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ABSTRACT

»

At the Imperial College ﬁypéthéées 1linking the time-mean reaction
rate to turbulence parameters have been incorporated into computational
procedures for predicting turbulent reacting flows. Data of fluctuating
quantities, which are scarce in the literature, are reqﬁired: to
facilitate the improvement of these hypotheses by enhancing understanding
of the interaction of turbulence and reaction; and for validating the
prediction procedures. The collection of data of the kind required was the
objective of the study réported in this thesis. The méasurements were
performed in axisymmetric, turbulent flames burning in still air.

Specifically, the mean, rms, probability density and spectral density
of temperature in a methane diffusion flame have been measured. Also,
the mean, rms, probability density and spectral density of positive ion
current as well as the probability of combustion and the combustion count
data have been obtained in a town gas diffusion and town gas/air premixed
flames.

The température fluctuations data were obtained using a bare thermo-
couple, its thermal inertia was compensated up to a frequency of 10 kHz
with an active filter. A thermocouple coated with a non-catalytic ceramic
was used for mean temperature measureﬁent and a correction for radiation
loss, determined from the in vacuo temperature versus radiaﬁt energy curve
of the probe, was applied. Thé positive ion current was measured by
employing a small streamlined probe consisting of a negatively-biased
probe wire insulated from the flame gases except for a 2 mm 1engthbat
its pointed tip. The probability of combustion and the combustion count

data were derived from the ion current signal.



Physical pictures of the influence of turbulence on combusfion

in diffusion and premixed jet flames have emerged from the measurements.

The combustion zone of the diffusion flame may be broadly divided into
three regions: (1) the outer 'flame edge! region where large air 'iumps'
are entrained with combustion occurring in the relatively few fuel/air
interfaces, and where the temperature fluctuations are intermittent;

(2) the intermediate region where the air 'lumﬁs' experience a breakdown
into smaller vortices which results in an increase in available fuel/air
intérfaces for combustion and in the fms of temperature fluctuations;
and (3) the inner region in which the temperature fluctuations and
scale of the air vortices are diminished and where the probability
density functions of temperature reveals appreciable preheating of

the predominantly fuel vortices.

The picture which emerges for flame propagation in fully turbulent
premixed flames suggests that the combustion occurs in vortex tubes
(diameter equal to the Kolmogorov micro—scalé) which are randomly
distributed in the flow. The combustion is‘more.intense in these tubes
than in a laminar flow because of augmented molecular transport processes.

This picture is in conflict with the "wrinkled laminar flame" concept.
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CHAPTER 1

INTRODUCTICN

1.1 The Problem

1.4.1 Preliminary Remarks

Tﬁrbulent reacting flows are encountered in such diverse and
important phenomena and devices as:  photochemical smog formation in
the atmosphere; the spread of forest fires by winds; process reactors
in the chemical industry; the furnaces of central electricity generating

boilers; and the combustion chambers of rocket engines. Many inveétiga—

1
!

tions into the fundamental nature of ﬁhesé flows (see for example
Corrsin (1958); Eschenroeder (1965); Lee (1966); O'Brien (1966, 19§9,
1971); Vassilatos and Toor (1965); Chung (1972); Donaldson and Hil;t
(1972)) as well as into their practical aspects (see for example
Shchetinkov (1959); Karlovitz (1953); Spalding (1967, 1971); Chomiak
(1970)3 Rhodes and Harsha (1972)) have been motivated by their wide-
spread significance in engineering and in the environment.

The fundamental investigations were primarily concerned with
providing qualitative generalizations. Accordingly, they were restricted to
first and second order‘reactions in idealized turbulence (e.g. isotropic
turbulence) to render tractable the mathematical analysis of the flow.
The studies by Eschenroeder (1965), and Vassilatos and Toor (1965)
illustrate some of the generalizations which have elucidated the
interaction of turbulence and chemical reaction.

Eschenroader performed a mathematical analysis of a locally isotropic
turbulent fluid in which the rate of heat release is a function of the
gas density, such as occurs for'example, in exothermic combustion. He

concluded that the exothermal source strongly influences the energy
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containing eddies of the flow leading to enhanced turbulent diffusivity
and an enlarged effective Reynolds number.

For a simple, isothermal second order reaction, Vassilato= and
Toor have shown that, for given lpcal time-mean concentrations, the
influence of turbulence on the time-averaged reaction rate is, relative
to a laminaf flow, an augméntation for premixed reactants, and a
diminution for reactants not premixed. These assertions are readily
justified by inspection of the expression for the time-mean reaction
rate for reactants A and B, KR(EAE£ + -FF;ETE), (KR is the reaction
rate constant; M, is the concentration of reactant Aj; over-bars indicate
time-averaging; and primes designate fluctuating components). If the

reactants are premixed, the fluctuations M' and M'B are always of the

A
same sign when they are both finite, so that M'AM'N > 0; if the

reactants are not premixed, the reverse is true and hence M'AM'N < o.

The relative diminution or augmentation of the time-averaged
reaction rate by turbulence is determined by the type of reaction.
Three broad categories of reactions may be delineated: (1) slow
reactions, T;/FT < < 13 (2) fast reactions, rk/r&zafi; and (3) very
fast reactions FRZFT > > 4. Chemical kinetics dominates the first
category since the reactants become mixed on a ﬁolecular scale before
they experience appreciable conversion. The reaction (N2 + 3H2:§: 2NH3)
that would occur in hot turbulént mixing streams of nitrogen and
hydrogen belongs to the first category. Kinematically-influenced
turbulent reacting flows fall into the second category of reactants.
A turbulent premixed town gas-air flame is an example of this kind of
flow. The reacting flows of the third category which are often

termed diffusion controlled, are dominated by the turbulent mixing. A

flow in the third category is a turbulent methane diffusion flame.

* FR and FT defined in Nomenclature.
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In contraét to the fundamental studies, those intq the
practical aspects of turbulent reacting flows have sought to provide
quantitative information about velocity, specieé concentration and
temperature in the domain of the reacting fluid. The ability to
calculate such quantitative information is a prerequisite of a satis-
factory design method for practical combustion systems: it is
necessary not only to calculate the aerodynamics but also to také into
account the influence of the turbulence on the combustion.

General prediction procedures for calculating turbulent non-
reacting flows in such equipment have been successfully developed and
applied (see for example, Launder and Spalding (1972), Patankar and
Spalding (1973)). In order to extend these techniques to the circum—
stances of reacting flows, mathematicel models are required for the
influence of the turbulence on the rate of chemical reaction at all
points within the flow field. Turbulence reaction models have been
proposed by Spalding (1969, 1971), Rhodes and Harsha (1972) and
Chomiak (1970). Research is in progress in the Mechanical Engineering
Department at Imperial College to test the models suggested by Spaiding.

A systematic validation programme is being prosecuted, commencing
with the simplest flows where the turbulence is reasonably well understood,
and progressing to more complex combustion systems. However, there is a
dearth of empirical information for simple and well defined turbulent
reacting flows. Measurements of fluctuating quantities are particularly
scarce; this is unfortunate considering that such measurements would
facilitate the improvement of the reaction models, in addition to
providing a sensitive test for them, by enhancing understanding of the

influence of turbulence on the local reaction rate.
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To provide the kind of data required, this thesis is addressed to
the problem of obtaining measurements of the time-mean and fluctuating
components‘ofitempepature and positive ion concentration in turbulent,
round-jet diffusion and premixed flames bﬁrning-in stagnant surroundings.

These simple flames were gf interest for two main reasons:

In the first place,such reacting flows belong to the 'boundary
layer' class, that .is, they possess one predominant flow direction.

The prediction procedures developed for this class of flow have provided
accurate predictions of non-reacting axisymmetric jet flows, Rodi (1972),
and they are economic of computer time.

Secondly, the'structure of the turbulence in an axisymmetric jet
flow is reasonably well understood, Townsend (1956a), and although the
flow is simple it exhibits many features, such as inhomogeneity and

non-isotropy, found in many practical flows.

1.1.2 Previous pertinent work

The work of Mallard énd Le Chatelier (1883) inaugurated the
scientific attack on the problem of turbulent reacting flows.
Stoichiometric mixtures of C32 and NO2 contained in various glass tubes
each closed at one end were ignited at the open end. The mévement of the
reaction zone in each tube waé recorded photographically. Initially the
reaction zone was well defined.and a few mm thick, and its movement was
uniform. Then it was transformed into a distorted zone having a thickness
of up to 10 cm and its movement became "vibrational": and, its velocity of
propagation though variable was always greater than during the uniform

movement. During the "vibrational! movement the reaction was noisier and

more intense.
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Numerous research workers subsequently expended considerable
effort on elucidating the complex processes involved in turbulent
reacting flows. However, the present review is restricted to experi-
ments performed on free axisymmetric jet flames burning in stagnant

surroundings in which local quantitative data were obtained.

(a) Concentration (stable species, lonisation, emission) measurements

Axial mean concentration (and visible flame length) data of stable
species (such as hydrogen, carbon digxide) in various turbulent diffusion
flames were obtained by Hawthorne et al (1949). The fuels burned were
hydrogen, propane, city gas, hydrogen-propane mixture, and city gas -
carbon dioxide mixture. The diameters were: for the rounded nozzles
1/8", 3/16", and 1/4"; and for the orifice nozzles .179", and .182"
based on the vena contracta values. The flow Reynolds numbers ranged
from 2,870 to 32,400. The axial distances to the location of 99% complete
combustion calculated froﬁ the compositions of the axial gas samples
(analytical flame length) were 10% to 20% shorter than the visible flame
lengths. The consistent agreement between the visible and the analytical
flame lengths implies that the measurements were of good accuracy.

Pogitive ion current medsurements in a turbulent premixed natural
gas-air flame Reynolds number 104 and burner tube diameter 3.16 cm were
made by Karlovitz et al (1953). They analysed the probe signal to obtain
the fluctuation frequency with which, and the percentage of time, the
flame contacted the probe wire. The objective was to validate the
"wrinkled laminar flame" concept of turbulent flames. They arrived at the
conclusion that their measurements were in agreement with this concept.
Howevér, Summerfield et al (1955) who employed the same technique as

Karlovitz et al in a two-dimensional (2" x 3" nozzle) premixed methane-air
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flame, flow velocity 120 f.p;s. were led to the conclusion that the
"wrinkled laminar flame" concept was invalid.

Measurements of the concentration of carbon dioxide and of
dynamic pressure were made by Ievlev (1957). The burner tube was
30 mm diameter and 200 mm long. Ihe.fuel was premixed Moscow city gas
~ air, with equivalence ratios ranéing from'0.86 to 1.37 and the gas-
air feed velocity was from 10 to 30 m/sec. He obtained contours of

the percentage ratio of the local time-mean CO, concentration to the

2
maximum concentration obtained from éomplete combustion of an air-gas
mixture of the composition used. As no details of the sampling and
analysis procedures were given in hisvpaper, it is impossible to form
an opinion of the accuracy of his results.

The total fluctuating emission from radicals in a turbulent
diffusion flame of Karlsruhe city gas was measured by Guenther and
Simon (1969) using an optical probe. The nozzle bﬁrner diameter was
10 mm and the Reynolds number was 4.35 x 104. They measured the
spectral density, the macro-scale and micro-scale of emission fluctua-
tions and the intensity of emission fluctuations. They obtained good
agreement between their measured spectral density and the theoretical
curve based on the théory of local isotropy. Guenther and Simon also

CH, and

’ HZO’ HZ’ 4

reported the axial distributions of mean CO_, CO, O

2’ 2

CmHn concentrations and of mean temperature 'in the flame.

Recently, Kuhnert and Guenther (1973) briefly reported measurements
of the macro-scale of OH-emission from a turbulent diffusion flame
obtained with a crossed-beam optical probe. The flow Reynolds number
was not stated in their paper. Their axial diséribution of the macro-
scéle tvas qualitatively similar to that measured by Guenther and Simon

(1969).
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(b) Temperature measurements

ThéAfreqﬁéﬁéf.épécfféléf tempefature fluctuations were first
measured in turbulent diffusion flames by Kunugi and Jinno (1959).
They employed a 0.06 mm diameter Platinum versus Platinum/13% Rhodium
thermocouple and compensated the probe signal for thermal inertia up
to a frequency of about 1 kHz. They used tube burners of 4.8 mm and
6.4 mm diametef and the flow Reynolds numbers were 2,850 and 5,700.
The freguency spectrum of temperature fluctuations was measured.

They were led to the conclusion that the turbulent diffusion flame
may be divided into three regions: the inner jet of unbﬁrnt gas, the
burning zone, and the flame envelope, each region with a characteristic.
peak in the frequency Spectrdm. However, the accuracy of their data
was limited by the fact tﬁat the harmonics of the probe signal in

the region of 1 kHz were over-compensated.

The mean temperatures in various turbulent diffusion flames of
fuel mixtures (such as Hydrogen/Argon/Air, Hydrogen/NZO) used in flame
spectroscopy were measured by Smith et al (1969) using 0.005 inch
diameter Iridium versus 60% Iridium/Rhodium thermocouple. They
employed Jarrel-Ash 82-3471 HECTO and Zeiss burners. Fuel flow rates
ranged from 9.3 1l./min to 17.0 1.)min, and aspirant flow rates ranged
from 5.9 to 16.0 l./min. They measured isothermal contours. The
main error in the temperature measurements which was due to radiation
loss was corrected for by calibrating the thermocouple against the
sodium~line reversal technigque in uniform flame gases. The maximum
uncertainty due to all the residual sources of error was estimated
to be + 50°K for a flame temperature of 2400°K and + 40°K for a flame

temperature of 2000°K.
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The light scatter technique was firs# employed to measure
fluctuating temperature in aiturbulent-premixed flame by Williams et al
(1969). They used a nozzle burner 2.80 inches diameter and an epproxi-
mately stoichiometric natural gas-air mixfure. The flow velocities were
11.7, 13.8 and 18.7 fpé. The probe signal was analysed to obtain
informafion on the local fluctuations of the reacting zone. The data
(which agreed qualitatively with those obtained by Karlovitz et al (1953)
discussed in (a) above) were consistent with the ;wrinkled laminar flame"
model. Furthermore, high speed photographs of the flame indicated a
wrinkled structure as deduced from the local data. The measured wavé—
lengths and amplitudes within the flame brush were_independent of upstream
conditions implying that, for their experimental conditions, upstream
turbulence had a negligible influence on the flame structure. The wave-
lengths and amplitudes increased with vertical position in the flame.

" Contours of mean temperature (and concentration of radicals such as
OE) were measured in a turbulent stoichiometric premixed methane-oxygen
_ flame by Fisan (1970) using absorption and emission spectrometry. The
burner tube diameter was 8 mm and the mass flow was 2.3 g/s. He used a
grating spectrograph with a range of 2500 - 8000 A° and a photomultiplier
detector. He obtained the local data from the spatial average across the
flame by mathematicél inversion. The emission and absorption temperatures
s0 derived were accurate to i_ZSOK; However the method is not accurate
for temperalures below 26OOOK, so that the data were only obtained in the

flame regions with temperatures in excess of this value.

(c) Velocity measurements

The rms of fluctuating longitudinal velocity in a turbulent flame

were first obtained by Ebrahimi (1967). He made his measurements in a
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hydrogen diffusion flame and uséd a condenser microphone probe to
record pressure fluctuations. The nozzle diameter was 4 mm and the
flow velocity at exit from the nozzle was 220 m/s. The method required
the calibration of the measuring probe by means of a hot-wire anemometer
in a cold flow. The axial distributionsof local mean velocity and rms
of longitudinal velocity fluctuations were derived. However, in £he
theory of his method, Ebrahimi ignored the fluctuations in gas density
without providing any justification for so doing. Since the gas density
fluctuations are not negligible the.accuracy of his data is dubious.

Becker and Brown (1969) and Eickhoff (1968) independently derived
the radial velocity fluctuations in turbulent diffusion flames from the
measured static pressure defect. Becker and Brown measured in a propane
flame. The nozzle diameter was 0.635 cm, the flow Reynolds number was
45,000. "'Because no flame stabilizer was used, the Visible_flame was
lifted 18 cm above the nozzle. The data obtained in a cold air flow
were in good agreement with published hot-wire anemometer data. Becker
and Brown therefore argued that in a flame, according to the theoretical
formulae of the method, the data are accurate if the transverse Velocify
and the density fluctuations are negligibly correlated. However, some
evidence is required to support this supposition. Eickhoof measured iﬁ
towns gas flames: Reynolds ﬂumbers of 7.14 x 104 and 5.05 x 104 for
lifted flames, and of 5.05 x 104 and 3.2 x 104 for flames stabilized on
the nozzle. His results were in qualitative agreement with those of
Becker and Brown.

Durst et al {1972) were the first to employ the Laser Doppler
Anemometer to obtain local fluctuating velocity data in a turbulent flame.

The fuel was premixed town gas and air in the volumetric ratio of 1:5.5,

PR A L
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the fiow Reynolds number was 2,100 and the nozzle diameter was 10 mm.
In principle, the method provides accurate data. However, Durst et al
employed silicone oil droplets to scatter 1light for the pﬁrpose of
measurement and in later publications (Durst et al (1972a) and

Durst and Kleine (1973)) it was reported that these droplets affect

the flame markedly. Durst et al (1972) measured the mean, the rms,

the skewness factor and the flatness factor of the fluctuating velocity.
The measurements showed that the mean velocity increased through the
flame front and then fell rapidly: the.flow subsequently accelerated.

A sharp increase in the rms fluctuating velocity was found across the
flame front. The probability density functions of velocity indicated
combustion induced oscillations in the flow.

Baker et al (1973) used the La ser Doppler Anemometer‘to measure the
fluctuating velocity in a turbulent methane diffusion flame, Reynolds
number 4,400 and buwrner tube diameter 2.54 mm. The main flame was
stabilized by means of an annular town gas pilot flame. Silicone oil
- droplets were used to scatter light for the measurements. As mentioned
.previously, these droplets»are known to affect the flame processes. They
measured the mean velocity, as well as thé rms, the skewness factor, the

flatness factor and thg probability density of the longitudinal velocity
fluctuvations. They compqred éhéir flame data wifh fﬁose taken in a cold
methane jet. They concluded from their measurements that: the decay of
the centre-line mean velocity in the flame was significantly less than in
the cold jet which implied that the combustion markedly accelerated the
flame gasesj . the skewness factor and the flatness factor indicated that
the velocity fluctuations were very approximately Gaussianly distributed;
_and the profiles of turbulence intensity were nearly the same as in an

isothermal jet.
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Durst and Kleine (1973) made velocity measurements with the lLaser
Doppler Anemometer in & stoichiometric natural gas-air flame, Reynolds
number 16,000, burner tube diameter 30 mm and stabilized the flame with
a hydfogen pilot flame. .They employed MgO particles which have a
negligible effect on the flames processes, to scatter light for the
purpose of measurement. They measured the mean velocity, the rms of
the longitudinal and the transverse velocity fluctuations in the flame
and in an isothermal air jet for comparison. They were led to the
conclusion that the fluctuation velocities and the average velocities
increase when the mixture enters the turbulent flame front and that
behind the flame front éhe radial fluctuations decrease more rapidly
than the axial fluctuations. These conclusions are similar to those
arrived at by Durst et al (1972). Durst and Kleine also observed the
following: a strong change in the direction of flow when it entered
the flame front; that the flame contributed to the overall effective
value of the rms of the transverse and longitudinal velocity fluctuations;
and that the shear stress reversed its sign within the flame reaction

Zone.

1.1.3 State of present knowledge

The brief review preséntéd-iﬁ‘éhe preceding sub-section on previous
measurements in axisymmetric turbulent flames burning in still air has
revealed the following:

Firstly, there exists in the literature time-mean data of velocity,

concentrations and temperature. However, for mean velocity, the level
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of accuracy of only the data obtained by Durst and Kleine (1973) in

a turbulent premixed flame is known. In particular, these premixed
flame data were not only free of interpretation difficulties (sich as
the effects of temperature and concentration variations on pressure
sensitive probes) but also of the influence of the light scatterers

on the combustion processes (i.e. Mg0 particles used not silicone

o0il droplets). The mean concentration.(of stable species) data of
Hawthorne et al (1949) and also of Guenther and Simon (1969) obtained

in diffusion flames are accurate; no similar data are availlable for
premixed flames. The mean temperature data of Smith et al (1969) and
Guenther and Simon (1969) in diffusion flames, and of Fisan (1970) ina
premixed flame are accurate. However, it would be useful to provide more
comprehensive time-mean data of velocity, concentrations and temperature
in fully turbulent flames.

Secondly, data of the rms and the probability density of velocity
fluctuations also exist in the literature. The comments made for time-
mean velocity data in the preceding paragraph also apply to the velocity
fluctuations measurements. Therefore, still urgently'required are more
data in fully turbulent flames obtained with the Laser Anemometer and
using light scattering particles that do not interact with the flame.

Finally, no data of the rms and the probability density of the
temperature and stable species concentrations exist in the literature.

The role of experiments‘in turbulent combustion research‘was
defined clearly by Guenther f1970), namely: to facilitate the development
of procedures for predicting turbulent flame performance under prescribed

boundary conditions. These procedures solve numerically the governing
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partial differential equations of the flqw and require expressions

with empirically determined terms for modelling the turbulent transport
processes, l.e. for closing the Reynoid's stress equations; and for
linking the trénsport processes with the time-mean chemical reaction
rate. To this end, it is necessary to provide not only the time;meén
data ofAthe species concentration, temperature and velocity but also
data for the fluctuations of these quantities.

Furthermore, measurements of the rms and the probability density
of the fluctuating temperature and specles concentration, which provide
information on the level of reaction rate fluctuations, will assist the
forming of an accurate ph?sical picture of the influence of turbulence
on the loual reaction rate. This enhanced physical understanding will,
in turn, aid in the formulation of reliable models linking the turbulent
transport processes with the time-mean reaction rate.

In this context, the absolute lack of data on the rms and the
probability density of tﬁe fluctuating components of temperature and

species concentrations is a serious handicap. - - .

1.1.4 Summary of suitable experimental technigues

A classification of the experimental techniques that could be.employed
for measuring the local instantaneous velocity, temperature and species
concentration is shown in Table 41.1. Only techniques that do not require

extensive calibration procedures are considered.



Table 1.1

‘ ' Measurement Technigques

Property'

Experimental . Technique

.References .

Comments

Velocity

Laser Doppler Anemometer

Durst (1972 a)
Durst et al (1972)

Well-developed and accurate.

Temperature

i
Thermocouple

Shepard and
Warshawsky (1952)
Kunugi and

Jimno (1959)

Easy to use. o
Cheap and moderately accurate.
Thermal inertia compehsation required.

Resistance thermometer

Parker and
Guillon (1971)

Same as for thermocouple.

Light~scatter technique

Williams et al
(1969)

Accurate method but requires particle
seeding of the ambient entrained air,

Raman speciroscopy

Widhopf and
Lederman (1971)

Requires considerable development and
has not yet been applied in turbulent
flames. ’

Stable and
unstable specie
concentrations

Raman spectroscopy

Widhopf and
Lederman (1971)

Requires considerable development
and has not yet been applied in
turbulent flames. -

Total emission

Total emission probe

Guenther and
Simon (1969)

Signal is in arbitrary units, but can
be analysed to give spectral density,
probability of combustion* and the
combustion count**,

Fositive ion
current:

Ionisation probe

Karlovitz et al
(4953)

Same as for total emission.

» Probability of combustion = time-mean fraction of time combustion occurs locally-

*» Combhusticn count = time-mean number of times per second combustion occurs locally.
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1.2 Research Objectives

This thesis describes an experimental investigation of axisymmetric.
turbulent premixed and diffusion flames burning in stagnant surroundings.

The objectives of the investigation were:

(1) To measure the mean, the rms, the probability density and the

spectral density of the fluctuating temperature.*

(2) To measure the mean, the rms, the probability density and the

spectral density of the fluctuating positive ion current.

(3) To measure the probability of combustion and the combustion

count (defined in Table 1.1) from the ion current signal.

1.3 Experimental Programme

1.3.1 Burners and measurement techniques

The burner used for thé turbulent diffusion methane and town gas
flames.was a tube 5 nm i.d. and 75 diameters long. The Reynolds humber
of the methane flame was 14,500 and of the town gas flame, 24,000. Thé
burner used for-the turbulent 1eénvand riéh préﬁixed flames was 29 mm i.d.
and 50 diameters long. The equivalence ratios of the flames were 0.91 and
1.16 and the Reynolds number was 62,000.

The mean temperature data were obtained with a 100 pm diameter
thermocouple coated with a non-catalytic ceramic and were corrected f§r
radiation loss error. The temperature fluctuations data were obtained
using a bare 40 ym diameter thermoéouple with compensation for the probe

. : '
thermal inertia. The positive ion current was measured using a negatively

biased wire sheathed from the flame gases except for an exposed tip 2 mm

long.

* Sece Fig. 1.1 for meaning of these quantities.
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1.3.2 The measurements

The types of data obtained in the various flames are summarized in .

Table 1.2.

Table 1.2

Summary of the measurements.

: o]
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Temperature Measurements.

\‘
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Mean Temperature
RMS of temperature fluctuations

Probability den51ty of fluctuating
temperature

NN

Spectral density of temperature
fluctuations

Positive Ion Concentration Measurements,

Mean of positive-ion concentration
RMS of positive-ion concentration
Probability of combustion
Combustion Count

Probability density of p051tlve—1on
concentratlon

B NN NN
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Spectral density of p051t1ve—1on
concentratlon )
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1.4 Thesis Outline

The remaindér of the thesis consists of five chapters and two
appendices:

Chapter 2 is concernéd with the description of the’temperature
measurement technique: the construction of the thermocoubles which were
employed for the mean and the fluctuating temperature measurements; the
electronic circuit used for thermal inertia compensation in the fluctua-
ting temperature measurement; the method for correcting for the radiation
error in the mean temperature measurement. Lastly the accuracy of the
temperature-measurement technique is appraised.

Chapter 3 is devoted to describing the positive ion current measure-
ment technique: the design and construction of the ionisation probe;
the eleétronic circuit used for measuring the positive lon current, and
for deriving from the current the probability of combustion, p, and the
combustion count, f. A discussion follows of the effect of background
electronic noise on the measurement of p and f.

Chapter 4 deals with the experimental programme: the burners are
described and the measurement procedures for obtaining the temperature
data and the positive lon current data are presented.

The experimental results are presented and discussed in detail in
Chapter 5. The physical pictures which emerge from the data on the
influence of turbulent mixing on diffusion and premixed flames are
portrayed. The implications of the results on the physical modelling of
turbulent diffusion and premixed free flames are indicated.

The principal results and conclusions cqntained in this thesis are

summarized in Chapter 6.



- 32 -

In Appendix A, a simplified description of the methods used for
designing the electronic circuits employed in the experiments is
presented; while Appendix B contains the mean velocity profiles* in a
turbulent methane diffusion flame. These measurements were required for
converting the spectral density measurements from frequency to wave-

number space.

l"Obi;_azl'.ne’d With the help of Mr. J. Asalor of the Mechanical Engineering
Department, Imperial College, London.

0
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CHAPTER 2

TEMPERATURE MEASUREMENT TECHNIQUE

2.1 Introduction

2.1.1 Preliminary Remarks

Temperature is, strictly, not an accurately defined concept in
the reaétion zones of flames because neither thermal nor chemical
equilibrium exists in these zones (Gaydon and Wolfhard, 1970a).
However, in strongly exothermic small-scale open flames at atmospheric
pressure; energy transfer between the translational, vibfational and
rotational degrees of freedom is rapid enough for departures from
thermal equilibrium to be marginal (Gaydon and Wolfhard, 1970b).
Coﬁsequently, any one of the translational, vibrational and rotational
energies of the gas molecules in such flames may be used to indicate
the local instantaneous temperature; and the temperature thus derived
should be nearly the same as that which would prevail for conditions

of complete equilibrium.

2+.1.2 Previous Work

(a) Optical Methods

Local mean temperatures in a turbulent premixed methane-oxygen
flame were derived by Fissan, 1970, from measurements using an absorption
spectrometry technique. With this technique, a spatial average through
the flame is obtained; however, if the mean temperature field is axi-
symmetric the local mean temperatures can be obtained from the gpatial

average by mathematical treatment, the Abel inversion. The inversion
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provides accurate local data if a narrow light beam is used. But the
measurement procedure is suitable for‘high temperature flames e.g.
H2/O2 flames.

The local instantaneous temperature in a turbulent premixed
natural gas/air flame has been measured by utilizing the Mie scattering
of a light beam by MgO particles, Williems et al., (1969). Since Mg0
particles are chemically inert to the reactions in the flame studied,

‘lack of chemical equilibrium did not affect the measurements. With
this technique, the instantaneous local temperature is derived from
the instaAtaneous local gas deﬁsity. The method is suitable for
use in flames where density changes are caused by temperature fluctua-
tions only, but not if changes in the number of gas molecules during
chemical transformations also occur.

Thus, in methane (main constituent of natural gas used by Williams
et al, 1969 ) - air flames, no change in the‘number of gas molecules
occurs; but in hydrogen (or town gas) — air flames there is a con-
traction in the number of molecules. Also, the use of the method in
a free flame requires that the entrained ambient fluid be seeded
with scattering particles. Otherwise, measurements can be made only
in the restricted region of the flow where the seeded burner fluid
has not been significantly diluted by entrainment of ambient fluid.
However, the technique affords good spatial resolution % 1.5 [mm]3;
and the frequency response (DC to 10 KHz) is adequate for studying
temperature fluctuations in turbulent flames.

The feasibility of using Raman scattering of a 100 MW Q-switched
Ruby Laser Beam to measure the local instantaneous temperature of gas

molecules has been demonstrated (Widhopf and Lederman, 1971). These
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workers did not employ this optical technique in a flame. However, as
the technique does not require scattering particles, it can be applied
to flames. The method has fairly good spatial resolution % 3[mm]3,

and extremely good frequency response (DC to 10 MHz).

(b) Contact Probes

Local time-mean temperatures in turbulent hydrogen diffusioﬁ
flames have been measured using Iridium versus Iridium 60%/Rhodium 40%
thermocouples coated with zirconia ceramic (Smith et al, 1969), and
using Platinum versus Platinum 87%/Rhodium 13% thermocoﬁpleswcoated
with a mixture of Beryllium oxide and Yttrium oxide (Kent and Bilger,
1973). These authors coated their thermocouples in order to eliminate
the catalytic action which would otherwise occur on the bare wires.
Both groups of workers corrected for the radiation loss error by
calibrating the thermocouple in a laminar flame against the Sodium-
Line reversal technique.

Kunugi and Jinno, 1955 were the first to measure the gpectrum of
temperature fluctuations in a turbulent diffusion flame (of Kyoto
City Gas). They employed a bare 60 ym diameter Platiﬁum versus
Platinum 87%/Rhodium 13% thermocouple. The accuracy of their data
was, however, limited by the fact that compensation for thermal
inertia was only effected up to 1 kHz; compensation up to at least
5 kHz ié required for measuring the spectrum of fluctuations in
turbulent flames as shown by the data of Guenther and Simon (1969).

Parker and Guillon, 1971, employed a bare 18 pm diameter Iridium
resis?ance wire probe to measure spectral density of the local

fluctuating temperature in the burnt gases of a turbulent premixed
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flame. These workers made analogue records of their probe signal and

a subsequent compensation for the probe thermal inertia - on account

of the short time the probes survived in the hbt gases. The compensa—
ting circuit eﬁployed was a passive filter. The pr§be .time constant

was determined from its response to a square wave signal. The compensator

time constant required to reproduce the square wave was employed for

compensating the probe-temperature signal in the same measurement location.

2.1.3 Comments on Technigues

The absorption spectrometer was not considered for Use because
relatively low temperature methane/air and town gas/air flames were
Investigated.

The Raman spectroscopy probe (Widhopf and Lederman) would be ideai
for measurement of fluctuating temperature (and fluctuating species
concentrations). Unfortunately, because it is very expensive its
use in this experimenfal programme was not conteﬁplated.

The light scatter technique of Williams et al. has the serious
practical drawback of requiring uniform seeding of the nozzle and
entrained ambient fluid before it can be applied in all regions of
the flow. For this reason, it was not employed.

The thermocouple is simpler to use and it affords better spatial
resolution than the resistance thermometér probe. The former probe

was therefore chosen.

2.1.4 Scope of Remainder of Chapter

The thermocouple probes are considered in detail in Section 2.2.

The ériteria for selecting the materials and the diameters of the
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thermocouples employed for ‘the mean and fluctuating temperature measure-
ments are outlined and discussed. The method for constructing the
probes is described.

The errors involved in mean temperature measﬁrement are discussed
in Section 2.3, The probe radiation loss calibration in vacuo is
described as well as the radiation loss correction in a flame.

Section 2.4 is concerned with the measurement of temperature fluctua-
tions. The inherent errors in the measureﬁent procedure are discussed,
and the method of compensating the probe for the thermal inertia is
described.

The main conclusions arrived at.in this chapter are summarized in

Section 2.5.

2.2 Thermocouple Probe

2.2.1 Preliminary Remarks

The instantaneous temperature recorded by a thermécouple in a
turbulent flame is different from the instantaneous gas temperature

- for the following reasons:

(1) The probe has a finite thermal inertia which is a function of the
wire properties, fluid properties and fluid velocity.
(2) Complex fluctuations of the probe thermal inertia are induced by

the fluctuating fluid tcmperature and veiocity.

(3) Radiative interchange occurs between the probe, the flame gases

and the surrounding walls.

(4) In general, there is a temperature gradient along the thermocouple

wire with a resultant conduction of heat to or from the probe
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junction.

(5) Catalytic activity may occur on the probe surface causing

erroneously high temperatures to be recorded.

"All these effects are expressed in the heat balance equation

given in Sub-~section 2.2.2 below.
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2.2.2 Theory

Equations

The governing partial differential equations and the relevant

boundary conditions for the instantaneous energy balance of a com-

posite wire in a fluctuating temperature field were derived by

Carslaw and Jaeger (1959). Gilbert and Lobdell (1953) introduced the

catalytic term, g, to account for extraneous heat generated on the

wire surface by chemical reaction.

reference to Fig. 2.2.71, the equations and boundary conditions are:

2 4 4, .
aT1 ) T1 1 {551(T1 - EgTé )pi}
R R I T Tl T P.C wr

ox 1 11
A B C D

2 4
oT o' T (r,” -€ T
ot 2 ax2 72 2 g pZCZQE
Boundary conditions:

oT T
— - ".__1_ \J "_2 —
T, =T, ofixi s =W, K, === at x =0
where:

Adopting this term, and with

+ 4, (a<x<0)

4, , \
)p2 .
)+ q, (0<x<b)

(2.2.7)

(2.2.2)

(2.2.3)

subscripts 41, 2 and g pertain to the two metal alloys of the thermo-

couple and to the gas respectively.
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The terms in the equations

From equation 2.2,1, it is evident that the difference between

the instantaneous probe and gas temperatures, term C, at x = 0, arises
as a consequence of:

(1) The thermal inertia of the thermocouple, term A.

(2) Conduction along the thermocouple wire, term B.

(3) Radiant energy transmitted to, and emitted by the wire,
term D.
(4) Chemical reaction on the wire surface promoted by heterogeneous

catalysis, term E.

Simplification of general equation

When [(Tg - Ti)/Té] << 1, we may introduce the linear approximation

pd ot x 4Tg3 (2, = ) after Scadron and Warshawsky, 1952a. Bquation 2.2.1

then takes the following form:

2
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T
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1

q, (—7e7) _ - (2.2.8)
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*
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The subscripts 41 and 2 may be discarded and replaced by effective
values: the effective thermal conductivity is the harmonic mean, and the

effective thermal capacity and emissivity are the arithmetic means of the

respective values for the alloys, Scadron and Warshawsky, 1952b.

2.2.3 Requirements of the Thermocouple

(a) Criteria

" The criterla used for selecting the materials and diameters of

the thermocouple are as follows:

(1) The maximum permissible working temperature should be higher than
the maximum instantaneous temperatﬁre which the probe can attain
in the flames investigated. The latter temperature is dependent
at any instant on: the local gas temperature; the net radiant
energy interchange between the wire and the surroundings; the
heaf transfer coefficient between the wire and the gas; and the

thermal capacity of the wire.



(2)

(3)

(4)

- 42 -

There should be negligible catalytic activity on the surface.
This ¢riterion 1s unimportant for the measurement of mean
temperature because the prébe employed can be coated with a
suitable non—catalytic ceramlc as described in Section 2.2.4
below. For fluctuating temperature measurement, the criterion
is relevant-since a similar ceramic coating on the wire
would, obviocusly, considerably reduce the probe frequency

response.

The sensitivity of the thermocouple, §, that is, its thermo-

electric output per degree temperature change, should be. as
high as possible in order to ensure a high signal to noise
ratio in the measurements. This criterion is especially
important for the measurement of fluctuating temperature.

As shown in Section 2.4.1 below, the effect of probe thermal
inertia is an attenuation of the higher Fourier harmonics of
‘“the indicated probe temperature relative to those of the gas
temperature. A high wvalue of % is required so that
these attenuated harmonics are still well above the background
electronic noise of.fhe ciréuits’used to compensate for the

probe thermal inertia.

The thermocouple should possess adequate mechanical strength
in order to provide the required data before failing. An
indication of the mechanical strength of the probe wires is

their ultimate tensile strength.
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(5) For fluctuating temperature measurement, the wire diameter must
be small enough to ensure~sufficiently rapid response to the
fluctuating gas temperatures. Séme thermocouples, for example, Iridium
versus Iridium/40% Rhodium, which would otherwise be satisfactory are

available as relatively thick wires (250 yum).

(b) Wire materials

Table 2.2 was prepared to facilitate the choice of the thermo-
couples on the basis of the above criteria.

It is evident that thermocouple number 4 is preferable to numbers
1 to 3 since it permits use at higher temperatures and i£ possesses a
higher ultimate tensile strength without being markedly inferior in
the o£her tabulated properties. Therefore, thermocouples 1 to 3 were
not considered for use in the experiments.

Thermocouples 6 to 8 were ineligible for use because the wires
available commercially are too thick (see Table 2.2).

It is seen from Table 2.2, that thermocouple 4 is three times
as sensitive as thermocouple 5. The former, however, has a lower
maximum workihg temperature and a smaller ultimate tensile strength.
Since it permits a higher working temperature, thermocouple 5 was
chosen for mean temperature measurements: as will be explained in
Sub~-section 2.3.4, it is necessary to heat the thermocouple electrically,
while immersed in the flame, in order to correct for radiation loss.
As mentioned in the third criterion in this sub-section, sensitivity
is very important»for fluctuating temperature measurement and con-

sequently thermocouple 4 was chosen for this purpose.



Thermocouple Max. Sensitigity Ultimate [Min. Wire Remarks on Usage in Flames at References .,
Working | .at 1400°K . | Tensile [Dia. + Atmospheric Pressure .
Temp. Strength {Availlable .
o o Mnnealed. | Commercially,
("K) (pv/7K) (Kg/mmz) (um)

Platinun—10% Rhodlum 31 Suitable in oxldising regions of Engelhard
1) versus 2033 12 25 flame.Sheathing of wires with refrac- Data Sheet
" Platinum 14 tery material required in reducing (1973).

conditions. )
Platinum=13% Rhodium | 2032 14 35
2) versus 25 Same as for (1) above. Ditto.
Platinum 14 .
Platinum~-20% Rhodium 41
3) versus 2063 9 . 25 Same as for (1) above . Ditto.
Platinum-5% Rhodium 24
Platinum-30% Rhodium 47
a) vorsus 2093 10 25 Same as for (1) above . Ditto.
Platinum-6% Rhodium 25
Platinunm-40% Rhodium 49 ,
5) versus 2123 3.3 25 Same as for (1) above. ‘* Ditto.
Platinum~20% Rhodium 49,
ridium—-40% Rhodiun 113 Same as for (1) above. Ditto.
6) I;?Zfﬁ; 2263 s 112 250 Also, Catalytic effects in methane/ ‘Smith et al,
dd air flames negligible. : 1969.
Tungsten 110 Not sultable for use in flames. Engelhard
7) versus 2573 22 250 Tungsten wire becomes very brittle Data Sheet
Iridium 112 after use at elevated temperatures. (1973).
Tungsten . 20 o
8) Versus 2873 20 500 Same as for (7) above. Ditto.
Tungsten-26% Rbhendum 157
TABLE 2.2

Relevant Propertics of Thermocounle Wires
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(c) Types of flame investigated and oprobe wire diameters

The effect of»éétalysié‘is more pronounced in a premixed flame
than in a diffusion flame. The thermal inertia of the probe wire,
which produces a phase lag in probe temperature relative to the gas
temperature, coupled with surface catalysis can cause reaction on
the wire when cold premixed fuel and air come in contact with it.

But in diffusion flames<at atmospheric pressure, negligible amounts

of premixed fuel and air exist . Catalysis is a more severe problem
in hydrogen/air flames (and hence in town gas/air flames where the fuel
is mainly hydrogen) than in natural gas/air flames (the fuel is mainly
methane), Smith et al. It was, therefore, decided to perform the
fluctuating temperature measurements in a methane diffusion flame. It
was decided to obtain mean temperature data in a town gas diffusion
flame and in a town gas/air premixed flame using a probe coated with

a non-catalytic ceramic.

The choice of the optimum diameter of the wire of thermocouple 4 of
Table 2.2 employed for the temperature fluctuations measurement was deter-
mined from an endurance test in which 25 ym, 30 pm and 40 ym diameter
wires were placed in a methane diffusion flame, Reynolds Number 14,500.
A period of 2 hours was considered adequate for obtaining a profile
of measurements of temperature fluctuations. Only the 40 um
diameter wire passed the test.

The spatial resolution afforded by a 100 ym diameter wire
(>~ 0.1 mm3) was considered adequate for mean temperature measurement.
In an endurance test performed with such a wire in a premixed town
gas/air flame, Reynolds number 62,000, for a period of 12 hours the

wire did not fail.
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2.2.4 Probe Construction

Creat care was exercised in the construction of the thermocouples.

The wires were cleaned thoroughly prior to being welded in

order to preclude contamination from extraneous matter and a con-

sequent alteration of the thermo-electric calibration. After mounting

the thermocoﬁple on support wires ammealing, by electrical heating,

relieved

stresses in the probe wire. Otherwise, 1f a stressed

section of the wire is situated in a temperature gradient, the

thermocouple might indicate erroneocus readings, Zysk, 1962.

The sequence of steps in the fabrication of the thermocouples
were:

(1) the cleaning of the wires

(2) formation of the thermocouple junction by flame welding

(3} annealing the thermocouple after mounting it on support wires
and (4) for the mean temperature measurements, coating the probe with

a mixture of Alumina and Mg0 ceramic.

(a) Cleaning

The wires were first cleaned in acetone in order to remove the

bulk of any organic material on their surface. The last traces of

organic and inorganic impurities were eliminated by placing the

wires in boiling dilute HCl for ten minutes, followed by a further

cleaning of the wires in distilled water, and a subsequent immersion

in boiling dilute HNO

3 for ten minutes. ¥Finally, the wires were

washed in distilled water before welding the thermocouple junction.
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(b) Thermocouple Junction

Flame welding was used to form the thermocouple junctionsg
this technique has been described in detail by Fristrom and
Westenberqg, 15965.

The bead sizes of the probes (especially the 40 m diameter
Platinum/BO%.Rhodium versus Platinum/6% Rhodium probe used for
rmeasuring fluctuating temperature) were monitored by observation
of the junctions ﬁnder a microscope. Moffat, 1962,has shown that
x

for a thermocouple of junction bead diameter, D

b? the probe time

constant, T, (the parameter which characterizes the transient

%
Pp.0.375

5 where Dfis the

)

response) is increased by the factor (

diameter of the uniformly cylindrical part of the probe. Thus,
provided the junction bead diameter is less than 1.1 times the

wire diameter, the increase in T is lesg than 3.5%. Fig. 2.2.1 (b),
a photomicrograph of a 40 um diameter probe, shows the maximum bead
size that was acceptable. It is seen that the junction beads of
the probes used for fluctuating temperature measurement satisfied

this requirement.

(c) Probe Mounting and Annealing

Satisfactory thermocouples were selected for mounting on
support wires of the kind described by Fristrom and Westenberg,
1965. The support wires used for the 40 ym diameter Platinum/30%
Rhodium versus Platinum/6% Rhodium thermocouples were of 250 pm
diameter and of the same alloys. The éorresponding support wires

for the 100 um diameter Platinum/40% Rhodium versus Platinum/20%



Rhodium were 500 pm in diameter. The support wires were carried in
twin-bore alumina insulator tubes. Fig. 2.2.71a is a schematic of the
assembled probe.

Annealing of the mounted thermocouple was accomplished by
electrically heating the wire to a temperature of 1300°C for a period
of three minﬁtes as recommended by Zysk, 1962. (The electrical
circuit employed for heating the probe wire and measuring its tempera-

ture simultaneously is described in Sub-section 2.4.5).

(d) Non-~catalytic Ceramic Coating

Three of the various coatings which have been applied on
thermocouples in order to preclude catalysis on, and chemical attack
of, the probe wire are: Silica used by Fristrom and Westenber g,1965;
Zirconia used by Smith et al, 1969; and a mixture of Beryllia and ¥ttrium
oxide ceramic used by Kent, 1970. However, siliceous materials
are known to form platinum silicide, when in contact with platinum
alloy thermocouples, at temperatures above 1400°K (Bennet, 1961).
The mixture ceramic developed by Kent was not considered for use
because Beryllia is an extremely poisonous compound. In this work,
an alumina-based ceramic was employed following the recommendation
in the Engelhard Data Sheet for Pt/40% Rh versus Pt/20% Rh.

The latter ceramic consisted of 90% by weight alumina
powdor and 10% by weight magnesium oxide. The dry mixture was
ground with an agate pestle and mortar in order to produce a very
fine powder; 0.5 g of the mixture was stirred into 100 cc of

distilled water to form a thin cream.
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The coating was applied by electrically heating the wire to
900°¢C and towelling it with cotton wool which had been immersed in
the thin cream. Several thin coatings were applied in this manner.
To ensure that the composite coating would not fail during measure-
ments in a flame, the probe wire was electrically heated to a
temperature éf lBOOOC, the estimated maximum prcbe temperature in
a flame. Then the appearance and the thickness of the coating was
observed with a travelling microscope.

When a smooth continuous covering was obtained, without "pin-
holes'", the thermocouple was tested for catalytic activity in a near
stoichiometric turbulent pre-mixed town gas/air flame. The test
consisted of passing the protected thermocouple from the outer
edge of the flame into its cold cone. Lack of catalytic activit&
was indicated by the temperature of the probe falling quickly to the
prevailing temperature on reaching the cold gas. The uncoated probe
continued to glow red-hot when itﬁﬁé in the cold gas region because

chemical reaction was sustained on its surface by catalysis.

2.3 Mean Temperature

2.3.1 Preliminary Remarks

The time-averaged version of equation (2.2.4), using effective

property values and discarding the catalytic term, is

2
10T
( 2

) - fa(r -1} -0 ' (2.3.1)
£
ox '

where a = 4/T and over~bars indicate time-averaging.
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2.3.2 Conduction Error

According to Scadron and Warshawsky, 1952c, the time-averaged
conduction error is given by (EL - E}) ¢m where: T, is given by
equation 2.3.1 above; Tb is the support temperature; and Wm = Sech
(9 L/2) (for the case vhere the junction is at the mid-point in
a sensing wire of length L) and qz= 1 /KT.

A quantitative estimate of the percentage conduction error of a
ceramic coated 100 ym Platinum/40% Rhodium versus Platinum/20% Rhodium
thermocouple was obtained with the probe at 30 mm from the axis in a
plane 40 diameters from the burner in a turbulent diffusion flame of
methane. T was measured as 80 ms (the method of measuring'? is
described in Sub-section 2.4.5 below); L for the probe was 2 ins;

K for the probe was 1.6 x 1072 in2/sec.' Accordingly, Wm = Sech (9 L/2)

3 T -T

< 10 ~. Thus the percentage conduction error ( T f) %n <%,
g

for the case T. =0, since T_ &~ T .
b £ g

2.3.3 Thermal Inertia Error

The existence of a finite probe thermal inertia does not cause
an error in the mean temperature measurement. However, the varia-
tion of the thermal inertia with gas temperature and velocity, and
wire properties, causes a relative displacement between the mean probe
temperature and the mean gas temperature. |

Chomiak and Niedzialek, 1967, obtained solutions for the relative
displacement of the mean probe temperature and mean gas temperature
for an infinitely long probe. The solutions‘depend strongly on

the phase angle between the fluctuating gas temperature and the
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fluctuating probe thermal inertia. In a randomly varying temperature
field (such as in a turbulent flame) this phase angle is not known
a priori; therefore; the solutions are not quantitatively useful in
such circumstances.

A quantitatively useful expression is obtainéd from equation

(2.3.1) without the conduction term:

0=a(T=T) + arTy - a'T._t (2.3.2)

The mean temperature thermal inertia error, G't’ is from

equation (2.3.2)

Et =

ol

(a'T? - a'Tf') (2.3.2a)

Assuming a correlation coefficient of unity (the worst case):

e, = (27 [
a

2
1
Since —— <K 1 for a coated wire,
T
g
== 2
£ .2 T!
= = -2 - (2.3.2b)
a. T '
J g

Measurements of fluctuating temperature (presented in Chapter 5)

—————

indicate that 1%2 ~ 10% , when the temperatures are in [°k].

———

T
g9
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2 ,
t
Also, .i o2 10% since T is principally dependent on T.
=
E¢
Hence — & 1% .
T
g -

2.3.4 Radiation Error

The technique used to correct the radiation error is similar
to that employed by Berkenbush, 1899, and Schmidt, 1909.

Firstly, the radiation loss calibration curve, which represents
the power radiated by the probe at any temperature, was obtained.
This was accomplished by electrical heating of the thermocouple and
simultaneous measurement of the heating current and of the probe
temperature in a high vacuum (~ 10~ torr). The resulting plot of
probe temperature versus electrical power per unit probe 1engtﬁ“is

shown in Fig. 2.2.2 Also plotted is {Tw4 - T4amb} (OK)4 versus

electrical power per unit length of prohm§ the linearity of the plot
shows that radiation according to a fourth power law dissipated the
supplied energyj;, the emissivity of the ceramic coating (90% A1,0,
and 10% Mg0) was calculated as 0.38.

Secondly, the thermocouple, while in the measuring position in
the flame, was electrically heated and the heating current and the
probe temperature were measured simulténeously. The plots of probe
temperature versus clectrical heating power per unit length which
were obtained at various positions along the axis of a methane
diffusion flame, Reynolds Number 14,500, are shown in Fig. 2.2.2.

Finally, the temperature at the point of intersection of the

curve obtained in the flame and of the radiation loss calibration

For given wire

cross—sectional area.



- 53 -

curve is the required brobe temperature corrected for the radiation loss.
The energy being radiated at that temperature from the probe immersed
in the flame is being supplied electrically.

However, two implicit assumptions were made in the above dis-
cussion, namely: that radiant heat interchange between the probe
and flame gases is negligible;'and that the effective time-mean
radiating temperature of the probe in the flame is equal to the
time-averaged probe temperature.

The first assumption is readily justified. The radiant energy
transmitted (or absorbed) by hot gases in gas-fired, small scale
laboratory flames at atmospheric pressure ("clear" flames) is small
because Eg << 1, Gaydon and Wolfhard, 1970 c.

Now, the effective time-mean radiating temperature is:

(T + ‘I")4
—4 v 2 '
=T {1 + 6 - + smaller order terms}
T

. .
Since g}- < .04 for a ceramic coated probe in the regions of the

T
flame where radiation loss is important, it is seen that the percen-

tage error involved in the second assumption,

— 4 )
(7" + T*) -~ T < 4% .
T

The high vacuum apparatus employed for obtaining the radiation

loss calibration curve is shown in Fig. 2.2.3.
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2.4 Fluctuating Temperature

2.4.1 Preliminary Remarks

The measurement of fluctuatingktemperature using the 40 um
diameter Platinum/30% Rhodium versus Platinum/6% Rhodium thermocouple
is considered in this section. The thermocouple heat-balance equation
is first simplified by showing that for the methane diffusion flame
investigated, Reynolds Number 14,500, the errors associated with some
of the terms of the equation are relatively small.

The simplified equation sgggests the method for obtaining the
gas temperature fluctuations. The instrumentation employed for this

purpose is described. It is shown that the most significant source of

" error is the fluctuation in 7.

2.4.,2 Catalytic and Radiation Error

The combined catalytic and radiation error in the fluctuating
temperature measurements was estimated from data of mean temperature
obtained along the axis of the flame investigated. First, a bare
probe was employed, and then a ceramic coated probe with radiation
loss correction. The data are plotted in Fig. 5.2. d . It is
seen that the combined catalytic and radiation error is less than

5% at the maximum mean temperature.

2.4.3 Conduction Error

. It was shown in Sectioh 2.3.2 that the erroér caused by heat
conduction to the probe support wires from a 100 ym diameter thermo-

couple is less than .1%. Obviously, a lower conduction error will
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apply for a 40 pm diameter probe.

2.4.,4 Thermal Inertia Considerations

Neglecting the conduction, radiation and catalytic terms (on the
basis of the discussion in Sections 2.4.2 and 2.4.3) the probe heat-

balance equation reduces to

T"d—z + T = T . (2-4.1)

dt g

A solution of equation 2.4.1 has been obtained by Chomiak and

Niedzialek (1967)under the following circumstances:

T(t) = T +AT sin Gt + 9) | (2.4.23)

g g g

a(t) = a + b asin (wt) » (2.4.2b)
where a(t) = 1/7(b), ’ (2.4.2¢)

Over-bars indicate time-averages and @ is the phase difference
between the gas temperature and the probe time constant.

The solution of equation 2.4.1 (Chomiak and Niedzialek) is:

g

T(t) = Tg ~ 3 AT . 22 D sin(@ — arctan n)

g gf ) ﬁi_+ n2)

+ AT 1 5 sin wt + § - arctan n)
)

,.g. ﬁj_+ n



...5@...

+ ATg .92'11 %né + 5/4n2 + 1/4) sin (2wt + ¢ + arctan 3n

) (2.4.3)
2n2—1

(1 + n2)(l + 4n2) -~
D

where n = W/a .

It is seen from equation (2.4.3), that under the conditions
stipulated by equations (2.4.2 a,b,c) the probe temperature fluctuation

consists of two components:

(1) The first harmonic term; term C. It is independent of Aa. The
variation with n of its amplitude relative to the amplitude of
the gas temperature fluctuation is depicted in Fig. 2.4.2. The
correction for the amplitude attenuation with increasing frequency

is discussed in Sub~section 2.4.5.

(2) The second harménic which is extraneous, term D. This term
arises because of the non-linearity of equation 2.4.71 when T
is a function of time. The variation with n of its amplitude
relative to the amplitude of the gas temperature is shown in
Fig. 2.4.2. The error caused by this term in the compensated

probe signal is estimated in Sub-section 2.4.6.

Term B is the relative displacement of the probe mean temperature
with respect to the mean gas temperature, (term A). This error term

has been discussed under "mean temperature ", section 2.3.

2.4.5 Compensating and Probe Heating Circuits

As discussed in th precéding Sub-section, of the two components
of thé probe response to a sinusoidally varying gas temperature, the

first harmonic component has' the same frequency as that of the gas.
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Therefore, it is the only required compoﬁent: its attenuation at high
frequencies depicted in Fig. 2.4.2 can be corrected. Since this
component is independent of time constant fluctuations the relevant

form of equation 2.4.1 is

+T =T ' (2.4.4)

The principles of probe thermal inertia compensation have been
described in detail by Shepard and Warshawsky, 1952. In brief,
compensation is achieved by use of a circuit which performs upon

the thermocouple e.m.f., E, the operation:

(T == + E) to obtain Eg the e.m.f. of the thermocouple

at the gas temperature.l

The method for determining the probe Fime constant was similar
to that employed by Kunugi and Jinno, i959. fhe thermocouple, when
in the measurement location, was heated by an alternating current at
50 kHz and the mean thermocouple temperature was measured simultaneously.
Heating was by alternating current in order that the time-averaged
Thomson and Peltier effects would be zero. (Heat is generated in a
wire by the Thomson effect at a rate proportional to the current and
to the temperature gradient. When a current flows across the junction
of two dissimilar metals, depending on the direction of current flow,
heat is liberated or absorbed at the junction by the Peltier effect).

The heating circuit is shown in Fig. 2.4.3.

Including the electrical heating term, 31?, in equation

(2.4.4) and time-averaging, T, T, EE and 1% are related by:
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(Eé —'5)/? + 9 I? = 0 ‘ (2.4.5)
where 9 - Ji‘/PCfﬂ)‘i2 (2.4.6)

where r, P, C and &* are .the electrical resistivity, density, specific
heat and cross-sectional areé of the wire respectively. The values of
the specific heat and resistivity of the wire at T were obtained from
the International Critical Tables and the Engelhard Data Sheet for the
thermocouple. By applying two values of heating current,-? was
determined by eliminating 'T'g. :

Compensation for thermal inertia was achieved by means of a
differentiating active filter. The compensating circuit is shown
in Fig. 2.4.4, and its design is described in Appendix A. There is
provision for matching the compensator time constant with the local
probe time-averaged time-constant. The frequency response curves of
the compensator and the compensated thérmocouple are shown in Fig. A.7
It is seen that the performance was satisfacfory up td 10 kHz.

Figs. (2.4.5 a to e) illustrate qualitatively the effect of
compensation on the probe signal. It is seen that there is a phase

difference between the compensated and the uncompensated signals.
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2.4.6 Magnitude of Second Harmonic Error

An expression for the second harmonic error € (2w) at first
harmonic frequéncy w is obtained by substituting T(t) from equation

(2.4.3) in equation (2.4.4) and subtracting Tg(t) in equation (2.4.2a):

+ Jgn4 + 5/4n2 + 1/4)

€E(2w) = AT . é? n 5 5 sin (2wt + ¢ +'arctan-225————-)
9.3 (1 + n)(1 + 4n°) 2n° - 1
4 2
+ 2AT . ég- n2jEn ks 2/4n ks 124) cos (2wt + @ + arctan,égi————)
9 3 (1 + n)(1 + 4n") 2n” - 1
(2.4.7)

A plot of €(2w) as a function of w is shown in Fig. 2.4.6 for T = 10 ms,

and Aa/a = 0.7 (The worst case frém observed temperature fluctuations).
An estimate of the magnitude of the second harmonic error was

calculated to be +15% using Fig. 2.4.6-and a measured spectral density

of the kind shown in Fig. 5.2g.

2.5 Concluding Remarks

The principal points contained in this chapter are:

(1) A bare 40 pm diameter Platinum/30% Rhodium versus Platinum/6%
Rhodium thermocouple was chosen for fluctuating temperature
measurements. These measurements were made in a methane
diffusion fiame'rather than in a premixed flame or in a town gas
flame because catalytic effects are, comparatively, least-in the

first-mentioned.



(2)

(3)

(4)
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The thermal inertia of the fluctuating temperature probe was
compensated up to a frequency of 10 kHz using an active filter.
The maximum error associated with the thermal inertia fluctuations
was estimated as + 15%. The combined catalytic and radiation loss

error was estimated to be less than + 0, - 5%.

A 100 ym diameter Platinum/40% Rhodium versus Platinum/20% Rhodium

thermocouple coated with a non-catalytic ceramic mixture (90%
A1203 and 10% Mg0) was used for the mean temperature measure-

ments in town gas diffusion and town gas/air premixed flames.

The significant error in the mean temperature measurements, the
radiation loss error, was corrected for by using an in vacuo

calibration method.
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. CHAPTER 3

TON CONCENTRATION AND CHEMI-LUMINESCENCE MEASUREMENT TECHNIQUES

3.1 Introduction

3.1.1 Preliminary Remarks

Copious amounts (typically AaiOG/[mm]3 at atmospheric pressure)
of free electrons and positive ions, such as H3O+ and CHO exist in
hydrocarbon/air reaction zones by virtue of the lack of chemical
equilibrium. This phenomenon is fregquently referred to as chemi-
icnisation or ionisation. Radicals, such as CH*, Cé, Oﬁ*, also
occur in tﬁe reaction zone. These have high electronic excitation
levels and emit, in characteristic bands, radiation known as chemi-
luminescence which is considefably stronger than thermal radiation.

Detailed knowledge of the fundamental processes involved in these
phencmena is still lacking. However, it is known that the 1life times
o% the electronically excited states of CH*, Ci, OH* are 10_8 to 10_6
sec. (Bulewicz, 1967), and that the recombination time of ions is about
one order of magnitude longer (Chomiak, 1972). Therefore diagnostic
techniques based on ionisation or on chemi—luminescenée possess adequate
frequency response when used to study fluctuations, time—-scale n'164 sec,

in turbulent flames (c.f. spectral measurements by Guenther and Simon,

1969) .

3.1.2 Previous Work

(a) Ionisation Technique

Al

Karlovitz et al (1953) introduced the use of the electrostatic

probe for measuring positive ion concentrations in turbulent flames.
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They analysed the signal from the probe in a free turbulent premixed
natural gas/air flame to obtain the frequency with which the "flame
surface" passes, and the probability of finding it in the measurement
location. They tested many probes. Their probes consisted of
negatively-biased bare wires (0.05 cm to 0.08 cm. dia.), carried in
insulafing ceramic tubes, with parts of the wires (from a‘few mm to

3 cm) exposed to the flame. However, their measurements were of limited
accuracy because the probe, not being streamlined, disturbed the flame
markedly (Denniston et al (1957)). This factor caused their data, at
any given radial position, to be dependent on whether or not the probe
had traversed the flame axis.

Other investigators (see for example, Summerfield et al (1955);
Richmond et al (1956); Vlasov (1959); and Kliene (1971) ) have employed
the ionisation brobe, similar to that of Karlovitz et al, for investi-
gating the structure of turbulent flames. In particular, the probes used

by these workers were also not streamlined.

b. Chemi-luminescence Technique

Guenther and Simon (1969) measured the total emission (caused
by chemi-luminescence) using an optical probe in a free turbulent
diffusion flame of city-gas. They measured the spectral funcﬁions
and macro-scales of the emission fluctuations. Their probe was
designed to minimize flow disturbance. The radiation penetrated
through a hoilow water—cooled cone (included angle 120), at right angles

to the flow direction, to a system of lens and diaphragm " and to

a photomultiplier. The photomultiplier converted the radiation
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signal into an electrical signal.

Chomiak (1972) used an optical probe to measure chemi-luminescence
in a turbulent pre-mixed propane/air flame. The aim was to resolve the
validity of the "wrinkled laminar flame" concept. He measured the
intensity of chemi-luminescence in the turbulent flame and in laminar
flames and concluded that no laminar flame existed in the turbulent
reacting flow he studied. The probe he employed was essentially a
microscope which was focussed in the measurement location to éollect
the radiation from this reéion. The probe had a 40 mm viewing distance
and a depth of focus of about 4 mm.

Recently, Kuhnert and Guenther (1973) employed a cross—correlation
technique to measure the spectral density and the macro-scale of fluctua-
ting OH* chemi-luminescence. In this technique, the signals along two
different light paths are the two inputs to a correlator: only éhe
radiation signal emanating from a small region (~ 0.5 cm dia.) are in
phase; the-correlator eliminates ofher signals leaving the signal from

this small region for subsequent processing.

3.1.3 Comments on Previous Work

At the inception of this research programme, the chemi-luminescence
techniques of Chomiak,and Kuhnert and Guenther had not been introduced.
The ionisation prbbe was chosen in preference to the probe of
Guenther and Simoﬁ because of 1lts bettler spatial re;olution {wire
diameters of .2mm in comparison to viewing ranges of 5S5mm). It was
decided to improve the ionisation probe design by streamlihing it,

and by cooling the insulation of the negatively-biased wire.



3.1.4 Scope of Remainder of Chapter

A sinplified deséription of the principle of operation of the
ionisation probe is presented in Sub-section 3.2.41. The requirements
of the probe are outlined in Sub-section 3.2.2. The fabrication of the
probe is described in Sub-section 3.2.3. The electronic circuit,
designea énd construéted for measuring the probe signal, is described
in Sub-section 3.3.1. The need to square the probe signal is explained
in Sub-section 3.3.2. In Sub-section 3.3.3 the effect of varying the
comparator discrimination level is shown to imply 2 need to arbitrarily
define the occurrence of combustion in the present measurements. Ways
of improving the present technique, and an alternative technique based
on chemi-luminescence are briefly discussed in Sub-sections 3.4.1 and
3.4,2 respectively. The principal conclusions in this chapter are

summarized in Section 3.5.

3.2 TIonisation Probe

3.2.1 Principle of Operation

The principle of operation of the ionisation probe has been treated
in great detail in the literature (see for example: Johnson and Malter,
1950; Travers and Williams, 1965; Clements and Smy, 1969). Therefore,
only a brief exposition is presented hére.

Consider the system shown schematically in Fig. 3.2a. It consists
of probes A and B, immersed in an ionised gas, between which a variable

voltage, Vd’ is applied. Three conditions may be distinguished.

v
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(1) vy equals zero. Each probe is at the same floating potential.

Current id equals zero since no potential drop exists in the

circuit. This condition corresponds to point 0 in Fig. 3.2. b.

(2) o< Vg2 KT /e where k 1is the Boltzman constant, T, the

electron temperature and ; the electron charge. 2kTe/e is a
measure of the potential barrier which even the most energetic
electrops cannot cross. Probe B approaches, while probe A
departs from the ionised gas potential. Probe B collects more
electrons, and probe A collects fewer electrons but more positive

ions. The total electron current to the probes equals the total

positive ion current. This corresponds to point j in Fig. 3.2. b.

(3) Vd >> kTe/e. Probe B approaches more closely the space potential
and probe A is now so negative that it repels even the most
energetic‘electfons. The total electron current is, again,
equal to the total pogitive-ion current. The positive ion
current to probe A is determined by the number of positive ions
in the sheath surrounding it. When Vd >> kTe/e, small changes
in Vd do not appreciably affect the ion current to‘probe A which

is then said to be in positive ion saturation. This situation

corresponds to the portion k=% in Fige 3+2.b.

The probe used in this investigation was operated in the positive

ion saturation region, Vd >> kTe/e, in view of the following advantages:

(1) spurious electron current effects do not exist (Clements and
Smy, 1969);
(2) currents are much higher, and so easier to measure than otherwise

(Clements and Smy, 1969);
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(3) detailed theoretical and empirical knowledge exists for the

case of a moving lonised gas.

Empirical relations between probe current 1;, bias voltage iy

ionised gas velocity U, electron density n, have been obtained by

Clements and Smy, 1965. They are as follows:

. . 0.6+0+1 ' s
ld proportional to (U) o= for equal positive lon and
electron temperature

id proportional to (Vd)O'GS'i'05

id proportional to (ne)o'g-i 0.1

(3.2.1)

(3.2.2)

(3.2.3)

Equations (3.2.71) and (3.2.3) were used to compare the ionisations

*in turbulent flames and laminar flames in Chapter 5.

3.2.2 Requirements of Probe

Desirable attributes of the lonisation probe are: (1) Minimal
aerodynamic, thermal and chemical disturbance of the flame; and
(2) a good spatial resolution (~ 1 mn>).  The probe which was
designed and fabricated to fulfil these requirements is best
described by reference to Fig. 3.2c.

The probe components are:

(1) A 300 pm diameter 40% Rh/Pt sensing wire with a pointed tip for

measurement; the negative terminal of the 22V bias battery is

connected to the other end of the wire.

(2) A composite boron nitride and brass cone.
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(3) A water cooling jacket soft-soldered to the brass end of the

composite cone to achieve good thermal contact.

(4) A silicone rubber tube for insulating the portion of the probe

wire which is carried in the central tube of the cooling jacket.

Boron nitride was used in the composite cone because of its
physical and chemical properties. It is inert to the chemical reactions
in the flame; it is easily machined; it remains a good electrical
insulator at high temperatures; and it is a good thermal conductor
(for a ceramic) so that it was easily cooled by the water jacket.
Cooling the boron nitride insulator was essential: there was appreciable
leakage current when an uncooled quartz supported probe with a boron
nitride end cone was used in turbulent flames.

Minimal aerodynamic disturbance of the flame was ensured by
making the wire tip sharply pointed, and by making the included angle
" of the composite cone small (250).

Elimination of chemical disturbance of the flame in the region
of the wire tip was achieved by: the use of boron nitride which is
inert to chemical reactions in the flame as the insulator; and the
use of Platinum/40% Rhodium wire which is known to have negligible
catalytic activity when biased negatively in hydrocarbon/air flames
(Calcote (1963)). Lack of chemical disturbance was confirmed by
the fact that when the probe was passed from the combustion products
side of a turbulent premixed town gas/air flame to the cold core,
the probe wire tip did not continue to glow and no signal was obtained.

Thermal disturbance of the flame was negligible because at high

bias (condition (3) in Sub-section 3.2.1; e Vy/KT_~ 10° in the



- 68 -~

present measurements; V, = 22 V, T, 2400°K) the electrical
sampling of ions by the probe is véry fast compared to the convection
process. For example, ion drift velocities in the sheath are zpout
10* m/sec, (Clements and Smy, 1969), two orders of magnitude faster
than the gas velocities in the measurements.

The spatial resolution was estimated to be .3 [mm]3, from the
fact that: (1) .the sheath thickness of the probe wire was about 1.5
times the wire radius (Clements and Smy, 1969); and (2) the exposed

wire was 2 mm long.

3.2.3 Fabrication
(a) Probe wire

A suitable length of 40% Rh/Pt wire was annealed by electrical
heating. Burrs were removed with a file from the end to be shaped
to a point. The wire was held in a pin chuck so that the cleaned
end protruded by 3 mm. The pin chuck (with the wire) was mounted
in a lathe and rotated at.1200 r.p.m. A No. 4 Arkansas stone
lubricated with oil was used to sharpen to a point the protruding
end of the wire by gently pressing from underneath. Tﬁe wire tip
was observed at intervals with a magnifying glass and when a satis-
factory point was obtained, a very smooth Arkansas stone was used to
polish the tip. A photomicrograph of a typical wire tip is shown in

Fig. 3‘2d.

(b) Composite boron nitride and brass cone

A number 6 BA thread and tap were made on the boron nitride and

brass respectively, and the composite plece assembled. The brass end
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was ﬁeld in the lathe, and turned at 1200 rpm. After centre drilling
the boron nitride end, a ﬁo. 80 drill was held in a hand-chuck and
fed, by hand, slowly into the boron nitride. The drill was reyoved
frequently for cleaning. After drilling the hole, the 25° included
angle cone was cut on the composite piece. Fig . 3.2e shows a sketch

of the composite cone.

(c) Silicone rubber insulator and central tube

The insulating silicone rubber, see Fig. 3.2c, was .055" o.d.
Silicone rubber was chosen because of its ability to withstand the
temperature of soft solder (during probe assembly).

The central tube consisted of a half meter length of stainless
steel tube, 2.4 mm o.d., 1.8 mm i.d., bent 8 cm from one end. The

tube was cleaned and tinned with soft solder.

(d) Water cooling jacket

The water cooling jacket consisted of 5 stainless steel hypo-
dermic tubes 1 mm o.d. soft-soldered on the central tube (c above).
Each tube was bent and folded back on itself at ité midpoint {(while
red hot), Fig.'3.2f. The five bent tubes were thoroughly cleaned with
a needle file to facilitate.the soft soldering of them on to the
central tube. The diameter of the water cooling jacket, Fig. 3.2g
was 5 mm. The ends of the stainless steel tubes were comnected

to inlet and outlet manifolds for the cooling water.
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(e) Probe assembly and testing

The probe was assembled és shown in Fig. 3.2c. The assembled
probe was dried in an oven, set at120°¢ and containing silica'gal, for
48 hours in order to expel any liquid absorbed by the boron nitride
during the probe fabrication. Moisture adversely affects the electrical
insulating properties of boron nitridg. The electrical resistance
between the probe wire and the water cooling jacket was tested with a
Solartron IM 1240 multimeter: a resistance exceeding 20 ML - the
highest range of the multimeter - indicated that the probe insulation

was satisfactorj.

3.3 Instrumentation

3.3.1 Electronic Circuit

The diagram of the electronic circuit designed and constructed
for measuring the probe signal'is shown in Fig. 3.3a. The circuit
consists of two parts:

One part pertains to the measurement of the mean, rms, spectral
density and probability density of the probe signal. (The
instrumentation used for signal processing is describeé in Chapter 4).
The essential components in this part are: a ; k£fL resistor for
converting the probe current into a voltage§ a pre-amplifier (Model
AD 41K) connected in the differential mode with an amplification of
100; and an amplifier (Model AD45K) connected in the inverting mode
with an amplification 6f 100. The frequency response of the pre-~
amplifier and amplifier was flat from DC to 30 kiz.

The other part pertains to the evaluation of the probability

of combustion, p, and the combustion count,f(p is the fraction of time
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combustion occurs at a point; £ is the time—averaged number of times
combustion occurs per second) and the'instrumentation used for signal
processing is described in Chapter 4 . The essentiél components of
this part are: a high accuracy multiplier (Model AD427) for squaring
the probe signal (the reason for squaring the signal is explained in
the Sub-section 3.3.2); and a comparator (model AD 351J) for producing
pulses of fixed amplitude when the squared probe signal exceeds a pre-
determined level. The effe;t of the pre-determined level which is set
for the comparator on the measured frequency and probability of com-
bustion is discussed in Sub-section 3.5.3. There were impedahce matching
buffers before the multipliervand the comparator, and after the

comparator.

3.3.2 Need to Square the Probe Signal

The probe signal was squared in order to simulate, épproximately,
the reaction rate of H3O+ ions which-are the predominant positive ions
in Hydrocarbon/air flames, (Calcote (1962)). This simulation is seen

from the following consideration 3

The probable recombination process is (Calcote (1962)):

H3O+ + OH — products (3.3.1)

or

H.0 + e  — products- ) (3.3.2)

The concentration of the positive charges = [H3O+] must equal
the total concentration of negative charges [n"]. Now, the total

concentration of negative charges consists primarily of the concen-
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tration of electrons, [e ] = (1 - a)[n™], say, and the concentration
of hydroxyl ions, [OH ] = aln ). From the stoichiometry represented

by eguations (3.3.1) and (3.3.2), it is seen that substituting *he
expressions for [OH ] and [e™] in the equations and adding them, results

in:

[H50+] + [n"] —= products . (3.3.3)

Since

[n"] , it is evident that the recombination rate of

[1,0"]
H30+ is [H3O+]2. Thus, it does not matter that the reactions
(equations (3.3.1) and (3.3.2)) occur concurrently.

Recalling that the probe current is proportional to ion concentra-
tion to the power (0.8 + 0.1), equation (3.2.3), it is seen that
squaring the probe signal approximately simulates the recombination
rate of the H3O+ ions.

A comparison of the probe signal before and after squaring is shown
in Fig. 3.3b. It is seen that, as expected, the effect of squaring is
“to increase the magnitude of a large probe signal relatively more than

a small signal.

3.3.3 Effect of Comparator Discrimination Level

The function of the comparator was to convert the peaks in the
squared probe signal into pulses: thus, when the recombination rate of

H30+ ions exceeded a pre-set value, a pulse of fixed amplitude was

obtained. Traces of the squared signal and the comparator output are

shown in Fig. 3.3c.
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Ideally, the comparator shouldvtrigger a pulse when the squared
probe signal exceeds zeroc. However, because of electronic background
noise, and especially because of low frequency. drift of the outouts of
the circuit components, a finite discrimination level was necessary.
Fig. 3.3d shows the effect of varyihg the discrimination level on the
measured probabilify of combustion and the combustion count at a point
in a turbulent town gas diffusion flame.

It is evident that the discrimination 1e§e1 has an effect on the
probability of combustion, p and the combustion count, f —(p and f
weré defined in Sub-section 3.3.1). Therefore, the existence of
combustion has to be defined in an arbitrary way. In this investigation
combustion was considered to occur when the square of the probe current
exceeded 4.5 mV; this discrimination level was the smallest that‘could
be set without spurious comparator triggering caused by electronic
noise. Typically, the maximum squared signal cbtained was .2V.

The dotted curves in fig. 3.3d are extrapolations of the curves
through the measurements not influenced by spurious noise triggering.
It is seen that the differences between the values of the probébility
of combustion and the combustion count at a discrimination level of O
mvV (the ideél case) and 4.5 mV (the value used in the measurements)
was of the order of 10%. Therefore, the measured probability of com-
bustion and the combustion count though based on an arbitrary definition
of combustion are useful for defining the limits of the reaction zones

in turbulent flames.
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3.4 Suggestions for Future Work

3.4.1 Improvements in the Present Method

An obviéusVWayhfo imprové.tﬁe present method is to employ
electronic components with improved noise characteristics when they
become commercially available. In this way, the discrimination level
for the comparator could be set closer to zero. This would result in
the discrepancy between the measured values of the probability of
combustion and of the combustion count, and the values of these
quantities for the ideal case of zero discrimination level, to be less
than the present 10%.

Furthermore, graphs such as Fig. 3.3c should be cbtained at all
measurement positions in the reaction zone and the curves through the
measurements that are free of noise effects extrapolated to zero as

in the figure. This would improve the accuracy of the measurements.

3.4.2 Other Methods

The use of the optical chemi-luminescence probe, Chomiak (1972), is
advocated because it has the following advantages in comparison with

the ijionisation technique:

(1) No object is introduced into the flame. Thus the processes

occurring in the reaction zone are not disturbed in any manner.

(2) Individual radical concentrations may be measured by use of
appropriate optical filters. Measurements of this kind are
useful for validating combustion prediction procedures when they

are developed for predicting the formation of pollutants (NO, C)
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in turbulent flames. It is necessary for such procedures to
consider the detailed chemical kinetics of the formation of

radicals.

(3) A direct proportionality exists between the probe signal and
the radical concentration independent of gas flow velocity.
This permits a more accurate interpretation of the prohe

signal.

(4) The chemi-luminescence process is at least an order of magnitude
faster than the ion recombination process, Chomiak (1972). Thus
this probe has a better temporal resolution than the ionisation

probe.

However, a disadvantage is that it has a poorer gpatial resolution
than the ionisation probe used in the present measurements ( ~ 1.mm3

compared to 0.3 mn’) .

3.5 Concluding Remarks

An ionisation probe suitable for local measurements of ion
concentration has been reported. The description of fhe electronic
circuit for processging the probe signal in order to obtain the mean,
rms, spectral density and probability density of the ion concentration
fluctuations has been presented. The need to square the probe signal
in order to obtain the probability of combustion and the combustion
count is explained. It has been shown that the occurrence of combustion
required arbitréry definition because of electronic noise. Methods of

improving the present technique are described. The chemi-luminescence
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optical method is considered a good alternative tethnique for obtaining

data on radical fluctuations in turbulent flames.
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CHAPTER 4

EXPERIMENTAL, PROGRAMME

4.1 Introduction

This chapter is devoted to the experimental programme. The

- following are presented: the description of the experimental rig; the
block diagrams of the instrumentation required (including those described
in detail in Chaptefs 2 and 3), and the procedures used for obtaining data
from the signals of the thermocouples and the ionisation probe. The
chapter contains four additional sections:

Section 4.2 is concerned with the experimental rig. The diffusion
flame and the premixed4flame burners are described. The motives for
choosing the burners and the flow Reynolds numbers are explained. Also,
 the measures taken to minimise aerodynamic disturbance of the flames are
described.

Section 4.3 is pertinent to the measurement of fluctuating
temperature. The items of equipment employed for obtaining the mean,
the rms,Athe-spectral density and the probability density of the fluctua-
ting temperature, as well as the procedures for evaluating the last two
quantities, are described.

Section 4.4 is connected with the measufement of fluctuating positive
ion currenf. Mention is made of the items of equipment used for obtaining
the mean, the rms, the spectral density and the probability density of
fhe fluctuating ion current, and élso of the procedures for evaluating

the last two quantities. The items of equipment and the procedures are
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identical to those employed in Section 4.3 for the fluctuating temperature.
In addition, the instrumentation and the procedures employed for deriving
the combustion count and the frequency of combustion from the square of the
positive lon current signal are described.

The principal parts of this chapter are summarized in Section 4.5.

4.2 Experimental Rig

4,2.1 Choice of burners and Reynolds numbers

Parabolic procedures which are used for predicting jet flamés
require the specification of the initial profiles of the mean and
the fluctuating components of velocity, temperature and species
concentrations. A parabolic procedure which is applicable to two-
dimensional flows, is easy to apply and is very economic of computer
time was developed by Patankar and Spalding (1970). It Qas decided
to perform measurements in a simple flow geometry which could be |
calculated with this procedure.

Accordingly, long, circular, vertical-tube burners were chosen in
ordér to obtain simple axisymmetric free flames with well defined initial
profiles in stagnant surroundings. The initial temperature and species
concentration profiles are, of course, uniform for diffusion flames on
large diameter burners (except for a thin region near the rim of the
burner), This condition also applies to premixed flames if adequate
mixing of fuel and oxidant occurs in the delivery pipe.. Furthermore, the
initial profiles of the mean and the fluctuating coﬁponents of velocity
are available in the literature for fully-developed pipe flow. Laufer

(1953) and Coantic (1967) made detailed measurements (at the Reynolds
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numbers of 5 x 104 and 5 x 105; and 5 x 104, 1.8 x 105, 3.2 x 105 and

4.5 x 105) of the mean and the rms of fluctuating velocity in fully
developed pipe flows. The minimum developing region recommended for
turbulent pipe flow is 40 diameters Hinze (195%9a). In order to

ensure fully~-developed velocity profiles, the burner tubes were greater .

than 40 diameters in length .in this investigation.

Ideally, fully turbulent jet flows free from Reynolds number effects
are obtained for Reynolds numbers greater than 105, Hinze (1959).
However, for practical purposes jet flows may be considered fully
turbulent for Reynolds nﬁmbers of about 17,000 and greater, Hiﬁze
(1959c); The diffusion flame of methane had a Reynolds number of 14;500;
thus it was a borderline fully turbulent flow. Nevertheless, this flame
was employed because it was the highest Reynolds humber methane‘flame
that could be stabilized with a reasonably small hydrogen pilot flame
(less than 1% of main flow). The town gas diffusion flame, Reynolds
number 24,000, and the town gas—air premixed flames, Reynolds number
62,000 (and equivalence ratios 0.91 and 1.16) were fhlly turbulent for

practical purposes.

4,2.2 Description of burners

(a) Diffusion flame burner

Fig. 4.2a shows the details of the burner used for the methane
and town gas turbulent diffusion flames. The burner tube was seventy

five diameters in length, and 5 mm i.d. Measurements made with a
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travelling microscope revealed that the cross-—section was symmetrical.

(b) Premixed flame burner

Fig. 4.2b illustrates the premixed flame burner. The burner
tube was.fifty diameters in length and 29 mm i.d. Its cross—section
was symmetrical.

For safety reasons, a grade E sintered bronée disc was used at
the upstream end of the burner tube. Experiments by Egerton et al
(1953) have shown that grade E sintered bronze discs are satisfactory
for arresting hydrogen/air explosions. Therefore, such a flame trap
was certainly safe for use in town gas/air flames since the town gas
contained methane in addition to hydrogen.

The length of pipe provided for mixing of fuel and oxidant was
greater than 400 diameters thus ensuring a uniform mixture at the

burner pipe exit.

4.2.3 Flow rate measurement and Reynolds number calculations

All the gas flows were metered by flow meters of the Rotameter
type calibrated by the manufacturers. The calibrations were checked
against a large (65 mm diameter) wet bubble flow meter: the agreement
was better than + 0.5%.

The fuel-gas compositions* as well as the property values used to

compute the flow Reynolds numbers of the town gas flames were obtained

* Included‘iﬁ the’section "Figures,and fuel compositions and properties
for Chapter 5."
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(each day) from the town gas manufacturers, the North Thames Gas
Board. The maximum and minimum concentrations* of the constituents of
the industrial grade methane (methane, 97.7% min.) employed in ihe
experiments were provided by the fuel suppliers, the Greater London

Council.

4.2.4 Flame traverse, flame axis location, and flame screening

(a) Flame traverse

During measurement, each burner was moved relative to the probe on
a three-dimensional traverse mechanism. Traverses of 0.01 mm increments
could be made along two perpendicular axes in the horizontal plane, and

1 mm increment along the vertical axis.

(b) location of flame axis

In Fig. 4.2c is a photograph of the device used to facilitate the
positioning of the probe on the flame axis. The device was made on-a
lathe, and it comprised a cylindrical portion and a conical portion
with a pointed tip: the c¢ylindrical and conical portions had a common
axis.

The cylindrical section of the device was inserted in the exit of
the burner. Then the tip of its conlcal section and the probe were viewed
along two lines at'right angles with cathetometers. The movements
required to position the probe above the cone tip were made:by

traversing the burner in the horizontal plane.

Measurements of profiles, at 20 and 80 diameters, of the mean

*Included in the section "Figures, fuel compositions and properties for
Chapter 5".
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and the rms of fluctuating positive ion current indicated that the
diffusion flames were symmetrical and vertical. The visible flame
lengths of the methane and town gas flames were 200 and 120 diameters
respectively. The rich premixéd town gas-—air flame, equivalence ratio
1.16, visible flame length 13 diameters, was similarly found to be
vertical and symmetrical from the measured profileg at 2 and 8

diameters.

(c) Flame screening

Coﬁsideréblé care Wés taken to prevent the disturbance of the
flames by draughts. An open-top cloth tent (4m wide x 8m long x 4m
high) was erected in the laboratory. Furthermore, the burners were
placed inside a fine steel wire mesh screen (1.5 m wide x 3m long

x 4m high) situated inside the tent.

4.3 Temperature Measurement

4.3.1 Mean temperature apparatus

The arrangement of the apparatus is shown schematically in
Fig. 4.3a and it consisted of: (1) a ceramic coated Rhodium 20%/
Platinum versus Rhodium 40%/Platinum thermocouple 100 ym diameter;
(2) a power amplifier, type Sinclair 250, operated at 50 kHz;
(3) a signal generator, type Advance H-I, which provided, the 50 kHz
signal for the power amplifier; (4) an ammeter, Solatron LM 1240 for
measuring the current for heating the probe; (5) a low-drift amplifying

unit with a low-pass filter characteristic for amplifying the
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thermocouple emf (details in ZAppendix A.3.3 ); and (6) a DISA true

integrator whose output was displayed on a Solartron DVM Type 1420.2.

4.3.2 Fluctuating temperature apparatus

(a) Time constant determination

The electronic apparatus used to determine the time constant of
the fluctuating temperature probe (Rhodium 6%/Platinum versus Rhodium
30%/Platinum thermocouple, 40 ym diameter) is identical to that shown

schematically in Fig. 4.3a and described in sub-section 4.3.1 above.

(b) Fluctuating temperature data

The apparatus used is shown schematically in Fig. 4.3b and it
consisted of: (1) the 40 ym diameter Rhodium 6%/Platinum versus
Rhodium 30%/Platinum thermocouple; (2) the amplifying unit, a high
turns ratio, 330:1, Gardners Electronic transformer; (3) the thermal
inertia compensator, an active filter; and (4) the signal processing
instruments.

Fig. 4.3c shows a photograph of the compensating active filter
(left of photograph), the Gardners Electronic Transformer and a probe
(bottom right hand corner of photograph).

The signal processing equipment congisted of: (1) a Solartron
Time Domain Analyser for obtaining the rms of the probe signal; (2) a
General Radio Sound and Vibration Analyser Type 1564-A and a DISA rms
meter for measuring the Spectral Density; and (3) a PDP8 unit for digital
sampling of the compensated probe signal in connection with the

evaluation of the probability density.
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4.3.3 Evaluation of the Spectral Density and the Probability

Density of temperature

The procedures for evaluating the spectral density and the
probability density of the temperature fluctuations are described in
this sub-section. (These procedures were also used for the fluctuating
ion current mentioned in sub-section 4.4.2 below).

The steps in the spectral density evaluation were as follows:

(1) The General Radio Analyser was switched to the all pass mode.
In this mode its frequency pass band is 2.5 Hz to 25 kHz; i.e. it
passes through most of the probe signal. The rms, ‘JE%, of the

Analyser output was measured with a DISA rms meter.

(2) The Analyser was then switched to the %B-th octave mode. In

this mode the Analyser could be tuned to any frequency, fc, such

that it passes only signals in a narrow pass band Afc given

S [ =
by Afc = (220~ Z'ED)fC. The rms, er 5 of the signal passed

was measured.
(3) The spectral density, F, at frequency fc was obtained from

F = ef/Afc ea

The probability density of the temperature fluctuations was

*
obtained as follows:

(1) The amplitude of the signal was divided into 128 equal segments.

(2) Samples of the probe signal were taken in these segments at the

*This measurement system with the PDP8 (and the associated computer programmes)
was developed by Mr. M. Ribeiro of the lMechanical Engineering Department,
Imperial College, London. He has compared the rms of a signal derived from
its probability density obtained using this system with the rms of the

signal measured with a Solartron Time Domain Analyser and the agreement

as excellent (better than + 1%), Ribeiro (1973).
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rate of 20,000 per second over a period of 2 minutes.

(3) The PDP8 provided a data print out (on paper tape) of the

number of samples taken in each segment.

(4) The data was used as input into a computer programme for
evaluating the probability density, the mean, and the rms of

the temperature fluctuations.

4.4 Tonisation Measurement

- 4.4,1 Tonisation measurement apparatus

The apﬁaratus used for obtaining the fluctuat;ng positive ion
current data is shown schematically in Fig. 4.4a - and it consisted of:
(1) the ionisation probe; (2) the signal pre-amplifying, amplifying
squaring circuit, and comparator circﬁit; (3) the probe signal processing
equipment; and (4) the comparator output signal processing equipment.

Fig. 4.4b is a photograph of the probe signal pre-amplifying,
amplifying ‘and squaring circuit and an ionisation probe (foreground
of the photograph).

The probe signal processing equipment was the same as that used
for the fluctuating temperature, sub-section 4.3.2b, namely:

(1) a Solartron Time Domain Analyser for measuring the mean and the

rms of the probe signaly (2) a General Radio Sound and Vibration
Analyser type 1564--A and DISA rms meter for spectral density measurements;
and (3) a PDP8 unit for digital sampling of the probe signal in connec-
tion with the probability density measurement.

The comparator output signal processing equipment consisted of:



- 86 -

(1) a Verner Counter Type 15A6636/2 for obtaining the Combustion
Count, f, (which is the time-mean number of times combustion occurs
per second); and (2) a Solartron Time Domain Analyser for mea.;uring

the probability of combustion, p, (which is the time-averaged fraction

of time combustion occurs).

4,4.2 Evaluation of the spectral density and the probability

density of ion current

The procedures for evaluating the spectral density and the
probability density of the fluctuating ion current are identical to

those employed for the temperature fluctuations: these procedures were

described in sub--section 4.3.3.

4,4.3 Evaluation of the combustion count and the probability

of combustioh

(a) Combustion count

The combustion count, f, was obtained simply by recording the
number of pulses from the comparator with the Verner Counter over a
known time period. A period of three minutes gave repeatable results
(+ 1%) within the flame reaction zone: but counting for at least five

minutes was required at the "edge" of the flame reaction zone.

(b) Probability of combustion

The probability of combustion, p, was obtained from the time-

average of the comparator output signal,'Ef according to the relation:

c*- ¢f
P CT; (4.1)
H” L
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where: C- is the low signal output of the comparator (0.02V) and

L

corresponds to values of the équared probe signal (input to
comparator) less than the comparator discrimination level
(see Fig. 4.4c);

Cﬁ is the high signal output of the comparator (10.00V) and

corresponds to values of the squared probe signal greater than

the comparator discrimination level (see Fig. 4.4c).

That equation (4.1) gives the probability of combustion is readily seen

from the fact that p is zero when C* = CF

L7 and p edquals unity when

EK—’: Cc

4.5 Concluding Remarks

The principal points contained in this chapter are:

Round, vertical, tube burners with fully developed turbulent pipe
flow initial velocity profiles were employed for the experiments. The
flames were carefully screened to prevent disturbance by draughts.

The descriptions of the equipment and the measurement procedures used

to obtain the following have been presented:

(1) The mean, the rms, the probability density and the spectral

density of the fluctuating temperature.

(2) The mean, the rms, the probabllity density and the spectral

density of the fluctuating positive ion current.

(3) The combustion count and the probability of combustion.
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CHAPTER 5

RESULTS AND DISCUSSION

5.1 Introduction

in this chapter, the results obtained, using the experimental
apparatus described in the preceding chapter and the thermocouple and
ionisation probes described in Chapters 2 and 3 respectively, are
presented and discussed. The chapter contains five further sections:
In section 5.2, the measurements obtained with a bare thermocouple
, in a methane diffusion flame are presented. These arg:-the mean and
the rms of fluctuating temperature; and the probability density and
the spectral density of temperature fiuctuations. The physical
picture of the influence of the structure of the turbulent flow on
tﬁe fluctuating reaction field which emerges from the measured profiles
of rms and probability density of temperature fluctuations is discussed.
In section 5.3, the measurements obtained in a town gas diffusion
flame are presented. These are: mean temperatures with radiation loss
correction using a non-catalytic ceramic coated thermocouple; the mean
and rms of the fluctuating positive ion current; the probability of
combustion and the combustion count; and the probability density and
the spectral dengity of fluctuating positive lon current. The measure-
ments confirm the physical picture of the influence of the structure
of the turbulent flow on the reaction field discussed in section 5,2.
In Section 5.4, the measurements obtained in turbulent premixed
town gas/air flames are presented. These measurements are: mean
teméeratﬁres with radiation loss correction using a non~catalytic

ceramic coated thermocouple; the mean and rms of the fluctuating



- 89 ~

positive ion current; the probability of cqmbustion and the combustion
count; and the probability density and the spectral density of the
fluctuating positive lon current. In the discussion of these measure-
ments it is shown that they do not support the gwrinkled laminar flame"
concept forlthe high Reynolds number (62,000) flames. An alternative
mechanism for flame propagation in the turbulent flow which explains
the measurements satisfactorily is discussed.

The implications of the physical picﬁures, which have emerged for
the influence of turbulence on the reactlon in the diffuslon and pre~
mixed flames, for combustion predictlon procedures are discussed.in
Section 5.5. Also, the errors in the measurements are.discussed in
this section.

The principal conclusions arrivéd at in this chapter are

summarized in Section 5.6.

5.2 Methane Diffusion Flame

5.2.1 Results

The measurements obtained, using a bare thermocouple, of the
fluctuating temperature field of a methane diffusion flame are summarized

in Table 5.2.7.
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TABLE 5.2.1

Measurements in Methane Diffusion Flame

Data Probe Location
(1) Rms T', mean T, : " 'x/D’= 40, 80, 120 and axially -
Probe time constant T. Figs. 5.2 a to d.
(2) Probability density of Radial variation at x/D = 40 and

T* : 3-Dimensional plot. axial variation = Figs. 5.2 e and f.

(3) Spectral Density: : Flame axis at x/D = 20, 40, 60, 80,

Fourier space. 100, 11C. Fig. 5.2 g.
(4) Spectral Density: As in (3). Fig. 5.2h. Comparison
Wave-number space, with other spectral density curves
: Fig. 5.2 i.

5.2.2 Discussion
a. T, JT'Z and T

Consider the set of curves at 40 diameters, Fig. 5.2a, as an

example. It is seen that, with increasing radius, the rms of
temperature fluctuations first increases because of the existence of

an increasing number of air vortices, and then decreases because of

the growing size of these vortices. Confirmation of this statement

is afforded by the observed variation of probability densilty, discussed
below, and by high-speed photographs of a turbulent diffusion flamé,
Milson and Chigier (1973).

Relative to the peak in the rms of temperature fluctuations the
maximum mean temperature is closer to the flame axis. This is because
the maximum rms of temperature fluctuations occuré in the region where
the fuel and air vortices are numerous, but of large enough size to

possess large temperature drops from the reacting interface to the
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interior of these vortices. But the maximum mean temperature occurs

in the region where the concentration of reacted fluid is a maximum

and the size of the air vortices has been reduced by chemical conversion
resulting in diminished temperature fluctuations.

The monotonic increase of probe time constant with radius is
primarily ascribable to the diminishing mean velocity.

Siﬁilar remarks apply to the results shown in Figs. 5.2 b to d:
the radial profiles at 80 and 120 burner diameters downstream of the
burner, and the distribution along the flame axis.

Mean temperatures were measured using a non-catalytic ceramic
coated probe and correcting for the radiation loss in order to
evaluate the combined catalytic and radiation error as discussed in

Chapter 2.

b.) Probability Density Variations

The spatial variations of the probaﬁility density of temperature
fluctuations along the flame axis and radially at 40 burner diameters
downstream of the burner exit are depicted in Figs. 5.2 e and f.

The probability density is approximately Gaussian near the
flame axis (at r = 0, 10 mm, iS mm for x/P = 40) and, along the flame
axls, near the burner exit (at x/D = 40,760). ~ |

Then a transition to a combination of the Dirac delta function*®

and a continuous function that is approximately Gaussian occurs.

* If a variable,z, degenerates to a constant, ¢, the probaolllty density of
'z is the Dirac delta function atz = C (hlldebrand 1962): in the mathema-

" tical limit, the probability density is infinite atz = C and Zero every-
where else.

In practice, when 2 time-dependent variable, z, assumes a constant value,
€, for some of the time but- varies at random otherwise, the delta function
is manifest as a "spike'" at z = C in the measured density. The prominence
of the spike provides some measure of the proportion of the time z = C.
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The occurrence of the delta function signifies that qulescent
periods began to appear in the fluctuating temperature signal. This
implies that the air vortices are of such magnitude that allowing
even for heat conduction, sigificant regions of these vortices were
cold. Thisg implication is confirmed by the following observation:
the Dirac delta functions become prominent at 180 diameters aldng
the flame axis (Fig. 5.2f) and at a radius of 25 mm (Fig. 5.2e),
that is, precisely at the locations where the rms profiles, Fig. 5.2d
and Fig. 5.2a respectively, begin to decline.

Conversely, the absence of the delta function in tﬁe probability
density of temperature fluctuati§ns inside the reaction zone implies
appreciable preheating of the fuel and air vortices. The degree of
preheating may be estimated to a roughzgproximation from the mean,
rms and probability density of fluctuating temperature. For example,
at x/D = 100 the probability density plot, Fig. 5.2f, shows a variation of
8 rms values or 600°C in the temperature fluctuations (in fact there
were fluctuations up to 10 rms values but the values of probability
density outside 8 rms were too sméll to be plotted in the figure):
that is, fluctuations of 172009 to 1120°C, about a mean temperature of 1420°C.
Thus the minimum temperatures in the fuel and air vortices was about
1100°C.

This preheating of fuel vortices causes pyrolysis with
consequent soot formation which is éharacteristic of diffusion flames
of hydrocarbonsg in air (see for example, Gaydon and Wolfhard (19704d);

Edelman et al (1973)).
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On the basis of the variations of the probability density of
temperature fluctuations, the picture envisaged of the reaction zone

is that it may, broadly, be divided into three regions as follcws:

(1) Outer region of the reaction zone. (Flame "edge"). The

temperature fluctuations are characterized by long quiescent periods
beéause large "lumps" of air are being entrained, with combustion
occurring at the interface between the air vortices and the fuel.

In this region the turbulent transport is by large—scale'bu}k

convection and of an intermittent nature, Townsend (1956pb).

(2) Intermediate reqgion of the reaction zone. (Transition region of

probability density plot). More and smaller air vortices are

formed from the entrained large air vortices due to turﬁulent
mixing. Consequently more interfaces for chemical reaction exist.
The length of quiescent periods in the fluctuating temperature
signal decreases since some of the air undergoes chemical
transformation and since thermal conduction preheats the remaining
portion of the air vortices. The rms of temperature fluctuations
attains its maximum value in this region. Turbulent transport by
bulk convection and by gradient type diffusion which characterises

the inner region of the reaction zone overlap.

(3) Inner flame zone. (Approximately Gaussian probability density)

An effect of the combined processes of turbulent transport, molecular
transport and chemical reaction is a reduction of the sizes of the
fuel and entrained air vortices. Furthermore, the hot combustion

products preheat the fuel and air vortices to such an extent
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that very few cold cores exist inside these vortices. Consequently,
the amplitude of the temperature fluctuations decreases; also,
significant pyrolysis of the methane with attendant socct formation
occurs. The turbulent transport here is predominantly by small-

scale gradient type diffusion, Townsend (1956Db).

A sketch of the envisaged picture of a turbulent diffusion flame
is shown in Fig. 5.5a.
The implications of this physical picture for the prediction of

free turbulent diffusion flames are discussed in Sub-section 5.5.71.

(c) Spectral Density

A spectral distortion similar to that depicted in Figs. 5.2 g
and h has been reported in the literature, Kuhnert and Guenther (1973),
for the fluctuating OH emission signal. Also, such a distortion was
predicted by Eschenroeder (1965) for a locally isotropic turbulent fluid
with a density-sensitive heating mechanism as in combustion. According
to BEschenroeder, this spectral distortion implied that the heat eﬁergy
released in the combustion was converted into turbulence energy in the
band of "eddies" that contained the bulk of the turbulence energy.

This results in an enhanced turbulent diffusivity and an augmented
effective Reynolds number.

Fig. 5.21 shows a comparison of the present spectral density of
temperature fluctuations with the measurements of temperature fluctua-
tions by Kunugi and Jinno (1959), éotal emission fluctuations by Guenther
and Simon (1969), and OH emission fluctuations by Kuhnert and Guenther

(1973). It is seen that the agreement is fairly goecd. The discrepancy
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between the present result and that of Kunugi and Jinno is prcbably

‘attributable to Reynolds number effects and to the fact that the

compensation for thermal inertia in the latter measurements was

effected up to about 1 KHz.

The discrepancies between the present

result and the other two results are probably ascribable to Reynolds

number effects and to the fact that different fluctuating quantities

were investigated.

5.3 Turbulent Town Gag Diffusion Flame

5.3.1 Results

The measurements obtained in the town gas diffusion flame, Reynolds

number 24,000 with the pertinent figures are indicated in Table 5.3.1

4

Data

Profile or measurement location

Mean temperature with radia~
tion error correction .
(Ceramic coated thermocouple)

x/D = 10, 40, 90, 120 and 150, and
axially - Pigs. 5.3 a to g.

Probability of combustion and
Combustion count

x/D = 10, 20, 35, 79.06, 90, 100 and 113
- Figs- 5.3 h tO TNe

Mean and rms of ionisation’
current b

/D = 10, 20and 35.

h, j and { respectively.

Probability density of
ionisation current

‘Radial variation at x/D = 75 and axially
Pigs. 5.30 and P respectively.

Spectral density of
ionisation current

On flame axis at X/D = 75 and 90 compared
with Guenther and Simon‘'s data, 1969,
Fig. 5.39.

TABLE 5.3.1

Town Gas Diffusion Flame Data
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5.3.2 Discussion .

{(a) Mean Temperature Profiles

The maximum axial mean temperature (atYX/D = 90) was 200°C less
than the adiabatic flame temperature of 1960°C; the corresponding
value for the turbulent methane diffusion flame (at x/D = 140) was
360°C less than the adiabatic flame temperature of 1880°C. The
smaller amplitude of temperature fluctuations in the town gas flame is
ascribable to the fact that it is much smaller (1 mole of methane
requires about four times as much air as 1 mole of town gasj consequently .
the methane flame needs to entrain more air) and is mainly confined to
the inner part of the jet. The turbulence structure in the inner part
of a jet is predominantly small-scale, Townsend (1956b); Hinze (1959e).
Temperature differences are rapidly erased by turbulent transport of heat

which in this region is gradient-type heat conduction.

{(b) Mean and rms of Ionisation Curfent, Probability of Combustion

and Combustion Count

The mean and rms of fluctuating ion concentration, the probability
of combustion, p, and the combustion count, £, (p is the fraction of
time combustion occurs at a point and f is the time-averaged number
of times per second combustion occurs at a point) are all derived from
the ionisation signal. Significant ionisation currents indicate the
existence of combustion. Therefore, any of the four profiles may, in
principle, be used to define the limits of the flame. However, the
probability of combustion and the combustion céunt are consiaerably

more sensitive indications of the occurrence of combustion than the
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mean and rmg of the ionisation current: for exémple, it is seen
from Figs. 5.3 h to k that the profiles of the former quantities
vary by 5 orders of magnitude whereas the profiles of the latter
quantities vary by 1 order of magnitude. |

Quantitative information on the phenomenon of "unmixedness" is
provided by the data of combustion count and the probability of
combugtion. For instance, it is seen from Fig. 5.3 | h, at x/D = 10
and r = 6.5 mm, that on a time-average basis fuel and air ﬁix to react
2,000 times per second; and the fraction of time cambustion occurs is
0.5.

All the profiles of mean and rms of ionization current,
Figs. 5.3 h, j, and { - first increasing with radius and then
decreasing - reflect, as previously discussed in Section 5.2, the
initial increase in fuel/air interfaces caused by an increasing number
of air vortices and then the increasing size of these vortices. The
similar shape of the combustion count and the probability of combustion
profiles in Figs. 5.3 h, j, and ! to the corresponding mean and'

rms profiles confirms this picture.

(c) Probability Density

The plots'of.probébility density Figs. 5.3 0 and p are characterized
by the Dirac delta function (c.f. sec. 5.2;2) at zero values of
ionisation current. This implies that there are always perlods when
combustion is not detected at the measurement location. In Fig.
5.3 p , moving along the axis, the prominence of these delta functions
first decreases and then increases as expected.from the discussion in the
preceding’ paragraph and the picture of the reaction zone described in sub-

section 5.2.2 (b) above: i.e. the length of the quiescent periods in the

positive ion signal first decreases and then increases.
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The positive ion recombination rate.fluctuations relgtive to
the mean recombination rate may be estimated from the plots of
probability density. For example, at x/D = 25 (Fig. 5.3 p) tle
range of fluctuation of % % 16’T2; since it was previousiy’shown
(Sec. 3.4.5) that the recombination rate of positive ions o 12,
the maximum instantaneous pecombination rate of positive ions is

about 16 timesthe mean value.

(d) Spectral Density

In Fig. 5.3.q the preéent spectral density curves of positive
ion current fluctuations at x/D = 75 and 90 on the flame axis
are compared with the spectral density curve of total emission
fluctuations (Guenther and Simon (1969)) at %/D = 60 on the flame
axis. It is seen that the'agreement in Fourier space is good.
Velocities were not measured at x/D = 75 and 90 in the present
flame so that a comparison could not be made in wave number space.
The curves in wave number space would be displaced, somewhat,
relative to one another because the velocities in the three measure-
ment positions (in the ionisation measurement at /D = 75, 90; D = 5 mm;
Reynolds number = 24000: in the emission measurement at X/D = 60;
D = 10 mm; Reynolds number = 43,500) will be different. But it may
reasonably be anticipated that the differences in the velocities wili
not be large since measuremeﬁts of velocities in a methane diffusion
flame,Reynolds number.14,SOO,Fig. B.5 show that the velocities at

x/D = 75 and 90 are not significantly different (less than 10%

difference). Furthermore, the higher Reynolds number in the emission
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measurement than in the ionisation measurement (nearly twice) is

compensated for by the burner diameter in the former measurement

being twice that in the latter.

Thus the magnitude of the

relative displacement of the curves in Fig. 5.3 4 when they are

plotted in wave number spaﬁe may be expected to be small.

5.4 Turbulent Town Gas-Air Premixed Flames

5.4.1 Results

The measurements obtained in the premixed flames, Reynolds
number 62,000, and the corresponding Figures are shown in Table
5. 4. 1.
Data \ Equiv. Ratio 1.16

Equiv. Ratio 0.91

Mean temperature
with radiation error
correction (ceramic
coated thermocouple)

x/D = 0.517, 3.03, 4.41,6.48
and axially -~ Figs. 5.4 a to
e respectively

x/D = 0.517, 3.03, 4.41,
6.48, 8.48 and axially
~ Figs. 5.4. f to k
respectively.

Probability of
combustion, combus-—
tion count, normali-
zed mean and rms of
ionization current,
and mean temperature

x/D = 3.03, 4.41 and
axially ~ Figs. 5.4.
£ to n respectively.

x/D = 3.03 and
axially - Figs. 5.4.
o and p respectively

Probability density
of ionization
current

Axial variation -
FPig. 5.4. g

Axial and radial
variation at

x/D = 4.82 -~ Figs.
5.4. r and s
respectively

Spectral density of
ionlzation current

x/D = 4.38 on Flame
axis - Fig. 5.4. t

x/D = 4.38 on flame
ElXiS hand Fig. 5.4. t

TABLE 5.4.-

Town gas/air premixed flames data
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5.4.2 Discussion

a) Mean Temperature

Tﬁé ﬁéiimﬁﬁ héaﬁ temperatures,n-1900oC (corrected for the
radiation error) Figs. 5.4a to k are quite close to the adiabatic
flame temperatﬁre 19600C. This implies that in the region of maximum
flame temperature, the temperature fluctuations are small, and that
most of the fluid is combustion products. The 1attef implication
is also evident from Figs. 5.4 4 to p: moving away from the inner
cold cone of combustibles, each normalized mean temperature profile
attains its maximum value after the corresponding normalized mean and

rms of ionization current profiles have reached their maximum values.

b) Mean and rms of Ionisation Current,

Probability of Combustion and Combustion Count

. These profiles have some bearing on the validity of the "Wrinkled
Laminar Flame" concept in a highly turbulent flame (Re = 62,000) on

account of the following details:

(1) Tt is seen from the axial profiles, Figs. 5.4 n and p, that
combustion occurs at a distance of 2 burner dlameters from the
burner exit. The gas velocity is considerably greatgr than the
laminar burning velocity since measurements in a cold flow, Durdo and
Whitelaw (1973) show that the velocity at 2 burner diameters is equal
to the maximum velocity in the tube: moreover, measurements of
velocity in a turbulent premixed flame, Durst et al, 1972,
indicate that the combustion process does not appreciably affect

the aerodyﬁamics at this location.
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(2) The probability of combustion, that is, the fraction of time
combustion occurs, is greater than 0.5 in a significant region
of the-flame; for example, 4 cm along the axis, Fig. 5.4 p.
Obviously, a fluctuating wrinkled laminar flame can not spend
more than 50% of the time in such a wide zone. However,
the possibility of fragmentation of the flame into laminar
flamelets by the turbulent flow is considered in fhe next

paragraph.

(3) The maximum amplitude of the ion current obtained was estimated
from the measured rms profiles and the probability density plots.
In the cold cone of combustibles, the maximum ionisation current
was approximately 3 times the maximum laminar ion current after
correcting for the velécity influence using equation (3.2.1).
Chomiak, 1972, also observed that the chemi~luminescence signal
-obtained from a high Reynolds Number furbulent premixed flame
was considerably greater than that obtained from a laminar
flame. It may therefore be concluded that the combustion does

not occur in laminar flamelets.

However, the hypothesis of turbulent flame propagation advanced
by Chomiak, 1970 provides a plausible explanation of these details.
According to Chomiak's hypothesis, the turbulent flame propagation
éonsists in essence in the transfer of reacting fluid to regions of
unreacting fluid, and unreacting fluid to thercombustion zone by
strong vortex tubes.' The experimentally observed details, previously

mentioned, are explained by this hypothesis as follows.

*Formed by eddies of Taylor micro-scale rubbing against one another
(Tennekes (1968)).
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Firstly, the hypothesis predicts that ionisation or chemiiuminescence
signels in highly turbulent flames are greater fhan the corresponding
signals in laminar flames: the stretching action of strong vortex tubes
or sheets produces higher diffusivities of heat and matter with attendant
higher reaction rates than in laminar flows.

SeCoﬁdly, the occurrence of combustion at 2 burner diameters from
the burner exit would be anticipated on the basis of Chomiak's hypothesis
and the incipient increase of the rms of velocity in a cold flow at x/D = 2,
Duréo' and’Whitelaw (1973). The increase in the rms velocity indicates
that turbulent transport by vortex tubes between the 'pipe fluid coret
(this corresponés to the 'potential core' of a nozzle jet) and fluid
in the mixing layer occurs at X/D = 2, leading to combustion at this
location.

Finally, the local probability of-combustion can exceed 0.5 in
the reactiop zone if a sufficiently large number of reacting strong vortex
“tubes  passes through the measurément location intermittently.

A sketch of the envisaged picture of the structure of a
turbulent premixed flame is shown in Fig. 5.5 b.

The implications of this physiéal picture for the prediction of

free turbulent premixed flames are discussed in Sub-section 5.5.2.

(c) Probability Density

The plots of probability density of ionization current, Figs.
5.4 g to s, show the Dirac delta functions, see Sub~section 5.2.2,
associated with zero ilonisation. Moving away from the cold core of
combustibles the prominence of the delta function first diminishes and

then increases as the probability of combustion (fraction of time
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ionisation is greater than zero) first increases and then decreases.
The axial plots of probability density exhibit an interesting

feature at x/D = 4.8. The trough in the probability density curve

at this location implies a combination of a sinusocidal variation and

a random variation in the ionisation current Durst (1972b). A similar

trough was observed in the probability density of velociﬁy fluctuations

in a premixed flame by Durst et al (1972). These investigators

suggested that the effect was caused by combustion induced periodic

oscillations in the flow. The present measurements seem to confirm

the supposition that the premixed flames possess an inherent periodic

nature.

(d) Spectral Density

The measured spéctral density curves, Fig. 5.4 t, show a
flat portion and then a very steep fall off. The latter feature is
most probably due to the fact that the rangé of the wave analyser
extended to 25 kHz and was therefore inadequate for these measurements
in a turbulent premixed flame. The analyser was adequate for turbulent
diffusion flames where the highest frequencies of interest were ~ 10 kHz,
see Fig. 5.3 g. The flat portion of the curve, up to 5 kHz, indicates
that the fluctuations in the ionization signal were caused by small
burning gas volumes.

5.5 Implications for Combustion Prediction Procedures

5.5.1 FPree turbulent diffusion flames

(a) A General Implication

As discussed in Sub-section 5.2.2 the existence of the Dirac

delta function in the probability density of temperature fluctuations,
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in the outer region of the diffusion flame, 1s caused by large scale
turbulent motion in this region. Now, the probability density of
temperature completely describes the time-averaged fluctuating temperature
field (for exampie, the mean and(rméfof the fluctuating temperature are
the first and second order moments respectively of the probability
density of the fluctuating temperature). It follows, therefore, that
this large scale turbulent motion must be considered when predicting
the fluctuating temperature in the outer region of the reaction zone.

A method for accounting for large scale motion in the turbulent
transport of scalar guantities, sgch as temperature and épecie concen—
tration, in free flows was given by Townsend (1956b). According to

Townsend, the net turbulent transport in free flows consists of two parts:

(1) Gradient-type diffusion caused by small scale turbulent motion
with the effect of transporting the diffusing quantity down the

mean intensity gradient.

{(2) Bulk convection by eddies whose scale is of the same order as
the width of the distribution of the diffusing quantity. The
rate of transport is dependent more on the general distribution

of the quantity than on its local intensity gradient.

For moderate temperature differences, such that the temperature
fluctuations do not affect the turbulent motion, Townsend derived an

expression for, Q, the total tfansport of temperature:

Q = 6v +'5ﬂT grad (5.5.1)

of |<Dl‘
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where V = uie/ < 6u1/5 but approximates it when 5 is small,

3] .is equal to unity within £he turbulent fluid and is
zero outside,
u is the component of the turbulent velocity fluctuation due
to large eddy motion,
8 1is the instantanecus temperature difference between the point
of observation and the ambient fluid,

and

N is a property of the fully turbulent fluid.

In the outer entrainment region of the flow,'g is small so that
the second term in the right of equation (5.5.1) is small. Therefore,
the te;m 8V is important and it is necessary to model it by taking
into consideration the intermittency of turbulence there. A similar

kind of modelling would be required in the outer region of the flame.

(b) An Implication for Hydrocarbon Flames

As mentioned previously in Sub-section 5.2.2, the probability
density of temperature fluctuations in the inner, predominantly fuel,
region of the flame reveals appreciable preheatiﬁg of the vortices.
This leads to pyrolysis and soot formation. The combustion préducts
also diffuse into the fuel and air vortices. As the vitiated and
preheated air and fuel vortices continue to intermingle and react,
partial oxidation of the fuel will occur because the available air
is insufficient for complete combustion.

Pyrolysis/soot formation and partial oxidation of the fuel lead

to diminished maximum instantaneous temperatures. The temperatures
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are also reduced by the mechanism of thermal radiation fyom the soot
particles.

It is necessary to account for partial oxidation and reduced
temperatures when calculating turbulent diffusion flames of hyd..o-
carbons. Otherwise the following shortcomings in the predictions

will ensue:

(1) The predicted flame will be longer and broader than the real
flame because the former is required to entrain more air (for

complete combustion) than occurs in practice.

(2) The predicted mean and rms of fluctuating temperature will be
higher than the real values. This results in unrealistic

property values being employed in calculating the flow field.

Again, the effect of this would be for the hotter theoretical

flame to spread faster than the real flame.

Confronted with similar effects in attempting to predict laminar
methane diffusion flames, Edelman et al (1973) developed the hypothesis
of "shifting equilibrium". In this hypothesis, the equilibrium approxi—
mation is retained for combustion (i.e. chemical kinetics not
considered), but the combustion products may contain soot and partial
oxidation products (such as CO). This hypothesis has some detailed
aspecté that do not permit a brief exposition.

However, it is possible, and necessary to incorporate.the
hypothesis of Edelman et al, or a similar one, in a calculation

procedure for turbulent hydrocarbon diffusion flames.
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5.5.2 FPree Turbulent Premixed Flames

As discﬁssed4in Sub-section 5.4.2 the "wrinkled laminar flame"
concept is untenable in fully turbulent premiied flames. Obviously,
it should not form the basis for the calculation of such flames.

The concept based on flame propagation by concentrated vortex
tubes or sheets, Chomiak (1970), provides a satisfactory explanation
of the lonisation probe data. These vortex tubes or sheets, whose
diameter or thickness is the Kolmogorov micro-scale, are responsible for the
dissipation of turbulence energy.

Accordingly, mathematical models for flame propagation based
on the parameters of turbulence energy dissipatién hold good prospects
of universality in fully turbulent premixed flames. Such a model has
been employed by Mason and Spalding (1973) to predict the spread of
a premixed flame in a duct with fairly goodvaccuracy. A different
mathematical model proposed by Chomiak (1970) has at the present time

not been tested.

5.5.3 Validation of Prediction Procedures

(a) Errors

The measurements with the highest precision and accuracy are the
mean temperature data obtained with the non-catalytic ceramic coated
thermocouple and corrected for radiation loss. These measurements
are: all the mean temperature measurements in the town gas/sir
premixed flames and the town gas diffusion flame; and the appropriate
axial distribution of mean femperature, broken curve in Fig. 5.2 4, in

the methane diffusion flame. As discussed in Sub-scction 2.3.4, the
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error in the radiation loss correctlon was &£ + 1%; the conduction
error was ~ + .1%; and the max. error caused by thermal inertia .
fluctuations was about + 1%: a total of about + 2%.

The rms of temperature measurements obtained in the methane
diffusion flame‘have an error of + 15% caused by the extraneous
second harmonic component of probe temperature fluctuations (see
Sub-section 2.4.6). The combined catalytic and radiation error was

i g%). The total error is therefore about ( i ;g;) ignoring the

about (
very small conductlon error.
The total error in the mean temperature data obtained in the
. . . + 1%
methane diffusion flame with a bare thermocouple was «( 6%
+ 0

57) for combined radiation loss and catalytic effects and + 1%

) consisting

of (
for thermal inertia fluctuations.

The error in the combustion count and the probability of combustion

0
10%

These errors are summarized in Table 5.1.

data is ( * ) -~ see Sub-section 3.3.3.

Data " Flame and Probe Position Error

Mean temp. | A1l town gas flames (diffusion and + 2%
premixed with air); axial mean temp.
in methane flame corrected for
radiation loss

Mean temp. - Methane flame + 1%
- 6%

Rms temp. Methane flame + 15%
- 20%

Combustion Count| All town gas flames diffusion and + 0

Probability of premixed with air - 10%

Combustion ’

TABLE 5.1

Summary of Measurement Errors
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(b) Flame Shape Definition

A gocd combuétion prediction proéedure should be capable of
accurately defining the extent of the reaction zone in a flame.

In this connectipn, the profiles of combustion count and the probability
of combustion constitute a very sensitive test for such prediction
procedures.

The accuracy with which these measurements of the combustién count
and the probability of combustion define the limits of the reaction zone
is seen from a comparison of these measurements with long time exposure
colour photographs of these flames - Figs. 5.6a; b, ¢ and d. For example,
in the lean premixed town gas/air flame, at x/D = 4.41, the width of the
reaction zone is as judged: from the photograph (Fig. 5.6¢), 1.7D; from
the combustion count and prebability of combustion profiles (Fig. 5.4m),

very nearly 2D (burner diameter 29 mm, flame limit 2 x 28 mm).

5.6 Conclusions

The principal findings which emerge from the measurement programme

(1) A picture of turbulent diffusion flames in which the combustion zone
may be divided into three regions, viz: (a) the outer edge of the
flame with a relatively low rms of temperature fluctuations, imp;ying
large air vortices which are entrained by large scale turbulence.

(b) The intermediate region, with the ma#imum rms of temperature
fluctuations, where the engulfed lérge air vortices experience

preheating, chemical transformation and a breakdown to smaller
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vortices. (c) The inner edge of the flame, with a diminished
rms of temperature fluctuations, Qhere the air vortices suffer
furthef breakdown and chemical transormation while the prehzating
of the fuel‘by combustion products leads to soot formation in

hydrocarbon flames.

(2) It is inferred from the measurements that the amplitude of
temperature fluctuations ina town gas diffusion flame is smaller
than in methane diffusion flames. This is attributable to the
fact that the former flame is more confined to the inner region
of the jet where relatively smaller scale £urbulence is mainly

operative in the mixing of fuel and air.

(3) The details of the ionisation probe measurements in the premixed
town gas/air flames cannot be explained by the wrinkled laminar
flame concept. However, the concept proposed by Chomiak, 1970,
that the flame propagation mechanism consists in transport of
combustible mixture into the reaction zone and of reacting.fluid

into the fresh mixture by strong vortex tubes or sheets provides

a satisfactory explanation.,

(4) The measured spectral densities in the premixed flames reveal that

the ionisation fluctuations in these flames are of a small scalec.
The implications of the measurements for validating prediction
procedures are:

(1) Special modelling of the intermittency in the outer entrainment

region of the flow in turbulent diffusion flames is required.



(2)

(3)

(4)
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A sophisticated model of the thermodynamics of turbulent hydro-
carbon diffusion flames is required to take into account pyrolysis/

soot formation and partial oxidation of the fuel.

The mean teﬁperature measurements with radiation error correction
obtained with a non-catalytic ceramic coated probe are the most

accurate.

The measured combustion count and probability of combustion
pfofiles are very sensitive indications of the extent of the

reaction zone.
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CHAPTER 6

SUMMARY AND CONCLUSTONS

6.1 Summary

The research programme described in this thesis has been devoted
to an experimental investigation of two caéegories of turbulent reacting
flows, namely: diffusion flames which are dominated by turbulent mixiﬁg,
‘and premixed flames which are kingtically—influenced. The objective
of the research was to supplement data of fluctuating quantities, in
especially simple circumstances, which are meagre in the literature.
Sucé data are required to enhancé understanding of the influence of
" turbulence on combustion and to provide a basis for validating turbulent
reacfing flow prediction procedures. The measurements were performed in
free jet flames burning in still air. The quantities measured were mean
temperature, temperature fluctuations, fluctuating positive ion current,
~tﬁe probability of combustion and the combustion count.

Chapter 2 is concerned with the temperature‘measurement technique.
The mean temperature probe was a thermocouple coated with a non-catalytic
alumina~-based ceramic, while the temperature fluctuations probe was a
bare thermocouple. The significant errors incurred when a thermocouple
is used for measurements in turbulent flames are delineated and examined.
The significant error associated with the present mean temperature probe
was the radiation error and the cdrrection for it was determined from the
in vacuo temperature versus radiant energy calibration curve of the
thermocouple. The thermal inertia of the temperature fluctuations probe

was compensated up to a frequency of 10 kHz with an active filter.
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The subject of Chapter 3 is the positive ilon current measurement
technique. The principle of operatioh of the ionisation probe is
briefly outlined. The negatively-biased sensing wire was insu.ated
from the flame gases except for a 2 mm length at its end which was
machined to a sharp point. The probe exerted negligible aerodynamic,
thermal and chemical disturbance on the flow. The rationale for
deriving the probability of combustion and the combustion count from
the probe signal is explained.

Chapter 4 pertains to the burners and the measurement eguipment.
The 5 mm diameter diffusion flame burner, and the 29 mm diameter premixed
flame burner are described. The need for fully developed, turbulent,
flow is explained. The precautions taken to minimize flame disturbance
by draughts are mentioned. The items of measurement equipment are
listed: they include circuits designed and constructed in the laboratory
for the present study.

The expefimental data are presented and discussed in Chapter 5.
The measurements made in the methane diffusiQn flame were of the mean
temperature, and of the rms, the probability density and the spectral
density of temperature fluctuations. Those performed in the town gas
diffusion flame and the town gas/aif premixed flames were of the mean
temperature and of the mean, the rms, the probability density and the
spectral density of positive ion curgent as well as the probability of

combustion and the combustion count.

6.2 Conclusions
The principal findings which emerged from the present study are:
(1) The combustion zone of a free jet diffusion flame may be,

broadly, divided into three regions:
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(1) The outer 'flame edge' region where large ‘lumps' of air
are entrained by large scale turbulent motion. Combustion occurs in
the relatively few fuel/air interfaces. The cold core of the air 'lumps!
causes quiescent periods in the temperaturelfluctuations signal. These
periods produce a prominent fspike' in the probability density function

of temperature. The rms of temperature fluctuations is relatively small.

(ii) The intermediate region where the 'lumps' of air experience
a breakdown to smaller vortices. The available fuel/air interfaces for
combustion consequently increase. Furthermore, the action of molecular
conduction in the smaller air vortices results in a decrease of the
length and frequency of quiescent periods in the temperature fluctuations
signal. The prominence of the spike in the temperature probability
density function is diminished. The rms of temperature fluctuations
attains a maximum in this region.

(iii) The inner region where the air vortices are further reduced
in size by £he combined action of turbulent mixing and chemical conversion.
small scale turbulent motion is effective in erasing the temperature and
concentration gradients. This resul£s in diminished temperature fluctuations,
appreciable pre-heating of the predominantly fuel vortices and vitiation
of the fuel and air vortices by combustion produqts. kIn the case of a
hydrocarbon fuel such as methane, pyrolysis and soot féormation are
initiated in this region). The probability density of temperature

fluctuations i1s approximately Gaussian.

(2) The experimental data suggest that combustion in fully-turbulent
free jet premixed flames occurs in vortex tubes .of the Kolmogorov micro-—
scale diameter. The random distribution of these tubes in the flow

results locally inintermittent combustion. The mechanism of vortex
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stretching augments the molecular transport processes. As a consequence
the combustion is more intense in these tubes than in laminar flow. This
picture is in conflict with the "wrinkled laminar flame" concept of
turbulent flame propagation. |

The implications of the envisaged strﬁctures of turbulent free

diffusion and premixed flames for prediction procedures are:

(1) Special modelling of the entrainment process at the edge of the

flow is required to account for its intermittent character in this region.

(2) For hydrocarbon fuel flames at least a sophisticated thermodynamic
model is required which incorporates the formation of intermediates such as

CO and solid carbon.

(3) Turbulence reaction models for premixed flames should take into
account the random motion of vortex tubes as well as the augmentation of

molecular transport processes by the stretching mechanism of these tubes.
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APPENDIX A

THE DESIGN OF ELECTRONIC CIRCULTS ASSOCIATED WITH

THE MEASUREMENT PROGRAMME

Al. Introduction

This appeﬁdix presents, briefly*, the methods used for designing
the active filter circuits which were constructed in the laboratory
and used in the measurement programme. The principal components of
these active filters were R-C networks and operational amplifiers
(op-amps). Active filters are preferable to passive filters (which
contain only capacitors, resistors and inductors) for three reasons:
Firstly, active filters incorporating op-amps can be designad,
by usiné well-known negative feed-back principles and relatively simple
R~C networks, to realise practically any desired frequency resgonse
curve (or mathematical-operation) economically, reliably and accurately.
Secondly, for frequencies below 100 kHz, the capacitors rsguired
for passive filters are rather large and subject to high leakage currents.
This leads to loss_of accuracy.
Thirdly, passive components, being intrinsically dissipztive, cause
a high attenuation of the input signal, often to the level of background
electronic noise: i.e. a low signal to noise ratio.
The remainder of this appendix consists of two sections. Section
A2 contains the derivation of the basic equations employed for synthesizing
the active filters, and also the required R-C networks and their admittance
equations. In section A3, the circults which wére designed and con-
structed for the experimental programme are described. The electronic

circuits were:

* See Welling (1969) for a detailed treatment.
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(2)

(3)

(4)
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A two stage amplifying unit, consisting of: a differential pre—
amplifier and an inverting amplifier. This electronic unit was
used for the positive ion current measurement. It was reguired
to produce a signal, 10 Vmex., from the low level probe current

signal, 10™°A to 107°A, with a minimum of noise introduction.

A thermal inertia simulator unit with a variable time conétant.
This electronic circuit was required to progressively attenuate
a sinusoidal wave-~form as the frequency increases in the same way
as a thermocouple diminishes the high frequency harmonics of a
fluctuating gas temperature. The circult was used to verify the

frequency response of a thermal inertia compensator.

A thermal inertia compensator unit with a variable time constant.
This unit was required to amplify the higher harmonics of the
thermocouple signal in exactly inverse proportion to the attenuation
of these harmonics by the probe thermal inertia. Compensation up

to a frequency of 10 kHz was required. The provision of a variable
time constant for the circuit permitted the matching of the
compensator and thermocouple time gonstants at each measurement

location.

A noise filter used for .suppressing the noise harmonics in the
thermal inertia compensator output above 10 kHz. The recommended
upper frequency limit for temperature fluctuations is 10 kHz,
Hinze (1959d). The noise filter was designed to rapidly attenuate

harmonics above 10 kHz.
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(5) The last circuit to be described is é low pass filter and two
stage amplifying unit consisting of an inverting pre-amplifier,
an inverting amplifier, a dc to 1 kHz low-pass filter and ¢ 50 Hz
band reject filter. This unit was employed for the thermocouple
time constant determination, and the mean temperature radiation
_error correction procedures. During these procedures, a 50 kHz
AV max. wire heating signal had to be eliminated in order to recover
the probe signal of about 10 mV. Also, the heating circuit introduced

an appreciable mains 50 Hz hum which had to be suppressed.

A2. Basic Equations and the Required R~C Networks

A.2.1 Basic equétions

(a) Notation

Thé notation used is best described by reference to Fig. A.1.qj(m,n)
designates the network (which may, itself, be éctive or passive) connected
between lines m and n in which the respective currénts Im and In are
flowing. The admittance of the network is defined such that the voltage
En contributes Yon En to current In and Yon En to current Im. In

general:

y = I /E (A.1.a)
mn m n
- E =0 ' ' -

m
v = I /E - | (A.1.D)
min m m .

E =0

n
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Thus the second suffix of y is the same as for the driving voltage; and

the first suffix is the same as.that of the current augmented by the

driving voltage.

The y-values are obtained from the confiquration of the network and

from the magnitude of the resistances and capacitances comprising it.

(b) System of ecuations

From the definition of admittance given above, equations (A.1.a)

and (A.1.b), the following set of equations is obtained for the currents,

Ij (j = 1,2’ seey 6), in Figo A-j_.

g

(c)} Simplification

Y1 By

Yoq Bq

Y353 By

Yg3 Eg

Ys5 E5

Yes5 Es

Yip By

Yoo By

Y34 By

Yua By

Y56 Fe

Yo5 Eg

(A.2)

(A.3)

(A.4)

(A.5)

(A.6)

(A.7)

The simplification of the above set of equations is effected by

using op-&mps

voltage E

6

which possess certain characteristics.

Then, the output

can be expressed as a function of the input voltages El and
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E3 and the admittances.

Thus, if an op-amp with a very low input admittance is employed,
for example, a Field-Effect-Transistor (FET) amplifier (input admittance

typically 10_10 mho) ,

equation (A.5) becomes:

Ya3

E, (A.8)
Y44 '

and equations (A.3) and (A.6) yield:
Y. E, +y.E = =y._E =y, E (A.9)
21 1 22 2 55 75 56 76

If, in addition, the open-loop gain of the operational amplifier is
large (typically gains of 105), the required differential input signal,

(E2 - E4), is very small. Accordingly,

E. =E

5 to a very good approximation.

4= s
Then from equation (A.8),
Y3 E3

E = E ="' - Ottt » (A.']_O)
5 2 Yaq .

Finally, substitution from equations (A.10) in equation (A.9) gives:

Yoq Y3

Yoo, Y
22 55
E6 = - E1 (y Y+ E3 ( ) (

56 Y44 Y56

) {(A.11)
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A.2.3 Admittances of the required networks

Equations (A.1.a) and (A.1.b) show how to obtain the admittance

Yo of any networkl}r(m,n). Yo is the quotient of the current, Im,

and voltage, En’ implied by the subscripts of the admittance (see

definition given above in A.2.1a) with the output short circuited. The

admittances of the simple networks which were incorporated in the examples

described below are contained in Table A.1l.

Table Al

Admittances of some net-works

Network Admittance and component Reference
relations
1 . . 1
- ‘y = ‘y = e e . . .
12 21 Ry By inspection
e VAVAVAVAVE S ‘ using equations
@ R @ (A.1.a) and
(A.1.b)
d
2' e aAAYAVAVE @ Yoo 5 ¥pq = - 1Ry
@ R | :
Y.. = 1/Ry ditto.
a R 11
i b y22 = 1/Ra + 1/Rb
3- AAMA : 1 + RCS .
o— R . —o® [ Y12 T Y21 T T TR ditto
! t(:
Z;' FQ (; = = S ditto
(%——/\/\/\/\/"-%-—0 Y42 = ¥4 7 T4 RCS +
QLT”VAV“J\/i[f\/\/\/\/—‘g) _ =1 ditto
R.C R Y12 = Y21 7 R 4R R _R CS
. a YT b
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TABLE Al (cont.)

Network , Admittance and component ) Reference
relations
1
y12 - kR 5 &) 5
S £ 5 +
dR P
where k_ = —1
R RaRbRcCaCb Moschytz
(1967)
a)pZ . = (Ra+Rb+Rc)/RaRbRcCaCb
q - {RRR (R+R +R )C C J2
R aRb c a Rb c aCb
/(Ra(Rb+RC) Ca+RC(Ra+Rb)Cb
52 + 2
Ky z
w
S + =25 +W 2
IR
where K_ = 1/R 3 00 = —=
R a’ 'z 'RC Moschytz
(1967)
L) 2 - ; > [1+(1+P)acl
p R°C
1 1+(1+Qa
R T Tap 240
.- /RaRb
Ry,
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A.3 Designed Circuits

In this sectién,‘the design of active filter circuits using op-
amps and simple R~C networks is described. The circuits were fequired
in connection with the positive ion current, temperature fluctuations
and mean temperature measurements. All the circuits were tested ‘and

were satisfactory.

A.3.1 Amplification unit for ion current measurement

(a) Circuit reguirements

The electronic unit was required to produce a voltage (max. 410 V)

9

proportional to the ionisation probe current, (10 A to 10_6A). The

current to voltage conversion was performed by passing the probe current

through a 1 K resistor. The resulting voltage (10™°

V to 107°V) would
require an amplification of about 104 which is too high for a single
op-amp: therefore, a two stage amplifier was needed. In order to permit

the water cooling jacket of the ionisation probe to float at the plasma

potential, it was necessary to use a differential pre-—amplifier.

(b) Pre-amplifier circult diagram

The op-amp employed for the pre-amplifier was the Analog Devices
Model AD41K. It was chosen because it possessed the following characteris-
tics:

(1) Low input bias current, 2.5 x 10-13A maxe., l.e. over three orders

of magnitude smaller than the probe current.
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15

(2) Low input noise current, 5 x 10"~ A max., i.e. over five

orders of magnitude less.than the probe current.

(3) Low offset voltage, + 2 mV max., which could be trimmed to

Zero.

From a noise consideration, a great part of the gain, 102, was
effected in the first stage.

It is seen from equation (A.11) that E_. will be proportional to

6

the difference between E, and E_, if:

1 3
Yoqu = Y4 (A 12)
and
Ygu = Yoo t Vs (A.13)

The circuit diagram which satisfies equations (A.712) and (A.13) is
shown in Fig. A.Z.IP.(i,Z), qI(S,G) are the first "network" in Table
A.1;¥V‘(3,4) is the second network in the table. The gain of the
circuit is Rf/Ri = 102. However, placed across *the feedback resistor,

Rf} was a small capécitor. Its effect was to provide an increasing
amount of negative feedback and so reduce the gain of the circuit
as the frequency is increased: that is,to filter extraneous hiéh
frequency nolse harmonics from fhe signal.

The value of the capacitor was selected such that 1/RfCf = (2n) (50 kHz)
Thus the frequency response curve of this first stage of the amplification
unit was 'flat! from DC to 50 kHz (-3db point). The slope of the
amplitude versus frequency curve, (roll off rate), on a log-log plot,

for frequencies greater than 50 kHz is 6 db/octave, Fig. A.4.
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(c) Second stage amplifier circuit diagram

The second amplifying stage of the ion curreﬁt amplification unit
was an inverting amplifier with a gain of 102. The op-amp userd was an
Analog Devices Model AD 45K; no special cﬁaracteristics were required
of this op-amp.

If the positive input terminal of the amplifier, Fig. A.1, is

connected to ground, E3 = 0, and equation (A.11) becomes:
T = - (=) , (A.14)

The circuit which has a gain of 10? and an upper frequency -3db
point of 50 kHz is shown in Fig. A.3. As in example (a) above,qf(i,Z)
and,‘qf (5,6) are the first 'network! in Table A1l; 2also, 1/Rfo =
(21) (50 kHz). The frequency response curve of this circuit is shown

in Fig. A.4.

A.3.2 Active filters associated with temperature fluctuations

measurement

(a) Thermal inertia simulator

The differential equations for the thermocouple temperature, T,
when in a gas at temperature, T ,is:
9
daT
or in operator, S, notation:

T 1
T— = 1 + ST (Aois-b)

9
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If an inverting op-amp is employed, then from equations (A.415b) and

(A.14) the simulator circuit should have the response:

T+ 51 (A.16)

No stringent characteristics are required of this op-amp. The
Philbrick Nexus Model PN 1009 was used. | |

Fig. A.5 shows the circuit diagram of the simulaéor which satisfies
equation (A.16). The frequency response cufve, for T = 10 ms, is shown

in Fig. A.7.

(b) Thermal inertia compensator

The thermal inertia compensator should have the inverse of the
characteristic given by equation (A.16). Therefore, from>equation (A.16)

the compensator should have the response:

E Yy
=2 = 1+Ts = - 2L (A.17)
1 _ Y56

The main requirement to be fulfilled by the op-amp is that it should
have a wide bandwidth so as to accommodate the gain which 1g increasing
with frequency, see equation (A.17), and remain stable. An Analog
Devices model AD 45K was found satisfactory if the d.c. gain, was made
1/10 .

The circuit diagram of the compensator which satisfles equation
(A.17) is shown in Fig. A.6. R and C:.L in Fig. A.6 were both variable
to permit the matching of the compensator and probe time constants at

the measurement location. The frequency response curve, for T = 10 ms,
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is shown in Fig. A.7. It is seen from the combined response curve for
the simulator and compensator circuits in Fig. A. 7 that the latter

circuit was satisfactory.

{(c) Noise filter

The.design criterion to be fulfilled by the noise filter was a
steep roll off rate (24 db/octave) for frequencies greater than 10 kHz.
Two op—amps were used to design the filter and its circuit diagram is
shown in Fig. A.8. No stringent characteristics were required of the
op-—amps used which were Philbrick Nexus Model PN 1009. The circuit
design is best explained by dividing the filter into two circuits as
shown in Fig. A.8.

The main funétion of circuit A is to act as a buffer between the
compensator éircuit and this noise filter circuit. In this way the
compensator is not connected directly to a frequency dependent impedance
which could otherwise impair its performance. However, a standard

capacitor, Cf, was placed across the feed-back resistor, Rf, such that

1/(Rfo)¢& (2n) (20kHz). The gain at d.c., Rf/Ri was unity. The
resistor and capacitor values are shown in Fig. A.8.
The greater part of the noise filtering occurred in circuit B.

It is seen from Table A.1 that for net-work no. 6, if Ra = Rb = R and

' 1
C_. = = C (say), the admittance vy, = .
=% 21 aR(e 4 -13—25)(1 + RCS)

Standard components were chosen such that 1/(RC) &2 (2n)(20 kHz), the
d.c. gain, Rf/(Ra + Rb + RC) = 1.0, and 1/(Rfo) = (2n) (20 kHz). The

component values are shown in Fig. A.8.
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The frequency response curve of the noise filter is shown in Fig.
A.9. It is seen that a satisfactory roll off rate was obtained for

frequencies above 10 kHz.

A.3.3 Low-pass filter for thermocouple time constant determination

and radiation error correction

(a) Regquirements of circuit

During the thermocouple radiation error correction and time constant
determination, it was necessary to heat the probe with an alternating
current at 50 kHz. Typically, heating currents were 2A max. The probe
resistance was about 232, so that an alternating voltage of 4V-max.
occurred simultaneously with the temperature signal (a few mV); the
latter would be swampéd by the periodically alternating voltage.

The main requirements of the low-pass filter were:

(1) To filter out the 4V max. signal at 50 kHz and recover the probe

signal.

(2) To reject, 50 Hz, mains hum, introduced by the Advance Model H1
signal generator and Sinclair 250 power amplifier which produced

the heating current, without degrading the probe signal.
(3) Low-drift, low-voltage offset, and low-noise characteristics.

(4) A gain of 103.
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(b) Circuit desian

The filtef design is best explainéd by feferénce to Fig. A.10
which shows the circuit in three sections. A two-stage amplifving
unit was used, and from a noise consideration a gain of 102 was effected
in the first stage, the pre-amplifier, and 10 in the second stage. The
op--amp used-for the pre-amplifier,circuit A fig. A.10, was the Analog
Devices Model AD 233L -~ an op-amp speclally designed for thermocouple
applications. The op-amp used in the second stage, circult B Fig. A.10,
was the Analog Devices Model 45K; no special characteristics were
required of it. A third op-amp, Philbrick Nexus Model PN 1009 was
used to design the unity gain active filter, circuit C Fig; A.10, .for
rejecting the 50 Hz mains hum; no stringent characteristics were

required of this op-amp.

50 kHz suppression

The harmonics which contain practically all the energy of the
uncompensated thermocouple signal are in the range d.c. to 1 kHz.
Therefore, a steep roll off rate (24 db/octave) with the - 3db point at
about 1 kHz was used to suppress the 50 kHz signal.

It is seen from Table A.1, that for network no. 5, if R = Rb = Rl’

1 .
Yoq = R CS . Accordingly,

11
2R1(1 = )

and C = C the admittance is:

1’

standard component values (see Fig. A.10, circuit A) were chosen such that

2/(R1c1) A (2n) (1 kHz)

R
the d.c. gain, =2 . 102; and, for the feed-back network,

2R1

1/R2C2) ~ (2n) (1kHz)
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In addition, the feed-back networks in circuits B and C Fig. A.10, were

such that,
1/(R2c2) = '_L/R7C6z (2m) (1 kHz).

The frequency fesponse curve of the low-pass filter is shown in
Fig. A.11. It is seen that a satisfactory roll off rate for frequencies

above 1 kHz was obtained.

50 Hz, mains hum, rejection

Network No. 7 in Table A.1 was used by Welling (1969) for rejecting
a 5 kHz signal. By appropriate scaling (of his R.C. values) the component
values used in circuit C Fig. A.10 were obtained.

For network no. 7, Table Al ;

S2 + & 2
A

Y., = Ky | | (A.14)

S2 + L 540 2
qp p

where
K= VR

/9] = 1/RC

6 2. [1 + (1 +0)al
P R

1 14+ (1 +0)a
9 1 +¢ (2 + a)

o = R/(R‘1R2/(R1+ R2)).
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Calculations
W - %E = (2m) (50 Hz)
Set R = 33 kS , whence C 0.1 pF.
Set R1 f R2 = 62 k.d.so that |
"« = 1.06.

From stability considerations, Welling (1969), a value of ?
was found by trial and error which placed the poles of Yoq (i.e. the
roots of s+ Rg +CC£2 = 0), equation (A.14), on both sides of the

r
notch (50 Hz). The value of ? selected was 3.

SC.0) - 2.29 W = 21 (114.5 Hz) ,
P zZ
q. = 0.187

and the poles of Yy, wWere obtained as,

(21) (590 Hz)

4]
It

L
I

(2m) (22.9 Hz)

Unity gain was obtained by selecting Rf, the op-amp feed-back resistor,

such that,
2
y (e 1
21 - 2
520 R19£ R1(1+(1.f)a)

Y56 R .
S=0

Substituting the values of Ri’ Q , and @ , the value of Rf is 330 KJL.
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Circuit C, Fig. A.10 was constructed using these component values.

The satisfactory rejection of 50 Hz is seen in the frequency
response curve, Fig. A.11. |

Mean temperatures obtained in a laﬁinar flame by measuring the
thermocouple signal directly on a sensitive DVM, and by using the low-

pass filter (without the probe heating current) were in agreement to

within .2%.
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APPENDIX B

TIME-MEAN VELOCITY MEASUREMENTS IN TURBULENT

METHANE DIFFUSION FLAME

B.1 Introduction

The mean velocity measurements obtained in a turbulent methane
diffusion flame, burner tube diameter 5 mm and Reynolds number 14,500,
are presented in this appendix. Measurements of the time-mean velocity

were required for two main reasons:

(1) To permit the conversion of the spectral density of temperature
fluctuations obtained in-the present investigation from frequency to
wave number space.* This facilitated the comparison of the present
temperature spectral density with the temperature data of Kunugi and
Jinno (1959), the total emission data of Guenther and Simon (1969), and

the OH emission data of Kuhnert and Gﬁenther (1973).

(2) To provide accurate mean velocity data for validating

.

prediction procedures.

A Laser Doppler Anemometer (L.D.A.), which is an optical probe, was
employed for making the measuremen‘ts. Tl"le probe relies on the ayai]_-ability :
of light scattering particles in the measurement location for its
operation. By a suitable choice of the particles, i.e. size aﬁd chemical
composition, négligible aefodynamic, thermal and chemical influence is

exerted on the flow by their presence. The L.D.A. is, therefore,

*+ Spectral density data in frequency space are dependent on flow velocity,
but in wave-number space they are not; the sets of data to be compared
were taken in flows with different velocities. :
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preferable to pressure sensitive techniques which entail_?he insertion
of a sdlid, flow-disturbing object in the flow; and there are no data
reduction problems caused by the dependence of-the instantaneous velocity
on the instantaneous static pressure, temperature and species concentration.
The hot-wire technique has not yet been successfully employed for measuring
velocity in the reaction zone of a turbulent flame primarily because of
probe failure.

This appendix consists of two further sections. In section B.2
the principle of the L.D.A. when used in thé fringe mode is outlined,
and the experimental apparatus is described. The mean velocity data are

. presented and discussed in section B.3.

B.2 Principle of Method and Apparatus

B.2.1 Principle of method

The theoretical principles and the practical aspects of the L.D.A.
have been discussed thoroughly in the literature (see for example,
Angus et al (1969), and Durst et al (1972)). The fringe mode of the
L.D.A. was employed iﬁ this investigation because it is the best when
the intensity of scattered light is low, and in the flame the concentra-
tion of light scattering particles was kept low to minimize thermal
radiation from the particles in the high temperature regions of the
flame.

The arfangement of the equipment in the fringe mode is best described
by reference to Fig. B.1l. It consists of: the Laser head which produces
a monochromatic, coherent light beam; an "“integrated optical unit"

(incorporating a beam splitter, a mirror and a lens) for splitting the
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Laser light beam into two beams of equal intensity and focugsing them to
intersect and producela fringe pattern in the measuremént volume; a
lens which collects some of the light scattered by particles as they
‘cross the measuring volume (the intensity of the scattered light
fluctuates as particles cross the bright and dark fringes in the fringe
pattern); and the photomultiplier which converts the light signal to a
proportional electrical current.

The frequency of the sighal is directly proportiocnal to the
velocity of the light scattering particle. This is easily shown by
considering the geometry of the fringe pattern in Figs. B.2 and B.3.,
Fig. B.2 depicts the formation of the'fringe pattern by the intersection
of wave fronts, while Fig.‘B.3 shows éwo wavefronts from each light beam.
The perpendicular distance between the wavefronts is A , the wave-length
of the beams; and 28 is the éngle between tﬁe beams 1 and 2. From

Fig. B.3:

AC

i

Asin 8 (B.1)

Hence Ax AC/2 = A2 sin 8 (B.2)

Ll

A complete cycle in the light intensity (and photomultiplier electrical
signal) fluctuation occurs when a particle traverses the distance Ax.

The signal frequency, ff is related to the particle velocity, U, and &x

by,

L3

£ = Uu/bx ‘ (B.3)
Substituting for Ax from equation (B.2),

U = MY2 sin e " (B.4)
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Now, € is determined by the geometry of the optical system and
A is a known property of the laser light source. Therefore an analysis
of the electrical signal for its frequency yields the velocity of the

particle directly.

B.2.2 Experimental apparatus

The experimental apparatus consisted of:

(1) The Laser source, a 5 mW Spectra-Physics Stabilite Model 120 Helium-

Neon Lasers

(2) An "integrated optical unit" (designed by Durst and Whitelaw,
Imperial College, London) which split the laser beam and focussed
the two beams in the region of ther intersection, with an included

angle of 16° when using a lens of focal length 450 mm;

(3) A photomultiplier, EMI Model 9558B, which converted[the‘light

signal to an electrical signal; and

(4) A Hewlett-Packard Model 8553A/8552B Spectrum Analyser used to obtain
the probability density of the fluctuating velocity, from which the

time-mean velocity was derived.

Titanium dioxide particles of mean diameter 2 pm were préduced by
passing the fuel stream through a fluidized bed. Titanium dioxide
particles do not affect the combustion process (Zare (1972), Durst and
Kleine (1973)). However, the mean diameter of these particles set an upper
limit of 700 Hz on the frequency of fluid velocity fluctuations which
they could follow to an accuracy of 99%; this upper limit was calculated
using the equation for particle motion in a fluid quoted by Melling and

Whitelaw (1973).
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B.3 Results and Discussion

The mean velocity was obtained from the curve of the probanility
density function of velocity by using the relation given in Fig. 1.1
and the co—opdinates of the curve as data input to a computer program.

The mean velocity data so obtained on the flame axis and radially
at 40 and 80 burner diameters are shown in Figs. B.4 and B.5. All the
data are accurate to + 1 m/s, which for the axial data is better than
+ 2% near the burner exit and + 10% for distances greater than 70

burner diameters from the burner exit.
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Spectral Density

The fluctuations of z, (z - E), can be represented by a Fourler

series:
(z-2)= &£ C sin (2nft~0) 1.5
o o
=1 |
where f = o/T , Ca and 'Ka'are the amplitude and phase angle associated

with the ath harmonic of (z - z).

The (one~dimensional) spectral density, F(n*), is defined by:

-}

(z-22 = F(n*) dn* 1.6

In wave number space, the spectral density, F(k*), in the direction of mean

veloclty 1is:

(z =22 = Fl*) dK* 1.7
o]
where kK* = n*/(27n.u)

and u is the mean velocity.
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Principle of operation of the ionisation
probe: potential diagram.
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probe: idealised current vs. voltage plot.

Schematic of present lonisation probe.
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Fig. 3.3.c

Typical traces of Comparator and square of Ion current signals.

(a) (b)
Lean Flame: @ = 0.91 Rich Flame: @ = 1.16

Town Gas — Air premixed flames: Re 62,000.
Diameter of burner 2.9 cm.

(c)

(d)

Towns Gas diffusion flame: Re 24,000.

Diameter of burner 0.5 cm.

Amplitude Scale

Time of Traces
Scale Top Bottor
r ms v v
X/D  (mm) dive dive div.
(a) 2.90 0 0.5 10 0.5
(b) 2.90 ¢ 0.5 10 0.5
(c) 40 0 1.0 10 1.0
(d) 70 15 1.0 10 1.0
(e) 80 15 1.0 10 1.0

(e)
Towns Gas diffusion flame: Re 24,000.

Diamter of burner 0.5 cme
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4.2.C

4.3.a
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4.3.c
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FIGURES IN CHAPTER 4

Title

Details of diffusion flame burner.

Picture of diffusion flame burner.

Details of premixed flame burner.

Picture of burner axis locating device
(top left hand corner) and general view of
apparatus during measurement in premixed
flame burner (right of picture).

Schematic of apparatus used to determine
thermocouple radiation loss error and
time constant.

Schematic of burner and temperature fluctuations
measurement apparatus.

Picture of compensating active filter,
gardners electronic transformer with
buffer, and fluctuating temperature
thermocouple.

Schematic of burner and fluctuating positive
ion current measurement apparatus.

Picture of:

(1) Unit comprising pre-amplifying
amplifying circuits, and squaring
‘and comparator circuits; and

(2) Ionisation probe.
Signal traces showing relationship

between squared probe signal and
comparator output signal.

169

170

171

172

173

174

175

176

177

178
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FI6: 4:2ic,

Device used to position
probes on the flame axis.

Premixed flame burner.

General view of ion current
measurement equipment.
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METHANE DIFFUSICN FLAME, REYNOLDS NO. 14,500, BURNER DIAMETER 5 mm.

Figgge

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

5.2.a

5.2.b

5.2.c

5.2.d

5.2.¢€

5.2.1f

5.2.g9

5.2.h

5.2.1

FIGURES, COMPOSITIONS AND PRCOPERTIES OF FUELS

"IN CHAPTER 5.

Title

Radial profiles of rms T', mean T and
probe time constant at 40 burner diameters
from burner exit.

Radial profiles of rms T', Mean T and probe
time constant at 80 burner diameters from
burner exit.

Radial profiles of rms T', mean T and probe
time constant at 120 burner diameters from
burner exit.

Axial distribution of rms T?!, mean T and
probe time constant.

Radial variation of the probability density
function of T' at 40 burner diameters from
burner exit.

Axial variation of the probability density
function of T'.

The spectral density of T' in Fourier space,
along axis, at 20, 40, 60, 80, 100 and 110
burner diameters from burner exit.

The spectral density of T!' in wave-number
space at locations along axis as in Fig.
5.2.9. '

Comparison of the present temperature spectral
density with the temperature data of Kunugi
and Jinno (1959), the total emission data of
Guenther and Simon (1969), and the OH-emission
data of Kuhnert and Guenther (1973).

189

190

191

192

193

194

195

196

s
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COMPOSITION OF METHANE

GAS SUPPLIED FROM MOGDEN SEWAGE WORKS

OF GREATER LONDON COUNCIL

Maximum and minimum concentrations of four constituents over a four year

period.

Constituent Maximum Minimum
(%) @

Methane 98.9 97.7

Carbon Dioxide . 2.2 0.9

Oxygen 0.3 : 0.1

Nitrogen 1.6 ' 0.4
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B. TOWN GAS DIFFUSION FLAME, REYNOLDS NUMBER 24,000, BURNER DIAMETER 5 mm.
Fig. Title Page
Fig. 5.3.a Radial profile of mean T, corrected for 197

radiation error, at 10 burner diameters
from burner exit.

Fig. 5.3.b Radial profile of mean T, corrected for radiation 198
error, at 40 burner diameters from burner exit.

Fig. 5.3.c Radial profile of mean T, corrected for radiation 199
error, at 90 burner diameters from burner exit.

Fig. 5.3.d Radial profile of mean T, corrected for radiation 200
error, at 120 burner diameters from burner exit.

Fig. 5.3.e Radial profile of mean T, corrected for radiation 201
error, at 150 burner diameters from burner exit.

Fig. 5.3.f Graphs in Figs. 5.3 a to e plotted with normalized g9
radius.
Fig. 5.3.g Axial distribution of mean T:

Curve 1 - Corrected for radiation error;
non—catalytic coat on probe.

Curve 2 -~ No correction for radiation error;
non-catalytic coat on probe.

Curve 3 - No correction for radiation error;
bare probe.

Curve 4 -~ As in curve 3 but after 12 hours
continuous insertion of probe in
the flame. 203

Fig. 5.3.h Radial profiles at 10 burner diameters downstream
of burner exit of probability of combustion p,
combustion count, f, normalized mean of positive
ion current, m, and normalized rms of positive

jon current, R - 204
Fig. 5.3.1 ~ Radial profiles at 'edge' of flame at 10 burner

diameters downstream of burner exit of probability

of combustion, p , and combustion count, f. 205
Fig. 5.3.j Radial profiles at 20 burner diameters downstream

of burner exit of probability of combustion, p ,
combustion count £, normalized mean of positive

ion current, m, and normalized rms of positive

ion current, P . 206



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

5.3.1

5.3.n

5.3.0

5.3.p

5.3.g9
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Title

Radial profiles at fedge! of flame at
20 burner diameters downstream of burner
exit of probability of combustion, p,
and combustion count, f.

" Radial profiles at 35 burner diameters

downstream of burner exit of probability

of combustion, p, combustion count, f,
normalized mean & positive lon current, m,

and normalized rms of positive ion current, P>

Radial profiles at 79.06, 90, 100.1 and 112.9
burner diameters downstream of burner exit of
probability of combustion, p .

Radial profiles at 79.06, 90, 100.1 and 112.9
burner diameters downstream of burner exit.
of combustion count, f.

Radial variation of the probability density
function of positive ion current at 75 burner
diameters downstream of burner exit.

Axial variation of the probability density
function of positive ion current.

Comparison of the present spectral density
of positive ion current with the total
emission data of Guenther and Simon (1969).

207

208

209

210

211

212

213



Town gas at Imperial College may vary significantly from day to day.

Two éxtremes of approx. 50% to 70% H,.
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TOWN GAS DIFFUSICN FLAMES, FIGS. 5.3.a to g

FUEL PROPERTIES AND COMPOSITIONS

Properties: 50% H, . 70% H,

Viscosity (Kg/ms) 1.273 x 107 1,276 x 107

Density (Kg/m3) 0.633 0.584

cp (I/kg °c¢) 0.2196 0.2403

K (3/ms/°C) 6.76 8.39

TABLE OF TOWN GAS COMPOSITIONS AND PERTINENT FIGURES
Figure H2 CH4 CO2 N2 Cco O2 C2H6 C3H8 C4H10 éiisiiic
(ethane)| (propane) | (butane)

Fig. 5.3.a{ 66.7{4.9 {16.8 (0.6 {3.9 |0.1 0.13 1.6 3.7 0.53
Fig. 5.3.b| 66.5{5.0 [16.8 }0.6 [3.9 {0.1 0.14 1.62 3.8 0.53
Fig. 5.3.c | 66.214.8 }16.9 |0.5 }4.0 |0.09 0.15 1.64 3.9 0.53
Fig. 5.3.d} 64.9]5.1 |16.8 |0.5 |3.8 (0.09 0.16 1.66 4 0.53
Fig. 5.3.e| 66.24.8 [17.0 (0.4 |4.1 10.08 0.13 1.58 3.72 0.53
Fig. 5.3.g]| 66.6(4.3 {17.0 {0.5 |4.0 |0.09 0.13 1.6 3.7 0.53
(Curve 1)
Fig. 5.3.h o . 3.a

to k as for Fig. 5.3.a
Fig. 5.3.1 as for Fig. 5.3.b

t

Fig. 5.3.m as for Fig. 5.3.d

to p
Fig. 5.3.q as for Fig. 5.3.g
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C. TOWN GAS/ATR PREMIXED FLAMES, REYNOLDS NO. 62,000, BURNER DIAMETER 29 mm

Fiqure Title : Page
Fig. 5.4.a v Radial profile of mean T, corrected for

radiation error, at 0.517 burner diameter

downstream of burner exit. (Lean flame, 214

equivalence ratio 0.91)

Fig. 5.4.b Radial profile of mean T, corrected for
radiation error, at 3.03 burner dlameters
downstream of burner exit. (Lean flame,
equivalence ratio 0.91)

214

Fig. 5.4.c Radial profile of mean T, corrected for
radiation error, at 4.41 burner diameters 215
downstream of burner exit. (Lean flame,
equivalence ratio 0.91)

Fig. 5.4.d Radial profile of mean T, corrected for
radiation error, at 6.48 burner diameters
downstream of burrer exit (Lean flame, 215
equivalence ratio 0.91)

Fig. 5.4.e Axial distribution of mean T, corrected for
Radiation error, (Lean flame, equivalence 216
ratio 0.91)

Fig. 5.4.f Radial profile of mean T, corrected for -
radiation error, at 0.517 burner diameter 217
downstream of burner exit. (Rich
flame, equivalence ratio 1.16)

Fig. 5.4.g Radial profile of mean T, corrected for 217
radiation error, at 3.03 burner diameters
downstream of burner exit (Rich flame,
equivalence ratio 1.16)

Fig. 5.4.h . Radial profile of mean T, corrected for
radiation error, at 4.41 burner diameters
downstream of burner exit (Rich flame,
equivalence ratio 1.16)

218

Fig. 5.4.1 " Radial profile of mean T, corrected for
radiation error, at 6.48 burner diameters 218
downstream of burner exit (Rich flame,
equivalence ratio 1.16)

Fig. 5.4.j Radial profile of mean T, corrected for

: radiation error, at 8.48 burner diameters 219
downstream of burner exit (Rich flame,
equivalence ratio 1.16)

Fig. 5.4.k Axial distribution of mean T, corrected for 219
radiation error (Rich flame equivalence
ratio 1.16)



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

5.4.m

5.4.n

5.4.0

5.4.p

5.4.q

S5.4.r

5.4.s

5.4.t
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Title Page

Radial profiles at 3.03 burner diameters

downstream of burner exit of probability 220
of combustion, p, combustion count, f,

normalised mean positive ion current, m,

normalised rms positive ion current, ’

and normalised mean T. (Lean flame,

equivalence ratio 0.91).

Radial profiles at 4.41 burner diameters

downstream of burner exit of probability

of combustion, p, combustion count, f, 221
normalised mean positive ion current, m,

normalised rms positive ion current, R »

and normalised mean T. (Lean flame,

equivalence ratio 0.91).

Axial distributions of probability of

combustion, p, combustion count, f,

normalised mean positive ion current, 222
m, normalised rms positive ion current, Q ’

and normalised mean T. (Lean flame,

equivalence ratio 0.91)

Radial profiles at 3.03 burner diameters

downstream of burner exit of probability

of combustion, p, combustion count, f,

normalised mean positive ion current, m, 223
normalised rms positive ion current, P

and normalised mean T. (Rich flame,

equivalence ration 1.16)

Axial distributions of probability of
combustion, p, combustion count, f, normalised
mean positive ion current, m, normalised rms
positive ion current, ¢ , and normalised mean
T. (Rich flame, equivalence ratio 1.16)

224

Axial variation of the probability density
function of positive ion current. (Lean 225
flame, equivalence ratio 0.91).

Axial variation of the probability density
function of positive ion current. (Rich 226

flame, equivalence ratio 1.16).
}

Radial variation of the probability density
function of positive ion current at 4.82 227
burner diameters downstream of burner exit.

(Rich flame, equivalence ratio 1.16)

The spectral density of positive ion current

at 4.38 burner diameters downstream of burner 228
exit in rich flame (equivalence ratio 1.16) and

in lean flame (equivalence ratio 0.91)
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‘TOWN GAS/AIR PREMIXED FLAMES

FIGS. 5.4.a to t. FUEL PROPERTIES AND COMPOSITIONS.

PROPERTIES: . As for Figs. 5.3.a to q above.

TABLE OF TOWN GAS COMPOSITIONS AND PERTINENT FIGURES

Figure HZ CH4 C02 N2 CO 02 C2H6 C3H8 C4H10

Figs. 3;4: | 499820, 1§.8 1.1]3.27/0.3 0.6 | 0.1 1.3

Figs. 5-4f | 45 7 126.0 | 12.0| 4.2] 2.3 k.ol o.a | 0.2 1.4
to k _

Figs. i;4i 49.6 |26.8 | 11.5] 6.2] 2.3 |1.6] 0.5 0.1 1.4




Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

5.5.a

5.5.b

5.6.a

5.6.b

5e6.C

5.6.4
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FIGURES 5.5 a and b ; FIGURES 5.6 a to d

Title

Envisaged structure of reaction zone
of free jet diffusion flame (thickness
into plane of diagram of order two
integral scales)

Envisaged structure of reaction zone of
free jet premixed flame (thickness into
plane of diagram of order two Taylor
micro scales)

Methane diffusion flame, Reynolds number
14,500

Town gas diffusion flame, Reynolds number
24,000

Lean premixed town gas/air flame, equivalence
ratio 0.91, Reynolds number 62,000

Rich premixed town gas/air flame, equivalence
ratio 1.16, Reynolds number 62,000

229

230

231

231

232

232
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SPECTRUM

Temperature (present results)

x/D=40; r=18.5 mm

Burner diameter D=5.0 mm;
Re=14,500; Fuel: Methane

Temperature (Kunugi and Jinno(1959\)

x/D=30.5; r=20 mm

Burner diameter D=6.4 mm;
Re=5,700; Fuel: Kyoto City Gas

London Town Gas)

SPECTRUM

Radical emission

(Guenther and

Simon (1969))

x/D=40; r=0

D=10 mmj;Re=43,500;

Fuel: Karlsruhe
City Gas

OH emission
(Kuhnert and
Guenther (1973))
x/D=70; r=0

(Re and Fuel not
quoted in paper.)

FIG.
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FIGURES IN APPENDIX A

Title

Notation for an op-amp with negative
feed-back and two-port components.

Circuit diagram for ionisation probe
pre-amplifier.

Circuit diagram for ionisation probe
second stage amplifier.

Frequency response curves of ionisation
probe pre—amplifier and second stage
amplifier.

Circuit diagram for thermal inertia
simulation unit.

Circuit diagram for thermal inertia
compensator.

Frequency response curves of:

1. Thermal inertia simulation unit

2. Thermal inertia compensator

3. Combination of simulation unit and compensator

4. Electronic transformer (with impedance
matching buffers).

Circuit diagram of noise filter.

Frequency response curve of noise filter.
Circuit diagram of amplifying low-noise,.
low-drift, low-pass filter used for time
constant determination and radiation error

correction.

Frequency response curve of amplifying
low-noise, low-—drift, low-pass filter.
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FIGURES IN APPENDIX B

Title

Schematic of Laser Doppler Anemometer
in fringe mode.

Schematic of formation of fringe pattern.

Geometric relationship between 1ight-
scattering particle velocity, signal
frequency and anemometer properties.

Radial velocity profiles at 40 and 80
burner diameters downstream of burner
exit in methane diffusion flame, Reynolds
number, 14,500.

Axial velocity distribution in methane
diffusion flame, Reynolds number, 14,500
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