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DEVELOPMENT OF A MULTIPLE-PARAMETER NONLINEAR
PERTURBATION PROCEDURE FOR TRANSONIC
TURBOMACHINERY FLOWS: PRELIMINARY
APPLICATION TO DESIGN/OPTIMIZATION
PROBLEMS

Stephen S. Stahara, James P. Elliott,
and John R. Spreiter

Nielsen Engineering & Research, Inc.
Mountain View, CA

SUMMARY

An investigation was conducted to continue the development
of perturbation procedures and associated computational codes
for rapidly determining approximations to nonlinear flow
solutions, with the purpose of establishing a method for
minimizing computational requirements associated with parametric
design studies of transonic flows in turbomachines. The results
reported here concern the extension of the previously-developed
successful method for single-parameter perturbations to simul-
taneous multiple-parameter perturbations, and the preliminary
application of that multiple-parameter procedure in combination
with an optimization method to blade design/optimization
problems.

In order to provide as severe a test as possible of the
method, attention is focused in particular on transonic flows
which are highly supercritical. Flows past both isolated blades
and compressor cascades, involving simultaneous changes in both
flow and geometric parameters, are considered. Comparisons with
the corresponding 'exact' nonlinear solutions display remarkable
accuracy and range of validity, in direct correspondence with
previous results for single-parameter perturbations. Initial
applications of the perturbation method combined with an
optimization procedure demonstrate the ability of the multiple-
parameter method to work accurately in a design environment
and establish its potential for reducing the computational work
required in such applications by an order of magnitude.



1. INTRODUCTION

With the continuing success of advanced computational
methods to determine solutions to increasingly complex fluid
dynamic phenomena, it has become clearly apparent that
in order to employ these methods in applications requiring
routine high-frequency use, a means must be found to reduce the
computational demands necessary in their straightforward
application. While this need exists across a spectrum of
aerodynamic users, it is particularly high in turbomachinery
applications. There both the basic aerodynamic computation is
time-consuming and the number of variable flow and geometry
parameters are large, making any turbomachinery parametric or
design study computationally expensive under the best of
circumstances, and in many instances using more advanced codes,
prohibitively so.

The ultimate objective underlying this study is to develop
the means of reducing substantially the overall computational
requirements necessary for turbomachinery design or parametric
studies by minimizing the actual number of "expensive" numerical
flow solutions required. That such procedures are achievable
has been successfully demonstrated in the previous phase (ref. 1)
of this study. In that work, a perturbation method was developed
and tested on a large number of nonlinear flow problems involv-
ing single-parameter changes of a variety of flow and geometric
parameters. Subcritical and supercritical flows past isolated
blades and compressor cascades were considered, with particular
emphasis placed on supercritical transonic flows which exhibited
large surface shock movements over the parametric range studied.
Comparisons of the perturbation predictions with the corresponding
'exact' nonlinear solutions indicated a remarkable accuracy and
range of validity of the perturbation method.

The work reported here describes the continued extension
and refinement of that perturbation technique, and has focused
on the development of its capability for actual application
to practical turbomachinery design problems requiring the highly
repetitive use of computational codes to determine a large
number of related flow solutions. Two primary tasks were -
involved. The first consisted of the extension of the method
to treat simultaneous multiple-parameter perturbations. The
second involved the combination of the perturbation method with
an optimization procedure, and the preliminary application of
that combination to blade design/optimization problems. The
nature of the present work is both exploratory and developmental
in that aspects of the procedure--such as its validity, range
of accuracy, and computational economy for multiple-parameter
perturbation problems and its workability in an optimization
design environment--will be investigated, and a computational
code for multiple-parameter perturbations will be developed.



2. ANALYSIS
2.1 Perturbation Concept and Previous Applications

The classical approach of performing a perturbation analysis--
consisting of establishing and solving a series of linear
perturbation equations--appears an an obvious choice for the
current applications. However, results from the initial phase
of this study (ref. 2) demonstrate that for applications to
sensitive flows such as occur in transonic situations, the
basic linear variation assumption fundamental to the technique
is sufficiently restrictive that the permissable range of
parameter variation is so small to be of little practical use.
An interesting alternative to the linear perturbation equation
approach has recently been successfully examined in which a
correction technique is used that employs two or more nonlinear
base solutions. For that method, the basic perturbation
solution is determined simply by differencing two nonlinear
base flow solutions removed from one another by some nominal
change of a particular flow or geometrical quantity. A unit
perturbation solution is then obtained by dividing that result
by the change in the perturbed quantity. Related solutions are
determined by multiplying the unit perturbation by the desired
parameter change and adding that result to the base flow
solution. This simple procedure, however, only works directly
for continuous flows for which the perturbation change does
not alter the solution domain. For those perturbations which
change the flow domain, coordinate stretching is necessary to
ensure proper definition of the unit perturbation solution.
Similarly, for discontinuous flows, coordinate straining is
necessary to account for movement of discontinuities due to
the perturbation.

In a number of recent applications of the method (refs. 1-7),
results have been obtained which demonstrate the accuracy, range
of validity, and versatility of perturbation methods based on
such ideas. The most extensive and systematic of these are
provided in references 1 and 7, where results are reported for
a variety of flow and geometry parameter perturbation case
studies of nonlinear subsonic and transonic flows past both
isolated blades and compressor cascades. In those results,
particular emphasis was placed on strongly supercritical tran-
sonic flows which exhibit large surface shock movements over the
parameter range studied. Comparisons of the perturbation results
with the corresponding 'exact' nonlinear solution display
remarkable accuracy across the spectrum of examples studied.

The basis of this accuracy lies in the use of coordinate
straining. This provides the means in determining the unit
perturbation to account properly for the displacement of
discontinuities and maxima of high-gradient regions due to a



parameter change. This in turn enables the perturbation method

to maintain uncommon accuracy in regions of high gradients over
large parametric ranges. In reference 1, a detailed examination
was made of the effect of employing different classes of straining
functions. Those results have illustrated deficiencies in

certain classes of straining functions and have lead to the
identification of a superior class of straining functions. These
results are discussed in more detail in section 2.3.

2.2 Simultaneous Multiple-Parameter
Perturbation Formulation

To provide the theoretical basis of the perturbation
method as applied to simultaneous multiple-parameter perturbations
of flows containing multiple shocks or high-gradient regions,
consider the formulation of the procedure at the full potential
equation level, since all of the results presented here are
based on that level. Denote the operator L acting on the full
velocity potential ¢ as that which results in the two-dimen-
sional full-potential equation for ¢, i.e.,

L[®] = O (1)

If we now expand the potential in terms of zero- and higher-
order components in order to account for the variation of M
arbitrary geometrical or flow parameters a3

j=1 J (2)

and then insert this into the governing equation (1), expand
the result, order the equations into zero- and first-order
components, and make the obvious choice of cxpansion parameters

Ej = qu we obtain the following governing equations for the
zero- and M first-order components

Lle ] = 0
(3)
a =
L1[<I>1j] + o3 L{s, ] = 0



Here L, is a linear operator whose coefficients depend on zero-
order quantities and BL[QO]/qu represents a 'forcing' term due
to the qjth

term are provided in reference 2 for a variety of flow and
geometry parameter perturbations of a two-dimensional turbo-
machine, and in reference 4 for profile shape perturbations of
an isolated airfoil. An important point regarding Equation (3)
for the first-order perturbations ¢ is that these equations

perturbation. Actual forms of Ly and the 'forcing’

represent a unit perturbation independent of the actual value of
the perturbation quantity Ej'

Appropriate account of the movement of a multiple number of
discontinuities and maxima of high-gradient regions due to the
perturbation is now accomplished by the introduction of strained
coordinates (s,t) in the form

i
X = s + €.X,(s,t)
J=l J 1
(4)
I
y =t + e.y1(s,t)
j=1 371
where
N
xq(s,t) = 'Z §xyxq (s,t)
i=1 1
(5)

4

y1(s,t) = izléyiyli(s,t)

and e.6xi, Ejéyi represent individual displacements due to

perturbation of the qjth parameter of the N strained points,

and Xq (s,t), ¥y (s,t) are straining functions associated with
i i

each of the N strained points. Introducing the strained

coordinate Equations (4) and (5) into the expansion formulation

leaves the zero-order result in Equation (3) unchanged, but
.th

results in a change of the following form for the j pertur-
bation
0 =
Ll[cblj] + sz[d)o] + qu L[cbo] =0 (6)



Here the operators are understood to be expressed in terms of

the strained (s,t) coordinates, and the additional operator sz

arises specifically from displacement of the strained points.
In references 3 and 4, specific expressions for L,. are provided

for selected perturbations involving transonic small-disturbance
and full-potential equation formulations. The essential point,
however, with regard to perturbation Equation (6) expressed in
strained coordinates is that it remains valid as before for a
unit perturbation and independent of €5

In employing the correction method, Equation (6) for the
jth unit perturbation is solved by taking the difference between
two solutions obtained by the full nonlinear procedure after
appropriately straining the coordinates. If we designate the
solutions for some arbitrary dependent flow quantity Q as
base QO and calibration Q.., respectively, of the varied

independent parameter qj, we have for the predicted flow at

some new parameter value qj

M
Qlx,y) = Qu(s,t) + ] e;Q) (s,t) *+ ... (7)
j=1 j
where o
ch(xj,yj) - Q, (s,1)
Q. = -
j €.

J

N
X. = s + ) g.68x.xq; (s,t)
] if1 )t
- g B}
y; =t + €:8y;y, (s,t)
] is1 )
M e. _
X =s + ) El (xj - s)
=1 7]
y=t+ '_—(y.‘t)
j=1 55
(Continued)



[Eq. (8) Continued]
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In the following section, applications of the correction proce&ure
are made to predict surface properties. Also provided is the
particular form of the straining functions Equation (5) found

to be most effective in those applications.

2.3 Application to Surface Properties

For the current applications, we have employed coordinate
straining with the correction method to predict distributions of
surface properties for simultaneous multiple-parameter pertur-
bations of aerodynamic flows. In that instance where flow
properties are required along some contour, the strained-
coordinate solutions can be represented by

M
Q(x3;e) ~ Qg (s) + ) €5Q (s) + ... (9)
j=1 J

M
X ~ s + jzlajxl(s) + ... (10)

where x is the independent variable measuring distance along
the contour or a convenient projection of that distance, s is the
strained coordinate, and Ej a small parameter representing the

change in one of M flow or geometrical variables which we wish
to vary simultaneously.
In order to determine the first-order corrections Q. (s),

we require one base and M calibration solutions in which the
calibration solutions are determined by varying each of the
M arbitrary independent parameters a; by some nominal amount

from the base flow value while keeping the others fixed at
their base values.

In this way, the first-order corrections Qj.(s) can be
determined as J



Ql. (s) =

J

Qe, (X3) - Q, (s)
J (11)

€.
J

where Q.. is the calibration solution corresponding to changing

] -
the jth parameter to a new value Ao Xy is the strained coordinate
pertaining to the Q.. calibration sdolution, and €. = dc. - 9.

represents the change in the qj parameter from its base” flow

value. If we now desire to
bation process a total of N
or high-gradient maxima, we

Q(X,Ej) =

where Q1 (s) is given above

j
X. = s

j
X =5
€.
j
€
£.6x

j

keep invariant during the pertur-
points corresponding to discontuities
can represent the solution by

M
Qo (s) + ] e:Qq (s) (12)
=177
and
N -
+ izlejéxixli(s) (13)
N
+ izlejSXixl;(s) (14)
= 4. - 9. (15)
j j
= q-j - qo- (16)
j
= (x5 - x3) (17)
j
- 2 S - x9) (18)
T Ey O,

Here éjdxi given in Equation (17) represents the displacement

of the ith

invariant point in the jt

h calibration solution from

its base flow location due to the selected change éj in the qj

8



parameter given by Equation (15), ejdxi given in Equation (18)

represents the predicted displacement of the ith invariant point
from its base flow location due to the desired change €. in the

qj parameter given by Equation (16), and xl_(s) is a unit-order
straining function having the property that

1 k=1
xy (xp) = { ; (19)
i 0 k #1i

which assures alignment of the ith invariant point between the
base and calibration solutions.

In addition to the single condition Equation (19) on the
straining function, it may be convenient or necessary to impose
additional conditions at other locations along the contour. For
example, it is usually necessary to hold invariant the end points
along the contour, as well as to require that the straining
vanish in a particular fashion in those locations. All of these
conditions, however, do not serve to determine the straining
uniquely. The nonuniqueness of the straining, nevertheless, can
often be turned to advantage, either by selecting particularly
simple classes of straining functions or by requiring the strain-
ing to satisfy further constraints convenient for a particular
application.

The fact of nonuniqueness of straining function, however,
raises a further question of the dependence of the final
perturbation-predicted result on choice of straining function.
An initial example of the effect of employing two different
straining functions for a strongly supercritical flow was
provided in reference 3, and in reference 1 a detailed examina-
tion was made of the dependence of perturbation results on
several classes of different straining functions. Although
it can be demonstrated (ref. 8) that the final perturbation-
predicted result obtained when employing strained coordinates
is formally independent of the particular straining function
used--provided that the straining function moves the invariant
points to the proper locations--the results of reference 1
demonstrate that, under certain conditions, particular classes
of straining functions can induce spurious perturbation results.
The underlying reason is that, while the perturbation-predicted
results at and in the vicinity of invariant points are independent
of the choice of straining function (provided invariant point
locations are preserved), some classes of straining functions
have the undesirable property of producing unwanted straining
in certain regions removed from the invariant points. The
correction for this deficiency, which was found in reference 1
and has proven effective in all case studies undertaken, is to
employ linear piecewise-continuous straining functions. This



both preserves the accuracy of the perturbation results in the
vicinity of the invariant points, and introduces no excessive
straining in regions removed from those locations.

For linear piecewise-continuous straining functions, the
functional forms of the straining can be compactly written.

o
)—( =g + .><i_+1_;.s— . (XC - Xo)
j x© x© i il.
i+1 i J (20)
s - X:
c 0 o} o}
t— 5 ¢ (a1 7 Xgap) | [ HOG,p -os) s HGs - oxy)
X - X.
1+1 i

where H denotes the Heaviside step function. As discussed

above, it is usually necessary to hold invariant both of the

end points along the contour in addition to the points corre-
sponding to discontinuities or high-gradient maxima. Consequently,
for the results reported here, the array of invariant points

in the base and calibration solutions have been taken as

) o} ) 0
X; = {0, X715 Xps =wes Xpo 1}
(21)
c c c
x; = {0, X{ s X5 N S 1}
J J J J

where the contour length has been normalized to unitg and
where n is the number of invariant points along the blade
contour exclusive of the end points.

10



3. RESULTS

Because the ultimate utility of the perturbation methods
being developed under this investigation is in engineering
design or parametric analysis, the two primary objectives of
the current study were to develop the simultaneous multiple-
parameter capability of the method and then to examine the
accuracy and range of validity of the multiple-parameter method
in situations characteristic of that environment. Toward that
end, we have tested the method in a series of problems involving
simultaneous multiple-parameter variations of both flow and
geometric quantities. As with the testing of the single-
parameter method (ref. 1), emphasis was placed on transonic flows
past both isolated blades and compressor cascades that are
strongly supercritical and exhibit large surface shock movement
over the parametric range studied. Additionally, we have
coupled the multiple-parameter method with an optimization
procedure to test the method's ability to perform in an actual
design environment. These preliminary case studies of the
combined perturbation/optimization method actually resulted
in the most demanding tests of the perturbation method under-
taken to date for observing its ability to work accurately under
extreme interpolation/extrapolation conditions.

3.1 Simultaneous Multiple-Parameter Perturbations

In Figure 1, we present a comparison of results for the
simultaneous perturbation of thickness ratio and oncoming Mach
number of highly-supercritical flows past a series of isolated
NACA four-digit (O0XX) blade profiles. The base flow chosen
for these results is at M_ = 0.820 and v = 0.120, and is

indicated on both plots shown in Figure 1 as the dashed line.
Those results were obtained by solving the full-potential
equation based on the finite-difference relaxation approximate-
factorization method of reference 9. The body-fitted mesh
employed had 75 points on both upper and lower surfaces. The
calibration solution selected to account for Mach number changes
is at M_ = 0.800 and v = 0.120, and is displayed as the dotted

line in the plot on the left; while the calibration flow
selected to account for thickness-ratio changes is at M_ = 0.820

and T = 0.110 and is displayed as the dotted 1line in the plot
on the right. The open circles represent the perturbation-
predicted solution for M_ = 0.790 and T = 0.115, which is a

parameter extrapolation in M_ and interpolation in t. Those

results are meant to be compared with the 'exact' nonlinear
results which is indicated as the solid line. We note that the
indicated results for base, perturbation, and exact nonlinear
solution in both plots in Figure 1 are the same; the reason

11



for presenting two plots is to indicate clearly the separation
between the base, the two calibration solutions, and the
perturbation-predicted result. The straining employed is
linear piecewise-continuous [see Eq. (20)], with leading and
trailing edge and shock point held invariant. The shock point
locations for the base and calibration flows for this example,
as well as for all the multiple-parameter perturbation results
presented here, were determined as the point where the pressure
coefficient passed through critical with comprehensive gradient.

With regard to the results, we note that the comparison
between the perturbation-predicted and the exact nonlinear
result is, as in the case of single-parameter perturbation
of these flows (see Figs. 4 to 6, ref. 1), extremely good, in
particular in the region of the shock. The multiple-parameter
perturbation result is able to accurately predict both shock
location and the critical post-shock expansion behavior.
Results for the region from the stagnation point to points
just ahead of the shock are essentially identical to the exact
nonlinear solution, as are results aft of the post-shock
region. We note that the particular parameter values of
Mo, 1) = (0.790, 0.115) selected for the prediction solution
represent reasonably substantial extrapolations and interpo-
lations from the base and calibration values. Nevertheless,
the perturbation method is able to treat simultaneous
parameter variations over this range accurately.

Figure 2 presents analogous three-parameter perturbation
results when angle-of-attack variations are included for the
flows shown in Figure 1. Here, the base flow selected is at
a = 0.2°, M, = 0.800, 7 = 0.110, and is indicated in all of the
three plots provided as the dashed line. The calibration flow
to account for angle-of-attack change is at a = 0.25° at the
same (M,,T) as the base flow, and is displayed as the dotted
curve in the plot on the upper left. The corresponding
calibration flow to account for Mach number change is at
M, = 0.810 at the same (t,a) as the base flow, and is displayed
in the upper right plot; while the calibration flow for thick-
ness-ratio change is at t = 0.115 at the same (My,a) as the
base flow, and shown in the lower plot. The predicted result
is for parameter values of a = 0.3°, M, = 0.820, T = 0.100 and
again represents substantial extrapolations of all three
parameters, as can be observed in Figure 2 from the relative
differences between the base and calibration flows. The
reason for selecting such small angles-of-attack for these
flows was to preserve the shock wave on the lower surface, and
thereby create a set of multiple-shock flows which were highly
sensitive to parameter changes. The comparisons between
perturbation and exact nonlinear results for this case is again
extremely good, with the prediction of both the locations of
the shocks on the upper and lower surface given very well, as
well as the pressure distributions in the regions immediately
ahead and behind those shocks. For these results, linear

12



piecewise-continuous straining was employed with the invariant
points being the lower surface trailing edge, lower surface
shock, stagnation point, upper surface shock, and upper surface
trailing edge.

The final multiple-parameter perturbation result is
provided in Figure 3 for a four-parameter perturbation of strongly-
supercritical full-potential flows past a cascade of blades
having NACA four-digit profiles. The base flow is for an
oncoming Mach number of M, = 0.780, thickness-ratio 7 = 0.110,
gap-to-chord ratio t = 3.2, and oncoming inflow angle o = 0.3°,
and is indicated on the four plots as the dashed line. Those
results were obtained using the full-potential equation
finite-area relaxation procedure of reference 10. The four
calibration solutions to account for changes in the four varied
parameters are provided in the four plots shown where the
individual values of the calibration parameter varied are also
indicated. Thus, the calibration solution for Mach number
change is at Me = 0.790 with (t,t,a) at the base flow values,
and 1s indicated as the dotted result in the plot at the upper
left. Corresponding results for the other three parameters
are shown in the remaining plots. The comparison of the
predicted and exact nonlinear results are for parameter values
of M, = 0.785, 1 = 0.115, t = 3.1, o = 0.4°., This particular
set of flows was again selected because of the presence of
multiple-shocks and high sensitivity to parameter change. As
with the previous results for two- and three simultaneous
parameter variations, we note that the perturbation predictions
are once again remarkably accurate. The perturbation method
is able both to track the location of the upper and lower surface
shocks, as well as to predict the pressure characteristics in
the pre-shock and post-shock regions.

3.2 Preliminary Application of Combined

Multiple-Parameter Perturbation Method

With Optimization Procedures For Blade
Design Applications

The ultimate utility of the perturbation methods developed
and evaluated here lies in their application to problems involving
the high-frequency use of computational codes to determine a
large number of related nonlinear flow solutions. In order to
test the capability of the approximation method to work
effectively in such practical applications, we have combined
the method with the CONMIN optimization procedure (ref. 11) and
have then made several preliminary case studies of the combina-
tion on isolated blade and compressor blade design/optimization
problems. The objectives of these initial applications were to
examine the feasibility and potential computational savings of
the combined approximation/optimization procedure for some
typical design problems, and to determine the accuracy of the
perturbation-predicted optimization results.

[
A



The particular isolated blade design optimization problems
selected for study involved the alteration of a baseline profile
shape by adding to the baseline profile a set of shape functions
according to the relation

M
z(x) = 2, (x) + ] (bv, - 1) F;(x) (22)
i=1

where Z, are the ordinates of the baseline profiles, Fj are the
shape functions, and the coefficients DVj are the design variables
whose values are determined by the optimization program as a
result of a search through design-variable solution space to
achieve a desired design improvement. Here for convenience

we have chosen the coefficients of F; to be (Dyi - 1) rather
than DVj. The general class of geometric shape functions
employed here, and which have been found to be successful in
previous applications inveolving optimization of supercritical
airfoil sections (ref. 12), consists of exponential decay
functions and sine functions. These are of the general form

(1 - x) - xP/e9X and sin (mx¥)®, where the exponents p, q, T,
and n are selected to provide a desired maximum at a particular
chordwise location. The exponential functions are generally
employed to provide adjustments near the leading edge, while
the sine functions are used to provide maximum ordinate changes
at particular chordwise stations. Illustrations of the chord-
wise variation of typical members of these shape functions are
provided in Figure 4, and it can be seen that these functions
smoothly concentrate ordinate thickness at selected locations.

For the initial application of the combined perturbation/
optimization method, we have examined subcritical flow at
Mo = 0.10 and o = 5° past a modified NACA 64A007 profile
involving the nine profile shape functions

F. = 6(1 - x)xPi/e4i® 1 = 1,2

1

(23)

. T2
F. sin {(mx 1) i=3,9

1

where (pl,ql) = (0.5,15), (pz,qz) = (0.25,10), and r, = (0.37,
0.50, 0.66, 0.87, 1.16, 1.61, 2.41). The exponential functions
achieve their maxima within 5% of chord, while those for the
sine functions are at (15%, 25%, 35%, 45%, 55%, 65%, 75%) of
chord.

A strategy which has proved convenient for performing
optimization studies involving aerodynamic performance
parameters (ref. 12) has been to recontour the profile shape
so as to tailor the surface pressure distribution to conform to

14



a desired distribution. This type of objective provides local
control over the basic aerodynamic surface flow property of
importance, and provides a means of attempting to achieve aft
pressure gradients sufficiently weak to avoid separation. An
important corollary advantage of using such an objective is that
viscous separation can be minimized. This allows use of an
inviscid aerodynamic flow solver in the optimization process
rather than a much more computationally-expensive viscous solver,
and assures that the optimization result thus obtained at the
inviscid level is representative of the. actual flow.

Consequently, for this initial case study the overall
performance objective was, through modification of the surface
contour, to tailor the pressure distribution along a portion of
the upper surface so as to conform to a desired distribution.
In particular, it was desired to minimize both the peaky
behavior near the leading edge and the compressive gradient

on the aft portion of the upper surface which existed at M, = 0.10

and o = 5° on the NACA 64A007 baseline profile. This is illus-
trated schematically in Figure 5. The objective function was
taken as the minimization of the mean squared error between the
predicted and desired surface pressure distribution, i.e.,

K
OBJ = I Icp (x¢) - Cp (xk)]2 (24)
k=1 predicted desired

where K represents the number of chordwise locations xj; where
desired and calculated surface pressures are compared.

Recall that in order to initiate the perturbation proce-
dure in situations involving the simultaneous variation of M
individual parameters from a baseline point, a matrix of M
calibration solutions are required, each representing the
solution change for a separate variation of each of the M
parameters from its baseline value. Because optimum, or some-
times even typical, stepsizes for a particular optimization
problem would not generally be known a priori, one of the
primary goals of these initial studies was the demonstration
that the perturbation method was capable of working effectively
even under severe conditions imposed by a poorly-selected
initial calibration solution matrix. This was accomplished by
examining the sensitivity and accuracy of the perturbation
predicted optimization results as a function of the initial
design variable stepsizes of the calibration solution matrix.

The overall strategy, then, consistedof: (1) employing the
perturbation method, based on some initial matrix of nonlinear
aerodynamic solutions determined by an independent variation of
each design variable, to provide all of the subsequent nonlinear
aerodynamic solutions required by the optimization method for

15



searches through design space, and (2) comparing the final
perturbation-predicted optimization results for final design
variable and objective function values with those determined
by using the full nonlinear aerodynamic solver throughout.
Figure 6 shows the results of such a sensitivity study, and
indicates that even under extreme test case conditions caused by
deliberately-selected poor choices of design variable stepsizes,
the perturbation method performs exceptionally well, never
breaking down or yielding spurious results. Indicated on the
plots are the final optimized design variable values after

five search cycles as predicted by the perturbation method (@)
for four different choices of the initial stepsize for the
design variables, i.e., éDV; = (0.05, 0.02, 0.01, 0.001). Also
shown are the corresponding final design variable values
predicted when employing the nonlinear aerodynamic solver

(ref. 13) throughout (QO). As can be seen, for the extreme
interpolation case $§DV; = 0.05, except for design variables 3
and 5, the perturbation prediction compares very favorably with
the full nonlinear result. For 6DV; = 0.02, a more reasonable
stepsize choice, the comparison of the perturbation result is
quite good for all the design variables, while for dDV; = 0.01,
the perturbation prediction is essentially identical to the full
nonlinear aerodynamic result. As a final illustration of the
behavior of the perturbation method under extreme extrapolation
conditions, the lower right-hand plot displays the perturbation
predictions for &DV; = 0.001. We note that for several of the
design variables, tﬁe extrapolation range is of the order of 25
times the initial stepsize; yet, the perturbation predictions
are quite reasonable and not spurious, which is remarkable and
indicative of the robustness of the procedure.

Finally, we point out that all four of the perturbation-
predicted results illustrated in Figure 6 are satisfactory in
terms of the final objective function value obtained. These
values are illustrated on the right of each of the plots.
Provided for comparison are the initial (O Initial) and final
(O Final) values obtained when using the nonlinear aerodynamic
solver throughout. The value of the objective function evaluated
at the final design variable point when using the perturbation
method is indicated by the solid circle (@®). However, the
objective function value of real interest is the result indicated
by the solid square (M) which represents that obtained by
running the nonlinear aerodynamic solver at the perturbation-
predicted final design point, and then using that solution to
evaluate the objective function. This provides the overall
ultimate check of the perturbation-predicted result. As can
be seen from Figure 6, those results lie essentially on top of
the final objective function result (O Final) obtained when
using the nonlinear aerodynamic solver throughout.

The computational savings attained for this application

are shown in Figure 7. Here, a comparison of the computational
work versus reduction in objective function per optimization
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cycle is provided when using the perturbation procedure (@) and
when not using it but employing the nonlinear aerodynamic code
(O) for each flow solution required by the optimizer. As

can be seen, the computational time required for both the
perturbation method and when using the full nonlinear aerody-
namic solver throughout are the same for the first cycle,

since both require a matrix of M + 1 {(M=9 for this example)
nonlinear aerodynamic solutions. After that, the perturbation-
predicted results required essentially no computational time
for cycles 2 through 5, and then a slight amount for the one
additional call to the aerodynamic solver for the final check
calculation (M). The reduction in the ratio of final to
initial objective function is OBJ/(OBJ); = 0.22 and required
approximately 20 CPU seconds on the CDC 7600. In comparison,
the result when not employing the perturbation method required
approximately 80 CPU seconds for the same reduction in
objective function, indicating the perturbation method is able
to save 75% of the computational work in this example.

Similar testing of the performance of the perturbation
method for supercritical situations has also been carried out
and has demonstrated a corresponding capability and potential
computational savings. Because of the greater sensitivity of
these shocked flows, two separate case studies were carried out
in depth. Both of these involved recontouring of the upper
surface of a NACA 0015 profile operating at the supercritical
conditions of M, = 0.55 and o = 6.7°, and employed four design
variables related to the shape functions.

q.
F; = sin(mx 1)3' i=1,4 (25)

with q. = (0.301, 0.431, 0.576, 0.756). These functions have
maxima~at (10%, 20%, 30%, 40%) of chord. TFor the first of
these supercritical studies, the objective function was chosen
to be the drag coefficient squared, i.e.

OBJ = CD2

For this problem, an evaluation of the accuracy of the
perturbation-predicted optimization results as a function of
initial calibration solution matrix was also made. The results
of this study are provided in Figure 8, which displays the
results of the perturbation-predicted final design variables
(®) after eight search cycles for three different choices of
the initial stepsize for the design variables, i.e., §DV; =
(0.001, 0.002, 0.004). Also shown are the corresponding final
design variable values predicted when not using the perturbation
method but employing the nonlinear aerodynamic solver (ref. 13)
throughout (O).
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Because drag minimization, particularly at supercritical
conditions, is an extremely sensitive optimization problem,
this study provides one of the most severe tests of the
perturbation procedure in a design optimization environment.
This is so because the accurate prediction of drag at super-
critical speeds depends almost entirely on the resolution of
the flow behavior at and in the vicinity of the shock waves
present on the surface of the profile. Hence, what is ultimately
under evaluation in this example case study is the ability of
the perturbation method to predict, under extreme extrapolation
conditions and with simultaneous multiple-parameter perturbations,
the location and strength of all surface shock waves and the
flow behavior in the pre- and post-shock regions.

The most important results to emerge from the calculations
involved in this case study were the discovery of a particular
deficiency of the perturbation method in this regard, and the
subsequent development of the means to improve the accuracy of
the perturbation predictions in shock regions and other high
gradient regions under extreme extrapolation conditions. The
improvement in the basic procedure developed to meet these
requirements consists of employing additional invariant points
in those high gradient locations. For example, it was found
that by characterizing a shock which has a post-shock expansion
region, as sketched below,

with five invariant points--which correspond to; (:) pre-shock
minimum pressure, (2 maximum gradient point, (i) post-shock
maximum pressure, @ post-shock minimum expansion pressure
lgcation, and point of inflection between points (f) and

éb --rather than just the one point corresponding to the
critical pressure location, which was standardly done in the
past; that significantly improved perturbation results are
obtained in the shock region for extreme solution extrapolations.
This five invariant point characterization of the shock has been
employed in determining the results of the two supercritical

case studies reported here.
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With regard to the drag minimization results indicated in
Figure 8, we note that when selecting an initial design variable
stepsize of 6DV; = 0.001, the agreement between the final
perturbation-predicted design variable values and the exact
nonlinear result is reasonable. The solution extrapolation
indicated for design variables 2 and 3 are of the order of 5
times the initial design variable stepsize, but the perturbation
method does not break down or provide spurious results for these
strongly supercritical flows. We note that the optimization
procedure working with the perturbation method is able to drive
the perturbation-predicted drag (@ P) to essentially zero.
Although the final check of the perturbation-predicted design
using the nonlinear solver (M A) indicates a drag coefficient of
0.005, that represents nevertheless almost a factor of 3 in
drag reduction from the baseline configuration.

When a somewhat more reasonable initial design variable
stepsize of 6DV; = 0.002 is used, which reduces the solution
extrapolations over that for 6DV; = 0.001, we note that the
perturbation results closely approach those obtained when
using the nonlinear aerodynamic solver throughout. The final
drag value based on the perturbation design (M A) is also
improved, displaying over a factor of 5 in drag reduction. The
final perturbation result obtained for an initial stepsize
§DV; = 0.004 and illustrated in the bottom plot displays almost
exact agreement with the full nonlinear aerodynamic result,
This particular choice of stepsize is the most reasonable of
the three shown, since the design variable solution range to
be searched by the optimizer requires moderate interpolation/
extrapolations from the calibration solution matrix. The final
drag value (M A) indicates over a factor of 5 drag reduction,
and is very close to the final full nonlinear aerodynamic
(® Final) result.

The computational savings obtained for this application
are indicated in Figure 9. Here a comparison of the computa-
tional work versus reduction in objective function per
optimization search cycle is given for eight search cycles
when using the approximation procedure (@) and for four cycles
when using instead the full aerodynamic solver (O). We note
for this example that when using the perturbation method, the
optimization procedure requires approximately 40 CPU seconds
for search cycles 2 through 8. This is in contrast to the
essentially zero time needed for search cycles in the pressure
distribution tailoring case study presented in Figure 7. The
reason for the additional time in this minimization case study
is that in order to evaluate the drag at the points in the
design solution space required by the optimizer, additional
geometry calculations are needed to determine the new surface
slopes. Consequently, even though the perturbation procedure
provides the means to determine the new pressure distributions
at essentially no computational cost, because surface pressure
integrations are required to evaluate the drag, calls to the
geometry portion of the aerodynamic code are necessary to



determine the new profile shapes. These geometry calculations
cause the CPU time increase indicated. Finally, another 20

CPU seconds are needed for the final aerodynamic check solution
(M), totaling 120 CPU seconds. That total represents just
under a 60% computational savings of the 4 search cycle CPU time
required when not employing the perturbation method.

The final supercritical case study presented in Figure 10
involved tailoring of the surface pressure distribution as done
in the previous subcritical case, but this time specifically
concentrating on alleviating the sharp gradient at the shock.

It was specified in the following fashion. Using the pressure
distribution from the optimized profile of the previous drag
minimization case study, we returned to the original NACA 0015
baseline profile. Then, with that previous pressure distribution
as the desired objective, by using the optimization method we
attempted to reproduce the same optimized profile that resulted
from the drag minimization problem. What resulted from these
calculations was a demonstration that the perturbation method

is capable in certain cases, of not only providing an enormous
savings in computational cost but also an improved optimization
result. In Figure 10, we provide the results of the sensitivity
study of the perturbation method as a function of the initial
design variable stepsize of the calibration solution matrix.

In the plot on the left, the comparison is provided of the
perturbation-predicted final design variables (@) based on

an initial design variable stepsize 6DV; = 0.001 together with
that obtained when using the full nonlinear aerodynamic solver
throughout (A). Also shown is the 'optimum' full aerodynamic
result (©®) obtained from the drag minimization case study which
is the result that is sought to be reproduced. What the results
indicate is that the prediction obtained by not using the
perturbation method is inferior to that obtained when employing
it. Also, we note the large extrapolations involved in this
perturbation result, i.e., about 4 times or 400% of the initial
stepsize for design variables 1 and 2. These results are
emphasized even more in the plot on the right which shows the
corresponding perturbation results when using a more reasonable
initial design variable stepsize of 6DV; = 0.002 to define the
calibration solution matrix. In this instance, the perturbation
prediction is essentially identical’ to the optimum result. We
note that comparisons of the objective function reduction, shown
on the scales to the right of the plots, display a reduction in
objective function to almost zero for the perturbation result,
while only an essentially 50% reduction for the full aerodynamic
result.

This reduction in objective function is emphasized in
Figure 11, which displays the comparison of computational work
and objective function reduction per optimization cycle for
the perturbation procedure and the full nonlinear aerodynamic
result for this case study. Here, we see clearly that the
perturbation method is able to drive the objective function to
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essentially zero, while the full aerodynamic procedure becomes
fixed in a local minimum and is only able to reduce the
objective function to 50% of its initial value. If we had
carried the full aerodynamic result to eight optimization cycles,
as was done with the perturbation result, the time savings would
have been over an order of magnitude.

This result demonstrates that it is possible in certain
instances for the perturbation method to provide not only an
enormous savings in computational cost but also an improved
optimization result. The latter is undoubtedly accomplished
by the selection of a reasonable initial calibration solution
matrix which permits the optimization method an enhanced
rather than local view of the design solution space, thereby
avoiding shallow local minimas in favor of a more global minima.

The final application, which has been carried out as far
as possible in this phase, was directed toward laying the
foundations of a practical turbomachinery blade design/
optimization procedure coupled with the perturbation method.
This preliminary version is based on TSONIC blade-to-blade
solutions (ref. 14) with generalized circular-arc blade
geometry routines BLADE (ref. 15) describing the blade profile,
and employs the COPES/CONMIN optimization procedure (ref. 16).

The initial case study for the combined procedure involved,
as a design objective, the minimization of the velocity diffusion

on the blade suction surface . i.e.
’ qmax,suctlon’ 1-€

q .
OBJ = max, suction (27)

avg, exit

where q is the average exit velocity in the freestream.

avg, exit
Six design variables were employed and correspond to the
following blade geometry parameters used to characterize NASA
circular arc blade section profiles (ref. 15): blade outlet
camber angle, transition location between fore and aft circular
arc sections, maximum thickness location, inlet to outlet
turning rate ratio, maximum thickness, and radius of the lead-
ing edge circle. During the optimization process, each of the
design variables was constrained to remain within certain
prescribed bounds in order to prevent a physically-unrealistic
blade design from occurring. Furthermore, several active side
constraints were additionally imposed both to insure design of
a physically realistic blade and also to achieve certain
desirable flow characteristics on the blade. The active side
constraints employed were: (1) maintenance of nonzero local
blade thickness, (2) maintenance of low velocity diffusion on
the blade pressure surface, and (3) trailing edge closure.
These constraints were enforced by employing bounding criteria
on the following quantities according to:
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thick(x) - d, :
0. < . < 10. (28)
t
C

q
0. . Mmax, press

<1.3 (29)
min, press

4ITE-2,suction ~ 9ITE-2,press

-1.0 <
25.

< 1.0 (30)

Here, thick(x) is the local blade thickness, dtC is the diameter

of the trailing edge circle, Upax press is the maximum blade
3

pressure surface velocity over the front half of the blade,
qmin,press is the minimum blade pressure surface velocity
over the last two-thirds of the blade, and (qITE—Z,suction,

91TE-2 press) are the third last surface velocities on the grid

near the trailing edge on the suction and pressure surface,
respectively.

We have successfully completed a preliminary series of
calculations of the new combined PERTURB/TSONIC/BLADE/COPES/
CONMIN procedure in which the accuracy and sensitivity of the
perturbation method was tested as a function of choice of the
initial calibration solution matrix. The initial or base values
of the design variables for the baseline blade profile, and the
upper and lower bounds of the design variables that were
specified for this test problem were:

Design
Variable Lower Upper Initial
Number Description Bound Bound Value
1 Outlet blade camber angle-KOCR -15.0° 0.0° -10.0°
2 Transition loc./chord-T 0.20 0.60 0.25
3 Max. thick. loc./chord-IM 0.20 0.55 0.45
4 Inlet/outlet turning/chord-P 0.50 4.00 1.50
5 Max, thick./chord-TMX 0.03 0.10 0.05
6 L.E. rad./chord-THLE 0.003 0.012 0.005

The results of these calculations are summarized in Table 1.
There we have provided comparisons of the final design variables
and objective function predicted when employing full nonlinear
TSONIC solutions throughout the optimization process with
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corresponding results when using the perturbation method. For
the perturbation results, six different choices of the cali-
bration solution matrix were made and are noted in the table.
All the results represent converged solutions, with each
calculation employing 10 optimization search cycles or less

if no change in objective function should occur in three
successive iterations.

Two separate results are presented for the case when the
perturbation method is not employed and TSONIC solutions are
used throughout the optimization search process. These were
obtained on the Ames Research Center CDC-7600 and Lewis Research
Center IBM 3033 employing the same TSONIC/BLADE/COPES/CONMIN
code. The differences in the two final design results provides
an indication of the sensitivity of this particular optimization
problem with regard to choice of objective function, since the
difference between these two results is due solely to the
number of significant figures maintained in the respective
calculations, i.e., 8 for the IBM 3033 and 14 for the CDC 7600.
As is evident, there clearly is a sensitivity to search direction
and final design result in this problem. We note that of the
six design variables, the two which agree between the two
results (ZM,TMX) have reached a limit boundary. The others
have all trended in the same direction from the baseline value,
but have reached somewhat different values at the final design
point. We note that the objective functions have reached
essentially the same level, indicating, as is often the case
in such optimization problems, the existence of multiple local
minimums.

The analogous results obtained employing the perturbation
method with various choices of calibration solution matrix
are exhibited as cases 1 to 6. We note that, with the exception
of the design variable ZM which consistently moves to its
upper bound regardless of the choice of calibration solution
matrix, the final design variable predictions via the perturbation
method basically exhibit a behavior quite similar to that
obtained from the full nonlinear result when TSONIC solutions
are used throughout. That is, the optimizer drives the design
variables in generally the same direction from the baseline
values as the full nonlinear result, but to somewhat different
values. The exception to this is noted in cases 4 and 5,
where the calibration solution matrices were selected such that
TSONIC solution extrapolations rather than interpolations were
involved for all or most of the design variables during the
search procedure. In those two cases, we note further that
the final objective function values obtained are somewhat
inferior to those obtained in Cases 1, 2, 3, and 6, where
solution interpolations were primarily involved. For those four
cases, the final objective function result is almost identical
to that obtained by the full nonlinear result.
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The computational time needed to obtain the perturbation
results in Cases 1 to 6 were 76-78 secs. of CDC 7600 CPU time
per case. The benchmark full nonlinear CDC 7600 result shown
in Table 1 required 644 secs. Thus, the perturbation method
provides a savings of (644-78)/644 = 88% of the computational
time for this example.

The primary conclusions to be drawn for this preliminary
study are that the perturbation method can work effectively
even for sensitively-defined optimization problems such as
this and provide both meaningful final design results and
large computational savings over not using the method. The
choice of objective function such as was made for this case
study, i.e., a point quantity located in a high-gradient
region, requires that a reasonably good choice be made of the
calibration solution matrix. This is so since if large solution
extrapolations are required by the optimizer for minimization
searches through design space, the final design result will
most likely be less improved than would otherwise result if only
modest solution interpolations/extrapolations were involved.
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4. CONCLUSIONS AND RECOMMENDATIONS

An investigation was conducted to continue the development
of perturbation procedures and associated computational codes
for rapidly determining approximations to nonlinear flow
solutions. The ultimate purpose is to establish a method for
minimizing computational requirements associated with para-
metric design studies of transonic flows in turbomachines.

The procedures being developed employ unit perturbations,
determined from two or more nonlinear 'base' solutions which
differ from one another by a nominal change in some geometry

or flow parameter, to predict a family of related nonlinear
solutions which can be either continuous or discontinuous. The
results reported here relate to the extension of the previously-
developed successful method for single-parameter perturbations:
(1) to simultaneous multiple-parameter perturbations, and (2)

to the preliminary application of the multiple-parameter procedure
in combination with an optimization procedure and applied to
blade design problems.

Calculations based on full-potential nonlinear solutions
have been carried out to establish the accuracy and range of
validity of the multiple-parameter capability. These involved
flows past both isolated blades and compressor cascades involv-
ing simultaneous changes in both flow and geometric parameters,
with attention focused on strongly supercritical situations
involving large surface shock movements over the parameter
ranges studied. Preliminary applications of the multiple-
parameter perturbation method coupled with an optimization
procedure were made for blade design problems in order to
examine the capability of the method to produce accurate results
in a typical design environment, and also to evaluate its
potential for computational savings. Both subcritical and
supercritical case studies were carried out involving multiple-
design variables. Sensitivity studies were also performed
to examine the accuracy dependence of the perturbation method
on the choice of the initial calibration solution matrix.

Comparisons of the multiple-parameter perturbation results
with the corresponding 'exact' nonlinear solutions display
remarkable accuracy and indicate a large range of validity, in
direct correspondence with previous results for single-parameter
perturbations. The preliminary case studies of the multiple-
parameter perturbation method combined with optimization
procedures have clearly demonstrated the capability of the method
to work accurately in a design environment where large solution
extrapolations are often necessary, and have also established
the methods' potential for reducing the computational work
required in such applications by nearly an order of magnitude.
The sensitivity studies indicate that for certain subcritical
applications, the perturbation method is able to work quite
accurately and effectively in spite of poor choices of the
initial calibration solution matrix which require large extra-

polations or interpolations. For supercritical flows, the
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initial calibration matrix choice is more important, but when
employing multiple invariant point clustering about high-
gradient locations (shocks, stagnation points, etc.), the
perturbation method predictions can nevertheless maintain
high accuracy in certain supercritical situations for extra-
polations as large as 4 to 5 times the parameter separation
between base and calibration solutions.

Based on these results, we conclude that perturbation
methods formulated on these ideas are both accurate and clearly
workable in design environments, and can provide the means
for substantially reducing the computational work required in
such applications. We suggest the development of the combined
multiple-parameter perturbation procedure and optimization
methods into a robust design tool for subcritical and super-
critical turbomachinery blade design.
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APPENDIX A
USER'S MANUAL FOR COMPUTER PROGRAM PERTURB

A.1 INTRODUCTION

The purpose of this appendix is to describe the operation
of the computer code which was developed in conjunction with
the theoretical work presented in this report, and to provide
sufficient detail to permit convenient use and change of the
program. The program computes and plots an arbitrary flow vari-
able on a contour surface by employing the strained-coordinate
perturbation method discussed in the main text.

A description of the general operating procedure of the
program is given, together with complete description of bkoth
input and output. The program is written in FORTRAN IV and has
been developed on the Ames Research Center CDC 7600 computer
facility. Consequently, the plot package included in this
version refers to system routines at that facility. In general,
the plotting software must be supplied by the user according to
the requirements of his operating system. This can be accom-~
plished directly by replacing or modifying the subroutine DRVPLT.
Typical program run times for flows involving approximately 150
surface mesh locations are 1 to 3 CPU seconds. The storage
requirements are 105Kg for small core memory and no large
core memory.

A.2 PROGRAM DESCRIPTION

The program calculates both continuous and discontinuous
nonlinear perturbaton solutions which represent a multiple-
parameter change in either geometry or flow conditions by
employing a strained-coordinate procedure. The method utilizes
unit perturbations, determined for each parameter from a previ-
ously-calculated common base solution and a calibration solu-
tion displaced from it by some reasonable change in the relevant
parameter, to predict new nonlinear solutions over a range of
parameter variation.

This current wversion of the procedure is configured to
predict and plot an arbitrary flow variable (e.g., pressure coef-
ficient) on the surface of a blade or airfoil, and can account
for the motion of:

1. one or more critical points (shock points),
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2. a stagnation point,
3. a maximum-suction-pressure point,
or simultaneously for any combination of these.

The program is also configured to compare the perturbation-
predicted solutions with the corresponding 'exact' solutions
obtained by employing the same 'expensive' computational proce-
dure used to determine the base and calibration solutions.

The coordinate straining employed is piecewise linear
with the end points and up to six interior points held invariant.
At the option of the user, these additional interior points may
be arbitrarily preselected, or chosen from among the minimum,
maximum, and critical points automatically located by the
program itself.

Critical or shock points are located on the basis of a user-
supplied statement function defining the critical value of the
dependent variable as a function of some single flow variable.
The program default is with dependent variable y defined as
pressure coefficient, with the independent variable being Mach

number. In this case, the critical value is defined as
)Y
2 2 + (v - l)MOO Y_l
y . = c* = - l (A—l)
crit P YMi v o+ 1
where Yy 1s the ratio of specific heats. If instead of surface

pressure coefficient, the surface velocity distribution were
used, then the value of Y would be given by

rit
L
y-1
* Yy + 1
vy . = —— = (A=-2)
crit V. 2+ (y - l)Mi

<

Data for base, calibration, and comparison solutions (if
available) are input as an array x(I) of coordinates a corre-
sponding array y(I) giving the dependent variable at each coordi-
nate location, where 1 < I < N and N < 200.
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Read
e N-1
Oncoming N
flow
o — > (1)
3 2 I=1
p
Read
The leading edge is at x = 0; the data are read in beginning on

the lower surface at the point farthest from the leading edge
and proceeding clockwise around the surface as shown in the
sketch. Data for the different solutions need not correspond to
identical locations on the surface, except for the initial and
final points, i.e., x(l1) and x(N) must be the same for all cases.
The program normalizes the x coordinates (0 < x < 1) such that

x = 0 corresponds to I =1 and x = 1 to I = N.

The base and calibration solutions are searched for minimum,
maximum, and critical points, e.g.,
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Note that the sign of dy/dx in physical coordinates is used in
determining the critical points. For example, both critical
points indicated on the above figure correspond to dy/dx < 0 in
physical coordinates, since at point #1 the physical coordinate
increases in the direction from right to left, whereas at point
#2 it increases from left to right.

The points to be held invariant in straining are either
selected from among those (1) located by the program or (2)
individually specified by the user, after which the unit coordi-
nate straining and unit perturbation are computed.

Data for the test cases is then read in and nonlinear
perturbation solutions constructed from the unit perturbation.
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LCHEK

LECHO

LOCO(I)

LOCl(I)

LPLOT

LSELCT(I)

A.4 DICTIONARY OF INPUT VARIABLES

Scaling parameter in straining procedure. A = -x(1),
where x(1) is location of first data point on lower
surface (see PROGRAM DESCRIPTION) .

Scaling parameter in straining procedure. B = x(N),
where x(n) is location of last data point on upper
surface (see PROGRAM DESCRIPTION).

Specifies whether or not perturbation solution is to
be checked against an exact comparison solution. A
printer plot is made in either case.

LCHEK
LCHEK

0 ... no comparison
l ... comparison

Controls whether or not input deck is printed.

LECHO
LECHO

0 ... no print
1 ... print

Array of length 6 of which NSELCT elements are read
in. Specifies subscripts of those user-specified
base flow points which are to be held invariant;
operational only when LSPEC = 1.

Array of length 6 of which NSELCT elements are read
in. Specifies subscripts of those user-specified

points in the Kth calibration solution which are to
be held invariant; operational only when LSPEC = 1.

Specifies whether or not an additional plot by a
peripheral device is to be made. Software must be
supplied by user in subroutine DRVPLT.

LPLOT
LPLOT

0 ... No peripheral plot
1 ... Peripheral plot

Array of length 6 of which NSELCT elements are read
in; operational only when LSPEC = 0, and specifies
nature of points to be held invariant according to
the code:

1 ... minimum point held invariant
2 ... maximum point held invariant
3 ... lst critical point held invariant
4 ... 2nd critical point held invariant
5 ... 3rd critical point held invariant
6 ... 4th critical point held invariant

Note that critical point ordering is determined
from order of occurence starting at the lower
surface at the point furthest from the leading
edge and proceeding clock-wise around the surface
{see PROGRAM DESCRIPTION) .
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LSPEC

LUNIT

MO,M1,M2

NCASE

NPARAM

NSELCT

PARNAM (K)

Q0 (K)

Ql

Q2 (K)
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Note that the code numbers can be assigned in any
order, e.g.,

LSELCT (1) = 1 _ LSELCT (1) = 4
LSELCT(2) = 3 and LSELCT (2) = 1
LSELCT (3) = 4 ' LSELCT(3) = 3

are equivalent, both corresponding to NSELCT = 3,
with the minimum, and first and second critical
points held invariant.

Controls how invariant points in straining are
specified.

LSPEC = 0 ... invariant points selected from
among those located by the
program using the array LSELCT (1)

LSPEC = 1 ... invariant points preselected by

user, using the arrays LOCO(I),
LOC1(I)

Controls whether or not unit coordinate strainings
and unit perturbation(s) are printed.

LUNIT
LUNIT

0 ... no output
1 ... output

i

Oncoming Mach numbers in base, calibration and
computed perturbation solutions.

Number of locations for which data are input for
base, calibration, and comparison solutions.

Number of cases for which perturbation solutions are
to be computed.

Number of parameters perturbed.

Number of points (in addition to end points) to be
held invariant in straining; note: 1 < NSELCT < 6.

Array of 8-character strings which identify the
parameters varied. NPARAM elements of the array
are read in.

Array of length 8 giving values of perturbation
parameters in base solution. NPARAM elements of the
array are read in.

Value of Kth perturbation parameter in Kth
calibration solution.

Array of length 8 giving values of the perturbation
parameters in the solution to be computed. NPARAM
elements of the array are read in.



TITLE Character string of length 80; identifies job and
is printed as headline on first page of output.
First nine characters are printed in upper-right-
corner of banner page, and in upper-left corner
of summary page.

VNAM Character string of length 2 which symbolizes
dependent variable, e.g., "CP" for pressure coeffi-
cient.

XBASE (I) ,XCALB(I) ,XCHEK(I)...

Arrays of surface coordinates in base, calibration,
and comparison solutions.

YBASE(I) ,YCALB(I) ,YCHEK(I) ...
Arrays of dependent variables in base, calibration,
and comparison solutions.
A.5 PREPARATION OF INPUT DATA
A.5.1 Description of Input
Item 1 One card, identifies job-printed as headline on first
page of output. First nine characters are printed in
upper-right corner of banner page, and in upper-left
corner of summary page.

Item 2 One card, containing the parameter, LECHO

Item 3 One card, containing the parameters N, NCASE, NPARAM,
NSELCT, LSPEC, LUNIT, LCHEK, LPLOT.

Item 4 One card, containing the parameter array (LSELCT(I),
I = 1, NSELCT). This item omitted if LSPEC = 1

Item 5 One card, containing the character string VNAM.

Item 6 One. card, containing the character strings,
PARNAM(K), K = 1, NPARAM '

Item 7 One card, containing the scaling parameters A and B.
Ttem 8 One card, containing the parameter MO

Item 9 One card, containing the parameter array QO(K), K = 1,
NPARAM
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Item

Item

Item

ITtem

Item

Item

Item

Item

Item

Item

Item

NOTE:
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10

11

12

13

14

15

16

17

18

19

20

One set of J cards, where J = 1 + INT(N/8), containing
data for the base flow coordinates XBASE(I), I = 1, N

One set of J cards, J as above, containing data for the
dependent variable in the base solution, YBASE(I),
I=1, N

One card, containing the parameter array LOCO(I), I =1,
NSELCT. This item omitted if LSPEC = 0

One card, containing the parameters M1, Q1

One set of J cards, J as above, containing data for the
coordinates in the Kth calibration solution, XCAL(I),
I =1, N

One set of J cards, J as above, containing data for the
dependent variable in the Kth calibration solution,
YCALB(I), I + 1, N

One card, containing the parameter array LOC(I), I = 1,
NSELCT. This item omitted if LSPEC = 0

One card, containing the parameter MC

One card, containing the parameter array Q2(k), K =1
NPARAM

One set of J cards, J as above, containing data for
the coordinates in the comparison solution, XCHEK(I),
I =1, N. This item is required only when LCHEK = 1.

One set of J cards, J as above, containing data for

the dependent variables in the comparison solution,

YCHEK(I), I = 1, N. This item is required only when
LCHEK = 1.

One set of items 13 through 16 is required for each of
the NPARAM calibration solutions.

One set of items 17 through 20 is required for each of
the NCASE solutions to be computed.



LE

Item no. 1:
Variable

Card column
Format Type

Item mo, 2:
Variable

Card column
Format type

Item no. 3:
Variable
Card Column

Format Type

Item no. 4:
Variable
Card column

Format Typr

Item no. 5S:
Variable
Card column

Format type

Item no.6
Variable

Card column
Format type

A.5.2 Format of Input Data

1l card (8A1l0)
Title
10 20l a0l 401 501 60l 20l 84
A
1 card (15
| LECHO {
5 B
I R\
1 card (1615)
N NCASE | NPARAM | NSELCT | LSPEC LUNIT LCHEK _|LpLOT
5 10 15 20 25 30 35 40
1 I b I I I I I
(LSPEC=01}: 1 card 1615) —LSEL T(NQF‘,LCT
LSELCT(}) | LSELCT (2} LSELCT(3) —————- 4
5 10 15 20 25 30 351/
1 T I I 1 I I
1 cgrd (2A1)
VNAM 7
2 \
A A\
1 card (10A8) _— PARNAM (NPARM)
PARNAM(1) | PARNAM(2) PARNAM (3} ————-- d /
N 16 24 32 40 48 56
A A A A A A A




8¢

Item no. 7.
Variable

Card column
Format type

Item no. 8.
varible

Card column
Format type

Item no. 9.

Variable
Card column
Format type

Item no. 10,
Variable

Card column
Format type

Item no. 11,
Variable

Card column
Format type

Item no. 12,
Variable

Card column
Format type

1 card (8rl0.6)

A B ]
10 20 (
F F T\
1 card (8F1l0,.6)
I M0 |
100 ¢
F !
1 card (8F10.6) _~QO (NPARAM)
Qo(1) | @o(2) | Qo(3) | —-——— "
10 20 30 40 50 60 70
F F F F F F
J cards, J=1+INT(N/8), 8 values per card (8Fl0,6)
XBASE (1)| XBASE(2)] XBASE (3] -—=~-
10 20 30 40 5 60 7 8
F F F F F F
J cards, J as above, 8 values per card (8Fl0.6)
YBASE (1)] YBASE (2)] Ybase (3] ——~——-
10 20 30 40 5@ 6 70 80
F F F F F F
(LSPEC=1): 1 card (1615) _—LOCQ(NSELCT)
TOCO(L) | LOCO(2) LOC O3] --—-——- F
10 15 20 25 10 35
1 I I I 1 1




6€

Item no. 13,

Variable
Card column
Format type

Item no, 14.
Variable

Card column
Format type

Item no. 15,

Variable
Card column
Format type

Item no. 16.
Variable
card column

Format type

Item no., 17.
Variable

Card column
Format type

Item no. 18.
Variable

Card column
Format type

1 card (8F10.6)
M1 01 )
10 20 |
¥ F ?
J cards, J as above, 8 values per card (F10.6)
XCALB(1l) IXCATB(2) | XCALB(3)] ——==eu-
1d 20 30 40 29 60 70 80
F F F P F F F
J cards, J as above, 8 values per card (B8F10.6)
YCALB(1) [YCALB(2) | YCALB(3}| -——=—o-
14 20 30 40 50 60 70 8Q
F F F F F F F
(LSPEC=1): 1 card (1615) _~LOC1 (NSELCT)
LOCL(L) 0Cl(2) LOCL(3) [ -—===—- ” )
5 T 15 20 25 30 35 ]
I 1 I I 1 1 )
1 card (8f10.6)
M2 f
IQ (
13 N\
1 card (8F10.6) _—Q2 (NPARAM)
02(1) Q2(2) [ 02(3) [--=—o—n d )]
19 20 30 40 50 60 20 |
F F F F F F )




op

Item no. 19

Variable
Card column
Format type

Item no. 20.

Variable

Card column
Format type

(LCHEK=1) : J cards , J=1+INT(N/8), 8 values per card (8Fl0.6)

XCHEK (1) XCHEK(2) XCHEK(3)] ~=====~
10 20 30 40 50 60 70 80
F F F F F E E
(LCHEK=1): J cards, J as above, 8 values per card (8Fl0,6)
CHEK (1)} YCHEK (2 ) YCHEK(3) | ~=—m—ee
10 20 30 40 50 60 10 80
F E F F E )3 F




A.6 DESCRIPTION OF OUTPUT

The first output item consists of a banner page, and the
card images of the input data, the latter only if LECHO = 1.

The second item is a page headed by the job title, listing;

1. the input parameters N, A, B and NPARAM relevant to the
actual calculaton;

2. the straining option selected and the classifications
of the straining points selected.

The third item is the results of the computations on the
base solution. These include: the Mach number MO, values of
the perturbation parameters of the base solution QO(k), K =1,
NPARAM, and the critical value of the dependent parameter, the
locations of the minimum, maximum and critical points, and the
locations of the invariant points. These results are then
repeated for each of the NPARAM calibration solutions.

Results for unit straining of XBASE, and unit perturbations
of the dependent variables are the fourth output item. This
is done only if LUNIT = 1.

The fifth item (repeated for each case computed) summarizes
the results of the perturbation calculation. The Mach number,
the values of the perturbation paramters, and the critical values
of the variable are printed first, followed by the locations of
the minimum, maximum, and critical points in the perturbation
solution and comparison solution (if any). Next, a legend is
printed providing the maximum, minimum, and critical values
of the dependent parameter and corresponding point symbols.

Print symbols are also provided for the printer plot of the
perturbation solutions P, comparison solution C (if any), and a
common symbol ($) when there is agreement within printer plot
accuracy between the two. Then follows a table listing XBASE,
YBASE, XPERT (the strained coordinate), and YPERT (the computed
value of the dependent variable). If LCHEK = 1, three additional
columns list XCHEK (the computed solution) at the points given
by XCHEK. This allows direct numerical comparison of YPERT with
YCHEK, since the values of XPERT and XCHEK will not in general
coincide. A printer plot is then provided of the perturbation
result, together with the comparison solution (if any).

The final item is a table which summarizes the perturbation

parameters for the base, calibration, and all predictive solu-
tions.
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A.7 ERROR MESSAGES

NUMBER OF CRITICAL POINTS IN
BASE AND CALIBRATION SOLUTIONS
ARE UNEQUAL -~ CALCULATION ENDED

This message will be printed if critical points are speci-
fied in straining (LSPEC = 0) and the number of critical points
in base and calibration solutions are unequal. The remedy 1is
to avoid use of critical points in straining, or to use base
and calibration solutions having equal numbers of critical
points.

NUMBER OF CRITICAL POINTS
SELECTED EXCEEDS NUMBER
ACTUALLY LOCATED - CALCULATION
ENDED

This message will be printed if more critical points are
specified in straining (LSPEC = 0) than the number located by
the program. The remedy is to specify a number of points less
than or equal to the actual number.

ORDER OF SPECIFIED POINTS IN
BASE AND CALIBRATION SOLUTIONS
DOES NOT CORRESPOIND - CALCULATION ENDED

This message will be printed if the fixed points specified
(LSPEC = 0) occur in a different sequence in the base and caliba-
tion solutions. The remedy is to use base and calibration solu-
tions having the same qualitative features.

A.8 SAMPLE CASE

The sample case presented in this section provides some
example results of perturbation calculations and comparisons
with 'exact' nonlinear solutions for a multiple-shock flow for
which partial results were provided in figure 3 of the main
text. The calculation is for the simultaneous four-parameter
M_,T,t,0) perturbation of strongly-supercritical full potential
flows past a cascade of blades having NACA four-digit profiles.
The base flow is for oncoming Mach number M_ = 0.780, thickness
ratio T = 0.110, gap-to-chord ratio t = 3.2, and oncoming inflow
angle o 0.3°. The calibration flows to account for perturba-
tions in these parameters are at the following values of these
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parameters) (M_,t,t,0) = (0.790,0.110,3.2,0.3), (0.780,0.120,3.2,
6.3, (0.780,0.110,3.0,0.3), (0.780,0.110,2.3,0.5). Perturba-
tion results have been determined for 19 different solutions,
which are summarized in the summary table after the print output.
Results for several of those cases are presented here.

The input data is tabulated in figure A.l, with item numbers
corresponding to those identified in Section A.5.1 and A.5.2.
The first card, item 1, provides the title of the run. The
next card, item 2, indicates that the input deck will not be
printed (LECHO = 0). The next card, item 3, indicates that
there are 191 points (N = 191) at which data will be input for
the base, calibration, and comparison solutions; that there
will be 19 cases (NCASE = 19) for which perturbation solutions
are to be computed; that the number of parameters to be
perturbed are 4 (NPARAM = 4); that there will be three invariant
points (NSELCT = 3) in addition to the end points; that the
invariant points will be located by the program (LSPEC = 0);
that the information regarding the unit perturbation will be
printed (LUNIT = 1); that there will be a comparison of the

perturbation results with the exact solution (LCHEK = 1); and
that there will be plots by a peripheral device of the output
(LPLOT = 1). The next card, item 4, specifies that the three
invariant points to be selected by the program are to be: the
medium point (LSELECT (1) = 2), i.e., the stagnation point; the
first critical point (LSELCT(2) = 3), i.e., the lst shock point
found when moving forward on the bottom surface from the
leading edge; and the second critical point (LSELCT(3) = 4),
i.e., the end shock point.

The next card, item 5, indicates that the dependent vari-
able for print output will be symbolized by a 'CP' denoting
the pressure coefficient. The next card, item 6, indicates
that the parameters to be varied are "PARNAM(1l) = MACH NO.,
PARNAM(L) = TAU, PARNAM(3) = PITCH, PARNAM(4) = ALPHAl. The
next card, item 7, indicates that the coordinates of the data
points to be read in will start at x = 1.0 on the lower surface
and will end at x = 1.0 on the uppper surface, i.e., A = -1,
B = 1. The next card, item 8, provides the oncoming Mach number
of the base flow MO = 0.780. The next card, item 9, provides
the base flow values of the parameters to be perturbed: Q0(1) =

0.780, Q0(2) = 0.110, QO0(3) = 3.2, Q0(4) = 0.30. The following
25 cards, item 10, provide the 191 base flow values of the
surface coordinates XBASE(I), I = 1, N, while the next 5 cards,

item 10, provide the 191 base flow values of the surface coordi-
nates XBASE(I), I = 1, N, while the next 25 cards, item 11
provide the 191 base flow values of the dependent variable
(pressure coefficient) YBASE(I), I = 1, N. The next card, item
13 provides the values of the oncoming Mach number M1 and the
value of the lst-perturbation parameter in the first calibration
solution. Items 14 and 15, which correspond to the arrays
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of 191 points of coordinates XCALB(I), I = 1, N and dependent
variable YCALB(I), I = 1, N, are provided as for the base flow
in two sets of 25 cards each. Items 13, 14, and 15 are then
repeated 3 more times corresponding to the total of NPARAM = 4
calibration solutions reguired. Items 17, 18, 19 and 20, of
which there are 19 sets corresponding to the 19 cases to be
studied, provide analogous information as items 8, 9, 10, and
11 of the base flow, but now refer to the 'exact' nonlinear
results. Items 19 and 20, which correspond to the XCHEK(I),

I =1, N and YCHEK(I), I = 1, N arrays, respectively, have

of course been previously compted at the indicated values of
the perturbed parameters, and are included here for comparative
purposes to enable assessment of the perturbation results.

Figure A.2 provides an abbreviated print output for
sample case, while figure A.3 provides an abbreviated plot
output of the results for the 19 cases, and display the base

(----), calibration (-+-+), perturbation (****), and 'exact"
nonlinear ( ) flow solutions. In these plots, the calibra-
tion solutions denoted "calibration no. 1 of 4", etc. corre-

spond to those indicated in the summary table provided at the
end of the print output for this case shown in Figure A.2.
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PROGRAM PERTURB
CALCULATES NONLINEAR MULTIPLE-PARAMETER
CONTINUOUS OR DISCONTINUOUS
‘PERTURBATION SOLUTIONS
WHICH REPRESENT CHANGES IN EITHER
GEOMETRY OR FLOW CONDITIONS
BY EMPLOYING A STRAINED-COORDINATE PROCEDURE
UTILIZING UNIT PERTURBATIONS DETERMINED FROM
PREVIOQUSLY CALCULATED
"BASE" AND "CALIHRATION®" SOLUTIONS
DISPLACED FROM ONE ANOTHER B8Y SOME KEASONABLE

CHANGE IN GEOMETRY OR FLOw CONDITION

WRITTEN RY

JAMES P, ELLIOTT AND STEPHEN S, STAHARA

NIELSEN ENGINEERING AND RESEARCHy INC.
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L4 TEST CASE - & PARAMETER PERTURSBATION OF A SUPERCRITICAL CASCADE FLOW

..".'...II'.'.'.'........ll............‘"I..I'.'...'.......'.....I'QQ...'G...'.......I......'.'..Q'..I.'....II.........'.."'.....

seseelLIST OF INPUT PARAMETERS
N = 191
A= =1.0 B = 1.0

NPARAM = 4

e000eSTRAINING OPTIONS
NUMBER OF FIXED POINTS: 5

FIXED POINTS WILL BE AUTOMATICALLY DETERMINED
BY THE PROGRAM FOR ALL SOLUTIONS AS FOLLOWS:

TWO END POINTS
POINT OF MAXIMUM CP
CPCRIT (1ST POINT)
CPCRIT {(2ND POINT)
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RESULTS OF COMPUTATIONS ON BASE SOLUTION:

seessMACH NUMBER,
VALUES OF PERTURBATION PARAMETERS,
CRITICAL VALUE OF CP:

MO = L7800

Qo(l) = .7800 (MACH NO.)
Qo(2) = L1100 ( TAU )
Q0(3) = 3,2000 ( PITCH )
Q0(4) = L3000 ( ALPHA]L )
CPCRIT = -,4940

eosesLOCATIONS OF MIN.s» MAX,s AND CRITICAL PTS,.
{(* DENOTES POINT ON LOWER SURFACE)

MINIMUM AT X = ,4220% (POINT NO., 53
MAXIMUM AT X = 0,0000 (POINT NO, 96)
2 CRITICAL POINT(S):
1ST AT X = .5001% (AFTER POINT NO. 48)
2ND AT X = .4273 (AFTER POINT NO, 139)

eeessLOCATION OF FIXED POINTS
(* DENOTES POINT ON LOWER SURFACE)

XFIX(1}) = 1.0000%
XFIX(2) = .5001%
XFIX(3) = 0.0000
XFIX(4) = L4273
XFIX(5) = 1.,0000
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RESULTS OF COMPUTATIONS ON 1ST CALIBRATION SOLN:

sesesMACH NUMBER,
VALUES OF PERTURBATION PARAMETERS,
CRITICAL VALUE OF cP:
Ml = .7900

(## OENOTES PERTURBATION FROM BASE VALUE)

*eQ1{1) = L7900 (MACH NO.)
Ql(2) = ,1100 ¢ TAU )
Q1(3) = 3,2000 ( PITCH )
Qli{4) = ,3000 ( ALPHA]L )

CPCRIT = =,4638

seeesLOCATIONS OF MIN.s» MAX,» AND CRITICAL PTS.
(* DENOTES POINT ON LOWER SURFACE)

MINIMUM AT X = ,5197+ (POINT NO, 4T7)
MAXIMUM AT X = 0,0000 (POINT NO, 96)
2 CRITICAL POINT(S):
1ST AT x = ,5788* (AFTER POINT NO.
2ND AT X = ,5149 (AFTER POINT NO.

eaeeeLOCATION OF FIXED POINTS
(* DENOTES POINT ON LOWER SURFACE)

XFIX{l) = 1.0000%
XFIX(2) = .5788%
XFIX(3) = 0.0000
XFIX(&4) = ,5149
XFIX(5) = 1.0000

43)
144}
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RESULTS OF COMPUTATIONS ON 2ND CALIBRATION SOLN:

vseeosMACH NUMBERS
VALUES OF PERTURBATION PARAMETERS,
CRITICAL VALUE OF CP:
Ml = .7800

(#® DENOTES PERTURBATION FROM BASE VALUE)

Ql(l) = .7800 (MACH NO)
*#Ql1(2) = L1200 ( TAU )
Q1(3) = 3.2000 ( PITCH )
Ql(4) = L3000 { ALPHAL )

CPCRIT = =,4940

seeesLOCATIONS OF MIN.s MAX.s AND CRITICAL PTS.

(* DENOTES POINT ON LOWER SURFACE)

MINIMUM AT X = ,5197* (POINT NO.
MAXIMUM AT X = 0.,0000 (POINT NO,
2 CRITICAL POINT(S):

1ST AT X = 5774* (AFTER POINT NO,

47)
96)

43)

2ND AT X = ,5175 (AFTER POINT NO,. 144)

¢oseeLOCATION OF FIXED POINTS
(* DENOTES POINT ON LOWER SURFACE)

XFIX(1) = 1.0000%
XFIX(2) 3 o 5774*
XFIX(3) = 0.,0000
XFIX(4) = ,5175
XFIX(S) = 1,0000
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RESULTS OF COMPUTATIONS ON 3RD CALIBRATION SOLN:

eeosseMACH NUMBER,
VALUES OF PERTURBATION PARAMETERS,
CRITICAL VALUE UF CP:
Ml = .7800

(¢# DENOTES PERTURBATION FROM BASE VALUE)

Ql(l) = L7800 (MACH NO.)
Qle2y = L1100 ( TAU )
*2Q1(3) = 3,0000 ( PITCH }
Ql(s) = L3000 ( ALPHAL )

CPCRIT = =,4940

eseesLOCATIONS OF MIN,s MAX.s AND CRITICAL PTS.
(* DENOTES POINT ON LOWER SURFACE)

MINIMUM AT X = ,4382¢ (POINT NO, 52)
MAXIMUM AT X = 00,0000 (POINT NO, 96)
2 CRITICAL POINT(S):
1ST AT X = ,5165+ (AFTER POINT NO.
2ND AT X = L4520 (AFTER POINT NO.

veseeLOCATION OF FIXED POINTS
(* DENOTES POINT ON LOWER SURFACE)

XFIX{1) = 1.,0000*
KFIX(2) = 45165%
XFIX(3) = 0.0000
XFIX(4) = L4520
XFIX(5) = 1.0000

47
140)
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RESULTS OF COMPUTATIONS ON 4TH CALIBRATION SOLN:

eeoesMACH NUMBER

VALUES OF PERTURBATION PARAMETERS»

CRITICAL VALUE OF CP:

Ml = .7800

(#¢ DENOTES PERTURBATION FROM BASE VALUE)

Ql(1) = .7800 (MACH NO,)
Ql1t2) = 1100 ( TAY )
Q1(3) = 3.2000 ( PITCH )
*2Q1(4) = L5000 ( ALPHAL )

CPCRIT = =,4940

es0esLOCATIONS OF MIN.s MAX.» AND CRITICAL PTS,

(#* DENOTES POINT ON LOWER SURFACE)

MINIMUM AT X = .4058% (POINT
MAXIMUM AT X = 0,0000 (POINTY
2 CRITICAL POINT(S):
1ST AT X = .4903* (AFTER
2ND AT X = L4360 (AFTER

*esesLOCATION OF FIXED POINTS
(®* DENOTES POINT ON LOWER SURFACE)

AFIX(1) = 1,0000%
KFIX(2) = 44903
XFIX(3) = 0,0000
XFIX(4) = 4360
XFIX(5) = 1,0000

NO. 54}
NO, 96}

POINT NO.
POINT NO.

48)
139}
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* QUTPUT FOR CASE NOs. 1 OF 19 *
T Y Yy Y IY YR YT I YT P AN DY T Y Y T

eoevsMACH NUMBERSs
VALUES OF PERTURBATION PARA
CRITICAL VALUE OF CP:

M2 = JT750

Q2(1) = .7750 (MA
Q2(2) = .l1200 t
Q2(3) = 3.0000 {
Q2(4) = ,5000 A

CPCRIT = =,5095

METERS»

CH NO.)
TAV )
PITCH )

LPHAL )

eesesLOCATIONS OF MIN.s MAX,r AND CRITICAL PTS.

(* DENOTES POINT ON LOWER SURF

PERTURBATION SOLN:

MINIMUM AT X = +4T71%

MAXIMUM AT X = 00000

2 CRITICAL POINT(S):
1IST AT X = 5420%
2ND AT X = 45065

COMPARISON SOLN:

MINIMUM AT X = .4870*

MAXIMUM AT X = 0.0000

2 CRITICAL POINT(S):
1ST AT X = ,5493%
eND AT X = .5086

seeseFINAL PRINTOUT AND GRAPHICAI

PT XBASE CPBASE  XPERT cPP
1 «9995 +6608 «9995 -8
4 «9987 «5751 «9988 ]
3 «9974 «5086 «9976 5
4 +9956 «4543 «9960 S
S «9932 4077 «9938 oh
L] «9903 «3659 «9912 oh

ACE)

(POINT
(POINT

(AFTER
(AFTER

(POINT
(POENT

(AFTER
(AFTER

NO, S2)
NO. 96}
POINT NO. 48)

POINT NO. 139)

NO, 49!}
NO, 96}

POINT NO, 45)
POINT NO. l44)

-~

L DISPLAY OF CP
H = MAKIMUM VALUE OF CP = 1.1517
L = MINIMUM VALUE OF CP = =1.0527
* = CRITICAL VALUE OF CP = <=.5095
P = VALUE OF CP PREDICTED BY PERTURBATION SOLUTION
C = VALUE OF CP IN COMPARISON SOLUTION
$ = AGREEMENT BETWEEN P AND C

ERT XCHEK CPCHEK CPPINT H .

210  .9995 L7155  .B108 .

594 9987 L6231 <6506 PC .

706 .9974  ,5555  .5626 PC »

145 49956  .4972  .5050 PC .

637 49932 L4469 4533 1 .

197 .9903 4022 .4081 PC .
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* QUTPUT FOR CASE NO. 19 OF 19 #

RO RN AR B RSP TR F DR ER RN PGV R PG R RN

ieesMACH NIMHERS
VALUES OF PEMTURBATION PARAMETERS.,
CRITICAL VALUE OF CP:

M2 = 7900

Q21 = L7900 (MACH NO,)
Q2(2) = 41200 { TAU )
Q2(3) = 3.0000 ¢ PITCH )
Q2(4) = L2000 ( ALPHAL )
CPCRIT = ~=.4638

T

) -Z°Y 2anb

~

eesesLOCATIONS OF MIN.» MAX,y» AND CRITICAL PTS,
(* DENOTES POINT ON LOWER SURFACE)

PERTURBATION SOLN:

MINIMUM AT X =
MAXIMUM AT X =

6154
+0000%

2 CRITICAL POINT(S):

(POINT NO.
(POINT NO.

51}
96)

psnurtijuo

6L

IST AT X = ,6726% (AFTER POINT NO., 48)
2ND AT X = .6186 (AFTER POINT NO. 138)
COMPARISON SOLN:
MINIMUM AT X = .6939% (POINT NO. 36)
MAXIMUM AT X = 0.,0000 (POINT NO.o 96)

2 CRITICAL POINT(S):
15T AT x «7230%

= (AFTER PUINT NO. 34)
2ND AT X = .6903

(AFTER POINT NO. 155)

eeseoFINAL PRINTOUT AND GRAPHICAL DISPLAY OF CP

H = MAXIMUM VALUE OF CP = 141565
L = MINIMUM VALUE OF CP = ~1.1128
# = CRITICAL VALUE OF CP = <~.4678
P = VALUE OF CP PREDICTED HY PERTURBATION SOLUTION
C = VALUE OF CP IN COMPARISON SOLUTION
§ = AGREEMENT BETWEEN P AND C
PT XBASE CPBASE  xPERT CPPERT  XCHEK CPCHEK CPPINT H -
1 +99495 +6608 «9997 «1696 +9995 « 7942 7631 cP *
e +«9987 5751 9992 «7513 «9987 « 7350 7120 s .
E} «9974 «5086 9983 6791 «9974 #6519 6249 cP hd
& «9956 4543 9971 <6098 «9956 «5805 5545 $ *
Y +9932 « 4077 «9956 «5560 «9932 «5367 «4993 cP *
- 9903 «3659 «9938 «5100 «9903 #5007 4500 ce b

-



(SRR R N N R K N N N W 9N
(S R=REy R N X 3-8

o

[ N N _1N-9

(s N _2-9

OUwa

(SR X ]

t 6 e X% 9 P9 0S8 S S E SRS SRESNEEEUEESEE PSS ERSEESE SN EEESN S ESESEEEREE O

aaaa

aaaQ
COLLLULLLOUG

aaa

aaaaa

Q.

(SRS NSNS

- N)- 8

POV

(SR

6818°-
38 1° R
6298°-
9288°~
2106°~
y8l6°*-
9¥EL* -
L696°* -
0996°~
2LL6°=~
*686° -
0100°(~
8llo*t~
0220°1=-
9te0° 1~
€0%0°1~
*890° 1~
8550° 1~
5290°1~
5890°1~
6€L0" 1~
98L0° 1~
0g80° 1~
1.L80°1~
6060° 1~
SY60° 1~
6L60°T~
otote t-
6€01° 1~
*901°1~
0601°1~
Eltle1~
Lotieg=-
9600°1~
S69L°~-
€862~
SiGu*
a991°
29€1*
LETLe
¥960°
9€80°

|- 1o Nikg
1490°
8€94¢°
BE90*
1190°
9€L20°
9280°
€E60°
¥901°
0GIIe
FA-TA 8
LYEL"
g2s1*
9gwle
L1
s1091°
6wiLl®
Sy6le
2122
9952°
v68<°
L152¢"°
6€9¢L *
€G0»°

8808° -
11e9°~
AL R
[ ¥R
¥688°~
¥906°-~
¥226°%=
ELE6° =
€156°=
5996° =
6916°=
G886°~
9666°=
S600° 1~
8810°1~
S120°1~
9GE0° 1~
12%0°* 1~
96%90°1~
9650° 1~
»190° 1~
1990°(~
L1L0°1~
2940° 1~
€080° 1~
2980°1~
8180°1~
2t60° 1~
€v60° (=~
1260°1~
L660°1~
1201°1~
900 1~
s901° (=~
9801l 1~
=111 § & O
g2tti 1~
slL0°t~
FLX 2 A
215l
6691
90%1°
alLete
29€1"
6LETL"
28 A0
a9yl
oest®
2091°
1891°
o9Ll"®
2€81°
216l
0g6t°
{v02°
60i2°
0o22*
22¢ee”
9gye*
g8692°
2562°
2¢2¢e”
GEGE®
198¢€°
622v*
2E9% "

[4: L2 04
2091°
yorLl®
osgle
6L61°
2rie
Ly22°
98€l"
Lase’
1292
Lige"
9962°
Lee
0L2€°
vZoE"
18st*
9ELE"
L68BE"
8sov°
612%°
14: 12 Ad
£yGy°
90LY*
0L8%°
€€05°
9615°
6SES®
226%°
¥995°
S¥9S°
9009°
S919°
€2€9°
6L%9°
Y€99°
1819°
6€69°
8680L°
QE2L
6LEL"
126L°
199L°
LeLL”
1€6L°
1g908°
[:1:28: 24
21€8°
2Eed”
69G8°
2998 °
1228
9.88°
9L68°
€1006%
q9t6°
€526°
9€ESL”
SIv6°
6896°
8556°
€296°
2H896°
9€L6°
94dL6"
[ 13:1-2d
6986°

%906°~
9926° =
2596° -
G296°~
GBL6* -
¥€66°~
1400° 1~
6610°1~
LIEO T~
G2y0° 1~
£260° 1~
0190°1~
9890° 1~
¥5.0°1~
€lgu’* =~
1980° [~
L160° 1=
€960 [~
900t° 1~
¥v01°1~
aLotl t=-
L A5 884 &0
SoTl°1=-
6968 ° =
29¢€e’~
€620°~
segl*
€o091°*
seel®
12zt
Lot
0960°
2980°
28L0°
6tLv°
aL9u*
2990°
2€90°
1%90°
6990°
qtL0°
L120°
€680°
LEGV"®
€2ol*
9011°
9811"*
s921°
6€EL"
9041*
09e1°
66v1°
9gsl”
So61°
g991"
A
1661°
qree*
9Le2°
29Lé*

LA N1
0EEE"®

1 §.1°1 3
G596t °
2ies*
9guh*

9102°
9L12°
1y€2
1is2e
S892°
¥982°
LyotE"*
ye2€E*
G2et*
029t
slece
610%°
€22y
0EYY"
6E9Y*
1s8¢*
990S6°*
612%*
9695°
s1LS*
v€66"°
¥519°
SLES®
9659°
*6L9°
0069°
SooL”
otTiLe
s12Le
61€L"
L4 2%
S2sL*
129L°
g2LLe
6g8L*
L26L*
S206°
z2elee
9128°
otes”
2099°
1698°
0858 °
9994*
0s48°
2€88°
2leb°*
6868°
S906°
LET6*
8026°
slee’
0v€E6*®
tov6*
29%6°*
6ls6"
2156°
€2906°
1296°
Slie6*
LstLe*
Sblib*
ogH6
2986°
06H6*
9166°

066L°~
6118°%-
¥GEB® ~
916y * -
1999° -
9088°~
GEe6B8°* -
¥506°-
€916°-
€926°~
¥5€6°~
LEYG~
0156°~
¥1S6°~
8296°~
2196° =
1006°=
1EL6° =
9v.6°~
06L6°~
€EvL6°~
1206~
1v96°~
8858° -
9E0Y°~
0080°~
S22t~
19¢(°=
1091°~
9191°~
Y0L1°~
8691°=~
9991 °=
(91 %
9951~
L9%]°~
tgel*-
6821°~
yoll°-
¥60(°-
0660°~
0880°~
99L0°~
S¥90°~
L1G0%-
28E0°~
Sy2u°c-
010°~
o0co0*

€9l

2620°

Ely0°

22s0°

st90°

00L0°

06L0°

L680°

1e€otl®

2o02r1°

Livl®

ei*

2s61°

2c22°

LYR-TA

2162°

L7 ¥4

LA
L09%°
62L1*
*591°
[ 419 e
slte*
0s22°
egee*
6262°*
€L92°
[ 30 TAd
8962°*
glie*
1L2e°
L4 10
286E*
L1371 3
Bg6gE"*
8s0y°
022y°
toce*
YyGy*
LuLey*
oLBY*
¥€05°
L615°
09€6°*
€265°
SH96°
9486°
L009°
9919°
¥2€9°
1049°
9€99°
68L9°*
1v69°
060L"*
LE2L®
41 B
v2sL°
€99,°
008L°
€toL*
€908°
Telg*
yicg°*
(1% -
1658°*
4998°
€Li8*
LL88°
[:FX-1: 04
sive”*
Lyle*
S926°
gEEL
91v6°
0696°
6556°
€296°
£Y96°
LEL6"
96L6"
VEBh*
[STLN

Figure A.2- Continued

80



dd
dJ
dd
s
d)
dJ
-
d2
dd
S
dd
s
dd
]
dd
dd
s
d
s
d)
AN

28 0 £ & 5 0% & ASS E IS S SIS EDTD S ES SR T DTS AEE SN I ST S ES PSR EE S TS NN

dl
dd

Jd
I

Jd

d)

Jd

BELO ~
2996°~
LL1G6°~
Sg%6°~
98E6°~
1826°-~
g9tle’ -~
6%06°~
€268°-
68.8°~
9998°~
1698° -
92€8°~
0G18° -
€96L°~
YolLL®~
L9SL° -~
6lEL"~
180L°~
€E89° -
¥L59°~
€EL29°~
8165°~
EESS* -
9E1S°~
SELY -
LIEY -
658E° -
L9EE*~
0#82°~
6922°~
€291°-
0L80°~
tLo0°

oLIL"

[X 4 204

€EBE"

29€6"

201L"

¥968°

2se0°1
L6211
G961°1
6G560°1
8856 °

062L°

948S°

LL6E"

See2*

2560°

1820°=-
SHET" =
1922~
8862°~-
L29¢€° -
9%619°~
60LY° -
6025° -
€689G° -
6019° -
08%9°=
2189~
A RS
Livl*=-
169L°-
B LY AL

Y689~
9€99° -~
09E9° -
€909°~
2915~
L6ES -
1105°-
166%°~
LS A
glie’ -
622€° =
6g92° =
6102°%~
00%1°~
6€£90°* =
9220°

6221°

01e2*

Y6LE"

1L€6°

260L°

6288°*

85€0°1
6GET° T
L8511
L060°1
90G6°

Li9L"°

L FR-N

E06E "

5922°

6580°

61€0° -
20€T°-
6E12°~
€182° -
925€*~
-4 6 AT
LS9%° -~
1915~
2095°~
G665~
19£9° -
S0L9°~
G20L°*~
0eeL"-
$AGL %=
6ol -

L90%"*
Lo6t*
LniE”
68GE"
EEeE"
gL2€°
n21E"
€L62°
hene*
L1192
[ =Y-Ad
16€2°
2622°
9112"*
€£861°
€s81l*
LeLte
%091°
Gesle
0LET"
6621
2511°*
6%0 1"
0660°
9680°*
99.0°
1890°
1090°*
6260
9500
e8¢0
12€0°
120
0220°
v.10°
»E10°
8600°
8900°
#500°
G200°
tro0*
€000°*
0000°
€000°*
ttog"
G200°
#900°
6900°
6600°
9€10°
SL10°
1220°
2.20°
82€0°
68€0°
GG90°
9260
1090°
1890°
99.0°
9580
0560°
avgle
1611
gg21l°
69r 1"

25658°
L1LS”
»89G°
€£6249°
€209°
L6Ln*
ELGY*
2qeY*
YETY*
616E°
60LE"
206€E"*
662¢€°
oote*
9062°
Lieee
€ese”
LA 1A
1e12*
groe.
tgRl.
¥691*
#oG1°
oosy1*
€921°
A0
8ootl"
1680°
08L0°
L190°
0850°
16%0°
60%0°
SECo”
L920°
1020°
¥510°
8010°
oL00°
0400°
glo0*
Y000°
0000°
%000°
L1o0°
gEoo*
9900°
to10°*
910"
€610°
6920°
Tieo*
08€0°
9G%0°
BESO®
|29u*
€2.0°
s2aut
Y€60°
geol®
6911"
9621°
62l
L9sl*
Tzt
161"

0€6L"°~
1028° -
2L~
l628° -

g2y’ -
SLi8 -

2208° =~
826L° -
128L°-
2041~
olsec~
92%L -
892L°~
960L°~
6069° =
90L9°~
8899° -
y629° -
[009° -
G2Ls*~
1295°=
280G°~
6lLv*=~
1§ 1% ALY
O%6g "~
60GE°~
0%0€
CALT-AR
%261°~
Le2l*=-
10%0
6650°
€291°
Lz2ge’
L92%°
0209°
066L°
%L86°
¥611°1
Les1°1
1990°1
66808
€999°
6LYY®
2%92°
o611°
%000°

26Let-
[ AL 1
R20Y° =
£2G6%° -
YHo Y -
229G~

20689
10649~
LIOL®~
2€€L* -
HGGL
YHLL® -

190%°
906€"
Luie”
6HGE"
2eye”
LlgE"
LA £
€le2*
sZRe*
8L92*
yE£62”
€e6ge”
22"
gi12°
9u6 1l
LaB1*
teLne
6091°
0641°*
GLET®
9921°
8ot
8501°
LS60°
£980°
v.L0°
6890 °
8090°
EEGQ0°
29%0°
L6€0°
9EE0°
0820°*
6220°
€810°
210"
Sser10°
»L00"
8%00°
L200°
2l00°
€000°
0000°
g€000°
Eloo*
8200°
6%00°
Si00°
9010°
FAALN
yH10°
oe20*
1620°
LEE0°
g6£0°
€9%0°
¥eLG0°
6090°
6490
9LL0"
€980°
L960°
L1113 i
20 0
LT B
wiEl”

wll
L1y
91t
STl
»11
Tl
en
it
0t
601
HOT1
Lol
901
401
%01
€01
<01

Figure A.2- Continued

81



AVAALVUROLOOO

o aa
VO

A
" O

LR B BE BE BE BE BE BV IR BN BF BN B DR BN B AN BN BE B BE BE BE BN BN BE BN BN BN BE BE BN BN BE BE BE NE DR IR IR BE OBE NE BE BF N NE BNRE NN

VOLOLUVLDLLOLL

[SRSRS)

s062°*
S9le*
952y
l1L6€*
osot "
Liee*
[%:[.T-Ad
0s92°
L2ee*
Loo2*
S691°
66€1°
SStte
8960°
S€80°
95L0°
9tL0°
2990°
SLS0°
L9%0°
SvE0°
et2o0*
L900°
S800°~
6220°~
09€0°~
2L%0°~
€950°~
SE90°~
6890°~
92L0°~
8y.0°-
SyiQ*-
1690~
L6S0°~
A2%0°~
SL10%=-
%910°
2990°
SGvl°-
268y°-
B8GEB° -
9€66° -
2020°1-
€910°t-
S210° 1~
8g800° 1~
15001~
1ot~
B8966° -
2266° -
8986° -
9086° -

tv00°
2l9¢e"
266t°
6v6tL*
969€"°
9(0€€E"*
g20¢€"*
98L2*
1292°
g922°
eroe’
SLLne
L9S1°
y6EL"
€921
1911°
2011
|sol°
L101°
9960°
2060°
1geo*
»GL0°
9.90°
€090°
LESO®
18%0°
ecv0°
y[(v0°
S1%0°
09%0°
€6v0*
1850°
91L0°
0660°
910€°=
9218°=
$020° 1~
6L10°1=
2sl0°t~
G2l0°1=-
9600°1~
G900°1=-
€€00°T~
1666°=
6566°~
8166°~
yiH6" -
1286°%-
1ll6°-
22L6%=
2996°-
LET A

S666°
L866°
€L66°
§566°
1€66°
2066°
8966°
6296°
'8L6°
SEL6"
1896°
1296°
L556°
88%6°
y1v6°
9EE6”
£G26°
s9t6°
€L06°
LieB*
9L88°
aLL8°
€998
1658°
GEv*
STEB*
2618°
S908°
SE6L°
2oeL’
999L°
Lasee
98€eL"
2welL*
S60L°
9%69°
96L19°
€999°
gge9°
2EE9°
v2.19°
S109°
968%°
v69%°
2€6S°
0LES®
L025%°
*%06°
088%v*
L1LY”
L2012 Ad
16€9°
622%°

€9¢€2°
226E°
08EY*
st2y*
€L6E"
Teee
0¥9E"
tLiee
2062°
9€92°
LYY
LA T4
2981°
219t°
08el*
2811’
teol*
G680°
S080°
2sL0°
€2L0°
9890°
1€90°
6650°
L9%0°
2L€0°
2L20°
¥910°
6%900°
6900°~
%810°~
0620°~
GBEO°® -
6990° =
1460 =
2090°~
0690°~
8890°~
8lL0°-
0v20°-
16L0°=-
1910°=
1210°=
1990°-
£860°-
%990°-
G0E0°*-
€010°~
EYT10°
6EN0®
0€EQO*
Tonl*-
6659 °=

L666°
1666°
£866°
1266°
5666°
9€606°
A AL -T2
ge86°
6586°
1286°
lel6*
€5L26°
11ee°
9996°
L196*
9956°
2156°
SG96°
S6E£6°
2€€6°
9926°
g6l6°*
L2ie’
€506°
LL168°
6688°
e1g8*
see8”
0598°
€9s8°
yi98°
[ 31344
1628°
9619°
goi8°
€ooy*
*06L°
v08L°
€oLL”
1o9L°
L64L"
€6gL®
682L°
£81L°
L10L°
1269°
¥989°
L6L9°
0599°
€£9G9°
LEY9®
0€ES”*
8819°

2L2s°
%6y
Y0GH*e
180%°
989c€"°*
LIEE"
L962°
€g9e”
[ § A
8002°
elLLe
Lyvl"®
o2t
€660°
82e0°*
6690°
9660 °
60G0°
i2v0°
Se€o0*
Lez2o*
sot0°
9200~
$910°~
S0€0°~
0Sv0°-
S6S0° -
6EL0°~
6480°=
*101°-
L2 20 A
€L21°%-
66€1°-
Sastl~
2591°%=-
18L1°~
€161~
Ly02°-
28te’-
alge*~
[ X3 2]
86S2° -
12ee*~
0662° -
2L62%~
280€°~
1L1E*=
822€°* -
€€ee -
2S1E -
Sl6e* -
frif e~
1€9G°% -

S666°
L966°
€L66°
5566°
1€66°
2066°
8986°
6286°
s8L6°
SEL6”
1896°
2296°
g556°
6896°
Sive*
LEEG®
¥526°
9916°
yL06°
6i68°
ales*
€4.8°
S998°
2s988°
9teg*
9le8*
€618
9908°
9te6L”
€08L°
L99L°
8esL*
iBEL®
2veL’
960L"
LY69°®
96.9°*
E¥99°
868vy9°
2EE9"
YL19°
Sto9*
S585°
¥695°
2€6s”
69€5°
9ves*®
€v0G°
6L8%*
CAVA M
[ 411 A4
oogn*
Haee*

161
uel
681
(130
181
v91
1A
*81
(33
281
-1
et
6Ll
WLl
Lt
9Lt
QL
AN
eLy
2Lt
(¥R
'V
691
wol
L9
991
591
91
£91
291
191
')
651
L1
161
961
1
sl
tal
261t
1s1
113§
6vl
uel
Lyl
99l
CL A1
(221
£yl
vl
[E3
sl
6E1

Figure A.2- Continued

82



L Y Y Yy Y Yy Yy Yy Yy Y Y Y Y T T TR vy,
* 00°° « 000°€ e« 021° » 061° . 06/° - tNI0S NOILVBHNLH3d Hl6T »

P R LY L R T T LT b P PP, -2

+ 00€° « 001°t s o2rtr° s 06L° s 06L° * INT0S NOTLVAHNLIY3A HIST »

L D R bl L T L LT T

» 00%° « 002°¢ e 021° s O6L° + 06L° - $NT0S NOTLVAYNLYAd HILT »

L L e Y T el Bl bl bttt T TSPy

e 005° s 00E°E + Q21° s 06L° . 06.L° . INI0S NOILVAYNLYId HI9T »

« 00€° s 000°t « Slt* e 06L° s 06L° - INT0S NOTLVANNLIY¥3d HIGT «

D T L e Y R T L L. T Ty

s 00%° s 001°€ « Sll° « 06L° s 06/° - tNI0S NOILVEUNIHNId HLIY] »

P L et il Ll T b LT T P,

« 00%° s 000°€ « OlT° s 06L° * 06L° » SNT0S NOILVEHNLIHId HIEL »

P L L Ly T L A T po——— - ———— ——————

« 0059° « 000°€ « O11° » 06L° + 06.° . INT0S NOTLVAYNLIYId HLZT »

B - ) = = ——— -—— ———————

-
« 00S° e« 000°€E = SOT° s 06.L° « 06L° . INT0S NOILVAYNLYId HITT «

P el Bttt ettt . ettt - ————

s 00€° « 000°€ . 021° + GBL° » GBL* [ ENT0S NOTLVEYNIY3d HLO0T

P T L P » —mm——g- e r e - —— -——

« 00%° + 00l°€ - 021° s S8L° * GBL° * INT0S NOILVBHNIN3d H16 »

» » ———y B T T ——

= 00G° s 002°t » 0n2r° + S8L° LI-1-7 0 - INT0S NOILVBHNLIY3G HIE »

re ey gmmo—— e remmccrer e e e g -—— » crememcrcccccce———

s 00%° * 000°€ s SIt* « SBL° « SB8L° - $NI0S NOLiVBYNLYHId HIL =

B s ——

« 006G° « 000°'t « S10° . S8L1° . SBL° - tNI0S NOILVAYNIY3D HI9 =

P T T L e ————— —m———

- - - L iadedadnd et Sutndnd Lodndaindedeitntedek Soded el - -
» 00S° « 000°t « O0oIT° s S8L° + GBL* - tNI0S NOILVAUNLYId HIS
L 4 Rm—— == — L Sntedadadeid k. Ak didadedablek St it abbabd st st i dedindudeckbnd 1
s 00%° s 000°€ . 021° « 08L° s 08L° - tNI70S NOILVBHNLYId H1Y =«
L ladiabednb st Sinind Labdoddbaladadaded Sodadded it Dodedededbedndededed Todecked » e
» 006° + 001°€ s 021° « 08L° s 08L° - INT0S NOILVBYNIYId QHE =«
* L g -——— bl Aededesiiied it Andndehbedbdbbl e bbb ahaded bbb skttt )
s 00S5° + 000°€ - qQlte s 08L° « 0BL* - ¢NT0S NOILVAYNIYNAL ONE  »

Am——— » g - ) -

+ 00S° « 000°€ « 021° s Sil° « GlLL* . SNT0S NOILVBHNIYId LIST «

L2222 AR SRR R R X R R R X RO 222 22222

——————

BRI R R R R RN SRR PR RN IR R R AR R RN R R AR RRARRR RN BARARRRB R RN RBARRBRRERRRRBRRNERRO NN

s 00&° s 002°t + OTL* s 08L° s 08L° [ INT0S NOILVHEIIVD HiY

e ) = ) ) - m—————-y

« 00e° « 000°t -« ofte « 08L° « 08L° . INT0S NOTLVHEITIVD OHE

P YT » ———ga—— ———g- ——

. » 002°'C + 021° s 08L° . 08L° - IN10S NOTLvHBIIVD ONZ  »

« 00¢° « 002°t e« OIT° s 06L° « 06L° - INT0S NOTLYMEITV) IST &«

RRERRNBERRRNBE PR RN R R BRI R R B BN R AR R ER RGN EDRRRRRRR I RRGR ARSI R ABGRRRRNIRRBRREEARBBRARRRER

(22 XXX ES RIS ARSI LSS SRS S SR2SRRSSS RS R SRS SRS 22222 R 222 22 2 2 3

» 00c° s 002°t - O0f1° « 08L° » 08L° . INOILNTIOS 3SvE  »
R RS R RN RN R R RN R SRR R BN R B RO AR RN AN RN RN B RSN AR RPN IR R RN B B RN R RN R RSN RR RN RARRBN R
» IVHJIY & HILlId * nvl * “ON HIVW = -
et ercc s e e r e e e cmmegreccem=a=ay *ON HDVW »
e “HYd HiY « *HVd ONE » *HVd ONZ » °*HVd IS1 = .

BERRBERRRBAGARB BRI R AR PR EBRRRRNRNBRER IR TP ENRARRBRARORRABRNN

#RREBRBRBRRNS
# 3SVD 1531 »

ARNPEDRBERNDES

Figure A.2- Concluded

83




84

PLOT of C,
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Figure A.3- Abbreviated plot output for sample case
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PROGRAM PERTRB (INPUT.OUTPUT+TAPE L+ TAPES=INPUT, TAPE6=OUTPUT, MAIN ) c XLOCO6) = CRITICAL PTe NO. & XLDC)(6) = CRITICAL PTe ND. 4 MAIN S8
% TAPELS! MAIN 2 c WAIN 59
MAIN 3 c THE NUMBER OF POINTS SELECTED FHOM THESE IS SPECIFIED BY NSELCT, MAIN 60

MAIN & [ THE CORRESPONDING SUBSCRIPTS OF XLOCO AND XLOC] ARE SPECIFIED IN  MAIN sl

MAIN P PERTURB s MAIN S 4 THE FIRST NSELCT ELEMENTS OF THE ARRAY LSELCTe E.G, 7O SELECT THE MAIN 62

MAIN & ¢ MAXIMUM POINT AND THE FIRST AND THIRD CRITICAL POINTSe ONE MAIN 83

CALCULATES CONTINUOUS OR DISCONTINUOUS NONLINEAR PERTURBAT[ON MAIN 7 [4 SPECIFIES MAIN 64
SOLUTIONS WHICH REPRESENT A MULTIPLE-PARAMETER CHANGE IN EJTHER MAIN 8 [4 MAIN 65
GEOMETRY OR FLOW CONDITIONS 8Y EMPLOYING A STRAINED-COORDINATE MAIN 9 c NSELCT = 3 MAIN 66
PROCEDURE. VHE METHOD UTILIZES UNIT PERTURBATIONS, DETERMINED HAIN 10 [ LSELCT(1) = 2 HAIN A7
FOR EACH PARAMETER FROM A PREVIOUSLY CALCULATED COMMON BASE MalN |1 [ LSELCT(2) = 3 MALN a8
SOLUTIONe AND A CALIBRATION SOLUTION DISPLACED FROM IT BY SOME MAIN 12 [4 LSELCT(3) = 5 MAIN 69
REASONABLE CHANGE IN THE RELEVANT PARAMETERs TO PHEDICT NEw MAIN 13 [ MAIN 70
NONL INEAR SOLUTIONS OVER A RANGE OF PARAMETER VARIATION. MAIN 14 [4 PROVISION 1S ALSO MADE TO ALLOW THE USER TO SPECIFY THE POINTS IN MAIN 7}
MAIN 15 c THE BASE AND CALIBRATION SOLUTIONS THAY WILL BE MELD INVARIANT, TO MaIN 72

THIS CURRENT VERSION OF THE PROCEDURE IS CONFIGURED 70 PREDICT AND MAIN 16 4 A MAXIMUM OF SiX. SEE THE SUBROUTINE INPUT FOR DETAILS,. MAIN 73
PLOT PRESSURE COEFFICIENTS ON A BLADE OR AIRFOIL SURFACEe. AND CAN MAIN 17 c MAIN T4
ACCOUNT FOR THE MOTION OF MAIN 18 c MAIN 75
(1) ONE OR MORE CRITICAL POINTS (SHOCK POINTS), MAIN 19 c HMAIN 76

(2) A STAGNATION POINT, MAIN 20 OIMENSION XCSAVE (8+200) 9 YCSAVE (842001 s KUSAVE (80200) o YUNIT(R2200)  MAIN 77

€3} A MAXIMUM=SUCTION-PRESSURE POINT, MAIN 21 OIMENSION XBASE (200} ¢ XCALA(200) 4 XCHEK (200} «XPERT (2002 4 XUNIT(200)s MAIN 78

OR SIMULTANEOUSLY FOR ANY COMAINATION OF THESE, MAIN 22 L] DELX (200) MAIN 79
MAIN 23 DIMENSION YBASE (200) +YCALB(200) + YPERT(200) » YCHEK 1200) « YINTP(200)s MAIN RO

THE PROGRAM ]S ALSC CONFIGURED TO COMPARE TME PERTURBATEON- MAIN 24 3 YPRTT (200} MALN 8]
PREDICTED SOLUTIONS WITH THE CORARESPONGING EXACT SOLUTIONS MAIN 25 DIMENSION XLOCO(6) «XLOC] (6) 4 XLOC216) «XLOCI(6) o XFIXO(8) o XFIX1(B) MAIN B2
OBTAINED BY EMPLOYING THE SAME EXPENSIVE COMPUTATJONAL MAIN 26 DIMENSION LCRO(4) eLCR] (4} oLCR2(4)sLCR3I (41 ¢LOCO(6)+£OCLL6) MAIN a3
PROCEDURE USED TO DETERMINE THE BASE AND CALIBRATION SOLUTIONS, MAIN 27 s 1SEQQ{8) » JSEO] (8) sLSELCT (6) MAIN B4
SEE THE SUBROUTINE INPUT FOR DETAILS. MAIN 28 DIMENSION QO0(8) +Q2t8) +DEL1(8) +XQUT {8) +ORD (8) «PARNAM (B} MAIN a5
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N = NO, OF POINTS IN SURFACE PRESSURE DISTRIBUTION - ASSUMED EQUAL MAIN 30 DIMENSION VNAM(2) ¢FLAG(B) s STRING(96) + STRUNT (96) MAIN a7
FOR BASEs CALIBRATIONs AND PREDICTED DISTRIBUTIONS. MAIN 3] DIMENSION M1SAVE {B) +M2SAVE (25) yGISAVE [A) +Q2SAVE (8+25) MAIN 88
NOTE: N .LE. 200, MAIN 32 REAL M0+M] M2 M1 SAVE s M2SAVE MAIN A9

MAIN 33 COMMON /COEFF/ C(Bs7)90(8s7) MAIN 90

NPARAM = NO. OF PARAMETERS VARIED. NOTE: NPARAM .LE, 8, MAIN 18 COMMON /HEAD/ TITLE(80} MAIN 9]
MAIN 35 COMMON /PARAM/ PARNAM.LOCO+LOCEsLSELCTyNyNCASEJLSPECILUNIT, MAIN 92

BASE KTH CALIBRATION MALN 36 L3 LCHEKsLPLOT oNSELCT o AsBsNPARAM, VNAM MAIN 93

MACH NO. MO M1 MAIN 37 COMMON /PERT/ Q0+024M0+M14M24Q14YCROVYCRI o YCR2, YMINy YMAX MAIN 94
PERT. PARAMS.  Q0(]1)900(2}seee Q0(1)90aesQ0(K=1)eQl+Q0{Ks1)s,.s MAIN 38 COMMON /SAVE/ XCSAVE«YCSAVE MAIN 95
MAIN 39 COMMON /TBL/ HEADOsHEAD]) +HEAD2 sMISAVE sM2SAVE 1 Q1SAVE ¢ 025AVE MAIN 96

M2 = ONCOMING MACH NO. OF PREDICTED FLOW. MAIN a0 COMMON /XY/ XBASE+XCALBeXPERTyXCHEK s YBASE s YCALBsYPERTyYCHEKSYPRTL  MALN 97
Q2(1)+G212)1es, = VALUES OF PERTURBED PARAMETERS IN PREDICTED MAIN &1 DATA LTERM /0/+ LCORR /0/ MAIN 98
FLOV, MaIN &2 DATA HEADO /4HBASEs4H SOL+4HUTIOsaMNT  oaH /0 MAIN 99

HMAIN 43 s HEAD] /&HCAL1+4HBRATI4HION +4HSOLNe4H! /s HMAINI OO

COORDINATE STRAINING IS PIECEWISE LINEAR WITH END POINTS AND ONE  MAIN a4 1) HEAD2 /4HPERT ¢4HURBAIAMTION<4H SOLsaHN: /o MAINIO]
OR MORE USER-SELECTED INTERIOR POINTS HELD INVARIANT, MAIN a5 . HEAD) /4HCOMP o 4HARIS+4HON So4HOLN: 4H ’ HAIN1O2
MAIN a6 DATA ORD /AHIST s4HZND »4HIRD 4HeTH o MAIN1AD

THE PROGRAM LOCATES MINIMUM, MAXIMUM, AND ALL CRITICAL POINTS Ma[N &7 s AHETH oAHBTH o4HTTH (4HBTH / MAINIDG
ISHOCK POINTS) IN THE BASE AND CALIBRATION SOLUTIONS, AND STORES  MAIN 48 c MAINLOS
THESE [N THE ARKAYS RLOCO AND XLOC1 (1T IS ASSUMED THAT THE NUMHER MAIN 49 [ MAIN1OG
OF CRITICAL POINTS DOES NOT EXCEED FOURI AS FOLLOWS MAIN SO [d MAINIOT
MAIN 5] [ USER-SUPPLIED STATEMENT FUNCTION YCRIT(2) DETERMINES CRITICAL MAIN]08

BASE CALIARATION MAIN &2 [ VALUES OF FLOW VARIABLE YCRIT AS FUNCTION OF FLOW PARAMETER Z, MAINLO9

MAIN 53 c IGRAD ()] OR =]) IS THE USER=SUPPLIED ALGEARAIC SIGN OF DYCRIT/DX MAIN]IO

ALOCO(1) = MINIMUM PT, XLOC1{1) = MINIMUM PT, MAIN G4 c USED IN LOCATING THE CRITICAL POINT, MAINL1)
XLOCO(2) = MAXIMUM PT, ALOC1t2) 3 MAXTMUM PT, HMAIN 55 c MAINI112
XLOCOI3) = CRITICAL PT. NO. 1 XLOC1{3) = CHITICAL PT. NO, } MAIN %6 4 IN THE PRESENT VERSION OF THE CODEe YCRIV REPRESENTS THE FULL~- MAINI13
oue = eee cae T aee MAIN &7 c POTENTIAL CRITICAL PRESSURE COEFFICIENT FOR AIR (GAMMA = l.6}s 2  MAINI14

SYIIEd WYEO0dd dALNJWOD J0 ONILSIT ~ € XIANHddY
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< 1S THE FREE STREAM MACH NUMBERs AND 1GRAD CORRESPONDS TO POSITIVE
c PRESSURE GRADIENT (el),
<
YCRIT(Z)22.00(((2:000.422%92)/2.4)%%(1.4/0.8)~1.01/(1.4%2%%2)
IGRAD=}
[
¢ P
[
CoossoPRINT BANNER PAGE.
c
CALL BANNER
[
CesseeREAD LECHO AND ECHO INPUT DECK IF LECHO .EQ. 1.
[
CALL ECMINP
c
Ceaass INPUT CONTROLs GEOMETRY+ AND STRAINING PARAMETERS.
c
CALL INPUT (1)
[
CosseoMRITE TITLE AND INPUT PARAMETERS.
c

WRITE 1641000) TITLE
WRITE (691010} NoAsBoNPARAM

NFIXaNSELCT+2
NSEG=NFIX-)

[
CoosooPRINT INFORMATION REGARDING STRAINING TO BE USED.
C

WRITE (6+1020) NFIX
IF (LSPEC .EQ. 0) 60 TO 10
WRITE (6,1030)
G0 10 3
10 CONTINUE
WRITE (6¢1040)
00 20 I=]sNSELCT
1F ILSELCTLI) JEQ. 1) WRITE 16.1050) VHAW
IF (LSELCT(I) (EQe 2) WRITE [641060) VNAM
IF (LSELCT(1) .LE., 2) GO TO 20
LCORR=]
LPRaLSELCT (1) =2
WRITE (6+1070) VYNAMsORDILPR)
20 CONTINUE
30 CONTINUE

(4
CeeeosBEGIN CALCULATIONS ON BASE SOLUTION.
<

CALL INPUT (20

YCRO=YCRIT(MO)

NRITE (6:1080) HEADO

WRITE (6+41090) VNaAM

WRITE (641100) MO

IF (NPARAM EQ. 1) WRITE (6+1110) QO(1)+PARNAM{])

IF (NPARAM ,GT. 1) WRITE [641120) (XsQO(K) 4PARNAMIK) «K=]1sNPARAM)
WRITE (601130) VNAM:YCRO

MAINDLS
MAiNLYG
MAINLLY
MAINIIS
MAIMN119
MAIN120
MAENLZ2]
HAIN122
MAINI2]
MAIN] 2
MALN12S
MAIN126
MAINLZT
MAIN]ZB
MAIN129
MAINL3O
MAIND3L
HaIN] 3R
MAIN13]
MAINIDS
MAIN13S
MaIN] 36
MAINL3?7
MAINI3S
MAIN139
MAINl&O
HaINlal
MAINLA2
HMAINLA3
MAINL &4
MAIN1AS
MAIN) &G
HAINLAT?
MAINL4S
MAIN]&9
MAINISO
MAINLS]
HAIN1S2
MAIN1S]
MAIN]S54
MAIN]ISS
MAINLISO
MAINIST
MAINISS
MAINLS9
MAINLI6D
MAINLA]
MAIN162
MAIN16]
MAIN1G4
MaAINL16S
MAINLAG
MAINLAT
MAINIAB
MAIN1&O
MAIN1T70
MAINLTL

CeeassNORMALIZE X COORDINATES AND LOCATE MINIMUM, MAXIMUMs AND CRITICAL
[ POINTS FOR BASE SOLUTION.
[
CALL SCALE (NoXBASEsleA+B)
CALL LOCATE (N¢XBASE+YBASEsYCROeIGRADsLMNO+LMXOsNCRO+LCROYXLOCO)
YOCHMIN=YBASE (LMNO)
YBCHMAX=YBAGE (LMXO}
WRITE (6e1]640)
WRITE (6411500
CALL UPLOW (A+B9XLOCOs69sNCROS29XO0UTFLAGY
WRITE (6411600 XOUTH]1}oFLAGE]) oL MNDoROUT (2) oFLAG12) oL MXD
IF {NCRO .GT, 0) WRITE (6+1170) NCRO.

L (ORD (1) o XOUT(142) oFLAG{T42)¢LCRO(])oIx]1sNCRO)
c
CeeneelLOAD SELECTYED STRAINING POINTS INTO FIXED=-POINT ARRAY FOR BASE
[ SOLUTION,
[
XFIXQ(1)=0,0

XFIX0(NFIX)mio0
IF (LSPEC .EQ. 1) WRITE (6+1180)
DO S0 I=lsNSELCT
IF (LSPEC .EQ. 0) GO TO 40
XFIXO(1¢1)=XBASE (LOCO(I})
VRITE (641190} LOCO(D)
680 10 50

40 CONTINUE .
XFIXQ(1¢1)=XLOCO(LSELCT(L))

50 CONTINUE

[
CeeeosARRANGE SELECTED FIXED PQINTS IN A MONOTONE SEQUENCE,
c

CALL SORT (NFIXeXFIX0+1SEQD)

WRITE (6+]1200)

WRITE (6,1150)

CALL UPLOW (AsBsXFIXO0eBINFIXeXOUToFLAG)
WRITE (641210) (FoXOUT(E)sFLAGII) o Im]oNFIX)

c
CoosecEND CALCULATIONS ON BASE SOLUTION.
c

¢ ™
c
CoeveesBEGIN CALCULATIONS ON CALIBRATION SOLUTIONS.
[

D0 180 K=],NPARAM

CALL INPUT 3}

M]1SAVE (K) 2M]

Q1SAVE (K)=0]

YCR1=zYCRIT(M])

DEL1(K) =Q1=Q0(K)

CALL COPY (1oNsKsXCALBXCSAVE)

CALL COPY (1sNsKsYCALBsYCSAVE)

IF (NPARAM .EG. 1) WRITE (6+1080) HEAD]
IF (NPARAM ,GT, 1} WRITE (6+1220) ORD(K)+HEAD]L
WRITE (6+41090) VYNAM

WRITE (6+1230) M]

IF (NPaARAM ,GT. 1) WRITE (6+1240)

NQ 60 KK=1,NPARAM

MAIN] T2
MAINLTI
MAINLTA
MAIN} TS
MAIN]T6
MAINITT?
MAINLTS
MAIN]T9
MAIN1AG
MAIN]IAL
MAINLAR
MAIN]AJ
MAINIAG
MAINIAS
MAIN1RG
MAINLIAT
MAINlaS
HMAIN]1A®
HAIN1SO
MAIN]9)
MAIN]Q2
MAIN]S]
MAIN]19&
MAIN19S
MAIN] 98
MAIN]Q?
MAIN]OA
MAIN199
MAIN200
Maln2ol
MAIN2D2
MAINZ0]
MAINZNS
MAINZ20S
MAINZ206
MAIN20T
MAIN208
MATN209
MaIN210
MAINZ1]
MAINZ}2
MAIN213
MAINZ)6
MAIN215
MAINZ)6
MAIN2}7
MAINZ)8
MAIN2]9
MAIN220
MAIN221
MAINZ222
MAINZ23
MAIN2?4
MAIN225
MAINZ?2&
MAINSPT
MAINZ?2R
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IF (NPARAM ,EQ, 1) WRITE (641250) Ql+PARNAM(])
IF (NPARAM .GT, | +AND. KK ,EQ, K) WRITE (6412601 KKsQ)sPARNAM(KK)
IF (XK oNE, K} WRITE (6412700 KKsQO0U(KK) PARNAM(KK)
60 CONTINUE
WRITE (641130} VNAM,YCRI

C-...-NORHAL[ZE X COORDINATES AND LOCATE MINIMUM, MAXIMUM, AND CRITICAL

C

POINTS FOR KTH CALIBRATION SOLUTION.

CALL SCALE (NeXCALBslsAsB)

CALL LOCATE (NoXCALBoYCALBsYCR]+IGRADsLMN]L+LMX]¢NCR1sLCR1+XLOC])
YTMIN=sYCALB(LMN])

YTMAX=YCALBR{LMX]}

IF (YTHMIN .LT. YBCMIN) YBCMIN=YTMIN

IF {YTMAX ,GT, YBCMAX) YBCMAXzYTMAX

MRITE (6s1140)

WRITE (6411500

CALL UPLOW (A+BsXLOCIo6¢NCR1+2:XOUT+FLAG)

WRITE (6¢1160) XOUT(1)sFLAG(]Y) +LMN]¢XOUT{2)+FLAGI(2) sLMX]
IF (NCR1 «GT. 0) WRITE (6+1170) NCR1l,
1] (ORD(I) o XOUT([#2) +FLAG(1*2) +LCR] (1} s Ix1sNCR]?

c
CoeeeeCHECK FOR INVALID STRAINING SPECIFICATION [F LSPEC = O,
[

IF (LSPEC .EQ. 1) GO TO BO
ICOUNT=0
DO 70 1=l+NSELCY
IF (LSELCT(I) .LE. 2) GO TO 70
TCOUNT=ICOUNTe}
IF (NCRO NE. NCR]) LTERM=}

70 CONTINUE

c
CeoaesSTOP EXECUTION IF CRITICAL POINTS ARE TO BE USED IN STRAINING AND

c
4

NUMBER OF CRITICAL POINTS IN BASE AND CALIBRATION SOLUTIONS ARE
UNEQUAL »

IF (LTERM ,EQ. 1} GO TO 900

c
C-...-S'OP EXECUTION IF NUMBER OF CRITICAL POINTS SELECTED EXCEEDS

NUMBER ACTUALLY LOCATED.
IF (ICOUNT ,GT, NCRO) GO TO 905

80 CONTINUE

[+
CeesselLOAD SELECTED STRAINING POINTS INTO FIXED-POINT ARRAY FOR KTH
[

c

CALIBRATION SOLUTION,

XFIX1(11=0,0
XFIX1INFIX)x140
IF (LSPEC LEQ. 1) WRITE (641180)
00 100 I=lsNSELCT
1IF (LSPEC .EQ. 0) GO TO 9¢
XFIXY([*1) =XCALBILOCLELI})
WRITE (641190} LOC1{I)
60 70 100
90 CONTINUE

HAINZ29
MAIN230
MAIN23]
MAINZ32
MAINZ3]
MAIN234
MAIN23S
MAINZ230
MAIN237
MAINZ238
MAINZ2I9
HAINZAOD
MAINZAL
MAINZ42
MAINZAD
MAINZ4S
MAINZ245
MAINZ46
MAIN24T
MAINZ4S
MAINZA9
MAINZSO
MAINSS]
MAIN2S2
MAINZS3
MAINZS4
MA[N2SS
HAIN256
MAINZST
MAINZS8
MAINZ259
MAINZ&O
MaINZ61
MAINZA2
MAINZA]
MA[N26&
MAIN26S
MAIN266
MAIN2&T
MAIN268
MAINZ269
MAINZTO
MAINZT]
MAINZ72
MAIN273
MAINZ74
MAINZTS
MAINZ2T6
MAIN2TT
MAIN2TS
MAINZT9
MAINZRD
MA[NZR]
MAIN2R?2
MAINZA]
MAINZ2AA
MAINZAS

KFIX1(1+1)=XLOC) (LSELCT(IN)
100 CONTINUE

Ceossoe ARRANGE SELECTED FIXED POINTS IN A MONOTONE SEQUENCE.
c

CALL SORT (NFIX+XFIX1s1SEQL)
WRITE (64+]200)
WRITE (6411500
CALL UPLOW (A¢BsXFIX1+B¢NFIXeXOUToFLAG)
WRITE {6¢1210) (JoXOUTU(I}sFLAG(I}s»Ix)eNFIX)
[
CeosasSTOP EXECUTION IF ORDER OF OCCURRENCE OF CRIYICAL POINTS IN BASE
[ AND CALIBRATION SOLUTIONS DOES NOT CORRESPOND.
c
IF (LSPEC .EQ. 1) GO TO 120
00 110 I=peNFIX
IF (ISEQO(1) .NE. 1SEQ1{1)) GO TO 910
110 CONTINUE
120 CONTINUE

C

CeeessCOMPUTE COEFFICIENTS IN XTH UNIT STRAINING OF XBASE
XSTR = C(Ks1} o D(Kel)®XBASEs In142¢ o0ee sNSEGs

WHERE NSEG IS THE NUMBER OF LINEAR SEGMENTS.

2 XaXaXaXal

00 130 Ix1NSEG
CNUM=XFIX1(I)OXFIXOt]s 1) =NFIXL(Ie1}SXFIXO(])
DNUMXFIX1 (11} =XFIX1L])
DENOMeXFIXQ(Is]1}~XFIXO(])
C (Ko 1) =CNUM/DENOM
D (Ko 112ONUM/DENOM

130 CONTINUE

[
CoseasDETERMINE KTH UNIT STRAINING OF XBASE.
C

CALL STRAIN (NoKyNSEGsXFIXOoXBASEs10+DELX)
DO 140 le].N
146 XUNIT(1)=XRASE (1) eDELX(])

c
Co-..-lNTEFPOLATE CALIBRATION SOLUTION TO BASE FLOW POINTS CORRESPONDING
TO UNIT STRAINING.

CALL INTERP (NoXCALBsYCALB¢XUNIT,YINTP)
C
CoeessCORRECT VALUES ON EITHER SIDE OF CRITICAL POINTS. IF THESE ARE
4 USED IN STRAINING.
c
IF LCORR .EQ. 0} GO TO 160
D0 150 I=1.NCR]
YINTP(LCRO(I}}=2YCALBILCRI(]))
YINTP(LCRO(I)¢1)=YCALB(LCRI(I)+])
150 CONTINUE
160 CONTINUE

C
CeasssDETERMINE THE KTH UNIT PERTURBATION,
c

MAINZRE
MAINZRY
MAINZAS
HMAINZA9
MAINZ90
MAINZ9]
MAINZ92
MAINZ9)
MAIN294
MAIN2GS
MAINZ298
MAIN29T
MAINZ29E
MAIN299
MAIN300
MAIN3OL
MAINIO2
HAIN3D3
HAIN3DA
MAINIOS
MAINIO6
MAIN3OT
MAIN3OS
MAIN3n9
HAIN3O
MAIN31]
MAIN3)2
MAIN33
MAIN314
HAINIIS
MAIN31G
MAINMLT
MAINIIB
MAINIIG
MAINIZ0
HMAINDZY

MAIN322
MAIN3?]
MAINI2
HAIN3PS
MAIN3ZE
MAINIPT
MAINIZS
MAIN329
HMAIN330
HAIN3IL

MAIN332
MAIN3I3
MAIN33s

MAIN3IS
MAIN336

MAIN3I?

MAIN33R

MAIN3I9

MAIN3AO

MATN3&}

Ma[NI&2
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0O 170 Isl.N
170 YUNIT(KeI)=(YINTP(1)~YBASE(]))/DEL](K)

c
CeesesSAVE UNIT STRAINING IFf REQUIRED FOR LATER PRINTOUT,
[
IF (LUNIT .EQ. 0) GO TO 180
CALL SCALE (NeXUNIT»2+448)
CALL COPY (1oNyKeXUNIT5XUSAVE)
180 CONTINUE

[
CevsosEND CALCULATIONS ON CALIBRATION SOLUTIONS.
[

c
[
CosssoPRINT UNIT PERTURBATION(S} AND UNIT STRAINING(S) IF LUNIT ,NE, 0.
c

1F (LUNIT .EQ. 0) 60 TO 240
CALL SCALE (NeXBASE+2+A+8)
IRPT=0
IF (NPARAM ,GT, &) IRPTs]
KSTART= )
KSTOP=4
IF (KSTOP ,GT, NPARAM) KSTOPsNPARAM
G0 TO 200
190 KSTART=S
KSTOPaNPARAM
200 CONTINUE
WRITE (641280) VNAM
IF (NPARAM ,GT, 1} WRITE (6+51290) KSTART.KSTOP
IF (NPARAM ,EQ, ]) WRITE (641300}
IF (NPARAN .EQ. 1) GO TO 210
NUMaKSTOP=KSTART+}
IF (NUM (EQ. 1) WRITE (6¢1310) (ORD(X) +K=KSTARYKSTOP)
1IF INUM EQes 2) WRETE (691320) (0RD{K)}K=KSTART(KSTOP)
IF (NUM .EQ. 3) WRITE (6+1330) (ORD(K) yKuKSTARTKSTOP)
IF (NUM .€Q. &) WRITE (641340) (ORD(K} . KzKSTART.RSTOP)
210 CONTINUE
CALL FILL (1+0.STRUND)
KLAST=20® (KSTOP-KSTART+1)
WRITE (641350) (STRUNIIK} ¢Kz]eKLAST)
WRITE {641360)
D0 220 I=lysN
220 WRITE (641370) EoXBASE(I) o (RUSAVE (Ko ]) s YUNIT (X, 1) «KuKSTART ¢KSTOP)
IF (IRPT .EQ. 0) GO TO 230
1RPT3Q
G0 10 190
230 CALL SCALE (NeXBASEeslsAeB)
240 CONTINUE

[
CoeoeoCONSTRUCT PERTURBATION SOLUTIONS FOR TEST CASES (AND COMPARE WITH
[ EXACT SOLUTIONs IF AVAILABLE).
c

DO 330 ICASE=]«NCASE

CALL INPUT (&)

M2SAVE LICASE) sM2

YCR2xYCR]T(M2)

YCR3xYCR2

HAIN3AD
MAINIAA
MAIN3AS
MAIN3sG
HA[N3IeT
HAIN34S
MAIN3&9
MAIN3SO
MAIN3S)
MAINIS2
MAINIS]
MAIN3S
MAINISS
MAINISS
MAIN3ST
MAIN3SB
MA[N1S9
MAIN360
MAIN3G]
MAIN]IG2
MAIN3G]
MA[NIGS
MAINIGS
MAINIGE
MAEN36T
MAINILS
MAIN3S9
MAIN3TO
MAIN3TL
MAINIT2
MAIN3T73
MAIN3TA
MAINITS
MAIN3TG
MAIN3TT
MAIN378
HAIN3ITO
HAINIRO
MAIN3AL
MAIN3R2
MAIMNIR3
MAINIAG
MA IN385
MAIN3AG
MAINIAT
MAIN3IAS
MAINING
MAIN3GO
HAINI9)
MAIN3OZ
MAIN3Q)
MAINI9®
MAIN395
MAIN39G
MAIN3QT
MAIN3OA
HMAINIGY

[
Ceosss INITIALIZE STRAINED COORDINATE AND PERTURBATION SOLUTION,
c

D0 250 I=l«N
KPERT (1) =XBASE(])

250 YPERT (1} =zYBASELD)

c
CeoseeesADD IN CONTRIBUTIONS FROM ALL PERTURBATIONS.
c

DO 270 X=]1,NPARAM

Q2SAVE (Ke ICASE) 2Q2(K)

DEL2=Q2 (X)-Q0 (K}

DEL21=DEL2/DEL] (K}

CALL STRAIN (NsKoNSEGeXFIX0eXBASEsDEL21+DELX)
00 260 I=]4N

XPERT (1) =XPERT (1) eDELXI])

260 YPERT(1)=YPERT {1} +DELR2OYUNIT(Ks])
270 CONTINUE

c
CeosasADJUST VALUES NEAR CRITICAL POINT FOR WMONOTONE BEHAV]OR.

IF (LCORR ,EQ, 1) CALL MONO (NCRO+LCRO+XPERT,YPERT)

c
CeoasesLOCATE MINIMUM, MAXIMUMs AND CRITICAL POINTS IN PERTURBATION
c

4

SOLUTION,

CALL SCALE (NsXPERT 24448}

CALL SCALE (NsXPERTs1sAeB)

CALL LOCATE (NoXPERT«YPERT,YCR2¢ IGRAD¢LMN2+LMX24NCR24LCR2XLOC2)
YHMIN=YPERT {(LMNZ}

YMAX=YPERT (LMX2)

YPCHIN=YMIN

YPCMAX=YMAX

WRITE (651380} 1CASEsNCASE

WRITE (651090} VNAM

WRITE (641390) M2

IF (NPARAM EQ. 1) WRITE (641400) Q2(])PARNAM{])

IF (NPARAM ,GT, }) WRITE (6014100 (KeQ2(K) ¢PARNAM(K) sKx]oNPARAM}
WRITE (6+1130) YNAMsYCRZ

WRITE (641140}

WRITE (6.1150!

CALL UPLOW (AsBrXLOC2+69NCR2¢2+XOUTWFLAG)

WRITE (6:1420) HEIDZ.XOU'([)lFLlG(l’lL"ﬂZolOUT(Zl'FLAG(Z)OL"lZ
IF (NCR2 +GT, 0) WRITE (641430} NCR2s
L ] {ORD (1) o XQUT (102} +FLAG(162) oLCR2([) ¢ I2]1oNCR2)

CALL SCALE (NoXBASEs24A0B)

[
C-...-IF LCHEK «NE. 0 READ IN DATA FOR COMPARISON SOLUTION AND LOCATE

C

MINIMUMs MAXIMUM, AND CRITICAL POINTS.

1IF (LCHEK EQ. 0} GO TO 290

CALL INPUT (S)

CALL SCALE {(NyXCHEKs19A+B}

CALL LOCATE (NeXCHEKsYCHEKyYCRI¢IGRADsLMNI+LMX3sNCRILCRIXLOC3)
YMIN=YCHEK {LMN3}

YMAX=YCHEK (LMX]3)

1F (YMIN LT, YPCMIN) YPCHMINzYMIN

MAINGDS
HAIN4O)
MAIN&D2
HAINGD3
MAINADA
MAIN&OS
HAINADS
MATINAOT
MAINGOB
MAIN&O9
MAING1O
MAINAL)
MAINGL2
MAINGLDY
MAINAYG
MAINA1S
HAING ]S
MAINGLT
HAINGLD
MAINAYY
MAIN&2D
HMAING2]
MA[N&22
MATNA2)
MAINA2S
HAINAZS
HAING G
MAING2T
MAINaZE
MAING29
MAINGID
MAIN&3]
HAINAI2
MAINA33
HAINAJS
MAING3S
MAINA 36
MAING3T?
MAING3B
MAINA39
MAINAAO
MAINSGAL
MAING&2
MAINAGD
MAINAGS
MAINGAS
HAINGAG
MAINGAT
MATNA4R
MAIN&A9
MAIN&SD
MAIN&S]
MAIN®S2
MAINGS]
MAIN&SA
MAINASS
MATNASSH



6

[

[4

IF (YMAK .GT. YPCMAR) YPCMAX=YMAX
CALL UPLOW (AsBosALOC3969NCRI*24XOUTIFLAG)
WRITE (6014207 HEAD3oXOUT (1) oFLAGI1) sLMNI ¢ XQUT (2) sFLAGI2) +LMX3
IF {NCRJ .GT. 0} WRITE (6+1430) NCR1,
(ORD{1) o XOUT (142} oFLAG([42)+sLCRI(T) 4+ 12]19NCRI)
CALL INTERP (N¢XPERT,YPERTXCHEK,YPRTI)

CALL LOCATE {N,XCHEKYPRTI,YCRI, [GRADLMNI+LMXIsNCRI,LCRISIXLOCT)

YTMINsYPRT {LMN3)

YTMAX=YPRTT (LMX3)

IF (YTMIN LT YMIN) YMINSYTMIN

IF (YTHAX ,GT. YMAX) YHARSYTMAX

CALL SCALE (NJXPERT24+A+B)

CALL SCALE (NsXCHEK+2+Ae¢B)

CALL FILL {2+0sSTRING)

WRITE (6+1440) VNAM

WRITE (6414500 YNAMgYMANsVNAMYMINGVNAMy YCR2 0 YNAM VNAM
WOLITE (641460) VNAMyUNAMsVNAMVNAM: (STRING(I) s 1=1+72)
00 280 IslN

CALL FILL (3+1,STRING)

280 WRITE (641470) IoXBASE(I) +YBASE (1) +XPERT(1),YPERT(I),
% XCHEK{I) s YCHEK (1) ¢ YPRTI (L) o {STRING{II}11=1472)

290

G0 10 3lo
CONTINUE

CALL SCALE (N+XPERT4+24448)

CALL FILL (2+0+STRING)

WRITE (64+1440) VNAM

WRITE 16+1480) VNAMsYMARoVNAM,YMIN)VNAM,YCR2 ¢ VNAM
WRITE (641490) VNAMsVNAMsSTRING

DO 300 1al.N

CALL FILL(3s1+STRING)

300 WRITE (641500 1¢XBASE (1) s YBASE (1) +XPERT (1) +YPERT(I) STRING
310 CONTINUE

CeeveslF LPLOT «NE. 0 GENERATE PERIPHERAL PLOT OF PERTURBATION AND
C

[

32

COMPARISON SOLUTIONS.

1F (LPLOT ,EQ. 0) GO TO 320

YMIN=YBCMIN

YMAX=YBCMAX

IF (YPCMIN LT, YMIN) YMIN=YPCHIN

I1F (YPCMAX GT, YMAX) YMAXmYPCMAX

CALL ORVPLT (ICASEsNeNCASE+NPARAMs YMINGYMAX+YCR2)Y
CONTINUE

CALL SCALE (NsXBASEs1e4AsB)

330 CONTINUE

[
CoesvePRINT FINAL TABLE SUMMARIZING CALCULATIONS.
c

CALL TABLE (NPARAMJNCASE «PARNAMoNO+Q0)
60 T0 999

c
CooossABNORMAL TERMINATION OF COMPUTATION.
C

900 WRITE (6.9000)

GO Y0 999

905 WRITE (6+9050)

MAINAST
MAINASS
MAINASY
MAINASO
MAINAS]
MAIN&S2
MAIN46]
MAINAGA
MalN46S
MAINAGS
MAINART
MAINGGS
MAINAGY
MAINATO
HAINGTL
MAINGT2
MAIN&73
MAINAT4
MAINATS
NAINATS
MAINGTT
MAINATS
MAIN&T9
MAINAAD
MAINaA]
MAINAR2
MAINGA3
MAINARS
MAINARS
MAINGAG
MAINAAT
HMAINABE
MAINGRY
MAINADO
MAINaOL
MAINAGZ
MAIN49]3
HAINAGS
HAINGGS
MAINAGE
MAIN&QT?
MAIN4QE
MAINADGS
MAINSDO
MAINSOL
MAINSO2
MAINS03
MAINSOs
HaiNS0S
MAINS06
MAINSO7
MAINS08
MAIN509
HAINS 10
MAINS1]
MAINS)2
MAINS]3

999 MR

GO T0 999
910 WRITE (6.9100)

ST

ITE (6+9500)
oP

[
Coecosl/0 FORMAT STATEMENTS FOLLOW,

c
1000

FORMAT

1010 FORMATY

1020
1030

1040

1080
1060
1070
1080

1090
1)

1140
1150
1160

"we s

FORMAT

FORMAT

FORMAT

FORMAT
FORMAT
FORMAT
FORMATY
FORMAT

FORMAT
FORMAT
FORMAY
FORMAT
FORMAT
FORMAT
FORMAY

1170

FORMATY

1180

1190
1200
1210
1220
1270
1240
1259
1260
1270
1280

13e0
1310

FORMAT

FORMAY
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMATY

]
FORMAY

FORMAT

(1H}9132(1He) 7

1Xe1H® 4 25X 9 BOA] 025X 0 I HO/

1Xs132t1H®Y 2/ 7)

(1Ke29HaeesoLIST OF INPUT PARAMETERS//

6X¢3HN =ola/s/

6XeIHA ¥oF5.1e4Xe3HB =4F5.1//

6X ¢ BHNPARAM =412/77)

(1Xe22He 000+ STRAINING OPTIONS//

6X¢+2IMNUMBER OF FIAED POINTS:!s12/)

(6X440HFIXED POINTS WILL BE PRESELECTED BY USER/
6X¢ITHAND LISTED BELOW IN PRINTOUT FOR BASE/

6X ¢ 26HAND CALIBRATION SOLUTIONS.///)

(6XASHF IXED POINTS WILL BE AUTOMATICALLY DETERMINED/
6Xs44HBY THE PROGRAM FOR ALL SOLUTIONS AS FOLLOWS://
LIX(14HTWO END POINTSI

(11X+16HPOINT OF MINIMUM¢1Xs2A1)

(11Xe16HPOINT OF MAXIMUMy1X¢2A1)

(11Xe2A1v8HCRIT (oA4y8HPOINT)Y)

(1H1 9 26MRESULTS OF COMPUTATIONS ONo¢1XeS5A&///)
(1Xe17Haa s e «MACH NUMBER./

6X+I4HVALUES OF PERTURAATION PARAMETERSs/

6Xy ) THCRITICAL VALUE OF s 1Xe2A101H1/)

(11X 0AHHO =oF7,47)

(LIX94HOO =oF7,405Xe1H(0AB1H) /)

(11XeIHQO (o110 3H) meFT.405Xe1H{sAB 1M /)
(11Xs2A)s6HCRIT =sFR.8//7)

(1X+47He e 00 sLOCATIONS OF MINes MAXo.y AND CRITICAL PTS,)
130281 (* DENOTES POINT ON LOWER SURFACE)/)

(6Xo JAHMINIMUM AT X =¢F7.44A193Ks10H(POINT NOooI&41H)/
6K LAHMAXIMUM AT X =oFT,40A1e3Xe10H(POINT NOyoI4e1H))
(6KoI1v )Xo 1BMCRITICAL POINT(S) /7

(10XKeAMeEHAT X m9lXoFbo40A10IXs

16H(AFTER POINT NOool4s1HI )Y

(IS (IH®) o 1Xs I2HF IXED POINTS PRESELECTED 8Y USER,
1XeS5(1He) /)

(6Xe2MX (2130 1M))

(//7/1%229He00eeLOCATION OF FIXED POINTS)
(L1XeSHXFIXCaI1+3H) =sFT.40A1)

(1H1 9 26HRESULTS OF COMPUTATIONS ONs1Xe6A4/7/)
(11X vaHM] =oFToa/}

(2Xs41H(%*® DENOTES PERTURBATION FROM BASE VALUE)/}
C1AXs6HO)L SoFToaeSXe1H(0ABs 1H) /)

(9X+SHE®Q (s [193H) 2eFT,4e5Xs 1HIsABs1H) /)
(11X03HOL (911 e3H) woF7.4s5Xe2H{ AR ]HI /)
(1H1+20KUNIT PERTURBATION OF s 1Xe2Al0e1Xs

27HAND UNIT STRAINING OF XBASE)

(269HF 98 CALIBRATION SOLUTIONS12+1%+ THTHRAOUGH 12}
(/7719%s1 (1H® ¢ 1 X oA« 1 THCALD SOLN *43X})

MATNS 14
MAINS|S
MAINS]6
MAINSYY
MAINS (B
MAINS19
MAIN520
MAINS21
MAINS22
MAINS23
MAINS?4
MAINS2S
HAINS28
MAINS2T
MAINS28
MAINS29
MAINS3O
MAINS3)
MAINS32
MAIN53)
MAINSI4
MAINS3S
MAINS3G
HAINSIT
HAINS38
MAINS39
MAINS4OD
HAINSA]
MAINSA2
MAINS54)
MAINSss
MAINS4S
MAINSAS
MAINS4T
M2 INS54P
MAINS5A9
MAINSSe
HMAINSS]
MAINSS2
HAINSS]3
MAINSS4
HAINSSS
MAINSS6
MAINSST
MAINSSS
MAINSSS
HaAINS60
MAENSS1
MAINSs2
MAINSE3
MAINS64
MA INS56S
MAINS66
MAINSGT
MAINSES
MAINSTO
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1320 FORMAT (///719K+2(1H®s1XeA&s | 1HCALB SOLN *¢3X))
1330 FORMAT (/77/19X3(1H® 01X eA40 ) 1HCALB SOLN ®+31))
1340 FORMAT (//7/19Ks4(1H® o 1XoAGe ] IHCALB SOLN ®.3X))
1350 FORMAT (1X¢SHPOINT 14X oSHXBASE+4Xs96A1)
1360 FORMAT (1X)
1370 FORMAT (1XeI4e1Xe11F}0.4)
1380 FORMAT (1H1.3211H®)/

L) 1Xs21H® OUTPUT FOR CASE NO.sI3.4H OF +1242H ®/

3 1Xe32(1HeY}2//)
1390 FORMAT (11XvaHM2 a,F T4/}
1400 FORMAT (11Xea4HQ2 ssFT.405KsJHIvABIH} /)
1410 FORMAT {11Xs3HQ2(9f103H} ®sFT,4s5Ks1H{sABs1H) /)
1420 FORMAT (/6K15A4//
TUXo14HMINTMUM AT X eFT7,40A1430¢ 10M(POINT NO.olae)H)/
LEXo LAHMAXTMUM AT X xoF7.40ALs3Xs 10HIPOINT NUosT14s1H))
1430 FORMAT (1M +10XeT1s1Xe1BHCRITICAL POINT(S):/
{1SXeA4s6HAT X neFT7,4gAls3Xs

16H(AFTER POINT HO.s1491H) ) )
1440 FORMAT (///1X044Heo0esFINAL PRINTOUT AND GRAPHICAL DISPLAY UFy1Xe
2A1)
1450 FORMAT (/72X321HH = MAXIMUM VALUE OF 4 1Xs2Alo1Rs1HesFB, 4/
T2Ke21HL = MINIMUM VALUE OF ¢ ]Xe2A141X01H2eFB 4/
T2X+21H® = CRITICAL VALUE OF o 1Xe2AlelXelHs,FB. 4/
72X012HP » VALUE OF s 1Xs2A101X,

3AHPREDICTED AY PERTURBATION SOLUTION/
T2Re12HC 3 VALUE OF s 1%e2A1412%,

22HIN COMPARISON SOLUTION/
72K+29H8 = AGREEMENT BETWEEN P AND C)
1460 FORMAT (/72X 92HPT v2X ¢SHXBASE 13X 9241 vAHBASE » 2K o SHAPERT X4 2A1 s
AMPERT y 2K e SHACHEK s IX s 241 1 4HCHEK 4 2X 9 2A1 1 4HPINT 4 1X0 724A1/)
1470 FORMAT (1Xe13¢7F8.401X,72A1)
1480 FORMAT (/60Xs21HH = MAXTMUM VALUE OF ¢ 1X+2814 1Ky 1Hu FB.4/
60Xs21HL = MINIHUM VALUE OF o 1Xs2Als1XslHuyFB.4/
60X¢21H® = CRITICAL VALUE OF s 1Xs2ALlelXolHx FB8,4/
60Ke12HP = VALUE OF o 1Xs2A101Xs

IJAHPREDICTED RY PERTURBATION SOLUYION}
1490 FORMAT (/2X92HPT +2XeSHXBASE + 3K+ 2A1 1 AHBASE ¢ 2X 4 SHXPERT 43X 02410
AHPERT+1X996A1/)

1500 FORMAT (1Xe13,4F8,4¢1X056A1)

c

RAESPRAR "

»

LR X ¥

Cooss e ABNORMAL TERMINATION FORMATS FOLLOW.

c
9000 FORMAT (///1X+28MNUMBER OF CRITICAL POINTS IN/
1X+30HBASE AND CALIBRATION SOLUTIONS/
1X¢31HARE UNEQUAL = CALCULATION ENDED)
9050 FORMAT (///]1X+25HNUMBER OF CRITICAL POINTS/
1X923HSELECTED EXCEEDS NUMBER/
119 30HACTUALLY LOCATED = CALCULATION/
1X«SHENDED)
9100 FORMAT (/7//1X+28HORDER OF SPECIFIED POINTS 1IN/
1X330HBASE AND CALIRRATION SOLUTIONS/
1X¢39HDOES NOT CORRESPOND = CALCULATION ENDEOD}
9500 FORMAT (1M1}

END

mAR _Rw»

L X ]

MAINST)
MAINST2
MAINST]
MAINSTS
MAENSTS
MAINSTS
MAINSTY
HAINS78
MAINSTO
HAINSAD
MAINSA)
MAINSRZ
LIACET X
MAINS@4
MAINSSS
HMAINSBS
MAINSAT
MAINSES
MAINSAQ
MAINS9Q
MAINSQ)
MAINS92
MAINSG]3
MAINSGs
MAINS9S
MAINS9S
MAINSG7
MAINS98
MAINSS9
MAINGDO
MAING6DL
MAINGQ2
MAINSO3
MAINGOA
MAING60S
MAINGOS
MAINGOT
#AINGOS
MAINGOS
MAINS)O
MAING1]
HAINB12
HAING]3
MAING]4
MBING1S
MAING]16
MaING]T7
HalNG1B
MAING19
MaIN620
MAING2 )
MAING22
MAINGZ]
MAINS A

SUBROUTINE BANNER
[
CoeaasPRINTS TWO BANNER PAGES WITH JOB KEYWORD IN UPPER RIGHY CORNER.
c

COMMON /HEAD/ TITLE(8D)
READ (5410000 TITLE
00 10 IPAGE=142
WRITE (6+41020) (TITLE(I)elnly9)
WRITE (6+1030)
WRITE (64+1040)
10 CONTINUE
RETURN
1000 FORMAT {B80Al)
1020 FORMAT {(1H]1¢119Xe13(1H®)/120Xs2H® +OA]1+2M #/]120Ks13(]H"))
1030 FORMAT (//////77738%+5501H®) /38X s JH® «SIXe1HS/
% 38X JH®y 19Xy ISHPROGRAM PERTURB]9X s |H8/3BX ¢ |H® ¢8Iy |He/
% 38X JH® 9 TX939HCALCULATES NONLINEAR MULTIPLE~PARAMETER,
% TXo1HE®/38Xs JH® 953X JHS/
% 38X+ 1H®41IX927HCONT INUOUS OR DISCONTINUOUS.
. 13Xe 1H®/38X ¢ IH® 53X I N/
% 38X )H® s 15Xe 22HPERTURBATION SOLUTIONS 16Xs1H® /38X s 1H® ¢5IXe JHE/
% 38X« 1H® 9 10XeI3HUHICH REPRESENT CHANGES IN EITHER.
s 10X e IHS /I8N ¢ 1HS 453Xy 1HE/
% 38Xs1H®s 13X 27HGEOMETRY OR FLOW CONDITIONS,
1] 13X e 1H® /38X, 1H® 453X 1 HE/
% 38K 1HO A%+ A4HBY EMPLOYING A STRAINED-COOROINATE PROCEOUREs
b SXs1H®/IRRs L1H® 4 SIN s LH®/
S 3Ny 1HO 34X+ 44HUTILTZING UNIT PERTURBATIONS DETERMINED FROM,
] SXe1H®/IANQLH® 5K [HS/
% IBXsIH® 9 16X ¢ 21HPREVIOUSLY CALCULATED,
1] 16X IHO/IAX |H® 4 5IX s 1H®)
1040 FORMAT (38Xs1H® 49X ¢34H"BASEY AND "CALIGRATION® SOLUTIONS.
s 10K LH® /38Xy 1H® 53Xy IH®/
% 38Xe1H®sAK+ASHDISPLACED FROM ONE ANOTHER BY SOME REASONABLE.
1] AXe1H® /38Xy 1H® 953X s |H®/
% IBXe1H® 98X+ 36HCHANGE IN GEOWETRY OR FLOW CONDITION.
1 9XeIH® /38X s [H® 45310 1H®/
1] IBXe1H® 53X e I HY/
% IBRe1N® 92109 LONWRITTEN BY22%9 IN®/IBK ¢ 1H® 253X 1 He/
% 38Xe1H®e7XeIOHJAMES P, ELLIOTT AND STEPHEN 5. STAHARA,
1] TRe1H® /38K |H® 453X 1HE/
s IRXIHE 4 SIX 1N/
% IBXe]H® TX s IBHNIELSEN ENGINEERING AND RESEARCHs INC.»
1 3 BXy JH®/IRX s [ H® 453X 0 JHE/
L 3
1

3BN9 1H® s LAN 4 2SHMOUNTALIN VIEWs CALIFORNIAS1ANAIHO/IBRAIHE(SINIHEY

IBXeS55(1He})
END

SUBROUTINE DRYPLT (ICASE+NeNCASE +NPARAMYMIN, YMAX s YCR2)

DIMENSION HULINER (D) yHLINED (D)

DIMENSION XCSAVE (84200} 9 YCSAVE (84200)

DIMENSION XBASE {200} ¢ XCALB{200) +XPERT {200) ¢ XCHEK (200) y YBASE(200) 4
L 3 YCALB(2901 +YPERT (200) s YCHEK (200} 4 YPRTI (2001

BANN
BANN
BaANN
BANN
BANN
BANN
HBANN
BANN
BANN
BANN
HBANN
HANN
BANN
BANN
BANN
BANN
HANN
BANN
BANN
BANN
HANN
BANN
BANN
HANN
BANN
BANN
BANN
BANN
BANN
BANN
BANN
BANN
BANN
BANN
BANN
BANN
BANN
BANN
BANN
BANN
BANN
BANN
BANN
BANN
BANN
BANN
BANN

pRVP
ORVE
DRvVP
DRVP
ORVP

OBNPN S W

43
a4
L1
46
47

B w N
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20
1000
1010

10
20

COMMON /HEAD/ ITITLE(80)

COMMON /SAVE/ XCSAVE.YCSAVE

COMMON /XY/ AXBASE ¢ XCALBoXPERT ¢ KCHEK + YBASE ¢ YCALR S YPERT ¢ YCHEK o YPRT]
DATA NPLOT /0/

IF (NPLOT .EQ. 0) CALL BETA

MIN=10,00 (YMIN=-0,])
HAX®]10.0® (YMAXeO,.1)
YMIN=O, 1 ®MIN

YMAX=O, 1OMAX

ENCODE (28410009 HLINE2)
DO 20 K=] o NPARAM
NPLOTaNPLOT=1

ENCODE (2241010+HLINED} KoNPARAM

CALL BGNPL (-1)

CALL MIKALF (ML /CS5T™)

CALL MX3ALF (UINSTRN,ngw)

CALL SIMPLX

CALL TITLE (IH »lelHXe1e"SE0.5)CBEX(P)
CALL HEADIN {"PLOT (OF) CSLO.25H0.7(P)§
CALL MEADIN {HLINE2+28+2¢3)

CALL HEADIN {HLINE3+22+243)

CALL GRAF (0.00"SCALE"s 1409 YMAX"SCALE®+YHIN}
CALL FRAME

IF (YCR2 .GT., YMAK) GO TO 10

CALL RLVEC (0.0+YCR2+0.2+YCR2+0000)

CALL RLMESS ("CSL(PYBE(®)$"+100+0.21¢YCR2)
CONTINUE

CALL DASH

CALL CURVE (XBASE+YBASEeN+0)

CALL RESET {(1DASHM")

CALL DoT

CALL COPY (2¢NeKoXCALBXCSAVE)

CALL COPY (29N¢KeYCALBYCSAVE)

CALL CURVE (XCALBsYCALAIN+O)

CALL RESEY (npaT¢)

CALL MARKER (1}

CALL CURVE (XPERToYPERTsNe=1)

CALL RESET ("MARKERM)

CALL CURVE (XCHEKsYCHEKeN+ Q)

CALL ENDPL (NPLOT}

(ZVITLE(I) s 121+9) ¢ ICASEsNCASE

100+6.008.00
100+3,:2)

CONT INUE

FORMAT (9A1s11H! CASE NO. ¢12¢4H OF s12)
FORMAT {16HCALIBRATION NO, s1148H OF 411)
RETURN

END

SURROUTINE ECHINP
DIMENSJON CARD(20)

READ (5+1000) LECHO

IF (LECHO .EQ. 0} GO 1O 10
WRITE (6+1010)

BACKSPACE S

BACKSPACE S

READ (5+1020) CARD

IF (EQF(5)} 30,20

WRITE (141020) CARD

DRVP &
DRvP 7
ORVP 8
DRVP 9
DRVP 10
DRVP 11
DRYP ]2
ORvVP |3
DRVYP 14
DRVP 15
DRYP 16
DRVP 17
DRYP 18
DRYP 19
DRY®P 20
ORVP 21
DRYP 22
ORYP 23
DRYP 24
DRYP 25
DRVP 26
DRVP 27
DRVP 28
DRVP 29
DRYP 30
DRVP 3]
DRVP 232
DRVP 33
DRVP 34
DRVP 35
DRYP 36
DRYP 37
ORYP 3R
oRVP 29
DRVP &0
ORVP &)
DRVP &2
DRYP 43
ORVP &4
ORVP 45
DRYP 46
DRVP &7
DRVP a8
URVP 49
ORVP &0

IF (LECHO .EQ.
GO T0 10

1} WRITE {6+1030) CARD

3n REWIND 1|

IF (LECHO L,EQ, 0) RETURN
READ (1+1020) CARD

READ (141020} CARD

RE TURN

1000 FORMAT (IS)
1010 FORMAT (]1H1e25(1H®)/
.

1020 FORMAT
1030 FORMAY

1Xe1H®y 1Xs21HLISTING OF INPUT DECKe:1XelH®/
1Xe25(1H%}/2/)

(20As)

(1Xe20A4)

END

SUBROUTINE FILL (ICALL+ISTRING)

[
CoaneeFILLS ARRAY STRING WITH CHARACTERS FOR TABLE HEADINGS AND PRINTER
[

c

2
3

[

>

n

EY

PLOTS.

DIMENSION XBASE (200) ¢ XCALB(200) « XCHEX (200} ¢+ XPERT (200)

DIMENSION YBASE (2001 +YCALB(200) +YPERT(200) ¢« YCHEK (200) ¢ YPRTI (200}
DIMENSION LOCO(6)4LOC)(6) +LSELCT(6)+00(8) «02(M)

DIMENSION STRING(96) s VNAM(2) sUNIT (20} ¢ PARNAM (8)

REAL MQOeM]oM2

COMMON /PARAM/ PARNAM3LOCOsLOCT+LSELCToNINCASE «LSPECSLUNIT,
1] LCHEK +LPLOT ¢NSELCT s AsBeNPARAM s VNAM

COMMON /PERT/ Q0+Q2+MOsM1+sM2+01+YCROYCR1+YCR24 YHINS YMAX

COMMON /XY/ XBASE s XCALB+XPERY ¢ XCHEK+YBASE+YCALR«YPERTYCHEKsYPRT]
DATA IENT /0/

DATA STAR/1H®/, P/1HP/y C/1HC/+ DASH/LH=/s H/1HH/+ EL/IHL/
1] BLANK/1H /¢ DOLLAR/1HS/

DATA UNIT /Z1HXoIHSo1HT s 1HR o 1HUS IMNy JHI 4 1HT o 1H o1H o
L 3 1H olH oIH +1HU JHNo1HT ¢ IHT]H o1H o1H /

GO TO (10030+50)¢
IENT=IENTe]

IF (IENT oGT, 1)
UNIT{12) =¥VNAMI]}
UNIT(13) =VNAM(2)
DO 20 J=]l.20

D0 20 K=]l.4
I1=Js20®(K=1)
STRING(I1)3UNIT(N

RETURN

NY=296

IFLAG=0

IF {YCR2 +GT. YMAX OR, YCR2 .LT, YMIN)
1F {LCHEK ,EQ. 1) NY=72

RANGE zYMAX-YHIN

00 40 JIxzleNY

STRING(11)=DASH

STRING(1)=H

STRING (NY) sEL

IF (IFLAG .EQ, 1) RETURN

NSTARz] ¢ (YMAX=YCR2) /RANGE® (NY=])
STRING (NSTAR) »STAR

RETURN

ICALL
RETURN

IFLAG=Y

ECH]

ECHI
ECH1

ECH]
ECHI
ECHI
ECHI
ECHI

FILL
FILL
FILL
FILL
FILL
FILL
FILL
FILL
FILL
FILL
FILL
FILL
FILL
FILL
FILL
FILL
FILL
FILL
FILL
FILL
FILL
FILL
FILL
FILL
FILL
FILL
FILL
FILL
FILL
FILL
FILL
FILL
FILL
FILL
FILL
FILL
FitL
FILL
FILL
FILL
FILL

FILL ¢
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50 CONTINUE FILL 43 [ LSPEC = ]| +ss INVARIANT POINTS PRESELECTED BY USER INNU 42
0O 60 Ilml.NY FILL 46 c ISEE ITEMS NOS, 12 AND 16) INPU 43
60 STRING(11) =BLANK FILL 45 c INPU 44
IF (IFLAG .EQ. 0) STRING(NSTAR)2STAR FILL &6 ¢ LUNIT CONTROLS WHETHER OR NOT UNIT COORDINATE STRAINING(S) INPU &5
YP=YPERT(1) FILL &7 c AND UNIT PERTURBATION(S) ARE PRINTED, INPU 46
IF (LCHEK .€Q, 1) YP=YPRTI(I) FILL 48 c INEY &7
NPERT= ]+ (YMAK=YP) /RANGE® (NY=1} FILL 49 c LUNIT = 0 «es NO OUTPUT INPU &8
STRING (NPERT) =P FILL 50 g LUNIT = ] ... QUTPUT :::3 ;:
1F (LCHEK ,EQ. 0) RETURN F

YCaYCHEK (L) r}tt 2; c LCHEK SPECIFIES WHETHER OR NOT PERTURBATION SOLUTION IS TO INPU 51
NCHEK=14 {YMAX=YC} /RANGE ® (NY=1) FILL 93 C BE CHECKED AGAINST AN EXACT COMPARISON SOLUTION. INPU 52
STRENG (NCHEK) =C FILL 56 [ A PRINTER PLOT OF SOLUTION IS MADE IN EITHER CASE. INPU 53
1F (NPERT (EQ, NCHEK) STRING(NPERT)=DOLLAR FILL S5 4 INPU 5S¢
RETURN FILL 56 c LCHEK = 0 ... NO COMPARISON INPU 55
END FILL 57 g LCHEK = 1 «us COMPARISON :::3 2:
c LeLOT SPECIFIES WHETHER OR NOT AN ADDITIONAL PLOT BY A INPY 58
c PERIPHERAL DEVICE 1S TO BE MADE (SOFTWARE WUST BE  INPU &9
c SURROUTINE INPUT (ICALL) e} ¢ SUPPLIED BY USER 1N SURROUTINE PLOT). INPY 60
c INPU 61

¢ WITH THE EXCEPTION OF THE TITLE AND THE ECHO PARAMETER ([TEMS |  INPU 3 » v NO PERIP . Pt
¢ AND 2)¢ ALL INPUT FOR PROGRAM PERTURB IS READ RY THIS SUBHOUTINEs INPU & g t,tg} . ;’ o ,.2,,,5..@,,’,‘{":{0,“" },,,,3 :;
c AND 15 REQUIRED IN THE FOLLOWING ORDER (FOR DETAILSs WEFER TO INPU S ¢ INPU 64
‘E ACCOMPANYING MANUAL) . ;::3 g Ceess [TEM NO. & = ONE CARD (1615} INPU S
- c INU 66
g"" ITER NO. 1 = ONE CARD (8A10) }zﬂ : c = THIS ITEW TO BE OMITTED IF LSPEC = | =emme INPU 67

NP
c TITLE JOENTIFIES JOB - PRINTED AS HEADLINE ON FIRST PAGE  INPU 10 g LSELCT(T] oen :Np:,’ ::
c OF OUTPUT. FIRST NINE CHARACTERS ARE PRINTED IN INPU 11 ¢ ARRAY OF LENGTH & OF WHICH NSELCT ELEMENTS ARE READ INPU 78
¢ UPPER REGHT CORNER OF BANNER PAGE, AND IN UPPER INU 12 c IN. SPECIFIES NATURE OF POINTS TO BE HELD INVARIANT INPU 71
[ 4 LEFT CORNER OF SUMMARY PAGE. INPL 13 c ACCORDING 10 THE CODE INPY 72
¢ INPU 14 c INPU 73
geote ITEM NO. 2 - ONE CARD (IS) }::3 :: c 1 eee MINIMUM PT, HELD INVARIANT INPY T4
- 2 MAXIMUM PT, HELD INVARIANT INPY 7
g LECHO CONTROLS WHETHER OR NOT INPUT DECK 1S PRINTED. :::3 :; f: 3 o1 IST CHITICAL PT. MELD INVARIANT INPU 12
¢ 4 eo. 2ND CRITICAL PT. MELD INVARIANT INPU 77
c LECHO = 0 ..o NO OUTPUT INPU 19 ¢ 5 .e0 JRD CRITICAL PT. HELD INVARIANT INPU 70
g LECHO = 1 +e. OUTPUT ;::3 :‘l’ c & ses 4TH CRITICAL PT. HELD INVARIANT INvY 79
c INPU RO
Cesss ITEM NO. 3 ~ ONE CARD (1615) INeY 22 c NOTE THAT THE CODE NUMBERS CAN BE ASSIGNED IN ANY  INPU &1
¢ INPY 23 ¢ ORDERs E.Gs INNY 82
c N NUMBER OF DATA POINTS IN BASE AND CAL1BRATION INPU 24 ¢ INPU n3
¢ SOLUTIONS. wy 56 C LSELET(3) = 3 Iy 85
t a
c NCASE NUMBER OF CASES FOR WMICH PERTURBATION SOLUTIONS ARE INPU 27 E LSELCT(S) = & INPU 86
g 10 BE COMPUTED. :::3 ;: c our 1 :::U ar
s va 0 u 88
¢ NPARAM  NUMBER OF PARAMETERS PERTURBED. INPU 30 E 1s Equtval INPU :.
4 INPU 31 SELCT(]) = & INPU 90
¢ NSELCT  NUMBER OF POINTS (IN ADDITION TO END POINTS) TO BE  INPU 32 f: tsaﬁ,.;, a1 INPU 91
[4 HELD INVARIANT IN STRAINING. INU 33 c LSELCT(3) = 3 INPYU 92
c NOTE: 1 oLE. NSELCT .LE. 6. INeU 38 < INPU 93
4 INPY 35 c AOTH CORRESPONDING TO NSELCT = 3 WITH THE WININUM,  INPU 94
¢ LSPEC gg:{?gt:om' INVARTANT POINTS IN STRAINING ARE {33 - ¢ AND FIRST AND SECOND CRITICAL POINTS HELD INVARIANT. INPU 98
. ¢ INPU 96
c INPU 38 ®eee ITEM NO. 5 = ONE CARD (2Al) INPU 97
c LSPEC = 0 o0 ;uvnaum POINTS ?ELECYED;ROM AMONG {N:u 19 E 1e ! INPU 98
¢ HOSE LOCATED RY THE PROGRAM NPU 40 c VNAN CHARACTER STRING OF LENGTH 2 WHICH SYMBOLIZES 1Y 99
4 (SEE TTEM NO. &) INPU 41 c DEPENDENT VARIABLEs E.6. CP FOR PRESSURE INPULOR



96

[

[
Ceess JTEM NOe 6 = ONE CARD (10AR)

PARNAM (K)

Q0 (K)

AAANOOOANDOND ANAOOOAOONN

sese ITEM NOs T ~ ONE CARD t8F10.6)

ssss [TEM NO. 9 = ONE CARD (BF10.6)

COEFFICIENT.

eos
ARRAY OF B8-CHARACTER STRINGS WHICH IDENTIFY THE
PARAMETERS VARIED, NPARAM ELEMENTS OF THE ARRAY
ARE READ IN.

A SCALING PARAMETER (A = ~X{1)s WHERE X(1} IS FIHST
DATA POINT ON LOWER SURFACE ... SEE MWANUAL).
8 SCALING PARAMETER (B = X(N}s WHERE X(N} 1S LAST DATA
POINT ON UPPER SURFACE ... SEE MANUAL).
sese ITEM NO. 8 ~ ONE CARD (8F)0.6) .
Mo ONCOMING MACH NUMBER IN BASE SOLUTION.

ARRAY OF LENGTH 8 GIVING VALUES OF PERTURBATION

PARAMETERS IN BASE SOLUTION. NPARAM ELEMENTS OF THE

ARRAY ARE READ IN,

Co®ss ITEM NO« 10 = ONE SET OF C CARDS (8F10.6)s C & 1 * INT(N/B) sesses
[

c XBASE(I)s Im)oN see

[ X COORDINATE IN BASE SOLUTION,

[

Coees ITEM NOe 11 = ONE SET OF C CARDS (8F10.6)s C AS IN ITEM NO, 10 ®ee
¢

c YBASE(TI)s InloN eee

[+ OEPENDENT VARTABLE IN BASE SOLUTION.

C

Coess ITEM NOo 12 - ONE CARD (161S5)

[

c a=eam THIS ITEM TO BE OMITTED IF LSPEC w 0 ~==--

¢

c LOCO(I)  ARRAY OF LENBTH 6 OF WHICH NSELCT ELEMENTS ARE READ
c IN. SPECIFIES SUBSRIPTS OF THOSE BASE FLOW POINTS

c WHICH ARE TO BE HELD INVARIANT,

c

C

c

c sssseses ONE SET OF [TEMS 13 THROUGH 16 IS

[4 ® NOTE ¢ REQUIRED FOR EACH OF THE NPARAM

c . es  CALIBRATION SOLUTIONS.

[

Co%se [TEM NO. 13 = ONE CARD (8F10.6)

c

c "l ONCOMING MACH NUMBER IN KTH CALIBRATION SOLUTION,

c

[ [} VALUE OF KTH PERTURBATION PARAMETER IN KTH

[

CALIBRATION SOLUTION.

INPULO)
INPUL N2
INPUL 0]
INPULO&
INPULOS
[NPULOG
INPULOT
NPyl 08
INPU) 09
INPUTIO
INPUL LD
INPUL2
INPULL3
INPUL 4
1NPUL 1S
INPUL 16
INPUL LY
INPULLD
INPUL LY
INPUL 20
INPUL2]
INPU 22
INPUL23
INPU1 24
INPUL 25
INPU] 26
INPUL2T
INPU128
INPU129
INPUL30
INPULIL
INPU132
INPUL33
INPU) 34
INPU) 35
INPUL36
INPUL3T
INPUL 38
INPUL139
INPULA0
INPULA]
INPUL &2
INPUL43
INPULASG
INPULLS
INPUL&S
INPULAT
INPUY4B
INPULAY
INPUIS0
INPULS]
INPULS2
INPULS)
INPU1Se
INPULSS
INPUISE
INPULST7

ITEM NO. 14 -

XCALB(1) o

ITEM NO. 15 =

YCALB(I)

ITEM NO. 16 =~

ONE SET OF C CARDS (8F10.6)¢ C AS IN ITEM NO. 10 we®

I2 14N oeo
X COORDINATE IN KTH CALIHRATION SOLUTION,

ONE SETY OF C CARDS (8F10.6)s C AS IN ITEM NO, 10 ®e®

I=1eN w00
DEPENDENT VARTABLE IN KYH CALIPRAYION SOLUTION,.

ONE CARD (1615) se

==e== THIS ITEM TO BE OMITTED If LSPEC = 0 ==---

Locitn

ARRAY OF LENGTH 6 OF WHICH NSELCT ELEMENTS ARE READ

IN. SPECIFIES SURSCRIPTS OF THOSE POINTS IN KTH
CALTBRATION FLOW WHICH ARE TO BE HELD INVARIANT,

[YYYITTY)
® NOTE @

ITEM NO. 17 =
M2
ITEM NO. 18 =~

Q2 (k)

1TEM NG. 1§ -

ONE SET OF ITEWS 17 THROUGH 20 IS
REQUIRED FOR EACH OF THE NCASE
SOLUTIONS TO BE COMPUTED.

ONE CARD (8F10.6) ®e .

ONCOMING MACH NUMBER IN SOLUTION TO BE COMPUTED.

ONE CARD (8F10.6}

ARRAY OF LENGTH m GIVING VALUES OF PERTURBATION
PARAMETERS IN SOLUTION TO BE COMPUTED. NPARAM
ELEMENTS OF ARNAY ARE READ IN.

ONE SET OF C CARDS (8F10,614 C AS IN LTEM NO, 10 ®es

mea== THIS ITEM TO BE OMITTED If LCHEK = 0 =~==-

XCHEK(Q)

ITEM NOe 20 = ONE SET OF C CARDS (8F10.6)¢ C AS IN ITEM NO, 10 ®e®

Iz 1oN oes
X COORDINATE IN COMPARISON SOLUTION.

=emes THIS 1TEM TO BE OMITTED IF LCHEK = § ==acae

YCHEX{1)

I=]leN oo
DEPENDENT VARIABLE IN COMPARISON SOLUTION.

.

MAMONAANOAAAANOAANOOON0ANO0NNANMAA0NAONA 0N

DIMENSTON LOCO(6)+LOC] (6) eLSELCT (6}

DIMENSION XBASE{200) +XCALB(200) + XPERT (200) + XCHEK (2000
k] YBASE {200) s YCALB(200) o YPERT (200) « YCHEK {200} + YPRY [ (200}

DIMENSTION QO0(8)+Q2(8)

REAL MOoM] M2

DIMENSION VNAM(2) sPARNAM(8)

INPULSS
InbPUlS9
INPUL 6O
INPUL6)
INPUL 62
INPUL63
INPUL 64
INPUL6S
INPUL66
INPULART
INPULAB
INPUL69
INPUL 70
INPUL 7]
UL 72
INPULT3
INPULTA
INPULTS
INPUL TS
INPULTT
INPUL TS
INPUL T
INPULRO
INPUIS]
INPUIR2
INPUIa3
INPULRS
INPULAS
INeU186
INPUIBT
INPUL BB
INPU1 B9
INPUL9O
INPUL9)
INPUL 92
INFULR]
INPUL 94
INPU19S
INPUI 96
INPULQT?
INPUL9S
INPUL 99
INPU200
INPU201
INPU202
INPUR03
INPUZOS
INPU205
INPU206
INPU20T
INPU208
INPU209
INPU210
INPU211
iNku212
INPU213
INPU214
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COMMON /PARAM/ PARNAMoLOCOsLOC] sLSELCToNoNCASE LSPECILUNIT, INPUR1S 50 CONTINUE t
NTE

] LCHEK sLPLOT oNSELCT o AsBoNPARAM, VNAM INPUZ16 23
COMMON /PERT/ 00+Q2vM0yM1sM23Q14YCROs YCR]+YCR2, YMINGYHAX INPU21 7 R AT A LA Ml INTE 24
COMMON /XY/ XBASEsXCALBsXPERT4XCHEK,YBASE + YCALRYYPERToYCHEKsYPRTT  INPU21A e nyr ) sSLOPES (RT (T =X () INTE 25
G0 TO (10+20+30+40+50) ICALL 1NPU219 10 connm-m INTE 26

10 READ 1101000 NyNCASE +NPARAMSNSELCTSLSPECSLUNITILCHEKSLPLOT INPU220 RETUR INTE 27
IF (LSPEC .EQ. 0) READ (1:1000) (LSELCTUI)4I1=1oNSELCT) INPU221] 5 N INTE 20
READ {1+1010) VNAM INvU222 END INTE 29
READ 11¢1020) (PARNAMIK) +XulNPARAM] 1NPU22)

READ (101030} AeB INPU224 .
HE TURN INPUCPS SUBROUTINE LOCATE (NeRoYoVYCRIT, IGRADSLMINGLMAK NCR 7

20 READ (141030 wo INVUCP6 € IMILMAKLNMCRIT, LCRTToXCOC)  LocA H
READ (1910300 {(QO(K) ¢Kx]+NPARAM) iNPU22T CoeaaeDPERATES ON THE INPUT ARRAY Yy LOCATING MINIMUM AND MARTMUN LocA 3
READ (1510300 (XBASE(I}ol=1sN} InPU228 € VALUES, AND ALL CRITICAL POINTS (YeYCRIT) FOR WHICH DY/DX {IN LocA &
READ (1010300 (YBASE(]) slaleN) INFU229  C PHYSICAL COORDINATES) HAS ALGEBRAIC SIGN GIVEN BY 1GHAD. NCHIT LOCA S
IF {LSPEC ,EQ. 1} READ (1.1000) (LOCO(I)«Tx]loNSELCT} INPU2 30 (4 IS NUMBER OF CRITICAL POINTS. POINTS FOUND ARE STORED IN THE ARRAY LOCA ©
RETURN INPURIE € XLOC A5 FOLLOWS Loca 7

30 READ (1010300 M1,01 INPU232 c toca 8
READ (151030} (XCALBII)sl=1sN} INvU233 € XLOC{]) = MINIMUM PT, LOCA 9
READ (1¢1030) (YCALBI1}eIxleN) INPU23A € XLOCI2) = MAXIMUM PT, LoCA 10
IF ILSPEC .EQs 1) READ (1:10081 (LOCL(I)«[xLaNSELCT) INPU23S  C XLOC3) = CRITICAL PT, NO, 1 toca 11
RETURN INPU230 c ver 2 aae LOCA 12

40 READ (1+1030) w2 INPU23T C XLOCis) = CRITICAL PT, NO, & LOCA 13
READ 11¢1030) (Q21K) oKu) +NPARAM) INPU23B  C LOCA 14
RETURN INPU239 DIMENSION X{200)+Y1200) sLCRIT {4} s XCRIT {4) 4 XLOC tS) LOCA 15

50 READ (1910300 (KCHEK([)eTaleN} INPU24D COMMON /FLOREY/ [REY LOCA 18
READ t151030) (YCHERIT)s1z1oN) INPU24L 1FLOW=-] LOCA 17
RETURN INPU242 LMIN=] LOCA 18

1000 FORMAT (1615 INPU243 LMAxx] LOCA 19

1010 FORMAT (2A1) INPUZA4 ISTART#2 Loca 20

1020 FORMAT (1048} 18PUR4S 1F (IREV .EQ. 0) 60 TO )0 LOCA 2}

1030 FORMAT (8F 046} INPUZas LHTN=2 LoCA 22

ERD INPU2AT LMAX=2 LOCA 23
1START=3

10 CONTINUE Lo

SUAROUTINE INTERP (NeXeYeXIoYD) e 1 Y e ISTART N Loca ze

4 2 2

CocossGIVEN THE SET OF POINTS X(1}s Y{I)s IZ1sNs AND THE SET XItJ)s INTE 3 }: ::“E‘,' -N?- 0 .:un. 1 «£EG. N) GO To 20 LOCA 28

Pt " Jx1sNe USES LINEAR INTERPOLATION TO COMPUTE THE SET YI{Jis JalsNe INTE 4 4 "H) -G'- YILMAX)) LMAxXsl LocA 29

p INTE o 2 éonnr::;c sLTe YELMIND) LMINal .tug. 3:

i 4 0 INTE 6 0CA 3

::‘TE:E:ON X(200)5Y(200) X1 (2004 Y1 (20 NE 3 IF ((YUI) ,GTs YCRIT .AND, Y{I=1} .GT. YCRIT) .OR. Loca 32

AT INTE 8 ) (YE1) (LT. YCRIT AND. Y1I=1) LY, YCRIT)) GO 0 30 Loca 33

;gvnr‘llm INTE o IF (1 .6T. IREV) IFLOW=] LOCA 3¢

e e, ka0 10 10 INTE 10 'I‘F(’:R;:v'(“l:;;v:l-l)l'FLOAT(lFLOI'IGRAD) oLTe 0.0} GO TO 30 Loca s

IF (XI(I) .GE. K{N}} GO 10 20 INTE 11 xNCR1T+1 LOCA 36

&0 10 30 INTE 12 LCRIT (NCRITI=]~] Loca 37

n o INTE 13 SLOPE= (X (1) =K(1=1)}/(Y(1}=¥(I=1)) Loca 38
w010 60 INTE 18 " :3:};;3&&11)-lu-n»smw:-ucan-vu-\n LOCA 39

20 JaN=} INTE 15 LoCA 0
G0 TO 60 INTE 16 RLOCILY =X ILAIN) LOCA «1

30 CONTINUE INTE 17 ALOC (2) 2X (LHAD) LOCA 42

o Ee USTART M1 INTE 18 IF (NCRIT ,EQ. 0) RETURN LOCA 3

0o 50 J DO 40 I=)oNCRIT

IF (X1(1) NE, X{J}) GO TO 40 INTE 19 - ’ LOCA &4

Y eY () INTE 20 0 RLOCET+2) :xCRITLYY LOCA &5

G0 10 70 INTE 21 RETURN LOCA 46
40 IF (XI(I) 6T, X{J) «AND. X111} oL¥e XtJe1)} GO 10 60 INTE 22 €N Loca 7
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SURROUTINE MONO (NoLeXoY)

[
CoaeeoCHECKS POINTS IN VICINITY OF A CRITICAL POINT FOR HONOTONE
C BEHAVIORs AND ADJUSTS VALUES IF NECESSARY TO GIVE A LINEAR
[ PROFILE.
[+

DIMENSTION L(4)(X(200)0Y(200)

00 10 I=1N

LS=L(n

Yiav{L5-1)

Y2=Y(LS)

Y3aY{LS+])

YasY(LG2}

IF (Y] «L¥e Y2) oANDs (Y2 oLT. Y3) (AND. (Y3 LT, Y4}} GO TO 1n

1F L(Y¥] .GT. Y2) .AND. (Y2 .GT, Y3} .AND. (Y] ,GT. Ya}) GO TO 10

X1=R(LS=1)

X2aX (LS}

X3=X(LS5*]1)

RénX{LS*2}

SLOPE=(Y4=Y1)/(X4=K1}

YILS)=nY)+SLOPE® (X2-X})

Y(LS*1)aY1+SLOPE® (X3=X])

10 CONTINUE
RETURN
END

SUBROUTINE SCALE (NoeXeMeA+B)

c

CoessoENTRY WITH M = | CONVERTS FROM PHYSICAL X (0 TO -A ON LOWER
SURFACEs 0 TO B ON UPPER SURFACE) TO NORMALIZED X (0 .LT. X .LT.
1) ENTRY WITH M2 REVERSES THE PROCESS. NZ (DETERMINED WHEN Mx])
CORRESPONUS TO POINT AT NUSE OF BLADE OR AIRFOIL.

o006

COMMON /FLOREV/ NZ
DIMENSION X(200)

IF (M .EQ. 2) GO TO 30
CONTINUE

N2=0

00 10 I=29N

IF (X{1) oLTe X(1=1)) NIs]

00 20 1=1N
IF {1 JLE. NZ) Ta=x(l)
IF (1 .6T. NZ) T=x(D)
X(1)=(T=A)/(B=A)
20 CONTINUE
RETURN
30 DO 40 i=1N
X{I)mABS((@=A)*X (1) oA}
4n CONTINUE
RETURN
END

MONO

MONO
HONO
MONO
MONO
MONO
MONO
HONO
MONO
MONG
MONO
MOND
HONO
HONO
HONO
MONO
HONO
MONO
HONO
MOND
MONO
MONO
MONO

SCAL
SCAL
SCAL
SCAL
SCAL
SCAL
SCAL
SCAL
SCAL
SCAL
SCAL
SCAL
SCAL
SCAL
SCAL
SCAL
SCAL
ScaL
SCAL

OGP WN-

o Bt Bt ot e e a
OB NOVPWAN=OIBE~NPV S WA=

N
[

21

NN
whN

24
25
26

SUBRQUTINE SORT (NsX+ISEQ}

Coeoos o ARRANGES THE SET X(1)s X(2)s oee o XN} IN A NONOTONE INCREASING
c SEQUENCE, ISEQ GIVES ORDER OF SUBSCHIPYS IN REARRANGED SEQUENCE.
c
DIMENSION X(8),ISEQ(S)
NMEaN~1
00 10 1=1sN
10 1SFQ(1) =]
20 I1TEST=0
DO 30 t=lsNM}
IF (X(T) oLE, X(I+1)) GO TO 30
XSAVE=X (1)
X(p) =x(lel}
X(1+1) sXSAVE
1SAVE=ISEQ(])
ISEQ(II=ISEQ(Ie])
ISEQ(1¢1)=ISAVE
ITESTm]
30 CONTINUE
IF (1TEST .EQ. 1) GO TO 20
RE TURN
END

SUBROUTINE STRAIN (NeKoNSEG.KFIXsXINePARMyDELX)
4
CoosesCOMPUTES STRAINING INCREMENT DELX FROM [NPUT ARRAY XIN. USING
PIECEWISE LINEAR STRAINING WITH NSEG LINEAR SEGMENTS, FOR UNIT
STRAININGs INPUT VALUE OF PARM IS 1.0% FOR GENERAL CASEs

PARM = (Q2(K)=00({K)}/(Q1~-Q0(K)).

oMNnOOn

DIMENSION XFIX(8)+XINI200) +DELX(200)
COMMON /COEFF/ CiBeT)eD(8s7)
JSTART=]
00 30 1=1eN
DO 10 JaJSTARTNSEG
IF (RINCD) oGE, XFIX{J) «AND. XIN(I) JLE. XFIX(Js1)) GO TO 20
10 CONTINUE
20 DELX(1)=PARM® (CIKsJ)+(D{KsJI=1.0)EXINID))
JSTARTsJ
30 CONTINUE
RETURN
END

SUBROUTINE TABLE (NPARAMINCASE « PARNAMM0.00)

DIMENSION PARNAM{B) 9Q0(8)

DIMENSION ORD(25) +HEADO {5) +HEAD] (5) oHEADR(5) o MISAVE (B) o
1 3 M2SAVE (25) +Q1SAVE (8) 4Q2SAVE (8425)

DIMENSION QWRITE (8)

REAL MOM)SAVE ¢M2SAVE

COMMON /HEAD/ TITLE (80)

SORT
SORT
SORT
SORT
SUNY
SORT
SORT
SORT
SORT
S50RT
SURT
SORT
SORT
SORT
SORT
SORT
SORT
SORT
SORT
SORT
SORT

SORT

STRA
STRA
STRA
STRA
STRA
STRA
STHA
STRA
STRA
STRA
STRA
STRA
STRA
STRA
STRA
STRA
STRA
STRA
STRA
STRA

TABL
TABL
TABL
TaBL
TaBL
TABL
TABL

OVB~NCNS WA~

NG WS W
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COMMON /TBL/ HEADOSHEADL ¢HEAD2+M] SAVE +M2SAVE «Q1SAVE +Q2SAVE
DIMENSTON STAR(127) sBLANK(126) ¢STRNG1 ()00} +STRNG2 (28) +END(6)
DATA STAR /127%1H%/y BLANK /126®1H /s STRNG2 /]H®+27%1H-/s

L) STANG] /100°1H-/

30

DATA END /1HPoJHA¢IHRo 1Moo 1H o 1HE/
DATA ORD /SH 1ST +5H 2ND

SH22ND +5H23RD »SH26TH «SH25TH /
00 10 I=1e10
Il=11%1=-10
STRNGL(I1)=STAR(]}
00 50 IPAGE=le+2
WRITE (641000} (TITLE(1)¢lm])e9}
IMAX]=]119NPARAR® 12
IMAXZ=TMAX]+28
WRITE (601010} (BLANK(I) 91142814 ISTAR(I)sIx]1sIMAK])
WRITE (6+1020) (ORD(K)+K=x]1sNPARAM)
INAXSIMAX2-6
WRETE (601030) (BLAMKIT) o In]eIMAK) JEND
IMAK IMAX =11
WRITE (6010401 (STANGL(1) o1nlsIMAX)
WRITE (601050) (PARNAM(K) oKulosNPARAM)
IMAK=[MAX2<-]
WRITE (601030} (BLANK{I)oIm)oIMAX) sSTARL])
WRITE (6410100 (STAR(I)s1=]0IMAK2)
WRITE (651060} HEADS MOy (OO (X) JKx] JNPARAN)
WRITE (6+1030) (BLANK(I) oIx14IHAR) »STAR(])
WRITE (641010} (STAR(I}eInloINAX2)
WRITE (6010700 (STAR(I)elaloIMAK2)
DO 30 X=]NPARAN
DO 20 KK=1,NPARAM
QWRITE (KX) 2Q0 (KK)
QWRETE (K) =Q1SAVE (K)
WRITE (6+1080) ORD(K) ¢HEAD] ¢+MISAVE (K) s (QWRITE (KK) «KKx] s NPARAM)
WRITE (601030) (BLANK(T)eIm]oIMAX) oSTAR(L)
IF (K LT, NPARAM) WRITE (691010) STRANG2s (STRNGI(I)s1x14IMAX])
CONTINUE
WRITE (6+1010) (STAR(I)olnlsIMAX2)
MRITE (651070) (STARCI)s1aloIMAX2)
D0 40 ICASE=]sNCASE

WRITE (6+1080) ORD(TCASE) +NEAD2+M2SAVE (ICASE) »
;]

.

5

1000

1
1040
1058

(Q2SAVE (Ks [CASE) oX=u] yNPARAM)
WRITE (641030) (BLANK(])ololoiMAX)+STAR(])

1F (ICASE .LT, NCASE) WRITE (64)010) STRNG2¢ (STRNG1([)+1=101IMAX])

CONT INUE

WRITE (6+1010) (STAR(I)sIn]sIMAX2)

CONT INUE

RETURN

FORMAT (1HL+aX,1ILIN®I/SXe2H® s9ALe2H /5K 1I(IH®) ///)
FORMAT (SX.128A1)

FORMAT 33X+ 1N JOXsB{1H®ASsSHPAR, 1)

FORMAT ()HesaX.128A0)

FORMAT (33Xe11H® MACH NO. +89A1)

FORMAT (3IXe1HE, 18KeBI2H® 4AB01X})

o5H 3JRD o5H ATH «SH STH +SH 6TH +5H TTH
5H BTH »5H 9TH +SHI1O0TH +SHLITH ¢SHI2TH oSH13TH «SH1ATH »
SMHISTH +5H16TH sSHITTH +SHIBTH +SHI9TH +SH20TH 45H21ST o

TABL
TABL
TAdL
TABL
TABL
TaBL
TaBL
TaBL
TaBL
TABL
TaBL
TAHL
TaBL
TABL
TABL
TABL
TaBL
TABL
TaBL
TABL
TABL
TaBL
TABL
TABL
TABL
TABL

TaBL :
TaBL

TABL
TaBL
TABL
TaBL
TABL
TABL
TABL
TABL
TAaBL
TABL
TAHL
TasL
TABL
TABL
TaBL
TABL
TABL
TABL
TAbL
TABL
TaBL
TABL
TABL
TAdL
TaBL
TABL
TABL

c

1060 FORMAT (5X,3He
1070 FORMAT (1HO+4X4128A1)
1080 FORMAT (S5X42H® +AS5,5A4,1Xe9(3H®

2S5AL SN F(IH®  F6,3e2X))

oF6e302X))
END

SUBROUT INE UPLOW (A+BsXIN+KyNeXOUT+FLAG)

CoesoesCONVERTS NORMAL IZED ARRAY XIN TO PHYSICAL ARRAY XOUT AND FLAGS
c

[

POINTS ON LOWER SURFACE WITH A wew,

OIMENSION XIN(K) sXOUT(8)

DIMENSION FLAG(R)

DATA BLANK/IH /¢ STAR/LIH®/
XNOSE=z-A/ (B=A)

DO 10 I=]eN

FLAGTT} =BLANK

IF (XIN{I) oLT. XNOSE) FLAG(I)aSTAR
XOUT () =ABS( (B=A)PXIN(L)*A)

10 CONTINUE

RETURN
END

TAHL
TAHL
TaBL
TABL

uPLO
uPLO
UPLO
uPLO
uPLO
uPLO
uPLO
uPLO
UPLO
uPLO
UPLO
uPLO
uPLO
uPLO
uPLO
uPLO

63
64
65
66

OBNON W
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APPENDIX C
LIST OF SYMBOLS

blade chord, m

design variable coefficient of profile shape
function; eq. (22)

invariant point index; eq. (5); also, index for
surface shape functions; eqs. (22,23)

dummy index; eq. (24)
two-dimensional full potential operator; eq. (1)

linear operator representing first-order perturbation
of two-dimensional full potential equation; eq. (3)

linear operator representing first-order perturbation
terms arising from coordinate straining; eq. (6)

number of independent flow or geometrical variables
to be perturbed

absolute inlet Mach number

total number of shock points and high-gradient
maxima points; eq. (21)

total number of invariant points, equal to n + 2;
eqs. (13,14)

th

J arbitrary geometric or flow parameter to be
perturbed; eq. (8) :

calibration flow value of qj; eq. (8)
base flow value of qj; eq. {2)

approximate flow solution for arbitrary flow quantity;
eq. (7)

calibration flow solution for value q of arbitrary

C.

parameter; eq. (7) j

base flow solution for values a, of arbitrary
parameters; eq. (7) j

jth perturbation solution per unit change of

perturbed parameter qj; eq. (7)



Subscripts

i

j

strained (x,y) coordinates; eq. (4)
gap to chord spacing ratio

nondimensional blade-fixed orthogonal coordinates;
eq. (7), normalized by C

nondimensional blade-fixed orthogonal coordinates

.th

related to j calibration solution; eq. (7)

straining functions associated with (x,y) coordinates;
eq. (4)

straining functions associated with ith invariant
point; eq. (5)

angle oncoming flow makes with blade chord line

unit displacements in (x,y) directions associated
with ith invariant point; eqs. (5,8)

desired perturbation change of jth geometric or
flow parameter; eq. (8)

perturbation change of jth geometric or flow parameter
between base and calibration flows; eq. (8)

thickness ratio of blade

nondimensional total velocity potential; eq. (1),
normalized by CV_

nondimensional base flow velocity potential; eq. (2),
normalized by CV_

nondimensional jth perturbation velocity potential;
eq. (2), normalized by CV_

th

denotes quantities associated with i invariant

point

denotes perturbation quantities

Superscripts

(e}

C

denotes base flow quantities

denotes quantities associated with calibration flows

101
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TABLE 1

COMPARISON OF FINAL DESIGN VARIABLES AND OBJECTIVE FUNCTION
WHEN EMPLOYING FULL NONLINEAR TSONIC SOLUTIONS OR
PERTURBATION METHOD FOR DIFFERENT CHOICES OF
CALIBRATION SOLUTION MATRIX FOR SIX DESIGN
VARIABLE SUBCRITICAL OPTIMIZATION CASE
STUDY USING MAXIMUM SUCTION SURFACE
VELOCITY DIFFUSION OBJECTIVE

Design ObjeéﬁiVe
Variables KOCR ] T M ] P ~ TMX | THLE Function
INITIAL
Baseline ~10.0000 0.2500 0.4500 | 1.50000 0.0500 | 0.0050 | 1.8400
Upper Bound 0.0000 0.6000 0.5500 4.0000 0.1000 0.0120
Lower Bound | -15.0000 0.2000 0.2000 | 0.5000 | 0.0300 | 0.0030 - ]
FINAL
TSONIC SOLUTIONS ONLY RESULTS
CDC 7600 —7.1106 0.2000 0.5500 | 0.9401 | 0.0300 | 0.0064 | 1.6748
IBM 3033 -8.8659 0.2400 0.5500 | 0.7628 | 0.0300 | 0.0051 | 1.6752 |
PERTURBATION SOLUTION RESULTS
CASE 1 o
Calibration | -7.0000 0.2000 0.5500 0.9400 0.0300 0.0064
Final -9,2223 0.2327 0.5500 0.9281 0.0359 0.0052 | 1.6904
CASE 2
Calibration | -9.0000 0.2300 0.5500 0.8000 0.0300 0.0060
Final -8.8714 0.2228 0.5500 0.9523 0.0315 0.0051 1.6908
CASE 3
Calibration |-12.0000 0.3000 0.4000 1.2500 0.0400 0.0070
Final -8.9865 0.3001 0.5500 0.8776 0.0300 0.0050 1.6974
CASE 4
Calibration | -8.0000 0.3500 0.5000 2.0000 0.0600 0.0060
Final -8.2180 0.3257 0.5500 1.4527 0.0385 0.0049 1.7628
CASE 5
Calibration | -9.0000 0.3000 0.5000 2.5000 0.0400 0.0040
Final -5.9055 0.4440 0.5500 1.3325 0.0412 0.0037 1.7486
CASE 6
Calibration | -11.0000 0.2300 0.3500 1.2500 0.0600 0.0040
Final -9.,4297 0.2522 0.5500 0.8036 0.0300 0.0052 1.6807
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