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ABSTRACT

The present thesis involves the study of the aerodynamic
performance of an axial-flow gas turbine stage. Existing studies |
have been reviewed and based on the most developed performance»
evaluation and efficiency optimization techniques, two computer
programs have been developed. Given the geometry of a turbine
stage, the inlet gas conditions and the rotational speed of the
moving blades, the first program calculates the total-to-total
isentropic efficiency of the stage and determines the gas condi-
tions at the inlet and outlet of the blade rows. The second program,
on the other hand, solves the inverse problem: For specified inlet
gas conditions and blade rotational speed, the program determines
the geometry of the turbine stagé for which the isentropic efficiency
is an optimum.

Both‘programs are applied to turbine stages operating at
various inlet gas conditions and blade rotational speeds. The
isenfkopic stage efficiency is observed to depend primarily on the
overall pressure ratio, the‘initial-mass flow parameter and the
dimehéion]ess speed of the stage. The results whichjare summarized
in tabular and graphiéaT forms are in cbnformity-with those reported by
the original aUthOFé-'Fina]ly,’recommendations are given for improving

the precision of the performance prediction method used.



VZET

Bu tezde eksenel akisl1 bir gaz tiirbini kademesinin aerodinamik
performans1 incelenmistir. Konuyla il1gili calismalar arastiriimis,
en gelismis performans dederlendirme ve verim eniyilestirme teknik-
1eri esas alinarak iki bilgisayar programi hazirlanmistir. Birinci
program, boyutlari, akiskan giris sartlari ve donme hiz1 verilen bir
tﬁrbin kademesinin tersinir adiabatik verimini ve kanat dizinlerine
giris ve ¢ikis noktalarindaki gaz ozelliklerini hesaplamaktadir.

- tkinci program ise ters problemi ¢ozmekte yani, akiskan giris sartlari
ve donme hiz1 verilen bir tlirbin kademesinin boyutlarini tersinir
adiabatik verimin eniyi olmasini sadlayabilecek sekilde hesaplamak-
tadir. |

Her iki programin da dedisik akiskan giris sartlari ve donme
hizlar1 ile isleyen tirbin kademelerine uygulamas1 yapiimistir.
Sonugta tersinir adiabatik verimin Gzellikle giris ve ¢ikistaki
basin¢larin orani, giristeki gaz akimi parametresi,. ve basamagin
h1z parametresine bagimli olarak dedisiklikler gosterdigi gozlenmis-
tir. Sonug¢lar, ¢izelge ve grafik bi¢iminde tbp]anm1$ ve bunlarin
daha once yayinlanms metodlarda.goriinen sonug¢larla uyustugu saptan-
mistir. Son olarak da performans tahmininin hassasiyetini arttira-

bilecek baz1 dedisiklikler tavsiye edilmistir. -
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I.  INTRODUCTION

Since the early days of the development of gas turbine engines
ana their progressive use in industrial, vehicular, railroad, marine,
avaiation, nuclear and spatial applications, the necessity for high
efficiency required for economic operation has become more and more
domirant. In recént years, turbines of considerable size and capacity
have been produced with many stages. Along with the demand for larger
gas turbines, Tactors 1ike efficiency and component weight have become
major design considerations.

Cempared to that of the turbine used 1in aerospace applications,
the design of the turbine for power plants does not necessitate the
accomplishment of the lightest weight condition, which is, in most of
the cases, incompatible with the attainment of the best efficiency.

The premium placed on performance almost invariably result in the
employmént of a multistage construction. In land applications, turbine
Aefficiency is theréby considerably improved over the level which can be
obtained with Tight-weight, single-stage turbines ordinarily used in
ajrcraft units. In return, for the case of statjonary power turbines,
a low axial velocity is desirable in order to avoid high leaving losses

which are propertional to the residual kinetic energy contained in the



gas 1eaving the turbine at the last stage.

On contemporary aero-engines, every effort is made to reduce
the number of stages and turbine weight to a minimum. Within the
non-aeronautical field, R @ D on axial flow gas turbines has two
principal aims. The first is to explore the gas flow processes within
a turbine stage, which would Tead to a better understanding of the aero-
dynamics and to the determination of the associated aerodynamic effi-
ciencies. The second is the achievement of relaiable operation at
progressively higher turbine inlet gas temperature closely related
to metallurgical problems, Teading to improvements in specific power
output and specific fuel consumption.

Not considering the metallurgical aspect, if a turbine designer
is to select tha best design for his pdrpose, he must-be‘abie to pre-
dict the design point performance of a wide range of possible turbines,
as well as the performance of his designs over a wide range of dpe-
ration conditions. Yoreover, he would 1ike to be able to design a
turbine stage with the objective of minimizing aerodynamic losses.

However, tests conducted on turbines haveroften revealed effi-
ciencies considerably inferior to those predicted during thevpreli-
minary design stages. for this.reason, aerodynamic research into
the performance of turbines has been much accelerated.

Prediction of the aerodynamic efficiency of gas turbines
requires the accurate calculation of aerodynamic losses. These
losses are due to gas friction, vorticities, gas leakages boundary
layer development on blade passages and adverse pressure gradients

encountered through the blade passages of the turbine, and they



constitute the main cause of the drop in total efficiency.

Since the flow of gas within phe turbine at high pressure and
temperalure is quite a complicated process, it is nearly impossible
to bring about a wholly analytical solution. Resg]ts of experimental
work conducted by companies, research centers and universities, as
well as theoretical and analytical considerations of zerodynamic con-
cepts are therefore used together for the formation of generalized loss-
geometry corre]étions.

With appropriate design input infermation such as rotative
speed, mass fiow rate, inlet state conditions of the working fluid,
pressure ratio or power desired and with specified values for the

significant dimensions of the blade profiles such as axial width,

ct

maximum thickness, pitch and chord lengths, blade intet, exit and
stagger angles, the use of aevodynamic equilibrium conditions in con-
Jjunction with the available loss corre?atioﬁs cen lead to an accurate
prediction of the design point efficiency of a turbine.

In the present thesis, two principal aims are considered: The
first comprises the estimation of performance of an axial flow gas
turbine stage of predetermined gécmetry, under different conditions
of pressure ratio, inlet fluid conditions and machine rotative speed.
The second is the determination of the geomefry of a gas turbine stage
for which the aerodynamic losses would be a minimum. Two separate
computer programs are developed for each of the purposes cited above.
The first program adopts the‘1oss sysfem of Ainley and Mathieson [1]
with the suggested modification of Dunham and Came [2] as its basis.

This loss system is chosen because it is one of the best known and



and most completely documented of the gas turbine loss evaluation
systems so far described in the literature. The second computer
program is based on the optimization method developed by Rao and
Gupta [3], the aerodynamic losses torbe minimized being mostly those
predicted in [1] and [2], although the evaluation of the stage effi-

ciency is carried out in a slightly different manner.



I1.  LITERATURE SURVEY

In the past thirty years, a number of loss evaluation systems
as well as concrete surveys on dasign practices for gas turbines power
elements have been described in the 1iterature. Results of experi-
mental works together with theoretical and analytical considerations
have been published and served as the greatest contributors to the
imprcevements achieved in gas turbine efficiency, dependability and low
first and operating costs. Without doubt, the analytical and numerical
procedures used in designing such turbomachines have now undergone a
major revision. The empirical relaticns used in design process are
being . replaced by more sophisticated methods of analysis.

The purpose of the literature survey presented here is to re-

view the present day basis of turbine performance calculations and
turbine stage design, indicating where improvements have been made
in recent years and where further work is needed.

Expressions, correlations and schematic representation of con-
cepts related to the works presented in the following pafagraphs can

be found in the Appendix.



2.1 LITERATURE ON PERFORMANCE PREDICTION

According to Horlock [4], there are three principles sources of

turbine cascade data:

i) The results of Zweifel [5] and miscellaneous turbine cascade
results which have been brought together by Soderberg [6] in

a simple correlation.

ii) British cascade data {the results of Todd [7], Reeman [8],
and Dunsby [9]) which have been brought together in corre-

lations by Ainley and Mathieson [1].

i1i) Early data from steam turbine cascades, principally that of

the Steam Nozzle Rzsearch Commitise reported in reference [10].

The first two sets of data are reviewed and to some extent com-
pared here. 1In addition, some more recent studies are reparfed.

An efficient method for the calculatien of pressure loss is to
represent the pressure gradient in flow direction by choosing the ade-
quate cascade parameters. An early approach to this method was pre-

‘sented by Zweifel [5], in 1945. From a series of cascade tests,
Zweifel suggested that the 1ift cdefficientvbased on the tangential
- loading of the blade (asrcdynamic blade loading coefficient, Y., can
be expressed as a functicn of pitch-to-chord ratio and of the gas
inlet and outlet angles. But, to arrive to this conclusion, Zweifel
had made the highly simplified assumption that the actual velocity
distribution on the suction and pressure sides of the blade could ba

approximated to a distributicn independent of the distance from the



leading edge, along the camber 1ine. Zweifel concluded that the inter-
relation between cascade total loss coefficient, Yt’ and aerodynamic
blade loading coefficient, v, showed that the losses decreased to a
minimum for the value of Y, = .8. Therefore, for given gas inlet and
outlet angles (deflection), an optimum pitch-to-chord radio couid be
cbtained.

This suggesticn, although based on an cversimplified fiow model,
has been confirmed to a large degree, by later investigations.

Soderberg [6] in 1949, correlated the losses on a basis of
pitch-to-chord ratio, Reynolds number, aspect ratio (based on axial
chord), thickness-to-chord ratio and blading geomeiry. Soderberg used
the work of Zweifel £5] to obtain the optimum pitch-to-chord ratio for
a given change of direction through a cascede. Then, based onvthis
optimum, he formulated the "nominal" loss coefficient, for turbine
rows operating at a Reynclds number of ]05 and with an aspect ratio
of 3:1 as well as the "tota)” loss ceefficient for aspect ratios other
than 3:1 and for Reynolds numbers (based on throat hydraulic mean dia;
meter) other than 105. Soderberg includad a correction on the effi-
ciency for clearance losses simply by mu]tip]ying the final calculated
stage efficiency by the ratio of blade area to total area including
leakage space.

Soderberg's correlation implies that the effect of profile
shape is limited. Although thé correlation is affected by thickness-
to-chord ratio, no effect of trailing édge thickness is included.
Further, it is imp]ied that degree of reaction (or stagger) is unim-

portant, so long as the optimum pitch-to-chord ratio is chosen. The



neglect of these parameters renders Sodenberg's correlation open to
criticism. Further, the aspect ratio alone cannot be expected to be
the only 1mportant parameter in the correction for secondary loss,
since the entry boundary layer and the blade gecmetry must be vital
parameters. However, it is understood that the correlation gives
turbine efficiencies to within 3 percent over a wide range of Reynolds
number and aspect ratio, and it is useful for obtaining quick estimates
of turbine performance.

Stewart, Whitney and Wong [11], in 1980, using experimantal
data of Dunavent and Erwin [12], offered a relationship between the
boundary léyer momentum thickness and the total diffusion factor.

The boundary laver momentum thicknéss is on important parameter in-

23

calculating the growth of the mementum loss due to boundary layer

-~

formation on tlade surface. The total diffusion fTactor, on the cther

P

hand, is related to the blade surface velocity distribution. As a
result, therefore, the work of [11] correiated the losses in a turbine
cascade to the type of velocity distributicn over the blade surface.
The relationship showed an increasing momentum thickness for increasing
total diffusion ratio, indicating also that for diffusion ratios greater
than .6, flow separation would be imminentStewart, Whitney and iong
adopted a surface pressure distribution similar to that proposed by
Iveifel [5], in order to interrelate surface velocities with cascade
geometry. They assumed that the maximum suction surface velocity

was equal o the cascade exit velocity and that the minimum pressure
surface velocity had a value which produced an actual tangential force

corresponding to the aerodynamic blade Toading coefficient of [5].



These assumptions then led, through the use of aerodynamic blade
loading coefficient and the assumed surface velocities, to an inter-
relation between the total diffusion factor and the pitch-to-chord
ratio, for given gas inlet and exit angles. The momentum loss and
hence the energy loss may then be obtained as a function of pitch-to-
chord ratio for the given gas angles.

This is a useful correlation but it can only be a guide to
the choice of velocity distribution on the blade surface. The blade
shepe to give a required velocity distribution must be separately
determined.

-In 1568, Balje and Binsley [13] reported that the cerrelations
of Stewart, Whitney and Wong [11] did rot represent a description of
the real situation because of the fact that for nozzle blades operating
at small gas exit angles it would be possibie to get negative values
for the total diffusion factor. Moreover, for an aerodynamic blade
loading coefficient chosen to be greater than 1, the tectal diffusion
factor became imaginary. According to Balje and Binsley, the reason
for the failure of this flow mode] was. related to the inabi]ityvto
obtain a satisfactory expression for the pressure distribution in
terms of cascade geometry.

The model thét Balje and Binsley used in [13] as an alternative
was based on the assumption that the surface velocity varied linearly
with camber 1ine, from the leading edge to the.trailing edge. Using
this linear variation of the free stream velocity in Truckenbradt [14]
expressfon for the momentum thickness at a point in a turbulent boundary
layer with pressure gradient, and integrating over the total camber

length, they obtained a relation for the momentum thickness in terms
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of cascade inlet and exit angles. This relation led to the calcula-

tion of the profile loss coefficient through the use of the correlation -

of Stewart, whftney and Hohg [11].

In another paper published in 1968, Balje [15] correlated the
pressure 1osses (except'for secondary losses) of a cascade to three
key parameters. These parameters wére the aerodynamic load coefficient

of Zweifel, the accelerating rate formed by taking the ratio of gas

- exit and inlet velocities and the dimensjonless boundary layer momentum

thickness formed by dividing boundary ‘layer momentum thickness to the
camber length of the b]ade.

In a report presented to NGTE in 1951, Ainley and Mathieson [1]
offered a method for estimaiing the performance of an axial flow gas
turbine. Ainley and Mathiescn calculated the profile loss at zero
incidence first and then corrected the resulting loss ceefficient
according to the actual incidence on the blade, through a number of
experimentally driven correlations. The clearance and secondary
losses vere correlated to the square of the 1ift coefficient, based
on the work by Carter [16]. A method of calculation of absolute gas
conditions depending on the total loss was also shown and the. expres-
sion of the total-to-totalaerodynamic efficiency was deriven. The
method was illustrated by a worked example.

This method constiiutes one of the most complete and accurate
surveys among the loss evaluation systems so far published.

The most notable refinement on the Ainley and Mathieson system
was the one due to Dunham and Came [2], which was published in 1970.
In this papér, the additional profile losses,incurred when a blade

row chokes due to the development of shock waves have been accounted
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for by the intrbduction of an arbitrary correction factor incorporating
a numerical constant chosen to fit available efficiency data, the cor-
rection beihg applied only for Mach numbers greater than unity. A]so;
instead of correcting the final efficiency by a Reynolds number cor-
rection factor as was done by Ain1ey and Mathieson [1], an optional
correction has been applied directly to the profile and secondary losses
using the Reynolds number appropriate to ‘the particular blade row.

Concerning the secondary Tosses, the blade loading parameter
of Ainley and Mathieson [1] was adopted since it represented the effect
of blade loading satisfactory, but the empirica1 constant of Ainley
and Mathieson [1] used in the derfvation of sacondary losses has been
replaced by a more realistic expression including the chord-to-blade
height ratio and the ratio of gas ocutlet.angle to cascade inlet angle.
The final expression for tip clearance loss coefficient, on the other
hand, contained the .78th power of c?earance—to—cﬁord ratio in the
revised system [2]. | |

As already stated, the loss modei of Ainley and Mathieson [1]
together with the corrections proposed by Dunham and Came [2] cons-
titutes the basis of the first part of the present thesis. For this
reason, both methods have been explained in detail in the following

chapter.

2.2 LITERATURE ON TURBINE DESIGN

Research on conventional aerodynamic design of gas turbines -
and considerations on material Timitations have a considerably short

history which dates back to the early 1940's. At that time, the
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design of gas turbines was much influenced by previous .experiences on
steam turbines for which, neither the problem of high component effi-
ciencies for reasonable economic operation nor that of new material
which would withstand high stresses at much higher temperatures had
ever been encountered. The necessity of more efficient operation at
higher temperatures and with Tighter stage weight, however, has soon
led -gas turbine engineers to review the design consiaerations both
from an aerodynamic and a mechanical standpoint.
The first person to conceiye that the blade design should

allow the gas étream to preserve a constant angular momantum, instead
of completely neglecting the centrifugal forces upon the swirling gas,
was the Air-Commodore Sir Frank Whittle. Sir Whittle expizined his
theory in 1945 [17] and'designed-the turbines in his jet,propulsion
engines accbrdingly. This "{ree vortex" assumption of Whittie was
followed by a number of other assumption of flow model, since in
“theory, the filow can take, in a blade passage an infinite number of
radial forms as leng as the centrifugal forces tending to thiow the
- gas outwards are always equally baianced by an opposing radial static
pressure gradient. As a widely used example to these proposed flow
models, the one in which the gas mass flow per unit area of annulus

is maintained constant over the flow area at any point may be cited.
Resultingly, the old distinction between reaction and impulse turbines,
as used by the steam engineers lost a great deal of its meaning,
because the calculated reaction of a turbine stage began to vary along
the blade height, the point of least reaction cccurring at the root

oT the blade.
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In 1948, Ainley wrote a paper on the performance of axial flow
turbines [18]. In the papeb Ainley discussed the various flow models
proposed up to his time and made the comparison between the impulse
steam-turbine blading with constant sections at all radii and the
typical gas turbine stage providing impulse (least reaction) conditions
at the root of the blades. Ainley discussed also in this paper a
- techinique developed by the NGTE on turbine testing, giving regard to
Apower output, rotational speed, gas Tlow (aerodynamic losses), inlet
and outlet gas pressures (both. total and static), inlet and outlet
total head temperatures, instrumentation and safety precautions. The
paper.may be considered as one of the key works which constituted a
basis to the system [1] he developed later with Mathieson.

Again in 1948, Reeman [19] outlinzd the mathenatical approach
to the design of gas turbines Tor jet engines and surveyed very com-
prehensively the mechanical prob?ems that are involved, drawing atten-
tion to the balance that must ba sought between aerodynamic efficiency
and material Timitations. He stated out thet Tow axial velocity and
‘high tetal-to-static efficiency‘as required for the turbocharger tur-
bine was not a necessary requirement in the aircrar’t gas turbine, for
the Teaving veiocity was used in the final nozzle. His conclusions
were as Tollows: "Larger axial velocities lead to smaller annulus
areas and to lower centrifugal stresses the latter constituting the)
most important facter in fixing the nezzle angle.  With nozzie angle
- fixed, a compfomise has to be made between reaction, swirl, disc stresses
and weight. Increasing the reaction Towers the Mach number relative

to the blade but raises the disc stresses and biade root temperature.
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Increasing the swirl on the other hand, decreases the disc stresses

- but increases the Mach number relative to blade also increasing the
blade root temperature". Reeman finally suggested an optimum in which
there was 1ittle root reaction and an 10-160 outlet swirl. The pre-~
Timinary design given in Reéman's discussion was relevant to single
stage turbines in which the blade loading coefficient [5] was of order
2 at the root where the reaction approached zero.

Emmert [20] in 1950, supported the flow modei'in which the mass
of flow through the stage is to be evenly distributed over the stage
annulus and he stated that a value of .6 orAgreated was required for
maximum blading efficiency for the reaction type of b]adfng.

Miser and Stewart [21] presented in 1961, full details of the
design of two stage air-cooled turbine for a jet engine. Their report
covered the choice_of velocity triangles and the blade designf Velocity
distributions, both radial and blade-to-blade were also calculated.

In 1970, Horlock [4] outlined an example to the preliminary
design study of an‘axiaf flow turbocharger. Choosing the pressure
ratio, the total entry temperature, the design mass flow and the
target total-to-total efficiency from the start, he calculated the
reaction of the stage and the flow coefficient, defined by the
ratio of axial velocity through the stage to the blade speed at
reference diameter. From the velocity triangles, he made the choice
of the recuired blade speed»and e calcu]aﬁed the outlet gas angle
and Mach numbers. Following the chanée of the blade height and
annulus area having regard to allowable b]ade'stress, root reaction,

Mach number and nozzle and rotor deflections, Horlock calculated
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finally the pitch-to-chord ratio through fhe use of Zweifel's blade
Toading criterion [5].

In general, the problem under discussion comprises mostly the
calculation techniques using vector diagrams which allow the fluid
dynamics requirements to be satisfied throughout the stége. The
basic premise of the correlations adopted in most of the works in
the Titerature is that the shape 6f the velocity triangles at the mean
radius is the principal factor which determines the efficiency of the
turbine stage. The determination of the velocity triangles will pro-
vide the designer the flow outlet angle from the nozzle, flow inlet
and outlet angle to and from the rotor and related relative and abso-
lute velocities. With given velocity triangles, the efficiency will,
of course, vary with blade geometry and, .in particular, with incidence.
The aerodynamic design problem becomes therefbre, that of selecting
a suitable blade profile and biade number.

The blade profile design methods are discussed in detail by
Ainley [18]. Ainley presents the results of tests he conducted at
NGTE, by comparing aerofoil and conventional blade profiles. He
concludes, for most of the cases, that the aerofoil blading gives a
less value for especially the profile loss coefficient. In accordance,
Rao [3] proposes to superimpose a standard aerofoil section, such as
A3K7, after a camber line is predicted from aerodynamic and mechanical
considerations. The number of blades in a row, or blade pitch, would
be determined either from the results of cascade experiments or directly
from the use of Zweifel's loading coefficient [5].

Very 1ittle work has been reported so far, concerning the
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application of optimization techniques in the design of turbines.

In 1966, George [22] reported about the optimization of a rocket
engine turbine using a differential calculus approach. Balje and
Binsley [13], in 1968 applied optimization techniques in the design
of axial turbines using Wood's Direct Search Technique [23]. The

~ optimizing variables were those geometric ratios vivich may be selected
independent]y in order to achieve a maximum or optimum efficiency.
These were chosen as the nozzle outlet angle, rotor inlet angle,

b]ade height-to-mean diameter ratio, nozzle and rotor chord and pitch,
mean diameter ratio and the degree of admission which varied from
values just above 0 to values just below 1.in order to avoid indeter-
minate forms in the equations.

At the end of this work, Balje and Binsley concluded that the
attainable efficiency might be significantly affected by the compres-
sibility effects. It wasAnoted also that the optimum turbine perfor-
mance at 10& sbecific speeds was much more sensitive to the Reynolds
number than performance at high specific speeds. In any case the
dptimum performance was very sensitive to chord length, i.e., blade
numbéf, especially at lower Reynolds numbers where large chords,
hence, low blade numbers are recommended for optimum performance.

In 1980, Rso and Gupta [3] optimized the design of an axial

-gas turbine stage using the penalty function method of Fiacco and
Mc Cormick [24]. They formulated the problem as a nonlinear mathe-
maticaliprogramming problem with the objective of minimizing aero-
dynamic losses and mass of the stage. The aerodynamic losses were
calculated according to the loss system of Ainley and Mathieson [1]

as corrected by Dunham and Came [2]. ‘The analysis of stress,
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deflection and natural frequencies of vibration of doubly tapered
and twisted cantilever beams (blades) was performed by finite
element methods. At the end of the paper, discussion of optimum
variables is made and a sensitivity analysis is presented.

The method of Rao and Gupta (3) constitutes the second part

of this thesis. It will therefore be treated in detail in the following

chapter.
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IT1., ANALYSIS

The thesis is formed of two parts. In the first part, the
performance evaluation of a gas turbine stage is realized, using
the method developed by Ainley and Mathieson [1] with the suggested
refinements by Dunham and Came [2]. In the second part, some impor-
tant parameters of a gas turbine stage are optimized in order to get
maximum aerodynamic efficfency from the étage. The Toss correlations
as given by Ainley and Mathieson [1], the performance evaluation tech-
nique and constraints of the optimization problem as‘givenvby Rao and
Gupta [3] and the sequential unconstrained minimization technique as
given by Fiacco and Mc Cormiék [24] are‘adopted as the basis. The
analysis is according{y subdivided into two parts each of which con-.

cerning the related part of the thesis.

3.1 GAS TURBINE STAGE PERFGRMANCE EVALUATION

The importance and durability qf the Ainley and lathieson loss
system [1] results from the fact that it provides a re]atively high
accuracy compared to works that followed during the last 30 years, and

that it achieves a remarkable level of simplicity, reducing the number
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of variables appearing in the correlations to a minimum. The system
has become a foundation worthy of subsequent refinement, the most
notable of which was published in 1970 by Dunham and Came [2].

The procedure of the method of Ainley and Mathieson is
formed of two parts. The first is the determination of pressure
loss and gas efflux angle for each blade in the tu-bine under a wide
range of inlet conditions. The second is to fix t:e gas inlet condi-
tions at a given turbine speed and to follow the course of a fixed
mass of gas from one blade row to the next, calculating the new gas
conditions at each step. Finally, stage and overall pressure ratios,
-stage and overall efficiencies can be drawn out from the genefa]
picture.

Throughout the method, the following assumptions are made:

i) The flow path through each stage is considered at one
diameter only - this diameter being termed the "reference

_diameter".

ii) The pressure loss coefficients in each blade row are not

influenced by the gas Mach numbers.

iii) The gas outlet angles. from a blade are not influenced by

the incidence angle.

It is to be noted, throughout the following analysis, that gas condi-
tions written without the subscript, s, refer to total conditions and
that primed quantities imply absolute inlet conditions to the next

stage.
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3.1.1 Determination of Gas OQutlet Angle from a Blade Row

It is assumed [1] that gas outlet angle, oy from any row
remains constant over the gas outlet Mach number, MO, range

0. < M0 < .5 and given over this range by
oy = [-1.17cos™ (o/s) + 12.58] - 4. * (s/e) (1)

where

o
i

blade opening or throat

w0
i

blade pitch

mean radius of curvature of upper blade surface

[¢]
i

between throat and trai]ing edge.

The parameters used in Eq. (1) are also illustrated in Fig. 3.71.
At a gas outlet Mach number unity; it is assumed that the outlet

angle is given by [1]

o = -cos"[(At(1 - k/h) + ﬁ.OD.k)/An’OJ (2)

where, as also shown in Fig. 3.2,
At = passage throat area
A_ = annulus area downstream of the row

radial tip clearance

=
L]

h = annulus height

0D tip (outer) diameter of the turbine.

The throat area, At and the annulus area An o are calculated

as follows:
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Ap = oxnx (oD - ID)/2 , (2a)
and |

An’o'= (oD* - I1D*) x w/4 (2b)
where,

ID = inner diameter of the turbine,
and

n = blade number of the row.

For the Mach number range .5 < Mo < 1., a linear variation
of g Mmay be assumed [1] with reasonable accuracy.

At Tow Mach ndmbers, g of Eq. (1) may be corrected a: a

function of radial clearance as [1]
= tan-]{[l - ].35(k/h)(cosBi/cosa0)] * tano

+ 1.35(k/h)(c0581/cosa0) * tane - (3)
where

Bi = blade angle at inlet, as shown in Fig. 3.71.

3.1.2 Determination of Pressure Losses in a Blade Row

For a gas flow through a blade passage, the overall mean stag-

nation pressure loss coefficient, Yt’ can be expressed as:

Ve = (Pi B Po)/(Po - Po,s) | (4)

where, as illustrated in Fig. 3.3,

Ps

Po

inlet total pressure to the stage

outlet total pressure from the stage
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C=CHORD

C,=AXIAL CHORD
{ = MAXIMUM THICKNESS

S=BLADE PITCH

te =TRAILING EDGE THICKNESS
o =BLADE OPENING OR THROAT
ﬁ, P, =BLADE INLET & OUTLET ANGLED

~—1

¥ - STAGGER ANGLE

CAMBER LINE

L%4

FIGURE 3.1 - Turbine blade nomenclature.
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FIGURE 3.2 - Typical turbine stage showing choice of reference
stations and reference heights.
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The overall mean stagnation pressure loss coefficient, Yis

may be split down into

i) The profile loss coefficient, Yp, associated with boundary

layer growth over the blade profile,

ii) The secondary loss coefficient, YS, associated with the
turning of the boundary layer on the end walls of the

blade and the related separation of flow

'i11)  The loss coefficient associated with blade tip clearance,

Yo

and iv) The trailing edge loss coefficient, Yte’ caused by the
trailing edge thickness of the blade.

——— - . - T -t G - T e = — - -

3.1.2.1 Determination of Profile Loss Coefficient

Ina turﬁine blade passage, friction losses are caused by
the interaction of the flowing medium and the blade walls. A thin
sheet of decelerated fluid, the boundary layer, is. interposed between
the blade surface and the flowing medium and its thickness increases
with f]ow path length. Thus, the average flow in the cascade is
slightly accelerated due to the boundary layer displacement thickness
and a momentum loss results. The growth of the dispiacement thickness
and the resulting momentum loss is strongly affected by the adverse
pressure gradients in direction of f]ow. Strong adverse pressure gra-
dients are typical for the suction surface of decelerating cascades.
Actﬁa]ly a critical pressure gradient exists which causes boundary

layer separation. As Tong as the flow is not separated, it is possibie
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to calculate the boundary 1ayer displacement thickness and hence the
momentum (profile) loss, either from known pressure gfadient or expe-
rimentally, from cascade data. ‘

In the Ainley and Mathieson loss system [1],>the profile loss
coefficient, Y , is given as a function of the jncidence, i, of the

p
blade, expressed as:

i = =(gg - o) . . (5)

where
a; = gas inlet angle to blade, as shown. in Fig. 3.4,

also,it is - a function of the gas outlet angle, ags from the blade.

First, the profile loss is determined at zero incidence, then,
the stalling incidence, ig, of the blade row is determined; stalling
incidéncé being defined as the incidence at which the profile loss is
twice the loss at zero incidence.

Profile loss at zgro incidence, Yp(iﬁb), is given by, [1],

Yo(i=0) = Ups,=0) * Bi/%) Dp(p =a ) = Yp(e.=0) P

(6)
%((te/c)/.z)'ei/ao

where
Yp(g =0) © profile Toss coefficient of a nozzle blade
.i .

(ﬁ1=0) of same o, and pitch-per-chord ratio,

0
(s/c)sas the actual blade (Fig. 3.5)

iicinet
GG ERSITES) RUTEEE
RUGRLIL
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FIGURE 3.4 - Velocity triang]es'for an axial-flow turbine
stage.
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Y —a ) © profile loss coefficient of a zero-reaction
p(Bi Oﬁo
blade (impulse blade) of same R and s/c as
the actual b]ade‘(Fig. 3.6)
c = blade chord.

Once the loss coefficient at zero incidence is determined, the
value of the stalling incidence, is, is needed is order to calculate
the actual value of the profile loss coeffiéient; It is assumed in
[1] that the ratio of profile loss at any incidence to profile loss at.
zero incidence, Yp/Yp(i=0)’ is a function of the ratio of actual inci-
dence to stalling incidence, i/ig. This relationship is given in

Fig. 3.7.

The stalling incidence can beldetermined as follows, [1]

.i) First, the outlet angle for a blade having s/c = .75 is
determined.  Knowing the actual outlet angle, Qs and the

actual s/c, [1] gives
aO(S/C=.75) = (XO/[-.35(S/C) + ].25] (7)

ji) The stalling incidence for a blade of s/c = .75, is(s/c=.75)’
js determined. This is a function of a  and Biluo(s/c=.75)’

as shown in Fig. 3.8 [1].

iii) To calculate the actual stalling incidence of the blade,
Ais is needed. This is a function of s/c and o, [1], and

is given in Fig. 3.9.

The actual stalling incidence can be derived from

is - 1.s(s/c = 0.75) ¥ A1.s B .} (8)
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iv) Hav1pg now determined ig and Yp(1=0), the profile loss
coefficients over a wide range of incidence can be deduced

from Fig. 3.7 [1].

3.1.2.2 Determination_of Secondary and Tip_Clearance

o e et e 4w Gt . P P A W T . S s e G e S e Ses Tt Ve et B o S = e S = - - - o o -

The secondary losses arise from the interaction between the
2-dimensional flow through the blade passage and the endwall boundary
layer. The boundary Tayer at the annulus wé115 is deflected through
a blade row and a secondary vortex. is superimposed on the two-dimen-
sional f]bw through the passage. Thié secondary flow is directed
from the pressure side to the suction side of the blade near the top
and bottom walls and in the opposite direction in the middle of the
channel. The secondary losses, therefore depend on ‘the blade loading,

the blade shape (aspect ratio) and the endwall boundary layer.

SUCTION SIDE
, — PRESSURE SIDE
! /
awat VORTEX
/S \ SHEET
/ _qu' \ \ |
isl/ h '\r :@
)'/,/__ R
X
A~ // °
j= i G
G e TEV
X L > °
V(z) . 8Z
SECONDARY VORTEX \\ Y
: X

FIGURE 3.10 - Formation of secondary flow in a turbine
blade passage.
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Several empirical formulas have been suggested for the effect
of blade loading (Sec. 2), one that fits best to experimental data
~ being that due ‘to Ainley and Mathieson [T].
The blade Toading parameter of Ainley and Mathieson [1], Z,

is in the form:

C
7= ( Skc)z(cos%ao/cos3am) (9)
where
QL/(s/c) = 2(‘cano¢_i - tanao)cosam .
and

Ainley and Mathieson relate the secondary loss coefficient,

Y, to the above defined blade loading parameter, Z, as [1]

Yo = A, (10)

where A is an empirical function given as [1]

An o COSa
A= f{(ﬂ—lj—zaggjﬁzl(1 + ID/0D)} , : (-
n,i i
where
A i annulus areé upstream of row, as shown in Fig. 3.2.

The functional relationship of ), expressed in Eq. (11) is
shown in Fig. 3.11.

Equation (11) has been corrected iater by anham and Came [2].
Their correlation represents a significant improvement over that of

Ainley and Mathieson [1], particu]ar]y_for blades of Tow aspect ratio
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(c/h), as encountered in small turbines. Although for more advanced
methods of performance prediction, it would be necessary to calculate
the wall boundary layer development, Dunham and Came [2] avoided this

complication by the adoption of a single constant, in place of A,
Y = 0.0334(c/h)(cosao/cosgi)z - {12)

where, as shown in Fig. 3.1 and Fig. 3.2,

¢/h = éspect ratio.

If there is a clearance .between the tip of the blade and the
side wall, there occurs a flow through the clearance directed from |
the pressure side towards the suction side. The 1ntensity‘of this
leakage flow through the clearance is proportional to the pressure
difference between both sides of the blade, and thus proportional to
the deflection [25].v The tip clearance loss coefficient, Yk’ depends
consequently on the blade loading [1] and the size and naturé of the
clearance. Examination of both cascade and turbine data confirmed
that Ainley and Mathieson's [1] blade loading parameter, Z, represents
the effect of blade loading on Clearance losses, satisfactorily.

In the method of Ainley and Mathieson, Yk is expressed as [1],
YP = B(k/h)Z _ (13)

where the constant, B, accounts for the type of the clearance and

B = 0.5 for plain tip clearance

n

B=0.25 for shrouded tips.

This correlation has been corrected by Dunham and Came [2],

according to Hubert's cascade data [26], in the following way
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Yy = Ble/h)(k/c)* 7"z (14)
where B = 0.47. for plain tip clearance
B =0.37 for shrouded tips.

3.1.2.3 Determination of Total Loss Coefficient and the

S S T G S S T > TS S B WD e . o = P " - - St . = — o A

R e kol TR PO pIe S Vpanpuny ™ Sl A phegpu

In the Ainley and Mathieson Loss System [1], the profile,
secondary and clearance loss coefficients are simply added to yield

the total pressure loss coefficient, Yt'

Yo=Y Y +Y | (15)

p

This procedure applies to “"conventional® blades [18], having
a trailing edge thickness, te, roughly equal to 2% of the blade pitch,
s. If the ratio of trailing edge thickness to blade pitch, te/;,
differs from 0.02, then the total loss coefficient should be corrected

by a factor, Yig» [1]

Yt =_LYP + YS + Yk] * Yte (16)
where, the trailing edge loss coefficient, Yte,is defined as
Yte = 21.6(te/s)2 + 3.86(te/s) +0.91 , (17)

and

t, = blade trailing edge thickness, as shown in Fig. 3.1.
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3.1.3 Determination of Gas Conditions

Once the total loss coefficient related to a particular blade
is determined, the pefformance of the stage at particular entry flow
conditions andat particular blade speed is determined. The calcula-
tions aré then repeated for different values of these barameters and
the overall performance map is built up. The method explained in this
section is completely based on the system of Ainley and Mathieson [1].
It is assumed that the turbine is single stage and that the nozz1e

dperates at zero incidence. The method cahleasily be adopted for
use in a multisfage turbine, the incidence onto the nozzle of any

stage being calculated from the flow at exit from the previous stage.

3.1.3.1 Determination of Gas Flow Conditions at Outlet

= - T T e S G A A e 2t e P e e S e e S Gt e G A e -

The procedure for determining the outlet gas conditions
from the known inlet conditions and the calculated loss coefficient,

Yt’ is outlined as follows.

i) Since the Mach number at outlet, M2, is initially unknown,
a preliminary guess for a, is obtained from Eq. (1) on the

basis of geometric parameters.
ji) The non-dimensional inlet mass flow, M /f1/A2P], is
calculated from iniet conditions, where

turbine inlet mass flow

m

T absolute total gas temperature at inlet to first

nozzle row
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)
it

1 absolute total gas pressure at inlet to first

nozzle row

9 = An,z.cos s

jii) It is assumed_that the maximum non-dimensional mass flow
that can be passed through a specified blade passage,
(T, /Aop1)max’ is a function of the total loss coefficient,

Yt’ This relationship is plotted in Fig. 3.12.

The mean pressure drop within the blade passage ‘is expressed
in terms of a non-dimensional quantity,'EYPi, where

w = mean loss of total pressure through a blade row due to

friction and flow separation.

The value of'G/Pi at the point where the non-dimensional mass
- flow reaches its maximum value, is termed the critical pressure drop
ratio, GB/Pi)crit’ and is a function of the total loss coefficient, Yt'
This relation is plotted in Fig. 3.13.

‘Therefore, the values of (m/T]/AZPj)ma and (@/P;)

cr1t
given Yt is found by referring to Fig. 3.12 and Fig. 3.13, respectively.

jv) Over the range of outlet Mach number 0 < M0 < 1.2 and
total loss coefficient 0 < Y, < 1, the actual ratio of
pressure loss to inlet pressure, ZVPi, can be related to
the actual non-dimensjonal mass flow, m/Ti/AoPi, by a

against |

single curve,plotting (BVPi)/(EVP )

(/T /AP )/ (/TR P max

crit
This relationship is given

in Fig. 3.14.
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Thus, from the above determined values of GH/P])

ding value of actua]'G/P] and from this, the absolute

crit?
and mjf;/AzP], one can find the correspon-

max
total pressure, P2, of gas at outlet of the stator can

be found from:
Py=P -5 . (18)

Then, the non-dimensional mass flow at outlet of stator,
ﬁ/TE/AZPZ, can be calculated, knowing that for an uncooled
nozzle, T2 ='T], where T2 is the total absolute gas outlet

temperature from nozzle (Fig. 3.3).

From the value of ﬁ/TE/A the value of M2 and VZ/JT;,

222
where V2 is the absolute gas outlet velocity from stator,
can be deduced. The curves represented on Fig. 3.15 and

Fig. 3.16, respectively, should be used for this purpose.

It is stated in Section 3.1.1 that the gas>out1et angle
from a blade row,'ao,“is a known function of outlet Mach
number, Mo' Therefore, one can comparé the value of 0o
corresponding to M2 found in (v) and the initial value
vof Oy guessed in (i). If the two values differ from eacﬁ
other by more than a given tolerance, the new value of
aé is taken as the improved guess and the procedure is

repeated.
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3.1.3.2 Determination of Gas F]ow Conditions Re]at1ve

Knowing the gas velocity, flow angle from the nozzle row and
the blade speed at the reference diameter, the gas conditions relative
to the inlet of the rotor can be determined from the velocity triangles

(Fig. 3.4)

Va;3 =V, cosa, (19)
and ‘
_ -1
ag = tan [(U/Va’3) - tanuzj R (20)
where
Va 3" axial component of gas velocity at rotor inlet,

U rotor blade speed at reference diameter,

0g relative gas inlet angle to rotor.

Also from velocity triangles,

V, cosaq = V, cosa, - : (21)
Thus,

V3/V2 = cosa,/C0Say (21.a)
where

Vg = relative gas inlet velocity to rotor.

The energy equation gives:

- 2
T=Tg f.V /2Cp (22)

where

Cp = specific heat of gas at constant pressure.
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From Eq. (22) and from the fact that the static temperature
at exit from the nozzle is equal to the static temperature relative
to the rotor entry (i.e. L =>Ts 3)‘the total head temperature, Tss
s S H

relative to the'rotor inlet can be foundi

- 2
Ty = Tg,2 * Vo/2C, (23)
T3 B Ts,3'+ Vélch (24)
= 2 )
Ty = T o+ V3/2C (25)

From Eqs. (23) and (25)
- = (V2 - \2 |

T3 (V2 Vs)/ZCp | (26)
Combining Egs. (26) and (21.a) and rearranging,

=T, + V2

Ty > 2[1 - (coszaz/coszaB)]/ZCp (27)

Having found T3, total head pressure relative to rotor at inlet,
P3, may be deduced from:
T, = T ‘
P = P L1 - (Bt (28)
3 2 T
1 .
where

Yy = ratio of specific heats for the gas.

0 3.1.3.3 Determination of Gas Flow Conditions Relative

The flow is calculated along an axial line at constant

diameter, and no heat is transferred to or from the blades. Therefore,
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there must be no changes of total gas temperature relative to the

rotor, i.e.

Ty = Tgs where Ty is the total head temperature relative

to rotor at outlet.

The procedure to be followed is given as:

i)

From known rotor inlet gas angle, ag (Eq. (20}), and inlet
blade angle, 33, the value of the incidence on rotor can be
determined from Eq. (5). Using the incidence, rotor total

loss coefficient, Y » can be found as explained in

t,rotor
Section 3.1.2.

The value of ﬁ/f;/A4P3 is calculated. This is the non-

dimensional mass flow at inlet to rotor, where

Ay = An,4cosa4 | . (29)

where

111)

An 4 Anrulus area downstream the rotor row
]

g relative gas outlet angle from rotor.

Since the value of rotor outlet Mach number, M4, is ini-
tially unknown, a preliminary guess for rotor outlet gas

angle, Ggs is obtained from Eq. (1), on the basis of the

geometric parameters.

From the value of Y
w/P3)

respectively.

t,rotor’va]ues of m/Ta/A,P5) o and

cpit MY be found from‘F1g. 3.12 and Fig. 3.13,
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iv) The ratio (WT3/A4P3)/(WT3/A4P3)ma'X is calculated, the

3.1.3.4

where

and

v)

corresponding value for G;/P3)/GE/P3) is found from

crit
E1g. 3.14 and finally from the known GE/P3)crit’ the
actual wYP3 is deduced.

Since P3 is known, the total gas pressure relative to

rotor at outlet, P4, can be derived from:
Pp =Py - (30)

The magnitude of rotor outlet non-dimensional mass flow,
ﬁ/TZ/A4P4, can now be calculatedyand from Fig. 3.16 and
Fig. 3.15, the corresponding values of V4//TZ and M4 may

‘be found, where,

v

4 = 98s velecity relative to rotor at outlet,

H4 outlet Mach number from rotor.

As before, if the value of ap corresponding to the value

of M4 found in (iv), differs from the value approximated

in (i), the process is repeated using the latest value of ay-

Determination of Absolute Gas Flow Conditions

From the velocity triangles shoWn in Fig. 3.4

a,d = V4c05a4 : (31)

L=
l

'tan-][(U/Va’4) - tana4] (32)
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<
i

a4 = axial component of gas velocity relative to rotor

at outlet,

o
3
[=N
Q
—
1

- absolute gas outlet ang]é from rctor, or
absclute gas inlet angle to the next stator.

From the energy equation (Eq. (22)),

Ty =Ty - Vz[l - (cos? a4/cos~a )]/ZC (33)
and
T3 -1
Py = Pl - (2 B T - (38)
3

where, as shown in Figure 3.3,

Ti = absolute total gas temperature at rotor outlet, or
absclute total gas temperature at inlet to next stator
P{ = absolute total gas pressure at rotor outlet, or

absolute total gas pressure at inlet to next stator.

3.1.4 Determination of Turbine Overall Characteristics

The overall stage pressure ratio, P{/P] and the temperature
drop ratio, (T] - Ti)/T], corresponding to the initially selected
value of non-dimensional mass flow at inlet, m JT;/P], may now be
determined.

The overall stage isentropic efficiency, n, is then given by
0= [Ty - T/ - (/e Y (35)

The magnitudes of pressure and temperature drop ratio and the
isentropic efficiency for different values of non-dimensijonal mass

flow can be calculated to construct a performance characteristic.
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The process may be extended by choosing several blade speeds

for the turbine and by constructing a constant speed characteristic

curve for each speed chosen.

~ . 3.1.5 Performance of a Choked or Nearly Choked Stage

Choking is assumed to occur in a tﬁrbine row when the non-
dimensional mass flow, ﬁVT?/POAO, in nozzle or rotor, attains its
maximum value for:the given total loss coefficient, Yt’ and blade
outlet angle, a,- The flow upstream of the choked row then remains
unchanged as the overall pressure ratio is increased, the flow down-
stream becoming supersonic and the gas direction changing s]ightly
to preserve continuity. The flow may choke again downstream as the

pressure ratio is furthérvincreased.
| Ainley and Mathieson [1] suggest the following procedure for |
calculating the flow through a choked row, assuming tﬁat the flow
quantity, &/T;/Po, and the loss coefficient, Yt’ remain constant as

the pressure ratio is reduced below that required to choke the blade

passage.

i) The value of outlet Mach number, MO, is arbitrarily

selected.

ii) Knowing Mo’ the values of non—dimensfona] flow parameter
‘at blade outlet, h/f;/AoPo, and the total to static
pressure ratio, Po S/Po, can be found referring to Fig.3.15

and Fig. 3.17 respectively.
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ii1) MNow, from the definition of total loss coefficient (Eq. (4)),
from known total to static pressure ratio, Po,s/Po’ and
from total loss coefficient; Yt’ which is unaltered, one
géts

Py = Py = V[P - Py ] (36)

Dividing throughout by P,» and using Eq. (18), one gets,

alPy = V[T - P /PT (37)
and
/Py = @R+ /P (38)
so that, finally,
Py = Ps - B

Knowing that To = Ti’ one can 7ind from ﬁ/f;/AoPo, the

necessary value of Ao’ Since

A0 = An’OCOSaO ’

the required value of blade outlet gas angie, Gy Can be determined.
Having thus determined the new outlet conditions relative to the row,
the absolute conditions at the outlet can be calculated as before.
This procedure is repeated until the outlet Mach number is equal to
unity. Only those results for which the mass flow attains its maximum
value and the outlet Mach number reaches unity are taken into conside-
‘ration. Although the intermediate steps are necessary for predicting
the exact value of the pressure ratio for which the turbine fully
chokes (when M0 = 1) and although they will appear on the output of |

the computer program, the data points corresponding to those intermediate
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steps will not be shown on the final performance curves.

3.1.6 Effect of Reynolds Number

In reference [1], it is stated that the magnitude of the effi-
ciency and turbine performance calculated using the data presented,
- would correspond to a mean operating Reynolds number of approximately
2x105, the Reynolds number being defined by blade chord, outlet gas
velocity (re]ative to the row), outlet gas density and outlet gas
viscosity.

Thus, it is reccmmended in [1] that an approximate correction

be applied to the overall characteristics by assuming -that the turbine

overall efficiency is affected by Reynolds number variatjons as

: Re o2
1- Neorrected (1 -n)# (leéé) ' (39)
where
Re’m = Mean Reynolds number of stator and nozzle.

In the revised method of Dunham and Came [2], however, an
optional correction is applied directly to the profile and secondary

losses, using the Reynolds number appropriate to the particular blade

rov:

Re y=-0.2
= (
p* Ys) corrected (Yp Y ) (40)

(v
2x10°
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3.2 OPTIMUM DESIGN OF A GAS TURBINE STAGE

The second part of the thesis involves the design of a gas
turbine stage in which the aerodynamic losses are minimized (or,
the aerodynamic total-to-total efficiency is maximized). The analysis
may be split down into two parts: the calculation of the efficiency

and the optimization of the efficiency.

3.2.1 Calculation of the Efficiency of the Stage

The efficiency calculation is performed according to the method
given by Rao and Gupta [3]. The method consists in relating the effi-
ciency to the most relevant turbine parameters,.name]y, the turbine
mean diameter, the chord and pitch lengths of the steator an& rotor
blades, -the rotdr blade inlet and exit angles and the axial velocity
through the stage. The remaining parameters of the problem are ex-
pressed in terms of these 8 design variables. Initial values are
given to the design variables at kbegiﬁning of the analysis and these
are modified through the iterative process explained in Section 3.2.2.

| In the present design method, it is assumed that the total
préssufe and temperature at the inlet to the stage, the mass flow rate
across the stage and the speed of the rotor are known parameters.
Further, it is assumed that the properties of air suchras the specific
heat at constant temperature,the gas constant, the viscosity and the
ratio of the specific heats are a]éo known.

Before discussing the procedufe, it must be noted that the

effects of incidence and deyiation of the gas stream onto and away
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the rotor blades are completely neglected in the present method, i.e.,
the gas angles at the inlet and outlet of the rotor blades are assumed
to be equal to the respective blade angles. Consequently, the inde- |
pendent choice of the rotor inlet and outlet gas angles consitutes the
main difference between the procedures of the first and the second parts
of the thesis. In contrast to the method of Ainley and Mathieson [1]
in which the outlet gas angles from the blade rows are determined through
a trial and error process after having obtained the respective total
losses of the rows, in the procedure of Rao aﬁd Gupta [3], the trial
and error process is imposed directly on the total loss of the stator
and on the~totai-to-tota1 efficiency.

The performance estimation method of {3] mayv be outlined as
follows:

First, tﬁe static gas conditions at the stator inlet are
determined using the known inlet conditions. From the energy equation

(Eq. (22)) it is deduced that:

= 12
Tie = T.l - \Ja/ZCp (41)

1s

where the inlet gas velocity to the (first) stator row is assumed
axial (and of an assigned magnitude since V, is a design variable).
For an isentropic expansion as shown in Fig. 2.3, the static

pressure can be found from the thermodynamic relation,

- Y/ (Y-1 ‘
g = Py(Ty /T T . (42)

1s

and from the perfect gas low, the inlet gas density, Py is determined

as:
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P17 P]s/(RaTls) | (43)

where Ra is the gas constant.

The geometry of the turbine at inlet can now be determined

from the consideration of the continuity equation:
Ap1 =WV (44)
where, as also shown in Fig. 2.2,

A = annulus area at inlet to stator.

n,l
The annulus height at turbine inlet, h], is given by

h] = An,]/n.D . _ (45)

where D, the mean diameter,is a design variable of preassigned value.

Since the rotor inlet gas angle, G35 is also a design varijable
with an assigned magnitude, the velocity triangles shown in Fig. 3.4
can be used to determine the gas angle at the outlet of the stator.
Thus, |

Gy = tan'1(tana3 + Va/U) (46)
where the blade speed, U, at reference diameter, D, is determined

from the known rotational blade speed, N, as
U = m.0.N ‘ ' (47)

The gas outlet velocity from the stator is also determined from the

velocity triangles asA

Vo = Va/cosoc2 | (48)
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Now, the static pressure, PZS’ and the temperature, T25’ at the
stafor outlet must be determined. The energy equation (Eq. 22) gives
2

S easily. Hence,

Tos = Ty - Val2c, | | (49)

However, the evaluation of P2$ is not straight forward and
requires the use of the stator total loss coefficient, AN’ based on

the temperature drop (or, the enthalpy loss). Horlock [4] defines

Ay 2s
T, - T,. .
Ay = 2s 25,18 | (50)
Ty - Ty
where T25 is is the absolute isentropic static temperature at the

stator outlet, as shown in Fig. 2.3.
It is noted that Eq. (50) contains two unknowns, namely, AN
and T25 is® Therefore, this step requires a trial and error process

to be carried out. Accordingly, a first trial value is assigned to

Ays and then, combining Eq. (49) and Eq. (50), the value of Tas,is
fs obtained:
: v,
Tpe is = Ty - —— (1= 3y (51)
2cp

The absolute static pressure at the stator ouﬁ]ég,PZS, can now
be determined from the thermodynamic equation for isentropic expansion

as follows:

Py = P]/(T]/TZS,is)Y/(Y'1) | (52)
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The gas density at the rotor inlet is given from the ideal gas law:
Pa = PZs/(RaTZS) _ (83)

and as before the flow area at the rotor inlet is determined from

the continuity equation:
An,2 = m/(ozva) (54)
The annulus height at rotor inlet, h2; is given by:

h2 = An,Z/(ﬂ'D) (55)

In order to determine the gas conditions at the rotor outlet,
an important aerodynamic parameter is used. This is the stage total

temperature drop, AT, which is defined as:

AT =Ty - Ti' : (56)

where

Ti ﬁota] absolute gas temperature Teaving the stage.

However, another expression for AT can be obtained through the following
analysis. For adiabatic f]o&nin a turbine stage, the specific work

7 output in the rotor blades, AW, is equal to the chénge in specific

total enthalpy, i.e.,

where H] and H{ are the total enthalpies of the gas entering and
leaving the stage, respectively. Eq. (57) can also be expressed
in terms of the total temperatures at the entry and exit of the

stage. Therefore,
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AW

A
Cp T o (58)

On fhe other hand, considering the momentum equation applied
to a control surface enclosing the rotor, the specific work output,
AW, can be expressed as the toté] change of momentum of gas per unit
flow, i.e.,

AW = U(Vt +V

5 t4) (59)

where, as shown in Fig. 3.4.

Vi s
Tty

V., = tangential components of absolute gas velocities

ty

at rotor inlet and outlet, respectively.
Again considering the velocity triangles in Fig. 3.4, Eq. (59) can be

modified as follows
AW = UVa(tana3 + tana4) (60)

Finally, combining Ed. (58) and Eq. (60), a second expression for the

total temperature drop across the stage'is obtained:

AT = U‘la(tana3 + tana4)/C (61)

P
and the absolute total gas temperature at the rotor outlet follows

directly from Eq. (56)

=T -aT | (62)

The determination of the total gas pressure at the outlet of

the rotor, Pi, is not as easy as in the case of the stator, because
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it involves the expression of the total-to-total stage efficiency, ng-

Horlock [4] defines the stage efficiency as follows:

T, - T
) T - Tl .
1 1,1s

where T{,is‘is the total absolute isentropic temperature at the stage

outlet. On the other hand, the thermodynamic equation for isentropic

expression gives,

Ti,is
B

Combining Eqs. (62), (63) and (64),one gets

U (65)
]

It is ncted that, again, there are two unknowns in Eq. (65)
name]y,P{ and . Therefore, the procedure must involve here the
assumption of a trial value fof'the efficiency, n. This guessed
value is replaced by the more accurate value of n at the end of the
first iteration, aﬁd the iterative process is continued until the
values of the stége efficiency in two consecutive iterations are
sufficiently close to each other.

From the ve]ocify triangles at the rotor outlet (Fig. 3.4)
and using the assigned value of the design variab]e,'a4, the abso-
Jute gas outlet angle from the rotor (or, the absolute gas angle

at the inlet to the next stator row), ai,can be determined as
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al = tan'1(tan04 -V, (66)

and the absolute gas velocity at the outlet of the rotor row is given

by
Vi = Va/cosa{ . : - (67)

The absolute static temperature at the rotor outlet is deter-

mined from the energy equation (Eq. (22)):

= T o 12
M,s =T = 072, (68)

whereas the absolute static pressure at the same station is determined

from the thermodynamic equation for isentropic expansion:

1 = pifTs I 'Y/(Y‘]) : )
P1.s = P77 ¢/T)) _ (69) -

The density of air leaving the rotor is found from the ideal gas law.

The annulus area A4 n and the annulus height, h4, are determined from

-

the continuity eguation as before:

Py = Pys/(RaTye) - 70
Agn = m/ (p,V,) _ (71)
hy = Ag o/ (7.0) o (72)

After the gas conditions at each station are evaluated, the
pressure loss coefficients of the stator and rotor, based on guessed
blade outlet angles are calculated according to the procedure of
Ainley and Mathieson [1] as corrected by Dunham and Came [2] (Section

3.1.2). The pressure 10ss coefficien;s for stator (YN) and for rotor



61

(YR) lead to the improved value of AN and AR and thereafter to the
improved value of n. The correlations of pressure loss coefficients, .
Y, of Ainley and Mathieson [1] and enthalpy drop coefficients, A, of
Hoclock [4] are given by Rao and Gupta [3] as follows:

T

= 2s,1s
AN,improved = N T - (73)
B
and I
4s,is
s .= Y 215
AR, improved R T4 (74)
where, T4s is is the absolute static isentropic temperature at the

rotor outlet and can be determinad Trom the thermodynamic relation

for isentropic expansion as,

p
- 25y (y-1) /v
T45,1’5 B TZS/(F;—) (75)
s
and
Ty = Tyg + Vi2/2¢ | (76)

The expression for n, as given by Horlock [4] is as follows:

‘H, - Hi i
N = __;ij_l_ (77)
- M is
where
H{ is = absolute total isentropic entropy at.rotor outlet.

Rearranging and noting that the total enthalpy drop is equal to the -
static enthalpy drop for the rotor blades, Eq. (77) may be put in the

- conventional form which is,
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- 1
. fyt ~ - 2
14 (AR\V]Z/ZLP) + (T3S/T25)ANimprOVEd(Vz/Zcp))/(T] - T{)

n

(78)

The final step of the procedure is the evaluation of the Reynolds

number, Re, of the stage:
Re = (p2 V2 Cy + Py Vi CR)/(Zu) (79)

where t is the viscosity of the fluid.

The correction for Re applied ton is realized as suggested

in [1]:

(80)
If n Re differs from  assumed in Eqg. (65), then the value of
N Re and AN,improved.are taken as the improved guesses to be used in

Eq. (65) and Eq. (51) respectively, and the procedure is repeated .

until convergence.

3.2.2 Optimization of the Efficiency of the Stage

Inspection of the efficiency equations together with the loss
relations presented earlier shows that analytical optimization is not
possible due to the high non—]inearffy of the expressions (Sec. 3.2.1).
It is therefore, necessary to resort to a numerical optimization

technique.
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It is stated in Section 3.2.1 that the isentropic efficiency,
n, of the stage is considered to be a function of the eight design
variables, including the.mean dizmeter, rotor ¢ stator chord g pitch
Tengths, rotor inlet and outlet blade angles and the axial velocity.

The initial values of the design variables assigned ét the beginning

of the analysis are modified during the iterative optimization process.

The remaining data of the problem are either given at the start or can

be expressed in terms of the design variables during the analysis.
o

Grouping the design variables as a vector quantity, X, the opti-

mization problem in hand can be stated in the standard form:

. > .
Find X = {D, CR’ CN’ SN’SR’_QB’ Gy Va} v21ch

maximizes n(X) (81)

However, a practical turbine design,'in most cases, is the
result of a multitude of compromises. The maximum efficiency to
be obtained would turn out to correspond to a geometry which poses
either fabrication problems such as excessive rotative speeds, huge
diameters, etc., or violates the aercdynamic requirements such as
excessive Mach numbers, choking, etc. In order to avoid such un-
desired results, it is therefore necessary to meet the requirements
rising from aerodynamic, vibrational and strength considerations.
In the present thesis, only those requirements which are relafed to
aerodynamic considerations are considered. Tha constraints of the
numerical prob]em are as visualized in Ref. [3] and they are stated

in a non-dimensional form as follows:
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The rotational velocity of the rotor should be within some

upper and Tower bounds. In the present study it will be

required that

=0 _q0<o0

v | (82)
Y 10<0 |
400 =

The aspect ratio(height/chord) of rotor and nozzle blades
should be within some specified upper and:lower bounds.

The bounds used in the present study are as follows:
(ng/8D) - (Ca/D) < O

(Ca/D) - (hp/2D) < O | (83)
(hy/100) - (C/D) < O

(cy/D) - (ny/2D) < 0

where hN and hR corréspond to the average nozzle and rotor

annulus heights, respectively and are expressed as follows:

hN = (h.l + h2)/2 .

) (84)
hp = (h2 + h4)/2.

The pitchftb-chord ratio of the rotor and nozzle blades
should 1ie within certain 1imits. The present analysis
will require that
0.5 < SN/CN < 1.0

(85)
0.5 < Sp/Cq < 1.0
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The relative gas velocity angles at inlet and outlet of
the rotor blades should be within some specified bounds.

Here, it will be assumed that

0.01 < ag < 1

. (86)
40/57 < ag < 1.4

The axial velocity of flow should Tie within some upper
and lower bounds which will be given in the present

analysis as

(50/Va) -1<0

_ - (87)
(Va/400) -1<0
The actual pressure ratio across the nozzle blades should

be below the critical pressure ratio:

where the critical pkessure, PC, across the nozzle is
found from frictionless, adiabatic flow approximation
[27] applied to the throat section for critical conditions,
and is given as follows:
P = P, (__Z_)Y/(Yﬂ) (89)
Y + 1
The Mach number at the exit from the stage should be Tess
than a specified maximum value. Here, the maximum value

will be assumed to be unity.



66

My - 120 | (90)
where, M4 is given in [3].as

Vi
M, 1 (91)

¢YRaT3S

[t}

The included angle of divergence, e.s of the turbine
annulus walls should not.exceed some specified upper

Timit taken in the present study as

(]Zuc/w) -1.5<0 (92)
where, o, is defined as follows [3]
i h, - h
¢, = tan 1 i 1 (93)
2(CN + 1.25CR)

The flow coefficient, ¢, as defired by the ratio of axial
velocity to blade speed (Va/U) and the stage temperature

drop coefficient, w,‘defined as:
P = ZCPAT/UZ ' (94)

should 1ie within certain limits. The present study

will assume that these 1imits are given by

0.25 < ¢ < 2 - (95)
0.5<y <6 (96)
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- 10. The degree of reaction at mean radius must be within some
specified upper and lower bounds. Here,

0.3<R< 0.7 (97)

where the reaction is defined as [3]

R = ‘; (tany, - tam,) (98)

Grouping the constraints given by Eq. (82! through Eq. (98)
o
as @ vector quantity, G, and arranging so that

§_<_ 0 (99)

the nonlinear programming modei of Eq. (81) can be modified as

R
Find X

- . -« +
which maximizes n(X)

o > (100)
subject to G{X)
However, no analytical or numerical soluticn to the constrained case
of a nonlinear programming problem has so far been offered in the
literature. Therefore, it is necessary to convert the problem of
Eq. (100),into an unconstrained optimization prchiem. The transformed
problem can then be solved using the Steepest Accent Method [29].
The transformation is realized through the widely used non-

Tinear programming method of Fiacco and Mc Cormick [24,28,29] known
as the Sequential Unconstrained Maximization Technique (SUMT). The
procedure is more or less similar to the use of the Lagrange multip-
liers method [29,30] and invoives the transformation of the objective
function into an interior penalty function, P, augmented by a penalty

term consisting of the constraints.
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This concept, applied to Eq. (100) results in the new function:

> 0
PRary) =a(X) + v 3 | (101)
= 'i

where " is a non-negative parameter, called the resequencing
factor.

It is assumed that the optimization of Eq. (101) is equivalent
to the optimization of Eq. (100). To clarify the idea, the following
reasoningAis given.

First, the constraint equations, Gi’ as given in Egs. (82)
through (98), are convex [29]. It follows that ]/Gi is concave as
" n also is. Consequently, P is concave and thus possesses a unigue
max imum.

Furthermore, ihe optimization of P is performed for a decreasing

sequence of rys i.e.,

0< g <Py - ‘ (102)

This means that, in ihe Timit, when r| is sufficiently small,

’
N

. ‘ ‘

Lin_P(X,r,) = n(X) : | (103)

Y‘k—>-0‘
Therefore, at the end of the procedure, the contribution of the con-
straints to the penalty function will be minimized and the resulting
optimum of P(i,rk) will correspond, with approximately no error, to

_> .

an optimum efficiency, n(X).

The algorithm is initiated by arbitrarily selecting an initial

non-negative value for e In the present work, this initial " is
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chosen, as suggested in Ref. [3], to be

ry = ax107t , (104)

and the decreasing sequence imposed on "y is realized through:
Prs1 = T/ 10 ' (105)

An initial point, §o’ is seiected as the first trial solution.
Since the method Of,[24] is essentially an "Interior Point Unconstrained
Maximization", io must»be an interior point, that is it must not 1ie
on or beyond the boundaries of the solution space. The vaule of io
given in [3] as calculated according to the constraint equations, is
adopted in the present thesis.

Given the value of g and ?0, the Steepest Ascent Method (SAM)
[297 is used fo determine the correspondihg optimal solution of
P(i,rk). The object of the S.A.M. is to generate ;n+1 once Yn is
given. Logically, the next trial point, §n+l’ should be selected in .
the direction of the fastest rate of improvement in the objective
value. This direction=is determined by using the information provided
by the gradient of the objective function, ﬁP(?n,rn), at the current
trial point, ?n. The relation between the next and the actual trial

points is given as:

-5

> >
X 41 = X, * Ry ,nﬁp(xn,rn) (106)

P

where ROp is known as the optimal step size.
Following Eq. (106), in order to determine the next trial
point, it is therefore necessary to determine both a feasible direc-

tion, VP, and the optimal step size in this direction, Rop‘ In the
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->
present thesis, the determination of VP and Rop at any point is
performed in the foT]owihg way:

Referring to Eq. (101), the gradient, VP, of the penalty func-

tion can be given as:

> N 1
W) = () #3902 ——1 (107)
0=l 64(X)
or
- > 10 1
VPXry) =W (X) - r3 5 —=] , (108)
©oi=l Gi(X)

As presented in Eqs. (41) through (80), the efficiency equations
expressed in terms of the design variab]es,-i, are implicit. Therefore
a straight ana1yticrdifferentiation would be quite cumbersome. The
seme is also valid for the determination of'$(1/6§(§)). Coﬁsequent]y,
the genena1 chain rule using the Jacobian Matrix evaluation is applied
to this problem. The general chain rule states that [31],the Jacobian
Matrix, Jin’ for a multivariable, continuously differentiable function,

u, can be expressed as:

Jin -
32y
av. 89X, oY
- 5-2u i k ©7g | (109)
3V1- awj S.YQ' azm
where »
u = u(v;) i=Tmy
ViE Vi(mj) j=Tm,
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Xk = Xk(.yl) k = ],n3 ; L= 1,!’14
yg’ = yg’(zm) m= T,ns

The differentiation of n(X) and 1/G§(§) is thus performed by

the use of equation (109). Rop'in Eg. (106) can be determined as

-> .
follows. Since the objective is to determine Xn+1 which gives the

=
largest improvement in the value of P(X,rk), Rop is determined as

the optimal value for which
- pi a0y
H(Rop) = P(Xn + RopVP(kn,rk) (110)

is maximized over Rop’

. -+ -+
Noting that, in Eq. (110) both L and -P(Xn,rk) are known and
fixed Tor the moment, H is a function of Rop only. Therefore, the

value of Ro which maximizes H(Rop)-can be determined by a numerical

P

trial and error process. This process is started from ROp = 0 and

continued until, Tor some Xi’

Xn+1,i > Upper bound of Xi

or - (111)

4 . < ' X..
An+1,1 Lower bound of ;

Once the optimal step size, R__ of Eq. (106) is determined from

op
Eq. (110), this optimal step size is fed into Eq. {106) and the new
starting trial point‘§n+1 is found. Then, the gradient of P at this
new point is determined and the procedure is repeated until the

values of P corresponding to two consecutive iterations are approximately
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the same. This process is called the "one-dimensional maximization"
of P.

Note that at the point where Oné—dimensional maximization 15
terminated, the optimum design vector, §, and the corresponding optimum
efficiency, n, are expressed for the relevant va1ue_of’rk. Therefore,'
once an optimum n is found for some Ty rk is updatedaccording to
Eq. (105) and the whole procedure is repeated, until for two successive
va]ues of e the corresponding optimum efficiencies are approximately
the same. ‘ |

Numerical applications of the above procadure have indicated
that for ry < 4x10'6 further iterations result in negligible improve-
ments in n. For computer time saving purposes, therefore, the calcu-
lations ére stopped beyond this value of it Consequently, for each
run with new input conditions, three sequential maximization steps
are performed in the range,

6 4‘

r, < 4x10°

4x10 K
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IV, RESULTS AND DISCUSSIONS

Based on the analysis given in Chapter 3, two cbmputer'programs
have been developed. Inpuf and output descriptions together with the
program Tistings are presented in Appendices B and C. The application
of the progrems to turbine stéges with varicus inlet gas conditions
and blade rotational speeds are discussed in this chapter and the

nunerical results are presented in graphical and tabular form.

4.1 RESULTS ON PERFORMANCE EVALUATION

As presented in Chapter 3, the program developed is based on
the study of Ainley and Mathieson [1] with the suggested modification
of Dunham and Camel2]

The variation of the blade cutlet gas angles with the outlet
Mach number is plotted in Fig. 4.1. The curve obtained for the case
of the stator is in agreement with.the results of Ref. [1], but a ‘
deviation (~1.5°) in the outlet angle is observed for the case of the
rotor, especially for Mach numbers exceeding 0.5. It should be re-
membered that the calculations of Ref. [1] are hand-made. Therefore,

the computerizéd calculations of the present work can be considered as

more precise.
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| ‘The variation of the rotor loss coefficient with respect to
the incidence is given in Fig. 4.2. The deviation of the results
from those of the original method [1]; especially for incidences
lower than -15° and higher than +10% are due to the fact that secon-
dary and tip clearance losses are calculated in this thesis, according
to the suggested modifications of Dunham and Came to the original
Ainley and Mathieson method. Since Dunham and Came's correlations
have provei, over}the last three decades, to give more adequéte results,
especia]iy Tor the case of the turbines with low aspect rétio, the out-
puts of the present thesis may be found more reliable than those re-:
ported in Ref. [1].

The total-to-total zersdynamic efficiency, n, of the stage is
plotted in Fig. 4.3, zgainst the overall pressure ratio. A plot of |
 the initial mass.flow parameter is a]so given on the same Tigure.
Three curves, corresponding each to a different value of the speed
parameter, N/J?, are shown on the Tigure. It is observed, in gehera],
that the efficiency decreases slightly for decreasing values of the
speed parameter. The same is afso valid for the mass flow parameter,
which decreases from 10.268 (corresponding.to N//T = 435, as given
by Ref. [1]) first to 10.159 {for N//T = 428) and then to 10.113 (for
N//T = 393) at the point where the rotor is choked. For both cases,
the pressure ratio for vhich the stage completely chokes (i.e. Mach

number equals unity) is correctly predicted as 0.51.
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4.2 RESULTS ON OPTIMUM STAGE DESIGN

A computer program is develobed, based on the turbine stage
berformance evaluation model suggested by Rao and Gupta [3] and on
the optimization method of Fiacco and Mc Cormick [24]. Table 4.1
summarizes the results obtained by the application of the program
to various inlet gas conditions and to Qarious blade speeds. The
results are also presented in graphical form within Fig. 4.4 through
Fig. 4.9. '

rig. 4.4 is a plot of the overall efficiency to the overall
pressure ratio. The data points are grouped under two different
sets: regions cqrresponding to thiree ranges of the mass flow parameier
" based on annulus diameter, ﬁ/?;/P]DZ, and various lines corresponding
to constant values of the turbine speed parameter, ND/J?{. Inspection
of Fig. 4.4 indicates that along constant ND//T] 1inas, the efficiency
tends to incfease for increasing values of the pressure ratio. Com-
pared to the corresponding pressure ratio range of Fig. 4.3, this-
efficiency variation is in accordance with the results of Ainley and
Mathieson [1]. It is also observed from Fig. 4.4 that the mass flow
parameter being held constant, the evficiency tends to decrease as the
pressufe ratio is increased.

The relation betwéen the mass flow parameter, the pressure
ratio and the efficiency is also plotted on Fig. 4.5.in an altered
form. The mass flow parameter is shown on the ordinate axis versus
the pressure ratio and the data points are grouped Tor different
ranges of the efficiency. The general trend of the figure indicates

that higher efficiencies tend to be associated with. lower pressure




TABLE 4.1 - Aerodynamic Variables Corresponding to the Optimum Efficiency,
as calculated by the computer program RAO.

Variable m/f; xﬁff; ' |
boint fﬁ——xlOs 5?57X102 ND/VTy | Py/Py Rex10 T;—x 10 | n
1 166 1.77 | 2.77 | 0.562 | 268 1.12 | 0.837
2 193 2.07 | 2.37 | 0.631 199 0.082 | 0.840
3 232 1.97 | 1.77 | 0.729 | 246 0.061 | 0.806
4 237 1.53 | 1.86 | 0.654 | 422 0.079 | 0.784
5 237 | 1.69 | 2.36 | 0.596 | 429 0.100 | 0.826
6 248 3.94 | 2.65 | 0.599 | 275 0.105 | 0.874
7 263 223 | 2.8 | 0.619 | 256 | 0.003| 0.821
g 290 2.18 2.35 | 0.672 | 253 0.081 | 0.853
9 322 2.75 | 1.77 | 0.734 | 156 0.061 | .0.818
10 387 3.06 | 2.29 | 0.684 | 240 0.079 | 0.868
1 387 2.89 | 1.89 | 0.730 | 308 0.065 | 0.854

8L
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ratios, since the mass flow parameter required is smaller.

The isentropic efficiency is plotted in Fig. 4.6 as é function
of the speed barameter. It is observed from the figure that along
(approximately) constant speed parameter Tines, and for increasing
mass flow rates, the efficiency also tends to increase. However,
the rate of increase in the efficiency is lowest at higher pressure
ratios. This trend is in conformity with the results appearing in
Fig. 4.3. |

Finally, the temperature drop coefficient, AT/T]:is plotted-
against the overall pressure ratio and the speed parameter in Fig.
4.7 and 4.8, respectively. It is interesting to note from Fig. 4.7
that the curve goes through a minimum, corresponding to a range of
pressure ratio such as, 0.6 < E;/P] < 0.7. Recalling that the tempe-
rature drop, AT, is directly related to the work output, Aw, of the
stage through Eq. (58), it can be deduced that an optimization of the
specific'work output can be realized by controlling the back pressure
of the turbine. Fig. 4.8, on the other hand, points out that the
specific work output of the stage tends to increase with increasing

blade rotative speed."
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V. CONCLUSIONS AND RECOMMENDATIONS

Two computer programs have been developed to calculate the
performance of an axial flow gas turbine stage and to predict
the geometry of a turbine stage which would devé]op the maximum

efficiency.

The first program is based on the loss evaluation and perfor- -
mance prediction method of Ainley and Mathieson [1], as modified
by Dunham and Came [2] and the second program, on the efficiency
evaluation method of Rao and Gupta [3] and on the optimizétion
technique of Fiacco and Mc Cormick [24]. It might be‘under-
~stood that the contributioﬁ of the present thesis is not in .
WOrking out a new method of its own, but rather, in combining
the existing ones and computerizing them in order to offer a
useful tool for the researchers as well as for the designers
working on gas turbine aerodynamics. | | '

Indeed in the method presented fn Ref. [1], it took about six
to eight man-hours to calculate a single performance map

(curves A, for example, of Fig. (4.3)) of a given turbine.

However in the related computer program the performance map
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containing three different curves (curves A, B and C of Fig.
4.3) together with the gas conditions at each stage, are
obta%hed in not more than three seconds. The second computer
program, on the other hand, provides an efficieﬁt means for
the user, especially in the preliminary design stage of the
turbine (The computer program of Rao and Gupta's method [3]
“was not available). The original method of Ref. [3] is
slightly altered to incorporate the Sequential Unconsfrained
Maximization Technique of Fiacco and Mc Cormick [24]. The
use of this technique allowed a considerable computer time
saving and the 61 minutes of computer time on an IBM 7044
tomputer'in the original method were reduced down to 320 CDC

- seconds (cpu time).

The performance characteristics are studied by making use of

the dimensionless turbine parameters, and_this.non-dimensiohal
analysis enlarged the scope of the observations, allowing thé
prediction of the behaviour of any aerodynamic variables when

the others remain fixed.

The following conclusions have been obtained from the appli-

cation of the programs to various gas turbine data.

a) The isentropic efficiency is a function of the inlet
mass flow parameter (which can be expressed by .various
groups such as m/f;/Pi, rhﬁ’]—/P]A1 or m/T;YP]DZ). This

dependence is in conformity with the results given by
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Ainley and Mathieson [1]. The effect of the rotative
speed parameter, N//T;, is also observed and it is found

that the efficiency increases with increasing rotative

speeds.

b)  The functioning of the programs are seen to be Targely
restricted by the interpolation subroutines in that for
very small and for very large mass flows, some parameters
fall out of the interpolation domain, making further

calculations impossible.

c) The results of the optimization program are in good agree-
ment with those of the performance prediction program.
The values of the design variables corresponding to
optimum efficiency 1ie within acceptable bounds. It is
noted that the efficiency depends least on the axial
velocity, Ca’ since the final value of this variable
shows very small difference frem the initial value. This
consequence is due to the fact that the axial velocity is
related to the physical variables as given by Eq.'(46)
and Eq. (47).

The mathematical model, the interpolation technique and the
optimization method need to be improved in the following

areas.

a) The present gas flow model is 2-D and does not describe

thebflow adequately, especially in stages haying small

hub-to-tip radius ratios. In such cases a 3-D solution

is required.
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c)

d)
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The interpolation methods used are quite restrictive
and do not allow calculations beyond the limits of the
interpolation domain. To overcome this difficulty the
capacity of the related subroutine may be e*tended to
allow extrapolation, or the intefpo]ation domain may

be slightly enlarged.

The computer program AINLEY may be modified such that the
correlations of the blade outlet angles and of the stage
losses as well as the preSentations of the final perfor-

mance maps can automatically be obtained in a graphical

- form. Also the velocity triangles corresponding to a

fixed value of fhe inlet gas conditions and of the rota-
tive speed can be displayed together with‘the:final results,
in order to provide a considerable help for the design

engineer, especially in obtaining quick estimates of the

turbine performance.

The variation of the stage efficiency with respect to small
perturbations of the design variables can be obtained by
introducing a sensitivity analyses to the present optimi-
zation technique. Such an improvement would give infor-
mation about the re]étive importance of the stage para-
meters during the preliminary design of the turbine. The
sensitivity anaiyses can be carried out by means of a
control variable which decides whether the program will

optimize or will directly give the efficiency related to

the input design vector. .
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APPENDIX A
TURBINE AERODYNAMIC LOSS ANALYSES

A.1  CORRELATION OF ZWEIFEL

The 1ift coefficient, CL, based on tangential blade loading

is given by Zweifel [5] as:

C, = 2(s/ca)(tanaO + tana{)cosza (A.1)

0]

where

axial chord.

O
1]

A.2 CORRELATION OF SODERBERG

The nominal stage aerodynamic loss coefficient, Yt’ correspon-
ding to an aspect ratio h/ca = 3 and to a Reynolds number, Re = 105,
is given by Soderberg [6] as a function of the gas deflection, e,

that may be expressed as

€ =0, ta; . (A.2)

The functional relationship of Yt and € is given in Fig. A.1.
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FIGURE A.1 - Soderberg's correlation of the total loss
coefficient.

In Fig. A.1, the variable t, is the maximum blade thickness
(Fig. 2.1).

If the "corrected" total loss coefficient, Yt,corr’ of a blade
row operating with an aspect ratio other than 3 and at a Reynolds

number other than 105, is desired, the following correlation suggested

by Soderberg can be used:

' o (10%

Vi corr = (Rer? L1+ ¥)(0.975.+ 0.075(¢, M1 (A3)
where

Reh = Reynolds number based on throat mean hydraulic diameter,
and Yt = Stage total aerodynamic loss coefficient as given in

Fig. A.1.
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A.3 CORRELATION OF STEWART, WHITNEY AND WONG

According to Stewart et.al [11] the diffusion factor for the

suction surface, Ds’ is given as:

DS =1 - (VO/VS,maX) ) : (A.4)

where VS max maximum gas velocity over the suction surface,
3

and the diffusion factor for the pressure surface, Dp, can be

expressed as:

D =T1- (Vv

) /) . (A.5)

p,min

where Vp min - minimum gas velocity over the pressure surface.
3

A total diffusion factor,.Dt, for a blade passage can therefore

be defined using Eq. (A.4) and Eq. (A.5) as follows:

D,C = DS + Dp ‘ (A.6)

or

Dy = - (Vo/Vs-max)) +(1 - (Vp-min

o)) (A.7)

The total diffusion factor, Dt’ can be related to a dimension-

less momentum thickness parameters, S/ %s 8S [11],

Sp/2 = 0.003/(1 - 1.4Dt) (A.8)
where

8 = momentum thickness

% = camber length of the blade.

This relationship is also given in Fig. A.2.
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The total diffusion factor, Dt’ can also be related to the

tangential 1ift coefficient, CL; by the following analysis [12]:

By definition,.CL is given by:

1

[{p_ - ) - (P, = 5 oV )]

CL - o 7 p min 2 S-max (A.9)
(1/2)0V2

But, assuming a constant suction surface gas velocity through the

blade passage, i.€., assuming

(A.10)

Vs-max - Vo >

one can rearrange Eq. (A.9) as follows:
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CL =1 e (A.11)

On the other hand, combining Eq. (A.7) and Eq. (A.10), D, can be

expressed as:

D, =1 - P-min . (A.]Z)

Considering the velocity triangles as shown in Fig. 3.. 4, it is seen

that
'(V1./V0)2 = (cosao/cosu].)2 (A.13)

and finally knowing that

Voo, Vo .
( g{,mm 2 = Q\-,mM)z(vi/vo)z . (A.14)
0 i '

one can obtain, by the combination of Eqs. (A.11), (A.12), (A.13)
and (A.14), a correlation of C and Dt’ in terms of blade inlet and

outlet gas angles as:

c =1- (COSuO/COSdi)Z(T - Dt)2 (A.15)

A.4 CORRELATION OF BALJE and BINSLEY

Balje and Binsley [13] assumed a velocity profile of the form:

sing sinB ,
- 0 . Xy _ 0 .
= Vol 0 - ) | (8.16)
where
x = distance a1ong the camber line
B. = blade outlet angle.
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This velocity profile is inserted in the Truckenbrodt expression

-[14], which 1is given as:

v | x=4,
s = (omoyi/n _y=3-(a/m) o 3R o (A.17)
m v : 0 _
0 X=0
where
8p.0 = momentum thickness at blade outlet,
v = kinematic viscosity of the gas,

and a,n = constants.

Resultingly, a relation for the momentum thickness is obtained:.

8 1 = pbes
Z = 0.0021[——2—]"% (A.18)
1 - g ’

where, the acceleration ratio, Mg is defined as:

}.la = SinBO/Sinsi (A.]g)
A.5 CORRELATION OF BALJE
Balje, in Ref. [15], defines the blade loading, su, as:
su = cotao - cotai s (A.20)
and the.equivalent diffusion ratio, De’ as
0.3C, p2 1 025
D, = [1+ 0.9(t/c) + La __singy 1.02 (A.21)

T eotie e My
/1 + cot o, Sina,

where, also shown in Fig. 3.1,

£ = blade stagger angle.
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In Ref. [15], the relation between the momentum thickness and

the equivalent diffusion ratio is given as follows:

8% 0.013

- 013 _ 9008 A.22
L, 762 -0, (A.22)

Using Egs. (A.ZO),'(A.Zl) and (A.22), Balje gives the profile
clearance and endwall loss coefficients as follows
1.93(c/s)(6m/2)(2/c)(1 + W2)l.5

Yo = (A.23)
1 - 1.08(c/s)(6m/%)(2/c)(1 + W2)1.5

where

W = coto + (su/2) ,

Y, = 0.19(k/h Y2 (c/h) Zsu (1 + W/VM) C (A.28)
and

- 1+ W

Ye = Yp(C/h)CL W (A.25)
where ’

Y = endwall loss coefficient.
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APPENDIX B.
COMPUTER PROGRAM AINLEY

B.1 GENERAL DESCRIPTION

The computer program AINLEY calculates total aerodynamic losses
for nozzle and rotor separately, combines the results to determine the
total stége Toss and also prints the gas flow conditons at each station
(inlet and outlet of blade rows), following a fixed mass of gas through-

out its trajectory.

The data fed into the program may be divided into two parts:

1) the data representing the geometrical‘variables of the
turbine stage in hand and the properties of the gas (usu-
ally air) which passes through. These data are grouped

under the data file TURBOT and must be fed separately by

the user,

ii) the data corresponding to the figures and graphs presented
in Chapter 3, which are used to carry out the necessary
interpolations by means of the library subroutines ICSIVE,

ICS2VE and ICSTVU. These data form the datafile TUBROZ.
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- The program AINLEY first calculates gas outlet angle values
corresponding to a range of Mach numbers at blade 6ut1et fromM =20
to M = 1. "This is done conformly to the analysis given in Section
3.1.1 and by calling the subroutine SUB1. If the value of the control
variable, G, which appears in the argument 1ist of SUB1 is set equal
to 1, SUB] performs the calculations for the_stator row, but if G
equals 2, then rotor outlet gas angles vs rotor outlet Mach numbers
are evaluated. Another correlation is established in the subroutine

SUB2, between the stator outlet gas angles and the corresponding stator

total loss coefficient, following the theory explained in Section 3.1.2.

Following the choice of an initial guess for the stator outlet
gas angle, the stator total Toss coefficient and the corresponding
value of the non-dimensional mass flow parameter are determined.

Then the gas conditions at the outlet of the stator are calculated
(Section 3.1.3.1), a check being imposed upon the actual inlet and
exit non-dimensional mass ffows, for the case in which they would
exceed the maximum allowable flow for the stator (chocking ofbthe
row). If such a situation occurs, the subroutine CHOKE is called, in
order to perform the procedure explained in Section 3.1.2. Subroutine
CHOKE returns the results to the calling program which uses them as
absolute gas conditions at the inlet to the next rotor row.

Once the absoulte outlet gas conditions from the stator are
determined and the gquessed outlet angle checked, an initial value
for the rotor outlet gas angle must be chosen and the related rotor
total loss coefficient calculated (as for the stator case, subroutine
SUB31 calculates the value of the rotor total loss coefficient corres-

ponding to an outlet gas angle). The maximum non-dimensional mass
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flow corresponding to this loss coefficient is easily obtained by
interpolation. Similarly to the case of stator, the non-dimensional
mass flows at inlet and outlet of the rotor are calculated (Section
3.1.3.3) and checked against the maximum flow for any possible
choking of the row: if the gas has overexpanded in the row, the
subroutine CHOKE is called again.

According to the gas flow conditions at the rotor outlet, the
absolute gas conditions at the inlet to the next stage-and the total-
to-total stage aerodynamic efficiency are calculated. A fina]lcorrec-
tion is applied for the stage mean Reynolds number.

At the final part of the first iteration, the magnitudes of
gas properties at each stétion, the stage efficiency and the efficiency
corrected for Reynolds number are printed, the non-dimensional low
quantity is augmented by an increment and a new set of calculations is
started for the new value of the mass flow. This procedure is repeated
until choking occurs in one of the blade rows.

Once the rotor {or stator) chokes, the subroutine CHOKE takes
into account the reasoning given in Section 3.1.5: When choking occurs
in a turbine blade passage, no greater quantity of gas can pass through
the passage throat. Therefore, the mass flow upstream must remain
cohstant, and the non-dimensional mass flow at turbine inlet is no
more incremented in the next loop. In return, the subroutine_CHOKE
starts to increase the Mach number at the outlet of the choked row
until, the outlet Mach number reaches unity. This point represents
the fully choked state of the blade passage and the calculations are

stdpped.
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Stator and Rotor Geometry; Inlet Gas Conditions (TURBO1)

v -
{>Data Corresponding to Graphs of Ref. (1) (TURB02)
g _
Generate ALPAOS vs SMO; ALPAOR vs RMO; YTSC ve BLPHAQ
A Guess ALPAOG, ALPHA2
Calculate SLOSS, WTAPS,RMRAT,RMRATH
RMRATﬁigzégg/,v
: _ y
G=FALSE Ino G=TRUE; Call CHOKE
ALPAOG=ALPHAD ' 7
Calculate ALPHAP,SM@.P@,V@
¥
Calculate ALPHAP,SMP,PR,VP
es ALPHAP-ALPAOG >.2

no

Calculate VA1,ALPHA1,V1,T1,P1

B

FIGURE B.1 - Flow chart of the computer program "AINLEY"
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Generate YTRC vs VLPHA1

—

Calculate RLOSS; WTAPR,P2,T2,RMRATI,RMRAT2

yes

RMRATZiYI&EB/,,

no

H8=TRUE; Call CHOKE

H8=FALSE

\

ALPHA2=ALPA2C Calculate

ALPA2C, RM1,RM2,P2,V2

Calculate
ALPA2C,RM1,RM2,P2,V2

le

yes . /
ALPA2C-ALPHA2>.?2

no -

\
Calculate VA2, ALPHA3, T3,P3,ETA,RE,ETAC,RM3,V3

Y
PRINT Gas Conditions at Each Station

FIGURE B.1 (continued).
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10/

¥ES

RATIOM=RATIOM+.5

/

A

FIGURE B.1 {continued).
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In the output, the value of the non-dimensional mass flow

for which a row chokes is designated. Also, the overall pressure

ratio corresponding to a Mach number of unity at the outlet of the

choked row is printed as the 1imit pressure ratio of the turbine.

B.2 LIST OF THE IMPORTANT VARIABLES OF THE PROGRAM AINLEY

RATIOM : Mass flow parameter,'mff;/P]

ALPAOS : Vector formed by the stator outlet gas angle values,
calculated in SUBT

SMO : Vector Tormed by the stator outlet Mach number values,
ranging from zero to unity

RMO : Vector formed by the rotor outlet Mach number values,
ranging‘from zero to unity

ALPAOR : Vector formed by the rotor outlet gas angle values,
calculated in SUB1

YTSC : Vettor formed by the stator total loss coefficient
values, calculated in SUB2

BLPHAQ : Vector formed by the stator outlet gas angle v#]ues,
created in SUB2

ALPAOG : Initial quess for oy

ALPHA2 : Initial guess for oy

SLOSS : Sfator total loss coefficient, YN

WTAPS : Maximum value of the mass flow parameter,(mJT7AP)max,

that can be passed through the stator

RMRAT : Mass flow parameter, m/f;/P]A], at inlet to the stator
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RMRAT® : Mass flow parameter, ijE/PZAZ’ at outlet from the

stator
G : Logical control variable
_TRUE, when stator choked
FALSE, wﬁen stator not choked.
ALPHAD : Stator outlet gas angle, oy

SMP : Stator outlet Mach number, M2
Py : Total gas pressure, P2, at outlet of the stator
Vo : AbsoTute gas velocity, V2, at outlet of the stator
VAl : Axial component of V2

VALPHA] : Gas angle, ags relative to the rotor at inlet
Vi : Gas velocity, V3, relative to the rotor at inlet
T1 : Total gas temperature, T3, at inlet to the rotor
P1 : Total gas pressure, P3, at inlet to the rotor
YTRC : Vector formed by the rotor‘tota] loss coefficient

values, calculated in SUB3I.

VLPHA1 : Vector formed by -the rotor inlet gas angle values,
created in SUB3] |

RLOSS : Rotor total loss coefficient, Yp

WTAPR : Maximum value of the mass flow parameter, (mJT7PA)maX,

that can be passed by the rotor

T2 : Total gas temperature, T4, at outlet from the rotor
P2 : Total gas pressure, P4, at outlet from the rotor
RMRAT1 : Mass flow parameter, m/?;/P3A3, at inlet to the

rotor



RMRAT?2

H8

ALPAZC
V2

RM1
RM2
VA2

T3

P3

| V3

RM3
ETA

RE
ETAC
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Mass flow parametef, m/?;7P4A4, at outlet from the

rotor

Logical control variable

TRUE , when rotor choked

FALSE, when rotor not choked

Gas angle, Gy relative to the rotor at outlet
Gas velocity, V4, relative to the rotor at outlet
Mach number, M3, relative to the rotor at inlet
Mach number, M4, relative to the rotor at outlet
Axial component of V4

Total temperature, Ti, at inlet fo the next stage

'[9
Absolute velocity, Vi, at inlet to the next stage

Total pressure, P;, at inlet to the next stage

Mach number, M{, at inlet to the next stage
Total-to-total %sentropic efficiency, n, of the
stage

Mean Reynolds number, Re, of the stage
Total-to-total isentropic efficiency corrected for

the Reynolds number.
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program AINLEY is given below:

SUBROUTINE DESCRIPTION

The functional relationship among the subroutines of the
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TURBO1 = MAIN e TURBO2
SUB 20
SUBT sUBZ SUB31 CHOKE
VoY
ICSIVU[ |ICS2VE{ [ICSIVE
R

UERTST

FIGURE B.2 - Functional relationship among the subroutines

of the program "AINLEY".

A summary describing the function of each subroutine used in

AINLEY is given as follows:




MAIN

SuB20

SUB1
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The main program reads the datafiles TURBO] and TURBO2 and
calculates the blade speed, annulus areas down and upstream
of the blade rows, throat areas of the blade passages and
works out the noh-dimensionaj geometrical variables of the

stage such as the pitch-to-chord ratio, etc. It then trans-

mits the data to SUB20 by means of the "common" declarations.

Subroutine SUB20 has no argument 1ist, the interconnection

with the main program is realized by means of "common decla-
rations". It is SUB20 that perform the procedure described
in Section B.1. This subroutine acts as the principal exe-

cution control consol.

: Subroutine SUB1 generates the two vectors SMO and ALPAQS

which represent the vector of the outlet Mach numbers from
a b]a@e and the vector of the related outiet gas angles,
respectively. The value of the control variable,Gswhich
appears on the arguﬁent list decides whether the blade is
a rotor or stator blade. For 6 = 1, SUB1 performs the
calculations for a stator blade and returns the vectors
ALPAOS and SMO to SUB20. But if G = 2, rotor values are
calculated and vectors ALPAOR and RMO are returned to the
calling program. '

The calculations performed in SUBT are as explained in

Section 3.1.1.



SuB2

SUB31
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Subroutine SUB2 calculates the stator total loss coeffi- -
cient}as a function of the blade outlet angle, and returns
two vectorial quantities to SUB20:BLPHAP, the set of outlet
angles ranging from -70° to -45° and YTSC, the set of total

lToss coefficients, each corresponding to one element of

BLPHAQ.

In SUB2, the calculations are performed according to the
theory explained in Section 3.1.2 and the results are re-

turned to SUB20 by means of a common declaration.

The rotor tpta] loss coefficient, YR’ is calculated in the
subroutine SUB31. The important input quantity is the rotor
outlet gas angle as guessed in SUB20. The subroutine SUB31
generates rotor inlet gas angles stored in the vector VLPHAI
and caiculates the corresponding total loss coefficients
stored in the vector YTRC. Then both vectors are returned
to SUB20 by means of a common declaration. The calculation
of the rotor total loss coéfficienf is rea1ized‘throdgh the
analysis outlined in Section 3.1.2. Accordingly, if the
rotor outlet angle guessed at the beginning differs from
tﬁat calculated at the end of the calling program, SUB20
uses this latest value of the outlet angle and, by inter-
polation out of the vector YTRC, finds the corresponding

total loss coefficient.
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The subroutine CHOKE performs the calculations which are
valid only for a choked blade row. - Within the subprogram
SuB20, if it is found that for any blade row the non-di-
mensional flow quantity equals or exceeds the maximum
allowable non-dimensional flow, then CHOKE is called.

The input quantities in the argument 1ist are the total

- loss coefficient of the row, the inlet pressure and tempe-

rature and the non-dimensional mass flow. According to
the analysis explained in Section 3.1.5, the performance
of the choked row is calculated and the values of the
corrected gas outlet angle, Mach number, the outlet gas
pressure and velocity related to the blade are returned

to SUB20.

ICSTVE, ICSTVU, ICS2VE: These subroutines are available in the Bogaz-

igi University Compgter'Center Tibrary and they perform
the interpolations (ohe or two dimensional, equally or
unequally distributed data) from the figures of Ref. [1]
or fromvthe vector quantities generatad in.SUBT, SUBZ2 and
SUB31. Their ﬁsage, function and parameter 1istings are

explained in detail in Section B.5.

B.4  INPUT DESCRIPTION

J

An explanation of “the usage of the program AINLEY is given.

The five cards composing the data file TURBOT must be fed in the

following sequence:
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Card 1 : RA, GAMA, CP
RA : Gas constant (ft. pdls/1b/°C )
GAMA : Ratio of the specific heats

cp : Specific heat at constant pressure (ft.pdls/1b/°C)

Card 2 : TID, TOD, RK
TID  : Turbine inner diameter (in)
TOD  : Turbine outer diameter (in)

RK : Clearance of the rotor biades (in)

Card 3 : OPS, PITS, RCS, TMAXS, CHOS, TETS, BETTAI, BNS
OPS  : Opening,or throat,of the stator blades (in)
PITS : Pitch Tength of the stator blades (in)
RCS  : Mean radius of curvature of the ubper stétor
‘blade surface between throat and trailing edge (in)
THMAXS : Maximum thickness of the stator blades (in)
CHOS : Chord length of the stator blades (in)
TETS : Trailing edge thickness of the stator blades (in)
BETTAI: Inlet angle of the stator blades {deg)
BNS  : Number of the stator blades

Card 4 : OPR, PITR, RCR, TMAXR, CHOR, TETR, BETTA1, BNR, HEIR, BR
OPR  : Opening or throat of the rotor b1ades.(in)
PITR : Pitch length of the rotor blades (in)
RCR : Mean radius of curvature of the upper rotor blade
| surface between throat and trailing edge (in)

TMAXR : Maximum thickness of the rotor blads (in)
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CHOR : Chord length of the rotor blades (in)

TETR : Trailing edge thickness of the rotor b]ades'(in)
‘BETTAT: Inlet angle of the rotor blades (deg)

BNR  : Number of the rotor blades

HEIR : Annd]us height at reference station (in)

BR : Constant of Eq. (14)

Card 5 :  ALPHAT, TI, PI, RPM, EMRAH

ALPHAT: Gas inlet angle to the stator (deg)

TI : Absolute total gas inlet temperature to the stator (°K)

PI : Absolute total gas inlet pressure to the stator
(1bf/in?)

RPM  : Blade rotative speed (rev.per min)

EMRAH : Inlet non-dimensional mass flow-initial value

Ohff;/Pi)

The five cards are &ll in free format. A sample data for forming

TURBO1 s given below:

Card 1 : 3073., 1.333, 12300.

Card 2 : 9.5, 13.0, .030

Card 3 . .429, .9817, 3.516, .266, 1.33, .0196, 0., 36.

Card 4 . .447, .7113, 2.000, .143, 0.95, .0071, 36., 50.,
1.75, .5

Card 5 : 0., 1100., 40., 14000., 7.
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B.5 OUTPUT DESCRIPTION

The description of the outpuf is automatically printed by the
computer.v The output consists of the results corresponding to each
vélue of the non-dimensional flow parameter, m/f;/Pi. The program'
stops when that value of the pressure ratio for which the stage
completely chokes is obtained.

A sample output of the program AINLEY, operating with the data

given above is as follows:
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L R R N Yy LY R Y XYY R Y

INLET Ga$ anlLE THLET GAS PRESSURE INLET GAS TENPEFRATURE THLET VELCCITY IBLET RACH Nu“dth
Jiab1t947 33,514 1055.94%7 715,45332 S 415829

JUTLET GAS aMLLL OUTLET GAS PRESSURE GUTLET CAS TENMPFRATURE GUILET GsS veLncITY OUTLLT Paln KUNZER
2l 75324 32.723 1685049087 877.34413 ChZ®3VN3

I R T L Yy R Ly R R TR Y R R Y R L L Y]
* SBSOLUTE Ga$ CONDITIUNS AT INLET T THE NEAT STAGE 1]
RO PLEBCII00 IR IEIONRIIII PO PRI ICHRETIEICNIIBECiPIEIINOSY

I9L=F SiS ansLk IWLET 6as FEF3SURE INLET 63 TENPERATURE I5LET VELGCITY IMLED hACH U adn

=352 7130 In b6k 1033.4979% St TI2UH 264773

v JU35aLCTEL FSFICILNCY S 3637447401772

e eI redI RO e Peserbtesitetodecetsrrittrrsteistedstereietecsivessisrsetstnresrcenyd

NCY GF THE STAGE AS GIVEN BY £ik IS ETAUSTAGE)= 450359410 .
:our‘;:s’ittislsnz‘[éfdnuuunuunn"unn-a-uunuuuu sattivasetnirer

LON=GIMENSIONAL PASS FLOW MOSQRTITL)/PL = G.CUGONUO

CVERALL PFLSSUKE RATIO PIPL » oT6H558)
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94 ROION INCIDENCL en, INUOLNE2 4038

SToTUR TOTALl LusS CHMFFICIENT,

Lis)e Los7
L R e P RS SN 05718393

3r0erdernacrtonrrnee

RATIK JOTSL LSS CISFICIE

o LER)e  Q4u n
A A T Y P T YT PPN RN

l'l"-"v'.""l."."‘

Ot‘0'U'°'0"v‘00‘00OC'00040‘vl.'7‘€'tl600}t00.'

¢’ S350LUTE STATLR QUTLET Cas CORDITINAS .
--notsncunou-uouonunanuuuuﬂuu

CUILET u*y 2u%0L0 QU'LEY Gy PFESSuURY CUTLET CXS TE“PERATURE QUTLET 655 vaLoLITY QUTLLT PaCH hURSER j

=23, 37 17.342 1100,unun 1371.5R8431 «b79431

"Ov‘b""0'000.060‘0'0000.".l"‘...'."..l.“".""". (1]

. IGLET & OUILLT GAS CONDITIONS {FELATIVE TC SOYLR) .
BTt hr Nt P et T a I durItstessItinerertetoesnseesersesds

Inlcl G2S AhGLE | RIS S5 S 4N # 3V P L‘-L‘EI GeS TEMPERATURE IALEY vFLCCIYY INLET .F-lCM RUBFR
42300089 32,430 49,4818 €32,920%4 ' » 659163

R EN & BEYS IR (A R ‘UL'LEI Gy PHPESSUNET . CUTLET GA$ Ti“PEKATURE QUTLET &5 wLOCLTY ' VUTLET PaCH LUXELR
=4T.57020, - 1,887 lusg,e8ib 4T7L.09057 43017

PEPLILRISPCONEINCISLANIEED04000LRNIRRROREINITRSICEIOIRQRTOIIRYTSS

¢ FRITLUTE CAS SURLITIZ2WS AT INLET 11 TRE WF2Y STeGE .
L R R Ty Yy

Palc? GuS ANGLE TNLEY Curs PAFSSURE | INLET $#S TENPERATURE INLET vELCCITY | INLET RACHE MU“RER

Zosvan?d FORIY) 1628.423) L2t 08578 iruel

v ANSHALICIYE §FFICTENCYS 6507311441180

N PE 0600 E0tasnontetestontsteaeeresreoteresrisireortetocreesereosutssesaseretsnesd
. Tai EEFICIESCY F THE STALCE A5 GIVEN EY 2Lh 1S E12(5T2Ge )s B3T42204 .
e B PO IP PO T I IO Pt I Per It eIt Covonattertctviotsdoecieetecertitessvestsetes

ACL=LIFENSTIOLAL PASS FLOD# WOSSATLTIN/RL = G.5200L000, . |

CVERRLL PRESSURE KATIO PIPL = JT2T109
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$e2 RGIOR LUCIDENCE=10,9%017039105

STATUR TOTAL LOSS COEFFICTIEST, L(S) £7464
3 €748
0"‘0't'ooattvl.oou.o‘oo‘bic'uOwivQctvoot:c;?qz:g:}ZcOOlt

SOT IATIL LSS COTHICIENT, + ! .
1 &t Lirde L dLla3nes
)v.t'b:&:ul"‘t',001000:ha'i‘okaﬂt#ét)tﬁ0:1v¢:'ﬁ;iloovtt0

BIGITICONIFINNII00 0004000000000 00800000000¢0)
i SESLLUTE STATGS MUTLET §AS CInPITITHS °
LA R A Y T PR AR LR Yy

WITLET AL aabLy ALTLET 645 PRESSURR BUTLeT QA TUMFESATUAR MILET GAS VILOCITY LUTLET Filiv pursLd
=23.64%u17 39,214 116400 153%,75%21 o 135517
BEEBLACRIININNEIINIINONE It PP ONINIOtIt ettt ntetecetelviossaty

. . R . TECET & ODUTLEl CAS CUNDITIUNS (StLAllVE T4 &QIUR) .
. L A L T Y T P PR Y YY)

TALEY Ga$ VWGLE fHLET SAS PRESSURE INLET GAG TEAPLEATURE IMET VELGCITY INLET UACH fu“EEN

40,5%0173 312064

QUTLET GAS ANGLE

T 913

ToLel GuS AKALF

12.307582

OUTLET GAaS PRESSURE

27,411

1337.4707

LUTLET CAS TLRPERATURF

1L29,8707

1013.97C27

QUILET GAS VFLOCITY

1154,40118

¢ 5230645

CUTLET FACH MURRER

« 574313

CLCCUEOOEOIRLIIINCRCIOEOCININERIRNCLEBRITOEEIEtOtelecosnnni

FESOLUTE CaS CUNDITIUNG aT JHLET TU Tnf REXT STLCE

*

Qe ABLIChIUtEPETHVEPOVOLRIO R IO stICEVTvetoststttviossnettots

INLET 65 PRSIyt

ebagI?

S0 JNCURKLCTSL PRFICTLILY s JBL925723(5 223

0G0 [LENSTOUAL PESS LR

CViR&LL POLSOULE RATIO

L EPaTIOEEICCITOEIPLITEINVE
. TUE LFFICTENGY OF 1t

19LFT A% TFEPERaTURE

1010, 7962

$TAGE n3 GIVENR BY #Eh 1S

IRLEY vILCCITY

7:7.25719

INLET KACH Nu“ufR

#8525

Cveetitsettotetsteniontioctstetetidatcosrntoonedonsos
ET4I5TaGE 3 o BUTLELS] *

.(;.qq(arcotoc:acscv-tu'viOI(-1'*0‘&80'0‘0nol..:rtttl('ovlQonltcco!ttoltoolbttQQQ

P3/21

roSNRTITII/RD 210,007 008

= W 0L57429)




ves RIVYA TNCIOFNLE=]2,25442201438 .1.19

S5TATOR TATAL L35S COCFEICIENT, L(S)s 05744417
AR AR A R R A A L T YL Y T P S PSP

VIR THTSL LSS CAEFISILNN, Likde , 38320540 . Co :
".U"‘“li‘.0”0'03.05'7'0‘3.."‘-3..0”“0‘“‘,"UO'O.“.. :

FRIBO NN INONIECIOIIITINIILTIGESLONIIIBCONMNTORY
¢ ARSULYTE ST2T0R QUTLET &3 CGLEITE »
A A L T e Y Y Y P S P T YR TN YT

I

By entli TRTLIT &85 PRLSSURE WUTLLT GRS TEPIRITUNE GUTLLT GAS VFLACITY  QUTLET Yalh RURSCR

=53 1ul2 3eelua 11000000 1£95.51281 PRLBELY]

BIEE ISP E0R0 000000000000 4000000008008300300000600400830000

. IMLET L QUTLET GAS COMDITIONS (KELATIVE TN AGTGR) ’
A I R Y T TY PY YT Y YR Y

TaleT G5 A\WGLE THLET GaS PIESSURE INLET Ga3 TERPERLTURE IMLET YELGCITY INLST HACH NU®BER
N L {
T 4be2%4422 . 30,541 1034,118% 1119,.35588 . 5000287
CUTLET CAS ANGLE OUTLET CAS PKESSURE GUTLET GAS TEAPEFATURE CUTLET ©as vSLOCITY OUTLET PaCH AUARER ’
:

~43.,2¢%6433 . 22,217 1024,11¢e8 ! 1272.24129 638023

B P BRI IIINNNONNINIEIETOIIUIPEIITININIIIIEIICIIIGIS
4 LSSOLUTE GAS COMUITIONS AT INLET TG THE 1 STk .
IR AP IREEROILEIICINEILINIPr IO tOIrOVIRIIORNIIVIIIIPIGLOY

LALET GaS ANGLE INLET GAS PRESSUEE- INLET GAS TENPLRATURE THLET YELOCITY ISLET NACH KU“BEa
)
17.2G0E30 2440693 1623.272% 850,92151 . «R40T42 i
|

P OUHCHORARCTED LFFICILNCY = (7G3950h240921

P PP e P Y P Y T Y T LR TY T TR TR TR L AL R L L R A S St at bbb A g
® Tos PEICIENGE €F [Hg $ST2OL &S CIVIY Y &2 13 ETASTASE ) o7 telt . ‘
20RO e IEEI0II PP aIeVILICINIEIIAIEIINITILALINILIIIVIRINIOIPOLINIOLERIITIIICIIVIOGS _‘

FCi=L INTHSIONAL #ISS FLOG A3 TLTINIP2] =1D01530004

CviRall PRESSURE RATIO PP = L6174358

THE RAXTAUN HON-CIACNSTONAL FLOY WHICH PASSES ThROUSH THIS STATAR IS EIUAL TU 1N.21142399 . j

. S . yss |
THe RAXTHUN NON-CIAENSICHAL MASS FLUA WMITH PASSES THRUUGH THIS ROTOR IS ECUAL T0 10, 1351904 . :



120

492 CORALCTED BLADE NUTLET an6is -Jl!.SnleH]s')'\
294 AQTUN LNCIOENCL @100 25442001448 B

STATAR TOTAL LOSS COEFFICIENTs LUS)w ,05744417
A L Y R Ry e T T I Y YT T

POTIR TOTAL LI5S COSFICITNT, L{R)a (35829544
A R T T N R T T T T

"00"‘30”...0.’."'lt..'..".'..00‘0'0.""'0

. ABSULUTE STATOR CUTLFI CAS CONOITIONS .
FEEPANEI A0t sN et ItICOIOROTAISININLOITIELINOROY

FATLET Gl SNl OLTLTT §\S PRISSUSE UUTLET oS Te PERATUAS GUTLET A5 YFLOCITY CUTLET »aCi MUAZR

“33 9101 I s M L R M 1£9%,51243 IRLR LT
: IO NI NI NI VIR RINION I IV ORI RIRICONEEdNIatatatitive
s IHLET € QUTLET (25 CONDITILMS (FELAYIVE TR RGTER) +

SECOEIEr b I e IO E P ItV IN ORI IR it IRt IItavtaeeteseserne

TNLET GAS ANGLE INLET SAS PRESSURE THLET Gas TEMPERaTURE INLET VELGCITY INLET nACH MUMBER
484254422 30,541 1034.%148 " 1119,85663 «560687

GUTLET (A5 ANSLE OUTLET GAS PRISSURE GUTLET GAS TEMPERATURE QUTLET G2S VELOCLITY OUTLET MACH NUNBER
=31.420062 R 24,219 ‘ 1034.11¢3 1605,34477 le0u000

LR R R Y PR AT T AT Y
EAT STLGE ]
Shtedyosriasey

Y Y R T R Y X T N
. FRSCLUTE GaAS LOMIITIONS AT INLET TO 1
Y R R R A X ]

PIRET G S a0l IPLET GaS FRTSSUsE TINLET 64 TERFERATURE INLET vELSCITY INLEY i1#CH KU“cFR

36.U3G794 PAaracith) G705 1322,60779 «T22v08

e JRIARNELTEL EFFILILNCY . (7577515024438

Q‘".00.'-"th‘ltt'0"00"b‘.(."..‘él‘..."l'tlv'(.'l$SO"0"'.0‘0.‘."0.0‘6."0‘

¢ FFF Bt GF 1ML STACE A5 Glvel FY A0y IS ETLISTAGE e ,75649£2] .
:vnnz&:b:i.igisunuuan;uunNu POPEEVEI T Bluuchantcictoseditatocosdsorosee

(TII/F] =L, 1551984

1Ll TRELSInIsL 258 FLO

LeELL PFISSURT #aTHC FhYAS LS Y LV Y &)

FUTON MCH ® CXCEFDS URITY EEYURD PRESSURE saTICs HUT4GTL




B.6 PROGRAM LISTING OF "AINLEY"

e
e T LENOT RWN -

N
NN WN

. ‘ 121

PRUOGR AR hIHL(Y(lNPUT,nUTPUT,TURBOI’TAPL8=TURBDX,

, TURBO2, T4 P S=TURENZ,
. KESULTy TAPEE=RESULT)
CUNlhﬂ/DbS/VhﬂP(bl;?)yYHTAP(ﬁl ¢
[
COMNUN/S11/RAZRINCKE, VO IS0 20 VL1001, VYO T (100D

COMABNZSY2/ T slF

COMMON/SL3/0USSSDES

CONAGU/ ST/ AN, A2y ATS, ATR

COMnOH/S17/8

CORMON/SIB/00SK,S0ER

CONMUNY S19/RK sRKH

COMMUMZSIG/TID, TUD
CONMUV/SZ!/YP](17y5),YP2(15,6).STAIN(21a9):0ELSIS(31yA)a
" COYPOYES(L0U),SLAN(LO0)
COMMON/SZ2/FETTAL ALPHAL

CONBON/S23/T0CS,SUCSy TGSS SRS
CONMON/S24/BLPHAU(LO0) s YTSCIL00) 4 SASy M, F

CONMON/SIS/ALPAAS (500, SKE(500)

COMNON/S31/SNCRTOCRs TUSK yBRsRK$CR
cnnwuI/SJZ/VLPH\L(bnu),YlpC(soO).BETTAl

COMMUN/S33/K,KF

CUHHuN/SJﬁ//LPHAZiAZ,rL

COMKONZSH5/PI N

CONMON/BY6/RP I, Uy ALPAOGC,SLUSSs#1,CP

COMHOM/STT/GENA

CORMIN/ SEB/VRULLO0) ,VRO(100) .
CONNON/CIYI/CRTARISON) OPOPL500) yOVOTI500) sURKNIS00) sBHTAP (500)
COMMOLI/CL2/HKTI0U) ¢ HESLOG)

CUMMON/ELI/ENRAN

COMIMUN/ELa/STNCRT

CONMMNI/PL/CHUS yHiE IR »CHOK

REAT(S9#IRAGANA,CP

REACUBy%)}TIDNTUDyFK .

READUS, )P S PITS RCSaTHAXS yCHOS TETS s KETTAT, BNS
REAN(B1#)0PRPITRyRCky TMAXK yCHOR TETRyBETTAT ) BHRyHE TRy BR
RELD(A$)ALPHAL s TIPLoRPHENRAN

READIS %1%, PyKySAS RINUCRE 4V O

READLS1) ((YPLUI 4 J)31=1317)40=1,8)
FORMAT(B(L16F5.5,/ )41 8F5,3)

READ(552) ((YP2(12d)s1=1415)30=146)

4
#

2 FORMATIS(1GLFS 29/ )y 0UF5.3)

READIS3) (ASTAll{I13)y1=1,21)43J=91,4~1)
FURMATIGI20F4419/139F4,1)
READLSs4) (YPOAYPS(1),1=1430)
FORMAT(2GF4429/310F4,2)
KEAD(S45) ((DELSISUTJ)s1=1431)49J0=1,4)
FORMATILEFA .29/ 413F6429/310F562+/5(13F6429/)312F642)
READIS ) (SLAMIT)s121441])
READ(E 3 ) ({REH( T )y 1= 1)80)9J=112)
READES s} (UVHTAP(LsJdl 2 1251951)9J051y2)
READIS s #) ({VNOP(144)+1=21,51),43=1,2)
RELD(Hy &) LVYUT(T),1=1,80)
READ(S s ¥ ) LVROW(T) g E=1451)
READ(Sy ¥} (VUL )1=1,34)
REAUESy ) AVRO{TN 1=1,34)
PEADIS 2 LUNHTAP (L) 1=0400)
READUS, ¥ LUPLP{T) a1 =1060)
READ(Ss#)LOVOT(I) 9l =1460)
READ(S 3 *} (URNNILT) 4121 500)
READISy#)LBATAP (T}, 1= 1‘50)
PIN=ATANL(L, }*4,
00sSS=0PS/P1ITS
SAES=PITS/RCYS
TOCS=THAXS/CHNS
SOCS=P1TS/CHGS |
TOSS=TETS/PITS
OOSR=OPR/PITR
SOER=PITR/PCK
TOCR=THAXE/CHOR
SOCR=P1TR/CHOR
10Se=TETR/PITR
SR=TIN/TOD
RR=T10/Tud

(H=RK /eiF IR
:EPTUG=-1 17#‘CUS(0055)‘180-/?1”'12-75 -44%S0OCS
CS=CHNS/12.
CR=CHMR /12,
B=BRETYAI$PIN/LED,
AND={TOD#%2=TID#¥2. ) ¥PIN/4,
AN2=AN0



147
148
149
150
151
152
153
154
155
150
167
158
159
160

acoOOo0n

AOOO0

Us=1 P IH¥(TID+TOD) *R PH/ 1440,
61:=i§.:UHSS*SGCS¢CS¢BNS¢(TOD-TIU)/Z.
ATR=12, #QGSRESUCRCREBNRE ( -

AL e T0D-TID) /2,
STie

END .

SUBRNUT INE SUHY(GqALPAOS.SMU)
DILERSION alPAUSI500) 4SMB(500)
COMMON/SIY/RAVRINCRE, VOO
CONMOKR/SI2/T140F
COMNON/SI3/00SS4SNES
COMNUNISIAZENDY ALIZ AT S, ATR
COMMON/SYIT/8 .
COMMGN/SIB/NRSR ySUER

COAMON/ S19/73K 4 # KUK
COMMGHZSYI/TIN, TOR .
CUOMMDN/SHS/PIN
CORMNOBNISTT/GLNA
éLfﬁA(AI-ﬁz)=-1.17#ACUS(Al)#180./?1“012.58-4.¢A2
COsIGANARREARTII#%(,5)
TPt " Gale) Toinid
=-S5/ 003
ALPAR=E« YL /P 1t
ALPLUI=ALPHACRLSSyS )

ENL IF

IF(G.ECece) THLN
D=aALPHACOOSR,,SUER)4PIN/LEO,

FEalulil{le~1435%¥RKOH3CUSIBI/COSID) ) #T 7737 ¢ 30007

B FTANCB))

ALPASL=F#160,/P 1IN
ATK=ATR¥[1,-RKOH) +? INSTOD#RK
ALPAD2== COSTATR/AN2) #1604 /PIN
END IF ‘

SKO(11=0,

DO 22 1=14500
IFISHALT) L GT.1.)60TO 8
TFUSHOI1).6T..5)G0TD 3
CALPAOSUD)=RLPRUL

G TO 7

LFESAOCI)LED,1. 1G0T 4

ALPASS(T) =2, (ALPAU2~ALPADL)#SNO(T) +2.%ALPADL=ALPAD2

G T 7
ALPAOSCTY=ALPALZ2
SMOEI+1)=SKO([)+.0L
CONTINUE

HF=]-1

RETURN

END

" SUBROUTINE SuPz

10

CONMUNZSZIZYPLUI748) s YP2(1546) 93 STAIN(2)+9)9DELSIS(3154)

3 YPAYPSULOG Y s SLANCLOU)
CORIN/S22/BETTALVALPHET
COMBGH/S23/TUCS»S0CS, TUSS 5k, CS
COMMGN/ ST 4/ ANy ARZ S ATSH ATR
CUHfCN/SZﬁ/MLPhAC(l“O),YTSC(IOO)aSASsH,FF

CORMON/ ST/
CONAON/ P/ ChOS s HE TR 4 CHOR

BlraLS16N hK(1001,YPhIU(ZOU).YPEIA(ZUO)'ALPASC(lbﬂ);SlSCS(lﬂb)yDEL
:T!S(Oﬂ);SY!NS(QO)yYPS(vn),G(90),YPSIO(901,LNS(100)’AUS(100)sYSS(10

10)|Au(100),5F(130)|YTS(100),Y(lﬂb)
TRFAC=21.6%TUSS##2,+3.863TCSS+4 91
AIS=ALPHAT#PIN/ 230,
AT=2403C0SH(R)
ELPHAD(1) =84S
6N.TH 10
SLPHAN(1)=SAS+1.
X6=50CS
00 1L I=1l.8 .
IF(HLPHAM(I).GT.—Ab.)GUTO 14

.o

-

I

122

{(33/70us5(.)

|
z
:
i



161
162
163
164

16y

176

178
179
140
181
182
183
134
165
186
187
183
149
190
141
192

OO0

b

12
13
14

123

YCI)=BLPHAG(T)

TPy YLKy 30010 101-8040=451 317,615 170K, YU T 4 1ER)D

YOI =BLPHAG(])

T a2 R01430410001-7045=45. 415,611, 15,i1K, YU T} 1ER)
{TRCS/ 021 % 3 (=GETTAL/BLPHAO(] ) }))

ALPASCEI) =(~035%S0CS41, 25T 4BLPHAG (] )

YO1)=8LPHAULT) )

XO=8ETTAIZALPASC(T)

g?é’észs‘;’g:l{l;"s.rﬁ“‘!-'(”)‘1.0,1-(‘1-70.1—30. 9219991321 o RKyYLI)yIER)

¥X0=53Cs l

Y(1)=8LPHAULL) v ;

g?t%léfﬁivtz?iLSls,Zu'.ﬁo;l.ﬁ,-70.,-46.'31,4,1,31,HK'Y(I)olEk)

STINS{I)=S1SESUT)+UCLTIS(T)

GUI)=CALPHAT=BLETTAL)/STINSAT) :

CALL TCSIVEAYPUYES1=4429146304y00100s0s330,19GL1),PSCOND,IER)

YPS(1)=CGLI}#YPSTuU(L) :

LOSUI)=BLPHADCTI#PIN/ LE0,

ARSCLY=ATARCETANCRATS) ¢TANCADSLI))I/24)

AOLT)=abO%COS(AUS(T))

SFOI}=(AULI)/AL) %52 ./ (1.+5K)

IFLSFOINA6T 0.H)G0TH 9

IFUSE U1 LT o000 )GUTD 12

CALL TCSIVEULSLAMO.030.5300904300300941914SFCI)PSCOUGS TER]D

GCF=a 03345 (CHOS/NEIR)#(COSLADSITII/COSIB) ) .

YSSOII=NCH %02, (TANIAIS)=TANCAOS(I}))4COSCANS (T I¢%2,4CGS(LDS(TD)

3 42, /COS(ANS (T )) 84, :

YTSCI)=YPSUII+YSS(1}

IFCTUSSEWea:2) GOTO 8

YTSCOII=YTSULV#TEFAC

GO To 11

YISCULY=YT501)

ELPHADU T4 L) =ELPHAP( 1) +1,

GO TJ 14

WRITE (6413)

FORNATU// 420X, 'EREQR TN FOKMULATIAN OF SF(I1%)

KF=1-1}

RETURN

£1D

SUBKUUTING SUB31L o
COBON/SZI/YPLILT 98) s YP2U1546) 9 STAINI21+9)sDELSIS(3144),
o YPOYPS {100 ), SLANCLOD)
COMMXN/S3T/SUCE s TTLRy TOSRYBRyRK
COMMUN/ ST A/ 10 A2y AT Sy ATR
CONNMUNZSI2/VLPHALISOUL ) s YTRCU500) 4 BETTAL

COHKUN/ $33/7EKF

CRMAON/S34/ALPHUL yA2, FE
CONMGN/SHS/PIN
CONNUN/SYRZOUSK,SOLK -
COMRIN/S197 2K FRON ok

AN/ PY/CHDS i IR Cr
SIL;3;;UN/ HIN5(5OU),ﬁ(5UO)yYPR(bOO),F(EUO)’AMR(SOU)aYSKR(SOU)g
3 YIR(H0G) s nKIS0G) :
TRRFAC=21, 64 TUSK¥$2,.42.86%TOSR+,91
ALPSCR=(=¢35¢SUCk+1.25) #ALPHUR

B=EETTAL#PIN/1EG, -

L= ANO®CuS () .

D=(A2/AY)¥+2, /01 4RR
A1 =ALPHAR

A2 =aLPROF

AQ3=4LPOR

AN =, LPHUR

Qa =g 1T FALPYCR . ] .
éhLL‘ICS;VL(YPlySﬂCRy-BC,l.lOs-EU-y-45.117;8;1,17’ﬁK1A0101t.)

iC Jey— Sy WK1 202y TLR)

I 245tCP a3y La0lUy=700) 95-v15.611|];’ ) )
g?tt }gzzzt:;zﬁiw?au;.—1:0,1.0,-70.'—3u-'21,9.1.21.H§3A03.1F§!
CALL TCSZVE(BELSISySUCKy16ur1,09=T0,y=000 231401, 310 wka AUD, TER)

SI VL (SLatigNeNs0a93009001009002413150 Dy 18
s:tkli$§h1i:gﬁaT;]ILCFHDR)**2.*(A02—»ﬂi))¢(TUCR/-2)*‘(-8&T]A1/
3 CALPHUR)
STIHE=L03+405

YPSIU(l)=(YPEIU(I)*((BETTAII(BLPHAU([))¢°2)°(YPE1A(I)—YPBIC(1)))‘(




241
242
243
244
245
246
247
248
249
90
251
252
253
b4
255
256
257
258
259
260
261

ihe
ch3
204
265
266
67
268
269
P4V}
271

¢79

314
315
316
317
318
319
320

COoOOOn

cCoOOns

[

1<
13

ki

E

124
VLPHAL(1 ) =6ETTAY-4,24STINp
G Ty 2
VLPHAT(L) =VLPHALIL) +. 2
DO 10y1=1,K
KINSET) s~ (LfTTAL~ VLPHAI(I))
FOL)=RINSCL)/SYINR
IFCECIN LT ~402)00T0 L
TFLE01).6T. 106160 TO 11 -
22&&3;??§V1(Y”JY $974.231 40610490, 4Gay0
YP2AL)=F(T)=»YPRIU
FOLY=YLPHAL (] )%P1R/1en,
ANSLE) = ATANUUTARIFOI Ve TANCEEY ) /24)
DCEE=.0334% {CHOR/HE TR }* (COSCEE) /COS(8))

HREFCHURI BE IR ) S (RK/CHOR ¥ %, Tb
YSKROTI=DCFR4 (2 # (TARCF (L)) =TANIEE) )4 CUSUARRITI)) €42, 8¢ COS(EED)
BEZOILCOS (AR (1)) %43,

YTRLI)=YPR 1) +YSKR(])
TFCTUSE ¢ 0, .6216UTG 7
YTRCUT) =YTRLL V% TEFAC
Garn 1
YTRCOL) =YTr(T)
VLPHALOE+) ) =VLPHAL(T) +1,
KF=l-1
KETURY
END

.vJO’l,F(I)gPQCPNC,TcR)

SURRLUTINE Sus20

DIREGASTON LLPA -5(500)ySFO(SOO);ALPAO’(‘00),Rhﬂ(56ﬂ)
CHMUIZGOS/YRIP (5L, 2) s VHTAP(5142) sRIHNIEC, 21 4 VWOK(I0N) 4 VVETILGO)
CHEDONNISEY/RASF TRCRE S Y0

CONNIN/SI2/T Ly urF

CONIMLN/ST3/OUSS,SO:S

CORADNSISLA/ 41T, AN2 AT S ATR

CONMGLLSITIS

COANON/S18/COSRSTER

CONNONISIY/RK ykAOH

CONNMUN/ SYY/TID, TGD

CORNGI/S2I/YPLETITy8) s YP2U1996)ySTALIN(2] 9‘”‘0;1.5]5(311") D
YPOYPS(L00) s SLANILAD)

CUNMONYSZ2/BETTALyALFRAL

CQURIN/SZ3/TECS »SUCS,y TLUSS 3SR CS

Cui 40N/ S5246/BLPHAGILAN) s YTSCULOUY, SASy Ny IF

CORNRON/ S31/SUCR,TCCRyTUSKyBRIRR 4 CF

COMRNON/SI2/VLPHALIDOL) s YTFC(500) 4 BETTAL

CUiIHgN/ S33/ K HF

COmMk/ S34/ALPHA2 42,5 EE

CITnNg S85/ 0 1

COFAONIDSE /KPP Uy ALPAOG SLOSSHPTHCP

CANMALN/ STT/GANA

COLAUNISRE/ V] U(lun)'VRU(lOO)

COMAGN/CI L/ GaTAP (5001 y0POP(E00),0VUTIS500) yORKNISON) ,BHTAP(500)

CORAUNZCIZ/HK (L0 )y HIS5000) .

CONMONZCI3/76yHE yH23PUS H3,HA,HB

COMNON/C25/ THOAT

COMMON/EL3/EHRAH

COonuuti/EL4/STHCRE

LOGICAL GQH’gHZ'?US1”'31“’1,“61""7’“8,“";1H]0)H11

11=n

Jd=r

KK=2

LL=0

. PUS=,FALSE.

S FALS[E-

HY=G

He=G

H7=5

HG=6

HIG=G

H1ll=y
RATTuA=EMRAH

wFEN Gi MERATE  BLALE UUTLFT ANGLES VS. MACH NUKBERS ##¥¢




321
322
323
324
325
326
327
328
329
330
331
332
333

337
334
339

341

35
386

87 |

133
389
399
91
392
393
394
395
3%

400

oo 0n

a0 o

oo

(e N gl OO0

o

Xz Xz Xz X%

OO0

aoono

G

275

230
296

300

324
325

125

CALL SUBLI(1.,ALPAOS,SHO)
CALL SUBI(24,2LPa0R,#10)

e GE”CR;TE STAIGR  LOSS VSe ODUTLET ANGLES #%é%
CaLl. SUBZ
67 GUESS KOTOR BUTLET ANGLE FROM THE START %%«

LE=ACOS(0USKR)
ALPHAZ==]1417%AA¥180/PIN+12449-4.%50ER

ALPAUG==1,]17%ACOS{OLSS)I¥1BG./PIN+L2.5€E~4,%S0ES
SLOSS=ALPALGG

CALL JOSIVULYTSCyFLPHAO$iF915SLOSSHH,yIL )
STALLS=SLUSS

WTLPS=GARA

¥3¥% FIKD M&X. RON-DIA. FLOW THROUGH STATOR  #&%#

cAtLl ICS&VL(VNTqusLUS 90e91e316333,31.396335L32514513WKyWTAPSHIER)
AXEL=aTnPS

E=ALPAUG*P IN/L1BO.
ﬂﬂ=ﬁhn#COS(ﬁi)
Gl YU 290

KATIOM=RATION=4 05
6N TG 290

RATIOM=RATION=S THCKE
THUAT=RATIDNSPI/SCRT(TL)
RURAT=THDATFSGRTITLI I/ (A0%P])
WOaS=RBRATZHETAPS

#33% CHECK IMLET MASS FLOUW TO STATOR *%%%

ITFLUINS.GTLYe) ThEl
11=11+1 '

cU0 Ta 275

ENG IF

1F{6) GO TO 325

WAPCS=GAMA

coaLlL YCS'VL(VVbP,SLnssso.91-,1 333,1439634514241,5) yWK,HEPCS,TEF)
CALL TCSIVE(VHO WM e 920 90a90e¢90490es5L 91 9W0ASsPSCONLSIER)
WREKS=uCPCSH*u0HS+P|

PO=Pl~abARS

RERATO=Ti0A TvaP](TI)/(AO*PO)

#%4% CHECK CHOKE OW STATOR #&%=x

W1=A3SIRNEATU/WTaPs-14)

TF{ML.GT.s0LIGO TO 339 i

G=, TRUE .

IF{LLNELO) 60 TG 324

SHAXFL=R,T10A

GO Ti 331

H3=FALSE.

CALL fHGKL(SLﬂbS,PI,TI,AO,ANO,uLPHAﬂ,SHO,RATIUH,PH Vo)
IF(PUSLOP,1i2) STtiw

AGaHN=S I

LGAHASALPHED

63 YU 326
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401 C ’ .

402 C *3¥¥% CHECK OUTLET hASS FLOW FROM STATOR #%%¢
463 C

4004 C

4015 336 IF(MARLATOGTAHTAPS) THEN

406 Ji=JJ+1

4n? DIFFER=1.-(LTAPS/RHRATO)

4038 KATIOH=RATIOM-DIFFER

4079 ) GY 10 290

410 , ERD 1F

411 C

412 C

413 331 SMu=RMRATN

414 CALL JCSIVUIURNN BRTAPyS5UsL9SMO4H41ER)

415 VNTO=SHO

416 R CALL TCSLVE(OVUTye0291, ?10.’(Joyo.s().q6011,VOT09!’SCU\1011FR)
417 VELACI=VYBTO

418 ALPHAR=SED

419 CALL ICSIVULALPADSySHOWNFs19ALPHAO H, TER)

420 C

421 C

422 ODIFFL=ABS (ALPAOG-ALPHAU)

423 IF{DIFF1.LT..1)GOTO 7

424 ALPADG=ALFHAC

425 G=,FLLSE.

426 GO 10 6

427 7 YO=YOTG*SCRLTITI).

428 c ; :

429 c

430 C w¥%d START CALCULATIONS ON ROTOR GAS CONDITIONS ¥&%%
431 c

432 C :

433 326 CC=ALPHAGHPIN/L180.

434 ' VAL=VD%#CGS(CC)

435 ON=LTANCLU/YAY)=TANICCY)

436 ELPHAL=DL#1AU./PIN

437 Vi=valsCcuas(ni)

434 Tl= Tl-(anvz.v(1.-(CUS(CC)/CUS(DD))**2 1/ (2.%CP))
439 T2=T1

440 pl= Pb*(Tl/T!)**(GAAu/(GAHA 1.1}

441 IF(H?7) G3 TO 825

442 -1 EF=ALPHAZ*PIN/L1B0,

443 F2=AN2%¥COS(ED)

444 [

445 o

446 C Fax% GULNEFATE KOTOXK LOSS VS. TNCIGENCE ANGLE #%%2
447 C

448 C

449 CaLL suB3l

450 2 FLUSS=AaLPHAL

451 CALL TCSLVU(YTAC, VLPHAL sKF 9 1yRLOSS 4 Hy 1ER)

452 c

453 [% ;

454 IFCEERLHELL29) GO 10 2600

455 RATIONSEAT TGN OY

456 G0 TH 29

457 C

45g (%

454 260G ROTLUS=RILLDSS

460 WTAPR=GANA

461 c

462 C . .
4463 C Fdkx FIND MAX, NONH-0[d. FLOW THROUGH RUOTOR #%2%
LT C #3545 A FUNCTINN GF IHCIDENCE® %% N
465 C

466 c .

467 TCALL JCS2VELVHTAP yRLUSS10e91e9163334143G66355192919513UKsWTHPRHIIER)
468 BOXEL=NT PR

469 SO IEGHLY 6O TS 829 f

470 c

471 c

472 C #%5% CHECK IHNLET MASS FLOW TO ROTOR #%%%

473 C .

474 C

475 GOURE (THOATHSOPT(TL)Z LA2%PL)YZUTAPR

476 TFCLOMRGGTL L )TN

477 KK=KK +1

478 G Td 27

479 ENDy TF

480 (%
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481 C

482 ’ B0 CALL TCSIVE(VHUM0.31e30490e90,904351425H0KRyPSCOND,ZICR)
4873 WOPCHR=GAIA

484 CALL JCS2VEIVHOPYKLN3S90431e91la33352439€63451452,1,5] 94Ky HWOPCR,yIER)
465 VAR = WP AVRPCRAPL

446 P2=Pl-iBark <
487 RIRATI=THDATHSORT(TLY/(A2¢P1) '

484 RMKAT2=THDAT®SGRY(T2) /LA2%P2)

489 C. i

490 [

491 c $8%% CHFCK CHOKE ON ROTOR ##%¢

492 c -

493 C

494 ) H2=AB SUKNRAT2/aTAPK=14)

495 TFIH2.6T,401) GO 106 830

496 Hl=.TRUE,

497 GO 1O 631 l

498 825 HE=.TRUE,

499 CALL Cnn&[(QLUSS,91.127A1.ANZ,ALPHA‘,Ph‘,RATIOH,PZ,VZ)
€Ny 1F(PUSJOFGH2Y 3TGP

501 GO T E20

502 c

503 C

S04 C

505 C

£06 C #3%% CHECK OUTLET MASS FLOW FROM ROTOR *ews

507 C '

ERL 330 IF(RAYKAT2.GTouTAPR) THEN

509 LL=LL4]

510 DIFFES=le=(HTAPR/EARATY)

11 RATION=RATICR=DITFES

£12 G=oFaLSFe

513 G T Z9¢

£14 : I

515 C

£16 c

€17 §31 RML=RHMKAT]

513 EM2=RHRAT? .

519 : CALL TCSLVUGGRINIBWTAP 35091 9RML4H]1EK)

520 CALL TOUSIVULURKHKy RNTAPy SuslsRM29Hy1EX)

521 ALPA2C=RM2

22 CALL TUSLVULALPAGE RO, HF 1 4yALPAZCyH,y IER)

€23 c

£24 C

se DIFF2=ABS{ALPHA2-ALPAZC)

£26 IFIODLIFF2.LT1..2) GO TH 12

£2 ALPHAZ=ALPA2C

€23 . Hl=oFALSE

g2 6 TU 1

830 12 vaT2=Nii2

£11 CALL ITCSLIVEC(OVTy 0023162306900 9003049€60513V0T2,PSCUNDIIER)
£32 V2=VDT2ASGRTITZ)

533 026 GO=LLPHAZAPIN/LAG,

£34 VAaZ=Y 2% CLSIGE)

£35 MH=ATANCIU/VA) =TANIGG))

Y36 ALPHd=HRe 130 /PN .

€37 T3sT2-V2#4#2.% (L~ (CNS(GG)/COS(HHY)#%2.)/(2.,%CP)

305 PI=P22(T3/T2)*2{GLRA/ (GALA-LW))

539 ETA=((TI=T31/TI) /1.~ (P37PL1)%%((GANA=1.)/GANA))

€49 C

€41 C L2 ] CiLCULATE STAGE NEAN REYNGLOS NUMBER 3%&x%

542 C

543 c

S44 C

€45 STMU=TI

b46 QM¥U=T2

547 FUST=TI1

sh3 RORA=T?

544 caLL ICSLVL‘V%U'I(UcsgbOU-)U-,U-sO.vUn134,1,5TWU1°5C0NDQK¢R)
£59 CALL TCSIVE(VHUL1Gu.y 28 iCles e sVasNesUas 3431 9hORUsPSCURNDYIER)
551 CALL JCSIYEIVRUIINU 925000906 9043049U 13431 3ROSTIPSCONGIER)
£52 CALL ICSIVEIVROLOO.925CUayNasasNeyey 243 3 h0ORG,PSCOKDW]IEK)
£h3 REHST=CSVLHROSTELIO00GNUL/STHY

E54 HO=CR*VZHRIRD*I0AGA0, /ROKY

555 iz {RERSTH+RENRUY/ 2.

556 c

567 C

553 c

£59 ETAC=Le=({Le=CTH) 2L (REKNR/200000.,)%%(.2)))

L60. : 23=LH2¥COSH)



61
$562
5hH3
b6 4
65
€46
£67
£6H
5649
£70
571
572
573
£74
575
76
577
578
€79
£80
251
582
583
"‘l“v

586
se7
Sfs
£569
L9y
£91
£92

594
595
596
97
598
€99
&0y
Ol
€02
603
[
€05
&06
en?
£03
09
€10
£l

€13
&l4a
c15
cleo
€17
&£138
€19
£20
€2l
€22
€23
624
€25
€26
€27
£25
€29

&31

35

s N eNaNel

on

[N eNeNal

C
c

C
C

128

V!?'I‘3=T|"’-()I~T¢S(JQT(T3)/(A3¢P3)

KH3=GANA

CGLL !CS VECR AN VUT 39 0090395510333,1,.35635801291,5803WKyPM3, TER)
IF(JeRJEDGI29) GU TH 1001

CALL JCSIVEAVYIITyCe1e490a3U0e30090esB0212VDRTIZPSCONDSITR)
CIF{IRRGELI29) SO T luOl

V3=VGTIHSCRT(TS)

1001 KIh==(BETTAL~ALPHAL)

wRIT(6s%) F%¥ KOTOR lHCIDENC[: PP IN

'f.?'l’ll ((:a")STkLUS"UJTL”S

4 FURZRTIRU/)520X, ' STATOR TOTAL LOSS COFFFICIONT, LUS)='3FlUst /915
S v7('¢'),///,._0)(,'KUTCR TGUTAL LOSS COEFICIENTy LIR)="3F10.64+/415
X570 %) 48(7))

URITE(645)

S FORMATUOZ// 99uXs 4T %0 )3 /350X, P #0,4Xs ' AUSOLUTE STATUR OUTLET GAS CO
AMDITIORS 34Xy '35 /350X 4T (%), /)
ROITE (6 4E)

8 FORMATU//I/ 45Ky "QUTLET GAS ANGLE' 24X, 'GUTLET GAS PKESSURE',6X,'OUT
ALET GAS TEHPEPATURE 'y 7Xy *OUTLET GAS VELCGCITY 94Xy 'OUTLET A4CH KLUN3
AR 4/ /)

WRITE(E S VALPHAOZFUSTT VOS50

9 FORIATU/ 37X 1CabaLOXaF 74391 7XaF90491649F1045411X9F10469///)
WRITE(6,413)

13 FORMAT(/ 345X 3600% %" )y /345% s %y aXs ' INLET € OQUTLFT GAS CONDITIONS ¢
BRELATIVE TO BATORI 25Xy '8 /945X, 600 &), 8( /) 35X, "INLET GAS ALNGLE!
Fa7X4VIHLET GasS PRISSURL 'y 7Xs"INLET GAS TEWMPERATURE',7Xy "INLET VFLO
ACITY' 10X " THILET NACH HUNBER'4//)

WRITE(6414) ALPHAL,PlsT1yV1,4RHL

14 FORNAT(//47X4F10, 6:1&X,f7.5117K7F9 4916X9F1045311%3F1046)
WRITE{L 40}

40 FORNLTO/2/7795% *OUTLET GAS AHGLE' +4X3 *OUTLET GALS PRESSURE' 146X ' CWUT
ALET GAS TEMPLRATURC 97Xy 'OUTLET. GAS VELOCTITY' 44X, "UUTLET HACH HUMS
-"I:Q"//)

WRITE(Oy16) ALPHAZ4P29T29V24RN2

16 r-fh- T/ s TRIF1O O LOKsF 7391 7% sF 94t 416X 3F10Ua5311XsFL06s/ /1)
WRITE{E10)

16 FLIMiT(///,‘s_u(g(:U('?')y/,‘cbe""s‘th'A[‘SﬂLUT[ GAS CONDITIONS AT IN
HLET T0O THE MEXAT STAGE' 94X '#'4/445Xs00(%%t)4//)

HEITE(G,20)

20 FORMAT(//75XK " THLET GAS ANGLE® 37Xy 'INLET GAS PRESSUKE'+7Xy "INLET G2
#S TEHPERATURLE s 7Xy PINLET VELOCITY*3 10X, *INLET MACH NUMBER',//7)
WEITE(GW19)YALPIIASZ P35 T34V39RN3

19 FORBATU/ 27X FlUO W LBX 3 F7e331743F944916X9F1045911K3F1U64/7)

WRITE (%) '¥% UNCURKECTED EFFICIFRCY= '4ETA
WRITE (6. 7) ETA :

17 FORMA T(///|J‘)‘(’J1("")t
#3 GIVEH BY At IS 1
PRATIO=P3/P1 .
WRITE(ny2000) RATION,?FLTIO

F339Xy ' #'54Xy " THF EFFICIENCY GF THE STAGF A
FOSTAGF) =" yFlUeE 94Xy "% 3/7429Xs81 (%) //11)

2006 FORARTIS(/) 10K, *M0H-DIRENSTONAL MASS [LCN';SX,'L*SQRT(Tl)IPl"ZXy

A1t (C10.79/ /730Xy *OYERLLL PRESSUKE RATIC' 412X 'P3/F1 ' 92Xy "'="4FL0,.7
§49/717) : )

IF(H3JANDJHA) GO TU 5000
IF(H6) GU TU GOUL .

IF(G)Y THYH
WRITE(6.320) SHAKFL
326 FORMTU/Z 210K THE BAX1IPUM NOM-DIMERSTONAL FLOW WHICH PASSES THRUU
464 1M1S STATOR IS BUUAL TO'45X,FiN74//)
fib=a TRUL .
End IF

6001 TF(H7) GO0 TO 7uol

1E(H1) THEN
WRITECH820) PATION . )
620 FORBLTI//7y10K, ' THE AAX] UM HON-DIMENS IONAL NASS FLUW WHICH PASSES



€49
650G
€51
652
€53
£54
€55
€h6
e57
58
£59
€60
661
e62
€63
664
€h5
€H0
th?
€63
£69
&£70
€71
t72
673
674
6?5
£76
€77
£78
£79
&8
L5l
32
€43
t84
€55
£86
€37
(31 ]
&89
£90

- €91

692
93
694

20

o0 e Xx]

7\»02

C
c

C
C

129

#THROUGH THIS RUTOR IS EGUAL TO'y5X3F10,74//)
H7=,TRUE, :
Chiy 1F !

7001 IF(H9)G0 TU 8001

1F(H3) THEN -

WRITL(6,7002) PRATIO

FORMAT(// 910X, *STATOR MACH # EXCEEDS UKITY AT PRESSURE RaTIO=
V92X F10.7471)

HI=,TOUE,

END IF

8001 IF(HLN) GO TG w00l

1F(H4) THEN
HRITEALO,£C02)IPRATIN

80N2 FORMATL// 10X, 'RUTUR MACH & EXCEEDS UNITY BEYOND PRESSURE RATIO=

C
c
9001

(e X ¢} ac

[N e

[aN e

Ao

5004

caOOn

[aXe]

292X3FLULT9717)
H10=,TRUE.
END IF

IF(HLYGORLHT) 6D TY 5000

TFUIH6,ANIDHT)  ANDL (SHAXFL.GTSRATIUM) ) THEH
G=.FalSFE,

o T b

EHG IF

IF(HZ) GO TN 6
IFLG) GO TO 325

JFUCETOHL «U)a DR (KK «HELD)) THEN
RAT UM=K/ TIOKt, 2

GO T 24%u

M 1F

RATTON=RAT1ION+.5
GO Tu b
RETULH

EnG

SUHBEHUTINE CHLKE(LOSSyPHaTHy AN saliNyALPANCyMACH RATIOM PNy VN)
CRAUMUN/CLI/ZDUETAPISGN) ,GPOP(500) s0VOT(5GG6) yUREHISUN) $BRT AP (500)
CAMANLCL 2742 (190G, 1L HOR0) : )
COSUN/CL 3/ 6, HE s 12, PUS 3 H4,HE
COANONISTTIEL A
COHNDNISSS /P
COANUNI CEBTHDAT
RTAL LOSSyNACHIMUTAPUVOTN
LOGICAL Gahlyh2 i3y 0 4FUS 4 HO
NACHsXACH . ]

TR(MCHGGT ) 20 THEN
PUS = TRUL .

G v 9

ELDLF

IF(NH3. R 44100 TO 1

IF(HACH.GT L) GO TO 5B

Nt AP =M ACH ' )
cALl _ICSIVL-(U’ATM’,.02‘,1.20,0. 900304300360 41 HUTAP+PSCONDy IEK)
PHSMPH=hACH
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21 CALL TCSLYELNPUP ) a24142040490430490,356031,PNSOPHLPSCOND, JER)
122 NV Th=nACH ) .
723 CALL TCSIVE(OVOTsa029102010090090430,,360,1,NV0OTH,PSCOND1ER)
724 WBLPH=LOSS¥ (1.—PNSUPH)

725 WBGPH=RBUPI/ (). ¢ 5B0UPH)

26 PHREPU=WBOPI#PH

27 . AHC=( Lo /HATAPISTADATSSORT(TH) /PN

728 WRETL(ba%) ' %64 CORRECTED BLAUE OUTLET ANGLE =t', AWC

729 FF=ACUS(ANC/ENK) L

730 ) ALPANC==(FF*180./P1H)

731 VHa Y OTHSLRT(T.1)

732 G TG

733 C

134 C

735 5 O IFLHNTHE) THEN

736 H3=.TRUF.

737 hACH=1.

733 SO TU i

739 LLSt

740 Ha=,TRUL.

741 baACH= 1.

742 G TG L

743 . END 1R

744 c

74% c

146 9 KETURH

747 L)

7494 C

149 C

750 c

751 C

752 c

753 c SUBRBUTTINE TCSIVE (FalAsSeUl D1 yUlisONyNyHsGsPSCUNDIER)
754 C

s C=1CSLVFmmm e P e LTGRARY Z-- - —_— -
156 C

757 o8 FUNCTIUH ~ CUBIC SPLINE OME-DIVENSIUMAL ILTERPOLATIOM -
7568 C EQUALLY SPACED DATA

759 c USLGH = CALL ICSLVE(F s4+E+U4D1y

760 c Utly Dy NaMsGaPSCCHD,, TER)

761 €' PARAMITEHS F - VECTOR OF N EGUALLY SPACED

62 c FUNCTTIOHAL VALUES FL1)aF(2)saean
763 C FerR)y, WHERE F(1) IS THE

764 o FUNCTIONAL VALUE AT

765 c X=A+{1=1) 4N £4D H=(B=A)/(h~1)

760 C A ~ VALUE OF THE AESCISSA FOR F(1)

67 C 3 = VALUE CF THE ABSCISSA FOK Flh)

7638 c ul — EUUHGARY RELATED PARAMETER

769 c (SLE ELEMENT DUOCUMENTATION)

770 C D1 - = BOUNDLRY RELATED PARAMETER

771 ¢ . (SLE ELEMENT DOCUMENTATIONR)

772 C UH -~ BOUKDAKY RELATED PARAMFTER

773 C (SEE TLEMENT DUCUKENTATION)

174 c Dh - LOUNDAKY RELATED PARAMLTER

775 c (SEE ELEMENT OUCUKMENTATIUM)

7706 C t - KUNRER OF UATA PUILTS

77 c ¥ ~ HUMBER OF ANSWERS SGUGHT

16 c G ~ VECTOK G(1)4G(2)seeerGUM) OF ANSWERS
776 c VHERE G(I) 1S THE 1-TH ABSCISSA
730 ¢ UPON ERTRY ARD THE I1-TH

781 C OXOINATE UPOM COMPLETION,

782 C PSCONMD — PSEULO CUNDITIGH MURBER FOk B8NUNDARY
763 C PARANETERS. PSCOULDGTA1.ES

784 C INDICATES VALUES RETURRED IN G(LI)
78% o ] MAY BE UNRELIASLE.

186 c I:a - [RKOK PARANETER

737 o TERRIMAL ERRUR = 128+N

8 C ti = 1 INODICATES GUI) NOT It INTERVAL (4sB)
789 % FOR) SONE 121425000 9H

790 C = 2 INDICATES UNICUE SULUTION NOT POSSIBLE
791 c FOR GIVEN BOUNLARY VALUES

792 C PRECISION - STHGLE

793 C REO'L InSL ROGUTINLS — UFKTST

194 c LARGUAGE -~ FURTKAN

79% Cmmmmmm —————— ———— e e e e e
96 -G LATEST REVISIUON — FEBRUAKY 3,1971

7917 C

798 SUBRAOUTINE TCSLVE  (F 4A9B8sU1, DL UHsDItyNsk1GsPSCHNDy TER)
799 C

£no DINENSTGH FL1),4G6(1)
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EOQUTIVALENLCE (1DETHDET)

REXL Lty LANN .
DATA S3ILAN/YL.T3205084=-42E754919/
16k =0

H={8=A)/(H~1)
LArsLaME~(ti~1)
CALCULATE LAK AND TAU
Gak=F ({1} -
TAU=F (H) -
Hl=lt+]
Dy B 1=224N
Jatl=-]
GAM=GANELAMLF(])
THU=TLUSLANEF L D)
CusTIhiuL
GAR=3,4GAN
TAU=3.¢TAU
Cl=l.,=-U17LaAl
Cr=1,-Ul/LA
C2=CT=LARN :
C3=DLHH/ (2, %S ¢ {CT#TAU=-S3%(()a+6.4¥L)¥F(1)~UL%F(2)))}/H
CT=v,—UK/LiLB
Ca=CT*L AN
CoH=1l.~UNILaHM
Co=Dhsn/(2, #S?)*(CT’GAh—SBv((1.+b.*uu)vF(N)—UNvF(H-1)))IH
DET=C14CH-C24Ch
1F (IDET.EG.0) GO TO 5%
’ CALCULATE BOUNDARY PARKAMETEKS BlsbN
B1=(C29CE-CI*CHI/DET
BHN=(CLeCE~C4A2C)/OET
CALCULATE PSCOND
Cl=A55(CL)
€C2=A6S(C2)
CazAuSUCA)
C5=A45((3)
PSCORD=AMIXLICYLC2:C49C5) /ABSIDET)
KP=)
Ne=t-~1
CALCULATE G(1)°'S
00 50 1=1,M
KI=4
IF(GII)JLT.A)Y GO TO 15
LY T J=1 402
X1=X1+h
TFIG(1).CTuaX1) GO TO 10
K=J .
G0 TQ 270
. CORT LiIgE
1IF(G(1)6Ten) GO TD 15
V= N2
G TG 20
1L R=129
G2OTH 000
K= (Gl I=(A+{K=1) %)) /H
IF(KEQWKPY GO TUO 45
Cittn=r{1)
Taus=F () .
FF(ReLre)) OO TQ 39
D 25 J=2,K
GrUR=RatRFLARAF (J)
CORTIRUE
K] =li=¥K
IF{KY LEWL) GO TO 40
H0 35 J=2,4K)
JJd=hl=J
TAUK=TAUKFLAN+F (S )
(IR RHVE
GiK=34¢5ANK
TAUK=3, #¥TAUK |
P =R
Te=(le={LAN+2 )X (LAN+1 ) ¥X2X) %X
Y=1,~X =
TY‘(I.-(LL“'J.)*YO(Lkﬁ*l.)*Y$Y)*Y
GUI)=GANHATReTIUKFTY SR LK I&Y##3+F (K+1 )1 4X 42348 4HETX¥LAN®# (K~1)
—LHAHETYeLAME S (N~-K=1)
CUMTINRVE
GO T 90us
IFr=130
COMTIMUE
CALL UERTSTUIRR,'ICSLVE')
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GOO0Y RETUMN
[H

SURRGUTEIHE TCS2YE (FaXOsAsBsCeD sl s Ny IR, HKyY,1EH)

LIBRARY 2m—mmmomoo o oemcmec e ——

1
—
(2}
w

LN
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-
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ULCTION - LICUBIC SPLINE TuO-CIKENSTONAL INTERPOLATOR -~
EGUALLY SPACED DATA
USAGE = CALL TCS2VE(F s XDyAsBsCeDyTsJaNyIFyHK,YyIER)
PARAMETIKS F = HATRIX OF I#%#J4 FUNHCTIONAL VALUES Fil141)3F(2,1)
F(39l)lseaesFlL92)90eesF(lsJ)e THE VALUE
FAI1sJ1) IS THE FUNCTIONAL VALUE AT X(I1),
Y{J1) WHERE X{ILl)=A+(I11-1)%uXsY(J1)}=C4(JL~-1)
#HYy HX=(B~A)/(I-1)s AND HY=(D-C)/(J-1)
X0 =~ X=DIRECTION ABSCISSA FOR MHICH INTERPOLATES
: LRE SDUGHT
A = LOWER LINIT OF THE INTERVAL (248}
8 - UPPER LIMNIT OF THE IMTERVAL (/,8)
C - LONER LIAIT UF ThE INTERVAL (C,D)
o] - UPPER LINIT OF TiE INTERVAL (C,D)
1 ~ WUNBER OF MESH POINTS IN THE FIRST COORDINANT,
Xy DIRCLCTIONM .
J — RURSER OF MESKH PUINTS IN THE SECOND COORDIf&NT
Yy DIKECTION
N - NUNBER OF INTERPUOLATED VALUES DESIRED
IF ~- FIRST DIMENSION LF F IN CALLING PKOGRAH
WK - wORK AREA UF DIMEWNSION J
Y = YECTOR Y{1)4Y{(2)seaesY(N) WHEPE Y(J1) IS THE
. Jl-Th ABSCISSA UPGN ENTRY AND Tk INTERPO-~
LATFD FUNCTIUNAL VALUE AT COQGRODINANT
, (X0,Y(J1)) UPOBN COMPLETION
TER - ERROR PARAWETER
' TERMINAL ERROR = 128+H
= 2 THDICATES X0 NOT IN INTERVAL (A,.8)
o= 2 INDICATES Y(J1) -HOT 1M INTERVAL (C,D)
; FOR STOHME J1=1929eee9ll
PRECLSION - STHGLE

REG'D 18SL POUTIHES - ITCSIVE,UERTST
LANGUAGE - FORTRAN
LATEST REVISION - JANUARY 138, 1971

SUMRUGUTIHE TCSEVE  (FaX03A385CaDeladsly IFsWKyY4IER)

C

. DIAENSION . FOIF 1)aYLL)yUK(L)

C THTERPOLATE IN Y DIFCFCTION AT X
03 5 Il=1.1 '
K (11)=x0

CALL JCSIVE(F(1y412) 44, P,O.,U-,O.,0-,I’lsWK(]l)vPSCONogltR)
IF{ICrkE0) GO TO 90QO
5 CONT JiHiue
n'\LL TCSLIVE (WK 9CaDaUes0690¢9049JdMsYsPSCONDy TER)
IFCIERNLLO) GY T 10
6N T8 905
10 1ER=430
L9000 CORTINUE
cAaLL ULRTST(lfk,']CSZVL')
9005 RUTURN

FUNCTIOHAL VALUES F(1)3F{2)yenen
Flr)y WHEKRE F(1)} IS THE FUNCTIONAL
VALUE AT x{1I)

END
C
c
C
C
c !
C SUBRUUT INE TCSLYU (FyXaNyMsGaHy TER)
c .
C=ICSlVU—msr e Semmem— LIERARY 2ewmmrmecrcmccmen e cn—n—— -
g FUNCTI“N - CUBIC SPLINE OWHE-DIMENSIONAL INTERPOLATIUN =
C UHEQUALLY SPACED DATA
C USAGE ~ CALL ICSLVU(FsXsHsil2GHyHy1ER)
C PARLINETEES F - VECTOR OF N UNEQUALLY SPACED
C
[%
C
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Go1 C y © = VECTOR OF N ABSCISSA X(1)3X(2)seessX{N)
462 C 1 =~ HUNBER OF DATA PUINTS ’
63 C on ~ NUHBER OF ANSWERS SGUGHT
T GhYy C G- - VECTOR GU1)3GU2)s4s G{H) DOF ANSWERS
965 c WhERE GUI) 1S THE I-TH ABSCISSA
96t C . UPOM ENTRY ALND THE I-TH DRDINATE
567 C ! ‘ UPON COMPLETION,
568 C ti - WORK AREA OF DIMENSTION 8%NeH
569 c 1eR = URROR PARAMETER
70 C TERFINAL ERRUR = 128+H
971 (4 W = 1 INDICATES G{I) HOT IN INTERVAL
572 c CAXUL) X (1)) FOR SOBNE Ts1323eeeslt
573 [ N = 2 INDICATES THAT CUNVERGENCE WAS
G574 C NOT OBTAINED Il S%H JTERATIONS
75 C PRECISION - SINGLE
976 C  REO'0 INSL ROUTTHNES - UFRIST
G577 C  LANGUAGE - FOKTKAN
578 € e e e e o o e e et e e st e o e e e
579 C LATEST REVISION - - HARCH 5, 1971
680 c S
81 - SUBRUUTINE TCSIVU(FsXsNyHsGyHsIER) -
582 C .
43 DIAENSION FOL)9X{1)5G(1)H(L)
G64 DatS : EPSLNsOMEGA/ 1. E-651.0717968/
485 [ : SET UP WORK AKFAS
986 12=H .
687 . o I3=N4N
548 TasI3+H
539 , 15= 14+
590 16=15+1
G591 17=16+N
G92 . 1B=17+10
993 ‘ 19=13+N
594 tit=16
995 ' 1R = U
9906 U = t-1
597 c DERIVATIVESsH{J6)y USING CENTRAL
$98 C : ) DIFFERENCES
599 : D05 1=1,N1
100 Jz=12+1 :
1001 HUTY=atI+1)=%(1])
1Lo02 HOJZ)=(FLI+1)=F(I))}/H(T)
1¢03 5 CONTINUE ’
1604 D3 10 1=2,K1
1¢05 Ja=12+1
1¢06 J3=13¢1
1607 Ja=la+l
1008 : J5=15+]
1009 Ja=l6¢]
1010 J7=17+1
1¢11 H{J3)=H(I=1) ¢H(I) .
1¢12 T HEJa)=a5%H{TI=-1)/H (J3)
1¢13 ; HEJS )= {HE 2 -H{JI2-1))/H{J3)
1014 MEIEI=H{ IS 4 HIIS)
1615 HEJ7 ) =HJ6e)+hitd5)
1Cl6 v 10 CONTIMUE '
1017 H{IEGe L) =U,
1618 Jb=Ti+N
1019 H{JE) =0,
1620 c BEGIN ITERATIOM ON SCCOND DERIVATIVES
1021 KCOUNT=0 .
1022 15 ETA=0,
1623 KCAUaT=KCOUNT +1
1024 Do 25 I=2,M1 -
1C25 Ja=I4r1
1026 Jh=l6+]
1¢27 J1=17+1 o
1628 e (M (J7)=H{JAY2H(JO~1)=( 5-H{Ja} }¥H{ J6+1)=H( J6)) *OMEGA
1629 IF (ABS(W).LELETA) GU Th 20
1C3v ETA=ABS () !
1031 20 H{J6)=1H{JOY+Y
1632 25 COHTINUE .
1033 IF{KCOUNT.GT.NT) GO TO 75
1634 C1F (LTALGELEPSLH) GO TD 15
103 - ¢ v : CONVERGENCE OBTAINED
1036 D0 30 1=1,N1
1037 T Je=l6+1
1¢38 © Ja=lE+1
1639 HJb)=(1H(J6+ 1) =H{J6))/HIT)

f=3

1649 30 CONTINUE
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65 Jsl4M
I=1
J9=19+) :
I (GLI)=%11)) 70,60,35
TE (GUJ)I=XIHY) 45450470
I (GUJ)=X(])) 35,60445
J=T+1
GO TG 40
I=H
I=1-1
COMPUTE G( J)
Jo=16+1
J2=}2+1
Jy=18+1
HT1=G0J)=-X(]1)
HT2=G(J)~X{(1+1)
PROC=HTL%HT?2
HEJI9)=H{J6)+RT14H(J38)
DELSCS=(H{JH)I+HIJL+L)I+H1U9)) /6,
GEII=F(1)enT1¥ HIJZ)+PROD*DELSQS

65 CONTINUE

- G0

Ty 9045

70 IFk=129

()

TO 9060

.75 IGR=130
90006 CONMTINUE
CALL UURISTUIERS*ICSLVUY)

94605 RET

LhD

PAKAAETERS Ite

URN

SUBRUUTINE UEATST (1ERybaHE)
~UERTS Tmommmmem—em—e—eo=U [LRARY 2 - - -
FUNCTIUN ~ ERKUR NESSAGE GENERATION
USAGE — CALL ULRTST(IERINANE)

ERKROR PARAMETER. TYPE + N WHERFE
[fPE= 128 IMPLIES TERMINAL ERROR
64 IMPLIES WARNING WITH FIX
32 1MPLILIES WARNING

3] = ERROR CODE KELEVANT TO CALLING ROUTINE

NAME = INPUT SCALAR (DDUBLE PKECISION ON DEC)
COMTAINING THE MAME OF THE CALLING ROUTINE
AS A 6-CHARACTER LITERAL STRING.
LANGUAGE - FORTRAN
LATEST FREVISICH — OCTUBER 141975
SUBRUUTINE UERTSTUIER yNAHE)
c
DILENSION ITYPU3,4) 5 TBIT(4)
CHARACTER®O 1TYe
INTEGFR HARH ) HARF s TERMy PRINTR
CEQUIVALENGE TCIBITOL) yWARNY 4 (IBET(2) s WARF)y (1BIT(3) 4 TERM)
DLTA T1YP/YUARRINYy 'G Tyt ',
x CHARNIN'S 'G(WITHy* FIX) ¥,
4 'TeRka Iy 'AL L Ty
& CIION-DE Yy '"FINFD *y! 7,
* TEIT/ 32,644128,0/ .
DATA PRINTRY/ &/
1€R2=1CR
1F (I1Fx2 GE. MAKRM) GO T0 5
C NON~-DE FINED
IfRl=4
Gl TG 20
5 IF (1682 LT, TCHPD) 60 TD 190
C TERNTHAL
Ifk)=3
G TQ Zn .
10 1F (1ER2 «LT. WAKF) G0 T0 15
C NARNIKGUWITH FIX)
1€k1=2
66 Ty 20
c WARNTHNG
15 16R1=] .
c ' EXTRACT i



1121

1122
1123
1124
1125
1126
1127

C

20

25

1

JFR2=1ERz—IBITITIERL)

WRITE (FRIKTRH2Y)

PRINT ERKOR MESSAGE

CITYP(TS1ERL) 91=143)3MNAMEsIER2, TER

FORDAT(® %% [ 1S LIUERTST) #¢% ' 434632X02692Xy12

fATER
RET UM
(TN

313,

135
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APPENDIX C
COMPUTER PROGRAM RAO

C.1  GENERAL DESCRIPTION

The computer program RAO calculates the geometry and aerodynamic
properties of a gas turbine stage for which the aerodynamic efficiency
is an optimum.

The input data of RAO is grouped under two data files:

i) As for the case of the program AINLEY (App. B) data are
necessary to evaluate the interpolations encountered on
loss calculations. These data are fixed and automatically

fed into the program under the data file TURBO4.

ii) The variable data of the program is fed by the user.
These constitute the datafile TURBO3. The content of
TURBO3 1is explained in detail in Section C.4.

The program RAO calculates first %he efficﬁency, ETASRE, of
' ' >
the stage according to the given input trial vector, Xo’ The Toss
calculations required for the efficiency evaluation are performed

with the help of the interpolation subroutine ICS2VE, making use of
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the data'provided by TURBO4. The calculation of the sum, CONST, of
the inverse of the constraint equations allows then,thé evaluation
of the first value of the penalty fuhction, PENFUN.

The next step is the evaluation of the gradients of ETA and
CONST. A three dimensional matrix, M, is created. Each slice of M
corrasponds to a two-dimensional matrix. The first slice, M], for
example, is formed of the partial derivatives of Eq. (78) combined

with Eq. (80), simply with respect to the present variables, i.e.,

M(1,1,1) = an/arg
M(1,1,2)

an/dry improved : (c.1)
M(1,1,3) = an/ GTZS

M(1,1.8)

an/ 9Re

The remaining elements of M(1,1,j) are zero.
The second slice, M(2,i,j) is formed of the partial derivatives

of Ags AN T T25""’Re’ with respect to their own components. That is,

M(2,1,1) = 3)p/3Yp
M(2,1,5) .= axp/aT, (C.2)
or

M(2,2,2) = axy ;/3Y)

Finally, the dependent variables of the problem are eliminated
and the partial derivative of the eff{ciency with respect to each one
of the design variables can be obtained. This procedure can be ex-

plained as follows:
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The first slice, Mj, of the M vector, is multiplied with the
next slice, M2, such that M] 2 is obtained.
’ -

M. = thL_ on_ . dn Op g Ag
1,2 B)\R ? 3>\N ? > oRe BYR BYN e BCR

Y YN BCR

oRe 23Re 5Re
a¥p 9

=

Mo, =30, ..., 2, - (c.3)

Then M] 2 is multiplied with the next slice, to obtain M] 3 i.e.
’ . 3

] aY oY
'R R
M = [ 9 s eees an] X | ... —_
1,3 37% acR aYp’r | dCy
*R ad
aYp’r aCp
= [ _9on__ _on s
M1,3 [ =¥ seeees 3C ] (C.4)
psr R

such that, when the resu]ting_vectdr is multiplied with the last, nth

slice, one is left with:

T .p.dn.dn . dn- F
Min = L 5d 3, 56, - * V3 (C.5)
"R "N a :
which is recognized as Vn , or DETA in the program. ‘The multiplica-
tion of each slice of M with the following slice is performed by means

of the subroutine MULTIP. The gradient of the constraint equation,
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DCONST, is performed in the same way. When DETA and DCONST are evaluated,
tﬂe gradient, DPEN, of the penalty function is evaluated accérding to
Eq. (108). - ‘

The next step, is the determination of the maximizing step -

length, R The idea is explained in Eq. (111).. For each variable,

op’ _
the upper bound, XUP(i) and the lower bound XLOW(i) are initially given
in the datafile TURBO3. Therefore, the next value to be assigned to
that variable cannot exceed these 1imits. Thus, replacing XUP(4) by

X 47 (1) in Eq. (106) one gets

. XUP(E) - X(4)
R = .
op,n R vP(i)

i=1,8 (C.6)

Note that XUP(1i) must be replaced by XLOW(i) in Eq. (C.6) for
" the case where VP(i) is negative. » )
Therefore, eight values of ROp for which each design variable
would violate its bounds is determined. The lowest value of Rop is
chosen among those eight possible Rop's and, this value is divided
by 50 to find the final value of ROp to be used in Eq. (110). Con-
sequently, the search for the maximum of H(Rop) can be carried out
- safely for 50 increments of Rop' ,
The maximum value of H(Rop) is called PENMAX in the program.
Once PENMAX is determined, the corresponding values of.the design vector
X(i), ETASRE, pressure ratio,PRATIO, Mach number,MC3,and Reynolds
number,REsare assigned to XMAX(i),ETAéAX, PRMAX, MAKMAX and REMAX
respectively. If PENMAX turns out to be the absolute maximum of the

objective function, PENFUN, these maxima are printed in the output.
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In the opposite case, they are changed with néw values corresponding
to the latest values of PENMAX.

After PENMAX is obtained, the program calculates anew DPEN, using the
values of XMAX (1) and comes up with.a new PENMAX. If the last value |
is greater, the procedure is répeated. If not, a counter, PCOUNT is
increased by 1, and the procedure is repeated; When, at any point,
PCOUNT is greater than 2, the procedure is stopped, for the renewal
of the resequencing ?actor, RF. Then the second sequential maximi-
zation step starts and a new PENMAX is found corresponding to the new
value of RF. RF is updated three times, and‘as indicated in Eq. (114),

the procedure is terminated for

RF < 4x107° .

The absolute maxima of each design variable and those of ETASRE,
PRATIO, MC3, RE, PENFUN and the other aerodynamic variables are

printed in the output.

c.2 LIST OF THE IMPORTANT VARIABLES OF THE PROGRAM RAQ.

X(1) : Vector formed by the design variables
FPENF : Final value (corresponding to the optimum) of the

penalty function

LO1 : Logicalrcontrol variable
L02 : Logical control variable
ETASRE : Total-to-total isentropic efficiency, n, of the

‘stage (cdrrected for Reynolds number)



Inlet Gas Conditions; Initial Value of X (TURBO3)

3

Data Corresponding to Graphs of Ref. (1]

(TURB04)

N

FPENF = ¢
[ >1
A
L02 YEes
no
Calculate ETASRE, CONST, PENFUN
Go to
B < = LOT
no

IPENMAX=PENFUN

-

/

Calculate DETA(I), DCONST(I), DPEN(I)

v

pa]cu]ate Maximizing Step Length,

R

/
IZITA = R

] :
X{I)=X{I)+R x DPEN(I)

i

\
LOT = TRUE
L02 = FALSE

y
A

FIGURE C.1 - Flow chart of the computer program "RAQO".
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Go to

B
¥

LO1=FALSE

PENFUN>PENMA

no

R0p=R0p+ZITA

ICOUNT=ICOUNT+1

I

__PENMAX>FPENF

C < no 1COUNT>45
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| PENMAX=PENFUN|
XMAX (1)=X(I)

l<

- yes

FPENF=PERMAX

PCOUNT=PCOUNT+1 |

< no BCOUND
X(I) = XMAX(I)
yes
Sy
Go to L.02=TRUE RF=RF/10
A< |
no O
A< \\\\5iifx10
Print ‘
XMAX (1)
PENMAX

FIGURE C.1 (continued).

(stop,?



CONST
PENFUN
PENMAX
DETA(I)
DCONST(1)
DPEN(I)

R

ZITA
XMAX (1)
ICOUNT
PCOUNT
RF

Sum of the constraint equations
Penalty function

Local maximum of the penalty function
Gradient of the efficiency

Gradient of the constant equations
Gradient of the penalty function
Maximizing step length |
Increment

Absolute maxima of the design variables

Counter

- Counter

Reseguencing factor

c.3 SUBROUTINE DESCRIPTION

The functional relatﬁonship between.the subroutines of the

program RAQ is given below.

"FIGURE C.2 - Functional relationship among the subroutlnes

TURBO3

MAIN -

TURBO4

\
MULTIP

/ \

ICS2VE '

ICSTVE

UERTST

of the program "RAQ".
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The functions of the main program and of the subroutines are

as Tollows:

MAIN ¢ The main program reads the datafiles TURBO3 and TURRO4

and executes the job explained is Section C.1

MULTIP :  The subroutine MULTIP pertorms the matrix multiplications.
The argument 1ist comprises the names of the two matrices
to be multipiied and their dimensions. This subroutine
is called by the statement,

CALL MULTIP(A,B,M,N)
The first matrix A is an 1xM matrix and the second matrix
B is an MxN matrix. The resulting vector is thus an 1xN

matrix and returned to the calling program under the nzme A.

ICSTVE, ICS2VE, UERTST: These subroutines are explained in Section

B.2.1.

C.4 INPUT DESERIPTION

‘The datafile TURBOZ is automztically fed to RAO. The datafile

TURBO3, tc be fed by the user, must be prepared as follows:

Card 1 :  XI(I}), I=1,8
X1 : Vector of the first trial values of the design
variables, where ' |
XI(1) : Mean diameter of the turbine (m)

XI(2) : Chord length of the rotor blades (m)



Card 2 :

Card 3 :

Card 4 :

Card 5 :

X1(3)
X1(4)

X1(5) :

X1(6)
X1(7)
X1(8)
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: Chord length of the stator blades (m)
: Pitch Tength of the stator blades (m)

Pitch length of the rotor biades (m)

: Gas inlet angle to the rotor (rad)
: Gas outlet angle from the rotor (rad)

: Axial gas velocity, constant throughout the

stage (m/s)

RPM, MDAT, PO1, TOI

RPM
MDAT
PO1
T01

: Blade rotational speed (rev/s)

: Gas mass flow rate at inlet to the stage (kg/s)
: Absolute total pressure at inlet to the stage (N/mz)

: Absolute total temperature at inlet to the stage (OK)

AL1, B, CLEAR

AL1
B
CLEAR

ILAMN,

ILAMN

IETAS :

: Inlet gas angle to the stage (deg)
: Constant of Eq. (14)

: Tip clearance of the rotor blades (m)

IETAS .
: Initial guess for Ay, to be used in Eq. (51)

Initial guess for n,. to be used in Eq. (65)

RESFAC, MSL, EPS

RESFAC: First value of thg resequencing factor of Eq. (101)

MSL
EPS

: First value of the maximizing step length of Eq. (106)

: Tolerance to be used in the iterative efficiency

estimation.
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card 6 : CP, GAMA, RA

CP ~ : Specific heat at constant pressure (N.m/kg®K)
GAMA : Ratio of the spec%fic heats
RA : Gas constant (N.m/kgoK)
Card 7 : G
G =0, optimize

[<p}
“th

0 , calculate the efficiency, only.

The seven input cards must be given in free format. A sample data

set for TURBO3 is given below:

card 1 : .430, .024, .017, .015, .018, .358, .953, 270.
Card 2 : 250., 20., 400 000., 1100.

Card 3 : 0., .5, .000154

Card 4 :  .0570, .80

Card 5 : 4x107%

s 0., .001
Card 6 : 1160., 1.333, 287.

Card 7 : j 0.

C.5 OUTPUT DESCRIPTION

On the output of the computer program RAO, appears first the
initial trial of the design vector, ia. Then, the chosen upper and
Tower 1imits of the design variables are shown and the initial gas
conditions and the selected rotative{speed-are p}inted.

The results of the program, then, are given: The values of -

the design variables corresponding to the calculated optimum of the



IRy
ESENE W

SU s

147

efficiency are printed; also, various aerodynamic parameters calcu-

lated at optimum conditions are shown, in the following order:

)
ii)
iii)
iv)
v)
vi)

vii)

viii)
ix)
x)
xi)

xii)

Efficiency, n, of the stage

The relevant value of the penalty function, P.

The inlet non-dimensional mass flow, mff;/P].

The pressure ratio, P{/Pl.

Rotor outlet Mach number, M4

Stage mean Reynolds number, Re

The inlet mass flow parameter based on the optimum annulus
diameter, vT,/P;D*(DQMNAX)

The overall temperature drop ratio, AT/T] (DQTMAX)

The speéd‘parameter, ND/VT (DQMAMX)

The work output parameter of the stage, CpAT/NZD2 (DQMZMX)

The flow coefficient, ¢ (FIMAX) _
The temperature drop coefficient, ¢ (PSIMAX)

A sample output of the program RAQ is given below:

wa% THE CrlSEN UPPLE & LOWER BCUNDS ARE 1S FOLLOWS #%
; |

sy < A1)
00128 < X(P) <
< 22} < 040
< XU4) < (Gangs
LRUZSH < X{B) < L0e0T9h
<0105 < X(6) < 9948

etGo CN(T)

< W51
L

A G

< 1.396

< X{3) < anlc,
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CONIN A 1Y
ot 9k a7

INPUT

REVe P
GAS TE
GAS PR
GAS IA

VALUES

Xx{1)
X(2)
X(3)
X{4)
X(5)
X{6)
X(7)
£(8)

N

YARIOUS

EFFICIE
PENALTY
THLET N
PRES SUR
ROTOR #
REYHGLD

DAMMAX=
DOTHMAX=
DAMAMX=
DGQHMA X=

DanmManrx=

FIMAX=
PSIHAX=

148

CONDITIONMS ARE AS FOLLOWS %%

ER SECOND = 25Q.
MPERATURE = 1100,
ESSURE = 400000
SS FLOW = 20,

OF DESIGN VARTIABLES CGRRESPOWDING TO OPTIMUM EFFICIE

« 2517366221649
«03189277967009
W02273274820175
C01L700489146616
$009887143687339
3579559169961
«9690816785905
272.0000124357

OPTIHUN PARAMETERS ARE %%

NCY = 7980291526246 %%
FUNCTION = .7963460573962 #% |

ON-DIN MASS FLGY =,001658312395178 %

E RATIO =.663191088576 #% '

ACH NUMBER=,5540689163215 #%

S NUMBER= 305084,2288297 %%

«02616518165689
«077814623814728
1.897536186571
24.853006273672¢
3.95790509403
1.375728207634
5.036272025487
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C.6 PROGRAM LISTING OF "RAQ"

1 PRUSKAN KA THPUT W OUTPUT TURBD3 yTAPF7=TURBNH3I, -
2 u TURLO4, TAPFS=TWREGAS)
3 C E ’
4 C
F c )
3 GIETHSTON 5017925425346 (13, 113101 3H(1349,9)50(10,10418),
7 L] SEZELIILT92)9S12E201392)9512E3013:2)4S1ZF4{L10,2),
3 [ COUETACSU)HD20I0530) 36630, DCUNSTIS0)
9 4 CU31,2)403030)04030),05(30)406(30),D19(20),
lu € TEAB Y XEAKLBY ABSXLa ) DIFF (B4 DIFFXLB)
11 3 YPLOL7,8)HYP2l15,0)YHU(34) s wK(500),
12 4 XLUWCE) yx0P (B) 3y X1 (8) 4 REAXLE)HRFTL10)
13 C
14 C
15 IHTEGER STZi),ST2E24512E3,S12E4 :
16 REsL P B0 LARN LI SE L ANCS LARCRILAMKT s LARRI s MDAT yHUAVG s MS Ly
]? i COLANHLIETAS  IC3 NAKNAX
i LOGICAL LOL,LAO2,LU3.LN4,LG5,LLLsLL2
19 c '
29 C
21 DATA (USTZEICI 3D 935102090213 17) /1484841 7917920420124
22 ¥ . ‘ 244231234194 19416451641 7
e 8 : 1742G92051991991 7517914, .
24 3 14311331 430C5104939489848/
25 c .
26 DATA ((STZ2E20143)9J7192)41=13013) /1334344149995494537,
27 L 7324991041021 311 548,
o E] : . 637374919184 8,40/
29 C
39 DATA ((STZE3(Y,J190=092)91224303) /1333344441545 9595475
31 % 190163016379 797 4796
32 # CeG9048,04b6/
33 C - !
34 DATS (USTZEA(T,3) 9031420912043 00) /1144449535969 6,8+1849,
35 E . . Ge8abs10,10sby64797:8/7
36 c i B
37 R FEAD(S, %) (VAU(T)},[=1434)
kY:] READIS, ) (XLIM(I)y1=1,8)
39 READIS*) (xUP {(1}410=1,68)
40 - FEADIS, 1) ((YPIUL,d),121,17)4J0=1,48)
41 1 FORHATIBILGFS¢34/7)38F5,3)
42 READIS42) ((YP2(143),151,15),Jd5),6)
43 : 2 FORAATIS5(LGFSY e247 )0 1GF5,3)
44 C :
495 c .
46 REAGUTy%) (XKI(T1s0=1,8)
47 FEAOU74%) RPHyADLTyPGLL,T0L
43 READ(T7y¥) ALLs@ CLEAR
49 READC 7y ¥) JTLAMN,IETAS
50 READET97) KESFAC HSL
51 REANCT7,%)  [PS
52 READ(Ty¢) CPyCGAMALKRA
53 KEAGTU7,2) CORTY
54 c :
55 C :
56 PRINT*,* 23% Tt FIRST TRIAL NF THE DESIGH VECTOR 1S ¢+ ¢
57 PRIHI A, 00
54 LD 3 1=148
59 3 PRINTH, x1{1)
&0 PRINT®,* ! . .
(A3 PRINT®,Y #¢¢ THE CHASENM UPPER £ LOWER ECUNDS ARE AS FOLLOUWS %+#°
&2 00 4 1=1,58
63 4 PRINT®,  ZiMEI)e' € XK'y < 'yxuptl)
b4 COPRIRTE,Y O ) : )
L5 Pulsif®,* +¢% INPUT CONDITICHS ARE AS FULLOWS #¢°
&b PRILIE, " ¢ '
67 PRINTI®, ' +%¥ RLEV., PER SECOND = 'RPi
Ge PAlnTe,t %  GaS TUMPERATURE = ', T0L
69 PAINT 4, %  GiS PXKUSSURE = '4yPOl
v PRIMT®, % %% GAS NASS FLCH = YL HGAT
71 pefire,t ¢
2 C
73 [SILETES S
74 shHS=1,
75 11=1
14h SFLULY=RESFLC .
77 FptnFs=0,
78 1COuAT =u
79 P1NsATAN(L ) ¥4,



115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
127
133
139
140
141
. 142
143
144
145
l4as
147
1438
149
15v
s1
152
153
154
155
156
157
158
159
léu

SoOOG

a0 n

(4]

OO0

[xKg]

OO0

s NeNaNyl

10

20
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Lida= FALSE .

#0E ST THE RLSPUNSL FACTOR FOR SILCUCLTIAL WMINIMNIZATION #%2

RF=RLSFAC

Lul=,FALSE,
LU2=4FALSE,

LL2=.FELSE.
L=9

DU 6 I=1,8
(L)Y =X1(1)

B2 GIVE INITIAL SET GF VARIABLES 4X({1) #%%

0= ¢ X(1)
Ca= Y%(2)
Chs= X(3)
$S= Xi4)
SK= X{5)
LET2= X6}
BETa= x{7)
Ca= X{8}
LLL=0
TR=42%CR
Tr=.2%CN

#E AN CALCULATE EFFICILNCY WITH GIVEN SCT OF VARIABLES +X{1) #%%2

RUHRAT=MDATH*SCRTITGL) /P 0L
FTAS=1FETAS
Liadti= L LARI
Usplrishpiny

FY=Cr/Y )
CLAGCEFRIS(TAN(BET3)-TANIRET2)) /2.
DINS=U%CA*(TAN(LTT2) +TAN(BETI))/CP
PST=2,%CPeLTCS /U2,
ALZ2=ATANIYANIBET2)¢14/F1)
IFUALZ2eLTo o 706) THER

S0 TO 2000

i IF

AL3=ATAN(TAN(BET3)-14/F1)
CC2=CA/COS(aL2)

CC3=CA/ZLNS5 (ALS)

v2=CA/COSIBET2)

V3=CA/COSLBETS)

Cw2=CC2%SIntaL2)

Cii3=CC3%SINLALS)
T2=101-CC2%%2./(2.%CP)

|
T2PRE=T2-CC2%#2 % LAMN/(2.%CP)
PR=pnl/LTaY/T2PR )42 (GARAZIGANA=-L) )
TF{P2.6T.10G0000N,) GO TU 2000
PC=POL/LIGARA+ L) /2. Y55 (GARKA/(GANA=L.))
RU2=P2/IRA%T2) ’
A2=00ATZIRDZHCA)
L2N=RDAT/LRU2%CC2)
HZ =a2%kP Ay
CC1=CA
T1=TOl=(£C1%42.7(2.5%CP )}
PL=POLIH(TI/TOLISS(CAMA/(GANA=L,))



161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
173
179
130
181

182

1134

219
224
221
222
223
224
Z25
26
227
228
229
230
231
232
233
234
235
230
237
238
<39
<40
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RE1=P1/(RA%T1)

AY=MDAT/ (KOLECA)

Hl=¢ L3RPH/Y

Te3=Tul-M 4GS
T3=TC3-(CC3%22,/(2.%CP))

PUF=POLX L, ~DTOS/(ETASHTOLI I #¢ {GAMAZ (GANA~L.))
PRATIU=PO3/POL
P3=pABX(TI/T03)% = (GARAL(GANRA-L.))
RU3=P3/7(RAXT3)

AJ=tDATLRG35CA)

H3=A3%EPY/U

HE=(HZ +H3) /2.

Hit={H2 1) /2,
ALC=ATANOIHI-HY) /{28 (CH+1.25%CK)))

MC3=CC2/{GALAFRAXTI)*4,5

T3DPE=T2/IPL/PI)#% ((GANA=L ) /GANA)

Latg=2%Cp*(13-T3LGPRI/V3*e2,

SGCS=55/CN

SOCR=5R/LE

Y hat=el ¥3ET34130./PIN

YPRZA3=YPH2C

YPALO=—] % 0L2%10D, /P 1IN

YPAir2=YPLLY .

CALL 1CS?2VEIYPLySUCK 1391 Ly =00, 4=45,91716914174HK9YPE2041EK)

Cnll TCS52VE(YPYL9SGC0S 94391419 =80,3=45,917383131 73K YPALOWIER)

CAlL 1CS2¥0AYP2)SUCK o33 e s=TU0e9=454910460451315 30k YPBZRIHIFK)

CALL ICS2VE(YP2450CS94331a9=7009=45,315:6519153ukaYPALAZSIER)

YPR=(YPR20+ (FETS/RET3)442, 4(YPHR2RI-YPE2U))
CLTR/{2%CR) IS (BET2/8ET3)

YPH=(YPALOY LALL/ALZ2) %2 % (YPLLA2-YPALO))

#ATN/ (L 25CH) V&2 (ALY/ALR2)

SLH= AT AN CLTANLLALZ)~TAHCALLYY/2)
ACTH=ATAMCITAN(BET3I-TANIRET2) )/ 2.}
CHSKRS=COS{AL2)Y#%+2,/7COS (ALH)I*43,
COSEHE=COSTRETII«32/CUS(BETH)Y*%2,
CLR22,#5R3(TAN(LET3I+TANIBFT2II#COS{BETUYI/CR
CLN=2 %553 {TANCALZY+TAN(ALLII#COS(ALNY /CH
LAKCH=.0334%CH*COS(ALZ )/ (HNXCOS(AL 1))
LAMCR=,0334¥CRACUS(EETII/ZIHRECOSIBET2))
CLE=CKR

YSYKR=(LAMLCR+3*CR*(CLEAR/CR)*+.78/HK)

FCR&%CLEFF¢HCUSKR/SR

YSYKM=L AMCN+CNFCLNs%2,. #CNOSRS/SS

HEYPMN4YSYERU

YR=YPKtYSTHE

LLUENT=YHAT2rR/ T

TUBRTL=T2+V3%92,/(2.%CP)
LR T=YR*TILUPR/TOZREL

DEHUN=(1 o+ (LANRLITVISFY (/(2.%CPI+TI4LANNI®CC2%%2,

JU2,.%T2%CP )/ L{T0L1-T03) ) %32,

CTAS=L./SURTIDERNDR)

BLALCH=PIN#D/SS

BLADCR=PI¥L/SY

S1HU=TG1

RUKU=T2 ) .

CALL ICSIYEIVHULL00492500490a1Ce 30020413441, STHUSPSCONDy IEFR)
CALL ICSIVEIVM, 1004925004 90904 904900934, 13ROMULPSCOND, ILR)
HMUAVG={STHUCRINDY /200000,
Ri={RU2¥CC2HCHeRNIFVIFCR I/ (25%UAVE)
PEFACa{2.¢LG0O0N0/REEY*¥42
FTASSE=1e~{1—ETAS)*REFAC
AUMsADATESSRVITULI/Z(POL¥DERZ,)

ACT=0T0S/T0)

NGRa=RpPL*a/S0nTITOY)

NDGLHsCPFOTUS/IRPHFLI*EZ,
ﬁOHZ=HDAT#Rh$T01/(P?l*kPH#D*#B.)

DIEFFET=nA5 (ETASRE—ETAS)

IF(DIFFUTLGTLEPS) THEN
ETAS=UTASRE

CLAN=LAAR]
LLt=uli+l
IF(LLLSTW5) G0 TO 37
63 Ty o

Eue 1F
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37

51

4444

e CaLCULATE

CALCULATE Sunm OF THVERSE CONSTPAINT EQUATIORS %%+

TFCCONTY NELOL) GO TO 4444
ConsT=0,
CLILY=1./(504/U=1,)
COl2)=1./1U/7400,~1,)
GGU3)=la /tHR/{B.40)=CR/D)
GGla)=La /UCR/C-HR/(2.%D) )
GGIbY=1e /(HHN/LLL D) ~CH/ D)
GGle) =1, /(CH/U~HI/ (Z.%D))
GGl7)=La/las=55/C)
GGL8)=1,/71S5/Cil=14)
GLl9)=1./0e3=-SR/CR)
GOL1D) =1/ (SR/CE=1,)
COL1L)=1,/7( NL~LET2)
GOl12)=1./(B8572~14)
GGU13)1=) /(a0 /574-BETI)
GGl14)=1,./(5513=144)
GGUL5)=14/(50,/CA-14)
G616 =) /(CAZ40U0—~1,)
GLIY7)=1./(pPOL/P2-PL1/PC)
GGLL8)=1,/(i"C3~-1.)
6L119)=1./(12.%ALC/PIN=145)
GGl2)=1,/(,25-F1)
GGl2l)=1./(F1-2.)
SGGL2z2)=L ./ 5-PS])
GC(23)=1/1tPS1=b.)
GCht24)=1L./0.3=-RLAC)
GOLe9)=La/txErC=a?)
GGL2E) =1/ L4t /5T, =nL2)
6G{27)==1,/9

T 6GL28)=-1,/CR
6G(29)==14/0H
G5(30)==1./5S
GG(31)==1./5R

G0 51 I=1,31
CONST=CONST+GGLT)

IF(CONEST6T 0.) THLKR

SO T 114D
EWD LF

¥¥3% COLCULATE PeNALTY FUNCTIUN »3¢%
PENFUN=CTASKE+RF#CONST
TF(PLHFUNLLT.0) GO TO 1140

1F(LOYY. GuU TO 5090

PEMNIAX=PEUFUN
ETAMAK=ETASKE
CEHMAX=COUST
EINAX=F]
PSIMAX=PS]
REMAXSHE
PREAX=PRLTIC
WARMAX=103

DoMbLY
DUTHLK
DO FIX=DEA

LQutAx=d0

DEH2Znx=0un2

00 %3 1=1y0b .

KHAKLTY=X1)

TE(CUNTY Rt eue) GO TD 4445

SIVATLIYE OGF PENALTY FURCTION ¥#%

152



21
322
323
324
425
326
327
328
329
330
331
332
333
334
335
33()
337
338
339
340

317
378
379

52

4
"

1563

DENUM= (Lo ¢ (LARRTHY3:%2,/(24%CP Y4 T3XLANNI#CC2%%2,
J(2,%T2%CP) ) /(TUl=-TU3) 142,
CLE=
REFAC={2.%)0NGOU/RTIES, 2
COSRE=(COSLLFTII %2,/ (COSIRETH) V&3,
CHSKHS=CUSTAL2) %2, /005 (ALN) 4 %3,
MU y1a10=(=1) 5kEFACTY3E 52,/ (243 CPFUENRDN#(TO1-TO3) )
131,20 = (=L ) #RIFACHTI4CC2¢#2,/ (T2% 2, 4CPHDENOMS (TOL-TO3) )
H(1|lo3)—PPrfC’]3VCLZ H2 PLAMNT/ (T23 42,2, #CPEOENGH
“(TOL-TC3))
BlLy194)=(=1 ) 3KEFACHCC2%% 2 % LARNI/ (T242 +%CP *DERDA*(TOL1-T03) )
MUDy195Ye(=) o} 4REFACH(ILAMRIAVI®E2, /{2, %CP)+LARNT#T3%CC2%%2,
JUT2%2.%CP )1/ L(T01-TO3) #%2, #HENDN)
", ].0)—(-1.)*Rfrﬂu¢T3*CC2V? SLANNT/(T242 #CP4DENAAE(TOL~ Tuﬁ))
Fllyly7)=(—1 ) 4R FFACHV3%2  #LANRI/Z (2, #CPDENOM*(TNL=T(3))
h(l.l,h)—.é~(2fb"00.)‘ W29 (1a~1a /SQRT(DENONII/FL A%V, 2
F(29141)=T30PR/TAIREL
HU29195) ==L, )4YRETIDPR/TOIREL%%2,
10291261 =YR/TOU3RFL
MU24292)=T2PR/T01
1(2,2,7)=YN/101
1243,9)=(~1.)*CC2/CP
ﬂ(2,4.4)=1.
H{2y4y1Ud=(=14)%CC3/CP
M2y593)=—1,
M29544)=1,
R25098)=140/CGSALR)
M23699)=1,
M(236512)=Ca®STR(ALZ)/COSIALZ)#%2,
(29 7+8)=1./C05(RET3)
M24,7513)=CasSTH(RETI)I/COSIBETIY#22,
M(2y72110)=1,
M23Bs7)=ROZHCH/ (2 ¥FUAVG)
M{24,8511)V=R0O33CR/1244UAVG)
”(?.8,1«)—rc2*cn/(? FIHUAVG)
H{2,8515)1=V3%CR/(2.%5ULVG)
HL24 8y 16)=RO23CC2/ (2% 1UAVG)
02,8y 171 =RG3¥VI/ (2, %1UAVG)
HlA,1,10=1,
H(3,1,2)=1.
M035243) =1,
H{34240)=1.
MU3,355)=CAMTAH(BET2) +TANIBETI) )/ CP
U3y 3,6)=Us{TANIRETZ)+TAN(BET3)) /CP
MUy, 7)=UsCA/(CPRICAS(EET2))4%2,)
M{39398)=USCA/LCP¥(COSIEET3) 1%22,)
H{3,3,9)=1,
“(Ja":'l)—-] .
N3y 5910 )=1,
FU3,5911)=Y3/7CP
MU, hy12)={P3/F2 22 ((GAMA=14)/GALRA) _
M0y 6913)=(GAHA=T V1% T2/ LGANAR(P24% ((GAMA~LL)/GAF2)I¥(PI*R( 1. /GANA
)
MU3,he 14101 mGAMA)CT24(P3 ¥4 {{GANA~L ) /CARAIIH(P242 (11 4~2.4CANA}/
GA4Aa )Y GALA
M(3,7,12)=2,
M2,7,15)=-1. 4LMIP¢FC2/C?
M{33Hs0) =)0
M03,9,15)=),
ME34946)=1,/CHSIALD)
HU3,9y 260 =CASTHIAL2 I/ (COSLAL2)#4%2,)
ME3,10,6)=1.7(COSEELIN
M3, 109171 =CA*STRIAL I/ ICUSIAL3) }&%2,
BE3y2196)=1 /7005 (67T 3)
803,110,110 =1,
MU, L1 a8) =0 INIGET I/ (CUSIBETI) ) #42,
MUA,12,70=1, /l(l.'(lhh(PPTE)OI./Fl)*\2.)°CUS(UF1?)*¢2.)
B3, 100280 m=1e 7L {1t CTEUIBET2I 41 0 /FL)FE2 I HFT%%2.)
503,12916)=1,
Bl 13480 =1,
Gl 14,14 =10/ (RASTZ)
034144120 =1.822/ (# A2T2832,)
N3, 155100 ==1. %P3/ (RASTIHEZ, )
Bi3y15,12)=1 /(R0 6T3)

TH{3,164191=1.

HE3,17920) =1, N

Hlas1y1 )2 #RET2%(YPE2RB3-YPR20) /BET3¥%2.

Fold sl 920 m=2,¥BETZ#%2,%(YPE2B3-YPD20)/RETI*%3,
MU4,242)={LABCR+RECRY (CLEAR/CRI %, 7b/HP)#CLR4¢2 orxt( 24}
ACOS(BETIVESTN(RET)/ (SRECNSIBETHRI#**3.)



401
402
403
404
405
400
4n7
408
409
410
41l
412
413
414
415
416
417
418
419
424
421
422
423
w24
425
420
427
4238
4249
430
431
432
433
434
435
436
437
433
439
440
T441
442
443
444
44%
446
447
4438
449
450
451
452
453
454
455
456
a57
4%3
454
46U
461

I
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Plaa2y3)=lLAMCRYCLES42, % (COS{BETI))#42, /(SR*(COSIBETN))%%3,)) +
1,22%0%CLEARSN 78 ¥CLR4#2,4CR*:¥, 224 (CUSIBET2) I %42, /(HR¥SR
CCHSLBITHY*%3,)

M4 92954)=CLR»#2,#{CNS(BET3) )%#2 ,%CR/{SKY(CUSIRETH) I *%3,)

T0H 92 95)==1 %85 (CLEAR/CR) %%, 78*CLR4*(-*(CUS(UFT3))**? “CR/
(HREx 2 2SRE(CUS(BETH) )R %3,)

Nl v0 )= LANCRyLHIRF (CLEAR /ORI * %, 78/1iR) %2 ¢ CLR4CR*CCESRR/SR
A2y TI=(LANCR+3HRCR$ (CLEAR/CRY $% 478/ 1K )% (=1, )% (CLR/SR) #%2,
#¥CwCisStn

ElfsdaB) = lLANCRYE*CR¥ (CLEAR/CR)Y %, 78/ HRI4CLR4%22.6CR*COSRR
SSINOBETRIF I, /(SRFCIS(BETHY)
MlAa334)==20 %A 452, % (YPALA2=YPALO) /pL2%%3,

Mla b,y 16)=CLIP*2 . *CH*COSKRS/SS

a4yl 1) =204 LakCH¥ CLN%CNFCOSRS/SS

Nla by 12) =L ARCHICLE*22 ,%#COSRS/SS

{4 94913 ==1 *LARCHNSCLH**2,%COSRS*#CH/SS4%2.

A 3449 )==2  #LANCHSCLHE 32,4 COSULL2 ) 4CH#STIN(ALZ) Z7L{SS*(COS(ALIM) ) 5%

43.)

M43 ) 6} =3 ¥ LANCHECLNI#2 J#CH*COSRIASTHNIALM)/(SS4CUS(ALY))
Nlayhyl17) =1,

Alasbe15)=PIRYRPY

Alaso416)=1,

fitas741)=1,

Hlasl2)=

Mlay9927)=0(34345)

BLasD9103=(2,43y0)

Hlay991)='{3,3,7)

Mla 4y 2)=%03,3,8)

Nlasl0y18)=1,

N4, 10419)=5(2454,10)

Etay10422)=1,

M 0,]11]!.)-"'(21713)

Mlay 11323 =b(257513)

'1(‘1,1..y2‘. 1= 23349)
1(4113,?1)—(7‘/TUJ]TV(bﬁMA/(bAH&—I.))

A1 39221 (GARAZLGANA=L Y} #P03AT32% (1. /(GAlA=1})/TO3%%(GArA/
(GaMi-141])

Blas133 18 )5 (GANA/(YLe=GAMA)YAPO3XTIRF(CANA/(CANL-1 ) )2T036%((2.¥%
GANA=Y )/ (T a=GAtin))

u(#ylk:ZJ)-(uﬁnf/(buNA-lc))*?OI*TZPQ*4(1 /(GALA-1 ) )}%TOL#%( GAKA/
(1,=-GAKL))

tl4a915,20)=1.

Fila91540€)=21(24644)

N(6915,G)=1il240912)

NLay16,1)=1i(3,412,7)

M443)6424)=1112912413)

M{49y204") =1, )

M0431732)20e/ (1 +(TANIBET3)~1a/F 1) %32, )%COS(RET3)0%2,)
ﬁ(4117’?4)=1-/((1-’(TAN(BET3)-1./FI)**2.)¢FI**2-)
Mlay18,26)=1./U

{asl8y)7)==Le¥CA/U*2,

”(“l!lﬂi“‘)‘)o

Blas299320=1.

N{4420,31=1,
M{Hy)s1)=1.
MHl54242)71,
Mi5,3,3)=1,
'(71415)-.ﬁ33ﬁ*(95(l']3)/(HR*CUS(EET2))
105y hs0)==e0334%CLSIBET3)*CR/(HR¥42,%COSIRFT2))
M(‘J"n?)="e()33’1“517‘5(fiET3)"‘CR*COS(BETa)/(HR*COS(BETZ))
MU 6,6491)2,0334%CRE¥SIN(ALT2I*COSIBETI )/ (HR*{COSIEFT12)%¥%2,.))
M(5,5,8)=.5
M{59599)=.5
My 691 =2 #SRECOSIAETH) /LCR¥COSIBET2) %¢2,)
1{99692) =2, *SHF¥CAS(EETH Y /7{CR2COS(BET3)*%2.)
(5. f:,i)——-~.~:S"4(T‘.1(hrT2)4T,«u('sFT3))H‘OS(SETM)/CRNZ.
u(“,bgl“)~;.4(IAn(’LT()VTAN(ELT3))“COS(LETN)/LK
u(?,h,]l)i—uu?(T RABETZ)+TANIRETIIVESKASTH(LETH) /CR

(9979101 =1,
f(“ Bel)a=? 2 {ha e (TANIBET2)-TAN {(B6ET3) 1622, 3 2CLSUIBERT2) #%2,)
d(ﬂ;ﬂ|£)—go/((4‘f(71Q(V[TJ)—TAN(ﬂiTC))7*Z Y¥COS(RETI)I*®%2Z,)
Kl%y8y11)=1.
MUSyP96) =1
f‘i(f‘-,")sl):“(.],l:fa?)
{5y 9y12)=H{3,12,18)
H{S,1095)= LG3349COSEAL2)Y ZCHNFCOS LALL))
HH5,10e0)="" N334 TH L2 IsCH /7 {eCHS(aL)))
’(511017)=“o0354 #COSLAL21¥CH /(h"’”d.*rUS(ALl))_
H(Wyllslﬁ)—ha“Tnd( ALY« VAR(AL2) IHCOSALM) /CR

N



481
4“4yl
483
434
485
486
qan?
Hnhd
439
L4}
4G1
4492
433
444
495
4506
437
4938
499
500
501
02
503
Loy
5095
€06
s07
b0y
5049
510
511

513

S1l4
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Al 11914 ==20 2 (TANCALLY +TANLALZ ) Y #SSESTNIALMI /CN

By 1135220 SS#( TRHEALL) +TARCAL2 1) 5COS(ALK) /Cla%% 2,
Sy 1L s6) =2 ¥SSHCHSTALMY /(CHPCOS (AL2)S %2, )

P{Ha1295)=1,

Tl5,13413)=1,

l{5y14,y14)=1,

M9 140} =20 /7004 e (TANCALZ2)=TANCALLI Y)Y * 32 ) 4C0S(LL2)Y%%2,)
MHy1%935)=1,

Blhelbyde)=1, .

{5, 17423)=1.

BUS5y 17905 )=PThivkin

F(%3184L7)=~1.

Bl5s16419)=1,

AlHylyslE)=1103415,4h)

{53 19318)=n(3410417)

HiG,1G420) =1,

(33203 16)=5(34990)

HlH2006)=(3444 16)

M{%,20422)=1.

HUH 2 g 271 =P0L ¥GARAY (L. ~DTOS/(ETASATOLI) ¥4 (Lo/(GARA-T L))/ UL, ~GLY

AV ETAS*TOL)

HES9 224190 =1,
M{5,22420)==-1.%CC3/CP
HU%423421)=1
M{5y 23322 ) =LANNSCC23+(~1,)/CP
Hl5,24412)=1,
9924416} =1./U
{99249 23)=0Ry16417)
tleylal)=l,
”(0921?)=1.
nl6G+343)21.
ilbyayal=.5
Mlbyasb)=aS
699601,
Hlby6yl2)=),
MlGs6y11=2103,12,7)
M{GabeTI=1t(3412,18)
filhasTy8)=4)
{6y Tya)z.b
Hlbsb W) =3Pi/U
HlOsE,10) == #RPIAXAZ/USRS2,
N{GyByal=1,
by TS L) ==], FRPHFAS/USF2,
MUby 9111 =RPASY
ti{bg?:5)=1.
Mo 10413021,
Hlballe 1) =it a48,y1)
Hlos11a2)=0{590842)
lbel2414)=1,/0
Ml 12510)=N(4,18,17)
Citlosl2e 7=,
W{fy33,180=1,
MIG y14s12)=0(5,1446)
PlEs15y3601=1,
nlosleslad=1l,
1ilogl7417)=1,
flhel7910)2M03,3,45)
Flby17524)=0034340)
Ml6y L7y 1) =tit393,7)
Hl0al742)=04393,50)
618421 =(4q1752)
ilhs 18, 7Y =N1{44] 7124)
AlGslbylad=l,
Wlagl9,17)2-1.
filGy2Gy La)=1(3y 14401
Nl 183 21(3,106,417)
B2 19012502430 )
G229 )=0(34%46)
WlE22, 1202003500 10)
ﬁ(by231197=1-
HlGse3s1b)=l5,17418)
N{He23510)=1.
(79191020,
w(7929121=1
F({79393)=1, .
N EETTRER RN ETR-FRD)
A7 v4a92) =00 89 10)
w795 90)=81Ar7,11)
79595 )=1( 6,0, 10)
{760 1)=1,



“561
562
£63

LLEM

565
cto
567
468
69
£70
£71
572
573

608

€13
)4
€15

£l6

€17
€l8
€1Y

620,

b21
t22
£23
624
625
626
627
23
€29
630
631
€32
633
€34
£35
€36
€37
€38
€39
64U
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LT 743)=1./Y
79 745)=804,18,17)
H(747412)=1,
HUT798,439)=REN/U
HI7+895)==1 #RPH¥AL/US%2,
A7 9Dy 10} == e ¥nDAT/(FG2%%2.%¥CA)
U795 8)5=Le% M T/HLRO2%CL%%2,)
W(74944)=1, .
ni7,1055)=1,
NUT7310415)=01tisRPH -
MlT791196)=1,
HU731198)==1,+HOAT/(RKO3%CA%H2,)
Al74119220)==1 J¥MDAT/LRD3%%2 ,%CA)
M{752240)=01035124,7)
W7412912)=803912,13)
Kl7412410)=1,
107413413)=1,
m(Ts10y8)=1,
11{741%,34)=1,
B(7416419)=1,
W{T41795 =n(343,5)
FHOT?T31748¥=10(34350)
HU741791)=103,43,7)
W7 317421=603,346)
Wl{T 1892V =N{4,31752)
Hi7418412)=0(0417424)
MAT741948) 20 (34%46)
M7 419916)=M{34%416)
Mleslsld=l, '
H{By292)=1,
N({8y3431=1.
M{8yasa)=1{749,10)
B B4 5)=10174349,3)
NEB 95 0)=PIN¥RPNY
HlB45914)=1,
H{B84647)=M(74511,411)
Flbaby5)="1{7411,8)
N{8,748)=1,
Hi{By8yd)=1,
HUE9999) ==L %MOAT/(CASR0L1#%2,)
MB35 )e=1 o #10AT/(ROIXCA®X2,)
M(B8910410)= 1/ (RAST2)
ALELIN 1LY ==L P2/ {RART2%22,])
HlBs10949) =1,
MUIBy11512)=00/(RA%T3)
Flo111513)==1,%¥P3/(RA4T3%%2,)
{1145 7)=1,
N(B4123%)=14/0
TG 12914)=21000,1E417)
PMiBy125170=1,
Klbyllslbl=l.
MlBslaylbldst,
Byl hy0)=1,
H{Bs1Hy 1) =r(3412s7)
N8y 16917)=1(,12418)
AR RS RS D IN
“(dyle2)=1, . '
G(793493)21,
MU y494)=M{R 10,100
bl 9645)=H(8,10y11)
BB y60=1,
M9yt 47)=14
029 748)=118311,4121)
MU9 97,5 )=M(8yL1,13)
f{Uynyl0)=1.
A9 11) =1/ {RARTL)
(939512213217 {na%T1%%2,)
Wl 10533)=M04,514,23)
Nl ,10,4) =),
l‘\(‘),]131("1)-‘--1.$CC?./CF’
Fl991145) =1,
M(7412315)=004,13421)
W9 31299=104,5203922)
B0 124106)=40491341%)
H{99129E)=1,
(341349151,
N059135,17)=~=1.2CC3/CP
{13y 100=1.
0D s ayT)=P LLsKEPA
Hl2414y20021.

H
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641 7415518)=1,

42 (79169190 =1,

€43 MU941746)=1./U

44 M(‘}tl?y?“):f'l(’ig16117)
I M1, ,1)=1.

c4b MlL0y2,2)=1,

€47 i(10493,3)=1,

e48 Hl10,4,9)=(4414,4,23)
£49 ) GULO8y5) =il e11y14)
&50 Ml{10,84140=1, -
[A3Y ) 106y )=,

€52 I, 7,7) =1,

653 MO0y By R)=i1l4413,21)
654 . AlLOyBy%) 49134221

€55 hile,8,10 “(hy13418)
E£56 S010439,9)=1,

657 Bll049410G)=2,

£48 Y095 11 Ym0 (951241 T7)
659 B{1033us12)=1,

€60 10331913 =s(6AMG/UGAHA=L ) Y*POL4TOLIS4(GCANA/ ). ~GANA) YSTLES (L,
601 4 16 E=-1.))
&62 010912461 3CA/CP
663 HLIN,124130=1.

Eh4 HL{1G413,14)=5,

665 . MU10,13,402),

toboH i1y 2345)2105,23422)
ent MOT0,14,6)=0(3,4946)
£68 (104 14,15)=1(3,9+16)
tH9 H10y144%)=1,

&7 N010915,316)=1(5,21417)
671 HU10418%y80=1,

e72 N{10s16430)=1,

&73 il10yluylb)==1.

L74 FCLOy 1 2,6)=M{3y10Us0)
6?5 ACID 17,1 7)=M044,10,)7)
£7¢4 MEINs174310=2,

€77 HO10,124,158) =1,

&78 n010419,1G5 =1,

&79 G100 20Uy 7)=PIRFRPH
680 H{llady1l)=1.

&HY Ml{1l1y252)=1.

€82 : N{114342)=1,

eyl Mll)lybya)=la

€64 {144y 5)20(H423,22)
685 MlL)y 59D =1y

€86 HlL1y540)=8(349986)

&87 HIL19547)=01349,16)
€38 N(1Yy626)=1,

c89 H{114748) =1,

€90 : HlLY s 849)=h{5421417)
£91 N(l1,y9910)=1.

€92 MlLLe9311)=4(5,422420)
693 Mi1142C,10) =1, )

694 HERS P XL S L

695 EUL1910460=4(3510,06)
£96 MOLYallw12)=n(3,10417)
€97 BEIL310,10)=1,

€93 M{114124013) =1,

629 HULYs13456)=1M{10G4y1246)
00 ' H{llalasb)=M09911414)
01 lLl1sl494)=1,

102 ’ 11315413 )=1(341247)
03 . HlLLy15214)=1(3,412518)
704 (Ll 1897) =1

ns 101149269151 =M1343,%)
706 HLLLlylb3b63=2M03,346)
nv MUL1y 202} =0(243,7)

708 NELTa LGz =035, 8) .
709 H{115106499)=1.

70 FULLsL1742)=804,51742)
711 : M{1ly174122)=1,

712 N{11,17514)=b{iaqy27y24)
713 _ M(11ls13416)=1.

714 1191291 7) =10

715 H{129101) =1,

AR ' Wllze2e2d=1.

717 M{1Z934+3)=1,

718 1{129494)=0{7,10914)
719 H{129594)=1a

720 . H{129915128(3,9,06)




721
722
723
724
125
726
127
128
729
730

752
753
154
755
756
57
7538
759
760
761
762
763
764
165
166
767
768
769
770
71
772
773
174
775
776
77
778
719
760
781
782
783
784
785
786
7817
783

M129596)=1(3,94106)
Mlzs645)=1,
MU1297906)=20,
GlLZy791)=M03412,47)
CMLZ97470=103412418)
HE128,80)=1,
L2 999%9)=M(34345)
HEL129945)1=M(3,3,4)
N{1249491)3=H1343,7)
161299923 =1(3,3,8)
NYI249510) =1,
MU12y10430) =1,
12511451 =1n1(3451046)
MU12511530)=0{3410G417)
W1249125112)=1,
HU1291242)=0004417,2)
MU1231297)=504417,24)
M124513,12)=1,
."i(lZ:l{",?)"lo
N{1291445)=L./U
PU1290449)=0{4918,17)
412415491 =1,
Ml1291548)=11{1042047)
MU1Z25164913)=1,
1241 7414)=1,
M013+1y1)=1.
M{1342,42)=1.
MlU1343+3)=1,
HEL34444)=M(3,9,6)
ME133445)1=203,9,16)
Ml1349544) =1,
MU134+695)=1,
MUL1339641)=M(3412,7)
HU134656)=11{3,1241%)
MI134796)=1.
MUL3,754)=1./U
MUL39737)=004,18417)
H{l3+86+8)=1,
Ml13+9,7)=1,
MU1399,8)=M(10452047)
M(l])lﬁg—l =r\(3’3y§)
MU13910434)=14(3,346)
ME13410,1)=M(3,3,7)
ME13,10,2)=14(343,8)
FE13411,2)=K 0441742}
Ml1351146)=Ml4417524)
M(13,12,9)=1.,
1{13+13,10)=1,
H{13414,11)=1,
M{l4,1,1)=1,
Mllage2492)=1,
M{l49343)=1.
Ml4y454)=1,
a5, 10=M13,12,47)
M145545)=1103,12.13)
Hllasbybl=l, ’
Wlasbyvad=14/U .
MLayEa0)=M14,138,17)
H{1as750)=1.
MUlas 73 7)=0100692057)
Mllay & 7)=1,
M{L4499,8)=1.
Hil491Ny3)=1
M{1441)+100=1,
M{1b,1y10=1.
{154,252 =1,
M(15,343)=1,
1% ,404) =0,
HU19 95941510 /U
"il1515,5)3\'(11115117)
(V54,6951 =1,
A1 46 90)= (1020, 7)
PLI%, Tl =),
HE1% 9807021,
MU195+9eb) =1,
BL1531049) =1
"{laylyl)=1.
m{169292)=1,
M{1649343) =1,
"{lbytash)=1
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énl
gn2

v a
85
Ht 6
g0 7
gnd
B9
gl
ell
6le
g132
El4
é15
816
B17
14
E£19
820
E21
n22
823
424
€25
£26
€27
824
€29
£30
871
£32
B33
634
835
36
€37
£33
t£39
840
g4l
w42
€473
E44
845
t4h
847
tay
849
850
€51
852
853
BS54
£Y5
t96
E97
595
€59
€60
g6l
vh2
£63
thH4
X%
[ 15)
67
LRl
859
e7v
£71
é72
€73
v74
875
876
677
€73
879
[ 10

o000

OO0 o000

o0

91

3973

110169295138 (104,20,7)

MlGe645%)=1,
MllbyTr6d=1.
LGyt 7) =1,
“(1619sul=1.
(1733496)=1,
Chilacsl =1,
1743420 =1.
(173448)=1,
(1",5,‘.)-’—1.
-""(171()13)=1a
FOLT3745)=1,
NLL74844)=1,

“E&A% % OuTAIN VECTOR

DETALT)

0D 91 J=1+S51Z€1(142)

DETALII=1(141,4J)

6 63 K=2417

00 92 KK=14S1ZE1(X,1)
CO 92 KXK=13S12EL(Ks2)
HO2 (KK KKX) =l (K 4 KKy KKK)

CeLL MULTIP(DETASMD29STIZEI(Ky1) 9STZEYL(Ky2))

CCONTINUE

Gl2y1y1)=1,
G{29290) %1
Gl2443)=45
CG(21344)=4H
GUE3slsld=t,
GlI42,52)=1,
GE19343) =201l 9b0?)
GE3e3s8)=ialtyuyli}
GU3sa4%)=N1+9411)
G023y 404 )=10069%,10)
Glaylal)=1,
Glasy24,2)71,
Glas3+33)=inlT49,10)
Glay39a) =il Talrsid)
GlasayL)=117410,15)
Glag9y51=tl791.1421)
GlasSya)=1lT741)48)
[HE-FBER P ED T
GlH49242)=1

GEoy334)=11(8410,10)
GESe395 =131 0,11)
Glsaay3)=1,

GUSe 59 6)=nlss11,128)
GUSy Sy TI=1tld41)413)

GlGaladll=1,
Gl 292051,
Gl4y3y3)=1,
Glbsayh)=i{dy1Miy13)
GlrEySeS)=h(2s)1414)
Glhsbah)znlayl3,18)
Glaybs?)=iilas13,21)
GlhyheR)zllayldy22)
GlhyTeh)=1. .
Glhy Ty )=i(6413,17)
GlhyTy3)=1.
GU7+9141)=1
G{T749297)=10
6(71313):1.:
C(7y4sl1)=f'i(5123s22
G 7549803k

FREEEEL S
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H81 GET95,31=(3,9,6)
$32 GU74556)=1(3,59,106)
813 Gl79544)=1,

Ha4 Gl743697)=-1,

865 G(740,8)=1,

836 Gl73747)=1105,21,171)
g7 . GU7.842)=1,

£83 GL74849)20{9413,17)
vé&" GU749:3)=004410,6)
890 S{7:9,10)=3{3,104,17) .
v91 STy 4) =1,

892 ’ Claylyl)=1, !
€93 G242 =0

894 Gldey3,43)=1.

€95 Glis433)=11(3,94364)

896 GlByhy5)=1(3449418)
£97 ' : GlByhya)=1,

893 GlAy5h+:4)=H{%y11,14)
€G9 Gluybhy5) =1,

G0 Glosh 6= (34124,7)
g1 GlRebhs?)=11{3412418)
G902 Glay748)=111343,45)

GN3 GlisTe3)=1(343406)

G4 Glry T2 0)=1{3,43,47)

G05 GOy 7s9)=111342344)

Gno Gluy,y7,10)=1,

907 GERydy106)==1,

G0y Gld:1993)=11(3416G,6)
G509 GEB,9911)=403510417)
910 Gldylug7)=8{ny17424)
611 GIRyICy G5 )=ty 1742)
G512 G{A,10411)=1,

G913 Glhy1y1)=1

G914 Gl Iy 2y22)=1,

G515 G07493,3)=1,

416 Gl9ya3y2 2013450
517 Glsbst )=l 49s10)
¢13 GlYsyHeh)=la

G519 . Gy 3,0)=01{3,12,7)
920 . L9353y 7)=0(34124128)
g2 GlTFstign)=1,

g2z ClOy747)=1

5213 G{34743)=1./U

G24 GUIy7T+8)=i1(4418,17)
4925 GlIs0y8)=1.

P GlTs16,3)=1(343,5)
G627 Gl iyl s2)=0113,3,0)
6238 GUO431044)=1803,3,7)
G2 Gy 1035)=i(34348)
G300 TGUI41155)5 M 4917 42)
521 0(911117)'—'.'1("117!2/0)
G32 Cl9y8y8) =1 ’
G633 GLGys8y1)=8({1241548)
G4 GUllGslyl)=L,

G3% Gllgs2s20=1,

G36 Gll04343)=1,

G37 : Cllushgad=l,

93y : Glluy9ynld=1,

$39 GLLidshe4)=M{3,124+7)
S54HG G(lGsbeb)=inl3,41418)
G4l GLlO4796)=0,

942 Clliuy793)=1./U .
G43 G(lf'y717)=!'-(lﬁ‘y10717)
Gay Gllirsby7)=1.

G545 GLlusidya1)=(L241548)
G46 Gl{1ll4191)=1.

G47 : G{l14242)=1, . -
S48 Gllle3s8)=bs

G49 Gllls4a90)=1a

459 Gil145ys7)=1.

G511 G{lls6a3)=14/U

Gh2 C 0 G{llabeti)=04418,517)
983 Gl114749) =1

G4 GUY1aTel)=4(1240548)
$59 G({lZys1sll=1,

956 GUl2y292)=1.

557 GlLLlZy243)=1,

559 Gll2y459)=1.

G59 . GLLE4595)=0

G50 GUleabab)=1,



x¥e X gl

Gll24747)=1,

Gll2dedy3)=1,

61124941 0=¢01241546)
Gl1249151)=1,
GL13,242)351,
G{134343)=1.
Gll3y494) =1,
GEl134€450)=1,
(134690 )=1.
(L34656)=2,
(13,747)=1.
(1343,08)=1.

[ SN

<

HI2431451)=21.
H(242420)=1.
H{Z3343)=4%
H(2y344)2,5
Hl341410=1,
{34242 0=1
H{39353)= YAV
HI39394)=407,38495)
H{Z4345)=T7y494)
H{393+4)=0 7444 4)
Hl4s141)=1,
tHilayZ2420=1,
Hlay3sa)=1(Y4949)
HE4ay333)20{ By b}
Hia,4413=0(8,546)
HU4,543)28(7,542)
Hlag by 5)=20749y1u)
H{o9242)=1,
H{S5s141)=1,
(543,301,
H{Sy444)1="19,9,11)
S 96,5)="(9,9,412)
H{S S s6) =113y 1uysl0)
MUS 4S9 7)=" (8, 10411)
Hlogalsld=ty
H{bs242)=1,
H(69343) =1,
Hl62444)=M(L0912,y13)
Hibhens3)="(104124+4)
HlGsHa4)=1.
HIG 4GB )="14,14,4,23)
by Tab)=M{9511414})
il(?)lll.);lo
H{74242)=1,
HlT743430=1,
H{T744931=1H{1041240)
H(7+594)=1, .
H(7y57')1=7‘.(5523;22)
H{7,695) =1,
H{T96H33)="1{(33%406)
HU79006)=M0 3479 10)
H{8414L0=1,
nld4242)=1,
niss3a3l=1,
H{E a4 ) = (V11,2 4)
li(2yhya)=1,
{38 93)=4(3y74¢)
H{39549)=11{ 39910}

RIS TLTE-I RN

HIB A 6)=1{341247)
Pl glig? )= (3 12415)
Hidelsld=1,
H{G4242)=1,
EINEERERED
{99494 )1="4(39946)
H{Gy435)21{3399)01}
H{Ty50 %)=,
H{94%330=20(3312,7)
H{Gyns6)=it{23,12,13)
rilGahya3d=1,
Hl9e 75001,
H{U 794121470
{7y 7)2t{ 451841 7)
[HSUEFTRRES N
Hilig2y2 =1
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1641
1042
1C43
1¢44
1645
1046
1047
1C43
1¢49
1650
1L51
1052
1u53
1654
1695
1086
1C87
1¢%8
1U459
1¢50
1¢hl
1662
1uh3
1064
1665
1666
1uL67
1L68
1¢69
1¢70
1671
1¢72
1673
1674
1e75
1076
1677
1678
1079
1C80
1¢381
1082
10453
1C84
1¢85
1086
1e87
1¢38
1439
1C40
1¢51
1692
193
1Cu4
1045
10490
1C97
1095
1C9%
1100
1101
1102
11n3
1104
1105
1106
1107
1108
1109
1110
1111
1112
1113
1il4
1115
111¢
1117
1113
1119
1120

(xRl

HE1Us3,3)=1,
H{l1094a94) =1,

HE1095431=01(3,12,+7)
H{Lugaah)=1(3,12,18)

HETO Gy S )=,
104644 )=1,/U

HUTU 636122 04416417)

HE10s7y6) =1,
HEI0s741)=0108,454¢)

Hillsly1)=1. -

H{l1l4243)=1,
M1y 3960 =1,
Hitll,4ayn)=1,
H(ll,545)=1./U

“(ll'ﬁtq)‘ﬂ(§|18’17)

H{lls649)=1,
H{Lllefy L) =blbyeSy0)
Hllz9lsl)=1,
H{1292420=1,
H{1253,30=1.
H{leahah)=1,
rH{ldeh,y5)=1.
{12y 606G) =21,
h{l124+747)=1,
H{12sb45)=1,
H{I2+99410=01845,0)
BHl13,1y1)=1.
H{L3,24+2)=1,
Hi{12y3,3) =1,
Hil3y4y4)=1.
t1il345945) =1,
H{13,hy6)=1.
HU13,747)=1.
H{133348) =1,

0{2y291)=1.
{2y2sd)=1,
Bl24392)=507,38,%9)
UE24354)=(743,5)
Cl24445)=2{Ey9411)
{25490 )=Flty3y10)
00251,11=1,
G(34242)=1,
G{3249343)=:0(H4995)
343400240 89%4)
ODlasas4)={dgbeh)
GU39543)=00050,45)
U{345,0)=l4s6,47)
Glhya1a3)=1.
(H{4,292)=1.
Nlag349)=21,
OGtasasll=1,
4535 )=:007,9,11)
Glashs6)=H09,9512)
ClasbsT)=iilbs744)
Glasbat}=it(y7y7)
H{541si)=1,
U{He242)=1,
U{34343)=1,

) U{Ss494)=].

0SS 4535)=i4{10,11413)

lSsteh)=1,

B(H 3694 )=401U11246)

Gl53746)=14413521)

DU 797)="0A513422)

L e7eb)=4{4s13,10)

MbaBe7)=1

D(S.Eu)=1,

D58y 9)=(99134517)
Glbydyadi=l,
Olbg2s2)=1
fHles3+3)=1,
GlErytati)s=1,
OlE1544)=22010,51246)
l)(:z,u,‘))=;".(5,21,17)
Ulby746)=1,
U(b)71'1)=”(9s‘3117)
Ulbshatrl=1.
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oOon

JloyBebH)==1,
ClOsYsa)=N{3510y8)
Cl6s9,8)=0{3,10417)
ODlta9y71=1,
UlT751,4L)=1,
{79921 =1,
0(7434351)=1,
Ul744440=1,
BU73527)=4(3,3,4)
BUT594)=2"(3,3,5) -
GlT725,5)=03,2,7)
{7954 )=%(12,3,8]
DLT7+50800=1,
G(7s0a8)=~1,
DE7y744)=00{34310Us8)
U747 =5(3,10G417)
0(7+8+9)=1,
5(71310):”(‘3,1732)
GUT728910)=11(4417424)
Gibslel)=1,
Blzs2y2)=1,
UlEa3a2)=1,
GlEsas6)=1,
G(es544)=1,
[ RY-TL- R DN
D(B8e747)=1,
U571 1211 04:20,7)
Nl B97)=1(2,3,5)
Ul342¢0)=i1(343,06)
QlLyBsya)=MN{343,7)
PlB810951=i1(3,3,8)
Gl83935)=t1441752)
{61998)=i1(4Ay17424)
Hltbalyh) i
BlE.109h0) 217U
CUlEy10,7)=t1(4418417)
Ul9sl41)=1,

(G292 =1,

Ul99342)=1,"
HYsa40)=1,
D{95,5)=1,
N Gy696)=1,
UlGe7s71=1,
Gl99307)=21{4,318,417)

SBLY791)= Y0429, 7))

U{948s0l=1./0
10,1410 21.
i1,y 2) =1,
GL104343)=1.

{10y hyh) =1
GU1N,8y7)=10
UlLO3048) =1
DI 7415=0(10,20,7)

segt (JETALN PARTIAL DERIVATIVE(S) OF IKVERSE CONSTRAINT EG'UuS

DNHIDTA==5%CCI/ (L{GABATRA) 3% ,5%T3621,5)
DMINCI=1. J{GANAXRASTII*%,5

POCIY=Le/(1e+ (1ri2=H1)/(2,%(CH+1.254%CR)II*%2,)
GC22LT=2.9Cra U/ L 5%URZ. =2, 4CP4DTUS)I# %2,
0C220U==1,%00220T7DTUSIUR XL,

UCZ30T==2  #CPF(U/ (2. %CPEDTUS~6. 2UR¥24)) %52,
GC230U==2.%0C23D7 $0TOS/U%%2.

CI7FAC=(PC/(PC-P) ) %22, /P0L

CL7FEAG=11 + LARH) S CLee2, ¥STHIAL2Z Y/ (=2, %CP*COSIL2)%%3.)

ClBFAC==1./ (1C3-1.)%%2,

CLHEFAT =V (7, l(ly(‘))*“(3glu’l7)ﬂ'\("’lby 2‘1)4‘”(41!8916)
CIBFAE =103y Lusd 7D 50L4s1 T, 241514y 1607 ¥R THERPN

CI9FAC==12, %P 1N/ (12%ALC-1a54PI MY ¥22,
C24FAC=1,/0a3-RI%¥2,
C2%FnC==1e/ (h=a 7D %52,

CABFAC={S7. /140,57 €AL2)I¥#2,

Clly1)=b0.¥PIUsRPN/ (50, ~PINERPIEDIS+2,

Cl231)==a0u ¢PINSRP U/ (PIN#RPHED=-400.) ¥¥ 2,
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1201
1202
1203
1204
1205
12006

1207

12n8
1209
“1219
1211
1212
1213
1214
1215
1216
1217
1218

1219

1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1239
1231
1232
1233
1234
1235
1236
1237
1233
1239

260
1241
1242
1243
1244
1245
1246
1247
1248
1249
1250
1251
1252
1253
124
125%
1256
1257
1258
12%9
1260
1241
1262
1263
1264
Libo
1466
12067
1263
1259
1270
1271
1272
1273
1274
1275
1276
1277
1278
1279
1280

aoOoo

201

301

40}

402

DO

oOon

501

601

701

>

702

coa

OO

an

nl

100

1011

(aRaN el

1002

1003

1u0y
C

Gllylol)=8s/(HE~LL¥CK)
Gllely2)=644%07 (HR-B.%CRY*%2,
6019193 )==B ¥0/ (RR=E,¥CRK)$%2,

NEEFIO8TALIN VECTUR C(3) #edais

B0 201 J=1,SI2E2(1,2)

L3I =611, d)

D0 40l K=2413

00 301 KA=14S1ZE2(K,1}

00 30l KKK=1,S1Z2E2{%,2)

HD2 (KK KKK) =6 LKy KKy KLKK)

CALL HULTIP(D34002ySEZE2(Ks1) 4STZ02(Ke2))
CONTIRNUE

D0 402 I=1,3
C{3,11=D3(1)

Gllylsl) =24/ (2%CR-1R)
G{19342)==0,%0/{2.%CR=-HR)E*2,
Gl19193)=2.%0/(2%CR-HR) 42,

#EeESOOTALN  VOCTUR Cl4) *téges

DIV SUL J=14512E2(147)
DatdI=6(1s144)

DO 701 K=2,13

P UL KK=14SE202(%,1)

DO 601 KKK=13S1ZE2(K,2)

BBZ (KKy KKK =G LK s KKy KKK

CALL MULTIP(D4,N02,STZL2(Ks1) 9STZF2IK42))
CORTINUE

03 702 1=1,3
Clas1)=Dall)

FlLlylal)=104/(HI=10.%CliY%¥2,
H{lygly3)==10,%0/{HN-10,¥CN)¥%2,
H{ly1y2)=100. %0/ (BR=-10.¥CH)*%2,

FEEFC(OBTAIN VECTOK C(5) =&#te¢

U0 801 J=1,S1ZE3(1,42)
D50 =H(1 914 d)

D 1901 K=2,13

0N 901 K4=1,31ZU3(K,1)

D3 901 KLKK=1,yS5172t31K,y2)

HO2 (KK KKK) =H (ks KKy 48uK) '

CALL HMULTIP{DS,MD2sSTZE3 (K1) »STZE3(K2))
CONTINUE

00 1611 I=1,¢
CL541)=05(1)

HEla191)=22./7(2.%CH=-1N)
HOY g Lg 2 ==a, ¥/ (2, 2CH=- 1Y%,
HELls1931=22.%07 (28 Ciu=iitt) %% 2,

FREERQUTAIN VECTUR Clo) #xdeex

DO L00Z U=1,.51403(142)
Ub(J)=t{1s14J)

01} 1004 Ks2,13

DO 003 Kk=leSTLZEI(Ks1)

D0 1003 KKK=12ST2E3(K,42)

MOZ (AKX KKL) =1 (K oK Ky KKK

CALL MULTIPIDRE,MD2ySTIZE3(K 1) 4STZE2(K,2))
CONTINUE B
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1281
1242
1203
1284
12865
1286
1287
12488
1289
1290
1291
1242
1293
1294
1295
1216
1297
1298
1299
1300
1301
1202
1203
1304
1305
1206
1307
1303
1309
1210
1311
1312
1313
1314
1315
1316
1317
1138
13193
1320

1321

1322
1323
1324
1325
1326
1327
13238
132y
1330
1331
1332
1333
1234
1335
1230
1337
133y
1339
1340
1341
1242
1343
1344
1345
1346
1347
1348
13249
13%0
1351
13452
1353
1354
1255
1258
13567
1358
1359
1360

o

1077

coo

OO0

1G0%

1600
1007
c
c

1088

Lt

165

GO 1077 1=1,8
ClhyI)=D6(1)

CU793)2-1a%SS/0a5%CN=-S5)%%2,
Cl734)=Cli/ U b%Ch=SS) %42,

Clua2)=S5/05S-Chiy%%2,
ClBsad==1 ¥ CH/(SS-CHYI¥%2,

SR/ 1.34CR-SR) 22,
(.3-: ~5R)R42,

Cl0s2)=SH/USR-CR)%#2,
ClICah) ==L #CE/(SK=CR} %42,

ClL1,6)=1./1e01-BFT2) %2,
Cll2y6)==1,/742ET2~1.) %%2,

CUL, 1) =)l /4D /8T ~EFT) 342,
ClLluy 7)) /URETI-1.0a)4%2,

Cl15,6)=50. /{80 .~Cr)swg,
Cl1658) =400 /1 CL~400,) 442,

C(l7,1)=C17.tC #4424y 23 8CLTFAD/LFI D% (I.OTAN(Al¢)¢*z.))
CL1750)=CLlTRACFHLA L A323 )8 CLT7FAGZ(CUSIRETZ2)%32,3(1,+T2
(AL2Ys22.0)

C(I7,c)—(LIFAL¢H(4'14,?3)v(1 +LARE J¥(URSIN(2%aL2)=2.%CRA)
FU2,80P3COSLAL2)¥42,)

Clliay1)=ClaFsCe(UNILCIFCIBFAE+DMIGTIL(N(2+4410)3CLEFAE
=8{34399) %P THERPN) )
ClLlB46)==1e%C1EFACHDI3DTIH*NIN(349347)
L\lb‘7)—C)UFAC7(O\39(3*”(3’1091/)‘n(ﬁ,l7;2)OUP3UT3¢(H(214110)
SU30 LGy 17 %E(a517,2)-013,3,8))) .
Cl1348)= C)ﬁrﬂ"*((lblﬁD°(DNJﬂC3‘Fl2'411U)*BH3DT3)-D“3UT3
#4(3y346))

D131 2)==2,%C1YFRCAPUCLOF (H3=HL}/ (2% Cli+2.5%CR)*%2,
TU19192)20(LsLs1)%2.5/2,

{131 93)==1.¥CLYFACHPDCLA/ (244CH42.54CF)

1yl sad==1s3U(141,3)

EEETHISTALN VECTOR C(19) #¥&%s

09 1605 I=5+512F4(142)
§1u031=03(1,1,J4}

ol 1UN7? K=2,10

DD YuNG Kins lvbll[ﬂ(Ktl)

DO 1606 Kilk=1351284(Ks2)

MO THAyUKK) =D (K kKy KKK)

CALL FULTIPILLY W KD245STZE4A(K 1), STZEALK,2))
CHnTINE

UR 1488 1=145
Cli9,1)=0149(1)

Cl2031 ==L #PINVRPH¥CA/ (4 25%U~-Cu)* %2,
C(2Gyb)=PLUERPNED/ (L 25%U-CA)¥¥2,
Cl21,1)=PINFRPIeCA/{CA-2RU) %42,
CU2)ye)a=)  #PlHsdsRP I/ LCA-2, 46U 22,

CU27,1)=(0C220U+DLR2DT#M 134355 2 1040PY
C{22,0)=0C220T#UsLA/LCP¥COSTBETZ ¥ e )
CU22,TI1=0C22NT+UsCA/LCPYCUSIRETII#52.)
CU2240)=CC22513U¥ (T N{RET2) ¢ TANIBET3Y)/CP

CUR3,1)=(DC23LULDE23NTHN3,3,5))9F JIisKPN
CU23,6)=5C23DT+YECA/ICP#COS(BET2)3%2,)
CU2347)=0C230THUYCA/ (CPRCOSERETII*%42,)
C{23414)= PL?JDT*U*(TAH(&[T?)OTAH(QrTJ))/rP

C(ZAaX)=C24Fﬂct(TAH(BLT3)-TAN}BETZ))*M(ﬁyl&yl?l#?lﬁ
EEPH/ 2.
'C(24,h)=(TAN(bFT3)—TAn(&ET2))*CZ&FAC/(?.*U)



166

1361 Cl249L) ==L #FI4C24FAC/ (2 % CUSIDETLI6%2, )

1362 . C(24y7)=F12C24FAC/ (2.%COS{RETI)%=#2.)
1363 C

1264 ’ Cl2541)=C(24y1)%C25FAC/C24FAC

1365 Cle548)=CL24:8)4C25FAC/C24FAC

1366 Clz546)1=C(2446)%C25FAC/C24FAC

1%67 CU25y7)=CL24yT)*C25FAC/C24FAC '
1263 C

12364 ) Cl2653)=C20FACH(3,12,18) %M (44184533 7)%M(10,20,7)
1370 : Cl2646)Y=C26FAC*1II{3,12,47)

1371 ' ClehyB)=C26FACHI(I,12,18) /U

1272 C

1273 C

1374 Ct27411=1,/D%22,

1375 Clz842)=L,/CRE%2,

1376 Cl29+3)=)1./CH% %2

1377 CL30,4)=1,/55+%2,

1378 Cl31,5)=1,/5R%%2,

1379 c

1380 C

1241 Cc

1442 [ *3% CALCULLTE Sult OF OFRIVATIVE OF CONSTRAINT FQ'NS 44%
12383 c

1284 C

1385 990 1use I=1,4

1386 3630 UCONST(I) =0,

1387 I R AR AN A HES Y

13838 U 1e90 KNM=Lla31

1389 1690 GCLRSY M) sDCUHSTORMM) +C NNy MMI)
13%v 1100 ContIauL

1391 C

1392 C

1293 C x4 QuTATH FINAL FOxH OF DERIVATIVE OF PEMALTY FUKCTIGON #%&%
1394 C : .
1245 C

1376 C

13497 oy 11102 I=l4&

1398 WPERCI)=DETA(])+RF%#DCONSTLI)

1299 1116 CuiT UL

1400 C

1401 C

1402 Cc

1403 C $E% STT RARIRTZING STEP LENGTH, R %¥¢
1404 C

1405 c .

14006 99499 : KTUT=4A5L

1407 YLOM(S) =, 31 %KT(2)

1408 ¥Lisdta)=.31%41(3)

1409 DY 1027 1214

1410 . IE(IPEN(L),LQsLL) GO TO 1027
1411 IFIOPEN(LI)GTe04) THEN

1412 ENAXITI=tXUPLLI=XTCTI))/DPENCTY
1413 ELSE

1414 ' RMAXC D) = (XLOG (1) =X1 (1)) ZDPENLT)
1415 Lo 1F

1416 c .

1417 1F{RHALLIVLLTLRTOT) THEN

1418 RTOT=RMLX(])

1419 ’ £nD 1F

1420 1027 CONTINUR

1421 R=gTOT/51.

1422 ) 21T4=R

14273 C

1424 IF(DPEN(5),L1404) THEH

1425 - XK2FTH=XT(2) +45. #R¥LPENL2)

1426 KLUHLD) =, 312 X2FIN

1427 ReaX({5) =L (5)=XT(5)) JOPEL(D)
1425 TE(RAALL{D) LT «RTOT) THEN

1429 RTGT=RuAX(Y)

1430 - ' E=RTOT/51. i

1431 21Te=R

1432 END 1F

1433 ¢ Tu t12¢

1434 : END LF

1435 C

1436 c

1437 1120 ICUUNT=TCOUNT +1 '

1438 IFCICHUNT.GT 45) GO TO 2000
1439 C

1449 c as e CALCULATE Hed SET UF VARTABLES #%%%




1441
1442
1443
1444
1445
1446
1447
1448
1449
1450
- 1451
14%2
1453
1454
1455
1450
1457
1453
1459
1460
1461
1462
1463
1464
1465
1466
1467
1468
1469
1470
1471
1472
1473
1474
1475
1476
1477
1473
1479
1480
1481
14482
1483
144
1485
1486
1487
14388
1489
1490
1451
1462
1493
1494
1495
149¢
1497
1493
1 4499
1500
1201
1502
1503
1504
1505
1806
1507
1503
1809
1€10
1511
1812
1£13
1514
15919
15146
1517
15138
1519
1520

e Xa Xyl

o

%
c

o OO0

560G

DU 1121 T=1,4
KCT)=xT 01D eR#GPELCT)
TFAXUL) LT XLOHIT}) THEN

Li32=,

TRUT .

thd I1F

CONT 1

Ut

1HeLp2y 6u

Liti=.

LO2=,FALSE,

RS UAN

5310 10

LOl=4F/LSES

IR d

GG

1F ¢

L=L

10 2

Lty THFR
LLYI=oFALSL.
T3 lu2a
tND IR

LLe) THEN
LL2= FALSE .

+}

PENLES=PERFUN
LLI=oFALSE.
T6H 114G

G
(R3]

1F

040G -

1022 TF(PENFUN,GCT.PENMAK) THEN )
IFEPLMFUNLGT LY. ) THEN
HLK=0

GO Tu 11

1130

10

24

CLSE

EHMD

Lh0

1F

40

PEMML K= PENF UK
FTASAX=ETESRE
COMMAX=Can3T
REMAXR=RE
PRHAZ=PRALTIN
HAKHAX=MLE
PSINAK=PST
FIKAX=F1
SonaX=Dunl
UHEIRAX= 00T

DUtAN

[BM A

M

DoInA=00K2

DO 1120 1=
KPAZCT)=4L1)

60 Tu

1140

L=L+1
PELLLE S=PENFUR
LLY1=e TKUL
GU T 1140

1F

X))

IF(PILLES.CTLPENFUN) THEN

FLSE

1F (4
PEN

ELSE

RO

LK. EQeU) THEN
LES=PENFUN
L=L+¢l1
IFEL.GTL100)
LLI=.TRUE,

GO TG 1ra0

RLK =0
L=tsl
PENLES=PENFUN
tLil=sTRUL
G TU 1140

IF

GO Td 2000

!
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1821

1822
1523
1524
1525
1526
1527
1528
1£29
1530
1531
1532
1533
1234
1835
1536
1537
1533
1€39
140
1541
1542
1243
1544
1545
1%46
1547
1548
1549
155v
15%1
1552
1553
1554
1559
1£56
1557
1556
1559
1560
1561
1562
1563
1¢64

cus
1566
1567
1864
1569
1570
1571
1572
1573
1574
1575
15876
177
1¢7s
1579
1580
1581
1582
1533
1584
1585
1586
1587
1588
1569
1290
15491
1592
1593
15%4
18495
1896
1897
1693
1£499
1600

oo

C
C

leXwEe)

1029

1026

1140

2000
2001

20106

2190

4445
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IF(HLKJEOLO) THEN
HLK=NLK+1
L=0
KLi=KLM+1
IFUKLM.GT.50) GO TO 2000
G TO 1025
ELSE
G0 TO 1025
£ IF

Fn IF .
IF(PENFUNLGTLPENMAX) THEN
IF(PENFYUGT.14) THEN
HLK=0 : '
G0 TU 1140 '
ENDOIF
PENMAX=PENFUN

i
|
|
|
|
|

sLK=0

LY AMAX=ETASRE .

CONMAX=CONST

FihAx=RE

PREHAX=FEATIO .
NAKMAL=1C3

PSIkax=p81

FEAK=FT

UCHAAX=DANK

varenxX=n0ehn2

D} 1C26  I=148

KMAK(T) =X (1)

GO TL 114C.
ELSK

PELLES=PERFUL

LL1=oTRhUE,

Gl 1C 1140
ERD IF

R=R+71TA
G310 1120

G0 2001 1=1,3
XI (LY =XBaX(D)
LU2=,FALSE,
LUl=oFALSE .
CIFPEN=PE NHAX=FPFHF
FPENF=PENMAX
TRFIOIFPEN.LTL.0G0L) THEN
PCOUNT=PCOUNT+L,
IF(PCOUNT GTele) THEN
Kkz=]T¢l
REI(KKI=RFILIIN/ 10U,
PRIMTE, Y
PRTHTE, -
PoUIT =0, :
Lidh=,TRUL .
JUHRN=1,

GO TO 2G06
END IF

EHb IF

QU ®H=0DINt]1.
Lel=oFALSE.
LL2=.FALSE.
KLns0

HLK=a

Len )
RTIT =4SL
1COUNT =i

I (LOY)Y Gt TO 210¢
co 10 7

LUS= FALSE,
RF=RF/10. _
IF{CONTY.HEL0,) RF=.CO00004
TE(RF LT.sM0GNE) THEN



1601
1e02
1603
1&04
1605
1e06

1607

1¢04
1609
1¢10
1611
1612
1613
1614
1elb
1el6
117
1¢18
1619
1¢20
1621
1622
1623
14624
1625
1€26
1627
1628
1629
1630
1¢31
1632
1633
1634
1635
1€36
1637
16348
1¢39
1&40
1&4]
1642
1£43
1¢44
1¢45
1646
lea?
1¢48
1649
1650
le51
1652
1¢53
1654
1655
1&£56
1657
1¢58
14589
1&60
1661
1e62
1663
1664
1€65
1&66
1¢67
16568
1669
1670
1671
1672
1673
1674
1£75
1676
1677
1¢78
1£79
1¢80

OO0

ao [a¥eNel

OoOOoOO0O0O0

OO OOOOOOO0O00O0000O00

PRINTH,

t 1
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PRINT#,' %% VALUES UF DESIGN VARTAELES CORRESPONDING T0 neT1MuM

EFFICYISHCY ARE AS FOLLOWS #%¢

00 2004 T=1,8 .
#5X(Ny 1500 = 1yXI01)

2004 PRINT#,
PHINT#*,
PRINT#,
PRIMTY
PrINT,
PR TNT#,
PRITITH,
PRIMTR,
PHINT,
PRINT#,
PRINT#,

CPRINT#,
PRINT®,
PRINT#,
PRINT#,
PRINT?,
PRINT#,
PHRINT S,
PRIHT S,
PRIFTw,
PRINT#,
PRINTH,
GO TO 2
FND LR
$1S=3SMS
Gl 70 5

220u STaP
i)

¥% YARINDUS OPTINUM PARAMLTLRS ARE ##¢

“6 FFFICIENCY = ',ETAMAX, " %!

& PEMALTY FNe= 'yPENMAX ' 440

Fe¥ JHLET NON-DIM MASS FLOW ='",RHRAT,' #%%¢°

o
L]

PRESSURE RATIO =*,PRHAX," %4
ROTOR MACH & =Py MAKIIAX, * - #40

¥2 REYNOLDES # = '"ZREMAX,' 3%

3 DOMMAX= ', DOMMAX
FEQLTUAX= S LATHAX
DGNANY = Yy DGHAMNK
DCHHAK= "4 DCLNAK
DUKZNA= Y, 00K2NMX
FIRAX= tyFINMAX

PSInAY= '3y PSTIHAX

Ca%
w4
o
%%
3

200

[}
[
'
[
'
'
L
'
[
[
[
[
L]
Ll
'
'
'
'
1
[}
[
[

+1.

SUBROUTINE HULTIP(A,3,M,N)
DIACHSTON AL30),8(30,30),C130)

SUBROUTINE ICSLVE

PARAHETERS

W

B

'I‘

F

un

N

C e o e

Dy 1L 1=1,
T=0.
DI 2 J=1,
2 T=T+2(J,1)%A(J)
1 Ctn)=T
Dy 12 I=1
12 At =C(I)
RETUKN
£ND
~1CS1IVE-wmmmmemm
FUNCTION
USAGE

LTBRARY 2mmmmmmommmmommem oo

(FshsByULyDLyUNsDHN>H 3G, PSCONDYIER)

CUBIC SPLINE OME~DIMENSIUNAL INTERPOLATION -
ECUALLY SPACED DATA

CALL JCSIVE(FsAsBsULl,D1,

U, DN,N,H,G’PSCO“D’ 1ER)

YECTUR OF N EQUALLY SPACED
FULNCTIONAL VALUES Fll}yF(2)ra0ny
FIN), WHERE F(]) IS THE
FUHCTIOHAL Y4LUE AT
X=p+t{I~1) %1 AND H=(B~A)/(N-1)

VALUE' OF THE ABSCISSK FOR F(1)

VALUE OF THE ABSCISSA FOR F ()

BOUNBARY RELATED PARANMETER
(SEE ELERENT DOCUMENTATION)

BOUMGARY RELATED PARAMETER -

(SEL ELENCHT DOCUMENTATION)

BOUNDARY RELATED PARAMETER
{SLE ELENENT DOCUMENTATION)

tQUHDARY RELATED PARAMETER
(SEC CLEMENT DOCUMENTATION)



1681
1¢e82
1683
1Le84
1685
1686

1e87

1€88
1689
1€£90
1691
1692
1693
1694
1695
1&£96
1€97
1¢98
1¢99
170G
1701
1702
1703
1704
1705
1706
1707

1708

1709
1710
1711
1712
1713

1714

1715
1716
117
1718
1719
1720
1721
1722
1723
1724
1725
1726
1727
1728
1729
1730
1731
1732
1733
1734
1735
1736
1737
1738
1739
1740
1741
1742
1743
1744

1745 .

1746
1747
1748
1749
1750
1751
1752
1753
1754
1755
17506
1757
1758
1759
1760
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N = NUWBER OF DATA POTUTS
[ = HUNKBER OF ANSWERS SOUGHT
G - VECTOR G(1)3G(2)yseeesGIN) OF ANSHEKS

WHERE G(I) IS THE I-TH ABSCISSA
UPOKN ENTRY AMD THE I-TH
. GROINATE UPOR CONPLETION,
PSCUNHD — PSEUDO CONDITIUN NUMBER FOR BNUNDARY
PARAMETERS. PSCUHD.GT.14ES
INDICATES VALUES PETURNED 10 G(I)
MAY BE UNRELIABLE.
LR ~ ERKOR PARAMETER
TERMINAL ERROR = 128+N .
o= 1 INDICATES GU(I)} NUT IH INTERVAL (&,8)
FOR SOME 1514325.04a9ft )
ti = 2 YTHDICATFS UNIQUE SULUTION NOT POSSIELE
FOK GIVEN &UulbARY VALUES

PRECISION ~ SINGLE
REQ'D INSL ROUTINHES = UBRTST
LANGUAGE - FOFTRAN
LATEST REVISINN - FFBRUARY 3,1971

(g}

OCOOOOOOOOGOOONOO00DO000

15

20

SUBRCUTINE ICSLVE (FaAsByULsDLyUNsDNWNsByGoPSCGHDy 1ER)

DIMENSICH F{34),G(1)

EQUIVALEKCE (19ET,DET)

REAL LA, LAKN

DATA SISLAR/L.73205084=.26794919/
1ER=0

H={B8-A)/(N=1)
LAMNM=LAMES (N~1)
CALCULATE LAHW AND TAU
GAM=F (1)
TAU=F (1)
til=ti+1
DU 5 [=24N .
J=Hl=~]
GAN=GAMSLAM+F(T)
TAU=TAUSLANLF L))
CONTINUE
GAtI=3.,%GAM
TAU=3.5TAU

.Cl=1l,=ULl%LAHN

CT=1.-U1/L4an
€C2=CT #L bt
C3=DL4H/(2.553)+{CT#TAU=S3%( (1,46, %UL)*F{L)-UL%F(2)))/H
CT=1.~UN/LAN
C4=CT4LANMN
CH=Le—UNSLAM
Ch=DNH/ (2, %53) + {CTHGAN~S3# ([ 14 +64 *UN) #F (N} =UNSF(N-1) )} /H
DET=C1¥C5-C24C4
1F (IDET.ECG.0) GO TO 55

' CALCULATE BOUNDARY PARAKETERS BLsBN
Bl={C24C6=CI*C5)/DET
BN=(C1%Ca=CasCII/DET

: CALCULATE PSCOND
Cl=A85(C1)
C2=ABS(C2)
C4=ABS(C4)
C5=A8S(CH])
PSCOND=AMAXL{CL 1 G2,C4C5) /4BS(DET)
KP=0
N2=t~1 .
CALCULATE G(I)'S
D 50 T=1,M
X1=h
IF(GUI.LTA) GO TH 15
UG 10 J=1,02

Al=xleti .
1F(GUT).GT.X1) GO TO 10
K=J
Gu.T0 20
- CinTTHUE

IF(G(1).GT.B) GO T 15

K=H2

Gy 1O 2¢

ILR=129

GO TO 9000
K= (GLII~(A+(K=1)2H))/H \
IF(K.EQWKP) GO TO 45




GAMK=F(1)
TAUK=F ()

171

IF(K.LEL1) GO TO 30

60 2% J=2,4K

GARK=GANK#LAN+F(J)

25 CUNTINUE
30 KLl=N-K
IF(K1.LE.1) GO

i

DO 3% J=2,K1

JI=N1~-J

0 40

TAUK=TAUKFLAN+F (J )

35 CORTINUE
40 CRHK =3 . 25AMK
TAUK=2, #TAUR
KP =K :

45 TX=(Le~(LANe 2 Y4X+ {LLANSY ) RXEX) %X

Y=1,~X

Tr={le~(LAMI2 )%Y 4 (LAN+Y ) EYSY)ZY
GEYY=GANKNTA+TAUKRTY +tF(K)4Y##34F (K+L)#X4#3 4B L4 HETX4LANSE(K~1)
1 ~BNIHFTY S LAME#{N=K=1)

50 COMT INUE
GO TO 9005
55 FER=130
9000 COHTIHUE

CALL ULRTST(ICGR,"ICS1VE')

G005 RETURY

END
C
C
[
c
C SUBROUTINE 1CS2VE (FyaXOUgAsBCoDsl s Jaliy I FyuKeY,1ER)
C
C~1CS2VE—=wmm=mm G e LIGRARY 2 - ——— —— e ——
C
c FUNCTTuM - BICUBIC SPLINE TWO-DIMENSIOKAL INTERPOLATOR -
c ECQUALLY SPACED DATA
C usaGH = CALL ICS2VE(F X9 ArByCaDaTy oty IFsKKy Y, 1ER)
c PARANETERS F ~ WATRIX OF 1%J FUNCTIONAL VALUTS F(1431)}4F(241)
(o FU33))yesesFil32)r0aarF(l,5J), THE VALUE
o F(I1y41) IS THE FUNCTIGNAL VALUE AT X(I1),
C Y{J1) WHERE X(I1)=A+(T1-1)&HX,Y{J1}=C+{J1=-1}
C #HYy HF=(B=A)/(1-1)y AHD HY=(D=~C)/(J~1}
C X0 - *=DIRECTIGN ABSCISSA FOR WHICH TMTERPOLATES
(% LRE SOUGHT
C I - LOWER LINIT OF THE INTERVAL (A,8)
c i - UPPER LINIT OF THE [INTERVAL (A,8)
(% C ~ LOwkR LIAIT OF THE INTERVAL (C,DI)
C D - UPPCR LINIT OF THE INTERVAL (T,
o 1 ~ NUNEER OF MESH PUINTS IN THE FIRST COORDINANT,
C Xy DIRECTIUN
c J - LUMBER OF NESH POINTS IN THE SECOND COORDINANT
C Yy DIRECTION
C N ~ HUHBER OF INTFRPOLATED VALUES DESIRED
% IF -~ FIKST DIMEUSINR GF F IN CALLING PROGKAM
[« WK - WUKK AFEA OF DIRENSION J
[ Y = VECTOR YUL1)aY(Z)yauwsaY(N) WHERE Y(J1) IS THF
C J1—~TH ABSCLSSA UPAK ENTRY AND THE INTERPG-
C LATED FURCTIOHAL VALUE AT COURDIKANT
[ (NG, Y(J1)) UPDI COMNPLETION
C 1GR ~ ERRCR PARAMETEK
C TURHINAL ERROR = 128+H .
[« Moo= 1 INDICATFS X0 HOT IN INTEKVAL (AsB)
% Moo= 2 TMDICATES Y(J1) NOT 1W INTERVAL (CyD)
C FOR SUME J1=1324eaal}
c PRECISION - SINGLE :
c REQ'D 1MSL MOUTINES = 1CSIVE,ZUERTST
c L ANGUAGE - FORTRAN
£ i e o o o o e e o e e e e e e ———— -
c LATFST REVISION - JAKUARY 18, 1971
C
SUBRLUTINE Icszve (f1X0$A,51Ca0919~’w‘hIF!WK,Y’If.a)
c
: DIHCHSION FOIF,1),Y (1) auK(L)
o INTERPOLATE 1IN Y DIRFCTICN AT X

0305 11=1.4
UK (11)=X0

CallL ICSIVFIF(Ly11)9AsB:s0, yQ0es0, )on]’l’HK(l])s?SCﬁND,IER)
IF(IERLLELN) GO

5 CAORT IHLE

TN 9000



1e4l
1842
1843
1 H44
1545
léan
l1e47
148
1e49
18%0
1851
13852
1653
1854
1855
1856
1357
1E54
1859
1869
1e6l
1662
1863
1664
1865
lLH66
ln6?
1én8
1859
1270
1871
le72
1873
1674
1E75
176
1677
1878
1679
1580
1Eil
1882
1 €33
ly84a
1885
1 880
1887
1833
189
1690
1e91
1892
1593
1894
1895
1696
1e97
1894
1899
15009
1901
1902
1603
1604
1905
1606
1907
14C8
1907
1910
1911
1512
1613
1914
1615
1916
1517
1618
1619
1620
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CALL TCSIVE (dKaCoDstesOea049D09dylyYsPSCONDSTER)
TFOIERLMELOY 60O 1O LG
GN T 99¢5
10 1ER=130
GOQn CONTLIUUE
CALL U!RT<1(1FP 'ICS2vE")
G005 RETUSN

MO
¢
c .
.
C
C
C SURROUTINE ICS1IVU (FaXaNsMyGaHsTER)
C
C~1CS1YU~~mmmems S LIE#RARY 2 - -
C
C FUKCT ION = CUBIC SPLINE ORF-DIKENSTUNAL INTERPULATION -
C UNEQUALLY SPACED DATA
[ USAGE = CALL ICSLVU(CF XsNsligGytHyIERY
C PARAMETERS f - VECTOR ©OF N UKREGUALLY SPACLD
C FUNCTIOHAL VALUES F(L)aF(2) sanns
C Ft)y WHERE F(1) IS THE FUNCTIUNAL
o VALUE AT XU1) '
C ~ VECTOR GF N ABSCISSA X(1)sX(2)yaeeesX(N)
C N - KUMBLR OF DATA POINTS
% it ~ NUNEER DF ANSHEERS SQUGHT
c G’ = VECTOR GU1)3G(2)seaeGI{N) GF ANSWEKS
C WHERE G(I) IS THE I-Th ABSCISSA
C UPON ENTRY AHD THE [-TH ORDIMATE
c . UPON COMPLETION,.
™ H = WORK ARCA OF DIBENSTON B#N+i
[ 1ER - tRROR PARAMETER
C TERHMINAL ERROR = 128+H
c 4 = 1 INDICATES G{I) NROT Tn INTERVAL
C (X{1)sX(N)) FOR SOME T=1929e0eM
c N = 2 TNDICATES THAT CONVERGENCE WaS
C . MOT OBTAINED TN S#H ITERATIANS
c PRECISINN ~ SINGLE
C REQ'D IANSL BOUTINGES - UERTST
o LANGUAGE ~— FORTRAN
C __________________________ ——— s T o o~ = D T . = $00 - e e —
C LATEST RLVISIoH - MAKCH 54 1971
[
SHERAUTINE JCSIVU(FsXaNsMsGyHI1ER)
Cc
DINFNSTON FLL)9X(1)3Gl1),yH(L)
DATA EpSLMNyDNEGA/L1.E=041.0717968/
C SET UP WORK AREAS
2=
13=N+
T4=13+n
I5=T4 4k
Ta=15+N
17=16¢N
18=17+M
IT9=}a N
NT=]o
1Eik = 0
Hl = N-1
C OERIVATIVESsHU b)Yy USING CENTRAL
c DIFFERENCES
ne 5 121N ’
2=12+1

”(I)=X(I*1)—((‘)
H(JZ)=(Y(1+1)~F(I))/H(T)
COonvTliuf
0 lu I=s2shl
=]2+1
J3=§3¢+¢1
Ja=14+1
J5=1%+1
Jo=l6e1
J7=17+1
HEJ3)=H{I-1)+1(])
HEJa)=,5+H(1=1}/4 (J3)
H{JS ) = (ML J2)=H(J2=1))/HEJI3)
HJa)=H{IB)+H(I5)
HUJ7 ) =HU I 10 05)
10 CONTINUE

w
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1521 HUlbr1)=C0
1922 Jh=Té4n

1523 HOSE) =0, .

iggg ¢ T =0 BEGIN ITERATION Gli SECOND DERIVATIVES
1926 15 LTh=U.

1627 KCuunT=KkCOUNT +1

1623 LD 2% [=24n)

1529 Ja=1441

16%0° Jo=T6+] -

1631 ‘ =171

1932 W (HOITY=HUIA) ¥ J6=1) = (o 5=t (J4) ) #1i( Jb+1 )~ 20 ML Ga
1633 IF (265(#) LELETA) GO TO 20 ImHEde I EDLGa
1634 ETA=ARS (W)

1635 29 HEJOY=H{Jn) 44

1936 25 CONTIHUE

1637 IF(KCOUNT W GTLNT) Gl 13 75

1538 IF (LTR.GELEPSLE) GO TG 15 ,

1639 c CONVERGUNCE GBTAINED

1940 0 3¢ 1=1,41

1941 Ju=lh+l

1642 J=l8+)

1943 HEJS )= (HIJA+ 1) =1 (IB) }/HUT)

1944 30 CONTIRUE

1645 M) 6% J=1,7

1946 1=1

1647 13519+ _

1646 : IF (GUII=X(1)) 70,60,35

1649 15 1E (GUII=XIK)D 45,604,790

1650 44 16 (GIJ)=XCI)) 55,60,45

1951 4% I=1+1

1652 Gu TO a&u

19e3 50 I=4

1954 55 I=1-1 _

1655 C COMPUTF G J)

1956 6u Jo=1641

1957 Jz=12+1

1653 Jo=16+1

1659 HT1=61J)1-X(1)

1960 HT2=6(d)=X(1+1)

1961 PROD=HTL1T2

1962 HUJGY=hid6 ) enTI%H( J8)

1563 DELSAS=(H{JLIsHIJo+1I+H(II1) /6,

1664 : : GUJY=FU1)sHTLE M JZ)ePRODEDELSCS

1565 65 CONTINUE

1666 60 10 50u5

1967 70 IER=129

1568 G0 TE G060

1669 75 1FRk=130

1670 006 CONTINVE

1971 - CALL UERVSTCIRK,'ICS1VU")

1972 9905 RETUKN «

1573 £ N

1974 c

1975 c

1976 c

1577 ¢

1578 C SUBEDUTIRE UERTST (TURyNARE)

1579 c

1956y CmUEKTS Tmmmmm s o o e LIERAKY 2omem—mm e e m e e e e
1641 C

1582 C ~ FUNCTIUM ~ [RkCk MESSAGE GFHERATIOM

1683 €  USAGE - CALL UERTSTUIEKsHANL)

1584 C - PARAAETERS  IER — LAROE PARAMETFR. TYPE + N WHERE

1985 c TYp€= 128 INPLIFS TERMINAL ERROR
1586 c 64 THPLIES WARMING WITH FIX
1547 c 32 10PLIES WARNING

1568 ¢ M = DRROR CMHOF ®ELCYANT TO CALLING RUUTINFE
1589 c MAYL = [4PUT SCALAR (LRUBLE PRECISION ON GEC)
1599 I CENTAINTHG THE HalL OF THE CALLING ROUTIHE
1591 c LS & G-CHARACTER LITERAL STFING.
1692 € LANGUAGE - FOKTEAN

1543 o e o e ot e e e e
1594 € LATEST REVISION —~ GCTUBER 1,1975

1595 c

1596 syscpUYTINE UL%T3101ER s AMNE)

1997 c

1598 DInFESTCHR TIYP(344),18IT(4) .
1599 CHARACTERYE 1TYP

2009 INTEGFR ARl WARF Y TERMSPRINTR



2unl
2002
2003
2004
2e05
2006
2007
2¢08
200y
2010
2C11
2012
2613
2Gl4
2C15
2016
2017
2013
2C¢19
2C20
2¢21
2@22
2€23
2024
2625
2626
2627
2¢?8
2624
2¢30

10

15

20

25

3+

LR I 3

1
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EQUIVALENCE (IBIT(I),HARN)a(lﬁlT(?)sNARF)’(IBIT(3)’TFRH)
DATA ) ITYP/HARNIN'y'G Yyt 'y
YHARNIN' 3 'GUWITH' y* FIX) *,
PTERMIN', AL Tyt Yy
YHOR~DEY "FINED 'y '/
TIT/7 32464,5128,0/
DATA PRINIR/ &/
1ER2=1ER

IF (LER2 JGF. HARKN) GO TO 5
i NON=-DEFINED
I6R1=4 '
GO TH 20
1F (17k2 JLT. TERH) GO TU 1O
’ TERMINAL
Ifki=1
GO0 T3 29
IF (1CKR2 «LTe wARF) GI TO 15

HARNINGIHITH FIX)
1ER1=2
G0 TO 20

HARNTING
TER1l=1

E EXTRACT ‘*wi!
IFR2=TERZ=IAITLIERL)
PRINT FKROR MESSAGE
ARITE (PRINTH9Z5) CITYP(LSIERL) 31=143)4MAMESIER2yIER
FORMETOY &% T 8 S LUUERTST) ¥4 334642 X320692X3 18,
FLIER = 'HhI300 ")

RETURM
END




10.

11.

Council, R&M 2974 (1957).
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