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SUMMARY

An investigation was carried out to complete the preliminary
development of a combined perturbation/optimization procedure and
associated computational code for designing optimized blade-to-
blade profiles of turbomachinery blades. The overall purpose of
the procedures developed in this study is to provide demonstration
of a rapid nonlinear perturbation method for minimizing the compu-
tational requirements associated with parametric design studies
of turbomachinery flows. The method reported here combines the
multiple-parameter nonlinear perturbation method, successfully
developed in previous phases of this study, with the NASA TSONIC
blade~to-blade turbomachinery flow solver, and the COPES-CONMIN
optimization procedure into a user's code for designing optimized
blade-to-blade surface profiles of turbomachinery blades. Results
of several design applications and a documented version of the
code together with a user's manual are provided.



1. INTRODUCTION

The remarkable success of advanced computational methods for
determining complex fluid dynamic phenomena has created a con-
tinuing demand both for increasing the accuracy and generality of
these methods, as well as the desire to incorporate these methods
into a routine use mode needed for design and parametric investi-~
gations. However, a major impediment to such routine use of many
of these current and emerging computational codes is the high
computational cost reguired in their direct application
to situations requiring repetitive high-frequency use. Conse-
gquently, a real need exists for determining the means to reduce
these costs while retaining the required accuracy in such non-
linear applications. While this need exists in virtually all
engineering applications when relatively sophisticated numerical
codes are employed, for turbomachinery applications it is partic-
ularly severe since both the underlying aerodynamic computation
of the flow field is costly and also the number of flow and
geometry parameters needed to be varied in design studies is
large.

The ultimate objective of this investigation is to develop
and demonstrate methods that would provide the means to reduce
substantially the overall computational reguirements necessary
for turbomachinery design studies. It is conceived that these
methods would be coupled with high run-time general turbomachin-
ery computational flow field solvers and would be used in con-
junction with them in applications where large numbers of related
nonlinear turbomachinery solutions are required.

That such methods can be realized has been successfully
demonstrated in the previous phases (Refs. 1-3) of this study.
In the first of those investigations (Ref. 1), several candidate
methods were studied and the most promising method was identi-
fied. Extensive development and testing of that method was then
carried out in the subsequent phase (Ref. 2). This testing was
performed for a wide variety of both flow and geometry parameters
for turbomachinery flows past isolated blades and compressor
cascades at both subcritical and supercritical conditions.
Emphasis was placed in particular on strongly supercritical 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 remark-
able accuracy and range of validity of the perturbation method.
In the most recently compléted phase (Ref. 3), the perturbation
method was extended to treat simultaneous multiple-parameter
perturbations. Extensive testing of the method has demonstrated
remarkable accuracy and range of validity of the multiple-
parameter perturbation procedure in direct correspondence with
the previous results obtained for single-parameter perturbations.
Additionally, initial applications of the multiple-parameter



perturbation method combined with an optimization procedure were
made (Ref. 3) to several turbomachinery blade design problems.
The results demonstrated the potential of the perturbation method
for reducing the computational work in such applications by an
order of magnitude with no degradation in accuracy.

The work reported here describes the continued development
of the combined multiple-parameter perturbation method/
optimization procedure. The primary objective of this phase is
on the development of that combined procedure into an operational
method for designing optimized blade-to-blade profiles of turbo-

machinery compressor blades.
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2. ANALYSIS

2.1 Perturbation Concept

The obvious method of carrying out a perturbation analysis,
that is by establishing and solving a series of linear perturba-
tion equations in the manner of van Dyke (Ref. 4), appears to be
an obvious choice for the current application. The initial phase
of this study (Ref. 1) established that for sensitive flows, such
as occur in turbomachinery, the basic linear variation assumption
fundamental to the technigque is sufficiently restrictive that the
allowable range of parameter variation is so small as to be of
little practical use. A novel alternative to the linear pertur-
bation equation approach was then subsequently developed and
successfully tested (Refs. 1-3) in which a correction method is
used that employs two or more nonlinear solutions obtained from
the basic nonlinear flow solver, rather than just one as in the
linear perturbation equation approach. For this alternative
method, the basic perturbation solution is determined simply by
differencing two nonlinear flow solutions removed from one
another by some nominal change of a particular flow or geometri-
cal 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 pertur-
bation 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 perturba-
tions which change the flow domain, coordinate stretching is
necessary to ensure proper definition of the unit perturbation
solution. For discontinuous flows, special coordinate straining
is necessary to account for movement of discontinuities due to
the perturbation.

At this point, the perturbation concept based on these ideas
has both been implemented and thoroughly tested in a wide range
of applications (Refs. 1-3, 5-11). These applications have pur-
posely involved a number of different nonlinear flow field solvers
to provide the base solutions necessary for the perturbation

" calculation. The most extensive and systematic of these studies

are reported in References 2, 3, 9, and 11, where results are
provided for case studies involving a variety of different flow
and geometry parameter perturbations of nonlinear subsonic and
transonic flows past isolated blade and compressor cascade geo-
metries. For those applications, emphasis was placed in partic-
ular on strongly supercritical transonic flows which exhibit
large surface shock movements over the parameter range studied.
By extensive comparisons with the exact nonlinear solutions,
these studies have established the accuracy, range of validity,
and versatility of the perturbation method.



The underlying reason of the remarkable accuracy of the
perturbation method developed in this study lies in the use of
coordinate straining to define the unit perturbation. As shown
in Figure 1, where the perturbation between two nonlinear solu-
tion states is displayed. graphically as the shaded area between
the base and the strained and unstrained calibration solution,
coordinate straining provides the ability to account accurately
for the displacement of a multiple number of discontinuities and
maxima of high-gradient regions due to a parameter change. This
enables the perturbation method to maintain very high accuracy
in regions of high gradients where most perturbation methods
commonly fail, and to maintain that accuracy over large para-
metric ranges.

In what follows, we provide a brief account of the theoret-
ical essentials of the strained-coordinate perturbation concept
as it configured and implemented in the present design applica-
tion. This is to predict simultaneous multiple-parameter
perturbation flow solutions for blade surface properties of
turbomachinery blades for use in optimized blade design. The
turbomachinery flow solutions thus considered can contain a total
number N of discontinuities or high-gradient continuous regions.
Complete details of the mathematical basis of the method, in
particular, the application to flow field properties, may be
found in Reference 3.

For the prediction of distributions of surface properties
involving simultaneous multiple-parameter perturbations of aero-
dynamic flows where flow properties are required along some
contour, the strained-coordinate, first-order, multiple-parameter
perturbation approximation can be represented by

M
Q(x;e) = Qo(s) + E Ele.(s) + ... (1)
j=1
M
X=S+Eijl(s)+"' (2)
j=1

where x is the independent variable measuring distance along the
surface contour or some convenient projection of that distance,
s is the strained coordinate, and €. a small parameter represent-

ing the change in one of M flow or geometrical variables which
we wish to vary simultaneously.
In order to determine the first-order corrections Qlj(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 qj by some nominal amount from

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

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

C
0, (s) = —1—— (3)
J Ej

Q.. (%5) = o (s)

where ch is the calibration solution corresponding to changing
the jth parameter to a new value ch, ij is the strained coordi-

nate pertaining to the ch calibration solution, and

Ej = ch - qOj represents the change in the qj parameter from

its base flow value. If we now desire to keep invariant during
the perturbation process a total of N points corresponding to
discontinuities or high-gradient maxima, we can represent the
first-order solution by

M
Q(x,e5) = 0g(s) + ) €50 (s) (4)
j=1 ]
where Ql (s) is given above and
J
N
xj = g + 2:: €j6xixli(s) (5)
i=1
N
X = s + 2:: ejdxixli(s) (6)
i=1
Ej = qc. - qo. (7
J J
. = g, - 8
83 qj qoj (8)
g.6x, = [x? - x9] (9)
jooi i iy
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- _J c _ O
ejdxi Ej [xi Xi]j (10)

Here E.Sxi given in Equations (5) and (9) represent the displace-

ment of the itk invariant point in the jt¢h calibration solution
from its base flow location due to the selected change Ej in the

qj parameter given by Equation (7), ej6xi given in Equations (6)

and (10) represents the predicted displacement of the ith invari-
ant point from its base flow location due to the desired change
ej in the qj parameter given by Equation (8), and xli(s) is a

unit-order straining function having the property that

1 k=1
] - (11)
0k # i

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

In References 2 and 3, detailed studies were made of the
effect of different straining functions on the accuracy of the
perturbation result. In Reference 3, identification was made of
a superior class of straining functions for use in general non-
linear applications. This class turns out to be comprised of
linear piecewise-continuous straining functions, and particular
members of this class have proven effective in all case studies
undertaken to date. It has been found that this type of strain-
ing function is able to maintain high accuracy of the perturba-
tion predictive result in the vicinity of the invariant points,
and furthermore, this class of straining function introduces no
excessive straining in regions removed from those locations.
Occurrence of the latter phenomenon has been found to be a common
failure of certain other classes of straining functions (Refs. 2,
3).

The functional forms of the straining for linear piecewise-
continuous straining functions can be compactly written. For
example, the strained coordinate xj, in Equation (5) is given by

(o]
X. - S
;{. = s + —L— . [Xc.: - X(.)]
J © . - x° i i),
i+l i J
s - Xg C (0] o
MG o [xi+l - xi+l]. H{xi+1 - S)] ) H[s a xi] (12)
X, - X, j
i+l i



where H denotes the Heaviside step function. In addition to the
points corresponding to discontinuities or high-gradient maxima,
it is usually also necessary in coordinate straining to hold
invariant both of the end points along the contour. Consegquently,
for the application developed here, the array of invariant points
in the base and calibration solutions are taken as

o o
xg = {o, x5, %3, .ouh 1
(13)
c
Xy = {0, xi_, xg., ceny xg_, l}
J J J J

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

2.2 Combination of Perturbation Method with
Optimization Procedures for Blade Design

One of the major objectives of the previous phase of this
investigation (Ref. 3) was the demonstration of the capability
of the perturbation method to work effectively in an important
nonlinear design environment related to turbomachinery. The
particular application selected was optimized turbomachinery
blade design. Toward the above objective, the perturbation
method, configured to treat simultaneous multiple-parameter
changes, was combined with proven optimization procedures
(Refs. 12, 13). Next, performance and design constraints char-
acteristic of certain turbomachinery blade design problems were
constructed. Finally, applications of the combined procedure to
several case studies involving blade profile optimization were
made. The objectives of these initial applications were to
demonstrate the workability of the perturbation concept in a
design environment, provide a benchmark of the potential for
computational savings of the combined perturbation/optimization
procedure for some typical design problems, and determine the
accuracy of the perturbation-predicted results for these cases.

Two different types of optimization problems were considered.
The first set of case studies involved isolated blades and were
more fundamental in nature, while the second set involved a
practical turbomachinery compressor blade design. For the first
set of studies, 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) = Z_(x) + E AP, (x) (14)
i=1

where ZO are the ordinates of the baseline profiles, Fi are the
shape functions, and the coefficients Ai are the design variables

whose values are determined by the optimization process as a
result of a search through design-variable solution space to
achieve a desired design improvement. The general class of geo-
metric shape functions employed, which have been found to be
successful in previous applications involving optimization of
supercritical airfoil sections (Ref. 14), consisted of exponen-
tial decay functions and sine functions. These are of the

general form (1 - x) =« xp/eqx and sin (ﬂXr)n, where the exponents
P, 9, r, and n are selected to provide a desired ordinate 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 ordin-
ate changes at particular chordwise stations. Illustrations of
the chordwise variation of typical members of these classes of
shape functions are provided in Figure 2, and it can be seen that
these functions smoothly concentrate ordinate thickness at
selected locations. Consequently, they can be used effectively
to add a series of smoothly blended bumps or scallops at selected
locations along a baseline blade profile in order to control
locally the flow characteristics at particular sections on the
blade.

A strategy that has proven convenient for performing opti-
mization studies involving aerodynamic performance parameters
(Ref. 14) has been to recontour the profile shape so as to tailor
the surface pressure distribution to conform to a desired distri-
bution. 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.

In such studies, the characteristics that are primarily
sought after in the optimization process are the minimization of
both the peaky behavior near the leading edge and the compressive
gradient on the aft portion of the suction surface that typically
exists on the baseline profiles considered. This is illustrated
schematically in Figure 3. For two of the three series of case



studies undertaken for isolated blades, 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 = }: Co (x,) - Cp (%) 2 (15)
k=1 predicted desired

where K represents the number of chordwise locations xk where

desired and calculated surface pressures are compared. For the
third series, the objective function was chosen to be the drag
coefficient squared, a much more sensitive quantity. The opti-
mization procedure employed was the now-standard CONMIN code
(Ref. 12).

The detailed results presented in Reference 3 for the three
case studies on isolated blades clearly established the ability
of the perturbation method to work accurately in a highly non-
linear multiple-parameter design environment. This was found to
be true for both subcritical as well as strongly supercritical
flow situations. The supercritical case study employing drag
coefficient as the objective function demonstrated the advantages
and accuracy benefits of multiple invariant point clustering in
high-gradient regions as well as an explicit straining concept
for determining the perturbation result. Finally, the potential
for computational savings with the perturbation method in such
optimization problems was benchmarked at an order of magnitude,
and the possibility was demonstrated of even obtaining in some
cases improved results in terms of a more global minima of the
objective function with employing the perturbation method as
compared to not using it.

The final set of case studies involved the optimization of
realistic compressor blades and was directed toward laying the
foundations of a practical turbomachinery blade design/
optimization procedure coupled with the simultaneous multiple-
parameter perturbation method. The combined code consisted of
the TSONIC blade-to-blade flow solver (Ref. 15) with generalized
circular-arc blade geometry routines BLADE (Ref. 16) to describe
the blade profiles, and the more generalized COPES-CONMIN opti-
mization procedure (Ref. 13). The combined PERTURB/TSONIC/BLADE/
COPES-CONMIN procedure, called BLDOPT, was tested on several
NASA designed case studies to demonstrate the accuracy and capa-
bility of the combined procedure on problems typical of practical
turbomachinery blade design. These case studies involved, as
design variables, selected geometry parameters related to the
MASA/Lewis circular-arc blade profiles. The optimization
objective usually chosen was the minimization of the peak suction
surface velocity diffusion. Although that choice of objective
is a somewhat sensitive selection since it represents a point



guantity in a high-gradient region, the combined procedure was
able to demonstrate good results, with computational work savings
comparable to those found in the previous case studies (Ref. 3).

In these case studies, however, because the design variables
were selected as basic geometry parameters (blade curvature,
maximum blade thickness, etc.) related to the circular-arc blade
geometry, the optimization search problem itself becomes more
sensitive. This occurs because these design variables by their
very nature effect more global changes in the aerodynamic solu-
tion and therefore tend to interact more strongly with each other
than would a corresponding optimization problem which employs,
say, local shape functions as the design variables. For the
latter case, the design variables generally effect only local
changes in the aerodynamic solution and therefore tend to inter-
act much more weakly with one another. Consequently, optimiza-
tion problems posed with such design variables are usually much
more stable and less sensitive to small changes in search
direction.

However, the ability to employ basic blade geometry param-
eters as design variables is very attractive as it relates
directly to the capability of performing the more general pre-
liminary blade design problem where a wide universe of basic
blade shapes is considered. This contrasts to the problem
involving use of local shape functions as design variables which
relates to a more specific refined-design problem where the basic
blade profile has already been selected. The ability to treat
both problems is important, with the former being the more
general and more difficult to do.

10



3. RESULTS

Because the ultimate utility of the perturbation methods
being developed under this investigation is in optimized turbo-
machinery design, the primary objective of the current study was
to complete the development of the combined PERTURB/TSONIC/BLADE/
COPES~-CONMIN procedure (BLDOPT) for performing optimized turbo-
machinery blade~to-blade surface profile design, and to finalize
the procedure into a user's code so as to make generally available
such a procedure to facilitate future use and testing by the
general turbomachinery community. Toward that end, we have com-
pleted the assembly and preliminary verification testing of the
four component codes configured into a combined program and con-
trolled under a user-friendly executive program.

A number of features have been incorporated into the current
version of the BLDOPT program reported here, which were not
available in the preliminary version reported in Reference 3.
These features considerably enhance both the capability and gen-~
erality of the method. An explicit straining procedure, which
in essence specifies the points at which the final solution
results are determined rather than allow these points to be
determined implicitly from the straining of the base flow points
as was done standardly in the past, has been implemented in the
present BLDOPT code. The explicit procedure avoids a double
interpolation of the perturbation result and has been found to
yield significantly improved accuracy in high-gradient regions
at only a very slight increase in computational work. In addi-
tion to the explicit straining procedure, the updated BLDOPT code
has incorporated several new options available to the user when
employing the perturbation method. These options, which are
controlled by the parameter IOPT defined in Section A.4 of the
user's manual, relate to the way the calibration solution matrix
is defined. One of these options provides the user with a basi-
cally automatic hands-off procedure for using the perturbation
method. Under this option, the user is not required to preselect
and input the design variable values for the calibration solution
matrix. Rather the matrix is determined completely by the pro-
gram in the following way. For the first optimization cycle,
the perturbation method is not used. Full nonlinear aerodynamic
solutions are determined by the flow field code as required as
input for the gradient and search optimization calculations.
After the first search cycle is complete and a new design point
determined, design variable values for the calibration solution
matrix are then determined based on the direction that the first
search cycle has taken. This results in an extremely good defin-
ition of the calibration solution matrix. The result is that the
design variable solution space which is subsequently searched on
the second and successive optimization searches usually requires
only very reasonable interpolations/extrapolations within the
design variable parameter range of the defined solution matrix.

11



This option (IOPT = 3) provides the automatic user-invisible
procedure for defining the calibration solution matrix. An addi-
tional option (IOPT = 2) which requires user-input for defining
the calibration solution matrix has also been incorporated into
the code. Within this option, the calibration matrix definition
can be accomplished by either individually specifying all the
design variables (ICALB = 1) or alternatively (ICALB = 0) by
employing a constant-value calibration stepsize which increments
each design variable by this fractional change of its base flow
value. The automatic IOPT = 3 option requires the additional
cost of one optimization search cycle using full aerodynamic flow
field solutions over that of the IOPT = 2 option which in contrast
requires a user-input of the design variable values for the
calibration solutions. WNevertheless, the IOPT = 3 option pro-
vides a highly accurate and basically hands-off means of employ-
ing the perturbation method and is recommended for use when no
information is available on search direction from previous
related calculations.

In terms of final design variable accuracy and potential
computational time savings using this IOPT = 3 option, in
Figures 4 and 5 we present comparisons of a severe test of this
option for the optimization results for a 5 design variable
supercritical pressure tailoring case study on an isolated blade
using blade contour shape functions similar to those reported in
Reference 3. Figure 4 provides a comparison of the perturbation-
predicted final design wvariables and objective function (@) with
results obtained with not using the perturbation method but
employing full nonlinear full potential aerodynamic solutions
throughout {(®). These are the results after 5 optimization
cycles. We note the essentially exact correspondence between
the final design variable values. Corresponding comparison of
the objective function, in fact, indicate a slightly better
result obtained by the perturbation method (m). In Figure 5,
the corresponding comparison of computational work in CPU seconds
and objection function reduction per otimization search cycle is
provided. Here we see that after the first cycle is complete,
the perturbation procedure actually requires less time to define
the calibration matrix solution and complete the second search
than does the full nonlinear flow field method with the same
reduction in objective. From that point on, the perturbation
method requires essentially no time to complete searches 3 to 5,
and then an additional increment to calculate the final design
result using the nonlinear flow field solver. Time savings
achieved with the perturbation method for this case is 58% of
that required for the full nonlinear result. These and similar
results obtained with the IOPT = 3 option confirm the utility of
the automatic user option for defining the calibration solution
matrix.

12



With regard to the particular optimization problem toward
which the BLDOPT program has been configured, the following eight
blade geometry parameters that are commonly used to characterize
NASA circular-arc blade section profiles (Ref. 16) have been
incorporated as design variables:

Blade Geometry Parameter Program Name
Blade camber angle at inlet KICR
Blade camber angle at outlet KOCR
Transition location/chord T
Maximum thickness location/chord ZM
Inlet/outlet turning rate ratio P
Blade maximum thickness/chord TMX
Leading edge radius/chord THLE
Trailing edge radius/chord THTE

These geometry parameters are illustrated graphically in Figure 6.
For more details about the geometry of these classes of blade
shapes, we refer the reader to Reference 1l6. In the BLDOPT pro-
gram, any arbitrary combination up to six of the above param-
eters may be used in the optimization analysis.

The sample optimization problem that has been examined to
verify the combined procedure employs, as a design objective, the
minimization of the velocity diffusion on the blade suction sur-
face, i.e.,

qmax,suction

OBJ =
q

(16)

avg,exit

where g is the maximum surface velocity on the blade

max,suction

suction surface and g is the average exit velocity in the

avg,exit
freestream. Six of the eight design variables described above are
employed: blade outlet camber angle, KOCR; transition location
between fore and aft circular arc sections, T; maximum thickness
location, ZM; inlet to outlet turning rate ratio, P; maximum
thickness, TMX; and radius of the leading edge circle, THLE.
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 fliow

13



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

3. Trailing edge closure via an effective Kutta condition

The basis of the first constraint is self-evident and is
necessary since various combinations of the basic circular-arc
blade geometry parameters can easily result in the upper and
lower blade surface arcs crossing and thus lead to negative
thickness. To understand the basis of the second and third con-
straints, it is helpful to examine the typical blade surface
velocity plot as determined by the TSONIC solver. As sketched
below in the plot on the left,

A A
Tnax, s o
! Trailing edge
q q . closure points
\/ S,
> L " ‘min.p,
LE m TE LE m TE
Baseline profile During optimization

the baseline profile has a large peak suction velocity which is
desired to be reduced. It is also desirable to maintain on the
pressure surface as uniform a velocity distribution as possible
and, furthermore, to avoid a large mismatch in the upper and
lower surface velocities at the trailing edge. During the opti-
mization process, it is sometimes found that the lower surface
velocity can develop peaks, such as shown in the plot on the
right, and that the velocity distributions may cross ahead of
the trailing edge. The constraints constructed to alleviate
these occurrences are as follows. In order to keep large dif-
ferences between the pressure surface velocity maxima and minima
from occurring, we enforce the condition

a
0.0 < _Max,press _ | 4

qmin,press o

14



where qmax,pres is the maximum blade pressure surface velocity

over the front half of the blade and 9nin press
14

blade pressure surface velocity over the last two-thirds of the
blade. Restricting the maximum velocity considered to the front
half of the blade and the minimum velocity to the rear of the
blade prevents the maximum from moving rearward and the minimum
from moving forward and thereby defeating the constraint. To
maintain an effective Kutta condition at the rear of the blade,
we enforce the condition

is the minimum

q;?E—Z,suction - qITE-2,press

-1 < 75

<1

Here, are the third last surface

qITE-2,suction and qITE—2,press
velocities on the flow field grid near the trailing edge on the
suction and pressure surfaces, respectively. Additional con-

straints, or constraints different from the above, can easily be
implemented into the optimization analysis with the BLDOPT code.
Details for carrying this out are provided in the user's manual.

We have successfully completed a verification 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 speci-
fied for this test problem were:

Design Lower U r Initial

Variable Description we pbe t
Bound Bound Value

Number
1l Outlet blade camber angle - KOCR -15.0° 0.0° =10.0°
Transition location/chord - T 0.20 0.60 0.25
4 Maximum thickness location/

chord - ZM 0.20 0.55 0.45

Inlet/outlet turning/chord - P 0.50 4.00 1.50

6 Maximum thickness/chord - TMX 0.03 0.10 0.05
Leading edge radius/chord - THLE 0.003 0.012 0.005

15



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 corre-
sponding results when using the perturbation method. For the
perturbation results, different choices of the calibration solu-
tion 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 itermations.

The result indicated for the case when the perturbation
method is not employed and TSONIC solutions are used throughout
(IOPT = 1) provide the benchmark solution for comparison with the
perturbation results. We note that similar full nonlinear
benchmark results reported in Reference 3 for a related problem
demonstrated the sensitivity of this class of optimization prob-
lems to the choice of the maximum velocity diffusion as an
objective function. Identical benchmark results were obtained on
the Ames Research Center CDC 7600 and the Lewis Research Center
IBM 3033. The differences between those two results, which were
of the same order as the differences between the various pertur-
bation results, were due solely to the number of significant
figures maintained in the respective calculations, i.e., eight
for the IBM 3033 and 14 for the CDC 7600. This illustrates a
common characteristic of many nonlinear multiple-parameter opti-
mization problems, i.e., the existence of many local minimums.
Furthermore, it also emphasizes the sensitivity of certain classes
of optimization problems to both choice of objective function
and design variables.

We observe from the perturbation results indicated in Table 1
that, with the exception of only one design variable (T) in
certain instances of a deliberately made poor choice of calibra-
tion solution matrix, the final design variables predicted by
the perturbation method for both IOPT=2 or 3 options trend in
the same direction from the baseline value as the full nonlinear
(IOPT=1) result and consistently improve the objective function.
Under the I10PT=2 option, case 1 displays the results for a choice
of calibration solution matrix which is very close to the final
design result reached using the full nonlinear IOPT=1 option.

The final perturbation-predicted design result for case 1 is
slightly removed from the nonlinear result, but the objective
function is guite close to the nonlinear result, indicating the
presence of nearby alternative local optimization minimums. For
case 2, the calibration matrix was determined by using the option
ICALB=0 and selecting a constant-value calibration stepsize for
each design variable of PSTEP=0.10. This implies that the value
for each design variable for the calibration solution matrix is
found by incrementing by 10 percent its base value. This manner
of selecting the calibration matrix design variables is
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relatively crude since, on average, half of the perturbation flow
solutions for the optimization searches will involve design
variable interpolation and half will require extrapolation.
Furthermore, a certain fixed percentage increment on some design
variables may be far too much in range in that large solution
interpolations may be required, while that same percentage incre-
ment may be far too small for other design variables which

would then require large extrapolations. Nevertheless, in the
face of no a priori information regarding the direction and

range that the optimization search will proceed over, the

use of the ICALB=0 option provides a convenient and inexpensive
way of obtaining a preliminary optimization result. Additionally,
as the results for case 2 indicate, the ICALB=0 results are

often quite good. Analogous results using ICALB=0 and
PSTEP=-0.10, which implies a decrement of 10 percent from the
base design variable values for the calibration design

variables, are given in case 3. As can be seen, these results
are inferior to those of case 2, and illustrate the relative
importance of chosing calibration matrix design variable values
that result in modest interpolations/extrapolations, since for
ctase 3 larger interpolations/extrapolations are required. The
results of both cases 4 and 5 further illustrate this point.

For case 4, the calibration design variables were chosen so as to
result exclusively in modest perturbation solution extrapolations
during the optimization searches. 1In case 5, similar choices
were made so as to result exclusively in modest solution
interpolations. Both results in terms of final design variable
values and objective function are guite good. The final

IOPT=2 result shown in case 6 illustrates the effect of an
intentional bad selection for the calibration solution design
variables in that large perturbation solution extrapolations/
interpolations are required during optimization. Although the
final design result for the objective function is the least
satisfactory of the six IOPT=2 cases, the majority of the design
variables have trended in the appropriate direction. Conse-
quently, even in for this situation involving deliberate poor
choices of the calibration matrix, the perturbation method

does not break down and yield spurious results, but provides
instead a reasonable preliminary result. The final perturba-
tion result shown in Table 1 is for the IOPT=3 option. For a
slightly higher computational cost, that result provides a

very good comparison between the final IOPT 1 nonlinear result.

The computational time needed to obtain the perturbation
results in cases 1 to 6 under the IOPT=2 option were 76-78 secs.
of CDC 7600 CPU time per case. The corresponding time for
the IOPT=3 option was 97 secs. The benchmark IOPT=1 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 the IOPT=2 option and
(644 -~ 97) /644 = 85% for the IOPT=3 option for this example.
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The significant conclusions to be drawn from this study are
that the perturbation method can work accurately in multiple-
parameter design environments even for very sensitive optimiza-
tion problems 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, namely a point quantity located in a high-gradient region,
requires careful user attention to the initial calibration matrix
choice if IOPT=2 is employed in order to avoid large extrapola-
tions, whereas if the IOPT=3 option is employed and the program
allowed to automatically determine the calibration matrix, no
exceptional difficulties are observed.

Additional optimization computations were made to try to
determine whether an alternative choice of objective function
would remove the sensitivity observed in the current problem.

For example, computations were made employing objective functions
defined as.(l) the sum of the maximum surface velocity on the
blade suction surface plus the surface velocities on either side
of that point, and (2) the sum of the first five surface
velocities near the leading edge on the blade suction surface.
The design variables and side constraints were kept the same

as those of the original problem. The hope was that by spreading
the objective function over a wider region on the blade surface,
that the extreme sensitivity of the problem would be reduced.

The results of these calculations, however, were disappointing

in that they provided uniformily inferior results to the original
choice of the objective function as a point quantity [Eq. (16)].
Our conclusion with regard to improving the posing of this parti-
cular optimization problem is that two issues must be addressed
that were beyond the scope of this investigation. The first
concerns the definition of the flow solution in the vicinity

of the peak suction pressure. A detailed examination should be
made of the accuracy and reliability of the flow solver (TSONIC)
in that region. The second issue concerns the reliability of

the basic CONMIN optimizer itself. In many of the optimization
calculations undertaken in this study, a notable characteristic
of the CONMIN optimizer was its penchant to move to a shallow
objective function minimum in the near vicinity of the baseline
configuration and to remain there. Alteration of stepsizes,
design variable scalings, and certain tolerances did not change
this characteristic. This behavior of CONMIN has been noted by
others (Ref. 18) who have concluded that the conjugate gradient
algorithm has serious convergence deficiencies when applied to

the class of aerodynamic optimization problems being considered
in this study. An attractive alternative method based on a
guasi-Newton algorithm has demonstrated significantly superior
performance characteristics over COPES/CONMIN for these same
classes of problems (Ref. 18). The CONMIN procedure was originally
developed for structural design problems with large numbers of
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variables and constraints, rather than for the relatively new:
aerodynamic optimization problem which involves a relatively
limited number of design variables and constraints. Conse-
quently, it is not surprising that superior procedures are now
being discovered and developed. In future work, an investigation
should be made of the desirability of replacing the COPES/

CONMIN optimization procedure embodied in the present BLDOPT
program developed here.

19



4. CONCLUSIONS AND RECOMMENDATIONS

An investigation was conducted to complete the preliminary
development of a combined perturbation/optimization procedure
and associated computational code for designing optimized blade-
to-blade profiles of turbomachinery blades. The overall purpose
of the procedures developed in this study is to provide demon-
stration of the utility of a rapid nonlinear perturbation method
for minimizing the computational requirements associated with
optimized design studies of turbomachinery flows. The nonlinear
perturbation method employed has been successfully developed in
previous phases of this study and employs coordinate straining
concepts together with unit perturbations determined from a
special calibration matrix of nonlinear base solutions to pre-
dict families of related nonlinear solutions without further need
of the computational nonlinhear flow field solver. The solutions
predicted can be either continuous or discontinuous.

The results reported here relate to the combination of the
perturbation method, configured to predict simultaneous multiple-
parameter changes, with the NASA/Lewis Research Center TSONIC
code for predicting blade-to-blade flow solutions, the NASA/Lewis
Research Center BLADE code for generating NASA blade-to~blade
double circular arc blade shapes, and the NASA COPES-CONMIN code
for performing optimization searches in multiple-parameter design
space. The combined PERTURB/TSONIC/BLADE/COPES-CONMIN code,
called BLDOPT, has been configured to perform optimization studies
employing one, all, or any combination of the following eight
blade geometry parameters used to characterize NASA double cir-
cular arc blade profiles: inlet blade camber angle, outlet blade
camber angle, transition location between the inlet and outlet
circular arc sections, maximum thickness location, inlet to out-
let turning rate ratio, blade maximum thickness, leading edge
radius, and trailing edge radius. Redefinition of the objective
function and active side constraints for other case studies have
been made simple and straightforward by confining their definition
to one subroutine. The sample objective function and constraint
definitions included in the version of the code reported here
employ the velocity diffusion on the blade suction surface as
objective function and three active side constraints related to
maintenance of nonzero local blade thickness, low velocity dif-
fusion on the blade pressure surface, and an effective trailing
edge Kutta condition. The combined BLDOPT code has been made user-
friendly and has been documented in a user’'s manual included as
part of this report. An option has been included to allow the
user to bypass use of the perturbation method altogether and
employ TSONIC solutions throughout the optimization process in
order to establish selected benchmark calculations. Options are
also available to allow the user to employ the perturbation
method in an automatic hands-off fashion. This is accomplished
at the modest computational expense of one additional nonlinear
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TSONIC-solution only optimization cycle over the alternative
option of employing the perturbation method with the user supply-
ing information regarding the initial calibration solution matrix.

Results of a series of calculations of the combined BLDOPT
code have verified the code, demonstrated the accuracy of the
perturbation-predicted results, and established benchmark guide-
lines of the potential for computational savings of the method
under the various options included in the code. In general, the
perturbation method is capable of providing an order of magnitude
reduction in computational work in these applications.

Based on these results, we conclude that perturbation methods
formulated on these ideas are both accurate and extremely workable
in design environments. They clearly can provide the means for
substantially reducing the computational work required in such
applications. We suggest the further testing of the perturbation
method with the combined BLDOPT code in order to test the limits
of the method in such important preliminary design applications.
Forthermore, we recommend the combination of these same procedures
with supercritical flow solvers so as to accomplish both subcrit-
ical and supercritical blade optimization design.
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APPENDIX A

USER'S MANUAL FOR COMPUTER PROGRAM BLDOPT

A.l1 INTRODUCTION

The purpose of this appendix is to describe the operation
of the computer code that was developed in conjunction with the
theoretical work presented in this report, and to provide suffi-
cient detail to permit convenient use and change of the program.
The program determines an optimized blade shape, with respect to
certain blade surface geometry parameters (Ref. 16) and based on
TSONIC blade-to-blade flow solutions (Ref. 15), by employing a
modified version of the COPES-CONMIN optimization search program
(Ref. 13). The typically large computational demands of such
optimization procedures caused by the need for numerous blade-to-
blade flow solutions during the optimum search process is sub-
stantially reduced by incorporation of a novel, recently-developed,
rapid, nonlinear, strained-coordinate perturbation method (Refs. 2
and 3) as discussed in the main text.

A description of the general operating procedure of the
combined program is given, together with complete description of
both input and output. The program is written in FORTRAN IV and
has been developed on the Ames Research Center CDC 7600 computer
facility. Approximate program run times for an optimization
problem involving six design variables and 10 optimization search
cycles when not employing or employing the perturbation method
under the various program options are:

CPU Run Time Program Option, IOPT
800 secs. 1 (TSONIC solutions only)
100 secs. 2 (Perturbation method)
180 secs. 3 (1 TSONIC solutions only cycle
followed by perturbation
method)

The storage requirements are 141K8 for small core memory and 77K8
for large core memory.
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A.2 PROGRAM DESCRIPTION

The combined blade optimization program BLDOPT consists of
the following main elements:

Code Element Function
COPES-CONMIN13 Optimization procedure
TSONIC15 Turbomachinery blade-to~-blade

flow solver
BLADE16 Blade geometry description
PERTRB3 Nonlinear perturbation method

The program is configured to perform the optimization of a
blade element as described geometrically in Reference 16. The
optimization is based upon the following design variables which
are geometric parameters describing the blade element:

Design

Variable Program

Number Geometric Parameter Name
1 Blade camber angle at inlet KICR
2 Blade camber angle at outlet KOCR
3 Transition location/chord T
4 Maximum thickness location/chord ZM
5 Inlet/outlet turning rate ratio P
6 Blade maximum thickness/chord TMX
7 Leading edge radius/chord THLE
8 Trailing edge radius/chord THTE

At the user's option, the optimization problem can be specified
to employ any arbitrary combination up to six of the above

design variables. Additionally, the user has the ability to con-
struct readily particular objective functions and side constraints
to be used in new optimization problems. Ease of definition and
implementation of optimization problems with regard to objective
function, side constraints, and design variable bounding were the
primary reasons for selection of the COPES-CONMIN optimization
driver. All information regarding definition of objective func-
tion and side constraints is contained in the subroutine OBJCON.
In the program version listed here, the objective function is
defined as the maximum velocity diffusion on the blade suction
surface, and three side constraints are imposed to maintain (1)
nonzero blade thickness, (2) low velocity diffusion on the blade
pressure surface, and (3) trailing edge closure. Details of how
these constraints are defined are provided in the main text, and
their implementation in the code is straightforward and self-
explanatory when viewing the program listing.

24



A.3 PROGRAM FLOW CHART

START
BLDOPT

CALL COPES,
OPTIMIZATION CONTROLLER

CALL STEP TO SET BASE VALUES
AND CALIBRATION PARAMETERS FOR

PERTURBATION METHOD.

REINITIALIZE COPES
VARIABLES

IFLAG = 2

CALL COPES FOR PERTURBATION
METHOD OPTIMIZATION

1

‘ STOP ,
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INPUT C@PES
AND C@NMIN
DATA

ICALC = 2

INPUT AND INITIALIZATION

OPTIMIZATION ANALYSIS

CALL ASSOCIATED C@PES AND C@NMIN
ROUTINES TO PERFORM OPTIMIZATION,
SEE REF.

CALL ANALIZ TO CALCULATE OBJECTIVE
FUNCTION AND CONSTRAINTS.

CALL ANALIZ FOR ANALYSIS
USING OPTIMIZED DESIGN
VARIABLES.

FIAAL ANALYSIS;

PRINT RESULTS



START
ANALIZ

F

(e

INPLT

CONTROL PARAMETERS TSONIC AERODYNAMIC

- DATA FOR BLADE CALCULATIONS CALCULATION
- INITIAL VALUES OF *
OPTIMIZATION DESIGN
VARIABLES

PERTRB WITH ICALL =
2, 3, OR 4

TS@NIC INPUT
' T
PERTRB INPUT IF
IOPT # 1
F

d: OBJECTIVE FUNCTION AND
_ CONSTRAINTS-SUBROUTINE
ICALL = 2 OBJICON

]

RETURN

BLADE CALCULATION

I KPARAM = KPARAM + 1 I

—)

TSONIC AERODYNAMIC
CALCULATION

!

OBJECTIVE FUNCTION
AND CONSTRAINTS-
SUBROUTINE OBJCON

i

< RETURN >
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T

JCALL = JCALL + 1

RETURN

[FINAL NON-LINEAR SOLUTION:
CALL TSONIC
CALL OBJCON

RETURN

CALL PERTRB TO COMPARE
AERODYNAMIC AND PERTURBATION
SOLUTIONS

RETURN



A.4 DICTIONARY OF INPUT VARIABLES
This section provides a dictionary of all input variables.

The variables are divided into four sections corresponding to
the four major parts of the program (see A.2).

A.4.1 Dictionary of Input Variables
for Subroutine COPES (Ref. 13)
All COPES variables are defined in Section A.5.3.
A.4.2 Dictionary of Input Variables
for Subroutine ANALIZ

ALP Blade-element layout-cone half angle, degrees; see
Reference 16.

DVCALB(I) Array of dimension NDV, specifying the calibration
parameters used in the perturbation method

optimization
ICALB Integer parameter which controls input of the array
DVCALB:
ICAILB = 0, do not input DVCALB
ICAILB = 1, input DVCALB
IDV(T) Array of integers, of dimension NDV, which is used
to select a subset of variable blade parameters as
design variables in the optimization. If IDV(I) = K,

the Ith design variable is VV(K).

IOPT Integer parameter which controls which method of
analysis is to be used in optimization:

IOPT 1, nonlinear aerodynamic solution

IOPT = 2, perturbation method
IOPT = 3, nonlinear optimization for one iter-
ation to predict calibration stepsizes,
followed by perturbation method.
ITMAX3 Maximum number of optimization iterations allowed for

the perturbation solution when IOPT = 3. Not used if
IOPT = 1 or 2.

KICR Centerline blade inlet angle on layout cone, degrees;
see Reference 16.

KOCR Centerline blade outlet angle on layout cone, degrees;
: see Reference 16.
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NB

NCN

NDV

PSTEP

SOLID

THLE

THTE

TMX

VNAME (I)

VvV (I)

zM

30

Number of blades

Number of constraint sets in the optimization prob-
lem; this wvalue must be the same as that for NCONS
in COPES input. NCN < 5.

Number of independent design variables used in the
optimization problem. This value must be the same
as NDV in COPES input. NDV < 8.

Ratio of inlet-segment turning ratio to outlet-~segment
turning rate for a blade element; see Reference 16.

Constant-value calibration stepsize, which may be used
in the perturbation method optimization. If ICALB = 0,
the value of the Ktk calibration parameter

DVCAIB (K) = (1.+PSTEP)*QO0(K), where QO(K) is the value
of the Ktk base solution parameter.

Inlet radius, length unit; see Reference 16.

Blade tip solidity (chord/circumferential spacing);
see Reference 16.

Blade centerline transition point location, made non-
dimensional by the chord; see Reference 16.

Blade-element leading-edge circle radius, made non-
dimensional by the chord; see Reference 16.

Blade-element trailing-edge circle radius, made non-
dimensional by the chord; see Reference 16.

Blade-element maximum thickness, made non-dimensional
by the chord; see Reference 16.

Array of dimension NDV, containing l0-character
strings which identify, for printed output, the inde-
pendent design variables used in optimization.

Array of dimension 8 which is equivalent to the list
of input variable blade parameters:

Vv (l) = KICR vVv(5) =P

VvV (2) = KOCR VV(6) = TMX
vV(3) =T Vv(7) = THLE
vv(4) = ZM Vv (8) = THTE

Blade centerline maximum thickness location, made
non-dimensional by the chord; see Reference 16.



A.4.3 Dictionary of Input Variables
for Subroutine TSONIC

This section presents definitions of the input variables
required for the TSONIC flow analysis. For a complete descrip-
tion of the variables and their usage see Reference 15.

AR

BESP

BETAI

BETAO

DENTOL

FSMI

FSMO

GAM

LAMBDA

LOPT

LRVB

Gas constant, J/(kg) (K)

Array of stream-channel normal thicknesses corres-
ponding to the MR and RMSP arrays, meters, see
Figure 12, Reference 15.

Inlet flow angle Ble along BG with respect to

m-direction, deg, see Figure 11, Reference 15.

Outlet flow angle Bte along CF with respect to

m-direction, deg, see Figure 11, Reference 15.

Tolerance on density change per iteration for reduced
weight flow (DENTOL may be left blank, and the value
0.01 will be used. If trouble is experienced in
obtaining convergence (i.e., the maximum relative
change in density (Item 14 of output, Ref. 15) does
not get small enough, then a larger value of DENTOL
may be used, or a smaller value of REDFAC may be used.
(The value of 0.001 for DENTOL would be a tight toler-
ance, 0.01 is a medium tolerance, and 0.1 would be a
loose tolerance.)

m-coordinate corresponding to BETAI (it is assumed
that FSMI < 0); if not specified, FSMI = 0.

m-coordinate corresponding to BETAO (it is assumed
that FSMO > chord); if not specified, FSMO = chord.

Specific heat ratio
Upstream whirl, rVe, metersz/sec.

Integer variable which controls input of PLOSS array:

LOPT
LoPrT

0, PLOSS array is not given as input
1, read in PLOSS array

Integer variable which controls input:

LRVB 0, BETAI and BETAQO are input
LRVB 1, LAMBDA and RVTHO are input

Number of vertical mesh lines from AH to BG inclusive,
see Figure 13, Reference 15.
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MOPT

MR

NBBI

NBL

MRSP

OMEGA

ORF

PLOSS
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Number of vertical mesh lines from AH to CF inclusive,
see Figure 13, Reference 15.

Total number of vertical mesh lines in m-direction
from AH to DE, maximum of 100, see Figure 13,
Reference 15.

Integer control variable:

MOPT

0, use only when REDFAC = 1, no correction
is made to the BESP array for the
.reduced mass flow solution.

1, read in the WOWCR array to use for cal-
culating the reduced mass flow BESP
array.

2, the reduced BESP array will be calcu-
lated by the program using average
blade angles and using SSM1 and SSM2
values to determine whether flow is
subsonic or supersonic.

MOPT

MOPT

Array of m-coordinates of spline points for stream-
channel radii and stream~channel thickness, meters,
see Figqure 12, Reference 15 (MR is measured from the
leading edge of the blade. These coordinates should
cover the entire distance from AH to DE, and may
extend beyond these bounds. The total number of
points is NRSP.).

Number of mesh spaces in 6~-direction between AB and
GH, maximum of 50, see Figure 13, Reference 15.

Number of blades.

Number of spline points for stream~-channel radius
(RMSP) and thickness (BESP) coordinates, maximum of
50, see Figure 12, Reference 15.

Rotational speed, w, rad/sec {(note that w is negative
if rotation is in the opposite direction of that
shown in Fig. 12, Ref. 15).

Value of overrelaxation factor to be used in the
solution of the inner iteration simultaneous equa-
tions (if ORF = 0, the program calculates an estimated
value for the overrelaxation factor. See page 25,
Ref. 15 for discussion.).

L
array of fractional total pressure loss, 1 - _TE___,

corresponding to the MR, RMSP, and BESP arrays%deal



REDFAC Factor by which weight flow (WTFL) must be reduced
in order to assure subsonic flow throughout passage
(REDFAC is usually between 0.5 and 0.9)..

RHOIP Inlet stagnation density, kg/meter3

RMSP Array of r-coordinates of spline points for the
stream-channel radii, corresponding to the MR array,
meters, see Figure 12, Reference 15.

RVTHO Downstream whirl, (rVr)o, metersz/sec.

SPLNO(1), Number of blade spline points given for each surface

SPLNO(2) as input, maximum of 50 [these include the first and
last points (dummies) that are tangent to the leading-
and trailing-edge radii (Fig. 11, Ref. 15)].

SsM1 m-coordinate where supersonic solution is to start.

SSM2 m-coordinate where supersonic solution is to end.
(Note: If SSM1 and SSM2 are both left blank, there
will be no supersonic region).

TIP Inlet stagnation temperature, K

WOWCR Array of W/Wcr values at mid-channel, corresponding

to the MR, RMSP, and BESP arrays. Used to calculate
the reduced mass flow BESP array.

WTFL Mass flow per blade for stream channel, kg/sec.

The remaining variables, starting with BLDAT, are used to indicate
what output is desired. A value of 0 for any of these variables
will cause the output associated with that wvariable to be omitted.
A value of 1 will cause the corresponding output to be printed

for the final iteration only; 2, for the first and final itera-
tions; and 3, for all iterations. Case should be used not to

call for more output than is really useful. The following list
gives the output associated with each of these variables:

BLDAT All geometrical information which does not change
from iteration to iteration (i.e., coordinates and
first and second derivatives of all blade surface
spline points; blade coordinates, blade slopes, and
blade curvatures where vertical mesh lines meet each
blade surface; radii and stream-channel thickness
corresponding to each vertical mesh line; m-coordinate,
stream-channel radius and thickness, and blade surface
angles and slopes where horizontal mesh lines inter-
sect each blade; and ITV and IV arrays, internal
variables describing the location of the blade sur-
faces with respect to the finite difference grid).
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AANDK

ERSOR

STRFN

SLCRD

INTVL

SURVL

Coefficient array, constant vector, and indexes of
all adjacent points for each point in finite-
difference mesh (this information is needed for de-
bugging the program only).

Maximum change in stream function at any point for
each iteration of SOR equation [Eq. (A8), Ref. 17].

Value of stream function at each unknown mesh point
in region.

Streamline 0-cordinates at each vertical mesh line,
and streamline plot.

Velocity and flow angle at each interior mesh point
for both reduced and actual weight flow.

m-coordinate, surface velocity, flow angle, distance
along surface, and W/Wcr based on meridional velocity

components where each vertical mesh line meets each
blade surface; m-coordinate, surface velocity, flow
angle, distance along surface, and W/Wcr based on

tangential velocity components where each horizontal
mesh line meets each blade surface, plot of blade
surface velocities against meridional streamline
distance, meters.

A.4.4 Dictionary of Input Variables
for Subroutine PERTRB

This section presents definitions of the input variables
required for the perturbation method. For a complete description
of the variables and their usage see Reference 3.

A

LPLOT

34

Scaling parameter in straining procedure. A = -x(1),
where x(1l) 1s x-location of first data point on lower
surface (see PROGRAM DESCRIPTION, Ref. 3).

Scaling parameter in straining procedure. B = -x(N),
where x(N) 1is location of last data point on upper
surface (see PROGRAM DESCRIPTION, Ref. 3).

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
1l ... peripheral plot



LSELCT(I)

LUNIT

NSELCT

PARNAM (K)

TITLE

VNAM

Array of length 6 of which NSELCT elements are read
in; specifies nature of points to be held invariant
according to the code:

... minimum point held invariant
.». maximum point held invariant
1st critical point held invariant
... 2nd critical point held invariant
... 3rd critical point held invariant
««. 4th critical point held invariant

AU WM
L]
L]
.

Note that critical point ordering is determined from
order of occurrence starting at the lower surface at
the point furthest from the leading edge and proceed-
ing clockwise around the surface (see PROGRAM
DESCRIPTION, Ref. 3).

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

LUNIT =
LUNIT =

0 ... no output
1l ... output

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 element of the array are
read in.

Character string of length 80; identifies job. First
nine characters are used to identify peripheral plot.

Character string of length 2 which symbolizes de-

pendent variables, e.g., "CP" for pressure
coefficient.
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A.5 PREPARATION OF INPUT DATA
This section describes the preparation of the card input
data for the program. A description of each input item is pre-
sented, followed by a description of the card format.

A.5.1 Description of Input

The data are divided into four sections corresponding to the
four major parts of the program.

A.5.1.1 COPES Input

Item 1.1 To end of COPES input. Input for the COPES optimiza-
tion control subroutines is described in Section A.5.3.
The user should take particular note of variable
ITMAX in Block C and the array X in Block R. If
IOPT = 3, ITMAX should be set equal to 1, and all
values of the array X should be set to zero.

A.5.1.2 ANALIZ Input

Item 2.1 One card, containing text which identifies the ANALIZ
input block; may contain up to 80 characters.

Item 2.2 One card, containing the control parameters IOPT, NDV,
NCN, ITMAX3.

Item 2.3 One card, containing the constant blade parameters NB,
R, ALP, and SOLID.

ITtem 2.4 One card, containing the variable blade parameters
KICR, KOCR, T, ZM, P, TMX, THLE, THTE. The initial
values of the design variables used in optimization
are contained in this set.

Item 2.5 One card, containing the character strings
VNAME(I), I = 1, NDV.

Item 2.6 One card, containing the integer array IDV(I), I = 1,
NDV.

Item 2.7 One card, containing parameters ICALB and PSTEP.

Item 2.9 One card, optional, containing perturbation parameters.
DVCALB(I), I = 1, NDV. Omit this item if ICALB = 0.

A.5.1.3 TSONIC Input

Item 3.1 One card, containing text identifying the TSONIC
input block; may contain up to 80 characters.
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Item

Item

Item

Item

Item

Item

Item

Item

Item

Item

Item

Item

Item

Item

Item

3.2

3.3

3.4

3.5

3.12

3.13

3.14

|
One card, containing values for GAM, AR, TIP, RHOIP,
WTFL, OMEGA, and ORF.

One card, containing values for geometric parameters
BETAI, BETAO, FSMI, and FSMO.

Optional: LAMBDA and RVTHO may be specified
instead of BETAI and BETAO. In this
case, specify LRVB = 1, FSMI and
FSMO are not needed.

One card, containing values for REDFAC, DENTOL, SSM1,
SsM2.

One card, containing integral MBI, MBO, MM, NBBI,
NBL, NRSP, MOPT, LOPT, LRVB.

One card, containing SPLNO(1l).
One card, containing SPLNO(2).

Set of cards, eight values per card, containing array
MR(I), I = 1, NRSP.

Set of cards, eight values per card, containing array
RMSP(I), I = 1, NRSP.

Set of cards, eight values per card, containing array
BESP(I), I = 1, NRSP.

Set of cards, optional, eight values per card, contain-
ing array WOWCR(I), I = 1, NRSP. This item is required
only when MOPT = 1.

Set of cards, optional, eight values per card, contain-
array PLOSS(I), I = 1, MRSP. Omit this item if
LOPT = 0.

One card, containing the integer print control vari-
ables BLDAT, AANDK, ERSOR, STRFN, SLCRD, INTVL, and
survl.

One card, containing the character string $END in
columns 1-4. This identifies the end of TSONIC input.

A.5.1.4 PERTRB Input

4.1

4.2

One card of text, identifying the PERTRB input block.
This item may contain up to 80 characters.

One card, containing TITLE for job identification.
This item may contain up to 80 characters. The first
9 characters are used to identify peripheral plot, if
LPLOT = 1.
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Item

Item

Item

Item

Item
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4.3

One

card, containing the integer control parameters

NSELCT, LUNIT, and LPLOT.

One

card, containing NSELCT values of the integer

array LSELCT.

One

One
I =

One

card, containing the character string VNAM.

card, containing the character strings PARNAM(I),
1, NDV.

card, containing the scaling parameters A and B.
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A.5.2 Format of Input Data

A.5.2. Format of Input Data

Item 1.1 - end of COPES input

see Section A.5.3

Item no.2.1 1 card (8Al0)
Variable Text
Card column 80
Format type A
Item no.2.2 1 card (101I5)
Variable I@PT NDV NCN ITMAX3
Card column 5 10 15 20
Format type I I I I
Item no.2.3 1 card (I110,3F10.6)
Variable NB R ALP S@LID
Card column 14 20 30 40

1 F F P
Item no. 2.4 1 card (8F10.0)
Variable KICR KJCR T M P TMX THLE THTE
Card column 10 20) 30 40 50 60 70 80
Format type F F F F F F F F
Item no. 2.5 1 card (8Al10)
Variable VNAME (1) |[VNAME (2) = VINAME (ND
Card column 10 20 30 40 50, 60 70 80
Format type A A A A A A A A
Item no. 2.6 1 card (1l01I5)
Variable IDV (1) IDV(2) -—4--- IDV (NDV)
Card column 5 10 15 20 25 30 35 40
Format type I I I I I I I I




ov

Item no. 2.
Variable

Card column
Format type

Item no. 2.

Variable

Card column
Format type

Item no. 3.
Variable

Card column
Format type

Item no. 3.

Variable
Card column
Format type

Item no. 3

Variable
Card column
Format type

Item no. 3.

Variable
Card column

Format type

7

8

1

2

.3

4

1l card

(Il0,

ICALB

PSTEP

10 20

3F10.6)

1l card (8F10} Read only when ICALB net zero,
DVCALB (1) ]DVCALB (2) ~— DVCALB (NDY)
10 20 30 40 50 60 70 80
F F F F F F F F
1 card (8Al0)
Text
80
A
1 card (BF10,5)
GAM AR TIP HYEIP WTEL IMEGA gRFE
10 20 30 40 50 60 70 80
F F F F F F F F
1 card (8F10.5)
BETAI BETAQ FSMI FSMJ
1 20 30 40 50 60
F F F K F F
1 card (8F10.5)
REDFAC DENTQL SSM1 SSM2
[¢ 2 30
F F F F
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Item no. 3.5
Variable

Card column
Format type

Item no. 3.6
Variable

Card column
Format type

Item no. 3.7
Variable

Card column
Format type

Item no. 3.8
Variable

Card column
Format type

Item no. 3.9
Variable

Card column
Format type

Item no.3.10
Variable

Card column
Format type

1 card (161I5)
MBI MB@ MM NBBI1 NBL NRSP | M@PT LEPT LRVB
5 10 15 20 25 30 35 40 45 50 55
I I I I 1 1 I I I I I
1l card (8F10.5)
SPLN{ (1)
10 20 30 40 50
F
1 card (8F10.5)
SPLNZ (2)
10 20 30 40 50
F
J cards, J=INT((NRSP-1)/8)+1, 8 values per card (8F10.5)
MR (1) MR (2) e MR (NRSP)
10 20 30 40 50 60 70 80
F F F F F F F F
J cards, J as above, 8 values per card (8F10.5)
RMSP (1) RMSP (2) ————=——- RMSP (NRSP)
10 20 30 40 50 60 70 80
F F F F F F F F
J cards, J as above, 8 values per card (8F10.5)
BESP (1) BESP(2) —— === BESP (NRSH
10 20 30 40 50| 60 70 80
F F F F F F F F
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Item no.3.11
Variable

Card column
Format type

Item no.3.12
Variable
Card column

Format type

Item no.3.13
Variable
Card column
Format type

Item no.3.14
Variable

Card column
Format type

Item no. 4.1

Variable
Card column
Format type

Item no. 4.2
Variable

Card column
Format type

~ (If MgPT=1) J cards, J as above,8 values per card (8F10.5)

WEWCR (1) WIWCR (2) ————f—— NIWCR (NRSP)
10 20 30 40 50 60 70 80
F F F F F F F
#£0) J car J as above, 8 values per card (8Fl0.5)
| pL@SS (1) LASS (2 - PL.YSS (NRSP)
10 20 30 40 50 6( 70 80
E E F F F F F
1 card (1615)
BLDAT IAANDK ERSER STRFN SLCRD INTVL SURVL
5 104 15 20 25 30 35
I I I I I I I
1 card (8Al0)
SEND
19
A
1 card (8al10)
TEXT
80
A
1 card (8Al0)
TITLE
80
A
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Item no. 4.
Variable

Card column
Format type

Item no. 4.
Variable

Card column
Format type

Item no. 4.
Variable

Card column
Format type

Item no. 4.
Variable
Card column

Format type

Item no. 4.
Variable

Card column
Format type

3

4

5

6

7

1 card (16I5)
NSELCT LUNIT LPLJT
5 14 15
1 I I
1 card (1l61I5)
LSELCT (1) |LSELCT (2] ---—------ TSELCT (NJRELTTY
5 10 15 24 25 30, 35 4&
I I I 1 1 1 1
1 card (2Al)
VNAM
2
A
1 card (10A8)
[PARNAM(1) | PARNAM(2 -—=3---- PARNAM (NIV)
8 16 24 19 40 48 56 64
A A A A A
1 card (8F10.6)
A B
10 20
F F
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A.5.3 Format of COPES Input Data.

DATA BLOCK A

DESCRIPTION: Title card.

FORMAT AND EXAMPLE

1 2 3 4 )

8

FORMAT

TITLE

20A4

CANTILEVERED BEAM DESIGN

FIELD CONTENTS
1-8 Any 80 character title may be given on this card.
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DATA BLOCK B

DESCRIPTION: Program Control Paramcters.

FORMAT AND EXAMPLE

1 2 3 4 5 6 7 FORMAT
NCALC NDV NSV N2ZVAR NXAPRX IPNPUT IPDBG 7110
2 3 5 2 0 0
FIELD CONTENTS
1 NCALC: Calculation Control
0 - Read input and stop. Data of blocks A, B and V is required. Remaining
data is optional.
1 - One cycle through program. The same as executing ANALIZ stand-alone.
Data of blocks A, B and V is required. Remaining data is optional.
2 - Optimization. Data of blocks A-I and V is required. Remaining data
is optional.
3 - Sensitivity analysis. Data of blocks A, B, P, Q and V is required.
Remaining data is optional.
4 - Two variable function space. Data of blocks A, B, and R-V is required.

Remaining data is optional,
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FIELD

1 - cont.

NCALC:
5 -

CONTENTS

Optimum Sensitivity. Data of blocks A-K and V is required. Remaining
data is optional.

Optimization using approximation techniques. Data of blocks A-0 and V
is required. Remaining data is optional.

Number of independent design variables in optimization.

Number of variables on which sensitivity analysis will be performed.
Number of objective functions in a two variable function space study.
Number of X-variables for approximate analysis/optimization.

Input print control.

Print card images of data plus formatted print of input data.
Formatted print only of input data.

No print of input data.

Debug print control.
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DATA BLOCK _C OMIT IF NDV = 0 IN BLOCK B

NESCRIPTION: Integer optimization control parameters.

FORMAT AND EXAMPLE

1 2 3 4 3 6 7 8 FORMAT
IPRINT ITMAX ICNDIR NSCAL ITRM LINOBJ NACMX1 NFDG 8110
5 0 0 0 0 0 0 0

FIELD CONTENTS
1 IPRINT: Print control used in the optimization program CONMIN.

0 -~ No print during optimization.

1 -~ Print initial and final optimization information.

2 - Print above plus objective function value and design variable values
at each iteration.

3 - Print above plus constraint values, direction vector and move parameter
at each iteration.

4 - Print above plus gradient information.

5 ~ Print above plus each proposed design vector, objective function and

constraint values during the one-~dimensional search.
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FIELD CONTENTS
2 ITMAX: Maximum number of optimization iterations allowed. DEFAULT = 20,
3 ICNDIR: Conjugate direction restart parameter, DEFAULT = NDV + 1,
4 NSCAL; Scaling parameter. GT.0 - Scale design variables to order of magnitude

one every NSCAL iterations. LT.0 - Scal design variables according to

user-input scaling values.

5 ITRM: Number of consecutive {terations which must satisfy relative or absolute

convergence criterion before optimization process is terminated. DEFAULT = 3.

6 LINOBJ: Linear objective function identifier. If the optimization objective is known

to be a linear function of the design variables, set LINOBJ = 1,

DEFAULT = Non-~linear.

NACMX1; One plus the maximum number of active constraints anticipated. DEFAULT = NDV + 2,

8 NFDG: Finite difference gradient identifier,.
0 - All gradient information is computed by finite difference within CONMIN.
1 - All gradient information is computed analytically by the user-supplied code.
2 - Gradient of objective is computed analytically. Gradients of constraints are

computed by finite difference within CONMIN.

REMARKS
1) Currently NFDG must be zero in COPES,



DATA BLOCK

D  OMIT

IF NDV = 0 IN BLOCK B

DESCRIPTION:

FORMAT AND EXAMPLE

Floating point optimlzation program parameters.

6V

1 2 3 b 5 6 7 FORMAT
FDci FDCIM CT CTMIN CTL CTLMIN THETA 7T10
0.0 0.0 0.0 0.0 0.0 0.0 0.0

DELFUN DABFUN ALPHAX ABOBJ1 4F10
0.0 0.0 0.0 0.0
NOTE: TWO CARDS ARE READ HERE.
FIELD CONTENTS
1 FDCH: Relative change 1in design variables 1in calculating finite difference
gradients. DEFAULT = 0.01.
2 FDCHM: Minimum absolute step in finite difference gradient calculations.

DEFAULT = 0.001.
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FIELD CONTENTS
3 CT: Constraint thickness parameter. DEFAULT = -0.05.
4 CTMIN; Minimum absolute value of CT considered in the optimization process.

DEFAULT = 0.004.
CTL: Constraint thickness parameter for linear constraints. DEFAULT = -0.01,

6 CTLMIN: Minimum absolute value of CIL considered in the optimization process.
DEFAULT = 0.001.

7 THETA: Mean value of push-off factor in the method of feasible directions.
DEFAULT = 1.0.

1 DELFUN: Minimum relative change in objective function to indicate convergence of
the optimization process. DEFAULT = 0.001.

2 DABFUN: Minimum absolute change in objective function to indicate convergence of
the optimization process. DEFAULT = 0.00l times the initial objective value.

3 ALPHAX: Maximum fractional change in any any design variable for first estimate of
the step.in the one-dimensional search. DEFAULT = 0.1,

4 ABOBJ1: Expected fractional change in the objective function for first estimate of
the step in the one-dimensional search. DEFAULT = 0.1.

REMARKS
1) The DEFAULT values for these parameters usually work well.
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DATA BLOCK _E

OMIT IF NDV = O IN BLOCK B

DESCRIPTION: Total number of design variables, design objective identification and sign.

FORMAT AND EXAMPLE

1 2 3 FORMAT
NDVTOT 10BJ SGNOPT 2110,F10
Oi 3] -1.0
FIELD CONTENTS
1 NDVIOT: Total number of variables linked to the design variables. This option
allows two or more parameters to be assigned to a single design variable.
The value of each parameter is the value of the design variable times a
multiplier, which may be different for each parameter. DEFAULT = NDV.
I0BJ: Global variable location associated with the objective function in optimization.
SGNOPT: Sign used to identify whether function is to be maximized or minimized.

+1.0 indicates maximization. =1.0 indicates minimization. If SGNOPT is

not unity in magnitude, it acts as a multiplier as well, to scale the magnitude
of the objective.
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DATA BLOCK F  OMIT IF NDV = 0 IN BLOCK B

DESCRIPTION: Design variable bounds, initial values and scaling factors.

FORMAT AND EXAMPLE

1 2 3 4 FORMAT
VLB VUB X SCAL 4F10
«5 5 0.0 0.0

NOTE: READ ONE CARD FOR EACH OF THE NDV INDEPENDENT DESIGN VARIABLES.

FIELD CONTENTS
1 VLB: Lower bound on the design variable. 1If VLB.LT.~1.0E+15, no lower bound.
2 VUB: Upper bound on the design variable. If VUB.GT.10.E+15, no upper bound.
3 X: Initial value of the design variable. If X is non-zero, this will

supercede the value initialized by the user-supplied subroutine ANALIZ.
4 SCAL: Design variable scale factor. Not used if NSCAL.GE.O in BLOCK C.
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DATA BLOCK G OMIT IF NDV = 0 IN BLOCK B

DESCRIPTION: Design variable identification.

FORMAT AND EXAMPLE

1 2 3 FORMAT
NDSGN IDSGN AMULT -} 2110,F10
1 1 1.0
NOTE:

READ ONE CARD FOR EACH OF THE NDVIOT DESIGN VARIABLES.

FIELD

CONTENTS
1 NDSGN: Design variable number assoclated with this variable.
2 IDSGN: Global variable number associated with this variable.
3 AMULT:

Constant multiplier on this variable, The value of the variable will be

the value of the design variable, NDSGN, times AMULT. DEFAULT = 1.0.
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DATA BLOCK H  OMIT IF NDV = Q IN BLOCK B

DE

SCRIPTION: Number of constrained parameters.

FORMAT AND EXAMPLE

1 FORMAT
NCONS I10
4
FIELD CONTENTS
1 NCONS: Number of constraint sets in the optimization problem.
REMARKS

1)

If two or more adjacent parameters in the global common block have the same limits

imposed, these are part of the same constraint set.
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DATA BLOCK I  OMIT IF NDV = 0 IN BLOCK B, OR NCONS = 0 IN BLOCK H

DESCRIPTION: Constraint identification and constraint bounds.

FORMAT AND EXAMPLE

1 2 3 4 FORMAT
ICON JCON LCON 3110
4 0 U
BL SCAL1 BU SCAL2
-1.0 +20f 0.0 20000. 0.0 _ ‘I

NOTE: READ TWO CARDS FOR EACH OF THE NCONS CONSTRAINT SEIS.

FIELD CONTENTS
1 ICON: First global number corresponding to the constraint set.
2 ICON: Last global number corresponding to the constraint set. DEFAULT = ICON.
3 LCON: Linear constraint identifier for this constraint set. LCON = 1 indicates

linear constraints.
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FIELD CONTENTS
1 BL: Lower bhound on the constrained variables. If BL.LT.-1.0E+15, no lower bound.
2 SCAL1: Normalization factor on lower bound. DEFAULT = MAX of ABS(BL), 0.1.
3 BU: Upper bound on the constrained variables. If BU.GT.l.0E+1l5, no upper bound.
4 SCAL2: Normalization factor on upper bound. DEFAULT = MAX of ABS(BU), 0.1.
REMARKS
1) The normalization factor should usually be defaulted.
2) The constraint functions sent to CONMIN are of the form;
(BL - VALUE)/SCAL1 .LE. 0.0 and (VALUE -~ BU)/SCAL2 .LE. 0.0.
3} Each constrained paramcter is converted to two constraints in CONMIN unless ABS(BL) or

ABS(BU) exceeds 1.0E+15, in which case no constraint is created for that bound,.
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DATA BLOCK J OMIT IF NXAPRX = 0 IN BLOCK B

DESCRIPTION:

FORMAT AND EXAMPLE

Approximate analysis/optimization control parameters.

1 2 3 4 5 6 7 8 FORMAT
NF NXS NXFS NXA INOM ISCRX ISCRXF IPAPRX 8110

1

KMIN KMAX NPMAX JNOM INXLOC INFLOC 6110
0

FIELD CONTENTS

1 NF: Number of functions to be approximated. Default = number of optimization

2 NXS: Number of X-vectors read as data. objective and constraint functions.

3 NXFS: Number of X-F pairs read as data.

4 NXA: I1f non-zero, the design variables read by SUBROUTINE ANALIZ form an
X-vector.

5 INOM: Nominal X-vector. Dcfault =bost available.
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FIELD CONTENTS

6 ISCRX: File from which NXS X-vectors are read. Default = 5.

7 ISCRXF: File from which NXFS X-F pairs of data are read. Default = 5,

1 KMIN:  Minimum number of approximation iterations.

2 KMAX:  Maximum number of approximation iterations.

3 NPMAX: Maximum number of designs retained for Tayler series expansion.

4 JNOM:  Number of itcrations aftcr which the best design is picked as nominal.

5 INXLOC: X-variablec global location identifier. If INXLOC = 0, the Tayler series
cxpansion is on the design variables listed in BLOCK G.

6 INFLOC: Function global location identifier. If INFLOC = 0, the Objective and
constraint functions identified in BLOCKS E and I are the functions on which
the Tayler series expansion is performed.

REMARKS
1) If ISCRX and/or ISCRXF file number is other than 5, the data read from that file

2)

is assumed to be binary data.

If NXS = NXFS = 0, NXA is defaulted to NXA = 1, cven is it is read as zero. Also, a second
vector of design variables is automatically defined by COPES to yield two independent
designs to start the optimization.
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DATA BLOCK

K OMIT IF NDV = 0 IN BLOCK B, OR NXAPRX = 0 IN BLOCK B

DESCRIPTION:

FORMAT AND EXAMPLE

Bounds and multipliers for approximate optimization.

1 2 3 4 5 6 7 8 FORMAT
DX1 DX2 DX3 DX4 DX5 N N cos 8F10
5 2.
XFACT1 XFACT2 2F10
0. 0.

NOTE: TWO OR MORE CARDS ARE READ HERE.

FIELD

1

2

DXI:

XFACT1:

XFACT2:

Allowable change (in magnitude) of the Ith design variable during cach
approximate optimization. '

Multiplier on DXI when the diagonal elements of the H matrix are
available. Default = 1.5.

Multiplicr on DXI when all elements of the H matrix are available.
Default = 2.0,
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DATA BLOCK L OMIT IF NXAPRX = 0 IN BLOCK B OR INXLOC = 0 IN BLOCK J

DESCRIPTION: Global locations of approximating variables.

FORMAT AND EXAMPLE

1 2 3 4 5 6 7 8 FORMAT

LOCX1 LOCX2 LOCX3 LOCX4 | ... | ceeee | aee.. cevee 8110

NOTE: MORE THAN ONE CARD MAY BE READ HERE.

FIELD CONTENTS
1-8 LOCI: Global location of Ith approximating variable.
REMARKS

1) If INXLOC = 0 in BLOCK J, this data is not read. 1In this case, the data is defaulted
to be the global locations of the design variables (IDSGN values in BLOCK G).
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DATA BLOCK M

OMIT IF NXAPRX = 0 IN BLOCK B OR INFLOC = 0 IN BLOCK J

DESCRIPTION: Global locations of functions to be approximated.

FORMAT AND EXAMPLE

1 2 3 4 5 6 7 8 FORMAT
LOCF1 LOCT2 LOCF3 LOCF4 | ...vv | eeees ] vevee ] eiaas 8110
3 5
NOTE: MORE THAN ONE CARD MAY BE READ HERE.
FIELD CONTENTS
1-8 LOCI: Global location of Ith function to be approximated.
REMARKS

1) If INFLOC = 0 in BLOCK J, this data is not read.

In this case, the data is defaulted

to be the global locations of the objective function (IOBJ in BLOCK E) followed by the
global locations of the constrained parameters (ICON, JCON in BLOCK I).
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DATA BLOCK N  OMIT IF NXS = 0 IN BLOCK J

DESCRIPTION: X-Vectors for approximate optimization.

FORMAT AND EXAMPLE

1 2 3 4 5 6

8

FORMAT

XI1 XI2 XI3 XI4

8F10

NOTE: NXS SETS OF DATA ARE READ HERE.

NOTE: MORE THAN ONE CARD MAY BE READ FOR EACH SET OF DATA.

FIELD CONTENTS
1-8 XIJ: Jth value of Ith X-vector, J = 1,NXAPRX.
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DATA BLOCK O  OMIT IF NXFS = 0 IN BLOCK J

DESCRIPTION: X-F pairs of information for approximate optimization.

FORMAT AND EXAMPLE

1 2 3 4 5 6 7 8 FORMAT
X1 X2 X3 X4 8F10
2. 18.
Y1 Y2 Y3 Y4 Y5
7200. 416.667 .914495 ]18518.519

NOTE: NXFS SETS OF DATA ARE READ HERE.
NOTE: MORE THAN ONE CARD MAY BE REQUIRED FOR XI OR YI.
NOTE: NXAPRX VALUES OF X AND NF VALUES OF Y ARE READ FOR EACH SET OF DATA.

FIELD CONTENTS
1-8 XI: Ith value of X, I = 1,NXAPRX.
1-8 YI: Ith value of Y, I = 1,NF.
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DATA BL

OCK P

OMIT IF NSV = 0 IN BLOCK B

DESCRIP

TION:

Sensitivity objectives.

FORMAT AND EXAMPLE

1) More than eight sensitivity objectives are allowed.

cont

ain data.

1 2 3 4 5 6 7 8 FORMAT
NSOBJ IPSENS 2110
5 0
NSN1 NSN2 NSN3 NSN4 NSN5 BI10
3 4 5 6 7
NOTE: TWO OR MORE CARDS ARE READ HERE.
FIELD CONTENTS
1 NSOBJ: Number of seperate objective functions to be calculated as functions of
the sensitivity variables.
2 IPSENS: Print control, If IPSENS.GT.0, detailed print will be called at each
step in the sensitivity analysis. DEFAULT = No print.
1-8 NSNI: Global variable number associated with the sensitivity objective
functions.
REMARKS

Add data cards as required to
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DATA BLOCK

Q OMIT IF NSV = 0 IN BLOCK B

DESCRIPTION:

Sensitivity variables.

FORMAT AND EXAMPLE

1 2 3 4 3 8 FORMAT
ISENS NSENS 2110
4
SNS1 SNS2 SNS3 SNS4 .o ceee 8rio
200. 100. 150. 250.
NOTE: READ ONE SET OF DATA FOR EACH OF THE NSV SENSITIVITY VARIABLES.
NOTE: TWO OR MORE CARDS ARE READ FOR EACH SET OF DATA.
FIELD CONTENTS
1 ISENS: Global variable number associated with the sensitivity varilable.
2 NSENS: Number of values of this sensitivity variable to be read on the next card.
1-8 SENSI; Values of the sensitivity variable. I = 1,NSENS. I = 1 corresponds to

the nominal value.

REMARKS
1) More than eight values of the sensitivity variable are allowed. Add data cards as

required to contain the data.
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DATA BLOCK

R OMIT IF N2VAR = 0 IN BLOCK B

DESCRIPTION: Two

variable function space control parameters.

FORMAT AND EXAMPLE

1 2 3 4 5 FORMAT
N2VX M2VX N2VY MzvY IP2VAR 5110
1 4 2 5 0
FIELD CONTENTS

1 N2VX: Global location of the X-variable in the two variable function space.

2 M2VX: Number of values of X to be considered.

3 N2VY: Global location of the Y-variable in the two variable function space.

4 M2VY: Number of values of Y to be considered.

5 IP2VAR: Print control. If IP2VAR.GT.O, detailed print will be called at each

step (each X-Y combination). DEFAULT = No print.
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DATA BLOCK S OMIT IF N2VAR = 0 IN BLOCK B

DESCRIPTION: Objective functions of the two variable function space study.

FORMAT AND EXAMPLE

1 2 3 4 5 6 7 8 FORMAT
NZ1 NZ2 NZ3 NZ4 NZ5 e e c e 8110
3 4 5 6 7
FIELD CONTENTS
1-8 NZI: Global location corresponding to the Ith function of X and Y to be

calculated. NZVAR values are read here.

REMARKS

1) More than eight objective functions are allowed. Add data cards as required to contain

the data.
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DATA BLOCK T OMIT IF N2VAR = Q0 IN BLOCK B

DESCRIPTION: Values of the X-variable in a two variable function space study.

FORMAT AND EXAMPLE

1 2 3 4 8 FORMAT
X1 X2 X3 X4 8F10
0.5 1.0 1.5 2.0
FIELD CONTENTS
1-8 XI: Values of the X-variable in the two variable function space. M2VX values
are read here.
REMARKS

1) More than eight values are allowed. Add data cards as required to contain the data,
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DATA BLOCK U

OMIT IF N2VAR = O IN BLOCK B

DESCRIPTION:

FORMAT AND EXAMPLE

Values of the Y-variable in a two variable function space study.

1 2 3 4 5 8 FORMAT
Y1 Y2 Y3 Y4 Y5 .o 8F10
4.0 8.0 12.0 16.0 20.0
FIELD CONTENTS
1-8 YI: Values of the Y-variable in the two variable function space. M2VY values
are read here.
REMARKS

1) More than eight values are allowed.

Add data cards as required to contain the data.




oL

DATA BLOCK V

DESCRIPTION: COPES data 'END' card.

FORMAT AND EXAMPLE

FORMAT
END 3A1
END
FIELD CONTENTS
1 The word 'END' in columns 1-3.
REMARKS

1) This card MUST appear at the end of the COPES data.
2) This ends the COPES input data.

3) Data for the user-supplied routine, ANALIZ, follows this,




A.6 DESCRIPTION OF OUTPUT

The first output item consists of a banner page related to
the COPES control program and followed by card images of the
COPES input data. The next output items contain COPES optimiza-
tion information which will be employed by the optimization
program. This is followed by a display of input information
required by the ANALIZ subroutine and related to the control
parameters, constant blade properties, variable blade properties,
active design variables, and input information for the calibra-
tion solution matrix. Next, is a display of input information
required by the TSONIC blade-~to-blade flow solver. Finally, a
display is provided of the input information needed by the per-
turbation method.

The next items of output are related to the TSONIC solution
for the baseline blade profile. The first item consists of the
input information on design variables and constant blade properties
that is provided to the blade element program which then performs
the computation necessary to determine blade property character-
istics required as input to the TSONIC code. The next items are
the input to the TSONIC code and the output generated by the code
for the flow solution. This is followed by output from OBJCON
related to the objective function and active constraints. The
next item is the banner page of information that will initiate
the CONMIN minimization procedure. The optimization search cycles
are then begun. The output that follows depends upon which IOPT
option was specified. However, regardless of the IOPT option
selected, each time a TSONIC flow solution is required by the
optimization package, the following segment of output is produced:
the input information regarding design variables and constant
blade properties that is provided to the blade element program is
displayed, followed by the input to the TSONIC code, the output
from TSONIC, and finally, output from OBJCON related to the cur-
rent objective function and active side constraint values for the
TSONIC solution just calculated. Consequently, for IOPT = 1, for
which TSONIC solutions are used throughout the optimization
process, the above segment of information is displayed for each
TSONIC solution for the gradient and search calculations. At the
end of each iteration cycle, CONMIN provides output regarding the
ending values of the design variables and side constraints. This
continues until the ITMAX limit is reached, or the objective
function has not changed within the last three iterations, at
which point the final optimization results are printed, £followed
by a final TSONIC calculation at the design point. For the
IOPT = 2 option, after the base solution is computed, the cali-
bration solution matrix is determined based on user-supplied
information. The optimization cycles then proceed using
perturbation-predicted solutions for the blade surface velocities.
When the optimization process is complete, a final TSONIC solution
is calculated at the design point and a printer plot provided
exhibiting a comparison of the perturbation-predicted surface
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velocity distribution with the TSONIC result. For the IOPT = 3
option, the optimization process is allowed to proceed with
TSONIC solutions only as with IOPT = 1, but only for one search
cycle. Then, based on the new base design point reached, design
variable values for a calibration solution matrix are determined.
Next, each of the TSONIC solutions for the new base and calibra-
tion solutions are separately determined, with output provided
after each solution regarding number of critical points, and
strained coordinate and surface pressure arrays. Following the
final calibration solution, summary output is provided regarding
the base coordinates, the strained coordinate arrays for each
calibration solution, and the corresponding surface velocity
arrays. Next, the CONMIN optimization search cycles are entered
using the perturbation method to predict all flow solutions
required in the gradient and search calculations. The search
cycles are continued to the ITMAX3 limit or until the objective
function does not change for three successive iterations, at
which point the final optimization results are printed, followed
by a final TSONIC calculation at the design point, and a printer
plot illustrating comparisons between the perturbation method
predicted surface velocities distribution and the nonlinear
TSONIC result.

A.7 ERROR MESSAGES

NUMBER OF CRITICAL POINTS IN
BASE AND CALIBRATION SOLUTIONS
ARE UNEQUAIL -~ 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 is
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 CORRESPOND — CALCULATION
ENDED
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This message will be printed if the fixed points specified
(LSPEC = 0) occur in a different segquence in the base and cali-
bration solutions. The remedy is to use base and calibration
solutions having the same gualitative features.

A.8 SAMPLE CASE

The sample case presented in this section provides example
results of the perturbation method for the blade design optimi-
zation problem described in Section 3 of the main text. The
calculation is for the simultaneous six design variable (KOCR, T,
ZM, P, TMX, THLE) optimization of full potential turbomachinery
flows past compressor blades having NASA double circular arc
blade profiles with the following initial values, lower, and
upper bounds, respectively, of these parameters: (-10.0, 0.25,
0.45, 1.5, 0.05, 0.005), (-15.0, 0.20, 0.50, 0.03, 0.003), (0.00,
0.60, 0.55, 4.00, 0.10, 0.012).

The input data is tabulated in Figure A.l1 with the COPES
data appearing first, followed by the inputs for subroutine
ANALIZ, subroutine TSONIC, and subroutine PERTURB. We note that
in the input for subroutine PERTURB, the number of invariant
points to be held invariant for this calculation were chosen to
be one (NSELCT = 1), and that particular point was chosen as the
maximum point (LSELCT(l) = 2, i.e.), the stagnation point, and
that the dependent variable for print output will be symbolized
by 'WM' denoting the surface speed. Examination of the sample
input and comparison with the description of input data provided
in Sections A.5.1 to A.5.3 provides a convenient, self-explanatory
menu of how to prepare typical input data sets for future case
studies.

Finally, Figure A.2 provides an abbreviated print output for
this sample case. That output, together, with the information
contained in Appendix A, provides a benchmark result that can be
employed to completely verify the BLDOPT code on any user
facility.

73



VL

$~--DATA BLOCK A
OPTIMIZATION TEST CASE 1| = MINIMIZE SUCTION SURFACE VELOCITY DIFFUSION
$---DATA BLOCK B

$ NCALC NDV NSV N2VAR NXAPRX IPNPUT 1IPDBG
? 6

$~=-=DATA BLOCK C

$ IPRINT ITMAX 1CNDIR NSCAL ITRM LINOBY NACMX1 NDFG
] 1 -2 3 20

$-=<DATA BLOCK D

$ ALL DEFAULTS EXCEPT FDCH AND FDCHM

$ FOCH FDCHM

0.01 0.00100
s DELFUN DABFUN ALPHAX AB08J1

0.0 0.0 040 0.05
$=-==DATA BLOCK E
$ NDVTOT 1084 SGNOPT
1 =10

$=-=DATA BLOCK F

$ VLB vus X SCAL
$ OUTLET BLADE ANGLE - KOCR
~15.0 0.0 0.0 =10.0
$ TRANSITION POINT LOCATION = T
0.2 0.60 0.0 0.25
$ MAXTMUM THICKNESS LOCATION - ZM
0.2 0.55 0.0 0.45
$ INLET/OUTLET TURNING RATE = P
0.5 4.0 0.0 1.5
$ MAXIMUM THICKNESS = TMX
0.03 0.10 0.0 0.05
$ LEADING EDGE RADIUS = THLE
0.003 0.012 00 0.005
$===DATA BLOCK 6
$ NDSGN IDSGN AMULT
$ QUTLET BLADE ANGLE - KOCR
1 2 le0
$ TRANSITION POINT LOCATION - T
2 3 1.0
$ MAXIMUM THICKNESS LOCATION - ZIM
3 4 le0
$ INLET/OUTLET TURNING RATE ~ P
4 S 1.0
$ MAXIMUM THICKNESS = THMX
S 6 le0
$ LEADING EDGE RADIUS ~ THLE
6 7 1.0
$===DATA BLOCK H
H NCONS
k]
$==-=~DATA BLOCK 1
S I1CON JCON LCON
3 BL SCAL1 BuU SCAL?2
$ LOCAL BLADE THICKNESS CONSTRAINT = BLTKS
8
0.0 10.
$ PRESSURE SURFACE DIFFUSION -~ DIFFP
9
0.0 1.6
$ TRAILING EDGE CLOSURE = TECLSR
10

=1, le
$-=-=DATA BLOCKS J-U NOT REQUIRED

Figure A.l.- Card input for sample

case.
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$=--DATA ALOCK V

END
es®  INPUT FOR SUBROUTINE ANAL1Z wwe
3 6 3 6
34 0.454 6e664 2.252
52.0 -10.0 0.25 0.45 1.5 0,05 0.005 0.005

KOCR T M P TMX THLE

2 3 4 S 6 7

0 0.0
#ee  INPUT FOR SUBROUTINE TSONIC ese

1.400 1716.48 599,76 +00334586 00570000 0.0 1,510
48,2 0.0 0.0 0.0 0.0 0.0
le0 0.001 0.0 0.0

24 56 72 15 34 13 0 1 0

13.0
13.0

~«13 ~«+005 « 005 «02003 « 04003 «08003 «10003 «12503
«15004 = 17526 «18526 22500 «27
<4540 4540 «4540 +4540 <4540 4540 +4540 «4540
<4540 «4540 «4540 +4540 4540
05 «05 «0499 « 0496 « 04925 «0485 +04815 « 04770
04720 04675 04661 04661 04661
0. Oe «0015 0059 «0110 0215 <0300 0335
«0400 0470 «048 048 «048

0 0 0 0 0 0 1
SEMD

#o8  INPUT FOR SUBROUTINE PERTRB aee
OPTIMIZATION TEST CASE 1 = MINIMIZE SUCTION SURFACE VELOCITY DIFFUSION

1 1 0
2
WM
KOCR T Y4} P TMX THLE
=l.0 1.0

Figure A.l.- Concluded.
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ccceccec 0000000 PPPPPPP EEEEEEE 5555555
[¢]

C 0 P [ E S
C o] 0 P P E S
c Q [¢] PPPPPPP EEEE 5555555
c 0 0 P E 5
C 0 0 P E -]
ceceeccc 0000000 P EEEEEEE S$SS5555

CONTROL PROGRAM
FOR

ENGINEERING SYNTHESTIS

TITLEF

OPTIMIZATION TEST CASE 1 = MINIMIZE SUCTION SURFACE VELOCITY DIFFUSION

Figure A.2.- Abbreviated print output for sample case.
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CARD

CARD

1)
2)
3
4)
5)
6)
T
8)
9)
10}
11)
12)
13)
14)
15)
16)
17)
18)
19)
20)
21)
22)
23)
24)
25)
26)
2n
28)
29)
0
k) )
32)
3y
34)
3s)
36)
37
38)
39)
40}
41)
42)
43)
44)
45)
46)
47
48)
49)
50)
51
521
53}
S4)
55)
56)

f

IMAGES OF CONTROL DATA

IMAGE

$~=-~DATA BLOCK A
OPTIMIZATION TEST CASE 1 - MINIMIZ
$===DATA BLOCK B

] NCALC NDV NSV
2 6

$=-=DATA BLOCK C

] IPRINT ITMAX ICNDIR

5
$-==DATA BLOCK D
$ ALL DEFAULTS EXCEPT FDCH AND FODC
$ FDCH FOCHM
0,01 0.00100

$  DELFUN DABFUN ALPHAX
0.0 040 040
$~-=--DATA BLOCK E
$ NDVTOT 108J SGNOPY
1 =1.0
$=~<DATA BLOCK F
$ vi.e vuB X
$ OUTLET BLADE ANGLE - KOCR
=15.0 0.0 0.0
S TRANSITION POINT LOCATION - T
0.2 0,60 0.0
$ MAXIMUM THICKNESS LOCATION - ZM
0.2 0,55 0.0
$ INLET/OUTLET TURNING RATE - P
0.5 4.0 040
$ MAXIMUM THICKNESS = TMX
0.03 0.10 0.0
$ LEADING EDGE RADIUS = THLE
0,003 0.012 0.0
$-==«DATA BLOCK G
$ NDSGN IDSGN AMULT
$ OUTLET BLADE ANGLE - KOCR
1 4 1.0
$ TRANSITION POINT LOCATION - T
2 3 1.0
$ MAXIMUM THICKNESS LOCATION ~ ZM
3 L] 1.0
$ INLET/OUTLET TURNING RATE - P
[ 1.0
$ MAXIMUM THICKNESS = TMX
5 6 1.0
$ LEADING EDGE RADIUS - THLE
6 1.0
$===DATA BLOCK H
$ NCONS
3
$=-=DATA BLOCK 1
s ICON JCON LCON
S BL SCAL1 BY

$ LOCAL BLADE THICKNESS CONSTRAINT
a
0.0 10,
$ PRESSURE SURFACE DIFFUSION - O
Q

E SUCTION SURFACE VELOCITY DIFFUSION
N2vAR NXAPRX IPNPUT IPDBG
NSCAL ITRM LINOBY NACHX]

-2 3 20

HM

ABOBJ]
0.05

SCAL
~10.0
0.25
0.45
1.5
0.05
0.005

SCAL2
= BLTKS

IFFP

Figure A.2.- Continued.
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57
58)
59)
60)
61)
62)
63)

0.0 1.6
$ TRAILING EDGE CLOSURE - TECLSR
10
~l. 1.
$---DATA RLOCKS J-U NOT REQUIRED
$---DATA BLOCK V
END

Figure A.2.- Continued.



6L

TITLE:

OPTIMIZATION TEST CASE | - MINIMIZE SUCTION SURFACE VELOCITY DIFFUSION

CONTROL PARAMETERSH

CALCULATION CONTROL» NCALC = 2
NUMBER OF GLOBAL DESIGN VARIABLES, NDV = 6
NUMBER OF SENSITIVITY VARIABLES. NSV = 0
NUMBER OF FUNCTIONS IN TWO=-SPACEs N2VAR = 0
NUMBER OF APPROXIMATING VAR, NXAPRX = 0
INPUT INFORMATION PRINT CODEs IPNPUT = 0
DEBUG PRINT CODE. 1PDBG = 0

CALCULATION CONTROLs NCALC

VALUE MEANING

SINGLE ANALYSIS
OPTIMIZATION

SENSITIVITY

TWO-VARTABLE FUNCTION SPACE
OPTIMUM SENSITIVITY
APPROXIMATE OPTIMIZATION

TR s W -

® ® OPTIMIZATION INFORMATION

GLOBAL VARIABLE NUMBER OF OBJECTIVE

= 1
MULTIPLIER (NEGATIVE INDICATES MINIMIZATION) = =.1000E+01

CONMIN PARAMETERS (IF 2ERO, CONMIN DEFAULY wItL OVER-RIDE)

IPRINT ITMAX ICNDIR NSCAL I1TRM LINOBJ NACMX] NFDG

S 1 0 -2 3 0 290 0
FDCH FDCHM cT CTMIN
+10000E~01 +10000E-02 0. 0.
cTL CTLMIN THETA PHI
0. ' 0. 0.
DELFUN DABFUN ALPHAX ABOBJ]
Oe 0. 0. «50000E-01
DESIGN VARIABLE INFORMATION
NON=ZERO INITIAL VALUE wIlLL OVER-RIDE MODULE INPUT
D. Ve LOWER UPPER INITIAL
NO. BOUND BOUND VALUE SCALE
1 ~«15000€+02 Oe 0. ~+10000E+02
2 «20000E+00 «60000E«00 0. «25000E+00
3 «20000E+00 +55000E+00 0. «45000E+00
4 «50000E+00 «40000E+0] 0. +»15000E+01)
5 «30000E-01 «10000E+00 0. «50000E-01}
6 «30000E~02 «12000E~01 0. «50000E~-02

DESIGN VARIABLES

De V. GLORBAL MULTIPLYING
1D NO . VAR, NO, FACTOR
1 1 2 »10000E+01

Figure A.2.- Continued.
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2 2 3 «10000E+01
3 3 4 «10000E+01
4 4 ) «10000E+01
5 5 6 «10000E+01
6 6 7 «10000E+01

CONSTRAINT INFORMATION

THERE ARE 3 CONSTRAINT SETS

GLOBAL GLOBAL LINEAR LOWER NORMAL1ZATION UPPER
10 VAR, 1 VAR, 2 1D BOUND FACTOR BOUND
1 8 0 0 0. «10000E+00 «10000E+02
3 9 0 0 0. +«10000E+00 «16000E+01
5 10 0 0 -.10000E01 «10000E+01 +10000E+01
TOTAL NUMBER OF CONSTRAINED PARAMETERS = 3

® o FSTIMATED DATA STORAGE REQUIREMENTS

REAL INTEGER
INPUT  EXECUTION AVAILABLE INPUT EXECUTION AVAILABLE
57 779 5000 34 112 1000

Figure A.2.- Continued.

NORMALIZATION
FACTOR
«10000E+02
«16000E+01
+10000E+01
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~=~ [NPUT FOR CONTRQOL SUBROUTINE ANALIZ =---

CONTROL PARAMETERS

IOPT = 3 NDV B 6

CONSTANT BLADE PARAMETERS

N8 R ALP SoL1D
34 4540 646640 2.2520

VARIARLE BLADE PARAMETERS

KICR KOCR T M
52,0000 <=10.0000 «2500 <4500

ACTIVE DESIGN VARIABLES

KOCR T ZM P
=10.0000 «2500 4500 1.5000
ICALB = 0 PSTEP B 0.000

NCN = 3
P TMX
15000 «0500
TMX THLE
20500 «0050

Figure A.2.-

ITMAX3 = 6
THLE THTE
+0050 «0050

Continued.
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GAM
1.,400000
RETAT
48.20000
REDFAC
1.000000

MBI MBO
24 56

BLADE SURFACE 1

RI1
0.

MSP1  ARRAY
0.
0.

THSP1 ARRAY
0.
0.

BLADE SURFACE 2

RI2
0.

MSP2 ARRAY
0.
0.

THSP2 ARRAY
0.
0.

MR  ARRAY
-.1300000
«1500400
RMSP  ARRAY
«4540000
«4540000
BESP  ARRAY
«5000000E-01
«4720000E-01)
PLOSS ARRAY
0.
+4000000E-01

BLDAT AANDK ERSOR STRFN SLCRD INTVL SURVL

0 0

AR TIP
1716.480 599,7600
BETAO CHOROF

O [
DENTOL SSM1
«1000000E~-02 0.
MM NBB1 NBL
0 0 15 34
-= UPPER SURFACE
RO1 BETI1
Oe 0e
0. 0.
0. 0.
0. 0e
0. De
== LOWER SURFACE
RO? BETI2
Oe Oe
0. Oe
0. ')
Ne 0.
0. 0.

~+5000000E~02
«1752600

04540000
4540000

«5000000E~01
+4675000E-01

0.
«4T700000E~01

0 0

==~ [NPUT FOR TSONIC BLADE-TO-BLADE FLOW SOLVER =--

«5000000E-02
1852600

+4540000
«4540000

+4990000E~01
*«4661000E-01

«1500000E-02
+4800000E-01

0

RHOIP
«3345860€£-02
STGRF
Qe
S5M2
0.

NRSP MOPT
13 0
BETO1
[

0.
0.

0.

0.
BETO2

0.

0.
0.

0.

0.
«2003000E-01
2250000

4540000
«4540000

+4960000E~01}
«4661000E-01

«5900000E-02
+4800000E-0)

WTFL
+5700000E-02
FSMI
0.
LOPT LRvE
1 0
SPLNO1
13.00000
Q.
0.
0'
Oe
SPLNO2
13.00000
0.
'
0.
0.

«4003000E-01
«2700000

+4540000
+4540000

«4925000E-01
«4661000E-01

«1100000E-01
+4800000E-01

Figure A.2.- Continued.

0.
FSMO
'

0.

«8003000E~01]

24540000

+4850000E-01

«2150000E~01

OMEGA

0.

0.

«1000300

4540000

+4815000£-01

«3000000E=-01

ORF
1.910000

0.

0,

0.

0.

+1250300

24540000

«4TT70000E~01

«3350000E-01
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=== INPUT FOR PERTURBATION METHOD ===

..........’......'..'.........'.'....I..........l6.'......Ii........'.'.........'.I....I'....'I.........'......"...............’...

* OPTIMIZATION TEST CASE 1 = MINIMIZE SUCTION SURFACE VELOCITY DIFFUSION [
[ 2Ty Ty Ty Y T Ty Y s Ty Y o e Y Ty Y Y Ty Yy Y T Y e T T L L T L Ty T T Y Y T o

seseslIST OF INPUT PARAMETERS
N= 62
A= =1,0 B= 1.0
NPARAM = 6

ee00oSTRAINING OPTIONS
NUMBER OF FIXED POINTS: 3

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

TWO END POINTS
POINT OF MAXIMUM WM

Figure A.2.- Continued.
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NO.
BLADES

34

INLET CONE
RADIUS ANGLE
(L) (DEG)

«45400 6466400

##4¢ [NPUT FOR BLADE ELEMENT PROGRAM #&e

INLET OUTLET TRANS . MAX+TH,

SOLIDITY BLADE BLADE Loc, LocC.
ANGLE ANGLE /CHORD /CHORD
(DEG) (DEG)

2425200 52,000 <-10.0000 +25000 245000

Figure A.2.- Continued.

IN/OUT
TURNING
RATE

1.50000

MAX o
THICK,
/CHORD

« 05000

LeEe
RAD.
/CHORD

«00500

T.E.
/CHORD

«00500
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GAM
1.,400000
BETAL
48,20000
REOFAC
1.000000

MB1 g0
24 56

BLADE SURFACE 1}

R11
«9668364E~-03

MSP]  ARRAY
«1503113E-03
+121897¢0

THSP1  ARRAY
+1140045E-02
»1435478

BLADE SURFACE 2

RI2
+9668364E~03

MSP2  ARRAY
+1664865E-02
+1235102

THSP2 ARRAY

~+1473028E-02

012064542

MR ARRAY
-.1300000
«1500400
RMSP  ARRAY
4540000
+4540000
BESP  ARRAY
+5000000E=01
«4720000E-01
PLOSS ARRAY
0.
«4000000E=-01

BLDAT AANDK ERSOR STRFN SLCRD [INTVL SURVL

0 [

AR T1P
17164480 599,7600
RETAO CHORDF
O «1834184
DENTOL SSM]
«1000000E-02 0.
NBBI NBL
0 0 15 34
-~ UPPER SURFACE
RO\ BETT1
«9668364E~-03 57.62951
«5980107E~02 2 1529854E-01
1423000 +«1585911
+1958139E-01 «4336945£-0}
01447487 21423112
-~ LOWER SURFACE
ROZ2 BET12
«9668364E-03 46,2077

.8669538E~02
1430679

«1370723E-01

+1307850
=+5000000E~02

1752600

24540000
«4540000

+«5000000E=01
«4675000€~01

0.
+4700000E-01

0 0

=== INPUT FOR

«1911677€-01
«1587932

«3337744E-01
1317585
«5000000E~02
+1852600

4540000
4540000

«4990000E-01
«4661000E-01

«1500000E-02
«4800000E-01]

0

RHOIP

«3345860E-02

STGRF
.1311528
SSM2
0.

NRSP MOPT
13 0

BETO1

~13413649

«2744253E~0]
« 1727172

«6726818E-0]

«1377348

BETOZ2
-5.,047831

«3189241E-01
«1725519

«5345856E£-0]
«1308042
«2003000E-01
«2250000

245640000
«4540000

«4960000E~01
+4661000E~01

«5%00000E-02
«4800000E-01

WTFL

«5700000E~02

FSMI

0.

LOPTY LRVH

1 0
SPLNO1L
13.00000

2444T74)12E-0]
«1826858

«9178661E~01
«1330935
SPLNO2
13.00000

+489313]1E-01
«1823521

«T484201E-01
+1290985
+4003000E~-01}
«2700000

4540000
#4540000

+4925000E-01
+4661000E-01

«1100000E-01
«4800000E-01

Figure A.2.- Continued.

TSONIC BLAUDE-TO-BLADE FLOW SOLVER ===

0.

FSMO

0.

«6273379E-01

1116067

«6676995E~01

«9279699E-01

«8003000E~01

4540000

+4850000E~0}

«2150000E-01

OMEGA

O

«81876T0E-0]

21269242

«8523057E~01

« 1074271

»1000300

+ 4540000

+4815000E-01

«3000000E-01

ORF
1.910000

«1016760

«1375985

»1041871

+1186613

+1250300

+«4540000

«4770000E-01

«3350000£~01
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RELATIVE MERIDIONAL

VELOCITY VELOCITY
AT M = FSM] AT M = FSM]
745.90 497.17
AT M @ FSMO AT M = FSMO
499.45 499,45

FSMI = C.

FSMO = «18342

CALCULATED PROGRAM CONSTANTS

PITCH HY HM]
1847996 «1231997E-01
ITMIN ITMAX

0 25
LAMBDA DOWNSTREAM WHIRL
252.4466 Ne

REDUCED WEIGHT FLOW = +»5700000E-02

NUMBER OF INTERIOR MESH POINTS = 1035

CALCULATED VELOCITY DIAGRAM INFORMATION

M ]
UPSTREAM BOUNDARY 1 745447
LEADING EDGE 24 745490
TRAILING EDGE 56 499.45
DOWNSTREAM BOUNDARY 72 500,06

+5731826E-02

CRITICAL
VELOCITY
AT M B FSMI
1095.9
AT M = FSMO
1095.9

W/WCR

«68022

«6B8061

«45573
«45629

REL. FLOW

ANGLE

AT UPSTREAM BDY.

4R.237

AT DOWNSTREAM 8DY.
0.

BETA
48.237
48.200

0.
0.

Figure A.2.- Continued.
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ITERATION NO. 1

MAXTMUM RELATIVE CHANGE IN DENSITY AT BLADE SURFACE PUINTS = .3059 AT M = 0, 1T = 11, SURF = 1, M=z 1779
AVERAGE RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS = 41105

NUMBER QOF UNCONVERGED BLADE SURFACE MESH POINTS = 86

ITERATION NO. 2

MAXIMUM RELATIVE CHANGE IN NENSTTY AT BLADE SURFACE POINTS = ,2681 AT IM = 0. IT = 1. SURF = 1, M= 1779
AVERAGE RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS = +2909E-01

NUMBER OF UNCONVERGED BLADE SURFACE MESH POINTS = 86

ITERATION NO, 3

MAXIMUM RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS = .4396 AT IM = 0, IT = 11 SURF = |, M= .]779
AVERAGE RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS = .1291gE-01

NUMBER OF UNCONVERGED BLADE SURFACE MESH POINTS = 85

ITERATION NO. Y
MAXIMUM RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS = 3.182 AT IM = 0 IT = 11y SURF = 1, M= ,1779
AVERAGE RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS = 3816E-01
NUMBER OF UNCONVERGED BLADE SURFACE MESH POINTS = 63
DENSTY CALL NO. 9
NER()) = ]
RHO®W 1S  1.2430 TIMES THE MAXIMUM VALUE FOR RHO*W

ITERATION NO. 5

MAXIMUM RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS = .8418 AT IM = 0 IT = 11y SURF = ], M= W1779
AVERAGE RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS = .1041E-01

NUMBER OF UNCONVERGED BLADE SURFACE MESH POINTS = 22

ITERATION NO. 6

MAXIMUM RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS = .3818 AT IM = 0y IT =11y SURF = 1y M= 1779
AVERAGE RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS & .4669E-02

NUMBER OF UNCONVERGED BLADE SURFACE MESH POINTS = 12

ITERATION NO. 7

MAXIMUM RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS = 1.655 AT IM = 0, 1T = }1, SURF = ], Mx 1779
AVERAGE RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS = .1857E~01}
NUMBER OF UNCONVERGED BLADE SURFACE MESH POINTS = 8

DENSTY CALL NO. 9

NER(]) = 2

RHO*W IS 1.2455 TIMES THE MAXIMUM VALUE FOR RHO®*W
ITERATION NO. A
MAXIMUM RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS = L7274 AT IM = 0, IT = 11 SURF = 1» ME 1779
AVERAGE RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS = .8167E-02

Figure A.2.- Continued.
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NUMBER OF UNCONVERGFD BLADE SURFACE MESH POINTS = 1

ITERATION NO. 9

MAXIMUM RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS = 43803 AT IM = g, IT = 11 SURF a 1, M= 41779
AVERAGE RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS = .4269E-02
NUMBER OF UNCONVERGED BLADE SURFACE MESH POINTS = 1
ITERATION NO. 10
MAXIMUM RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS = 1,635 AT IM a 0 IT = 11, SURF = 1, M= L1779
AVERAGE RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS m +1820£-01
NUMBER OF UNCONVERGED BLADE SURFACE MESH POINTS = 1
DENSTY CALL NO. 9
NER(1) = 3

RHO*W IS 142472 TIMES THE MAXIMUM VALUE FOR RHO®*W

ITERATION NO. 11

MAXIMUM RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS = ,7251 AT IM ® 0o IT = 11, SURF = ], M= L1779
AVERAGE RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS = +8072€-02

NUMBER OF UNCONVERGED BLADE SURFACE MESH POINTS m 1

Figure A.2.- Continued.
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M
0.
«5T732F=02
e 1146E-0]
«1720€-01
«2293€-01
«2866F~01
«3439€-01
«4012€-01
«4585F~01
«5159€-01
«5732€-01
«630SE~01
«6B87BE~01
2 7451E-01
«8025€-01
«8598E-01
«9171E~01
«9T44E=0D]
1032
«1089
«1146
01204
1261
«1318
#1376
1433
+1490
«1548
«1605
1662
1720
1777
1834

& % F & F & 2 & 8 % 0 % &% % 033 2 05 04 % x5 * 0 s F O tE S kSISO

VELOCITY
0.
B8T1.6
909,.2
319.0
91041
A84.7
848.7
61141
78246
76040
743.6
72749
716.3
70549
694.6
687.5
680.8
672.8
666.8
66043
65346
64644
639.3
63241
62444
616.1
606.4
594.3
578.3
557.6
531.8
499,1
0.

SURFACE VELOCITIES BASED ON MERIDIONAL COMPONENTS = REDUCED WEIGHT FLOW
3

BLADF SURFACE 1

ANGLE {DEG)
90.00
52.R7
48447
4447
40.64
36.99
33.70
30.9¢
28.82
26489
24.95
23.02
21409
19.20
17.36
15.55
1375
11.97
10.22

8.47
6.73
5.01
3.30
l.60
~«09
~1.76
=3.45
-5.17
~6.92
~8.56
~10405
~-11.58
=-90.00

SURF . LENGTH
0.
«1030E-01
«19356-01
L2767E=01
»3545E~01
«4281E-01
«4984E-01
«5661E=-01
«6322E-01
«6971E-01
+7608E-01
«8235E-01
+8854E-01
+9464E-01
«1007
1067
1126
1185
1243
1301
»1359
«1417
Ty
«1531
.1589
. 1646
1703
1761
1819
«1876
«1934
+1993
«2054

W/WCR
0.
» 7953
+«8296
+8385
28304
«8073
«T744
7401
7141
26935
«6785
26642
«6536
o644
»6338
«6273
6212
6139
«6085
«6025
«5964
+5898
«5834
«5768
«5698
«5622
+55134
«5423
5277
+5088
«4853
04554
0.

B & % € & & %% % &3 eSS REE X E S S SEEEES SO S SR

VELOCITY
O
608.5
579.5
554.2
536.5
524.8
515.5
509.7
506.7
502.7
498,7
493,4
489.6
485,.1
482.3
479.9
476.3
474.2
471.9
469,.8
466,0
465.3
466,7
464,7
465.8
468.3
472.3
477.9
485,.3
496.7
521.7
600.4
0.

Figure A.2.- Continued.

BLADE SURFACE 2

ANGLE (DEG) SURF. LENGTH

=90.00
44 .24
41.58
33,02
36457
34.15
31.78
29.64
27.78
26.21
24,68
23.16
21465
20,15
18.68
17.23
15.79
14,37
12.96
1156
10.17
8.80
T+45
6.09
4.72
3.36
2402
« 75
~oh8
-1.89
=3.55
~4,.87
90.00

o.
«6680E~02
«1451E~01
«2202E-01
«2927E-01
«3630E-01
«4313E~0]
«4980E-0]
+5633E-01
«6277E~0}
«6911£-01
«753BE=-01
«8158E-0]
«8TT2E-0)
+9380E-0]
«9982E-01
«1058
1117
1176
«1235
«1293
«1351
<1409
1467
«1525
«1582
+ 1640
«1697
«1754
«1812
«1869
«1926
«1984

W/WCR
0.
«5552
«5287
«5057
«4895
«4789
<4704
«465]
4623
«4587
+4550
«4502
4468
4426
«440)
«4379
« 4346
«4306
4287
<4252
42406
LTI
4240
24250
«4273
«4310
«4360
4428
«4532
4760
«5478
O

S &% 2 &S &S SR O PP S EEEEEEDEES ST G RN
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SURFACE VELOCITIES BASED ON TANGENTIAL COMPONENTS
REDUCED WEIGHT FLOW

ALADE SURFACE 1

M VELOCITY ANGLE (DEG) W/uWCR
0. 52247 90.00 «4769
+3555E-02 914.3 54.65 «8343
«TTT6E~-02 880.0 51.28 «8030
«1256E~-01 911.6 47467 .8318
+«1800E~01 919.8 4393 «8393
«2424E-01 909.4 39.79 «8298
+3152E~01 879.6 35.29 <8026
«4012€-01 833.8 30.94° «7608
«S018E=-01 777.0 27.36 «7090
«6197E-01 743.7 23.38 +«6786
«T65TE~01 T0R.7 18.53 «6466
«9699€-01 694.0 12.11 «6333
«1779 1096, =11.65 1.000

BLADE SURFACE 2

M VELOCITY ANGLE (DEG) W/WCR
«2310F=-02 660.1 45.89 6023
*» 799SE=-02 59244 43.18 «5406
«1426E-01 560.6 40.32 «5115
«2122€-01 538.8 37.30 « 4916
«2901£~-01 517.8 34.00 «4725
«3790E-~01 509.2 30.44 4647
«4811€-~01 50244 2713 +4585
«5979E-01 492.8 264403 04496
«T7348E-01 484404 20.42 4420
«9043E~-01 474.9 16¢11 «4334
01143 465.4 10.25 4247

Figure A.2.- Continued.
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950,
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—

.

«200 1

800. 850, 900,

750,
BASED ON MERIDIONAL COMPONENT

BASED ON TANGENTIAL COMPONENT

700,
MERIDIONAL STREAMLINE DISTANCE (M) DOWN THE PAGE

650.
+ = BLADE SURFACE 1y BASED ON MERIDIONAL COMPONENT

® - BLADE SURFACE 1s BASED ON TANGENTIAL COMPONENT

X = BLADE SURFACE 2,

VS,
0 - BLADE SURFACE 2»

Figure A.2.- Continued.

VELOCITY (W)

500, 550.

450,
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X ARRAY

Y ARRAY

0

+968750
«812500
«656250
«500000
«343750
«187500
.031250
«156250
«312500
«468750
625000
781250
«937500

6004354
472.312
465,289
476.253
493.39¢

«5732E-02
«1146E=01
«1720€-01
»2293E-01
«2B66E-01
«3439E-01
«4012F=01
«4585E~01
«5159€~01
«5732E-01
«6305€E-01
«6878E£-0]
«7451E-01
«B025E~01
«8598E=-01
«9171E~01
«9T44E=01
«1032
»1089
1146
«1204
«1261
«1318
«1376
«1433
«1490
«1548
«1605
«1662
<1720
1777
«1834

937500
«781250
«625000
«468750
«312500
156250
«031250
«187500
« 343750
«500000
«656250
«812500
.968750

521.669
468.339
466.016
479.869
498 .68R

M/MC

O
«3125E-01
«6250E-01
«9375E-01
1250
+1563
«1875
.2188
«2500
.2813
«3125
«3438
+3750
«4063
«4375
4688
«5000
«5313
+5625
«5938
6250
«6563
6878
.7188
«7500
7813
8125
+8438
«8750
«9063
«9375
+9688
1.000

» 906250
+ 750000
#593750
»437500
»281250
+125000
4062500
»218750
+375000
+531250
2687500
+843750

496,727
465,802
469,834
482.34R8
502.72%

BLADE SURFACE PRESSURES FOR FULL WEIGHT FLOw

P{1)/PT

9994
6760
6507
<6432
+64179
6631
«6R50
7074
<7239
7365
7452
7533
7587
« 7631
«7677
<7696
JJ712
« 7736
«775%
«1782
7813
<7846
1877
7906
«7933
<7961
7995
8039
«8101
.B8184
8289
«8423
9521

«875000
+ 718750
«562500
406250
250000
« 093750
« 093750
2250000
«406250
562500
«718750
«875000

485,325
464,706
471.882
485,093
506.666

Figure A.2.- Continued.

P(2)/7PT

«B43750
687500
+531250
«375000
» 218750
« 062500
+125000
«281250
«437500
593750
« 750000
2906250

477.873
464,733
4744222
489,643
509,703

9994
8301
«8435
«8543
«B612
8652
8682
«8697
«8700
+8707
8714
8725
«8728
+8731
8722
«8710
«8701
«8686
+«8684
«8683
+8693
«869]
8687
«8677
«8660
+»8635
8602
«8563
«8516
8453
«8334
« 7961
9521

cPT ()

=e6204E~03

-¢3240
-+3493
~-.3568
-.3521
-«3369
-¢3150
-.2926
-e2761
-e2635
~-.2548
=.2467
-.2413
-+2369
~e2323
~+2304
~.2288
-.2264
~e2245
-.2218
~-+2187
=.2154
~s2123
-+2094
~.2067
=.2039
~+2005
~e1961
-.1899
-.1816
-+1711
=.1577
-.4788E-01

cCPT(2)

~e6204E-03
=«1699
~+1565
=«1457
~.1388
~.1348
-+1318
=-+1303
=+1300
~+1293
~e1286
-+1275
~+1272
~«1269
~.1278
~e1290
=~+1299
=«1311
~.1316
=.1317
-e1307
-e¢1309
=.1313
-.1323
~+1340
-¢1365
~¢1398
-e1437
=J1 484
~e1547
s 1666
=«2039
~e4788E~01
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5154508
608.45]
884,702
743,617
687,479
653,568
616,098
531.810

QUTPUT FROM 08JCON

524794
A71+594
B4R 724
727.894
680820
6464379
606446
499.05)

OBJECTIVE FUNCTION  OIFFS

CONSTRAINT 1
CONSTRAINT 2

CONSTRAINT 3

w0
DIFFS/w0

BLTKS

YMAX
YMIN
DIFFP

WMB (MBO=2+1)
WMB (MB0=2,2)
TECLSR

5364506 5544157
909.197 918.981
811096 T82.606
716.322 705,924
672.815 666.824
6394342 632.094
594.286 578.274
= «91898E+03
= «49945E+03
= 418400E+01
= J66765E+400
B «60845E+03
= «6464T1E+03
= +13093E+01
= .53181E+03
= «52167E+03
= +12677E+00

Figure A.2.- Continued.

579.455
910.061
160,025
694.579
660,302
6244435
557.598
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[ 20K T TR 2N TR JNE I IR B K 2 R JEE R IEE NN IR Y IR BN IR R BN 2 2K
[ »
- CONMIN *
- -
. FORTRAN PROGRAM FOR *
- -
* CONSTRAINED FUNCTION MINIMIZATION L4
. ]
[ JEK JNE 2R IR K 2K N 2K 2N N R BN B B B SR B JNE 2NN IR JNE NE R BN B 2K
CONSTRAINED FUNCTION MINIMIZATION
CONTROL PARAMETERS
IPRINT NDV 1TMAX NCON NSIDE [ICNDIR NSCaAL NFDG
5 6 1 6 1 7 -2 0
LINOBY ITRM N1 N2 N3 N4 NS
0 3 8 18 20 20 40
[0} CTMIN CTL CTLMIN
~«10000E+00 «40000E-02 ~+10000E-01 «10000E=-02
THETA PHI DELFUN DABFUN
«10000E+01 «50000E+01 «10000E-03 «18400E-02
FDCH FDCHM ALPHAX ABOBJ1
«10000E~01 +10000E-02 «10000E+00 «50000E-01
LOWER BOUNDS ON DECISION VARIABLES (VLB)
1 ~«15000E+0] «R0000E+00Q «44444E+00 «33333E+00 «60000E+00 «60000E+00
UPPER BOUNDS ON DECISION VARIABLES (VUB)
1) 0. 2 24000E+0) «12222E+01 e 2666TE+01 «20000E+0] «24000E+0])
SCALING VECTOR (SCAL)
«1000E+02 «2500E+00 «4500E4+00 «1500E+01 «5000£-01 +5000E-02
ALL CONSTRAINTS ARE NON-LINEAR
INITIAL FUNCTION INFORMATION
0BJ = «183998E+01
DECISION VARIABLES (X-VECYOR)
1) =+10000E+02 «25000E+00 «45000E+00 «15000E+01 «50000€~01 «50000E~-02
CONSTRAINT VALUES (G-VECTOR)
1) =+66T65E+01 <~.93323E+00 =~,13093E+02 =~,18167E+00 =-.11268E+¢01 =-.87323E+00

Figure A.2.- Continued.
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BEGIN ITERATION NUMBER

cT

= =~+10000E+00

NO.
BLADES

34

INLET
RADIVUS
18]

«45400

1

cTL =

CONE
ANGLE
(DEG)

666400

=+10000E-01 PHI = «50000E+01

#ee [NPUT FOR BLADE ELEMENT PROGRAM wes

INLET QUTLET TRANS . MAX+TH. IN/OUT

SOLIDITY BLADE BLADE Loc, LoC. TURNING
ANGLE ANGLE /CHORD /CHORD RATE
(DEG) (DEG)

2425200 52.000 =9.9000 «25000 45000 1.50000

Figure A.2.- Continued.

MAX o
THICK.
/CHORD

«05000

LeEs
RAD.
/CHORD

+00500

TeEe
RAD.
/CHORD

«00500
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GAM
1.400000
BETAY
48.20000
REDFAC
1.000000

Ml M0
24 56

BLADE SURFACE 1

RI1
«9668292E-03

MSP]  ARRAY

«1502917E-03
«1218393
THSP1
«1139973E~02
«1437228

BLADE SURFACE 2

R12
«9668292E-03

MSP2  ARRAY

«1664831E-02

01234617

THSP2

=+ 1473066E-02
21266333

MR ARRAY
=+1300000
«1500400

RMSP  ARRAY

«4540000
«4540000

BESP ARRAY

«5000000E~01
«4720000E-01

PLOSS AKHRAY

0.
«4000000E~01
BLDAT AANDK

0 0

ARRAY

ARRAY

AR TIP
17146.480 599,7600
BETAO CHOROF
0. «1833593
DENTOL SSM]
«1000000E-02 O
NBR 1 NBL
0 0 15 34
== UPPER SURFACE
RO1 BETI1
«9668292E-03 57.63155
«5978272E-02 «1529266E-01
«1422379 «1585276
«1957908E~-01 «4336726E-01
« 1449823 « 1425966
-- LOWER SURFACE
RO2 BETIR
«9668292E-03 46,20589
+866B414E-02 «1911275E-01
«1430141 «1587367
«1370572E~-01} «3337749E-01
.1310207 +1320445
=+5000000E-02 «5000000E-02
1752600 1852600
«4540000 +4540000
«4540000 «4540000

«5000000E-01
+4675000E~01

0.
«4700000E~01

ERSOR STRFN SLCRD

0 (1]

=== INPUT FOR TSONIC BLADE-TO-BLADE FLOW SOLVER ===

«4990000E-01
«4661000E-01

«1500000£-02
«4800000£-01

INTVL
0

SURVL

RHOIP
«3345860E-02
STGRF
«1315224
SSM2
0.

NRSP MOPT
13 0

BETO1

~13.03485

«2743032E~0]
+ 1726546

«6727171E~01

»1380689

RETO2
~4.944609

+«3188349E-0]
« 1724944

«5346616E-0}
«1311376
«2003000E-01
+2250000

«4540000
«4540000

«4960000E-01
«4661000E~0]

«5900000E-02
«4B00000E~0])

WYFL

+5700000E-02

FSMI
0.

LOPY LRVE

1 ]
SPLNO]
13.00000

«4445239E-01
21826251

«9180706E~01
01334640
SPLNO2
13.00000

+489]1460E-01
+ 1822947

+7486838E-0)
«1294676
«4003000E-01
«2700000

«4540000
«4540000

«4925000£-01
+4661000E-0]

+1100000E-01
+4800000£-01

Figure A.2.- Continued.

0.
FSMO
0.

«6270190E-01

1116533

«6674475E-01

«9285030E-01

«8003000E-01

«4540000

«4850000E-01

«2150000E-01

OMEGA

+8183494E-0])

«1270053

+8519690E-01

«1075148

«1000300

«4540000

«4815000E=-01

«3000000E-01

ORF
1.910000

«1016254

« 1377225

+1041455

+1187910

«1250300

+ 4540000

«4770000E-01

+«3350000E~01
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RELATIVE MERIDIONAL CRITICAL REL. FLOW
VELOCITY VELOCITY VELOCITY ANGLE
AT M = FSM] AT M = FSM] AT M = FSM] AT UPSTREAM BDY,.
745.90 497.17 1095.9 48.237
AT M = FSMO AT M = FSMO AT M = FSMO AT DOWNSTREAM BDY.
499.44 499 .44 1095.9 O
FSMI = 0.
FSMO = «18336
CALCULATED PROGRAM CONSTANTS
PITCH HT HM1
01847996 «1231997€=-01 «5729979E-02
ITMIN ITMAX
0 25
LAMBDA DOWNSTREAM WHIRL (RVTHO)
252,44566 0s
REDUCED WEIGHT FLOW = «5700000E~02
NUMBER OF INTERIOR MESH POINTS = 1035
CALCULATED VELOCITY DIAGRAM INFORMATION
™ W W/WCR BETA
UPSTREAM BOUNDARY 1 T45.47 68022 48.237
LEADING EDGE 24 745.90 68061 48.200
TRAILING EDGE 56 499,44 «45572 0.
DOWNSTREAM BOUNDARY 72 500,06 + 45629 0.

Figure A.2.- Continued.
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ITERATION NO. 1

MAXIMUM RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS = .3084 AT IM = 0, IT = 11, SURF = ], M= ,1786
AVFRAGE RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS = .1106

NUMBER OF UNCONVERGED BLADE SURFACE MESH POINTS = 86

ITERATION NO, 2

MAXIMUM RELATIVE CHANGE IN DENSITy AT BLADE SURFACE POINTS = ,2718 AT IM = 0y IT = 11, SURF = ], M= .1786
AVERAGE RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS = .2915€E~01

NUMBER OF UNCONVERGED BLADE SURFACE MESH POINTS = 86

ITERATION NO, 3

MAXIMUM RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS = .4543 AT [M = 0y IT = 11, SURF = 1, M= ,1786
AVERAGE RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS = +)308E-0]

NUMBER OF UNCONVERGED BLADE SURFACE MESH POINTS = 85

ITERATION NO, - &
MAXIMUM RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS = 3,728 AT IM = 0o IT = 11, SURF = ], M= ,1786
AVERAGE RELATIVE CHANGE 1IN DENSITY AT BLADE SURFACE POINTS = ,4423E-0)
NUMBER OF UNCONVERGED BLADE SURFACE MESH POINTS = &3
DENSTY CALL NO. 9
NER(1) = 1
RHO*W IS 1.2462 TIMES THE MAXIMUM VALUE FOR RHO*W

ITERATION NO, S

MAXIMUM RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS = .8621 AT IM = 0, 1T = 11 SURF = 1, M= ,1786
AVERAGE RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS = .1063€-01

NUMBER OF UNCONVERGED BLADE SURFACE MESH POINTS = 23

ITERATION NO, )

MAXTMUM RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS = ,3878 AT IM = 0y IT = 11, SURF = 1, M= ,1786
AVERAGE RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS = ,L4736E~-02

NUMBER OF UNCONVERGED BLADE SURFACE MESH POINTS = 13

ITERATION NO, 7
MAXIMUM RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS = 1,740 AT IM = 0y IT = 11, SURF = |, M=z L1786
AVERAGE RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS = +1951E-01
NUMBER OF UNCONVERGED BLADE SURFACE MESH POINTS = 8
DENSTY CALL NO. o9
NER(]) = 2
RHO®W 1S 1.2487 TIMES THE MAXIMUM VALUE FOR RHO®*W

ITERATION NO, A

MAXIMUM RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS »7370 AT IM m 0o 1T = 11, SURF = 1, M= .1786
AVERAGE RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS m .8272€E-02

Figure A.2.- Continued.
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NUMBER OF UNCONVERGED BLADE SURFACE MESH POINTS = 1

ITERATION NO. 9

MAXIMUM RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS = ,3891 AT IM
AVERAGE RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS m  .4369E-02

NUMBER OF UNCONVERGED BLADE SURFACE MESH POINTS = 1

ITERATION NO. 10

MAXIMUM RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS = 1,757 AT IM
AVERAGE RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS = ,1955€-01

NUMBER OF UNCONVERGED BLADE SURFACE MESH POINTS = 1
DENSTY CALL NO. 9
NER(1) = 3
" RHO®W 1S 1.2486 TIMES THE MAXIMUM VALUE FOR RHO*W

ITERATION NO. 11

MAXIMUM RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS z .7389 AT IM
AVERAGE RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS = ,8235€E-02

NUMBER OF UNCONVERGED BLADE SURFACE MESH POINTS = 1

Figure A.2.- Continued.
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* SURFACE VELOCITIES BASED ON MERIDIONAL COMPONENTS - REDUCED WEIGHT FLOW
. 3
. BLADE SURFACE 1 . BLADE SURFACE 2
M . VELOCITY ANGLE (DEG) SURF. LENGTH W/WCR . VELOCITY ANGLE (DEG) SURF,. LENGTH W/WCR
0. * 0. 90.00 0. 0. LA =90,00 0. 0.
«ST30E-02 *+ a871.3 52.88 +1030€E-01 «7950 hd 608.9 44425 «667TTE-D2 5556
«1146E-01 * 909.0 48.49 «1935E£-01 «8294 . 579.9 41459 «1450E-01 5292
«1719E-01 * 918.8 44,449 «2T6TE~01 8384 hd 55446 39.03 «2202E-01 «5061
«2292E~0) * 910.0 40.66 «3545E-01 «8304 * 53740 36459 «2927E-01 «4900
+2865E-01 * 884.7 37.02 «4281E~01 «8073 L4 525.2 34.17 +»3630E~01 «4793
«3438E~0]1 * 849.2 33.73 «4983E~01 « 7749 * 516.0 31.81 «4313E-01 «4708
«4011E-01 * 8l1.3 30.97 «5661E-01 «7402 * 51041 29,67 «4979E-01 « 4655
«45B4E-0]1 * 782.8 28.85 »6322E-01 «T143 * 507.1 27.82 «5633E~01 4627
«S157€E-01 T760.2 26.93 «6970E~01 06937 b4 503.1 26.25 26276E-01 +459])
«5730E~01 ¢ 74349 25.00 «T608E-01 «6787 . 499,1 24,73 «6911E=01 «4554
«6303E-01 ¢ 728.1 23.06 «8235E-01 + 6644 hd 493.7 23.21 «7538E-01 4505
«6B76E-0]1 * 716.5 2la14 +8853E~-01 «6538 . 49040 21.70 «8158E-01] 4471
«TA4GE=0]1 = 706.1 19.25 «9464E-0]) 26443 » 485.4 20.20 +«8771E~01 + 4429
+8022E~01 * 694.8 17440 «1007 «6339 . 482.6 18.73 «9379E-01 4404
+«8595E-01 ¢ 687.6 15.60 «1067 6274 . 480.2 17.28 «9982E-01 04382
+9168E-01 * 681.0 13.81 21126 «6214 hd 47646 15.85 «1058 04349
«9T4)E~01 * 672.9 12.03 «1185 «6140 4 4Té.4 14043 <1117 «4329
«1031 » 666,49 10.27 «1243 +6085 * 472.2 13.02 « 1176 +4309
1089 hd 660.5 8.53 1301 6027 * 470.0 11.62 «1235 +4288
e1146 * 653.6 6+80 «1359 +5564 * 467.2 10.24 «1293 24263
«1203 hd 646.5 5.07 <1416 +5899 hd 465.4 8.87 «1351 4247
1261 * 639.3 3.37 « 1474 +5834 * 464,7 7.52 «1409 4240
1318 * 63242 1.67 «1531 «5769 . 464.8 6.16 1467 «424)
«1375 * 624.6 =01 »1589 5699 . 465.9 4.80 1525 4252
01432 * 616.2 ~1.68 «1646 +5623 * 468.3 3,43 1582 « 4273
«1490 * 606.5 =3.37 «1703 «5534 * 472.3 2410 1639 4310
1547 g 594.4 =5.09 01761 «5424 d 4T77.9 .83 «1697 4361
01604 * 578.6 -6.83 .1818 5280 . 485.2 =.40 1754 4427
1662 A 558.0 ~8e47 «1876 #5091 d 496.4 -1.80 1811 «4530
1719 * 532.3 ~9.97 1934 + 4857 hd 521.3 =3.46 1869 «4757
1776 hd 499.8 =11¢49 1992 04561 . 59846 =4.77 1926 05462
<1834 * 0. -30.00 «2053 0. * 0. 90.00 1984 0.

Figure A.2.- Continued.

LI BE B R R BN BN BN 2 BE BE BE B BE NE BN RN NE B BE B BN BN BRI BN BR AR B BN BRI BRI B R J



T0T

SURFACE VELOCITIES BASED ON TANGENTIAL COMPONENTS
REDUCED WEIGHT FLOW

ALADE SURFACE 1

M VELOCITY ANGLE (DEG) w/WCR
0. 522.3 90.00 «4766
«3554E~02 9213.9 S54.66 «8339
«T774E-02 879.7 51.29 .8027
+1255€-01 911.4 47.68 . 8316
«1799E=-01 919.7 43.95 «8392
«2423E-01 909.4 39.81 . 8298
«3150£-01 879.6 35.33 «8027
+4009E-01 833.0 30.98 « 7601
«5013E-01 T77.3 2741 7092
«6189E-01 T44.0 23044 6788
e TO44E-0] 7087 18.62 <6467
+9671E-01 693.5 12.25 +6328
«1786 1096, ~11.78 1.000

BLAOE SURFACE 2

M VELOCITY ANGLE (DEG) W/WCR
«2310E-02 660.6 45.89 «6028
¢ 7994E-02 592.9 43.18 5410
«1426E-01 561.1 40.33 «5120
«2121€~0]) 539.3 37.31 «4921
«2900€-01 518.3 34.02 «4729
«3788E~01 509.7 3047 «4651
«4B07E-O1 502.8 27.18 +4588
«5973E~01 493.1 24.08 «44699
«T3I3TE~01 48447 20449 4423
«5024E-01] 475.2 1621 +4336
«1139 46641 1041 «4253

Figure A.2.- Continued.



BLADE SURFACE VELOCITIES FOR FULL WEIGHT FLOW
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200

800. 850, 900, 950.

750,
BASED ON MERIDIONAL COMPONENT

BASED ON MERIDIONAL COMPONENT
BASED ON TANGENTIAL COMPONENT

T00.
MERIDIONAL STREAMLINE DISTANCE (M) DOWN THE PAGE

650,
* - BLADE SURFACE 1, BASED ON TANGENTIAL COMPONENT

+ ~ BLADE SURFACE 1.
X = BLADE SURFACE 2+
0 - BLADE SURFACE 2»

VS.

Figure A.2.- Continuecd.
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550.
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BLADE SURFACE PRESSURES FOR FULL WEIGHT FLOW

L] M H/HMC LR Y Pl214PT £PL(1) cPT ()
24 0. 0. 9994 +9994 ~+6204E-03 =«6204E=03
25 «STI0E-02 »3125€E-~01 «6762 »8298 =-+3238 -s1702
26 o1146E-0] «6250E-01 6509 «8432 ~e3491 =+1568
e7 «1719€E-01 «9375€E-n1 26433 « 8541 ~¢J3567 =« 1459
28 «2292E-01 1250 «6479 +8610 =+3521 ~+1390
29 «2865E-01 «1563 «663] +8650 =+3369 -+1350
30 «3438E-01 «1875 6847 «8680 =+3153 =«1320
3 *4011E-01 «2188 «7073 «8695 =e2927 =+1305
32 «4584E-01 «2500 «7238 «8699 -.2762 =e1J01
k] «5157E-01 2813 « 7363 +8706 - 2637 ~el294
34 +5T30E~01 «3125 + 7450 «8713 =+2550 -+1287
35 «6303E-01 3438 7531 0724 ~e2469 =e1276
36 «68T6E-0] «3750 » 7585 8726 =:2415 ~e 1274
kYj «T449E-01 +406) « 7630 8729 -e2370 =e1271
kL) «8022E-01 «4375 « 7676 «8721 ~«2324 -e1279
39 «8595€E~01 «4688 « 7695 «8708 ~¢2305 =e1292
40 «9168E-0) «5000 7711 +8700 -.2289 =¢1300
[} +9T741E~01 «531) «1736 +«0688 =+ 2264 =e]1312
42 «1031 «5625 +» 7755 «8682 =e2245 ~«13]8
43 «1089 +5938 «7781 8682 ~e2219 =+1318
44 1146 6250 +«7813 +«0688 -.2187 =s1312
45 «1203 6563 + 7845 +869] ~e2155 =«1309
46 1261 «687S «7877 «8687 =-s2123 =:1313
(34 -1318 «71688 « 7905 8677 =.2095 ~«1323
40 1375 7500 #7932 «8660 =~e2068 =s1340
A9 «1432 «7813 « 7961 +8635 =e20239 =+ 1365
50 +1490 8125 + 7995 +«860) =«2005 = 1397
51 1547 8438 .8038 +856) ~s1962 = ]437
52 «1604 «8750 «8099 «8516 =+1901 =e 484
53 1662 9062 .8182 8455 =-.1818 =e1545
54 «1719 9375 «8287 +8336 =e1713 e 1664
55 «1776 «9688 «8420 + 7969 ~+1580 =¢2031
56 »1834 1.000 9521 «9521 =+ 4TB8E-0] ~eA788E~01
X ARRAY

«968750 «937500 «906250 «875000 «843750

«812500 «781250 +750000 «718750 «687500

«+656250 +625000 +593750 +562500 +531250

«500000 +468750 «437500 406250 +375000

« 343750 «312500 +281250 «250000 «218750

«187500 «156250 » 125000 «093750 + 062500

+031250 +031250 « 062500 + 093750 «125000

« 156250 187500 + 218750 +250000 «281250

«312500 «3A3750 «375000 «406250 «437500

«468750 +500000 «531250 +562500 +593750

+625000 «656250 «687500 «718750 « 750000

781250 «812500 «843750 +875000 +906250

«937500 +968750

Y ARRAY

598.622 $21.326 496.430 485,191 477.892

472.296 46M.296 465.933 464,826 464,715

465,422 467.225 469.987 472.202 474,379

476,622 480,225 482.606 485,388 489.992

493,694 499,052 503.092 507.060 S10.120

Figure A.2.- Continued.
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515.956
608,917
884.741
743.855
687.633
653,560
616,196
532.289

QUTPUT FROM OBJCON

5254246
871.309
849.202
7284095
680.982
6464538
606.488
499,834

OBJECTIVE FUNCTION  DIFFS

CONSTRAINT |
CONSTRAINT 2

CONSTRAINT 3

HOJl
DIFFS/wW0
BLTKS

YMAX
YMIN
DIFFP

WMB (MB0-241)
WMB {MB0=-2+2)
TECLSR

536.981
908.986
811.259
716.532
672.940
639.326
594.393

554,624
918.846
782.794
706.124
666,912
632.201
578.629

& +91885E+03
2 «49944E+03
= +18398E+01

2 J66T66E+00

«60892E+03
<464 T2E+03
+13103E+01

+53229€+03

«52133€E+03
«137064E+00

Figure A.2.- Continued.

579933
910.016
760.231
694,759
660.502
624.598
557.971
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FINAL OPTIMIZATION INFORMATION
0BJ = «170765E+401

DECISION VARTABLES (X=VECTOR!
1) =+93094E+01 +29650E+00 +»55000E+00 +95806£+00 «3289]1E~01 «51525E-02

CONSTRAINT VALUES (G-VECTOR)
1) ~+28002E+01 =-.97200E+00 ~-,14455E+02 =~.96575E-01 =.15965E+01 =-,40346E+00

THERE ARE 1 ACTIVE CONSTRAINTS

CONSTRAINT NUMBERS ARE
4

THERE ARE 0 VIOLATED CONSTRAINTS

THERE ARE 1 ACTIVE SIDE CONSTRAINTS

DECISION VARIABLES AT LOWER OR UPPER BOUNDS (MINUS INDICATES LOWER BOUND)
3

TERMINATION CRITERION
ITER EQUALS ITMAX

NUMBER OF ITERATIONS = 1
OBJECTIVE FUNCTION WAS EVALUATED 12  TIMES
CONSTRAINT FUNCTIONS WERE EVALUATED 12 TIMES

Figure A.2.- Continued.
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OPTIMIZATION RESULTS

OBJECTIVE FUNCTION
GLOBAL LOCATION 1 FUNCTION VALUE «17077E+01

DESIGN VARIABLES

D. V. GLOBAL LOWER UPPER
10 NO. VAR« NQ. B80OUND VALUE BOUND
1 1 2 ««15000E+02 =+93094E+01 0.
2 4 3 «20000E+00 «29650E+00 +60000E+00
3 3 4 «20000E+00 «55000£400 «55000E+00
4 & S «50000E+00 «95806E+00 +40000E+0])
5 S 6 «30000E~01 «32891€E-01 «10000E+00
[} ] 7 «30000E~02 »51525E~02 »12000E-01}

DESIGN CONSTRAINTS

GLOBAL LOWER UPPER
10 VAR. NO. BOUND VALUE BOUND
1 8 0. «28002E+00 «10000E+02
3 9 0. . 14455E+01 ¢16000E+01
S 10 =+10000€E+01 «59654E+00 «10000E+01

Figure A.2.~- Continued.



LOT

NO.
BLADES

34

#2# INPUT FOR BLADE ELEMENT PROGRAM e##

INLET OQUTLET TRANS . MAX.TH,

INLET CONE SOLIDITY BLADE BLADE Loc, LoC.
RADIUS ANGLE ANGLE ANGLE /CHORD /CHORD
(L) {DEG) {DED) (DEG)

45400 666400 2.25200 52.000 -9.3094 29650 «55000

Figure A.2.- Continued.

IN/OUT
TURNING
RATE

«95806

MAX o
THICK,
/CHORD

+ 03289

LeEe
RAD,
/CHORD

«00515

T.El
RAD,
/CHORD

« 00500
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GAM
1.400000
BETAI
48,20000
REDFAC
1.000000

MBI MBO
24 56

BLADE SURFACE 1

RI1
+9958413E-03

MSP]1 ARRAY
4198824 1E-03
«1181776

THSP1 ARRAY
«1314862E-02
+1595550

BLADE SURFACE 2
RI2
»9958413E-03

AR
17164480
BETAO
0,
DENTOL
«1000000E-02

0 0

~== INPUT FOR

TIP
599.7600
CHORDF
1795132
SSM]
Oe

NBRI NBL
15 34

-- UPPER SURFACE

RO
+9663591E=-03

«6491482E-02
«1383991

«1885167€~01
»1632900

BETT]
53.17187

+1596615E~01
« 1546368

e42122264E~01
21625744

~~ LOWER SURFACE

RO2
+9663591E-03

BET12
50.81841

TSONIC BLADE-TO-BLADE FLOW SOLVER ===

RHOIP
«3345860E~02
STGRF
1534563
SSM2
0.

NRSP MOPT
13 0

BETO1

-11.06885

«2768746E-0)
«1687631

«6675356E-01
«1592733

BETOZ2
~5.477123

MSP2 ARRAY
«1767R66E~02 «8225985E~-02 «1791505E-01 «2985114E-01}
«1192385% «1388764 «1547094 «1685705
THSP2 ARRAY
~.1385046E-02 «1513937€E~01 »369184TE-01 «5973983E-01
«1471895 ¢1526932 «1541361 «1532488
MR ARRAY
=+1300000 =«5000000E~02 «5000000€=-02 «2003000E~01
«1500400 1752600 +1852600 22250000
RMSP  ARRAY
+4540000 «4540000 «4540000 «4540000
«4540000 +4540000 «4540000 «4540000
BESP  ARRAY
«5000000E-01 «5000000E~01 «4990000E~01 +4960000E=-01
«4720000E~01 «4675000E-01 +4661000E-01 «4661000E=0]
PLOSS ARRAY
0. 0. «1500000E-02 «5900000E~02
«4000000E=-0] «4700000E-01 +4800000E-01 «4B800000E-01
BLDAT AANDK ERSOR STRFN SLCRD INTVL SURVL
0 0 0 0 0 1

Figure A.2.~ Continued.

WTFL

«5700000E-02

FSMI

0.

LOPT LRvB

1 0
SPLNO1
13.00000

+4356364E~01
«1787495

¢9436997E~01]
1554091
SPLNO2
13.00000

+4593955E-01
01784377

+8493909E-0]
«1513964
+4003000E-01
22700000

«4540000
4540000

«4925000E-01
«4661000E-01

»1100000E-01
+4800000E-01

0.

FSMO

0.

¢6073413E-01}

*1178990

«6312073E~01

1063483

«B003000E-0]

«4540000

«4850000E-01

+2150000E-0]

OMEGA
0.

«7906837E-01

+1367454

«8117985E-01

«1239432

«1000300

4540000

«4815000E-0]

+3000000E-0]

ORF
1.910000

«9830693E-01

1506814

+9994522E-01

1375884

«1250300

«4540000

«4770000E~01

«3350000E-01
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RELATIVE MERIDIONAL CRITICAL REL. FLOW
VELOCITY VELOCITY VELOCITY ANGLE
AT M = FSMI AT M = FSM1 AT M = FSMI AT UPSTREAM BDY,
T45.90 497.17 1095.9 48.257
AT M = FSMO AT M = FSMO AT M = FSMO AT DOWNSTREAM BOY.
498,55 498455 1095.9 0.
FSMI = 0.
FSMO = «17951
CALCULATED PROGRAM CONSTANTS
PITCH HT HM]
«1847996 «1231997€E-01 «5609788E~-02
ITHIN ITMAX
0 27
LAMBOA DOWNSTREAM WHIRL (RVTHO)
25204466 O
REDUCED WEIGHT FLOW = +5700000E-02
NUMBER OF INTERJOR MESH POINTS = 1046
CALCULATED VELOCITY DIAGRAM INFORMATION
M w W/WCR BETA
UPSTREAM BOUNDARY 1 745.23 «68000 48,257
LEADING EDGE 24 T745.90 «68061 48,200
TRAILING EDGE 56 498455 «45491 0.
DOWNSTREAM BOUNDARY 72 499,77 «45602 0.

Figure A.2.- Continued.
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ITERATION NO. 1

MAXIMUM RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS
AVERAGE RELATIVFE CHANGE IN DENSITY AT BLADE SURFACE POINTS
NUMBER OF UNCONVERGED BLADE SURFACE MESH POINTS m 90

ITERATION NO. 4

MAXIMUM RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS
AVERAGE RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS
NUMBER OF UNCONVERGED BLADE SURFACE MESH POINTS.= 90

ITERATION NO, 3

MAXIMUM RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS
AVERAGE RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS
NUMBER OF UNCONVERGED BLADE SURFACE MESH PQINTS = 89

ITERATION NO. 4

MAXIMUM RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS
AVERAGE RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS
NUMBER OF UNCONVERGED BLADE SURFACE MESH POINTS = 49

ITERATION NO. 5
MAXIMUM RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS

AVERAGE RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS =

NUMBER OF UNCONVERGED BLADE SURFACE MESH POINTS = 22

ITERATION NO, 6

MAXIMUM RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS
AVERAGE RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS
NUMBER OF UNCONVERGED BLADE SURFACE MESH POINTS = 14

ITERATION NO. 7

MAXTMUM RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS
AVERAGE RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS
NUMBER OF UNCONVERGED BLADE SURFACE MESH POINTS = 1

ITERATION NO. R

MAXTMUM RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS
AVERAGE RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS
NUMBER OF UNCONVERGED BLADE SURFACE MESH POINTS B 1

ITERATION NO. 9
MAXTMUM RELATIVE CHANGE IN DENSITY AT HLADE SURFACE POINTS

Figure A.2.- Continued.
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AVERAGE RELATIVFE CHANGE IN DENSITY AT BLADE SURFACE POINTS = .2643E-04
NUMBER OF UNCONVERGFD BLADE SURFACE MESH POINTS = 0

ITERATION NO. 10

MAXIMUM RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS
AVERAGE RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS
NUMBER OF UNCONVERGFD BLADE SURFACE MESH POINTS = 0

«3138E-03 AT IM = 0 IT = 1, SURF = 1,4 M = +4069E-~02
«21026-04

Figure A.2.- Continued.
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M
0.
«5610E-02
«1122€-01
«1683E-01
2 2240E~D]
«2805€=-01
+3366E-01
«3927E-01
+448BE=01
+5049E-01
+S610E-01
«6171E=~01
«6732E-01
«7293E~01
«7854E-01
+A415E~01
«8976E=-01
«9537E=01
«+1010
«1066
1122
1178
01234
1290
«1346
1402
« 1459
#1515
«1571
<1627
«1683
«1739
1795

' EEEEREEREENENNE = NN N A IS I I I I B I I I B S I B NI

VELOCITY

B836.7
848.1}
85143
8b46,.2
A34,.5
820.3
805.2
788.7
770.7
754.2
739.3
723.5
710.8
697.6
688.8
680.9
671.6
665,13
658.7
652.0
645.0
635.7
6§29.3
622.6
615.5
6074
597.2
584,.1
567.1
548.2
533.5
0.

SURFACE VELOCITIES BASED ON MERIDIONAL COMPONENTS = REDUCED WEIGHT FLOW

BLADE SURFACE 1

ANGLE (DEG) SURF.

90.00
50.59
48.08
45.66
43.35
4l.16
39.02
36.85
34468
32450
30.30
28411
25.94
23.83
2l.78
19.78
17.80
15.84
13.91
12.00
10.10
8.23
6.38
4.54
271
«90
=92
=2.76
=461
=6.38
=8.06
“9.68
~90.00

0.
«9360E~02
«1797E~01
«26]18E~01
«3404E~0)
«4162E-01
+4895E-01
+5607E~-01
«6298E~01
»6972E~0]
«T629E~01
«8272€-01
«8901E-01
»9520€-01
«1013
1073
«1132
1151
1249
«1306
1363
« 1420
<1477
«1533
»1589
«1646
1702
21758
+1814
+1870
01927
«1984
2043

Figure A.2.- Continued.

LENGTH

W/WCR
0.
«7635
«7739
<7768
« 7721
« 7615
« 7485
« 1347
«7197
«7032
+6882
«6745
6602
«6486
«6365
«6285
6213
6128
«6070
«6011
+5949
+«5885
+5801
«5Té2
«5681
«5616
+5542
«5450
«5330
5175
«5003
«4868
0.

I TEEEEREEEERREIEE I AN I I S I B I I B BN I B R A B R B

VELOCITY

0.

632,.9
599.0
564,.0
540,.8
522.7
508.1
49641
487.9
479.5
473.5
467,.1
462,5
457.2
453.8
449.7
447.5
445.6
442,6
441,0
439.8
439,2
€37.8
438,7
440.7
LIT ¥ ]
449.0
455.5
463.5
475.4
50045
585.9
0.

BLADE SURFACE 2

ANGLE (DEG) SURF. LENGTH

=90.00
48.96
46,37
43.89
41.52
39.21
36.98
34.83
32,77
30.82
2B.92
27.10
25,34
23,59
21.87
20.17
18,48
16,82
15.19
13,57
11.97
10.39
8,82
T.25%
5.69
4.2
2,60
1.13
~e29
=-1.92
=3.80
~5.24
%0.00

0.
»6851E~02
«1518E-01
+2313€=-01
«3077E=-01
«3813E-01)
+4#526E-01
«5218E=-01
«5893E=-01
«6553E~01
«7200E~01
+783SE-01
«8461E~01]
«90T7E=0)
«9685E=01
.1029
.1088
01147
«1205
1263
1321
1378
<1435
«1491
1548
21606
« 1660
1717
<1773
1829
+1885
«194]
«1998

W/WCR
0.
+5775
5666
«5147
«4935
«4769
« 4636
«4527
« 4452
«4375
«4320
+4263
«4220
4172
hla]
4104
«4083
+ 4066
«4039
4024
+4013
4007
+3995
«4003
04021
»4052
+4097
o4]156
«4230
«4338
+4567
5347
0.

LRI I B BN IR R N LI B 2 e e d T EEBEE S EEELEESTE LR N 2
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SURFACE VELOCITIES RASED ON TANGENTIAL
REDUCED WEIGHT FLOW

M
0.

«4069€-02
«8721E=02
«1374E-01
«1918E-01
«2507€E~01
«3149E-01
«3852E-01
«4631E-01
+«5512E=01
«6534E-01
«T7T768E-01
«9369E=-01
«1202

*1658

M
«2283E-02
«TOT4E-02
«1227E~01
«1793E~01
0 2412E-01
«3092E-01
«3845E-01
«4688E-01
+563%E~01
«6T34E=01
«8031E-01
2 9666E-01
«1210

BLADE. SURFACE

VELOCITY
53R.5
923.1
83846
850.8
851.5
84443
831.4
81544
787.7
76840
738.9
713.0
687.7
65646
603.2

BLADE SURFACE 2
ANGLE (DEG)

VELOCITY
729.0
62446
58147
552.8
530.1
51146
496.7
481.2
467.9
45647
447.8
438.6
432.7

ANGLE (DEG)

90.00
51431
49419
46498
4469
42431
39.85
37.15
34.13
30.68
26.70
22408
16442

Te45
=733

50457
4B8.27
45490
43.42
4De82
38.06
35.13
32.07
28.82
25.33
21433
16444

9.51

COMPONENTS

wW/WCR
«4913
«8423
«7652
« 7763
7770
7704
» 7587
«T440
.7188
.7008
6742
«6506
«6275
«5992
5504

W/WCR
«6652
«5700
5308
5044
4837
4669
4532
#4390
4270
bl67
<4086
«4003
«3948

Figure A.2.- Continued.
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M

24
25

27
28
29
30
31
32
33
34
35
36
37
38
39
40

42
43
L)
45
46
47

49
50
51
52
53
54
55
56

0.
«5610F-02
«1122F=-01
«16A3F-n1
«2244€-01
«2805E-01
+3366€-01
«3927€-01
«44B8E-n]
«5049E=-01
«5610E-01
«6171E-01
«6732E~01
«7293F=-01
«7854E-01
+8415E~01
«8976E~01
+9537€E~01
1010
<1066
1122
1178
1234
1290
1346
1402
1459
«151%
+1571
1627
«1683
«1739
1795

M/MC

Ne
«3125E-01
06250E-01
«9375E-01
«1250
«1563
+1875
«2188
«2500
2813
3125
3438
«3750
4063
4375
+46R8
«5000
«5313
+5625
«5938
26250
26563
+6875
«7188
«7500
«7813
«8125
«8437
«8750
8062
9375
+96R7
1.000

BLADE SURFACE PRESSURES FOR FULL WEIGHT FLOW

PL1)/PT

<9994
« 6981
6899
«6867
6887
«6949
.7028
RARE!
«7203
7303
«7392
<7469
«7549
7608
« 7666
7695
«7718
« 7749
«7768
« 7793
»7823
« 7855
« 7899
«7925
« 7949
. 7972
« 7999
8033
.8082
+8l48
8222
8278
«9525

P{2)/PT

«9994
«8173
«8337
«B496
«8593
«8663
«8717
«8759
«B784
«8810
«8825
8839
+8845
+8851
+«B8846
+8840
8826
.8811
8806
«8801
8799
«8797
«8797
8785
«8766
«8740
«8705
«8663
«8614
«8551]
«8433
8035
«9525

CPTL1)

=«6204E-03
=«3019
-e3101
-+3133
~+3113
=+3051
-.2972
=-.2889
~e2797
=e2697
~¢2608
=.2531
~+2451
-+2392
=¢2334
~¢2305
=-.2282
-e22851
-.2232
=+2207
-.2177
=.2145
~e2101
=~ 2075
~+2051
-.2028
=+2001]
=+1967
-.1918
~.1852
=e1778
-e1722
=~e4T55E-01

Figure A.2.- Continued.

CPT(2)

-e6204E-03
~.1827
-¢1663
~+1504
-+ 1407
=¢1337
~e1283
=e1241
=~.1216
=+1190
=«1175
~ell6l
=+1155
=e1149
=e1154
=«1160
=e1174
-«1189
-e1194
'01199
=.1201
~«1203
-e1203
-s1215
=e1234
~e1260
~e1295
=+1337
~+13686
‘cl“9
'01567
=«1965
~s4T55€E-01
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RESULTS OF COMPUTATIONS ON BASE SOLUTION:

seeesMACH NUMBER,
VALUES OF PERTURBATION PARAMETERS,
CRITICAL VALUE OF wM:

MO = .1000

Qo) = ~9.3094 ( KOCR )
Qo(2) = «2965 ( T )
Q0(3) = «5500 ( M )
Qo{4) = +9581 ( P )
Q0(5) = 0329 ( TMX )
Q0(6) = « 0052 { THLE )

WHCRIT =-66.8587

+000eLOCATIONS OF MIN.s MAX,s» AND CRITICAL PTS.
(* DENOTES PQINT ON LOWER SURFACE)

MINIMUM AT X = ,6B75* (POINT NO, 10}
MAXIMUM AT X = L0937 (POINT NO, 34)

eoso e LOCATION OF FIXED POINTS
(* DENOTES POINT ON LOWER SURFACE)

XFIX(1) = l1.0000%

XFIX(2) = .0937

XFIX{3} = 1.0000

X ARRAY
«968750 «937500 906250 «875000 «843750
«812500 «TA1250 «750000 « 718750 «687500
« 656250 +625000 «593750 «562500 «531250
+«500000 «468750 «437500 «406250 «375000
«343750 «312500 281250 «250000 218750
+187500 «156250 «125000 « 093750 « 062500
«031250 «031250 «062500 «093750 »125000
+156250 = 187500 «218750 +250000 «281250
«312500 +343750 «375000 «406250 +437500
«468750 «500000 »531250 »562500 «593750
«625000 +656250 «687500 «718750 «750000
«» 781250 «812500 «843750 «875000 «906250
«937500 968750
Y ARRAY

585.946 500.526 475384 463.538 455.453
448.954 444,034 440.692 438,692 437.817

Figure A.2.- Continued.
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439.170
4470463
467,147
508,106
632.856
RI4,503
754.190
688,798
651,996
615.503
548,249

OQUTPUT FROM OBJCON

439,833
449,745
473.460
522.699
836.747
820.308
739.256
680.850
6444996
6070355
533.506

O0BJECTIVE FUNCTION  DIFFS

CONSTRAINT 1
CONSTRAINT 2

CONSTRAINT 3

wo
DIFFS/%0

BLTKS

YMAX
YMIN
DIFFP

WMB (MBO=2+1)
WMB (MB0-2+2)
TECLSR

441,032 442,598
453.791 457,230
479,521 487.914
540.850 564,034
B4B.134 8514345
805,229 788,747
723.486 710.818
6714634 665,267
635,734 629,278
597.245 5084.097
=  «85135E+03

£ JA9RSSE+03

= L17077€E+01

= ,2B002E+00

= +632B6E+03
= L,43782E+03
s .14455E+01

= +54A25E+03
= +50053E+03
= +59654E+00

Figure A.2.- Continued.

445,557
4624531
4964105
599.017
8464151
770.703
697,563
6584725
622,630
567.118



UNTT PERTURBATION OF wM AND UNIT STRAINING OF XBASE

FOR CALIBRATION SOLUTIONS 1 THROUGH S

8T1

POINT

ot gt et et et
VHNFPRFPWN=OOINONE W~

WWNNVNNNNNN DN
— o VENRPN W~

W
N

33

XBASE

«9687
9375
«8062
<8750
«8437
«8125
«7813
+ 7500
.7188
«6875
«6563
6250
«5938
+»5625
«5313
«5000
4688
«4375
4063
+3750
3438
«3125
«2813
#2500
«2188
«1875
1563
1250
+0938
« 0625
«0313
«0313
«0625
«0937
1250
«1563
«1875
+2188
«2500
2813
+312%
«3438
«3750
4063
+4375
+4688
«5000
«5313
«5625
+«5938
«6250
«6563
«6875
7188

® 1ST CALR SOLN ®

XSTRUNIT

«96R7
«9375
«9062
«8750
8437
«B125
«7813
« 7500
«7188
«6875
«6563
«6250
«5938
«5625
«5313
«5000
«4688
«4375
«4063
«3750
«3438
3125
»2813
#2500
«21A8
+1875
«1563
« 1250
«0938
0625
+0313
«0313
+ 0625
« 0937
«1250
1563
«1875
«21R8
«2500
2813
#3125
»3438
#3750
4063
«4375
«46AB
«5000
«53)3
<5625
5938
«6250
«6563
6875
.7188

WMUNIT

-20,0835
=-2,0339
=1,5704
~1.15641

-¢5654
~.0083
24519
+«8409
1.1920
1.5444
1.7105
1,9518
2.1692
2.3808
2.4946
2.6598
2.8328
2.9307
2.8725
-1.1870
3.4304
33,4417
3.5360
3.5962
3.6615
3.7119
3.7645
3.8190
3.8704
440452
3.7273
=-2.0986
~1.7847
=1.3110
=«7343
~. 0684
«5535
1.0858
1.4408
1.6988
1.8322
1.R675
1.R318
1.7831
1.,6282
1,4959
1.,4538
1.2463
1.1544
1.0832
1.0269
1.4608
9389
9441

® 2ND CALB SOLN *

XSTRUNIT

+«9687
+9375
«9062
«8750
8437
«8125
+7813
«7500
«7188
«6875
«6563
«6250
«5938
+5625
«5313
«5000
+ 4688
4375
«4063
«3750
«3438
«3125
«2813
22500
2188
1875
1563
«1250
.0938
« 0625
#0313
«0313
« 0625
+ 0937
«1250
+1563
«1875
«2188
2500
«2813
«3125
3438
«3750
+4063
«4375
«4688
+5000
«5313
«5625
«5938
«6250
«6563
«6875
-7188

WMUNIT

-12.3557
«3504
-1.8310
~2.8760
-3.2252
=3.2979
=3.2944
-3.2652
~3.1984
=3.0260
=2.7491
=2.5167
~2.2244
~1.8467
=1.4206
=e9420
“e3770
«3384
le1044
1.6390
1.2143
=e2424
1.7374
11.6855
28.8759
49.8522
63.6612
67,6203
67.8533
64,1781
59,1752
20,0463
5941447
75.5428
86,0979
76.0690
25.7422
~37.4853
=54 .6629
«40.,9663
-7.2238
12,3028
18,5201
17.1651
13.5137
12.4504
12.2531
11.9896
1144311
10.5534
9.3045
9.0808
T.4211
6.8230

* 3RD CA
XSTRUNIT

9687
«9375
«9062
«8750
«8437
8125
«7813
« 7500
«7188
«6875
«6563
«6250
«5938
+5625
+5313
«5000
«46R8
«4375
«4063
«3750
«3438
#3125
«2813
«2500
2188
1875
1563
+1250
+0938
«0625
«0313
+0313
« 0625
«0937
«1250
«1563
«1875
2188
2500
.2813
«3125
3438
«3750
«4063
«4375
+4688
+5000
«5313
«5625
«5938
06250
«6563
<6875
«718R

LB SOLN e
WMUNIT

«7336
2240747
32.2313
39.4171
4444573
47.7861
49,9671
51.3220
51.9009
51.5705
50.4412
48.7109
45.8657
41.5757
347531
27.1473
18.3364

845195
~241194
-18.8717
=42.9978
-82.2106
-121.3626
-170.1902
=213.2488
~259.9132
-294.5792
=314.5814
=-323.8562
=318,0546
=306,1475
38.5597
~147.0558
-243.1517
=29840271
=316.0947
~294.0541
~251.8086
=211.5466
=164.2406
~120.1525
=91.4976
=70.0210
=55.8055
~4241093
=26.6607
-10.9074
4.2757
16.9513
27.4695
35.A149
43,1271
452767
4R.1426

® 4TH CA
XSTRUNIT

+9679
«9357
«9036
«8716
+8393
«8071
«7750
« 7429
7107
«6786
6464
v6143
«5821
+5500
+5179
4857
+4536
4214
+3893
»3250
»2929
2607
«2286
«1964
«1643
1321
«1000
0679
«0357
0036
«0607
+ 0929
«1250
«1552
«1853
«2155
02457
«2759
«3060
3362
+ 3664
«3966
«4267
«4569
«4871
5172
«5474
5776
<6078
«6379
<6681
«6983
« 7284

Figure A.2.- Continued.

LB SOLN ¢
WMUNIT

49,8051
3144676
32.5262
33.1910
33,0680
32.3865
3142294
29.7367
27.8109
24,0298
22.6987
20.1833
17.5319
1243536
9.6214
4.7197
=-3.8576
=8.7994
-19.8105
~28.,8464
~49.4112
~T73.9244
=100.9777
=129.5244
~168.5015
=-199,0200
=-227,0555
~256.8217
=313.1910
-301.6170
=390,5942
53,0857
5549563
57.6540
44,6364
6.7466
=32.6152
~67.3864
~90.,1078
~107.1067
=113.3012
=110.1136
-104,1926
=94.5723
-91.3018
=B81.2246
~76.0135
~T72.4756
~60.5006
~54.5505
~48.5193
~40.0172
=39.3476
~35.3002

® STH CALB SOLN e

XSTRUNIT

9687
«9375
«9062
«8750
+B437
«B125
7813
«7500
+T188
«6875
6563
+6250
«59238
+5625
«5313
«5000
+ 4688
«4375
«4063
3750
«3438
«3125
«2813
+2500
.2188
«1875
«1563
«1250
«» 0938
« 0625
+0313
0313
« 0625
« 0937
«1250
+ 1563
#1875
«2188
«2500
«28)3
«3125
«3438
« 3750
«4062
+41375
«4688
«5000
«5313
«5625
+«5938
6250
«6563
«6875
7188

WHUNIT

~134,3581

3215647

65343391

730.8362

869.5636

982.7536
1083,0267
1177.6278
1266.5219
1346.7744
1436,6945
1513.6100
1584.0968
1644,2614
1711.4227
1760.2479
1797.3748
1849.8007
1905.3349
2411.891¢
1914.4488
2377.3086
1799.7259
1750.2485
1673.8101
1603.4360
1542.7842
1493,5615
1439.4028
1395.2751
1315.1689
«774.5666
~245.9485

128.23677

439,0277

734.5830
1034,.5656
131944035
1533,4164
1716.9271
1866.5859
1949.5734
1996.9997
202140725
2006.4598
2010.8281
201444030
1961.1819
1922.7421
1865.9004
1793.9780
1744.0449
1578.7011
16464,1293
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55
56
57
58
59
60
6l
62

«7500
7813
«8125
«8437
«8750
«9062
«9375
«9687

«7500
«7813
«8125
«84137
«R780
9062
«9375
«96A7

l1.n328
1.2671
1.6887
2.3181
3.1611
%.3495
=.8723
24,4162

« 7500
27813
«8125
+8437
«8750
«9062
+9375
9687

6.3076
5.8215
5.4206
5.0341
445903
39949
4,0644
8.5940

«7500
«7813
«8125
8437
«8750
9062
«9375
«9687

49.1325
48.2877
45.5817
4046758
33.2001
227723
943163
=15.1745

« 7586
«78AR8
«8190
«8491
«8793
«5095
«9397
«9698

Figure A.2.- Continued.

=31.5621
-27.9952
~264.4539
-21.2165
~18.9875
~18.1252
=13.,9357
-38,7317

+ 7500 1334,]1984
#7613 1190.4777
«8125 1030,4991
+8437 B846,509)
«8750 630,1062
«9062 376.1257
9375 73,0336
+9687 -419.8816



UNIT PERTURAATION OF WM AND UNIT STRAINING OF XBASE

FOR CALIBRATION SOLUTIONS 6 THROUGH 6

021

POINT

ot ot bt ot Gt ot ot bt ot
OVENPNSIWN~OODRNONS WN -

NN
LK -]

NN
wn

XBASE

«9687
«9375
«9062
«8750
«8437
8125
«7813
«7500
«7188
+6875
«8563
6250
«5938
+5625
+5313
«5000
+A688
«4375
24063
«3750
+»3438
<3125
«2812
«2500
+2188
«187S
+1563
«1250
«0938
0625
«»0313
+0313
« 0625
« 0937
»1250
+1563
+1875
»2188
«2500
2813
«3125
«3438
«3750
«4063
«4375
«4688
«5000
«5313
«5625
+5938
6250
+6563
«6875
.7188

® 6TH CALR SOLN @

XSTRUNIT

«9687
«9375
«9062
«8750
«84137
«8125
«7813
«7500
«7188
«6875
«6563
6250
+5938
+5625
«5313
+5000
+«46R8
4375
«4063
«3750
+3438
«3125
2813
«2500
2188
«1875
»1563
1250
<0938
« 0625

WMUNIT

85,4341
=195,5425
-73.2089
=-103.,2774
-137.1931
=-130.1613
=110.6727
-99,2898
-98,7822
=106.3977
-93,3852
=-88,7640
~82.9426
-80,.9244
~70.7242
-68,5586
=68.1042
-40.0619
~24,6671
~8.,0421
=55.7364
~139,4742
-218.3122
=304.8216
=363.2004
~220.2327
179,5793
972.0918
2388,4336
6013,0030

«031310829.3858

«0313
«0625
« 0937
«1250
«1563
« 1875
«2188
«2500
«2813
«3125
3438
3750
«4063
«4375
«4688
5000
#5313
5625
«5938
6250
6563
«6875
7188

4319,9999
974.4519
~336,1720
~849,5837
-863.6749
~370.,0835
321.6473
678.9298
973.2190
1123.6623
1043.2128
941,1998
759.0115
62149917
507.6942
403,457}
357.8155
304.2645
258.3880
218.,0293
132.6033
150.2109
125,2795

Figure A.2.- Continued.
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55
a6
57
58
59
60
61
62

«7500
.7813
8125
«8437
8750
9062
#9375
+9687

<7500
7813
«R125
«8437
8750
«9062
9375
«9687

109.5129
108,1062
118.9669
116.,0773
66,5779
1.4576
~-18,1001
4641274

Figure A.2.- Continued.
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L 20E I JEY K JEY K BN DR 2k B N 2N IR IR JEE JEE JER JEE NN JEK JEE NN R AN AR

CONMIN

CONSTRAINED FUNCTION MINIMIZATION

* & % %85 % 3 s

*
L ]
L ]
FORTRAN PROGRAM FOR [
L ]
-
L3
L3

L JEE TN JEE K I B B N 2R 2R R N X R B 2N B BN 2R BB EE N B BN

CONSTRAINED FUNCTION MINIMIZATION

CONTROL PARAMETERS

IPRINT NDV 1TMAX NCON NSIDE ICNDIR NSCAL NFDG
S 6 6 6 1 7 =2 [}
LINOBY [ITRM N1 N2 N3 Né& NS
0 3 -] 18 20 20 40
cT CTMIN CTL CTLMIN
~+10000E+00 +40000E-02 ~+10000E-01 «10000E-02
THETA PHI DELFUN DABFUN
«10000E+01 «50000E+01 «10000E~03 «17077E-02
FOCH FDCHM ALPHAX ABOBJ1
«10000E-01 +10000E~02 «10000E%00 «50000E-0]
LOWER BOUNDS ON DECISION VARIABLES (VLB)
1) =«15000€E+01 «80000E+00 ch4444E400 +33333E+00 «60000E+00 «60000E+00
UPPER BOUNDS ON DECISION VARIABLES (vuB)
1 0. «24000E+0] «12222€+01 «2666TE+0] «20000E+01 +24000E+01
SCALING VECTOR (SCAL)
«1000E+02 «2500E+00 «4500E+00 «1500E+01] «5000E-01 «5000E-02
ALL CONSTRAINTS ARE NON-LINEAR
INITIAL FUNCTION INFORMATION
0BJ = «17076SE+01
DECISION VARIABLES (X=VECTOR)
1} =+93094E+01 229650E+00 «55000E+00 +95806E+00 +32891E~01 +51525E-02
CONSTRAINT VALUFS (G~VECTOR)
1 =+2B8002E+01 =+97200E+00 ~,14455E+02 =.96575E=01 =-.15965E+0]1 =-.40346€+00

Figure A.2.- Continued.
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BEGIN ITERATIO

CT = ~+10000

NO.
BLADES R

34

X ARRAY
«968750
«812500
+656250
«500000
+ 343750
«187500
«031250
«156250
«312500
+468750
+625000
«781250
«937500

Y ARRAY
584.076
448,954
439.329
447,710
467.467
508,451
633.203
834,497
754,360
688.937
652.092
615.621
548.168

QUTPUT FROM OBJCON

OBJECTIVE FUNCT

CONSTRAINT 1

CONSTRAINT 2

CONSTRAINT 3

N NUMBER 1

E+00 CcTL =

INLET CONE
ADIUS ANGLE
(L) (DEG)

«45400 606640

«937500
« 781250
+625000
«468750
«312500
«156250
«031250
« 187500
+343750
+500000
656250
«812500
«968750

$00.337
4440076
440,014
450.009
473.780
623.050
836.552
8204359
739.430
680,986
645132
607.512
535779

ION DIFFS
w0
DIFFS/W0
BLTKS
YMAX
YMIN
DIFFP

WMB (MBO-2+1)
WMB (MB0=-2+2)

=+10000E~01 PHI = «50000E+01)

#se INPUT FOR BLADE ELEMENT PROGRAM ®®s

INLETY QUTLET TRANS . MAX . THe IN/OUT MAX o LeE,

SOLIDITY BLADE BLADE Loc, LoC. TURNING THICK, RAD,
ANGLE ANGLE /CHORD /CHORD RATE /CHORD /CHORD
{DEG) {DEG)

0 2425200 52.000 =-9.2163 +29650 +55000 «95806 «03289 «00515

906250 +«875000 «843750
«750000 « 718750 «687500
«593750 +«562500 +531250
«437500 «406250 «375000
«281250 «250000 +218750
«125000 093750 2062500
+062500 «093750 «125000
+218750 +250000 281250
+«375000 «406250 «437500
«531250 «562500 «593750
687500 «718750 750000
«B43750 «875000 «506250
475,238 463.430 455,400
440,771 438.803 437.961
441.234 442,820 445.789
454,064 457497 462.420
479,851 4B8.249 496,446
541.205 564,395 599.393
847.968 85}1.223 846,083
805,330 788.882 T70.861
723.656 710.984 697714
671.750 665,374 658.826
635.822 629,366 622.726
597.461 5844391 567.523
= L,85122€+03

T L49855E+03

= J17074E+01

= «27996E+00

= +63320€E+03

= +43796E+03

= <14458E+01

= «54B17E+03

= +50034E+03

Figure A.2.- Continued.

TeEe
RAD.
/CHORD

+ 00500
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TECLSR = «59789E«00

#ae¢ INPUT FOR BLADE ELEMENT PROGRAM #a«

INLET OUTLET TRANS. MAXaTH, IN/OUT MAX . LeEe TeEo
NO. INLET CONE SOLIDITY BLADE BLADE LoC, LoC. TURNING THICK. RAD. RAD.
BLADES RADIUS ANGLE ANGLE ANGLE /CHORD /CHORD RATE /CHORD /CHORD /CHORD
1% {DEG) {DEG) (DEG)
34 «45400 666400 2.25200 524000 ~9.3094 «29946 +55000 «95806 «03289 «00515 +00500
X ARRAY
+968750 «937500 «90625¢0 «875000 «843750
«812500 «781250 750000 «718750 -687500
«»656250 +625000 +593750 +562500 «531250
«500000 +46B8750 «437500 2406250 «375000
» 343750 «312500 281250 «250000 218750
«187500 «156250 125000 «093750 « 062500
»031250 +03125¢0 +062500 +09375¢ «125000
+156250 «1A7500 2218750 «250000 «281250
«312500 «343750 «375000 «406250 +437500
+468750 «500000 +531250 «562500 «593750
«625000 656250 «687500 718750 +750000
«781250 «812500 843750 «875000 +906250
«937500 «96875¢0
Y ARRAY
585.909 500.527 475.378 463.529 4556444
448,945 4460024 4400683 438.683 437.808
439.162 439,825 441,025 442,593 445.553
447.460 445,744 453,792 457.233 462,536
467,151 4T3.459 479,527 4B87.949 496,191
508.253 5224888 541.050 S64.235 599.207
633,031 836.807 848.310 851.569 846,407
834,729 A20.384 805,118 7884585 770581
754.168 739.293 7234541 710.869 697,603
688.835 680.887 671,669 665,301 658,757
652,024 645.023 635,756 629,298 622.649
615.521 607.371 597.260 5844111 567.130
5484261 533.53)

OUTPUT FROM 0BJCON

OBJECTIVE FUNCTION DIFFS = +85]57E+03
w0 = +49855E+03

DIFFS/W0 = ,17081E+01

CONSTRAINT 1 BLTKS = «28326E+00
CONSTRAINT 2 YMAX = <63303€+03
YMIN = +437Bl1E+03

DIFFP = «14459E+01

CONSTRAINY 3 WMB (MBO~2¢1) = S4B26E+03
WMB(MBO=-2+2) = ,50053€+03

Figure A.2.- Continued.
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TECLSR

= +59667E+00

#ss [NPUT FOR BLADE ELEMENT PROGRAM w##a

INLEY OUTLET TRANS . MAXeTH, IN/OUT MAX .o LeEe
NO. INLEY CONE SOLIDITY BLADE BLADE Loc, Loc. JURNING  THICK, RAD.
BLADES RADIUS ANGLE ANGLE ANGLE /CHORD /CHORD RATE /CHORD /CHORD
() (DEG) (DEG) (DEG)
34 «45400  6.,66400 2.25200 52.000 ~=9.3094 29650 «54450 +95806 +03289 +00515
X ARRAY
«968750 «937500 906250 «875000 +843750
«812500 «781250 «750000 «718750 «687500
+656250 «625000 «593750 «562500 +531250
«500000 « 468750 «437500 406250 «375000
+343750 «312500 «281250 «250000 +218750
+187500 « 156250 «125000 «093750 « 062500
+031250 « 031250 +»062500 +093750 +125000
«156250 « 187500 «218750 250000 «281250
312500 «343750 «375000 «406250 +«437500
«468750 «500000 .531250 +562500 593750
+625000 +656250 «687500 «718750 « 750000
«781250 812500 «843750 «875000 906250
«937500 +968750
Y ARRAY
585.942 500.405 475.206 463,321 455.209
448,692 443.759 440.410 438,407 437.534
438.893 439,565 440.779 442.369 445,366
447,313 449,644 453.744 457.241 462,635
467,384 473.912 480.189 488.85] 497.278
509.535 5244319 542.580 565.816 600.766
634,540 A36.535 848,943 852.683 847,75}
836.242 821.925 806.614 789.911 771.606
754.851 739.759 723.871 711.125 697.795
688,945 680.910 671.610 665,174 6584574
6514799 644,759 635,485 629.013 622.360
615.238 6074104 597.022 583.914 5664993
548,198 533.589
OUTPUT FROM O0BJCON
OBUECTIVE FUNCTION DIFFS *  +85268E+03
WO =  .49855E+03
DIFFS/W0 = o17103E+01
CONSTRAINT 1 BLTKS = +3041BE+00
CONSTRAINT 2 YMAX = +63454E+03
YMIN = +43753E+03
DIFFP = 414503E+01
CONSTRAINT 3 WMB (MBO=2¢1) = .54820E+03
WMB (MBO-2+2) = .50040E+03

Figure A.2.- Continued.

T.EI
R‘DI
/CHORD
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NO.
BLADES

34

X ARRAY
968750
«812500
«656250
«500000
«343750
«187500
«031250
«156250
«312500
468750
+625000
« 781250
+937500

Y ARRAY
586.337
449.235
439,395
447,543
466.803
506,576
6324376
834,089
752.705
687.856
651,430
615,166
548,079

TECLSR =

INLET CONE.
RADIUS ANGLE
() (DEG)

45400 6.66400

«59741E+00

®##s INPUT FOR BLADE ELEMENT PROGRAM ®#s

INLET
SOLIDITY BLADE
ANGLE
(DEG)

2225200 52.000

«937500 906250 875000
«781250 +750000 «718750
«625000 «593750 «562500
468750 437500 «406250
«312500 281250 «250000
«156250 «125000 «09375¢
«031250 «+062500 +093750
«187500 «218750 «250000
+» 343750 «375000 «406250
500000 531250 «562500
656250 «687500 «718750
«812500 «843750 «875000
968750

500777 4754659 463.823
4440309 440.961 438.951
440.040 4414220 442,758
449,777 453.767 457,140
472.880 4T8eTh3 #86.863
521.012 539.030 562,063
837.637 848,781 851.710
819.507 804.075 787.352
737.799 722.181 709.606
679.943 670.825 664.577
6440488 635,279 628,867
607.047 596.962 583.832
533.116

QUTPUT FROM 0BJCON

O0BJECTIVE FUNCTION  DIFFS

CONSTRAINT 1
CONSTRAINT 2

CONSTRAINT 3

w0
DIFFS/w0

BLTKS

YMAX
YMIN
DIFFP

WMB (MB0=2,1)
WMR (MBO=242)

«85171E+03
+49855E+03
«17084E¢01

+27981E+00
«63238E+03
«43806E+03
+»14436E+0]

«54808E+03
«50078E+03

OUTLET TRANS . MAX.TH, IN/OUT MAX. LeEo
BLADE LoC, LoC. TURNING THICK., RAD.
ANGLE /CHORD /CHORD RATE /CHORD /CHORD
(DEG)

=9.3094 «29650 «55000 96764 «03289 «00515

«843750
+687500
»531250
«375000
«218750
«062500
«125000
281250
«437500
«593750
«750000
906250

4554737
438,061
445.677
462,344
494,787
597.128
846.170
769.212
696.498
6584097
622258
5664876

Figure A.2.- Continued.

/CHORD

«00500
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TECLSR = «59128E+00

#es INPUT FOR BLADE ELEMENT PROGRAM ®es

INLET OUTLET TRANS, MAX+THe IN/OUT MAX. LeEs TeEe
NO. INLET CONE SOLIOITY BLADE BLADE LocC. LocC. TURNING THICK. RAD. RAD.
BLADES RADIUS ANGLE ANGLE ANGLE /CHORD /CHORD RATE /CHORD /CHORD /CHORD
() (DEG) (DEG) (DEG)
34 45600 666400 2.25200 52.000 =9,3094 +29650 «55000 +95806 «03389 «00515 «00500
X ARRAY
«968750 +937500 «906250 «875000 «843750
+812500 «7A1250 «750000 «718750 «687500
656250 «625000 «593750 +562500 «531250
«500000 «468750 +437500 «406250 «375000
«343750 «312500 «281250 «250000 «218750
«187500 «156250 «125000 «093750 062500
«031250 2031250 « 062500 «+ 093750 «125000
«156250 «1R7500 «218750 +250000 «28125¢0
«312500 «34375¢9 «375000 + 406250 +437500
+468750 «500000 »531250 562500 «59375¢
625000 +656250 «687500 «718750 «750000
«781250 «812500 +»843750 «875000 «906250
+937500 +»968750
Y ARRAY
585.812 500.848 475.937 464,269 456.323
449,937 445,117 441,870 439.959 439,164
440,607 hh1.346 442,616 44460242 447,268
449,223 4#51.543 455,641 459.135 464,943
469.062 4754837 481,321 489.665 497.779
509,709 S24.262 542.343 565.474 600.412
634,171 835.973 847.88R 851,474 846,591
835,238 821.342 806.548 790.281 772.420
756.056 T41.206 725.483 712.839 699,569
690.809 682.R65 673.595 667.190 660,591
653.790 646.740 637,313 630.742 623,964
616,694 6084385 598.092 S84.727 56T«494
548,322 533.086

QUTPUT FROM OBJCON

OBUECTIVE FUNCTION DIFFS = «B5147E+03
w0 =  «49855E+03

DIFFS/®W0 = ,17079E+01

CONSTRAINT 1} BLTKS 2 .29081E+00
CONSTRAINT 2 YMAX = «+63417E+03
YMIN = «43916E+03

DIFFP = o 14440E401

CONSTRAINT 3 WMB(MBO=2+1) = .54832E+03
WMB (MB0O=2+2) = +50085E+03

FPigure A.2.- Continued.



8ZT

NO.
BLADES

34

X ARRAY
+968750
812500
«656250
«500000
«343750
«187500
.031250
«156250
312500
«468750
625000
«781250
«937500

Y ARRAY
5864031
448.824
439.077
447,394
467.092
S07.885
643.685
833.639
755.314
689,306
652.214
615.612
548.231

TECLSR =

INLET CONE
RADIUS ANGLE
) (DEG)

«45400 6066400

+59343E+00

#a» INPUT FOR BLADE ELEMENT PROGRAM w#s

INLET OUTLET TRANS., MAX+TH. IN/OUT MAX . L.E.

SOLIDITY BLADE BLADE Loc, Loc. TURNING THICK. RAD.
ANGLE ANGLE /CHORD /CHORD RATE /CHORD /CHORD
(DEG) {DEG)

2025200 52.000 ~9.3094 229650 +55000 +95806 «03289 00615

937500 +906250 «B875000 +843750
«781250 «750000 +«718750 687500
«625000 +«593750 2562500 «531250
«468750 +437500 «406250 «375000
312500 «281250 +250000 +218750
156250 «125000 +093750 +062500
.031250 « 062500 «093750 125000
» 187500 «218750 250000 «281250
»343750 «375000 0406250 437500
«500000 «531250 562500 «593750
«656250 «687500 «718750 « 750000
«812500 «843750 «875000 906250
«968750

5004331 475,311 463,435 4554316
443,923 4404593 438.594% 437.711
439,744 4404949 442.517 445,486
449,677 453.751 457.205 4620523
473.320 479.303 487.610 495,742
522.879 S541.82?2 566.423 605,030
841.067 849,109 851.009 8454302
819.938 8054551 789.426 771.676
7404299 T24.427 T11.577 698.185
681.254 671991 665,571 6580984
645,128 635,885 629.403 622.739
607474 597.362 584.164 567.120
5334552

OUTPUT FROM OBJUCON

0BJECTIVE FUNCTION DIFFS

CONSTRAINT 1

CONSTRAINT 2

CONSTRAINT 3

wo
DIFFS/w0

BLTKS

YMAX
YMIN
DIFFP

WMB (MR0=2+1)
WMB (MBO~24 2)

«85]101E+03
+49855E+03
«17070E401

«423B6E+00
«64369E+03
«43771E+03
«14706E+0}

«54823E+03
«50033E+03

Figure A.2.- Continued.

TeEe
RAD.
/CHORD

« 00500



6Ct

TECLSR = ,59876E+00
THERE ARE 1 ACTIVE CONSTRAINTS
CONSTRAINT NUMBERS ARE
L3
THERE ARE 0 VIOLATED CONSTRAINTS
THERE ARE 1 ACTIVE SIDE CONSTRAINTS
DECISION VARIABLES AT LOWER OR UPPER BOUNDS (MINUS INDICATES LOWER BOUND)
3
GRADIENT OF 08J
i) =+26392€~01 «37807E=0) =~,21940E+00 «11434E+00 +12830E-01 =.33759E-02
GRADIENTS OF ACTIVE AND VIOLATED CONSTRAINTS
CONSTRAINT NUMBER 4
1) «21332E~01 ¢226B0E=0] ~,24471E+00 ~.18588E+00 =.44941E-0] «T84]14E~0)
SIOE CONSTRAINT ON VARIABLE 3
n [ 0. +10000E+01 0. 0. 0.
PUSH=OFF FACTORSe (THETA(1)s Ix=]sNAC)
t) «11730E-02 0.
CONSTRAINT PARAMETERy BETA = +36299E+00

SEARCH DIRECTION (S-VECTOR)
[ «3J2046E+00 =.10000E+01 «39056E~]13 <~.4388TE+00 «19546E+00 =~.72800E+00

ONE=DIMENSIONAL SEARCH
INITIAL SLOPE = =,9148£~01 PROPOSED ALPHA = »1186E+00

® @ CONSTRAINED ONE~DIMENSJONAL SEARCH INFORMATION © o e

PROPOSED DESIGN
ALPHA = ,11860E+00
X=VECTOR
«.8929E+01 «2668E+00 +5500E+00 «8800E+00 #3405E-01 «4721E~02

Figure A.2.- Continued.



0cT

se#s INPUT FUR BLADE ELEMENT PROGRAM ®ee

INLET OUTLET TRANS, MAXTH. IN/OUT MAX. LeEs
NO. INLET CONF SOLIDITY BLADE BLADE LocC, LOC, TURNING THICK, RAD,
BLADES RADIUS ANGLE ANGLE ANGLE /CHORD /CHORD RATE /CHORD /CHORD
) (DEG) (DEG) (DEG)
34 «45400 6466400 2425200 52.000 ~8.9293 26685 «55000 «87999 . 03405 «00472
X ARRAY
«968750 937500 «906250 «875000 843750
.812500 «7R1250 « 750000 «718750 +687500
«656250 «625000 «593750 562500 «531250
«+500000 «468750 «437500 406250 «375000
«343750 «312500 «2R81250 «250000 «218750
.187500 «156250 «125000 « 093750 « 062500
031250 «031250 062500 «093750 +125000
«156250 «187500 «218750 «250000 «281250
«312500 «343750 «375000 «406250 +437500
«468750 «500000 «531250 «562500 «593750
«625000 «656250 «687500 718750 «750000
781250 «812500 «843750 «875000 2906250
937500 «968750
Y ARRAY
575.226 498,998 473,581 461.860 454,132
448.015 443,428 4404389 438,698 4384254
439,650 440.765 4424260 46444293 447,409
449.890 452.824 457.082 461,385 466,261
473.241 4R)1.773 489,466 499,183 509.712
5224635 538.120 557.091 582.208 613.227
6504082 B05.736 837.247 843,322 B41.747
R35.030 R26+070 815.978 802.800 7864405
7694349 753.299 7364954 722.919 709.390
699.074 690470 680.975 673,220 666,054
658.757 651.200 64].678 6344454 6274364
6519.856 6114397 60]1.083 587.877 571010
549.410 545.087
QUTPUT FROM 0BJCON
OBJUECTIVE FUNCTION DIFFS B8 .84332E+03
w0 = +49855£+03
DIFFS/W0O = +16916E+01
CONSTRAINT 1 BLTKS = «19679E+00
CONSTRAINT 2 YMAX = «65008E¢03
YMIN = «43825E+03
DIFFP = «14R33E+01]
CONSTRAINT 3 WMB (MBO-2¢1) = 454941E+03
WMB (MB0-2+2) = ,49900E+03

Figure A.2.- Continued.

TeEs
RAD.
/CHORD

« 00500



TET

TECLSR = +63015E+00
0pJ = «16916E+01

CONSTRAINT VALUFS
=e1968E+0]1 =.9B803E+00 =,1483E+02 ~,7291E-01 <=.1630E+0]

TWO~POINT INTERPOLATION

PROPOSED DESIGN
ALPHA = ,38598E+00
X=VECTOR
~+80T72E+01 «2000E+00 +5500E+00 +T040E+00 «3666E=01

Figure A.2.~ Continued.

=+.3698E+00

«3ITABE-02



AN

NO.
BLADES

34

X ARRAY
«968750
«812500
656250
+500000
«343750
187500
.031250
.156250
312500
+ 468750
625000
.781250
937500

Y ARRAY
550.516
445.739
440.705
454.923
483.575
553.060
680,737
828.531
B04.400
723.326
674,537
629.888
5524461

INLET CONE
RADIUS ANGLE
L) (DEG)

«45400 6.6640

«937500
«TR1250
«625000
«468750
«312500
«156250
«031250
«1A7500
«343750
«500000
«656250
«812500
«968750

494.472
441.893
442.613
459,030
497.330
570.624
TT1.425
829.594
786.288
712.703
665,675
620.680
570.387

OQUTPUT FROM 0BJCON

OBJECTIVE FUNCTION DIFFS

CONSTRAINT 1

CONSTRAINT 2

CONSTRAINT 3

wo
DIFFS/W0

BLTKS
YMAX
YMIN
DIFFP

WHMB {MBO=24+1)
WMR (MBO =242}

¢ee¢ [NPUT FOR BLADE ELEMENT PROGHAM see

INLETY
SOLIDITY BLADE
ANGLE
(DEG)
0 2425200 52.000
«906250 «875000
« 750000 « 718750
+593750 «562500
2437500 406250
281250 «250000
« 125000 « 093750
« 062500 « 093750
«218750 «250000
«375000 «406250
+531250 «562500
«687500 «718750
+843750 «875000
469.416 457,972
439,521 438.501
444,763 447.681
464,065 469,819
510.004 521.974
590.966 617.176
811.313 824,141
831.320 830,192
T6R.411 751.285
702.584 692,254
655.453 646,455
609.854 596.460
= .83132E+03
= +49855E+03
= W 16675E+401
= =+15560E-01
= «68074E+03
= «43850E+03
= +15524E+01
= «55246E+03
= «4944T7E+03

OUTLET TRANS, MAX.TH, IN/7OUT MaX,. L+Ea Te.€.
BLADE LocC. LOC. TURNING THICK,. RAD. RAD.
ANGLE /CHORD /CHORD RATE /CHORD /CHORD /CHORD
(DEG)

-8.0725 «20000 «55000 «70396 « 03666 «+00375 «00500

«843750
«687500
«531250
«375000
«218750
« 062500
«125000
+281250
«437500
«593750
«750000
«906250

451.012
438.930
451.328
4754041
536.848
649.870
828.722
820.187
736.46)
683.150
6384311
579.793

Figure A.2.- Continued.
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TECLSR = +72486E+00
08J = «16675E+01

CONSTRAINT VALUES
+1556E+00 =.1002E+01 ~,1552E+02 ~-.2974E-01 ~.1725E+01

THREE~POINT INTERPOLATION

PROPOSED DESIGN
ALPHA = ,34405E+00
X=VECTOR
=-+8207E+01 «2105E+00 «5500E+00 «T316E+00 +«3625€-01

Figure A.2.~- Continued.

~+2751E+00

+»3900E-02



vel

#es INPUT FOR BLADE ELEMENT PROGRAM #ee

INLET
NOo INLET CONE SOLIDITY BLADE
BLADES RADIUS ANGLE ANGLE
) (DEG) (DEG)
34 «45400 666400 2425200 52.000
X ARRAY
«968750 «937500 «906250 «875000
+812500 «781250 « 150000 « 718750
«656250 625000 »593750 562500
«500000 «468750 437500 406250
«343750 «312500 281250 250000
187500 « 156250 «125000 «093750
«031250 « 031250 « 062500 « 093750
«156250 «187500 218750 «250000
+312500 «343750 «375000 +406250
«468750 «500000 «531250 «562500
625000 656250 687500 «T18750
781250 »812500 +843750 «875000
«937500 +968750
Y ARRAY
554,440 495.278 470,079 458,591
446,110 442,149 439,674 438.551
440.560 4424346 444,394 447.189
454,173 45R.122 463,009 468.580
482.259 495,175 506.951 518.634
548,497 5654728 585.899 612.229
676,661 773.620 815,504 827.247
830.276 829.937 829,753 826.301
798.820 780.988 763.374 T46.734
T19.420 T09.164 699,143 689.165
672011 6634358 653,257 6444542
6284294 619,208 608.467 59%5.108
551.941 5664495
QUTPUT FROM OBJCON
OBJECTIVE FUNCTION DIFFS =2 .83106E+03
L1 = +49855E+03
DIFFS/W0 = 4166T0E+0!
CONSTRAINT 1 BLTKS = +20848E-01
CONSTRAINT 2 YMAX = +67666E+03
YMIN = +43855E+03
DIFFP = +15429E+01
CONSTRAINT 3 WMB (MBO=2+1) = 455194E+03
WMR (MB0=2+2) = ,495928E+03

QUTLET TRANS. MAX,TH. IN/OUT MAX, LeEe
BLADE LocC. LOC. TURNING THICK. RAD.
ANGLE /CHORD /CHORO RATE /CHORD 7CHORD
(DEG)

-B8.2069 21048 +55000 « 73157 « 03625 «00390

+843750
+687500
+531250
«375000
«218750
«062500
«125000
«281250
«437500
+593750
«750000
«906250

451.514
438.852
450736
473.631
532.909
643.711
831.057
815.041
T732.177
680.415
6364568
S578.415

Figure A.2.- Continued.

T«E.
RAD.
/CHORD

« 00500



qeT

TECLSR =  «T0B29E+00
08y = +166T70E+01]

CONSTRAINT VALUES
~s20B5E400 =,9979E+00 <=,1543E¢02 =,3566E~0]

® o © END OF ONE~-NDIMENSIONAL SEARCH
CALCULATED ALPHA = «34405E+00
0BJ = «166695E+0]

DECISION VARTABLES (X=VECTOR)
1 =«B2069E¢01  +2104BE+00  .55000E+00

CONSTRAINT VALUES (G=-VECTOR)
n =e20848E400 <-499792E+00 =,15429E+02

BEGIN ITERATION NUMBER 2

CT = =«10000E+00 cTL = ~«10000E-01

=+1708E+0]

=«2917E+00

«T3157€+00 +36253E=-01)

=+35658E~01 =.17083E+01

PHI

«50000E+0]

«39002E-02

~e29171€¢00

Figure A.2.- Continued.



FINAL OPTIMIZATION INFORMATION

9¢T

0RJ = «166529E+01

DECISION VARIABLES (X~VECTOR)
1) =+80297E+01 «20000E+00 +55000E+00 «T73559E+00

CONSTRAINT VALUES (G=VECTOR)
1 =+44211E-01 ~.99956E+00 =-,15409€+02 =,36960€-01

THERE ARE ? ACTIVE CONSTRAINTS
CONSTRAINT NUMBERS ARE

1 4
THERE ARE 0 VIOLATED CONSTRAINTS

THERE ARE 2 ACTIVE SIDE CONSTRAINTS

+36263E-01

~+17108E+0]}

DECISION VARIABLES AT LOWER OR UPPER BOUNDS (MINUS INDICATES LOWER BOUND)
3

-2
TERMINATION CRITERION

ABS{0BJ(1)-08U(I=-1)) LESS THAN DABFUN FOR 3 ITERATIONS
NUMBER OF ITERATIONS = &
OBJECTIVE FUNCTION WAS EVALUATED 35 TIMES
CONSTRAINT FUNCTIONS WERE EVALUATED 35 TIMES

+39389E~02

~+28922E+00

Figure A.2.- Continued.



LET

NO.
BLADES

34

X ARRAY
«968750
«812500
«656250
«500000
«343750
«187500
.031250
«156250
«312500
«468750
+625000
. 781250
«937500

Y ARRAY
551.119
446,251
440,997
454,707
482,427
548,211
6764287
A29.402
798.841
719.154
671,864
6284317
551.713

INLET CONE
RADIUS ANGLE
(L) (DEG)

«45400 6.66400

«937500
«781250
«625000
«46B750
»312500
« 156250
«031250
«187500
«343750
500000
«656250
«812500
«968750

494.850
4424372
442.810
458.662
495.670
5654190
773.752
R29.25]1
780.729
708.939
663.297
619.321
5T0.457

OUTPUT FROM OBJCON

OBJECTIVE FUNCTION DIFFS

CONSTRAINT 1}

CONSTRAINT 2

CONSTRAINT 3

wo
DIFFS/wO

BLTKS
YMAX
YMIN
DIFFP

WMR (MRO=241)
WMB (MAO0-2+2)

#es INPUT FOR BLADE ELEMENT PROGRAM ®es

INLET
SOLIDITY BLADE
ANGLE
(DEG)
2.25200 52.000
«906250 «875000
« 750000 «718750
«593750 «562500
437500 «406250
«2R1250 »250000
«125000 « 093750
« 062500 « 093750
218750 «250000
« 375000 406250
«531250 «562500
«687500 «718750
«843750 «875000
4694915 458,527
439,964 438.901
444.888 447.705
463,548 469,088
507.322 518.886
585,230 611560
815.380 826.614
829.606 826,571
7624982 7464369
698+905 68R.952
653,173 644o4T1
608.705 595.505
= +83023E+03
= «49R855E+03
= +16653E+01
T «44211E-02
= 267629E+03
= +43R90E+03

«15409E+01

«55171E+03

B «494B5E+03

OUTLET
BLADE
ANGLE

(DEG)

~8.0297

«843750
«687500
531250
«375000
218750
« 062500
«125000
+281250
«437500
«593750
«750000
«906250

451.557
439.254
4514267
473,693
532.924
6424955
830.225
815.313
731.856
680.241
6364534
579.029

TRANS. MAX,TH. IN/OUT MAX o LeEe
LocC, LocC, TURNING THICK, RAD.
/CHORD /CHORD RATE /CHORD /CHORD

220000 «55000 #73559 «03626 + 00394

Figure A.2.- Continued.

T'EI
RAD,
/CHORD

+00500



8€T

TECLSR = +T1078E+00

OPTIMIZATION RESULTS

0BJECTIVE FUNCTION
GLOBAL LOCATION 1 FUNCTION VALUE .16653E+01

DESIGN VARIABLES

De. V. GLOBAL LOWER UPPER
1D NO. VAR. NO. BOUND VALUE BOUND
1 1 2 =+«15000E+402 ~.80297E+01 0.
2 2 3 «20000E+00 «20000E+00 «60000E+00
3 3 4 «20000E+00 «55000E+00 «55000E+00
4 4 5 «50000E+00 «73559E+00 «40000E+0}
5 S 6 «30000E-01 +36263E~01 «10000E+00
6 (] 7 +30000E-02 «39389E~-02 +12000E-01

DESIGN CONSTRAINTS

GLOBAL LOWER UPPER
1D VAR, NO. BOUND VALUE BOUND
1 a 0. «44211E=02 +10000E+02
3 9 0. +15409E+01 «16000E+0)
L] 10 =+10000E+0] «71078E+00 +10000E+01

Figure A.2.- Continued.



#a® INPUT FOR BLADE ELEMENT PROGRAM swe

INLET OUTLET TRANS. MAx,TH, IN/OUT MAX « Le+Ee TeEe
NO. INLET CONE SOLIDITY BLADE BLADE LoC, LoC, TURNING THICK, RAD, RAD,
BLADES RADIUS ANGLE ANGLE ANGLE /CHORD /CHORD RATE /CHORD /CHORD /CHORD
(8] (DEG) (DEG) (DEG)
34 45400 6466400 2.25200 52.000 =-8.0297 «20000 «55000 «73559 «+ 03626 +00394 +00500
#se QUTPUT FROM BLADE ELEMENT PROGRAM %sé&
ELEMENT
SETTING
CHORD ANGLE
(18] (DEG)
«19322 23.5522
® MERID, LOC. FROM L.E, CENT. #* ®# THETA LOC. FROM L,E, CENT, ## sesssasass GLADE ANGLES oeeshsees SEGMENT LENGTHS
SRRBUNERRBRBRBROREREHRERNDNERRES  REDRANRNRGRRRPIBRNANBEBRReRenanae  (WITH RESPECT TO LOCAL CONIC RAY) snsssssssadsass
INLET OUTLET TRANS, MaX.TH. INLET OUTLET TRANS, MWAX.TH. INLET  OUTLEY TRANS, MAX.TH. FIRST SECOND
w w w ) {RAD) (RAD) {RAD) (RAD) (DEG) (DEG) (DEG) (DEG) ) [{8)
SUCT. =.00061 417564 .02675 408501 «00101 .16727 +06970 415112 524848 =11.222 444807 20.66] «04159 16190
CENT. 0.00000 .17546 .02807 08624 0.00000 16528 +06653 «14405 52.000 =8.030 42.376 20.66} 204136 ,15935
PRES. «00059 17538 02940 08748 =«00105 16325 .06334 413699 514166 <~4,794 39.883 20.661 204119 15704
#s8e CONIC ANGLE COORDe = € ®#ss <cosswssess BLADE ANGLES eesasssse
*#® (FROM LEADING EDGE CENT.) ®e¢ (WlTH RESPECT TO L.E. CENT. RAY)
INLET OUTLET TRANS. MAX,TH. INLET OUTLET TRANS. MAX.TH.
(DEG) (DEG) (DEG) (DEG) (DEG) (DEG) (DEG) (DEG)
SUCT. <007 1.112 «463 1.005 524855 ~10.110 45.27) 21.666
CENT. 0.000 1.099 k2 +958 524000 <=8.030 42.819 21.619
PRES. =007 1.085 oh21 911 514159 =3.709 40.304 22.530

6€T

Figure A.2.- Continued.



oVl

##s QUTPUT THAT CAN BE PUNCHED FOR TSONIC INPUT #w#e

(22X T2 RSS2 L2222 2222222222 )

CHORD STGR
) (RAD)

% & %8
« 0 & 03

«17718 165276
- -
L Y Ry Yy ey Yy Y Yy Y Y Yy Yy Y Yy Yy Y Yy Yy Y Yy Y Yy Y Y Y Y Y Y Yy Y Y Y YTy Y

* - *
. sae SUCTION SURFACE ##e . *#% PRESSURE SURFACE e *
* * *
* RBERBRVRRBPER A SRR RS RBERERRB PR R NN - FRRNBVBENRRROPRRBARNNIRNIVR VGBI RNERS -
- [ ] »
. RI RO BETI RETO . RI RO BETI BETO .
* wh (w (DEG) (DEG) . () w (DEG) (DEG) .
* * »
. 00076 «00097  52.8551 =10,1097 . 400076 .00097 51,1587  =3.,7086 .
- * -
» - *»
. ZMSP THSP . IMSP THSP .
* w {RAD) . w (RAD) )
* » *
. .00015 .001012 . 00135 ~.00105] .
L4 «0N644 «018624 - « 00775 «015605 -
. +01569 <042414 . «01729 «037720 .
» 02688 +068304 . 02898 +061165 .
- « 04209 «097782 * «04470 +087489 *
. 05884 .122866 . 06153 s110221 )
- « 07687 «143206 » «07931 «129167 .
. +09593 4158534 . 09786 +144173 »
. +11571 +168663 . «11700 155129 .
. 13592 «173491 . +13656 +161966 .
. «15219 «173520 . «15237 0164450 .
» 16637 «170770 . . 16624 +16445] *
. «17641 .167241 . 17614 .163216 o
* - *
AX A X222 222222222 a4 2 22 X 222 X222 222X XSRS 22222222 XXYRSYRLR S22 22222222 TS

Figure A.2.- Continued.
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+#¢ PLOT OF BLADE SURFACE IN THETA - M COORDINATES eee

Figure A.2.- Continued.
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Figure A.2.- Continued.



eVl

GAM
1.400n00
RETA]
4A,20000
REDFAC
1.000000

MBI MBO
24 56

BLADE SURFACE 1

RI1
«T7610700E-03

MSPY
+1544666E-03
+115707

THSP)
«1012280E-02
21686632

BLADE SURFACE 2

RI2
«7610700E-03

M5P2 ARRAY

+1353915€-02
011706045

TH5P2 ARRAY

-+ 1050920E-02
«1551291

MR ARRAY
=+1300000
«1500400
RMSP
+4540000
+4540000
BESP
+5000000E-01
«4720000E~01

PLOSS ARRAY

0.
+4000000E-01
BLOAT  AANDK

0 0

ARRAY

ARRAY

ARRAY

ARRAY

AR TIP
1716.480 599,7600
BETAO CHNRDF
0. «1771834
DENTOL SSM]
«1000000E~02 0.
NBRI NHL
0 n 72 15 34
-= UPPER SURFACE
RO} BET11
+9660876E~03 52.85512
«65437113E~02 «1568635E-01
«135917¢ «1521902
«1862413E~01 «4261444E~01)
«1734907 «173519%
== (OWER SURFACE
RO? BET12
«9660876E-03 51415866
«7749708E~02 «1729088E-01
«1365588 +1523700
«1560516E-01 «3771963E-01
«1619659 01644503
-+«5000000E-02 «5000000E-02
1752600 1852600
«4540000 «4540000
«4540000 24540000

«5000000E-01
«467S000E~01]

0.

«4700000E=-01
ERSOR

0 0

STRFN SLCRD

0

=== [NPUT FOR

+4990000E-01
«4661000E-01

«1500000E~02
«4800000E-01

0

Figure A.2.- Continued.

INTVL  SURVL

1

RHOIP
»3345860E-02
STGRF
«1652756
SSMe2
0.

NRSP MOPT
13 0

BETO1
~10.10968

«2687976E-0}
«1663708

«6B830414E-01

«1707699

BETO2
=3.708649

«2898442E-0)
«1662433

+6116454E-0]
01644505
«2003000E~01
«2250000

4540000
4540000

«4960000E-0]
«4661000E-01

«5900000E-02
+4800000E~01

LOPT

WTFL
«5700000E-02
FSMI

0.

LRVB
1 0

SPLNO1
13.00000

«4208902E~01
«1764053

«9778183E~01
e1672414
SPLNO2
13.00000

«4470456E-01)
«1761365

«8748856E-01
«1632162
«4003000E-01
«2700000

4540000
«4540000

«4925000E~01
«4661000E-01

«1100000E-0}
+4B00000E=D])

TSONIC BLADE-TO-BLADE FLOW SOLVER ==~

0.

FSMD

0.

+5883798E-01

« 1228661

«6153388E-01

»1102210

+8003000E~01

4540000

+4850000E~01

«2150000E-01

OMEGA

«T687469E~0]

«1432064

+7930961E-01

«1291670

«1000300

+4540000

«4815000E-0]

+3000000£E-01

ORF
1.910000

+9592700E~01

+1585341

+9785967E~0])

«1441733

«1250300

+4540000

+4770000E~01

+»3350000E-01



AAN

RELATIVE MERIDIONAL CRITICAL
VELOCITY VELOCITY VELOCITY
AT M = FSMI AT M = FSMI AT M = FSMI
745,90 497.17 109%5.9
AT M = FSMO AT M = FSMO AT M @ FSMO
497.92 497.92 1095.9
FSMI = 0.
FSMO = «17718
CALCULATED PROGRAM CONSTANTS
PITCH HT HM}
«1847996 »1231997E-01 «5536980E-02
ITMIN 1TMAX
0 26
LAMBDA DOWNSTREAM WHIRL (RVTHO)
25244466 0.
REDUCED WEJIGHT FLOW = »5700000E-02
NUMBER OF INTERIOR MESH POINTS = 1047
CALCULATED VELOCITY DIAGRAM INFORMATION
M w W/WCR
UPSTREAM ROUNDARY 1 745.10 +67988
LEADING EDGE 24 745490 «68061
TRATLING EDGE 56 497.92 «45433
DOWNSTREAM BOUNDARY T2 499.62 +45589

Figure A.2.-

REL. FLOW
ANGLE
AT UPSTREAM BDY.
48,269
AT DOWNSTREAM BDY.
0.

BETA
48,269
48,200

0.
0,

Continued.
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JTERATION NO. 1

MAXIMUM RELATIVE CHANGE IN DENS]ITY AT BLADE SURFACE POINTS
AVERAGE RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS
NUMBER OF UNCONVERGED BLADE SURFACE MESH POINTS = 92

ITERATION NO, ?

MAXIMUM RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS
AVERAGE RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS
NUMBER OF UNCONVERGFD BLADE SURFACE MESH POINTS = 92

ITERATION NO,. 3

MAXIMUM RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS
AVERAGE RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS
NUMBER OF UNCONVERGED BLADE SURFACE MESH POINTS = 9}

ITERATION NO. 4

MAXIMUM RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS
AVERAGE RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS
NUMBER OF UNCONVERGED BLADE SURFACE MESH POINTS = 55

ITERATION NO. 5

MAXIMUM RELAT]VE CHANGE IN DENSITY AT BLADE SURFACE POINTS
AVERAGE RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS
NUMBER OF UNCONVERGED BLADE SURFACE MESH POINTS = 27

ITERATION NO. 6

MAXIMUM RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS
AVERAGE RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS
NUMBER OF UNCONVERGED BLADE SURFACE MESH POINTS = 17

ITERATION NO, 7

MAXIMUM RELATIVE CHANGE IN DENSTTY AT BLADE SURFACE POINTS
AVERAGE RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS
NUMBER OF UNCONVERGED BLADE SURFACE MESH POINTS = i

ITERATION NGO, ]

MAXIMUM RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS
AVERAGE RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS
NUMBER OF UNCONVERGFD BLADE SURFACE MESH POINTS = 0

ITERATION NO, 9
MAXIMUM RELATIVE CHANGE IN DENSITY AT BLADE SURFACE POINTS

Figure A.2.- Continued.
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AVERAGE RELATIVE CHANGE IN DENSI®Y AT BLADE SURFACE POINTS = ,2880E-04
NUMBER OF UNCONVERGED BLADE SURFACE MESH POINTS = [}

* SURFACE VELOCITIES BASED ON MERIDIONAL COMPONENTS =~ REDUCED WEIGHT FLOW
- s
L BLADE SURFACE 1} ) BLADE SURFACE 2
M %  VELOCITY ANGLE (DEG) SURF. LENGTH W/WCR %  VELOCITY ANGLE (DEG) SURF, LENGTH W/WCR
Oe s 0. 90.00 0. 0. s 0. ~90,00 0. 0.
«S537E-02 % 797.1 S1.11 +9198E~02 7273 % 659.3 49.33 «T168BE=02 +6016
«11076E=01 % BR13.2 49.39 »1786E-01 « 7420 % 631.7 47.02 «1547E-01 «5764
«1661E~01 & 825.6 47.83 0 2623E-0] + 7533 % 59640 44,79 +2343E-01 +5438
«2215E-01 & 838.0 4615 +3435E~01 + 7646 % 57).5 42,65 +»3109€-01 +5215
«2T6BE=01 & 845.8 44.13 «4221E~0] «7718 % SSl.s 40.56 «3849E~01 »5031
#3322E~0]1 & B45.9 41,88 +4978E~01 «7719 %  534.4 38.52 +4567E-01 +4876
«3876E=01 & B839.4 39446 «5708£=01 «7659 % 519.7 36,50 «5265E-01 4742
w4430E-01 & B2746 36.90 A0413E-01 « 7551 $ 507.1 34.53 «5946E~01 4627
+4983E-01 & 809.1 34.39 «T094E=-01 «73A83 N 497.9 32460 «6610E~01 4544
«553TE-01 % 787.1 32400 «T756E=01 .7182 S  488.4 30.71 «T261E=-01 24457
«6091E=01 & 767.5 29.79 «8401E~01 #7003 S 48l.6 28.87 «7899E-01 04394
+6644E~01 & 751.8 27462 +9032E~01 «6860 ® 47402 27.07 «8526E=01 «4327
«7198E~01 % 735.6 25447 «9651E~01 «6712 ® 469.0 25.29 «9143E-01 «4279
«7752€~01 & 723.0 23.35 1026 «6597 8  463.2 23.54 «9751E=01 4227
«8305€-01 & 709.9 21426 41086 6478 ®  459.5 21.83 «1035 4193
«8859€~01 % 700.7 19.21 a1145 06394 % 454.9 20.14 21094 4151
«9413E~01 & 691.8 17.20 «1203 «6313 4 452.2 18,46 41193 04126
«9967E-0)1 % 681.5 15.23 1261 «6219 % 449.7 16.82 1211 4103
41052 % 673.9 13.28 «1318 «6149 b N 1179 ] 15.19 1269 «4069
«1107 % 666.0 11.34 41375 #6077 S 44400 13.58 «1326 4052
41163 % 658,1 943 1431 «6005 B 442.6 12,00 41383 «4038
1218 ® 650.4 7453 «1487 «5935 S 441.7 10,43 «1439 «4030
«1274 * 642,7 5465 +1543 «5865 S 4417 8.85 » 1495 +4030
»1329 ®  632.3 3.79 41598 5770 $ 441, 7.28 + 1551 «4027
«1384 % 62446 1494 41654 +5699 ® 4437 5.71 »1607 « 4049
41440 % 615.9 08 41709 5620 N 447.6 4.19 81663 +4084
«1495 % 605.7 =1.78 41764 «5527 & 452.8 L] +1718 4132
41550 % 593.0 =3.65 «1820 «5411 & 459.0 1.33 #1773 «4188
41606 ® 579.s4 ~5.46 41875 «5287 ¢ 468,2 =¢33 »1829 4272
41661 % 561.2 =T422 «1931 «5)21 4 489.6 -2.27 »1884 4467
1716 % 549.8 ~B8.86 41987 «5016 $ 56740 =3.66 1940 «5173
W1772 s 0. =%0.00 «2045 0. % 0. 90.00 1995 0.

Figure A.2.- Continued.
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SURFACE VELOCITIES BASED ON TANGENTIAL COMPUNENTS
REDUCED WEIGHT FLOW

BLADE SURFACE 1

M VELOCITY ANGLE (DEG) W/WCH
Oe 493.5 90.00 «4503
«4135€-02 859.0 5156 . 7838
«B691E-02 801.6 S0.11 «71314
«1349E~01 817.5 48469 e 7460
«1852E~01 829.3 47.29 « 7567
«2384E~-01 84048 45457 . 7672
«2953€-01 8474 43+40 7732
+3571E~01 846.7 40.81 « 7726
e4254E-01 838.8 37.72 « 71654
«5026F=01 808.8 34.20 «7380
«5909E£-01 783.6 30.50 «7150
«6940E-01 751.8 2646 +6860
+«R192E~01 T726.3 21.69 «6627
«9848E~-01 699.7 1565 +6385
«1292 657.5 5.03 +5999
1592 583.5 =5.01 «5324

BLADE SURFACE 2

M VELOCITY ANGLE (DEG! W/WCR
«1739E~02 769.5 50.99 .7021
«6438E~-02 661.6 48495 «6037
+1149€-01 617.5 46.84 5634
«1694€-01 S587.2 44.66 +5358
»2283E-01 56246 42439 5134
«2922E-01 S41.6 39.99 4942
«3620E~01 523.1 37.43 4773
+4388E-01 507.4 34468 «4630
«5243€-01 490.0 31.71 h4?]
«6208E~01 475.2 28.48 4336
«7321€-01 462.6 2490 4221
+8649€~-01 453.6 20.78 <6139
«1035 44402 1570 +4053
«1300 433.7 8409 «3958

Figure A.2.- Continued.
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Figure A.2.- Continued.
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M M

24 0.

25 +5537E-n¢

26 «1107F=01

44 «1661E-0]

28 »2215€E-n}

29 «2768E-01

30 «3322E~01}

31 «3876£-01

32 «4430E-01

33 «4983E-01

34 +5537€E~-01

s «6091E-01

36 «6644E=0]

37 «+7198E=-01

38 «7752E-01

39 «B8305€-01

40 +B8859E-n]

4] «9413E-01

42 «9967E~01

43 «1052

44 1107

45 1163

46 .1218

47 1274

48 #1329

49 «1384

50 21440

51 +«1495

52 «1550

53 «1606

54 « 1661

55 1716

56 1772

SURF 1

XMSP XTHSP
«15447E-03 .10123E-02
+64371E-02 +18624E=-01
«15686€~-01 «42414E~01
+26880E-01 «68304E-01
«42089E~0] «97782E=01
+58838E-01 «12287E+00
+T76875E-01 «14321E+00
+95927E-01 «15853E+00
«11571E+00 «16866E+00
*13592E+00 «17349E+00
«15219E+00 «17352E+00
«16637E+00 «17077€+00
+»17641E£+00 «16724E+00

OUTPUT FROM OBJCON

M/MC

Ne
«3125E-
«6250E-
«9375E~
»1250
»15613
«1875
.21A8
«2500
«2813
«3125
«3438
«3750
24063
4375
«4688
5000
5313
#5625
«5938
06250
+6563
«6875
«7188
« 7500
« 7813
«B8125
+B438
«B8750
«9063
«9375
«9688
1.000

BLADE SURFACE PRESSURES FOR FULL WEIGHT FLOW

P(1)/

«9994
nl 7228
0l 7118
nl «7029

«6939

<6879

<6869
+690]

6967

«7072

7197

7305

1387

« 7469

« 7526

«7582

«7613

« 7643

7683

27714

«T750

« 7787

«7824

. 7858

«7903

«7930

« 7961

« 7997

«8044

«8095

8167

.8209

«9527

SURF 2

XMsSP

«13539€E~02
«TT497E-02
«17291E-01
«28984E-01
«44705€E=-0]
«61534E~01
«79310E-01
+97860E-01
«11700E+00
«13656E+00
+15237€+00
+16624E+00
«17614E+00

PT P(2)/PT

XTHSP
~+«10509E-02
+«15605E=01
«37720E~01
«61165E-01
«87489E~01
+11022E+00
«12917E+00
«14417E+00
«15513E+00
«16197E+00
«16445E+00
«16445E+00
«16322E+00

19994
«8030
.8167
«8338
8446
«8530
«8598
«8655
«B701
+8732
«8763
.8781
+8799
+8806
«8812
<8806
«8801
«8790
.8781
«8784
<8784
.8785
+8783
<8776
«8768
+8745
«.871%
«8679
«8638
«8585
«B8484
-8129
9527

CPT(])

=e6204E-03
=.2772
=-.2882
~e2971
=+3061
=.3121
=+3131
=-¢3099
=-+3033
=-.2928
=.2803
-¢2695
-e2613
-e2531
=e 474
~s2418
~.2387
=e2357
'-2311
~¢2286
=-.2250
-e2213
~e2176
-ell62
=-¢2097
=-+2070
=.2039
~-.2003
~+1956
'01905
=-+1833
=e1791
~e4T728E-01

Figure A.2.- Continued.

cPTL2)

~e6204E~03
=¢1970
=+1833
-. 1662
~e1554
= 1470
'-1402
~+1365
=e1299
=-s1268
=e1237
-.1219
=sl201
=+1194
-.1188
~e1194
=-e1199
=.1210
=.1219
~s1216
=e1216
-e1215
1217
~e1224
=-el1232
=e1255
-.]285
'0132!
~+1362
~s1415
=«1516
-«1871
=4 T28E-01
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OBJECTIVE FUNCTION DIFFS

CONSTRAINT )
CONSTRAINT 2

CONSTRAINT 3

wo
DIFFS/w0

BLTKS

YMAX
YMIN
DIFFP

WMB (MB0=2+1)
WMB (MB0=2+2)
TECLSR

«A4594E+03
049792E+03
«16990E+01

eh42]11E-02
+65929E+03
«44]34E+03
«14938E+01
«56124E+03

«48960E+03
«89556E+00

Figure A.2.- Continued.
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FINAL OBJUECTIVE COMPUTEND BY TSONIC = 1,698965

FINAL CONSTRAINT VALUES

ALTKS
«442)1E-02

X ARRAY
«968750
«812500
656250
«500000
«343750
«187500
«031250
+156250
«312500
«468750
+625000
«781250
«937500

LTRACE = 1

DIFFP
«14938E+0)

«937500
«781250
«625000
468750
«312500
+156250
«031250
«1A7500
+«343750
+500000
«656250
«812500
«968750

Y ARRAY BEFORE PERTRB CaLL

566.953
447.620
442,577
454.893
481.593
534.387
659.289
845.829
787.101
709.946
666.048
624,559
5614240

489,596
443,724
444.037
459.487
ABR.44)
551.407
T797.094
B845.94])
767.508
T00.748
658.146
6154941
549.767

TECLSR
«89556E+00

«906250
«750000
+593750
+437500
«281250
«125000
2062500
+218750
«375000
«531250
+687500
+843750

4684231
4414341
445.975
463,246
497.947
571.509
813.197
839,362
751.752
691.827
650.419
6054686

«875000
«718750
+562500
«406250
«250000
«093750
+093750
«250000
«406250
«562500
«718750
«875000

459,001
441.690
449,688
468.972
507.051
596.015
825.572
827.555
735,601
681.542
642.711
592.951

Figure A.2.- Continued.

«843750
«687500
531250
«375000
«»218750
«062500
«125000
«281250
«437500
«593750
«750000
«906250

452.816
441,695
4524173
474.208
519.736
631744
837.975
809.126
7224997
673.904
632.308
579.399
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® COMPARISON OF AERODYNAMIC AND PERTURBATION SOLUTIONS ¢
I L L T Y A Y Y Y T Y A Y Y Y Y YT Y YR AT Y YR T Y ATy Y

eeesosMACH NUMBER

VALUES OF PERTURBATION PARAMETERS»
CRITICAL VALUE OF wM:

M2 = L1000

Q2(1) =-8,0297 ( KOCR )
Q2(2) = ,2000 ( T )
Q2(3) = ,5500 ( T4} )
Q2(4) = 7356 ( P )
Q2(5) = ,0363 { THX )
Q2(6) = ,0039 ( THLE )

WHCRIT =-66.8587

s0eeosLOCATIONS OF MIN.» MAX,s AND CRITICAL PTS.
(% DENOTES POINT ON LOWER SURFACE)

MINIMUM AT X
MAXIMUM AT X

AERODYNAMIC SOLN:

MINIMUM AT X
MAXIMUM AT X

PERTURBATION SOLN3

= ,7122¢
= «1194
s L7500%
a L1875

(POINT NO. 9)
(POINT NO. 34)

(POINT NO. 8)
(POINT NO. 37}

sessoFINAL PRINTOUT AND GRAPHICAL DISPLAY OF wM

XBASE WMBASE
+9687585,9460
+9375500.5262
«9062475,3838
+8760463.5379
«8437455,453]
+B125448.9545
»7813444,0337

XPERT WMPERT
«9680549.7994
+9360492,2104
+9041468,2692
«AT21457,5440
+A601450.7826
«A081445,5287
«7761441.7684

MAXTMUM
MINIMUM
CRITICAL
VALUE OF
VALUE OF

AP VerIT

XAERO WMAERQ WMPINT H

VALUE OF WM =B845.9406

VALUE OF wM =438.9010

VALUE OF WM =-66.8587

WM PREDICTED BY PERTURBATION SOLUTION
WM IN AERODYNAMIC SOLUTION

AGREEMENT BETWEEN P AND A

«9688566,9527551.1194
¢9375489.5955494.8503
¢9063468,2308469.9154
+8750459,0015458.5273
«8438452.8158451,5575
eA125447.620344642512
«7813443,7239442.3717

Figure A.2.- Continued.
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«7500440,6925
+T1RB438.6925
«6875437.8173
«6563439,1700
«6250439,8327
«5938441.0316
«5625442,5981
+5313445,5570
«5000447.4626
«46A0449.7452
«+4375453,7909
+4063457.2295
+3750462.5307
«J438467.1474
+3125473,4596
+2813479,5215
+2500487.9145
«2188496.,1051
+1875508.1057
+1563522.6991
+1250540.8496
« 093856440343
+0625599.0169
+0313632,8560
+0313836.,7472
+0625848,.1344
«0937851 43453
«1250846.1514
«1563834.5030
+1875820.3078
+2188805,2289
+2500788.7474
+2813770.7026
«3125754.1898
«3438739,2561
»3750723,4856
«4063710.8176
+4375697.5629
+4688688,7980
«5000680,8503
+5313671.6336
+5625665.2669
+5938658,7253
«6250651,9964
+6563644,9958
+6875635.7344
»7188629.2778
«7500622.6299
+7813615.,5034
+8125607,3548
+8437597,2455
+B750584,0971
29062567.,1183
+9375548,.2492
+9687533,5057

«T441439,5594
«7122438,7299
«6802439,4101
1 6482441,5321
+6162443,2946
+5842445,5640
«5522448,7173
+5203452.6026
«4883455,9259
«6563460,4083
«4243465,7523
+3923471.6608
«3603475,4134
«3284488,9358
«2964502,5190
«2644512,6771
«2324526,4762
+2004541,5761
+1684557,9958
¢1365576,8714
+»1045600,2040
«0725634,0712
«0405662,5095
+0085710,1042
«0554R12,4625
«0B874025,6826
+1194830,3923
«1498R29,4847
«1801R29,0993
«2105829,7257
+2409829,2858
«2712820.2590
+3016805,2661
«3320787.3683
+3623770,2638
«3927752,.8141
«4231738,3766
«4534724,6654
+4838713,7454
«5142704,7421
«5445694,3740
«5749685,2170
«6053677,2071
+6356668,9914
+6660660,6116
+6963650,1146
«726T642,4657
«7571634,7305
«T7B74626,6743
«8178617,7636
«8482607,1599
«A785593,9676
«9089577,5979
+9393550.1110
«969657) ,0680

¢7500441¢3408439.9645
«718844]1.6899438.,9010
+6875441.6948439,2542
+6563442.5766440,9971
«6250444.0366442,8098
¢5938445.9745444.8878
05625449.6875447.7054
+5313452,1730451.2668
+5000454,8932454,7072
«4688459.,4870458.6617
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QOO0 OO00OO0aOaO0OO0O00OD0000

aO000

o000 0

PROGRAM BLOOPT(INPUT,QUTPUT, TAPES=INPUT,TAPE&=QUTRUT,

» TAPE1,TAPE7,TAPE9, TAPE10,TAPE11,TAPE12,TAPE13,TAPE14,
»*

TAPE20,TAPE40)

DRIVER PROGRAM FOR COPES OPTIMIZATION STUDY WITH OPTIONS
FOR PERTURBATION METHOD USE.
THE RELATIONSHIP AMONG PROGRAM COMPONENTS IS

DRIVER
- COPES
- ANALIZ
- BLADE ROUTINES

- TSONIC ROUTINES
- PERTRB ROUTINE
- 0BJCON
PROGRAM OPTIONS
IOPT = 1 - OPTIMIZATION USING TSONIC SOLUTIONS ONLY -
PERTURBATION METHOD BYPASSED
2 - OPTIMIZATION WITH PERTURBATICON METHOD EMPLOYING
USER-SPECIFIED CALIBRATION SOLUTION MATRIX
3 - OPTIMIZATION WITH t CYCLE EMPLOYING TSONIC SOLUTIONS

I0PT=3

ONLY, FOLLOWED BY ITMAX CYCLES EMPLOYING
PERTURBATION METHOD

COMMON/CALB/ ICALB,DVCALB(6),PSTEP,IOPT,ITMAX3,VZERO(6)
COMMON/CNMNT /DUM( 12 ),NDV,DUM1 (6), ITHAX,DUM2(7)
COMMON/COPES2/ RA(5000),IA{1000)
COMMON/COPES3/DUM3( 16 ), LOCR(25),LOCI(25),DUN4(19)
COMMON/GLOBCM/ 0BJ,V(6),C(5),EXTRA(1488)

IFLAG=1
CALL COPESIIFLAG)
IF(IOPT.LT.3) STOP

CALCULATE CALIBRATION STEPSIZES, THEN PERFORM
OPTIMIZATION WITH PERTURBATION SOLUTIONS

NVLB=LOCR(2}

NVUB=LOCR(3)

CALL STEP{NDV,V,VZERO,DVCALB,RA(NVLB),RA(NVUB))
ICALB=1

ITMAX=ITHAX3

D0 10 I=1,NDV

RA(IN=0.0

IFLAG=2

CALL COPES(IFLAG)

sTOP

END

SUBROUTINE STEP(NDV,V,VZERQ,DVCALB,VLB,VUB)

ROUTINE TO CALCULATE CALIBRATION STEPSIZES FOR IOPT=3
BASED ON DESIGN RESULTS AFTER 1 OPTIMIZATION CYCLE
EMPLOYING TSONIC SOLUTIONS ONLY.

DIMENSION Vi1),VZERD{1),DVCALB{1),VLB(1),VUB(1)
D0 20 I=1,NDV

P=V{1}-VZERO(I)

DVCALB(I)=V(1)+0.5%P

IF(DVCALB(I).LT.VLB(I)) DVCALB(TI}=VLBI(I)
IF(DVCALB{I).GT.VUB(I)) DVCALB(I)=VUB(I}

BLOGPY
BLDOPT
BLOOPT
BLDOPT
BLOOPT
B8LDOPT
BLDOPT
BLOOPT
BLOOPTIO
BLDOPT11
BLDOPT12
BLDOPT13
BLODOPT14
BLDOPTIS
BLDOPT16
BLDOPT17
BLDOPT1S
8LDOPTt®
BLDOPT2O
BLDOPT21
BLOOPT22
BLDOPT23
8LDOPT24
BLOOPT2S
BLOOPT26
BLOOPT27
BLDOPT28
BLDOPT29
BLDOPT30
BLDOPT3?
BLDOPT32
BLDOPT33
BLOOPT34
BLDOPT3S
BLDOPT36
BLOOPT3?
BLDOPT38
BLDOPT39
BLDOPT40
BLDOPTGY
BLDOPT42
BLOOPT43
BLDOPT44
BLDOPT4S
BLDOPT46
BLOOPT47
BLOOPT4S
BLDOPT49
STEP 2
STEP
STEP &
STEP B
STEP 6
STEP 7
8
9

BN P U

STEP
STEP
STEP 10
STEP 11
STEP 12
STEP 13

o000 0

c
c
[

IFUABSIVII)-VLB(X)) . LT.1.E-6)

" DVCALB(1)=0.9%(VLB(I)-VZEROII))+VZERO(I}
IFCABS(V(I)-VUB(I}}.LT.1.E-6)
* OVCALB(I)=0.9%(VUB(I)-VZERQ(I))+VZERO(I)
20 CONTINUE
RETURN
END

SUBROUTINE ANALIZ(ICALC)

INITIALIZES, CALCULATES, AND OUTPUTS ALL DESIGN
YARIABLES, OBJECTIVE FUNCTION, AND CONSTRAINTS FOR
OPTIMIZATION WITH COPES DRIVER.

COMMON/GLOBCM/ 0BJ,V(6),C(5),EXTRA(1488)

COMMON /PERT/ QO0(10),Q1,Q2(10),XM0,XM1,XM2,NPTS,KPARAM,NPARAM,
» LTRACE

COMHMON /INPUTB/ ALP,KICR,KOCR,NB,P,R,SOLID,T,THLE,THTETHX,ZM
COMMON /MBIMBO/ MBI,MBO

COMHMON/INPUTA/ XMSP(50,21,XTHSP(50,2)

COMMON /CALB/ ICALB,DVCALB(6),PSTEP,IOPT,ITHAX3,VZERO(G)
DIMENSION X(200),Y(200),VV(8),IDV(6),VNAME(6)

REAL KICR,KOCR
LOGICAL NONLIN
DATA XM0/0.1/,
IF (ICALC .GT.

XM1/70.1/, XM2/70.1/
t) GO 7O 100

ICALC = 1 READ INPUT AND INITIALIZE PARAMETERS
READ(5,1025) COMENT

READ(5,1005) IOPT,NDV,NCN,ITMAX3

NPARAM=NDV

READ(5,1010} NB,R,ALP,SOLID

READ(5,1020) {vV(I),I=1,8)

KICR=YV(1)
KOCR=VVI2)

T =VVi3)
M =VVIG)

P =VVI(5)
TMX =VV{(6)
THLE=VV1?)
THTE=VV(8)
READ(5,1025)
READ(5,1005)
00 5 I=1,NDV
J=IOV(I)
VII)=wWID)
VZERO(I)=VV(J)

READ(5,1010) ICALB,PSTEP
IF(ICALB.EQ.0) GO TO 190
READ{5,1020) (DVCALBI(TI),I=1,NDV)
10 CONTINUE

(VNAME(I),I=1,NDV)
(IDV(I),1=1,NDV)

v

HRITE(6,1000)

WRITE(6,1055) IOPT,NDV,HCN,ITHAX3
WRITE(6,1060) NB,R,ALP,SOLID
WRITE(6,1065) (VV(I),I=1,8)
WRITE(6,1070} tVNAME(I),I=1,NDV)
HWRITE{6,1072) (V(I},I=1,NDV)
WRITE{6,1075} ICALB,PSTEP

STEP 14
STER 15
STER 16
STEP 17
STEP 18
STEP 19
STEP 20
STEP 2%
ANALIZ 2
ANALIZ 3
ANALIZ 4
AHALIZ 5
ANALIZ 6
ANALIZ 7
ANALIZ 8
ANALIZ 9
ANALIZYI0O
AHALIZY
ANALIZI2
ANALIZ13
ANALIZ1G
ANALIZ15
ANALTZ16
ANALIZ17
ANALIZ18
AHALIZ19
ANALIZ20
ANALIZ21
ANALIZ22
ANALIZ23

"ANALIZ29

ANALIZ25
ANALIZ26
ANALIZ27
ANALIZ28
ANALIZ29Y
ANALIZ30
ANALIZ3Y
ANALIZ32
ANALIZ33
ANALIZ34
ANALIZ35
ANALIZ36
AHALIZ3?7
ANALIZ3E
ANALEZ39
ANALTIZ4D
ANALIZGY

AHALIZG2
ANALIZG3
ANALIZGY
ANALIZ4S
AHALIZ46
ANALIZ47
AHALIZ4S
AHALIZ49
ANALIZ50
ANALIZS!

AHALIZ52
ANALIZ53
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C
c
c

[z Xz Ny)

o000

IF(ICALB.EQ.0) GO TO 14

WRITE(6,1080) (I,I=1,NDV)

WRITE(6,1085) (DVCALBII),I=1,NDV)
14 CONTINUE

ICALL=1

JCALL=0

KPARAN=0

LTRACE=0

NONLIN=.T.

IF(IOPT.EQ.2) NONLIN=.F.

READ(5,1025) COMENT

CALL TSONIC

NPTS=2#(MBO-MBI~1)

IF{IOPT.EQ.1) GO TO 15

READ(5,1025) COMENT

CALL PERTRBIICALL,X,Y)
15 CONTINUE

ICALL=2

RETURN

ICALC m2 PERFORM OPTIMIZATION CALCULATION

100 IF(ICALC.GT.2) GO TO 200

20 CALL DESVAR(VV,V,IDV,NDV,ICALL,KPARAM)
WRITE(6,2000) NB,R,ALP,SOLID,KICR,KOCR,T,2ZM,P,TMX, THLE,THTE
CALL BLADE(O)
IF(.NOT.NONLIN) GO TO 22

EMPLOY TSONIC SOLUTIONS, IOPT=1 OR 3

CALL TSONIC

CALL XY(X,Y)

HWRITE(6,2005) (X(I),I=1,NPTS}

HRITE(6,2010) (Y(I),I=1,NPTS)

CALL OBJCON{X,Y,0BJ,C)

RETURN

EMPLOY BASE/CALIBRATION/PERTURBATION SOLUTIONS, IOPT=2 OR 3

22 CONTINUE
IF(ICALL.EQ.4} GO TO 24
CALL TSONIC
CALL XY(X,Y)

24 CALL PERVAR(QO,Q1,Q2,V,ICALL,KPARAM)
CALL PERTRB(ICALL,X,Y)
IF(ICALL.EQ.3) GO TO 26
HWRITE{6,2005} (X(I),I=1,NPTS)
HRITE(6,2010) {Y(I),I=1,NPTS)
CALL OBJCON(X,Y,0BJ,C)
IF(ICALL.EQ.4) RETURN
ICALL=3

26 CONTINUE
KPARAM=KPARAH*1{
IF(KPARAM.LE.NPARAH) GO TO 20
ICALL=4
RETURN

ICALC = 3 CONMIN TERMINATION AND FINAL SOLUTION DETERMINATION

AHALIZS4

AHALIZSS

AHALIZ56

AHALIZBT

ANALIZ58
ANALIZ59

AHALIZ60

AHALIZ6N

AHALIZ62

ANALIZ63
ANALIZ64
ANALIZ6S

AHALIZ66

AHALIZ67
AHALIZ6S
ANALIZ69
ANALIZ70
ANALIZ?7t

ANALIZ72
ANALIZ73
ANALIZ?74
AMALIZ7S
ANALIZ76
AHALIZ?7
ANALIZ78
ANALIZ79
ANALIZSBO
ANALIZS

AHALTZS2
ANALIZS3
ANALIZS84
ANALIZOS
ANALIZSB6
ANALIZ87
ANALIZSS
ANALIZB9
ANALIZ90
ANALIZON

AHALIZ92
ANALIZ93
ANALIZ94
ANALIZ9S
ANALIZ96
ANALIZ97
ANALIZ98
ANALIZ99
ANALI100
ANALIN01

ANALT102
ANALI103
ANALI10G
ANALIO5
ANALI106
ANALI107
ANALT108
ANALI109
ANALIIO
ANALI1tY
ANALT112
ANALII13

200 CONTINUE
JCALL=JCALL*Y
IF(IOPT.NE.3 .OR. JCALL.EQ.2) GO TO 30
NOHLIN=.FALSE.
RETURH

30 CONTINUE
LTRACE=1
CALL DESVAR(VV,V,IDV,NDV,ICALL,KPARAM)
CALL BLADE(1)
CALL TSONIC
CALL XY(X,Y)
WRITE(6,1050) (XMSP(K,1))XTHSP(K,1),XMSP(K,2),XTHSP{K,21,K=1,13)
CALL OBJCONIX,Y,0BJ,C)
HWRITE(6,1030) 0BJ
HRITE(6,1035) (C{I),I=1,NCN)
IF(IOPT.EQ.1) RETURN
WRITE(6,2005) (X(I},I=1,NPTS)
HRITE(6,1040) LTRACE,(Y{I),I=1,NPTS)
CALL PERVAR{Q0,Q1,Q2,V,ICALL,KPARAN)
CALL PERTRB(ICALL,X,Y)
RETURN

Cc
Cc

1000 FORMAT(1H1,35X,43H--~ INPUT FOR CONTROL SUBROUTINE ANALIZ ---)
1005 FORMAT(10I5)
1010 FORMAT (110,3F10.6)
1020 FORMAT(8F10.0)
1025 FORHAT(6A10)
1030 FORMAT (37H1FINAL OBJECTIVE COMPUTED BY TSOHIC =,F§0.6//)
1035 FORMAT(1HO,23HFINAL CONSTRAINT VALUES/10X,5HBLTKS,7X,5HDIFFP,
* 6X,6HTECLSR/5X,4E12.5)
1040 FORMAT(////% LTRACE =%,13//# Y ARRAY BEFORE PERTRB CALL#/
(5X,5F12.3))
1045 FORMAT(////% LTRACE =#,13//# Y ARRAY AFTER PERTRB CALLw»/
(5X,5F12.3))
1050 FORMAT(////12X,%SURF 1%,29X,#SURF 2%/
5X, #XHSPH, 11X, #XTHSP®, 15X, #XHSP#, 11X, ¥XTHSP#/
{2E15.5,5X,2E15.5))
1055 FORMAT{//1H0,4X,18HCONTROL PARAMETERS/
1H0, 9X,6HIOPT =,13,10X,5HHNOV =,13,10X,5HNCN =,13,
10X, 8HITHAX3 =,1I3)
1060 FORMAT(//1H0,4X,25HCONSTANT BLADE PARAMETERS/
L 1HO0,9X, 2HNB, 7X, 1HR, 7X, 3HALP, 7X, 5HS0LID/112,3F10.4)
1065 FORMAT(//1H0,4X,25HVARIABLE BLADE PARAMETERS/
» 1HO, 9X, 4HKICR, 6X,4HKOCR , 8, 1HT , 8X, 2HZM, 8X, tHP, 9X, 3HTHX,
» 6X,4HTHLE ; 6X,9HTHTE/5X,8F10.4)
1070 FORMAT(//1H0,4X,23HACTIVE DESIGN VARIABLES/1H0,9X,6A10)
1072 FORHAT(5X,6F10.4)
1075 FORMAT(//1H0,4X,7HICALB =,I2,6X,7HPSTEP =,F6.3)
1080 FORMAT(1HO,4X,6HDVCALB/6I12)
1085 FORMAT(3X,6F12.4}
2000 FORMATU1H1,// 46X,39H%#% INPUT FOR BLADE ELEMENT PROGRAH #w#

& _&_&

&

AHALIN1G
ANALITIS
ANALIt16
ANALIIY7
ANALTI118
AHALIt1S
AHALI120
AHALI12%
AMALIT22
AN&LT123
ANALT124
ANALI125
ANALI126
ANALT127
ANALI128
ANALI129
ANALI130
AHALI131
ANALI132
ANALI133
ANALT134
ANALIN35
AHALI136
ANALI137
ANALI?38
ANALIN39
AHALI140
AHALT14

AHALING2
ANALI143
ANALI4G
ANALI1GS
ANALI1G6
AHALIVG7
AHALI148
ANALI1G9
ANALI150
ANALI15¢

AHALI152
AHALIIS3
AHALII54
ANALT155
ANALI156
ANALIN57
ANALI158
ANALI159
ANALI160
ANALIT6}

ANALIN62
ANALI163
ANALT164

/7 AHALI165

%/ 49X, SHINLET,6X, 6HOUTLET,4X,6HTRANS. , 4X; THMAX. TH. , 3X, 6HIN/QUT, 5X, ANALT166

% GHMAX.,6X,4HL.E.,6X,4HT.E. / 10X,3HNO.,6X,5HINLET,5X,4HCOHE ,4X,

AHALI167

% BHSOLIDITY,4X,SHBLADE,5X,5HBLADE,5X,4HLOC. ,6X,4HLOC. ,5X, 7HTURNINGANALI1668

%,3X, 6HTHICK. , 5X,4HRAD . ,6X, GHRAD. / 8X,6HBLADES)4X,6HRADIUS,5X,

ANALIT69

% SHANGLE, 15X, 5HANGLE, 5X, SHANGLE , 4X, 6H/CHORD » %X+ 6H/CHORD » 5X , GHRATE , ANALI170

% 5X,6H/CHORD,4X, 6H/CHORD,4X,6H/CHORD / 20X,3H{L),6X,5H(DEG), 15X,
# BH{DEG),5X)5H(DEG) // 9X,13,3X,3F10.5,F9.3,F10.4,6F10.5)
2005 FORMAT(////% X ARRAYM/(5X,5F12.6))

ANALIT7Y
AHALII72
ANALI173
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2010 FORMAT(1HO,» Y ARRAY#/(5X,5F12.3}) AHALT176 DIMEHNSION Xf200),Y(200!} XY 9
c AHALI175 NDZ2=MRO-NBI-{ X 10
END ANALIT76 DO 10 I=1,HD2 XY 11
SUBROUTINE DESVAR(VY.V,I0V,HOV,ICALL,KPARAM) DESVAR 2 XU )=XMVHUHBO-T) XY 12

c DESVAR 3 XUND2+I)1=XMVH(MBI+I) XY 13
C IDENTIFIES DESIGN VARIABLES DESVAR 4 Y(I)=WHMBIMDBO-I,2) XY 14
c DESVAR 5 10 Y(ND2+II=WMB(MBI+I, 1} Y 15
REAL KICR,KOCR DESVAR 6 RETUPH XY 16
COMMON /CALB/ XCALB,DVCALB{(6),PSTEP,I0PT,ITHAX3,VZERO(6) DESVAR 7 END XY 17
COMMON /INPUTB/ ALP,KICR,KOCR,NB,P,R,S0LID,T,THLE , THTE, THX, ZM DESVAR 8 SUBROUTINE OBJCON(X,Y,DIFFS,C) 0BJCOH 2
DIMENSION VV(12),V{1),IDV(1} DESVAR 9 REAL KICR,KOCR 0pJCON 3

DO 10 I=1,NDV DESVAR1O COMHON/ INPUTAZ XHSP(50,2),XTHSP(50,2) OBJCOM 4
J=1DVIT) DESVARYY COMNMON /INPUTB/ALP,KICR,KOCR,HB,P,R,50LID,T,THLE, THTE, THX, ZH ODJCON §
ywieJ=ver) DESVAR12 COMMON /I'BINBO/ MBI,MBO OBJCON 6

10 CONTINUE DESVARY3 COMMOM/WIWO/HI , HO ORJCON 7
IF(ICALL.NE.3) GO TO 20 DESVAR14 COMMON/VARCOM/ADUM( 4001, HMB(100,2),BDUM(400), TDUMI100) OBJCON 8
K=IDV(KPARAM) DESYAR15 DIMEMSION X(200),Y(200),C(5) 0BJCON 9
IF(ICALB.EQ.0) VV(K)=(1.0+PSTEP)#YVI(K) DESVARI6 C OBJCON1O

C CALCULATION OF OBJECTIVE FUNCTION OBJCONI

IF(ICALB.EQ.0) VV(K)I=(1.,0+PSTEPI#VV(K) DESVARI6 ¢ 0BJCOH12
IF(ICALB.GT.0) VV(K)=DVCALB(KPARAM} DESVAR17 HD2=MBO-MBI-1 OBJCON13

20 COMTINUE DESVAR1S DIFFS=Y(ND2+1) OBJCON14
KICR=VV(1) DESVAR1I9 ND21=ND2-1 OBJCON1S
KOCR=VYV(2) DESVAR20 BO 10 I=1,ND21 OBJCON16

T =Wl DESVAR2Y 10 IF(Y(ND2+I).GT.DIFFS) DIFFS=Y(ND2+I) OBJCON1?

M =VV(4) DESVAR22 WRITE(6,1000) DIFFS,ND 0BJCOH18

B =VV(5) DESVAR2Y DIFFS=DIFFS/WO QBJCON19

THMX =VVI6) DESVAR24 WRITE(6,1010) DIFFS 0B.JCONZO
THLE=VYV(7) DESVAR2S C 0BJCON21
THTE=VV(8) DESVAR26 € CONSTRAINT NO. 1 - BLADE THICKNESS 0BJCONZ2
RETURN DESVAR2? ¢ 0BJCOMZ3

END DESVAR28 BCHORD=2.%3.1415927#R*SOLID/FLOAT(NB} 0BJCON24
SUBROUTINE PERVAR(Q0,Q1,Q2,V,ICALL,KPARAM) PERVAR 2 TEDIAM=2. ¥THTE®BCHORD 0BJCONZS

¢ PERVAR 3 DTHIN=1.E10 0BJCONZ6
C SETS VALUES OF DESIGN VARIABLES FOR USE IN PERVAR & DO 20 I=2,12 0BJCONZ7
€ PERTURBATIOMN SOLUTION CALCULATION. PERVAR & DRTH={XTHSP(I,1)-XTHSP(I,2))%R 0BJCOHZS
€ PERVAR & DZ=XMSP(I,11-XMSP(I,2) 0BJCOMZ9
DIMENSION QO(1),Q2(1),V(1) PERVAR 7 DT=SQRT(DRTH¥DRTHDZ#DZ) OBJCON30
COMMOM /CALB/ ICALB,DVCALB(6),PSTER,I0PT,ITMAX3,VZERO(6) PERVAR 8 TKODTE=(DT-TEDIAMI/TEDTAM 0BJCON3!

IF (ICALL .GT. 2) GO TO 20 PERVAR 9 20 IF(TKODTE.LT.DTMIN) DTHIM=TKODTE 0BJCON32

00 10 I=1,6 PERVAR1O BLTKS=DTMIN 0BJCOH33

10 QO(I)=VII) PERVAR1 WRITE(6,1020) BLTKS 0BJCON34
RETURN PERVAR12 C(1)=BLTKS 0BJCOM35

20 IF (ICALL .GT. 3) 60 T0 30 PERVARYS € 0BJCON36
IF{ICALB.EG.0) QI=(1. * PSTEP)#V(KPARAM) PERVAR§4 € CONSTRAINT NO. 2 - PRESSURE SURFACE DIFFUSION OBJCON37
IF(ICALB.GT.0) Q1=DVCALB(KPARAM) PERVARIS C 0BJCON38
RETURN PERVAR16 A=ND2/2 QRJCONI9

30 DO 40 I=1,6 PERVARY? B=2,*MD2/3 0BJCONGO

4 Q2(I)=5(1) PERSAR1S NI12=INT(A) OBJCOHA1
RETURN PERVAR1 S N23=INTI(B) 0BJCONHG2

40 Q21I)=V(TI) PERVAR1S YMAX=Y({HD2) 0BJCONG3
RETURH PERVAR19 YMINzYMAX 0BJCON44

END PERVAR20 DO 30 I=N§2,ND2 OBJCONGS
SUBROUTINE XY{(X,Y) XY 2 30 IF(Y(I).GT.YMAX) YHMAX=Y(I) DBJCONGS

c XY 3 00 40 I=2,H23 0BJCONG7
C DETERMINES SURFACE VELOCITY AND SURFACE COORDIMATE ARRAYS XY 4 40 IF(Y(I).LT.YMIN) YMIN=Y(I) 0BJCON48
c XY 5 DIFFP=YHAX/YMIN OBJCON49
COMMON /VARCOM/ ROUMIGO0),HWMB(100,2},S0UMI400), 1DUM(100) XY 6 WRITE(6,1030) YMAX,YMIN,DIFFP 0BJCONS0
COHMON /MVHORM/ XHVHI100) XY 7 Ct2)=DIFFP 0BJCONS1
COMMON /MBIMBO/ HBI,HBO XY 8 ¢ 0BJCON52
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C CONSTRAINT NO. 3 ~ TRAILING EDGE CLOSURE 0BJCONSS
c OBJCON54
Ni=2#{HBO-BI}-3 OBJCONSS
TECLSR=(YI(Nt)-Y(2))/80. 0BJCON56

WRITE (6,1040) Y(N1),Y(2),TECLSR 0BJCONS7
C{3)=TECLSR OBJCONS8

[ 0BJCON59
RETURN 0BJCONGO

1000 FORMAT(////% OUTPUT FROM OBJCON®/1HO,3X, 0OBJCONG1
L ¥OBJECTIVE FUNCTION®,3X,*DIFFS =#,E12.5/ 0BJCONG2

L] 25X, *HO =#,E12.5) OBJCONG3

1010 FORMAT (25X,%DIFFS/KD =%,E12.5) 0BJCONG6G
1020 FORMATE 1HO,3X, %CONSTRAINT 1%, 9X,wBLTKS =w,E12.5) OBJICONGS
1030 FORMAT{1HO,3X,#CONSTRAINT 2%, 9X,#YHAX =#,E12.5/ OBJCONGS
L 25X, #YMIN =#,E12.5/ OBJCONG?

* 25X, #DIFFP =,E12.51 0BJCONGS

1040 FORMAT(1HO,3X,*CONSTRAINT 3%, 5X,sHMB(MBO-2,1) =%,Et2.5/ 0BJCOHGY
* 21X, ¥WHB(HBO-2,2) =¥,E12.5/ OBJCONTO

L] 25X, #TECLSR  =m,E12.5) 0BJCONTY

END 0BJCONTZ
SUBROUTINE PERTRB (ICALL,X,Y) PERTRB ¢

c PERTRB 3
C N sxand SUBROUTINE PERTURB SR MM# MMM NN NRNNANMNNNNSNPERTRE &
c PERTRB §
C ICALL=1 ... READ INPUT AND PRINT CONTROL PARAMETERS. PERTRB 6
c PERTRD 7
c ICALL=2 ... PERFORM CALCULATIONS ON BASE SOLUTION. PERTRB 8
c PERTRB ¢
c ICALL=3 ... PERFORM CALCULATIONS OM CALIBRATION SOLUTION. PERTRB1O
c PERTRBAY
o4 ICALL=6 ... RETURN PERTURBATION SOLUTION TO CALLING PERTRBIZ
4 SUBROUTINE. PERTRB13
c PERTRB14
Cunt an o LA Ll Ll L] PERTRB1S
[+ PERTRB16
DIMENSION XLOCO(6),XLOC1(6),XLOC2(6),XLOC3(6),XFIX0(8}XFIX1(8) PERTRBY7
DIMENSION LCRO(4),LCR1(4),LCR2(4),LCR3(4),ISEQO(B),ISEQ1(8) PERTRBI®
OIMENSION HEADOtS5)},HEAD!(5),HEAD2(5),HEAD3(5) PERTRB19
DIMENSION XOUT(8),DEL1{10),0RD(10),X1200),Y(200) PERTRB2O
DIHENSION FLAG(83},STRING(100),STRUNI(100) PERTRB21

REAL MO,Mt,HM2 PERTRB22
COMMON /COEFF/ C(10,7),0(10,7),0ELX(200) PERTRB23
COMMON /HEAD/ TITLE(8),JOBKEY PERTRB24
COMMON /PARAM/ PARNAM(10),LSELCT(6),LUNIT,LPLOT,NSELCT,A,B,VNAH(2)PERTRB25
COMMON /PERT/ Q0(101,Q1,Q2(10),M0,M1,M2,N,KPARAH,NPARAM, LTRACE PERTRB26
COMHON /HINMAX/ YMIN,YMAX, YCR2 PERTRBR?
COMMON /SAVE/ XCSAVE(10,200),YCSAVE(10,200) PERTRB28
COMHON /XY/ XBASE(200),XCALB(200),XPERT(200),XAERD(200), PERTRB29

7 XUNIT(200),YBASE(200),YCALB(200),YPERT{200),YAERO({200), PERTRB30

Z YINTP(200),YPRTI(200),DUMMY(200} PERTRB3Y
COMMON /XUYU/ XUSAVE(10,200),YUNIT(10,200) PERTRB32

LEVEL 2, XCSAVE,YCSAVE,XUSAVE,YUNIT,C,D,DELX PERTRBI3

LEVEL 2, XBASE,XCALB,XPERT,XAERC,XUNIT,YBASE,YCALB,YPERT,YAERO, PERTRB34

7 YINTP,YPRTI,DUMMY PERTRB3S
DATA LTERM/0/, LCORR/0/ PERTRB36

DATA HEADO /4HBASE,4H SOL,4HUTIO,4HN: ,4H /s PERTRB37

Z HEADt /4HCALI,GHBRAT,4HION ,4HSOLN,GH: /s PERTRB3S

4 HEAD2 /4HPERT,4HURBA,4HTION,4H SOL,4HN: /, PERTRB3%

F 4 HEAD3 /GHAEROD,4HDYNA,4HHIC ,4H50LM,6H: / PERTRB40

DATA ORD /5H 1ST ,5H 2ND ,5H 3RD ,5H 4TH , PERTRBGI

4

5H 5TH ,5H 6TH ,54 7TH ,5H 8TH ,5H 9TH ,5H10TH /

PERTRB42
PERTRB43

c
P06 136 30336 363330000636 96 3 162 D006 26 003006 0630606 00000 DE MU I H I MM MMM MU MM XU NDERTRRGG

o000 NOO00O00N0N

USER-SUPPLIED STATEMENT FUNCTION YCRIT(Z) DETERHINES CRITICAL
VALUES OF FLOW VARIABLE YCRIT AS FUHCTION OF FLOW PARAMETER Z.

IGRAD (+1 OR -1) IS THE USER-SUPPLIED ALGEBRAIC SIGN OF DYCRIT/DX

USED IN LOCATING THE CRITICAL POINT.

IN THE PRESENT VERSION OF THE CODE.,

POTENTIAL CRITICAL PRESSURE COEFFICIENT FOR AIR (GAMMA = 1.4), Z
IS THE FREE STREAM MACH NUMBER, AND IGRAD CORRESPONDS TO POSITIVE

PRESSURE GRADIENT (+1).

YCRIT REPRESENTS THE FULL-

YCRIT(Z)=2.0%(((2.0+0.4%2%%2)1/2,4)%%(1.4/0.4)~1.0)/(1.4%Z%n2)

IGRAD=1

PERTRB4S
PERTRBY4S
PERTRB47
PERTRB4S
PERTRD49
PERTRBS0
PERTRBST
PERTRBS2
PERTRR53
PERTRBS%
PERTRBS5
PERTRB56
PERTRBS7
PERTRB58

CHEPEIEIEIE DI 6636 336 0060600 9630 3060606 T4 6 06 3.3 H696 363 6 36 3636 6 0EI0 M-I 6 1631000 36 336 MO MR U WX PER TRB5 9

[a X3 Ns] o000

o000

501

20

GO TO 1501,502,503,504),ICALL

CALL INPUT (NPARAM)

WRITE TITLE AND INPUT PARAMETERS.
WRITEL6,1005)

HWRITE (6,1000) TITLE

WRITE (6,1010] N,A,B,NPARAN

NFIX=NSELCT+2
NSEG=NFIX-1

«++.INPUT CONTROL, GECHETRY, AND STRAINING PARAMETERS.

PRINT INFORMATION REGARDING STRAINING TO BE USED.

HWRITE (6,1020) NFIX
WRITE (6,1040)
DO 20 I=1,NSELCT

IF (LSELCTII) .EQ. 1) WRITE (6,1050) VNaM
IF (LSELCT{(I) .EQ. 2) WRITE (6,1060) VNAM

IF (LSELCT(I) .LE. 2) GO TO 20
LCORR=1

LPR=LSELCT(I)-2

WRITE (6,1070} VNAM,ORD{LFR)
CONTINUE

RETURN

BEGIN CALCULATIONS ON BASE SOLUTION.

YCRO=YCRIT(MO}

WRITE (6,1080) HEADO
HRITE (6,1090) VNAM
HRITE (6,1100) MO

IF {NPARAM .EQ. 1) WRITE (6,1110) GO(1},PARNAN(1)

IF (NPARAM .GT. 1) WRITE (6,1120) (K,Q0(K),PARNAMIK],K=1,NPARAM)

WRITE (6,1130) VNAM,YCRO

POINTS FOR BASE SOLUTION.

..NORMALIZE X COORDINATES AND LOCATE MINIMUM, MAXIMUM, AND CRITICAL

PERTRB&O
PERTRB6I

PERTRBA2
PERTRB63
PERTRBéG
PERTRB6S
PERTRB6S
PERTRBL7
PERTRB4S
PERTRB69
PERTRB70
PERTRB71
PERTRB72
PERTRB73
PERTRB74
PERTRB7S5
PERTRB76
PERTRB77
PERTRB78
PERTRB79
PERTRBBO
PERTRBSI
PERTRBO2
PERTRBSY
PERTRBBG
PERTRBE5S
PERTRBSS
PERTRBB7
PERTRBSS
PERTREA9Y
PERTRB90D
PERTRBY

PERTRB92
PERTRBI3
PERTRB9%
PERTRBY5
PERTRBY6
PERTRB97
PERTRB98
PERTRBYY
PERTR100
PERTR101
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CALL COPY12 (M,X,XBASE)}

CALL COPY12 (N,Y,YBASE)

CALL SCALE (N,XBASE,1,A,B)

CALL LOCATE (N,XBASE,YBASE,YCRO,IGRAD,LMHO,LMX0,NCRO,LCRO,XLOCO)
YBCMIN=YBASE(LMNO)

YBCMAX=YBASE(LMX0}

HRITE (6,1140)

HRITE (6,1150)

CALL UPLOW {A,B,XLOCO0,6,HCRO+2,X0UT,FLAG)

WRITE (6,1160) XOUT(1),FLAG(1),LHNO,XOUT(2},FLAG(2),LHX0
IF (NCRO .GT. 0) WRITE (6,1170) NCRO,

Z (ORD{X),XOUT(I+2),FLAG(I+2),LCRO(I},I=1,NCRO)

50

503

60

LOAD SELECTED STRAINING POINTS INTO FIXED-POINT ARRAY FOR BASE
SOLUTION.

XFIX0(1)=0.0
XFIX0(NFIX)=1.0

D0 50 I=1,NSELCT
XFIX0(I+1)=XLOCO(LSELCT(I))
CONTINUE

ARRANGE SELECTED FIXED POINTS IN A MONDTONE SEQUENCE.

CALL SORT {NFIX,XFIX0,ISEQO)

WRITE (6,1200)

WRITE (6,1150)

CALL UPLOKW (A,B,XFIX0,8,NFIX,X0UT,FLAG)
WRITE (6,1210) {X,XOUT(I),FLAG(I),I=1,NFIX)
RETURN

BEGIN CALCULATIONS ON CALIBRATION SOLUTIONS.

K=KPARAM

YCR1=YCRIT(Mt)

BELT(K)=Q1-Q0(K)

CALL COPY12 (N,X,XCALB)

CALL COPY12 (N,Y,YCALB)

CALL COPYVA (1,N,K,XCALB,XCSAVE)

CALL COPYVA {1,N,K,YCALB,YCSAVE)

IF (NPARAM .EQ. 1) WRITVE (6,1080) HEAD?

IF {NPARAM .GT. 1) WRITE (6,1220) ORD(K),HEAD!
WRITE (6,1090) VNAH

HWRITE (6,1230) Hi

IF (NPARAM .GT. ) KWRITE (6,1240)

DO 60 KK=1,NPARAM

IF (HPARAM .EQ. 1) KRITE (4,1250) Q1,PARNAM(1)
IF (NPARAM .GT. 1
IF {KK .NE. K) KRITE (6,1270) KK,QO(KK),PARNAM(KK)
CONTINUE

HRITE (6,1130) VNAH,YCRI

NORMALIZE X COORDINATES AND LOCATE MINIMUM, MAXIMUM, AND CRITICAL
POINTS FOR KTH CALIBRATION SOLUTION.

CALL SCALE (N,XCALB,1,A,B)

CALL LOCATE (N,XCALB,YCALB,YCRt,IGRAD,LHN1T,LMX1 ,NCR1,LCR1,XL0CY)
YTHIN=YCALBCLMNY)

YTHAX=YCALB{LHX1)

IF (YTMIN .LT. YBCMIN) YBCMIN=YTMIN

PERTRIO02
PERTR103
PERTRt 04
PERTR10S
PERTR106
PERTRIO7
PERTR108
PERTR10S
PERTR110
PERTRI 1Y
PERTRII2
PERTR113
PERTR114
PERTR115
PERTRI16
PERTR117
PERTRI1D
PERTRIL9
PERTRI20
PERTR12Y
PERTR122
PERTR123
FERTR12&
PERTRIZS
PERTR126
PERTR127
PERTR128
PERTR129
PERTR130
PERTRI3I
PERTR132
FERTR133
PERTR134
PERTR135
PERTR136
PERTR137
PERTR138
PERTR139
PERTR140
PERTR14)
PERTR142
PERTRIG3
PERTR144G
PERTR145
PERTR146
PERTRIG7
PERTR148

LAND. KK .EQ. K) WRITE (6,1260) KK,Q1,PARNAM(KKIPERTR149

PERTR150
PERTR15%
PERTR152
PERTR153
PERTR154
PERTR{55
PERTR156
PERTRIS?
PERTR158
PERTRI59
PERTRI60
PERTIR161

aoonon ononooon

0000

o000

OO0 00

IF (YTHAX .GT.
WRITE (6,1140)
WRITE (6,1150)
CALL UPLOW ¢A,B,XLOCY,6,NCR142,X0UT,FLAG)

WRITE (6,1160) XOUT(1),FLAG(T3,LMN1,X0UTI2),FLAG(2),LMX)
IF (NCR1 .GT. 0) WRITE (6,1170) MCRY,

YBCHAX) YBCMAX=YTHAX

Z (ORD(T).XOUTLI+2),FLAG(I*+2),LCRI(I),I=1,HCRY)

7

=3

o
o

CHECK FOR INVALID STRAINING SPECIFICATION.

ICOUNT=0

DO 70 I=1,NSELCT
IF (LSELCT(I) .LE.
ICOUNT=ICOUNT *+1

IF (HCRO .NE. NCR1) LTERM=1
CONTIHUE

2) GO TO 70

STOP EXECUTION IF CRITICAL POINTS ARE TO BE USED IN STRAINING AND
NUHMBER OF CRITICAL POINTS IN BASE AHD CALIBRATIOH SOLUTIONS ARE
UHEQUAL .

IF (LTERM .EQ. 1) GO TO 900

STOP EXECUTION IF NUMBER OF CRITICAL POINTS SELECTED EXCEEDS
NUMBER ACTUALLY LOCATED.

IF (ICOUNT .GT. NCRO) GO TO 905

LOAD SELECTED STRAIMING POINTS INTO FIXED-POINT ARRAY FOR KTH
CALIBRATION SOLUTION.

XFIX1(1)=0.0
XFIX1{NFIX}=1.,0

DO 100 I=1,NSELCT
XFIXT(TI+1}=XLOCT{LSELCT(I))
CONTINUE

ARRANGE SELECTED FIXED PDINTS IN A MONOTONE SEQUENCE.

CALL SORT (NFIX,XFIX1,ISEQ1)

KRITE (6,12001}

WRITE {(6,1150)

CALL UPLOW (A,B,XFIX1,8,NFIX,X0UT,FLAG)
WRITE €6,1210) {I,X0UTLI),FLAG(X},I=1,NFIX)

STOP EXECUTION IF ORDER OF OCCUPRENCE OF CRITICAL POINTS IN BASE
AND CALIBRATION SOLUTIONS DOES NOT CORPRESFOND.

DO 110 I=1,NFIX
IF (ISEQO(I) .NE.
CONTIHUE

ISEQI(I)) GO TO 910

COMPUTE COEFFICIENTS IN KTH UNIT STRAINING OF XBASE

XSTR = C(K,I) + D(K,T)»XBASE, I=1,2, ... ,NSEG.

WHERE NSEG IS THE HUMBER OF LINEAR SEGMENTS.

00 130 I=1,HSEG
CHUM=YFIXT{ T I*XFIXO(I+1 )-XFIX1 (T4 )I¥XFIXO(I)

PERTR162
PERTR1S3
PERTR16%
PERTR165
PERTR166
PERTR167
PERTR168
PERTR169
PERTR170
PERTR171
PERTR172
PERTR173
PERTRI 74
PERTR175
PERTR176
PERTR177
PERTRI78
PERTR179
PERTR180
PERTR181
PERTR182
PERTR183
PERTR184
PERTR185
PERTR186
PERTR187
PERTR188
PERTR189
PERTR190
PERTR1 91
PERTR192
PERTR193
PERTR194
PERTR195
PERTR196
PERTR197
PERTR198
PERTR199
PERTRZ00
PERTR201
PERTR202
PERTRCO03
PERTRCO0G
PERTR205
PERTR206
PERTR207
PERTR208
PERTR209
PERTR210
PLRTR211
PERTR212
PERTP213
FERTRC14
PERTR21S
PERTR216
PERTR217
PERIR218
PERTR219
PEPTRCC

PLRIRZD
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15
16

19

20

- .CORRECT VALUES ON EITHER SIDE OF CRITICAL PDINTS, IF THESE ARE

0
0

0

a

OHUM=XFIXTEI#+1)-XFIX1(T)
DEHCH=XFIXO(I41)-XFIX0(I)
C{K, I)=CHUM./DENON

D(K, I)=DNUM/DENOM
COHTINUE

DETERMINE KTH UNIT STRAINING OF XBASE.
CALL STRAIN (N,K,NSEG,XFIX0,XBASE,1.0)

00 t40 I=1,N
XUHIT(I)=XBASE(I)*DELX(I}

PERTR222
PEPTRI23
PLPIRC24
PERTRCC

PERIRCIC6
PEPTRZZ?
PERTPZ2CO
PERTPZ29
PERTRC30
PERTR231
PERTRZ32
PERTR233

INTERPOLATE CALIBRATIOH SOLUTION TO BASE FLOM POINTS CORRESPONDINGFERTRZ34

TO UNIT STRAINING.

CALL INTERP (N,XCALB,YCALB,XUNIT,YINTP)

USED IN STRAINIHG.

IF (LCORR .EQ. 0) GO TO 160

DO 150 I=1,NCRY
YINTPCLCRO(I})=YCALBC(LCRI(I))
YINTP(LCRO(I)+1)=YCALB(LCRI(I)*1)
CONTINUE

CONTINUE

DETERMINE THE KTH UNIT PERTURBATION.

00 170 I=1,N
YUNIT(K,I)}={YINTP(I)-YBASE(I))/DELV1{K}

SAVE UNIT STRAINING IF REQUIRED FOR LATER PRINTOUT.

IF (LUNIT .EQ. 0) GO TO 180

CALL SCALE (N,XUNIT,2,A,B}

CALL COPYVA {1,H,K,XUNIT,XUSAVE)
IF (KPARAM .LT. NPARAM) RETURN

PRINT UNIT PERTURBATION(S) AND UNIT STRAINING(S) IF LUNIT .NE.

IF (LUNIT .EQ. 0) RETURM

CALL SCALE (N,XBASE,2,A,B)

IRPT=0

IF (NPARAM .GT. 5) IRPT=1

KSTART=1

KSTOP=5

IF (KSTOP .GT. NPARAM) KSTOP=NPARAM

GO TO 200

KSTART=6

KSTOP=HPARAM

CONRTIHUE

WRITE (6,1280) VNAH

IF (MPARAM .GT. 1) WRITE (6,1290) KSTART,KSTOP

IF (NPAPAM .EQ. 1} WRITE 16,1300)

IF (NPARAM .EQ. 1) GO TO 210

HUM=KSTOP-KSTART+1

IF (NUH .EQ. 1) HRITE (6,1310) (ORD(K},K=KSTART,KSTOP)
IF (HUM _EQ. 2) HRITE (6,1320) (ORD(K),K=KSTART,KSTOP)
IF (NUM .EQ. 3) WRITE (6,1330) (ORDIK),K=KSTART,KSTOP)

PERTR235
PERTRZ 36
PEPTR237
PERTR238
PERTR239
PERTR240
PERTR241
PERTR2642
PERTR243
PERTR244
PERTRI4S5
PERTR246
PERTR247
PERTRC48
PERTRZG9
PERTR250
PERTR251
PERTR252
PERTR253
PERTRZ54
PERTR253
PERTR256
PERTR257
PERTR258
PERTR259
PERTR260

. PERTRZ6H

PERTRZ62
PERTR263
PERTREZ6G
PERTR265
PERTR266
PERTR267
PERTRCI68
PERTR269
PERTR270
PERTRZT1

PERTR272
PERTR273
PERTR274
PERTR275
PERTR276
PERTR277
PERTPC78
PERTR279
PERTRZB0O
PLRTRCB1
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22

o

260
270

IF (HUM .EQ. 4) HRITE (6,1340) (ORD(K),K=KSTART,KSTOP)
IF (HUN .EQ. 5) WRITE (6,1345) [ORD(K},K=KSTART,KSTOP)
CONTINUE

CALL FILL €1,0,STRPUND)

KLAST=20YIFESTOP-KSTART+1)

HWRITE 16,1350} ISTRUNI(K},K=1,KLAST)

HRITE (6,1360)

DO 220 I=t,N

HWRITE (6,1370) I,XBASE(I),(XUSAVE(K,I),YUNIT(K,I),K=KSTART,KSTOP)

IF (IPPT .EQ. 0) GO TO 230
IRPT=0

GO TO 190

CALL SCALE (N,XBASE,1,A,8)
RETURH

CONSTRUCT PERTURBATION SCLUTIONS FOR REQUIRED CASES.

YCR2=YCRIT(M2)

YCR3=YCR2

CALL COPY12 (HN,X,XAERD)

IF (LTRACE .EQ. 1} CALL COPY12 (N,Y,YAERO}

INITIALIZE STRAINED COOPDIMATE AND PERTURBATION SOLUTION.

DO 250 I=1,N
XPERT({I)=XBASE(I)
YPERT(I)=YBASE(I)

ADD IN COMTRIBUTIOHS FROM ALL PERTURBATIONS.

D0 270 K=1,NPARAM

DEL2=Q2(K}-Q0(K}

DEL21=DEL2/DELY(K}

CALL STRAIN (N,K,NSEG,XFIX0,XBASE,DEL21)
DO 260 I=1,N

XPERT(I)=XPERT(I)*DELX(I)
YPERT(I)=YPERT{I+DELC*YUNITIK,I)
CONTINUE

ADJUST VALUES NEAR CRITICAL POINT FOR MONOTONE BEHAVIOR.

IF (LCORR .ER. 1} CALL MONO (NCRO,LCRO,XPERT,YPERT)

INTERPOLATE SOLUTION IN STRAINED COORDIHATES TO BASE X VALUES.

CALL INTERP {N,XPERT,YPERT,XBASE,DUMMY)
CALL COPYZ21 (N,DUNMY,Y)

IF (LTRACE.EQ.0) RETURN

COMPARISON OF PERTURBATION AND AERODYNAMIC SOLUTIONS.

LOCATE MINIMUM, HMAXIMUM, AND CRITICAL POINTS IN PERTURBATION

SOLUTION.

CALL SCALE (N,XPERT,2,4.B)
CALL SCALE (N,XFERT,1,A,B)

CALL LOCATE (MN,XPERT,YPLRT,YCR2,IGRAD,LMN2,LMX2,HCR2,LCR2,XLOC2)

YMIN=YFERT{LMNZ)
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YMAX=YPERT(LMX2)

YPCHIN=YMIN

YPCHAX=YMAX

WRITE 16,1380)

WRITE 16,1090} VNAM

HRITE (6,13%0) 2

IF (NPARAM .EQ. 1) WRITE (6,1400) Q21{1),PARNAM(1)

IF (NPARAM .GT. 1) WRITE (6,1610) {K,Q2(K),PARNAMIK),K=1,NPARAM}
WRITE 16,1130) VNAM,YCR2

HWRITE 16,1140)

HWRITE (6,1150})

CALL UPLONW (A,B,XL0OC2,6,NCR2+2,X0UT,FLAG)

WRITE (6,1420) HEAD2,XOUT(1),FLAG(1),LMH2,X0UT(2),FLAG(2), LMX2
IF (NCR2 .GT. 0) WRITE (6,1430) NCR2,
Z {ORD(I),XQUT{I+2),FLAGII*+2),LCR2(I),I=1,NCR2}

CALL SCALE (N,XBASE,2,A,B)

«+.LOCATE MINIMUM, MAXIMUM, AND CRITICAL POINTS IN AERCDYHAMIC

SOLUTION.

CALL SCALE (N,XAERO,1,A,B)

CALL LOCATE (N,XAEROC,YAERO,YCR3,IGRAD, LMN3,LMX3,NCR3,LCR3,XLOC3)
YHIN=YAERO(LMN3)

YMAX=YAERO( LMX3)

IF (YMIN .LT. YPCMIN) YPCMIN=YMIN

IF (YMAX .GT. YPCMAX) YPCMAX=YMAX

CALL UPLOW (A,B,XL0OC3,6,NCR342,X0UT,FLAG)

WRITE (6,1620) HEAD3,X0UT(1),FLAG( 1), LMN3,X0UT(2),FLAG(2),LHX3
IF (NCR3 .GT. 0) WRITE {6,1430) NCR3,
4 {ORD(I),XOUT(I+2),FLAG(I*+2},LCR3{I),I=1,NCR3)

CALL INTERP (N,XPERT,YPERT,XAERO,YPRTI)

CALL LOCATE (N,XAERO,YPRTI,YCR3,IGRAD,LMH3,LMX3,NCR3,LCR3,XLOC3)
YTHIN=YPRTI(LHN3)

YTHAX=YPRTI(LMX3)

IF IYTAIN .LT. YMIN) YHIN=YTHIN

IF (YTHAX .GT. YMAX) YMAX=YTHMAX

CALL SCALE (N,XPERT,2,A,B)

CALL SCALE (N,XAERQ,2,A,B)

CALL FILL (2,0,STRING)

KWRITE (6,1440) VHAH

WRITE (6,1650) VNAM, YMAX,VNAM, YMIN,VNAH, YCR2,VNAM, VNAM

WRITE (6,1460) VNAM,VNAM,VNAM,VNAM, (STRING(I),I=1,72)

00 280 I=t1,N

CALL FILL (3,I,STRING)

280 WRITE (6,1470) I,XBASE(I),YBASE(I),XPERT(I),YPERT(I),

7 XAERO(I),YAERO(I),YPRTI(I),(STRING(11),1I=1,72)

..IF LPLOT .NE. 0 GEMERATE PERIPHERAL PLOT OF PERTURBATION AND
AERODYNAMIC SOLUTIONS.

IF (LPLOT .EQ. 0) GO TO 320
YMIN=YBCMIN

YHAX=YBCHMAX

IF (YPCHIN .LT. YMIN) YMIN=YPCMIN

IF (YPCHAX .GT. YMAX] YMAX=YPCHAX
CALL DRVPLT (N,NPARAM,YMIN,YHMAX,YCR2)

0 CALL SCALE {N,XBASE,1,A,B)

RETURN

.. ABHORMAL TERHINATION OF COMPUTATION.

PERTR342
PEPTRIGS
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PERTR39}
PERTRI
PERTR395
PERTR396
PERTR397
PERTR398
PERTR399
PERTR400Q
PERTR4D1

900 WRITE (6,9000)
GO 10 997

905 WRITE (6,3050)
GO 10 999

910 WRITE (6,9100)

999 WRITE (6,5500)
STOP

..... 170 FORMAT STATEMEMTS FOLLOKW,

c
1000 FORMAT(1HO,132(1H*)/

Z 1X,1H#%,25%,8A10,25X, 1H*/
Y4 1X13201H™)2/7)
1005 FORMAT(1H!,35X,37H--- INPUT FOR PERTURBATION METHOD ---//)

1010 FORMAT {1X,29..... LIST OF INPUT PARAMETERS//
7 6X,3HN =,146//
Z 6X,3HA =,F5.1,4X,3HB =,F5.1//
A 6X ) 8HHPARAM =,12///7)
1020 FORMAT (1X,22H..... STRAINING OPTIONS//
Z 6X:23HNUMBER OF FIXED POINTS:,I2/)

1040 FORMAT (6X,45HFIXED POINTS WILL BE AUTOMATICALLY DETERMINED/
7~ 6X,44HBY THE PROGRAM FOR ALL SOLUTIONS AS FOLLORS://
% 11%,14HTWO END POINTS)

1050 FORMAT (11X, 16HPOINT OF MINIMUM,{1X,2A1)

1060 FORMAT (11X, 16HPOINT OF MAXIHUM,1X,2A1}

1070 FORMAT (11X,2A1,6HCRIT (,A5,6HPOINT))

1080 FORMAT (1H1,26HRESULTS OF COMPUTATIOHS OM,1X,544///)

1090 FORMAT (1X,17H..... MACH NUMBER,/

6X,34HVALUES OF PERTURBATION PARAHETERS,/

6X, 1 7HCRITICAL VALUE OF,1X,2A1,1H:/)

1100 FORMAT {11X,4HMO0 =,F7.64/)

1110 FORMAT (11X,4HR0 =,F10.4,5X,1H(,A8,1H}/)

1120 FORMAT (11X,3HQO(,I1,3H) =,F10.4,5X,1H(,A8,1H)/)

1130 FORMAT (11X,2A1,6HCRIT =,F8.4///7)

1140 FORMAT (1X,47H..... LOCATIONS OF MIN., MAX., AND CRITICAL PTS.)

1150 FORMAT (3X,34H(» DENOTES POINT ON LOWER SURFACE)/)

1160 FORMAT (6X,14HMINIMUM AT X =,F7.4,A1,3X,10H{POINT NO.,I14,1H}/
Z 6Xy 14HMAXIHUM AT X =,F7.4,A1,3X, 10HIPOINT HO.,I4,1H))

1170 FORMAT (6X,I1,1X,18HCRITICAL POINT{S)t/
Z (9X, A5, 6HAT X =,1X,F6.4,A1,3X,
4 16HUAFTER POINT NO.,IG,1HI))

1200 FORMAT (///1X,29H..... LOCATION OF FIXED POINTS)

1210 FORMAT (11X,5HNFIX(,11,3H) =,F7.64,A)

1220 FORMAT (1H1,26HRESULTS OF COMPUTATIONS ON,tX,A5,5A4///)

1230 FORMAT (11X,4HMY =,F7.4/)

1240 FORMAT (2X,41H(»% DEMOTES PERTURBATION FROM BASE VALUE)/)

1250 FORMAT (11X,4HQ1 =,F10.4,5X,1H(,A8,1H}/)

1260 FORMAT (9X,5H#%Q1¢,I1,3H) =,F10.4,5X,1H(,A8,1H)/)

1270 FORMAT (11X,3HQU1(,I1,3H} =,F10.4,5X.1H(,AB,1H)/)

1280 FORMAT (1HV,20HUNIT PERTURBATION OF,1X,2A1,1X,
7 27HAHD UNIT STRAINING OF XBASE)

1290 FORMAT {26H FOR CALIBRATION SOLUTIONS,I2,1X,7HTRROUGH,I2)

1300 FORMAT (//1H )

1310 FORMAT (///719X, 10 1H*,AB, 11HCALB SOLN *,3X))

1320 FORHAT (///19X,2( TH¥,A5,11HCALB SOLN #,3X)}

1330 FORMAT (///19X,3(1H*,A5,11HCALB SOLN »,3X})

1340 FORMAT {///719X,G(1H%,A5,11HCALB SOLN »,3X))

1345 FOPMAT (///19X,5(1H¥%,A5, 11HCALB SOLN #,3X))

NN

PERTIRA02

PERTR4O3
PERTIR404
PERTR4G05
PERTRAGO6
PERTRYO7
PERTR408
PER1P4OD9
PEPTRG10
PERTPG1

PERTRG12
PERTP413
PERTRG1G
PERTR415
PERTR416
PERTRG17
PERTRG18
PERTRG19
PERTR420
PERTRA21

PERTR422
PERTR423
PERTR424
PERTR4CE
PERTR426
PERTR427
PERTR428
PERTR429
PERTR430
PERTR431

PERTR432
PERTR433
PERTRG3G
PERTR41S
PERTRG3S
PERTR437
PERTR438
PERTR439
PERTR440
PERTR441
PERTR44G2
PERTR443
PERTR4GGG
PERTRG45
PERTRGG6
PERTR447
PERTR448
PERTR449
PERTRA4SD
PERTR451
PERTR452
PERTRGS3
PERTR454
PERTR455
PERTR456
PERTR457
PERTR458
PERTRAG59
PERTRG60
PERTRGS]
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1350 FORMAT{ 1X,5HPOINT,4X,5HXBASE,4X,100A1)
1360 FORMAT (1X)
1370 FORMAT (1X,I4,tX,11F10.4}
1380 FORMAT (1H1,56(1H*)/1X,2H* ,
7 52HCOMPARISON OF AERODYNAMIC AND PERTURBATION SOLUTIONS,

4

1430 FORMAT

NN

1440 FORMAT

Z
1450 FORMAT

NNNNNNN

1460 FORMAT

~N

1470 FORHAT

7 2H #/1X,5611H®*}/7/)
1390 FORMAT
1400 FORMAT
1410 FORMAT
1420 FORMAT

(11X%,64HM2 =,F7.4/)

(11X,4HQ2 =,F7.4,5X,1H{,AB,1H)/)

11X, 34R20,11,3H) =,F7.4,5X,1H(,A8,1H)/)

(76X,584//

11X, $GHMINIHUM AT X =,F7.4,A1,3X,10H(POINT NO.,I4,1H)/
11X, 16HMAXTHUM AT X =,F7.4,A8,3X, 10H(POINT NO.,I4,1H))

(tH 10X, I1,1X, 18HCRITICAL POINT(S):/

(14X,A5,6HAT X =,F7.4,A9,3X,
16H{AFTER POINT NO.,I4,1H}))

(7/771X,44R. ... . FINAL PRINTOUT AND GRAPHICAL DISPLAY OF,1X,

2A1)

(/72X,21HH = MAXIHUM VALUE OF,1X,2A1,1X,1H=,F8.4/
72X,21HL = MINIMUM VALUE OF,1X,2A1,1X,1H=,F8.4/
72X,21H® = CRITICAL VALUE OF,1X,2A1,1X,1H=,F8.4/
72X, 12HP = VALUE OF,1X,2A1,1X,

34HPREDICTED BY PERTURBATION SOLUTION/
72X;12HA = VALUE OF ,1X,2A1,1X,
23HIN AERODYNAMIC SOLUTION/
72X,29H$ = AGREEMENT BETHEEN P AND A)
(72X, 2HPT,2X, SHXBASE » 3X, 2A1,4HBASE , 2X, SHXPERT, 3X, 2A1

PERTRG62
PERTR463
PERTR464
PERTR465
PERTR466
PERTR467
PERTRG68
PERTR469
PERTR470
PERTR4T1
PERTR472
PERTR473
PERTRG74
PERTR47S
PERTR476
PERTR477
PERTR478
PERTR479
PERTR480
PERTR481
PERTR482
PERTR483
PERTR484
PERTRG85
PERTR486
PERTR4S87

4HPERT, 2X, SHXAERD) 3X, 2At , GHAERQ, 2X» 2A1 »4HPINT, 1X, 72A1/ )PERTR488

(1X,I3,7F8.4,1X,72A1)

C
C.... . ABNORMAL TERMINATION FORMATS FOLLOH.
c

9000 FORMAT (///1X,28HNUMBER OF CRITICAL POINTS IN/

Z

1X, 30HBASE AND CALIBRATION SOLUTIONS/
1X, 31HARE UNEGQUAL - CALCULATION ENDED)

Z
9050 FORMAT (///1X,25HNUMBER OF CRITICAL POINTS/

NNN

1X,23HSELECTED EXCEEDS NUMBER/
1X, 3O0HACTUALLY LOCATED - CALCULATION/
1X, SHENDED )

9I00 FORHMAT (///71X.28HORDER OF SPECIFIED POINTS IN/

NN

1X,30HBASE AND CALIBRATION SOLUTIONS/
1X»39HDOES NOT CORRESPOND - CALCULATION ENDED)

9500 FDRHAT (1H1)

SUBROUTINE COPY12 {N,XIN,X0UT)

c
C.....COPIES ELEMENTS OF VECTOR XIN (LEVEL 1) TO VECTOR XOUT (LEVEL 2).
c

OIMENSION XIN(200),X0UT(200)
LEVEL 2, XOuT

DO 10 I=1,N

XOUTII)=XIN(I}

RETURN

END

SUBROUTINE COPY21 (N,XIN,X0UT)

.COPIES ELEMENTS OF VECTOR XIN (LEVEL 2) TO VECTOR XOUT (LEVEL 1).

DIMENSION XIN(200),X0UT(200)
LEVEL 2, XIN
DO 10 I=1,N

PERTR489
PERTRG90
PERTR491
PERTRG92
PERTR493
PERTR4%4
PERTR495
PERTRA496
PERTR497
PERTR498
PERTR499
PERTR500
PERTRS01
PERTR502
PERTR503
PERTR504
CoPYi12
COPYI2
COPY12
COPY12
coPY12
copyi2
CopPYi2
copyi2
CoPY1210
CoPYt21t
corr21
corvat
copr2t
coPry21
coprat
CoPY21
coPy21

OPNCWP WP

PN MEWUN

10

c
c....
c

10
20

30

XOUT(I)=XIN(I)

RETURN

END

SUBROUTINE COPYVA {ICALL,N,K,VECTOR,ARRAY)

.COPIES ELEMENTS OF VECTOR INTO KTH ROW OF ARRAY.

DIMENSION VECTOR(200),ARRAY(10,200)

LEVEL 2, VECTOR,ARRAY

IF (ICALL .EQ. 2) GO TO 20

00 10 I=1,N

ARRAY(K,I)=VECTOR(I)

RETURN

CONTINUE

00 30 I=t,N

VECTOR( I)=ARRAY(K,I)

RETURN

END

SUBROUTINE DRVPLT (N,NPARAM,YMIN,YMAX,YCR2)
DIMENSION HLINE3(3),XPLOT(200),YPLOT(200)
COHMON /HEAD/ ZTITLE(8),JOBKEY

COMHON /SAVE/ XCSAVE{10,200),YCSAVE(10,200)
COMMON /XY/ XBASE(200},XCALB(200),XPERT(200),XAERO(200),
7 XUNIT(200),YBASE(200),YCALB{200),YPERT(200),YAERO(200},
Z YINTP(200},YPRTI{200),DUNMY{200)

LEVEL 2, XCSAVE,YCSAVE

LEVEL 2, XBASE,XCALB,XPERT,XAERO,XUNIT,YBASE,YCALB,YPERT,YAERO,
Z YINTP, YPRTI,BUHHY

DATA NPLOT /0/

IF (NPLOT .EQ. 0) CALL BETA
MIN=10.0%({YHIN-0.1)

MAX=10,0%( YMAX+0.1)

YMIN=0.{#HIN

YHAX=0. 1%MAX

DO 20 K=1,NPARAM

NPLOT=NPLOT-1

ENCODE (22,1010,HLINE3) K,NPARAH

CALL BGNPL (-1)

CALL MIXALF ("L/CST")

CALL MX3ALF ("INSTR™,"“%™)

CALL SIMPLX

CALL TITLE (1H ,1,1HXy1,"ZE0.5)CZEX(P)$',100,6.0,8.0)
CALL HEADIN ("PLOT (OF) CZL0.25H0.7(P)$",100,3,3)
CALL HEADIN (JOBKEY»9,2,3)

CALL HEADIN (HLINE3,22,2,3)

CALL GRAF €0.0,"SCALE™,1.0,YMAX," "SCALE", YMIN)
CALL FRAME

IF (YCRZ .GT. YMAX) GO TO t0

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

CALL RLMESS (“CZL{PZBE(»)$",100,0.21,YCR2)
CONTINUE

CALL DASH

CALL coPY21 (N,XBASE,XPLOT)

CALL COPY21 (N,YBASE,YPLOT}

CALL CURVE (XPLOT,YPLOT,N,0)

CALL RESEY ("DASH"}

CALL DOT

CALL COPYVA (2,N,K,XCALB,XCSAVE)

CALL COPYVA (2,H,K,YCALB,YCSAVE)

CALL COPY21 (N,XCALB,XPLOT)

copy21 ¢
copPy2110
copy2111
COPYVA 2
COPYVA 3
COPYVA &
COPYVA &
COPYVA 6
COPYVA 7
COPYVA 8
COPYVA 9
COPYVALQ
COPYVA1LY
CoPYVA12
COPYVA13
COPYVA14
COPYVA1S
COPYVALG
DRVPLT 2
ORVPLT 3
DRVPLT &
ORVPLT 5
DRVPLT 6
DRVPLT 7
DRVPLT 8
DRVPLT 9
ORVPLTI0
DRYPLT11
DRVPLT12
ORVPLT13
DRYPLT14
DRVPLT1S
DRVPLT16
DRVPLT17
ORVPLT1S
DRVPLT19
DRVPLT20
DRVPLT21
DRVPLY22
DRYPLT23
DRVPLT24
DRYPLT25
DRVPLTZ6
DRVPLT27
DRVPLT28
DRVPLT29
DRYPLT30
DRVPLTH
DRVPLTI2
ORVPLT33
DRVPLT34
DRVPLT35
DRVPLT3S
DRYPLT3?7
DRVPLT18
DRVPLT39
DRYPLT40
DRVPLTH1
ORVPLT42
DRVPLT43
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CALL COPY2Y [N,YCALB,YPLOT}
CALL CURVE (XPLOT,YPLOT,N,0)}
CALL RESET ("'DOT")

CALL MARKER (1}

CALL COPY2% (N,XPERT,XPLOT)
CALL COPY2t (N,YPERT,YPLOT)
CALL CURVE (XPLOT,YPLOT,N,-1)
CALL RESET (''MARKER')

CALL COPY21 (N,XAERO,XPLOT)
CALL COPY21 (N,YAERO,YPLOT)
CALL CURVE {XPLOT,YPLOT,N.D)
CALL EHDPL (NPLOT)

20 CONTINUE N
1010 FORMAT (16HCALIBRATION NO. ,I1,4H OF ,I1)

2

3

4

5

6

RETURN
END
SUBROUTINE FILL (ICALL,I,STRING)

..FILLS ARRAY STRING WITH CHARACTERS FOR TABLE HEADINGS AND PRIMTER

PLOTS.

DIMENSION STRING(100),UNIT(20)

DRVPLT44
DRVPLYGS
ORVPLT46
DRVPLT47
ORVPLTGS
DRVPLT49
DRVPLT50
DRVPLTS!
ORVPLT52
DRVPLTSY
DRVPLT54
DRVPLT55
DRVPLTS56
DRVPLTS?
ORVPLT58
DRVPLTSY
FILL

FILL

FILL

FILL
FILL

COMMON /PARAM/ PARNAM(10),LSELCTt6), LUNIT, LPLOT,NSELCT,A,B,VNAM(2)FILL

COMMON /HINMAX/ YMIN,YMAX,YCR2

COHMON /XY/ XBASE(200),XCALB(200),XPERT(200),XAERO(200),
7 XUNIT(200),YBASE(200),YCALB(200),YPERT(200),YAERO(2001),
7 YINTP(2001,YPRTI(2001),0UMHMY(2001}

LEVEL 2, XBASE,XCALB,XPERT,XAERD,XUNIT,YBASE,YCALB,YPERT,YAEROD,

7 YINTP,YPRTI,DUMMY
DATA IENT /0/

DATA STAR/1H®*/, P/1HP/, AA/1HA/, DASH/tR-/, H/1HH/, EL/1HL/,

Z BLANK/1H /, DOLLAR/1H$/
DATA UNIT /1HX,THS, tHT» THR; THU, THR tHI, IHTAH 14,
Z 1H »1H ,1H THUHN, tHI, 1HT, 1H 4 1H L 1H /

GO TO (10,30,50), ICALL
0 JENT=IENTH#1
IF (IENT .GT. 1} RETURN
UHIT(12}=VHAN(1)
UNIT(13)=VHAM(2)
00 20 J=1,20
DO 20 K=1,5
II=J+20%{K-1}
STRING(II)=UNITEJ)
RETURN
RAHGE=YMAX-YMIN
IFLAG=0
IF (YCR2.GT.YMAX .OR.
00 40 II=1,72
STRING(IT)=DASH
STRING(11=H
STRING(72)=EL
IF (IFLAG.ER.1) RETURN
NSTAR={+( YMAX-YCRZ )/RANGE#71
STRING(NSTAR)=STAR
RETURN
0 CONTINUE
DO 60 II=1,72
STRING(II)=BLANK
IF (IFLAG.ER.0) STRING(NSTAR)=STAR
YP=YPRTI(I)

=3

YCR2.LT.YMIN) IFLAG=1

o

2
3
4
FILL 5
6
7
8
9

FILL

FILL 10
FILL 11
FILL 12
FILL 13
FILL 14
FILL 15
FILL 16
FILL 17
FILL 18
FILL 19
FILL 20
FILL 21
FILL 22
FILL 23
FILL 24
FILL 25
FILL 26
FILL 27
FILL 28
FILL 29
FILL 30
FILL 31
FILL 32
FILL 33
FILL 34
FILL 35
FILL 36
FILL 37
FILL 38
FILL 39
FILL 40
FILL 41
FILL 42
FILL 43
FILL 64
FILL 45

ARRAY OF LENGTH 6 OF WHICH NSELCT ELEMEMTS ARE READ INPUT
IN. SPECIFIES NATURE OF POINTS TO BE HELD INVARIANT INPUT

ACCORDING TO THE CODE INPUT
INPUT

1 ... MINIMUHM PT. HELD INVARIANT INPUT

2 ... MAXTHUM PT. HELD INVARIANT INPUT

3 ... 1ST CRITICAL PT. HELD IHNVARIANT INPUT

4 ... ZND CRITICAL PT. HELD INVARIANT INPUT

5 ... 3RD CRITICAL PT. HELD INVARIANY IHPUT

6 ... 4TH CRITICAL PT. HELD INVARIANT INFUT

IHPUT

NOTE THAT THE CODE MUMBERS CAM BE ASSIGNED IN ANY IHPUT
ORDER, E.G. INPUT
INPUT

LSELCT(1) = 1 INPUT

LSELCTE2) = 3 IHRUT

LSELCT(3) = 4 THFUT

eyt

NPERT=1+{ YMAX-YP)/RANGE*71 FILL
STRING(NFERT j=P FILL
YC=YAFRO(I) FILL
HCHEK=1+( YMAX-YC )/RANGE*71 FILL
STRING{HCHEK)=AA FILL
IF (NFERT .EQ. NCHEK) STRING(NPERT)=DOLLAR FILL
RETURH FILL
END FILL
SUBROUTINE IMPUT {NPARAM) INFUT

c IHPUT

c IHPUT FOR SUBROUTINE PERTURB IS REQUIRED IN THE FOLLOWING FORM. IHPUT

c FOR DETAILS SEE ACCOMPANYING MANUAL. INPUT

C IHPUT

C¥sx ITEM NO. 1 - ONE CARD (BATO0} ®xwawswxn hid s INPUT

c INPUT

c TITLE IDENTIFIES JOB - PRINTED AS HEADLINE OM FIRST PAGE IMPUT

c OF OUTPUT. FIRST NINE CHARACTERS ARE USED TO INPUT

c IDENTIFY PERIPHERAL PLOT. INPUT

c IHPUT

Cumxs ITEM NO, 2 = ONE CARD (TGS} 58000050 3000 20 30 3630 336 96 36 36 36 06 6 36 306 K 60 06 06 30 3¢ DU 0606 036 9 % THPUT

c INPUT

c NSELCT NUMBER OF POINTS (IN ADDITION TO END POINTS) TO BE INMPUT

c HELD INVARIANT IN STRAINING. INPUT

c NOTE: 1 .LE. NSELCT .LE. 6. INPUT

c INPUT

c LUNIT CONTROLS WHETHER OR NOT UNIT COORDINATE STRAINING(SIINPUT

C AND UNIT PERTURBATION(S) ARE PRINTED. INPUT

c INPUT

c LUNIT = 0 ... NO OUTPUT INPUT

c LUNIT = 1 . ouTPUT INPUT

c INPUT

c LPLOT SPECIFIES WHETHER OR NOT AN ADDITIONAL PLOT BY A INPUT

c PERIFHERAL DEVICE IS TO BE MADE {SOFTWARE MUST BE IHPUT

c SUPPLIED BY USER IN SUBROUTINE DRVPLT). INPUT

c INPUT

[ LPLOT = 0 ... NO PERIPHERAL PLOT INPUT

c LPLOT = 1 ... PERIPHERAL PLOT INPUT

c : INPUT

Comus ITEM NO. 3 - DNE CARD (16T5 ) SMIEMMM:MMN MMM MMM MM MIIN NN M AN NN TNPUT

C INPUT

C LSELCT(I) ... INPUT

c

c

c

c

c

c

c

c

<

c

C

c

c

c

c

c

c

c

c

IS EQUIVALENT TO INFUT

46
47
48
49
50
51
52

¥-R UV T I NP ]

10
1t
12
13
14
t5
16
17
18
19
20
21
14
23
26
25
26
27

29
30
3

32
33
34
35
36
37
38
39
40
a1

42
43
44
45
46
47
“8
49
50
51

52

53
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c INPUT 54
c LSELCTi1) = & INPUT 55
c LSELCT(2) B ¢ INPUT 56
C LSELCT(3) = 3 INPUT 57
c INPUT 58
< BOTH CORRESPONDING TO NSELCT = 3 WITH THE HINIMUM, INPUT 59
c AND FIRST AND SECOND CRITICAL POINTS HELD INVARIANT.INPUT 60
[ INPUT 61
Condt ITEM NO. & ~ ONE CARD (2A1) MMM MMAI MMM NI NN NN NRENNNHRENNINPUT 62
c IHPUT 63
c VNAH CHARACTER STRING OF LENGTH 2 WHICH SYMBOLIZES INPUT 64
c DEPENDENT VARIABLE, E.G. "CP" FOR PRESSURE INPUT 65
c COEFFICIENT. INPUT 66
[ INPUT 67
Connx ITEM NO. 5 - ONE CARD (10A8) #* *eenn INPUT 68
[ INPUT 69
c PARNAM(K) ... INPUT 70
c ARRAY OF 8-CHARACTER STRINGS WHICH IDENTIFY THE INPUT 70
[ PARAMETERS VARIED. NPARAH ELEMENTS OF THE ARRAY INPUT 72
o4 ARE READ IN. INPUT 73
c IHPUT 74
Cwxun ITEM NO. &6 - OME CARD (8F10.6) xuununINPUT 75
C INPUT 76
c A SCALING PARAMETER (A = -X(1), WHERE X(1) IS FIRST INPUT 77
c DATA POINT ON LOWER SURFACE ... SEE MANUAL). INPUT 70
c INPUT 79
c B SCALING PARAMETER (B = X(N), WHERE X(N) I3 LAST DATAINPUT 80
c POINT ON UPPER SURFACE ... SEE MANUAL). INPUT 81
c INPUT 82
c bl INPUT 83
c INPUT 86
COMMON /HEAD/ TITLE(8),JOBKEY INPUT 83
COMMON /PARAM/ PARNAM(10),LSELCT(6),LUNIT,LPLOT,NSELCTA,B, VNAMI2)INPUT 86

READ (5,900) TITLE INPUT 87
DECODE (9,950, TITLE(1)) JOBKEY INPUT 88

READ (5,1000) NSELCT,LUNIT,LPLOT INPUT 89

READ (5,1000) (LSELCT(I),I=1,NSELCT) INPUT 90

READ (5,1010) VNAM INPUT %1

READ (5,1020) (PARNAMII),I=1,NPARAH) INPUT 92

READ (5,1030) A8 INPUT 93
RETURN INPUT 94

900 FORHAT (8A10) INPUT 95
950 FORMAT (A9) INPUT 96
1000 FORMAT (1615) INPUT 97
1010 FORMAT (2A1) INPUT 98
1020 FORMAT (10A8) INFUT 99
1030 FORMAT (8F10.6) INPUTI00
END INPUT10Y
SUBROUTINE INTERP ‘(N,X,Y,XI,YI) INTERP 2

c - INTERP 3
C.....BIVEN THE SET OF POINTS X(I), Y(I), I=1,N, AND THE SET XI(J), INTERP 4
c J=1,N, USES LINEAR INTERPOLATION TO COMPUTE THE SET YItJ), J=1,N. INTERP B
c INTERP &
DIMENSION X(200),Y(200),X1(200),YI(200) INTERP 7

LEVEL 2, X)Y,XI,YI INTERP &
NM1=N-1 INTERP @
JSTART=% INTERP10

00 70 I=1,N INTERPIY

IF (XI(I) .LE. X{1)) GO TO 10 INTERP12

IF (XItT) .GE. X(N)) GO TO 20 INTERPI3

OO0ONDO0000ONO00

20

3

40
50
60

70

2

o

30

GO TO 30

J=1

60 TO 60

J=N-1

GO TO 60

CONTINUE

DO 50 J=JSTART,NM1

IF (XI(I)} .NE. X(J)) GO TO 40

YI(I)=Y{d)

GD TD 70

IF (XICI) .GT. X{(J) .AND. XI(I) .LT. X(J*1)) GO TO 60
CONTINUE

SLOPE={Y(J#1)-Y{J)IZEX(J*1 )-X(J))
YI(I)=Y(JI+SLOPER(XI(I}-X(J))

JSTART=J

CONTINUE

RETURN

END

SUBROUTINE LOCATE (N,X,Y,YCRIT,IGRAD,LMIN,LHAX,NCRIT,LCRIT,XLOC}

.OPERATES ON THE INPUT ARRAY Y, LOCATING MINIMUM AND MAXIMUM
VALUES, AND ALL CRITICAL POINTS (Y=YCRIT) FOR WHICH DY/DX (IN
PHYSICAL COORDINATES) HAS ALGEBRAIC SIGN GIVEN BY IGRAD. NCRIT

IS NUMBER OF CRITICAL POINTS. POINTS FOUND ARE STORED IN THE ARRAYLQCATE

XLOC AS FOLLOWS

XLOC{1) = HINIMUM PT.
XLOCt2) = MAXIHUM PT.
XLOCt3) = CRITICAL PT. NO. 1
XLOC(6) = CRITICAL PT. RO. &
DIMENSION X(200),Y(200),LCRIT(4),XCRIT(4),XLOC(6)

LEVEL 2, X,Y

COMMON /FLOREY/ IREV

IFLOW=-1

LHIN=1

LHAX=1

ISTART=2

IF (IREV .EQ. 0) GO TO 10

LMIN=2

LHMAX=2

ISTART=3

CONTINUE

NCRIT=0

00 30 I=ISTART,N

IF (IREV .NE. 0 .AND. I .EQ. N} GO TO 20

IF (Y(I) .GT. Y(LMAX)) LHMAX=I

IF §Y(I) .LT. Y(LMIN)) LMIN=I

CONTINUE

IF ((Y{I} .GT. YCRIT .AND. Y(I-1) .GT. YCRIT) .OR.
Z (Y(I) .LT. YCRIT .AND. Y(I-1) .LT. YCRIT)) GO TO 30
IF (I .GT. IREV) IFLOW=1

IF ((Y(I)~Y{I-1))*FLOAT{IFLOK®IGRAD) .LT. 0.0) GO TO 30
NCRIT=NCRIT+t

LCRIT{NCRIT)=I-1

SLOPE=(X{ I)-X{I-1))1/(Y{I)-Y(I-1)}
XCRIT(NCRIT)=X(I-1)+*SLOPE*(YCRIT-Y{I-1))

CONTINUE

XLOC(1)=X(LMIN)

INTERP14
INTERP1S
INTERPI6
INTERP17
INTERP18
INTERP19
INTERP20O
INTERP2!
INTERP22
INTERP23
INTERP24
INTERPCS
INTERPIZ6
INTERP2?7
INTERP2S
INTERP29
INTERP30
INTERPII
LOCATE
LOCATE
LOCATE
LOCATE
LOCATE

LOCATE
LOCATE
LOCATEIO
LOCATEN
LOCATE12
LOCATE!3
LOCATE 14
LOCATENS
LOCATE16
LOCATEN7
LOCATE1S
LOCATE19
LOCATE20
LOCATE21
LOCATE22
LOCATER3
LOCATE24
LOCATE25
LOCATER26
LOCATE27
LOCATE28
LOCATE29
LOCATE30
LOCATE3!
LOCATE32
LOCATE33
LOCATE34
LOCATE3S
LOCATE36
LOCATE3?
LOCATE38
LOCATE39
LOCATE4O
LOCATEG
LOCATE42
LOCATE43
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0000

40

20

30

40

XLOC(2)=X(LMAX)

IF (NCRIT .EQ. 0) RETURN
DO 60 I=1,NCRIT
XLOC(I+2)=XCRIT(I}
RETURN

END

SUBROUTINE HONO (N,L,X,Y)

. .CHECKS POINTS IN VICINITY OF A CRITICAL POINT FOR MONOTONE

BEHAVIOR, AND ADJUSTS VALUES IF NECESSARY TO GIVE A LINEAR
PROFILE.

DIMENSION L(4),X(200),Y(200)
LEVEL 2, X,Y

00 10 I=1,N
LS=LII)
Y1=Y(LS-1)
Y2=Y(LS)
Y3=Y(LS+1 )
Y4zY(LS*2)

IF (Y)Y .LT. Y2)
IF t&Y1 .GT. Y2)
X1=XeLs-11
X2=X(LS)
X3=X(LS*1)
X6=X(15+2)
SLOPE={ Y4-Y1)/(X4-X1)
Y(LS)=Y1+SLOPE*(X2-X1)
Y{LS*1)=Y1+SLOPE*(X3-X1)
CONTINUE

RETURN

END

SUBROUTINE SCALE (N,X,M,A,B)

.AND.
.AND.

(r2 .LT. Y¥3)
(Y2 .GT. Y31}

+AND.
+AND.

(Y3 .LT. Y4)) GO TO 10
(Y3 .GT. Y4)) GO TO 10

..ENTRY WITH M = 1 CONVERTS FROM PHYSICAL X {0 TO -A ON LOWER

SURFACE, 0 TO B ON UPPER SURFACE) TO NORMALIZED X (0 .LT. X .LT.
1) ENTRY WITH M=2 REVERSES THE PROCESS. NZ (DETERMINED WHEN M=1)
CORRESPONDS TO POINT AT NOSE OF BLADE OR AIRFOIL.

COMMON /FLOREV/ NZ
DIMENSION X(200)

LEVEL 2, X

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

NZ=0

D0 10 I=2,N

IF (X(I) .LT. X{(I-1)) NZ=1
CONTINUE

DO 20 I=1,N

IF (I .LE. NZ) T=-X{I)
IF (I .GT. NZ) T=X(I}
X(I)=(T-A)/(B-A)
CONTIMNUE

RETURN

00 40 I=1,N
X{I)=ABS((B-A)%X(I)+A)
CONTINUE

RETURN

EHD

SUBROUTINE SORT (N,X,ISEQ)

LOCATEGS
LOCATESS
LOCATEaS
LOCATE4G?
LOCATE4S
LOCATESY
HoHO 2
HoMO 3
MONO &
HOHNO B
HMONO 6
MOHO 7
MONO 8
HONOQ 9
HoHO 10
MONO 11
HMOND 12
MOHO 13
MOHO 14
HOMNO 15
HONQ 16
MOHO 17
MONO 18
MOHO 19
MONO 20
MOHO 21
HOHO 22
HONO 23
MONO 24
MONOQ 25
MOHO 26
MONQ 27
SCALE 2
SCALE
SCALE ¢
SCALE 5
SCALE &
SCALE 7
SCALE 8
SCALE ¢
SCALE 10
SCALE 11
SCALE §2
SCALE 13
SCALE 14
SCALE 15
SCALE 16
SCALE 17
SCALE 18
SCALE 19
SCALE 20
SCALE 21
SCALE 22
SCALE 23
SCALE 29
SCALE 25
SCALE 26
SCALE 27
SCALE 28
SORT 2

0000000

10
20

30

1

2

co

30

ARRANGES THE SET X(1}, X(2), ... » X(N) IN A MONOTONE INCREASING
SEQUENCE. ISEQ GIVES ORDER OF SUBSCRIPTS IN REARRANGED SEQUENCE.

DIMENSION X(8),1SEQ(8)

NH1=N-1

D0 10 I=1,N

ISEQ(I)=X

ITEST=0

DO 30 I=1,NMt

IF (X(I) .LE. X(I+1)} GO YO 30
XSAVE=X{(I)

X(I)=X(I+1)

XtI+1)=XSAVE

ISAVE=TSER(I)
ISEQ(I)=ISEQII+1)
ISEQ(I+1)=ISAVE
ITEST=1
CONTINUE

IF (ITEST .EQ.
RETURN

END

SUBROUTINE STRAIN (N,K,NSEG,XFIX,XIN,PARM}

1) GO TO 20

COMPUTES STRAINING INCREMENT DELX FROM INPUT ARRAY XIN, USING
PIECEWISE LINEAR STRAINING WITH NSEG LINEAR SEGMENTS. FOR UNIT
STRAINING, IMPUT VALUE OF PARM IS 1.0; FOR GENERAL CASE,

PARM B (Q2(K}-QO(K1)/(Q1-QO(K)).

DIMENSION XFIX(8),XIN(200)

COMMON /COEFF/ C(10,7),D(10,7),DELX(200)
LEVEL 2, C,D,DELX,XIN
JSTART=1

DO 30 I=1,N

DO 10 J=JSTART,NSEG

IF (XINCI) ,GE. XFIX(J)
CONTINUE

DELX( I }=PARM®(C{K,J)*(D(K,Jd}-1.0)*XIN(I)}
JSTART=J

CONTINUE

RETURN

END

SUBROUTINE UPLOW (A,B,XIN,K,N,X0UT,FLAG)

AND. XIN(I) .LE. XFIX(J*1)) GO TO 20

CONVERTS NORMALIZED ARRAY XIN TO PHYSICAL ARRAY XOUT AND FLAGS
POINTS ON LOWER SURFACE WITH A "w',

DIMENSION XIN(K),XOUT(8)
DIMENSION FLAG(8}
DATA BLANK/tH /,
XNOSE=-A/(B-A)

00 10 I=1,N
FLAG({I)=BLANK

IF (XIN{I) .LT. XNOSE) FLAG(I)=STAR
XOUT(I)1=ABS((B-A)*XINCI)*A)
CONTIHUE

RETURN

END

SUBROUTINE TSONIC

STAR/{H#/

SORT 3
SORT &
SORT &
SORT 6
SORT 7
SORT 8
SORT 9
SORT 10
SORY 11
SORT 12
SQRT 13
SORT 14
SORT 15
SORT 16
SORT 17
SORT 18
SORT 19
SORT 20
SORT 21
SORT 22
SORT 23
SORT 2
STRAIN
STRAIN
STRAIN
STRAIN
STRAIN
STRAIN
STRAIN
STRAIN
STRAIN1O
STRAINtI
STRAINI2
STRAIN13
STRAIN1G
STRAIN1S
STRAINt6
STRAIN17
STRAINIB
STRAIN19
STRAINZO
STRAINZY
STRAINZ2
UPLOR
UPLOKR
UPLOH
UPLOW
UPLOW
UPLOH
UPLOW
UPLON
UPLOKW 10
UPLOH 1%
UPLOH 12
UPLOW 13
UPLON 14
UPLOW 15
UPLOW 16
UPLOW 17
TSOHIC 2
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30

INPUT READS AND PRINTS ALL INPUT DATA CARDS AND CALCULATES HORIZONTALINPUU

COMMON HREAD,NWRIT,ITER,IEND.LER(2),NER(2)

COMMON /INPUTT/ GAM,AR,TIP,RHOIP,RTFL,OMEGA,ORF,BETAI,BETAC,
LAMEDA,RVTHO,REDFAC,DENTOL, FSMI, FSMO, SSM1,55M2,MB1,MP0, MM,
NBBI,HBL,NRSP,MOPT, LOPT, LRVB,BLDAT, AAHDK, ERSOR, STRFN, SLCRD,
INTVL,SURVL,CHORD(21,STGR(2),RI{2),R0O(2),BETI(2)},BETO(2),
NSPI(2),TITLEI(20),MR(50),RNSP({50),BESPF{50),HOWCR{50),
PLOSS(50),MSP{50,21,THSP(50,2}

COMMON /CALCOM/ ACTWT,ACTOMG,ACTLAM,MBINt,MBIPY,MBOM1,HBOPT, MMM,
HM1,HT,DTLR,OHLR,PITCH,CP,EXPON, THW,CPTIP, TGROG, TBI, TBO, THL,
WIL,HWNI,HWCRI, ITMIN, ITHAX,NIP,IMST,INS2,INS(2),BV(2),MLE(2),
THLE(2),RMI(2),RHO(2),BESP(50),MV(100),RN(100),BE(100),
BEF(100),DBOM(100),DBFON(100),SALI100),PLOSIN(100),ARAL100),
BBB(100),IV(101},ITVL100,2),TV(100,2),DTDHV(100,2),
BETAV(100,2),MH(100,2),DTDOHH{100,2),BETAH(100,2),RMH(100,2),
BEH{100,2),PLOSMH(100,2)

COHMOH ZAUKRHO/ A(2500,4),U({2500),K(2500},RHO{2500}

LEVEL 2, A,U,X,RHO

COHMON /HRBAAK/ H{4),R(4),B(4),KAK{4),KA{4),RZ,BZ,IH(G)

COMMON /VARCOM/ RHOHB(100,2),RHOVB(100,2),HMB(100,2),HTB(100,2),

1 WWCRM(100,2),LABEL(1,100)

COMMON /SLCOM/ USL(100,11),TSL(100,11)

LEVEL 2, USL,TSL

COMHMON /BCDCOM/ INIT(2),EM(50,2),D2TDH2(100,2)
COMHON /PLTCOM/ TSLPT{1100),XDOKN(400),YACROS( 400}
LEVEL 2, TSLPT,XDOWN,YACROS

INTEGER BLODAT,AANDK,ERSOR,STRFN,SLCRD,SURVL,AATEHP, SURF,FIRST,
1 UPPER,S1,ST

REAL K,KAK,LAMBDA, LMAX,MH,HLE,HR,MSL,HSP,HV,MVIMY
DATA ICALL/0/

ICALL=ICALL*1

IEND=-1

ITER = 0

INIT{(1) = ©

INIT(2) = 0O

CALL TINPUT

IF(ICALL.EQ.1) RETURN

IF (BLDAT.GE.2) CALL BLOPLT

CALL PRECAL

ITER = ITERY

CALL COEF

CALL SOR

CALL VELMER

CALL VELTAN

CALL STRLIN

CALL ouTtPuT

IF(NER(2).6T.0) RETURN

V1w -

NN N -

IF(IEND.LE.O0) GO TO 30
IF(REDFAC.LT.t.) CALL TVELCY
RETURN

END

SUBROUTINE TINPUT

SPACING (MV ARRAY)

COMMON NREAD,NWRIT,ITER,IEMD,LER(2),NER(2)

COMMON /INPUTT/ GAM,AR,TIP,PHOIP,HTFL,OHEGA,ORF,BETAI,BETAO,

1 LAHBOA,RVTHO,REDFAC,DENTOL, FSMT, FSHO, SSHM1,SSH2 MBI, HRO, MM,
2  HBBI,HBL,NRSP,MOPT,LOPT,LRVB,BLDAT,AANDK,ERSOR,STRFN,SLCRD,
3 INTVL,SURVL,CHORD(2),5TGR{2),RI(2),RO(2),BETI(2),BETO(2),

TSONIC 3
TSONIC 4
TSONIC B
TSOHIC 6
TSONIC 7
TSOHIC 8
TSONIC 9
TSOHIC1D
TSOHIC1Y
TSOHIC12
TSOMIC13
TSCHICt4
TSORICHS
TSONICte
TSONICY?
TSOMICIS
TSONIC19
TSONIC2Q
TSONIC21
TSONIC22
TSONIC23
TSOHIC24
TSONIC25
TSONIC26
TSONIC27
TSONIC28
TSOHIC29
TSONIC30
TSONICHY
TSONIC32
TSONIC33
TSORIC34
TSONIC3S
TSONIC3é
TSOHIC37?
TSONIC3®
TSOHIC3®
TSOHIC40
TSONIC&!
TSOHIC42
TSOHIC43
TSONIC44
TSONIC45
TSOHIC46
TSONIC4?7
TSONIC48
TSONIC49
TSONIC50
TSONIC51
TSOHICS2
INPUU
INPUY

INPUL
INPUU
INPUY
INPUU
INPUY
INPUU 10
INPUU 1%

NN

c

4  NSPI(2),TITLEI(20),MR(50),RHSP{50),BESPF(50),H0NCR(50),
5 PLOSS(50),M5P(50,2),THSP(50,2)

NV S W -

COMITON /CALCON/ ACTWT,ACTOMG,ACTLAM,MBIMI,MBIP1,HBOMI ,MBOPY,MMMI ,
HMT,HT,DTLR,DHLR, PITCH,CP, EXPON, TWH,CPT1P, TGROG, TBI, TBO, THL,
WI,HNILWCRI, ITHIN, ITHAX,NIP, IMST,IMS2,IM5(2),BV(2),HLE(2),
THLE(2),RHI12),RMO(2),BESP(50),HV(100),RM(100),RE(100),
BEF{100),08DM(100),DBFON(100),SAL(100),PLOSIMI100),AAAC100),
BBBL100),IV(101),ITV(100,2),TV(100,2},DTDMV(100,21},
BETAV(100,2),MH(100,2),DTDHH(100,2),BETAH(100,2),RHH{100,2),
BEH(100,2),PLOSMH(100,2)

COMMON /AUKRHO/ A(2500,4),U12500),K{2500},RHO(2500)

LEVEL 2, A,U,K,RHO

COMMON /MBIMBO/ MBIZ,MBOZ

COMMON /ZHVHORM/ XMVN(100)

DIMENSION SPLNO(2),CARD(8)

INTEGER BLDAT,AANDK,ERSOR,STRFN,SLCRD,SURVL,AATEHP,SURF,FIRST,
UPPER,S1,ST

REAL K,KAK, LAMBOA, LMAX,HMH, HLE MR, HSL . MSP, MV, HVIN?

DATA ICALL/0/, END/1OH$END /

C READ AND FRINT ALL INPUT DATA

c

C -~ MOPT =
MOPT =
MOPT =

C
c

~

o

1

NREAD =

NWRIT = 6

ICALL=ICALLHY

IF (ICALL.GT.1) GO TO 2 -

READ {5,990) CARD

IF (CARD(1).EQ.END) GO TO 2

WRITE(1,990) CARD

GO TO ¢

REWIND 1

WRITEC(NWRIT,1000)

WRITE(NWRIT,1110)

READ (NREAD,1030) GAM,AR,TIP,RHOIP,HTFL,BLANK,OMEGA,ORF

HWRITE(NHRIT,1040) GAM,AR,TIP,RHOIP,HTFL,BLANK,OMEGA,ORF

READ (NREAD,1030) BETAI,BETAO,BLANK,BLANK,FSNI,FSMO

READ (NREAD,1030) REDFAC,DENTOL,SSH1,S5M2

IF (DENTOL.LE.0.) DENTOL = .01

0, NO CORRECTION TO THE BESP ARRAY {REDFAC MUST EQUAL 1.0)

1> READ IN WOWCR ARRAY FOR CALCULATING REDUCED FLOW BESP

2, REDUCED BESP ARRAY CALCULATED BY PROGRAM.

READ (NREAD,1010) MBI,MBO,BLANK,BLANK,MM,NBBI,NBL,NRSP,MOPT, LOPT,
LRVB

MBIZ=MBI

MBOZ=MBO

IF (LRVB.EQ.1) GO TO 6

HRITEU(NWRIT,1120)

MRITE(HWRIT,1040)BETAI,BETAOQ,CHORD(1),STGR(1),FSMI,FSMO

GO TO 8

WRITE(NHRIT,t122)

LAMBDA = BETAI

RVTHO = BETAO

HRITE{NHWRIT,1040) LAMBDA,RVTHO,CHORD(1),STGR(1)

KWRITEINHRIT,1125)

WRITE(NWRIT,1040) REDFAC,DENTOL,SSM1,S5M2

HRITE(NHRIT,1130}

WRITE(NHRIT,1020) MBI,MBO,BLANK,BLANK,MM,NBBI,NBL,NRSP,MOPT,LOPT,
LRVE

DO 10 J=t,2

IF {J.EQ.1) WRITE(NWRIT,1140)

INPUU
INPUY
INFUY
INPUY
INFUU
INFUU
INPUU
INPUY
INPUUY
IHPUU
INFUY
INPUU
INPUU
TNPUU
INPUU
INPUU
INPUU
INPUY
INPUU
INPUY
IHPUY
INPUU
INPUV
IHPUY
INPUU
INPUL
INPUU
INPUY
INPUY
INPUY
INPUU
INPUU
INPUU
INPUU
INPUU
INPUY
INPUU
IHNPUY
INPUY
INPUY
INPUU
INPUY
INPUU
INPUU
INPUU
INPUL
INPUU
INPUY
INPUU
IHPUU
INPUU
INPUU
INPUU
INPUY
INPUU
INPUU
IHPUU
InPUU
INPUU
INPUU

12
13
14
15
16
17
18
19
20
21
22
23
24
25
2%
27
28
29
10
n
12
13
34
35
3%
37
8
39
40
“
42
43
4%
a5
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
6
67
68
69
70
7
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IF (J.EQ.2) WRITE(HWRIT,1150)
HRITE(HHRIT, 11801} J,J,J0.Jd,J
READ (MPEAD,1030) BLAMNK,BLAMK,BLANK,BLAHK,SPLNO(J)
WRITEINWRIT,1040) RICJ),RO(J),BETI(J),BETOLJ},SPLNOIY)
NSPI(J) = SPLHO(J)
NSP = NSPI(J)
WRITE(NWRIT,1190) J
HRITE(NWRIT,1040) (HSP(I,J),I=1,NSP)
WRITE(NWRIT,1200) J
HRITE(NHRIT,1040) (THSP(I,J),I=1,NSP)
WRITE(HWRIT,1210)
READ (NREAD,1030) (HMR(I),I=1,NRSP)
WRITE(HWRIT,1040) (MR(I),I=1,NRSP)
WRITE(HNWRIT,1220)
READ (MREAD,1030) (RMSP(I),I=1,NRSP)
WRITE(NKRIT,1040} (RMSP(1),1=1,NRSP)
HRITE(NWRIT,1230)
READ (NREAD,1030) (BESPF(I),I=1,NRSP)
WRITE(MWRIT,10640) (BESPF(I},I=1,NRSP)
00 20 I=1, NRSP
BESP(I) = BESPF(I)
20 PLOSS(I) = 0.

IF (MOPT.NE.%) GO TO 40

WRITE(NWRIT,1236}

READ (HREAD,1030) (WOWCR(I),I=1,NRSP)

WRITEENWRIT,1040) (WOWCREI),I=1,NRSP)
40 IF (LOPT.EQ.0) GO TO 60

WRITE(NWRIT,1237)

READ (NREAD,1030) (PLOSS(I),I=1,NRSP)

HRITE(NWRIT,1040) (PLOSS(I),I=1,NRSP)
60 WRITE(NWRIT,1240)

READ (NREAD,1010) BLDAT,AANDK,ERSOR,STRFN,SLCRD, INTVL,SURVL

HRITE(NWRIT,1020) BLDAT,AANDK,ERSOR,STRFN,SLCRD,INTVL,SURVL

IFUICALL.EQ.1) RETURN

IF (MM.LE.100.AND.NBBI.LE.50.AND.NRSP.LE.50.AND.NSPI{1).LE.50

1 «AND .NSPI(2).LE.50) GO TO 70

WRITE(NWRIT,1250)

STOP
70 IF (REDFAC.EQ.1..OR.MOPT.NE.O) GO TO 75

HRITE(MNWRIT,1260)

STOP

o

CALCULATE MV ARRAY

75 HH1 = CHORD(1)/FLOAT(MBO-MBI)
DO 80 IM=1,MM

HV{IM) = FLOAT(IM-MBI)®*KM{
XMVHOIM =MV IM)/CHORO( 1)

IF (SSHM1.EQ.SSH2) GO TO 80

IF (HVIIM).LT.SSM1) IMS1 = IM#{
IF (HV(IM).LE.SSHM2) IMS2 = IM
CONTINUE

HV(MBO) = CHORD(1}
XMVN(HBO)=1.0

8

o

CALCULATE MISCELLAHEOUS CONSTANTS

NER(1)

]
NER(2) 0

INPUU
IHPUY
INPUY
InpUy
INPUY
INPUU
Py
INPUU
INPUY
IHPUY
INPUUY
INPUU
INPUY
INPUY
INPUY
INPUU
INPUU
INPUU
INPUY
INPUU
INPUU
INPUU
INPUU
INPUU
IHPUY
INPUUY
INPUY
INPUU

7
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
a8
89
90
91
92
93
9%
95
96
97
98
99

INPUUY00
INPUU1ODY
INPUU1IO2
INPUU1O3
INPUU1 0%
INPUUIOS
INPUU1IOG
INPUU1OT
IHPUU1 08
INPUU109
INPUULYO
INPUUI Y
INPUUIIR
IHPUUI13
INPUUL 14
INPUU11S
INPUUTI1S
INPUUI1T
INPUUTIS
INPUUI19
INPUUt20
INPUUI2Y
INPUUI22
INPUU123
INPUU1 24
INPUUI2S
INPUUI 26
INPUVI27
IHPUU128
INPUU129
INPUUY 30

HER(1) = ©

HER(2) = 0

PITCH = 2.%3.1415927/FLOAT(NBL)
HT = PITCH/FLOAT{HBBI)
OTLR = HT/1000.

OMLR = HM1/1000.

Bv(1) B 0.

BV(2) = 1,

MBIM) = HMBI-{

MBIP1 = MBI*1

MBOM1 = MBO-~1

MBOP1 = MBO#

MMM = MM-1

CP = AR/(GAM-1. )%GAN

EXPON B 1./(GAM-1.}

THW = 2.%0MEGA/WTFL

CPTIP = 2.#CP*TIP

TGROG = 2.%GAMAR/IGAM*1.)

CALL SPLINT(MR,RMSP,HRSP,MV,MH,RH,SAL,AAA)

CALL SPLINT(MR,BESPF,NRSP,MV,tHM,BEF,DBFDM,AAA}
CALL SPLINT(MR,BESP,MRSP,HMV,MH,BE,DBDM,AAA)
CALL SPLINT(MR,PLDSS,NRSP,MV,HM,PLOSIN,BBB,AAA)

C
€ CALCULATE GEOMETRICAL CONSTANTS
c

ann

90

9

o000

CHORD(2) = CHORD(1)

STGR(2) = STGR{1)

MLE(1) B 0,

MLE(2) = 0.

THLE(1) = 0.

THLE(2) = PITCH

RMI(1) = RM(MBI)

RMI(2) = RM(MBI)

RMO(1) B RM(MBO)
RM(MBO)

RMO(2) =

INITIALIZE U AND K ARRAYS AND SURFACE DENSITY ARRAYS

DO 90 I=t,2500

utrI) = 1.
K(I) = 0.
RHO(I) = RHOIP

INITIALIZE A ARRAY

00 91 KDUM = 1,4
DO 91 I = 1,2500
ACI,KDUM) = 0.
NREAD=5

RETURN

FORMAT STATEMENTS

990 FORMAT (8A10)
1000 FORMAT(1H1,35X,

* StH--- INPUT FOR TSONIC BLADE-TO-BLADE FLOW SOLVER =--//)

1010 FORMAT (161I5)

1020 FORMAT (1X,1617)
1030 FORMAT (8F10.5)
1040 FORMAT (1X,8G16.7)

INPUUL29
IHFUU130
INFUULSY
THPUUI 32
IHPUU133
INPUU1 34
INPUU13S
INFUUL 36
IHFUUL 3?7
IHPUU1 38
IHPUUY 39
INPUUL4GOD
IHPUUI G
INPUU1G2
INPUU143
IHPUUISG
INPUU1GS
INPUL1 46
INPUU147
INPUULGB
INPUU1I49
INPUU150
INPUU15Y
IHNRUU152
INPUU153
INPUU154
INPUULSS
INPUUIS6 ,
INPUUIS?7
INPUU1SS
INPUUT59
INPUU16D
INPUUYGY
INPUUt62
INPUU163
INPUUTGG
INPUUI65
INPUUIGS
INPUU1GT
INPUU168
INPUUL69
INPUUIT0
INFUUY 7Y
INPUUL72
INPUUYZ73
IHFUU1 74
INPUU1 TS
INPUUL 76
INPUL177
INPUULT8
INPUUI 79
INPUUYIGO
INPUUIBY
INPUU1B2
INPUU1B3
INPUU1BG
THPUU18S
INPUU186
INPUU187
INFUU1 BB
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1100 FORMAT (20A4) IHpPUYIEY NEGBE = 0 PRECAL3S

1105 FORMAT (1X,2044) THPUU190 IERRCR B 0 FRECAL36
1110 FORMAT (7X,3HGAM, 16X, 2HAR, 13X, SHTIP, 12X, SHRHOIP, 12X, 4HHTFL, 11X, 6H IHPUU1GY € FRECAL3?
1 110X, 5HOMEGA , 12X, 3HORF ) 1HPUU192 € CALCULATE ITv, IV, TV, AND DTDHMV ARRAYS PRECAL3S
1120 FORMAT (6X,SHBETAI,11X,5HBETAD, 11X,6HCHORDF ,11X,5HSTGRF , 12X, 4HFSHIINPUUI93 € PRECAL39
1 12X,4HFSHO) INPUU1 94 ITHIN = 0 PRECAL4O
1122 FORMAT {6X,6HLAMBDA,10X,5HRVTHO, 11X, 6HCHORDF , 10X, SHSTGRF 1HPUU1 95 ITHAX = HBBI-A PRECALGY
1125 FORMAT {6X,6HREDFAC, 10X,6HDENTOL, 1 1X,4HSSM1, 12X, 4HSSH2 ) INPUUL9S € ITV UPSTREAM OF BLADE PRECALG2
1130 FORMATU1HO,3X,3HHBI,4X,3HMBO, 19X, 2HHM, 3X, 4HNBBI, 4X, IHPUU1 97 FIRST = 0 PRECALG3
» IHMBL, 3X,4HHRSP, 3X, 4HHOPT , 3X,GHLOPT, 3X, 4HLRVB) IHNFUUS 98 LAST = NBBI-1 PRECALGG
1140 FORMAT{39HO BLADE SURFACE 1 -- UPPER SURFACE) INPUU199 DO 10 IH=1,MBIM PRECAL4S
1150 FORMAT{39HO BLADE SURFACE 2 -- LOMWER SURFACE) IHPUU200 ITVEIM, 1) = FIRST PRECAL4S
1180 FORMAT (7X,2HRI,I1,12X,2HRO,11,12X,4HBETL,I1,11X,4HBETO,11,11X,5H5INPUUZOY 10 ITV(IN,2) = LAST PRECALGT
1PLNO, I1) THpuUz02 € ITV, TV, AHD DTOMV ON BLADE PRECAL4S
1190 FORMAT (7X,3HMSP,I1,2X,5HARRAY) THPUUR203 DO 20 IM=MBI,NMSO PRECAL4Y
1200 FORMAT (7X,4HTHSP,I1,2X,5HARRAY) INPUU204 LERL2) =1 PRECALSO
1210 FORMATU16HO MR ARRAY) INPUY205 € BLCD CALL HO. 1 PRECALS1
1220 FORMAT (7X,11HRMSP ARRAY) INMPUU2OG CALL BLI(MVIIM),TVIIH,1},0TDMVIIM, 1), INF) PRECAL52
1230 FORMAT (7X,1tHBESP ARRAY) INPUUZO? ITVOIM, 1) = INTC{TV(IM, 1)4DTLRIZHT) PRECALS3
1235 FORMAT {7X,11HBESPF ARRAY) IHPUUZOS IF {TV(IM,1).GT.-DTLR) ITV(IH,1)=ITV(IM,1)41 PRECAL5G
1236 FORMAT (7X,11HWONCR ARRAY} IHFUU209 ITHIN = MINO(ITHIN,ITVIIM,1)) PRECALSS
1237 FORMAT (7X,11HPLOSS ARRAY) 1HPUU210 LER(2) = 2 PRECALS6
1240 FORMAT(S2HD BLOAT AANDK ERSOR STRFN SLCRD INTVL SURVL)  Inpuu21l € BLCD CALL HO. 2 PRECALS7
1250 FORMAT (41H1 MM,NBBI,NRSP,0R SOME SPLMO IS TOO LARGE) INPUU212 CALL BL2(MVIIMI,TV(IM,2),DTOMV{IM,2),INF]) PRECALSS
1260 FORMAT (56H1 WHEN REDFAC 1S LESS THAN 1.0, MOPT HUST EQUAL ! OR INPUUZ213 ITV(IM,2) = INTUOTVOIN,2)-0TLRI/ZHT) PRECAL59
121 INPUU2 4 IF (TV{IM,2).LT.OTLR) ITVIIM,2)=ITV(IN,2)-1 PRECAL6O

END INPUU21S 20 ITHMAX = MAXO(ITHMAX,ITV(IN,2)) PRECAL6Y
SUBRQUTINE PRECAL PRECAL 2 € ITV DOWNSTREAM OF BLADE PRECAL62

c PRECAL 3 LAST = ITV(HBD,2) PRECAL63
C PRECAL CALCULATES ALL REQUIRED FIXED CONSTANTS PRECAL 4 FIRST = LAST+1-NBBI PRECAL6G
[ PRECAL § DO 40 IM=HMBOP!,MM PRECALSS
COMMON NREAD,MWRIT,ITER,IEND,LER(2),NER(2) FRECAL 6 ITVEIM, 14 = FIRST PRECAL6S
COMMON /INPUTT/ GAM,AR,TIP,RHOIP,WTFL,0MEGA,ORF,BETAI,BETAD, PRECAL 7 40 ITV(IM,2) = LAST PRECAL67

1 LAMBDA,RVTHO,REDFAC,DENTOL,FSHI,FSHO,SSM1,SSH2, MBI, MBO, MM, PRECAL 8 ITHIN = MINOCITHIN,ITVIMM,1)) PRECAL6S

2 NBBI,NBL,NRSP,MOPT,LOPT,LRVB,BLDATAANDK,ERSOR,STRFN,SLCRD, PRECAL 9 C IV ARRAT PRECAL6Y

3 INTVL,SURVL,CHORD(2),STGR(2),RI(2),RO(2),BETI(2),BETO(2), PRECAL10 e =1 PRECAL70

4  NSPI(2),TITLELt20),MR(50),RMSP(50),BESPF(50),HONCR(50), PRECAL1Y DO 50 IM=1,MM PRECAL7!

5 PLOSS(50),HSP(50,2),THSP(50,2) PRECAL12 50 IV(IM*1) = IV(IMI*ITV(IMN,2)-ITVIIM,1)¢1 PRECAL72
COMMON /CALCOM/ ACTHT,ACTOMG,ACTLAM,HMBIM1,MBIP1,HBOMI ,MBOP1,HMH1, PRECALI3 € PRECAL73

t  HM1,HT,DTLR,DMLR,PITCH,CP,EXPON, THW,CPTIP, TGROG, TBI,TBO, THL,  PRECALt4  C CALCULATE BETAV AND CURV ARRAYS PRECAL74

2 WI,HMI,NCRI,ITHMIN,ITHAX,NIP,INS1,IMS2,IMS(2},BV(2),HLE(2), PRECALIS C PRECAL7S

3 THLE(2),RMI(2),RNO(2),BESP(50),MV{100),RH(100),BE(100), PRECAL16 DO 60 SURF=1,2 PRECAL76

4 BEF(100),0BDM(100),DBFDM(100),SAL{100),PLOSIMI100),AAA(100),  PRECALI? DO 60 IM=MBI,MBO PRECAL?7

5 BBB(100),IV(10%),ITV(100,2),TV(100,2),DTDOMV(100,2), PRECAL1S CURV(IM,SURF) = (RHM(IM)%D2TOM2{IH,SURF)+SAL(IH)I%DTDHV(IM,SURF)) / PRECAL78

6 BETAV(100,2),HH(100,2),DTOMH(100,2),BETAH(100,2),RMH(100,2),  PRECAL19 1 (1. *(RMUINIDTDHVIIM,SURF ) )*%2)%%1.5 PRECAL79

7 BEH(100,2),PLOSMH({100,2) PRECAL20 60 BETAV(IM,SURF) = ATAN(DTDMV(IM,SURF)®RM(IM})I®DEGRAD PRECALS0
COMMON /AUKRHO/ A{2500,4),U(25001,K12500),RHO(2500) PRECAL21 NIP = IV(MM)+HEBI-1 PRECALSY
LEVEL 2, A,U,K,RHO PRECAL22 IFINIP.GT.2500) WRITE(NWRIT,1150) PRECALS2
COMMON /VARCOM/ RHOHB(100,2),RHOVB(100,2),NMB(100,2),KTB(100,2?, PRECAL2} C PRECALS3

1 WHCRM{100,2),LABEL(1,100) PRECAL24 ©C CALCULATE HH AND DTDMH ARRAYS PRECAL8G
COMMON /BCDCOM/ INIT(23,EH(50,2),D2TDM2(100,2) PRECAL2S C PRECALBS
COMMON /TBBC/ TBIBC,TBOBC PRECAL26 ITO = ITVI1,1) PRECALBS
COMHON/WIND/ HISV,WOSY PRECAL27 MRTS B 1 PRECALS?
DIMENSION CURV(100,2),2ZMR(100),BEZMRE100),HIMOP{4 ), HHER(4), PRECAL2S IHS(1) =1 PRECAL88

1 BETAIM(4),IMOP(4) PRECAL29 HHO1,1) = 0. PRECAL89
INTEGER BLDAT,AANDX,ERSOR,STRFN,SLCRD,SURVL,AATEHP, SURF,FIRST, PRECAL30 DTOMH(1,1) = 1.E10 ) PRECAL90

1 UPPER,S1,ST PRECAL31 LER(2) = 3 PRECAL9Y
REAL K,KAK,LAMBOA, LMAX,MH,HMLE MR ,MSL,MSP, MV, MVIMI PRECAL3Z C BLCD AND POOT (VIA MHORIZ) CALL NO. 3 FRECAL92
EXTERMAL BL1,BL2 PRECAL33 CALL MHORIZ{MV,ITV(1,1),BL1,MBI,HBO,ITO,HT,DTLR,0,IMS(1),MH(1,1), PRECAL93
DEGRAD = 180./3.1415927 PRECAL34 t  DTDMHU1,11,MRTS) PRECAL94
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IF (ITV(HMBO,1)-ITV(MBO,2)+NBBI.NE.2) GO TO 70 PRECAL9S C PRECA1SS

IMSL = INS(1)+t PRECALSS RHOVD = WTFL/BEFSHMO/PITCHR/COSIBETAD)/RMFSHO PRECA156
MHUIMSL.1} = MV(HBO) PRECALS7 THLMR = 2. #OHEGA®LAMEDA-(OMEGA#RMFSMO)#%2 PRECA157
DTDMH(IMSL,1) = -1 .E10 PRECALS?8 TTIP = 1.-TKLHR/CPTIP PRECA158
IMS(1) = IMSL PRECALS9 RHOIPL = RHOIP#(t.-PLFSHO) PRECA159

70 IMS(2) = 0 PRECA100 RHOMB2 = RHOIPL®*TTIP*#*EXPON PPECAt60
MRTS = 1 PRECA1O1 LERI1) = 1 PRECA16Y
LERE2) = 4 PRECAYIO2 c DEHNSTY CALL NO. 1 PRECA162

[ BLCD AND ROOT tVIA MHOR1Z) CALL ND. & PRECA103 NERT = HERIY) PRICAYSD
CALL MHORIZ{MV,ITV(1,2},BL2,M8I,MBO,ITO,HT,DTLR,1,INS(2),MH(1,2), PRECA104 JZ =1 PRECA16G

1 DTDMH(1,2),HMRTS) PRECA105 IF (FSMO.GE.SSM1.AND.FSMD.LE.SSM2) JZ=2 PRECA165
IMSMAX = MAXO(IMS({),IM5(2)) PRECA106 CALL DENSTY{RHOVO,RHOMB2,H0D, THLMR,CPTIP,EXPON,RHOIPL,GAM,AR,TIP, PPECA166

IF (IMSMAX.GT.100) WRITE(NWRIT,1100) IMSMAX PRECA107 1 JZ) * PRECA167

c PRECA108 IF (HERT.NE.NER(1)) WRITE(NWRIT,1022) PRECA168
C CALCULATE RMH ARRAY PRECA109 RVTHO = RMFSMO#{ WOXSIN{BETAQ)+OMEGA*RMFSMO) PRECA169
€ PRECASO WHO = WOXCOS(BETAO) PRECAYTO
DO 80 SURF=1,2 PRECAT 1 WCRO = SQRT(TGROGHTIP*(1.-THLMR/CPTIP)) PRECAY 71

CALL SPLINT{MR,RMSP,NRSP,MH(1,SURF),IMS(SURF),RMH(1,SURF),AAA,BBBIPRECAII2 130 TWL = 2.¥OMEGA%LAMBDA PRECAt72

80 CALL SPLINT(MR,PLOSS,NRSP,MH(},SURF),INS{SURF),PLOSHMH(1,SURF), PRECA113 € PRECA173

1 AAA,BBB) PRECAt14 C [INITIALIZE DENSITY WHERE HORIZONTAL MESH LINES INTERSECT BLADE PRECA1 74

[ PRECA115 C AND CALCULATE BETAH ARRAY PRECA175
C CALCULATE LAMBDA WHEN BETAI IS GIVEN AS INPUT PRECAI16 C PRECA176
[ PRECAVLT7 00 150 SURF=1,2 PRECAYT?
IF (LRVB.EQ.1) GO TO 130 PRECA118 IMSS = IMS{SURF) PRECAY 78
BETAI = BETAI/DEGRAD PRECAY19 IF (IMSS.LT.1) GO TO 150 PRECA179
BETAQ = BETAO/DEGRAD PRECA20 D0 140 INS=1,IMSS PRECA180

IF (FSHMI.NE.FSMO) GO TO 90 PRECA121 RHOHB( IHS,SURF) = RHOIP®(1.-PLOSHMH{IHS,SURF })#(1.-(2. #OHEGA™ PRECA181

FSMI = 0. PRECA122 1 LAMBDA-(OMEGA®RMH{ IHS, SURF ) )#%2)/CPTIP)##EXPON PRECA182

FSHMO B CHORD(1) PRECA123 140 BETAH{IHS,SURF) = ATAN(DTDMH(IHS,SURF )*RMH(IHS,5URF ) )*DEGRAD PRECA183

90 CALL SPLINT{HR.RMSP,NRSP,FSHI,1,RMFSMI,BLANK,AAA) PRECAt24 150 CONTINUE PRECA184
CALL SPLINT(MR,RMSP,NRSP,FSMO,1,RMFSMO,BLANK,AAA) PRECAI2F C PRECA185

CALL SPLINT{MR,BESPF,NRSP,FSHI,1,BEFSHI,BLANK,AAA} PRECA126 C INITIALIZE DEMSITY WHERE VERTICAL MESH LINES INTERSECT BLADE PRECA186

CALL SPLINTIMR,BESPF,NRSP,FSHO,1,BEFSHO,BLANK,AAA} PRECA127 © AND AT INTERIOR POINTS PRECA187

CALL SPLINT(MR,PLOSS.,MRSP,FSMI,1,PLFSHMI,BLANK,AAA) PRECAI28 C PRECA188

CALL SPLINT(MR,PLOSS,NRSP,FSHO,1,PLFSHMO,BLANK,AAA) PRECA129 DO 170 IM=t,MN PRECA18%
RHOVI = WTFL/BEFSMI/PITCH/COS(BETAI)/RMFSHI PRECA130 TTIP = 1.-(THL-(OMEGA*RM({IM) )#%2)/CPTIP PRECA190

WL = 0. PRECA13Y RHOT = RHOIP¥(1.-PLOSIM(IM))®TTIP*®EXPON PRECA1®Y
DELWMX = SQRT(TGROGXTIP)}/10. PRECA132 DO 160 SURF=1,2 PRECAt92

100 TTIP = 1.-(WIN%242 »OMEGA®RMFSMI®WI*SIN(BETAI)*(OMEGA#RMFSMI) PRECA133 160 RHOVB(IM,SURF) = RHOT PRECA193

§ #%2)/CPTIP PRECA134 IPU = IV(IM) PRECA19¢

IF (TTIP.LE.0.) GO TO 110 PRECA135 IPL = IVIIH#1)-t PRECA195

TEMP = TTIP®#{EXPON-1.) PRECA136 D0 170 IP=IPU,IPL PRECA196
RHOIPL = RHOIP#(1.-PLFSHI) PRECA137 170 RHO(IP) = RHOT PRECA197

RHOT = RHOIPL®TEMP®TTIP PRECA138 C PRECA198
FPRIME = RHOT-RHOIPL/GAMMWI/ARM(WI+*OMEGAXRMFSMIXSIN(BETAI})/TIP  PRECA139 €  CALCULATE VELOCITY DIAGRAM INFORMATION, AND PRECA199

1 #TEMP PRECA140 C  TAN BETA (TBI AHD TBO) AT UPSTREAM AND DOWNSTREAM BOUNDARIES PRECA200

IF (FPRIME.LE.0.) GO TO 110 PRECA141 c PRECA201
WINEH = WI+(RHOVI-RHOT¥WI)/FPRIME PRECA1642 IMOP(1) & 1 PRECA202

IF (WINEW-WI.GT.DELWMX) WINEW = WI+DELWMX PRECA143 IMOP(2) B MBI PRECA203

IF (ABS({WINEW-WI)/WINEW).LT..000005) GO TO 120 PRECAtG4 IMOP(3) = MBO PRECA20%

HI = WINEW PRECA145 IMOP(G)} = MM PRECA20S

GO TO 100 PRECAt46 WHIRL = LAMBDA PRECA206

110 HRITE(NWRIT,1020) PRECA147 DELTHL = 0. PRECA207
IERROR = 1 PRECAt48 DO 220 I=1,4 FRECA208

120 LAMBDA = RMFSMI®(WI#SIN(BETAI)*OMEGA*RMFSMI) PRECA149 IM = IHOP(I) PRECAZ09
WHI = WI*COS(BETAD) PRECA150 YTHIN = WHIRL/RMCIM) PRECA210

AA = {2.%OMEGA®LAMBDA-{OMEGA¥RMFSMI }*»2}/CPTIP PRECA151 VTRIM2 = VTHItI*%2 PRECA211

WCRI B SGRT(TGROGH*TIP*{(1.-AA)) PRECAt152 WTHIM = VTHIM-OMEGA®RM(IM) PRECA212

c PRECA153 WTHTHL = VTHIMZ*DELTML PPECA213}
€ CALCULATE RVTHD WHEN BETAO IS GIVEN AS INPUT PRECA154 RHOWIM = WTFL/RHUIN)/PITCH/BEF(IM) PRECA214
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RROIN = RHOVB(IM,1)
RHOIPL = RHOIP®{!.-PLOSIM(IM))
LER(1) = 2
c DENSTY CALL NO. 2
NERT B NER(1)}
JZ =1
CALL DEHSTY(RHOWIM,RHOIM,WHIM,HTHTWL,CPTIP,EXPON,RHOIPL,GAM,AR,
1 TIP,JZ)
IF (NERT.NE.NER(1)) WRITE(NWRIT,1024) MV(IH),IM
TBETA = WTHIN/WHIM
BETAIM(I) B ATAN(TBETA)*DEGRAD
AA = (THL-(OMEGA®RH(IM))%»2)/CPTIP
WCRIM = SQRT(TGROGHTIPX®(t.-AA))
WIHOP(I) = SGRTUHMIM##2+WTHIM%%2)
WHCR(I) = WIMOP(I)/HCRIM
IF (1.€Q.2) DELTHL B 2.%DMEGA*{ LAMBDA-RVTHO)
IF (I.EQ.2) WHIRL = RVTHO
220 IF (I.EQ.1) TBI = TBETA
TBO = TBETA
BTAIN = ATAN(TBI)*DEGRAD
BTAOUT = ATAN{TBO)*DEGRAD
IF (LRVB.NE.1) GO TO 225
FSMI = MV(1)
FSHO = MVIMM)
RMFSHI = RM(1)
RMFSHO = RM(MM)
NI = WIMOP(1}
HMI = HI/SGRT(1,+TBINx2)
HCRI B WI/ZWWCR{1)
HO B HIMOPL4)
WMO = WO/SGQRT(1.+TBOw»2)
WCRO = HWO/WWCR(%)
225 CONTINUE

CALAULATE TAN BETA (TBIBC AND TBOBC) AT ONE-HALF HMESH SPACE INSIDE
UPSTREAH AND DOWNSTREAM BOUNDARIES

o000

RMIM = (RH{T)*RM(2)}/2.
VTHIM B LAMBDA/RMIN
WTHTHL = VTHIM#®2
WTHIM = VTHIM-OMEGA*RMIM
RHOWIM = WTFL/RMIM/PITCH/(BEF(1)+BEF(2))%2.
RHOIH = RHOVB(1,1)
RHOIPL = RROIP*(1.-{PLOSIM(Y)+PLOSIM(2))/2.)
LER(1) B 2
C--DENSTY CALL KHD. 2-A
NERT = NER(1)
JZ =
CALL DENSTY{RHOWIM,RHDIM,WMIM,NTHTRL,CPTIP,EXPON,RHOIPL,GAM,AR,
1 TIR,JZ)
IFINERT.NE.NER(1)) WRITE(NWRIT,1026)
TBIBC = WTHIM/WMIN
RMIM = (RMIMH)+RH{MM-1)1/2.
VTHIM = RVTHO/RHIM
RTHTHL B VTHIM#%2+2 %OMEGA*( LAMBOA-RVTHO)
WTHIM 8 VYTHIM-DHEGA®*RMIMN
RHOWIM = WTFL/RMIN/PITCH/(BEF{MM)+BEF(MM-1)}w2.
RHOIN = RHOVB{MM,1)
RHOIPL = RHOIP#(1.~{PLOSIM(MH)*PLOSIN(MN-1))/2.)
LER(1) = 2

PRECA2S
PRECA216
PRECA217
PRECA218
PRECAZ219
PRECA220
PRECA22}
PRECA222
PRECA22)
PRECA224
PRECA22S
PRECA226
PRECA227
PRECA228
PRECA229
PRECA230
PRECA23t
PRECA232
PRECA233
PRECA234
PRECA235
PRECA236
PRECA237
PRECA238
PRECA239
PRECA240
PRECA24Y
PRECA242
PRECA243
PRECA244
PRECA245
PRECA246
PRECA247
PRECA248
PRECA249
PRECA250
PRECA25%
PRECA252
PRECA253
FRECA254
PRECA258
PRECA256
PRECA2537
PRECAZ58
PRECA259
PRECA240
PRECACS!
PRECA262
PRECA263
PRECA264
PRECA268
PRECA266
PRECA267
PRECA268
PRECA269
PRECA270
PRECAR71
PRECA272
PRECA273
PRECA274

[
c
c

c
[

c
c

c

c

C--DENSTY CBLL NO. 2-B PRECA275
NERT B NER(1) PRECA276

JZ =1 PRECA277
CALL DENSTY(RHOWIM,RHOIM,HMIM,HTHTHL,CPTIP,EXPON,RHOIPL,GAM,AR, PRECA278

1 TIP,JZ) PRECA279
IF{NERT.NE.NER{1)) WRITE(NWRIT,1026) PRECA280
TBOBC = WTHIM/WMIN PRECA281
PRECA282

CALCULATE REDUCED BESP WHEN REDFAC IS LESS THAN 1.0 PRECA283
PRECA28%

IF {REDFAC.EQ.1.) GO TO 300 PRECA28S
PRECA286

CALCULATE REDUCED BESP WHEN W/WCR IS GIVEN AS INPUT PRECA287
PRECA288

IF (HOPT.NE.1) GO TO 240 PRECA289

DO 230 I=1, NRSP PRECA290
ZMR(I) = MR(I) PRECAZ9Y

AA = (2.#OMEGANLAMBDA-(OMEGAMRMSP(I))%%2)/ CPTIP PRECA292
TPPRAT = (1.-AA)/€1.-REDFACH*2%AA) PRECA293

AA = (GAM-1.)/(GAM*] . )=HOMCR I )%n2 PRECA29¢

AA B (TPPRAT*(1.-AA)/(1.-REDFACH®2¥TPPRAT#AA) )%*EXPON PRECA295

IF {BESPF(I).LE.0.) NEGBE = 1 PRECA296
230 BEZMR{I} = BESPF(I)®AA PRECA297
NZMR = NRSP PRECA298

IF (NEGBE.EQ.3) WRITE(NWRIT,1160) PRECA299

GO TO 290 PRECA300
PRECA301

CALCULATE REDUCED BESP WHEN W/WCR IS NOT GIVEN AS INPUT PRECA302
PRECA303

CALCULATE SOLIDITY AND FAIRING DISTANCE FROM L.E. AND T.E. PRECA304
240 BLDCRD = SQRT({(RM(MBI)*RM(MBO)}/2.%#STGR(1))nx2+CHORD( 1 )#n2) PRECA305