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SUM1.!ARY 

An improved technique for inspecting aero engine turbine blades 

was developed. The technique. increased the area of the blade that 

was examined and presented the difference information·in an easily 

assimilated form without increasing the overall inspection time 

above that of present methods. To achieve this an optical contouring 

technique was used to measure the blade shape and this was linked to 

a computer to enable the dimensional information to be processed 

quickly. 

Two holographic methods of surface contouring, two wavelength 

and two refractive indices, and a moire fringe shadow technique were 

studied on the basis of forming part of a routine inspection system. 

The moire fringe method was found to be the most suitable technique 

and a modified version of moire contouring was developed for use in 

conjunction with image scanning and computer processing. 

Methods of comparing the shape of a component with that of a 

master were studied. To obtain sufficient accuracy the optically 

measured shapes were compared rather than the direct contour fringe 

patterns. This technique relied upon the use of a computer to 

process the data. 

A method of generating the shape of the component from the 

contour fringe information was formulated together with a method 

• of comparing the shape of the component with a master. The results 

• of the comparison were presented in the form of the overall 

differences in two orthagonal directions and an angular. rotation 

plus details of any abnormal "Iocalized differences superimposed on 

the overall values. The oontour fringe information VIas read in to 

the computer at a rate of 1000 words per second with the aid of a 

slow scan television interface. 
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INTRODUCTION. 

The dimensional inspection of components togethe~ with the 

measurement of such characteristics as vibration and strain with the 

aid of optic~l teohniques has greatly increased in the last deCade. 

This is principally a result of the use of television systems and the 

develop~ent of the laser. 

Holography made possible the measu~ement of complex deflections 

producea by statio loads and the visualization of vibration mode and 

amplitude contour patterns for real enginee~ing components. The 

potential advantages of holography for this type of deflection 

visualization over measuring teohniql,les in cuuent use prompted a 

stu~ of the enginee~ingapplications of holog~aphY with particular 

reference to aeroengine oomponents. Holographic methods of vibration 

analysis we~e stl,ldied by lloc~ley [1, ~] and a self-Qontained unit for 

applying holographic vibration analysis developed. Improvements to 

the basic holographic technique for vibration analysis in this context 

have been made inclUding a phase modl,llation system to extend the 

amplitude range of holography from 25 miorons to 500 microns, Hockley 

The use of holography as a method of non-destructively testing 

honeycomb strl,lctures in aeroengines has been studied, Hockley [5]. 

The ability of a holographic system to record truly three

dimensional information about the surface of a component gives rise to 

the possibility of comparing two similar components to obtain the 

dimensional differences between them. The ability to obtain accurate 

comparisons between complex components is important in the aeroengine 

industry·particularly since small diffe~ences oan produce significant 

changes in engine performanoe and when the components are being 

operated very close to the limits of the mate~als. Work on holographic 

ins~ection by Archbold [6J d~monstrated that ho~ography cou~d be used to 
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measure dimensional differences on small accurately made components, 

provided that the differences were of the order of 1 micron. To achieve 

this the component had to be located to an accuracy of 0.2 microns in 

the six degrees of freedom. 

Although the resolution of this system was considerably greater 

than that required in the manufacture of components such as turbine 

blades, the fundamental ability to measure these types of differences 

was extremely important. Consequently a system capable of comparing 

components with a measuring accuracy of approximately 25 microns 

(1 x 10-3 inches) as suggested by Hockley [1] would form a significant 

contribution in both the manufacture and testing of aeroengine components. 

This is particularly relevant to turbine blades because they have a 

complex shape and require detailed and accurate inspection over the 

aerpfoil surface. 

The cost of manufacture of each component is high because of their 

complexity and the relatively small quantities of each type that are 

made. Subsequently component wastage is expensive. Improved inspection 

methods that are accurate and can be used in corrective prooedures to 

reduce the rejection rate are always of interest to the industry. 

In addition to production inspection there is an important require-

ment for a system capable of measuring the complex distortions of turbine 

blade aerofoils that have been produced by tests of the blades under 

engine running conditions. 

A possible method of desensiti~ing holography would be the use of 

optical contouring, Hildebrand and Haines [71to generate surface contour 

fringes of equal depth with respect to a given reference plane. Such a 

system was thought. feasible on turbine blades if contours of the order of 

250 microns ( -2 depth 1 x 10 inches) were formed on the blade and the 

dimensional differences measured to an accuracy of one tenth of the 

contour depth interval. 
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Because of the complexity of the tolerance limits and the need to 

develop an automatic system some form of computation would be required 

to manipUlate the difference information. A computer system introduces 

the prospect of comparisons being made using computed design data rather 

than a physical master. This is a significant feature because the 

majority of turbine blades are designed by computer techniques. 

The need for a fast and accurate method of dimensional inspection 

or analysis of components together with the potential of holography as a 

method of inspection prompted the research described in this thesis. 

The work presented describes the investigation into the feasibility 

of the use of optical contouring techniques as a means of comparing two 

similar components. Two holographic contouring techniques were studied, 

two wavelength contouring, Hildebrand and Haines [7] and a two 

refractive index method, Shiotake et al. [8] together with a moire 

shadow contouring technique, Meadows et ai. [9]. The three methods were 

compared with respect to their use on a routine basis in an industrial 

environment. The moire technique was found to be the most suitable. A 

simplified version was developed for use in conjunction with an image 

scanning system. 

A method of comparing the contour fringe patterns of two similar 

components with the aid of a computer was formulated to provide concise 

and easily assimilated information on the dimensional differences. 

In Chapter I the present techniques used for dimensional inspection 

are described and the fundamental approach used to develop optical 

contouring as a means of improving the inspection techniques is discussed. 

In Chapter II the methods of generating optioal contours are 

discussed together with an evaluation of their relative merits and the 

choice of the most appropriate system for adoption for this work. 

In Chapter III the possible methods of comparing one component with 

/ • 

/ 
, 



- 4 -

a master are considered. The methods of interrogating the contour 

pattern to obtain dimensional information within the computer and means 

of manipulating the dimensional information of the component to be 

inspected with respect to the master component shape are described in 

Chapter IV, the objective being to develop a method of describing the 

overall differences between the two components plus any abnormal 

localized differences that occur. 

The experimental television system used to form the interface 

between the optical contours and computer is described in Chapter V 

together with some experimental results. The conolusions and recommend

ation with respect to this researoh are presented in Chapter VI. 
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Chapter I. 

Dimensional Measurement Techniques. 

1.1 INTRODUCTION. 

In this chapter the two principal methods o~ inspection o~ turbine 

blade aerofoils, pro~ile following and point gauging are described, 

together with an analysis o~ the future requirements of aeroengine 

turbine blade inspection. 

1.2 PRESENT INSP:EX:TION TECHNIgUES. 

1.2.1 Units o~ Measurement. 

Throughout this thesis both the M.K.S. and the pound-~orce, inch, 

second system of units will be used. Although it is more appropriate to 

discuss optical, parameters in the M.K.S. system tl)e dimensions o~ the 

aeroengine components are still de~ined in inches within the Company. 

Hence, when referring to turbine blades and the appropriate optical 

contour depth used to measure their dimensions, the inch unit will be 

used. 

1.2.2 Profile Following. (Calliperscope) 

This technique consists of a sel~-contained machine into which the 

turbine blade is clamped and a pair o~ spring loaded pincer-like probes 

are drawn across the blade aero~oil in a chordwise direction. One probe 

is in contact with the convex sur~ace and the other the concave sur~ace. 

These probes are mechanically connected to a similar pair of slave probes 

that follow the movement of the probes on the blade. The outline of the , 

slave probes are projected with a large degree of magni~ication (x100) 

on to a soreen on which the blade outline and tolerance envelope is drawn. 

The position of the probes relative to the tolerance envelope are noted 

by the operator as the probes are drawn across the blade to form the 

inspection process. The blades are inspected across three positions on 

the aerofoil~centre of the aerofoil and towards the root and tip. ,..... 
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The callipers cope is simple in design and is easy to use. It is 

operated by non-specialist female personel. The ,blade<j;ype,cunder 

inspection can be conveniently changed by modifying the clamping arrange-

ment and renewing the master profile drawings on the viewing screen. It "I. •• ' ... 

can be used to inspect more difficult shaped aerofoil sections than the 

point gauging system because only two probes are in contact with the 

blade at anyone time as opposed to eighteen for the point contact gauge. 

In the point gauging system there are difficulties in getting the probes 

physically close enough together on the small radius curves of the 

concave surface of some turbine blades. However, the oalliperscope is 

somewhat slower than point gauging. 

The calliperscope does have a number of disadvantages. Only three 

sections of the aerofoil are examined. The sections are only measured , . 

with respect to the overall tolerance envelope. No measurements or 

observations are made to indicate whether the blade is overall thicker 

than the nominal shape, either twisted or bent within the envelope, or 

has a surface undulation or roughness effect. The whole of the decision-

making process relies on the human operator, who is subjected to outside 

distractions and fatigue, resulting in lack of concentration and possible 

errors of judgement. 

To improve the inspection technique the objective of this research 

was to inc~ease the area of the blade that was inspected by covering up 

to 20 sections and to reduce or eliminate the decision-making 

responsibilities carried by the operator by the use of a computer to 

analyse the difference information. The overall differences can be 

quantised by the computer into twist and bending effects plus localised 

differences. U~ing this information it is anticipated that it will be 

possible to reduce the rejection rate. For example, a blade may have the 

correct aerofoil section but it may be bent so that it gives an out of 
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tolerance condition on the calliperscope. This may, however, be an 

acceptable condition aero~amically and the computer can be programmed 

to pass this condition. The computer output can either be a go/no-go 

indication or present the difference information in an easily assimilated 

form. 

1.2.3 Point Gauging. 

The system provides a series of point measurements of the dimensions 

on the whole of the blade including the fir tree root and shroud. This 

usually involves 18 point measurements on the aerofoil. A mechanioal 

lever type probe is used to measure the blade and a transducer is used to 

measure the position of the probe lever so as to calculate the actual 

position of the probe head. The principal technique used to form the 

measuring transducer was air gauging which has now been superceded by a 

differential transformer transducer system. The differential transformer 

is more compatible with electronic instrumentation. 

For air gauging the needle of a small needle valve is attached to 

the arm of the mechanical probe and air is fed through the valve and the 

effective back pressure caused by the valve measured by a manometer. 

This back pressure is a measure of the position of the valve needle, 

hence probe position. There are a number of variations to this system. 

The differential transformer type transducer gives a voltage output 

proportional to the position of the mechanical probe of the transducer. 

The probe forms the core of the transformer which slides within the 

centre of the two windings, hence altering the coupling efficiency 

between the primary and secondary windings. A particular r.m.s. voltage 

is applied to the primary from an oscillator and the output voltage from 

the secondary gives the position of the transducer probe. The use of the 

transformer type transducer increased the flexibility of the measuring 

system and a number of probes can be scanned in turn and an overall 
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go/no-go system used. Also where there are particular errors outside the 

tolerance band the error on any probe can be measured individually to 

allow more discretion to be used by the operator as to whether this 

component has to be rejected or not. 

The point gauging system is automated to a high degree and is 

operated by unskilled personel. It is, however, limited to 18 point 

measurements per blade and when the type of blade being inspected is 

changed the whole of the mechanical probe assembly must be changed,at a 

cost of approximately £1,000. 

1.2.4 Disadvantages. 

Both of these 'systems take measurements only at specific points or 

along lines on the blade, leaving a large proportion of the surface 

unexamined. Hence, the blade could be out of tolerance over a significant 

proportion of its surface and still comply to the inspection requirements, 

which could affect its performance. I~ore scans and points can be used, 

but this will greatly increase the complexity and time involved in ~he 

inspection process and consequently the cost. The point gauging system 

is also difficult to use on turbine blade aerofoils because the curvature 

of the aerofoil section is high and it is extremely difficult to set the 

probes in the correct measuring position at the correct angle. 

Consequently, in the majority of cases the calliperscope is 'used. 

As with all mechanical probes, wear on the points of the measuring 

probes caused by routine use is a problem requiring frequent adjustment 

or replacement and a small change in the actual measurement during use. 

1.3 FUTURE REqUIREMENTS. 

1.3.1 Use of Computers. 

Manufacturing tolerances on turbine blades are being reduced 

because the aerodynamic performance of the blades becomes more critical 

as the engine efficiency increases. As an example of the changing trend 
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in manufacturing tolerances, the overall tolerance envelope for the 

majority of turbine blades has been reduced from 0.010" to 0.007". 

Ripples or undulations in the surface finish across the direction of the 

airflow are important and limits are imposed on the amplitude and 

frequency of this phenomenon. These factors affect the boundary layer 

conditions, which are becoming increasingly important as surface film 

cooling is being used to achieve higher gas working temperatures. 

Consequently, more information is required about the shapes and 

manufacturing tolerances of the blades being produced. This requires 

more point measurements, making the mechanical techniques impractical. 

Hence, other forms of measuring transducers must be used that are either 

optical or purely electronic. To cope with the increased information in 

a reasonable time some form of computerized analysis is required or the 

time penalty per blade using present techniques will be too great.· 

The point gauging system takes approximately 15 seconds to measure 

one blade giving 18 points of measurement but the number of points cannot 

be greatly increased above this value. The calliperscope requires 

approximately 45 seconds per blade for three sections. If this is 

increased to 10 sections this will take approximately 4 minutes allowing 

some time for the operator to perform some general analysis of the data. 

The time involved plus the burden placed on the operator to handle a 

large amount of visual data will make this system impractical when 

compared to an estimated 40 seconds per blade for an electric-optical 

computer linked system that includes automatic data manipulatio·n. 

The use of computers in dimensional inspection is being applied and 

studied within the manufacturing industries both for basic inspeotion 

and control and monitoring of machine tool performance as reviewed by 

Carlisle and Bugden [10]. Examples of these include tube thickness 

gauging, lathe control, rod diameter measurements, and precision profile 
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measurements. The use o~ computers to store and manipulate dimensional 

data has been demonstrated by Watkins [11] and Aveyard [12]. In the 

system described by Watkins [11] five measurements were taken on a small 

mass-produced ccmponent and processed by the computer to give a go/no-go 

situation. The computer was also used to store and analyse the general 

trends of the errors to improve manufacture procedure. Aveyard [12] 

described a basic computer linked system which was used on turbine 

blades. This used a mechanical probe/transducer system to measure 30 

points on the aerofoil of the turbine blade, 15 on the concave sur~ace 

and 15 on the convex, and the errors compared to the master component 

calibration was given in a paper printout form. The systems described 

above still only measure a small number o~ points and compare this to 

specific information without processing the dif~erences to determine the 

overall difference, such as twisting or bending. For the quantity of 

information provided these techniques are expensive, £10,000 for 30 

pOints,and still require the mechanical probe retooling and setting if 

the component is changed, cost £1,000. 

The Ferranti-Cordax 3000 inspection machine [13] represents a 

further development in so far as it is commercially available and takes 

112 point measurements. This still uses a mechanical transducer to take 

the measurements and only provides point by point differences from the 

norm. It is principally used on large objects such as shadow masks for 

colour cathode-ray tubes and the overall inspection cycle takes 15 

minutes. 

The present computer linked inspection machines have a number of 

limitations with their application in industry. They are expensive, 

slow, and only per~orm a small amount o~ data manipulation. Thus they 

are not adequate for turbine blade inspection. Elade inspection 

requires a technique which is capable of examining the blade aerofoils 
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at a rate greater than 1 per minute. The surface must be examined in 

detail with at least 50 measuring points per scan for at least 10 scans 

with an overall measuring accuracy of 0.001". 

Small computers have a data input rate of approximately 1000 words 

per second, which means that in the present inspection machines the 

computer is being under-utilized since the data input rate is much 

lower at approximately 10 words per second. This is limited by the 

rate at which the mechanical measuring probe can be manipulated. 

To increase the data input rate into the computer it is proposed to 

use an optical contouring system with a slow scan television interface 

between the optical system and the computer. This would be capable of 

a data input rate of 1000 words per second into the computer. With the 

increased quantity of data and data input rate the computer would be 

used more effectively and it would be possible to inspect the blade in 

less than 1 minute and present the dimensional differences in an easily 

assimilated form. In such a device the component could be changed 

without.retooling the measuring system and the computer used to serve 

several measuring units~ 

A fundamental difference and advantage of any optical/computer 

system of inspection over the present methods is the possibility of 

comparing a component to computer generated design information rather 

than a physical master. Turbine blades are now designed by computer and 

this data is used to make drawings from which a master blade is made. 

The manufacture of these blades is difficult as they have complex 

profiles and are to a large extent hand-made to an accuracy of .±. .002". 

A relatively large number of them have to be made as the blade designs 

are frequently changed in the development of an aeroengine. Consequently 

the direct inspection from computer data would eliminate the need for a 

master blade to set up the inspection machines. 
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1.3.2 Dimensional Analysis of Development Components. 

As well as the need for optical inspection techniques in the 

inspection of turbine blades during manufacture there is a requirement in 

the dimensional measurement of blades that are under development tests. 

As the result of the need to continually develop the aeroengine to 

improve the overall efficiency, research into improving turbine systems 

has to be made. Subsequently turbine blades are being subjected to 

higher temperature conditions and higher overall stresses to increase 

engine thrust and efficiency. During this work there is a need to 

measure the distortions and resultant damage produced by these temperature 

and stress effects. At present the only method of obtaining this inform

ation is by the standard metrology teChniques using micrometer gauges. 

This is laborious, slow and costly if the measurement is required over 

a large number of points. Because of these difficulties this type of 

measurement is seldom used, so that in a number of examples very little 

actual distortion information is used within this research. Consequently 

there is a requirement for a form of comparison of a component before and 

after it has been subjected to high thermal and mechanical stress 

conditions to measure the resultant distortion. The distortions are of 

the order of between 25 and 500 microns (0.001 to 0.02") and the detailed 

surface finish of the component changes during the test. 

Direct hologz:aphio interferometry is not feasible in this case 

because the overall distortions of' 25 to 500 microns are too large 

and result in higher spatial frequency fringes than can be resolved 

by the observing optics. 

This specific requirement and other similar measuring problems 

increase the need for a method for Obtaining a detailed measurement of 

the three-dimensional shape of a component. 
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1.3.3 Economic Considerations. 

The basic cost of an electro-optical contouring system with a form 

of computerized data handling would be more expensive than present 

systems but would be more efficient. In the long term the overall cost 

of a computer linked system would be the same or less than the present 

calliperscope. The computer would be used on a time sharing ba~is to . 
. 

run several optical units. Each unit is expected to be faster than the 

equivalent calliperscope or point gauging unit. To change the type of 

blade to be examined would require reprogramming the computer to provide 

the new shape for comparison, whereas with a system such as the point 

gauging the whole of the mechanical probe unit has to be substantially 

modified or renewed at the cost of the order of £1,000. In addition, 

the cost of small computers is decreasing as the state of the teChnology 

advances and so makes their use more attractive. 

For the examination of components subjected to thermal stressing, 

the actual ability to measure distortions for comparison with the 

theoretical predictions represents a substantial saving in time and an 

increase in practical knowledge of the behaviour of the component. 
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Chapter II. 

Methods of Contour Generation. 

2.1 INTRODUCTION. 

In this chapter the results of the investigation into the holographic 

and moire fringe methods of generating surface contours are described. 

Two holographic methods of surface contouring were studied, two wavelength 

and, two refractive index. The former was first developed by Hildebrana" 
, 

and Haines [7] and the latter by Shiotake [8]. The main emphasis was 

placed on the examination of the feasibility of the use of these 

teChniques as part of a routine inspection system. To enable the 

dimensional data to be automatically processed the contour information 

should be in a form where it could be accurately fed into a computer by 

the use of an electro-optical interface. 

Holographic contouring was found not to be ideally suited for this 

.-
purpose and a moire shadow contouring technique as described by Meadows 

1:9 ] was examined. A modified version of moire contouring was developed 

for use in conjunction with image scanning and computer processing. 

2.2 SPECIFICATION OF REQUIREMENTS FOR OPTICAL BLADE INSPECTION. 

The requirements of the dimensional analysis system for turbine 

blades imposed a"number of limitations and reqUirements upon the method 

of generating depth contours. 

a) The size of the turbine blades to be inspected vary from an 

aerofoil length of 2 inches up to 7 inches with a depth variation 

aoross the blade width of between 0.2 and 1.0 inches. 

b) The contour depth interval should be comparatively large, 

greater than or equal to 0.010", so as to keep the number of 

contours across the object to a reasonable number. 

c) Required measuring accuracy is ;!:, .001" indicating that the 

component shape or differences must be measured to an accuracy of 
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1/10 contour ~ringe interval or greater. 

d) The contour technique must provide the in~ormation as quickly 

as possible with a minimum o~ adjustment or photographic processing. 

e) The contoured images must be o~ suf~icient intensity to enable 

~) 

g) 

h) 

a television camera to be used as an optical to electronic 

i~ormation interface. 

The contour ~ringe intensity should have a su~ficiently low 

noise level to enable the computer linked measuring system to comply 

with condition (c). 

The comparison i~ormation must be clearly presented in a ~orm 

easily assimilated by the operator, either directly as a simple 

optical fringe ~orm, on a television monitor to minimize eye strain, 

or as a form o~ printout, either paper or C.R.T., denoting the 

general di~~erences, bending, twisting plus details o~ localized 

differences. 

The overall system should be simple and capable of operation 

on a routine basis by non-specialist personnel. 

2.3 PRINCIPLES OF HOLOGRAPHY. 

The detailed analysis of the ~ormation of holograms, the coherence 

requirements o~ the illuminating source and the factors af~ecting the 

quality and resolution o~ the hologram have been previously documented 

by the author in the thesis [1] and will not be discussed in this 

presentation. 

When a hologram plate is accurately repositioned back into the 

original system used to ~orm the hologram and illuminated with the original 

coherent reference beam, the wavefront diffracted by the hologram is 

identical to the wavefront scattered ~rom the object's sur~ace. Since the 

two waves are indistinguishable they may be interchanged and hence it is 

possible to compare the reconstructed wavefront with the scattered wave-
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front originating from the object at some later time. Any difference 

between the object resulting, for example, from an applied stress and 

its original reconstruction is shown as interference fringes similar to 

those produced by standard interferometry. This is the principle upon 

which holographio interferometry is based, Haines and Hildebrand [14]. 

In a similar manner two holograms may be recorded on the same 

photographic plate representing the object at different instanoes in 

time and the resultant reconstruction will show any displacement of the 

object that has occurred between the two exposures in terms of fringes. 

This is referred to as double exposure holography. 

2.4 TWO WAVELEN~TH HOLO~RAPHIC CONTOURIN~. 

• 

Holographic interferometry may also be used to generate depth 

contours at much larger intervals than is possible by~ previous 

methods. There are three techniques, double source, double wavelength 

and double refractive index. The double source technique,as shown in 

fig. 1, was basically a fringe projection technique. It was not able to 

accommodate a convoluted surface, as shown in fig. 1b, and consequently 

was unsuitable for turbine blade analysis. The other two were found to 

be suitable for turbine blade inspection and were considered in detail. 

The two wavelength contouring technique is based upon the interference 

between two images of the same object formed holographically by using 

two different wavelengths of laser light. The contour depth is a 

function of the two wavelengths used according to the relationship 

..... 

and is thus precisely defined from a knowledge of A1 and ~2' The system 

is limited to a laser that will operate at different wavelengths and with 

sufficient coherence for holography, e.g. the argon ion, or krypton 
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lasers and some of the latest dye lasers that are optically pumped by an 

argon ion laser. With the continual development of dye lasers it is 

expected that it will be possible to generate contours of around 250 

micron depth interval. 

2.4.1 Contour Fringe Formation. 

The two wavelength contouring technique was first discussed by 

Hildebrand and Haines [7] and further developed by Zelenka and Varner 

85]. The optical telescope ~ystem used to generate the oontour fringes 

is shown in fig. 2. An image of the object with unit magnification is 

relayed to the hologram plate, H, by a telescope. (L1 and L
2

) The 

object is illuminated b1 a plane wave propagated in the same direction 

as the a~is of the telescope by means of the beamsplitter B.S.1. 

Zelenka considered the effects of two wavelengths of light upon the 

magnification and position of the reconstructed image in space. A 

holographic image of an object taken at wavelength ),,1 and then 

reconstructed at wavelength A2 will change its position in space along 

the axis of the telescope and also change its lateral magnification. 

If the object is also illuminated at wavelength ),,2 there will be a 

difference in position of the holographically reconstructed image and 

the telescope image. The difference is shown as interfe~nce fringes. 

For a small portion of the hologram formed at wavelength ),,1 using 

a plane reference wave and then reconstructed by a plane reference wave 

at wavelength ),,2 the radial distance from a point on the hologram to a 

point on the recorded image R1 is imaged at a distance Rj when 

reconstructed. The relation between these radii is a function of the 

two wavelengths given by 

.... " 

Because the telescope is used to form an image of the object on the 
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hologram plate the radial distances are kept to a minimum. 

The hologram plate acts as a complex diffraction grating in two 

dimensions to reconstruct the image when illuminated with the reference 

beam and so obeys the normal diffraction grating equations. Thus if the 

hologram is recorded in one wavelength and illuminated at a different 

wavelength with the reference beam still at the same angle, the image 

is slightly displaced by the change in the angle of the wavefront 

diffracted by the hologram. This effect changes both the lateral 

magnification and position of the image. To overcome this phenomenon 

and keep the two images exactly superimposed the reference beam angle 

must comply with the equation. 

sin e rec = sin e ref • •••• 

where e f and e are the angles of the reference and reconstruction re rec 

beams respectively as shown in fig. 3a. 

To obtain the contour fringes the apparent displacement or 

difference along the optical axis of the telescope must be less than its 

depth of field. The depth of field for a single lens, fig. 3b, is given 

by Born and Wolf [16]. 

· .... 

~ = wavelength of light used. 

v = distance of image from the lens. 

D = diameter of the lens aperture used. 

Thus for the telescope the depth of field on the object is given by 

2 

dz = 4.~. ( ! ) · .... 
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F = focal length of objective lens, which equals that of the 

eye piece for unit magnification. 

Using this crHerion Zolenka showed that provided that a smal: 

aperture was used (F.No. ~ 40) contours of planes perpendicular to the 

optical axis were formed with a depth interval. 

hz = ..... ( 6) 

2.4.2 Limitations. 

The use of the unit magnification telescope to relay the image of 

the object on to the hologram formed a fundamental limitation on the 

system in so far as the depth of field would be small. The resolution 

of a telescope with unit magnification is defined in terms of the 

minimum separation between two point sources in the object plane that 

can be resolved by the telescope and is given by Born and Wolf [16]. 

Minimum resolvable separation = 1.2211. (F/D) ..... 
The telescope resolution is also defined in terms of the reciprocal of 

the minimum resolvable separation and denoted as the resolution limit. 

This is quoted in terms of cycles/mm. 

Resolution limit = 
0.82 

A. 
••••• 

A phenomenon common to coherent optical systems and known as a 

( 8) 

speckle pattern affects the subjective appearance of any object 

illuminated with coherent light. This gives the object an appearance 

of be i n g covered by a series of speckles rather than the uniform 

appearance of ,an object illuminated with incoherent light. The speckle 

effect occurs because interference takes place between a large number or 
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randomly phased disturbances generated by the light being scattered off 

the optically rough surface of the object, as discussed by Burch [17, 18]. 

The size of these "peckles is defined as equal to that of the 

minimum resolvable separation of the optical system that is used to 

observe the speckles. 

Speckle size = 1.22A (F/D) · .... 
The variation of the apparent local intensity distribution across the 

image that was produced by the speckles was examined by Burch [1$]. 

This is described in terms of the probability of the relative brightness 

of the speckle being between the. values 5 and s + ds, 1'1(s)ds. The 

variation is also an indication of the degree of contrast or granularity 

of the speckle pattern and is given by 

Variance = = ! 2 
s 1'1(s) ds - 1 · .... (10) 

o 

Burch [17] discussed the speckle brightness probability function for a 

finite number of n equal disturbances which was represented in terms of 

infinite integrals of zero-order Bessel functions. 

n 
1'1 (s) 

n = z Jo(z Jx.n ) . [Jo(z)] dz • •••• (11 ) 

o 

This function varies with the number n disturbances. When the 

aperture D of the observing optics is reduced the number of disturbances 

n. that can be distinguished is also reduced. Burch [17] showed that at 

the resolution limit of the optics ~here n = 2 the probability function 

is principally at zero or twice the average brightness of the image. 

Hence from equation 11 good contrast speckles are formed whose size is 

determined by equation 9. 
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The depth of focus of the telescope required to observe the majority 

of turbine blades varied from 5 mm to 25 mm. The corresponding aperture 

settings on the telescope were F.50 and F.115. These produced minimum 

resolvable separations of 0.03 mm and 0.06 mm. Under these F. Number 

conditions the speckle diameters of 0.03 to 0.06 mm produced an 

obtrusive speckle pattern on the contoured image and degraded the 

overall quality of the image. 

The object size was limited to less than that of the effective 

diameter of the objective lenses used in the telescope. The amount 

of light from the object transmitted through the telescope to the 

hologram was limited by the small aperture, which increased the 

exposure time of the hologram. 

The requirement that the reference beam angle should be rotated 

through an angle when moving from the recording to reconstruction mode, 

to keep the two images exactly superimposed, involved an adjustment to 

the reference beam which must be made by the operator. The angle of 

rotation was of the order of 3 mrad for a reference beam angle of 230 

using wavelengths of 476.5 nm and 472.7 nm. Varner [19] used a 

diffraction grating set perpendicular to the optical axes of the 

telescope and so in a plane parallel to that of. the hologram. This was 

illuminated by the collimated reference beam at normal incidence and the 

overall position of the grating arranged so that the light from one of 

the diffraction orders was projected on to the centre of the hologram. 

2.4.3 Experimental Results. 

A two wavelength laser with the correct wavelength separation to 

produce 250 micron (0.01 n) contours was not available. The tests were 

carried out using a Coherent Radiation Ltd 2W argon laser with power 

outputs of 150 mW each at wavelengths 501.7 nm and 496.5 nm to give 

15 micron (* .5 x 10-3,,) contou~,depth interval and 250 mW at 476.5 nm 
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and 30 mW at 472.7 nm for 30 micron contours. 

A telecentric optical system was used as shown in fig. 2 with an 

adjustable mirror used to change the reference beam incident angle on 

the hologram for the two wavelengths. A coin was used as an initial 

test object and this represented an irregular and complex shaped surface 

with a depth variation of approximately 0.01" so as to produce a 

reasonable number of contour fringes. A turbine or compressor blade was· 

not initially used at these contour intervals, as the 0.30" change of 

shape represented 300 to 600 fringes which were beyond the resolution 

capabilities of the optical system. 

Initially live fringe holographic interferometry was used to observe 

thece~our fringes. This involved taking a hologram with one wavelength, 

developing the hologram, relocating it in the original position and then 

illuminating the interferometer with the second wavelength. The telescope 

and holographic images were observed as the refer~noe beam angle was 

changed. This produced little success as only very low contrast fringes 

were obtained. This was primarily oaused by the inherently low 

diffraction efficiency of the hologram (5%). Consequently the 

reconstructed image was extremely weak even though the reference beam 

intensity was increased to compensate. Photography of the resultant 

contour images was just possible. 

Some spurious fringes were formed in the holographic interferometer 

by emulsion shrinkage on-developing and arying the hologram. Additional 

fringes were produced by misali9rtment when relocating the hologram even 

though 11. kinems"tic, design of plate holder was used, as described by 

Hbckley [1]. To overcome this an in situ prooessing liquid gate 
.h 

hologram plate holder similar to the type described by Biedermann [20] 

was made and used, which improved the overall quality of the contour 

fringes. 
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The requirea accurate aajustment of the reference beam between 

recoraing the hologram at wavelength A1 ana reconstructing the processea 

hologram at A2 greatly detract ea from the usefulness of the system as a 

routine methoa. To overcome this a' aiffraotion:sys:tem.in~the·.· 

reference beam was usea as aiscussea in section 2.4.2. The experimental' 

system usea is shown in fig. 2. The grating was lined at 30,000 clinch 

with a first oraer aiffraction angle at 360 12' at 501.7 om with a change 
o of angle by 26' to 35 54' at 496.5 om. To obtain gooa quality contour 

fringes using the single exposure holographic interferometer extreme 

oare was required to set up the diffraction grating at the correct 

attituae to within a fraction of a minute of arc. This was aohievea by 

using a rigorous setting up proceaure. 

The Qouble exposure methoa of generating the contours was also used 

in which the hologram was exposea in two stages illuminatea at different 

wavelengths ana reconstructed with cne of them. The contour fringes w~re 

frozen on to the reconstructea image. This methoa eliminated the image 

intensity mismatch ana the tests provea that it was possible to obtain 

repeatable ana reasonably gooa fringes although the same rigorous setting 

up proceaure was neeaed. Contours at both 30 ana 15 microns were obtainea. 

Fig. 4a shows a photograph of the contoured image of the oOin,contourea 

at 30 micron intervals. The coin was tiltea slightly with respect to 

the optical axis of the contouring system as shown by the horizontal 

fringes. Fig. 4b shows a contoured reconstruction of a test object with 

o 0 0 0 four angular slopes at 1 , 2 ,3 ana 5. These slopes were clearly 

aefinea by the contours. 

Part of a small compressor blade was contoured but the fringes were 

only formea over a small portion of its chord due to the curvature 

producing a large number of 30 micron contours , ana the observable depth 

over which the contours occurred was apprOximately 1.2 mm. 
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The overall system was generally inefficient in the use of the 

available light,due to the use of the beamsplitter in the telescope for 

normal incident illumination and the F.No. 50 optics needed for blades, 

but this was a factor in both holographic systems. It was not possible 

to use the beam transmitted through the beamsplitter as the reference 

beam,due to the effects of the fringes produced by internal reflections 

within the mirror even though an anti-reflection coating was used on the 

second surface. 

Hence summarizing, the system advantages were:-

a) Any shaped object could be considered. 

b) Contour depth intervals were accurately repeatable. 

c) Simple to operate although complex to set up. 

Disadvantages: -. 

a) Contour depth not variable; 30 microns was the maximum depth 

obtainable using an argon ion laser, although tunable dye lasers 

are now becoming available. 

b) The object size must be less than the usable diameter of the 

telescope objective lens. 

2.5 TlNO REFRACTIVE INDEX CONTOURING. 

Two wavelength contouring was found to be feasible but the need for 

a two wavelength laser would increase· the cost above that Of standard 

holographic systems. The two refractive index method of contouring, 

however, could be operated using normal single wavelength lasers, thus 

reducing the overall cost of the system. 

This method principally involves the double exposure method of 

taking holograms as discussed in section 2.3 and the contour fringes are 

formed by the interference between two images formed in different;' 

refractive index media. The object is placed in an enclosed tank with a 

window through which it can be observed. A standard holographic system 
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as shown in fig. 5a can be used to observe the object. The first 

exposure of the double exposed hologram is formed with the object 

immersed in a mp-dium of r&:rractive index n1• The tank is then replenished 

with a second medium of refractive index n2 for the second exposure of 

the hologram. The refractive index media can either be a gas or a 

liquid. The effect of the different refractive index media within the 

immersion tank is to change the effective wavelength of the light. The 

wavelength of light A1 in any medium with refractive index n
1 

is related 

to its absolute wavelength in vacuo, A, by the function 

..... ( 12) 

Similarly ••••• 

The two images reconstructed by the processed holog~am have consequently 

been formed at different wavelengths and the images interfere to produce 

depth contours as described by equation 1 in section 2.4, where the 

wavelength difference is defined by the refractive index change. 

The accuracy and repeatability of the contour depth interval is 

dependent upon th~ accuracy with which the refractive index is changed. 

The basic setting up procedure is less complex than that of the two 

wavelength teChnique. 

2.5.1 Two Refractive Index Contour Fringe Formation. 

This contouring technique was f'irst introduced by Shiotake [ 8] and 

later discussed. by Zelenka and Varner [21]. The contour hologram is 

recorded as described in section 2.5. On reconstruction of the hologram 

the two images produced in the tank, using different refractive indices, 

will be in different positions relative to the tank's glass window, and 

will interfere t.o produce difference contours as in the two wavelength 

contouring process. The optical path length differences betlveen the 
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resultant images are only affected by the two refractive indices within 

the tank n1 and n2• When the holographic reconstruction is imaged onto 

the plane of a viewing sy3tem the complex amplitudes of· the two images 

will be of the form 

••••• 

where A1 and A2 are the ainplitudes-directIl.yIielli.tedtb .the brightness o~ 

the two images. ,These are us1iallymade .. equal:by exposure .canirol.<Thecphase 

terms are dependent upon the optical path length in each optical. medium. 

~ For an immersion tank system as shown in fig. 5b the phase terms P1 and 

P
2 

for a point (x,y) on the object a distance z(x,y) from the inner 

surface of the window. 

k1 and k2 = the wavenumbers in the refractive index media n1, n2• 

811 , 821 , e 12 and e 22 are as defined in fig. 5b. 

The incident and observing angles are related by Snells Law. 

sin 811 sin e
21 

= ..... 
n1 n2 

sin 812 sin e22 and = ••••• 
n1 n2 

The resultant intensity of the image is 

I = ••••• 

( 16) 

( 17) 
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In practice the angles of illumination and observation are made to be 

equal or close to zero hence equation 19 becomes 

Substituting for the wavenumber k1 and k2 

This function represents plane contours parallel to the inner surface 

of the window with an interval 

l!.z = ...... (,w) 

If this is considered in terms of effective wavelength with the two 

refractive media 

Then equation 20 becomes 

l!.z ...... 

whioh is identical to that of the two wavelength contouring system. 

To obtain plane oontours the incident and observing angles are kept 

equal to zero and to achieve this a concentric telescope holographic 

system is used. In this case the hologram is placed in the Fourier 

transform plane of lens L1 , where the telescope aperture is located. 

At the Fourier plane the optical information is distributed in the 
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form of a spatial frequency spectrum with zero frequency on the optical 

axis of the telescope and the spatial frequency increasing radially from 

the axis. Undel' these conditions the maximum quantity of useful infcrld-

ation is transmitted through the optical system on to the hologram for a 

given aperture diameter. This leaves the image plane free for normal 

observation and photography. 

2.5.2 Refractive Index Media. 

The media used to change the refractive index can be a gas or a 

liquid. Since the technique is for use on turbine blades 6n a routine 

system a liquid which will wet the blades and get contaminated by dirt 

from the blade is not suitable. Hence a gas with abigh refractive 

index must be used. Freon 12 or Arcton 12 (Dichlorodifluoromethane 

CC12F2) has suitable properties and is reasonably inexpensive. The 

refractive index at 200 C. and a pressure of 760 millimetres of mercury 

is 1.001055 at the mercury green line 546.2 nm., .Horvath [22]. This is 

related to the density of the gas by the Gladstone-Dale equation, 

Partington [23]. 

(n - 1) = p.k. ..... (22) 

n = the refractive index 

p = gas density 

k = a constant. 

For the change~of refractive index with gas pressure the ideal gas 

equation gives the change of density with pressure at constant 

temperature as 

..... 

P1' P2 = the densities at pressures P1 and P2, 
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In a practical system care must be taken to keep the general surroundings 

at a constant temperature and ensure that the temperature within the 

pressure chamber remains constant when being pressurized to avoid aIlJ

change in the pressures caused by temperature variation. This will 

impose some environmental control on the overall system and impose a 

maximum rate at which the chamber can be pressurized, 

The change in refractive index with respect to increase in pressure 

is given by the equation 

••••• 

Therefore the effective contour depth is 

••••• 

Hence for an increase in pressure from one to two atmospheres the contour 

depth at 514.5 nm is 0.24 mm (0.0094"). So the pressure increase from 

atmospheric pressure needed to produce 0.25 mm contour is just less than 

one atmosphere. 

Fig. 6 shows a graph of the pressure increase required to produce 

various contour depth intervals. 

Similarly the refractive index change from vacuum to Freon 12 at 

one atmosphere produces a contour depth interval of 0.24 mm. 

2.5.3 System Limitations. 

As a telecentric hologram recording system was used to obtain plane 

contours the limitation on the available depth of field, resolution and 

object size as discussed for the two wavelength technique, section 2.4.2, 

were applicable to this system. However, the image size limitation could 

be relaxed if a single observing lens system was used and the angle of 
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observation increased from near zero provided that a oorrection for the 

change in contour depth interval was applied as the angle was increased. 

2.5.4 Exeerimental Stu~. 

The telecentric hologram system was used as shown in fig. 2 and 

discussed by Zelenka and Varner [21,], The blade was placed in an 

enclosed chamber with a 9 inch internal diameter and a 10" diameter 

x 0.75" thick armour plate glass window, A strong chamber was used to 

allow air to be pressurized up to four atmospheres to produce a 

refractive index change of 1.013 x 10-3 for 0.01" depth interval contours. 

Freon 12 (CG12F2) was the gas used rather than air as this had a 

significantly higher refractive index change with pressure. Two 

principal methods of using the freon to change the refraotive index 

were used. Firstly the chamber was evacuated and the refractive index 

difference between vacuo and the freon at just ,above atmospheric pressure 

was used to produoe the 0.01" contours'. Secondly without the neEld for a 

vacuum pump the chamber was flushed with freon for a short period to 

expel the air and the refractive index difference between atmospheric 

pressure and. at a pressure of 15 psig used to give 0.01" cOntours. This 

was the simpler and faster of the two methods for a routine system and. 

was used for most of this work. Fig. 6 shows a graph of the required 

pressure difference above atmospheric required to produoe various depth 

contours. 

The telescope lenses used in this system were the same as used for 

the d.ouble wavelength system to obtain a direct comparison between the , 

techniques. ,The chamber was angled. slightly with respect to the optical 

axis of the telescope to avoid. the specular reflection from the chamber 

wind.ow. This did. not affect the contours as they were referenced with 

respect to the chamber wind.ow but did. slightly decrease the effective 

depth of field of the telescope due to the skew of blad.e. Both the 
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holographic interferometer and double exposure techniques were used with' 

excellent results with various depth contours, an example of whioh is , 

shown in fig. 7. 

An aperture setting of F. No. 40 and above was required to produce 

contour fringes over most of the turbine blade. At these apertures the 

limited resolution and laser speckle effect gave the contour fringes a 

definite granular appearance. The contours were observable but the 

accuracy with which the exact location of the maximum and minimum of the 

fringes was greatly reduced. Fig. Ba shows the appearance of 0.010" 

contour fringes of the concave surface of a turbine blade (1:1 magni

fication) with an aperture of F.No. 40. The fringes were visible only 

over part of the surface and towards the trailing edge the spatial 

frequency of the fringes were getting towards the limit of the optics 

due to the speckle effect. Decreasing the aperture to F.No. 80, fig. Bb, 

showed the increasing prominence of the speckle effect and that the 

fringes towards the trailing edge could not be reSOlved. A micro

densitometer scan across the negative of fig. T., along the blade chord, 

fig. 9, illustrated the effects of the speckle noise. It was extremely 

difficult to locate the positions of the maximum and minimum intensity 

points of the fringes. The spurious peaks and troughs produced by the 

speckles would make automatic reading of such information difficult. 

The high spatial frequency of the contours towards the trailing 

edges of the blade in fig. 8 and the limiting effect of the optics showed 

that contour depths of greater than 0.01" depth must be used. to enable 

the whole surface to be analysed. Hence to retain a ~ 0.001" dimensional 

measuring accuracy the contour positions must be known more accurately. 

It was found difficult to obtain good contrast contours on the normal 

finish of a turbine blade because of the specular reflection effect of the 

surface. 
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The overall system was simple to operate but the need to change 

pressures between exposures and the time taken to load and remove the 

blade from the ch~lJlber wou::'d be extremely inconvenient for a routine 

system. 

Advantages. 

a)" Simple optioal system. 

b) Any contour depth could be achieved. 

Disadvantages. 

a) Required a ohamber to enolose the objeot. 

b) Aocess to the oomponent was limited. 

0) Size of component was limited by the diameter of the telesoope 

objective. 

d) Contour depth repeat ability depended on the accuracy of the gas 

pressure adjustment. 

2.6 MOIRE FRIN~E CONTOURS. 

The holographic contouring techniques produced good contoured images 

of turbine blades but for any electro-optical measuring system had a 
, 

'disti~ct disadvantage created by the speckle pattern moire superimposed 

on the contour fringe intensity function as illustrated in fig. 9. This 

made the accurate location of the contour fringe peaks and troughs by an 

intensity measuring device difficult and the measurement between these 

values to better than a 20% accuracy impossible. This raised serious 

doubts as to the suitability of holographic contouring for the envisaged 

inspection system as an electro-optical measuring devioe must be used to 

link the optical system to a computer to cope with the increased number 

of measuring points being used, as discussed in chapter I. 

To overcome this problem and to simplify the overall concept of th~ 

contour generation system the alternative moire fringe contouring 

technique was examined. This method of oontour generation had been 
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known for a number of years, Theocaris [24] and was re-introduced in the 

literature in 1970 as a measuring technique with the evolution of contour 

holography and its applLc,.';ions by Meadows [9], Takosaki. [25] and Allan 

[26 ]. 
~ 

The first application of moire techniques to any form of component 

inspection was by Burch, in 1968 [27] who used a combined holographic 

and moire system to form contour fringes on a maeter component and 

compared the production component with the contoured holographic image 

of the master. This was a complex system ana suffered greatly from the 

problems of the low atffraction efficiencies of holograms and was not 

developed into a practical system. 

Moire contouring had a number of basic advantages over holography 

in so far as it was a real time system, ana did not require a photographic 

process before the contour information was available. Nor was a laser 

required, as a white light source would be used. However, the minimum 

contour depth .interval obtained would be limited by diffraction effects. 

2.6.1 Moire Contour Fringe Formation. 

The theoretical analysis of moire fringe systems for strain 

measurement has been well documented by Theocaris [24] ana others. The 

formation of moire contour fringes has been recently described by 

Meadows [9]. However, the basic formation of moire fringe contpurs are 

discussed here in detail in order to introduce the concept of the fringe 

projection/image scan method of generating shape information. 

The moire contouring technique operates by comparing two grid 
.-

patterns. A particular moire technique is used where a shadow of a 

moire,grid is projected on to the surface of the object, fig. 10a, and 

its image is observed through the same moire grid. In fig. 10a the grid 

is illuminated by a collimated beam of incoherent light, making an angle 

et with the normal to the grid. The shadow of this is viewed through the 

grid at an angle f' with the normal to the grid. The light from the 

source is modulated by the grid to produce the shadow lines on the object. 
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Let the grid have a sine wave modulation function so that the light 

transmitted through the grid is modulated by the funotion. 

T(x) ~ -1;-( 1 + ,'.n 2m</p) 

x = the posit~on of any point across the grid 

p = the period of the grid. 

..... 

For a point (x,y,z) on the object, fig. 10a, the light illuminating 

it is from the point (x - z tan a, y, 0) on the grid. Assuming that the 

object's surface is near to a pure Lambertian diffuse surface where the 

light scattered from all parts of the surface is scattered by equal 

amounts in all directions, i.e. the amount of the source r scattered in 

any direction is a constant K, the light scattered from th.e. surface is 

••••• 

This function is demodulated by the action of viewing the function 

through the original grid. 

In this case the intensity function passes back through the grid 

at the point (x + z tan {J,y,o) fig. 10a, and hence is modified by the 

function 

T 
(x1 + z tan a,y,o) = ~ + sin [(21T/P)(X + z tan J3)]] .. (28) 

The resultant intensity reaching the observer is 

1 (21T\(. 
- 2 cos p) \2X + z(tan f- tan a)) 

+t cos e:) (tan a + tan J3) ••••• 

From this equation the only term that is solely dependent upon the 
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depth z is the last term. 

cos ( 2;Z ) (tan a + tan p) 
'.' 

This produces the depth contours with a contour depth interval 

j)' 
D.z = - · . ~ ,. . (30) 

(tan a + tan P) 

These contours represent planes o~ equal depth parallel to the 

sUr~ace o~ the moire grid. In the majority o~ practica+ casee the 

direction o~ observation will be perpendicular to the moire grid, i.e. 

P = O. Hence the contour depth interval is given by 

D.z = -E.-
t 

. 
ana · .. ~ ... (31 ) 

The other· terms in equation 29 are dependent upon x and produce noise at 
.-

approximately the same spatial frequency as the moire grid. 

In a practical system the illuminating source and point of 

observation are a ~inite distance from the grid so that the angles a and 

P vary across the object. In this Case consider a point of illumination 

a distance h1 above the grid and a point of observation a distance h2 

above the grid that are separated by a distance d, as shown in ~ig. 10b. 

The apparent frequency of tlle'.ShadOW: Of the moire grid cast on. to·>the .objeot 

is dependent both on the di~tance z of the point ~rom the grid and the 

height o~ the illuminating source above the grid. By similar triangles 

the apparent grid frequency p' becomes 

pI = p ...... 

This modifies the intensity modulation function at the object I S surface to 

I cc t (1 + sin (21Th1x!(h1 + z)p )) • •••• 

Meadows [9] showed that in this case if the point of illumination 

and observation are at the same distance from the grid h contours are 

produced whose depth interval is dependent upon the depth being measured. 
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N2 ph 
= ...... (34-) 

d - pN2 

where N1 and N2 are the fringe number. 

If the distance h was much greater than z1 this simplifies down to 

Nph = d 

where N is the number of fringes betwee~ the two points. 

...... 

In practioe it is less difficult to make square wave moire grids 

than sine wave grids. For the. square wave transmission grid the 

intensity modulation function can be described in the form of a Fourier 

series. 

DO 

T(x) L ~ sin 2;nx ] ...... 
n=1 
n odd 

In this case if h »z contour depth interval is still 

Az = Nph/d ....... 
and the intensity function of the contour fringes is of the form, 

Meadows [9]. 

I(contours) = C ~ 2 
+ - 2 

1f 

DO 

L 
n=1 
n odd 

21f cos -
P (hn~z z ) ] ••••• 

This is a triangular intensity function as described by Rektorys [28]. 

2.6.2 Limitine Parameters. 

A practical system for generating moire contours using a square wave 
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,grid is shown in fig. 11. The overall size of the object is limited to 

the size of the grid. The q~ality of the resultant oontours are also 

dependent ~pon t"e q~aHty and accur~cy of the grid lines so as to r',b.in 

the higher order terms of' eq~ation 36. For the inspection technique and 

contour depth of 0.01", grids of spatial frequencies of the order of • 

100 cycles/inch are required. The limits on the, performance of system 

to produce good quality contours depend upon depth of focus of imaging 

optics, diffraction effects and penumbra. 

2.6.2.1 Depth of Foc~3. 

As with the holographic methods of generating contours the 

depth of foc~s of the imaging optics was the prinCipal limitation on 

the system. In this case both the moire shadow fringes on the 

surface of the object and moire grid must be within the depth of 

focus of the optical system. Beyond these limits the definition of 

both sets of grids diminish, which would reduce the contrast in the 

modulation of the function forming contour fringes. As in section 

2.3.2 the depth of field is defined as 

dz = 4A (V/D)2 

Consequently, the component had to be placed as 01059 to the grid as 

possible to obtain the maximum benefit of the depth of field of the 

system. This in fact was a disadvantage but not a significant one 

for turbine plades, which could be placed close to the grid. 

2.6.2.2 Diffraction Effects. 

The spread function produced by diffraction at the edge of the 

interface between maximum and minimum transmission of the lines of 

the square wave can be described by Fresnel diffraction. To a first 

approximation the position of the first maximum of intensity beyond 

the geometrical edge of the interface is given by Longhurst [29], 
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r = the di~tance of source from the grid. 

b = the distance from ~he grid of the surface on which the 

shadow is formed. 

Examining this fUnction for the laboratory contouring sY3tem~ 

where the grid was illuminated at ~5° with a pOint source .71 ~. 

from the gridailib the shadow of the grid fal~ing on the object 

placed 12 mm behind the grid, the spread in the position of this 

maximum with illumination wavelength variation from .~ to .7 microns 

was approximately 1 x 10~3 inches. This also approximately 

represented the distance by which the light intensity spread'into .. 
the ge9metrical shadow of the grid line. For a moire grid of 

100 cycles/inch this represented a spread function operating over 

2q%'of the half' period and so produced a marked blur on th~ shadow 

fringes. For grids of higher spatial frequencies the diffraction 

effects became even more significant and prohibit the use of contour 

depths of less than 0.01" on turbine blades. 

2.6.2,3 Penumbra Effect. 

'The penumbra effect is defined as the extent of the blurring or 

'f' 
spread ~ of the geometrical shadow of an edge of a line on a moire 

grid at a distance b behind it when the grid is illuminated ~y a 

source of a finite diameter as' situated", a d13tance r in front of 

the grid. The region over which this function e:x:1;ends into the 

shadow from the geometrical edge is given by simple g!lometry a8 

Extent of spread A:x: 
= b ds 

r 
...... 
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The effect of the penumbra effect WaS to decrease the si~e of the dar~ 

shadow of the grid and reduce the clarity of the grid line edges and 

this reduced the overall definition of the contour fringes. 

For a small diameter source such as a high pressure mercury arc 

with a diameter of 1.0 mm the penumbra effect would be small but for a 

source such as a quartz halogen bulb with an overall filament diameter 

of 6 mm this effect would become~signifioant. For the laboratory mo~re 
'if;' 

contouring system where r = .71m b = .012{2m from incident angle of 450 

Ax = 0.02 mm for the arc source and 0.12 mm for the quartz halogen 

source. The penumbra effect WaS negligible for the arc source with the 

100 cycles/inch grid but for a quartz halogen source the shadow was 

considerably blurred which resulted in low contrast contour fringes. 

2.6.3 Moire Contouring Experimental Results • 
.... 

The experimeritlu evaluation of moire contouring was carried out 

using a 100 W high pressure mercury arc light source, with a souroe 

diameter of approximately 1.0 mm. 
/ 

Moire contour fringes were produced by 

the optical system shown in fig. 11 using turbine blades as test objects. 

Their aerofoil lengths varying from 40 mm to 80 mm. The quality of the 

moire contours VIaS heavily depend,nt upon the quality of the moire grids. 

The initial results using an inferior quality master moire grid gave very 

poor contrast fringes. A new 10" x 14" 50 cycles/inch master grid was 

obtained and secondary grids taken from the master using Agfa Gevaert 

10E56 high resolution (3000 c/mm) holographic plates with a high photo

graphic gamma. These were made with spatial frequencies from 50 clinch 

to 150 clinch. 

Using th~~grids the quality of the moire contours greatly increased. 

An example is shown in fig. 12. The contour depth interval. is 0.02" 

using a 50 cycles/inch moire grid with a 45° inciqent angle. The 

contoured shape of the blade was. olearly visible and the grid. lines were 
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set parallel to the blade chord to:- a) minimize the variation of' the 

blades surface to the incident illumination to obtain unit'orm scattering 

intensity of' the light across the blade, b) eliminate the erid noise 

when scanning along the blade chord as discussed in section 2.7, and 

c) to prevent oliasing between the contour f'ringes and the grid lines 

towards the trailing edge of' the blade when the contour fringes 

approach the some spatial frequency as the grid lines. 
------c--- ------- - - - - -- ----------- - -

Although the depth contours in fig. 12 were well defined over most 

of the blade the image of the moire grid lines impaired the clarity of' 

the contour fringes towards the trailing edge where the spatial frequency 

of the fringes was relatively high and made detailed analysis d1ff:!.Qult. 

~Q overoome this effect Takosaki [25] sugg~sted moving the moire· grid in 

its own plane at right angles to the grid linea during the formation of' 

the photographic image. This was later discussed by AlIen [26] in 

greater detail. This had the effect of averaging out the grid line 

fringes as the grid was moved, whereas the contour fringes remained 

stationary and unaffected, thus increasing the overall olarity of' the 

contour fringes. For the square wave grid the movement was linear. 

The effects of moving the grid in its own plane to average out the 

grid fringes showed a marked improvement in the quality of' the contour 

f'ringes. In this case the grid was set parallel to the chord of the 

blade and a oamera aperture of F.32 was used. Fig. 13a shows the 

contours at 0.02" depth interval plus grid lines and in fig. 130 the 

grid was moved linearly in its own plane by approximately 0.25" during 

the 2 sec. exposure time. The improvement in the clarity of the fringes 

was quite discernable. 

A rig was made to enable the coutour depth, intl?rvals to be set 

accurately. The Hg arc, moire grid and camera were tied rigidly 

together by the rig with the axis of observation of the oamer~ set 
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perpendic~lar to t~e moir~ grid to form the contour planes perpendicular 

to the axis of observation. The moire grid to camera axis was set with 

the aid of a lase~ and then permanently clamped. The Hg arc was set on 

an optical bench rail at right angles to t~e camera·axis. The arc slid 

along the rail to enable the illuminating angle to be accurately set by 

triangulat:i:on. A lens was used to rela,y a real image o.f the arc to. a:ny 

point along the arc to grid line so that the point source and camera 

aperture were in the same plane parallel to the grid. 

2.7 FRINGE PROJECTION/IMAGE SCAN CONTOURING. 

For the inspection system envisaged in this research the optical 

information had to. be converted into an electro.nic signal by some form 

of interface. In the case of this wo.rk a slcw scan television sYl;ltem 

was used. In sUCh a system the television line scan would be as 

described in section 2.6.1 and would traverse the intensity ~nction 

described bY equation 29 across the moire grid lines as well as the 

contour fringes. Hence the.o.utput signal wo.uld include the spurious 

grid fringes as well as the required co.nto.Urs. The int$nsity ~nction 

described by equation 29 applied to. a turbine blade is illusb'ated by a 

microdensitometer trace across the negative o.f a moire co.ntoured blade 

shown in fig. 14a. - The intensity mo.dulatio.n produced by the grid lines 

made a detailed analysis o.f the contour fringes extremely difficult. 

The investigatio.n into metho.ds of eliminating this grid noise when 

lhe co.ntoured image was scanned lecL to the development of the fringe 

projection/image scanning metho.d of generating shape information. The 

theoretical analysis of this technique is described on the basis of a 

mechanism for eliminating the grid line noise on an image soan system. 

The fringe projection/image scanning system is a development of 

• 
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moire shadow contouring which eliminates both the grid line noise and 

the need to have a moire grid physically close to the object. An image 

of the moire grid is projected directly on to the object as shown ~n 

fig. 15. The grid lines formed on the surface of the object are 

distorted by the shape of the object. The image of the qbject with the 

superimposed mOOre grid lines is scanned in a direction parallel to the 

lines of the projected grid by a small aperture. This generates a 

light intensity distribution equivalent to that obtained by scanning 

the normal moire shadow system in a direction parallel to the grid lines. 

The aperture size used to scan the resultant image is equivalent to 

half the period of the projected grid at the object plane of the viewing 

optics. In effect the scanning aperture replaces the analyser grid of 
; 

the moire shadow contouring system, 

2.7.1 Elimination of grid lines on a scanning system. 

As shown in fig. 1~ the intensity modulation produced by the grid 

lines when the contour pattern was scanned makes detailed measurement of 

the contour fringes difficult. This could be reduced by moving the grid 

in its Olnt plane at right angles to the grid lines while exposing the 

photographic image as suggested by Takosaki [25] and AlIen [26] and 

discussed in section 2.6.6. The resultant microdensitometer trace 

across a contoured negative taken with the grid moving, fig, 1~b, showed 

that the contour fringes were then well defined and the effects of the 

grid lines were greatly reduced. 

This form of averaging would be possible with photography but not 

practical for a television system which would scan the resultant image at 

a high speed and would have a short exposUre time « .02 secs) •. To blur 
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the grid fringes under these conditions the grid must be moved or 

vibrated by an amplitude greater than the period of the grid at a 

frequency of 50 Hz or greater, depending upon the integration time 

of photo cathode. 

To overcome this problem, consider the effect of scanning the 

moire contour system in the direction parallel to the grid lines with 

a finite sized detector. 

The total energy incident on the detector surface in the image 

plane of the optical system is proportional to the intensity of the 

image times the effective area of the object being observed. 

Hence, 

Total Energy ~ Iobject x Area ••••• 

Consider now the effect of examining the light scattered from 

the surface of the object by a finite sized slit extending, or 

being traversed, in the y direction. 

For a point (x,y,z) on the object a distance z(x,y) from the 

modulating square wave grid the intensity scattered from this point 

is given by equation 30.and the symbols are as for fig. 10a. 

I o = %G +!± 
1T 

00 

L 
n=1 
n odd 

.1 21lll sin-
n p (x - z(x,y) tan a) ] 

The energy emitted from this point is dependent upon the area over 

which it is integrated in the (x,y) plane. 

Energy = J J Io d x.d Y ••••• 

-
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· .... 
This is a triangular wave ferm similar to. that ef equatien 38 and 

illustrated in fig, 16a and dees net contain any ef the spurious fringe 

terms associated with equatien 29, To. ebtain the maximum signal and 

contrast ef the fringes the sum ef the series must be a maximum and as 

near to the value ef the left hand term as pessible when integrated 

between the limits x1 and x2' 

This eccurs when phase difference of the series is rr between the 

limits x
1 

andx2, That is ever a slit equal to half the period of the 

grid. Hence integrating over the limits x1 " x - p/4, x2 " x + p/4. 

00 

.£1I y [l!.+!tE I: 1 2rrn 
(x - z(x,y) tan ex)] Ep/2 " 2' sin -2 2 rr2 n p 

n,,1 
n odd 

• ••• 0 (44) 

For a slit size less than p/2 the contour fringe function becomes 

more rounded towards a combination between a triangular and square w·ave. 

For a slit width above p/2 the contrast reduces to. zero at p, i.e. 

• ••• 0 (45) 
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A~ the width is varied above p some contrast returns to some extent with 

a secondary maximum at 3p/2 then decreases to zero at 2p and ~o on, as 

3ho~ in fig. 16b. 

If the area of examination is now scanned in the y direction, x 

being constant, the intensity function is purely dependent upon the value 

of z(x,y) 30 as to generate the depth contour fringes without any of the 

spurious grid line fringes. 

For the standard moire shadow contouring system, fig. 11, the moire 

grid is still superimposed on the contoured image as shown in fig. 12, 

and so an integrating slit length greater than p/2 can be used as the 

integration region is 0 to p/2, pto 3p/2 •••• (n - 1)p to (2n - 1) p/2 

as shown in fig. 16c, rather than over the full period of the grid. This 

increases the total energy observed without decreasing the fringe contrast. 

The limit upon the extent of the slit length is dependent on the rate at 

which z changes with respect to x. 

This shows that it is possible to eliminate the noise produced by 

the moire grid by scanning the contoured image in the direction parallel 

to the moire grid lines. 

2.7.2 Fringe Projection/Image Scan Method of Contouring. 

The above section described a method of eliminating the grid line 

noise from the moire shadow contouring system. However, the implications 

of equation 44 are even greater than just forming a method of noise 

reduction in so far as it is not necessary to view the moire shadow cast 

onto the object through the original grid. The scanning aperture in 

effect acts as the moire analyser to generate the depth contour information. 

Hence if the slit width used on any scanning device is less than or equal 

to p/2, as for example with a television system, the grid in front of the 

object can be removed and the basic moire grid projected on to the 

surface of the object. 



The modiried contouring 5y~tem is shown in rig. 15awhere the grid 

is projected by the lens system and the object observed in the normal 

way. The structure or the moire fringes projected on to a turbine blade 

is shown in fig. 17. The curved nature or the fringes gives a clear 

indication of the shape but detailed analysis of this fringe pattern 

would be diUicult by purely visual mean~. COl\sequently this technique 

ill only applicable to a soanning 5y~tem. 

2.7.3 Advantages of Fringe Projeotion/Image Soannin9. 

The fringe projection/scanning technique reduces many of the 

practical limitations on the moire contouring teChnique. The principal 

advantage 'is the:, raduct:i!.oJl> in the dept)J. of fielCL requirement which 

in the standard moire contouring system requires that the shadow 

fringes on the object together with the grid in front of the object must 

be within the depth or field of the observing optioal system. The 
~ 

modified requirement is that the moire grid projected on to the object's 

surface must be in focus by both the fringe projection system and 

observing system over the Whole of the depth or the object's surface. 

This now relies solely on the depth of the object as with any photographic 

system rather than object depth plus object to grid distance. 

The diffraction and penumbra erfects of the shadow fringes are 

reduced because the grid is imageo. directly on to the object and the 

required depth or field is less than that for the moire shadow technique. 

The quality or the projected fringes relies heavily on the quality of 

projector lens, principally the ability of the lens to overcome 
. 

chromatic aberration and to produce a flat rocal plane. 

The system eliminates the requirement to have a moire grid physically 

close to the object and so it is possible to measure the shape of surfaces 

in restricted places .mere it would not be possible to put a moire grid 

in front or the surface. This extends the use of the technique in the 
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aeroengine field to parts of engine oasings and similar components. The 

size of object that can be analysed is also increased as the magnification 

of the lJrojection sYBtem is v9.riahle over a wide range. Providing the 

projected fringes'are of a suit.ble spatial frequen~y and the object can 

be imaged on to the television system and the element scanned is less 

than p/2 on the object depth contours will be obtaine~, It should be 

possible to examine components several feet in diameter With a suitable 

increase in the contour depth interval. 

2.7.4 Visual Observation of Contour Fringes with Fringe Pro,jection • 

As discussed in section 2.7.2, it is not possible with the basic 

fringe projection system to obtain an accurate visual impression of the 

shape of the object as only the projected fringes are visible, fig. 17. 

However, in some cases not necessarily connected with computer linked 

dimensional measurements it may be desirable to observe the contour 

fringes visually. 
/ 

This is achieved by placing a straight line moire grid in the image 

plane with the lines parallel to the projected grid and of the same 

spatial frequency as the effective projected grid frequency on the image. 

The visual effect is the same as in the standard moire contouring 

technique. This is moving towards the more classical moire fringe 

techniques, Theocaris [24] but to obtain depth information rather than 

strain information. Fringe projection has recently been used to measur~ 

deflection and vibration amplitude by Der-Hovanesian [30] and Brooks [31J. 

The system shown in fig. 15 can be modified to produce visual contours 

by putting a demodulation grid in the image plane instead of the T,V • 

. system and using a relay lens to view the resultant cOI)tours. Such a 

modification with a projected moire grid would overcome the depth of 

field of the standard moire contouring system, fig, 11. However, the 

use of this would be limited in so far as the demodulation grid would 
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have to be changed every time the projection grid was changed or the 

magnification of either the projection or observing systems 1f a s changed. 

2.7.5 Experimental Results. 

The quality of the fringes projected on to the turbine blade 

determined the ultimate quality of the depth contours obtained when 

scanning across the blade. To utilize the depth of field advantage of 

this system to its full extent the focal plane of the projected fringes 

must be parallel to the object as shown in fig. 15a. To achieve this 

the actual grid used in the projection system must be angled with 

respect to its image as shown in fig. 15b. This would result in a 

variation in the image magnification across the moire grid and SO to 

obtain a projected image with uniform fringe spacing across it the 

spatial frequency of the master grid must vary to compensate. Hence a 

special grid must be used. 

Consider the diagram shown in fig. 15b.where U is the distance of 

the master grid from the projection lens, V is the image to lens 

distance, Mo is the image magnification on the axis of the optical 

system and t is the distance along the image plane from the axis. 

The image magnification (M) at any point t along the image plane 

is given by the equation 

M _",t...:s::,::i;:.:n:...:e ... = M --o f ..... (46) 

where f is the focal length of lens used. 

The resultant magnification at the master grid is 1/11 and for any 

point t' along the grid is given by 

1 1 (1+t1cos;tane) 
M = 11 

o 
..... 

The angle e and f! are as shoW'l in fig. 19. 
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To achieve the correct angular position of master grid to produce 

the angled image plane the master grid angle must conform to the 

equahon 

••••• (48) 

Thus if the'magnification is 1:1 tan p = tan~, 
The required master grid was conveniently made using Agfa Gevaert 

10E56 photographio plates by photographing a linear grid, positioned in 

the image plane of the projected fringes, with the fringe projection 

optics. The photographic plate was angled to comply with equation 48. 

The lens used for the projection system was of good optical quality to 

minimize the aberrations produced bycth6~ef:ee~tl,Qecthe\ imgled:flbj'ect.. 

and itnage. 

The resultant projection fringes were of gOOd quality, fig. 17, over 

the whole of the aerofoil section of the turbine blade. The advantages 

of being able to focus the projected fringes directly on to the blade ac~ 

shown by the ability to obtain clear fringes across the whole of the 

convex surface of the blade which has a depth of approximately 1.0" 

towards the blade tip. 

The contour fringes obtained by scanning the blade image with a 

suitable aperture is shown in fig. 18. The fringes vrere comparatively 

nOise-free, particularly in the region of the shape direction inversion, 

and the intensity function was triangular. These results compared 
j 

favourably with the fringes obtained by the standard moire contouring 

technique. 

2.8 COMPARISON OF CONTOURING TECHNIOUES. 

The comparison between the methods of contour generation described 

in this chapter \vas made with the view towards the application of 
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optical contovring as a routine means of production insp~ction and 

dimensional distortion analysis. Cons~quentlythe system must be 

accurate, rel~able, require littlo attention while' in oper~tion and be 

fast. The overall in~pection system must b~ capable of producing the 

difference information in a visual form such as on a television monitor 

or be used in conjunction with an on line cOmputer, Hence the quality 

information generated by scanning the image must be g~od. 

The holographic techniques suffered from the need of a photographic 

process before the contour information was available but they could not 

be prematurely condemned on these grounds. It would be possible to 

eliminate the need for a photographic process in these system~ by the use 

Of alternative storage media such as Lithium ~iobate crystals, Chen [32], 

or thermoplastic materials; Lin [33] and Bellarocy [34]. These teChniques 

enable: holograms to be recorded and processed within a few seconds. An 

alternative process would be to redUCe the spatial frequency of the 

information so that the 'hoiogram' could be imaged on to a good quality 

television camera and reoorded on a standard video tape or disc recorder. 

This technique has been developed by Leendertz and Butters [35, 36J in 

the U.K. and Macovski [37] in the U.S.A.. All these systems would be 

attractive alternatives to photographic processing and should be 

available as usable techniques in the near future. Work carried out by 

the author on the use of the Laser Speckle Pattern/T.V. System described 

by Butters [38J used for vibration analyses indicated that the technique 

had a definite potential. The use of video storage was not studied, as 

no suitable eqUipment Was availab+e. 

From the' investigation carried out on the double wavelength 

technique the contouring results we~e reasonable using the double 

axposu:r;'e techniq1}.e. (The comparison of the flystems with respect to 

measuring accuracy, equipment required and ease of operation On a routine 
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basis is summarised in Table I.) Altheugh difficult te set up, it 

weuld be simple te .operate en a reutine basis and the handling .of .the 

cempenent weuld be straightforward using a kinematio relocation mcunting 

fer the blade with a 0.001" accur/l.cy. It was restricted in the available 

. ccntour depths but fer a reutine applicaticn va.riablec.olltcur depth . . ' .. 

intervals wculd net be needed, sc that a dye laser with the required 

wavelength separaticn would be used. The .object 8i~e was limited tc the 

diameter .of the telesc.ope .objective lens. The deublerefractive index 

teChnique gave 'excellent results; the ocnt9Ul' depth was va.riabJ.e oVer a 

widli/ range but the repeat ability depended upqn the accuracy .of !letting 

the. gas pres5ure differential. It had the same size and depth Cif field. 

:Limitaticn as the deuble wavelength technique. Fer r.outine application 

the majcr disadvantages were the need. fer a pressure chamber,. the use .of 

. a gas which weuld be expensive if a large number .01:' cempenents were 

tested and the time invelved leading the cemponent inte and .out of the 

chamber and adjusting pressure between expcsures. These disadvantages 

precluded, the deuble refractive index methed as a, reutine system, 

In cemparing hologra,phiQ and meire fringe centeuring the moire had 

a number .of advantages. The infermatien content was the same, altheugh 
~ 

they had different intensity distributien functions, but the meire 

system was mere flexible in the range .of cempenents to which it ceuld 

be applied, It weuld be censiderably cheaper, net requiring a laser, 

simple tc .operate and preduced a centoured image instantly witheut 

req~iring any phetegraphic precessing. The moir~ system was limited to 

centour intensity .of 0.010" and above by diffractien effects bllt, because 

of the Sl1ape .and depth .of the blades, contour intervals of above 0.01" 

weuld be required. 

The principal factor in the cemparison .of the techniques was the 

fringe intensity distribution when the image was scanned, as any 



- 52 -

automatio inspeotion system woul~ have an optioal to electronic inter-

face in the form of a television system. The effects of the speckle 

pattern structure on the holographic image produced a considerable 

quantity of noise on any ~can signal, fig. 9. This mad~ the true 

location of the centres of the fringes difficult. This was particularly 

true of the ~mall apertures that had to be used to provide sufficient 

depth of field. . ' The scan across a-mo~re contoured blade along the 

direction of the grid lines produced a fringe intensity with verY little 

spurious noise, fig. 18, which was more appropriate for automation 

analysis. 

The holographic and laser speckle pattern teohniques would be more 

applicable to shapes that did not have such large depths in relation to 

the requ~red-inspeotion accuracy. The required measuring acouracy would 

be of-the order of + .25 times the ooptour interval and an overall visual ... 
impression of the difference between the two objects would be required 

rather than a computer linked analysis. 

For the reasons stated above the moire contouring was selected as 

the most suitable system for the applioation to aeroengine component 

dimensional inspection and was used for the remainder of this research. 
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Chapter III. 

Methods o~ Obtaining Comparative In~ormation. 

3.1 INTRODUCTION. 

In this chapter the possible methods o~ oomparing the shapes of two 

turbine blades are examined. There were three principal methods, direct 

optical subtraction of the two contour patterns, subtraotion of the two 

contour patterns by eleotronic (computer) methods and subtraction o~ the 

shapes produced by the contours using a computer. These methods were 

compared with respect to the accuracy with which the dif~erences were 

measured. and their suitability for use on a routine basis. 

The overall dif~erence between an'unoompleted blade and its master 

was normally less than + 0.02" and the tolerance envelope on a completed 

blade is + 0.007". Hence the comparison system must be capable of 

. accurately discerning small dif~erences between the blades. This wOllld 

be particularly relevant when discussing the 4irect optical subtraction 

teohnique. The di~ferenoe information must be fed into' a computer via 

an electro-optical inter~ace to enable the dif~erence in~ormation to be 

processed qUickly and presented to the inspector in a clear ~orm. 

The comparison of the blade shapes rather than the direct 

subtraction qf the contour fri.nge patterns was found: to be the most 

accurate and the most oompatible with computer processing. 

3.2 DIRECT OPTICAL CONTOUR SUBTRACTION • 
. ". ~ 

This method is the most simple and direct method of generating the 

difference between two sets of contours and the technique is fundamentally 

th~ same as the well-known moire measuring devices. The oontoured image 

of 'the master object is formed in a standard moire contouring system, 
.", ! 

fig. 11. The image is photographed on a high resolution photog~aphic 

plate, processed, and the resultant negative relocated into the same 

position at which it was taken. This ~orms the master grid of.the moire 

" subtraction system as shown in fig. 11. The resultant image transmitted 

," 
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through this master grid is observed by a seoond camera, with lens L2, 

-' to form the resultant moire subtraction. This lends itself to two 

possible systems. Firstly the moire difference fringe pattern is 

displayed directly on to a television monitor screen. The differences 

are then read directly off the screen or the position of the component 

is adjusted to eliminate or minimize the moire fringes and the required 

movement gives the overall shape differences. The latter method becomes 

difficult when the full six degrees of freedom of movement are utilized. 

In the second technique the computer is used to obtain the dimensional 

differences from the resultant moire pattern and apply suitable fit 

calculations to calculate the overall differences. On a practical basis 

the second technique was preferred where the computer would be used to 

calculate the dimensional differences. 

For turbine blades the contours of equal depth lie in the direction 

parallel to the blade axis as can be seen in fig. 12 and the inspection 

requirements are that sections parallel to the chord and so normal .to 

the blade axis are taken and measured. This is a result of the teChniques 

used in the design of the blades. Hence the analysis is taken in scans 

along the chord of the blade and so across' the.'majority.,of .eontours., on 

the blade. The difference in depth of the two blades in the Z direotion 

of the co-ordinate system produced by blade twist, bending, etc. is shown 

as a difference in spatial frequency of the contours across the blades 

as the section is scanned rather than a skew effect of the contours with 
/ 

the spatial frequency remaining the same, as in normal moire strain 

measurements. This makes the visualization of the dimensional differences 

more difficult than conventional moire techniques where the grid frequencies 

are kept constant. The formation of the difference fringes formed by 

direct optical subtraction is discussed in greater detail in the next 

section. 
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3.2.1 Difference Fringe Generation. 

• 
For the contoured blade shown in fig. 12 the contour fringe intensity 

, 
distribution for the moire shadow contours, neglecting the grid fringes 

which can be eliminated as shown in section 2.7.1, is given by the 

triangular intensity function equation ~8. 

2 
+ -r?-

n=1 
n odd 

1 
2' 
n 

21Tn cos
P ( 

d z(x,y) \)] 

h + z(x,y) 

This is used to expose a high resolution photographic plate to form the 

master grating. 

The transmission of the negative T.is related to the optical density 

of the photographic plate D by 

1 
log T = D . , ... 

The optical density of the emulsion of the negative is given by 

the Hurter-Driffield (H & D) curve of optical density versus log 

(Exposure) 

• • • 

D = log (~ ) = Y (log E - log K) .. , .. (50) 

y (photographic gamma) = the gradient of the linear region of 

(H & D) curve. 

E = the energy used to expose th~ film. 

log K = the projected intercept of the linear 

region of the curve in to the log 

(Exposure) axis. 

E = (Incident intensity) x time ~ Intensity 

, .... 
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Hence the transmission of the master negative is proportional to the 

intensity of the master contour pattern to the power - y. ~amma is a 

±~nction of the film used and the developing process. 

Hence for a point (x1'Y1) on the image representing the point (x,y) 

on the object the transmission is. given by 

., 
( d z(x,y) 

-y 

TM(x1 'Y1) CM ~ 2 L 1 21T!l )] = +- "2 cos -
'/T

2 n 
p h + z(x,y) 

n=1 
n odd 

••••• (52) 

The contour pattern of the production component is modified by the 

master negative by the above transmission function and forms an image iA 

the plane shown in fig. 11. 

Let z1 (x,y) = the depth of the master objeot 

z2(x,y) = the depth of the production object 

z1 (x,y) - z2(x,y) = the dimensional difference between the 

two objects. 

The production contour pattern on the image plane of the master 

negative has the intensity of the form 

2 
+ -

tf 
m=1 
m odd 

1 
"} 

2mn 
cos - p ( 

d Z2(X'y) 

h + Z2(x,y) )] 

Therefore the transmitted intensity through the master negative is 

-y 

IImage (x1Y1) = Ip (X1Y1) x 0P1 (X1Y1) ) " " ... (53) 
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)] x 

• •••• 

K is a constant. Letting the photographic Y = 1 (a low contrast 

negative) to simplify the equation and expanding the tr~nsmission 

function by a T~lor series and neglecting terms squ~ed and above the 

equation beoomes of the form 

00 

K~ 2 L 1 211m 
= +- 2' cos -

112 m p 

m=1 
m odd 

00 

( d z1(x,y) 

~ 2 L 1 211n )] -- 2' cos-
~ n p h + z1(x,y) 

n=1 
n odd 

· . , .. 
The argument of the cosine functions can be further simplified by 

expanding (h + z(x,y) J1 as a Taylor series. 

-1 

=t[ -
z(x,y) z(x,y)2 

J (h + z(x,y)) + 
h2 h 

· .... 

Putting this into the cosine argument it becomes 

2 z(x,y)3 211 n. d 
( z(x,y) 

z(x,y) 
+ 

h2 -------
P h h 

(55) 

(56) 
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Therefore multiplying out equation 55 then becomes 

-

2 +-
i 

1 2rrmd 
m2 cos p h z2(x,y) 

"" 2 L 1 2rr n. d 
z1(x,y) "2 "2 cos 

P h 
11 n 

n=1 
n odd 

n=1 m=1 
n odd m odd 

cos 211md 
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Expanding the last term of the equation 

IImage (x,y) 
1 211md ( ) 
;;: cos P h z2 x,y 

"" 
.1.. L _1 2 rr n d - cos 
112 2 ph n 
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n odd 

I 

... ,. . 

••••• (58) 

• 
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From this equation the term solely dependent upon z1 - z2 is the 

last expression in the equation. Hence the resultant intensity 

distribution that gives the direct difference information is of the form 

00 

f(z1-z2) 1 2 

~ 
1 2 11 d n 

(Z1(X,y) - Z2(X,y)) = -} 
n4 

cos ph 

n,.1 
n odd 

•••• It (60) 

The two basic oontour patterns of the two shapes also modulate the 

intensity distribution as can be seen from the second and third terms 

of the equation to form a carrier grid frequency which is amplitude 

modulated to form the difference contours. This consequently makes 

interpretation of the difference pattern more difficult. 

The direct measurement of the difference in depth (z) is possible 

using direct optical subtraction. The overall visual impression of the 

difference can thus be obtained from the moire pattern as with the 
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standard moir~ technique. 

3.2.2 Computer Simulated Optical Subtraction. 

To obtain an insight into the intensity distribution of equation 59 

and to examine the accuracy with which the difference information z1 - z2 

could be measured from the resultant fringe pattern a computer model of 

the subtraction of two contour patterns was formed. A Conversational 

Programming computer system (C.P.S.) was used with a teleprinter terminal 

linked direct into an IBM 360 computer system. 

2 1TZ In the program a cosine contour intensity distribution (1 + cos DeIta) 

was used rather than the triangular wave function series to reduce the 

computation. Two contour patterns were generated of a lin~ar shape, with 

0.010" contours (Delta = .01) but each with a different angle. As x, ,.~ s/l.~.J, 
., fpo """'-, 

increased the difference in depth increased. One contour formed the 

master negative through which the second, production, pattern was 

transmitted using equation 53 and an effective photographic gamma = 1. 

The resultant intensity distribution of the fringes for increasing x, 

the distance along the object, is shown in fig. 19. At x = 0 the depths 

z1 and z2 were equal. The difference moir~ fringe was seen as the 

amplitude modulation of the carrier fringe pattern formed by the shape 

contours given by the 2nd and 3ra.teruia;o~:·.iInati6n 59:.0 The 'd:l:rfarence 

contours were formed by joining the peaks of the shape fringes. 

The moire differences were calculated by fitting a cosine function 

to the modulation using the contour peaks as reference points. ,From 

fig. 19 it could be seen that the difference fringe was well defined and 

the moire fringe formed a symmetrical modulation as the difference 

increased in a linear form. Using this computer method it was possible 

to form the moire difference fringe intensity distribution and it was 

possible to calculate the dimensional difference for any given value of 

x. The difference value calculated from the moire fringes was within 



- 61 -

:t .001" of the actual value of the difference which was within the 

predicted accuracy of the system. 

Th.e linear shapes represented the ideal case but was not·, however, 

representative of the case of a turbine blade which had a curved shape 

where the frequency of the shape contour fringes Was qontinually changing. 

To simulate the curved surface a solid sphere was used as the master 

object and an ellipsoid as the produotion object. The axis of observat~on 

(the z axis) was the same as the major axis of the ellipsoid and a 

diameter of the sphere. The length of the minor axis of the ellipsoid 

(the x axis of· the co-ordinate system) was 1.8" compared to 2.0" of the 

major axis and diameter of the sphere. The ellipsoid was symmetrioa1 

about the x axis. 
, 

Computer scans of the moire subtraction image were 

taken along the x axis at y = 0 and other values of y to form three 
~ 

dimensional information. Part of the computed moire pattern as scanned 

along the x axis (y = 0) is shown in fig. 20a. In this case dimensional 

difference increased in a non-linear form as x increased, fig, 20b, and 

the resultant moire difference pattern was less well defined, particularly 

in the minimum intensity region. Calculations to find the dimensional 

differences from the fringe pattern were possible but the accuracy 

decreased around the minimum intensity region from:t .001 to:t .0015". 

As the rate of difference increased as x increased, fig. 20b, the 

number of contours or carrier fringes that defined the moire difference 

decreased, making accurate measurement of the difference mere difficult. 

As x increased further a state was reached where the difference fringes 

approached the frequency of one of the contour patterns and aliasing 

occurred. These calculations showed that it was possible to measure to 

the dimensional difference to an accuracy of between + .001 and + .0015 - -
for any part of an object by analysing the intensity distribution of the 

resultant moire fringes. This method did, however, rely upon having 
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sufficient carrier fringes to define the shape of the difference fringe. 

At least three carrier fringes were required to define the shape of the 

difference fringe. This restricted the rate of change of the dimensional 

difference (z1 - z2) to less than one third of the maximum slope of one 

of the contoured surfaces. Also there must be a dimensional differenoe 

over the oomponent greater than one contour depth to enable the contour 

difference fringe to be fully defined. The measurement accuracy of this 

technique dependeo, directly upon the accuracy of the intensity values of 

the peaks. Consequently the accuracy would be impaired by any noise on 

the fringe intensity distribution such as non-uniform surface scattering, 

or illumination and noise caused by surface marks on the object. 

3.2.3 Experimental Verification. 

The experimental work carried out on these effects showed that the 

accurate analysis was difficult and could only be carried out under 

particularly favourable conditions. Fig. 21a shows subtraction of two 

contour patterns of a flat metal bar that has been deflected. The bar 

was loaded at one corner to produce a twisting as well as a bending 

effect so that deflection could be seen more easily. 

The deflection was most clearly indicated by the lines of minimum 

contour fringe visibility, i,e. the two superimposed contours were in 

phase, representing a zero or n times A/2 deflection. A is the contour 

depth interval. It was diffioult to accurately locate the regions where 

the deflection was (n + t)A/2, the contours out of phase, and subsequently 

practioally impossible to estimate by eye a deflection between these two 

positions. 

As shown by equation 59 and the computer results measurements of 

less than half a contour depth relied on actual intensity measurements • 
• 

The eye is not capable of jutl,ging relative intensities of the form 

generated by equation 59 to any degree of accuracy. It is good at 

,-
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estimating distances (w~dth etc.) and changes in colour but has a 

logarithmic response to intensity and operates on a local reference 

system. Hence it is not possible to accurately estimate the intensity 

variation of the contour fringe peaks shown in fig. 21a, to measure the 

deflection between the moire in-phase and out of phase condition. 

From the intensity information of such a system, fig. 21b, obtained 

by scanning the image with a photodetector, the deflection of the plate 

between the in-phase and out of phase conditions of the two contour 

patterns could be estimated with little difficulty. Consequently any 

system that displayed the moire deflection or difference fringe pattern 

directly to an operator for visual interpretation would be limited to an 

accuracy of ~ .25 fringes. 

Microdensitometer traces of the intensity distribution across the 

negative of fig. 21a, shown in fig. 21b, illustrate the measuring 

difficulties. The moire deflection frequency was approximately a quarter 
, 

of the contour frequency and it could be seen that the moire difference 

pattern was not very well defined. The total modulation depth was less 

than 40% of that of the contour fringes. For a measuring accuracy and 

resolution of 4/10 the intensity profile of the moire would be required 

to be known to within 15 or 20% although in this case the moire 

difference fringe was only defined by 3 or 4 points per contour interval 

deflection. The measuring problem was alleviated to some extent by small 

deflection so that the moire difference was defined by more contour 

fringes. But, as shown in fig. 22, for conditions where large deflections 

or dimensional differences were involved, the spatial frequency of· the 

moi~e difference approached the frequency of one of the contour patterns, 

thus measurement became extremely difficult. 

3.2.4 Discussion of System Performance. 

If the dimensional difference was equal to several contour depths 
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a number of difference fringes would be seen and it would be possible to 

measure the difference to between ~ .5 to ~ .25 of the contour depth by 

direct visual inspection. For accuracies above this an image intensity 

measuring technique must be used. 

For the particular application to turbine blades the maximum 

difference expected between a master and production component was 0.02", 

which represented between one and two difference fringes. The required 

measuring accuracy was 0.1 times the contour depth. Two typical examples 

of these measuring conditions are shown in fig. 23. These photographs 

were formed by double exposure to add the two patterns, for convenience, 

rather than one observed through the other, but the final result of the 

moire pattern was the same. 
o A 180 phase change has effectivelY been 

applied to one contour pattern. Fig. 23 shows a turbine blade bent in 

the z direction and the moire difference where the contours were odt~Df 

phase could be clearly seen. Accurate assessment of the difference at 

a:ny region across the chord of the blade, apart from the out of phase 

region, was extremely difficult by either visual inspection or fringe 

intensity scans. For the case of the blade being twisted about its own 

axis the visual interpretation of this effect was also difficult because 

the moire difference fringes were parallel to the contour fringes and 

there are a large number of contour fringes which tended to lead to visual 

confusion. Accurate assessment of this deflection was impossible. The 

intensity scan would give better results but because the scan technique 

relied upon accurate relative intensity measurements of the contour 

fringes the noise produced by the practical factors of surface finish, 

etc., would greatly reduce the accuracy of this method. 

Finer contour fringes < 0.01" produced a greater visual effect of 

the differences but could not be used because of the depth of the blade 

and the diffraction effect limitations produced by the finer fringes. 



- 65 -

3.2.5 Discussion of Overall Technique. 

Although the system was attractively simple the result~ showed that 

for a practical application it had a fundamental disadvantage in that it 

relied upon the accurate measurement of the relative intensities of the 

resultant carrier fringes to estimate sub-contour differences. The 

computer simulation showed that the technique was capable of 0.1 fringe 

accuracy under ideal conditions but in a practioal case of a blade the 

scattered light intensity oould vary with surface finish across the blade 

or be affected by grease or dust m~ks. Also it relied ontha linearity 

of the readout system. In this case the readout system would be a 

television camera which under the prevailing low light level condition~ 

expected from the moire subtraction technique wbuld: no\tc,be .operat.ing"" 

The form of the difference information moire pattern when displayed 

on a monitor would be complex, as seen in fig. 23, and would be quite 

different from the accepted form of a moire pattern. Because of the 

complexity of the patterns caused by the carrier fringes it would not be 

possible to use this method as a direct visual indication of shape 

difference either for direct assessment or an object adjustment methqd 

in which the operator adjusted the position of the object to minimize 

the number of moire fringes. Some of the carrier fringes could be 

eliminated by electronic low pass filtering of the vidicon output but 

since the shape of a blade would be complex and the spatial frequency of 

the contours varied across the chord of the blade satisfactory electronic 

filtering would be difficult. Even then visual judgement of relative 

fringe intensity to measure sub-fringe differences would be difficult 

and inaccurate. 

With reference to the information processing aspect of this 

technique this method did not indicate the direction of the difference 
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information whether a point on the production object was closer to or 

furtne~ away from the master. 

An additional practical limitation of the technique was formed 

because the contoured image was passed through the master negative to. 

obtain the difference information. Consequently, much of the available 

light would be attenuated by the master negative resulting in a very low 

light level final image on the vidicon. Hence very sensitive vidicons 

would be needed to obtain reasonable signal levels at the normal T.V, 

scan rates. Alternatively, slow scan rate or storage systems have to 

be used which increases the complexity of the apparatus required. Slow 

scanning systems would have to be used for computer input because of the 

limiting digitizing rates available but even then the light levels would 

be very low. 

The limitations of this technique are summarized as follows:-

a) the complexity of the resultant fringe pattern, 

b) reliance upon relative intensity measurements to obtain accurate 

sub-fringe information, 

c) limitation upon the rate of increase of the shape difference, 

d) the practical problems of very low light levels. 

These limitations resulted in the conclusion that it was not a suitable 

technique for application to either visual or computer based shape 

difference subtraction for the applications to turbine blades. 

3.3 ELECTRONIC FRINGE SUBTRACTION. 

This system was identical to direct optical subtraction but used 

an electronic method of subtracting the two contour patterns. The master 

contour image must be stored optically or electrically and assessed for 

subtraction from the production contour fringes. Since the electronic 

fringe subtraction also relied on relative measurement of intensity it 

would be prone to the same limitations and disadvantages as direct 
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optical subtraction and would be somewhat more complex. For these 

reasons the technique would not be suitable for the envisaged inspection 

system. 

3.4 ELECTRONIC/COMPUTER SHAPE SUBTRACTION. 

Shape subtraction with optical contouring could only be achieved 

with the aid of a computer to produce any form of automatic system 

capable of routine application. It would compare actual dimensional 

shapes rather than optical information relative to the shape. ffence it 

would be a direct comparison for a large number of points. The principle 

of operation was that the shape co-ordinates of the master object were 

taken for a number of plane~ sections through the blade aerofoil parallel 

to the chord and stored within the computer. These were compared to the 

shape data of the same section of a production or distorted blade. The .. 
computer would be used to generate the difference data at any given 

number of points and used to manipulate this data to obtain the best fit 

between the two shapes to give the overall difference in the form of a 

difference in two directions plus an angle. The manipulation of the data 

would be one of the main assets of this technique over the present 

inspection systems. The accuracy of the shape comparison technique would 

be better than the contour subtraction method as it db~'not rely to such 

a great extent on absolute intensity information as the direct optical 

subtraction system did. 

As all the ·data reduction in this technique would be done by the 

computer it would be more complex than the optical subtraction but 

considerably more versatile. By building up dimensional difference 

information in a number 'of planes along the blades axis and relating the 

planes it would be possible to produce the three-dimensional differences 

between the blades. 

It would be possible to compare objects direct with computer design 

data and if linked into the Company's main computer complex would have 
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automatio access to the design data. Hence this would eliminate the 

requirement for a physically made master for comparison, as was still 

needed by.the present system. 

The format of the output from the computer could be varied 

according to the requirement of the application, such as in the 

production application this could be the general difference between the 

blades, such as thickness bending, twisting plus detailed results of 

areas with localized differences above a particular limit. For a 

distortion the format may be required to be compatible to a theoretical 

computer programme. 

An additional use of computer facilities could be used to store the 

values of the general differences between blades to obtain statistical 

data to analyse trends which could be used to improve production 

technique s. 

Before stu~ing the available methods of converting the optical 

information into computer co-ordinate data, or the methods of handling 

shape data within the computing the reliability and accuracy of the 

contour shape information was assessed. 

3.4.1 Contour Shape Information. 

The shape contour intensity distribution function as a component is 

scanned is given by the equation 
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The clarity of this function depended upon the area of the scanning 

detector. The extent of this in the x direction would be fixed at p/2 

to obtain maximum fringe contrast. Thus the controlling factor would 

be the width of the slit in the y direction. Consequently this must be 
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as small as possible. The overall accuracy of the system depended 

upon the accuracy with which the peaks and troughs of the contour 

fringes could be located and how faithfully the practical signal 

follows the theoretioal intensity function. The most appropriate method 

of examining these factors was experimentally. 

3.~2 Mechanical Scan System Accuracy. 

The scan system developed for these tests was simple but an 

extremely effective device. The contoured image formed on the camera 

image plane in the system shown in fig. 11 was mechanically scanned by 

a photomultiplier with a small slit, approximately 0.015 x 0.005". The 

position of the slit provides the X and r co-ordinates of each point 

with respect to the blade and the contours give the 3. co-ordinate. 

The photomultiplier was clamped in a lathe bed worm-driven slide 

unit, the worm being driven by a variable speed geared electrio motor. 

The position of the Photomultiplier tube (P.M.T.) with respect to the 

Y co-ordinate was set manually by adjustment of a second lathe slide 

unit to which the first assembly was clamped, fig. 24. The P.M.T. was 

scanned in the X direction by the electric motor and its position with 

respect to the scan was monitored by the voltage output of a 10 turn 

potentiometer geared to the electric motor drive. The potentiometer 

output was fed to the X direction of an XY plotter and the P.M.T. output 

voltage applied to the Y direction. ·This generated an intensity versus 

scan position plot of the contour pattern. 

The blade was set in a horizontal position in the moire contouring 

rig (section 2.7.3) with the aerofoil surface facing the camera, as 

close to the moire grid as possible. The grid lines were in the 

vertical direction and thus the angle of incidence of the grid illumin

ating beam in the horizontal plane. The P.M.T. was scanned vertically 

parallel to the grid lines to eliminate the grid noise. The slit length 
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of 0.015" covered 3 complete periods of the grid in the image plane 

(100 lines per inch with a 0.5 image magnification). 

With this system the scan was only recorded when the P.M.T. was 

moving in the upward direction so that it was loaded by gravity against 

the drive screM( to overcome the slackness within the mechanical drive. 

The photomultiplier had some degree of high frequency noise on its 

output in addition to the spurious noise caused by dust particles on the 

blade and grid which produced a random noise effect on the contour 

intensity trace, fig. 28. This type of noise decreased the aocuraoy of 

the location of the contour maxima and minima and oould not be tolerated 

for computer analysis as it would result in spuriouS fringe counts. 

Consequently a low frequency pass filter was put on to the P.M.T. output 

oalculated to transmit only the frequencies below the maximum contour 

frequency for the particular scan rate of the P.M.T. which was approx

im~tely 1 scan/minute. This teChnique worked well and gave a good noise-
" , 

free trace, shown in fig. 25a, which was also" 8uitablii:;fpr Eomputer"'c," "' 

analysis. 

An examination showed that for repeat scans of the same part of the 

blade the X direction scan position repeatability was within! .002". 

The Z direction measuring repeatability and accuracy of the contour 

system was within 10% of the contour depth for contours between 0.020"' 

and 0.01 Oft " depth intervals. 

The turbine blades were kinematically mounted at the fir tree"root 

and it was possible to achieve a relocation accuracy of ! 0.001" towards 

the blade tip. The overall performance of the scanning system illustrated 

that the measuring system was sufficiently accurate for the present 

measuring requirements on the turbine blades. 

Dimensional measurement by manually plotting the shape from the 

contour information, using the maxima and minima values, showed that the 
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system was oonsistent and acourate. An example of this work is shown in 

figs 26, 27. This was an example of the comparison of a turbine blade 

that had been run in a test rig under engine conditions and had been 

thermally fatigued. This was compared to a new blade of the same type, 

The contour depth was 0.018" wit!). measuring accuracy of ! .0015". The 
../ . 

comparison of scans across three chord sections along the blade aerofoil, 

two ~f which are shown in figs 26 and 27, showed that there· was little 

difference between the· standard and run blades. There was a progress-

{vely increasing difference in the aerofoil positions towards the tip of 

the blades, indicating that the engine run blade had been bent backwards 

by approximately 0.010" at the uppermost scan. The engine run blades 

were also thicker by an average of 0.006". This agreed with the effects 

of a carbon and oxidization coating across the engine run blade which was 

measured to be between 0.002" and 0.005" thiok. This layer was shown by 

the definite kink in the aerofoil shape, fig. 1'l~, mere part of it had 

broken away from the convex surface. 

3.5 DISCUSSION • 

. The investigation into the methods of comparing two components to 

find the dimensional difference has shown that direct shape comparison 

would be the most suitable method of obtaining the differenoe information. 

The moir~ contouring method was capable of producing the shape t.o an 

accuracy of 1Q% of the contour depth interval used. 

For the dimensional inspection of turbine blades using optical 

contouring techniques a computer linked system should be used to cope 

with the increased quantity of data. Although this appeared a complex 

procedure, it would have the increased potential of being accurate to 

within 0.001" over the depth of the object and would have the ability to 

manipulate the difference information to calculate the overall differences 

and present the information in a form eaaity assimilated by the operatoJ;". 
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The overall system envisaged for the computer linked inspection is 

shown in block diagram form in fig. 28. The optical to electronic 

information interface would be a slow scan television camera which would 

provide 20 line scans of 500 information points per scan in a total time 

of 10 seconds. This information would be fed into a small computer for 

analysis and the difference information would be displayed on a Cathode 

Ray Tube or printed on paper. From this information the operator would 

either accept or reject the blade, unless the computer did the decision 

making for him, or specify what remedial action would be required on the 

blade. This system would be basically a passive system as far as the 

operator was concerned, as no adjustments would be required from him 

and so operator errors would be eliminated. 
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Chapter IV. 

Information Processing by Computer. 

4.1 I!!TRODUCTION. 

The methods used to process the optical contour information within 

the computer are described in this chapter. There were two separate 

objectives in the computing. First, to obtain an array of shape 

co-ordinates within the computer memory that was accurate and reliable. 

Secondly, to compare this information with the design or master data so 

as to oalculate the overall differences together with any abnormally 

large localized errors. 

The system envisaged for the computer linked inspection has been 

discussed in section 3.5. The equipment used to investigate the 

computing aspect of this work was different from that of the overall 

system and is also shown in fig. 28. The information from the television 

system was fed into a computer type digital tape recorder. The magnetic 

tape was then fed directly into the IBM 360 computer system for analysis 

and the final output was in a printed form. This system was dictated by 

the lack of the availability of a small computer. However, a digital 

tape recorder was acquired to enable the blade data to be put into the 

IBM 360 system. The equipment WaS sufficient to investigate the 

feasibility of the teChnique. 

4.2 SHAPE FORMATION FROM CONTOUR FRINGES. PROGRAMME OUTLINE. 

The shape formation computer programme was required to calculate 

the shape of the aerofoil surface of a turbine blade from a signal 

generated from a scan across the contoured image. Fig. 29a shows the 

intensity profile of the contours on the convex surface of the blade 

taken by a scan along the direction of the ohord. The shape represented 

by the contour pattern is shown in fig. 29b. 

The programme used to obtain the shape information consisted of 

four main sUb-routines:-
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a) Location of intensity maximum and minimum values for each half 

fringe. 

b) Calculation of object shape from intensity data between the 

intensity maximum and minimum values of each half fringe. 

c) Counteraction against nOise, on ,the, contotir,iintensi ty, s:\.gnal;'; , . 

d) Location of shape inversion region. 

The first two sub-routines were the main part of the programme and 

could together calcUlate the basic shape of the component. As the 

computer had to prooess a real electronic signal from the optical to 

electronic information interface the noise effects produced on this 

signal had to be taken into account in the third sub-routine. The final 

sub-routine was a method used to locate when the direction of the shape 

changed as it was being scanned' as shown in fig. 29b. 

The programme is explained in greater detail in a block, or flow 

diagram form in fig. 30. The four main sub-routines are shown by the 

dotted lines. During the majority of the programme only the maximum and 

minimum location and shape calculation would be used. The computer was 

used to locate each half fringe and defined t~e maximum and minimum 

intensity values and their positions with respect to the scan and then 

calculated the shape for the measuring points between these values. 

The noise generated on the intensity signal was principally produced 

by'surface effects on the blade, i.e. scratches, dirt, rather than 

electronic noise. Hence the noise was inherent in any practical system 

for blade inspection and had to be taken into account by the computer, 

otherwise spurious intensity maximum and minimum values were indicated. 

The noise effects were only found to be critical where there were few 

ccnt,our fringes, i. e. where the surface was nearly parallel to the 

reference plane of the contouring system. Two typical intensity scans 

across a contoured turbine blade are shown in fig. 31 and these 

illustrate the noise effects that are produced on the fringe intensity. 
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The noise correction sub-routine was only applied over the region shown 

in fig. 31. 

The point where the direction of the shape changed from going away 

from the observer to coming towards the observer, or vice Versa, as the 

scan proceeded, occurred in the same region as the noise effeots. Hence 

in the region of the scan the input information was examined to find the 

inv'ersion point. Once located and the direction parameters changed 

accordingly, this sub-routine was locked out of the main programme. 

Both the noise correction and shape inversion sub-routines were of 

necessity complex, to accommodate all the variations by which the noise 

and inversion point indication occurred and to ensure that false shape 

information did not ocour. Although the sub-routines were complex only 

a small part of each one was used for each individual scan of the blade, 

so that the actual calculations performed by the computer were kept to 

a minimum. 

The contour fringe intensity data was in the form of a digitized 

value of the intensity for a given position along the scan. The distance 

between each intensity value was equal or nearly equal depending upon the 

scan system used, fig. 32a, b, and the position of each point along the 

scan was known. The object of the information processing system was to 

obtain as muoh data as possible and as accurately as possible. Inform

ation could always be rejected later on in the process if it was not 

required. The amount of information used depended on the application 

and the component being investigated. 

The contour fringes formed a series of maxima and minima with a 

dimensional depth separation of half the contour depth interval, fig. 29. 

The computer system could be used just to count these and record their 

positions along the scan. This would generate the shape but would only 

provide 20 to 50 points across the blade with an uneven distribution 
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along the soan. There would be little aetaiJ,ed information in the areas 
,\ .. ,~,:~~:';:. 

where the blade's surfaoe is nearly;:!liu'allel to the referenoe grid as 

shown in fig. 320. This would reduce the spatial resolution of the 

measurements to below a tolerable limit. Henoe information was required 

between the fringe maxima and minima. 

Another faotor that directly affeoted the components' programming 

was the requirement to utilize the,!I\inimum quantity of storage within the 

computer. The system would ultimately be used in conjunotion with a 

small on-line' oomputer which would have only a restrioted storage 

capaoity. Increasing the storage requirements of the computer system 

would be expensive and its subsequently high cost would make the overall 

inspection device less attractive for industrial application. 

The absolute values of the intensiilyeat'.tpe peaks and.::tronghscoctik, 

of the contour pattern and the overall intensity level varied across the 

blade, as shown in fig. 31. These overall fluctuations meant that it 

was not possible to calibrate distance (contour depth) with respect to 

any given value of absolute intensity. 

The computer was used as a data processing or sorting system rather 

than a pure calculating machine and its logic was used to sort the 

incoming data before actually calculating any depth values. The computer 

program was written in the language PL/1 in a punched card format for 

use on an IBM 360 system. The use of the IBM 360 computer dictated 

slightly different procedures to what would be used with a small on-line 

co~puter, so that the maxim of keeping strictly to an on-line system 

could not be adhered to. 

The method used to put the data into the IBM 360 system operated 

most efficiently if all the data of one scan was loaded in one step and 

stored as an array of a known number of values and then this array could 

be interrogated by the programme. 
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4.3 CONTOUR MAXIMUM AND MINIMUM LOCATION. 

The information input of the contour fringes was in the form of an 

intensity or voltage value, V, and a given voltage representing the 

position X along the scan, VX. 

The values of the intensity voltage were compared in groups of three 

to locate the maximum and minimum values using the procedure of an 'IF' 

statement. 

IF V(I) > V(I~1) & V(I) > V(I+1) THEN GO TO (Max. value) 

••••• 

IF V(I) < V(I-1) & V(I) < V(I+1) THEN GO TO (Min. value) 

where I is the integer counter within a,DO-LOOP. 

For an on-line system this would be of the form 

IF V(2) > V(1) & V(2) > vU) THEN GO TO 

V(2) < V(1) & V(2) < V(3) THEN GO TO -----

(61 ) 

aI\dat the end of each comparison the grOUP would be up-dated to include 

the next point, i.e. 

" V( 2) , V(2) " V 

When a maximum or minimum was located, its position in the array was 

located and fringe intensity stored. The computer programme is shown in 

Appendix 1. 

4.4 BLADE SHAPE FO~~ATION. 

The maximum and minimum location procedure was continued until both 

a maximum and minimum value were located, From the known values of these 

maximum and minimum intensity values a triangular waveform was fitted to 

the intensity distribution to calculate the depth z for any intermediate 
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intensity value. The relative value of the position of the intermediate 

intensity point in the waveform which was proportional to the depth was 

of the form 

R = [V(I)-VMlli11 [VMAX-VMlli] ••••• 

R = the incremental value between 0 and 1 for any intermediate 

position. 

VMAX and VMIN = the intens:i, ties of the maximum and minimum points 

of fringe. 

In some practical cases when the contour frin~es were soanned the 

diffraction effects etc. spread the moire shadow edges and the finite 

width of the scanning detector distorted the triangular intensity. 

These effects broadened the peaks and troughs of the fringes, so that a 

sin2 V function was more representative of the curve. To fit this curve 

to the intensity distribution between the maximum and minimum values, an 

intermediary intensity function was u,sed of the form 

AINT = [V(I)-VMIN]/[VMAX-VMIN] ..... 
This varied from a value of 0 to 1 as V(I) varied between the maximum 

and minimum limits. 

The incremental position was then given by the expression 

••••• 

To find this value an iteration process was used by setting up an angle, 

calculating the value of the sine and comparing this to the root of the 

actual contour intensity function AINT. 

This calculation was of the form 
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c = SQRT(AINT) 

KjJ = 0 

p = 1 ; 

YEW = J/2**K ; 

P = P + YEW 

S =. SIN(.7854*p) ; 

IF C-S < .001 & C-S > -.001 THEN GO TO. BSIN ; 

IF C-S > O· THiN J = 1 ; 

IF C-S < 0 T~~ J = -1 ; 

K = K+1 ; 

GO TO ASIN ; 

BSIN R = P/2 ; 

R was the solution of the iteration. The IF statement determined 

the accuracy to which the iteration was operated. 

To form the component shape over the whole of the scan the peaks 

and troughs were counted by the normal counting procedure of 

COUNT = COUNT + 1 

The calculation of the total depth also required knowledge of whether 

the fringe under investigation was going from trough to peak or vice 

versa. For this an indicator was used. 

Q = 1 for min to max (intensity increase with increasing VX) 

Q = -1 for max to min (intensity decrease with increasing VX) 

Finally in the depth calculation the direction of depth represented by 

increasing contours must be established. Whether the surface was coming 

towards or away from the observing system. This could not be established 

from the contour fringes and was preset by the computer from knowledge of 

the expected shape of the component. Since the system could be used to 
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compare shapes the basic knowledge of the expected shape wo~ld be known. 

This indicator was of the form 

Y = 1 for increasing depth z, object going away ~rom the 

observer. 

Y = -1 decreasing depth Z. 

The surface on a turbine blade, however, would be curved and this direction 

could change, which was indicated by a change in a constant from W = 1 to 

W = -1. 

The resultant depth of the surface was given by 

Z( ) = (START + (W*Y*(COUNT+R)))* DELTA *.5 · .... (65) 

for Q = 1 and 

Z( ) = (START + (W*Y*(COUNT+1-R)))* DELTA *.5 · .... (66) 

for Q = -1. 

DELTA = the contour depth of the fringes. 

START = the number of contour half fringes the first point was from 

the reference plane. 

The ,position of the point analysed along the blades in the X 

direction WaS calculated from either the number of the point in the array 

or from the X direction voltage VX and a previous calibration. The 

position of any point EX along the scan was given by 

EX() = (WIDTH* (XMAX-VX( )) )/(XMAX-XMIN) · .... 
where WIDTH was the. actual width in the object plane represented by a 

voltage change of XMAX-XMIN. The reference point X=O was formed at the 

position represented by a voltage of XMAX. 

During the blade scan the computer operation was of the form where 
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it located the position of the maximum and minimum contour intensity, 

noted the position of these points in the array, calculated the intensity 

shape vJ.lue Q, then proceeded to calculate the values of the r.epth Z 

between these points. It then continued to the next maximum and minimum 

pair. 

4.5 NOISE EFFECTS. 
CL 

Sections 4.3 and 4.4 discussed the basic outline of~shape generation 

process which worked well under idealized conditions. However, the 

output signal from the optical to electronic interface was a practical 

signal and consequently had some noise produced by both the interface 

system and optical surface effects from the object. 

The noise on the contour fringe intensity scan produced spurious 

spikes on the signal which were located by the computer as fringe maximum 

an~or minimum values and produced additional fringe counts. This was 

eliminated by a process which examined the values of the maximum and 

minimum voltages and rejected them if the difference between them was 

less than a given value. This worked well over the regions where the 

fringes were closely spaced and for spurious maximum and minimum 

'indications that occurred close to the true maximum or minimum voltage 

values. However, much of the noise that affected the calculations 

occurred when the fringes were widely spaced, as shown in fig. 31. 

The effects of the noise over this region was reduced by an 

averaging method. This region was approximately known for each scan. 

Let it lie between the values VX = XLIM1 and XLIM2. 

When the scan reached this region a series of average values of 

the intensity voltage was calculated. 

m L V( ) 
• 

n=1 
VAV( ) = (68) m ••••• 

m was set between 4 and 9. 
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This average was taken at every 3rd or 5th information point and 

was stored in a separate array, as shown in appendix 1. 

Ttlse average values were then interrogated in blocks of three to 

find the fringe maxima and minima and then the depth calculated· in the 

normal way. 

By gOing into this averaging routine, it was possible to miss a 

t~e maximum or minimum value close to the entry and exit points of the 

sub-routine. A principal cause of this was that these parameters could 

only be detected from the second value of the averaging array to the 

penultimate value since the location depended upon the IF statement 

IF VAV(AA) > VAV(AA-1) &: VAV(AA) > VAV(AA+1) ••••• 

An overlapping procedure was used to' overcome this problem but it 

introduoed a possibility of one peak or trough being located twice to 

produce an additional count. This situation was prevented by comparing 

the number of the point in the input array at which the peak was found 

in the main programme to the number of the point in the input array at 

which the peak occurred in the averaging SUb-routine. If they coincided 

within the increment between consecutive averaging points the fringe 

count was rejected. The point was still used to form a maximum and 

minimum point pair. 

The averaging sub-routine was not infallible in rejecting the noise. 

It has been found when running the programme that spurious counts occur 

when noise peaks occur on the main intensity shape between the maximum 

and minimum regions on the averaged signal. 

If these occurred on an increasing intensity slope from a minimum 

to maximum fringe the noise would produce a spurious maximum, then a 

spurious.:minimum and then the intensity woiildl:oontlinue:.;to.'.increaee. This 

characteristic was located by examining the intensity of the points after 
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the spurious maximum value using the IF statement 

IF VAV(AA+1) > VAV(AA+2) & VAV(AA+2) > VAV(AA+3) 

THEN GO TO (MAX Calculation) ; ELSE GO TO (Reject point) 

"-
..... (70) 

Equation ,70' defined that unless the points after the location of the 

maximum point continued to decrease over the next two points as would 

occur in a true maximum the point would be rejected as being spurious. 

For the spurious point on the negative intensity slope the rejection 

procedure was similar. 

4.6 DIRECTION INVERSION PROCEDURE. 

The shape of both the concave and convex surfaces of the turbine 

blade involved a change of direction of the gradient of the surface with 

respect to the reference plane, fig. 31. The change was not directly 

indicated by the contour fringes themselves, but only by the reduction 

in the spatial frequency of the contours in the region where the surface 

was nearly parallel to the reference plane. It would be possible to locate 

this region by measuring the relative fringe spatial frequency and locating' 

the minimum. This would not be a satisfactory method as it required 

knowledge of the maximum-minimum intensity pair beyond the pair over 

which the slope was being calculated. Hence it needed a large amount of 

storage within the computer as these maximum and minimum points in this 

region would be well separate.!. The increased storage would prohibit the 

use of this technique on a small computer. 

There were two techniques that were used in conjunction with each 

other to locate the inversion region. These were sub-fringe lpcation 

and shape gradient measurements •. 

4.6.1 Sub-Fringe Location. 

The fringe intensity distribution of the scans taken along the chord 

of the blade, fig. 29, shows the inversion region as a decrease in the 



- 84 -

spatial frequency of the contours with a subsequent increase beyond the 

actual inversion point. In the majority of cases the point of inversion 

would not occur at a contour depth of Z = n*DEJ,TA/2 where either a 

fringe maximum or minimum occurred but at a depth arbitrarily spaced 

between these values. In these cases the intensity distribution would 

show either a sub-maximum or sub-minimum, an example of which is shown 

in fig. 31b. The location of the sub-fringe gives an accurate indication 

of the inversion point. 

When a turbine blade was being inspected the approximate region of 

the inversion point would be known to within 0.2 inches from. the master 

shape information. It also occurred within the region of the noise 

averaging process. Hence the region of which the inversion point was 

expected could be set. The region was set principally to reduce the 

computing effort used to locate this point. A sub-fringe test was 

carried out when the programme was in the process of locating the 

maximum or minimum points for the next half-fringe step. 

If a maximum was located its value was compared to the previous 

maximum and minimum values by the equation 

• 
SUBMAX = (VAV(AA)-VMIN)/(VMAX-VMIN) ••• It • 

IF SUBMAX < .75 THEN (Sub-fringe is located) ..... 

As seen above, a sub-fringe was defined if the relative height of the 

peak was less than 75% of the previous half-fringe parameters. This 

factor was used to allow for the variation of the half-fringe intensity 

excursion as the blades scanned,as seen in fig, 31. The factor could be 

varied according to the uniformity of the fringe contrast across the 

blade. The higher this factor was, the more accurate the distinction 

between a normal maximum and a sub-fringe, A similar process was used 

for a sub-minimum. 
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SUBMIN = (VAV(AA) -VMIN)/(VMAX-VMIN) ..... 
, 

IF SUBMIN > .25 THEN (Sub-fringe) ..... 
Once the sub-fringe was located the fringe counting factor was stopped. 

An indicator was also used to stop the system testing for another sub-

fringe once it had been located as at times it was possible to get a 

false location if the SUBMAX and SUBMIN limits were set too close to 

1 and 0 respectively. 

For a sub-maximum the computer then continued to look for a true 

maximum and minimum. It then went on to· locate the next minimum. This 

minimum had the same depth value as the previous value and the sub-

maximum region increased beyond the,depth at these minimum values. The 

componenfs shape was then plotted between these two values. 

On completing this the next half-fringe pair was found where the 

intensity was increasing to a maximum value. In this case inversion had 

already occurred and so before the shape was calculated a number of 

parameters were modified. 

W = -1 

START = START + COUNT -1 

COUNT = 0 

W changed the direction of the value of the depth Z with inorease in 

contour fringes. 

The'START parameter, the factor which related the shape to the 

reference pl~e, was updated by adding the value of (COUNT-1) to it. 

This fixed the inversion point with respect to the reference plane. 

COUNT was then set to zero so that it could operate in the normal way 

of fringe counting but now the depth was going in the opposite direction. 

The equation of the component shape was of the form 
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Z() = (START +(W*Y*(COUNT+R»)*DELTA*.5 

Hence the depth beyond the inversion region was subtracted from the depth 

calculated from the updated START parameter. 

A similar process was adopted for the sub-minimum fringe location. 

Details of both procedures are shown in Appendix 1. Many of the print

out statements (PUT EDIT) were not required in the final programme but 

were used for fault locations in the development of the programme and 

have been included in Appendix 1 to make the programme more easily 

followed. 

4.6.2 ~radient Inversion Location. 

This procedure oalculated the inversion point when it occurred in 

the region of a full maximum or minimum contour region. The actual 

-inversion point always ocourred at either an intensity maximum or 

minimum, including sub-fringes, because of the depth function symmetry 

at the depth inversion. Consequently for inversion at a true maximum 

or minimum it was sufficient to be able to say whether or not the 

inversion was going to occur at the end of any particular half-fringe 

set of calculations. As with the sub-fringe effect the inversion point 

in test was only carried out over a specific region of the blade. 

~radient inversion location was formed by examining the rate of 

ohange of depth Z of the points immediately preceding the actual point 

being plotted. This could be achieved calculating the gradient between 

the pOint being plotted and its immediate predecessor in the form 

~radient DZ = (Z(L)-Z(L-1»/(EX(L)-EX(L-1» 

This was not sufficiently reliable under practical conditions due to 

the noise and slight inaccuracies within the system which caused DZ to 

equal zero or go negative prematurely. 

To overcome this a more detailed estimation of the gradient of the 
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shape was taken by operating a straight line ~it to the blade shape for 

a number of points preceding the one being plotted by the method of least 

squares, Brownlee [39]. 

m=1 
Mean value of EX = DEXB = ... , . (76) 

n 

n 

I (EXm-DEXB)ltZm 

, m=1 
Gradien~ DZ = ..... (77) 

n 

I (EXin-DEXB)
2 

m=1 

This was operated ~or the 6 points before the point that was being , 

plotted. Thfl gradient DZ was compared to a given limit GRAn_and i~ 

DZ < GRAD then the inversion point would occur at the end o~ the half-

fringe being plotted. (GRAD was always positive.) When this occurred 

a number of parameters were reset as with the sub-fringe inversion 

location. 

'. 
W = -1 

START = START+COUNT 

COUNT = 0 

After this normal shape plotting was resumed. 

The same method· would be used if the inversion point occurred at 

either a maximum or minimum·intensity point. 

There were occasions, if the limit GRAD was set too high, when the 

noise in the intensity input signal triggered the inversion procedure 

prematurely and as the program continued a sub-fringe value would be 
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subsequently located. In the event of this happening on the IBM 360 

system the programme was made to restart with the knowledge that the 

inversion point would be formed by a sub-fringe. For a small/'~' computer 

the programme would be made to return to the point where the premature 

inversion occurred and then recalculate the shape from that point knowing 

that the inversion would be in a sub-fringe form. 

4.7 SYSTEM REFINEMENTS. 

The shape plotting programme operated from the first maximum to 

minimum fringe pair which left the shape of the part of the blade up to 
c, .. ~t" .. p., .. holl\ 

this area unknown. This was overcome by bl 1 , •• Ole.'iM ,3:.t' g in 

which a straight line fit was applied to the shape plotted from the first 

few contours by the method of least squares and then this was extended 

backwards to the edge of the blade. The edge was defined by the position 

in which the intensity voltage went above a given threshold value as the 

scan went from a dark background to the blade. 

On the concave surface of the turbine blade aerofoil there was a 

second direction inversion region close to the leading edge. In this 

case the point of inversion was located by measuring the spacingsbetween 

the half fringe peaks and troughs and locating the region of the maximum 

spacing. This was not particularly effective because of the rapid change 

of depth in this region and the decrease in intensity signal level as 

the edge was approached as seen in fig. 31. An approximation method was 

used in which it was assumed that the direction inversion occurred at a 

particular position from the leading edge and the inversion procedure was 

operated accordingly. 

Other possible improvements to the technique depend upon the 

application for which the system was designed. It would be possible for 

the computer to control the scanning interface during the scan but this 

would greatly increase the complexity of the system. A simple method of 
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controlling the number and density of the point calculations as the scan 

WaS operated would appear more practical so that the detail of the analysis 

of different parts of the blade could be controlled. Considering the 

routine application of the overall inspection system a computer must be 

used to control the whole inspection operation. The computer would 

indicate when the system was ready to accept the blade, check that the 

blade was loaded correctly, trigger the scanner to operate, analyse the 

blade and state when the cycle had been completed. 

4.8 THREE-DIMENSIONAL ANALYSIS. 

The turbine blade aerofoils were three-dimensional and the detailed 

analysis required a shape profile at a number of positions along the axis 

of the blade to build up the three-dimensional information. The three

dimensional link between the scans could be achieved by two methods; 

scanning in the direction at right angles to the normal scan and 

counting fringes or by having a physical marker at each scan position 

which relates the first point on the blade to a given reference plane. 

The former method would mean scanning the blade parallel to the 

axis and across the grid lines of the contouring grid which would 

introduce a noise factor but this could be reduced by either accepting 

information points that occur only in between the grid lines, or just 

accepting the values of the intensity peaks, which would be modulated 

by the contour fringes. This would relate a particular value across 

each scan and so. modify the set parameter START to a derivation of this 

value. By this means three-dimensional information could be built up. 

The second method would perform the same function and could be 

produced by using a number of arms from a reference plane that were 

spring loaded against the surface of the blade as shown in fig. 33. The 

thickness of the levers waS made to be equal to one contour depth 

interval. 
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4.9 TURBINE BLADE DIMENSIONAL REFERENCES. 

The reference system used on turbine blades was defined by a point 

'P' on or just below the bottom of the fir tree root through which the 
010& "~4"",, 

axis of the blade runs.~ This point was also on a line that ran parallel 

to the fir tree root .in a plane normal to the blade's axis. This line 

was defined as datum 'D'. The tip of the blade was defined by a point 

on the face of the shroud that would be visible in the contouring system. 

This point was a specific distance from the axis of the blade measured 

normal to the plane of datum D. The aerofoil was defined with respect 
(A E) 

to a plane parallel to the blade's axis and set at a specific angle, 

" rotated about the point P and normal to the blade aXis. The angle was 

dependent upon the blade design. 

For inspection by optical contouring the turbine blade mounted in a 

kinematic mount on the base of the fir tree root to locate the reference 

point P and the datum line D. The axis of the blade was located by the 

reference point on the shroud by a point in this position on the mounting 

jig. The whole of the blade was then held in position kinematic ally with 

the blade's axis in a horizontal plane normal to the direction of 

observation. 

The dimensional depth of the aerofoil was related to. the reference 

point on the shroud by the mechanical probes as shown in fig. 33. The 

reference plane of the optical system was not necessarily the one which 

defined the aerofoil on the drawing as the blade was rotated about its 

axis to present the most suitable contour pattern on the aerofoil for 

the contouring system. This angle was set for each type of blade. It 

would be a simple arithmetical process within the computer to relate the 

aerofoil dimensions to the reference plane set by the optical system 

from that defined on the drawing. 

The blade would be rotated about its axis through 1800 to inspect 
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the other surface of the aerofoil in a similar manner. 

The basic concept of this analysis programme was straightforward 

but the logic within the programme to permit analysis of a practical 

intensity scan signal with all the possible variations and factors 

involved increased the overall complexity. However, all the control 

indicators were necessary to ensure that the programme would function 

correctly for the number of practical variations that occur. Details 

of the use of this programme is give~ in section 5.3. 

4.10 OBJECT SHAPE COMPARISON. 

It has been established that direct shape subtraction was the most 

satisfactory method of comparing two objects for this method of inspect

ing turbine blades. A number of comparison methods were investigated. 

These were direct depth subtraction, co-ordinate system manipuLation and 

sectional moment effects. 

4.10.1 Depth Subtraction. 

This provided identical information to direct optical contour 

subtraction as discussed in section 3.2 but with greatly increased 

accuracy. The co-ordinate array of a scan across the reference object 

could be of the form RZ( ) and REX( ) and the corresponding scan across 

the production object would be of the form Z( ), EX(). The values of 

the distancesalong the scan REX( ) and EX( ) did not necessarily 

correspond because of the variations that occurred in the rate of scan 

across the blade and the total number of point measurements taken with 

the mechanical scan system as discussed in section 4.4. 

For this subtraction method for each value of EX(r) on the 

production shape the nearest value of REX( ) was located and the exact 

value of RZ( ) corresponding to the scan position EX(I) was found using 

an extrapolation of the form 

REFZ = RZ(U) - «REX(U) - EX(I)) x 
(RZ(U) - RZ(U - 1)) 

(REX(U) - REX(U - 1)) 
..... (78) 
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where U was the number of the point in the referenoe array that is the 

nearest value to the value EX(I) in the production array. 

The difference between the shapes was given by the array 

ERROR(I) = Z(I) - REFZ ..... 
This gave the point by point difference between the shapes. The 

difference normal to the actual surface of the blade was given by 

applying a cosine correction to the value of ERROR(I). The value of 

cosine was calculated from the shape of the surfaoe with respect'to the 

scan direction Z. 

A linear fit to the values within the ERROR(I) array by the 'method 

of least squares gave the general trend of the differenoe but from this 

information it was not possible to obtain an accurate assessment of the 

overall difference between the objeot and its reference shape. There 

was not sufficient information to isolate the dimensional difference 

possibilities because no account had been taken of the differences in 

the direction of the scan. Ideally the overall difference should be 

given as the displacements in the x and z directions plus an.:, angle of 

rotation. 

4.10.2 Co-ordinate System Manipulation. 

This technique was a more appropriate means of providing the data 

for the overall dif'ference as a co-ordinate shift plus an angle of 

rotation. In this case the changes to the co-ordinate system of the 

production component to superimpose its shape on to that of the 

ref'erence shape would be calculated. To achieve this, consider a point 

(x, z) on the co-ordinate system x,.z, fig. 34a. This system is displaced 

by an amount (p,q) with respect to the reference system (XZ) and is also 

rotated by an angle a with respect to the reference. The point p(x,$) 

on the (xz) system is equivalent to the point (X,Z) on the reference 
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co-ordinate system whose values are given by 

x = x cos a - z sin a + p · .... (80) 

Z = x sin a + z cos a + q (81 ) 

In the case of the shape of a turbine blade this had to be applied 

in two stages. Firstly a point on both the reference shape and 

production shape must be identified as identical pOints, fig. 34b. Such 

a point could be the starting point on each blade, on the trailing or 

leading edge. These.two points would be superimposed by solving the 

equations 

Rn = EX + P · .... (82) 

RZ = Z + q · .... 
for p and q. 

The production shape array would then be modified by the effects of 

p and q. The angle a would be found by an iteration process of 

estimating an approximate angle through which the co-ordinate system 

should be rotated. Then the effects of the rotation would be examined 

and a better estimate of the angle made. This iteration loop would be 

continued uotil the required accuracy was achieved. The iteration 

function could be made to converge rapidly to minimise the number of 

iterations but the method has a number of fundamental faults. 

(a) It was solely dependent upon the integrity of the two points at the 

edge of the blade for the superimposition of the two shapes. In practice 

these points would not always be in the same position with respect to the 
• 

main part of the blade. This would be particularly true of blades that 

have been affected by thermal fatigue where the trailing edge may have 

been grossly distorted. There would be no other reference points on 

./ 
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the blade that would be suitable unless the blade was deliberately 

marked. Marking the blade would not be practical for a production 

system. 

(b) To gain more accurate information and improve on the fit obtained 

by superimposing the end points, additional iteration processes would 

be involved for both the x,z co-ordinate shifts and angle. 

(c) As iteration processes were involved it would be liable to take up 

more computer time.than a direct approach and henoe increase the overall 

inspection time. 

The practical problems of the position of the end points with 

respect to the main section of the blade and the number of iteration 

processes involved made this technique impractical in oomparison to the 

sectional centroid techni'lue; ;.' 

4.10.3 Sectional Centroid Superimposition. 

At any given scan position along the axis of the turbine blade 

aerofoil both the concave and convex surfaces could be scanned and 

linked together within the computer to form the complete section of the 

blade. For the whole sectional area the basic shape of the reference 

section and the corresponding section on the production blade would be 

the same. The actual shape differences would be small as in practice 

the production surface would be only of the order of 0.020" larger than 

the reference surface at any one point for a blade section around 1.0" 

wide and up to 0.30" maximum sectional thickness. Under these conditions 

the fundamental assumption could be made that the Centroids of both 

sections would remain in the same relative positions with respect to 

their surfaces. Hence for a blade section that had an overall displace-

ment with respect to the reference section plus some localized differences 

the overall displ.acement could be calculated by superimposing its centroid , 

on to that of the reference surface. The required co-ordinate shift would 
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give the overall difference between the two in the x and z directions. 

The angular displacement between the two could be calculated from 

the angular dlfference between the principal axes of each of the two 

surfaces. 

In addition to these parameters the comparison of the area of the 

production and reference sections would give an indication of the 

integrated size difference between them. 

To examine these properties in greater detail, consider the turbine 

blade section in fig. 35a. The co-ordinate system is the depth Z plotted 

against the position along the scan X as derived from the practical 

scanning system. Both the concave and convex surfaces were formed to 

give the complete section. This could be achieved by suitable manipula-

tion of the surface data within the computer. The concave surface is 

The area of the blade section is given by taking individual elements 

in the x direction, Massey [40] and is given by the equation:-

m 

Area = L t [ (Z2n + Z2n+1) - (Z1n + Z1n+1) ] [Xn+1 - xnJ 

n=1 

= ••••• 

n=1 

where m is the number of elements that the surface is divided into. 

This can also be expressed as a sum of a series of elements in the Z 

direction. 
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m 

Area = L t [ (X2n + X2n+1) - (X1n + X1n+1) ] ~n+1 - ZnJ 

n=1 

..... (85) 

The position of the centroid of this area with respect to each of the 

two axes is calculated by taking the first moment of each element about 

the respective axis and dividing by the total area. 

m 

L (Areaaxt 
1 

(xn + Xn+1) "2 

n=1 
x = ••••• (86) 

m 

L (Areaax)n 

n=1 

m 

L (AreadZ)n • t Gn + Zn+1) 

n=1 
z = ..... (87) 

m 

L ~readZ)n 
n=1 

Using the above equation the centroid of both the reference and 

production section can be found with respect to the co-ordinate system 

of the scanning device. 

m~Jbel~'~I~~3~~~~t~=e=='=J=====fe==., The' effective radius of 

gyration about the two axes are given by equations 

~ ~ .... :~ 
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m 2 

L ~reaax)n' ~ ~n + Xn+1) J ' 
RX2 

n=1 
= . , .... (88) 

m 

L (Areaax)n 

n=1 

and 

m 2 

L (AreadZ)n • G (Zn + Zn+1) ] 

az2 
n=1 

= ......... 
m 

L (AreadZ)n 

n=1 

The equivalent to the product of inertia over this area about the origin 

of the co-ordinate system would give the relation of the angular orient-

atiori of the surface with respect to the co-ordinate system. This would 

produce a radius of gyration of the form, Timoshenko [41], 

m 

L (AreadZ)n • [t (Xn + Xn+1) (Zn + Zn+1) ] 

n=1 
= .......... (90) 

n=1 

The radius of gyration'of the surface about any line parallel to the 

respective axes and a distance k from it can be calculated by the parallel 

axes theorem. 

.. ........ 
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Hence using this theorem the radius of gyration about the lines parallel 

to the axes through the centroid is given by 

,UG2 RX2 -2 = - X ...... 
RZG2 RZ2 -2 = - Z ••••• 

Similarly the radius of gyration of the product of inertia can be 

transferred from the origin to the centroid by the equation 

= ( 2 --) RHXZ - X.Z ..... 
The total radius of gyration of the section about the centroid is:-

••••• 

If the product of inertia was taken for a series of co-ordinate 

systems rotated about the origin .ej:fil=lt';II<1I_#Oo6~=1 the value of the radius 

of gyration will vary between a maximum and minimum value to form an 

ellipse, known as the ellipse of inertia. The position of the radius 

where the value would be either a maximum or a minimum would be known as 

the principal axis of inertia and occurs when the product if inertia 

with respect to this co-ordinate system is equal to zero. Hence the 

principal axes form axes of symmetry of the sad's s. C'-"S' s«..:.I-, ..... 

The angle, cp, of the principal axes with respect to the co-ordinate 

system xz is given by Timoshenko [36]. 

tan 2cp = 2 • Ixz/ ( I - I ) x z ...... 

where Ix and I z are the inertia values about the x and z axes respect

ively and I is the product of inertia. xz 

Referring this to the computed values the angle calculated at the 
; 

centroid of the surface becomes 



tan 2p = 

By trigonomet.,y 

2(RHXZG) 2 

(RZ~ - RX~) 
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1 

tan P = (1 + cot12p)2 - cot 2p 

· .... 

· .... (98) 

If the angular position of the principal ~es of both the production and 

referenoe surfaoes are found the angular differenoe between these axes 

gives the actual angular differenoe between the two surfaoes, fig. 36. 

Henoe the angular difference is given by 

tan ex = 
tan Pprod - tan Pref 

1 + tan cl>, d tan cf> f pro re 
· .... 

where Pref and Pprod are the angles of the principal axes of the 

reference and production surfaces respectively. 

This angle plus the co-ordinate correotions found by superimposing 

the centroids of the two sections would give sufficient information to 

describe the overall difference between any component and its master 

shape. To compare the shape of the production blade to its master in 

greater detail the co-ordinate system of the production blade should be 

modified according to the overall differences to 'superimpose the 

production on to master shapes within the same co-ordinate system. 

To modify the production system the effect of the linear differences 

between the shape centroids was considered first. This formed an inter-

mediate co-ordinate system whose origin was displaced with respect to 

the produotion co-ordinate system by (Pint' Qint) 

• •••• (100) 

Q - z - z int - ref prod 

(i z) and (i z ) = the co-ordinates of the reference on ref' ref prod' prod 

prodijction centroids respectively. 
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The modified co-ordinates of the production shape (~int' Zint) were given 

by 

(X,t=x d+P't,zl.'nt=z d+Qit) '.n pro l.n pro n ••••• (101 ) 

The displacement of the origin of the intermediate co-ordinate system 

produced by the angular rotation a about tile centrcid was given by 

P = xref -x ref cos a + Z f re sin"a ••••• 

Q :; zref - x ref sin a - Z ref cos a ( 103) 

(iint = i +P prod int = iref') 

Combining the effects of the intermediate translation and the rotational 

effect the co-ordinates of the production shape were modified by the 

equations 

XMOD() = [EX() + Pint] cos a + [Z( ) + Qint] sin a - P 

ZMOD() = - [EX( ) + Pint] sin a + [Z( ) + Qint] cos a - Q 

•• 

•• ( 105) 

fi"Having established the over~ll differences between the production and 
~"', 

reference blade sect~ons and modified the production co-ordinate data 

acoordingly the localized differences could be calculated by direct 

co-ordinate subtraction. 
..Jj ... t: 

This teohnique could also be applied to ~ the shape curve of either 

the conoave or oonvex surface of the blade, if the ourve was considered as 

an area or line with an infinitely small width. In this case the length of 

the curve would be equivalent to the area of the blade section. Thus 

M 

CurvE) length = L df1f 

N=1 

..... (106) 

where ds is the length of each of the m elements into whioh the curve is 

divided. 

Using the present computer programme nomenclature for the Nth point 

in the shape co-ordinate array the yalue of' ds between two adjaoent 

points would be:-
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•• •• • ( 1 07) 

Taking the first moment about the Z axis to oaloulate the centroid 

M 

~ d~ ~ t (EX(N) + EX(N + 1») 
N=1 

x = ..... (108) 

-Also z = 

M 

L d~ 
N=1 

M L d"N • t (Z(N) + ZeN + 1)) 
N=1 

••••• (109) 

Similarly the second moments about the co-ordinate system axes 

M 2 L dSN [t (n(N) + EX(N + 1») ] 
lUC

2 
Nc1 

= ... ~ . (110) 
M 

L dSN 

N=1 

M 2 

L dSN [t (Z(N) + ZeN + 1») ] 
RZ·2 

N=1 

= ..... (111) 
M 

L dSN 

N=1 
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and the radius of the product of inertia would be:-

M L d~ ~ (EX(N) + EX(N + 1)) (Z(N) + Z(N + 1)) ] 
N=1 

••••• ( 112) 

Using these values and the procedure for calculating the rotational and 

aisplacement differences that have been previously discussed it would be 

possible to calculate the change in co-ordinate position of any point on 

the blade's surface, within the scan, or any point within 'the XZplane. 

The use of the centroia location technique fOr the individual shape 

curves enabled the problems discussed in the co-ordinate system manipul-

at ion method section 4.10.2 to be overcome. 

4.10.4 Three-Dimensional Assessment. 

Using the above methods of analysis it would be possible to build up 

an array of the values of the difference in the X and Z direction and the 

angular difference for each of the sections of the blade that had been 

scanned. Considering each of these parameters individually a linear 

equation fit could be applied to estimate the general trend along the 

axis of the blade as shown in fig:. 35b. Or if more detailed information 

was required a spline fit could be applied to all the points in one 

array. In a spline fit a line would be drawn between the first two 

points in the graph or array. A similar line would be drawn through the 

second and third points. The spline would be defined as the co-ordinate 

of the second point in the array plus the angle between the line through 

the first two points and the line through the second and third points as 

shown in fig. 35b. The next pair of points would be considered and the 

values calculated and these parameters are continued for all the points 
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in the array. The first point in the spline curve would be the 

co-ordinates of the first point plus the angle of the line through the 

first and second points with respect to the axis. Such a function would , 

enable the deviation from the gener~ trend to be shown clearly. 

If a spline fit-was constructed for the overall deflection in the 

Z direction of each section scanned the variation in the values of the 

angle " as defined in fig. 3r~would indicate the overall'distortion of 

the blade. I,f f was appro~imately zero for all the,sections, excluding 

the first, this would indicate that the aerofoil was bent backwards 

about a point towards the blade root and the overall aerofoil was not 

distorted, whereas if ~was other than zero the blade had a processive 

bend or curved structure. The type of bending effect on the blade would 

be particularly interesting when the system was being used to examine 

thermally stressed blades. The blade twist could be analysed in a 

similar manner, to measure whether the twist was progressive or not. 

A more rigorous and usual spline fitting procedure would be the 

application of the cubic spline, Ahlberg [42]. This would apply a 

smoothing out procedure between the discrete points on the deflection 

curve by applying a polynomial equation to the points. This would have 

particular advantages in calculating the first and second derivatives of 

the deflection to form the strain and bending moments, and therefore 

could be effectively used for the examination of a blade that had been 

thermally or meChanically stressed. The cubic spline has been used in 

holographic strain measurement by Brandt [43]. 

The type of analysis in three dimensions primarily depends on the 

application. 

4.11 COMPUTER VERIFICATION. • 

The hypothesis stated above was examined in greater detail using a 

theoretical model on the computer. A shape was formed,mathematioally to 
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represent the blade section. This shape was displaced by known amounts 

and the point by point co-ordinate.s recalculated. The original shape 

represented the reference object and the displaced shape represented the 

production objeot. Using the area, first and second moments of the area, 

as described above, the distortion parameters were calculated. These 

value s IIVsre-comparedc to:'.the~ ac];ua.l,"di1lpla.c~mjmtst <fIha 'to hacli;b e en' . applied-

Tt:o:'theLbdg'inar~5bape),)J,ied to ~,:,J,-' ,,- 1 c:,:.;Jc. 

An elliptical shape was used as this could be generated conveniently 

within the oomputer using the equation 

+ = 1 ...... 

where a = 1, b = 0.4, p = 1.0, q = 0.6 to form the ellipse in 

appro~imately the same position as that of a blade section. The centre 

of the ellipse (p,q) was displaced and the ellipse was tilted through a 

small angle, and these parameters were used to oalculate the new point 

by point co-ordinates of the now displaced shape. ' 

The centroid and second moments calculated for the reference shape 

with respect to the two ~es of the reference system and the components 

of the radius of gyration about the centroid were calculated. The 

program used·is shown in Appendix 2. 

The same set of parameters was calculated for the production 

surface, using interppJ ationtechnique when calculating the values of 

the area elements, Appendix 2. From these results the displacement was 

calculated and compared with the actual displacement applied. This was 

also applied to a line forming one half of the elliptical surface. The 

results of this examination are shown in Table 2', and Appendix 2. 

The calculated linear and angular displacements for the single 

curve of half of the ellipse agreed exactly with the applied distortion 



- 105 -

for all the cases considered. There were, however, some slight 

differences between the calculated and applied distortion when the whole 

area of the ellipse was considered. These were due to the errors built 

up in calculating the surface area and second moments of the displaced. 

shape when using a finite number of area elements. The calculations 

showed that these methods gave the overall dimensional differenoes in 

the form of co-ordinate system change as predicted in seotion 4.10. 
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Chapter V. 

Experimental Results and Television Interface. 

5.1 INTRODUCTION. 

In this chapter the experimental work carried out on the contour 

image scanning system and the results obtained from the computer using 

contour intensity informatien is described. The slow scan television 

camera interface and digital recerder system that were used to increase 

the input rate of the information into the computer and the results 

obtained are also described • 

5.2 IMPROVEMENT OF MOIRE CONTOUR FRINGES. 

The objective of this work was to improve the quality of the 

contour fringe intensity traces that were obtained when the contoured 

image was scanned. Beth the moire shaci.ow and.fringe projection image 
, 

scan. techniques were studied and developed. 

Much of the initial work was carried out using these techniques 

before the television interface was developed and a mechanical scan 

sy~tem was used. This has been described in sectien 3.~.2, and is 

shown in fig. 2~ •. The quality of the contour fringe intensity prefiles 

obtained by scanning parallel to the moire grid lines was improved by 

decreasing the width of the slit, normal to the direction of the scan, 

to a minimum < .005" for an image to, object magnification o,f, .approx-

imately 0.95 in the observing camera. The slit length was approximately 

0.020". The limit on these parameters was the noise prod~ced on the 

photomultiplier as the gain was increased to, accommodate the smaller 
• 

Signal levels. However, on a typical turbine blade aerofoil section 

with a slit some'20 mm wide and'~O mm long it is possible to obtain good 

quality contours at 0.015" depth interval. At 0.010" intervals the 

.- spatial frequency cJf the fring.es was high and could not be effectively , 
reselved by the photomultiplier slit. Further examination of the 

variation of fringe quality with depth interval on the turbine blade 

I 
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showed that if the contour depth interval was increased to the region of 

0.015" to 0.020" the quality of the fringe intensity profile greatly 

increased and a true triangular waveform was obtainable, an example of 

which is shown in fig. 37. Since the intensity function followed the 

theoretical function more closely and the maximum and minimum intensity 

values of the contours were more clearly defined, it was possible to form 

the interfringe depth values to an accuracy of 5% of the contour depth 

interval and hence retain the measuring accuracy of + 0.001" and in some 

cases improve on it • 

Thus for the dimensional analysis of turbine blades whose total 

depth v~Q. from 0.2" to 1.0" the most accurate depth information 
.·~:'~t· 

would be obtained by using a contour depth that provided a good quality 

fringe intensity distribution that followed the theoretical triangular 

intensity function rather than generating contours with a small depth 

interval which became difficult to resolve and the intensity distribution 

beoame distorted by diffraotion and penumbra effeots. 

Further examination of the fringe projeotiorVso'anning method of 

contour generation, using the photomultiplier meohanical image soanning 

system, 'oonfirmed that this was a viable and attractive teohnique. It 

was possible to make good quality moire grids with a varying spatial 

frequenoy aoross the grid to oomply with the requirements disoussed in 

seotion 2.7.6. When projeoted, the grid lines were fooused"i:ill"a'ple.ne 

at 450 to the optical axis of the projeotion system. The blade was 

plaoed in the focal plane of the projeoted fringes and the oontouring 

system formed as shown in fig. 15. It was possible to'obtain good 

quality contour fringe soans with contour depth intervals down to 

0.010". The photomultiplier aperture size was found to be most 

effeotive and produce better oontrast fringes if it was less than half 

the period of the projeoted fringes. Reduoing the aperture size takes 
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into account the cosine effect of the projected fringe width produced by , 

the slope of the surface of the object. 

Very good quality intensity scans were produced, as shown in fig. 38, 

with a contour interval of 0.010". The maximum and minimum points of the 

fringes were well defined and the intensity distribution was triangular. 

The overall variation in the intensity of the fringe peaks across the 
, 

blade was less than that of the moire shadow contouring technique. Also 

the clarity of the high spatial frequency fringes was better than that of 

the moire shadow contouring. The image scanned in fig. 3a is shown in 

fig. 17. 

In addition to the improvements in contour fringe quality obtained 

by the fringe projection system it ~~ the purely practical advantage in 

handling the turbine blade in SO far as the blade was not 'close to the 

actual moir~ grid. This meant that more space would be available for 

the operator in which to handle the blade when it was being loaded and 

rotated to inspect both surfaces. • 
An investigation into the rapge of surface finishes which would 

produce reasonable ?ontour fringes showed that the surface must have 

good light scattering rathe~ than reflecting properties. The most 

efficient surface finish was matt white paint whiCh could, be easily 

applied from a spray can. The majority of turbine blade surface finishes 

would be suitable including the yapOUr blasted surface on a completed 

turbine blade and the blackened surface of a blade that had been run in , 

an engine. 

Examining both the moire shadow an~ fringe projection methods of 

contouring for use in conjunction with the television interface on a 

routine basis, the fringe projection system was found to be the mor,-&' 

suitable. In the television system the size of the integrating area of . , 
the scanning spot for a television tube'with a resolution of ?OO lines 
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across the frame of 0.75" was approximately 0.0005". For a turbine 

blade an object to vidicon image demagnification of the order of 5:1 

was required to enable the whole of the aerofoil section to be observed. 

Thus for 100 lines/inch spatial frequency of the fringes on the object 

(for 0.010" contour depth interval) the width of half the grid period on 

the vidicon was 0.001". This was twice the size of the scanning spot. 

Henoe under these conditions the fringe projection would be the ideal 

form of contouring system. The moire grid in the moire shadow technique 

presented a possibility of not being able to obtain any contour fringes 
, 

if the scanning line position coincided with the dark section of the moire 

grid. Also because the spot size was less than the half period of the 

moire grid the grid was not acting as any form of demodulation system 

and so was redundant. The alignment of the scan direction parallel to 

the grid lines was critical in both contouring systems. If the 

alignment was not correct for the moire shadow method, contour inform-

ation would only be obtained during part of the scan. The effect on the 

fringe projection system was less crucial as misalignment added a 

varying depth error on to the contour fringes. From these observations 

it was concluded that the moir~ fringe projection system was the most 

suitable for use with the television interface. 

5.3 COMPONENT TOTAL DEPTH EFFECTS. 

The effects of the variation of the contour depth interval with the 

depth being plotted, fringe number, were investigated for the blades 
/ \ 

that were e;x:amined during the experimental work. This was basically a 
\ 

study of to what extent it could be assumed that the depth contour 

interval was constant for any contour fringe number, i.e. that the 

contour depth for the Nth fringe was given by equation 35. section 

2.6.1. 

z N.P.h 
= --d-

" 
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If h was not much greater than the depth z the value of z from the 

reference plane was given by equation 34. 

z = Np h 
d - Np 

For the laboratory contourin,gcrsyst'em h':.35.5". 

The depth excursion of the majority of turbine blades that would be 

examined by the contouring system was less than 0.50". This represented 

a ~ 0.25" depth excursion from the image plane of the projected grid, 

fig.15a, on the fringe projectio~image scan contouring system. T4e 

blade under examination was always positioned so that the image plane of 

the projected grid was approximately midway along the total depth 

excursion of the blade. Hence both positive and negative values of N 

were used. This made best use of the depth of focus of the fringes 

either side of ~e i~age plane. 

For a contour depth interval of 0.010" generated using a 100 cycles/' 

, H 6" inch moire grid, p = 0.01, d = 35. , the depth represented by the + 25th 

fringe on the uncorrected equation z = 0.250" and for the corrected 

equation z = 0.251': The resultant error was 0.001" which was within the 

measuring accuracy' of the overall system. Hence it would not be 

necessary to correct the depth value against fringe number for the 

majority of turbine blades. If the depth excursion was increased to 
'.' " 

~ .50" the error would be 0.005" and so the correction equation would be ' 

required. 

The requirement to use the corrected equation for calculating ,the 
fa .. 

depth z was highlighted vmen a model~blade was examined for a development 

department within the Company. 'This was approximately 12" long and had 

a maximum depth excursion of 2.5" over the area of interest. 

A nominal contour interval of 0.040" was used to examine the blade. 

The grid frequency was 50 cycles/inch. h = 35.5, d = 17.77. For the 

" 

• 
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fringe number N = + 30 representing maximum fringe number encountered, 

the uncorrected depth was z = 1.200" and the corrected depth was 

z = 1.240". The difference was 0.040" which in terms of a percentage 

error was 3.3%.but in terms of the actual depth dimension this was a 

large error for a system with an expected O.O~" measuring accuracy. 

Hence in this case the corrected value of depth had to be used. 

It was not difficult to locate the image plane of the projected 

moire grid with respect to the blade and to keep note of the number of 

the fringe with respect to the reference plane that was being measured • 

A second reference plane was formed which was N fringes in front of the 

imaged grid with respect to the observing optics, i.e. the fringe 

number N and the depth value z were negative. The second reference 

plane was a physical marker. A spring loaded lever was made to run from 

the second reference plane to the edge of the blade nearest to the 

observer. This was similar to the reference location probes shown in 

fig. 33. By ·counting the fringes from the second reference plane to the 

blade the fringe number at any part of the blade was known. 

Another factor was found to affect the accuracy of the contouring 

system when the laboratory system was used to study objects with a large 

depth such as the model fan blade and this was variation in the lateral 

magnification of the image produced by the depth values z. These 

produced errors in the scan distance along the blade, i.e. distance x. 

This effect was the same as those that caused the non-linear effects in 

the production of the grids for the fringe projection technique, 

section 2.7.6. 

Consider the conventional single lens imaging system that would 

represent the camera used to image the contour object onto:the.phote

multiplier scanning plane similar to that shown in fig. 15b. 
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U = the distance of the image plane of the moire grid on the object 

v 

M 
o 

from the camera lens. 

= the distance of the image from the camera lens. 

= the image magnification on the optical axis. 

= V 
IT 

The distance U would be modified by the shape of the object. 

Hence ut = U + Z 

Under these conditions the distanoe X of the point on the object from 

the axis of the optical system corresponding to a distance x from the 

optical axis on the scanned image is given by the function 

X = ..... ( 114) 

For the example of the model blade· the X direction error on the object 

alo~ the scan from the optical axis for the 30th depth fringe was 3.3%. 

This represented a 0.030" error in the blade in the X direction at its 

edge, which was approximately 1" from the optical axis. 

This direction error would not be significant in the majority of 

cases on the measurement of turbine blades as this would represent an 

X directional error of O.OO3"which would be less than the effective· 

integrating area on the object of the scanning system. However, when 

components were inspected the likelihood of these two factors affecting 

the accuracy of the results should be considered to define whether 

corrective procedures were necessary. 

During the manual plotting of the model blade and other similar 

components these correction factors were conveniently applied by the use 

of a small computer programme on the C.P.S. teleprinter system. The 
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fringe number and position along the resultant scan were typed in and 

then X and Z dimensions of the blade calculated and printed out. These 

corrections could also be incorporated into the main shape generation 

programme for use on deep objects. 

The shape measurement made by contouring agreed with the manufact

uring specification. Specific parts of the blade were also contoured 

using a difference direction of observation to reduce the overall 

dimensional depth and increase the measuring accuracy from 0.004" to 

0.001". Details of the results cannot be included because of the 

advanced nature of this component. 

5.4 SHAPE GENERATION BY COMPUTER. 

The optical information to electronic inte~ace used for this work 

was based on the photomultiplier scanning device described in section 3.4.2. 

This was used in conjunction with the moir~ shadow method of contour 

generation. The photomultiplier output was digitized with the aid of a 

data logger and then put on to punched paper tape for input into the 

IBM 360 computer system. 

The photomultiplier tube output and X direction potentiometer 

voltage were fed into two channels of an Ampex FM tape recorder taking 

bet~een 3 and 6 minutes· to scan the blade. The time limit was set by 

the data logger system. The tape recorder was used for convenience 

rather than moving the moire rig to the data logger or vice versa. 

The two output channels of the tape recording were replayed into 

the data logger via a switching system. The data logger system converted 

the input voltage to a frequency proportional to the voltage and counted 

the number of cycles over a given integration.time. The number of 

cycles· representing the.voltage was digitized and punched on to paper 

tape. It had a speed of 2 points per second, the limitation being the 

paper tape punch, but it had a buffer store which enabled it to measure 
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two points rapidly, hold one while it punched the first, then punch the 

second. 

Using this property, a switching device was constructed which every 

second fed two samples of the tape recorder output in quick succession 

into the data logger. Hence this system enabled the two channels of the 

contouring system to be read at second intervals resulting in between 

180 and 360 co-ordinate pairs per blade scan for analysis. This number 

of points was sufficient to accurately represent the contour traces. 

The system was initially examined using a test object with a 

linear slope set at 10
0 

to the contouring reference plane. This 

produced evenly spaced contours over the Whole of the test surface. Both 

a triangular waveform fit and a sinYfit were applied to the contour 

fringe intensity profile within the computer. The resultant shape 

co-ordinates derived by the computer produced a good linear "shape when 

plotted out but the triangular waveform showed a larger deviation about 

the straight line than the sinZv fit. The integrating area used on the 

photomultiplier was relatively large and so reduced the intensity 

function of the contour fringes to an approximate sinZv function. Fig. 

3~ shows the error between the 100 slope as plotted by the computer 

compared to a purely theoretical 100 slope plotted against the distance 

along the scan using a contour depth interval of 0.020". The error 

increased with distance across the scan due to an inaccuracy in the 

calibration of th"e fringe depth that was used by the computer. However, 

the main area of interest was the deviation of the computed points from 

the general error curve due to the errors in the fringe intensity fit 

applied within the computer. This had a maximum of :!:. .001" representing 

an error of.0.05 times the "contour interval and was ~etter than initially 

predicted for the system. 

Application of the system to turbine blades produced a clear, well-
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defined set of shape co-ordinates for scans across blades at several 

positions along the blade axis. An example of the computer co-ordinate 

printout is shown in Table 3. A contour depth interval of 0.016" was 

used together with a sinZv intensity function. The overall spread of 

the shape co-ordinates was within.'!:. .001". An example of the calculated 

shapes of two scans across the concave surface of the blade is shown in 

fig. 40. 

To examine the dimensional differencing capabilities of the 

technique a turbine blade was rotated by a small amount about its axes 

between consecutive photomultiplier scans. Two separate angles of 

rotation were used, 44 minutes and 1 degree 28 minutes, to simulate 

approximately one and two contour. fringes difference at the trailing 

edge of the blade. The contour data was transferred from paper tape to 

a magnetic tape storage unit ~ithin the computer facility for ease of 

handling on repeated computer runs. The computer programme was extended 

to use the first scan as the master shape and store the information and 

.the second and third scans were compared to the master data. Becauseof 

the nature of the recording and digitizing system, each digitized point 

in the scan, say the nth, did not have the same scan position as the 

corresponding point, the nth, in the subsequent scan. Thus, the 

positions along the scan were exactly matched by extrapolation between 

the point co-ordinates on the master object. 

The shapes of the reference scan and the scan with the blade 

rotated through 10 28' is shown in fig. 41. The direct Z direction 

dimensional differences between the reference scan and a rotated scan is 

shown in fig. ~. 

A straight line fit by the method of least squares was applied to 

the error valUes. The errors did not have a linear trend across the 

blade as shown by fig. 42 because of the cosine effect of the differences 
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with respect to the normal to the surface of the blade and the Z 

direction. Fig. 42 also illustrates the information that would be 
, 

obtained from any direct optical moire subtraction system. 

The method of calculating the co-ordinates of the centroid of the 

blade shape for a scan across either the concave or convex surface of 

the blade and the angle of the principal axes of the shape as discussed 

in section 4.7.3 was applied for the blade rotation. This was done for 

a number of scans at various positions along the axis of the blade. 

An example of the computer output used to calculate the angle of 

rotation from the basic shape information is shown in Appendix 3. The 

first output array was that of the reference surface, i.e. the blade with 

zero ~gular rotation applied. The scan was taken across the convex 

surface in the chordwise direction at approximately the centre of the 

aerofoil. The second data array was for the blade rotated by 44'. From 

the two data arr~s the difference in the positions of the two centroids 

and the angles of the principal axes were calculated as described in 

chapter 4. The overall difference was given as three parameters, X 

direction difference, Z direction difference and angular difference • 

The values of the various parameters such as the centroid position of 

the radii of gyration were also printed out mainly for information rather 

than direct use. The computer output of the overall differences 

illustrated that it was possible to obtain these values direct and they 

are the only values that are required to describe the overall differences 

between the shapes. For a production system the co-ordinate system of 

the production blade would be modified according to section 4.10.3 using 

these difference values and then a point by point subtraction done to 

investigate local differences. In Appendix 3 similar calculations were 

performed for a second angular rotation of 10 28'. Table 5 shows the 

values of the angular rotation of the blade calculated from different 
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scans in other positions on the blade aerofoil. The computed values of 

the angular rotation agreed with the applied value to within 7%. These 

results showed that the method of calculating the general shape 

differences by the centroid displacement and principal axes methods 

operated as predicted for practical objects. It was not possible to 

investigate these techniques for complete blade sections and other types 

of blade displacement because of the difficulty of arranging for all the 

recording and digitizing eqUipment to be available at one time and the 
\ 

time involved for other departments in such an operation. Further 

investigations were made using the television interface and magnetic 

tape input into the computer. These are discussed in section 5.6. ,;, 

5.5 SLOW SCAN TELEVISION INTERFACE. 

The objective of manufacturing a television optical to electronic 

information interface was to speed up the computer processing times to 

those that are acceptable to a routine inspection system, i.e. to enable 

the whole inspection process to be undertaken in less than one minute; 

In the system envisaged for automatic inspection, the computation wpUld ' 

be done by a small on-line computer such as a PDP8. This, wQuld be,capab;Le' 

of handling an input speed of greater than 1000 ten bit bytes pe~ second 

and thus, to form an efficient system, the optical data must be capable 

of being obtained at approximately the same rate. These speeds obviously 

precluded any form of mechanical scanning devices, which also 'would have 

• the disadvantage of moving parts. Consequently, a television, system 

would be the most probable interface device for this application. 

At normal scan rates of 25 frames/second with 625 lines/frame, the 
" 

information output rate for a line of 800 points of information would be 

12.5 MHz. This was three orders of magnitude above the rate at which the 

computer could read the data and well above the maximum rate to which standard 

Analogue to Digital converters would operate. The information could be 
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read out by observing the different points in sequential frames, but 

this would slow the system down below the required input rate. 

Consequently, the most efficient way of obtaining this information would 

be by slow scan television techniques. 

The overall computer analysis system is shown in fig. 28 and due to 

industrial circumstances it was not possible to use a small on-line 

computer and so a digital magnetic tape recorder was used as a temporary 

storage medium between the television system and the IBM 360 computer 

system. Fig. 43 shows the layout of the television interface. The 

input data was of the form of a digitized light intensity value at each 

of 500 equispaced points across one line scan. This was obtained for up 

to 20 lines within one complete frame. The pOSitions of these lines 

within the frame could be set manually. The speed of this system was 

set at 1000 points of information/second and was limited by the input 

rate of the tape recorder. 

5.5.1 Television Camera. 

The selection of the most,suitable vidicon tube for this system was 

critical. The tube had to have a high spatial. resolution, good spectral TAl"'''''' 
• in the visible and compatible with an Hg arc source, flexible slow scan 

facilities and low noise. A survey of available vidicon tubes, as 

summarized in Table 4, concluded that the Thomson CSF 9892 one inch'slow 

scan vidicon tube was the most suitable. The tube's main attributes were 

as follows:-

a) High resolution 1000 TV lines in the tube centre under maximum 

electrode voltage conditions. The system uses electromagnetic deflection. 

and focusing rather than electrostatic focusing and deflection, which 

increases the power requirements on the vidicon control circuitry over 

,those of the more common electrostatic slow scan tubes, but the high 

resolution warrants its use • 

. b) Peak spectral response is at 430 nm and covers the whole visible 
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spectral band. The overall sensitivity is high, to enable the system to 

accommodate the low light levels when scanning dull black objects. 

c) The effective photographic gamma, Y, over the light input region of 

0.05 to Lux-seconds is between 0.9 and 1.0 

The photographic gamma in this case is the gradient of the graph of 

the log of the output signal versus the log of the optical exposure on 

the photocathode (intensity x time) similar to the Hurter-Driffield 

curve for photographic emulsions as discussed in section 3.2.1. When 

Y = 1 the output signal is directly proportional to the optical exposure, 

and hence optical intensity for a given exposure time. Thus the triangular 

intensity function of the contour fringes produces a triangular output 

signal from the vidicon and hence no mathematical signal corrections are 

required. 

5.5.2 Vidicon Scanning. 

~he vidicon deflection and focusing parameters were governed by the 

normal deflection and focusing coils surrounding the tube. These coils 

were supplied with the correct voltages by power amplifiers designed to 

operate at the slow scan rates rather than normal video scan speeds. The 

vidicon was scanned in the X direction in 500 incremental steps with a 

linear spacing to give 500 video signal output values for digitization 

and storage. 

'The X deflection coil voltage was controlled by the following 

system, referring to fig. 43. The control logic sent a pulse to the 

scan position unit to indicate a required shift to the next position. 

This pulse operated a nine bit binary' counter and increased the count by 

one. The binary counter could vary from 0 to 499. A digital to analogue 

converter produced a voltage proportional to the counter value which was 

amplified and fed into the vidicon deflection coil. This scanned the 

vidicon accordingly in the required 500 steps. 
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When the X deflection counter reached a value of 499 and was then 

instructed to move to the next position, the counter emitted a pulse 

into the Y deflection logic and then set itself to zero ready to start 

the next line. The Y deflection consisted of a similar five bit counter 

which counted the line number and supplied the Y deflection coils with 

the appropriate voltage via a second digital to analogue converter. 

The scan system operated for 20 scans unless stopped at a 

particular line and point number that could be set manually in the 

control logic. The position of the line scans within the television 

frame could be set manually. There was an indicator on the control 

logic console which indicated the line and point number being 

interrogated during the scan. 

5.5.3 Digitizing and Recording System. 

The digitizing and control system was linked to a Racal Thermionic 

T.D.L.10,000 digital tape recorder. The control logic system, fig. 43, 

instructed the X,Y scan to move to the next position, allowed a time for 

the system to settle and then instructed the vidicon output Analogue to 

Digital converter to operate. The AID converter was a 10 bit BeD 

system. On completion of the conversion the control logic instructed 

the Mixer Level change unit to record the digitized signal. The mixer 

level change unit put the signal on to the tape recorder in the form of 

three separate digits, hundreds, tens and units. This was recorded in 

binary form on four channels of the recorder. On recording the first 

digit, the recorder informed the control logic that it was ready to 

receive the next digit. The control logic then instructed the mixer 

unit and recorder to present and record the second digit. The same 

control loop continued to record the third digit. On completion the 

scan system was moved to the next position to record the next intensity 

value. 
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The limiting factor on the speed of this system was the tape 

recorder, which took 0.3 m.sec. to record each digit, i.e. 1 m.sec. per 

video signal word. 

The system had an additional facility for putting normal data on to 

the tape in the form of a 5 digit number to identify the run. Data such 

as contour depth interval, START parameter, inversion limits were fed 

into the computer in card form. 

The television system could be scanned without recording information, 

intermittently or continuously at a range of scan speeds. This was used 

for focusing the camera, general setting up and wiping the remaining 

signal off the photo cathode before recording optical data on the tape 

recorder. 

5.5.4 Television System Development. 

This section is subdivided into two sections, the development of the 

tape recorder and then the television camera, described in chronological 

order. The digital tape recorder and the procedures involved' to read the 

magnetic tape into the computer for the main contouring program were 

examined first since the whole television system depended upon the ability 

to get the intensity information into the computer. 

5.5.4.1 Digital Tape Recorder. 

'The process of recording information on to the tape recorder 

and then reading this into the computer suffered from a number of 

difficulties, some technical, but the majority were administrative 

or 'communication problems with the Company's Computer Centre. The 

Com~uter Centre within the Company is one of the largest in Europe 

and serves the other Divisions as well as the Derby Engine Division, 

plus other Companies who buy the services of the computer. Hence 

the computer facilities are organized to accommodate a large' 

throughput ~f computer programs on a continuous production-line 
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basis and their data input handling capabilities are organized 

accordingly. The magnetic tape and disc facilities are run entirely 

by the Computer Centre, which involves both reading and writing 

information on to the magnetic tapes. Consequently the Computer 

Centre was not readily organized to accept magnetic tape that had 

been written outside the computer area. The tape:, normally used by 

the Computer Centre has an automatic magnetic labelling system, by 

which the computer automatically verifies that the operator is using 

the correct tape for the program. Also the computer information is 

set o~tin a series of blocks of a given length. The information on 

the tapes is read into the computer a block at a time. A block can 

be up to 30,000 characters long, although the usual size is 800. 

The computer reads the block and then checks that there are no 

errors within this block and that the format is correct before 

continuing to the next. This is principally a means of reading data 

quickly into the computer to minimize time wasted by data errors. 

If a fault is located the complete block of data is rejected and the 

next block is examined or the program abandoned. The action depends 

upon the instructions formed within the program. Both the automatio 

labelling and standard block sizes are not convenient for use on the 

television system. The block size used for the television system 

varied from 5 bytes to 1500 bytes and so it was not possible to 

define a standard block size. 

A computer program run on the Company's IBU 360 system has a 

series of cards before the start of the program, defined as control 

cards, which inform the computer and its operator the type of 

program that is being used. In detail these state:-

a) the program language, P.L./1 or Fortran, 

b) the type of program, test or production, 
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c) where the program is located, i.e. on cards or stored in a 

magnetic disc or tape, 

d) additional facilities required, such as access to other 

programs or data on disc, tape or card outputs, 

e) the number of any magnetic tape or tapes or disos or paper tape 

reels being used that contain input data and the format of the 

blocks of data. 

All thes~ control cards have to be correct before the program 

will run on the computer. A control and program set up sequence was 

devised that enabled the magnetic tape from the television system to 

be read into the computer. The tape was defined as unlabelled and a 

manual verification procedure used by the operator to check that the 

correot tape was being used for the program instead of the automatic 

verification. It was also found that the data could be read in blocks 

of varying lengths if the undefined blocklength control statement was 

used. 

An additional limitation was found in the use of magnetic tape 

information in so far as it was only possible to run the program on 

the night shift operation of the computer because of other commitments 

during the daytime. These were oaused by higher priority programs 

and direot linkages to the computing faoilities of the other 

Divisions of the Compa~. This meant that only five computer runs 

could be made per week, which restricted the rate of progress on the 

development of the television system when using the computer. 

The initial attempts to read information into the computer in 

.the form of a constant voltage fed direotly into the analogue to 

digital converter, fig. 43, in place of the video signal resulted in 

the computer readout system completely stopping without printing ~ 

characters. This was traced to the fact that the magnetic tape being 
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used was relatively old and had become magnetically noisy and 

produced spurious magnetized areas which could not be decoded by the 

computer as a character. This Was rectified by the use of a new 

" tape. 

, The main problem was found to be the binary format used on the 

tracks of the tape recorder to form the characters. Since in the 

normal circumstances magnetic tapes are both written on and read by 

lB!! peripheral equipment the actual format of character in relation 

to the individual tape tracks c/J' not required for normal operation, 

and consequently the format was not generally known within the 

Computer Centre. This presented the main communication problem with 

the Centre. 

The magnetic tape used by the recorder was standard t" wide 

computer tape. The .tape contained nine parallel tracks on to which 

the information was fed as shown in fig. 45a with a character density 

of 800 bytes per inch. The information from each track was staggered, 

as shown in. fig. 45a. This enabled each track to be read separately 

and gave a clear indication of the beginning and end of each byte of 

information to ensure that the information was read accurately into 

the oomputer. 

Two data formats were used for 9 track recorders with the IBM 360 

system. These were Hexadecimal or Character, as shown in fig. 45b. 

Only the character format could be used with a program written in 

the P.L./1 language. Each of these nine tracks operate at the 

binary logic level of 0 or 1. For numerical characters in this format 

the tracks 0, 1, 2 and 3 are held at logic level 1 and tracks 4, 5, 

6, 7 for the numerical character from 0 to 9 in the binary form. To 

form an alphabetio character from A to I the tracks 0 and 1 are held 

at level 1 and tracks 2 and 3 are held at O. Tracks 4, 5, 6, 7 form 
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the binary number from 1 to 9, forming the letters from A through to 

I. The first track on the tape, denoted as 'P', formed a parity 

track. With this I.B.M. system an odd parity format was used which 

stated that the number of tracks on the ,tape for each character , ' 

which were set at a logic level of 1 mu'st be odd. If this applied, 

the parity value was O. If the n~mberof tracks at level 1 was 
-" .. , 

even, the parity was set at 1 t'Cl' ,make the total number odd. 

Another requirement in "the format of the digitized data was the 

formation of definite blocks of data rather than a continuous stream, 

as discussed earlier in this section. This was a distinctive 

magnetic mark on the tape put on by the tape recorder and called an 

interblock gap. This was automatically applied at the end of each 

line of the television scan and so each data block consisted of 500 

readings of the video signal, each of 3 digits forming blocks of 

1500 bytes each. 

In addition to the television video data a facility for putting 

a five digit number onto the tape manually was made as discussed in 

section 5.5.3. At the end of this data an interblock gap (I.B.G.) 

was put on to the tape, forming a block of some 5, bytes. 

Using the above format it was possible to record data on to the 

tape recorder and read it off with the aid of the computer. There 

were some occasions when the recorder would either miss a digit or 

form, some uncodable character on the tape. This was caused by some 

crosstalk within the Control Logic unit but was soon rectified. 

Having established that it was possible to read data from the 

television AID converter into the computer the control of this data 

by the computer was studied and formulated as shown in fig. 45c. 

The television scan data was preceded by a set of manual data. The 

first digit of the manual data block was wired up with the logic 
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levels on tracks 2 and 3 at zero' to form an alphabetic character 

which was set to 'A'. The remaining four digits were used as a 

means of identifying the television scan. The television then 

recorded the video intensity data for one complete frame of 20 lines. 

After the television scan had been recorded a second set of manual 

data was recorded with the first of the 5 characters set at 'B'. 

This completed the recording of one television frame. The next 

frame was repeated by the same procedure, starting with the 

character 'A' and ending with 'B'. At the end of the recording a 

block of manual data beginning with 'C' was recorded. After the 

insertion of the manual data containing 'A' at the beginning of each 

run an I.B.G. was automatically added but at the end of the scan the 

manual data was followed by an I.B.G. which had to be inserted by a 

manual operation. Any number of television frames could be recorded 

by following the loop as shown in fig. J+5c. Each magnetic tape 

contained 1200 ft of tape with a packing 

per inch and so the storage capacity was 

density of 

6 
11.5 x 10 

800 characters 

characters. 

Each complete scan consisted of 30,000 characters and hence 300 

complete scans could be recorded. On normal test runs between 3 and 

30 frames only were used. 

At the end of a complete recording a 'Tape Mark' was recorded 
co .. r,_1 ")"'.) 

by means of a facility on the recorder. This~was used to inform the 

computer that that was the end of the data on the tape, Otherwise the 

computer would run through the rest of the tape looking for data" ",1" .. 1. 

~ greatly increased computer time and inconvenienced the computer 

operators. 

The main computer program was made to read the tape from the 

beginning and locate the first letter 'A'. By doing this the 

magnetic tape was set by the program at the beginning of the first 
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television scan and hence its exact position was known. The next 

four digits were read to form an identification of the scan. 

Following this two DO-LOOPS were used to read and store the 500 

points of each of the 20 television lines. The next character 

immediately after the video data was the alphabetic character 'B' 

which was set manually. If the character 'B' occurred in the correct 

place on the tape the television scan data had been recorded and read 

correctly and sO the program was made to proceed with the shape 

calculations. If the character was not a 'B' but was a numerical 

character something was wrong with the information, such as some of 

the characters missing, and the whole of the information to this 

frame was rejected and the computer was instructed to look for the 

next 'A' and hence the next television frame, as shown in fig. 45c. 

This formed a basic check. on the inooming information. 

Whenever the alphabetic character 'C' was located which 

signified the end of the recorded data the computer program was 

shut do?m. 

This overall format was verified by using the manual data input 

and a sawtooth waveform applied to the A/n converter to simulate the 

vid~o signal. Tests showed that this system operated satisfactorily 

when the magnetic tape input was controlled by the moire contouring 

computer program. 

5.5.4.2 Television Camera. 

The oonstruotion and development of the slow scan television 

camera to the design discussed in section 5.5.1 revealed a 

fundamental problem when the camera was driven in conjunction with 

the digital tape recorder to record the image intensity. The output 

current of the video circuit Vias extremely low in the region of 

several nan& amps. This current was not sufficient to produce a 
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reasonable signal above the ambient noise level. The scan rate 

under these circumstances was 1 ms. per point for 500 points per 

line, resulting in a frame time of 312 seconds for a normal T.V. 
~ 

raster, which~7500 times slower than the normal television framing 

rate. 

The faceplate of the vidicon tube was coated with a thin layer 

of photo-conductive material, fig. 46a, whose conductivity was 

dependent upon the level of optical illumination at that point. The 

backplate between the tube window and the photo-conductive layer was 

set at a positive voltage of approximately 30 volts. The photo

conductive layer (photocathode) was scanned with the electron beam 

and its surface brought to the cathode potential which was less than 

the backplate potential of +30V. The vidicon was then exposed to 

the image. The illumination modified the conduotivity of the 

individual elements of the photocathode to produoe a flow of ourrent 

across the layer at each element. This modified the potential 

distribution on tho photooonduotive layer, i.e. potential inoreased 

with inoreasing illumination. The electron beam was then rescanned 

across the photocathode to return the photocathode to the oathode 

potential and the ourrent flow.in the baokplate circuit when the 
. ~. 

elements of the photooathode were reoharged form~the video output 

signal. 

The charging ourrent was basically the same as that for a 

normal capacitor and had an exponential deoay with time as shown in 

fig. 46b. When the eleotron beam was charging a singlo element of 

the tube for approximately 1 ms. as with the contouring television 

system the averaged current output would be extremely low which 

corresponded to the effects observed when testing the system. The 

scan rate was determined by the recording rate of the tape recorder 

and could not be increased. 
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The only means to overcome this problem was to use a buffer 

store so that the vidicon could be scanned faster and the output 

signal stored in the buffer and then read into the tape recorder at 

the normal rate. This meant redesigning and rebuilding a major part 

of the data handling system. A 500 times 12 bit shift register 

store was used as the buffer storage system. 

The buffer storage enabled the point by point analysis time to 

be reduced from 1 ms. to 25 ps. This limit was set by the time 

required for the analogue to digital converter to operate. Even 

the 25 ps. per point was a relatively long time and was equivalent 

to a scan time of 7.8 seconds, which gave a specified signal to 

noise ratio of 10:1. During the 25 Ps. taken for the AID converter 

to operate the video signal still had a rapid decay. However the 

operation of the converter was on a sample and hold basis where the 

input signal was integrated for the first 40 nana seconds of the 

cycle and then this voltage was held while it was digitized as shown 

in fig. 46c. Thus the output signal was sampled before it had 

decayed by any appreciable amount and a reasonable signal was 

obtained. 

Experimental tests on the completed television camera showed 

that the vidicon tube was extremely sensitive and operated at the 

low light levels dictated by the fringe projection system with the 

camera's 85 mm focal length lens set at f.16. However it was not 

possible to achieve a reasonable optical resolution across the 

vidicon tube under either internal or external scan conditions. On 

continuous internal scan the resolution was limited to approximately 

100 television lines across the face of the vidicon where the tube 

specification was 800 television lines. 

Internal scan conditions were set by frequency of the X 
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deflection and Y deflection ramp generators and these produced a 

line scan in 1 ms. and some 400 lines per frame in a continuous 

scanning mode. The video output was displayed on an oscilloscope. 

The external scan was controlled by the Logic Control Unit with a 

line scan time of 12.5 ms. 

The resolution of 100 lines was extremely low for the camera 

particularly for the internal scan conditions although for the 

external scan mode the 500 point by point sampling and aliasing 

effects reduced the predicted resolution of a continuous lined 

grid to approximately 1~0 lines. Neglecting the 500 discrete 

sampling points and displaying the video output signal from the 

camera directly on to an oscilloscope the resolution was still 

found to be approximately 100 television lines •. 

The lack of resolution was attributed to the spot size of the 

scanning electron beam being larger than anticipated. This was 

verified by the fact that it was not possible to produce contour 

fringes on a turbine blade when the fringe projection system was 

used to illuminate the blade for 0.020" contours. Hence the spot 

size was greater than half the period of the projected ~inges 

imaged on to the vidicon. If the lack of resolution had been 
~ 

caused by such effects as frequency limiting on the video amplifiers 

the signal would have made some attempt to follow the contours as 

they were at an effective spatial frequency of less than 100 television 

lines. The spot size assumption was re-affirmed by the fact that 

contours could be seen on the blade when the moir~ shadow contouring 

technique was used. The spot size was estimated to be approximately 

0.004" dia. on the vidioon surface whioh represented a spot of 

approximately 0.020" dia. on the object with the camera t s 5: 1 image 

demagnification factor. 
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Adjustments were made to the electrical operating parameters 

of the vidicon tube including the alignment and electrical focusing 

coils but the resolution could not be improved. 

Apart from the lack of resolution the camera operated as 

anticipated. It was possible to store data on the tube and then 

record the digitized intensity information on the tape recorder. 

The overall operation of the oamera and digitizing system was 

verified using the moire shadow contouring teohnique with a contour 

depth of approximately 0;030". A typical digitized line scan that 

was produced by this system for computer processing is shown in 

Table 6. An analogue plot of this data is shown in fig. 47. As 

seen in fig. 47 the depth contours were visible but the intensity 

modulation produced by the contours was low and there was a 

significant noise level on the overall signal. The television 

camera was not sufficiently reliable to be used in conjunction with 

the main computer program to continue the research. 

After a number of unsucoessful attempts to improve the 

television camera, including consultations with the U.K. represent

atives of the tube manufacturers, the vidicon tube designers in 

Franoe were contacted. They confirmed that a spot enlarging effect 

would occur when the tube was run in a slow scan mode and hence 

degrade the tube resolution. 

The effective spot enlargement was due to the relatively long 

time that the scanning electron beam was incident on anyone spot 

on the face of the photocathode. When the eiectron beam was 

scanning a line and replacing the charge lost on the face of the 

photocathode, the electrons migrated radially from the point of 

incidence 

influence 

of the electron beam. 
~r~~~~J 

F I! ! 3 along the 

Hence the electron beams charging 

surface of the photoconductive 
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layer as well as directly through the layer. This produced an 

effective enlargement of electron beam at the photocathode. The 

slower the electron beam scanning rate, the more time the charge 

had to spread and hence the greater the spot size. At the scanning 

rate used when digitizing the image intensity information the 

0.004-" spot size that was observed was considered normal by the 

tube's design engineers. 

Consequently it would not be possible to improve the resolution 

of the slow sCan television interface when operating it in this 

particular slow scan mode. 

To achieve optimum resolution the vidioon must be operated at 

the normal scanning rate of 25 frames per sec. at 625 lines. Thus 

a line would be scanned in 64- ~s. and the time available to 

digitize each of the 500 points on the line scan would be 0.12 ~s. 

This would require an A/D converter that could operate at 811Hz. . . 
There are commercially available A/D converters that operate up to 

4- MHz or 15 MHz such as the Micro-Consultants Ltd. AN-DI 802 VID. 

10 bit converter at 4- 11Hz and the AN-DI-RAD-A 8 bit converter at 

1511Hz. 

There appeared no fundamental reason why it should not be 

possible to run the television system at close to the normal framing 

rate in conjunction with the digital tape recorder. The system 

would be controlled by the camera rather than the logic control unit 

in so far as the camera would operate in the standard continuous 

mode at the full frame resolution of 625 lines and the interface 

unit Vlould be instructed by the camera when to digitize and store 

the nth line. When this line was recorded on the tape the next 

line (i.e, (n~O)th line of the TV fram~would be processed until 

the complete 20 lines were recorded. 
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Digitizing a single T.V. line fast would be preferable to 

processing the 500 points in sequence frame by frame as this would 

take a long time, 20 seconds/line, and there would be possible 

exposure time and illuminating intensity variations from frame to 

frame that would reduce the accuracy of the contour intensity 

function across the blade. 

From this work it was concluded that the achieved resolution 

of the television interface of 100 television lines was not 

sufficient but that it would be possible to increase the resolution 

to an acceptable value by further electronic development. However 

it would not be possible to carry out this development within a 

sufficiently short time to be included in this thesis. 

To continue the research into the optical contouring technique 

and to enable a continuing influx of turbine blades and research 

aerofoil sections from other departments of the Company to be 

examined the logic control unit and the digital tape recorder ;ver'l 

linked to' the photomultiplier mechanical scanning system. The 

control logic unit was slowed down to digitize the photomultiplier 

output signal every 120 ms. so as to complete the 500 point cycle 

in 60 seconds. The photomultiplier was arranged to scan across the 

blade in just less than 60 seconds. The photomultiplier mechanical 

scan speed was constant to within 0.4% ana was sufficient to assume 

that each of the 500 data points were equi-spaced along the length 

of the scan. 

This interface system worked extremely well and enabled the 

contour intensity information to be recorded onto the digital tape 

recorder in exactly the same format as used for the full television 

system including the manual data inserts at the beginning and end 

of each frame,. fig. 45c. The scans across the blade using the 
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fringe projection system were similar to those shown in fig. 38 and 

were noise free apart from the inherent optical noise produced by 

dirt on the surface of the blades. An example of the digitized data 

fed into the computer for analysis is shovm in Table 7. For normal 

testing purposes three scans per aerofoil surface or frame were used 

although for some components five scans were taken. These limits 

were used to keep the data recording time and computer program time 

to a minimum to conserve processing expenditure. 

5.6 TEST RESULTS. 

A number of tests were carried out using the photomultiplier 

mechanical scan and magnetic tape recorder system in addition to the 

experimental results described in section 5.4 to extend the experimental 

oonfirmation of the computer linked optical contouring teohnique. In 

addition to these tests the interface system was used to measure the 

aerofoil shape of a number of blades for potential users of the technique 

within the Company. 

For this experimental work a number of modifications were made to 

the main computer program from that shown in Appendix 1. 

It was not possible to simplify the shape generation program to any 

great extent as the surface noise effects produced by the dirt on the 

surface of the blade was still prevalent and had to be accommodated. The 

program was made more efficient and its size reduoed slightly by subdividing 

the inversion parameter change and restart parameter change seotions into 

separate prooedures or subroutines which were then p~lled when required 

within the main program. 

To accommodate the complete frame of information from the television 

oamera or photomultiplier of up to 20 lines some of the parameters were 

defined as two-dimensional arrays. These were prinCipally the input data, 

shape data Z and RZ and the centroid and prinCipal axis data of both the 
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individual surface line shapes and the whole sections. Each of these 

arrays had to be defined separately at the start of the program to 

generate the correct storage areas within the computer. However when 

using the program a varying number of lines per frame were used to 

conserve oomputer costs and to enable the extent of these arrays to be 

varied easily a computing procedure known as a controlled variable array 

was used. 

In this case the array was defined in a declare statement as 

controlled: -

DCL (V(*,*), Z(*,*), RZ(*,*)) CONTROLLED ---

The number of lines to be used within the actual program was 

obtained from a single data card and denoted as 'LINES'. Then the main 

arrays were set up by an allocation statement 

ALLOCATE V(LINES, 500) , Z(LINES, 170) , RZ(LINES, 170) ; 

The values of the second dimension of the array, 500, and 170, were the 

number of points within the line scan and the number of points at which 

the dimensional information was calculated. 

Using this system the computer storage could be set up for any 

particular experimental run by the use of only one number on a data card. 

This saved having redundant computer storage space within the program and 

hence reduced costs as the storage requirements form part of the running 

expenses. An example of the use of the controlled variable for a one

dimensional array can be seen at the beginning of Appendix 1. 

For the dimensional shape calculations of the blade aerofoil a 

number of data points less than 500 across the aerofoil would be adequate. 

The 500 measuring points were still required to define the contour 

intensity with sufficient accuracy. For these tests a number of 
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approximately 150 was considered a reasonable number giving a data point 

every 0.010" for an average blade. 

This was achieved by taking every third point of the scan for the 

depth calculation. This was most conveniently done by using the 'FLOOR' 

function within the computer. This was preferable to the use of a normal 

counting system as it Vfas not known where within the scan the blade 

surface started or where the contour peaks were located but the number of 

the point within the Z array gave the X co-ordinate. 

The 'FLOOR' function gave the integer part of any value, i.e • 

FLOOR(1.33) ~ 1. Hence the depth calculation section of the main 

program, Appendix 1, (statement 258) was modified as follows:-

CALA : DO L = NN TO MM; 

AL = L/3; 

BL = FLOOR(AL); 

IF BL , = AL THEN GO TO eMEND; 

ELSE DO; (Calculate Z dimension) 

... (115) 

Hence the IF statement defined that if the number L was not completely 

divisible by 3 the Z oalculation was not performed. 

Using this technique it was possible to divide the 500 point array 

by any number to give the required number of shape data points by 

changing divisor in the 'AL' statement. 

The retro-plotting teChnique discussed in section 4.7 to complete 

the dimensional shape of the blade right up the edges were included and 

this worked well. 

The overall methods of calculating the moments of complete sections 

of the blade were simplified from those used on the mathematical model as 

shown in Appendix 2. These parameters were calculated by a closed loop 

method in so far as the blade section was a completely enclosed and 
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ael~-contained area. The calculation started at one point, i.e. the 

trailing edge of the blade on the c9nvex surface as shown in ~ig. 35a and 

traversed around the closed loop in a clockwise sense. The area and 

moments of element enclosed between the ourve between the two element 

points and the co-ordinate systems axes were calculated rather than the 

element o~ the blade section. As the elements were taken around the closed 

loop the values became negative ~or the elements on the concave surface 

giVing only the parameters ~or the area within the closed loop. This 

• overcame the di~~iculty in matching the X and Z co-ordinates o~ the two 

sur~aces when calculating the dX and dZ element moments as shown in 

Appendix 2. 

Consider the blade section in ~ig. 35a where the closed loop 

calculation starts at the point A and prooeeds round the loop in a 

olockwise direction to return to A. For an element between the nth and 

(n + 1)th points the area under the curve with respect to the X axis is 

given by 

Area = -Hz + z ) (X - X ) n n+1' n+1 n • •• (116) 

Proceeding round the loop along the convex SUrface of the blade 

X 1> X , hence the area elements have a positive value and along the n+ n 

concave surface Xn+1 < Xn and the elements are negative, Hence summing 

the whole of the loop de~ined by N points the area within the loop was 

obtained, 

Section Area ... ( 117) 
( 

n=1 

The ~irst and second moments of the seotion about both the X and Z 

axes and th~ product of inertia were found using this teohnique. 

The manual data inserted on the magnetio tape before each frame was 
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used to identify the frame by a number and to inform the computer on the 

type of scan being tru~en, as shown by the use of the REF parameter in 

Appendix 1. In this case the parameter REF had four discrete values:-

REF = 0 -.--- Convex surface, Referenoe data 

Concave surface, Reference data 

REF = 2 ~---- Convex surfaoe, Produotion data 

REF = 3 ----- Conoave surfaoe, Production data 

Using these identifiers it was possible to control the program to set up 

the parameters of the referenoe blade and then those of the production 

components and compare the production centroid location and angle of the 

principle axis to the reference blade's parameters to find the overall 

differences as described in section 4.10. 

The experimental results obtained using a 3" long turbine blade 

and the fringe projection contouring gave a dimensional accuracy of 

;!:. 0.0015" for a 0.015" contour depth interval. An example of the 

analogue trace of a scan that was digitized and fed into the computer 

is ShOWIl in fig. 48. The noise in the region of the inversion point 

was optical noise produced on the surface of the blade rather than 

electronic noise within the photomultiplier and signal amplifiers. 

This was similar to the scans prOduced in the previous. experimental 

work as was illustrated in fig. 38. The computer analysis and printout 

of a typical line scan across the convex surface of the blade is shown 

in Appendix 4. The photomultiplier output was amplified to give an 

analogue voltage from 0 to 10 volts into the A/D converter and when 

digitized and recorded formed a number from 0 to 999. The digitized 

photomultiplier output was printed at the beginning of the computer 

program as seen in Appendix 4. A number of printout statements were 

included in the main pr9gram for fault location purposes. These 

printout statements give an indioation of the operation of the program. 
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The full program was tested by rotating the turbine blade through 

a small angle about the blade's axis. This was the most stringent 

test that involved the whole shape program as the angle of rotation 

was calculated from the difference in the angle of the principal axis 

of the reference and production surfaces rather than any direct X and 

Z direction shifts that only had a real effect upon the location of 

the edges of the blade with respect to the scan and the 'START' 

parameter • 

The results for the comparison of the convex surface of the blade 

rotated through a small angle gave similar results to those discussed 

in seotion 5.4 and Table 5. This confirmed the overall accuracy of 

the calculated rotation to the actual applied rotation to be better 

than 1q% as had been previously obtained. An'example of the results 

obtained are shown in Table 8. The accuracy obtained at these small 

angles was particularly good since the direct effect of a shape error 

of .:!:. .0015" at the edges of the blade would produce a 0.2 degree error 

about the centroid,of the surface resulting in a 2q% error for a 10 

rotation. 

Three scans were taken across both the oonvex and concave surfaces 

of the blade, in the region of the blade root, centre and tip. A set 

of scans was taken on the convex and concave surfaces of the blade to 

'set up the reference parameters for both the line shapes of the 

surfaces and the completed sections that were formed by fitting the 

convex and concave surfaces together. Similar scans were taken for 

the blade rotated through a number of small angles to form the 

production blade data. The angular differences between the production 

and referenoe shapes were calculated. A sample of the results obtained 

is shown in Table 8. o Small angles wera u~ed of less than 3 as these 



• 

- 140 -

were considered to be within the possible range expected on production 

components. 

The results show a good agreement between the calculated angles 

for the various blade sections for both the line shapes and sectional 

shapes within an accuracy of better than 10%. The agreement between 

th~ calculations of the blade's sectional areas for the reference and 

produotion conditions shown in Table 8 indicated that the sectional 

parameter calculations were consistent and aoourate • 

The results obtained and described in this section and section 5.4 

deinonstrated that the oomputer linked optical <;lontouring operated as 

predicted to give the overall difference between the aerofoil surfaces 

Qf a turbine blade in a simple form of two orthogonal linear shift 

parameters and the ansular difference. The acouracy of the shape 

information was within the predicted one tenth of the contour depth 

1,Ieed. 

More aetailed analysis of the differences between ~he blades 

c01,l1d be obtained by straightforward manipulations of the data within 

the computer as discussed in se9tion 4.10 since all the basio 

information to do this was available. 

The 1,Iltimate type of result obtained would depend upon the 

application. 
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Chapter VI. 

Discussion and Conclusions. 

6.1 INTRODUCTION. 

This research has demonstrated that computer linked optical 

contouring was a feasible technique for inspecting the aerofoil sections 

of aero engine compressor and turbine blades~ The system was accurate to 

within ;!;.001" foJ;" a turbine blade that had a dimensional depth of between 

0.3 and 1.0 inches. The system was oapable of being used as an automatic 

inspection system on a routine basis. The information produced by this 

system was as accurate as the present Callipers cope and Point Gauging 

methods and produoed more detailed information over a greater area of the 

blade than the latter methods. In this chapter the oonoept of the 

overall system is discussed together with the possible was-s of utilizipg 

the teChnique. Finally, the conclusions drawn from this research are 

formed. 

6,2 DISCUSSION. 
i 

The information output from the computer for this technique could be 

made to suit the particular applioation and produced data on two levels, 

(a) the overall differences between the components and (b) details of the 

localized differences after condition (a) had been applied to the shape 

being inspected. 

;rt was not possible to produce a purely visual"i~spection system for 

turbine blades using contouring techniques such as a pure moire fringe 

comparison on a television monitor because of the complexity of the 

resultant moire pattern and the limited amount of data that it provided. 

Hence the oomputer linked system must be used as described. 

The teohnique could also be applied to the accurate measurement of 

complex distortion of turbine blades produced by engine condition type 
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tests. Information of these ~istortions to this accuracy and detail had 

not previou~lY been possible an~ hence the application of the optical 

contourins system to this tJ~e of analysis greatly increased the 

potential uses of the technique. The computer aspect of the device 

enabled dimensional ~ifference data to be presented in a form compatible, 

to any theoretical computer program that was being used to study the 

blade. 

6.2.1 Contour Generation. 

Both the moire shado~ and moire fringe projeotion/scanning 

techniques produced good results suHable for turbine blade inspection. 

The frin@sprojection was more appropriate for use with the television 

interface and computer, It did not, however, produce any visible 

impression of oontour fringes. The intensity distribution obtained in 

practice followed the theoretical triangular intensity function extremely 

well and from some scan examples examined it Was possible to measure the 

shape funotion to better than 1q% of the contour depth, resulting in an 

increase in measuring accuracy by 2 to 3 times. 

The fringe projeotion/television system would be well suited to 

routine application sinoe both the projection optics and the television 

camera would be well away from the blade being inspected. Hence they 

would not be liable to pe damaged while loading and unloading the blade 

~d there would be suffioient room to oonstruot a kinematic mounting 

system for the blade that also rotated the blade through 1800 to inspect 

both the concave and convex surfaces of the blade. If operating in a 

partioularly harsh environment, the optics could be completely 

hermaticallY sealed from their surroundings. 

6,2,2 Television Interfaoe. 

The overall concept of the television interface with the magnetic 

tape recQrder worked well and it Was posl1ible to record 20 television 
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lines w!th!n appro~imately 10 seoonds a~ originally predicted. 

The basic limitatiQn of the interface was the lack of resolution 

when the television system was operated in !\ slow soa,n mode. This waS !\ 

funotion of the vidico~ tube as discussed in section 5.5.4.2. The 

rt;!solution could be improvea by increasing the scan speed up to that of 

the normal so~ing rate of 25 frames 'per ~econa of 625 lines per frame 

and performing the digitiza,ticn of one line within 64 ~s. with the aid of 

a fast AID Qonvertel;' and a buffer store. These modifications were 

teohnically possible ~nd formed an el~ctronic development task ra,ther 

than fundamental research into the System. As discussed in section 

5.5.4,2 it was not possible to carry out these modifiQations before the 

completion of this thesis. 
. 

The work carr;i.ed <lilt on the tel!?vision system showed that it was the 

correot technique to be used to feed the contour fringe data into a 

computer either by direct aOcess into a small on line computer or, as 

was dOne f<lr this research, fed into the Company's main computer complex 

via a digital tape recorder. The $ystem had the speed required to obtain 

the datawi~hin 10 seconds and tne recording rate of the tape recorder 

formeq the limiting factor rather than the televi~ion system. Hence there 

was rOOm for possible imprOvements ;i.n these speeds as computer technology 

improved, 

The ~ys'j:em would be particularly suit/l.ble for rOlltine application 
, 

as it WOuld be compaot and easy to ma,intain. 

6.2.3 Information Output. 

The presellt output format of the data using the IBM 360 oomputer was 

;i.n a paper printout form providing both the general differences between 

the components and th~ localizeqdifferellces formed after the inspeoted 

oomponents shape co-ordinates have been modifieq by the overall differenoe 

parameters. The exact form of this output depended upon the applic/l.tion; 
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in som~ cases of inspeQtion it coul~ be a di~ect go no~go statement, 

whereas othe~ cases woul~ requ~re details of the localized differences. 

The localized diff~rences OQul~ be presented in a paper printout 

form in three Ylay:s, 

(a) Direct list of co-o~dinateB and errors. 

(b) Outline qf blade with errors tabulated in relevant position, 

(c) E~ror contou~ map. 

!.!ethqd (a) w\lulcl. be st;raight;f'orward. Method (b) would give a direct 

impression of the location and values of the errors, A basic outline of 

the b~ade would be formed on the p~intout by the Qomputer. The area 

wi~hin th~ outline would be divided into a matri~ and at anY point where 

the error was greater than a given value, defined by the tolerance 

envE:lope, the actual e~or \j'Quld be Pl'inhd. foints where the error was 
... ~ 

within t)le tQleranoe envelope woulil be left blank. Hence Qne oould 

obtain a visual imp~ession of the e~rors Qvcr the whole blade. The 

error ~onto~r map (0) would pe a slight simplifioation of (b). l!ere for 

a given, Vl;l.lue Of tlw en-or a number qr charaoter Vlould be printed. The 

whole ma~r~~ would be soanned and t)le error printed out. This could 

either be of a line contpur form, where a character would be printed if 

the error was exactly say, 2, 4, 6, 8, x 10.3 inohes, or an area contour, 

wh~re a given oharacter woula be pripted for any error between 0 and 2 x 

10.3 inohes, or between 2 and 4 x 10-3 inches and 60 on. Both ~ould give 

a good visual impression, Qf the error~. The area contour printout Vlould 

pe the mOst appropriate ~ethod for general use, 

If used on a rQutine production inspection baSis, the printout could 

be displayed on a C.R.T. display to ~ive a fast, clear end easily 

ob~ervable display withQu~ the operator having to handle a sheet of 

For distortion measurements the differenoe information, oould be 
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stQre~ direot~y on a diso Or mag~etic tape for easy access for subsequent 

oomputer prQgr~8 a~ wel~ as a pri~tout form for normal analysis. 

6.2.4 Routine Application. 

One ot the main.attributes of the computer linke~ inspection system 

wa~ the ability to oompare an object to design data rather than requiring 

a phy~ica1ly made master objeot, ~his represented a considerable saving 

in the Post of manu;f1a,c;ture Qf the master oomponent. Alsq, the master 

\'Ilj.d a tole!;'ance llnveloPe of ;!;,.OO;;" in itl! manUfaqt1.lre, which would reduoe 

the aocurlj.0Y of anY inspection system. This saving would b~oome 

inoreasingly important in the development of &ny aere engine, when the 

'blM.9 design 'vas paint:: cqnstantly improved and th~ blades man1.lfactured 

in small quantities. 

A;tl the t1,lrbipe !pld qompI'8s8Qr blade!! .,ore designed with the aid 

of the oomputer. The ~tailed drawing3 and speQif~cations v~e produced 

frQ~ the ~o~puter d~ta. Th6 basic and d8tail~d design ~nformation ~is 

stoJ:"ed 0):\ either disp or tape within the I.n,II.360 system, This design 

informatiQn for any blade oould be easily aqcessed within the computer 

oomplex, given the diso Or t~p~ r~mber and acces~ code, f.enoe the 

preoise ehap~ infOrmation would Qe readily availaole and could be made 

compatible to the contQur insp~otion system by ~ome simple arithmetio 

manipulation and then used as the referenoe i~oI'IDatipn. Thus the cost 

of ohanging the Plade that was being inspeoted would be re~uoed to 

reprogramming the oomp~ter to obtain tpe correct reference data ae opposed , , 

t? a complet~ change in the meohanical probe of the point gauging system 

that was used at present, 

Ta I'eduoe the oost and increase the efficiency of the optical 

contpuring ~ystem the digitizing and computer System w01.lld be used on a 

time sharing baaiA by a number of inspection units. Qatween 3 and 5 un~ts. 

~ach with the~r OJ'ln fringe projeotion and television interfaoa. To 
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opet1e.te "tih~~ \lo\llI/l<:llC tile whole ~y~'j;e\ll .Tould Qe controlle(l by the oomputer 

where the o~crato~ +oad~ th~ oO\llponent and pre8se~ a button to ~ndicate 

"tihe ~y~tem i~ ready. The oomputer would cheo~ the mounting of the blade, 

soan the pontoured ilnagt;l, PrOceSI3 the data, and final;J.y present the data 

~d indioate that the inspeotion cyole Was pompl~te. 

6,2.5 Addi1~onal Ap~lioationB. 
I, .'. " 

In addition to the tw~ basio app~i9ations in produotion inspeQtion 

~d b~ade distor"tiion measurem~n"\j, the te~hnique had oeen applied to a 

number o~ dimensional ap~YBi8 meaSureme~ts of ae~O ~ngine Qomponents, 

These measure~ents principally used the fringe projeotiQnlsc~ing system. 
, 

SOme blade measurements Were done using the mQir~ sha40w oQntouring 

lIletllQd. The '1Pplioa~ion~ :l.ncl1.\cl.ed thll cl.illllOns:l,ol'll!.l analys:te of apprCl::;~ 

imat~11 f:l.fty rs~eareh blade aerofo:l.~ Bect:l.on~ to provide the overall 

~men3ianal Bhap~ and ~O~ij modified aet~ of noz~le guide vanes. The 

ability to pro.leo"; the gr:j,d fringes direQtly on to the object's surfaoe 

proved ~ p~tioula.rly valuable aa~~t for measurement on inacoessible 

surfao~s. The measurements were mainly perfonned using manual shape 

plotting, Th~~e appliQat:l.ons are now oeing 90ntipued and are being 

extl;!nde~. 

~e praotiqal a~plioati9na ~howed that th~ t~Qhn~q~a could be used 

on a n1.\mbe~ of diverse ~o~ponent8 ancl. s:l.tuat~onB and so increased tile 

ov~r~t p~~ent:l.al of the system. A numb~r of potentie.lapplications of 

th~ ~YBtem inoluded the d:i,mensional analy~i~ Of oomponent dies to prqvide 

a more deta~led analYsis than used at pr-esent by clock gauging. The 

results Qould be oompared to the computer dssign data. Also included 

would. bl) the measurement pf 8ec'j;l.qn~ Qf emal;1 angine casings. The range 
: 

of ooJect ~ize co~ld be extended using the fninge projection system to 

large o~jeot8, enginq ca~!-ng~, provided that the contour depth int~ryal 

and onrall oQjeQt \l.epth '7al' ~Ilpt with!..n the resolution J.im:j.t~ ot' thE! 
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telev~6~on ~am~ra. Using tpis prinoiple, there ~ould be a number of 

al?pl~Qatiqns for tPe technique 91,1tside the aaro engin(l il'1dustry. 

Some appl~oations w~uld require modifioationto the system, 

partioularly the contour programming aspect to aooommo~ate the points of 

depth inversion that ocour, The prinoipal objeotives for the development 

of the system on aome (JompoI'\enta woul,d be to simplify tl)fil contour analysi~ 

sr'stem so as to operate mainly on theoontour pE;>aks and troul$hs and only 

use the oontour ~ntermediate calQulation~ Where no~essary so as to use a 

minimu~ of qomputer storage space. rhese parameters depend upon the 

cQm~onent apd t~e amount pf deta!led info~tion r~quired. 

Q,3 CONCLUyIQ~~. 

~his programme of research haS investigated the improvement in 

!nspeqt~pn meth~ds for aerO engine ocmponents using a computer linked 

op~ical eontou~!ng t~ohnique aryd from th~$ work the follow~ng conolusions 

hare been ~hownl 

:rhe computer link(l~ optical cQ)'itourip,g teehn~ql1e 'vas a practical 

~~thod of improving the i~spectio~ of qompre~spr and turDine blades 

a,erQfoil, l\allt¥>ns. Thi~ t"lohniq1,le 1I:i.llnif:i.oantly inc!t''1alled I\;he amount of 

~ta that oo¥l.d ~e obtain'ld on the aerofoils and achieved a measuring 

Il.oourao,ll' !:If ;,.001". Th!! dimenpiCllpal. data, Q1)tained 'l/i thip. thEj pomputer 

oould be proc\lased to oalculate the differenoe 1)etween two components in 

the form of an Qverafl ~i~ferenOe in two orthogonal direotions ~~d an 

angle of rqtation plu~ any localized differepoes as required by the 

partioular application. The i~ormation could be presented to an 

Operator in an 8asil,y assimilated form. 

The l\/le of El, computer t<;l proces!I the dimens;l.o!)al information ,"ould 

relieve thll opl1pator of 1lluph of the burden of handling a large amount 
I 

of oPtical data and in some oases ~he deoision~makipg responsibilities. 

Tile !lolllputer;l.zed il\spect;l.on eystem would 1)~ parj:;l.oular).y compatibli!l 
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wit~ ~~i~ting design ~~ produqtion technoloty as muph of the d~~ign 

work wa~ computer orientated, 

~e overall ~ystem could be u~ed for either inspection of turbine 

Q~adesduring prpduot;l.on or to m~asUre the distortion~ of blades caused 

by ~hl3;,mal fatigllt:l in engille test~ • 
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TABLE 1. Comparison of the Optical Contouring Techniques examined for Turbine Blade Inspection. 

Contour 'Measuring Contour 
Technique Depth Accuracy Fringe Light Recording Ease of ,Comments Conclusions Interval (Fraction of Contrast Source Operation 

(inches) contour depth) Medium 

Double Contours too fine 
Wavelength .0005 - 1/4 Reasonable Argon Photo Good for blades. Not suitable for use 
Illumination .001 Laser Plate System difficult 
(Argon Laser) to set up. with an optical to 

* , 
Double wave'" 2 x 10-5 Dye Photo Requires accurate 
length. 1/4- Reasonable Good computer interface. 
(Dye laser) - .1 Laser Plate setting up. 

Double .001 Argon Photo Good results. Not applicable for Refractive - 1/4 Good Slow Loading workpiece 
Index • 5 ' Laser Plate and gas too slow. routine work • 

* . 

L.S.P. 2 x 10-5 Dye Video Low spatial 
Video - .1 1/4 • Fair Laser tape/disc Unknown resolution. Shows good potential 
Recording 

." Hg Not Suitable for visual 
Moire .01 - .1 1/20 Good Real time Equipment simple observation and 
Fring,e Arc required mechanical scanning. 

Projected 
1/20 Very Hg Not Suitable for use 

Moire .01 - .1 Good Arc required Real time Ve~ good results with image scanning. 
Fringes 

* Estimated performance from experimental work on associated methods. 
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TABLE 2. Computer Calculated Displacements o~ 

a Simulated (Elliptical) Object. 

Applied Displacement ~or the Calculated Displacement of the production surface 

Point (1,0.6) on the reference (With respect to the point (1,0.6) on the reference 

surface. surface.) 

Surface Line Sur~ace Section 

x Displ. y Displ. Angle x Displ. y Displ. Angle x Displ. y Displ. Angle 

0.000 0.000 5° 0' 0.000 0.000 5° l' 0.001 0.0005 q. ° 51' 

0.100 0.100 5° 0' 0.100 0.100 5° l' 0.102 0.100 q.0 52' 

0.100 0.100 3° 0' 0.100 0.100 3° 0' 0.100 0.102 2° 58' , 

0.100 0.050 3° 0' 0.100 0.0q.9 3° 0' 0.100 0.051 2°58' . 

0.100 0.100 1° 0' 0.100 0.100 1° 0' 0.100 0.100 1° 1 ' 

0.050 1° 0' 0.100 0.050 1° 0' 0.100 0.0505 ° 1 ' 0.100 1 

0.100 0.100 0° 30' 0.100 0.100 0° 30' 0.100 0.100 0° 30' 



------------------~~~.-"-.. -.-. 

POINTS NUMBER EX VALUE Z VALUE 
1 0.00000. 0.00000 
2 0.00001 0.00000. 
3 0.00000 0.00000 
4 0.00000 . O.OOCOO· 
5 -0.00448 0.00001 
6 -0.00065 0.00462 
7 0.00317 0.00812 
8 0.00784 0.01183 
9 0.01204 0.015BO 

I 10 0.01540 0.01601 
11 0.01951 0.01980 

.... ir i:T 

12 0.02380 0.02173 l1> 

~ 13 0.02725 0.02412 b:1 
f-' !; 

14 0.03099 0.02891 ~ 'tj 

15 0.03509 0.03201 CD f-' 
l1> 

16 0.03920 0.03484 
en 
i:T 0 

17 0.04312 0.03775 \l> ...., 

18 0.04648 0.04012 l1> .... 
i:T 

19 0.05040. 0.04353 
(") l1> 

~ 20 0.05339 0.04627 'U 

~ Cl '1 

21 0.05628 0.04801 ~ f-" .... ~ t"' 

22 0.05899 0.05129 ~ t'iI 

~ 
... 

23 0.06207 0.05375 
CD VI \11 
P- O> 

24 0.06524 0.05612 ...., :{ / 

0.06925 '1 ... 
25 0.05989 0 0 

26 0.07317 0.06401 s s 

27 0.07663 0.06630 
(") .... 
0 i:T 

28 0.08092 0.07087 t:l CD .... 
29 0.08484 .. 0.07212 0 (") 

'" 0 

30 0.08876 0.07720 '1 s 

31 0.09259 0.08001 ">l ~ 
'1 <i-

32 0.09697 0.08477 
f-'. CD 
t:l '1 

33 0.10080 0.08812 CD ...., 
34 0.10547 0.09184 '" 0 . '1 

35 / 0.10929 0.09601 
36 i 0.11349 0.09796 
37 0.11723 0.10144 

.38 0.12152 0.10412 
39 0.12535 0.10784 

POrnT NUMBER EX VALUE Z VALUE 



40 0.12945 0.11201 
41 0.13337 0.11359 
42 0.13739 0.11723 
43 0.14187 0.12012 
44 0.14588 0.12355 
45 0.14952 0.12595 
46 0.15437 0.12801 
47 0.15848 0.13152 
48 0.16193 0.13'tl6 - 49 0.16548 0.13612 
50 0.17001 0.13947 
51 0.17388 0.14209 
52 0.17705 0.14401 
53 0.18135 0.14752 r, 

54 0.18443 0.14980 
55 0.18751 0.15212 
56 0.19059 " 0.15362 
57 0.19367 0.15550 
58 0.19600 0.15744 
59 0.19908 0.16001 
60 0.20201 0.16116 ~ 61 0.20487 0.16297 I:"' 
62 0.20692 0.16450 t;;j .... 
63 0.20991 0.lb634 '" \J'I 

'"' 64 0.21289 0.1b812 I 
65 0.21523 0.17053 I\) 

66 0.21849 0.17259 
67 0.22157 0.17495 
68 0.22521 0.17601 
69 0.2283/P 0.11895 
70 0.23212 0.18133 
71 0.23604 0.18412 
72 0.24033 0.18691 
73 0.24416 0.18912 
74 0.24845 0.19201 
75 0.25215 0.19500 
76 0.25667 0.19781 
77 0.26105 0.20012 
78 . 0.26491 0.20317 
19 0.26927 0.20594 

POmT NUMBER EX VALUE Z VALUE 



80 0.27328 0.20801 
81 0.27748 0.21106 
82 0.28093 0.21356 
83 0.28551 0.21612 
84 0.28943 0.21867 . 
85 0.29400 0.22127 
86 0.29717 0.22401 
87 0.30156 0.22522 
88 0.30557 0.22761 
89 0.30996 0.22984 , 
90 0.31397 0.23212 
91 0.31808 0.23419 
92 0.32135 0.23636 
93 0.32573 0.23858 

" 94 0.32984 0.24001 0 

95 0.33273 0.24214 
96 0.33675 0.24391 
97 0.34104 0.24591 
98 0.34477 0.24812 
99 0.34841 0.25003 

100 0.35280 0.25198 ~ 101 0.35560 0.25353 f;J 
102 0.35849 0.25469 ... 
103 0.36036 0.25601 V< 0'\ 

0 
104 0.36419 0.25730 I 

/ 

105 0.36727 0.25900 V< 

106 0.36960 0.26069 
107 0.37268 0.26194 
108 0.37557 0.26375 
109 0.37847l' .. 0.26412 
110 0038117 0.26645 
111 0.38444 0.26833 
112 0.38780. 0.27011 
113 0.39125 0.27201 
114 0.39461 0.27304 
115 0.39625 0.27477 
116 0.40208 0.27662 
117 0.40469 0.27894 
116 0.40955 0.28012 
119 0.41328 0.28275 

POINT NUMBER EX VALUE Z VALUE 



120 0.41776 0.28478 
121 0.42149 0.28686 
122 0.42579 0.2&801 
123 0.43008 0.29064 
124 0.43363 0.29286 
125 0.43848 0.29612 
126 0.44165 0.29662 
127 0.44557 0.29841 
128 0.45024 0.30042 
129 0.45453 0.30225 
130 0.45817 0.30',01 
131 0.46191 0.30566 
132 0.46527 0.30719 
133 0.46965 0.30&64 
134 0.47329 0.31012 0 

135 0.47815 0.31212 
136 0.48067 0.31275 
137 0.48337 0.31462 
138 0.48692 0.31589 
139 0.49093 0.31730 

~ 140 0.49355 0.31833 
141 0.49653 0.32001 I:"' 

142 0.50036 0.32037 
t;l 

.... 
143 0.50241 0.32187 

\J< 

'" .... 
144 0.50549 0.32302 . 1 

/ -I'" 
145 0.50839 0.32409 
146 0.51184 0.32558 
147 0.51436 0.32694 
148 0.51735 0.32812 
149 0.5207J!' .. 0.32956 
150 0.52313 0.33025 
151 0.52519 0.33094 
152 0.52789 0.33208 
153 0.53125 0.33318 
154 0.53387 0.33412 
155 0.53797 0.33502 
156 0.54040 0.33601 
15. 0.54311 0.33735 
158 0.54647 0.33855 
159 0.55020 0.33970 

POINT NUMBER EX VALUE Z VALUE 



160 0.55319 0.34106 
161 0.55748 0.34212 
162 0.56149 . -_ .. " - -' 0.34412 
163 0.56476 0.34512 
164 0.56905 0.34708 
165 0.57269 0034839 
166 0.57717 0.34962 
167 0.58137 0.35088 
168 0.58539 0035201 
169 0.58912 - 0.35343 
170 0.59276 0.35469 
171 0.59668 0.35578 
172 0.60060 0.35687 
173 0.60555 0.35&12 '" 174 0.60993 0036012 
175 0.61413 0.36087 
176 0.61759 " 0.36203 
177 0.62225 0.30280 
178 0.62608 0.36384 
179 0.63075 0.36498 

~ 180 0.63439 0.30602 
181 0.63877 0.36681 t""' 

t>J 
182 0.6'.241 0.36773 

'"" -" 
183 0.64671 0.36801 '" I I\) 

184 0.65100 0.36969 \J1 I 
185 0.65529 0.37087 
186· 0.65884 0.371.58 
187 0.66201 0.37202 
188 0.66528 0.37242 
189 0.6684$> 0.37297 
190 0.67181 0.37330 
191 0.67499 0.37419 
192 0.67844 0037599 
193 0.68115 0.37599 
194 0.68395 0.37599 
195 0.08665 0.37001 
196 0.69029 0.37601 
197 0.69375 0037744 
198 0.69757 0.37825 
199 0.70047 0.37892 

POINT NUMBER EX VALUE Z VALUE 



200 0.70317 0.37942 I 
201 0.70672 0 • .38022 

I 

202 0.71120 0.38123 
203 0.71512 0.38202 
204 0.71904 0.38305 
205 0.72343 0038273 
206 0.72660 0.38245 I 

I 207 0.73117 0.38497 I 
208 0.73547 0.38446 

I 
f 

209 0.73957 0.38491 
210 0.74340 0.38569 
211 0.74788 0.38643 I 
212 0.75124 0.38686 
213 0.75553 0.38177 (k 

214 0.76001 0.38834 
215 0.76449 0.38881 
216 0.76841 ,0.38903 
217 0.77196 0.38950 
218 0.77523 0.39050 
.219 0.17952 0.39106 

~ 220 0.78363 0.39072 
221 0.78829 0.39162 t,;; I· 
222 0.79249 0.39199 VI -> 
223 0.79585 0.39437 '" VI 
224 0.80061 0039419 

'" / 

.' 225 0.80444 0.39403 
226 0.80780 0.39412 
227 0.8il9l 0.39477 
228 0.81349 0.39478 
229 0.81713 t .. 0.39442 
230 0.82087 0.39441 
231 0.82348 0.39470 
232 0.82684 0.39466' 
233 0.82908 0.39453 
234 0.83235 0.39478 
235 0.83440 0.39487 
236 0.83711 0.39480 
237 0.84075 0.39498 
238 0.84280 0.39537 
239 0.844~7 0.39542 

POINT NUMBER EX VALUE Z VALUE 



- , 
240 0.84156 0.39519 
241 0.84989 0.39491 
242 . 0.85363 0.39508 
243 0.85624 0.39492 
244 0.85851 0.39450 
245 0.86109 0.39419 
246 0.86548 0.39456 

I 
241 0.86819 0.39431 
248 0.87136 0.39344 
249 0.87444 0.39344 
250 0.&1827 0.39369 
251 0.88200 0.39344 
252 0.88676 0.39287 
253 0.89040 0.39262 

" 254 0.89419 0.39237 
255 0.89861 0.39199 
256 0.90272 0.39199 
257 0.90673 0.39199 
258 0.91121 0.38984 
259 0.91513 0.38956 

~ 260 0.91849 0.38956 
261 0.92297 0.38848 E;:j 
262 0.92717 0.38698 \.N .... 
263 0.93128 0.38477 I 

0\ .,.. 
264 0.93576 0.38503 --J / 

265 0.93931 0.38412 
266 0.94351 0.3tl486 
267 0.94821 0.3.8355 
268 0.95191 0.38334 
269 0.95521 .. 0.38352 
270 0.95788 0.38321 
271 0.96161 0.38295 
272 0.96488 0.38221 
273 0.96796 0.38158 
274 0.97067 '0.38102 
275 0.97337 0.38042 
276 0.9766'_ 0.37992 
277 0.91963 0.37966 
218 0.98140 0.37931 
279 0.98448 0.37847 

POINr NUMBER EX VALUE Z VALUE 



280 0.98653 0.37794 
281 0.98896 0.37803 
282 0.99148 0.37812 
283 0.99223 0.37709 
284 0.99540 0.37587 
285 0.99736 0.37462 
286 0.99755 0.37402 

I 287 0.99755 0.37444 
I 288 1.00305 0.37237 
.1 289 1.00287 0.37231 

290 1.00511 0.37230 
291 1.00837 0.37139 
292 1.01099 0.37070 
293 1.01351 0.37045 
294 1.01575 0.37014 ~ 

295 1. 01799 0.36914 " 
296 1.02144 0.36799 
297 1.02536 0.36612 
298 1.02760 0.36508 
299 1.03040 0036464 

~ 300 1.03404 0.36331 
301 1.03749 0.35987 t""' 

t,<j 

302 1.04263 0.35841 \.>I ..... 
303 1.04785 0.35653 I '" V1 

/ 
304 1.05159 0.35598 CD I 
305 1.05672 0.35498 
306 1.06083 0.35199 
307 1.06568 0.35025 
308 1.07025 0.34773 
309 1.07875~. 0.34387 
310 1.08341 0.34178 
311 1.08733 0.34089 
312 1.08985 0.34037 
313 1.09396 0.33861 
314 1.09769 0.33599 
315 1.10208 0.33502 
316 1.10600 0.33437 
317 1.10927 0.33417 
318 1. 11263 0.33267 
319 1.11655· 0.33116 

POINT NUMBER EX VALUE , 
Z VALUE 

1....-_________________________________ ---'---________ ---'--_____________ .. __ _ 
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TABLE 4. Slow Scan Vidicon Comparison. 

Modulation Typical 

M' facturing Focusing & Spectral Maximum Depth at Light 
Type No. deflection Response Resolution 400 TV Lines Input 

Company system. Peak (nm) (Centre) (Slow Scan (Lux-S) 
Rate) 

.. 
English V8034 

Electro- 610 700 50 2.7 Electric magnetic 

EMI 9745 
Electro- 490 600 40 1 
static (Estimated) 

R.C .A. 4500 Electro- 610 700 50 2.5 magnetic 

Thomson- TH9892 
Electro-

430 1000 50 at 1.0 
CSF magnetic 500 TV lines 

Westinghouse WL4384 Electro- 400 700 40 1.0 
static 

Westinghouse WX5111 Eleotro- 400 ,I 700 40 1.0 magnetic , 

.. 
Listed in alphabetioal order. 

Dark % age Signal 
Current Remaining 
(nA) After 10 secs 

8.0 90 

10.0 Not specified 

8.0 95 

0.6 99 

0.2 95 

0.2 95 

Cost 

. ' .. ~ 

"£180 
, " 

* £100 

-

£250 

£320 

-

Additions 
Required 

Focusing & 
deflection 
coils £50. 

None 

Coils 
£50 

Coils 
£50 

None 

Coils 

.... 
0\ 
0\ 

I -



• 
TABLE 5. Example of computed values for the centroid shift 

for a rotation applied to the blade • 

. 

AEaOFOIL SCAN POSITION APPLIED ROTATION COMPUTED VALUES OF DIFFERENCES 
OF THE . CENTROIDS. 

Surface ( degrees)' X SHIFT Z SHIFT ANGULAR 
Scanned DIFFERENCE 

.... - . . . - . . . . . - . . . , . (degrees) . .... . . , . . ..... . .. . 

Convex Centre 0.73 0.000 0.001 '0.70 

Convex . Centre 1.4-7 - 0.005 0.005 1.50 

Concave Centre 0.73 0.001 - 0.003 0.78 

Concave Centre 1.4-7 - 0.001 - 0.005 1.54-

Concave Bottom 0.73 0.006 - 0.005 0.69 

Concave Bottom 1.4-7 0.009 - 0.008 1.4-2 



I TABLE 6. Computer Printout Of a. Digitized Line Scan Recordea by the 

Television Interface System. 

r, 

I! - .. r ,,0" e',~ 
'1 0 ' ' 

I. LINE NU~8ER • 4 218 208 209 207 209 207." 20b 205 207 203 207 207 207 207 207 243@ 
.\ 
:t., 2H 243 243 243 243 243 .207 207 240 203 . 203 203 201 181 181 181 181 190 190 198 198 178 

l \18 178 178 178 \39 218 208 209 20b 207 .207 . , 207 201 203 183 203 . 203 183 203 201 183· 183 ,: ,. 181 191 191 190 198 178 198 \78 \78 178 178 99 178 178 118 99 98 178 178 118 178 178Gi 
.... 
'" ., 118 178 178 178 218 218 218 218 208 218 218 139 208 214 208 218 208 \39 209 208 139 207 co 

t& 189 209 201 207 203 203 201 181 181 181 181 181 181 181 181 180 190 190 190 190 190 190 . I 
190 198 1'18 198 2'0 278 298 338 319 . 339 403 398 419 470 482 419 499 506 ,,96 480 482 4699' 

, 469 524 Slob 557 549 539 559 5bO 550 Sib 535 541 5b3 b07 b39 b72 b58 b32 MO bOO 540 508 

; 45) 437 444 448 472 492 509 549 579 bioi b78 696 727 750 759 782 789 198 828 820 830 800 '. 7b3 772 . 793 802 183 790 791 800 782 179 799 199 799 800 199 788 800 803 821 809 799 809~ 

r 810 . 768 7bO 736 708 678 648 622 598 548 520 481 431 406 403 425 4"2 468 483 503 519 56b 

, i 589 599 618 701 699 719 728 708 6"0 650 600 517. 4'1 4bO 440 440 422 450 469 502 4.9 573 

\ G 599 638 63. 658 b30 600 528 504 4,,9 460 427 . 450 439 47' 519 559 5.1 620 625 60a 555 530a 

I, 483 43' 427 448 439 417 521 53' 5H 57. 583 568 529 502 468 434 441 455 "73 4.8 558 583 

\ 599 bOO 580 518 480 450 428 399 456 478 "M 547 519 600 551 530 500 458 449 455 419 49b 

\.G 536 569 582 580 540 509 481 462 439 443 439 480 479 509 519 550 511 498 488 458 453 ,!77Q 

489 499 533 550 554 500 4b2 460 440 435 439 479 538 519 527 530 479 458 421 "38 458 472 . 

4~8 529 509' . 495 468 440 419 420 437 439 501 493 498 4b8 423 400 378 388 "29 468 469 490 i'. 480 430 '394 389 387 399 "40 449 458 438 412 380 380 378 367 380 362 321 298 278 278 278@ 

t 198. 178 178 99 178 214 218 218 216 218 218 218 '208 208 209 ·201 209 207 207 207 207 181 

203 203 201 201 183 . 290 280 290 290 290 290 298 278 278 278 278 278 278 278 278 278 278 

,9 218 238 239 239 219 239 239 239 239 306 3G8 239 308 308 307 307 309 308 309 307 219 3093 . 

239 309 347 383 399 499 599 687 769 857 933· 999 999 999 999 999 999 999 999 999 999 999 
; 

0 
.. LINE REAO'& STORED ·r·::';'" . :': '. 

Gi 
.. 

, 
'0-' 'I 

, , ~ ',:',. -~ '''.''-';'''~ ",,; ~ fAriL i,~~X·,.~~"" .• ..! ... ~ __ l.' .... ""-~"'~.~·~.~.~., .. , .~.l;i~. :;.;, .. :!...~ .... ;.~'.~:.::.,.;. ......... 'L~ :.' . .J." •.. i.. . ..:. . ~ ~ .. 
, 

... .. ',: . 



TABLE 7. 

, 

t, ....... . ", •. ', ': ,,"7; ',,'" ".:" :".""'"'-~~'-" " ~( ..... , ... ~.'II- . 

,0 
.... ' 

". LINE NUM8ER • 2 '2' 
177 265' 252 23\ 235 ~eT ... 355 

t·: H5 441 417 377 315 . 262 '238 

Hi) 312 255 229 ' 255 311 385 \~2 

~. 255 308 375 440 468 445 381 

• 393 448, 461 413 ~60 .295 248 

:' C!) 453 462· - 423 365 209 235 211 

I' 486 499 462 415 340 269 229 
L~ .'. 415 475' 493 465 415 342 215 

~e 233 2B3 339 398 462 482 465 

295 '244 222 225 253 298 355 
~:. 461 482' 498 ~55 417 382 323 

(? ~46 299 268 243 229 237 263 

251 251 248 253 211 293 315 

fe 399 362 338 315 299 , 262 265 

462 '>71 488 498' 511 505 509 

~H ' ·500 501 508 505 505 ~95. 

r 522 ' 515 520 499 485 471 ' 457 

to 451 471 477 . 462 445 402 365 
,. 242 295 349 405 415 , 388. 335 

[0 212 261 325 351 305 241 225 

PT 222 18~ . 193 171 162 128 .. 
51 " 48 48 45 

Computer Printout of a Digitized Line Scan Recorded b~ the 

Photomultiplier/Magnetic Tape Recorder System. 

" " ':'" t' !A<' .. " ',~' t",:'-' .;: . " .. "" :.~ ... 
, 

38 " 33 37 29 35 31 40 38 29 ~o 29 ' 29 

390' .349 293 255 251 277 342 400 411 359 305 253 

251 3]1 365 441 433 382 317 268 233 245 291 365 

H8 U5 347 H9 248 248 285 349 ~22 462 442 392 

309 251 242 '265 329 398 452 460 ' 425 310 292 249 

231 238 292 365 . 44' 471 46~ 391 341 269 229 228 

251 303 385 451 487 482 433 313 298 249 223 ·H3 

235 251, .308 385 451 495 482 431 169 303 248 2Zl ' 

238 220 231 ·275 341 ,398 460 483 491 "55 387 323 

415 361 292 249 225 231 280 342 401 441 463 472 

422 469 487 495 "65 413 355 300 255 . 22B 232 262 

269 248 239 247 . 269 315 368 415 453 485, 495 495 

301 340 372 415 . ,449 477 482 488 ' ~,75 449 ·409 375 

329 '!!J7 401 432 465 462 502 507 509 511 505 492 

266. 262 268 ;~63 288 ' '289 309 325 341 362 377 407 

522 537 541 538 535 525 522 505 502 501 515 529 

498 ~95 511 508 509 522 525 519 515 525 . 548 539 

438 407 380 355 327 298 282 257', 262 270 291 311 

315 280 255 249 262 305 342 391 It31 439 ~21 375 

257 Z29 249 321 375 382 351 .275 223 242 305 365 

285 .338 311 232 22' 275 ' 302 245 211 253 . 262 211 

105 120 115 Ill. 95 71 57 55 57 55 60 55 

45 45 43 41 . 42 45 . 45 42, 42 ~o 38 38' , % 48 48 ' 

t. ". ' :,' .' " ' . " .. ' .' "'" ~. -,'.. , ',' -': ' . . 
, 

-", 

3~ 
239 
H2 
345 
239 
267 
282 
239 
268 
448 
309 
468 
345 
469 
417 
528 
522 
341 
321 
380 
215 

51' 
. 38 

!' ,,'·UNEREAD.&STOREO·'.",,·,. " '; ... ',,",. ,: 

" ~ ~,~::.: .,.2 .. .;:..,~.,L;..diJi~_-,.:::~:::,L1.~,~,,~.:.. ,£i,:";;~~.":'_:k~c~. ,L. , .•. ~J'O""~'-."Ai::;i~~;".L. :o,'c_"', .. :~"., . ... : . .:. .. ' .... • • w' ~ ., •• 

- . ..... ";¥:!,"i;"~' 01 

33 49G' 
255 311 
~33 383 I. 
282 2510 ; .... 
262 327 ': '" 'D 
342 :~~ (?j" 348 
288 355 ' 
22B 220 
39B 341 0 ' 
36B 428 
438 398 
309 282 0 
448 422 
431 445 
515 . 501S 
515 525 
385 420 
265 . 2380 
328 262 
245 197 
~8 SIt) 
H 36 

ti 

... \,..", IZI 



• 
TABLE 8. Blade An/:lles o~ Rotation Calculated ~rom Contour Information. 

Rotation Angular rotation Angular rotation Angular rotation 
applied calculated for the calculated ~or the calculated ~or the Blade Section Area 
to blade. convex sur~ace. concave su~ace. whole blade section. 

(degrees) (degrees) (degrees) (degrees) (inchei) 

.!. .05 Towards Centre Toward!! Towards Centre Towards Towards Centre Towards Towards Centre Towards 
root tip root tip root tip root tip 

0 

Re~erence - - - - - - - - - 0.143 0.123 0.105 

. 

1.00 1.05 0.99 9.91,. 1.07 0.98 0.92 1.05 0.90 0.95 0.148 0.123 0.107 

1.50 1.48 1.60 1.46 1.61 1.55 1.4-3 1.50 1.47 . 1.4-7 0.141 0.129 0.104-

2.00 2.05 1.99 2.03 2.01 1.93 1.85 2.04- 1.96 1.91 0.151 0.132 0.113 

2.50 2.65 2.51 2.48 2.43 2.56 2.59 2.45 2.49 2.65 0.144 0.128 0.108 

, 

.. " 
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LASER BEAM 

OBJECT 

--z.:~::::::::~====~~~~~~~~ ~ ___ :r 

DOUBLl<; SOURCE 
ILLU~iINA'l'roN ROTATABLE 

MIRROR 

R:::FEREi,;CE BEA1! 

HOLOGRfJ,! 

a) Schematic diagram of the optical arrangement. 

b) Example of two source contouring (depth interval = 1.5 mm.) 

FIG. 1. IIOLOGiW,! SYSTEll FOR THE GEilERATrON .OF DEP'rJ! CONTOURS BY THE 

TlYO SOURC E l,m'rHOD. 



B.S. 

LASER 

Illumination f==:::lr 
optics 

Beamsplitter 

! I ! 

, 
V 

, 

1-1- - --, 
I ~ T:.o refractive I 

I ,1.\ index method 

I f'!.---1-

/
' I , I 

I I I 

I
1 I Reference 

Beam 
I I 
I 1 Hologram 

1 I 
I 

I / 

I1 :",/..( ",; 

I , J- ,;<f 
, ",; 1 ;' 

! .1('" : /'" I 
L .... J.:. I 

____ --.-.1 

, , 

Aperture 

, 

R~n~e-Be-am- - - -, 

Autvmatic Rotation System 

Diffraction Grnting 
,./"" 

-- - ---
, 

I 
: .. ; ....... .... I 

,------+.... ""-:.\ I 
... • 1 L ______ ~ __ ---l 

TV/o Wave 1eneth 

Rotatable Mirror 

FIG. 2. TELECEtlTRIC I!.IAGING ARHANG};;,1BNT FOR OPTICAL CONl'DURING. 

Hologram 
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Reference Beam 

Telescope 
eyepiece 
lens. 
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Reconstruction Beam 

e f at wavelength Ai 
/ re 

Image 

~f~2 re 

Hologram 

a) Reference and Reconstruction Beam J\ngles for 

Two Wavelength Contouring. 

/ .. 
1 

Aperture diameter 
D. 

v 

I 
I 

-- =--=::::!=;oo. -' --
I 
I 
I 

~-iof'-
Depth of focus 
dz 

b) Depth of Focus on a Single Lens Imaging System. 

Fm. 3. 



- 174 -

a) corn 

TEST OBJECT 

FIG. 4. EXAMPLES OF T,70 ','IAVELENGTII CONTOtr'lING. 
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BEftllSP}'I1'TER 

Object 

e -..... --...... -...... -..... HOIJOGR.A.M 
...... ... ..... 

REFERENCE , 
BEA.\! 

a) Schematic diagram for the optical arrangement 

Angle = 8,., in medium n:1 
n Direction of 

illumination 

Refractive Index 

Object 

Angle = 82 :1 in medium n:1 
n n 

b) Optical path arrangement f'or the object within an enclosed 
chamber. 

FIG. 5. TWO REFRACnVE INDF,x HOLOGRAPHIC CONTOURING 

of 
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THEOR1'TICAL 

,50 'x EXPERIMENTAL 

40 

I'il 
E; • 
~'-! 

>-; 30 
"'Cl) 
'" . ..... 

---I ~p. '"' ;. 

I U 

i=i 
20 

~ 
'" ~ p. 
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O~ __ ~~ __ ~~ __ ~ ____ ~ ____ ~ ____ ~ __ ~ ____ ~~ __ ~ ____ ~ __ ~. 
o .1 .2 .3 .4 .5 BM 

o .005 .010 .015 .020 INCHES 
CONTOUR DEPTH 

FIG. 6. CONTOUR DEPTH INTERVAL IN 'FH.80N 12' VERSUS PRl~SSURE INCREASE. 
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"rrG-~ 7. DOUBLE REFRACTIVE ,INDEX CONTOURS ON A 

SMALL TURBIN,~ BLADE ( DEPTH INTERVAL = 0.010). 

-~--""~ 
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FIG. 9. 1ITCRODENSITOMETER TRACE ACROSS A HOLOGRAPHICALLY CONTOURED BLADE. APERTURE F .40 
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, 
MOIRE GRID 

1 
z 

1 

A. SOURCE & OBSERVER AT INFTIUTY 

d 

SOURCE 

1 
p 

z 

pI 

B. FINITE SOURCE & OBSERVER DISTANCES 

, 
FIG. 10. MOIRE FRINGE CONTOURING 

OBSERVER 

GRID pmUOD 

~p-')j 

OBSERVER 

.,1 



, 
MOIRE SQUARE 

WAVE GRID 

/' 

FIG. 11. 
.-

ARC 
SOURCE 

r - -, - - - - - - - -
I MOIRE FRlliGE SUBTRACTION SYSTEM 

I 
CONTOURED IMAGE I MASTER NEGATIVE 

CAMmA " : ~ 1 LENS \. /" RELAY LENS 

-L: 
2 

SUBTRACTED 
FRlliGES -

MOIR:~ SHADOW CONTOURlliG AND Il,IAGE SUIlTIlACTION SYSTEM. 
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, 
MOIRE SHll.DO'll DEPTH CONTOURS all A TURBINE BLADE. 



•_------------~.~-.;l l \ I 

~ 

(1/)' GRID MOVING 

(,,) GRID STATIONARY , 
EFFECTS OF' r'tID MOVt"{cB!;T ON MOIR1~ SllAnOW CONTOURS. 

L-_--------------------------------- --- - - -
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a) Grid stationary 

(Grid lines 
parallel to 

. blade axis.) 

b) Grid moving in 
the direction 
of scan when 
the negative 

.was formed. 

, , 
. , . 

MICRODENSITOMETER TRACES ACROSS A NEGATIVE OF A CONTOURED TURBINE BLADE (MOIR}~ SHADOW CONTOURS). FIG. 14. 
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Arc Source 

. a) Optical Arrangement. 
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FIG. 15. FRlliGE PROJECTION I SCAN CONTOURI'lG 3Y31'm.!. 
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Distance Along Scan y ... 

a) Triangular Wave Function. 

Slit = 2P 

Slit = 3P/2 

Slit = P 

Slit = P/2 

Distance Along Scan y ... 

b) Intensity function with various slit vtidths. 
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c) Intensity function - Grid in Observing Optics. 

FIG. 16. CONTOUR mTJ,NSITY FUNCTIONS. 
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FIG'. 17. FRING-ES PROJECTED ON TO A TURBTIiE BLADE. 

LI.!UIVALENT COt/TOUR DEPTH = 0.010" 

(PHOTOGRAPH :.lAGNIFICATION = 2.5:1) 
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(A) Moire pattern of subtracted contour fringes for a deflected plate. 

(B) lIicrodensitometer trace of fringe intensity. 

-FIG. 21. MOIRE FRINGE SUBTRACTION. 

(CONTOUR FREQUENCY TO MOIaE FRINGE FREQUENCY 

RATIO * 4:1) 



., ~. 

(A) /Joire pattern of subtracted contour fringes 

for a deflected plate • 
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(B) Microdensitometer trace of fr.inge intensity. 

, 
rIG. 22. MOIRE FRINGE SUBTRACTION. 
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(A) With low pass filtering. 

,'------- ----c 
I ,.I ______ ~ _____ . ________ " ..... _ ... ____ ... _ .. __ ...• ~ __ . ___ _ 

, 

. (B) Without filtering. 

FIG. 25. THE USE OF LOW PASS ELECTRONIC FILTERING TO 

ELIMINATE NOISE ON THE CONTOURING SIGNAL. 
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FIG. 27. BLADE CO;r,pA..7USON BEFORE AND AFTB:l ElTGllIE RUNS (ABOVZ CENTRE). 
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FIG. 28. BLOCK DIAGRAM OF THE OVERALL DIHENSIONAL INSPECTION SYSTEl.!. 
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Distance alorig Scan 

a) Intensity scan across a contoured image of the blade. 

(Contour interval = 0.016") 

.6 

Blade .4 

Depth Z 

(inches) 

.2 

o 
.2 

b) Blade shape. 
.4 .6 .8 1.0 

FIG. 29. SHAPE OF TH}] CONVEX SURFACE OF A TURBINE BLADE CALCULATED 
FROM THE CONTOUR FRINGES. 
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CONTOUR 

Intensity information 
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FIG. 30. BLOCK DIAGRAM OF SHAPE GEln~ATION COMPUTER PROGRAMME. 

__ .J 

-~ 

· ., 
• · 

· -~ 



- 201 -

-Shape Directi~n Inversion Point 

\, , 

. t (A) Scan concave surface. 

Noise Correction Region 

--.- ... -..... __ ._ .... _-------- .~ ......... -

) 

_____ ~ ____ . ______ .L_ _ _'_ ___________ _'__Jt __ . __ ._. __ ... __ _ 

(B) Scan with subfringe effect. 

FIG. 31. TYPICAL TURBINE BLADE SCANS USED FOR COMPUTER ANALYSIS. 



Output 
Signal 

V 

- 202 -

Distance Along Scan VX (Volts) 

(a) Mechanical Scan. 

Distance Along Scan ZX 

(b) Slow Scan Television. 

... 
-. 

Distance Along Scan EX 

(c) Maximum and Minimum Point Location. 

.- = Point measure:nent 

Information output at 
each point 

V. 
VX 
(180 - 350 noints) 

Inforoation at each 
point 

V. 
Point number 

(Scan divided into 500uts 
Point lio. gives EX) -

Information at each 
polnt 

COUNT Half FrinlJ3 Number 

X position as riven by 
either system a or b. 

Fm. 32. AVAILABLE TYPES OF DIGITIZED INFOmfATION FROM TIlE 
CONTOUR FRn:Gi>S. 
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1!EClLt..NICAL REFEREl{CE PLAN" LOCATION FOR 

VARIOUS PARTS OF THE TURBInE BLADE. 
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Distance Along Scan X 

FIG. 3S(b). 

lJOIf.ENTS OF A BLADE SECTION. 

Best Line2-
Fit 

Spline Fit 

Spline inf'onnation". 

" Point location plus I/t 
for each point. 

Scan position along Blade Axis. 

LlNEAR AND SPLlNE FITS TO DATA., 
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PRODUCTION 
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FIG. 36. COMPARISON OF BLADE SECTION C11r.t'ROIDS !Urn PRDlCIPAL 

AXES. 
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Fm. 48. AN EXAMPLE OF A SCAN RECORD1'D BY THE PHOTOMULTIPLIER/1IAGNETrC TAPE MCORDER SYSTEM FOR COMPUTER 

ANALYSIS (CONTOUR DFJ'TH IN1'ERVAL 0.015"). 

_1 _&L& =_1£3£ = 





1* APPENDIX ONE: BLADE SHAPE FROM CONTOUR FRINGES *1 AOI0S749 

SOURCE LISTING 

-
STMT LEV NT 

1 0 HOLO 
2 1 0 
3 1 0 
4 1 0 
5 1 0 
6' 1 0 
7 1 0 
8 1 0 
9 1 0 

10 1 0 
11 1 0 
12 1 0 
13 1 0 
14 1 0 
15 1 0 
16 1 0 
17 1 0 
18 1 0 
19 1 0 
20 1 0 
21 1 0 
22 1 0 
23 1 0 
24 1 0 
25 1 0 
26 1 0 
27 1 0 
2B 1 0 
29 1 0 VDATA 
30 1 0 

1* APPENDIX ONE: BLADE SHAPE FROM CONTOUR FRINGES -*1 
: PROC OPTIONS (MAIN) ; 

DCL MP(20) FLOAT ; 
DCL A5TART FIXED BINARY ; 
DCL (ISUBl,ISUB2) FIXED BINARY ; 
DCL APO FIXED BINARY ; 
DCL APOINT FIXED BINARY ; 
DCL Y FIXED BINARY ; 
DCL (POINTS,START,COUNT,AA,AV,Q,T,AVSTAT) FIXED BINARY i 
DCL (IMAX,IMIN) FIXED BINARY; 
DCL (VXI*),VI*),ZI*J,EX(*)) CONTROLLED ; 
DCL (REX(*),RZI*JJ CONTROLLED ; 
DCL RUN CHAR(lO) EXT ; 
DCL ILIMl,LIM2) FLOAT; 
DCL IDENT CHAR(9) EXT ; 
OCL D CHAR(I) EXT ; 
DCL INDIC CHARIl) ; 
DCL VAVI*) CONTROLLED ; 
DCL CARD5T (30) CHAR (80) ; 
Y '" 1 ; 
DCL CARD CHAR 180) EXT ; 
DCL TE5T CHAR (9) DEFINED CARD P05ITION (1) i 
DCL BW CHAR (20) DEFINED CARD POSITION (60) ; 
DCL INPT FILE INPUT ; 
DCL ERRl CHAR 121) IN IT I'FIR5T CHARACTER NOT A') ; 
DCL ERR2 CHAR (14) INIT ('ERROR IN BLOCK') ; 
ON CONV GO TO REPEAT ; 
ON ENDFILE ISY5IN) GO TO P2 ; 
I I = OB ; 

: GET FILE IINPTl EDITID) (All) ; 1* TO FIND FIR5T A *1 
IF D = 'A' THEN GO TO ABLK ; 

1\0105749 
1\025S749 
1\0335749 
1\0345749 
1\0415749 
1\0425749 
1\0435749 
1\0445749 
1\04557't9 
1\0465749 
1\0475749 
1\0485749 
1\0',95749 
1\0505749 
A0515749 
1\0525749 
1\0535749 
1\0555749 
1\0565749 
1\0575149 
1\0585749 
1\0595749 
1\0605749 
1\0615749 
1\0625749 
1\063S749 
1\064S749 
1\065S749 
1\0665749 
A100S749 
A 1015 7'.9 
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1* APPENDIX ONE: BLADE SHAPE FROM CONTOUR FRINGES *1 A010S749 

STMT lEV NT 

31 
32 
33 
34 
35 
36 

37 

38 

39 

40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
SS 
59 
60 

1 0 
1 0 
1 0 
1 0 
1 0 
1 0 

1 ° 
1 ° 
1 ° 
1 ° 
1 ° 
1 ° 1 1 
1 1 
1 1 
1 0 
1 0 
1 1 
1 1 
1 0 

1 ° 1 0 
1 ° 1 0 
1 ° 
1 0 
1 ° 
1 1 
1 1 
1 0 

REPEAT 

ABlK 

STCAl 

PUT EDIT (ERRl) ISKIP(3),X(lO),A(211) ; 
: GET FILE IINPT) EDIT (0) (AliI) ; 

IF 0 ,= 'A' THEN GO TO REPEAT ; 
: INOIC = 'A' ; 

GET FILE IINPT) EDIT (IOENT,RUN) (A(9),AI10» ; 
PUT EDIT I'IOENT :',IDENT,'RUN =',RUN)IPAGE,SKIPI10),X(l5), 
A,A(9) ,XI 15) ,A,AI 10)) ; 
GET FILE lINPT) EDIT IPDINTS,OELTAA,LIH1,LIM2)IE(4,0), 
El 8,0)'E(S,0) ,EI8 t OJl ; 
GET FILE (INPT) EOIT(XHAX,XMIN,WIOTHA,OIFMIN,START) 
(EIS,O),E(S,O),E(S,O) ,E(8,O) ,EI4,OI) ; 
GET FILE (INPTI EDIT IXlIM1,XLIM2,GRAOAIIE(8,01,EI8,01, 
E( 8,0)) ; 
GET FILE IINPTJ EDIT (REF) IEU,O)) ; 
GRAD = GRADA*.OOOl ; 
IF REF = 2 THEN DO ; 

FREE REX,RZ ; 
REF = 0 ; 
END ; 

ALLOCATE VX(POINTS),V(POINTS) ,ZIPOINTS),EXIPOINTS) ; 
IF REF = ° THEN DO ; 

ALLOCATE RZ(POINTS),REX(POINTS) ; 
END ; 

APO = POINT5*.40 ; 
APOINT = FLOORIAPOI ; 
ALLOCATE VAVIAPOINT) ; 

: DELTA = OELTAA*.OOOl ; 
WIDTH = WIOTHA*.OOOl ; 
JJ = 08 ; 
Z,EX=O; 
DO T = 1 TO POINTS ; 
GET FILE IINPT) EDIT IVXIT),VITI) (E(S,O),E1B,O» ; 
END ; 
GET FILE IINPT) EDIT (0) IA(11) ; 

A102S149 
A103S149 
A104S149 
A1055149 
A106S149 
A1015149 
A106S149 
IN01S149 
IN02S149 
IN03S 74'1 
IN04S149 
IN05S749 
I N06S14'1 
IN08S149 
IN10S749 
IN40S149 
IN60S749 
I NBOS 749 
IN90S749 
A001S749 
AD02S749 
1I003S749 
1I004S749 
1I005S749 
1I006S749 
A008S149 
A010S749 
1I020S749 
IID30S 749 
A040S749 
A109S149 
A110S749 
A1115749 
A112S749 
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1* APPENDIX ONE: BLADE SHAPE fROM CONTOUR fRINGES *1 AOIOS749 

STMT LEV NT 

61 1 0 
62 1 0 
63 1 0 ERRORl 

64 1 0 
65 1 0 AGIN 
66 1 0 
67 1 0 
68 1 0 
69 1 0 
70 1 0 

71 1 0 Pl 
72 1 0 
73 1 0 
74 1 0 P2 
75 1 0 LOOK 
76 1 1 
77 1 1 
78 1 2 

79 1 2 
80 1 2 
Bill 

82 1 0 

83 1 0 

84 1 0 

If 0 .,= 'B' THEN GO TO ERRORl ; 
GOTOPl; 

A1l3S749 
A1l4S749 

: PUT EDIT IERR2,lNOIC,'TEST =',IOENTI 
X(20),All),X(20),A,AI9)) ; 

ISKIPI2),X(lO),AI141,ABOlS749 
AB02S749 

PUT EDIT ('CHARACTER 0 =',O)ISKIP,XllOI,A,Allll ; 
: GET fILE (INPT) EDIT ID) IAll)) ; 

JJ = JJ+1B ; 
PUT EDIT ('CHARACTER 0 =, ,D) ISKIP,XIlO)'A,AU)) ; 
If JJ = 10 THEN GO TO PI ; 
If 0 .,= 'B' THEN GO TO AGIN ; 
GO TO P1; 1* TO BE USEO ONLY ON TEST RUNS *1 
1* ON PRODUCTION RUNS LOOK fOR NEXT A *1 

: GET EDIT ICAROSTIII+1B)}IAI80)1 ; 
11 = II+lB ; 
IF 11 < 30 THEN GO TO PI ; 

: CAROTOT = 11 ; 
: DO 11 = 1 TO CARDTOT ; 

CARD = CAROSTIII) ; 
IF TEST = 10ENT THEN DO ; 

PUT EDIT I 'CORRECT CARD AND TAPE FOUNO 11 =',11) 
ISKIP (5),XIl0) ,A,F(3,O)) ; 
PUT EDIT lBW) (SKIPI2),XIIO),AI20)) ; 
END ; 

END LOOK ; 
1* PRINTOUT Of MAIN INPUT CONSTANTS *1 
PUT EOIT ('HOLOGRAPHIC CONTOURING PROGRAMME', 
'INPUT CONSTANTS','POINTS =',POINTS,'OELTA =',OELTA, 
'LIMl=',LIMl,'LIM2 =',LIM2)IPAGE,XI301,A,SKIPI2),XI20), 
A,SKIP(2),XI1S),A,fIS,1),XI1S),A,fI6,3),SKIPI3),XI151, 
A,FI6,0),XI15),A,F(6,0)) ; 
PUT EDIT I'NOISE LIMIT','OIFMIN =',DIfMIN)(SKIP(4),XI20), 
A,SKIP,XIIO),A,FI4,0)) ; 
PUT EDIT I 'START PARAMETER =' ,START)ISKIPI2),Xt20),A, 
ft 6,2)) ; 

AB04S749 
AB06S749 
AB08S749 
ABIOS749 
AB12S749 
AB14S749 
AB16S749 
AB18S749 
AC02S749 
AC04S749 
AC06S749 
AC08S749 
ACIOS749 
ACllS 749 
AC12S749 
AC14S749 
AC16S749 
AC18S749 
AC20S749 
AC22S749 
A1l8S749 
A120S749 
A nos 749 
A140S749 
AlSOS749 
A160S749 
A161S749 
A162S749 
A163S749 
A164S749 
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1* APPENDIX ONE: BLADE SHAPE FROM CONTOUR FRINGES *1 AOlOS749 

STMT LEV NT 

85 

86 
87 
B8 

89 

90 
91 
92 
93 
94 
95 
96 
97 
98 
99 

100 
101 
102 

103 
104 
105 
106 
107 
108 

109 
110 
111 

1 

1 
1 
1 

1 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

1 
1 
1 
1 
1 
1 

1 
1 
1 

o 

o 
o 
o 

o 

o 
o 
o 
o 
o 
o 
o 
o 
.0 
o 
o 
o 
o 

o 
1 
1 
1 
1 
1 

1 
1 
1 

CONTOR 

PEAK 

AVCAL 

PUT EDIT I'XMAX =',XMAX,'XMIN =',XMINJISKIP(2),XI20),A, 
FI 6,0),XI 30) ,A,FI6,0» ; 
PUT EDIT I 'COMPONENT WIDTH' ,WIDTH) ISKIP(2) ,XI 15),A, FI9,5) J; 
PUT EDIT I 'DIRECTION INDICATOR=',f)ISKIPI4),XI9),A,FI3,O)); 
PUT EDIT I'X DIRECTION INVERSION REGION ','XLIMl =',XLIMl, 
'XLIM2 =',XLIM2)ISKIPI3),XII0),A,XIIOJ.A,FI7,0),XI10),A, 
FI7,O» ; 
PUT EDIT I'RUN TYPE 0 = REF 1 = SUBTRACT REF =',REFI 
ISKIP(2),XI5),A,FI3,0») ; 
IMAX = 1 ; 
IMIN = 1 ; 
I SUBl = 1 ; 
ISUB2 = 1 ; 
ISMAX,ISMIN = 0 ; 
I SUBF = 0 ; 
AV = 1 ; 
AA = 1 ; 
COUNT =-2 ; 
IPK,IAPK = 5 ; 
W = 1 ; 
IIND = 0 ; 
ASTART = START ; 
1* START OF MAIN PROGRAMME *1 
1* TO FIND MAX & MIN *1 

: DO I = 2 TO IPOINTS-l) ; 
IF IIND = 1 THEN GO TO PEAK ; 
IF VXII) > LIM1 & VXII) < LIM2 THEN GO TO AVCAL ; 

: IF VII) > VII-I) & VII) > V(I+l) THEN GO TO LAB2 ; 
IF VIII < VII-I) & VII) < VII+11 THEN GO TO LABl ; 
GO TO LAB4 ; 

1* AVERAGE CALCULATION *1 
: IF AV = 1 THEN AVSTAT = I - 6 ; 

IF AV = 1 THEN I = I - 6 ; 
VAVIAVI = IVI 1-3)+VlI-2I+VI l-lI+VIl)+VI 1+1) +VI 1+21 

A166S749 
A167S749 
A168S749 
AE10S749 
AE20S749 
AE30S749 
AE40S749 
AE50S749 
AE60S749 
A180S749 
A182S749 
A184S749 
A186S749 
A188S749 
A189S749 
A190S749 
A195S749 
A200S749 
A201S749 
A205S749 
A207S749 
A208S749 
A209S749 
A210S749 
A220S749 
A225S7't9 
A230S749 
A240S 7't9 
A250S7't9 
A260S749 
1\300S749 
A310S749 
A315S749 
A320S749 
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1* APPENDIX ONE: BLADE SHAPE FROM CONTOUR FRINGES *1 AOI0S749 

STMT lEV NT 

112 
113 
114 
115 
116 
117 
118 
119 
120 
121 
122 

123 

124 

125 

126 
127 
128 
129 
130 
131 

132 
133 
134 
135 

136 
l37 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

1 

1 

1 

1 
1 
1 
1 
1 
1 

1 
1 
1 
1 

1 
1 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

1 

1 

1 

1 
1 
1 
1 
1 
1 

1 
1 
1 
1 

1 
2 

AVlP 

AVMAX 

AVMAXl 

AVMAX2 

+VII+3))17 ; 
1=1+2 ; 
AV = AV+l ; 
IF AV < 6 THEN GO TO 
If VXIIl > llM2 THEN 
IF VXlll < lIMl THEN 
GO TO AVCAl ; 

: AA = AA+l ; 

AVCAl 
GO TO 
GO TO 

I = IAA-ll*2+AVSTAT ; 

; 
AVlP ; 
AVlP ; 

IF AA = AV - 1 THEN lINO = 1 ; 
IF AA = AV- 1 THEN I = I - 6 ; 
IF AA = AV-l THEN GO TO lAB4 ; 
1* TO FIND MAX AND MIN OF AVERAGE VALUES *1 
IF VAVIAAl > VAVIAA-l) & VAVIAA) > VAVIAA+l) THEN GO TO 
AVMAX ; 
IF VAVIAAl < VAVIAA-ll & VAVIAA) < VAVIAA+l) THEN GO TO 
AVMIN ; 
GO TO AVlP ; 
1* INVESTIGATION FOR SPURIOUS MAX PRODUCED BY NOISE *1 

: IF AA+3 > AV THEN GO TO AVMAX2 ; 
IF AA< 3 THEN GO TO AVMAX2 ; 
If VAVIAA+l) > VAVIAA+2) & VAVIAA+2) > VAVIAA+31 THEN GO TO 
AVMAXl; ELSE GO TO AVEND ; 

: IF VAVIAA-ll > VAVIAA-21 & VAVIAA-21 > VAVIAA-31 THEN GO TO 
AVMAX2 ; ELSE GO TO AVEND ; 
1* SUBMAX lOCATION *1 

: IF ISUBF = 1 THEN GO TO SMAX ; 
IF VXIIJ >"XlIM2 THEN GO TO SMAX ; 
IF VXII) < XlIMl THEN GO TO SMAX; 
SUBMAX = IVAV(AAJ-VMIN)/IVMAX-VMINl ; 
1* INVERSION ERROR CORRECTION *1 
IF SUBMAX < .75 & ISMIN = 1 THEN DO ; 

1* SUBFRI NGE *1 

PUT EDIT I'SUBMAX FRINGE ALSO FOUND SUB =',SUBMAX,'AA :', 
AA) (SKIP(101,XII01,A,F(6,31,X(20),A,F(3,01) ; 

A330S749 
A360S749 
A310S749 
A375S149 
A380S749 
A385S749 
A386S149 
A390S749 
A391S749 
A392S749 
A393S749 
A395S749 
A397S149 
A400S749 
A410S749 
A420S749 
1\430S 749 
1\440S749 
A442S 749 
1\4/,6S749 
A446S149 
A441S149 
A448S749 
A448S749 
1\ 449S749 
1\449S 749 
A450S149 
1\450S749 
1\4515749 
A452S749 
AFlOS749 
AF15S749 
AF205749 
AF255749 
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1* APPENDIX ONE: BLADE SHAPE FROM CONTOUR FRINGES *1 AOlOS749 

STMT LEV NT 

138 

139 
140 
141 
142 
143 
144 
145 
146 
147 
148 
149 
150 
151 
152 
153 

154 
155 
156 
157 
158 
159 
160 
161 
162 

163 
164 
165 
166 
167 
168 

1 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

1 
1 
1 
1 
1 
1 
1 
1 
1 

1 
1 
1 
1 
1 
1 

2 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
1 
2 
2 
2 
2 

2 
2 
2 
1 
1 
1 
1 
1 
1 

1 
1 
1 
1 
1 
1 

SMAX 

AVMIN 

AVMINl 

PUT EDIT I'PROGRAM TO RESTART ISUBl =',ISUBl) 
IPAGE,SKIP,X(30),A,FI4,0») ; 
IMAX,IMIN = 1 ; 
ISUB2,AV = 1 ; 
AA,W = 1 ; 
ISMIN,ISMAX = 0 ; 
ISUBF,IIND = 0 ; 
COUNT = -2 ; 
1=2 ; 
START = ASTART ; 
GO TO LAB4 ; 
END ; 
IF SUBMAX < .75 THEN 00 ; 

ISUBl = -1 ; 
IMIN = -1 ; 
I SUBF = 1 ; 
PUT EDIT I'SUB FRINGE PEAK ','SUB =',SUBMAX,'AA =',AA) 
ISKIP(5),XIIO),A,XI10),A,FI6,3),XIIO),A,F(3,0») ; 
I SMAX = 1 ; 
GO TO AVEND ; 
END ; 

: VMAX = VAVIAA) ; 
IF IPK-I < 2 & I -IPK < 2 THEN COUNT = COUNT - 1 ; 
IAPK = I ; 
IF IVMAX-VMINJ < DIFMIN & COUNT> o THEN GO TO AVEND ; 
COUNT = COUNT,+l ; 
GO TO AMAX ; 
1* INVESTIGATION FOR SPURIOUS MIN PRODUCED BY NOISE *1 

: IF AA+3 > AV THEN GO TO AVMIN2 ; 
IF AA< 3 THEN GO TO AVMIN2 ; 
IF VAVIAA+ll <VAVIAA+2) & VAVIAA+2) < VAVIAA+3J THEN GO TO 
AVMIN1 ; ELSE GO TO AVEND ; 

: IF VAVIAA-l) < VAVIAA-2) & VAVIAA-2) < VAVIAA-3) THEN GO TO 
AVMIN2 ; ELSE GO TO AVEND ; 

AF30S749 
AF35S749 
AF40S749 
AF41S749 
AF42S749 
AF45S749 
AF46S749 
AF50S749 
AF55S749 
AF60S749 
AF65S749 
AF70S749 
A454S749 
A455S149 
A456S749 
A457S149 
A458S149 
A460S749 
"461S149 
A462S 149 
A464S 149 
"468S749 
A46'3S149 
A468S749 
A469S 149 
A410S149 
A4'30S749 
A481S149 
A481S149 
"481S149 
A482S149 
A483S149 
A483S149 
A484S149 
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r-------------------------------------------------------

1* APPENDIX ONE: BLADE SHAPE FROM CONTOUR FRINGES *1 A010S749 

S TMT LEV NT 

1* SUBMIN LOCATION *1 
169 1 1 AVMIN2 : IF ISUBF = 1 THEN GO TO SMIN ; 
170 1 1 IF VXII) > XlIM2 THEN GO TO SHIN ; 
171 1 1 

A41345749 
A4855749 
A4865749 
114B75749 

17 2 1 1 
IF VX(I) < XlIMl THEN GO TO SMIN ; 
SUBMIN = (VAVIAAI-VMIN)/IVMAX-VMIN) ; 
1* INVERSION ERROR CORRECTION *1 

'*SUBFRINGE*11I4925749 

173 1 1 
174 1 2 

175 1 2 

176 1 2 
171 1 2 
178 1 2 
179 1 2 
180 1 2 
181 1 2 
182 1 2 
183 1 2 
184 1 2 
185 1 2 
186 1 1 
181 1 2 
188 1 2 
189 1 2 
190 1 2 

191 1 2 
192 1 2 
193 1 2 
194 1 1 SMIN 
195 1 1 
196 1 1 
197 1 1 

IF SUBMIN > .25 & ISMAX = 1 THEN DO ; 
PUT EDIT ('SUBMIN FRINGE ALSO FOUND SUB =',SUBMIN,'AA =', 
AA) (5KIPll0),XI10),A,F(6,3J,XI20),A,F(3.0» ; 
PUT EDIT I 'PROGRAM TO RE5TART 15UBl -',ISUB1) 
(PAGE,SKIP,XI30),A,F(4,O» ; 
IMAX,IMIN '" 1 ; 
I 5UB2,AV - 1 ; 
AA, W '" 1 ; 
15MIN,I5MAX - 0 ; 

'I5UBF,IINO = 0 ; 
COUNT - -2. ; 
1= 2 ; 
5TART '" ASTART ; 
GO TO LAB4 ; 
END ; 
IF SUBMIN > .25 THEN DO ; 

15UBl '" -1 ; 
IMAX - -1 ; 

. I SUBf '" 1 ; 
PUT EDIT I'FRINGE 5UBMINN','SUBMIN =',SUBMIN,'AA =',AA) 
ISKIP(5),XI 10)' A,X( 10) ,A,FI6,3J ,X(lO) ,A,FI3,O» ; 
ISMIN '" 1 ; 
GO TO AVEND ; 
END ; 

: VMIN - VAVIAA) ; 
IF IPK-I < 2 & I -IPK < 2 THEN COUNT = COUNT - 1 ; 
IAPK = I ; 
IF I VMAX-VMI NJ < DIFMIN & COUNT> 0 THEN GO TO AVEND ; 

IIG10S749 
IIG15S749 
AG20S 749 
AG255749 
IIG30S 749 
IIG355749 
IIG40S749 
I\G't1S 749 
IIG42S749 
I\G45S749 
I\G46S749 
I\G50S749 
I\G55S749 
IIG60S 749 
IIG655749 
I\G705749 
1\4945749 
114955749 
1\4965749 
114975749 
1\4985749 
1\500S749 
11501S749 
1\5025749 
1\5045749 
1150857'.9 
1\508S749 
1\50135749 
1\5095749 

PAGE 8 

, i 

I 



f 
1* APPENDIX ONE: BLADE 5HAPE FROM CONTOUR FRINGE5 *1 AOI0S749 

5TMT LEV NT 

198 1 1 
199 1 1 
200 1 1 LAB1 
201 1 1 
202 1 1 
203 1 1 
204 1 1 

205 1 1 AMIN 
206 1 1 
207 1 1 

208 1 1 
209 1 2 
210 1 2 
211 1 2 
212 1 2 
213 1 2 

214 1 2 

215 1 1 
216 1 2 
217 1 2 
218 1 2 
219 1 2 
220 1 2 
221 1 2 

222 1 2 
223 1 1 
224 1 1 
225 1 1 LAB2 
226 1 1 

COUNT = COUNT+! ; 
GO TO AMIN ; 

: COUNT = COUNT+l ; 
IF IAPK-I < 2 & I-IAPK < 2 THEN COUNT = COUNT - 1; 
I PK = I ; 
VMIN = V(1) ; 
PUT EDIT I'VMIN =',VMIN,'I =',I,'COUNT =',COUNT)(5KIP, 
XII0),A,F(6,O),XII0),A,F(5,1) ,X(15),A,F(4,1) ; 

: IF IMAX = -1 THEN N = M ; 
IF IMIN .. -1 THEN N = I ; 
IF IMIN = 1 THEN M = I ; 
1* PARAMETERS RESET FOR INVERSION AT A SUBMIN *1 
IF IMAX = -1 THEN DO ; 

W = -1 ; 
START = START + COUNT - 1 ; 
COUNT" 0 ; 
IMAX .. 1 ; 
PUT EDIT ('INVERSION POINT AT SUBMIN START =',START) 
(5KIPI5),A,FI4,O») ; 
END ; 

1* PARAMETERS RE5ET FOR INVERSION AT A MAX *1 
If 15UB2 = -1 THEN 00 ; 
START = START + COUNT ; 

COUNT .. 0 ; 
W .. -1 ; 
ISUBl = -1 ; 
I SUB 2 = 1 ; 
PUT EDIJ ('INVERSION POINT AT MAX 5TART .',5TART) 
(5KIP(5),X(20),A,F(4,O» ; 
END ; 

IF COUNT < 0 THEN GO TO LAB4 ;. 
GO TO LAB3 ; 

: COUNT .. COUNT.1 ; 
IF IAPK-I < 2'& I-IAPK < 2 THEN COUNT" COUNT - 1 ; 

1\510S749 
1\5205749 
1\5305149 
1\5355749 
A537S 149 
A540S14'1 
1\5505149 
A560S149 
A562S149 
A565S149 
1\570S149 
1\57157't9 
A572S749 
A5735749 
A5745149 
A5755749 
A576S749 
A5775749 
A5785749 
A579S749 
A580S149 
A5805149 
1\581S749 
A5825749 
A5835749 
A 584S749 
A585S749 
A586S749 
A587S 149 
1\588S749 
A589S149 
A590S149 
1\600S749 
1\605S749 
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r-o-----------------------------------~~~~~~~~- ---- ----

1* APPENDIX ONE: BLADE SHAPE FROM CONTOUR FRINGES *1 A010S149 

STMT LEV NT 

227 1 1 
228 1 1 
229 1 1 

230 1 1 AMAX 
231 1 1 
232 1 1 

233 1 1 
234 1 2 
235 1 2 
236 1 2 
231 1 2 
238 1 2 

239 1 2 

240 1 1 
241 1 2 
242 1 2 
243 1 2 
244 1 2 
245 1 2 
246 1 2 

247 1 2 
248 1 1 

249 1 1 LAB3 
250 1 1 
251 1 1 
252 1 1 
253 1 1 
254 1 1 

JP K = I ; 
VMAX : VI I) ; 
PUT EDIT I'VMAX :',VMAX,'I :',I,'COUNT =',COUNT'(SKIP, 
XIIO),A,FI6,OJ,XI10),A,FI5,U,X(lO),A,Fl5,U) ; 

: IF IMIN =-1 THEN M = N ; 
IFIMAX - -1 THEN M - I ; 
IF IMAX : 1 THEN N = I ; 
1* PARAMETERS RESET FOR INVERSION AT A SUBMAX *1 
IF IMIN " -1 THEN DO ; 

W "-1 ; 
START = START + COUNT - 1 ; 
COUNT = 0 ; 
IMIN "1 ; 
PUT EDIT ('INVERSION POINT AT SUBMAX START :',START) 
(SKIP(5),XI20),A,F(4,OI) .' 

END ; 
1* PARAMETERS RESET FOR INVERSION AT A HIN *1 
IF ISUB2 = -1 THEN DO ; 
START : START + COUNT ; 

COUNT : 0 ; 
W = -1 ; 
ISUB1 = -1 ; 
ISUB2 "1 ; 
PUT EDIT I 'INVERSION POINT AT HIN START =',START) 
(SKIPI51,XI20),A,F(4,OJ) ; 
END ; 

IF COUNT < 0 THEN GO TO LAB4 ; 
1* NOISE INVESTIGATION *1 

: If IVMAX-VMINl < DIFHIN THEN COUNT" COUNT-2 ; 
If IVMAX-VHINl < DIFMIN THEN GO TO AVEND ; 
IF N > M THEN GO TO LABA ; 
NN = N ; 
MM " M ; 
Q = -1 ; 

A607S749 
A610S749 
1\620S749 
A630S749 
A632S749 
"635S749 
"640S749 
"641S749 
A642S 149 
1\643S749 
1\ 644S 749 
"645S749 
A646S749 
1\641S149 
1\6It8S749 
1\649S749 
"650S149 
1\650S149 
A651S149 
I\S51S7',9 
A652S149 
A653S 749 
A654S149 
A655S749 
1\656S149 
A657S749 
1\658S149 
1\659S149 
1\659S 149 
1\660S149 
1\ 67 fJS 149 
1\680S149 
A690S149 
A 100S749 
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1* APPENDIX ONE: BLADE 5HAPE FROM CONTOUR FRINGE5 *1 AOI05749 

5TMT LEV NT 

255 
256 
251 
258 

259 
260 
261 
262 
263 
264 
265 
266 
267 
268 
269 
210 
271 
272 
273 
274 

275 
216 
217 
218 
219 
280 
281 
282 

283 
284 

1 1 
1 1 LABA 
1 1 
1 1 

1 1 CALA 
1 2 
1 2 
1 2 
1 2 
1 2 
1 2 A5IN 
1 2 
1 2 
1 2 
1 2 
1 2 
1 2 
1 2 
1 2 
1 2 85IN 

1 2 
1 2 
1 2 
1 2 LABC 
1 2 L ABO 
1 2 
1 2 
1 2 

1 2 
1 2 

GO TO CALA ; 
: NN = M ; 

MM = N ; 
Q " 1 ; 
1* TO PLOT COMPONENT 5HAPE *1 
1* APPLICATION OF A 5INE 5QUARED FIT *1 

: DO L = NN TO MM j 

AINT " IV1LI-VMINI/CVMAX-VMINI ; 
IF AINT , 0 THEN AINT = - AINT; 
C = 5QR TlAINTI ; 
K,J = 0 ; 
P " 1 ; 

: YEW = J/2**K ; 
P = P + VEW ; 
5 = 5INI. 7854*PI ; 
IF C-S < .001 & C-S > -.001 THEN GO TO BSIN ; 
IF C-5 > 0 THEN J = 1 ; 
IF C-S < 0 THEN J = -1 .j 
K = K+l; 
IF K " 10 THEN GO TO B5IN ; 
GO TO ASIN ; 

: R = PI2 ; 
1* TOCALCULATE BLADE 5HAPE *1 
IF Q " -1 THEN GO TO LABC ; 
ZILI = ISTART+IW*Y*ICOUNT+RIII*DELTA*.5 ; 
GO TO LABD ; 

: ZILl = 15TART+IW*Y*ICOUNT+1-Rln*DELTA*.5 ; 
: EXILI = IWIDTH*lXMAX-VXILIII/IXMAX-XMINI ; 

IF W = -1 THEN GO TO CALEND ; 
IF VXCLI < XLIMl THEN GO TO CALEND ; 
IF VXIL) > XLIM2 THEN GO TO CALEND ; 

1* LINEAR FIT TO FIND SHAPE GRADIENT: DIRECTION INVER510N*1 
IF I5UBl = -1 THEN GO TO CALENO ; 
DEXB = IEXILI+EXIL-11+EXIL-21+EXIL-31+EXlL-4»/5 ; 

1\7105749 
A7205749 
A 7305749 
A 7405749 
A 7505749 
A 7605749 
A7805749 
A7905749 
A7955749 
A800S749 
A820S749 
A8305749 
A8405749 
A8505749 
A 8605749 
A870S749 
A8805749 
A8905749 
A900S749 
A910S749 
A9205749 
A9255749 
BOI0S749 
8020S749 
80305749 
80405749 
B0505749 
6058S749 
6101S749 
8102S749 
6103S749 
8605S749 
88105749 
8B125749 
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r------------------------------------------------------ -- ---

1* APPENDIX ONE: BLADE SHAPE FROM CONTOUR FRINGES *1 AOI05749 

STMT LEV NT 

285 1 2 

286 . 1 2 

287 1 2 
288 1 2 
2B9 1 3 
290 1 3 
291 1 3 
292 1 3 
293 1 3 

294 1 3 
295 1 2 
296 1 1 
297 1 1 
298 1 0 

299 1 0 

300 1 0 
301 1 0 
302 1 0 
303 1 1 
304 1 1 
305 1 1 
306 1 1 
307 1 1 
308 1 1 
309 1 1 
310 1 1 
311 1 1 
312 1 1 

CALEND 
AVENO 
LAB4 

LlCAL 

LlCENO 

OSUM=IIEXILl-OEXBl*ZILI+IEXIL-IJ-DEXB1*ZIL-ll+IEXll-2l-OEXBJBBI3S749 
*Zll-21+IEXIL-31-0EXBI*Zll-3l+IEXll-4J-DEXBI*Zll-4Il ; 
OSQU = IllEXlll-DEXBI**2+IEXIL-II-DEXBI**2+IEXIL-21-0EXBJ, 
**2+(EXIl-31-DEXBl**2+IEXIL-4J-DEXBJ**2J) ; 
OZ = OSUM/OSQU ; 
IF DZ < GRAD & DZ > -GRAO THEN 00 ; 

ISUBI = -1 ; 
ISUB2 ,. -1 ; 
I SHIN = 1 ; 
ISHAX ;; 1 ; 
PUT .EDIT l'INVERSION POINT EX =',EXIL)) (SKIPI5l,XI20), 
A,FI9,511 ; 
END ; 

: END CALA ; 
: IF AA < AV-l THEN GO TO AVLP. ; 
: END CONTOR ; 

PUT EDIT I'POINTS NUM8ER',lEX VALUE','Z VALUE'} 
IPAGE,XI201,A,XI201,A,X(20),A} ; 
PUT EDIT IIT,EXITI,ZITI DO T=1 TO POINTS)) 
ISKIP,X(25) ,F14,O),X1241 ,FI9,5l ,X(20) ,FI9,5Jl ; 
1* CALCULATION OF CENTROIO & RADII OF GYRATION *1 
PLI N = 0 ; 
XM1,XM2,lHl,ZM2,Hl = 0 ; 

: DO T = 12 TO IPOINTS - 121 ; 
OSQ = IEXI T+1I-EXITII**2 + IZ(T+l)-ZIT) 1**2 ; 
IF OSQ = 0 THEN GO TO LICEND ; 
OS = SQRTIOSQ) ; 
PLlN = PLIN + OS ; 
XMl = XMl + 1.5*OS*IEXIT+l)+EX(T})) ; 
XM2 = XM2 + 1.25*D5*IEXIT+ll+EXITI}**2} ; 
ZMl ,. ZHl + 1.5*OS*IZ(T+ll+ZIT)}} ; 
ZH2 = ZM2 + 1,.25*DS*tzlT+1l+ZIT»**2) ; 
HI = HI + 1.25*OS*IEXIT+l)+EXITll*IZIT+IJ+ZITll) ; 

: END LICAl ; 

BB145749 
BB15S749 
8B16S749 
8817S749 
BB205749 
8B30S749 
8B40S749 
8B44S749 
BB46S749 
BB48S749 
8B49S749 
BB50S749 
8115S749 
B120S749 
B130S749 
B132S749 
8133S749 
B 134S 749 
B135S7Lt9 
POIOS149 
P015S749 
P020S749 
P040S749 
P060S749 
P080S7't9 
PI00S749 
P 120S749 
P1455749 
P160S749 
P1805749 
P2005749 
P 2205749 
P240S749 
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1* APPENDIX ONE: BLADE SHAPE FROM CONTOUR FRINGES *1 AOI0S149 

STMT LEV NT 

313 1 0 
314 1 0 
315 1 0 
316 1 0 
311 1 0 
318 1 0 
319 1 0 
320 1 0 
321 1 0 
322 1 0 
323 1 0 
324 1 0 
325 1 0 
326 1 0 
321 1 0 
328 1 0 

329 1 0 

330 1 0 

331 1 0 

332 1 0 
333 1 1 
334 1 1 
335 1 1 
336 1 1 
337 1 1 
338 1 1 
339 1 1 

XBAR ; XM1/PLIN ; P260S749 
RADX ; XM2/PLIN; P280S749 
ZBAR ; ZM1/PLIN ; P300S749 
RADI ; ZM2/PLIN ; P320S749 
XRAD ; SQRTtRADXI ; P340S749 
XROOT : {RADX-XBAR**21 ; P360S749 
IF XROOT < 0 THEN XROOT = -XROOT ; P362S749 
XRG : SQRT{XROOT I ; P364S749 
ZRAD • SQRT{RADZI ; P380S749 
ZROOT = {RADZ-18AR**21 ; P400S149 
IF ZROOT < 0 THEN ZROOT : -ZROOT ; P 402S149 
ZRG : SQRT ( ZROOT J ; P404S149 
HXZ : H1/PLIN ; P420S149 
HBAR = (HXI-XBAR*ZBARI ; P440S149 
PTAN : 2*HBAR/(XRG**2-ZRG**2J ; P460S149 
PUT EDIT ('CURVE LENGTH =',PLIN,'XBAR =',XBAR,'ZBAR =',IBARJP500S149 
{PAGE,SKIP(10),X{101,A,FI9,51,SKIPI21,XIIOI,A,FI9,51,X(201, P520S749 
A,FI9,511 ; P540S149 
PUT EDIT I'RAD OF G X SQ :',RADX,'XRAD ;',XRAD,'XRG =',XRGI P560S749 
ISKIP{51,XI101,A,FI9,51,XI101,A,FI9,5),XI10J,A,FI9,511; P580S749 
PUT EDIT ('RAD OF G Z SQ =',RAOZ,'ZRAD :',ZRAO,'ZRG =',ZRGI P600S749 
ISKIPI51,XIIO),A,F{9,51,XI101,A,FI9,51,XII0J,A,f(9,5); P620S149 
PUT EDIT ('CROSS TERM :' ,HXZ, 'HBAR .' ,HBAR, P640S749 
'TWICE ANGLE OF P AXES =',PTANIISKIP(5),X{10I,A,F(9,51, P680S749 
XI101,A,FI9,5J,SKIPI21,X(10),A,FI9,511 ; P100S749 
1* REFERENCE SHAPE DATA *1 P750S749 
IF REF = 0 THEN 00 ; P800S749 
RXBAR ; XBAR ; P820S749 
RZBAR = ZBAR ; P840S749 
RXRAD ; XRAD ; P 860S 7~t9 
RXRG ; XRG ; P 880S 749 
RZRAD = ZRAD ; P900S749 
RZRG = ZRG ; P920S149 
RTAN ; PTAN ; P940S749 

I 
.' 
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r---------------------------------------------------------------------------- --- - -

1* APPENDIX ONE: BLADE SHAPE FROM CONTOUR FRINGES *1 AOIOS149 

STMT lEV NT 

340 1· 1 
341 1 1 
342 1 1 

343 1 0 
344 1 0 
345 1 0 
346 1 0 
347 1 0 
348 1 0 

349 1 0 

350 1 0 FRED 
351 1 0 
352 1 0 FINISH 

PUT EDIT ('REF DATA SET ')(SKIPI2),XI5),A) ; 
GO TO FRED ; 
END ; 
1* DIFFERENCE CALCULATION *1 
XSHIFT = RXBAR - XBAR ; 
ISHIFT = RIBAR - lBAR ; 
DIFTAN = (PTAN -RTANI/11+PTAN*RTAN) ; 
DTAN = 5QRTIl +1/(DIFTAN**2» - 1/DIFTAN ; 
ANGL = 57.3066*DTAN ; 
PUT EDIT ('DIFFERENCE PARAMETERS' ,'XSHIFT =',XSHIFT, 
'ISHIFT =',ISHIFT)IPAGE,5KIPIIO),XI30),A,SKIPI2),X(10), 
A,FI9,5).XI20J ,A,FI9,5») ; 
PUT EDIT I'DIFTAN =',DIFTAN,'ANGULAR DIFFERENCE =',ANGL) 
15KIP(5),XI10),A,FI9,5),SKIPI5),XI10),A,FI9,5J) ; 

: FREE VX,V,I,EX,VAV ; 
GO TO VDATA ; 

: END HOLD ; 

P960S149 
P980S7'.9 
P990S749 
Q0205149 
Q040S 149 
Q0605749 
Q0805749 
Q1005749 
Q1205149 
Q140S749 
Q1805749 
Q1905749 
Q200S749 
Q220S749 
T0205149 
T040S749 
T060S749 
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OCL NO. 

8 

34 

65 

******** 

230 

205 

******** . 

5 

6 

265 

1* APPENDIX ONE: BLADE SHAPE FROM CONTOUR FRINGES *1 A010S749 PAGE 15 

ATTRIBUTE AND CROSS-REFERENCE TABLE 

ICENTIFIER ATTRIBUTES AND REFERENCES 

AA 

ABLK 

AGIN 

AINT 

AMAX 

AMIN 

ANGL 

APO 

APOINT 

ASIN 

AUTOMATIC ALIGNED BINARY FIXEDI15,O) 
97, 118, 118, 119, 120, 121, 122, 123, 123, 123, 123, 124, 124, 124. 124, 126, 127. 128, 128, 12131 

128, 130, 130, no, 130, 135, 137, 141, 153, 157, 163, 164, 165, 165, 165, 165, 167, 167, 161, 
167, 172, 174, 178, 190, 194, 296 

1* STATEMENT LABEL CONSTANT *1 
30 

1* STATEMENT LABEL CONSTANT *1 
69 

AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOAH6J 
260, 261, 261, 261, 262 

1* STATEMENT LABEL CONSTANT *1 
162 

1* STATEMENT LABEL CONSTANT *1 
199 

AUTOMATIC ALIGNED DECIMAL 1* SINGLE 
347, 349 

AUTOMATIC ALIGNED BINARY FlXED( 15,0) 
50, 51 

AUTOMATIC ALIGNED BINARY F IXEDIl5, OJ 
51, 52 

1* STATEMENT LABEL CONSTANT *1 
273 

*1 FLOAH6J 



DCL NO. 

3 

8 

109 

296 

u8 

126 

130 

132 

163 

167 

169 

8 

1* APPENDIX ONE: BLADE SHAPE FROM CONTOUR FRINGES *1 

IDENTIFIER ATTRIBUTES AND REFERENCES 

ASTART 

AV 

AUTOMATIC ALIGNED BINARY FIXEDl15,O) 
102, 146, 183 

AUTOMATIC ALIGNED BINARY FIXED(15,O) 

AOlOS749 

96, 109, 110, Ill, 113, 113, 114, 120, 121,122, 126, 140, 163, 171, 296 

AVCAL 

AVEND 

AVLP 

AVMAX 

AVMAX1 

AVMAX2 

AVMIN 

AVMINl 

1* STATEMENT LABEL CONSTANT *1 
105, 114, 117 

1* STATEMENT LABEL CONSTANT *1 
129, 131, 155, 160, 166, 168, 192, 191, 250 

1* STATEMENT LABEL CONSTANT *1 
115, 116, 125, 296 

1* STATEMENT LABEL CONSTANT *1 
123 

1* STATEMENT LABEL CONSTANT *1 
128 

1* STATEMENT LABEL CONSTANT *1 
126, 127, 130 

1* STATEMENT LABEL CONSTANT *1 
124 

1* STATEMENT LABEL CONSTANT *1 
165 

AVMIN2 1* STATEMENT LABEL CONSTANT *1 
163, 164, 161 

AVSTAT AUTOMATIC ALIGNED BINARY FIXEDI15,O) 

PAGE 16 



....................... ---------------------------------
I 

I DCL NO. 

274 

22 

******** 

259 

295 

20 

18 

******** 

103 

8 

15 

1* APPENDIX ONE: BLADE SHAPE FROM CONTOUR FRINGES *1 

IDENTIFIER ATTRIBUTES AND REFERENCES 

109. 119 

BSIN 1* STATEMENT LABEL CONSTANT *1 
268, 272 

BW DEFINED CARD POSITIONI60t UNALIGNED CHARACTER(20) 
79 

C AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOATI6j 
262, 26B, 268, 269, 270 

CALA 1* STATEMENT LABEL CONSTANT *1 
255 

CALEND 1* STATEMENT LABEL CONSTANT *1 
280, 281, 282, 283 

CARD EXTERNAL STATIC UNALIGNED CHARACTERI80) 
21, 22, 76 

CARDST 130) AUTOMATIC UNALIGNED CHARACTER(80) 
71, 76 

CARDTOT AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOAT(6) 
74, 75 

CONTOR 1* STATEMENT LABEL CONSTANT *1 

COUNT AUTOMATIC ALIGNED BINARY FIXEDI15,0) 

AOlOS749 PAGE 17 

98, 144, 158, 158, 160, 161, 161, 181, 195, 195, 197, 198, 198, 200, 200, 201. 201, 204,210, 211 
216, 217, 223, 225, 225. 226, 226, 229, 235, 236, 241, 242, 248, 249, 249, 276, 278 

D EXTERNAL STATIC UNALIGNED CHARACTERll) 



~-------~-- - - --~- -- - - - -

CCL NO. 

******** 

******** 

******** 

******** 

******** 

******** 

******** 

******** 

******** 

******** 

******** 

1* APPENDIX ONE: BLADE SHAPE FROM CONTOUR FRINGES *1 

IOENT IFIER ATTRIBUTES AND REFERENCES 

DELTA 

DELTAA 

OEXB 

29, 30. 32, 33, 60, 61, 64, 65, 67, 69 

AUTOMATIC ALIGNED OECIMAL 1* SINGLE *1 FLOATI6J 
53, 82, 276, 278 

AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOAT(6) 
37, 53 

AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOAT(6) 

AOI0S749 

284, 285, 285, 285, 285, 285, 286, 286, 286, 286, 286 

DIFMIN 

OIFTAN 

OS 

OSQ 

DSC;U 

DSUM 

OTAN 

DZ 

AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOAT(6) 
38, 83, 160, 197, 249, 250 

AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOAT(6) 
345, 346, 346, 349 

AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOAT(6) 
305, 306, 307, 308, 309, 310, 311 

AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOATI6J 
303, 304, 305 

AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOAT(6) 
286, 287 

AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOAT(6) 
285, 287 

AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOAT(6) 
346, 347 

AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOAT(6) 
287, 288, 288 
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352 

******** 

350 

******** 

******** 

******** 

1 

1* APPENDIX ONE: BLADE SHAPE FROM CONTOUR FRINGES *1 AOIOS749 PAGE 19 

IDENTIFIER ATTRIBUTES AND REFERENCES 

ERROR1 

ERR1 

ERR2 

EX 

FINISH 

FLCOR 

FRED 

GRAD 

GRADA 

HBAR 

HOLO 

1* STATEMENT LABEL CONSTANT *1 
61 

AUTOMATIC UNALIGNED INITIAL.CHARACTER(21) 
31 

AUTOMATIC UNALIGNED INITIAL CHARACTER(14) 
63 

(*) CONTROLLED ALIGNED DECIMAL 1* SINGLE *1 FLOAT(6) 
46, 56, 279, 284, 284,284, 284, 284, 285, 285, 285, 285, 285, 286, 286, 286, 286, 286, 293, 299, 
303, 303, 307, 307, 308, 308, 311, 311, 350 

1* STATEMENT LABEL CONSTANT *1 

BUlL TIN 
51 

1* STATEMENT LABEL CONSTANT *1 
341 

AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOAH6) 
41, 288, 288 

AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOATl6) 
39, 41 

AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOATl61 
326, 327, 331 

EXTERNAL ENTRY RETURNSlALIGNED DECIMAL 1* SINGLE *1 FLOAT(6)) OPTIONS{MAINJ 



~ - - -----------------. 

1* APPENDIX ONE: BLADE SHAPE FROM CONTOUR FRINGES *1 AOlOS749 PAGE 20 

CCL NO. I OENU FI ER ATTRIBUTES AND REFERENCES 

******** HXl AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOATl6J 
32S, 326, 331 

******** Hl AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOAH61 
301, 311, 311, 32S 

******** I AUTOMATIC ALIGNED BINARY FIXEOl1S,OI 
103, lOS, lOS, 106, 106, 106, 106, 107, 107, 107, 107, 109, 110, 110, 111, 111, 111, Ill. 111, 
Ill, III , ll2, 112, llS, 116, 119, 121. 121, 133, 134, 14S, 158, IS8, IS9, 17O, 171, 182, 19S, 
19S, 196, 201, 201, 202, 203, 204, 206, 207, 226, 226, 227, 228, 229, 231, 232 

******** IAPK AUTOMATIC ALIGNED BINARY FIXED(lS,O) 
99, lS9, 196, 201, 201, 226, 226 

14 IDENT EXTERNAL STATIC UNALIGNED CHARACTER(9) 
3S, 36, 63, 77 

******** I I AUTOMATIC ALIGNED BINARY FIXEOl1S,0) 
28, 71, 72, 72, 73, 74, 7S, 76, 78 

******** IlND AUTOMATIC ALIGNED BINARY FIXEDl1S,OJ 
101, 104, 120, 143, 180 

9 IMAX AUTOMATIC ALIGNED BINARY FIXEDllS,OI 
90, 139, 176, 188, 20S, 208, 212, 231, 232 

9 IMIN AUTOMATIC ALIGNED BINARY FIXED(lS,OJ 
91, 139, lS1, 176, 206, 207, 230, 233, 237 

16 INDIC AUTOMATIC UNALIGNED CHARACTERU I 
34, 63 

23 INPT EXTERNAL FILE INPUT 
29, 32, 3S, 37, 38, 39, 40, S8, 60, 6S 



f 
I DCL 
I 

NO. 

******** 

******** 

******** 

******** 
4 

4 

******** 

******** 

******** 

******** 

256 

'I 

1* APPENDIX ONE: BLADE SHAPE FROM CONTOUR FRINGES *1 AOI0S149 PAGE 21 

IDENTIFIER ATTRIBUTES AND REFERENCES 

IPK 

ISMAX 

ISMIN 

ISUBF 

ISUB1 

ISUB2 

J 

JJ 

K 

L 

UBA 

AUTOMATIC ALIGNED BINARY FIXEDl15,0) 
99, 158, 158, 195, 195, 202, 221 

AUTOMATIC ALIGNED BINARY FIXEDC15,OJ 
94, 142, 154, 113, 119, 292 

AUTOMATIC ALIGNED BINARY FIXEOC15,0) 
94, 136, 142, 119, 191, 291 

AUTOMATIC ALIGNED 8INARY FIXEDC15,0) 
95, 132, 143, 152, 169, 180, 189 

AUTOMATIC ALIGNED BINARY FIXEDC15,OJ 
92, 138, 150, 115, 181, 219,244, 283, 2B9 

AUTOMATIC ALIGNED BINARY FIXEOCI5,0) 
93, 140, 117, 215, 220, 240, 245, 290 

AUTOMATIC ALIGNED BINARY FIXEOCl5,OJ 
263, 265, 269, 210 

AUTOMATIC ALIGNED BINARY FIXEDC15,0) 
55, 66, 66, 68 

AUTOMATIC ALIGNED BINARY FIXEDCI5,01 
263, 265, 271, 211, 212 

AUTOMATIC ALIGNED BINARY FIXED(15,01 
259, 260, 216, 278, 219, 219, 281, 282, 284, 284, 284, 284, 284, 285, 285, 285, 285, 285, 285, 
285, 285, 285, 285, 286, 286, 286, 286, 286, 293 

1* STATEMENT LABEL CONSTANT *1 
251 
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1* APPENDIX ONE: BLADE SHAPE FROM CONTOUR FRINGES *1 AOI0S749 PAGE 22 

DCl NO. IDENTIFIER ATTRIBUTES AND REFERENCES 

278 LABC 1* S TA TEMENT LABel CONSTANT *1 
275 

279 LABD 1* STATEMENT LABel CONSTANT *1 
277 

200 LABl 1* STATEMENT LABEl CONSTANT *1 
107 

225 LAB2 1* STATEMENT LABEl CONSTANT *1 
106 

249 LAB3 1* STATEMENT LABel CONSTANT *1 
224 

297 lAB4 1* STATEMENT LABEL CONSTANT *1 
lOB, 122, 147, 184, 223, 248 

302 L1CAL 1* STATEMENT LABel CONSTANT *1 

312 LICEND 1* STATEMENT LABEL CONSTANT *1 
304 

13 L1M1 AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOAT( 6) 
37, B2, 105, 116 

13 L1M2 AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FlOATC6) 
37, B2, 105, 115 

75 LOOK 1* STATEMENT LABEL CONSTANT *1 

******** M AUTOMATIC ALIGNED BINARY FIXED(15,0) 



2 

. DCL NO. 

******** 

2 

******** 

******** 

******** 

106 

******** 

8 

******** 

71 

74 

1* APPENDIX ONE: BLADE SHAPE FROM CONTOUR FRINGES *1 AOIOS749 

I CENT IHER ATTRIBUTES AND REFERENCES 

MM 

MP 

N 

NN 

P 

PEAK 

PUN 

POINTS 

PTAN 

PI 

P2 

205, 207, 230, 231, 251, 253, 256 

AUTOMATIC ALIGNED BINARY FIXED(15,O) 
.253, 257, 259 

(20) AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOAT(6) 

AUTOMATIC ALIGNED BINARY FIXEOI15,0) 
205, 206, 230, 232, 251, 252, 257 

AUTOMATIC ALIGNED BINARY FIXEDI15,O) 
252, 256, 259 

AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOAT(6) 
264, 266, 266, 267, 274 

1* STATEMENT LABEL CONSTANT *1 
104 

AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOAT(6) 
300, 306, 306, 313, 314, 315, 316, 325, 328 

AUTOMATIC ALIGNED BINARY FIXEDI15,0) 
37, 46, 46, 46, 46, 48, 48, 50, 51, 82, 103, 299, 302 

AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOAT(6) 
321, 331, 339, 345, 345 

1* STATEMENT LABEL CONSTANT *1 
62, 68, 10, 73 

1* STATEMENT LABEL CONSTANT *1 
27 

PIIGE 23 
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8 

******** 

******** 

******** 

******** 

32 

11 

******** 

12 

******** 

******** 

******** 

1* APPENOIX ONE: BLAOE SHAPE FROM CONTOUR FRINGES *1 

I DENTlfl ER ATTRIBUTES AND REFERENCES 

Q AUTOMATIC ALIGNED BINARY FIXED1l5,0) 
254, 258, 275 

R AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOAT(6) 
274, 276, 278 

RADX AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOAT(61 
314, 317, 318, 329 

RADZ AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOAT(6) 
316, 321, 322, 330 

REF AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOAT(6) 
40, 42, 44, 47, 89, 332 

REPEAT 1* STATEMENT LABEL CONSTANT *1 
26, 33 

AOIOS749 

REX (*) CONTROLLED ALIGNEO DECIMAL 1* SINGLE *1 FLOAT(61 
43, 48 

RTAN AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOAT(61 
339, 345, 345 

RUN EXTERNAL STATIC UNALIGNED CHARACTER(lOI 
35, 36 

RXBAR AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOAT(61 
333, 343 

RXRAD AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOAT(61 
335 

RXRG AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOAT(61 

PAGE 24 
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eCl NO. 

111 

******** 

******** 

******** 

******** 

******** 

157 

194 

******** 

8 

53 

l'J 

1* APPENDIX ONE: BLADE SHAPE FROM CONTOUR FRINGES *1 AOlOS749 

IDENTIFIER ATTRI8UTES AND REFERENCES 

RI 

RIBAR 

RIRAD 

RIRG 

S 

SIN 

SMAX 

SMIN 

SQRT 

START 

336 

1*) CONTROllED ALIGNED DECIMAL 1* SINGLE *1 FLOAT(6) 
43, 48 

AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOAT(6) 
334, 344 

AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOATl6J 
337 

AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOAT(6) 
338 

AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLbATl6J 
267, 268, 268, 269, 270 

BUILTIN 
267 

1* STATEMENT lABEL CONSTANT *1 
132, 133, 134 

1* STATEMENT LABEL CONSTANT *1 
169, 170, 171 

BUILTIN 
262, 305, 317, 320, 321, 324, 346 

AUTOMATIC ALIGNED BINARY FIXEDI15,O) 

PAGE 25 

38, 84, 102, 146, 183, 210, 210, 213, 216, 216, 221. 235, 235, 238, 241, 241, 246. 216, 218 

STCAl 1* STATEMENT LABEL CONSTANT *1 



DCL NO. 

******** 

******** 

******** 

******** 

8 

21 

10 

11 

29 

******** 

1* APPENDIX ONE: BLADE SHAPE FROM CONTOUR FRINGES *1 AOI0S749 PAGE 26 

IDENTIFIER ATTRIBUTES AND REFERENCES 

SU8MAX AUTOMATIC ALIGNED DEC I MAL 1* SINGLE *1 FLOAH6J 
135, 136, 137, 149, 153 

SUBMIN AUTOMATlC ALIGNED DECIMAL 1* SINGLE *1 FLOATl6J 
172, 173, 174, 186, 190 

SYSIN EXTERNAL fILE 
27, 71 

SYSPRINT EXTERNAL FILE STREAM OUTPUT PRINT 

T 

TEST 

v 

31, 36, 63, 64, 67, 78, 79, 82, 83, 84, 85, 86, 87, 88, 89, 137, 138, 153, 174, 175, 190, 204, 
213, 221, 229, 238, 246, 293, 298, 299, 328, 329, 330, 331, 340, 348, 349 

AUTOMATIC ALIGNED BINARY FIXEDI15,OJ 
57, 58, 58, 299, 299, 299, 299, 302, 303, 303, 303, 303, 307, 307, 308, 308, 309, 309, 310, 310, 
311, 311i 311, 311 

DEFINED CARD POSITION(1) UNALIGNED CHARACTER(9J 
17 

(*) CONTROLLED ALIGNED DECIMAL 1* SINGLE *1 FLOAT(61 
I 

I 

46, 58, 106, 106, 106, 106, 107, 107, 107, 107, 111, 111, 111, lll, 111, 111, 111, 203, 228, 
350 

260,: 

VAV 

VOATA 

V~AX 

(*J CONTROLLED ALIGNED DECIMAL 1* SINGLE *1 FLOAT(61 
52, Ill, 123, 123, 12~, 123, 124, 124, 124, 124, 128, 128, 128, 128, 130, 130, 130, 130, 135, 157 
165, 165, 165, 165, 167, 167, 167, 167, 172, 194, 350 

1* STATEMENT LABEL CONSTANT *1 
351 

AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOAT(6) 
135, 157, 160, 172, 197, 228, 229, 249, 250, 260 



.................... ---------------------------------------
OCL NO. 

******** 

10 

******** 

******** 

******** 

******** 

******** 

******** 

******** 

******** 

******** 

******** 

1* APPENDIX ONE: BLADE SHAPE FROM CONTOUR FRINGES *1 A010S149 

ICENTlFIER ATTRIBUTES AND REFERENCES 

VMIN 

VX 

W 

WIDTH 

WIDTHA 

XBAR 

XLIMl 

XLIM2 

XMAX 

XMIN 

XM1 

XM2 

AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOAT(61 
135, 135, 160, 172, 112, 194, 191, 203, 204, 249, 250, 260, 260 

(*1 CONTROLLED ALIGNED DECIMAL 1* SINGLE *1 FLOAT(61 
46, 58, lOS, lOS, lIS, 116, 133, 134, 110, 111, 219, 281, 282, 350 

AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOAT(6) 
100, 141, 118, 209, 218, 234, 243, 276,.278, 280-

AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOAT(61 
54, 86, 279 

AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOATI61 
38, 54 

AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FlOAT(61 
313, 318, 326, 328, 333, 343 

AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOAT(61 
39, 88, 134, 111, 281 

AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOAT(61 
39, 88, 133, 110, 282 

AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOAT(61 
38, 85, 279, 279 

AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOAT(6) 
38, 85, 219 

AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOAT(61 
301, 301, 307, 313 

AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOAT(61 

PAGE 27 
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******** 

7 

******** 

10 

******** 
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I ******** 

******** 

1* APPENDIX ONE: BLADE SHAPE FROM CONTOUR FRINGES *1 AOlOS749 

I DENTI FI ER ATTRIBUTES AND REFERENCES 

XRAD 

XRG 

XIlODT 

XSHIFT 

Y 

YEW 

l 

l8AR 

l~l 

l~2 

lRAD 

301, 308,.308, 314 

AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOAT(6) 
317, 329, 335 

AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOAT(6) 
320, 327, 329, 336 

AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOAT(6) 
318, 319, 319, 319, 320 

AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOAT(6) 
343, 348 

AUTOMATIC ALIGNED BINARY FIXEDI15,OJ 
19, 81, 216, 218 

AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOAT(6) 
265, 266 

(*J CONTROLLED ALIGNED OECIMAL 1* SINGLE *1 FLOATI6) 
46, 56, 276, 278, 285, 285, 285, 285, 285, 299, 303, 

AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FlDAT(6) 
315, 322, 326, 328, 334, 344 

AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOATl6J 
30lt 309, 309, 315 

AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FlOATl6J 
301, 310, 310, 316 

AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FlOAT(6) 
321, 330, 331 

303, 309, 

PAGE 28 

309, 310, 310, 311,' 311, 350 



1* APPENDIX ONE: BLADE SHAPE FROM CONTOUR FRINGES *1 AOI0S749 PAGE 29 

CCL NO. ICENTIFIER ATTRIBUTES AND REFERENCES 

******** ZRG AUTOMATIC ALIGNED DECI MAL 1* SI NGLE *1 FLOATl6J 
324, 327, 330, 338 

******** ZROOT AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOATl6J 
322, 323, 323, 323, 324 

******** ZSHIFT AUTOMATIC ALIGNED DECIMAL 1* SINGLE *1 FLOAT(6) 
344, 348 



----- - - - - - - - - - - - - - - - - - - -
- - -------------------------------------------------------------------------

1* APPENDIX ONE: BLADE SHAPE FROM CONTOUR FRINGES *1 AOIOS749 PAGE 30 

AGGREGATE-LENGTH TABLE 

OCL. NO. IDENT IF! ER LVL DIM OFFSET EL. LGTH. TOT. LGTH. 

18 CPROST 1 1 80 2400 

10 EX 1 1 4 A 

46 EX 1 1 4 A 

2 MP 1 1 4 80 

11 REX 1 1 4 A 

48 REX 1 1 4 A 

11 RZ 1 1 4 A 

48 RZ 1 1 4 A 

10 V 1 1 4 A 

46 V 1 1 4 A 

17 VAV 1 1 4 A 

52 VAV 1 1 4 A 

10 VX 1 1 4 A 

46 VX 1 1 4 A 

10 Z 1 1 4 A 

46 l 1 1 4 A 



~ .................. ------------------------------------
1* APPENDIX ONE: BLADE SHAPE FROM CONTOUR FRINGES *1 AOIOS749 PAGE 31 

DCl. NO. IDENTIFIER l Vl 01 M OFFSET El. lGTH. TOT. lGTH. 

SUM OF CONSTANT lENGTHS 24BO 

' .. ;. 

l'J 



-------------------------------------------------------------------------------------------------~ 

1* APPENDIX ONE: BLADE SHAPE FROM CONTOUR FRINGES *1 AOlOS749 PAGE 32 

STORAGE REQUIREMENTS 

, BLOCK, SECTION OR STATEMENT TYPE BLOCK lENGTH (HEX) OSA SIZE (HEX) 

HOlO PROCEDURE BLOCK 2520 90B 
'26 ON UNIT 4B8 lE8 I 

i 21 ON UNIT 4B8 lE8 
I HOlO DICTIONARY 11452 2CBC 

HOLO liNK cDIT STUB 320 140 
HOLO STA TIC INTERNAL 128 208 



......................... ----------------------------
1* APPENDIX ONE: BLADE SHAPE FROM CONTOUR FRINGES *1 AOI0S749 PAGE 33 

COMPILER DIAGNOSTIC MESSAGES PRODUCED FOR THIS COMPILATION 

ERROR 10 L STMT MESSAGE DESCRIPTION 

WARNING DIAGNOSTICS 

IEN0023I W 31, 36, 63, 64, 67, 78, 79, 82, 83, 84, 85, 86, 87, 88, 89, 137, 138, 153, 174. 175, 190. 204, 213. 221, 
229, 238, 246, 293, 298, 299, 328, 329, 330, 331i 340, 348, 349 NO 'FILE' OR 'STRING' OPTION 
SPECIFIED FOR 'PUT' STATEMENT. 'FILEISrSPRINT)' ASSUMED. 

IEN00221 W 71 NO 'FILE' OR 'STRING' OPTION SPECIFIED FOR 'GET' STATEMENT. 'FILEISYSIN}' ASSUMED. 

END OF COMPILER DIAGNOSTIC MESSAGES 

TRANSLATE TIME 0.13 MINS 



- - - - - - - - - - - - - - - - - - -- - - - - - -------------------------------------------

1* APPENDIX ONE: BLADE SHAPE FROM CONTOUR FRINGES *1 AOIOS749 PAGE 34 

TOTAL TIME 0.13 MINS 
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STMT LEVEL 'lEST 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

11 

12 
13 
14 

15 
16 
17 
18 
Iq 

20 
21 
22 
23 
24 
25 

1 
1 
1 
1 
1 
1 
1 
1 

1 

1 

1 
1 
1 

1 
1 
1 
1 
1 

1 
1 
1 
1 
1 
1 

1 
1 
1 
1 

1* APPE~DIX TWO: SI~ULATED CONTOUR SHAPE FITTING *1 

SI~CAL 

DATA 

SC~L 

1* APPENDIX TWO: SIMULATED CONTOUR SHAPE FITTING *1 
: PROC OPTIONS IMAIN) ; A0405749 

DeL XI250l,RY11250l,RY21250l,PYlI250l,PX212501 ; A0605749 
OCL PXI1250l,PY2(250),YOI25",RDX1125Dl,ROX21250) A080S749 
DCL EXI250l,EY1(250),EY2(2501 ; AI00S749 
DCL PYAI250l,XAI250l,XBI2501 ; A1205749 
DCL IU,TI FIXED BINARY ; A1405749 
DeL R FIXED BINARY ; A145S749 
KK = 0 ; A150S749 
GET EDIT I A,B,P,QI I XIl41 ,FI6,4) ,X1141 ,FI 6,41 ,XI 141 ,FI 6,41, A160S749 
X(14),FI6,411 ; A170S749 
GET EOIT ISR,TR,AUIXI141,FI6,41,XI141,FI6,41,X(341,FI6,511;AI80S749 
1* INPUT & DISTORTIO~ PARA~ETERS OF THE ELLIPSE *1 A190S749 
PUT EDIT ('INPUT PARAMETERS','A =',A,'B =',B,'P =',P, A2005749 
'Q =',Q, 'SHIFT PARAMETERS ,,'X DIRECTION SR =',SA, 1\220S749 
'Y DIRECTION TR =',TRIIPAGE,SKIPI51,X(30),A,SKIP,XII0), A240S749 
A,FI9,51 ,XI2CI ,A,FI 9,51 ,5KIP131 ,XI 10) ,A,F(9,51 ,X(20), A260S749 
A,F(9,5),SKIP(51,X(201.A,SKIP(Z),X(10),A,F(9,5),X(20),A, A280S749 
~19,51) ; A3005749 
PUT EDITI'ANGLE OF ROTATION =',AUI5KIP(21,X(lOl,A,FI9,5)I; A301S749 
BL = 57.3066*AL A320S749 
PUT EDIT I'ANGLE OF ROTATION IN DEGREES =',BLI A3405749 
ISKIPI21,XII01,A,F(9,511 ; A360S749 
ZX = P*COSIALI - Q*SIN(ALI ; A400S749 
ZY = P*SINI All + Q*COSI All A410S749 
SR = P - ZX + SR A420S749 
TR = Q - ZY + TR ; A430S749 
PUT EDIT I'SR =',SR,'TR =',TRIISKIPI21,XII0l,A,FI9,51, A440S749 
X(30),A,FI9,51l ; I\450S749 
1* TO CALCULATE REFERENCE AND PRODUCTON SHAPE *1 B020S749 
I = 0 ; B025S749 
DO XK = 0 TO 2.00 BY .01 ; B0305749 
I = I + 1 ; BD 35 S 749 
XI I 1 = XK B040S749 
AA =11 -«XIII-PIIAI**2) ; B060S749 
IF AA < 0 THEN GO TO SCEND ; B080S749 
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STMT lEVEL 'lEST 

1 
2 
3 
4 
5 
6 
1 
8 
9 

10 

11 

12 
13 
14 

15 
16 
11 
18 
19 

20 
21 
22 
23 
24 
25 

1 
1 
1 
1 
1 
1 
1 
1 

1 

1 

1 
1 
1 

1 
1 
1 
1 
1 

1 
1 
1 
1 
1 
1 

1 
1 
1 
1 

1* APPE~DIX TWO: SIMULATED CONTOUR SHAPE FITTING *1 PAGE 

SIMCAl 

DATA 

1* APPENDIX TWO: SIMULATED CONTOUR SHAPE FITTING *1 
PROC OPTIONS IMAIN) ; AD40S149 
DCl XI2501,RYI(250),RY21250),PYlI250),PX21250) ; A060S149 
DCl PXI(250),PY212501,YOI253),RDXI1250),RDX2(250); A080S149 
DCl EXI250J,EY1(250),EY21250) ; AI00S149 
DCl PYA(250) ,XAI2501,X8(250) A120S149 
DCl (U,T) FIXED BINARY ; A140S149 
DCl R FIXED 8INARY ; A145S149 
KK = 0 ; A150S149 

: GET EDIT IA,B,P,Q)(XIl4),FI6,4),XIl4),FI6.41,XI14),FI6,4), A160S149 
X(14),FI6,4)) ; AI10S149 
GET EDIT ISR,TR,AL)IX(14),F(6,4),XI14),FI6,4),XI34),F(6,5));AI80S149 
1* INPUT & DISTORTION PARAMETERS OF THE ELLIPSE *1 A190S149 
PUT EDIT ('INPUT PARAMETERS','A =',A,'8 =',B,'P =',P, A200S149 
'Q = ',Q, 'SHIFT PARAMETERS ,,'X DIRECTION SR =' ,SR, A220S149 
'Y DIRECTION TR =',TR)IPAGE,SKIPI5),XI30),A,SKIP,XIIOI, A240S149 
A, F I 9, 51 , XI 20) , A, F 1 9,5 ) , SK I P 1 "3 I , X I 101 ,A, F (9, 5) ,X I 20) , A 2 60 S 14 9 
A, F I 9, 5) , SI( I PI 5) , X I 20) ,A ,SK I P ( 2 ) ,X I 10 I , A ,F 19,5 ) , XI 20) , A, A 2 80 S 74 9 
FI 9, 5)) ; "3005149 
PUT EDITI'ANGlE OF ROTATION =',AUISKIP(2),XII0),A,FI9,5)); A301S149 
Bl = 51.3066*Al .; A320S749 

SCAL 

PUT EDIT ('ANGLE OF ROTATION IN DEGREES =',Bl) A340S149 
ISK!P(2),XIIO),A,F(9,5)1 ; A3605149 
ZX = P*COSI All - Q*SINI All A400S149 
ZY = P*SINIAl) + Q*COSIAlI A410S149 
SR = P - ZX + SR ; A420S149 
TR = Q - ZY + TR ; A4305149 
PUT EOIT I'SR =',SR,'TR =',TRIISKIPI21,X(lOl,A,FI9,5), A4405149 
XI30l,A,FI9,511 ; A450S149 
1* TO CALCULATE REFERENCE AND PRODUCTON SHAPE *1 B020S149 
! = 0 ; 8025S149 
DO XK = 0 TO 2.00 BY .01 ; 80305749 
I = ! + 1 8035S149 
XI I I = XK ; B0405149 
AA =11 -IIXII)-PI/AI**21 B060S149 
IF AA < 0 THEN GO TO SCEND ; 80805149 
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54 
55 
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59 
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13 
14 
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1 
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1 
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1 
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1 
1 
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1 
i 
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1 
1 
1 
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1 
1 
1 
1 

1 

1 

1 
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1 
1 
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1 

1* APPE~DIX TWO: SIMULATED CONTDUR SHAPE FITTI~G *1 

LICEND 

RYMl = RYMl + 1.5*DS*IRY2IRI+RY2IR+llll ; 
RYM2 = :l.YM2 +1 .25*DS*IRY2IRI+RY2IR+lII**21 ; 
RHl = ~Hl + 1.25*DS*IXIR+ll+X(RII*IRY2IRI+RY2IR+llll 
PDSQ = (PX2IR+l'-PX2(RII**2 + IPY2IR+l'-PY2IRll**2 
IF PDSQ = 0 THEN GO TO LICEND ; 
PDS = SQRTIPDSQJ ; 
PLIN = PLIN + PDS ; 
PXMl =PXMl + 1.5*PDS*IPX2IR+1I+PX2IRII J 
PXM2 =PXM2 + 1.25*PDS*IPX2IR+ll+PX2(RIJ**21 ; 
PYMl =PYMl +1.5*PDS*IPY2IR+lI+PY2IRIJ I ; 
PYM2 =PYM2 + 1.25*PDS*IPY2IR+II+PY2IRII**21 ; 
PHI = PHI +1.25*DS*IPX2IR+1I+PX2IRII*(PY2IR+1I+PY2IRIII ; 

: END LICH 
RLXB = RXMI/RLIN ; 
RXAD = RXM2/RLIN ; 
RLYB = RYMI/RLIN ; 
RYAD = RYM2/RLIN ; 
XRADL = SQRT(RXADI 
XRG = SQRTIRXAD-RLXB**21 ; 
YRADL = SQRTIRYADI ; 
YRG = SQRTIRYAD-RLYB**21 ; 
RHXY = RHI/RLIN ; 
RHBAR = (RfiXY - RlXB*RlYBI ; 
RTAN2 = 2*RHBARII XRG**2-YRG**21 ; 
PUT EDIT I'REF lINE','lENGTH =',RLI~,'XBAR .',RLXB, 
'YBAR =',RLYBIIPAGE,SKIPIlOI,X(2DI.A,SKIP.XIIDI,A,F(9,51. 
X(20),A,F{ 9. 51, XI201 ,A,F(9,511 ; 
PUT EDIT ('RAD OF G X SQ =',RXAD,'XRADL =',XRADL, 
'XRG =', XRGIISKIP{51 ,XI 101 ,A,F(9,5) ,XI 20) ,A,F(9,51 ,XI20), 
A,F(9,511 ; 
PUT EDIT ('RAD OF G Y SQ =',RYAD,'YRADl =',YRADL, 
'YR G =', YR G I 1 SK I P 121, X ( 1 () I ,A, F ( 9,51 ,X ( 20 I ,A. F ( 9.51 ,X ( 20 I, 
A,FI9,511 ; 
PUT. EDIT ('CROSS PRODUCT RHXY =',RHXY,'RHBAR =',RHBAR, 

K220S149 
K240S149 
K26DS149 
K300S149 
K32DS149 
K340S149 
K360S149 
K380S149 
K400S149 
K42DS149 
K440S149 
K450S149 
K460S149 
KSDOS149 
K520S149 
K540S149 
KS60S149 
K580S149 
K600S149 
K620S749 
K640S149 
K642S149 
K644S149 
K646S149 
K660S749 
K680S149 
K100S749 
K120S149 
K140S749 
K16CS149 
K180S149 
K80DS149 
K820S749 
K830S149 
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ST"IT LEVEL NEST 

82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 

94 

95 

96 

97 
98 
99 

100 
101 
102 
103 

104 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

1 

1 

1 

1 
1 
1 
1 
1 
1 
1 

I 

f* APPENDIX TWO: SIMULATED CONTOUR SHAPE FITTING *f 

'TWICE ANGLE TAN-l =',RTANIJSKIP(5),XIIO),A,FI9,51,XI20), K832S749 
A,F(9,5) ,SKIP,XIlO) ,A,FI9,5)) ; K834S749 
PLXB = PXMlfPLIN ; L020S749 
PXAD = PXM2fPLIN ; L040S749 
PLY8 = PYMlfPLIN ; L060S749 
PYAD = PYM2fPLIN ; L080S749 
XPADL = SQRT! PXAD) ; LlOOS749 
XPG = SQRT( PXAD - PLXB**2) Ll20S749 
YPADL = SQRT( PYAD) ; Ll40S749 
YPG = SQRT(PYAD - PLY8**2) ; Ll60S749 
?HXY = PHI f PLIN ; LI66S749 
PHBAR = IPHXY - PLXB*PlYB) ; Ll68S749 
PTAN2 = 2*P~BARfIXPG**2-YPG**2) LI70S749 
PUT EDIT I'PRO~ LINE','LENGTH =',PLIN,'PXBAR =',PLXB, LI8DS749 
'PYBAR =',PlYB)IPAGE,SKIPIIO),X(20),A,SKIP,X(10),A,FI9,5), l200S749 
X( 20) ,A,FI9,5), X(20) ,A,FI9,5)) ; l22'lS749 
PUT EDIT I'RAD OF G Y SQ =',PXAD,'XPADl =',XPADl, l240S749 
'XPG .',XPG) ISKIP(5),XII0) ,A,FI9,5) ,X(20),A,FI9,5) ,X(20), l280S749 
A,FI 9, 511 ; l300S749 
PUT EDIT I'RAD OF G YSQ =',PYAD,'YPADL =',YPADl,'YPG =',YPG)l320S749 
(SKIP,XI 101 ,A ,FI 9,5) ,XI 20) ,A,FI 9,51 ,X(20) ,A,FI9,5)) ; l340S749 
PUT EDIT I'CROSS PRODUCT PHXY =',PHXY,'PHBAR =',PHBAR, l360S749 
'TWICE ANGLE TAN-l =',PTAN2)(SKIPI5),XIIO),A,FI9,5),X(20), l370S749 
A,FI9,5) ,SKIP,XIIO) ,A,FI9,5)) ; l380S749 
f* TO CALCULATE OVERALL DIFFERENCES *f l400S749 
XSHIFT = PLX8-RLXB ; l500S749 
YSHIFT = PLYB-RlYB ; l520S749 
DFTN = IPTANZ-RTAN2Ifll+PTANZ*RTAN2) ; L590S749 
OFT. SQRT(1+lf(DFTN**2) )-l/DFTN ; L592S749 
DANGl = 57.3066*DFT L594S749 
PUT EDIT I'LINE CENTROID'I (SKIP{4),X(2DJ,A1 ; l596S749 
PUT EDIT I'SHIFT PAPAMETERS'.'XSHIFT =',XSHIFT,'YSHIFT .', l600S749 
YSHIFT)ISKIPIZ),X(ZO),A,SKIP,XII0),A,F(9,5),XI20),A,FI9,5));L640S749 
PUT EDIT l'ANGUlAR DIF.FEPENCE IN DEGREES =',DANGLI ISKIP(5), L680S749 
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STMT LEVEL NEST 

105 
106 
107 
108 
109 
110 
111 

112 

114 
115 
116 
117 
118 
119 
120 
121 
122 
12.3 
124 
125 
126 
127 
128 

129 

1.30 

1 
1 
1 
1 
1 
1 
1 

1 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

1 

1 

1 
1 
1 
1 
1 
1 

1* AOPE~DIX TWO: SIMULATED CONTOUR SHAPE FITTING *1 

XIlO),A,FI9,5)) ; 
PP = RLXB - ~LXB*COSDI DANGU + RL Y B*S I NO I DANGll 
QQ = RLYB - RLXB*SINDIDANGLI - RLY8*COSDIDANGL) 
XIN = P*COSDIDANGLI - Q*SINDIDANGL) + PP ; 
YIN = P*SINOIDANGL) + Q*COSDIDANGL) + QQ ; 
CXSH = XIN + XSHIFT - P ; 
CYSH = YIN + YSHIFT - Q ; 
PUT EDIT I'EFFECTIVE SHIFT OF SECTIONAL CENTROID', 
'XSHIFT = ',CXSH,'YSHIFT =',CYSH) 
ISKIPI21,XIIOI,A,SKIP,XIIO),A,FI9,51,XI201,A,FI9,S)) ; 
1* SHAPE FITTING BETWEEN REF & PROD: COMPLETE SECTIONS *1 
IF KK = 1 TH~N GO TO PROCAL ; 
1* TO CALCULATE MNTS ONREF OBJECT OX ELEMENTS *1 
RARF.A,RMNTl,RMNT2 = 0 
XRXY = 0 ; 
00 lA = 1 TO ZOO ; 
DELR = IIRY2( lA) +RYZ( IA+111 - (RYl (lA I+RYlI IA+1I11*.005 ; 
RARF.A = RAREA + DELR ; 
RMNT1 = RMNT1 + (DELR*IXIIAI+.'J511 ; 
RM~TZ = RMNTZ + (DELR*((XIIA)+.0051**211 ; 
XQ.XY = XRXY + 1.5*DELR*IXIIAI+.'051*IRYZtIA)i-RYlIIAIII ; 
END ; 
XBAR = RMNTI/RAREA 
RAD2 = RMNT2/RAREA ; 
XRAD2 = SQRTIRAD21 
XRADG = SQRT( RAD2 - XBAR**2l ; 
XR = XRXY/RAREA ; 
PUT EOIT I'ELLIPSE SECTIONS: SHIFT PARAMETER CALCULATIONS'l 
IPAGE,SKIPI3I,X(30) ,AI; 
PUT EOIT ('SURFACE AREA =',RAREA,'C OF G XBAR =',XBAR, 
'RAD OF G SQ =',RAD2,'XRAD2 =',XRAD2,'XRADG =',XRADG) 

ISKIPI51,XIIOI,A,F(9,51,SKIPIZ),XII01,A,F(9,51, 
S I( I P I ZI , A , F I 9,5 ) , X I 201 , A, F I 9 ,5 I , X C 10 I , A, F 19, 5 1 ) ; 
PUT EDIT I'CROSS PRODUCT =',XRICSKIPCZ),XII0),A,FI9,5)) 

L700S749 
L800S749 
L8205749 
L840S749 
L850S749 
L8605749 
L880S749 
L890S749 
L900S749 
L910S749 
B4005749 
B4505749 
B5005749 
B520S749 
B5.30S749 
B540S749 
B560S749 
B580S749 
8600S749 
B620S749 
B630S749 
8640S749 
B660S749 
B680S749 
B700S749 
B720S749 
8720S749 
B7.30S749 
B735S749 
B740S749 
B7605749 
B780S749 
B8005749 
B8205749 
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STMT LEVEL NEST 

131 
132 
133 
134 
135 
136 
138 
139 
140 
142 
143 
144 
145 
146 
147 
148 
149 
150 
152 
153 
154 
155 
156 
157 
158 
159 
160 
161 
162 
163 
164 
165 
166 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

1 
1 
1 
1 
2 
2 
1 
1 
1 
1 
1 

1 
1 
2 
2 
2 
1 
1 
1 
1 
1 
1 

1* ~PPF.NOIX TWO: SIMULATEO CONTOUR SHAPE FITTING *1 

DYCAL 

DYEND 

YEL A 

YEL END 

f* TO CALCULATE MNTS ON REF OBJECT: DY ELEMENTS *1 
IB = 0 ; 

: DO XL = .2 TO 1.CO BY .005 ; 
IB = IB + 1 ; 
YD I I B I = XL ; 
DA = (l-((YD(IBI-QI/BI**21 ; 
IF DA = 0 T~EN DO ; 
GO TO DYEND ; 
END 
IF DA < ° THEN DA = -DA 
DROOT = A*SQRTIOAI ; 
RDX11IBI = P - DROOT 
RDX2(IBI = P + DROOT 

: PlO OYCl\L ; 
YRAR,YRMNTl,YRMNT2 = 0 ; 
YR XY = 0 ; 
DO IC = 1 TO 160 
YEL = IRDX2IICI+RDX2(IC+l'-RDX1IIC1-RDX1IIC+lll ; 
IF YEL = 0 THEN DO ; 
PUT EDIT I 'YEL = 0 IC =' ,ICI ISKI P,XIlOI ,A,FI4,011 ; 
GO TO YELEND ; 
END ; 
YDELR = .0025*YEL ; 
YRAR = YRl\R + YOELR ; 
YRMNTl = YRMNTl + IYOELR*IYOIICI+.002511 ; 
YRMNT2 = YRMNT2 + I YOELR'*I (YDI IC)+.00251**211 ; 
YRXY = YRXY +1.5*YDELR*(YD(ICI+.00251*(RDX2(ICI+RDX1IICI11; 

: END YELA ; 
YBAR = YRMNT1/YRAR ; 
RY02 = YPMNT2/YRAR ; 
YRAD2 = SQRTIRYD2) ; 
YRADG = 5QRTIRYD2 - YBAR**21 
YR = YRXY/YRAR ; 
RHB = 1XR - XBAR*YBARI ; 

CO 10 5749 
C0245749 
C030S749 
C040S749 
C050S749 
C060S749 
C070S749 
C090S749 
C096S749 
C098S749 
C120S749 
C140S749 
Cl60S749 
C180S749 
C200$749 
C2105749 
C2205749 
C2245749 
C2265749 
C2285749 
C2305749 
C2315749 
C2405749 
C2605749 
C2805749 
C3005749 
C3055749 
C3205749 
0405749 
C3605749 
C3805749 
C4005749 
C4105749 
C4105749 
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S TMT LF.VEL Ni=ST 

167 
168 

169 

170 

171 

172 
173 
174 
175 
177 
178 
179 
180 
181 
182 
183 
184 
185 
186 
187 
188 
189 
191 
1<12 
194 
195 
197 

1 
1 

1 

1 

1 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

1 
1 
1 
1 
1 
1 

1 
1 
1 
1 
1 
1 
1 
1 
1 

1* APPENDIX TWO: SIMULATED CONTOUR SHAPE FITTING *1 

PROCAL 

MAXI 

POX 

LOPl 

OCAL 

RT2 : 2*RHB/(XRAOG**2-YRADG**21 ; 
PUT EDIT ('DY ELEMENTS AREA :',YRAR,'C OF G YBAR',YBAR. 
'RAO OF G SQ :',RY02,'YRA02 =',YRA02,'YRAOG :',YRAOGI 
(SKIP(91,X(101,A,F(9.51,SKIP,X(101,A,F(9,5),X(10),A,F(9,51, 
SKIP,X(10),A,F(9,5) ,X(20),A,F(9,5») ; 
PUT EDIT ('TWICE ANGLE OF PRINCIPAL AXIS =',RT2) (5KIP(5), 
X(101,A,F(9,5)) ; 
PUT EDIT ('CROS5 PRODUCT =',YR)(5KIP(2),X(10),A,F(9,5) ; 
1* PRODUCTION COMPONENT *1 
!* TO CALCULATE MNTS *1 
KK = 1 
1* OX ELEMENTS *1 
CMIN = 9 ; 
CMAX = 0 
DO MM = 1 TO 199 BY 3 ; 
IF MM > 190 THEN GO TO MAXI ; 
XMIN = MIN(PXl(MMI,PXlIMM+1I,PXlIMM+21,CMINI ; 
CM! N = X MI N ; 

: XMAX = MAX(PXlIMM),PXlIMM+1),PXlIMM+21.CMAXI ; 
CMAX = XMAX 
END ; 
L = 0 ; 
PARX,PMNT1,PMNT2 = 0 ; 
PYMT1,PYMT2,XPXY = 0 

: 00 XX = XMIN TO XMAX BY .01 ; 
L=L+1 ; 
EX(LI = XX ; 
K, U =1 ; 
IF PXlfU) < EXILI & PXlIU+ll > EXILI THEN GO TO OCAl 
U = U + 1 
IF U >= 202 THEN GO TO POXENO ; 
GO TO LOP1 ; 
IF (PXl(UI-PX1IU-lll = 0 THEN GO TO POXENO ; 
EYlILI = PYl(U'-(PXl(U'-EX(UI*(PYlIU)-PYlIU-lI11 

C412S749 
C4205749 
C440S749 
C4605749 
C4805749 
C490S749 
C5005749 
C5205749 
0020S749 
00255749 
00305749 
00405749 
00425749 
00435749 
00455749 
00455749 
00465749 
00485749 
00475749 
00495749 
00505749 
00555749 
00605749 
00705749 
00805749 
00905749 
01005749 
01205749 
01405749 
01605749 
01805749 
02005749 
02205749 
02405749 
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STMT LEVEL 'JEST 

198 
200 
201 
203 
204 
206 

201 
209 
210 
211 
212 
213 
214 
215 
216 
211 
218 
219 
220 

221 

222 
223 
224 
225 
221 
228 
229 

1 
1 
1 
1 
1 
1 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

1 

1 
1 
1 
1 
1 
1 
1 

1 
1 
1 
1 
1 
1 

1 
1 
1 
1 
1 
1 
1 

1 
1 
1 
1 

1* APPENDIX TWO: SIMULATED CONTOUR SHAPE FITTING *1 

LOP2 

FeAL 

POX END 

VlM 

(PXIIUI-PX1IU-1111 ; 0260S149 
: IF PX21KI < EXILI & PX2IK+1I > EX(LI THEN GO TO FCAL; 02805749 

K = K+l ; 03005149 
IF K >200 THEN GO TO POXENO ; 0320S749 
GO TO LOP2 ; 03405149 
IF IPX21KI - PX2IK-ll) = 0 THEN GO TO POXENO ; 03605149 
EY21U = PY21KI - I (PX2IKI-EXIL) 1*IPY2IKI-PY2IK-lllI 0380S149 
(PX2IKI-PX2IK-l I I I ; 04005749 
IF L = 2 THEN GO TO POXENO ; 04205749 
PXOEl = IIEY2IL'+EY2(l-11'-IEYl(LI+EY1Il-1111*.005; 04405749 
PARX = PARX + PXOEl 04605749 
PMNTl = PMNTl + IPXOEl*(EXIlI-.:J051l ; 0480S749 
PMNT2 = PMNT2 + IPXOEL*IEXIL)-.0051**2} ; OS005749 
XPXY = XPXY -I- 1.5*PXOEL*IEXIL}-.0051*IEY21L1+EYlIlIlI; OS055749 

: END POX ; OS205749 
XPBAR = PMNT1/PARX ; OS405749 
PRA02 = PMNT2/PARX ; OS605749 
XRAO = SQRTIPRA021 ; OS805749 
XpaOG = SQRT(PRA02-XP8AR**21 ; 06005749 
XP = XPXY/PARX ; 06205749 
PUT EDIT ('PRODUCTION 5HAPE OX ELEMENT5 ','AREA =',PARX, 06405749 
'C OF G =',XPBAR,'RA02 =',PRA02,'R OG G =',XRAO,'XPAOG =', 06605149 
XPAOG IIPAGE,5KIPI5I,X(10I,A,5KIP(2I,XIIOI,A,FI9,SJ,XI201, 06805149 
A,FI9,SI ,5KIP,X(101 ,A,FI9,SI ,XI10J ,A,F(9,5I,XI 101, A,F(9,SI I ;07005749 
PUT EDIT ('CR055PROOUCT =',XPIISKIP(2J,X(10I,A,FI9,511 08005749 
1* PRODUCTION 5URFACE *1 E020S749 
1* OY ELEMENT5 *1 [040S749 

. AMIN = 9 ; E0605749 
AMAX,BMA X = 0 ; E0655749 
DO M = 1 TO 199 BY 3 ; E0705749 
IF M >190 THEN GO TO YIM ; E072S749 
YMIN = MINIPVIIMI,PVI(M+1I,PY1(M+2J,AMINI ; E0755749 
A~IN = YMIN ; E0865749 
VIMAX = MAX(PY1IMI,PV1(M-I-11,PY1(M+2I,AMAX I ; E0805749 
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STMT lEVFl 'lEST 

230 
231 
232 
233 
234 
235 
236 
237 
238 
239 
240 
241 
242 
244 
246 
248 
249 
251 
253 
254 
256 

257 
259 
260 
261 
262 
263 
264 
265 

266 
267 
268 

1 
1 
1 
1 
1 
I 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

1 
1 
1 
1 
1 
1 
1 
1 

1 
1 
1 

1 
1 
1 
1 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 

1 
2 
2 
2 
1 
1 
1 
1 

1 
1 
1 

1* APPENDIX TWO: SIMULATED CONTOUR SHAPE FITTING *1 

YCAl 

SLOP 

MCAl 

NCH 

PCAl 
TlOP 

Y"1AX 
A"1AX 
BMAX 
END 

= MAXIPY2IMI,PY2(M+1"PY2IM+21,BMAX ) 
= YIMAX 
= YMAX ; . , 

J = 0 ; 
PARY,PYMTl,PYMT2 =0 ; 
YPXY = 0 ; 

: DO PYE = YMIN TO (YMAX+.0051 BY .005 ; 
J = J+l ; 
PYA(JI = PYE + .0001 ; 
KA t KB = 1 ; 
ISHIFT,JSHIFT = 0 ; 
IF PYAIJI > Y1MAX THEN GO TO TlJP 

. , 

: IF PYlIKAI < PYAIJI & PYlIKA+lI >PYAIJI THEN GO TO MCAl 
IF PYlIKAI > PYA(JI & PYUKA+lI < PYAIJI THEN GO TO MCAl 
KA = KA + 1 ; 
IF KA > 200 & ISHIFT = 1 THEN GO TO PCAl ; 
IF KA >200 THEN GO TO YCAlE ; 
GO TO SLOP ; 
IF ISHIFT = 1 THEN GO TO NCAl ; 
XA(JI =PXIIKAI-IIPY1IKAI-PYA(JII*IPX1IKAI-PXl(KA-111 
/lPYlI KA I-PVUKA-llll 
IF J = 1 THEN DO ; 
XB I J I = XA I J I ; 
GO TO YCAlE ; 
END ; 
ISHIFT = 1 
KA = KA + 2 ; 
GO TO SLOP ; 

: XBIJI =PXl(KAI-((PYlIKAI-PYA(JII*IPXlIKAI-PXl(KA-111 
/lPYl(KAI-PYlIKA-lIl1 ; 
GO TO ARCAlS ; 

: XB(JI = XA(JI ; 
: IF PY21K81 < PYAIJI & PY2IKB+11 >PYAIJI THEN GO TO ReAL 

E085S749 
E087S749 
EO B8 S749 
E089S749 
EIOOS749 
El10S749 
El15S749 
E200S749 
E220S749 
E240S749 
E260S749 
E2BOS749 
E290S749 

; E300S749 
; E310S749 

E320S749 
E340S749 
E360S749 
E370S749 
E380S749 
E400S749 
E420S749 
E430S749 
E432S749 
E433S749 
E434S749 
E440S749 
E450S749 
E460S749 
E4BOS749 
E500S749 
E520S749 
E540S749 
E5BOS749 
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S TMT LEVEL NEST 

270 
272 
273 
275 
276 
277 
278 
280 
281 
283 

284 
286 
287 
288 
289 

290 
292 
293 
294 
295 
296 
297 
298 
299 
300 
301 
302 
303 
304 
305 

1 
I 
I 
1 
I 
1 
1 
I 
1 
1 

1 
1 
I 
1 
1 

1 
1 
I 
I 
I 
1 
1 
1 
1 
1 
1 
I 
1 
1 
1 

I 
1 
I 
2 
2 
2 
I 
1 
1 
I 

1 
1 
I 
I 
1 

1 
1 
1 
I 
I 
1 
1 

1* APP~NDIX TWO: SIMULATED CONTOUR SHAP~ FITTING *1 

RCAl 

XCAl 

ARC AL S 

YCHE 

IF PY2(KBI >PYA(JI & PY2(K8+1l < PVA(JI THEN GO TO RCAl 
KB = KB + I ; 
IF KB > 200 & JSHIFT = I THEN DO ; 
XB(JI =. 2.095 ; 
GO TO ARCAlS ; 
END 
IF KB >200 THEN GO TO YCAlE 
GD TO TLOP ; 

: IF JSHIFT = 1 THEN GO TO XCAl 
XAIJI =PX2(KBI-«PY2(KBI-PYA(JII*(PX2(KBJ-PX2IKB-111 
f( PV21 KBI-PY21 KB-II I I; 
IF ISHIFT = 1 THEN GO TO ARCAlS ; 
JSHIFT = 1 ; 
KB = KB + 2 
GO TO TlOP ; 

: XB(JI =PX2(KBI-«PV2(KBI-PVA(JII*(PX2IKBI-PX2(KB-111 
f(PV2IKBI-PV2(KB-llll ; 

: IF J = I THE N GO TO VC Al E ; 
PYDEl =.0025*(XBIJI+XB(J-l'-XA(JI-XAIJ-111 ; 
PARV = PARY + PYDEl ; 
PYMTl = PY~Tl + IPYDEl*(PVA(JI-.002511 ; 
PYMT2 = PYMT2 + (PYDEl*(PYA(JI-.00251**21 ; 
YPXY = VPXV + (.5*PYDEl*(PYAIJI-.00251*IXA(JI+XBIJIII ; 
END YCAl ; 
YPBAR = PYMTI/PARY ; 
PRAD =PYMT2/PARY ; 
YRAD = SQRT(PRADI 
YPADG = SQRT(PRAD-YPBAR**21 ; 
VP = YPXY/PARY ; 
PHB = I XP - XPBAR*YPBAR I ; 
PT2 = 2*PHB/IXPADG**2-YPADG**21 ; 
PUT EDIT ('PRODUCTION DY ElEMENTS','AREA =',PARY, 
'e OF G =',YPBAR,'PRAD SO =',PRAD,'R OF G =',YRAD,'YPADG 
YP ADG I ( SKI P ( 101 ,X ( 101 , A, SK lP, X I 10 I ,A, F IQ, 5 I , X ( 20 I , A, 

. • E585S749 
E600S749 
E622S749 
E624S749 
E628S749 
E629S749 
E630S749 
E640S749 
E650S749 
E660S749 
E680S749 
E700S749 
E710S749 
E712S749 
E720S749 
E740S749 
E760S749 
E780S749 
E800S749 
E820S749 
E840S749 
E860S749 
E860S749 
E880S749 
F020S749 
F040S749 
F060S749 
F080S749 
FIOOS749 
Fl02S749 
FI04S749 
F1205749 

=',F140S749 
F160S749 
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STMT LEVEL NEST 

306 

307 
308 
309 
310 
311 
312 

313 

314 
315 

1 

1 
1 
1 
1 
1 
1 

1 

1 
1 

1* APPE~DIX TWO: SIMULATED CONTOUR SHAPE FITTING *1 

FINISH 

FI9,51,SKIP,X(101,A,FI9,5),XI1Q),A,F(9,51,XIIOI,A,F(9,511 ; 
PUT EDIT ('CROSSPRODUCT =',YPI ISKIP(2),XIIO),A,FI9,511 : 
1* TO CALCULATE OVERALL DIFFERENCES *1 
SS = XPBAR-XBAR ; 
TT = YPBAR-YBAR : 
DFTAN = (PT2-RT2)/(1+PT2*RT21 ; 
DTAN = SQRT(1+1/IDFTAN**2)I-I/DFTAN ; 
ANGL = 57.3066*DTAN 
PUT EDIT ('SHIFT PARAMETERS ,,'X DIRECTICN =',SS, 
'Y DIRECTION =',TT,'TAN OF ANGULAR DIFFERENCE =',OTANI 
(PAGE,SKIP(101,X(4DI,A,SKIPI2),XI30),A,FI9,5),SKIP,X(3DI, 
A,F(9,5) ,SKIP,XI3DI ,A,FI9,5) I ; 
PUT EDIT ('ANGULAR DIFFERENCE IN DEGREES =',ANGLJ(SKIPI5), 
X(30),A,F(9,5J) : 
GO TO DATA 

: END SI MCAl : 

Fl80S749 
F19DS749 
F195S749 
F200S749 
F220S749 
F290S749 
F292S749 
F294S749 
F3DOS749 
F320S749 
F340S749 
F360S749 
F400S749 
F420S749 
GIOOS749 
G200S749 
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----------------------------------------------------------------------------------------.---------------------------, 

CL NO. 

29) 

1* APPE~DIX TWO: SIMULATED CONTOUR SHAPE FITTING *1 

IDE'HIFIER 

A 

AA 

AL 

AMAX 

AMIN 

ANG 

ANGL 

MCALS 

B 

BL 

BMAX 

ATTRIBUTE A~D CROSS-REFERENCE TABLE 

ATTRIBUTES AND REFERENCES 

AUTDMATIC.ALIGNED.OECIMAL.FLOAT(SINGLEI 
9.11.24.142 

AUTOMATIC.ALIGNED.DECIMAL.FLOAT(SINGLEI 
24.25.27 

AUTOMATIC.ALIGNED.DECI~AL.FLOATISINGLEI 
1~.12.13.15.15.16.16.30.3D.31.31,32.32.33.33.38.38.39.39 

AUTOMATIC.ALIGNED,DECIMAL.FLOATISINGLEI 
223.229,231 

AUTDMATIC.ALIGNED.DECIMAL.FLOAT(SINGLEI 
222.227.228 

AUTOMATIC.ALIGNED,DECIMAL.FLOATISINGLEI 
40.41 

AUTOMATIC.ALIGNED,DECIMAL.FLOATISINGLEI 
311 ,313 

STATEMENT LABEL CONSTANT 
266.276.285 

AUTOMATIC,ALIGNED,DECIMAL.FLOATISINGLEI 
9,11.27.135 

AUTOMATIC,ALIGNED.DECIMAL.FLOATISINGLEI 
13,14 

AUTOMATIC.ALIGNED.DECIMAL.FLOATISINGLEI 

PAGE 13 



DCL NO. 

1* APPENDIX TWO: SIMULATED CONTOUR SHAPE FITTING *1 

IDE"ITIFIER 

CGX 

CGY 

CMAX 

CJS 

COSO 

CXSH 

CYSH 

OA 

DANGL 

DATA 

ATTRIBUTES ~NO REFERENCES 

223,230,232 

AUTOMATIC,ALIGNEO,DECI~AL,FLOATISINGLEI 
38,41 

AUTOMATIC,ALIGNED,DECIMAL,FLOATISINGLEI 
39,41 

AUTOMATIC,ALIGNED,DECIMAL,FLOATISINGLEI 
173,179,180 

AUTOMATIC,ALIGNED,OECIMAL,FLOATISINGLEI 
172,177,178 

GENERIC,BUILT-IN FUNCTION 
15,16,30,31,32,33,38,39 

GENERIC,BUILT-IN FUNCTION 
105,106,107,108 

AUTOMATIC,ALIGNEO,DECI~AL,FLOATISINGLEI 
109,111 

AUTOM~TIC,ALIGNED,DECIMAL,FLOATISINGLEI 
llO,llt 

AUTOMATIC,ALIGNED,DECIMAL,FLOAT{SINGLEI 
135,136,140,141,141,142 

AUTOMATIC,ALIGNED,DECIMAL,FLOATISINGLEI 
101,104,105,105,106,106,107,107,108,108 

STATEMENT LA8EL CONSTANT 
314 

PAGE 1~ 



-----------------------------------------------------------------------------------------.------------------

DCL NO. 

132 

145 

4 

1* APPENDIX TWO: SIMULATED CONTOUR SHAPE FITTING *1 

IDE'HIFIER ATTRIBUTES AND REFERENCES 

DCAL 

DELR 

OFT 

DFTAN 

DFTN 

ORDJT 

os 

DSQ 

DTAN 

DYCAL 

DYE"IO 

EX 

STATEMENT LABEL CONSTANT 
190 

AUTOMATIC,ALIGNED,DECI~AL,FLOAT(SINGLE) 
117,118,119,120,121 

AUTOMATIC,ALIGNED,DECIMAL,FLOATISINGLEI 
100,101 

AUTOMATIC,ALIGNED,DECI~AL,FLOAT(SINGLE) 

309,310.310 

AUTOMATIC,ALIGNED,DECIMAL,FLOATISINGLEI 
99.100,100 

AUTOMATIC,ALIGNED,DECI~AL,FLOATISINGLEI 
142,143,144 

AUTOMATIC,ALIGNED.DECIMAL,FLOATISINGLEI 
47.50.51,52,53,54,55,65 

AUTOMATIC,ALIGNED,DECIMAL,FLOATISINGLEI 
46,47,48 

AUTOMATIC,ALIGNED,DECIMAL,FLOATISINGLEI 
310,311,312 

STATEMENT LABEL CONSTANT 

STATEMENT LABEL CONSTANT 
138 

1250IAUTOMATIC,ALIGNED,DECIMAL,FLOATISINGLEI 
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1* APPENDIX TWO: SIMULATED CONTOUR SHAPE FITTING *1 PAGE 

DCL NO. IDE'lTIFIE~ 

4 EYl 

4 EY2 

204 FCAL 

315 FINISH 

********* I 

********* lA 

********* IB 

********* IC 

********* ISHIFT 

********* J 

********* JSHJFT 

ATTRIBUTES AND REFERENCES 

1B7,189,189,197,198,198,206,211,212,213 

1250IAUTOMATIC,ALIGNED,DECIMAL,FLOATISINGLEI 
197, 209. 209,213 

1250IAUTOMATIC,ALIGNED,DECIMAL,FLOATISINGLE) 
206,209,209,213 

STATEMENT LABEL CONSTANT 
199 

STATEMENT LABEL CONSTANT 

AUTOMATIC,ALIGNED,BINARy,FIXEDI15,OI 
20,22,22,23,24,28,29,30,30,30,31,31,31,32,32,32,33,33,33 

AUTOMATIC,ALIGNED,BINARY,FIXEDI15,OI 
116,117.117,117,117,119,120,121.121,121 

AUTOMATIC,ALIGNEO,BINARY,FIXEDI15,OI 
131,133,133,134,135,143,144 

AUTOMATIC,ALIGNED,BINARY,FIXEDI15,Ol 
148,149,149,149,149,152,157,158,159,159,159 

AUTOMATIC,ALIGNED,BINARY,FIXEDI15,OI 
241,249,254,262,284 

AUTOMATIC,ALIGNED,BINARY,FIXEDI15,Ol 
234,238,238,239,242,244,244,246,246,256,256,257,259,259,265,265,267 
267,268,268,270,270,275,283,283,289,289,290,292,292,292,292,294,295 
296,296,296 

AUTOMATIC,ALIGNED,BINARy,FIXEDI15,0) 



1* APPENDIX TWO: SIMULATED CONTOUR SHAPE FITTING *1 PAGE 17 

CL NO. I DE'H IFIER 

********* K 

********* KA 

********* KB 

********* KK 

********* L 

45 LICAL 

66 LICEND 

189 LOPl 

198 LOi>2 

********* M 

ATTRIBUTES AND REFERENCES 

241,273.281,286 

AUTOMATIC,ALIGNED.BINARY,FIXED(15,OI 
188,198,198,200,200,201,204,204,206,206,206,206,206,206 

AUTOMATIC,ALIGNEO,BINARY,FIXED(15,01 
240,244,244,246,246,248,248,249,251,256,256,256,256,256,256,263,263 
265,265,265,265,265,265 

AUTOMATIC,ALIGNEO,BINARY,FIXEO(15,01 . 
240,268,268,270,270,272,272,273,278,283,283,283,283,283,283.287,287 
289,289,289,289,289,289 

AUTOMATIC,ALIGNEO,BINARY,FIXEO(15,01 
8,112,171 

AUTOMATIC,ALIGNEO,BINARY,FIXEDI15,01 
182,186,186,187,189,189,197,197,198,198,206,206,207,209,209,209,209 
211,212,213,213,213 

STATEMENT LA8"L CONS TANT 

STAHMENT LABEL CONSTANT 
49,58 

STATEMENT LA8EL CONSTANT 
194 

STATEMENT LABEL CONSTANT 
203 

AUTOMATIC,ALIGNED,BINARY,FIXEDI15,01 
224,225.227,227,227,229,229,229,230,230,230 



DCl NO. 

179 

254 

********* 

265 

261 

/* APPENDIX TWO: SIMULATED CONTOUR SHAPE FITTING *1 

I DE'lT IFIER 

'lAX 

MAXI 

MCAl 

MIN 

'1'1 

NCAl 

P 

PARX 

PARY 

PCAl 

PDS 

POS:;) 

ATTRIBUTES AND REFERENCES 

GENERIC,BUIlT-IN FUNCTION 
179,229,23D 

STATEMENT LABEL CONSTANT 
,176 

STATEMENT lABEL CONSTANT 
245,241 

GENERIC.BUllT-IN FUNCTION 
171,221 

AUTOMATIC,ALIGNED.BINARY,FIXED(15.01 
114,115.111,111,111,119,119,119 

STATEMENT lABEL CONSTANT 
255 

AUTOMATIC,AlIGNED,DECIMAl.FlOAT(SINGlEI 
9,11,15.16,11,24,38,39,101,108,109,143,144 

AUTOMATIC,AlIGNEO,OECIMAl,FlOAT(SINGlEI 
183,210,210,215,216,219,220 

AUTOMATIC,AlIGNED,DECIMAL,FLOAT(SINGlE) 
235,293.293,298,299,302,305 

STATEMENT lABEL CONSTANT 
250 

AUTOMATIC,AlIGNED,DECIMAl.FlOATISINGLEI 
59,60,61.62,63,64 

AUTOMATIC,AlIGNED,DECIMAl,FlOAT(SINGlE) 

PAGE lE 



---------------------------------------------------------.---

CL NO. 

185 

214-

1* APPENDIX TWO: SIMULATED CONTOUR SHAPE FITTING *1 

IOE'H IFIEq, ATTRIBUTES AND REFERE~CES 

PDX 

PDXENO 

PHI 

PHB 

PHBAR 

PHXY 

PLI~ 

PLXB 

PL YB 

PMNTl 

PMNT2 

56,57,59 

STATEMENT LABEL CONSTANT 

STATEMENT LABEL CONSTANT 
193,196,2~2,205,208 

AUTOMATIC,ALIGNED,DECIMAL,FLOATISINGLE) 
44,65,65,9~ 

AUTOMATIC,ALIGNED,DECIMAL,FLOATISINGLE) 
303,304 

AUTOMATIC,ALIGNED,OECIMAL,FLOATISINGLEI 
91 ,92,96 

AUTOMATIC,ALIGNED,OECIMAL,FLOATISINGLE) 
90,91,96 

AUTOMATIC,ALIGNED,OECIMAL,FLOATISINGLE) 
43,60,60,82,83,84,85,90,93 

AUTOMATIC,ALIGNEO,OECIMAL,FLOATISINGLEI 
82,87,91,93,97 

AUTOMATIC,ALIGNEO,OECIMAL,FLOATISINGLE) 
84,89,91,93,9B 

AUTOMATIC,ALIGNEO,OECIMAL,FLOATISINGLEI 
183, 211, 211,215 

AUTOMATIC,AlIGNEO,OECIMAL,FLOATISINGLE) 
183,212,212,216 

PAGE 

• 

1 



DCL NO. 

171 

2 

1* APPE~DIX TWO: SIMULATED CONTOUR SHAPE FITTING *1 PAGE 2C 

IDE'HIFIER 

PP 

PRAD 

PRAD2 

PROCAL 

PT2 

PTA'l2 

PX1 

PX2 

PXAD 

PXDEL 

PXM1 

ATTRIBUTES AND REFERENCES 

AUTOMA TIC, AL IGNED ,DEC I /lAL, FLOAT IS INGL E I 
105,107 

AUTOMATIC,ALIGNED,DECIMAL,FLOATISINGLEI 
299,300,301,305 

AUTOMATIC,ALIGNED,DECI"AL,FLOATISINGLEI 
216,211,218,220 

STATEMENT LABEL CONSTANT 
113 

AUTO~ATIC,ALIGNED,DECI/lAL,FLOATISINGLEI 
304,3()9,309 

AUTO~ATIC,ALIGNED,OECIMAl,FLOAT(SINGLEI 
92,96,99,99 

1250IAUTOMATIC,AlIGNED,DECIMAL,FLOATISINGLEI 
30,37,40,40,177,177,177,179,179,179,189,189,195,195,197,197,197,256 
256,256,265,265,265 

1250lAUTOMATIC,AlIGNED,DECIMAL,FLOATISINGLEl 
32,37,56,56,61,61,62,62,65,65,198,198,204,204,206,206,206,283,283 
283,289,289,289 

AUTOMATIC,ALIGNED,DECIMAl,FLOATISINGLEl 
83,86,87,94 

AUTOMATIC,ALIGNED,DECIMAL,FLOATISINGLEI 
209,210,211,212,213 

AUTOMATIC,ALIGNED,DECI"AL,FLOATISINGLEI 
43,61,61,82 



CL NO. 

2 

5 

1* APPE~DIX TWO: SIMULATED CONTOUR SHAPE FITTING *1 PAGE 21 

IDEi'1l IFIER 

PXM2 

PYl 

PY2 

PYA 

PYAO 

PYDEL 

PYE 

PYMl 

PYM2 

PYMTl 

PY"1T2 

ATTRIRUTES AND REFERENCES 

AUTOMATIC,ALIGNEO,DECIMAL,FLOATISINGLE) 
43,62,62,83 

(250IAUTOMATIC,ALIGNED,DECIMAL,FLOAT(SINGLE) 
31,37,40,40,197,197,197,227,227,227.229,229,229,244,244,246,246,256 
256,256,265,265,265 

(250IAUTOMATIC,ALIGNED,OECIMAL.FLOAT(SINGLEI 
33,37,56,56,63,63,64,64,65,65,206,206.206,230,230,230.268,268,270 
270,283,283,283,289,289.289 

1250 I AUTOMAT 1 C, All GNEO, OEC I MAL, FLOA Tt SIN Gl El 
239,242,244,244,246,246,256,265,268,268,270,270,283,289,294,295,296 

AUTOMATIC,ALIGNED,OECIMAL,FLOAT(SINGLEI 
85,88,89,95 

AUTOMATIC,ALIGNEO,OECIMAl,FLOATISINGLE) 
292,293,294,295,296 

AUTOMATIC,AlIGNEO,OECIMAl,FLOAT(SINGLEI 
237,239 

AUTOMATIC,ALIGNEO,OECIMAL,FLOATISINGLEI 
43,63,63,84 

AUTOMATIC,AlIGNEO,OECIMAL,FLOAT(SINGLEI 
43,64,64,85 

AUTOMATIC,ALIGNEO,OECIMAL,FLOAT(SINGLEI 
184,235,294,294,298 

AUTOMATIC,ALIGNEO,OECIMAL,FLOAT(SINGLEI 



1* APPE~DIX TWO: SIMULATED CONTOUR SHAPE FITTING *1 PAGE 22 

DCL NO. IDENTIFIER ~TTRIRUTES 4ND REFERENCES 

Q 

QQ 

7 ********* R 

RA02 

RAREA 

281 RCAL 

.3 ROXl 

3 ROX2 

RHl 

RH8 

RH BAR 

184,235,295,295,299 

AUTOMATIC,ALIGNEO,OECIMAL,FLOATISINGLEI 
9,11,15,16,18,28,29,38,39,107,108,110,135 

AUTOMATIC,ALIGNEO,OECIMAL,FLOATISINGLEI 
106.108 

AUTOMATIC,ALIGNEO,BINARY,FIXEDI15,01 
45,46,46,46,46,51,51,52,52,53,53,54,54,55,55,55,55,56,56,56,56,61,6 
62,62,63,63,64,64,65,65,65,65 

AUTOMATIC,ALIGNEO,OECIMAL,FLOATISINGLEI 
124,125,126,129· 

AUTOMATIC,ALIGNEO,DECIMAL,FLOATISINGLEI 
114,118,118,123,124,127,129 

STATEMENT LABEL CONSTANT 
269,271 

1250lAUTOMATIC,ALIGNED,DECIMAL,FLOATISINGLEI 
143,149,149,159 

1250lAUTOMATIC,ALIGNEO,OECIMAL,FLOATISINGLEI 
144,149,149,159 

AUTOMATIC,ALIGN=D,DECIMAL,FLOATISINGLEI 
44,55,55,75 

AUTOMATIC,ALIGNED,DECIMAL,FLDATISINGLEI 
166,167 

AUTOMATIC,ALIGNEO,OECIMAL,FLOATISINGLEI 



CL NO. 

1* ~PPENOIX TWO: SIMULATED CONTOUR SHAPE FITTING *1 

IOPHIFIER ATTRIBUTES AND REFERENCES 

RHXY 

RLI \I 

RLXB 

RLYB 

RMNTl 

R'1'H2 

RT2 

R T All 

RTAN2 

RXAD 

RXMl 

76.77,81 

AUTOMATIC,ALIGNEO.OECIMAL,FLOATISINGLEJ 
75,76,81 

AUTOMATIC,ALIGNEO,OECIMAL,FLOATISINGLE) 
42,50,50,67,68,69,70,75,78 

AUTOMATIC,ALIGNED,OECIMAL,FLOAT(SINGLEJ 
67,72,76,78,97.105.105,106 

AUTOMATIC,ALIGNED,DECIMAL,FLOAT(SINGLEJ 
69,74,76,78,98.105,106,106 

AUTOMATIC,ALIGNED,DECIMAL,FLOAT(SINGLEI 
114,119,119,123 

AUTOMATIC,ALIGNED,OECIMAL,FLOAT(SINGLEJ 
114,120,120,124 

AUTOMATIC,ALIGNED,DECIMAL,FLOATISINGLE) 
167,169.309,309 

AUTOMATIC,ALIGNED,DECIMAL,FLOAT(SINGLEJ 
81 

AUTOMATIC,ALIGNED,DECIMAL,FLOATISINGLEJ 
77,99,99 

AUTOMATIC,ALIGNED,DECIMAL,FLOAT(SINGLEJ 
68.71,72,79 

AUTOMATIC,ALIGNEO,OECIMAL,FLOAT(SINGLEJ 
42 , 5 1 , 51 , 67 
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DCL NO. 

2 

2 

21 

34 

1 

I~ APPENDIX TWO: SIMULATED CONTOUR SHAPE FITTING ~/ 

IDFNTIFIER 

~XM2 

RYl 

RV2 

RVAD 

RVD2 

RVM1 

RVM2 

SCAl 

SCEND 

SIMCAL 

SI"! 

SI"!D 

ATTRIBUTES AND REFERENCES 

AUTOMATIC,ALIGNED,DECIMAL,FLOAT(SINGLEI 
42,52,52,68 

1250IAUTOMATIC.ALIGNED,DECIMAL.FLOAT{SINGLEI 
28,30,31,37,117,117,121 

(250IAUTOMATIC,ALIGNED.DECIMAL,FLOAT(SINGLEI 
29,32.33,37,46.46,53,53.54,54,55,55.117,117,121 

AUTOMATIC,ALIGNED,DECIMAL,FLOATISINGLEI 
70,73,74,80 

AUTOMATIC,ALIGNED,DECI~AL,FLOAT(SINGLEI 
162,163,164,168 

AUTOMATIC,ALIGNED,DFCIMAL,FLOAT(SINGLEI 
42,53,53,69 

AUTOMATIC,ALIGNED,DECI~AL,FLOAT(SINGLEI 
42,54,54,10 

STATEMENT LABEL CONSTANT 

STATEMENT LABEL CONSTANT 
26 

ENTRY,DECIMAL,FLOAT(SINGLEI 

GENERIC.BUILT-IN FUNCTION 
15,16,30,31,32,33,38,39 

GENERIC,BUILT-IN FUNCTION 
105,1()6,101,108 

PA.GE 24 



1* APPENDIX TWO: SIMULATED CONTOUR SHAPE FITTING *1 PAGE 25 

DCL NO. I DENT! F I ER 

244 SLOP 

SORT 

SS 

SYSIN 

SYSPRINT 

6 ********* T 

268 TLOP 

TR 

TT 

(, ********* U 

ATTRIBUTES AND REFERE~CES 

STATEMENT LABEL CONSTANT 
253,264 

GENERIC, BUILT-IN FUNCTION 
27,47,59,71,72,73,74,86,87,88,89,100,125,126,142,163,164,217,218,30 
301,310 

AUTOMATIC,ALIGNED,DECIMAL,FLOATISINGLEI 
10,11,17,17,19,30,32,38 

AUTOMATIC,ALIGNED,DECIMAL,FLOATISINGLEI 
307,312 

FILE,EXTERNAL 
9,10 

FILE,EXTERNAL 
11,12,14,19,35,36,37,41,78,79,80,81,93,94,95,96,102,103,104,111,128 
129,130,152,168,169,170,220,221,305,306,312,313 

AUTOMhTIC,ALIGNED,BINARY,FIXEDI15,01 
37,37,37,37,37,37,37,37,37 

STATEMENT LABEL CONSTANT 
243,280,288 

AUTOMATIC,ALIGNED,DECIMAL,FLOATISINGLEI 
10,11,IB,18,19,31,33,39 

AUTOMATIC,ALIGNED,OECIMAL,FLOATISINGLEI 
318,312 

AUTOMATIC,ALIGNED,BINARY,FIXEDI15,01 



DCL NO. 

2 

5 

5 

28Q 

1* APPENDIX TWO: SIMULATED CONTOU~ SHAPE FITTING *1 

IDENTIFIE~ 

x 

XA 

XB 

XBAR 

XCAL 

XIN 

XK 

XL 

XMAX 

XMI~ 

XP 

ATTRIBUTES AND REFERENCES 

1250lAUTOMATIC,ALIGNED,DECIMAL,FLOATISINGLEI 
23,24,30,31,32,33,37,46,46,51,51,52,52,55,55,119,120,121 

1250IAUTOMATIC,ALIGNEO,DECIMAL,FLOATISINGLEI 
256,259,267,283,292,292,296 

125DIAUTOMATIC,ALIGNED,DECIMAL,FLOATISINGLEI 
259,265,267,275,289,292,292,296 

AUTOMATIC,ALIGNED,DECIMAL,FLOATISINGLEI 
123,126,129,166,307 

STAT~MENT LABEL CONSTANT 
282 

AUTOMATIC,ALIGNEO,OECIMAL,FLOATISINGLEI 
107,109 

AUTOMATIC,ALIGNEO,OECIMAL,FLOATISINGLEI 
21,23 

AUTOMATIC,ALIGNEO,OECIMAL,FLOATISINGLEI 
132,134 • 

AUTOMATIC,ALIGNEO,OECIMAL,FLOATISINGLEI 
179,180,185 

AUTOMATIC,ALIGNEO,OECI~AL,FLOATISINGLEI 
177,178,185 

AUTOMATIC,ALIGNEO,DECIMAL,FLOATISINGLEI 
219,221,303 
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, 
, 

:OCL NO. 

1* 4PPENOIX TWO: SIMUL4TED CONTOUR SHAPE FITTING *1 

IDENTIFIER ATTRIBUTES 4ND REFERENCES 

XPADG 

XPADL 

XPBA'l. 

XPG 

XDXV 

XR 

XRAD 

XPA02 

XRADG 

XIl.ADL 

XRG 

AUTOMATIC,4LIGNEO,DECIM4L,FL04TISINGLEI 
218,220,304 

AUTOMATIC,ALIGNEO,DECIMAL,FLOATISINGLEI 
86,94 

AUTOMATIC,ALIGNED,DECIMAL,FLOAT(SINGLEI 
215,218,220,303,307 

AUTOMATIC,ALIGNED,DECIMAl,FLOAT(SINGLEI 
87,92,94 

AUTOMATIC,ALIGNEO,DECIMAL,FlOATISINGLEI 
184,213,213,219 

AUTOMATIC,ALIGNED,DECIMAL,FLOATISINGLEI 
127,130,166 

AUTOMATIC,ALIGNEO,DECIMAL,FLOATISINGLEI 
217,220 

AUTOMATIC,ALIGNEO,OECIMAL,FLOATISINGLEI 
125,129 

AUTOMATIC,ALIGNED,DECIMAL,FLOAT(SINGLEI 
126,129,167 

AUTOMATIC,ALIGNED,OECIMAL,FLOATISINGLEI 
71,79 

AUTOMATIC,ALIGNED,OECIMAL,FLOAT(SINGLEI 
72,77,79 
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DCL NO. 

229 

237 

297 

3 

1* APPENDIX TWO: SIMULATEO CONTOU~ SHAPE FITTING *1 

I DENT IF IE~ ATTRIBUTES AND REFERENCES 

XROOT 

XRXV 

XSHIFT 

XX 

VIM 

V1MAX 

VBAR 

VCAL 

VCAl E 

VD 

VDELR 

VEL 

AUTOMATIC,ALIGNED,DECIMAL,FLOATISINGLEI 
27,28.29 

AUTOMhTIC,ALIGNED.DECI~AL,FLOAT(SINGLEI 
115,121,121.127 

AUTOMATIC,ALIGNED,DECIMAL.FLOAT(SINGLEI 
97,103.109 

AUTOMATIC.ALIGNED,DECI~AL,FLOAT(SINGLEI 
185,187 

STAT~MENT LABEL CONSTANT 
226 

AUTOMATIC,ALIGNED,DECIMAL,FLOATISINGlEI 
229,231,242 

AUTOMATIC,AlIGNED,DECIMAl,FLOATISINGlEI 
161,164,166,168,308 

STATEMENT LABEL CONSTANT 

STATEMENT LABEL CONSTANT 
252,260,279,291 

(250IAUTOMATIC,ALIGNED,DECIMAL,FLOAT(SINGLEI 
134,135,157,158,159 

AUTOMATIC,ALIGNED,DECIMAL,FLOATISINGLEI 
155.156,157.158,159 

AUTOMATIC,ALIGNED,DECIMAL,FLOATISINGLEI 
149,150,155 
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143 

16' 

1* ~PPENDIX TWO: SIMULATFD CONTOUR SHAPE FITTING *1 

IDENT IFIER ATTRIBUTES ~ND REFERENCES 

YELA 

YELEND 

YI'l 

YMAX 

YMI'l 

YP 

YPADG 

YPADL 

YPBAR 

YPG 

YPXY 

YR 

• 
STATEMENT LABEL CONSTANT 

STATEMENT LABEL CONSTANT 
153 

AUTOMaTIC,ALIGNEO,DECIMAL,FLOAT(SINGLEI 
108,110 

AUTOMATIC,ALIGNED,OECIMAL,FLOATISINGLEI 
230,232,237 

AUTOMATIC,ALIGNED,DECI~AL,FLOAT(SINGLEI 
227,228,237 

AUTOMATIC,ALIGNED,DECIMAL,FLOAT(SINGLEI 
302,306 

AUTOMATIC,ALIGNED,DECI~AL,FLOATISINGLEI 
301,304,305 

AUTOMATIC,ALIGNED,DECIMAL,FLOAT(SINGLEI 
88,95 

AUTOMATIC,ALIGNED,DECI~AL,FLOAT(SINGLEI 
298,301,303,305,308 

AUTOMATIC,ALIGNED,DECIMAL,FLDATISINGlEI 
89,92,95 

AUTOMAT[C,ALIGNED,DECI~AL,FLOAT(SINGLEI 
236,296,296,302 

AUTOMATIC,ALIGNED,DECIMAL,FLOAT(SINGLEI 
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,DCL NO. 

1* APPENDIX TWO: SIMULATED CONTOUR SHAPE FITTING *1 

IDENTIFIER ATTRIBUTES AND REFERENCES 

YRAD 

YRAD2 

YRADG 

YRADL 

YRM 

YRG 

YR M\I T1 

YRMNT2 

YRXY 

YSHIFT 

IX 

165,170 

AUTOMATIC,~LIGNED,DECI~AL,FLOATISINGLEI 
300,305 

AUTOMATIC,ALIGNED,DECIMAL,FLOATISINGLEI 
163,168 

AUTOMATIC,ALIGNED,DECIMAL,FLOATISINGLE) 
164,167,168 

AUTOMATIC,ALIGNED,DECIMAL,FLOATISINGLEI 
73,80 

AUTOMATIC,ALIGNED.DECIMAL,FLOATISINGLEI 
146,156,156,161,162,165,168 

AUTOMATIC,ALIGNED,DECIMAL,FLOAT(SINGLEI 
74,77,80 

AUTDMATIC,ALIGNED,DECI~AL,FLOAT(SINGLE) 
146,157,157,161 

AUTOMATIC,ALIGNED,DECIMAL,FLOAT(SINGLEI 
146,158,158,162 

AUTOMATIC.ALIGNED.DECIMAL,FLOAT(SINGLEI 
147,159,159,165 

AUTOMATIC,ALIGNED,DECIMAL,FLOATISINGLEI 
98,103,110 . 

AUTOMATIC,ALIGNED,DECIMAL,FLOAT(SINGLE) 
15,17 

PAGE 
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Del NO. 

1* 4PPENDIX TWO: SIMUL4TED CONTOUR SHAPE FITTING *1 

IDEiIlTIFIEQ 

zv 

ATTRIBUTES AND REFERENCES 

AUTOMATIC,ALIGNED,DECIMAl,FlOATCSINGlEI 
16,18 

PAGE 

! 

I 
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I 
I 
I 

STATEMENT NO. 

1ft 

ft 

ft 

3 

2 

2 

3 

5 

3 

2 

2 

2 

5 

5 

3 
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4GGREGATE LENGTH TABLE 

I DEN T I F I ER LENGTH IN BYTES 

EX 1000 

EYl 1000 

EY2 UlOO 

PXl 1000 

PX2 1000 

PYl 1000 

PY2 1000 

PYA 1000 

RDXl 1000 

RDX2 1000 

~Yl 1000 

RY2 1000 

X 1000 

XA 1000 

XB 1000 

YD 1000 



- -------~-~--------------------------------------
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STORAGE REQUIREMENTS. 

THE STORAGE AREA FO, THE PROCEDURE LABELLED SI~CAL IS 16924 BYTES LONG. 

THE PROGRAM CSECT [S NAMED SIMCAL AND IS 17524 BYTES LONG. 

THE STATIC CSECT IS NAMED *SIMCALA AND IS 2283 BYTES LONG. 

STATISTICS* SOURCE RECOR)S = 358,PROG TEXT STMNTS = 315,OBJECT BYTES = 17524 



/* APPENDIX TWO: SIMULATED CONTOUR SHAPE FITTING */ PAGE 

COMPILER DIAG~OSTICS. 

WARNINGS. 

IF.MD2271 NO FILE/STRING OPTION SPECIFIED IN ONE OR MORE GET/PUT STATEMENTS. SYSIN/SYSPRINT HAS BEEN 

ASSUMED IN EACH CASE. 

I EW1764 I ONE OR MORE FIXED BINARY ITEMS OF PRECISION 15 OR LESS HAVE BEEN GIVEN HALFWDRD STORAGE. THEY 

ARE FLA~GED '*********' IN THE XREF/ATR LIST. 

JEM3S9S1 COMPILER CORE REQUIREMENT EXCEEDED SIZE GIVEN. AUXILIARY STORAGE USED. 

END OF DIAGNOSTICS. 

AUXILIARY STORAGE WILL NOT BE USED FOR DICTIONARY WHEN SIZE = 122K 

COMPILE TIME 

ELAPSED TIME 

.31 MINS 

.90 MINS 

34 



llB-LEVEL LINKAGE EDITDR OPTIONS SPECIFIED MAP,OVLY,SIZE=1172K,6KI 
VARIABLE OPTIONS USED - SIZE=(176128,61441 

E\'I~2Dl 

EWD461 
EW)461 
EilH61 
EW0461 
EWCl461 
E~0461 
EW0461 
Ew0461 
EW0461 
EWCl461 
EII0461 
EII0461 
EW0461 
EWH61 
EW0461 
E,f0461 
EW:)461 
EW(l461 
c:\'I1)461 
EW0461 
E,j0461 
EII0461 
EWH61 
EW1461 
EW0461 
E1I()461 

IHEUPAB 
I HEUPBB 
IHEDNCA 
IHt:DNBA 
IHEVSAA 
IHEVCAA 
IHEDBNA 
IHEVSBA 
IHEVSFA 
IHEDDOD 
IHt:VPCA 
I HEVPDA 
IHEVPFA 
IHEVPGA 
I HEVPHA 
IHEVFBA 
IHEVKBA 
IHEVKCA 
IHEVKFA 
IH"VKGA 
IHEUPAA 
IHEUPBA 
IHEM91A 
IHE",,91B 
IHEM91C 
IHETERA 

CONTROL SECTION 

NAME ORIGIN LENGTH SEG. NO. 

. SI MCAL 
*SIMCALA 

Dn 
4478 

4474 
BEA 

1 
1 

MODUL E MAP 

ENTRY 

NAME LOCATION NAME LOCATION NAME LOCATION NAME LOCATION 







NAME ORIGIN LENGTH SEG. NO. NAME LOCATION NAME LOCATION NAME LOCATION NAME LOCATION 

IHEVQA * 9098 E6 1 
IHEVQAA 9098 

IHEVSE * 9180 150 1 
IHEVSEA 9180 IHEVSEB 9182 

I HEOCLA * 92EO 4C 1 

PSEUDO REGISTERS 

NAME ORIGIN L E'IG TH NAME ORIGIN LENGTH NAME ORIGIN LENGTH NAME ORIGIN LENGTH 

IHEQINV 00 4 IHEQERR 4 4 IHEQTIC 8 4 *SIMCALB C 4 
SYSIN 10 4 IHEQSPI'1. 14 4 IHEQLSA 18 4 IHEQLWD 1C 4 
I HEQLW1 20 4 IHEQLW2 24 4 IHEQLW3 28 4 I HEQL W4 2C 4 
IHEQLWE 30 4 IHEQLCA 34 4 IHEQVDA 38 4 IHEQFVD 3C 4 
I H EQFOP 40 4 IHEQCFL 44 8 IHEQADC 4C 4 IHEQLPR 50 4 
IHEQSLA 54 4 IHEQSAR 58 4 IHEQLWF 5C 4 IHEQRTC 60 4 
IHEQSFC 64 4 IHEQXLV 68 8 IHEQEVT 70 8 

TOTAL LENGTH OF PSEUDO REGISTERS 78 
ENTRY ADDRESS 4070 
TOTAL LENGTH 9330 

****PUIlFXEQ DOES NOT EXIST BUT HAS BEEN ADDED TO DATA SE T 

01 AGNO STI C MESSAGE DIRECTORY 

IEW02l1 WARNING - OVERLAY STRU~TURE CONTAINS ONLY ONE SEGMENT -- OVERLAY OPTION CANCELED. 
IEW0461 WARNING - SYMBOL PRINTED IS AN UNRESOLVED EXTERNAL REFERENCE; NCAL WAS SPECIFIED, OR THE REFERENCE WAS 

MARKED FOR RESTRICTED NO-CALL OR NEVERCALL. 





......................... ------------------------------------

INPUT PARAMETE RS 
A = 1.00000 B" 0.40000 

P = 1.00000 Q '" 0.60000 

SHIFT PARAMETERS 

X DIRECTID~ SR = 0.10000 Y DIRECTION TR = 0.10000 

ANGLE OF ROTATION = 0.01745 

ANGLE OF ROTATION I~ DEGR~ES" I.COOOO 

SR" 0.11 062 TR = O.OB264 



REF X YI Y2 PXl PYl PX2 PY2 
1 0.0:.1000 0.6:1000 0.60000 0.10015 0.68255 0.10015 0.68255 
2 0.01000 0.54351 0.65643 0.11114 0.62631 0.10911 0.13914 
3 0.020ao 0.52040 0.67960 ~.12154 0.60331 0.11816 0.16249 
4 0.03000 0.50216 0.69124 0.13184 0.58585 0.12845 0.18030 
5 0.04000 0.4'3800 0.11200 0.14210 0.51121 0.13819 0.19523 
6 0.050:)0 0.41510 0.12490 0.15232 0.55854 0.14191 0.80830 
1 0.06000 0.46353 0.13641 0.16252 0.54115 0.15176 0.82005 
8 0.01000 0.45298 0.14102 0.11211 0.53611 0.16158 0.83077 
SI 0.08000 0.44323 0.75611 0.18288 0.52120 0.11140 0.84069 11) 0.09000 0.43416 0.16584 0.19303 0.51830 0.18124 0.84994 

11 0.10000 0.42564 n. 11436 :).20318 0.50991 0.19109 0.85863 
12 0.11000 0.41162 0.18238 ::1.21332 0.50211 0.20695 0.86683 
13 0.12000 0.41001 0.78999 Cl.22345 0.49468 0.21682 0.81461 
14 0.13000 0.40218 0.19122 0.23357 0.48163 0.22669 0.88201 
15 0.14000 0.39588 0.80412 0.24369 0.48091 0.23651 0.88908 
16 0.15000 0.38929 0.81011 0.25381 0.41449 0.24645 0.89585 
11 0.16000 0.38297 0.81103 0.26391 0.46834 0.25634 0.90234 
18 0.11000 0.31689 0.82311 0.21402 0.46245 0.26623 0.90859 
19 0.18000 0.31105 /).82895 0.28412 0.45618 0.21613 0.91460 
20 0.190:)0 0.36543 0.83451 0.29422 0.45133 0.28603 0.92040 
21 0.20000 0.36000 0.84000 0.30431 0.44608 D.29593 0.92600 
22 0.21000 0.35476 0.84524 0.31440 0.44101 0.30584 0.93142 
23 0.22000 0.34969 0.85031 0.32449 0.43612 0.31515 0.93666 
24 0.23000 0.34418 0.85522 0.33451 0.43139 0.32566 0.94114 
25 0.24000 0.34003 0.85991 0.34465 0.42681 0.33558 0.94661. 
26 0.25000 0.33542 0.86451· 0.35413 0.42238 0.34550 0.95145 
21 0.26000 0.330Q6 0.86904 0.36481 0.41809 0.35542 0.95609 
28 0.27000 0.32662 0.87338 0.31488 0.41392 0.36534 0.96060 
29 0.28000 0.32241 0.81759 0.38495 0.40989 0.31521 Cl.96498 





-------~~~------------------------------------------------------------------------------------~ 

70 0.69000 0.21971 0.98029 0.79668 0.31435 0.78341 1.07483 
71 0.70000 0.21842 0.98158 0.80670 0.31325 0.79339 1.07628 
72 0.71000 0.21719 0.98281 0.81672 0.31219 0.80336 1.07769 
73 0.72000 0.21600 0.98400 0.82674 0.31117 0.81334 1.07905 
74 0.73000 0.21486· 0.99514 0.83676 0.31020 0.82332 1.08037 
75 0.14000 0.21376 0.98624 0.84678 0.30928 0.83330 1.08165 
76 0.75000 0.21270 0.98730 0.85680 0.30840 0.84328 1.08288 
71 0.76000 0.21169 0.98831 0.86681 0.30756 0.85326 1.08406 
78 0.77000 0.21072 0.913928 0.87683 0.30617 0.86324 1.08520 
79 0.78000 0.20980 0.99020 0.88684 0.30602 0.87322 1.08630 
8:> 0.79000 0.20892 0.99108 0.89686 0.30531 0.88321 1.08736 
81 0.80000 0.2')808 0.99192 0.90687 0.30465 0.89319 1.08837 
82 0.81000 0.20729 0.99271 0.91688 0.30403 0.90318 1.08934 
83 0.82000 0.20653 0.99347 0.92689 0.30345 0.91316 1.09026 
84 0.83000 0.20582 0.99418 0.93690 0.30292 0.92315 1.09115 
85 0.84000 0.20515 0.99485 0.94691 0.30242 0.93313 1.09199 
86 0.85000 0.20453 0.99547 0.95092 0.30197 0.94312 1.09280 
87 0.86000 0.20394 0.99606 0.96693 0.30156 0.95311 1.09356 
88 0.87000 0.20339 0.99661 0.97694 0.30119 0.96310 1.09428 
8') 0.88:1:)0 0.20289 0.99711 0.98695 0.30086 0.97309 1.09495 
9) 0.89000 0.2n43 0.99757 0.99695 0.30057 0.98308 1.09559 
91 0.90000 0.20201 0.99799 1.00696 0.30032 0.99307 1.09619 
92 0.91')00 0.20162 0.99838 1.01696 0.30011 1.00306 1.09674 
93 0.92000 0.20128 0.99872 1.02697 0.29995 1.01305 1.09726 
94 0.93000 0.20098 0.99902 1.03697 0.29<)82 1.02305 1.09774 
95 0.94000 0.20072 0.99928 1.04698 0.29973 1.03304 1.09817 
96 0.95000 0.20050 0.99950 1.05698 0.29969 1.04304 1.09857 
97 0.96000 0.20032 0.99968 1.06698 0.29968 1.05303 1.09892 
98 0.97000 0.2')018 0.99982 1.07698 0.29972 1.06303 1.09923 
99 0.9800D 0.20008 0.99992 1.08698 0.29979 1.07302 1.09951 

10' 0.99000 0.20002 0.<)9998 1.09698 0.29991 1.08302 1.09974 
In 1.00000 0.20000 1.00000 1.10698 0.30006 1.09302 1.09994 
1)2 1.01000 0.20002 0.99998 1.11697 0.30026 1.10302 1.10009 
103 1.02000 0.2001)8 0.99<)92 1.12697 0.30049 1.11302 1.10021 
11)4 1.03:>00 0.20018 0.9<)<)82 1.13697 0.30076 1.12301 1.10028 
105 1.04000 0.20032 0.99968 1.146% 0.30108 1.13301 1.10032 
1% 1.05000 0.2005(') 0.99950 1.15696 0.30143 1.14302 1.10031 
107 1.05999 0.21072 0.99928 1.16695 0.30183 1.15302 1.10026 
108 1.06999 0.20098 0.9<)902 1.17694 0.30226 1.16302 1.10018 
109 1.0799'1 0.20128 0.99872 1.18694 0.30274 1.17302 1.10005 



ID 1.08999 0.20162 0.99838 1.19693 0.30325 1.18303 1.09988 
111 1.09999 0.21)200 0.99800 1.20692 0.30381 1.19303 1.09968 
112 1.10999 0.20243 0.99151 1.21691 0.30441 1.20304 1.09943 
113 1.11999 0.20289 0.99111 1.22690 0.30504 1.21304 1.09914 
114 1.12999 0.20339 0.99661 1.23689 0.30512 1.22305 1.09881 
115 1.13999 0.20394 0.99606 1.24688 0.30644 1.23306 1.09844 
116 1.14999 0.20452 0.99548 1.25686 0.30120 1.24306 1.09803 
111 1.15999 0.20515 0.99485 1.26685 0.30800 1.25301 1.09758 
118 1.16999 0.20582 0.99418 1.27684 0.30885 1.26308 1.09708 
119 1.17999 0.20653 0.99347 1.28682 0.30973 1.27309 1.09655 
12:> 1.18999 0.20729 0.99211 1.29681 0.31066 1.28310 1.09597 
121 1.19998 0.20808 0.99192 1.30679 0.31163 1.29311 1.09535 
122 1.20998 0.20892 0.99108 1.31611 0.31264 1.30313 1.09469 
123 1.21')98 0.20980 0.99020 1.32676 0.31370 1.31314 1.09398 
124 1.22998 0.21012 0.98928 1.33674 0.31479 1.32315 1.09323 
125 1.23998 0.21169 0.98831 1.34672 0.31594 1.33317 1.09244 
126 1.24998 0.21270 0.98730 1.35670 0.31112 1.34318 1.09160 
127 1.25998 0.21315 0.98625 1.36668 0.31835 1.35320 1.09012 
128 1.26998 0.21485 0.98515 1.37666 0.31962 1.36322 1.08980 
129 1.27998 0.21600 n.98400 1.38664 0.32094 1.37323 1.08883 
13) 1.28998 f).21119 1).98281 1.39661 0.32230 1.38325 1.08781 
131 1.29998 0.21842 0.98158 1.40659 0.32371 1.39327 1.08675 
132 1.30998 0.21970 0.98030 1.41656 0.32511 1.40329 1.08565 
133 1.31998 0.22103 0.97897 1.42654 0.32667 1.41331 1.08449 
134 1.32998 0.22240 0.91160 1.43651 0.32822 1.42334 1.08329 
135 1.33997 0.22383 1).97617 1.44649 f).32982 1.43336 1.08205 
136 1.34997 0.22530 0.97470 1.45646 0.33146 1.44338 1.08075 
137 1.35997 0.22681 0.97319 1.46643 0.33315 1.45340 1.07941 
138 1.36997 0.22838 0.91162 1.47640 0.33490 1.46343 1.07802 
139 1.37997 0.23000 0.97000 1.48637 0.33669 1.47346 1.07657 
14) 1.38991 0.23161 0.96833 1.49634 0.33853 1.48348 1.07508 
141 1.39997 0.23339 0.96661 1.50630 0.34042 1.49351 1.r)7353 
142 1.40997 0.23516 0.96484 1.51627 0.34237 1.50354 1.07194 
143 1.41997 0.23698 n.96302 1. 52624 0.34437 1.51351 1.01029 
144 1.42991 0.23886 0.96114 1.53620 0.34642 1.52360 1.06858 
145 1.43997 0.24019 0.95921 1.54611 0.34853 1.53363 1.06683 
146 1.44997 0.24278 0.95722 1.55613 0.35069 1.54366 1.06501 
141 1.45997 0.24483 0.95517 1.56609 0.35291 1.55310 1.06315 
148 1.46996 0.24693 0.95307 1.57605 0.35518 1.56373 1.06122 
149 1.41996 0.24908 0.95092 1.58601 0.35751 1.51311 1.05924 



15' 1.48996 0.25130 0.94870 1.59597 0.35991 1.58380 1.05719 
151 1.49996 0.25358 0.94642 1.60593 0.36236 1.59384 1.05509 
152 1.50996 0.25592 0.94408 1.61589 0.36487 1.60388 1.05292 
153 1.51996 0.25832 0.94168 1.62584 0.36745 1.61392 1.05070 
154 1.52996 0.26079 0.93921 1.63580 0.37009 1.62396 1.04840 
155 1.53996 0.26332 0.93668 1.64575 0.3728G 1.63400 1.04605 
156 1.54996 0.26592 0.93408 1.65570 0.37557 1.64404 1.04362 
157 1.55996 0.26859 0.93141 1.66565 0.37841 1.65409 1.04113 
158 1.56996 0.27133 0.92867 1.67560 0.38133 1.66413 1.03856 
159 1.57996 0.27414 0.92586 1.68555 0.38431 1.67418 1.03593 
16' 1.58996 0.27703 0.92297 1.69550 0.38737 1.68423 1.03322 
161 1.59996 0.27999 0.92001 1.70545 0.39050 1.69428 1.03043 
162 1.60995 0.28303 0.91697 1.71539 0.39372 1.70433 1.02757 
163 1.61995 0.28614 0.91386 1.72534 0.39701 1.71438 1.02462 
164 1.62995 0.28935 0.91065 1.73528 0.40039 1.72444 1.02160 
165 1.63995 0.29263 0.90737 1.74522 0.40385 1.73449 1.01849 
166 1.64995 0.29601 0.90399 1.75516 0.40740 1.74455 1.01528 
167 1.65995 0.29948 0.90052 1.76509 0.41104 1.75461 1.01199 
168 1.66995 0.30304 0.89696 1.77503 0.41477 . 1.76467 1.00861 
16') 1.67995 0.30670 0.89330 1.78496 0.41861 1.77473 1.00512 
17:> 1.68995 0.31046 0.88954 1.79490 0.42254 1.78479 1.00154 
171 1.69995 0.31432 0.88568 1.!l0482 0.42658 1.79486 0.99785 
112 1.70995 0.31830 0.88170 1.81475 0.43073 1.80492 0.99405 
173 1.71995 0.32239 0.87761 1.82468 0.43499 1.81499 0.99013 
174 1.72995 0.32660 0.87340 1.83460 0.43938 1.82506 0.98610 
175 1.73995 0.33093 0.86907 1.84453 0.44389 1.83514 0.98194 
176 1.74994 0.33540 0.86460 1.85445 0.44853 1.84521 0.97765 
177 1.75994 0.34000 0.86000 1.86436 0.45330 1.85529 0.97322 
178 1.76994 0.34476 0.85524 1.87428 0.45823 1.86537 0.96864 
In 1.77994 0.34966 0.85034 1.88419 0.46331 1.87545 0.96391 
180 1.78994 0.35473 0.84527 1.89410 0.46855 1.88554 0.95902 
181 1.79994 0.35997 0.84003 1.90401 0.47396 1.89563 0.95395 
182 1.80994 0.36540 0.83460 1.91391 0.47956 1.90572 0.94870 
183 1.81994 0.37102 0.82898 1.92381 0.48536 1.91582 0.94325 
184 1.82994 0.37686 0.82314 1.93370 0.49137 1.92592 0.93759 
185 1.83994 0.38293 0.81707 1.94360 0.49762 1.93602 0.93170 
18& 1.84994 0.38925 0.81075 1.95348 0.50411 1.94613 0.92555 
187 1.85994 0.39584 0.80416 1.96337 0.51088 1.95624 0.91913 
188 1.86994 0.40273 0.79727 1.97324 0.51794 1.96636 0.91242 
18,} 1.87994 0.40996 0.79004 1.98312 0.52535 1.97648 0.90536 

I --------





ELLIPSE SHIFT PARAMETERS 
CGX = 1.10000 
CGY = 0.70000 
ANG = 0.01503 



R. EF LINE 
LENGTH = 2.29583 

RAO OF G X SQ = 1.39430 

RAD OF G Y SQ = 0.80423 

CROSS PR~DUCT RHXY = 0.88878 
TWICE ANGLE TAN-l = 0.00000 

XBAR = 0.99794 

• 

XRIIOL = 1.18081 

YRAOL - 0.89679 

RHBAR = 0.00060 

YBAR = 0.89002 

XRG = 0.63121 

YRG = 0.10995 



PROD LINE 
LENGTH = 2.29583 

RAO OF G Y SQ = 1.59267 
RAD OF G YSQ = 0.99221 

CROSS PRODUCT PHXY = 1.08922 
TWICE ANGLE TAN-l = 0.03803 

LINE CENTROID 

SHIFT PARAMETERS 
XSHIFT = 0.09494 

PXBAR = 1.09288 

XPAOl = 1.26201 
YPAOL = 0.99610 

PHBAR = 0.00734 

YSHIFT = 0.09992 

ANGULAR DIFFERENCE IN DEGREES = 1.00122 

EFFECTIVE SHIFT OF SECTIONAL CENTROID 
XSHIFT = 0.10001 YSHIFT = O.loono 

PYBAR = 0.98994 

XPG = 0.63110 
YPG = 0.11059 



ELLIPSE SECTIONS: SHIFT P~RAMETER CALCULATIONS 

SURFACE ~R EA = 1.25622 

C OF G XBAR = 1.00006 

rAD OF G 
SQ = 1.249B8 XRAD2 = 1.1179fl 

CROSS PRODUCT = 0.60004 

XRADG = 0.49977 

DY ELEMENTS AREA = 1.25597 
C OF G YBAR 0.60001 RAO OF G SQ = 0.39995 
YRA02 = 0.63242 YRADG = 0.19985 

TWICE ANGLE OF PRINCIPAL AXIS = -0.00004 

CROSS PRODUCT = 0.59988 



PRODUCTION SHAPE OX ELEMENTS 

AREII = 1.25512 
RAD2 = 1.45963 

CROSSPRODUCT = 0.77394 

PRODUCTIO~ DY ELEMENTS 
Af~E.l\ = 1.25741 
PRAD SQ = 0.53005 

CROSSPR3DUCT = 0.77391 

C OF G = 1.10029 
R OG G = 1.20815 XPADG = 0.49899 

C OF G = 0.70005 
R OF ~ = 0.72805 

YPADG = 0.19996 



I 

SHIFT PARAMETERS 

X DIRECTION = 
Y DIRECTION = 
T~N OF ANGULAR 

0.10024 
0.10004 
DIFFERENCE = 0.01761 

ANGULAR DIFFERENCF IN DEGREES = 1.00909 



-- ---------------------------------------..., 

INPUT PARAMETERS 
A = 1.000r)0 B = 0.40000 

P = 1.00300 Q = 0.60000 

SHIFT PARAMETFRS 

X DIRECTION SR = 0.10000 Y DIRECTION TR = 0.10000 

ANGLE OF ROTATION = 0.00873 

ANGLE OF ROTATION I~ OEGREES = 0.50029 

SR = 0.10528 TR = 0.09129 



SHAPE PARAMETERS 

REF X Yl Y2 PXl PYl PX2 PY2 
1 0.0::>000 0.6')000 f).60000 0.10004 0.69127 0.10004 0.69127 
2 0.01000 0.54357 0.65643 0.11053 0.63493 0.10955 0.74778 
3 0.02000 0.52040 0.67960 0.12073 0.61185 0.11934 0.77104 
4 0.03000 0.50276 0.69724 0.13089 0.59429 0.12919 0.78871 
5 0.04000 0.48800 0.71200 0.14101 0.57962 0.13906 0.80361 
6 0.05000 0.47510 0.72490 0.15113 0.56681 0.14895 0.81660 
7 0.06000 0.46353 0.73647 0.16123 0.55533 0.15884 0.82826 
8 0.07000 0.45298 0.74702 0.17132 0.54486 0.16875 0.83890 
9 O.OBOOO 0.44323 0.75677 0.18140 0.53521 0.17867 0.84873 

1') 0.09000 0.43416 0.76584 0.19148 0.52622 0.18859 0.85789 
11 0.10000 0.42564 0.77436 0.20156 0.51779 0.19851 0.86649 
12 0.11000 0.41762 0.78238 :).21163 0.50985 0.20844 0.87461 
13 0.12000 0.41001 0.78999 0.22169 0.50234 0.21837 0.88230 
14 0.l30DO 0.40278 0.79722 0.23175 0.49519 0.22831 0.88962 
15 0.14000 0.39588 0.80412 0.24181 0.48838 0.23825 0.89660 
16 0.150)D 0.38929 0.81071 0.25187 0.48187 0.24819 0.90328 
17 0.16000 0.38297 0.81703 0.26193 0.47564 0.25814 0.90969 
IB 0.17000 0.376B9 0.82311 0.27198 0.46966 0.26808 0.91585 
19 0.18000 0.37105 0.82895 0.28203 0.46390 0.27803 0.92178 
20 0.19000 0.31>543 0.83457 0.29208 0.45837 0.28798 0.92749 
21 0.20000 0.36000 0.84000 0.30213 0.45303 0.29794 0.93301 
22 0.210:)0 0.35476 0.84524 0.31217 0.44787 0.30789 0.93834 
23 0.22000 0.34969 0.85031 0.32221 0.44289 0.31784 0.94349 
24 0.23000 0.34478 0.85522 ').33226 0.43807 0.32780 0.94849 
25 0.24000 0.34003 0.85997 0.34230 0.43341 0.33776 0.95332 
26 0.250:)0 0.33542 0.86457 0.35234 0.42889 0.34772 0.95802 
27 0.26000 0.33096 0.86904 0.36238 0.42451 0.35768 0.96257 
28 0.27000 0.32662 0.87338 0.37241 0.42026 0.36764 0.96700 
29 0.28000 0.32241 0.87759 0.38245 0.41614 0.37760 0.97129 



--------------~--------------------------------------------------------------------~ 

30 0.29000 0.31832 0.88168 0.39249 0.41213 0.38757 0.97547 
31 0.30000 0.31434 0.88566 0.40252 0.40824 0.39753 0.97954 
32 0.31000 0.31048 0.88952 0.41255 0.40446 0.40750 0.98349 
33 0.32000 0.30672 0.89328 0.42259 0.40079 0.41747 0.98734 
34 0.33000 0.30306 0.89694 0.43262 0.39722 0.42743 0.99108 
35 0.34000 0.29949 0.90051 0.44265 0.39374 0.43740 0.99473 
36 0.35000 0.29603 0.90397 0.45268 0.39036 0.44737 0.99829 
37 0.36001) 0.29265 0.90735 0.46271 0.38707 0.45734 1.00175 
38 0.37000 0.28936 0.91064 0.47274 0.38387 0.46731 1.00513 
39 0.38000 0.28616 0.91384 0.48276 0.38076 0.47728 1.00842 
41 0.39000 0.28304 0.91696 0.49279 0.37773 0.48726 1.01162 
41 0.40000 0.28000 0.92000 0.50282 0.37477 0.49723 1.01475 
42 0.41000 0.27704 0.92296 0.51284 0.37190 0.50720 1.01780 
43 0.42000 0.27415 0.92585 0.52287 0.36910 0.51718 1.02077 
44 0.43000 0.27134 0.92866 ').53289 0.36638 0.52115 1.02367 
45 0.44000 0.26860 0.93140 0.54291 0.36373 0.53713 1.02649 
46 0.45000 1'1.26593 0.93407 0.55294 0.36115 0.54710 1.02925 
47 0.46000 1'.26333 0.93667 0.56296 0.35863 0.55708 1.03194 
48 0.47000 0.26080 0.93920 0.57298 0.35619 0.56706 1.03456 
49 0.48000 0.25833 0.94167 :>.58300 0.35381 0.57704 1.03711 
50 0.49000 0.25593 0.94407 0.59302 0.35149 0.5fl702 1.03960 
51 0.50000 0.25359 0.94641 0.60304 0.34924 0.59699 1.04203 
52 0.51000 0.25131 0.94869 0.61306 0.34705 0.60697 1.04440 
53 0.52000 0.24909 0.95091 0.62308 0.34492 0.61695 1.04670 
54 0.53000 0.24693 0.95307 0.63310 0.34284 0.62694 1.04895 
55 0.54000 0.24483 0.95517 0.64312 0.34083 0.63692 1.05114 
56 0.55000 0.24279 0.95721 0.65313 0.33887 0.64690 1.05327 
57 0.56000 0.24080 0.95920 0.66315 0.33697 0.65688 1.05534 
58 0.57000 0.23887 0.96113 0.67317 0.33513 0.66686 1.05736 
5'1 0.58:)00 0.23699 0.96301 0.68318 0.33334 0.67685 1.05933 
6) 0.59000 0.23517 0.96483 0.69320 0.33160 0.68683 1.06124 
61 0.60000 0.23339 0.96661 0.70322 0.32992 0.69681 1.06310 
62 0.61000 0.23167 0.96833 0.71323 0.32828 0.70680 1.06491 
63 0.62000 0.23001 0.96999 0.72324 0.32670 0.71678 1.06666 
64 0.63000 0.22839 0.97161 0.73326 0.32517 0.72677 1.06837 
65 0.64000 0.22682 0.97318 0.74327 0.32369 0.73676 1.07002 
66 0.65000 0.22530 0.97470 0.75328 0.32226 0.74674 1.07163 
67 0.66000 0.22383 0.97617 0.76330 0.32088 0.75673 1.07319 
68 0.67000 0.22241 0.97759 0.77331 0.31954 0.76672 1.07470 
69 0.68000 0.22103 0.97897 0.78332 0.31825 0.77670 1.07616 





------------
I 

J 

110 1.08999 0.20162 0.99838 1.19347 0.30242 1.18651 1.09915 ( 
111 1.09999 0.20200 0.99800 1.20346 0.30289 1.19651 1.09885 i 112 1.10999 0.20243 0.99757 1.21346 0.30340 1.20651 1.09852 I 
113 1.11999 0.20289 0.99711 1.22345 0.30395 1.21652 1.09814 
114 1.12999 0.20339 0.99661 1.23345 0.30454 1.22652 1.09772 
115 1.13999 0.20394 0.99606 1.24344 0.30518 1.23652 1.09727 
Ill) 1.14999 0.20452 0.99548 1.25343 0.30585 1.24653 1.09677 
117 1.15999 0.20515 0.99485 1.26343 0.30656 1.25653 1.09623 
113 1.16999 0.2'582 0.99418 1.27342 0.30732 1.26654 1.09565 
119 1.17999 0.20653 0.99347 1.28341 0.30812 1.27654 1.09502 
12:) 1.18999 0.20729 0.99271 1.29340 0.30896 1.28655 1.09436 
121 1.19998 0.20808 0.99192 1.30340 0.30984 1.29655 1.09365 
122 1.2')998 0.2nA92 0.99108 1.31339 0.31077 1.30656 1.09290 
123 1.21998 0.20980 0.99020 1.3233A 0.31173 1.31657 1.09211 
124 1.22998 0.21072 0.98928 1.33337 0.31274 1.32657 1.09127 
125 1.23998 0.21169 1).98B31 1.34336 0.31380 1.33658 1.09039 
126 1.24998 0.21270 0.98730 1.35335 0.31490 1.34659 1.08947 
127 1.25998 0.21375 0.98625 1.36334 0.31604 1.35660 1.08850 
128 1.26998 0.21485 0.98515 1.37333 0.31723 1.36661 1.08749 
129 1.27998 0.21600 0.98400 1.38332 0.31846 1.37661 1.08643 
13:) 1.28998 0.21719 0.98281 1.39331 0.31973 1.38662 1.08533 
131 1.29998 0.21842 0.98158 1.40330 0.32105 1.39663 1.08418 
132 1.30998 0.21970 0.98030 1.41328 0.32242 1.40664 1.08299 
133 1.31998 0.22103 0.97897 1.42327 0.32384 1.41665 1.08175 
134 1.32998 0.22240 0.97760 1.43326 0.32530 1.42666 1.08046 
135 1.33997 0.22383 0.97617 1.44324 0.32681 1.43668 1.07913 
136 1.34997 0.22530 0.97470 1.45323 0.32837 1.44669 1.07774 
137 1.35997 0.22681 0.97319 1.46321 0.32997 1.45670 1.07631 
138 1.36997 0.22838 0.97162 1.47320 0.33163 1.46671 1.07483 
139 1. 37997 0.23000 0.97000 1.48318 0.33333 1.47672 1.07330 
14' 1.38997 0.23167 0.96833 1.49317 0.33509 1.48674 1.07172 
141 1.39997 0.23339 0.96661 1.50315 0.33689 1.49675 1.070C9 
142 1.40997 0.23516 0.96484 1.51314 0.33875 1.50677 1.06840 
143 1.41997 0.23698 0.96302 1.52312 0.34066 1.51678 1.06667 
144 1.42997 0.23886 0.96114 1.53310 0.34263 1.52680 1.06488 
145 1.43997 0.24079 0.95921 1.54308 0.34465 1.53681 1.06303 
145 1.44997 0.24278 0.95722 1.55307 0.34672 1.54683 1.06113 
147 1.45997 0.24483 1).95517 1.56305 0.34885 1.55685 1.05918 
148 1.46996 0.24693 0.95307 1.57303 0.35104 1.56686 1.05716 
149 1.47996 0.24908 0.95092 1.58301 0.35329 1.57688 1.05509 





19J 1.88993 0.41756 0.78244 1.99149 0.52534 1.98831 0.89020 191 1.89993 0.42559 0.17441 2.00142 0.53345 1.99838 0.88226 192 1.90993 0.43410 0.76590 2.01134 0.54205 2.00845 0.87384 193 1.91993 0.44317 0.75683 2.02127 0.55121 2.01853 0.86486 194 1.92993 0.45291 0.74709 2.03118 0.56103 2.02861 0.85521 195 1.93993 0.46345 rJ.73655 2.04109 0.57166 2.03870 0.84475 196 1.94993 0.47502 0.72498 2.05098 0.58331 2.04880 0.83327 197 1.95993 0.48790 0.71210 2.06087 0.59629 2.05891 0.82047 198 1.96993 0.51)264 0.69736 2.07074 0.61112 2.06904 0.80582 199 1.97993 0.52026 0.67974 2.08058 0.62882 2.07919 0.78829 2()~ 1.98993 0.54337 0.65663 2.09038 0.65201 2.08939 0.76527 201 1.99993 0.59515 rJ.60485 2.09993 0.70388 2.09984 0.71358 202 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 



ELLIPSE SHIFT P~RAMETERS 
CGX = 1.10000 
CGY = 0.70000 
ANG = 0.00631 



REF LINE 
LENGTH = 2.29583 

RAD OF G X SO = 1.39430 

RAD OF G Y SO = 0.80423 

CROSS PRODUCT RHXY = 0.88878 
TWICE ANGLE TAN-1 = 0.00000 

XBAR = 0.99794 YBAR = 0.89002 

XRADL = 1.18081 XRG = 0.63121 

YRAOL = ~.89679 YRG = 0.10995 

RHBAR = 0.00060 

.................... ---------------------------------



~ ............ ------------------------------------
I 

PROD LINE 
LE~GTH = 2.29563 

RAD OF G Y SQ = 1.59830 
RAD OF G YSQ = 0.99221 

CROSS PRODUCT PHXY = 1.08841 
TWICE A~GLE TAN-1 = 0.02054 

LINE CENTRa ID 

SHIFT PARAMETERS 
XSHIFT = 0.09747 

PXBAR = 1.09541 

XPADL = 1.26424 
YPADL = 0.99610 

PHBAR = 0.00397 

YSHIFT = 0.09997 

ANGULAR DIFFERENCE IN DEGREES = 0.50017 

EFFECTIVE SHIFT OF SECTIONAL CENTROID 
XSHIFT = 0.10000 YSHIFT = 0.10000 

PYBAR = 0.98999 

XPG = 0.63118 
YPG = 0.11012 

• 



PRODUCTION SHAPE OX ELEMENTS 

AREA = 1.25512 
RA02 = 1.45960 

CROSSPROOUCT = 0.77202 

PRODUCTION OY ELEMENTS 
AREA = 1.25740 
PRAO SQ = 0.52997 

CROSSPROOUCT = 0.77193 

C OF G = 1.10026 
R OG G = 1.20814 XPAOG = O.4Q903 

C OF G = 0.70003 
R OF G = 0.72799 YPAOG = 0.19982 



SHIFT PARAMETERS 

X Dl RECTI ON = 
Y DIReCTION = 
TAN OF ANGULAR 

0.10020 
0.10002 
DIFFERENCE = 0.00867 

ANGULAR DIFFERENCE IN DEGREES = 0.49668 

HE1401 FILE SYSIN - END OF FILE ENCOUNTERED IN STATEMENT 00009 AT OFFSET +00002 FROM ENTRY POINT SIMCAL 



• 

APPENDIX THREE 

EXAMPLE OF CENTRn]D MANIPIJLATION 



HOLOGRAPHIC CONTOURING PROGRAMME 

Tt-.JPUT CONSTANTS 

POINTS =222.0 

LI M 1= 1 MOO 

NOISE LIMIT 
DIFMIN = l!'lD 

DELTA = f).Olf> 

LIM2 = 123ClO 

START PARAMETER = 0.00 

XMAX = 21.5(1 

CO~PONENT WIDTH 1.19000 

DIRECTION It-.JOICATOR= 1 

XMI N = 14900 

x OIRECTTOt-.J It-.JVERSION R~GTON XLIMl = 11000 XLIM2 = 12500 

~Ut-.J TYPE n = REF 1 = SUBTRACT REF = n 



POINTS NUMBER EX VALUE Z VALUE 
1 0.00000 0.00000 
2 0.00000 0.00000 
3 0.00000 0.00000 
4 0.00000 0.00000 
5 0.00000 0.(01)00 
6 0.00000 0.00000 
7 0.00000 0.00000 
8 1.16667 0.00012 
9 1. J.6247 1).00801 

10 1.15789 0.fl1612 
11 1.15323 0.02075 
12 1.14893 0.02401 
13 1. J.4445 0.03187 
14 1.13960 0.02401 
15 t.1.3447 0.03212 
),6 1.12961 0.04001 
17 1.12457 0.04361 
18 1.11963 0.04812 
19 1.11496 0.05601 
20 l.10936 0.05836 
21 1.lC)525 0.06412 
n 1.10021 0.06800 
23 1.09573 0.07201 
24 1.09013 0.07678 
25 ,1.08491 (1.08012 
26 1.07912 0.08486 
27 1.07305 n.oaar)! 
28 1.06745 0.09216 
~9 1.06195 0.09612 
30 1.05551 0.09870 
31 1.04953 0.10189 
32 1.04421 0.10401 
33 1.03787 0.10706 
34 1.03264 0.10962 
35 1.02741 0.11217. 
36 1.02247 0.11353 
37 1.01724 0.11516 
3A 1.01201 0.n672 
39 1.00707 0.11828 



40 1.00193 0.12001 
41 0.99773 0.12117 
42 0.9'1288 0.12273 
43 0.98831 0.12381 
44 D.98392 0.12508 
45 0.97963 0.12669 
46 0.97505 0.12799 
47 O.'17029 0.12799 
48 0.96525 0.12801 
49 0.96040 0.12801 
50 0.95517 0.12966 
51 0.Q5r)13 0.13089 
52 0.94481 0.13198 
53 D.93949 0.13215 
54 0.93427 0.13355 
55 0.92876 0.13444 
56 n.92307 0.13511 
57 [\.91765 0.13584 
58 0.91159 0.13566 
59 0.90655 0.13559 
61) 0.90020 0.13572 
"1 0.89404 0.13571 
62 ').88863 0.13586 
63 0.88312 0.13559 
64 0.137687 0.13531 
65 0.87127 0.13502 
66 ').86604 o .1345l 
67 0.86007 0.13403 
6R 0.85540 0.13347 
69 0.85027 0.13278 
7fl 0.84513 0.13208 
71 0.84019 0.13137 
72 0.83477 0.13072 
B 0.82945 0.12972 
74 0.82497 0.12825 
75 fl.B1975 0.12787 
76 0.81433 0.12592 
77 0.80976 0.12481 
78 0.80425 0.12356 
79 O.79Qr)3 0.12216 



gn 0.79389 o .12n 5 5 
~l 1).78885 0.11999 
8;:> 1').78353 0.11778 
83 ::>.77812 0.11602 
84 0.71168 1').11412 
85 0.76627 0.11187 
86 0.76011 0.10969 
87 0.75460 0.10720 
88 D.74900 0.10399 
99 0.742114 0.10340 
90 0.73677 0.10069 
91 0.73052 0.09831 
92 0.72445 0.09587 
93 0.71867 0.09325 
94 0.71307 0.09081 
95 0.70635 0.08799 
96 0.70093 0.08615 
97 0.69552 0.08371 
9B 1).68945 0.08100 
99 1).68479 0.07987 

1no 1.68049 0.07708 
101. 0.67527 0.07491 
1'12 1).67153 0.07199 
103 0.66621 0.07133 
1'14 0.66099 0.06848 
1()5 1).65641 0.06572 
1!)6 ".65156 0.06387 
107 1).64680 0.06041 
lO'l !).64195 0.05762 
]f19 0.63700 0.05599 
no 0.63215 0.05208 
:tu 1').62683 0.04787 
112 ').62095 0.04625 
113 1).61647 0.04261 
1l.4 0.61105 0.03999 
1.15 (').60415 1').03516 
116 0.59836 0.03187 
11.7 0.59276 0.02771 
l1a 0.58669 0.02399 
H9 0.58053 0.02027 



12fl 0.51465 0.01587 
121 /).56905 0.01291 
l?;> 0.56336 0.00199 
123 fl.5572fl 0.00581 
124 0.55160 0.00153 
P5 0.54600 -0.00012 
1.26 D.54040 -0.00498 
127 D.53527 -0.00801 
128 0.53051 -0.01169 
129 1).52547 -0.01612 
1.30 0.52011 -0.01795 
1.31 0.51632 -0.02094 
'.32 0.51184 -0.02401 
133 0.50680 -0.02747 
).34 0.50269 -0.03212 
135 0.49793 -0.03397 
136 0.49243 -0.03788 
137 0.48804 -0.04001 
138 !).48300 -0.04447 
139 0.47824 -0.04812 
'.40 '1.47357 -0.05184 
141 0.46853 -0.05601 
142 0.46377 -0.05986 
1. 43 0.45799 -0.06412 
1.44 0.45323 -0.06786 
145 0.44744 -0.07201 
1.46 0.44119 -0.08012 
147 0.43484 -0.OB181 
148 0.42933 -0.OB801 
149 0.42317 -0.09255 
150 0.4174B -0.09612 
15l 0.41179 -0.10266 
152 0.40637 -0.10401 
1.53 0.40021 -0.11212 
154 0.39405 -0.11500 
155 0.38873 -0.12001 
, 56 Q.38295 -0.12383 
1<;7 0.37735 -0.12812 
158 0.37212 -0.13186 
159 0.36699 -0.13601 



~----~------------------ - -------------

160 1).36116 -0.13913 
161 0.35663 -0.14412 
162 0.35243 -0.14711 
163 0.34751 -0.15201 
\64 :>.34235 -0.15561 
165 0.33768 -0.16012 
166 0.33236 -0.16411 
1.61 0.32732 -0.16801 
168 0.32209 -0.17259 
169 0.31115 -0.17612 
170 0.31248 -0.18243 
171 /).30660 -0.18401 
1.n O.30l65 -0.19212 
173 0.29605 -0.19545 
174 0.29008 -0.20001 
175 0.28439 -0.20812 
176 0.27823 -0.21072 
177 /).27212 -0.21601 
178 0.266'13 -0.22284 
179 0.26059 -0.22412 
PIll 0.25489 -0.23201 
181 0.24855 -0.23159 
182 0.24323 -0.24012 
B3 ::l.23679 -0.24801 
184 0.23128 -0.25403 
185 1).22596 -0.25612 
186 0.22017 -0.26401 
181 0.21429 -0.26680 
188 D.20'101 -0.21212 
189 0.20496 -0.27613 
!'lC 0.19964 -0.28001 
191 0.1'1423 -0.28653 
192 0.18965 -0.28812 
193 /).1.8424 -0.29601 
194 0.17948 -0.30071 
195 0.11435 -0.30412 
',96 0.16949 -0.31201 
In f).l6421 -0.31540 
199 0.15960 -0.32012 
'-99 0.15447 -0.32801 



• 
21)() 0.14896 -0.33059 
201 0.14411 -0.33612 
202 0.13888 -0.34401 
2'')3 (l.13393 -0.34632 
204 0.12712 -0.35212 
205 ').12171 -0.36001 
206 0.11592 -0.36812 
207 0.10976 -0.36991 
2Ml 0.10444 -0.37601 
209 0.09847 -0.38412 
210 0.09315 -0.38966 
211 0.08596 -0.39201 
212 0.08083 -0.40012 
213 0.07513 -0.40801 
214 r).06916 -0.41612 
215 0.(l6319 -0.41855 
216 0.05768 -0.42401 
217 0.05292 -0.43187 
218 0.0(1)00 0.00000 
~19 n.OOO'H) 0.00000 
;>21) 1).00000 0.00000 
221 0.(10000 o.onooo 
222 i).OOOOD 0.00000 



-- - - - - -- --- - - - - - - - - - - - - - - - - - -- -- - - - - - ------------------------

CllqVE LENGTH = 1.299D~ 

XBhR = /).50605 

RhO OF G X So = 0.45545 

RhO OF G Z SO = 0.02830 

ZBAR = -Cl./)4392 

XRAD = 0.614B1 

ZRAD = 0.16822 

CROSS TERM = 0.02003 HBAR = 0.04621 

TWICE ANGLE OF P AXES = 1.252?1 

REF DATA SET 

XRG = 0.31649 

lRG = 0.16239 



IDENT =OOB720724 

COqRECT CARD AND TAPE FOUND IT = 10 

RUNB_CEN_BACK_DIDEFL 

RUN ~BACC-l-160 



NOll'VlndIN'VW OIO'dlN3J ~O 31dWVX3 

33'dHl XION3dd'V 



HOLOGRAPHIC CONTOURING PROGRAMME 

INPUT CONSTANTS 

POPHS =303.0 

LIMt= 11)91)(') 

NOISE LP-II T 
OIF"IIN = 11)0 

DELTA = O.rn6 

Lt M2 = 1231)0 

START PARAMETER = 1.00 

XMAX = 215'\ 

COMPONENT WIDTH 1.19000 

DIRECTION INDICATOR= 1 

XMIN = 14900 

x DIRECTION tNVFRSION REGION XLt "11 = 1.1000 XL 1M2 = 12500 

RUN TYPE 0 = REF 1 = SUBTRACT REF = 1 



-- - - - -- - - - - - --- - - - - - - - - - - - - - - - - - - - ---- ~-~~~~~-~~-~~-~~----------------------, 

POINTS NUMBER EX VALUE Z VALUE 
1 O.ooono 0.00000 
2 Cl.OOMO 0.00000 
3 0.00000 0.00000 
4 0.00000 0.00000 
5 0.00000 0.00000 
6 0.00000 O.OOCOO 
7 0.00000 0.00000 
!'l 0.00000 0.00000 
9 1.17180 0.00812 

10 1.16807 0.01601 
11 1.16424 0.01766 
12 1.16116 0.02412 
13 1.15687 0.02927 
14 1.15276 0.03199 
15 1.14940 0.02412 
16 1.14548 0.03201 
17 1.14147 0.03695 
1,8 1.13745 0.04012 
19 1.13363 0.04801 
?o 1.12971 0.04945 
21 1.12597 0.05612 
?2 1.12243 0.05128 
23 1.11832 0.06401 
?4 1.11468 0.06634 
25 1.11076 0.07081 
26 1.11)731 0.07212 
n \.10292 0.07769 
28 1.09993 0.08001 
29 1.0960! 0.08378 
'30 1.09237 0.08812 
31 1.08836 0.09019 
32 1.08425 0.09284 
33 1.08061 0.09601 
34 1.07679 0.09830 
35 1.01277 0.10073 
36 1.06885 0.10412 
'37 1.06521 0.10425 
38 1.06129 0.10716 
39 1.05793 0.10931 



40 1.05364 0.11201 
41 l.04972 0.11327 
42 1.1)4561 0.11504 
43 1.::14169 I) .11664 
44 1.')3749 /).11828 
45 1. :)3385 0.12012 
46 1.02965 ·0.121.62 
47 1.n564 0.12333 
48 1. n153 0.12485 
49 1.01771 0.12603 
5f) \.01323 0.12711 
5l 1.00931 0.12801 
5? 1.0(51)1 0.12946 
53 1. ')0137 0.13052 
54 0.99773 0.13158 
55 0.99353 0.13252 
56 0.98980 0.13341 
57 1).98551 0.13437 
58 0.98243 1).13612 
59 ').97785 0.13644 
60 f).97440 0.13728 
61 0.97020 0.13805 
62 Q.96703 0.13881 
63 1).962133 0.13952 
64 0.95937 0.14023 
65 0.95527 0.14083 
66 0.95200 0.14154 
67 0.94761 0.14209 
68 0.94407 0.14262 
69 1).94117 0.14312 
70 0.93697 0.14372 
71 0.93287 0.14330 
72 0.92895 1).14491 
73 I). Cl 2 50 3 0.14462 
74 0.92139 0.14448 
75 0.91756 0.14426 
76 0.91355 0.14481 
77 0.90972 0.14505 
78 0.90617 0.14501 
79 0.90216 0.14500 



80 0.89787 0.14505 
81 1.89395 0.14504 
82 0.88984 0.14479 
83 0.88639 0.14454 
84 0.88200 0.14440 
85 0.87817 0.1442C1 
86 0.87397 0.14330 
87 0.87033 0.14328 
88 0.86576 0.14387 
89 0.86231 0.14322 
91) 0.85820 0.14266 
91 0.85540 0.14208 
92 1).85017 0.14144 
93 0.84691 0.14083 
94 1').84187 0.14':>31' 
95 0.83869 0.13962 
96 0.83515 0.13884 
97 0.83011 0.13819 
98 0.82647 0.13775 
99 0.82236 0.13703 

11)1) ').81863 0.13587 
l01 0.81471 0.13431 
102 n.81116 0.13353 
103 I).BD761 0.13264 
104 0.1'l0360 0.13153 
1.('15 0.79987 0.13044 
106 1').79651 0.12920 
J,1')7 1).79259 0.12799 
1')8 0.78820 0.12677 
109 0.78465 1).12570 
UI) 0.78045 0.12441 
11\ 0.77691 0.12303 
112 0.77211 0.12153 
1\3 0.76925 0.11987 
114 0.76543 0.11853 
1.15 0.76123 0.11711 
116 0.75871 0.11584 
H7 0.75404 0.11431 
llfl 0.75003 0.11199 
11.9 1).74629 0.11152 

l 



l.'J 



-~ - - -- - - - - - - - - - - - - - - - - -- --------------------------------------

160 D.58753 0.02806 
161 0.58427 ('1.02531 
).62 0.58035 0.02387 
163 0.57587 0.02059 
164 0.57195 0.01823 
165 0.56840 0.01599 
166 0.56485 0.01341 
167 0.56009 0.01108 
)68 0.55571 0.00787 
1.69 0.55197 0.C0519 
170 0.54843 0.00234 
'.71 :).54376 -0.00001 
l72 ').54031 -0.00305 
173 0.53564 -0.00606 
174 0.53125 -0.00812 
175 0.52743 -0.01123 
176 0.52360 -0.01399 
177 0.51977 -0.01601 
178 0.51576 -0.01912 
1.79 0.51137 -0.02156 
BI) 0.50811 -0.02412 
181 0.50400 -0.02712 
182 ').50036 -0.1)2975 
183 0.49765 -0.03201 
'.84 0.49439 -0.03475 
185 0.49187 -0.03719 
186 0.48767 -0.04012 
187 0.48440 -0.04237 
188 0.48048 -0.04542 
189 0.47665 -0.04801 
191) n.47283 -0.05152 
1.91 0.46909 -0.05612 
192 0.46601 -0.05848 
193 0.46209 -0.06145 
194 0.45771 -0.06401 
195 0.45472 -0.06673 
196 0.45043 -0.07028 
191 0.44604 -0.07212 
1.98 0.44305 -0.07637 
199 0.43913 -0.08001 



200 0.43437 -0.08316 
2rn 0.43055 -0.08641 
202 0.ft 2635 -0.08812 
21)3 0.42280 -0.09262 
21)4 /).41860 -0.09601 
205 D.41533 -0.09914 
206 0.41123 -0.10281. 
207 0.40731 -0.10412 
208 0.40329 -0.10805 
209 D.39<165 -O.ll.201 
210 0.39564 -0.11481 
211 0.39125 -0.11786 
21.2 0.38789 -0.12012 
213 0.38388 -0.12436 
214 0.37865 -0.12801 
215 D~37501 -0.13123 
216 /).37156 -0.13612 
21.7 f).36699 -0.13681 
218 0.36260 -0.14062 
219 :).35971 -0.14401 
220 0.35495 -0.14661 
221 0.35149 -0.15009 
222 0.34751 -0.15212 
223 0.34328 -0.15606 
224 0.34011 -0.16001 
225 0.33609 -0.16259 
226 0.33245 -0.16591 
227 0.32872 -0.16812 
228 <~.32433 -0.17278 
229 0.31995 -0.17601 
230 0.31143 -0.179311 
231 0.31267 -0.18412 
232 0.3D968 -0.18641 
233 0.30413 -0.19024 
234 ':>.30137 -0.19201 
235 /).29708 -0.19697 
236 0.29381 -0.20012 
237 ~. 28989 -0.20315 
238 !'l.2858B -O.2fl801 
239 11.28065 -0.21145 



240 0.27739 -0.21612 
241 0.27309 -0.21923 
242 0.26973 -0.22401 
243 0.26507 -0.22473 
244 0.26133 -0.22969 
245 :>.25723 -0.23212 
246 0.25275 -0.23732 
247 0.24892 -0.24001 
~48 0.24519 -0.24430 
249 0.24164 -0.24812 
250 0.23753 -0.25137 
251 J.23343 -0.25601 
252 0.22913 -0.25881 
253 ').22456 -0.26412 
254 0.22092 -0.26616 
255 0.21681 -0.27201 
256 0.21271 -0.27354 
257 0.20860 -0.27834 
258 D.20412 -0.28012 
259 0.20029 -0.28566 
260 ~.19637 -0.28801 
261 '1.19329 -0.29267 
262 0.18909 -0.29612 
263 0.1.8461 -0.30052 
264 0.18163 -0.30401 
265 0.17789 -0.30786 
21,6 :>.17425 -0.31212 
?A7 0.17024 -0.31531 
268 0.16697 -0.32001 
269 0.1.6296 -0.32255 
270 0.1.5820 -0.32812 
271 (). 15493 -0.33056 
272 O. '.5167 -0.33601 
273 0.14728 -0.33916 
274 0.14336 -0.34412 
275 0.14065 -0.34741 
276 f). 1370 1 -0.35201 
277 0.13253 -0.35562 
278 0.12824 -0.3(0),2 
719 0.12516 -0.36319 



280 0.12115 -0.36801 
?Rl 0.11657 -1).37223 
282 ::>.11265 -0.37612 
2 fl3 0.10883 -1).38028 
284 0.10556 -0.38401 
28.5 0.10108 -0.38934 
286 1.09125 -0.39212 
2.87 0.t"1315 -0.39641 
288 0.08904 -0.40001 
289 0.08540 -0.40562 
290 0.1)8111 -0.40812 
29\ 0.07672 -0.41.256 
292 1).07355 -0.41601 
293 0.06953 -0.42381 
294 O.ODaOO 0.00000 
295 0.00000 0.00000 
296 0.(1::>000 0.00000 
291 0.(01)00 0.00000 
298 o.noooo 0.00000 
299 1).0(l00O 0.00000 
31)0 0.0(1000 0.00000 
30t 0.00000 0.00(,00 
302 ::>.00000 0.00000 
303 0.00000 0.00000 



- - - - - - -- - - ------------------------------------

CURVE LENGTH '" 1.34285 

zaAR ,. -0.04531 

RAD nF G X SO" 0.46053 XRAO '" 0.67962 XRG,. 0.32446 

RAO OF G Z SQ" 0.03151 ZRAO" 0.17750 ZRG,. 0.17162 

CROSS TER~ = 0.0229~ HBAR,. 0.04992 

TWICE ANGLE nF P AXES = 1.31686 



OIfFERE~CE P4RA~ETERS 

XSHIFT: ~.ooon2 lSHIFT = 0.00139 

OIFTA~: 0.02440 

A~r,ULAR DIFF~R~NCE = 0.69954 



IDENT =009720724 RUN =BACC-1-160 

CJRRECT CA~D AND TAPE FOUND IT = 9 



APPENDIX THRFE 

EXAMPLE OF CENTROID MANIPULATION 



HOLOGRAPHIC CONTOURING PROGRAMME 

INPUT CO"lSTANTS 

POINTS =214.0 DELTA = 0.016 

LIM1= lOCI!," LIM2 = 12300 

'WISE LIMIT 
DIFMIN = 1'10 

START PARAMETER = 3.00 

X~AX = 2150 XMI"I = 14900 

CO~PONENT WIDTH 1.19000 

DIRECTION INDICATOR= 1 

X DIRECTION INVERSION REGION XLIM1 = 11000 XL 1M2 = 12500 

RU~ TYPE 0 = REF 1 = SUBTRACT REF = 1 



E 

POINTS NUMBER EX V ALU E Z VALUE 
t 0.00000 o.onnoo 
2 D.ODOOO 0.00000 
1 0.00000 0.00000 
4 0.00000 0.00000 
5 /).00000 O.oocoo 
6 D.aoooo 0.00000 
7 0.00000 0.00000 
8 0.00000 0.00000 
9 f).00000 0.00('00 

10 0.000('10 0.00000 
11 1.180B5 0.02412 
P 1.17563 0.02798 
'.3 1.17152 0.02880 
14 1.16657 0.03201 
15 1. J.6135 0.04012 
16 1.15640 0.04801 
17 1.15145 0.04879 
'.8 1.14669 0.05612 
"9 1.14165 0.06401 
20 1.13671 0.06645 
n 1.13157 0.07212 
22 1.12635 0.07702 
23 1.12159 0.08001 
24 1.11655 0.08612 
25 1.11104 0.08812 
26 1.10637 0.09341 
27 1.10096 0.09601 
28 1.09611 0.10037 
2.9 1.09069 0.10412 
10 1.08565 0.10675 
31 1.08033 0.10959 
32 1.07520 0.11201 
33 1.06979 0.11470 
"14 1. %409 0.11700 
35 1.05887 0.11975 
36 1.!)5355 0.12012 
''17 1.04823 0.12291 
3R 1.04291 ('1.12508 
39 1.(13796 0.12688 



- - - - - - - - - - - - -- - --- ------------------------------------------------

40 1.03283 0.12801 
41 1.02760 0.12984 
42 1.1)2228 0.13120 
43 1.01724 0.13258 
44 1.(11220 0.13403 
45 1.0:)744 0.13612 
46 1.00296 0.13650 
47 0.99764 0.13728 
48 0.99391 0.13803 
49 0.98887 0.13911 
51) 1).98420 0.14002 
51 0.97944 1).14086 
52 0.97449 0.14166 
53 0.96992 0.14242 
54 0.96432 0.1.4322 
55 0.95928 0.14552 
56 0.95396 0.14527 
57 1.94864 0.14497· 
58 0.94313 /).14457 
59 Cl.93809 0.14483 
60 0.93287 0.14546 
61 0.92.745 0.14572 
62 0.92195 0.14569 
63 0.91616 0.14575 
64 0.91065 0.14566 
65 0.90477 0.14523 
66 0.89945 0.14479 
67 0.8'D?9 0.14429 
68 0.88769 0.14317 
69 0.88237 0.14291 
70 0.87677 0.14311 
71 0.87089 0.14313 
7' 0.86567 0.14211 
73 0.86007 0.14124 
74 0.85456 0.14030 
75 0.84915 0.13923 
76 0.84383 0.13819 
77 0.83879 0.13703 
78 0.83393 0.13587 
79 0.82871 0.13500 



80 0.82376 0.13308 
81 0.81891 0.13156 
82 0.81368 0.13002 
83 0.80827 0.12799 
84 0.80313 0.12683 
85 0.79763 0.12502 
86 0.79203 0.12300 
87 0.78680 0.11987 
88 0.78111 0.11900 
89 0.77551 0.H678 
ClO 0.71037 0.11461 
91 0.76459 0.11199 
92 0.75880 0.11027 
93 (1.75292 0.10798 
Cl4 0.74760 0.10528 
95 1).74144 0.10387 
96 0.73565 0.10056 
97 0.72996 0.09812 
98 0.7241)8 0.09599 
99 0.71857 0.09344 

'1)1) Q.71325 0.09114 
I'll 0.70715 0.08787 
lO? 0.70243 0.08616 
1.03 0.69608 0.08355 
104 0.69160 0.08073 
V)5 0.68665 0.07999 
106 0.68133 0.07712 
107 0.67676 0.07483 
11)8 0.67237 0.07187 
, 09 0.66A36 0.06956 
IH) 0.66379 0.06681 
111 0.65875 0.06399 
112 0.65417 0.06128 
1.13 ').64951 0.05842 
\14 0.64456 0.05587 
11.5 0.63933 0.05209 
116 D.634?9 0.04799 
U7 0.62897 0.04564 
HA 0.62421. 0.04106 
119 0.61880 0.03987 

-------------------------------------------------------------------------------------------------



l~Q 

121 
122 
1.23 
17.4 
1.25 
126 
127 
128 
129 
1.30 
131 
132 
133 
134 
135 
136 
137 
1.38 
1.39 
140 
141 
142 
143 
144 
145 
1.46 
\47 
148 
149 
).50 
\51 
152 
1.53 
1.54 
155 
156 
157 
158 
159 

0.61357 
0.6[\825 
0.60293 
0.59733 
0.59136 
0.58585 
0.58063 
0.57521 
0.56952 
0.56401 
0.55860 
0.55309 
0.54787 
0.54283 
0.53788 
0.53265 
r).52799 
0.52295 
0.51921 
0.51427 
O.5r)979 
0.51)652 
:1.50223 
0.4982] 
0.49476 
0.49103 
0.48683 
0.48272 
0.47768 
0.47311 
0.46769 
0.46284 
0.45771 
0.45276 
0.44595 
0.44184 
0.43605 
0.43055 
0.42495 
0.41981 

0.03506 
0.03199 
0.02803 
0.02387 
0.02072 
0.01599 
0.01453 
0.01019 
0.00787 
0.00314 

-0.00001 
-0.00375 
-0.00812 
-0.01087 
-0.01442 
-0.01601 
-0.02045 
-(\.02412 
-0.02733 
-0.03117 
-0.03201 
-1'.03581 
-0.04012 
-0.04259 
-0.04587 
-0.04801 
-0.05233 
-0.05612 
-0.05939 
-0.06401 
-0.06795 
-0.07212 
-0.07645 
-0.08001 
-0.08548 
-0.08812 
-0.09601 
-0.09789 
-0.10412 
-0.10752 

-



• 
160 0.41412 -0.11201 
161 O.4r)899 -0.11639 
16;> 0.40292 -0.1201.2 
163 0.39732 -0.12521 
, 64 0.39172 -D.1280l 
165 0.38621 -0.13431 
166 0.38089 -0.13612 
167 0.37557 -0.14264 
168 0.37035 -0.14401 
169 0.36605 -0.15062 
no 0.360B3 -0.15212 
171 0.35579 -r).15911 
172 0.35112 -0.16001 
173 n.34627 -0.16812 
n4 0.34169 -0.16928 
175 0.33703 -0.17601 
176 0.33199 -0.17869 
1.77 0.32732 -0.18412 
178 0.32247 -0.18792 
179 ').31752 -0.19201 
190 0.31201 -0.19894 
181 0.30707 -0.20012 
182 ').30175 -0.20801 
183 0.29596 -0.21266 
1114 0.29157 -0.21612 
111.5 0.28607 -0.22401 
l86 0.211037 -0.22806 
187 0.27449 -0.23212 
IB8 0.26843 -0.24001 
189 0.26283 -0.24251 
191) 0.25751 -0.24812 
191 0.75181 -0.25601 
192 0.24584 -0.25641 
l'l3 0.24024 -0.26412 
1 9 4 0.23483 -0.26898 
195 0.22895 -0.27201 
196 0.22353 -0.28012 
197 0.21849 -0.28353 
H8 1).21289 -0.~8801 

199 0.20739 -0.29612 



200. 0.202')1 -0.29825 
"1')1 0.19740 -0.30401 
21)2 0.\9264 -0.31012 
2r)3 0.18788 -0.31212 
2r)4 0.18321 -0.32001 
205 0.17808 -0.32348 
2"6 0.17379 -0.32812 
2'J7 0.16893 -0.33601 
21)8 0.16361 -0.33916 
209 '.15'H3 -0.34412 
210 0.15372 -0.35201 
211 0.14877 -0.35486 
212 0.14401 -0.36012 
2'3 0.13'116 -0.36801 
214 0.13356 -0.37042 
215 0.12843 -0.37612 
216 0.122n -0.38401 
<17 0.11779 -0.39212 
21 A r).1l237 -0.39306 
2~ 9 0.10649 -0.40001 
220 0.10071 -0.40812 
221 0.09501 -0.41291 
2?2 0.08932 -0.41601 
223 0.08335 -0.42412 
224 1).07793 -0.43201 
225 0.07261 -0.43987 
226 0.00000 0.00000 
227 0.00001') 0.00000 
n8 O.ODOOO 0.00000 
:>29 0.00000 0.00000 
230 O. '!Cl 000 n.OOOOO 
?31 0.00000 0.00000 
232 0.00000 0.00000 
233 0.00000 0.00000 
234 0.00000 0.00000 

/ 



CI'RVE LENGTH = 1.34818 

XB~~ = 1).60059 

RAn OF G X SO = 0.46543 

RAD OF G Z SQ = 0.03328 

CROSS TERM = 0.02204 

ZBAR = -1).04916 

XRAO = 0.68223 

lRt.O = 0.18243 

HBAR = 0.05156 

TWICE ANGLE OF P AXES = 1.39632 

XRG = 0.32361 

ZRG = 0.17569 



DIFFERENCE PARAMETERS 

XSH1FT = -'.O~454 ZSHIFT = 0.00524 

DIFTAN = 0.05243 

~~GULAR DIFFERENCE = 1.50?27 



-------

***********************************************************************~*********************************************" 
*********************************************************************************************************************~ 
********************************************************************************************************************** 



• • I. • 
• • 
• • 
• L INE NUI~BEP = 1 e 10 8 5 2 11 10 11 8 2 2 3 5 11 6 • 15 44 74 110 170 253 2 112 228 162 151 232 358 488 612 674 674 639 575 499 441 378 319 

289 280 282 295 328 382 455 528 593 652 708 751 748 715 672 609 538 460 375 314 249 208 • 170 168 182 208 257 322 388 462 522 5A1 64:J 692 746 777 798 811 819 822 798 759 719 69. 
659 628 575 551 515 475 451 415 388 358 334 305 275 268 253 244 231 217 211 202 188 185 
186 184 185 177 . 186 195 200 202 210 210 2:J8 217 228 228 245 251 255 259 288 300 322 332 • 348 380 400 415 455 477 515 528 557 577 622 658 688 722 751 768 775 788 791 777 759 73e 
715 6')5 668 638 608 563 528 475 408 3 /+3 2?? 252 228 195 180 152 140 138 148 173 222 268 
307 352 415 478 528 594 639 694 728 735 740 708 659 611 541 477 401 333 271 222 182 152 • 148 162 195 237 294 359 445 515 589 655 705 709 699 668 608 535 471 397 328 251 20B 17. 
180 205 248 309 393 480 568 628 669 695 682 638 580 502 417 345 274 222 188 188 211 267 
339 428 515 599 650 668 655 606 535 451 348 268 212 200 217 280 358 451 529 593 630 620 • 571 499 428 348 282 228 20e 222 262 330 418 500 562 602 593 555 479 410 335 268 222 ·21. 
250 308 ?82 455 522 571 571 528 455 368 283 238 227 251 305 3(:8 445 508 548 538 505 439 
368 310 253 238 255 311 380 438 488 518 504 455 388 319 259 242 255 301 368 428 477 49B • 469 417 351 298 268 275 305 368 422 475 482 468 415 358 305 2(:8 271 311 358 412 44B 45. 
440 388 338 295 272 288 331 375 422 432 428 388 341 295 275 282 317 362 402 408 388 358 
320 279 273 292 331 375 Ita 8 410 388 345 315 284 285 311 345 381 395 382 355 315 288 295 • 328 358 388 3Bfl 378 348 315 295 298 319 355 375 368 342 309 288 288 304 328 355 362 35. 
322 298 277 288 310 330 35C 335 315 291 277 28 El 308 340 350 338 319 298 268 242 209 188 
160 145 132 138 158 191 208 215 213 208 2) 5 189 182 148 115 75 38 28 20 8 14 11 • 8 10 5 8 8 4 3 8 II 2 5 8 5 5 5 8 4 10 11 4 11 • 5 8 3 5 11 8 5 11 8 10 5 11 8 4 11 8 2 5 5 8 3 4 

• • , 

L I~! E Q EA C & STORED 

• • Cor~PLETE FRA'1E QEAD & STnRED 

• • 



• • 
• APPENDIX 4 • 
• • 
• • 

, • • 
• • 
• • 

, • • 
, 

• • 
• • 
• • 
• • 
• • 
• • 
• • 



80 4 753. CCOOO 
82 5 690.42847 
84 6 620.28564 
86 7 550.57129 
88 8 481.42847 
90 9 41 S. 42847 
92 la 360. 856S3 
94 1 1 311.5712S 
96 12 272.85693 
98 13 242.71423 

100 14 220.85713 
102 15 202.85713 
104 16 191.57143 
106 17 184.42856 
108 18 187.57143 
110 19 193.51143 
112 2C 201.57143 
114 21 210.11428 
116 22 220.85713 
118 23 233.14285 
120 24 250.57143 
122 25 274.28564 
124 26 300.57129 
126 27 338.57129 
128 28 378.85693 
130 29 427.14282 
132 30 47fl.14282 
134 31 533. CCOOO 
136 32 592.14282 
138 33 653.57129 
140 34 712. COOOO 
142 35 754.71411 
144 3(; 772.71411 
146 37 163.28564 
148 38 734.71411 
150 39 638.71411 
152 4C 630.71411 
154 41 55~.428/+7 

156 42 460.57129 
158 43 361. 85693 



160 44 272.14282 
162 45 206.57143 
164 46 168.71428 
166 47 1.64.71428 
168 48 199.42856 
170 49 26<;.28564 
172 50 367.14282 
V~' l'.! = 184 I =106.0 COUNT = 6.0 

R = 1.04276 BL = 26Z = 0.06718 
~ = 0.87',,0 Bt = nz = 0.06844 
R = 0.72547 BL = 28Z = 0.06956 
p = 0.54065 BL = 29Z = C.07095 
R = 0.37710 BL = 30Z = 0.07217 
R = 0.2441:3 BL = 31Z = 0.07317 
R = 0.13668 Bl = 32l = 0.07397 
R = 0.07617 Bl = 33Z = 0.07443 
R = 0.02874 BL = 34Z = C. 07478 
q = 0.00257 Bl = 35Z = 0.074<;8 

INVER SIJN ON POI nT EX = C.13593 
773 I =144.0 COU~IT- 7.0 

INVERSION POINT AT MIN S lAR T = 10 
R = -0.01263 Bl = 36Z = 0.07509 
p = 0.02647 '3l = 371 = 0.07480 
R = 0.04347 Bl = 38Z = 0.07467 
R = 0.07407 aL = 39Z = 0.07444 
R = 0.11316 '3L = 40Z = 0.07415 
Q = 0.17606 BL = 41Z = 0.07368 
Q = O. 2~085 aL = 42Z = 0.07312 
R = 0.3(;644 BL = 43Z = 0.07225 
R = 0.49733 flL = 44l = 0.07127 
1'1. = 0.63332 aL = 45Z = C.07025 
R = 0.80500 Bl = 46Z = 0.06896 



• 
Q, = 0.96309 BL = 47Z = 0.06778 
q = 1.02598 aL = 48l = 0.06731 

VMIN = 165 I =166.0 CCUNT = 1.0 
0 = 1.02514 aL = 48Z = 0.06769 
R = 0.97744 BL = 49Z = 0.06733 
P. = 0.87218 BL = 50l = 0.06654 
R = Cl.7290'J BL = 5lZ = 0.06547 
R = 0.51034 BL = 52l = 0.C6383 
R = 0.22086 BL = 53l = 0.06166 
R = 0.04981 BL = ,54l = 0.06037 
R = -0.04065 8L = 55l = 0.05970 

VMAX = 740 I =181.0 COUNT = 2.0 
R = 0.01440 flL = 56l = 0.05989 
R = 0.24733 BL = 57Z = 0.05815 
R, = 0.54457 BL = 51ll = 0.05592 
~ = 0.82443 BL = 59l = 0.05382 
Q = 0.99131 I~L = 60l = 0.05257 

VMI"l = 1',8 I =193.0 COUNT = 3.0 
R = 0.86318 BL = 61l = 0.05147 
R = 0.55574 BL = 62Z = C.04917 
R = 0.20777 BL = 63l = 0.04656 
R = 0.OC676 BL = 64Z = 0.04505 

VMAX = 709 I =204.0 COUNT = 4.0 
R = 0.0837R BL = 65l = 0.04437 
p = 0.37611 BL = 66l = 0.04218 
P = 0.78610 BL = 67l = C.03910 
R = 1. OtJOOO BL = 68l = 0.03750 

VM IfJ = 172 I =21',.0 COUNT = 5.0 
R = 1.00000 BL = 61ll = 0.03750 
R = 0.8119? BL = 69l = 0.03609 
R = 0.41899 BL = 70l = 0.03314 
Q = 0.06704 BL = 7lZ = 0.03050 

V'~ AX = 695 I =V4.0 COU"lT = 6.0 
R = 0.0010 BL = 7?Z = 0.02953 
R = 0.42256 BL = 73l = C.02683 
p = 0.87189 SL = 74l = C. C2346 

V'~ IN = 18S I =233.0 COUNT = 7.Cl 
Q = 0.97436 BL = 75l = C.02231 
q = 0.61933 BL = 76l = ().O1964 
P, = 0.16963 BL = 77l = 0.01627 



- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - --------------------------------------, 

V'1f1X = 6f>8 I =242.0 COUI>JT = 8.0 
R = O.OC000 BL = 7Bl = 0.01500 
R = 0.31458 BL = 79l = 0.01264 
R = 0.1l3333 BL = 80l - 0.00875 

VM 1'. = 200 I =25 O. 0 COUNT = 9.3 
t) = 0.97222 BL = 81l = 0.C0729 
R = 0.53632 BL = 82l = 0.00402 
R = 0.02564 BL = 83l = C.00019 

Vi~AX = 630 I =257.0 cnU~JT = 10.0 
R = 0.18605 BL = fl4l = -0.00140 
H = 0.76512 BL = 85l = -0.00574 

VIHI>J = 208 I =265.0 COUNT =11.0 
R = 0.97630 Bl = S6Z = -0.00768 
R = 0.52133 3L = 87l = -0.01109 
R " 0.04739 BL = 88l = -0.01464 

VMAX = 602 I =272.0 COUNT = 12.0 
R = 0.13706 I3L = 89l = -C.01603 
R = 0.74112 BL = 90l = -0.02056 

VMIN = 215 I =280.0 COUNT =13.0 
R = 0.97674 i3l = 91l = -0.02267 
R = 0.50388 Bl = 92l = -0.02622 
R = 0.01809 BL = 93l = -0.02986 

V~1A X = 571 I =286.0 COUNT = 14.0 
R = 0.26124 flL = 94Z = -0.0,1% 
R = fJ.86236 BL = 95Z = -0.03647 

VMIN = 227 I =293.0 CCUNT =15.0 
R = 0.87500 BL = 96Z = -0.03844 
R = fJ.16279 BL = 971 = -0.04378 

VI4A X = 548 I =299.0 Cr) UNT = 16.0 
R = 0.fJ7477 BL = 98l = -0.04556 
R = o .67'H3 BL = 99l = -0.05009 

Vr--1 !N = 238 I =306.0 COUNT =17.0 
R = 0.96774 BL = 100l = -fJ. 05274 
R = 0.41935 BL = lOll = -0.05685 
R = 0.00000 BL = 10Zl = - 0.06000 

V'1AX = 518 I =312.0 COUNT = 18.0 
0 = o.oeoao BL = 102l = -c. C60CO 
R = 0.50714 BL = 103l = - o. C63 80 

" = 1.00000 tlL = 104l = -(]. C6750 
V'1IN = 242 I =318.0 COUNT =19.0 



R. = 1.0COOO BL = 104Z = -0.06750 
R = 0.52899 I3L = 105Z = - 0.071 03 
R = 0.00000 BL = 106Z = -0.075CO 

VMAX = 498 I =324.0 COU"IT = 20.0 
R = O.OCOOO BL = 106Z = -0.075CO 
R = o .lt921,) BL = 107Z = -0.07869 
R = 1.0COOO BL = 108Z = -0. C82 50 

VM 1'4 = 268 I =329.0 COUNT =21 • f) 
R = 1.00000 BL = 10az = -0.08250 
R = 0.36087 3L = IOn = -0.08729 

V~·l A X = 482 I = 33 5.0 COU'lT = 22.n 
p = 0.0;271 BL = llOZ = -C.09025 
R. = 0.71963 tlL = l11Z = -0.09540 

VMIN = 268 I =340.0 COUNT =23.0 
R = 0.9;453 BL = 112Z = -0.097'19 
R = 0.17290 I3L = 113Z = -0.10370 

vr~AX = 457 I = 3 1t6. C COUNT - 24.0 
R = 0.22751 BL = 114Z = - C.1 0671 
R = 0.95238 I3L = 115Z = -0.11214 

vr1 IN = 272 I = 351. 0 COUNT =25.0 
R = 0.62703 BL = 116Z = - C.ll. 530 
p. = o.oeooo BL = 117Z = -C.12000 

vr~AX = 432 I =356.0 COUNT = 26.0 
R = o.oenoo tlL = 117Z = -C.120CO 
R = 0.6"375 BL = 118Z = -0.12483 

VM!N = 275 I =361.0 COUNT =27.::J 
R = 0.97452 BL = llQZ = -0.12769 
R = 0.12739 8L = 120Z = -0.13404 

VMf1.X = 408 I = 3 66.0 C OUflT = 28.0 
R = 0.31579 BL = 121Z = -0.13737 
R. = 1.00000 BL = 122Z = -C.14250 

VMIN = 273 I = 3 71.0 COUNT =29.0 
R = 1.00000 BL = 12?Z = -C.14250 
R = 0.34815 BL = 123l = -0.14739 

V':'!AX = 410 I =376.0 COU"IT = 30.0 
R = 0.1;869 BL = 124Z = - 0.15104 
p = 0.')8540 BL = 125l = -0.15739 

VMIN = 284 I = 380. 0 COUNT =31. ') 
R = 0.48413 Bl = 126Z = -0.16137 

VtlAX = 395 I =385.0 COU~IT = 32.0 



------------------------------------------------------------------------------------------------. 

'" = 0.009G1 Bl = 127Z = -0.16507 
p. = 0.87387 Bl = 128l = -0.17155 

VMIN = 288 I =389.0 COUNT =33.:) 
R = 0.62617 BL = 129Z = -0.17530 

VMAX = 388 I =393.0 COUNT = 34.0 
R = 0.07000 BL = 130l = -0.18052 
Q = 1.0COOO Bl = 131Z = -0.18750 

V~1 IN = 295 I =398.0 COUNT =35.0 
p = 1.00000 Bl = 131 Z = -0.18750 
R = 0.569R9 BL = 132l = -0.19073 

V'·, A X = 375 I =402.0 COUNT = 36.0 
R = 0.03751) 13L = 133Z - -0.19528 
p = 1. 00000 BL = 134Z = -0.20250 

VM l!~ = 28B I =41)6.0 COUNT =37.0 
R = 1.00000 Bl = 134Z = - C. 20250 
R = 0.24138 Bl = 135Z = -0.20819 

vr·1AX = 362 I = 411.0 COUNT = 38.0 
R = 0.21622 Bl = 136l '" -0.21162 
R = 1.00000 '3l = 137Z = -0.21750 

VM IN = 277 I = 415.0 COUNT =39.:1 
R = 1.00000 flL = 137Z = -C.21750 
Q = 0.7.4706 BL '" 138Z = -0.22315 

V~·'flX = 350 I =',19.0 courH = 40.0 
P. = 0.45205 BL = 139Z = -0.22839 

vr~ IN = 277 I = 423.0 COUNT =41. :1 

" = 0.79452 Bl = 140Z = -0.23404 
R = O.OCOOO BL '" 14lZ = - C. 24000 

V'1 A X = 350 I = 42 7.0 COU"lT = 42.0 
R = 0.00000 Bl = 141Z = -0.24000 
R = 0.81:301 Bl = 142l = -0.24647 

VMIN = 132 I =437.0 COUNT =43.0 
R = 0.85780 Bl = 143Z = -0.24857 
R = fl.50459 flL = 144l = -0.25122 
I{ = 0.12844 BL = 145Z = -0.254C4 

V'~AX = 215 I =t.42.0 COUNT = 44.0 
p = 0.07229 Bl = 146l = -0.25554 
Q = 0.91566 Bl = 147Z = -0.26187 



120 0.63828 -0.13404 
121 0.6 /t419 -0.13737 
122 0.65010 -0.14250 
123 0.65601 -0.14739 
124 0.66192 -0.15104 
125 0.66783 -0.15739 
126 0.67374 -0.16137 
127 0.67965 -0.16507 
128 0.68556 -0.17155 
129 0.69147 -0.17530 
130 0.69738 -0.18052 
131 0.70329 -0.18750 
132 0.70920 -0.19073 
133 0.71511 -0.19528 
134 0.72102 -0.20250 
135 0.72693 -0.20819 
136 0.73284 -0.21162 

·137 0.73875 -0.21750 
138 0.74466 -0.22315 
139 0.75057 -0.22839 
1'.0 0.75643 -0.23404 
141 0.76239 -0.24000 
142 0.76830 -0.24647 
143 0.77421 -0.24857 
144 0.78012 -0.25122 
145 0.78603 -0.25404 
146 0.79194 -0.25554 
147 0.79785 -0.26187 
148 0.80376 -0.26496 
149 0.80967 -0.26805 
150 0.81558 -0.27115 
151 0.82149 0.00000 
152 0.82740 0.00000 
153 0.83331 0.00000 
154 0.83922 0.00000 
155 0.84513 0.00000 
156 0.85104 0.00000 
157 0.85695 0.00000 
158 0.86286 0.00000 
159 0.86877 0.00000 



-- --------------------------------------------

160 0.87468 0.00000 
161 0.88059 0.00000 
162 0.88650 0.00000 
163 0.89241 0.00000 
164 0.89832 0.00000 
165 0.90423 0.00000 

KA = 6 KB =149 



40 0.16548 0.07415 
41 0.17139 0.07368 
42 0.17730 0.07312 
43 0.18321 0.07225 
44 0.18912 0.07127 
45 0.19503 0.07025 
46 0.20094 0.06896 
47 0.20685 0.06778 
48 0.21276 0.06769 
49 0.21867 0.06733 
50 0.22458 0.06654 
51 0.23049 0.06547 
52 0.23640 0.06383 
53 0.24231 0.06166 
54 0.24822 0.06037 
55 0.25413 0.05970 
56 0.26004 0.05989 
57 0.26595 0.05815 
58 0.27186 0.05592 
59 0.27777 0.053fl2 
60 0.28368 0.05257 
61 0.28959 0.05147 
62 0.29550 0.0/t917 
63 0.30141 0.04656 
64 0.30732 0.04505 
65 0.31323 0.04437 
66 0.31914 0.04218 
67 0.32505 0.03910 
68 0.33096 0.03750 
69 0.33687 0.03609 
70 0.34278 0.03314 
71 0.34A69 0.03050 
72 0.35460 0.02953 
73 0.36051 0.02683 
74 0.36642 0.02346 
75 0.37233 0.02231 
76 0.37824 0.01964 
77 0.38415 0.01627 
78 0.39006 0.01500 
79 0.39597 0.01264 



- - - - ---------------------------------------

AO 0.40188 0.00875 
81 0.40779 0.00729 
82 0.41370 0.00402 
83 0.41961 0.00019 
84 0.42552 -0.00140 
85 0.43143 -0.00574 
86 0.43734 -0.00768 
87 0.44325 -0.01109 
R8 0.44916 -0.01464 
89 0.45507 -0.01603 
90 0.46098 -0.02056 
91 0.46689 -0.02267 
92 0.47280 -0.02622 
93 0.47871 -0.02986 
94 0.48462 -0.03196 
95 0.49053 -0.03647 
96 0.49644 -0.03844 
97 0.50235 -0.04378 
'18 0.50826 -0.04556 
99 0.51417 -0.05009 

100 0.52008 -0.05274 
101 0.52599 -0.056il5 
102 0.53190 -0.06000 
103 0.53781 -0.06380 
104 0.54372 -0.06750 
105 0.54963 -0.071 1)3 
106 0.55554 -0.07500 
107 0.56145 -r).07869 
108 0.56736 -0.08250 
109 0.57327 -0.08729 
110 0.57918 -0.09025 
111 0.58509 -0.09540 
112 0.59100 -0.OCl799 
113 0.59691 -0.10370 
114 0.60282 -1).10671 
115 0.60873 -0.11214 
116 0.6146'. -0.11530 
117 0.62055 -0.12000 
llil 0.62646 -0.12483 
119 0.63237 -0.12769 



FIN = 150 



POINTS NU'1BEQ EX VALUE Z V AL lJ E 
1 -0.06501 0.00000 
2 -0.05910 0.00000 
3 -0.05319 0.00000 
4 -0.04728 0.00000 
5 -0.04137 0.00000 
6 -0.03546 0.01765 
7 -0.02955 0.02162 
8 -0.02364 0.02559 
9 -0.01773 0.03116 

10 -0.01182 0.03661 
11 -0.00591 0.03817 
12 0.00000 0.04194 
13 0.00591 0.04483 
14 0.01182 0.04524 
15 0.01773 0.04779 
16 0.02364 0.05092 
17 0.02955 0.05254 
18 0.03546 0.05433 
19 0.04137 0.05734 
20 0.04728 0.05949 
21 0.05319 0.06016 
22 0.05910 0.061 ?7 
23 0.06501 0.06406 
24 0.07092 0.06601 
25 0.07683 0.06722 
26 0.08274 0.06718 
27 0.08865 0.06844 
28 0.09456 0.06956 
29 0.10047 0.07095 
30 0.10638 0.07217 
31 0.11229 0.07317 
32 0.11820 0.07397 
33 0.12411 0.07443 
34 0.13002 0.07478 
35 0.13593 0.07498 
36 0.14184 0.07509 
37 0.14775 0.07480 
38 0.15366 0.07467 
39 0.15957 0.07444 



z 
MOIRE CONTOURING PROGRAM USING T V SCAN 

I'lPUT CIJ"lSTANTS 

"lUMBER OF LI\lES HI FRA'1E = 1 

[) EL TA = 0 .01500 
POI"IT X DIRECTION I"ITERVAL = 0.00197 

NOISE COMPENSATION REGIO~~ XLIMl = 0.55600 XLIM2 = 0.72500 XLIM3 = 0.12500 XLI 

, NO IS E L F1 IT 0 I F!1! N = 10. 0000 

!tlVERSIO~1 GRADIENT GRAD = 0.09CO 

PROCUCTIO'1 BLADE DATA ON THIS FRAME 



--- -- ----------- - - ------------------------------------------------

MA I N PP.nG 

TS = 6 
vr1AX = 2(l2 I = 23.0 COUNT = -1.0 
V11lN = 151 I = 26.0 COUNT = 0.0 

R = 0.58779 Bl = 8Z = 0.02559 
Vt1AX = 674 ! = 31.0 coutn = 1.0 

p = 0.1:488 Bl = 9Z = 0.03116 
R = 0.88145 Bl = 10Z = 0.03661 

VMIN = 280 I = 40.0 COUNT = 2.0 
P.. = 0.91117 Bl = llZ = 0.03817 
p = 0.40863 Bl = 12Z = 0.04194 
R = 0.0228 1, Bl = 13Z = C. C44'33 

Vt1AX = 751 I = 50.0 COUNT - 3.0 
R = 0.03185 Bl = 14Z = 0.04524 
n = 0.37155 5L = 15Z = C.04779 
R = 0.78981 5l = 16Z = C.05092 

V!1IN = 168 I = 62.0 COUNT = 4.0 
R = 0.99485 Bl = 17Z = 0.05254 
R = 0.75643 Bl = 1AZ = 0.05433 
R = 0.35506 Bl = 19l = 0.05734 
R = 0.06861 Bl = 20Z = 0.05949 

VMAX = 822 I = 78.0 C ourn = 5.0 
R = 0.02141 Bl = 21l = C.06016 
P = 0.23547 Bl = 22Z = 0.06177 
R = 0.54128 Bl = 23Z = 0.064C6 
F = 0.80122 Bl = 2 1tZ = C.06601 
R = 0.9f330 Bl = 25Z = C.06722 
q = 1.0COOO Bl = 26Z = 0.C6750 

7"- 1 754.71411 
76 2 795.85693 
78 3 789.42847 




