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SUMMARY

This thesis presents a combined experimental and theoretical study of
the combustion aerodynamics and pellutant formation in confined

swirling flames. The fuel used in this study was natural gas.

In the experimental part of the work, two fuel injection modes are
examined as alternatives to the conventional central axial fuel
injection mode. These alternatives are (a) intreducing the fuel around
the periphery of the swirled air jet, and (b) injection radially
ocutwards from the central axis, across the entering swirled air flow.
The measurements were performed in a semi-industirial size furnace with
a movable-block swirl generator. Four swirl settings were examined,
covering swirl number range of 0 to 2.25. The flow patterns (as defined
by three time-averaged velocity components and static pressure),
combustion patterns (as defined by temperature and specics
concentrations) and pollutant formation (CO and NOx) were investigated
for these two alternative injection modes as well as for the
conventional central axial mode to assess the merits of the three
systems. The formation of NOx has been siudied in greater detail in
these three systems. For the flow and combustion patterns, measured
along the furnace, the main input variable was swirl, while for the
pollutants, measured in the stack, the main input variables were fuel
equivalence ratic and swirl.

The investigations showed that with the radial fuel injection system, a
‘stable flame was achieved without swirl, while for the peripheral and
central axial 1njection systems, a minimum swirl number of 0.8 was
required to establish a stable flame. By introducing some of the
combustion air radially ocoutward through =& central gun with the
peripheral fuel injection system, a stable flame was achieved without
swirl.

With the central radial and peripheral fuel injection modes, complete
combustion can be guaranteed with 5% excess air, while for the central
axial fuel injection at least 10% excess alr was required to achieve
complete combustion.

The resulis of flow and combustion patterns demonstrate that the
highest rates of mixing, combustion efficiency and heat transfer from
the flame were achieved with the peripheral fuel injection. Increasing

the degree of swirl was found to improve these characteristics by
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producing a more uniform and intense flame, The measurements of NOx at
lean and rich conditions showed that this system offers wider scope for
NOx reduction through lean combustion and staged combustion (ie both
air and fuel staging).

The radial fuel injection has also produced much improved mixing and
combustion efficlency compared with the central axial fuel injection.
However, with this system and with the central axial Injection, only
air staging can he used to reduce NOx formation.

In all fuel injection modes, the strong dependence of NOx generaticn on
flame temperature confirms that 1its principal formation is by the
thermal mechanism. Locally, the effect of swirl on NOx formaltion was

significant, however, its effect on the overall values was small,

In the theovretical part of the work, predictions of the overall NOx
formation are made using a well-stirred reactor model based on the
extended Zeldovich mechanism. The model takes account of the
fluctuations of the concentrations of fuel and oxidant in NOx reaction
zone. A stochastic analysis has been introduced by the author to
calculate the effect of these fluctuations on the NOx formation rate.
The results of these predictions compare satisfactorily with the

experimental measurements for the three methods of fuel injection.

As part of the validation process of existing computational fluid
dynamics (CFD) codes, an assessment is made of the abllity of a CFD
code to model swirling flames. The peripheral fuel 1njection mode
applied to natural gas swirling flame is a novel test case (Beltagui
and Maccallum (1988)). The predictions were made using the PHOENICS
code, with turbulence and combustion represented by the k-g¢ and the
"eddy break-up’ models respectively. The main changes in the combustion
patterns caused by switching from central axial to peripheral fuel
injection were qualitatively well predicted.

For the peripheral fuel 1njJection system, the predicted flow patterns
were in reasonable agreement with those previously measured. The
quantitative agreement for combustion patterns, however, was good for
the non-swirled flow only. This is attributed to the simplified

turbulence and combustion models used.
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CHAPTER 1

INTRODUCTION

There are numerous requirements which must be considered when designing
an industrial burner. These requirements include: wide stability
limits, wide turn-down ratio, hilgh combustion efficiency, high
intensities of heat release, high heat transfer rates from the flame,
low burner pressure drop, low noise and low emissions of pollutants.
Some of these requirements are conflicting and the design has tc be
based on compromise., In order to achieve the best{ compromise, maximum
use must be made of our knowledge of the key processes. One such key
process 1is the mixing between the fuel and air. The fuel can be
thoroughly mixed with the air prlor to entering the combustion chamber-
the "pre-mix" configuration, or the mixing can occur within the
combustion chamber itself- the "nmon-premix" configuration. As "pre-mix"
combustion systems are not generally favoured in industrial
applications for recasons of safety, attention must be directed towards
mixing in "non-premix" combustion systems.

In the systems which are of the "non-premix" type, there are two
physical processes that can be adopted to achieve mixing within the
combustion chamber. These are respectively shear layer mixing and
centrifugal mixing. Shear layer mixing is effectively utilised if the
fuel is injected into the regions of maximum shear in the air stream.
Centrifugal mixing effects can be utllised by swirling the flow and
creating faveourable density gradients within flow of air, fuel and
products. The employment of the full benefits of these two physical
processes in a practical combustor depends significantly on ithe method

of fuel injection. The review of the literature (Chapter 2) has shown
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that the most common method of fuel injection is axially at the centre
of the burner. This method of fuel injection suffers some disadvantages
in terms of mixing and combusticn efficiency. As an alternative to the
central axial fuel injection, the fuel can be injected at the periphery
of entering air jet. This system offers the possibility of employing
both shear layer and centrifugal mixing, thus resulting in efficlent
mixing and hence high combustion intensity. Another variation from
conventional central axial fuel injection is to inject the fuel
radially from the centre axis across the entering air jet. This method
also has some attractive features in stability and mixing. Although
each of the three basic methods of fuel injection indicated above has
been investipated in different combustion applications, complete and
detailed information are not available to provide reliable comparisons
between their performance, particularly in an industrial application.

The main objectives of this wark are therefore twofold:

First objective

To acquire complete and reliable data to compare the following fuel

injection methods in a semi-industrial scale applicaticn:

1- Central axial fuel injection

2— Peripheral axial fuel injection

st v:,«'_:.'_‘-.'\_". | .

3- Central radial fuel injection

These comparisons should provide the information needed to oplimise

Loadideniar

both the fuel inJjection mode and swirl to achleve the best
characteristics of combusticn and the lowest formation of pollutants.

The investigations were carried out in a cylindrical upshot process
fired heater {furnace hereafter) with a movable-block swirl generator.
The furnace was fired by natural gas fuel. The furnace and all support

equipment were located at the National Engineering Laboratory (NEL),




Fast Kilbride. The work was carried out as part of collaborative

programme between Glasgow University and the NEL.

Flow and combustion patterns were assessed by the following

measurements at different radial locations on cross-section aleng the

furnace:

1- Three time-average velocity components and static pressure, using
5-hole pitot probe.

2- Temperatures using suction pyrometer.

3- Concentrations of carbon monoxide (C0O), carbon dioxide (CQ02),
oxygen (0z), hydrocarbong (HC)} and oxlides of nitrogen [(NOx), using a
modified sampling I:;robe.

Measurements of main poliutant (ie CO and NOx} were alsc performed in

the stack under a wide range of fuel equivalence ratio.

Second ob jective

In addition to the knowledge acquired from the above experimental
measurements, they also provide an extensive data bank which is
valuable in developing and testing theoretical models of furnace flow,
heat transfer and pellutant formation. Confidence in praogram
predictions requires detailed comparison with reliable experimental
measurements. Such data are vital as furnace flow and heat-iransfer
mathematical models are developed to handle realistic geometries. As
part of the present investigations, the following theoretical modelling
work has alsc been performed:
1~ Predictions of the overall NOx formation using a well-stirred
reactor model based on the extended Zeldovich mechanism, The medel
takes account of the fluctuations of the concentration of fuel and
oxidant In the NOx reaction zone. A stochastic analysis has been

adopted to calculale the effect of these fluctuations on the NOx




formation rate.
2~ Predictions of aerodynamic and combustion patterns using the

computational fluid dynamic (CFD) code, PHOENICS, The immediate

objectives of this work were to assess the ability of PHCENICS to:

a—- Model the combustion aerodynamic of swirling flames. The
peripheral fuel injection mode (Beltagui and Maccallum (1988)) is
a novel test case and therefore considered in this study.

b- Predict the main changes caused by switching from the traditional
central axial fuel Iinjection to the peripheral injection

considered in (a) above.

An outlline of the work presented in this thesis is summarised below:

In Chapter 2, a survey of the literature is presented with special
emphasis on the areas of fuel injection modes, NOx formation and CFD

which are directly related to the present work.

Description of the experimental set-up, test equipment and sampling

conditions are presented in Chapter 3.

Results of the experimental measurements showing the detalled plcture
of flow patterns, combustion patterns and pollutant formation are

described in Chapter 4.
In Chapter 5, the results of the three fuel injection modes are
compared and discussed to assess the merits of each system relative to

the other,

The modelling work of NOx formation is presented in chapter 6. Model




results are compared with the experimental measurements performed in

the stack for each of the three fuel injection modes.

In chapter 7, the predictions of flow and combustion patterns of

swirling flames are presented as indicated above.

In the final Chapter, the major conclusions of the work are summarised,

and suggestions are made for further work.




CHAPTER 2

LITERATURE REVIEW

2.1 INTRODUCTION

For many years, concentrated research effort has been expended on
understanding and characterising the combustion aerodynamics of
swirl-flow burning processes of gaseous, 1liquid and solid fuels.
Economical design and operation of practical combustion equipment can
be facllitated greatly by estimates made from complenenlary
experimental and modelling studies. Detailed survey of the vast range
of research work in this field is oulside the scope of this thesis,
thus, the survey of the literature presented below will only cover the
areas dlrectly related to the present work.

The survey will be started with applications where different methods of
fuel injection have been studied in swirling flow. Where experimental
results offering comparisons are available, they are Iintroduced to
highlight the points of weakness and strength in each method of fuel

injection.

A detailed review is then given of the generation and centrol of NOx in
swirling flames. The review will be focused on studies of the effect of
burner parameters on NOx generation in furnaces and gas furbine
systems, Iincluding studies covering the use of different fuel injection
methods to reduce NOx formation. The different prediction models of NOx

formation are also summariesed.

To complement the review of experimental work indicated above, a brief

review of the theoretical predictions of flow and combusbkion of




swirling flows are presented.
It is important to indicate that this survey will be mainly
concentrated on the 'non-premixed’ combustion systems as indicated in

Chapter 1.

2.2 FUEL INJECTION MODES IN SWIRLING FLAMES

Swirling flows are found In many combustion systems, notably, gas
turbines, boilers, furnaces and incinerators. Experimental studies in
these flows (eg, Bafuwa and Maccallum (1970), Syred and Beer (1974},
Beltagui and Maccallum (1976-a), Lilley (1977), Claypole and Syred
(1981}, Gupta et al (1984}, Gouldin et al (1985), and Beltagui and
Maccallum (1988)) show that swirl has large scale effects on flow
field in reacting flows. For example, it affects the flame size,
shape, stability, combustion intensity and pollutant formation. The
degree of swirl is usually characterised by a swirl number S, which is
a non~dimensional number representing axial flux of tangential momentum
divided by axial flux of axial momentum times equivalent dimension
(either burner throat diameter or furnace diameter). In non-premixed
combustion systems, the degree of swirl required to achieve the desired
flame stability and degree of combustion depends significantly on the

mode of fuel 1injection.

Several studies have been performed to assegss the effect of fuel
injection method on flame characteristics indicated above. leuckel and
Fricker (1976) and Fricker and Leuckel (1976) have studled the effect
of swirl burner geemetry and fuel injection melhod on stability and
intensity of industrial-scale natural gas flames in furnaces. Four fuel
injection arrangements were studied, all placed at the axis of the

burner but varied in the method of fuel injection Into the swirled alr




flow. These are axial Jjet, annular axial jJet, sixteen diverging jets
and axial gas Jjet with sixteen throttle jets. Two distinect flame forms
were observed in these tests with characteristics studied through the
detailed measurements of velocity, gas compositions and temperature.
The first flame type was observed with central axial fuel Iinjection
where the fuel Jet in this case was able to penetrate completely the
central reverse flow zone (CRZ) leading to a relatlvely small annular
reverse flow zone between the gas and combustion air flows. Part of the
fuel is recirculated with the CRZ together with hot combusiion gases,
and these mix wlth combustion air Inside the burner quari to glve the
Tirst combustion zone, which stablilises the flame at the burner. The
rest of the fuel is preheated in its passage through this =zone and

subsequently mixes and burns with the remalning combustion air giving a
comparalively long flame tail. The fuel preheating occurs in an oxygen
deficient zone, and this condition was found to lead to cracking and
flame luminosity when residence times were increased by reducing the
burner air and fuel flow rates proporticnally. The flame has alsc been
found to be highly asymmetric.

The second flame type was observed with the other fuel Iinjection
methods (ie, annular axial, sixteen divergent Jets and axial gas with
sixteen throttle jets). In these methods, the CRZ prevents the forward
progress of the fuel jet, and causes it to spread away from the flame
axis within the burner quarl to give an intense blue flame with rapid

mixing. The flame in these lnjectors is hlighly symmetrical.

Hallet and Gunther (1978) have studied the influence of swirl and fuel
injection mode on the shape and properties of the flame in free
surroundings and in a furnace. The natural gas fuel was introduced at

the axis of swirled air, axially in the first mode and radially outward




in the second mode. The flame properties were assessed by measurements
of three velocity components and static pressure, temperature and
species concentrations. Comparisons between the stablility limits of ihe
axial and radial pgas injectors have shown that the radial gas injector
leads to a higher stablility at lower swirl, confirming a more efficient
mixing of the gas and air near the burner. These characteristlecs have
been achleved due to the coincidence of the radial gas jel with regions
of high velocity gradients between the forward flow and the CRZ. This
system of radial injection has therefore been recommended for use in

combustion systems.

A method of fuel injection with some deviation from the conventional
central axial injection has been investigated by Suzuki et al (1982) in
high-temperature heating furnaces used in the steel industry. In this
method, the fuel gas has been injected at an angle to the axis of the
alr gtream instead of being injected axially at the centre. The heating
efficlency of this combustion method was discussed from the siandpoint
of flame radlation, temperature and NOx formation. Comparing the
performance of this method with that of the central axial fuel
injection, the authors reported improved heat transfer and energy
consumption by increasing f{lame surface area and flame emigsivily

through slow combustion.

A multi-annular swirl burner design has been investigated by Gupta et
al (1976}, the fuel gas and alr being injected alternately through a
succession of annular openings. In this way the fuel injection was
matched with regions of high shear in the flow. High efficiencies were
reported, coupled with 1low emissions and 1low noise levels. The

disadvantages of the system were its likely high cost and its pressure




loss, Also, the design could not take advantage of the centrifugal

mixing effects.

The introduction of the fuel at locations other than the axis can also
be used to reduce noise. For example, Gupta et al (1973} used a
combination of radial and axial injection of natural gas fuel to obtain

a significant nolse reduction in a swirl-stabilised burner.

In a test of confined swirling non-premixed combustion, Tan and
Maccallum (1983) have shown that much shorter flames and consequently
much higher combusticn efficiencies could be achieved when the fuel was
introduced near the outer wall of the combustion chamber, instead of at
the axis. Also the f{lame was much more easily stabilised than in the
central injection case where air swirl vane inclination to the axis of

higher than 45° was required.

The effect of centrifugal forces on the mixing and flame propagation in
enclosed swirling systems, applicable to aerogas turbine has also been
studied by Ahmad et al (1984). Central axial fuel inJection was
compared with fuel injected at the wall and with premixed combustion.
When the fuel was injecte& at the centre of a swirling flow with CRZ,
flame propagation was retarded by centirifugal forces returning the
burnt gases to the fuel rich cere of the flow. The fuel rich central
core produced large unburnt hydrocarbon (UBC) and carbon monaxide{CQ)
concentrations which only burnt out well downstream of the CRZ. When
fuel was injected at the wall, centrifugal forces moved burnt gases to
the centre and displaced air towards the wall, prompting mixing and
flame propagation. This system of injection has therefore resulted in

better mixing, high combustion efficiency and 1lower pollutants
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formation. The above authors have alsco compared their work with other
investigators that have used central axial fuel Iinjection systens.
These comparisons have highlighted the poor characteristics of the
central axial fuel injection in combustion devices and the superiority

of the wall injection systenm,

In a similar study but in an adiabatic furnace, Beltagui and Maccallum
(1988} have reported a novel burner where the fuel has been injected at
the outer boundary of the swirled air flow. This system makes use of
the shear layer mixing at the outer Jet boundary together with mixing
currents created by centrifugal forces associated with retating flow.
The utilisation of these effects results in a stable flame even
without a CRZ. This system was studied through the detailed
measurements of velocity components and static pressure, temperature
and species concentrations. Comparison of the results of this system
with those of the central axial fuel inJjection, taken on the same
system, have revealed the potential of the peripheral fuel injection

for producing high intensity flames with wide stability ranges.

The flame characteristics of another swirl-stabilised, non-premixed
natural gas burner have been studied recently by Milosavljevic et al
(1990) under a wide range of input conditions. Three quarl arrangements
and three fuel injection modes were covered in this study. The fuel
injector was placed at the axis and, the fuel was injected in three
arrangements, axial, angled annular and radially outward. The
objectives of this study were to study the stability, symmetry and
sizes of CRZ’s as a function of swirl and Reynolds numbers. This study
has shown that when central axial and central annular fusl injection

modes were used, a stable flame could not be achleved without some
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degree of swirl, However when radial fuel injection was used, stable
flame could be obtained without the need for swirl, due to the blockage
created by the gas Jjet, By contrast to the angled annular and radial
fuel injectien medes, the central axial fuel injection achieved
symmetric flame only under limited range of input conditions.

The creation of aerodynamic blockage, leading to a CRZ, by the use of
radial fuel injection has been reported by Belfagui et al (1988-a and

1988-b) based on iscothermal flow tests carried out at the NEL.

From the above review, it is seen that there is a strong evidence to
support the use of fuel injection either radially outwards or at the
outer periphery of the swirled air flow. These two fuel injection modes
lead to enhanced mixing rates and generally shorter flames that can be
stabilised at no swirl or low degree of swirl.

The present thesis represents a contribution to the further development

of radial and peripheral fuel injection systems.

2.3 NDx GENERATION IN SWIRLING FLAMES

Combustion generated pellution is now recognised as a threat to the
envirenment. The most obvious air pollutant iz smeoke, being visible to
the naked eye. Other pollutants of impertance are carbon menoxide,
sulphur oxides (SOx} and nitrogen oxides {NOx)}. Recently attention has
been focused on NOx.

NOx is a collective name for nltrogen oxides; N20 , NO and NOz.
Combustion produces NO and to a lesser extent NOz2, At atmospheric
temperature NO is converted to NOz and some N20. Locally NOx is toxic
and is known to act through photochemical reactions as a precursor to
the formation of smog and other pollutants. On a wider scale it causes

damage to plant life and soil through its contribution to acid rain. It
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has a global effect, as N20 is involved in depletion of the earth’'s
ozone layer ( OECD Reports (1979, 1984)}).

Stationary combustion sources are responsible for about half the total
man-produced NOx. Emission standards progressively call for tighter
contrel on emission levels. FEarly regulations specified percentage
reductlons of the then current emission levels, these reductions being
achievable by the application of the most up to date technology.
However, recent regulations for new sources prescribe specified levels
of emissions in order to maintaln a reasonable, healthy atmosphere

{Anon (1988)).

2.3.1 Sources and formation mechanisms of NOx

The generation of NOx in combustion requires the presence of nitrogen.
This comes from two combustion elements, ie air and fuel. The removal
of nitrogen from air before combustion is impossible and from fuel is
impractical.

The nitrogen fixation is also dictated by the combustion environment,
thus NOx formation can be limited through careful combustion control.
it has been recognized that there are three important NOx formation
mechanisms~ thermal, prompt and fuel. The understanding of the NOx
source and formation mechanism will determine the appreopriate technigue
to be selected for NOx reduction.

Various general reviews of combustlon generated pellution have been
published recently eg, Sawyer (1980), Levy (1982), Clarke and Williams
(1985), Lawn (1987) and Williams (1989).

A brief review of NOx formation mechanisms is presented below.

(i} Thermal NOx

The "thermal NOx" refers to that formed from the free N2 in the air as

13




it passes through the high temperature post-flame zone. The formation
mechanism being that propesed by Zeldovich, ( reactions 2.1 and 2.2}

and further extended to include reaction 2.3 (Bowman (1975)),

D+Nz< NO + N (2.1)
- ,

N+02¢ NO+O (2.2)
_}

N+OHE NO+H (2.3)

The last reaction contribution is mainly at rich mixtures. In most

cases the O atom concentratlon is assumed to be that in equilibrium

with O2. The main features of the above reactions are thelr relatively

high activation energies, thus they are much slower than the main

combustion reactions and can be decoupled from these (Sadakata et at

(19803).

Thermal NOx 1is the main mechanism for NOx generation when burning

N-free fuels such as natural gas. However, its contribution is not

significant when combustion zone temperatures are less than 1500 K.

The local rate of thermal MNOx formation depends upon the following

three parameters:

-a- Flame temperature~ which is the main factor since NUO temperature
relation is exponential.

b- Oxygen concentration in the post-flame zone.

c~ Residence time of gas in the high temperature region.

However it must be emphasised that the local spacial and temporal

variations in these parameters are also important, eg locally fuel-rich

or fuel-lean pockets have been shown lo give different NOx production

rates from those derived by mean values as discussed by Appleton and

Heywood (1972).

A contribution to the study of thermal NOx formation 1is given in

14




chapter 6 of this thesis.

(ii) Prompt NOx

Early workers realised that the thermal mechanism faiied to predict the
high observed formation of NOx in the early part of some flames-
especially hydrocarbon rich flames (Fenimore (1970) and Engleman et al
(1972)). This led Fenimore (1970) to consider other reactions where the
hydrocarbon fragments attack bimolecular nitrogen, producing atomic
nitrogen, cyanides, and amines, which subsequently oxidize to nitric

oxide.

™

CH + N2 HCN + N (2.4)

™

C + Nz CN + N (2.5)

The term "Prompt NO" was used to describe NO formed early in
combustion, through such mechanism. It was found to be of minor
importance relative to thermal NO for cases of lean mixtures and of Hz
or CO flames (Toof (1986)).

The rate of prompt NO formation is not temperature sensitive and cannot
be geparated from the HC kinetics. Sarofim and Pohl {1972) confirmed
this and tried to relate the prompt NOx formation to a partial
equillbrium mechanism with overshoot of O atoms in the flame. Takagi et
al (1976) measured HC and HCN in flames and related these to prompt
NOx.

Measurements of prompt NOx were also made by Semerjian and Vranos
(1976) in rich flames. They found that prompt NOx formation was
unaffected by the temperature fluctuations in the flame. In another
study it was found that increasing the pressure increased the formation

of prompt NOx (Heberling ({1976})., A detalled review of prompt NOx
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formation is given by Hayhurst and Vince (1980).
The contribution from prompt NOx is less than 5% of the teotal NOx in
the case of gaseous fuels but is higher in cases of liquid and solid

fuels, eg, Williams (1989).

{iii) Fuel NOx

The name "fuel NOx" refers to NOx from the nitrogen-containing
compounds in the fuel. The chemical reaction mechanisms are wmore
complex than the thermal NOx mechanisms and their temperature
dependence is very weak (Gupta and Lillley (1985)).

The general hypothesis is thai the fuel nitrogen molecules pyrolise or
react to form an intermediate nitrogen containing species, designated I
(HCN or NHi, i=0,1,2,3}. This intermediate can then react with an
oxygen containing molecule, R, to form NO, or with NO or possibly

ancther 1 to form Nz.

Fuel Nitrogen - I (2.6)
I + R —> NO (2.7}
I + {NOor I} — Nz (2.8}

The rate of conversion of fuel nitrogen to NO decreases with increased
fuel nitrogen content and is independent of the type of fuel, Sawyer
(1980).

This rate 1s alsoc dependant on the fuel equivalence ratio. Tang et al
{1980) report that meximum ccnversion rates occur for lean mixtures,
with equivalence ratios of 0.6 to 1.0. The measured conversion rates
diminished for rich mixtures. Hence control of fuel NOx is sometimes
based on the reduction of oxygen in the primary combustion zone- called
"ailr staging”.

Fuel NOx 1is the major contributor in the case of solid fuels, which
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usually contain N-compounds. At the other extreme, natural gas is
relatively free of nltrogen compounds, thus thermal NOx is the main
mechanisms of fermation. Liquid fuels usually fall between these bounds

according to their nitrogen content and combustion conditions.

2.3.2 Contrel of NOx

In principle there are three general approaches to reduce NOx

emissions:

1- Through the prevention of formation by combustion control. NOx is
the most amenable of pellutants to prevention through modification
of the combustion process, especially thermal and prompt NOx.

2- Through the promeotlon of destruction after formation by reducing
reactions in a reburning zone.

3- If more reduction is needed, then treatment of the combustion
products has to be implemented as a last resort. In this case
chemicals are injected in the combuslion gases and reactions may
occur under catalytic conditions. The energy and running costs of
implementing the above three techniques increase in the order they
are listed above.

Some of these technigues may reduce efficiency, eg lower preheat, water

injection. In power applications this is important but it could be of

no effect in process applications if the process temperature is already

low and thus not compromised (eg. Pfeiffer and Altmark (1987)).

The cost of the implementation of these measures is due to:

a- The reduction in efficiency or loading of the plant, (Thomson and
Crow (1976)}).

b~ The initial cost of the extra equipment.

c— The cost of the materlals, eg chemicals, and energy used in the

process by fans, injectors etc., Some cost analysis 1s given in the
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OECD Report (1983).
Other factors should be considered when selecting the technique for NOx
control such as the effect upon the process and on the formation and
control of other peollutants eg CO, SOx, HC etc.
The possibility of controlling both SOx and NOx simultaneously 1s under
investigation, for example the reduction of both by use of ozone

(Lozovskii et al (1988), and Anon (1989)).

(i) Contrel of combustion

The control of combustion to prevent the formation of NOx represents
the most promising and cost effective of all methods of NOx coentrol.
The extensive worldwide research on NOx faormation covering different
areas of applications has resulted in many practical means for NOx
control. Table 2.1 lists review of NOx control investigations. These
are classified, according to the technique used and the proposed
application, The principles of operation of these techniques are as
follows:

1- Llowering the peak combustion temperature. Reduction of combustion
peak temperature is very effective when dealing with thermal NOx,
but not effective for fuel NOx. Techniques leading to this aim
include:

a— Off-stoichiometric combustion, through staged combustion,

b~ Very lean combustion, flame tube premixed burner, fibre burner,
cyclone combustors,

c—~ Reduced preheat,

d- Increased heat transfer in the burner zone.

e~ Flue gas recirculation especially if the gases are cooled before

recirculation.
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Table 2.1

Review of NOx Emission Control Methods

Investigators Technlques Applications
QECD NOx Contrei for Review of techniques. Utiiity,
Stationary Sources, Process.
1983.

Areen et al, 1970, General Review. Utility
Sawyer, 1580, General Review. Utility
Lefebyre, 1574, General Review. Gas Turbine
Foster, 1974, General Review. Furnaces.

Ahmad et al, 1984
Andrews et al, 1988.
Al~Shalkly et al, 1989

Markoskit et al, 1976,
Cupta et al, 1974,

Suzuki &t al, 1982.

Pfelffer and Altmark,
1987.

Mirzaie and Syrsd,
1989.

Schefer and Sawyer,
1976.

Meier and Vollerln,
18976,

Barnes et at, 1988,
Hadvig et al, 1988.
Ritz et al, 1989.

Mulholland and Hall,
1987
Hunter et al,1978.

Siddiqui et al, 1976,
Nutcher, 1984.

Destefano, 1985.
Abassi et al, 19B88B.

Tsirul’nikov et al,
1986.

Heyer and Hauss, 1973

Burner controlled mixlng,
Shear layer fuel injection,
both axial and radial.

Premix-prevap swirl
Fuel
burner geometry and swirl.

burner.
injection contral,

Contreoled slow mixing, low
internal FGR
premixed radliant

temperature
Low temp.
tube burner.
Cyclone low temp. vary
lean combustilon.

Lean combustlon opposed
jet system.

High swirl with FGR.

Radiant Burner.

Fibre Burner.

Reburn with NH3 mixed with
fuel

Reburn wlth gas or c¢il fuel

Combustion modification,
Review.
Review of technigues

Review of alr and fuetl
staging and FGR

NH3 injection

Low excess alr and slow
mlxing.

Low excess alr, FGR and
steam Injectlan.
Stratified combustion,
swirl and FGH.

Gas Turbine
FPracess

Gas Tuyrbine

Process

Steel
processing
Process,

Gae turbine,
small boller
Process,

law CV fuels
Gas Tubline

Domestic
Bailers.

Domsstic heating

Bailer.
Beilers

Packaged
beller
Yarious
Processes,
Fired Heaters

Fired Heaters

Glass furnace

Glass furnace

Utility

Fundamental
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Table 2.1 continued

Investlgators Techniques Appiications

Abdalla et al, 1985, Stratified, well stirred Fundamental
reactor.

Oven et al, 1978, Stratified swirl burner. Fundamental

Wajbel and Kickeson, Fuel and Alr staglng with Process

1986. FGH. Refinery.

Yamagush} et al, 1974 Alr staging. Botler,

Kotler and Imankulawv, Air Staging, swiril. Utllity.

1986,

Hiraj et al, 1987. Ajir Staging, swirl. Boiler, Process.

Sadakata et al, 1980. Alr Staging, preheat. Model.

Kniil, 1987. Review of fuel staging, pf.| Utility

Swart and Websr, 1987 Internal Alr staging and Utitity
Precombustaor,

Brown et al, 1973. FGR Boiler

Sigal et al;1986. FGR. Utility.

Godridge, 1986. FGR. Utility.

Lukoshyavichyvs Water spraying. Utility.

et al, 1986,

Novoselov et al, 18B6, Reduction of NOGx and SOx by | Utility.

Lozovskil, 1988 and Ozaone,

Simachev et al, 1988,

Skorik et al, 1986. Ammonia Injectlion. Utility.

f- Water injection into the primary combustion zone of a burner, as
used in industrial turbines and boilers, utlilizes the latent heat
of evaporation of water droplets to reduce temperature. This
method is most effective if water is injected exactly where
needed, ie in the peak temperature zone.

2~ Improved burner mixing thus eliminating temperature variations
between lean and rich local mixtures. Uniform mixing is possible in
premixed burner but stability and control may suffer. Injection of
fuel in the shear layer of the air jet produces very low NOx with

better stability and efficiency, eg Andrews et al {1988).

3- Reduction of excess oxygen. Low excess alr combustion results in Oz
concentration being reduced, and efficiency is increased, as in the

case of staged combustion. Both air staging and fuel staging can be
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applied. Flue gas recirculation alsc dilutes the mixture thus
reduces 02 concentration.
4- Reduction of residence time in the {flame zone and the peak

temperature zone.

(ii) Destruction of NOx

By reburning in a second combustion stage, preferably using a low or N
free fuel, oil or gas. Fuels such as C0, H2 and hydrocarbons will react
with 02 rather than NO if both exist but when Oz is completely used up

they will reduce NO to N2 (OECD Report {1983)).

{iii) Flue gas treatment

The processing of combustion products to remove NOx is used as a final
measure with or without the above described methods.

In the thermal "de-NOx" process, reducing compounds eg ammonia, urea,
ozone etc are injected into the flue gases under catalytic or
non-catalytic conditions. Ammonia and other amines reduce NO in the
primary combustion products in the presence of oxygen within a
specified temperature range, (980 - 1370 K) and with certain NI3/NO
equivalence, eg Muzio et al (1976) claim 78% reduction at an optlimum
temperature of 1240 K with NH3/NO = 1/1.

Table 2.1 gives a number of publications dealing with various control

methods and their applications.

2.3.3 Effect of flow patterns and swirl

The review presented in the abave sections dealt with general aspects
of NOx formation and control. This section deals with those aspects
relevant to burner flow and mixing, particular emphasis being placed on

swirl-stabilized gasecus flames.
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(1}

Effect of flow pattern

Aerodynamics plays a major role in the reactions in the flame since it

dictates the role and conditions under which active species are brought

together before the kinetics start to operate, The effects of flow will

inf'luence:

1~

NOx concentration: This was found to depend on the local conditions
early in the combustion process, In the developing jet in the near
burner zone {Claypole and Syred (1980)}.

Mixing effectiveness: This can lead to the suppression of NOx
production due to the uniformity of the mixture, otheruwisge fuel-rich
and fuel-lean pockets will exist causing higher local NOx productiocn
(Appleton and Heywood (1972) and Gouldin (1974)).

Length scale: NOx formation was found to have a length scale
dependence (Peters and Donnerhack (1980)). Thase workers, studying
diffusion flames, correlated this effect with Reynolds Number and
Froude Number. NOx formation has also been related to flame stretch
in a flat laminar flame {Hahn and Wendt (1980)).

Residence. time: The residence time of the combustion products in
the various =zones can only be controlled through the flow
parameters.

The total NOx production: This jis related to the integrated
preduction by the flow and not by the local concentrations in the
various zones. Thus Iin order to establish the total mass of
poliutants In the combuster, it is essential to consider tLhe
pollutant mass flow profiles as illustrated by Sadakata and Beer

(1976) and Claypole and Syred (1980).
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(ii) Effect of swirl

The application of swirl to the combustion air can have a major

influence on NOx production which 1is dependant wupon the local

temperature and mixing rates in the near burner zone. In general

increased swirl will produce the following effects :

1- Increased entrainment of cooled combustion products and thereby less
thermal NOx, due to lower temperature and 0z concentration.

2- Increased local oxygen avallability and thereby more thermal and
fuel NOx.

3- Increased combustion intensity and thus higher temperature and more
thermal NOx.

These effects have been reported by various investigators. Some of

these studies are briefly summarised below.

Owen et al (1976) studied the effect of swirl, fuel/air velocity ratio

and pressure on the formation of pollutions from a combustor. They

indicated that increasing swirl, 1in general, reduced NOx formation.

They also illustrated how small fluctuations in the flow parameters can

cause large scale fluctuations in the resulting NOx.

Oven et al (1978) discussed the influence of swirl on combustion and

NOx formation in the 1light of flame quenching due to the rapid

dilution and cooling of the reacting inner jet flow by mixing with the

outer flow which thus reduce NQx.

The influence of the level of swirl on the aerodynamics and NOx

emissions was alsc studied by Claypole and Syred (1980). Here again the

effect of increased swirl was to reduce NOx emission. This reduction is

a result of better mixing prior to combustion and the reduced flame

peak temperature. The betier mixing also tends to eliminate local

imbalances of reactants. These imbalances, when present, produce local

fuel-rich regions leading to more prompt NOx. The recirculation Zzone,
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despite elevated temperature, did neot appear to play a major role in
the formation of NOx.

Similar effects of the flow pattern were also reported by Sadakata and
Beer (1976) where NOx formation in a swirling flame was measured. They
reported some NOx destruction in the central recirculating flow.

The second and third investigations above reported some NO reacting to
produce NOz in the combustor although the measur;d levels may have been

enhanced by prcbe reactions.

2.3.4 Effect of fuel injection modes

The effect of the mode of fuel injection on NOx formation has been
gtudied by Ahmad et al (1984), Andrews et al (1988), and Al-Shaikhly
and Andrews (1989) in gas turbipe combustor configurations. The main
findings support the theory of improved mixing when fuel is injected in
the shear layer of the air flow- wall injection, and radial injection
being found to be superior to central injection. These systems, when
used with swirl flow alsc utilise the centrifugal force in improving
the mixing. The high mixing rates led to near premixed conditions
producing minimum NOx, together with improved efficiency and turn
down.

Gupta et al {1974) studied the effect of fuel injection mode and burner
geometry on NOx formation from natural gas swirling flames. Their
results indicate that higher recirculation of burnt gases led to less
NOx due the lower temperature of the combustion zone. It was alsc shown
that tangential fuel entry produced less NOx than axial/radial
injection.

Markowski et al (1976) have reported 50% reduction of NOx by using a
"premix-prevap” swirl burpner in a gas turbine system. The inherent

instability of swirling flows was exploited to enhance the premixing
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process and te stir the reacting species thus appreoaching a lean
premixed pracess.

The above investigators reduced NOx formation by using injection modes
which gave more rapid mixing.

On the cother hand, by effectively producing slow mixing, low NOx could
alsc he achleved, as this acts as a staged system. This was implemented
in the burner of Suzuki et al (1982) where fuel was injected at an
angle to the axis of the air stream. A soft flame was formed and the
temperature of the flame became more uniform with lower maximum
temperature and oxygen concentration.

Abassi and Fleming (1988) used the same principle in tests in a glass
furnace.

Stratified combustion produces lower NOx where two combustion regions
are distinguishable, one in the primary air, the other assoclated with
the secondary air. Meyer and Mauss (1973) illustrated this effect on a
spray combustion system where the fuel was injected into a primary
swirling air stream, surrounded by a non-swirling secondary stream. Low
levels of NOx (50 ppm) were obtained at an optimum swirl number of 0.93
even when using a fuel with 0.01% nitrogen. It was also shown that flue

gas recirculation could be used to reduce NOx even further.

2,3.5 NOx prediction

Different approaches have been adopted to model NOx formation in
combustion systems. Table 2.2 pgive a summary review of the NOx
modelling work and the different techniques used to simulate NOx

formation.
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Table 2.2

Review of NOx modeling work

IGESOCATIRS Mer:hagio:m “’d;:::;::n Mo::;l'irng Remarks

Fletcher and Heywood.1871. P Equilibrium 1LD.M Fluctuations
Applet;:u—nd Heywood, 1972, Thermel & Fuel 1.DM Fluctuations
Fletcher, 1973 Thermal Equilibrittm W.S.R Fluctuations
Engleman et al, 1972 Thermal Scemi—detailed W.SR premixed
Shaw, 1973 Thermal & Prompt Equilibrium W.S.R S ]
Kretsehmer and Qdgers, 1973 Thermal {~step reaction WSR ~-
Tuttle et al, 1976 Thermal Emperical WwW.s.n -
Rubins and Marchionna,1876. Therma) Equilibrivm Multiple ¥W.S.R -
Mizitlani und Katsuki, 1978 Tharmal t ~step reaclion 2.D.M =
Mellor and Washam, 1078, hermal WA _ )
Mellor, 1980.
Lewis ,198} Thermal Zquilidriurn W.S.R -
Sadalats el &), 1980 Thermal Equilibrium 1.D.M Air staging
Pelers ond Donnerhaek, 19680 Thermal Equilibrium 2.D.M Boundary layer
Touchlon, 1884. Thermal Equilibrium Mullaple WSR steam injeclion

Mhh;;e;’f‘ et gl, 1965 Thermal 1--step reaction 2.D.M -

Toof, 1985 T“e’":‘r‘lip;:‘:pl Equilibrium -
Eabeo et al ,1988 Thermal & Fuel Equillbrium/1-step 2.b.u Cenral/peripheral
Periclecus et 41,1988 Thermal 1—slep + Lurbulence 3bM Central /peripheral.
Hand et al, 1989 Thermal & prompt 1-step + turbulence 2.D.M Duul licuid/gas Lurner
Kudryavtsev & Volkov, 1988 Thermal 1-slep + turbulence 2.0.M Raundnry iayer

1.DAM = One Dimensronal Model.
2DM = Two = = .
QD M= Three = =

¥.SR = RFell siirred Reactor.
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The early modellers applied simplifying assumptions for the flow, eg,
well-stirred reactor. Recently however, more advanced programs for
solving the flow equations have become available, such as TUFC (Sykes
and Wilkes (1983)), PCOC (Stopford (1989)), PHOENICS (Ludwig et al
(1989}), FLUENT (Weber and Visser {1990)) and FLOW3D (Burns et al
(1988)).

Because of the high sensitivity of thermal NOx to temperature, it is
essential that the medel predictions of temperature are carefully
vallidated.

On the other hand, chemical species concentration calculations can be
performed at different levels of complexity, starting with very fast
kinetics medel "mixed-is-burned", then one-equation or two-eguation
models and most recently a full set of detailed kinetics, as described
by Maas and Warnatz (1989).

While Lthe closure of these two sets of equations, ie flow and
chemistry, is possible, it may prove prohibitively expensive for cases
of industrial interest, so some compromises may have to be made.

A two-step approach has been adopted by Pericleous et al (1988) to
model the formation of NOx in a combustion system with swirling flow
and fuel injected either tangentially or axially. The first step
involves the main exothermal reaction of methane in air which is
considered to be mixing contrelled, and the second involves the
solution of the Zeldovich reaction scheme for the generation of NOx.
The results demonstrate the potential of these models to predict
quantitatively the effects of burner geometry on the flame stiructure
and consequently on NOx emission, The same approach has been adopted by
Kudryavtsev and Volkov {1988) for Jet flow In order to model the
combustion of gaseous fuel in a steam boiler furnace. Recently Hand et

al (1989) have formulated an NO formation model for a turbulent natural
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gas flame, by adopting the two-step approach. Although the prediction
of NO was limited by uncertainties in the kinetics mechanism and
turbulence/chemistry Iinteraction, goocd qualitative agreement was
obtained from rigorous comparison with experiments. This study has
shown that the effect of turbulence on the rate of NO formation cannot
be ignored as fluctuations in temperature and burnt gas composition can
strongly influence the mean rate of NO formation by the extended
Zeldovich mechanism.

Modelling studies of the effect of peripheral fuel Injection on NOx
formation were also reported by Sabo et al (1988), indicating NOx

levels of about 50% of those from equivalent central injection systems,

2.4 MODELLING OF SWIRLING FLOWS

Furnace system design requires careful characterisation and
optimisatlon of complex flow phenomena. Traditionally, the designers of
such systems have relied almost exclusively on empirical methods. New
designs have usually been based on operating results from existing
units while detalled Information on the flow pattern within a furnace
has been inferred from measurements on laboratory—scale models. However
this approach can be expensive and in some cases is not capable of
providing the large amouﬁt of design information required. Recently,
numerical models capable of predicting the flow patterns and heat
transfer characteristics have been developed and widely used for such
furnaces. In addition to being required to handle turbulence and
chemical reaction, these models must also be able teo deal with complex
geometries,

The research effort which has already been put into the development of
these numerical models is very considerable. A significant part of this

research have been devoted to the modelling of turbulence, combustion
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and heat transfer. Also efforts have been made to improve the numerical
techniques. A small selection of the many published detailed reviews of
these research efforts is given in the references by Jones and Whitelaw
(1984), Robinson {1985}, Sloan et al (1986), Correa and Shyy (1987) and
Leschziner (1989).

Details of all governing equations used in the prediction procedure (ie
conservation of mass, momentum, energy and chemical species) and the
models invelved {ie turbulence, combustion and radiation heat transfer)
are summarised by Gupta and Lilley (1985). Some of these equations are

also given in Chapter 7 of this thesis.

Turning attention to the case of swirling flows in furnaces- a common
situation in practice- the prediction procedures have been applied
progressively. The simplest case- isothermal flow- has been studied for
flows expanding inte free space. Many investigators have combined
experimental and modelling work to develop this prediction procedure.
The aerodynamic characteristics of free, swirling, coaxial jets issuing
from a divergent nezzle into stagnant-air surrounding have been studied
by Dixon et al (1983) and Mahmud et al {1987) . These studies have
combined experimental work with predictions obtained by numerical
solution of governing conservation equations for mass and momentum
supplemcnted by an eddy-viscosity (standard k-e£) turbulence model. A
general agreement was obtained between measured and predicted veloclity
distributions at regions of low velocity gradients, although, some
differences were reported, specially at regions of high velocity
gradients and within the reverse-flow zone. These discrepancies have
been explained by the weakness of the Isotroplc 2-~equations turbulence
medel. A similar study for flows expanding into free space has also

been reported by Weber et al (1986) with comparable degree of success.
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For swirling flows expanding into a confinement, many investigators
have also reported comparison between predictions and experiments. At
the National Engineering Laboratory (NEL), Beltagul et al (1988-a and
1988-b} have reported measured and predicted isothermal {low patterns
withln the quarl and within the confinement of a model furnace with a
variable-swirl burner. These studies were designéd to validate the Heat
Transfer and Fluid Flow Services (HIFS) mathematical models for furnace
flow and heat transfer. The predictions have been performed by the
program TUFC {Sykes and Wilkes (1983)} with turbulence closure by the
standard k-& model. Within the limitation of the k~g turbulence model
good overall agreement was demonstrated between TUFC predictions and
experimental measurements, particularly the axial and tangential
velaocity components.

A medified turbulence model appllcable te turbulent swirling flow in a
straight pipe has been developed by Kobayashi and Yoda (1987). Two
current models, the standard k-g model, and the k-g model with higher
order terms in the Reynolds stress equations were first applied. The
modified k-e model with an anisotropic representation of turbulence was
then proposed. Comparisons between the computed flow distributions and
experimental data have shown 1lhat the modified k-g& model provides
better predictions for the complex flow field. This study has shown
that the isotropic assumption of the shear and normal stresses in
swirling flow field is not accurate. This is also confirmed by Nagano
and Hishida (1987) and an improved form of the k- model have also been
suggested.

The limitations of the standard k-e model to represent accurately the
turbulence characteristics in swirling flows have also been reported by

Nejad et al (1989). In this study, a two- component laser doppler
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velocimetery (LDV) was used in a cold flow dump combustor model to
obtain detailed mean and turbulence data for both swirling and
non-swirling flows. The turbulence data were obtained to assess the
turbulence predictions made wlth the standard k-e model. The
comparisons between the experimental data and predictions have shown
similar conclusions to those reported by Mahmud et al (1987) and colhers
described above, Honnery and Kent (1989) have also reached the same
conclusion in a similar study.

As an alternative to the standard k-g turbulence model, the algebraic
stress model (ASM) has been recently used to model the turbulence.
Armfleld and Fletcher (1989) have reported comparison between the
performance of the ASM and the Kk-g& model for swirling flow in
diffusers. Their results demonstrated that the use of ASM model
provides better prediction of mean flow quantities.

Improvements in computer power have assisted the implementation of the
more detailed turbulence model, the Reynolds stress model (RSM), to
represent accurately the turbulence characleristiics of swirling flows.
The use of this model for the calculation of a confined strongly
swirling flow has been reported by Jones and Pascau (1989}, A
comparison rof the results with experimental measurements showed the
superiority of the RSM over the standard k-&£ model. This is because the
REM represents the anisotropic nature of the swirling flows by scolving
differential equations for both shear and normal stress.

In a similar study, Weber and Visser (1990) have reported comparison
between measurements and predictions of a number of isothermal swirling
flows expanding into high confinement flow gecmetries representing gas
turbine applications and also 1low confinement flow geometries
encountered in Iindustrial furnaces. In the computational procedure,

three models of turbulence were tested- RSM, ASM and the standard k-&
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model. A major conclusion from this study is the success of both RSM
and ASM to produce reliable predictions. As previously found by others,
the use of the k-e turbulence model resulted in a large discrepancies
from measurements.

However, it should be indicated that the use of more sophisticated
models (ie RSM) 1s generally not preferred due to the expensive

computational time penalty involved.

From the above brief review of iscothermal swirling flows, it appears
clearly that in the isothermal flow modelling cases, the only major
problem faclng a modeller is the representation eof turbulence. In
swirling combusting flows, the modelling of exothermic chenical
reaction and heat transfer add other two modelling tasks to the
designer. In the last decade, few predictions has been reported for
combusting swirling flows. Gosman et al (1978) have reported an
extensive modelling study which involved the handling of non-premixed,
partially-premixed and premixed combustion cases., These combustion
cases represent different types of fuel injection moedes. The combustion
has been modelled by the fast chemistry model "mixed is burnt”, using
'one~step global reaction, and the radiation heat transfer by the "flux"
model. Predicticns performed by the Imperial college program TEACH-T
have been compared with data from a range of cylindrical furnaces. The
gualitative mnature of the predictions was good for all the cases
considered. Similar modelling results have alsoc been reported by Khalil
et al (1980) and Abbas et al (1984) in furnaces with complex geometries
found in engineering practice.
Recently Beltagui et al (1991) have reported an extension to the HTFS
program PCOC (Stopford (198%)) to handle the partially premixed

situation encountered when the ceniral radial fuel injection mode is
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used. Four combustion models were used in this study, namely, "mixed is
burnt” and three forms of the "eddy break-up” model. Radiation heat
transfer was modelled by a single gray gas and finite-ordinate
discretisation. The authors reported good agreement between PCOC
predictions and experimental data obtained in the NEL furnace with

radial fuel injection mode.

It is seen from the above summary review that the number of modelling
studies of combusting swirling flows 1in furnaces and gas turbine
cambustors is rather limited when compared with the isothermal flow
situation. Confidence in the use of computer programs for handling the
combustion and heat transfer characteristics of swirling flows
increases only when these programs are validated against reliable
experimental data obtained from different engineering applications. A
contribution towards this objective is presented in chapter 7 of this

thesis.
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CHAPTER 3

EXPERIMENTAL FACILITY

3.1 INTRODUCTION

The work described in this thesis was carried out at the NEL. The
experimental facility used in this work consists of the furnace and all
the support equipment Lo carry out the work.

For safety aspects the furnace system and flow lines are installed in a
separate room, hereafter referred to as the furnace block house. Part
of this room is shown in Photograph 1. All anslysers, data acquisition
system, flame monitering video equipment and the controls for operaling
the furnace are installed in another room, hereafter referred to as the
control room Photograph 2. Details of the experimental facility and

experimental techniques are described in details bhelow.

3.2 THE FURRACE

The furnace is a model of a c¢ylindrical upshot process fired heater.
The apparatus consists of a 1 m diameter x 3 m high water-coocled
chamber, which is having éix separate cooling sections each 0.5 m long
as shown in Figure 3.1.a. Cooling water flow through the sections is
continuously monitored by an array of turbine meters and the
temperature rise in each section 1is measured by platinum resistance
thermemeters. The furnace 1s equiped wilh probe access ports and LDA
windows which provide for traversing at up to six longitudinal planes

in each section as shown 1ln Figure 3,1.b.
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3.3 SWIRL BURNER AND FUEL INJECTION MODES

The furnace is fired by natural gas through a variable-swirl burner
with a quarl, designed and supplied by the International Flame Research
Foundation (IFRF} to operate at a maximum firing rate of 580 kW. The
key feature of the burner design is the moving-block swirl generator
illustrated in Figure 3.2.a. Air enters the distributor wvia four
circular ports 48 mm in diameter. Two sets of prismatic blocks direct
the air into the 110 mm diameter throat of the burner. A mechanism is
provided which permits movement of one set of bhlocks, thereby varying
the propertion of radial to tangential air to give a controlled swirl
numbers between O and 4. The swirl number is determined as the ratio of
tangential to axial momentum fluxes divided by the burner threat
radius. The burner mouth consists of a divergent conical quarl of
throat diameter 110 mm, length 100 mm and 25° half angle enlarging to
exit diameter of 200 mm. The quarl is provided with a cooling water
Jacket as shown in Figure 3.2.a. The burner was mounted with the quarl
exit section flush with the furnace base plate.

Three fuel injection modes have been utilised with this burner, these

are described belaw.

3.3.1 Central axial fuel injection

In this case, a fuel gun of 32 mm inner diameter and 1.5 mm wall
thickness is Introduced through the centre of the burner as shown in
Figure 3.2.a. The end of this gun is fully open to introduce the
natural gas fuel axially at the throat of the quarl. The swirled air
was introduced around the fuel gun to be mixed with the fuel. The
position of fuel gun may be varied axially over a range of 200 mm but

for the purpose of this study, the gas outlet was always located at the
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end of the parallel throat section.

3.3.2 Central radial fuel injection

In this type of injection, the fuel gun described above was replaced by
a gun of the same diameter but with the end closed. The fuel was
injected radially outwards and normal to the axial alr stream through
16 holes each of 5 mm diameter, spaced evenly én the periphery of the
fuel gun as shown in Figure 3.2.b. The outlet velocity of gas from this
gun was 30 m/s. The IinJection plane colncides wlth the end of the

parallel throat.

3.3.3 Peripheral fuel injection

Ta achieve this type of fuel injection, the burner throat and quarl
parts were redesigned and used with the original swirl generator as
shown in Figure 3.2.c., The main dimensions of the throat and quarl were
maintained as before. The gun shown at the centre of the burner is the
same gun described for the radial fuel injection mode. This gun was
introduced for two reasons. The first is to maintain the same geometry
for the swirled air inlet as for other fuel injection modes. The second
reason is to use this gun to introduce part of the combustion air in
some of the schemes to be tested. Two main schemes were used with this

fuel injection system as described below:

Schene 1
Two arrangements were tested in this scheme:
A~ In this arrangement , the fuel was injected through an annular slit

of 2.5 mm width around the periphery of the swirled air as shown in

Fig 3.2.c(A).
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B- Bame as A above, but instead of being introduced through the annular
slit, the fuel gas was injected through 60 holes, each 4 mm diameter
as shown in Figure 3.2.c{B). These were designed to maintain the
same area of the continues slot.

In both arrangements no air was supplied through the central gun.

Scheme 2
The main change from scheme 1 is that part of the combustion air (10%
of total) was supplled through the central gun in both arrangements, A

and B. The outlet veloclity of the air from this gun was 30 m/s.

3.4 FLOW SYSTEM AND REACTANTS

3.4.1 Gas flow line and flow rate metering

The gas flow lines which supply the pilot and main burner with natural
gas are shown in Figure 3.3.a. Natural gas from the maln site supply is
fed into the system through a manual gas valve GV1. Part of the gas is
diverted to the pilot via two solenold valves, SV1 and SV2. The pilot
utilises two supplies—- a pre-mixed support flame and a neat-gas primary
pilot flame. Before starting the pilot flame the valves SV1 and SV2
were checked for leakage by a special “provenseal" system. This systenm
creates a vacuum in the space separating these valves and checks if the
vacuum 1is maintalned for a certain period of time to ensure the
solenoids are leak free. The operation of valves SVi and SVZ2 is
controlled by the furnace main control panel. The pilot support flame
utilises compressed air from the NEL site main air supply. The
solenoid valve SV5 is provided to facilitate control of pilot ignition
through the remote panel.

The flow of the gas to the main burner 1is controlled through the
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solenoid valves SV3 and SV4. These were controlled remotely and checked
for leaks as described for the pilot. The supply pressure to the main
burner was boosted by a centrifugal blower to a maximum pressure of 300
mm water gauge to deliver the required mass flow rate. A bypass line is
provided for contrel of the boost pressure via valve GV2. Once the main
flame has Dbeen established, the pilot flame 1is switched off
automatically by the solenoid valves $V1 and SVZ2.

The gas flow rate was metered by a 25.4 mm (1 in)} bore square-edged
orifice plate with flange tappings. The plate, tappings and pipe length
upstream and downstream from the orifice were designed in accordance
with British Standard 1042. The pressure differences across the plates
and the pressure upstream of the plates were nmneasured with pressure
transducers. The temperature was measured by a thermocouple installed
upstream of the orifice plate location where it did not disturb the
pressure readings ., The pressure and temperature readings were relayed

to the control room using a special data acquisition system.

3.4.2 Air flow line and flow rate metering

"The air supply to the main burner is shown in Figure 3.3.b. The
compressed air is provided from a main facility serving the NEL site.
Due to various demands on this compressed air by other users, the air
supplied to the furnace suffers sometimes slight fluctuations in the
flow rate. The air flow was conlirolled by & hand operated valve
followed by a pneumatic operated one. The latter was adjusted from the
control room to ensure a constant flow rate within (ﬁ 1 %}. The =alr
flow rate was metered by a 44.45 mm (1.75 in) square-edged orifice
plate wlth flange tappings in the same way as described for the fuel

gas.
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3.4.3 The composition of natural gas

Detailed natural gas analyses were obtained from British Gas. A sample
of these analyses is shown in Table 3.1. The resulis of these analyses
indicated that, over the peried of the tests, the main fuel properties
were constant to within z 2 % for the caleriflc value and + 1.2 % for
the density and stoichiometric air requirements. The average values of
these properties are calculated and given in Table 3.2.

Table 3.1

Natural gas composition

constituent % by volume
Nitrogen 0.7330 Table 3.2
Carbon —dioxlide 0.5420 Average properties of naiural gas
Methane 94,298 ’ ’
Ethane 3.5980
Propane 0.6000 Steich fuel/air by vol.| (.101
Iso-Butane 0.0570
N-Butane 0.1180 Specific gravity, dry 0.600
Neo-Pentane 0.0030 (relative to air)

Iso=-Pentane 0.0180
Norentans Sapriee Net calorific valueNlij- 35. 32
lexane 2 0. 0000 i
Hexane 3 0.0070
Hexane 4 0.001C
Heptane 1 0.0000
Heptane 2 0.000C

3.5 FURNACE RUNNING AND SAFETY DEVICES

The furnace system was provided with advanced safety devices to avold
explosion and te protect all the parts serving the furnace. Extra care
was taken during the starting procedure. The starting and running of
the furnace was carried out remotely from the contrel rcom through a
special control panel (see Photograph 2) following the schedule

degscribed below :
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1-

Ensuring tﬁa water supply for cooling the furnace walls and probes.
When water flow rate or temperature as given by the turbine meters
and thermometers go outside specified safety settings the flame is
stopped automatically by temperature scan alarm and flow monitering
devices.

A gas alarm system type (GMI 1500} was installed to menitor the gas
concentration in the furnace block house and stack. The output given
from two detectors installed in the room and a third detector
installed in the stack were analysed continuously by a combustibles
analyser installed in the control room. The system would not allow
flame starting or flame continuation when the concentiration exceeds
safety limits set at 20 % of the flammable mixture. In practice
these concentrations were always observed to be zero.

Befeore the main manual gas valve was opened, the furnace chamber was
purged using the full loading air flow rate,

Before supplying naturai gas to the furnace, the gas flow lines were
checked for leak by the special provenseal system as explained in
section 3.3.1.

When all safety procedures explained above were successful, natural
gas was supplied to the sysltem to start the pilot flame. This flame
was detected by an ulira violet sensor and moniteored by a video
equipment system.

When the main flame was finally established the pilot flame was
switched off automatically and the plilot burner was withdrawn to
avoid interference with the flow. The gas was then boosted by the
centrifugal bicwer. The flow rates of gas and air were adjusted to

achieve the required firing rate and percentage excess air.
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3.6 VELOCITY AND STATIC PRESSURE MEASUREMENTS.

There are two means of measuring ilow velocity, namely, non-intrusive
means and intrusive means. The most common non~intrusive means are the
particle track and laser-~doppler anemometery (LDA) methods. The latter
Is the most promising tool for wvelocity measurements due to its
accuracy and non-interference with the flow. The Intrusive methods of
determining velocity involve insertion of probes in the flow. The pitot
tube method involves transfer of kinetic energy in to pressure energy,
while the heot wire anemometer involves measuring the rate of heat
transfer to a wire as it is affected by change in local gas velocity.
By contrast to the pitot tube method, hot wire anemometery method has
not been found suitable for flame measurements, as reported by Beer and
Chigier (1972) and Chigier (1974-a).

The five-hole pitot type probe has been found to be the most effective
and economic method for simultaneous measurements of the three
components of velocity and static pressure and therefore was used in
the present investigation, There is considerable evidence from LDA
tests carried out on this system, Ralston et at (1984), that the probe
readings are in agreement with LDA measurements. Similar work on other
systems by Ilillemens et al (1986) and Aokl et al (1986) support this

conclusion.

(i) Five-hole probe

The water-cocled probe used is an 8 mm diameter hemispherical-~nosed
probe designed and supplied by the IFRF. The probe tip contalns five
radially drilled holes, one on the centre and at the pole of the
hemisphere, the others are spaced equidistant from the first at an

angle of 45° (Figure 3.4). The length A~B is exposed to the flame while
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the rest of the probe passes through a water cooled probe carrier used
for traversing the probe inside the furnace. The principle of operation
of the probe (Chigier (1974-b)) 1s based upon the surface pressure
distribution around the probe tip. If the probe is placed in a flow
field such that the total mean velocity vector is at some angle to the
axis of the probe, then a pressure differential will be set up across
these holes, the magnitude of which wlll depend on the geometry of the
probe tip, position of the holes and the magﬁitude and direction of the
velocity vector.

In this study the pressure differentials for the five holes were read
simultaneously using five pressure transducers averaged over a pericd
of about 1 minute. Compared with micromanometers, these pressure
transducers have the advantage of hipgh sensitiviiy and rapid response
which are required in the regions of low velocity and density
encountered in the furnace. The principle of operation of these
transducers is found in (Chigier (1974-a))}. The Zero readings of these
transducers were set to within 0.010 mm water. The pressure transducers
were calibrated and found to be accurate to within - 0.005 mm of water.
The readings of these transducers were all driven by microcomputer
which was programmed to calculate the velocity components values using
the probe calibration equations. The calibration supplied with the
probe was checked before starting the present measurcments. The
calibration procedure and the use of the probe for velocity and static
pressure measurements are described in detail in the next section.

Due to the small size of the probe holes they are subjected to blockage
by dust or condensation of water vapour from the furnace gases thus
leading to erroneous reading. The probe holes were purged when required

with nitrogen through a special arrangement of solenoid valves and gas
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flow metering connected to the five probe holes. This arrangement was
designed to isolate pressure transducers during the purge cycle and was

driven remotely from the furnace control room.

3.6.1 Calibration and use of the five-hole probe

The probe calibration was checked for both velocity and static pressure
neasurements, The Leuckel calibration method recommended by Chedaille
and Braud (1972), was employed. Calibration of the probe was obiained

in terms of flow angle coefficient k velocity coefficlent kU and

o’
static pressure coefficient kp. The flow direction was defined in terms
of the conical flow angle ¢ and dihedral angle & shown in Figure 3.5.
These two angles are not known and therefore should be defined in term
of another two angles, one is the yaw angle @« and the other is the
pitch angle B. These latter two angles define the probe position in
the calibration rig. For convenience, the calibration procedure
including the derivation of the relation between these angles 1is
described first. The results of applying this calibration procedure
then follow.
i- The probe is inserted in a free air Jjet of constant velocity. The
velocity of this jet is measured by a standard pitot probe.
2~ The probe is mounted in a special attachment that allows the probe
to be rotated about its own axis to vary the yaw angle « and to be
tilted to vary the pitch angle B.
Using Figure 3.5 the derivation of the angles ¢ and 8 In terms of «
and B8 is given below.

The axial, radial and tangential velccity components are related to

the total velocity vectar V and the angles ¢ and 8 as fallows:

u =V cos ¢ (3.1)
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v =V gin ¢ cos & (3
w =V sin ¢ sing (3.
L ¥
® = tan = - (3.
u
-1 v
8 = tan = —— {3.
u

From eqn. 3.4,

W V sin ¢ sin &
tan ¢ ® — = = tan ¢ sin & (3,
u V cos ¢
From eqn. 3.5,
v ¥ sin ¢ cos &
tan 8 = — = = tan ¢ cos & (3.
u V cos ¢
manipulating equations 3.6 and 3.7 gives:
tan ¢ = i\/ tan® o + tan® B (3
substituting equation 3.8 in 3.6 give:
sin & =t —tan & (3.

v’/tan2 o+ tan2 B

.2)

3}

4)

5)

6)

7)

.8}

)

3- At each setting of ¢ and 8, the pressure differentials are measured

and the values of the coefficients k kv and kp are calculated from

¢’
the following equations (Chedaille and Braud (1972)):
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k¢ =;//.1_ (po“p1)+(po—p2}+{po*p3]+(po—p4] ‘ {3.10)
2 2 2 2
{p,~p, ) +(p -P,) +(p -p,} "+ (p -p,)

2
kK = v r (3.11)

v \
g Von—p1]+(po~p2)+(p0“p3}+(po~p41

282 (p -~ p )
K = ot (3.12)

Where P to p, are the pressure readings for the five holes and p is
the density calculated from the measured temperature. The values of
these coefficients are calculated for a wide range of ¢ and &
settings. The results obtained are therefore used to correlate ¢ in

term of k, also kU and k as function of ¢ as follows:

? p
o =Al k, + A3k, o+ As k,° (3.13)
$ ¢ ¢
k, = Ba + Be ¢+ Bs ¢ (3.14)
k=1+C[exp (-D 1 -1 1] (3.15)

For a perfect sphere, it has been found that the angle & is given by

the relation:

2 Py TR
d = tan W (316)

If the probe is sufficiently accurately manufactured, the error in
the value of 8 calculated from this eguation should not be more than
one degree. If this is not the case, a correction to the above

eguation should be implemented.




{i) Results of the calibration procedure

The calibration procedure described above was carried out oen  the
5~hole pitot probe inserted in a free jet of 2 m/s velocity. The probe
was set at a range of plitch angle B from -40° to +40° at intervals of
10°. At each pitch angle, the yaw angle a was varied from ~70° to +70°
at intervals of 10°. The whole calibration was repeated for a jet
velocity of 10 m/s to ensure the Independence of the calibration from
the Reynclds number. The results of both sets were identical. the

coefficients k kv, and kp were therefore plotted agalnst ¢. The

¢’
results were compared with the suppliers calibration provided with the
probe to check its validity. Figure 3.6.a shows the comparison for k¢
and kU and Figure 3.6.b for kp. It 1s seen from the figures that all
the <coefficients are in close agreement with the supplier’s
calibration. The original constants shown in the fipures were therefore
used in equations 3,13 to 3.15 above,

Finally the values of the dihedral angle calculated from the pressures,
Eqn. 3.16, (8cal) were compared to those from Lhe yaw and pitch angles,
Eqn. 3.9, (Sgn). The ratio k6= Sin/8cal was ploited versus 8cal for
the range of yaw and pitch angles covered during the calibration,
FFigure 3.7. The figure shows thal the ratio ka ig not consistently

equal to unity. Correction is therefore needed for the angle &cal. The

correction equation takes the following form:

dcor = (ka}B Scal (3.17)

The use of this relation represents an extension to the previous

standard calibration,
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{ii) The use of the probe

The probe was Inserted in the furnace with its tip facing the main
fiow. The pressure values P, to p, were taken by 5 pressure
transducers. The coefficient k¢ was calculated from equation 3.10, and
the angle ¢ was found from egquation 3.13 (calibration curve, Flgure
3.6.a). The angle & was obtained from equation 3.16 and corrected by
Equation 3.17 (Figure 3.7). Kv was calculated from equation 3.14
(calibration curve,Figure 3.6.a) at known value of ¢. The total
velocity vector was therefore found from Equation 3.11 and the three
velocity components from equalions 3.1 to 3.3.

For calculation of static pressure, the coefficient kp was given by

equation 3.15 (calibration curve, Figure 3.6.b) at known values of 4.

The statlc pressure was therefore calculated from equation 3.12.

3.7 TEMPERATURE MEASUREMENTS

Gas temperature was measured using a water cooled suction pyrometer
probe designed and manufactured by the IFRF. The probe consists of a
'Platinum~ 10 % Rhodium Platinum’ type thermocouple protected from the
chemical action of the gas by an impermeable ceramic shealh and placed
in a system of shields to isolate the thermocouple from the surrounding
radiation (Figure 3.8)., The figure also shows the probe cooling and gas
extraction details. The suction rate corresponds to a gas velocity of
150 m/s at the thermocouple hot junction. Errors resulting from suction
velocity, radiation and conduction were quantified through the test of
probe efficiency. The efficiency factor E depends on the pyrometer
construction, suctlon velocity and the gas temperature and is given
below by Chedaille and Braud (1972):

_ Ta -To

E = g,
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where Tm 1s the measured gas temperature, To is the equilibrium gas
temperature without suction and Tg¢ is the true gas temperature. The
value of the efficiency facter E is found from the curve of the
response of the pyrometer (Figure. 3.9) where the shape factor I shown

in the figure is defined by:

where T, and T _are the times necessary to achieve equilibrium for the
thermocouple without and with suction respectively. The values of T,
and T were found from experlmental test as shown in Figure 3.10. This
test has shown that the efficiency of the pyrometer was 99 %

Temperature readings were therefore not corrected.

3.8 NOx MEASUREMENTS
The section which now feollows cdescribes the special procedures that

were followed in sampling and measuring NOx concentrations.

3.8.1 NOx sampling conditions

In order to obtain a representative sample, the chemical constitution
of the sampled mixture should be maintained. The mixture to be sampled
is generally in a process of more or less rapid evolution. This
evolution process must be stopped quickly by a suitable cooling process
in order lo freeze any further reaction in the probe or sampling line.
Cooling the sample down to a temperature of 300°C is sufficient to
freeze these reactions (Chedaille and Braud [(1972)). Excessive,
uncontroiled cooling of the gas sample could lead to water vapour
condensation along the sampling system. The problem of surface

absorption of NOx on the probe and sample line is aggravated by the
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presence of filme of moisture and hence is most serious when sampling
wet gases from flames {Allen (3973) & de Soele {1989}). Furthermore,
almost all gas analysers are subject to serious interference from
water. This effect has been observed in the chemiluminescent analyser
used in the current measurements. The use of desiccants has been found
to absorb nitrogen dioxide NOz to varylng degrees. Cold traps also
remove NOz and water vapour simultaneously (Allen (1973)).

For the above reasons the sampling system used in the current
measurements has been degigned to maintaln the sample temperature close
to 150°C.

Choosing the probe material is also important {for NOx sampling to
ensure no probe reactions or surface ageing with the sampled gas. A
system of a water cooled stainless steel probe and a teflon heated
sample line has been found satisfactory for NOx measurements by Allen
(1973) and Tuttle et al (1974). Stainless steel probes were also used
satisfactorily by Oven et al (1978), Sadakata et al {(1980), Ahmad et al
(1984), and Mulholland et al (1987).

A water cooled stainless steel probe and a tefion sampling line were
therefore used in the current measurements. The receiving part of the
probe was lined with gquartz to avoid the possibility of ageing,
especially at the high temperature region.

In order to withdraw a local representative sample isokinetic sampling
is generally recommended. However, Iin turbulent recirculating flows
isokinetic sampling is difficult to achieve due to the large velocity
fluctuvations especially in the recirculating zones. It is reported by
Oven et al (1978) that for such conditions it may be impossible to
obtain a properly representative sample either with or without

isckinetic sampling. In the present work, the suction velocity was

49




adjusted to be 15 wm/s which is approximately the average flow velocity

in the furnace.

3.8.2 NOx sampling system

The NOx sampling system consisted of three maln parts, these parts
being,

{i)- NOx sampling probe

(ii)- heated sample line

{iii)- Chemiluminescent analyser

Delails of each part are described below.

(i) NOx sampling probe

The probe used was a modification of water-cooled stalnless steel probe
designed and supplied by the IFRF. Figure 3.11.a shows the probe in its
initial configuration. The tip length A-C is exposed to the flame. The
sample tube length D-E passes through the water coocled probe carrier
to convey the sample to the heated sample line.

Before the measurements were started, the probe performance was tested
-In the furnace under a range of operating conditions. Two thermocouples
were fitted to moniter the sample temperature at points 0 and E of
Figure 3.11.b. Very low sample temperatures at D and E were observed
and condensatlon of water vapour occurred inside the probe and the
analyser. This problem 1s caused by the excessive cooling rate of the
probe tip and further heat loss from the sample tube to the cooling
water tubes within the probe carrier. The probe cooling system was
therefore modified to control the sample gas temperature at D to 300 °c
and at E to close to 150 °C. This control has been achleved as

follows:
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1- Controlling the cooling water temperature supplied {o the probe. A
bypass system was arranged to mix some of the hot water return from
the probe with the fresh cold water supply. To protect the probe
against overheating, the return water temperature was monitored to
avoid evaporation, and possible probe damage, Figure 3.11.b.

2- Insulating the probe cooling water tubes 1n contact with the sample
tube, length D~E, teo prevent heat loss to the carrier and cooling
water tubes.

3~ To compensate for any further heat losses the sample tube D~E was
electrically heated wusing a specially designed heating system with
low voliage variable power supply.

The above sampling system provided complete contrel of the gas

temperature under all the operating conditions considered.

{ii) Heated sample line

A teflon flexibie heated sample line (type Signal 530) of 10 m long was
employed to carry the gas sample from the probe to the NOx analyser.
The temperature of the sample was maintained in the heated line at

150°C using a temperature controller.

(iii) Chemiluminescent analyser

A chemiluminescent analyser {model AAL 443), manufactured by Analysis
Automation Ltd was used for the NO/NOx concentration measurements. The
analyser detects and measures nitric oxide (NO) using its
chemiluminescent reaction with ozone (03)., The ozone is pgenerated
internally within the instrument and after the reaction any residual 03
Is catalytically destroyed. The analyser can also measure the sum of

the concentration of NO and NGz (the sum being called NOx) by means of
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a catalytic cénverter in which the NOz is changed to NO before entering
the measuring system.More details about the principle of operation are
given by Allen (1973). The analyser was calibrated against a standard
sample of 100 ppm nitric oxide (NO} concentration. The calibration was
checked before and after each traverse. The maximum drift in the
calibration was found to be within +2 % of full scale. The time-mean
NOx concentration wvalues to be presented are those averaged over a
period of one minute after allowing sufficient time for purging of the

old sample from sample line and analyser.

3.9 MEASUREMENT OF €O, COz2, Dz and HC CONCENTRATIONS

For concentration analysis of CO, CO2 and D2 species, the sample was
withdrawn through the NOx sampling probe described in section 3.3.2 at
the same time as for the NOx measurements. Rather fLlhan going through
the heated sample line, the sample was passed through a tee Junctlon to
a separate line contalning a water trap, condenser and chemical dryers
before being introduced to the gas analysis equipment. This drying
process is needed to prevent water vapour Interference with the gases
analysed. Since the hydrocarbon sampling conditions are similar to NOx
conditions, the sample passing through the heated sanple 1line was
branched to the HC analyser for hydrocarbon measurements.

Infra-red analysers, manufactured by Analytical Development Co Ltd type
{3M/24~4052) and (4L/24-4051) were used for CO and CO2 analysis
respectively. For 0Oz, a paramagnetic analyser, manufactured by Taylor
Instrument Ltd (model 0A. 570) was used. Details of the principle of
operation of these analysers are found in (Chedaille and Braud (1972)).
For HC analysis, a hydrocarbon analyser manufactured by Signal (series

3000) was used. All the analysers were calibrated against standard
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gases of known concentrations, at least dally.

3.10 DATA ACQUISITION AND TRAVERSE SYSTEM

The acquisition of aerodynamic, temperature and concentration data was

largely automated and carried out as shown in Figure 3.12. For each

measurement, the required probe was mounted on a special traverse

system driven by a stepping motor which facilitate accurate positioning

of the probe. The traversing system was controlled by a microcomputer

through a traverse controller which gives probe positioning within + 1

mm. The data was scanned by a Hewletti-Packard (HP) scanner of 80

channels each contreclled by the computer for a certain reading. The

acquisition of aerodynamic, temperature and concentration data 1is

summarised below:

1~ Temperature measurements were carried out first using the suction
pyrometer. The scanned data was processed by the compuier using the
thermocouple callibration.

2~ The aerodynamic measurements were carried cut next using the 5-hole
probe . The reading of the pressure were taken by the 5 pressure
transducers, which gave voltage signals scanned by the HP scanner
and processed by the computer using the probe calibralion described
in section 3.5

3- Finally concentrations measurements were taken using the sampling
probe. The readings given by the analysers were scanned contlinuously
and processed by the computer wusing the calibration of each
analyser.

All the data acquired were stored on disk for further analysis.
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CHAPTER 4

EXPERIMENTAL RESULTS

4.1 EXFERIMENTAL PROGRAMME AND TEST CONDITIONS

This chapter reports the experimental measurements performed in the
present work for the three fuel injection modes, central axial, central
radial and peripheral fuel Ilnjection. Two schemes of peripheral fuel
injection were tested. The main purpose was to study the flow and
combustion patterns and how they change with the input parameters,
particularly swirl.

This section is designed to define the range of the measurements and
also give a brief description of general flame behaviour in each method
of fuel injection.

The experimental measurements could be classified into two maln groups:
1= In~furnace measurements:-—

These correspond to the experimental measurements covering complete
mapping of the aerodynamic patterns (three time-~average veloclty
components and static pressure) and the combustion patterns
(temperature and species concentrations~ usually NOx, CO, COz, 0z and
HC) in the furnace. These measurements were taken under fixed firing
rate of 400 KW and fuel equivalence ratio (¢) of 0.95 (5% excess air).
The range of swirl numbers studied in these tests was 5=0.0, 0.45, 0,9
and 2.25. In each method of fuel injectlon, meagurements covered the
swirl settings where stable flames were passible.

2- Stack measurements:-

Concentrations of NOx, CO, COz and Oz were measured for 400 KW firing

rate wunder variable input fuel equivalence ratio, ¢. since the
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objective of these measurements is to study the pollutant formation,

the discussion will be focused on HKOx

and CO measurements. These

measurements were repeated for a lower firing rate of 360 KW. The tests

carried out at the lower firing rate have shown no major differences

from those performed at 400 KW. An example will be given in Sec 4.3.4.

The conditlons under which the measurements were taken for the three

fuel injection systems are summarised in Table 4.1.

?able 4.1

Test conditions

Fuel injection
mode

Conditions for in-
furnace measurements

Conditions for
stack measurements

Peripheral
Scheme 1- A

Scheme 1~ B

Scheme 2- A

Scheme 2- B

¢ = 0.95, 400 KW,

S =0.9, 2.25,
complete mapping of
flow patterns and
combustion patterns

¢ = 0.76 to 1.33,
360 and 400 KV,
S =0.9, 2.25

Same as above

¢ = 0.76 to 1.33,
360 and 400 KXW,

S =0,0, 0.45, 0.9
and 2.25

Same as above

Central axial

¢ = 0.95, 400 KW,

S = 0.9, 2.25,
combustion patterns
(near burner zone)

¢ = 0.83 to 1.11,
360 and 400 KW,
S= 0.9, 2.25

Ceniral radial

¢ =0.95, 400 KW,

S=0.0, 0.45, 0.9

and 2.25,

compleie mapping
of NOX

¢ = 0.71 to 1.33,
360 and 400 KW,

S =0.0, 0.45, 0.9
and 2.25

The following sections describe the range of measurements performed for

each of the three fuel injection modes.
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flame behaviour in each case is also given.

4.1.1 Peripheral fuel injection
Two main schemes have been tested in this system as indicated in
section 3.3, 3:
Scheme 1
In this scheme, two arrangements were tested, as follows :

A- The fuel was injected through continuous slot, Fig 3.2.c(A).

B- The fuel injected through discrete holes Iinstead of the

continuous slot, Fig 3.2.¢(B).

These two arrangements have shown virtually the same flame behaviour,
In both arrangements, it was found that the flame cannot be established
without a certain degree of swirl. The minimum swirl intensity required
to achieve stable flame corresponded to burner swirl number, S = 0.8,
Above this swirl wvalue the flame was compleifely stable and blue.
However it should be Jindicated that because one of the swirls
investigated in these flames (8=0.9) was close to that minimum limit,
the flame with this swirl was characterised with some non—-unlformity in
‘shape as compared with the higher swirl flame (8=2.25). Since
arrangement A is regarded as the basic system, the two detailed groups
of measurements, described above, were performed in this system. These
measurements were taken only for 5=0.9 and 2.25. The in-furnace
measurements were taken for the following variables:

a~ Temperature

b~  Three time-average velocily components and static pressure

c- Concentrations of NOx, COz, CO, 0z and HC.
The measurements were taken at 13 planes along the furnace, Fig 3.1.b.

These planes were located at axial distance from the burner quarl exit
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of 45, 80, 110, 160, 200, 300, 545, 800, 1045, 1300, 1800, 2300 and
2800 mm respectively.
Comparing the two arrangements, A and B, the flames were seen to be
virtually ldentical in general size and appearance. The similarity in
behaviour was confirmed by the stack measurements. It was considered
therefore thalt for practical purposes the two flames were identical.
Consequently full data was taken for arrangement A and only these
results are presented and discussed.
Scheme 2
The main objective of testing this scheme was to investigate the
possibility of achleving stable flame without the need for swirl. Part
of the combusticon air was introduced radially outwards from the central
gun (Fig 3.2.c) with:

A- Fuel injection through continuous slot,

B- Fuel injection through discrete holes.
{(these two arrangements have the same geometries as A and B of
scheme 1).
Introducing part of the combustion air in these two arrangements has
achieved the objective indicated above. The blockage created by this
alr flow allows the formation of a central recirculation zone (CRZ)
which provided the required stability. In these two arrangements, only
the stack measurements were taken for the four swirl numbers of
S = 0.0, 0.45, 0.9 and 2.25 respectively. No significant difference was
found between the results for these two arrangements, thus only the

measurements for arrangement A of Lhis scheme will be described.

4.1.2 Central Axial fuel Injection

For this type of fuel injection, it was found that the flame cannot be
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established without swirl. The minimum swirl intensity required to
achieve a stable flame corresponds toe S = 0.8. Greater than this swirl
number (S5=0.9 and S=2.25) the flame was stable but virtually
characterised with non-uniformity and yellow colour, Due to the
observed inferior characteristics of this flame, the measurements were
concentrated only on the combustion patterns (itemperature and species
concentrations). The in-furnace measurements were taken for temperature
and NOx, CO, COz and 0z concentrations. These measurements were taken
at two axlal positions of 45 mm and 200 mn from the burner exit.
Hydrocarbon measurements were not taken because the HC analyser was not
avallable during the time of these measurements. However these results
could be inferred from the CD measurements. The stack measurements of

pollutant were alsoc performed.

4.1.3 Central Radial Fuel Injection

This system had been investigated by Beltagui et al (1988-c¢) and
{1989). It had been found that the flame was slable without and with
swirl. Measurements of temperature, CO, CD2z and 02, three time-average
velocity components and static pressure in this system were reported in
the above references. All these measurements were carried out under the
conditions described for the in-furnace measurements. The present
author has contributed to some of these measurements, in particular
those reported by Beltagui et al {1989) (Appendix). These results will
not be described further in this chapter. However, these are used in
discussions and alsc for the comparisen with other injection modes in
the nexl chapter. In the present work, complete mapping of NOx was
carried out in this system as reported by Kenbar and Beltagui (1990).

NOx measurements in the stack were also taken. Hydrocarbon measurements
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were not taken for the same reason mentioned earliier.

4.2 PRELIMINARY TESTS

Before stariing the detailed measurements described above and also at
the conclusions of each series of measurements, Lests were carried out
to ensure repeatability of the measurements. These tests covered each
variable measured and were carried out at the axisl position of 160 mm
from burner exit. Figures 4.1 - 4.3 show samples of the results taken
for scheme 1-A of the peripheral fuel injectlion. Each figure represents
measurement of one of the three probes used in thls study. Figures
4.1(a,b} show the repeatability of the temperature measurements for
S = 0.9 and § = 2.25 using the suction pyrometer. Figures 4.2(a,b) show
the repeatability of axial velcclty measurements using the flve-hole
probe and Figs 4.3{a,b) for the CO measurements using the sampling
probe, Satisfactory repeatability was obtained for all the wvariables
measureaq.

The effect of probe presence in the flame on the local value of each
variable measured was also investigated by traversing the probe through
two ports, radially opposite, at the 160 mm downstream position. All
swirl numbers were also covered In this test. Samples of the results
are shown in Figs 4.4 - 4.6 again for the three variables of
temperature, axial velocity and CO concentrations. These figures also
show that the probes used in the present investigation caused no

noticeable disturbance to the flame.

4.3 PERIPHERAL FUEL INJECTION- SCHEME 1

The in-furnace measurements as defined in Sec 4.1 are described below

in Sections 4.3.1-4,.3.3 and the stack measurements in Section 4.3.4.
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4.3.1 Temperature distributions

The full temperature measurements are presented as temperature contours
in Figs 4.7(a,b) for 8 = 0.90 and S = 2.25 respectively. Samples of
temperature profiles are also shown in Figs 4.8{a-c) for three axlal
positions along the furnace, X = 45 mm, 160 ‘mm and 545 mm. These
figures give an indication of the effect of swirl on the degree of
combustion as well as the symmetry of the flame. The profiles shown in
Flgs 4.8(a-c¢) illustrate good degree of symmetry. However, it is
noticed that there ig slight asymmetry in the low swirl case (S = 0.9)
and at planes near the burner zone. The maln reason of this observation
is the non-uniformity of the width of the slot used for the fuel gas
injection. Similar observations were also reported by Beltagul and
Maccallum (1988).

The temperature contours given in Figs 4.7(a,b) show that the maximum
temperature and steepest radial temperalure gradients occur nearer to
the burner as swirl is increased from 0.9 to 2.25. However, f{urther
downstream, these gradients decay much more rapidly al the higher
swirl. For the high swirl there is virtually no radial variations in
temperature from the plane 1 m downstream o©of the burner, onwards.
However, for the lower swirl, radial temperature gradients are evident
even at furnace exit. Thus, increased swirl bpot only increased
combustion intensity, but also enhanced the stirring of the post-flame
gases.

The temperature contours also indicate that combustion starts wlthin
the quarl, a fact emphasised by the gas concentrations described in
section 4.3.3.

The temperature is mostly uniform within the central recirculation zone
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{CRZ). In both these cases, which are at medium to high swirl levels,
the gases feeding the CRZ from douwnstream are products of combustlon.
The temperature at the centreline is always close to the maximum
temperature measured at this traverse plane. Consequently the plots of
centre line temperature and maximum temperature along the furnace, Figs
4,9(a,b} are virtually identical.

The temperature peak moves closer to the burner as swirl is increased
from 0.9 to 2.25. Downstream from the peak it decays to the exit value
at a rate which is roughly proportional to the swirl strength.

Within the peripheral recirculation zone (PRZ}, Figs 4.8(a-c) show that
for both swirls the gas temperature decreases from about 1000°C at 545
mm to about 600°C at 45 mm. This temperature decrease is the result of
the mixing with mixtures which are still reacting and heat loss to the

furnace walls.
4.3.2 Aerodynamics and static pressure distributions
Descriptions of profiles of the three time-average velocity components,

flow boundaries, and static pressure distributions are given below:

(i) Axial velocity profiles

These profiles are given in Figs 4.10{a,b). The forward and reverse
flow boundaries in each level are defined by these profiles. The axial
velocity profiles show that for the two swirls tested, the flow
patterns are essentially the same, type D, according to¢ the
classification of Beltagui and Maccallum (1976). In this pattern, near
the burner, the flow consists of CRZ surrounded by an annular jet
containing the main forward flow. Outside the forward flow a weak PRZ

extended to the walls. The very low PRZ velocity observed here Iis a
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result of the low confinement- manifested in a furnace to quarl
diameter ratio of 5.

For the forward flow, the wvalue of peak velocity increases with
increased swirl. The high velocity gradients at the boundaries of the
forward flow increase even further with increased swirl. These
gradients represent enhanced shear at the jet boundaries. This explains
the higher mixing and combustion rates hence the short intense flames
associated with the high swirl flows.

The rate of decay of maximum velocity along the furnace is accelerated
at high swirl, as shown by Fig 4.11. This indicates that the rate of
Jjet area expansion exceeds the gas volume expansion at these points.
Figure 4.11 also demonstrates the recovery of the centreline axial
velocity along the furnace. It is noted that at the higher swirl the

final recovery is not quit as complete.

(ii) Flow boundaries

Figure 4.12 illustrates the boundaries of the forward flow, thus
indicating the central and outer recirculation zones for the two swirls
'S = 0.9 and 2.25. For the first 250 mm distance from the quarl exit,
the jet radial expansion 1ls nearly the same for both swirls. Further
downstream, the jet radial expansion is shown to increase with swirl,
thus bringing the jet impingement point nearer to the burner- from 0.8
mat 8§ = 0,9 to about 0.6 m for 8 = 2.25. A central recirculation zone
(CRZ2} is seen to exist in both cases, Both the length and maximum

diameter of this zone are larger in the higher swirl case.

(iii) Tangential velocity profiles

These profiles are presented in Figs 4.13(a,b). The tangential velocity
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values are an indication of the local swirl strength which contributes
to mixing and combustion. The high swirl jet approximates to the usual
Rankine-vortex flow with solid body central rotation surrounded by an
outer free vortex.

At planes between the furnace Iinlet and about 300 mm downstream, the
tangential velocity values in the high swirl case (Fig 4.13(a)} are
about twice the corresponding values at the lower swirl (Fig 4.13(b}}.
Despite these high differences, the tangential velocities in both
swirls decay to wvery low value by about 800 mm downstream. This
indicates that when swlrl 1ncreases, the rate of decay of tangential

velocity aleng the furnace also increases.

(iv) Radial velocity profiles

Figures 4.14(a,b) show the profiles of the radial velocity, In these
profiles, the sign convention is that in the upper half of the diagram,
positive values correspond to inward radialnvelocity components. In the
lower half of the diagram, the convention is reversed. Thus for a
perfectly symmetric Jjet, the distributions should be diagonally
symmetric.

Before describing these profiles, it should be stated that, while there
is reasonable confidence in the probe measurements for the axial and
tangential velocity, it 1s believed (Beltagui et al (1988-a) and
Beltagui et al (1988-b}), that the probe measurements exaggerate the
radial velocity values, particularly in the regions of peak radial
velocity. Consequently, excessive rellance should not be placed on the
measured radial velocity profiles.

In general the radial velocity component Is an indicator of the jet

spread in direction and magnitude. Both the magnitude of the radial
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velocity and its rate of decay along the furnace Increase with swirl.
These trends are consistent with the jet expansion behaviour suggested

by the axial velocity distributions.

(v} Static pressure profiles

Static pressure distributions are shown in Figs 4.15(a,b). All pressure
values are below ambient pressure with minimum values near the burner,
These distributions are similar to those generally observed in enclosed
swirling jet flows in furnaces, with greatest depressions at and around
the centre of the jet and uniform pressure distributions within the
recirculation flow =zones. Increased swirl Increases the centreline
depression resulting in a larger CRZ. In the case of the lower swirl
(S = 0.9), the pressure approaches uniformity beyond 80 mm from quarl
exit, while at the high swirl (8§ = 2.25), the pressure becomes uniform

only after 300 mm downstream.

4.3.3 Species concentrations

(i) Concentrations of JIC, CD, COz and Oz

Complete contours of each of the above species are given in Figs
4.16 - 4.19 respectively. To study the effect of swirl on the
concentration of each species, radial profiles are presented in Figs
4.20 - 4.23 for the two axial positions of 45 mm and 160 mm from quarl
exit. To assist the discussion and to draw the relation beiween CO, CO2
and 02, sample profiles of these specles are given in Figs 4.24 - 4.26
for axial positions of 45 mm, 110 mm and 300 mwm respectively. These
pianes were chosen because they are clese to the burner zone where it
is wished to infer local combustion information. This information

include how the degree of mixing. combustion intensity and flame size
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are related to swirl. As shown by the contour plots (Figs 4.16 - 4.19),

beyond 300 mm, concentratlens of CO and HC decay to zero, and COz and

0z attain their uniform concentrations of 11.5 % and 1 % respectively.

These concentrations indicate completeness of combustiion at the 5 %

excess alr.

The cconcentration profiles shown in FPilgs 4.20 - 4.23 exhibit the same

degree of symmetry as described for the temperature profiles.

On detailed analysls of the radial profiles given by Figs 4.20 - 4.23,

the following comments can be drawn :

a~ The flame envelope is larger in the case of § = 0.9. This is shown
clearly by the contour plots of all species. From the CD contours
(Fige 4.17(a,b)), it can be estimated that the flame diameter {for
the low swirl case (8=0.9) is about 1.3 times the flame diameter at
the higher swirl.

b~ The minimum value of C0O2 at the first measuring section, 45 mm from
burner exit (Fig 4.22(a)), varies between 2.5% and 4.0% , indicating
that combustion commences within the quarl. This is confirmed by the
maximum value of 0z concentration at this section (Fig 4.23(a)), of
14.5 percent which is significantly lower than the concentration of
02 in air.

c- In the forward flow region, and at axial distance, X < 300 mm, the
concentrations of HC and CO are higher in the case of S = 4.9. This
shows that the degree of mixing and consequently completeness of
combustion are lower. This 1is also confirmed by the lower
concentrations of CO2 and the higher concentrations of 0z in this
region as illustrated in Figs 4.24 - 4.26, As swirl is increased,
high CO2 peak concentrations are observed in the annular forward

Jet, and correspondingly lower 02, CO and HC, consistent with
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increased combustion intensity.

d- Within the CRZ, concentrations of HC and CO are nearly zero in the
cagse of § = 2.25. However, for S = 0.90 small concentrations exist
until the axial position of 160 mm. Thls is indicating that the CRZ
of the lower swirl flame receives mixtures with reactions still in
progress. Beyond 160 mm downstream these concentrations start to
disappear.

e- In the outer recirculation region, very low concenirations of €O and
HC are observed in both swirls (see Filgs 4.20 and 4.24 ~ 4.26). This
indicatles that, more reactions take place at the outer boundary of
the forward jet flow than at the inner boundary adjacent to the CRZ.
Gases circulating in this region are therefore mainly the products

of complete combustion.

{ii) NOx formation

The results of NOx measurements are presented in Figs 4.27(a,b) as
contours of the NOx conceniration field for the two swirl settings
surveyed. Some 1illustrative radial NOx profiles at three planes are
presented in Figs 4.28(a-c). These results are discussed in relation
with the temperature and aerodynamic fields described in sections 4.3.1
and 4.3.2. Fer the present discussion, the flow field can be divided

into four zones:

A-  The main reaction zone (forward flow zone)
B- The central reverse-flow zone (CRZ).

c- The fully developed flow zone

D~ The peripheral recirculation zone (PRZ).

Most of NOx formation takes place in the reaction zone {forward flow

zone leading to uniform concentration distributions in the fully

66




developed flow zone.

The processes occurring in these zones are now discussed.

(A)- The reaction zone:

This region covers the area containing the forward flow of the fresh
mixture discharged from the burner. It is regarded as extending to the
peint where NOx concentration becomes uniform across the whole radial
profile. Figure 4.28(c) shows that with both swirls these are uniform
concentrations after 500 mm downstream. The reaction =zone is
characterised by steep gradients of NOx concentration in both the
radial and axial directions. The rate of NOx formation follows closely
the rate of the main combustion reactions as 1indicated by the
temperature and main species concentrations. Comparison of the NOx
profiles at 45 mm from burner exit (Fig 4.28(a)) with those of the
temperature (Fig 4.8(a)) show that NOx profiles are similar to the
temperature profiles for each swirl case. On moving to the distance of
545 mm downstream from the burner exit, it seen (Fig 4.28(c)) that the
NOx profiles have become much more uniform across the furnsce. It is
also seen that the NOx levels are significantly higher for the lower
swirl case (S=0,9}. The higher values with lower swirl cannot be
completely explained by the temperature variation alone. The fellowing
factors must alsc be considered:

a~ Longer residence time, due to the lower local reaction rate.

b- Higher fluctuations in the concentrations as observed generally from

the shape of the flame as indicated in Sec 4.1.1.

(B)- The ceniral reverse-flow zone (CRZ):

The flow entrained into this zone has mainly come from the forward flow
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described above. Thus NOx concentrations in this zone will be the
result of concentrations entrained from the forward flow and possibly
due to further reactions in this zone. The profiles of NOx (Figs
4.28(a,b}) and the corresponding temperature profiles (Figs 4.8{a,b))
show thalt NOx concentration within this region 1is mainly due to the
entrainment from the forward flow and not due to reactions within this
zone. This is clearly shown at the 45 mm axial distance, Fig 4.28(a).
It is seen from this figure that although the temperature within the
CRZ is lower for S = 0.9, NOx concentrations in this region are higher,
At the next axial position of 160 mm distance the temperature levels at
both swirl settings are about the same, yet higher levels of NOx are
observed at the lower swirl (S=0.9)}. These findings of higher NOx in
the 1low swiril case are attributed to the same factors of Ilonger
residence time and greater concentration fluctuatiens, already

described in the previous paragraph.

(C}- Fully developed flow zone:

This reglon covers the flow downstream from the reaction zone. In both
" swirl settings, constant NOx concentrations were measured throughout
this region and these equal the value measured at the stack, The NOx
present in this region derives primarily from the NOx formed in the
reaction zone (A). Consequently one would expect from the discussion
above that the lower swirl will give the higher NOx values. This is
confirmed by the results where NOx concentration iIs 26 ppm at S$=2.25

and 32 ppm when S$=0.9.

(D)- The outer recirculation zone {PRZ):

The flow circulating in this region is a mixture of flows come from the
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fully developed flow zone and the reaction zone. Figures 4.28(a,b) show
that NOx concentrations in each swirl case changes from one plane to
another until it reaches the fully developed value (Fig 4.28(¢)}. Since
the c¢ontribution of the fully developed region to the NOx
concentrations in the PRZ 1is higher than the reaction zone
contribution, NOx values in the PRZ in the lower swirl case are higher

at all planes- Figs 4.28(a-c}.

From the analysis of NOx results described In paragraphs A-D above it
could be summarized that:- NOx formation in these flames has been
mainly affected by the flame temperature, residence time of hot gases
in reacilon region and the concentration fluctuations. The last two of
these factors are considered to be the cause of the higher NOx values
in the lower swirl case. These factors confirm that NOx has been formed

mainly by the thermal mechanism in this system.

4.3.4 Stack measurements

The second group of measurements was aimed at finding the effect of
fuel equivalence ratio {¢) upon pollutant formation (CO and NOx) as
measured in the stack. The tests covered the conditions described in
Section 4.1. The fuel equivalence ratio range was 0.76 (30% excess air}
to 1.33 (25% deficient air). Most of the tests were carried out under
the same input firing rate of 400 KW, However due to control
limitations a few tests had to be performed at the lower firing rate of
about 360 KW. The effect of this reduction upon the results is
negligible as shown in Figs 4.29 for NOx. The results will be therefore

be described for the 400 KW only.
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(i) CO concentrations

The variation of CO concentratlons with ¢ is given in Fig 4.30C for the
two swirls tested. It is seen that the swirl change within the range
tested has negligible effect on CO concentrations. For lean mixtures
with excess air higher than 5 %, no CO concentration is observed,
indicating completeness of combustion. At stoichiometriec equivalence
ratio, low concentrations of CO are observed even for the high swirl
case, This is showing that, however high the swirl 1is, perfect mixing
on the micro-scale can not be guaranteed . In this system excess air of
5% appears to be sufficient to guarantee complete combustion.

When equivalence ratio (¢) was increased above the stoichiometric
value, CO concentrations increased proportiocnately. A value of 6.5% is

reached al ¢ = 1.33 (25% deficient air).

{ii) NOx concentrations

The results of these measurements are shown in Flg 4.31 where

concentrations of NOx are given in mg/Nm3 (N = normal) corrected to 3%

0Oz. At each value of ¢, the lower swirl exhibits higher NOx

concentrations which is consistent with the reasons for NOx formation
within the reaction zone given in Sec 4.3.3 above. On detailed analysis
of Fig 4.31, the following comments can be made:

1- In beoth swirls tested, maximum NOx concentrations were measured at
slightly on the lean side of the near stoichiometric equivalence
ratio, ie at about ¢ = 0.95 (5% excess air). This is due to the
condition of high temperature and availability of oxygen.

2—- Increased excess alir gave significant decrease in NOx formation.
This trend jis seen to continue to the maxlmum excess air tested of

30% (¢ =0.76) in both swirls.

70




The formation of NOx is mainly dependant upon high temperature and
to a lower extent, high 02 concentration. This condition cccurs in a
very leocalised adiabatic region where combustion products and
unused oxygen coexist. Although Increased excess air increases Oz
concentrations, the effect of the lowering flame temperature is seen
to be the conirelling factor.

3- At fuel rich mixtures (¢ > 1.0), NOx exhibits very sharp decrease as
¢ was increased, this trend being the same for bath swirls,
As mentioned above, the farmation of NOx is dependant upon high
temperature and high 02 concentration. ¥For rich mixtures the
effects of lower temperature and lack of oxygen both work towards
reducing NOx formation.
Some of the measured NOx could be formed within the flame zone by
the prompt mechanism although this is unlikely within the relatively

limited range of ¢ tested.

From 2 and 3 above, it is concluded that for this system, both air and

fuel staging can be used to suppress NOx formation,

4.4 PERIPHERAL FUEL INJECTION- SCHEME 2
The main difference hetween this scheme and the one described as scheme
1 above lis the introduction of part of the combustion air through the

central gun, Fig 3.2.c¢(A). This air from the gun is introduced radially
outwards across the main alr stream.

Measurements were performed in the stack only. Concentrations of CO and
NOx were measured for different input fuel equivalence ratio
(0.76< ¢ <1.33}. Since the flame in this system was stable without and

with swirl, four swirl values were tested, S = 0.0, 0.45, 0.90 and

71




(i) CO concentrations

The results, glven in flgure 4.32 show that, for the range of ¢ tested,
all swirls exhibit same O concentrations wvariation. Complete
combustion in all cases occurred at ¢ = 0.95 (5% excess air and above).
The discussion of CO results offered in section 4.3.4 does also apply

here.

(ii) NOx concentrations

These results are given in Fig 4.33. It 1s seen that the maximum NOx
concentrations are measured when ¢ = 0.95 (5% excess air) in all
swirls. The explanation for the peak cccurring at this value is the
same as that given for scheme 1 in paragraph 4.3.4(ii). It also noted
that the wvalues of NOx at this equlvalence ratio are slightly higher
for 8 = 0.0 and 0.45. The main reason for this observation is the
longer residence time associated with longer flame In these swirls.

At mixtures with excess air higher than 5% (¢ < 0.95), all swirls
except S = 0.0 show similar decrease in NOx formation. The main reason
for this decrease 1is the lowering of flame temperature at increased
excess alir. However, in the case of no swirl, the effect of the
decrease in mean Ilame temperature seems to be balanced by the greater
cancentration fluctuations.

At fuel rich mixtures (¢ > 1), a sharp decrease in NOx formation is the
result of decreased 02 concenirations and reduced flame Lemperature
simultaneously.

These results indicate that both fuel staging and air slaging can

reduce NOx formation in this system. However, air staging is expected
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to be more effective due to the steeper decrease in NOx formation on
the fuel rich side as compared with the fuel lean side. This difference
between rich and lean sides had been less noticeable when using

scheme 1.

4.5 CENTRAL AXiAL FUEL INJECTION

The representative samples of measuremcnts taken in this system were
concentrated mainly on the pollutant feormation. The aim was to guantify
the poor characteristics of Lhis flame as desecribed in Sec 4.1.2 and to
use the data for comparison with other injection modes in the next
chapter. As mentioned in Sec 4.1.2 it was possible to obtain a stable

flame only at medium and high swirl settings (5=0.9 and 2.25).

4.5,1 Temperature measuremenis

The main objective of temperature measurements in this sysiem was to
assist the analysis of NOx formation in the flame. They also indicate
any departure from flame symmetry and the effect of swirl on mixing.
Figures 4.34(a,b) show temperature distributions at the axial positions
45 mm and 200 min respectively. Both figures show some asymmelry in the
flame. This asymmeiry indicates the poor mixing between the air and
fuel in this syslem and explains the apparent non-uniformity of the
flame. This will be illustrated further by the CO concentrations in
these regilons,

At 45 mm from quarl exit, Fig 4.34{(a), both swirls exhibit the same
steepness of temperature gradient in the forward flow region. Within
both the CRZ and PRZ, the lower swirl gives lower temperature values.
This indicates that the mixing in this case is slower. This slow mixing

resulted in a longer flame as inferred from Fig 4.34(b) at 200 mm
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downstream. In this figure the lower swirl show slightly higher
temperature at the CRZ.
These two figures give a clear indication of the role of swirl in the

mixing near the burner zone.

4.5.2 Species concentrations

(1) Concentrations of CO, COz and D2

Measurements of each of the above species at Lhe axial positions, 45 mm

and 200 mm are shown in Figs 4.33 =~ 4,37 respectively.

The combustion information obtained from these species is detailed

below:

1- Concentrations of CO measured at 45 mm from quarl exit (Fig 4.35(a))
are shown to be high in both swirls with maximum values withln the
CRZ of 4% and 5% for S5=0.9 and S5=2.25 respectively. Same value is

noted until 200 mm downstream for $=0.9 but reduces to only 2% for

S=2.25 (Fig 4.35{(b)). These high CO concentrations are a result of
introducing the fuel at the centre of the air flow. At the interface ;5
between the air and fuel, the turbulence generated shear layer is
small dvue to the small surface area of inleraction. This has
regsulted in slow and inefficlent mixing within the quarl and early "
sectiong of the furnace. As a result, the lower swirl shows a flame B
larger in length and diameter.

2- As expected with this method of fuel injection, maximum mixing and

combustion occur at the boundary of the fuel jet as shown by the

maximum concentrations of COz2, Figs 4.36(a,b) and minimum O2
concentrations, Fig 4.37(a,b) within the CRZ. As one moves from the
centre towards the air jet boundary, concentrations of C0O2 decreases %

and Oz concentrations increase, indicating the weak mixing in these
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reglons. The gradients of these concentrations decrease as one moves
downstream along the furnace.

3- The combustion products in the outer recirculation region are those
recirculated from regions downstream from the combustion zone as
indicated from the maximum COz2 and minimum Gz in these reglons.
These concentration values were approximately equal to those

observed in the stack.

{ii) NOx formation

Concentrations of NOx measured at the two axial positions, 4% mm and
200 mm are given in Figs 4.38(a,b). These figures show that NOx
concentrations within the reacting forward flow are characterised by
steep gradients in the radial and axial directions. These follow
closely the rate of main combustion indicated by the temperature (Fig
4.34(a,b)). Within the central and outer recirculation zones, NOx
concentrations also exhibit dependence on the temperature. However, the
longer residence time and higher fluctuations in the concentrations may
also play an important role in the case of lower swirl. In the PRZ, NOx
concentrations are uniform with a value of nearly 18 ppm for both
swirls. The NOx concentrations recorded in the stack were also about 18
ppm for both swirl values. This Indicates that the NOx concentrations
in the PRZ are the equilibriue vélues circulated {from reglions
downstream from the combustion zone.

The strong dependence of NOx on the temperature indicates that NOx has

been formed mainly by the thermal mechanism.

4.5.3 Stack measurements

Concentrations of O and NOx were measured for different input fuel
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equivalence ratio (0.83 < ¢ < 1.11). Outside this range it was not
possible to obtain a stable flame. These measurements are presented for

the 400 KW firing rate.

{i) CO concentrations

These are given in Fig 4.39. The main observation is the noticeable
amount of CO measured between stoichiometry and excess air of 10 %
{p = 0.90) for the lower swirl case. For high swirl, small
concentrations of CO are observed even at aboul 5% excess air (¢ =
0.95). These observations indicate clearly the @poor mixing
characteristics of this flame and the need for more than 10% excess air

to achieve complete combustion, especially for low swirl.

{ii) NOx concentrations

Figure 4.40 shows NOx variation with fuel equivalence ratio. For lean
mixtures, increasing excess air up to 20% (¢ =0.83) increased the stack
measured NOx concentrations. This increase is seen In both swirls with
small difference between them, the higher values being for the lower
swirl. As iﬁdicated in Section 4.5.2, the mixing in this system is
inefficient and slow. Increased excess alr increases the chance of air
mixing with fuel and therefore a better chance of reaction. A better
reaction rate will give high peak temperature and therefore high NOx
concentrations. At fuel rich mixtures (¢ > 1}, the opposite effect
occurs resulting in a lower flame temperature. The Ilower flame
temperature together with lower 02 concentrations reduce NOx formation.
This trend is more obviocus at 5 = 2.25. The higher NOx concentrations
in the case of 5 = 0.9 is due teo the longer residence time and the

greater concentration flluctuations associated with this swirl case.
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4.6 CENTRAL RADIAL FUEL INJECTION

Two sets of measurements will be described for this fuel injection
mode. The first set covers the in-furnace detailed measurements of NOx
taken at four swirl numbers, S = 0.0, 0.45, 0.9 and 2.25. The second
set covers the stack measurements of NOx. The wide range of swirl
indicated above allowed the study of the effect of swirl on NOx

formation in this systen.

4.6.1 NOx formation and swirl

The results of the first set of measurements are presented in Figs
4.41(a-d) as contours of the NOx concentration field. Some illustrative
radial NOx profiles at three planes near the burner (45 mm, 200 mm and
300 mm from quarl exit) are presented in Figs 4.42 ~ 4.44, together
with the corresponding temperature profiles.

The above NOx contours are discussed In relalion Lo the main data for
the flow and combustion flields reported earllier by Beltagul et al
(1988~c) and Beltagui et al (1989), For the present discussion, the

flow field will be divided into three zones

{A)- The reaction zone:

This region covers the area contalning the forward flow of the fresh
mixture discharged from the burner and extends to the point where the
NOx concentration becomes uniform across the whole radial plane. The
length of the reaction zone decreases from 1.15 m to 0.42 m as the
swirl number increase from 0.0 te 2.25. This is in agreement with flane
length values estimated from the measured €O concentration as reported

by Beltagui et al (1988-c}.
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This region is characterised by steep gradients of NOx concentration in
both the radial and axlal directions. The rate of NOx formation follows
closely the rate of the main combustion reactions as Iindicated by the
temperature and main species concentrations.

Figures 4.42 ~ 4.44, show profiles of NOx with those of temperature for
three levels near the burner. The figures demonstrate the relation
between NOx concentration and temperature for the cases of swirl
numbers 0.0 and 2.25. The axial distance from the burner to the
position of maximum NOx concentration decreases as swirl is increased.
Figure 4.45 illustrates this further where the minimum NOx value at any
plane is plotted versus the furnace length. The increase in the minimun
value of NOx from one plane to the next indicates the newly formed NOx.
Radial profiles show higher NOx concentrations on both sides of the
minimum value due to mixing with the reverse flow on the boundaries of

this region.

(R)- The central reverse-flow zone (CRZ):

As indicated earlier, the flow entrained into thls zone has come from
the forward flow described above. Thus reactions here depend on the
lenglh of the CRZ relative to that of the reacting zone.

Figure 4.46 shows the variation of the NOx concentration at the
centreline with axial distance along the furnace.

For low swirl the CRZ is much shorter than the reaction zone, thus the
CRZ receives a mixture with reactions still in progress and with low
NOx conceniration and low temperature values. In this case it is found
that no more NOx formation takes place within this zone. A decrease of
NOx concentration occurs due to dilution with fresh mixture entrained

nearer the burner end, Fig 4,46,
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As swirl is increased the CRZ lengthens and the reaction zone shortens
but is still longer than the CRZ. Thus gases with higher NOx
concentrations and at higher temperatures enter the CRZ where further
NOx reactions take place producing peak concentrations near the burner,

as shown in Fig 4.46, with S=2,25.

{C) Fully developed flow zone:

This region covers the fully developed ferward flow dewnstream from the
reaction zone and the reverse flow in the outer recirculating flow. At
each swirl setting uniform NOx concentrations were measured throughout
this region and these equaled the value measured at the stack, This

value varied from about 25 ppm to 30 ppm as swirl number increased from

0.0 to 2.25.

4.6.2 HNOx measurements in the stack
These tests covered the fuel equivalence ratio (¢) range of 0,71 {(40%
excess air) to 1.11 (10% deficient air) and they are presented for

input firing rate of 400 KW in Fig 4.47.

(A) Lean mixtures:

Increasing the excess air up to 40% (1.0 > ¢ » 0.71) increased the
stack measured NOx concentration relative to the value at ¢ =1, Fig
4.47. This applies to all swirl settings tested. This suggests that for
this systemn, the reaction zone temperature does not change
significantly with excess air and the main factor contributing to the

increase of NOx formation is that of increased 0Oz concentration.
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{B) Rich mixtures:

The results, given by Fig 4.47,exhibit a very sharp decrease of NOx as
¢ was increased, this trend being the same for all swirl settings
tested.

For rich mixtures the effects of lower temperature and lack of oxygen
both work together towards reducing NOx formation. Some of the measured
NOx could be formed within the flame =zone by the prompt mechanism

although this is unlikely within the relatively limited range of ¢

tested in this systen.

The results for lean and rich mixtures demonstrate that for this system

only the air staging technique 1is useful for suppression of NOx

formation.
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CHAPTER 5

COMPARISON OF FUEL INJECTION MODES AND DISCUSSION

5.1 INTRODUCTION

The results of the measurements presented in the previous chapter along

with those reported by Beltagui et el (1988-c) and (1989) provide the

data required to compare and discuss in this chapter the performance of
the three fuel injection meodes~ central axial, central radial and
peripheral. The comparison will be focused on the following peoints:

a- The mixing and combustion characteristics near the burner zone with
swirl as the main 1lnput parameter.

b- Pellut ant formation, namely CO and NOx, variation with fuel
equivalence ratio as measured 1n the stack. Measurements of NOx
taken under these conditions will be used to study the possibility
of NOx reduction under fuel lean conditions or under staged
combustion. The data will also be used for the validation of NOx
modelling work presented in chapter 6.

Comparisons of the results will be classified into three categories

according to the measurements available:

1- The flow patterns as demonstrated by in-furnace measurenments of the
three time~average velocity components and static pressure will be
compared between the peripheral fuel injection (scheme 1) and the
radial fuel injection. HMMomentum fFfluxes will be Iintroduced and
compared. Swirl number calculated from the momentum fluxes will also
be discussed. These comparisons will be given in Sec 5.2.

2- The combustion patterns as demonstrated by the in-furnace

measurements of temperature and species concentrations (NOx, CO, COz2
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and 02) will be compared for the three methods of fuel injection.
The peripheral fuel injection method used in this case will be
Scheme 1 (Sec 3.3.3). Fluxes of sensible enthalpy along the furnace
will be introduced and compared between the peripheral and central
radial {uel injection modes. These comparisons will be described in
Sec 5.3.

3~ The pollutant formation as demonstrated by stack measurements of CO
and NOx concentrations will be compared over a range of equivalence
ratio {#). For peripheral fuel injection, this will include both

Scheme 1 and Scheme 2. Sectlion 5.4 will cover these comparisons.

5.2 FLOW PATTERNS

The profiles of the three time-average velocity components and static
pressure will be compared between the peripheral fuel injection (Schenme
1) and the central radial fuel injection. Fluxes of axial and
tangential momenta integrated from the experimental velocity profiles
will also be introduced and cempared. The swirl number calculated from

these fluxes and based on the furnace diameter will also be discussed.

S.2.1 Axial velocity distributlions and flow boundaries

For peripheral fuel injection (Scheme 1), the axial velocity
distiributions along the furnace were presented in Figs 4.10{a,b) for
the swirl numbers S5=0.9 and 2.25 respectively. The corresponding
profiles for the radial fuel injection are shown in Figs 5.1(a,b).
Generally the axial velocity distributions in both fuel injection modes
exhibit some similarity. The flow In both cases consists of a CRZ
surrounded by an annular jet containing the forward flow. OQOuiside the

forvward flow a weak peripheral reverse flow zone extended to the walls.
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The wvalue of peak velocity in the forward flow zone increases with
increased swirl. These distributions are generally observed in confined
swirling flames, eg, the IFRF work (Wu and Fricker (1976), Leuckel and
Fricker (1976)) and Glasgow University work {Bafuwa (1970), Beltagui
and Maccallum (1976) and (1988)). Despite the general similarity in
distributionsg, the effect of fuel injection mode in each swirl case 1s
seen through the differences in the jet width, peak velocity wvalues and
velocity decay along the furnace. These differences are discussed
below:

1- At each swirl setting, the jet im the case of the peripheral fuel
injection is slightly wider. The jet width is an indication of flaw
expansion due to the sudden change in the area when the jet leaves
the quarl and also due to the density change by combustion. The
mixing in the case of peripheral fuel injection depends on the
turbulence generated at the shear layer between the fuel jet and
outer boundary of the swirled air jet. At these locations,
combustion and maximum radial expansion occur. For the central
radial fuel injection, the mixing is provided by the penetration of
the high velocity fuel Jets through the air stream, thus creating a
status of partial mixing before combustion. Combustion in this case
is expected to be relatively close to the centre. However, because
combustion in both systems commences within the cquarl (Sec 4.3.3(1)
and Beltagui et al (1988-c)), the presence of the quarl seems to
reduce these differences inside the furnace. From the boundaries of
the forward flow shown Iin Fig 4.12 (for the peripheral injection)
and Fig 5.2 (for radial injection), it is obvious that because the
Jet redial expansion is higher in the case of peripheral injection,

the jet impingement with the walls is much earlier. For example, for
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peripheral fuel injection, the jet impingement point in the case of
high swirl occurs at axial distance of 0.6 m, while for the radial
fuel injection, it occurs only after 1 m downstream. This earlier
Jet impingement explains the earlier decay of the axial velocity
along the furnace observed with the peripheral injection system.

Radial fuel injection leads to higher peak axial forward velocities.
The highest differences from those of the peripheral injection
system are seen at planes near the burner zone. Figure 5.3 shows the
maximum axial velocity distributions aleng the furnace for both fuel
injection modes. At the lower swirl case (S=0.9} and X=45 mm, the
peak axial velocity in the radial injection case is about twice the
correspoending value of peripheral injection. Beyond 200 mm, these
differences are lower and remains nearly constant $o the last
measuring section. At the high swirl case (S=2.25), the differences
are much less. The peak velocities with the two injection modes are
seen to decrease at a similar rate along the {furnace. The high
velocity values associated with the radial fuel injection suggest
that the flow expansion in the axial direction is higher than that
with peripheral injection. Figure 5.3 also shows that the
differences in the peak axial velocity between the two swirls when
using radial injection are much lower than their counterparts for
the peripheral Injection cases, especially at planes near the burner
zone. This observation indicates that the contribution of swirl to
the combustion in the radial fuel injection is less pronounced than
its contribution with the peripheral Ilnjection system. As indicated
earlier, the mixing in the radial fuel injection mode depends not
only on the swirl generated shear stresses, but also on the partial

mixing generated by the penetration of the small fuel jets through
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the air stream. In addition to its contribution to the mixing, the
latter contributes also to the provision of the aerodynamic blockage
which promotes the CRZ and thus flame stability even without swirl
(Beltagui et al (1989)}.

With peripheral fuel injection, the introduction of swirl causes
greater cenirifugal effects than in the radial injection case (Ahmad
et al (1984) and Beltagui and Maccallum (1988)). Thus for example at
high swirl (5=2.25) in the present work, with peripheral fuel
injection there is a pronounced CRZ (Fig 4.12) which is noticeably
wider and longer than when radial fuel injection is being used (Fig
5.2). However with radial fuel injection the aerodynamic bleckage
described in the previcus paragraph also aids the formation of the
CRZ. When swirl is reduced to S=0.9, one would expect the effect in
the peripheral fuel injection case to be more pronounced. This is in
fact the case and the CRZ with the two injection systems now of
about the same size.

Beyond the axial distance of about 500 mm, the lower swirl (5=0.9)
coupled with radlal fuel injectlon shows axial velocity values
higher than those in all other cases. This is seen clearly in Figs
5.3 and 5.4. This case therefore represents the lowest jet expansion

and lowest velocity decay along the furnace.

5.2.2 Tangential velocity distributions

The tangential velocity distributions for the peripheral fuel injection

were presented in Figs 4.13(a,b) for 5=0.9 and 2.25 respectively. For

the radial fuel injection these are shown in Fig 5.5(a,b).

In

the rotating flow field near the axis, the tangential wveloclty

increases proportionally with the radius of the furnace, according to
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the principle of sollid body rotation. After having reached the maximum
value, potentlial rotation occurs and the tangential veloclty decreases
as one moves fowards jet boundary. The centrifugal forces caused by tlhe
rotation produces a pressure depression, which increases in the
direction of the axls. Since the maximum values of the tangential
velocity in the case of the peripheral fuel injection are higher than
those of the radial injection especially at locatlons near the burner
{X < 300 mm), the effect of the centrifugal forces is higher, leading
to the larger CRZ at high swirl. Beyond the axial position of 300 mm,
the tangential velocity at the low swirl of both injections systems
decays to small wvalues. For the high swirl, these start to decay
downstream after about 550 mm from burner exit.

By contrast to the axial velocity distributions described above, the
effect ¢f introducing the fuel in the outer boundary of the air flow is
seen to cause an increase in the tangential velocity. The benefif of
this is to increase the centrifugal forces and thus the mixing rates.

This will be confirmed by the combustion patterns in Sec 5.3.

5.2.3 Radial velocity distributions

The radial velocity distributions for the peripheral fuel 1njectien
system were presented in Figs 4.14(a,b)}. For radial fuel injection,
these are shown In Figs 5.6(a,b}. The trends of the radial velocity
profile are consistent with the Jet expansion behaviour suggested by
the axial velocity distributlons. The distributions in both injection
modes show that, close to the burner, the radial components are of the
same order as the axlal velocity components. The effect of fuel
injection mode on the radial velocities are similar to the effects on

the axial velocities, previously described. Beyond 300 mm downstream,
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the redial velocity values in both Injection modes decay to very small

values, with no noticeable differences between them.

5.2.4 Static pressure distributions

These were presented in Flgs 4.15(a,b) for the peripheral {fuel
injection. For the radial fuel 1injection these are shown in Fig
5.7(a,b). All pressure values are sub-atmospheric with minimum wvalues
near the burner. These profiles also exhibit maximum depression at and
around the axis of the jet. The CRZ and the PRZ are zones of uniform
pressure. For the radial fuel injectlon, increasing the swirl from 0.9
to 2.25 resulted in a very small increase in the static pressure
depression. This explains the small differences between the reverse
flow velocities of the two swirls of this injectieon mode as described
in Sec 5.2.1. For the peripheral fuel injectlion, increased swirl
resulted in a significant increase in the static pressure depression,
thus high differences in the reverse flow velocities observed between
the two swirls of this indection (Fig 5.4). The high Jdifferences
observed here are related to the centrifugal forces explained in Sec
5.2.1 and s.é.z.

The statlic pressure distributions also show that for 5=0.9, the static
pressure in both injection systems start to be uniform beyond X=80 mm,

while at high swirl, these are uniform only after 300 mm downstream.

5.2.5 Momentum fluxes

The experimental profiles of axial and tangential velocities compared
in Sec 5.2.1 and 5.2.2 have been integrated to give the fluxes of axial
and tangential momentum respectively. The main objective of these

integrations was to assist the study of the effect of fuel injection on
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the flow development in the furnace. These fluxes also provide a good
measure for swirl which is often used as scaling parameter in swirling

flames.

(i) Axial momentum Flux
The total axial momentum flux across any plane is give by :

D/2

G = 2n [ [pu2 + (p
)

R )1 r dr {5.1)

where DD, p, U, p., P , and r are furpace diameter, density, axial

st ref

velocity component, static pressure, reference pressure and radius
respectively.

The axial momentum flux contains two terms, the dynamic term (Gd},
obtained by integrating the group (pua} and the static pressure term
obtained by integrating the group (pst - prﬂj.

It is widely accepted (Beltagui and Maccallum (1976-b)}, Gupta and
Liliey (1984), Hagiwara and Bortz (1986), Criesta (1987}, and Dugue and
Weber (1989)) that it is the dynamic component Gd, of the axial
momentum flux which has greatest bearing on flow development in a
confined furnace. Therefore, the present work has been focused on the
dynamic component (Gd) of the axial momentum flux.

Figure 5.8 shows integrated flux walues for the peripheral and radial
fuel injection modes, normalised by the theoretical axial momentum flux
at the swirler exit assuming uniform velccity. The two swirls of both
injections show increase in the normalised flux at positions in the
region of the flame front. In each injection method, the difference in
the normalised wvalue of the flux within these positions shows the

effect of swirl on this momentum flux. This effect is more significant

with the peripheral injection and is the result of the higher jet area
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and the volume expansion associated with the higher swirl. It is also

seen that after reaching the maximum value, all momentum {fluxes

decrease to a final normalised value which is much lower than unity.

The main reason for this decrease is the sigpificant loss of momentunm

due to the impingement of the Jet on the furnace walls, the highest

loss being always for the high swirl,

Since these fluxes were Iintegrated from the axial velocity profiles,

the differences between the two injection modes fellow closely the

differences indicated for the axial veloclty (Sec 5.2.1). Some of the
important comments are presented below:

1= At furnace inlet, the lower swirl case of the radial fuel injection
($=0.9) and the higher swirl of the peripheral injection (S=2.25)}
show similar momentum flux values. These are consistent with the
axial velocity wvalues in these regions (Fig 5.1(a) and 4.10(b}).
Since the highest reverse flow velocities are assoclated with the
high swirl of the peripheral injection, the momentum flux beyond
X=160 mm 1s much smaller and decays qulckly to a very low value at
X=1 m. This is also confirmed by the high decay of maximum axial
velocity shown in Fig 5.3 and the lowest recovery of the centre line
velocity shown in Fig 5.4.

2- The high values of momentum flux observed with the lower swirl using
radial injection at positions beyond S00 mm from quarl exit is the
result of the high axial velocity observed Iin this region, as
described in Sec 5.2.1.

3- For both injection modes it is expected that the final value of the
axial momentum should be the same 1n both swirl cases. It was not
pessible to observe thls due to the 1lnablility to obtaln reliable

velocity measuremenis at the low velocities which predominate at the
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axial distance beyond 1 m.

(ii) Tangential momentum flux
The axial flux of tangential momentum across any plane ls given by:

b/2
T =2n J puw ridr (5.2)

o

where w is the tangential velocity component. The fluxes integrated by
the above equation are shown in Fig 5.9 for both fuel injection modes,
These fluxes were normalised (T} by the theoretical tangential momentum
of the flow leaving the swirler. This theoretical flux was calculated
from the inpui swirl number, based on the burner threat radius and
assuming that the axial veloclty at that plane is uniform. From Fig
5.9, 1t 1s seen that all tangential momentum fluxes emerge from the
quarl te the furnace with normalised values of less than unity. This is
indicating that a slgnificant part of this momentum was lost within the
quarl due to friction. At the f£lame front region, where maximum
expansion occurs, all momentum fluxes attaln maximum values depending
on the fuel injection mode and on swirl. Since the differences between
the axial velocities of the two injection modes were much higher than
those for the tangential velocities, the differences seen 1in the
momentum fiuxes are mainly attributed to the differences in the the
axial wvelocity values in these regions. After reaching the maximum
value, all momentum fluxes decay. In each injection mode the final
value in both swirls should be the same. However these final values
were not found for the same reason mentioned for the axial momentum

flux,
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5.2.6 Swirl number
For modelling swirl flames a scaling parameter is needed as a measure
of the swirl intensity given to the flow. There have been a number of

definitions for this parameter, The two most commonly recognised are:-

A- Burner swirl number, defined as:
S= T/G r (5.3)
d b

where T is the axial flux of tangential momentum at the swirler exit,
Gd 1s the flux of axial momentum, dynamic component, at the swirler
exit, and rb is the burner throat radius.

This parameter gives a good indication of the degree of swirl imparted
to the flow within the swirler. It is successful in correlating the
flow close to the swirler in isothermal free flows. However, it does
not account for the effects created by expansion into a furnace
confinement, suddenly or via a quarl. Nor are the effects of the flow
expansion caused by combustion accounted for.

The effect of area expansion, for isothermal flows, was introduced by
using a swirl pumber based on the quarl exit diameter (Criesta et al
-[198?]}, or the furnace diameter (Beltagui and Maccallum (1976-b),

Beltagui and Ralston (1984} and Hagiwara and Bortz (1986)}.

B- Furnace swirl number, defined as:

*

S = T/ Gd D (5.4}

where T and Gdare the integrated fluxes of tangential and axial momenta
measured at the furnace exit respectively and D is the furnace

diameler.

This definitlon was propesed by Beltagul and Maccallum (1976-b} where
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it was applied successfully to characterise the general flow patterns

in two furnaces for isothermal and premixed combusticn conditions.

This number proved tco be a better index of the flow pattern in furnaces

(eg Hagiwara (1986)). It takes account of the furnace to burner area

ratio as well as the effect of combustion. However Its evaluation

requires more experimental measurement.

The wvalue of the integrated S‘ for the combustion flow is lower than

for the 1lsothermal flow. It 1is also a function of the equivalence

ratio, or temperature rise due to combustion, belng lower for the

higher equivalence ratio, A value of S*= 0.1 was found to define the

onset of a CRZ in the flow, for both isothermal and premixed combusting

flows, in twe furnace confinements ratios (D/d} (Beltagui and Maccallum

(1976-b)) and for non-premixed combusting flows (Beltagui et al

(1991)3.

In the present work, although the data are limited to the peripheral

and radial fuel injection modes, it is found that S”s is also a function

of fuel injection made.

The values of S* calculated from the experimental data for the present

work are given in Fig 5.10 where they have been plotted against the

burner swirl number {ie input swirl number). The results highlight the

following points

1- Both fuel injection modes indicate a linear relationship between the
furnace swirl number S* and burner swirl number 5.

2- For the peripheral fuel injection systems, the initial value of S*
for CRZ establishment is 0.1 which is in line with previous findings
of Beltagui and Maccallum (1976~b) and Beltagul et al {1991}).

3- For the radial fuel injection, the results show that the onseit of

*®
the CRZ starts at S which is much less than 0.1. This finding is
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very interesting since CRZ in this fuel Injection was observed even
at no sgwirl. In this case, the CRZ is caused by the mode of fuel
injection (aerodynamic blockage) rather than by swirl.

These results along with previous results therefore confirm the

*
validity of § 1n characterising the flow patterns of swirling flows.

5.3 COMBUSTION PATTERNS

A good assessment of the relative combustion patterns is given by
comparing the temperature rise profiles and the gas sampling results
between the three fuel injection modes. The most important information
required to assess the performance of these flames is obtained from the
results of measurements near the burner zone., The information inferredqd
from these results includes, mixing, combustion intensity, flame
symmetry, heat release and pollutant formation. The comparisons are
therefore presented for two planes near the burner at, X=45 mm and

X=200 rmm.

5.3.1 Temperature distributions

Comparison of the temperature distributions at the two planes indicated
above are given 1in Figs 5.11(a,b) and 5.12(a,b). For each plane,
temperature profiles are shown for the two swirls, S=0.9 and 2.25
respectively. These are presented to indicate the effect of swirl on
mixing and combustion intensity in each of the three fuel injection
modes.

From Figs 5.11 and 5.12, the following remarks are made:

1- Flame symmetry:-

In both planes and swirl intensities, the central axial fuel injection

show high degree of {lame asymmetry as opposed to the other fuel
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injection modes. The highest degree of asymmetry is noted at the plane
nearest to the burner, X=45 mm, and at the lower swirl, 5=0.9, Fig
5.11(a). Thls asymmetry was caused by a tendency for the gas Jjet to be
deflected to one side rather than to be spread uniformly radially
outwards, These observations has alsc been reported in a simiilar work
by Leuckel and'Fricker (1976). The tendency towards flame deflection is
seen to exist even at increased swirl. This observation is attributed
to the 1lnefficlent mixing characterising this system. Thls Inefficient
mixing is the result of introducing the fuel at the centre of the
flame. The mixing 1n this case depends mainly on the turbulence
generated at the shear layer belween the air and fuel jet. Since the
surface area of the fuel jet is small, the area of interaction between
the air and fuel is therefore small, resulting in wveak and slow mixing.
This slow mixing also explains why the flame is the longest compared

with other fuel injection modes.

2- The main reaction zone (forward fFlow):-

In all fuel injection modes, the steepest temperature gradients occur
at the plane nearest to the burner, X=45 mm and the temperature
gradients increase as swirl is raised from 0.9 te 2.25 (Fig 5.11(a,b)).
The temperature resulls are the time-averaged values, and they are the
values measured after heat transfer has occurred. This heat transfer
effect increases further if the combustion starts at locations closer
to the furnace walls, as is the case with the peripheral fuel
Injection. The temperature also decreases due to the high rate of
entrainment and subsequent rapid mixing of the relatively cool
externally reclrculated gases Jjust downstream of the burner exit.

Although the radial fuel injection gives reaction zone temperature
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values which are higher than with the peripheral injection, these do
not necessarily reflect higher combustion intensity, rather, they
reflect lower heat transfer to the furnace walls. This fact will be
confirmed further by the concentrations of CO, CO2 and 02 presented in
the next section. For the axial fuel injection, the comparatively low
reaction zone temperature is the result of inefficient mixing described

in (1) above, and will also be confirmed by species concentrations.

3~ Central recirculation zone (CRZ):-

Recirculating flow has a considerable effect on the properties of
swirling flames. It transports hot gases from the downstream region
back tc the base of the flame. The energy which they bring inte the
regions of air and fuel mixing assist the ignition. This outweighs any
effects of the dilution produced by these gases. In addition,
recirculating flow creates a steep velocity gradient inside the jet,
leading to a high turbulence and consequently good mixing in this
region. The gases entrained into the CRZ are those with the maximum
temperature, as shown by Figs 5.11 and 5.12. At X=45 mm all injection
modes show significant increase In this temperature as swirl increased
from 0.9 to 2.25. The temperature diztribution within this zone beconmes
also more uniform with increased swirl. These observations are the
result of enhanced stirring of the gases at increased swirl.

As the flow entrained into the CRZ come from the forward flow, the
differences in the temperature described for the reaction zone are

responsible for the differences within the CRZ.

4- The peripheral recirculation zone (PRZ):~-

In all cases, the gases circulated in this zone come mainly from the
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fully developed flow repion further downstream. The slower the
combustion, the longer is the flame, but also the less rapid is the
temperature decrease by heat transfer. Consequently the higher is the
gas temperature in the fully developed zone and thus the higher is the
temperature in the PRZ, The longest flame was observed with the central
axial fuel injectlon, and consequently the highest temperature in the
PRZ is seen for this system. The temperature in all cases decreases
during the upstream travel of the gases from the 200 mm to 45 mm

planes, due to heat transfer to the furnace walls.

5.3.2 Sensible enthalpy fluxes

The sensible enthalpy flux (H) at any plane can be found from
integrations of the axial velocity and temperature traverses (T) as
glven below:

D/2
H=2n J puh r dr (5.5)
0

where h is the specific sensible gas enthalpy given by:
dh = Cp dT

where Cp is the specific heat of the gases at constant pressure taken
to be a function of temperature.

The results of these integrated fluxes are given in Fig 5.13, for the
peripheral and radial fuel injection modes. The {luxes have been
normalised by the input energy. In both injection modes, the values of
these fluxes are seen to progress from a minimum value at the furpace
first inlet plane, to a maximum value at the end of the reaction zone.
The maximum value in both injections is less than unity. The main
reason for lhls observation is the high heat loss from the flame to the

water-cooled walls of the furnace. It is also nelted that the two swirls
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in each injection mode exhibit almost identical values of enthalpy
flux.

The figure also shows that the sensible enthalpy f{luxes of the
peripheral fuel 1njection are much lower than those observed with the
radial fuel injection. This 1s because combustion in the peripheral
fuel Injection case starts at the outer boundary of the air fiow and
closer to the furnace wall, thus higher heat transfer to the furnace
walls oceurs.

Beyond the maximum enthalpy values, the sensible enthalpy fluxes in
both injection modes decay to a similar normalised value of about 0.6

at 1 m downstream.

5.3.3 Concentrations of €0, CO2 and Dz

Comparative profiles for each species are given at X=45 mm and X=200 mm
respectively. For CO, these are given in Figs 5.14(a,b} and 5.15(a,b),
for COz in ¥Figs 5.16{(a,b) and 5.17(a,b) and for 02 in Figs 5.18(a,b)
and 5.19{(a,b}.

For all fuel injection modes, the effect of increased swirl is to
" increase mixing and combustion intensity as seen through the reduction
of CO concentrations in both planes. Thig is also confirmed by the
increase of the COz concentrations and the decreased 0z concentrations
at all radial locations. It is alsc noted that combustion in all fuel
injection modes commences within the quarl, as demonstrated by the
minimum concentrations of CO2 of 2% for S=0.9 and 4% for 5=2.25 at the
first plane of the furnace, X=45 mm. This is also confirmed by the
maximum O2 concentration which ls significantly less than 20%. This
observation has also been reported in a similar work by Leuckel and

Fricker (1976).
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At both planes, the lower swirl in the peripheral fuel injection
exhibits a flame envelope which is wider than other fuel injection
modes (Figs 5.14(a) and 5.15{(a)). When swirl was increased from 0.9 to
2.25, all fuel injections exhibited nearly the same flame diameter. It
is seen from all CO proflles that the lowest concentrations of CO
within the flame are observed with the peripheral fuel injection mode.
These are significantly lower than the CO concentrations with the
radial and axial fuel injection modes. The lower CO concentrations
indicate higher rates of mixing and thus the high combustion
intensities characterising the perilpheral fuel injectlion. This 1is
confirmed further by the higher CO0z concentrations and the lower O2
concentration (figs 5.16-5.,19), These observations are the result of
the full utilisation of the beneflits of centrifugal forces together
with the benefits of density gradients occurring in the peripheral fuel
injection system as reported by Ahmad et al {1984) and BReltagui and
Maccallum (1988).

Within the forward flow region, the lowest 0z concentrations and the
highest C0z2 concentrations are cobserved with the peripheral injection
mode, This is due to the initiation of combustion al the outer boundary
of the air flow. For the same reason, the highesl 02 concenirations in
the CRZ are observed with peripheral injection, Figs 5.18-5.19. This
high 0z concentrations are accompanied by the lowest values of CO,
indicating the highest combustion efficiency.

In the outer recirculation zone, the low concenirations of CO and Oz
and the high concentrations of (02 observed with all injection modes
Indicate that the gases circulated in these regions are mostly the
products of complete combustion. It is to be noted that the highest

values of COz and the minimum values of CO are observed with the
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peripheral fuel injection thus, confirming the conclusion that this

injection system gives the highest combustion efficiency.

5.3.4 NOx concentrations

Comparative profiles of NOx concentrations are given in Figs 5.20{(a,b)
and 5.21(a,b). These profiles are now discussed in relation with the
temperature and speclies concentrations described in Sections 5.3.1 and
5.3.2.

Detailed discussion is presented below for the three main zones, the

reaction zone, the CRZ and the PRZ.

(A) The reaction zone (forward flow)

All fuel injection modes show steep gradients of NOx concentrations in
both radial and axial directions. The rate of NOx formation follows
closely the rate of the main combustion reaction as indicated by the
temperature and main species concentrations. The increase in the
nminimum NOx value within this zone when moving from X=45 mm to X=200 mm
indicates the newly formed NOx (Figs 5.20-5,21). The masximum NOx
concentratlons are seen to increase towards the boundary of the CRZ as
the maximum mixing and combustion intensity are increased in this
region.

The effect of swirl on the concentrations of NOx depends not only on
the flame temperature but also on the residence time and concentration
fluctuations as described In the previous chapter. The effect of
concentration fluctuations appears to depend on the type of fuel

injection, as will be shown clearly in the CRZ below.
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(B) The central reverge-flow zone {CRZ}

Since the flow entrained into this zone has come from the forward flow,
the concentrations of NOx here depend on the length of the CRZ relative
to that of the reaction zone. It depends also on whether there are
further reactions within this zone or not. In both planes the low swirl
with the radial fuel injection shows the minimum values of NOx compared
with other injection modes. These low concentrations indicate that this
Zone receives mixtures which are still reacting, as confirmed by the
high CO concentrations shown in Figs 5.14(a) and 5.15(a). When swirl is
increased from 0.9 to 2.25, NOx concentrations for the radial fuel
injection system have increases significantly. This increase indicate
that gases with higher temperature and thus higher NOx concentrations
enter the CRZ. It also indicates that further NOx reactions take place
in the CRZ, resulting in the highest NOx concentrations compared with
other fuel injections, Figs 5.20(b) and 5.21(b)).

For the peripheral fuel injection, both planes show thal increased
swirl has resulted in some decrease in NOx formation even though the
temperature has increased. These observations were discussed in Section
4.3.3, where the high NOx concentrations observed with low swirl were
related to the higher fluctuations in concentrations and to the longer
residence time.

For the axial fuel injection, 1lncreased swirl shows no effect on NOx
values at the first plane (X=45 mm), however, moving downstream to the
axial position of 200 mm, the increased swirl resulted in a significant
decrease in the ‘NOx formation. It is suggested that this decrease
follows for the same reasons as described for the peripheral fuel
injection systenm.

It appears from this analysis that introducing the fuel jet, either at
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the outer or inner boundary of the air flow (ie peripheral and central
axial fuel injections) results in a significant decrease in lecal NOx
formation when high swirl is used. It is expected that increased swirl
contributes to more enhanced mixing and thus reduced local fluctuations
in the concentrations, which had been observed at low swirl. The effect
of concentration fluctuations on the lacal NOx values is discussed

further in the next chapter.

(C} The peripheral recirculation zone (PRZ)

As Indicated in section 5.3.1, the gases circulated in thils region cone
mainly from the fully developed flow region. At the fully developed
flow region, the minimum NOx concentrations, as indicated from stack
measurements were observed with axial fuel injection. This explains the
minimum values of NOx observed in the PRZ. For the peripheral fuel
injection, the low swirl produced the highest NOx values in the fully
developed region, while the high swirl with this injectlion demonstrated
NOx values less than those of the radial fuel injection. NOx values in
the PRZ therefore reflect those at the fully develcped flow region.

All NOx values in the fully developed flow zone are the same as the
values measured in the stack and these will be discussed in the next

section.

5.4 POLLUTANT FORMATION

An overall measure of the total formation of CO and NOx 1is given by
measurements In the stack at the furnace exit. Concentrations of these
gases were therefore measured in the stack over a range of fuel
equivalence ratic (¢). For CO, these measurements were performed to

investigate the minimum excess alr required to achleve complete
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combustion for each of three fuel injection modes.

For NOx these were carried out to investigate the effect of swirl and
fuel injection mode on NOx formation. The method of fuel injection will
also highlight the possibility of adopting cne or more of the following
means of reducing NOx formation.

1- Lean combustion

2+ Air staging

3~ Fuel staging

As fuel rich combustion produces CO, it is not practical to use it
alone to reduce NOx formation.

The data obtained from NOx measurements were alsc needed to validate

the NOx modelling work to be presented in the next chaptler.

5.4.1 CO concentralions

At the normal firing rate of 400 KW and S5S% excess air, the peripheral
and radial fuel injection modes gave =zero CO concentrations in the
stack. This was observed in all swirl cases of the twe injections,
including both schemes of the peripheral fuel injection.
Concentrations of CO started to appear at zero excess air and, as
expected when at deficient air conditions. This observation indicates
that 5% excess air is sufficlent to guarantee complete combustion in
these two types of fuel injection.

For the central fuel injection, 5% excess air did not appear to
guaranliee complete combustion even for the high swirl case. The minimum
excess required to guarantee complete combustion was 10%.

The above analysis confirms the comments made on the mixing efficiency

in each of the three fuel injection modes in Section 5.3.
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5.4.2 NOx concentrations

The results obtained for the twe schemes of the peripheral fuel
injection will be compared first to study the effect of introducing
part of the combustion air through the central gun in the second
scheme. Since the radial fuel injection and the second scheme of the
peripheral fuel InjJectlon showed stable flame with and without swiri,
NOx results at zero swirl and 5=0.45 wlll be compared beiween these two
system. For other swirls (ie $=0.9 and 2.25), the comparison is

possible for all fuel injection modes.

(i) Peripheral fuel injection

Comparative NOx proflles for the two schemes of this system are shown
in Fig 5.22. The two swirls in the second scheme and the high swirl in
the first scheme exhiblt same NOx concentrations as a function of ¢.
The lower swirl of the second scheme indicates that the introduction of
part of the combustion air through the central gun contributed teo a
significant decrease Iin NOx formation zs compared fto the low swirl of
the first scheme, This air has contributed to enhanced mixing, thus,
"significant decrease in the concentration fluctuations and residence
time. In the first scheme this decrease could be achieved only by
increasing the swirl from 0.9 to 2.25. The decrease in NOx formation at
lean and rich combustion in bhoth schemes offers all the means of NOx
reduction listed in Sec 5.4. Depending on the industirial application,
it is therefore possible to chose lean or staged combustion (ie both
air or fuel staging} to achieve virtually equal effect of NOx

reduction.
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(ii) Peripheral versus radial fuel injection

Figure 5.23 show the comparison between the radial fuel injection and
the second scheme of the peripheral injection at S=0.0 and 0.45. At
nermal f{iring cconditions where combustion 1ls completed at the minimum
excess air of 5% (¢ = 0.95), the two swirls with both injectians show
the same NOx concentrations. The high values recerded here are
explained by the high flame temperature and avallability of oXygen. At
excess air greater than 5% (¢ < 0.95), the differences im NOx values
are very significant. The peripheral fuel injection gave significant
decrease in NOx formation while the radial fuel injection gave increase
in NOx formation. The differences observed here are mainly dependent on
the flame temperature. For the peripheral fuel injection, increased
excess air contributes {o some decrease in the flame femperature and
thus NOx formation . For the radial fuel injection, increased excess
air does not appear to decrease the flame temperature significantly,
thus the Iincrease in Oz concentrations seems to be the controlling
factor. It should be indicated that these observation are valid only to
the maximum excess tested (40%).

At fuel rich conditions (¢ >1), both fuel injection modes exhibits
sharp decrease in NOx formation. This decrease is the result of both
decreased temperature and 02 concentrations.

From the above argument, it can be concluded that NOx reductien in the

case of redial fuel injection could be achleved only by air staging.

(iii) All fuel injections
The results are shown in Fig §5.24(a) for 5=0.9 and in Fig 5.24(b) for
S5=2.25. The differences between the radial and peripheral injection

follow those described in Section (ii) above. For the ceniral axial
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fuel injectioﬁ, both swirls show lower NOx concentrations at all values
of ¢. These differences are explalned mainly by the lower combustion
efficiency which resulted in a lower flame temperature in the reaction
zone. As observed from CO concentrations the minimum excess air
required to achieve complete combustion with the central axial fuel
injection was 10%. Thus increasing excess alr to this 1limit increases
the combustion intensity and therefore NOx formation. Above this limit
of excess air the change in the flame temperature seems to be small,

thus NOx increases due to lncreased 0z concentrations.

It appears from the above analysis that the peripheral fuel injection
1s the only method which offers both alir and fuel stagling scopes to
suppress NOx formation. In applications when lean combustion can be
used, only peripheral fuel injection offers the possibility of reducing

NOx formation compared with other fuel injection modes.
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CHAPTER 6

THE MODELLING OF NOx FORMATION

6.1 INTRODUCTION

The main objective of the work described in this chapter ls to develop
a model which can adequately predict the overall NOx formation in
gas—-fired furnaces to suffice practical engineering purposes. The aim
is to assist the designer by reducing the amount of experimental work
required te quantify the amount of NOx released into the environment.
The model was developed through the ldentification of the main
mechanism of NOx farmation in the system belng considered. The model
formulation was based on both published research and the understanding
provided by Lhe present experimental measurements,

The main parameters, namely flame temperature, oxygen concentration,
residence time and the effect of concentiration fluctuation,
contributing to this mechanism were therefore incorporated. The model
illustrated that the consideration of the concentration fluctuations is
critical Lo the accuracy of NOx predictions. The model was tested
through the comparison of predictions with experimental measurements

for the three types of fuel injection modes considered in this study.

6.2 NOx MODEL

The revliew of NOx formation mechanisms introduced in Sec 2.3.1 has
revealed that in the application being presently considered, the NOx
formation is mainly attributed to the thermal mechanism and to a much
lower extent to the prompt mechanism.

The thermal NOx modelling equations, 1, 2 and 3 1ln Table 6.1, are well

established and understood. However, theilr application to a particular
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situation requires two sets of information. The first set Iincludes the

rate constants of the reaction equations (Table 6.1).

Table 6,1

Rate constantis for extended Zeldovich mechanism

NO Reaction Rate constant (Forward) Rate constant (Reverse}
em®/mole s cm’/mole s

1-|0 + N2 2 NO + N|k1 =1.82x10“exp(“3.?.—ﬂ-] k-1 = 1.6 % 10°

2-|N + 02 2 NO + O|k2 =6.4x10" T exp(baésol k-2 = 1.5 x 10° T exp(:£2%99

3-|N + OH 2 NO + H|ka =1.0 x 10** k-s = 2.0 x 10'* exp(i?ﬁsﬂ

)

)

Predictions are particularly sensitive to the value of rate constant
(k1). The uncertainty in determining these rate constants (Williams
{1989)) is large and recent measurements have demonstrated the need for
more accurate determination of these constants. The most recently
accepted value for the reaction rate constant ki, as measured by Monat
et al (1978), is about 2.2 times the values for the previous decade
(Bowman (1975)). The values of the reaction constants given in Table
6.1 are the most recent values used for the three NOx reaction
equations.

The second set of Infarmation covers the local values of flow
conditions, the most critical being the flame temperature and
concentrations of oxygen and nitrogen. The determination of these
values requires the solution of the momentum, heat-and mass~ transfer
equations together with the chemical reaction equations for the main
species (Caretto (1976)). While the closure of these two sets of

equations, ie [flow and chemistry, is posslble, it may prove
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prohibitively expensive for the industrial application especially when
NOx formation rate is the only wvariable of interest. Simplified
approaches way prove cheaper and sufficient for practical engineering
requirements. In the present modelling study, the well-stirred reactor
concept was therefore adopted with an appropriate stochastic technique

to account for the fluctuations of concentrations of fuel and oxidant.

6.2.1 Thermal NOx modelling

The formulation of the model descrlbed here was based on the following

assumptions:

a~ NO formation when firing lean and near-stoichiometric gaseous fuels
is mainly thermal and strongly dependent on temperature.

b~ NO formation rate is slower than the hydrocarbon reaction rate and
that most of NO is formed after the hydrocarbon reactions reach
equilibrium.

¢— The calculation of NO (nitric oxide) is sufficient for determining
NOx. NOz (nitrogen dioxide) may also foerm in the furnace, however
the route to NO2 is through NO.

Thermal NO was calculated via the extended Zeldovich mechanism,

reactions 1 to 3, Table 6.1. Additional reactions involving NO

formation from Nz20 are gometimes considered but usually account for

less than 1 % of the NOx formed thus they are not included here (Toof

(19861} ).

Assuming a steady-state concentrations of N and H atoms, and that

reactions 1 and 2 are both equilibrated, the rate of NO formation

becomes {Westenberg {1971)):
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d[NOJ 1- lno]z/k[o.z]eqmz]eq

= 2k1 [0]  [Nz] (6.1) _E

dt 9 *1 |1+ k-1{NO}/(k2{02} + k3[OH]) o

where
k = (ki/k-1) (kz/k-2) g

The applicable rate constants are listed in table (6.1},
At this stage, for lean mixtures the contribution of reaction 3 can be
neglected as mentioned in Section 2.3.1 (i). Assuming that the initial
concentration of (NO)<< (NO) , the rate of NO formalion could be ;
approximated by:
dINO) . oxs (0] [Na] (6.2)

Assuming 0/02 equilibrium, then (0) concentration is given by the
reaction:
& 1

1,202 >0 :

where
Ko 172

(0] = [02] (6.3}

3 @®n'? o .

where R is universal gas constant, and ;L_\-:'?
Ko = 3.6 x 10° exp (-31 090/T)"%  (atm)*? i

Substituting these rate constants in Egn 6.2, the NOx production-rate
equation (in ppm/s) becomes:
d[NO] 22 . -1/2 172

= 1.575x10°° T exp (-69460/T) [021'% [N2] {(6.4) 2

dt 3
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The application of thig equation requires values of all the variables
in the RHS as they exist within the NO reaction zone. Since the rate of
this reactlion is slower than the malin combustion reactions (assumption
b above), the values of temperature and concentrations of 02 and N2 can
be taken to be the theoretical values calculated for complete
combustion. Using these values, however, led to either overpredictions
of NOx rate when adiabatic flame temperature 1is considered or
underpredictons when heat transfer is taken into account,

If, on the other hand, measured time-averaged temperatures and
concentrations are used lnstead of the theoretical values, it 1s found
that NO was underpredicted, sometimes by two orders of magnltude
(Sadakata and Beer (1976)). In the present work the predicted NO values
were ane order of magnitude lower than those measured when
time-averaged temperature and concentrations were used.

The explanation for thls 1lies in the existence of fluctuations of
concentrations within the NO reaction =zone, leading to temperature
fluctuations.

The earlier attempts to measure these fluctuations were limited by the
speed of response of thermocouples. Generally this is too slow to
follow the temperature fluctuations beyond 1 kHz, (Sadakata and Beer
(1976)). Recent measurements using CARS technique give a much better
indication of the range of the temperature fluctuations, for example
LaRue et al (1984) measured a 500 K peak to peak range.

Since the NO reactions take place "immediately" after the main
reactions, both temperature and concentrations fluctuations have a
considerable influence on the NO formaticn rate,

It is suggested by many investigators that the temperature in the NO

reaction zone is the stoichiometric adiabatic flame temperature (Takagi
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et al [1976]-and Toof (1986)). Vranos (1974) assumed that the thermal
NO reactions are not faster than the mixing rates so most thermal NO is
formed at or near ¢ =1.0. This assumption follows from the fact that
stoichiometric mixtures have the highest probability of reaction.

When using finite difference solutions of the flow and combustion
equations, eg, PHOENICS, the effect of these fluctuations is taken into
consideration through the sclution of an extra differentlal equation
for the concentration fluctuations, (Elghobashi and Pun (1974)). For
the present work, based on a well-stirred reactor model, a stochastlic
approach was adopted to estimate the fluctuating components of
concentration about the mean value,

By assumlng the reaction zone to be one well-stirred reactor and using
Egn 6.4, the following analysis is carried out toc account for the
effect of concentration fluctuations. The model calculation procedure
is also illustrated by the flowchart shown in Fig 6.1.

On the microscale of mixing, it is assumed that at any location within
the well-stirred reactor, the fuel/air mixture will have a random
distribution of parcels with values of equivalence ratio (¢) which have
a Gaussian distributlon about the mean value ¢ . This assumption agrees
with experimental measurements in jet flows as reviewed by Chatwin and
Sullivan (1990). The spread of this distribution is dependant upon the
value of the standard deviation o. The value of ¢ is related to the
mixedness of the mixture, Se ( where Se = 1 corresponds to perfect
mixing) by the relation {(Appleton and Heywood (1972) and Fletcher

(1973)):
¢ = (1-So) ¢ (6,5)

The wvalue of So for a particular system depends on the flow
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configuration and mixing as dictated by the fuel injection mode (see
for example Backer (1974)).

The cholice of So for the present work was based on the experimental
neasurements, as will be described In Sec 6.3.

Introducing Z as a non-dimensional parameter of fluctuation :

Z=(¢p-~9¢ Vo (6.6)

The probability density function (p.d.f) of the distribution function

of ¢ is written as:

1 7°
f{g)= - exp(-— e ) (6.7)
ver

Integrating the area under the above distribution function, leads to

the cumulative density function (C.D.F) of ¢;

@ 2
F(gl)= j 1_“ exp (- ~§~ ) dZ ~m < P < w (6.8)
—w” Vam

F'ig 6.2.a shows the p.d.f and C.D.F for standard Gaussian distribution.
The wvalue of F(¢) is usually between 0 and 1. A stochastic process
{(Kenbar (1988)) has been implemented to produce the variable Z from Eqn
6.6 using randomly generated values (between 0 and 1) of Fl¢) given by
an appropriate random number generator (NAG library subroutine GOSCCF).
From Eqn 6.8 above and at known values of ¢ and ¢, the stochastic value
of ¢ has been predicted. Thls process gives the Gaussian distribution
of ¢ about ¢ as shown in Fig 6.2.b.

Of the different fluid parcels within the reaction zone, those with ¢
close to unity (ie stoichiometric) have the maximum probability of
combustion and thus react first. The products of this reaction will be

at the adiabatic stoichiometric flame temperature. The NO reaction will
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take place effectively at this flame temperature. The required oxygen
[0z] is assumed to come from the excess air of the unburnt lean parcels
with ¢'<1. The calculation of [Qz] is described in details below:

(a)- Calculate oxygen concentration ([02]r) required for the main
combustion reaction assuming a global one-step reaction glven by the

stoichiometric equation:

PCxHy + (x + %](02 + 3.76 N2) ~—> &PxCO2 + §$‘§ Hz0 + (1-€) @CxHy +

(1~£¢) (x+ %102 + 3,76 (x+ %)Nz (6.9)
where £ is the degree of combustion taken as 1.0,

2.0
[Cz2]r =

($ + 2.0 + 2.0 x 3.76)

(b)~ From the distribution of parcels generated above, the fraction of
parcels with excess oxygen, le ¢ < 0.99 was calculated.

(c)- calculate the average equivalence ratio of the lean fraction (¢r).

(d)~ Calculate excess oxygen ([02]) available for NOx reaction after
the lean pockeis of mixture have also reacted at equivalence ratio

($r):
[0z} = [02]r (1- ¢L)

Given the values of [02], [N2] (calculated from Egn 6.9) and the
adiabatic flame temperature, the rate of NO formation was calculated
from Egn 6.4 for the fraction of pockets reactlng at near
stoichiometric ¢.

Finally, to calculate NO concentration, a mean value of residence time
in the reaction zone was calculated from the length of the zone and the
average flow velocity in this zone, both deduced from experimental

measurenents.
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6.2.2 Prompt NOX modelling

To date, detailed models of prompt NOx are not available, because the
amounts of prompt NOx are small compared to other sources of NOx, and
because 1t seems to accrue In very rich flames as detailed in section
2.3.1(i1). A rate equation was suggested by Fenimore (1970) as given

below:

1/2

[NOlprompt = f£(¢) p [NOjeq (6.10)

f{(¢) 1s an empirical function of ¢, given for ethylene-air combustion,

as:
F{p) = 1.190 x 10"° exp(9.287 ¢)

This function was found by taking the ratio of experimental NO mole
fraction which could not be accounted for by Zeldovich kinetics to
equilibrium NO mole fraction for ethylene. The parameter p is the
pressure in atmospheres and [NOJeq is the equllibrium concentration of
NO corresponding to the adiabatic flame temperature.
Another equatlion, suggested by de Soete {1974) and used by Hand et al
(1989), is given below:

[% e [021° (N2l [fuel] exp [_g%_) (6.11)
For ethane flames the values of 1.2 x 107(RT/P]2, 1.0 and 6000 eal/mole
are recommended for (XKpr), (a) and (Ea) respectively. The residence
time for prompt NOx formation is very small (ie<10 ms) (Bowman (1975)).
In the present analysis, both equations given above were uged to

estimate prompt NOx. The results indicate that the contribution of this
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mechanlsm to NOx formation is very small, less than 1.0 ppm compared to

25 to 40 ppm for the thermal NO. The prompt NOx formation has therefore

been ignored.

6.3 MODEf, RESULTS

The model described above requires as input the values of mixedness of
fuelsalr jets (So}) and the mean residence time {t) within the reaction
zone. The experimental study of NOx formation described in Chapter 4
has shown that these two parameters are affected more by fuel injection
mode than by swirl., To test the present model, an estimate of the
average value of standard deviation (o] for each fuel 1injection mode
was obtained from the experimental measurements of the temperature. The
rate of collection of temperature measurements was 30 Hz. Thus, for 200
readings taken at each traverse position, the standard deviatlion was
calculated for each fuel inJjection mode. The corresponding average
values of So, calculated from Egqn 6.5, were 0.65, 0.7 and 0.8 for
central axial, central radial and peripheral fuel injection modes
respectively.

"The model was applied to predict the effect of fuel/air ratio
{(equivalence ratic) on the overall NOx formation im the furnace for
each type of fuel injectlan. The results are compared with the
experimental measurements in the stack. The effect of swirl in all fuel
injection modes on fluctuations was small. Thus the model predicts only
small changes in stack NOx when swirl is changed. This prediction is
confirmed by experimenis. Comparison between the model predictions and
experimental measurements, are given in Figs 6.3-6.5 for central axial,
central radial and peripheral fuel injectlon modes respectively. For

all cases, the agreement between the model results and measurements is

115




considered good. However, for the peripheral fuel injection mode, the
predicted profile 1s slightly shifted to one side. This shift could be
explained by two reasons. The first ls that, for simplicity, the value
of ¢ in Eqn 6.5 was taken to be the input value rather than the actual
mean value In the reaction 2zone. It 1is expected that during the
air/fuel jeis progress to the reaction zone, the value of the effective
equivalence ratio will differ from the burner input value due to the
dilution with flows circulating from the CRZ and the PRZ. This effect
seems Lo be significant in the case of peripheral fuel injectlon due to
the fact that the mixing in this system 1is higher than in the other
fuel injection modes, as discussed In Chapter 5. The second reason 1is
that the estimauite of So was based on experimental measurements taken at
at fixed equivalence ratio (¢ = 0.95), and used for all value of
equivalence ratios in the prediction. It is expected however that as ¢
decreases below the stoichiometric value, So should increase and when ¢
increases above the stoichiometric value, So should decrease. These
changes in So will effect the value of o (Egqn 6.5) and thus the
predicted NOx profile. Jt might be appropriate for further work to be
carried out to quantify these two factors,

Considering the simplicity of the model presented in this stage, it
could be said that the present model 1is capable of giving a good
prediction of the maximum value of NOx for different types of fuel
injection modes. It also give the correct trend of NOx at the fuel lean
and fuel rich conditions observed in the measurements. These results
are valuable for practical engineering purposes.

This study has also highlighted the importance of accounting for the

concentrailon fluctuation of species in the NOx predictions process.
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CHAPTER 7

PREDICTIONS OF AERODYNAMIC ARD COMBUSTION PATTERNS USING CFD CODES

7.1 INTRODUCTION

This chapter reporis an assessment of the ability of a computational
fluid dynamics (CFD) code to model the combustion aerodynamics of
swirling flames. The extent to which such codes can be relied upon will
depend on the extent to which they have been validated against
practical combustion systems. The peripheral injection mode applied to
a natural gas swirling flame, Fig 7.1, (Beltagui and Maccallum (1988))
is a novel test case and therefore is considered in this study.

The predictions were made using the PHOENICS code (Ludwig et al (1989))
with turbulence and combustion represented by the standard (k-£) model
and the 'eddy break-up’ model respectively. The resulting predicted
aerodynamic and combustion patterns are compared with the measured
patierns.

Predictions were also made for the same system but with the fuel
injected axially at the centre of the burner, Fig 7.2. The aim was to
explore the ability of PHCENICS to predict the main changes caused by
switching from the traditional central fuel injection to the peripheral

injection considered in this study.

7.2 EQUATIDNS SOLVED

The predictions have been made by solving the finite-difference
formulations of the governing equations for the conservation of mass
and three components of momentum. Turbulence is modelled by solving two
differential equations for the turbulence kinetic energy and its

dissipation rate (standard k-e model). The simple chemically-reacting
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scheme (SCRS) was used for the combustion representation. This scheme

assumes that:

1kg fu + s kg Ox —> (1+s8) kg Pr + H (7.13
m +m +m =1 {(7.2)

fu ox pr
h=CpT+H m + V/2 (7.3)

fu fu

where s is stoichiometric air/fuel ratio, mfu, mDx and m . are the mass
fraction of fuel oxidant and product respectively, h is stagnation
enthalpy, T is gas temperature (K), Cp is temperature dependant
specific heat at constant pressure, Hfu is the net heat of reaction of
fuel and V is the total velcocity. This scheme requires the solution of
differential equations for enthalpy (h)], fuel mass fraction {mru} and
mixture fraction (f).

All the above equations can be written in the general form for 3-D
cylindrical polar coordinates (Gupta and Lilley (1985)):

a

8 3
% (TPUp) + oz (rpvp) + =5 (pwe)

8 1
sr(Pw) + ¢ ar 30

r
L8 (ip 89,8 (o 8),8 (. 13 ,
T ax [rrw 8x] * ar [rr¢ 5;] * fal:) [r¢ r 4e * Bp (7.4)

where ¢ stands for any dependent variable, and p, u, v, W, r are gas
density, axial wvelocity component, radial velocity component,
tangential velocity component and radius of the furnace resgpectively.
The terms T¢ and S¢ are the turbulence exchange coefficlent and source
term respectively, their values for each variable being solved are
given in Table 7.1 below.

For the axisymmetric flow considered in this study, the term 8/88 is

Zero.
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Table 7.1

Governing equations-swirling axisymmeiric form

r s
¢ P ¢
1 0 0
_8p 8 du 138 av
u # a*a[”a]%%[“‘“a]
2
op 8 éu T 3 av v W
v # E*é’ﬁ[”&-’]*?éﬁf[ma‘f] MrtPy
w M8 (rp) - p —
’ 2 dr H P T
h u/¢h 0
mfu “/@fu Rfu
f u/or 0
k pre Gk -pe
€ peoo, C1eGk/k - Czpca/k
Where!
H= ulam uturb (Effective viscoslty)
“turb = C psze (Turbuilent viscosity)
2 2 2 2 2
8u av v du av 8 w2 ow
ol {l&) & ) B8 ) (R
o, = 0.7, o™ 0.7, o= 0.7, o= 1.0, o= 1.3 [Prandtle~5¢hmidt]
numbers
C1 = 1.44 , C2 = 1.92, C“ = 0,09 {Turbulence model constants)

The representation of the reaction rate of fuel [Rru] is discussed in

the next section,.

Given the values of the dependent variables p,
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and h obtained from the sclution of the above equations, additional
algebraic equations are solved to deduce other properties at any point

in the field:

m._ = (mru - f) s

The mass fraction mpr is obtained from equation (7.2), and T from

equation (7.3). Also

where R 1is the universal gas constant and M is the mean mixture

molecular weight.

7.3 REACTION RATE REPRESENTATION

In turbulent reacting flows, the modelling of the rate of reaction, and
consequently the heai release rate, 1s essential to the evaluation of
the local gas temperature and density, the latter being a major factltor
in the momentum and mass conservation equatlons.

In the present non~premixed system, the flame is considered as
diffusion controlled. Although the fast reaction, or 'mixed-is-burned’,
model (Kent and Bllger (1976)) is sometimes used to model such
combustion systems, 1t tends to overpredict the combustion rate in
forced draught systems. In the present work, therefore the ’eddy
break-up’ model of Spalding (1970) and Magnussen and Hjertager (1976)
has been adopted. This model assumes that the reactants are
homogeneously mixed in the finite-scale dissipative eddies of the
turbulence. The chemical reaction is represented by a one-step reaction
between the fuel and oxidant. The rate of the reaction is governed by

the concentratlion of the limiting reactant:
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>4 .
Rfu— Ap ; Min [ mo mox/s ] {7.5)

Where A is the ’eddy break-up’ constant. The value of A used in the

present work will be discussed in Section 7.7.

7.4 EXPERIMENTAL DATA

The experimental measurements had been taken by Beltagul and Maccalium
(1988) in a refractory lined cylindrical furnace of 225 mm inside
diameter and 0.9 m long. The air was introduced through a central
concentric vane swirler of 93 mm inslide dlameter. The fuel- natural
gas- was injected through an annular slit of 2 mm width around the
periphery of the air swirler, see Fig 7.1. The experimental data were
available for the following input variables;

(a) Swirler vane angle- o- 0°

, 15°, 22° and 300, glving burner swirl
nunber- Sd" (based on burner diameter), of 0.0, 0.089, 0.138 and
0.192.

(b) Inlet air velocities of 10.6 and 15.0 w/s, correspending to
Reynolds Number, based on swirler exit condition, of 6.3x10%  and
9.0x10%.

{c) Overall fuel equivalence ratio of 0.53 and 0.38. The data set
consisted of normalised profiles of the three components of the
time-mean velocity, static pressure, temperature, and
concentrations of €Oz, 0z and CO. These profiles were measured
across the furnace dlameter at seven planes along the furnace.

Generally the profiles demonstrated good symmetry, which is vital

for the meaningful comparison with axisymmetric progranm

predictions.
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7.5 BOUNDARY CONDITIONS

The inlet to the furnace is the exit plane of the burner, and at this
plane the axial velocity component of the air was assumed uniform in
the non-swirled case and to increase linearly with the radius in the
swirl flow case. These assumptions were based on the experimental
measurements by Beltagul and Maccallum (1988). The tangeniial component
was assumed to follow the same profile and equal to the product of tan
6 and the axial component. The radial velocity was taken always to be

zero. The corresponding k and € values have been calculated as follows;

2

k = Ck ( w2+ V3 W) (7.6)

e =C_ k%7 0.09 1 (7.7)

where Ck = (3.0323, Ce = 0.1643 and ! is the characteristic dimension
{width of jet at entry) for the flow stream {air or fuel}. The values
of the above constants have been deduced from experimental measurements
in a similar flow systems (Nejad et al (1989)). Uniform inlet profiles
were assumed for pressure, enthalpy and species concentration.

The flow boundary conditions at the solid walls have been described by

the log-law and specified to be adiabatic.

7.6 COMPUTATIONAL DETAILS

The numerical solution of the differential equations for cylindrical
pelar coordinates was performed using the PHOENICS code. The furnace
geometry was represented by an axisymmetric non-uniform grid of 41
axial by 45 radial nodes. Near the burner, particularly the fuel exit,
the grid spacing in the radial direction was reduced to 0.5 mm.

The Upwlnd differencing scheme was used, with under~relaxation

parameters for all the wvariables. About 300 to 500 sweeps were
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required to obtain a satisfactorily converged solution with normalised

4

mass residuals of less than 10 A typical calculation of 400 sweeps

required about 2.8 hours of CPU time on a VAX-785 computer.

7.7 RESULTS

& representative selectlion of the predictions is presented in Figs
7.3-7.9, together with the corresponding experimental measurements,
covering the results for the 0° and 30° swirlers. These are presented
in the form of normalised profiles of the three components of the
time~mean velocity, static pressure, temperature, and concenirations of
oxidant and product (predicted} or COz {measured).

An exploratory trial was carried out to test the "mixed-is-burned"
combustion model predictions. As expected, this model produced a
combustion pattern corresponding to a reaction rate much faster than
the experlmentally measured pattern.

As explained in Sectlon 7.3, the ‘eddy break-up’ model for the
combustion reaction was next examined as an alternative. Tests were
carried out to select the best value for the constant A, Eqn. (7.9),
The value of A = 2.0 was found to lead to the best representation of

the combustion patterns.

7.7.1 Axial velocltiy profiles

Predicted and measured axial velocity profiles are shown in Figs 7.3(a)

and 7.3(b) for the 0° and 30° swirlers respectively. The general flow

pattern is well predicted for both these cases. Detalled inspection of

the profiles leads to the following comments:

1. The effect of swirl in modifylng the flow pattern is predicted
through the more rapid jet expansion and the faster decay of the

peak velocities and the radial gradients of the axial velocity. For
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example the jet wall-impingement point moved nearer to the burner as
swirl is introduced. Also a uniform velocity profile was attained at
a shorter axial distance. These effects had also been observed
experimentally.

2. The predicted |jet expansion is faster than that measured. This
applies to the results both without and with swirl.

3. The predicted decay of the radial gradients of velocity is more
rapld than measured, leading to the prediction that more uniform
velocity profiles occur earlier than measured.

4. For the non-swirled flow case, Fig 7.3(a), better agreement between
predictions and measurements 1s obtained nearer the burner than
further downstream. By contrast, in the case using the 30° swirler
the predictions are better further downstream from the burner,

5. The prediction of lower radial gradients of the axial veloclty near
the burner for the 30° swirler leads to a predicted centreline
velocity which is higher than measured. This also leads to a failure

to predict flow reversal at the centreline.

T7.7.2 Tangential velocity profiles

Figure 7.4 illustrates the radial profiles of the tangenltial velocity
component in the furnace chamber for the 30° swirler. Both the
predicted and measured profiles approximate to Rankine~vortex flow with
sclid body retation in the central region and peak tangential
velocities in the vicinity of the axial velocity maxima.

Although the experimental profiles exhibit some asymmelry, the
agreement between the prediciions and the averaged experimental data

is conslidered to be good.
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7.7.3 Radial velocity profiles

Comparisons of predicted and measured radial velocity profiles are
shown In Figs 7.5(a) and 7.5(b) without and with swirl respeciively. In
both cases, the predicted velocity profiles in the near-burner 2zone
follow the shape of the experimentally measured profiles but the
magnitudes of the predicted values are much lower than those measured.
As the flow progresses downstream, it 1is notéd that the predicted
radial veloclities decay much faster than the measured veloclities. This
is consistent with the predicted decay of the axlal velocities in this
region. Increasing swirl has little effect on the predicted radial
velocity values as shown in Fig 7.5(b), although the measured values
apparently increase,

As previously reported {(Beltagui et al (1988-a) and Beltagul et al,
(1988-b}), whlle there 1is reasonable conflidence in the probe
measurements for the axial and tangential veloclty components it 1is
believed that the probe measurements exaggerate the radial velocity
values, particulariy in the regions of peak radial velocltles,
Consequently, excessive reliance should not be placed on the measured

radial velocity profiles,

7.7.4 Static pressure distribution

Comparison of the predicted and measured static pressure distiributions
are illustrated in Fig 7.6. In the unswirled case, Fig 7.6(a), the
predicted static pressure differs only very slightly from atmospheric.
The measured values however show some considerable differences below
and above the atmospheric value. The fuel jJjet injection scheme may be
partly responsible for this. Also there are indications of asymmetry of
the Jjet. This is consistent with the noticeable asymmetry eof the axial

velocity profiles, Fig 7.3(a).
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For the case using the 30° swirler { Fig 7.6(b)), there is generally
good agreement between prediction and measurement, with sub-atmospheric
pressure near the centreline, rising teo near, or slightly above,
atmospheric close to the walls. This pattern 1s typical of static

pressure distributions associated with confined swirling flows.

7.7.5 Temperature distributions

Predicted and measured temperature profiles are shown in Fig 7.7. From

these results the fcllowing comments are made:

1. For both unswirled and swirled flows the temperature profiles near
the burner are well predicted with maximum temperatures at the outer
recirculation zone and low temperatures in the unburned central
flow. Combustion is initiated at the shear layer between the air and
fuel jets.

2. The effect of swirl on the predicted temperature profiles is noted
through reduced radial temperature gradients. However, the
predicted effect of swirl on the temperature profiles 1is somewhat
less than that observed.

3. For the non-swirled flow case, as the flow progresses downstream the
agreement between the predicted and measured profiles remains good,.

4., For the 30° swirler flow, as one moves downstream a discrepancy
between the predicted and measured prefiles becomes apparent.
Whereas the measured profiles become uniform at about 3 furnace
diameters downstream, the predicted profiles still show a marked
non-uniformity, with a wvarliation by a factor of about 3 in the
temperature rise. Thus generally the effect of radial mixing between

the flow streams is not yet adequately predicted.
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7.7.6 Species concentrations:

Since the program solves the equations for a one-step global
reaction, the results give concentrations of fuel, oxidant and product.
The predicted oxldant profiles are compared with the measured Oz
concentrations in Fig 7.8. The predicted concentrations for the
“product" can be compared with the measured CO2 concentrations for the
locations where combustion is complete. This compariscen is shown in Fig
7.9. For complete combustion of the natural gas used (about 95% - by
volume~ methane), the CO2 concentration in the dry product is 11.8% by
volume. This comparison should glve sufficient 1ndication of the
agreement, or otherwise, between the predlictions and the measurements
throughout mest of the flow field. The comparison is not wvalid however
in locations of partial combustion.

The predicted oxidant and product concentrations are consistent with
each other, and with the predicted temperature profiles. Thus the
agreement between the predicted and observed species concentration is
the same as the agreement for the temperature profile. The comments
made in section 7.7.5 concerning the temperature profiles therefore

apply also to the concentration proflles.

7.8 COMPARISON OF PERIFHERAL FUEL~-INJECTION WITH CENTRAL AXIAL
FUEL-INJECTION

The prediction procedure was alsoc set for the configuration where the
fuel is injected in the centre of the air jet in order to asses the
predicted degree of change in the results between the twa fuel
injection systems. Firstly though, these predicted results were
compared with observed combustion patterns inferred from temperature
measurements in the same furnace, with a central fuel injector. This

test proved satisfactory. The predictions for the two fuel injection




systems were then compared.

A sample of the results for the predicted temperature 1is given in Fig
7.10, where a marked effect on the temperature field is clearly seen.
In the peripheral fuel-injection system the high temperatures are in
the outer recirculation zone and in the forward flow near the walls
after the Jjet impingement point. On the other hand, for the central
fuel-injection system, the high temperatures are near the centre of
the flow. This prediction is in excellent agreement with the observed

effect.

7.9. DISCUSSION OF RESULTS

The predictlons presented above were all made with the program using
the facilities available within the Code with no adjustments to its
sub~models. The main features of the flow and combustion patterns are
well predicted as demonstrated in the comparisons with the measured
profiles. However, detailed comparisons indicate some less satisfactory
agreenment on a number of points.

Considering the flow pattern, the radial gradients of velocity
components are underpredicted, particularly for the swirling flow. This
feature of underpredicting the velocity pgradients is a typlical
characterlistic of the standard k-e& turbulence model and has bheen
reported by other investigators (eg Mahmud et al (1987), Kobayashi and
Yoda (1987), Negad et al (1989), Jones and Pascau {1989)). The
underprediction is attributed to the body forces which arise from the
effects of curvature, recirculation, swirl and buoyancy. These forces
are known (Sloan et al (1986) and Leschziner (1989)) to interact
selectively with different normal and shear stresses, making the use of
the isotropic turbulence assumption inappropriate.

The present investigation is of a speclal flow configuration where the
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body forces play an Ilmportant role. In this furnace, usling the

peripheral fuel-injection scheme, combustion starts at the outer shear

layer of the air jet. The centrifugal forces created in this system due
to the density gradients are expected to increase further the effect of
body forces on the turbulent flow (Leschziner (1989) and Beltagui and

Maccallum {(1988)).

Trials to overcome this deficlency through the use of a modifled

anlsotropic form of the turbulent eddy viscosity based on the k-g& model

have been presented for some simpler flow situations ({(eg Kobayashi

(1987)). However, these models are not yet of a general form suitable

for use with general codes.

Rigorous models solving the complete Reynolds stress equations should

have the degree of generality required. However, these models have not

been available in general CFD codes. Another reason for not using
these is the expenslive computational time penalty involved.

Considering the combustion patterns, as represented by the temperature

and species concentration fields, the predictions are in good agreement

for the non-swirled flow case, but less satisfactory agreement is
obtained for, the swirling flow. There are two reasons for these
deficiencies:

1. The weakness in the turbulence modelling, as explained above, led to
lower mixing rates in the radial direction as indicated by the lower
degree of uniformity in the temperature and species concentration
profiles, compared te the measured profiles. The underprediction of
mixing is more apparent in the swirling flow case.

2. The simplified combustion model, which is also governed by the
turbulence properties through the "eddy break-up" model, is
probabkly toco simple. The present formulation did not include the

effect of the hot product concentration, which has proved
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significant in another application (Beltagui et al (1991)).
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CHAPTER 8

GENERAL CONCLUSIONS AND RECOMMENDATIONS

From the combined experimental and theoretical work presenied in the

previous chapters, the flowlng general conclusiocns can be drawn:

(A)- Experimental measurements

1~ Flame stability: With the use of central radial fuel injection, it
was possible to achieve stable flame without swirl, due to the

aercdynamic blockage created by the radial fuel jets.

For the central axial injection and the basic peripheral fuel
injection (first scheme), a minimum swirl (S=0.8) was required to
achieve a CRZ stabilised flame. In the second Scheme of the
peripheral fuel injection, a CRZ was created by introducing some of
the combustion air radially outward through a central gun, thus a
stable flame could be established without swirl.

The longest flame was observed when central axial fuel injection was

used. This flame was nolt uniform and has a yellow appearance. With
the central radial and peripheral fuel injection modes, the flame
was shortened in both cages by aboul the same amount and the flame
became blue.

2- Flow patterns: The flow patterns presented for the central radial
and peripheral fuel injection modes were represented Dby
distributions of the three time-averaged velocity components and the
static pressure. These measurements have given c¢lear pictures of
flow expansion in the radial and axial directions, also of the flow

boundaries and thus the central and outer reverse flow zones (CRZ
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and PRZ)., The effect of swirl on the size of the CRZ was found to be
more pronounced when perlpheral fuel injection was used due to the
increased effect of centrifugal forces in this system.

It is noted that the jet expansion in the radial and axial
directions was dictated by the mode of fuel Iinjection. The
combustion with the peripheral Injection system starts at the outer
boundary of the swirled alr flow. This has resulted in a higher
radial Jet expansion and thus earlier Jet impingement with the
furnace walls. However this has also led to a much lower jJet
expansion in the axial direction when compared with the ceniral
radial fuel injection mode.

Momenium fluxes and swirl number: The integrations of time-averaged
values of velocities were performed to calculate the axial fluxes of
axial and tangential momenta. The variatlons in the normalised
fluxes along the furnace were caused by the Jet area expansion,
volume expansions due to combustion and Jet impingement with the
furnace walls. These varlatlons were dependent on the mode of fuel
injection. The effect of swirl on these fluxes was found to be more
significant in the case of the peripheral fuel injection.

Swirl number calculated from these momentum fluxes and based on the
furnace diamgter was found to depend on the mode of fuel injection.
The analysié confirms the validity of this swirl number in
characterising the flow patterns of swirling flows.

Combustion patterns: An assessment of the relative combustion
patterns has been obtained from the measurements of temperature and
species concentrations for the three modes of fuel injection. The
following points are made:

a- A good flame symmetry was obtained with the central radial and

peripheral fuel injection modes. High degree of flame asymmetry
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was observed with the central axial fuel injection.

b~ The effect of swirl in all fuel injection modes 1s to increase
the mixing and thus combustion intensity.

c~- The measured temperature and the integrated fluxes of sensible
enthalpy have shown that the highest heat transfer rates to the
furnace walls occur with the peripheral fuel injection. This is
the result of starting the combustion at the outer boundary of
the swirled air flow.

d- From the measurements of temperature and CO, 0Oz and Oz
concentrations, it was found that the highest rates of mixing and
thus combustion efficiency were achieved with peripheral fuel
injection, due to the utilisation of the full benefits of shear
layer and centrifugal mixing. The radial fuel injection alsoc gave
better mixing and combustion efficiency when compared with the
central axial fuel injection.

e- Measurements of the local NOx concentrations have shown that, in
all fuel injection systems, NOx formation has a strong dependence

on the flame temperature, thus coenfirming the dominance of its

formation by the thermal wechanism. In addition, the NOx
formation rate was dependent on the degree of mixing and the
residence time witﬂin the reaction zone.The effect of swirl on
the local NOx values was significant{. However, its effect on the
overall NOx concentrations is considered to be minor.
5- Pollutant formation: From the measurements of CO and NOx in the
stack it could be concluded that:
a— The CD measurements demonstrated that with the use of peripheral
and central radial fuel injeclion modes, complete combustion
could be guaranteed wlth 5% excess air. When central axjal fuel

injection is used, at least 10% excess air is required to achieve
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complete combustion.

b- The. lowest overall NOx concentrations were measured with the
central axial fuel injection. This was the result of the lower
area—-averaged temperature levels caused by the slower combustion
in this system, The peripheral and central radial fuel injection
systems gave virtually the same NOx values at the normal firing
rate (le 5% excess air).

At fuel lean conditions, the peripheral fuel injection was the
only method of fuel injection giving reduction in NOx formation.
The other two systems gave some increase in NOx formation. At
fuel rich conditions, all {fuel injection modes gave sharp
decrease in NOx formation. The peripheral fuel injection was
therefore the only system to coffer NOx reduction by the three
metheds- lean combustion, fuel staging and alr staging. With the
central radial and central axial 1Injection modes, only air

staging is useful in reducing NOx formation.

{B)- Modelling of NOx formation

By adopting a simplified model based on the well-stirred reactor along
with accounting for the c¢oncentration fluctuations by a suitable
stochastic technique, thermal NOx formation has been predicted
salisfactorily. The model was able to predict with reasonable accuracy
the maximum values of HOx for each type of fuel injection. The model
also predicted the NOx trends at fuel lean and fuel rich conditions.
This model has also demonstrated the importance of considering the
fluctuations in concentrations when predicting NOx formation.

If the interest is only in obtaining NOx formaticn, the model presented
here is sufficient for practical engineering purposes. However, when

aerodynamic and combustion patterns are alse required, it is




recommended that the concept provided by this model could be
incorporated within a CFD code, in which the NOx equation (6.4) could
be solyed as a source term for a differential equation of the mass
fraction of NOx. The effect of fluctuations is taken into account by
the solution of another differential equation for the concentration

fluctuation.

{(C)~ Modelling of swirling flames

The ability of a CFD code to model swirling flames has been assessed by
a novel test case, The flow and combustlon patterns of the peripheral
fuel injection (Beltagui and Maccallum (1988)) have been predicted
using PHOENICS code.

The general agreement between predicted and measured patterns 1is
encouraging considering that the procedure used the standard k-e
turbulence model, and a simple combustion model ("eddy break-up"). The
main c¢hanges in the combustion patterns caused by swltching frém
central to peripheral fuel injectlon system were qualltatively well
predicted.

For the peripheral fuel injection system, with a non-swirled air jet,
the predictions are generally good. However the enhancement of mixing,
caused by the combined effect of swirl and density gradients, was not
adequately predicted. This weakness highlights the importance of
modelling the contribution of the body forces to the turbulence
exchange coefficients.

It 1Is suggested that the use of anisotropic turbulence modelling is
necessary for the prediction of swirling flows.

It is also puggested that including the effect of the hot combustion
products concentrations in the combustion model may contribute to some

improvements of the results.
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(D)~ Suggestions for further work

i-

Similar investigation of a burner with comblned central-radial and
peripheral fuel injection modes: This burner may give more enhanced
flame stability, mixing and hence combustion efficlency. The high
rates of mixing should also reduce the fluctuations 1in the
concentrations and the residence time and thus the overall NOx
emission.

Investigation of NOx formation in an adiabatic furnace: The high
temperature levels in such a furnace will make the effect of input
parameters {(eg swirl and fuel eguivalence ratio) on NOx formation
more significant than was observed with the water—-cooled furnace
studied in the present work.

LDA measurements: For the central radial and peripheral fuel
injecticn systems presented 1in this study, measurements of
turbulence characteristics, using LDA, may prove to be valuable in
aiding the understanding of the structure of turbulence and in
modifying theoretical models of turbulence, The study would also
provide reliable data far the inlet boundary conditions required for
CFD codes.

The NOx model presented in this study could be incorporated within a
CFD code as described in paragraph (C) above.

Validating CFD codes : The experimental data provided for the NEL
furnace in this study allow the assessment of present and future CFD
codes for modelling the flow and combustion patterns when using

different modes of fuel injection.
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Symbol Description
GV1 Gas supply manual shut off
Gv2 Gas booster bypass control
Gv3 Pilot premix manual shut off
GV4 pilot neat gas manual shut off
GVS Hain burner gas manual sut off¢
5V1 Pllot safety shut off
sv2 = = = =
SvV3 Main burner safety shut off
Sv4 = = = = =
dP1 Gas flow measurement transducer
dpz2 Gags flow safety transducer
Pl Gas pressure measursament
T1 Gas temperature measurement
P2 Pllot air safety pressure switch
P3 Gas supply safety pressure switch
P4 Gas supply booster pressure switch
PR1 Pllot alr pressure regulator

FIG 3.3.a: Gas flow line
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AY1 Main compressed air valve
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AVZ Fan air control valve

T2 Air Temperature measurements

PS Alr safety pressure switch

P& Alr pressure measurements

dP3 Air flow measurement transducer
dP4 Air flow safety transducer

dps Alr flow safely pressure switch

FIG 3.3.b: Air flow line
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MEASUREMENT OF SWIRLING FLAME AERODYNAMICS IN THE NEL FURNACE
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1. National Engineering Laboratory, East Kilbride, Glasgow
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ABSTRACT

This paper reports results from an extensive programme of aerodynami{c and combustion measure-
ments carried out on the NEL furnace system. The aim of these studies s to validate the HTFS
mathematical models for furnace flow and heat transfer embodied in the computer programs PCDC
and ZONE. Confidence in program predictions requires detailed comparison with reljable
experimental asasurements, Such data are vital as furnace flow and heat-transfer aathematical
models are developed to handle realistic combustion systea geometries. It is also necessary
to provide inforeation on the Inlet profile specifications appropriate to the effective
numerical modelling of such flows.

The NEL furnace is Tired by natural gas through a variable-swirl burner with a quarl, Four
swirl settings were considered, with burner swirl number range of 0,0-2.25.

Using a water-cooled five-hole aerodynamic probe in conjunction with a specialised data acqui-
sition system, profiles of the three components of velocity and the local static pressure were
measured at 13 planes along the chambear length.

The overall teatures of the swirling flow are §1lustrated by these profiles. The results are
presented 1n the form of radial profiles of the three velocity components and pressure., For
example, axial velocity profiles f1lustrate the Jet boundary, degree of expansion and regions
of high-velocity gradients. These also define the boundarfes of the forward and reversed flow
zanes, the latter being furxiamental to the mechanism of flame stabilization,

1.  INTRODUCTION carried out on the NEL furnace system.
Results reported here fors part of the These studies are aimed at the validation
ongoing HTFS experimental programnme of of the HTFS mathematical models for furnace
asrodynaric and combusti{pn weasurements fiow and heat transfer, embodied in the

June 1889




computer programs PCOC, Stopford (198%) and
ZONE, Hyde et al {1984). Such validation
requires comparisonh of computer progran
predictions with detailed, reliable
experimental measurements. There is a con-
tinuing requiresent for complete data sets
which include heat transfer, cosbustion and
aerodynanic characteristics of realistic
combustion systems, These dats sets will
help improve the mpdelling capabiiities of
the flow and heat-transfer codes particu-
1arly when dealing with flow arrangemsnts
of significant geometric complsxity, which
ars prevalent {n {ndustrial applications.

Measurements reported here were obtained in
the NEL furnace fired by natural gas
through & varfable-swirl burner with a
quarl. The fuel pas was radially injected
through a central gun. Four swirl settings
were considered, burner swirl numbers
ranging from 0,0-2.25.

Earl{er measurements were reported in a
previous paper by Beltaguil et al (1988).
These described the measured boundaries of
the forward and reversed flow zones which
were mapped using a two-hole directional
serodynanic probe. The previous report
also provided complete gas temperature
contours and concentration contours for CO,
€0, and 0, covering the whole furnace
chamber,

The present paper reports the flow patterns
produced under the same firing conditions
#s the previous work. The results are
presented 1n the form of profiles of the
three components of velocity and the static
pressure to {1lustrate the flow patterns
associated with confined swirling flomes,
The data also show ths effect of swirl on
the flow pattern,

These fiow patterns result in short intense

flames with high swirl and longer flames
with low or no swirl.

These measursments were made using a five-

hole water-cooled probe. Radial traverses

were made over 13 axfa) planes covering the
whole furnace space.

A high degree of symmetry is evident. This
$s vitel for the meaningful comparison with
ax{symmetric program predicticns.

The results presented, coupled with
previously reported {sothermal-model data,
heat transfer and combustion pattern data
constitute an extremely valuable data bank
for the development of the furnace modet-
1ing programs,

2, EXPERIMENTAL PROGRAMME

The NEL furnace is a mode) of a ¢ylindrical
upshot Tired heater, The apparatus con-
sists of a 1 m dlameter x 3 m high water-
cooled chamber, which 1s segregated into
six separate conling sections, as shown in
Figure 1. The furnace 15 equipped with
probe access ports which provide for
traversing at up to six longitudinal planes
in each section.

The furnace is fired by natural gas through
a variable-swirl burner with a quarl. The
burner used in these studies was of the
noving-block swirl generator design,
supplied by the International Flame
Research Foundatfon {IFRF}. This burner
offers a wide, repeatable range of swirl,
Figure 1 tllustrates the guarl and the fue)
injection geometry. The fuel §s {njected
from 16 holes on the periphery of the fuel
gun, radfally outward and norpal to the
axial air flow. #ore details of the burner
are given by Beltagu! and Ralston (1985},
Four swirl settings were considered, with




burner swirl nusber values of 0.0, 0.45,
0.90 and 2.25.

Afr and fusl flowrates ere metered at fnlet
by erifice plates. The furnace firing rate
was set at 400 k¥ and an fnlet air-fuel
ratio corresponding to S per cent excess
afr was used., The fiowrate of air and gas
to the burner during each run was con-
trollied to within £l per cent.

Detailad natural 'gas analysis was obtained
from British fias. The resuits indicated
that, over the period of the tests, the
aain fuel properties were constant to
within 12 per cent for calorific value and
41.2 per cent for density and stoichio-
metric alr requiresent.

3.  MEASUREMENTS AND INSTRUMENTATION

Traverses were carried out at 13 planes
along the furnace, Jocated st axia?
distances from the burmer guarl exit of 45,
80, 110, 160, 200, 300, 550, BOO, 1050,
1300, 1800, 2300 and 2800 a» as shown by
Figure 2. Additional traverses were made
at some of these planes along a nusber of
redi{ to check for sysmetry and repeat-
ability. Tests of the repeatability
carried out at the end of the mezsurement
canpaign were satisfactory. In each plane
the probe was traversed for at least

1% radii to check the sysmetry. The
measurement points were spaced according to
the gradients of the veiocity being
measured. Between 20-50 measurements were
made fn each plane, with increaents of
10-50 sm. The absolute positioning of the
probe retative to the furnace wall and
baseplate was achieved ¢to within 12 am.
Although the probe used {n this work 1s
intrusive, there 15 considerable evidence
from tests carried out on this systea,
Raiston et al (1984), that the probe

readings are {n agreement with laser
Doppier anamometry wmeasurements. Sizilar
work on other combustion systems by
Hillemans et al (1986) and Aoki{ et

al (1986) also supports this conclusien.

A spherical head five-hole prote of 8 mn
tip diameter, as described by Ralston et

al (1984) and Chadailie and Braud (1972),
was used for these measurements, The prabe
calibration as given by the manufacturer,
IFRF (1977), was checked before the start
of the measurements.

After the main part of the tests was
carrfed out a compiete callbration was
undertaken. This ¢alibration produced
alwost identical values for the probe cali-
bration constants supplied by the manufac-
turer. However, the assumpticn that probe
Tongitude angle §s a simpie function of the
pressure differentials was rechecked. The
resuits indicated that for non-zero pitch
angles this assumption is invalid and an
additienal calibration factor 1s required,
as reported by Beltagul and Kenbar (1989).
The results of the measurements were
reprocassed with this factor taken into
consideration.

Experience with this kind of probe is that
the higher are the values of yaw angle
{greater than 60) and pitch angle {(greater
than 40) the less reliable are the probe
results. This condition occurs mainly in
the very low velocity zones, such as the
outer recirculation zone and the Jet bound-
ary. It §s also noted that for regions of
low velocity associated with high pressure
fluctuations the probe measursments are
subject to errors. Such conditfons were
noted for furnace sections more than 1.0 m
downstrear from the burner especially at
high swirl where the flow filled the whole
furnace section. The expected average
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axia) velocity in this case is about

D.5 »/s. When the gas temperature is 300°C
this velocity corresponds to total pressure
of 0.004 wm water. However, at these
sections the flow becomes almost uniform,
thus, measuresents in theste sections are
not reported here. Combustfon pattern
measurements also fndicate that 411 the
important flame developments occur before
these levels.

The pressure differences were measured
using pressurs transducers, The zerc of
these transducers was set to within

0.001 wm water, The pressure transducers
were calibrated and found to be accurate to
within 20.010 mm water.

The pressure differentials for ths five
probe readings were read simultansousty
.using five pressure transducers and aver-
&aged over & period of about one minute.
The local gas density was calculated at
each point using the temperatures measured
earlfer by the suction pyrometer,

The probe radial traverse and the probe
pressure readings were all driven by a
afcrocomputer which wes programmed to cal-
culate the velocity cosponents' values
using the probe calibration, Beltagul and
Ralston {1985).

Due to the small size of the probe holes
they are subject to blockage by dust or
condensation of water vapour from the
furnace gases thus leading to erroneous
readings. The probe holes were regularily

- purged with nitrogen through a special
arrangsment of solencid valves and gas flow
setering connected to the f{ve probe holes.
This arrangeaent was designed to {solate
pressure transducers during the purge
eycles.

4. EXPERIMENTAL RESULTS

The resuits of the measurements are pre-
sented in the fora of radial profiles of
the three velocity copponents and the
static pressure at the different levels
surveyed. These are §llustrated by
Figures 3, 7, & and 9. In general, the
profiies show & good degree of symmetry.

4.1 Axial Velocity Profiles

Figures 3a-d give the measured axial vei-
pcity profiles., The forward and reverse
flow boundaries are defined by these pro-
files. The axial velocity profiles show
that for all the four cases the flow
pattern {s essentially the same, Type D,
according to the classification of Beltagul
and Maccallum (1876). In this pattern,
near the burner, the flow consists of a
central reverse-fiow zone (CRZ) surrounded
by an annular Jet containing the main for-
ward flow, Outside the forward flow & weak
peripheral reverse flow zone {PRZ) extended
to the walls. The very low PRZ velocity
observed here {s a result of the low con-
finerent manifest in a furnace to quarl
dioxeter ratioc of §.

For the forward flow, both value and radfal
positions of peak velocity increase with
fncreased swirl., The high velocity
gradients at the boundaries of the forward
fiow increase even Turther with swirl.
These gradients represent enhanced shear at
the Jet boundaries. This axplains the
higher sixing and combustion rates hence
the short intense flames, associated with
the high-swirl flows, as measurad by
Beltagul et al (1988).

The rate of decay of maximum axial velocity
elong the furnace is accelerated at high




swirl, as shown by Figure 4, This indi~
cates that the rate of Jet area expansion
exceads the rate of gas volume expansion at
these points. Further downstream from
about 0.4 w ax!al distance, the Tow swirl
Sets occupy the central area of the furnace
whereas the high-swirl Jets tend to spread
over a larger area.

Figure 5 demonstrates the recovery of the
centreline axial velocity along the fur-
nace, the miniaum recovery {s zssociated
with the highest swirl,

4.2 Flow Bounderies

Figure & 11lustrates the boundaries of the
forward flow, thus indicating the size of
the CRZ and the iocation of the jet outer
boundary. For the Tirst 200 mam dfstance
from the burner, the jet radial expansion
1s nearly the same for all the cases
aseasured. Further downstreas the jet
radfal expansion is shown to increase with
swirl, thus bringing the jet reattachment
roint nearer to the burner, froa 1.5 m at
zero swirl number to about 1 m when swirl
nuber 1s increased to 2.25.

It was Tound that a central reverse-flow
zone (CRZ) exists for all cases tested,
even in the absence of swirl. The CRZ, in
the absence of swirl and at low swirl, {s
promoted by the aerodynaric biuff body
created by the radial fuel Jets emerging
from the Tuel pun.

pDver the range of swirl considered, both
the moxinus diameter and the length of the
CRZ increase with swirl. These obser-
vations agree gqualitatively, with the
fsotherssl wodel results reparted by
Beltagul et a) (1987, 1988). In general,
the isothermal flow CRZ 1s wider and longer
than that observed in the cosbusting flow

_ resuits {11lustrated here.

4.3 Tangential Velocity Profiles

These are presented as Figures 7a~c. The
tangential velocity values are an indi-
cation of the local swirl strength which
contributes to wixing and combustion. The
high-swirl Jets produce a Rankine~type
vortex. These profiles also indicate the
rate of decay of swirl along the furnace.
This rate of decay increases with swirtl
resulting in very low swirl velocities in
all the cases beyond the first 1 m length
of the furnace.

4.4 Radial Velocity Prpfiies

Figures Be-d show the profiles of the
radial velocity., The radial component is
an indicator of the Set spread in direction
and magnitude. Both their magnitude and
rate of decay along the furnace increase
with swirl.

4.5 5tatic Pressure Profiles

These are shown by Figures Sa~d. All
pressure values are below ambient pressure
with the ainixus values near the burner.
With high swirl some radial pressure
gradients exist leading to a pressure
depression at the centre of the flow.
Throughout most ef the CRZ and PRZ the
pressure profile 1s almost uniforw,

5., LDNCLUSIONS

The overall features of ths combusting
swiriing fiow are 11lustrated by measured
data presented here. These demonstrate a
high degree of flape symmetry. They show
the effect of swirt In producing flows with
higher gradients of the velocity com-
ponents. This produces higher shear rates,




enhanced mixing, thus more intense and
shorter flames with higher heat-~transfer

rates in the zones nearer to the burner.

The results presented, coupled with
previously reported heat-transfer and
combustion data, constitute an extremely
valuable data set for developaent of the
furnace computer models, Effort s now
being directed towards the coaparison of
these axperimental data with the
predictions of the PCOC program.
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NOx GENERATION AND CONTROL IN CONFINED SWIRLING FLAMES -
REVIEW AND PARAMETRIC STUDY

S A Beltaguit®, A M A Kenbar! and N R L Maccallum?

1. University of Glasgow
2. National Engineering Laboratory, East Kilbride, Glasgow

ABSTRACT

A programme of wark on the control of combustion—-generated NOx has started at the National
Engineering Laboratory (NEL) in collaboration with Giasgow University. The wain emphasis is
te control the NOx generation through the aercdynamic design of the burner and its fuetl
injection mode. The work will involve both experimental measurements in the NEL furnace and
theoretical modelling, in conjunction with the HTFS flow and combustion programs.

This paper reports on the literature survey, on NOx generation and control, carried ocut at the
start of the work. The survey focuses on studies of the effect of burner parameters on the
NOx generation in furnaces and gas turbine systems. Alternative prediction models are
reviewed and the recommended model is presented.

The proposed model is applied to a well-stirred reactor to 1llustrate the relative importance
of the main contributors to the NOx generation, namely, flame temperature, axygen
concentration and residence time.

NOTATION [ fuel/air equivalence
ratio, dimensionless -

k Kinetic rate constant cm¥/mole s L  Completeness of com-
t Residence time s bustion, dimensionless -
T Flame temperature K
X Number of carbon atoms in 1. INTRODUCTION

hydracarbon -
y Number of hydrogen atoms 1.1  NOx and the Environment

in hydrocarbon -
[ 1 Concentration nole/cmd s Combustiun generated pollution is naw
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recognised as a threat to the envirconment.
The most obvious air pollutant s smoke,
Other
pollutants of importance are carbon mon-

being visihle to the naked eye,

oxide, sulphur oxides (50x) and nitrogen
oxides (NOx).
focused on NOx.

Recently, attentjon has been

NDx s & collective name for nitrogen
oxides; N,0, KO and NO,.

Combustion produces NO and to a lesser
extent NO,. At atmospheric temperature NO
is converted to ND, and some N,0. Statfon-
ary sources are responsibie for about half

the total man-produced NOX.

Locally, NOx 1s toxic and f{s known to act
through photochemical reactions as a pre-
cursor to the formation of smog and other
pollutants. On a wider scale 1t causes
damage to plant life and soil through 1ts
It has & global

effect, as N,0 1s involved in depletion of

contribution to acid rain.

the earth's ozone tayer (0ECD Reports
(1975, 1984}),

Eatssion standards progressively call for
tighter contrel on emission levels. Early
regulations specify percentage reductions
of the current emission levels, these
reductions being achievable by the appli-
cation of the wost up-to-date technology.
However, recent regulations for new sources
prescribe specified levels of emissions in
order to matntain a reasonable, healthy
atmosphere (DECD Reports (1979, 1983)),

1.2 Sources and Control of Combustion
Benerated NOx

The main arfgin of combustion-generated NOx
is nitrogen contained in the two combustion

elements, 1e air and fuel., The remaval of

594

nitrogen frow air before combustion is
{mpossible and from fuel 1s impractical.
The nitragen fixation is a result of the
combustion environment, thus, NOx formation
can be limited through careful combustion
control,

It has been recognized that there are three
tmportant formatfon mechanisms -~ thermal,
prompt and fuel ﬁ0x - and each has 1ts own
characteristics. The understanding of the
NOx source and formation mechanism will
determine the appropriate technique to be

selected far NOx reduction.

Various general reviews of combustion-
generated pollution have been publ{ished
recently eg Sawyer {1981}, Levy (1982),
Clarke and Williams (1985), Lawn (1587) and
Willlams (1989).

The present paper begins with a very brief
review of NOx formation mechanisms.

Methods of reduction are described,
follewed by a more detailed review of those
methods which retate to the present work,
where control 1s examined in the context of
paseous combustton systems.

The last part of the paper presents a para-
metric study of the thermal NO formation
through the application of the kinetic
model to a well-stirred reactor system.

2. FORMATION OF NOx

The fundamental understanding of the chemi-
cal and physical processes Teading to the
formation of NOx is critical to the tech-
nigues for the minimisation of its

emissions,

Three categories of NOx formed in the
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combustion process have been identified
according to the source of the nitrogen and
- the chemical kinetics of the NOx formation,

as shewn in Ffgure 1.

2.1 Thermal NOx
The ‘thermal NOx' refers to that formed
from the free N, in the air as it passes
through the high temperature post-flame
zone., The formatfon mechanism being that
propesed by Zeldovich, (reactions 1,2) and
further extended to include reaction 3
(Bowman (1975}).

-+
0+ N, «NO+N 1)
-+
N+D, «NO+0O {2)
N+ OH < ND + H, (3)

The last reaction contribution is mainly at
rich and near stoichiometiric mixtures. In
most cases the 0 atom concentration is
assumed to be that in equilibrium with O,.
The main feature of the above reactions is
thelr relatively high activation eneragy,
thus, they are much slower than the main
combustion reactions and can be decoupled
from these, as will be detafled in

Section 6.

An approximate formuta for the overall
prediction of thermal NO takes the form
d[ND3 a2

_EE—_ = k‘(T)eq exp(-E/RT)

1¢2

EN,]

L 2ty (4}

mole/¢m? s,
q

Measurements by Newhall and Shahed {1871)
on H, flames and by Engleman et al (1973)
on H,, C0 and prapane fiames have shown
that the rates of formation in the post-
flame high temperature zone follow this

w1

[}

reaction rate law. Later measurements as
reviewed by Sawyer (1981) and shown in

Figure 2 confirm these results.

.Thermal NOx §s the main mechanism for NOx

generation when burning N-free fuels such
as natural gas. However, its contribution
15 not significant when combustion zone

temperatures are less than 1500 K.

The rate of therwal NOx formation depends
upon the following three parameters:

a Flame temperature ~ which is the
main factor since NO temperature relation
is exponential,

b Oxygen concentration in the post-
flame zone, and

c Residence time of gas in high tem—
perature region,

The relative Importance of these parameters
in contributing to thermal NOx formation is
f1lustrated in Section 6.

The control of these three parameters is
the basis of the techniques for thermal NOx
reduction,

However, it must be emphasised that the
local spacial and temporal variations in
these parameters are as important as the
mean values, eg Yocally fuel-rich or fuel~
lean pockets could lead to different NOx
productfon rates from those derlved by mean

values as discussed by Appleton and Heywaod
{1973).
2.2 Prompt NOx

Early workers realised that the thermal
mechanism failed to predict the ohserved
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high formation rate of NOX in the early
part of some flames especially hydrocarbon
rich flames (Fenimore (1971), Engleman et
al {1973)). This led Fenimore (1971) to
consider other reactions where the
hydrocarben fragments attack bimalecular
nitrogen, producing atamic nitrogen,
cyanides and amines, which subsequently
oxidize to nitric oxide.

1+

CH+ N, + HIN + N (5)

td

C+N CN + N, (8)

4
The term ‘Prompt NO“ was used to describe
NO formed early in combustion, through such
mechanism. It was found to be of minor
{mportance relative to thermai ND for cases

of lean mixtures and of H, or CO flames,

The rate of prompt NQO formation fs not tem-
perature sensitive and cannot be separated
from the HC kinetics. Sarofim and Pohil
(1873) confirmed this and tried to relate
the prompt NOx formation to a partial equi-
tibrium mechanism with overshoot of 0 atoms
in the flame. Takagi et al (1976) measured
HC and HCN in flames and related these to
proapt NOx.

Measurements of prompt NOx were also made
by Semerjian and Vranas (1976) in rich
flames. They found that prompt NOx
farmation was unaffected by the temperature
In another

study 1t was found that increasing the

fiuctuations in the flame.

pressure increased the formation of prampt
NOx {Heberling (1976)}.
of prompt NDx formation is given by
Hayhurst and Vince (1980).

A detailed review

The contribution from prompt NOx 1s about
5 per cent of the total NOx in the case of
gaseaus fuels but is higher in cases of

586

1iquid and solid fuels, eg Will1ams
{1989).

Reductfon of prompt NOX formation could be

achieved through the reduction of residence
time In the flame reaction zone and by use

of lean mixtures,

2.3 Fuel Nox

The name 'fuel NDx' refers to NOx from the
nitrogen-containfng compounds in the fuel.
The chemical reaction mechanisms are more

complex than thermal NOx and their tempera-

ture dependence is very weak.

Several prediction mechanisms for fuel NOX
are proposed, eg Fenimore (1972), De Soete
(1875), Takagi (1976), Roslyakov (1986) and
Eberfus et al (1983),

The general hypothesis {s that the fuel
nitrogen molecules pyrolise or react to
form an Intersedfate nitrogen containing
specles, designated I (HCN or NR1 1 = 0Q, 1,
2, 3).
with an oxygen containing molecule, R, to
form NO, or with NO or possibly another 1
to form N,.

This intermedfate can then react

fuel nitrogen -+ 1 {n
I+R -+ NG (8)
I+ (NOor D) - N, (9

The rate of conversion of fuel nitrogen te
ND decreases with increased fuel nitrogen
content and is independent of the type of
fuel, Sawysr (1581).

This rate is also dependent on the fusel
Tang et al (1981)
repert that maximum conversion rates occur

equivalence ratic.

for lean mixtures, with equivalence ratios
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0.6 to 1.0. The measured conversion rates

diminished for rich mixtures. Hence,
contratl of fuel NOx is sometimes based on
the reduction of oxygen in the primary

combustion zone - called tair staging'.

Fuel NOx §s the major contributor in the
case of solid fuels, which usually contain
N-compounds. At the other extrame, natural
gas {s relatively free of nitrogen
compounds thus thermal and prompt NOx are
Liqutd

fuels usually fail between these bounds

the main mechanisms of formation.

according to their nitragen content and
combustion conditions.

3. ABATEMENT

In principle, thers are three general
approaches Lo reducing NOx emissions:

a Through the prevention of formation
NOx is the most
amenabie of pollutants to prevention

by cambustian centrol.

through modification of the combustion
process, especially thermal and prompt
NOX.

b Through the prometion of destruction
after formation by reducing reactions in a

reburning zone,

c If more reduction {5 needed, then
treatment of the combustion products has to
In this
case, chemicals are injected in the

be implemented as a last resort.

combustion gases and reactions may occur

under catalytic conditions.

The first two methods have proved
sufficient in most applications.

The energy and running costs of

implementing the abave three techniques
increase in the order they are 1isted

above.

Some of these techniques may reduce

efficlency, eg Tower preheat, water
injection. In power applications this is
important but it could be of no effect in
process applications 17 the process
temperature 1s already low and thus not

compromised (Pfeiffer and Altmark (1987)),

The cost of the implermentation of these
measures is due to

a The reduction in efficiency or
loading of the plant, (Thomson and Crow
(1976)}),

b The 1nitial cost of the extra
equipment, and

c The cost of the materials, eg
chemicals and energy used in the process by

fans, injectors etc.

Some cost analysis i{s given in the
Proceedings of the EPRI Joint Sympasium on
Statianary Combustion NOx Control (1982},
and fn OECD Report (1983).

Other factors should be considered when
selecting the technique for NDX contro)
such as the effect upon the process and on
the formation and contrel of other
poliutants, eg €0, S50x, HL etc.

The possibility of contrelling both SOx and
NOx simultaneously is under investigaticn,
for example, the reduction of both by use
of pzone (Lozovskii et a1l (19B8) and Anon
(19839)).
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3.1 Control of Combustion

The control of combustion to prevent the
formation of NOx represents the wost prom-
{sing and cost effective of all methods of
NOx contrel. The extensive worid-wide
research on NOX formation covering differ-
ent areas of applications has resulted in
pany practical msans for NDx control.
Table 1 1ists the NOx cantrol Tnvesti-
gations reviewed. These are classified,
according to the technique used and the
proposed apptication. The principles of
operation of these techniques are as

fallows.

a Lowering the peak combustion tem-

perature:

A reductian of combustion peak temperature
is very effective when dealing with thermal
NOx but not effective for fuel NOx.
Techniques Teading to this aim include

1 0ff-stoichiometric combustion,
through staged combustion,

114 Very lean combustion, flame tube
premixed burner, fibre burner, cyclone

combustors,

11§ Reduced preheat,
iv increased heat transfer in the

burner zone,

v Flue gas recirculation, especially
1f the gases are cocled befare recircu~
latfon, and

vi Water injectfon into the primary
combustion zone of a burner, as used in
industrial turbines and bollers, utilizes
the latent heat of evaporation of water

598

droplets to reduce temperature. This
method {s most effective if water is
injected exactly where needed, ie in the

peak temperature zone.

b Improved burner mixing thus elimin-
ating temperature variations between lean
and rich Tocal mixtures, Uniform mixing is
possibie in premfxed burners but stability
and control may suffer, Injection of fuel
in the shear layer of the afr jet produces
very tow NOx with better stability and

efficiency, eg Andrews et al (1988).

c Reduction of excess oxygen: Low
excess air combustion stnce 0, concen-
tration 1s reduced and efficiency is
increased, as Tn the case of staged combus-
tion, both air staging and fuel staging are
applied. Flue gas recirculation also
dilutes the mixture and thus reduces 8,

cancentration.

d Reduction of residence time in the
flame zone and the peak temperature zone.

3.2 Destruction of NOx

By reburning in a second combustion stage,
preferably using a Jow or N-free fuel, oil
or gas. Fuels such as CO, H, and bydro~
carbons will react with 0, rather than NO
if both exist but when D, 1s completely
used up they will reduce NO to N,.

3.3 Flug Gas Treatment

The processing of combustion products to
remove NOX is used as a final measure with
or without the above described methods.

In the thermal 'de-NOX' process reducing

compounds, eg ammpnia, urea, ozone etc are
injected intc the flue gases under
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catalytic or noncatalytic conditions.
Ammonia and other amines reduce NO in the
primary combustion products in the presence
of oxygen within a specified temperature
range, (980-1370 K) and with certain NH3/NO
equivalence, eq Muzio et al (1976} claim
78 per cent reduction at an optimum
temperature of 1240 K with NH3/NO = 1/1.

Tabte 1 summarises a number of publications
dealing with various control methods and

their applications.

4. NOx IN CONFINED SWIRLING FLAMES

The review presented in the above sections
dealt with general aspects of NOx formation
and control, This section deals with those
aspects relevant to burner flow and nixing,
particular emphasis being placed on swir)

stabilized gaseous flames.

4.1 Effect of Flow Pattern

Aerodynamics plays a major rele in the
reactions in the flame since 1t dictates
the role and conditions under which active
species are brought together before the
kinetics starts to operate. The effects of
flow will influence

a NOx concentration. This was found
to depend on the local conditions early in
the combustion process, in the developing
Jet in the near burner zone.
b Mixing effectiveness. This can lead
to the suppression of NOx production due to
the uniformity of the mixture, otherwise
fuet-rich and fuel-lean pockets will exist
causing higher local NOx production.

c Length scale., NOx formation was
faund to have a length scale dependence

(Peters and Donnerhack (1981)). Those
workers, studying diffusion flames,
correiated this effect with Reynolds number
and Froude number. NOx formation has alse
been related to flame stretch in a fiat
laminar flame (Hahn and Wendt (1981)).

d Residence time, The residence time
of the cambustion products in the varjous
zones can only bé controlied through the
flow parameters,

e The total NOx production. This is
related to the integrated producton by the
flow and not by the local concentrations in
the various zones. Thus, fn order to
establish the total mass of pollutants in
the combustor, it 15 essential to consider
the pollutant mass flow profiies as
i1lustrated by Sadakata and Beer {1976) and
Claypole and Syred (1981)}).

4.2 Effect of Swirl

The application of swirl to the combustion
air can have a major influence on NOx
production which is dependent upon the
local temperature and mixing rates in the
near burner zone. In general, increased

swirl will produce the following effects.

a Increassd entrainment of cooled
combustion products and thereby less
thermal NOx, due to lower temperature and
D, concentration,

h Increased local oxygen availability
and thereby more thermal and fuel NOx.

c Increased combustion intensity and
thus higher temperature and mere thermal

NDX.

Thes. effects have been reported by various
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investigators, Some of these studies are

briefly summarised below.

i Owen et al (1976) studied the effect
of swirl, fuel/air velocity ratio and pres-
sure on the formation of peliutions from a
They indicated the effect of

these parameters on NOx formation and they

combustor.

alsa i11lustrated how swall fluctuations in
these flow parameters can cause large-scale
fluctuations in the resulting NOx.

1i Dven et al (1978) discussed the
influence of swirl on combustion and NOx
formation in the 11ght of flame quenching
due to the rapid dilutfon and cocling of
the reacting inner Jet flow by mixing with
the outer flow.

i1d
on the aerodynamics and NOx emissions was
also studied by Claypole and Syred {1981).
The effect of higher central flow recircu-
This
reduction is a result of better mixing

The influence of the level of swirl

latton 1s to reduce NOx emission.

prior to comhustion and the reduced lame
peak temperature, The better mixing also
tends to eliminate local imbalances of
reactants, These fmbalances produce lacal
fuel-rich regions leading to more prompt
NOx.

elevated temperature did not appear to play

The recirculation zone, despite

a major role in the formation of NOx.

The last two investigations reported some
NG reacting to produce NO, in the combustor
although the measured levels way have been

enhanced by probe reactions.

{v Similar effects of the flow pattern
were also reported by Sadakata and Beer
(1978) where NOx formation 1n a swirling

flame was measurad. They reported some NOx

6Q0

destruction in the central recirculating

flow.
4.3 Effects of Fuel Injection Modes
2 The effect of the mode of fuel

injection on NOx formation has been studied
by Ahmad N T et al (1885), Andrews et al
(1988) and Al-Shaikhly and Andrews (1389)
in gas turbine combuster configurations.
The main findings support the theory of
{mproved mixing when fuel 1s injected in
the shear layer of the air flow - wall
injection and radial injection being

These
systems, when used with swirl flow, also

superior to central injJection.

utilise the centrifugal force in improving
the mixing. The high mixing rates led to

near premixed conditians producing minimum
NOx, together with improved efficiency and

turn down,

b Gupta et al (1975) studied the
effect of fuel Injection mode and burner
geometry on NOx formation from natural gas
swirling flames. Their results indicate
that higher recfrculation of burnt gases
Jed to less NOx due to the Tower tempera-
ture of the combustion zone. It was also
shown that tangentfal fuel entry produced

less NOx than axial/radial injection,

c Markowski et al (13978) have reported
50 per cent reduction of NOx by using a
‘premix-prevap' swirl burner 1n & g¢as

The inherent instability
of swirling flows was exploited to enhance

turbine system.

the premixing process and to stir the
reacting species thus approaching a lean
premixed process.

d On the other hand, by effectively

producing slow mixing low NOx could be
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achieved, as this acts as a system staged.
This was impiemented in the burner of
Suzuki et al {1982) where fuel was injected
at an angle to the axis of the air stream.
A soft flame was formed and the temperature
of the flame became more uniform with lower
maximum temperature and oxygen

concentration,

Abassi and Fleming (1988} used the same

principle in tests 1in a glass furnace.

e Stratified combustion produces lower
NOx where two combustion regions are dis-
tinguishable, one in the primary air, the
other associated with the secondary air,
Meyer and Mauss (1973) illustrated this
effect an a spray combustion system whara
the fuel was injected intc 2 primary
swirling air stream, surrounded by a non-
swirling secandary stream. Low levels of
NOx (50 p.p.m.) were obtained at an optimum
swirl number ef 0.93 even when using a fuel
with 0.01 per cent nitrogen. It was also
shown that flue gas recirculation couid be

used to reduce NOx even further,

5. THE PROPOSED PROGRAMME

The 1iterature reviewed above reveals that
use of & systen employing both centrifugal
and shear~layer mixing significantly
inhibits NOx formation, Earlier work at
Glasgow University by Beltagui and
Maccallum (1988} has shown that such an
aerodynamic configuration can be achisved
through the peripheral injection of fuel in
a swirl burner. Radial fuel injection, as
currentiy emplioyed 1n the NEL furnace
programme of aerodynamic and heat-transfer
measurements, can also produce good shear-
This latter method has the

merit of stabilising the flame through

layer mixing.

promotion of a central recirculation zone

601

gven Without swirl (Beltagul et al
(1988)).

It is thus proposed to carry out a series
of measurements of the local NOx fermation
in flames of the above types., The pro-~
gramme will cover three different modes of

natural gas injection:

a Central/axial fuel injection,
h Central/radial fuel injection, and
c Peripheral/axial fuel injection.

For each mode, the effect of the swirl-

burner aerodynamics on NOx formatfon will
be studied.
information needed to optimise both the

Comparisons should provide the

fuel injection mode and swir] to achieve
the best suppression of NOx formation.

HTFS also requires data from the proposed
measurements to develop and validate
conputer models for prediction of NOx form-
ation. This will be carrfed out by incor-
porating the thermal NOx model in & tested

flow and combustion program.

6. THERWAL NOx MODELLING

In the appiication being presently con-
sidered, the NOx formation is mainty
attributed to the thermal mechanism.
Therefore, in this section the appropriate
reaction rate equations are presented.
Calculations are made for NOx preduction
The
results {llustrate the relative effects of

for a well-stirred reactor system,
the main parameters, namely, flame tempera-

ture, oxygen concentration and residence
time.
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6.1 Model Inputs

The thermal NOx modelling equations (i},
(2}, and (3), as mentioned 1n Section 2,
are well established and understood,
However, their application even using a
simplified overall equation {4), requires
two sets of information.

The first set includes the rate constants
of the reaction equations. Predictions are
particularly sensitive to the vaiue of the
rate constant for the reaction (1). The
uncertainty in determining these rate
constants §s large and recent measurements
have dewmonstrated the need for more accu-
rate deternination of these constants. The
most recently accepted value for Kl as
measured by Monat et al (1978) {s about 2.2
times the values used for the previous

decade {Bowman (1975)).

The second set covers the local values of
the flow conditions, the most critical
being temperature and concentration of the
main species. The determination of these
values requires the solutfon of the momen-
tum, heat- and mass-transfer equations,
togsther with the chemical reaction
equations for the main specles {Caretto

{1976)).

The flew pattern also has to be determined.
The early modellers, see Table 2, applied
simpt{fying assumptions for the flow, eg
well-stirred reactor. Recently, however,
rare advanced programs for sotving the flow
equations have become available, suth as
TUFC (Sykes and Wilkes (1983)), PCOC
{Stopford (1989)), PHOENICS {Rosten and
Spalding (1887)), FLUENT (Visser et al
(1987)) and FLOW3D (Burns et al (1588)),

Because of the high sensitivity of thermal

NDx to temperature, 1t 1s essential that
the predictions of temperature from the
flow mwodel are carefully validated.

On the other hand, chemical species concen-
tration calculations can be performed at
different levels of complexity, starting
with a very fast kinetics model {mixed-is~
burned) then one or two equation models
and, most recently, a full set of detafled
kinetics, as described by Maas and Warnatz
(1989},

While the clesure of these two sets of
equations, {e fiow and chenistry, is
possible, it may prove prohibitively
expensive for cases of industrial interest,
$o some compromises may have toc be made,

A two-step approach has been adopted by
Pericleous et a1 {1988) ta model the forma-
tion of NOx in & combustion system with
swirling flow and fuel injected either
tangentially or axially. The first step
involves the main exothermal reaction of
methane in afr which is considered to be
mixing controlled and the second fnvolves
the salution of the Zeldovich reaction
scheme for the generation of NOX. The
results demanstrate the potential of these
nodels to predict quantitatively the
effects of burner geometry on the flame
structure and, consequently, on NOX
emission. The same approach has been
adopted by Kudryavtsev (1988) far Jet flow
in order to model the combustion of gaseous
Modelling
studies of the effect of peripheral fusl

fuel in a steam boiler furnace,

injection on NOx formaticn were also
reported by Sabo et al (1988), indicating
NOx tevels of about 50 per cent of those

from equivalent central injectien systems.
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6.2 The Proposed Model

6.2.1 Combustion calculations

As indicated above, gas conditions required
for the calculation of thermal NOx include
temperature and species concentrations,

The values of these quantities were
caltcuiated for methane combustion $n a
well-stirred reactor assuming a global
one-step reaction given by the
stoichiometry equation

dCH, + [x + ﬂ“’z + 3.76N,) -

WxC0, + Lo FHO ¥ (1 - DL H +

+ (1 -3¢ [x + ﬁo, + 3.75[): +~4!—]Nz (10)

where & 1s the equivalence ratic and § is
the degree of combustieon.

Equilibrium conditions were assumed using a
disseciation factor as glven by Falrweather
(1985) to calculate the adiabatic fiame

temperature.

The actual flame temperature was then
caleculated after making allowance for
radiative heat transfer, with radiation
parameters approximating to the NEL furnace
conditions. Results are compared with
adiabatic temperatures in Figure 3a. This
was carried cut to compare NOx formation
under adiabatic and heat-transfer

conditions,
6.2.2 NOx model

The formulation of the model described hetre
was based on the following assumptions:

a NG formation when firing lean and

near-stoichiometric gaseous fuels is mainly
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thermal and strongly dependent on

temperature,

b NO formation rate {s much slowsr
than the hydrocarbon reaction rate and that
most of NO is formed after the hydrocarbon

reactions reach eguiiibrium.

c The calculation of NO (nitric oxide)
is sufficient for determining NOx. NO,
initrogen dioxide) may also form in the
However, the total NOx (ND + NO,)
is not affected by the amount of NO, formed
{Toaof (13986)).

furnace.

Thermal NO was calculated via the extended
Zeldovich mechanism reactions 1, 2 and 3,
Additional reactions involving NO formation
from N0 are sometimes considered but
usually account for less than 1 per cent of
the NOx formed thus they are not included
here.

The general N0 formation production
equation witl have the form

d[NO)

o © 2, 01N,

1 ~ INDI®/K[0,DIN,]
1+ k. IN0J/(k,[0,] + k,(QH3)

(1)

where K = (k,/k_,){k,/k_,}.

At this stage for lean mixtures the contri-
bution of reaction 3 can be negiected.
Assuming steady-state concentrations of N
and H atoms, the rate of ND formation could
be approximated by

d[NOI

e IR N I (12)

where
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k, = 1.B2 x 10%¢

exp [-38 370/T cm3/mole.s

(Monat et al (1978).

Assuming 0/02 equilibrium, then {0) concen--
tration is given by

-

q

[0], ={K,/(RT)*2100,] (13)

where
i-2 1.2
K, * 3.6 x 10% exp(-31 030/T) (atm) .

Substituting these rate constants in
equation {12), the final NO production-

rate equation becomes

d[ND]

o 1.44 x 10277-12 pxp{~69 460/7)

[0,3*2{N,]) (mole/cm®s). (18

6.2.3 Model rasulis

Using the above simplified analysis, values
of NO formed under various input conditions
of equivalence ratio and degree of combus-
tion are calculated. These simple model
predictions are used to illustrate the
relative contribution of input conditions
to thermal NO production. In all cases the
fuel 1s methane and the fnlet alr and fuel

temperatures are 300 K,

Figure 3b shows the effect of heat transfer
on N0 formation at constant degree of com-

bustion { of 0.95.
values in all the subsequent figures are

Flame temperature

sensitive to B, concentration as 1t fs to
flame temperature, Despite the decay of 0,
concentration with the {ncrease of equiv-
those in which heat transfur is

considered,
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Both Figures 3b and 4 11lusirate the strong
dependence of thermal NC on flame tempera-
ture.

To examine the effect of the degree of com-
bustion on NO formation, the results are
shown in Figure 5 for { values of 0,80,
0.85 and 0.95. It is obvious that at a
given value of the equivalence ratio, the
increase in the degree of combustion
results in a higher fiame temperature and
hence higher N3 formation.

Figure 6 shows that ND faormation is not as
sensit{ve to 0, concentration as it s to
flame temperature. Despite the decay of 0,
concentration with the increase of equiv-
alence ratio, NO continues to increase

exponentially with the flame temperature.

Finally, the effect of resfdence time on ND
formation §s {1lustrated in Figure 7. It
1s clear that reduction in residence time
of gas in the high temperature region
reduces ND forpation,

7. SUMMARY AND CONCLUSIONS

Nitrogen oxides are generated in combustion
systems either by fixatfon of atmospheric
nitrogen, through therwal and prompt mech-
anisms or by conversion from N-containing
compounds in fuel. Nitrogen oxides are
products of the combustion environment and
their control should start with the modifi-
cation of the combustion to prevent their
formation, The next level of control
invvives the destruction of farmed NOx in a
If nelther

method achieves adequate reduction, treat-

.wuurning or second stage zone,

ment of combustion products through cat-
alytic reduction or other methods has toc be
undertaken, Alternative techniques based

an the above principles are reviewed with

RS827~12




particular emphasis on those based on com~
bustion control for prevention aof NOx

- formation.

In most gaseous combustion systems the
major contributor to the overail NOx
Hethods of
thermal ROx control are principally based

emissfon s thermal NOx.

on the reduction of one or more of the
following flame parameters; temperature,
excess oxygen concentration and residence
time in the post-flame zone. The present
review T1lustrates that the aim of NDx
reduction can be achievaed through the
careful control of the aeradynamics and

mixing fn the near-burner zone,

An experimental program has been proposed
which will focus on the effects of swirl
and fuel injection modes on NOx formation
in natural gas flames in a cylindrical

furnace.

The mathematical modelling of NOx formation
in this case is also under investigation.

A first step 15 presented here offering a
simple parametric study of the relative
importance of the combust{on parameters on
the NOx formation. The calcujations are
based on the thermae! NO mechanism applied

to a well-stirred reactor.
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TABLE 1
REVIEW OF NOx EMISSION CONTROL METHODS
Investigators Techniques Applications

EPRI 1982 NOx Symp.
OECD NOx Control for
Stationary Sources,
1983

8reen et al, 1971
Sawyer, 1981
Lefebvre, 1975
Foster, 1974

Ahpad, N. T. et al, 1985
Andrews et al, 1988
Al-Shalkly et al, 1989

Markosk{ et al, 1376
Gupta et al, 1975

Suzuki et al, 1982

Pfetffer and Altmark,
1987

Mirzale and Syred, 1989
Schefer and Sawyer, 1376
Meler and Volleron, 1976

Barnes et al, 1388
Hadvig et al, 1588

Ritz et al, 1989
Mulholland and Hall, 1987
Hunter et al, 1978

Review of all techniques and applicatfons
Review of techniques

General review

General review
General review
General review .

Burner controlled mixing,
shear layer fuel injection,

both axfal and radial

Premix-prevap swirl burner

Fuel injJection contrel

burner geometry and swirl

Controlled slow mixing, low temperature,
internal FGR

Low temperature premixed radiant tube
burner

Cyclone low temp. very lean combustion
Lean combustion opposed jet system

High swirl with FGR

Radiant burner

Fibre burner

Reburn with NH, nixed with fuel
Reburn with gas or oil fuel
Combustion modification, review

Utility, process.
Utility, process.

Utility
Utility
Gas turbine
Furnaces

Gas turbine

Process

Gas turbine

Process

Steel
processing

Process, gas turbine,

small bojler

Process, low CV fuels

Gas turbine

Domestic boilers

Domestic heating
Boiler

Bollers

Packaged boiler
Varjous processes
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TABLE

1 {contd)

Investigators

Technigques

Applications

Siddiqui et al, 1976
Nutcher, 1984
Destefann, 1985

Review of technigues

Review of air and fuel staging and FGR

NH, injection

Fired heaters
Fired heaters
Giass furnace

Abassi et al, 1938 Low excess alr and slow mixing Glass furnace

Tsirul ‘nikov et al, 1986 {Low excess air, FGR and steam injection ~[Utility

Meyer and Mauss, 1973 Stratified combustion, swirl and FGR Fundamental
Abdalla et al, 1989 Stratified, weli~stirred reactor Fundamenta)
Oven et al, 1879 Stratified swirl burner Fundamental

Katbel and Nickeson, 1986|Fuel and air staging with FGR Pracess refinery

Yamagushi et al, 31975
Katler and Imankulav,
1986

Hiral et al, 1987
Sadakata et al, 1981

Alr staging
Alr staging, swird

Alr staging, swirl
Alr staging, preheat

Boiler
Utitity

Boiler, process
Kodel

Knill, 1987 Review of fuel staging, pf. Utflity

smart and Weber, 1988 Internal air staging and precombustor Utility

Flament and Bury, 1989 Fuel staging, central and peripheral Boilers
inJection

Brown et al, 1973 FGR Boiler

Sigal et al, 1986 FGR Utility

Godridge, 1986 FGR Utility

Lukoshyavichyvs et al Water spraying Utility

1986

Navoselov et al, 1986, Reduction of NOx and S0x by ozone Utility

Lozovskii, 1988 and

Simachev et al, 1988

Skorik et al, 1986 Ammonia injection Utility

nSez7--19




TABLE 2

REVIEW OF NOx MODELLING WORK

INVESTIGATORS Mechaniom " Kimetics Modeing Remarks
o)Fietcher and Heywood, 197t a) Thermal a) Equilibrium s) 1.D.M a) Fluetuations
b)fletcher, 1973 b) Thermnl b) 2-step reaction b) 2DM b) Pramixed
Appleton and Heywoed,$8%3. Thermal & Fuel 1.D.M Fluctuations
Fletcher, 1973 Thermal Equilibrium W.S.R Fluctuations
Engieman el al, 1972 Thermal Semi—detailed W.SR Pramixed
Shaw, 1873 Thermal & Prompt Equilibrium W.5.R
Kretschmer and Qdgers, 1873 Thermal 1—-step reaction W.SR
Tuttle et al, 1978 Thermal Emperical W.5.R
Rubins and Marchionna,1976. Thermal Eguilibrium Multiple ¥ 5R
Mizutani and Ke{soki, 1978 Thermal 1—.stzp reaction 2DM
T Taeraal WS
Lewis 1981 Thermal Equilibrium ¥.SR
Smdekata et 8], 1881 Thermal Equilibrium 1.DM Air staging
Paters and Donnerhack,1961 Thermal Equilibrium 2.0.M Boundery laver
Touchion, 1984. Thermal Equilibrium Multlple W.2.R steam injection
Ahmed T el al, 1985 Thermal 1~slep reaction 2.D.M
Toaf, 1986 me”’:ﬂi”;::‘]‘f’t Equilibrium
gabo et sl 1088 Thermal & Fuel Equilibrium/1-step 3DM Cenrel/ ?::t’&':l""
Pericieous at ul,1988 Thermal 1-step + turbulence 3.0.M Centrali,; ?::g:;fral
Kudryavisey & Yolkov, 1868 Therinal {-step + turbulence 2.D.M HBoundary layer

1. 0.0 = One Dimensional Model,
2D M = Iwa = =
QDM Three = =,
KSR = Weli siirred Reacior.
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FIXATION OF ATMQSPHERIC CONVERSIDN

NITROGEN QF FUEL-N NO REBURN
HETSROCYCLIC
NITROGEN COMPOUNDS |
FiXaTION OF Nz HYDROCARAON |
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FRAGMENTS CH, CH3z |
A
ZELDOVICH CYANOGENS
MECHANISM (HEN, G
OXYCANOGENS
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FIG.1: POTENTIAL NOx FORMATION ROUTES
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SYNOPSIS

An assessment is made of the ability of a CFD code to model swirling
flames. The peripheral fuel injection mode applied to natural gas swirling
flame 1s a novel test case. The predictions were made using the PHOENICS
code, with turbulence and combustion represented by the k-g and the
'eddy break-up’ models respectively. The predicted flow patterns were in
reasonable agreement with those previocusly measured. The agreement for
combustion patterns, however, was good for the non-swirled flow only. This
is attributed to the simplified turbulence and combustion models used.

NOTATION
A Eddy break-up constant Dimensionless
1 Constant, Eqn. 3 Dimensionless
€2 Canstant, Eqn. 4 Dimensionless
Ca Constant, Eqn. 4 Dimensionless
d Swirler diameter m
D Furnace diameter m
k Kinetic energy of turbulence mo/s
1 Characteristic Dimension m
M Mass fraction kg/kg
r Radius moo
R Rate of chemical reaction kg/m™s
s stoichiometric alr-fuel ratio Dimensionless
I 2n rap U W dr
S Burner Swirl Number = >
d f 20 r p U ar
Sw Saource term of variable ¢, Eqn. 1
t time s
g Time-mean axial velocity m/s
v Velocity vector, Eqn. 1.
v Time-mean radial velocity n/'s
W Time-mean swirl velocity mn's




Axial distance along the furnace m, .

Rate of dissipation of kinetic energy m/s
3

Density kg/m

dependent variable, Egqn. 1.
Turbulent exchange coefficient

D "I O M X

®
Swirler vane angle
Subscrips
£ Fuel
o Oxidant

¢ Dependant variable

1 INTRODUCTION.

Furnace system design requires careful characterisation and optimisation
of complex flow phenomena. Traditionally, the designers of such systems
have relled almost exclusively on empirlcal methods. New designs have
usually been based on operating results from existing units while
detalled Iinformatlon on the flow pattern within a furnace has been
inferred from measurements on laboratory-scale models. However this
approach can be expensive and in some cases is not capable of providing
the large amount of design 1nformation required. Recently, analytical
models capable of predicting the flow patterns and heat transfer
characteristics have been developed and widely used for such furnaces. In
addition to being required to handle turbulence and chemical reaction,
these models must also be able to deal with complex geometries.

The research effort which has already been put into the development
of these analytical models is very considerable. A significant part of
this research have been devoted to the modelling of turbulence, combustion
and radiative heat transfer. Also efforts have been made to improve the
numerlcal techniques. A small selection of the many published detalled
reviews of these research efforts is given in references (1-5)

Turning attention to the case of swirling flows in furnaces— a common
situvation 1n practice- the prediction procedures have been applied
progressively. The simplest case~ isothermal flow- has been studled for
flows expanding into free space (eg. 6,7) and into confinement (eg. 8-11}.
Combusting flows have also been predicted satisfactorily (eg. 12-16).
However, these combusting cases dealt with geometrles where the fuel
was injected in the centre of the swirled air Jet.

Recent advances in burner design to meet operational and
environmental requirements have resulted in burners wlth other modes of
fuel injection. An example is a burner with fuel injected at the periphery
of the swirled air flow, studlied in an experimental furnace system by
Beltagul and Maccallum (17). In that burner the mixing and combustion
patterns are significantly different from those of the central fuel
injection case due to the utilisation of the combined effects of
shear~layer and centrifugal mixing. Therefore predicting the aerodynamic
and combustion patterns of such a combustion system represents a new test
for the gencrality of the modelling procedures.

The purpose of the present study is therefore to investigate the
ability of a CFD procedure to deal wilth this peripheral fuel injection
configuration (17). The system examined uses natural gas in an adiabatic
furnpace. The governing equatlions are solved by the finite difference
procedure embodied in the PHOENICS Code (18). Turbulence is modeled by the
standard k-e model (19,20) and combustion by the ’eddy break-up’ model




(21,22). The predictions of aeredynamic and combustion patterns are
compared with the measured patterns.

2 EXPERIMENTAL DATA

The experimental measurements had been taken by Beltagui and Maccallum
(17) in a refractory lined cylindrical furnace of 225 mm inside
diameter and 0.9 m long. The air was introduced through a central
concentric vane swirler of 93 mm inside diameter. The fuel~ natural gas-
was Injected through an annular slit of 2 mm width around the periphery
of the air swirler, see Fig 1. The experimental data were available for
the following input varlables;

{a) Swirler vane angle- 8- Uo, 15°, 22° and -300, giving burner swirl

Number- S - (based on diameter), of 0.0, 0.089, 0.138 and 0.192,
(b) Inlet air velocity of 10.6 and 15.0 m/s, corresponding to Reynalds

Number, based on swirler exlit condition, of 6, 3x10® and 9. Oxlo
(c} Overall fuel equivalence ratio of 0.53 and (.38,

The data set consisted of normalised profiles of the three compconents
of the time-mean velocity, static pressure, temperature, and
concentrations of COz, 02 and CO.

In addition, a set of measurements had been taken for the iscthermal
flow covering all the swirl cases in (a) and the two air velocity levels
(b), as reported by Beltagui et al (23}.

These profiles were measured across the furnace diameter at seven
planes along the furnace. Generally the profiles demonstrated good
symmetry, which 1s vital for the meaningful comparison with axisymmetric
program predictions.

3 PREDICTION PROCEDURE

The predictlons have been made by solving the finite-difference
formulations of the governing equations for the conservation of mass and
three components of momentum. Turbulence 1is modelled by solving two
differential equations for the turbulence kinetic energy and its
dissipation rate ({standard k-c modell. The combustion modelling was
performed by seolving differential equations for the enthalpy, fuel mass
fractlon and mixture fraction.

All the above equations can be written iIn a generalised form :

3 2 -
B (po) +div ( pv p ~ I“sD grad ¢ ) = b@ (1}

where ¢ stands for any of the dependent variables, and p, 3, F@ and S are

density, velocity vector, turbulent exchange cecefficlent and source term
respectively. The source terms and exchange coefficients for the momentum
and turbulence eguations are discussed in detail 1ln references (3,19, 20)
and others.

3.1 Isothermal flow simulation

The problem of devising a predictive method for turbulent reacting
swirling flows can be approached by considering first the isothermal case
so that attention can be focussed on the modelling of turbulent %transport.

In the present work the isothermal flow simulation was performed
first and then used as a basis for the reacting flow application which
requires a combustion model.




3.2 Combustion model

In turbulent reacting flows, the modelling of the rate of reaction, and
consequently the heat release rate, is essential teo the evaluation of the
local gas temperature and density, the latter being a major factor in the
momentum and mass conservation equations.

In the present non-premixed system, the flame is considered as
diffusion controlled. Although the fast reaction, or ’mixed-is-burned’,
model (13) ls sometimes used to model such combustion systems, it tends to
overpredict the combustion rate in forced draught systems.

In the present work, therefore the 'eddy break-up' model of Spalding
(21) and Magnussen and Hjertager (22) has been adopted. This model assumes
that the reactants are homogeneously mixed in the finite-scale dissipative
eddies aof the turbulence. The chemical reaction is represented by a
one~step reaction between the fuel and oxidant. The rate of the reaction
is governed by the concentration of the limiting reactant:

_ e
R=Ap ; Min [ M. . M/s ] (2)

where !-lr and Ho are the mean mass f{fractions of fuel and oxidant

respectively, s is the stolchiometric ratio and A is the ’eddy break-up’
constant. The value of A used in the present work will be discussed in
Section 4.2.

The local gas temperature was calculated from the enthalpy using
temperature dependant specific heat values for each of the three species,
oxidant, product and fuel. The perfect gas law was used for the density
calculation.

3.3 Boundary conditions

The inlet to the furnace 1s the exit plane of the burner, and at this
plane the axial velocity component of the air was assumed uniform in the
non-swirled case and to lncrease linearly with the radius in the swirl
flow case. The tangential component was assumed to follow the same profile
and equal to the product of tan 8 and the axial component, where 8 is the
swirler vane angle. The radial velocity was taken always to be zeroc. The
corresponding k and & values have been calculated as follows;

1 (3;;:«» Ve W) (3)
Ca k'°/ C3a 1 (4)

k
E

where Cit = 0,0323, Cz = 00,1643, C3 = 0.09 and ! is the characteristic
dimension for the flow stream (air or fuel). The values of the above
constants have been deduced from experimental measurements in similar
flow systems (10). Uniform proflles were assumed for inlet
pressure, enthalpy and species concentration.

The flow bhoundary conditions at the solid walls have heen described
by the log-law and specified to be adiabatlc.

3.4 Computational details

The numerical solution of the differential equations for cylindrical
polar coordinates was performed uslng the PHOENICS code (18), The
furnace geometry was represented by an axisymmetrlc non—uniform grid of 41
axial by 45 radial nodes. Near the burner, particularly the fuel exit, the
grid spacing in the radlal directlion was reduced to 0.5 mm.




The Upwind dlfferencing scheme was used, with under-relaxation
parameters for all the variables. About 300 to 500 sweeps were required
to obtain =a satlsfactori%y converged solutlon with normalised mass
residuals of less than 10 ~. A typical calculation of 400 sweeps required
about 2.8 hours of CPU time on a VAX-785 computer.

4 RESULTS

4.1 Isothermal flow simulation- peripheral fuel injection

For the isothermal flow simulatlon, both experimental and predicted, the
fuel jet was represented by an air jet of equal veleclty.

The predicted and measured flow pattern results were then compared . The
comparisons, not presented here for brevity, showed that under low swirl
conditions the flow boundaries and velocity profiles were well predicted,
At high swirl, however, the central recirculation was underpredicted. In
general, the agreement was good and thls encouraged application of the
prediction procedure to the combustion case.

4.2 Combusting flow simulation- peripheral fuel injection

A representative selection of the predictions 1s presented In Figs 2-8,
together with the corresponding experimental measurements, covering the
results for the 0° and 30° swirlers. They are presented in the form of
normalised profiles of the three components of the time-mean velocity,
static pressure, temperature, and concentrations of oxidant and product
{(predicted) or COz2 (measured).

An exploratory trial was carried out to test the "mixed-ig-burneq"
combustion model predictions. As expected, this model produced a
combustion pattern corresponding to a reaction rate much faster than the
experimentally measured.

As explalned in Section 3.2, the ’eddy break-up’ model was next
examined and tests were carrled cut tc select the best value for the
constant A, Egn. (2). The value of A = 2.0 was found to iead to the
best representation of the combustion patterns.

4.2.1 Axial velocity profiles

Predicted and measured axial veloclity profiles are shown in Figs 2{a) and
2{b) for the 0° and 30° swirlers respectively. The general flow pattern
is well predicted for both these cases, However on detailed inspection of
the profiles the follawing comments are made;

1. The effect of swirl in modifying the flow pattern is predicted tihrough
the more rapid Jjet expansion and the faster decay of the peak
velocities and the radial gradlents of the axial velocity. For example
the Jet wall-impingement point moved nearer to the burner as swirl ls
introduced. Also a uniform velocity profile was attalned at a shorter
axial distance.

2. The predicted jet expanslon is faster than that measured. This applies
to the results both without and with swirl.

3. The predicted decay of the radlial gradients of velocity is more
rapid than measured, leading to the prediction that more uniform velocity
profiles occur earlier than measured.

4. For the non-swirled flow case, Fig 2{a), better agreement between
predictions and measurements is cbtained nearer the burner than further
downstream. By contrast, in the case using the 30° swirler the predictions
are better further downstream from the burner.

5. The prediction of lower radial gradients of the axial velocity near the
burner for the 30° swirler leads to a predicted centreline veloclty

.




which 1s higher than measured. This also leads to a failure to predict
flow reversal at the centreline.

4.2.2 Tangentlal veloclity proflles

Figure 3 1]llustrates the radial profiles of the tangential velocity
component in the furnace chamber for the 30° swirler. Both the predicted
and measured profiles approximate to Rankine-vortex flow with solid body
rotation in the central region and peak tangentlal velocities in the
vicinity of the axial velocity maxima.

Although the experimental profiles exhlibit some asymmetry, the agreement
between the predictions and the averaged experimental data is considered
to be good.

4.2.3 Radial velocity profiles

Comparisons of predicted and measured radial velocity profiles are shown
in Figs 4(a) and 4(b) wilthout and with swirl respectively. In both
cases, the predicted veloclity profiles in the near~burner zone follow the
shape of the experimentally measured profiles but the magnitudes of the
predicted values are much lower than those measured. As the flow
progresses downstream, it is noted that the predicted radial velcclties
decay much faster than the measured velocities. This is consistent with
the predlicted decay of the axial velocities In this region. Increasing
swirl has little effect on the predicted radial velocity values as shown
in Fig 4(b), although the measured values apparently increase.

As previously reported (8,9), while there is reasonable confidence in
the probe measurements for the axial and tangential velocity components it
is believed that the probe measurements exaggerate the radial velocity
values, particularly Iin the reglons of peak radial veleocities.
Consequently, excessive reliance should not be placed on the measured
radial velocity profiles.

4.2.4 Static pressure distribution

Comparison of the predicted and measured static pressure distributions
are illustrated in Fig 5. In the unswirled case, Fig 5(a), the predicted
static pressure differs only very slightly from atmospheric. The measured
values show some considerable differences below and above the atmospheric
value. The fuel jet Injectlon scheme may be partly responsible for this.
Also there are indicatlons of asymmetry of the Jet. This is consistent
with the noticeable asymmetry of the axial velocity proflles, Fig 2(a).

For the case using the 30° swirler ( Fig 5(b)), there is generally
good agreement between prediction and measurement, with sub~atmospheric
pressure near the centreline, rising to near, or slightly above,
atmospheric close to the walls. This pattern is typical of statlc pressure
distributions associated with confined swirling flows.

4.2.5 Temperature distributions

Predicted and measured temperature profiles are shown in Fig 6. From
these results the following comments are made:

1. For both unswirled and swirled flows the temperature profiles near the
burner are well predicted with maximum temperatures at the outer
recirculation zone and low temperatures in the unburned central flow.
Combustion is initlated at the shear layer between the air and fuel jJets.
2. The effect of swirl on the predicted temperature profiles is noted
through reduced radlal temperature gradlents. However, the predicted
effect of swirl on the temperature profiles 1s somewhat less than that




observed.

3. For the non-swirled flow case, as the flow progresses downstream the
agreement between the predicted and measured profiles remains good.

4. For the 30° swirler flow, as one moves downstream a discrepancy between
the predlcted and measured profiles becomes apparent. Whereas the measured
profiles become uniform at about 3 furnace dlameters downstream, the
predicted profiles still show a marked non-uniformity, with a variation by
a factor of about 3 in the temperature rise. Thus generally the effect of
radial mixing between the flow streams is not yet adequately predicted.

4.2.6 Species concentratlons:

Since the program solves the equations for a one-step global reactlon,
the results glve concentrations of fuel, oxidant and product. The
predicted oxidant profiles are compared with the meagsured 02
concentrations in Fig 7. The predicted concentrations for the “product"
can be compared with the measured COZ concentratlions for the locations
where combustion is complete. This comparison is shown in Fig B. For
complete combustion of the natural gas used (about 95% - by volume-
methane), the CO02 concentration 1In the dry product ls 11.8% by volume.
This comparison should give sufficient indication of the agreement, or
otherwise, between the predictions and the measurements throughout most of
the flow fleld. The comparison is not valld however In locatlions of
partial combustion.

The predicted oxidant and product concentrations are consistent with
each other, and with the predicted temperature profiles. Thus the
agreement between the predicted and observed specles concentratlon is the
same as the agreement for the temperature prefile, The comments made in
section 4.2.5 about the temperature profiles therefore apply also to the
concentration profiles,

4.3. Comparison of peripheral fuel-injection with central fuel-injection:

The prediction preocedure was also set for the configuration where the
fuel is 1Injected in the centre of the air Jet In order to asses the
predicted degree of change in the results between the two fuel Injection
systems. Firstly though, these predicted results were compared with
observed combustion patterns inferred from temperature measurements in
the same furnace, with a central fuel jinjector. This test proved
satisfactory. The predlctions for the two fuel injJection systems were Lthen
compared.

A sample of the results for the predicted temperature is given in
Fig 9, where a marked effect on the temperature field 1ls clearly seen. In
the peripheral fuel-injection system the high temperatures are in the
outer recirculation zone and in the forward flow near the walls after the
Jet impingement point. On the other hand, for the central fuel-injection
system, the high temperatures are near the centre of the flow. This
prediction is in excellent agreement with the observed effect.

5. DISCUSSION OF RESULTS

The predictions presented above were all made with the program using the
facilities available wlthin the Code with no adjustmentis to its
sub~-models.The maln features of the flow and combustion patterns are well
predicted as demonstrated in the comparisons wlth the measured profiles.
However, detalled comparisons indicate some less satisfactory agreement on
a number of points.

Considering the flow pattern, the radial gradients of velocity




components are underpredicted, particularly for the swirling flow. This
feature of underpredicting the velocity gradlents 1s a typleal
characteristic of the standard k-& turbulence model and has been reported
by other investigators (eg 7,10,11,24). The underprediction is
attributed to the body forces which arise from the effects of curvature,
recirculation, swirl and buoyancy. These forces are Kknown (3,5) to
interact selectively with different normal and shear stresses making the
use of the isotropic turbulence assumption inappropriate.

The present investigation is of a special flow configuration where
the body forces play an important role. . In this furnace, using the
peripheral fuel-injection scheme, combustion starts at the outer shear
layer of the air jet. The centrifugal forces created 1n thls system due to
the denslty gradients are expected to Increase further the effect of body
forces on the turbulent flow (5,17).

Trials ta overcome this deflclency through the use of a modifled
anlsotroplc form of the turbulent eddy viscosity based on the k-¢ model
have been presented for some simpler flow situations f{eg 24). However,
these models are not yet of a general form sulitable for use with general
codes.

Rlgorous models solving the complete Reynolds stress equations
should have the degree of generallity required. However, these models have
not been avallable in general CFD codes. Another reason for not using
these 1s the expensive computational time penalty involved,

Considering the c¢ombustion patterns, as represented by the
temperature and species concentration fields, the predictions are 1n good
agreement for the non-swirled flow case, but less satisfactory agreement
is obtained for the swirling flow. There are two reasons for these
deficlencies;

Firstly, the weakness in the turbulence modelling, as explained above, led
to lower mixing rates in the radial direction as indicated by the lower
degree of uniformity in the temperature and species concentration
profiles, compared to the measured profiles, The underpredictlon of mixing
is more apparent in the swirling flow case.

Secondly, the simplified combustion model, which is also governed by the
turbulence properties through the “eddy break-up" model, is probably too
simple.The present formulation did not include the effect of the hot
product concentraticn, which has proved significant in another application
(12).

6. CONCLUSIONS

The general agreement between predicted and measured flow and conbusticn
patterns is encouraging considering that the procedure used the standard
k- turbulence model, and a simple combustion model.

The main changes in the combustion pattern caused by switching from
central to peripheral fuel injection were well predicted.

For the peripheral fuel injection system, with a non-swirled air jet
the predictions are generally good. However, the enhancement of mixing
caused by the combined effect of swirl and density gradients, was not
adequately predicted. This weakness highlights the importance of
modelling the contribution of the body forces to the turbulence exchange
coefficients.

It is suggested that the use of anisotropic turbulent modelling is
necessary for the prediction of swirling reacting flows.
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ABSTRACT

This paper reports results of NOx measurements carried out on a gas fired
furnace. The data consists of a complete mapping of NOx concentration in
the furnace under variable swirl conditions. Swirl produced locally higher
NOx concentrations but 1little overall increase. The data is needed for
testlng and developlng theoretical models. Measured stack NOx variations
with burner input conditions indicate that operating with a fuel rich
mixture is more effective in suppressing NOx formation than with excess
air operaticn.

Theoretical predictions of the overall NOx formation are made using a
well-stirred reactor model based on the Zeldovich mechanism with account
for the species concentration fluctuations. The model predictions compare
satisfactorily with the measurements.

NOTATION

iN2} Nitrogen concentration, mol/cmg 5
{021 Oxygen concentration, mol/em” s
So Mixedness factor,

dimensionless -
Resldence time ,
Flame temperature,
Fluctuation parameter,
dimensionless -
Fuel/air equivalence ratio,
dimensionless -
Mean value of ¢

Standard deviation,
dimensionless -
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1 INTRODUCTION

The need to protect the environment from combustion generated NOx has led
to considerable demand to improve burner design. Swirl is one of the
important features of burner design since it provides satisfactory flame
stability by creating a ceniral reverse flow zone.

The mnlxture fuel/air ratio and firing rate are other parameters of
importance in burner operation. These three parameters are interrelated
and vary from one combustion system to another. Thus it is important to
investigate their effects on the level of NOx emissions. This study
makes a significant contribution to the understanding of the main
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factors involved in the formation of NOx in these flames. The work also
provides a valuable data-base for the assessment and validation of the
thecretical models for NOx prediction.

In a previous paper (1) a review was made of the NOx formation mechanisms
and methods of abatement. Previocus workers have realised that the effect
of swirl 1ls linked to cother parameters, such as fuel injectlon mode and
fuel/air ratio.

The aerodynamics and ceombustion patterns of the swirling flames in the
Natiocnal Engineering Laboratory (NEL) furnace have already been
extenslively studled through detalled measurements of the wvelocity
components, gas temperature and species concentrations of CO2, CO and
0z2. It is thus possible to study the NOx formation in relation to the
lJocal flow and thermal parameters, eg temperature. The availability of
this complete set of data 1s useful in testing and developing the furnace
flow and heat transfer codes.

The previous measurements mentioned above and those reported here were
all obtained in the NEL furnace flred by natural gas through a
variable-swirl burner with a quarl. The fuel gas was injected from a
central gun radially outward. Four swirl settings were considered burner
swirl numbers ranging from 0.0 te 2.25.

The present paper presents two data sets:

1~ The first 1illustrates complete mapping of NOx concentrations produced
under different swirl levels, but with the same firing conditions, in
order to study the effect of swirl on NOx formation.

2~ The second 1illustrates the effects of the mixture fuel/air ratio and
firing rate on the overall NOx emissions as measured in the stack.
Theoretical predictions of the overall NOx formation under the above
test conditions have been made using a well-stirred reactor model based
on the extended Zeldovich mechanism. The model takes account of the
fluctuatlons of the concentrations of fuel and oxidant in the NOx
reaction zone. A stochastic analysis has been adopted to calculate the
effect of these fluctuations on the NOx formation rate. The results of
these predictions are compared with the measurements.

2 EXPERIMENTAL PROGRAMME :

The alms of the experimental programme were:

1~ To produce complete mapping of the local NOx concentrations within the
furnace under a range of swirl intensities. Thils set of data is required
for the understanding of the NOx formation mechanism. It is also required
for the assessment and development of the modelllng procedures.

2~ To investigate the effect of the burner parameters, namely, swirl,
fuel/air ratio and firing rate on overall NOx formation as measured in
the stack.

Both sets of results have been analysed and discussed in the light of the
temperature, concentrations and velocity measurements carrled out under
the same operatlng conditions.

The NEL furnace is a model of B cylindrical upshot fired heater fired by
natural gas through a varlable swirl burner with a guarl. The burner used
in this study has a moving-block swirl generator supplied by the
International Flame Research Foundation (IFRF). The fuel Iis injected
radially outward in the centre of the air Jet through 16 holes on the
periphery of the fuel gun. Figure 1 lllustrates the guarl and the fuel
injection geometry.Four swirl settings were considered, with burner swirl
number values of 0.0, 0.45, 0.9 and 2.25. Alr and fuel flow rates were
metered at inlet by oriflice plates. The flow rates of air and gas during
each run were controlled to within + 1%, Detailed natural gas analysis,

cbtained from Britlsh Gas, indicated that, over the period of the tests
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the main fuel propertles were constant to within +2 % for the calorific
value and +1.2 %for denslty and stoichiometric ratlo.

In the first set of measurements the furnace firing rate was constant at
400 KW and an Inlet ailr/fuel ratio corresponding to 5 % excess air was
used. In the secend set, firing rates of 400 KW and 360 XW were used with
a wide range of fuel air ratios, corresponding to equivalence ratio range
of 0.71 to 1.1, (excess air 40 % to -10 % ).

3 MEASUREMENTS AND INSTRUMENTATION.

Radial traverses were carried out at 13 planes along the furnace, located
at axial distances from the quarl exit as shown in Fig 2. Additional
traverses were made at some of these planes along other radii to check
the flow Symmetry and probe intrusive effect. Repeatability tests were
also performed.

In esach level the NOx sampling probe was traversed for at least 1.3 radii
to confirm the flow symmetry. The measurement points were spaced 20 to 50
mm according to the gradients of the NOx concentration being measured.
Between 13 - 26 measurement points were made in each plane. The absolute
positioning of the probe relative to the furnace wall and base plate was
achieved to within + 2 mm.

The probe used in the measurements is a water cooled stainless steel
prebe. The design of the probe and sampling system is described in Sec.
3.2. After leaving the probe, the gas sample passes through a heated
sample line to the NOx chemiluminescent analyser. The analyser was
calibrated against a standard sample of 100 ppm nitric oxide (NO)
concentratioen., The calibration was checked before and after each traverse,
The maximum drift in the calibration was found to be within + 2 % of the

full scale.
The time-mean NOx concentratlon values reported are those averaged over a
period of 1 minute after allowing sufficlent time for purging of the oid
sample from the heated sample line and analyser. The probe radial
traverse and the data collection rate were all controlled by a
microcomputer in conjunction with a specialised data acquisition system.
Although all the results are presented in terms of NOX concentration, it
should be appreclated that NO 1s the main constituent of the measured NOx
value.

3.1 Sampling conditions .

In order to obtain a representative sample, the chemical constitution of
the sampled mixture should be maintained., The mixture i{o be sampled 1is
generally in a process of more or less rapld evolution. This evolution
process must be stopped quickly by a sultable cooling process in order to
freeze any further reaction in the probe or sampling line. Cooling the
sample down to a temperature of 300°C is sufficlent to freeze these
reactions (2). Excesslve, uncontrolled cooling of the gas sample could
lead to water vapour condensation along the sampling system. The problen
of surface absorption of NOx on the probe and sample line 1s aggravated by
the presence of absorbed films of meoisture and hence is most serious when
sampling wet gases from flames (3,4). Furthermore, almost all gas
analysers are subject to serious interference from water. This effect has
been mnoticed in the chemiluminescent analyser used in the current
measurements. The use of desiccants have been found to absorb nitrogen
dioxide NOz to varyling degrees. Celd traps also remeove NOz and water
vapour simultaneously (3).

For the above reasons the sampling system wused in the current
measurements has been desligned to maintain the sample temperature close to
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150°C.

Choosing the probe material is also important for NOx sampling to insure
ne probe reactions or surface ageing with the sampled gas. A system of
water cocled stainless steel probe and a teflon heated sample line was
found satisfactory for NOx measurements by Allen (3) and Tuttle (5).
Stainless steel probes were also used satlsfactorily by other
investigators (6,7,8,9).

A water cooled stainless steel probe and a teflon sampling line were
therefore used in the current measurements. The receiving part of the
probe was lined with quartz to avoid the possibility of ageing especially
at the high temperature region.

In order to withdraw a local representative sample lsokinetic sampling is
generally recommended. However, in turbulent recirculating flows
isokinetic sampling is difficult te achleve due to the large veloclity
fluctuations especially in the recirculating zones. It 1s reported by
Oven et al(6)} that for such conditions 1t may be impossible to obtain a
properly representative sample either with or without 1sokinetic sampling.
None the less in the present work, the suctlon velocity was adjusted to be
of simllar magnitude to the average flow veloclty in the furnace.

3.2 OSampling probe

Figure 3{a) shows the NOx sampling probe as supplied by the IFRF, The tip
length A-C is exposed to the flame. The sample tube length D-E passes
through the water cooled probe carrier to convey the sample to the
heated sample line.

Before the measurements were started, the probe performance was tested in
the furnace under a range of operating conditions. Two thermoccuples were
fitted to monitor the sample temperature at points D and E of Fig (3-b).
Very low sample temperatures at D and E were cbserved and condensation of
water vapour occurred inslde the probe and the analyser. This problem is
caused by the excessive cooling rate of the probe tip and further heat
loss from the sample tube to the cooling water tubes within the probe
carrier. The probe cooling system was therefore modified to control the
sample gas temperature at D to 300 °C and at E to close to 150 °C. This
contrel has been achieved as follows;

{(a)~ Controlling the cooling water temperature supplied to the probe. A
bypass system was arranged to mix some of the hot water return from the
probe with the fresh cold water supply. To protect the probe against
overheating, the return water temperature was monitored to avoid
evaporation, and possible probe damage, Fig.{3-b).

{b)-Insulating the probe cooling water tubes in contact with the sample
tube, length D-E, to prevent heat loss to the carrier and cooling water
tubes.

(¢)~To compensate for any further heat losses the sample tube D-E was
electrically heated wusing a speclally designed heating system with low
voltage variable power supply.

The above sampling system provided complete contrel on the gas
temperature under all the operating conditions considered.

3.3 Prellminary tests:

Before starting the detailed NOx measurements and alsc at the conclusion
of the serles of measurements, tests were carried out to ensure
repeatability. of the measurements. These tests were  carrled out at
axial positions of 200 and 300 mm for all swirl settings. Figure 4(a,b)
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shows samples of the results. Satlsfactory repeatablility of the
measurements was obtained at all swirl settings. The small differences in
the peaks of the twe proflles [(about T2 ppm} can be attributed to slight
changes in the firing conditions and/or analyser calibration drift. All
the differences are within the practical limitatlons of the experimental
measurements.

The effect of probe presence in the flame on the local NOx concentration
was also investigated by traversing the probe through two ports, radially
opposite, at the 200 mm downstiream position. All swirl numbers
mentioned earlier (0.0-2,25) were covered. The results are shown for the
zero and maximum swirl cases in Figs 5(a,b). These show no noticeable
probe dlsturbance to the flame. However an apparent shift of the profiles
in the radial direction 1s noticed, This shift may be caused by
inconsistency in the probe positioning relative to the flow centreline,
due to the fact that the burner centreline is about Smm offset from the
chamber centreline.

The observatlon of no major flame dlsturbance by the probe 1is also
reported by Oven et al (&) and Ahmad et al (8).

4 EXPERIMENTAL RESULTS AND DISCUSSION:
4.1 NOx formatlon and swirl:

The results of the first set of measuremenits are presented in Figs 6(a-d)
as contours of the NOx concentration field for the four swirl settings
surveyed. Some illustrative radial NOx proflles at three planes near
the burner are presented in Figs (7-9), together with the corresponding
temperature profiles.

The above NOx contours are discussed in relation with the
temperature measurements,For the present discussion, the flow field can be
divided inte three zones;

1. The main reactlion zone (forward flow zone)
2. The central reverse-flow zone (CRZ).
3. The fully developed flow zone

Most of NOX formation takes place 1ln the first zone. Some further
reactions occur in the second, leading to uniform concentration
distributions in the third =zone. The processes occurrlng in these zones
are now discussed,

a.1.1 The reaction zone:

This reglon covers the area containing the forward flow of the fresh
mixture discharged from the burner. It is regarded as extending to the
peint where NOx concentration becomes unifoerm across the whole radial
profile. The length of the reaction zone decreases from 1.15 m to 0.42 m
over the swirl range 0.0 to 2,25, This region is characterised by
steep gradlents of NOx concentratlion in both the radial and axial
directions. The rate of NOx formation follows closely the rate of the
main combustion reactions as indicated by the temperature and maln species

concentrations.
Flgures (7-9), show profiles of NOx with those of temperature for three
levels near the burner. The figures demonstrate the relation between

NOx concentration and temperature for the c¢ases of swirl numbers 0.0
and 2.25. The axial distance from the burner to the position of maximum
NOx concentration decreases as swirl is increased. Figure (10}
illustrates this further where the minimum NOx value at any plane is
plotted versus the furnace length. The increase in the minimum value of
NOx from one plane to the next indlcates the newly formed NOx., Radial
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proflles show higher NOx concentrations on both sides of the minimum
value due to mixing with the reverse flow on the boundaries of this
region.

4.1.2 The central reverse-flow zone:

The flow entrained into this zone has come from the forward flow
described above. Thus reactions here depend on the length of the CRZ
relative to that of the reacting zone.

Figure (11) shows the variation of the NOx concentration at the
centreline with axial distance along the furnace.

For low swirl the CRZ 1s much shorter than the reaction zone, thus the CRZ
recelves a mixture with reactions still in progress and with low NOx
concentration and low temperature values. In this case it was found that
no more NOx formation takes place within this zone. A decrease of
NOx concentration occurs due to dilution with fresh mixture entrained
nearer the burner end, Fig 11.

As swirl 1s lncreased the CRZ lengthens and the reaction zone shortens
but is still longer than the CRZ. Thus gases with higher NOx
concentrations and at higher temperatures enter the CRZ where further
NOx reactlions take place producing peak concentratlons near the burner, as
shown in Fig 11, with §=2.25.

4.1.3 Fully developed flow zone:

This region covers the fully developed forward flow downstream f{rom the
reaction zone and the reverse flow In the outer recirculating flow. At
each swirl setting constant NOx concentrations were measured throughout
this region and these equal the value measured at the stack. This
value varied from about 25 ppm to 30 ppm over the range of swirl studied.

4.1.4 Discussion of the results:

In the present system burning natural gas, free from nitrogen compounds,
NOx is formed by fixation of atmospheric nitrogen . The main mechanism

for this process is known to be the thermal one, This reaction
mechanism, assumes post flame NOx fermation and is wusually modelled by
the Zeldovich equations. Some additional NOx may be formed within

the flame, known as prompt NOx. Previous investigators (10,11,12) suggest
that prompt NOx 1s only significant at rich flames. The present data was
obtained in a lean flame with 5 % excess air, thus 1little or no prompt
NOx 1s expected. The rate of thermal NOx reaction is dependant
on three parameters, namely temperature, O2 concentration and
residence time.

It is wldely acknowledged that the fluctuations in temperature and oxygen
concentration have to be taken into account when calculating thermal NOx,
especlally in continuous combustion systems such as gas turbines and
furnaces. The influence of the fluctuations will be dlscussed in detail in
Section 5.

Turning now to the experimental results, these 1indicate that the overall
effect of swirl on the final NOx emission from the furnace is small. Over
the range of swirl studied, swirl numbers @ to 2.25, the stack NOx
concentration varied from 25 to 30 ppm.

The NOx formation in the forward flow reactlon zone, as shown by Fig 10,
is nearly the same for all swirls, as measured by the increase of NOx
over the length x = 0 to x = 1.15 m, The value of NOx at x = 0 is the
result of flow from the CRZ mixing with the fresh flow. Thus it can be
assumed that all the 1increase in NOx due to swirl 1s caused by the
reactlions taking place within the CRZ. These reactions seem to be most
effective in the highest swirl case (2.25) as illusirated by Fig 11,
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Thus although swirl Increases the rate of the main combustioen reaction
resulting in a shorter flame, 1t does not contribute to high NOx
generation within the forward flow. This is due te the reduced residence
time in the shorter high temperature forward flow zone.

It is .also reallsed that the mixing is affected more by the fuel
injection system, than by swirl. The mixing pattern in the present system
ls governed by the radial fuel injectlon mode. This can be confirmed by
the general similarity of the flow patterns obtained for all swirl cases
tested, eg even for zero swirl a CRZ is created (13). The use of different
fuel injection mode produces different stability ranges and flow patterns
(13). For example using central axial fuel injection in this same burner
system produced significantly lower NOx emissions for the same swirl
although the stabllity range was serlously reduced (14). Work by
Andrews et "al and co-workers (15,16) also demonstrate the significant
effect of fuel injectlion mode on NOx formation.

4.7 NOx variation with mixture fuel/air ratlo:

The second set of measurements was aimed at finding the effect of
fuel/air ratic upon NOx formation ag measured in the stack . The tests
covered the same swilrl range as for the first set. The fuel equivalence
ratio (¢) range was 0.71 (40% excess air) to 1.1 (10% deficient air).
Most of the tests were carried out under the same Input firing rate of
400 KW. However due to control limitations a few tests had to be
performed at the lower rate of about 360 KW. The effect of this reduction
upon NOx formation is negligible .

4.2.1 The effect of equivalence ratic

(a} Lean mixtures:

Mixtures with excess air up to 40% ( ¢ = 1.0 - 0.71), gave only slight
changes of the stack measured NOxX concentration, Figl2-a. This applies to
all swirl settings tested. NOx concentratlons are also given in mg/Nm
corrected to 3% 0Oz in Fig 12-b.

The formation of NOx is dependant upon high temperature and high Oz
concentration. This condition occurs in a very localised adiabatic
region where combustion products and unused oxygen coexist. As the
excess alr is increased the oppousing effects of the lower temperature and
the increased 02 concentration seem to balance each other.

(b} Rich mixtures:

Measurements were made of the NOx formed when burning fuel-rich mixtures
with ¢ up to 1.11. The results, given by Fig. (12}, exhibit a very
sharp decrease of NOx as ¢ was increased, this itrend being the same for
all swirl settings tested.

As mentioned above, the formation of NOx Is dependant wupon high
temperature and high 02 concentration. For rich mixtures the effects
of lower temperature and lack of oxygen beth work together towards
reducing NOx formation. Some of the measured NOx could be formed within
the flame zone by the prompt mechanlsm although this is unlikely
within the relatively limited range of ¢ tested.

This result demonstrates the effectiveness of the air staging
technigue in reducing NOx formation.

5 MODELLING OF NOx FORMATION:
The aim of thils modelling work is to produce a simple engineering model
which can be used to predict the overall NOx formation for furnaces.The
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model should be able to predict the variation of NOx formation with input
conditlons, mainly fuel injectlon mode and equivalence ratio. The model is
based on the well-stirred reactor concept with account being taken for
local concentration fluctuations. The inputs to the model are limited to
the residence time in the reaction zone and the fuel-air mixing parameter.

5.1 Thermal no:

The thermal NO formation rate, based on the extended Zeldovich mechanism,
1s well established. The rate equation was reduced (i) to the form:

4N 17 172 - 1/2 .
gt - 144 x10 [N2] [02] (T) exp (-69 460/T) mole/cm™s (1)

The application of this equation requires values of all the variables in
the RHS as they exist within the NO reaction zone. Since the rate of this
reaction is slower than the main combustion reactions, it Is possible to
assume that reactions of the main specles progress to completion hefore
NO reactions start. Thus the values of temperature and concentrations
of 02 and N2 can be calculated.

However when uslng measured tlme-averaged temperatures it was found that
NO was underpredicted, sometimes by two orders of magnitude (17). In
the present work the predicted NO values were one order of magnitude
lower than those measured. The explanation for this lies in the
existence of concentraticns and temperature fluctuatlions within the NO
reaction zone.

The earlier attempts to measure these fluctuations were limited by the the
speed of response of thermocouples. Generally this 1s too slow to
follow the temperature f{luctuations beyond 1 kHz,(17) .Recent
measurements using CARS technique give a much better indication of the
range of the temperature fluctuations, for example LaRue et al (18)
measured a 500 K peak to peak range.

These temperature fluctuations are caused by concentration fluctuations.
Since the NO reactions take place “immediately" after the main reactions,
both temperature and concentratlons fluctuations have a considerable
influence on the NO formation rate.

It is suggested by many investigators (19,20) that the temperature in
the NO reactlion zone is the stolchiometric adiabatic flame
temperature.Vranos (21) assumed that the thermal NO reactions are not
faster than the mixing rates so most thermal NO is formed at or near ¢
=1.0, Thls assumption follows from the fact that steichlometric
mixtures have the highest probabillity of reaction.

When using flnite difference solutions of the flow and combustion
equations, the effect of these fluctuations is taken in consideration
through the scolution of an extra differential equation for the
concentration fluctuations, eg., (22). For the present work considering a
well-stirred reactor model, a stochastic approach was adopted to esgtimate
the fluctuating components of conceniration about the mean value,

§.2 Model assumptions:

Assuming the reaction zone to be one well-stirred reactor and using Eqn.
1, the following analysis is carried out to account for the effect of
concentration fluctuations.

On the microscale of mixing, it is assumed that at any location within the
well-stirred reactor, the fuel alr mixture will have a random
distribution of parcels with values of ¢ which have a Gaussian
distribution about the mean value ¢ (23). This assumption agrees with
experimental measurements in jet flows as reviewed by Chatwin and Sullivan
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(24). The spread of this distribution 1s dependant upon the value of the
standard deviation o¢. The value of ¢ is related to the mixedness (55)
of the mixture by the relation;

¢ = (1-Se) * ¢ (2)
Introducing 2 as a non dimensional parameter of fluctuation ;
2=(p-¢ Mo (3)

The probability density function (p.d.f} of the distribution function of ¢
1s written as;

1
vV an
Integrating the area under the above distribution function, leads to the
cumilative density function (c.d.f) of ¢;

£($) = exp (- —;— %) (4)

2

¢ 1 2
F(¢)=J exp (~ 2-) dz - <P < o (5
-x¥ VZr

For standard Gaussian distribution , the value of F{¢) is usually between
0 and 1. A stochastic process (25) has been 1mplemented to produce the
variable Z from Eqn.S using randomly generated values of F(¢). From eqn. 3
above and at known values of ¢ and ¢, the stochastic value of ¢ has been
predicted. This process glves the Gaussian distribution of ¢ about ¢.

Of the different parcels, those with ¢ close to unity (ie stoichiometric)
have the maximum probability of combustion and thus react first. The
products of thls reaction will be at the adlabatic stoichiometric flame
temperature. The NO reaction will take place effectively at this flame
temperature. The required oxygen 1is assumed to come from the excess air
of the wunburnt lean parcels with ¢ < 1 . These values are substituted
in Eqn. 1.

A mean value of residence time ln the reaction zone was calculated fron
the length of the zone and the average flow velocity in this zcne.

5.3 Prompt NOx

Although prompt NOx was 1initially defined as NOx formed in the flune
front, it sometimes refers to NOx resulting from Nz via reactions
other than the Zeldovich mechanism. Detalled models of prompt NOx are not
avallable yet, because the amounts of prompt NOX are small compared to
other sources of NOx, and because it seems to occur mainly in very rich
flames. It can be important in fuel-rich pockets of diffusion flames.
Rate equations were suggested by Fenimore (26) and de Soete (27).

In the present analysis both equations were used to estimate prompt NOx.
The results indicate the contribution by this mechanism to be very small ,
less than 1 ppm.

5.4 Model results:

The above model was tested by application to the conditions of the second
set of experimental measurements to predict the effect of fuel/air ratio
(equivalence ratio) on the overall NOx emission from the furnace. The
value for the standard deviation ¢ can be estimated from the measurements
of the fluctuations of concentrations and temperatures in Jet flows, as
reported by Becker (28). His results give an estimated value of 0.7 for
the parameter So in Eqn 2.

The regults for the case of S=0.90 are presented in Fig, 13. The
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agreement between the model predictions and measurements 1s consldered
satisfactory and very encouraging considering the simplicity of treating
the reactlon zone as one well-stirred reactor. Unfortunately, the effect
of swirl in thls system is small and could not be used as a reliable test
of this model. However this model can be used for other gecmetries and
condltions. The input data required is restricted to the knowledge of the
mixedness of the fuel/alr jets and the mean residence time within the
reaction zone.

6 CONCLUSIONS

Two sets of experimental measurements have been carried out 1in the NEL
furnace. The first set covers a complete mapping of NOx concentrations
carried out at different swirl settings. The effect of swirl on the local
NOx concentratlon has been presented and discussed in the light of the
measured flow and combustion patterns.

In the second set, the effect of fuel/alr ratio and firing rate on NOx
emissions In the stack has been measured,

The reliability of these measurements has been checked by carrying out
tests of repeatabllity and of the probe intrusion effect. Nox
concentration profiles have shown reasonable degree of symmetry. This is
important for the meaningful comparison with the axisymmetric program
predictions.

From the experimental measurements the followlng conclusions can be drawn:

1 - NOx formation occurred mainly at the high temperature regions
downstream of the combustion 2one (flame front), hence confirming that NOx
has been formed by thermal mechanism which 1s slower than combustion.

2 - Increased swirl did not contribute slgnificantly to increased NOx
emissions, At zero swirl, NOx concentration measured at the stack was
about 25 ppm while at the high swirl {S=2.25), NOx concentration was about
3G ppm,

3 - Increased swirl has contributed only to increased local NOx
concentrations in the central recirculaticn zone.

4 - Increased excess alr, up to 40%, did not produce a significant
alteration in the NOx emissions.

S - At rich flame conditions, increased fuel equivalence ratio resulted in
marked reduction of NOx emission. This finding supports the use of
air-staged combustion for NOx reduction.

Theoretlcal predictions of the overall NOx formaticn under the above
test conditions have been made using a well-stirred reactor model based
on the extended Zeldovich mechanism. The model takes account of the
fluctuations of the concentrations of fuel and oxidant in the NOx
reaction zone. A stochastic analyslis has been adopted to calculate the
effect of these fluctuations on the NOx formation rate. The results of
these predictions compare satlsfactorily with the measurements.
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ABSTRACT

This paper reports nn camparisons betwsen the predictions of the HTFS combusticn modelling

program, PCOC, and some of the measurements on the NEL furnace emphasising the modelling of
the flow and conbustion patterns.

The present burner has high~speed radial fuel-Jets producing rapid turbulent pre-mixing of

the reactants. Such flames have often proved difficult to predict due to limitations in the
modelling of turbulence and chemical kinetics.

This paper describes calculations using the 'Eddy Break-up® combustion wodel. Suppiementary
infarmation on inlet conditions were deduced from isothermal experiments. The predictions

are compared with in-flame velacities and temperatures recently measured in the NEL furnace,
with four burner swiri settings.

NOTATION R Rate of chemical
reaction kg/mis

A Eddy break-up r Inlet radius m
constant (Model 1) Bimensionless s Stoichiometric

B Eddy break-up atr-fuel ratio Cimensionlaess
constant {Model 2) Dimensioniess € Rate of dissipation

b Damkthler number Dimensionless of turbulent kinetic

k Kinetic energy of energy ne/s3
turbulence m2/s? p Density kg/m?

M Species mass fraction kg/kg T Tine




Subscripts

c Critical

¢h Chemical

f Fuel

0 Oxidant
Product

£ Turbulent
1. INTRODUCTION

The successful prediction of swirling
gaseous diffusion flaqes has been demon-
strated by earlier HT?S work and others,

eg (1). These works covered burner
geometries consisting of two concentric
pipes so that the model boundary conditions
were simple and no pre-mixing was possibie.
In industrial applications, however, burners
often consist of a central gun which intro-
duces several high-speed jets of fuel gas
radfally into the swirling air flow within
a surrounding pipe. This repert describes
an extension of the PCOL program to allow
the modeliing of such burners,

The immediate obJective is to model a large
and comprehensive set af data which has been
measured on the furnace at the National
Engineering Laboratory (NEL}. The data
comprise isothermal {2, 3) and combusting
velocities, major species concentrations and
temperatures as a function of the air swirl

velocity.

The NEL furnace consists of a 1 m internal
dfameter vertical cylinder, 3 ® high, The
rig is watercooled in separate sections to
facilitate measurepent of heat—transfer
distribution and 1s provided with ports for
access by a range of probes. The facility
is more fully described elsewhere (2-4).

The burner has & fuel injector which
consists of sixteen radial gas Jjets which

create intense turbulence leading to rapid
mixing within the burner quarl, The
resulting pre-mixing of fuel and oxidant
means that the combustion rate will depend
on the pre-heating and chemical kinetics of
the reactants and not just their rate of
mixing. Any model of this type of burner
must successfully account for both the
pre-mixing and combustion phases in order to
obtain accurate predictions.

This report uses isothermal nixing data,

(2, 3) to avoid the necessity for 3-D
turbulence modelling of the radial-jet flow.
The partially pre-mixed nature of the
combustion is then taken Into account by
incorporating an ‘eddy break-up' model into
PCOC.

Befaore the calculations are described, the
PCOC furnace code and the ‘eddy break-up®
mode] are briefly reviewsd.

2. THE PCOC COOE

PLOC is an extension of the earlieyr HTFS
furnace codes, TUFC and NERD, te fnclude
pulverised coal combustion. For gaseous
flames, PCOC is essentially equivalent to
TUFE except that the burner quarl can now be
represented as a series of steps in the
finite difference grid. The code solves the
steady-state conservation equatfons for
mass, momentum, energy and aixture fractions
in an axisymmetric furnace. The solution is
found iteratively using 1ine relaxation and
the SIMPLEC velocity-pressure coupling
method of Reference (5). Turbulence is
modelled by the standard k-e model and
radfative heat transfer by a single grey gas
approximatien and finite-ordinate discreti-
sation, The ‘mixed-is-burnt' model, used by
TUFC and PCOC for gaseous diffusion flame
calculations, 1s described briefly in the
next section.



3. REVIEW OF TURBULENT DIFFUSION
FLAME MODELS -

Early studies of turbulent jet flames lead
to the development of twe different classes
of model, both of which were based on the
assumption that the rate of combustion was
controlled by the mixing of fuel and oxidant
rather than by the chemical kinetics. The
‘mixed=-is=burnt' mede] of Kent and Bilger
{6) assumes that the chemical processes are
so fast that fuel and oxidant do not
co-exist at the same time and place. As a
resuit, concentration fields can be descr-
ibed by a single conserved scalar, the
'mixture Traction'.

Turbuient fluctuations are {ncluded by
assuming & shape for the pdf describing the
fluctuations in mixture fraction. The model
has been validated for a wide range of
furnace sizes by various workers tn HTFS and

others eg (1).

The alternative approach is the ‘eddy break-
up' or 'eddy dissipation' model of Spalding
(7) and Magnussen and Hjertager (8) which
assumes that the reactants are homogenapusly
mixed In the fine-scale dissipative eddies
of the turbulence. In the limit of fast
chemistry, the reaction rate of the fuel is
given by the concentration of the limiting
reactants:

R = Ap = Min [M

¢ Model 1

k ¥ s
where Hf and Ho are the mean mass fractions
of fuel and oxidant respectively, s {s the
stoichionetric ratio and A is a dimension-
less constant which s usually obtained by
fitting the predictions to the data, The
choice of A {s discussed below. {omparisons
between the ‘'mixed-is~burnt' and ‘eddy

break-up' model, for example (9), generally
indjcate close agreement between the tweo
nodels for near-stoichiometric conditions.

4, PARTJALLY-PREMIXED COMBUSTION
MODELLING

When the fuel and oxidant co-exist in the
same turbulent eddies, the reaction rate is
controlled by chemical kinetics rather than
by turbulent mixing. The ‘mixed-is-burnt’
assumed pdf shape approach depends crucially
on the impossibitity of the co-existence of
reactants in order to uniquely define a
mixture fraction. Consequently, am
extension to partially-premixed conditions
is difficult if not impossible, On the
other hand, the 'eddy break—-up' mndel is
easily extended.

The approach adopted by Bakke and Hjertager
{10) is to quench the reaction at a cut-off
point determined by the value of the
Damktihler number (D), defined as the ratic
of the turbulent and chemical timescales
(rtfrch), ie

M

R~ win [ n, 2 Da0_  Model 2
T_t S
-0 D<D

c

where T, * k/e and Dc = 10°*, For natural
gas combustion in air, a modified Arrhenius
expression for *eh is given by Beltagui and
Maccallum (11}. This model has the
advantage that eh and Dc have direct
physical relevance so they can be easily
adjusted to apply to different reactants.
Ideally, Teh shauld be measured in a
turbulent flame as the temperature in eddles
containing reacting gas may be significantly
higher than the bulk temperature.




{ne way of avoiding explicit chemical model-
1ing 1s to postulate that the reaction rate
in eddies containing a cold unburnt mixture
of reactants is proportional to the mixing
rate with the surrounding hot combustien
products. This phenomenoiogical approach
Tead Magnussen and Hjertager (8) to a simple
extension af the 'eddy break-up' wodel:

AM_ B N

R = B Min [aM,, =2, =P Mode] 3
f f .
rt S 1+s

where Hp is the mass fraction of products
and B is another constant. This wodel has
been widely used for partially-premixed

gaseous combustion, eg {12), with the
canstants A = 4 and B = 2 chosen

empiricaily.

In Sectfon & all three models are compared
with the data from the NEL furnace.

5, COMPUTATIONAL DETAILS

The NEL furnace geomstry was discretised by
an axisymmetric grid of 54 axial and 42
radial 1nterva1s with 588 nodes in the quari
region. The QUICK higher-arder differencing
scheme was used to avoid the possibility of
smearing the near-burnar flow details by
numerical diffusfon.

The measured profiles of axial and swirl
velocity at the inlet plane were used as
{nput to the program boundary cond{tfons.
gonstant profiles were assumed for the other
inlet variables. The radial velocity was
fixed by the requirement that the radial
momentum of the fuel Jet is conserved. The
effect of varying the initial values of k
ond € will be discussed in the next section.
The mixture fraction at the fnlet was
measured by helium tracer experiments
performed earlier (2).

The radiation medel assumes an emissivity of
0.2 over the quarl and 0.85 an the furnace
wall. The absorption ¢oefficient was taken
to be 0.355 m-3.

The calculations were performed with under-
relaxatfon fractions of 0.05 for density and
reaction rate and 0.3-0.5 for the other

variables.

About 2000-3000 iterations were required to
reduce the dimensionliess mass and esnthalpy
residuals to 3 x 10°* and 10°? respectively,
at which point the calculations had
effectively converged. Each calculation
took about 8 minutes of CPU time on the
Harwell CRAY-2 supercomputer.

6. RESULTS

The first calculations using the diffusion
flame modeis, 'mixed-is-burnt' and the 'eddy
break-up' (EBU) Model 1, greatly over-
predicted the reactfion rate as expected. As
& resuit, the central recirculatiocn zone
(CRZ) was praedicted to be aver 1 n long
compared with the measured 0.25-0.3 n.

The agreement with the data was considerably
jmproved by switching to EBU Model 3.

Figure 1 shows the comparison of the predic-
ted and measured flow reversal boundaries
for three different swirl numbers. Examples
of the detailed comparisons of temperatures
and vetocities can be seen in Figures 2-5.

The results obtained with the expiicit
chemical kinetic model (EBU Modsl 2) were
almost identical with temperatures, for
example, agreeing to within 20°C with those
of Model 3.

6.1 Flow Pattern

The length of the CRZ was found to be
dependent on the assumed inlet values af k
and . The calculations shown in

Figures 2-5 were based on an estimated

15 per cent turbulent velocity giving



k = 10, 13 and 24 m*/s* for swirl numbers 0,
0.45 and 0.9 respectively. The energy
dissipation, €, was taken to be 3000 m2/s?
independent of swirl. The effect of varying
k and € on the flow boundaries predicted by
Model 3 for S = 0.45 is shown in Figqure 6.
In general, ihe length of the CRZ varies
approximately as er?/k*/% where r is the
fnlet radius.

It is particularly encouraging that the code
successfully predicts a CRZ even in the
absence of swirl, a feature associated with
the radtal fuel injection of this burner
geometry.

6.2 Temperature Bistribution

Temperature distributions are 11lustrated in
Figure 2, where 2a, 2b and 2¢ show results
for S = 0, 0.45 and 0.9 respectively. The
upper half of each figure presents the
predictions of Model 3. 1In all three cases
the predictions yield higher temperatures in
restricted areas than are evident in
experimental measurements. Figure 2b is
typical with a predicted torroidal region,
close to the burner exit, where temperatures
exceed those measured by 200°C. It {s alse
notable that the predictions suggest lower
exit temperatures than recorded in the
measurements. Contour shapses in predictions
and measurements are very similar with large
zones af the flow being reascnably
predictad.

Clearly, the local gas temperatures are
highly dependent on the precision of the
combustion model and, to a lesser extent, on
the transport of mass and radiative heat
transfer in the near burner region. Future
comparisons will address the heat-transfer
behaviour of the predicted system.

6.3 Ax1al Velocity Profiles

Radial profiles of axial velocity are
presented in Figures 3a and 3b. Since the

region of most interest is that closest to
the burner, results are confined to the
first 1050 mm of the chamber. Although 3
components of velacity were measured at 4

swirl intensitles, results are presented for

only 2 swir) levels in this paper. For all
axial lacations, measurements from nearside
and farside of the furpace centre 1ine are
discriminated by the use of c¢ross and box
symbols. ‘Hhi]st not always coincident, a
high degree of symmetry is evident in the

measured data.

In general, axial velocity profilss are well
predicted. In a partially-premixed fiame,
such as that examined here, the gas expan-
sfon associated with combustion has a major
influence on the near-flame aeradynamics.

Figure 3a is typical of the set. Close Lo
the quarl exit, very reasonable guantitative
agreement in local velocity predictions is
evident. PCDC predictions agreeing very
closely with the experimental CRZ boundary
and the boundary of the outer recirculatien
zone. Both forward and reversed peak
velocities are well predicted up ta 110 am
downstream of quarl exit. However, as the
fiow progresses, the predictions are seen to
exaggerats peak velocity values and the
associated gradients, PCOC predicts a
velacity turning value on the centre 1ine in
all of the profiles illustrated, whereas,
the measurements indicate that this feature
disappsars between 300 and 245 mm.

6.4 Radial Velocities

Figure 4 1s one example to illustrate the
comparison of weasured and predicted radial
prafiles of radfal velgcity for S = Q.9.

As previously reported, (2, 3) the least
confidence in aerodynamic measurements is
ascribed to the radfal components af




velocity., As with isothermal comparisons,
the shape of radial profiles is well
represented. It is worth noting that the
pusition of turning points in the experi-~
mental profiles are closely represented by
the predictions. 1In general, however, local
measured radial velocity values exceed those
predicted. Results at higher swirl exhibit
rarginally better agreement than those at
Tow swirl,

6.5 Swirl Velocity

Figures 5 i11lustrates the radial profiles of
swirl velocity for S = 0.9,

It is clear that, close to the guarl exit,
predictions exceed measurements by as much
as & factor of two for those areas of the
flow where the experimental swirl velocity
1s well defined. As the flow progresses
downstream, the predictions and measurements
do exhibit improved agreement.

7. DISCUSSION

Given the compiexfty of the inlet condi-
tians, the -agreement between PCOC, with
combustion Models 2 and 3, and data is most
encouraging. In particular, the agreement
hetween the chemjcal kinetic and product
eddy mixing models indicate that either can
be used dependfng on the type of reactfon
rate inforwation available.

The length of the CRZ is found te be much
smaller than it 1s in the corresponding
{sothernal flow. This 15 due to the volume
expansion associ{ated with combustion at
about 0.25 m from the burner. The
calculattons suggest, however, that there is
st11] some dependence on the burner
aerodynamics through the intet turbuience
tevel.

8.  CONCLUSIONS

The 'eddy break-up’ mode! is capable of
sisulating the combustion of natural gas
using a central-gun-type burner. The
present theoretical approach should be
appiicable in many Industrial applications
which use this type of burner. The success
of a combustion model based on chemjcal
kinetics suggests that the mode) can also be
appiied in the case of other reactants far
which basic kinetic data are available.

The objective of HTFS work on the NEL
furnace system has been to provide detajled
valldation of furnace modelling on a semi-
industrial scate facility. Future compari-
sons with PCOC will aliow refinement of the
predictions with access to some turbulence
information from LDA measurements within the
chamber, (DA work will also afford the
opportunity of exploring further time-
averaged velocities in the near-burner
field, In addition, the heat-transfer
predictions of the PCOC code will be
compared with the detailed heat-flux data
previously published, (13),

The local measurements of Nux. (4), alse
offer scope for validation of the thermal
NGx model in the PLCOC program.
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