF (EPSILWGTel.) EPSIL = (TH(L)-(PI+TH(NT)))/P1
IF (FSYMeGTe54) EPSIL = (TH(L) ¢ TH(2)=Th{(NT ) =TH{(NT=1))/TP~1.
COMPUTE ARC LENGTH TC FOURTH DRDEK ACCURACY
SP(1) = O,

PO 210 I = 2,NT

OUM = AMAX1(elE=20s¢5%ABS(TH(I)~TH(I~1))}

DX = XX(I1)=XX(I~-1)

DY = YY(I)-YY(I-1)

SP(I) = SPUI-1)+SQRT(DX*DX+DY*DY)*DUM/SIN(DUM)
ARC = SP(NT)

SN = 2./ARC

SCALE = ,25%ARC

EE = .5%(1,-EPSIL)

DO 220 L = 1,NT

SS(L) = ACOS(1.-SN*SP(L))

SSINT) = P

IF (ISYMJ.NE.O) GO TO 350

CALL SPLIF (NT»SS»yTHsUsVsWs3»0es350.)

IF (FSYM.GT.54) GO TO 232

WRITE (N45410) TITLESVALsSNRN

IF (N4JNE.N2) WKITE (N2,410) TITLE,VALsNRN
PRINT OUT DATA ON THEt AIRFOIL

WRITCE (N4,430)

DO 230 L = 1,NT

VAL = TH(L)*RAD

SUA ==SN¥U(L)/AMAXL(41E=5,SIN(SS(L)))

IF ((LeEQel)eORe(L4ECLNT)) SUK = VIL)}#SIGN(SN, FLUAT(L=2))
WRITE (N4,480) XX{L)sYY(L)sSP(L)sVALsSLMpV(L)s»wiL)
WRITE (N4,y440)

MAKE INITIAL GUELSS OF ARC LENGTH AS A FUNCTIGN UF CIKCLE ANGLE
DX = (XXINT)=XX(1))/1P

DY = (YY(NT)-YY(1)}/TP

DO 240 I = 1,MC

ANGL = FLODAT(I-1)%PILC

CIRC(I) = ANGL

CX{1) = COS(ANGL)

SX(IY = SIN(CANGL)

YY(I) = 1.

IF (EEeNEeOo) YY(I) = (2.=2.%CX{I))**EE

FAC = SIGN(1.+CX(I)sFLOAT(LC~I))

SPUI) = ACOS(.5%FAC)

SP(MC) = Pl

CIRC(MC) = TP

IF (FSYM.LTsbe) GO TU 244

SCALE = ARC/ARCL{MM)

SNLI=24/7ARCLIMM)

OO 322 I=1,M

ARCL(I)=ACOS(1e~SN1%ARCLI(1))

ARCL(MM)=P]
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242

244

245

250

26C

270

290

295
296

299
300

D0 242 L = 1,MM
2L) = FLOAT(L-1)#DT

CALL SPLIF (MH;Z:ARCL:CU)SI:PHIR;3:0.:3)0-)
CALL INTPL (NHP;CIFC)SP)Z;AKCL’CU;SI:PHIR)

00 245 L = 1,1¢

BB(L) = CX(2*L-1)

AA(L) = -SX({2%L=-1)

DG AT MOST 100 ITERATIUNS TO FIND THE FOURLER COEFFICIENTS
00 320 K = 1,100

CatL INTPL(NMP:SP)TT:SS:TH:UJV}N)

DD 250 I = 1,nMP

TT(I) = TT(I)4.5*(CIKC(IIOEPSIL*(CIRC(IJ-Pl))
TT(1)305*(TH(1)*TH(NT)¢PI)

ENSURE CLOSURE

DUM = 0.

SUH = O,

FAC = 0,

DU 260 L = 1,nMpP

BUM = DUM =TT (L)

SUM = SUM=TT(L)=®CX(L)

FAC = FAC#TT(L)®SX(L)

DUM = DUM/FLOATINMP)

LA = l.-EPSIL-(DX*SIh(DUH)*DY*CUS(DUH))ISCALE'FAC/FLDAT(LC)
DB = (DY*SIN(DUN)-DX*COS(DUH))/SCALE‘SUMIFLUAT(LC)
00 270 L = 1,NMp

TT(L) = TT(L)+DA*SX(L)-DB*CX(L)

FIND THE CONJUGATE FUNCTION DS

CALL CUNJ(NMP:TT,CS;XX}BB;AA)

DO 290 I « 1,NMP

SUM = psS(I)

DS(I) = YY{I}2EXP(SUM)

DS(MC) = ps(1)

2(1)=0,

VAL= ,5%PJL(C

VAL1=PILC/3,

Z(Z)=VAL*(DS(1)+DS(2’)

NisNFC+1

DO 2¢5 J=3,NI,2
Z(J)=Z(J-2)+VAL1*(DS(J-Z)*Q.*DS(J-1)+DS(J))
IF{J.EQ.NI) GO TO 296
Z(J*l)=Z(J)+VAL*(OS(J)+DS(J41))

CONTINUE

Z(HC)’OQ

Z(MC-1)=VAL*(DS(MC)+LS(MC—I))

NITIaNFC-2

DO 299 J=2,N11,?2

MCJ=MC=J
Z(MCJ’=Z(MCJ+2)+VAL1*(DS(MCJ+2)+4-*DS(ﬁCJ+1)+DS(MCJ))
Z(HCJ-I)=Z(MCJ)+VAL*(US(MCJ)+DS(MCJ~1))
CONTINUE
Zl*Z(HC-NII)+VAL1*(DS(MC-NII)*9-*05(ﬂC'NII‘1)+DS(hC-Nll‘Z))
21=Z(NI+1)=-21

LL 3C1 JU=2,NI,2

DSl=Z(NFC+J)‘Z(hFC*J-l)
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LINFC+J=1)3Z(NFC+J=~-2)~21
IF(J.EQ.NI) GO TO 303 -
Z1=zZINFC+J+1)=Z(NFC+J)
303 CGNTINUE
ZINFC+J)sZ(NFC+3-1)-DS1
301 CONTINUE
SCALE = ARC/Z{(MC)
ERR = O,
00 310 I = 1,NNMP
VAL = ACOS(le=2e*Z(I)/72(NC))
EkR = AMAX1(LRKyABS({SP(I)=VAL})
310 SP(I) = VAL
IF (FSYMoLE«S+) WRITE (N4,490) ERR,DA,DB
IF (ERRLT.TCL) GO TL 33v
320 CONTINUE
WRITE (N&»450)
330 CALL FOUCF(NMPsTTs»CXsdb5sAA)
AA(l) = AKC
AA(2) = 1.,-EPSIL-(DX*SIN(BB(1))+DY*CCS(B3(1)))/SCALE
BB(2) = (-DX*COS(BB(1))+DYESIN(BR(1)))/SCALE
IF (FSYM.GT.5.) GC TO 342
WRITE (N&4,460) EPSIL, nwi1P
IF ((FSYMeNEele) dANCo(FSYMJNES3.)) GO TG 341
DG 344 L = 1,MM
344 Z{L) = FLOAT(L-1)*DT
CALL SPLIF(MCy»CIRC»SPsUsVswr35GCes»3,5,0,)
CALL UINTPL(MM,Z50SsCIRCs»>IPsU»Vyw)
CALL SPLIF (NT»SS»QSRyUsVyWsls0aeslsOs)
CALL INTPL(MhsDSsA»SS»3aSRsUsVsh)
DO 4 L = lo,MM
4 IF (A(L).LE.O.) A(L) = O.
341 IF (JZ.NEJ120) GO TO 342
wRITE (N&,540)
DO 340 L = 1,NFC
340 WKITE (N4,490) AA(L)»zs(L}
342 CALL MAP
RETUKN
‘ 350 IF (FSYMeLE«Ss) GU TC 35%
DXDS1 = (XX{(2)=-xx{1))/35(2)
DXDS2 = (XX{NT)=XX{NT=1))/(SSINT)=SS(NT-1))
DYDS® = (YY(2)-YY(1})/3S5¢(2)
LYDS2 = (YYUINT)I=YY(NT=1))/(SS(NT)=S>(NT=11})
355 CALL SPLIF(NT»SSyXXsUs3SPrWselsDXDS1s»1,DXDS2)
CALL SPLIF(NT,»SS»YY»VsTT»DS5,150Y051,1,0Y0S2)
IF (IS.LT.C) GO TO 367
LC = PI/FLUAT(NNMP)
EFR = SSI(NL)
DUM = DIS(O0.)
FAC = PI/(DIS(PI)-UUM)
BO 360 L = 1,MC
360 CIRC(L)Y = FAC*(DIS(FLOAT(L=1)*DC)~DUM)
CALL INTPLUNMPICIRC»SXy3SoXXsUsSPrw)
CALL INTPL(NMPsCIRCsCXsS>rYYsVrTT,uS:
SXIMC) = XX(NT)
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do o

AN

N

370

380

390
395

397

410
420
430

440
450
460

470
420
490

500
210
520
530
540

1 59X, 10HAKC LENGTH,

1 50H -(1/516

CX(MC) = YY(NT)

SFAC = Lo/ {XX(NT)=XX(NL))

XXNL = XX(NL)

DO 370 L = 1,MC

CX(L) = SFAC*CX(L)

Sx{L) = SFACH(SX(LJI-XXNL)

XX{L) = Sxt(L)

YY{L) = CXx(L)

wRITE (N4,520) IS

IF (N2.NEJN4) WRITE (N2,220) 1S
IF(IS.EQ.0) GU TU 39

DO IS SMOOTHING ITERATIINS

DC 390 K = 1,1S

DG 380 L = 2,NMP

XX(L) = SNUUTH(SX(L-I)’SX(L)}SX(L*I)’SX(L))
YY(L) = SMDOTH(CX(L-l);CX(L);CX(L+1),SX(L))
DO 390 L = 2,NNP

SX(L) = XXx(L;

CX(L) = YY(L)

NT = MC

CALL SPLIF(NT)CIPCvXX:U!SP;H;I)O.:I)U.!
CaLL SPLIF(NT:CI?C}YY}V:rT:US:l:O.)IJO.)
ISYM = 0

IF (FSYMeGTW454) GU TO 170

u(l) = sp(1)

VI1l) = TT(1)

UCNT) = SP(NT)

VINT) = TT(NT)

6C T 170

FORAAT (1Xx1&A4,14)

FORMAT (YF10.7)

FURMAT (35HOAIRFUIL CJJRDINATES AND CURJATURES/1HGs 6%y LHXy L4a1HY
TX3hANG, BXS5hKAPPA, L0Xs 2ZHKP s L1 Xy 3HKPP/ /)

FORMAT (1H1s4 Xy 3HERFy14Xs 2HDAS 14Xs 2HL3/Y)
FORMAT (32H FOURTER SERIES CID NCT CGNVERGE)

FORMAT (34HOMAPPING Tu THE INSIDE uF A CICLE//3X11HDZ/0S1uMaA
MA**Z?*(I-SIG*A)**(I-EPSILi*(LXP(k(SIGﬂA))I/3x’

242HW(SIGMA) = SUM(‘A(N)—I*B(N))*SIG%A**(N-I))//3X:7H:PSIL
3 F5.3,20X5I4525F PUINTS ARUUNC THE CIRCLE )

FORMAT (1H1)

FURMET (F124652F14465F1443,Flbobs2t14%43)
FGRMAT (3E15.6)

*¥EXECHANGE (4020) TU (20a4) UN IBM 3c0%ts%
FORMAT (4(20)

FORMAT (3X)F4.3)5X9F5-J;5X’F:-3)10X;F4-3119X115)
FORMAT (1CHOTHEKE AFL,14,26H SMOOTHIANG ITEKATIOGNS USKY /)
FURNAT(QHAIPF;OX:3HDIL;7X:IZ:lH-:Il’bX:II’IH-:ZIl)

FORMAT (//77X4HA(N), 1CX4HB(N)//)
END
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SUBROUTINE MAP

SUM UP FOURTER SERIES TO OBTAIN MAPPING FUNCTION

COMPLEX TT,THP

COMMON PHI(162:31),FP(162,31):A(311:8‘31)’C(31):0(31))E(31)

l ’RP(BI)’RPP(31)’R(3l)’RS(31);RI(31):AA(162);BB(IbZ):CD(le)

2 051(162)DPHIR(162):XC(162):YC(162);FH(le);ARCL(le):DSUM(le)

3 9ANGOLD(162):XDLD(IOZ);YULD(IbZ)’ARCOLD(le)’DELOLD(lbz)

4 sRP4(31)yRP5(31) .

COMMON /A/ PI,TPyRADSENs ALPsRNyPCHs XP»TC»CHD» OPHIsCLsRCL, YR
;XA’YA)TE:DT’DR:DELTH:DELR:RA:DCN)DSN:RAQ:EPSIL)QCRIT’CI’CZ
’C41C5’C61C7)BET’BETA’FSYHJXSEP:SEPH:TTLE(Q)rH:NyﬂﬁyNNJNSP
:IK;JK’IZ’ITYP:HUDE’IS:NFC,NCY;NRN,NG;IDIH;NZ;N3;N4:NT’IXX
’NPTSpLL91:LSEP:H§:NEH9EPSI:NDES;XLEN’SCALQI
)SCALQO;NerAHHA)NQPTrCSTAR:REH:DEP:OINF:TSTEP;XUUT
»INC»QFAC»GAMpKDESSPLTSZ»GPL»QPU

**x4CHANGE TO 1.E~6 FOR SINGLE PRECISION IBM 360%*%¥*

DATA POMsTOL/~12.,10.E-12/

NOTE THAT THE SQUARE OF THE MAPPING MODULUS IS BEING COMPUTED

MX = M/2

SET THE SINES AND COSINES

co(1) = 1.

SI(1) = O,

DG 5 L = 1,MX

CO(L+1) = CO(L)*DCN-SI{L)*DSN

CO(MM=-L) = CO(L+1)

SI(L+1) = COCL)*DSN+SI(L)*DCN

SI(MM-L) = ~-SI(L+1)

SET MAPPING MODULUS FOR CUSP AT THE TAIL

DO 10 J = 1,N

FP (1sd) = 1e4RUJI*(R(J)=20)

DO 10 L = 1sMX

FP(L#15J) = 1#4R{JI*(R(J)-2.%CO(L+1))

IE CEPSIL.EOC.O0.) GO TO 30

ADJUST IF THERE IS AN ANGLE AT THE TAIL

DG 20 J = 1,N

FP(1pd) = FP(1l,J)**(1.~EPSIL)

pO 20 L = 1,MX

EP(L#+1sJ) = FP(L+1,J)%*(1l.-EPSIL?

NOW COMPUTE CONTRIBUTION FROM FOURIER SERIES

00 50 J = 1sN

NSCX = MINO(NFC»1+INT(POW/ALOGL1O(R(J)-TOL)I))

RJ = 2.%R(J)

K = NFCX

S = AA(K+1}

S = R{J)*S+AA(K)

K = K-1

IF (K.GT.1) GO TO 35

FP(1sJd) = FP(l,J)*EXP(S*RJ)

00 50 L = 1,MX

K = NFCX

X = KL

LT = MOD(LXsHM)

S = AA(K+ )*CO{(LT+1l)

Q = BB(K+1)*SI(LT+1)

ownpwNE
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40 LX = LXx-L
LT = MOD(LX»M)
S = R(JI*S+AA(K)*CO(LT+1)
Q = R{JI*Q+BB(K)I*SI(LT+1)
K s K-1
IF (KeGT41) GO TO 40
DUM = FP(L+1,J)
FP{MM=LyJ) = EXP(KJI*(5-d))*DUM
50 FP(L+1,J) = EXP(RJ*(S+Q))*DUM
DO 65 L = 1,M
S = PI-BB(1)
DO 60 K = 1,NFC
LT = MODC(L=1)%*KyM)
60 S = SH+AA(K+1)*SI(LT+1)-BB(K+1}*CO(LT+1)
ANG = FLOAT(L-1)%DT
FP(LsNN) = 1.
69 FMIL) = S=,5%(ANGH+EPSIL*(ANG~PI))
FM(MM) = FM(L)=(1e+EPSIL)I*PI
P8 7C J = 1sNN
FP(MMsJ) = FP(L,J)
70 FP(MM+1,Jd) = FP(2,J)

C COMPUTE ARC LENGTH AND BODY FROM THE MAPPING BY INTEGPATIUN
XMIN = 0.
YKRIN = O
YMAX = 0.

S = =SORT(FP(1,1))

THP = CMPLX{S*CGS(FM(1))sS*SIN(FM(1)))
DO 80 L = 1,MM

Q = SQRT(FP(L,1))

S = 5+Q

ARCL(L) = S

S = 540

TT = CMPLX(Q¥COS(FM(L))»Q*SIN(FM(L)))
THP = TMP+TT

XC{L) = REAL{TMP)

YC(L) = ALIMAG(TFP)

XMIN = AMINLUXMIN,REAL(TMP))

YMIN = AMINLI{YMIN,AINMAS(TMP))

YMAX = AMAX1(YMAXp AIMAG(TMP))

F TMP = TMP4+TT

80 CUNTINUE
CHD = 1./ 5*%XC(MMI=XMIN)
1C = (YMAX=YMIN)*CHD
' DU Q0 L = 1sMM
[ ARCL(L) = CHD*APRCL(L)
XC(L) = CHD*(XC(L)=XMIN)
90 YC(L) = CHD*YC(L)
CHD = CHD/(+5%0T)
1F (NDES.GE.C) KETURN
IF (ABS(FSYM)GTeEe) GJ TD 100
ANGO= =RAL*B86(1)
WRITE (N4s120) TCsANGD
IF (N2.NE.N4) wFITE (NZ2,120) TC»ANGD
IF (MODE.EQeO) ALP = (1.+43tT)#CL/(8.*PI*ChD)I-BB(1)
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; 100 CALL cOSI
RETURN

120 FORMAT (32HOTHE THICKNESS TU CHORD RATID IS »Fb.4/710H THE ANGLE
1 17H DF ZERD LIFT IS »>F6.358H LEGREES)
ENG

SUBROUTINE SPLIF (NsSsFaFPyFPP,FPPP KMy VMy KNy VN)

c SPLINE FIT - SUBRGUTINE CINTRIBUTED BY ANTHOUNY JAMESGN
C GIVEN S AND F AT N CGRRESPONDING PGINTS,COMPUTE A CLBIL SPLINE
c THROUGH THESE POINTS SATISFYING AN END CONDITION IMPUSED Uw
c EITHER ENDs FPsFPPsFPPP &ILL BE THE FIR3T,SECOND ANG THIRD
¢ DERIVATIVE RESPLCTIVELY AT EACH POINT GN THE SPLINE
c KM IS THE DERIVATIVE INPOSEC AT THE START GF THE SFLINE
¢ VM WILL 8E THE VALUE OF THE CERIVATIVE THEKE
C KN IS THE CEKIVATIVE LMPGSED AT THE END OF THE SPLINE
¢ VN WILL BE THE VALUE GF THE DERIVATIVE THERE
c KMpKN CAN TAKE VALUES 1,2, OP 3
¢ S MUST BE MUNOTONIC
DIMENSION S(1), F(1), FP(L), FPP(1), FFPP(1)
K =1
Me ]
I=h
J o= MeK
DS = S(JI=S(I)
D = DS
IF (DS.EQ.0.) CALL ABORT
DF = (F(J)~F(I))/DS
IF (IABS(KMI=-2) 10,20,30
10 U = .5
V = 3.%(DF-VM)/DS
GO TO 50
20 U = 0,
1 V= VM
60 TO 50
30 U = -1,
V = -DS*VM
60 TG 50
} 40 I = 4
J o= g4k
DS = S(J)=S(I)
1f (D*DS.LE.G.) CALL ABORT
' OF = (F(J)=F(I))/0DS Loy
n B = 1./(DS+DS+U) L
: U = 8%DS g
V = B¥(6.¥DF-V) ‘g?gfﬁQ?
50 FP(I) = U Sl

FPP(I) = v M%ﬁ}

U = (2+=U)*DS

V = 64%¥DF4DS*V

IF (JJNEWN) GO TO 40
IF (KN-2) 60,70,80
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60
70

30
90

100

105

10

20

3¢

V 3 (6.%y ~v)/U
GU TO 90

su_To. 21’ PRODUCIBILITY OF THE
L URIGINAL PAGE IS POOR
Vo= (OSYUNHFPP(I))/(1.+FP(1))

B = v

O = ps

DS = S(J)=S5(I)
U = FPPLI)=~FP(I)#*y
FPPP(I) = (v-u)/DS

FPPLI) =y

FPLL) = (F(J)-F(I))/US-DS*(V*L+U)/6-
V=20

Jd =1

1« ]

IF (J.NEWM) GO TO 10u

EPPPIN) = FPPP(N-1)

FPP(N) = B

FP(N) - OH+D¥(FPP(N-1)+3+3}/6.

IF {KM,uT40) RETURN

IF KM I3 NEGATIVE CLMPUTL THE INTEGKRAL IN FPpPp
EPPP(I) = o,

V = FPP(J)

1 =14

J = J4K

DS = S(J)=-Sr1)

U s tPP(J)

FPPP(J) = FPPP(I)*.b*JS*(F(l)+F(J)-DS*DS*(U+V)IIZ-)
V=1L

IF (JJNE.N) 63 T2 105

KETURN

END

SUBRCUTINE INTPL (NXsSIoFIrSsks FPst PP,EPPP,

GIVEN Syr(S) ANL TH¢ FIRST THREE DERIVATIVLS AT a SEl UF PUINTS
FIND FI(SI) AT THE NX VALULS OF SI 3Y LVALUATING THE TAYLUR ScRIES

GBTAINED 3Y USING THE FIFST THKEE DERIVATIVES

LIMONSION SI(1), FIC1), SUL)s K1)y FPUL)s FPP(1)s FPPP (1)

CATA PT/.33333333333343/
J = ¢

DU 3C I = 1,NX

VAL = ¢C.

§$S = SI(])

J = J+]

It = S(J)-Ss

IF (TT) 10,30,2¢C

J = MAXO(1sd-1)

SS = §5-5(J)

VAL = SS*(FP(J)*-5*SS*(FPP(J)*bS‘PT*FPPP(J)))
FLel) = F(J)+vaL

RETURN

LD
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SUBROUTINE CONJ (NyFsGyXsCNySN)

CONJUGATIUN BY FAST FOURIER TRANSFORM

GIVEN THE REAL PART F OF AN ANALYTIC FUNCTION OnN THE UNIT ClACLE
THE IMAGINARY PART G IS CINSTRUCTEU

COMPLEX FsGeEIVSEIT

DIMENSIOUN F!11)sG(1)sX(1), CN(1),SN(1}
DATA P1/3.14159265356979/

L = N/2

CX = 14/FLBAT(L)

EIV = CMPLX{COS(PI*DX)sSIN(PI4DX))

00 2 1 = 1,L

G(I) = F(1)

CALL FFORMU{L»GsXsCNsSN)

G(l) = 0.

1 =1

D0 1C J = 1l,Ls2

EIT = CMPLX(SN(I)*DXyCN(I)#*DX)

I = J+1

G(J) = G(JI*EIT

G(J+1) = G(J+1)I*EIT*EIvV

00 22 I=1,L

SN(I) = =5N(I)

CALL FrORM(LsGyXsCNySN)

DO 32 Ix=1,L

SN(I) z =SN(])

EIVY = CHMPLX(AIMAG(G(L)),REALIG(1)))
1 =t

G(I) = CHPLXCAIMAG(G(I=-1)),REAL(G(I)))
I = I-1

1F (1.6T.1) GC T 490

6(1) = EIvV

RETURN

END

SUBROUTINE FOUCF(NsGsX»Ay8)

FOURIER COEFFICIENTS BY FAST FOURIER TRANSFHORM
COMPLEX G»EIV,QPy» Xy GK

DIMENSION G(1)sX(1)» A(l),B(1)
DATA P1/3414159205358979/

L = N/2

v = PI/L

EIV = CMPLX(CGS(V)»SIN(V))

ENI = 14/FLOAT(N)

CALL FFORM{LsGsXsAsB)

GK = O

I =1

DO 5 J = 1sLs2

X(J) = CMPLX({B(I),»A(I))

X(J+1) = X(J)*E]y

1 = 1+1

K =
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DO 10 J = 1,t

QP = GK-CUNJG{G(J))
GK = GK+CONJGIGLJ) ) =LPxX(J)
A(J) = -KEAL(GK)*EN]
b(J) = AIMAGIGK)*ENI
GK = G(K)

K = K=1

A(L+1) = -B(1)

8(L) = 0,
Bl(L+1) = 0,
RETURN

END

SUBRUUTINE FFORM{NSFs XsCNs SN)
FAST FOURIER TRANSFOkM

INPUT ARRAY F WITH REAL AND IMAGINARY PARTS IN ALTLRNATE CELLS
REPLACED BY ITS FOURIER TRANSFURM
COMPLEX F(l)pX(1)swW

DIMENSION CN{1),SN(1)

IF (NoLTe2) RETURN

NS = 1

NR = 2

NQ = N

SET THE SINES AND COSINES
PI=3,14159265356979%

DT = (PI+PI)/FLUAT(N)
IF((SN(I).EQ.O.).ANO.(SN(Z).EO.SIN(DT))) GU TO 11
ANG = 0.

D0 5 J = 1,N

CN(J) = COS(ANG)

SN{J)==SIN(ANG)

ANG = ANG+DT

00 10 K = nNRy N

IF (MOD(NQ,K)eFL,0) GJ TO 21
CONTINUE

ND=NU/K

NS = NS*K

NA = K

I =0

Ib = 0

DO 22 I = 1,NS

DG 24 J = 1,NP

L = IQ+y

LP=L+ND

M=1D

W o=F(L)+F(LP)*CMPLX(CN(M+1),SN(M+1))
IF(NR.EQ.2) GO TO 24

L=LP

DO 26 K=3,NF

L = L+ND

M = M+ID
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26
24

22

32

61

60
71

76
74

72

10

IF (M.GE.N, M= M=N

Wo® WHF(L)I*CMPLXICNINM+L)»SN(M+1))
X{ID+J) = w

ID = ID+ND

1Q=10+¢NG

IFI{IQsGELN) IG=1Q=N

CONT INUE

NQ =2 ND

IF (NDoGTW41) GO TO 61

DD 32 K = ]1,N

FIK) = X(K)
RETURN
CO 60 K = NRsN

IF (MOD(NQ,K).EC.0) 6O TG 71
CONTINUE

ND=NQ/K

NS = NS*K

NR = K
IC = ¢
10 = 0
00 72 1
DO 74 4
L = 10+J
LP=L4ND
t=10
WEXCL)#X(LP)*CMPLX(CN(M+1)sSNIM+1))
It(NR.EQ.2) GC 10 74

L=LP

DU 76 K=3,NR

L = L+ND

M = M+ID

IF (MQGE.N) M = M-N

W o= WX (L)*CMPLX(CN({M+L),SN(M+1))
FOID+J) = w

ID = ID+ND

IC=I0+NQ

IFCIC.GEN) IG=I0~N

CONTINUE

NQ = ND

IF (NDJGT.1) GO TO 11

RETURN

END

1,NS
1,ND

FUNCTION INDEXR(X,ARKRAY,N)
DIMENSION ARRAY(1)

S = ABS({X-ARRAY(N))

b0 1C L = 1,N

IF (ABS{X-AKRAY(L))sbT4d) GO TO 10
INDEXR = L

S = ABS(X=ARRAY(L))

CONT INUE

RETUKN

END
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SUBRGUTINE GTURB(DELPAX;DELBP:CPU;BCP:SL:RDEL’RBCP)

CUHMON/FLIFLUXT4:CD4:CUN:INDCC

COMMGN PHI(162:31)oFP(le;Bl);A(31):B(3l))C(31):D(31)’E(31)

1 )RP(31)’RPP(31):R(31):RS(31):FI(31):AA(162)186(162)’CU(162)

2 )SI(le))PHIR(lbz)iXC(le);YC(IOZ);FH(IbZ):ARCL(le)’DSUH(IOZ)

3 ’ANGULD(le)}XULD(le)pYULD(léZ)JARCULO(le)JDELULD(162)

4 sRP4(31),RP5(31}

COMMGN s A/ PI’TP)RAD’EN)ALP)RN’PCH’XP)TC)CHD’DPHI:CL:RCL:YR
’XA’YA,TE;DT:DP:DELTH;DELR;RA’DCN)DSN;RAQ}EPSIL;QCRIT;CIJCZ
)C4,C5’C69C7~BET)BETA'FSYM;XSEP;SEPH)TTLE(4):H’N)HH’NN:NSP
:IK,JK;IZ,ITY?;MODE;IS:NFC;NCY,NRN,NG,IDIM.NZ,N3:N4,NT,lxx
sNPTS’LL:I,LSEP;MQ:NEH;EPSI:NEES:XLEN,SCALOl
’SC&LQU)Nb:GANFA}NQPT;CSTAK;#EH:DEP:01NF9]STEP9XOUT
}INC)QFAC’GAH’KDESIPLTSZ’CPLJOPU

Rt AL MACHs MACHN,NEW) MACHS

DIMENSION HP(lﬁZ);SEPP(le)rCPP(le))THETAP(IOZ):DELP(162)

1 SDELX(1)sTD(1)

DIMENSION H(l)’THETA(l)rDELS(l):XX(I);YY(I))HACHN(I)

1l )SEPR(l),CPX(l)IDSUT(1))S(l)fMACHS(l)’ANGNEN(I)

EQUIVALENCE (MACHN(1),A(1)) J(H(l):FP(l’b)))(THETA(l)’FP(I,G))
1 s (XX(1)sFP(1,3 )):(YY(l))FP(l:b));(GELS(])9FP(1’10))
2’(ANGNEH(I):FP(I:Z#)):(SEPR(I):FP(I)IQ)))(CPX(l);PHlR(l))

3 ’(S(l)’Fp(ltlb))t(NACHS(I):FP(I)ZB)))(DSDT(l):FP(l:BO))

4 ’(DELX(E))FP(I’12)))(70(1)’FP(1120))

CP(Q) = CO¥((Ca/(14+C2%Q%0))1%%CT7=1,)

QSX(Q} = (CQ-(I.*QIC5‘**(1-/C7))/Cb

FACH{Q) = SQRT (U/(C1-C2*2))

CATA ISN/O/;CDF/O-/)XPLT/.5/}XFAC/100¢/

IF (NDES.GE.1) G3 TG 5

DO 1C J = 1,NN

PHI(MM» J) = PHI{1,J)+DPHI

PHI(MM+1,J) = PhI(25J)+DPHI

IF (ISW.EQ,.O +AND.CSTARGEQ.100.) CALL GIPLOUT(NMNRN)

COMPUTE AND STOKE CP CRITICAL

CPX(MM+1) = CP(1l,)

15X SET TUL 1 FUk FSYM=1l. AND FSYM=3 IF FLUW HAS NLT BEEN CuMPULTED

ISX = (NCY+1)*(ITYP‘3)*ABS(FSYV+10.)+02

IF {ISX«NE.1) GG TQO 30

T WN

M4 = N3

ESYM = 0,

ALP = 0.

XSEP = AMAX1(Oa4sXSEP~-1,)
QS = A(MM)

DO 20 L = 1,mN

XOLD(L) = xC(L)

YOLD(L) = YC(L)

MACHN(L) = MACH(A(L))

CPX{L) = CP(NACHN(L))

It ((ABS(YC(MM)-YC(I)).LE.l.t-S).AND.(IASS(NRN).GT.QQ?)l 6u Tu 30
GU TC 110

DO 40 L = 2,M

L o= (PHI(L+1s1)=PHI({L~1s1))¢DELTH=STI(L)

QS = (U*UJ/FP(L,1)

MACHL(L) = MACH(CS)
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40 CPX(L) = CP{MACHN(L))
MACHN(MM) = (5%(MACHN(2)+MACHN(M))
KACHN(1) = MACHN(MNM)
CPX(1) = CP(MACHN(1))
CPX{MM) = CPX(1)
Q5=QSX{CPX(MM))
IFCCINDCDLEQ.1) ANDL(FSYM.EQ.T)) GO TO 50
IF (FSYM.EQ.6e) GO TC o0
IF ((FSYMJLE.5.)40R4(ITYP.LEL2)) GO TO 50

C ADVANCE PLOTTER PAPER TO THE NEXT BLANK PAGE
IF(XPLT.GTes5) CALL PLUT(12¢0%FLUAT(INT((2042¢XPLT)/124))s00s~3)
XPLT = «5

50 CALL GETCP(CDF)
IF(II‘\DCDOEQQI) IS‘U=1
IF(INDCD.EQ.1) RETURN
CALL GOPRIN (HP,THETAP,SEPP,CPP,CELP, XIRANS)
I IF (ISXe£0.1) CALL EXIT
ISW = 1
RETURN
60 DO 70 L = 1,MM
70 CPP(L) = CPX(L)
) IF({ISWetQs0) oUP. (FSYMuNEL64)) GG TO 90
¢ FIND THE £ASE PRESSURE
DELBP = 10.
CPO = CPIMACHN(IXX-1))
DO 30 L = IXXyM

CPN = CP{MACHN(L))
DEL3P = AMINI(DELBP,CPN=CPU)
80 CPO = CPN
BCP = BCP+RBCP*DELRP
90 ISW =1
PCH = ABS(PCH)
1F (LSEP.GE.MM) GO TG 110
c MUDIFY THE MACH DISTRIBUTION

CPO = CP(MACHN(LSEP))

SEPX = XC(LSEP) G

SL = (BCP=CPUG)/(XC{MM)I=SEPX) S

DO 100 L = LSEP,MM \&J

CPP(L) = CPO#SL*(XC(L)=-SEPX) WP o,
100 MACHN(L) = MACH(QSX(CPP(L))) RN
110 KUMIN = 1 4§§?

KQMAX = 1

QMIN = MACHN(1)

CMAX = OMIN

DARC = TP/FLOAT(NPTS~1)

DO 115 L = 1,NPTS
115 H(L) = FLOAT(L-1)%DARC
H(NPTS) = TP
CO 116 L = 1,¥
116 YY(L) = FLOAT(L-1)%DT
YY(MM) = TP
CALL SPLIF (MM YYs ARCLIDSCT,CO»TDr3,009350.)
CALL INTPL (NPTSsH»S,YY, ARCL,DSOT,CO,TC)
S{NPTS) = ARCL(MM)
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CALL SPLIF (MMsARCL)MACHNSDSCT,0L0»TD»35062390,)
CALL INTPLINPTSsS s MACHY s ARCLYMALHN,OSOT»CO»TO)
CALL SPLIF (MM,ARCLs»XCs»DSDTsCD»TD»35045350.)
CALL INTPL (NPTS»SsXXsARCLsXCsDSOT»CU»TD)
D0 120 L = 1sNPTS
IF (MACHS(L).GT.QMAX}) KQMAX = L
IF (MACHS(L) LT OMIN) KQMIN = L
QMIN = AMINL(MACHS(L)»QMIN)
OMAX = AMAXYI(MACHS({L)» 2MAX)
SEPR(L) = 0.
H(L) = 0.
’ DELS{L) = O,
120 THETA{L) = O.
IF (FCHJLT.0.) GO TO 140
KRAMAX = KOMIN+INDEXR(PCHy XX{KQMIN®1)» NPTS=KQAMIN}
IF (KQMAX.GESNPTS) CALL ABORT
140 CALL NASHMC (KUMAXsNPTS)
XTRANS = PCH
IF (PCH«LT.0) XTKANS = XX{KkuMAX)
KGBOT = INDEXR{XTRANS, XX»KQMIN)
I+ (KQBOTLLE.1) CALL A3ORT
i CALL NASHMC (KLBOT,1)
FAC=5(4)/7{(S(4}=-5(2))
THETA(L)=FAC*THETA(2)+{1.~=FAC)*THETA(4)
H{1)=FAC*H(2)+(1.~FAC) ¢H(4)
DELS(1)=H(l)*THETA(1l)
IF(XSEPLGELOe) GG TO 14l
FAC=(SINPTS=3)-=S{NPTS))/(SINPTS-3)=-S{(NPTS-1))
THETA(NPTS) =FACKXTHETAINPTS=L)+(Le~FAC)*THETA(NPTS=~3)
HINPTS) =FAC*H(NPTS-1)+(1.-FAC)*H(NPTS-3)
DELSINPTS)=H(NPTS)*THETA(NPTS)
141 CONTINUE
¢ COMPULTE THE SKIN FRICTION DKAG
¢ = SWURT(QS)
KT = (C1-C2*CS)/7(C1-C2)

H8T = (H(NPTS)+l.)%*(1.-C2%0Q5/Cl)~1,

HBB = (H(1)+1.)*#(1.,-C2%Q5/Cl)~1.,

COF = 2.*THETAINPTS)*Q*®(,5%( HBT +95.))¢kT*%3
COF = COF42.%THETA(L1)¥Q*¥(,S%( Hbtd+b.))#sXT*%*3

IF (ISXetGel) GO TO 200
C MAKE DISPLACEMENT MuNJITUNE INCREASING OGN THE UPPER SURFACE
LG 170 L = KQMAX,MNPTS
It (DELS(L+1) LT CELS(L)) DELS(L+1) = DELS(L)
170 COUNTINUE

( LUWEx SURFACE = FIND wWwHERE DELS STARTS UVECKEASINo
C TKREAT THE LOwWIR SURFACE LIKE THE UPPER SURFA(CL IF XScP.LT.O
XPC = ,60
IF (XSEP.LT.0.) XPC = 2,
J o= kQ8oT
180 J = J-1

I€ (LELSEI=1).LT.TELS(J)) o0 TO 185
It (J.GE.2) C3 TO 1680
6L TC 200

185 IF (xXx{J).GT.XPC) 60 TQ l9cC
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190

200

210
220

221

230

240

DELS{J=1) = DELS(J)

G0 TO 180

CISPLACEMENT MUST STAY NONOTONE DECREASING

Jd = J=-1

IF (DELS!J=1}.6T.DELS(J)) DELS(JI-1) = CELS(J)

If (J.GT.2) GO TO 190

SMOOTH DELS IS TIMES

IF (IS.LE.O) GO TO <220

00 210 I = 1,IS

OLD = DELS(1)

CO 210 L = 3sNPTS

NEW = DELS(L-1)

DELS({L=1) = «25%(CLD+NEW+NEW+DELS(L))

LD = NEw

XPLT = XPLT+45
FAC!(S(NPTS-l)-S(NPTS))/(S(NPTS-I)-S(NPT)-Z))
DELS(NPTS)=FAC*DELS(NPTS‘2)+(1.—FAC)*DELS(NPTS‘1)
IF(XSEP.GE.O.) GO TO 221
FAC=(S(2)-5S(1))/7(S(2)=5(3}))

DELS(1)=+AC*DELS(3) (1.—-FACI*DELS(2)

CONT INUE

IF (ISX.EQ.1) GO TO 260

YFAC = 10./S(NPTS)

Oh = (HIKQMAX+1)=H{ACBIT=1))/ FLUOAT(2+h UMAX=KCGMIN)
FAC = ARCCULD(NT}/S{NPTD)

IF(XPLT.LTele2) CALL SYMBIL(e3558¢74re14,55H013P LACEMENT THICKNESS
1 AT EACH BOUNDAKY LAYER ITERATIONS270.529)

CALL PLOT {XPLT+XFAC*DELS(1),10e553)

DU 230 L = 1sNPTS

CALL PLDT(XPLT*XFAC*LELS(L’110.5-YFAC*S(L)»2)

IF ((L.GE.KQBOT) ANDJ(L LE.KQMAX)) H(L) = H(L-1)+DH
YY(LY = S(L)*FAC

YY(NPTS) = ARCCLCINT)

DELX WILL B¢ BOUNDRY LAYER DISPLACLMENT AT NT POINTS \
CALL SPLIF(NPTS;YY:UELS’GSDT’CC:TD,3,0.:3’0.)
CAaLL INTPL(NT’ARCOLD:DELX;YY)DELS;DSDT;LJ:TD)

THE FOLLJIWING AKE BEING CJUMPUTED FUR FLTURE PRINT OUT
CALL SPLIF(NPTS’S:DELS’DSDT:CU:TQ)310-;3:0.)

CALL INT?L(ﬁM’AkCL’DELP’S’OELS)USDthorTD)

CALL SPLIF (NPTS»SsHsDSUTsCO»TDs3s0es 3500}

CatLL INTPL(MN;ARCL;HP’S)H'DSCT:CO’TD)

caLL SPLIF(NPTS:59THETA9USDT9CU’TD)3’00’310-)
CALL INTPL (ﬁN)ARCLtTHETAPQS’THETA}USDT:CD}TD)
CALL SPLIF(NPTS,S» SEPQ’DSDT;CO’TU)3)0.)3’0.)
CALL INTPL(MH)ARCL}SEP“’S’SEPR,DSDT!CO)TD)

GET THE SLUPES FUR THE OWTEK AIRFOLL A7 CUKRESPONLING PUINTS
DL 240 L = 1,MM

DOEL = ROLL*(DELP(L)=2SuM. L))

DELP(L) = DDEL

DSUMIL) = DSUMIL)}+DDEL

S(L) = FAC®ARCL(L)

S(MM) = ARCOLD(NT)

CALL SPLIF(MM,S,FM,DSDT5C0O,T0s350453,500)

CALL INTPL(NT;ARCOLU’ANGNEH)S’FM}DSDT’CUITD)

fesate o
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UEL"AX b 00
LO 250 L = 1,NT
DDEL = DELX(L)-CELOLO(L)
DELMAX = AMAX1(DELMAX,ABS{DDEL))
DY = DELOLO(L)+RLEL*CDEL
ANG = .5%(ANGOLD(L) +ANGNEW(L})
XXx(L)=XOLG(L)
YY(L)=YOLD(L)+DY/COS (ANG)
250 DELOLO(L) = DY
1SS = IS
IS = -1
IF (ITYP.EQ.99) CALL GJPRIN (HPsTHETAP,»SEPFsCPPsOELPs XTRANS)
CALL AIRFOL
IS = 1SS
FSYM = 7.
% RETURN
]

260 DO 270 L = 1,MM

AKCOLD{L) = ARCL(L)

CPP(L) = CPX(L)
| 27G ANGOLD(L) = FM(L;
} CALL SPLIF(NPTS)S,DELS»DSOT5C0»T1D535Cer350,)
CALL INTPL(MMs AKCL,USUM»S»OELSsUSDT»CUs»TD)
CALL SPLIFINPTS»S»SEPRsDSDT»CCs»TD5320e2350.)
CALL INTPL (MM)ARCL»SEPPsS»SEPP,DSDTsCCsTO)
CALL SPLIF (NPTS,SsThETA»DSDTsCGsTDs»35Ces350.)
CALL INTPL (MMyARCLy THETAP»S, THETAsDS5DT»CO,TD)
CALL GOPRIN (HPs» THETAPsSEPPsCPPsLELPy XTRANS)
NT = MM
CALL GETCPI(CDF)
IF (JKoLEs=1 ) CALL PLOUT (0420.,999)
CALL EXIT
END

SUBROUTINE GUPRIN(Hy THETA»SEP,CPP,DELy XTR)

REAL MACHN

COMMUN PHI(2€25,31)5FP(162531)5A031)580231)sC(31),0(31),E(31L)
1 »RP(31)s&PP(31),R({31)»RS(31),k1(3L1)sAR(162)sEB(1e2),C0{1062)
2 sSI(162)yPHIR(102)sXCl102)sYC{162)sFM(L62)sAKCL(L62),DSUMN{LEL)

| 3 SANGOLD(162)sXOLL(162),YOLL(162)sARLOLD(162)sDELGLD(162)

4 sRP4(31})sRPH(31)

COMMON /A7 PIsTPyPADsEMIALP»PNyPCHsXPsTCoCHUsDPHISCLsRCLsYR
1 »XAs»YAs TE»DTsURyDELTHYDELRIRAS»LCNy OSNyRAGSEPSILSQCRIT»C1,C2
2 9C4sC55sCOsCTsEETIBFTAsFSYMp XSEP»SEPMITTLE(4) »MaNs MMy NN)NSP
3 »IKyJK»1ZpITYPyMODES ISHNFCHNCYsNRNs NGo IUIMs N2y NI pNeyNTy IXR
4@ sNPTSsLLsIsLSEPsMayNEWSEPSL)NDES)XLEN,SCALQL
5 »SCALQOINOs GAMMAINQP T, CSTARSKEMyDEPS QINF» TSTEP s XUUT
6 »INCHQFACIGAMKDESIPLTSZyGUPLYQPU

DIMENSIUON DSDT(1)sFPO(L)sFPPP(L)sH(L),»SEP(L1)» THETA(1),CPP(1)
1 ,MACHN(1)»CP(1)»DEL(L1)sBL(4)

EQUIVALENCE (FPP(1)sLJ(1))s(FPPP(2)ySI(L1))s(DSDT(1)sFP(1s31))
EQUIVALENCE (MACHN(L)»A(L))s(CPUY)sPHIR(L))
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SR

R

10

20

25

555
6C0

556

610

30
670

40

50

60

70

n e A mdin s mama 4 e A ~ = - _—

DATA ION, IQFF»ZsSEPHAX/ 1502045004/

SN = =2,/7ARCL{MM)

QMIN=MACHN(1)

PO 10 L = 1,M

QMINSAMINI(MACHN(L)» QMIN)

ARCL(L) = ACOS(1.+SN®*ARCL(L))

ARCL(MM) = PI

CALL SPLIF(MMyARCLsFMyOSOTsFPPyFPPPs150es1s04)
DSOT{(1) = FPP(1l)*1,E=~5

DSDT(HMN) = —~FPP(MM)*l.E-Y

DO 20 L = 1,MM

FPP(L) = RAD*FM(L})-180.

FPPP(L)= SN*DSDT(L)/AMAXL{1.E-5,SINCARCLI{L)))
IF (FSYM,GT.5.) GO TO 120

IF (FSYM.EQ.O0.) GO TO 50

HRITE (N4»310)

IF (FSYMsEQeO) WRITE (N4»320) TTLE

IF (XP.EQ.0s) WRITE(N4s300) IOFF

IF (XP4NEJOs) wRITEINGs,660; IOFF

IF (XP4EQe«04) GC TO 6OV

REWIND M4

READ (M4,555)

READ (M45555)

FORMAT (1H1)

DO 30 L = 1,MN

IF (xP+EQ.Ce) GO TO 610

IF (MOD(L+1555)«EQ40) WRITE (N4,660) ION
READ(M4,556) LUM,DUM

FORMAT(2F10.4)

NRITE(N4s 6703 LoXCCL)»YC(L)sFPPIL)sFPPPIL)SMACHN(L)»CP(L))DUN
60 TG 30

IF (MOD(L+1,55)¢t0.0) WRITE (Naj»360) 10N
WRITE(N®»260) LsXCUL)>YCIL)sFPP(L),FPPP(L)yMACHN(L}»CP(L)
CONTINUE

FORMAT (I1452F94552F84253F%44)

RESTORE GUANTITIES TG VALUES THEY HAD UPON ENTERING THIS ROUTINE
DO 50 L = 1,MM

ARCLIL) = (COSCARCL(L))-1.1/SN

FPILsNN) = 1,

CALL COSI

RETURN

RNX = J1*AINT(RN%*14E~H)

IF CCABSCYC(MM)I=YCUL))oLEWleE~5) AND. (1ASSINRN) 4 GT.999)) GG TO 2%
WRITE (N4,390) TTLE,RNX

WRITE (N&4,330) IOFF

IF ( JKeGE.O ) GO TO 80

CALL PLOT (2¢20e5-3)

ENCODE (30,37C,TTLE) EMsCLSTC

CALL SYMBOL (1e¢25275414>TTLE»Qus20)

ENCODE (20»3BO0»TTLE) RNX

CALL SYM3OL (14551e05414sTTLESC.520)

CALL PLOT(PLTSZAXC(1)s9e+PLTSZXYC(1))3)

CO 70 L = 2,MM

CALL PLOT(PLTSZ*XC(L)s>«+PLTSZ®*YC(L)>»2)
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2 )

IPEN = 3
80 DO 100 L = 1,MHM
XS = XULD(L)*DSUN(L)*SIN(ANGULD(L))
¥YS = YOLD(L)-DSUH(L)*CJS(ANGULD(L))
XC(L) = xS
YC(L) = ¥§
IF (JUKeLEs=1) CALL PLJT(PLTSZ*XS)5.*?LT$Z*YS:IPEN)
IPEN = 2
IF (MOD(L+3,55),EQ.0) WRITE (N4,330) ICN
IF (XOLD(L)«GT«XTR) GO T0 90
TRANS = 1H
1F (FACHN(L) s EQ.QMIN) TRANS = 10HSTAGNATION
IF ((XULD(L*I).GT.XTR).OK.(XULD(L-I).GT.XTP)) 6D TO 85
IF ((XOLD(L+Z).GT.XTR’.UR-(XOLD(L-Z)-GT-XTk))TRANS' 10HTRAWSITION
85 WRITE (N4,340) XULD(L):YULD(L):FPP(L):FPPP(L):CPP(L)’TRANS:XS;YS
GU TO 100
90 WRITE (N4y350) XULD(L))YDLU(L)’FPP(L);FPPP(L);CPP(L),THETA(L)
1 ,SEP(L)s>XS>YS
100 CONTINUE
IF (XP.EQ.04) NRN = =LABS(NRN)
XP o ~ABS(XP}
RETURN
120 WKITE (N4,310)
KRITE (N©»300) IOFF
I =2
YSEP = ABS(XSEP)
IF ‘XSEP.GTOOO, YSEP = 2
CO 150 L = 1,MM
IF (MOD(L»55).E0Q.0) WKITE (N4,300) ION
IF (XC(L)+GT«XTR) GO T3 130
TRANS = 1H
IF (MACHN(L)4EQ.QMIN) TRANS = 10HSTAGNATION
IF ((XC(L*I).GT-XTR).UK-(XC(L-I).GT.XTF)) GJd T0 125
I =2 =}
YSEP = ABS(XSEP)
IF ((XC(L#Z).GT.XTR).GR.(XC(L-Z).GT-XIR)) TRANS = 1OHTRANSITION
125 WRITE (N4,290) L)XC(L):YC(L))FPP(L):FPPP(L))“ACHN(L))
1 CP(L)»CPP(L)»ZsZs TRANS,L
GO TO 1%0
130 eL(1) = 1H
BL(2) = 1H
BL(3) = 1H
BL(4)= 1H
If (L.EQ.LSEP) BL(1) = 2HLS
IF((SEP(L)oGT.SEPMAX).AND.(SEP(L+I).LT-SEPNAX)) BL(2)= 2HCS
IF (LeEQ.IXX)} gL(3)= 2rLM
IF((XC(L)-GE.YSEP).AND.(XC(L+I).LT.YSEP)) BL(4) = 2HLP
WKITE (N4,280) bL )L:XC(L);YC(L))FPP(L);FPPP(L)’MACHN(L):
1 CP(L)’CPP(L)’TFETA(L);DSUH(L);SEP(L))P(L):DEL(L):L
150 CONTINUE
GLG TO 40
260 FGRMAT(11452F9.5y2F8.2p2F9.4)

- 230 FORMAT(3X, 4A2,I5:2F9.byF9.2:FB.E,FB.4;2F9.4,F9.5:F9-5:r9.5;F7.2,

1£9.2,15)
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§ 290 FORMAT (11612F9o5)F9-29FB.Z;FS-412F9o4)2F905,5X)A1017X:15)
i 300 FCRHAT(II)IQKIHLbXZHXS:7X;ZHYS)7X’3HANG’QX’bHKAPPA:#X:QHHALHcXZHC
: 1 )6X3HCP1;4X5HTHETA;5X4HDELS;oX3HSEP;6X1hH’5X2HDU’011HLI)
! 310 FORMAT(1H1,15%540HLOKER SUKFACE TAIL TG UPPER SURFACE TAIL )
; 320 FORMAY(1H1/ 17x26HLISTING OF CCORUINATES FOR»2Xs444)
) 330 FORMAT(I1 /11X1hX;81;1HY;6X;3HANG,4X:5HKAPPA16X’ZHCP:5XJ
! 1 5HTHETA’5X’3HSfP’6X}ZHXS)7X’2HYSI)
. 340 FORMAT (Flﬁob:F9o5yF8-Z)FSac’quw;ﬁx,AIO;ﬁx,ZFgo5)
i 350 FORMAT (Fla.55F9e5sFB8e25F84¢sF9.4564F9,5)
300 FORMAT (Il/lZXlHL:bx;le;Bx,lHY;bx,3HAhG,6x5HKAPPA#X&HMA»th&HCPI‘
370 FORMAT ¢ 2HM=;F4'334113HLL=)F503)4X14HT/C=;F4.3)
380 FORMAT (4H RN=x,F4.,159H MILLIGN )
390 FORMAT(1H1/ 9X26HLISTING OF COORDINATES FOR»2Xs4A4 94Xy 3HRN=,
1 F4.198H MILLION )
660 FURMAT (Il/lZXlHL:beldk:3X:lHY:6X:3HAbG;4X5HKAPPA4X4HMACHCXZhCP)
1 86X, 4HDATAY)
END

SUBRUCUTINE NASHMC (K1,K2)
c CUMPUTE THE BOUNDRY LAYEK FRUM POINT K1 TCO K2
C K3 WILL BE THE SEPARATION PUINT
COMMODN PHI(162)31)’FP(162;31))A(31))0(31))C(3l)}0(31)’E(31’
1 'RP(31)DRPP(31))P(31)’RS(31)’RI(31)’AA(le)pbb(IOZ)’CU(lOZ)
2 ;SI(le))PHIR(le”XC(léZ);YC(le)rFM(loZ):AKCL(LCZ):D)UN(I&Z)
3 ;ANGOLD(IbZ):XDLD(162)9YJLD(lbd):ﬁKCULO(102);GELCLC(le)
4 sRP&(31),RP5(31)

COMMGN 2A7 PIsTPsRADIENM, LPsRNsPCHs XPsTCaCHDsDPHISCLoCL,Yx
DXA;YA:TE;DT;D[’DELTH:DELR:RA:DCN,DBV’RAQ,EPSiL;CCKITJLl’LZ
)CQ’C5’C6’C7:BET:BFIA;FSTH,XSEP,SEPN)TTLE(4),ﬁ)N)ﬂM)Nh9NSP
)IK}JK)IZ)ITYP}NUDE;IS,NFC,NCY)HRNONG)IUIH,NZ;N3)N4)N];1XX
yNPTS»LL}I:LSEP;ﬂQ:NEh:EPSlyPDESJXLEN;SLALQl
3SCALQODN6)bANMA)NQPT;CSTAR:PEN)DhP:QINF:TSTEP’XUUT
'INC;QFAC)GAN,KDES!PLTSZ:QPL:CPU

GIMENSIUN NACHS(I):H(l"THETA(I):SEPR(1),5(1))DEL3(13;XX(1)

{ EOUIVALENCE(MACHS(]))FP(I’ZU)))(H(l))FP(llb))r(THETA(l)rFP(IJC))

EQUIVALENCE (StPR(l)ﬁF?(l:lQ)))(DELS(I):FP(I’IO)))(S(l)rFP(L:lé))
EGUIVALENCE (¥YX(1)sFP(Ls3))

REAL MH,MhSuJsNUyMACHS

DATA TRyRTHO» TEL» TE2, SEPAAXSs PIMIN, PINMAX /1¢3424532045946=35354bL=},

} 1 40045-1.5514E4/

' GAML = .5/C2

CSIINF = C4

INC = ISIGN(1lsK2-K1)

YSEP = ABS(XSEP}

IF ((XSEPQGIOUG)OANDO(INCOLTQO)) YSEP = 1.

SEPMAX = SEPH

Lo I Y TCY X

GL = 645
L = K1
LS = A3S(S(L)=S{L-INC})

10 LP = L+INC
MH 2 JH%IMACHS(L)+MACHS(LP))
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KLPRODUCIBILITY OF THE

MhSQ = MHsMy PAGE IS POOR
CSIH = 1.4C23MHSQ ORIGINAL

USOLG = DS
0S = ABS(S(LP)I=S(L))
bQDS = (HACHS(LP)-ﬂACHS(L))/(DS*NH*CSIH)
T = CSIINF/CSIH
FHOH = THxgam}
hNU = T*(l-*TR)I(RHGh*(T*TR))
RTH = RN*MH/ ( EN®NU)
IF (L.NE.K1) GD TO 3cC
THETAH= RTHO/PTH
THT = THLTAH
30 FC = lc0+.066*ﬂh55*-COd‘HH*MHSQ
FR = l--0134*MHSQ+-027*HHSQ*MH
C DU AT M3ST 200 ITZRATIONS
{ DL 140 J = 1,499
RTAU= l./(FC*(Z04711*ALJG(FP*RTH*THETAF)*4-75)+1.5*G:*l724./
1 ‘GE*GE*ZOO.)‘Ib.B?)
TAU = RTAU*RTAU
HB = 1e/(1.-GE%RTAU)
HH = (HB"‘I.)*(1.*-173*"“50)-10
SEP = -~THETAH*CQDS
IF (SEP.LT.SEPMAX) GL TO 50
P (XX(L)JLTLYSEF) SEP = SEPMAX
5C PIE = HH*SEP/TAUL
PIE = ANAXI(PIVIN)A&INI(PfMAX’PLE))
G = 6.1*54RT(PIE+1.81)—1.I
T2 = A3S(G-GL)/GE

GE = G
DT2 = pT1
0Tl = (HH+2 .-FHS0)*5EP+TAU

IF (J.EQ.1) GO TC 11C
Tl = ABS((DT1-DT2)/DT1)
1F ((TI.LT.TEZ).AND.(TZ.LT.TEI)) 60 TO 130
110 THETAH = THT+.5*DT71#*0S
140 CONTINUEL
' 130 THETA(LP) = THT+DT1%pys
: SEP = ~THETAH*GCDS
THETAH = THETA(LP)
THT = THETA(LP)
' SEPR(L) = (SEPR(L)*DS*SEP*USOLL)I(US+DSJLD)
SEPR(LP) = SEP
HIL) = (H(L)*Db+HH*D§ULH)/(FS+DSDLD)
HULP) = HH
CelS(L) = H(L)*THETA(L)
L =1Lp
IF (LJNE.K2) 60 TO 10
H(KZ)=H(K2-IVC)+(DS/CSJLJ)*(H(KZ-IKC)~h(K2~lNC—INC))
SEPR{K2) = 2o *SEPP(K2)=SEPKR(K2~INC)
DELS(K2) = H{K2)*THETA(K?)
H{K1) = g,
SEPR(KL) = 0.
- CALL NASHLS(K2)
DELS(K2~INC) = HUKZ=INL)#THETA(K2~ING)
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DELS(K2) = H(K2)*THETA(K2)
RETURN

END

SUBROUTINE TRIDI(AsB5Cs RHSsUOUT»>N» IDIM)
COMPLEX RHS,0UT

DIMENSION A(1)58(1)5C(1)

DIMENSION GA(35),RHS(IDIN),OUT(3Y)
REC=1,/8(1)

GA(Ll)=REC*C(1)

OUT(1)=REC*RHS(1)

DO 16 J=2,N
REC=1./(B8(J)-A(J)%*GA(JI~1))
GA(J)=REC*C(J)
UUT(J)=REC*(RHS(J)-&(J)‘DUT(J‘l))
DO 20 JJ=22,N

JaN=JJ+]
CUT(J)=DUT(J)-GA{J)*QUT (J+1)
RETURN

END

SUBROUTINE SOLV1

COMMON PHI(162)31))FP(102’31),A(31);8(31),C(31’y0(31)15(31)
JRP(31):???(31)JR(31):RS(31))PI(31);AA(162’)BB(162!yCG(lé&)
’SI(le’:PHIR(lOZ))XC(lOZ)JYC(lbz))FH(le):ARCL(lLZ):DSUM(lOZ)
!ANGULD(I&Z))XGLD(lCZ):YQLD(léZ))ARCULD(léZ))DELULD(]62)
2RP4(31),RP5(31)

COMMCN /A7 PI!?P’P&D;EM)ALP)RN)PCH’XP}TC;ChU}DPHI:CL)RCL;YR
)XA!YA)TE;DT:DF:DELTH)DELK:RA,DCNJDSN’KAQ’EPSIL}CCRIT;Cl)CZ
!C4)C5’C61C7:BET:BETA)FSYH;XSEP’St?H:TTLE(4))ﬁ)V,HM;Nh’NbP
)IK’JK)IZ’ITYP)MGOL)IS)NFC:NCY:NRN)NG,131H3N2:N3:N4)NT)IXX
INPTS»LLy Is LSEPs M4y NEWEPSL1-NDESs XLENs SCALOL
)SCALQO)N6JGAMNA)NQPr’CSTAR’FEM:OEP:QINFrTSTEP,XOUT
s INC»QFAC»GAMIKDESs PLTSZy GPLsGPU

COMPLEX FFsFl)yGG

DIMENSION CX({162)sSXU162)sFF(102)s0G6(162),F72{31)

COMHMCN /SOL1/ Q(162,31)

IF(NEWJNELY) GO TO 30

00 1 I=1,Hn

CX(1)=COUS(({I-1)*DT)

SXU1)=SIN((I-1)*DT)

CONTINUE

NEW=0,

MMP=MM+]

CONTINUE

MA=M/2

MAl=MA+]

DL 2 J=1,N,2
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CaLL THUFFT(N:Q(lyJ):Q(lrJ*llrFF’GG’CX:SX;I)
Do 7 I=1,NMAL

IMNaM<T+3

O(I’J)lREAL(FF(I))
G(I’J+1)=REAL(GG(I))
Q(IH;J)=-AIHAG(FF(1))
0('H0J*1)=-NIMAG(GG(I))
CONTINUE

CCNTINUE

HR=,*#DR

DO 3 J=1,N

DlJ)=2,.¢RrS(J)

T=RA*RA%RE( )
B(J,=T*(R(J)-HR)
CUII=T*IR(J)+HR)

Ctl)=D(1)

DG 4 I=1,Mal

IN=M-~1+3

D8 5 J=1,N
A(J)=-D(J)-2.*(1--CX(I))
FF(J)'CﬁPLX(Q(I’J):O(IN)J))
catLt TRIDI(B:A}C;FF’FI’N:lb?)
D8 8 U=1,N
Q(I:J)*REAL(FI‘J))
QUIM»J)=AINAG(F1(J))
CUNTINUE

CONTINUE

DG 9 J=1,Nyp2

LU 10 I=1,MAL

IMzM=143
FF(I)*CHPLX(Q(I,J):-Q(IM;J))
GG(I)SCNPLX(Q(I:J+l):-J(IH:J*l))
FF(IM)=CﬂPLX(Q(I’J):C(IH:J))

; GG(IM)=CMPLX(Q(I»J+l);U(IMoJ*1))

CaLL TNDFFT(-M:Q(l’J))Q(lJJ*l)}FF:GG;CX:>X)1)
CUNTINUE

CO 12 J=1,N

QUMM J)=3(1,4)

QIMMF,J)=G(2,4)

RETURN

END

SUBRCUTINE SwEEP1
COMMON PHI(162)31)9FP(162’31)2A(31))8(31))C(31))0(31);E(31)
1 :RP(31))FPP(31))R(3l):&5(31):?1(31)’AA.102);BB(le);CU(le)
2 ’31(162);PHI?(ICZ))XC(162))YC(16£),FH(lOZ))ARCL(le))QSUH(10&)
3 :AVGOLD(’62),XCLD(162):Y0LD(16£);ARLOLD(IOZ)JDELULD(IDZ)
4 sRP4(31),RP5(31)
COMt N 74y PI)TP,RAC;Eﬂ;ALP;kN}PCH;XP}TC’CHU)UPHIJCL;RCL’YQ
1 ,XA,YA;TipDT}DP:DLLTH;DELR,RA;DCN;DSN’RAQ:EPSIL)GCRIT)CI:CC
2 pCQ}Cb)Cb}C7)dtr;BETA)F)YH)XSLP;SEPM,TTLE(4):M)NJNM)NN:NSP
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10

100
30

8¢

€0

61
210

200

11¢

111

41

Q0

94
97

3 »IKsJIK» L2, ITYPyMODESIS)NFCONCY)NRNy NG IDIFsN2s NIshas Ty 1IN

4 oNPISHLLIsLStPsMasNEWsEPSL)MULSs XLEN,SCALGL

5 23CALQAUS NOsGCAMMASNUPT»CSTAK) hENS DEP> QINFs T3TEP S XLUT

6 sINCIQFAC)GAMIKCESSPLTSZ»GPLyQPY
COMMUN /50LLY/7 Cil62,31)
DATA Q/75022*0.C/

YR=0,

NSP=(@

DO 10 J=1,NN
PHI(MM)J ) =PHI({1,J)+DPHI
PHI(VM+]1,J)=PHI(2yJ) +uPHI
CONTINUE

TE=-2

CO 30 Is=sLL,MM

CALL MURMANIL

00 100 J=1,N
AQ(I,J)=D(J)

CONT INUE

CONTINUE

TE=2

I=LL

I=1-1

CALL MURMANL

DO 60 J=1,N

Q{I»Jd)=D(J)

CONTINUE

IF(I.GT.2) GU TO &0

PO 61 J=1sN
CllyJ)=Q(MM, )
FORMAT(H(2I4,E1¢€.8))
CaLl SOLvl
FORMAT(5(14»L1648))

DO 110 I=1,M

DC 110 J=1,N
PHI(LsJ)=PHI{IsJ)+0(1,J)
U 111 J=1,N
PHI(MFM»J)=PHI(1sJ)+DPHI
IF(RCLWEQ404) LL TU 90
YA=RCL*((PHI(Myl)=(PR1I(2s1)+0PHI))*DELTH+SI(L1))
It(MUDEL£EQL1) GL TU 90
It (NDES.GELO) (U TU «1
ALP=zALP—-.5%YA

GO TOUL 42

BB(1) = BB(l)—-.t*YA
CALL CUSI

Gd TC 9%
YA=TP¥YA/ (1 +RET)
UPHI=DPHI YA

DG 97 L=1,M
PHICL)NN)=DPH1*PHIR(L)
IF(MCDE s Ewe0) nETUKN

DO 120 J=1,N
DO 120 L=1,H4
PHICL,J)=PHI(L)J) +YA*PHIR(L)

™
- H“:“‘b"
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RETURN
END

SUBRDUTINE MURMAN]

COMMON PHI(1H2531)9FP(102,31)5A(31)95(32),C(31)5D(31),5L(31)
1°5RAI3LISRPPI3LIINIRIZLIRO(31)I»AI(IL) s AACLIES) 0B LL2)2CO(162)
2 »ST(162),PHIR(162)sXC(102)5YC(162)sFMLL02)2ARCLILE2)sD5uM(1s2)
3 HANGOLD{162) s XCLO(1c2)» YOLO(102 s ARCOLO(202)sDELULLL(L1G2)

4 yRP4(31),RPS(31)

CUMMUN ZA7 PIlsTFPsRADSEMsALPsRMNyPCHIXE»TCrCLHD UPHISCLIRCLY YR
2XAs YA, TES DTy DF) DELTH)DELRSRAPCCN) OSSN RA4,ZPSTILsQC]IT»CLls (2
9CasCS5,CErCTsRET»DETAS FSYMpXSEFsSEPMs TTLE(G)sMaNsMTy NN NSP
s IKs JKy [Zs ITYPy MUDE s ISoNFCsbCY s NRNs NGo JOIMeN2)N3» NGy NT IXRX
PNPTISsLLsIsLSEPs MGy NEws PSSy NLESs XLENeSCAL YL
sSCALCOI NGO GANMMASNCP Ty CSTAKI REMs DEP» QINF, ISTEP, XOUT
2 INCsQFACSGAMsKDES»PLTDZsQPLywPU

PHIU=PHI(1,2)=2%0R*CILI)

PHIYFsPHI(I,2)=PHI(]I,1)

PHIYY=PHIYP+PHIL=-PHI(I,1)

PRIXA=PHI(I+1,1)+PHI(I=1,1)-PHI(1,)=Pr-}(1,1}

PHIXM=PHI(]I+1,1)-PHI(I-1,1)

PulxpP=PHI(I+1,2)=-PHI(]I~-1s2)

It(LNFeMM) GO TC 1v

DC1)=Cle(PHIXX+NrI(L)*PH4IYY+KkAG*CO(1))}

D(ly==D(1)/C1

GL TG 40

L=PHIXM*OELTH~-SI(])

BC=U/FrP(]Is1)

QS=u*BQ

J=1

IF(ASLE.QCRIT)Y GO TU 3V

L(1)=0,

6y TC 40

CONT IRUE

C&=C1-C2¥%Qs

CcwbBlReS*(FP(I=1,1)=-FP(Il+1l,s1})

A=RALF(CS+LS)*CUL(])

CPIQS‘CS-QS

UCL)=CORRS(L)2PRIYY+k [{1)*pus X+ MISEPHINX

L{1)==0(1)/CS

CONTINUE

DL AC J=2, N

PRIXx=PHAI(I+1,J)4PHICI=-1)Jd)=PhI(l,d)=Pki(1,J)

CU=PH1XP

PHIYe=PHI(I+1,d+]1)-PhI{I=-1sd+1)

PHIXY=PHIXP=PHIXY

PRIXM=DU

DU=DL*DLLTA

PHIYM=PRIYP

PHIYFP=PHI(IvJd+1)=PH1(]»J)

PHIYY=PHIYP-PHIYN

CUv DWW -
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UsR(J)I*DU-SI(])
DV-R(J)*(PHI(1’J+1)-PHI(I,J-1))*DbLR
V=DVHR(J)=CO(])
. RAV=R(J) *RA®y
- ' 8Q=1./FP(I,4)
BQU=BQ*y
: US=BLUrY
. UV=(BQU+BOUY) *y
- VS=8Q%yky
: QS=US+VsS
l IF(QS.LE.QCRIT) 60 Ty 50
g DtJ)=0,
60 TO 60
50 CS=C1-C2+0s
CHMVS=CS=-VS§
} CMUS=CS-yS
UV1l=,5%BQU4RAY
CUJI=RS(I)*CMYS

D(J)-RAG*((CMVS#US-VS)*DV—UV*DU)+RI(J)‘QS*BQ*!U‘(FP(I-l;J)-FP(I*lt

IJ))+RAV*(FP(I;J*l)-FP(I;J+l))l*CNUb*PHIXX-UVI*PHIXY+C(J)*PHIYY
D(J)=-D(J)/Cs

50 CONTINUE
RETURN
END

— SUBRUUT INE THOFPT(NS;F’G’ALP;bET;CN’SN:IDIN)
ABSINS) IS THE NUMBEF JF PQINTS IN EACH ARKAY

DO FET FUR F ANL 6 Uk REVEKSE TRANSFLRM FQOR ALP AND BET
IF NS<0 THE REVERSEH TRANSFORM IS PREF ORMED

ﬁﬂﬁnﬁnﬁn
n
c
o<
(]
-
>~
o
P
w
n
3>
=z
(=]
(2]
>
x,
-~
F.el
m
©
A
r
wv
m
Z
-
[aad
<o
Lo 3
-
p-3
x
poel
>
-
v
(]
-
-—
o
m
oy
=
<
>
-
[
m
w

CN AND SN ARE The COSINE ANL SINE ARRAYS
IDIM 1S THE skip FACIOR BETWEEN POINTS IN F aAND G
CUMPLEX ALP,BET,X
DIMENSIGN F(IDIh;l)’b(IDIH:l):ALP(l):BET(I);CN(l)pSN(l)
N = TABS(NS)
L = N/2
c SET LP aNp CG COMPLEX TRANSFORM
IF (NS.L1.0) oC TC 2v
00 10 J = ,N

10 atpr(y) = CMPLX(F(I:J);G(]»J))

GO TC «0
c SET LP ok REVEKSE TRANMFIRM
20 J=N+)

DG 30 K = 1,

X t-CHPLX(AIHAG(BET(K})-REAL(ALP(K));AIHAG(ALP(K))+kEAL(BET(K)))
ALP(J)=x

. X = CﬂPLX(REAL(ALP(K))+AIHAb(bET(Kl)’AIHAG(ALP(K))-REAL(Bt[(K)))
ALP(K)=X
) 30 U = g-)
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Cro

K=l+]

ALP(K) 'lo‘(CHPLX(REAL(ALP(K))vAlHAG(BET(K))JAIHAG(ALP(K!)-REAL(BE
1T(K))))

40 CALL FFORH(N:ALP;SET:CQ;SN)

gDH SEPARATE Qut THE REAL aND IKAGINARY PARTS
= N

IF (NS.LT.0) 60 ~ - 60

ENI=,5

D0 50 K = 31,

X = CONJG(ALP(J))-ALP(K+1)

BET(K+1) =~ENI*CMPLX( AIHAG(X),REAL(X))
ALP(K+1l) = ENI*(CGNJG(ALP(K+1)}+ALP(J))

50 J = g~}

BET(1) = (ENI*CNI)*AI&AG(ALP(I))
ALP(1) = (ENI*ENI!*REAL.ALP(I))
RETUKN

6C DO 7¢ J = 1,N

F(lsJ) = REALCALP(J))I/N

70 G(1,J) = =AINAGUALP(J) )/

10

RETURN
END

FUNCTION VLAYER(EMZ,4,3)
X=(EF2=A)/(B=A)

VLAYER = o, o

IF (X.LE.0.) RETURN .95_‘_% %Is
IF (X,6E.l.) 6O TO 1G ‘ \a.gagﬂgry
VLAYER = 3,%X%.-2,¢x%x%x

RETURN

VLAYER = 1,

RETURN

END

SUBROUT INE NASHLS(K2)

QUADKATIC LS, FIT H(KZ‘I);H(KZ)JS&?P(K2~I):SEPR(KZ) US1ING
PREVIOUS 5 VALUES

CUMHUN PHI(l¢2)3l’)FP(163’3&))A(31):8(31”C(31)30(31))E(31)

1 ’RP(31)’FPP(31):&(31))&5(31):‘1(31):AA(IbZ))UB(le))CC(lCd)
2 )51(162’;PHIR(IOZ):XC(IbZ)9YC(162):FH(102)’AkCL(lCZ))DSUH(ICZ)
3 )ANGULD(IbZ))XULD(le);YCLD(IbZ)’ARLOLU(162):DELGLU(162)

4 ,RP4(31))RP5(31)

COMMUN 7A/ PI)fFJRAD;:M;ALP;KN:PCH;XP’TC:CHD;DPHI,CL:RCLIYR

1 )KA,YA;TE’DT)CR,DELTH)OELR:KA,UCN)USN:RAQ:EPSIL:QCFIT:CI;CZ
2 )CQ!C5;C6:C7}BET:BLIA’FSYN,XS&P;StPﬂ)TTLE(Q})H;N}HN;NN)NSP

3 )IK:JK:IZ)ITYP)NUDE:IS)NFC;NCY:NRN.NG;IDIM:NZ)N3,N~,NT;1XX
4 rNPTS;LL)I)LSEP;HQ’NE#’t?Sl;hDES;XLENrSCALdI
5 ,SCALQO;Nb;GANhA:NQPT,CSTARQP&H;D&P:élNF’TSTEP;XCUT
6 ;INC;QFAC,GAN:KUES)PLT&Z’QPL:QPU

DIMENSION 3(1)’H(1)JSEPR(1)

EGUIVALENCE (S(l);FP(l,lbl);(H(l)’FP(lyo)):(SEPR(;),FP(I,IQ))
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FUS) = AL11%S*S & pl11%s + €111

NLS
XNL
LLs
X1
X2
X3
X4
DO
OLM
X1
X2
X3
X4
221
232
242
Yl
Y2
Y3
0G
DuM
Duit
Yl
Y2

bll
Cll
H{K
H(K
Y1
Y2
Y3
00
buM
DUM
Y1

Cl1
SEP
SEP
RET
END

= 5
S = FLOAT(NLS)
= NLS + 1
= 0,
= 0.
= 0,
= 0,
10 L=2,LLS
= S(K2-FLOAT(L%INC))
= X1 + DUM
= X2 + DUM*DUM
= X3 + DUM*DUM*DUNM
= X4 + DUMHDUMRDUMEDUM
1 X2=X1%X1/XNLS
1 X3-X2%X1/XNLS
2 Xa=X2%Xz/XNL>
= 0,
= 0.
= 0,
20 L=2,LLS
= S(K2~FLOAT(L*INC))
M= H(K2=FLIAT(L*INC))
= Y1 + DUMM
= Y2 + DUMM*CUM
= Y3 + DUMMRCUMRDUM

Y2=Y1%X1/XNLS
Y3-Y1%X2/XNLS
1= (I3%2211-722%2321)/7(24
1 = (Z2-A111%2321)/72211
l = (Yl-Alll*XZ-Blll*Xl)/
2=INC) = F(S(K2-1INC))
2) = F(S(K2))
= 0.
= 0.
= 0,
36 L=2,LLS
= S(K2-FLOAT(L*INC))
M= SEPR(KZ—FLUAT(L*INC))
= Y1l + DUMM
Y2 + DUMMeDUM
= Y3 + DUMM*DUMSDUM
= Y2-Y1%X1/XNLS
= Y3-Y1%*X2/XNLS
l = (Z3%2211-72%7321)7(24
1 = (Z2-A111%72321)/72211
l = (Y1~A111%X2-31]11%x1)/
RIK2-INC) = FOS(KZ=INC))
RIK2) = F(S(K2))
URN

22%2211-7321%2s21)

XNLS

22%2211-7321+2321)

XNLS
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SUBRCUTINE INTPLI(HX;XI’FI)N’XDF’FPQFPP’FPPP)
CIMENSIQON X(l))ffl’)PP(l)JFPP(l”FPPP(I)’XI‘1,:51(1,
REAL NEWsLEFT

DATA TOL /1.E~-9 ¢

XI(L) wILe SATISFY FIXI(L)) = FICL) FQR L = 1 Tu aBS(Mx)
FsFPsFPP, FPPP ARE THE FUNCTICN aND DERIVATIVES AT THE x POINTS
NX =IABS(MX)

K = 2

L1 = }

NEW = X(1)

EN = F(1)

FVAL = FI(1)

IF (ABS(F(I)‘FI(I’)-GT.TUL) GO 10 5

L1 = 2

X1{1) = x(1)

IF (NX.EG.1) RETURN

00 100 | = LIsNX

IF ((FVAL.NE.FI(L)3.0R.(L.tc.1)) 6U TO o

NEW = X (k)

EN = F(K)

IF (FP(K)*FP(K-I).GT.O.) GU TO &

RAOT = SQRT(FPP(K“I’**2'2-*FP(K‘1;*FPPP(K‘1))
DX = ‘Zo*FP(K“l)/(FPP(K‘I)*SIGN(RUUT’FPP(K‘l)’)
NEW = X(K-1)+DX

FN SF(K’I)*DX*(FPfK*l)*DX*(-b*FFP(K-l)*DX*FFPP(K-I)/b-))
FVAL = FI(L)

SGN = F(K-1)-FvalL

IF (NEH.GT.X(K-I)) SGN = FN~FVAL

LU 1C J = K,N

IF(FP(J)*FP(J-I)-LE.O-) 6d T0 7

Ik (SGN*(F(J)-FVAL).LE.O.) 60 TO 20

Gd TC 10

ROOT = SJRT(FPP(J'I)**Z‘Z-*FP(J-l)*FPPP(J‘l))
DX = -Zc*FP(J-l)/(FPP(J‘1)+SIGN(RUUT’FPP(J‘l)))
RIGHT = X(J=1)+DLx

LEFT = AMLXI(X(J‘I)}NEJ*TUL)

IF (LEFT.GT.RIGHT) GU TO 19

F2 = O¥FPP(J=1)

F3 = FPPP(J-117/6.

FN = F(J‘l)fDX‘(FP(J‘l)*DX*(*Z*DX*F3))

If (SGN*(FN-FVAL)-LE.O) 6d T0 6y

CONTINUE

IF (MX.GT,.0) 60 10 13

MX = L-1

KETURN

PKINT 499, L,FI(L)

FURMAT ( * TROUBLE AT *915:3X:F16.b)

J = K

GO 70 100

ULD = AMAXI(X(J-I))NEW+TUL)

F2 = W I¥FPP(U-1)

F3 = FPPP(J-1)/6,

START=0LD

D0 40 K = 31,10
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40

60

b os

80
70

100

1
2
3

DX = OLD-X(J~1)

FPOLD = FP(J—I)#DX*(FPP(J-1)+.b*DX*FPPP(J-1))
IF (ABS{FPOLU)JLE.TUL) GU TO 60
FN = FUJ-1)+DX*(FP(JI=1)+UX*(F2+0LX*F3))
NEW = OLD=-(FN~-FVAL)/FPJILD

IF (NEW.LT.START) GD T 69

NEW = AM NI(NEWsX(J))

IF (ABS(NEW-OLD).LT.TUL) GO TO 90
OLO = NEw

CALL ABOKT

RIGHT = X(J)

LEFT = OLD

IF (SGN*(FN-FVAL).GT.0.) GO TO 65
RIGHT = LEFT

LEFT = XI(L=-1)

IF (L.EQWs1) LEFT = X(1)

DO 70 K = 1,50

IF ((RIGHT-LEFT)«LE.TOL) GO TO 90
NEW = 5% (LEFT+RIGHT)

DX = NEW-X(J=-1)

FN = FOJI=1)+DX*(FP(J=1)+0X* (F2+DX*F3))
IF ((FN-FVAL)*SGN.LE.O0.) GG TU 80
LEFT= NEW

G0 T0 70

RIGHT = NEW

CONTINUE

XI{L) = NEW

K =4

MX = NX

RETURN

END

SUBROUTINE READQS
SUBROUTINE TG READ IN THE INPUT PRESSURE DISTRIBUTION

CUMMON PHI(le:31):FP(162;31)’A(31);6(31):C(31):D(31);E(3l)

’RP(31),RPP(31))?(31):RS(31):RI(31)’Ab(le):bB(le):CO(le)
,SI(162);PHIP(162);XC(168);YC(loZ)yFH(162)nAKCL(léZ),LSUN(ch)
;ANGULD(162);XOLD(162);YULL(162),ARCOLU(162);0ELGLL(162)

4 »RP4(31),RPH(31)

WP wnN -

1

COMMON sA/ PI!TP:RAD:EM}ALP:RK:PCH}XP)TC:CHD)DPHI)CLIRCL’YN

)XA’YA)TE)DT;LR;LELTH;DELR’kA)DCN)DSN,RAQJEPSIL;QCFIT:CI;CZ
)C4’C5:Cb)c7,8fT!METAOFSYH’XSEP)SEPM;]TLE(Q),H,N,HM;NN;NSP
’IK'JKolZ)ITYP’MOOE,I);NFC;NCYJNRN;NG)IDIM:NZJN3)N4)NT,IKX
)NP]S’LL)I:LSEP;HQvN:n}cPSl)NDES)XLEN)SCALQI
’SCALQU;NG)GAMNA*NQPI:CSrAR;kEH)UEPrQINFpTSTEP)XUUT
)INC;QFAC;GAM:KDES)PLTSZ’QPL’QPU

DIMENSION JI(l);SF(l):QX(l);Sx(l):tS(l)pGP(l):GPP(I);GPPP(l)

’DQDS(I)yPHT(l)pDPHDS(l)nQPP(l);QPPP(l):O(1)

ECUIVALENCE (01(1)'FP(1,1)),(SF(l):FP(1’3));(Qx(l):FP(l;i))

C3ERAL PAeT 15
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1 )‘SX(I);FP(117’):(£5(l):FP(1:9)):(GP(I);FP(I)II))
2 )(GPP(I):FP(1;13)):(GPPP(I))FP(1;15),)(DQOS(l))FP(1)17)l
3 )(PhT(l)JFP(1!19)):(DPHDS(I)!FP(I)ZI)))(QPP(I):FP(1,23))
4 )(QFPP(I);FP(1’25)))(J(l)nFP(lv27))
XMACH(QS) = SQRT(QS/(.5*(bAHHA*1.)*CSTAR*CSTAR-.&*(GAHHA*I.)‘053,
DATA NINMAX 7300/
MGDE = O
REWIND N6
READ(N6s500) XIN,CSTAR
500 FORMAT (2F10.4) *
NIN = ABS(XIN)
CALL GOPLCT(NRN)
IF {NINJGTJNINMAX) GU TO 30
READ IN J(S)
GMAX = 0,
DO 20 J = 1,NIN
READ(NK,510) SF(J),CI(J)
510 FORMAT(2E29.19)
QMAX = AMAX1{QMAX, ABS(QI(J)))
20 CONTINUE
XFAC = 2./(SF{NIN)=SF(1))
CUNST = ~1.-XFAC*SF(1)
FaC = 1.
IF(QMAXeGTeled) FAC = leo/QMax
WFITE (N4,130)
00 3¢ 4 = 1,NIN
SX(J) KFAC®SF(J)+CGNST
QX (J) FAC*Q1(J)
Q(J) = XMACH(OGX (J)*xuX(J))
WKITE (N4,140) J)SF(J):UI(J))SX(J):QX(J’)Q(J)
CI(V)=Qx{y)
30 CONTINUE
WRITE (N4,500) CSTAR
600 FORMAT (1X5 75 5X524HINPUT CRITICAL SPLED IS sFl0.4)
CSTAK = FAC*(CSTakK

SIZE = ,14
SCX 2 5,
SCY = 2,%
XGR = 6,0

IF (XIN.LT.04) XOR = 5.75
CALL PLUT(XORy»,5,-3)
0O 60 L=x1,NIN

60 CALL SYNBUL(JCX*SX(L):SCY*OX(L);.5*3125}3)0.)-1)
CALL PLOT(-5405=4.0,3)
“ALL PLOT(=5%¢054.052)
CALL SYMBOL(-Q.b:3.5»5[2&;1“6:0.:1‘
CaLL SYMsOL (‘5.0:SCY*CSTAR;2.*SIZE)15;0-:-1)
Call SyM3oL (-5.0:-SCY*CSTAR’2.*SIZEylﬁ»Jo;-l)
CO 7C L=1,9
YH = FLOAT{L-1)=4.0
S = J4*FLUAT(L=1)-1.¢t
CALL SYHGUL(-E.C:YH’SIZE:Iﬁ)O.J-l)
ENCIOVE(L1Os100,4) S

70 CcaLtL SYMUOL(=5¢73YH)SIZFsA»Uerq)

)
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CALL PLOT(‘5.0’00’3’
CALL PLOT(5.0:O.:Z)
CALL SYMBOL (4.5)‘-5;511591H5)0.91)
DO 60 L=1,11
XH = FLOAT(L=1)-5.C
S = J2¢FLCAT(L-1)-1.0
CALL SYMoOL (XH»)0es SIZE»159GCes~1)
ENCOLE (10,1005,A) S
€0 CALL SYﬂBUL(XH*Z.*)IZE!’.3)SIZE:A}0
100 FORMAT(F4.1)
CALL SYMBDL(‘I.5:‘4.3;SIZE:Z4HINPUT
SXININ) = 1,
DS = (SX(NIN)-SX(I))/FLDAT(NCPT'I)
FIND Q(S) AT EVENLY SPACED POINTS
ES(1l) = Sx(1)
00 4C J = 2,NQPT
40 ES(J) = ES(J=-1}+DS
ESINCPT) = Sx({NIN)
CALL SPLIF(NIN 33X5QX%XsGP,6PP,GPPP,3
CALL INTPL(N)Pf:ES:QJSX:QX:bP:GPP:G
CALL PLITCOSCX*ES{1),5CY*Q(1),3)
00 95 L=2,NGPT
95 CALL PLUT(SCX*ES(L)’SCY*Q(L))Z)
CALL PLOT(-XORs~5,55~3)
CALL FRAME
IF (CSTARWLT.0.) GO TO 210
CAaLL SPLIF(NGPF}ES;Q;GP)GPP:GPPP;3:
CALL INTPLI(IJSC}OcyNQPT)ES)Q;GP)bP
INTEGRATE G(S) TO GET PHI(S)

0’4’

SPEED DISTRIBUTIONsGes24)

)0.’3’0.)
PPP)

00’3)00)
PsGFPP)

CAaLL SPLIF(NQPT}ES:Q:UQDS}QPP}PHT:-S’0-»3’0-)

CaLL INTPL(I;SO:PHﬁN;ES;PHT:Q:DQDS;

GAM = PHT(NQPT)=PHT(1)

SCALOI = PHT{NQFT)=-PHMN

DO 5¢ I = 1,NaPT

QL(I) = PHT(I)=-PHMN

VAL = AMAX1(04,CI()))/SCALQI
5C PHT(1) = SIGN(SORT(VAL),ES(I)=-SU)

REWIND N6

WRITF (N6) (PHT(J)SES(J),Q1(4)5Q(4)

CALL INCUMP

PETURN
90 WRITE (N4,110) NINMAX
210 CALL PLOT(Ce50.5599)

CALL EXIT

RETURN
110 FORMAT (15HO**¥*MOREF THAN »14530H [

1 32HC**+PROGRANM STOPPEU IN READQS*+
130 FORMAT(1H0/11X,4HCARC;5X:7HS—INPUT;

1 »9%X»6HQ=-USED, 11X, 6hM-USED /)
140 FORMAT (3X>1952F154553X92FL%.653XsF

END

158

QPP)

2 J=1sNCPT)

NPUT CARDY NOT PECMITTEO#++% /
¥ )
8X97HQ-1NPUT)lGX;cd--USEU

15.6)



B e

A\t

10

SUBRGUTINE INCOMP
COMMON PHI(152»31);?9(162»31’1A(31)98(31):C(31)’0(31,JE(JI)

1 ’RP(31);FPP(31)’k(3I)ORS(3l);RI(31)’AA(162);b8(102):CG(lbd)

2 )SI(le)pPHIR(162”XC(102);YC(162)’FH‘IDZ))&RCL(IbZ):USUM(108)

3 :ANGULD(IbZ))XCLD(lCZ):YJLO(ICZIJAQCOLD(IGZ))DELOLO(IOZ)

4 #2RP4(31),RP5(31)

CUMMON say PI:TP:RAD;EW)ALP’RN)FCH:XP;TC:CHD:DPHI’CL:RCL:YR
,XA’YA;TE,DT;OF’DtLTH,OELR)RA;DCN'DSN’QA4;tPSILpQCRI]:Cl’Cc
)C41C5)Cb:C?:BET}BL]A’FSYH;XSLP;StPNpTTLE(4)’H,N,HM,NN0N)P
)IK!JK.IZ:ITYP’HODE’IS;NFC;NCY:NRN:NG)IOIM)N21N3:N4:NT)IXX
)NPIS,LL:IoLSEP;M4JNEﬂ,EPSI’NDES’XLEN,qCALQI .
:SCALQUJNO;GANHA:NG?T,CST%R,FbﬂyOEP,QINF:]SFEP’XGUT
)INC’QFAC:GAH;hDES:PLTSZ’QPL:QPU

QFAC = SCALUI-.5#%GAM

DO 1C I=1,10

TAYU = ASlN(-GAHI(Pl*QFAC,)

GFAC = (SCALQI+GAM*TAU/PI--5'GAH)ICOS(TAU)

TAU = ASIN(-GAMI(FI*QFAC))

6B(1) = ~TAu-ALP

DPHI = 4.*GAM/QFAC

[ W Y

CALL cOsI
ANG = 0.
DG 20 I=1,m

PHI(I,1) = (.5*0FAC—1-)*CO(I)4GAM*ANG/TP
ANG = ANG+DT

PHI(MM,1) = PHI(1s1)+0aN

PHI(MM+1,]1) = PHI(2,1)+GAN

INC = 1

CALL cCycLe

KETURN

END

SUBFOUTINE CYCLE
CUH*CN/FL/FLUXT4:Cf4’CUNJINLCD
CUMMON PH1(162;31)’FP(162-31):&(31):5(31)1C(31))3(31’)5(31)

1 ,RP(31)JkPP(31);R(3l)rR5(31))RI(31)!A5(léé)yﬁB(le)ICC(IOZ)

2 )SI(le)}PHIP(le):kC(lbd)rYC(le):FH(le))ARCL(le);ESUN(162)

3 ’ANGULD(IOZ)pXULD(le))YdLD(lDZ)rARCULD(162):JELLLD(162)

4 2RP4(31),RP5(3])

CUMMON sav/ PIJTP:FAD)[ﬂ’ALP;Fh)PCH’XP)7COCHD;UPH1)CL)&CL)Y&
)XA’YA)TE:DT:DRJDELTH;D&LR;PA:DCV;DSN)RAQ’EPSIL;QCRIT:CIlCZ
)C4:C5'C6)C7’bET:bEIA,FSYN)XSEP;SEPM:]TLE(Q))N)N:NN,NN)NSP
)IK’JK;IL;ITYP)MBD[;IS;NFC:NCY:NRN:RG,lDlHnNZ:hJ:h4)NT;IXX
:NPTS;LL:I:LSEP}H4;NEJ}EPSl;NDE):XLEN;SCALOI
’SCALQU;Né:GAﬂPA’NQPT:CSTAR:RtHyDEP;GINF:T)TEP;XDUT
)INC:QFAC)OAN:KDE&:?LISZ:QPL)QPU

DIMENS TUN PHIS(I),CIRC(I);OPHDW(l)pDZPFDd(l),PHIT(l):Q(l)

1 )FPP(I),FPPP(I),FPPPP(I)’QX‘I))PHIV(l):?S(l);CX(l),SX(l):)S(l)

2 ,CCP(I)’A](l):AZ(l):AB(l):AQ(l):61(1)

ECUIVALENCE ¢ DS(l):FP(l)l))’(CIRC(I))FP(1)3)))(LPHDH(I);FP(105))

1 ;(DZPHDN(I))FP‘].’?)))(PHIT(I)yFP(l)‘),))(Q(l):FP(l’II))

WUV WN

159



6080

10

20

’(FPP(I)IFP(1;13)):(FPPP(I’,FP(1’15))J(FPPPP(I)’FP(ID17))
’(QX(I)’FP(I:lq))’(PHIV(I’)FP(IJZI)))(PHIS(l)!FP(1)23’)
)(CX(I)}FP‘I’25)))(SX(l)DFP(l)Z?))o(SS(I)JFP(I’ZQ))
)(CCP(I)’PHIR(I))’(Al(l)’kp(l)))(AZ(I))RP(7))
)(A3(l’:kp(13))’(AQ(l))RP(IQ)))(Bl(l)lKP(Zb))
XMACH(QS) = SQRT(GSI(c5*(GAHHA+1.)*CSTAR*CSTAR“-5*(GANHA-1o)*QS))
CPLQ) = C5*((C4/(10*C2*Q*Q))**C?‘l-)

DATA KD70O/

LC = NFC

NHP = 2% (

MC = NMP +1

PILC = PL/FLOAT(LC)

NCUM1 = NMP/M

NUUHZ = NLUM1-]1

IF (INC.EQ.1) GO /O 6030

INDCD = )

CALL GTURB(OQIOQ)0"!CUH’0.!.125).1’

INDCD = 0

DO 10 I=1,MM

CIRC(I) = FLOAT(I-1)%uT

PHIS(I) = PHI(I,1)+CO(I)

861 = BB(1)

CALL SPLIF(MH}CIRC;PHI)JDPHDW’ FPPPy FPPPP»1504s1,0.)
IF (MM.EQ.MC) GG TO 5

00 6 I=1,MM

Q{I) = PHIS(I)

SS(I) = CIRC(I)

00 7 I=1,MC

CIRC(I) = FLOAT(I-1)%PILC

CALL INTPL(HC’CIRC)PHIS;SS:U,CPHDN;FPPPyFPPPP)

CALL SPLIF(HC'CIRC)PHIS:DPHDW’ FPPPy FPPPPs1504s150.1]

DO 9 I=41,120

SS{I-40) = CIRC(I)

Q(I-40) = DPHOW(I)

CALL SPLIF'80)55}0:FPP)FP?P;FPPPP}3)0-;3)0.)

CALL INTPLI(I,HNP}OoJSO:SS,Q)FPP;FPPP:FPPPP)

CALL SPLIF(HC’CIRC:PHIS’DPHDk)CZPHDd:FPPF:1:0-:1’00)

CALL INTPL(1!HNP}PHMN)CIRC}PHIS)DPHDN)DZPHDN)FPPP)

SCALGD = PHIS(MC)-PHMN

REWIND No

READ (N6) (PHIT(I)’SS(I):PHIV(I)’Q(I))I'I’NQPT)

CALL SPLIF(NQPT)PHIT’Q)FPP)FPPP)FPPPP:3:0.)3;O.)

VAL = SQRT((PHIS(I)-PHNN)/SCALQU)

D0 20 I=1,MC

VAL = AMAX1(04»PHIS(1)=PHMN)/SCALQOD

FAC = 1,

IF (CIRC(I)eLEJWNP) FAC = -l

PHIS(I) = FAC*SQRT(VAL)

CaLL INTPL(HC}PHIS}QX}PHIT)Q!FPP;FPPP’FPPPP)

It (INC.EQ.1) GO TO 8337

DETERMINE EM

XNUM = O,

DEN = 0,

D0 64444 § = 2,p

VS wWN
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4444

4445

47

8847

8886

K = J

IF (MCJNEJMM) K=NDUM14J~-NDUM?2

VAL = (PHI(J+1)1’°PHI(J“111))‘DELTH°SI(J)

VAL = (VAL*VAL)/FP(J,1)

FPPP(J) = vaL

IF ((QX(K)*QX(K)).GT.(CSTAR‘CSTAR)) GO TJ 4444
XNUM = XNUM + QX (K)*CX(K)*VAL

DEN = DEN + VAL*vAL

CUNTINUE

QINF = SGRT(XNUM/DEN)

COMAX = 0.

DQAVE = o,

DO 4445 g 2 2,M

K= J

IF (MCoNE,MM) K=NOUM1®J-NDUM2

DQAVE = poave + ((QX(K)*QX:K))-QINP*CINF*FPPP(J))*
1 ((QX(K)*QX(K))-QINF*QINF*F”PP(J))

DOMAX = AHAXI(DCMAX,ALQ(CQRT(FPPP(J))-(AﬂS(GX(h))IQINF),)
CUNTINUE

DGAVE = SQRT(DQAVE/FLOAT(W—l))

C2 = 5%(GAMMA-1.)

C?7 = GAMMA/(GAMMA=],)

EMX = EM

EX = (GAMHA+1.)*CSTAR*CSTAR/(QINF*QINF)-GAHMA+1'
EM = 2,/EM

EM = SQRT(ENM)

EM = (1.=PEM)*EM+REM*ENX
Cl = C2+41./(EM*EY)

C6 = C2*¥EM»EY

Ca = 1.4C8

Ch = 1e/7(C6*C7)

QCRIT = (Cl+Cl)/(GAﬂMA*l.)

DETERMINE SCALING FUKR PH] BY LEAST SQUARES FIT
CALL SPLIF(NQP‘:PHIT}PHIV}FPP:fPPP,FPPPP)3)0-:3)0.)
CALL INTPL(MC,sPHISyQ )PHIT!PHIV’FPP:FPPP’FPPPP)
CIMC) = PHIVINGPT)

XNUM = 0,

DEN = 0,

00 47 JU=)1.MM

K=y

IF (MCuNELMM) K=NDUM1*J=-NDUM?2

XhUM = ANUM*PHI(J’1,+CJ(J)-PHHN

DEN = DEN+ Q(K)

FAC = XNUM/DEWN

DPHI = FAC*GAM

00 8486 J=1,MM

K= J

IF (MCoNE MM) KaNDUM1*J-NpUM?2

CCP(J) = OX(K)

CALL SPLIF(NQPT:PHIT;SS’FPP)FPPP,FPPPP:3.!0.)3.)0.)
CALL INTPL(MC:PHIS)SX}PH{T}SS)?PP)FPPP’FPPPP)

C**‘***#*#‘#*t#***t#***#**#**

CALL SPLIF(”C:CIRC»5X}DS)FPPP:FPPPP)l’Co)l’Oa)
DO 40 I=2,NMP
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VAL = ABS(DS(I)I(Z-*SIL(CIRC(I)‘.S)))
DS(I) = ALOG({vAL) .
40 CONTINUE
C**##*####t**###**#t“##t#ttt
VAL = A3S(FPPP(1})
05(1) = ALIG(vAL)
DSEMC) = DpS(1;
43 CuNTINUE
BG 240 1-1,MC
ANGL = FLUAT(I-1)#pjLC
CX(I) = CcOStanGL)
240 SX(I) = SIN(ANGL)
CO 1C40 I=1,L(C
FPPP(I) = AA(I)
FPPPP(1) = BB(I)

1 ' AA(T) = Cx(2%]1-1)
4] 1040 EB(I) = =3X{2%*I~-1)
] T, CALL FDUCF(NHP;LS,FPP;AA:BB)
) DFAVE = 0,
00 1050 I=1,L¢C
AA(L) = <aAll)

IF (FPPP(1):¢£0.99999,) GO TO 1us0
AA(I) = TSTEP*2A(L) + (l.~TSTEP)*FPPP(])
BB(I) = TSTEP*BB(]) + (l.~TSTEP)*FPPPP(])

1 (83(I)~FpPPPP(1))

DFAVE = SQRT(DFAVE/1€0.)

B8(1) = 81

IF (INC.tQ.0) GG TD 45

CINF = QFAC/ (4 o*EXP(AALL)))

tH = (GAMMA+1.)*CSTAP*C)IAk/(QIhF*OINF)-GAhMA+1.
€M = SQRT(2./7EM)

r C2Z = .5%(GAMMA=].)
C7 = GAMMA/(GAMMA=1,)
Cl = C2+1./(FM*En)
Co6b = C2%EM*EM
C4 = le tHCo

= lo/{CH%C7)
WCRIT = (Cl+C1)/(6AMMA+1 )
45 CONTINUE
IF (INC.ECL1) GO TO €030
IF (KDES.E:ol) G TG0 5040
IF ((MOD( KDyKDES JoNE Wl ) ANC o (KDa bk o Z}) 60 TO éude
€040 WRIME (N2,6010)
6010 FLRMAT (lHlyI’dX;5HCHAVt)6X!fHCCMAX;OX'5HDFAVE}6A)4HDPH1’7X
1 ’AHCBBI)bX)3HVSF)QX;Zﬂemp7X)2HC(y?X;3hALP)6X}4HANGO
2 29Xs3HCOWs0X, 2RTCs /)
€00V ANG] = ~kAD*BB (1}
ALPYl = ALP4PAD
s ITE(N2,6020) FD}DQ&VEQDQNAvaFAVL}YR,Y&)NSP,Lﬂ’CLthPl’A\bC
1 ,C0wyrC
- €020 FORMAT (IX’13)5(2%:50.5))2X)I31£X1FD.§’3(QX)F7.4)
- 1 )2X:F5-5)ZX’F503)
6030 INT = @

) | BT pape s
- ). s
' 162 R By

\

1050 DFAVE = DFAVE *(AA(1)-FPPP(1))*(kA(1)~FPPP{I))*(HB(I)"FP?PP(I))*



KD = KD+]
IF (KDJGTLNDES) K€=1
e e CALL MaAP
— L = 2+*O0PHI®CHD
REWIND M4
wRITE(M4,500) MM
b £0C FCRMAT(LlUX,13)
a— SNX = 1.
wRITE (“+4,305) TCrudAVE 5 YR, SNX
0% FURMAT (F7e352010e25F%.1)
- 36 9955 1 = 1,MM
VAL = XNACH(CCP(I)*CCP(I))
ccel) = CP(VAL)
WRITE(MGs510) XCCI)sCCcP(])
S9%5 CuNTINUE
51C FCRﬂLT(?FlO-Q)
CALL cOSI
EPS1 = EPS1-pEP
RETURN
END

‘ SUBROUTINE OUTPT
CUMMON Pﬁl(162'31),FP(1c2-31115(31)'u(31);L(31):Dl$1)n£(:l)
1 ;RP(31);FPP(31):R(31)0RS(31)’F1(3‘))hA(loZ):bd(le):CU(lbc)
-~ 2 )SI(I&Z):PHI((le)okﬁ(lba),YC(IOZ);fM(lOZ)JAKLL(lc:);bSUN(IOZ)
—~ 3 ;LNGOLO(ICZ):KCLD(lLZ),YJLU(ltd);ARCULD(I(Z))DELCLD(ltZ)
4 JRP4(31),%P5(31)

CUuMMEON 7av Dl’[F)hAD)cﬁyALPJLN’PCH;XP;TC}CHU:DPHI:CL)KCL’YK
)‘AJYAyT[oDT:Li9ﬁ’L]ﬂ:OELF,k&yUCN)DSNOKAQ;[PSIL)-CNIT;C19CZ
’C41C5)Cbtc7)”lTpHEIA:FSYL,XSfP,StPﬁyTTLE(Q))M,R,MP,NN,NSP
,IK’JK;IZ’ITYP;NDUi)I:;hFC:KLYpVRN)NG)IJIN)NZ)NB)kQJNTpIXA
,NP]S’LL;::LJtP;H«)N:u;tPSIrNCEb;ALLN;SCALQl
JSCALJOoha,bAMPAthPToCSTAFpFLﬂ,DLP’QIiF’TSTEP’AuUT
’IVC,QFAC’GAW:KGEQ’FLTSZ’HPL:LPU

DIMeASIOA Q(l)1CIRC(I)JFPP(l),FPPP(I):FPPPP(I);FPVPFP(I):Pil)(l)

EGUIVALENCE (L(i))FP(l)l3)):(CIRC(I”H’(193))y(FPP(l);H"(l,L))

1 )(FPP?(I):FP(1’7)):(rPPHP(l),FP(1)9));(FFPPPP(I):PP(lyll))
2 s{PRIS(L),FP(1l,15))
PEWIND N3
X1 = M4
IF (XJUT.GT.D.) 2L TO 190
100 GQ= SIRT(GCRIT)
WPITE(N3,120) xp,G0Q
- 120 FORMET(2F10.4)
D 140 L=2,M
L = (PHI(L*lpl)-PHI(L-lJl))*LkLlH“}l(L)
wS = (USU)/FP (L, )
ClL) = SIFRT(2S)
- PHIS(L-1) PHICL,1)+CU(L)
CIRC(L-1} FLUAT(L=1)=*DT
14C CuNTINUE

S wWwN e~

<-PRODUCIRIL 1y oo
P ITY O 7y
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163



200

160
150

Q1) = .5%(Q(2)+0(M))

QEMM) = Q(1)

MZ = M-1

CALL SPLIF(HZ’CI&C’PHIS,FPP;FPPP’FPPFP:B:O.:B)O.) *
CALL SDLIF(HZ:CIRC}PPP:FPPP}FPPPP!FPPPPP}3’0.)3)0¢)
CALL INTPLI(I:NBP:O.)HL!C!RC}FPP:FPPP)FPPFP)FPPPPP)
Q(1) = =Q(1l)

DG 200 I=2,M

Q(I) = SIGN(QUIISCIRC(I=-1)=-WNP)

CONTINUE

Q(MM) = Q(MM)

ARC1 = 0.

WRITE(N3,160) AKC1l,Q(1)

PKINT 160, ARC1l,C(1)

DO 150 L=2,M4

DX = XC(L)=-xXxC(L-1)

CY = YC(L)=YC(L-1)

AKCl = ARC1 + SCGRT(DX*DX+DY*(Y)

WEITE(N3,100) ARC1l,Q(L)

PRINT 160, ARCI,Q(L)

FORMAT(2E20.10)

CONTINUE

Xput = 0,

RETUFN

END

BLOCK DATA

CCGMMON PHI(162531)5kP(1625,31)5A(31),6(231)5C(31)50(31)sE(51)

1 ’RP(31):FPP(31),R(31),RS(31):kI(31);AA(102),53(102),CL(loZ)

2 )SI(le):PHIR(le):XC(162)’YC(102)»PH(loZ):AhCL(le)prUﬂ(lLZ)

3 :ANGULD(IOZ)'XULD(ICZ)rYOLD(1b2),ARCULJ(lLZ)rDELULD(lCZ)

4 JRP4(31),RP5(3]))

COMMGN 74/ PI»TPyRALSEMyALPs KNy PCHXP» TCs CHUs UPHISCLsRCLy YR

1 )XA)YA,TE:DT;DR:C[L]H:DELR:FA,LCN’DSN:%AQ:tPSIL:JCRIT’LI’LC

2 ;C“:Cb)CG’C7:3ET:bt7A:FSYM;XSEP’StPMyTTLt(Q)’N:N:HH:Nh!Nbp

3 ’IK’JK’IZ:ITYP’MUUE’IJ’NFC’NCY’NRN’NSDIDIM9N21N3’N4;NTplxx

4 sNPTS,)LLyIsLSEP)MayNEN P SIS NUES, XLENy >CALQYL

5 rSCALQUQNb:GAMMAoNQPTrCSTAR,P[FDO[PpUINF:T)TL?;XLLT

6 »INCSOQFACIGAMIKLESSPLTSZ,»QPL,OQPU

*»x¢IDIM MUST Bt SLT TJ THt FIRST ODIMUNSIUN UF PHl#*%xxx

DATA PI/3.1415926539¢c979/ 5 tlile?97 5 ALP/O/ CL/71LTe/ o

PCH/ .07/ » FSYMZ1.0/ » KCL/1.0/7 peTa/Ve.e0/s RN/2Gect/t »

SEPM/.004/7 s xSLP/4937 KPI0GC/ » M/L1607 s N/3UZ » NaN/iLlZ
NFC/80/ , NPTS/BL/ 5 LL/IJI 5 NG/YI » 13721 IDiM/s1c27 » MLOE 21/
» JK/J/ 9 N2/Z1 9 N3/3/ 5 N&l14/ 5 USEPIYGL/ 5 1471250 » 11YEZLZ
’NQPT/321/pRtN/OoI'tP)l/O./’CSYAPIICO-/
’DEPIO./pNDtSI-IlobetPl-Z/ykD[b/LO/'FLTSL/DO.IoQPL/.bDIn
CPU/.9Y/

END
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