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Abstract 

A hot gas jet was produced by an Argon plasma torch and was played 
on a water cooled rotating cylinder mounted 30 mm above the nozzle 
of the torch. The power and gas flow rate to the torch were varied. 
A Mach-Zehnder interferometer was used to form the interference 
fringe shift patterns. A version of the Abel Transformation was 
used to derive radial temperature distribution results from 
collimated measurements of fringe shift along parallel chords at 
points . long the axis-of the jet. 

The axial temperatures of the jet were found to be between 800 K 
and-8000-K. No results were possible in the area of the jet close 
to the 

.. cool surface,. due 
_to 

turbulence in the fringe pattern. 
Relaf, ionships between input conditions to the torch and the 
temperatures; in the, jet were sought.. but no conclusions could be 
drawn due-to the severe limitations found. in the analysis. 

In the range.;. g power, 1.3 to 3 kW, and flow rate, 1.4 to 4.3 3/min, 
supplied. -te _ýthe torch, 'the 'number of, fringe shifts observed in the 
interferograms 'was , small, usually less t. 2.5, making the fitting 
of fringe shift curves to the experimental data points uncertain. 
Tests undertaken fitting different shaped, curves to a sample set 
of data caused-. 50 - 100% variations in the resulting radial 
temperature distribution. 

Slight_. yariations in the, radius of the jet- measured from the 
interferograms. caused large changes in on-axis temperature, though 
the distribution-towards the outer edge of the jet was unaffected. 
A similar-phenomenon was observed by-changing the number of iteration 
points used in the numerical analysis. 

Areas for further work are identified and discussed, in the thesis. 

4. 
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1. 

CHAPTER I INTRODUCTION 

1.1 FIELD OF INTEREST 

At the time this work was started there was an interest in the 

Department in high temperature transfer processes. The aim was an 

elucidation of the heat and mass transfer processes taking place when a 

hot gas jet, with a source temperature of greater than 15000 K impinges on 

a cold surface. 

Such gas jets can be-obtained using a torch of the Gerdien type, described 

in more detail in a later chapter. The gas of interest flows through an 

electric arc enclosed within the torch, is heated'thereby to a high temp- 

erature and then issues into the atmosphere through an orifice. Dependent 

on the gas flow rate and the electrical input to the torch, a wide range of 

gas temperatures can be obtained up to 20000 K (1). At a sufficiently 

high temperature the gas dissociates and becomes ionised, and is usually re- 

ferred-to as a plasma. For argon, the gas studied in this work, there is 

no appreciable self ionisation below 8000 K, as shown in Fig. 2, calculated 

using Saha's equation, in Appendix AIII. 

Work so far in the Department has measured properties of free and impinging 

plasma jets, such as Transport Properties in High Temperature Gases by 

D Dobbs (2) and Temperature Measurements in an Argon Plasma Jet by Ruddy 

(3); part of a programme to develop measurement techniques of those 

properties of the jet which can be compared with parallel theoretical 

studies of jet behaviour. Both works placed emphasis on jets with sub- 

stantial ionisation. In the work reported here attention has shifted to 

study the lower temperature jets where there is no ionisation, in the 

region 1000 K to 8000 K. 

Of obvious interest is the temperature distribution within the jet when it 
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impinges on a cooled surface. If temperature profiles close to the surface 

can be determined, then, used in conjunction with thermal conductivity data, 

local heat transfer coefficients can be obtained. Similarly, radial 

temperature across the jet away from the surface, and hence axial temp- 

erature along the jet can lead to information regarding heat and mass 

transfers between the jet and its surrounding air. 

1.2 METHODS OF MEASURING TEMPERATURES IN HOT GAS JETS 

For measurement of gas temperatures the use of thermocouples immediate- 

ly springs to mind. There are, however, two major disadvantages: 

(a) Most normal thermocouple pairs rapidly melt at the temperatures 

involved. 

(b) Insertion of thermocouple wires into the jet disturbs the jet and 

affects the flow distribution. 

Of non intrusive techniques optical methods, in particular interferometry, 

are possible (4,5,6). In the interferometric method, the object of interest, 

the hot gas jet in this case, is placed in one of two otherwise similar 

optical paths. Light from a single source is split between the two paths 

and after traversing them is recombined. A pattern of straight line 

interference fringes is seen at the point of recombination of the two beams. 

As the refractive index of the hot gas differs from the surrounding medium, 

the optical path length in that path changes across the jet. A shift in 

the fringe pattern at the point of recombination of thetwo beams results. 

This shift in the fringe pattern is related to the variation of the inte- 

grated value of refractive index along the line of sight. Since the gas 

jet from the Gerdien torch is assumed to have axial symmetry this line of 

sight information can be transformed to a radial variation by means of some 

numerical method, such as the well known Abel Transformation as used in 
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other work (7,8,9), or that developed by Harker (10). Refractive index is 

related to density by the Gladstone-Dale relationship (11) 

(n - 1) cp 

Assuming the jet behaves as an ideal gas and the jet is at atmospheric 

pressure, the radial refractive index variation transforms to temperature 

variation, using 

(n - 1) ý1/T 

1.3 REVIEW OF PREVIOUS WORK 

Interferometry is a well established technique in the study of high 

and low temperature plasmas and plasma jets (16). It is used for measuring 

refractive index related properties such as electron density (12) and 

temperature. 

A Czernichowski, in his paper Interferometric Determination of Temperature 

in a Laminar Jet of Argon or Neon Plasma (9) used an Abel Transformation to 

gain radial temperature data on a plasma jet. He found an average axial 

temperature. of 5000 K for an argon plasma jet with a gas flow rate of 

18 1/min and a power supplied to the torch of 3.75 kW, though he was 

surprised at this value which he would have expected to be nearer 10000 K 

judging by the luminance of the plasma. 

An unpublished work by J. Sturrock was carried out in the Leicester Univer- 

sity Engineering Department in 1972 (13), and covered a similar topic to 

that of Czernichowski. Sturrock, however, measured axial temperatures in 

the region of 15500 K, though there is no data on argon flow rates and 

power to the torch. 
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Both these works were based on laminar argon plasma jets. The area of 

interest in this work, although using a similar experimental set up, is 

that of much lower temperatures. As the gas flow rate is lower, in the 

order of 1 to 3 1/min as opposed to 18 1/min, the ionised gas recombines 

within the torch nozzle, and unionised hot gas issues from the torch. 

A further difference between the work described in this report and the 

previous two references is that this work deals with an impinging jet. 

Much work has been done on impinging jets (14,15). M Ruddy (3) used 

spectroscopy to study an impinging plasma jet produced by the same torch 

used in this work, though again at much higher temperatures. However, no 

references could be found that covered the use of interferometry as a tool 

for temperature measurements in low temperature impinging gas jets. 

1.4 SPECIFIC OBJECTIVES 

The specific objectives of this work can be summarised as follows: 

1.4.1 Experiments 

Interferograms would be photographically recorded for different 

conditions of the gas jet. The plasma torch, which provided the jet, would 

be driven by various powers and the Argon would be fed through the torch 

at different flow rates. 

Thermocouple measurements would be taken of the temperature of the jet to 

obtain very rough calibration readings. 

1.4.2 Calculation 

The fringe shift data from the interferograms would be processed by 
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computer to provide radial and axial temperature distributions for different 

physical conditions. The resulting data would be studied for any inter- 

esting trends. 

A sample set of data would be submitted to various tests as an investigation 

of the effect on the results of the values of the physical constants 

assigned to the ambient conditions. Similarly the sensitivity of the 

interferogram fringe shift data would be investigated. 

1.5 THESIS OUTLINE 

The arrangement of this thesis broadly follows the brief description 

of the work given in sections 1.1 and 1.2. 

The second chapter will contain theoretical considerations of using 

interferometry for temperature measurement. The relationship of refractive 

index to temperature will be-covered, with the theory of interferometry. 

The third chapter will cover the experimental part of the study. A 

description of the experimental apparatus will be followed by the procedure 

for the optical alignment of the system and the method of recording the 

resulting interferograms. 

The fourth chapter will describe the derivation of temperature distribution 

from the fringe shift data. This will cover the numerical processing 

methods, the computer program and the interpretation of the photographs 

of the interferograms. Errors introduced by changing conditions will be 

investigated using sample data. 

Chapter five will deal with the temperature distributions obtained. Both 

radial and axial profiles will be shown. 
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Chapter six will cover the discussion of results and the conclusions drawn. 

The temperature distributions and the different sources of inaccuracies 

arising in the data will be discussed. The contributions and limitations 

of the present work will be covered, together with directions for channel- 

ling further work. 
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CHAPTER II THEORETICAL CONSIDERATIONS FOR TEMPERATURE MEASUREMENT BY 

INTERFEROMETRY 

2.1 INTRODUCTION 

This chapter describes how variations in refractive index with 

temperature are related to interference fringe shift patterns, and how 

temperature is related to refractive index of a gas. The theory of 

interferometry is discussed, with especial reference to the Mach-Zender 

Interferometer, which is used in this work. 

2.2 THE REFRACTIVE INDEX OF A GAS, AND ITS RELATIONSHIP TO THE TEMPERATURE 

OF THE GAS 

Newton showed that when a parallel beam of white light passes through 

a prism, the emerging light is spread out into a spectrum. This phenomenon 

is called dispersion and implies that light of different wavelengths 

travels at different speeds through the medium under study. Such a medium 

is called a'dispersive medium, and the only truly non-dispersive medium 

is vacuum (17). 

The refractive index of a medium is defined as the ratio of the speed of 

light in that medium to the speed of light in a vacuum. Thus the refractive 

index of a dispersive medium varies with the wavelength of the incident 

light. Cauchy proposed an empirical formula to express refractive index in 

terms of wavelength: 

(n- 1) =A+B/A2 +C/%4 + ..... 2.1 

For most gases, the refractive index is fairly well represented by the 

first three terms of the equation. 
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The constants in the equation can be obtained from tables (18). For 

example, for dry air, at 15°C and 760 mm of Hg, 

A 2726.43 x 10 7 

B 122.88 x 103 nm2 

C= 355.5x1010=4 

when the wavelength is in nanometers. When X= 632.8 nm, the wavelength 

of a He-Ne laser, the refractive index of dry air at 15°C and 760 mm of Hg 

is 

(n - i) 0.0002759 2.2 

Similarly, the refractive index of Argon is 0.000281. 

It is possible to prove, from electromagnetic theory, that, at low 

pressures, the refractive index of a gas is proportional to its density 

(17). This result had also been confirmed experimentally by Gladstone and 

Dale (11). 

The Lorentz-Lorenz equation (11) also relates refractive index to density, 

in 

(n2 - 1)/(n2 + 2) cc P 2.3 

where p is the density of the gas with refractive index (n - 1). For 

Argon, the value of n is of the order 1.0003, in which case equation 2.3 

can reduce to 

(n - 1). (2/3) ccP 

(n - 1)ccp 

2.4 

As the pressure of the gas in the work under study is essentially atmos- 

pheric, and as such can be considered constant, the change in density of 
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the gas can be assumed to be caused by a change in temperature. Hence, 

from the gas laws, 

P1/P2 = ! 2/T1 

where T is the absolute temperature. It can therefore be assumed that 

(n - 1) CC 1/T 

2.5 

2.6 

That is, the refractive index of a gas is inversely proportional to its 

temperature. 

This assumption breaks down when the gas can no longer be considered a 

dielectric. That is when the gas becomes ionised and hence an electrical 

conductor. In the case of argon, the gas under consideration, however, 

it can be shown, using Saha's equation (19), that there is no appreciable 

ionisation below approximately 8000 K, as plotted in Fig. 2. Initial 

thermocouple readings indicated that the gas jet under study was at much 

lower temperatures than this. It was therefore considered adequate to use 

the relationship in equation 2.6 to relate refractive, index to temperature 

in this work, thus 

T- 
(n-1)1T1 

2 (n-1)2 
2.7 

where (n - 1)1 is the refractive index of the gas calculated, using Cauchy's 

formula, equation 2.1, at temperature T1, and (n - 1)2 is the refractive 

index measured experimentally at the unknown temperature T2. 

A curve of refractive index against temperature for atmostpheric argon is 

shown in Fig. 1, calculated from equation 2.7. 
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2.3 THE THEORY OF INTERFEROMETRY 

2.3.1 The Formation of Interference Fringes 

The formation of optical interference fringes results from the 

principle of superposition of electromagnetic fields, light being such a 

field. Considering two plane waves of light, one travelling in the positive 

z direction and the other at an angle 9 to the z axis, with maximum 

amplitudes a1 and a2, as shown in Fig. 3, then the complex amplitudes of 

the waves, ignoring the time factor, exp2nivt, of the wave equation on the 

assumption that the waves are monochromatic and hence of the same frequency, 

are given by (20) 

U1 = a1 exp(-2n)iz 
A 

U2 = a2 exp(-2Ti(ysin9 + zcos9)) 
A 

2.8 

From the principle of superposition, the resultant'light amplitude, when 

the two beams cross, is obtained from the sum of the amplitudes of the two 

beams, and the resulting complex amplitude is given by 

U=U1 +U2 2.9 

The instantaneous light power, or intensity, of a licht beam is proportion- 

al to the square of the amplitude of that beam. The observed intensity of 

the above example is 

I= UU* = tu112 + tU2 12 + U1U2* + U1*U2 

= tu1 12 + 1U2 12 + 2ReU1U2* 2.10 
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where Re indicates that the real part of the expression which follows is to 

be taken, and * indicates the complex conjugate. 

Thus, from equations 2.8 and 2.10, the intensity of two intersecting beams 

is 

I (y) = a12 + a22 + 2a1a2cos (2y sing) 2.11 
A 

As y sing varies, the intensity varies, giving a bright fringe whenever 

y sing is equal to an integer number of wavelengths, and a dark fringe when 

it is equal to (N + /)A. If the amplitudes of the two beams are equal, the 

dark fringes are completely black. 

These interference fringes are usually caused by light which travels between 

a source and a point by two different routes. The beams therefore arrive 

with different phases due to the different optical paths traversed. This 

phase difference is related to the optical path differences by the equation 

phase difference = (2n/a). optical path difference 2.12 

and a complete fringe shift indicates a phase change of 271. 

Instruments which measure this phase difference, and hence change in 

optical path length, from interference fringes are called interferometers. 

2.3.2 The Interferometer 

The interferometer is an instrument which uses the described 

optical interference phenomena to measure refractive index, or change in 

refractive index in one of its beams of light by studying the change in 

optical path length as indicated by interference fringe patterns. 
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Most interferometers use two beam interferometry, the basis of which is the 

splitting of a coherent, usually monochromatic (to eliminate the time 

dependent factor in the wave equation), beam of light into two beams. 

These beams then travel via two different optical paths to be reunited at 

some point, where interference fringes are formed. 

The intensity at the point of recombination is governed by the phase 

difference between the two beams, which, in turn, from equation 2.12 is 

governed by the optical path difference. 

There are two methods of splitting a beam of light (17): division of 

wavefront, where the light goes through two apertures side by side; and 

division of amplitude, where the light is split at one or more reflecting 

surfaces. 

Divison of wavefront is used in various types of interferometer, such as 

Fresnel's mirrors and Lloyd's mirror used to measure the wavelength of the 

incident light, the Rayleigh interferometer, used to measure optical path 

difference to test optical elements, --and the Michelson stellar interfero- 

meter, used to measure the angular distance between astronomical objects. 

Interference patterns set up by this type of interferometer can easily be 

seen by the Young's double slit experiment, as shown in Fig. 4. 

sources 

fringes 

Fig. 4. Young's Experiment. 

double slit 
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Interference patterns set up by a division of amplitude interferometer are 

seen when a plane parallel plate of transparent material is illuminated 

by a point source of monochromatic light. As can be seen in Fig. 5 

because some of the light is reflected off the top surface and some is 

reflected off the bottom surface, a difference in optical path lengths 

occurs and fringes are formed. 

sour Inges 

Fig. S. A plane parallel plate illuminated by a point source. 

Division of amplitude is used in various interferometers, e. g. Michelson, 

Twyman-Green, Jamin. These are all used for checking optical instruments 

for aberration, measuring the flatness of reflecting surfaces and measuring 

the change in refractive index from some reference. 

Another division of amplitude interferometer is the Mach-Zehnder (21,22). 

This is often used to measure variations in refractive index, and hence 

other related properties in fluid and gas flow situations, and was used in 

the work reported. 

2.3.3 The Mach-Zehnder Interferometer and its Formation of Fringes 

A schematic layout of a Mach-Zehnder interferometer is shown in 
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Fig. 6. The Mach-Zehrader has an advantage over other division of 

amplitude interferometers in that virtual fringes can be localised in 

the area under study and hence maximise fringe contrast. 

Light from a source placed in the focal plane of a well corrected lens, 

L1, is divided at the semi-reflecting surface, A1, of a plane parallel 

glass plate, B1, into two beams. These, after reflection at plane mirrors, 

M1 and M2, are recombined at the semi-reflecting surface A2, of a second 

identical plane parallel plate, B2. They emerge and are focussed by a 

well corrected converging lens L2. The four reflecting surfaces are 

arranged initially parallel, with their centres at the corners of a paral- 

lelogram. 

Assuming there is a point source of monochromatic light illuminating the 

system and there are no disturbances in either beam, plane wavefronts 

W1 and W2 are formed. If Wi is the virtual wavefront between M2 and B2 

corresponding to W1, then at a point P on W2, the virtual phase difference 

between the two emergent beams, ö, is 

21r(n - 1)h/A 2.13 

where h is PN, the normal distance of W1' from P and the geometrical path 

difference, (n - 1) is the refractive index between M2 and B2, and A is the 

wavelength of the illuminating light. This is equivalent to equation 2.12, 

as optical path length = (n - 1)h. 

When W1' and W2 are mutually inclined, straight line fringes are formed. 

By rotating M2 and B2 the plane of intersection of the two wavefronts can 

be rotated and hence the orientation of the fringes, which are parallel to 

the plane of intersection, can be positioned in the best direction for ease 

of analysis. In this case fringes were positioned horizontally, as this 
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gave an easily defined undisturbed fringe field on either side of the 

shifted fringes. 

If the indices of refraction in the paths of the two beams of the 

interferometer are (n1 - 1) and (n2 - 1) and the two geometrical path 

lengths are 11 and 1 2, then the places where the fringe maxima occur are 

satisfied by the equation 

(n1 - 1)11 - (n2 - 1)12 =NX2.14 

where N is an integer. 

A change in refractivity of the medium through which one beam passes 

changes the optical path length of that beam, and hence the position at 

which the above condition is fulfilled. As a result, a shift appears in 

the fringe system, which can be expressed as (4) 

s LD(n - 1)/A 2.15 

where s is the fringe shift in the number of fringes, L is the length of 

the object in the light path, A(n - 1) is the change in the refractive 

index between the reference beam and the object in the light path, and 7ý 

is the wavelength of the light. 

In the medium under study, an impinging hot gas jet, the refractive index 

is not constant, but varies radially in the jet as the temperature varies. 

Thus the refractive index at points across the beam passing through the 

jet is an integral of the radial refractive indices of the jet. 

This leads to an equation relating fringe shift to refractive index 
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XQ 

syx A(n - 1) 
r 

dX 

-Xp 

X0 

_ (n - ')air - (n - (r)jet dx 2.16 

-xp 

where syX is the fringe shift multiplied by the wavelength, and hence, from 

equation 2.12 and 2.15, the optical path length through the object, at 

position y from the axis of the jet. (n - 1) 
air 

is the refractive index 

of the air. and (n - 1)(r) jet is the refractive index of the jet at radius r. 

The geometrical conventions are shown in Fig. 21. 

The solution of this equation for (n - 1) (r) is covered in Chapter 4. Once 

(n - 1) (r) has been obtained, the radial temperature of the jet can be 

calculated, using equation 2.6 

T= 
(n - 1)1T1 

2 (n - 1)2 
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CHAPTER III EXPERIMENTAL INVESTIGATION OF TEMPERATURE PROFILES 

3.1 INTRODUCTION 

This chapter describes the experimental apparatus which was used to 

provide the impinging hot gas jet under investigation, and the equipment 

used to form interference Singes focussed onto photographic film. The 

setting up of the apparatus and the recording of the interferograms is also 

described. 

3.2 DESCRIPTION OF THE EXPERIMENTAL APPARATUS 

3.2.1 The gas jet and cool surface 

To provide gas jets with temperatures of between 300 K and 8000~K a 

plasma torch of the Gerdien type, supplied by British Rail for previous 

workers (2,3)was used. This torch is shown schematically in Fig. 7. Argon 

passes between a thoriated tungsten cathode and a copper anode which are 

water cooled. The gas is heated by an arc struck between these two 

electrodes. After passing through the arc, the gas flows through a short 

nozzle in the anode and out to the atmosphere. 

The condition of the ensuing jet is dependent on the electrical supply to 

the arc'and the gas flow rate. - A Gerdien torch is normally operated at 

high electrical power inputs and argon flow rates. Under these conditions 

the gas is strongly heated to temperatures well above 8000 K when it becomes 

ionised. This plasma is blown through the nozzle and emerges as a highly 

intense radiating source. However, at low argon flow rates and low 

electrical power although the gas is ionised by the arc, recombination takes 

place within the nozzle. The emerging jet is in the main a hot unionised 

stream although under some conditions a small luminous cone a few milli- 

IIV- 
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metres long forms at the exit. This indicates the recombination process is 

completed just outside the torch. 

The gas flow rate to the torch was metered on a size 7 metric rotameter, 

the calibration curves for which are shown in Fig. 8 and calculated in 

Appendix AIV. The cooling water flow rate was measured on a size 10 metric 

rotameter, which was directly calibrated. 

The power supply to the torch was provided by a welding transformer 

supplied by the British Oxygen Company, and has been described in detail by 

Maxwell and Ruddy (23). It was a stabilised arc furnace rectifier unit, 

with three phase 440 volt output, rectified and stepped down to three 150 

volt open circuit DC terminals. The arc in the torch head was initiated 

by a high frequency spark, which was switched off once the torch was struck 

and a DC current was being transmitted. The current into the torch was 

measured by a meter on the power supply, and the DC voltage drop across the 

torch was measured by a digital volt meter across the torch terminals. 

A block diagram of the plasma torch supply system is shown in Fig. 9 and 

a photograph of the rectifier unit in Fig. 10. 

The jet was played over a cool surface. This was provided by a water 

cooled copper cylinder, 40 mm in diameter, rotated at approximately 33 rpm 

by a simple DC motor and belt drive. The cylinder was mounted so the cool 

surface was 30 mm above the nozzle of the torch. 

The torch and rotating cylinder were mounted on a free-standing pedestal, 

shown in the photograph in Fig. 11, which could be moved to position the 

jet in�the measurement beam of. the interferometer. 
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out 

Fig. 9. Plasma Torch Supply System. 
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Fig. 10. Power Supply. 

_" 

Fig. 11. Plasma Torch showing 
copper cylinder and 
supply rotameters. 



27. 

3.2.2 The Interferometer 

Equipment which could be used as a Michelson (17) or a Mach-Zehnder 

(24) interferometer was available in the department. With the Michelson 

interferometer, as shown in Fig. 12a the measurement beam passes through 

the object under investigation twice, whereas with the Mach-Zehnder, as 

shown in Fig. 12b the beam only passes through the jet once. With the 

Mach-Zehnder configuration it is also possible to localise the fringes in 

the jet, as covered in Chapter 2, which is not possible with the Michelson. 

Therefore the Mach-Zehnder configuration was used. 

The equipment, as shown in Fig. 13, consists of a rectangular base table 

which can be made level horizontally by means of four adjustable legs. 

There is a cutout along one side, to accommodate the plasma torch. 

At the four corners there is either a mirror or a beam splitter; Figs. 14 

and 15 show the two beam splatters, B1 and B2, and the two mirrors, M1 and 

M2. The mirrors have a plane silvered surface, of diameter 75 mm. The 

beam s3litters, of diameter 76 mm, are made of 15 mm thick Borosilicate 

Crown glass with each surface polished to a flatness of 1/10 wavelength. 

The substrate is Fused Silica of a like flatness and similar thickness. 

The front surface, common with the Borosilicate Crown glass, has an Inconel 

30: 30 coating, which allows equal transmission and reflection for unpolar- 

ised light, with 40% loss due to absorption. The rear surface of the 

substrate is coated with a single anti-reflection coating of magnesium 

flouride, which makes the parallel plate fringes sufficiently faint to be 

negligible. 

The beam splitter B1 can be rotated about a horizontal axis to allow the 

light beam to be adjusted to pass along both paths parallel to the base 

table. It can also be rotated about a vertical axis to allow the 
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Fig. 12a. Michelson Interferometer. 
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Fig. 13. Photograph of Mach-Zehnder Interferometer. 
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reflected beam to be positioned at the centre of the mirror M1. 

Both mirrors can be rotated about the horizontal and vertical axes, and 

also translated in their own planes. In addition, M2 can be translated 

in the direction of the impinging light, to lengthen or shorten the 

geometrical path length of the reference beam. 

The second beam splitten, B2, can be rotated about the two axes, and also 

translated in the two directions of the impinging light. 

The translation of the beam splitter B2 and the mirror M2 in the direction 

of the impinging light is effected by component mounting plates, placed 

in recesses in the main base table and connected to it by kinematic joints. 

A wire and pivot arm is tensioned by a spring between the mounting plate 

and the base table, on the far side of the mount. The arm transmits 

motion from a micrometer screw to the mounting plate. 

The translation of the beam splitter perpendicular to the direction of the 

impinging light is provided by a slide arrangement. This is adjusted 

directly by a micrometer screw with an opposing tension spring. Despite 

the kinematic joint, the mounts are not stable enough to prevent local 

structural vibrations affecting the fringes. As a result, when the mirror 

and beam splitter have been correctly adjusted, they have to be wedged 

into position. 

In the reference beam, between B1 and M2, a template of 20 mm is set up 

so that a scale can be established for the fringes when they are photo- 

graphed. 

The whole interferometer is mounted on an antivibration concrete table. 
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3.2.3 The Illuminating System 

The system -is illuminated by a Spectra Physics Model 120 5 mW He-Ne 

laser, with a Model 256 Exciter. The laser operates in the TEM00 mode, 

giving red light of 632.8 nm wavelength. The beam emitted by the laser, 

of 1.5 mm diameter, -is expanded and collimated to provide the interfero- 

meter with a plane wavefront large enough to fill the mirrors. 

A microscope objective is used to expand the beam. At the focal point of 

this lens a pinhole is employed to act as a spatial filter, and remove the 

diffraction patterns of particles and aberrations in the microscope object- 

ive, which would upset the coherence of the light. 

Ideally the rim of the pinhole should coincide with the first minimum in 

the focal plane diffraction pattern. This isolates the Airy Disc, which 

contains 84% of the light (17), as can be seen in the intensity distribution 

shown in Fig. 16. 

A Beck 10x objective is used, this being a suitably short focal length, yet 

not short enough to cause serious problems due to aberrations. A pinhole 

of 25 µm diameter is used, this size allowing for ease of adjustment, yet 

filtering the beam to an adequate smoothness of intensity. 

wavelength of illuminating light. 

.s numerical aperture of optical 
: em. 

radial distance 

0.61X 
NA 

Fig. 16. Distribution of illumination in the focal plane 
diffraction pattern, showing the Airy Disc. 
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To provide a parallel beam of light of diameter 75 mm, a collimating lens 

of this diameter and about 1m focal length is needed so that the light 

emerging from the pinhole fills the aperture of this lens. A suitable lens 

(f 12.6, focal length 945 mm) was obtained from Broadhurst Clarkson Co. 

The collimating lens is arranged so that its focal point coincides with 

that of the microscope objective. 

The illuminating system is mounted on a free standing optical bench on two 

steel legs. These can be adjusted in height to allow the bench to be set 

horizontally at the'correct height to illuminate the interferometer. For 

lateral movement, the legs have to be moved along the floor. The system is 

shown in Fig. 17. 

3.2.4 The Recording System 

The interferograms produced by the Mach-Zehnder interferometer are 

photographically recorded by a Pentax 35 mm camera. Because the standard 

aperture of the camera lens is not large enough to image the whole of the 

interferogram the camera lens is removed. A separate, corrected lens is 

used to collect the light emerging from the interferometer. The rays are. 

focussed by this converging lens to a point in the plane of the camera 

shutter. 

The camera shutter is attached to the camera by means of a bellows arrange- 

ment. This allows the camera to move horizontally, while leaving the 

shutter in position. The interferogram formed by the interferometer can 

thus be arranged to fill the negative plane of the camera. This is 

effectively the image plane of the lens, and the object plane is arranged 

to coincide with the centre of the gas jet. To prevent the film becoming 

fogged by any plasma radiation, an interference filter is placed in the 

recording system, between the lens and the shutter. The filter has a3 nm 
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Fig. 17. Illuminating System. 
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bandpass about a 632.8 nm peak wavelength, the wavelength of the laser, 

and it allows 65% of the incident peak wavelength to pass. 

The recording system is mounted on an optical bench, which is in its turn 

mounted on the same antivibration table as the interferometer and is shown 

in Fig. 18. This minimises any relative movement between the interfero- 

meter and the recording system. 

3.3 ALIGNMENT OF THE SYSTEM 

The system was initially set up to allow the laser beam to travel 

horizontally throughout. The optical components were removed from the free 

standing optical bench and the laser aligned so that the beam was parallel 

to the bench, and at the same height as the centres of the mirrors and 

beam splitters of the interferometer. 

The beam splitter B1 and the mirror M1 were removed from their mounts. 

The position and tilt of the free standing optical bench was adjusted so 

that the laser beam passed through the centre of the beam splitter mount 

and hit the centre of the mirror mount. The mirror and beam splitter were 

then replaced in their mounts, with the beam splitter's reflecting surface 

towards the laser. 

The beam splitters and mirrors were rotated about a horizontal axis until 

the laser beam travelled round the interferometer parallel to the base 

table. An engineer's square was used to check the alignment. 

The optical components and camera were removed from the recording optical 

bench, and a screen set up on it. Slight rotational adjustments, about a 

vertical axis were made to the mirrors and-the beam splitter B2 until the 

two emerging beams were parallel to each other. This occurred when the 
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Fig. 18. Recording System. 
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two spots on the screen remained the same distance apart, regardless of the 

position of the screen on the optical bench. The screen was removed and the 

laser switched off. 

The camera and converging field lens were set up on the recording and 

optical bench, so that the plane of the gas jet was imaged onto the negative 

plane of the camera. The laser was switched on again and a plane mirror was 

set up on the camera side of the field lens, with the reflecting face 

perpendicular to the optical bench and towards the lens. The lens was then 

adjusted accurately perpendicular to the laser beam by means of the Boy's 

Points method (29). The mirror was then removed. 

The plane mirror was set up on the free standing optical bench, at the 

opposite end to the laser, and with the reflecting surface towards it. 

The collimating lens was placed in front of the mirror and adjusted perpen- 

dicular to the laser beam, again using Boy's Points. A screen was placed 

in front of-the lens, and the point where the laser beam fell was marked. 

The microscope objective was placed in front of the laser, a distance from 

the collimation lens equal to the sum of the focal lengths of the two 

lenses. The objective was adjusted to allow the light to fall evenly about 

the spot marked on the screen. 

A pinhole was placed at the common focal point of the two lenses and adjust- 

ed to give an even light intensity over the screen. This position was found 

by fine lateral and horizontal adjustment until the central spot in the. 

diffraction pattern, the Airy Disc as shown in Fig. 16, expanded to engulf 

the dark rings. 

The screen and the plane mirror were removed, and parallel interference 

fringes appeared at the exit of the interferometer. Slight adjustment of 

the mirrors M1 and M2 allowed the fringes to assume a favourable orient- 
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ation, in this case about forty straight horizontal fringes. 

The shutter of the camera was positioned so as to be at the focus of the 

field lens, and the aperture stopped down to filter out any spurious light. 

The torch head was placed in the object beam of the interferometer, parallel 

to the minor axis of the elliptical field of view. The torch nozzle was in 

the object plane of the camera and a calibration template was placed in the 

corresponding object plane of the reference beam. 

3.4 RECORDING THE INTERFEROGRAMS 

The interferograms were recorded on Kodak 2475 recording film, which 

is an extremely high speed, panchromatic film with extended red sensitivity. 

An exposure time of 1/500 seconds was used. The negatives were developed 

using the recommended Kodak developer and enlargements taken. 

All possible care was taken that when the photographs were taken, there 

was as little turbulence as possible in the air of the laboratory, to avoid 

disturbing the gas jet. 

The amount of fringe shift shown on the photographs was measured using a 

scale rule at each fringe along the jet. Photographs exhibiting the 

greatest symmetry were used. The readings thus obtained were used in the 

computation of radial and axial temperature distributions. 
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CHAPTER IV DERIVATIONS OF RADIAL TEMPERATURE PROFILES 

4.1 INTRODUCTION 

This chapter deals with the derivation of fringe shift data from 

photographed interferograms and the numerical analysis performed upon this 

data to transform it into radial temperature distribution data. The 

chapter covers the mathematical premise, the computer program and the 

effect of computational and experimental error. 

4.2 THE DERIVATION OF FRINGE SHIFT DATA FROM PHOTOGRAPHS 

Several photographs were taken of the interferogram. produced by a jet 

with a particular set of input parameters. The one showing greatest axial 

symmetry and least fringe turbulence or distortion was chosen to provide 

data. Figs. 19 and 20 show sample fringe pattern photographs and both 

horizontal and vertical fringe orientations can be used. The horizontal 

fringes were chosen for analysis because, as can be seen from the photo- 

graphs, the position where the fringe pattern becomes shifted is much more 

clearly defined on the horizontal fringes than on the vertical ones. The 

fringe shifts were measured at the position of each undisturbed fringe 

along the axis of the jet. 

At each point of measurement along the axis of the jet, a base line was 

drawn on the photograph, across the fringe shift pattern joining the un- 

disturbed portions of the edge of a fringe. The radial distance from the 

axis of the jet was measured at points where easily defined parts of the 

fringe shift pattern, i. e. the transition between dark and light fringes, 

intersected the base line. Thus by observing the number of fringe patterns 

intersecting the base line, a measurement of fringe shift with respect to 

position across the jet was made. 
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Fig. 19. Sample Photograph (Vertical Fringes). 
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Fig. 20. Sample Photograph (Horizontal gringos). 
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A graph of fringe shift against radial distance from the jet axis was plot- 

ted using measurements from both sides of the axis to ensure symmetry. 

A best fit smooth curve was drawn through the points by eye, and fringe 

shift values were taken off this curve at equally spaced radial points, 

from the axis (r = 0) to the point at which the fringe shift was zero 

(r = a). These values were fed into the computer for numerical analysis. 

4.3 THE NUMERICAL TRANSFORMATION 

The fringe shift patterns produced by the interferometer were formed 

by the change in optical path length as the beam of light in one arm of the 

interferometer passed through the hot gas jet. It can be seen from Fig. 21 

that the geometrical path length of the light through the jet varies across 

the widthof the jet. In such a situation, the fringe shift patterns 

result from collimated information along parallel chords. ' As it was the 

object of this work to investigate the RADIAL temperature of the jet, it 

was necessary to transpose these collimated measurements into radial data. 

Considering a section of the jet of gas as shown in Fig. 21 the change in 

optical path length between the reference ray of laser light passing 

through air and a ray passing along a chord, is a result of the integration 

of the varying refractive index differences along that chord. This gives: 

xo 

change in optical path = 20[(n - ')air (n - 1)jet(r )] dx4.1 

where (n - 1) 
air 

is the refractive index of the air in the reference beam, 

(n - 1)jet(r) is the refractive index of the jet at radius r, and 

r2 = x2 + y2 

From equation 2.15 



44. 

I 

4 

Xo I Xo 

I (y) 

. rection of light beam 

Fig. 21. Cross section of hot gas jet in light path' 
showing-a chord distance y from the axis which 
would give rise to a collimated fringe shift reading. 
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change in optical path = FS(y). A 4.2 

where FS(y) is the fringe shift at a distance y from the axis of the jet. 

FS(y). A = 2Xo 
[(n 

- 1) 
air - (n - 1) 

jet 
(r] dx 4.3 

0 

This is an integral equation with the unknown radial refractive index 

inside the integral sign, related to the measured fringe shift data. By 

transforming the equation and a subsequent numerical analysis, values for 

the radial variations of refractive index can be found. 

A possible method of solution is to transform the equation using the well 

known Abel inversion formula (26), to give an equation of the form 

j(r) _ 
dd( 

dy 4.4 

r 

By assuming a suitable polynomial for I(y) between fixed points, the 

equation can be solved numerically for j(r) at different values of r 

(7,9,13). The method of solution used in this work is one developed by 

Harker (10)for analysis of current density in an electron beam, which is 

easily expanded to relate to refractive index in a hot gas. The derivation 

of this scheme is given in Appendix AI. The result can be expressed as 

y N-1 
i 

MRYI (Y) j (R) ° 3ira 
7, 

. y=0,. 

4.5 

Here for convenience a change of variable has been made. The collimated 

function of I(Y) is obtained from I(y) at N equally spaced values of y2 

in the range 0 to a2, resulting in new. variables Y= Ny2/a2 and R= Nr2/a2. 

In performing the-integration I(y) is approximated by parts of parabolas 

in each of the intervals 04Y42,2 <, Y 4 4, .... , N-2 ý< Y N. 
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MRY is a matrix of coefficients, the derivation of which is detailed in 

Appendix AI. 

Equation 4.5 is related to the case under study in that the radial function 

J(r) is the difference in the refractive index between the reference arm 

of the interferometer, (n - 1) 
air' and at the radius r of the jet, 

(n - 1)jet(r). The collimated function, I(Y) is the change in optical 

path length, calculated from the fringe shift, at a distance Y from the 

axis of the jet, 

J (r) = (n - 1) 
air - (n - 1) jet (r) 

1 (Y) = FS(Y)' 

4.6 

4.7 

A computer program was written to calculate the coefficient matrix, MRY 

to calculate the values of the function I(y), and extrapolate it to N 

values of Y, and to solve equation 4.5 for j(r). The value of the 

refractive index of the jet was then extracted using equation 4.6, and the 

temperature of the jet computed, using equation 2.7, (n - 1)= 1/T. 

4.4 THE COMPUTER PROGRAM 

The computer program processed the fringe shift data, converting it 

to change in optical path length. The optical path difference was then 

changed into radial change in refractive index, using Harker's numerical 

transformation, from which the radial temperature of the jet was calcu- 

lated. A flow chart of the program is shown in Fig. 22. 

The program consisted of a main program with four subprograms. It dealt 

with three sets of fringe data from a particular interferogram at one time 

and provided a print out of the fringe shift data, change in optical path 
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Fig. 22. Computer Program Flow Chart. 



48. 

length, radial change in refractive index, radial refractive index of the 

jet, and radial temperature of the jet. It also plotted a graph of the 

three sets of radial temperature distributions. An example of this output 

is given with a listing of the computer program in Appendix All. 

The main program set the number of data points, N, used in the Harker 

transformation to be 40. It then accepted the input data of ambient 

temperature, the refractive index of the air corrected for ambient temper- 

ature and humidity, and the reference conditions of the'gas jet (the power 

to the torch and the argon flow rate). For each set of fringe data, the 

program then called up the subprogram 'RUN' which read the fringe shift 

data and the overall jet radius at the axial distance under study. 

The changes in optical path length values were calculated, using equation 

4.2 and the values of the fringe shift and path length were printed out, 

together with the distance from the axis at which they occurred. The 

print out was headed with the position up the'axis of the jet at which 

the readings were taken. 

subprogram 'RUN' then called up subprogram 'HARK' which assigned the chord 

position from the axis values, y, and the associated optical path length 

values I(y) to two arrays. In the numerical solution of the transformation 

as described in Appendix AI values of optical path length at previously 

undefined chord positions are used. In order to obtain the required 

values, subprogram 'HARK' called up the NAG library routine 'E01ADF', 

a spline curve fitting routine. This fitted a cubic spline to a given 

set of data, in this case the y and I(y) arrays, and provided the value 

of the I(y) variable on the resulting curve at any required y axis value, 

giving two new arrays I(Y) and Y. 

When the two new arrays had been set up, subprogram 'HARK' called up 
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subprogram 'NUMB' which calculated the coefficient matrix MRY required to 

solve equation 4.5. Control then returned to subprogram 'HARK' which 

evaluated the equation and calculated the new array of change in 

refractive index and hence radial temperature. The program control then 

returned to subprogram 'RUN' and the values of radial change in refractive 

index, radial refractive index and radial temperature were printed out. 

The control returned to the main program for the next set of results to 

be processed. 

When all the data had been processed, a graph plotting subprogram 'PLOT32' 

was called up. This used the computer 'CGHOST' plotting library and 

produced a graph of the radial temperature distributions for all of the 

sets of data. 

A listing of the computer program is given in Appendix AII. 

4.5 THE EFFECT OF MEASUREMENT ERROR ON TEMPERATURE PROFILES 

In any work dealing with physical measurements, it is inevitable that 

experimental errors occur. It is important to locate the source of these 

errors and investigate their effect upon the final results. 

From equations 4.5,4.6 and 4.7 

I" 
N 

N-i 

jet = Hair - 37ra 
ZMRY 

FS (Y) .X 
Y=0 

4.8" 

The variables are the refractive index of the air, nair' the radius of the 

jet, a, the number of data points used in the transformation, N, and the 

fringe shift data, FS(Y). Errors in these variables affect the calculated 

radial refractive index and hence the radial temperature of the jet. 
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As the-readings from the photographs are scaled, the accuracy of the 

value of the overall radius of the jet is dependent on the scaling of the 

readings, as well as the precision to which they can be measured. The 

radius is averaged over values taken both sides of the axis, in an attempt 

to minimise any asymmetry, or misplacement of the position of the axis of 

the jet on the photograph. 

The values of the fringe shift, FS, also depend on the accuracy of the 

measurements from the photograph of the interferogram, as well as the 

precision of the curve fitted through these points. In the majority of 

cases, it is possible to take measurements from the photographs to within 

0.5 mm, which when scaled, is a value of 0.15 mm. However, when the 

fringes become less sharply defined, greater error is possible up to 1 mm 

before scaling. 

The value of the refractive index in the reference arm of the interfero- 

meter depends on the wavelength of the illuminating light and ambient 

temperature, pressure and humidity. (n - 1) is calculated for the laser 

wavelength, using Cauchy's formula as quoted in Chapter 2, and then 

adjusted by the gas laws for atmospheric temperature and pressure, assuming 

an ideal gas. A correction is given by Lorenz (18) for humidity: 

(n - 1)moist (n - 1)dß + 0.0000410 4.9 

where 0 is the relative humidity. Thus errors in the measurement of 

ambient temperature, pressure and humidity of +2.5%, +0.25% and +1% 

respectively, give a cumulative error of +2% in the value of the refractive 

index. 

In order to investigate the effects of these sources of error on the final 

temperature distributions, a set of data was chosen and the changes in the 
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final results observed for various input parameters. 

To cover the errors introduced in transferring measurements from the 

photographs to the computer, a variation of +0.5 mm (0.15 mm when scaled) 

was introduced on the radius of the jet. Similarly, slightly different 

curves were drawn through the chosen set of fringe shift measurement 

points as shown in Fig. 23 and the readings from these different curves 

processed by computer. 

To investigate the effect of the errors in the calculated value of the 

refractive index of air, the value of the refractive index was varied by 

+5%, a figure of the order introduced by the cumulative variations 

introduced by the measurement errors in temperature, pressure and humidity. 

Another possible source of variation in the final result of radial temper- 

ature, is the number of data points chosen to be used in the solution of 

equation 4.5. The sample data was processed using values of N varying 

from 5 to 40. 

The variations in the radial temperature distributions introduced by each 

of the above controlled errors taken singly were then calculated, and 

are shown in Figs. 24-27. 

Fig. 24 shows the effect of varying the overall radius of the jet by 

+0.15 mm. At values of radius greater than 1.5 mm the three curves are 

superimposed, but between r=1.5 and 0 mm they diverge, until, at the 

axis of the jet, there is a difference of 6000 K. 

Fig. 25 shows the three temperature profiles for the three sets of data 

drawn through one set of data points shown in Fig. 23. This shows a 

variation of 750 K at the axis, and superimposed curves from radial values 
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of approximately 0.5 cm. 

Fig. 26 shows the effect on temperature profiles of varying the value taken 

for the refractive index of air. The graph shows three complete curves, 

and one which is incomplete. The three complete curves show an axial 

temperature variation of 4750 K for a change in refractive index of 

0.00004. The incomplete curve was the result of making nair 1.00026. 

This transformed to give an axial temperature of -6000 K. By studying 

equation 4.8 it can be seen that if the refractive index of air is less 

than the result of the Harker transformation, then a negative value will 

be found for (n - 1) 
jet' and hence the temperature. 

Fig. 27 shows the effect of varying the number of points used in the 

Harker transformation. A variation of 2000 K axial temperature is the 

consequence of varying the value of N between 5 and 40. 

The overall effect of these results will be discussed in Chapter 6. 
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CHAPTER V EXPERIMENTAL TEMPERATURE PROFILES 

5.1 INTRODUCTION 

This chapter contains descriptions of the temperature profiles 

derived from the photographs of interferometric fringe shift patterns. 

The first section deals with the radial temperature distributions. These 

distributions are collated and presented in the second section as axial 

temperature distributions. 

To study the effect of input conditions to the torch on the temperature of 

the jet, the power to the torch was kept constant as the argon flow rate 

was varied, and the argon flow rate was kept constant while the power to 

the torch was varied. 

Data is presented for a constant power of 1.4 kW and argon flow rates of 

1.4,3.2 and 4.3 1/min, and for a constant flow rate of 2.4 1/min and 

powers of 1.3,2.5 and 3 kW. 

The temperature of the jet was measured with a thermocouple and the results 

compared with those obtained by interferometric means. 

5.2 RADIAL TEMPERATURE PROFILES 

Radial temperature profiles were produced directly by the computer 

program, which provided both a numerical output of data and a graphical 

display. Appendix AV contains a selection of the radial temperature 

distribution curves. 

Figs. 28 to 33 show sample fringe shift data together with the correspond- 

ing radial temperature distributions for each of the six sets of jet input 
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conditions. With argon flow rates above 5 1/min or power input to the 

torch above 3 kW, the fringes were too turbulent to produce clear pictures 

at the fastest shutter speed of which the camera equipment was capable, 

that is 1/500 sec. Figs. 28 to 30 cover constant power of 1.4 kW with flow 

rates of 1.4,3.2 and 4.3 1/min and figs. 31 to 33 cover constant flow rate 

of 2.4 1/min with powers of 1.3,2.5 and 3 kW. Each sample was taken from 

approximately 10 mm above the jet nozzle. These graphs show the temperature 

on the jet axis varies between approximately 1000 K and 2000 K, while 

decreasing to approximately 280 K at the outer boundary of the jet. 

Further study of the figures in Appendix AV show that the axial temperature 

can range from 800 K to 9000 K, depending on the axial position and the 

input conditions to the torch. Some of these figures also show very 

negative values of temperature - up to -20000 K. Obviously these are 

physically impossible results, and they will be discussed further in the 

next chapter. 

Deviations from a smooth curve in the radial temperature profiles may be 

observed, in particular in Fig. 31, though it also occurs to a lesser 

extent in Fig. 28. It is noted in these two figures that there is a sharp 

rise in temperature in the final data point, that is on the axis of the 

jet. This phenomenon will be discussed further in the next chapter. 

5.3 AXIAL TEMPERATURE PROFILES 

For each set of input parameters to the jet, temperature profiles 

were plotted along the jet axis. Due to the phenomenon of su risingly 

sharp increases in temperature actually on the axis indicated in Fig. 27 

and in the error analysis of the previous chapter, the points comprising 

these profiles were very scattered. So temperature profiles parallel to 

the axis of the jet but located at a distance of 0.25 a from. the axis, 
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where a is the maximum radius of the jet at the level under consideration, 

were also plotted. 

Figs. 34 to 39 show the axial distributions. Figs. 34 to 36 cover constant 

power of 1.4 kW with varying flow rates of 1.4,3.2 and 4.3 1/min, and 

Figs. 37 to 39 cover constant flow rates of 2.4 1/min and varying powers 

of 1.3,2.5 and 3 W. Thermocouple readings of the jet temperature also 

appear on these graphs. 

As would be expected, the axial temperature was highest close to the source 

of the jet, the torch, between 5000 K and 9000 K on axis, depending on the 

torch input parameters, tapering off to between 700 K and 1500 K around 

20 mm above the torch orifice. Beyond 20 to 25 mm above the orifice, the 

interferomgrams were too turbulent to extract valid data. 

In all the figures, it can be seen that the temperature distributions from 

the on-axis positions are very scattered, while those taken 0.25 a from 

the axis form a more continuous curve. Best fit curves were fitted as well 

as could be achieved by eye. 

For a power of 1.3 kW and flow rate of 2.4 1/min, in Fig. 37, no valid 

results were gained past 12 mm above the nozzle. Beyond this position 

all the temperatures were negative between the axis and up to half the 

radius. 

For a power of 3 kW and a flow rate of 2.4 l 4nin, Fig. 39, there appeared 

to be no appreciable variation in temperature along the length of the jet 

between 2.5 mm and 25 mm above the torch orifice. There was also little 

change between the two curves for r=0 and r=0.25 a. 

At temperatures above about 1200 K the thermocouples melted, so it was 
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only possible to take thermocouple readings in the top third of the jet, 

nearest the cool rotating surface, where it was impossible to take inter- 

ferometric readings. However, by extrapolation, the two sets of readings 

appear to be of a similar order. 
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CHAPTER VI DISCUSSION AND CONCLUSION 

6.1 INTRODUCTION 

In this chapter the results presented in the previous chapter are 

discussed in respect of radial and axial temperature distributions. 

Correlation between temperatures and torch input conditions are sought. 

The accuracy of the results is considered in the context of the sources 

of error presented in Chapter 4 and any other possible sources. 

6.2 RADIAL TEMPERATURE DISTRIBUTIONS 

Some anomalous results for the radial temperature distribution were 

noted in the previous chapter. These were departures of the transformed 

data from a smooth curve, sharp temperature rises on the axis of the jet 

and large negative temperatures. 

Negative temperatures and sharp temperature rises on the axis of the jet 

derive from the same cause. Equation 4.8 can be written 

N-1 

(n - 1) 
jet air Tia 

2: 
MRY I (Y) 

Y=0 

In Fig. 40 the second term on the right hand side of this equation, as 

determined from the numerical manipulation of the experimental fringe shift 

data, is plotted. A horizontal line can be superimposed on this plot to 

represent the value of (n - 1) 
air* 

If, due to errors in the value ascribed 

to (n - 1) 
air 

and in the second computed term, these two plots overlap 

then, near the axis (n - 1) 
jet will take negative values. Since the 

computer uses the Gladstone-Dale formula, equation 2.6, 

const (n 1) jet T 
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negative temperatures are produced. 

Alternatively, if the two lines do not overlap but come close together 

near the axis, i. e. (n - 1) jet very small, the calculated temperatures 

will become very large. It is therefore considered that no confidence can 

be placed in temperature values close to the axis, out to some radial value 

of less than 0.25 of the full radius. 

As the numerical transformation of the data, the matrix of coefficients, 

MRY, and the refractive index of air remains the same, regardless of the 

input data, it is possible that the shape of the input data curve is the 

cause of the instabilities in the result. 

The experimentally determined fringe shift data is so scattered that a 

variety of shapes of curves could be drawn. To investigate the effect of 

this shape of curve of the fringe shift data on the final temperature 

values, a set of dummy data was fed to the computer, with the same typical 

values of maximum radius and fringe shift, but different shapes, as shown 

in Fig. 41. The three curves are representative of three of the possible 

shapes of curve which could be fitted through the fringe shift values from 

the photographs of the interferograms. Curve A approximates to a parabolic 

shape curve and curve B is approximately gaussian. The slope of both these 

curves tends to zero at the axis., Curve C has a relatively constant slope 

along its length. In this work, curves of type B were fitted through the 

data as much as possible. It was felt that the change in refractive index, 

along a chord, which is what these curves represent, would be unlikely to 

display discontinuities at the axis, hence the tendency to zero gradient 

at this point. 

Fig. 42 shows the respective "temperature" distributions. Curve A trans- 

forms to a radial distribution which remains relatively constant at 
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approximately 650 K for three quarters of the radius from the axis, and 

then drops off to the ambient temperature sharply at the outer edge of the 

jet. 

Curve B shows peaks of temperature on axis, and at 1.5 mm from the axis, 

but the temperature decays approximately exponentially towards the ambient 

at the outer edge of the jet. Curve C is discontinued between the axis 

and 0.64 mm from the axis, as the temperature value is negative. However, 

if the curve were to be extended by extrapolation, it would seem to tend 

towards infinity, or possibly intersect the axis at some point above 

1600 K, as indicated by the broken line. 

These curves would seem to support the premise to fit gaussian type curves 

through the data obtained from the photographs, and that flat curves lead 

to sharp rises of temperature on axis. Temperature curves with a double 

peak were found by Czernichowski in his paper (9). 

By considering the data presented in the previous chapter, some correlation 

between actual input fringe shift data and the final radial temperature 

distribution is sought. Figs. 28,30 and 32 have very similar shaped 

curves of fringe shift data and the temperature data curves also follow 

each other closely, from about 1.2 mm from the axis towards the edge of 

the jet. Here they separate, Fig. 30 having the lowest axial temperature, 

though the smoothest curve,. and Fig. 28 having the highest axial tempera- 

ture, though the curve would seem to indicate a very sharp discontinuity 

in temperature on the axis of the jet. These results would support the 

premise that no confidence could'be placed in readings on the axis, but 

off axis, similar shaped fringe data curves produce similar shaped temp- 

erature curves. However, the on- and off- axis temperatures on these 

curves correlate closely to the maximum radius of the jet. Fig. 30 has 

the lowest axial temperature and the greatest radius, while rig. 28 has 



80. 

the highest axial temperature and the lowest maximum radius value. 

In the cases where there is a relatively small jet radius compared with 

the maximum amount of fringe shift, and hence portions of the fringe 

shift curve have high gradients, e. g. Fig. 31, then an oscillatory 

departure from a smooth curve is exhibited. It is not clear whether more 

data points would smooth out this departure, or accentuate it. Where, 

however, the jet radius is large in comparison with the fringe shift and 

the gradient is gradual as in Fig. 30, the temperature data tends to be 

smooth. 

Thus, using these conclusions, it would seem to indicate that gaussian 

type curves should be fitted through the fringe shift data derived from 

the photographs, and care should be taken to avoid fitting curves 

exhibiting high fringe shift with small radius. 

However, even using these criteria as a basis, there is still the diffi- 

culty of fitting the best true fit line through the available data points. 

As discussed in Chapter 4, the' measurements of the fringe shift across the 

chosen base line were taken where easily defined sections of the fringe 

pattern crossed this line, and averaged for both sides of the axis of the 

jet. It was assumed that these easily defined sections, i. e. the demarca- 

tion between light and dark bands, occurred evenly across the intensity 

spectrum. This was not, however, necessarily the case. Fig. 43 shows the 

intensity vs phase of an interference pattern. If a line is drawn parallel 

to the phase axis, representing the intensity at which the demarcation 

between light and dark fringes occurs on the photographs, it can be seen, 

from such lines, a, b and c, that the phase from one side to another of a 

fringe is not necessarily IT, as assumed. Of course, the phase between, say, 

the demarcation between light and dark and the next demarcation between 

light and dark, is 27v. 
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Thus, it would seem that the only values that can be said to be accurate 

on the fringe shift vs distance from the axis data are those at whole 

values of fringe shift. However, this would give, on average, only two 

data points on either side of the axis through which to attempt to fit a 

smooth curve, so intermediate points had to be estimated at half fringe 

separations. 

in Chapter 4, different curves were fitted through a sample set of data. 

The variations in the final temperature on the axis was 750 K in 4000 K, 

while at 0.25 a, where a is the maximum radius of the jet, it was approx- 

imately 200 K in 1000 K, about 20% in both cases. However an error in the 

measured radius of the jet from the photograph of +0.5 mm gave a change in 

on-axis temperature of 6000 K in 8000 K, while at 0.25 a, the error was 

only 200 K in 1000 K. 

From these results and the others shown in Chapter 4, it would indicate 

that temperature results on the axis are very susceptible to slight varia- 

tion in conditions, while those at 0.25 a from the axis were much more 

stable. 

6.3 AXIAL TEMPERATURE DISTRIBUTIONS 

The temperature distributions along, and parallel to, the axis of the 

hot gas jet. were derived from collating the radial temperature distributions 

for each set of results. These distributions are shown in Figs. 34 to 39 

in Chapter 5. 

The data points indicating distributions parallel to the axis at 0.25 of the 

maximum jet radius, a, were much more consistent than those on the axis. 

Taking into account the previous discussion on the radial temperature 

distributions and the anomalies in the data close to the axis, this is not 
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unexpected. Due to the anomalies, the on-axis distributions are subject 

to large errors, up to 70%, in the case of radial error. 

A correlation between the axial temperature distribution of the jet and 

the power and flow rate to the torch was sought. In a paper published by 

Dowd and Maxwell (27), based on the work covered in this report, it was 

stated that the axial temperature decreased with increased power to the 

torch. Since that paper was published, the method of deriving fringe 

shift data from photographs has been modified, and the computer program 

has been updated. 

Fig. 44 shows the on-axis axial temperature distributions for jets of 

constant flow, but varying powers, and Fig. 45 shows the off-axis tempera- 

ture distributions for the same conditions, taken from Figs. 37 to 39. 

In the on-axis curves, there is no discernible correlation, especially if 

the scatter of points making up these curves, as shown in Figs. 37 to 39 

is taken into account. In the off-axis curves, Fig. 45, between axial 

positions of 5 mm and 15 mm the temperatures seem to decrease with in- 

creasing powers, as was indicated in the published paper (27). However, 

the curves again are too subject to variation to draw any firm conclusions. 

Fig. 46 shows the on-axis temperature distribution for jets of constant 

power but varying flow rates, while Fig. 47 shows the off-axis distribu- 

tions, taken from Figs. 34 to 36. In the on-axis distribution, Fig. 46 

between axial positions of 4 mm and 14 mm, there seems to be an increase 

in temperature for an increase in flow rate. In the off-axis distribution, 

Fig. 47, the curves are so close as to be considered superimposed. 

Due to the uncertainties in the data on-axis, as discussed in the previous 

section, it would be reasonable to assume the off-axis data to be more 

reliable. If this is taken as the case, then from the results presented, 
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it would seem to indicate that for constant power supplied to the torch, 

an argon flow rate change of between 1.4 1/min and 4.3 1/min makes no 

appreciable difference to the axial temperature of the jet. If, however, 

the flow rate is kept constant and the power supplied to the torch is 

varied, there would seem to be a rise in axial temperature of the jet of 

approximately 40% for a fall in power between 1.4 kW and 3.2 kW, in a 

short section of the jet between 5 mm and 15 mm above the torch nozzle. 

If a simple energy balance is taken for the torch, using the First Law of 

Thermodynamics, we have 

in - in =E m(h + eX) 

whererQin is the rate of heat flow into the 

in 
is the rate of work done by the system, 

by the torch, and hence negative, and m, h 

enthalpy and other energy components of the 

6.1 

system, in this case zero, 

in this case the power received 

and ex are the mass flow rates, 

constituents of the system, 

in this case the argon and the cooling water to the torch. This reduces 

to 

Power = 1wCpwATw + maCpaATa 

P C -m AT 
AT _ pw w w 

a mc 
a pa 

6.2 

where P is the power supplied to the torch, mw, ma, Cpw, Cpa, ATw and ATa are 

the mass flow rates, specific heats at constant pressure and the change in 

temperatures for the cooling water and argon. 

It can be seen from equation 6.2 that if the power to the torch is 

increased while the other variables of the equation are kept constant, 

the argon jet temperature would be expected to increase. Of course, 

although it is possible to keep mW and ma constant, and CpW and Cpa are 



88. 

physical constants, there is no control of the temperature change of the 

cooling water. Unfortunately, no temperature measurements were taken in 

the cooling water for the experiments undertaken in this work. However, 

in other experiments carried out in the Leicester University Engineering 

Department on a similar torch, the temperature change in the cooling water 

remained constant to within 0.5 K over changes in power to the torch of 

3 kW, which was more than the range of the experiments here. It would 

therefore be reasonable to assume that the change in cooling water 

temperature remained constant in the work covered in this report. This 

gives rise to the unexpected result of rising temperatures with falling 

power supplied to the torch. 

A hypothesis suggested in the Dowd and Maxwell paper for the reason for 

this result, was the entrainment of air into the jet, the amount of which 

varied with power or jet temperature. To investigate this, some data was 

analysed assuming the jet to be air, rather-than argon. Fig. 48 shows the 

variation in radial temperature between a jet assumed to be air and one 

assumed to be argon. From this graph, it can be seen that there is a 

slight rise in temperature of the air jet over the'argon jet, but at the 

0.25 a off-axis position, the change is less than 7%, which is too small 

to account for the apparent rise in temperature with fall in power. 

The conclusion must then be drawn that the results are coincidental, and 

the apparent correlation between power and jet temperature is invalid, or 

that some power loss to the torch is responsible, and the values taken for 

the power into the torch are not directly proportional to the power into 

the plasma jet and hence the hot gas jet. 

6.4 CLOSE TO THE COOL SURFACE 

An aim of this work was to estimate the usefulness of interferometry 
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to measure the temperature of an impinging gas jet close to the cool 

surface. However, it was found that no readings could be made within 

10 mm of the surface. 

It is an intrinsic part of the data transformation between fringe shift 

and change in refractive index, that the geometrical path length of the 

optical disturbance in the object beam of the interferometer is known. 

To be able to measure this from the interferogram, it is necessary to 

have undisturbed interference fringes in the field of view at the point 

readings are to be taken. For the numerical transformation used, it is 

also necessary to be able to assume radial symmetry. Close to the cool 

surface, neither of the criteria were met. 

within approximately 5 mm. of the surface, interference fringes either 

disappeared completely, or were so turbulent as to be meaningless, and no 

undisturbed fringes were visible in the field of view as shown in Fig. 20. 

Between 5 mm from the surface and 10 mm, though this is 15 mm in some 

examples, the symmetry of the fringe pattern deteriorated and discontin- 

uities appeared in the fringes, implying lack of radial symmetry of the 

refractive index. ,. 

6.5 CONTRIBUTIONS AND LIMITATIONS OF THE PRESENT WORK 

The method of interferometry to measure temperature distribution in 

an impinging gas jet is rather limited. It is, for reasons previously 

mentioned in this chapter, impossible to obtain readings close to the 

surface upon which the jet impinges, so the method is only of value to 

investigate the temperature distributions clear of the surface. 

Another limitation on the work is the derivation of the fringe shift data 

from the photographs. There is difficulty in defining parts of the fringe 
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pattern, as discussed earlier in this chapter. This could be overcome to 

some extent by using a densimeter to measure the intensity of the light on 

the photographic interferograms. 

The data processing techniques used in this work have been shown to be 

limited, and very sensitive to input data. There is the instability of 

the transformed data close to the axis of the jet, especially where the 

temperature was expected to be high, near the jet nozzle. There was also 

the necessary assumption that the jet was radially symmetrical. Despite 

care in choosing the most axially symmetrical photographs to process, and 

averaging readings over either side of the axis, there was no way to prove 

this, and errors could have been introduced. 

Although the method of temperature measurement used in this work has these 

limitations, it has indicated a number of fields which would bear further 

investigation. 

6.6 AREAS OF FURTHER INTEREST 

The areas of further interest break down into three groups. Further 

improved experiments using the two dimensional interferometry used in this 

work, to investigate further the effect of power and flow rate on axial 

temperature in a jet. Development of more sophisticated data processing 

methods, for both symmetrical and asymmetrical data. Finally investigation 

of experimental techniques to obtain three dimensional interferometric 

data, especially for studying asymmetric gas jets. 

To improve the existing experimental method, the main improvement could be 

made in deriving fringe shift data from the photographic interferograms. 

A densimeter to measure the light intensity in the fringes would facilitate 

the demarcation of phase shifts across the fringe patterns. Increasing 
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the shutter speed of the camera could eliminate some of the indistinct 

fringes caused by turbulence in the jet, or atmospheric and structural 

vibrations. 

Another enhancement would be to investigate the use of two colour inter- 

ferometry. A frequency doubler in the laser beam would change the wave- 

length of the light, A, and by repeating the experiments using this 

different wavelength, further results could be obtained using different 

constants in the analysis and thus helping to pinpoint sources of error. 

Work could be done to investigate further the effect the shape of the 

function I(Y) curve has on the transformed data j(r), in the Harker's 

Transformation. It may be found that using higher orders of approximation 

for the values of I(Y) between data points would be advantageous. At 

present a second order approximation is used in the solution. A third 

order might lead to the elimination of instabilities around r=0. 

However, the limitation of the presently used transformation is the need 

to assume radial symmetry. It would be of interest, in conjunction with 

three dimensional experimental data, to be able to deal with asymmetric 

data. There are two possible three dimensional experimental techniques. 

One is interferometry using two perpendicular light paths through the gas 

jet, giving simulataneous fringe shift patterns from two directions, which 

could then be used, with suitable numerical analysis, to account for 

asymmetries. Another technique is interferometric holography. This gives 

a three dimensional fringe pattern, which can then be photographed at 

different angles, building up a complete picture of the data for analysis 

taking into account any asymmetries. 

In conclusion, despite the limitations of the present work, it would be 

possible to use the results and conclusions drawn from them as a basis 
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for further interesting developments in techniques for the derivation of 

temperature distributions in gas jets. 
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APPENDIX AI 

NUMERICAL TRANSFORMATION OF COLLIMATED LINEAR DATA TO RADIAL DATA 

A1.1 INTRODUCTION 

The data resulting from the experiments in this work is taken from 

measurements along parallel chords in a cylindrical gas jet. In order to 

estimate radial distribution of parameters, refractive index and hence 

temperature, from this data, it is necessary to use some mathematical 

transformation. The use of the Abel inversion formula (26) is a well known 

technique for removing an unknown from under an integral, and various 

numerical methods have been suggested for the solution of the inverted 

equations (9,28,29,30). The method used in this work is one developed 

by Harker (10). Harker used the solution for electron beam analysis, but 

his method is easily adapted to the subject of this work. 

A1.2 THE NUMERICAL TRANSFORMATION 

The equation relating collimated measurements along a parallel chord 

I(y) to a radial function j(r), as shown in Fig. 49, is 

O 

I (y) =j (r) dx A1.1 
10 

In this study, the function I(y) represents the change in optical path 

length along a chord of length 2x0 located a distance y from the cylinder 

axis, while j(r) represents the difference between the refractive index of 

the gas at radius r in the jet and that of the surrounding air. 

A change in the variable can be effected. Since 
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r2 = x2 + y2 , 2r 
drI 

= 2x 
y 

substituting into equation A1.1 gives 

a 

I (y) =2 (r 
(ry 

)/ 
dr A1.2 

y 

The Abel inversion (26) then transforms this equation to give 

a 

j (r) _- 
ddyý 

(y 
1r) dy A1.3 

r 

From this equation, various methods of solution are possible, by approx- 

imating the function I(y) to different order polynomials between points. 

The method used by Harker assumes that I(y) is smooth enough so that it may 

be represented by N equally spaced values of y2 in the range 0 to a2, where 

a is the radius at which, and beyond I(y) is zero, then new variables can 

be introduced 

2 L'y 
i. e. Y= 

R= 
Nr2 
a 

ä=2 
(NY)2 

dr1 a 
dR 2 (NR)/ 

Substitution into equation A1.3 gives 

N 

j (R) _ Ir ä 
dI (Y) 1 

dY 
dY (Y -R 

A1.4 

If I(Y) is known at N points, then I(Y) can be approximated to part of a 

parabola in each of the intervals 04Y42,2 4Y44, ...., (N-2) <YN, 

where I(Y) = AY2 + BY +C) 

A1.5 

and 
dI(Y) 

= 2AY +B 
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Substituting into equation A1.4 gives 

air 
R 

(2AY +B 
dY 

(Y - R) Al. 6 

Using Lagrangian Interpolation to solve equations A1.5 for A and B (C is 

not needed in equation A1.6), in each of the intervals, where in Fig. 50 

I(Y1) _ ii =AY12+BY1+C 

I(Y2) s i2=AY22+BYZ+C 

I(Y3) = i3=AY32+BY3+C 

A= 
(Y2-Y1)(i3-il) - (Y3-Y1)(i2-i1) 

(Y2 - Y1) (Y32 - Y12) - (Y3 - Y1)(Y22 - Y12) 

A (Y22 -Y 12) 
Y2 - Y1 

Consider the three Y variables to be an equal distance of 1 apart, then 

2A=i1-212+i3 ) 

2B = (-3 - 2Y1)i1 + (4 + 4Y1)i2 + (-2Y1 - 1)i3 ) 

Integrating equation"A1.6 gives 

NN 

J (R) - 3a 
2.2A I (Y - R)3/" + 3R (Y - R) + 2B 

[3Y 

- R) 
RR 

ýNN 
-N 

f2.2AJ+ 
2B 

3aß 
RR 

where 2A = in-1 - 21 
n+ 

in+l 

and 2B = (-3 - 2Yn-1 )in-1 + (4 + 4Yn-1 )in - (1 - 2Yn-1 )in+l 

A1.7 

A1.8 

for each interval between R=0 and N. 



97. 

0 

1(y) 
-* 

Fig. 49. Cross section of a cylindrical gas column. 
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Fig. 50. Lagrangian interpolation coordinates. 
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Considering R=0, the section of equation A1.8 within curly brackets 

evaluates to 

22 

2 [i0 
- 2i1 + 1]2 + L(-3 - 2*0) iO + (4 + 4*0) il - (1 + 2*0) ij 

00 

44 

+2 
rg 

- 2i3 +iJ+ 
[(_3 

- 2*2) i2 + (4 + 4*2)13 - (1 + 2*2) i 
1,2 

N 

+2 
[N_2 

- 21N-1 + iNJ + L(-3 - 2*(N-2))iN-2 + 
N-2 

N 

(4 + 4*(N-2))iN-1 - (1 + 2*N-2)iN 
, 
N-2 

A1.9 

Rearranging these equations for i gives 

22 

io 
{2 

-3 Ck, 
00 

22 

+ il -4 +4 
k 

00 

2424 

+i22., +2 -l 
k 

-7 
C. 

0202 

+ iN 2N 
N-2 

- (1 + 2*N-2) 
N-2 

Considering R=1, the first line of equations A1.9 reduces to 

2 [i0 - 2i1 + i2] 

2 
/+ 

L(-3 - 2*0)ip + (4 + 4*0)ii - 

2 

(1 + 2*0)i]9 
Q1 ,]1 

while the other lines remain the same. Again rearrranging these equations 
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for i gives 

22 

i0 
{2/ 

-3 
1 

22 

+ 1- 4 +4k 
1 

2424 

+ i2 2+2 -1 T. -7 
122 

+ iN 2N 
N-2 

N 

-(1+ 2*5-2) 
g 

N-2 

For R=2 the first line of equation A1.9 disappears completely, and the 

pattern continues until R=N. 

In this way, a coefficient matrix, MRY can be built up, such that 

N-1 

(R) = T7ra 
7, 

MRY I (Y) 

Y=0 

Fig. -51 shows the values of matrix MRY for N= 40. 
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APPENDIX All THE COMPUTER PROGRAM 

A2.1 INTRODUCTION 

This appendix contains the listing of the computer program used in 

this work to calculate radial temperature profiles from fringe shift data 

due to collimated measurements along parallel chords in a gas jet. 

A2.2 PROGRAM LISTING 

PR3GRAM AL, )720 (OUTPUT, TA'E1, TAPE 2=0UTOUT) 
OIME`lSION AR('. O). TE(40) 

, X1(40), X2(43), X3(4+0), YI(4n), Y2(40), Y3(40) 
'X(3,40), Y(5,40), 7( n 

'TITLE(3), ºU3TT(`), XAX(i) 
LE'11)LE%(1)LE,, (l), 1. E4(2), 1E5(2 

; ill 

C NH=NU'MMEER OF ? -iAC'KEF'S POINT, 
C RA=REFACTIVITY AM 
C N^=MLPII3E°. OF "'W IS 

NH=40 

REAL (1,15) TI 
15 FO HAT(F6.2) 

RF (1., 10) VOL TS, A'1? ý; FLO'"l. "! °,, 
10 FOR NAT ßF6.2, T1, FI. 

00 20 J=1, N? 

CALL RUN (AR, T", n. 4, fIS, 'IH9 TI) 

0 (J) =FIS 

DO 40 I=1, NH 
Xt !, I)=AR(I) 
Y(, 1, I)=TE(I) 

1+0 CO'ITI"1UE 

20 CONTINUE 
DO 30 I=i, NH 
X1(I)=X(i, I) 
X2(I)=X(2, I) 
X3(I)=X(3I) 
Y1(I) =Y(19I) 
Y2(I)=Y(2, I) 
Y3(I)=Y(39I) 

30 C3`ITIT'IUE 
n1=C(i) 
D2=0(2) 
03=0(3) 



TI{ 1) =13rlA?; 1`1 J^T 
TITLE (2) 1' HT7. H, FRA T'l 
TILL= (3) 10HF. (K) 
SU3TI (1) 10Hi?? 0 A`I: IS 
St1RTI l2) =111 i '10 
XqX (1) =10HRAfI! 1S (C'1) 
Gc1(1)=2, A 
ý'? (1)-21 
üný(1)=2H 
L=1(1)=10HVOLTS 
Lc? (1)=10HAM a^ 
Lß"3 (1) 1OHLITqýES/I111 
L=4(1)=LJHCMS(AXTAL 
LE4 (2) 10H0I 7, TA11CF) 
LEA (1) =1Qf4OEF Ic AIR. 

CALL PL0T32 (Y. 1., Y1, X2, Y2, X -,, w 3, 
G? 1, GR2, CR 9LE1, L 2, LF: LE1 49 L7-59 

* Oi, 02, O3, VýLTS"ýMýS, FL1. I,?. ý, 
TITLE, SU3TT, X4X,: I ) 

CALL GPEND 
Sine 
c"1') 

SU3ROUTINE KU`1(AR, TE, ý'A, n IS, ý)}ý, TI ) 
DI'IENSIO`J AM O. ). TE(40), 'PJ(5-), AX(; 7), A1(57), '=(40) 

C PJD=HUN3E. R OF 7AT4 POINTS 
G AL =RADIUS REYOtm WHICH fl ATA T3 ZE20 
C FD=FRINGE OISTA1iE 

RE AD (1,100)AL. DIS, Nf, F'1 
WRITE(2,200)DTS, F-1 

READ (1,300) (A7(i), I=1, P!? ) ) 

4X(1)=0.0 
00 30 I=2, ND 
AX(I)=AX(. I-1)+AL/. LOAT(1! f-1) 

30 CO`ITIt IUE 
AX(Mfl)=AL 
00 25 I=1, Nt) 
FS=A! lII) 
RJ (I) -=FS*62,80 . 0E-8 

WRT. TE (2,400) I, AX(I) , FS , RJ(1) 
25 C01TI'1UE 

CALL HARK0)f9 AX,? J09, At, 4L,; -, E) 
WRITE (2,100(1) 
00 35 I=19VH 
T"-"7( 
WRITE (2,92000) 5^(I), Rý:. (I)1), TE(T) 

35 CONTINUE 
, RETURN 

2000 FOpMAT(iH , 6X, F ? n.?,? F23. ''. =1?. ) 
1000 FO? MAT(1'i , 6H OUT ?: IT, 1; X. 2'-1A?, 13X, At1R. I. 0IFF. IIX, 7uR. I. AR G, 13X, 

*4HTEMP) 
in0 FO? r1AT (2F5.2, T5, 
200 FO hiAT(1 ii, /F`i, 14'iA! ýIaL 7IST. 4 1CE, F5.2 

"3X, 15HFRI`J: E 'ýZSTAýi(; E. Fý. 2, ///5X, 5=? Iý)PUT 
*, 2aX, 2HAX, i4X )A-, S, 13X, 91". I. 71IM 

300 FORIIAT(5F5.2) 
400 Fc HAT(1H , 22' , IT, 6X"F10. >, ýX, F10.2, ýX, F10. ý)EN 

103. 
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SU; ROLITI"1E HA `K i`I1, AX.,? J, ii'-1,47,1L "t-: -l 
ilr'iENSIO`J A, I(1),, I (1. ) , '? F(1) , 

48I(40)PX(57)rY(; 7)9 "'1( 911,1)911 (, 7)ýIvl(57) 

DO 20 1=4. , NP 
DO 10 J=1,1IH 
AN(I, J)=0. l 

10 C0NIT T'IUE 
20 CJ"NTI! IUE 

CURVE AX, Ail TO X, 3I 
00 100 I=1, ND 
XCI)=AX(I) 
Y(I)=^J(I) 

100 CONTINUE 
, NN0-1 
I =H#1 
00 200 I=1, N 
A= (FLOAT (I-1) *ML *:; L/= LOHT (V3)) ** 0 .5 AM I) =(FLOAT (T-1) *, lL*aL/FLJ-ýT (^Il)) )**0.3 
CALL E01ADF(`J, A, X, Y, '. I, 1, I', VAL) 
ßl(I)=VAL 

200 CONTINUE 
CALL (MI-49 'NUMB 

C TRANSFr)RM P, 931 TI 470,1 
DO 94n 
S=I. 0 
00 930 J=1, NH 
S=S+AM(I, J)*Bt(J) 

930 C0`1TI''IUE 
RE (I)=(S*FL OA T("1'))05/3.04.0 ATAN(10AL) 

q40 CONTINUE 
RLTUR*I 
Fart 

SUIRPOUTINE 
DI1ENS 0? AN(1i0,4o) 
C{ s, 3, ''4) =?, O*({P1-F; ) 1.513.7+ß'"i? 1-? ) X 0.5-{? 2-A) x""1.5/3. 

*0 *C)4) **P, F14-F) **0, ti) 

ý{iý4_n)xý0. ä))+(1+. 0#4. 'Jý`(ý. i-2.7) )ý{(a3-? )'"ý`tl. S-(P4-ý) ýý0.5) NMI=N-i 
D0 220 I=1, "1 
00 230 J=1, N 
AM(I, J)=0.7 

230 C0'JTI`NUE 
220 CONTINUE 

00 400 J=3, NMi., 2 
. P1=FL0AT(J-1) 
P2=P1-2.0 
P3=P1+2.0 
A! (2, J)=-3. O t: i0.0, ý1, PL,? 3, P1) 

400 COVTI, IUE 
A'1(1" Z)=-3.0* {-4. n* (?. Jß`, '`1.5) /3.0+v. 0*2 . 0'"x`0 . r, ) 00 410 J=4. N,? 
P3=FLnAT(J) 
P4=P., -2. n 
A-'-1(ItJ)=-3.0*7(0 09P7*'110 

410 CONTNUE 
AI(2,1)=1 .0 K=l 
00 6i0 J=3, NMt, 2 
Pi=FLOAT (J-1) 
P2=P1-2.0 
P3=P1+2.0 
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17 (K.: T. 0) ;1T: 1 l11 
P6-n, 

6ii K=K+1 
Al(2, J) =-3. R*C(1.0,? 1. ''2, '13, 

610 C011TI11UE 
K=n 
nn 620 J=2,1i,? 
P3=FLOAT(J) 
P4=P3-2.0 
I^ (K. GT. 0) (Y Tl 12 
P4=P3-1.0 

612 K=<+i 

620 C0"ITIIN UE 
00 100 I=7, NM1,7 
!: 1 110 J=3, N 

iio 
100 CONTINUE 

90 300 T=4, N, 7 
nO 310 J=304 
A! MI(I, J) =AM(I-', J-2) 

310 C0P1TTMUE 
300 CONTINUE 

RET1)? "J 
Pill 

S. )RROUTINE PL QT32tX1, Y1, X', Y2. f3, Y3, 
U--11 '�Lc , L-5,, 

019 92.03, V-lLT-, 9 A; 1-113, FL'1.19 r : t, 
TITLF, Sl13TT, XAX, N) 

DIMENSION X± ('I) wYi(N) , X2("1), Y'(11) , X3 PM) Y3 (IN) 
TITL= (1)XAX(1) 933,111), 1) 9G03(i) L71(1), LE? (1), LF3 (1), LE4(1), L75(1) 

CALL PAPER(1) 
CALL CTRMAG(1? ) 
CALL PSPACE(0.0,0.7, f. 0,0.1) 
CALL CSPACE(O. n. 0.7,0. '), 1.9) 
CALL 
CALL 'LOTCS(2.0,2'1.0, TITL , '0) 
CALL PLOTCS (20. f1,1.9, XAX. 10) 
CALL CTRMAG(5) 
CALL ? E)°EN 
CALL PLOTCS(O. 5iO. S, S1JJTi320) 
CALL 3LKPENI 
CALL CTRMA, (A) 

CALL ? LOTCS(i ,. n, 2',. O, L_1,10) 
CALL TYPENF(VnLTS, 1) 
CALL PLOTC1(15.0,24.0'LE2'1n ) 
CALL TYPENF (A`)P ;, i) 
CALL OLOTCS(iý. n9«3. ', LE3,17) 
CALL TYPENF(FLOW0+) 
CALL ? LOTCS(t . n, 22.0, LFý, ll) 
CALL TYPENF(RA, n) 

X9AX =-1. OE+70 
XMTtJ =+1. Or +7n 
YMAX =-1.0E+7n 
YMTt"J =+1.0E+71^i 

no 10 I=1,1 
Ir (Xi(I). LT. XMI`I) 
Ir (X. 1(I). ýT. XMAX) 
Ir HIM ., -, T. YfMAX) 
IF {Y 1( I). LT. Y'1I'l) 

IF (Y2(I) . LT. Yý9INI 
IF (X2(I) . LT. VII`I) 
IF (X2 (I) . -, T. X'1AX) 
IF (Y2(I). GT. YM! X) 

XHIt1=X1(I) 
X'iAX=X1. (I) 
T-l X=Y1(L) 
Y`II`I=Y! (I) 

Y'lI`l=Y'(T) 
'CII'1=X? ( I) 
x :i X=X? (T) 
Y'IAX=Y? (I) 
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IF (Y33 (I) "GT"Y`1AX) Y"1a'=Y-(I) 
IF IY3(I) . LT. Y'1I"I) Y'11i"I=Yi(! ) 
IF (X3 (I) . , T. `<9AX) X'1ßX=X7(T) 
IF (X3 (I) . LT. ", 0t"1) X'1t'I=X 7(T. ) 

10 COVTI'IUE 

XMAX=I. 21'XMAX 
Y1IAX=1.2*Y', lAX 

CALL ? SPACEi0.1.. ý. ö. ý. l. ýl. n) 
CALL MAP( XMIN, X`IAX, Y9I, 'J, Y*IIAX) 
CALL AXES 

CALL POSIT"J(Y1(1) , Y1(1) ) 
DO 20 1=2, N 
CALL JOIN(X1(T), YI(I) 

20 CONTINUE 
CALL PLOTCS (X1(2) Y1 (3) 
CALL TYPENF(D1,1) 
CALL CT? MAG(ö) 
CALL PLOTCS(Xt( 5), Y3(3), LE4,2G) 
CALL CTR"1AC(8) 

CALL POSITPi (X? (i) , Y2 (*I) ) 
PO 30 I=2, ^J 
CALL JOIN (X2(I), Y2(I) ) 

30 CONTINUE 
CALL PLOTCS(XI(2), Y2(3), C; 2) 
CALL TYP_NF(07,1) 

CALL POSITN(X'ß(1), Y3(l)) 
00 40 I=2, ' 
CALL JOI9(X3(T. ), Y., (I) ) 

40 CONTINUE 
CALL PLOTCS (X1(2) , Y3(3) , . °, ti, 2) 
CALL TYPENF(0': %, 1) 

CALL FRAMF 

RETURN 
E "1') 
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APPENDIX AIII THE CALCULATION OF IONISATION WITH TEMPERATURE 

A3.1 INTRODUCTION 

A gas becomes ionised when the atoms of that gas have absorbed 

sufficient energy for electrons to escape. A way for the atoms to gain 

enough energy for this to occur, is for the gas to be heated to high 

temperatures by an electric arc, as in this work. 

A3.2 THE RELATIONSHIP BETWEEN TEMPERATURE AND DEGREE OF IONISATION 

Assuming there is a degree of ionisation c in a gas mixture containing 

atoms, ions and electrons, then the particle density in the mixture is 

given by-(31) 

NT -ý (1 -e NAI +L NAI 
I+C 

NE 

where NAI, NAIL and NE are the relative particle densities of atoms, ions 

and electrons respectively. When e=1, there is total ionisation and 

when c=0 there is no ionisation. The total number of particles is 

therefore (1 + E), so expressions for the individual particle densities can 

be obtained as (19) 

_1-Ec Al n1 +e nAII 1+E nE 1+ s 

Thus,. using Saha's equation, 

NN 21rm kT 
3/i 

EN All 
_ 2( 

he exp(-X/kT) 
AI 

` 

where NE = nE. kT/p , NAI = nAI. kT/p and NAIL = nAII. kT/p . 
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Thus the expression for degree of ionisation is (10,32,33) 

3/Z 
C2 2kT ( 21TmekT 1 

1 E2 =p( h2 

) 

exp(-X/kT) 

Expanding this equation for C, assuming atmospheric pressure, a relation- 

ship between the temperature and degree of ionisation of argon can be 

calculated. The values thus obtained are shown in Fig. 2. 
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APPENDIX AIV THE CALIBRATION OF A ROTAMETER 

A4.1 INTRODUCTION 

Argon and water flow rates to the experimental apparatus are metered 

by metric rotameters. The water gauge is calibrated directly, but for the 

one used by the argon, the relatioship between the scale markings on the 

rotameter and the gas flow rate has to be calculated. 

A4.2 CALIBRATION OF A ROTAMETER FOR ARGON FLOW 

The manufacturer's data associated with the rotameter gives constants 

and equations from which the calibration curves for the different size 

tubes and different weight floats can be determined. 

The physical constants used are: 

Argon density 1.7837 10-3 gm/cm2 at STP 

Working density p (line pressure + 14.7) 1.7837 10-3 gm/cm2 
14.7 

Kinematic viscosity v 221.7 10-6 gm/cm. s 
p 

Weight of the float w 0.278 gm for size 7 rotameter 

0.689 gni for size 10 rotameter 

Density of the float a 2.80 gm/cm2 

Constant K1 0.147 for size 7 rotameter 

0.224 for size 10 rotameter 

Constant K2 0.679 for size 7 rotameter 

0.892 for size 10 rotameter 

Relationships for I= log {K1 
xv 

J1A)(c1-. 
p) x 104 

} 

and FT = K2 x 
cx p) 

are given, which relate to the theoretical 
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capacity with no change in Reynolds Number. 

From a manufacturer's chart it is possible to read values of f against 

scale readings on the tube. Now the free flow of the argon is given as 

fx FT x (line pressure + 14.7) 1/min , hence it is possible to plot a 
14.7 

curve of flow rate against scale reading, for the rotameter, at different 

argon line pressures (Fig. 8). 
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APPENDIX AV RADIAL TEMPERATURE DISTRIBUTION 

A5.1 INTRODUCTION 

This Appendix contains samples of the graphical output of the 

computer program, showing the radial temperature distribution curves for 

three sets of data from one fringe pattern photograph at a time. 
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? ZMPERATURE IN AN IMPINGING ARGON JET 

R 
4ands Dowd and R. W. Maxwell 

=0oiversity of Leicester. UK 

fI! TRODUCTION 

Yto elucidate the mechanism of mass and energy 
transfer in high energy processes - such as 

=tlectric area and plasma jets - measurements 
'If temperature profiles are necessary. In 

"the present work an argon plasma jet impinged 
"oa a cooled metal surface in an air environ- 

ýent. At-high power inputs (15 kW) and in 
of regions (> 5000 K) of the gas near to the 

. 3et orifice, temperatures may be estimated by 
epectroscopic techniques (ref. 4). Nearer to 

`%e cooled surface when spectral line inten- 
'eities are low interferometric techniques 

Iref. 5) may be used to estimate the tempera- 
+ture of the hot gas; in the present work flow 
fates and power inputs were chosen to give 
ttringe displacements - amenable to measure- 
flent with available apparatus - which could 
Oe used to estimate temperature gradients 
land convective heat transfer coefficient) 

'dear to the cool surface. 

! APPARATUS 

Le plasma torch and cool surface, shown in 
'Pig. 2, "vere placed in one limb of a Mach- 

ender interferometer with an optical arrange- ; tut shown in Fig. l. The plasma torch was a ýodified Gerdien arc (ref. 3), orifice diameter 

r 

a 

, seI 

i 
i 

1ti ýe ' . 6ot 

y. 

I 
E 

fA' . a. 

170 cm 

Fig. Diagram of experimental rig_ 

" : '' %ev at Rank Taylor Robson, Leicester. 

0.5 and the surface on which the jet impinged 
was a water cooled copper cylinder, radius 
L cm, rotating up to 33 rpm . mounted 3 ems 
from the orifice of the torch. The torch 
head was positioned on the minor axis of the 
elliptical field of view of the interferometer. 

The apparatus was illuminated by a 5mW He-Ne 
laser and the mirrors and splitters of the 
interferometer were adjusted to give horizon- 
tal fringes (Fig-3) which were recorded on 
Kodak 2475 film in a Pentak 35 mm camera. 
The camera had no lens and an external shutter 
was fitted and situated at the focal point of 
a collimating lens which collected radiation 
from the interferometer. An exposure time 
of 1/500 sec was used and the aperature of 
the shutter was adjusted to give suitable 
contrast. Bench marks were placed in one 
limb of the interferometer to allow scaling of 
the measurements taken from the photographs.. 
At high power inputs the intensity of the are 
caused fogging on the photographic plate and 
to reduce this a (15 A°"bandpass) filter was 
placed in front of the shutter. . 

RESULTS 

Photographs were taken of the fringe shifts 
(shown in Fig. 4) at various power inputs to, 
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and argon flow rates through, the torch. REFERENCES 
These were measured, and assuming axial 
symmetry, converted to radial fringe shifts 1. K. J. Harker, Journal of Applied 
using an Abel transformation (ref. l) having Physics, V 28. November 1957. 
an input of 40 interpolated data points. 
To enable the inverted fringe shifts to be 2. R. W. Maxwell, J. P. Nicholas, 
converted to radial temperatures, measure- Holograms of electric area. 
ments were made of ambient air temperatures LUED 77-9, August 1977. 
and humidity. " The relationship 

5 la 1' - 
3. R. W. Maxwell, M. J. Ruddy, Volt amp 

+ A(cros 
(n-1) .C- 27.97 10 characteristics of a plasma torch. iS LUED 70-9, April 1970. 

for the refractivity of argon (ref. 4) was 
adequate for the present project and the Saha 0 4. R. W. Maxwell, M. J. Ruddy, Temperature 
equation to evaluate species densities and and noise profiles in argon plasma jet. 
electron contribution was not invoked in this Gas Discharge Conference, London 1974. 
series of experiments. 

5. B. J. Rye, J. C. Taylor, Physics of hot 
Some radial temperature profiles (calculated plasma. Scottish University Summer 
from measurements of Fig. 4) are shown in School, 1968. 
Fig"5. ' Axial temperatures - over a range of 
low power inputs - from such radial profiles 6. R. Waters, R. W. Maxwell, Heat and mass 
are within bounds shown in Fig. 6 - which transfer in a turbulent radial wall jet. 

contain the scatter due to 5% errors in LUED 74-23, December 1974. 
estimates of ambient room temperature, 

relative humidity and 'geömetrical measure- 
ments. These compare with thermocouple 
measurements in cooler regions of the jet 
near to the surface of impingement. 

{ The, flattening of the radial temperature 

profiles (Fig-5) adjacent to the cool surface 
is expected from preliminary solutions to the 

conservation laws for an argon (in argon) 
impinging jet but the drop in axial temper- 

ature with increasing power (Pig. 6) was not 
predicted. Measurements of nitrogen, 
oxygen and argon concentration profiles have 
been made (ref-6), using a mass spectrometer, 
in the radial wall jet region of an argon 
plasma jet in' air. These indicate the 
importance-of incorporating diffusion 
coefficients into the fluid flow equations to 
estimate entrainment rates which may give 
rise to this anomalous phenomena. 

" CONCLUSION 

The technique is an acceptable method of 
plasma 

jet temperature measurement in regions 
of axial symmetry at temperatures less than .. 
5000 K and the results are consistent with 
thermocouple measurements. Further work 
is proposed:, 

to use the present method at higher flow - 
rates and. power inputs to compare with 
available data using spectroscopic 
techniques, and 

2, to develop holographic techniques (ref. 2) 
for*the analysis of asymmetric systems at 
higher temperatures in turbulent flow 

regions where, with the use of frequency 
doubling facilities, 'the validity of 
L. T. E. can be tested. 
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