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1. 

ABSTRACT  

This research is concerned with the cnte,blidv/ent of a flat 

diffusion flame in the counter-flow region of two directly opposed 

jets, the study of its structure, aerodynamic as well as thermal, 

and the in situ determination of heat release rate in such a flame. 

The burner developed was a refined version of the opposed jet burner 

used in blow out studies. Large flat diffusion flames were stabilised 

in mixtures of oxygen, nitrogen and ethylene. The flow pattern was 

investigated and was found to correspond to that of two jets impinging 

on the faces of a flat plate, modified by a gas source in the region 

of highest temperature. 

Methods based on both geometrical and physical optics were 

developed for the study of temperature distribution. Deflection 

mapping studies were made using half wave steps while a version 

of a 2-grating interferometer was modified for these studies. To 

improve the accuracy of the method, the interferogram was pegged 

to a reference point in the high temperature region, determined 

by thermocuple and sodium line reversal method. 

The system was considered theoretically to allow analysis 

for the rate of heat release and corrections for composition 

induced changes on the physical properties involved in such an 

analysis. The heat release rate per unit area extended over a 

thickness of about five millimetres and agreed well with the 
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theoretical value for reaction proceeding to completion although 

negative heat release rates were found on both the fuel and 

oxidant sides. The cause of this was investigated further by 

sampling and gas chromatographic analysis. 

It has been found that these flames can be used for a study 

of the kinetics of "fast" reactant combinations and the method has 

therefore been outlined. Recommendations for improvements and 

applications of the burner used have also been incorporated. 
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CHAPTER 1.  

INTRODUCTION  

1.1 Flame-processes  

All fast exothermic reactions in gases tend spontaneously to assume 

the characteristics of flame processes. These reactions then occur under 

extreme conditions of high temperatures, short residence times and steep 

gradients of temperature, velocity and concentration. It is on account 

of these difficulties that the understanding of flames is far from complete 

in spite of the fact that this was a very early discovery of man and of 

the prodigioud amount of work which has been done in this field ever since. 

In addition to the more obvious uses, the flames afford a means of 

studying high temperature kinetics of combustible gases. Moreover, because 

of the extreme conditions which cannot be reproduced outside flames, only 

kinetics determined in this way are reliably applicable to combustion pro-

cesses. Flames can be broadly divided into two categories - a) pre-mixed 

flames in which the reactants are pre-mixed before burning and b) diffusion 

flames in which they are initially separate. The latter can be either 

homogeneous or heterogeneous. In pre-mixed flames, fuel and oxygen are in 

a position to react without a mixing step and the flame front travels 

through the mixture at a rate determined by the intial state of the 

reactants - composition, temperature and pressure. In the steady state, 

the flame front is time-invariant, whether or not the flame is stabilised 

on a burner and there exists a constant burning velocity. Due to heat 

transfer from the hotter parts of the flame and to heat release by reaction, 

the temperature of the mixture goes on increasing until the reaction is 

completed. 
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In diffusion flames, on the other hand, the reactants are not pre-

mixed and oxidation of fuel can take place only in the mixing zone where 

fuel and oxygen exist simultaneously. The heat released travels down 

the temperature gradient on either side of the reaction zone and, due 

to the absence of oxygen, may cause pyrolysis or cracking of the fuel. 

1.2 Pre-mixed Flames  

Two approaches are generally available for the study of high tem-

perature kinetics in pre-mixed flames - based on blow-out in highly stirred 

reactors and flame structure studies. In the former case, the study of 

kinetics is based upon the premise of a single overall reaction. It is, 

however, now generally accepted that the high temperature reactions take 

place through a series of radical reactions, which trigger the heat 

releasing steps. In view of this and also of the invariant temperature 

and concentration during each "perfectly mixed" reaction, the results are 

less detailed than those of flame structure studies. 

While major advances (1, 2) were made in the theoretical field, 

the understanding of the mechanism of pre-mixed flames (3) and their 

kinetics (4) was accelerated by the development of flat flame burner (5). 

More recently (6) this type of burner has been used for the study of 

detailed radical processes taking place in the flame. This approach, 

which makes possible the in situ determination of heat release rate and 

its distribution, is however limited, at atmospheric pressure to near-

limit mixtures. Unless recourse is taken to reduce pressures, it is 

impossible to study the structure of flames of burning velocities much 

in excess of 12 cm./sec. - not to mention reactants which are too active 

to be pre-mixed and are becoming increasingly important. 
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1.3 Diffusion flames  

The absence of a burning velocity and of flash-back makes 

diffusion flames safer than pre-mixed ones. It is on account of this 

that many practical combustion systems make use of such flames. They, 

therefore, provide the only means of using highly reactive fuel-oxidant 

combinations. The absence of these properties in diffusion flames is, 

however, also responsible for the lack of quanfitative studiesofeuchAihmes. 

Enrly studies(7' 8, 9) on the subject were, therefore, confined to 

determination of flame shapes and heights. These were based on the 

concept that in these flames the chemical reaction rates were poten- 

tially fast as compared with the rate of mass transfer by diffusion. 

Thus the reactants were consumed as fast as they arrived along a 

surface most favourable for fast reactions, viz. the stoichiometric 

surface, which became a source for the products of combustion. This 

was the only place where fuel and oxidant were supposed to exist 

simultaneously. The approximate validity of the concepts of theory 

were provided by the results (10) of Hottel and Hawthorne. 

The fact that the reaction zone in a laminar diffusion flame 

is not infinitely thin is well illustrated by the spectroscopic 

studies of their structure (11) made by Wolfhard and Parker. A 

special reactangular burner (Fig.1) was used in these investigations. 

It consisted mainly of two rectangular channels having one face common 

with oxygen and fuel flowing with equal velocities. The gases rise 
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vertically and diffuse laterally as they ascend. A flat diffusion 

flame was obtained on ignition. This could be kept steady by a 

surrounding stream of nitrogen. The temperature across the flame was 

determined by a spectral line reversal method. A spectroscopic study 

for determining the concentrations of various species was also 

carried out. The main results can be summarised as follows : 

1. The main reaction zone is in thermal and chemical equilibrium 

and is several millimetres thick. The average temperature in this 

zone is of the order of the theoretical maximum. 

2. On either side of this zone the temperature falls, the 

gradient on the fuel side being greater than that on the oxygen side. 

3. On the fuel side of the reaction zone there is a pre-heating 

zone where the fuel cracks in the absence of oxygen. 

From these studies of diffusion flames, the fact that diffusion 

is the only rate determining process emerges clearly. The evidence 

in support of this includes the fact (12) that the average rate of 

consumption of oxygen in diffusion flames is about 10-5  times too 

slow as compared with pre-mixed flames, in spite of the fact that the 

average temperature in the reaction zone of the former is of the order 

of theoretical maximum(13' 
14, 15)

. If, as indicated, chemical reaction 

is not the rate determining factor, it should be influenced by changing 

the rate of mixing of fuel and oxygen. In fact, it has been theoretic-

ally predicted, independently by Zeldovich (13) and Spalding (14) that 
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as the rate of mixing of the reactants is increased, the reaction zone 

becomes thicker and the maximum temperature falls. This lowering of 

temperature reduces the reaction rate much more than the increase 

caused due to the thickening of the reaction zone. If the increase 

in mixing is continued, the flame is blown out at a critical rate of 

mixing which is specific to the fuel-oxidant combination. 

1.4 The Opposed $fet Diffusion Flame  

The extinction of diffusion flames, as suggested by the theory; 

has been demonstrated by the experiments of Potter and co-workers (16). 

In these experiments the flame was established between two directly 

opposed jets, one of fuel and the other of oxidant (Fig.2). The 

flamet  which was bell shaped and surrounded the air-jet, was found 

to develop a.hole in the middle when the mass flow rate per unit 

area of the reactants exceeded a critical value called the "flame 

strength". Exceptin&a few fuel-air combinations, the flame strength 

was found to be directly proportional to the mass of fuel consumed 

per unit area by the flame front propagating through the Correspon-

ding fuel-air mixture. It has, however, been shown (17) by Spalding 

that this relationship should be quadratic rather than linear. 

Nevertheless, it has been established experimentally that "apparent 

flame strength" is principally a function of the maximum reaction rate 

in diffusion flame and thus can be used for determining-the kineticb 

of fuel-oxidant combinations. 
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1.5 Aims of the_present investigation. 

While the experiments of Potter et al provide a method of 

determining the overall kinetics of highly reactive fuel-oxidant 

Combinations, the interpretation leaves much to be desired: Mention 

might be made for instance, of their method of finding the flame 

strength, which was defined as the maximum mass flow per unit area 

in the jets at blow out. For laminar flow it was twice the mass flow 

while for turbulent flew, it was taken to be 1.22 times the mean flow; 

The temperature at the tube outlets was assumed to be that of the 

laboratory and no account was taken of the possible (18) loss of fuel 

escaping unburnte The approach, like that of the "well stirred reactor", 

is essentially too gross to bring out the kinetic structure of flames. 

Nevertheless, the Counter-glow diffusion flame offers a ydwerful tool 

for the study of high temperature kinetics of reactants which are not 

safe to be pre-miXed. 

The approach in the present investigation was based on an in 

situ determination of the heat release rate and its distribution in 

counter-glow diffusion flames. Methods based on refractive index 

measurement have proved to be well suited for such a determination 

in'the case of flat pre-mixed flames (3, 4). The aims of the present 

investigation,. therefore,' were:* 

(i) to develop a flat counter-flow diffusion flame suitable, inter 

alia, for optical analysis; 

(ii) to establish the properties of such flames; 
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to establish optical methods for the analysis of their 

structure, and 

(Iv) to determine the heat release rate and its distribution 

in such flames. 

The system developed for this was an adaptation of Potter's burner. 

1.6 Theory. 

The system is axially symmetrical: Conservation equations 

oat therefore be expressed in terms Of z and ri the axial and radial 

CO*Ordinate8 retpeetiV'ely: This is convenient for a general approach 

but is riot necessarily the most suitable frame of reference.' In par- 

tiOular caseS, it may be more Convenient to resolve along and at right 

angles to lines of flOW. The generalised steady-State equation for 

any gas property whose flow rate is F per unit area and whose rate 

of generation is: q per Unit volUmefiS 

a,  (rF) , 	+ dFz. q 0' 	(1.1) 
r r r dt 

where sUffixe& denote axes along. which components of vectors are 

taken.. Fr. heat,. the flow rate per unit area along any CO-ordinate 

pis:givenv  undercohdition8 of laminar flow by : 

	

==. - --.K-aT 	pV H + R 	(1.2) p  
P' 	op 

where. Vv. Kr, p1  and H are respectively the local velocity, thermal 

condUctivityv  density and enthalpy of the ga . R is the radiant 

energy flow rate which is negligible in the absence of an appreciable 

concentration of radiating and absorbing soot particleS'.,  Apart from 
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this, only frictional terms will be neglected. The source term q 

becomes wQ where w is the rate of reaction and Q the heat of 

reaction such that the prodUct is the rate of heat release Per unit 

volume. The full equation is. therefore, 

1 8 1-rK aT + rpV H .+ a eK 8T + pV
z
H')- wQ = 0 444 (1i3) 

r Or 	or 	r  j Oz 	8z 

Away from zones of reaction, the equation must balance without the 

last term. Elsewhere, the differentials must be determined experi-

mentally in order to deduce the heat release rates It is worth 

noting that in the presence of appreciable pyrolysis, a heat sink 

rather than a source term can appear on the fuel side. 

Inspection of the heat conservation equation (163) reveals 

that the deduction of local reaction rate, defined in terms .qf heat 

release, demands knowledge of the following data.: 

L) The distribution of temperature, This can be ascertained, 

for instance,, by the methods for measuring the refractive index 

distribution in the combustion zone. It has been shown (10 that, 

in flame systems, refractive index variation is occasioned mainly 

by changes in temperature. Secondary composition variations can be 

corrected for as indicated below. 

ii) Calculation of local values of thermal conductivity density 

and enthalpy.. In the case of the reactants nitrogen, oxygen and 

ethylene, the major component is the variation of each of these 

parameters is temperature, which can be found at every pointy 



18. 

The remaining composition induced variation is largely due to diffusion. 

Only near the central zone of the flames is reaction likely to con- 

tribute appreciably. Calculation of composition effects can be based 

on theories (13, 14, 15) of diffusion flame structure. These theories 

involve assumptions concerning inter-relation between transport proper-

ties (in particular, equality of Liffusion coefficient and thermal 

diffusivity). Because of the secondary importance of composition 

effects, it follows that these approximations are much less significant 

here than in the theories from which they derive: The same approach 

is involved in correcting the refractive index temperature conversion 

for composition effects. 

iii) The distribution of flow velocity in r and z. This can be 

obtained directly from photographs of particle tracks illuminated by 

an interrupted Tyndal bera. 

Thus, the fulfilment of the aims of the investigation depends 

primarily on the deVelopment of a suitable flame and of methods for 

thw measurement of these variables. 
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CHAPTER 2.  

THE BURNER MID FLOW SYSTEM  

2.1 Choice of burner  

The diffusion flame which appeared most suitable for an optical 

study was, in principle, of the type stabilised by Potter and co-workers 

in the counter-flow region of two directly opposed jets (Fig.2). In 

addition to the variables - the composition of the reactants, the Reynoldfs 

numbers of the gas streams, available to the experimenter in the field of 

diffusion flames, the opposed jet burner has the additional advantage that 

the inlet temperature and velocity of the gas streams can be varied 

independently with a minimum of interaction between the two streams. Such 

a system, with certain modifications was, therefore, adapted for the 

present work. 

2.2 The burner assembly  

The burner essentially consisted of two brass tubes each 23 ems. 

long cut from a length of a single drawn brass tube of internal diameter 

6.31 cms. One end of these tubes was fitted with matrices of flame trap 

material. These were constructed by spirally winding two adjacent strips 

(3.2 cms. wide) of plane and corrugated strips of cupronickel. The dia-

meter of these matrices was so arranged that they would just fit into the 

burner tubes and be held by their spring action. The surface of the matrix 

was made as plane as possible by gently pressing it against a flat surface. 

The burners could then be packed with glass beads and closed at the other 

ends by rubber bungs carrying glass tubes as inlets for the reactants. 

With the help of this arrangement, the reactant flow velocity distributions 
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could be rectified to approach constant and uniform values across the 

burner mouths. The method employed was analogous to that used in the 

flat flame burner (5), where the approach velocity distributions are first 

randomized by the beds of glass beads and then streamlined by matrices 

of flame trap material. 

Before the burners were packed with glass beads and sealed, six 

thermocouples were spot-welded onto the downstream face of each matrix. 

The two metals constituting the thermocouples were nichrome wire (S.W.G.33) 

and cupronickef (matrix itself). An innovation introduced was the use of 

very fine bore tubes of fused quartz, each two inches long, for insulating 

the nichrome wire from the matrix itself. The threading of S.W.G.33 

nichrome wires into these fine tubes was mechanically difficult in view 

of the fact that their average bore and wall thickness respectively ranged 

from 0.25 to 0.35 mms. and .035 to .05 mms. This was accomplished by 

selecting wires free from bends and then sliding the tubes over them. 

Once in position, the tubes did not slip along the length of the wires 

because of the close fit between the two. Also the outer diameter of 

these tubes was such that they just fitted in the triangular holes of the 

matrices and thus insulated the encased nichrome wires from the matrices 

over the depth of the matrix. The rest of the length of the wires was 

insulated by silica sleeving. 
• 

The wires were then spot-welded onto the downstream face of the 

two matrices in an inert atmosphere. The six (hot) junctions on each 

matrix, which were the only places at which the two metals were in elec-

trical contact, were arranged to be in a spiral. A strip of cupronickel, 

soldered at the top of each matrix, served as the common terminal for the 
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corresponding six nichrome wires, which were of equal length. It was 

found necessary to insulate the length of this strip from the brass tube 

and a mica lining was used in the tubes for this purpose. 

The cold junction, also made by electrically welding the nichrome 

wire and a strip of cupronickel matrix in an inert atmosphere, was main-

tained at ice point. Any (hot) junction could be brought into series 

with a galvanometer and the cold junction with the help of selector 

switches. The electrical circuit is shown in Fig.3. To convert the de-

flections of the galvanometer directly into temperature, the thermocouple 

was calibrated against mercury in glass thermometer by means of a poten-

tiometer. 

With the aid of these thermocouples the temperature and its 

distribution across the downstream face of each matrix could be determined. 

It has been shown (20) that this temperature is very nearly the temperature 

of the outcoming gases. 

The burners were then packed with glass beads and sealed gas tight. 

They were mounted on a dexion framework (Fig.4) with the help of collars, 

each of which was provided with three screws for making the two burners 

co-axial. However, after the preliminary experiments, it was found that 

this mounting was not very convenient. It was, therefore, replaced by a 

heavier and more rigid framework of cast iron, which held the vertically 

opposed burners co-axially permanently. The; were firmly attached to 

square brackets and centred with the help of insulating pieces of perspex 

and boss screws. The arrangement is shown in Plate 1. 
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2.3 The flow systems  

Another modification introduced was to make the volume flows of 

oxidant and fuel jets very nearly the same by dividing the nitrogen of 

air between the two, while the reactant supply rates were in stoichio-

metric ratio. This bestows kinetic, as well as aerodynamic advantages. 

Without this device, the large difference in jet momenta involved at 

stoichiometric with air sets a limit to flame flatness. As regards 

reaction velocity, the admixture of diluent makes possible the approach 

to blow-out conditions at conveniently low flow rates. FUrthermore, when 

the nature of the temperature gradients involved were fgund, the position-

ing of the flame near the middle of the gap between the two burners proved 

to be a great asset. 

Two identical flow systems, one for the fuel jet and the other for 

the oxidant jet, were used. They are shown in Fig.5. The reactants were 

supplied from commercial gas cylinders, the nitrogen used being oxygen 

free. The gases drawn from these cylinders - fitted with their reducing 

valves, passed through the flow meters while their rates of flow and also 

the line pressure could be controlled by two diaphragm valves inserted in 

ea.b line immediately before and after the flow meters. A mercury mano-

meter introduced into each line just after the second valve indicated its 

line pressure. The sum of barometric plus line pressure was maintained 

constant. The two gas streams, nitrogen and fuel/oxygen were mixed in 

glass towers packed with glass beads. The fuel-bearing gas stream was 

then fed into the lower jet while the oxygen bearing one was led into the 

upper jet. 
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The flow rates of the two nitorgen streams were measured by 

rotameters, while capillary flow meters (Fig. 6) were used for metering 

the fuel and oxygen flows. On account of its finite vapour pressure at 

room temperature, together with the fact that ethylene is appreciably 

soluble in water, it was found desirable to use di-butyl phthalate in the 

manometers of the capillary flow meters. To cover a wide range of fuel 

and oxygen flows, a large number of capillary tubes were selected in 

such a way that, on calibration, which was carried out by the soap bubble 

method (21), an approximately linear relationship between volume flow rate 

and pressure drop across the capillary was obtained, each capillary being 

used only over its linear range. 
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CHAPTER 3.  

THE FLIT COUNTER-FLOW DDEUSION FLIT•  

3.1. The flame  

After the first attempt at stabilisation of a counter-flow 

diffusion flame of ethylene and air, it became apparent that a few 

more modifications were needed in order to obtain a flame of appre-

ciable area which might be suitable for an optical analysis. It was 

observed that with a gap of only a few millimetres, a diffusion 

flame could be stabilised, provided the flow rates of the reactants 

were exceedingly small. If the flow rates were itereased, the flame 

spread beyond the burner diameter and curled upwards, thereby coming 

in contact with the oxidant-bearing tube. Increasing the gap did 

not appreciably affect this general behaviour. It was therefore 

thought desirable to prevent this by attaching annular flanges to 

the two burners. Syndanio rings, two centimetres wide, were screwed 

on flush with the matrices of the two burners. This produced the 

desired effect; the gap could nOW be increased to about 1.5 ems., 

while a flame could be stabilised over a wide range of reactant 

flow rates. 

It was noticed that the rising hot products made the oxidant-

bearing burner very hot. In order to prevent this and also to con-

trol the approach stream temperatures, the burner tubes were provided 

with water jackets.. 
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These measures proved successful and led to the stabilisation 

of suitable flames. When the fuel and air were arranged to be in 

stoichiometric proportions, the flame appeared as a pale blue disc 

with an intense yellow pyrolysis zone of appreciable thickness 

immediately adjacent to it on the fuel side (Plate 2). Js the two 

jets were diluted with more and more nitrogen, the pyrolysis zone 

started losing its brightness till it disappeared altogether. The 

flame under this condition was simply a dull blue disc with skirts 

on the edges. It was also noted that, as the amount of nitrogen 

was increased in both the jets, the diameter of the luminous zone 

increased. As expected, the temperature distribution across the 

two matrices was governed by the nature of the flame. The mean 

temperatures, as well as the steepness of the distributions, were 

usually higher in the presence of the pyrolysis zone than in its 

absence. 

To investigate the possibility of stabilising a flat flame, 

the combustion zone was enclosed by a mica chimney. For this, the 

width of the annular syndanio rings was reduced to about one centi-

metre A rectangular sheet of mica rolled in the form of a cylinder 

was held against a cylindrical framework of brass (Fig. 7 ) by 

circlips at the top and bottom rings. The diameter of this cylin-

drical framework was such that it was about two millimetres greater 

than the outer diameter of the syndanio rings screwed on to the 

burners. This framework, and hence the chimney, could then be 
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freely suspended from screws attached to the top syndanio ring 

(Pis.7 ). Once in position, the chimney provided a one millimetre 

annular gap through which the product gases could escape. The 

flame was lit by an electric spark across two wires introduced 

through the top and bottom syndanio rings and connected across the 

secondary of an induction coil. 

The flame in the presence of the mica chimney was reasonably 

flat (Plate 3 ). However, it was found that, on changing the flow 

rates, the diameter of the chimney had to be altered. The increase 

in flow rate of reactants necessitates this change. The diameter 

of the chimney had to be adjusted so that it was just less than 

the free flame diameter, 

3.2. Flow Visualisation  

Is mentioned earlier, the in situ determination of heat 

release rate requires, among ether information, a knowledge of the 

local stream velocity. This was sought from particle track photo-

graphs. In principle, microscopically small particles of bentonite 

were entrained in each gas stream: On emerging from the two 

matrices, they were illitainettd by a pOiiierful Tyndall beaM. A 

high pressure mercury vapour lamp run on A.C. served as the light 

source. Assuming the frequency of the mains to be 50 cycles per 

second, the particles would be illuminated at regular intervals 

Of ten milliseconds. The photograph of these particles will, 
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therefore, give interrupted streaks, while the trajectory traced 

by 41J particle will give to a good approximation (Appendix A) 

the local direction of the streamline. From a knowledge of the 

exact time base, furnished by the electricity supply company, and 

the length of the tracks, the flow velocities can be determined' 

A very simple method introducing the bentonite particles 

into the gas streams was used. Each flow line was broken just 

before the inlet to the burners and a T-tube inserted. A test tube 

containing the bentonite particles was connected to the vertical 

leg of the T-tube. This device, ensured that the main gas streams 

passed uncontaminated unless it was desired to introduce the par...,  

titles. This was done by gently tapping the test tubes so that 

a burst of particles was entrained in the gas streams. 

The optical system for illuminating these particles is shown 

in Figure 8 	A slit about three millimetres wide was placed next 

to the window of the mercury lamp. The cone of light emerging 

through It was brought to a focus on the axis of the jets With the 

help of condenser lenses. These lenses were such that the Tyndall 

cone jus* fitted the gap be+,ween the two matrices. An image of 

the slit was then thrown horizontally across the top and bottom 

matrices. The "flame" camera was placed at right angles to this 

Tyndall beam and' was focused. on the illuminated diameter of the 

matrices. This camera, therefore, photographed only those particles 
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emerging along the illuminated diametrical section, together with 

the flame. J1 "Kodak Specialist" camera with a lens of focal length 

105 mms. was used. The photographs were taken on E.P.S. plates which 

were developed in Promicrol. A typical photograph of -r)articles in 

the two directly impinging jets (without the flame) is shown in 

Plate 4 . This was taken at f/8 with an exFiosure time of one second. 

Having set up a reasonably good optical system, it seemed 

a simple task to record particle tracks in the presence of the flame. 

iittemp'48 were therefore made to obtain such a photograph for a 

flame to which the reactants were fed at the following rates : 

Ethylene = 7.5 ccs/sec., 02  = 22.5 ccs/sec. 

N2(02H4  side) = 75 ccs/sec. N2  (02  side) = 60 ccs/sec. 

all at S.T.P. The total volume flow rate from either jet is seen 

to be 82.5 ccs/sec. (at S.T.P.). The flow pattern in this case has 

been reproduced in Plate 5 . The optical setting, the f-number and 

the exposure time were the same as before. It is apparent from this 

phetl-)graph that the image of the flame masks the particle tracks, 

if partioles are there at all, in the regions of highest temperatures. 

quick visual check was therefore made to find out if the bentonite 

particles entered this flame at all. In fact it was obsertred that 

there was a narrow zone on either side of the luminous region 1, to 

which no particles found their way. 



Rake_ G , 	sk,42,11-v,rn  e% 	Itowoe evn4 17e._ 
	 14o 

11111111111' '11'IM!!'"11111  H11111111111! 



41. 

3.3. Emission Spectrum of the flame. 

To investigate this point further, it was decided to eli-

minate, as far as possible, the flame emission from the particle 

track photographs. The obvious method was to put a filter before 

the camera lens in order to cut off most of the visible radiation 

from the flame. The flame was therefore observed through a cali-

brated direct vision spectroscope and the positions of the bandheads 

were very roughly read off. These were (i) 6500 A°  (ii) 5650 A°  

(iii) 5160 A°  (iv) 4750 L.°  (v) 4350  A°. Only the intensity of 

these bands varied as the concentration of the fuel was altered, 

it being strongest when oxygen and fuel were in stoichiometric 

proportions. Superimposed upon this, there was a very faint con-

tinuum. On introducing the bentonite particles, the only change .  

observed was the appearance of sodium lines along with an increase 

in intensity of the continuum in the red region. A photograph of 

the emission spectrum of the flame, along with the arc spectrum 

of iron, has been reproduced in Plate 6. It was found that the 

most intense bands occurred in the green region which, of course, 

contains the strongest visible line of mercury. FUrthermore, the 

intensity of these green bands did not show any marked change 

when the fuel concentration was decreased. 

3.4. Modifications of the flow visualisation system. 

The commercial mercury green filter was, therefore immed-

iately ruled out. A filter, presumably Wratten 771, was seen to 
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cut off most of the radiations from the flame. This, however, 

had a very low transmission efficiene,y and cut down the intensity 

heavily. The Tyndall beam system was therefore modified to increase 

the intensity of illumination. The slit placed before the mercury 

lamp was removed and only one condenser was used to throw the image 

of the mercury arc on the axis of the co-axial jets. The mercury 

lamp itself was enclosed in a water-cooled jacket and a "toughened" 

heat filter was put in front of the window to cut off all the infra 

red radiations. This was done to avoid unwanted convection currents 

which, as discussed later on, proved to be a major obstacle in the 

present work. The camera was still focused, through the filter, 

on the illuminated diameter of the matrices. The exposure time was 

kept the same but the f-number was changed to 04.5. With these 

modifications, a particle track photograph of a diluted flame in 

which the fuel and oxygen were in stoichiometric proportions (flow 

rates cited before) was again taken. The visual observations were 

confirmed, for the photograph revealed a particle-free zone on 

either side of the luminous flame. To prove this point beyond doubt, 

bentonite particles were injected in much higher concentration 

than would be used nomally in either jet and still there appeared 

a particle-free zone. This is shown in Plate 7. 

Before discussing this phenomenon further, another modifi-

cation for taking the particle track photographs will be discussed 

first for the sake of continuity. It will be seen from Plate 7 
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that there are hardly any tracks on which measurements could be 

made. The other alternative, of reducing the exposure time, which 

might give a less dense image of the flame was therefore tried. 

For this, the Tyndall beam system was kept, as described in this 

section, but the filter in front of the camera lens was removed and 

the camera refocused. Various combinations of f-numbers and exoosure 

times were tried and it was found that an exposure of one-fifth of 

a second at f/8 gave the best results. 'This arrangement and 

camera setting was, therefore, used for further work. 

3.5. Lerodynamics of the Counter-flow Diffusion Flame. 

To investigate the flow pattern of gases in the flame, it 

was decided to keep the flow rates of oxygen and the two nitrogen 

streams constant and vary the flow rate of ethylene. Lccordingly, 

the following rates were maintained constant : 

Oxygen = 22.5 ccs/sec. 

N2 (02) side = 6o cos/sec. 	all at S.T.P. 

N2  (Ethylene) side = 75 ccs/sec. 

The flow rate of ethylene was systematically varied starting from 

lean and going to rich. The particle track photographs for the 

flames thus stabilised are shown in Plate 8. It will be noticed 

that, if the flame is on the "leaner" side, it lies on the fuel 

side of the stagnation point (Plate 8a), as would be expected if 

it coincides with the surface of stoichiometric composition. 
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This is indicated by the fact that bentonite particles from the 

fuel side cross the flame and enter on the oxygen side of the flame. 

As the concentration of the fuel is increased, the flame moves more 

and more towards the stagnationpoint ofthe opposed jets. When the 

fuel and oxygen are in stoichiometric proportions (Plate 8b), 

particles from neither side enter the flame. If the amount of 

fuel is further increased, the flame stabilises on the oxygen side 

of the stagnation point. 

It is apparent that the position of the flame with respect 

to the stagnation point is determined by stoichic.motry. It there-

fore follows that, depending on the fuel-air ratio, the aerodynamics 

of the two directly opposed jets is modified by the presence of the 

flame. For example, when the fuel and oxygen are in stoichiometric 

proportions, the jet momenta (without the flame) are nearly the 

dame and 	impingement zone is in the middle of the test space 

(Plate 4). In the absence of flame, the gas velocity can be found 

at all the points with the help of particle tracks. However, as 

soon as the flame is lit, the two jets of bentonite gas streams 

no longer impinge but leave a particle-free zone on either side 

of the flame. What is thought to happen is that, as the fuel 

burns, hot products are liberated at volumetric rates greater than 

those of reactant consumption. If, for the sake of simplicity, it 

is assumed that most of the reaction is completed at the stoichio-

metric surface, the latter would behave as a plane source of hot 
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products. These products, being at the maximum temperature in the 

test space, are expanded and in trying to escape they make room 

f.or themselves by displacing both the Biel and oxygen bearing jets. 

The situation is sketched in Fig.9 . There develops a momentum 

barrier through which the bentonite particles in the gas streams can 

no longer penetrate. For flames on either side of thisstoichiometric 

locus the products expand only against the jet whose momentum is 

smaller. Thus, if the flame is on the fuel side of stagnation point, 

the products expand against the oxygen bearing jet and vice versa. 

Particles can then traverse the flame. 

This situation can now be compared with the theoretical model 

used by Spalding (17). In this it was assumed that the aerodynamics 

of the opposed jets was the same as that of two jets impinging on 

opposite sides of an infinitely thin flat plate and remains unaltered 

even when the flame is lit. It has been found by Le Clerc (22) that 

for such a case the radial velocity Vr  in the impingement zone (0.1D) 

is given by 

V
r 	

r U 	 ... (3.1) 
where U is the initial velocity of the gas stream in a jet of diameter 

D. 

In view of the experimental results cited above, it would appear 

that the model can be borne out experimentally if the flat plate is 

assumed to have a finite thickness. Le Clerc's equation ( 3.1) was 
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also found to be applicable to a first approximation, (section 9.3 ) 

in so far as V
r 

was seen to be directly proportional to r. 

The important conclusion for present purposes is that the 

mapping of flow velocities in all regions is possible; bUt demands 

a flame which does not coincide with the stagnation point. To avoid 

further compliCations, e.ge incomplete combustion, pyrolysis etc:, 

it was decided to work with a flame in which the fuel-oxygen ratio 

was less than stoichiometric. Accordingly; the following flow rates 

were chosen 

Ethylene = 5.7 ccs.) 

yEt.side)= 75 ccs. ) all at 

Oxygen 	= 22,4 ccs.) 

N
2(
0
2 side)= 60 ccs. ) 

A typical particle track photograph of such a flame is shown in 

Plate ( 9 ). 

3.6; Measurement of gas velocities. 

To obtain the local velocities from the particle track photo-

graphs, it was necessary to determine their scaling factor.- The 

need for this is immediately apparent by reference to Fig.-10 .• If 

the camera is focused on the diameter AB of the flame, it sees a 

region bounded as in the chord CD. The factor was determined by 

taking the photograph of a metal scale placed at AB, immediately 

after the flame was put out, without disturbing the camera setting. 
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The particle tracks were then enlarged approximately eleven times 

with the help of a Zeiss enlarger. To avoid errors due to distor-

tion, only a very small central region, about two millimetres in 

radius around the axis of the burner was plotted on a sheet of 

(white) paper. Along with the particle tracks, the two matrices 

together with a few characteristic features on the photographs were 

traced out. These points of reference were used for correlating 

several particle track photographs of the same flame and thus 

obtaining the local velocities at as large a number of points as 

possible. The exact value of magnification could be found with 

the help of the scale photograph at the same setting of the enlarger 

and paper. 

Two rectangular axes, parallel and perpendicular to the matrices, 

were then drawn on this enlargement. For determining the gas veloc-

ities along these axes, it seemed reasonable to assume each individual 

track to be linear. This implies that the local curvature of the 

flow lines was disregarded over the distance travelled during one 

light flash. This seemed justifiable in view of the fact that the 

maximum gas velocities were of the order of 5 cms/sec. and therefore 

the length of the corresponding tracks (distance travelled in ten 

milliseconds) was about 5 x 10-2 cm. 

A piece of graph paper was pasted on each enlargement with 

its axes parallel to the constructed axes. Each track was then 
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geometrically projected on the graph paper. The distance between the 

pencil marks was measured with the help of a vernier of least count 

.01 cm. Since each component of velocity Vz  and Vr  varied from zero 

to a maximum value, it seemed advisable to take two or more tracks 

at a time in regions where these components were small. Assuming 

that the tracing of particle tracks is not in error, this method of 

measurement does not give an accuracy of more than .02 cms/sec. This 

was further reduced by the finite thickness of pencil lines and the 

inevitable errors associated with the geometrical projection of small 

lengths along certain directions. If the difficulty of locating the 

tips of the tracks due to grain size of the plates is also taken into 

account, it will be reasonable to expect a scatter in the results. 

Nevertheless, if a large number of points are available (from several 

photographs), a best fitting curve can be easily drawn. It was found 

that certain tracks gave very low values of local velocities. These 

were rejected because they were obviously trajectories of heavier 

particles. 

It was found that there were regions on the plate where the 

particle tracks were not clearly visible because of the masking 

effect of light scattered from the matrices and the light emitted 

from the flame itself. These naturally occurred in the immediate 

vicinity of the matrices and the flame. It was necessary, therefore, 

to interpolate the velocities in the region occupied by the flame and 
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to restrict the determination of heat release rate up to points 

well away from the matrices. This is further discussed in Chapter 

9. 

Since the bentonite particles were falling at their terminal 

velocities in the gas flow, the vertical component Vz  of the local 

velocity found from particle track measurements needed a correction. 

This was calculated on the basis of Stoke's law. If e is the 

density of particles of radius r, then their terminal velocity 

V
T in a medium of viscosity 7? is given by 

V
T 
 = 2 go-  r241  

9 

where g is the acceleration due to gravity. The mean diameter of 

particles, as found from a random sample collected on a microscope 

slide, was 4 microns. The medium was assumed to be pure nitrogen 

and its viscosity at different temperatures was calculated (23). 

Knowing the density of bentonite 	= 2.7 gms/cc., a graph (Fig.11) 

of free fall velocity against temperature could be drawn. It was 

found that the magnitude of the local terminal velocity was of the 

order of the experimental scatter in V
z
. No corrections for this 

were therefore necessary. 

3.7. Results for a flame. 

Fig.(12) shows a plot of V
z 
and V

r 
against z for r = 0.27 

It is seen that on either side of the flame, Vz  increases to a 
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maximum and then steeply falls off to zero, the plunge being more 

steep on the oxygen side. Moreover, it will be noticed that on 

the fuel side the rate of fall of V
z 

with z decreases at a certain 

point. This lies in the region where heat release rate becomes 

appreciable and can, therefore, be attributed to the increased 

axial velocity of the hot products pushing against the oxidant 

jet. 

V
r
, on the other hand, increases from zero to a maximum 

value. This maximum again lies in the zone where most of the 

heat release is taking place and the products are radially dis-

placed by the oxidant jet. 
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CHAPTER 4 • 

ILEASURITIETT OF FLAME TEMPERATURE. 

4.1.  Neaning of Temnerature. 

Before summarizing the methods used for the determination of 

temperature and its distribution in diffusion flames, the meaning of 

temperature in the context of the present work must be cosidered. 

Extreme conditions prevail in flames; in the case of pre-mixed flames, 

for instance, the rate of rise of temperature may be as high as 

188,000 degrees/sec.for a burning velocity of only 8.56 oms,/sec. 

( 24 ) a value which would be exceeded by 2-3 orders of magnitude 

at more normal burning velocities. Under such conditions it might be 

exoected that the energy of a molecule is not equally distributed 

among the various degrees of freedom. If such is the case, a "temper-

ature" has to be assigned to each degree of freedom and the structure 

of the flame can be dJascribed only by a set of temperature profiles 

corresponding to each of these. It has however been calculated that 

the "uncertainty" in temperature due to disequilibrium, in the case 

of veryslow flames such as that cited above, is of the order of only 

-2 
10 degrees. Further, in diffusion flames of the ty-Dc under inves-

tigation, the maximum rate of rise of temperature will be shown to 

_ o / be above 90,000 °C/s ec. and that too outside the region where heat 

release takes place. Moreover, in the region of the reaction zone 
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dT/dt falls very steeply (Fig.13). It is therefore obvious that the 

conditions are far less extreme in the region of interest in a counter-

flow diffusion flame. Outside this region the rate of rise of 

temperature is still less than in the premixed example quoted above. 

It is therefore safe to assume that any uncertainty in temperature 

due to disequilibrium will be negligible for the flames investigated. 

4.2. Methods for Measuring Temperature. 

A large number of methods ( 12 ) are available for the meas-

urement of high temperatures prevailing in flames. These can be 

subdivided into four groops. 

1. Radiation methods. e.g. Spectrum line reversal, Doppler 

shift. 

2. Methods using solid bodies. e.g. thermocouples, yLrticle 

tracks, Suction pyrometry. 

3. Optical methods. e.g. deflection mappinc, interferometry. 

4. Methods based on other gas properties e.g. velocity of 

sound measurements
/range of e particles. 

Each of these methods has its particular merits and demerits. The 

choice therefore depends upon the range of temperatures and temperat-

ure gradients to be measured. Other considerations such as rapidity 

of measurement, magnitude of corrections involved have also to be taken 

into account. On the other hand, if the magnitudes of temperature 

and its gradient present in a flame are only roughly known, it is 
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always safer to use several methods with overlapping ranges of suita-

bility. It was, therefore, thought desirable to determine the tempera-

ture and its distribution in a counter-flow diffusion flame by different 

methods which were complementary. The following discussion shall there-

fore be confined only to those methods which were used in this investi-

gation. 

4.3. Radiation Methods. 

The most commonly used method belonging to this group is the 

spectrum line reversal method due to Fery (25). This is based on the 

assumption that, on introducing certain metal vapours, such as sodium, 

lithium, chromium, into a flame, statistical equilibrium is established 

between the electronic degrees of freedom of the metal atoms and the 

flame gases. The metal atoms thus absorb and emit at their characteris-

tic wave lengths as thelnal radiators. If the intensity of these rad-

iations is compared, locally, with that of the corresponding radiations 

derived from a calibrated background source, the local temperature of 

the flame can be determined. 

Light from a strip-filament tungsten lamp is focused by a lens 

L1  to give an image of the filament in the flame (Fig.14 ). The second 

lens L2  forms an image of the lamp and the flame on the slit of a 

direct vision spectroscope. The stop S is adjusted such that the 

solid angle of the pencil of light from the flame is the same as that 

of light from the source. The resolving power of the spectroscope 
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should be such that on introducing sodium into the flame, the two 

Na D lines are separately visible. 

If the current passing through the tungsten filament is increased, 

the metallic lines are seen to disappear against the background con-

tinuum at a critical value. On one side of this, the lines appear 

more bright than the corresponding region of the continuum, while on 

the other side they look darker. According to Kirchhoff's law, the 

lines stand out against the continuum when the flame temperature is 

higher than the brightness temperature of the lamp and vice versa. 

At the critical point, therefore, the two temperatures are the same. 

The great sensitivity of the method is due to the rapid varia-

tion of light intensity with temperature. The brightness B›, of a 

black body whose temperature T is the same as that of a vapour emitt-

ing at wave length A is given (26) by 

B 	0-02/XT X 1 

A5  
where C1  = 4.99 x 10-15  erg.cm., and C2  = 1.44 cm.(

0  C.). 

Thus the brightness of the metal radiation emitted from a flame 

increases exponentially with the temperature of the flame and the 

accuracy of the method, therefore, also increases with temperature. 

The method is however not suitable if large temperature gradients 

are present. For any two temperatures T1  and T2  

B 	C2 41 - 1 $1 =e t,,T7 7) 
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2 

As temperature increases, the ratio B1/B2 fallsexpenen- 

tially 	and 	the "resolving power" of the method decreases rapidly 

with the rise of temperature. hereover, the transluminating light 

cone contains a large range of temperatures in the flame, if the 

gradient is steep. The limitations of the spectral line reversal 

method can therefore be summarised as follows: 

1. In the regions of its greatest applicability, the method 

is unsuitable for measuring steep temperature gradients. 

2. On account of the poor emission below 1500°K, the reversal 

method is of little use for the purposes of temperature measurements 

below this value. 

3. Difficulties also arise when the flame gases are not in 

equilibrium or when the flame contains solid particles. 

The first two disadvantages confine the method to certain regions 

of the flamo, in which its inherent advantages can be exploited. 

Thus, if the maximum temperature in a flame is in the neighbourhood 

of say 1600°K with an associated temperature gradient of 100°K per 

mm., the maximum error involved in its measurement by this method 

will be about 50°K. This can be further reduced by taking a very 

narrow pencil from the background source and introducing the metal 

only in the regions where the temperature is to be measured. 
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The method therefore seemed to be well suited to determining 

maximum temperatures in certain counter-flow diffusion flames. In 

this type of flames, temperature falls steeply on either side of a 

maximum value (section 9.1). Also in the region of maximum temper-

ature, the beam of light emerging from the flame remains almost 

undeviated (section 5.4 ) from its original path. If, therefore, 

the maximum temperature is comparatiitely low (;':1600°K) the method 

can be safely used. This can provide a check for the values deter-

mined by other methods. However, in the present work, its main 

purpose was to establish a ieference point in the high temperature 

region of the test space so as to improve the accuracy of the 

optical methods. (section 4.5). 

4.4. Thermocouples. 

Of all the methods used for flame temperature measurements, 

thermocouples are at first sight the most convenient. They have 

therefore been used by a large number of investigators. (27,28 29,.30). 

However, great care is needed if it is desired to obtain reliable 

results. Thus Leah and Carpenter (27) recorded higher temperatures 

with uncoated Pt-Pt-Rh thermocouples Friedman (28) using bare 

thermocouples observed a discontinuous jump of temperature in pre-

flame gases and attributed this to catalysis. This was also ob-

served by Kaskan (29). Both these workers have recommended the use 

of a thin protective coating of silica, which minimises the catalytic 

reactions on thermocouple wires. 
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Even when coated wires are used, the temperature measured by a 

thermocouple is still that of the junction. The gas temperature is 

higher by a certain amount4,tT. The difference can be calculated by 

writing the heat balance (31) equation between flame gases and the 

thermocouple. The most significant factors in this equation are : 

(i) heat transfer to the wire by convection; 

(ii) heat lost by the wire by radiation. 

The other factors in the heat balance equation are either negligible 

or cants made negligible in laboratory scale experiments. (For example, 

thermal conduction along leads can be minimised by stretching the couple 

along an isotherm). 

Thus 

h t, T A 	(T
4 

- T ) A 
w o 

... (4.1) 

where h = heat transfer coefficient 

= emissivity of the wire 

= Stefan's constant 

A = Area over which heat transfer takes place. 

To= Temperature (°
K) of the surface, which the 

thermocouple sees. 

The values of emissivity given by Kaskan for a coated and uncoated 

(Pt-Pt-Rh) thermocouple are respectively 0.22 and 0.16. The heat 

transfer coefficient can be obtained from a knowledge of the Nusselt 

number Nu and Reynold's number Re. Thus 

h = 5  Nu = 5  f (Re) 	(4.2) 
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The function f(Re) for obtaining the corresponding Nusselt's number 

has been plottedby McAdams ( 31). Thus, knowing the wire diameter, 

thermal conductivity of the flame gases and the Reynold's number of 

flow, h can be calculated. Combining equation (4.1) and (4.2) : 

	

r: ci(T 4 	
T)D 

4::1T = 	w 	o  
Kf(Re) 

To a first approximation, the magnitidue of the correction is therefore 

directly proportional to the wire diameter. To minimise this, very 

fine thermocouples have been used (29). 

The flame temperature determined by a thermocouple even after 

applying this correction may be in error. These errors arise from 

factors such as conduction down leads, and "wake" effects. It is not 

difficult to take the necessary precautions to minimise these errors 

but they do make the method more cumbersome. 

Thermocouples for this kind of work are usually made of extremely 

fine wires (one or two thou.) and are therefore extremely delicate and 

fragile. Their use for the determination of temperature distribution 

in flames tends to be an exercise in patience. On the other hand, they 

are ideal for determining temperatures at one or two placescspecially 

in the regions where the reaction has gone to completion so that 

catalysis becomes unimportant. 

It was, therefore, decided to measure the final flame temperature 

by this method, to provide a check for the value determined by the 

spectrum line reversal method (Section 4.3). 
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4.5. Optical Methods  

Every thermometer measures the temperature of its working sub-

stance. A group of methods for determining flame temperatures, in 

which no discrepancy between flame gases and working substance gran 

arise, is therefore based on measuring some property of the flame gases 

which themselves form the "working substance" of the "thermometer". 

One such property is density of the gases, which varies with temperature 

according to the law 

pT = constant 	 ... (4.3) 

Optical methods utilise the dependence of refractive index n of the 

flame-gases on their density and hence absolute temperature. Thus, 

Gladstone and Dale's law for a gas : 

n - 1 = constt. 	... (4.4) 
p 

can be combined with equation (4.3) to give : 

n - 1 = 6 =
o  

T /T 	... (4.5) o  

where the zubscript zero refers to standard conditions, say S.T.P. 

Equation (4.5)is, however, valid under conditions of constant pressure 

and, in the absence of any change in composition, dissociation and 

ionisation. If temperature is to be determined from measured refrac-

tive indices, such effects must be corrected for. 

The determination of refractive index fields is usually carried 
• 

out by transluminating the flame by a plane wavefront of monochromatic 

light. The magnitude of optical path gradient (which is the product of 
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refractive index gradient and geometric path length in the flame -- if 

the latter is constant) determines the steepness of the perturbations 

induced in such a wavefront by the test space. Two kinds of approach 

are available for determining the topography of the 'Merging wavefront. 

The methods of geometric optics -- notably mapping the angles of 

deflection -- are based on the concept of rays orthogonal to the emerg-

ing wavefront. They therefore record the slope of perturbations on the 

front and are most sensitive for large gradients, irrespective of the 

terminal values. 

The methods of physical optics -- notably interferometry 

"shear" the wavefront, usually with an unperturbed one, producing 

fringes at fixed phase increments. They therefore record the absolute 

heights of the perturbations in the form of contour maps and are leas 

suited to measuring steep variations, both because of consequent crowd-

ing of fringes and because of deflection effects which here become 

aberrations. In the analysis of "flat' pre-mixed flames, deflection 

methods therefore become accurate. Interferometry has recently been 

successfully used for a flat flame whose flat portion was relatively 

small. 

The great advantage of optical methods lies in their simplicity 

and versatility. Moreover one photograph is sufficient to provide full 

information regarding temperature distribution in a flame. The inevit-

able disadvantage in these methods is their decreased sensitivity at 
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high temperatures. Equation (4.5) on differentiation gives : 

d6 = - 6 
o  To 

 dT 	 (446) 

The change in b is therefore seen to be not only directly proportional 

to the change in temperature producing it but also inversely propor,-

tional to the square of the temperature. As temperature increases, 

the accompanying change in 6 falls off rapidly and optical methods 

become less and less sensitive. Further analysis indicates that the 

fractional error in 6 	is independent of temperature. Thus, dividing 

Equation (4.8 by Equation (4.) :- 

4- = d6 = dT 
-6. 	-T 

In other words, the decreased accuracy at high temperatures is only due 

to smaller magnitudes of S at these temperatures. 

In deflection mapping studies, the experimentally determined 

quantity is the integral along the ray path of the refractive index 

gradient at right angles to it. To obtain the distribution of refrac-.  

tive index, a numerical integration has to be performed with respect 

to some known state. If this is at lower temperature;  the values of 6 

at high temperatures arc obtained by subtracting one large quantity 

from another. On the other hand, if the reference state is chosen at 

say the maximum temperature attained in the flame, (which is calculated 

or measured by another method) this disadvantage can be turned into an 

advantage and an extremely accurate temperature profile can be obtained. 
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In the case of interferometry, no such integration is involved. 

The principle, however is the same in that 8 determined at the high 

temperatures becomes excessively dependent on exact knowledge of the 

end corrections -- an error of x in the cold distance being equivalent 

to T x in the flame. Pegging the distribution at the hot end amounts 
T 

 
to.using this large sensitivity to "cold distance" to effect corrections 

throughout the distribution. 

4.6. Conclusions. 

From the foregoing discussion it is apparent that optical methods 

furnish the most detailed and convenient way of finding the temperature 

distribution in flames. But, in view of their decreased sensitivity at 

high temperatures, it w
i.o
a,s desirable to have a reference point in the 

region of' maximum temperature. 

The general line of approach was therefore to obtain the distri-

bution of refractive index or its gradient in the test space and then 

to translate it into temperature distribution with the help of reference 

points (in the high temperature region) found by thermocouple and/or 

spectrum line reversal method: 
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CHAPTER  

REFRACTIVE INDEX FIELD OF FLAT COUNTERCURRENT DIFFUSION PLANES.  

5.1. Choice of Technique. 

The theory of diffusion flames suggests that so long as blow 

out conditions are not approached, relatively small refractice index 

gradients are to be expected. On the other hand, large geometric 

path lengths are again advisable, to guard against pre-dominance of 

edge effects. It therefore seemed prudent to approach the problem 

without an "a priori" choice of only one method. The complementary 

ajues 
nature of the techntaae suggested, on the contrary, that one approach 

should be perfected from each, the deflection-mapping and the inter-.  

ferometric principles. This seemed desirable in view of the large 

range of conditions (e.g. flow velocities) that might be encountered 

and because it seemed Quite possible that different approaches might 

be required even for different regions within the same flame. 

5.2. Deflection mapping 

a) Principle2 

In previous deflection mapping studies of pre-mixed flames (3 ) 

the distorted shadows or images of slits placed before and inclined at 

45°  to the flame were recorded some distance beyond the flame. This 

method is convenient and accurate for the large angles of deflection 

caused by the large optical path gradients across these flames. The 

optical system is shown in Figure 15 . Light from the mercury vapour 
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lamp is focused by the condenser C on to a pin hole of diameter 'd' 

placed at the focus of the convex lens L of long focal length f. The 

values of 'd' and 'f' are so arranged that the angular departure from 

parallelism d/f is small. (In the present work d = .018 cm. and 

f 100 cms.). A grid, G of inclined slits is placed before the flame 

F while the shadow of these slilo is recorded at P at a distance D 

from the flame. 

b) Theory:: 

Whenever a ray of light travels through a refractive index: 

field it is deviated from its path and its local radius of curvature 

is given by (19) 

1 = - grad n. sin 0 	 POO (501) 

where n is the local refractive index whose gradient makes an angle 0 

with the direction of the ray. 

For expressin,z 1 R1  in terms of local co-ordinates, it is 

necessary to choose a. frame of referente. A one dimensional refrat-,  

tive index field will be considered for the sake of simplicity. A 

three dimensional cartesian system of co-ordinates Fig.-(16) having 

the x-axis parallel to the incident beam and the Z-axis parallel to 

the direction of grad n is therefore assumed. The radius of curvature 

of the ray at any point, in this frame of reference, is 

- 2 / 	2' . 	. r  + t dz - 	/ d z (5.2) 
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Also 	grad n = dn and 0 	n  

dz 	2 

Combining Equations (5.1) and (5.2) 

d
2
z = -1-1.(32 21 1 dn 	(5.5) , n dz 

dx
2 

In the case of flame gases n 	1 and the error involved in neglecting 

dz/dx as compared to unity is insignificant (19). Thus  

d2z = - dn 	 (5.4) 

dx2 	dz  

which on integration yields 

Idz1 	- dn dx 

JLx-1 
	dz 

If the incident ray is parallel to surfaces of constant n, 

dz i= 

Ix  .21 

for the ray where it enters the flame say at z = zo  (Fig.16 ). 

hence the deflection Q produced by the flame is 

x 
(;) 	= dz \ = 	rdn dx. 	••• (5.5) 

dz dx./,2  

where Ixt is the distance over which the refractive index field extends 

and the integral is to be performed, along the ray. For a two dimensional 

field 

g = 	(3n ea. 
ay 

..x 
= - 	an dx. 

b az 

... (5.6) 
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0) Application  

For a determination of the local refractive indem gradients 

in a flame the only factors that need be known are its geometry and 

the corresponding deflections. If the distribution of refractive index 

in the flame is required, it is also necessary to know a reference 

state in the test space for the purpose of integrating the grad n 

curve, graphically or otherwise. 

The deflections are obtained from the distorted shadows of 

inclined slits. If these are recorded at a distance D from the 

test space 

9 = S 
	

(5.7) 

Where S is the local displacement produced by the flame parallel to 

the refractive index gradient being determined. This displacement 

is 'eaways measured with respect to the undeviated shadow of the slits 

which therefore should also be known or construed. Thus, for a one 

dimensional flame 

S — do ex 
D 	o 

If, to a first approximation, the path of ray is assumed to be linear 

do=--S . 1 
di D x 

This is however not strictly correct. The path of light will bend 

towards the colder parts of the flame and shall not be linear. 
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If this bending is taken into account, integration of Equation 

(5.8) is no longer a simple matter. The method followed is usually 

that of using successive approximations. The first is based on the 

assumption that the refractive index gradient dn/dz along a ray path 

remains the same as its value, say nl, at x = 0 where the ray enters 

the flame. In this case 

x 
G 	tan G = dz = 	nt dx = -nlx 

dx 	j 

and the equation of the ray path becomes 

z = - 1 nIx2 	z
o 2 

(5.9) 

This parabolic path can now be used for calculating the second approxi-

mation and the process continued till further approximationsbecome 

inconsequential. The rapidity of convergence of the series (19) 

depends upon the phenomenon being analysed but generally not more 

than two approximations needed. 

e) Limitations: 

The deflection mapping technique in this form suffers from 

a serious limitation. If the method is to be extended to very much 

smaller optical path gradicuts, inaccuracies arise because of diffrac-

tion at the slits. Every criterion on the diffraction pattern which 

could be used to read the record, such as the central diffraction 

maximum, is defined by a given angle subtended at the slit. Thus 

the sensitivity of the method cannot be increased beyond a certain 
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amount by increasing the displacement on the record per unit angle of 

deflection (e.g. by increasing the distance between test space and 

receptor). The width of the central diffraction maximum, for instance, 

will increase proportionately and by remaining a constant fraction of 

the displacement, will place an absolute limit on sensitivity. This 

difficulty is further aggravated if not only sensitivity but also 

resolution in the test space is to be increased. This can be achieved 

only by decreasing slit width and thereby increasing the diffraction 

induced indeterminacy on the record. 

5.3. Use of "half wave steps" 

If deflection mapping' were to be extrapolated to optical path 

gradients very much smaller than those occurring in flat pro-mixed 

flames, an alternative method of "marking the wavefront" would be 

advantageous. The principle of the half-wave step (32) seorned readily 

adapteble to present reauirements. Parallel strips of magnesium 

fluoride film, half a wave length. thick, were evaporated onto an 

optically flat glass plate. The distances between adjacent strips 

were equel to each other and to the width of the strips. The equi-

distant steps so produced were used in the some manner a.s inclined 

slits in. the studies of pre-mixed flames. At every stop, the wave- 

front emerging on one side of the edge is it out of phase with the 
wanie 

adjacent4front. The destructive interference,which takes place along 

the surface containing the step and perpendicular to the glass plate, 

results in a sharp dark line on a screen or photographic plate so 

long as the latter is not too far reeoved from the half-wave step. 
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The "resolving power" of this device is compared with that 

of slits in Plate 10. Both were placed in an accurately parallel 

beam of light and the shadow recorded at a distance of 165 cos. The 

width of the slits shown lie between .049 and .125 ems. and the 

wave length of light was 5461 A.U. It will be seen that a Very 

considerable improvement in accur7cy results from the use of a grid 

of half-wave stel)s. 

5.4—Inferences from deflection mapping studies. 

Plate 11 shows the distorted pattern of the half-wave grid 

after passage of the beam through the flat diffusion flame. Large 

deflections are observed in the immediate vicinity of the burner 

mouths. These are also responsible for the apparent increase in 

the distance between the burner mouths. This property of the def-

lection field of such diffusion flames has two undesirable conseq-

uences. Firstly, the angles of deflection are seen to fall to small 

magnitudes in the central zones which are likely to prove most 

interesting from the point of view of the flame's mechanism. 

Secondly, because the. refractive index gradients extend right to 

the burner mouths, the undistorted. shape of the grid cannot be 

ascertained readily from the distorted pattern. In the pro-mixed 

flame, the refractive index gradient and hence deflection falls to 

zero on either side of the reaction zone, well before any solid 

boundary obscures the light beam. Consequently, the undisturbed 

pattern cnn be construed (24) on the record by interpolation between 
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the undeflected extremities, without requiring a superimposed "blank". 

The difficulty is aggravated, in the•case of diffusion flames by the 

necessity of recording the direction, as well as the magnitude of 

deflection. The observed deflection pattern thus suggests that an 

interferogram of the diffusion flame would be more informative and 

in subsequent work interferograms were used for the main sequence 

of measurements leading to temperature and heat release profiles. 
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CHAPTER 6.  

DEVELOPMENT OF INTERFEROMETRIC METHOD.  

6.1. Choice of Interferometer  

An interferometer for use in combustion research must have 

certain special features. Since the phenomena being studied are at 

high temperatures, the two beams should be appreciably separated. 

In the special case of flames suitable for optical analysis, the 

associated optical path gradients are steep and, therefore, the beam 

passing through the test space undergoes large deflections (Equation 

5.8). It is on account of this that the layout of the interferometer 

must be such as to allow the beam to pass only once through the test 

space. If, in addition, the optical system allows the test space to 

be focused on a receptor, the effects of deflections can to a very 

large extent be minimised and sometimes eliminated. Furthermore, since 

it is necessary to have all rays parallel to a one-dimensional flame, 

the beams should be collimated in all directions (i.e, the effective 

source must approximate to a point, not a line). 

These considerations narrow the field very considerably. The 

four mirror Mach-Zehnder ( 33 ) interferometer is the one most commonly 

used for this kind of work. Its disadvantages are its very high 

initial cost and the difficulty of its adjustment. The latter is 

inherent in any instrument based on beam reflection. Thus, for 

mirrors 15 cm. in extent and a wave length of 5 x 10-5 cm., one 

e f "involuntary range will appear for an angular misalignment of 
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8x -7 radians in each mirror. 

An interferometer based on much the same geometrical layout 

but employing four diffraction gratings (34) instead of mirrors, is 

free from these objections; it is both insensitive to misalignment 

and remarkably inexpensive. It is, however, wasteful of light and 

has hitherto been used only for non-luminous phenomena. Although 

the counter-flow diffusion flame was steady enough to permit extended 

exposure times, it was thought that the range of interest might include 

flames of appreciable luminosity and this interferometer was therefore 

not used. 

The interferometer which appeared most suitable is that dis- 

covered by Kraushaar (35) during his attempts to extend a "Ronchi- 

Schlieren" system to gratings of greater line frequency. It has been 

shown (19) that this interferometer is insensitive to misalignment. 

It is quite inexpensive if two long focus schlieren mirrors are already 

available. It is less wasteful of light than the four-grating inter- 

ferometer though, of course, more so than the Mach-Zehnder interfero- 

meter. 

6.2. Principle and Theory of Two-grating Interferometer  

In this interferometer, the beam is split and recombined at 

points of focus of two schlieren mirrors by two fragments of a 

diffraction grating. The principle can best be illustrated by reference 

to lenses instead of mirrors seinFig.(17), where E is the effective point 



."""21 ,uxrtast -90 	61,3 

/C1 rq,  -19 

''''cTrynctwxr7a- A/J/4 (0 "040-4 1)-‘404A49 (\l) 	T°  Turairrjul (!) 

_P-84-31.u.apapqr4 	,L6-? .1 	-334-qu.1-...kti u•-1313 



87. 

source. The lens D focuses the cone of light at a diffraction grating 

B placed at the focus of lens A. This grating will diffract the light 

in various orders. It is arranged that all but two orders are lost to 

the system. If now a stop is placed so as to cut off the lower half 

of the pencil incident at B, the zero orders of the rays in the un-masked 

half cone will fill the lower half of A, while if the grating constant 

is chosen correctly, the first orders will fill the upper half. Thus 

the lens A shall produce two parallel beams derived from the same 

source. They are recombined by another identical combination of lens 

and grating and again several orders are obtained due to diffraction 

at the second grating B'. The optical system therefore produces two 

coherent beams and recombines them after the traversal of the medium 

on the right of B', thereby producing interference fringes. 

The choice of the grating is dictated by the f-number of the 

lens A or the equivalent schlieren mirror. The fringes are only ob- 

tained if the first order of the ray 1 coincides with the zero order 

of the ray 2; if this is so, the first order of ray 2 follows the 

piith of ray 3. In view of the fact that the grating is placed at 

the focus of A, the angle of diffraction A for normal incidence is 

given by : 

= sin
-1 

( a 	 ... (6.1) 

where 2a is the aperture and f the focal length of the lens. 
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If the wave length of light is \, the grating spacing d is 

given by 

=... (6.2) 
a 

Thus, for a schlieren mirror of focal length 8 ft. and aperture 

8 inches, the grating constant 1/d should be about 1940 lines per inch 

if the green line of mercury ;>.= 5461 A°  is to be used. This of course 

allows the utilisation of all the available working space, which is as 

shown in Fig. (17a). 

It is, however, not necessary to use the stop. Its purpose can 

be accomplished simply by turning the principal ray E B through an 

angle sin
-1 

(a/
2f). Such a system has been shown in Fig. (18). The 

working space with this arrangement is circular, having a radius half 

that of the schlieren lens or mirror and has been shown in Fig. (18). 

Under ideal conditions, the two grating interferometer is at 

infinite fringe condition. If the grating B' is displaced along the 

optic axis in its own plane, linear fringes are obtained (36). The 

fringe spacing q for a displacement bx has been calculated ( 19). When 

the grating B' is at the focus of A' (Fig. 19) interference will take 

place, within the half cone bounded by the rays 4 and 6, between the 

first orders of rays bounded by 2 and 3 and the zero orders of rays 

bounded by 1 and 2. If it is displaced by a distance /.'qc to the positie-2 

B", the latter remain unchanged but the bundle between 2 and 3 is dis-

placed before it strikes the grating. Its first orders will now lie 
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bdween the rays 5 and 7 originating from a virtual focus displaCed 

laterally through a distance f\ y. This means that the two plane 

wavefronts ahead of A' are no longer parallel but subtend an angle 

(6y/f) between them. This angle is given by 

... (6.3) 
f 

But 

Ay = 	x tan 	 ... (6.A) 

Combining Equations (6.3), (6.4) and (6.1) the fringe spacing q is seen 

to be 

q = fd 000 (605) 

It is seen from this equation that, to a first approximation, the 

fringe spacing is independent of wave length. This is a unique 

property of 2-grating interferometer. On account of this, fringes 

will be obtained even with composite light, a fact which has been 

experimentally confirmed (36 ). 

A closer examination of Equation (6.5) however shows that on 

account of chromatic aberration (only the long focus components being 

lenses) 	itself is a function of wave length but this is only a 

second order effect, so long as ( '/f) is stall. 

6.3. Sensitivity  to misalignment. 

As a first approximation Equation (6.5) can be written as 

q = fd 	 ... (6.6) 
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which when combined with Equation (6.2) yields 

2- q 	f?%. f 	f 	x) 
a 

... (6.7) 

Thus, for a given displacement of BI from the infinite fringe condition, 

the fringe spacing q is seen to be proportional to f2/a. Hence, the 

greater this ratio, the easier it is to set the interferometer at 

infinite fringe condition. Taking f = 8 ft., a = 4 inch, Ax = 1 cm. 

and ?V=. 5461 A°, q is seen to be about 3 millimetres and the number of 

fringes will therefore be approximately 3 per cm. It is, therefore, 

obvious that the greater the focal length of the schlieren mirrors, 

the easier it is to set the interferometer at infinite fringe condi-

tion. 

6.4. Construction of the interferometer, 

The optical system actually employed is shown in Fig.( 20). 

A and A' are two schlieren mirrors of 8 ft. focal length and 8 in. 

aperture. These were provided with tangent screws which could 

rotate them about a horizontal and a vertical axis. They were mounted 

on heavy steel plates provided with three levelling screws at a dis-

tance of about twenty-four feet from each other. The mirrors were 

front surface polished and the manufacturers claim an accuracy of 

*A/10 across the whole field. 

The optical system giving a focused image of the source at 

B consisted of a high pressure mercury vapour arc, a condenser, a 

pin hole of about two millimetres diameter and another condenser D 
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which was an aero-acta lens of variable aperture and focal length 178 

mms. 

The gratings B and B' were two pieces, each about 2 ems. x 3.5 

cms. cut from a commercial diffraction grating having 2000 lines per 

inch. These were mounted on a framework, shown in Plate ( 12 ), and 

each provided with two pairs of three levelling screws which could 

rotate the plane of the grating about a vertical and a horizontal 

axis. To prevent any damage to the gratings, the pieces were sand-

wiched between foam rubber rectangular frames and then slipped care-

fully in the rectangular recess between the frontand the back pieces 

of the grating mounts. Each grating was thus held against one set 

of levelling screws by the spring action of foam rubber. In addition, 

each grating mount could be moved longitudinally along the path of 

light by a micrometer screw. 

The plane mirror strips C and C' were front surface silvered 

and had roughly the same dimensions as the grating pieces. Their 

mounts, shown in Plate ( 12), had the same general construction as 

the grating mounts except that instead of holding the mirror in a 

rectangular recess, they were mounted permanently against a rectangular 

back. The camera H was, during preliminary work, just a camera back 

with bellows. 

6.5. Preliminary settinKup of the interferometer. 

The general scheme of setting up is shown in Fig. ( 20). The 

mercury vapour lamp, the condenser F, the pin hole and condenser D 
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were mounted on a separate optical bench, in that order. These were 

adjusted to obtain a focused image of the pin hole E on the grating B 

(via the plane mirror strip C mounted on the same optical bench as B)9  

which was approximately placed in the focal plane of mirror A along 

the optic axis. The grating was then replaced by a pin hold and the 

mirror A was positioned so that the circular pdtellof light was formed 

roughly in its centre and the steel plate on which the mirror was held 

was made horizontal using a spirit level. A plane mirror made vertical 

with the help of a plumb line was then placed in the path of the 

reflected light beyond the plane mirror strip C. A circular patch 

of light with a shadow of the strip could be seen on the plane mirror. 

The tangent screws of A were manipulated so as to obtain the shadow 

approximately in the middle of the circular patch of light. The pin 

hole (mounted in place of B) was moved slowly up and down the optical 

bench so that its focused image produced by the plane mirror and 

schlieren mirror combination was formed in its plane. The condenser 

D was now moved so as to overlap the focal planes of the two halves 

of the optical system. Under these conditions, a focused image of 

the original pin hole E was formed in its own plane. This source 

and its image were made coincident by adjusting the levelling screws 

of the plane mirror strip. In this manner a horizontal collimated 

beam could be obtained. 

The plane mirror was removed and the collimated beam wop 

allowed to fall on the mirror A' which was kept on a levelled steel 



plate so that the circular patch was again formed in its centre. It 

was then adjusted with the help of the two tangent screws in such a 

way that the image obtained by two reflections lay at the centre of 

the circular patch incident on A'. 

The plane mirror strip was tilted through a small angle so as 

to shift the patch incident on A to one side of its centre. The 

aperture of D was adjusted to give a circular patch of diameter equal 

to half the aperture of A. The grating B was then replaced with the 

glass side away from the schlieren mirror and two orders occupying 

symmetrical halves of A were at once obtained. 

The other grating-mirror combination was then placed with the 

grating in the focal plane of A' and its glass side away from it. The 

mirror strip was tilted at a convenient angle to observe the fringes 

at a distance from the interferometer. 

The fringes were not usually seen at the first attempt but a 

slight manipulation of the levelling screws of the grating B' brought 

them into existence. It was now just a question of improving their 

visibility which was maximum when the lines of B' were made parallel 

with those of B. These fringes were obtained with composite light. 

A photograph of the fringes with a mercury green filter is shown in 

Plate ( 13 ). 

With practice, the entire optical system could be dismantled 

and set up again in less than half an hour. The visibility of the 

fringes was not significantly altered even after the pin hole E was 

removed. 
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The adjustment for infinite fringe condition was fairly 

simple. The grating B' was first moved by hand to obtain about two 

to three fringes and then, using the micrometer screw, to reduce 

the number of fringes to a minimum which was one. This last fringe 

always floated around in the field of view and was attributed to 

convection currents,especially in view of the large separation between 

the mirrors A and A'. It might be mentioned that the grating displace- 

ment involved in going from 10 fringes/cm. to the infinite fringe 

condition was approximately 2.5 ems. 

6.6. Interferogram of a diffusion flame. 

The interferometer, having been adjusted for use, the burner 

was introduced in one of the beams at a distance of about four feet 

from A (position I) in such a way that the order diverging from B 

just cleared the burner. The fringe pattern when the flame was lit 

was not resolvable by the unaided eye unlike that in the absence of 

flame. An eyepiece was therefore used to view it. This was placed 

in the vicinity of the plane of the image of the burner formed by 

A'. It was observed that as the eye piece was moved up and down 

along the optic axis, the visibility of the fringes across the test 

space did not remain constant. The fringes in the centre, where 

the flame lay, remained equally visible over a certain distance - 

about ten to fifteen centimetres. On one side of this range the 

fringes in one half of the combustion zone were more visible than 
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in the other. The condition was reversed on the other side of the 

midpoint. In addition to this, it was seen that as the eyepiece 

was moved, more and more fringes appeared till they became blurred 

in the immediate vicinity of the matrix. 

This effect is obviously caused by the unequal deflections 

which the transluminating light beam experiences on the fuel and 

oxidant sides of the flame. It was noticed that in consequence of 

these deflections the "point" focus on B' spreads itself into a 

vertical line having its greatest intensity at the undeflected centre. 

When one half of this'line focus" was masked off, the fringes dis-

appeared from the corresponding half of the interferogram. This 

effect is common to all test objects of steep refractive index 

gradients and is particularly noticeable for the flames under dis-

cussion where it occurs on either side of the reaction zone as was 

noticed already in the deflection mapping studies (Section 5.4) where 

on account of the large gradients near the two matrices the gap 

between them was apparently increased. 

It can be shown (Appendix B ) that all the rays deflected by 

the flame appear to come from its centre. In order to photograph 

the interferogram, it was therefore necessary to put the photographic 

plate in a plane conjugate with the axial plane of the burner , which 

was normal to the transluminating light. When this is arranged, the 

rays originating, or passing through, from the various points on this 
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plane will terminate on their conjugate points in the image plane 

and the effects of deflection can thus be eliminated. 

The procedure for taking a photograph of the interferogram 

was, therefore, as follows: 

The fringes were received on a ground glass screen and viewed 

through an eyepiece. The screen was moved forwards and backwards 

till all. the'bhadows" of the flame disappeared from the field of view. 

This was by no means an easy task on account of the large object range 

(37) of the mirror A' (a = 	and the disappearance of the shadow 
f 	X . 

caused by deflection was the coat sensitive criterion. Once the 

pcsvition of best focus was obtained a photograph could be taken. In 

preliminary work, H.P.S. plates were used. These were developed in 

promicrol developer. One such photograph is shown in Plate (12+ ), 

while Plate (15) shows the effects of defocusing on either side 

of the position of focus. 

6.7. Preliminary experiment. 

It is seen from these photographs that the refractive index 

field of such diffusion flames extends far beyond the outer matrices. 

In the position where the burner was located so far there was a chance 

of the light incident on A passing through this field even before 

collimation. It was, therefore, thought advisable to place the burner 

at a different position along the collimated beam. Accordingly, the 

burner was located midway between the two mirrors in the position 

II (Fig. 20 ). Since the object distance from A' was now reduced 
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it was found necessary to introduce a large focus lens, in fact a 

telecope objective f = 100 ems. between the plane mirror strip C' 

and the photographic plate. In this position, however, another diffi-

culty was encountered, the reason for which was not immediately 

apparent. It was seen that the complete interferogram could not 

be obtained in one order. The fringes formed between the burner 

matrices were sharp in one order while those due to the edge effect 

were sharp in the complementary order. It was therefore decided to 

photograph the two orders simultaneously and then combine the two 

for the purposes of mapping the temperature distribution in a flame. 

It was also found, after a number of photographic plate-

developer combinations had been tried, that Kodak 0.250 plates 

developed in D.19b gave the best results with mercury green light. 

The flame portrayed in the interferogram in Plate ( 16 ) was 

of ethylene, oxygen and nitrogen in stoichiometric proportions. The 

approach volume flow rates were equal to each other and to 82.5 ccs/sec. 

at S.T.P. Thus the approach molar compositions were C
2
H + 10N

2 
and 

30
2 

+ 8N
2. The mean approach temperatures were 75.6°C. (top matrix) 

and 82.5°C. (bottom matrix). 

6.8. Analysis of the interferogram. 

The analysis of this interferogram was carried out, more as 

an exercise, to obtain some indication of the general nature of the 
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temperature distribution and to find the relative importance of the 

various terms involved. For this purpose the flame was assumed to 

be axi-symmetric and circular. The test space was first divided 

into ten "slices" by planes parallel to the burner mouths. Each 

slice was then divided into twenty-five annular rings (Fig21 ) thus 

giving 250 elements within each of which the refractive index was, 

in the first instance, assumed to be constant. The outermost annulus 

was so constructed that the outermost fringe lay in its middle. Each 

slice was now treated independently by a method of numerical analysis: 

the optical path difference was deduced using a tenfold magnification 

of the interferogram, the magnification itself being determined from 

a knowledge of the radius of the brass tube whose edge was visible 

on the interferogram. The optical path difference which in the 

present case was the fringe order (because the interferometer was 

set for the infinite fringe condition) was taken as a weighted mean 

of the fringe order in each annular slice. The optical path differ- 

ence deduced from the interferogram for the outermost annulus was 

used to deduce the mean refractive index of that element. Consider- 

ing next the beam which traverses the first and second, but not the 

third zone, the now calculable optical path due to the first zone 

was subtracted from the value recorded by the interferogram, to 

yield the optical path and hence the refractive index within the 

second annulus. This process was continued until the axis was reached. 
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Thus, if pn  represents the fringe order in the nth zone, the geomet- 

rical path lengh xj which a beam traverses in the jth zone is given by 
n-1 

Xb -  - 	xj bj - xnbn = \--‘pn 	... (6.8) 

j=1  

where X = f xj and the subscript c stands for the cold condition or 

j.1 

the reference beam. With the knowledge of room temperature and atmos- 

heric pressure at the time of the experiment, the value of be  for 

71. 5461 A°  could be found (.3. The first two terms on the left hand 

side of Equation (6.8) are known and hence bn = 11-1 in the nth zone 

can be calculated from a knowledge of pn  as determined from the inter- 

ferogram. 

This method of analysis can give reliable results only if the 

zones are so chosen that the refractive index does not vary very 

steeply in going from one zone to the next. This was the case at 

the boundary between hot and cold and therefore the edge effects 

had to be accurately determined. In this region the zone width was 

so chosen that the shift in fringe order involved in going from one 

zone to the next did not amount to more than one. 

6.9. Precautions and sources of error. 

1. Since the boundary between hot and cold was not well defined, 

it was necessary to evaluate the "edge effects" carefully. It is 

seen from Equation (6.8) that the fringe order p
n 
is given by 

c 
- 
	bda 	pn 



which can also be written as 

Xo 	-
o  To 

n dx
n o T 
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... (6.9) 

The change in optical path due to the presence of the flame is thus 

seen to be inversely proportional to the temperature of the zone 

through which the test beam passes. The effect of this is to 

.exaggerate the edge effects where the temperature is lower than in 

the flame. Furthermore in this region where the hot effluent mixes 

with cold air, there is a steep variation of temperature in going 

from one zone to another. This was the reason for constructing the 

zones on the basis of unit change in order, as mentioned above. 

2. The accuracy of the analysis depends upon the least 

detectable change in fringe order. In the high temperature regions 

the fringes were very thick and therefore, when plotting the 

enlarged fringes, the locus of maximum intensity on a black fringe 

could be determined only approximately. Moreover, in the regions 

where the fringes were very close together even a slight error in 

the direction of fringes would introduce a large error in S. Over 

and above this, in the regions where the change in direction of the 

fringes was very gradual, it was difficult to deduce the change in 

fringe order in going from one zone to another. This could, however, 

be avoided by taking the annular slices of greater width in these 

regions. As a result, the minimum change in order that could be 
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measured by the method followed was only about a quarter of a fringe, 

On the assumption that fringes could be traced correctly. 

Each analysis was carried out twice with each flame, the first 

result being used to construct a subdivision into elements better 

suited to the particular refractive index field. 

6.10. Translation of refractive index distribution into temperature  

profile. 

The next step was the translation of the refractive index into 

a temperature distribution. This could be done with the help of 

Equation (4.5). The test space was divided into two halves by the 

"slice" giving the minimum value of S near the axis of the burner. 

This, to a first approximation corresponded to the section at which 

temperature was the highest and therefore the regions where the 

composition corresponded to the products of combustion. In one half 

of the test space towards the fuel side, the value of So  was taken, 

to a first approximation, to be that of a mixture of 7.5 ccs. of 

C.
2H4 

and 75 ccs. of nitrogen at S.T.P. Since 6 is additive by volume 

(1.9 ) this can be easily calculated if the refractive indices of the 

gases for A = 5461 A°  are Inown (38 ). Knowing the constant 6 
o  To 

 and 

S, temperature could be calculated at the corresponding points of 

this half of the test space. In the other half on the oxygen side 

the approximate procedure was the same except that So  now corresponded 

to a mixture of 22.5 ccs. of oxygen and 60 ccs. of nitrogen (both at 

E.T.P-.). This gave the temperature distribution to a first approximation, 
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6.11. Correction for diffusion induced composition effects. 

Whilst temperature is the main variable, the diffusion induced' 

variation in composition was also taken into account. As discussed 

in Chapter 1, this secondary dependence was calculated on the assump-

tions underlying the theories of diffusion flame structure viz. the 

equality of diffusion coefficients with the thermal diffusivity. 

Under these conditions the fraction of reaction completed is equal 

to that of temperature rise, f 

= 	 ... (6.1o) 
b 

where T denotes the ratio of temperature (°K) to its initial value 

and the suffix 'b' indicates the burnt state. One method of solution 

is the use of successive approximations. In this, the entire refrac-

tive index distribution is assumed, as a first approximation, to be 

due to temperature variation alone. The resulting temperature distri-

bution determined, as discussed above, is used to compute the compo-

sition distribution, according to the above equation. The approximate 

temperature distribution is next corrected and the entire process is 

repeated until further variation is negligible. 

Since, using the above relationship, the composition distribution 

can be expressed uniquely in terms of temperature, it is equally valid 

and more rapid. to express the dual dependence analytically. Thus in 

the law relating refractive index (1+.5) to temperature : 

= 	6 u ... (6.11) 

ti 
refers to the mixture composition corresponding to 'c and the suffix 
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'u' denotes initial temperature. Adding the contributions of 

reactants (suffix r) and products (suffix p) 

ou = (1-f), + f 6 r u 	p,u 	(6.12) 

which when combined with Equation (6.10) gives : 

(Tb- 1) bu = (Tb - T)br,u+ (T 	1)bio,u 

6u 
can be eliminated with the help of Equation (6.11). Thus, 

(Tb - 1)T6 = (Tb- T)6 u  + (T-1)6 r, 	p,u ... (6.13) 

which on simplification gives 

= 	r,u+  x 	 ... (6.14) 
+ x 

where x = 6 	- r,u 	_p,u 	 ... (6.15) 
• Tb- 1 

Equation (6.14) was therefore used for determining the temperature 

distribution from the knowledge of the local values of 6 in the test 

space. Since the temperature distribution across the faces of the two 

matrices was known, 6 	could be calculated in both the halves of r,u 

the test space. Thus, 

	

Sr u 	
+ 756142, . 	7'5 bEt, u 	u on the ethylene side , 

82.5 

22.5 602 	+ 6001\12  and 	r,u 	,u 	
,ucmw OAL c-LotwasZete. 

82.5 

Furthermore, if the reaction proceeds to completion 

7.5C2H4+ 22.5 02  + 135N2  = 15 CO2+ 15 H2O + 135N2  

Therefore p,u = 15(6CO u+ 6H20,u)+ 135 ON2,u 2' 

   

165 
For this case, S - 6 	= 25 x 10-7. r,u p,u 
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6.12.Final flame temperature 

The value of T
b was taken to be the adiabatic flame temperature' 

( 39) which would have been attained if the two reactant mixtures 

concerned had been pre-mixed in such a proportion that the C
2
H
4
:0
2 

ratio was stoichiometric and burnt. 	The temperature was assumed 

to be low enough to neglect dissociation. For the purpose of this 

calculation, the volumes of reactants were Calculated as follows: 

Since it was supposed that the maximum temperature was attained 

at a surface where the ethylene and oxygen concentrations were in 

stoichiometric proportions, for a reaction proceeding to carbon 

dioxide and water, the volumes of C
2H4 and 02 would be respectively 

7.5 ccs/sec. and 22.5 ccs/sec. However, if the reaction proceeded to 

CO and H20, the volumes of C2
H
4 
and 0

2 would respectively be 7.5 ccs/ 

sec. and 	ccs/sec. The volume of nitrogen from either jet arriving 

at the stoichiometric surface was taken to be the fraction of the total 

volume of nitrogen in the corresponding gas stream associated with the 

Volume of the reactant taking part in the reaction. Thus for the 

reaction proceeding to CO2  and H2O 

N
2 (Ethylene side) = 75x 7.5 = 75 ccs/sec. 

7.5 

N
2(Oxygen side) 	= 60 x 22.5  = 60 ccs/sec. 

22.5 
For the flame under distussion, Tb  was approximately 1950°K for the 

reaction proceeding to completion while for the reaction proceeding to 

0 carbon monoxide and water, it was approximately 1850 K. 
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CHAPTER 7. 

PRELIMINARY RESULTS  

7.1. Temperature distribution  

The approximate distribution of temperature in the flame analysed 

is shown in Fig. 2/2 . Three features are apparent from this graph. 

(i) There is a considerable random variation in temperature 

distribution in the main combustion zone. As remarked earlier, this 

is due to the difficulty in finding the fringe shift in regions where 

the direction of fringes changes very gradually, 

(ii) The maximum temperature in the main flame is well below the 

theoretically calculated value. 

(iii) Outside the main flame, the temperature is seen to attain 

the theoretically calculated value in the effluent. 

It was therefore thought necessary to check the last two points 

with the help of sodium line reversal method and thermocouple. 

7.2. Measurement of maximum temperature  

a) Sodium line reversal method. 

For a determination of the maximum temperature in the flame by sodium 

line reversal Method the optical system was the same as in Fig. 14 . 

The source of sodium was a fine bead of sodium chloride at the end of 

a platinum wire. In consequence of the aerodynamics of the flame, 

the sodium vapour spread all over the flame if the bead was intro-

duced near the axis of the burners. In fact the region over which 

sodium vapour spread was determined by the position of the bead with 
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respect to the burner axis. It was therefore arranged that the vapour 

spread over only a triangular sector of the flame with the bead 

located at the apex of this sector. This could be easily attained 

by putting the bead away from the axis, the distance being governed 

by the desirability of providing the light from the background source 

with an optical path in the sodium vapour small enough to avoid the 

errors due to complex flame structure but large enough to produce 

equilibrium radiation. 

With the flow rates remaining unchanged, reversal was obtained 

over a range of temperatures, the maximum variation being 50°K. This 

was presumably due to the range of temperatures within the light cone 

of the transluminating beam and also to the difficulty of introducing 

the sodium bead at the same place everytime. The reproducibility of 

the results was poor for the same reason. Since a gradient was 

present on either side of the flame and only the maximum temperature 

was relevant the highest value out of a set of ten readings was taken. 

This was 1700
o. 
 near the edge. 

b) Pt/Pt-Rh thermocouple. 

Immediately after this the temperature was determined by a 

coated Pt-Pt-Rh (13%) thermocouple . 

The thermocouple was made from .001" thick wires. Small 

lengths of the metal and the alloy were spot welded on to thicker 

wires of the same material by means of a low temperature flame. 

Long leads of thick copper wire were soldered to the free ends of 
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the thick wires. 

The free ends of the finer wires were then brought together 

so as to make a cross and were similarly spot welded. The superfluous 

lengths protruding from the junction were clipped off. 

A thin layer of SO21 was deposited on the thermocouple by the 

following simple process. A low temperature flame of town gas was 

stabilised on a Meker burner. Part of the gas supply was then by-passed 

through an alcoholic solution of hexamethyl-disiloxane. The flame at 

once acquired a dull grey colour. The thermocouple was coated by 

moving it quickly across this flame so that it just lost its metallic 

lustre. 

In view of the steep temperature gradient in the flame the 

thermocouple was mounted on a stand so that it could be moved along 

the vertical and horizontal directions by micrometer screws. The 

e.m.f. was read by a millivoltmeter which, in the preliminary experi-

ments, was not calibrated. 

It was found that the temperature in the main flame was higher 

at the edge.e. In the effluent however the thermocouple melted suddenly 

while probing for the maximum temperature region. This was sufficient 

prodf that the temperature in the effluent was above the melting point 

of platinum. 

7.3. Inferences. 

It is perhaps worth mentioning that the melting of platinum at 

one point in the effluent could not be reproduced when attempts were 

made to stabilise a similar flame several months later. This may be 
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due to the fact that the temperature rose and fell steeply in the 

effluent so that the location of the maximum temperature regions 

was not easy. 

A possible source of errors occurred in matching the two orders 

of the interferogram to yield a composite picture. At the same time, 

the experiments confirmed the need for determining the highest tem-

perature by at least two independent methods. This cross-check was 

expected to provide a reliable reference point, in the high temperature 

region, for "pegging"the interferogram. The advantages of this have 

already been mentioned. 

Attempts were, therefore, made to improve the setting of the 

interferometer. An investigation into the fractional errors, some 

conclusions of which are summarised in Appendix C, caused in 6 due to 

various factors occurring in equation (6.8) was also undertaken. 

7.4. Improvements in interferometer setting. 

The relationship (Equation 6.2 ) between grating constant and 

f-number of the schlieren mirrors implicitly assumes normal incidence 

at the gratings. In fact the angle of incidence varies from zero 

to sin
-1 
 (a/f) for the system shown in Fig. 20 . In view of this, 

Equation 6.2 	will be strictly valid only for the mean ray whose 

angle of incidence I on the grating is sin-1(a/2f). The angle of 

diffraction for the first order is therefore given by 

d (sin 9 + sin I) = h where sin I = a/2f ... (7.1) 
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and the deviation D suffered by the diffracted ray is 

D =I -0 	 ... (7.2) 
Combining Equations (7.1) and (7.2) the condition for minimum deviation 

is found to be 

(7.3) 
The solution 9 = + I gives the zero order of the mean ray while 8 = - I 

is valid for the first order diffraction maximum. This condition 

should be satisfied if the zero and first orders corresponding to 

the mean ray are to fall symmetrically on opposite sides of the pole 

of A. When this happens, the two orders (for all the rays in the 

incident cone) incident on A will, to a first approximation, be circles 

of diameter equal to the radius of A and two collimated coherent beams 

result. 

Substitution of Equation (7.3) in Equation (7.1)gives 

2d sin I = h. 

or 	d = "iNf 
a 

While through this analysis the grating constant is still found to be 

the same as in Equation ( 6.2) an important condition for an accurate 

setting of the interferometer is obtained, viz. the gratings B and B' 

should be set for minimum deviation. 

This setting up was quite simple. Without altering any other 

elements in the optical system, each grating was slowly rotated. 
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This alters the separation between the orders on account of the 

changing deviations of the first orders of the incident cone. When 

the separation becomes a minimum, the zero and first orders lie on 

A in such a way that they touch each other at the pole of the schlieren 

mirror. If the grating is further rotated in the same direction the 

orders begin to move further apart once again. 

This refinement led to a much improved visibility of fringes 

giving at the same time the complete interferogram of the diffusion 

flame in a single order. The intensity of the interferogram in the 

zero and first orders of B' were significantly different ( 36). 

To avoid errors due to vibrations of the interferometer, sub-

sequent work was done at night. 
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CHAPTER 8.  

STRUCTURE OF THE FLAT DIFFUSION FLAME  

8.1. Observations  

The flow rates of the reactants for the, flame considered here 

have been mentioned in Section (3.6). These flow rates remained 

constant for well over fifteen minutes while the experiment took 

only five minutes. The sequence of operations was as follows: 

(i) to note the barometric pressure and room temperature; 

(ii) to adjust the flow rates and light the flame; 

(iii) to wait till the matrix temperatures attained steady values. 

This usually took about forty minutes. During this time the flow 

rates had to be adjusted from time to time. 

(iv) to take four photographs of the interference pattern. Each 

plate was exposed for about five to ten seconds; 

(v) to check that the flow rates remained unchanged; 

(vi) to take eight particle track photographs; 

(vii) to record the thermocouple readings; 

(viii) to re-check the flow rates, atmospheric pressure and room 

temperature. 

The second half of the experiment consisted of determining the 

maximum temperature at a particular position in the flame by sodium 

line reversal method and by thermocouple. For the sake of convenience 

this place was chosen just above the burner rim. 

The position of the thermocouple junction was varied in a ver-

tical direction by means of a micrometer screw, till the millivoltmeter 
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showed a maximum deflection. When the axial position of the thermo-

couple was altered, it was found necessary to wait for about five to 

ten seconds before the millivoltmeter showed a steady deflection. The 

resistance of the thermocouple at the maximum temperature was also 

measured in order that a correction term to the reading of the cali-

brated millivoltmeter could be applied. 

The correction L.,1E for the difference between the wire tem-

perature T
w 
and that of the gas could be determined with the help of 

particle track photographs which gave the local velocity in the region 

occupied by the thermocouple. For the purpose of calculating the 

Reynold's number of flow, the diameter of the junction, assumed to 

be spherical, was taken to be equal to the wire diameter and the 

flame gases were treated as nitrogen. 

An interferogrom of the flame analysed is shown in Plate 17 

and a typical particle track photograph in Plate 9 . The values of 

the maximum temperature as found by thermocouple and sodium line 

reversal method were respectively 1600
o
K and 1585

o
K. It will be 

shown later that these were not the highest temperatures in the 

system. The theoretically calculated value for completion of reaction 

to CO2and H2O was 1850°K approximately. The temperature for reaction 

to CO and H2O was 1750°K but, in this ill4tavice, this was found irrele- 

vant in view 	the findings of sampling followed by gAs ohromatographic 

analysis whichis further discussed below. 
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8.2. Gas chromatographic analysis. 

A simple apparatus was used for taking gas samples from the 

test space. A sample tube was connected in series with a cenco hyvac 

pump and a syringe with a hypodermic needle was located in the test 

space. The sample tube was evacuated sand samples were then aspirated 

in from throe different regions of a flame, stabilised using the same 

flow rates of reactants. The hypodermic needle was located at (i) the 

edge of the burner; (ii) on the ethylene side immediately under the 

luminous zone and (iii) on the oxygen side immediately above the 

luminous zone. No exact measurements of the location of the needle 

were taken. 

The analysis was carried out with the help of a gas chroma-

tography column. It was found that : 

(i) At the edge, traces of ethylene along with a high concen-

tration of carbon dioxide and oxygen, a small amount of carbon monoxide 

and,possibly, hydrogen were present. The concentration of carbon 

monoxide was not thought to be more than two percent of that of carbon 

dioxide. 

(ii) On the "fuel side"the very small amount of ethylene present 

revealed that the probe must have been closer to the central reaction 

surface than was originally supposed. In addition to large amounts of 

oxygen and carbon dioxide; hydrogen, carbon monoxide and ethylene, as 

well as amoUnts of ethane of the same order as those of ethylene could 

be detected. 
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(iii) The speciee detected on the oxygen side were principally 

oxygen and carbon dioxide, together with smaller amounts of ethane 

and hydrogen. The amounts of ethane and hydrogen did not appear to 

be much different from the previous case but no ethylene could be 

detected. 

The significance of these findings will be discussed in the 

next chapter. 

8.3. Calculations. 

The distribution of refractive index in the test space was 

determined by the method outlined in section 6.8 . The magnifi-

cationid of the interferogram was determined, in the first instance, 

by dividing the separation of the images of the matrices in the 

enlargement by the Fotual separation, determined by means of 

cathetometer when the burner was cold. This measurement was carried 

out along the axis, which was assumed to be exactly coincident with 

both the line of symmetry and the "eye" of the interferogram. This 

value of U proved unreliable, largely because of the optical distor-

tion induced by the ray deflections near the matrix (Plate 11 ). The 

observation that the separation of the images on the enlargement varied 

somewhat along the radius of the matrices confirmed that focusing did 

not entirely eliminate this effect of refractive index gradient. 

Accordingly, the value of the magnification was based on parts of the 
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image unaffected by these optical effects - the distance between the 

"eye" of the interferogram and the edge of the outer matrix, as we'll 

as the width of the outer matrix. Both measurements indicated M =.12.55. 

The question of the accuracy of this geometry is in fact rather 

important. If p is the fringe order for the first annular strip the 

optical path gradient A p is given by 

X (6 - 6) = 	 ... (801) 

Thus, if the interferogram was enlarged M times 

= MX 	 (8.2) 

where ,X, was the distance actually found graphically. Therefore Equation 

(5.1) becomes 

XE (bc- 	= NXP 	
... (8.3) 

The error in S due to an error dN in M is, therefore, 

d b = 	d14 (6
c
-6) 	 (8.4) 

N 
This result will be used below. 

The values of 6= S for E = 12.55 are shown in column 2 (Table I). a 

The next step was the pegging of this distribution to the temperature 

as recorded by Na line reversal and thermocouple. The minimum b 
Wao 

calculated on the basis of these measurements 	53x 10
-6 

as compared 

with 61 x 10-6  obtained from the interferogram. The reasons for 

correcting the latter value to the former have been set out in a 

previous chapter. 	The remaining question was how to adjust the 

distribution. The method devised is equivalent to assuming an error 

in magnification - (Equation 8.4) - for the following reasons. 
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First, an error of only 4,/, in r  suffices to account for the 

difference. This is equivalent to a misalignment of 1.6 mms. between 

the axis of the jets and the minor axis of the "eye". Since, as 

mentioned before, no scaling marks were available on the interferogram, 

an error of 1.6 mms. does not seem improbable if the method of finding 

the axis of the jets is taken into account. 

Second, the correction is linear and therefore, easy to apply. 

The third and main point is, however, that the cause of the discrepancy 

is not very important - the initial and final values are fixed and 

the deviation in between is unlikely to be appreciable, even if the 

error does not follow a first order law. The corrected values 	613  

are shown in column3(Table I). These were then converted to temperatures 

allowing for diffusion induced changes in composition. 

8.4. Diffusion-induced changes in refractive index. 

The effects of composition-induced changes were determined 

according to Equation (6.14 ). For the flame,under discussion, the 

values ofmixture  at 273 
o1( and 77.28 cms. f Hg. are 

r,u = 330.77 x 10-6  on the fuel side 

6  1' 911 = 297 x 10
-6 

on the oxygen side. - 

The products being carbon dioxide, water vapour, excess oxygen end 

nitrogen, 

61),u  = 311.25 x 10
-6 
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Therefore 

- 5,u = 19.52 x 10 ,,,u 	p  on the fuel side. .,.  

x = 4.02 	) 

x = 2.93 	
on the oxidant side. 

6 r9u-b71,12  = -14.24 

T 
 b
.:, 1 = 4.86 

In the regions occupied by the products of the reaction, 

5.7 c2li4  + 22.4. 02+ 135N2  = 11.4 002+ 11.4 I120 + 5,3 

-6 	= 2.4 x 10-6  r,u p,u 

and 

02  + 1.35N2  

x = 0449 

The values
c obtained after applying this correction are shown in 

column 4 (Table I) and are plotted in Fig.( 23 ). 

8.5. Parabolic correction. 

The analysis so far has beenlased on the assumption that any 

transluminating ray travels undeviated through the flame. This is 

implicit in using Equation ( 6.8) in place of the more correct Equation 

( 6.9 ) where x inside the integral has to be measured along the ray. 

For a more accurate analysis, the path of light inside the flame should 

therefore be known. The cartesian equation of this path Fig.( 24 

has been seen to be (Section 5.2 	) 

z - zo 	o d\1 x2  
dz / 

The api)roach in the present investigation was to find the 

magnitude z - zo  of the axial displacement experienced by the rays 

-6 
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due to the vertical component of the refractive index gradient.(It 

	

will be seen - section 8.6 	- that the radial component, in the 

region of interest, is negligible within experimental errors); In 

view of the complex refractive index field (Fig. 23 ) only the rela-

tively flat portion of the flame was considered for the purpose of 

this calculation. 

The deflection manning studies showed (section 5.4 ) that 

the refractive index gradient is a maximum in the immediate vicinity 

of the two matrices. This observation is confirmed by the graph 

(Fig. 25 ) of 6 against z. It is seen that 5  changes most steeply 

near the matrices. In the regions of heat release, grad 5 is quite 

small. 

In view of this, it was decided to find z - zo  near the two 

matrices and see if the displacement was more then the "depth" of 

each annular slice over which the average fringe order had been 

determined for evaluating the interferogram. Thus on the fuel side 

d6 	= 459.25 x 10-6  at z = 15.0 	12.55) 
dz 

x =  30   OL. 
12.55 3  

•
2 

• z o = - (dS ‘ 	- .00/2 cms. 
`adz; 

Similarly on the oxidant side 

do = 576.5 x 10
-6 

at z = 0.5 (i 12.55) 
dz 

and using the same value of x 

- z
o 
=-.0019cms. 
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The udepth" (along the axis) of each slice was about .032 cms. 

which is one order of magnitude greater than the ray displacement. 

It, therefore, follows that the method of analysis of the interfero- 

gram was such that the inaccuracies introduced by using Equation (6.8 ) 

instead of Equation (6.9 ) were negligible. 

8.6. Temperature profiles. 

The temperature profiles were derived from the graph of 

refractive index distribution (Fig.23 ). Since the method essentially 

gave the average value of bin each annular strip the curve (for each 

slice) was drawn through the means of successive b'Is. It was found 

that the bprofile was sensibly flat in the central region. This 

smoothed o- profile was used for calculating the temperature dis- 

tribution according to Equation (6.11 ). The,  approximate isotherms 

thus obtained are shown in Fig.( 26  ). The gradient in the effluent 

was so steep that it was found difficult to follow through all the 

isotherms in this region. 

It will be noted that the maximum temperature (1650 °K) 

is not reached till in the peripheral zones of the flame. Comparison 

of this result with theoretical -,alue will be included in the discussion. 

8.7. Correlation of the interferogram and. Particle track photo raphs. 

In view of the optical distortion induced by ray deflection 

near the matrices, it seemed advisable to seek another reference 

plane for correlating the interferogram and particle track photographs. 

The middle section of the test space where the ray deflection was very 

small was well suited for this purpose. This could be found by bisecting 

the distance between the images of the matrices on the interferogram and 

on the particle track photographs. 
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The distances were accordingly measured from this central plane. 

Since the ray deflections near the two matrices were of the some 

order of magnitude, the error in location of the middle-section of 

the test space on the interferogram could not be appreciable even if 

the axial separation was distorted. 

5.8. Components of local velocity. 

Table II gives the vertical and radial components of local 

gas velocities as determined from eight particle track photographs 

of the same flame. Witbin the accuracy of measurement, the axial 

component Vz was found to exhibit the same variation with z for 

three values of r. Accordingly one best fitting curve was drawn 

through all these points. (Fig. 27 ). 
Vr on the other hand increased with r. Its values are 

plotted in Fig.( 28 ). 

On account of the light scattered by the matrices, the 

particle tracks could not be followed ir) to the upstream origin of 

each jet. As a result of this, the determination of heat release 

rate was limited to only those regions where the flow velocity 

could be determined. Since the temperature in the inaccessible 

regions was too low for cpnreciable reaction, this was not of much 

consequence for the Tpurpose of the investigation Section 9.5). 
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CHAPTER 9.  

ANALYSIS OF THE STRUCTURE OF A FLAT DI2FUSION FLAME 

9.1. Temperature and derived profiles. 

Over the flat central region the variation of temperature with 

the axial co-ordinate was found to be as shown in Fig.( 29 ). The 

parameters (section 1.6 ) needed for the determination of the distri-

bution of heat release rate were found with the help of this profile. 

dT/dz was determined graphically at various points across the 

test space. It was found (Fig.30 ) to increase at first and then 

start decreasing. The general form of the variation was the same 

on both the fuel and oxidant sides, but the fall was more rapid on 

the oxidant side. 

The values of the local thermal conductivity were needed for a 

dT determination of d K 
dz 
 . While there are many sources (23,40,41) 

dz 

for thermal conductivity data of individual gases at high temperatures 

these do not usually give values up to the temperatures attained in 

this flame. The required values were ultimately found in a text book 

(42 ) but their source was not given. The thermal conductivity of the 

relevant mixtures was estimated ( 43) by taking an average of the 

arithmetic mean by volume of the component conductiVities and of the 

harmonic volume weighted mean. 

The procedure was to fin:1 the thermal conductivities of the two 

reactant mixtures of (i) 5.7 ccs. ethylene and 75 ccs. of nitrogen; 

(ii) 22.4 ccs. of oxygen and 60 ccs. of nitrogen at temperatures up to 

° 373K. The thermal conductivity of the products was then similarly 
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calculated at temperatures in the neighbourhood of 1600°K. Each 

intermediate temperature occurs along two surfaces, one on either 

side of the zone of maximum temperature. The compositions differ 

on the two sides but on each side can be related uniquely to tempera-

ture by the law used already in the conversion of b to T. Since the 

fractional change in composition corresponds to that in temperature, 

the following procedure was employed. Two graphs were plotted of 

conductivity against temperature, each including the composition 

variation on one side of the flame. Three points for each of the 

cold reactant streams (at temp. up to 373°K) and for the hot products 

(around 1600°K) were used to define the position and slope of the 

terminal curves, to which the required graph must become asymptotic. 

From these the two relationships were then determined by interpolation 

(Fig. 31  ). It was found that only one curve was needed for both the 

oxidant and fuel sides. 

From a plot of K ..-`-'rT1 
 • against z, the values of d 	K .7 1̀T- icould 

dz 	 — 
dz \ az  

then be determined at various axial distances. 

9.2. Thermodynamic properties. 

While a knowledge of temperature distribution in the test space 

is sufficient for calculating the local density and enthalpy, to a 

first approximation, the effect of diffusion induced changes in com- 

position on these thermodynamic properties was again taken into account. 
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The approach was similar to that outlined, in section 6.11 . The 

basic equation need was also similar. Thus the relations used were 

,-- 	--, 
;-- 	• 	i 
L I 	- 	1 
mix

L 
 react -I T  = f = T- 1 

h 	'44 	-- ( prod -react! i  T  

for enthalpy in cals/gm. 

and 
T L. T)mix

- (PT)
reactil.  = f = 	

- 1 
 

p T 	 - 1 
)prod-( 	

T
b )reacti 

... (9.2) 

for density in gms./cc. 

The values of p and H, for the mixtures, at different temper- 

atures could be calculated from a knowledge of p and Ii for the com- 

ponent gases at these temperatures (44 

The local density and enthalpy of the flame gases thus 

deter ined. 	. were 	plotted and the values of dp /dT and 

dE/dT 	found graphically from these curves. 

9.3. Gradients of velocity.  

The method of deriving the gradient of axial velocity was also 

graphical. Its variation with z is shown in Fig.( 32 ).  

dV 
liefore finding. 	. graphically it was decided to check the 

dr 
applicability to these flames of Le clerc's basic result, viz. the 

postulate that the radial velocity in the impingement zone is directly 

proportional to the radius. The radial velocity at different axial 

distances was plotted against r in Fig.( 33 ). It was found that away 

from the region of heat release,'Vr  varied linearly with. r. In the 

Tb 
 1 

... (9.1) 
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combustion zone the rate of change of Vr  with r remained linear for 

small values of r but tended to attain a constant value et bigger 

radii. All graphs between Vr  and r passed through the origin. Since 

it was decided to confine the determination of heat release rate to 

the central region of the flame the values of Vr  for larger is were 

not relevant here and a straight line was drawn through the first three 

points for each z. The slope of these lines gave dVr/dr at different 

z's. The graph is shown in Fig.(34 ). 

9.4. Determination of heat release rate. 

The heat balance equation (section 1.6 ) is 

1 a 
r ar 

Y. aT + rp v 	+ a HK aT + PV 	- wg = 0 
Or 	

r 	 az 	az 	z  
(9.3) 

It has been shown that 

aT = 0  
ar 
	

(9.4) 
and 

V
r
a r 

Ath these conditions Lquation 9.3 on differentiation becomes 

(-K 	v 2_91/ p aH + Hap__)+ pD. av5 	2Vr( p H) = wQ,  
az \ 	az / 	z  az 	OT 	a T/ 	a z 

(9.5) 

This equation was therefore used for the calculation of heat release 

rate. The different terms of this equation have been tabulated in 

Table UL while the calculations have been summarised in Table IV. The 

profile of heat heat release rate is shown in Fig.(35). 
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9.5. Liscussion of results. 

The heat release rate is seen to increase gradually at first 

but its variation with axial distance becomes very steep near the 

middle. The profile is somewhat wider on the fuel side and shows a 

negative heat release rate on both the oxidant and fuel sides. The 

thickness of the reaction zone does not seem to be less than five 

millimetres. 

The total heat release rate per unit area was found by a 

graphical integration of the heat release rate profile. For this 

the negative heat release obtained on the fuel and oxidant sides was 

also taken into account. This was compared with the theoretical value 

obtained by dividing the heat of reaction with the area of the flame. 

The area of the flame was calculated from the particle track 

photographs. The flame was assumed to be a circular disc and the 

skirts on the periphery were neglected. The radius of the cylinder 

whose section appeared as skirts on the photograph was taken as the 

radius of the circular disc (Plate 9 ). The area of the flame thus 

determined was 49 sq. ems. The heat of reaction (44 ) liberated when 

5.7 ccs. of ethylene at S.T.'D. burnt to carbon dioxide and water was 

316,195 x 5.7 	cals. 
22400 

and the heat released per second per unit area of the flame would 

therefore be 
316,195 x 5.7 = 1.64 cals  
49 x 22400 	cm2.sec. 
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The value found by integration of the heat release rate was 

1.59 cals/cm2/sec. The agreement between the two values suggests that 

the analysis is reasonably accurate. However, the appearance of 

negative heat release rate on either side of the flame was the reason 

for further investigation. While it did not seem impossible that the 

Presence of pyrolysis would give rise to a negative heat release rate 

on the fuel side, no good explanation for its appearance on the 

oxidant side could at first be thought of. It was, therefore, desirable 

to look into the uncertainties of the terms in lkluation (9.5) which 

add up to give wQ. 

The two terms involving the variation of thermodynamic pro- 

perties with temperature were, to a first approximation, equal and 

opposite in the regions where negative wQ was obtained. Only the 

terms involving thermal conductivity and axial and radial gradients 

of velocity made up the major portion of wQ. 

In view of the interpolation of thermal conductivity at 

intermediate temperatures (section 9.1) the conductive term seemed 

the one most likely to be in error. To investigate this, the negative 

heat release rate was subtrected from the conductive term so as to 

yield the value of d (K dT ) which would reduce the negative heat 
dz 	dz 

release to zero at different zls, and a graph of this function was 

dT 
plotted. Graphical intergration of this curve gave K -77:3 - and hence 

the 	for various temperatures which would eliminate the anomaly. 
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These points have been marked with crosses on the thermal conductivity 

curve (Fig.31 ). It is apparent that the variation of thermal con-

ductivity suggested by these points is not very likely. 

Next, the negative heat release rate was subtracted from the 

term involving Vr  and the value of VI, for no heat release in the region 

was found. These values have been plotted as crosses on Fig. 34 

Similarly, the change in the remaining term needed to eliminate 

the negative heat release rate was found. The values of aV / a z  Z 
needed for this purpose have also been plotted on Fig.( 32 ). 

While it is true that the particle track method of finding the 

gas velocity is ap-?roximate (Appendix A), the large magnitude of cor-

rections needed in Vr  and OVz/ a z  did not seem very probable either. 

9.6. Sampling and gas-chromatography. 

The reasons for. examining the gas composition by the method 

outlined in the preceding chapter were twofold. First, it seemed 

desirable to compare the CO with the 	concentration in the products, CO„ 

in order to assess the extent of completion of reaction. In the flame 

used during preliminary work, the increase in temperature in going 

from the axis to the edge of the burner suggested that only the first 

stage might be going to completion in the centre, the CO2  stage being 

blown off towards the edge. No analyses were cazried out under these 

conditionS and, in view of the preliminary nature of the measurements 

on that flame, the question must remain unresolved, for the present. 

The current experiments provide no proof to the contrary because 
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reactant compositions as well as flow velocities were different in 

the second sequence of experiments. The two temperatures calculated 

for the second system (1750°K to 00-1-H20 and 1850°K to CO2 	H20) 

however are also compatible with either reaction scheme. The rela-

tively small difference between the two temperatures is due to the 

assumption that the maximum temperature always occurs at the surface 

of stoichiometric composition and the oxygen (with diluent) require-

ment is different in the two cases. 

The results of gas chromatography were therefore first examined 

for CO content. The sample taken near the centre of the flame did, 

in fact, contain some CO, but the CO concentration was such. a small 

fraction of that of CO2  as to leave no doubt that the reaction could 

be regarded as going to completion. This result is in excellent 

agreement with the comparison between the integrated heat release 

and that calculated from the fuel flow on the assumption of complete 

oxidation. 

The second conclusion of the sampling study was no less 

interesting. It was found that a sample taken well on the oxidant 

side of the centre of the flame contained some ethane, in regions 

far enough from the flame for the ethylene content to have fallen 

to undetectably small values. There seems little doubt that 021.L6 

will be formed as a result of attack on C2114. by H and H2 and molecular 

hydrogen was found present in the samples analysed. In view of the 
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very high diffusion coefficient of hydrogen, it would be expected 

to permeate large distances from the reaction zone. The main con-

clusion of this analysis, however, was to destroy the conviction 

that nothing could be present on the oxidant side which would be 

capable of negative heat release. The initiating steps in the 

oxidation of C21469 for instance, are undoubtedly endothermic. Such - 

an explanation would also account for the good agreement between 

measured and calculated total heat release. 

The evidence is not sufficiently duantitative to attribute 

the negative heat release rate to any such definite step. There is, 

however, enough room for speculation to make any further search for 

an error in the measured Quantities which would be responsible for 

the observation unprofitable. The negative heat release is in any 

caseonly a small fraction of the total heat release and does not 

affect the conclusions of the work. 

9.7. Reaction rate laws. 

It is possible in principle to determine overall effective 

reaction, kinetics with the help of the typo of results under discussion 

even without sampling studls. Such a dete/iiination ( 4 ) can be 

based upon the equivalence of the heat and mass conservation equations 

for any species j whose diffusion coefficient, D-9  bears a known • J  

relationship to thermal diffusivity. Thus from Equation 

conservation of mass can be written as (15 ) 

div i:Di grad mi 	- mi 	= 0 	... (9.6) 

( 1.1), the 
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where m is the mass fraction of the jth species whose rate of gener- 

ation per unit volume is• 	and I is the mass flow rate of the mo  

mixture per unit area. 

On the assumption of an overall reaction scheme, the rate of 

formation of the jth species can be linked with the volumetric heat 

release rat 	. Thus if 11 stands for the amount of heat 

liberated per unit mass of the mixture which is associated with the 

mass fraction m• and if Di = k 

111.-n1 

In f-m_ 
J9 	0,0 

Pc 

H-E0 
111—ho  

(9.7) 

where 0 and f, respectively, stand for the initial and final values. 

Thus the concentration of each major species is calculable at 

every point. This, together with the knowledge of local temperature 

and reaction rate everywhere, makes it possible to deduce effective rate 

laws, activation energies and reaction orders. Such an approach has 

been used to establish the validity of the "global" reaction concept 

in pre-mixed flames ( 4 ). 

In view of the preliminary nature of the present work, such an 

analysis was not attempted. The negative heat release rate is due 

either to an individual reaction step, which could not be accounted 

for on the above overall model or to an unaccounted lack of accuracy 

in measurement, in which case such an analysis was also not thought 

to be justified. 
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9.8. Comparison with pre-mixed flames. 

The raison d'etre of the present work was not only to study 

the flat diffusion flame as such;  but also to develop a method for 

analysing the kinetics of "faster" reactants. Besides the fact that 

it is not very safe to premix such reactants, there are two reasons 

why it is not easy to study their kinetics with the help of pre-mixed 

flames. Taking the case of the flame analysed (T
b 

= 1850
0 
K)the 

burning velocity (24,45)0f the equivalent pre-mixed flame would be 

of the order of 25 cms/sec. Such fast burning mixtures cannot be 

stabilised on a flat flame burner at atmospheric pressures. Horeover, 

the thickness of the reaction zone woulc7 be so small that the flame 

would not be analysable by any existing methods. The thickness L of 

the reaction zone of a flame, of burning velocity (Su) 5 cms/sec., 

stabilised on a flat flame burner is always less than 3 mms. Assuming 

that 6 is inversely proportional to Su  

5 x 0.3  cm. 	 ... (9.8) 
Su 

and for the equivalent flame of the example cited above 

n 	5 x 0.3 	 ... (9.9) 

Thus the thickness of the reaction zone of the equivalent pre-mixed 

flame would be expected to be smaller than 0.6 mms. It will be seen 

that the counter-flow diffusion flame in which the thickness of the 

reaction zone is about 5 mms. therefore provides a much more convenient 

tool for the study of fast burning mixtures. 
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CHAPTER 10. 

CONCLUSIONS AEI RILCgIMENDATIONS FOR FLIRT= WORK  

10.1. Conclusions. 

The main conclusions of this research are: 

1. The counter-flow burner is capable of yielding a flat flame of 

reactants which cannot be burnt in equivalent mixture strengths on a 

flat flame burner. 

2. The aerodynamics of counter-flow jets is altered when, the flame 

is lit The theory which supposes the flow pattern to be identical 

with that of two jets impinging on the opposite sides of an infinitely 

thin plate is only approximately correct. 

3. The refractive index field of these flames is such that deflection 

mapping is not very suited to its measurement in the centre of this 

flame. 

4. The distribution of refractive index and hence of temperature in 

the combustion zone can be determined with the help of an interferometer. 

5. For improving the accuracy of the determination of the refractive 

index field, it is desirable to have reference points in the high 

temperature region of the flame. These can be determined by sodium 

line reversal method or thermocouple. 

6. For laminar flows, the position of the flame is determined by the 

stoichdometric locus of fuel and oxident. 
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7. It is possible to use this flame to study the kinetics of highly 

reactive fuel-oxygen combinations. This is so because the present 

investigation reveals that such flames are not only stabilisable as 

flat reaction zones on the opposed jet burner but also have a thick 

enough reaction zone which enables the analysis to be carried out. 

8. As distinct from pre-mixed flames, the lack of transport data at 

hig2. temperatures may not be such a major hindrance in such a study 

because the axial gradient of temperature is constant over large 

regions and where it is not, the temperature range is small. 

10.2. Recommendations. 

While the possibility of using optical techniques to the 

in situ determination of heat release rate in diffusion flame has 

been demonstrated in principle, there is room for further improve-

ments. If the method is to be used for kinetic studies, in particular, 

its accuracy should be improved. A major source of inaccuracy in the 

present work has been the special refractive index field of such a 

flame, involving large gradients near the matrices due to which some 

residual distortion appears to occur even on the focused record. 

Some attention should, therefore, be paid to the,  aberrations which 

affect the imaging of the diametral plane of the flame on a flat 

photographic plate. Parabolic schlieren mirrors may be worth. con-

sidering in this context. In any case, it seems advisable to incor-

porate some scaling marks on the interferogrem plate in order to 

determine the magnification accurately and thereby eliminate the major 
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uncertainty due to distortion. Moreover, the use of some optical 

device for correlating the interferogram and particle track photo-

graphs is highly recommended. 

Attempts should be made to deduce the fringe order from the 

interferogram more accurately. A micro-densitometric record of the 

same would therefore be very valuable. 

The use of particles having a thermal conductivity greater 

than bentonite would reduce the thermal forces acting on the tracer 

particles when they move through steep temperature gradients. This 

would increase the reliability of flow velocity measurements. At 

the same time it may be better to work in curvilinear co-ordinates 

(along the streamlines) to prevent the inaccuracies that are intro-

duced when the particle tracks are resolved along a cartesian system 

of axes. Ultimately, the only absolute method of obtaining more 

accurate flow velocities is to make the irreducible errors a smaller 

fraction of the total by working at flow rates higher than the very 

small values employed in the present investigation. This implies 

larger flame diameters, unless either the burner diameters are 

reduced (which seems feasible) or the mixtures are made leaner (in 

which case blow-out may be approached). Larger flame diameter would 

tend to aggravate the above-mentioned optical problems. 

Another suggestion is the use of shorter focus schlieren 

mirrors for the type of interferometer used in this investigation. 

The main argument against their use has been the difficulty of 
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alignment. Since the technique of alignment has been established 

this should no longer be regarded as a major consideration. The 

smaller object range of such mirrors would facilitate precise 

focusing of the test space. Moreover the distance between such 

mirrors could be reduced, thereby avoiding the need for a big room 

and the associated problem of eliminating convection currents across 

the optical path. The aberrations clue to the deviation from flat-

ness of conjugate planes would, however, be aggravated and suitably 

corrected surfaces might well prove rather expensive. 

The burner and the flame developed can be put to many other 

uses. It can be used for the study of reaction intermediates, 

pyrolysis and the effect of inhibitors. The very interesting results 

of the preliminary study involving sampling followed. by chromatographic 

analysis, suggest already that a full kinetic investigation should not 

be undertaken without detailed analysis for the species present. 

The flame has already found application in a study of the 

electrical properties of flames in which the matrices have also 

become high tension electrodes. 

A very important potential application can be the determination 

of thermal conductivities of mixtures at high temperatures. The addi-

tional advantage in .using this burner for this purpose is thEA, since 

the heat release is confined to only a narrow central zone, the mix-

ture composition is affected only by diffusion up to quite high tem-

peratures before reaction sets in. One method of eliminating all com-

position variation would be to substitute a heated plate for the flame 



159. 

whilst retaining the optiCal and flow tracing methods used in the 

present work. 
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Appendix A 

Accuracy of flow velocity measurements  

There are two important potential sources of error (46) in 

the determination of velocity of flame gases by the particle track 

method. The first is the thermomechanical effect which could be 

important because of the steep temperature gradients present in 

flames. This is supposed to be due to "slippage" of gas molecules along 

the unequally heated surface of the tracer particles. As a result of 

this, a force is brought into play which pushes the particle towards 

the colder regions. The velocity which the particle acquires has 

been calculated (47) and the relations experimentally verified (48),.(49)• 

This velocity depends upon the ratio of mean free path L and 

particle radius a. For the purposes of present investigation, the 

relevant formulae are : 

v = -17.9  Ka 	p L2 
 dT  1+ L A 

Rosenblatt & 
2K 
a
+K. 	T dz 	67c r; 	La Tier (48 ). 

v = -1.5(1+ AL) 	dT 	
K
a  

a pT dz 2K
a
+K 

Saxton and 2anz ( 49). 

v = 0.11 Ka dT 
	

Waldman ( 47 ). 
p dz 

where p = atmospheric pressure 

K
a = thermal conductivity of flame gases 

K. = thermal conductivity of tracer particles 

A = 1.25 

The magnitude of this effect can thus be calculated at any 
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point from the measured dT/dz and a correction applied, if necessary. 

However, it is doubtful, if the equations developed for the less extreme 

conditions can be extended to the case of steep and rapidly varying 

gradients and the effects of convection prevailing in flames. The 

extent of error introduced in flow velocity measurements due to thermo-

mechanical forces on tracer particles in flames has been investigated 

by Fristrom (46  ). The vertical lines in Fig.(36) show the limit imposed 

to quantitative applicability of particle track studies in an atmospheric 

flame, for an error of less than 3%. It appears from this figure that 

the size of particles used in the present investigation (4 µ) lies well 

within this range. 

The other source of error is the velocity lag of particles in 

accelerated or decelerated gas flow. This has been investigated (50) 

theoretically for linear rates of change of velocity. It has been 

shown that the velocity lag A is given by 

A; 	= 0(1+ )-1 	(1-0)11+ 2) Coth ¶11+2 ;'‘  
V 

1+2'0 + 1/7-777-  Coth T 11+ 2A 

where 

V = fluid speed 

U = particle speed 

;)1. 27ftv) 2pa
2 
 = Lra2 x vel.gradient 

1 Ozi actual 9..v: 	9 11 
-si  

0 ,iParticle speed  
\Fluid speed 

/ initial 

T = jo+t 	t = time, p = particle density. 

4pa
2 
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For large values of T equation (A4 simplifies to 

= 	1 +  4 	1 +2 ,)  ... (A.2) 
A 

The values of viand ¶ for the present investigation are 

T ti 	 t 

` 	-4  7, \ 
I 7- 

!actual 

 

The maximum value of the velocity gradients observed from particle 

track studies was of the order of 10 sec 1  and therefore 	was 

negligible as compared to one. The velocity lag42-, according to 
vsr 

Equation (A.2) was also negligible. 

While the theory is not rigorous, it nevertheless points to 

the conclusion that the velocity lag of particles in the type of 

flame studied will not introduce a serious error in particle track 

studies. 

This effect has again been considered by Fristrom and the 

corresponding limit is indicated by the inclined line in Fig.( 36). 

The cross-hatched region indicates the satisfactory range of particle 

size and burning velocity for an error of less than 56, It will be 

seen that the size of particles used in the pr.sent study lies near 

the centre of a very large range of permissible values. 
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Appendix B  

Virtual Origin of the deflected beam 

The path of a ray initially parallel to a one dimensional 

flame to a close approximation has been shown to be (Section 5.2 

z - zo = 1 db x
2 

...(B,1) 
2 dz 

If the ray leaves the flame at x = D, the corresponding value z' 

(Fig. 24 ) is given by 

z' = z 	1 db D
2 	... (B.2)  

0 	7 dz 
The intersection of the tangents drawn to this parabola at the points 

z = zo
, x = 0 and z = z', x = D gives the virtual origin of the 

deflected rays. This can be obtained by solving simultaneously the 

equations of incident ray 

z = z 
0 

and the emergent ray 

z 	z'z =+1 db _:DD 
° _— 

2 	2 dz 
... (B.3) 

where z' is given by Equation (.B.2). 

The solution is z = z
o
, x = D which are the co-ordinates of 

2 
the centre of the flame. This solution being independent of d8/dz, 

it follows that the virtual origin of all deflected rays, to a close 

approximation is the centre of the flame. 



61 = c 	
7\ p1 

and 
xi  
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Appendix C.  

Calculation of fractional errors  

The Equation (6.8) used for the analysis of interferogram can 

be written as 
n 	n-1 

6 	xi - 	xj 6
j 
- xO = 

U=1 c . =1 	j=1 	n n 
▪ (c.1) 

Out of the factors involved in this expression, it will be 

assumed. that the geometrical distances can be read off very accurately 

from Fig.(21). The fractional error introduced due to small errors 

in x's will be insignificant. Attention will therefore be confined 

only to the two important variables 6c  and pn. 

(i) Errors in 6c 

Since the R.H.S. of Equation (C.1) is the optical path difference 

between the reference and the test beams for each annular strip, an 

error in the reference temperature and hence
c 

will introduce an 

error in the 6's for all these strips. Thus for the first strip 

do1  = d6 
	 • 	(c.2) 

For the second strip 

OY Sc -0x -6x = 
'}p2 1 1 	2 2 	2 ▪ (c.3) 

where X2  x1+ x2  and p5  is the local fringe order. In Equation (C.3) 

since 6
c 
is in error, both 6

1  and 62 
will be wrong by a certain amount. 



Thus differentiating Equation (C.3). 

X2d6c  - xidol  - x2d62  = 0 

or 	x1 (doc-dot) + x2(dOc-(162
) = 0 

which on combining with Equation (C.2) gives 

dOc 
= db2 

In general 

d6
c 

= do1  = db
2 

= 

Hence the fractional error
n 
in n 

is given by 

O = don = doe . 6c = 6c 
n 

 
c 

On 6
c 

O
n 

O
n  
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(c.4) 

Since b a 1 , the fractional error introduced in the calculated 
T 

temperature of the nth strip will be 

T 
= n 

n 	
... (0.5) 

T
c 

A small error in T
c is therefore magnified by a factor Tn/Tc 

The 

room temperature should therefore be very accurately known. 

(ii) Errors in local fringe order pn  

If then has been an error d
Pn 

in finding the local fringe 

order, the corresponding o will also be in error. This can be deter-

mined by differentiating :equation (C.1) for the two variables 6
n 

and 

p. Thus n 

x
n
db
n 
= -Adpn 

dO 	dpn  6 = n  = - n 
O
n 	

x
n 

p
n On 
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= -n n 
  x

nn 

... (0.6) 

The fractional error c-Lb
n 
is seen to be directly proportional 

to the local fringe order and inversely proportional to an. The 

negative sign indicates that a positive error in pn  causes a negative 

error in
n 
and vice versa. 
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TABLE I.  

r• 
Refractive index distribution 	= (n-1)106. 

Temp. in °K. r = radial distance x 9.41 cms. 

z . Axial distance x 12.55 cms. 

z = 0.5 

r 6 a 	, 
, 

lo, j  
. 
c Temperature 

0.00 195.79 192.79 189.86 423 
6.00 187.66 184.36 181.43 443 
9.00 190.20 187.00 184.07 436 
12.00 196.24 193.24 190.31 422 
15.00 195.45 192.45 189.52 424 
18.00 194.13 191.08 188.15 427 
21.00 192.26 189.11 186.18 431 
23.25 188.00 185.10 182.17 441 
24.75 197.80 194.90 192.00 418 
26.25 193.95 190.90 188.00 427 

.27.75 188.81 185.56 182.63 440 
29.10 185.21 182.17 179.24 448 
30.30 171.29 167.39 164.46 488 
31.50 151.84 147.34 144.41 556 
32.70 134.58 129.33 126.40 635 
33.75 132.15 126.80 123.87 648 
34.65 120.26 114.51 111.58 720 
35.55 114.04 108.00 105.07 764 
36.45 111.63 105.53 102.60 782 
37.20 104.43 98.00 95.07 844 
37.80 103.13 96.69 93.75 856 
38.40 98.91 92.31 89.38 898 
39.00 99.00 92.40 89.47 897 
39.60 96.45 89.75 86.82 925 
40.05 95.69 89.00 86.07 934 
40.35 95.00 88.25 85.32 941 
40.65 88.43 81.43 78.50 1023 
40.95 92.70 85.90 83.00 967 
41.25 83.70 76.50 73.57 1091 
41.55 83.95 76.85 73.92 1086 
41.85 82.32 75.12 72.19 1112 
42.15 89.62 81.62 78.69 1020 
42.45 83.58 76.48 73.55 1092 
42.75 80.33 73.03 70.10 1145 
43.05 81.26 74.00 71.07 1130 
43.35 87.31 80.31 77.38 1038 
43.65 87.41 80.41 77.48 1036 
43.95 85.58 78.08 75.15 1068 
44.25 93.45 86.65 85.72 937 
44.55 96.10 89.40 86.47 928 
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Table I - contd. 

z . 0.5 

r Sa gb 
r 
c 	Temperature 

44.85 110.17 104.00 101.07 793 
45.15 118.38 112.48 109.55 733 
45.45 139.81 134.81 131.88 609 
45.75 153.84 149.34 146.41 548 
46.05 175.72 172.00 169.07 475 
46.35 188.17 184.87 181.94 441 
46.65 226.09 224.19 221.26 363 
46.95 239.09 237.69 234.76 342 
47.25 243.58 242.38 239.45 335 

z . 	1.5 

0.00 160.58 156.28 153.65 523 
6.00 167.57 163.52 160.59 500 
9.00 160.73 156.43 153.50 523 
12.00 169.81 165.86 162.93 493 
15.00 162.70 158.50 155.57 516 
18.00 162.53 158.28 155.35 517 
21.00 158.52 154.12 151.19 531 
23.25 155.90 151.40 148.47 541 
24.75 158.38 154.00 151.07 531 
26.25 156.95 152.50 149.57 537 
27.75 150.16 145.46 142.53 563 
29.10 149.26 144.15 141.22 569 
30.30 138.00 132.85 129.92 618 
31.50 129.26 123.81 120.88 664 
32.70 115.73 109.73 106.80 752 
33.75 108.00 101.75 98.82 812 
34.65 101.31 94.81 91.88 874 
35.55 96.14 89.44 86.51 928 
36.45 91.00 84.10 81.17 989 
37.20 88.18 81.18 78.15 1027 
37.80 84.86 77.76 74.83 1073 
38.40 84.93 77.83 74.90 1072 
39.00 83.06 75.86 72.93 1101 
39.60 77.64 70.24 67.31 1193 
40.05 81.85 74.65 71.72 1119 
40.35 78.80 71.45 68.52 1172 
40.65 80.58 73.33 70.40 1140 
40.95 79.51 72.21 69.28 1159 
41.25 74.19 66.69 63.76 1259 
41.55 77.68 70.28 67.35 1192 
41.85 76.71 69.31 66.38 1209 
42.15 80.73 73.43 70.50 1139 
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Table I - contd. 

z = 	1.5 

r Ea Em r 
Oc 	I 	Temperature 

42.45 79.85 72.55 69.62 1153 
42.75 80.49 73.24 70.31 1142 
43.05 83.74 76.60 73.67 1090 
43.35 81.00 73.75 70.82 1134 
43.65 85.12 78.02 75.09 1069 
43.95 94.54 87.80 84.87 946 
44.25 93.71 86.90 83.97 956 
44.55 110.00 103.80 100.87 796 
44.85 119.66 113.86 110.93 724 
45.15 138.93 133.83 130.90 613 
45.45 157.61 153.21 150.28 534 
45.75 177.00 173.30 170.37 471 
46.05 193.52 190.42 187.49 428 
46.35 231.33 230.60 227.67 353 
46.65 235.79 234.29 231.36 347 
47.025 248.87 247.87 244.94 328 

z = 2.5 

0.00 126.35 120.75 117.82 681 
6.00 133.53 128.23 125.30 641 
9.00 138.97 133.87 130.94 613 
12.00 140.53 135.50 132.57 606 
15.00 139.45 134.35 131.42 611 
18.00 123.53 117.83 114.90 699 
21.00 123.78 118.13 115.20 697 
23.25 127.72 122.22 119.30 673 
24.75 123.74 118.10 115.17 697 
26.25 127.25 121.75 118.82 676 
27.75 122.86 117.16 114.23 703 
29.10 120.08 114.30 111.37 721 
30.30 110.92 104.77 101.84 788 
31.50 107.08 100.78 .97.85 820 
32.70 95.33 88.60 85.67 937 
33.75 95.68 89.00 86.07 933 
34.65 87.00 80.00 77.07 1042 
35.55 82.76 75.56 72.63 1105 
36.45 79.00 71.70 68.77 1167 
37.20 77.79 70.44 67.51 1189 
37.80 73.34 65.79 62.86 1277 
38.40 73.37 65.82 62.89 1277 
39.00 72.89 65.34 62.41 1286 
39.60 70.85 63.25 60.32 1331 
40.05 72.54 65.00 62.07 1293 
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Table I - contd.  

z . 2.5 

ra Sb c 
	f 	Temperature 

40.35 74.86 67.36 64.43 1246 
40.65 75.23 67.73 64.80 1239 
40.95 78.89 71.49 68.56 1171 
41.25 71.62 64.02 61.09 1314 

41.55 73.79 66.29 63.36 1267 
41.85 76.26 68.86 65.93 1218 
42.15 74.29 66.79 63.86 1257 
42.45 78.00 70.60 67.67 1186 

42.75 84.14 77.04 74.11 1083 
43.05 79.54 72.24 69.31 1158 

43.35 87.00 80.00 77.07 1042 
43.65 88.28 81.28 78.35 1025 
43.95 101.24 94.74 91.81 874 
44.25 111.88 105.68 102.75 781 
44.55 125.57 120.00 117.07 686 
44.85 138.95 133.75 130.82 614 
45.15 157.69 153.29 150.36 534 
45,45 177.27 173.57 170.64 470 
45.75 204.84 202.14 199.21 403 
46.05 234.00 232.40 229.47 350 
46.35 234.66 233.06 230.13 349 
46.725 248.60 247.60 244.67 328 

z . 3.5 

0.00 112.10 106.00 103.07 780 
6.00 104.13 97.73 94.80 847 
9.0 116.78 110.90 108.00 743 
12.00 120.69 114.89 112.00 717 
15.00 112.60 106.50 103.57 775 
18.00 108.47 102.22 99.29 809 
21.00 106.38 100.10 97.17 826 
23.25 108.00 101.75 98.82 812 

24.75 106.40 100.10 97.17 826 
26.25 104.00 97.60 94.67 848 
27.75 100.39 94.00 91.07 882 
29.10 95.93 89.23 86.30 930 
30.30 91.14 84.30 81.37 987 
31.50 89.04 82.10 79.17 1014 

32.70 82.00 74.80 71.87 1117 

33.75 82.89 75.70 72.77 1103 

34.65 75.80 68.35 65.42 1227 

35.55 
36.45 

72.27 
72.70 

64.67 
65.15 

61.74 
62.22 

1300 
1290 
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Table I - contd. 

z = 3.5 

r Sa gb ,cc Temperature 

37.20 68.35 60.65 57.72 1391 
37.80 68.57 60.87 57.94 1385 
38.40 66.40 58.60 55.67 1442 
39.00 67.88 60.13 57.20 1404 
39.60 68.57 60.87 57.94 1385 
40.05 71.20 63.60 60.67 1323 
40.35 68.60 60.90 57.97 1385 
40.65 69.84 62.20 59.27 1355 
40.95 70.60 63.00 60.07 1337 
41.25 71.45 63.85 60.92 1318 
41.55 78.23 70.83 67.90 1182  

41.85 74.68 67.18 64.25 1250 
42.15 80.46 73.16 70.23 1143 
42.45 83.66 76.56 73.63 1090 
42.75 78.67 71.27 68.34 1175 
43.05 87.90 80.90 77.97 1030 
43.35 95.81 89.11 86.18 932 
43.65 99.49 93.00 90.07 891 
43.9 5 118.05 112.15 109.22 735 
44.25 129.39 123.89 120.96 664 
44.55 146.27 141.47 138.54 579 
44.85 159.86 155.56 152.63 526 
45.15 188.66 185.46 182.53 440 
45.45 216.98 214.78 211.85 379 
45.75 229.35 227.55 224.62 357 
46.35 256.44 255.64 252.71 318 

4 
z = 4.5 

0.00 92.83 86.03 83.10 966 
6.00 96.84 90.14 87.21 921 
9.00 94.14 87.40 84.47 950 
12.00 97.99 91.39 88.46 908 
15.00 91.77 84.92 82.00 979 
18.00 94.09 87.29 84.36 952 
21.00 90.86 84.00 81.07 990 
23.25 87.33 80.30 77.37 1038 
24.75 86.15 79.10 76.17 1054 
26.25 87.98 80.98 78.05 1029 
27.75 84.81 77.71 74.78 1074 
29.10 82.09 74.89 71.96 1116 
30.30 79.90 72.60 69.67 1152 
31.50 77.33 69.93 67.00 1198 
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Table T - contd.  

z 	. 	'1-.5 

r (I., ''-'-',1D '''-c Temperature 

32.70 73.19 65.64 62.71 1280 
33.75 73.09 65.54 62.61 1282 
34.65 69.00 61.30 58.37 1375 
35.55 66.70 53.90 56.00 1434 
36.45 63.72 55.82 52.89 1518 
37.20 65.20 57.35 54.42 1475 
37.80 63.66 55.76 52.83 1520 
38.40 64.69 56.80 53.87 1490 
39.00 62.37 54.42 51.49 1559 
39.60 69.79 62.14 59.21 1356 ► 

40.05 64.47 56.60 53.67 1496 
40.35 66.25 58.45 55.52 1446 
40.65 65.82 58.00 55.07 1458 
40.95 73.27 65.72 62.79 1279 
41.25 74.27 66.77 63.84 1258 
41.55 75.68 68.23 	65.30 1229 
41.85 81.36 74.11 71.18 1128 
42.15 79.50 72.20 69.27 1159 
42.45 81.31 74.10 71.07 1130 
42.75 93.65 86.85 83.92 957 
43.05 95.34 88.64 85.71 937 
43.35 111.05 104.95 102.02 787 
43.65 119.03 113.18 110.25 728 
43.95 145.60 140.75 	137.82 583 
44.25 153.02 148.42 145.49 552 
44.55 178.32 174.67 171.74 467 
44.85 197.45 194.50 191.57 419 
45.15 225.54 223.64 220.71 364 
45.45 247.52 246.42 243.49 330 
46.05 256.81 256.11 253.18 317 

z = 6 

0.00 76.05 68.60 65.67 1222 
6.00 76.75 69.30 66.37 1209 
9.00 81.40 74.18 71.25 1127 
12.00 80.50 73.25 70.32 1142 
15.00 80.65 73.40 70.47 1139 
18.00 79.17 71.87 68.94 1146 
21.00 71.47 63.87 60.94 1317 
23.25 71.28 63.68 60.75 1322 
24.75 72.27 64.67 61.74 1300 
26.25 69.29 62.59 59.66 1346 
27.75 67.92 60.17 57.24 1403 
29.10 70.79 63.15 60.22

1  
1333 
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Table I - contd. 

z = 6 

r "i' 
,,,-. 
a gb c 

Temperature 

30.30 66.52 58.72 55.79 1439 
31.50 66.84 59.04 56.11 1431 
32.70 62.98 fi 	55.05 52.12 1540 
33.75 62.73 54.80 51.87 1548 
34.65 63.58 56.68 53.75 1494 
35.55 60.95 52.95 50.02 1605 
36.45 62.80 54.87 51.94 1546 
37.20 52.12 43.82 41.89 1917 
37.80 71.29 63.69 60.76 1321 
38.40 60.94 52.94 50.01 1605 
39.00 66.34 58.54 55.61 1444 
39.60 64.34 56.44 53.51 1500 
40.05 66.00 58.20 55.27 1453 
40.35 76.23 68.80 65.87 1219 
40.65 70.10 62.40 59.47 1350 
40.95 76.06 68.60 65.67 1222 
41.25 77.33 69.93 67.00 1198 
41.55 79.54 72.24 68.31 1175 
41.85 86.18 79.13 77.20 1040 
42.15 101.87 95.37 94.44 850 
42.45 89.84 83.00 80.07 1003 
42.75 112.09 106.00 103.07 779 
43.05 129.45 124.00 101.07 794 
43.35 147.14 142.34 139.41 576 
43.65  176.73 173.03 170.10 472 
43.95 179.09 175.49 172.56 465 
44.25 214.03 211.73 208.00 381- 
44.55 248.11 247.06 244.13 329 
45.45 254.82 254.02 251.19 320 

z = 7 

0.00 69.33 61.68 62.18 1379 
6.00 67.85 60.10 60.60 1415 
9.00 70.00 62.30 62.80 1366 
12.00 73.11 65.56 66.06 1298 
15.00 72.30 64.70 65.20 1316 
18.00 69.44 61.74 62.24 1378 
21.00 66.00 58.20 58.70 1461 
23.25 63.75 56.85 57.30 1497 
24.75 66.55 58.75 59.25 1448 
26.25 65.55 57.86 58.36 1470 
27.75 61.41 53.41 53.91 1591 
29.10 62.96 55.06 55.56 1544 



175. 
Table I - contd. 

z = 7 

r r, 
a 	I ab 	.s c 	ITemperature 

30.30 59.05 50.95 51.45 1667 
31.50 62.37 54.40 54.90 1562 
32.70 59.00 50.95 51.45 1667 
33.75 59.74 51.74 52.24 1642 
34.65 63.58 55.68 56.18 1527 
35.55 61.21 53.21 53.71 1597 
36.45 63.10 55.20 55.70 1540 
37.20 60.74 52.74 53.24 1611 
37.80 64.65 56.70 57.20 1500 
38.40 64.81 56.86 57.36 1495 
39.00 61.74 53.74 54.24 1581 
39.60 67.70 60.00 60.50 1418 
40.05 64.31 56.36 56.86 1509 
40.35 77.97 70.60 71.10 1206 
40.65 72.79 65.24 65.74 1305 
40.95 74.67 67.17 67.67 1268 
41.25 90.03 83.13 83.63 1026 
41.55 88.90 82.00 82.50 1040 
41.85 93.12 86.32 86.82 988 
42.15 111.55 105.45 105.95 810 
42.45 111.68 105.00 105.50 813 
42.75 142.89 137.94 138.44 620 
43.05 148.66 143.91 144.41 594 
43.35 176.00 172.30 172.80 496 
43.65 207.61 205.06 205.56 417 
43.95 232.12 230.47 230.97 371 
44.25 252.20 251.30 251.80 341 
45.15 260.74 260.14 i260.64 329 

= 8 

0.00 64.095 r 	56.00 56.50 1518 
6.00 57.50 	' 49.40 49.90 1719 
9.00 68.79 60.79 61.29 1400 
12.00 66.55 58.75 59.25 1448 
15.00 65.90 58.10 58.60 1464 
18.00 66.00 58.20 58.70 1461 
21.00 62.96 55.04 55.54 1544 
23.25 64.37 56.47 56.97 1506 
24.75 59.65 51.60 52.10 1646 
26.25 62.23 54.28 54.78 1566 
27.75 61.74 53.74 54.24 1581 
29.10 60.00 51.95 52.45 1635 
30.30 60.94 53.00 53.50 1603 



176. 
Table 2 - contd. 

z . 8 

i 	r 
4- 
a gb ( -c Temperature I 

31.50 60.00 51.95 52.45 1635 
I 32.70 58.10 50.00 50.50 1699 

33.75 60.18 53.00 53.50 1603 
34.65 64.44 56.54 57.04 1504 
35.55 63.45 55.55 56.05 1530 
36.45 66.36 58.56 59.06 1452 
37.20 66.36 58.56 59.06 1452 
37.80 64.44 56.54 57.04 1504 
38.40 67.80 60.05 60.55 1417 
39.00 67.80 60.05 60.55 1417 
39.60 69.82 62.12 62.62 1370 
40.05 68.40 60.70 61.20 1402 
40.35 79.23 71.93 72.43 1184 
40.65 77.68 70.28 70.78 1212 
40.95 85.12 78.00 78.50 1093 
41.25 92.00 85.15 85.65 1001 
41.55 100.67 94.17 94.67 906 
41.85 106.78 100.48 100.98 849 
42.15 129.00 123.50 124.00 692 
42.45 145.61 140.76 141.26 607 
42.75 170.15 166.15 = 	166.65 515 
43.05 179.77 176.17 176.67 486 
43.35 230.09 228.39 228.89 375 
43.80 249.55 248.55 249.05 344 
44.85 260.68 260.08 260.58 329 

z . 9.0 

0.00 63.48 55.58 59.60 1534 
4.20 61.73 53.73 57.75 1583 
7.20 64.41 56.51 60.53 1510 
10.20 64.68 56.83 60.85 1502 
13.20 66.29 58.49 62.51 1462 
16.20 65.95 58.15 62.17 1470 
19.20 62.40 54.45 58.47 1563 
22.20 65.20 57.35 61.37 1489 
25.20 61.58 53.58 57.60 1587 
27.30 61.10 53.10 57.12 1600 
28.50 61.30 53.30 57.32 1596 
29.70 61.33 53.33 57.35 1594 
30.90 62.10 54.15 58.17 1571 
31.95 62.91 55.00 59.02 1549 
32.85 63.33 56.43 60.45 1512 
33.75 70.13 62.48 66.50 1374 
34.65 66.62 58.82 62.84 1454 



177. 
Table I - contd. 

z = 9.0 

r 	. 	
5- ,a 	13 	I 

( 
• c  

Temperature 

35.55 73.57 66.00 70.02 1305 
36.30 73.37 65.80 69.82 1309 
36.90 73.66 66.00 70.02 1305 
37.50 69.18 61.48 65.50 1395 
38.10 65.28 57.43 61.45 1487 
38.70 66.58 58.78 62.80 1455 
39.15 68.80 61.10 65.12 1404 
39.45 69.84 62.20 66.22 1380 
39.75 72.22 64.62 68.64 1332 
40.05 74.38 66.88 70.90 1289 
40.35 81.68 74.43 78.45 1165 
40.65 83.69 76.49 80.51 1135 
40.95 96.38 89.68 93.70 975 
41.25 106.26 100.00 104.02 879 
41.55 126.55 121.00 125.02 731 
41.85 138.31 133.21 137.23 666 
42.15 156.29 151.79 155.81 587 
42.45 193.79 190.69 194.71 469 
42.75 211.73 209.33 213.35 428 
43.05 246.57 245.47 249.49 366 
43.35 246.80 246.70 250.72 365 
43.80 248.77 247.77 251.79 363 

z = 10.0 

0.00 69.20 61.50 65.52 1395 
5.50 66.40 58.50 62.52 1462 
11.10 63.00 55.10 59.12 1546 
15.60 68.60 60.90 64.92 1409 
18.60 67.70 59.95 63.97 1429 
21.60 69.14 61.44 65.46 1396 
23.85 64.20 56.30 60.32 1515 
25.35 63.76 55.86 59.88 1526 
26.70 54.57 46.32 50.34 1815 
27.90 85.11 78.00 82.02 1114 
29.10 67.81 60.00 64.02 1428 
30.30 73.91 66.41 70.43 1298 
31.50 71.36 63.76 67.78 1348 
32.70 72.37 64.77 68.79 1329 
33.75 80.50 73.25 77.27 1183 
34.80 81.80 74.60 78.62 1163 
35.40 77.10 69.70 73.72 1240 
36.00 86.40 79.35 83.37 1096 
36.60 81.13 73.88 77.90 1173 



178. 
Table I - contd.  

z = 10.0 

r 
; 

r 
ch. 61,) 	I 	'-)c 

Temperature 

37.20 76.48 72.00 76.02 1202 
37.80 70.57 62.92 66.94 1365 
38.40 67.24 59.49 63.51 1439 
38.85 74.15 66.65 70.67 1293 
39.15 68.36 60.60 64.62 1414 
39.45 70.77 63.17 67.19 1360 
39.75 74.60 67.00 71.02 1287 
40.05 87.72 80.72 84.74 1079 
40.35 87.00 80.00 84.02 1088 
40.65 93.81 87.00 91.02 1004 
41.25 127.73 122.23 126.25 724 
41.55 146.93 142.13 146.15 625 
41.85 182.74 179.24 183.26 499 
42.15 198.14 195.24 199.26 459 
42.45 218.59 216.49 220.51 414 
43.20 255.56 254.76 258.78 353 
44.70 262.57 262.07 266.09 343 

z . 	11.5 

0.00 86.27 79.2283.24 1098 
4.26 88.07 81.07 85.09 1074 
7.20 78.59 71.24 75.26 1214 
10.20 73.56 66.00 70.02 1305 
13.20 83,13 75.93 79.95 1143 
16.20 82.87 75.67 79.69 1147 
19.20 85.25 78.15 82.17 1112 
22.20 88.60 81.60 85.62 1067 
25.20 89.71 82.81 86.83 1053 
27.30 86.44 79.39 83.41 1096 
28.50 91.26 84.36 88.38 1034 
29.70 90.40 83.50 f 	87.52 1044 
30.90 91.12 , 	85.00 89.02 1027 
31.95 91.95 85.10 89.12 1026 
32.85 92.41 85.61 89.63 1020 
33.75 93.71 86.91 90.93 1005 
34.65 98.35 91.75 95.77 954 
35.55 103.00 96.55 100.57 909 
36.30 104.43 98.00 102.02 896 
36.90 .96.44 89.74 93.76 975 
37.50 91.48 84.63 88.65 1031 
38.10 78.61 71.25 75.27 1214 
38.70 72.34 64.74 68.76 1329 
39.15 79.36 72.00 76.02 1202 



179. 
Table T - contd. 

z = 11.5 

r ., 
-a 

r 	I 	Temperature 
'.'15 	1 	c 

39.45 88.54 81.54 85.56 1068 
39.75 87.35 80.35 84.37 1083 
40.05 97.29 90.69 94.71 965 
40.35 116.37 110.42 114.44 798 
40.65 128.12 122.62 126.64 722 
40.95 160.84 r 	156.54 160.56 569 
41.25 172.74 168.84 172.86 529 
41.55 204.56 201.86 205.88 444 
41.85 230.26 228.56 232.58 393 
42.15 244.42 243.22 247.24 370 
43.20 255.32 254.52 258.54 354 
44.70 258.81 258.16 262.18 349 

z = 	12.5 

0.00 96.82 90.12 94.14 971 
4.20 94.11 87.31 91.33 1001 
7.20 92.54 85.74 89.76 1018 
10.20 97.96 91.36 95.38 958 
13.20 94.73 88.00 92.02 993 
16.20 101.02. 94.50 98.52 928 
19.20 102.00 95.50 99.52 918 
22.20 106.61 100.30 104.32 876 
25.20 107.89 101.64 105.66 865 
27.30 104.17 97.77 101.79 898 
28.50 108.92 102.72 106.74 856 
29.70 107.29 101.00 105.02 870 
30.90 108.07 101.82 105.84 864- 
31.95 109.80 103.60 107.62 849 
32.85 108.52 102.27 106.29 860 
33.75 109.55 103.25 107.27 852 
34.65 113.11 107.06 111.08 823 
35.55 114.06 108.06 112.08 815 
36.30 112.00 105.90 109.92 831 
36.90 117.64 111.74 115.76 790 
37.50 101.58 95.10 99.12 922 
38.10 103.17 96.77 100.79 907 
38.70 100.97 94.47 98.49 928 
39.15 100.92 94.42 98.44 928 
39.45 107.51 101.20 105.22 869 
39.75 127.00 121.45 125.47 728 
40.05 129.80 126.40 130.42 701 
40.35 145.52 140.67 144.69 632 
40.65 160.06 155.76 159.78 572 



180. 
Table I - contd. 

z = 	12.5 

r 	 to 	Temperature 

40.95 191.31 188.11 	192.13 476 
41.25 221.20 219.20 223.22 409 
41.55 230.41 228.71 232.73 393 
41.85 252.00 251.10 255.12 358 
42.15 249.38 248.00 252.02 363 
43.20 255.45 254.65 258.67 353 
44.70 258.81 258.11 262.13 349 

z 	13.5 

0.00 	105.77 	99.42 103.44 884 
4.20 107.13 	100.83 104.85 872 
7.20 111.68 105.53 109.55 834 
10.20 118.12 112.22 116.24 786 
13.20 122.07 116.32 120.34 760 
16.20 122.96 117.22 121.24 754 
19.20 132.45 127.10 131.12 697 
22.20 126.30 120.70 124.72 733 
25.20 130.82 125.42 129.44 706 
27.30 134.66 129.41 133.43 685 
28.50 134.96 129.71 133.73 683 
29.70 133.00 127.70 131.72 694 
30.90 131.23 125.83 129.85 704 
31.95 128.27 122.77 126.79 721 
32.85 129.16 123.66 127.68 716 
33.75 120.37 114.57 118.59 771 
34.65 131.13 125.73 129.75 704 
35.55 129.00 123.50 127.52 717 
36.30 131.73 126.38 130.40 701 
36.90 133.00 127.70 131.72 694 
37.50 129.10 123.60 127.62 716 
38.10 132.93 127.63 131.65 694 
38.70 132.17 126.82 130.84 699 
39.15 142.59 137.59 141.61 645.41 
39.45 141.74 136.74 140.76 649 
39.75 154.44 150.00 154.02 593 
40.05 165.58 161.48 165.50 552 
40.35 174.19 170.39 174.41 524 
40.65 205.33 202.68 206.70 442 
40.95 226.33 224.43 228.45 400 
41.25 232.11 230.46 234.48 390 
41.55 236.78 235.28 239.30 382 
41.85 251.06 250.00 254.02 360 
42.15 248.87 249.87 253.89 360 
43.20 255.74 255.00 259.02 353 
44.75 260.-17 259.57 263.59 347 



181. 

Table T - contd.  

z . 14.5 

r1 	+ia 	1 tb 	4c Temperaturer 

0.00 ,  151.581 	146.93 150.95 605 
4.20 148.53 143.78 147.80 618 
7.20 142.1 137.30 141.32 647 

10.20 138.36 133.26 137.28 666 
13.20 151.61 147.00 151.02 605 
16.20 155.40 150.90 154.92 590 
19.20 157.38 153.00 157.02 584 
22.20 164.00 159.80 163.82 558 
25.20 168.60 164.60 168.62 542 
27.30 168.36 164.36 168.38 543 
28.50 171.19 167.29 171.31 533 
29.70 163.20 159.00 163.02 561 
30.90 159.00 154.65 158.67 576 
31.95 149.53 144.83 148.85 614 
32.85 150.45 146.00 150.82 609 
33.75 148.14 143.39 147.41 620 
34.65 153.00 148.40 152.42 600 
35.55 153.00 148.40 152.42 600 
36.30 151.75 147.10 151.12 605 
36.90 152.51 147.90 151.92 602 
37.50 158.60 154.20 158.22 578 
38.10 159.67 155.37 159.39 573 
38.70 158.46 154.11 158.13 578 
39.15 178.87 175.27 179.29 510 
39.45 183.02 179.57 183.59 498 
39.75 187.00 183.70 187.72 487 
40.05 200.60 197.75 201.77 453 
40.35 212.00 209.60 213.62 428 
40.65 231.00 229.30 233.32 392 
40.95 235.67 234.17 238.19 384 
41.25 235.67 234.17 238.19 384 
41.55 241.68 240.38 244.40 374 
41.85 249.87 248.87 252.89 361 
42.15 246.00 244.85 248.87 367 
43.20 258.11 257.41 261.43 350 
44.85 257.30 256.55 260.57 351 

z . 	15.5 

0.00 188.38 185.10 189.12 483 
4.20 164.00 159.80 163.82 558 
7.20 193.38 190.33 194.35 470 

10.20 171.49 167.59 171.61 532 



182. 

Table I - contd.  

z = 15.5 

r Sa, 	1 -10 	i 	Sc 	Temperature 

13.20 192.35 189.20 193.22 473 
16.20 189.69 186.44 190.46 480 
19.20 194.11 191.00 195.02 467 
22.20 205.57 202.92 206,94 442 
25.20 207.58 205.00 209.02 437 
27.30 207.28 204.73 208.75 438 
28.50 210.87 208.42 212.44 430 
29.70 206.10 203.50 207.52 440 
30.90 196.92 193.92 197.94 462 
31.95 179.60 176.00 180.02 508 
32.85 182.78 179.28 183.30 499 
33.75 174.02 170.22 174.24 525 
34.65 174.77 171.00 175.02 522 
35.55 181.26 178.26 182.28 501 
36.30 183.75 180.35 184.37 496 
36.90 181.49 178.00 182.02 502 
37.50 	. 185.00 181.60 185.62 492 
38.10 184.00 180.60 184.62 495 
38.70 192.71 189.60 193.62 472 
39.15 207.69 205.14 209.16 437 
39.45 202.00 199.25 203.27 450 
39.75 214.38 212.10 216.12 423 
40.05 219.15 217.00 221.02 414 
40.35 230.10 228.35 232.37 393 
40.65 234.27 232.67 236.69 386 
40.95 237.10 235.60 239.62 381 
41.25 239.68 238.28 • 242.30 377 
41.55 242.16 240.86 244.88 373 
41.85 247.56 246.46 250.48 365 
42.15 248.61 247.61 251.63 363 
43.20 255.11 254.31 258.33 354 
45.00 262.86 262.36 266.38 343 



183. 
Table II.  

All distances in cms., velocity in cms/sec. 

z measured from oxidant side. (7.55 = 11.05 cms.) from the mid-section 
Plate 1 - r = 3.0 x .0905of the test space. 

z x 11.05 Vz x 11.05 
z x 11.0 vz 

x 11.05 

1.o j 4o.5 0.85 48.o 
1.8o 39.o 2.5o 42.0 
2.95 47.0 2.95 32.o 
3.50 46.o 3.90 35.0 
4.00 2.0 5.30 20.0 
5.20 1 23.0 6.50 3.0 
5.40 19.0 8.55 2.0 
5.90 14.0 10.10 10.10 
6.4o 5.o 10.90 30.0 
6.75 4.5 12.20 34.0 
9.70 15.0 12.75 41.0 
10.30 40.0 14.20 39.0 
10.50 28.0 
10.70 i 29.0 
10.90 24.0 
11.20 31.0 
11.10 29.0 
11.60 39.0  
12.10 30.0 1 
12.40 38,0 
13.2o 45.o 
13.70 40.0 
13.90 j 42.0 

.-- 
Plate 2 - r = 3.0 x .0905 

1.50 i  30.0 4.65 29.0 
1.80 38.0 4.85 31.5 
3.30 

I 40.0 5.15 22.0 
3.80 40.0 5.2o 24.0 
4.30 34.0 6.20 14.5 
4.50 29.0 6.30 9.o 
5.25 16.o 6.85 3.5 
5.7o 14.o 6.95 3.o 
6.00 10.5 8.35 16.0 
6.5o 5.o 10.95 27.o 
7.00 3.5 13.00 26.o 

3.30 30.0 
t 
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Plate 1 - r = 4.5 x .0905 

z x 11.05 Vz x 11.05 	I 	z x 11.05 vzx 11.05 

0.4 35.0 	3.65 37.5 
1.2 40.5 	3.80 39.0 
2.70 45.0 	4.85 38.0 
3.80 37.0 	4.15 39.5 
5.3o 16.o 	5.85 13.o 
4.85 19.o 	6.15 4.o 

Plate 2. r = 4.5 x .0905 

1.40 i  40.0 3.15 42.0 
2.0 43.0 4.15 35.0 
2.90 j 37.o 4.35 32.o 
3.3o 36.o , 4.85 24.0 
3.90 I 34.o 5.30 20.0 
5.00 25.0 5.55 13.o 
5.25 22.5 5.95 12.0 
5.45 17.0 6.8o 3.0 
5.95 12.0 10.05 23.0 
6.15 4.5 10.20 23.o 
6.6o 4.0 10.80 27.o 

7.95 
7.70 

16.0 
5.0  

10.45 
11.70 
12.8o 

21.5 
35.5 
42.5 

11.05 31.0 10.65 29.5 
10.15 20•0 

Plate 3. r = 3.0 x .0905 

1 3.65 36.0 	10.20 	1 24.0 
5.20 19.5 	10.60 	1 29.0 
5.95 s 10.0 	11.45 34.0 
6.3o 9.o 	11.6o 38.o 
n hn i I), 	n 	 i 	"1 	'''-' i, 4 

9;90 
• 

21.5 
 

14.60 36.o 
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Plate 3. r = 4.5 x .0905 

z x 11.05 Vz x 11.05 z x 11.05 V
z 
x 11.05 

3.55 32.o 3.5o 26.o 
3.6o 36.o 3.90 30.0 
3.75 33.o 4.00 35.o 
4.00 37.0 4.90 27.o 
5.05 23.o 5.95 9.o 
5.85 10.5 6.05 15.o 
6.6o 3.0 6.3o 3.o 
9.00 15.0 6.35 7.0 
9.85 19.0 6.45 6.o 
9.90 16.6 10.70 21.0 

11.10 39.5 11.00 31.5 
12.00 36.o 12.10 38.5 
12.20 36.75 12.55 42.0 
12.45 44.00 12.70 39.5 
12.70 42.5 13.10 41.5 
13.10 34.o 13.20 42.5 
13.30 39.o 13.80 41.0 

2.65 
3.45 

30.0 
38.0 

13.90 
14.15 

40.0 
47.0 

Plate 1. r = 6 x .0905 

0.45 38.0 2.70 38.o 
2.5o 33.0 2.90 41.7 
2.65 35.0 3.20 39.5 
3.20 30.0 4.45 28.5 
3.35 27.0 5.10 30.0 
3.5o 26.0 5.50 22.5 
3.65 33.0 6.20 9.5 
4.05 30.0 7.50 5.0 
4.4o 22.5 7.65 12.0 
4.65 27.0 9.50 19.0 
5.10 17.5 10.00 20.0 
5.3o 18.o 10.40 24.0 
5.35 16.5 12.25 39.0 
5.50 14.o 12.55 37.0 
5.6o 20.5 13.05 33.0 
5.85 10.0 13.40 41.0 
6.30 6.5 14.0o 38.5 
6.30 3.5 14.05 35.0 
1.0 40.0 14.15 35.5 1.10 38.5 
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Plate 2. r = 6 x .0905 

z x 11.05 V
z x 11.05 z x 11.05 v

z x 11.05 

0.90 42.o 3.2o 39.0 
1.00 40.0 3.40 34.0 
1.30 45.o 3.55 38.o 
1.4o 42.5 4.55 32.5 
1.90 38.o 5.3o 25.0 
2.00 40.0 5.50 24.0 
2.25 40.0 5.80 13.5 
3.50 33.5 9.15 13.5 
3.8o 51.o 9.85 18.o 
3.80 34.o 9.7o 15.0 
3.65 39.0 9.90 17.0 
4.30 21.0 10.40 25.0 
4.50 17.0 11.00 31.5 
5.05 21.5 11.40 33.0 
5.30 20.0 11.80 51.5 

2.75 39.5 
12.10 39.5 

2.95 40.0 13.30 59.o 
3.10 38.o 

__ 	____. 	Plate r = 3 x .0905 
z x 11.05 	x 11.05 z x 11.05 	V. x 11.05 

1.50 	5.5 4.6o 20.0 
2.00 	4.0 5.10 21.5 
3.30 	15.0 6.35 40.0 
4.00 	23.o 9.70 35.o 
4.25 17.o 10.50 36.o 
4.35 15.o 10.65 30.0 
5.40 31.0 11.00 20.0 
5.70 28.5 11.50 19.0 
5.90 27.5 12.20 17.0 
5.95 29.0 12.5o 10.0 
6.5o 38.0 13.10 17.o 
6.85 32.o 13.25 7.75 
2.05 	12.0 3.25 17.o 
2.4o 	15.o 3.7o 22.5 
3.00 	17.o 5.2o 25.o 



187. 
Table 2 - contd.  

Plate 1. r = 3 x .0905 (Contd.) 

z x 11.05 Vr  x 11.05 z x 11.05 V
r 

x 11.05 

    

	

5.00 	30.5 

	

6.15 	30.0 

	

9.85 	29.o 

	

10.15 	) 	28.0 i 
10.50 

I 	
22.0 

	

11.50 	21.0 

	

12.45 	14.0 	, 

	

12.10 	17.0  

5.95 
 6.15 

6.2o 
J12.50 
12.45 
13.15 

30.0 
27.5 
30.0 
22.0 
19.0 
10.0 

Plate 3. r = 3 x .0905 

1.85 	6.50 2.10 10.0 
2.70 10.50 2.90 11.0 
3.1 0 16.00 5.20 24.o 
4.20 20.00 6.50 28.0 
5.15 24.50 9.70 28.5 
5.25 25.50 9.90 26.5 
5.70 27.00 11.35 20.0 
5.40 23.00 11.40 18.5 
6.4o 30.00 12.00 19.0 
6.55 32.50 
10.00 27.00 
10.90 22.00 
11.20 24.00 
12.85 10.00 
13.65 10.50 	 1 

1 
Plate 1. r = 4.5 x .0905 

i 
3.80 38.0 	1.20 10.0 
3.90 26.6 	3.90 29.0 
4.20 31.2 	4.30 4o.o 
4.65 46.5 	5.8o 45.o 
5.10 42.o 	i 	6.10 47.o 
5.3o 50.0 	6.90 49.o 
6.40 40.0 	10.30 41.o 
9.4o 44.o 	I 	10.50 39.3 
9.5o 43.0 	i 	10.85 35.o 
10.10 42.0 	12.10 3a.o 
11.30 36.5 	1 	12.60 a2.5 
12.75 21.5 	1 	13.30 23.0 
13.80 13.0 	13.75 17.5 

1 



Table 2 - contd. 	 188. 
Plate 2. r = 4.5 x .0905 

z x 11.05 Vr x 11.05 	z x 11.05 Vr x 11.05 

3.60 27.o 	3.55 28.o 
3.90 28.5 	5.05 39.o 
4.4o 28.o 	5.85 44.5 
5.o 23.o 	6.35 43.o 
6.35 43.o 	6.8o 50.0 
10.05 40.0 	11.8o 30.5 
12.20 26.5 	i 	12.60 24.5 
13.30 	

ii 
15.0 	13.10 16.0 

Plate 3. r = 4.5 x .0905 

1.10 4.0 1.85 	i 10.2 
1.4o 6.o 2.85 19.5 
2.3o 14.o 3.05 29.o 
3.10 	1 22.5 3.15 28.5 
3.45 	I 23.o 4.2o 32.o 
4.40 34.5 4.3o 34.0 
5.25 	1 

35.o 4.75 29.o 
5.45 27.0 5.2o 41.o 
6.05 35.o 5.35 36.o 
6.2o 	i 38.5 5.50 42.o 
6.6o 43.5 5.45 34.o 
6.90 50.0 	10.05 40.0 
7.90 50.5 	10.30 37.7 
10.20 	► 44.5 10.50 33.5 
10.70 	1 44.o 10.80 34.o 
11.10 37.0 	11.6o 34.o 
11.65 32.5 
12.15 29.5 

I 
Plate 1. r = 6 x .0905 

1.05 12.2 	0.50 7.5 
2.7o 31.0 	2.7o 19.5 
2.95 33.5 	3.5o 32.2 
3.25 33.5 	3.65 35.o 
4.45 42.5 	4.05 39.o 
5.25 45.o 	4.3o 39.0 
5.10 45.5 4.4o 39.5 
5.45 46.0 4.60 47.0 
5.60 40.0 4.95 45.o 
6.10 1  49.5 5.10 49.5 
6.70 1 53.5 5.2o 49.o 
7.5o I 57.5 5.3o 57.0 
9.5o 1 52.5 5.45 40.o 
10.00 45.o 5.6o 56.o 
11 	-An n Rn 117 n 

30.0 	 6.2o 	 51.0 



Table 2 - contd.  

189. 

Plate 1. r = 6 x 0905 

z x 11.05 Vr x 11.05 	z x 11.05 Vr x 11.05 

13.20 25.5 	6.50 51.0 
13.80 15.0 	6.6o 55.o 
13.85 17.0 	6.8o 58.o 
13.90 18.0 	7.55 53.o 
14.00 15.0 	9.40 55.5 

9.95 52.0 
10.30 52.o 
13.00 22.0 

Plate 2. r = 6 x .0905 

1 	2.25 10.0 	5.05 50.0 
2.4o 22.0 	5.45 47.0 
2.80 20.0 	6.05 49.5 
4.6o 44.0 	6.15 55.o 
4.70 45.o 	6.4o 57.0 
5.2o 44.5 	8.45 56.o 
5.7o 50.0 	9.85 53.o 
5.90 50.0 	10.65 51.o 
6.15 55.o 	10.80 47.o 
6.8o 58.o 	11.25 42.2 
8.05 49.0 	13.35 23.0 
9.60 44.0 	13.55 23.o 
10.10 50.0 	13.90 19.o 
10.65 47.5 	14.10 18.5 
12.50 30.0 	14.4o 18.0 
13.20 29.0 
13.75 20.0 

Plate 3. r = 6 x .0905 

1.7o 10.0 	1.05 11.0 
2.25 24.0 	3.00 24.0 
3.75 38.o 	3.15 29.0 
4.15 45.o 	3.35 29.o 
4.40 42.0 	3.55 31.0 
5.10 51.0 	4.60 42.5 
5.3o 50.0 	5.85 53.0 
6.3o 52.o 	9.20 54.o 
10.60 50.0 	9.75 47.o 
11.3o 40.0 	11.10 45.o 
12.3o 29.o 	11.90 40.0 
13.10 21.0 	12.40 38.0 

13.45 24.0 



z(cms)' T(°K) 	p gms/cc. H cals/gm. v/r(soo
-1  ) r 0_2 

c3T 	Kcc 

7.s68k 
- lo a  . 

10-4  2.5 x 

lo-7. 

6.0 560 	6.175 136 2.90 4.500 

5.5 625 	5.70 152 	3.70 3.725 
5.o 690 	5.05 169 4.55 3.075 
4.5 760 	4.675 189 5.50 2.500 
4.o 825 	4.300 207 6.5o 2.100 

3.5 910 	3.900 230 7.40 1.650 
3.0 1000 	3.5625 257 8.20 1.375 
2.5 1080 	3.300 281 9.10 1.175 
2.0 1170 	3.050 308 9.90  Loop 
1.5 1260 2.825 336 10.50 0.850 
1.0 1355 2.625 370 11.00 0.775 
0.5 1440 2.4625 396.5 11.30 0.725 
0.0 1515 2.3375 420 11.30 0.700 
0.5 1560 2.2625 434.5 11.10 0.700 
1.0 155o 2.2750 430 	10.80 0.700 
1.5 1515 2.3375 420 	10.50 0.700 
2.0 	146o 2.425 406 	10.10 0.725 
2.5 	1375 2.5875 381 9.65 0.750 
3.o 	1285 2.7625 353 9.05 0.825 
3.5 	1190 2.975 326 8.2o 0.975 
4.o 	1100 3.200 299 7.50 1.125 
4.5 	990 3.5375 266 6.7o 1.400 
5.o 	890 3.925 237 6.00 1.750 
5.5 	790 4.400 208 5.20 2.300 
6.o 	715 4.875 187 4.45 2.875 
6.5 	64o 5.425 166 3.7 3.575 

' 311 cals 1 aVz 	
- aT 	Kgm ! az (sec 

5  

.2718 	i 0.2 

.2744 	0.75 

.2764. 	1.25 

.2770 	1.75 

.2798 . 	2.10 

.2832, 2.35 

.2864 	1 2.40 

.2885 	2.35 

.2900 	1  2.10 

.2934 	I 1.60 

.2970 	' 0.70 

.3000 10.2 

.3000 	1 0.95 

.3100 	11.10 

.3100 	! 1.30 

.2935 	i 1.40 

.2943 	1  1' 60 

.2954 	11.70 

.2962 	1 1.80 

.2964 	1.80 

.2955 	1.70 

.2932 	1.60 

.2900 	I 1• 40 I  

.2851 	!1.20 

.2813 	!0.8 

.2774 	1 0.0 

1 

TABLF, III.  
190. 

aTK Vz 
cms 

Remarks  
CM sec. 

125.5 .0905 Multiply`. 
by 	1 

10.7 42.75 
11.7 42.25 
12.7 40.00 
13.7 36.5 
14.7 32.25 
15.7 27.0o 
16.7 22.50 
17.5 17.25 
18.05 11.75 
18.30 6.75 
17.80 2.5o 
16.40 1.0 
12.8o 3.75 
2.4o 6.00 
4.2o 8.25 
9.80 11:00 
15.00 14.00 
18.40 17.50 
20.00 21.50 
21.10 25.00 
21.50 29.00 
21.10 32.75 
20.10 36.50 
18.30 40.5 
16.2 42.0 
13.6 42.5 



191. 

TABLE IV. 

aT aT ap 
H ag 	V 	--(H -- 

Lax 
Pt-- 

aT ( an 	av 
V 	-- 	 )----11 pH 	z 	4-j- 

a 	aT 
a   we 	Remarks 

z 	T 	(pH) 	zV 	(pH)T r z az aT 	z az 	aT \aT /  z az 	aT), 	az  s 	
,\ 	z 1 

1 	r 

7.968x 

10
-2 

i 
i 	10 

i 

113.58x 
-1 

10 	. 

2.5x 

10-7 

-4 	,
. 

283.95x 
-3 10 	. 

10
-4 113.58 x 	5x10-4  

-5 10 	. 

65.08 call/cc i 
sec. 	1 

. 
Multiply 

by 

6.o 
5.5 
5.o 
4.5 
4.0 
3.5 
3.0 
2.5 
2.0 
1.5 
1.0 
0.5 
0.0 
0.5 
1.0 
1.5 
2.0 
2.5 
3.o 
3.5 
4.0 
4.5 
5.0 
5.5 
6.0 
6.5 

56o 
625 
690 
76o 

	

825 	j 

	

910 	1 

	

1000 	1 
1080 

	

1170 	j 

	

1260 	1 
1355 
1440 
1515 
1560 
155o 
1515 
1460 
1375 
1285 
1190 
1100 
990 
890 
790 
715 
640 

840 	.4872 

866.4 	1 	.6411 
853.45 	.7766 
883.571 	.9719 
890.10,  1.1571 
897.00l 1.3275 
915.561 1.5015 
927.3D 1 1..6877 
939.431 1.3600 
949.231 1.9933 
971.25 l2.1367 
976.3812.2066 
981.7512.2187 
983.06 I 2.1824 
978.25 12.1130 
981.75 1 2.062 
984.55 11.9888 
985.84 1 1.9027 
975.16 11.765 
969.85 11.5905 
956.80 11.4>52 
940.97 .11.2609 
930.22 1 1.1163 
915.20 1 0.9518 
911.62 	!C.8113 
900.55 1c.6664 

457.42 	1 

494.33 
508.00 
500.00 
474.07 
+23.90 
375.75 
301.87 
212.09 
123.53 
'44.5o 
16.40 
48.00 
14.4 
34.65 
107.80 
210.00 
322.00 
430.00 
527.5 
623.5 
691.0 
733.65 
741.15 
680.4 
578.00 

612 

566.2 
519.67 
465.00 
424.20 
379.50 
353.37 
330.17 
308.00 
285.60 
286.75 
287.46 
294.00 
304.15 
301.00 
294.00 
294.35 
285.75 
291.23 
317.85 
336.37 
372.40 
414.75 
478.40 
537.63 
593.45 

2.8o 

2.80 
2.64 
2.33 
2.01 
1.61 
1.33 
0.9967 
0.6532 
0.3528 
0.1276 

i 	0.0471 
i 	0.1411 
0.044 

i 	0.1043 
0.3169 
0.6181 
0.9201 
1.2523 
1.6766 
2.0973 
2.5733 
3.0428 
3.5457 
3.6580 
3.4301 

1.678 

1.5641 
1.3958 
1.2949 
1.2031 
1.1045 
1.02 
.92 
.885 
.829 
.78o 
.739 
.701 
.701 
.705 
.686 
.714 
.764 
.818 
.882 
.946 
1.0372 
1.138 
1.2544 
1.3714 
1.5048 

767.55 

773.13 
709.17 
647.50 
568.88 
466.29 
383.26 
287.38 
187.69 
102.41 
34.71 
12.11 
33.65 
10.09 
24.43 
73.95 
149.94 
246.00 
351.74 
465.25 
589.83 
716.71 
834.89 
929.69 
933.10 
869.77 

168.00 !,  
649.8 
1066.8 
1546.24 
1869.2 
2107.9 
2197.3 
2179.15 
1972.74 
1518.72 
679.87 
195.28 
932.66 
108a.36 
1271.73 
1374.45 
1575.28  
1675.92 
1755.29 
1745.73 
1625.56 
1505.55  
1302.31 
1o93.24 
.-, 29.29  
0 

.0035 

, .0095 
. 	.0115 
.0125 
.015 

, 	.01 .5 
.0165 
.0150 
.0125 

3 .0075 
p 
 .02 
.045 
.2175 
.065 
.o45 
.029 
.016 
.0)66 
0 

:r--55  
,- 

.0250 

.0225. 

.02125 

- .08 

- 0.21 
- 0.45 
- o.54 
- 0.68 
- 0.73 
- 	.61 
- 	.34 
- 	.09 
+ 0.76 
+ 1.80 
+ 3.41 
+ 4.68 
+15.79 
+ 5.7o 
+ 4.30 
+ 3.08 
+ 2.12 
+ 1.36 

, -1-1.0 1? 
4 - 0.85 

- 1.00 
1 	- 4.7 
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