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EREFACE

The purpose of this book 1s to survey computational flow research
on the design and analysis of supercritical wing sections supported by
the National Aeronautics and Space Administ%ation at the Energy
Research and Development Administration Mathematics and Computing
Laboratory of New York University. The work was performed under NASA
Grants NGR 33-016-167 and NGR 33-016-201 and ERDA Contract
EY-76-C-02-3077. Computer programs to be listed and described have
applications in the study of flight of modern aircraft at high sub-
sonic speeds. One of the codes generates cascades of shockless tran-
sonic airf01¥s that are expected to increase significantly the efficai-
ency of compressors and turbines. Good simulation of physically
chserved flows has been achieved.

This work is a sequel to two earlier books [1,2] published by
Springer-Verlag under similay titles that we shall refer to as Volumes
I and IT.

New York

November 1977
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I. INTRODUCTION

1. sShockless Airfoils and Superc}itical Wing Sections

Supercritical w1né technology is expected to have a significant
influence on the next generation of commercial aircrafi. Computatloﬁ—
al fluid dynamics has plaved a central role in the development of new
supercritical wing sections. One of the principal tools is a fast and
reliable code that simnlates two-dimensional wind tunnel data for
transconic flow at high Reynolds numbers (see Volume II). This is used
widely by industry to assess drag creep and drag rise.

Codes for the design of shockless airfoils by the hodograph method
have not peen so well received because they usually reguire a leot of
trial and error (see Volume I). However, a more advanced mathematical
approach makes it possible to assign the pressure as a function of the
arc length and then obtain a shockless airfoil that nearly achieves
the desired distribution of pressure [11], This tool should enable
engineers to design families of transonic airfoils more easily both
for airplane wings and for compressor blades in cascade.

There are plans to use the supercritical wing on commercial aizr-—
craft to economize on fuel consumption by reducing drag. Computer -
codes have served well in meeting the demand for new wing sections.
This work is an example of the possibality of replacing routine wind
tunnel tests by computational f£luid dynamics.

An effective approach to the supercritical wing is through shock-
less airfoils. An advanced design code implementing the concept of
designing a shockless airfoil so that its pressure distribution very
nearly takes on prescribed data has been written recently. It has
turned out to be so successful that we hope it may ultimately gain the
same acceptance as the better established analysis code.

In this book we shall describe the new design code in detail and

we shall give an update of the analysis code, which incorporates new



features decreasing the execution time. Fortran listings are includ-
ed, together with directions for running the codes. A selection of
examples and comparisons with experiment ccmplete the work. They
include shockless airfoils in cascade suggesting a new technolcocgy for
tuibomachinery that may contribute significantly to energy conserva-

tion.

2, Differential Equations of Gas Dynamics

The partial differential equation for the velocity potential ¢
describing isentropig¢ flow of a compressible fluid can be derived from
a variational principle asserting that the integral over the flow
field of the pressure p, considered to be a function of the speed
g = ]V¢|, is stationary ain its dependence on ¢, " The variational prin—
¢iple is quseful in the formulation of finite element and finite
difference methods. Here it will suffice to state the eguation for

¢ in the guasilinear form
2 .2 2 2 _
(c"-u )¢xx - 2uv ¢xy + (v )¢yy = 0

for plane flow, where u = ¢x ; V= ¢Y and ¢ is the speed of sound

related to q2 = u2+v2 by Bernoulli's law
2 2
+ == = const
2 v-1 "

The normal derivative of ¢ is set eqgual to zero at the boundary of

the flow.

For many transonic flows of practical interest, including flows
around alrfoils, we can assume entropy to be conserved across shock -
waves, so the velocity potential can be retained in the formualation
of the equations of motion. Moréover, when shockless flows apﬁear
they can often be viewed as physically relevant weak solutions of the
equations for which shock leosses have been successfully eliminated.

We proceed to bring the eguation for ¢ into a canonical form



suitable for computation. The physical coordinates x and y are con-
nected with the velocity potential ¢ and the stream function ¥ by the
relation

i
x + iy = J & (ap + i g,

0]

where 6 is the flow angle and p is the density given by the equatiocn
of state p = pY, or c2 = Ypy-l. We find it convenient to solve first
for ¢ and ¢ and obtain x and vy afterwards from this integral.

The ordinary differential equation for the characteristics, or

Mach lines, of the flow is known to be
(c®-a?) day? + 2uv dy dx + (¢2=v?) dx® = 0 .
In terms of ¢ and ¥ 1t becomes
as? + @ - u’) ay’sp’ =0,
where M = g/c is the local Mach number. We introduce characteristic
coordinates £ and n associated with the integrals of this eguation

{see Volume I). In terms of £ and n we obtain for ¢ and VP the

canonical system
by = 107 4 /0 b, = - 1% g /o .

These partial differential equations will be integrated numerically by

a finite difference scheme of the form

by ™ WP T %9-1,x T TP,k

b5, 7 T¥9,k T %,k-1 T TVl



Here T+ and T_ stand for suitable mean values of the coefficients
i_ifi:éﬁkp, which become knoﬁn functions of £ and n when the corres—
ponding system of partial differential equations for the hodograph
variables u and v is solved in closed form. In Veolume I it has beaen
shown how the finiée difference scheme can be implemented for sub-

sonic as well as supersonic flow through analytic extension into the

complex domain.



II. THE METEOD OF COMPLEX CHARACTERISTICS

1. A New Boundary Value Problem

Wie have seen that physically realistic transonic flow computations
can be based on partial differential equaﬁions for the velocity poten-
tial and stream function that presuppose consexrvation of entropy.

In terms of characteristic coordinates § and 1 we have
¢’£=T+¢Er o = T_ ¢ .

The coordinates & and n can be specified in terms of the speed g and

the flow angle 9 by the formulas

log £(E) = I /1? d—g - i8 , leg £(m) = J /1? d—g + 18 ,

~

where £ is any complex analytic function. Prescription of a second
arbitrary function g serves to determine ¢ and ¥ as solutions of the

characteristic initial value problem

p(E,n5) = g(8) . O(Ey.m) = gin) ,

where 50 = ﬁo is a fixed subsonic point in the complex plane. With
these conventions it turns out that W(Z,n) = ¢(E,n) , as can be seen
from the unigueness of the solution. Hence for subsonic flow the real
hodograph plane corresponds to points in the complex domain where )
E = 1. To calculate ¢ and ¥ paths of integration are laid down in the
complex plane, ‘and then a stable finite difference scheme is applied
to solve the characteristic anitial vaiﬁe problem (see Volume I}.
Consider the nonlinear boundary value problem of designing an air-
foil on which the speed g has been assigned as a function of the arc
length s. To construct such an airfoil it is helpful to view f as a

function mapping the unit circle [£]| < 1 onto the region of flow.

Then both leg £ and g have natural expansions as power series



log £(£) = ] a &, g(g) = [ b &"

in £ after appropriate singularities accounting for the flow at infin-
ity have been subtracted off. The coefficients of truncations of
these series can be determined by interpolating to meet beoundary con-
ditions on g and § at egually spaced points of the circumference
|€] = 1. Such a numerical solution is easily calculated because the
matrix of the system of linear equations for the coefficients is well
conditioned. This analytical procedure has the advantage that its
formulation can be extended to the case of transonic flow s0 as to
yield a shockless airfeil nearly fitting the prescribed data even when
an exact -solution of the physical problem does not exist [11].

To calculate itransonic flows by the method that has been proposed,
it is necessary to circumvent the sonic locus Mz = 1, which becomes a
singularity of the partial differential equations for ¢ and y in
canonical form. In the plane £ = 7| this locus separates the region of
subsonic flow from a domain where W(£,Z) is no longér real. In the
latter domain it is necessary to extend in some empirical fashion the
relationship between ¢ and s that is imposed by assigning ¢ as a
function of s. A formulation of the boundary conditions that applies
to both the subsonic and the supersconic flow regimes is given by the

formuias

Re{log £(£)} = 1log h , Re{9 (£, D)1 + Ky Im{y(E, )= 0

on |E| = 1, where h is defined as a fonction of g, and therefore of

Re{o(£,E)}, by the relation

K
2
log h{g) = log h{c,) * K IV11%] aa/q|
1

C*
and ¢, is the 'critical speed. The real constants Kl ’ K2 and K3 may
be arbitrary for g > ¢, , but Kl = K2 =1 for g < g..

Empirical data on the condition number of the matrix Ffor the



linear equations determining the power series coefficients b, of the
analytic function g indicate that the boundary value problem for ¢
that has been formulated is well posed even in the transonic case [1l].
In contrast with the Tricomi problem, boundary values are assigned
around the whole circumference of the unit circle. The success of the
procedure can be attributed to the fact that data are assigned in a
suitable complex extension of the real plane. Sanz [28] has shown
that the new boundary value problem for § is well posed in the special
case of tQE Tricomi equation ain a symmetr}c domain,. which gives some
theoretical support for the numerical method.

A sink EA and a source EB in the unit circle are associated with
the flow at infinity for a cascade. At these points there are loga-
rithmic singularities of the velocity potential ¢ and the stream

function ¥ that can be represented in the form

o
I

= Re{¢,log (§-E,) + 9,log (E-E,) + ¢}

=
N

Re{pilog (5-£,) + y,log (5-Ey) + ¥y} .

The coefficients ¢j and w] are regular and single-valued, and they can
be calculated as solutions of characteristic initial value problems
that have been described elsehwere [1,23]. They are related to the
concept of the Riemann function in partial differential eguations [8].
For an isolated airfoil the two points EA and 55 coalesce and the
corresponding singularity combines a pole with a logarithmic term. In
all cases the singularities leave four real parémeters free in the
solution of the differential equations. These are to be determined
through an appropriate normalization connected with the boundary con-

ditions on g and ¥, which restrict the behavior of ¢ on the unit

circle.



2. Topoleogy of the Paths of Integration

In the design program the complex boundary value problem determin-
ing the stream function Y (Z,E) in i1ts dependence on the characteristic
coordinate £ involves a su?tle choice of branch in the transonic case.
The branch is specified by the paths of integration that are used in
the method of complex characteristics. Over the subsonic region of
flow the basic path is a radial line segment from an initial point of
integration EC out to the unit circle, followed by an arc of that
circle. The path in the n-plane is taken to be the reflection of the
path in the E-plane, so that real results are obtained at the diagonal
points where n = L.

For transonic flow the situation 1s more complicated because the
sonic locus Mz = 1, where the system of characteristic partial differ-
ential equations becomes singular, must be avoided. For supersonic
paths this is achieved by using different radial stems in the Z-plané
and the n-plane, which are followed by a circular arc that is travers-—
ed in one direction on |E| = 1 while its reflection is traversed in
the opposite direction on [n| = 1. For such a choice of paths Y (£,E)
becomes well defined at every point on the unit circle.

The paths of integration that are used t¢o £find the real zone of
supersonic Llow after the boundary value problem has heen solved are
even more ccmplicated. They were first introduced by Swenson [32] -
and cne form of them is described in Volume I. For the present
geometry they consist of polygonal and circular arcs connecting EC o
opposite ends of the arc of the sonic locus located inside +he unit
circle [&| < 1, followed by this arc itself, which is again traversed
by & and n in opposite directions. The topology of these paths in the
complex domain is such as to produce real characteristies in the
physical plane corresponding to points £ and n that vary along the

sonic locus (see Figure 3, page 49).



3. Iterative Scheme for the Map Function

Consider again the gquestion of designing an airfoil on which the
speed has been given as a function of the arc length. This leads to
the nonlinear boundary value problem described in Secﬁicn 1l interre-
lating the map function f and the stream function Y. For incompres-—
gible flow ¢ can be found in closed form in the unit circle, so a
linear boundary value proklem for log £ alone results. For compressi-
ble flow, especially in the transonic case, the question becomes more
difficult and an itexataive method of solution is called for.

Qur procedure is first to find the map function corresponding to
an incompressible flow with the prescribed pressgure distribution.
Given the map function, a new flow is calculated next using the method
of complex characteristics to represent the regular part of the stream
function ¢ as a series of special solutions. When the singularities
of the flow at infinity are normalized appropriately, one is led to
values of ¢ or, in the transonic case, to values of Re{¢(§,E)}}, from
which g can be calculated on the unit eircle. This is accomplished us-
ing the known relationship between q and s, which defines g as a
(maltiple-valued) function of ¢ because

d(s) = J g(s) ds .
The values of g lead in turn to another approximation of the map func-
ticn £. We can iterate back and forth between f and ¢ until a f£flow is
determined that fits the prescribed data adequately.

The method converges extremely well for subscnic flow, presumably
because the initial guess is an exact solution in the incompressible
case. An exact solution cannot be expected to exist for transeonic flow.
However it is remarkable that a shockless flow is almost always obtain-
ed when there is ona approximating the given data. Closure of the air-
foil is readily attained by adjusting the pressure at the trailing
edge and the relative lengths of arc over the upper and lower surfaces

between the stagnation peint and the trailing edge.



IXlT. TRANSONYC ATRFOIL DESIGN CODE

1. Isolated Airfoils

Wind tunnel tests have shown that it is feasible to design high
performance supercritical wing sections by solving mathematically the
inverse problem of shaping an girfoil so that the transonic flow over
it becomes shockless at specified conditions. The construction of
shockless flows 1s most effectively carried out by means of the hodo-
graph method based on complex characteristies that has been described
in Chapter II. For practical applications it is essential to combine
the method with a reliable turbulent boundary laver correction so as
to completely suppress separation and any loss of lift associated
with it,

The design method using complex characteristics is so efficaent
computationally that it has been tempting in the past to resolve the
conflicts between various physical reguirements on a desired airfeil
by trial and error (see Volume I). The more systematic approach we
are considering now has the advantage of eliminating the choice of
many inscrutable mathematical parameters in favor of prescribang the
speed g as a function of the arc length s along the profile being
designed.

A problem where the specific behavior of g as a function of s

becomes important is the suppression of boundary layer separation

near the trailing edge of the airfoil. To treat the problem of design
for transonic airfoils in a satisfactory -way from the engineering
point of wview, it is necessary to take into account the effect of the
turbulent boundary layver. A simple,direct procedure is to calculate
the displacement thickness of the boundary layer from the inviscid
pressure distribution by a momentum integral method. We have chosen
the method of Nash and Macdonald [27]. The displacement thackness is

subtracted from the airfoil coordinates, which therefore have to he
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provided with a slightly open trailing edge to begin with (see
Volume I).

Since it is the inviscid flow outside the boundary laver that is
actually calculated, separation must be eliminated entirely an the
design if there is to be no }oss of 1ift in practice. This can be
accomplished by imposing a pressure distribution near the trailing
edge of the upper surface that just avoids separation according to a
criterion of Stratford [31]. The essential feature of the Stratfoxd
distribution is a bound on the adverse pressure gradient (see Volume
IT}. The boundary layer correction has been ‘found to give satisfact-
ory results even when its Implementation only involves a prlmitive‘
model of the wake in which pressure forces balance across a parallel
pair of trailing streamlines. Wind tunnel test data on heavaly aft
loaded airfoils inspire confidence in the concept of using a
Stratford pressure distribution to avoid loss of specifications in
design by the hodograph method.

;n the case of transonic flows calculated by the hodograph method,
limiting lines may appear in the physicgl plane. However, it has been
found that for realistic free stream Mach numbers these can be sup-
pressed by appropriate choice of the parameters Kj that occur in cuxr
specification of the boundary conditions in Section 1 of Chapter IT.
Thus a tool becomes available for the construction of supercritical
wing sections from their pressure distributions. Figure 2 shows an
example of a shockless airfoil that was cobtained this way, together
with its Mach lines. Observe that the input pressure coefficient CP
differs somewhat from the values calculated as output of the flow in
the supersonic zone. The data that were assigned are based on a
modification of the experimental pressure distribution on Whitcomb's
original supercritical wing section [33] shown in Figure 24.

The new code that has been w%;tten to implement the idesas we have

described represents a major advance over what Was achieved in earlier
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versioms (see Volumes T and II). A typical run takes about five
minutes on the CDC 6600 computer. Closure is no longer a serious
problem, and a valid airfoil is obtained with each run. A general
principle to be observed when using shockless airfoils to design
supercritical wing sections is that drag creep can be reduced by
diminishing the size of the supersonic zone of flow. In practice,
the best way to evaluate the performance of a new design is by means

of the analysis code, which will be discussed in Chapter IV.

2. Compressor Cascades

The design code has been written to inelude the case of transonic
airfoils in cascade. This model seems to offer considerable promise
for improvement in the efficiency of certain stages of high speed
compressors. However, to handle cascades of high solidity with
adequate resolution it would be desirable to replace a conformal map-
ping onto the vnit circle |£|<1 by the mapping ontc an ellipse, where
the Tchebycheff polynomials become preferable to powers of & for
expansion of the analytic functions 1log £ and g. This is eqguivalent
t0 using Laurent series expansions in a cireular ring. Likewise, to
achieve adequate resolution at the trailing edge in cases of heavy
aft loading it would be helpful to insert a special term at the tail
in the representation of the map function f.

For compressors with gap-to-chord ratio. G/C not much less than
‘unity, tﬂe preseﬂt code is a very effective design tool. Since two
logarithmic singularities EA and EB appear in the hodograph plane
corresponding to the flow at infinity, more trouble is encountered
with branches of logarithms along the paths of integration than is
the case Tor isolated airfoils. However, sizeable zones of supersonic
flow can be achieved near the leading edge of the cascade blades. To
avoid the equivalent of drag creep, they should not bhe made excessive-

ly large.
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If the trailing edge i1s handled just as in the case of isolated
airfoils, no loss of specifiéations should be experienced 1n practice..
This means a Stratford pressure distribution at the rear of the upper
surface is desirable. Tor heavy aft loading it is necessarvy to model
the lower surface of the design calculation exactly (see Figure 8).

The concept of the supercritical compressor blade offers the
possibility of reducing losses by as much as twenty percent and
increasing range by a significant factor. Even for purely subsonic
flow our new model of the trailing edge is significant and leads to
high performance. Horeover, because realistic Reynolds numbers are
106 or less for compressor cascades, it 1s permissible to leave the
trailing edge guite thick. r Values of this thickness as high as two
or three percent of chord are noi unreasonable, Because of the lower
Reynolds numbers, the transition from laminar to turbulent boundary
layer plays an important role in estimation of the loss coefficient.

Values a little in excess of .015 are expected.

3. ‘Purbine Cascades

The first transonic turbine cascade with an enclosed zone of
supersonic flow has been designed by McIntyre [24]. However, the
present code is not altogether satisfactory for turbine cascades.
Without a further version based on elliptic coordinates, gap-to-chord
ratios are confined to the range G/C > 1. The work of Ives and
Lintermoza [14] indicates that a transformation to elliptic coordi-
nates might lower the range for ¢/C by a factor of two. Also, the
supersonic zone cannot extend wery far toward the trailing edge with-
out vielating branch cut const£aints that can only-be eliminated by
further coding (see Section 2 of Chapter VI). For turbines this is
a severe restriction because the flow accelerates as we proceed

downstream. In fact, transonic turbine cascades often have exit Mach

nunbers above unity,
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For predominantly subsonic flow our program should produce tur-
bine blades of unusually high performance. A new feature of intexest
is the effect of Reynolds numbers below 106, which allow for an exten-—
sive laminar boundary layer. Two examples are presented in Chap-~
ter VII.

For both compressor and turbine cascades it would be desirable to
modify the design code so one could input the inlet and exit veloci-
ties to determine EA, EB and EC automatically. The program could also
be altered to adjust the input pressuxre distribution so that the
Nash-Macdonald parameter SEP would remain constant over am arc of the
airfoil near the tail (see Chapter VI}. It is feasible o introduce
an option to compute profiles with constant curvature over some arc
near the leading edge, too. These suggestions represent a line of

research that might be pursued in the future.

4. Comparison with Experiment

A program is under way to test shockless airfoils designed by the
method of complex characteristics. Three-dimensiocnal experiments have
been conducted at the NASA Ames Research Center on a Boeing model of
R. T. Jones' transonic transport furnished éith an oblique super-
critical wing we designed {2,18]. In addition to the expected
improvement in performance at transonic speeds, the theoretically
. .designed airfoil gave a seven percent increase ip maximum lift-drag
ratio thronghout the subsonic range in a straight configuration when
compared to a more conventional wing section (see Figure 30, page 87).
Because transition was fixed, 1t is reasonable to attribute thas
success to our treatment of the tréiling edge and éhe use of a
Stratford pressure distribution to completely eliminate separation.

One of our compressor airfoils has been tested by the DFVLR in
Germany for Harry Stephens of the Pratt and Whitnev Alrcraft Division

of United Technologies Corporation {see Figures 8 and 31). The
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transonic behavior came up to expectations. In addition, the subsonic
performance was excellent over an unusually wide range. Thus the con-
cept of supercritical airfoils in cascade offers promise of
significantly increasing the efficiency of turbomachinery operating
at transonic speeds.

From the experimental evidence it can now be concluded that one
no longer need anticipate a loss of 1i1ft or other specifications in
the design of transonic airfoils by +the hodograph methed, provided
care is taken to eliminate separation as described in the text.
Furthermore, one can suppress drag creep with the new code by spread-
ing out the supersonic arc and working only with moderate supersonic

zones safely removed from the presence of limiting lines.



IV. TWO-DIMENSIONAL ANALYSIS CODE

l., Wave Drag

Analysis of the transonic flow past an airfoil can be based on the

partial differential equation

(cz-u2)¢xx - 2uv ¢XY + (c2-v2)¢yy =0
for the velocity potential ¢. Weak solutions modeling shock waves are
calculated by adding artificial visecosity. This can be accomplished
with a full conservation form (FCF) of the equation, but a simpler
version not in conservation form (NCF) is scmetimes more useful [2,9,
10,16,25]. To handle the boundary conditions it is convenient to map
the region of flow conformally onto the interior of the unit ecircle
and use polar coordinates r and v there, The simplest way of intro-
ducing artificial viscosity numerically, suggested first by Murman and
Cole in a fundamental paper [26], is to use fimite difference approxi-
mations that are retarded in the dirxection of the flow. Thas does not
perturb the Neumann boundary condition on ¢.

The finite difference eguations for transeonic £low can be solved
iteratively by a variety of relaxation schemes, all of which take the
form of marching processes with respect to an artificial time para-
meter. To take viscous effects into account, a boundary layer correc-
‘tion is included in the computation (see Volume II). To calculate the
e%fect of the turbulent boundary layer we actually compute the flow
around a profile which results from adding the displacement thickness
to the original airfoil. The displacement thickness § and the momen-
tum thaickness 6*are found using the method of Nash and Macdonald [27],
just as in the design code. More precisely, the method is based on

integration of the von Karmin momentum eguation

*
doe 2, dg
s + (2 +H-M) =
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where s, M, p, g and t are arc length, local Mach number, density,
speed and skin friction along the surface of the airfoil. The shape
factor H = 6/6* iz computed by a set of semi-empirical formulas;

M and g are functions of s which result from the inviscid flow comp—
utation along the profile. The ordinary differential equation for e*
is integrated starting from fixed transition points on the upper and
lower surfaces of the airfoil, where a transition Reynolds number is
prescribed. Separation of the turbulent boundary layer is predicted

when the Nash-Macdonald parameter
*

dqg

SEP = - 3

Q@

exceads .004.

Detailed comparisons with experimental data show that the NCF
transonic equation gives significantly better simulation of boundafy
layer-shock wave interactaion than does the FCF equation, especially
in cases with a shock at the rear of the profile where the turbulent
boundary layer 1s relativelé thick (see Section 2 of Chapter VII).
It would appear that the NCF method leads to less radical gradients
in the pressure behind the shock, and this is consistent with the
observations [10]. The NCF and experimental speeds both tend to jump
down barely below the speed of sound behind a shock. Figure 23 shows
the kind of agreemeﬁt between theoretical and test data that is
usually seen., Wall effect is accounted for by running the computer
c;de at the same lift coefficiént CL that occurs in the experiment.

Because of erroneous positive terms in the artifacial viscosity,
the shock junps defined by the NCF method create mass instead of

conserving it [l0}. However, the identity
2
d{pg)/dg = (1L - M")p

shows that the amount of mass produced is only of the order of magni;

tude of the square of the shock strength for nearly sonic flow. The
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resulting errors are therefore negligible except for their effect on
the calculation of the wave drag, which has the order of magnitude of
the cube of the shock strength. A correct estimate of the drag can be
obtained from NCF computations by working with the path-independent

momentum integral

D = I [p dy + (b, ~ &) a¥l -

The integrand has been arranged so that across a normal shock wave
parallel to the y-axis it jumps by an amount of the third order in the
shock strength. Therefore integration around the shocks gives a
reasonable measure of the wave drag even when mass i1s not conserved.
The path of integration ¢an be deformed onto the profile to define
a standard integral of the pressure there, but a correction term eval-
uated over a large circle should be added because of a sink at
infinity accounting for the mass generated by the NCF method. Let b,
p, and g denote the chord length of the airfoil, the demnsity at-
infinity and the speed at infinity, respectively. The corrected

formula for the wave drag coefficient CDW becomes

Cy—4g
CDW = 2 5 J p &y - 2 * ; I ay ,
bp.3.. SIS

where the first integral is extended over the profile and the second
integral is extended cver a large circle separating the profile from
infinity. FE‘Figures 2629 a comparison isqgigsented bhetween experi-
mental, corrected NCF, uncerrected NCF and FCF valuss of the total

drag coefficient CD for shockless airfeoils tested at Reynolds number

R = 20x10°

by Jerzy Kacprzynskl at +the MNational Aeronauntical Estab-
lighment in Ottawa [19,20,21). The corrected NCF drag formula is seen
t0o give the most relizble assessment of the performance of the air-
foils. It is incorporated in our update of the analysis code.

There are examples where the results of the NCF_code agree well

with experimental data right up to the onset of buffet. Shock loca-
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tions are predicted with remarkable accuracy over a wide range of
conditions, although some improvement would be desirable at lower
Reynolds numbers where transition becomes important. Thus the
analysis code has been adequately validated for simulation of
experimental data in two-dimensional flow. In particular, it models
the trailing edge in a satisfactory way even for heavily aft loaded
airfoils. It is therefore of some interest that the code predicts no
loss of 1ift for airfoils designed by the hodograph method when a
8tratford distribution is used to eliminate separation completely over

the whole profile (ses Chapter III and Figure 21).

2. A Fast Solver

ife have described a computer program that was developed to solve
‘_the equations of compressibkble flow past an airfoil in the transonic
range, }ncluding a turbalent boundary layer correction (see also Vol-
ume II}, The purpose of this cecde is +to produce a reliable simula-
tion of experimental data. A relaxation finite difference scheme is
used on a grid mapped conformally onto the unit cirele. The relaxa-
tion scheme has recently been modified by introducing a Poisson solver
o improve the rate of convergence [17]. The Poisson solver is based
on the fast Fourier transform, which is used alternately with relaxa-—
tion cycles that are still needed for the stability of the scheme at
supersonic points. Incorporating the Poisson solver has decreased the
running time of the code on the CDC 6600 by a factor of three. This
is especially important for our new drag formula (see Section 1),
whose convergence rate is excessively slow using the old iterative
scheme,

Since we wish to solve the transonic f£low equation on a uniform
grid, we use a mapping which transforms the interxrior of the unit
circle conformally onto thé exterior of the given airfoil with the

origin mapped to infinity. In terms of polar coordinates.r and w the
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partial differential eguatacon for the veloeity potential ¢ becomes

2 .2 — 2, 2 2 e
(c™=-u )@wm - 2ruv@wr + r{c v )er” 2uvt§m
+ r(c2+i%29%) 0 + TR @R+ 9B = o,
r (1) T .
whexe
. ~=1 . ~ om=1. 2
i=h [r@m—51n(m+a)] ' v="h " [r »_—cos(w+a)] .

Here h is the modulus of the derivative of the mapping functicn
multiplied by r2, and o is the angle of attack. The singularity of ¢

at r = 0 has been removed by the substitution

=59_?M+@
xr

For a discussion of the mapping see Volume II. The logarithm of the
mapping modulus h s computed at all grid points using the fast
Fourier transform to evaluate the coefficients of the power series
representing it.

After the mapping is done, the velocity potential is computed at
an equally spaced grid in the unit circle with coordinates r and w,

so that

r=34hr , 3 =0,...,n w=L Aw , & =0,;,...,m;

Ar =

Bl

In earlier work, the difference equations for & were solved iterative-
ly by line relaxation. Backward differences were used in the supexr-
sonic zone and central differences at the subsonic points. Backward
differencing amounts to adding a sulrtable artificial viscosity. At
each iteration k it is convenient to solve for the change in 2,

(k) o {(k+1)

denoted by &9 . rather than for itself. This leads to an

iteration of the form
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where N is the finite difference approximation teo the differential
operator on ¢, including artificial viscosity, and L is the linear
difference operator corresponding to line relaxation. Various other
operators L can be introduced on the left to accelerate the method
[17]. To achieve convergence, I must have an inverse and the
magnitude of the largest eigenvalue of I - L_lm must be less than 1.
This eigenvalue determines the rate of convexgence. To be effective,
the inversion of L must be fast and the maximum eigenvalue musit be
small.

In order to increase the rate of convergence of the flow calcula-

tions, a Poisson solver has been introduced to play the role of L_l.

For the subsonic points of the ¢rid the terms multiplied by c2

dominate, If we divide the differential eguation for & by rzcz, these

terms become

_ 1
A‘I’—Q’rr'!'z;@ +

which is the Laplace operator in-polar coordinates. Therefore we put

where R(k) = -N@tk)/cz 1s the residwal, By substituting the wvalues
of @éﬁ} at the previocus cycle in the difference eguations, we obtain
R (k1) _ @(k) + ¥X,. . where Xg.

23 at each mesh point. Then we set ng PYe %3 3

15 the correction determined by solving the discrete Poisson equation

Byg ge1 ™ By 5 T Xg gp) FB3Ey gy 7 Xy g y)
Ty, T Ky, T30 T Ry g
in the unit circle, with
AL = rztﬁw)z 5 = r(ﬁw)z
2 v w7 = ——— .
. j (Ar)2 J ZAY

To solve for ng we intreduce
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W = oif2m/m)

ol r

which satisfies the orthogonality conditions

m 0, uFv,
) wH gk _ops =
k=1 m Tl v

for w,v = 1,...,m. 8ince §¢ is periodic in w we write XLj as

then

m Il
-v _ 1 =
ilxgjwm = o £ F .m2é = F . .

8=

Substituting in the equation for ij ; we obtain for Fuj the m inde-

pendent sets of tridiagonal systems

% I e Bj{F }

. - . - F
J T u,d41 Hrd Urd Heitl u,3-1

.- 2(1 - ADYF . = P .
(1 = cos wAIF, 5 = Py

where

m
T op_wtM =g, .
sp=1 M1 R L%

From orthogonality we have

bi1}
o p.=2 7 R, W,
Tomee s 3| m o=1 A 1

Thus we can solve for ij by taking n discrete Fouraier transforms of

the columns jo. After obtaining the Puj we have m sets of tridiago-

nal systems to solve for Fuj' Next we take n inverse transforms of

FHJ s which gives us the values of Xz at all grid points. The bound-

3
ary conditions
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are imposed in the tridiagonal systems for Fuj.

In the code that implements this procedure the complex discrete
Fourier transform is computed. Since all our elements are real we
can obtain the transforms for two adjacent rows at a time using a
metﬁod suggested by R. C. Singleten [30].

The largest eigenvalue of I -7t

N is bounded by M, where M is
the maximum Mach number in the flow field. For purely subsonic flow
the convergence rate is independent of the number of grid points. For
mixed flow the method is not stable and therefore we alternate it
with line relaxation steps, which are especially well suited for the
supersonic zone [17].

The iterative process used in the updated analysis code can be
summarized as follows:

1. The airfoil is prescribed and mapped onto the unit circle. The
free stream Mach number is specified and either the coefficient of
1ift Cy, ©or the angle of attack ¢ can be prescribed.

2. The flow calculation is executed for a £ixed number of cycles.

3. A new boundary layer correction is conputed and added to the

original airfoil to give a new profile.

4. This profile is then mapped onto the unit circle.

Steps 2 through 4 are repeated. It is reasonable to run the code
for a fixed coefficient of lift because there is no other provision
for wall effect.

The mapping scheme is fast and reliabkle, taking about two seconds
of machine time on the CDC 6600. The mapping is calculated at a
number of mesh points on the circle corresponding to the number of
terms in the Fourier series. The mesh is chosen to give adeguate
resclution at the leading edge and to provide a grid,51ze suitable for

integration of the von Kdrmdn equation for the boundary layer thrxough

a shock.
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The flow calculation is done first on a crude grid in the unit
¢ircle, typically 80 intervals in w and 15 in r. 2 flow cycle con-
sists of a first pass throngh the points of the grid using the Poisson
solver, then a fixed number NRELAY of sweeps through the grid using
the relaxation scheme. We have set HNRELAX = 6 as the default value.
However this can be varied depending on the individual case to be run.
Runs with small supersonic zones redquire fewer relaxation sweeps.
After each cycle a boundary layer correction is made. We generally
run 20 cycles on the crude mesh. This invelves 140 passes through the
finite difference grid and 19 boundary layer corrections. Before the
Poisson solver was introduced we always used 500 relaxaiion sweeps,
with a boundary layer correction after each 20 sweeps, to achieve
comparable accuracy.

The iteration scheme has to be repeated on a finer grid of 160x30
nesh pornts., Here we generally compute 10 f£flow cycles, each consist-
ing of one Poisson solver and six relaxatiog sweeps. The total run-
ning time for the 20 cycles on a crude grid and the 10 cycles on a
fine grid, together with the necessary houndary laver corrections and
mappings, is 160 seconds on the CDC 6600. This is to be compared with
520 seconds fer an eguivalent run without the Poisson solver. ‘Thus
the fast solver allows the convergence to proceed at a rapid rate,
whereas the older relaxation scheme slowed down drastically due to a
dominant eigenvalue of magnitude nearly one. The success of the Ffast

g T T

Fourier transform depends on the fact that the number 160 = 5x2~ of

mesh points in the angle ® has many small prime factors.

3. Remarks abount Three-Dimensional Flow

There is needs for research on the analysis of three—dimensional
transonic flow past wing-body combinations modeling an airplane. The
variational principle for the velocity potential, applied in the

context of the finite element method, offers the best prospect of
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deriving adequate finite difference eguations. Artificial viscosity
must be added, and the most successful approach seems to be through an
NCF formulation because of the boundary layer effect. Recently
Jameson and Caughey [7] have published a swept wing code that repre-
sents substantial progress on the problem.

There is also the possibility of developing a code to design
supercritical swept wings in three dimensions. Fgr'this purpose it
would be desirable to combine the best features of the two-dimensional
design and analysis methods we have been gescribing. The idea would
be to assign a pressure distribuotion and then calculate a ¢correspond-
ing wing shape even in the case of transonic flow. In three
dimensions the method of complex characteristics must be abandoned in
favor of a scheme based on the addition of artificial wviscosity in an
appropriate coordinate system (see Voluma II). It seems likely that
through control of an artificial viscosity term smearing-dascontinui-
ties adequately, flows that nearly fit a given pressure distribution
and are nearly shockless might be calculated., There is little reason
to suppose that designs based on such a procedure would be inferior in
their overall reduction of shock losses to supercritical wings devel-
oped from perfectly shockless flow.

Mathematical tools are available to attack the kind of free
boundary problem in three-dimensional space that we are concerned with
here [4]. As a start in the right direction, an alternative airfoal
design code should be developed that would compete with our methed of

complex characteristics in two dimensions (cf. [6]).
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VI. USERS MANUAL FCR THE DESIGN CODE

l. Introduction

This chapter is intended for users of the new design program. It
is essentially independent of the material discussed earlier. After
studyaing it readers should bhe able to run the program effectively.

The code, written in Fortran IV, has been run on the CDC 6600 at
the Courant Institute to design isclated airfoils and compressor and
turbine cascades. The isclated airfélls are easier to handle because
fewer parameters are involved. A typical run at MRP = 1, HFC = 32 and
NI = 3 {see Section 7} requires 135X octal core storage and 5 or 7
minutes CP time for an airfoil or cascade respectively.

To compute a flow the user must provide certain information, such
as the free stream Mach number and flow speeds along the airfoil
surface. Thas information is put on two data files called TAPET7 and
TAPE3. These files may be either disk files"or punched cards. The
program computes an inviscid flow based on the input. At the discre-
tion of the user the resulting profile can he designed to have an open
tail so that a boundary layer correction can be subtracted off. The

results are given as printed output and Calcomp plots.

2. The Input Deck

The input for the design program consists of two data files,
TAPE7 and TAPE3. TAPE3 contains points specifying the speed g as a
function of the arc length s along the airfeoil measured from the
lower surface trailing edge to the upper surface trailing edge. 2all
other prescribed parameters are on TAPE7. The names and meanings of

all input parameters are listed in a glossary, see Section 7.
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A. TAPET
TAPE7 uses a free form data input format, i.e. each parameter is

specified by use of an 80 column punched card containing the expres-

sion
NAME=VALUE

NAME is the name of the parameter as listed in the glossary and VALUE
is the numerical value assigned to it. Blanks are ignored and mode
conversion {e.g. floating point to fixed point) is automatic. For a
complex variable tweo waluesz must bhe specified; they are separated by
a comma. More than one parameter may be specified on a single card;
then a § or ; must be used as a separator. The data on TAPE7 must eénd

with a card of the form
END=

Any parameters not explicitly prescribed will take on their default
values. The printed listing of TAPE7 which appears on the output is
in correct format for use as input to regenerate the run.

Most of the TAPE7 parameters are easily chosen and need not be
discussed. A valid flow is computed regardless of the number NI of
iterations of the map funétiOn, although at least three iterations
(NI>3) are usually required to achieve an accurate fit to a given
pressure distribution. Parameters such as MACH and the complex con-

stants EA' £, and EC require special attention.

B
Apart from their othexr functions, EA and EB are used to distin-
guish between the airfoil #nd cascade cases. When EAQWEBT'the program
computes an isolated airfoil. When EA# EB it computes é cascade. This
is consistent with the notion that an isclated airfoil can be visual-
ized as a cascade with an infinite gap-to-chord ratio and ideﬁfical
inlet and exit velocities. Throughout the manual we will discuss both
gituations simzltaneously, allowing the conktext to determine which

statements apply to a given case.

We now consider the hodograph plane, or complex characteristic
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E-plane, see Figure 12, page 59. Shown on this graph are the unit
circle {the subsonic portion maps onto the profile), the subsonic and
supersonic integratlion paths, the sonic line/locus, and points of
particular significance, namely the nose, the tail, the singularities
EA and EB . the initialﬁpoint for integration EC , and the egually
spaced mesh poants along |[E]| = 1 used to determine the flow. The
unit circle can be mapped onto itself conformally in such a way that
a given pair of points, one on the boundary and one in the interior,
have as their respective Images a second pair of prescribed points.
In practice this means that there is more than one configuration in
the hsdograph plane corresponding to a given flow in the physical
plane. We always locate the leading edge stagnation point at §{ = -1,
but the location of one 8f the singularities EA and EB which will
vield prescribed wvelocities at infinity remains arbitrary. We use
MACH, the Mach number corresponding to speed g = }, to normalize the
mapping. In general, MACH should be chosen so that the supersonic
zone is of adequate size. Increasing it will raise the #Mach numbers
throughout the entire flow, inclwding the free stream Mach number.

Now consider the three complex parameters EA, and EC' In addi-

EB
tion to making the distinction between isolated airfoils and cascades,
EA and EB are important for the design of cascades because their
values determine respectively the exit and inlet velocities as well

as the gap-to-chord ratio. Moreover, together with EC they are of
critical importance for purely computational reasons, since they
determine the location of two important branch cuts. The first cut,
indicated in the diagram, is the line segment from gA to EB' The
second is the ;ay starting at EC and passing through EB' The position
of hoth cuts is of some consequence, since a supersonic integration
path which inadvertently crosses one of them will cause the program

to generate incorrect results and fail, terminating with a diagnostic.

The isolated airfoil case is simpler because the first cut disappears
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Becaunse the program bases its choice of integration paths on the
location of £, EB and Ec , it may be helpfnl for the user to under-
stand how these decisions are made. The next few paragraphs of this
section give a brief explanation of that process.

Let us first consider the subsonic paths and assume EA’ EB and EC
are known. To solve for the pro@ile, the program integrates along
paths which pass through &,, §; and . and go aiﬁng the unit circle.
The paths are modified +o avoid crossing the branch cuts wmentioned
above. To achieve efficiency and accuracy, the vnit cirele is
divided into WP arcs and an integration path is constructed for each
arc.

The procedure is first to choose NP points-Pi on the unit circle.
Second a circle € of radius |£B~ gc] about £, is constructed. Note
that it is necessary to have EC near EB : in practice we have taken
.05 < |EB - ECI < .15. For each P, on the unit cirecle there will be
a point p, on the circle 2 detemmined by the intersection of the line
from P, to EB' An arc oppasite EC on 2 is omitted to aveid the branch
cut from EC through EB . Thus each subsonic path consists of (1) the
polygonal line from EA to EB to EC ;, (2) an arc along & from gc to P
chosen to avoid the branch cut, (3} the line segment from p; to Pi and
(4) an arc on the unit circle from Pi to P1+l'

A few comments are now in order. The choice of paths is arranged

to- insure that., without -placing unnecessary restrictions -on the choice
of EA and EB r we either avoid crossing the branch cuts or, being
aware of their position, correct the computation when we do so. The
necessary corrections are made to the computation for subsonic paths,
Furthermore, any of the line segments beiween Py and Pi will be
deformed if they come too close to 53-

Arcs of the unit circle outside the subsonic domain are still

used in the computation, but they are distinguished by two asymmetric
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polygonal lines connecting them to the circle . These supersonic
paths are more troublesome because the code has not been designed to
take the branch cuts into consideration. The computation terminates
with a diagnostic if such a path crosses a cut.

In choosing the paths the points at which the sonic line inter-
sects the unit circle are determined. When there are no such inter-
sections, i.e. when MACH has a low value, the flow 1s entirely sub-—
sonic and supersonic paths are not needed. If MACH becomes higher,
one or more supersonic zones may appear. Good resolution is only
obtained when these zones are large enocugh to be well-defined numeri-
cally, so results are poor for flow that is just barely supersonic.
Calculation of the supersonic portion of the flow is based on a pair
of asymmetric supersonic paths pictured in the diagram that contain
arcs of the cirele |E| = 1.04.

It is up to the user to choose EA R EB ; gc and MACH so that the
supersonic paths do not cross any cuis, although the program may it-
self deform the paths to avoid singular points at which M2 = 1, It is
often helpful to start with a low value of MACH, thus eliminating the

supersonic paths altogether until EA' and EC are properly

EB
positioned. Perhaps the best way to avoid crossing cuts unnecessarily
is to allow Ec to assume its default vailue. If this does not suffice,
ancother possibility is to input a pure Imaginary value of EC , Which
instructs the code to place Ec at a point on the circle of radius
]Im{Ec - EB}[ around §, such that &,, E, and £, become colinear a?d
all cuts coincide.

We observe that in the design code the superscnic paths can be

altered so as to extend the range of the method by changing the calls

t+o the subroutine PATH f£rom the subroutine GTPATH.
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B. TAPE3

The data on TAPE3 appears in two formats. The first card has the
value of NIN, the number of points defining the input speed distribu-
tion or, more simply, the number of cards to follow on this data file.
NIN should be a right justified integexr constant appearing in the
first five colums of the card (Fortran format (F5.0)).

The remaining NIN cards contain the arc leﬁgth § in columns 1-20
and the corresponding fléw speed g, or its negative, in columns 21-40
(Fortran Format (2E20.8)). Notke that g is input negative for points
of the lower surface and positive for upper surface points. Also, it
is assumed that s runs along the airfoil monotonically increasing from
the lower surface tail to the upper surface tail. However, the user
may choose any values of s he wishes for the beginning and end points.
The program will rescale the coordinatés so that s varies from -1lto +1.

In general the input data for TAPE3Z will depend on the particular
airfoil the user intends to design. Sometimes a mainor difficul%y
arises when spline interpolation results in a bad fit to ‘the data.
This can be overcome by inserting more data points in the region of
difficulty.

Modifications of the input data on TAPE3 can also be made by means
of bump functions described in the glossary. They facilitate chang-
ing the pressure distribution at a few points without introducing

.—undesirable .oscillations that-often.occur in the splines. defined .by.- -

the codéa.

3. Closure

As we mentioned earlier, the user may choose to design an airfoil
with an open trailing edge, as in Figure 13, page 60. In that case
we measure the amount of separation of the trailing edge by the quan-
tities DX and DY, the respective differences between the x and y

coordinates of the upper and lower surface end points. In general it
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is desarable that after a boundary layer correction has been made the
separation be about .7% of chord for an isclated airfoil and 2% of
chord for a cascade. In any cése, DX and DY should be chosen so that
the line segment connecting the two end points at the trailing edge is
perpendicular to both surfaceé there. We note that, as might be
expected, the opening of the trailing edge is coupled to the thickness
-chord ratio.

Adjusting either of the parameters DX and DY is a rather straight-
forward process., In fact, we can raise or lower DX by simply rescal-
ing s on the upper surface or the lower surface separately. In other
words, too large (or too small) a DX indicates that there is too much

‘(or too little) arce length on the upper surface aé opposad to the
lower surface. For small discrepancies, we c;n remedy the situvation
by decreasing (or increasing) the s coordinate at the last few points
of the upper surface input speed distribution (TAPE3) ox by doing the
opposite to the first few points from the trailing edge on the lower
surface.

DY, on the other hand, may be raised or lowered by lowering or
raising the presssure coefficient Cp at the trailing edge, which in
practice means railsing or lowering g at the first and last points of
the input speed distribution (TAPE3). It may become necessary, how-
ever, to mové several values on the upper or lower surface as a unit

in order to control boundary layer separation.

4. Achieving a Good Design

We shall describe a collection of technigues found useful in
designing airfoils in the past. Several parameters not related +to
the boundary layer correction will be discussed here, although we have
made no attempt to be exhaustive. It is assumed that the user already
has some knowledge of the relationship between specific design con-

straints and the speed function along the airfoil surface. We observe
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that such relationships are similar to those for purely subsonic flow.
It is important to realize that many quantities are coupled, so that
correcting cne situation may cause difficulties with another. The
user will have to learn which parameters to adjust first and at which
stages in the design process to accept crude approximations to the
ultimate goal.

Suppose we are gilven the inlet and exit Mach numbers M, and M, and
the inlet and exit flow angles B and 62. These parameters are deter-
mined, for a fixed value of MACH, by the positions of EB and £, , which
may be set in the following way. First the user should locate &, so
that it vields roughly the desired Mé and 82 but is not too close to
the unit circle, 2An important tool in this process is the plot of the
curves of constant Mach number (see IPLT in Sectign 7). WNext, for
fixed EA search for the position of EB which corresponds to Ml and el.
Note that 1t is sometimes easier to start with a relatively low value
of MACH s¢ as to eliminate the supersonic paths. Then, after placing
EB so that 82 - Bl and M, - M; are correct, we may bring Ml and Bl

near their desired values by raising MACH tc a higher value. The gap-

to=-choxd ratio G/C is also involved in these considerations, since it

depends on the magnitude of ]E_ — £ |. Thus we can raise G/C by
g B

A
bringing EA and EB closer togethexr, which has an obvious effect on the

velocities at infinity. )
The coeﬁf@cient of iift CL is diregﬁ;y related to the area L
enclosed by the pressure distribution curves. We can ralse or lowver
the 1ift by moving the input speed distribution curves of the upper
and lower surfaces farther apart or c¢loser together, As we have
cbserved before, the thickness-chord ratio T/C is coupled to the tail
separation. However, 1t has a much stronger relaticnshap to the
radius of curvature of the leading edge, which itself depends on the

derivative g'({s) of the input speed distribution at g = 0. Thus we

can lower T/C by increasing the slope of the input curve g(s) near the
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leading edge stagnation point.

5. The Boundary Layer Correction

Since we have based the design program on inviscid theory, it is
necessary to make a boundarv layver correction to allow for vwiscous
effects. This is done by assuming that the computed streamlines
delineate, not the airfoil itself, but the flow outside the boundary
layer. We then use the von Kiérmdn momentum equation- to compute the
displacement thickness of the boundary layer, which we subtract off
from the previounsly computed inviscid ccordinates of the airfoil. No
laminar boundary layer correction ig made; instead, points of transi-
tion are assigned and the turbulent boundary layer method of Wash and
Macdonald is followed. This correction is suppressed in the code by
setting RN = 0.

We emphasize how important it is in practice that the boundary
layer not separate. To avoid separation we require that the Nash-
Macdonald parameter SEP stay below the bound

SEP < .004 .
In practice we have found it desirable to have SEP remain approximate-
1y constant and near .003 along the upper surface clese to the trail-
ing edge. This can be achieved by adjusting the slope of the speed
there. Airfoils satisfying this requirement generally meet their
design specifications in wind tunnel testing and provide excellent
performance at off-design conditions as well.

Implementing the boundary layer correction is guite simple. Aside
from the Reynolds number RN, the user must specify TRANU and TRANL,
the x ccordinates along the upper and lower surfaces at which transi;
tion oceurs, i.e. where the correction is to begin. The values of
TRANU and of TRANL are chosen empirically. After the calculation is
completed, both invisecid and corrected x, y coordinates of the airfoil

are plotted and printed together with SEP and the momentum thickness
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THETA.

6.

Exror Messages

Below we give a complete list of error messages contained in the

code and, where feasible, suggest procedures to use when they occur.

Since most of the trouble arises in supersonic cases, a lower choice

of MACH 1s often helpful when a run has terminated with a diagnostic.

1.

2.

0.

11.

ATTEMPT TO CONTINUE RUN _ WITH WRONG RUN NUMBER
AUTOMATION PATH IS T0OO LONG

Remedy: Lower MREP or increase GRID.

ERROR IN CARD

Remedy: Self-explanatory.

HMORE THAN __ INPUT CARDS NOT PERMITTED

PROGRAM STOPPED IN READQS

Remedy: User is limited to 300 data points, but i1s NIN too small?
NEWTON ITERATION BID NOT CONVERGE AT ST=

KK = AND NT = ARE INCOMPATIBLE

PROGRAM STOPPED IN CYCLE

N0 CONVERGENCE AT 5= XI= S{XI}~-8=

TROUBLE CALCULATING SONIC LINE, CHANGE MACH
NON-ATPHABETIC CHARACTERS NOT ALLOWED IN VARTABLE NAMES
NON~MONOTONIC ABSCISSA FOR SPLINE FILIT

PROGRA& STOPPED IN SUBEQHEE@E PSPLIF o
NON-MONOTONIC ABSCISSA FOR SRLINE. BEIT

PROGRAM STOPPED IN SUBROUTINE SPLIF

AUTCMATED SUPERSONIC PATH CROSSES CUT FROM XIA TO XIB

) Remedy: The sector of automation paths enclosing EA must

12.

not intersect the sonic line.
LZUTOMATED SUPERSONIC PATH CROSSES CUT FROM XIC TEROUGH XIB

Remedy: Try default value of XIC or pure imaginary option.
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13. SUPERSONIC PATH IS TOO LONG
Remedy: Lower MRP or increase GRID,
14, TOO MAWNY POINTS DEFINING THE AIRFOIL
PROGRAM STOPPED IN BODYPT
15, TOO MANY SUPERSONIC POINTS
16. TRANSITION NOT FOUND —- BOUNDARY LAYER SKIPPED
17. VARIABLE NAMED WAS NOT FOUND
18. WT DID MOT CONVERGE, WT =

19, NEWTON ITERATION FOR SONIC POINT DID NOT CONVERGE WELL

7. Glossary of TAPE7 Parameters

All TAPE7 inpui parameters are listed below with the proper name,
default value, definition, and usage. The order ccorresponds to the
freguency. of use in the exampies we ran. In certain cases we have
written DEFAULT VALUE RECOMMENDED. The user is strongly advised to
use the defanlt values for those parameters, especially if there is-

any difficulty.

Hame Defaunlt Definition Usage

RUN 1 Run number Abs (RON) is the run number, an idens
tification number for plotted and
printed output. A negative value of
RUN will produce a white paper plot
on the CDC 6600 at the ERDA Mathe-
matics and Computing Laboratory at
New York University.

NI 1 Number of Number of iteration cycles. If
iterations of |NI < 0, no flow cycles will be
map function computed, but the s and g input
will be plotted.
MRP -1 Mesh refinementjControls the number of points on
parameter the grid, e.g. doubling 1t will cut

the mesh spacing in half. If NI>1,
an increase in MRP will only be
done on the last iteration. MRP
negative gives third order accuracy
by use of a Richardson extrapola-
tion. Thus, for example, MRP=-2
will require as much core storage
.jas MRP=4,
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transition on
lower surface

which the turbulent boundary layer
integration on the lower surface
starts.

Name Default Definition Usage
MACH .75 Mach number at [Determines the critical speed. MACH
speed g = 1 can be used to increase or decrease
the size of the supersonic zone. It
is related, but not egual, to the
free stream Mach number.
XIA 0.08, -.12 EA ;, location The point in the E-plane corres-
. , ponding to the exit velcecity (i.e.
EE lo%ar};hmlc the hodograph image of x = +x), To
a Egu aricy get an isolated airfoil, set
e.irﬁln;ng XIA=XTRB. For cascades XIA shouild
EXLb ac a lie inside a sector of sutomation
ggmler ;nfl paths which does not meet the sonic
dle o i line.
DEFAULT VALUE RECOMMENDED
FOR ISOLATED AIRFOILS.
XIB 0.08, -.12 EB ; location The point in the EL-plane corres-—

) . : ponding to the inlet velocity (i.e.
gfnlggZEEEhmlc the hodograph image of x = -=)., To
detgrmininy get an isolated airfoil, set
: g XIB=XIA.
inlet Mach
number and DEFAULT VALUE RECOMMENDED
angle of flow FOR ISQLATED ATRFOILS.

XIc If XIA=XIB, EC , point Point of initiation of paths of
. . integration. If XIC is pure imagi-
RICRI b g}fgﬁgg?el;?gtic nary then for XIA =XIB,
if xIagxip, |initial plane (XIC = x1a-|mixTCc-x12} [17/4,;
r
- _ and for XIA ¥ XIB, XIC = XIB
}-{I(;(éiiﬁxﬁs?? — |Im{XIC-XTB}| (XIA-XTB) /|XTA-XTB|.
/| XIA-XIB| DEFAULT VALUE RECOMMENDED.
RN 0. Reynolds Set RN = 0 to suppress the boundary
number of the laver correction.
flow
TRANU .05 Abscissa for The value of x (before rotation) at
transition on which the turbulent boundary layer
e e+ JApper surface [-integration-on- the upper surface -
Sstarts.
TRANL =10 Abscissa for The value of x (before rotation) at
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Name Default Definition Usage

IPLT 37 Index for plot |A two digit number which controls
control the plotting. The first digit

controls the plot of the physical

plane:

0 no plot generated

1 airfoil and Mach distribution

2 same as 1 with airfoil higher

3-4 same as 1-2 with characteristics

5-9 same as 0-4 but with pressure
plot instead of Mach plot.

The last digit controls the plot of

the E-plane:

0 no plot generated

1-4 sonic locus, nodes on circle,
points EA’EB’EC’ nose, tail and
integration paths are plotted

5-9 same as 0-4 with contour curves
g = constant.

PLTSE 20. Plot size Sizge in inches of the large airfoil
plot. If PLTSE=0, no plot will be
generated. If PLTSZ<0, no symbols
will be plotted at calculated
points.

NEC 64 Number of The degree of the polynomial part of
Fourier coeffi- the mapping function. It should
cients not exceed WF/2,

DEFAULT VALUE RECOMMENDED.

NE 0 Number of The number of Functions in the

functions series representing ¢ and V. Egual
to the number of nodes on the
circle |E|=1. If NF<0, ¥F will be
set to 2ZNFC.
DEFAULT VALUE RECCMMENDED.

NP 8 Number of The unit circle is divided into NP
automation arcs for the intedgration. NP must
paths be an even integer that divides NFC

and does not exceed 16.
DEFAULT VALUE RECOMMENDED.

ZRID .08 Grid spacing GRID divided by MRP 15 the maximum
parameter mesh size.

DEFAULT VALUE RECOMMENDED.

BUMP |¥one Bump wvector The vector BUMP=FMAY,XL,XR,RAT,ALP
with five 15 used to modify. the input speed
components g{s) i1n the interval XI<s<XR by the
separated _ m2q ALP
by commas factor 1 + EMaX[l - T7] ; where

T = s = XL, - RAT(XR - XL}
(1— 2RAT) (8- XL) + RAT(XR - XL)°
Ten such bumps are allowed.
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Name Default befinition Usage

GAMMA 1.4 |Gas constant GEMMA is 1.4 for air, and 1.07 for
uraniovm hexafluoride.

NPTS 201 Humber of Number of nodes in the spline

points defining the input distribution.

DEFAULT VALUE RECOMMENDED.

KONE .5 Ky Used along with K, to extend hig).
DEFAULT VALUE RECCMMENDED.

KTWO 1.0 K2 Used along with Kl to extend hig).
DEFAULT VALUE RECCHMMENDED.

KTHR 1.0 Ky Used for boundary condition along

the transenic arc of the circle.
DEFAULT VALUE RECOMMENDED.
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Glossary of Output Parameters

All output parameters are listed below by symbol and name and,

where different from common practice, the particular way in which they

have been defined in the program

is specified.

- Symbol Name Meaning
ANG Flow angle Angle of tangent along airfoil.
C Coefficient . -
L of Lift Standard 1lift coefficient.
DEL TH Turning The change 1in flow angle from x = - to
angle X = 4o,

Diffusion |Diffusion Standard measure of performance of

factor factor compressor blades,

DX DX The change in x coordinate (before boundary
layer correction) from the lower surface to
the upper surface at the trailing edge.

DY DY The change in y coordinate (before boundary
layer correcticon) from the lower surface to
the upper surface at the trailing edge.

Exit flow [Exit flow The clockwise angle between the vertical
angle angle and the flow at s = e,

G/C Gap-to-chord|vertical distance between blades divided

ratio by chord length.

Inlet flow|Inlet flow The clockwise angle between the vertical

angle angle and the flow at x = ==,

b curvature curvature of the airfoil at a given point
{(before the boundary layer correciion).

Loss coef-—|Loss Loss coefficient computed from boundary

ficient coefficient | laver correction.

M Free stream |Mach nuwber at infinity.

Mach number
M Inlet Mach Mach nwber at x = —%.
l P’y
number
M2 Exit Mach Mach number at x = -+,
number .

Profile Profile Drag coefficient computed f£rom boundary

drag coef-|drag layer correction.

ficient coefficient
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coordinate

Symbol Name Meaning

SEP Nash- SEP = - (6%dq)/{g ds) .

22;232:13n The boundary layer is predicated to
ER > . 4,

parameter separate for SEP > .00

T/C Thickness— Difference of ordinates divided by
to-chord difference of abscissas.
ratio

THETA Momentum Momentum thickness of the boundary layer.
thickness 8%

TRANSITION|Transition Point on +the upper (or lower)} surface at
point which the turbulent boundary laver

correction begins.

X Horizontal x coordinate of the airfoil before the
airfoil boundary layer correction.
coordinate

X8 Corrected ¥ coordinate of the airfoil after the
horizontal |boundary layer correction.
airfeoil
coordinate

b4 Vertical vy coordinate of the airfoll before the
airfoil boundary layer correction.
coordinate

) L

¥S Corrected vy coordinate of the airfoil after +he
vertical boundary layer correction.
airfoil




VII. PLOTS AND TABLES OF RESULTS

1. Airfoils Designed Using the New Code

Below we present several airfoils that were designed by use of

the new code K.



A, Figures 1-7

Figure 2 represents a modification of the original supercritical
wing section designed empirically by Whitcomb [33]. The input for
gq{s) shown 4in Figure 1 was developed from the experimental pressure
distribution presented in Figure 24. We have eliminated much of the
aft loading by shifting the lower surface pressure curve iﬁ the direc-
tion of higher speeds, thus decreasing the area enclosed. Also, the
upper surface pressure distribution has been altered to meet the
Stratford criterion. The shock tQat appeared in the experiment was
eliminated simply by omitting several subsonic data points. The com~
plex characteristic hodograph plane for the shockless design calcula-
tion is presented in Figure 3.

Figures 4 and 5 show a cage designed for a rather low lift coef-
ficient. Figures 6 and 7 present the case of a perfectly symmetric
airfoil with two supersonic zones and zero 1lift. In these illustra-
tive examples it is important to look at the geometry of the Mach
lines in the physical plane and the integration paths in the hodo-
graph plane. We note that if the parameter MACH i1s gradually increas-
ed while the rest of the input is held faixed, limiting lines begin to
appear 1in the flow and ﬁhen later the supersonic paths of integration
cross branch cuts causing the code to fail (see Section 2 of Chapter

vI).
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FIGURE 1. INPUT q(s) FOR MODIFIED WHITCOMB WING
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FIGURE 2. MODIFIED WHITCOMB WING SECTION
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STAGNATION
POINT
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-1.20 -.80 -.40

s

SUPERSONIC
PATH

M=.781 ClL= .479 DX= .001 DY= .014 T/C=.113

FIGURE 3. COMPLEX CHARACTERISTIC HODOGRAPH PLANE
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— INPUT
SRR e + QUTPUT

0.0 L

1.2 1

M=.820 ClL= .189 DX= .000 DY= .020 T/C=.100

FIGURE 4. LOW LIFT SHOCKLESS AIRFOIL



M=.820 ClL= .189 DX= .000 DY= .020 T/C=.100

FIGURE 5. HODOGRAPH PLANE WITH LEVEL CURVES OF M
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M=.831 ClL= .000 DX=-.000 DY= .021 T71/C=.i10

FIGURE 7. PATHS OF INTEGRATION FOR SYMMETRIC AIRFOQIL



B. Figures 8-13

The input speed distxibution for the compressor cascade shown in
Figures 8 and 9 was taken from an example prepared, using an earlier
version of the design code [23], for Pratt and Whitney Adixcraft and
tested by the DFVLR in Germany {see alsc Figure 31).- Observe that the
Fourier series for the map function fails to approximate the infinite
gradient accurately on the lower surface at the trailing edge. Thus
alrfoils with such extreme aft loading are not always reproduced
successfully using the present code.

The objective in the case of Figures 10-13 was to design a
compressor cascade with relatively little aft loading and to achieve a
monotonically decreasing distribution of thickness near the trailing
edge. We arrived at a tail thickness of about 2% after the boundary
layer subtraction, and the trailing edge is perpendicular to the
upper and lower surfaces. Note that a Stratford pressure distribution
has been used,-sc that SEP.is very nearly constant along the upper
surface near the trailing edge. The four figures illustrate the
complete plot output of a typical run of the design code. For this
run the printed cuntput has been listed following the figures. It can

serve as a test case for users interested in checking ocut the code.
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— INPUT
-1.2 L CP + QUTPUT
—-8 —_
-
-4 1
STRATFORD
DISTRIBTUION
0.0 L
AL
.8 1 i
- ‘J/ERTICAL]_Y
. STACKED
- BLADE
1.2 L1
MACH
EINES

M1=.771 M2=.4g4 DEL TH= 24.58 6/C=1.20
FIGURE 8. COMPRESSOR AIRFOIL BASED ON PRATT AND WHITNEY EXAMPLE
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.20

SUBSONIC
PATH

SUPERSONI
PATHS

Mi=.771 M2=.48%  DEL TH= 24.58 G/C=1.20

FIGURE §. HODOGRAPH PLANE FOR PRATT AND WHITNEY CASCADE
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FIGURE 10. INPUT q(s) FOR CASCADE TEST CASE
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— INPUT

RN + BUTPUT

1.2 1

M1=.720 Me=.484% DEL TH= 21.58 G6/C=1.20
FIGURE 11. TEST CASE CASCADE AIRFOIL '



M1=.720 M2=.484 DEL TH= 21.59 G/C=1.20

FIGURE 12. HODOGRAPH PLANE FOR TEST CASE


http:f/C=1.20

Mt=.720

M2=.484 DEL TH= 21.59 G/C=1.20 RN =

FIGURE 13,

LARGE PLOT OF COMPRESSOR AIRFOIL

1.0 MILLION

09
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BEGIN EXECUTION OF RUN-339

TAPE3 = INPUT

c S—INPUT Q=INPUT S-USED Q-U3ED
1 -+010000 -.821000 -1.,000000 -:821000
2 «155222 -«756992 -,84394] -« 7506992
3 «504488 -.717715 -2 514044 -~ 717715
4 « 751306 -« 795804 -«280913 “. T95804
5 820327 ~.838132 «. 215719 ~-,5838132
& «907617 -.889813 =-.133271 -.5898613
T « 336237 -+ 905578 —-e106238 —.905578
8 «964321 —.922484 =-.079711 -.92248%
9 « 385000 ~¢925500 -.060179 -+925500
1.0l001¢0 =-.804954 -«036556 —-+ 804954
1.017042 -«535487 -«029914 -+ 3G5% 87T
1.026123 0.00000¢ -+021337 0.000000
1.034320 « 572147 ~. 013595 572142
1041325 +996473 —-+006978 0996473
1.052891 l.361805 « 003947 1.361805
1.069407 1.571583 «019547 1.571583
1090457 1.722799 2039430 1.722799
1.115949 1.782170 +063508 1.782170
1.1917106 1.797027 «135068 1.797027
1.256062 1.790071 «195851 1.790071
1.3%2135 1.763664 2286596 1.763664
1,441242 1.665854 + 370761 1.665854
1.669493 1,1456000 «586355 14146000
1.902314 «911000 « 806264 +911000
2.107425 +821000 1.000000 «85210600



TRANSONIC CASCADE DESIGN RUN

RUN =-339
MACH = +5600
TRANYU = 25
KONE = +30
KIHR = 1.00
NF = 128
GAMMA = 1.40
NI = 3
PLTSZ = -8.00
XIa = ,820 » 250
XIC
CYCLE HINLET
l - 596
2 + 715
3 + 720

62

339
TAPET=INPUT
H MR P
3 RN
H TRANL
7 . KTHWO
3 NPTS
H NFC
3 GRID
¥ NP
i IPLT
j XIg = =.420
= =,520 » —+490
HEXIT RESTDUAL DX
475 ~.170E+0Q0 «053%90
« 482 -+ 674E-01 «00893
484 —«.268E=01 -.01243

LONGEST AUTOMATION PATH HAS 121 POINTS

AUTOMATION CP TIME IS

§21«5--SECONDS ~—

LONGEST SUPERSONIC PATH HMAS 195 PGINTS

SUPERIONIC CP TINE IS

43.4

SECONDS

77/10/03.

1.0E6
30
.50
201
64

«08

87

-.490

oY

06203
+03805

« 03214
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THICKMESS /CHORO= .1018:
COEFFICIENT OF LIFT=1.3072
QIFFUSION FACTOR= 570
GAP/CHORD= 1.201
INLET MACH NUMBER= .720 INLET FLOW ANGLE= 44.08
EXIT MACH NUMBER= .48% EXIT FLOW ANGLE= 65,67
TURNING ANGLE= 21.5%9
0X=-.0124% DY= .0321
COORDIMNATES FRDM LOWER SURFACE TAIL 7O UPPER SURFACE TAIL
X Y ANG K 4} THETA SEP X5 YSs

8718 « 2874 21.7 -—.l6 «4860 00138 -.00085 L8710 « 4892
« 8698 «4 866 21.8 17 4846 .00138 =-.00085 .B8691 4884
+ 7899 « 4551 2le6 =417 4616 L00139 -,00066 L7891 « 4569
« 7196 4268 2243 =430 3461 00137 -.00054 L7188 « 4287
16675 « 3963 2347 =.40 v4336 L00132 ~,00040 L0467 +3981
+5818 + 3664 2543 —ead «4257 L00123 -.0002% 5810 «3681
5246 «3383 27.1 —+51 #4219 L0CGLL3 ~.00010 .5238 «3398
+4750 3125 287 —a453 +4212 00101 00002 <4749 +3138
«4338 « 2889 30s1 —u54% «4227 400090 L00011 <4331 «2901°
+ 3980 2675 31.4 =.532 + 4257 L00079% .00017 L3973 + 2686
«3669 12481 32.5% =.02 4296 L00068 00021 43663 + 2490
«3398 «2305 33.5 -.50 +4343 L00058 .0Q002Z2 3393 «2313
«3160 2145 34.3 =—=.48 +4394 .00049 .00023 .3155 +2151

+ 2949 +1998 35.1 "-45 -‘\‘448 22949 +1998
« 2760 «1864 3546 —a42 «4504 TRANSITION « 2760 «1864%
2435 « 1628 3646 -—-433 «4618 « 2435 +1628
22166 1426 3742 =423 4731 + 2166 +1426
« 2048 «1336 3743 =17 +47806 «2048 «1336
«1938 «1251 37«5 =.11 « 4839 «1938 .1251
+1835 «1173 3746 =406 +48%0 «1835 +1173
« 1740 » 109G 37.6 =201 «4938 « 1740 « 1099
« 1650 « 1030 376 04 « 4984 1650 +1030
«1565 «0965 37.6 «09 +5026 + 1565 +0365
+ 1485 «0903 37.5 13 «5066 «1485 +0903
«140% 0845 372 «18 5103 «1409 +0845
+1337 «0790 3744 22 «5138 «1337 0730
«1268 « 0738 37.3 + 256 «5171 « 1268 «Q738
«1203 «Q0&6E8 37.1 + 30 «5202 21293 «0688
+1140 + 0640 37.0 «35 +5230 «1140 + 0650
«1079 0595 3649 « 40 « 5257 « 1079 «0595
«1021 «0551 36.7 44 « 3282 «1021 +0551
« 0965 + 0510 3645 49 25306 « 0965 0510
«0911 «0470 36+ 3 « 5% «5328 « 0911 « 0470
0859 «0432 3641 +61 + 5350 « 0859 «0432

« 08083 «0395 3549 s 72 «5373 20808 «0395



« 0760
« 0712
« 0666
+0622
«0579
+ 0536
« 0496
« 0456
« 0417
+0379
+0343
+ 0307
D272
+0238
« 0206
0174
0143
«0113
« D084
+ 0055
«0028
0.0000
-+ 0050
-+0070
—. Q087
- 0099
—.0105
=o0104
= 0096
- 0074
-00030
L0017
« 0082
o 3164
« 0263
«0378
«0511
« 0658
« 0815
. 0978
«1139
21294
11441
+ 1577
+1703
«1817
«1921
« 2016
»2103
« 2182
+ 2256
+ 2324

«0360
«0326
«0293
0262
.0233
« 0204
«0178
«0152
«0128
«0105
+0084
«00564
«0047
»0031
«0017
« 0005
-+ 0004
-.0011
=-,001%
~.0014
—.0010
0.0000
«0030
« 0056
« 0087
«0127
+0171
+ 0225
«0283
+0355
+0471
+ 0560
0664
.0781
«0911
«1053
«1206
«1367
«1532
« 1634
« 1848
«1991
«212Q

2237

2340
« 2431
«2511
«2582
2645
2701
2752
2797

ANG

35.7
35.4
35.0
34.6
34.1
3346
33.0
32.3
il.5
30,6
29.5
28.1
26e &
24,3
21l.7
l8.6
14,7
3.8
3.4
4.7
=1l4%.5
2442
'45.2
-56.9
—-67.3
=T7.1
—864.6
~95.1
=i02.1
=107.6
-115.6
-120.0
=123.5
~126.1
-128.2
=130.0
=131.6
-133.1
=134.4
=-135.7
=136.9
=138.0
-139.1
=130.1

~151.0

=14%1.9
~142.8
=143.6
~144.4
=145.1
=145.9
=l46.6

« 87
1.08
l.31
1l.59
1.87
220
2455
3.03
3.66
4.59
5.86
Te63
.76

12.58
15.99
21.01
27«79
38.00
49,33
62425
57T.44%
6253
60.88
51.99
41.52
36,77
2T7.51
20481
12.93
iIl1.11
T.77
4,91
3.23
2426
1l.70
1.36
1.16
1.04

« 97

« 34

«33

«935

«98
1.02
1.08
lu.14
i.21
1.28
1.35
l.4a4
1.52
1.61

64

M

«5396
+5420
5444
« 5467
5486
« 5502
25514
+5522
5526
«5528
+5525
«5513
« 5482
£ 5422
+5319
«2160
1928
+ 4589
+4094
«3389
« 2423
+1261
+1386
+27598
«4185
+5571
+6877
« 8000
+ 8855
«» 9539
1.1179
1.1745
l1.2020
1.2096
1.2080
1.2033
1.1982
1.1941
1.1912
1.1895
1.1385
1.1877
1.1866
1.184%9
1.1825
1.1791
1.1748
1.1697
1.1638
1.1570
1.1497
1.1415

THETA

SEP

C

XS

« 0760
« 03712
0666
«0622
« 0579
+ 05936
0496
« 0456
2417
+0379
+0343
0307
0272
20238
« 0206
20174
«0143
« 0113
+ 0084
« 0055
«0028
« 0000
« 0050
+« 0070
«0087
« 0099
«0105
«010%
«00958
«+0078
«0030
«0017
« 0082
« 0164
e0263
«0378
«0511
«0658
«0B15
«0978
«1139
«1294%
«1441
1577

+1703.

«1817
1921
22016
«2103
2182
+ 2256
2324

YS

« 0360
0326
0263
0262
+0233
«0204%4
« 0178
«0152
0128
.0105
0084
+ 0064
+ 0047
« 0031
<0017
+ 0005
-.0004
-.0011
-,0014%4
-+ 0014
“00010
0. 0000
.0030
40056
7. 0087
0127
«G171
0225
«0263
« 0355
«0471
+0560
« 0664
«078B1
«0911
« 1053
«1206
«1367
«1532
+ 1694
«1848
«1991
«2120
« 2237
« 2340
« 2431
« 2511
2582
w2645
«2701
22752
2797



X

« 2387
2446
«2502
+ 2553
« 2601
« 2759
«2886
«3009
+3141
«3271
« 3409
«3347
3692
«3838
» 3992
+4148
f43lz
4480
+ 4655
«4836
« 5025
5221
« 53426
«5638
« 5862
+ 5095
« 6340
6598
« 6870
« 7156
« 7458
+ 7768
«B80O77
«B357
+855¢%
« 8593

Y

+2838
« 2876
22910
02941
+2969
«3056
3122
«3182
23245
«3303
#3362
«3419
«3475
+3530
«3585
+3639
«3695
«3750
+3808
3867
23928
«3992
+ 4059
%130
+4203
24284
4368
+ 4458
« 4554
2656
«%765
+4B78
2994
5102
+5180
«5195

PROFILE DRAG

L 0SS COEFFICILENT

ANG K
=147.3 1.70
=148.0 1.83
=148.7 l.91
=14%.3 2.02
“15000 2.14
=152.2 1l.21
—153.2 1.35
-15§.2 1.27
=155.3 1l.26
=156.3 1.16
=157+3 1.09
-1568.2 «97
=159.1 +86
-159-9 .?l
_16005 057
=-161.1 42
-16145 + 28
=-161.8 +16
~162.0 + 06
=162.0 =.02
_16210 -.08
=161.9 -.12
-161.8 -—.15
=16ls6 =15
-161.3 -.16
-161.1 ~-.1l%
-160.9 =13
=-160.7 =-.12
~16045 —.13
=-160.3 -'15
=16G,0 -,18
—-159.7 —.23
-159.2 -029
«158.7 =.37
-158.3 =—.12
“158.3 Q.00

COEFFICIENT =

65

1.1323
1.1221
1.1113
1.0985
1.0825
«9832
« 9564
«2313
29054
+8780
«8525
«8259
£ 7995
«T735
+ 7481
+ 7236
« 7003
+6786
+6586
+ 6502
«6235
+6084
+ 5947
« 5823
+5713
» 5612
«5519
+ 9430
+5341
« 5251
25162
«507%
« 4993
+4925
«4 862
«4 860

+0093

0166

THETA SEP
TRANSITION
.00026 ,00082
00037 .00112
.00043 ,00075
.00049 .00086
.00055 .00101
.00062 .00118
. 00070 .00136
.00079 .00156
.00089 .0G177
+00101  .00199
.00114 00220
«00128 .00239
.00146 .00254
.00161 .00265
+00180 00270
«00199 .00272
.00219  .00269
.00240 ,00262
.00261 ,00252
.00282  .00239
,00303 .00225
00324 00214
.00344  ,00208
.00366 .00209
00330 .00215
.00415 .00222
100443 00228
.00472  .00232
.00501 .00231
.00528 ,00223
00546 .00219
.00549  .00219

X5

«2387
22446
.2502
«2553
+ 2604
« 2762
2890
«3013
«3145
«3276
«3414
23553
« 36983
«3845
3999
«5156
«4321
« %4450
4667
« 4849
«5039
«5235
5442
5655
+«5880
«6361
+ 6619
« 56894
#7182
« 7485
<7797
« 5109
«83391
« 85080
«8629

YS

+2838
+ 2876
«2910
«2941
+ 2964
«3049
«3114%
«3174%
«3235
«3292
«3350
+3404
3459
«3511
«356%4%
«35615
#3667
«3719
#3773
«3828
« 3886
«3947
4011
«&079
+4151
« 4278
4310
+4396
« 45488
«4b85
+ 4689
24798
«3910
+5014%
+5089
«5104
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C. Faigures 14-1i8

In Figures 14 and 15 we give an example of a traqsonic turbine
cascade that follows work of McIntyre [24]. The attempt is somewhat
academic, but the calculated airfoil is perhaps of interest as a first
vane. Major difficulties were encountered because of wide separation
between EA and EB . Which is the result of high solidity and the
difference between Ml and M,- Unfortunately the supersonic zone
cannot be located very far back on the airfoil because that makes the
supersonic paths of integration cross branch cuts in a way that is
not permitted by éhe present version of the design code.

In Figures 1l6-18 we present a more dramatic turbine cascade that
might serve as a root section. The turning angle is 118°, but the
supersonic zone is very slender for the reasons just described. It is

possible to modify the code to overcome these difficuliies (see Sec-

tion 3 of Chapter IIT and Section 2 of Chapter VI).



&7

1.33 .

M

— INPUT

1.00 + QUTPUT
67 L
33 L
0.00 L

Mi=.325 M2=.732 DEL TH= 74.28 G/C=1.08

FIGURE 14. TURBINE AIRFOIL BASED ON MCINTYRE CASCADE
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1.20

R
vﬁw§§$1
\ﬁWW&eV
Q\“\\ 5

\

3
Sl AV
]

|

-1.20 L

G/C=1.06

MZ=.732

M1=-.,325

DEL TH= 74.28

HODOGRAPH PLANE FOR MCINTYRE EXAMPLE

FIGURE 15.
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1.33 _.

M
— INPUT
1-00 + QUTPUT
.67 L
.33 L
0.00 L

M1=.410 M2=.867 DEL TH=118.28 G/C=1.18
FIGURE 16. TURBINE CASCADE WITH LARGER TURNING ANGLE


http:G/C=1.16
http:TH=118.28
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1.20 _

-1.20 J

M1=.410 M2=.667 DEL TH=118-28 G6/C=1.16

FIGURE 17. PATHS OF INTEGRATION FOR TURBINE CASCADF


http:TH=118.28

M1=.410 MZ=.667 DEL TH=118.28 6/C=1.16 RN = 1.0 MILLION

FIGURE 18. GEOMETRY OF TURBINE CASCADE AIRFOIL

1L
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2, Data from Analysis and Experiment

A. PFigures 19-21

Runs of the design and anlysis codes are compared in Figures 19-21.
The airfoil used 1s that shown in Pigure 2. In Figure 19 the resulis
of a design run performed with MRP = 8 and NFC = 64 are compared with
an NCF run of the analysis code on a grid of 160x30 points. The
agreement is good enough to give some confidence that both codes have
no bugs that might be physically significant. Similar agreement is
seen in Figure 20, where the analysis calculation was perxformed on a
mesh of 320x60 points. For this grid lack of unlqueness in the NCF
solution led to guestionable convergence (see Volume IIL). PFigure 21
shows a comparison between the design and analysis computations when
the boundary laver correction is made in both cases. The agreement is
not guite as good as before, but deoes confirm that a Stratford pres-—
sure distribution near the trailing edge eliminates any significant

loss of 1lift in passing from design to analysis.
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iy
18
Ay

r‘l"‘f‘+‘f‘++~f~+++*ﬂé

AIRFOIL 78-05~11  MxN=160%30 NCY= 10 NB VISCOsITY
— ANRLYSIS M=.781 ALP= ~-.11 CL= .479 (CD=.000S
+ DESIGN M=.781 RLP=0.00 CL= 478 (D=.0000

FIGURE 19. COMPARISON OF DESIGN AND ANALYSIS ON STANDARD GRID
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-l.2.4

1.21

AIRFBIL 78-05-11 MxN=320x60 NCY= 5 NG VISCOSITY
— ANALYSIS M=.781 ALP= -.11 CL= .479 CD=.0006
+ DESIGN M=.781 ALP= 0.00 CL= .478 CD=.0000

FIGHRE 20. COMPARISON OF DESIGN AND ANALYSIS ON FINER GRID
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-1.2 L

1.2

==

AIRFOIL 78-05-11  MxN=180x30 NCY= 10 R= 7 MILLION
—  THEBRY M=.781 ALP= .31 ClL= .478 CD=.0085
-+ DESIGN M=.781 ALP= 0.00 Cbt= .%79 CD=.0000

FIGURE 21. DESIGN VERSUS ANALYSIS WITH BOUNDARY LAYER CORRECTION
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B. Figures 22-25

The analysis code is now in use by more than twenty industrial
laboratories in the United States. Tt is based on data obtained from
wind tunnel tests for two of the airfoils we designed [2,12,19,20,21].
additional computations with further airfoils seem to justify the use
of semi-empirical procedures. In particular, we have alsc analyzed
the original Whitcomb wing [331. The results are shown in Figures
22-25, which compare the NCF and FCF methods [2,16].

Agreement between theory and experiment 1s typically excellent
for subsonic cases even when there is heavy aft loading, as
illustrated in Figure 22. PFigure 24 shows a run for the Whitcomb
airfoil where the ghock location is not so well predicted by either
the NCF or FCF method. However, agreement between test data and our
analysis corrected for the boundary layer effect 1s generally not
worse than it 1s in this case. PFigure 25 is a high 1ift run where
agreement with the NCF calculation remains goed despite the fact that

the flow is separated and nearing buffet.
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-1.6__

1.2l
Cp
-84
~4
0L
4|
8L
1.2 L
C ‘///—\\
WHITCOMB WING MxN=160%30 NCY= 10 R= 7 MILLIGN
— NCF THEGRY M=.600 RLP= .05 CL= .495 C(CD=.0069
-~ FCF THEORY M=.600 ALP= 0.00 CbL= .495 CD=.0074
A EXPERIMENT M=.800 ALP= 1.00 CL= .495 (CD=.0082

FIGURE 22. COMPARISOH QF ANALYSIS AND EXPERIMENT FOR WHITCOME WING
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CF’
-.8L
i e
.01
Mo
84
1.2 1L

C T

WHITCOMB WING MxN=1860%30 NCY= 10 R= 8 MILLIGN
— NCF THEORY M=.800 ALP= -.15 C(CL= .613 CD=.0111
~-—- FCF THEOGRY M=.800 ALP=-1.40 CL= .613 CD=.0118
A EXPERIMENT M=.800 ALP= 1.00 ClL= .13 C(CD=.0110

FIGURE 23. ANALYSIS VERSUS EXPERIMENT AT THE DESIGN CONDITION


http:fLP-1.4o
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1.2l
Cp

-8

Sl

04

4l

81

ol

(::::::: ___ﬂ;g,,f::::::::::::

HITCOMB WING MsN=160%30 NCY= 10 R= 8 MILLION
— NCF THEGRY M=.780 ALP= -.28 Cl= .576 CD=.0089
-~ FCF THEGRY M=.780 ALP= —.28 CL= .576 CD=.0107
A EXPERIMENT M=.780 ALP= 1.00 ClL= .576 CD=.0098

FIGURE 24. OFF-DESIGN CASE WITH TWO SHOCKS
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?*\\

WHITCOMB WING MxN
— NCF THEORY M=
-~ FCF THEORY M=
A EXPERIMENT M=
FIGURE 25.

=160x30 NCY= 10
.730 ALP= 3.57 C(CL=1.315
.730 ALP= 1.80 CL=1.315
-730 ALP= 5.50 C(CL=1.315
HIGH LIFT CASE NEAR BUFFET

~
Fl

I

7 MILLION
CD=.0391
CO=.0341
CD=.0630



81

~

Z. Figures 26-29

Figures 26 and 27 show a comparison for airfeil 75-06-12 {see Vol-
ume II} of drag rise curves at C, = .4 and at C; = .6 for our theory
and the Ottawa wind tunnel tests [19,20,21]. Figures 28 and 29 present
2 similar comparison for airfoil 75-07-15 (see Volume II) of drag
polars at M = .69 and at M = .76. For the higher 1ift coefficients
and Mach numbers, which are associated with large supersonic =zZones
and shock waves interacting with relatively thick turbulent boundary
layer, the corrected NCF method is seen to give the best results (see

Section 1 of Chapter IV). In the lower range of C_ and M, which

L
corregponds to shocks nearer the leading edge where the boundary layer
is thinner, there is a less decisive difference between the
uncorrected NCF, corrected NCF and FCF methods. In general we prefer
the corrected NCF results, which usually lie below the uncorrected
NCF wvalues but above the FCF values of the drag coefficient. This is

the method that has been included in our update of the analysis

code H.



az

A OTTAWA EXPERIMENT
CORRECTED  NCF
.025 |—  — x — UNCORRECTED NCF
— o — FCF
P
020 :
f
i
fx
A
i
015 — I
[}
[
010 —
.005 —
| | |
U0 .50 .60 .70

DRAG RISE CURVES FOR RIRFOIL 75-06-12, CL=0.4

FIGURE 26.

THEQRETICAL VERSUS EXPERIMENTAL DRAG RISE CURVES
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025

.020

.015

.010

005
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A GTTAWA EXPERIMENT

CORRECTED  NCF X
L — x — UNCORRECTED NCF !
f
— o — FCF |
A
]
| |
| | | Y
.40 50 .60 70 .80
DRAG RISE CURVES FOR AIRFAIL 75-06-12, CL=0.6

FIGURE 27. DRAG RISE CURVES NEAR THE SHQCKLESS CONDITION



CB

025

-020

015

-010

.005

A OTTAWA EXPERIMENT f
CORRECTED  NCF !

—  — x — UNCORRECTED NCF i
— o — FCF /

DRAG POLARS FOR RIRFOIL 75-07-15 AT M=0.69

FIGURE 28. THEQRETICAL YERSUS EXPERIMENTAL DRAG POLARS
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A OTTAWA EXPERIMENT
CORRECTED  NCF

.030 — — x — UNCORRECTED NCF
— o — FCF

025 —

.020 —

015 —

-010 —

e | | | | | o
.00 .20 40 .60 .80

DRAG PBLARS FOR RIRFOIL 75-07-15 AT M=0.76

FIGURE 29. ACCURACY OF NCF METHOD FOR CALCULATING AIRFOIL PERFORMANCE
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D. Figure 30

Our supercritical airfoil 70-10-13 (see Volume II) was used by
R. T. Jones in the design of a meodel of his cblique wing SST tested
at the NASA Ames Research Center. An identical test was performed
with a more conventional wing section. In both experiments transition
was fixed by trips. For a straight configuration, i.e. with zeroc vaw,
the data that were obtained provide an interesting experimental
analysis of our design method. Figure 30 compares the maximum 1ift-
drag ratios L/D for the two wings in their dependence on the Mach
number M. In the transonic range the supercritical wing performed
better, as was to be expected. More striking is the fact that for
free stream Mach number M = .6, where the whole flow was subsonic,
the maximum L/D for our airfoil was 7% higher than that for the com-
parison section. This is the best evidence currently availabie that
our trailing edge model with a Stratfoxrd pressure distribution

delivers superior performance (see Section 1 of Chapter IXI).
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— SUPERCRITICAL WING 70-10-13
—— JBNES COMPARISEN WING

L/D  MAXIMUM

20.0 _

16.0 |

12.0

6.0

4.0 : [ | MACH NUMBER

COMPARISON OF MAXIMUM LIFT/DRAG RATIA FOR A
CONVENTIONAL WING AND A SUPERCRITICAL WING IN
THREE DIMENSIONAL TRANSONIC FLOW WITHOUT YAW

IGURE 30. JONES DATA DEMONSTRATING PERFORMANCE OF SUPERCRITICAL WING
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B. Figure 31

In 1974 we designed a shockless compressor airfeil for the Pratt
and Whitney Aircraft Division of United Technolegies Corporation which
bas been tested by Harry Stephens at a cascade wind tunnel of the
DEVIR in Germany. The blade was so heavily aft loaded that its thick-
ness flaired out to 3% at the trailing edge after thinning down to
only 2% at about 90% of chord. A similar airfoil based on the same
pressure distribution is shown in Figure 8.

Pratt and Whitney Aircraft has given us permission to release the
test data presented in Figure 31. This shows the experimental pres-
sure distribution most closely fitting design. Following work of
David Ives and Harry Stephens, we have made a stream tube correction
that reduces the experimental Mach numbers along the profile by .04.
The discrepancy between theory and experiment seen near the leading
edge is due to an error in the model geometry. Accurate reproduction
in the test of the aft loading defined by the design calculation
confirms the theory of the Stratford pressure distribution described
in Section 1 of Chapter IIY¥. Excellent performance of the airfoil in
Eransonic conditions bodes well for supercritical wing technology as
a tool to improve the efficiency of turbomachinery. Also encouraging
was the performance of the supercritical blade over a wide range of
subsonic flow conditions, where the loss coefficients ran as low as

.016 .
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1.2.1

0.0l |

PRATT AND WHITNEY COMPRESSOR AIRFGIL  R=1.1 MILLION
— THEGRY M1=.780 M2=.480 DEL TH=25.0
A EXPERIMENT Ml=.775 M2=.CHY DFL TH=25.5 LOSS=.0198

FIGURE 31. STEPHENS EXPERIMENTAL TEST OF SHOCKLESS CASCADE
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VIII. FORTRAN LISTINGS OF THE CODES

1. THE NEW DESIGN CODE K

PROGRAM DESIGN {OUTPUT, TAPE4=0OUTPUT,TAPE7=1028sTAPEL, TAPE3)

CALLS SUBROUTINES FOR DESIGHN CDODE

DEMENSION CARD(81),DXDYI(2)

CoMMON sC7 PISGRID,TOL

COMHON /D7 II-IPLT2JJsKBMsRKsLBHsHODEs MRP-NBNC s NFsNJ s NK» NN NP2 NX
COMMON /G/ N1sN3,N&s,N7,M1

REAL HACHA,MACHE,MTAIL

COMMON /K/ MACHA>MACHB »HTAILyARGLAS ANGLB»ANGLT»RNs TRANUs TRANL » NRN
COMPLEX UsVsFlsF2sF35s51552553,LAMDAPs LAMDAMS XISETA» TAUSPHISPSI
COMMON PHI(585,1)»SKA(390),PSI(585s1)sSKB(3901sXI(585)ETA(SE5),
1 U{585)»>VI5B85)sFLISB5)551(585),F2(585)»521585)sF3{585},33(585),
2 LAMDAPIS585), LAMDAM{585},TAU(585)

DATA NL1/1/ » N3/37 » Nafal 5 NTIT4 5 KBMILEZ » LEM/S857 5 NXiLY
CHANGE LBM WHEN CHANGING THE DIMENSION SIZE

DIMENSIDN FOR SKA AND SKB IS 2%iBM/3

THE TOLERANCE DEPENDS ON THE PRECISIDN

TOL = 1.E-12

PI = ACDS{-1.)

Ml = N1
REWIND Ni
Isw = 1

SET I3wW=0 IF N1 IS ENPTY

READ (N1} NRNX

IF {(EOF(N1).NE+O4) ISW = 0

REWIND N1

REWIND N3

REWIND N7

READ IN THE TAPET DATA

READ {NT7»140) {CARD{J)} » 4 = 1,80}

If (INCODE(CARD).NE.O} GO TO 10

READ IN THE PRESSURE DISTRIBUTION

IF (ISW.EQ.0} CALL READQS (GAMsPHMNsNRN)

Call TITLE

IF ({ISWNESO)AND+CTABS{NRNX)« NE-TABS(NRNI)9 -60- TO 120

MAKE INITIAL GUESS OFf PHI BASED ON INCOMPRESSIBLE FLOW |
CHECK FOR EMPTY FILE. IF EMPTY DO INCOMPRESSIBLE GUESS FOR PHI
IF (ISW+£EQ.0) CALL PHIINC (GAMsPHMN])

MRP IS5 NEGATIVE WHEN CHODSING THE THIRD ORDER ACEURATE METHOD
MRPOLD = MRP

NI = MAXO(1,Nd)

IF (NJ.LE.O} IPLT = —IABS{IPLT}
IF TAPEL IS NOT EMPTY AND NO CYCLES ARE REQUESTED THEN PLOT ONLY
MODE # -10

KBEM = MINC{KEBMsINF+1)/3)
IF (ISW¥IFLT.LT.0) 6D TO 110
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WRITE (N4,160)

SECOND IS A CDC 6600 CENTRAL PROCESSOR TIWMING ROUTINE
CALL SECOND(TIME)

HODE = 0

DO 60 N = J,N}

CALL CYCLE(NZ)

MEP = 1
IF (N.EQ.NI) MRP = IABS{MRPOLD}
Nl = M1

CALL INIT (XIsETAsUsV)

IF (IPLT.LT.0) GO 70 110
00 40 NODE = 1,NP

IPASS = 1

BO 30 J = 2sHFsSKBM

KK = 0

CALL GTPATH {XIsNC+lsNN»1)
II = JJ

N = J-2

NX = MINO(KBMsNF+]-J)
IPASS = IPASS+1

CALL MAIN (=JsIPASS)
CONTINUE

IF {(MRPOLD «NE~MRP)+0ORs {MRPOLD.GT«0)+0RW (NNENII} GO TO 50
HALVE THE HESH AND TRY AGAIN
HRP = MRP+MRP

Nl = N3

REWIND N1

GO TO 20

CALL AUTOZ2{(RES,DXDY!}
EMA=ABSIMACHA)
EHB=ABS(MACHB)
WRITE(N&s170) MZ»EMBsEMASRES,DXDY(1),0XDY{2)
CALL SECOND (Tl}

TIMNE = Ti-TIHE

MODE = 99

CALL GTPATH (XIslsls1)

H56 = 1O0HAUTOMATION

WRITE {N4»130) MS5Gs»JddJ
WRITE (N&,150) MSGsTIME
MRP = TABSIMRPOLD)

Nl = Ml
NX = 1
N = 0O

DO 80 J = 1,9

CALL INIT [XIsETarlbV)

KK = 0

MODE = ~J

CALL HAINC(J»1)

iF {MODE.EQ.-10) GO TOD 90
CONTINUVE

IF ({HRPOLD.GT.0)+0Rs (HRPOLD.NE.-HRP)) GD TO 100
MRP = HRP+HRP

N1 = N3

REWIND N1

GO TD 70

M5G = 10HSUPERSONIC

WRITE {(N4s130) M3GsJJ
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110

120

130
140
150
160

170
180
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CALL SECOND (TIME)

TIME = TIME-T1

WRITE (N4s150G) MSG,TIME

ENDFILE N1

IF {(NL.NE.M1) ENDFILE M1

Isw =1

CALL GOPLGT {NRN»>11HDAVID KGRN 510)

CALL CHNMDE

IF (ISWeNE.Q) MX = NK+2

IF (MRPOLD.LT.O) N1 = N3

MRP = LABS{HMRPOLD)

CALL BODYPT(HMXsNPTS)

IPLY = TABS{IPLT}

CALL BLADE (MXsNPTSsCARD)

IF {IPLT.EQ.C) CALL EXIT

CALL HOGRF(MX»CARD)

CALL ENDPLT

Call EXIT

WRITE (M4,180) NRNX

CALL EXIT

FORMAT(///13X8HLONGEST »A10,10H PATH HAS »13,7H POINTS)
FORMAT (B0OAL)

FORMATL /13X, 4105 11H CP TIME IS sF7.1,8H SECONDS )
FORMAT (/7 /713 XORCYCLES 4XEHNINLET»5XSHMEXIT» SXBHRESIOUALS BX2ZHD X, 8X2
1HDY 7}

FORMAT({IHO»11XI551%X52F10435E13.3s1X52F10.%)

FORMAT (710X, 27H*%+:=ATTEMPT TO CONTINUE RUN»LI5,12H WITH WRONG
1 15HRUN NUHBER*#*+% }

END

FUNCTION INCODE (DATA)

READS IN THE FREE=FORM I[NPUT AND STORES THE VALUES

VARLST CONTAINMS THE LIST OF INPUT PARAMETERS

LOCV CONTAINS THE ADDRESSES OF THE VARIABLES

MEGATIVE ADDRESSES ARE USED FOR INTEGER VARIABLES

DIMENSION DATA(BL)»CHARI3F)sVALUE{ZO) s VVALIZ Yo VARLSTIIO) s VARNAMIT]
1 »LOCV{30)sARRAY(1)s IARRAY (1)

COMPLEX ETJ

REAL MACH

COMMON 7FA/ GAMMA>MACH,ROOT{4}

COMMON sCs PISGRID,TOL

COMMON /D4 IlaIPLTsJJsKBMaKKsLEBMsHMODESs MRPs NBsNCaNFsNJ2 NKs NNy NP2 NX
COMMON_ /E/ ETJ{64),BUNP(5510),NBMP

COMMON /G/ Ni»N3sN&sN7sM1

COMPLEX XITAIL»BP+XIA,XIBsXIC

COMMON /sH/ BP(129):X1A:XIB:XIC:XITAIL:CDNE:CTHD:CTHR:RATC:QR:NBPS
REAL MACHAs MACHBsMTAIL

COMMWON 7K/ HACHA:HACHB;HTAIL:ANGLA:ANGLB:ANGLT,RN:TRANU!TRANL:NRN
COMHON FfL/ PLTSZSNPTS

EQUIVALENCE (ARRAY(L)»IARRAY(21))s(RXIASXIN)

DATA CHAR /f1HAs1HBs1HC» 1HD »1HZ» 1HF» 1HG, IHHs 1HI»1HJ»1HK» 1HE » 1HM»
1 1HNs1HO»1HPs1HOs IHR s LHS»1HT s 1HU» 1HV s LHWs 1HX 2 1HY»1HE»1HO, IH1s 1H2,
2 1H3»1H4,1H5»1H61H7s1HBs 1HI» IH*slH—»1K./

DATA VARLST({1)/3HEND/ s VARLST(2)/2HNPY s VARLSTIU3)/3HNRN/
DATA VARLST(&)/3HNFC/ s VARLST(5¥/4HKDBNEYS » VARLST(6) /3HMRP/


http:FORMAT(1HO,11XI5,lX,2FlO.3,E13.3,iXPZF1O.53
http:MN.NE.M1

DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
Lacv
NX =
KX =
MODE
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VARLST(7) F2HKTWO/
VARLSTI10) 74HIPLT/

2 VARLST (B)/2ZHNF/
# VARLST(11l)/2HRN/ + VARLSTIUL1Z2)/3HXIA/

s VARLST(9) /2HNI /

VARLST(13)/5HPLTSZ/ » VARLST{14])/3HXIBs » VARLST{153)/3HXIC/

VARLSTI{L6) /5HGAHMAS » VARLST(17)/S5HTRANU/» VARLSTU(L18)/&4HGRID/
VARLST(19)/6HMINLET/» VARLST{20) /SHHEXIT/s VARLST{21}/4HHACH/
VARLST{22 ) /THANGEXIT/» VARLST(23) /5HANGIN/s VARLST{Z4)/4HKTHR/

VARLST(253/5HTRANL/
VARLSTA{Z2EB)/4HNPTS/

2 VARLST(26) F3HRUNS » VARLST(27)/4HBUMP/

NCRD/O/ » NLST /287 » BL /1H F/sSTAR FLIH*/ s K/L1t! » ICHP/Z/

NEST+1) = LOCFC(LOCVINLST+1))

1
1
= 1

If (NCRD«NE.Q) GO TO 10

LOCV (2} ==LOCFINP)

NP = 8

LOCV(3) ==LOCF{NRN)
NRN = 1

LtaOCvV{4) =-LOCFINFC)
NFC=64

LOCV(5) = LOCFL(CONE}
CONE = +5

LAOCVY ( 6% = —LOCF(MRP)
MRP=-1

LOCVIT7)Y = LOCF{CTWO)
CTWD = 1.

LOCVIB) = ~LOCFINF)

NF = 0

LOCVI(9) = ~LOCFI(NJ)

Nd = 1

LOCV(1Q) = -LOCF{IPLT)
IPLT = 37

LOCVI11) = LOCF{RN)

RN = 0.

LOCY{12} = LOCF(RXIA}
XIA = (.082-412)
LEOCVY{13) = LOCF(PLTSZ)
PLTSZ = 0.

LOCVI(l4) = LOCV(12) + ICMP
XIB = XIaA

LOCY(15) = LOCV(14) + ICHP
XIC={24204)

LOCVI(16) = LOCF(GAMMA)
GAMHA = 1.4

LOCV{17) = LOCF{TRANU)
TRANU = ,05

LOCV(18) = LOCF(GRID)
GRID = .08

LOCV(19) = LOCF{MACHB)
MACHE = 0.

LOCVI20) = LOCFI{MACHA)
MACHA = 0,

LOCV(21) = LOCF(MACH}
MACH = .75

LOCV{(Z22} = LOCF({ANGLA)
ANGLA = -18.

LOCV(23) = LOCF{ANGLB)

REP
o RODUCIRY 7y

*POOR
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ANGLB = 7.
Locvi{z4}
CTHR = 1.
LOCVI25) = LOCF({TRANL)
TRANL = .10

LOCV(26&) =—LOCFINRN)

LOCF{CTHR)

LOCV{27) = LOCF{BUMPIL])
LOCV{28) = —LOCF{NPTS)
NPTS = 201

NBHP = §

NCRDB = NCRD+1

DO 20 L = 1.7

VARNAM(L}Y = 1H

SAVE = DATA{81)

BATA {851) = 1HS%

DO 300 L = 1,81

IGNBRE BLANKS

If (DATA{L).EQ.IH } GO0 TGO 300

RESET ON ENCOUNTERING A COLLAR SIGH
IF ({DATA{L).EQ.1H$).0R.(DATA(L}.EQ.+1H;)) GO TO 60
IF {(NX.LT.G) 60 TO 300

IF {(DATA(L).EQ.1H= 1 GO TO 150

FIND OUT WHICH CHARACTER WE HAVE

DD 30 J = 1,39

IF (DATA{L).EQ. CHAR{J)) GO TO 40
CONTINUE

4 = 40

[F (NX.EQ.Q) 60 TO 120

IF {(J.GT.26) GO TD 270

VARNAM{NX]) = DATALL)

NX = NX+1

IF {NX.5T.8) GO TO 280

60 TO 300

CHECK FOR END GfF DATA

IF (MX.LE.L1) GO TO 70

PRINT 410,BLs VARNAH

ENCOLE {10,410,VNAME)} VARNAM

IF {VARLST(1l).EQ.VNAHE) GO TO 310
SET VARNAM BACK TO BLANK

DO 80 J = 1»7

VARNAMIJ) = 1H

J = NX

NX =1

1F { J.NE.O) GO TO 300

IF {J.EQ.0) NX = 1

CLOCNIK)L = ISIGNIIABSILOCVIKLI+L,LOCN(K]Y)
IF {KX.EQs1) GO TO 290

IF {KXWG6T+200 GO TO XIT10

PUT NUMBER INTO VVAL RIGHT JUSTIFIED
ENCODE (20,410,VVAL) (BLoJ = KX»Z20)s (VALUE{J=1)sJ = ZsKX)
KX = 1

IF {#BDE.GT.2) 60 TO 110

KA = IABS(LDCV(K}}=LOCF{ARRAY(1))

1F {HMODE.EQ.2) GO TO 100

INTEGER CONVERSION

DECODE (20,420-,VVAL) IARRAY(KAI)

IF {LOCY(K)«GT-0) ARRAY(KA) = TARRAY(KA)
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100

110

150

160

190

200

270
280

290
300
310

-

95

60 70 300
CONVERT TO REAL

DECODE (20,430,VVALY ARRAY(KA)

IF (LOCV(K}«LT«0) LARRAY(KA) = ARRAY(KA}+.5
MCDE = 12

GO TO 300

MODE = 1

GO TO 300

NX =0

ENCODE (10,410, VNAME) VARNAHN

LOOK FOR THE VARIABLE ON THE LIST

DO 160 K = 1,NLST

IF (VARLST(K)«EQ.VNAME) GO TO 300
CONTINVE

PRINT 450s VNAME

GO TA 280

IF({J.LE+25),0R.{J.EQ40)) GO TQ 200
CHANGE THE HMODE UPON ENCOUNTERING A DECIMAL PGINT
IF (GATA(L).EQu1H.) HMODE = HODE+1
SAVE THE DIGITS TO FORM A NUMBER
VALUE{KX) = DaTA{lL)

KX = KX+1

G TO 300

CHECK FDOR A DECIMAL POINT

CHECK FOR A COMHA

IF (DATA{L)«EQ.1H») GO TO 90

MODE = 3

KA = KX+l

60 TO 300

PRINT 460

PRINT 440s NCRDsI(DATACLJ)»J) = 1-601)
LP = L+35

PRINT 410, (8Ls J = 1,LP)sSTAR

SET ERROR FLAG AMD LOOK FOR MNEXT DOLLAR SIGHN

NX = -1
MODE = 1
CONTEINUE

DATA(BL) = SAVE

INCODE = K=1i

IF (INCODE.NE.O} RETURN
IF({ATRAGIXIC)sEQ.0.)ANDL(REAL(XIC) «NE-2.3)1G0 TD 330
IF(XIA.NE.XIB)GO TD 320

IF{REAL{XIC) EQe2.+) XIC=XIB-{.1ls,1)

IF(REALIXIC) +EQaOs} XIC=XIB+ABS{ATMAG{XIB—XICII*CHPLX(COS{.T5%P1})>»

1-SIN(.75%P1)}

&0 10 330

320 IF(REAL{XIC).EQe24) XIC=XIB+.07*(XIB-X1A)/CABS(XIB-XIA}

1

IF{REAL(XIC)+EQe04) XICaXIB+ABS(AIMAGIXIB-XIC))*(XIB-XIA}/CABS(XIB
=XIA)

330 CONTINUE

RESTORE LINE COUNTER

NCRD = 0

NK = NFC+NFC

NBPS = NFC+1

IF (NF.LE.QO} NF = NK

NEMP = (LOCVIZ27)-LOCF(BUNP{1})})2/5
RETURN


http:OATAIL).EQ.IH
http:DATA(L).EQ.1H
http:IF((J.LE,25).OR,(J.EQ.40
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410 FORMAT {B80Al)

420 FORMAY (I20)

430 FORMAT (E20.0)

450 FORMAT (19HO*+*%ERROR IN CARD »I3,5H ¥¥¥%, 9X,804l1)

450 FORMAT {(*OVARIABLE NAWMED #*,A8, ¥ WAS NOT FOUND*)

460 FORHAT(*ONON-ALPHABETIC CHARACTERS NOT ALLOWED IN VARILIABLE NAMES#)
END

SUBROUTINE READOQS(GAMsPHMN2NRN}
SUBROUTINE TO READ IN THE INPUT PRESSURE DISTRIBUTION
COMPLEX ETJ
COMMON 7B/ ETJ{64)5BUMPI(S5,10)sNBMP
COMMON /G7 N1>MN3sN4apNT»HM1
COMMON /FL/ PLTSZsNPTS
COMMON AX(1303,BX(130),S501302,0QLG{1230)s30(300),Q1{(300),2ZERG(300),
1DQRS{300) »OPHDS{300),FP{300),FPPI300])>FPPP(300)+QPP (3001, QPPPI300)
2 »ES(600)sQ(600),PHI(600),PHII(130}
COMMON SX(300),0%X{300)
DATA NINMAX /300/
HRITE ([N4»150) NRN
READ (N3,110) XIN
NIN = XIN
IF (NIN.GT.NINMAX) GO TO 90
READ IN Q(3)
DO 20 J = 1,NIN
READ (N3,120)}S5I(J),Q1(Jd)
SX{J) = SItJ;
MODIFY THE INPUT PRESSURE DISTRIBUTION
QMOD = 1.
IF{NBMP.EQR.Q)} GO TO 20
00 10 L = 1sNBHMP
10 QHMBD = {1.+BUMPFNISICJ}»BUMP(L»L)sBUMP{3,L},BUMP(4sL ),BUNPIZ»L),
1 BUMP(5,L))}*QMOD
20 Qx{J)r=QI(Ji1%QMOD
ARCL = SXUNIN)I=SX(1)
FAC = Z./7ARCL
CONST = =1l.=FAC*%SX{1}
WRITE(N451060)
WRITE (N4,130)
00 30 J = 1sNIN
SX(J) = FAC¥SX(JY+CONST
WRITE (N4,140) JsSI0Jd)»QICd)s SX{J)QX (2
Ql{Ji=Qxtd)
30 .CONT.INUE
SXININ) = 1la
WRITE (N1} NRNsNINs [SX({JIsQX{J}s J = L1sNIN)
DS ={(SX{NIN}-SX[1) J/FLDAT(NPTS-1}
FIND Q(S5) AT EVENLY SPACED POINTS
ES(Ll) = 35X({l]
DO 40 J = ZsNPT3
40 ES{J) = ES5({J-1)+DS
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ESINPTS)Y = SX({NIN}
CALL SPLIFININ »5XsQXsFPsFPPsFPPP»35045350,.)
CALL INTPL{NPTSsES»QsSXsQXsFPsFPPsFPPP}
INTEGRATE Q{S) TG GET PHI(S:
CALL SPLIF {NPTS»ES»Q»DQDS»FPPsPHI»=35C4»350.)
GAM = PHIINPTS}
SPLINE FIT PHI AS A FUNCTION OF §
CALL SPLIF (NPTSsESsPHISDPHDS sFPPsFPPP»350.535,04)
SPLINE FIT @ AS A FUNCTION BF S
CALL SPLIF (NPTS,ES»QsDQDS»QPPsQPPP»350.5350.)
FIND S WHERE Q VANISHES v
CALL INTPLI{12S0s04sNPTS»ES5»Qs0Q055QPP»QPPP)
FIND MIMIMUM VALUE OF PHI
CALL INTPL{1,30sPHMN »ESsPHILDPHDS »FPP,FPPP)
DB 50 I = 1sNPTS
VAL = AMAXI(Q.»PHI(I)}-PHNMN) -
50 PHI(I) = SIGN{(SORTI{VAL}SES{I}-S0O}
HRITE (N1) NPTS» 50> PHMNsGAM»(ES(J)sQ(J}yPHI(I)s J = 15sNPTS}
RETURN
90 WRITE (Nas,100) MINMaX
CALL EXIT
100 FORMAT (15HO#%#+%*MORE THAN »14»30H INPUT CARDS NOT PERMITTED®%k*x%x /
1 32HO#++PROGRAM STOPPED IN READQS*%% )
110 FORMAT(F5.49Q)
120 FORMAT (4E20.8)
130 FORMAT(1IHO/L1IXs&HCARD> SXs7HS-INPUTs 8X» FHO-INPUT» 10X s6H5-USED
1 »9X,6HQ-USED /)
140 FUORMAT(3%219,2F15.653Xs2F15.06)
150 FORMAT(1HL/8Xs22HBEGIN EXECUTION DF RUN »14)
160 FORMAT(1HO/38X,13HTAPEZ = INPUT/)
END

SUBROUTIRE TITLE
PRINTS THE TITLE PAGE OF THE OUTPUT
REAL MACH
COHMON 7AJ GAMMArMACH
COMHON 7C/7 PISGRID,TOL
COMMCGN /07 IlsIPLTsJJdsKBMNs>KKsLBHM»MODEs MRPYNBsNCsNFsNJs NKs NNy NP NX
COMPLEX ETJ
COMMBON /E/ ETJ{E4)sBUMP(5510)NBHP
COMMDN /G/ N1sN3»NisN7»M1
COMPLEX XITAILsBPsXIA,»XIBsXIC
COMMON FH/ BP{129)sXI1AsXIBsXIC, XITAILCONELCTWOsCTHRsRATCs» QRS NBPS
REAL MACHA,MACHB»HMTATL
COMMON /K/ MACHA» MACHBSHTAIL,ANGLA»ANGLE» ANGL T» RNs TRANU» TRANL s NRN
COMMON /L7 PLTSZsNPTS
- DATE 1S A CDC ROUTINE WHICH GIVES THE MONTH»DAYs AND YEAR
CALL DATE(IDATE}
NRUN = TABS{NRN)
TYPE = THCASCADE
IF (EABS(XIA-XIB}.LT.TOL) TYPE = THAIRFOIL
WRITE (N4s80) TYPE,NRUNSIDATE
NM1 = 8H RUN =
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NM2 = 8H MRP =

WRITE (N4,50) NM1sNRN2NMZs MRP

MMl = BH MACH

NHZz = BH EN

E6 = Z2HE®

RNX = 1.E-6#%RN

IF {RNX.EG.0.) E6 = 1H

WRITE (N4»70) NM1»MACH,NMZsRNX»ED

IF [RN.EQ.0s) GO TO 10

NM1l = 8H TRANU =

NM2 = BH TRANL =

HRITE (N4,90) NM1sTRANU>NM2sTRANL
10 NM1 = 8H KONE =

NMZ = 8H KTWD =

WRITE (N4»30} NM1sCONE,NMZ,CTWO

NM1 = BH KTHR =

NMZ2 = 8H NPTS =

WRITE (N%»100) MH1:CTHR,NMZsNPT3
NH1 = BH NF =

NMZ2 = 8H NFC =

NFC = NK/2

WRITE (N4s60) NMIsNFs>NMZ2sNFC

NMl = 8H GAMMA =

MMZ = 8H GRID =

WRITE (N4»90) NM1»GAMMAsNM2,GRID
NM1 = B8H Nl =
NMZ = 8H NP =
WRITE (W&4y60) NMIsNJsNM2sNP
NM1 = 8H PLTSZ =
NMZ = BH IPLT =
WRITE (N4s,100) NMIsPLTSZsNMZ»IPLT
NM1 = 8H XIA
NMZ2 = 8H XI8
WRITE (MN4»130) NM1sXIA»NM2»XIB
NM1l = 8H XIC =
WRITE {N4s150) NML,XIC
WRITE OUT BUMNPS
IF (NBMP1E«0) RETURN
00 50 J = 1sNBMP
50 WRITE (N&4s140) Js(BUMP{LsJ)sr L = 1,3}
RETURN
60 FORMATU(/17TXsABsT4»13X1H;12XA8,14)
TO FORMAT(/1TXs AB»F6L3511X1H;12XABF5,12A2)
80 FORMAT (1H1/15Xs JOMTRANSONIC sABs10HDESIGN RUN I5s17XAl0///37X»
1 12HTAPET=INPUT /)
90 FORMAT(/ITXFABsFO6,.2ylTXLIHFI2ZXABFFOVE) -~ —
100 FORMAT(/17XsAB8sFH.2212X1H;12XABs1% )
130 FORMAT (/9XABsF6E43»2H »F6e3511X1H;4XABsFOBe3s2H sF643)
140 FORMAT (1HOs9XsDHBUMP(»I1s3H) =55F10.5)
150 FORMAT(/2TXsA8sFbe3s2H sF043/)
END
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SUBROUTINE PHIINC (GAM» PHMN]

CALCULATES VELOCITY POTENTIAL PHI FOR INCOMPRESSIBLE FLOW
COMMON /C/ PIsGRIDsTOL

COMMON /D/ IIsIPLTsJJsKBHsKKsLBHsMODE sHRP s NBs NCs NF s NJs NKs NNs NP2 NX
COMMON /G/7 MNIsN3sNGsN7sM1

COMPLEX XITAIL»BPsXIAsXIBsXI1C

COMMON FH/ BP(129)s XIA»XIBsXICs XITAILsCONE>CTWOsCTHRs RATCs QRs NBPS
COMPLEX XIP»XIPPsTEMP»CLOGsROTXIXsXI2A-X10

COMMON PHIWO(3)»PHIWTVI3}»PHII(128)

COMPLEX ZED

DATA QR/14/ s ITER /07 s ZLERD/C./

ROT = [1.+CONJGIXIB))/{1l.+X1B)

XIP = ROT#{XIA-XIB)/{1.~CONJG(XIB)I*XIA)

XIPP = XIP+l,

AXIPSQ = REAL{XIPI*#*2+AIMAGIXIP)#**2

EVALUATE PHI AND DPHI/DW AT STAGNATIDON FOR EACH SINGULAR TERMNM
TEMP = -1.

IF (AXIPSQ.NE.G.) TEMP =«CLOG(XIPP}/XIP

PHIWO(1) = 2.%*REALITENP)

PHIWO(2) =-2.*AIMAG{TEMP)

PHIWO(3) = 2.*ATANZ(AIMAG(XIPP)»REAL(XIPP))} - P1

CF = GAMJ{PI#PI)

WELL = GAM-PHHMN

THE FIRST EQUATION REQUIRES DPHI/DW=0 AT STAGNATION

TEMP = =2./XIPP

All = AIMAGITEMP}

AlZ = REALITENP)

Bl = —CF¥*(1.,—AXIPSQ)/(REALIXIPP) **2+ATNAG(XIPP 1#%2])

WT I5 CIRCLE ANGLE CORRESPONDING TO THE TRAILING EDGE
XITAIL=ROT

WT=ATANZ (AIMAGIXITAIL)»REAL (XITAIL))

ITERATE AT HMOST 20 TIHWES TO FIND WT

00 20 4 = 1520

WTOLD = WY

EVALUATE PHI AT WT FOR EACH SINGULAR SOLUTION

TEMP = CONJGUXITAIL}

IF (AXIPSQuNECOITEMP = =CLOG(Ll.,~TEMP*XIP)/XIP

PHIWTI1} = 2.*REAL(TENP)

PHIWT(2]) =-2.%AIHAGITEMP)
PHIWT{3=2.¥+ATANZ(AINAG{L.=XIP/XITAIL)sREAL{1.=XIP/XITAIL))+WT
A2l = PHIWT{1} = PHIWO{l)}

A22 = PHIMT(2}-PHIWO(Z2)

B2 ~CF*(PHINT(3)-PHIWO(3))+4WELL

AF {A22%Bl=Al2%B2}/{ALL*A22-A21%Al2)

BF = [(Bl1-A11%#AF)/AL2

NOW COMPUTE THE LOCATION OF THE TRALILING EDGE

XITAIL = CMPLX(AF,BF)/CHPLX{AFs=BF)

WT = ATANZ{AIHAGIXITAIL)»REAL{XITAIL))

IF {ABS(WT-WTOLD).LTTOLY GO TO 30

CONTINUE

A = CMPLX(AF28F)

FIND W AT THE TRAILING EDGE

XI = CONJGIROT)I*XITAIL

I = (XI+XIB3/{L.+XI%*CONJG(XIE))

W= ATANZIAIMAGLIXI)sREAL(XI})

WTAIL = W

FIND PHI AT EVENLY SPACED POINTS STARTING FROM STAGNATIGH

(1]
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CONST = AF*PHIMOIL)+BF+PHIWO(2)Y+CF#PHINO(Z)
Dw = (PI+PIL)/FLOAT{NK)

ARG=-P1
4 = =PI
XIX = —1.

DO 40 J = 15NK

X1 = CMPLX(COS{W)IsSIN{W})

XI0 = ROTH{XI=-XIB)/{1.~CONJG(XIB)I*XI}

TENP = CONJGIXIO}

IF (AXIPSQ.NE«O.ITEMP = =CLOG{1.-TEMP*XIP)}/XIP
AT1=ATANZIAIMAGUXIX/AI0)»REALIXIX/XEIO))

XIX = X1o

ARG=ARG-AT1

PHIT(J)=2 « *REAL{AXTEMP)+CFF¥ARG-CONST+2 (#CFEATANZ (AINAG(L1.~-X1IP/XID)

1,REAL(L.—=XIF/XIOM)

W =W+ DHW

CONTINUE

NT = NK+1

PHIL{NT) = GAH

WRITE {N1) QRsQRsZEROs ITERsNT» (PHII{J)sZEROs 4 = 1sNT)
WRITE ({N1) WTAIL

RETURN

END

SUBROUTINE INIT (XIsETAsUsV)

INITIALIZE THE PATH FROM INFINITY TO XIC

COMPLEX I»SsHsSOFXIsXIOFM,ROOTSROOT1sXI(1)ETA{L)sU(1)sVIL)

REAL MACH

COMMON A7 GAMMASMACHSROGT»RDOT1

COMMON sC/ PIsGRID,TOL

COMMON /D/ TISIPLTsJJsKBMsKKsLBMs MODEs MRP»NB s NC» NF» Nuds» NKs NNs NPy NX
COMMON /F/ UOLD,VOLDs SINGFs SINGS»SINGXsSINGY»PHIOLDI(20},PSIOLD(Z20)

1 s XOLDC(20)»YOLD(2A)» XAINGYAING) THLASTCL »DF

COMPLEX XITAILsBP»XIAsXIB»XIC

COMMON /H/ BP{129)s XTAsXIBeXIC»XITAIL,CONEs»CTHWOsCTHRs RATCs QRsNBPS
REAL MACHA»MACHB,MTAIL

COMMON /K/ MACHAsMACHBsMTAIL »ANGLAs ANGLBs ANGLT s RNs TRANUs TRANL s NRN
LOGICAL ISW

DATA I/7(0.51.)/ s ISW/TRUE«/ » ROOT/{0eslad/ s ROOTL/{1u»0.1}/
ROGT = {Qasle)

ROOTL1 = (l.5041}

IF {I3W) 60 TO 5

IF (MACHALGT .04} XIA = XIOFMOMACHAFANGLAXTAY -

IF (MACHB..GT.«0.) XIB = XIDEMAMACHB»ANGLB, XIB)

ISW = +FALSE.

LAY DOWN PATH FROM XIA TO XIB TO XIC IN ETA-PLANE

XI(1) = XIA

COMPUTE THE NUMBER OF POINTS FROM XIA TO XIB

MM = CABS{XIB-XIA)/GRID + 1l.-TOL

MM = MMEHRP

NB = MM+l

If (NB.EQ.1} GO TO 15

H = (XI8=XIAY/FLOATINM)
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LAY DOWN GRID TG XIB

0O 10 L = 2,NB

XI(L) = XI{L=1)+H

COMPUTE THE NUMBER OF POINTS FROM XIB TO XIC
HM = CABS(XIB-XIC)/GRID + 1l.-TOL

MH = MM*HRP

NC = MM+NB

H = (XIC=XIB)/FLBATIMN}

LAY DOWN GRID FROM XIB TO XIC

NBP = NB+1

DO 20 L = NBFPF,NC

KI(L)Y = XI(L=-1}+H

IF (MODEJEQ.—10) RETURN

LAY DOWN REFLECTED GRID IN THE XI-PLANE
00 30 L = 1sNC

ETACL) = CONJGIXI(LY)

RAD PIf180,.

GAM {GAMMA~-1.)/2,

COSQ = 1.7 (MACH#MACH}+GAM

IF (MACHB+«+GT.04) GO TO 40

FIND MACH NUMBER AMD ANGLE AT INLET
S = SOFXItXIB)

UINB) = 1.

VINB} = 0.

Call GETUV (SsCONJGIS)sUINBYsVINB))
UB = REAL(U(NSB])

VB = REALIVINB])

Q58= UB*UB+VB*VE

t n

MACHB = =-S5QRT(QASB/(COSQA-GAMN%*QS5B))
ANGLB = ATANZ2(VBs»UB}/RAD
GO TO 45

Q5B = COSQ*MACHB*MACHB /{1l .+GAMN*MACHB*MACHB)
us SORTIQSBI*COS(RADFANGLE)

Vs SQORTIQSB)*SIN{RAD®*ANGLS)
U{NB} = UB

VINB) = VB

IF (MACHA.GT.0.} GO TO 50

FIND MACH NUMBER AND ANGLE AT EXIT
ui1) = 1.

V13 = Q.

S = 3OFXI{XIA)

CALL GETUV (SsCONJG{S)»U(1)}sV{13)
UA = REALI{UL1))

VA = REAL{VI1})

Q3A= UARUA+VARVA

Hou

MACHA = —SQRT{QSA/(CO5Q-GAN*Q3A))
ANGLA = ATAN2(VA,UA)/RAD
RETURN

QSA = COSQO*MACHA*MACHA/S (1++GANTMNACHA*NAGCHA)
UA = SQRT{QSAY*COS(RAD*ANGLA}

VA = SOQRT(QSA)*SIN{RAD*ANGLA)

Uil) = UA

Vil) = va

RETURN

END
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SUBR 5 REPRODUCIBILITY OF THE
OUTI (ITER)
ITERATESN%C;E:&E MAP FUNCTION ORIGINAL PAGE IS POOR

COMPLEX H»HPs» SIG

REAL MACH

COMMON /A7 GAMMASMACH

COMMON /Cf PILsGRID»TOL

COMHON /D/ II;IPLT’JJ:KBH:KK:LBH:HODE,MRP;NB;NC:NF:NJ;NK:NN:NP:NX
COMMON /G/Ff N1sN3,HN4y N7sM1

COMPLEX XETAILsBPsXIAsXIBsXIC

COMMON /H/ BPI129)sXIAsXIBsXICsXITAILSCONE»CTWO»CTHR»RATC» QR NBPS
REAL MACHAs»MACHB,NMTAIL

COMMON /K7 MACHA»HACHBsMTAIL» ANGLAs ANGLBsANGLTs RNy TRANUs TRANLs NRN
COMMON AX{130)sBX(130)s55(130),QLG(130)s3I(300},0QI{300),ZERD{300}),
10005 {300)+DPHDS{300)»FPL{30G)sFPP(300)FPPP{300J»QPP(300)sQFPP[300)
2 »ES{600),Q{600)sPHI(A00G)» PHII(L30])

COMMON QOLD(130)

OIMENSION DQDPH{300)

EQUIVALENCE (DQDPH(1)sDPHDSI1))

LOGICAL ISW

DATA GX /1.7 » ISW/.FALSE./

IF (ISW} GO0 TC 10

T0 = PI

NK2 = NK/f2

DT = {(PI+PI)/FLOAT{NK)

GAMP = (GAMMA+1.)/72,

GAMM= (GAMMA~1, /2.

EMUSO = GAMM/GAMP

QSTRSQ = EMUSQH+1l/{GAMPEMACH®MACH)

ISW = TRUE.

REWIND N1

READ (N1)

READ (N1} NPTS»SO»PHMNsGAMs {ES{J)}»Q{J)>PHI{J)y J = 1,NPTS}

READ (N1} QR,QS>RATC,> ITERsNTs»(PHII{J)YsQOLD{J}s J = 1aNT)

IF (NT.NE.NK+1) GO TO 7O

READ (N1} WTAIL

READ (N1) MACH

SPLINE FIT Q AS A FUNCTION OF S

CaLL SPLIF (NPTS»ES,QsDADS,QPPsQPPPs 3504235041

po 20 4 = 1:NPTS

ZERQO{(J) = 0O,

SPLINE FIT Q@ AS A FUNCTION OF PHI

CALL SPLIFINPTSsPHIsQsDQDPHsFPPsFPPP3s35042350.)

PHII IS THE GUESS FOR PHI AT EVENLY SPACED POINTS IN THE CIRCLE
PHITI{L)Y = Q.

PHII{NT) = GAM

GAMZ- = S5%GAM

DO 30 4 = 1sNT

S5(J) = FLOAT(J=-1)%DT—-P1

FAC = SIGNILl.sWTAIL=3S5(J))

VAL = AMAXLI{Q.sPHII{J)=(1l.=FAC)%*GANZ)

AX{J) = FACFSQRT(VAL)

COMPUTE QI AT THE CORRESPONDING POINTS

CALL INTPLI1sAX(J)»QI{JIsPHI»QsDQDPHYFPPsFPPP)

CONTINUE

IF {ITER.GT.0) GO TO 490

FIND DQ/DW AT THE STAGNATIDN PODINT

DADW=({QI (2)=QI(NT=-1))F(2,.¥DT)
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CALL GETHSQ{(0.s0.)sHsHP}
RATC= 1.=1./0ABS{DODWI*SQORTIREALIHP)))
40 ITER = ITER+1
RAT = IF++RATCH*RATC
SUM = 0.
GET COMPRESSIBLE ANALOG FOR LOG(Q3
CO 50 J = 2sNK
RFAC = GX=-1.
IF ({JeEQe2)eDRe(JeEQ.NK}} RFAC = +3%GX-1.
IF (ITER.EQ.1)} RFAC = 0.
AXUJ) = ABS(QI(JFM)=QOLD{J)
QI(J) = ABS(QI(J)I+RFACHAX(I)
K = J+NK?
IF (K.GT.NK) K = K=NK
CALL GETHSQICMPLXIQR*QIC(JI*QI(J}s0.)sHoHP)
T = 5504}
FAC = 4,%3IN{.5%(T~TQ))**2/IRAT-2.*RATC*COS(T=~TO}}
HIMG = ABS(AIMAG{H))**{TWD
HAB = CABS{H)+HIMG*CONE
QLGIK) = 5%ALOG{HAB/FAC)
SUH = SUM+ QLG{K)
50 CONTINUE
QLGINKZ2+1) = QLG(NKZI+QLG{NKZ2+2)=.5%(QLGINK2Z=1)}+QLG(NK2+3))
QLGINT) = QLG {1}
AVE = (SUM+QLG (NK2+11)/FLDAT{NK)
SIG = CHPLX(EXP(AVE) 0.1}
H={1.0,0.0])
HP=(0.+504)
CALL GETUVI(SIGsCONJGISIGIsHyHP)
QS = REAL(H}*REAL(H}+REAL{HP)Y*REALI{HP)
QR = QR/QS
HACH = SQRT{1./{GCAMP*QR¥QSTRSQ~GAMM})
COMPUTE THE COEFFICIENTS FOR THE MAPPING FUNCTION
CALL FOUCF(NK,QLG sBP,AXsBX)
BPI1l) = CHPLX{(REAL(BP(1)}s0,.}
BPI1} = O.
NFL = NK/2
FILTER THE FOURIER COEFFICIENTS
FAC = {(PI+PI}/FLOAT(NK)
DO 60 J4 = 1sNFC
SIG = SIN(FLOATIJI*FAC)/{FLOAT{J)%*FAC)
60 BP{J+1l) = SIG*BP(J+1)
H = SOFXIOXIC)
H = SOFXI(XIA)
REWIND Ni
SKIP PAST FIRST TWO RECORDS ON TAPEL
READ (N1}
READ (N1}
HWRITE (N1) GQR»QSsRATC,ITERSNT»{PHII(J}QI{J} s J = 1sNT}
WRITE (N1) WTAIL
RETURN
70 WRITE {(N4s80) NK#NT
CALL EXIT
80 FORMAT (1HO9X» TH¥**%%xNK=I358H AND NT=I3»21H ARE INCOHPATIBLE##**x*
1 /7/710X22H#*+%PROGRAM STOPPED IN CYCLE®¥%% )
END
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COMPLEX FUNCTION XIOQFS{S»XIPAST)
CALCULATES CHARACTERISTIC COORDIMATE XI AS A FUNCTION OF 3
COMPLEX XIPASTs»XIOLDs XINEWsSOFXIs3SOFXIPs3
COMHMON /C/7 PISGRID, TOL
COMMON 70/ IIsIPLT»JJsKBMsKKsLBMsHMODEs MRPsNBaNCsNFsNJs NKs NN NPsNX
COMMON /G/ N1sN3pN&yNTsML
XIOLD = XIPAST
pO AT MOST 20 NEWTON ITERATIONS
PG 40 K = 120
XINEW = XIDLD=-(SOFXI(XIOLD)-S)/SOFXIP(XIOLD)
If (CABS{XINEW -XIOLD).LE.TOL) GO TO 50
XIOLD = XINEW
40 CONTINUE
XINEW = SOFXI{XIOLD)-S
WRITE (N4s»60) SsXIOLD»XIKEW
XINEW=XIPAST
50 XIOF3 = XINEW
RETURN
60 FORMAT (/% NO CONVERGENCE AT S=%s2F6e335X3HXI=s2F6.s356Xs*5{X[)-5=%
1 5 2F6.3/% TROUBLE CALCULATING SONIC LINE. CHANGE MACH *)
END

COMPLEX FUNCTION 30FXI (XID

CALCULATES HODOGRAPH VARIABLE § AS A FUNCTION OF XI

COMMON /Q/f FP>TEMP

COMPLEX XI1sX»FNsFPs3»CEXPs TENP

COMPLEX XITAILsBPsXIA»XIB,XIC

COMMON fHS BP{129)sXTAsXIBsXECsXITAILCONE»CTWO» CTHRsRATC»QRsNBPS
S = ({XI+1.}/{RATC*#XI+1.}I¥EXP(FNIXI))

WHERE FNUXI) = BPUJ+1})%XItJ ; J = ¢ TO NBP3-1

DATA X F{1.E10:0.,)/

IF ({REAL{X)+EQ.REALIXNI) ) AND. (AIMAGI{X)EQ.AIMAGIXI))) GO TO 20
X = XI

IF (REALUX)I¥%Z+AINAGIX)**2,.GTo1421) X = lo10%X/CABS{X)

FIRST EVALUATE FN AND ITS DERIVATIVE

FN = BPINBPS)*X+BP{NBPS-1)
FP = BP{NBPS}
J = NBPS-Z
10 FP = X*FP+FN
FN = X*FN+BP{J}
4 = J=1

If (J.GE«1) GG TG 10

FN = CEXP{FN} e

TEMP = 1./ (RATC#*X+1.)

So= X+ Y ¥ (TEMPEFENDY

TEMP = (1.=RATCI*TEMP*{TEMP*FN)
20 SOFXI = §

RETURN

END
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COMPLEX FUNCTION SOFXIP{XI)
COMPLEX XITAIL»BP»XIAsXIB»XIC

COMHON /FH/ BP(IZ?I;XIA:XIB:XIC’XITAIL;CUNE:CTHD:CTHR:RATC;QR;NBPS
COMMON 7Q/ FPsTEMP

COMPLEX XI»TEMPsFPsSOFXL

SOFXIP = SGEXI{XI)
SOFXIP = TEMP+FP®SOFXIP
RETURN

END

COMPLEX FUNCTION XIODFM(MsANG+XIOLD)

COMPUTE XI CLOSEST TD XIOLD WHICH HAS MACH NUMBER M AND ANGLE ANG
COMMON /A7 GAMMASMACH

REAL M»MACH

COMPLEX HSQsHSQPRs»S»XIDFSsXIOLD

DATA EMOLD/O./ » P1/3.34159265358979/

IF (MACH.EQ.EMOLD) GO TO 10

EMOLD = MACH

RAD = PI/180.

GAM = (GAMMA=1.}72,

COS5SQ =1./(MACH*MACH) + GAN

EMSQ = M=N

ANGL = ANG*RAD

QS = COSQ*EMSQ/(1.+CGaAN*ENSO)

CALL GETHSQICMPLX(QS»0.)2HSG, HSQPR)

$ = SORT(REAL{HSQ)I#CHPLX(COS{ANGL)»=SIN(ANGL))
XIOFM = XIOFS(S,XIOLD)

RETURN

END

SUBROUTINE AUTOZ(RESsDZ)

SOLVES LINEAR EQUATIONS FOR COEFFICIENTS OF STREAM FUNCTION PSI
REAL HMACH

COMPLEX ETJ,DZ,ROTATE

COMMON fA7 GAMMA MACH

COMMON /B/ FAREALSFAIMG» SAREAL» SAINGs FBIMG»SBIMGsXBIMGs YBIMG
COMMON /C/ PLsGRID,TOL

COMMON 7D/ ILsIPLTsJJsKBHoKKsLBMsNODEsHRPs NBs NCoNFsNJsNKsNNs NP s NX
COMMON /E/ ETJLE4)sBUMPLS5510) s NBMP

COMMON /F/ UOLDsVOLD s SINGFsSINGS»SINGXsSINGY,PHIOLD(20)}sPSIOLD(20)
1 » XOLD{20)»YOLD(20)» XAIMG»YAIMGSTHLASTSCLSDE

COMMON /G/ NlsN3sN&yNT7»M1

COMMON PHS(12953)sRHX{129s3)+RHY{129,3)sRHS(129s3)U(129),5V(129)
COMMON ARRAY(Ll2B,1281}

NT = NK+1

OW = (PI+PI}/FLOATINE)

NOSE = NF/{(NP+NP}

OM = —FLOAT(NDOSE-1)%DW

READ IN P51

00 25 LX = 1s2

CALL READX (2»MAXO(1lsNK/NF)})
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FAC = SQRT(2+%{1+~MACH*MACH)/FLOATI(NF))
ROOTZ = 1./5QRT(Z2.)

CONST = 1./S5QRT{FLOATI(NF})

W = ON=PI

DO 20 K = 1sNF

B0 10 J = Z2sNF

ARRAY{Ks»sJ) = FACKARRAY{Ksd])

W = W+DYW

00 15 J = 1,3 ,
RHS{K»Jd) = RHS{K»J)%FA(

ARRAY(KsNF) = ARRAY(KsNF)*ROOTZ2
ARRAY{Ks1) = CONST

CONT INUE

CALL LEQUARRAYsSRHS»NF»3,1285,12955X)
CALL READX {1-MAXO{1-NF/NKH)

FAC = FAC#SORT(FLOATINF}/FLOAT(NK})

DO 40 K = 1sNK

BO 30 J = 1s3

RHX{Ksd)} = FAC*RHX{K»d)

0O 35 & = Z2sNF

ARRAY(K»J) = FACHARRAY({K»J) J
ARRAY{K»NF} = ARRAY(KNF)*ROODTZ2

DO 65 M = 1.3

DO 60 K = 1sNK

SX =«RHX({KsM)

DO 50 J = ZsNF

S5X = 3X+RHS(JsM)*ARRAY(K,d)

PHSIKsH) = 5X

PHS(NK+1sM) = PHS(1,H)

IF (M«NE+3) GO TO 65

PHSI{NK+153) = PHS{153)+(PI+P1)*FAC
CONTINUE

CALL READX {4sMAXOULl,NF/NK}}

DD B0 W = 1,3

00 80 K = 1sNK

IF (M.EQ.l) ARRAY(KNF) = ARRAY (KsNF)*RDOT2
SX = ~RHX(KsM)

B0 70 J = 2sNWF

SX = SA+RHS{JsHI#ARRAY(Ksd)

IF {K+EQel) RHYINT»M) = FACH([(SX—RHX{NTsMI+RHX({1sM)]}
RHY (Ks M) = FAC*3X

CALL READX (3»MAXO(L»NF/NR)}

DO 100 W = 1,3

00 100 K = 1,NK

IF (MeFEQsl) ARRAYI{K;NF) = ARRAY (K, NF)#*ROOTZ
SX = —RHX{KsH)

00 90 J = 2sNF

SX = SX+RHS{JsMI*ARRAY (Ks )

IF (KeEQal) RHX{NTsM)} = FACHF(SX~RHXINT,MI+RHX({1sM})
RHX{Ks M) = FACHSXK

CALL GETABC(AFsBFsCF»FACSRES)

DO 110 K = 1sNF

RHS{Ks1l) = AF#*RHS(Ks1}+BF*RHS(K»2Z)+CF*RHS{Ks3)
CONTINUE

NFH = HF/2

B3 120 J = 1sNFH

ETJ(J} = CMPLX(RHS(Z2%Jd+151)»RHS(2%Js1)}
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ETJINFH) = CMPLX{O«sRHSINF»1}*RDO0T2Z}

PSIOLD(2) = RHS{1s1)1/50QRT{2.*{1.~HACH*NALH))

GET DX AND DY AT TRAILING EDGE

MBDE = -10

Call HAIN (=1s1)

HODE = 1

ANGROT = ATANZ2(-XBIMG»>—YBINMG)

ROTATE = CHMPLX(COS{ANGROTY»SIN(ANGROT)}

WRITE {N1) HACHsDFsCL,XAIMG>XBIMGs YAIMGsYBIMG,ROTATE
DZ = =(PI+PI}* CHPLX{XAING+XBIHG,YAIMG+YBIMGI*ROTATE
RETURN

END

SUBROUTINE READX(IND,ISKP}

RESULTS OF INTEGRATION COLLECTED IN ARRAY FOR USE IN AUTOZ2
IND = 1 FOR PHI», IND=2 FOR PSIs IND=3 FOR X» IND=4 FOR Y
ONLY EVERY <ISKP>TH POINT IS SJAVED

COMMON PHS (1295 3)sRHX{12%s3)sRHY{129»3)»RHS{129»3),U(129)sV(129)
COMMON ARRAY(128,128) .
DIMENSION DATA(G220)sSING{4)sBPER{4,3)

DIMENSION DODD{4»1281sSING1(4»103

COMMON /C/f PIsGRID>TOL .

COMMON 7D/ I13IPLT+JJsKBHaKKsLBMs MODEs MRPaNBsNCoNF o NJ s NK» Nit» NP2 NX
COMMON /G/ NlsN3sN&sN7sH1

IF {(M1.NE«N1J) REWIND M1

REWIND N1

SKIP PAST FIRST FDUR RECORDS ON TAPEL

READ (M1}

READ (ML)

READ (H1)

READ (M1)

KX =0

NOSE = NK/(NP+NP)

KSUP=0

DO 160 L = 1sNP

MX = 0

DO 150 JJ = 2sNFsKBH

M= JJd-1

X = MX+1

NX = MINOI{KBMsNF—M)

READ (M1) SING

IF (MX.GT.3) 60 TO 20

00 10 IX = 14

BPER{I¥»HMA)} = SING{IX)

READ {N1} KlsK2

IF (M1.EQ.N1) 60 TO 30

READ {M1) SING

READ (M1} K1ls,K2

INC = -1

K = KX+{K2=1)/ISKP+1

IF {K1.GT.0) GO TO 40

INC = 1

K = KX
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po0 150 LL = 1sK2

SKIP PAST FIRST PDINT FOR EACH SUBSONIC PATH

If (LLsEQ.INC} GO TO 90

SKIP PAST LAST POINT OF EACH PATH FOR SUPERSONIC PATHS
IF {{LL+EG.K2}+AND.{K1.GT«0)) GO TO 90
IF(MODILL-1s15KP)WNE.O) GO TO 135

K = K+INC

READ (N1) UKy VK ({DATA(IX>J)aTX=2s4)5Jd=1sNX) s (SING(IX}» IX=1,4)
IF (¥X.6T.3) G0 TO 60

U{K) = UK

V{K) = V¥

RHX(K»MX) = SING{IND}

00 70 & = I»NX

ARRAYI{K»J+#M) = DATA(IND»J)

IF(N1.EQ.M1) GO TO 81

READ (M1} UKsVKs ((DATALI X d)aIX=1od)a J= s NX) 2 (SINGLIX)sIX=1s4)
DO RICHARDSON EXTRAPCGLATION

DC 80 J = l1sHX

ARRAY{K»J+N) ={4FARRAY({K»J+MI-DATALINDsJ)) /3.

IFIHXG6T+3} GO TO 81

RHXIKsMX) = (4. %¥RBX{K,MNI=SING{IND)} /3.

CONT INVE

IF(ILEQ.NP) . ANDWA{LL.EQel?+ANDL{K1.GT.0}) €0 TD 82
IF{{L+EQsNP)+AND. (LL.EQ.K2) . AND,{K1.LE.O2} &GO TO 82

60 TOD 150

IF{IIND«GTe2) 4ANDJIKSUP.GTA0G)) GO'TO 132

GO0 TG 150

IF({L.NE«2)s0ORL(INDJLE.2}} GO TO 135

CORRECT THE ITERATION FOR X AND Y NEAR THE STAGNATION POENT
READ (N1} UKasVKs ((DATALIXeJ)oIX=104) s d=1aNXY}s (SING({IX)}sIX=1r4%)
IF (M1.EQ.N1) GO TO 110

READ (M1) DaDs(DsDsDATAIL»J)sDATALZ2s ) d=1aNX)sDa0sS5INGILY»SING(2)
D0 RICHARDSON EXTRAPOLATION

00 100 J = 1sNX

DATACINDsJ) = (4.*DATACIND» JI-DATALIND=25J))/3.

IF (MX.GT«3} GO 70 110 .

SINGUINDY = {4.&%3ING{IND)=-SING{IND=2}))/3,

DO 120 J = 1sNX

JX = J+M .

COR = DATA(IND»J) = ARRAY(KX»JX}

ARRAY (NOSEs»JX)= ARRAYINGSE>JX)— «5%{0OR

D0 120 KZI = NOSEsKX

ARRAY{KZ,»J3¥X) = ARRAYI{KZI»JX)+ COR

IF {MX.GT.3) GD 7O 150

COR = SING{IND)~RHX{KXsMX)

RHX{NBSE»MX) = RHX(NOSE»MX) -~ .5%COR

DO 130 KZI = NOSEsKX

RALEKZy MY = RHXAKI  »MX) 4+ COR

&0 TO 150

D0 133 J=1sNX

JX=J+M

COR=ARRAY(Ks» JX)-DODO(IND,JX)
ARRAY{NOSE»JX}=ARRAY (NOSE» JXI—«5*COR
DO 133 KZI=1sHOSE

ARRAY{KZs JX)=ARRAY{KZ» JX}+LOR
CONTINUE

IF(HX.6T«3) 60 TO 150
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COR=RHX(KsMX)+{PI+PI)*BPER(INDsMX) -SINGL(IND»NX}
RHX(NOSEsMX)=RHX(NOSEsHX)—-.5%COR

00 134 KZ=1,NOSE

RHX{KZsMX)=RHX(KZ>NX)+COR

GG TO 150

IF{(L.NE.1).OR{INDLELZ)) GO YO 141

IFI{K1.LE.Q) GO TD 141

KSUP=K1

READINLY UKy VKs ({O0DD(IXsJ+M)s1X=104)sJ=1sNX1s (SINGLIIXs»HX)s»1X=1s4
1}

IF(M1l.EQ.N}) GO TO 150

READ(ML) DsDys (DyDsDATALL»J}sDATALZ JipJolsNXIsDrDsSINGIL)»SING(2)
00 136 J=1sNX

JX=J+H

DODO(IND, X)}=(4.¥DODO{INDs JX)=DATA{IND=25Jd11}/3,
IF{MX.GT.3)G0 TO 150
SINGI{IND,MX) =14+ ¥SINGL(IND»MX]I=SINGI{IND=-2))7/3,
60 70 150

READI(NL)

IF (M1.NELN1) READ (M1}

CONTINUE

KX = KX+{K2-1)/ISKP

IF {IND.NE.2) GO TO 180

b0 170 M = 1,3

PO 170 K = 1sHK

RHS(KsH) = RHX{KsH)

RETURN

BO 190 M = 1,3

RHX(NK+1sM} = RHX{1oHM)}={PI+PI}*BPERTLIND,HM)
RETURN

END

SUBRBUTINE GETABC (AFsBF,CFsCXs DMAX)

SETS UP SINGULARITIES FOR FLOW AT INFINITY AND aDJUSTS CUDRDINATES
COMPLEX SOFXI»XIsSXsxIBODDY

COMMON /B/ FAREALsFAIMGs SAREAL,SAIMG,FBIMNG,SBIMNGs XBING, YBING
COHMON /C/ PIsGRIDSTOL

COMMON /D/ IIsIPLT»JJsKBMsKKsLBMHsMODEsMRPs NBsNCoNFaNJsNKs NNy NPsNX
COMMON /F/ UOLBsVOLD»SINGFeSINGS»SINGX, SINGY»PHIOLD{20)},PSI0LD{20)
1 » XOLD(Z20)sYOLD(2D ) XAING»YAING» THLAST»CL»DF

COMMON /7G/ NIsN3»N&syN7-M1

COMPLEX XITAILsBFsXTAsXIBsXIC

COMMON JH/ BP{129)sXIAsXIBsXICy XITAILSCONEsC TWO>CTHRsRATCs QR NEPS
COMMON PHS(12953},RHX(12953)sRHY {129, 3)»RH3(12953},U(129),V(129)
COMMON AX(L130)sBX{130)s550130),QLG(130),SE(300),QI(300)>»ZERDI300),
10QDS(300)»DPHDS{300)» FP{300) s FPP(300}sFPPPI300)»QPP{300),QPPP(300)
2 »ES(600),Q(600)sPHL(600)sPHII(130)

COMMON OM(130)sDPHI(130,3),PHIPP{130s3),PHIP3(130s3)},PHINT(130)>

1 DPHII(130)sPHIIPP(180),PHIIP3(130) »DX(130}»,0Y(130}),PHIX{1301),

2 STAGI130)»XIBODY(200),UB0DY(200)sVBGDY{200),XB0DY{200)>YBOOY (200)
DINENSION DPDWO{3),PHIWO({3)sPHIWTI(3)

DATA RELAX /.B/

Nl = M1
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REWIND N1

READ (N1)

READ (N1) NPTSs50s PHHNsGAMs CES(J) QU J)sPHILJ)s J = LsNPTS)
READ (N1) QRs>QSsRATC>ITERsNT»{PHII{J)QI{d) » J = 1sN7)
READ {N1) WTAIL

CONSTRUCT ARRAY OF EVENLY SPACED PDINTS AROUND THE CIRCLE
DW = {(PI+PI}/FLOAT(NK)

NOSE = NK/S {NP+NP)

OM{1) =—FLDAT(NDOSE-1)#DW-PI

DO 10 K = 1,NK
OMIK+1) = OM{K)+DW
ZEROLK) = D,
10 CONTINUE
STAGNATION POINT IS AT DM = -PI

DO 20 M = 1,3
SPLINE FIT EACH OGF THE SINGULAR SOLUTIONS
CALL PSPLIF(NT»OMsPHS(1sM)»DPHIC1sM)sPHIPP (1M} PHIP3{1sH)sPHINT)
EVALUATE PHI AT -Pl
PHIWO(M) = PHSI{NOSE»H)
EVALUATE DPHI AT —-PI
DPOWMO(M) = (PHS{NOSE+1,M)=PHS (NOSE~1,M) )7 {DW+DY)
20 CONTINUE
CF = GAM/{PHS{NT»3)-PHS(1s3))
WELL = GAM-PHHMN
WT IS CIRCLE ANGLE CORRESPONDING TO THE TRAILING EDGE
WT = WTAIL
THE FIRST EQUATION REQUIRES DPHI/DW=0 AT STAGNATION
All DPBWOLL)
Alz opoWB(2)
Bl = =CF*DPDWO(3)
ITERATE TO FIND WT AT MOST 20 TIMES
DO 80 J = 120
DO 40 M = 1.3
EVALUATE PHI(WT} FOR EACH SINGULAR SOLUTIDN
CALL INTPL(lsWTsPHIWT(M}sOMsPHS{1sM)sDPHE(LIsM)sPHIPP(1sM),
1 PHIP3(1sM))
40 CONTINUE
THE SECDND EQUATION FIXES PHI TRAILING EDGE— PHI STAGNATION
AZl = PHIWT({1)-PHIWOC(L}
AZ22 = PHIWT{2)-PHIWG{2)
B2 = «CF*{PHIWT(3)}=PHIWO{3))+WELL
BF = (ALl1+82-AZ1%B1)/(AL1%A22=-A21%A12)
AF = (AZ2#B1-A12%B2)/{A11¥A22-A21%A12)
DO 50 K = 1sNT
PHIX(K) = AF®*PHS(KsLl) + BF#*PHS(Ks2) + CF*PHS{Ks3)
DPHI1(K) = AF¥DPHI(K»1l) + BF*DPHI(Ks2)+ CF*DPHI(K»3)
PHIIPPLK) AF*PHIPPIK» 1)+BF*PHIPPIKs» 2} +CF#PHIPPIK»3)
PHITP3(K} = AF¥PHIP3{K»I)+BF#PHIPI{Ks 2 )+CF#PHIP3 (K5 3)
50 CONTINUE
FIND THE LOCATION OF THE TRAILING EDGE
N3TAG = =K
CALL INTPLIANSTAGsSTAGZEROsNT»OMsOPHIISPHIIPPsPHIIP3sZERD)
WIGLD & WT
WT = 3TAGI(1)
IF (NSTAG.LE.1) GD TO 70
DO 60 LL = Z2yNSTAG
IF (ABS{STAGILL)=WTOLD) LT ABS(WT~WTOLD}) WT = STAGILL)
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REPRODUCIBILITY OF THE

CONTINUE R
IF {ABS(WT=-WTOLD}.LT.TOL) GO TO 85 ORIGINAL PAGE IS POO
CONTINUE

WRITE (N4,200) WT

DHAX = 0.

PHINOS = PHIX(NOSE)

RFAC = RELAX-1,

KM = 1

UINTY = U{1l)

VINT) = V(1)

SX = SOFXI{-CMPLX{COS{TOL)Y»SIN(TOL)})

U(NOSE) = REAL(SX)

VINOSE} = —AIMAG(SX)

KX = (WT-8M{1}}/0W + 1l.-T0L

DELX ==o5%(AF*(RHX{NTsL)~RHX(1,1))4+BF*{RHX{NTs2)=RHX(1s2))+
1 CFH{RHX({NTs3)-RHX{1»3})]

DELY ==o5% [AF®(RHY{NTs1L}-RHY{1-2))+BFE(RHY{NT»2)-RHY(122) )+
1 CE#{RHY(NTs3)-RHY(1s312)

RAT = (OMI{KX+1)}-WT)/DW

XI = CMPLX(COS(WT)»SINCHT))

XIsODY({1) = XI

GET U AND V AT THE TRAILING EDGE BY LINEAR INTERPOLATION

UBADY (1) = RAT#UCKK} + (1.-RAT)*U(KX+1)
VBODY(1) = RAT®VIKX) + (1.-RATI*V(KX+1)
DO 110 K = IsNT

4 = K+KX

IF {(J.GT.NK} 4 = J-RK
IF (J«.NE.1) GO TO 90
DELX = =DELX

DELY = —DELY
XBODY(K+1} = AF*RHX{J»l)+BF&RHX{(J»2)+CF*RHX(J»3)+DELX
YBODY(K+1) = AF#RHY{.J, 1)+BF*REY [JsZ2}+CF*RHY{ Jp3) +DELY

XI = CHPLX{COS(OM(J))»SIN{GH({JI)I )}

XIBODY(K+1) = XI

VBADY{K+1) = V(J)

UsopY{K+1}) = U{J)

J = K+NOSE=1

IF (J+GTLHNK] J = J=NK

PHIIK = PHIX(J)=PHINOS

IF {J.EQ.MNK) PHINGS = PHINOS-GANM

AX{K) = PHIIK-PHII{K}

PHITI(K) = PHIIK+RFACHAX{K)

IF (KoeLTeNK/2 } PHII(K) = AMAXL(PHII{K)»PHII{KMN})

Kit = K

IF (ABS(AXIK))}.LT.DMAX) GO TGO 110

KMAX = K

DHAX = ABS{AX(K))

CONTINUE

XIBODY{NT+l) = XI&ODY{1)

UBODY(NK+2) = UBODY(1}

VBODY(NK#Z) = VBODY (1)

GET X AND Y AT THE TRAILING EDGE BY FOUR POINT INTERPOLATIDN

Bl = «S5*([L4+RATIF(2.-RAT])

B2 = RAT*{RAT=1.1/6.

X% = RAT#*(XBODY(NK+L)=DELX)+{1.=RAT)I#{XBODY{(2)+DELX)

YY = {2+-RAT)*(XBODY{(NK}-DELX)+{1.+RAT)*{XBODY{3)+DELX)
XX = BL*XX+BZ¥YY
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XBODY{1l) = XX-DELX

XBODYINK+#2) = XX+DELX

XX RAT®=(YBODY(NK+1)=DELY)+(1.~RAT)*{YBOODY(Z2)+DELY)
YY (2+=RAT}I*({YBODY{NK)-DELY I+ (L +RAT}®(YBODY(3)+DELY)
YY = Bl&XX+B2%YY

YsoODY (1) = YY-DELY

YBODY (NK+2) = YY+DELY

DMAX = AX(KMAX).

WTAIL = MT

PHII(NT} = GAM

FIND HINIMUM VALUE OF X

XHIN = X80DY(1)

00 120 K = Z#NT

XMIN = AMINICXMINSXBODY(K))

NTP = NT+#1

XMHAX = 5% (XBODY(1)+XBODYI(NTIP))

SCALE = 1./(XHAX=XHIN}

MNOSE = NOSE-KX

IF {NOSE«LT.1) NOSE = NOSE+NK

XNOSE = XBODY (NOSE}

YNOSE = YBUDY (NOSE)

S8 = CX=3CALE -

XOLD(2) = SCALE#{DELX-XROSE}

YOLD(2) = SCALE*{DELY-YNOSE)

CL = SCALE*{CF4+CF)*(PHS{NK+1,3)=PHS(1+3))
DO 130 K = 1,NTP

XBODY{K} = SCALE*(XBODY(K)-XNOSE)

i

YBODY(K) = SCALE*(YBODY{K3~-YNOSE)
X1TAIL = XIBODY(1l}

AF = AF#3F

BF = BF*SF

CF = GF%SF

DIS = 1.

IF (NB.NE.l) DIS = -CABS(XIB=XIA)

FAREAL = —AF/DIS

FAIMG = =BF /D13

FBIMG = -CF

IF {NBaNE«l) FBING = FBIMG-FAIMNG

REWIND N1

READ {N1)

READ (N1}

WRITE (N1) QR»QS5,>RATC» ITERsNTs {PHII(JI,QI{d} s J = I,NT)
WRITE (N1) WTAIL, {XIBODY(JipUBODYCJIsVBODY{J)sXBODY{J)YsYBUDY( D)y
1 J = 1»NTP}>NBPS»(BP{J)s J = 1,NBPS)

RETURN )

FORMAT-{* -WT DID NOT -GONVERGE»—WT=—%*s»E20+10}

END

SUBROUTINE MAINCITYP,IPASS)

ORGANIZES INTEGRATION OF DIFFERENTIAL EQUATIONS ALONG PATHS IN THE
COMPLEX PLANE

COMPLEX UsVsF1laF2sF3551552,53s LANDAP LAMDAMSXISETA» TAU,PHI»PSI
COMMDON PHI(58551)55KA(390),PSI{58551)sSKB(390},XIL585),ETA(585]),
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1 Ui585),V{585)sF1(585)s51{585)sF2(585},52(585),F3(585),53(585)»
2 LAMDAP{585)> LAMDAN(S85),TAUL(585)
COMPLEX I,ROOT,ROO0TZsX1sY125IGsSIGPUSIGsVSIGsRHOSIG,SOFXIsSOFXEP

REAL MACH
COMMON /A7
COMMON /B/
COMHMON JC/
COMMDN /D/
COMMON /F/

GAMMAsHACH, RAOT

FAREALSFAIMGs SAREALsSAIMGs FBING»SBIMGSXBINGYBING
PIsGRID,TOL

II5IPLT» JU»KBMs KKsLBMyMODE» MRPs> NBy NCy NF»NJsNKs NN NP » NX
UDLDs VOLD s SINGFsSINGS»SINGXs SINGY»PHIBLD (20),PSI04LD{20)

1, XOLDU(20)sYOLO(20)»XAING,YAIMG, THLASTSCLSDF

COMMON /G/

NIsN3sNGsNTsM1

DATA TI/{0.21.)/ » SJUMP /0./

IF ({MDDE«+GT+1) sOR«{IPASS+5T2) s UR.{ HODE.,EQ.=10)) GO TO 10
IF(HGDELLTW0) THOLO=AIMAGICLOG(XE(NC}-XI(NB)}}

IR = (PI+PI)/GRID +1.-TOL

IR = MRPH{L+IR/MAXO(NFsNK]]}

IF (MEGDE.LT.0) IR = MRP

DIS ==CABS(XI{NB)=XI(11})

Ug = UINB)
VB = VINB}

Q5B = UB*UB+VB*VB
RHOB = RHG{QSB)

UA
VA

1]

REAL(UCL1))
REAL (V{1 ))

Q5 = UA*UA+VA¥VA

GAM = (GANMA-1.}/72.

CS = 1./{HACH*MACH)+GAM-GAN*QS
RHOA = RHEG{QS)

Q54 = 45

IF (NB.NE.1) GO TO 10

XBIMNG = 0.

YBING = -TOL
SIG = SOFXIIXI(L))

DIS 1.

CALL GETHSQICHMPLX(QS5C1>USIGSVSIG)

USI6 = CONJG(SIG}/{2.#REAL(VSIGI*CHMPLX{UAsVA))

VSIG = +5#I¥CHPLX{UA»VA)/CONJIG(SIG)

RHOSIG = —(UA*USIGHVA*VSIG}/CS

SIGP = SOFXIP({XI{1))

READ IN THE NEXT PATH

IF (ITYP.GE«Q) CALL GTPATHI{XI>NCH+1lsNN»1)

GET Us V» Fls 351s LAMDA+s LAMDA=-» TAU AND ETA ON XI=CONJGIXIA)

Util) = U4
Vil = Va

IF (IPASS.GT.4) 60 TO 70

NJ = =NJ

CALL LAMBDA{USVSLAMDAPSLAMDAMSTAUs 1)

SBING = 0.

60 TD {205,30540»50) IPASS

F1{1) = CMPLX{FAREAL»FAING)
GO TO &6

F1(l} = 1./DIS

FBING = 0.

THOLD = THLAST

GD TO 60

F1{1) = CMPLX(0as»1./DIS)

FBING = 0.
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GO TO 60

F1{1) = 0.

FBIMG = 1.

FAREAL = REAL(F1L1))

S1(1} FL(1}/TaULL)

SAREAL = REAL(S1(1))

FAIMG = AIMAGIF1(1})

SAING = AIMAG(S1{1))

45 = UARUA+VARVA

X1 = (UA*F2{1)-VA®(S1(1)/RHOA))/QS
Y1 = (UA*(S1(3)/RHOAI+VAHFL(1))/Q5

XAING = AIMAGI{X1}
YAIMNG = AIMAGIYL)
FL{1) = FAREAL
Si{1) = SAREAL

THLAST = THOLD

IF (NB.EQ+1) GO TO 70O

SBIMG = =35AING

IF (MODE.GT.0) FBING = FBIMG=FAIMG

Q5 = UB%*UB+VB*VB

XBING = (UB*FBIMG— VB*(SBIMG/RHOB)} /QS
YBING = (UB*({SBIMG/RHOB)+VB*FBING) /QS
IF (HODE.GT.0) GO TO 70

X1 = CHPLX{UA, VA)#CHPLX(YBIMGyXBIMG)

Y1 = CHMPLX{UBs VB)*CHPLX{YBIMGsXBING)

TURN = ATMAGI{X1)}-AIMAGIY1)

DF = 1.,-SQRT(QSA/QSB) + PI¥TURN/SQRTIQSB]

IF (MODE.GT.=10) CALL GETFSO(Z2sNN)

IFf (NB.MNE.l) GD TD 80

IF {MODE«GT+=10) CALL GETFS2(2sHNN)

XX = FBIMG + AIMAG(SIGP*{USIG¥XI+VSEG*Y1))

Yy = AITMAG (SIGP*({USIGH+UA*RHOSIG}I*YI-{V5IG+VA*RHOSIG)*X1))
XAING = (UAFXX=VA*YY)/QS

YAING = (UAFYY+VA%#XX)/QS5

IF {MODELLE.OQ) II = JJ

FJUMP = FAIMGH+FBIMG

XJUMP = XAING+XBIHNG

YJUMNP = YAIMG+YBIMG

IF {MODE.LT.=9) RETURN

IF (MODE.GT+0) HWRITE (N1} FJUHP» SIUNP2 XJUMP2 YJUHP
LIM = MAXO{NX,MODE+1)

DO 90 L = 15LIN

XOLD (L) 0.

YOLD (L) 0.

SINGX = XOLD(2)

SING Y= Y QLD )= wor o oo o

CHECK FBR SUPERSONIL PATH

IF {(KK.6T.0) GO TO 100 -

SUBSONIC PATH, COMPUTE SOLUTION IN THE TRIANGLE
CALL TRIANG{Z,NN)

RETURN

SUPERSONIC PATHs READ IN THE OTHER PATH

CALL GTPATH(XIsNC+1,HN,»1}

SOLVE IN THE RECTANGLE XI(2)<XI<XI(JJ) s ETA{Z)SETASETA{NN]
00 110 & = 2534

GET UsVaFls3lslLAMDA+»LAMDA~»TAU ON XI=XIA

CALL GETFS1tJ)
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KEEP TRACK OF THE BRANCH OF THE SQUARE ROOT FOR LAMDA+,LAMDA-
ROOTZ = ROOGT
CALL EINEJ{J»2sNN)
IF (JJ.GELNC) CAELlL GETPSIINCsJ)
IF (JJEQ.NB) CALL GETFS2{NB+1,NN)
KOOT = ROOTZ
110 CDONTINUE

4 = Jd

L = NN

H =1+ (MH-JJI/IR

LN = II

IF (MODE.GE.O) LN = NN
NCP = NC+1

BO 120 K = NCPsLN
120 CALL GETPSI{K»d}
IF (MODELNE.O) WRITE (N1) KK st

GG TO 140
I30 L = L=-1
J = J¥l

CALL GETFS1(J)
REOOT2 = RAOOT
CALL LINEJ{Js25L)
ROCT = ROOTe
IF {MODE.GE.Q) LN = L
CALL GETPST{(LNs)
140 IF (MODE.LT.0} GO T0 150
THSUP = THLAST
IF (MOD{J-JJd»IRI.NE.O) GD TO 160

WRITE (N1) UOLO,VOLD s {PHICLDIK)» PSIOLD(K) s XOLD(K)» YOLD(K I »
1 K= 1sNX)25INGF2SINGSs SINGXs SINGY
GD TO 155

150 IF (MOD(Jd=JJs IR} NEL D) GO TO 160
WRITE (N1} UDLDsVOLDsSINGX» SINGY»SINGFsSINGS»XI(J}»ETALII)
IF (L.EQ.II)} GO TO 160
XX = SINGX
YY = SINGY
CALL SAVE {(II+lsL»J)
SINGX = XX
SINGY = YY
I55 M = H-1
160 CONTINUE
IF (JJEQ.HM) RETURN
If ((MODE&LT«0)eANDL{MODI{J=JJI»IR}I-EQ40}]} WRITE (NI) KK,M
GO TO 130
END

SUBROUTINE TRIANG (K1:K2)

SOLVES CHARACTERISTIC INITIAL VALUE PROSBLEH FOR SUBSONIC FLOW
COMMON FA/ SKPI{Z2]):RO0T

COMMON fC/7 PIsGRID,TOL

COMHON /D7 IT5IPLT»JdJsKBMyKKsLBMsMODESMRPs NBy NCs NFs NS HK s NN s NP » NX
COMPLEX UsVsF1sF2sF3s51s52sS3sLAMDAP» LAMDAMSXI»ETAS TAU»PHISPSI
COMMBR PHI(585,1)»5KA(390)sPSI(58521)s3KB(390)sXI(585)2ETA(585),
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1 UL5853sVI585)sF1{5B85),SL{5851sF2(585},521585)5F3(585),53{585),
2 LAMDAP(585), LAMDAM(5B85]),TAU(585])
COMPLEX TENMP » ROOT
LOFF = ~1
IF (MODE.LE.Q) LOFF = 0
DO 30 J = KlsK2
SET THE BRANCH FOR THE SQUARE RODT IN LAHDA+ AND LAMDA-
RDDT = {0..‘ 1. )
GET VALUES OF UsVsFlsS1lsLAMDA+» LAMDA=-»>TAU AT XI(J)»ETALJ=1] BY
REFLECTION OF THESE QUANTITIES AT XI(J=1)sETA{J)
Ued—1) = CONJGIU(J))
VEJ=11 = CONJGIV(JY}
Fl{J=1) = CONJG(F1{(d})
S1{(J=1) = CONJG(S1(J))
TEMP = CONJG{LAMGAPLJ))
LAMDAP(J~1) = CONJG(LAMDAMUJ))
LAMBANIJ=-1} = TEMP
TAU(J=-1} = CONJG(-TAU(J)]
CHECK TO SEE IF WE ARE PAST XI(NB)
IF (J.LE.NB} GO TO 10
GET F2 AND 32 BY REFLECTION
F2{Jd-1} = CONJG{FZ{Jd)}
SziJd-1}) = CONJGI(S2(4))
CHECK TO SEE IF WE ARE PAST XI(NC)
IF (J.LE«NC) GO 70O 20
GET F3 AND 53 BY REFLECTION
F3(J-1) = CONJG(F3{J}])
S3{J-1) = CONJG(S3(J))
IF (NX.LE.O0} 6O TO 20
DO 15 LX = 1sNX
PHI(J=1s£X) = CONJG(PHI{JsLX})
PSI{J=1,LX+L0OFF) = CONJG(PSI{(J,LX+LOFF})
GET SOLUTION AT XI{J} FROM ETAC(J) TO ETA(KZ)
CALL LINEJUJsdsK2}
IF {J.GEWNC) CALL SAVE (JsJsd}
IF (JJEQ.NB) CALL GETFS2{J+1:K2)
CONTINUE
END

SUBROUTINE LINEJ(JL,K1»K2)
SOLVES INITIAL VALUE PROBLEM ALDNG A COMPLEX CHARACTERISTIC
COMMONZAS GAMMAs MACH,ROOT
COMPLEX ROOT
COMMON /87 FAREALsFAIMNG,SAREALs-SAINMNG»FEIMGs SBIMGsXBINGsYBING
CONMON /C/7 PIS,GRID,TOL
COMMGON /D7 IIsIPLTsJJoKBHoKKsLBMNsHODE» MRPyNBs NCyNFyNJsNKs NN MNP o NX
COMPLEX UsVeF1sF2sF35515529S3sLAMDAPY LAMDAMS XIsETA»TAUSPHI»PSI
COMHMGON PHI(585s1)»SKA(390G)sPSI(S8551)>5KB(390),XI(5851sETA(585),
I UIB85)1sV(585)sF1L{585),51(585)sF2(5851,52(585)»F3(5685)553(585)3s
2 LAMDAP(585)+ LAMDAMISE5)»TAU(G85)
COMPLEX DXIsEFsGEsRH1sRHZ,RH3»RHG» LAMBP»LAMBM, LAMBPHs LAMBMH,U3,V3
1 2 IsXIHsETAHsPHINC(30)»TAUL DY sETGEs TAUMs TAUP,DTAUIL
COMPLEXY TlaT2sWS3sW3sLAMFsL235L13»HS13sW23sW1lsW2rWS1sWS25LANLI» LANZ
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CONMON /WHS/ H2sWS2ZsLAMZ

DATA T 7{0aslal/

J = J1

LOEF = -1

IF (MODELLELOQ) LOFF = 0O

IF ((JeNE«NC).ORe {KLJsGT4NC}) GO TO 20
NEX = 1

KZi = MAXO{1-MODE»sO}*KK

IF {NB.EQ.1) MNEX = 2

D0 10 LX = 1s,NX

CALL INITENUETA{NC)sPHINCELX)»LX)
PSI(NCs»LX+LOFF) = 0.

PHI(NCsLX) = PHINC{LX}

IF (KZ.6T.0) 6D TO 10

PHI{NC,LX) = REAL(PHINC{LX))

CONTINUE
F3(NC) = 0.
S3INCY = Q.

DXI = XI{J}-XI(Jd-1)

XIH = 9= (XI(J)+XI{J4-11}

DO 120 L = KisK2

IFT(KK«GT«0) ANDL{MODELLT-0)) G0 TO 21

SOLVE FOR U AND V TO FIRST ORDER ACCURACY
RH1 = VI(L}=LAMDAPC(L)Y*U(L])

RHZ = VIL=-1)-LAMDAN(L=1)+U{L=1)

U3 = {RH1-RHZ}/(LAMDAM{L-1}-LAMCAPI{L)}

V3 = RHL+LAMDAP{L)I*U3

COMPUTE LAMDA+»LAMDA=- TO FIRST ORDER ACCURACY AT XI{J)sETA(L)
CALL LAMBDA {U3,V3sLAMBPsLAMBM»TAULs-1).
COMPUTE MIDPOINT VALUES OF LAMBDA+ AND LAMBDA-
LAMBPH = «5%{LAMBP+LAMDAP{L) )

LAMBHH = JS5%{LAMBM+LAMDAMNIL-1)}

SCLVE FOR U AND V TO SECGND ORDER ACCURACY
RHI = V{L)=-LAMBPH*U({L)

RH2 = VIL-1)-LAMBMH=U{L-1)

UCL) = (RH1-RH2)/{LAMBMH=LAMBPH)}

VIL)Y = RHL+LAMBPH*U(L)

FIND LAMBDA® AND LAMBDA— AT XI{J)sETALL)
CALL LAMBDACUDILYIsV(L)» LAMDAP(L}sLAMDANI(L) s TAUL,1)
60O TO 22

CONTINUE
WS1=U{L)+CHPLX{-AIMAGIVI{L}Y s REALCV{L})}
Wl=U{LY=CHPLX (=AIMAGIVIL) Y»REBALIVIL)Y))

CALL LAMBD(W1»WS1sLAM1»TAUs-2)

Tl=LANMZ2/ {W2EH2)

T2=LAMYL/ {HWS1%KS1)
WSA={=-T1#(T2*WS1-WL)—{T1%W2-H32)3/{1.-T1%#T72)
W3=T2¢(WS3-WS51)+¥41

CALL LAMBOD{(W3»WS3sLAMF»TAUL,~1}
L23=0.5%(LAMZ+LANF]

L13=0.5%{ LAML+LANF)

W3I3=C0 5% (WS3+UWS51)

WE23=0.5%{W3+42)

T1=2L237/(W23%W23)

T2=L13/(WS13%KWS13)
Tl={=-T1*{T2#WS1-W1)}=(Ti%W2=-WS2)} )/ (1l.~-T1*T2}
W2=T2%(T1-WS1)+41
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WS2=T1
CALL LAMBDEWZ2aWS2sLANZ» TAUL,1)
UCLI=(W2+WS2) /2
VL) ={UWS2-W2) F{2.%1}
22 CONTINUE
COMNPUTE MIDPOINT VALUE FOR TaAU
TAUP = 5= (TAU(L-1)}+TAUL?}
TAUN = -, 5%(TAUILI+TAUL])
TAUCL) = TAUL
DTAULI = 1./(TAUM-TAUP)
IF {NJ.GT.0) GO TGO 40
COMPUTE F1 AND S1 AT XICJIsETALL)
RHYL = F1{L)+TAUM*S1(L])
RH2 = F1{L-1Y+TAUP*S1{L-1}
S1{L} = (RH1-RHZ)=DTAUL
F1{L) = RH1-TAUM#*31(L)
CHECK TO SEE If WE HAVE REACHED XIB
IF{(J.LE.NB).ORa (LaLTeNB}) GO TO 120
COMPUTE F2 AND 52 AT XI(J)s=ETALL)
RH3 = FZ{L)+TAUM*SZ(L}
IF (L.GT.NB) GO TO 30
CGMPUTE F2»,S52 UON ETA = XIB»XI = XItJ)
RH4 = J#(FBIMG+TAU(L)I*SBIMG)
S2(L) = {RH3-RH4)}/{TAUMN-TAU(L))
FZLLY = RH3=TAUM#*52(L)
G0 70 120
30 RHG = F2{L-1)+TAUP®52(L-1)
S2{L) = {RH3-RH4)*DTAUI
F2{L} = RH3I-TAUM*S2({L)
IF({JaLTaNCIaORa(LLLTSNC)) GO TO 120
COMPUTE THE INHOMOGENEDOUS TERM
EF = (RHL+I*(FAIMG+ TAUM *SAING))/{XI(1)-~XIHI**NEX+ {(RH3+I*{FBIMNG
1 + TAUMESBIMGIISI{XI(NBI-XIHI
IF {L.NEJNC) GO TO 50
IF [J.EQ.NC) GO TO 120
IF (KZ.LE.Q) EF = «5%EF
S3{L} = S3{L)+DXI®*EF/TAUN
35 IF (KZ.+GT.0) 60 TO 120
IF {J+EQ«NC) GO TO 120
PO 38 LX = 1sNX
CALL INMITFNL{CONJGIXIE(J})sDYsLX}
DY = +5¥{PHINCI(LX}+CONJG(DY]))
PSI{LsLX+LOFF) = PSI(LsLX+LOFF)~(DY-PHI(LsLX))/TAUN
38 PHI(Ls,LX)} = DY
GO 70 129
THFOTIFTCIITUTINC o ORI L T NCTY "GO TO 120
IF (L.EQ.NC) GO T.O 35
IF (J.NE.NC) GO TD 100
GO TO 70
50 GE = (Oes04)
CHECK FOR SUBSONI{ PATH
IF (KZ.GT.0) GO TO 60
PATH IS SUBSONIC, GET SYHMETRIC EF AND GE
EF = .5%EF
ETAH = «5%#{ETA(L)+ETA(L-1}}
GE = 5% ((RH2-IF{FAIMG+ TAUP *SATMG))I/{ETA{1}-ETAHY*%XNEX + (RH%
1 -I+{(FBINMG+ TAUP *SBIMGI)/{ETAINBI-ETAH))
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IF (J«NEJNC} GO TO 99
GET F3»53 ON INITIAL CHARACTERISTIC XI = XIC
ETGE = {ETA{L)-ETAIL-1))%GE
Fa(L) = 0,
S3{L)Y = S3(L-1)+ETGE/TAUP
GET PSI AND PHI OGN THE INITIAL CHARACTERISTIC XI=XIC
DO B0 LX = 1sNX
CALL INITFN(ETA{L},PHI(LsLX)}sLX)
IF (KZ4LEW0) PHICLsLX) = +O%(PHICLLX)+CONJG{PHINC(LX)))
PSI(LsLX+LOFF) = PSI{L—-1sLX+LOFF)—(PHI{LsLX)=PHE(L=1,LX)2/TAUP
GO TO 120
COMPUTE F3 AND S3 AT XI(JIsETAIL}
DY = DXI*EF
ETGE = {ETA(LIETA(L=1))%GE
RHL = F3{L)+TAUM%S3(L)+DY
RHZ = F3{L-1)+TAUP*53{L-1} +ETGE
) = (RHL-RHZ2)*DTAUL
F3{L} = RH1-TAUM#%S3I(L)
DO 110 LX = 1,NX
RH1 = PHICLsLX)+TAUMPSIILsLRX+LOFF)
RHZ = PHI(L-1yLX)+TAUP*PSI{L-1sLX+LGFF)
PSI(LsLX+LDFF) = {(RH1-RH2)%*0TAUI
PHL(LsLX} = RHI-TAUMPSI(LsLA+LOFF)
CONTINUE
CONTINUE
RETURN
END

SUBROUTINE SAVE {KlsKzZsK3}

SAVE THE SOLUTIDN IN THE REAL HODOGRAPH PLANE FROM ETA{(K1) TO
ETA(KZ2) ALONG XI(K3) ON TAPE

COMMDON /B/ FAREAL»FALMGsSAREAL,SAIMNG»FBIMG, SBINGsXBIMNGs YBING
COMMON /C/ PI+GRID,TOL

COMMON /D7 I15IPLTsJdJdsKBHs KKy LBHs MODEsMRPsNBsNE » NF 2 NJ s NK> NN2 NP s NX
COMMON /F7 UDLDs VOLDsSINGF»SINGS»SINGXsSINGYsPHIQLD(20)sPSIOLD(20)
1 » XOLDU20)sYOLD{20)s XATMG» YAIMGs THLASTSCLsDE

COMMON 7G/ N1yN3sN4grN7sM1

COMPLEX XITAIL,BP,XIA»XIB,XIC

COMMON /fHY BPUI29) s XIASXIBsXICH» XITAILsCONESCTWOsCTHRsRATC QR NBPS
COMPLEX UsVsFisF25F3581552»53LAMDAPSLANDAM XTI, ETA TAULPHISPSI
COMMON PHI(585511s5KA(390)sPST(585s1)sSKB(390)sXI(585)ETALDEE )
1 UC5B5),VIE85),F1(5B5)sS521{5B5}sF2(585)52(585),F3(585)s53(585)»
2 LAYMDAPISB5),LAMDAN(S85)»TAU(SES)

REAL LOGI,LOG2

COMPLEX TEMP,ROTATE

COMMON /TT/ ROTATEs THETASTHETAPDUM(S)

LOGICAL ISW

DATA UBLD/OQ./sVOLD/0s/sUNEW/QW/»UNEW/0./

IF (NJ.GT«0)} G0 TO 40

LOFF = -1

IF (MDDE.LE.O) LOFF = 0

TEMP CLOG {({(XI{K3)=XI(1})/{XT(K3)}=XI(NB}))

LDGE REAL{TEHP}
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REPRODUCIBILITY OF THE

IF {K3.NE.NC} GO TO 10 ORIGINAL PAGE IS POOR

IR (PI+PI}/GRID +1.-TOL

IR MRP*{1+IR/MAXOINFsNK))

H=1+ [NN~EI}F/IR

THETA = AIMAG(TENP)

THETAP AIMAGICLOGU{XI(NC)I-XI(NB})}) |
ROTATE CHPLX{COS(THETAP)»—SIN(THETAF))
ISW = +TRUE.

DTH = THETA-ATMAGITENP)

THETA = AIMAGITEMP)

IF (ABS{DTH).LT.PI} G0 70 20

FJUMP = FAING

SJUMP = SAING

XJUMP XAING

YJUMP = YAIMG

OTH = (PI+PI3*DTH/ABSIDTH}

ISw «FALSE.

TEMP = CLOG{{XI(K3)-XI{NB))*ROTATE)

LOG2 = REAL(TEMP)

IF (K3+HNE.JJ) GO TO 30

IF {(MDDE.EQ.1) THLAST = AIMAG(TEMP)+THETAP
THETAP = AIMAG(TEHWP)}+THETAP

ROTATE = CMPLX(COS{THETAP}»—SIN(THETAP))
TENP = LOG2

DTH = THETAP-THLAST

IF [ABS{DTH).LT.PI) GO TD 30

THIS PATH AND THE LAST FORM A CLOSED LOOP ABGUT XIB
SET ISW TOD MAKE AN APPROPRIATE ADJUSTMENT FOR X AND Y INTEGRATIONW
ISW = .FALSE.

DTH = {PI+PL}*DTH/ABS{DTH)

THETAP = THETAP-DTH

it n

oW

LI

FIUHP = FBIMG
SJUHP = SBINMG
XJUMP = XAIMG+XBIMG

YJUHP = YAIMGH+YBIMG

IF (NB.EQ.1) 6O TO 30

FJUMP = FAIMG+FBIMG

SJunp SAING+SBING

THETAZ = AIMAG(TEMP)+THETAP

IF [K1.EQ.NN) THLAST = THETAZ

If {NB.EQ.1l} TEMP = 1./0{XT(K3)-XI(11}
DO 140 L = KlsKZ

UNEW = REALIUIL))

VNEW = REALIVIL))

UH = 5% (UOLD+UNEW)

VH = 9% {NOLD+UNEW)

Q5 = UH#UH+VH=*VH

IF (NJ.GT.0) GO TO 90

SINGFD = SINGF

SINGSO = SINGS

IF (NB.EQ.1} 6D TO 50

COMPUTE SINGULAR TERMS FOR CASCADE
SINGF = REALIFLIIL)I*LOGI+(REALIFLI{L))I+REAL{F2{L)})*LOGZ-FAING*
1 THETA-{FAIMGHFBIMG)*THETA2+REAL(F3(L))
SINGS = REAL{SLIL))*LOGL+{REAL(SLC(LI I+REALL(SZILY)I*LOGZ2-SAING*
1 THETA={SAIMG+SBIMG)*THETAZ+REAL{S3(L})
60 TO 60
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C COMPUTE SINGULAR TERMS FOR AN AIRFOIL
50 SINGF=REALI(FI(L}+CHPLX(O.sFAIMG))*TEMPI+REAL{F2 (L) I%LOG2~
1 FBIMG*THETAZ + REAL{F3(L))
SINGS=REAL((SI{LI+CHPLX{0+sSAING)I*TEMP J+REAL {SZ (L) I#LOG2—
1 SBINGH*THETAZ + REAL(S3(L))
60 IF (MODE.GT.0) GO 7O 70
IR = MRp
SINGF = SINGF+REAL{PHI(L,1))
SINGS = SINGS+REALIPSI(L,1)) #PSIOLD(2Z)
70 IF (L.EQ.NC ) GO TO 90
IF (I5W) GO TO 80
c HODIFY THE SINGULAR PART OFf X AND Y TO ACCOUNT FOR JuMP IN LOG
SINGFO = SINGFO+DTH*F.JUMP
SINGSO = SINGSO + DTH#SJUMP
SINGX SINGX+DTH*XJUMP
SINGY SINGY+DTH*YJUMP
80 DPHI = SINGF-SINGFO
DPST ={SINGS~SINGSO)/RHO{QS)
SINGX SINGX +{UH*¥DPHI~VH*DPSI) /QS
SINGY = SINGY +{UH*DPSI+VH*DPHI )/ QS
90 DO 110 LX LsNX
IF (L.EQ.NC } 60 TO 100
DPHI = REAL{PHI({L,LX)}~—-PHIOLD{LX}
DPSI = (REAL(PSI(LsLX+LOFF)}-PSICLO(LX))/RHO(QS)
XOLOLLX)Y = XOLD{LX) +{UH*DPHI=-VH+DPSI)/QS
YOLDILX) = YOLO{LX) +{UH*DPSI+VH*DPHI)/QS
100 PSIOLD(LX) = PSI{LsLX+LOFF} ’
PHIDLD{LX) = PHI(LsLX)
110 CONTINUE
IF ((L.LT+II}).OR.(MODE.EQ.Q)) GO TD 130
IF (MOD(L-II,IR}.NE.OG} G0 TD 130
IF (MODE.LT.Q} GO TO 120
IF (L.EQ.II) WRITE (N1) KKsH
WRITE {N1) UNEWs VNEW» (PHIOLD(J)sPSIOLD(J)» XOLD(JI»YCOLOD(J}s
1 J = 1sNX)sSINGFsSINGSsSINGXsSINGY
GD TO 130
120 MRITE (N1} UNEW» VNEWs SINGXs SINGY » SINGF»SINGSs XI(K3),ETALL)

130 UOLD = UNEW
140 VOLD = VNEW
RETURN

END

FUNCTION RHG{0Q3)
C COHPUTE DENSITY RHO AS A FUNCTION OF THE SQUARE OF THE SPEEDQS
REAL HMaCH
COMMON 7A/J GAMMAHMACH
DATA EMOLD /0./
IF (MACHJLEG.EHOLD) GO TO 10
EMOLD = MACH
GAM = (GAMMA~1.)/2.
COSQ =1l./{MACH*MACH} + GaM
GAMI = 1./{GAMMA-1.]
RHOINF = [HACH*MACH)#*GAMI
10 €5 = COSQ=GAM*O3
RHL = RHOINF#(CS**GaAMI
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RETURN
END

SUBROQUTINE GETFSO (K1l,K2)

COMPUTE COEFFICIENTS OF SINGULAR TERMNS

GET UsVsF1l AND S1 ON XI=XTIA FROM ETAIK1} TO ETA(K2)

COMNDON /87 FAREAL>FATIMG»SAREAL,SAIMG,FBING, SBING,XBING»YBIMG
COMPLEX UsVsF1sF2sF35519525532LAMDAP Y LAHDAMSXI2E¥ Ay TAUSPHISPSI
COMHMON PHI(58551)sSKA(390)sPSI{585,1)sSKBI390)»XI(585),ETA{5851}>»
1 Ui585)5V{585)15F1(585)551(585)sF2{585),52(585)sF3(585),53(585),
2 LAMDAP(5B85)s LAMDAM{S85), TAU(SES)

COMPLEX TIsSsTs TAUP sRHLsRHZsSOFXI

DATA I /({0eslal}/

COHMPUTE § AT XI = XIa

S = SOFXTI(XI{1})

CALL LAWMBDA{UCKI-1),V{K1-1)}sLAMDAP{K1~1}, AMDAMIKI-1)sTAU{KI-1)s»1)
PO 100 L = Kl,K2

COMPUTE T{ETAC(L))

T = CONJGISOFXIIXICILY )}

ETA{L) = CONJG{XI{L))

UiLy = U{L-1)

VLY = VW{i-1)

CALL GETUVI(S>T,U{L)»VIL))

CALL CAMBODACUCLL)sVIL)sLAMDAPIL)Y»LAMDAMILY»TAUILY»1)

FIND FI AND S1 ALONG XI=XIA AT ETAI(L)

COMPUTE TAU+ AT MIDPOINT

TAUP = J5=({TAU{LI+TAU(L=-1)}

RH1 = Fl{L-1)+TAUP*S1{L~-1)

RHZ = —I*{FAIMG-TAU{L)*SAIMG]

S1{L) = {RH1-RH2)/{TaUP+TAUI(L})

FL{L)} = RH1-TAUP®S1(L)

100 CONTINUE
RETURN
END

SUBROUTINE GETFS1 {Kl)

COMPUTE COEFFICIENTS OF SINGULAR TERHS

GET UsVs LAMDA+» LAMDA—»TAUSsF1 AND S1 AT XI(K1)s»CONJIXIA) AND STORE
THE RESULTS IN THE FIRST ELEMENT OF THE RESPECTIVE ARRAYS

THE FIRST ELEMENI_OF THE RESPECTIIVE ARRAYS WILL CONTAIN THEIR .
VALUES AT XI(K1=Ll)2CONJG(XIA)

COMMON /BY FAREALSFAIMGs»SAREAL,SAIMG» FBIMGsSBING» XRING>YBING
CoMnoN sCrs PISGRIDsTOL

COMMON /D/ TEsIPLT2JJsKBMsKKs LBMaMODESMRPyNBsNCs NFsNJyNKsNNsNPaNX
COMPLEX UsVsFlsF2sF35S51s52s53»  AMDAP»LAMDAMS X1 2ETA»TAU»PHISPSI
COMMON PHI(585,1),S5KA(390),PSI1585,1)5SKB(390)sXI(585)sETA(585),
1 UC585),VI585)aF1{585)+51(585)sF2(585)252(585)sF3(585)353(5851),
2 LAMDAP{585)» LAMDAM{SB5)Y, TAULSES)

COMPLEX IsSsTsRHIJRHZsSOFXI»TAUP»TAUM»DTAUDX
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COMPLEX W2sWSZ2sLaM2

COMMON FUWS/ W2sWS2sLANZ

DATA I 7(0esls)/

COMPUTE § AT XI{K1}

§ = SOFXI(XI{KL))}

COMPUTE T AT ETA = CONJGYIXIA)

T = CONJG(SOFXI(XI{L)))

CALL GETUVIS,T,U(Ll3,V{(1l))

CALL LAMBDA(UC(L) V(1) sLAMDAP(L) »LAMDANIL)» TAUP,1)
IFI(KK.LE+Q).OR, (MODE.GE.Q)}GO TD 1
WS2=ULL)+CHMPLX{-ATMAGIVIL1) ), REALIV(1))]
W2=U(1)-CHPLX{-AIMAGIVIL1})»REALCVIL) )

CALL LAMBD(W2,WS2,LAMZ»TAU»~-1)

CONTINUE

FIND F1 AND S1 AT ETA = CONJGIXIA) AT XI(K1)
COMPUTE TaU= AT THE MIDPOINT

TAUM = —. 5% (TAL(L)Y+TAUP}

RH1I = F10(1)+TAUM*S51(1)

RHZ = [#(FAIMG+TAUP*SAING)

S141) = (RH1-RHZ}/{TAUM=TAUP)

F1{1) = RH1-TAUM%¥351(1)

STORE NEW TAU+

TAU(Ll) = TAUP

IF (NB.NE.1) RETURN

RH1 = F2(l)+TAUN¥52(1]

RHZ = CONJG{DTAUDX{CONJGIULL) ) CONJGIVILIIII®(SE{1)-1*SAIHNG)
RHZ = I*{FBIMGH+TAUP*5BING)+RH2Z

S2{1) = (RH1-RHZ)}/ (TAUM-TAUP}
F2{1) = RHL1-TAUK#%32(1)

RETURM

END

SUBROUTINE GETFSZ2{KlsK2}

COMPUTE COEFFICIENTS OF SINGULAR TERMS

FIND FZ AND $2 ALONG XI = XIB FROM ETA{KLI} TO ETA(RZ]

COMMON /87 FAREAL>FAINGySAREAL»SAIMG,FBIMNGsSBIMNGXBINGsYBING
COMMON /C/ PI,GRID,TOL

COMMON /D7 ILsIPLTsJJaKBMaKKsLBMs HODEsMRPsNB sNCs NFpNJs NKs NN» NP2NX
COMPLEX UsVsFLlsF2sF3551s52sS3>L AHMDAPs LAMDAMSXI»ETA» TAUy PHISPSI
COMMON PHI{58551)s5KA{390)sPSI(58551)sSKB(390),»XI(585}),ETALG85),
1 U585 ,V(5851sF1(585)2S1(585)sF2(585),52{(5853sF3(585),33(5851),
2 LAMDAP{585) s LAMDANISB5),TAU(S585)

COMPLEYX IsRHLsRHZ»TAUP>DTAUDX

DATA I /{Qeslald/

CHECK TD SEE IF WE ARE AT XIB

IF {K1.6T.{NB+1}) GO TO 5

FIND F2 AND S2 AT ETA = CONJGC(XIB)

RH1 = =-1./TAUINE)

RHZ = Q.

IF {NB.EGQG«1) RHZ = DTAUDX{U{L)»V{L1})*{SL{1)+I%SALIMG)*RH]

F2INB) = (AIMAG(RHZ2)}=SBING—REAL{RHL)*FRIMG)/AIMAGIRH1}

S2I{NB} = REAL{RHZ)-REAL(RHI*(F2{NB)+I*FBING})

5 IF {K24LT+KL) RETURN
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DO 10 L = KlsK2
COMPUTE TAU+ AT MIDPOINT
TAUP = S*(TAUIL)+TAUL(L=-1))
RH1 = F2{L-1)+TAUP%*S2¢({ -1}
RH2 = —I*(FBIMG~TAU(LI*SBING)
IF (NB.EQ.1l) RHZ = RHZ + DTAUDX(UCL) s VIL}I*(S1(L)I+I*SAIMG)
S2{L) = (RHI-RHZ) /{TAUP+TAUI(L )]
Fa{L) = RH1-TAUR=*S52{L)
10 CONTINUE
RETURN
END

SUBROUTINE GETPSI (Ls»dJd)

KEEP TRACK OF BRANCHES OF LOGARITHMS ON SUPERSONIC PATHS

REAL MALH

COMMON 7A7 GAMMAsMACH

CONMNMON 7B/ FAREALsFAIMG»SAREAL»SAING»FBIMG»SBIMGyXBINGs YBING
COoMHMON /C/7 PIsGRID»TOL

COMMON /D/F ITI+IPLTsJJsKBM» KKsLBM>MODESMRPs NBsNCoNFsNJsNKyNNs NPy NX
COMMON /F/ UOLDs VOLDsSINGF»SINGSsSINGXsSINGY»PHIOLD(20),PSIOLD(20)
1, XOLD(20)»YOLD{20)» XAING»YAIHG) THLAST2CLsDF

COMMON G/ N1sN3,N&»NTa2HM1

COMPLEX XITAILs»BPsXIAsXIB»XIC

COMMON /H/ BPU129}sXIA»XIBsXNICy XITAIL,CONESsCTHWOsCTHRSRATC s QR» NBPS
COMPLEX UsVsFlsF2sF3s51s52s53sLAMDAP LAMDAMYXISETAs TAUSPHISPSI
COMMON PHI(58551)55KA{390)»PST(585,1)>5KB{390)sXI(5B5),ETA(S585)»
1 U{SE5)sVIGB5sFL{5B5)»51(585)sF2(5685)552(58B5)sF3(585)s53(585}s
2 LAMDAP(585)» LAMDAM{585)»TAU(BE5)

COMPLEX LOG1sLOG2,»IsZsCLOGCSINGFsCSINGSs DPHISDPRSI

1 » CUsCVsCPHI{30),CPSII{30)5CRHO)UHsYH2QSsCEXP »SINGFO»SINGSO
COMPLEX FJUMPsSJUMPsROTATEs F1lL»F2LsS1LsS52LsROTZ»F3LaF4LsS3Ls S4L
COMMON /TT/ ROTATE, THETA» THETAP,DUM{B)

COMPUTE THE COMPLEX LOG OF 7 AND CHODSE THE BRANCH WHOSE ARGUMENT
IS CLOSEST TO TH

IF {J.NE.NC) GO 70 1¢

LOFF = ~1

IF (MODE.LE.O} LOFF = 0

THETA = AIMAGICLOGI(XI(NC)I-XI(1)}]/{XI(NCI-XI(NB}I})
THETAP = AIMAGI(CLOG(XI(NCI-XII(NB])}

ROTATE = CHPLX{COS(THETAP}s~SIN(THETAP))

ALPHA = =THETA

-ALBHAP. = =THETAPR

ROT2 = CONJG(ROTATE)

GAM = {CAMNMNA-1.)/2.

C0SQ = 1./(MACH*MACH)+GAM
GAMI = l./(GAMMA-1.)
RHOINE = (MACH®KACH)#*¥GAMI

CU = UINC)
CV = VINC)
FAC = CTHR

IF (MODEWLE.O) FAC = 0.
10 UH = «5%{CU+ULL})}
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VH OE(CVHV (L))

Q5 UH¥UH+VH*VH

CRHO = RHOINF*CEXP{GAMI*CLOG{COSQ~GAN*QS))
IF (NJ.GT.0) &0 TO 130

I5W=0

LOGL = CLOG ((XL(J} =XI(1)a/(XECJ 1=XI{NBI})
DTH = THETA-AIHAGILDG1)

THETA = AIMAG(LOGL)

IF(#HODE.LT.0) GO TO 20

IF (ABS{DTH).LT.PI} 60 7O 20

WRITE {N4,170})

CALL EXIT

IF  (NBLEQ.I) LOGL = 1./(XT(J)=X1{1})

LOGZ = CLOGU{XI{J)-XI{NB)II*ROTATE) + CMPLX{0.»THETAP)

IF (MODE.EQ.1) THLAST = AIMAGILDGZ)
THETAP = AIMAGILDG2)

ROTATE = CHPLXICOS(THETAP)s—SIN(THETAP))
DTH = THETAP-THLAST

IF{MODELTA0) 60 TO 30

IF {ABS(DTH}.LT.PI) GO TO 30

DTH = (PI+PI)*DTH/ABS(DTH]

THETAP = THETAP=DTH

LOGZ2 = LOGZ2-CMPLX{C.»DTH}

I54=1
XJUMP = XBING+XAIMG
YJUHP = YBINMG+YAING

SINGX=SINGX+DTH*XJUMP
SINGY=3INGY+DTH*Y.JUMP

THLAST = THETAP

IF (NBeNEe1l) LOGl = LOGI+LOGZ

FI1L = Fl{L)+I*FAING
FeL = F2{L)+I*FBING
S1L = SI{L)+I#SAING
52L = S2(L)+I1*SBING

CSINGF = FIL*LOGI+F2L*LOGZ2+F3(L)
CSINGS = S1L#LOGL+32L*LDG2+53{L)

IF {MODE.LE.O) GO TO 90

IF (NB.EQa.1) 60 TB 50

LOGL = CLOGI(ETA(L)I-ETACL))/{ETA(LY-ETA(NB] )}
DTH = ALPHA-AIMAG(LOGL}

ALPHA = AIMAGILOGL)

IF (ABS(OTH).LT.PI)} GO TO 60
WRITE{N4»170)

CALL EXIT

LOG1 = 1«/{ETA(LI-ETA(1)}

LOG2 = CLDGI{{ETA{L)-ETA{NB}}*ROTZ2)+CHPLX{O.»ALPHAP)
ALPHAP = AIMAGILDGZ)

ROTZ2 = CMPLX(COS (ALPHAP}»-~SIN{ALPHAP}}
DTH = ALPHAP+THLAST

IF {(ABS(DTH}.LT.PI) GO TO 80

DTH = (PI+PL}*DTH/ABS{DTH)

ISW=1-135¥

IF{ISW.EQ.0) GO TD 70

WRITE (N4, 160}

CalL EXIT

ALPHAP=ALPHAP=~DTH

LOGZ = LOGZ-CHPLX(0.»DTH)
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80 IFf (NB.NE.1) LOG1 = LOGL+LOG?
F3L = FI{L)-T*FAING

FaL = F2ILI=-I*FBING
S3L = SLIL)-I#SAING
S4bL = 32IL)=-I*58IHG

CSINGF = JS5*%{CSINGF+F3L*®L0G1+F&L¥LOG2+F31({L))
CSINGS = S5#{CSINGS+S3L*L0OGI+S4L*L0G2+53({L))
GO TD 100
90 CSINGF = CSINGF+PHI(L,1)
CSINGS = CSINGS+PSI{Ls1)+P3SIOLD(2)
100 IF (J.EQ.NC) 6O TO 12¢
110 DPHI = CSINGF~SINGFO
DP51 = {CSINGS-SINGSO}/CRHO
SINGX = SINGX +(UH¥DPHI-VH*DPSI)/QS
SINGY = SINGY +(UH*DPSI+VH*DPHI)/QS
120 JINGFD = CSINGF
SINGID = CSINGS
SINGF REALICSINGF)
SINGS REAL{CSEINGS])
SINGS = SINGS+FAC*AIRAG(CSINGS)
130 CU = U(L)
woLo = CuU
Cv = Vv{L)
VOLD = CV
DO 150 LX = 1sNX
IF {J.EQ.NC) GO TO 140
DPHI = PHI{LsLX)~CPHIILX)
DPSI = (PSEI(L,LX+LOFF)-CPSI{LX})/CRHO
XOLOALX)=XDLD (LX) +(UH*¥DPHI-VH%*DPSI)/Q3
YOLDILX)=YOLD{LX) +{UH*DPSI+VH*DPHI) Q5
140 CPHI(LX) = PHI(L.,LX}
CPSI(LX) = PSI(LsLX+LGFF)
PSIOLDILX} = CPSI{LX}
PSIOLD (LX) = PSIDLDILX)+FACHAIMAGE(PSIIL,LX+LOFF))
150 PHIOLD{LX) = PHI{LsLX)
RETURN
160 FORMAT (//4X64H**¥xAUTOMATED SUPERSONIC PATH CROSSES CUT FROM XIC T
1IHROUGH XIB##%%)
170 FORMAT(//6XO6IH**¥*AUTDRATED SUPERSONIC PATH CROSSES CUT FROM XIA T
10 X1B**ksx)
END

SUBROUTINE GETUV- -t-5,T»U»V)-
GIVEN S AND T FIND U AND V
COHMON /7G/ NlsN3»NapNTsH1
COMPLEX SsTsUsVsQSsHsWSTRa I»HSQrHSQPRs QSHNEWsST+LSQRT
EXTERNAL CSOQRT

DATA I FUQasled/ » TOE Fl.E-~10/
QS = UkUsVEY

H=3

WSTR = T

ST = S*T

IF (CABSI{ST).GEL.TOL) GO TO 25
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CALL GETHSQ{{Qss04)»H3QsHSQPR)

W = W/SQRT{REAL(HSQPR))

WSTR = WSTR/SQRT(REALC{H3QPR])

GO TO 100

DO AT MOST 20 NEWTON ITERATIDNS

DO 80 L = 1,20

COMPUTE H(QS)#%2 AND ITS OERIVATIVE WiTH RESPECT TC Q5», HSQPR
CALL GETHSQ(QSsHSQsHSQPR)

OSNEW = QS=(HSQ=3T) /HSQPR

IF {CABS(QSNEW-QS).LT.TOL) GO TO 90
Q5 = QSNEM

WRITE {N&s110) 3T

QSNEW=U*U+V*yY

Q3=Q5NEW

IF (CABS(3T)4LTass1) GO TO 95

Qs = QSNEW

W = CSQRTIQS*I(S/T)IsW)

WSTR = W{T/S)

60 TO 100

W= S*CSQRTIQS/HSQr(lar0.)1)

WSTR = T*CSQRT{QS/HSQ»{1.s0.))

U= 5%(W+WSTR)

v T JHFI*{W-HITR)

RETURN

FORMAT (42H MNEWTON ITERATIGN DID NOT CONVERGE-AT ST =s2El2.4%4)
END

SUBROUTINE GETHSQIQSs+HSQeHSQPR)

COMPUTE H{QS)%%2 AND ITS DERIVATIVE WITH RESPECT TO Q5» H3QPR
REAL MACH

COMMON /A7 GAMMA»MACH,RR»ROOTL

COMPLEX QS!HSQ,HSQPR,BPHIIJBPHIZ’CSQRT,RDBTa’TE"P!st!CS’RUDTI,RR
EXTERNAL CSQRT

DATA EMOLD/OQ./ .

IF (MACH.EQ.ENOLD} GO TO 10

CONST = 1.

GAH = (GAMHA=1.}/2.

COSQ =1./({MACH*MACH) + GAH

QSTRSQ ={2./(GAMNA+1,))¥C0OS5Q

EMU = SQRT{(GAMMA~1.)/{GANHA+1.)})

FAC = EMUSQSTRSQ

asx = Qs

Q5 = {1.50.)

CS = CO5¢~GAM*QS

BPHI1 =» (CS+CSI/QSTRSQ-~1.

BPHiZ = (CS+C35)~QS

ROOT2 = CSQRT{{CS+#CS)I*{BPHIZ-QS}sROGTL)
ROOT1 = FAC#RODTZ2

TEMP = CEXP{CLOG{BPHI1l=ROOT1)/EHU)

TEMP =CONST/{TEMP#*(BPHI2+R0OOT2)}

TEMP IS H##%2/4S

HSQ@ = QS5*TEMP

IF (MACH.EQ.ENMDLD) GO TAO 20
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EMOLD = MACH

SET CONST 50 THAT H(1) = 1

CONST = 1./REAL(HSQ}

@5 = @5X

60 TO 10

COMPUTE THE DERIVATIVE OF HSQ WITH RESPECT TO Q35
H3QPR = TEMP*RODBTZ/{CS+C5)

RETURN

END

SUBROUTINE LAMBOA{ULsVLs>LAMDAPsLAMDAMSTAUs IND)
COMPUTES LAMBDA+ AND LAMBDA- GIVEN U AND V
REAL MACH

COMMON /A/ GAMMASMACH,ROOT

COMPLEX UlsVLsLAMDAPsLAMDANTAU»UsVsCS2Q5»RONDT,CSORTSCLOGYCEXP
EXTERNAL CSQRT

DATA EMOLD/Q./

IF (MACH.EQ.ENMOLD) GO TO 10

EMDLD = MACH

GAM = (GAMMA~1.)/2,

COSQ =1./(HMACH*MACH) + GAM

GAMI = -1./{GAMMA-1.)

RHOINF = (MACH%*MACH)**GAMI

GAMI = GAMMA*GAMI

U =W

vV = VL

Q3 = UslU+V3*y

CS = COSQ — GAM*QS

ROOT = CSQRTICS*{Q5-CS),ROOT}

LAMBAP = (USVHROOT) A {CS—=V¥V)

LAMDAM = {U*V=-ROOTI/Z{CS~V*V)

IF (IND.LT«0) RETURN

TAU = RHOINF*CEXP(GAMI*#CLOG(CS))*R0OOT
RETURN

END

SUBROUTINE LAMBD{WLsWSLsLAMsTAU,IND)

COMPUTES LAM GIVEN W AND WS INSTEAD OF U aND V
REAL MACH

COMMON/-AY GAMMASHMACH»ROOT

COMPLEX WLsWSLsLAM>TAU »WrWS2CS550S»RO0T»CSOARTSCLOGCEXPs I
EXTERNAL CSQRT

DATA EMOLD/0a/231/7(0usla)/

IF(MACH.EQ.EMOLD)Y GO TO 10

EMDLD=MACH

GAN={GAMNMA-L.) /2.

Co5Q=, /{MACH*MACH) +GAM

GAMI=-1./(GAMMA~1,.)

RHOINF= {MACH¥MACH) #*GAN ]
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GAMI =GAHMMAFGANT

W=WL

W5=W3L

Q5=W*U3

C5=C05Q- GAM#*QS
ROOT=CSQRTICS*(QS—-C5),RO0T)
LAM=2+%C5-Q5=~2.*I%RO0OT
IF{IND.LTL.OIRETURN
TAU=RHOINF*CEXP(GAMIFCLOG{ C3})1*RODT
RETURN

END

COMPLEX FUNCTION DTAUDX(ULsVE)

COMPLEX ULMVL»QS,CSsSsSOFXIsSOFXIP,CEXP,CLOG,OSDXI» CONST
REAL MACH

COMMON /A7 GAWMA»HACH,ROOT

COMPLEX XITAILsBPs» XIA»XIBsXIC

COMMON /H/ BP(129)5XTAsXIBsXICsXITAILsCONE» CTWOs CTHRs RATC,QRANBPS
DATA EMOLD/O./

IF (MACH.EQ.ENMOLD) 60 TO 1¢C

EMOLD = MACH

GAM = (GANMA-1.1/2.

C0SQ = 1./7{MACH*MACH) + GAH

S = SOFXI{(XIA}

DSOXI = SOEXIPIXIA)

GAMI = =1./{(GAMMA-1.)

RHOINF = (MACH*MACHI*%*GAMI

GAMI = GAMMA*GAMI

CONST = CHMPLX( Qes=o25%(GANNA+1.)RRHOINF)

Q3 = ULFUL+VL *VL

€5 = CO5Q=-GAM*QS

DTAUDX = CONST#CEXPIGAMI*CLOGICS) Y#Q3#Q3#DISDXI/(3%{Q35~-CS )
RETURN

END

SUBROUTINE INITFN (ETAs»ZsLJd)

COMPUTES THE INITIAL CHARACTERISTIC DATA ON XI = XIC
Z IS THE VALUE OF THE INITIAL FUNCTIOGN

COMPLEX ETA»ZsXIPsIsTEMPHETY

COMMON /C/ PI»GRIDsTOL

COMMON /D7 IIsIPLTs JJsKBMsKKsLBMsHODESHRPsNBsHNCs BFs NIy NKsNNaNPsNX
COMMON /E/ ETJ(64)>BUNP(5510)»NBHNP

DATA I f(Oaslal/

LX = LJ+IABSINJ)

IF (MOPE.LELOY GO TO 190

Jd = {(LX+1})/2

TEMP = 1.

IF {LX.NE«J+J)} TEMP = =1

Z = TEHP*ETA*%J

RETURN

XIP = CONJG(ETA}
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SUM UP THE POLYNODMIAL TERMS
J = NF/2
Z = ETJLJ)
J s J-1
= ZHFXIPH+ETJI(L)
IF (J.6T.1) GO TO 20
Z = I=XIP
Z = CONJGLZ)
RETURN
END
SUBROGUTINE GTPATH (XI»K1lrKZ2,K3)

READS IN THE PATHS ON THE COMPLEX CHARACTERISTICS AND S5ETS UP THE
INITIAL GRID

PATHS ARE PRESCRIBED ON THE PLANE XI=CONJG{XIA) AND THE

GRID IS SET UP IN THE PLANE ETA=XIA

REAL HACH
COMMAON ZAf
COMMON rC/
COMMON D/
COMNMDN /Gr

GAMMAy MACH

PIsGRIDsTOL
II»IPLT»ddsKBHIKKsLBMyMODEsHRP #NB s NC s NF 2 NJ 3 NK» NN NP s NX
NlsMN3sNGaNT2M1

CONPLEX XITAILsBP,XIA»XIBsXIC

COHHDN /H/

BP(129)s XIA» XIBsXIC> XITAIL,CONE»CTWOSCTHRS RATCSQRsNBPS

REAL MACHASMACHB,MTAIL

COMMON FK/S

MACHAMACHB >MTAIL s ANGLAY ANGLB»ANGLTsRN,TRANU» TRANL>NRN

COMPLEX POINT,»HsS5»XIOFSsSOFXI-XI(1)

DATA EMOLD/0./F » KZHAX/O0/ »SNEW/D./ »S50LD/0./7
IF (MODELEQ.99) G0 TOD 80C

IF {MACH.EQ.EMOLD) GO TO 10

EMOLD = MACH

QCRIT = (GAMMA-1.}/(GAMMAt+1l.} + Z./((GAMMA+L, I*¥MACHFHACH)
CALL GETHSQ {(CMPLXC(QCRIT,0.)sH,POINT)

SCRIT = REAL{H)

NPH = 1+NP/2

IX=(PI+PI)/.04+1.-TOL

PIX = {(PI+PI)/FLOATINP}

IR = (NR/NP)*({IX/HNK+1)

LSS= PIX/FLOATLIR) -

PIXZ = J5%PIX

IF (MOD(IRs2)«NE«D)} PIX2 = PIX2+,.,5%DS3S

IF {MODE.LT.0} GO TO 40

IF (K3.£0Q.0) GO TG 50

TH = FLOAT{MODE-NPHI*PIX-PIXZ

IF {(KKaGTe0) TH = THiRIX

FAC = 1.

IF {(KK.6T.0.} FAC = -1,
CALL PATH (XIslesTHsTHH+FACHPIX5K15K2)

KX = 0

POINT = XI1(JJ} -

Dg 20 J =

JJds K2

S = SOFXI(XI(J)}
IF {REAL{S)*REALIS) +ATMAG(SI*AIMAG{S).LT.SCRIT) &0 TG 20
IF{KX.EQ.Q) POINT = XIODFS{CONJG(SCRIT/SOFXI(XI(J}IIsXI{d})
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KX = KX+1

CONTINUE

If {KX.EQ.0) GO TO 30

THF = ATANZ{AIMAG(POINT)»REALIPOINT})
RADF = CABS(POINT)
THF=THF-.1*FAC/[RADF**2}
IF{(THeLT+s~PI)4AND W {THF4GT404}) TH=TH+PI#PI
IF (FAC#{THF-TH).GT.0.) GO T0 30
CONTINUE

MODIFY THE SUPERSONIC PATH TO AVOID SINGULAR POINTS
CALL PATH(XIsRADFsTHFsTHFsK1sK2)

CALL PATH(XI»1l4s THs TH+FAC#PIXsK2+1,K2)
KK = KX

REMAX = MAXOQ({KZHAXsKZ2)

IF {K2.LE.L8H/3) RETURN

MSG = 10HAUTOMATIODN

WRITE {N4,140) MSG

CALL EXIT

CONSTRUCT SUPERSGNIC PATHS

IF (KK.EQ.0Q) 6O TO 50

CALL PATH(XI» «96sTHL+. 07, THL+.07sK1»K2)
CALL PATH(XIs»1.04sTHL++04sTHF+.04sK2+1sK2}
CALL PATH(XI»1lasTHFsTHLsKZ#+1sK2)

GO TO 130

IF(MODE.LT+—1}) L=L-1

IF{MODELLT.~1) GO TO &0

L=20

DT = (PI+PI)}/FLOAT(IX)
ANGT=ATANZ(AINAG(XITAIL)sREAL{XITAIL))
RAT=ANGT/DT

TFIFLOAT{INT(RAT)).GE.RAT) GO TO 51
ITEST=INT{RATI+1

&0 70 52

ITEST=INT(RAT)

CONTINUE

THFO=FLDAT{ITEST)}#DT
POINT=CHPLXL{COS(THFOI+SIN{THFO})
THLO=THEQ

ICOUNT = 0

H = CMPLX(COS(BT)»SIN(BTI)

SEARCH FOR SUPERSONIC POINT

S = SOFXI(POINT)

SNEW=TOL

L = L+l

SOLD = SNEW

SNEW = REAL(S)I*REAL{SYI+AIMAG(S)*AIMAG(S)

IFLIICOUNTGT0) »AND 4ABS{SNEW-SCRIT).GT.ABI(S0LD=SCRIT)) GD TO 91

IF {ICOUNT.GT.0} GO TO 90
THF=FLOAT (-1 )*DT+THFO
DTHF==DT

IF {SNEW.GT.SCRIT) 6B TO 30
POINT = POINT*H

IF (LelLTo4IX} GO TD 6C

MODE = -10
Jd = KZMAX
KZHAX = 0

RETURN
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DTHF =—BTHF*(SNEW-SCRIT}/ { SNEW-50LD)
THF = THF-DTHF

S = SOFXI(CMPLX(COS(THF)»SIN(THF1))

ICOUNT = ICOUNT+1l

IF ({ICQUNT.LT.20).AND.(ABS{DTHF),6T.TOL)) 6O TOD 70
GO T0 92

THF=THE+DTHF

WRITE{N4»150)

SNEW=TOL

CONTINUE

ICOUNT = 0

NOW FIND THE NEXT SUBSONIC PDINT

POINT = POINT#*H

L o= L+1

S = SOFXEI{PUINT)

SOLD = SNEW

SNEW = REAL(S)#REAL [S)+AIMAG(S)¥AINAG(S)

IF ((ICOUNT.EQ.0) +AND. (SNEW.GT.SCRIT)) 6O TO 100
TF{ICOUNTAGT.0.AND.ABS {SNEW=SCRIT) ,GT.ABS{SOLD-SCRIT}) 60 TO 111
IF(ICOUNT.EQ.0) THL=FLOAT(L=1)*DT+THLO
IF{ICOUNT.£Q.0) DTHL=-DT

DTHL ==DTHL#*(SNEW-SCRIT)/ (SNEW-SOLD?

THL = THL-DTHL

ICOUNT = ICDUNT+1

S = SOFXI(CHPLX(COS{THL}sSINC(THL)))

IF ((ICOUNT.LT.20).AND.(ABS(DTHL).GT.TOL)) GO TO 110
60 TO 112

THL=THL+OTHL

WRITE {N4»150)

SNEW=TOL

CONTINUE

ICOUNT = ©

IF (K3.NE.0) 6O TO 120

XI(1) = CMPLX (THF,THL)

RETURN

KK = ~MODE

CALL PATH(XIs+96sTHF=407s THF=407sK13K2)

CALL PATH(XI»1.04sTHF=,043THL=,04sK2+1sK2}

CALL PATH{XI»1.» THLs THF»K2+15K2)

K2MAX = MAXCUKZHAX»K2)

IF (K2.LE.LBM) RETURN

HSG = 10HSUPERSONIC

WRITE (N4s140) MSG

CALL EXIT

FORMAT {/7//5X5H%¥%% ,A10,23H PATH IS TGO LONG #*&#x )

- FORMAT-U-F- /-4 12%-62H**&#NEWTON ITERAT-ION--FOR-SONIC -POINT DID NOT CONVE

IRGE WE{L¥%®x)
END

SUBROUTINE PATHUXI,RADsTH> THLsKLsK2)

COMPLEX XI{1)sHs POINT»S»50FXI»XIOFS,RODBT»RO0TL

CONSTRUCT PHBINTS XI(J) DN PATH FOR J = Kl TO K2

IF PATH STARTS AT XIC WE START OUR PATH ON A CIRCLE OF RADIUS
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ABS{XIC=-XIB) CENTERED ARDUND XIB

A STRAIGHT LINE IS THEN DRAWN TO A PODINT RADIUS=RAD AND ARG=TH
REAL MACH

COMMON /AS GAMMASMACH»ROOTsROCT1

COMMDN /C/ PISGRIDsTOL

COMMON /D/ ILsIPLT»JdsKBMeKKyLBMyMODEs MRPaNBsNCoNFsNJ» NK»>NN> NP NX
DATA ENOLD/O./ '

IF TMACH.EQ.EMOLDY GO TO 10

EMOLD = MACH

IR = (PI+PI)/GRID + 1.-TOL

IR = (NK/NPY®{IR/NK+1}

PIX (PI+PI)/FLOATINP)

DS5 {PIX+PIX}/FLOAT(IR}

QCRIT = {(GAMMA=L1l.)/ {GAMNA+L1.3+2./{ (GAMMA+L . }=MACH*HACH)

CALL GETHSQ(CHPLXI{QCRITs0.)sHs POINT)

SCRIT = REAL{H?}

K = Ki-1

KN = K1

LMODE = ¢

POINT = RAD*CHPLX{(COS(TH)sS5IN(THY)

EF {K.NEJNC) G0 TO 30

RGOGTL = 1.

H = XI(NCI=-XI(NB)

CA = CABS({H)

ARGC = ATANZ{AIMAGI(H)sREALI(H))

H = POINT=XI(NB)

THX = ATANZ2(AIMAG(H)}»REAL (H))

IF (ARGC-THX G6T4PI} ARGC = ARGC-PI-PI
IF (THX-ARGC.GT.PI) ARGLC = ARGC+PI+P]
CARC = CAx{THX-ARGC)

MM = ABS{CARCI}I/GRID +.5

MK = MM*HMRP

KN = K1+MH

K = KN=1

IF (MH.EQ.0} GO TO 30

DT = (THX-ARGC)I/FLOAT( M)

H = CHPLX(CRS{DTIs»SINIDT)]

D0 20 J = K1sK

XI€d) = XIINBI+(XI{J-1)-XI(NB))*H

H = POINT=-XI(K)

ABSHSO = REAL{H)#REAL{H}+AIMAGIH)#ATMAG(H)
IF [(ABSHSQ.LT.1.E~10) GD TO. 45

FIND THE MINIMUM ODESTANCE FROM XIA TO THE PATH
S = POINT-XI{1)

T = (REAL(S)*REAL{H)I+AIMNAG(H}*ATNAG(S))/ABSHSQ
IF (TeGT.le)d GO 70 35

T = AMAXL(O.»T)

S = POINT-T*H

OIS = CABS(S-XI{1l}}

IF (DIS.ET.GRID) GO TO 35

LMODE = 1

FAC = 1.2*%GRID/DIS

POINT = XI(LI+FAC*{S=xI(1})

Go TO 30

SOQRT (ABSHSQ) /GRID + 1.-TOL
MMEMRP

K + MH

=
pc 4
L]
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IF (HM.EQ.C) GO TO 45

H = HIFLDAT{NN)

DO 40 J = KNsJd

XI{J} = XItJd-1) + H

KN = JJ+l

IF (LMODE.EQ.0) GO TO 48

LMODE = O

POINT = RAD#CHPLXICOS(TH)»SIN{TH)})

K = JJ

G0 TO 30

IX = ABS(THL-TH)/D55+.5

IX = IX+IX

K2 = JS+IX*¥HRP

iF {IX.EQ.0) RETURN

DS = {THL-TH}/FLOAT(I X*MRP)

H = CAPLX(LOS(DS).SIN(DS))

00 50 J = KNsK2

XI{J} = XI(J=1)%H
IF({MGDE+GT«0}aORs (K14 EQuNC#1) 4 0RW (RADSNES 1+ ) IRETURN
PASTE POINTS TO THE SONIC LOCUS

DO 70 J = KNsK2

S = SOFXI(XIC(J))

AB33Q = REALUS)I*REAL(SI+AIMAG(S)#AIMNAG(S)
XL{J) = XTOFS{S*SQRT(SCRIT/ABSS5Q)XItJ-1))
CONTINUE

RETURN

END

SUBROUTINE BODYPT{MXsNPTS)

READS TAPELl DATA, FINDS BODY POINTS AND CONSTRUCTS P—N DIAGRAMS
REAL HMACH

COMMON A/ GANMAsMACH

COMMON G/ PIsGRID,TOL

COMMON 7D/ ITsIPLTsJJsKBMsKKsLBN> HODEs MRP s NB »NC s NF s NJs NKs NNy NPy NX
COMMON /F/ ROTATEsXAINMGsXBIMGsYAINGsYBIMGsCL)DF

COMMON /G/ N1,N3sNésN7sH1

COMPLEX XITATL»BPsXIAsXIB»XIC

COMMON /H/ BP(129)sXIAsXIBsXTCs XITAILsCONE>CTWOsCTHRSRATC QR s NBPS
REAL MACHNsKAPPA

COMPLEX XI»XIBOGDY»CHARsXIS

COMMON CHAR(61s20)5XI{300),XIS{300),XIBODY(300),UB0DY{300},
1 VBODY{300),XBODY(300),YBODY(300)5H{200)»THETA{300),ANGL(300),
2 -MACHN(-300) » KAPPA-{300) s XREAL(-300)»YREAL-{30015S (300 }-» ES{ 60015 { 600)-
3 » PHI(600),0L{300},ILINE(300) o

COMMON UREAL{300)sVREALL30035PSI(300)sFEEL300), SX{200),CX(300)
COMPLEX ROTATE

DATA NROW /1/ > MXMAX /3007 » QTCL /0.7

QTOL=TOL

MRX=2

IPL = MOD(IABS{IPLT)/10510}

ILINE{HX) = O

ILINE(MX+1} = 0

REWIND M1
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REWIND N1

IF (N1+NE.M1} N3 = N7

READ (M1l) NRNsNINy {SX{J)aQX{d)s J = 1»NIN)
READ {M1) NPTS,DUMsDUMyDUMs {ES{J}sQ{JIsPHICI)» 4 = 12NPTS)
IF (EPL.EQ.0) GO TO 25

PLOT Q(S}

SF = 10, FESKANINI=-SXI{1})

CALL SETSF(SF)

CALL CH3IZE(.OT7)

CALL ORIGIN (6+405545)

SFL = 2.9/5F

CALL CPLOT (CHPLX(ESL1)sSFI*0 [11}),3)

DO 10 L = 2,NPTS .

CALL CPLOT (CHPLX{ESILI»SFI¥Q(L)1»2)

DO 20 L = 1sNIN

CALL CSYMBL {(CMPLX(SX(L)»SFI*QX{L))s3s-1)

CALL SETSF (1.)

CALL CHSIZE(.1l4)

CALL XYAXES [{0e30e355495434220a26H{F5411)
CALL CSYMBL {(4.5s=u6)s1HS21)

CALL XYAXES ([-5.0s0+128v2%442440590426HIF5. 1))
CALL CSYMBL ({-%+7»347)}»1HQ»1}

CALL CSYMBL ({~1.45s=4.5)s24HINPUT SPEED DISTRIBUTION »24)
CaLL FRAMER

CALL DRIGIN (3.552.0)

TF({IPL.EQe2) sOR(IPLEQa%}s0Ra (IPLoEQa7) OR.{IPL.EQ.T)) CALL ORIG

1IN{3.5:4.0)

IF (CABSIXTA-XIB)«GT.TOL} CALL ORIGIN (3.551.5)

CALL SETSF (5.}

READ [(M1) QR»QS»RATC

IF (MX.EQ.1) RETURN

READ (M1} DUMs[XIBODY{J},»UBDDY(JY>VBODY(J)»XBODY(J)»YBADY(J) »
1 3 = 1sHX) »NBPS,({BP(JY)s J = 1»NBPS)

IF {EQF{M1).NE.O} RETURH

READ (#M1) MACHsOFsCL,yXAIMG»XBIMG»YAING»YBIMGsROTATE

IF (EGF{N1)«NE+O?Y RETURN

COSA=REAL (ROTATE})

SINA=AIMAG{ROTATE?}

YR=XBODY{(1)*SINA+YBODY (1}%*C0SA
IFLIYRLT«0a) +ANDs {NBuGTL1)) CALL CPLOT{CHNPLX{Oas=YRI»-3)}
QCRIT = {GAMMA-1.}/{GAMMA+I.) + 2+/{(GAMMA+] ) *HACH*MACH)
NX = HX+1

READ DATA FOR A PATH OR FORK

READ (N1) KKs NN

®¥erCHECK FOR END OF FILEx®&¥k

IF {(EOF(N1).NE.Q) GO TO 160

PO 40 L = 1,NN

READ (N1} UREALCL)sVREALC(L) » XREAL{L) s YREALCLISFEEA(L)»PSI{L)s
1 XIS(MX)»XI(L)

40 CONTINUE

IF (N1.EQ.M1) GO TO £0

READ (M1) KKsNN

=1

Do 50 L = 1sNN

READ (M1) URZsVR2»XRZ» YRZs PHIRZSPSIRZ » XISIMX+2}s XIS (HX+2)
UREALIL) = (4.*%UREAL{J)-URZ)/3.

VREAL(L) = (5 .*¥VREAL{J)}-VRZ} /3,
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XREALIL) (4 *XREALUJ}-XR2) /3.
YREAL(L) (4« *YREAL{J)=YR2)/3.
FEE(L) = (4.%FEE(J)}-PHIRZ) /3.
PSIIL) = {4.*P5STI(J)}-PSIR2}/3.
XI(L) = X1t}
Jd = Jdtl
50 CONTINUE
60 LN = NN-2
IF {LN.LE.1} GO 70 80
OO 70 J = 2sLN
CALL INTERP (J=-1,MXsICHK}
IF (ICHK.EQ.0} GO TD 70
A BDDY PDINT HAS BEEN FOUND IN THE INTERVAL
ILINE{MX) = MX+1
HX = HX+l
IF (MX.GE.HAMAX) GO0 TO 150
G0 TO 120
70 CONTINUE
SUPERSONIC PATH WITH NO BODY POINTS
80 IF (HROW.NE.1) GO TO 90
WRITE (N&»200)
MRQ = NN/65+]
90 IF (HMOD(NROW-1sMRQ).NE.G) GO TC 110
CONSTRUCT P-N TRIANGLE FOR SUPERSONIC PATH
NCOUNT = ©
DO 100 J = 1,NNsMRQ
NCOQUNT = NCOUNT+1
L = 1HP
IF (P5SI(J).LT.0) L = 1HN
100 ILINE{NCOUNT) = L
WRITE (N4,180) {ILINE(J)»J = 1sNCOUNT)
110 TF(L{IPLWEQs3) +OR (IPL.EQe%) OR.(IPLLEQ.B)OR.(IPL.EQ.9)} CALL
1PLTHL(NRDOW» NN}
NRDW = NROWt¢1
IF (NN.GT«.1l} G0 TO 30
TRIANGLE IS COMPLETE
ILINE{HX-1} = O
NROW = 1
GO TO 30
FLOT EVERY MRP CHARACTERISTIC FROM THE BODY TO THE SONIC LINE
120 IF{{IPLeLEs2)}a0Ra{IPLEQeS)eORe{IPLeEQeSYeORIIPLSEQ.T)IOR.
L{MODINROW-1sMRX}.NE.O}} €0 TO 890
CALL CPLOT{RDTATE#CHPLX{XBODY(MX=1)sYBODY(MX=~1)}s3)
DO 140 L = JsiN
140 CALL CPLOT{ROTATE*CHMPLX{XREAL{L+Z)s YREALIL+2})s2}
GO TO- 80
150 WRITE (N4,19C)
CALL EXIT
160 MODE = -1
IF({YRuaLTe0e) s AND& [NB«GT« 1)) CALL CPLOTICHPLA(Quas+YR}»—3}
CALL INIT (CHARSXI»XI»XIS)
HX = HX-1
LL = NK+3
ILINE(1l) = 2
QS = UBODY{1l)*UBODY{1) + VBODY(1)#VBDDYI(1)
DO 175 4 = 1»NK
ILINECI+1) = J+2

i
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@50LD = QS
QS = UBOBY(J+1)1*UBODY{J+1) + VBODY{J+13}#VBODY(J+1)
IF {95.6Y.QTOL) GO TO 165
SKIP THE STAGNATION POINT
MX = MX~-1
ILINEW) = J+2
GO TO 175
165 IF ((QS—-QCRIT)I*{QS5DLD-QCRIT).G6T.0.) GO TO 175
WE HAVE JUST CROSSED THE SONIC LINE
IF {QS.LTLQCRIT) GO TO 170
PIECE IN THE SUPERSONIC POINTS

JF =

ILINE(S) = LL

GO TO 175

REENTERING SUBSONIC REGION
176 tN = LL

LL = ILINE(LL}
IF (LL.NE.D) G0 TO 170
LL = LN+1
ILINE{LN]) = J+l
MX = MX={J-JF}
175 CONTINUE
IFU(IPLEQ.2) +OR{IPL.EQ+4} OR. (IPL.EQe7).OR.{IPL.EQ.9)) CALL
1 DRIGIN(3.5+2.0)
RETURN
180 FORMAT (2Xs65(1XA1))
190 FORHAT (/7 /F5X4&BH*4x4k TOO MANY POINTS DEFINING THE AIRFOTIL #dksk
1 //75X36H #%%* PROGRAM STOPPED IN BODYPT *¥*x )
200 FORMAT{1H1//51H POSITIVE AND NEGATIVE VALUES OF THE STREAM FUNCT
1 24HIGON AT SUPERSONILC POLINTS //74)
END

SUBROUTINE PLTML{K1I»¥X2)

PLOTS CHARACTERISTICS IN THE SUPERSONIC REGION

COMMON /C/ PIsGRID»TOL

COMMON /D/ II5IPLTsJJsKBMsKKsLEMy MODDESMRPINBsNCoNFsNJs NKs NNsNPSNX
COHMMON /F/ ROTATE»XAIMGs XBINGYAIHG,YBIMGHCL »DF

COMMDN /G/ N1sN3sN&»NY2M1

REAL MACHNKAPPA

COMPLEX XIsXIBODDY»CHAR»XIS

COMMON CHAR[&lyEO]:XI(300):XIS(3GO}JXIBUDY(3001:UBUDY(300]:
1 VBRODY{300)XBR0Y(300)»YBODY(300)sH(300)>THETA(300}2ANGL (3001,
2 MACHN(300))KAPPA{300)»XREAL(300),YREAL{300)»S5{3001,ES{600)sQ(600)
3 s PHI{A00)»QL(300)»ILINEC300)

COMMON UREAL{300)sVREAL(200),PSI{600)}»PSITHP(A1)}»MPOINTI{61)
COMPLEX ROTATE

DATA NAR/FAL/ » MARS20/

L =0

CHECK FOR FIRST ROW OF TRIANGLE

IF (K1.GT+1) G0 TO 30

FAC = =PSI(1) /ABS{PSI(1})

MRQ=2

10 DO 20 J = 1sK25HRQ
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L o= L+1

CHAR(L,1) = ROTATE*CHMPLX{XREAL(J)» YREAL(J])
PSITHPI{L} = PSI(J)

MPOINTIL) = 1

LL = L=1

CHECK TO SEE IF WE HAVE EXCEEDED THE DIMENSION OF CHAR
IF (L.LE.NAR) RETURN

WRITE {(N&4»100}

MRQ = MRQ+MROQ

L =0

G0 70 10

B0 70 4 = 1lsKZsHRQ

L = L+l

IF (FAC* P3I{J).LE.O.} GO TO 60

POINT IS BUTSIDE THE BODY

HPOINT{L) = HPOINT(LI+1

IF {MPOINT(L?.EQ.2) GD TO 50

CHECK FOR DIMENSION DOF CHAR

IF (HPDINT(L).LE,MAR) GO TO &0

MPOINT{L) = 2

CALL CPLOT(CHAR(L»1),3)

DO 40 K = ZsMAR

CALL CPLOT {(CHAR{L,K)s2)

CHAR({Ls1) = CHAR{LsHMAR)

GD TO 6C

FIND A POINT ON THE BODY BY LINEAR INTERPOLATION
R2 = PSI{J)=PSITMPIL)

Rl PSItJIIRZ

R2 = ~-PS]ITHPIL)}/RE

CHAR({L»1) = RIMCHAR{Ls1)+ROTATEFRZ*CMPLXIXREAL{J)>YREAL{J))
STORE THE POINT FOR PLOTTING

K = MPGINT{L)

CRAR{L»K}) = ROTATE*CHPLX(XREAL(J)I»YREAL{J))
PSITHPIL) = BPSI{d)

IF {K2.6T.1) RETURN

WE HAVE FINISHED THIS SUPERSONIC PATH
FINISH PLOTTING THE CHARACTERISTICS

0O %0 J = IsLL

L = MPOINT{J)

IF {L.LE.1) 60 TO 90

CALL CPLOT(CHAR{Js1)53}

DO 80 K = 2sL

CALL CPLOTICHARIJsK}»2)

CONTINUE

RETURN

FORMAT(27H 700 MANY SUPERSONIC. PDENTS. )
END

SUBROUTINE INTERP{K1lsKZrK3)

COMNPUTES SUPERSONIC POINTS ON BODY BY QUADRATIC INTERPOLATION

THE BODY IS THE STREAMLINE PSI = Q.
K3 IS ZERD WHEN THERE IS NU BODY POINT IN THIS INTERVAL
REAL HMACHNsKAPPA
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COMPLEX XI>XIBODY»CHAR» XIS

COMMON CHAR(61,20),XI(300)+XIS{300),XIB0DY{300),UBODY(300],

1 VBODY{300),XBODY(300)»YBODY(300)sHI3GO)» THETA{300)5ANGL{(300])»
2 MACHN(300)» KAPPA(300)»XREAL (3001}, YREAL{300})»5(3003},E5{600),Q0(600)
3 » PHI(600)sQL(300),ILENEC2Z00Q)

COMMON UREAL(300)»VREAL(300),PS1(300)

COMPLEX XI13,XI23

K3 = 0

XB = PSI(KI+1)

XC = PST{K1+2}

CHECK FOR A SIGN CHANGE BETWEEN THE SECOND AND THIRD INTERVAL

IF (XB*XCuelT40s) 60 TO 20

IF ({XB¥XCsGTua0s)sANDEKLaGTal)) RETURN

IF ({XC.EQ 0} AND.{XB.NE.O.)) 6O 7O 20

IFIXB*PSI{X1}.LT.0.) GO TO 20.

IF ((XBoNE«Oe)+DR4IXCWEQ.D.}) RETURN

IFCIKLEQ.1) ANDL(PSI{K1}4EQ.0, })IRETURN

K3 =1

Xa = PSI{KI)

EA = XC-XB

EB = XC=XA

EC = XB-XA

DO LINEAR INTERPOLATION BETWEEN POINTS 2 AND 3
U23 = (UREAL(K1+1}#XC-UREALIK1I+2)*XB)/EA

V23 = {VREALIKL+1)*XC-VREAL(K1+2)*XB)/EA

X23 * (AREAL(KI+LIFXC~XREAL{KL1+2)#XB}/EA

¥23 = (YREALIKL1+1)#XC~YREAL{K1+2}*XB} /EA

X123 = (XT{K1+1)¥XC~XI(K1+2)*XB)/EA
DO LIMEAR INTERPOLATION BETWEEN POINTS 1 AND 2

Ul3 = [(UREAL(K1) #XC~UREAL(K1+2)}%XA)/EB
V13 * (VREAL{KL) *XC-VREAL(K1+21}%*XA)/EB
X13 = [(XREAL(K1) *=X(C~XREAL(K1+Z2)*XA}/EB
Y13 = (YREALC(KI} #XC-YREAL(K1+21%XA)/EB

XI13 = (XI{KL)*XC-XT{K1+2}*XA)/EB
IF PSI IS NOT MONOTONIC USE LINEAR INTERPOLATION
IF {EA*EC.GT.0.) GO TO 30

K3 = -1

UBODY{KZ) = U23
VBODY(KZ) = V23
XBODY{KZ}) = X223
YBODY(KZ) = Y23
XIBODY(XKZ) = CONJG{XI23)
RETURN

DO QUADRATIC INTERPOLATION

UBODYI(KZ) = {UL3*XB-U23*XA)}/EC
VBODY(K2) = (VI3#XB-V23*XA)/EC
XBODY{K2) = [X13*XB-X23*XA)/EC
YEORDYIK2] = {YE3*XB-Y23*XA)/EC

XIBODY{K2} =(CONJGIXI13)*X{B-CONJG{XIZ23)*XA}/EC
RETURN
END
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SUBROUTINE BLADE (KPsNPTSS,TITLE)

SORTS AND PLOTS AIRFOIL CODRDIMATES AND PRESSURE OISTRIBUTION
REAL MACH

COMMON fA/ GANMMASMACH

COMMON /C/ PI»GRID, TOL

COMMON 7D/ IT1,IPLYT»JJsKBMs KKy LEMsHODEsMRPo NBaNCy NFs NJ s NKs NN 2 NP2 NX
COMPLEX ROTATE

COHMON /F/ ROTATE»XAIMG+XBIMGsYAIMNGs YBINGSCL»DF

COMMON /G/ N1,N3sNasN7sH1

COMPLEX XITAIL»BPsXIAsXIBsXIC

COMMON /fH/ BP{129)» XIAsXIB»XICyXITAILSCONEs CTWOSCTHR»RATC»QRsNBPS
REAL MACHA»MACHB»MTAIL

COMMON JK/ MACHASHACHB»MTAILs ANGLAsANGLBsANGLT>RNsTRANUs TRANL 2 NRN
REAL MACHHNsKAPPA

COMPLEX XIsXIBODY»CHARsXIS

COMMON CHAR{61,20)sXI{300)XIS{300),XIBADY (300}sUBODY{300)»
1 VBODY(300),XBODY(3D0)},YBODY{(300)sH(300}, THETAL3002,ANGL(300),
2 MACHN(300)»KAPPAL{300)»XREALI300)s YREAL(300)»S(300)5ES{600),Q(600)
3 » PHIt6CO)»QLI300)sILINE(300)

COMMBN XX{300)»XP{3CG0)sXPP(300)sXPPP(300)+JLINK(300)
DIMENSION TITLE(12)

EMACH(QS) = SOQRTI(QS/{CDSG~({{GAMMA-1,)/2.)%0QS)])

CP{QS) = HEADI#*{RHDI{GQS)}%*GAMMA-PINF)

IF (KP.LE«.1} RETURN

GAMX= (GAMNA=Ll.)/2.

Ca3Q = GAMX+1./(MACH*MACH}

Q3B = COSOQ*(MACHB#MACHB)/{ 1.+GANX*{MACHS*MACHB))

PINF = RHO{QSB)*£GAMMA

HEADI = 24/ (GAMHA®{MACHB*®MACHBI®PINF)

RAD = 1BO./PI

SF = 5.

CALL SETSFI{SF)

IPL = MODIIPLT/10,10)

YORIG = 2.0

IF (NB«NE.1) YORIG = 1,5

CPOR = (6.5-YORIG)/SSF

EMOR={49.5~YORIG} /SF

SN = B./3F

IF{NB+HE.1l) EMOR={6,0-YORIG)/SF

IF{NB.NE.1) SM=10./{3+333%5F)

TFI(IPL.LT5)4AND.(NB,EQL.L1)) SH=4,./5F

IF (IPLeGTa5) SHM = =2.5/SF

ANGROT = ATANZ{=XBIMG»—YBIMG)

COSA = REALIROTATE)

SINA = AIHAG{ROTATE)

SOL = (PI+PI)#SCORT.(XBIMGX*XXBIMGH+YBIMGHYBIMG)

DX ==(PI+PI)#*{{XAING+XBIMG)*COSA—(YAIMG+YBIMGI*SINA)

DY S={PIFPIY¥{({XAIMGFXBIMGI=SINAF+(YAIHG+YBIMG)*COSA)

IF {MODE.LT.Q) GO TO 13

CREATE A POINTER LIST

PO 10 J = 1sKP

ILINE(S) = J+1

ORDER THE POGINYT3S AROUND THE BODY AND FIND THE THICKNESSICHURD
D0 20 J = 1300

JLINKES)Y = J

TC = 0.

LMax =1
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J =1

B8 30 JX = 24KP

JH o=

K = JLINK(JM}

Jd = ILINEtS)

EMAXP = LHMaX

XMX = X80DY(K)

LHAX = JM

L =4J

DO 25 LX = JXsKP

LE = JLINKI(L)

If (XBODY(LL).LE.XMX) GO TO 25
XMX = XB80Oby(LL)

LMAX = L

L = ILINE(L)

IF (LMAX.EQ.JH) GO TO 30
JLINKESH) = JLINK(LMAX)
JLINKILHAX) = K

LMAX = JLINK{JM}

TC = AMAXL{TC,»ABSC(YBODY(LHAX)-YBODY{LMAXP}))
CONTIKUE

CALL CHSIZE (.07}

WRITE (N4,160) TGsCL
ENA=ABS(MACHA)

EMB=ABS {MACHB)

IF (NB+EQ.1l) GO 70 40
IF(EMB.GT.EMA) WRITE(NG»110) DF»S0OL
IF{EMB.LT.EMA) WRITE(N4,»115) 50L
THA = 90.,-ANGLA - RAD*ANGROT

THB = 90.-ANGLB = RAGFANGROT
TURN = THA-THB

WRITE(N4s120) EMBs THESEMA»THASTURN
G0 7O 50

WRITE{N%4»180) EMA

WRITE (N&4»170) DX.0Y

DZ = SQRT (DX*DX+DY*DY])

4 =1
DO 60 L = 1,KP
XREAL(L) = XBODY(J}*LO0SA-YBODY{JJ*S5INA

YREAL{LY = XBODY(J)*SINA+YBODY (J)*COSA

Qs = UBADY(J)*+UBODY{J)+VBODY(J}*VBODY{J})

QL{L} = SQRTLQS)

EMN = EMACH(QS)

MACHN{IL)Y = EMN

ANGLIL) = ATANZ2(UBODY(J}*SINA+VBODY{JI*COSA,UBODY(J}*COSA~

1 VBODY{JI#S5INA)

IF {{IPL.EQ.0).ORLIIPL.EQ.5)) GO TO 60
IF {1PL.LT45) CPX = SH¥EHN+EMDR

IF (IPL.GT.5) CPX = SH*CPIQ5) + CPOR
CALL CSYMBLLCHPLX{XREAL{L) +CPX)s»3s-1)
J = ILINEUd)

PLOT MACH NUMBER AT THE TAIL POINT

IF ((IPL.EQ.0}s OR.(IPL.EQ.5)) 60 TG 70
CALL CHRANG {45.1

QS = UBODY(I)*UBODY(1)+VBOOY(L)*VBODY (1)
IF (IPL.LTe5} EMN = SM*MACHN{1}+EMOR

IF {(IPL.GT.5) EMN = SH*CP(QS) + CPFOR
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CALL CSYMBL{CHPLX(XREALI1)sEMN])»3s-1)
CALL CHRANG{O.)
YR = YREAL{1)
IF [IYReLTeOu)aAND«(NBeGT«1)) CALL CPLOT (CHPLX{Oss=YR}s»=-31}
70 CONTINUE
ENCODE (605150sTITLE) EMBsCLsDZIHTC
IF((IPL4EQe2) s OR4(IPL.EQo%) «OR«{IPLEQaT)«OR.{IPLEQLT)) CALL DRIG
LINC(34554.01}
CALL OUTPT (KP,TITLEsANGROT»SOL)
IF (NB.NE.1) ENCODE (60,140sTITLE) EHBsEMA»TURN, SOL
IF (NBJ.EQ.1)} ENCODE {(60s190sTITLE} EMNBsCLsDXsDY,TC
IF ((NRN.LT.0).AND.(MODE.LT.0)) READ (N7,130) TITLE
IF (IPL +EQ.0) RETURN
CALL SPLIF(KP»SsXREALsXPs>XPPyXPPP235s0s23504)
CALL INTPLINPTSsES»XX>SsXREALsXPsXPPsXPPP}
IPEN = 3
CALL ORIGIN (3.5sY0ORIG)
DO 80 L = 1sNPTS
QS = QR*QI{L}I*Q(L)
IF {IPL4LT.5) EHMN SHEEMACH{QS }+EMOR
IF (IPL.GT«5) EMN SHMECP{QS) + CPOR
CALL CPLOT{CHPLX(XX{L)YsEMN)SIPEN)
80 IPEN = 2
CALL CHRARG(O0.)
CALL CHSIZE {.1l4)
SH = SH=%SF
CALL SETSF (1.}
WORD = 1HM
IF(IPL.GT«5) WORD=ZHCP
TFU{NBsNE«1) . AND. (IPL.LT.B}} GO TO 500
CALL CSYMBL{(=a80sT7«e5)sWORD>» 3)
GO TO 501 )
500 CALL CSYMBL{{(=.80s8.2}sWORD23)
501 CONTINUE
CALL CPLOT {(({3.957.97})s3)
CALL CPLOT {({8425sT971)s2)
CALL CSYHBLI{4.3657.9)»6HINPUT 56)
CALL CSYMBL ((4.057.5)58H+ QUTPUT ,8)
CALL C3SYMBL({=1l.3s=.75)sTITLE»GOQ)
IF {(NRNeLT+0)+sAND.{HODE.LT-0}) CALL CSYMBL(={la2s+9)sTITLE(7) 560}
IF (({NRNJLTW0)ANDe (MODEWLTC))} READ (N7s130} TITLE
IF (IPL.LELS)} GD TO 90O
CALL XYAXES{(=la0s445)30053u55=440500,26H(F5.1)1}
CPCRIT = CP{{COSQ+COSQ)}/(GAMMA+*L,. )}
CALL CPLOTI(CMPLX{=1.10»SH*CPCRIT+4.5)123)
CALL -CPLOTH{CHMPLX -4 90y SH¥CPCRIT¥435)52)
G0 70 100 :
90 IF(NB.NE.1) G0 TCO 91
CALL XYAXES{(=1402Z2a5)2002542425390as6H(F5,21))
60 TO 100
91 CALL XYAXES{({~1402445)5002%42:3333590,26H(F5.2))
100 CALL FRAMER
RETURN
110 FORMAT (34Xs17HDIFFUSION FACTOR= »F5.3//39Xs10HGAP/CHORD= sF6.3/1}
115 FORMAT(29XsI0HGAP/CHORD= »F&.3/7)
120 FORMAT {13X »18HINLET MACH NUMBER=sF6.3515Xs17THINLET FLOW ANGLE=,
© 1 FT427/13Xs 18H EXIT MACH NUHMBER=»F6.3515Xs 17H EXIT FLOW ANGLE=:
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2 F7.2/7/35Xs 14HTURNING ANGLE=3F7.2/)
130 FORMAT (6A10)
140 FORMAT(4H M1=F4,3,5%4H M2=F4.3,5XTHDEL TH=F6.255X4HG/C=F4.2}
150 FORMAT (3H M=sF44355X3HCL=sF54355X3HDY=sF44356X4HT/CxsF4.3)
160 FORMAT(1HL/36Xs16HTHICKNESS/CHORD=yF6.4//32Xs12HCOEFFICIENT
1 BHOF LIFT= ,Fb6.4/ )
170 FORMAT (34X;3HDX=sFba%s6Xs3HDY=4F6.4 /)
180 FORMAT (40Xs12HMACH NUMBER=» Fb6.3/)
190 FORMAT(2HM=3F44354X3HCL=F54354X3HDX=sF5.35 4X3HDY=F5.3» 4X4HT/C=F4.3
1)
END

SUBRODTINE OUTPT (¥P,TITLEsANGROT,SOL)

LISTS X,Y COORDINATES AND MACH NUMNBERS

DIMENSION TITLE(S)

REAL MACH,»MAVE

COMHON FA/ GAMMAS HACH

COMMON /7C/ PISGRID»TOL

COMMON 707 IIsIPLTsJdJsKBMaKK»LBMsMODE>MRP2NBaNCsNFaNJs NKoNNsNPNX
COMMDON 7G/ N1sN3sN&GsNT7sML

COMPLEX XITAILsBPsXIAsXIBsXIC

COMMON /7H/ BP(129)sX1AsXIBsXICsXITAILsCONE) CTWOSCTHRSRATC>QARINBPS
REAL MACHA»MACHBsMTAIL

COMMON /K/ MACHASMACHBMTAILsANGLASANGLBANGLT>RNsTRANU» TRANL s NRN
REAL MACHNsKAPPA

COMPLEX XIsXIBODYs»CHAR» XIS

COMMON CHAR(61,20)sXI{300},XIS(300)XIBODY (300),UBODY (300}

1 VBOODY(300),XBOBY{300),YBODY(300)sH{300)»THETA(300) »ANGL{300),
2 MACHN(300)»KAPPA{30D)»XREAL{IO0)YREAL(30D)»3{300),ES5(600),Q(600)
3 » PHI(60G)»QL{300,ILINE{(300)

COMHMON SEPR{309)

IPL = MOD(IPLT/10»,10)
RAD = 180./P1

TOL = t.E-5

GAM = JE*(GAMHA-1.)
EXP = GAMMA/(GAMMA-1.}

CSINF = 1.,+GAM*¥MACHB*MACHS
HEADI = 2./(GAMNMA*NACHB®MACHS)
MAVE = +5%[(ABS(MACHA)Y+ABS{MACHB))

KQMIN = 1
KQMAX = 1 .
QMIN = MACHN{1)
CMAX = QMIN
HU{1Y = 0.
THETALL) = 0.
St1} = 0.

KAPPA(KP} = 0.

DO 70 L = 2sKP

HIL) = 0.

THETA{LY = 0.

SEPRILY = 0.

IF [MACHNIL)}.GT.OMAX) KQMAX = L
IF((XREAL(L)*XREAL(L)Y+YREAL{L)*YREAL(L))oLT.TOL) KQMIN=L
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QMIN = AMINL(MACHRN{L},QMIN)

GMAX = AMAX1I{MACHNI{L)}>QMAX)

BX = XREAL(L)=XREAL(L-1)

DY = YREAL{L)~YREAL (L-1)

IF (ANGL({L)=ANGL(L~1)46T.PI/24) ANGL{L) = ANGL(L)-P]

DTH = ANGLIL)=~ANGL(L-1)

FAC = 1.

IFf (DTH.NE«Oe} FAC = ,5%DTH/SINC.5%DTH)

DS = FAC*SQRT(DX*¥DX+DY*DY)

SiLY = S{L-1)+DS

KAPPA{L-1) =-~DTH/DS
70 CONTINUE

LTRU = KPs2

LTRL = -1

IF (RN.LE.D.) GO TO 10%

L = KaQMax

IF (TRANUL.LT.0.) GO TO 80O

DB 75 L = KQMINsKP

IF (XREAL(L}.GE.TRANU) GO TQO B8O
75 CONT INUE

WRITE (N4s210)

G0 TO 105
80 XTRANS = XREAL(L}
LTRU = L

CALL NASHHC (L,KP}
IF (TRANL.GTW0.) XTRANS = TRANL
00 90 L = 1lsKOQHIN
IF (XREALIL).LEJXTRANS) GO TO 100
90 CONTINUE
IF (RMeNEWOW) WRITE (N&»210}
100 LTRL = L
CALL MNASHMC{LTRL»1)
105 WRITE (N4+690)
WRITE (N4»700)
LC = 18
IF (NB+EGel} LC = 11
INC = 1
REWIND N3
NRN = 1
WRITE (N3s730) TITLEsKP
SFAC = 2./5(KP)
DO E30 L = 15KP
u QLIL)*COS { ANGL(L) )
v QLILY*SINCANGLILY)
ANG = RAD®ANGL(L)
CALL CHRANG {ANG)
IF(IPL.GT+0) CALL CSYMBLICHMPLX{XREAL({L)+YREAL(L})215,~1)
DELS = THETATL)=®H{L)
XS = XREAL(L)~DELS*SIN(ANGLIL})
YS = YREAL(LY+DELS#*COS (ANGL{L))
CS = le+GAM=MACHNIL y*MACHN{L)
ce HEADI#({CSINF/CS)**EXP = 1.)
HRITE (N3,740) UsVsX35sYSsCP
IF ((LoLTSLTRL J+O0R4{L+6T.LTRU)} GO TO 110
M56 = 1H
IF (MACHN(L) LT.TOL?} M36 = 1OHSTAGNATIGN
IF {{L.EQ.LTRL +1)a0Rs (LeEQ.LTRU =~13) M56 = 1OHTRANSITION

# "

i
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WRITE (N&4»720) XREAL{L)sYREALC(L)>ANG»KAPPA(L)sMACHN (L}sMSG2XSsYS
INC = -1

GO TG 1z2¢

CONT INUE

WRITE {N&4»710) XREAL(L)sYREALUL)sANGsKAPPA(L)sHACHNIL)
1 » THETA(L)>SEPRILISXS3,YS

LC = LC+1

S{L) = SFAC*®S{L)-1.

IF (LC.LE.55) GO TO 130

LC = 4

WRITE {(N4s200)

HRITE (N4»700Q)

CONTINUE

SIKP) = 1.

QS = Usl+y=y

RT = (1.+GAM*MAVESHMAVE} /{1.+GAN¥MACHN (1 I*MACHN(L))

FAC = 4253/{1.++GAMN*MNACHN(L1)*MACHNLL))

HBT = FAC#(H{KP)+l.) + 1.

HBB = FAC*{H{1)t+.1l) + L.

CDFf = 2.%RTHF3%F(THETA(KPI*QS**HBT+THETA{1)*Q8**HBB)

IF(ABS(MACHA) +LEEABS(MACHB}} WRITEIN4,220) CDF

IF (NB.EQ.1} RETURN

COSTE = COSCANGL(1))

COSBET = COS(ANGRUT+PI®{ANGLA+ANGLB)/360.)

FAC = (COSBET/COSTE)*({la+4125%CDE*(HBB+HBT)**2/(SOL*COSBET})
CLOSS = (COF+COFI*FAC

IF{ABS{MACHB) 4GT+ ABS{HACHA}} WRITE(N4,230) CLOSS

RETURN

FORMAT {1H1s/)

FORMAT( /7 /752H%+%=TRANSITION NOT FOUND~=BOUNDARY LAYER SKIPPED*®&%#)
FORMAT (1HO» LO0X» 27HPROFILE GBRAG COEFFICIENT = sFb6.& 1}
FORMAT({1HO»10X»27H LOSS COEFFICIENT = sFb.4 )
FORMAT{13Xs45HCDORDINATES FROM LOWER SURFACE TAIL TO UPPER
15 12HSURFACE TAIL 1)

FORMATILZX» LHX» TX» LHY» TX23HANGs 3Xs 1HK» TXs LHMs SX» SHTHETA» 4 X» BHSEP» 5
1Xs2ZHX S5 6Xa 2HYS/)

FORMAT(F15.4s FB.4sFB.1sF6.25FB4s2FBu5sF7.45FB.4)
FORMAT(F15e4rFBedsFBslsFba2sFBats3X2AL023X»FTe4sFB. &)

FORMAT (6A10-15)

FORMAT (4020)

END

SUBROUTINE NASHMC (K1sK2)

COHPUTE THE BOUNDARY LAYER CORRECTION FRGM POINT K1 TO K2

COHMMON ZA/7 GAMMA»MACH

REAL MACHASMACHB»MTAIL

COMMON FK/ MACHA,MACHBsMTAILs ANGLAANGEB»ANGLT» RN» TRANUs TRANL > NRN
REAL HACHNsKAFPPA

COMPLEX XJ»XIBODYsCHAR, XIS

COMMON CHAR(&I:ZO);XI(BOO);XIS(300];XIBUDY!BOU):UBBDY(BDG);

1 VBODY(3C0},XBODYL300)»YBODY(300)sHI300),THETA{300)ANGL(300),
2 MACHN(300)»KAPPAL300}»XREAL{300)sYREAL(300)»5(300)J,E5{600)»0Q(600)
3 » PHI(600},QL(300),ILINEL{300)
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COMMON SEPR{300}

REAL MHsMHSQs NUsMACHs MAVE

DATA TR f.3424/ » RTHO/320./ s TEL/5.E-3/ » TE2/5.E-5/ s PIMIN
1 /=1.9/ 3 PIMAX/l.E4/

GAM = (GAMMA=1.)/2.

GAML = 1./(GAMHA=1,)

MAVE = »5% (ABS{MACHAI+ABS (HACHB))
CSIINE = 1.+GAMEMAVE#MAVE

INC = ISIGN{1sK2-K1)

GE * 6.5

L = K1

DSOLD = ABS{S(L)I=S(L=IRC))

10 LP = L+INC

MH = +5% (MACHNCLY +MACHN(LP))

MHSQ = NH%MH

CSIH = 1.+GAN*MHSQ

DS = ABS{S(LPI=S(L)}

IF (LP.,NE.K2) DQDS = {MACHN(LP)=MACHN(L)/(DS*MH*CSIH)
T = CSIINF/CSIH

RHOH = T**xGAM1

NU = T*{1.+TR}/(RHOH*(T+TR)}

RTH = RN#MH/{MAVE*NU)

IF (L.NE.K1} GO TO 30

THETAH= RTHO/RTH

THT = THETAH

THETA(L) = THETAH

30 FC = 1.04.066%MHSQ~, 008%MH*MHSQ

FR = l.=J134%MHSQ+,027%MHSQ¥NK

DO AT MDST 200 ITERATIONS

PO 140 3 = 1,200

RTAU= 1o/ (FC*{2.4711%ALOG(FRERTHATHETAH) +4475)+1 J5#GE+1724,/
1 (GE¥GE+2004)1-16487)

TAU = RTAUSRTAU

HB = 1l./(1.-GE*RTAU)

HH = (HB+1l.)%{1.+.178%HH5Q)-1.
SEP = —THETAR*DQDS

PIE= HH%SEP/TAU

PIE= AMAX1(PIMINSAMINL(PIMAXsPIE)})
§ = 6.1%SOQRTUPIE+]1,81)=1,7

T2 = ABS(G-GE)/GE
GE = G
D¥2 = DT

BT = (HH +2.=MHSQI*SEP+TAU

If {J.EQ.1) GO TD 110

TI = ABS((DT-DT2)/DT)

IF ({TLeLToTE2)-eANDe {¥20- LT T-E1) } GO TD 130
110 THETAH= THT+#.5%B7%03
140 CONTINUE
130 THETA(LP) = OT*DS+THT

" THETAH = THETA(LP)

THT = THETA{LP)

H{L) = (H{L)¥DS+HH*¥DSOLD)/{0S+DSOLD}

H(LP)} = HH

SEP = =THETAH*DQDS

SEPR(L) = (SEPR(L)}*DS+3EP*D30LD}I/IDS+D50LD) -~

SEPRILP) = SEP

OS0LDE = DS


http:GE*GE+200.)-16.87

10

30

32

147

L = tP

IF (L+NEJK2} GO TO 10

HIK2) = 2 ¥%HIK2)=H{K2=INC)

H{K1) = 0.

SEPRIKZ) = SEPRI{K2) + (SEPRIK2}-SEPR(KZ2-INC})}
RETURN

END

SUBROUTINE HOGRF (KPsTITLE}

PLOTS AIRFOIL ON LARGE SCALE

COMPLEX ROT

COMMBN /#C/7 PIsGRIDsTOL

COMMON /D/ IIsIPLTs»JJsKBMsKKs LBMsHODES MRPyNBNCyNF»NJs NKs NN> NP NX
COMPLEX XITAILL»BP»XIAsXIBsXIC

CONMON /H/ BPU{IZ9 s XTAsXIBsXIC XITAIL»CONE»CTHOs CTHRPRATC» QR NEBPS
REAL MACHA,MACHB»MTAIL

COMMON /K/ MACHASMACHB »MTAILsANGLA» ANGLBsANGLTSRN,TRANUy TRANLs NRN
COMHDN /L7 PLTSZ

REAL MACHN-KAPPA

COMPLEX XI+XIBODYsCHAR»XIS

COMHON CHAR(O122001,X1(300),XI5{(300}sXIBODY{300}»UBCDY(300),
1 VBODY(300},XBODY{300)sYBORY{300)>H(300), THETA(300)sANGL(300Q1},
2 MACHN{300)KAPPA(300), XREALC300)>YREAL (300}),5(300),ES5(600),0Q(600)
3 » PHI(GOO)},QL{300},ILINE(300)

COMMON SS5{900)sXX(900},YY{900}»YPIG00}sYPP({S0Q}s»YPPP{T300}

DATA NPTMAX 79007

IPL = HOD {IPLT»10)

IF {IPL.EQ.0} RETURN

XITAIL = XIBODY(1)

CALL LOCUS (IPL»TITLE)}

IF (KPeLE+1} RETURN

NT=NK+1

DO 10 J=2,NT

CALL CSYMBL (XIBODY(J)s3s-1)

IF (MODELGE.O) RETURN

IF (PLTSZ+EQ.04}) RETHRN

CALL FRAMER

CALL ORIGINLZ.7555.0)

CALL CHSIZE (.14)

CALL CSYMBLI[=0475s=4.01sTITLE»60)

JIF (RNGEG.Q) GO TO 32

RNX = 1l.E=0%RN

ENCODE (20,70sRODT) RNX

CALL CSYMBL((S5.5s=4.0}sROT»20)

CALL SETSF [(ABS{PLTSIM)

CALL PGSIZE (ABS(PLTSZ}+10.511.)

ROT = CHPLX{XREALIKP)}»~YREAL{KFP}}

ROT = ROT/CABS(ROT

IF{NBsEQel) ROT={les0+)

NPTS = MINO(NPTRAXsINT(ABS(PLTSZ)/.05 +.5)})

DS = 2./FLOAT{NPTS-1}

55(1F = -1,

DO 35 J = Z2sNPTS
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35 SS5(J) = S$S{J=1)+D5%
SS{NPTS) = 1,
CALL SPLIF (KPpSsXREALsSYPsYPPsYPPPs»32045350.)
CALL INTPL {NPTSsSS»XXsSsXREALSYPsYPP,YPPP)
CALL SPLIF {XPsSsYREALSYPsYPPyYPPPs350es3204)
CALL INTPL (NPTSsSSsYYsS»YREAL>YPsYPPsYPPP)
CALL CPLDT (ROT#CHMPLX{XX(1)s¥Y{1})s3)
DO 40 J = 25NPTS

40 GALL CPLOT {ROTH*CHPLX{XX(J)»¥YY{J})s2)
IF (PLTSZ.LT.0) GO TD 55
CALL CHSIZE (.07}
B0 50 L = 1sKP
CALL CSYMBL{ROTH*CMPLX{XREAL{LIsYREAL{L))»3,»-1)
IF (RN.LE.Qs} GO TO 50
DELS = THETA{LI*H{L)}
XS=XREAL{L)=DEL3S*SIN{ANGLIL))
¥S = YREAL{L) + DELS®COS(ANGLIL)}
CALL CSYHBL{ROT®CHPLXI{XS»>YS)s48s-1)
XREALILY = XS
YREALIL) = YS

50 CONTINUE

55 IF (RM.LE.QO.) RETURN
CALL SPLIF {KPsSsAREAL»YPsYPPsYPPP»350423+0.)
CALL INTPL {(NPTS»SS»XXsSsXREAL»YPsYPP»YPPP)
CALL SPLIF (KPaSsYREAL»YPsYPPaYPPPs350.23504)
CALL INTPL {NPTSsSSsYYsS»YREALIYPsYPPsYPPP)
CALL CPLOT {ROTHCHMPLX{XX{1)s¥YY(1}}s3)
DO &0 J = Z2sNPTS

60 CALL CPLOT (ROT#CMPLX(XX{J)sYY{J})s2}
RETURN

70 FORMAT (4HRN 2pF5.1s8H MILLION])
END

SUBROUTINE LOCUS{IPL.TITLE)

PLOTS COMPLEX CHARACTERISTIC HODOGRAPH PLANE

COHPLEX S5sHSQPRsXI» CSQRT» XIMINs XIMAX

REAL MACH

COMMON 7A/ GAMMAsHACH

COMMON /C/4 PISGRIDsTOL

COHNON /D/ IIsIPLT2JJsKBHsKKsLEBNsHODEy MRPsNBs NCo NF s NJo NKs NN NP2 NX
COMPLEX XITAIL»BPsXIA»XIB2XIC

COMMON JHS BPUL1Z29)s X As XIBsXICs XITAILSCONESCTWO, CTHRSsRATC>QRHNBPS
REAL "MACHASHMACHB> MTATL T T -
COMMON. /K7 MACHA»MACHBSMTAIL s ANGLASANGLES ANGLT» RNsTRANUsTRANL» NRN.
DIMENSION CONL(20}» TEMP{O61)sTITLE(LZ)

COMMNON DUM{1000}),CONL» TENP

EXTERNAL C3QRT»SOFXI

GAM = (GANMA-14) /2.

C0SQ = GAM+ 1l./(MACH%MACH)

IX =5
XCEN = 5.5
YCEN = 6.0

SFL = .25
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IX = 19

SFI = ,4

XS5Z = 6.

IX = IX*®INT{XSZ+70L}

JX = IX

Y3Z = X517

CALL ORIGIN {(XCEN-.9%XSIsYCEN—.5%YSZ}

XIMIN = —~ 5%XS57Z#SFI%(1l.s1l4)

KIMAX ==XIHIN

IND = 1

IF (IPL.LT«5} 60D TO 15

IND = 20

IF {(CO5Q.LE.8.) GO TD 15

cosa = ,25%Casa

GO TO 12

DO 20 J = L,IND

EMX = FLOAT{IND+]1-J)/FLDATC(IND)

X1 = COSQ¥EMX*EMX/(1l.+GAMREMN*EMX)

CALL GETHSQ(XI»3»HSOQPR)

CONL (IND+1=J) = REAL{S)

CALL CONTOR (IXs JXsINDsXSZeYSZsSOFXIsCONLSsTEMPs XIMINSXIMAX)
SF = 1./5F1

CALL SETSFUSF}

CALL ORIGIN {XCENsYCEN)

CabL CSYMBL {XIAs,11,-1)

CALL CSYMBL {(XIB»ll.-1)

CALL CSYMBL{XIC»12,-1])

CALL CSYMBL {(XITAIL»263-1)

CAlLl CPLOTI{XILs3}

CALL CPLOT{XIB»2}

CALL CPLDOT (XIA»2)

CALL C3YMBL ((=las0e)263,-1)

5CF = SF

CALL SETSF (1.)

IF {NRN.GE.Q) GD TO 30

CALL XYAXES {{0a30:)35345534555F1s0.56H(F5.1))

CALL XYAXES ((0e30e)53:053.055F1s90e506H{F5.1))

CALL CSYMBE ({(=3.40s=4.5}sTITLE»&O)

IF {(MODE.LT.0) CALL CSYHNBL {(~340,-4+%)s TITLE{7) 560}
GO TO 40

CALL XYAXES {({0u30a)s«5%XSZs o 5%XSZsSFI»0.26HIF5.2})
CALL XYAXES [{Qe90a)s 5*%Y3Zse5%YSZpS3F1590426HIFS542))
CALL CSYMBL ((—345s-5.2}sTITLE»60)

CALL SETSF(SCF)

CALL CH3IZE (.07)

JF{{IPLeGE«]1) «AND({IPL.NE.5)) CALL PLPATHINPsIPL+2)
RETURN

END
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SUBROUTINE PLPATH({K1»K2)}
PLOTS INTEGRATION PATHS IN COMPLEX PLANE
COMMON /C/ PIs»GRIDsTOL

COMMON /DJ IISsIPLTsJJsKBMIKKsLBMsNODES MRP»NBy NC» NF 5 NJs NKa NN NP NX

COMMON ARRAY

DATA N3SYH /7267

MODE = MODE

DO 20 WMODE = 1lsK1

KK = O

CALL GTPATH { ARRAYsNC+1,NNsK2)
CALL LINES (NCsNNyARRAY)

IF (KK+LE+Q) GO 7O 20

CALL GTPATH {ARRAYsNC+1sNNsKZ2)
CALL LINES(NC,NNs ARRAY)

CONT INUE

HODE = MDE

IF{K2.LE.2)} RETURN

00 230 J = 1.9

KK = 0

MODE = -4

CALL GTPATH {ARRAYsNC+IsNNsK2)}
IF(MODE.LT.~2) GO TO 60

CALL LINES{NC»MNNsARRAY}

CALL GTPATH (ARRAYsNC+1isNNsKZ)
CALL LINES{NC»NNsARRAY}
CONTINUE

MODE=MDE

RETURN

END

COMPLEX FUNCTION CSQRT(Z,BRANCH}

COMPUTES THE COMPLEX SQUARE ROOT OF Z AND CHOOSES THE BRANCH
THE CUT OF THE SQUARE ROBT IS A STRAIGHT LINE FROM THE
ORIGIN PASSING THROUGH <=BRANCH>

DIMENSION Z{Z)»BRANCH(2)

REAL IMAGZ

REALZ = Z{1)

IMAGZ = Z(2}

R = REALZ=REALZ+IMAGI*IMAGL

2 = 0.

IF (R.EQ.0.) GO 70O 20

Q = SQRTI.5%(SORT(R)I+ABS(REALZY )}

IF CREALZ=sGE+O.)--GO 7O 10

R =g
Q = JH5*IMAGL/R
GO T 20

R = 5*IMAGL/Q

IF {Q%BRANCH(1}+R*BRANCH(2)) 30,40,40
CSQRT = CHPLX{=Qs=R)

RETURN

CSQRT = CHPLX{QsR)

RETURN

END
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FUNCTION BUNPFN (XsFHAXsXLsXR+RATAALP)

COMPUTES A FUNCTION
HAS MAXIMUM VALUE FMAX AT X=XM AND HAS TWO CONTINUOUS DERIVATIVES

BUNPFN = G.
IF ({XaLEeXL)+OR.{X«GELXR}) RETURN

HR
RR
ox
T =

Wi

END

R
1
X

AT*{XR-XL)
«=(RAT+RAT)
=Xl

WHICH VANISHES FOR X2XL AND X2XR,

(DX~HR) 7 { RR*DX+HR}
BUMPFN = FMAX#{L.-THT)%*ALP
RETURN

SUBROUTINE LEQ (AsBsNEQSsNSOLNS»IAsIB»DET)

SOLVE A SYSTEMW OF LINEAR EQUATIONS OF THE FORM AX=B BY A MODIFIED

GAUSS ELIMINATION SCHEME
DIMENSION A(TA»IA}s B(IB,IB)

N3IZ = NEQS
NBSIZ = NSOLNS
DET = 1.0

DO 40 I = 1sNSIZ
BIG = AlI»1)
IF {N5IZ.LE.1} GB TO 130

IF (ABS(BIG).GE.ABS{A(I,J})) GO TO 10

DO 10 J = Z»NSIZ
BI6 = A(IsJ)
CONTINUE

BG = 1.0/BIG

DO 20 J = 1sNSIZ
Alird)
DD 30 J4 = 1sNBSIZ
BiIsd]

DET

= A(ILs J}*BG

= B{I,JI¥BG
DET*#BIG

CONTINUE
NUMSYS

BO 120 I = 1sNUHSYS

NN =
BIG

NEGRW
DO 50 J = NNsNSIZ
IF (ABS(BIG).GE-ABS({A{J,I))} GO TO 50

BIG

NEBGRW
CONTINUE

BG =

I

1

= NSIZ-1
+1

A{IsI)
= I

Alds1)
=4

+0/B16

IF (NBGRW.EG.E) GO
DO 60 J = I,NSIZ

TEMP

AINBGRW»J) = A(TIsd)

AlIs»d)

DET

A{NBGRHs J)

= TEWP
=DET

DO 70 4 = 1,NBSIZ

TEMP

BINBGRWsJ}

10 80
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BINBGRW»J) = B{Isd}
70 B(IsJ} = TEMP
80 DD 110 K = NNsNSIZ
PHULT = =A(KsI)*BG6
IF {PHULT.EQ.0.) GO TD 110
g0 90 4 = NNsNSIZ
90 A{K»d) = PHULT#A(I»J)+A{Ks )
00 100 L = I,NBSIZ
100 B(KsL) = PMULT#B{LsL}+B{K,L)
110 CONTINUE
120 CONTINUE
130 DO 170 NCOLB = 1,WRBSIZ
DO 160 I = 1,NSIZ
NROW = NSIZ+1-]
TEHP = 0.0
NXS = NSIZ-NROW
IF (NX5.EQ.0} 6D TO 150
DO 140 K = 1,NXS
KK = NSIZ+1-K
140 TEMP = TEMP+BI{KK,NCOLB)*A{NROW»KK)
150 B{NRCOWsNCOLB)} = {B(MROW,NCOLB}-TEMP)/A(NROW,NROW)
160 CONTINUE
170 CONTEINUE
DO 180 I = 1sNS512
180 DET = DET*A(I,I)
RETURN
END

SUBROUTINE FOUCF{NsGsXsA»B)
FOURIER COEFFICIENTS BY FAST FOURIER TRANSFORH
COMPLEX G»EIV»>CPsXsGK

DIMENSION Gl1¥sX(1), ACL)}»B(1)
DATA PI/f3.14159265358979/

L = N/2

v = pPl/L

EEIV = CHPLX{COStV)I»SIN{V))

MY = =]

CALL FFORMS (MXsLsGsAsB»r»X)

GK = 0.

I1=1

DG 5 J = 15Ls2
X{J] = CHPLXI{~-BII),A(I))
Xtd+1} = XCIY*EIY- e e
5 1= I+1
K = L
Do 10 J = 1L
QP = GK=CONJGIG(J))
GK = GK+CONJGIGIJ))=QP*X({J}
¥(J) n  LS5#CONJG{GK)
6K = GIK)
10 K = K-1
X(L¥1l) = CHMPLX(-AIMAG(X{1}))»0.)
X(1) = CHMPLXC{REAL(X(1}),0.)
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RETURN
END

SUBROUTINE FFORNMS (MXsNXsG2CNsSNsY)

DD ABS(MX) COMPLEX FAST FOURIER TRANSFORMS OF LENGTH ABS{NX)
DIMENSION CN{1)»SN(2)sG(1)sY{1}

COMPLEX G»YsEIX

LOGICAL ISWsNRZ

DATA PI /3.14159265358979/

N = TABSINX)

M = IABS{MX)

IF ({NsLT+2}+0Rs(HM- 4L T41)) RETURN

FAC = —ISIGN{1,NX)

NM = N*M

NH = NM/2

NQM = NH/f2

NQ = 1

IF (4*{N/4).EQ.N) NQ = %
NS = 1

NT = RN

NR = 2

IF (MX.GT.0) GO TO 4Q

H = 0.

DH = {PI+PI)/FLOATIN}
NOM = (N+1)/s2
DO 10 4 = 1,NDN

CNGJ} = COS(H)
SNEJ) = SIN(H)
H = H+DH

K= N

DO 20 4 = 1,NDM
SN{J+NOM) = =SN{J)
CN{K) = CN{J+1)

K = K-
ISW =

LA = NH-ISIGNINGHsNX)

1

«TRUE.

NSKP = MINO(Z2sNR-1)

DO 55 K = NR»NTsNSKP
IF (MODI{NTsK).EQ.0) GO TD &0

CONTINUE

ND = NT/K

NS = N3I#K

NR = K

NRZ = +TRUE.

IF (MRJNE.2) NRZ = J.FALSE.
NDH = NOD*H

NTH = NT*H

IF (NR2) €0 TO &5
N3X = NS

Ng =1

L = NOH

IF {ISW) GO T0 ¥5
BD 65 J = 1sNDH



65

70

75
80

82
85

90
95
100

110

1i5

120

125
130

135

140

154

GeJY = YUJI+YINDM+J)
DO 76 KK = 3sNR

L = L¥*NDM

DO TO J = LlsNDH

G{J) = GLJI+Y(L+))
Gg 70 110

D0 B8O J = 1sNDM

¥{J} = GULJI+G{(NDM+J)
DO B2 KK = 3sNR

L = L+NDM

DO 82 J = l1lsNDHM

Y(J) = Y{JI+G{L+J)
GO TD 110

NSX = NS/NR

IF (ISW) GO TO 95

DO 9¢ J = 1s+NDM

GLJ) = YUJI+Y{NDH+J)
GINH+J) = Y{J}=-Y(NDN+J)
GO TO 110

B0 1060 J = 1sNDM
Y(J) = GUJI+G{NDM+J)

Y{NH+J) = G{J)I-GINDM+J)
IF (NS.EQ.2) GO TO 190
ID = ND

IDM = NODM

I™ =20

N3Q = N3/NQ+1

DD 183 I = Z2,N3X

ITH = ITHM+NTM

IF (I.EQ.N5Q) 60 7O 140

EIX = CMPLX(CN{ID+I}sFACHSNI{ID+1))
IF (NRZ) GO TO 160

IF (ITM.GE.NM} ITH = ITM=NH

LD = ITH+NDH

MM = ID
IF {15W) GO 7O 125
DO 3115 4 = 1sNDH

GIIDM+J) = Y(ITH+#Jd) + EIXkY{(LD+J)

DO 120 KK= 3, NR

MM = MM+ID

IF (MMeGE.N) MM = MM-N .

EIX = CHPLX{CN{MM+1)sFACESNIMH+1]))
LG = LD+NDHN

DD 120 J = 1sNDHM

G{IDN+J) = G{IDM+J)Y + EIX*YILD+J)

GO 70 180

DO 130 J = 1,NDH

Y{IDM+J) = GLITH+J) + EIX#G(LD+J)

DO 135 KK= 3sNR

MH = MM+ID

IF (HM.GE.N) MM = MM-N

EIX = CHPLXICN{MM+1)s FACESN(HM+1})
LD = LD+NDM

DO 135 J = 1sNDWM

Y{IDK+3) = Y{IDM+J) + EIX*G(LD+J)

G0 TO 180

LP = NH+ISIGN{NQMs»NX}
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170
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185
i90

200
k)

220

230
240
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£0 = NH+NDHM

IF {ISW) GO TO 150

DO 145 J = 1sNDM

GILA+4) = Y(NH+J}+CHPLX{AIMAGL{Y{LD+3))s—REALIY{LD+II})
GILP+J) = Y(NH+JII-CHPLX(AIMAGIY(LD+J)])>~REAL{¥{LD+J)])])

60 TO 180
DO 155 J = 1,NDM
YILA+#J) = GINH#J)+CHPLX{AIMAGIG(LD+J) }a=REAL(GILD+JI]})

Y(LP+J} = GINH+I)=CHPLX{ATMAGIGI{LD+J))»—REAL{GILD+4])))
GG TO 180

LP = IDM+NH

LD = ITH+NDHM

IF {(ISW) 6O TO 170

bC 165 J 1, NDH

GILIDHM+J)
G(LP +4)
GO TO 180
Do 175 J
Y(IDM+J)
YILP +J)}

Y{ITH+J)
YOITH+D)

honon

= 1,NDH
= GLITM+J)
= G(ITM+J)

EIX*Y{LD+J)
EIXEY{LD+J)

EIX¥G{LD+J)
EIX%G{LD+J)

IDM =
ID = ID+ND
NT = ND

ISW = #NOT.ISW

IF {ND.GT.1} GO TO 50
MX = M

IF (NX.6T.0) GO TO 210
IF (ISW) RETURN

DO 200 § = LsnM

() = Y(I)

RETURN

ENI = 1./FLOAT(N)

IF (ISW) GO TO 230

00 220 J = 1,NM

G(J) = ENI%Y{J)

RETURN )

00 240 J = L, NM

GLJ) = ENI*G(J)

RE TURN -
END

IDM+NOM

SUBROUTINE SPLIF(NNsS»FaFPpFPPsFPPPsKM» VHsKN» VNI

GIVEN S AND F AT N CODRRESPONDING POINTS»COMPUTE A CUBIC SPLINE
THROUGH THESE POINTS SATISFYING AN END CONDITION IMPOSED ON
EITHER ENDe FPsFPP>FPPP WILL BE THE FIRST»SECOND AND THIRD
DERIVATIVE RESPECTIVELY AT EACH POINT ON THE SPLINE

DIMENSION NNUZ2)sFl2)sFPL{2)}sFPP{2)sFPFPP({2),5(2)

INDX(JJ] = 34

N = JTABS(NN{1))
NORM = 1

IF (NN{1}).LT.0)
1 INDX( 1)

J INDX (2}

NORM = 0O

nou
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JJ = 2
DS = S(J)=-5{1)
D =035

IF {D5.EQ.C.} GO TO 200
OF = {F{J)-F{I))/DS
IF (IABS{KM}-2) 10520530

U= .5

V = 3.%[0F=~V¥N) /DS
G0 TO 50
U= 0.

V= VN

GO 7D 50
U= +~1.

V = =D3*VM
GO0 TO 50

I =4

Jd = JJrd

4 = INDX{JJ)

D5 = S5(J)=-S{I}

IF (D*D5.LE«.Q.} GO TO 200
BF = (F(2)-FLI))/DS

B = 1l./(D54D5+11)

U = B*DS

V = B¥{H.*DF=V]
FP{I) = U
FPP{LI} = V¥

U = {Z.-U}*DS

V = 6.%DF+D5S*V

IF {(JJ.LT.N} GO TO 40
IF (KN=2) 60»70,80
V = {6.%UN=V) U

GO 70 90

V = VN

GO TG 90

V = {(DS*VN+FPP{1))/(1.4FP({I)]
B =V

D = D3

DS = S{4)=-S(I}
U = FPP{I)=FP{I)®V

FPPP(I) = (V-U)/DS

FPP(I) = U .

FPII) = (FLJI=FLI)I/DS=DS*{V+U+U) /6.
Vo= U

J=1

Jd = JJ-1

I =—INDX(JJ=1) -

IF (JJ«GTo1) GO TO 100

N = INDX(N)
FPPPIN) = FPPP(N-1)
FPP(N) = B

FP{N) = DF+D®={FPPIN-1)+B+B} /6,
IF (XKMsGT+0) RETURN

N = IABSINN(1)})

FFPP(J} = Q.

V = FPPLJ)

I=1J

JJ = Jl+1
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J = INDXtJI)
DS = S0J)-S(1I}
U= FPP(J}
FPPRIJ) = FPPPUI)+ 5%DS*(F(I)+F{J)-DS*DS*{y+V]I/12.)
vV =y
IF {(JJ.LT.N) GO TD 109
RETURN
200 PRINT 210
PRINT 220
sTGP o
216 FORMAT (48HO*%%¥%x NOM-MONOTONLC ABSCISSA FOR SPLINE FIT ek )
220 FORMAT (44HOo**%* PROGRAM STODPPED IN SUBRODUTINE SPLIF #%¥% }
END

SUBROUTINE PSPLIF (MsSsEsFPsFPPyFPPPsFINT)
PERIODIC SPLINE FITTING ROUTINE
DIMENSION S{1)sF(1l3sFP(1)sFPP{L)sFPPP{1)sFINT(1}

CON = 0.

IF (MaLT#0) CON = FINT(1)
N = IABS(M)

K=1

I1=1

Jd =2

S = $(2)-5{1)

D = PS8

DF = 6*%(F(2)-F{1}) /D5

Ul = .5
VY1 = DF/{DS+DS)
U2 = 5
V2 = (DF=6.)/(DS+DS)
G0 70 20
10 I =
4 = J¥K

D3 = S{N-5{D)
IF (D*DS.LE.C.} GO TO 200

DF = 6. % (F{J)Y=-FC(I}) /DS
B = 1./(D5+D5+U1)

Ul = B#bBS

V1 = B¥({DF-V1)

8 = 1./(D5+D5+U2)

U2 = B#DS

V2 = B*(DF-V2)
20 FP{I} = Ul
FPP(I) = V1
FPPP{I) = U2
FINT(I) = V2

Ul = (2.-U1)*DS

Y1l = DF+D3#V1

U2 = (2.-U2)*0S

VZ = DF+DS%V2Z

IF (J.NE.N) G0 TO 10
Vi = —V1i/Ul
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VZ 2 [6a—V2) /U2

Bl = V1

B2 = V2

DS = 5{J)=3(1)

DF = (F{J}-=F{I})/DS

UL = FPP{II~FP{I)=*V1

FPPII) = Ul

FRII) = OF-DS*(Vi+Ul+Ul)/6.
vl = {1

Uz = FINTLI)-FPPP(L)}*Vy2
FINT(I) = U2

FPPP{I) = DF=D3*{V2+U2+U2)/6.
vz = U2

Jd =1

I = I-K

IF {(J.NE.1) GO 7O 40
==(FPP(1)-B1)/({FINT(1)-B2}-(FPP(1}-B1}}

FPI1) = X
U = FPP(1) + X=(FINT(1l)-FPPi{l1))
FPP(1) = U

FPPINY = FPP(1)

FINTIN) = FPP{N)

FP{N) = FP{1)

FPPP(N) = FP{N]

FINT{1) COn

I = 3

J = J+K

DS = S{J)=S(I}

FPIJ)Y = FPLJI)+XZE{FPPP{J)=FPiJd])]
V = FPPUJI+X&{FINT{3)=FPP{J]}

n i

FPP{J} = ¥
FPPP{I) = {V-U)/DS
FINTUJ) = FINT{I)+.5%DS*¥{F(I)+F{J)-DS*DSF{U+VI/12.1)

us=y

IF {J.NE+N) GO TO 60

FPPPIN} = FPPP(1)

RETURN

PRINT 210

PRINT 220

STOP

FORMAT (4B8HO#*%¥* NON-MONOTONIC ABSCISSA FOR SPLINE FIT ®%*k )
FORMAT (45HO*%%* PROGRAM STOPPED IN SUBROUTINE PSPLIF *¥% }
END

SUBROUTINE INTPL [NXsSLsFI»SsFsFP>FPPsFPFP)

GIVEN SsF{5) AND THE FIRST THREE DERIVATIVES AT A SET OF POINTS
FIND FI{SI) AT THE NX VALUES OF SI BY EVALUATING THE TAYLOR 3ERIES
OBTAINED 8Y USING THE FIRST THREE DERIVATIVES

DIMENSION 5I(1)s FI{1)s S{1}s» F{1}» FPIl}s FPP(1)s FPPP(1}

DATA PT/.33333333333333/

J =20

00 30 I = 1sNX

VAL = O
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SS = SI(I)
J = Jd+l
7T = 50J}=-3535

IF (TT) 10530,20

4 = HAXO(L1lsJd—-13}

3% = 33=3{ 4}

VAL = SS¥(FP{JI}+.5%S5%(FPP(JI+SS*PT*FPPP(J})}
FICI} = FLJYI+VAL

RETURN

END

SUBROUTINE INTPLI{HXsXIsFIsNsXsFsFPsFPP»FPPP)

DIMENSION X{1}aF{Ll)sFP{1)sFPP(1)sFPPP{2)sXI{1)sFI(1)

REAL NEWsLEFT

DATA TOL /Ll.E-9 /

XICL} WILL SATISFY F{XI{L)) = FI(L} FOR L =1 TO ABS(HMX)
FsFP»FPP»FPPP ARE THE FUNCTION AND CERIVATIVES AT THE X POINTS
NX =TABS{MX}

kR =2

L1 =1

NEW = X(1}
FN = F{1)

FVAL = FI(1}

IF (ABS(F{1)~FI(1)}.GT.TOL} 60 TO 5

L1 = 2

XI(1) = X(1)

IF (NXsEQs1) RETURN

DO 160 L = L1,NX

IF ((FVAL,NE.FI(L]).OR.(L,EQ.1)} GO TO 6

NEW = X(K)

FN = F(K)

IF (FPLK)I*FP(K=1).6T.0.) 60 TO 6

ROOT = SQRT(FPP(K-1}%%2-2,*FP(K=1)*FPPP(K~-1))
DX = =2 %FP(K=1}/(FPP(K=1)+SIGN(ROOTsFPP(K=1)))
NEW = X{(K~-1}#DX

EN =FL{K~1}+DX*(FP(K-1)+DX#{s 5¥EPP{K=L14+DX*FPPP{K=1}/6.]}
FVAL = FIC(L) -

SGN = F{K-1)-FVAL

IF (NEW.GT.X{K-1}) SGN = FN-FVAL

BO 10 4 = KsN

IF(FP{J)*FP{J=1} LE.Os) 6D TO 7

IF (SGN*(F{J)=FVAL),LE.O.} GO TO 20

GO TO 10

ROOT = SQRT(FPP{J=1)##2=2 ,%FP (J=L)*FPPP(J~1})
DX = =2.#FP(J=1)/{FPPUJ-1) +SIGN(ROOTsFPP(J=-111)
RIGHT = X(J=1}4DX

LEFT = AMAX1{X(J-1)sNEW+TOL}

IF (LEFT.GT.RIGHT} GO TQ 10

F2 = JS%FPP(J4=1)

F3 = FPPPIJ-1}/6.

FN = FUJ=1}4DX#(FP{J~11+DX*{F24DX*F3))

IF (SGN*(FN-FVAL).LE.0) GO TQ 65

CONT INUE
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IF (MX.6T.0) 60 TO 11

MX = L-1

RETURN

PRINT 499,L,FI(L)}

FORMAT { # TROUBLE AT #3I553XsE1646)

J =K

60 TG 100

OLD = AMAX1(X(J-1),NEW+TOL)

F2 = 45%FPP(J-1)

F3 = FPPP(J=1) /6.

START=0LD

DD 40 K = 1,10

DX = OLD=X{J-1}

FPOLD = FP(J-L)+DX*(FPP{J-1}+.5%DX¥FPPP(J~1))
If (ABS(FPOLO}.LE.TOL) GO TO 60

FN = F(J=1)40X¥(FP{J=1)+DX*(F2+DX*F3))
NEW = OLD=(FN=FVAL)/FPOLD

IF (NEW.LT.START) GO TG 60

NEW = AHINL{NEW»X{J))

IF (ABS{NEW-OLD}.LT.TOL) 6O TO 90

OLD = NEW
CALL ABORT
RIGHT = X(J}
LEFT = OLD

IF (SGN*{FN-FVAL)}.GT40.) GO TD 45
RIGHT = LEFT

LEFT = XI{L-1)

IF (L.EQ.L} LEFT = X(1)

B 70 K = 1,50

IF {{(RIGHT-LEFT).LE.TOL) GO 7O 90
NEW = +5*(LEFT+RIGHT)

DX = NEW=X{J4=1)

FN = F{J-L)+DX*(FP{J-1)+DX*(F2+DX*F3})
IF {{FN-FVAL)*SGN.LE.D.) G0 TO 80
LEFT= NEW

c3 TQ 70

RIGHT = NEW

CONTINUE

XITL) = NEW

K= J

MX = NX

RETURN

END

SUBROUTINE GOPLOT(NRNsLABELsNFRAME)

DIMENSION ID(3),LABEL{2)

COMMNON /KORNPP/ SFySIZEs» ANGsXMAXs YHAX »XOR» YOR
INITIATE PLOT

LOGICAL ISW

DATA SF/La/»SIZE/ 14/ ANG/O/ s XOR/O 4/ sYORSQu /s XHAXLL /2 YHAXS 11,/

DATA ISW /feFALSE./
IF (ISW)} RETURN
NIN = 12*(NFRAME+1)



25

30

161

NRUN = TABSIMNRN)

ENCODE {30,30,ID) LABELsNRUN
ID(3) = ID(3}1.AND. NOT.7777B
IS4 = .TRUE.

IF (NRN.LT.0} &0 TO 25

Cabt PLOTS (NINsID)

RETURN

CALL PLATSBLININ, ID}

RETURN

ENTRY FRAMER

ANG = 0.

SIZE = .14

SF = 1.

XO0R = 0.
YOR = Q.

XHaX 11,

YMAX 11.

CALL FRAMNME

RETURN

ENTRY ENDPLT

CALL PLAOT (045045999}
RETURN

FORMAT (2A1053HRUN,IB)
END

n o

SUBROUTINE ORIGIN{X»Y)

COMMON /KORNPP/ SF»SIZE»ANG» XMAXsYHMAX,XORs YOR

XO0R = X

YOR =Y
RETURN

ENTRY PGSIZE
XMax = X
YMAX = Y
RETURN
ENTRY CHSIZE

SIZE = X

RETURN

ENTRY CHRANG

ANG = X

RETURN

ENTRY SETSF

3F = X

RETURN

ENTRY CHNMDE -
MODE= IABS({MODE=-1G}
RETURN

END
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SUBROUTINE CONTOR (MsNsNCs»XSsYS»FNs CONLs TEMP» XININ, XIHAX)
PLOTS LEVEL CURVES OF ABSOLUTE VALUE OF FN
COMPLEX FNsWs XIMINsXIMAX

LOGICAL ISWsJSWsKSH

DIMENSION COML(:}»TEMPI1)

EQUIVALENCE [(AsJA}s{BsJB)s{CrJCis(DsdD)
DATA ISW /.TRUE./ » TOL /.01%/

RDXI = (REALCXIMAX)-REALIXIMIN))/FLOATIM)
ADXI = (AIMAG(XIMAXI=ATMAG(XIMINI)/FLOAT(N)
DX = XS/FLDAT({M)

DY = Y3/FLDAT(IN)

NCL = TABS(NC)

MP = M+l

DO 10 1 = 1sMP

W = FN{XIMIN+FLOAT(I-1)}*RDXI)

TEMPL{I) = REAL{WI*REAL(W) + AIMAGI{WI¥AIMAG{W)
¥P = 0.

D0 400 J = 1sN

Xp = Q.

W o= FNOXIMIN#CMPLX{O.»FLDAT{J)IFADXI))

TH = REALIWISREAL (W) + AIMAGIWIFAIMAGIW)
YPP = YP+DY

DO 360 I = 1sM

XPP = XP+DX

Wos FNORININ#CHMPLX(FLOAT(I}*RDXI,FLOAT(JI*ADXI))
TP = REAL{WI®REAL{W) + AIMAGIW)*AINAG (W)
TOP = AMAXLUITP,»TMaTEMP(I)» TEHP(I+1})

BOT = AMINL(TP>THs TEMPC(I}»TEMPUI+11)

IF {CONL(NCL).LT.BDT) GQ TO 350

DO 40 L1 = IsNCL

IF{CONLILL1) +GT.BOT} 60 TG 50

CONTINUE

GO 70 350

DO 340 L = L1sNCL

IF (CONL(L}.GT.TGP) GD TO 350

A = TEMP(I)=CONL(L)

B = TEMP(I+1)~CONL(L)
C = TM=-CONLIL)

b = TP-CONLI(L)

Ia = ISIGNI1sJA)

IB = ISIGN(2,J8B)

IC = 131IGN{4sJC)

ID = ISIGN(BsJD)

ITYP = B+{IA+IB+IC+ID+1)/2
GD TO (3405,2205,230524052505260527052805280,27052605250524032305
220,340) ITYP ==

220 X1 = X¥P

230

_c
-t
]

YP+DY¥AS L A=C)
XZ = XP+DX*A[(A-B)

X1 = XP+DX*Af(A~B)
Y1 = YP

= XPP

= YP#+DY#B/(B~D)
60 TQ 300

= XP
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Y1 = YP+DY#A/({A-C)
X2 = XPP

Y2 = YP+DY*B/ (B-D}
GO0 TO 3060

X1 = XP

Y1 = YP+DYZA/(A-C)
X2 = XP+DX*C/(C=~D)
Y2 = YPP

G0 TO 300

X1 = XP+DX=*AS[A-B])
Y1 = YP

X2 = XP+DX*L/{C-D)
Y2 = YPP

GB TO 300

ISW = JFALSE.

E = (A+D)+(B+L)

R = ABS{(E/((LA+D)-(B+CI )}
JSW = R.LE.TOL

IF {(JSW)Y GO TO 240

KSW = A¥E«GTa0.

If (K5W) &0 TO 23¢

X1 = XP+DX*CrI{C~-D)

Yl = YPP

X2 = XpP

Y2 = YP+DY*B/(B-D)

CALL CPLOT (CMPLX{X1»Y1}s3)

CALL CPLOT (CHPLX(X25Y2)s2)
IF (ISW) GO TO 340
ISW = .TRUE.

IF (JSH) 60 TO 260
IF (KSW) GO TO 250
GO TO 220

CONTINUE

TEMP(I) = TH

Xp = XPP

TH = TP

CONTINUE

TEMP{N+1) = TP

YP = YPP

CONTINUE

RETURN

END

SUBROUTINE LINES (K1isK2sARRAY)
COMPLEX ARRAY{1)

CALL CPLOT (ARRAY{K1l}>3}

KP = K1+l

LD 10 J = KPsK2

Call CPLOT (ARRAY(J)»2)

RETURN

END

IREHERCH)[NSIBILJTT?
or
ORIGINAL, PAGE IS POgIg E
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SUBROUTINE POINTS (NSYMsK1lsKZ»ARRAY)
COMPLEX ARRAYI(1}

D0 20 J = KlsK2

CALL CSYMBL (ARRAY(JIs»NSYMs=1)
RETURN

END

SUBROUTINE CPLOT (XsIPEN)

MOVE PEN TO THE POSITION DEFINED BY X WHEN X IS ON THE PAGE
COMMON /KORNPP/ SFsSIZEsANGs XMAXs»YMAX»XDR» YOR
DIMENSION X{(2)

DATA XLsYLsIPENL /Qes0.50Q/

XX = XOR+SF*X (1}

YY = YOR+SF*X12) .

IF (ABSIXXA+XX=XMNAX)}.GT«XMAX) GO TO 30
IF (ABSCYY+YY=YHAX) GT.YHAX) GO TO &0
IF {IPENL.NE.O) GO TO 80

CALL PLOT (XX»YY»IABS(IPEN))

IPENL = 0O

XL = XX

YL = YY

IF (IPENJ.GT.0?} RETURN

IF (IPENL.NE.OQO) GO TO 100

XOR = XX

YOR = YY

RETURN

IPENL =-IABS{IPENL)

IF ({XXeGTeXMAX) AND{IPEN.LT.0.)} GO TO 90
IF (IPENL.NE.O) GO 7O 20

IPENL = =2

EF (IPEN.EQ.3) GO TQ 20

XP = XMAX

IF {XX.LEeOal XP = 0.

YP = YY+{(YL=-YYI/(XL=XX})*{XP-KX)

IfF (ABS(YP+YP-YMAX).GT.YHAX) GO TO 110
CALL PLOT (XP»YP»IABS(IPENL})

IF (IPENL+EQ.3) GO %0 10

GO TO 20

IPENL = IABS{IPENL)

IF {IPENL.EQ.Z2) GO TO 20

IPENL = 2

IF {IPEN.EQ.3) GO TO 20

YP = YMAX oo eemmrmaen— o

IF (YY.LE+0Qs) YP = 0,

AP = XX+L0AL-XXI/UYL-YY))®(YP-YY)

GB TO 50

IF (IABS{IPEN)«EQe.3) GO TO 10

IPENL = IPENL+1

IF (IPENL.EQ.3) &GO 7O 70

TPENL = 3

GO TO 40

CALL FRAMER

XL = 0.
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YL = 0.
IPENL = O
RETURN
160 XOR = XP
YOR = YP
RETURN
110 IF (IPENL.EG.3) GO TGO 70
60 7O 60
END

SUBROUTINE CSYMBL (XsNsL)

DIMENSION X{2}

COMMON /KORMPP/ SFEsSIZEs ANGs XMAX»YMAX> XORs YOR
CHANGE RELATIVE MOVEMENTS TO ABSOLUTE INCHES
XX = XOR+SF#X(1)

YY = YOR®SFEX(2})

CHECK TO SEE IF WE ARE WITHIN THE PAGE

IF ((XXalTuOadeDR (Y Yol Tau0s)aORa{XX BT {NAX}2OR{YY .GCTs YHAX) ]
IRETURN

CALL SYMBDOL (XXsYYsSTZE2NsANGsL)

RETURN

END

SUBROUTINE XYAXES (XsBOTsTOP»SCFsANGLs FORMAT)
PLOTS AND LABELS COORDINATE AXES

COMPLEX ZBsZTsH»COR

COMMON FKORNPP/ SFsSIZEsANGs XMAXsYMAXs XORs YOR
DIMENSICON X{2)» Y(2)

ANGO = ANG
SFO0 = SF
SIZ0 = SIZE
Y{1l} = XOR
Y(z) = YOR
ANG = 0.

SF = 1.
SIZE = .14

XOR = XOR+SFO*X{1}
YOR = YOR+SFO=X(2}

H= 1.

CUR = ‘--*0’_-3)

NC = 16

IF (ABSTANGLYNE.9C.}) GO TO 10
H = (Qarlel

COR = {=a7550.)

NC = 15

10 CALL CPLOT {H=*TOP»3}
CALL CPLOT (-BOT#Hs2}
L = 70°P
K = BOT


http:ABS(ANGL)�NE.90

20

166

N = 1+K+L

S = =FLOAT(K)*5CF
Z8 = ~FLOATI(K)*H
2T = IB+COR

DD 20 I = 2sN

CAEL CSYHMBL (ZBsNC»=1)
B = S+FLOAT(I~-1)%SCF
EREENON—-ANS T = %5
ENCODE (10»FORMAT-A} B
CALL CSYMBL (ZT»A»51

I8 = IB+H
LT = ZT+H
SF = SFO
SILE = 5140
ANG = ANGO
XOR = ¥(1)
YOR = Y{2)
RETURN

END
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2. Update of the Analysis Code H

The basic documentation for program H is given in Volume II. The
current version of the program has been ‘improved in two ways. First,

a correction term has been added to the wave drag to account for the
nonconservation of mass at shock waves. Second, computing time has
been dramatically reduced by adding a fast Poisson solver for the
subsonic region of flow.

Two new NAMELIST input parameters, NFAST and NRELAX,” have been
added. The current version of program H can be run without the fast
solver by setting NFAST = 0, NRELAX = 1, NSl = 20 and running about
NS = 400 crude plus NS = 200 fine grid cycles. The suggested way to
run the current version is with NFAST = 1, NRELaAX = 6, NS1 = 1, and
NS = 20 crude plus NS = 10 fine grid cycles.

The glossary of NAMELIST input parameters on pages 183-185 of Vol-
ume II has been rewritten and is gaven below. It now includes the two
new parameters and revised definitions of many of the others. Tables
1-3 rxeferred to in this glossary are found on pages 188-191 of Volume

IT. (On page 188 the definition of EPSIL should be:

EPSIL Rezl. Trailing edge angle dividedby pi.
If a number greater than 1.0 is input then the

program will compute EPSIL.)

A. Glossary of Input Parameters

ALP Real. Angle of attack in degrees. See CL and FS5YM.

BCP Real., Starting value of the base pressure which is used
when the pressure distribution is extrapolated linearly
on the upper surface. BCP is not used when LSEP=M+1l.
Pefault 0.4.

BETA Real. Damping coefficient for rotated difference scheme
used to solve the flow equations. BETA greater than zero
may help the convergence for Mach numbers near 1.0.
/ Default 0.0.
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Real. Coefficient of 1ift. The program permits either
ALP or CL to be input on a NAMELIST card. If neither
ALP nor CL is input the default is ALP = 0.0.

Real. The firee stream Mach number. It must be less
than 1.0. Default 0.75.

Real. Indicates format of input airfoil coordinates to be
copied onto the file TAPE3. See Table 1. The program
assumes that the input airfoil coordinates are oriented

at ATLP = 0.0. Default 1.0.

Real. Gas constant. Default 1.4.

Integer. HNumber of smoothings of input airfoil coordi-
nates. Also the number of smoothaings of the displacement
thickness. Default 2.

Integer. ITYP is used along with NS on NAMELIST inpuot

cards to indicate mode of operation (see Table 3). TIf

NS is positive,

ITyYP=4 produces all printed and plotted output

ITYP=5 same as ITYP=4 but sonic line omitted on plot

ITYP=3 produces all printed cutput

ITYP=2 produces only the Mach chart

ITYP=1 produces no output

ITYP=0 causes the program to terminate and produces all
printed and plotted output.

Default 1.

Integer. Width of output line contreol. IZ is the number
of characters on a line of output. In addition, if

T2 = 120, the Fourler ceoefficients of the mapping are
printed. Default 125,

Integer. Print parameter. The program prints one line of
output every KP cycles. Default 1.

Integer. Index of lecation on airfoil where the sweep
through the upper and lower surfaces begins for the finite
difference scheme. LI should be changed if its wvalue
lies in or near a supersonic region. Smaller values are
used for high angles of attack. Default M/2 + 1.

Integer., Index of x which gives the location. where the
optional linear extrapolation for the pressure distribu-

‘tion is begun on the upper surface. It should be placed

at the point of separation. If used, the pressure
distribution is modifed from x at LSEP+1 to the trailing
edge, If LSEP = M+l then the pressure distribution is
not altered. Default M+1,

Integer. The number of mesh intervals in the angular
direction in the circle plane at which the flow eguations
are gsolved. Default 160.

Integer. The number of mesh intervals in the radial
direction in the circle plane at which the flow equations
are solved, Default 320.



NEAST

NEFC

NPTS

NRELAX

NRN

NS

NS1

PCH

RBCP

RCL

RDEL

RFLO

SEPM

ST

169

Integer. The number of sweeps through the grid points
for each flow cycle using the fast Poisson solver for the
subsonic region of the flow. (See NS for definition of
fleow cycle.) Default L.

Integer. The number of Fourier coefficients used for the
mapping. Default 80.

Integer. The number of points at which the Nash-Macdonald
boundary layer egquatién is solved. Defanlt 81.

Integer. The number of sweeps through the grid poaints for
each flow cycle using the relaxation technigue. (See NS
for definition of flow cycle.) Default 6,

Integer. Run number. Pefault 1.

Integer. WS is used along with ITYP on NAMELIST input
cards to indicate mode of operation (see Table 3). Also,
if NS and ITYP are both positive, N8 is the maxinum
number of flow cycles computed before the next NAMELIST
is read. A flow cycle consists of NFAST fast solver
iterations plus NRELAX relaxation iterations. Default 1.

Integer. Number of flow cycles computed between boundary
layer calculations. (See NS for definition of flow cycle,)
Default 1.

Real. Chord leccation at which the turbulent boundary
layver cglculation is begun (the laminar boundary layer is
neglected). Transition is assumed to occur at this point.
Default 0.07.

Real. Relaxation parameter for iterating BCP. RBCP is
not used when LSEP = M+l. Default 0.1.

Real. Relaxation parameter for the circulation or the
angle of attack. Default 1.0.

Real. Relaxation parameter for the boundary layer dis-
placement thickness. Default 0.125.

Real. Relaxation parameter for the velocity potential in
the flow calculation. Default 1.4.

Real. Reynolds number based on chord. If RN = 0.0
inviscid flow is computed around the input airfoil with
no boundary layer. Default 20.0E6.

Real. Bound imposed on separation parameter SEP for =
less than ABS(XSEP). Also, separation is predicted when
SEP 1s greater than SEPM. Default 0.004.

Real. Convergence tolerance on the maximum velocity
potential correction and the maximum circulation correc-
tion. ST = 1,E-5 may be reasonable. ST = 0.0 ensures the
completion of NS flow cycles. Default 0.0.
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Real. x location where the search for monotonicity of the
pressure distributiaon is begun when modifying BCP for the
pressure extrapclation. XHMON is not used when

LSEP = M+l. Defauvlt -0.95.

Real. Indicator for test data. If XP is greater than
zero then test data must be prepared as shown in Table 2
and copied onto the file TAPE4Z, The points will be
plotted on the pressure distribution plot. If XP = 0.0,
no test data are expected. Default 0.0.

Real. Absolute value: For x less than ABS (XSEP), if SEP
exceeds SEPM then the program sets SEP equal to SEPM

on the upper surface so that the boundary layer calcula-
tion can proceed through a shock wave. For ¥ greater
than ABS (XSEP), SEP is free to exceed SEPM t¢ allow
separation to be propexrly predicted. Sign: Make XSEP
positive for supercritical airfoils. On the upper surface
the displacement thickness is required to be monotoni-
cally increasing. On the lower surface for = less than
0.6 the displacement thickness is required to be monotoni-
cally increasing and after that once it starts to

decrease it is required to be monotically decreasing.

Make XSEP negataive for other airfoils. Then the upper

and lowyer surfaces are both treated as upper surfaces.
Default 0.93.
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Be LISTING OF UPDATE CODRRECTIONMS FOR VOLUKWE II

PAGE 202 INSERT AFTER LINE 3 THE FOLLOWING
COMNON /FL/FLUXT4

PAGE 202 DELETE LINE 11 AND REPLACE BY THE FUOLLOWING
GaNPTSsLLsT»LSEPs MG NEW

PAGE 202 DELEYE LINE 19 AND REPLACE BY THE FOLLOWING
2 XMONsXPsXSEPsNRELAXsNFAST

PAGE 202 IMNSERT AFTER LINE 22 THE FOLLOWING
NEW=1
NFAST=1
NRELAX=6
N51=1

PAGE 202 INSERT AFTER LINE 38 THE FOLLOWING
NEW=1

PAGE 204 DELETE L{INE 7 AND REPLACE BY THE FOLLOWING
105 CONTINUE
IF{NFAST.LE.Q) 6O TO 141
CALL SWEEPL
141 IF{NRELAX.LE«Q) GO TO 151
DO 142 LF=1,NRELAX
CALL SWEEP
142 CONTINUE
151 NEW=0

PAGE 204 DELETE LINE 17 AND REPLACE 8Y THE FOLLOWING
1 BCPyFLUXTY

PAGE 204 DELETE LINE 55 AND REPLACE BY THE FOLLOWING
190 FORMAT{5Xs14,4E22.3,14213516s2F104422F11455E1244)

PAGE 205 DELETE LINE 7 AND REPLACE BY THE FOLLOWING
1 ZXsZHIK» ZX3HNSP» X AGs 5X4HARGDs BX3HCP IS BX3HBCPs BX4HFLXG /)

PAGE 206 DELETE LINE 15 AND REPLACE BY THE FOLLOWING
IF({JLLE.MA}LORW{J+GE.HB}) J=J+1

PAGE 207 INSERT AFTER LINE 15 THE FOLLOWING
COMMON FFL/FLUXT4

PAGE 207 DELETE LINE 24 AND REPLACE BY THE FOLLOWING
LLP=LL+1
DO 30 I=LLPsH

PAGE 207 DELETE LINES 38 THRU 43 AND REPLACE BY THE FOLLOWING
DO 32 J=1sN


http:IF(CJ.LE.MA).CR.(J.GE.MB
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22 PHI(M»J)}=PHI{MsJ)-E(J)
DO 51 JslsHN
E{J)=0.
RPP(J)=0.

51 CONTINUE

PAGE 208 INSERT AFTER LINE 2 THE FOLLOWING
DO 11 J=1sNN
PHI(MN+1,J)=PHI(2,J}+DPHI
E{J)=0.

11 CONTINUE
TE==2+
I=HH
CALL MURMAN
Da 50 J=1sN
PHI{MH> J)=PHI(MMs J)-EL{d)

50 PHI(1sJ)=PHI{MMs JI-DPHI
DO 12 J=1si
E{J)=0.

12 CONTINUE
TE=2.

I=LL
CALL MURMAN
DO 13 J=1:N
13 PHI{LLs4)=PHI(LL»JI-ElJ)

PAGE 208 INSERT AFTER LINE 13 THE FOLLOWING

FLUXT=0.
NF=N-10
IF(N.LT.30) NF=N-5
DO 242 L=2,MM
UzR{NFIF{PHI{L+1sNF)}-PHI(L-1sNF})*DELTH-SI(L)
V=R{NF)*R{NF)*{PHI(LsNF+1)=PHI{LsNF=1))*DELR —-CO{L}
QF={U*U+V*V)I/FP(LsNF}
RH={1l.+C2¥EM#ENF{1.~QF )} *¥%{,5/C2}
FLUX=RH*V/RINF)
FLUXT=FLUXT#+FLUX

242 CONTINUE
FLUXT=0T*FLUXT*CHD
FLUXTa=FLUXT

PAGE 213 INSERT AFTER LINE 16 THE FOLLOWING
COMMON fFL/FLUXT%

PAGE 214 INSERT AFTER LINE 12 THE FOLLOWING
QLR=SQRT{QCRIT)
DCD&=Z2.*(QCR~-1.,}¥FLUXTY
CD=CDtDCD&
COW=CDW+DCD4
PRINT 261s CDW,CDF»>CD
261 FORMAT(SH CDW=Fl0.5s5H CDF=F10.5s4H CD=F1G.5)

PAGE 222 INSERT AFTER LINE 42 THE FOLLOWING
SN1=2./ARCLIMM)
PO 322 I=1sM

322 ARCLIII=ACOS(1.~SN1%#ARCLLI))
ARCL{MM)=PI
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PAGE 222 INSERT AFTER LINE 54 THE FOLLOWING

TT{11=a 5% (TH{1I+THINTI+PI)

PAGE 223 DELETE LINE 19 AND REPLACE 8Y THE FOLLOWING

295
296

299
300

303

301

Z2{11=0.

VAL=4.5%PILC

VAL1=PILL/3.

Z(2)=VAL¥(DS(1)+DS¢(2}}

NI=NFC+1

DB 295 J=3sNIs2

ZLIY=Z{ =2 +VALL#(0S{J~2)+4.FDS(J=-1)+DSLJ) }
IF{J.EQ.NI) GO 7O 296

2041 Y=Z{II+VAL*{DSLJI+DS{J+1))

CONTINUE

Z{HCI=0.

Z{NC~-1)=VAL#={DSt{HCI+DS{H =1))

NII=NFC-2

DD 299 J=2sNIIs2

MCJ=MC-J

ZINCJI=Z{MCI+2)+VALLI*{DS{NCJ+2) +a*DS{MCJ+13+DS{MHCJI)
ZIMCJ=L)=Z{NCII+VALE{DS(MCI;+DS{MCI=11})
CONTINUE
Z1=Z{MC~NIT)+VALLI*({DS{MC~NII}+4.*DSIMC-NII-1)+DSI{MC-NII-2))
Z1=Z(NI+1}~I1 :

DB 301 J=3,NI»2

DS1=ZINFL+J)I—ZINFC+J-1)
ZINFC#+J=1)=2(NFC+J=2)1=21

IF(J.EQ.NI) 60 70O 303
Z1=Z(NFCH+J+1}~Z{NFC+J)

CENTINUE

ZINFLC+J)=Z (NFC+J=1)=DS1

CONTINUE

PAGE 230 INSERT AFTER LINE 21 THE FOLLOWING

5

SET THE SINES AND COSINES

PI=3.14159265358979

DT = {PI+PI)/FLOATIN)
IFCISN{L1)eEQaDe) o ANDS{SN{2).EQ.SIN{DT}}) GO TO 11
ANG = 0.

DB 5 J = 1»N

CN(J) = COS{ANG)

SNIJI==SIN(ANG)

ANG = ANG+DT

PAGE 230 DELETE LINES 32 THRU 35 AND REPLACE BY THE FOLLOWING

L = IQ+J

LP=L+ND

H=1D

W =FIL}#F{LPI*CHPLX(CN(M+1}sSN(H+1)])
IFINR,EQ.2} GO TO 24

L=LP

DO 26 K=3sNR

PAGE 230 DELETE LINE 37 AND RELACE BY THE FOLLOWING

H = H+ID
IF (MeGESN) M = H=N


http:IF(J.EO.NI
http:IF(J.EQ.NI
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PAGE 236 DELETE LINE 41 AND REPLACE BY THE FOLLOWING
IQ=IQ+NQ
IF(IQeGE.N) IQ=IQ-N

22 CONTINUE

PAGE 231 DELETE LINES 6 THRU 9 AND REPLACE BY THE FOLLOWING

L = I4+J

LP=L+ND

M=10
W=X(L)+X{LP)*XCHPLXLCNT{M+1)>SNIH+1))
IF(NR.EQ.2) GO TO 74

L=LP

PO 76 K=3,NR

PAGE 231 DELETE LINE 11 AND REPLACE 8Y THE FOLLOWING
H = M+ID
IF {(M.GE.N) A = H=N

PAGE 231 DELETE LINE 15 AND REPLACE 8Y THE FOLLOWING
IQ=I0+NQ
IF{IQ.GE.N) IOQ=IQ=N

72 CGNTINUE

PAGE 233 INSERT AFTER LINE 52 THE FOLLOWING
IF(XSEPWGELO4) GO TO 141
FAC={S({NPTS-3)~S{NPTS))/{SINPTS—3)-5(NPTS-11))
THETA(NPTS)=FAC*THETA(NPTS=1)+(1.~FAC)*THETAINPT5-3)
HINPTS)=FAC#HINPTS-2)+{1.-FACI#H{NPTS5~3)
DELS{NPTS)I=H(NPTS)I*THETAINPTS}

141 CONTINUE

FPAGE 234 DELETE LINE 17 AND REPLACE BY THE FOLLOWING
IF (J.GT.2) GO TO 190

PAGE 234 INSERT AFTER LINE 36 THE FOLLOWING
IF(XSEP.GE.Q.) GO TO 221
FAC={S5(2)=3{13)/(5{2)=-5(3)}
DELS{1)=FAC*#DELS(3)+{1.,~FAC)I*DELS(2)

221 CONTINUE

PAGE 239 INSERT AFTER LINE 40 THE FOLLOWING FIVE SUBROUTINES

SUBROUTINE SWEEP1

COMMON PHI(162s31)sFP{16253102A(313sB(31)+C(31250(31),E({3]1)

1 SRPCALPRPPBL)FRIBLIFRS (ALY RIC3LFAALY62)FBBULE2 5062 Y

2 2 SI(162)sPHIR(I1G62) 2 XCA102}YC (162 FM{1G2)s ARCLLL162)Y»DS5UM(262).
3 HANGOLDI{162)»XDLDI162)>YDLD(162) s ARCOLD{162) sDELDLD(162)
COMMON /A7 PIsTPyRADSEMSALPSsRNsPCHoXPsTCsCHDsDPHISCLsRCLSYR

I sXAsYASTESDT»DRsDELTHSDELRSRA>DCNSDSNsRAGSEPSILSQCRITSC1sC?

2 3CGrCosC6sCT+BETSBETA»FSYMs XSEP»SEPMATTLEL4) s HaNaMMs NNaNSP

3 sIKsJKsIZs ITYPsHODES»ISsNFCsNCYSNRNs NG IDIMsN2s N3 s NLsNTs IXX

4y NPTSsLE>LsLSEPsMGsNEW
COMMON /S0L1/ Q{162»31}
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BATA Q/5022%0.0/
YR=G,
NSP=0
D8 10 J=1sHN
PHI(HM» Jy=PHI(1sJ}+DPHI
PHE(MM+1sJ}=PHI{25J)+DPHI
10 CONTINUE
TE==-2
DO 30 I=LLsMM
CALL MURMANL
DO 100 J=1,H
Q{I,J)=0C0d)
100 CONTINUE
30 CONTINUE
TE=2
I=LL
80 I=I-1
CALL MURMANIL
B0 60 J=1:N
Q{I,Jd)=n(J}
60 CONTINUE
IF{I.GT.2) GO TO 80
DO 61 J=1sN
61 Q{1,J1=Q(MM,Jd)
210 FDRMAT(G5(2I45E16.8)}
CaLL 30LVI
200 FORMATI(S5(I45E1648))
DO 110 I=1,M
DO 110 J=1,N
110 PHI(I»J)=PHI{Isd)+Q(]»d)
00 111 Jd=1sN
111 PHI(HMHs J)=PHI(1lsJ)+DPHI
IF(RCL.EQe.O.) GO TO 90
YA=RCL*F ((PHI(Ms1)=(PHI{Z2,1)Y+DPHI))*DELTH+SI(1)}
IF(MODE.EQ.1) GO TO 90
ALP=ALP— 5%YA
CALL €OSI
GO 7O 95
G0 YA=TP*YAS[Ll.+BET!}
DPHI=DPHI+YA
95 DO 97 L=1IsM
97 PHICL,NN)=DPHI®*PHIR(L)
IF(MODE.EQ.0} RETURN
DO 120 J4=1,N
DO 120 L{=1sHM
120 PHI{L:J}=PHI{L»J)+YA4PHIR(L)
RETURN
END

SUBROUTINE HURMANL

COMMON PHI(162s31)sFP(162531),A(31)58{(31),C(31)>D{31),E(31]1}
1 sRP{ILISRPPI21ISRI31IIRSUIBLILRI(3LISAA(LOZ),BEB1162),C0(162)
2 sSI{162}s PHIRI1I62)sXC(162)sYC{162)sFH(162)sARCL(262)sDSUNMI162)
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3 »ANGOLD(162)»XOLDE162),YOLD(162)5ARCOLD{162)»DELOLD(162)
COMMON JFAZ PI»TPsRAD»EMsALP RNy PCHsXP2TC2CHD»DPHISCL>RCLSYR
I sXAsYAyTEsDT»DR)DELTHsBDELRsRA»DCNsDSNsRAGHEPSILQCRITSCL2C2
2 sC42C5COaCTIBETIBETAs FSY e XSEPSSEPHsTTLE(4) sMs Na MM NN2NSP
3 sIKsJKeIZsITYPyMODES ISsNFCo NCY s NRNy NG IDTHsN2s N3 s NapNT»IXX
Gy NPTS»LLsI»LSEPsM4sKEW
PHIO=PHI{I»2)-2.%DR%COLI)
PHIYP=PHI(I»2)-PHI(I»1)}
PHIYY=PHIYP+PHID=-PHI{I»1)
PHIXX=PHI{I+1s1)+PHI(I~1s1i=PHI(Is1)-PHI(I21)
PHIXHM=PHI (I+1s1)=PHI{I-151)
PHIXP=PHI(I+122)-PHI(I=152)

IF{I.NE, MM} GO TO 190
DCLI=CL*{PHIXX+RS{L1}*¥PHIYY+RAS*CO(I))
D{1}=-D{1)/C1

GO 1O 40

UsPHIXMEDELTH=SI(I}

BA=U/FPI{Is1)

QS=U¥*BQ

J=1

IF{0S.LE.QCRIT) G0 TO 30

0{11=0.

GO TO 40

CONTINUE

CS=Cl=C2%QS

BQ=BO*QS*{FP{I=1s1)=FP{i#ls1}}

X=RAG*F{CS+0Q5) #COILI)

CMQsS=CS—-as )

DEL1)=CS%*RS{1) *PHIYY+RI{1I*BQ+X+CMQS¥PHIXX
D{ly=~D{1}/CS

CONTINUE

D3 60 J=2ZsN
PHIXX=PHI(I+1sJ)}+PHI{I-1pJ)}-PHI{(Is3i=PHI{Ls»J)
DU=PHIXP

PHIXP=PHI(I+1sJ4+1)-PHI(I-1,J+1}
PHIXY=PHIXP-PHIXH

PHIXH=DU

DU=DU*DELTH

PHIYM=PHIYP

PHIYP=PHI(I»J+1)=PHI(I>J)}

PHIYY=PHIYP=-PHIYH

U=R{J)*DU=SI{])

DV=R{J)F{PHEL IsJ+1)~-PHI(I»J-1)}%DELR
V=DVY=R(J)I-CO(I)

RAV=RI{JI*RA%V

BQ=l1./FEPLIs )

BQU=B Q=

usS=BQU*U

UV={BQU+BQUI*Y

VS=BQ*Y*Y

QS=US+VS

IFIQS.LE.QCRIT) GO TO 50

D{J)=0.

GO TO 60 -

50 {5=C1-C2%QS

CMVS=CS~V5
CHUS=CS-US
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UV1ls,5%BAU*RAV

C{J)=RS{J)*CHVS
DOJI=RA4*((CHYS+US—YS)*DV=-UVEDU)+RI(JI*QSHBQ#¥{U*(FP{I-1sJd)=FP{I+1>s
LTIV V4+RAVELFPLUI»J=1)=FP U J+#1) ) P4 CHUSHPHIXX~UVIHPHIXY+C{J)#PHIYY
GiJ)=-DtJ}/fCS

CONTINUE

RETURN

END

SUBRBUTINE SOLVL .

COMMON PHI(162,31)sFPU162,310sA031)sB{31}>C(31)»D(31)E0(31)
1 sRP(31)sRPP{31)»R{(31)}sRS{31}»RI{31)sAL(162),BR{262),C0O0(162])
2 #S5T(162))PHIRILAGZ2)ISXCI1622sYCL162)sFNIL162)ARCLILG2),DSUN(LG2)
3 SANGOLD(162)sX0LDII62)»YDLD{E62)»ARCOLD(1L62)Y»DELOLD(L62)

COMMON FAF PIsTPy»RADSEMsALPIRNsPCHs XPsTCsCHDsDPHISCL»RCLSYR
1 »XAsYASsTEsDT»>DR)DELTHsDELRSRADCNSDSNsRAGEPSILSQCRITSL1C2
2 sCasC5sChE LT )BET»BETASFSY Mo XSEPsSEPMsaTTLE{4) #Ms No MMs NNs NSP
3 sIKsJK»IZ»ITYPsMODESISsNFCoNCYsNRNSNGsIDIMsN2»N3sN4sNTs IXX
4y NPTSsLLsIsLSEPsH&s NEW

COMPLEX FFsFlsGG

OIMENSION CX{162)>5X({162)¥»FF(162),66(1&23»F1(31)

COMMON /3S0L1/7 QU1l62,31)

IEINEWJNE.L1) G0 TO 30

DO 1 I=1sHM

CX¢I1=COS({LI-1)=DT)

SAI)=SIN{{I-1)}*DT}

CONTINUE

NEW=0+

MHP=MM+1

CONTINUE

HA=M/S2

MA1=MA+1

DO 2 Jds1sNs2

CALL TWOFFT{MsQ{1s32,Q¢1»J241)sFFsGG»CX»5X21)

DD 7 I=1,HMA]

IM=M-TI+3

Q{IsJ}=REALIFF(EIN)

QiI»J+1)=REALIGG(I)}

C{IMN»J)=—ATHMAG(FF{I})

QUIMN»J+1)==ATMAGIGG(IN)

CONTINUE

CONTINUE

HR=, 5¥DR

DO 3 Jd=1,N

D(JI=2.%R5({ )}

T=RA*RA*R{J}

BlJI=T#{R(JI-HR}

ClJ)=T#{R{J)+HR}

C{1y=D(1)}

DO & I=1,MAL

IM=M=-I+3

DO 5 J=1sN

AtJ)==D(J)=-2,%(1—CX{I}}
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FF{JI=CHMPLX(Q{IsJI»Q(IMsJ)}

CALL TRID1(BsA»Cr»FF»FLlsHN»IDIM)
DO & J=1lsh

RUEsJI=REALIFL(J})
QUINsJ)=ATHAGI(F1(J})

CONTINUE

CONTINUE

DO 9 J=1sNp2

DO 10 I=1sHAl

IM=M-1+3
FE(I)=CMPLXIQ{I»J)o—0{INsJ))
GGUI)I=CHMPLX(Q{Is3+1)s~QL{IMsJ+1))
FFLIMI=CHMPLX{Q(I»Jd)»Q(INsJ)}
GGLIMI=CMPLRIQ({I»J+1)sQ{IMsJ*1l})
CALL THOFFT(=MsQUilsd)asQ{lsJel)sFFsGGsLXs5Xy1)
CONTINUE

DO 12 J=1»N

Qi JI=0(15J])

QIMMPsJ)I=0(2s )

RETURN

END

SUBROUTINE TRID1{AsBsCsRHSsOUT»NsIDIM)
COMPLEX RHS5,0UT

DIMENSION A(11,BE1)sCI(1)

DIMENSION GA(35)sRHS(IDIN)»OUT(35)
REC=1l./B{1}

GA{1)=REC*C{1)}

OUT{1)=REC*RH5(1}

GO 10 J=2ZsN
REC=L./{B{JI=A{JI%GALJ=-11))
GA{JI=REC*C(J)
OUT{J)=REC*(RHSUJ)-ALJ)*0OUT(J-1)])
DO 20 Jd=22N

JEN=JJ+1
OUTCJI=0UT{J)=GALJI*=0UT (J+1)
RETURN

END

SUBROUTINE TWOFFTINS»>FsGryALP>BETSCNaSNIIDINY

ABS(NS) IS THE NUMBER..OF ROINTS. IN EACH- ARRAY

DO FFT FOR F AND & DR REVERSE TRANSFORM FOR ALP AND BET

If NS<0 THE REVERSE TRANSFORM IS PREFORMED

FUNCTIONS F AND G ARE REPRESENTED 8Y ARRAYS OF THEIR VALUES
ALP AND BET ARE COMPLEX FOURIER CODEFFICIENTS FOR F AND G
ALP{N) 15 OF THE FORM A(NI=I=B(N)

CN AND SN ARE THE COSINE AND SINE ARRAYS

IDIH IS THE SKIP FACTOR BETWEEMN POINTS IN F AND 6

COMPLEX ALPsBETsX
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DIMENSION FOIBIH»1)»G{IDIH»L)»ALP{L)»BET{1)}»CN(L)»SN(L)
N = TABS{NS)
L = N/2
SET UP AND DO COMPLEX TRANSFORH
iF (N5.LT.0) GD TO 20
BG 10 J = lsN
10 ALP{J) = CHPLX{F{isJd)sG{1sJ))

GO TO 40
SET UP FOR REVERSE TRAN3IFORM
20 J=N+1

PO 30 K = 1sL
X =—CHPLX(AIMAGIBET(K))=REALIALPIK))» AIMAGC(ALPIK)}+REAL(BETI(K)))
ALPLJY=X
X = CHMPLX(REAL{ALP{KII+AIMAG(BET(K)) »AINAGLALPIK))-REAL{BETIK)))
ALP(K)=X
30 J = J-1
K=L+1
ALP{K) =1.%[CHMPLX{REALIALP(K)I+AINAGI{BET(K}}»AIMAGLALP(K)})-REAL{BE
1TIK))})
40 CALL FFORMINsALPsBET»CNs SN}
NDW SEPARATE OUT THE REAL AND TMAGINARY PARTS
J = N
IF (NS.LT.0} GO TO 60
ENI=.5
DG 50 K = IsL
X = CONJG{ALP(JF)=-ALPIK+1)
BET{K+1) =~ENI%CMPLX{ AIMAGIX)IsREAL{¥))
ALP(K+1) = ENI*{CONJG{ACLPIK+1)2)+ALP{J)}
50 J = J4-1
BET{1l) = {ENI+ENI)*AIMAG{ALP{1))
ALP(1) = {(ENI+ENI)*REAL{ALP(I)}
RETURN
60 DO 70 4 = 1¢N >
F{1lsJ) = REALCALPCJ}}/N
T0 Gt1lsJd) = —AIMAGLALP(JR)}/N
RETURN
END
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