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1.

AB3TRACT

This research is concerned with the establisment of a flat
diffusion flame in the counter-flow regicn of two directly opposed
jets, the study of its structure, aercdynamic 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 tcmperature.

Methods based on both geometrical and physical eptics were
developed for the study of temperature 2istribution. 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 mcethod.

The system was considercd theoretically to zllow analysis
for the rate of heat release and corrections for composition
induced changes on the physical propertics involved in such an
analysis. The heat release rate per unit arca 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
mampling 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,

INTRODUCTIO&

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 prodigious 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 éxists 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.

1e2 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 quamtitative studies of such flames.

(7, 8, 9

Early studies 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’ 1t 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 iowering of
temperature reduces the reaction rate much more than the increase
caused due to the thickening of the reaction zone. If the iﬁcrease
in mixing is continued, the flamec is blown out at a critical rate of
mixing which is specific to the fuel-oxidant combination,

1.4 The Opposed Jct Diffusion Flame

The extincticn of diffusion flames, as suggested by the theory,
has been demonstrated by the expcriments 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
flame, which was bell shaped and surrounded the air-jet, was found
to'develép a-hole in the middle when the mass flow rate per unit
area  of the reactants cxceeded a critical value called the "flame
strength'. Ixcepting a few fuecl-air combinations, thc flame strength
was found to be directly proportional to the mass of fuel consumed
per unit arca by the flamc front propagating through the correspon-
ding fuel-air mixture. It has, however, becen shown (17) by Spalding
that this relationship should be quadratic rather than linear.
Nevertheless, it has been cstablished experimentally that "apparent
flame strength" is principally a furiction of the maximum reaction rate
in d@iffusion flame and thus can be used for determining the kinetics

of fuel-oxidant combinations..
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1.5 Aims_of the presecnt 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: HMention
might be made, for instance, of their method of finding the flame
strength, which was defined as the maximum mass flow per unit area
ini the jets at blow out. For laminar flow it was twice the mass flow
while for turbulent flow, 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 adcoutit was taken of the possibleé (18) iloss of fuel
escaping unburnt. The approach, like that of the 'well stirred reactor",
is essentially too gross to bring out the Kinetic structure of flames.
Nevertheless, the counter=fiow diffusion flame offers a powerful tool
for the study of high temperature kinetics of reactants which are not
safe to be pre-mixed,

The dpproach in the present investigation was baged on an in
situ determination of the heat release rate and its distribution in
counter=flow diffusion flames. Methods based on refractive index
measurement have proved to be well suited for such a determination
in the case df'fiat pre-mixed flames (3, 4). The aims of the present
inveatigation, therefore, weres

(1) to develop a flat courniter=flow diffusion flame suitable, inter
alia, for optical analysis;

(1) to estamblish the properties of such flamesj
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(11i) 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

can therefore be expressed in ferms of z and r, the axial and radial
cosordinates respectively, ThHis is convenient for a geéneral approach
but is not necessarily the most suitable frame of references In par-
ticular cases, it may be more corivenient to resoive along and at right
angles to lines of flow.. The generalised steady-state equation fo¥
any gas property whose flow rate is F per unit area and whose rate

of generation is' q per unit volumeyis :

"‘I. A,a: (rF - ) + QFZ - q = O o e (1 o 1)
r oJr dz

where suffixes denote axes along which cofiponents of vectors are
taken. For Heat, the flow rate per wnit area along any co-ordinate
p is given, under conditions of lamindr flow by :

F EERS K _a_"Il + pV H + R o ee (1 0’2)
op P
where Vy. K, @ and: H are respectively the local velocity, thermal

conductivity, densify and enthalpy of the gas. R is' the radiant
ermergy flow rate which i's 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 g
becomes wQ where w is the rate of reaction and Q tﬁc heat of
reaction such that the product is the rate of hcat release per iinit

volume. The full equation isy therecfore,

1.9 /;rK oT + rpV H\¥+ e (:K oT + pV H‘>a WwQ = 0 4ei (1:3)
Tor . ar /) 3N 3z z .,

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 apprec¢iable pyrolysis, & heat sink
rather than a source term cansappear on the fuel sides
Inspection of the heat eonservation equation (1+3) reveals

that the deduction of local reaction rate, defined in terms Qf heat
release, demands knowledge of the following date. s

i) 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 showti (19) 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) Calculiation of local values of thermal conductivity density
and enthalipy. In the case of the reactants nitrogen, oxygen and
ethylene, the major component im the variation of each of these

paramcters: is temperature, which can be found at every point.
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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 theorics
involve assumptions concerning inter-relation between transport proper-
ties (in particular, equality of ¢iffusion 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 beran.

Thus, the fulfilment of the aims of the investigation depends
primarily on the development of a suitable flame and of methods for

the measurement of these variables.
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CHAPTER 2.

THE BURNER AND 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 reactents, the Reynold's
numbers of the gas streams, mvailable 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 ges streams can be varied
independently with a minimum of interaction between the two streams. Such
a system, with certain modificetions wes, therefore, adapted for the
present work.

2,2 The burner assembly

The burner essentizlly consisted of two brass tubes each 23 cms.
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 adjecent strips
(5.2 cms. wide) of plene 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 end closed at the other
ends by rubber bungs carrjing 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 scross the
burner mouths. The method employed was amalogous to that used in the
flat flame burner (5), where the approach velocity distributions ere first
randomized by the beds of glass beads and tlen streamlined by matrices
of fleme trap material.

Before the burners were packed with glass beeads and sealed, six
thermocouples were spot-welded onto the downstrecem face of each matrix.
The two metals constituting the thermocouples were nichrome wire (S.W.G.BB)
and cupronickee (metrix itself). An innovation introduced was the use of
very fine borc tubes of fused quartz, each two inches long, for insulating
the nichrome wire from the matrix itself. The thrcading 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 accomplishecd 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
metrices 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 th;n spot-welded onto the downstrecam foce 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 eech 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 insulete the length of this strip from the bress tube
and a mica lining was used in the tubes for this purpose.

The cold junction, also made by electricelly welding the nichrome
wire and a strip of cupronickel matrix in an inert etimosphere, was maine
tained at ice point. Any (hot) junction could be brought into serics
with & gal¥anometer 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 outeoming geses.

The burners were then packed with glass beads and sealed ges tight.
They were mounted on a dexion fremework (F&g.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 fremework of cast iron, which held the vertically
opposed burners co-axially permeanently. 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

Lnother modificatio-n introduced was t0 make the volume flows of
oxidant and fuel jets very nearly the seme 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 momcnta involved at
stoichiometric with air sets a limit to flame flatness. As regoris
reaction velocity, the admixture of diluent makes possible the approaoch
to blow-out conditions at conveniently low flow rates. Furthermore, when
the nature of the temperature gradients involved were found, the position-
ing of the fleme 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 end the other for
the oxidant jet, were used. They are shown in Fig.5. The reactants were
supplied from commercial gas cylinders, the nitrogen usec being oxygen
free. The gases drawn from these cylinders - fitted with their recducing
valves, passed through the flow meters while their rates of flow and also
the line pressure could be controlled by two dizphregm velves inserted in
ea.bh line immediately before and after the flow meters. A mercury meno-
meter introduced into cach line just after the second valve indicated its
line pressure. The sum of barometric plus line pressure was maintained
constant. The two gos streams, nitrogen and fuel/bxygen wore 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 wes 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 eppreciably
soluble in water, it was found deésirable to use di-butyl phthalaste 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 & 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 FL.LT COUNTER-FLOW DIFFUSION FL/AME

3.1. The fleme

LAfter the first attempt at stabilisation of a counter~flow
diffusion flame of ethylene anc air, it became epperent that a few
more modifications were needed in order to obtain a flame of appre-
ciable area which might be sudtable for an opticel analysis. Itrwas
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 ifereased, 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 effect this generel 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 n@W be increased to about 1.5 cms.,
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 jeckets.
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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 apneared as a palc blue disc
with an intense yellow pyrolysis zone of appreciable thickness
immediately adjacent to it on the fuel side (Plate 2). 4s the two
jets were diluted with more end 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
wes increased in both the jets, the diameter of the luminous zone
increased. Ls 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 anmular syndenio rings was reduced to about one centi-
metre. 4 rectangular sheet of mica rolled in the form of a cylinder
was held against a2 cylindrical fremework of brass (Fig. T ) by
circlips at the top and bottom rings. The diameter of this cylin-
drical fremework was such that it was about two millimetres greater
than the outer diameter of the syndanio rings screwed on to the

burhers. This framework, and hence the chimney, could then be
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freely suspended from screws attached to the top syndanio ring
(Fig.7 ). Once in position, the chimney provided & one ﬁillimetre
anmular gap through which the product gases could escepe. The
flame wes 1it by an electric spark across two wires introduced
through the top end bottom syndenio rings and connected scross the
secondary of an inéuction coil.

The fleme in the presence of the mice chimney was reasonably
flat (Plate 3 ). However, it was found thet, on changing the flow
rateg,the dismeter of the chimney had toc be altered. The incrcase
in flow rate of reactents neccssitates thils change. The diemeter
of the chimney had to be adjusted so that it was Just legss than
the free flame diameter.

3.2. Flow Visualisation

As mentioned earlier, the in situ determination of heat
release rote requires, among #ther information, a knowledge of the
local stream velocity. This was sought from particle track photg;‘
graphs« In principle, microsecpically small particles of bentonite
were entrained in each gas stream: On emerging from the fwd:
matrices, they were illuminrcted by a powerful Tyndall beem: &
high pressure mercury vepour lemp run cn 4i.C. served as the light
gource. Assuming the frequency of the mains to be 50 cyecles per
gecond, tﬁe’particles would be illuminated at regular intervals

6f ten milliseconds. The photograph of these particles will,
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therefore, give interrupted stresks, while the trejectory trzced
by sy particle will give to a good approximation (4ppendix 4 )
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 cen be determined,

A very simple methodé introducing the bentonite particles
into the gos 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 ges streems
pessed wncontaminated unless it was desired to introduce the pars
ticles. This was done by gently tapping the test tubes so that
& 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 %t was brought to 2 focus on the axis of the jets with the
help of condenser lenses. These lenses were sug¢h that the Tyndall
cone just fitted the gap behween the two matrices. Jin 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 elong the illuminated diametrical section, together with
the fleme. /& "Kodak Specioclist" camers with e lens of focal length
105 mms. was used. The photographs were tcken on H.P.3. plates which
were developed in Promicrol. 4 typical photogrenh of particles in
the two directly impinging jets (without the fleme) is shown in
Plate 4 . This was taken at f£/8 with an exposure time of one second.
Having set up a reasonably good opticzl system, it seemed
a simple task to record pesrticle tracks in the presence of the flame.
ittempts were therefore made to obtain such & photogranh for a
flame to which the reactants were fed at the following rates
Ethylene = 7.5 ccs/sec,, O2 = 22.5 ccs/sec.
N2(02H4 side) = 75 ces/sec. N, (0, 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
photsgraph that the image of the flame masks the particle tracks,
if particles are there at all, in the regions of highest temperatures.
A guick visual check was therefore mede to find out if the bentonite
particles entered this flame at all. In fact it was obscrved that
there was a narrow zone on either side of the luminous region igto

which no particles found their way.
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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 radistion
from the flsme. 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 4° (ii) 5650 4°
(iii) 5160 4° (iv) 4750 4° (v) 4350 4°. 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, thers was a very faint con-
tinuum. On introducing the bentonite particles, the only chenge -
observed was the sppearance of sodium lines along with an increase
in intensity of the continuum in the red region. 4 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,
conteins the strongest visible line of mercury. Furthermore, the
intensity of these green bands did not show any merked 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. 4 filter,; presumebly Wratten 774, was seen to
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cut off most of the radiations from the fleme. This, however,
had a very low transmission efficienwy and cut down the intensity
heavily. The Tyndall beam system was thereforc modified to increase
the intensity of illumination. The slit placed Pefore 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 =211 the infra
red radiations. This was done to avoid unwented convection currents
which, as discussed later on, proved to be a major obstacle in the
present work. The cameras 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 f/4.5. 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 photogreph revealed a particle~free zone on
either side of the luminous fleme. 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 discusscd

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 slternative, of reducing the exposure timc, which
might give a less dense imege of the flame was therefore tried.

For this, the Tyndell beam system wes 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 exmosure
times werc 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 sctting was, therefore, used for further work.

3+.5. Lerodynamics of the Counter-flow Diffusion Flame.

To investigete the flow pattern of gases in the fleme, it
was decided to keep the flow rates of oxygen and the two nitrogen
streams constant =nd vary the flow rate of ethylene. iccordingly,
the following rates were maintained constant :

Oxygen = 22.5 ccs/sec.

Wy (0p) side = 60 ces/sec. all at S.T.P.

s (Ethylene) side = 75 ccs/sec.

The flow rate of ethylene was systematically varied starting from
lean and going to rich. The particle frack nhotogrenhs 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 (Platesa-), as would be expected if

it c¢oincides with the surface of stoichiometric composition.
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This is indicated by the fact that bentonite perticles from the
fuel side cross the flame and enter on the oxygen side of the flame.
is the concentration of the fuel is increased, the flame moves more
and more towards the stagnationpoint of the 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 stazbilises 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 stoichicmetry. 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 exemple, when the fuel and oxygen are in stoichiometric
proportions, the jet momenta (without the flame) arc nearly the
dame and the impingement zone is in the middle of the test space
(Plate 4). 1In 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 1it, the two jets of behtonite 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 assumec 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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preducts. These products, being at the maximum temperature in the
test space, are expanded and in trying to escape they make room

for themselves by displacing both the fillel 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
lacus 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 (7). 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

VI‘ = % U see (3.1)
where U is the initial velocity of the gas stream in a jet of diameter
DQ

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 fo be applicable to a first approximnation, (section %3 )
in so far as Vr 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.gs 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 :

BEthylene = 5.7 c¢cs.)
. )

15 5 ] = . B 5
Ny(Bteside)= 75 ces g all at §.T.P.
Oxygen = 22.4 ces.)

)

Na,(-O2 side)= 60 ces. )
A typical particle track photograph of such a flame is shown in
Plate ( 9 ).

3.64 Measurement of gas velocities.

To obtain the local velocities from the particle track photo-
gravhs, it was necessary to determine their scaling factor. The
need for this is immediately apparent. by reference to Fige 10 o 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 fleme was put out, without disturbing the camera sctting.



Fig 10. Covrecuon for camera paoition,
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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
maxi?um 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. BEach 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 em. Since each component of velocity VZ and Vr varied from zero
to a maximum value, it scemed advisable to take two or more tracks

at a time in regions where these components were small, Assuming
that the tracing of vparticle tracks is not in error, this method of
measurement does not give an accuracy of more than .02 cms/seé. 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 numbcr 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 rafe up to points
well away from the matrices. This is further discussed in Chapter
S.

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 g is the
density of particles of radius r, then their terminal velocity

VT in a medium of viscosity n is given by

=2 83 =/

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 s« = 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 VZ. No corrections for this

. were therefore necessary.

3.7. Results for a flame.

Fig.(12) shows a plot of V, and V_ against z for r = 0.2%

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 VZ with z decreases at a certain
point. This lies in‘the region where heat release rate becdmes‘
appreciable and can, therefore, be attributed to the increased
axial velocity of the hot products pushing against the oxidant
Jete

Vr’ on the other hand, increases from zero to a maximun
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 .

MEASURHVENT OF FLAME TEMPERATURE.

4.1. Meaning of Temperature.

Before summarizing the methods used for the determination of
temperature &rnd its distribution in diffusion flemes, the meaning of
temperature in the context of the present work must be cosidered.
kxtreme 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 cms/Sec.

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

at morc né5a1 burning velocities. Under such conditions it might be
exnected 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 agsigned to each degree of freedom and the structuré
of the flame can be described 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
10“2 degrees. Further, in diifusion flames of the typc under inves-
tigation, the maximum rate of rise of temperature will be shown to
be.above 90,000 CC/sec. 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 im 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, particle

tracks, Suction pyrometry.

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

4o lethods brsed on other gas properties e.g. velocity of

sound measurements,range of & particles.
Eech of thesg methods has its particular merits and demgrits. The
choice therefore depends upon the range of temperatures and temperat-
ure gradients to be mecasured. Other considerations such as rapidity
of measurement, magnitude of correstions 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-
gatione.

4.%. Radiation Methods.

The most commonly used mcthod 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 frcedom of the metal atoms and the
flame gases. The metal atoms thus absorb and emit at their characteris-
tic wave lengths as thermal radiators. If the intensity of these rad-
iations is compared, locally, with that of the corresponding radiations
derived from a calibra%ed 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 L, forms an image of the lamp and the flsme on the slit of a
direct vision spectroscope. The stop S is adjusted such that the
s0lid 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 fleme, 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 againgt the background con-
tinuum at a critical velue. 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 fleme 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 sengitivity of the method is due to the rapid varia-
tion of light intensity with temperature. The brightness B;iof a
black body whose temperature T is the same as that of a vapour emitt-

ing at wave length A is given (26) by

- ~Co /AT
BR.* El e /

»°
where G = 4.99 x 10715 erg.cm., and G, = 1.44 cm.(OCa).

Thus the brighitness of the metal radiation emitted from a flame
increases exponentislly with the temperature of the flame and the
accuracy of the me?hod, therefore, also increases with temperature,
The method is howcver not suitable if large temperature gradients

are present. For any two temperatures Tl and T2

Cofl -1
1l =g — TE ™
ki) A

b

N,
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IrT, -1, = 100°K, say,

100C, 1
B-eTx W
B2
As temperature increases, the ratio Bl/B2 falls  exponen=~
tially and the "resolving power" of the method decreases rapidly

with the rise of temperature. Noreover, 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 unsuiitable for measuring steep temperature gradients.

2. On account of the poor emission below 15000K, 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 certeoin regions
of the flame, in which ites inherent adventages can be exploited.
Thus, if the maximum temperature in a fleme is in the neighbourhood
of say 1600°K with an associated temperature gredient 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 fherefore 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 9.0. 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 comparatively 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 Peference 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 reldable
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 ére used, the temperature measured by a
thermocouple is still that of the junction. The gas temperature is
higher by a certain amount £T. The difference can be calculated by
writing the heat balance (37) 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 canbte made negligible in laboratory scale experiments. (For example,
thermal conduction along leads can be minimised by stretching the couple
along an isotherm).
Thus

hATA =¢ o (T -1 A cee (B0

w 0

where h = heat transfer coefficient

v = emissivity of the wire

C = Stefan's constant

A = Area over which heat transfer takes place.

T = 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 :

K

— -— - IS_ [ X K] (402)
h= 5 Nu=gf (Re)
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The function f(Re) for obtaining the corresponding Nusselt's number
has been plotted-by McAdams ( 37). Thus, knowing the wire diameter,
thermal conductivity of the flame gases and the Reynold's number of

flow, h can be calculated. Combining equation &.7) and &.2) :
Rt 4
(] <TW - TO)D

Kf(Re)

AT =

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 c¢rrors 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 placesespecially
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, té provide a check for the value determined by the

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

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 ean
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 oo (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. ) s (L}‘L‘.)
p

can be combined with equation (4.3) to give :
n-1=3%-= boTO/T eee (4a5)

where the mubscript zero refers to standard conditions, say S.T.P.
Equation (Q.E)is, however, wvalid under conditions of constant pressure
and, in the absence of any change in composition, dissociation and
ionisation. If temperature ig to be determined from measurcd 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 éonstant) 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 emerging 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 recofd the absolute
heights of the perturbations in the form of contour mabs and are less
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 ﬁethods 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 tempseratures. Bquation (4,5) on differentiation gives :

6 = - 5 T dr . vee (446)

7

The change in & is therefore seen to be not only directly proportional
to the change in temperaturc producing it but also inversely propor-
tional to the sguare of the temperature. As temperéture increases,
the accompanying change in d falls off rapidly and optical methods
become less and less sensitive. Further analysis indicates that the

fractional error in d, £, is independent of temperature. Thus,; dividing

5
Equation .6 by Bquation &.9 :-

S, = 48 = =« 4T =-¢
o - S T T

In other words, the decreased accuracy at high temperatures is only due
to smaller magnitudes of & 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 d
at high temperatures arc obtained by subtracting one large quentity
from another. On the other hand, if the reference state is chosen at
say the maximum tempcrature 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 & determined at the high
temperatures hecomes cxcessively 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
o

to using this large sensitivity to "Ycold distance'' to effect corrections
throughout the distribution.
L,6. Conclusions.

From the foregoing discussion it is apparent that optical methods
furnish the most detailed and convenient wéy'of finding the temperatﬁré
distribution in flames. But, in view of their decreased sensitivity at
high temperatures, it Jgs 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 5.
REFRACTIVE INDEX FIELD OF FLAT COUNTERCURKRENT DIFFUSION FLAMES.

5.1. Choice of Technigue.

The theory of diffusion flames suggests thet 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—dominaﬁce of
edge effects. It therefore seemed prudent to approach the problem
without an "a priori" choice of only one method. The complementary
nature of the techn;gggz 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
renge 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 mapning
a) Principle: |
In previous deflection mapping studies of pre-mixed flames ( 3 )
the distorted shadows or imeges of slits placed.before and inclined at
45° to the flame were recorded some distance beyond the flame. This
method is convenient end zccurate for the large angles of deflection
caused by the large optical path gredients 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 dismeter 'd’
placed at the focus of the convex lens 1 of long focal length-f° The
velues of 'd' and 'f' are so arranged that the angular departure from
perallelism 4/f is smell. (In the present work @ = .Ol8 cm. and
= 100 cms.). A grid, G of inclined slits is placed before the flame
F while the shadow of these sli%é is recorded at P at e distance D
from the flame.
b) Theory:
Whenever a ray of light trevels through a refractivelindex
field it is deviated from its path and its local radius of curvature
is given by (19)

- gradn sin ¢ cee (541)
n

where n is the locel refractive index whose gradient mokes en angle ¢
with the direction of the reoy.

For expressinzg 'R' in terms of local co-ordinates, it is
necessary tc choose & freme of reference. A one gimensional refrac-
tive index field will be considered for the sake of simplicity. A4
three dimensionsl cartesizn system of co-ordinates Fig«(16) having
the x-axis parsllel to the incident beam and the Z-axis parallel to
the direcction of grad n is tne -cfore assumed. The radius of curvaturc
of the rey at eny point, in this fraome of reference, is

i

;2 2 .
7/ g e (5.2)
d" o / ax

i
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Also grad n = dn and @

= I
dz 2
Combining Equations (5.1) and (5.2) s
,
2 PRAE
@2 = 1+/3a | 7L @ e (5.3)
2 Loy dxs . n dz
dx ’

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

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

@°z = - dn , oo (5.4)
dx2 az
which on integration yields
. .2 2
fézi =-, dn dx
L,d‘r..']_ 1 dz

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

z‘i= 0

2l

for the rey where it cnters the fleme say at z = z, (Fig.16 ).

fience the deflection @ produced by the flame is

Q;“_"_-tan@={__z_\i = - (ng dx. eo. (5.5)
'-“d:-'/'z 5 Uz

where 'x! is the distance over which the refractive index fiela cxtends
end the integral is to be performed, along the ray. For a two dimensional

ficld

X . os (5.6)
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c)»AUplicationf

For a determination of the local refractive iﬁdex gradicnts
in a flame the only factors that need be known are its geometry and
the corresponding deflections. I the distribution of refractive index
in the flame is required, it is also necessary to know a reference
state in the test svace for the purpose of integrating the grad n
curve, graphically or otherwise,

The déflections are obtained from the distorted shadows of
inclined slits. If these are recorded at a distance D from the

test space

weo (5.7)

ww

where S is the local displacement produced by the fleme psrallel to
the refractive index gradient being determined. This displecement

is glways measured with respect to the undeviated shadow of the slits
which thereforce should also be known or construed. Thus, for a one

dimensional flrome

-
s

§_=" (\ _@gd}( ¢ (5.8)
D o ¢z

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

gn=-§.1
dz D X

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

towasrds the colder parts of the fleme and shell not be linear.
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If this bending is teken into account, integration of Lguation
(5.8) is no longer a simple matter. The method followed is usually
thet of using successive approximetions. The first is based on the
assumption that the rcfractive index gradient dn/dz along a rey path
remains the some as its velue, say n', at x = O where the ray enters
the flame, In this case

x
@ Lton 0 = dz = ~ |
d 4

Z = ":_l._n‘}:2+ Z L (509)
2

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 heing onnlysed but generanlly not more
than two spproximations are needed.

e) Limitations:

The cdeflection mapping technique in this form suffers frcm
a serious limitation. If the method is to be extended to very much
smaller optical path gredieuts, incecurccics crise beceuse of diffrac-
tion at the slits. Ivery criterion on the diffraction pattern which
could be usecd to read the record, such as the central diffraction
maximum, is defined by a given englc subtended at the slit. Thus

the sensitivity of the method coennot be inercased beyond a certain
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aemount by increesing the displacement on the record per unit angle of
deflection (e.g. by increasing the distence between test space and
receptor)° The width Qf the central diffreoction meximum, for instance,
will increase proportionately and by remaining & constant frection of
the displacement, will plece an ebsolute limit on sensitivity. This
difficulty is further aggraveted if not only sensitivity but also
resolution in the test spece is to be increased. This can be achieved
only by decreasing slit width and thereby increesingthe diffrection
induced indeterminocy on the record.

5.3+ Use_of "half wave steps"

If deflection mopping were to be extrapclated to optical path
gradients very much smaller than those occurring in flat pre-mnixed
flames, an alternative method of "merking the wavefront" would be
odvantegeous. The principle of the helf-wave sten ( 32) seemed readily
adaptable to nresent requirecments. erallel strips of mognesium
fluoride film, half a wove length thick, wers evanorated onto an
optically flat gless plete. The distances betwecn adjrcent strips
werc equcl to ecch othor and to the width of the strins. The equi-
distont stecps so produced were used in the seme menner zs inclined
slits in the studics of pre-mixed flames. At every step, the wave-
front emerging on onc side of the edge is 7w out of phasc with the

WANE
adjaoent&front. The destructive interfercnce, which tekes ploce along
the surface containing the step and perpendicular to the glass plate,
results in o sherp dark linc on a screen or nhotogrephic plate so

long as the latter is not too far rewoved from the halfwwave step.
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The "resolving power' of this decvice is bompared with that
of slits in Pletec ﬁO. Both werc placed in an acccurately pnréllel
beam of light and the shadow recorded ot a distancce of 165 cmse The
wicth of the slits shown lic between 049 snd 125 cms. and the
vave length of light wes 5461 4.U. It will be seen that a very
consiccrable improvement in sccur-ey rcsults from the use of a grid

of helf-wave stope.

5e4.. Inferences from deflection mapping studies.

Pilate 11 shows the distorted pottern of the half-wrve grid
after passage of the bean through the flet diffusior fleme. Large
deflections arc obscrved in the immediate viecinity of the burner
mouths. These are also respnonsible for the spparent increasc in
the distance betwecn the burner mouths. This property of the def-
lection field of such diffusion flames has two undesiroble conseg-
uences. Firstly, the sngles of deflcction are scen to f211 to small
magnitudes in the central zones which él; likely to prove most
interesting from the point of view of the flamc's mechanism.
Secondly, because the rcfractive index gradionts extend right to
the burner mouths, the undistorted shope ol the grid cammot be
ascertained readily from the distorted pottern. In the pre-mixed
flame, thc refréctive index gradient and hence deflection falls to
zero on either side of the reaction zone, well before eny solid
boundary obscurcs the light beam.‘ Conscguently, the undisturbed

pattern con be construed (24) on the record by interpolation between



83,

the undeflected extremities , without reguiring 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 nore informative and

in subsequent work interferograms were used for the main sequence

of measurements leading to temperature and heat release profiles.



8L,

CHAPTER 6.

DEVELOPMIENT QOF 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, thérefore, 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 2 line).

These considerations narrow the field wvery 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

"involuntary" fringe will appear for an angular misalignment of
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8 x 10—7 radians in each mirror.

An interferometer based on much the same geometrical layout
buf employing four diffraction gratings (34) instead of mirrors, is
free from these objectionsy 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 thopght‘that the.rgnge‘qf interest might_ipglude
flames of appreciable lﬁﬁizﬁéitj.aﬁd this‘intéffé£ometer was therefore
not used,

The interferometer which appeared most sultable 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 1es§ wasteful of light than the four-grating inter-
ferometer though, of course, more so than the Mach-Zchnder interfero-

meter,

6.2, Pri?ciplékand”Tﬁé9r§ oivfwo-grating Interferometef L

In this interferometer, the beam is split and recombined at
points of focus oi;f. twovschlieren mirrors by two fragments of a
diffractiqp g;ating. The principle can beéthbe illustrated by reference

to lenses instead of mirrors ssin Fig.(17), where E is the effective point
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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 cérrectly, the first orders will fill the upper half. Thus
the lens A shall produce two parallel beams derived from the same
source, They are rccombined 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
6f the ray 2; 1i‘thls ié so, the first order of ray 2 follows the
ﬁ&fﬁ:df ray 3. In view 6f the fact that the grating is placed at
the focus of A, the angle of diffractiég @ for normal incidence is
given by :

6 =sin” [a\ e (6.1)
T/

where 2a is the aperture and f the focal length of the lens.
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If the wave length of light is A, the grating spacing 4 is

given by :
4= ne/ | cer (6.2)

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 turming the principal ray EB throﬁgh an
angle sin” (a/af). 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 znd 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 / x has been calculated ( 19), When
the grating B' ie at the focus of A' (Fig. 19) interference will takc
place, within the half ¢one 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 /Ax to the positicn
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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between the reys 5 and 7 originating from a virtual focus displaced
laterally through a distance N y. This means that the two plane
wavefronts shead of A' are no longer parallel but subtend an angle

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

‘::1:: _-:'-\_ R (605)
£ q
But
Ay = £x tan @ cor (6.4)

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

to be
q = i\_(j-_ ;1 - .}‘ :.r LI (605)
X EZ/

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 Z2-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) 4x itself is a function of wave length but this is only a
second order effect, so long as (a/f) is small.

6.3. Sensitivity to misalignment.

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

q = f_d. se e (6.6)
LXK
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which when combined with Equation (6.2) yields

a0 £A £ G a(Ax) e (6.7)
OX 8

Thus, for-a given displacement of B' 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, A x = 1 cm.
and A = 5461 Ao, g is seen to be about 3 millimetres and the number of
fringes will therefore be epproximately 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 interfercmeter.

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 ficld.

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



a3



/N

F

G
Fbc},&o Lm.io'ui °§ 2-¢{}-fad§mct, M&r%emmei‘ef
G— MV.avc .
g.. Sm\ildmw
~ Pumbole
,? = Veriable aperture Lons.
C&C  — Frowk puvfoce polished mivyors. _
B&B — Plane Troamsmicsion aﬁm% 2000 Lb:b.
AN — Schlieven mivrors §=245ems. 20.=20Cms




9!+-

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 cms. 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 demage to the gratings, the pieces were sand-
wiched between foam rubber rectangular freames and then slipped care-
fully in the rectangular recess between the fromband the back pieces
of the grating mounts. ZEach 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 setting up of the interferometer.

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

mercury vapour lamp, the condenser F, the pin hole and condenser D
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werc mounted on a separate optical bench, in that order. These werc
adjusted to obtain a focused imege of the pin hole E on the grating B
(via the plane mirror strip C mounted on the same optical bench as B),
which was approximately placed in the focal plane of mirror A along
the optic axis. The grating was then rcplaced by a pin holé and the
mirror A was positioned so that the circular pateh of light was formed
roughly in its cenfre 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 manipuloted so as to obtain the shadow
approximately in the middle of the circular patch of 1light. 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 imege of
the original pin hole E was formed in its own plane. This source
and its imege were made coincident by adjusting the levelling screws
of the plune mirror strip. In this menner e horizontal collimated
beam could be obtained.

The planc mirror was removed and the collimated beam was

allowed to fall on the mirror A' which was kept on a levelled steel
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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 cms.

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 1lit
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 d4mage 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 équally 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 eyepiéce
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 magked 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'Shadows' of the flame disappearcd 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' (% = é%?)and the disappearance of the shadow
caused by deflection wa; the mogt sensitive criterion. Once the
position 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 (14 ),
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. pecordingly, the
burner was located midway between the two mirrors in the position

IT (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 cms. 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 thosc due to the edge effect
were sharp in the complementary order. It was thercfore decided to
phot ograph 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 C2H4+ ’1ON2 and
302 + 8N2. The mean approach tcmperatures 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 clements 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 arder 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.



21. Conadructien a% ZONes

R
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Thus, if P, 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

PO C s s RN
Xbc i XJ 63 Xnén P'\pn L (6-8)

j=1

where X =.§§ xj and the subscript c¢ stands for the cold condition or

j=
the reference beam. With the knowledge of room temperature and atmos-
heric pressure at the time of the experiment, the value of 6C for
A= 5461 A° could be found (38. The first two terms on the left hand
side of Equation (6.8) are known and hence = u ~T in the nth zone
can be calculated from a knowledge of p, 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 mot 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 coid 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, is glven by

n
X6 = { ddx =Ap
c D n
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which can also be written as

Xﬁc - 6OTO \ .C.l..}s. ='4)\‘pn . 20 (609>
“0 T

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 cdge effects where the temperature is lower than in
the flame., Furthermore in this region wherc¢ the hot effluent mixes
with cold air, there is a steep variaticn of temperature in going
from one zone to another. This was the reason for cqnstructing 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, thc locus of maximum intensity on a black fringe
could be determined only approximately. Horeover, in the regiéns
where the fringes were very close togcther even a slight error in
the direction of fringes would introduce a large error in &, Over
and above this, in the regions where the change in direction of the
fringes was very gradual,'it was difficult to dedﬁce 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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measuréd by the method followed was only about a guarter of a fringe,
‘on the assumption that fringes could be traeed correctly.

Fach analysis was carried out twicé with each flame, the first
result being used to construct a subdivision into elemcnts 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 (L4.5). The test space was divided into two halves by the
"slice" giving the minimum value of d near the axis of the burner.
This, to a first approximation corrcsponded to the section at which
temperaturc 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 60 was taken,
to a first approximation, to be that of a mixture of 7.5 cecs. of
Cqu and 75 ecs. of nitrogen at S.T.P. Since & is additive by volume
| (19 ) this can be @asiiy calculated if the refractive indices of the
gases for A = 5461 A° arc known (38 ). Knowing the constant 8 T, and
b, 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 60 now corresponded
to a mixturc of 22.5 ces. of oxygen and 60 ccs. of nitrogen (both at

S.T.P.). This gave the temperature distribution to a first approximationf
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6.11. Corrcction for diffusion induced composition cifects.

Whilst temperature is the main variable, the diffusion induced
variation in coméosition was also taken into account. As discussed
in Chapter 1, this secondary dependence was e¢alculated 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 cqual
to that of temperature rise, f

£ = :_-"1-’1 eee (6410)
b

where T denotes the ratio of temperature (OK) to its initial value
and the suffix 'b' indicates the burnt statc. One method of solution
is the use of succcssive 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 cquation. The approximate

temperature distribution is next corrccted and the entire process is

repeated until further variation is negligible.

Since, using the above relalionship, the composition distribution
can be cxpressed 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+8) to temperature :

5= _‘u ees (6417)

. T
® refers to the mixture composition corresponding to T and the suffix
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‘u' denotes initial temperature. Adding the contributions of
reactants (suffix r) and products (suffix p)

6u - (1-f) 6rqu + f 6p,u ¢ e (6.12)

which when combined with Equation (6.10) gives :

('cb- 1) o, = (rb - T)ér o (v - 1)ép

? ?

bu can be eliminated with the help of Equation (6.11). Thus,

(Tb - 1)1‘.6 = (Tb- T)br'u“)’ (T”1)6p’u oo (6.13)
which on simplification gives
T = br1u+ x cs (6O1‘+)
d + x
Where X = 61" u - 6 u LIy (6-15)
. Tb— 1

Equation (6.14) was therefore used for dectermining the temperature
distribution from the knowledge of the local values of b in the test
space. Since the temperature distribution across the faces of the two

matrices was known, 6r u could be calculated in both the halves of
3
the test space. Thus,
5. = (2 0gy y 4 PN
82.5

on the cthylene side

o
]

and pyu = 22580, o+ GOBN,

U on M GJG—AOM?L 94:696.

82.5
Furthermore, if the reaction proceeds to completion

7.562H4+ 22.5 O2 + 135N2 = 15 COZ+ 15 Hao + 135N2

Therefore 6p,u = 15(6coa’u+ bHZO,u)+ 135 6N2,u

165
For this case, ® -9 = 25 x 10~7
ryu u .

) Py
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6,12Final flame temperaturec

The value of Tb 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 preportion that the 02H4=°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 Jdalculated 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 te carbon

dioxide and water, the volumes of 02H4 and O, would be respectively

2
745 ccs/sec. and 22.5 ccs/sec. However, if the reaction procecded to
CO and H20, the volumes of Cqu and 02 would respectively be 7.5 cecs/
sec.‘and 15+ ces/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 CO, ~nd H.O

2 2
N2 (BEthylene side) = 75x 7.5 = 75 ccs/sec.
7¢5
Na(Oxygen side) = 60 x 22.5 = 60 ccs/sec,
5.5

Tor the flame under distussion, T, was approximately 195OOK for the

b
reaction proceeding to completion while for the reaction proceeding to

carbon monoxide and water, it was approximately 18500K.
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CHAPTZR 7.
PRELIMINARY RESULIS

7.1. Temperature distribution

The approximate distribution of temperature in the flame analysed
is shown in Fig. %,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 fhe 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.
(1iii) 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 BOOK. 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 17OOOK 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
s0 as to make a cross and were similarly spot welded. The superfluous
lengths protruding from the junction were clipped off,

A thin layer of S}O2 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 stoep 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=. 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 summorised in Appendix C, caused in & due to
various factors occurring in Bguation (6.8) was also undertaken.

7.4, Improvements in imterferometer 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_q(a/f) for the system shown in Fig. 20 . 1In 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_q(a/2f). The angle of
diffraction for the first order is thereforc given by

d (sin © + sin I) = A where sin I = a/2f .. (7.1)
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and the deviation D suffered by the diffracted ray is

D=1-8 coe (7.2)
Combining Equations (7.1) and (7.2) the condition for minimum deviation
is found to be

=21 e (7.3)
The solution © = + I gives the zero order of the mean ray while 6 = - 1
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 A4 will, to a first approximation, be circles
of diameter ecqual to the radius of 4 and two collimated coherent beams
result.

Substitution of Equation (7.3) in Equation (7.1)glves

2d sin I = A

or a =

=3

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, suh-

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 & 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 AT for the difference between the wire tem=-
perature Tw 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 diamcter and the
flame gases were treated as nitrogen.

An interferogram 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°K and 1585°K. It will be
shown later that these were not the highest temperatures in the
system. The theoretically calculated valuc for completion of reaction
to COzgnd HEO was 18500K approximately. The temperature for reaction
to CO and H20 was 17500K but, in this instamce, this was found irrele-
vant in view of the fintings of sampling followed by sas chromatographic

analysis which is Turther discussed below.
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8.2. Gas chromatogravhic analysis.

&4 simple epperatus was used for taking gas camples 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 and samples were then aspirated
in from thme 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 founrd that :

(i) At the edge, traces of ethylene along with 2 high concen-
trafion of cerbon dioxide end oxygen, a small amount of carbon monoxide
and, possibly, hydrogen werc present. The concentration of carbon
monoxide was not thought to be more than two percent of that of carbon
dioxide.

(4i) On the "fuel side"the very emall 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 species detected»on the oxygen side were principally
oxygen end carbor dioxidc, together with smazller 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 chspter.

8.3. Calculatiocons.

The digtribution of refractive index in thc test space was
determined by the method outlined in section 6.8 »  The magnifi-~
cation I of the interferogram was determined, in the first instance;
by dividing the separation of the imcges of the matrices in the
enlargement by the cctual sepafation, determined by means of &
cathetometer when the burner was cold. This measurement was cgrried
out along the axis, which was assumed to be exectly coincident with
both the line of symmetry and the "eye" of the interferogrem. This
velue of M proved unreliable, largely because of the opticel distor-
tion induced by the ray deflections neer the matrixz (Plate 11 ). The
observetion that the scparation of the images on the enlargement varied
somevhat along the radius of the metrices confirmed that focusing did
not entirely eliminate this effect of refractive index gradient.

Accordingly, the velue of the magnification was based on parts of the



125,
image unaffected by these optical effects - the distance between the
"eye" of the interferogram and the edge of the outer matrix, as well
as the width of the outer matrix. Both measurvements indicated M =.12.55.
The question of the accuracy of this geometry is in fact rather

important. If p is thc fringe order for the first annular strip the
optical path gradient » p is given by

X (60- 3) = Ap '(8.1)
Thus, if the interferogram was enlarged M times

= MX ... (8.2)
where XE was the distance actually found graphically. Therefore Equation
(8.1) becomes

X (0 -8) = HAp ... (8.3)

The error in d due to an error d in M is, therefore,
dd = -di ( -8) ... (8.4)
u o c

This result will be used below.

The values of &=8 for I =12.55 arc shown in column 2 (Table I).
The next step wes the pegging of this distribution to the temperature 1
&s reccorded by Na D line reversal and thermocouple. The minimum &

Won -6

calculatcd on the basis of these nmeasurcments ie 55x 10 as compared
with 61 x 10_6 obtained from the interferogram. The ressons for
correcting the latter vaelue to the former have been set out in a
previous chapter. The remaining question was how to adjust the

distribution. The method devised is equivelent to assuming an error

in magnification - (Equation 8.4) - for the following rcasons.



First, an error of only 4%
difference., This is equivalent to
the axis of the jets and the minor
mentioned before, no scaling marks
an error of 1.6 mms. does not seem

the axis of the jets is taken into
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in M suffices to account for the
a misalignment of 1.6 mms. between
axis of the "eye'. 3ince, as
were gvailable on the interferogram,
improbable if the method of finding

account.

Second, the correction is linear and threrefore, easy to apply.

The third and main point is, however, that the czuse of the discrevancy

is not very important - the initiasl and final values are fixed and

the deviation in between is unlikely to be appreciable, even if the

error does not follow e first order law. The corrected values §= By,

are shown in columm3{eble I). These were then converted to temperatures

allowing for diffusion induced changes in composition.

8e4. Diffusion-induced changes in refractive index.

The effects of composition-induced changes were determined

according to fquation (€.14 ). TFor the flame,under discussion, the

values of & ._
mixture

dr,u

dr,u " 297 x 10
The products being carbon dioxide,

nitrogen,

at 273 °¢ and 77.28 cms. of Hg. are :

330,77 x 107° on the fuel side

-6

on the oxygen side.

water vapour, excess oxygen snd

-6
8,4 = 311.25 x 10
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Therefore ¢
& -5 =19.52 x 107 )
rsu Yp,u on the fuel side.
X = 4~002 )
& =&, . = =14.24
TsU Tpsu on the oxidant side.
x = 2,93
T b_. 1= 4086

In the regions occupied by the products of the reaction,
5.7 Czﬂﬁ + 22,4 O+ 135, = 1144 COo+ 11.4 H20 + 543 0, + 135N,

2.4 x 1076

it

o rsu-6 bsu

and

z = 0449
The values 60 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 hes beenmsed on the assumption that any
transluminating ray travels undeviated through the fleme. 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 elong the ray.
For a more accurate snalysis, the path of light inside the flame should
therefore be known. The certesian eguation of this path Fig.( 24 }

has been seen to be (Section 5.2 )

z -z, =+%"4ddY x

AN L% ‘:’
The apnroach in the present investigation was to find the

megnitude z - z,_ of the axial displscement experienced by the rays

(0]
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Fui, 2l. Pavabelic Correciion
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due to the vertical component of the refractive index gradient.{It
will be secn - section 8.6 - that the radial component, in the
region of interest, is negligible w}thin experimental errors). In
view of the complex rcfractive index field (Fig. 23 ) only the rele-
tively flat portion of the flame was considered for the purpose of
this calculation.

The deflection mapping 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 ® ageinst z. It is seen that § changes most steeply

near the matrices. In the regions of heat release, gred d is quite

In view of this, it was decided to find z - z, near the two
matrices and see if the displacement was more than the "depth' of
eaech anmular slice over which the average fringe order had been

determined for evaluating the interferogram. Thus on the fuel side

dd = 439.25 x 100 ot 2 = 15.0 (F 12.55)

it

dz
X = 20 &8
15,55 3
. % ~ 2
s 8 2 =32 =-%ﬂﬁ»£':—.ow2mm.
0 D
"\dzl
Similarly on the oxidant side
-£ o _
dd = 376.5 x 1 at z = 0.5 (% 12.55)

and using the same velue of x

5 -2 ==,0019cms .
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The "depth" (along the axis) of each slice was about .032 cms.
which is one order of megnitude greater than the ray displacement.
It, therefore, follows that the method of analysis of the interfero-
gram was such thet the inaccurescies introduced by using Eguation (6-8 )
instead of Iiguation (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 essentislly
gave the average value of din cach annular strip the curve (for cach
slice) was drawn through the means of successive g's. It was found
that the gprofile was scensibly flat in the central region. This
smoothed § - profile wes used for calculating the temperature dis-
tribution according to Eguation (6.11 ), Tho approximate isotherms
thus obtained are shown in Fig.( 26 ). The gradient in the effluent
wes so steep that it was found difficult to follow through 21l the
isotherms in this region.

Tt will be noted that the meximum tempersture ( £+ 1650 °K)
is not reached till in the neriphercl zoncs of the flame. Comparison
of this result with theoreticazl value will be included in the discuseilon.

8.7. Correlation of the interferogram and varticle track photogrephs.

In view of the opticsl distortion induced by ray deflection
near the nmatrices, it seemed advisable to seek snother 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. Thig could be found by bisecting
the distance between the images of the watrices on the interferogram and

on the particle track photographs.
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The distences were accordingly measured from this central planc.
Since the ray deflections near the two matrices were of the same
order of wegnitude, the error in location of the middle-section of
the test space on the interferogrem could not be appreciablc even if
the axial seporation was distorted,

8.8. Components of locel velocity.

Teble II gives the vertical and redial components of local
gas velocities as determined from eight particle trock photographs
of the same flame. Vithin the accurscy of measurement, the axial
component Vz was found to exhibit the same variation with z for
three velues of r. Accordingly one best fitting curve was drawn
through 211 these points. (Fig. 27 ).

V., on the other hand increased with r. Its vealues are
plotted in Fig.( 28 ).

On account of the light scattered by the matrices, the
particle tracks could not be followed un to the upstream origin of
ecch Jet. As e result of this, the determination of heat release
rate was limited to only those regions wherc the flow velocity
could be determined. Since the bvemperaturc in the inaccessible
regions was too low for zpnreciable reaction, this wes not of much

consequenee for the nurnose of the investigation (3ection 9.5 ).
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CHAPTER 9.

ANALYSIS OF TH& STRUCTURE OF A FLAT DIFTUSION 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
paremeters (section 1.6 ) needea 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 ot first and then
start decreasing. The general form of the variaticn was the same
on both the fuel and oxidant sides, but the fnll was more rapid con
the oxidant side.

The values of the local thermal conductivity were necded for a
determination of 4 sZK df }. While there are many sources (23,40,41)

o . dz J
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 requircd values were ultimately found in a text book
(42 ) but their source was not given. The theruzl 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
hormonic volume weighted mean.

The procedure was to find the thermal conductivities of the two
reactant mixturces of (i) 5.7 ccs. cthylene and 75 ccs. of nitregen;

(i1) 22.4 ces. of oxygen and 60 ces. of nitrogen at temperatures up to

373°K. The thermal conductivity of the products was then similarly
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calculated at temperatures in the neighbourhood of 1600%K. Zach
intermediate temperature occurs along two surfaces, one on either
side of the zone of maximum temperaturs. The compositions differ
on the two sides but on each side can be related uniquely to tempcra-
'ture by the law used already in the conversion of & 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
variaticn on one side of the flame. Three points for each of the
cold reactant strecams (at temp. up to 37BOK) and for the hot products
(around 1600°K) were used to define the position and slope of the
terminal curves, to which the rcquired graph must become asymptotic.
From these the two relationships were then determined by interpolation
(Fig. 31 ). It was found that only cne curve was needed for both the

oxidant and fuel sides.

“,
&7 . . f. dT
From a plot of ¥ == against z, the values of & {K == }could
dz ! et dz /
Z N .,"

then be determined at verious axial distances.

9.2. Thermodynemic properties.

While a knowledge of temperature distribution in the test space
is sufficient feor 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 token into account.
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The approach was similar to thet outlinec in section 6.11 . The

basic equation W8ed was alco similar. Thus the relations used were

- 1
o
s

i =1 !
. ct-iT = f = 711
pEE _geac A f - ... (9.1)
L‘prod ‘react i b~ L

for enthalpy in cals/gm,

and

(o ™) . - (7)

“" - o 60 .
mix reactit = f = T ”; (9.2)

i(p T)prod'(pT>reacf§
T
for density in gms./cc.

The values of p and H, for the mixtures, at different temper-
atures could be calculated from o knowledge of p and i for the com-
ponent gases at these temperatures (44 ).

The locel density and enthalpy of the flame gases thus
deter ined . were plotted and the values of dp /dT and
at/a7 found graphically from these curves.

9.3. Gradients of velocity.

The method of deriving the gredient of axial velocity was also

grephical. Its varistion with z is shown in Fig.( 32 ).

Before finding dzi . graphically it was decided to check the
applicability to these flames of Le clerc's basic result, viz. the
postulate that the radial velocity in the impingement zone ig directly
proportional to the radius. The radial velocity at different axial
distances was plotted agsinst r in Fig.( 33 ). It was found that away

from the region of heat release, V. varied linearly with r. In the
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combustion zone the rate of change of V. 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 V. for lerger r's 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 l.6 ) is

-

12 -r% 3 +rpV i+ d |kK3r+ eVE}-wy=0
or ‘. or - dz - Oz z
ee (9.3)
It has been shown that
of = g
or - (9.4)
and
Var
r
With these conditions Lguation 9.3 on differentistion becomes
LG -‘3-1-134’ v Sa-'-f-(’P_aii + HYp_}+ ol O, + 2V ) - g
N\ 9%/ *Hw AT T, 3 = T
oo (945)

This equation was thercfore used for the celculation of heat release
rete. The different terms of this equation heve been tabulated in
Table III, while the calculations have been summsrised 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 relesse rate is seen 10 incregse gredually at first
but its veriation with axial distance becomes very steep near the
middle. The profile is somewhat wider on the fuel side and shows a
negative heat reléase rate on both the oxidant and fuel sides. The
thickness of the reaction zone docs not seem to be less than five
millimetres.

The total hecat release rate per unit erea wes found by a
graphical integration of the heat release rate profile. For this
the negative heat release obtzined on the fuel end oxidant sides was
also taken into account. This was compared with the theorctical value
obtained by dividing the hecat of reaction with the arce of the flame.

The arca of the flame was calculated from the narticle track
photographs. The flame was assumed to be a circular disc and the
skirts on the periphcry were neglected. The radius of the cylinder
whose section appea?ed as skirts on the photograph was taken asg the
radius of the circular disc (Plate 9 ). The arca of the fleme thus
determined was 49 sq. cms. The heat of reaction (44 ) liberated when
5.7 ccg. of ethylene at 5.7.%. burnt to cerbon dioxide and water was

316,195 x 5.7 cals.
22400

and the heat relcased per second per unit arsa of the fleme would

therefore he
316,195 x 5.7 = 1.64 cals
49 x 22400 cmz.sec.
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The value found by integration of the heat release rate was
1.59 cals/omz/sec. The agreement between the two values suggests that
the analysis is reasonably éccurate. H;wever, the appearance of
negative heat release rate on either side of the flame was the reason
for further investigation. VWhile it did not seem impossifle 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 Lguation (9.5) which
add up to give wQ.

The two terms involving the variation of thermodynamic pro-
perties with temperature were, to & first approximation, equal and
opposite in the regions where negative wQ was obtained. Only the
terms involving thermal conductivity and axisl =nd radial gradients
of velocity made up the major portion of wqQ.

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 relezse rate was subtrected from the conductive term so as to

yield the value of _d (K ar ) which would reduce the negative heat
dz dz

release to zero at different z's, and a graph of this function was
plotted. Grephical intergration of this curve gave K ~%§~ and hence

the K 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.3l ). 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 V. 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 pegative heat release rate was found. The values of aVé/ az
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 aporoximate (Appendix A), the large magnitude of cor-
rections needed in Vr and.aVZ/ 9, did not seem very probable either.

9.6. Sampling and gas-chromatography .

The reasons for examining the gas compesition by the method
outlined in the preceding chapter were twofold. TFirst, it seemed
desirable to compmare the CO with the C02 concentration in the products,
in order to assess the extent of completion of reaction. In the flamc
used during preliminary work, the increase in temperature in going
from the axis to the edge of the burner suggested that onlv the first
stage might be going to completion in the centre, the COp stage being
blown off towards the edge. Lo analyses were carried out under these
conditions and, in view of the preliminary nsturc of the measurements
on that flame, the question must remein unresolved, fer the present.

The current experiments provide no proof tc 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 CO+Hy0 and 1850°% to CO, + Hy0)
Lowever are also compatible with either reaction scheme. The rela-
tively small difference between the two temperaturcs is due to the
assumption that the meximum temperature alweys occurs at the surface
of stoichiometric composition and the oxygen (with diluent) requirc-
ment is different in the two cases.

The results of gas chromatography were therefore first cxamined
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 002 as to leave no doubt that the rcaction could
be regarded as going to completion. This result is in excellent
agreement with the comparison between the integrated heat release
and that celculated 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 fleme containcd some ethane, in regions
fer cnough from the flame for the ethylene contentto have fallen
to uncetectably small valucs. There scems little doubt thet Cohg
will be formed as a result of attack on 02H4,by % and Hy and molecular

hydrogen was found present in the samples snalysed. In vicw 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 K was to destroy the conviction
that nothing could be present on the oxidant side which would be
capable of negative heat release. The initisting steps in the
oxicdation of 02H6, for instance, are undoubtedly endothermic. Such
an explanation would also eccount for the good agreement between
measured and calculated total heat release.

The evidence is not sufficiently quentitative to attribute
the negative heat releese rate to any such definite step. There is,
however, enough room for gpeculation to meke any further search for
an error in the measured gquantities which would be responsible for
the observation unprofitable. The negative heat release is in any
caseonly & small fraction of the total heat release znd does not
affect the conclusions of the work.

9.7. leaction rate laws.

It is possible in principle to determine overall effective
reaction kinctics with the help of the type of results under discussion
even without sampling studi~zs. Such a determination ( 4 ) can be
based upon the equivalence of the heat and mass conservation ecuations
for any species j whose diffusion coefficient, ng bears a known
relationship to thermal diffusivity. Thus from Fquation ( 1.1), the

conservation of mass can be written as (15 )

b

div é-:.DJ g’rad mJ- + T."‘hnjj - fl’lj”! 0 eo e (9-6)
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where mj is the mass fraction of the jth species whose rate of gener-

ation per unit volume is m and M is the mass flow rate of the

4
mixture per unit area.

On the assumption of an overall reaction scheme, the rate of
formation of the Jjth species can be linked with the volumetric heat
release rat. wh = ¢ . Thus if E stands for the amount of hcat

liberated ver unit mass of the mixturc which is associated with the

mass fraction m;,

j: and if D-] = __lg_ 9
¢ P
i M PG 0 8
=0 oo (9.

My pms o I’-'-i"'ffo
where O and f, respectively, stand for the initiel and finel values.
Thus the concentration of each major species is calculable at
gvery point. This, together with the knowledge of local temperature
and reaction rate everywherc, makes it possible to deduce effectiv
laws, activation energies and reaction orders. Such an approach has
been used to establish the validity of the "global' rcaction concept

in vre-mixed flemes ( 4 ).

7)

rate

In view of the preliminsry nature of the present work, such an

analysis was not attempted. The negative heat release ratc is due

either to an individual reasction 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 Jjustified.
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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 kinctics with the help of pre-mixed
flames. Taking thc case of the flame analysed (Tb = 1850°K) the
burning velocity (24,45)of the equivalent pre-mixed flame would be
of the order of 25 cms/sec. Such fast burning mixturcs cannot be
stabilised on a flat flame burner at atmospheric pressures. MHoreover,
the thickness of the rcaction zonc would be so small that the flame
would not be analysable by any existing methods. The thickness ([, of
the reaction zone of a flame, of burning velocity (Su) 5 cms/sec.,

z

stabilised on a flat flame burner is always less than 3 mus. Assuming

that /> is inversely proportional to Su

A< 5 x 0.3 cm. cee (9.8)

S
u

cnd for the eguivalent flame of the example cited above

D L5 x 0.3 eee (9.9)
2>

Thus the thickness of the reaction zone of the equivalent pre~mixed
flame would be expccted to be smaller than 0.6 mms. It will be seen
that the counter-flow diffusion flame in which the thickness of the
recaction zone is abeout 5 mms. thercefore provides a nuch morc convenient

tool for the study of fast burning mixtures.
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CHAPTER 10.

CONCLUSIONS AND RLCOMMENDATIONS FOR FURTHER WORK

10.1. Conclusions.

The main conclusions of this research arc:
1. The counter-flow burner is capable of yielding a flat fleme of
reactants which cannot be burnt in cquivalert mixturc strengths on a
flat flame burner.
2. The serodynamics of counter-flow jets is altered wher the flame
is lit. The theory which supposes the flow patitern to be identical
with that of two Jjets impinging on the opnosite sides of an infinitely
thin platc is only approximstely correct.
3. The refractive index ficld of these flames is such that deflection
mapping is not very suited to its measurcment in the centre of his
fleme,
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 refractivs
index field, it is desirable to have reference points in the high
temperaturc region of the fleme. These can be determined by sodium
line reversal mecthod or thermocouple.
6. For laminar flows, the position of the flame is determined by the

stoichiometric locus of fuel and oxident.
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T. It is possible to use this flame to study the kinctics of highly

reactive fuel-oxygen combinations. This is so because the present
investigation rcveals that such flamcs arc not only stabilissble as
flat reaction zones on the opposed jet burner but also heve a thick
enough rcaction zone which cnebles the analysis to be carried out.
8. As distinct from pre-mixed flamcs, the lack of transport deta at
high temperatures may not be such a major hindrance in such a study
because the axial gradient of temperature is constant over large
regions and vhere it is not, the tomperaturc range is small.

10.2. Recommendations.

While the possibility of using optiezl technigues to the
in situ determination of heat relecase rate in diffusion flame has
been demonstratcd in principle, there is room for further improve-
ments. If the method is to be used for kinctic studies, in perticular,
its accuracy should be improved. A major sourece of inesccuracy in the
present work has been the spccial refractive index field of such a
flame, involving large gradients ncar the matrices due to which some
residual distortion eppesrs to occur even on the focused record.
Some attention should, thercfore, be paid to the sberrations which
affect the imeging of the dismetral plonc of the flamc on a flat
photographic plate. Parabeolic schlieren mirrors may be worth con-
sidering in this context. In any case, it scems adviseblc to incor-
porate some scaling marks on the interferogrem plate in order to

determine the magnification accuratecly and thercby eliminate the mejor
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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 gresater
than bentonite would reducc the thermel foreccs acting on the tracer
particles when they move through steep temperature gradients. This
would increase the reliability of flow velocity ieasurements. 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 mazke 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 flemc diemeters, unless either the burner diameters are
reduced (which seems feasible) or the mixtures are made leaner (in
which case blow-out may be approacted). Larger fléme diemeter would
tend to aggravete the above-mentioned ontical 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. OSince 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 rccduced, thereby avoiding the need for a big room
and the associated problem of eliminating convection currents across
the optical path. The aberrations due to the deviation from flat-
ness of conjugate plancs would, haowever, be aggravated and suitably
corrected surfaces might well prove rather expensive.

The burner and the flame devcloped 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 intercsting results
of the preliminary study involving sampling followed by chromatographic
gnalysis, suggest already that a full kinetic investigation should not
be undertaken without detailed analysis for the specics present.

The fleme has already found application in a study of the
electrical properties of flames in which the motrices have also
become high tension electrodes.

A very important potentiel application cen be the determinetion
of thermal conductivitics of mixtures at high temperatures. The addi-
tional advantege in using this burncr for this purpose is thet, since
the heat release is confined to only e narrow cecntral zone, the mix-
ture composition is affected only by diffusion up to quite high tem-
peratures before reaction sets in. One method of clinminating ell com~

position varietion would be to substitute a heated platc for the flame
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whilst retaining the optical and flow tracing methods used in the

present work,
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Aggendix 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. A4s 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 (46), (49).
This velocity depends upon the ratioc of mean free path L and
particle radius a. For the purposes of present investigation, the

relevant formulae are :

K L2 1+ L A
v = -17.9 a p L_dT 7 ' Rosenblatt &
2K +K, T dz  6m~ La Mer (48).
v = =1.5(1+ AL) it 4T ka
a pT dz 2K _4K.
a 1
3axton and Ranz ( 49 ).
v =0.1 "a 4ar Waldman (47).
P dz
where p = atmospheric pressure

Ka = thermal conductivity of flame gases
Ki = thermal conductivity of tracer particles
A = 1.25

The magnitude of this effeet 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 equaticng developed for the less extreme
conditions can be ettended 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 iess than %%. It appears from this figure that
the size of particles used in the present investigation (4 p) lies well
within this range.

The other source of error is the velocity lag of particles in
accelerated or decelerated gas flow. Tris has been investigated (50)
theoretically for linear rates of change of velocity. It has been
shown that the velocity lag 4 is given by

£ZV-U = B+ X)-1 + (1-@) ST+ 2> Coth T ./1+2 ~
v 1+2A @ +,/1+2» Coth T /i« 2 A

eee (A1)

where

<
Il

fluid speed

particle speed

A= 2{@2 ZEa2 = 4Ea2 x vel.gradient
\dz ;/ actual g 9L
~

¢:%Particle speed}
Fluid speed / initial

1
T= gt , t = time, p = particle density.

4pa2
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For large valucs of T equation (&) simplifies to

J}‘w = 1+.’:-./’]+2 ,kg s e (A.2)
Y
A

i

~ - . 3
The values of A and v for the present investilgation are

T :,10qt

~

A v:.'."]OmL:r (/_(i«_\_f_\;
“%Jactual

The maximum value of the velocity gradients observed from particle
track studies was of the order of 10 sec—q and thercfore ,E was
negligible as compared to one. The velocity lag‘ébc‘according to
Egquation (.AJD 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 secrious error in particle track
studies.

This offect 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 satisf&ctory range of particle
size and burning velocity for an error of less than ., It will be

"~ seen that the size of particles used in the prusent study lies near

the centre of A very large range of permissible values.
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Appendix B

Virtual Origin of the deflectcd beam

The path of a ray initially parallel to a one dimensional
flame to a close approximation has been shown to be (Scetion 5.2).

z -z =+1 X eeo(B,1)
2

If the ray leaves the flame at x = D, the corresponding value z!

(Fig. 24 ) is given by

»° .e. (B.2)

e}
nf o
N jor

The intersection of the tangents drawn to this parabola at the points
z2=2,X= Oand z = 2', x = D gives the virtual origin of the
deflected rays. This can be obtained by solving simultaneously the
equations of incildent ray

2 = 2
]

and the emergent ray

z+2' -z =41 xD ces (B3)
2

2

where z' is given by Squation (B.2).

dé
dz

The solution is z = Zos X = D which are the co-ordinates of
2
the centre of the flame. This solution belng indepcendent of d%/dz,

it follows that the virtual origin of 211 deflected rays, to a close

approximation is the centre of the flame.
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Appendix C.

Calculation of fractional errors

The Equation (6.8) used for the analysis of interferogram can

be written as

e =T -
Z.oxj - = i b, - = A ves (CoT
% P =1 XJ 05 = K0 = Py (€.

Out of the factors involved in this expression, it will be
assumed that the geometrical distances can be read off very accurately
from Fig.(2l). 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 60 and Pe

(1) “rrors in 60

Since the R.H.S. of Zguation (C.7) is the optical path difference
between the reference and the test beams for each annular strip, an
error in the reference temperature and hence 60 will introduce an

error in the &'s for all these strips. Thus for the first strip

8, =5 - 7 Pq

1 c X1
and

déq = dd oo (C.2)

C
For the second strip
r S« —_ ,\"

CAE - 61){1 - 621{2 = \pa «s (C.})

where X2 = Xyt X, and p, is the local fringe order. In Equation (c.3)

and &, will be wrong by a certain amount.

since éc is in error, both 61 >
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Thus differentiating Equation (C.3).
deﬁc - X1d61 - X2d62 =0

or X (dbc—d61) + xz(dbc-déz) =0

1
which on combining with dquation (C.2) gives

as = dd
c

In general

4% = da%, = ad. =d ¢
C n

’26 = n = C c = BC 916 «oe (C-L*‘)

Since & « 1 , the fractional error introduced in the calculated
T

temperature of the nth strip will be

T .
g;_T m,_ \__.-T aee (005)
4
A small error in Tc 1s therefore magnified by a factor Tn/TC. The
room temperature shculd therefore be very accurately known.

(ii) Errors in local fringe order P,

If ther: has been an error dpn in finding the local fringe
order, the corresponding & will alsc be in error. This can be deter-
mined by differentiating JGquation {(C.1) for the two variables 6, and
P - Thus

.. f/ Xndbn = —.>‘.dpn

. 3
& 6r= dbn = - /L “Py gg
} ol X P o}
n n “*n n
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(26 - “n -,-:,'p » s e (0.6)

The fracticnal error é?én is seen to be directly proportional
to the local fringe order and inversely proportional to bn' The
negative sign indicates that a positive error in p, causes a negative

error in 6n and vice versa.
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TABLE I.
Refractive index distribution = (n—-’l)106.
Temp. in °%, r = radial distance x 9.41 cms.
7z = Axial distance x 12.55 cms.

z = 0.5
r Ba ; ‘t“-b E!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 .47 556
32.70 134.58 129,33 126.40 635
33.75 132.15 126.80 123.87 643
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
39.00 399.00 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 33.43 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.
7z = 0.5

T 5a S Se | 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 4.4
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

7z = 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
30.30 138.00 132.85 125.92 618
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 T4.90 1072
39.00 83.06 75 .86 72.93 1101
39.60 77.64 70.24 67.31 1193
40.05 81.8 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




Table I - contd.

170,

= 1.5
T Ea g% S 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
= 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 9%.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 T7.79 70.44 67.51 1189
37.80 73.34 €5.79 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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171.

= 2.5
r ta &1 So 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 T4.29 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 T2.24 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 .85 138.95 133.75 130.32 614
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
4£6.725 248,60 247.60 244 .67 328
= 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 98.62 812
24.75 106,40 100.70 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 21.14 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 72.27 64.67 61.74 1300
36.45 72.70 65.15 62,22 1290
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172,

Z = 3.,5
T ga. gb gc 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 8§6.18 932
43.65 99.49 93.00 90.07 891
43.95 118.05 112,15 109.22 735
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
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 65.93 67.00 1198




Table I -~ contd.

173.

/lra5
r &o %b S Temperature

]

32.70 73.19 65 .64 62.71 1260 i
33.75 73.09 65.54 62,61 1282
34.65 69.00 61,30 58.37 1375
35.55 66.70 58.90 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 63.92 957
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 i 330
46.05 256.81 256.11 253.18 ! 317

6 i

L

0.00 76.05 68.60 65,67 1222 i
6.00 76.75 659.30 66.37 1209
9.00 81.40 T4.18 71.25 1127
12 .00 80.50 73.25 10.32 1142

15 .00 80.65 73.40 70 .47 1139 |
18.00 79.17 71.87 66.94 t 1146
21.00 T1.47 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 1333 ‘




Table I -~ contd.

174,

= 6
T 5q £y o Temperature
30.30 66.52 58.72 55.79 1439
31.50 66.84 59.04 56,11 1431
32,70 62.93 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 5C.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 4772
43.95 179.09 175 .49 172.56 465
44,25 214.03 211.73 208.60 384
44 .55 248 .11 247 .06 244 .13 329
45 .45 254,82 254.02 251.19 320
= 7

0.00 69.38 61.68 62.18 1379
6.00 67.85 60.10 60.60 1415
9.00 T0.00 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
27.775 61.41 53.41 53.91 1591
29.10 62.66 55.06 55 .56 1544




Table I - contd.

175,

z =7

r B 5% &o Temperature
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 T4 .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
43,95 032,12 230.47 230.97 3™
44,25 252,20 251,30 251 .80 341
45.15 260,74 |} 260.14  }260.64 329

z = 8

I 0,00 64,095 56.00 56.50 1518
6,00 57.50 1 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
1 29.10 60,00 51,95 52.45 1635
30,30 60.94 53.00 53.50 1603




Table I -~ contd.

(@)

Z = 8

r z"a gb (C Temperature
31.50 60.00 51.95 52.45 1635
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 77.58 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 t 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

2 = 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
34.55 66.62 58.82 62.84 1454




Table I -~ contd.

7T

r g%a 5 30 Temperature
35.55 T73.57 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 T2.22 64 .62 68.64 1332
40.05 74 .38 66,88 70.90 1289
40.35 81.68 T4 .43 78.45 1165
40.65 83.69 76 .49 80.51 1135
40,95 96.38 89.66 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 .42 366
43,35 246,80 246,70 250.72 365
43,80 248 .77 247 .77 251.79 363

z = 10,0
0.00 659,20 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 1296
31.50 71.36 63.76 67.78 1348
32.70 72.37 64 .77 68.79 1329
33.75 80.50 73.25 T7.27 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




Table I -~ contd.

178.

z = 10.0
Ay Eg &y &e 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 79.22 83.24 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 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 39.63 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 84.863 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




Table T -~ contd.

179.

= 11.5

T ﬁa 55 % Temperaturef
39.45 88.54 i 81.54 85.56 1068
39.75 87.35 80,35 84,37 1083
40.05 S7.29 90.69 94,71 965
40,35 116.37 110,42 114 .44 798
40.65 128.12 122.62 126,64 722
40.95 160.84 156,54 160,56 569
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

= 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




Table T —~ contd.

180.

Z = 12.,5
T 5 o 8o 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
5 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 7771
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




Table T - contd.

181.

7z = 14 .5

r $a l 5y i &, Temperature
I 0.00! 151,58 146.93 150.95 605
4,20 148,53 143.78 147 .80 618
7.20 142,30 137.30 141,32 647
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

| |2 = 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
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182.

15.5
r 5a gb $c 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 ez
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 .29 450
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 IT.

A1l distances in cms., velocity in cms/sec.

z measured from oxidant side. (7.55 = 11.05 cms.) from the mid-section

A Plate 1 - r = 3.0 x .0905 of the test space.
z x 11.05 VZ x 11.05 z x 11.05 | VZ x 11,05
-
1.0 40,5 0.85 48,0
1.80 | 39.0 2.50 Lo ,0
2.95 ‘ 47,0 2.95 32,0
3.50 L6.,0 2.90 25,0
k.00 23.0 5. 30 20.0
5.20 23.0 6.50 23,0
5.40 19.0 ! 8.55 2.0
5.90 14.0 ' 10.10 10,10
6.540 5.0 10.90 30,0
6.75 4,5 12.20 34,0
9.70 15.0 12.75 L1,0
10.20 Lo.o 14,20 39,0
10.50 28.0
10,70 29.0 !
10.90 24,0 %
11,20 | 31.0 |
11.10 29.0 ‘
11.60 39.0 ;
12,10 38,0
12.40 28,0 ;
13.20 45,0 ;
13,70 40,0 !
13.90 42,0 :
Plate 2 - r = 3,0 x .0905

! i H
! ¥ a

1.50 30,0 4,65 I 29,0 ;
1.80 38,0 4,85 31.5 ;
3,30 40.0 5,15 22.0 f
3,80 Lo.O 5.20 24,0 ,
4,30 34,0 .20 4.5 %
4,50 29.0 6.30 9,0 z
5.25 16.0 6.85 3.5 i
5.70 14,0 6.95 3,0 ?
6.00 10.5 8.35 . 16.0 |
6.50 5.0 10.95 27.0 |
7.00 3.5 ; 13.00 26,0 i
3.30 30,0 ! ?




Table 2 - contd.

1 8L+.
; ' Plate 1 - r = 4,5 x ,0905
2 x 11.05 i v x 11.05 ' zx 11.05 | Vx 11
0.4 35.0 3.65 i 37.5
1.2 L0.5 : 3,80 39,0
2.70 45,0 4,85 28,0
3,80 37,0 4,15 39.5
5,30 16.0 5.85 13.0
4,85 19.0 6.15 | 4.0
: L
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 § 37.0 L35 22,0
3,30 : 36.0 4,85 24,0
3,90 | 3k, 0 5,30 20.0
5.00 ; 25.0 5.55 13.0
5,25 | 22.5 5.905 12.0
5.45 | 17.0 6.80 3.0
5.95 ; 12.0 10.05 23,0
6.15 : L5 ‘ 10.20 23,0
6.60 4.0 10,80 27,0
T 7.95 T 16.0 g ]?:’f;g ;;g
7.70 5.0 12.:80 L2.5
11,05 31,0 10.65 29,5
J 10.15 2040
z
( Plate 3. r = 3.0 x .0905 -
S i : :
| 3.65 x 36.0 ; 10.20 i 2hk.0
! 5,20 i 19, : 10, 60 [ 29,0
l 5.95 x 10.0 | 11,145 . 3,0
6,30 l 9.0 ; 11.60 i 38.0
‘ 9,40 1440 13.10 ks
' 9.90 21.5 | 1k, 60 36.0
{ t | .
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185,

Plate 3. r = 4,5 x ,0905

|z x 11,05 vV x 11,05 z X 11.05 Vox 11,05 |
3.55 , 22.0 3.50 26.0
x 3.60 j 36.0 3.90 30.0
; 3.75 ‘ 33.0 L,00 35,0
| 4,00 1 37.0 4,90 27.0
; 5.05 23,0 5.95 9.0
; 5.85 ‘ 10,5 6.05 15.0

6.60 ! 3.0 6.30 3.0 i

9.00 § 15.0 6.35 7.0 i

i 9.85 19.0 6.45 6.0 é
9.90 16.6 10,70 21.0
11.10 39.5 11.00 31.5
12.00 36.0 12.10 38.5
12.20 36.75 12.55 k2,0
12.45 L4, 00 12.70 39.5
12.70 2,5 13,10 b1,5
13.10 34,0 13.20 42,5
1330 39,0 13.80 41,0
2.65 30,0 1%.90 40.0
5145 28,0 14,15 L7,0

Plate 1. r = 6 x .0905 i

| L

0.45 38.0 ; 2.70 38.0 i

2.50 33.0 | 2.90 1,7 |
2.65 35.0 ‘ 3.20 395

3.20 30.0 L Ls 28.5 4

3.35 27.0 5.10 30.0 !

3.50 26.0 5.50 22.5 ;
3.65 33,0 6.20 9.5
L,05 30.0 7.50 5.0
4, 4o 22.5 7.65 12.0
L, 65 27.0 9.50 19.0
5.10 17.5 10.00 20.0
5.30 18.0 10.40 2k.o

| 5.35 16.5 12.25 39.0 ,

‘ 5.50 14,0 12.55 37.0 ;
; 5.60 20.5 13.05 33.0
. 5.85 10.0 13,40 k1,0
; 6.30 6.5 14,00 38.5
i 6.50 3.5 14,05 35.0

; 1.0 40,0 14,15 35.5 ;

; 1.10 38.5 g




Table 2 - contd. 186,

Plate 2. r = 6 x .0905
z x 11.05 |V, x 11,05 |z x 11,05 |V, x 11,05
l
0.90 42,0 3.20 39.0
1,00 40.0 3.40 34,0
1.30 45,0 3.55 33.0
1,140 2.5 L, 55 2.5
1.90 38.0 5.30 ! 25.0
2.00 40.0 5.50 2h,0
2.25 L0.0 5.80 13.5
3.50 33.5 9.15 13.5
3,80 31.0 9.85 18.0
3.80 34,0 9.70 15.0
3.65 39.0 9.90 17.0
L, 20 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
12,10 39.5
e 2
3.10 i 38,0
e e e Plate 1. r = 3 x ,0905
z x 11.05 V. x 1105 z x 11.05 V. x 11,05
1.50 : 5.5 ! L, 60 20.0
2.00 | k.o | 5.10 21.5
3.30 ‘ 15.0 ! 6.35 40.0
k.00 | 2300 | 9% 35.0
L,o5 : 17.0 10,50 36,0
b.35 15.0 I 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 12.50 10.0
6.50 38.0 13,10 17.0
6.85 | 32.0 | 13.25 7.75
2.05 . 12,0 3.25 17.0
2.40o i 15.0 3,70 22.5
3.00 3 17.0 5.20 25.0




Table 2 ~ contd.

Plate 1. r = 3 x ,0905 (Contd.)

187.

§ ' i
z x 11.05 ; vr x 11.05 i z x 11.05 ; vr x 11.05
| ,- :
5,00 | 20.5 5.95 30.0 %
6.15 : 30,0 6.15 27.5
9.85 | 29.0 .20 30.0
10.15 | 28.0 2.50 22.0
10,50 i 22.0 12.45 19.0
11.50 21.0 1%,15 10.0
12,545 i 14,0
12.10 , 17.0
Plate 3. * = 3 x .0905
1.85 6.50 | 2.10 . 10.0
2.70 10,50 ‘ 2.90 11.0
3.40 16.00 ; 5.20 2k,0
L.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 :
i 5.40 23,00 11.40 18.5 ;
i 6.40 30.00 12,00 19.0 ;
| 6.55 22,50 ! ‘
. 10.00 27.00 3
L 10.90 22,00 ; :
L 11.20 21,00 3 i
| 12.85 10.00 | ;
! 13.65 10.50 ‘ .
Plate 1. r = 4.5 x ,0905
| 3.80 38.0 1,20 10.0
! 3.90 26.6 ; 3.90 29.0 ,
4,20 31,2 5 4,30 40.0 '
4,65 Le.s g 5.80 45,0
‘ 5.10 42.0 2 6.10 47.0 !
5.3 50.0 } 6.90 49,0 {
6.40 40,0 , 10.30 k1.0 ,
9,40 ki, 0 E 10,50 29.3 i
; 9.50 k3.0 I 10,85 35.0 i
10.10 k2,0 | 12,10 32.0
11.30 36.5 ‘ 12.60 32.5
12.75 21.5 L 13,30 18.0
13.80 13.0 [ 13,75 17.5
]




Table 2 - contd,

188,
Plate 2. r = 4.5 x .0905
z x 11,05 \ V. x 11.05 i z x 11.05 i V. x 11.05
{
3.60 2 27.0 % 3.55 28.0
3,90 e 28.5 | 5,05 39.0
4, 4o : 28.0 5.85 Lh.5
5.0 l 23.0 6.35 43,0
6.35 43,0 ! 6.80 50.0
10.05 ‘ 40.0 % 11.20 28'5
12.20 | 26.5 | 12.60 1é.5
3.30 1 15.0 ! 13,10 | .0
Plate 3. r = 4,5 x .0905
1.10 4.0 # 1.85 ' 10.2
1.40 6.0 ‘ 2.85 19.5
2.30 14,0 ! 3.?5 Sg.o
3,10 g 22.5 1 3,15 .5
3,45 z 23.0 4,20 32,0
4,40 ' 34,5 i 4,320 34.0
| . 29,0
2 R e i1
5.0 : ‘ . 6.0
+05 | 35.0 ‘ 5.35 36.
2.20 i 28.5 l 5.20 gi.g
.60 ( 13,5 5,45 .
6.90 , 50.0 ; 10.05 40.0
7.90 | 50.5 § 10.30 37,7
10,20 5 44,5 ‘ 10.50 33.5
10,70 . 44,0 10. 80 34,0
11.10 | 37.0 ’ 11,60 & 34,0
11.65 ; 22,5 :
12.15 ‘ 29.5 : 1
Plate 1. r = 6 x .0905
1.05 12.2 { 0.50 g 7.5
s L 35 5 23
3.25 33.5 | 5.65 . 35.0
hobs ho.5 ' k.05 . 39.0
L] i‘ -* ‘ L] !. -
5.25 15,0 | L, 30 | 39,0
EAgi ol o6 g
5.60 . 40.0 k.95 15,0 !
6.10 i 49.5 5.10 49.3 :
6.70 53.5 5,20 49.0 '
7.50 } 57.5 5.30 L 57.0
9.50 L 52.5 5,45 | 40,0
10.00 , 45.0 5.60 , 56.0
11.30 . 36.0 5.80 ! 42,0

12,40 L 30,0  6.20 . 51.0
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189.

Plate 1. r = 6 x 0205

z x 11.05 V., x 11,05 z X 11.05 V. x 11,05
13,20 25.5 6.50 51.0
13,80 15.0 6.60 55.0
13,85 17.0 6.80 58.0
13.90 18.0 7.55 53.0
14.00 15.0 9.40 55.5

9.95 52.0
10.30 52.0
13,00 22,0

Plate 2. r = 6 x 0905

2.25 10.0 5.05 50.0
2,40 22.0 5.45 47,0
2.80 20.0 6.05 Lkg,s5
4,60 LL,o 6.15 55.0
4,70 4s,0 6.40 57,0
5.20 Li.s 8.45 56.0
5.70 50.0 9,85 53.0
5.90 50.0 10,65 51.0
6.15 55.0 10,80 47,0
6.80 58.0 11.25 42,2
8.05 Lg,0 13,35 23,0
9.60 44,0 13.55 23,0
10.10 50.0 13.90 19,0
10.65 47,5 14,10 18.5
12.50 30.0 14,40 18.0
13,20 29.0

13.75 20.0

Plate 3. r = 6 x .0905

1.70 10.0 1.05 11.0
2.25 24,0 3.00 24,0
3.75 38.0 2,15 29,0
ko1s bs.0 3.35 29.0
L,4o Lz2.0 3.55 21,0
5.10 51.0 4,60 L2,5
5430 50.0 5.85 53,0
6.30 52.0 9.20 sh.0O
10.60 50.0 9.75 47,0
11. 30 L4o.o 11,10 45,0
12,30 29.0 11.90 Lo.0
13.10 21.0 12.50 38,0

13,45 2k,0




190.

TABLE ITI.
as)) °x s/cc. | H cals/gm. | V r(sec—/l) 3 s | o cals | dVy aT °K v |

z(ems) TCK) p gms/ /g r/ 5-% ool 3T Of{_g—a v 3% o Z Remarks%
7.68x] 107" 2.5 x 5 12545 +0905 Multiply
1072, 1077, by

€.0 560 6.175 136 4,500 2718 ] 0.2 10.7 | L42.75

S.5 1 625 5.70 152 3.725 27hk 0.75 1.7 | k42.25

5.0 690 5.05 169 3.075 2764 1.25 12.7 L0.00

L5 | 760 L.675 189 2.500 .2770 1.75 13.7 | 36.5

L,0 825 L300 207 P2.100 2798 2.70 14,7 32.25

3.5 { 910 3.900 230 {1,650 .28%2 2.35 15.7 27.00

2,0 1000 3.5625 257 1.375 .2864 2.40 1647 22.50

2.5 1080 3.300 281 1.175 .2885 2.35 17.5 | 17.25

2.0 1170 3,050 308 1.000 .2900 2.10 18.05 { 11.75

1.5 1260 2.825 336 0,850 L2934 1.60 18.30 6.75

1.0 1355 2.625 370 0.775 .2970 | 0.70 17.80 2.50

0.5 1440 2.h625 396.5 0.725 . 3000 0.2 16.40 1.0

0.0 1515 2.3375 420 0.700 . 3000 0.95 12.80 3.75

0.5 1560 2.2625 h3k,5 0.700 . 3100 1.10 2.40 6,00

1.0 1550 2.2750 430 0.700 .3100 1.30 L.20 | 8.25

1.5 1515 2.3375 420 0.700 .2935 1.40 'g.80 | 11.00

2.0 1460 2.4h25 406 0.725 L2943 1.60 i 15,00 | 14.00

2.5 1375 2.5875 381 0.750 .2954 1.70 | 18,40 | 17.50

3.0 1285 2.7625 353 0.825 .2962 1.80 | 20.00 | 21.50 i

3.5 1190 2.975 326 0.975 L2964 £ 1.80 P 21,10 | 25.00

4.0 1100 3.200 299 1.125 .2955 1.70 1 21.50 | 29.00

k.5 990 3.5375 266 1.400 .2932 1.60 21.10 | 32.75

5.0 | 890 3.925 237 1.750 .2900 1.40 20.10 | 36,50

5.5 | 790 k.hoo 208 2.300 .2851 1.20 18.320 | k0.5

6.0 1 715 4.875 187 2.875 | .2813 0.8 16.2 4.0

6.5 i 640 5.425 166 3.575 277k 0.0 13.6 | k2.5 ,




191.

' : aT 3p (QHN (. 9T [ oY .. oV - {x9TY g eme

2 T (et Vs | H3T p\aTi) o5\ ) Pt 2 s {\Kaz/i va Hemaris
5 i
! i : ;

5.968% i 107 E 113.58x| 2.5x 107 113.52 x 5x10 4 65.08 czii{c01 Mulg;ply
1072 L IR S IO U | S AN S
6.0 560 gio | 457.42 | 612 1.678 | 767.55 . 168.00 | ,.0035 |- .08
5.5 625 866.4 | 4ok.33 | 566.2 1.5641 | 773.13 | 649.8 $.0095 4 - 0.21
5.0 690 853.45 508.00 | 519.67 1.3958 | 709.17 | 1066.8 © L0115 1 - 0.45
4.5 760 883.57 500.00 | 465.00 1.2949 | 647.50 | 1546.24 L0125 | - 0.54 i
4.0 825 890.10 1 1.1571 474,07 | Lak,20 i 1.2031 | 568.88 11869.2 .015 - 0.68
3.5 910 897.00 k23.90 | 379.50 1.1045 | 466.29 |2107.9 , «01A5 -~ 0.73 |
3.0 1000 615.56 1.5015 375.75 | 253.37 1.02 383.26 2197.3 - .0165 - .61
2.5 1080 927.3) 301.87 | 3320.17 .9%2 | 287.28 |{2179.15 L0150 | - .34
2.0 1170 939.49 212.09 | 308.00 .885 187.69 1972, 74 L0125 - .09 | |
1.5 1260 949.20 1 1.2933 123.53 | 285.60 .829 | 102.41 1518.72 | - .0075 |+ 0.76 . |
1.0 | 1355 971.25 | 2.1367 50 | 286,75 .780 35,71 | 679.87 +1.80 !
0.5 i 1440 976.38 | 2.2066 16.40 | 287.46 .739 12,11 195.28 .02 P+ 3,41

} 0.0 | 1515 981.75 48,00 | 294.00 .701 33.65 | 932.66 L045  ( + 4,68
0.5 1560 983,06 14.4 304,15 . 7201 10.09 1084 .36 L2175 +15.79
1.0 1550 978.25 34.65 | 301.00 .705 24,43 271,73 .055 + 5.70
1.5 1515 981.75 107.80 | 294.00 686 73.95 137445 045 i+ L4.30
2.0 1460 984.55 210.00 | 294,325 7L 149.94  11595,28 .09 + 3.08
2.5 11375 085.84 322.00 | 285.75 . 764 246.00 11675.92 .016 + 2,12
3.0 11285 975.16 | 430.00 | 291.23 818 1 351,94 11955.29 0266 |+ 1.36
3.5 {1190 969.85 527.5 | 317.85 882 | 465.25 {045,793 0 + 0.77 |
k.o 11100 956.80 623.5 | 336.37 946 | 589.83  |1625.56 01125 |~ O |
4.5 990 940,97 - 691.0. | 372.40 1.0372 | 716.71 505,55 o 1 =r0.55 |
5.0 390 930.22 733.65 | 414.75 1.138 834,89 l130a,31 S = 0085
5.5 790 915.20 741,15 1 478,40 1.2544 ) 929.69 4098'2k T L0250 |- 1.17 %

6.0 715 911.62 | 680.4 | 537.63 1.3714% | 933.10 .729'29 .0225 |- 1.00 |
6.5 | 650 . 900.55 | 578.00 | 593.45 15048 | 869.77 |7 g 102135 | - 0.7 |
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