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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 revi e\'/ed and based on the most developed perfonnance 

eva 1 ua ti on and effi ci ency optimi za ti on techn; ques, b/o 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 

iv 

" , 

i sentropi:c effi ci ency of the stage and determi nes 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 tutbine stage for \'/hich the isentropic efficiency 

is an optimum. 

Both programs are applied to turbine stages operating ~t 

various inlet gas conditions and blade rotational speeds. The 

isentropic stage efficiency is observed to depend primarily on the 

overall pressure ratio, the initial ,mass flow parameter and the 
,', 

dimensionless speed of the stage. The results which are summarized 

in tabular and graphical forms are in conformity ·with those reported by 

the origiJ:l,al authors. Finally, tecommendations are given for improving 

the precision of the perfonnance prediction method used. 
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U Z E T 

Bu tezde eksenel aklS11 bir gaz tUrbini kademesinin aerodinamik 

performans1 i nee lenmi sti r. Konuyla i 1 gil i call sma1 ar arastl nlm1S, 

en gelismis performans deger1endirme ve ver-im eniyi'lestirme teknik-

1eri esas a11narakiki bi1gisayar program1 hazlr1anm1st,r. Birinei 

program, boyutlan, akl$kan gil'is sartlan ve donme hlZl verilen bir 

tUrbin kademesinin tersinir adiabatik verimini ve kanat dizinlerine 

giris ve clklS nokta1arlndaki gaz.oze11ik1erini hesap1amaktadlr. 

!kinei program ise ters prob1emi cozmekte yani, akl$kan giris sartlarl 

ve donme h1Z1 verilenbir tUrbin kademesinin boyutlann1 tersinir 

adiabatik verimin eniyi olmaslnl saglayabileeek sekilde hesaplamak­

tadlr. 

Her iki program1n da degisik aklskan giris sartlarl ve donme 

hlzlarl i1e isleyen tUrbin kademelerine uygulamasl yapl1m1stlr. 

Sonucta tersinir adiabatikverimin Hzellikle giris ve C1klstaki 

baslnc1arln oranl, giristeki gaz aklml parametresi,cve basamagln 

hlZ parametresine baglmll olarak degisiklikler gosterdigi gozlenmis­

tiro Sonuclar, cizelge ve gl~afik biciminde toplanml$ ve bun1ann 

dahaHnee yaYlnlanml$ metodlarda.gHrUnen sonuclarla uyustugu saptan­

m1stlr •. Son olarak da performans tahmininin hassasiyetini arttlra­

bileeek baZl degisiklikler tavsiye edilmistir. 
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1. I NTRODU CT I ON 

Since the early days of the development of gas turbine engines 

and 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 

dominant. In recent yecrs, tutbines of considerable size and capacity 

have been produced with many stages. Along ... lith the demand for larger 

gas turbines, factors 1 i ke eff1 ci ency and cc:nponent \'i2ight have become 

major design considerations. 

Compared to that of the turbine used in aerospace applications, 

the design of the turbine for power plants does not necessitate the 

accomplishment of the lightest \'leight condition, \'1hich is, in most of 

the cases, incompatible with the attainment of the best efficiency. 

The premium placed on performance almost invariably result in·the 

employment of a multistage construction. In land applications, turbine 

efficiency is thereby considerably improved over the level which can be 

obtained with light-weight, single-stage turbines ordinarily used in 

aircraft units. In return, for the case of stationary power turbines, 

a low axial velocity is desirable in order to avoid high leaving losses 

which are proportional to the residual kinetic energy contained in the 
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gas leaving 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 flo'.'l gas turbines has two 

principal aims. The first is to explore the gas flow processes within 

a turbine stage, which would lead 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 -cempel'ature closely related 

to metallurgical problems, leading to improvements in specific power 

output and specific fuel co~sumption. 

Not considering the metallurgical aspect, if a turbine designer 

is to select the best design for his purpose, he must be able to pre-

dict the ·design point performance of a \'/ide range of possible turbines, 

as well as the performance of his designs over a wide range of ope­

ration conditions. Moreover, he would like to be able to design a 

turbine stage with the objective of minimizing aerodynamic losses. 

However, tests conducted on turbines have often revealed effi-

ciencies considerably inferior to those predicted during the preli-

minary design stages. F0l1 this .reason, aerodynamic research into 

the performance of turbines has been much accelerated. 

Prediction of the aerodynamic efficiency of gas tur'bines 

requires the accurate calculation of aerodynamic losses. These 
I 

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 
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constitute the main cause of the drop in total efficiency. 

Since the flow of gas within the turbine at high pressure and 

ternperatureis quite a complicated process, it is nearly impossible 

to bring about a wholly analytical solution. Results of experimental 

"'lork conducted by co:npanies, research centers and universities, as 

well as theoretical and analytical considerations of aerodynamic con­

cepts are therefore used together for the fO"frflation of general ized 1055-

geometry correlations. 

\{ith appropriate design ir.p:.lt infomation such as rotative 

speed, mass flow rate, inlet state conditions of the working fluid, 

pressure ratio or power desired and with specified values for the 

significant dirl1(;:lsions of '~he blade profiles such as axial Nidth, 

maximum thickness, pitch and chord lengths, blade inlet, exit and 

stagger angles, the use ofaerodYilo.mic equilibr"iu:n conditions in con­

junction with the available loss correlations can 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 flo\'/ gas 

turbine stage of predetermined geometry, under different conditions 

of pressure ratio, inlet fluid conditions and machine rotative speed. 

The second is the determination of the geometry of a gas turbine stage 

for \'1hich the aerodynamic losses v,'ould be a minimum. TvJO separate 

computer progrcms are developed for each of the purposes cited above. 

The first program adopts the loss system of Ainley and Mathieson [lJ 

with the suggested modification of Dunham and Came [2J as its basis. 

This loss system is chosen because it is one of the best known and 
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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 [3J, the aerodynamic losses to be minimized being mostly those 

predicted in [lJ and [2J, although the evaluation of the stage effi­

ciency is carried out in a slightly different manner. 
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LITERATURE SURVEY 

In the past thirty years, a number of loss evaluation systems 

as well as concrete surveys on design practices for gas turbines power 

elem2nts have been described in the literature. Results of experi-

mental works together with theoretical and analytical considerations 

have been published and served as- the greatest contributors to the 

impl~cvements 2chieved in gcs turbine efficiency, dependability and low 

first and operating costs. Without doubt, the a~alytical and numerical 

procedures used in designing such turbomachines have now undergone a 

major revision. The empirical relations used in design process are 

being replaced by more sophisticated methods of analysis. 

The purpose of the literature survey presented here is tore-

view the present day basis of turbine performance calculations and 

turbine stage design, indicating v!here impl~ovements 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 paragraphs can 

be found in the Appendix. 



6 

2.1 LITERATURE ON PERFORMANCE PREDICTION 

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

turbine cascade data: 

i) The results of Zweifel [5J and miscellaneous turbine cascade 

results which have been brought together by Soderberg [6J in 

a simple correlation. 

ii) British cascade data (the results of Todd [7], Reeman [8J, 

and Dunsby [9J) which have been brought together in corre­

lations by Ainley and i'\athieson [lJ. 

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

the Steam Nozz1e Research CommHtee reported in reference [10J. 

The fit'st b,1O sets of data are re'lieHed and to some extent com-

pared here. In addition, some more recent studies are reported. 

An efficient method for the calculation of pressure loss is to 

represent the pressure gradient in flow direction by choosing the ade­

quate cascade par~meters. An early approach to this method was pre­

sented by ZVleifel [5J, in 1945. From a series of cascade tests, 

Zweifel suggested that the lift coefficient based on the tangential 

loading of the blade (aerodynamic blade loading coefficient, ~z, can 

be expressed as a function 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 df the blade could be 

approximated to a distribution independent of the distance from the 



7 

leading edge, along the camber line. Z\\'eifel concluded that the inter-

relation bet\'/een cascade total loss coefficient, Yt , and aerodynamic 

blade loading coefficient, 1jJ , showed that the losses decreased to a . z 
minimum for the value of 11, = .8. Therefore, for given gas inlet and 't'z 

outlet angles (deflection), an optimum pitch-to-chord radio could be 

obtained. 

This suggestion, although based on an oversimplified flow model, 

has been confirmed to a large degree, by late\~ investigations. 

Soderberg [6J 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 geometry. Soderberg used 

the work of Zweifel [5] to obtain the optimum pitch-to-chord ratio for 

a given change of direction through a cascade. Then, based on this 

optim'Jm, he forrr:ulatGd the I!nominal" loss coefficient, for turbine 

rows opero.ting at a Reynol ds nurnbei~ of 105 end w-ith an aspect ratio 

of 3:1 as well as the IItotal ll loss coeffident for aspect ratios other 

than 3:1 and for Reynolds numbers (based on throat hydraulic mean dia­

meter) other than 105. Soderberg included a correction on the effi-

ciency for clearance losses simply by multiplying the final calculated 

stage efficiency by the ratio of blade area to total area including 

1eakage space. 

Soderberg1s correlation implies that the effect of profi1e 

shape is limited. Although the correlation ·is affected by thickness­

to-chord ratio, no effect of tl~ai1ing edge thick.ness is included. 

Further, it is implied that degree of reaction (or stagger) is unim-

portant, so long as the optimum pitch-to-chord ratio is chosen. The 
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neglect of these parameters renders Sodenberg's correlation open to 

criticism. Further, the aspect ratio alone cannot be expected to be 

the only important pal~ameter in the correction for secondary loss, 

since the entry boundary layer and the blade geciiletry must be vital 

parameters. However, it is understood that the correlation gives 

turbine efficiencies to \'rlthin 3 percent ove}' a wide range of Reynolds 

number and aspect ratio, and it is useful for obtaining quick estimates 

of turbine performance. 

Ste\'Jart, Hhitney and Hong [llJ, in 1950, using experimental 

data of Dunavant and Erwin [12], offered a relationship between the 

boundary layer mQIn'2r.tum thickness and the total diffusion factol~. 

The b()undai~y 1 ayer m0ii12ntum thickness is on impO}~tant parameter in 

calculating the gro\,itil of the m0m~ntum loss due t.o boundary layer 

formation on blade surfiice. The total diffusion factor, on the other 

hand, is related to the blade surface velocity distribution. As a 

result, the\~efore, the work of [I1J correiated the losses in a turbine 

cascade to the type of velocity distfibuticn ovef the blade surface. 

The relationship showed an increasing momentum thickness for increasing 

total diffusion fatio, indicating also that for diffusion ratios greater 

than .6, fl 0\'( separation \'.'Oul d be imminentStev!i1rt,~lhitney and Hong 

adopted a surface pressure distrilJution similar to that proposed by 

Zweifel [5J, ;n order to interrel ate surface vel ociti es \'/ith cascade 

geometry. They assumed that the maximum suction surface velocity 

was equal to the cascade exit velocity and that the minimum pressure 

surface velocity had a value vlhich pfoduced an actual tangential force 

corresponding to the aerodynamic blade loading coefficient of [5]. 
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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 ractor and the pitch-to-chord 

ratio, for given gas inlet and exit angles. The monlentum 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 

shape to give a required velocity distribution must be separately 

determined. 

In 1968, Ba1je and Binsley [13J reported that the cCi~relations 

of Stewart, Whitney and Wong (11J did not represent a description of 

the real situation because of the fact that for nozzle blades operating 

at small gas exit angles it would be possible'to get negative values 

for the total diffusion factor. Noreover, for an aerodynamic blade 

loading coefficient chosen to be greater than 1, the total diffusion 

factor became imaginary. {l.ccording to Balje and Binsley, the reason 

for the failure of thi s fl ow model VJaS related to the inabil ity to 

obtain a satisfactory expression for the pressure distribution in 

terms of cascade geometry. 

The model that Balje and Binsley used in [13J as an alternative 

was based on the assumption that the surface velocity varied linearly 

with camber line, from the leading edge to t~e trailing edge. Using 

this linear variation of the free stream velocity in Truckenbradt [14J 

expression 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 thr-ough the use of the correlation 

of Stewart, Whitney and Hong [11]. 

In another paper published in 1968, Balje [15] correlated the 

pressure losses (except for secondary losses) of a cascade to three 

key parameters. These parameters were the aerodynamic load coefficient 

of Z\'1eifel, the accelerating rate formed by taking the ratio of gas 

exit and inlet velocities and the dimensionless boundary layer momentum 

thickness formed by dividing boundary 'laye\~ momentum thickness to the 

camber length of the blade. 

In a report presented to NGTE in 1951, Ainley and ~~athieson [1] 

offered a method for estimating the performance of an axial flow gas 

tUl~bine. Ainley and Nathiescn ca.lculated the profile loss at zero 

incidence first and then corrected the resulting loss coefficient 

according to the actual incidence on the blade, through a number of 

experimentally driven correlations. The clearance and secondary 

losses \'/ere correlated to the square of the lift coefficient, based 

on the work by Carter [16J. A method of calculation of absolute gas 

conditions depending on the total loss was also shown and theexpres­

sion of the total-to-total aerodynamic efficiency was deriven. The 

method was illustrated by a worked example. 

This method constitutes one of the most complete and accurate 

surveys among the loss evaluation syste~s 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 paper, 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 introduction of an arbitrary correction factor incorporating 

a numerical constant chosen to fit available efficiency data, the cor­

rection being applied only for r·1ach numbers greater than unity. Also, 

instead of correcting the final efficiency by a Reynolds number cor­

rection factor as was done by Ainley and ~iathieson [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 losses, the blade loading parameter 

of Ainley and Mathieson [lJ was adopted since it represented the effect 

of blade loading satisfactory, but the empirical constant of Ainley 

and r'lathieson [lJ used in the derivation of secondary losses has been 

replaced by a more realistic expression including the chord-to-blade 

height ratio and the ratio of gas outlet angle to cascade inlet angle. 

The final expression for tip clearance loss coefficient, on the other 

hand, contained the .78th power of clearance-to-chord ratio in the 

revised system [2J. 

As already stated, the loss model of Ainley and Mathieson [lJ 

together with the corrections proposed by Dunham and Came [2J 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 limitations have a considerably short 

history v/hich 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 f0r \~hich, neither the problem of high component effi-
~ 

ciencies for reasonable economic operation nor that of new material 

which \'JOuld wit'hstand high stresses at much higher temperatures had 

ever been erlcountered. The necessity of more efficient operation at 

higher temperatures and with lighter stage weight, however, has soon 

led gas turbine engineers to review the design considerations both 

from an aerodynamic and a mechanical standpoint. 

The first person to conceive that the blade design should 

allow the gas stream to preserve a constant angular momentum, instead 

of completely neglecting the centrifugal forces upon the swirling gas, 

·was the Air-Commodore Sir Fl~ilnk Hhittle.· Sir i'lhittle explained his 

theory in 1945 [17J and 'designed the turbines 'in his jet,propulsion 

engines accordingly. This IIfl'ee vortex ll assumption of i~hittle vias 

followed by a number of other assumption of flow model, since in 

theory, the flow can take, in a blade passage an infinite number of 

radial forms as long as the centrifugal forces tending to thj~oW the 

gas outwards are always equally balanced by an opposing radial static 

pressure gradient. As a widely used example to these proposed flow 

models, the one in which the oas 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 l~eaction of a turbine stage began to vary along 

the blade height, the point of least reaction occurring at the root 

of the blade. 
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In 1948, Ainley wrote a paper on the performance of axial flow 

turbines [18]. In the paper 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 

technique developed by the NGTE on turbine testing, giving regard to 

power output, rotational speed, gas flow (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 [lJ he developed later with Mathieson. 

Again in ~948, Reeman [19J oL!t1ined the i;lath!::~ilatical approach 

to the design of gas turbines for jet engin8s and surveyed very com­

prehensively the mechanical problems that are involved, drawing atten­

tion to the balance that'must be sought between aerodynamic efficiency 

and material limitations. He stated out that low axial velocity and 

high total-to-static efficiency as required for the turbocharger tur­

bine \'/as not a necessary requ irernent in the aircraft gas turbine, for 

the leaving velocity was used in the final nozzle. His conclusions 

were as follows: IILarger axial velocities lead to smaller annulus 

areas and to lower centrifugal stresses the latter con~tituting the 

most important factor in fixing the nozzle angle. With nozzle angle 

fixed, a compromise has to be made bet\\'ee:l l~eaction, swirl, disc stresses 

and weight. Increasing the reaction lowers the Mach number relative 

to the blade but raises the disc stresses and blade 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 little root reaction and an 10-16° outlet swirl. The pre­

liminary design given in Reeman'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 flm'l model 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 or greated was required for 

maximum blading efficiency for the reaction type of blading. 

Miser and Stewart [21] presented in 1961, full details of the 

design of blO stage air-cooled turbine for a jet engine. Theil~ report 

covered the choice of velocity triangles and the blade design. 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 axial flow turbocharger. Choosing the pressure 

ratio, the total entry temperature, the design mass flm'l 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 

refel'ence diameter. From the velocity triangles, he made the choice 

of the required blade speed and he calculated the outlet gas angle 

and Mach numbers. Following the change of the blade height and 

annulus area having regard to allowable blade stress, root reaction, 

Mach number and nozzle and rotor deflections, Horlock calculated 



finally the pitch-to-chord ratio through the use of Zweifel IS blade 

loading criterion [5]. 
-
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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 stage. The 

basic premise of the correlations adopted in most of the works in 

the literature is that the shape of 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 \'/ith blade geometry imd,in particular, \-lith incidence. 

The aerodynamic design problem becomes therefore, that of selecting 

a suitable blade profile and blade 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 [3J 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 pitth, would 

be determined either from the results of cascade experiments or directly 

from the use of Z\'Ieifel IS loading coefficient [5]. 

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

In 1966, George [22J reported about. the optimization of a rocket 
-

engine turbine using a differential calculus approach. Balje and 

Binsley [13J, in 1968 applied optimization techniques in the design 

of axial turbines using Wood's Direct Search Technique [23J. The 

optimizing variables were those geometric ratios \,i:lich may be selected 

independently in order to achieve a maximum or optimum efficiency. 

These were chosen as the nozzle outlet angle, rotor inlet angle, 

blade 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 l.~n 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

sibilityeffects. It \'Jas noted also that the optimum turbine perfor-

mance at low specifi c speeds \'1as much. more sensitive to the Reynol ds 

number than performance at high specific speeds. In any case the 

optimum performance was very sensitive to chord length, i.e., blade 

number, especially at 10\'ler Reynolds numbers \'Jhere large chords, 

hence, low blade numbers are recommended for optimum performance. 

In 1980, Rao and Gupta [3J opt~mized the design of an axial 

gas turbine stage using the penalty function method of Fiacco and 

T1c Cormick [24J. They formulated the problem as a nonlinear mathe­

matical programming problem with the objective of minimizing ael~O­

dynamic losses and mass of the stage. The aerodynamic losses were 

calculated according to the loss system of Ainley and t·1athieson [lJ 

as corrected by Dunham and Came [2J. . The ana lys i s of stress, 



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. 
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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. 



II 1. ANALYSIS 

The thesis is formed of two parts. In the first part, the 

performance evaluation of a gas turbine stage is realized, using 
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the method developed by Ainley and Mathieson [1] with" the suggested 

refinements by Dunham and Came [2J. In the second part, some impor­

tant parameters of a gas turbine stage are optimized in order to get 

maximum aerodynamic efficiency from the stage. The loss correlations 

as given by Ainley and Mathieson [1], the perfonnance evaluation tech­

nique and constraints of the optimization problem as given by Rao and 

Gupta [3] and the sequential unconstrained minimization technique as 

given by Fiacco and Mc Cormick [24] are adopted as the basis. The 

analysis is accordingly subdivided into tvm parts each of which con-" 

cerning the related part of the thesis. 

3.1 GAS TURBINE STAGE PERFORHANCE EVALUATION 

The importance and durabil ity ~f the Ainley and f.!athieson loss 

system [1] results from the fact that it provides a relatively high 

accut'acy 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 'r'lorthy of subsequent refinement, the most 

notable of which \'/as published in 1970 by Dunham and Came [2]. 

The procedure of the method of Ainley and l~athieson 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 tie gas inlet condi­

tions at a given turbine speed and to follow the c)urse of a fixed 

mass of gas from one blade row to the next, calculating th.e new gas 

conditions at each step. Finally, stage and overall pressure ratios, 

stage and overall efficiencies can be drawn out from the general 

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 

i nfl uenced by. the gas Mach numbers. 

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

the incidence angle. 

It is td b~ noted, throughout the following analysis, that gas condi­

tions written without the subscript, s, refer to total conditions and 

that pl"i:ned quantities imply absolute inlet conditions to the next 

stage. 



3.1.1 Determination of Gas Outlet Angle from a Blade Row 

It is assumed [1] that gas outlet angle, a , from any row 
. 0 

remains constant over the gas outlet Mach number, Mo' range 

o. < Mo < .5 and given over this range by 

where 

a = o [ -1 -1.17cos (o/s) + 12.58J - 4. * (s/e) 

o = blade opening or throat 

s = blade pitch 

e = mean radius of curvature of upper blade surface 

between throat and trail ing edge. 

(1) 
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The parameters used in Eq. (1) are also illustrated in Fig. 3.1~ 

At a gas outlet Mach number unity, it is assumed that the .outlet 

angle is given by [1] 

where, as also shown in Fig. 3.2, 

At = passage throat area 

A = annulus area downstream of the row n,o 
k = radial tip clearance 

h = annulus height 

00 = tip (outer) diameter of the turbine. 

(2) 

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

as follows: 



At = 0 x n x (00 - 10)/2 , (2a) 

and 

(2b) 

\<Jhere, 

10 = inner diameter of the turbine, 

and 

n = blade number of the row. 

For the Mach number range .5 < Mo < 1., a linear variation 

of ao may be assumed [1] with reasonable accuracy. 

At low Mach numbers, ao of Eq. (1) may be corrected a~ a 

function of radial clearance as [lJ 

where 

-1 
ao,corr = tan {[l - 1.35(k/h)(cos8;/cosao)] * tanao 

S. = blade angle at inlet, as shown in Fig. 3.1. , 

3.1.2 Determination of Pressure Losses in a Blade Row 

(3) 
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For a gas flow through a blade passage, the overall mean stag-

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

Y = (P. - P )/(P - P ) t 1 0 .0 o,S 

where, as illustrated ~n Fig. 3.3, 

p. = inlet total pressure to the stage , 
Po = outlet total pressure from the stage 

(4) 



5= BLADE PITCH 

C=CHORD 

Ca=AXIAL Q-IORD 

t = ~IMUM THICKNESS 

-t 

CA\1BER LINE 

te = TRAIUNG EDGE THICKNESS 

o =BLADE OPENING OR THROAT 

/1, Po= BLADE INlET & OUTLET ANG' 

1 = STAGGER ANGLE 

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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Po,s - outlet static pressure from the stage 
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FIGURE 3,3 -- Temperature-entropy diagram for a reaction 
stage. 
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The overall mean stagnation pressure loss coefficient, Yt , 

may be split down into 
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i) The profile loss coefficient, Yp' associated with boundary 

layer growth over the blade profile, 

ii) The secondary loss coefficient, Y , associated with the s 
turning of the boundary layer on the end \'mlls of the 

blade and the related separation of flow 

iii) The loss coefficient associated with blade tip clearance, 

YK, 

and iv) The trailing edge loss coefficient, Yte , caused by the 

trailing edge thickness of the blade. 

3.1.2.1 Detel~inat;on of Profile Loss Coefficient 

In a turbine blade passage, friction losses are caused by 

the interaction of the flowing medium and the blade \'talls. A thin 

sheet of decelerated fluid, the boundary layer, is interposed between 

the blade surface and the flowing medium and its thickness increases 

with flow 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 displacement thickness 

and the resulting momentum loss is strongly affected by the adverse 

pressure gradients in direction of flow. Strong adverse pressure gra­

dients are typical for the suction surface of decelerating cascades. 

Actually a critical pressure gradient exists which causes boundary 

layer separation. As long as the flow is not separated, it is possible 
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to calculate the boundary layer displacement thickness and hence the 

momentum (profile) loss, either from known pressure gradient or expe­

rimentally, from cascade data. 

In the Ainley and r~athieson loss system [1], the profile loss 

coefficient, Yp' is given as a function of the incidence, i, of the 

blade, expressed as: 

i=-(c;·-a·) 
IJ 1 1 (5) 

\'lhere 

a· = gas inlet angle to blade, as shown in Fig. 3.4, 
1 . 

also,it is a function of the gas outlet angle, ao' from the blade. 

First, the profile loss is determined at zey'o incidence, then, 

the stalling incidence, i~, of the blade row is determined; stalling 

incidence being defined as the incidence at which the profile loss is 

twice the loss at zero incidence. 

where 

Profile loss at zero incidence, Yp(i~O)' is given by, [lJ, 

Yp(s.=O) = profile loss coefficient of a nozzle blade 
1 

(~.=O) of same a and pitch-per-chord ratio, 
1 0 i 

(s/c),as the actual blade (Fig. 3.5) 

( 6) 
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FIGURE 3.4 - Velocity triangles for an axial-flow turbine 
stage. 
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Yp(Si=-a
O

) = profile loss coefficient of a zero-reaction 

blade (impulse blade) of same ao and sic as 

the actual blade (Fig. 3.6) 

c = blade chord. 
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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 coefficient. It is assumed in 

[lJ that the ratio of profile loss at any incidence to profile loss at 

zero incidence, Yp/Yp(i=O)' is a function of the ratio of actual inci­

dence to stalling incidence, i/is' This relationship is given in 

Fig. 3.7. 

The stalling incidence can be determined as follo\'/s, [lJ 

. i) First, the outlet angle for a blade having sic = .75 is 

determined.· Knmo.[ing the actual outlet angle, ao' and the 

actual sic, [1] gives 

a (/ 75) = a /[-.35(s/c) + 1.25J o s c=. 0 
(7) 

ii)The stalling incidence for a blade of sic = .75, i s (s/c=.75)' 

is determined. This is a -function of ao and Si/ao(s/c=.75)' 

as shown in Fig. 3.8 [lJ. 

iii) To calculate the actual stalling incidence of the blade, 

!lis is needed. This;s a function of sjc and ao [lJ, and 

is given in Fig. 3.9. 

The actual stalling incidence can be derived from 

. -' + !li 's - 's(s/c = 0.75) s -. (8) 
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iv) Having now determined is and Yp(i=O)' the profile loss 

coefficients over a wide range of incidence can be deduced 

from Fig. 3.7 [lJ. 

3.1.2.2 Q~~~~~i~~~iQ~_Qf_~~£Q~~~r~_~~~_IiE_~l~~r~~£~ 

Loss Coefficients -----------------
The secondary losses arise fl~om the interaction bet\'/een the 

2-dimensional flow through the blade passage and the endwall boundary 

layer. The boundary layer at the annulus walls is deflected through 

a blade row and a secondary vortex. is superimposed on the two-dimen­

sional flow through the passage. This 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. 

9JCTION SI DE 

___ ~~---!.P~R=ESSURE SIDE 

zOO -----,'- ............. 

x 
V(z) 

SECONDARY VORTEX 

FIGURE 3.10 - Formation of secondary f1 ow 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 [lJ. 

The blade loading parameter of Ainley and Mathieson [lJ, Z, 

is in the form: 

(9) 

where 

and 
-1 

~ = tan {(tanui + tan uo)/2} . 

Ainley and 14athieson relate the secondary loss coefficient, 

Ys ' to the above defined blade loading parameter, Z, as [lJ 

Y = AZ s ' (10) 

where A is an empirical function given as [lJ 

where 

A COSU 
A = f{( n,o '0)2/(1 + ID/OD)} , 

A ,. coss. n, , 
(11 ) 

A . = annulus area upstream of row, as shown in Fig. 3.2. n,l 
The functional relationship of ~, expressed in Eq. (11) is 

shown in Fig. 3.11. 

Equation (11) has been corrected later by Dunham and Came [2J. 

Their correlation represents a significant improvement over that of 

Ainley and t~athieson [lJ, particularly for blades of low aspect ratio 

I 
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(c/h), as encountered in small turbines. Although for more advanced 

methods of performance prediction, it \'lOuld 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 ~l 

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

c/h = aspect ratio. 

(12 ) 

I f there is a c 1 ea ra nce betv/een 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 intensity 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 [25J. The tip clearance loss coefficient, Yk, depends 

consequently on the blade loading [lJ and the size and nature of the 

clearance. Examination of both cascade and turbine data confirmed 

that Ainley and f~athieson's [lJblade 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], 

Y k = B( k/h)Z (13 ) 

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

B = 0.5 

B = 0.25 

for plain tip clearance 

for shrouded tips. 

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

according to Hubert's cascade data [26J, in the following way 



\'1here B = 0.47 for plain tip clearance 

for shrouded tips. B = 0.37 

3.1.2.3 Determination of Total Loss Coefficient and the -----------------------------------------------
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(14 ) 

In the Ainley and Mathieson Loss System [lJ, the profile, 

secondary and clearance loss coefficients are simply added to yield 

the total pressure loss coefficient, Yt 

(15) 

This procedure applies to "conventional" blades [18J, having 

a trailing edge thickness, t e , roughly equal to 2% of the blade pitch; 

s. If the ratio of trailing edge thickness to blade pitch, tis, e . 

differs from 0.02, then the total loss coefficient should be corrected 

by a factor, Y~e' [lJ 

(16 ) 

where, the trailing edge loss coefficient, Yte,is defined as 

(17) 

and 

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

Once the total loss coefficient related to a particular blade 

is determined, the performance of the stage at particular entry flow 

conditions and at particular blade speed is determined. The calcula­

tions are then repeated for different values of these parameters and 

the overall performance map is built up. The method explained in this 

section is completely based on the system of Ainley and Mathieson [lJ. 

It is assumed that the turbine is single stage and that the nozzle 

operates at zero incidence. The method can easily be adopted for 

use in a multistage turbine, the incidence onto the nozzle of any 

stage being calculated from the flo\,l at exit from the previous stage. 

3.1.3.1 Detel~niination of Gas Flovi Conditions at Outlet ----------------------------------------------
from a Nozzle Row 

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 a2 is obtained from Eq. (1) on the 

basis of geometric parameters. 

ii) The non-dimensional inlet mass flow, :m IT1/A2Pl' is 

calculated from inlet conditions, where 

~ = turbine inlet mass flow 

Tl = absolute total gas temperature at inlet to first 

nozzle row 



Pl = absolute total gas pressure at inlet to first 

nozzle row 

A2 = An, 2 . co S 0'. 2 

iii) It is assumed that the maximum non-dimensional mass flow 
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that can be passed through a specified blade passage, 

(ffi/Ti/AoPi)max' is a function of the total loss coefficient, 

Yt · This relationship is plotted in Fig. 3.12. 

The mean pressure drop wHhin the bl ade passage 'is expressed 

in terms of a non-dimensional quantity, w/P., where 
1 

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

friction and flow separation. 

The value of w/P. at the point where the non-dimensional mass 
1 

flow reaches its maximum value, is termed the critical pressure drop 

ratio, ~/Pi)crit' and is a function of the total loss coefficient, Yt -

This relation is plotted in Fig. 3.13. 

Therefore, the values of (ol/T1/A2P, )max .and (w/P, )crit for 

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

iv) Over the range of outlet 11ach number 0 < Mo < 1.2 and 

total loss coefficient 0 ~ Yt < 1, the actual ratio of 

pressure loss to inlet pressure, w/P i , can be related to 

the actual non-dimensional mass flow, mlTi/AoP i ' by a 

single curve,plotting (w/Pt)/(w/Pi)crit against 

(mlT./A P.)/(mlT./A P.) . This relationship is given 
1 a 1 1 0 1 max 

in Fig. 3.14. 



Thus, from the above determined va lues of rw/P1) .t' cn 
(ffi!T1/A2P1)max and ffi!T1/A2Pl, one can find the correspon-

ding value of actual w/P1 a~nd from this, the absolute 

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

be found from: 

( 18) 
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Then, the non-dimensional mass flow at outlet of stator, 

m/T2/A2P2, can be calculated, knowing that for an uncoo1ed 

nozzle, T2 = Tl , where T2 is the total absolute gas outlet 

temperature from nozzle (Fig. 3.3). 

v) From the value of m/T2/A2P2, the value of r~2 and V211T2, 

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. 

vi) It is stated in Section 3.1.1 that the gas outlet angle 

from a blade row,uo,is a knownfunttion of outlet Mach 

number, Mo' Therefore, one can compare the value of u2 
corresponding to M2 found in (v) and the initial value 

of u2 guessed in (i). If the two values differ from each 

other by more than a given tolerance, the new value of 

u2 is taken as the improved guess and the procedure is 

repeated. 
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3.1.3.2 Determination of Gas Flow Conditions Relative ---------------------------------------------
to Rotor at Inlet -----------------

Knowing the gas velocity, flO\.." angl e from the nozzl e 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) 

and 

= tan-l[(U/V ~) - tana2] , a3 a,~ 

where 

Va,3 = (lxial comp::ment of gas velocity at rotor inlet, 

U = rotor blade speed at reference diameter, 

a3 = relative gas inlet angle to rotor. 

Also from velocity triangles, 

Thus, 

where 

\'/here 

V3 = relative gas inlet velocity to rotor. 

The energy equation gives: 

C = specific heat of gas at constant pressure. 
p 

(19) 

(20) 

(21) 

(21 • a) 

(22) 
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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. T 2 =T 3)~the total head temperature, T3, . s, s, 
relative to the rotor inlet can be found: 

T = T + V2 /2C 3 s,2 3 p 

From Eqs. (23) and (25) 

T - T = (V2 
- \12 )/2C 2 3 2 3 P 

Combining Eqs. (26) and (2l.a) and rearranging, 

(23) 

(24) 

(25) 

(26) 

(27) 

Having found T3, total head pressure relative to rotor at inlet, 

p 3' may be deduced from: 

Tl - T / 1 
P3 = P2[1 - ( 2)JY Y-

Tl 
(28) 

\'/here 

Y = ratio of specific h~ats for the gas. 

3.1.3.3 Determination of Gas Flow Conditions Relative ---------------------------------------------
to Rotor at Outlet ------------------
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. T4 = T3, where T4 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, a3 (Eq. (20)), and inlet 

blade angle, S3' the value of the incidence on rotor can be 

determined from Eq. (5). Using the incidence, rotor total 

loss coefficient, Yt,rotor' can be found as explained in 

Section 3.1.2. 

i1) The value of m1IT3/A4P3 is calculated. This is the non­

dimensional mass flow at inlet to rotor, where 

\'lhere 

A 4 = Annulus area downstream the rotor row n, 
a4 = relative gas outlet angle from rotor. 

(29) 

Since the value of rotor outlet Mach number, M4, is ini­

tially unknown, a preliminary guess for rotor outlet'gas 

angle, a4, is obtained from Eq. (1), on the basis of the 

geometric parameters. 

iii} From the value of Yt,rotor,values of rihIT/Al3)max and 

w/P3)crit may be found from Fig. 3.12 and Fig. 3.13, 

respectively. 



iv) The ratio (flvT/A4P3)/(nvT/A4P3)max is calculated, the 

corresponding value for (W/P3)/(W/P3) "t is found from . crl 

Fig. 3.14 and finally from~ the kno\'m (W/P3)crit' the 

actual w/P3 is deduced. 

Since P3 is known, the total gas pressure relative to 

rotor at outlet, P4' can be derived from: 

p = p - OJ 
4 3 (30) 
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The magnitude of rotor outlet non-dimensional mass flow, 

m/T4/A4P4' can now be calculated,and from Fig. 3.16 and 

Fig. 3.15, the corresponding values of V4/IT4 and f14 may 

be found, where, 

V4 = gas velocity relative to rotor at outlet, 

and M4 = outlet Mach number from rotor. 

v) As before, if the value of a4 corresponding to the value 

of t14 found in (iv), differs from the value approximated 

in (i), the process is repeated using the latest value of a4• 

3.1.3.4 Determination of Absolute Gas Flow Conditions ---------------------------------------------
at Outlet from Rotor --------------------

From the velocity triangles shown in Fig. 3.4 

Va,4 = V4cosa4 (31) 

. 1 
a1 = tan- [(U/Va,4) - tana4J (32) 

\'/here 



Va,4 = axial component of gas velocity relative to rotor 

at outlet, 

and a1 ~ absolute gas outlet angl~ from rotor, or 

and 

\."here, 

absolute gas inlet angle to the next stator. 

From the energy equation (Eq. (22», 

TI 
1 = T4 - V4[1 - (cos2a4/cos2al)]/2Cp (33) 

T - T 
pi = P4[1 - {3 4)]'Y/Y-l 
1 T3 

(34) 

as shown in Figure 3.3, 

absolute total gas temperature at rotor outlet, or 

absolute total gas temperature at inlet to next stator 

Pi = 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,/Pl and the temperature 

drop ratio, (Tl - T,)/Tl , corresponding to the initially selected 

value of non-dimensional mass flow at inlet, :~ 1T1/Pl , may now be 

determined. 
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The overall stage isentropic efficiency, n, is then given by 

(35) 

The magnitudes of pressure and temperature drop ratio and the 

isentropic efficiency for different values of non-dimensional mass 

flow can be calculated to construct a'performance characteristic. 



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 
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Choking is assumed to occur in a turbine row when the non~ 

dimensional mass flow, ID/Ti/PoAo' in nozzle or rotor, attains its 

maximum value for the given total loss coefficient, Yt , and blade 

outlet angle, ao. The flow upstream of the choked rovl then remains 

unchanged as the overall pressure ratio is increased, the flow down­

stream becoming supersonic and the gas direction changing slightly 

to preserve continuity. The flm" may choke again dovmstream as the 

pressur~ ratio is further increased. 

Ainley and Mathieson [i] suggest the following procedure for 

calculating the flow through a choked row, assuming that the flow 

quantity, m/To/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-dimensional flow parameter 

at blade outlet, mlTo/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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iii) Now, from the definition of total loss coefficient (Eq. (4», 

from known total to static pressure ratio P IP, and , o,s 0 

from total loss coefficient; Yt , which is unaltered, one 

gets 

Pi - Po = Yt[P - P ] a o,s (36) 

Dividing throughout by Po' and using Eq. (13), one gets, 

w/ Po = Yt[l - P IP] o,s 0 
, 

and 

W-/P i = ('Ui/Po)/(l + w/Po); , 

so that, finally, 

Po=P i - w • 

Knowing that To = Ii' one can find from nl/T/P,oPo' the 

necessary value of Ao. Since 

(37) 

(38) 

the required value of blade outlet gas angle, a o' 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 l~esults for which the mass flm'/ 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 M = 1) and although they will appear on the output of o 
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 [lJ, 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 

2xl05, the Reynolds number being defined by blade chord, outlet gas 

velocity (relative to the row), outlet gas density and outlet gas 

vi scos ity. 

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

be applied to the overall charactel~istics by assuming that the turbine 

ovet'all efficiency is affected by Reynolds number variations as 

where 

.:Re 
1 ( l - n) + {~)-0.2 

- nCOl~rected = I 5 2xlO 

Re = Mean Reynolds number of stator and nozzle. ,m 

(39) 

In the revised method of Dunham and Came [2], however, an 

optional correction is applied directly to the profile and secondary 

losses, using the Reynoldi number appropriate to the particular blade 

rO\,/: 

( Y ) (Y + Y ) (\~) -0.2 
Yp + S corrected = p s 2xl05 

(40) 
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3.2 OPTIMUM DESIGN OF A GAS TURBINE STAGE 

The ~econd part of the thesis involves the design of a gas 

turbine stage in which the aerodynamic losses are minimized (or, 
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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 [3J. The method consists in relating the effi­

ciency to the most relevant turbine parameters, namely, the turbine 

mean diameter, the chord and pitch lengths of the stator and rotor 

blades,the rotor 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 beginning 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 

pressure and temperature at the inl et to the stage, the mass fl ow rate 

across the stage and the speed of the rotor are known"parameters. 

Further, it is assumed that the properties of air such as the specific 

heat at constant temperature,the gas constant, the viscosity and the 

ratio of the specific heats are also known. 

Before discussing the procedure, it must be noted that the 

effects of incidence and deviation 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 betv/een the procedures of the first and the second parts 

of the thesis. In contrast to the method of Ainley and f~athieson [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 and Gupta [3], the trial 

and error process is imposed directly on the total loss of the stator 

and on the total-to-total efficiency. 

The performance estimation method of [3J may be outlined as 

follo\,/s: 

First, the static gas conditions at th~ stator inlet are 

determi ned using the kno\'m inl et conditions. From the energy equation 

(Eq. (22) it is deduced that: 

(41 ) 

where the inlet gas velocity to the (first) stator rO\,1 is assumed 

axial (and of an assigned magnitude since Va is a design variable). 

For an isentropic expansion as shown in Fig. 2.3, the static 

pressure can be found from the thermodynamic relation, 

p = P (T /T )Y/(Y-l) 
ls 1 ls 1 

(42) 

and from the perfect gas 10\'/, the inlet gas density, P" is determined 

as: 



(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: 

(44) 

where, as also shown in Fig. 2.2, 

An,l = annulus area at inlet to stator. 

The annulus height at turbine inlet, hl , is given by 

(45) 
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where 0, the mean d;ameter,is a design variable of preassigned value. 

Since the rotor inlet gas angle, a3, is also a design variable 

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, 

(46) 

where the blade speed, U, at reference diameter, 0, is determined 

from the known rotational blade speed, N, as 

U = n.D.N (47) 

The gas outlet velocity from the stator'is a1so determined from the 

velocity triangles as 

(48) 
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Now, the static pressure, P2s' and the temperature, T2s ' at the 

sta.tor outlet must be determined. The energy equation (Eq. 22) gives 

T2s easily. Hence, 

(49) 

However, the evaluation of P2s is not straight forward and 

requires the use of the stator total loss coefficient, ~N' based on 

the temperature drop (or, the enthal py loss) •. Horlock [4] defines 

~N as 

T - T 
~N = 2s 2s,is 

Tl - T2s 
(50) 

where T2s ,is is the absolute isentropic static temperature at the 

stator outlet, as shown in Fig. 2.3. 

It is noted that Eq. (50) contains blo unknowns, namely, ~N 

and T2s ,is. Therefore, this step requires a·trial and error process 

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

~N' and then, combining Eq. (49) and Eq. (50), the value of T2s ,is 

is obtained: 

V2 
T = Tl - - (1 -. AN) 2s,is (51) 

The absolute static pressure at the stator ou~~~, P2s' can now. 

be determined from the thermodynamic equation for isentropic expansion 

as follows: 

P
2s 

= P I(T IT . )y!(y-l) 
1 1 25,15 

(52) 



The gas density at the rotor inlet is given from the ideal gas law: 

(53) 

and as before the flow area at the rotOl~ inlet is determined from 

the continuity equation: 

(54) 

The annulus height at rotor inlet, h2; is given by: 

(55) 
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In order to determine the gas conditions at the rotor outlet, 

an important aerodynamic parameter is used. This is the stage total 

temperature drop, LlT, \'/hich is defined as: 

LlT - T TI - 1 - 1 (56) 

\>Jhere 

'1 = total absolute gas temperature leaving the stage. 

However, another expression for LlT can be obtained through the following 

analysis. For adiabatic flow in a turbine stage, the specific work 

output in the rotor blades, LlW, is equal to the change in specific 

total enthalpy, i.e., 

LlW - H HI - 1 - 1 (57) 

where Hl and Hl 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, 



lIW = Cp(Tl - Tp 

= Cpll T (58) 
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On the other hand, considering the momentum equation applied 

to a control surface enclosing the rotor, the specific work output, 

lIW, can be expressed as the total change of momentum of gas per unit 

flow, i. e. , 

(59) 

where, as shown in Fig. 3.4. 

Vt ,V = tangential components of absolute gas velocities 
3 t4 

at rotor inlet and outlet, respectively. 

Again considel"ing the velocity triangles in Fig. 3.4, Eq. (59) can be 

modified as follows 

(60) 

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

total temperature drop across the stage is obtained: 

(61) 

and the absolute total gas temperature at the rotor outlet follows 

directly from Eq. (56) 

T' = T - LIT 1 1 . (62) 

The determination of the total gas pressure at the outlet of 

the rotor, P1, ;s 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, ns. 

Horlock [4] defines the stage efficiency as follows: 

n 
= Tl - Tl 

T, - P l,is 
(63) 

where T1,is is the total absolute isentropic temperature at the stage 

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

expression gives, 

T' 
p I = P ( 1, i s )Y / ( Y - 1) 
1 1 T 

1 

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

(64) 

(65) 

It is noted that, again, there are two unknO\'ms in Eq. (65) 

namely,Pi and n. Therefore, the procedure must involve here the 

assumption of a trial value for the efficiency, n. This guessed 

value is replaced by the more accurate value of n at the end of the 

first iteration, and the iterative process is continued until the 

values of the stage efficiency in two consecutive iterations are 

sufficiently close to each other. 

From the velocity triangles at the rotor outlet (Fig. 3.4) 

and using the assigned value of the design variable,a4, the abso­

lute gas outlet angle from the rotor (or, the absolute gas angle 

at the inlet to the next stator row), a1,can be determined as 
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(66) 

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

by 

VI = V /cos I 1 a <Xl {67} 

The absolute static temperature at the rotor outlet is deter-

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

TI = TI..: (V I2 /2c) 
l,s 1 1 P (68) 

whereas the absolute static pressure at the same station is determined 

from the thermodynamic equation for isentropic expansion: 

pl= PI(T I /TI)y/(Y-l} 
l,s 1 l,s 1 (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 equation as before: 

(70) 

(71) 

(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 [lJ as corrected by Dunham and Came [2J (Section 

3.1.2). The pressure loss coefficients for stator (YN) and for rotor 
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(YR) lead to the improved value of AN and AR and thereafter to the 

improved value of n' The correlatio~s of pressure loss coefficients, 

Y, of Ainley and Mathieson [lJ and enthalpy drop coefficients, A, of 

Hoclock [4J are given by Rao and Gupta [3J as follows: 

T2 . 
f. -Y S,1S 
'N,improved - N T 

1 

(73) 

and 

. . = y 
A R, lmproved R 

T4 . S,lS 
(74) 

where, T4s ,;s is the absolute static isentropic temperature at the 

rotor outlet and can be determined from the thermodynamic relation 

for isentropic expansion as, 

(75) 

and 

(76) 

The expression for n, as given by Horlock [4J is as f61lows: 

H - HI 
1 1 n = ----'-- (77) 

Hl - 1-111 • 
,1S 

where 

HI . = absolute total isentropic entropy at·,rotor outlet. 
1 ,1 S 

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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(78) 

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

number, Re, of the stage: 

(79) 

where 11 is the vi scosi ty of the fl uid. 

The correction for Re applied to n is realized as suggested 

in [1J: 

n ,Re - 1 - (1 
5 

) (2x1 0 )0.2 - n \ 
Re 

(80) 

If n,Re differs from n assu~ed in Eq. (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 Optimizat10n of the Efficiency of the Stage 

Inspection of the efficiency equations together \'Jith the loss 

relations presented earlier shows that analytical optimization is not 

possible due to the high non-linearity 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 bea function of the eight design 

variables, including the. mean diameter, rotor $I, stator chord $I, pitch 

lengths, rotor inlet and outlet blade angles and the axial velocity. 

The initial values of the design variables assigned at 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. 
-+ 

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

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

\'Ihich 
+ 

milximizes 11 (X) (al) 

However, a practical turbine design, in most cases, is the 

result of a multitude of cOiilpromises. The maximum efficiency to 

be obtained \'lOuld turn out to correspond to a geometry which poses 

either fabrication problems such a~ excessive rotative speeds, huge 

diameters, etc., or violates the aerodynamic requirements such as 

excessive Mach numbers t 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 related to 

aerodynamic considerations are considered. The constraints of the 

numerical problem are as visualized in Ref. [3J and they are stated 

in a non-dimensional fonn as follows: 
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1. The rotational velocity of the rotor should be \'/ithin some 

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

required that 

50 
- 1.0< a 

u 
(82) 

U 
1.0 < 0 

400 

2. The aspect ratio(height/chord) of rotor and nozzle blades 

should be \'lithin some specified upper and :lower bounds. 

The bounds used in the present study are as follO\'/s: 

(hR/8D) - (GR/D).2. a 

(CR/D) - (hR/2D) .2. a 
(hN/l0D) - (GN/D).2. a 

(CN/D) - (hN/2D).2. 0 

(83) 

where hN and hR correspond to the average nozzle and rotor 

annulus heights, respectiveiy and are expressed as follows: 

hN = (hl + h2)/2 • 

hR = (h; + h4)/2. 
, (84) 

3. The pitch-to-chord ratio of the rotor and nozzle blades 

should lie within certain limits. The present analysis 

will require that 

0.5 < SN/CN < 1.0 

0.5 < SR/CR < 1.0 
(85) 



4. 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 < Ct 3 < 1 

40/57 < Ct4 < 1.4 
(86) 

5. The axial velocity of flDi'i should lie within some upper 

and lower bounds which will be given in the present 

analysis as 

(50/Va) - 1 ~ 0 

(V / 400) - 1 ~ 0 
(87) 
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6. The actual pressure ratio across the nozzle blades should 

be below the critical pressure ratio: 

(88) 

where the critical pressure, 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 ( 2 )Y/(Y+l) 
c 1 Y + 1 

(89) 

7. The Mach number at the exit from the stage should be less 

than a specified maximum value. Here, the maximum value 

will be assumed to be unity. 



where, M4 is given in [3].as 

8. The inclu~ed angle of divergence, CL
C

' of the turbine 

annulus walls should not exceed some specified upper 

limit taken in the present study as 

\'/here, CL
C 

is defined as follows [3] 

1 h4 - hl 
CL = tan - ------

c 2(CN + 1.25CR) 
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(90) 

(91) 

(92) 

(93) 

9. The flm'l coefficient, </>, as defined by the ratio of axial 

velocity to blade speed (Va/U) and the stage temperature 

drop coefficient, ~, defined as: 

should 1 ie vlithin certain 1 imits. The present study 

will assume that these limits are given by 

0.25 < <p < 2 

0.5 < l/J < 6 

(94) 

(95) 

(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 = ~(tara - taro ) 243 (98) 

Grouping the constraints given by Eq. (82) through Eq. (98) 
+ 

as a vector quantity, G, and arranging so that 

7; 
u < 0 (99) 

the nonlinear programming model of Eq. (81) car. be modified as 

-+-
Find X 

+ 
which maximizes n(X) 

subject to 
++ 
G(X) 

(100) 

However, no analytical or numerical solution 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 pr{';biem. The transformed 

problem can then be solved using the Steepest A~cent Hethod [29J. 

The tl~ansformation is realized through the v/idely used non-

1 inear programming method of Fiacco and ~1c Cormick [24,28,29J 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 involves 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, appl ied to Eq. (100) results in the nevi function: 

(101) 

where r k is a non-negative parameter, called the resequencing 

factor. 

It is assumed that the optimization of Eq. (101) is equivalent 

to the optimization ofEq. (100). To clarify the idea, the follo\'ling 

reasoning is given. 

First, the constraint equations, Gi , as given in Eqs. (82) 

through (98), are convex [29J. It follows that l/Gi is concave as 

n also is. Consequently, P is concave and thus possesses a unique 

maximum. 

Furthermore, the optimization of P is performed for a decreasing 

sequence of r k, i.e., 

(102) 

This means that~ in the limit, when r k is sufficiently small, 

(103) 

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(X,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 r k. In the present work, this initial r k is 
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chosen, as suggested in Ref. [3], to be 

r = 4xlO-4 
1 (104 ) 

and the decreasing sequence imposed on r k is realized through: 

(105) 

+ 
An initial point, Xo' is selected as the first trial solution. 

Since the method of [24] is essentially an "Interior Point Unconstrained 
+ 

Maximization", Xo must be an interior point, that is it must not lie 
+ 

on or beyond the boundaries of the solution space. The vaule of Xo 

given in [3] as calculated according to the constraint equations, is 

adopted in the present thesis. 
+ 

Given the value of l~l and Xo' the Steepest J\scent Method (SAM) 

[29] is used to determine the corresponding optimal solution of 

p(i,rk). The ubject of the S.A.M. is to generate i n+l once tn is 
""\> 

given. Logically, the next t}~ial point, Xn+1, 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, 9P(Xn,rn), at the current 
+ 

trial point, Xn. The relation between the next and the actual "trial 

points is given as: 

(l06) 

whcire Rop is known as the optimal step size. 

Fol1owi"ng Eq. (106), in order to determine the next trial 

point, it is therefore necessary to determine both a feasible direc­

tion, ~P, 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 following way: 

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

tion can be given as: 

(107) 

or 
-+--+- -+- -+- -+- 10 1 
V P(X,rk) = Vn (X) - r,.v[ L: 2 -+- ] 

r. i=l G.(X) 
1 

(108) 

As presented in Eqs. (41) through (80), the efficiency equations 
-+-

expressed in terms of the design variables, X, are implicit. Therefore 

a straight analytic differentiation would be quite cumbersome. The 

same is also valid for the determination of~(l/Gi(X)). Consequently, 

the general chain rule using the Jacobian Matrix evaluation is applied 

to this problem. The general chain rule states that [31],the Jacobian 

Matrix, J in , for a multivariable, continuously differentiable function, 

u, can be expressed as: 

where 

J. =~ 
10 az m 

au aV i aXk ayR, 
= E---- ... --

aVi aWj ayR, aZm 

u = u(v.) 
1 

v.= v.(W.) 
1 1 J 

i = 1, nl 

j = 1,n2 

(109) 



xk = xk(Y,Q) 

Y I). = YI).(zm) 

The differentiation' of n(X) and l/G~(X" is thus performed by , 
the use of equation (109). Rin Eq. (106) can'be determined as op 

+ 
foll OW5. Since the objective is to determine X 1 \'Jhich gives the n+ 

+ 
largest improvement in the value of P(X~rk)' Rop is determined as 

the optimal value for which 
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(11 0) 

is maximized over Rop. 
+ ~ 

Noting that, in Eq. (110) both Xn and P(~n,rk) are known and 

fixed for the moment; H is a function of Rap only. Therefore, the 

value of Rap \";hich maximizes H(Rop) can be determined by a numerical 

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

continued until, for some Xi' 

X +1 . > Upper bound of X. 
n " 1 

or . (111) 

Xn+l,i < Lower bound of Xi· 

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 ne\'l 

~ 

starting trial point Xn+l 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 dne-dimensional maximization is 
+ 

terminated, the optimum design vector, X, and the corresponding optimum 

efficiency, n, are expressed for the relevant value of rk. Therefore, 

once an optimum n is found for some rk, r k is updatedaccording to 

Eq. (105) and the whole procedure is repeated, until for two successive 

values of r k, the corresponding optimum efficiencies are approximately 

the same. 

Numerical applications of the above procedure have indicated 

that for r k < 4xlO-6 further iterations result in negligible improve­

ments in n. For computer time saving purposes, therefore, the calcu-

lations are stopped beyond this value of r k. Consequently, for each 

run with new input conditions, three sequential maximization steps 

are performed in the range, 

-6 -4 4xlO < r k < 4xlO . 
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IV. RESULTS ft,ND DISCUSSIONS 

Based on the analysis given in Chapter 3, two computer programs 

have been developed. Input and output descriptions together with the 

program listings are presented in Appendices Band C. The application 

of the programs to turbine stages with various inlet gas conditions 

and blade rotational speeds are discussed in this chapter and the 

nUl;ler;cal results are presented in g;~ajJhical and tabular form. 

4.1 RESULTS ON PERFOm:;;'l,NCE EVP,LUATION 

As presented in Chapter 3, the program developed is based on 

the study of Ainley and t1a.thieson [1] \'lith the suggested modification 

of Dunham and CameL2J 

The variation of the blade outlet 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. [lJ, but a 

deviation (-1.50 ) 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. [lJ are hand-made. Therefore, 

the computerized 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 m~thod [lJ, especially for incidences 
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lower than -150 and higher than +100 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 Camels correlations 

have proven, over the last three decades, to give more adequate results, 

especially for the case of the turbines with low aspect ratio, the out­

puts of the present thesis may be found more reliable than those re-

ported in Ref. [1J. 

The total-to-totCil aerodynamic efficiency, n, of the stage is 

plotted in Fig. 4.3, against the overall pressure ratio. A plot of 

the initiai mass flm\' pc.raseter is also given on the same figure. 

Three curves, corresponding each to a different value of the speed 

parameter, N/IT, are shewn on the figure. It is observed, in general, 

that the efficiency decreases slightly for decreasing values of the 

speed parameter. The same is also valid for the mass flow parameter, 

which decl~eases from 10.268 (corresponding to NI/T = 435, as given 

by Ref. [lJ) first to 10.159 (for Nj/T = 424) and then to 10.113 (for 

N/(f = 393) at the point \'there the rotor is choked. For both cases, 

the pressure ratio for which 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 developed~ based on the turbine stage 

performance 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 
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to various inlet gas conditions and to vari6us blade speeds. The 

results are also presented in graphical form within Fig. 4.4 through 

Fig. 4.9. 

Fig. 4.4 is a plot of the overall efficiency to the overall 

pressure ratio. The data points are grouped under tV/o different 

sets: regions corresponding to thi'ee ranges of the mass flow parameter 

. based on a.nnulus diameter, m/Tl/P102, and various lines corresponding 

to constant values of the' turbine speed parameter, NO/ITl . Inspection 

of Fig. 4.4 indicates that along constant NO/ITl lin2s, the efficiency 

tends to increase 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 th~ mass flow 

parameter being held constant, the efficiency tends to decrease as the 

pressure ratio is increased. 

The relation between 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 for 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. 

~ P'l/rl m/Tl I -3 6T X 10 
Point # 

--xl 05 ~x102 ND/VT1 Pl /P1 Rex10 n P T, 

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 2.23 2.18 0.619 256 0.093 0.821 

8 290 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 

11 387 2.89 1.89 0.730 308 0.065 0.854 

I 

....., 
co 
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ratios, since the mass flow parameter required is smaller. 

The isentropic efficiency is plotted in Fig. 4.6 as a function 

of the speed parameter. It is observed from the figure that along 

(approximately) constant speed parameter lines, 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, ~T/Tl '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 
• 1 

pressureratlo such as, 0.6 < ~ /Pl < 0.7. Recalling that the tempe-

rature drop, ~T, is directly relat~d to the work output, ~H, of the 

stage through Eq. (58), it can be deduced that an optimization of the 

specific \-Jerk output can be real ized by controll ing 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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VI CONCLUSIONS AND RECOMMENDATIONS 

1. 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 develop the maximum 

efficiency. 

2. The first program is based on the loss evaluation andperfor- . 

mance prediction method of Ainley and Mathieson [1J, as modified 

by Dunham and Came [2] and the second program, on the efficiency 

evaluation method of Rao and Gupta [3J and on the optimization 

technique of Fiacco and Mc Cormick [24]. It might be under­

stood that the contribution 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 in Ref. [lJ, 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, Band C of Fig. 

4.3) together with the gas conditions at each stage, are 

obtained in not more than three seconds. The second computer 

program, on the other hand, provides an efficient 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 Unconstrained 

t1aximization Technique of Fiacco and Mc Cormick [24J. The 

use of this technique allowed a considerable computer time 

saving and the 61 minutes of computer time on an IBM 7044 

computei in the original method were reduced down to 320 CDC 

seconds (cpu time). 

3. The performance characteristics are studied by making use of 

the dimensionless turbine parameters, and this non-dimensional 

analysis enlarged the scope of the observations, allowing the 

prediction of the behaviour of any aerodynamic variables when 

the others remain fixed. 

4. The following conclusions have been obtained from ~he 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 mill/Pi' m1T1/P1Al or mIT1/P1D2
). This 

dependence is in conformity vlith the results given by 
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Ainley and Mathieson [1]. The effect of the rotative 

speed parameter, N/Ifl, 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 largely 

restricted by the interpolation subroutines in that for 

very small and for very large mass flows, some parameters 

fallout 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 lie within acceptable bounds. Itis 

noted that the efficiency depends least on the axial 

velocity, Ca, since the final value of this variable 

shows very small difference from 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). 

5. 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 

the flow adequately, especially in stages having small 

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

is required. 
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b) 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 extended to 

allow extrapolation, or the interpolation domain may 

be slightly enlarged. 

c) 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 the 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. 

d) 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 relative importance of the stage para­

meters during the preliminary design of the turbine. The 

sensitivity analyses 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.l CORRELATION OF ZWEIFEL 

The lift coefficient, CL, based on tangential blade loading 

is given by Zweifel [5] as: 

vJhere 

.-

CL = 2(s/ca)(tana + tana.)coS 2a 
010 

ca = axial chord. 

A.2 CORRELATION OF SODERBERG 

The nominal stage aerodynamic loss coefficient, Yt , 

ding to an aspect ratio h/ca = 3 and to a Reynolds number, 

(A.l ) 

correspon­

Re = 105 , 

is given by Soderberg [6] as a function of the gas deflection, E, 

that may be expressed as 

e: = a + a .. o 1 
(A.2) 

The functional relationship of Yt and E is given in Fig. A.l. 



.. 
.j.J 

a; 0.16 
.,... 
u .,... 
4-
4- 0.12 
Cl) 

o 
u 

~ 0.08 
o 

~ 0.04 
s:: .,... 

t/l:·2 

E 
o z 

O~~~~~ __ ~ __ ~ __ ~ __ -L __ ~ 
20 40 60 80 100 120 140 

Deflection, £ 

FIGURE A.l - Soderberg's correlation of the total loss 
coefficient. 

In Fig. A.l, the variable t, is the maximum blade thickness 

{Fig. 2.1). 
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If the "corrected" total loss coefficient, Yt,corr' of a blade 

rO\</ 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: 

5 1/ 
Yt,corr = (~~h) 4[(1 + Yt )(0.975 + 0.075(Ca/h))] (A.3) 

where 

Reh = Reynolds number based on throat mean hydraulic diameter, 

and Yt = Stage total aerodynamic loss coefficient as given in 

Fig. A.1. 



91'. 

A.3 CORRELATION OF STEWART, lmITNEY AND WONG 

According to Stewart et.al [llJ -the diffusion factor for the 

suction surface, Os' is given as: 

° = 1 - (V IV ) s 0 s,max 

where Vs,max = maximum gas velocity over the suction surface, 

and the diffusion factor for the pressure surface, 0p' can'be 

expressed as: 

\"here V ,. = minimum gas velocity over the pressure surface. p,m n 

(A.4) 

(A.5) 

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

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

(A.6) 

or 

(A.7) 

The total diffusi~n factor, 0t' can be related to a dimension­

less momentum thickness parameters, 0m/£' as [11], 

(A.S) 

where 

Om = momentum thickness 

£ = camber length of the blade. 

This relationship is also given in Fig. A.2. 



~ -E 
'0 

.. 
~ 
Q) 

4..J 

~ 0.020 
ItS 
~ 
ItS 
0.. 

VI 0.016 
VI 
Q) 
s:: 
~ 
u 
~ 0.012 
4..J 

E 
:::I 

~ 0.008 
Q) 

E 
o 
~ 

0.004 

o 

~ 

I fl 
o LOW SPEED CASCADE 

o TRANSONl( ROlOR I n 

~ 
Vo Uj D.s=l.-

Vo V.s.mc It. 

7;' Vp.min 
D =l • ..'!e·min 

P Vi 
17 0 

rV I 0 , n 

~ 
V 0 

0 

L---o- 0 
--E~ 

I-' 0 CpO 
o 0 

0.2 0.4 0.6 

Total blade surface diffusion, 0t = 0s+Op 

FIGURE A.2 - Correlation of the momentum thickness with 
the total blade sur-r'ace diffusion factor. 
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The total diffusion factor, 0t' can also be related to the 

tangential lift coefficient, CL, by the following analysis [12]: 

By definition, CL is given by: 

c = [(Po - i> pVp-min) - (Po - i> pV~-max)] 
L (1/2)pV~ 

(A.9) 

But, assuming a constant suction surface gas velocity through the 

blade passage, i.e., assuming 

v - V s-max 0 

(A.10) 

one can rearrange Eq. (A.9) as follows: 
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c = 1 - V2 . /V2 L p-mln 0 (A.11 ) 

On the other hand, combining Eq. (A.7)-and Eq. (A.10), D
t 

can be 

expressed as: 

v . o = 1 _ p-mln 
t Vi (A.12) 

Considering the velocity triangles as sho\'/n in Fig. 3 .. 4, it is seen 

that 

(A.13) 

and finally knowing that 

V. V. 
( p-mln)2 = ( p-mln)2(V./V )2 

Vo Vi 1 0 
(A. 14) 

one can obtain, by the combination of Eqs. (A.ll), (A.12), (A.13) 

and (A.14), a correlation of CL and 0t' in terms of blade inlet and 

outlet gas angles as: 

(A.15) 

A.4 CORRELATION OF BALJE and BINSLEY 

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

vJhere 

x = distance along the camber line 

S = blade outlet angle. o 

(A.16) 
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This velocity profile is inserted in the Truckenbrodt expression 

[14J, which is given as: 

where 

v 0 o = ( 0 m,o)l/n = V-3-(2/n) 
m v 0 a 

o x=o 

0m,o = momentum thickness at blade outlet, 

v = kinematic viscosity of the gas, 

and a,n = constants. 

(A.17) 

Resultingly, a relation for the momentum thickness is obtained: 

1 - 11
1t

•
5 

O.002l[ a ].0 (A.18) 
1 - 11 a 

where, the acceleration ratio, 11a' is defined as: 

(A.19) 

A.5 CORRELATION OF BALJE 

Dalje, in Ref. [15J, defines the blade loading, ou, as: 

(A.20) 

and the equivalent diffusion ratio, De' as 

(A. 21 ) 

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: 

_O_m_ = 0.013 _ 0.004 
2.62 - De (A.22) 

Using Eqs. (A.20), (A.21) and (A.22), Balje gives the profile 

clearance and endwall loss coefficients as follows 

where 

and 

\'lhere 

1.93(c/s)(om/~)(~/c){1 + W2 )1.S 
Y = ----..;,;.;....---------
P 1 - 1.08(c/s)(om/~)(~/c)(1 + W2 )1.S 

W = cot~ + (ou/2) , 

Y = endwal1 loss coefficient. 
e 

(A.23) 

(A.24) 

(A.25) 
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APPENDIX B. 
COMPUTER PROGRAM AINLEY 

B.1 GENERAL .OESCRIPTION 

The computer program AINLEY calculates total aerodynamic losses 

for nozzle and rotor separately, combines the results to determine the 

total stage loss 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: 

i) 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 .TURBOl 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 ICS1VE, 

ICS2VE and ICS1VU. These data form the datafile TUBR02. 
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The program AINLEY first calculates gas outlet angle va'-ues 

corresponding to a range of Mach numbers at blade ~utlet from M = 0 

to M = 1. This is done confonnl,y 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 list of SUBl is set equal 

to 1, SUBl 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, follm'/ing the theory explained in Section 3.1.2. 

Following the choice of an initial guess for the stator outlet 

gas angle, the stator total loss coefficient and the corresponding 

value of the non-dimensional mass flo,,"! 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 flows, for the case in \'/hich they would 

exceed the maximum allowable flm'/ for the stator (chocking of the 

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 guessed 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 

iriterpolation. 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 flo\,1 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 final correc­

tion is applied for the stage mean Reynolds number. 

At the final part of the first iteration, the magnitudes of 

gas properties at each station, the stage efficiency and the efficiency 

corrected for Reynolds number are printed, the non-dimensional flow 

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 

constant, 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 

stopped. 
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Stator and Rotor Geometry; Inlet Gas Conditions (TURB01) 

Data Corresponding to Graphs of Ref. (1) (TURB02) 

Generate ALPAOS vs SI·10; ALPAOR vs RMO; YTSC ve BLPHA0 

Guess ALPAOG, ALPHA2 

Calculate SLOSS, WTAPS,RMRAT,RMRAT0 

G=FALSE 
ALPAOG=ALPHA0 

no G=TRUE; Call CHOKE 

Calculate ALPHAB,SM0,P0,V0 

Calculate ALPHA~,SM~,P0,V0 

es 

Calculate VA1,ALPHA1,Vl,Tl ,Pl 

B 

FIGURE B.l - Flow chart of the computer program IIAINLEY
II 
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Generate YTRC vs VLPHAl 

Calculate RLOSS; viTAPR,P2,T2,RI~RATl ,RMRAT2 

H8=FALSE 

ALPHA2=ALPA2C 

yes 

no 

Calculate 
ALPA2C,RM1,RM2,P2,V2 

no 

es 

H8=TRUE; Call CHOKE 

Calculate 
ALPA2C, RM1,RM2,P2,V2 

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

PRINT Gas Conditions at Each Station 

C 

FIGURE B.l (continued). 
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c 

A 

FIGURE B.l (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 t~ach number of unity at the outlet of the 

choked row is printed as the limit pressure ratio of the turbine. 

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

RATIOM Mass flm·/ parameter, rillfl/P
l 

ALPAOS Vector formed by the stator outlet gas angle values, 

calculated in SUBl 

SMO 

RMO 

ALPAOR 

YTSe 

BLPHA0 

ALPAOG 

ALPHA2 

SLOSS 

WTAPS 

RMRAT 

Vector formed by the stator outlet r1ach number values, 

ranging from zero to unity 

Vector formed by the rotor outl et r'1ach number values, 

ranging from zero to unity 

Vector formed by the rotor outlet gas angle values, 

calculated in SUBl 

Vector formed by the stator total loss coefficient 

values, calculated in SUB2 

Vector formed by the statOl" outlet gas angle values, 

created in SUB2 

Initial guess for a 2 
Initial guess for a4 
Stator total loss coefficient, YN 

Maximum value of the mass flow parameter,(rillf/AP)max' 

that can be passed through the stator 

Mass flow parameter, rillfl/PlAl , at inlet to the stator 



RMRAT0 

G 

ALPHA0 

SM0 

P0 

VI!' 

VAl 

ALPHAl 

Vl 

Tl 

Pl 

YTRC 

VLPHAl 

RLOSS 

WTAPR 

T2 

P2 

R~1RAT1 
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Mass flow parameter, mlT2/P2A2' at outlet from the 

stator 

Logical control variable 

TRUE, when stator choked 

FALSE, \'/hen stator not choked. 

Stator outlet gas angle, a2 

Stator outlet Mach number, M2 

Total gas pressure, P2' at outlet of the stator 

Absolute gas velocity, V2, at outlet of the stator 

Axial component of V2 
Gas angle, a3' relative to the rotor at inlet 

Gas velocity, V3, relative to the rotor at inlet 

Total gas temperature, T3, at inlet to the rotor 

Total gas pressure, P3, at inl,et to the rotor 

Vector formed by the rotor total loss coefficient 

values, calculated in SUB31. 

Vector formed by the rotor inlet gas angle values, 

created in SUB31 

Rotor total loss coefficient, YR 

Maximum value of the mass flow parameter, (m/T/PA)max' 

that can be passed by the rotor 

Total gas temperature, T4, at outlet from the rotor 

Total gas pressure, P4, at outlet from the rotor 

Mass flow parameter, miT3/P3A3, at inlet to the 

rotor 



RMRAT2 

H8 

ALPA2C 

V2 

RMl 

RM2 

VA2 

T3 

P3 

V3 

RM3 

ETA 

RE 

ETAC 

< • . 
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Mass flow parameter, m/T4/P4A
4

, at outlet from the 

rotor 

Logical control variable 

TRUE , when rotor choked 

FALSE, when rotor not choked 

Gas angle, a4, 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, T1, at inlet to the next stage 

Total pressure, P1, at inlet to the next stage 

Absolute velocity, ~l' at inlet to the next stage 

Nach number, M,_, at inlet to the next stage 

Total-to-total isentropic efficiency, n, of the 

stage 

Mean Reynolds number, Re, of the stage 

Total-to-total isentropic efficiency corrected for 

the Reynolds number. 



B.3 SUBROUTINE DESCRIPTION 

The functional relationship among the subroutines of the 

program AINLEY is given below: 

TURBOl 1------==>:;.1 MA I N TURB02 L-___ ~ 

SUB 20 

UERTST 
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FIGURE B.2 - Functional relationship among the subroutines 
of the program IIAINLEylI. 

A summary describing the function of each subroutine used in 

AINLEY is given as follows: 
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I>1AIN The rna in program reads the datafil es TURBOl and TURB02 and 

calculates the blade speed, annulus areas down and upstream 

of the blade rows, throat areas of the blade passages and 

works out the non-dimensional 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 IcolT'~'TIon" declarations. 

SUB20 Subroutine SUB20 has no argument list, 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.l. This subroutine acts as the principal exe­

cution control consolo 

SUBl Subroutine SUBl generates the two vectors St~O and ALPAOS 

which represent the vector of the outlet Mach numbers from 

a blade and the vector of the related outlet gas angles, 

respectively. The value of the control variable,G,which 

appears on the argument list decides whether the blade is 

a rotor or stator blade. For G = 1, SUBl 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 SUBl are as explained in 

Section 3.1.1. 
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SUB2 Subroutine SUB2 calculates the stator total loss coeffi­

cient as a function of the_blade outlet angle, and returns 

two vectorial quantities to SUB20:BLPHA~, the set of outlet 

angles ranging from -700 to -450 and YTSC~ the set of total 

loss coefficients, each corresponding to one element of 

BLPHA0. 

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. 

SUB31 The rotor t?tal 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 VLPHAl 

and calculates 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 coefficient is realized ~hrough the 

analysis outlined in Section 3.1.2. Accordingly, if the 

rotor outlet angle guessed at the beginning differs from 

that 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 

allov/able non-dimensional flow, then CHOKE is called. 

The input quantities in the argument list 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. 

ICS1VE, ICS1VU, ICS2VE: These subroutines are available in the Bo§az­

i~i University Comp~ter Center library and they perform 

the intel~polations (one or tv/O dimensional, equally or 

unequally distributed data) from the figures of Ref. [1] 

or from the vector quantities generated in.SUB1, SUB2 and 

SUB31. Their usage, function and parameter listings are 

explained in detail in Section B.5. 

B.4 INPUT DESCRIPTION 

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

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

following sequence: 



Card 1 

Card 2 

Card 3 

Card 4 
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RA, GAr~A, ·CP 

RA Gas constant (ft. pdls/lb/oC ) 

GAr~A Ratio of the specific heats 

CP Specific heat at constant pressure (ft.pdls/lb/oC) 

TID, TOO, RK 

TID Turbine inner diameter (in) 

TOO Turbine outer diameter (in) 

RK Clearance of the rotor blades (in) 

OPS, PITS, RCS, r14AXS, CHOS, TETS, BETTAI, BNS 

OPS Opening,or throat,of the stator blades (in) 

PITS Pitch length of the stator blades (in) 

RCS Mean radius of curvature of the upper stator 

blade surface between throat and trailing edge (in) 

TWl.XS r1aximl:m 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 

OPR, PITR, RCR, TMAXR, CHOR, TETR, BETTA1, BNR, HEIR, BR 

OPR Opening or throat of the rotor blades (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) 

niAXR Maximum thickness of the rotor blads (in) 

) 



Card 5 
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CHaR Chord length of the rotor blades (in) 

TETR Trailing edge thickness of the rotor blades (in) 

BETTA1: Inlet angle of the rotor blades (deg) 

BNR Number of the rotor blades 

HEIR Annulus height at reference station (in) 

BR Constant of Eq. (14) 

ALP HAl , TI, PI, RPM, EMRAH 

ALPHA1: Gas inlet angle to the stator (deg) 

TI Absolute total gas inlet temperature to the stator (oK) 

PI Absolute total gas inlet pressure to the stator 

(lbf/in2) 

RPM Blade rot~tive speed (rev.per min) 

mRAH Inlet non-dimensional mass flow-initial value 

(lhiT."/P. ) 
1 1 

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

TURBOl is given below: 

Card 1 

Card 2 

Card 3 

Card 4 

Card 5 

3073., 1.333, 12300. 

9.5, 13.0, .030 

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

.447, .7113,2.000, .143,0.95, .0071,36.,50., 

1.75, .5 

. 0., 1100., 40., 14000., 7. 
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8.5 OUTPUT DESCRIPTION 

-
The. description of the output is automatically printed by the 

computer. The output consists of the results corresponding to each 

value of the non-dimensional flow parameter, mlT./P .. The program 
1 1 

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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•••• "~"It " •• t ...... c •• ,,,tt.,., ft,C _""t .,. •••••• , ••••• t4 ••• ",. 
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[-lITLEY CIS Tl ¥rH.t1U~r GUTLrT ~IS VFLOCITY QUlllT rAtK ~Ut.ec.· 

OUT~FT GAS ANCLf ~UTLET GAS 1'£S~U~E OUTLET C'S VFLOCITY OUTLET 'ACH "U~eER 

.t ••••••••• , ••• t t ....... "" •••• ",,-. _, "t ........... "'C' tC •• t ••••••••• 
• ':f.:;aLl!lr. G:~ CtJ~;tJtTtl,j'~S ;..1 )1.LtT tu l"i I.n.t !.tl(.~ .. 
• t" •••• '"'ft,,., u ..... et .................... ", ••• ".'" •••••• 

lfti.FT t~"S T!t.H.r J. fUr £. IHfT vorlr'''JIY 

•• ,. t • .,.,.crt ... ~.o ••• '" .,.",,, •••••• , •••• , "1'0".' "'9"'f t, •••• CC .$ $"' ... tc.t\<c., iii C' .,. ......... . 

,. rd:. lJ.fl~'!.~.; .. , tF l"i ~i/.r.i: .. ~ :·I/£t. el' f.c.:. IS l:t/.C~f ... -:;t1" .:!:''';4'r~," c 
'"'''' 1: <I 't ..... C- ..... "C •• ' .. "~n' "4."''''' ".,' ., ... ",~e. 6, " ..... , ••• t"'~~"" ....... tt t ••••• t ••• tea". 
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I!;:n.". l~~r .. lot. 1.'lS~ C')U r(1t n, tl::) •• t"Z.-s!b1., •••••• , ... t., •••• "' ••••••••••.•• ~ ••••••• ,., •••••••••••••• t. 

r.'IlIH.Ll PD. SSu ... f ~I-Tll.I 

Co •••••••• ., ~ ."'fIII" •• t •••••••••• o~ •••• t. ") •• , "t ..... 
~ ... E.~:;LU'l ~TLHH· O:JTtrt C!S C'~~;"111li~::; .. ....... u·.*.· ............... t •••••••• 4 •• t".,.~. 

1;"TLt T c,,~ Ti:"'Fti:'lU~r. 

..... , ••••••••••••••••••••••••• t •••••••••• t ••••• t •••••••••••• 

• JI.l[T t IIUTUI c~s CO"~IT'O·,S I<tltTlYE H -0100, • •••••••• , ...................................... ,"' •••••• "'110" 

'~LfT YF.Ll'C IT Y 

i:U' Ll T ,. ... C" r.u.":~L D 

&.t'C"4.t tIL •• t ........ f •• " ....... C't ••• ",.t'" .t •• lOt '1:". 'ft." ••• 
• I.GS'JLUlf eroS C[!t.C-USO':S 1.1 J:~L£T TO llit i~n' Sll.;F 
••••••••• t., •• e •••• re .... t ... t f.' •• t &, ••• t ••• ,!&- .... " •• C ••••••• It 

tot •• * •• 0.'" ••• ~ ho •••• "4 •••••• '."".' ................ te- ............................... . 
• lH: iif-IClt'Il':V·liF It'l St;.GE ;.S ClVE." p.y ,,-,.: 15 lT~I!.l:.r.[I· ."!lb')~)':b • 
•••• •••••• •••••••••• t ........................................................ " ••••• 
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STAHl, TOTH LOSS COrFFJr.Ji:IT, LIS) •• 0S7uZ<5' 
•• t.' ••.• 'Of····· ... .t·4'········.· ..... ~ .. (" ... f .............. ft. 

1<11"101. tClUl. lJ$S CO~FrClc~:T, LUI- .lb9b"f)57 

•• ... ••••• .. ••• ... ·,···"' .. ····~ ••••••• "h ............ ') •• , ••••• 

... , .. ,,, ....................................... . 
• .t.i.'SOlUT~ STATO~ OVTL~T GlS CU~nlt1I)r.s • 
••• • ••••••••• t.4 ••• ' ••••• , ...................... . 

•• 110 ••• , ••••••••• 4 •• ' ........................................ . 
11 .~ILr:T (. CUrli:f :0.:.5 CO~,1:Jtrl:J~jS net..:.ll'/E T~ Il\JTORI • 
1);' ~t t, (- •• ~ ,).~.c., ............ , ••• tt •••• t. to to t. ,,,t •• t to ••••• t to 

6Jl.2i1~7S .17771a 

OUTLET COS ._eLl UUTLET C.S poe SSU"F. CUILET CAS VELOCITY UUTLET r.';'CH t.Ut'?ER 

-~7.575);l" 

tf.f ••••• 'f to t. to ............................................ . 
• :.~SI.iLIHE G.1$ C~~ll'JTtO!I5. .\T l"li: T TO TtiE NfXT 5Jt.GE • ................... " ............. , .......... , ... , ............ . 

••• t .t .................. , .................... f.' •• " ••••• , •••• , •••••••• " .............. . 
• fti:.: i:fFlcn .. ,'f o~ T~t ST.lvE ':'S Cl'Ii.N ~y ,·,th l~ El':'lSr:,~cl" .n,~..,!,jr.'i • 
• ~ t ••• t; •••• 1'''' .~ ••• ,~ ,. ,t.' ...... ).t •• t. ,t ............. t •••• f.''''' f ••••• + •• ~ ••••••••• 



. H.rn. TorlL LOSS cnEFflClc'H, LIS'. -
•• ~Co" •••••• t ...... ~., ••• , •• '" ~", ....... , ••• to I • • :Z!!! !!:! ••••• 

) 1. '51" 

0. •• "' ••••••• , ..................... , •••••••••••••• 

.. li;5uLUl( 5r~rca: OUTLET ..;:~s C(!~J)l n,:.s ,. 
ft."" •••• J •• """ ••• OII •••••••• " ........ ,.., ••• _ •••••• 

12b2.?7~71 

.;. .............................................. , .......... . 
• '!lLEl' curur GAS Co"allrO!l~ IOlL4TIV[ r~ RUn'.' • ............................................................ 

'''LET HLCCITY 
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ourLH GH P~ESSIJr.~ OUTLET CAS nMPF~lTu~e GUILH .,S V!LOCllY UlITLL T :OaCH t.UiI:.t ':t 

)Z.7Z1 

I,O"-OI"ENS1~NlL 'ASS FLn. 

CViRALL PHSSuH RATIO 

•• ~ ••••• ~ ............ t ......................... t •••••••••••••• 

,,'SSC<LUlc ( ... S :O~IOlTllJ:') AT H~lEr la 1.'( hr.n sr;'\iF. 
t. t ....... ~o t, ... .,., ••••• , .. ,. •• t" ......... 't .... " ,.t .... 'c.c, •• t." •• , 

.. ~l~T V::LCC lTY 

1\,131.(,7'.'1 

...... ~ ........ , ............................................................... _. 

.. T'1f EFFIClEt..ICY GF lifE ST"CiE .. S GIVE" P.'t 'l.~ IS kTIoUT .. CE'- • ."r.l""lt. • •• 'f''P 0., •• f", , •• t ... ,. ~<I"'."" ,., ............... t, ••• , .••••••••••••••••••• Ii> ........ .. 

"SOkTllJIIP' • ~.CU()~nOO 

?lIP' .1.hb~') 



STiTiJ~ TJT':'l I.h!S ,='n;:FrCr:'ir, LIS'- .(,S71IJJ'J) 
••• \oilC .,. "t,. t,.,.,., ~."..,.) 11 t.,.., I 0'1.,. ••• '''''' •• ~ .. ",. ~.,. """ ••• , ...... 

~OT.';;. 'H1T.lL t')S:i C'JEFICH~H, Lun. '~""".))"b .•.. "''''''' ......... .,,,, .4." , .. ", .... t., •• , ................ . 

ll •• )0 

n.JT~r.l ~/.) .. U('LI 

• t •• " ... 0, ... tv .t. ft. ft fa f' iI' ...... t •• 'C".' , .... ".t •• 
• t~SOlUTi:: st ... ,,,~ O .... TlFT ,,as Cl~":Oi lim,s • 
•••••••• ... ,~······· .................... V •• "4 ••••• 

•• •••••• •••• •••••••••••••••• •••• •••• •••••••••••••••• , ••••• t. 
• Ir:tET ( OU1UT CAS CONOIlIO"S "unlvE Ie 'OT~RI • 
•••••• •••• 4 •••••• , ••••••••••••••••••••• ft ••••••••••••••••••• 

CU1Ll T C,;,$ H "H"tiUU OUTLt , ~I.,~ \r:,ctI TY 

••••••••••• "' •••• u •••• t •••••••••••• , •••••••••••••••••••••••• 
• 11j~-:LCTr C':'$ ::l..t,;:JJ1IJ·.~ At IJ.L( r ta 1~£ I.r), ~Tl(.( • 
••• 4 .................. ."." ••••••••• , ................ • ............ IC • 
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• t '.f ••••••••••••••••••••• , ...................................................... . 

MI.-tIH~slal.AL r>ss FLO. 

CVi<~Ll ~~E$Su~£ ~ATIO 

• ,.ti trnCI£t~I,;Y rv TtI[ STI.GE 0\$ CIVU' fl' 1(11 IS L1 .. (~T'CL'· .6)'Jo·l'f)'I • ....... " ....................................... " ............ "." .................... . 
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iT.1.TtJ" TGroll Lns~ r.:lirr:CH:·n. LISI- .(j~7"4"17 

················~······· .. ·1o· .. C'O*~····· •••••• ~.·,;;..t., •••••• 

OUTLEt G~S ~~GU OUTL£T G'S ~l~SSUR£ 

• ~$,., ••••• , •••••••••••••••••••••••• * •• , ••••••• 
~ 'rS:.LUh ~l:;.lt;': f1IJTLH ~.\\ CC:.rt nr:.~ .. 
"t"~""" It ..... ., ... t ................... t."" ... ".t .. at. *' ..... ~ 

~lJ'Ltr ,.',S V!"L"CITY 

'* ........... , •••••• "' ••• , ...................................... . 
• It:Lir f. Gl1fLll C;"S CU'tOIlJU'1~ "'~Ll.ll'lE 111 ~OlUIU .. 
,." .................... "t·" •••••• ~, •••••• " ............ t ....... . 

1 t-LEt YC:Lr:C ITY 

IQ37.-I107 1~15.?7CZ7 

~"TUT C4S Tlr.Hf.&1UU nUTLfT GAS VrLOCITY CUTUT fJoCH ~Ut.8EQ 

ll.~r,." 707 

••• t t, t •••••••••••••••• t.".t ••••••••• $ •••• , ••• "."'Ct •• ,' ,. 
.. 1~~nL'Jl;; (,,',S Ctlf:OllIU'-I:i ",T WU.1 1U 1,..( r,(Xl S"'f • 
H .• ,. ( , C' • " I • t. ,. ,,' ,. ~. ( , " •••• * " ..... " ......... " •••• ., ........... . 

p.LeT VilCCJTY 

•• ,. 0..-.," •• , ft.' ••• , , •• ,.,,' C ",c. •••••• , t ••• t •••• , , ... 4 •• !'" 4.t .,~." •••••••••••••• t 

• ll't lP::CJI',C'" Or In Sl,l.(a ... ~ Gl'lL'" 1'1 l.tI~ IS ll/.C~t:.cc.'· .I)vll.~~~l .. 
.. f , •• t~.fl' •• t.'" ,1''", .......... ,.,' , .. , ...... "' •••• , ... ,\- •• ,"( •••••• ,' •••••• , •• , ............. . 



OuTL.T ~.s ~fI~LE 

t"LET ,,~s P~~SSUF.E 

30.5\1 

H.ZI7 

~"'.t ,4" t. o •• tc.. ft ft.~ ft t •••••• , •• ,~." •••••• ,111' 
0: .\~\StJ:.uTf Sl:.1;':i( OUTL£1 G:.~ C(j~.r.1T1r;r.'5 • 
.. ~.jI', '.·H'~.' '~"""''i'''''' •••••• ,t "4~ ••••• ~""'" 

It~5.512bl 

••••••••••••••• ~ ......................... tJ •••••••••• , ••••••• 

• H!LfT t OUTLtT c.:'S CO'liHltouS (I.;(L4TIVE Tn ~:;T~R) , .................. ,. .......................................... . 
P.UT HLGC" Y 

IOH.1166 
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oUTLET c~s Ti-:1PHJ.TUIo.f OUTLET "~CH .. u~r,i:a 

................ ,., ............. , ........................... . 
• ;';SGLUT5: CA') COMJJTIJ"4S AT I'~LEr TO tHE r.f;)t;T STjG~ • 
•• ~ •••••••••••••••• "'."' ••••••••••••••••• ,.¥ ••••••••••••• , •••• 

,:ILl! V<LOCHY 

.6)8a!!3 

• .t _, ~",.~ (:1J.;jI ..... , •••••• t. ,. ft.t" ft ......... " ••• ., •••••••••••••••••• t •• '~""9'<i' t., 
.~ ll1i P:;I~I~t.C·( Cr: (tl, ST ... (;[:.5 GIY::'~ ~y I(r. 1~ cT~(ST .. C.t'· .7'~"'l:.ell.. ' 
'(0 "0'0.'" ). •• 4 ... "·,..~ ..... v ,'-.)v., ••••• 8' ................... , ••••••••••••••••••••••••••••• 



• .. .:a'UCIf~ SL~DF. 'HlTLEl ~:jr.U ·H.~nlb511)5?·1 
.041 ... ,,)1(" .. l-it'''~:.Cl.l;o.l::It .. Z:l)l .... H! 

HATtlR TOTAL lOH COEFFICIENT. LI!I •• O~HHI7 
••••••••••••••••••••• , •••••••••••••••••••••••••••••••• tt. 

jif)T'lF.. T:JI.\L L3SS CO';flCH'IT, Lon- .15e2,)~'tb 
ft.' .o ..... t ......... 9 ••••• ~'" ) .................... ,. ' •••••••• 

t·.L~T G.:..s !tl~LE 

•••• t •••••••••••••••••••••••••••••••••••••••••• 

• ~eSQlUTE srATO~ OUTLFI G~S CG •• OITlUt;S • .............. " ............ " ... , .......... , .... . 

6UTLET ~'S vrLOCITY 

.l ................................................ , ...... ., ... . 
• P:L~l t OUTLEr C:''S CO':OITICPIS U'ELt.1JY[ 11" :ZuTilstJ • 
••••••••••••• " •••••• J •••••••••••• , •••••• , ••••••••••••••••••• 

1·'lET HlPC ITY 

l014.tld8 
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OUTLn CAS PH SSu;.£ OUlLH CIS VELOCITY OUTLeT ~~CH hUMER 

II'LtT ::t.S r;..:S'iIJ'i 

t ••• , ••• u.~ ............. t$ •••••••••••••••••• t.,. ............. . 
• &r.~!:LUTE G.:.t; t:CJt.r,1l10r:) loT H~L{l T(llH.~ t~f).T ~tf.C.f • ••••••••• '.if •• , ••• '''''' •••••••••• t~ ••• 4 •••••••.•• t •• , •• "t •••• 

1f.L[1 vr~r.t 11 y 

1.nl.l(\O~U 

.72Z"'''t. 

....... t" '!'t .qt' •• t t ••• ,,,,. 10." ................ , ......... U· .ft •• t ........ t- •••••• ~ •• t tt_ 

t T·4~ fHfCHt.-:l' Lf till $1 .. C( lS Colvtl: FY ~£r IS tll.l~T':'CE:· .7>Ci IoQt.71 • 
• t •••• '~CI ...... $ •• t.4 ..... " ••• t •• , •••• C'c ••••• " •••••••• , ............................ . 

• ~07 .. ljlb 
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B.6 PROGRAM LISTING OF "AINLEY" 

1 
2 
3 
4 
~ 

b 
7 
8 
9 

10 
11 
12 
13 
1'1 
15 
Ib 
17 
18 
19 
20 
21. 
22 
73 
24 
75 
2& 
27 
7i1 
29 
30 
31 
3l 
31 
34 
3~ 

3b 
37 
36 
3'1 
40 
41 2 
42 
43 3 
44 
45 4 
4b 
47 5 
48 
4'J 

50 
~1 

52 
53 
~4 

55 
56 
57 
50 
59 
60 
61 
62 
63 
64 
65 
6b 
67 
btl 
b9 
70 
71 
72 
73 
74 
75 
71J 
77 
78 
79 
80 

PROGKAK hIHLlYIINPUT,nUTPUT,iuRaOI,TAPl8=TURBOl, 
~ TURB02,T~~f5=TuRe02. 
~ RFSULT,TAPE6=RE5ULfl 

C O~I 'IIJ II I O~ ~ I VtiCJ? I 51 , 2 , • nIT AP ( 51 , 2 I ,;(1\1, (<l ('., 21 • V lilJlH H,O I , V VO TI luOI 
CCH11IIHII 511/".:" ,f: Ir.CkE, Vu 
c nr1"O!U 512/ T I • I If-
CUM~OIJ/Sll/OU5S,5DES 
COI'I;'I(JIJ/ 5141 MW, ,'.1,;> , Al S, ATR 
COH1HHf/SJ 7/P, 
COHMUN/SI8/UOS~,50ED 
CO"~UN/SI9/RK,NKCH 
COMHUIJ/S99/TID.IUO 

COMM~~/S21/YPII17'BI.YP2115,61,STAI~121.ql,OELSIS(31,4I, 
n YPGY~SIIOOI,SLA"IIOOI 

COMHON/S22/EETTAI,AL?HAI 
C OHlliHII S 2 31T 0 C S , S liC 5, TO S S ,S R, CS 
cmH10NI 52 41 ill PHAiJ I 10'J I, YTSC I 100 I, SAS, I'I,I'F 
COIII'lOII/ S 1 5/t.l p;.OS I 501l' I sr,Q I 5lJO I 
cnKMUN/S31/5DCN,TOCR,T~SR,BR,Rk,CR 
COI1~O:1/ 5121 VLPfI.'l I 5,)\) I, VI RC I 5()O I, Of. TT Al 
Ctlll':UIU S 3 31 K, KF 
COh!iiHlI S~4/1'LPI!/l2,,\2, E[ 
COMHOtI/S;5/PI:1 . 
COM~0N/D~h/kP",U,ALPaOG.SLOSS,PIICP 
COM1W1!/ S 7 '11 Gt. :~.\ 
COtiMOlI1 SHlil V~,UI 1.00 I, VIlO I 10C' I 
CON.'lOll/ Cl11 C~~TA P. 1500 I ,oJPOP I 500 I ,OVOT! 50(1) ,ORM/II 500 I , B lIT AP ! 500) 
COI-i'IOIl/Cl?/HK (lOI! I,HI 51.00 I 
COI'l!'\(j~:/E:l3/FN~Ml 

COIi:llI'l/ r 14/511iCO([ 
C 0lHlf.l111 P II tIlUS, iiI: I R, CIIOR 
~[h~ld'·'~A,GAhA,CP 
"[ADI 0, <'I T 1 0, TUO, F.K 
RF~n'8,.)nps,PI15.KCS,T"'XS,CHQS,TETS,~[TTAJ,B"S 
RE,nI8,*lnpR,PiT",~Ck,TMAXR.CHOR,TlT~,b[TTA1,R"R,HEJR,»R 
R u. ~I ~. ~) Al Ph ~.I ,T J , PI., f: PN, Uit:AI1 
~ E A () I 5 , * I ~, , P , t< , 5 to S , R I !lC R E , v 0 
RE1\015,1) IIY?11I,JI,I=l,17I,J-1,81 
FORI1AT!Hlt6F5.3,/I,8t5.31 
R~ADI5,;>1 IIVPlI!,JI,r-l,ISI,J-I,61 
FOK MhTI5(lLF5.3./I,10F;.31 
Rr:MlI",)1 I IST.;I:III,JI,J~I,21I,J"q,l,-11 
FllR!~t.T!'112(JF4.1,/I,9l-4.11 

RFAO(5,41 IVP1VPS(II,I-l.301 
FOR!" .... T! ZI.Fl,.2" ,llJFt,. 21 
I< f: t. 0 I 5. !l j I In El. 5 I 5 ( I , J I • J =1 , 311 , J -I ," I 
FnKMATlthF4.2,I,13l-b.2,1,1~F~.Z./5113Fb.2,/1,12F6.2) 

R I: loll I Ii, • ) I SLid,,! 11 " -I ,411 . 
R r:A [) ( 5, * I ( I Rh:f( I , J I , I "1 ,llO I ,J =1 ,21 
"I A!) I 5 , ~ I I I V!~ T.\ f' I I , J I , I-I ,~I , , J -1,2 I 
REAOI5.·)(IVWOPI!,JI,I=I,51',J-l,21 
RfH1I5.*1 IVVUT! II '/=1,601 
R Ell III 5, "I I V riOW I II , 1=1 ,511 
kfA!)(5,*'I'1N1l(11,I=l,]~1 
Ii. EI.tJ( 5, ... I I V iW ( J I , 1=1 , 1~ I 
P. f" 0 ( ';, (> I I lJ ~H .\ i' ( I I , I = 1 , l.O I 
fI [AD! 5, * I (OPOi' 111.1 =1 ,b(~ I 
REA()( C;, *1 (OV(JT(! 1.1 =1.bOI 
R E" () I 5 • ~ I ((I,<;;r I( I I , lui ,t. () I 
~[ADI5,·'ID~TAP(II,I·l,501 
P I1l=ATAld 1. 1*',. 
UOSS=OPS/P I TS 
SOUD?I f~nCJ 
TOCS=T:-tAXS/CHOS 
SOCS=?l TS/CiiOS 
TOSS=TETS/P ITS 
OOSCI.=OPR/PITR 
S O( R= P I TiU F.Ck 
HICR"TMAX~/ChOR 
SOCR-PI Ti</CI'OR 
TOSP.=TETkIt'IJI~ 
SR~ II olTon 
RR= Tl O!Tll[) 
i<KIH1=Q.KItI~lk __ 
AlPA0G=_1.179ACOSIOOSSI.18D./PI~.12.'6-4.*SO~S 
C S= Clins II? 
CR"CltrJR/12. 
B=8ETThltPl~/1BO. 
ANO=ITOO.02.-TIO"Z.IOPIN/4. 
AN2 =A110 



ill 
112 
0.3 
III, 

U5 
66 
87 
11:1 
69 
90 
91 
qz 
93 
94 
95 
96 
97 
96 
99 

100 
1(\1 
1"2 
1 3 
In4 
lil5 
1('·6 
107 
1(0(1 

1 ( .. ~ 
llu 
111 
112 
113 
114 
11 5 
116 
117 
1113 
119 
120 
121 
122 
123 
124 
125 
126 
127 
12£1 
129 
130 
131 
132 
133 
134 
115 
136 
137 
Btl 
13'J 
14') 
141 
142 
143 
144 
14~ 
146 
1',7 
1 .. 13 
1',9 
1~O 
10;1 

1'~ 
153 
i54 
155 
150 
E,7 
158 
1~9 

IbO 

C 
C 
C 
C 
C 

C 
C 
C 
C 
C 

U=-1.*PJtJ*(TIDqnOI*~PH/1440 
hlS=12"Qrss.socS'CS'&HS'(10~_TIOI/2 
~lH=1?"OUSR'SUCR'CR'HNR.(TOD_TIOJ/2· 
CALL SUB20 .• 
STili' 
END 

SUe~"UTJN~ SU~~(G,ALP£OS,SHOI 
OJI"IISION I\Lt''''lIS(~IJ(1) ,51'0(5001 
CO"MDN/SII/RA,~JHCMf,J00 
Cllll' llHUS121T) ,:~F 
COH~n~/SI3/005S,SOES 
CIJ!'lllltr:/ 514/ /'/,[1, M~2, AT S, /'TR 
Cmi'Wfjf 51 7/? 
cn;II'fl~'/SJ ullllJSR ,SOER 
CO~MIlN/SJ9/~K,R~OH 
COMMGN/S~q/lIO,TOO 
Clll'l110NI S?5/?) r. 
C 01';>'1[1'11 S 7"11 G/.":,\ 
~,Lr':;'\ lid,!>i.) =-1.1 HAC05 (AI 1 *130 ./P lilt 12. 51l-4. *A2 
c, iI~ I G ~.;·i ~ ~ •.• ~ ~ T [ ) H ( • '.i 1 
Ifl·,,'f;.J.) 1 01:. il 
~ =_.' C',S (.1 j/;.'Ii) 
A1.?f.(:,~=E·'1 t.·.I ... ·!1 

;.Lr't·al=t.Lf'bJ'(fl[j5S,~"; ';) 
f.1I~ ) F 
) F ( i';. t C ., • J 1 hI. ;; 
O=ALP~hIGOSR,5U~~J'PIH/180. 

122 

F="T .. fll(I.-1.3:'*""i\lloiH.uSISI/COS(O)I*T:--'--+- '3~,-;"-"- I j·II/':",$I.1 
~ ';'T/I~j(il)J 

AL?~Ql=F'leo./PI" 
ATi=AT'.ll.-RKO~I+PIN~TOD*RK 
ALPAD2·-ICUSIATR/A~2J~lBO./PIN 
END IF 
S~OOlll=O. 

DO 22 l.i"r.o 
, 1 IFISI10111.GT.1.IGOTO 13 

IFI5M(JIIJ.GT .. 5IGOTQ 3 
ALP 1.0 S I I ) "I. L P ~ U 1 
GO TO 7 

3 I F( S:1[)1 II. EO.I. IGOTI) 4 
ALPADSIIJ·2.'IALPt~2-~LPAOl)*SHO(II+2.*hLP/'01-ALPA02 
G I) TIJ ., 

4 ALf'AOSIII=ALP.~1J2 
7 SMUII+ll=ShOIII+.Ol 

22 CIlNTJ!lUE 
o IlF·)-l 
9 RF.TUi=;N 

. 
" 

Pin 

5UU~OlJT !rt[ sup.;: 
c [J,,'1lJ III 5211 Y~ 11 1 " • II) , YP 2 I 15. b 1 , 5T A I ~J( 21 .91 ,DE LS J 5 131 ," 1 , 

YP ]'(I'S (li)(,), 5Lt.11 (LOU 1 

COWIOfl/SZ;>flldTh) ,f.LPHt..1 
C 1111,·I:jI!/ S2 31T iJCS ,SOC 5, TUSS, S~', CS 
CIJI',..,fj~/Sl~/h/iO,,\I~2,"TS,ATR 
C Ilil ~[):!/ S t. '1/111. ;>11 1.(, I 1 (1(. J I YT 5 ell 00 J , 5 i. S , :~, I~F 
Cllil:hflll S~"/ P) N 
CO;·! !I[J ~II S 1 7/ii 
cn:l'lurf/ Pl IChOS, liE Iii .CHOR . 
[j {;. lOr. S ) G!l I.K I toO! , Y Pil Iv 1<: Oll 1 , Vi' f: I A I 2u 01 ,ALP l.S C I 1 \.00 1 , SIS C5 ( 1 nu J ,[)£, L 

n I S (.) (l 1 ,S 1 1 : J 5 ('I') , Y ? 5 I '10 J ,G ( 90 J ,Y P 5 /1)( 9 () J ,to H S I 1 (0 0 J , AilS ( 10 n ) , Y S S Ill) 
~o J , "i.J ( 1 0 .. ' ) , 5 F ( 1 ,~v ) , Y1 S ( 100 J ,Y 11 fI(, 1 
T~FaC=21.6'TUSS*'?,·3.Ub'TCSS+.,}1 
AIS=ALPHiIOPI~/ldO. 
~.J=!W)~COSIBJ 
npt~,1.0( 11~S/.S 

GO. TO 10 
9 & Li' Itf':' I 1 1 = 5 ,\ S + 1 • 

H' xr.=socs 
iJC 11 l=l,ti 
IHl\LPHt\~IIJ.GT.-4,.IGiJTO 14 



11>1 
1/,2 
163 
164 
165 
1M, 
167 
Ihd 
169 
170 
171 
172 
173 
174 
175 
170 
17"1 
l71l 
179 
1'10 
If11 
182 
183 
lii'! 
165 
1flf> 
H','/ 
III >3 
li!') 
1')0 
l'i! 
1 ')2 
1'13 
194 
195 
19f> 
147 
l'id 
1"9 
201) 
201 
202 
2(13 
20" 
205 
Z00 
2:17 
Z')& 
20? 
211; 
dl 
212 
213 
(14 
215 
a6 
217 
213 
219 
210 
27.1 
L7.2 
223 
n" 
22., 
<:26 
~n 
nd 
229 
230 
211 
dl 
~33 
2H 
Ll~ 

Db 
2H 
~1a 

239 
241) 

C 
C 
C 
C 
C 

123 
Y I I) "ill i'H.~() I I I 
Ct.ll JCSlVLIYi'J"x(!, .30 , 1.1(},-ao. , -45. ,17 , e , I , 17 , ';V. YII) l"'i<.l 
YPbIOll)=YlI) , ' , ·1 I •. 

YII )=iJlPH,\l·ll) 

C~lL ICS2V[lyp2,xn,.30'1.OO'-70.'-45,'15,6,1'15'~K,Y(I)'IERI 
YPf, Ii. I II:¥( I I 

Y I'S IV ( 1 1= ( Y i'!l Iu ( I 1+ ( ( liE Tl A 1 II BL Plif.1J ( J II ** 21 '" (YP l~ I .~ ( I ) -Y Pi! I C ( 1 I I ) *I 
~ (TnCS/.21··'-OETTAI/BlPHAOI! IIII 

f., LP ',S C ( II " (-. )5? sac's + 1, 2, f * PL i'HAu I I ) 
Y (11=!lLPllt.u( I I 
XO=8ETTAJ/~LP45C(11 

CALL ICS2H(STt.ItI , ,(I),-1.0 , 1.0,-70. , _30. ,21 , 9,1,21 , I-\K , Y( II ,1Ekl 
SISCS (I )=YI II 
X')= s!)CS 
YIll='lLPHf,(J(ll 

C !·L Lie 5 l Vl (v r LSI S I l.v , • 40,1. () 1-70 • 1-4 r,. 131,4,1 I 31 , i·;K, Y ( I I I! Ek I 
DELlIS(II=\'I)1 
~TPISII);~ISCS(Il+U[LTIS(II 
G I I 1= ( t.L P Hid - t! l IT III I I 5 I IllS I 11 
e ,.. L LIe S 1 V r ( , ? (j Y i' S , -" • 2 , 1 • b I 0 • , O. I () • I O. I 1 (l I 1 I G ( I I ,i' S C (' tHl, I E I!. I 
YPSIll"GIII*YP510(I I 
/,OSIlI=cLPltt":.o( 11*i'IN/tiJO. 
t.r1 S ( ) I = " TAt: ( ( T ;.ri( tiS) +11-fl I A 0 S II I I ) 12 • ) 
l',fI( r) =:.t:r,o:<COS (ilJ~ (III 
5F( II =1,\\, (1111.11 H2.1 (l.+Sk) 
IF(~FII).GT.0.~IGOTU q 
IFISFI!).LT.( •• I,I)GOTil 12 
Ct.LL leS1 V( (SLi\;'"il. fJ,fl.5 , O. 10. ,0. ,0. 141 01 ,SFI I) ,PSCOfW , IERI 
DCI'".r,:'34*(Ctllj~/IIF.Jr.:I«(COSIAOS(III/eOS(OI) , 
Y S S ( ! I = Il CI .;. ( C ... ( 1 f.f II ,.. IS) - T j, !'i I A 0 S ( I I I ) * COS ( /./1 S I J I ) ) '" * 2 • * COS I t. Q S I I I ) 

~ **l./ClIS(U',SII ))**3. 
Y TS ( I ) .. Y? S ( I l+ Y S S I I I 
IF( TU5S.I:

'
J •• (·7.1 GOlO B 

YT~CI II=Y1SI!I~rrr"c 
G [) To] 11 

Ii YlSr:(II=YTS(I) 
11 bL~II.\Il( 1+ 11 =ilLPHAI'I( II +1. 

Gil TJ 14 
12 fIRIT!:(t.,lJ) 
II Fnk~AT(II,20X,'(kPO~ IN FORMULATION OF SF(I)') 
1'+ ~iF= I-I 

f;ETUt:N 

SUt.!~IIllTlNf· SUil) 1 
e [ltJ 'HI'II sn I Vi' 11 17, tj I , YP 2 ( 1, , I> I , 5T II 111 ( 21 ,'J ) ,PEL S 15 (j I, 4 I, 

J YPOY?~(I'liJ),SLAIl(lOO) 

ClJrl~iJlfl S 3 I I SIlC~, TCe~, TOSR I liR I RR 
CIJII'1U::/ SI',/I,;i!l, M,t, f. T S,:.. Til 
CI).'~lurl/ 53? I ~l. PIiAi,I :,f1(,) , YHC I 5(0), BElT Al 
COftI-iU:U S:; 31 K, KF 
enr. 'll)'jl S j4/ AL PiW!. ,A7, FE 
e (1;1 ," tJ ~l IS? 5 I p 1 'j 
C,lrl'IUfl/ Sll1/0D5f:,SOU~ 
t ;)M"U'I/ S i '11' K, f Killl 
C·W.:wrIlP1/Ch05 , 111:IK,CtiOf< .• 
U I r; f;l S 1 0" .! Itl~ (~0') ) I E I 5u 0 I ,Y PR I, OCO I I F ( 5u 0 I I AI1f< ( J Ol' ) , Y S KR ,,00 ) I 

YF.( r,;'(d ,I,K( '(Jr.1 
T~F~C"Zl.h.TGS~ •• 2.+3.~b*TOSR •• ql 
:.Li'~CR= 1':'.J?"'Si:C~ +1.2>;) *t.lPHUIl. 
B=b~TTAl.p)N/len. 

/.I=·.~Hl·ClIS(lil 
O~(h2/~1)*~2./(1.t~~1 

t.1J1 = ... L?I'u"! 
A'12~;\U'fOC~ 
/.n:l=;.L?t-iW 
Ar):o= .. LPHUR 

Jo·.=tIElr':)/.~L?!'C,: 17 'K A01 II::<I 
C~Ll jC'"'lLIYi'l,:;r;e~,.3(,,1.1.\),-8U,,-"5.,17,8,1, Ir:. I '1'; 

, . "~Vl (Y?2 .SljCI', .30,1.0IJ,-70.,-4'" .l5,6, l,i!i,I.K,t.,02, L",~ 
C ~L ~ ~ ~ ~; VL ( S T i.1 N, I. i)'t ,-1. (I, I. (\,-7(1. ,- 31' • I 21 , '1,1,21 , I~~,' 1.03 • 1 F~ I, 
C ';L L I ( S 2 v L ([) r: L 51 S , S U CR , • ltv ,I .0,-7(; • I -II n. 131 I 4 , I ,."ll I ~ ~ I AU'i, It;" ) 
e ,L •. n ('I • ('\ 0 0 ,IJ.,'ll,l,O,PSCONO,!t:K) 
CAll ICSIV,L((~~'1~·T"nl·'II'PH·~;i;:2·!(iD2-Mnlll.ITUCR/.21 •• I-B~Tltl/ 
Yi't'Jc,"'(~II.+ tlt: '" '. • 

; AL?hlH:' 
S T ) qr', =: IU + /. ii 5 



241 
21,2 
243 
(',4 
21,5 
241.> 
247 
2~B 
?4<J 
;:50 
2.,1 
2'iZ 
253 
<:;4 
<:55 
2~6 

257 
t!<;ti 
259 
21,0 
261 
i£.2 
2"3 
204 
21:5 
21l1> 
i.67 
268 
21>9 
2"/0 
271 
272 
273 
274 27, 
270 
277 
270 

~7" 
280 
;>Hl 
..'b2 
.:In 
284 
2ij:; 
286 
2d7 
2~;o 

,H'i 
2 'hI 
2'1 ) 
292 
2'13 
2')4 
295 
246 
,-<)7 
29d 
2'1'-1 
3(1u 
3('1 
31'2 
303 
3('4 
30~ 

j('6 
307 
30d 
311'1 
310 
311 
312 
~1 3 
)14 
315 
316 
317 
318 
31'1 
320 

C 
C 
C 
C 
C 

c 
C 
C 
C 
C 

VLPlii,l ( 1 I =f,n H 1-4.2* 5T trIP 
Gil Til 2 

1 \I L P 1it.1 ( 11 ,,'{ L ? HId ( 11 t • 2 
2 [ill luol=l,K 

kItI)( (1=-Ir:rTTiIl-VLi'I1AlII II 
.1!I"R!f\SI!I/'illllR 
Ifl!1 II.lT.-4.iIGOTII 1 

124 

! FlU II • G T .1.0 I GIJ T 11 11 

;.~: ~ ~ ~ ~ i : VI' I Y PU 'fP S ,-4.2,1. I, ,0. ,0. ,Ii. , r.. ,3 (\,1 , ~ I I I ,P SC GIlD, J ER I 

Yi','I) I=H IPY?illu 
f ( ) 1= tJL i' h to 1 I I I*? 1 Nil d f). 

AM~(II=AT~hl(Th~IF(JI I'TAN(EEII/2.1 
o Cf ~. = • (t 3 3" * ( CIHi~ Ilk I R I * I COS (EE I IC 0 S (ll I I 

~ +11f!* (CIHI!?"'~ 11-: H (""/CI10;( H' '1'. 7b 
Y SK!< ( I I =DC fld' (2 • ~ IT ,',I< (F (II I -L~N (E E I 1* CO S (Ahf\ ( I I I I H 2. * (COS (EEl I 

~ * * t • I (C II $ ( A:'. ( I I I I ,'* 3 • 
Y H, (I I =VP;; ( II 'Y5Kk ( II 
IF(TU'if'.i-IJ .. 02IGlITG 7 
YT~f.( I I =YH I 11*T!:F;'C 
GOT 11 1(; 

YT"C( II=YH.IIJ" 
V L i' ii,' 1 ( I>J I =V Li' IIA 11 I I + 1. 
".F= 1-1 
U:T'.J.;~I 

i:NU 

SU'q~titJT III I, SUS2il 
1J1~~riSIU~ ~LP'nS(50nl,S~O(5001,ALP~ORI~nOI,R"n(5t~1 
cn;,'w':/I;~:;I'h;Jt' (,t,:!1 ,VIH/li'(51,21 ,IHallbr:,21 .VWO~:( lOOI .VVOTl1()OI 
Cllrj·'U'IISII/U.,f IhC'<'[, '/t) 

CU:'1'lU:I/SI21T 1 ,;,f 
cn;I:-lli,1/ 51 3/i.'USS, so!: 5 
C'JI';'~(HI/ Sl"ltf-lil,.~112, ATS, HR 
cn:I"Ifj:-jJ 517/[> 
C 1),,\:\0 11/ S18/CnSI<, SUER 
C n:;:It)NI 51 'II ~K, k:<Crll 
COt','lur'/5<J',1 TIll, TOil 
COL :"J ::1 S 2 II Y i'l (.J 7 , ti I , YP 2 I 1, , b I, ST A! ~l( 21 ,'II , Dt: LSI S ( 31 , " I , 

; ypqy,>S (ll)u I, SLAh (1,iO I 
CIH-lW~1/ S.i:UilETT ,\I ,;'L~Ht.I 
CLl:l1~[):1/ S21/T(jC~, SOC S, HiSS, SR, CS 
C l\;nOI-l/ S?" I BL Pli I,ll I 10lll I , YT SC I lOu I , S~ S, N, '~F 
C fill tiitrll 5 :11/5 fJCP. ,1 DC;{ , TlJ Sf.; ,a P., ~R , CP-
C O:·i;11.l ";/S:J? I VL ?It/tl ( ,(lb I , YH C ( 500 I , Ill: TT f, J 
C iii', :hWI $.3 31 K, ,:F 
C 11 r. ,., li I, I S 3 41 ,~l. ? HI, 2 , t. 2 , E!: 
errol'IONI 5551 i' 1 ~j 
CfJ/','Hj:I/Il':i61 ,,-p ... , 'J, tol ?i'.IJG, SLOSS.i' I, CP 
crl;Jl~li:1/ S77/GI..;'.~ 

CO:,'\il:I/S-,li/ViPJI lUll I ,VRGI100I 
C O;'1:1Iifl/ Cll/Od:.i' (50')) ,OPOP ('5001, OVOTl5li(ll ,ORIWI 5001, aUT AP I jOl'1 
cn~~u~/CI~/WK(100"H(50nlJl 
CO/lP\O;I/Cj 3/G,ltl ,fl2,PUS,I13,H4,IHI 
cn:wufI/C2':i1 TiillA T 
ClIMMn~/E13/EHilhH 
co;,'.;:';':1 £:14/5 I 'ICf~E 
LOG IC,\L G ,1il .H:! ,''us ,H1,1I4,Hc.H7 ,Ha,H" ,HlO,Hll 

I I"" 
JJ=I) 
KK~1 

LL=f) 
. pUS=.!'/,lSf. 

c,=. FALS 1: •. 
HJ=:' 
lit'>=G 
H7=(; 
i!(j:1j 

H)(·=G 
1111 =G 
K,q lu·1=[f',Pf,1t 



321 
32l 
3;» 
32', 
32:'> 
3:'h 
327 
32b 
329 
:!3o 
331 
332 
333 
3H 
33, 
330 
:B7 
3311 
339 
340 
341 

C 
C 
C 
C 
C 

C 
C 
C 
C 
C 

C 
C 

C 
C 
C 
C 

CI.Ll. SU!l1l1.,.\LPJ.05,SIIOI 
CALL SUUI12.,LLrAOR,~~OI 

Sl~lS~ LOSS VS. OUTLET ~NGLES 

f.t.LI. SU£l2 

H,,"_' GU;:SS f:~lTG~ OUTL!:T MIGLE FROM TH!: START _*HO 

I~ /.=·\C OS I orJS ... I 
ALPH.l.2"-1.17';'.li.*1IlO./PIN+12.<'9-4.*SCER 

ALPAUG"-1.17.aCOSIOUSSI·18D./PIN+1~.5e-4.·SOES 
lJ SLIJSS"t.L?hGG 

(hLL ICSIVUIYTSC,PLPHtO,KF,l,SLOSS,H,IlRI 
ST/.LfJS"SLU~S 
~:T:';):;"Gh'·.I, 

* •• 0 Fl~D MAX. ~UN-Dli. FLOW THROUGH SlATOR to.t 

125 

:H2 
343 
344 
345 
~<'b 

3"7 
3411 

C~LL IC52V~(VWTLP,SLUSS,O.,l.,l.333,l.3963,51,2,l,51,WK,WTAPS.IF~) 
.\Xr-L"i.T/d'S . 

3"9 C 
350 C 
351 ~e"ALPAUG.PIN/ldU. 
352 :·,fl= ~.:m*C05 I HI: I 
353 Gn TO i9u 
3')', C 
35:> 275 RAT IO"I=RAT Iilt,-. ,15 
3~6 Gq TO 29~ 

357 C 
35<1 C 
359 230 RATIO!1=RATlflr~-SIfjCfd: 

3hO 290 1~U~T"RA1IO~*Pi/SCRTITII 
jl>1 R!:R.\1"TlHH.r.;.sr,,,TIT11/I;'O*PII 
362 iHl.1 S= "I'~::' T I ;':H P S 
363 ~ 
364 C 
!65 C * ••• CHECK IHL~T MASS FLO" TO STATOR ••• 0 
366 C 
367 C 
36d I FI Ilt1l1S .CT .1. I Ttlfrj 
36'1 1 I=-) I +1 
370 GO T3 275 
371 E N:i IF 
372 C 
373 C 
374 C 
37; C 
370 IFIGl GO TO 325 
377 30U 1l0PCS"GM,f, 
3 7 a U. L LIe 5::' 'I ( I Y:;U p , 5 Ul S S I (). ,1. , 1 • 33 '3 , 1 • 3'1 63 , 5 1 , 2 , ) • c; 1 • W K , W (J pes, Ii ~ I 
379 CALL IC51\'£ 1'/l-iu:i,('.,l.,O.,O.,O •• O •• 51,1·,wO:-.s,pscorW,lft<:1 
380 W8;~S·~C?CS*~O~S;?1 
381 pn·PI-~GhGS 
3ill RI·~k·\1 (\. T,,;[1.\ HSURl I T I I II AO OPO I 
;t; 3 C 
3-14 C 
305 C *0** ChECK CIiOKE (li'< STATOR * ... .,.. 
31\6 C 
387 C 
3dd Wl·A~SIRMrATU/~T~PS~l.1 
3H1 IFI~l.GT •• OIIGO .TO 33~ 
390 G=.TRUE. 
391 !FILL.fiL(!) GO Tf, 324 
3q2 SHAXFL"RtTlnrt 
3q] 3~" GO Tn 331 
3"" 325 lta".F~LSt'. 
395 U.LL C:ttOKfISLOSS,Pl,Tl,AO,.\NO,,,LPIiA(\,S/-ln,RATIOfl,pn.vo) 
3'10 IFIPLJS.Dfc.H2I SlUt' 
3q7 AGi,~io'l"S /·i. 
3q8 /. G:.~:."t.LI'HI,J\ 
399 (,0 TU .3 ;'(, 
<,00 C 



126 

"Ol C 
"n2 C *0 •• CHrCK nUTL~T MASS FLOW FROM ST~TO~ **.* 
't(n C 
,,114 C 
'o{l? 31(. IFI":1'1.J..To.GT.HTAPSI THE:N 
,,00 JJ=JJ+l 
'0117 III FF IOf;=i.-II. Tl.PS/R:·IRI.TI)) 
'oO~ R~TIOh=R6TIOM-Olrf(K 

"01 GU 10 2~0 
"Iv EIIll 1 F 
I,ll C 
"12 C 
413 331 SKu=aMR'10 
'0 J 4 CAL L J C 5 1 VU I lJ RII'l, fj" T .. P, 5u tl , S 110, H tl F R I 
"15 vnT~-5HO 
'lIb CALL lCSlV[«(,'/(!T,.OZ,I.2,O.,G.,O.,O.,6u,I,VOTO,i'SCUNO,IFkl 
417 VrL:"lC!=VOTO I 

"Ul :.Li'H"O-Sr';(j 
"19 C.\LL ICSIVUI/ •. LPAOS,SI-iO,IlF,I,ALPIiAO,Il,J[·RJ 
"70 C 
'on C 
422 OIFFl=ABSlhLPAOG-ALPHAOI 
423 IFIDIFFl.LT •• lIGOTO 7 
"24 "LPAOG=t.LPIt.~C 
'075 G=.F~LSE. 

'o~b GO TO & 
427 7 vn=VOTO.SC~TITII 
'026 C 
"Z'1 C 
"3U C 000* ST~kT C6LCULATIOhS ON ROTOR GAS CGHDITIONS **0. 
I'.n C 
"32 C 
"33 3?b Cr.·~L?Hr~*PIN/IRU. 
'034 VAl=VOOCGSICCI 
'o3!> nO=f.T~.NIIIJ/VAII-TMlICCII 
43 b f. L P ili\ 1 "0[; *1 il u .1 i' 1 : r 
"37 VI-VAI/caSlnUI 
"31i Tl;Tl-IV,,**·2.*II.-ICUS(CCI/COSIODII**2.1/12.*CPII 
"39 T2= Tl ' 
""0 P l;PL. I TlIT II HI GMIAI I GArito-I. II 
4'tl IHIl71 GJ TO 1125 
442 1 EF=ALPHAztPIN/180. 
'0'03 f2=AN2'COSIEfl 
'044 C 
'0'05 C 
'0"6 C *00. GlN~FATE hnlO~ LOSS VS. INCIGfNCE A~GLE **.* 
t,I,7 C 
1048 C 
""'1 CALL SU031 
4~U 2 FLuSS=ALPHAl 
4."l C.'-LL JCSIVUI YTi-.C, VL:>lihl ,KF, 1, RLOSS ,ft,IEP I 
'052 C 
453 C 
"5" IrIHR.IJI .• l('J) GO 111 2600 
"55 i< t, T 1" II" 1-: j •. T 1 ;;t, + • '/? 
'056 GO TO 2'111 

'o~d C 
'05'1 210(1(. r,t1TL:Js"kI.05S 
46U HT~P~=GAMA 

41:1 C 
'o1l2 C 
"&3 C •••• FI~D MIX. ~GH-nI~. FLOW THROUGH ROTOR .*~. 
'01->'0 C *",*/.S f. FU~jC T1.01~ CF lIICIOEtICF*('* 
,,1l5 C 
'obb C 
4117 'C'LL ICS2VEIVHTAP,RLGSS,O.,l.,i.333,1.3963,5l,2,I,?I,WK,~ThPkilr~) 

c 
C 
C 
C 
C 

C 

~~G\:c:L=Hll rp. 
Ir-lfi!.) Gb Tn 87.5 

•• ". r.IiHK !I'U T r':ASS FLOH TO ROTOR *HO 

.:O:I1.:~ I T I~C· q .. s (]f' T 111 )1 IA2~P lll/;-/TAPR 
1 FI ::lhrR.GT .l. IT 01[:·1 
KK=;(K+l 
G'j TU 27';; 
E t-jf, IF 
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"tl1 C 
""2 8np CALL ICS1V[IVNil~,O.,1.,O.,U.,O.,O.,51,I,WnWR,PSCON~,I(RI 

"83 ~OPC~=GA~' 
"tl4 C.\LL ICS2VEIV:H,P,f.:UJ5S,O.,1.,1.333,1.'39t3,5),2,),'H,WK,WOPCR,lERI 
~&5 ~a~Rk=~QwR.WOPCA{P1 

"rib P2=~1-WR;RR 
~Cl7 RI\ilJl')"'ThDAT*S()RTITlI/I/l2(;PlI 
"lid R~·,Kn2=TIHl/.I*~';;KTIIZI/IA2*P21 
~a'l C· 
,,90 C. 
"~1 C .*.0 CHFCK CHOKE ON ROTON •••• 
"'i2 C 
,,93 C 
"94 W2·A~SIRHR.T2/dTA~k-l.1 
"95 IFI,IZ.GL.l!ll G;) lG !nu 
"'I/) H1=.T':UE. 
'197 GO TO 63i 
'1~8 825 H8=.T~ur. 
"9'1 ULL Clln,([,(Rlf1SS,Pl.T2.1,2,AtI2,ALPHJ.2,Rn2,RATIO~ltPZ,V21 
5no IFI~U5.0~.H21 51G~ 

~n1 Gn TO Bl~ 
50,! C 
503 C 
50" C 
;05 C 
51)/) COHO r:ltr:o, ilvTU-T ~\4SS FLO\1 FROM ROTOR h** 
~>l)7 C 
5')tj B lu I F I 'Hlt(l T? GT.:n :.?i< I 1 tiEf4 
~n9 LL=LLil 
~lh DIFF~S=1.-I~TA~~/k~RAT21 
511 RATlnM=R'TID~-DlrFE~ 

~12 G=.F~LSF. 
513 GO TU 2'10 
51" ~N~ I~ 

515 C 
516 C 
517 531 F.fll=id·ikAll 
513 RH2=~M~AT? 
51'1 C /. L L 1 C 5 I V II I 0 !H;ti, I)"; T A? , 50 , 1 , R M 1 , H tl E R I 
520 C/LL I<"SlVUIIJRlir"Il\·iT,\;>,5v,1,Ri'12,h.1I:,~1 

521 ALP.2r:·~~2 
:;72 C/.LL ILSlVlIlI.LPf.O t ,>!liO,t:F,l ,ALP"2C,H, I[RI 
~23 C 
~:?'t C 
525 UIFF2=A~SIALrHA2-ALPA2CI 
52/) IFI'llf'F2.Ll .. 21 GO TIl 12 
~27 I.Li'II:.?,="LP,'.2C 
52S til=.F.\LSt:. 
52') GO Ttl 1 
53u l? vnT2=~H2 
~:il CJlLL ICSIVt:lfWIlT,.iJ?,1.2,n.,u.,o.,O.,(;1l,1,VGT2,PSCIJ,.O,II'J..) 
~ 32 V 2 = V f' T 2 * 5 <. f: TI T .?I 
533 0;>1> GG=t'LPIlA2"Plr'/li!il. 
~)4 vl.l='I29((iS(GG) 
~J5 1111= ,'.T ~.~H I U/VA21 -T t.1I1GGII 
~3b t.Li'H;.J"Ht1~13\:./f'IH 
~37 T3-T2-V200Z.II1.-ICOSIGGI/COSIHHII**Z.I/IZ.*CPI 
~3cs P'l=??"'! 131121 *¢ I'~H\'\/ IGMi"-l.1 I 
~N [TJI,-I!II-T3l/Tll/ll.-IP'3/Pll**IIGMi /,-l.IIGAI1,,11 

C 
C 
C 
C 
C 

5"~ SHIV·TI 
546 ~OMU=T~ 
547 EnST-Ti 
~~H ~nk0=T2 

C"LCUU.He STAGE ~iEf.r1 REYNOLDS r/ut'lIER 1*** 

5"~ C~LL IC51VlIV~U,lou.,25n0.,n.,o.,0.,U.,3'1,1,STMU,P5COND,lERI 
~5u CALL lCSlVlIVMU,IOu.,25r~.,n.,0.,o.,U.,3~,1,~nhU,PSCG~U,lE~I 
!lSI C.~Ll. ICSJ'/[IYRll,H·u.,2:;,OO.,O.,o.,<,.,o.,3'1,I,ROST,PSCOM:;,lE1<1 
~ 5 2 C ,~L L I C S 1 V E i .,. R 11 , te· (l • , 25 (; Ii. , .1. ,U • , n. , l' • , J it , 1 ,,, m: 0 , ,. $ cur; 0 ,IE k I 
5~3 ~ENST=CS'V~'~O~T.I000nu./STHU 
55" fi EIl.,lI =C f<* V2 *1.: iIi-; 1)* ]0f10flll.1 iW~ilJ 
555 .,Ei>!\=Ii<.EHST+flErifllJl12. 
=56 C 
557. C 
55:! C 
559 ~T;,C=l.-1 Il.-[J:.I/I If:FrH!/2000 00.1*·1.2111 
:60 A3=1.1I2*ClI$II~111 



VOT3=TMCiT.S0~TIT31/1~3'P31 
l<!-i3=G ft.;.;" 

128 

C'LL ICS~VlI~MN,VUT1,n.,.395,l.133,l.39t3,bO,2,J,~U,W~,PM3,J~RI 
iF(Jt~.£:Q.J2'1) GO TiJ I(jOl . 
CfLl. lCSJlIllV vor,v.,./"n.,o.,0.,u.,f10,l,VnTl,PSCO'l[I,lfRI 
IFI ltR.H ... 12·j) :;u Tn 11,(11 

C 
C 
C 
C 

V)=vilT3('SCkT I fj I 

1001 Rl~=-(6E1TA1-fLPH'11 
*"'" ROTOR HICIDENCE=' ,PIN 

574 C 
!:7'> C 
~76 ... ·111 1(.,~)ST"'Ll)S,t:fJTUI~ 
':177 I, Fll;;·:!-.rlliln,?nx,'~r".Hlf.; T01/.L LOSS Cllf-FFICIrhT, LISI=',Flv.IJ'/,15 
:,71l ,;'X,:.71'*'I,III,Z\lX,'ROTDR TuTAL LOSS COErIClENT, LlRI=',FlO.&,I,15 
~7~ #X,57('~'),;jl/l) 

~!30 !I~~ITt:lb,?1 

,al ~ F'H;~'i\TI///'~'JX,"'7('*'I,/,50X,'*'t4X,'hlJSOLUH STI.TOR nUTLF.T GhS co 
5 Ell ~ ~i1l1 Tl m; 5 ' , I, X, ''I' ' , I , 5 t- >: , ',7 ( , "" I , /l 
5d3 H~ll~(b,ti) 

5tl4 Il FOf.:i~ATI//lI,5,>(,'lJlJTLET GAS ANr.LE',4X,'lIUTLET GAS ?ld:SSURt',oX,'OUT 
~~5 ilL!: 1 Gf.S lI .. IlPt;>hTU;'l',·/X,'nUTLET G.\S ·HL()CITY',~X,'(IIJTLlT -Is.CH I,UIB 
;tib ~[Ii' 01/1 
587 ,:on H 1(.,'}llILPH"O,f'\),TI,VO,S",Q 
~A/j 9 FIlRIil\TI/,7X,f:lu.t..ol6X,F7.3,17X,F'J.4,lb;(,F10.5,11X,FIO.b ,1111 
:; 69 1."'1 rr. I I>,t:; I . 
!;9u 13 FO"·'f.TI/,4~X,oOI'*'I,/,45X,'~',4X,'!f:U:T E OUTLFT (;1,S COI'lOlTIONS 
~91 U"fL!,TIVi: TO f:(IT'H:I',~X,'~',/,~5X,"(,I'*'),5(/I,5X,'INLET GAS J.IIGLE' 
5Q2 ~,7x,'lHL[T GAS ~RrSSU~L',7x,'INLET G~S TEMPERAT~R~',7X,'I~LET VfLO 
593 #ClTY' .lUX,' Jrii.CT ~:AC;1l IjU~iBE"''//1 
5'14 wklH'It.,141 ALPlif.l,Pl,Tl,Vl,RMl 
595 14 FOPr:.\TCII,7X,F10.t;,lbX,f7.3,171.,F9.4,lbX,F10.5,llx,F10.bl 
;9b WRITEC~,~01 

'.;97 ~o FDi{I\~T!/lII,~·<,'nUTUT GI.S f.tIGU:',4X,'Ol:TLET Gj.S ?RfSSURE',hX,'(1UT 
59& ~L~T GIS 1rMPlRATUR~',7X,'OUTLET GAS VELOCITY' ,4X,'uUTLET H~CH NUMB 
5'19 =!:q',//l 
bOO Hk1Tt16,lf.1 ALPHI.2,i'2,T2,V2,R"'2 
t; .11 16 F f);': ;-:;, T I I , 7 X , F 1''\ • b , 1 () 1. , F 7. 3, 1 7 X , F 9 • 4 , 1 0> ,F HI • 5 , 11 X , F 1. 0 • b , I II I 
602 W~ITl(L,161 

603 1b fO~~~TIIII,45(,601'.' 1",~5X,'O',4X,'A&SOLUT[ GIS COhDITIOhS AT IN 
tll4 nLET TO TIlE 1-IEx1 STAGL',4X,'*',/,45X,bO('q'I,11I . 
(05 IIP.IH:It.,zol 
Wb 20 FOK"I\TII15X,'WLET GAS AtlGLE',7X,'INLET G~S i'RESSU;';E',7X,'INLET GI 
V,17 liS Tfil;>U{/.llJ;:'L:',7X,'Ii,LET V[LOCITY',J.)X,'IIRET I'I,~CH NUMBfR',//I 
tOil 1-11-:1 Tt (b,l')) ALi'ilh3';> 3, T3,V3, RIB 
1;09 19 FOH:I.\T!/,7X,FIlJ.b,lhX,F7.3,17X,F9.4,loX,FIO.5,llX,F]u. btl/) 
LlO '·:I{ITUf.,~) '** Ut,CU1H~ECTEO EFFICIFI;CY" ',ETA 
L11 Hf=.IT!:lb,171 ErAe 
b12 17 FOIi.'1,~TIIII,3'1(,dll'*'I",39X,''''',4X,'THF EFFICIENCY OF Hi!: STAGF A 
1.;13 ~3 CI'/f'11 l:Y U.:i IS FlI"STAGFI=',Flu.e,"X,'*'",~'iX,81('''''),/11I 
1:14 ~R~TIO:P3/PI 
(:15 i:RiTElt>,2(·l/fl\ il. .... 1IO:I,;>.ITIU 
db 21,00 FO.df.TI5I/1,1I1X,':,<u:l-OPilNSlONAL M,1.SS FLOW',5X,'.:*~ORJ(Tl)/PI',2X, 
t 1 7 J' = I • ~ lO • 7,/ I , I..) X, 'u '/f Kt. LL P F.E: S S 1jJ" r '<'1. Tl G' • 12X , ' P 3/1' I ' , ~ x, , = , , F 1. ~. 7 
bId ~,II) 

1:1'1 C 
1:20 C 
ell C 
t22 C 
U3 
624 
t-25 C 
t?b C 

IFCt13.ANO.It'i1 Gn TU 5000 
IF(lthl GO TO bOul 

t,n IflGI THrtl 
(~8 U~ITl(b,3201 SMAXFL 
1.;2'1 32(- F')f:n;.TlII,loX,'Tt1;: ilt.)(}!·UM NWI-Dlt'.l:f!SIUNAL FlOIi IIIlICIi PASStS HIROIJ 
I: 3 0 ~ G H 1: II SST /, T lJ I, J S [, :)U ,', L T []' , 5 X, F 1 (\. -, , II I 
631 iib=.T!<ur. 
/:32 l::~) Ir: 
t:]; C 
b3.. C 
r.1; M'Ol 1 FI 1171 GC! TO "/ull1 
e3b C 
07 C 
t3d IFIIU) THHl 
t39 ~RIT~(h,d2UI PATlOR 
t4lJ il2i) FO:-::",:,TlII,lIlX,'THr .1:,XlI:Ull NOIl-OINENSIONA·L !lASS FLUW :~HICH P:"SSf-S 



644 C 
1;45 C 

#TtH:(,lIGIi TillS RUTOR 15 E(;UilL TO',5X,FICl.7 , 1/) 
H7=.TRur. 
U,IJ IF ' 

i:~6 7('0(11 IF(l19)GO TI.I BOOl 
1;47 C 
1;48 C 

IFIll)) THEil 
~RIT~16,7002) PRATIO 
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1;',9 
b5(; 
t:51 
652 
653 
(;54 

7un? FORIl:.TII/,l0X,'STATilk IHOI U EXCEEOS UHITY AT PRESSURE RATIO= 
~, 12 x,f' H'. 7. II ) 

1I'}=.TC!llE. 
H!!:J IF 

1;'55 C 
t'il> C 
t~7 80tH IF(f-Il(l) GO TO 'iOOl 
L5tl C 
65') C 
660 I F I II") THF:I 
1;61 WRIT~(6,eOo2IPkATIU 

1;1,2 8(102 FOf,.11,1T1 II,lO'll'. I' f!lJTOP, a:.r.tI n EXCFEDS Ulil TY bE'YotlO Pf..f5SURE RAT 10= • 
1;63 #,2X,Flv.7,111 
6{,I, 1110=. T~UE. 
1;1>5 ~HU IF 
(,611 C 
t67 C 
1;63 9('01 11:1 HllI. U".It'll GO TU :,"0(1 
1;69 C 
670 C 
1;71 IFI (t16.,"ID.H71.A~W. ISi1AXFL.Gl.!{ATllJi~l) 1HHI 
(72 G=.F~LSf. 

/;73 Gil TO b 
674 lND IF 
(;75 C 
t76 C 
1;77 IFIH7) GO Tn b 
1;71J C 
679 C 
LIlO IFIGI GO Til 12':) 
un C 
/"32 C 
I;,'i] IFIIII.tll.O).nR.IKK.r:[.O)) THF:N 
684 RATlu~·"/TIOht.n2 

6fj5 GO TO 291) 
I;tl6 PHI IF 
t<J7 C 
tilS C 
fR') RhrJU"·R~TlnH •• 5 
69u GO 11.1 h 
t91 500G f:[TUr~'1 

tl 'J2 l:':!1 
1;<)3 C 
b<J4 C 
1;<)5 C 
t9b C 
1;97 C 
t9!l S<J,\;i.UUll fiE CHLKf: I L OS 5, pr" HI, MI ,.:>.IiN, .\LP t.NC, MACtl, idT I O!'(, PI., V~ I 
(;<)9 cr!i-\'HJ·I/Cll/1:.:,:r.;PI~,,;nl,C:POPI5tl(J1 ,O'l(1T1500) lliRt:l115v(l) ,0..,1/.1'(500) 
7')iJ CJil"'t)'il CI 7 nu I 1 f),. I I'll ';\~folll 
71'll UI:i:·iU'11 Cl 31 G I HI ,tlZ I PUS, lil, tl~ I H8 
7()2 CO.·l';G",SrUG.!.";,. 
lh] Cn~~U"/S~~/PIN 
704 Cll.,jlW'IIU5ITV,[);.T 
705 i<tl'.L L05S,~;.~Cd,N.nA?,!IVOTN 
71'i. L')G H./L G,II1-, 1.7 ,1U,li'1 ,P(;S ,H3 
707 f\.\CH=:':/;CI,·.1 
1'1:; 
/t)'j 

711) 
711 
'112 
71:1 

71 '. 
115 
716 
'117 
7lo 
719 
i?U 

c 
C 

C 
C 

I F I ',1/. C H • G T • I • 21 HH:~; 

i'IJS=.TiWi;. 
Gil ru '! 
t ::i) IF 

1"lIt).[JR.H")(;lJ Tf! 1 
I F ( ! ;j, ell. G 1 • 1.) G D 1 n ~; 

N.n',i' =ht..CH 
(. f.L LIe ~ 1 vI: ( 0 AT .\f' I • 0 Z 11.2 n. o •• 0. ,(1. 10. 160,1 ,Inn f. P,P 5 COI~ D, It:: k I 
i' us '.1i":= f1.~ ell 



721 
722 
723 
n4 
72:> 
126 
1;'1 
776 
7?'} 
731> 
731 
D2' 
733 
734 
735 
73b 
737 
73il 
739 
740 
7"1 
7"2. 
743 
7"4 
74'j 
746 
741 
7"13 
749 
7~U 
7,1 
752 
7!i3 
7'>4 

756 
757 
755 
759 
lou 
7f,l 
nz 
7h.3 
7M 
76':> 
nb 
767 
71>8 
71,Q 

77u 
771 
772-
773 
77', 
775 
776 
H7 
Hd 
779 
idli 
7111 
71:2 
763 
7fjL, 
785 
78& 
737 
711d 
7il'} 
7<)0 
7'H 
7'12 
793 
794 
7')5 
7% 
7<)7 
796 
7'1'1 
efJO 
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C fL Lie S 1 'If:. I 1);>lJ P, • (J?, 1 • 20 ,0. ,0 •• 0. ,0. , (,() • 1 • Ptl SOPIl , P S COl< O. J E R ) 
tlVO TlI=;·,I.(11 

C 
C 

c 
( 

c 
c 
C 
C 
C 

C I;L I. I C S 1 V~ 10 VI, T , • (I,?, 1.20,0. , O •• 0. , n. ,60, 1 , '.v OT II, P S CorH) , I E" ) 
'if.l.;i'tl=LOSS¥ I 1.-PIISU?tl) . 
~'HH;P;'l;;(,rlGi'f:1 (1. +· .. ;~UPN) 
i' I;~ "'1-" llO P 1',*;> i'i 
MIC" ( 1./I,i'T .\1' I') Trl().~ T* ~CRT I T H Iii' N 
tIRIT,.(6,TI ' **1, CORJ..ECHO BLhUE OUTLfT ANGLE "',I,I;'C 
F I' " /, C tJ S ( :, n elf.':; /-: I 
~LPA~C=-(FF.1RU./Pl~1 
V!I=;I'/I1H,*SCf<l(T,l) 
GO Ta <j 

:) IFI .!.I1T.titl THl'~' 
H3=.TRUf. 
I, ',Cit" 1. 
GO TO 1 
I LS I: 
Ii 4" • TRUf. 
h!.Crt= 1. 
Gn TO 1 
l'tW 1 F 

q t<.[ T U,:I-I 
! ':il 

C SlJ~~'[J\JlP;f_ ICSIV!: (F,!.,P.,Ul,lll.Ut.,or"N,I-"G,PSCONO,IERI 
C 
C-lCS1~f-~------S-------Llu~ARY Z---------------------------------------
C 
C FUNCT!U~ - CUBIC SPLINE O"E~OlrENSJO"hL I~TEFPOL.TIO" -
C ECU/LLY SPACfD 11.\Tt. 
C US~G~ - CALL ICS1VE(F,A,ti,Ul,01, 
C U~.O~,N,H,G,PSCO~D,IER) 
C - i'~rMifTn S I' - VECTOR OF N EQUALLY S?t.ClO 
C FU~CTIONAL VAlurS F(11,1'(2), ••• , 
C f(ld, WHERE F(ll IS THl 
C FlJ:iCT lONAL VALUE ~T 
C X"A+(I-l)*1t l.tH) Il"IB":I.)/(t~-I) 
C A - VALUE OF THE AeSCI~SA FOR FIll 
C ~ 'j V.\LUI: UF Tltf ~uSCISSA FOI( Fltt! 
C U1 - ~IIUIHj.\kY RELATED PIII<Mll:HR 
C ISLE ELEMEIIT DOCUNE/HATIfW) 
C 01 - 8GUh06RY RELATED PARAMETER 
C (SlE ELEMFUT DDCU~ENTATIOh) 
C UN - bOUhDAkY RELATED PARAH~T~R 
C ISEE rLEMEhT ODCU~ENTATION) 
C Dt. - bOU:iOAkY RELATEO PJ.R/.!1l TER 
C (SEE ELEMENT oocurENTATIOM) 
C Ii - I,l/IIRER OF OATf. PUlI,TS 
C ~ - NUhBER OF ANSM[RS SOUGHT 
C G HCTOk GIl),GI2) ..... G!I·) OF AnSwERS 
C 1!lItR[ Gil) IS 111[ l-TH f.BSC)SSA 
C UPON ErHRY AI1D TilE I-TH 
C O~DI~ATE UPON COMPLETION. 
C PSCDND - P5EU~O CUNDITIDII NUK6fR Fn~ aOUNDARY 
C P/'R~l\nE~S. PSCOt;D.GT.1.f:5 
C 1IIOICATES VALlll:S R[TURNED IN G( I) 
C ~'Y BE lJNRELIA~L[. 
C I~q - iRkOk PARARETER 
C Tf",1lt1AL FRRlJR = 128+t/ 
C I, = 1 ItWICAHS GIll NOT IN lIH!RVAL IA,~) 
C FOf.:, 50;-\E 1;1,2, ... ,~1 
C II = 2 INDIChl[~ UI;JtiUE SULUTION I-IOT POSSIBLE 
C FOR GlVFN ~nU"GhRY VALUES 
C PRECISion - S JlIGLF. 
C R[O'lJ IIISL P.OIITINt:S - un;rST 
C LANGU~GF - FORlkAN 

C-------------------~---------------------------------------------------
C LATf5T RfVl510H - FFBRUAkY 3,1971 
c 

SUfl~OUT INC IC'ilVE (I' .A,B,Ul ,Ol,U!,I,OII,t,,~i,G,pSCm~o, IERI 
C 

o I 1~r.r~S I G:l FIl),G(}1 



C 

[OUIVAL£:/;CE 
Rf.';..l. 
Of, T'\ 
1(,;< "u 
1/" 1 13-.\ I /l1l-1.I 
Lt.j'.~:;Lt,~!*';' 1 /;-11 

GMI"!' I 11 
T AU=F (/, I 

Od !' I" 2 I~; 
J='H-! 
GI,'I=G.U'OLAM+f( II 
T/,ll=T;.LJ*LMI+ FIJI 

~ Cll'IT ltlUi:. 
GAtt:::;. ?G/\··j 
TAU=J.*T.dJ 
C 1= I.. -l'J *u.r' 
C T = 1 • -u 11 Lt, "1 
C?·Cl *U.;;i: 

I! DET I OET! 
lj. tl, LI.,!tI 
SJ,L&K/I.7320508.-.2~79~9191 

CALCULAT[ LAM AND TAU 

tJ(l1 
S02 
81)] 

dl)~ 

b05 
'=''''D 
t:07 
f:/ii3 
c09 
HI) 
1:11 
biZ 
1:13 
HI, 
1'15 
ell. 
t:l7 
tlJ 
IlI'I 
b20 
all 
822 
en 

C3=Ol*H/12.*Sll'ICTQTAU-S3*(ll.+b •• YlI9FIII-UltFIZIIIIH 
C T"!. -Uf,/ Lj.H 
C~=CT*LM.r, 

,,2'0 C5=1.-IHHL .. rl 
6~5 C b= Dr: *1,/12. * S::II + I C T I;GM1-S 3'" I 11. +b. turr I '" F 1 tll-UI'I* F 1 [I-II I I/H 
b2h OEl·Cl.C~-C2.C4 

627 IF (IO~T.£Q.'" GO Tll 5~ 
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e21! C CALCLJUorr- IlOUNGt.RY i' flkAMETERS Bl IbN 
e29 ~1=IC2.Ct-C1.C51/0[T 
tlu a~·ICI*Cb-C40C~I/D[T 
e31 C CALCUL&TF PSCONO 
el2 Cl=ASSIC11 
633 C2=~~SIC21 
834 C4~htlSIC41 
C); C5=A~SIC;1 

83b PSCilllil=A:~fXllCl,C2,C4.C5I/1..BSIDETI 
637 K?·O 
83d H2"'l-1 
839 C CALCUUTE GI II .:) 
e40 ;);) 50 I"l,:~ 

841 ;<1 =/. 
1!42 IFIGIlI.LT.AI G8 TO 15 
!l't) [)U II' J~I. ,1';2 
1!4'o XI=xl'h 
845 IHGII).C.I.XI) GO TO 10 
1:41) Ii" J 
1147 (.0 lLJ 2n 
cr.1I 10 LllIn lilUr: 
649 1i'IGll).GT.t!) GO TO 15 
t3~t) K;; N2 
t!51 Gn TO 2v 
1l~2 t!> ILR"129 
1:53 Gil T!I 'JIJI)() 

CS't 2', X~(GI)I-U,+(;{-1I/;h))1t1 

~55 IHO<.[(),P<Pl GO III 45 
6,1> CI.:I,,";:'II) 
tl57 
1:5" 
i:5'1 
bhl 
col 
t:b2 
fib) 
dt.4 
IJb5 
I3hh 
db7 
~6d 

!:b'J 
t71) 
e7l 
1:'12 
!J73 
'IJ'14 
1l7':) 
'lJ7/) 

677 
£:78 
1:7'1 
cFO 

2:' 
30 

35 
Itt, 

1,5 

:ii'I 

55 
9UO(] 

1 

)fIK.Lr.JI c,!l I,) 3·1 
[)II ?!> J"2,K 
r;trlo<"r,"'\K ~L ,Ill' F 1 J I 
C (JUT I 'HI!: 

Kl. =l;-K 

lJU :15 J=2,t(J 
J J=lll-J 
lALJK=ThLJK*LftM+FIJJI 
C.lI:~Tl'lUE 

G;, 1,I\:oJ. ~ (;,.."0< 
T:.U;{=3.QAUK 
~? =i\ 
T(=ll,-ILA~.2.).X9ILAM+I.I*X*X)*X 

Y=l.-X 
TY"ll,-(L&1.~.I.Y+ILAK+l.I*Y*VJ*Y 
GIl) ~Gt.I,~<-TX'1 f.llO<"n+F 11\ ,*V**3+F II\+lI*X**:;'+tll*H*TX*LAM**rr<-11 

- [::.o/lo;.T y* LI<'·'. * 1 N-K-l.l 
CilllT l!!UI: 

GO TI} (HH'~ 

If-f:=13l1 

CO'rTltIllE 
U-lL UlRTST/I':f:,'ICSIV! 'I 
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6B1 9UO~ RfTU~N 

Ba2 um 
eu) C 
liB:, C 
B05 C 
811t. C 
8117 C 
t d ti C S I) I: r· JI.JT H: r: I C 5 2 'H C F , X 0 , A ,Il , C ,0 , I , J , I·J tI F , W K , Y ,I £ fI I 
t:!39 C 
29u C~ICS2vr--------5-------LIORARY 2---------------------~-----------------
En C 
1:92 C FUIICT IrJt~ - b ICUti IC SPL INE TtlO-GItlENS IONAL INTERPOLATOR. -' 
6q3 C EQUALLY SPACEO DATA 
694 C USAGF - CALL ICS2VE(F,Xn,A,B,c,0,I,J,N,IF,WK,Y,I~RI 

6<J5 C P.l.RA!·'llTkS F - ht.TRIX Of 19J FUilCTIONAL vt.LUF:S FI1,1I,F(2,1I, 
1196 C F(),1I, ••• ,FC1,2I, ••• ,FII,JI. THE VALlj~ 
89"1 C FlI1,JlJ IS litE H.!tlCTIONAL Vt.LUE AT X(llI, 
€9d C YIJ11 WHERE XII1I=A.(11-1)*H~,YIJlJ.C.(Jl-11 
899 C .HY, HX=IB-AI/II-l', AND HY=IO-CI/IJ-ll 
900 C XI) - X-DIRECT lOll AIlSCISSA FOR HHICH l1HERPOU·TES 
'1n1 C loRE SOUGHT 
902 C A - LOHER LIMIT OF THE INTERVAL IA,BI 
'10) C il' - UI'?ER 1.111lT OF Til!' INHRVI;L ("Ill 
'i04 C C - LOII!:R Lll1IT UF TilE INTERVAL IC,OI 
'W5 C 0 - UPPER LH1JT UF TilE WHRVAL IC,!ll 
<Jflb C I - r;UNBER OF MESH POlldS If'; THE FIRST COOROINAtH, 
'1'11 ex, 01 fit crrON 
'106 C J - l,uriBER OF MESH PllI!,TS IN Tllr- Sl:Cmw COORUlIJt.NT 
'i0'l C Y, DIKEClIOtl 
910 C N - NUM~ER OF IhTEkPOLATEO VALUES DESIRED 
911 C IF - FlkST D111E'ilSlliN uF F II'l CALLING PROGkAM 
912 C WK - ~8R~ AREA UF DIMENSION J 
913 C Y - YfCTUR YIlI,YI21, ... ,YItO HI'!:P[ YIJlI IS THF 
914 C Jl-Th hBSCISS~ UPON ~NTRY t.ND TH~ INTEKPO-
~15 C LATFD FUNCTIUN~L VALUE ~T COORDINAIlT 
'116 C ():O,YIJlll UPl11l Cot1PLETIOtl 
S17 C IER - ERkOR PARAKETFk 
'118 C TERMINAL ERROR = 128+N 
'119 C II = 1 I!Hl!CATES XO ~lOT III INTERVAL IA,e I 
'120 C Il = 2 HIOIChTES YIJ1) ·NOT IN IIH!:RVAL (C,OI 
'i21 C FOR sonE Jl=1,2, ••• ,N 
922 C PRECISION - SINGLE 
'i23 C REo'£, I~·SL puullllr:s - ) CSlVE,UEU5T 
924 C LlhGUAGf - ~OKTRAh 

<;25 C------------------------------------------------------~----------------
9Zb C LATEST REVISION - JANUt.RY la, 1971 
97.7 C 
'1Z8 SU~~UUTIHr ICSZVE IF,XO,A,B,C,D,I,J,N,IF,WK,Y,IERI 

C 
L1 I :'1 f Wi I fj/j FI IF,lI,Y(lI ,WKI 11 

C 
O~J 5 11" 1 , J 
!·:K I III =1.(\ 

INTlRPOLATE III Y DIFrCTION AT x 

Ct..Ll IC~lVEIl'll,IlI,A,P.,O.,O.,(·.,O.,I,l,WKIIII,PSCOND,Il:RI 

'13b 5 Cl1NTI~U~ 
937 C~LL ICS1V[ I~K,C,D,~.,O.,O.,O.,J,N,Y,P5CGND,IERI 

'138 IF(Ii:'<.NL.(tl GU H: Iv 
9]9 Gn TO 90~~ 

940 10 I Fi: =1 ](. 
'141 .'1UOu CO~ITlIIUE 
'1~2 CALL UtRT5TllfR,'JCS2V~'1 
<j ~ 3 9tH)S R rT Uf: ~I 
C;~4 lim 
945 C 
'14b C 
'147 C 
'143 C 
949 C 
~50 C SUBK~UTINr ICSl~U IF,X,N,H,G,H,IERI 
')0;1 C 
'152 C~ICS1VU--~-----S-------LI~~ARY 2---------------------------------------
953 C 
~~~ C FUNCTION - CU&IC SPLINE OHE-DI"ENSIO~AL IhTERPOL~TIUN -
C;55 C U"EOUALLY SPACED DATA 
SSb C US;.Gl - (f.LL ICSIVlJIFtX,/l,i-\,G,It.lF:R) 
~57 C P~kt"[TEFS F - VECTOR OF N lJN~QUALLY SPAC~D 
95tl C flJNCTlOtlAL VALUES F<lI,F(2), ... , 
9~'l C FINI, liH(RE FIll IS THt FUNCTIONAL 
960 C VALUE AT XIII 



1,;nLl 
1(,01 
11.0Z 
len3 
1(,0" 
1(;115 
le06 
1c07 
100(1 
1u09 
1(,10 
lell 
11:1Z 
1013 
lUI" 
lC15 
1C16 
1017 
101d 
1 ulY 
1UZO 
10Z1 
10Z2 
1023 
1024 
1(;Z5 
11,;26 
1<;27 
I(;Z8 
1~Z9 
1 e)1) 

1031 
1032 
10)3 
lC34 
10)5 
1036 
1037 
le38 
1()~9 

1(:,,0 

C 

C 

C 
C 

01 iiHIS ION 
DA 1.\ 

12=11 
13=~I+N 

i"=I3HI 
15"14+r. 
16=15+lj 
17=16+1-/ 
18= 17 +1: 
19 a Id ... N 
liT= Ib 
IfF: :. (J 

:n '" tl-1 

[In ~ 1= l, In 
J~=12·1 

Iii J I = i. I 1 + 1 I - X I I 1 
HI J2 1= I F I I +1'-F I I I I/HI J I 

; cou II rUll 
DO 10 1<?,Nl 

J2=12+J 
JJ:13'1 
J/. = I" + 1 
J5=IS+1 
J6=16+1 
J7=17+1 
til J)I=HI 1-11 +HII I 
H(J41=.5*HIJ-ll/H IJ]I 
III J5 I; (HI In-II( J2-11 I/HI J31 
!I(Jbl=IiIJ51+!iIJ;1 
HI J71=HI J6l+11I J~I 

10 C!J!j Tl 'IU to 
HI 1 1,+11 =0. 
Jb"Ir:.+N 
IHJbl=O. 
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OERIVATIVES,HIJ61, USING CENTRAL 
01 Ff Etl.Et,Cf S 

C BEGltl lTfRATIOII ON srCOND DERIVATIVES 
KCOU~IT=O 

15 !: TA=O. 
K CIlU;'IT= Kcou:n + 1 
!l0 25 I=2'!11 

J'I=14t1 
"Jf, = I (, + I 
n=17+ 1 
\/:. (I. I J 71-11 I J It I *H I J b-ll- 1.5-111 J4 I 1* H I Jb + 1 I-II I Jb I I *OME GA 
IF IAilSIWI.LE.ETAI CU TO 20 
ru,=A(;SI!O I 

20 HIJ61=IIIJul+:/ 
Z~ COt: TI ~w E 

IFIKCOU~T.GT.NTI CO TO 75 
IF IlTA.Gf.[PSLNI CO TO 15 

C CONVERGENCE OBTAINED 
00 30 I=I,rn 

J6=16+i 
Jd=I8+I 
If I J b I'" (ti( J 6 + 11- H I J 6 I I I H I I I 

30 cnr:T1HU[ 



1C41 
1042 
1 (1,3 
1044 
10"5 
10"6 
11l,,7 
10 i ,il 
1 c.,,'J 
1 C~(J 
U:51 
lU52 
1(,53 
11:54 
IIJ55 
1 ()'ib 
1 Vi 7 
1(;58 
1059 
1 C60 
1 U6 1 
10h2 
1(;£.3 
lli"4 
lul.5 
1066 
lUb1 
lO/,t! 
1 C('9 
1070 
lC71 
len 
l013 
1074 
1(.75 
l076 
le77 
lG78 
I!. 7'1 
lC80 
1"::51 
loez 
ICe) 
lC84 
1 C85 
10ti6 
10tl7 
1011t1 
1(;'39 
1('9U 
}l.n 
1092 
1{)9) 
10')" 
H<)5 
10'/6 
1 e'17 
1(;<)8 
tL'J9 
1100 
1101 
1102 
110) 
1104 
llfl5 
1106 
ll07 
110d 
1 10'1 
1 110 
1111 
1112 
1113 
1114 
1115 
1116 
1117 
lllt! 
1119 
llZ!l 

C 

C 
C 
C 
C 
C 

15 
41i 
45 

51) 
55 

60 

00 h5 J = 1,11 
1=1 
J'l = I I). J 
I f' I (, I J I-X Ii II 7\1, bllt 3~, 
If' IGIJI-Xlr<ll 4<;,50,70 
IF IGIJI-XII II ~5,~O,45 
I" I t 1 
GO TO 4v 

J6=1£.·1 
J2=12+1 
J(I=18" 
IiTl=-GIJ)-XII) 
HT2=-GIJ)-Xl1"11 
i'ROD=ltTl"HTl 

COMPUTE GI J) 

HI J9)=HI J6lt ... Tl*ttl J8) 
DELSOS=lttIJbl+ttIJb+l)'HIJ9))/6, 
GIJ)=FII)H1Tl* ttIJ21 .. PRGO*OELSOS 

65 C lHi T II!U E 
GO T~ 90\15 

7!.' I F!<.=1?9 
GO TO 90\.0 

7') IER=I30 . 
9000 COil T I NU [ 

C~LL UtR1STII[F.,'leS1vU'1 
90n5 RfTUh:r'l 

um 

C SUIH!tIUTI"'[ Ui:;:rST IIU<,t,II:-r.) 
C 

134 

C-U(~TST----------------L'lRhRY 2---------------------------------------
C 
C rUf.CT WII - [P.kl'f: t\ESSAGI: GEtlERI.T ION 
C USAGE - CALL ULIITSTIIER,NAIIE) 
C f'~"'.tl::TE"S Ie" - E:RKOR PAKAI1EHR, TYi'!: • N I-IttEF-F 
C rvp[. 12H IMPLIES TFRMINAL ERROR 
C 64 IMPLIES hARNING WITH FIX 
C 32 l/',t'L1 ES HARfll NG 
C II • ERROR CODE RELEVANT TO CALLING ROUTINE 
C r-..Ml[ - ItIPUT SCALAR 100UBLE PkECISIOfl ON OECI 
C CONTAINWG TIl[ NA~E OF THE' C.:.LLlIIG ROUTINF 
C AS " 6-CItARftCTER L1T1:RhL STRING. 
C LANGua~E - Fq~TR~N 

C-----------------------------------------------------------------------
C lhTrST ~fVISlUU - OCTOBER 1,1975 
C 

C 

C 

C 

C 

C 

C 

" 

If) 

15 

* 
* ~ 
~ 

SU8~OUTINF UFRTSTIIER,NAI1E) 

OllifN5l0/J 
CHI. f!t.CT ['p, ~'b 

INT~"rK 
f. 01) I V .~L Ef>CE 
Dl.l!\ 

0,\1 .~ 
I Ef.Z= II''' 
IF 11;:1'2 ,GE. 

IrK)·4 
GO Tfj t() 
I r [! rf,. 2 .LT. 

Hkl=3 
G.1 fl' 2(1 
1 F IlEk2 ,LT. 

IEU·2 
f,G T'J 20 

lERI=) 

11 YP (3 , it) , III IT 14 ) 
lTY!' 
:I:\l~fl, WARF, TERH, PRI NT R 
IIHITI1I,WARN),IIHIT(21,WARFI,IIBITI)),TEKM) 
IlYP/'UARt:IN','G ',' , 

'iI,:.Rtilf,','GIWITli',' Ffx) " 
'Tl:f;t.HI', 'AL ',' " 
'iION-OI:','FINFO ',' 'I, 

IElrl 32,64,128,01 
i'R ltITkl (,I 

UAkN) GO TO 5 
NON-OfFINf-O 

J(kl'l Gr, TO 1',> 
TER~; !tifL 

\·;.H.FI GO TO 15 
:iARNIf,GI HI TH FIXI 

HARNING 

EXTRACT ' Il ' 



1121 20 
1 1?2 C 
11;'3 
1124 21) 
1125 
117.6 
1 127 

PRINT f~kUR M[SSAGF 
"Rill: II'RH;TR,2:>1 II1YPII,1[R11.I"1,31,N~.H£:,IEP.2,II;R 
f f)" :1/. T I' ( ... >;< I 1~ S Ll iJ ~ F. T S T I ** (I " 3 to (. ,2 X • /. b • .:' )( ,I 2 , 

1 'IIEk· ',I), '1'1 
", loW:: 
[Il!. 
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APPENDIX C 
/ 

COMPUTER PROGRAM RAO 

C.l GENERAL DESCRIPTION 

The computer program RAO calculates the geometry and aerodynamic 

properties of a gas turbine stage for which the aerodynamic efficiency 

is ~n 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 TURB04. 

ii) The variable data of the program is fed by the user. 

These constitute the datafile TURB03. The content of 

TURB03 is explained in detail in Section C.~. 

The program RAO calculates first the efficiency, ETASRE, of 
+ 

the stage according to the given input trial vector, Xo' The loss 

calculations required for the efficiency evaluati~n are performed 

with the help of the interpolation subroutine ICS2VE, making use of 
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the data provided by TURB04. The calculation of the sum, CaNST, of 

the inverse of the constraint equations allows then, the evaluation 

of the first value of the penalty function, PENFUN. 

The next step is the evaluation of the gradients of ETA and 

CaNST. A three dimensional matrix, M, is created. Each slice of M 

corresponds to a two-dimensional matrix. The first slice, Ml , 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(l,l,l) = an/aAR 

M(1,1,2) = an/aAN improved (C.l) 

M(1,1,3) = ani 3T2s 
. 
M(1,1.8) = ani aRe 

The remaining elements of M(l,i,j) are zero. 

The second slice, M(2,i,j) is formed of the partial derivatives 

of AR' AN "' T2 , ... ,Re, with respect to their own components. That is, 
,1. S 

M(2,1,1) = dAR/aYR 

M(2,1,5).= aAR/aT4 (C.2) 

or 

Finally, the dependent variables of the problem are eliminated 
I 

and the partial derivative of the efficiency 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, M]., of the M vector, is multiplied with the 

next slice, M2, such that Ml ,2 is obtained. 

[.-2.rL....Q.L ....2.!LJ a AR dA R a A R 
Ml ,2 = dAR ' aAN , ... , aRe x aY

R 
aY

N 
..•. aC

R 

M [ -2n ~J 1,2 = aY , ... , ac 
R R 

aRe aRe aRe 
aY

R 
aY

N 
.... aC

R 

(C.3) 

Then Ml ,2 is multiplied with the next slice, to obtain Ml ,3' i.e. 

a aYR aYR 
Ml ,3 = [ a~~ , ... , ac~J x aYp,r ......... aC

R 

Ml ,3 = [~n , .... , ~~nJ 
a p,r 0 R 

(C.4) 

such that, when the resulting vector is multiplied with the last, nth 

slice, one is left with: 

(C.5) 

I 

which is recognized as \Tn , or DETA in the program. The multiplica-

tion of each slice of r~ with the following slice is performed by means 

of the subroutine MULTIP. The gradient of the constraint equation, 
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DCONST, is perfonned in the same way. When DETA and DCONST are evaluated, 
,! 

the gradient, DPEN, of the penalty function is evaluated according to 

Eq. (108). 

The next step, is the determination of the maximizing step 

length, Rop. The idea is explained in Eq. (lll)~. For each variable, 

the upper bound, XUP(i) and the lower bound XLOW(i) are initially given 

in the datafile TURB03. Therefore, the next value to be assigned to 

that variable cannot exceed these limits. Thus, replacing XUP(i) by 

Xn+l(i) in Eq. (106) one gets 

R (i) = XUP(i) - X(i) .. 
op,n VP(i) 

i = 1,8 (C.6) 

Note that XUP(i} 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, PRP.TIO, Mach numbe~',MC3,and Reynol ds 
I 

number,RE,are assigned to XMAX(i),ETAMAX, PRMAX, MAKf>1AX and RmAX 

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 new values corresponding 

to the latest values of PENMAX. 

tl.fter PFNMt\X is obtained, the program calculates a new DPEN·,.using the 

values of XMAX(i) and comes up with a new PENMAX. If the last value 

is greater, the procedurp. is repeated. If not, a counter, PCOUNT is 

increased by 1, and the procedut'e is repeated. Hhen, at any point, 

PCOUNT is greater than 2, the procedure is stopped, for the renewal 

of the resequencing tactor, 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 < 4xlO-6 . 

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 mpORTANT VARIABLES OF THE PROGRPJ.l RAO. 

X(I) Vector formed by the design variables 

FPENF Final value (corresponding to the optimum) of the 

penalty function 

LOl 

L02 

ETASRE 

Logical control variable 

Logical control variable 

Total-to-totru isentropic efficiency, n, of the 

stage (corrected for Reynolds number) 



+ 
Inlet Gas Conditions; Initial Value of X (TURB03) 

Data. Corresponding to Graphs of Ref. [1] (TURB04) 

A 

es 

Calculate ETASRE, CONST, PENFUN 

Go to 
B ~ ________ ~ __ ~es~~ 

Calculate OETA(I), DCONST(I), OPEN(I) 

I 

Calculate Maximizing Step Length, R 

~-------------------C 

X(I)=X(I)+R x OPEN(I) 

LOl = TRUE 

L02 = FALSE 
~ '. 

A 

FIGURE C.l - Flow chart of the computer program IIRAOII. 
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Go to 

B 

Rop=ROp+ZITA 

ICOUNT=ICOUNT+1 
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es PENMAX=PENFUN 
XMAX ( 1) = X (I ) 

C E-___ ---.:n~o~ __ _< 

Go to 
A< 

A< 

FIGURE C.1 (continued). 

>----!n~__'_~ PCOUNT=PCOUNT+ 1 

I~---no--< 

no 

Print 
XMAX ( I) IE----------L 

PENMAX 



CaNST 

PENFUN 

PENMAX 

DETA(I ) 

. . 

Sum of the constraint equations 

Penalty function 

Local maximum of the penalty function 

Gradient of the efficiency 

DCONST(I) Gradient of the constant equations 

Gradient of the penalty function 

Maximizing step length 

DPEN (1) 

R 

ZITA" Increment 

XMAX{ 1) Absolute maxima of the design variables 

ICOUNT Counter 

PCOUNT Counter 

RF Resequencing factor 

C.3 SUBROUTINE DESCRIPTION 

The functional relationship between.the subroutines of the 

program RAD is given below. 

TURBD3 TURBD4 

ICS1VE ICS2VE 

UERTST 

FIGURE C.2 - Functional relationship among the subroutines 
of the program "RAD". 
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The functions of the main program and of the subroutines are 

as follows: 

MAIN The main program reads the datafiles TURB03 and TURB04 

and executes the job explained is Section C.l 

MUL TIP The subroutine HUL TIP pe~forms the r:1a tdx muiti pl ications. 

The a t'gument 1 is t compr i ses the names of the t\110 rna tri ces 

to be multiplied and their dimensions. This subroutine 

is called by the state:r.ent, 

CALL MULTI?(A,B,M,N) 

The first matrix A is an 1x11 milttix and the second matrix 

B is an !1xN m:;;.trix. Th;~ i~esLiiting vector is thus an lxN 

matrix and retu~ned to t~e calling program under the name A. 

ICS1VE, ICS2VE, UERTST: These subroutines are explained in Section 

B.2.1. 

C.4 INPUT DESCRIPTION 

The datafile TURB04 is autom~tically fed to RAO. The datafile 

TURB03, to be fed by the user, must be prepared as foliows: 

Ca rd 1: X I ( I), I = 1,8 

XI Vector of the first tria1 values of the des-;gn 

variables, where I 

X I (1 ) . Mean diameter of the turbine (m) -' 

XI(2) Chord 1 ength of the rotOl~ blades (m) 



Card 2 

Card 3 

Card 4 

Card 5 
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XI(3) Chord length of the stator blades (m) 

XI(4) Pitch length of tDe stator blades (m) 

XI(5) Pitch length of the rotor blades (m) 

XI(6) Gas inlet angle to the rotor (rad) 

XI (7) Gas outlet angle from the rotor (rad) 

XI(8) Axial gas velocity, constant throughout the 

stage (m/s) 

RPM, r~DAT, POl, TOl 

RPM Blade rotational speed (rev/s) 

~mAT Gas mass flow rate at inlet to the stage (kg/s) 

POl Absolute total pressure at inlet to the stage (N/m2) 

TOl Absolute total tempera.ture at inlet to the stage (oK) 

AL 1, B, CLEfl.R 

ALl Inlet gas angle to the stage (deg) 

B Constant of Eq. (14) 

CLEAR Tip clearance of the rotor blades (m) 

ILAMN, IETAS 

ILAMN Initial guess for AN' to be used in Eq. (51) 

IETAS Initial guess for n, , to be used in Eq. (65) 

RESFAC, MSL, EPS 

RESFAC: First value of the resequencing factor of Eq. (101) 
i 

MSL First value of the maximizing step length of Eq. (106) 

EPS 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/kgOK) 

GAMA Ratio of the specific heats 

RA Gas constant (N.m/kgOK) 

Card 7 G 

G = 0 , optimize 

G f 0 , calculate the efficiency, only. 

The seven input cards must be given in free format. A sample data 

set for TURB03 is 9iven below: 

Card 1 

Card 2 

Card 3 

Card 4 

Card 5 

Card 6 

Card 7 

C.S 

.430, .024, .017, .01S, .018, .358, .953, 270. 

250.,20.,400 000., 1100. 

0., .5, .000154 

.0570, .80 
-4 4xlO ,0., .001 

1160., 1.333, 287. 

O. 

OUTPUT DESCRIPTION 

On the output of the computer program RAO, appears first the 
+ 

initial trial of the design vector, Xo' Then, the chosen upper and 

lower limits of the design variables are shown and the initial gas 
I 

conditions and the selected rotative speed are printed. 

The results of the program, then, are given: The values of . 

the design variables corresponding to the calculated optimum of the 
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efficiency are printed; also, various aerodynamic parameters calcu­

lated at optimum conditions are shown, in the following order: 

i) Efficiency, n, of the stage 

ii) The l~elevant value of the penalty function, P. 

iii) The inlet non-dimensional mass flow, mlTl/Pl • 

iv) The pressure ratio, P1/Pl' 

v) Rotor outlet Mach number, M4 

vi) Stage mean Reynolds number, Re 

vii) The inlet mass flow parameter based on the optimum annulus 

diameter, mlf liP 1 02( OQN~iAX) 

viii) 

ix) 

x) 

xi) 

xii} 

The overall temperatul~e drop ratio, flT/Tl (OQTMAX) 

The speed parameter, NO/If (OQMAMX) 

The work output parameter of the stage, C flT/N 202 (DQt~2f.1X) 
P 

The flO\I/ coefficient, <t> (FIMAX) 

The temperature drop coefficient, ~ (PS!MAX) 

A sample output of the program RAO is given below: 

*** lriC FIRST TRI~L OF T~E ~ES]G~ VECTO~ IS ** 
L -, , 

• I~:" 
• .:.: 2:.. 
.l 173 

• \.11' ] 
.I.,L·I· 

.~ 53 
27 2. 

:;,~::;, 'Pi=: CdC:St:\i UPP[.~·, S Lel'!!:r: ::·cur~DS T.Rr i,S I=OLUH~S ** 
.lb'1 < /(1) < .:>12 
.~1(:128 < )«;.) < .u'lcge 
.\.'<')(:.4 ( HZ) < .(.iH qt, 

.(i'c':i12 < X(4) < .C·'i1l9"1 
• \. (~~I 2 S 6 < X ( :1) < • (I L. n 9 b 

• C: 1J 5 < X (t,) < • q 9 4 3 
• '_' '1 b < ): ( 7) < 1. 3 9 6 
J l.:. ( x ( G) < ~ (: C • 



-*** INPUT CONDITIONS ARE AS FOLLO\olS ** 
:.':;;: REV. PER SECOND == 250. 
;;: ,-If G l~ S TE1'\PER~\TURE == 11 un. 
>:' ~, GAS PRESSURE = itooooo. 
,.L .. '~ 
~' 1'(" GAS ft-AS 5 FUJI" = 2 (l • 

)~ \'t Vi1.UJES OF DESIGN VARIABLES CORRESPOI',lDING TO 

.. I,k X (1) == .2517366221649 ~ .... 
* t,~ X ( 2) == .031b92779870()9 
~~ ;:e X ( 3) == .O227327'l830175 
.t,.. .J~ X ( 4) = .017004 B91it 661 S ... ~ ...... 

.. I~ ,J... X ( 5 ) = .0098871'13687339 ....... 
l~ * X ( 6) = .3579559169991 
.... ~-" x ( 7l = .96908167B5905 ... ~ ...... 

.t~ .J- X ( 8) ::; 272.000012'l397 .......... 

::: ,!: VARIOUS or T I !-tU ~i ? A RAM [T·E R S td<E ....... ... ,. 

** EFFICIENCY = .7980291526246 ** 
** PE~hLTY FUNCTION = .7963460573962 ** 
:' .. * rl'~U:T NON-DI!1 I"ASS FLG\') =.001658312395178 ** 
** PRESSURE RATIO =.663191U88576 ** 
** ROTO~ MACH NUMBER=.5540689163215 ** 
t.,~" \01. E Yi' j 0 L D S N U ~l BE R == 3 05 0 8 4. 2 2 8 8 297 .:' * 
** DQMMAX= .02616B1R165689 
** DQTMAX= .07781462381428 
** DOMAMX= 1.89753616571 
** oaWMAX: 24.85300627392 
** OQM2MX= 3.95790509403 
** FI~AX= 1.375728207634 
** PS1MAX= 5.036272025487 
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OP T I I'\U,"\ EFFICIE~ 
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C.6 PROGRAM LISTING OF "RAO" 

1 
2 
3 
I, 

~ 
b 
7 
ij 

'j 

III 
11 
lZ 
13 
14 
15 
16 
17 
11, 
19 
20 
21 
22 
23 
2'0 

C 
C 
C 

c 
C 

C 
C 

25 C 
2b 
27 
~n 

2'1 C 
30 
3i 
32 
3) C 
3', 
35 
36 
31 
3f1 
39 
1,0 

H 
.. l 
'03 
44 
1,5 

lob 
1,7 

loa 
1,,) 

50 
51 
5l 
53 
54 
55 
56 
!~ 7 
~11 

5'1 
bll 
1.1 
62 
1>3 
6'0 
1>5 
t,f> 
67 
/,e 
09 
70 
7L 
n. 
73 
H 
75 
7" 
7l 
7d 
7'1 
PO 

C 

C 
C 

c 
C 

c 

C 

3 

P~tiG~'M ktGIIHPUT,OUT?UT,TURbOl,TAPF7-TUHDD3, 
TUR60I"TAPf5-TOkBOt,1 

nll;;·::<;IIJI·, :'117,7r;,2~>I.,GID,ll,lll,II(13,'J,'i1 ,0110,10,101, 
n S II 1: 1 117,21 , $ 1 If 2 I 13,21 , S II Ej I 13,;» , 5 I l F. .. I 1(\,21 , 
II [i E f .\ ( .ill 1 , ; m l I .j 0 , 3 01 , G G I ~ll 1 , [) C lH 1ST r; (I) ,. 
:I CIJI,~I,f')IJ(n,O"D(\),(J'j(3iJI,ObI301,()l(iDOI, 
£ 1- I Ii 1 , !) i' !: (d 1\ ) , X I·: A;'; Ill) , III! S X I d I , l'l f FIb 1 , [) IFf X I !l 1 , 
!: YPll17,81 ,Y?:!115,bl ,VMUI3t,I.IiKI500I, 
.t XLl!~:llil ,XL't' Itll"q lill,RtiA~.ld I, P.F I 110 I 

~ 

~ 

~ 

~ 

~ 

~ 

:j 

~ 

SIl[],SIH2,SIl[3,SIH't 1:lTr\i!'~ 
~I:"L 11, :i[,7.,1. M:N, LJ 'a· , L,I.'i CH ,LAl-iCR, LM,/a ,L~t,<1.I, MDt. T, :~UhVG, liS L, 

JL'\!\:r,Ir:Tf.S,:iC),MAK~'f,l( 

LnGlc.~L L01,Ln2,LU3.Ln4,LG5,LL1,~L2 

Dt. T f, IISIl[11I,JI,J-1.2I,I~1,17) 

OH.\ IISI/!:ZII,JI,J"'1.ntI:1,131 

(lAT f. 11~IZE3(!,JI.J=l,21,l"l,131 

UH.\ ( I S I Z r I, I I, J I , J = 1 ,2) , Ie J ,10) 

FFt-1l15,~) (V:\uIII,i-l,3"1 
~ E :dH 5 , ~ 1 I XVII" I I tI ~ 1 , III 
KEf.1115,*1 IXUI' 111.I"'l,bl 

Il,H,8,17,17,2D,20,2't, 
2",23,23,19,l'1,16,lb,17, 
17,2 G, 20,19, 19, 1 "/, 17,1", 
l'td1.ll,lC,lO,ci.'1.II,lI,1l1 

Il,3.3,,,,,,.~,5,5,5,7, 

7,'1,'1,10,lC,11,ll,a, 
b,7,7,9,9,e.b,ol 

11,3,3, .. , .. ,5,5,:;",7, 
1,6,o,6,b,7,7,7,7,6, 
f..,'1,'I,3,b,bl 

1I,4,I,,5,5,6,6,II,B,9, 
4,8,u,lO,lu,o,b,7,7,81 

F. [A (I I 5, 11 II Y;' 1 I I , J I ,\ " 1 .17 I, J" 1 , Il) 
1 FORH~Tlall~F5.3,/I,Bf~.31 

;;. r: 10 fI I 'j, 21 II Y? til • JI "" 1 ,] 5 I, J"l, 6 I 
? r: Ilk ~". T I 5 I 11."!) , 3 • I I • tel r ~. 3 I 

R"f.r"7,~1 
"E;\ilI7,~1 

Ru'OI7,-n 
f;EAIlI I, ~ 1 
R(!/dll 7, ~I 
R f: toll( 7, * I 
i< Etdll 7, ... I 
k L'.l: I ., , * 1 

(XlllltI;I •• ll 
RP n, riD:. T, ,·,.1, 1 C I 
/I L 1 , h , C 1.I: \ f: 
I Lt. ':r, • 1 [,. ~ S 
kESFI.r:,IISL 

FPS 
C P • G." Mil. K.\ 
CIlI:H 

Pr.I'~P,' H* TIll' FIRST TRII.L OF TltE DF.SICU VECTGf.: IS U ' 
PRJlI1~,' , 
0(1 .1 I· 1..:1 
lIP.PiT*, XliII 
j'f,:PIT*,' , 
PUIIT*,' *9* TIt" CtlOSr:U UPPER!: LIW(!; ~f)UN(lS ARE A!. FOLlUWS *t' 
DO .. 1-1,11 

I, i'n ,-JT* , XLn\;III,' < XI',J,',.:: ',~lJi'll' 
I'R 1 t:l ~.' , 
P':INf'l',' **~ 1:·:i'UT CG14DITIGIIS ARE j,S fULLOI:S H' 
i'R lid to,' , 
P II. 1 '11 ... ,' ~;. 

i" P:f.;o,' .* 
P'?\;;T*,' *~ 
p r.1 NT '>, I *.;. 
P ~.I:: r I',' I 

P.I;V. P::R 5(CO~O .. • ,RHI 
GaS T~M?ERA1UkE • ',T&l 
G~5 r~[SSUkE "',POL 
G;.S ::A5, fU1U ',J\(;q 

Ol1!:II=l. 
St,S: 1. ' 
II ~ 1 
"fl I II·=HSFI r. 
F?H,F"n. 
ICUII·IT~ ... 
i' 1 ~i" .\ 1 f.:{ ( 1 • I ~" • 



~1 

III 
1:3 
1I4 

''''~ 
3u 
117 
HB 
!l9 
<:Iv 
'i1 
92 
'n 
'14 
'15 
91, 
97 
~Hi 

'1<:1 
100 
lOl 
1112 
1113 
104 

H'''' 
lU6 
10'/ 
Hill 
109 
110 
111 
112 
113 
114 
115 
11.6 
11'1 
111l 
11'1 
121) 
121 
122 
1 i'3 
124 
125 
12b 
127 
1?1! 
12'1 
130 
131 
132 
113 
134 
135 
136 
1:\7 
13!l 
1"39 
140 
141 
142 
1 (,3 
144 
145 
146 
147 
140 
149 

'15u 
151 
1~2 

153 
154 
155 
1.,6 
157 
1~d 

159 
16u 

C 
'C 
C 
C 

c 
C 
C 

C 

C 
C 
C 
C 
C 

C 
C 

c 
c 
c 
c 
C 
c 
c 
C 

C 
C 
C 
C 

7 
i, 

If) 

21.' 
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*,"~ Si. T THr Rl Sr'C;$l fACTOR' FOR sr.CUEI;T!I.L MnaIHZ/\TlON *** 

L U 1" • F I. L S l • 
LU"=. F I.L S~,. 
L'J1". F/.L SF. 
LO:;".F/,LSt:. 
LL1".F~L5I:. 
LL2=.rnSt:. 
L=I) 

ilO b I" 1, il 
XIII=XICI) 

*** GIVl: INIlI.\L SET GF V;.F!lhdU:S ,XIII H* 

Do: 
C?= 
Ct·:= 
55: 
St{:oo 

hET2= 
ti~TJ= 

c~" 

l.LL"O 
TR=.2"CR 
T rl". 2 *C N 

X (11 
X(21 
X 131 
X I" 1 
X I ':, 1 
X (6 1 
XU) 
X I!J) 

0000 ChLCUL~TE ~FrICILNCY WITH GIVfH S(T OF VARlt&LES ,XII) 0'.0 

HM~AT=HDAT·5CRT(TUl)/POI 

f-Tf.5=1 FT·\:' 
l.l.I'I1<= I LAH:I 
lJ: i'l t·;.;.:: ~ ;'1'~ I) 
I'I"CI-IU 
"I :. (.: f· T -' IT ,I II ( iI FT J )- T Ar~ I bET 2 1 ) 12. 
DTOS=U*CIIOITH;lti:T21 +Tt.NISED) I/CP 
i'ST=2.*C?ODT0S/U."Z. 
~.l.2"A1MHrt.llliIET2Itl./Fll 
IF \:.l.2. L T .. 700 1 TIIEN 
GO T (] 2,)l)u 
n.i: If' 
".L3"I. T lotI IT f.l1 I tlE DI-l./F I I 
r.C2=C:./cn5Ii,L~ I 
CC);CA/Cf151"UI 
v2=Ct./CO'i1 til TZI 
Vj=O/CO,)1 GETJ) 
C tl 2" C C 2" 5 I r: I Al. 2 ) 
(.iJ=CC3"Slf\(ALJI 
T2=1~1-CC20*2./12.*CP) 

T2?R=T2-CC2**Z.*LAHN/(2,*CPI 
1'2 =pr'll (r,:] IT 2?" ).;.q I Ct.M:'1 I GAI'd,-l.) 1 
HI??Gl.10;,Ol1000.1 GCI Til 200U 
PC"Pi'1I1 IGhi-:A.l.I/2.I*OIGAI·lAIIGAr'it.-l.l) 
I<U2"PZII Rr,*T21 
,'.2 =:·:n.~ TIl i-(1)2 *c.\) 
1.2 N= 1:[J1, T I I f;U;:*CC 2) 
HZ =,~7*;(p.l/U 
CC 1 =0 
Tl = T (11 - ( CC 1 * <, 2 • 1 12 • * C P 1 I 
Pl=?010IT1/TCll**IGAMA/IGAMA-I.11 



161 
162 
lld 
11>', 
11>5 
161> 
1l>7 
161:1 
It'} 
170 
HI 
172 
173 
17~ 
175 
1"/6 
177 
17:1 
179 
ltl!) 
1111 
lfil 
ld3 
Ill" 
lil5 
l!Jtl 
1i17 
lad 
189 
I'll) 
I'll 
1'12 
193 
I" It 
195 
19t 
1'1"/ 
1'18 
1 '1'/ 
lOu 
201 
202 
21:3 
2fl4 
2-15 
20«:) 
2('7 
2nd 
2()1} 

21lJ 
211 
212 
il3 
7.14 
215 
216 
217 
218 
21,/ 
22\,j 
2?1 
222 
£23 
22.lt 
225 
£26 
2?7 
228 
229 
230 
211 
232 
2:,3 
23', 
235 
23l> 
237 
230 
239 
~ 4\\ 

C 
C 

C 
C 

C 
C 

"Ol=P 111 r::. *lll 
~1-MU~T/(~OI·CAl 
Hl. =1, 1~' Ri' !'I/IJ 

T('3=lv1-'110S 
T3=T~3-(CC3'*2./(2.*CP11 
Pu3.PU10(1.-UT0S/(fT~5'T0111"(GAMA/(G~KA-1.11 
?i',,\ r JL'~?(l3/P(ll 
~~=~03*(T3/T03)*·(GAHA/(GAHA-l.l) 
i:;(j3=PJI '~.~*I:i) 
~3=~~~T/(~030C~) 

II3=II3"F:?'I/U 
Hf.=IH':t.nllt". 
'tll=(H2tI1l) 12. 
1\ l. r. = ,',1 I, j,j ( ( ~iJ ·"Il! I /I '2 • * 1 C tl + 1 • 7. 5 * r. k I I I 

~C3·CC3/1GAKA*~A·1JI··.5 
T3DP~·T2/'Pl/P11*.IIGAHA-1.I/CAHAI 

L~~k=2.'CP·I13-T3DPRl/v3'*2. 
S li C S = J S / eN 
SOCk= $;';tr.~: 
YPh20·-1 •• ~[T3.18u./PJU 
Yi't'2il3=Y?,,20 
Y?AJn--l.*~L2*1bO./PIN 

Y? f.i '·2 =Y ['1. Iv 

151 

Ct. LL 1 C ~?V (( '(? 1. 5U Ck •• 3, 1. 1. -b () •• - It 5. ,1 7 ,Ii ,) ,) "/, HK , Y P fj ZO , IE Id 
CALL IC52VrlYP1,5GtS,.3.1.1,-6 0 .,-45.,17.B.1.17.HK,YPAIO.I[KI 
f,;. LL 1 C 5 2 'I [( Y?? • SO C I<. , • 3 • 1 •• -70. , -4 5. ,15. 1>, I , 1 ~ "Ii' , YP i3 21\:i , I Fk I 
Ct.LL ICS2~EIYi'~,5l)CS •• 3,1 •• -7G •• -4'j •• 1'i.1>,1.1~.'Ij{,YP~lh2,1[F-I 
YP~-(YP520·(~Er~/H[T3)"2.,(yp~2e3-yp~20)) 

*IlK/( .2*CR) 1"*1 !lET2IHE13) 
Y? II_ I Y I' ".ll' • ( :.L 1/ .~L 2) ,) * 2. "( yp t H 2 -Y i' A 10) ) 

"(TN/( .Z-'Cilll*"IAL1/ALZ) 
,IUi= n .~:,; I (Ttdll ,\LZ)-T Mllt.LlIIIZ.) 
'?LT:;;/,TA:'I( lTf.tilil[13)-TANIiIF.T?l )12.1 
el)s!- S=COS 1 AL2l 'H 2./C05 (AU\ I H3. 
r.~5kR=r.05(~E131.*2./CUSlnE1H)·~3. 
t:L I{ ~ =-' • ~ 5 ~ ~ 11 !"l (t.d, T31 + 1 I./'d g FT 7 I ) .;. co SIB E T:111 r.R 
CLN-?.S5~(TANI;.Lll+TANIALIII'COSlftLMI/CN 

L ,\I': C N = • t' 1 :; " ¥ C1: ~ Ul 5 (A L 2 II It Ill" CO:, ( A L 1 ) I 
LAHCr-.U3J"·CR·CUS(e~T31/1Hk*C05(BE1211 

CL ["Ck 
YS YK,~- 1 Lhi1 CR tiPC?' 1 CLEAR IC R I H."/ B/lIK I 

*C~oCLk**~.·CUSkRISR 
YSYMN=LA"CN*CN~CLN~*2.'Cn5RS/SS 
Yl,:-y P~H Y ~Yf::1 
Y'" "'Yf'".ySYr.i'. 
LL.IlN 1:.. Y;i*T;!? P I T\"l 
T03~rL·Tl.V30'2./(2.*CPI 

LL~~1·YR*Tl~p~/Tn3R£L 
lit: flU!' = ( 1 .' ( L" ~i~~ 1 *v 3* *2 .1 1 l • * C? ) + T3 *L M'N I oC C 2 ~* 2. 

1(2.*12·C<'))/l101-1"031)*')2. 
ETAS -1.1 S,'l-! T! nth!)!I) 
lIU.t; Hi- i' Ir:*1l1 5 S 
II L AU [f: = i>I tI ~'lJ I 5 L( 

S1 t'llJ=T01 
f:UMlJ=T2 ' 
c;, L LIe 5t 'I F 1 V 'l'lJ, to O. ,2500. ,0. , o. , {,. ,0. ,3", 1 • '51 !.1U, P SC ON D, IE F I 
C /, LL I r. 51 v f ( Vi~I). ll.ll., 2 50 (). , (0 •• 0. , \l •• 0. , J" • 1 , ROI1U, i' SCOND. H. ~ I 
··!U" VC- 1 S T::U. F,J"U) 17000(10. 
Rr·IRUl.CC10CNt&OJ*V3~CRI/(2.*~U~VGI 
PI'F.,;C;.12.I'lid'I.'''O./FE)**.Z 
F1AS~l·1.-ll.-fT~SI.RfFAC 

:':;j'l= ,"V I.ll' 5 .:~ 1 ( Tv 111 ( 1'01 * 0;' *2 • I 
1)(;1-!il {IS IT f.'l 
nC~.=RP~'0/sa~T(TU11 
:Hj\I-CP';'llT'jSI (,,?:.*!.)**z. 
[JOI'? "no.\ T'~~,i\q ·)1/1 Pu 1'H< P1H D*~3. ) 

I 

OlFFE1·AaS(~TASR[-fT~SI 
Ir'(ilifHT.GT.EPSI Hit::, 

f. TJ'.s;.rll.~RL 
L hiF,- Li,:'H: I 
LLL=LLL+J. 
1~'LLL.GI.~) GO TO 37 
G:J llj 2: '-I 

f'lI! IF 



/41 
<:42 
<,43 
2/,4 
2 /t 5 
,46 
'1.47 
24B 
2 /,9 
t~1) 

,,51 
2?2 
253 
25.; 
~~5 

Z:ito 
257 
25tl 
259 
200 
2(·1 
2hl 
2hJ 
?h4 
2"5 
266 
,67 
26:1 
21.'1 
,70 
271 
272 
<.73 
274 
t:7S 
276 
277 
278 
27'i 
2S0 
2R 1 
282 
2<iJ 
2tl /t 
2ti5 
lll6 
2~7 
Z!i8 

c 
c 
c 

C 

C 
C 

C 
C 
C 
C 

2')() C 

"n C 

c 
c 

c 
c 
C 

37 

51 

If· {(.f1f-ITY .Nl. n. I GO TO 1,1,44 

G~111~1./I~O./U-l.1 

GGI21=1./IU/~U0.-1.1 

GGI 31 "'l.IUii<./(~. *0 I-CF./O I 
GGI41=1../ICf(/Q-HR/IZ,"OII 
GGI ~ 1=1./ I 't:·~/( 1tt.*{)I-CII/DI 
GGlt.1 "1. I I C:·l/u-Hr;1 Ii: .*011 
GG I ·/1 ~1..1 I .?-SS/Ol) 
GG I e I "J • II 5 SIC: 1-1. I 
GGI~I·1./I.J-SR/CHI 
GGllnl=l./ISR/C~-l.1 
GGI111=1./I.nl-hfT21 
G\;I L~I =1.1 l;j C 12-1.1 
CoG 113 1=1 .1 1,,11./57. -II ET 31 
G,; I 1 I,) = I • I I i3 f1 3 -I • " I 
GGI151=1./15n./CA-l.1 
GG 1161 =1./ I CA/4uO.-l.1 
GGI171~1./1?01/~2-PGI/PCI 

GGI181=1./IMC3-1.1 
(; Gil q I = 1 • I I 12. '" He/ i' ni-l .5 I 
Gli I ZI', =1.1 I. 2 ~-F II 
GGIl1l~1./(~I-2.1 

GGI2ZI=i./I.5-P~II 
GGI231=1./IPSI-b.1 
GG(24)=1./1.)-~l~CI 

GGIl51=1./IKEFC-.71 
GGIl~I=1./140./~7.-~L21 

GG 12"11 =-I./U 
e. G I 2 e) =-1. IV. 
GGI2'/1=-1./CU 
G(;I)')I=-1./55 
GGI311=-1./Si( 

GO 51 I~I. 31 
CO;.ST=C{): .. ST tGGI I I 

IFICI1t:ST.GT.O.1 TfI[tl 
~n Til 11',·.1 
EiW IF 

0 ••• C~LCUL.TE PEWALTY FUNCTIUN ~.* .. 

IFIPlNFUN.LT.nl GO TO 1140 

lFIl~ll 'ilJT051,il!l 

P [/·1/',1, X = PS :IF UN 
[T /.MI;X=ET .~Sk(; 
C(;:lI·~AX=CIJII$l 

F H:IIX=F I 
PS) r·',~x=i'S I 
Rrl<t.X=~:E 
i' I.(:·i/, X:P~I-. Tl (j 
:H.i<.t"I.:,;;:'C 3 

f' S I :, i. X = j' S I 
F I,·,f.X=i' I 
Dt;·;.:!!"., )(:;::n(j;~ 
OiJl:~'!''(=DC.. T 
LJOi~:'fIX;niJi':~ 

r,Q~t :·t/\ x;: 0(;I.J 
() r;r.2 i'\ X= :IQ:1Z 
lifl :'3 1=1 .• h 

.,3 Xl·", X· I J I =X 111 
!FICI!f,TY.t:< •• ;.) Gn TO ""45 

292 
2'13 
2'i" 
2'75 
296 
2'rt 
2<Jd 
29'1 
JOU 
3 .... 1 
3('2 
3f'1 
30" 
305 
::;r'6 
3f) 7 
3118 
~(I'I 

310 
31l 
312 
313 
31" 
315 
::16 
317 
3113 
JI,) 

c: **~ C"L(l'U·1F d::i.;IVi.Tl'/E: OF PI::IALTY FlJr~C:Tlnt: *.;.* 
C 

nl' C 
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321 
372 
323 
)2~ 

]?5 
3;'0 
327 
321l 
329 
330 
331 
332 
333 
33" 
335 
316 
337 
336 
339 
::S~(J 

3H 
342 
3~) 

:;44 
3"5 

)"7 
3"11 
)/,') 

350 
3<,1 
352 
353 
35 1, 

3c;~ 
:;-;c, 
:;57 
3~d 

3?'1 
3bO 
3f.1 
:?b2 
3"3 
364 
365 
:It·b 
367 
3fJtl 
;&9 
370 
371 
372 
373 
37't 
)75 
3'/6 

3"17 
37d 
379 
3~O 

3tH 
3R2 
3113 
3114 
3[\5 
JI!h 
;'(17 
:;fo,c 
3.I'J 
3'10 
3'11 
:H2 
393 
3'}4 
395 
3'1(' 
3') 7 
39a 
3'1') 
'tOt) 

52 OlNUM=11 •• (L~~RIOV3002./(2 •• C?)iT3.LAM"I*CCZ •• 2. 
I ( ~ • 0;. T 2 '; r.i' ) ) 1 I Tu 1-TlI3) ) * 02 • 

CLf:"CP. 
R!:F,\C=IZ.*JO·iljilu./i« )**.2 
CO S.: E = I cns I,; FT 1) ) *" 2 .1 IC OS I 8 ~T H) )" *3 • 
(IJ:\R5=Cu$1 t,L?! HZ./eIlS I"Ul H'*3. 
I~ I J , 1, 1 1 = (-1. ) )"-1 F f,V-'V 3< *2 .1 (l." CP ~UHlmi" I TO 1-TO 3) ) 
11 I I , 1 , Z ) " 1-1 • ) ,~~ r F ~c·n '3. CC 2 *" 2 .1 n 2" 2. ~c p~, DE Nil I~* ( T 0 1-T 03) ) 
Mll,I,3)=kEFAC113'CC20*2"LA~NI/IT~'02.*2'''CPtUEND~ 

"lTn-TC~'3) ) 
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1:11, I, I,) = 1 -1.) H.E f,\C *CC2**2 •• LAtINI I 1 T2 *2. *Cil oDU:O/·\* I TO I-T03) ) 
1-1 I I I 1, 5) = I -I • ) ~"r;: AI: 4 I LAM? 1* V3 ** 2.1 I 7. *c P ) • L A/-ot: I * 1 3" CC 2 * * 2. 

II 12*". *C~ I) I I I TOI-T03) **2. *iiENDM) 
tH 1,1. ,. h 1 = I -). ) *!<fi' ~c -)T3*CC29 2. *LAwn 1 I T2 *2. ~'CP ~D~:tIOj'\* ( T0 1-TO J I) 
"11,1,7)=I-l.)'"FFAC~v3*2 •• LAMRI/12.*CP*D[~O~*ITnl-T03II 
ti I 1. , 1 , 6 ) "'. 2 ,. I 2'~ l. nu '). ) ('*.2 * I 1. -1. I SQR TI fiE rW/i) ) 1 Fl H J .2 

1:12, I,I) =T'3l11'~:/F!~lI!LL 
MI~,1,5)=I-l.I*ye'T3DPR/TU3RrL.'2. 
::(Z,1,t.I;Y<:/T03~:FL 

~IZ,2,2)"Tl?~/T~1 

"iI 2. , 2 , 7 I = Y I'll TO J 
~12,3,9)=I-l.)ACC2/CP 

~:12,',,'<)=I. 

'1 I 2 , '< ,) V ) " 1 -1. ) Y CC 1/ C P 
'·'I?,'>,))=-I. 
, .• 1(',5, 't) .1. 
~12,~,&I=I./C051\L2) 

;lIZ,c,'!I=l. 
/I I 7. , (" I 2 ) = C" *s It: If, L2 II CO SIAL 2 I 0* 2. 
PIZ,7,iI)=I./COSlillT3) 
:-11 2,7, I 3 ) :. CA·~ S r Iii ii fT 3 I IC OS (ll ET 3 I ** 2 • 
'112,7.111"1. 
;IIZ,II,'))=KOZ*Ctl/ll..*r:UAVG) 
'-1( 2 , II , I 1 1 = R n 3 ~ C iU I ;>. ~ i1U t. V G I . 
XI2IB,I~)=CC29CN/12.*HUhVG) 
H(2,8,15)·V3*C~/12.0"U~VG) 

HI2,B,lbl=~U20CC2/12.*ftUAVGI 
QI2,H , 171=;(.iJ HV3/1t..*:·!U,\VG) 

r-1l1,1,1)=I. 
r-\ll,I.,21=1. 
:11:1 , 2, '31 =i. 
1'11'3,(,',)=1. 
1\ I 3 13, ~ 1 = C t. ». 11 '!'j-j IiI!: T 2 ) + T AN I BET 3 I I I Cl' 
Ii I :<, 3 , I> ) :. U ~ ITt,:: I [! F.. T <: ) t TAN I [l E T 3 ) ) Ie P 
~ll,,,,71=U"C:"/(CP"ILOSlbr:T21)*"'2.1 
~q :; , :J , a , "lP C·, I lei' * leo S IE [T '31 ) * *;.> • ) 
!H 3, 3, 91 "I. 
1\ I J, '".,) :-1, 
,'j I ~! , 0; ,Ii, 1 = 1 • 
n 3, '" 111 ",'I3/CI' 
.'1( ., , F, I lo! I" ( ? 31 P 21'" * ( I GAM ,1-1. ) I GMU.! 
;11 J, 1;, 13 ) ~ I G !-li I.-I • I" Tt I I GAHA * I P 2 ** ( I G:, 'It.-I. ) I G ~ r·· ~ ) 1* ( P 3* * I 1. IG AU II 

I) ) 

.'l 13, '" 141 c ( J • - ';A."f. 1 (. T 2 t 1;>3 H I I GMlA-l • 1 IGAliA) ) 9 I? ?(. * ( ( 1 • - 2. *G M\ h) I 
;; Gt,"-1,h»)/G..\h,'. 

t! 13,7, J 21 =J • 
~13,7,1~I=-I •• LA~W*C(2ICP 
!1 ( :I 11\; I> 1 = 1. 
'\ I 3 , <] , 1 :, ) = J • 
~\( 3 , lJ ,I,) =l./cnS I hL,?1 
!H 3, tl, 16 1 "U. * ~i ! ji I .~ L2 j I I I: 05 1 AL2 1* 92. ) 
,-II 1, Ili I to ) = t. I I ClJ SIt L 1 1 I 
;!( :I ,Ii.> I 1 7 ) : C ~ * SIn ( ilL J ) I 1 CU 51 AL 3) 1**2 • 
~i I 1 , J.J ,f, ) " 1. Ie ()) I h r: r ) ) 
~\13t11,l1)=1. 
:11 :< Ill, :: 1 ~ U ~s Jill t', I'T'\) I (CO 5 I BE T3 ) 1 H 2. 
~\I 3 I 1" , II :.1. /I ( 1 •• ( 1 liP I!! F.T 2) t 1 .1 F 1 1**2 • ) * C us I tJ (. 1 7.1 ** 2. I 
II( ) , 1 ;: I 1,; ) =-1 • I ( ( 1 • + I T p ri I B !:: T 2 I + 1 • / F I I '" ¢ Z • ) f, F 1* * 2 • ) . 
:;13,12,161,,1. 
:q3,lj , ':oI=l. 
!iI :1 , I', I It, ) = 1. / I R" *T;: ) 
!i13, 14tl21=-1..ti'21 (r· '."T2**2.) 
ii ( 3, 1:; , Hi) =-1. "i' 3/ I U. (, T3 * * 2 • ) 
t: I 3, 15 , 13 ) "I • I 1 kI. * r:; 1 
MI3,lb,I'i)=I. 
;; I 1, J 7 , 2 (I) = 1 , 

:1 I" , 1 , I I ,,2. * Ii n 2 * I Y P f, 2 B 3- YP n 2 0 II B r:r 3* 02 • 
KI~ll,21·-Z,.U[Ti·*Z •• IY?n2B3-YP&201/RET)*.3. 
~\l4 ,2,2 1 = 1 Lolli C'" t Po * 1:'<''' Ie L f. AR Ie R I * * • 7 61 HR ) * CL?* * 2 • '" r.R * 1 -2. I 

• OCOSI8(TJ)*SI~ldET3)/ISROCOSIRET~)*43.1 
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MI~,2,JI=ILA~CR'ClR*'2 •• ICOS(BET311*'2./(SK*IC05IBET~11*'3.)1+ 
1.22*DoCl~hMOO.1H.tlK"2.'CR**.22'ICUSI9ET311"2./IH~*SR 
<- e,j S 1 III 111 I **3. I 
i'\ 1 ~ .7 ," ) = CLil y *2 •. ~ 1 C 0$ 1 II ET 3 I 10 *2. * CK II SI-;. 1 CU 5 III f TIl I 1** 3. ) 
il (', ,7 ,5 I = - J • * !!.;, 1 C U f." /C P. ) * * • 7 R * C L R'i' 0;: • * I ( n 5 1 ilf T "3) I '" * 2 • '" C R I 
I IIi, ~'';' ~ • ,; 5 f:~' I C !l S ( 1;1: Hi) H';' 3. ) 
! 1 ( 'I , Z , 6 ) = ( l MI CR. " * C ,~,. I C U: A ~ I C R ) (, 0 • 7 8 I Ii F: ) • 2 • <, C l R • C R * C Co 5 R R I S R 
i~ (4 ,l ,7 I = 1 L .~1i C;'" +:1 '·cr .• I CLJ' MUCR I H. 7 8/ HK I ... 1-1 • I'" 1 ClR IS R 1** 2. 

:: *c·~·:·cnsrr.. 

hI 'I , £ , d ) = I L ~~: Cf; 1 e" C?'''' I C L (; AR IC R 1** .7 (l / HP. ) OCL ft. * 2 • '" CR *c 05 RR 
;, S I '11 fil TI:)" 1. II SR ~'C ;)~ I U rHi) ) 
," I',,:; ,lj I =-1. ... ~Ll.;. ~i!..'" (Y "AIA2-YP 1.1 (\) Ii. l? *03. 
MI",4,IOI=ClN002.*CN*COSRS/SS 
Ii '" , ~ , J 1 I =2 • < Lid':C •. ,,, CUIO CIHC [) S R SIS S 
"1~,4,lZ)=LAMCN*Cl~¢·7.*COSRS/SS 

nI4,4,1)1=-1.·L~"C~OCL"·*2"COSMS*CH/SS"2. 
111'1 ,4 t'l I =-2 • ~ l.f. I'. C liT CUi" 2 • ~ CO Sit l;> I *C !H' SIN 1 hL 2) liS S * 1 CO <; 1 .\L/'\ I ) .;. * 

U). I 
i' (t, ,4 , I ,. I =:, • "LI. HC II. CL N* ,) 2. *Cf-l*C 0$ R:; *s ! r. 1 AUI I liS S' CO SIAL ~11 I 
1"'14,~,17)~I. 

42l KI4,b,I~I·l. 

423 iil",7,ll"1. 
'1;>4 1I('"ti.ZI"l. 
'075 ~i\,,,'jtln=;H3,3,51 
4? 0 r~ (I, , <J , i{. I = 1\ 1 ! , 3 , (, I ,,?, :1,,,,9,11:.;'('1,3,71 
" ? S il 1 ~ ,'/ , Z I ,,:~ 1 :I , 3 , 8 I 
429 ~il!"lr!,lcl~l. 

'030 II ( .. tl 0,) '} I = "iI 2 • 1.,1 (, I 
't 31 Ii 1 " , J (J , ;> 2 I = 1 • 
't3l I"',,]1,1r,)"-;12,7,:11 
4'13 HI4,11,?I=~I~,7,l)1 

't) 4 :H" ,1 Z, ;>' .. ) - :, 2.3, <) I 
,,] 5 1.1 't , j ) , '21 I. " 1 T ] / Tv j I * ~ 1 G M"~. I 1 G 111-1/.-1 • I I 
'036 C 
437 i, 1 " tI ) , U I = 1 G n,~ 1 ((;\ II /1-1 • I I * i' 03 * 1 J * f; 1 1 • II G A !if. -1 • I ) IT f) 3 * * 1 GA 1'0:"1 
43:! ~ 1 ('-1:"/,-1. I) 
'139 i! I', ,I 3,1 'i 1= (GM" ·\/1 1.-Gt.""'/. I I *p 03 *1 3* ~ 1 Gt./M 1 I G""'1.-1 • I 1*1 lt3H 1 I;:. * 
""u • G~Kt-1.1/11.-GAMkll 

'441 MI~,14,231=IG~Mtll('AHA-I.II.P01.T2?R •• Il./IGA~A-1.11*101**IGi.MAI 
't4? 11.-GMitl) 
"43 ;~(i,tl~,?l'l:.l. 
444 IH"t, 15,Il;)=iH 2, L, ~I 
'145 :114,15. C; I '-Ii 1 2,,,, l.~ I 
"'t6 1\1.:,,16,l1=/i13,lZ,71 
,,47 ;"(l,,16,241=;H],12tl31 
4'dl ~I( 4 , 1 (, , 'J) = 1 • 
449 H(4,17,21"1./111.+ITANIBET31-1./Fll'.2.I*COSISET31**2.) 
450 t'i 1 It , J 7, ? 'I I = 1. II 11 •• IT All 1 Il £: T 3 I -1. I F I 1* * 2 • I *F I '" *2. I 
"51 NI/,,18,lI."=I.Ii) 
"52 ril",lH,171=-1.·C~/U'*2. 
"53 i-1(',,]U,?41=1 • 
.. 5" 11(1I,lcJ,.l(l=I. 
4'J5 1114,211,))=1. 
"56 1t1:',1,1I=I. 
4~7 1-l1'i,2.21~1. 

,,~ij ~li·;,1,31~1. 
45'i 1!15,I,,31=.C!)34~·cr;SIi'[13I/1HI«'C()SI&E:T211 
',hO '" 5,'" 'I I =-. (13:; '1'~C!j~ 1 liE T3 I *Ci'l I HRH2 .*ens 1 e.rT 2 I I 
"b1 HI~",,21=-.u334"Sr:j(f:U31.CF!*C[)SUlET3I/1lil<*C(lSIBET21) 
" I> 2 '1( ~ , " , 1 I = • n 31" * C >:. S J IJ I"L T 2 I ~ C U 5 1 £i l: T 3 I I \I if( * 1 cos 1 b F 1 2 I * * 2. I I 
'\63 ~15,~,81=.5 

~~(~~,a;t9)=.5 

:l 1 ~.), {" 1 I =: • * Si<.';' C (' 5 ( tl f:H! I /I CR *c OS 1 B r T 2 I ** 2. I 
II( ,>, I" Z I =2 "~)f:*CiJS (f:rTl',1 / 1 Cf!Oeos 1!lr:T31 H2.) 
/' ( ". 1,,:1 1=-2. <, S '!*' T ~11 1 Ii n 2 I iT AU 1 B fT 3 I 1* r.o S 1 ElE HI I I CI< H 2. 
:.q oj, I" I (J I" ~ • ;, 11':':; 1 I;" It I d A (II ill: T3 I I .,cos 1 II ET H I Ie k 
ill :;, h, l.ll =- 2 • ,~ ITt I; 1 fl:: r ~ I iT Mil a ET 3 I I ~ S I-' os I :~ 1 l> ET f. I /e R 
~,I ,>,7,1(1 I ~ I. 
r." C;, Il, 11 =-? • /1 I', •• IT ~rll il F T 2 I - TAN 1 11 E T 3 I I * ~ 2 • I ;'C r;s 1 fl fT 2 I ~ *2. I 
:l('>.d.21=2./1,~.'(T~NIH~T31-TANI~ET21)O"'2.I*CDSI9lT31.'2.1 
1';1 ';, IJ, 11 I ~ 1. 
~l 1 ~, , '1 , I> I " J •. 
Ii I ~, q, 1 I =Ii (3,12,7 I 
Ii I 'i, '}, 12 I =,'" 3, 1 Z, Iii I 
N 1 ~; , Ill, ., I = .r; )J 'I') CO S I I.L 2 I I 1 1i:1 *COS 1 A Ll I I 
:t(5,l("hl=-.'J33'j*~I"I;'l21<'C:1 11I1r!*C051~LJ.II 
f:[5,lO,71=-.0)3lt*cnSIl.l21"CU Ilh:·:.;'Z.*COSlf.Ll.I) 
1-\1 5, 11,13) =2 .l' IT::l I~Ll I.H N( '\L2 I I';'COSI I,Ull 101 



4 til 
"tIL 
',b3 

'd" 
'ttl 5 
4H6 
'til 7 
'1Hd 

"d9 
~(10 

"'il 
1,'12 

"'13 
't')lt 

"'15 
"'ib 
"97 
49d 
4'19 
~(H) 

501 
';tl2 
5(13 
~()'t 

50:; 
~l'6 

5')7 
~l1d 

5i)'1 
5lu 
511 
~12 

513 
~l/. 

~l5 

516 
517 
513 
~19 

520 
!;i'l 
522 
:;13 
52" 
~ .. ~S 
52" 
'.;1.7 
52d 
529 
~30 
!;:n 
532 
533 
5H 
535 
536 
537 
!:)il 
!:39 
5"0 
5'tl 
~',2 

5"3 

~"" 545 
54!; 
547 
5Aj 
5 /1 q 
~5u 
5.,1 
=52 
:,,~) 3 
~5lt 

555 
~S6 
5~;7 

5'iU 
55'1 
~hO 

II( ' .. , 11 , 1 't ) :-;>. " I 1,\ N I ".L 1 ) + T A:a A L2 ) ) * S S * S I tl( f,UI) Ie IJ 
ii i ,', , 11 , ", ) :-/. • " 5 ~;. IT:' II I .\L 1 ) + T Mil A L 2 ) I ',e (~S I" Lt·. ) I r.r. ~.<, 2 • 
1'1 ~, 11 , /0 ) ,,;:. "S 5" CO 5 I AUll I I CN *e O~ I A Ll ) ~ "2 • I 
t·; I I" 11., ~ ) =) • 

;;15,1:;,)31=1. 
Ii 1;;,14, J I, 1=1. 
1\ I ", 1'; ,I, I =;> • I I I" • t I ~ !..llI 1.1,2 , - T.'\ N I All' ,« * 2 • , *e os I I,l.? H * 2. , 
'1(5,J~;t1~,1=1. 

!~ I 'i , J b , J I'. , = 1 • 
I·' I 'i, 1"1,231 =1. 
MI5,17,15'=?INOkPH 
!'( 'i, 1 [), 171 :-1. 
,;(~;,li;,1,)=I. 

:.\( '" 1.",16) =Jl (3,} v, ,,) 
!II~, 19, lIi) =:-'.13,1(1,1'/1 
H' ~i , 1 9 , 2 (j ) = 1 • 
,: I j, ;> u, it ) =;; () , 'J ,;, , 
;·1 I 5,20, h ) =:\ I '3, 'i, 16 ) 
V. I ~i, 20,,, 2' = 1. 
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• ~ ( ;." i'l , 1 '/ ) ,,? ;,! « G MI t.V I 1 • - n T 0 S I lET A S t T (11 , ) * * I 1 • I I G n: "-1 • ) ) I ( ( 1 • - G J. 1 
~/, )'·rT f·~*TOl) 

nl..:;.2~,1,));1. 

MI5,22,20)--1.0CC3/CP 

MI5,23,lZI=L~HN.CC2·1-1.)/CP 

;'1( Ij, 2" ,1 2 ) = I • 
o'H " ? '. ,1(.) = 1.1 u 
j.; ( 'j, ?" , ;0 ) = :'iI'. , 1 ~ , J.'I ) 

i'l 1 t., I ,1 I ~!.. 
:11(.,2,;)·1. 
nl/J,3,31~1. 

,i (6,." ... ) =. '; 
~\(b,4,')".5 
hlb,5,hl"1. 
"1 ((', t;" J 2) = I • 
I', I t, , 6 , 1 ) ~ 'I I 3 , 12 , 7 ) 
NIh, b , 7 ) ~!\ 1 3, 1 2 ,I e I 
i', 1 E, , 7 , d I = • , 
i·"1,,7,41=.~ 
HI f> ,!: ,'J , '" ~ I' i'~ I U 
Hlh,b,lO)=-I.'RPK*A2/U'·Z. 
n! In 8, It! =1. 
!! I (, , 'J, 1 t) ) '" - J • * ~ r , •. ) A 3/11 * * 2 • 
~, I b -, 'i, 11. I =~ P,'\ I') 
1\ 1 h, 'I, ~) "1. 
Nlh,IO,I])'"I. 
hI", 11,11·': I~; • Ii,l ) 
:" (6,11,2 I =!: I:., b ,2 ,­
hlto,12,141·1./U 
il ( t. , 1 "( , 1 u I = ~; I " , I 8 , 1 7 ) 
il 1 ()' 1 2 , 'II =:.. • 
hi!, , I J , 1 ~ , " I • 
H(b,14,l~I"'HI~,I",b' 
,. I (-., I 5. J /;) = 1 • 
nlo,1/;,).:,)'"I. 
ii 1(, , 17, 17) "1. 
i', It.., I "(,1 ())" ;" ( 3, '3,51 
hll,,17,l';)=~113,3,(" 

i'! 1 h, I. 7,1' ",!. I 3, ~, 7' 
Ii I (, , 1 7 , ( , = r: I :I , 3 ,(j I 
HI 6,1 i:l , 2 I =;1 I', , 11. 2 ) 
; i If" 16, 7) =11 I .. , 1 7. 2:, ) 
HI/> tl t1, III ) ~ 1. 
ri ( I> , 1 '/ , 1 -, ) • -1 • 
j'i 1 (, , l (;, 1 ~ I ~ !' 1 3, 1 (J , b ) 
11 I h, ':'-' , 1 d ) " " I :; , 1 (0 , 1 7 ) 
! \ 1 (, , 2 1 , 1 'J I '- '·i 1 2 , .\, 'j I 
i; «(),;)?, ] 't ) = i" ( 1, t;, f-.;) 

11 ( (; ,22, 12 , :. i: ( 1,01, 1 C) 
i'~ ( tJ , I-? , 1'J i = i • 
Hlh,~3,lb)·~15,17,15' 
,'; (;,,2:l, 1\:):oJ • 

,I I " ,1 ,1 , " 1 • 
I~ ( 'I', 2 , 1 ~ J = 1 • 
I': 1"/,3, -;,,, 1 • 
j:( 7 , ., , -', ) ",': ( !:; , il, 'i , 
j', I I , ~ , , I =!' I (j, ~ , 1 J ) 
;',17 , ~ ,0) ~n l(,,''}, 11 ) 
Ii ( '/ ,:=. , 5 ) = r-\ 1 6, 'I, 1\. ) 
1:17,6,'('=1. 



. 51>1 
%2 
51,3 
~h4. 

5b5 
:t.b 
5&7 
~6d 

569 
570 
571 
~72 
573 
57" 
575 
r; 71, 
577 
578 
57'1 
5nv 
~lll 

!iill 
~tJ3 

~r," 
~H~; . 
~il6 

1:;["" 
511il 
!;H9 
~<)o 

5·Jl 
5'12 
~'i3 

594 
~'J:> 

5% 
5'17 
5'1ll 
5'19 
tOll 
tnl 
t02 
to3 
bn4 
to5 
bOb 
t07 
tOil 
/:09 
/;lu 

611 
Lll 
U3 
el" 
615 
1:16 
(;1"1 
Hi! 
I: 1 'I 
b2U. 
Ill1 
622 
L23 
IlZ" 
(;25 
1:26 
vn 
L2d 
1..2''1 
t:3!) 

en 
UZ 
eB 
(;3" 
L3:> 
t]/) 

t:] 7 
tJ8 
09 
f14U 

~: I., ,7,.':i I ~ 1. IU 
i: I 1 , 7 ,? I =~: 1'" 1 B, 171 
;;17,7,121=1. 
1'1 I ./ , e , ., I = P, P i\ll) 
MI7,8,51=-1. 0 RPNfAl/U**Z. 
"( 7 ,9,1 (l I =- I. *nUl, T I I Hi2 y* 2. *CA I 
j'17,9,cl=-1 .... :1il/T/I,!02*Ct..H2.1 
hl-(,lJ,41=1. 
1-117,lO,~I=I. 

M(7,10,151=~I".RPM 
!i17,II,61=1. 
MI7,11,bl=-I •• MOAT/lk03*CA*·Z.1 
,'\17,1I,111=-I.*I',uAT/IROJ**Z.*CJ.I 
:.j I ./ , 1 2, 1 I =:~ ( 3 , 1 <: , oIl 
;.j I 7 , 1 2 , 1 2 I = it ( j , 1 2 , 1. 3 ) 
ti ( 7 t 1 2, ] t, ) :; 1 • 
1-;(7,13,13)=1. 
i·iI7,}/,,~)=I. 

Ii ( 7,15, I', I = I • 
rH7tl6.l:>1=1. 
II I 7 tl ",51 =11 (3·,3,51 
hI 1,17, Ii I =io! 3,3, {, I 
II ( 7 , I 7, II =1-\ (3,3,71 
0' ( 7 , 17, 2 I = 1'\ I 3 , j , 5 ) 
h (7,18,21 =h·I .. , 17,2) 
11 ( ., , I b , I 2 I ~ 1\ I " , 1 7 , 2 " ) 
Hf7,1'1,nl~hIJ,~,bl 

i1 I 7 ,llJ ,It. I = ~I I 3 , '1, 16 I 
:Hi:,!,ll~1. 

hIO,2,2)=I. 
IIld,3,31=1. 
hI8,,,,41="17,'1,lOI 
i~ I " , " , :; 1 = i,1 I 1, 'J , d I 
:-\ I 8 ,:; ,h 1 = j> I NY R i' '1 
~i I h , :, , 1 " ) = 1 • 
1-1 I U ,6,71 dl I 7, 11 , III 
PI" ,b , :; ) ~ '-II 7,11 , ti ) 
NI!l,7,!l)~I. 

1': 16,8,:') =1. 
:\ I 8 , .J , 'I 1 = -1 • H' 0 1\ T I I C" ¢ f! 01 • * 2 • 1 
Hlb,9,~I~-I •• ~D~T/IRQI*CA*.2.1 
~(6,10,l~I~1./I~A*T2) 
~ilc,lf),lll=-1..P211F.A*T2**2.) 
~l( e ,1C, 41 =1. 
t: I 11,11, 12 I ~ 1. I I~;' '''131 
KI6,ll,131=-1 •• P3/1~A.T3*~2.1 
1IIH.!I,7)=I. 
:\ I R. I?,';) =1 ./ll 
;: I h , 1 7 , I', ) ~ II ( " ,Iii, 17) 
t! I t\ , 1 2 , 1 I ) ~ I • 
hlli,J j ,1.~; 1= 1. 
t:(Il,J~,lb'~l. 

1':18,l~;,I>I=I. 

r, I is , 1 ;, , I ) .. r, I ) , 1 ~ , 7 ) 
... I (\,1 c., 1 1) .. ,.; I :,,1 I. ,1:; I 

tl I'/ , 1 , 1 I = J • 
[', 1'1, Z, 2 I = 1. 
;'j 1'),:3, j 1=1. 
" ('I , " , " ) =~, ( II, 10, 1 (l' 
Ii ( :; , ~ , 5 ) = ,.1 I .~, 1 v, 11) 
ii ('i , ~5 ,{; J .;: 1 • 
"! 1'1, t ,., ,= 1. 
ii ( ,j , "' , Ii ) = 'I I 'I, 11 ,I? 1 
M I 'I , 7 ,'I ) = 'I I !l, 11 , 1 1 ) 
1-'l'I,,,,ln)=I. 
:'\I'I,'I,lll=I./IR""Tl) 
n 1'1 , 'i , L' ) = -1 • ~ i' 11 li-, ;, ~ T 1 * * 2 • 1 
,', ('j., 1;), J 3) = 'I I I" 1 ~ ,~3 1 
11 f'l , l,ll, 41 = 1. 
:.\ 1'1 ,I 1, I 0, 1 ;. -1 • .;< C C 21 C P 
;', ('1, II , ~ 1 =1. 
:-: ('1,12, I:; 1 ;.iil';, 1:1, n I 
;'! ("-} , 12, ~i) ;.!! (:t ,1 J, -:? ) 
;q 'j , 1 2, 1 I,] = :'; I .; , l.l tl ~ ) 
1-\('i,12,£)=1. 
r, I 'J, 13, Q) =1. 
1\ I 'J , 1 :1, 1 "II = -1. * CC 31 C P 
r; I 'I , 1 :; , 1 hI=- 1 • 
I', I IJ , 1 I, , -, 1 ;. P III ~ I; P I·t 
n I 'J , 1 .; , 2 v 1 ~ 1 • 
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641 
/;42 
t43 
1;4'0 
L'o? 
t',l> 
t:.47 
t4tl 
(;;1, 'I 
650 
L51 
t'i2 
1;53 
65'0 
t'l5 
t~'b 
657 
t:Sc 
659 
t;.I.O 
661 
t:62 
663 
b64 
t6':J 
tot> 
t/:7 
t6e 
t:69 
c70 
b"fl 

L72 
673 
L74 
675 
t.n 
tn 
671! 
t:.79 
bBo 
£Oil1 
/;82 
ttl3 
eli4 
ttl; 
tllb 
t>l7 
b81l 
ttl'! 
1:'10 
t;'11 
t'l2 
6'/3 
6'14 
vJ5 
t:.'Ib 
en 
t:'I8 
(j'l'l 
7(11) 

7(n 
702 
703 
7')'0 
7"5 
7','6 
707 
7('8 
709 
710 
ill 
71Z 
713 
71'0 
715 
Ho 
717 
718 
"119 
720 

019,15,101=1. 
ill 'i, 16,1 'i I = 1. 
MI'i,17,i>1=1./U 
hl~.17,2ul=~14,la,171 

:11 lCJ , J ,1.1 ~'l. 
,'1110,2,21 "1 • 
fiI1t),3t3)~I. 

~110,4,41~~14,14,231 

nIL (), 5, <,) ~I'i 1 'I' 11, 1', ) 
t: 1 J " , ~; , 1., I = 1 • 
1!110,6,I,I=1. 
;: I , I, , ., , 7 ) ~ 1. • 

KIIO,H,RI=MI4,lJ,211 
.. : 1 lit, fi , 'Jl "Ii 1 4 , 1 3 , 2 2 I 
I. lin, tl, lli ) = i~ I " I 13 , 1 a I 
;., 110 ,'', <) =1 • 
hll(i,'J,lO);!. 
,I I 1 ., , 'I , 1. 1 I ,,;., I 'J , 1:1 , 1 7 I 
Mil (I,lL' , 1 ;> ) ~ 1 • 
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;! lIn, J 1 , 111 ; I G'\ "i. / I GA 111' -1 • ) I * PO 1 * TO J 'I' * I C/.!It,/ I 1. -C .'IliA I I'" T 1 * '" I 1. 
t (G '.1; ~-1. II 

:'; lIn, ) 2 , I, I ~ -1 • ;' r. ,\ / C P 
t-\1)O,J2,131=1. 
.', I Iii , ) '3 , 1 4 ) = j • 

~;I 10,13,'''=1-
I: I 10, J 3 , ~ ) ~ •. : I 5 I 23,22 ) 
HI)O,14,L)=MI3,Y,61 
nll(l,14,l~)~1"3,9ol6) 

HI In,l',,~j)=l. 
NIl 0,1;,1 (,) =I'd 5,21,17 I 
hI1ntl~,b)=I. 

II I 1 (l, J (, , 101 = 1 • 
(ill0,lu,If.)=-I. 
(; I 1 (I, 1 I, L ) ." 'I I J I 1 v, (, ) 
11 I 1 O}, 1 'I • 1 7 ) = j·1 ( :, , l n, ) 7 ) 
Pllf1'}'ftlll=l. 
i-lllC,l!l,lfilo=l. 
r: ( 1 lj , 1 <j, l Cj ; = 1 • 
rlll0,2u,71·PIN.~?q 

nll1,I,II=I. 
tilI1,2,2)=1. 
r: I 11 , 3, :. 1 '" I • 
ti ( 1) , 4 , 4 ) = 1 • 

fllll , "I !>l =ltC5 , 23, 22 ) 
i'l I 11.,:'. ') I =1. 
n I II, 5, 6) =~; (J ,9,6) 
:.j ( 1 1 , '5, 7 ) :a ~~ , :' , t) , 1 (; ) 
fI Ill., 6, 6) '" 1. 
1\111,7,8)"1. 
;: I 11 , tI, '1) =,.., 1:5,21,17) 
I, ( 1 1 , 'I, 1 0 I = 1 • 
il ( II, (I, ) 1 ) ~ ~H 5,22 , to) 

i I ( 1 1 , 11, , (; ) = ··1 • 
I: I II , 11 , I. 1 " 11 I 3. 1 () , 6 ) 
Ii ( 11 , 11 , 1:n =:,013,10, 17) 
flIJl,ll,lll~l. 
1-1111,12,13)=1. 
i'; ( 1 ! , 1 3 , (, ) = /1 I 1 (. , 1 2. h ) 
Ii I 1 1 , 1 4 , , I =:1 I 'I, 1 1 , I', ) 
t·.ll1tl',,4)~1. 

1111 1 , 1 ~ tl ) = ;.\( 3, 1 2 , 'I) 
/'1 Ii.l, 15,14) =1\ I :I , 12, I tl) 
;';111,15,71=1.. 
/I I 1 I , 16, I 5 I =l'i ( 3 , 3 , ~ ) 
IlC 11.16, h I =!.\ ( ].3, I,) 
t\ (11, 1!J, 11 =j'l I J, 1; 7) 
II ( 1 1 • 1(. , t.'l = :·1 I 3, 3 , a ) 
tl ( 1 ) ,I L>, 'I I = 1. 
M (11,17,21 =:·1 I" ,17,;:) 
I" I 11 ,1'/ tl.?l "1. 
II I 1 1 , 17 , I'd = N I ;" 1 7, ;>" ) 
II I 1 1 , 1 3 , 1 6) = 1 • 
," 11 , 1 ,'1 tl 7) = 1 • 

': ( 1. 2 , 1 , 1 ) = , • 
;'111<:,2 ,2) ~ 1. 
~iln:,:;t3I=l. 
f'i I 12 ,4, .; ) =:\ ( 9 , 1 J , I', ) 
!1( 12,:',:')=1. 
"(IZ,~,5)=~(3,'1,6) 
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721 :1 ( 1 i: , 5 , 6 ) "t.! ( 3 , 9 , 1 0 ) 

722 ~t I J ;;: , I.J • ~ ) = 1. 
77.3 i~( 12 ,7'(J)~'!.. 
77.4 Ii ( 1;;: , 7. 1) = ~'II 1. 12 , oIl 
"17.5 ~\ ( 12 , 7 • 7 I " !,' ( :I • 1 2 • 1 ,II 
726 I,' ( 17 • tl , tl I = 1. 
77.7 n ( 12 , 'I • 'I ) ~ ,1 ( 3 • 3 • ? I 
'/213 t" ( 12 • ,}" I ='1( 3,3.6) 
72'1 11112.'1, II =Ii (3.3.71 
nll 11 ( J 2 ,'I , 2 ) ,,!\ ( 3 , 3 • 8 ) 
731 :)(!2.9.10)=1. 
731. ~(12.1(l,]u)=-I. 

733 '" 1 2 011 • ') ) =/1 () .1 o. 6) 
714 ,'1(I?11,1l1~JI(3.10,17) 

735 :\ ( 12, 12 , 11) = 1 • 
73I.J 1-\ ( 1201 2 , 2 ) =111 ~ 01 7,? ) 
737 Mll?,12,7)·K(~,17,24) 

738 11( 12tl3dZ)"1. 
739 !,; ( 12 d, I, , 71 = 1. 
740 !:(12,14.!));I./U 
7',1 P' ( 1 2 • 1 4 , 9 ) =:1 I 4 • 18, 17 ) 
742 ~i ( 12 .1') , 9) =1 • 
743 r: ( 12 • 1 ') , R ) = IH ll~ • 211 , 7 ) 
744 '1112016.13)=1. 
7<" '! ( 12 , 17 , 14 ) = 1 • 
746 M(13,l,ll=1. 
71,7 :1113,2,21=1. 
748 ~\l13,3,3)=1. 

7'·9 IH 13 , " ,,, ) = I'd 3,9, h) 
750 MI13,I,,5)=,"(3,').161 
751 :1113.5,,,)=1. 
752 ~: ( 13 • 6 , ') ) = 1 • 
753 M ( 13 • to , 1) :. :'\( '3. 12 .7 ) 
754 i-ll 13 , b ,61" 1-11 3, 12, 1 ~ ) 
755 M(13.7.h)=1. 
75b /1( 13 ,7,,, 1=1 • Iii 
757 "(!3.7,7)=~(4,18,17) 

758 n(13,b,BI~l. 

7,9 r'\( 13,9,71=1. 
760 M(J).9,H)=~(lO,ZO,7) 

7bl M( 13.10,71=1-113,3,51 
762 H ( 13 , 10.4) =:113 .3, /) I 
763 HI 13.10, II =t\ (:;,3,7) 
764 M ( 13 , 10, 2 ) =1'" 3 ,] , iJ ) 
765 ,..., ( 13 , 1 1 .7 ) = I~ ( 4 , 17 • 2) 
766 Po( 13tll,6)=/'i(4,17,2',) 
767 N( 13,12.'1) =1. 
766 t: ( 13 , 1 3 , 1 (l I • 1. 
769 ~1(13,l'j.1.11·1. 

770 /1111,,1,11=1. 
771 II( 14 , t., 2 1·1. 
772 I,; ( 14 • ') , 3 I = 1 • 
773 ~! ( J " , 4 , 4 I = 1. 
77't HI 1', .5 , 1 I ~ /1 ( 3, J 2 ,7 I 
77'j :' ( J 4 , 5 , ') ) = II ( ). 1 Z , 1 ,1) 
77& It( 11,.6,?I=I. 
771 a(14.t,,/tI·l./U 
77U P(14,6.()I~,,\(/,,ld,171 

7'19 1\ ( 1 4 , 7 • I> 1 = 1 • 
7bO 1-11 14 , 7 • " ) = ,'II Ii; • In. 7 ) 
781 ,"i ( 1 II, .. t, 7 , :;.1. 
7il2 111 14 ,9,8) = 1. 
7,83 '-II 14.1fl.'J)=1. 
7tl4 '1114.11.101=1. 
765 ~l ( 15.1.11 = 1. 
7BI> fI ( 15 ,2,2') = 1. 
7tH 11(15.3,31=1. 
7dd :I( 15.t, ,',) = J • 
78<) N ( 15 , ? , I, )" 1". 10 
79u "j ( 1?, ~,5 I ='" ('" J!;. 17) 
7'll ('5.h.?)=I. 
7'12 ;'i ( l 5 • to , b ) =,' ( I" • 211. 7 I 

"<j~ "( I?, 7. r; I ~ J , 
7'14 N(l'",c.71"l. 
7CJ5 !-\(1:j,q.hl~1. 

7'lb I" ( 15 • 1 0 • 'II " 1 • 
7'i7 ': ( 1 b • 1 , 1 ) = 1 • 
7CJ(j r'( lb.2,?!"l. 
"j'J'j :, ( 1 b , 3 • 3 ) = 1 • 
~OO 'j( 11>.4.1, )=1. 



~nl 

ti'2 
d'· ] 
b .... 'i 
0,15 
bOb 
bl'7 
clIll 
e09 
lllv 
ell 
ti12 
613 
Ellt 
Ci5 
6J b 
1317 
til tl 
H'1 
e20 
621 
1'7.2 
tl23 
Clio 
1:25 
!i21> 
627 
112t1 
1:29 
c30 
6"l1 
1:32 
1133 
6:;" 
635 
E3b 
1:37 
c33 
t:3<J 
tl~O 

8U 
~',2 
t:it 'J 
Sit', 
8"5 
I!"b 
8" -, 
t"b 
1'/,9 
e';O 
60;;1 
e52 
ti53 

. tl51t 
1:55 
b'>b 
6'17 
e'j ~ 
E59 
cbO 
861 
~/.2 

cr.3 
tfl4 
eb, 
bc,b 
1:67 
(:/:lH 

b&') 
c7-J 
1:71 
~n. 

en 
u" 
1175 
i!7b 
677 
!!7d 
eN 
6110 

c 
c 

la lb,5,51='H lu,ZO, 71 
~~ ( 1 {J ,(, , ~) ) = 1 • 
,·it 1I, , 7 , i; I = 1 • 
:' Ill;, H, 71 =1. 
"II £> ,'1, ul =1. 

.\ I -I , i. ,I, ) = I • 
'1 I I, ;:, I· = 1 .• 

iH U,],.'I=i. 
1·:117,'t,~I=1. 
n ll/, S ,1):.1, 
f'117,il,31 =1. 
r:1 l'I,7,51"1. 
1'\( tl,e,/Il=I. 

c ••••• ~HTAIN vrCTOR DETAIII .* •• 0 ••• 

C 
C 
C 

c 

C 
C 
C 
C 

C 
C 
C 
C 
C 

C 
C 
C 

on 91 J=I,SIlElI1 , 21 
91 [JF.PIJI=IH1,I,JI 

'12 

9'j 

Of) 93 1<=2,17 
DO 92 KK-lISlZE1IK , ll 
CD <J2 KKK-l,51IElIK,21 
H02IKK,KK~I=HIK,KK,K~KI 

ClLL :,UL TI? IDET A"~(l2, 5 I H 1 I K,lI ,5 I lEI IK 1211 

CfltlTl tlU[ 

G(Zololl=l. 
r, ( 7, l, ~.):'; 1. 
e ( ;?,"'l, )} c. 5 
G Io?, 3,41 =. "> 

1;13.1,11=1. 
GI~,2,::I=I. 
G I 1, 3, 3 I ~ 11 ( /; , 1>, 'j 1 
G I 3,1," 1 =j.,1 to, (I, H'I 
C( ),4,1>1=~,f",<j.lll 
<;1),4, I,) =11((' ,'J ,1,;1 

G(",ltll=l. 
GI4,'?,21=-I. 
GI4,3,31-MI7.'1,lOI 
(, ! 4, J , " 1 = j.; I 7 , '/ , r. J 

Col " , " , 11 ~ 11 I 7,1 (I, 15 I 
G I " , " , 5 I =- : .• I 1 , i. 1 , 1) I 
G( 1.,,,",'01=-1-111,11 ,Ill 

GI5.1oll=-l. 
G('i,;>,ZI=l. 
r.1 .,,:1. I, I "i1 (1\.1 \l, 10) 
G ( ~ , 1 , ~ ) = ~.! ( .J , 1 fJ , 11 ) 
GI~:,4,:I=I. 
G! ~, 'j, /, I : h I CI , 1 1 , 1 2 I 
G ( C, , '.I, 7 I =- ,1 ( d , 11 , 1 j I 

r.1 1,,1,11=1. 
G( ()';>, 2) :0.'1. 
G I !, , :I , 3 I : 1 • 
G(h,4,41=~(<J,10,131 

G ( 1;, 5 , 1) I = h ! :J , I 1., 1 ~ I 
r, ( ~)' () , (1 ) ;; 1'1 ( I, , 1 1, 1 ~ I 
G I ", (" 7 ) = i'i ( 4 , 1 l, ;- 1 I 
G ( " , b I ij I = r-· I " , 1 'j , 2.' I 
~( til 7, 11) = 1. 
G I I" 7 , 'j I =,: ( c, .13 , 17 I 
GU., 7, 61 =1. 

(,17,1,ll=l. 
(;(7,2,?)=-1. 
GI7,3,31~1. 

GI7,4,4)-HI5,Z3,221 
;; 17, I" ~ I = 1. 
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nlll Co I 7, ?, 31 =:~ ( 3 ,'i ,t. , 
!J1I2 r;( 7,!;,('I~j1(3,'1,l(d 

11'13 G(7,5,41=1-
ha', G I "" h, ", 1 =-1. 
!l!l? G I 7 , (J , (i , ~ 1 • 
!l3b G ( 7,7,71 =!1 I:' ,21, 17) 
tltl7 G( 7,f~,t~)~1. 
elia ;,( 7 ,Il,'/, =11 (",13,17' 
bf·9 ,; ( ." 'I, :;) =f. I"l ,1.(',,,, 
t!90 G ( ", , 'I, 1 () , = '"\ ( :l , ) () , i 7' 
/)'11 G( ,,'/,'" ~l. 

692 G(il,l,l)~l. 

e'/) G( '~,.?, 2) ~ 1:. 
e')4 G ( .!., 3 • '1 , = 1 • 
~95 G I :.1, "; , 3 ) ~)1 I 3 ,') , Ct , 

b'lb G I !\ , 4, 5) = 1\ I 3, 'J , lid 
6'17 GP), ',,',) ~i. 
1i9i3 G I (j, 5, " ) = 1-\ I 'i , i1 , 1 ~ ) 
E99 GltI,f,,5)=I. 
'10') G I " • (, , (, ) " i , ( 3 , 1 2 , 7 ) 
(;I~ 1 G I i\, (" "/) = I: I 3,11..1;; ) 
'102 GI ;" 7,a'=11(3d,~) 

(i O 3 r; ( I!, "' •• ~ , = ;., I 'l • 3 • " , 
"Ill, GI~, 7,(')=i~(3.J. 71 
'105 t; 1·1, ",. '/' =1\ I j, 3, <;, 
<JOb G ( I;! , 7 • 1(: , = 1 • 
'107 (;( 'I, ~'!(;'=-l. 

<;<'1) (. ( ri, OJ. 3 , =il (3,1 (;, (" 
<;09 (; ( >i • 'I • 11 ) " .. \ ( 3 ,lv, 1 "7 , 
<; iii I~ ( '!, I l" , 7 , = i" ( " , l7 , z" , 
<;11 r. ( 1\, Ie. 'J, =,~ ('t, 1",.2' 
'i12 GI<l,H'.lI'=l. 
9) 3 G( 'I,) • i , = 1. 
9}4 i,; (",2,?):.1, 

41'> GI 'J, 3, :l, =) • 
'il" GI~.4,3'=nI3,'i,v) 

'n7 G ( 'i, 4, t. ) = j'; 1 J , 'i ,I t.) 

<,113 Gl t/, '>, f;) ~ 1. 
l; I l} G 1 OJ , :; • " ) = HI) • 12 , 7) 
'120 r. I'), '.i. ") =i'i I 3,l?, 1 d) 
'121 G ( 'I , (, , ,. ) ~ 1 • 

'J22 G I r, • 7 • "II = 1 • 
',23 ('1'1,7,'ll=1./U 
'io~ 4 G 1 'J,"7. Ii' =ii (" ,Ill, 17) 
',25 G (oJ.'J. ~.) ~ 1. 

'in G I 9 ,Ii' • ,J) = II( 3 , 3 , 5 ) 
'127 G(I.l(.,jl='1I 3,3,t') 
C,2d G ("I. I I'. 41 "1\ 13.3." 1 
'i2Q (, I 'J, Ill, ~ 1 =:H :1 , 3 • III 
'i3v G I '), 11 , ~ ) "" I 4,17. L 1 
'i3l G I OJ, 11 • 71 ~ ,\ I ~ , 17.2',1 
93Z CI,),a,!!l"l. 
'133 G I 'J, e, 1 ) =t: 112,1:;, ti 1 
'i]4 GIlI:.l,l)"l. 

'i3'> 1;110,2,21=1. 
G3b G I ti" 3 • ) ) " 1 • 
<;37 GI1I,,~,:')=1. 

'138 G I 1\ •• , , ~ ) " 1 • 
<;)oJ r, I 1,1. (,." ,,,!\( 3,12,71 
s',o GI10.6.bl~~13,l~,lal 

'i41 I; I 1 (, • '/ , t: I '" 1 • 
lj'-oZ Gil \. , 7 , :3 ) 0 1 • I U 
<;43 G I H' , 7 • " 1 = III '\ • 10 , 171 

'144 Gl1",b.71=1. 
<;'t 5 G 11", ii, 1 )" i: 112, 1 ~,e) 
<;'tb GIll,},J1;1. 

<;"7 GIl1,t..?I~l. 

'i'tti GIll ,::;"l'=l. 
'1'19 Gll1 .'" U 1 = 1. 

'J5u GI11,:;,7I=t. 
(j51 Gll1,1 .. ·3)=1./U 
'J~j2 GIll, /'. • " 1 " "\ ( " • t 9 • 1 7 ) 
9~~ 

.'') t,; 111 .7, 'I) = 1.. 
':;54 G ( 1 1 • ;'. I I" '1( 11 • J ~i , Ii ) 

<;'j~ GI12.1,1\=1. 
<;56 GI L~ .:' .ll~l. 

9'>7 I;ll(d,jl=l. 

.,'>t\ GIl2,4,''':) • 

<;59 r; ( 1~ ,~" 'j ):;; 1. 

"~JO GIl;' ,t., &)" 1. 



161 
<;1.,1 CoIL?,7.'''''1. 
,,(.2 roll.:!,,!,;!I=!. 
<;f,) G 1 12. ') • 1 1= iq 12.15, fi I 
'i(.4 :'113,1.U=1. 
'i1>5 (;11.3.2,21=.1. 
(jl)ta r.1 ].).:1,)),,] • 

Gf.7 G(1) .... ~)"1. 

'j6ti (;ll:1.:,~)=l. 

'in9 r. ( 1.3 • t. ,tl = 1. 
<;70 '; I l3 • /, • t. I = ! • 
'i7l G( 13,7.71=1. 
'j 72 GI13,:\,I1):.1. 
'in c 
'174 c 
<;7'J c 
<;70 HI2,1,l):.I. 
',77 HI;!,;:,?!=l. 
'17tJ H(Z,3,:;);.? 
'i79 1\12,3,',)=,5 
'1IlLi ii (J ,] .1) = 1. 
'i::'1 11(~,,,.;:)=1. 

'1~l t1 ( :, ,3.3) = ~i' ;~/ U 
'Jln HI).3.41=..!( 7.d,<;) 
'Hl" 1i13.J,~)=ll 7,4,',1 
(i~ 'J 111).3. 't I =;-1( 7, '" ~" 
'iilb 111',,1 ,11=1. 
'1d'/ Ii I" , Z ,2) =] • 
'HlIl It I', ,3. 't I =!\ I II. <J. 'I I 
<;II'J 111",),31 =111 B, 'I,!) I 
'i<;u II I " • ~ • 1 I = :.~ I 'I , S • i, I 
'191 HI4.~.3):.Mll.'i,~1 

oJ'l2 I i I" • ~. , 5 I = ,.' I " 'J, 1 u ) 
<;9) 111:>,2,2)"1. 
'i'l't 111').1.11=1. 
<;<}5 I!(S.3,j):I. 
C)'n II I ') , " .', ) :. '! I 'I·. ,/ , ] 1 ) 

'i'n j I I !; .... :' ) =" I 'l, ,~ , 12 ) 
'i9!) II ( ~ ,5 , " ) = II( d, 1 u • I·) ) 
'19') II I ~. , ~, ,7 ) ~ '! I ~. 1 u , 1 1 I 

l(Jno IIll),l.! )=1. 
1 COl 1116.2.2 )=1. 
11102 1I1l •• ).)):], 
1003 !l I (,." ." ):.~:( IO ,II, 13 ) 
100't II I ! •• :> , :3 ) :. 'A I til , 1 2 • " ) 
100') HUn 5 ... )=1. 
1 GOt. Ii lb. h , 5 ) = ,., ( " • 14 • ~ 3 ) 
lU07 ,. lb. 7. b):. '·1 1'1.11, I.',) 
lC('1;j ill'/,l']):.l. 
1(,(1'/ iiI7.2.21=l, 
1 (;]v tI (7.3.:3): I. 
1 ell 'I ( 7 , " , :, ) :. 'I ( ] (. , 1 2 , 6) 
lU12 1I(7.~,ltl=l. 

lu13 II ( 7 , 5 • ~ I = :H 5 , 2 3 I i 2 ) 
J 014 11(7,1",)=1. 
lU15 II ( 7 , b , :3 ) = '·1 ( 3 , 'I , I,) 

lulo Ii ( '/ • t, , i. ) :.:11 .1. 'i, 11, I 
lC17 Illtitl,ll=J. 
1C10 1":1,2,21~l., 

le19 l1Cb,],JI=l. 
lC20 1 i Ie, ~ , 4 ) "1: ( oJ , 11 , 1.', ) 
1021 I'",,~,")"l, 
11.:<'2 i I ( ,; , ~. , 3 ) ~ :- ( ') , 'J , I. I 
11..23 II ( ~ , :> , ~ ) = Ii ( :\, <), J f, ) 

1 CZ', It(::, I." ~) ~ 1. 
1025 II ( fj , (, • (, ) =!: ( "3, 1.2 , II 
1L26 I: I :1 , I, , "I ) ,,:' ( 1. 1 ~ , 1 'i ) 

1 C2'1 tt! 'J, 1,11:. I.. 
1 u:>tl 111<;,2.2):.1. 
11!2<) It I'J,::,.., ):. 1. 
I (;)(J II ( <],4, " I,,', ( j, '1,61 
11111 II (<;,",5):.1\ ( '3, <j,) t, I 

lC32 !I (r) , ~, ~ J;; J • 

IuD H ( 'I ,0; , ~ 1=:: 1 3, L' ,7 ) 

11;34 II ( 'i , :' , (; ) = j., ( 3, 1 2 ,I 1) 
1(35 ,; ( 9 , h , :; ) " t • 
1(,% :1 I <1,7", I ~ J • 
1 C3 7 :l «j , 7, I, ) :. J , III 
1(,33 I; «J,", 7) :. ;'. ( 1" l.~ • 1'/) 

11..39 ;i( 1 {J , i , 1 ) :: 1 • 
11../,O H( !if,i ,? );;.1. 



1 (;41 
Ill',l 
1(43 
1(;1,4 
I ti45 
10',6 
I C'. 7 
lC48 
lL4') 
1 (;;0 
1(;51 
1\)52 
11153 
1 (;5', 
1 (; ~.5 
IG56 
lC~7 
lG')/l 
1 c'i') 
1(;1>0 
IU,l 
1062 
10{,3 
1 (1(,', 

I (iI,5 

IGhb 
Il,h7 
1 ~I,i> 
1 CI,') 
1(;70 
LV 71 
le72 
IG73 
lo7't 
107:' C 
1 v-/6 C 
1 <;7" C 
lUld 
1.)79 
I Cflll 
Il!!1 
IOtl~ 
lOti, 
lCB4 
lld5 
10Bb 
It.;B7 
ll: :)6 
Ill3'1 
1 C'i\) 
It'll 
lun 
1 C'13 

1 C"" 
1 1l';5 
1 V)b 
le'H 
1\)96 
lCQ., 
11no 
1101 
1102 
11('13 
110 .. 
1105 
110b 
11'H 
11(16 
II,),} 
1 110 
I III 
1112 
1113 
Ill" 
1115 
1111> 
1117 
llld 
1119 
1 12 iJ 

HIll',3,)I=I. 
til I (I, It, 't I ~l • 
II I lu ,5,3 I ~ n 1 , 12 ,7 I 
'i I I,; , :1 , !, I =! ~ I 3, 12 , 1 (j I 
Ii I ](', ( .. , ~ I = J • 
It I I (), b,', ) ~ 1. /u 
Ii I III , t-, , I, ) ~,~ I " , 1 b , 1 7 I 
111 Hlo 7,1>1=1. 
It Ill, , 7. 1 I ~;: I g , 5 , (,1 

HIII,I,I)=i. 
Hlll,Zd)=l. 
!I I I 1 , J, 61 = 1. 
11111 ,4, fl) = 1. 
H(ll ,;,81=1./U 
II (11, <" '}) ~1'1 1';, ill,l71 
11 I II. , 6 , 9 I "1 • 
I. ( 11,;',1) ~i'. I Il, 5,1.1 
1I11~,1,1l~1. 

HI );>,~.cI=I. 
II(U,3,'3I~I. 

t t( L;~ , I, 9 II ) :; 1 • 
t1( l,~, ~, 5);:; 1. 

, Ii! 1 t , h,c, I ~ 1 • 
ftllZ,7,7)=1. 
HIIZ,/;l,tl)=l. 
It' 12 , '1, i ) : r1 ( Ii, ,), l;) 

IHI;,l,l)=l. 
HI13,~,2)=1. 

IH I},-;, 11=1. 
1'(1),';,';1=1. 
It 11 ~. 'J, 5) ~ I. 
11(1),6.(-1=1. 
HIL~.7,7)~1. 

II (J '1, cJ, ii I" 1. 

O(2.1oll=1. 
1I(2,,?,~)=1. 

UIl,),31=MI7,S.~1 

tJ ( ~ • '3 , '. 1= "1 I ., , 1I, 51 
U ( 2 t " , ~ ) = .. : ( f; , 9 , 11 ) 
"I Z, .. ,', I =h ((;, 'J. J (;) 

OD'}'))=I. 
O(3.2.?I=t. 
J(3,'3,31=~IH.9,5) 
IJ 1.3, '3. ~i I ~ ," In, 'i •. J I 
c.1 ( 3 , I, , it") = t: ( r\ t~)' ()) 

Ii ( J , 7 , j ) ~.~ I tl , f., , ~) ) 
ii (J , ~,h I "':\ I 'i. i" n 

G t " , 1 , :: I " 1 • 
Il (".;!. 2) = 1. 
n 1',.3.4 I" J • 
l1l4.',,! 1'-1. 
() ( ~ • ~; , ~ ) =, ~ I ') , ,) , 11 I 
li I" ,!i, (, I ~!1 I '!, 'J, 1,' ) 
(! (" , tJ, i I ~;, (Ii. 1, ~ I 
U I " , (; , t, ) = 11 I Ii I " , 'II 

,11:;,1,11=1. 
lIl~.2.~1=1. 
lH5.3.:11~L 
II (?, 'I, 't) 0:.] • 

il ( ~ , :, , ~ I = i\ I 1 () , 1 1 , 13 I 
il ( , , t· , ~ I '" 1 • 
II (~,." 't 1 ~ '1 I 1u, 12. (,) 
li ( :, .7. b 1= ;": I " , 1 j , Z 11 
QI5,7.71,,~(~,13,221 

lJ I ~ • 7 , hI" :1 ( " • J 3 • 1 [, I 
C t ~./l, 7 I" 1. 
[J ( ~ ... , f , tl ) -;::: ! • 
i I ( , , l' , 'i I ~:1 I 'i , 1 j , J 7 I 

l'It.,1,1);1. 
(I ( t, , L , ;' I ~ 1 • 
II It, • .i, J I" 1. 
f: ( i:. ,'I , '1 );:. 1 • 
OII:,5,41=:Ql(),12.61 
II I " , IJI 5 I" -: ( ~ , 21 ,171 
U If.,. 7.6) :.1. 
Ulb.7."71=11(t'J,J3.171 
U(.,(,,61=1. 
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1 17.1 
1 122 
1 123 
112'1 
1125 
11;'b 
1127 
112il 
1129 
1130 
1131 
1132 
1133 
113" 
1135 
1136 
1137 
1130 
1 13'} 
1140 
1 1" 1 
11 t,l 
11'13 
11 ','I 
1 1 t,5 
114b 
1147 
1 14<1 
1149 
1150 
11 Sl 
1152 
1 15.3 
1 15 1, 

1).:>:' 
1156 
1157 
1 1?:-\ 
1159 
11',u 
11hl 
11hZ 
IUd 
lJ6 /, 
1 \h5 
I l"b 
1167 
1 Ihll 
1169 
11"1u 
1171 
1172 
1173 
1174 
1175 
117b 
1177 
117d 
1179 
11:10 
11tH 
1182 
11<l3 
lIB" 
1165 
110£> 
1157 
1185 
11[19 
1 1 'Ii) 
11 '11 
11')2 
11')3 
11q4 
11'15 
11')6 
11 <J7 
119:3 
119,} 
121)0 

c 
C 
C 
C 

C 

C 
C 

c 

C 

(JII.>Illl~_""-l. 

" ( h • 'I • " ) = !~ ( 3 • 1 i .. I I.> I 
o I I" 'i I U ) ::1 I 3 I 1 u 01 71 
u I t •• <J. 'I'''' 1.. 

U(7ol.L)=1. 
11 17 I;: I;: I ~ 1. 
U(7d.:'I=I. 
~j ( ./ , It 1 It ) :; 1. 
IJ ( 7 I ~ • 7 I '" '\ I 3 I 3 • 'j I 
" ( 7 • , I 4 I ,,'~ ( 3 • :; I ') I 
d(7,:;,~il":-I( 3,3. 71 
:1 I 7. ~,I;) =,,\( }. 3, H) 

lJI7.5.1:1=1. 
() I '1,", III =-1. 
IJ ( 7. 'I • I, ) "11 I 3 .1 C .1. ) 
~) I 7 • 7 I ') ) ,,:'; I 1 • : [) • 1 7) 
OI7.b.'}1=1. 
o I 7 , a • t. ) = iI I 4 • 1 '/ , Z ) 
IJ I 7 , ~ • 1 n I =1\ I" • 1 7, 24 ) 

c.: I II , 1 • 1 ) ~ 1 • 
(J (t, 2,2' '= 1. 
Ule,),,;)=1. 
Gle. /lto)=I. 
n I ~. 5." ) '" 1. 
01(',;',., I" 1. 
(, l;j, 7.7)" I. 
Ulb,7.1':!':I),}.2n , 7) 
n ( I: • II , 7 ) " '" I 1 '0 1 I '5 ) 
l!13.~,bl"'1iIJ,),&1 

Olll.Ii.'.I='-\11,3, II 
I.! I d • " • 5 ) = j-t I 3 I .,. 0) 
(1 ( t\ , (I , I) ) = !.~ , 't , 1 -, , 2 ) 
U I ti • 'l , d I ";! I 4. 1'1 • ~ 4 ) 
Ii I I). l'l, ii) -1 • 
iJ I ~, 1<'" 61 ~ 1.1l) 
(. ( ;; , 1 il I " ) "h ( I, • 1 e,l 7 I 

U(9,1..1)=1. 
-fJ I 'J .;; • 2) = 1. 
U ( IJ , 3, 3 ) ; t • . 
,!(,;,:. ,'I );..). 
11 I </ 15. S 1=1. 
(1 I 'J Ii,. 6) =1. 
tJ I <) I 7. Il-~ I. 
(: ( '/ • d • '/ ) "'1« I,. 1 ?l , i 7 I 
II I 'I, 7 • 1 ) = '-1\ lilt 2 ! I I 'I) 

II I <) • d • I. ) = 1 • I U 
UIlll.l.I)=l. 
U I 1 I. , ; •• 2 ) = 1 • 
l'l10,3.31=1. 
(, lit) , I • • I, ) "I • 
(1 I 1') , 5. 7) "1 • 
tj I 1 (;, I •• 'II = 1. 
Ulln.7,) )=Hlll),20.7) 
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*~,** O!:H, 1;1 ?ARTIAL Df:RIVATI'Il'IS) OF It.vERSE CONSTRAIIH EQ'IIS 

O~3DT3·-.~*CC3/1IGhKA.RA).~.5~T3*.1.5) 
D~30C3=1./IGAKA·~A*13)·*.5 
I' nc 1 '-/ = 1. I I 1 • + I ( tI:! -lil ) I I 2. * I CII + 1 .25* CR ) I ) ** 2. I 
[;C2201 =;:'. *C"* lUI I .5"'UHl.-2 .*CP <'1110S)) '*2. 
~C2~UU=-1.*GL2~01·0TU5/U •• l. 
lJC?3D1 :-i.. *C[>~ I!J/ 12 •• C1' *0 TUS-6. ('UH 2. ) ) H c. 
DC23GU"-2.';'[;(2);Jl ~DTOS/l)*·2. 

C17F~C"IPC/IPC-P~))·.2./pnl 
CI7FnO=(1.+L~H~)~Ct"2.*SINIAL21/1-2.*CP.COSI/L2)'.3.1 
CtBFhC=-1./IMCl-l.)"2. 
C t Ii F t, [) " :' I 1 , 1() I C') I + :1{ 3 • 1 U , 17 ) * 1'\ I 4 • 1 b, 2 t, ) * MIt" I 8 • 1 (, ) 
C IllF:' f =:H 1 I 1. (J I 1 'II *1; I 4 .17, 24 I H! ( I .. 1 tl tl 7) *P HI H. i' 11 
CI9F~C=~12 •• PJN/(12.9ALC-1.5IPINI •• 2. 
C24F~C"1./1.)-K)~~2. 
C25~hC=-1./lh-.719~2. 
C2hF~r=157.1«4U.-~7"AL21) •• 2. 

C (2.1 ):-4(11i. ~p IN*Ri'!11 I PIN*f<P'1*O-t,fl\.!.) ('*2. 



1,01 
1202 
1 Zll3 
12(14 
J zn5 
1206 
1207 
12n 8 
1,(1'1 
1210 
1211 
121.2 
1213 
1214 
1215 
1216 
1217 
1218 
1219 
127.0 
1221 
1222 
1223 
1224 
1225 
1226 
17.<'7 
1226 
1229 
123·) 
1231 
1232 
1233 
1234 
1235 
1216 
1237 
12313 
1 t:'3 'J 
1 "l1.O 
12',1 
1 2 /t 2 
1243 
1244 
1245 
1246 
12'.7 
1 2'tl3 
1249 
1250 
1,51 
1252 
1253 
12';4 
1255 
12% 
1.257 
1251l 
1 ,,'5 ') 
1260 
12',1 
1262 
1,(,3 
1264 
1;:C,5 
1. 2(,6 
12(, -, 
J 2(,3 
1 Z') 'I 
1270 
I<:H 
1272 
1273 
127 1, 

In5 
1216 
1 (77 
127a 
12H 
1200 

C 
C 
C 
C 

C 

C 

C 
c: 

C 
C 
C 
C 

C 

C 
C 

C 
C 
C 

C 
C 
C 

C 

C 
C 

C 

C 
C 
C 

C 

C 

201 

301 

401 

',112 

5 n l 

601 

701 

7n'i. 

801 

'1111 

1('01 

1011 

lU02 

1003 

lOll', 

GIl, l, 1 1= 8. 1 I HK-t. * Ck I 
GIL, 1 , 2 ) = 04. * D/ I Ii :;.-e. *C f< I *" 2. 
Gll,1,31=-e.*(j/IHio!-8.*Ckl**7.. 

V[CIU~ CI)I ****** 

lIO 2(11 J = 1, SIZE 211,71 
U'.ll JI=GI1.1.JI 

Oil "IJl o{=7.,13 
eo 101 K:<=I,SlZ[;>lo.(,ll 
PO '.lui KKK=1.SIlE21~.21 
M02IKK,KKKI=GIK,KK,K:<KI 
ChLL rH;LTli'IU3,ri02,~lH2IK,1l ,Sllr2IK.2)1 
CONTINUE: 

DO ',02 1=1,0 
C13.11=031I1 

Gll,I,II=20112.<-CR-IIRI 
G I 1, l., 7 I =-',. *0 II? *c P-fP 1* *2. 
r,ll,1,31=2.*O/12.*CR-It:~I**2. 

un 5()1 J=I,SIlF.?ll,71 
[,It! J I =G (l ti. J I 

DO 701 1(=2,J3 
PO 6ul KK=I.Slli:21;.:tll 
DO LOl KKI(=1.Sll~2IK.21 
hD2IKK,KKKI=GIK.KK.KKKI 
CALL MV[TIPID~,~D2,51IL2IK,II,SIlF2IK,211 
CUtIT! 'JUt 

00 702 I; 1. a 
Cllo,I I=(l'tl! I 

t< I 1, 1. 1 I ; 10.1 II! :1-) 0 • q CI, I * * z • 
HIl,I,31=-ln.·U/lhN-ln.·C~I*~2. 
HI1,I,ZI=lOO.*U/IHN-IO.*CNIOOZ. 

V[CTOk CI51 ****** 

UO flOI J=1,5111:311.21 
D5IJI"ftll.l,JI 

DO 10o1 1(=;',13 
on 901 1'.~=),Slzr31i(tll 

un 9U1 K~K=l,Slll3IK,?1 
II D 2 I K K , ;: K '0 = Il I V. , K V. • ~:'.I( 1 
CALL "VLTIPI05,~U2.511l3IK,II,Sllr3IK.ZII 

C',l/lTl'IVE' 

Oil 1!.i 11. 1=1., (! 
C15.11=85111 

HI 1,1.1 I =7..1 CZ. *Ul-i!~il 
1I11,1,?1 =-'" ~'d/( 2. ~CPJ-;(:I I';<~L' 
It ( 1 , 1 , 1 I "2 • "[l/ I ? • t C:, - H!:l .;. * 2 • 

** ***OlJT /.1'1 

PO 1.(102 .J=I,~.JLrJIl,.!1 

U61 JI=llIld ,JI 

[ll) l(jn~ K~2,13 

IH1 111!)) '<K"l.,SJlUlo<,ll 
on lOO) KKK;1.~Il[)IK.21 
n02(f.!<,KP~I=Il(r.,~K,K~KI 

C /, L L n v L 1 J P ({)", /:02 , " I l£: 3 I V. , 1 I , 5 11 r: 3 I I( ,2 ) I 
CO;HHlvr 
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1261 
1 .'b 2 
12f13 
1 2 tI'. 
l2ti:; 
1 ZlHJ 
1287 
1 ;:tlt! 
1 2 fl') 
12'lV 
1 ~'l1 
12'12 
1293 
1294 
129!> 
12'16 
1297 
12'HI 
129'1 
130 0 
13:1 1 
13r'2 
131'3 
13(\'. 
13('5 
13116 
13('-' 
13ra 
1 311'1 
1 ::10 
1311 
13H 
1313 
1314 
1315 
131 b 
1317 
13) tl 
131', 
1320 
1321 
1 :J22 
) 323 
1324 
1325 
1370 
1327 
132t1 
132'1 
1331) 
1331 
1332 
1333 
133<. 
1335 
1 JJo 
1337 
131tl 
1339 
13"0 
1 :Jl. 1 
1~"2 
1 )/.3 

1::" " 
13 .. 5 
1 346 
1 3" 7 
1 :'1.tI 
1 3',9 
1 )'ju 

1351 
13:'2 
135) 
13:;" 
1355 
I ?5b 
1357 
1 3 ~I!l 
I )<J'J 

DblJ 

c 

c 

C 

C 

c 

c 

c 

C 

c 

C 
C 
C 

C 
C 
C 

1<"17 
C 
C 

hle8 
C 

c 

C 

C 

DU 1077 1=1,6 
C I h ,I I ~llt.. I II 

C I "( , ) ) ~ - 1. '* S S II • 'j '* C N- S S H '*? • 
C I ./ ," 1= C 1,1 I • ~ f, C I~- S ~ ) '* 4l • 

C I 1\ ,31 = S $ II S 5 -C :'11 H 2. 
CIH,41·-1.~CH/IS5-CHI'*'2. 

C I 9 , ?I =-) • ~,:; i< I I • 3"C f.;- SRI * ~ 2 • 
C I '0 , ~ I :.C!; I I • 3 <-:;" - $ R I * b 2 • 

CI10,21~5~/ISR-C~I·'2. 

CIIO,~I=-1.'(k/ISK-CRI**2. 

Cll1,61:.1./I.Oi-BF121**2. 
CI12,&I=-1./lijlT?-1.1**2. 

C 11"3, 'II =1 .1 (I. n. I ~ 7. -tf131 H 2. 
C ( 11" 71 ~- I • I Pi l r3-1 • " I*"\' 2. 

CI15,61=5n./150.-C~I·*2. 
C 116, e.1 =-',0(1.1 I C,,-',OO.I '*2. 

( I 17 , 1 1= (1 "IF. ~ C ¢ j'" " , 1'. , 2:J I*C 1 7 F .~Ii II F I *0 HI. + T AlII A L, 1* * 2. I I 
CI17,ul=C17FA'.hl;,16,231'C17FA~/IC~5IP~121*'2.'ll"1'1 

~ <:. L,~ I ~ (o? • I J 
CI17,bl=C17rAC'MI4.14,231.ll.+LA~H IOIU'SI~12.'ALll-2 •• CAI 

II /(;~,Y(?::aC'JS(""L2)~*?) 

C I 1·'1, 1 I :. C 1. h F,.. Ct I li "3 [)C 3* C 1 B F .4E +U i-\j r. f3 * U', 12," , 10 I * C 1!i F" E 
-,'il 3,3,51 ,.p lI'~RPI-\ II 

C I 1'\ , 61 = -1 • ~ . .; 1 t: f A C * Il/' 3 0 13';' V, 13 ,3 • 7 I 
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C ( 1 Ij, 7 I =C I. !.iF ,l C·, I \);\3 DC 3*1l( 3 , 10 , 1 ·/1 ti-\ I .. .1 7 , 2 I .01:3 OT 39 I tl.( 2 , ",10 I 
n *:: I). H., 171 *1-: I" ,I 7,21 -/1 I ~j, 3,!J II I 

Clla,31=CI8FAC.IClurAD*lllMlDC3.MI2,",lul'DM3DTJI-D~30T3 
(,<': 1:1,), (.) I 

'II 1. ,1,1 I =-2. * C 1 'i F,·, C'H'u C 1 '1* 'H 3-H 1 II 12 • * Ch + 2. , ~c R ) H· 2. 
Ql1,I,21=Oll,l,IJ"'l.5/2. 
I II ~ , 1 ,:3 J ~ - 1 • * C 1 <) F f, i: * PUC 1 q I I 2 • t· C ~ •• :? • !) (C P I 
i1 I 1, 1 ,':') =-1. * u I 1 ,1 ,3 I 

()!1 1.,,); J" 1 • ~ J l F." 11,21 
til" I J I=(J ( I , I , J I 

lH, )U;'7 :<~2,10 

no ).:0(, i(r-=!.,5IZE'tlK,lI 
II n 1(,'" II t; j(" = 1 , S I i [" I!, ,2 I 
M~21~K,K~~)=UIK,kK,KKKI 

CALL f'ULIIP(f;l'i,hD2,SIH'.IK,ll,SIlt4IK,211 
CtJ:1 r I ',,);' 

un 1 .. )6B 1;:1 ,1J 
C I 1 '/, I ) =01 'I I II 

C I 2( .. , 1 1=-1. * P I ~1';-:1 p IH' CA I I • 25* u-CI.I ~ *2 • 
CI 2(, ,II I=P I "¥D.?"till I. i:'5*U-CA I H2. 
C 121, II = ill t,. R? ".C~I (C':'-2. (,<U I H 2. 
r. I 21. ~ '=-1. Hlil""iH,PI1l IC.\-2. ('U )**2. 

C In, 1 J = I [. C' ? "II t D ~ nOT * It I :3 , 3 , 5 ) I * j' r n tf: P t' 
C ( l L ," I "r, C 22 iff HP C'.I I C i'''' COS ( ~ to T;: Iii.'.' • I 
CI n., 7l:liC::?L:lll-:-U*C·\1 ICt'HlJ5( P-ET3 1·,(.;>. I 
r. I 2Z ,t,) = ccn [j 1 ~ oj H rl.t;( [lie T2 ItT '\~II ,H. n II/C P 

C ( Z 3.11 = I iJU 31'U' DC ?)OT "'II I 3,3, ~ II·~ i' I I: "I'< PI" 
('(?3,b)·GC~3nl*U9CA/ICP*COS(BE121~.l.1 
C I 2 J, 71: OC Z3 III ~·u *c 1,1 Ie p ... cos I BE 13 I H2 • I 
C I ?3 ,:ll = DC n r:1*1J ~ ( ntH tHo T( I t TAli I !hoT3 III C P 

c ( ?" , 11 =C;;"F :.U ( T 1,'1 I Bl13 I-T /d .. 1 Ill: T 2 II or. 1",18,1 ? I H' iN 
.;o;:,P:i I <!. 

C I ~" , i:1 ~ I r f.~. I b F 1 J 1-T ',N I £: ET 21 I'" C 2', F t.r / I 2. ~U I 



131>1 
J 3h2 
1363 c 

C I ?', • L I =-1. * F I * C 2'0 FA C/ (2. * Ctl S I Hi- T l I <,,~:? • I 
CI7'o.71~FI*Cl~FAC/(2.*CGS(BET3)'02.) 

136~ C(25,1)=C(l4.11*C25Ff,C/C2~FAC 
13h5 C(2~,81-C(Z4.81'C2~FAC/C24FAC 
1366 r(~~.hl=C(2~,bl'C25FAC/C2~FAC 
1367 C(?5.7)-C(24,71.CZ~FAC/C24FAC 

131>3 C 

C 
C 

C 
C 
C 

(. I 2 b. I I =C? tJF.\ C>\< /: ( 3 , 12.10) or.! ~ • 1 n, ] 7 1*:1/ 10, ~ 0, 71 
(. ( ;: b. 61 = C 2 /,F.\ co II ( 3, 12.7 ) 
CI26,61-C2bFAC*K(1,ll,161/U 

C127') 1=1./IH*2. 
CI23.ZI=1./CR**2. 
CI2'1,)I"I./Cri**l. 
C ( 311 , 't I -1. ISS·~ *;.> • 
CI31.51~t./S~**2. 

C '*' C\LCuLt.H ~u" OF Df'KIVATIVE OF CONSTRAINT [O'NS '-*'" 
C 
C 

1 \J 'Ill 
11 (I" 

C 
C 

DO) b,il' 1=1, (j 
tlCONSTlII=\). 
Ii n ) 1 c· () j';:~:l" I. d 
lin 11:'Jli l·am=1 d 1 
" C:" r·, ~ 1 I :.~ n''-l = li C II !·l S T I ~: M M I + C ( tHHj, M M 1'0 I 
COIITIMJ[ 
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J 3h'/ 
1370 
1371 
1372 
1 ~73 
137~ 
1 :;"15 
D7b 
1377 
137d 
1";;79 
13110 
11111 
1 ~ti2 
1 J'13 
13fj4 
131\5 
J 31l1) 
1 J3 7 
131J1! 
J 3tl'1 
13'h) 
13')1 
J 3'72 
1 ;'/3 
) 3(J~ 
13'J5 
13% 
13'17 
U'i6 

C •• 0* OuTAJ~ FINAL FnkH OF DEklVATIVE OF PENaLTY FUhCTIGN *"* 
C 
C 
C 

OL' 111(' I=l.c 
i)~Etdll="I.T.dll~;(F*DrGNSTlII 

1 J'I9 J 111l Cl' tIT I litH 
1 ~(),J C 
1 ~/)l C 
1 ~1)2 C 
1'003 C *** ~::T ~;.' XII\1 Z !i";G 'lTEP LENGTH. R **<i< 
1 ~o" C 
1 ~n5 C 
1.~n6 

1'01'7 
1"06 
Ho9 
1 ~1 U 
1'.11 
1 ~l 2 
1 ~13 
1 ~Jlt 
1" 15 
1-116 
141 7 
1 'ol8 
1'019 
1 '<20 
HZ1 
1 ~2l 
1'023 
1 ~2" 
1 ~25 
1"26 
1'027 
1 '<1 iI 
1. ,,?,) 
1~30 

1 ~31 
1 '032 
1 "33 
1 '<3it 
1 "35 
1 't3b 
1437 
H38 
1 '039 
H~0 

C 

C 

c 
c 

c 
c 

!tIn 

11Zl1 

K TlJT=.iSL 
XUHH ~I:. :il*X I (21 
)( Llo;d ~ I ~. 31 *A I (31 
Illl 10;-7 1~1.tI 

IF(')i'fIHII.[U.lo.I GO TO 1027 
IF(Di'EIHII.G1.lJ.I THEN 
Ii 11/.:« J I = I Xu? I 1 I - X I ( I I II 0 P U j( I I 
ELS!' 
Kt:,\XI II =( XUI,; I II-XI (III/DPUH II 
U;O IF 

IFIRIlAXlI I.Ll.RTOT) THEN 
~:TlJT"R!ltX(11 
UI[) IF 
(fWT I rH);: 
1-:=;'TOT/51. 
II T :.-il 

IFIDi'HH51.L1.0.1 H1EN 
XZf'If<=:~1 (el .,,".H.'[;PlN(21 
XLU~(51=.31~X2FIN 
r::: j. X ( ::. I = I Y.L fj ~'. ( ~ I - X I ('.i ) I lOP [1:[ :. I 
IFlk;'tA'«(;I.LT.r:TOTI THEil 
R1C.T::RhhX( I.) 

F:=kHIT/:)1. 
1I P~R 
UJD IF 
GO Til 1120 
£ Nll IF 

ICIJUI.;r"lcnU'li+1 
IFIICIJU>H.\jT.'t,1 GO Til 2UOO 



ll,t,l 
Hl,2 
1 ~4) 
14',4 
1"45 
144b 
1 t,/t 7 
1 ';4 Ii 

1 "49 
1 ',50 
14'il 
H!">l 
141j) 
1,,",4 
1'1~5 

1",6 
1457 
14~d 

1459 
1460 
l'th1 
14b2 
1,,63 
1,,64 
}l.65 
f'ti,/) 
1 'th7 
1,,(·8 
146<) 
147iJ 
1471 
1472 
1,,73 
147'1 
1,,75 
14U, 
1" "f7 
H78 
1 '179 
14130 
1"1$1 
14rl2 
1"83 
14H4 
14b5 
148b 
1487 
}l,8!l 
1 '169 
1','11.) 
14'il 
14<j2 
1 '193 
1 "'I', 
1,,'15 
1 '''It. 
1497 
14'/8 
1'0'19 
150Ci 
1 ~O 1 
1502 
U03 
I ~()'o 
1505 
1506 
150·' 
15(\3 
151"19 
151,) 
1~11 
1511 
1 ~p 
1514 
1515 
15H, 
1517 
1518 
1519 
152u 

c 
c 

DLl 1121 J~I,o 

XI I I =XJ (11.k*IiP~:J1 II 
IfIXIll.LT.XLOiHI» ThFN 

LU?~.1 !;tlt:. 
r;;u I r 

II 21 
C 

C'.JtlT JI.:lll 

c 

c 
c 
c 

C 

c 

c 
C 

C 
C 
C 

c 

li I L(12) Gtt T (J 7i)oe; 

LUI = • ,.: lI!, • 
Lu;~=. F f,L 'ie. 
r;:J 111 ](1 

5000 L01=.F/LSE. 

IFILlll TliFr: 
LLl~.F,~L)L. 

GO Tn lli?4 
.t·,O J F 

IFILU) TIlfN 
LL2=.1:4LS[ • 
L ~Lt I 
;>U;L.f S=I'F;·Ir-LHI 
LL1=.I·hLSt. 
Gt, 11; ) 141 .• 

r!W IF 

1022 IFI~t:NFUN.GT.PEN!1AX) THEIl 
IF(P~HfUN.GT.I.) THEN 
nLK=(I 
<'0 TlI 1140 
p,o II' 

P (1':;"1. x:.: P E NF urI! 
t: T i,"i.~X= ET I. S 1:[ 

C UI·i,; ,\ X=- eli to 5 T 
k EK/,).. =f~ r: 
p IU\.\I =i' :{/, T! 11 
il~M1AX=I{('3 

i' 511\" x~ ;,~ I 
F J l·if.X=f I 
GQrt:UX=(JLiII 
[;:;1 ::/, :<= 1".lT 
D ~::I/~ ~\ X:.= [;(J t-:t. 
l:rJ.·:t'~:.X:;O::;~1 

OOII?I\X" DGV·2 
Dr; lJ31/ I:l,d 

113(! XI·IAXIY)="(!) 

n.)E 
GO ru 1 \"" 

L=L + 1 
i'fliLE 'i= i'Ui~ Uil 
LL!=.ThlJl. 
GO Til 114\1 

1:1-10 IF 

IF(pr~L~S.GT.PENFUN) THE~ 

flSf: 

IFP:L-<.r-O.OI HIFti 
1'[':L[S=P[NFutt 

L =l. ,1 

tL5f 

If (L.GT.100I GO TO 2000 
LL1=.Ti<.t)[. 
Gn Hi ll~O 

F.U.=0 
L-=L t 1 
PfllLl S"PEt.FlIlI 
LL1=.TRUl:. 
Gn TO 1140 

rliD IF 
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1 ~;>l 
1522 
1 ~2 3 
1524 
1525 
15?6 
1527 
1 ~28 
1529 
153u 
1531 
1532 
1533 
1534 
1535 
1536 
1537 
1 ~ 38 
153,} 
1 !:',O 
1 ~41 
1 ~/,2 
1 :;',3 
1 ~4/t 
1545 
1 ~4b 
1547 
1 ~4tl 
15 LI9 

1:,5u 
1 5~' 1 
1552 
1~~3 

1554 
1555 
1556 
1557 
1558 

C 

1~69 C 
1560 C 

1<.125 
f IHi IF 

IFIMLK.EO.O) THEN 
ilLK=ItLKtl 
L=(I 
KU1=KLH+l 
IFIKLH.GT.501 GO TO 2000 
GO TO 102, 

I L Sl 
GIJ TO 1025 

rtla IF_ 

IF (? UIFU'l. GT • P EIH1A X I 1 tiEll 
IFli'[~!F!Jr:.GT.l.1 THEN 
hLK=u 
GO TO 11',0 
l.NG IF 
l' :,NI1;, x~ i't NF UN 
~.LK=O 

l T M,I.X= ET ASPI: 
C Uj;~·t..<= CONS T 
(.:.i:II~.X=R t: 
PMi/.X=PP.ATIO 
1l!,r;~:",~iiC3 

i' \ II,:., X .. i'5 I 
FIH.~,(~fl 

()t:;.!:1/1 X=[)O~i 

i") TI':'/.= [)1.lT 

o QI-lf..iH'" DOIlA 
o :)~.; t-:,.x; DU~: 
:.J ill'; 2/iX= o Cill 2 
'-l'l 1(';>6 I=l,ll 
X ~.,,, X I II =X I I I 
GO Tll 1140. 

[-LSI: 
P tlIU; S" t'UIFUli 
LL1=.Ti-UE:. 
GO 10 11'.0 

Er·:D IF 

1561 114u R=R+IITA 
1,62 Gij TO 1120 
1563 C 
1504 C 
1505 ?OnJ DO 2"01 1=1,6 
1 ~116 ZOOl XI I I ) ~X:"f.X I II 
1 ~6 7 
151.1\ 
1 ~/)'J 
1570 
1571 
157.2 
1573 
1 !:74 
1575 
1576 
1577 
1';70 
157'J 
158U 
1581 
1522 
1511) 
10,84 
E85 
1586 
15117 
15118 
1~69 
1 :'90 
15'H 
l,qt! 
1 ~'13 
15'14 

15'J7 
1~98 

15'/9 
160U 

c 

L07=.FtL!.[. 
1.(J 1.=. F f>L SL. 
OJ ri'r:l:=i'i ::li~ X-Fi'f.!If­
F"";~F=i'tl,:·\:.x 

IF lalFPU:.LT .. Gli011 THEN 
pcnu~T=PCCUhT.l. 

IFI?C(J(jt,T.GT.l.1 TllEU 
KK~JJtl 

::(flIKKI=RFII II IIlv. 
P,,)I:1*, , , 
P~ 1i1T(' " I 

P!:.t.HJ~IT=u. 

La., ... T f-.UE • 
OIJ:IN=I. 
GO T 1I 2C(lb 
E!,[) IF 
E:ilJ I I: 
OD :·:ti =OUI',N+ 1. 

20('6 LL1=.rt,LSl. 

71 ('j • .1 

4445 

LL2=.FALS1:. 
KL''t=ll 
HLK='.l 
L=/l 
RT'lT=MSL 
IC(Ju'lT=') 
IfILG~1 GU TO 21n0 
GO 1:l 7 

UJ5=.Ft.L5E. 
~r=I-!F/l(). 
IFICOHTY.NF.n.J qf=.00000U~ 
JF(RF.LT •• ~000Q~1 THEN 
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I bOl 
1 t02 
It-O) 
1 to., 
lL1I~ 

1 toil 
1 t;~·' 
Itnd 
It09 
It.l0 
li>ll 
IIJ 12 
1t13 
H14 
1 tl, 
1 tl b 
It17 
11.18 
I t19 
H20 
lt21 
lb22 
HZ3 
1624 
ltZ5 
ltZb 
11:27 
lt21l 
1(;Z9 
1 (.)(j 
1631 
H3Z 
1633 
1(;3 .. 

1 t3, 
1 t1/) 
11:37 
1 t3il 
1 t39 
It40 
It't1 
1042 
It43 
1<:44 
1/;4, 

It"6 
1/;47 
1l.48 
1 64<J 
It.~ll 

1b51 
It.52 
11:53 
1/:54 
1/;55 
lt5b 
1(:57 
lt58 
lb59 
1660 
1661 
ltl>2 
1663 
1/;64 
lt65 
IbM, 
1/:67 
1(;68 
It69 
H70 
1/:71 
1b72 
1673 
1674 
1675 
lt7b 
1677 
1/:78 
lt79 
1680 

C 
C 
C 
C 

C 
C 
C 

C 
C 

c 
C 

C 

C 
C 
C 
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PRINT*.' •• ~ALUE5 UF DESIGN VART~BLES CORRESPONDING TO nPTIMUM 

tFFIC!~"CY ~RE AS FOLLO~S •• ' 
PH 1t:T*,' , 

220lJ 

orl 20t,/, 1=1. fI 
P"INT*.' ** XI',!,') '·,XIII) 
Pf: H,T*,' , 
Pkl~TO,' '* VARIOUS OPTIMUM PARAMlT(RS ARE '0' 
p"II-IT. t' , 
Po-; !t.T*,' I;' fFF leI F.IICY = ',ETAI~A)(.' **' 
Pk r ~JT:;;,' • 
p,! lill',' ~,* 

PRINi'.' , 
.',: INTO,' *,,* 
PR I tiT* t' · 
Pf; !tH*.' ** 
i' Fd r IT .;. .' ,; .. ) 
i'KINT*,' • 

PENALTY fll.'" ',pEN~lAY.,' ~ "" 

INLFT hON-DIM MASS FLOW "",RHR~l,' 

P~~~SUkE RATIO -',PRMAX,' *0' 
kOTUk 1i.~CH ~ "" .MAKIlt.X.' **' 

ilk Il:T*,' *'1 Ki:YNill.r.S # '" '.RElit.X.' OP 
PfdllT*,' , 
PI>!liT"',' ** [)OMl'l~X= ',DQI1HAX 
PkINT><,' "*lHa!'.AX= ',DOHiAX 
?fUIIT*,"O* D'.NA'iX= ',OOHA~lX 
P"I'IT';',' .;«. llClni\Xa ',OQlil1AX 
""II,T;',' >;<* D(l!il~IX= ',OQ/·;Z'lX 
P~INT'" o. FI~AX= ',FIMAX 
PiUrlT.;<,' ~* ?SI"'~Z= ',PSHlhX 
GO TO ;>200 
F:~') IF 
5:,S=S~\S+I. 

G'1 Tll ~ 
S1 elP 
r: ~,: :) 

SUii"OUTINE I·HJLTIPIA,g,I'"N) 
f)J'~~riSIOI; ,·'(3i),lll)(..,:.I0) ,CI)()) 

lIl) 1 1=1,:, 
T=G. 
0.) ~ J::.l, t', 

2 T=T+RIJ,I)*~IJI 
1 CII)=,. 

DO 1Z 1=1,11 
1Z AII)"'CII) 

F: r: rUkN 
[I.;) 

SUBROUTINE ICSlVE Ir,A,B,Ul,DltUN,DN,N,M,G,PSCO~D,IERI 

C 
C-ICSIVE--------5-------LTBRARY 2---------------------------------------
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

FUNCT ION 

USAGE 

PARAMEHRS 

!. 

~l 

li1 

01 

liN 

ilN 

- CUBIC SPLINE DNE-OIKENSIUNAL INTERPOLATION -
ECUALLY SPACED DATA 

- CALL ICS1VEIF.A,B,Ul,Dl, 
IJtItDIl,U,/'I,G,pscor:o, IE-R) 

- VECTUR OF N EQU~LLY SPAClD 
FUIIC1IOIIt.L V/ •. LVE5 FIll,FIZ), ... , 
FIN), WHERE Fill IS THE 
FUriCTIONhL VALUE AT 
X=f.QI-lI*lt f,/IO H=(II-I.)/lN-lI 

- V.~LUE' OF TriE AbS':155~ FOR Fill 
- V~.LUf. OF TIlE ABSCISSA FOK FIN) 
- 1I0UNUARY R~LATED PAR.M~TlR 

15!:E ELEiiEliT DOCU:1ENT loT ION) 
- BOUNDARY RELATED PARAMETER 

15E[ ELEMENT OOCU~ENTATION) 
- bOUNDARY RELATED PARAMETER 

ISlE ELEIlENT DCCltMUHATIOt., 
- hQUliDfof:Y RELATED PAR ... METER 

15[[ [LEMENT DocurFNTATIONI 



1661 
1 tll2 
1 tll3 
11:84 
HIl5 
11:86 
Hill 
lCt\8 
1td9 
l/;<Ju 
II:'H 
1t92 
H<J3 
1694 
11:95 
1/:;96 
,I t<J7 
lC98 
1 t99 
1700 
1 -(01 
17112 
1703 
17("14 
1 705 
1706 
l'i07 
17011 
1709 
1710 
17tl 
1712 
1713 
1714 
1715 
1716 
1717 
1718 
1719 
1720 
1721 
1122 
1723 
172'< 
1725 
1726 
1727 
1728 
1729 
1730 
1731 
1732 
1733 
1734 
1735 
1736 
1737 
1736 
1739 
1740 
1741 
1742 
1743 
1744 
1745 
17"6 
1 7 t, 7 
1746 
) 749 
1750 
1751 
1752 
17") 
1754 
1755 
175b 
1757 
1758 
17')9 
1760 

170 

C t~ - tlUlHiER OF DATA POItJTS 
C t,; - llUI1B~R OF ANSW[R.S SOUGHT 
C G - VECTOR GIlI.GI21 ..... GIIII OF ANSiiEkS 
C IHIERE GI II IS THE I-TH ABSCISSA 
C UPON EtlTRY ~ND THE I-TH 
C " Ol-.OIlUTE UP 01, Co/I?LH ION. 
C PSCOllil - PSt,'UDO COtlDlTlUN 1'lUr~BFR FOR BOUIWARY 
C PARAMETERS. P5CUNO.GT.l.E5 
C INU.iCATES VALUeS f'ETURNED lU GIll 
C H~Y BE U~REL)ABLE. 
C' Ilk - ERI-.OR PARAMETER 
C TERMINAL ERROR· 12R.N 
C t: = 1 INDICATES GIll /,;UT IN INHRVJ.L (A.bl 
C FOF. SOME 1=1.2 ..... 11 
C t. = 2 HIDICAlf'S U!lIOUE SOl~UTION NOT POSSlilLE 
C FOR GIVEN dOUHUARY VALUES 
C PRECISION - SINGLE 
C REO'U IMSL ROUTINES - UE~TST 
C LANGUlGf - Fn~TkAN 

C-------------------------------------------------------_______________ _ 
C LATEST P.EVlSIIJ:1 - Ffilf;ut.RY 3.1971 
C 

C 

C 

C 

C 

C 

SUBRUUTINE ICSIVE IF.A.8.Ul,Ol.UN.ON.N.H.G.P5CG"O.IE~1 

DlrH::I~IC:l 
EOlllvALEI;CE 
RC:.L 
DATA 
IEi' =0 
1i:1 il-Al/n-l-ll 
LAm:=L~M«* I 1,-11 

GM\=Flll 
TAU=Flr:l 
rll:tl.1 

DU 5 1=2, N 
J=tll-l 
GAI\~G/>!1*L.\~.FI II 
TAU=Tt.u*LAMtFIJI 

F 1)41. GI I I 
(I !H:T. OETI 
U.II.Lt.r·:tl 
53,LAK/l.73Z0506.-.267949191 

CALCULATE LA" AND TAU 

5 CONTIHUE 

10 

15 

20 

GMi=3.*G,,~\ 

TAu = 3 • (' T /, U 
,C 1.:1.-Ul*LAI1 
CT=I.-UI/LA!: 
C2=CT*LMH~ 
C3=Ol*H/I~.*S31+ICT*TAU-S3*111.+b.*Ull*FIII-Ul*F(21111H 
CT=l.-UtJ/LMl 
C4=CT*1./lMII 
C5= 1.-UW"U.M 
Ch=U~*H/12.qS31.ICT*GAH-S3.lll.+6.*UHI*FI"'-UN*FIN-111 I/H 
OET=Cl~C5-C2qC4 

IF IIOET.EO.OI GO TO 55 

Bl:(C2.C6-C3~C51/D~T 

Btj=ICl*C6-C4*C31/DET 

C1=t.ti S I ClI 
C2='\ilSI(21 
Ct,=f.BSIC41 

CALCULATE SOU~OARY PARAMETERS Bl.BN 

CALCULATE PSCONU 

C5=AtlSIC51 
PSCONO=~KAXIIC1.C2,C4.C51/ABSIOETl 
KP=(t 
112=11-1 

DO ~O J = 1,/1 
XI=A 
IFIGIII.LT.1.1 GO TO I, 

un 10 J=l,rl2 
XI=U+H 
IHGIII.GT.XlI GO TO 10 
K=J 
;;U TO 20 
C(::;llllUF. 

IFIGIII.r.T.BI GO TO 15 
K=N2 
GU TO 20 
It:P=119 
GO TO 9(10(1 
X= I G I 11- II •• I K-II *11 11/11 
IFIK.EQ.~PI GO TO ~5 

CALCULATE GIll'S 



H:1Z 
11133 
le34 
11135 
1 b16 
1037 
11:38 
1839 
111'tU 

C 
C 
C 
C 
C 
C 

C 

C 

r,,\:1K=F (11 
Ti\UK=FU:I 
IF(K.L~.l1 Gll TO 30 

00 2~ J=2.K 
GhI'iK=GldIK*U.II+1' (J I 
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25 Cm:llr:UF 
3(J 1(1 =/o.'-K 

:'\5 

"11 

45 

1 
5(J 

5':> 
9000 

'1005 

IF(KI.lc.11 GO TO 40 
UO 35 J=2.Kl 
JJ=Nl-.1 
T~UK=TAUK.LA~+F(JJI 
COr:TIt.u[ 

G/"'\ I( = J • '~G f. '11< 
L\UK=3. *T;'IIi\ 
KP =K 
TX=( 1.-( l/ilh2.I*X+ (lM\+l.1 *X*XI*X 
Y=l.-X 
TY·tl.-(lA~·~.I*Y'(lA"+l.I.Y*YI.Y 
G(11=GA~KOTX.TAUI(.TYtF(KI*Y~.3.F(K.1I*X •• 3.01.H*TX.LAM.'(K-11 

-BNOH·1Y.LAM*·tN-~-11 
CurH 1 flUE 

GO TO 'JO()~ 

1 ER=l1U 
COIHI1JUE 
CALL ULRTST(l~R.'ICSIVE'1 
RflllR:1 
Erin 

5 U ilf: lJ urI ;.; [ 1 C $ Z v [ (r. x () • A • [, • C , 0 • 1 • J • tJ, IF. WK. Y • I 1: :l. I 

F ( IF ,1 I • Y ( II • ,:K ( 11 
INTERPOLATE 1" Y DIRFCTIEN ~T X 

:1:) 5 11." 1. J 
I'rr< ( I II =XO 
CMll ICSIVF(F(1.111,A.B.n •• O •• O •• 0.,I.I.WK(Ill.pscnNO,I~RI 
IFIIEk.lil:."'q GO Til 9MIO 
t::l!n I hUE: 



1 e41 
1 1142 
11143 
1 H44 
1 h45 
1 c4b 
1 tl4 7 
J e48 
11;49 
1 tl5IJ 
1851 
1 d52 
Ie53 
1854 
1 fl55 
le5b 
1057 
1 EStl 
Ie59 
lbbv 
HI, 1 
11>62 
Itl63 
11164 
10b5 
1 Hbl) 

111&7 
leb8 
18b9 
1870 
1871 
1 e72 
1673 
1614 
lC75 
U:76 
1877 
lI!7n 
1 E7') 
1 btlO 
lChl 
1 1l1l2 
le8) 
11la4 
1 Bt15 
1 e'lu 
1887 
1888 
1 t:tl9 
11),)0 
11:'11 
1 en 
1 Il<)J 
lb'l4 
ltl?:; 
1 fl9b 
ltl97 
1 e'l~ 
11:99 
1 '11.") 
1<)01 
1902 
19(13 
191)4 
1905 
lG06 
1 'iO 7 
l'iCa 
1 G{I') 
1910 
1911 
1912 
I'll) 
1'114 
1G15 
1916 
1917 
1GI8 
1919 
192() 

C 
C 

.C 
C 
C 

C ,\L L 'C 5 1 v I: I ,I~. C. D, lJ. , n. ,0. , f). , J , I'., Y, P $C mm, IE R I 
IF I Il R .1':1: •. (Jl GO TOll, 
Gil HI 9!1.,5 

10 IF.~:=130 

9i'0:' crmn:iuF. 
CtLL UE~TS111EH,'ICS2VE'1 

9')05 ~ ETIJ"rl 
(. ~j[) 

C SUBROUTIM ICS1VU IF.X.N.t1.G,H,If:RI 
C 
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C-IC~1VU--------S-------LI8RARY 
C 

2------------------------------------__ _ 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

F urieT IllN 

USt.Gl 
F 

x 

r.' J 

tl 
IE~ 

- CUOIC SPLINE ONf-DIMENSIUHAL I~TE~POLATJON -
UNEQUALLY SPhCED OATA 

- ClLL ICS1VlJIF,X.tI.I'i.G.Ii,IERI 
- VECTOR OF N U~EQUtLLY SPAC[O 

FU~:CTIOtl'\L V/,LUES FIll.FI21 ..... 
FIUI. iIHE:RE FIll IS Tltl FUllCTILmAL 
HLUE. AT XIII 

- V[CTOR OF II ABSCISSA Xl1'.XIZ' ••••• XIN' 
- I:Utiiilf: OF DATA POU,TS 
- r:Uhf!EF< OF AIlSHU:S SOUGHT 
- v[CTOR GIlI,GIZI, ... GHII OF MISliEI.;S 

IdiERE GIl) IS TIlL: I-TI1 h£lSCISSA 
UP UN ENTf.:Y Mill Tttf I-Ttl [JROlllt.TE 
UPON COMPLETIO~. 

- liflRK AREt. OF 11lll£NS IOIl lHN+:1 
- tR~OR PARAMETER 

C TE~HINAL ERROR· 128+N 
C N = 1 1Il0ICt.TES G I I I rWT III PHfRVAL 
C IX(ll.XINII FOK SOllf 1·1.2 .... ,M 
C N = 2 INDICATES THAT CONV[RG~NCE WAS 
C NUT OBTAI~~D Ih 5*1l ITERA1IONS 
C i'R[CI~Im: - SII,GLE 
C REC'u INSL ROUTINES - UEKTST 
C LMiGU.IGr: - FGkHMJ 

C-----------------------------------------------------------------------
C LATEST RLVISIDH - NARCH 5. 1971 
C 

C 

C 

C 
C 

SIIIJROUT Hd: ICS1 VUI F.x .N.H,G,H, IERI 

01 ~.rNS I 0;1 
D/.T !\ 

FIll ,XII I ,GI 1I.Hl1' 
[P5LN,OMEGA/1.E-h.l.n7179661 

SfT UP WO~K t.~E~S 

12 = I: 
13=~;+:~ 

1'o=13+rl 
I :i= I I, Hi 
II'l=I'J+N 
17= 1(, +N 
IH=17+t: 
1:/. J ,I +N 
:,T= In 
I Ci: " t1 
r~l ;; N-l 

no" l=l.IH 
J2=12tl 
fl( r I =X I 1+1) -x ( I I 
dIJZ)=IFIl+1'-FII'IIHII) 

') CIJnTliiur 
CO ltJ I ={'. 1,1 

J2=12+1 
J"3=13+l 
Jl, = I It+ I 
JS=I ~d 
Jb=lbt I 
J7=17+I 
dl JJ I =ltll-l1 +111 1 I 
IHJ41=.5~HII-Ll/!1 IJ31 
Iii J~, I " I II I J 2 I -III J 2-1 I II H I J 3 I 
HIJhl=HIJ51+IiIJ51 
1I1J7I=HIJbltI!IJ:,1 

10 cn:JTI'HIf: 

DEprVATIV~S.HIJb). USING tENTKAL 
01 F FE t< H; C E S 



1 'i"l1 
1 '122 
197.3 
1 <;24 
1 '1~5 
1926 
1927 
1 '12d 
1 'i2<J 
1 C, i,) . 
lC,H 
1912 
1 <;33 
1'l34 
1 ',15 
] 436 
1<;37 

.1<;36 
1 'l3<J 
1'140 
l'1Q 
1<;42 
1 '14:3 
] <I" t, 
1945 
19',6 
1 'it, 7 
1 'it, 6 

1949 
1 <;"v 
1951 
1 <;~2 
1 '1~3 
1'154 
1955 
19!ib 
1 'IS 7 
1 'i5<1 
1<;59 
1<;60 
1961 
1')62 
1 'tl. 3 
1964 
1 'i65 
1 'l6b 
1 'If.7 
1 '168 
l'i6'J 
1 'i70 
]971 
1 'in. 
197) 
1'174 
1975 
1976 
I'l77 
InS 
] 979 
] '1 ti IJ 

Fill 1 
1 "!l2 
I'l93 
i<;(lt, 
] 'Ja, 
1 <;Ilt:. 
1 'id 7 
1'i6U 
1 ';1\') 
1 <;9,) 

1'i'll 
1 'i92 
1 C,'/3 
19'14 
1 <;')5 
1 ';96 
19')7 
1 !j'i8 
I9'l<J 
zen\) 

c 

C 

C 

C 
C 
C 
C 

f! I 110. J ) =C' • 
J (,= Ii •• tI 
tIC .JI,) =0. 
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o<CI1U;,T=() 
15 r. T/.=". 

BEGIN IHn.TIIm O!i s~corw OE-RIVATIV(:S 

KClIlHIT=I<.CUUNT-l 
Oil?~ 1=:', 'H 

J4=I4t1 
J,', = 16. I 
J7=I',+, 
:.:= If! I J7 I":HI HI *:1 I Jb-lI-l. 5-11 IJ4 I I*tli J6+1 I-HI Jb I I *O"'l r.. 
IF I~ESI~I.LE.ET~I GO TO 20 y~ 
ET !\=~i.lS (~~i 

2J /II JI>I=tll JiJH., 
Z~ COUTI nut: 

IFI'<CilU,.l.GT.'ITI Gil 10 75 
I F I I. H .• G f, • r I' S U; I GO TO 1 5 

Jt. = 1 h+ I 
Jcj = 1 b' J 
III Jdl=IIIIJ6+11-·tlIJhl litH II 

30 COil fl iWf 
flO 65 J=l,:-1 

1= I 
J.J=19'J 
IF IG(JI-X(lll 70,60,35 

3, II: IGIJI-X(t;I) ','),<ju,70 
40 I FIG I J I -X I , I I :;" /'0 ,',5 
", 1=1+1 

50 
55 

GlJ TO 4l! 
1;'·1 
1= 1-1 

6U J/.=ll::q 
J2=12+1 
Jll=16t1 
liTl=G(JI-X(11 
Hi 2=GI JI-t.( I +\ I 
i'F,Ll[)=HTl*t:T~ 

iiI J'i)=h( Jt.)"1T!"HI Jtll 

CGNVERG[~CE DBTAIHE~ 

COIiPUTF G( JI 

Ot L S US" ( h I J(. I ./1 I Jr:. + 1 I + Ii ( J9 ) I 16 • 
G(J)~rlll.HTl(' III Jil.?ROO*OIOLSQS 

65 corlTl ~IUF 
GO lil <;()U, 

70 I ER=1.?9 
GO Tl: 90('0 

75 lrk=130 
9(1)(, CO:lllr;U[ 

CAl.L IJf:R1STlIf:K,'ICSlVU'1 
<)005 RrTtJ~" 

[ND 

C $UiI~:01.l1 11';[ Ui:<n 5T I IU<, NAMf I 
C 
C-UEKT~T----------------LI~MAkY 2---------------------------------------
C 
C 
C 
C 
C 
C 

FUNCT IU'I 
US"GE 

1£1'. 

- [~kOk HESSAGE GFNFk~TIO" 
- CALL UERTST(IFk,~An[1 
- L~KOk P~~AMETr~. TYPE + N ~HE~E 

TY~E= 128 lHPLlFS TERMINAL [~ROR 
(J~ lllPLlFS HAfUll'lG I,ITH FIX 
32 11'f'L1E~ ~1t.RtHNG 

N l~RGR LnDE ~EL(VANT TO CALLlhG RUUTINE 
_ I;IPUT SCALt.R ([:JlUilLf PHCI5HJrr nN DECI 

C:;tH:,HII;IG TIll: N/,Pl UF THE Cl.LLlrOG RIlUTlrlF. 

C 
C 
C 
C 
C t.5 t b-CIIARt.CTU< LI TtRAL SHltlG. 
C LMIGU',;';c - I:OkTKM~ 

C--------------------------·---------------------------------------------
C LATEST R~VISI0~ - LCTOHfR 1,1975 
C 

C 
fJ It:Fi';S I lif': 
CH;,Ki.~l b;*b 
u,r!:Gri< 

11 YP ( ) ,It I , I B IT I It ) 
IT YP 
AI. L:I" \I~KF, H JUI, PRHI1 R 



2uOl 
2(.Ol 
21.:0.3 
20(14 
21.:('5 
2(06 
2 (;f,7 
2C06 
?O(\9 
21)1t) C 
;~ Cll 
2012 
2(j13 ") 

2(;11; C 
2Cl'.l 
2G16 
2017 10 
201d C 
2(;1'1 
2e20 
2e21 c 
2e22 15 
2C23 C 
2t.:ZI; 20 
2(25 C 
2026 
2 (;7.1 75 
2C?1l 
2C7.9 
21.:30 

* * 
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i'OU!'I,1LEtICE 
o ~ T t. 

1 I :111 1 11 , II ~ R til ,( I tl IT 1 " ) , \I A K F ) , ( I flIT I 3) , TF i< ~:) 
ITYP/'HARtHN','C, ',' 
'UhRNIN','GIWITH',' FIX) " 
'TERI'iIlI','AL ',' ., 
• :WN-[IE ' , 'F Illro ',' 'I, 

IblTI 32,64,128,01 
Pf: IflHI bl 

1[P.2=IiR 
IF I1H2 ,f,F. \·jA~N) (,0 TU 5 

P.'Kl,-', 
GO Tn 20 
IF (I£'F.2 .LT. TH:'I) (,0 TU 10 

Iri< 1") 
GO T::I 20 
IF 11[>'2 .LT. "JlRFI (,11 TO 15 

Hf: I "2 
GO TO 20 

I f:f( 1= I. 

11'1<2= IlR2-FI I TI lEU) 

NO N-O[ F I '·IE 0 

TE Rl1ltJl.L 

WARNINGIWITH FIX) 

HARNING 

EXTRACT 'j'j' 

PRINT FkROR M~SS~GE 
WRITt (i';.(li·.Tr:,251 IlTYP(I.IERlI,1=1,3I,NAi'lE.IER2,IER 
F{],:'ltTI' *** I H 5 lIUi;'i'TST) *9* I dAt,,2X,/6.2X.I<: •. 

1 '( I Ek = '. I 3, , I ' ) 
RFTIF'l 
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