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Summary

Summary

Swirl burners are widely used in industry. Recent environmental concerns, particularly 

on emissions from combustion processes, have introduced the requirement to modify 

these processes to reduce emissions whilst at the same time maintaining combustion 

efficiency. This thesis presents details of experimental and computational studies into 

the flowfield structures of swirl burners.

Previous investigators have concentrated on the time-average flows, but it has become 

apparent that these are insufficient to enable pollutant emissions to be accurately 

predicted. Knowledge of the time-temperature and species history is needed to obtain 

better predictions. Pivotal to this is a detailed determination of the time-dependent 

structure of the flow.

In this study, series of experiments were carried out at different inlet configurations and 

conditions. The flowrate and swirl number were varied as well as the injection mode, 

inlet length and exit geometry. The burner flow was characterised by measuring axial, 

tangential and radial velocities using a Laser Doppler Anemometer.

A Computational Fluid Dynamics modelling package, FLUENT was used to produce 

two and three-dimensional computational models to predict the flowfield structures of 

the burners in isothermal and combustion cases. Four turbulence models were evaluated 

in the prediction: the k-e Model, the Algebraic Stress Model (ASM), the Reynolds 

Stress Model (RSM) and the Re-normalisation Group Model (RNG). Constant velocity 

scaling of the 100 and 500 kW burner was examined in both experimental and 

computational studies.

The experimental results show that the flowfield structures in both burners are non- 

axisymmetric and develop three-dimensional time-dependent coherent structures in the 

flow. The experimental results have been compared with the computational model 

predictions. The comparisons reveal very good agreement between the time average 

measurement and the predictive values, especially downstream of the burner exit.
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_______________________________________________________Summary

This work was extended to investigate the following novel phenomena:

a). The computational prediction of the flowfield structure was extended to 

include different inlet boundary conditions with both the RSM and the RNG 

turbulence models. The model was also extended to investigate the time- 

dependent flows.

b). The influence of varying the inlet and exit geometries and conditions on the 

flow patterns and the reverse flow zone was examined in detail. A 500 kW swirl 

burner with scroll inlet was designed and characterized with time-dependent 

flows to simulate the Precessing Vortex Core.

This investigation showed very good agreement with experimental velocity data with 

less constrained boundary conditions that had previously obtained. The time-dependent 

simulation was limited by the computer speed and processing capability but identified 

that such analysis is possible when computer power allows and has the potential to 

model the flow in greater detail yielding more accurate data on pollution emissions.
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Nomenclature

2

	Nomenclature

a Coefficient in the discretization equation

At Tangential inlet cross-section area m2

Af Furnace cross-section area m2

Ag Burner exit cross-section area m2 

Cie ,C2e ,C3 E , C^ Empirical constants

d Burner exit diameter m

Df Furnace body diameter m

DO Burner body diameter m

dt Tangential inlet diameter m

Eu Euler Number

f Frequency Hz

Ge Axial flux of angular momentum Nm

Gx Axial flux of axial momentum N

Gk Generation of k from the mean flow

Gb Generation of turbulence due to buoyancy

I Turbulence intensity

k Turbulent kinetic energy

lb Burner length m

If Furnace length m

p Pressure N/m2

Q Tangential flowrate 1/min

Qt Total flowrate 1/min

Qx Axial flowrate 1/min

Re Reynolds number

R/r Radial position from the centre relative to the exit radius

x/d Height downstream the burner exit relative to the exit diameter

Sn Swirl number

S Geometric swirl number

S$ Source or sink of the property <j>

u Axial velocity m^s

v Radial velocity m/s
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Nomenclature

w

uu, ww, vv

uv, uw, wv

X

Tangential velocity

Reynolds stress

Shear stress

Distance downstream of the burner exit

m/s
m2/s2

m2/s2

m

Abbreviations

ASM

BFC

BSA

CFD

CRZ

IRZ

HWA

LDA
k-e

PVC

QFV

RFZ

RMS

RNG

RSM

RZ
2-D

3-D

Algebraic Stress Model 
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1. Introduction 

1 . 1 General Introduction

Swirl burners are widely used in industry and there is much current interest in installing 

designs which have lower pollutant emissions and are more 'friendly' to the 

environment. Improved understanding of the combustion process can minimize capital 

and running costs by improving the overall operation of the combustion systems. Those 

found in such as furnaces and boilers. For several years a focused research effort has 

been undertaken to understand and characterize the aerodynamics of swirling flows and 

the associated recirculation zone and instability structure such as the Precessing Vortex 

Core (1). The characteristics of the flow can then be used to control fuel and air mixing 

in the combustion systems, to reduce air pollution and to provide flame stabilization.

The energy available in the world from coal, oil and gas are non-renewable resources. 

Because of the importance of energy in industries, and the considerable increase in 

energy demand, great efforts are made to use efficient and less energy consuming swirl 

burners. The expected increase in the energy consumption is shown in Figure 1.1 (2). 

Swirl burners have proved that in particular applications they can consume 12% less 

fuel and can utilize low calorific value fuel with less emission of pollutants (3,4,5). For 

more efficient use of energy resources, optimum design and development of the burners 

require careful characterization and optimization of the swirling flow and the associated 

complex phenomena.

Complementary experimental and computational modelling studies can provide 

economical design, building and operation of swirl burners. Experimental studies are 

costly and time consuming work, so the use of Computational Fluid Dynamics (CFD) 

predictions significantly reduces the cost of the development studies. However, it is 

essential that the models be validated to ensure their applicability for all sizes. This 

study presents details of experimental and computational studies into the flowfield 

structure of a generic swirl burner. Experiments were carried out at different inlet 

configurations and conditions along with variations in flowrate and swirl numbers as
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well as injection mode tangential inlet length and exit geometry. Velocity components 

were measured using Laser Doppler Anemometry and FLUENT was used to produce 

computational models to predict the flowfield structures of the burners for both 

isothermal and combustion cases.

In recent years, CFD prediction of burner characteristics has given good agreement with 

experimental data in respect of the general flowfield structure. There has been less good 

agreement with chemical species prediction, particularly NOx, which has become of 

increasing concern and stringent legislation. The production of NOx is a complex issue 

which relies on many factors including the burner used and operator such as furnace 

wall temperature, entrainment and recirculation. Recent development in turbulence 

modelling has considered the effects of different turbulence models on the prediction of 

flowfield and also investigates the effects of time-dependent flow.

One of the reasons for poor predictive ability is in the representation of a turbulent time- 

dependent flow by means of a simple turbulence model. Turbulence models have 

increased in complexity and several are available for different applications. In this study, 

time-average and time-dependent velocity measurements have been taken and the results 

compared with the CFD prediction results using different turbulence models.

This thesis is divided into several chapters:

Chapter One covers a general introduction which addresses the applications of swirling 

flow in industries. In swirl burners, the swirling flow requires a comprehensive 

characterization and understanding of the flowfield structure and combustion process.

Chapter Two presents swirling flows. The effect of swirl generation methods on such 

flows as well as the effects of inlet conditions are considered. The description of the 

flowfield structure in swirl burners includes the vortex breakdown phenomena and in 

addition, the Precessing Vortex Core and the Recirculation Flow Zone are reported. It 

also reports both tangential and scroll inlet swirl burners.

2
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Chapter Three introduces the theory of the computational mathematical modelling used 

to predict the swirling flow structures. In addition, it presents the four turbulence models 

used to predict the flowfield structure of the swirl burners.

Chapter Four, describes the techniques of Laser Doppler Anemometry and hot wire 

anemometry including the equipment and instrumentation used to conduct the 

measurements. Also it describes the experimental procedure and work which was 

undertaken to characterize the flow pattern of the swirl burners.

Chapter Five presents the experimental results for the swirl burners for both mean and 
phase averaged time-resolved velocities.

Chapter Six describes the predictions of both the steady and time-dependent flow of the 

burners. The method used to simulate the experimental results and the techniques for 

Computational Fluid Dynamics modelling is also included.

Chapter Seven presents the prediction results for the swirl burners for both mean and 

time-dependent flow. The comparison between the turbulence models results is 
discussed. In addition, it presents the prediction results for both isothermal and 

combustion flow. The comparison between the burners is explained and observations 

from the computational modelling results are discussed.

Chapter Eight includes the discussion of the comparison between the experimental and 

predicted results. Also, the experimental results for the different size burners are 

compared.

Chapter Nine introduces the overall conclusions drawn with respect to the experimental 

and prediction work on the flow structure of these swirl burners. Future work is then 

suggested to advance the experimental and prediction work.
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1.2 Need for Development of Swirl Burners

This section describes the development of the swirl burners. Included are examples of 

sizes and application of the swirl burners, their beneficial effects and their relevance to 

providing pollution-free environment. The swirl burners are widely used in many 

industrial processes ranging from small package boilers to large power station boilers. 

Typical applications are:

1- Power stations where burners up to 50 MW are employed.

2- Small industrial burners such as Hamworthy burners.

Swirl burners have been used in combustion systems for many years and they have two 

principal attributes (6):

1- Recirculation and reverse flow zones are formed in the exit region and all of 

the outgoing flow is usually forced into a thin annular region close to the wall.

2- Between the boundary of the reverse flow zone and the outgoing flow regions 

of high levels of turbulence are formed. Such regions promote mixing of air and 

fuel and the hot combustion products from the recirculation zones.

The development of swirl burners have improved the reliability and efficiency of the 

combustion systems as follows:

1 - The introduction of swirling flow into the combustion zone, which leads

to lower emissions and higher efficiencies.

2- The introduction of tertiary air to the combustion zone in order to

reduce emissions.

The swirl burner flows are quite complex since three-dimensional structure, swirl and 

vortices are involved. The investigation of such flows has been important in recent years 

with experimental and prediction methods having been used. There are different 

methods of generating swirl and these are discussed later in section 2.2.1.
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1.3 The Objectives of the Research

The research had the following objectives:

1 - To obtain detailed measurements of swirling flows in isothermal case under 

different flowrates, swirl numbers and inlet conditions.

2- To investigate the effect of these parameters on the Precessing Vortex Core 

structure with different scales of burner using constant velocity scaling.

3- To investigate the effect of these parameters on the recirculation and reverse 

flow zones with different burner sizes.

4- To use both experimental and computational techniques to investigate the 

swirl burners and the associated flow structures.

5- To compare experimental data with results obtained from Computational 

Fluid Dynamics modelling.

The project has concentrated on obtaining velocity measurements (using the Laser 

Doppler Anemometer) using a transducer downstream of the burner to 'gate' the flow 

measurements and hence obtain time-resolved velocity measurements. A range of swirl 

numbers and flowrates were considered with different inlet and exit configurations. In 

addition to the velocity measurements, the flow was modelled using a commercial 

Computational Fluid Dynamics package, FLUENT. Previous research (7) has 

concentrated on time average flows but it has become apparent that time-dependent flow 

plays an important role in pollutant formation and reaction mechanisms. The aim of the 

research was to produce an understanding of swirling flows which will enable improved 

commercial scale swirl burners to be designed. The swirl burners were investigated 

under combustion and isothermal conditions.

To achieve these objectives it was necessary to carry out a programme of experimental

and computational tests as follows:
1- Small scale tests to obtain initial experimental data for the 100 kW swirl 

burner in order to assess and design 500 kW swirl burner. Also, to obtain the 

inlet boundary conditions for the computational modelling.
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2- The 500 kW swirl burner tests involving:

a) A comprehensive experimental investigation to obtain full 
experimental data for the burner.
b) A comprehensive computational investigation to obtain full 
computational data for the burner.

3- To obtain experimental data for both the 100 and 500 kW swirl burners in 
order to assess and design a 500 kW swirl burner with a scroll inlet.



3 a ĈD o <-
f 

CD o l-t G
l

CD 3 n> l-
J J5 o o 3 w I <-+_ o'



.Chapter (2) Swirling Flows

2. Swirling Flows

2.1 Introduction

Combustion systems use the effects of swirl on the injected mixture of air and fuel to 

stabilize high intensity combustion processes. Highly swirling flows play a vital role in 

flame stabilization and mixing, and have been successfully employed in the combustion 

of difficult fuels such as vegetable refuse (8). The high degree of swirl associated with 

turbulent flows increases the flow complexity. In addition to the complexity of the 

swirling flows, a vortical 3-dimensional time-dependent flow (known as a Precessing 

Vortex Core) occurs when certain conditions prevail as characterized by swirl number 

and flowrate. This chapter provides a review of the characterization of swirling flows 

and swirl burners.

2.2 Swirling Flow Applications

Due to their importance and applications (such as cyclone separators, atomizers, swirl 

stabilized combustors, vortex amplifiers and jet pumps) swirling flows have been 

extensively investigated. These swirling flows are widely used in several practical 

combustion cases such as gasoline and diesel engines, furnaces, boilers and gas-turbines 

to aid air and fuel mixing, to reduce air pollution and to provide flame stabilization 

(9,8). In these applications, the tangential velocity dominates the flow but secondary 

flows are generated which produce mixing regions and recirculation zones. A 

complication with such flows is the development of 3-dimensional time-dependent 

coherent structures. One such structure is the Precessing Vortex Core (PVC) Figure 2.1 

(10,11). To accurately model the effect of this, it is necessary to be able to predict the 

nature and characteristics of the PVC at different scales and geometries of swirl burners. 

Therefore, the application of swirling flow in industry requires comprehensive 

characterization and understanding of the flow structure and combustion processes 

associated with such flow. Experimental and mathematical studies have shown that 

swirling flows have effects on the flowfield by jet growth, entrainment and decay and 

flame size, shape and stability. The swirling flows reduce the combustion length,
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improve the flame stability (by forming a Recirculation Zone, RZ) and extend the life of 

equipment (9).

Many experiments have been carried out with various flow measurement methods and 

instruments to characterize swirling flows. Various investigators have employed different 

techniques and instruments for measuring swirling flow as in Table 2.1. These swirling 

flows can be measured by using traditional measurement techniques such as a hot wire 

anemometry (12), and 5-hole pilot probe (13, 14). Such instruments interfere with the 

flowfield which may be changed moreover and cannot endure the high temperatures 

associated with combustion systems. Consequently the flows have to be measured by 

using a Laser Doppler Anemometer (LDA) on free flows (or through an optical access 

window for confined flows) (15,16). This project is concerned with characterization of 

the swirling flowfield structures and vortices in swirl burners using LDA technique.

Swirling flows have been studied in general by many authors such as Beer and Chigier 

(17) and Gutpa et al (8) and reviewed by others such as Syred and Beer (18), Lilley (9) 

and Salon et al (19).

2,2.1 Swirling Flow Generation

Applying a spiraling motion to the flow produces swirling flows. There are several 

methods of producing swirling flows, such as using guide vanes or direct tangential 

entry swirl generators. The different methods of producing swirl have a marked effect 

on the velocity distributions and recirculating flows (20). Various methods of swirl 

generation have been utilized to produce the swirling flows:

1- Axial-plus-tangential entry (see Figure 2.2), this enables adjustment of axial 

and tangential flowrates to vary swirl from a low value to strong swirl where the 

RZ is formed.
2- Direct rotation (see Figure 2.3), a swirl motion is produced by the direct 

rotation of a mechanical device at high speed.
3 - Guide vanes (see Figure 2.4), the role of guide vanes with radial and 

tangential vane angles are to deflect the flow direction and generate swirl. These
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vanes impart a tangential velocity into the burners and generate the swirling 

flows.

4 - The Umuiden movable block swirling generator as shown in Figure 2.5

5 - Pure tangential inlets as shown in Figure 2.6

They have been discussed at some length elsewhere (8,17). In the present investigation a 

dual direct tangential entry method is used for the following reasons:

- Ease of fabrication and construction

- Swirl number can be varied easily by means of inserts

- Low pressure drop

- Low capital cost

- Allows optical access

- This method is typical of those found in industry

Installing an insert on each of the burner tangential inlets produces the variation of the 

inlet swirl into the burner. Various investigators have been employed different 

techniques for swirl generation as in Table 2.1. It has been shown that the swirl 

generation methods have significant effects on the swirl devices flowfield structure.

10
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Table 2.1: Summary of reported swirl generation techniques

Author

Chigier(13)

Chigier(21)

Syred (12)

Hallett(14)

Eguchi (22)

Ikeda(23)

Claypole (24)

Syred (6)

Gupta (25)

Biffin (26)

Nieh (27)

Sampath (28)

Dombrowski (29)

Modarres (30,31)

Beltagui (32)

Yang (33)

Ahmed (34)

Method

tangential ports

tangential ports

eight tangential inlet slots

axial-tangential swirler

tangential entry swirler

vane angle of 45°

four-tangential inlets

two-tangential inlets

tangential inlet slots

four-tangential inlets

axial swirler

vane angle of 45°

guided-vanes

Multi-Annular Swirl Burner

vane angle of 0-30°

axial-vane swirl generator

guided-vane swirler

Measurement

impact probe

LDA

hot-wire

5-hole Pilot Probe

LDV

LDV

-

5-hole Pilot tube
-

-

LDV
-

LDA
-

5-hole Pilot Probe

LDA

LDV

s
0.30-1.43

0.30

2.2
-

2.21

0.817

0.6-3.7

1.3-3.36
-

1.08

0.3,0.5
-

0.7
-

0.0-0.192

2.0

0.0-0.5

RZ,RFZ
yes

yes

yes
-

-

yes

yes

yes
-

-

yes

yes

yes

yes
-

yes

yes

11
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2.2.2 Swirl Number

Experimental studies show that the degree of swirl imparted to the burner has large scale 

effects on flowfield, jet growth, entrainment and decay, flame size, shape, stability and 

combustion intensity (for reacting flow) (9). As stated, the swirling flows result from the 

application of a spiralling motion imparted to the flow by the use of swirl vanes, axial plus 

tangential entry swirl generators or by direct tangential entry swirl generators, hi all the 

cases, the swirling flows are characterized by a dimensionless parameter called the 

degree of swirl or the swirl number (Sn). In this project, the swirl number represents the 

ratio of the linear angular momentum flux, G^, to the linear axial momentum flux, G x ,

multiplied by the burner exit radius, r:

2.1

2n.p.uwr 2 dr
———————— 2.2

j 2n.(p + p.u l }rdr.r

The static pressure, p is assumed constant across the exit and can thus be neglected so:

{ 2n.p.uwr l dr 

ZJ_______ 2.3

J 2n.p.u 2 rdr.r

Where:
- u and w stand for the time-mean axial and tangential components of the 

velocity at radius r,

- p is the static gauge pressure, and

- ri and r2 are the radial limits of the burner
__
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The calculation of the swirl number requires knowledge of the exact velocities at the 

burner exit. This is difficult to measure due to difficulty of access or shortage of velocity 

measurements especially at the design stage. Also, the flow pattern in a swirl burner is 

complicated, so it is difficult to define one specific Sn for the design condition. An 

alternative geometric swirl number (S), can be defined again from Equation 2.3, with 

geometric parameters and exit, and inlet flow conditions (assuming a uniform exit axial 

velocity profile and isothermal flow at constant density) as follows:

_ Tangential Momentum Fluxo — —————\———————————————
r .Axial Momentum Flux

pe -Q 2

_ n-rr0 ^Tangential Flow Rate^j 
A, { Total Flow Rate J

Where:

r = the exit radius

r0 = radius of the line of action of the tangential inlet

At = the total tangential inlet area

The reason for introducing the alternative geometric swirl number, S, is to eliminate the 

difficulties and to simplify the calculations. In many studies Sn or S have been used 

whilst in others (22) both Sn and S were used. In this study S=1.38, 1.84 and 2.76 were 

used in order to evaluate the effect of swirl on the flowfield structure in the swirl 

burners.

2.3 Inlet Conditions

The shape of the inlets as well as the method of introduction of the swirling flows can 

influence the behaviour of the jets. Different inlet geometries are shown in Figure 2.7. 

The influence of the inlet conditions on the flowfield structure in a model gas combustor
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has been investigated (23). The flowfield structure of the recirculating swirling and the 

vortex flow was shown to be sensitive to the inlet conditions. The accuracy of the 

prediction was found to be a partial function of the inlet boundary conditions (19). The 

location and shape of the vortex breakdown are a function of inlet and swirl.

Only a limited number of the studies have concentrated on the effect of inlet conditions 

upon swirl burners operating at high levels of swirl (14). It has been shown that a 

convergent inlet encourages the swirling jet to follow the slope of the wall, thus 

assisting stream tube divergence and intensifying the centreline adverse pressure 

gradient producing a reverse flow zone (35). In this study, two tangential inlets were 

used because increasing the number of inlets was found to have no significant effect on 

the flowfield structure (36).

2.4 Outlet Geometry

The outlet geometry plays a significant role in the swirling flow structure. A series of 

experiments have been carried out with a convergent-divergent nozzle in which the 

swirl number was varied by varying the proportions of air introduced into the tangential- 

axial swirl generator (13). An example of common outlet geometry used in burners is the 

quarl. These vary in length and angle depending on the design of the burner. Their effect 

is to spread the flow at the exit of the burner and to promote a central recirculation zone. 

The effect of various outlet geometries on the flowfield structure in a swirl combustor 

has been investigated using LDA (24). Four different outlet geometries were tested in a 

four tangential inlet swirl combustor for both isothermal and combustion conditions. 

The diverging quarl outlet was found to increase the recirculation zone and reduce the 

pressure drop. In this study, two outlet geometries were used with the diameter of the 

outlet being half of the burner body diameter (d=l/2db) to reduce the pressure drop (18). 

This study demonstrates the effects of outlet geometries on the flowfield structure, jet 

spread, RFZ and RZ.

14
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2.5 The Recirculation Zone

At high degrees of swirl (S>0.6) recirculation and reverse flow zone are set-up at the 

nozzle exit when the centrifugal force is enough to produce low pressure at the central 

core. The RFZ is formed when the force due to the axial adverse pressure gradient 

exceeds and overcomes the forward kinetic forces and a proportion of the main flow 

reverses its direction in the central region near the boundaries and moves back towards 

the burner. This causes the flow emerging from the exit nozzle to be restricted to the 

periphery of the burner and reverse its direction on the centreline thereby enhancing 

mixing and recirculating hot gases to the root of the flame to provide high-intensity and 

stable flames. Two basic flow states associated with the recirculation and reverse flow 

zone have been observed in swirl burners (6). The precessing vortex core which occurs 

when the central forced vortex region of flow becomes unstable and starts to precess 

about the axis of symmetry just outside the reverse flow zone boundary. The swirling 

flow imparted to the swirl chamber is given a certain degree of swirl to enhance the RZ 

characteristics. The swirl has great effects on the reverse flow zone and the RZ. 

Different types of burner design and differing flowrates achieve different types of 

reverse flow zone.

In addition to the recirculation zone, a corner recirculation zone (CRZ) is formed on the 

outside of the emanating flow. Many factors affect the existence, size and shape of the 

CRZ and RZ, as for example (8, 9):

- The swirl number Sn

- Nozzle geometry, the presence of a central hub encourages a large 

recirculation zone, as does the addition of the divergent nozzle

- Swirl generation (swirl vanes or generator)
- Expansion or Contraction to the main chamber (D/d ratio) - confinement ratio, 

(size of recirculation zones are much more pronounced in enclosure than those 

of comparable free jets)

- Reacting or non-reacting flow
This study demonstrates the effects of swirl number, tangential flowrate (Q), axial 

flowrate (Qx) tangential inlet length and exit geometry on the RFZ, RZ and CRZ.

15
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2.6 Vortex Flow

2. 6. 1 Vortices

In general, for all viscous fluids, rotating flows are known as vortices. The vortices 

always possess a central core of solid body rotation (forced vortex) and a free vortex 

(potential vortex) outside the central region. Vortices can be classified into three main 

types:
1) Free vortex

2) Forced vortex

3) Rankine (combined) vortex

For axisymmetric flows, in cylindrical polar co-ordinates, rotating about the axis, both 

the axial and radial velocity components are zero (u=v=0) but the tangential velocity 

component is not zero (w* 0) and it is a function of radius, w=/(r). Rotating flows with 

w=c'r are forced vortices where vorticity (ct))*Q and such flows are called rotational 

flow. The rotating flows with w=c/r are free vortices where <y=0 and such flows are 

called irrotational flow. The vortices can be distinguished by the radial position of the 

maximum value of the tangential velocity. The general characteristics of the Vorticity 

(a>), circulation (I) and angular velocity (H) are summarized in (17).

Table 2.2: The general characteristics of the vorticity

Tangential velocity 

distribution w

Angular velocity Q

Circulation F

Vorticity co

Forced Vortex (Solid 

Body Rotation)
w^c'r

C

27tQr2

47iQ= constant

Free Vortex 

(Potential Vortex)

cw = — 
r

C
r 2

2nC

0

Combined Vortex 

(Rankine Vortex)

Cw = — 
r

( r 2 } * -**(--?)_

f(r)

In.C

4x.C
rt

>-43
v 'o /

f r '}~expr r >
V 'o /
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2.6.2 Vortex Breakdown

The term vortex breakdown refers to the abrupt and drastic flow structure change in 

highly swirling flows. The behaviour of the swirling flows is complicated by different 

instabilities and changes in flow pattern with variations in Swirl and Reynolds Number. 

The degree of swirl and the Reynolds Number play an important role in the occurrence 

and the position of the vortex (8). For a swirl burner, the swirl number is normally at 

least 0.6. This ensures recirculation at high Reynolds Numbers. For Reynolds Number 

less than 1000, Sarpkaya (37), conducted visual observation studies of the vortex 

behaviour with varying Reynolds number. A streamlined bell mouth inlet joined to a 

slowly diverging cylindrical tube were used to assist inducement of the vortex 

breakdown. Three types of vortex breakdowns were observed:

1) double helix breakdown

2) spiral breakdown

3) axisymmetric breakdown.

The spiral breakdown always exists before the onset of the axisymmetric breakdown. At 

low Reynolds Number, the flow appeared to remain steady after the transition. As the 

Reynolds Number was increased, various phenomena were seen to occur. The first 

indication of the vortex breakdown is the appearance of large amplitude, low Reynolds 

Number instability. Research conducted by Faler and Leibovich (38) revealed six 

different types of breakdown phenomena designated as types 0 to 6.

However, as the Reynolds Number is increased, the alternative flow pattern takes the 

form of a helical vortex precessing about the tube centreline (35). By varying the degree 

of swirl imparted to the fluid before it enters the tube, it was found that the breakdown 

was the intermediate stage between the two basic types of rotating flows, that is, those 

that do and those that do not exhibit axial velocity reversal (39).

After the occurrence of the vortex breakdown phenomenon, the central forced vortex 

becomes unstable and begins to precess around the central axis producing a 3-D time- 

dependent instability (40). This is known as the Precessing Vortex Core.

17
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2.6.3 The Precessing Vortex Core

The Precessing Vortex Core (PVC) is a fluid dynamic phenomenon occurring in 

swirling flows. The PVC was reported 25 years ago by Syred (10,11) in the exhaust 

region of swirl burners under isothermal and premixed combustion conditions. It is a 3- 

dimensional time-dependent flow structure which precesses about the axis of symmetry 

on the exit of the burner and can excite oscillations which could have disastrous 

consequences. The PVC forms after the occurrence of the vortex breakdown and the 

formation of the recirculation zone (RZ) and the RFZ. The PVC is generated by the 

shear between the forward and reverse flows (41). It lies on the boundary of the RFZ 

(where the axial velocity line is zero) between the zero velocity and the zero streamline. 

It arises from the central vortex core which is displaced by the RFZ. The presence of the 

PVC distorts the RFZ as shown in Figure 2.8 and consequently an asymmetric rotating 

flowfield is produced (42, 43).

Due to the important effect of the PVC on the flowfield, many experiments and research 

have been carried out in order to characterize and understand the complicated flow 

structure found in swirl burners. Much work has been directed towards obtaining a 

detailed understanding of the complicated coherent flow structure found in these burners 

(24,44,45,46). The LDA and hot-wire anemometer or pressure transducer are used for 

characterization of the PVC phenomena and the associated recirculation zone. The 

averaged phase time velocity measurements have provided detailed prediction of the 

PVC phenomena in swirl burners under isothermal and premixed combustion conditions 

(47,48,49,50). The PVC was characterized by its frequency obtained from a hot wire 

probe or pressure transducer which was located at the periphery of the exit nozzle of the 

swirl burner.

Recently, the PVC has been predicted qualitatively by altering the flow ratio between 

the tangential inlets to provide an asymmetric flow downstream of the burner exit (7). 

This was a steady state analysis of a time-dependent phenomenon and its relevance is 

therefore open to question. An important consequence of this flow structure is that a 

time-dependent solution is required to accurately simulate the flow.

18
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2.7 Swirling Flow Modelling

The computational modelling of strongly swirling and recirculating flows have been 

reviewed and discussed by several researchers (19,51). The swirling flows in a vortex 

combustor (27), dump combustor (52), turbine combustor (28,23), cylindrical 

combustor (29), Multi-Annular Swirl Burner (30,31), Aerodynamically Air Staged 

Burner (53) and furnace with a vane swirl burner (32) were predicted by employing one 

or more of the following turbulence models:

1- The Algebraic Stress Model (ASM)

2 - The Reynolds Stress Model (RSM)

3- The k-e model

Since the strongly swirling flow exhibits a non-isotropic nature, the k-e model is 

inadequate to model such a flow (19,52,54), and it was found that k-s model was not 

generally suitable for predicting the complex turbulent swirling flows (19,52,54,55). 

Several interpolation schemes such as the power-law, Hybrid and QUICK were used to 

find variable values between nodes. The predictions depend on: the interpolation 

scheme and the grids as well as on the turbulence models. A high order discretization 

scheme (QUICK) has been used incorporated in the CFD code to minimize numerical 

diffusion.
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2.8 The Swirl Burners

This section of the research provides a review and evaluation of the swirl burners and 

presents the design of the generic 500 kW tangential and scroll inlet burners. The swirl 

burner was studied and investigated during the research period and used to impart 

swirling flow into a cylindrical furnace chamber through the tangential inlets. The 

degree of swirl imparted into the burner affects the amount of recirculation and mixing 

and therefore has a significant effect on NOx emission and carbon burnout. It is very 

important to understand the aerodynamics of strongly swirling flow in the swirl burners 

because of the complexity associated with the PVC instability. Furthermore, several 

experiments have been carried out in order to characterize swirling flow. The general 

swirling flow pattern of the swirl burners is shown in Figure 2.9 as obtained by Chigier 

and Beer (13) and can be compared with the author's CFD prediction as shown in 

Figure 2.10.

The swirl burners and generators are divided into groups depending on the method of 

imparting of swirl to the system as follows (20):

- Swirl generator with a radial array of vanes as shown in Figure 2.1 la

- Swirl generator with an axial array of vanes as shown in Figure 2.1 Ib

- Swirl generator with tangential entry as shown in Figure 2.1 Ic

- Movable-block type of swirl generator as shown inFigure 2.1 Id

- Complex multi-annular generator as shown in Figure 2.12

- Axial plus tangential entry as shown in Figure 2.13

Table 2.1 summarizes the characteristics of different types of swirl generator. The swirl 

generator with an axial array of vanes is less efficient at imparting swirl to the flow and 

is therefore used mainly in low swirl devices. The flow achieved using the swirl 

generator with axial array of vanes is usually more axisymmetric due to its lower level 

of swirl. Power station burners are examples of axial vane generators. The axial vanes 

are located in the secondary air inlets to aerodynamically stabilize the flames. A direct 

tangential entry swirl burner similar to that shown in Figure 2.14 was used in this 

investigation.
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2. 8.1 Flow Structure within Swirl Burners

The general flow structure in a swirl burner is that of a turbulent and rotating flow. The 

general swirling flow pattern for swirl burners with two tangential inlets is shown in 

Figure 2.15. The velocities of the swirling flow were measured using LDA and the results 

are analyzed in Chapter 5. Previous work studied the time average flows, this work 

presents and analyses data to determine the time-dependent structure of the flow.

2. 8.2 Pressure Drop and Flowrate within Swirl Burners

The pressure drop (Ap) within the swirl burner is characterized by the Euler number (Eu) 

as in the following equation:

_ 1 2 
"2

where:

u is the exit average velocity 

Eu is the Euler Number

Several parameters such as the Euler Number and the Reynolds Number are used to 

characterize the pressure drop. The Euler Number is an important parameter for 

characterizing the pressure drop, and is used in designing and scaling the burner. It is 

determined experimentally and varies little over a wide range of Reynolds Number for a 

given geometry or design.

The pressure drop due to the degree of swirl being generated is reflected in the 

efficiency of the swirl burner (20). The pressure drop increases with increasing the swirl 

number and the flowrate. On other hand, the inlet length and exit configurations also 

affect the pressure drop. Long inlets as well as scroll inlets have been found to reduce 

the pressure drop. So, optimized inlet geometries can save energy.
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2.8.3 The Rotating Structure in Swirl Burners (PVC)

The PVC is one of the predominant structures found in swirl generators, turbine draft 

tubes and swirl stabilized combustors. After the establishment of a RFZ a vortex forms 

which precesses about the axis of the burner on the boundary of the RFZ. In the 

isothermal condition, the precession of the PVC is dependent of the swirl number and 

flowrate (56). The PVC has been found to be damped by combustion and become an 
insignificant noise source compared to combustion roar. The overall noise of the burner 

as well as the amplitude of the PVC could be reduced by staged introduction of the fuel 

(10). The RFZ has been suggested to be the source of the feedback of the PVC to be a 

stable oscillation.

A stable oscillation in both isothermal and combustion conditions in swirl burners has 

been observed, and this can be attributed to the presence of the PVC in the flow. The 

frequency of the oscillation has been shown to be controlled by feedback via the RFZ in 

the throat region of the burner exit (41). If the flow is considered in a rotating system of 
co-ordinates it may prove to be stable but asymmetric (56).

The PVC frequency can be characterized by the Strouhal Number which is a non- 

dimensionalised frequency parameter, defined as follows (18):

<r Sr =
Q n u 

Where:

f =frequency of the PVC 

d = burner exit diameter 

Q = flowrate 

u = exit average velocity

The Strouhal number increases with the swirl number as shown in Figure 2.16 In the 

isothermal state the PVC frequency is directly related to the flow rate and swirl number, 
giving rise to a constant Strouhal Number. The Strouhal Number can describe scaling 

between different size burners.
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2.8.4 NOx Formation in Swirl Burners

In order to preserve the environment, it is important to reduce the pollutant emissions 

from swirl burners. This has led to a demand for improvements in methods of burning 

fuels. An increased understanding of the swirl burner dynamics is required in order that 

their design may be advanced. The aerodynamics of the flame plays a major role in 

pollutant formation. NOx formation occurs in the reaction zone and in the flame front 

where combustion takes place. NOx emissions are dependent on the mixing of the fuel. 

The mixing characteristics of a swirl burner influenced the NOx formation (57). The 

effects of swirl number and outlet geometry on the aerodynamics and NOx emissions 

were studied by Claypole and Syred (57, 58).

2.8.5 Effect of Confinement on Swirl Burners Aerodynamics

In most practical applications, the swirl burner fires into a furnace or boiler with a 

relatively small chamber size. The degree of confinement ratio (Af/Ae) can be defined as 

the ratio of the cross-sectional area of the furnace (Af) to the area of the burner exit (Ae) 

(26,59). When the Af/Ae >100 the furnace walls have little influence on the flow. The 

confinement ratio can also affect the aerodynamics and the flame shape. Generally the 

effect of the confinement ratio is complex due to the very high entrainment rates of 

swirling jets which can cause them to stick to a wall. In this study, the confinement ratio 

was maintained around 4.

2.8.6 Flame Stabilization in Swirl Burners

It is known that the application of swirl to the combustion air to create a recirculation 

zone in the exit of the burner is an effective means of flame stabilization. The 

recirculation zone influences the flame stabilization and the flames produced by swirl 

stabilized combustors can be classified into several types (58). The recirculation zone 

plays an important role in flame stabilization by providing a hot flow of recirculated 

combustion products and a reduced velocity region where flame speed and flow velocity 

can be matched. The application of high swirl to the flow can produce a recirculation
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and reverse flow zones and forms an aerodynamic blockage. The aerodynamic blockage 

is frequently used for flame stabilization.

2.8.7 Noise Sources in Swirl Burners

Noise is present in swirl burners under both isothermal and combustion conditions. In 

the isothermal condition, the main source of noise is the PVC which present at high 

swirl numbers. With combustion, the amplitude of this instability is dampened and 

combustion roar is the predominant source (25). Temperature and pressure 

measurements have demonstrated that there is a correlation between the region of high 

temperature and pressure fluctuations and the generation of combustion roar.

2.8.8 Resonant Instabilities Generated by Swirl Burners

Resonance instabilities often appear to be associated with swirl burners. Three types of 

instability can be found in these burners (60,61):

- Chamber instabilities: instabilities that are specific to the geometry and 

acoustic character of the system chamber.

- System instabilities: instabilities involving interaction between the dynamics 

of the combustion process and the components of the system.

- Intrinsic instabilities: instabilities involving only the reactants.

Large amplitude and low frequency oscillations in swirl burners are undesirable, apart 

from the 'noise', as they can cause damage to the burners or any associated structure 

(60).

The PVC dominates the aerodynamic flow structure of swirl burners. Since the 

oscillation is excited by this precessing vortex. The excitation of the resonance 

frequency of a boiler, furnace or cavity may hence arise with the use of the swirl 

burners, especially as the frequency of the PVC often lies in the range 20-300 Hz (62). 

The resonant frequencies of boilers and furnaces lie in this range. The frequency of the 

PVC varies with flowrate and mixture ratio and the position of instability may result 

from the operating characteristics of a combined burner/furnace installation (63). The 
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coupling between the PVC and resonance frequency of the boilers and furnaces may 

result in large-amplitude and low frequency acoustical oscillation. The coupling of the 

resonance frequencies can be reduced by injecting the fuel on the axis of symmetry and 

by using short burners (lf/Df <1) and sudden enlargements (62).

2.8.9 Design of the Swirl Burner

The aim of this section is to introduce the tangential and scroll inlet swirl burners that 

were designed and constructed for the present study. The swirl burners are commonly 

used in industry because they have simple design and can operate with little 

maintenance. The swirling flow is complex so it is necessary to study and investigate the 

flow on a specific burner. The burner designer has to ensure that there is the correct 

swirl intensity from the inlet to the chamber to produce the desired amount of 

recirculated combustion products and to provide the correct exit flow pattern. This has 

to be done by choosing the correct inlet geometry and at the same time providing a 

design that is easy to manufacture and maintain. There is also a need to be able to 

change the swirl level to tailor the flame for particular operating conditions.

2.8.9.1 Scaling Characteristics of Swirl Burners

Developing burners by conducting experiments on small scale systems imposes 

limitations on the direct application of the data to full scale burners. Conducting 

experiments on a small scale is, however, cheaper and easier than using full scale 

testing. To give any credibility to the results obtained using small-scale models, scaling 

criteria must be determined and verified. The aim of this study is to describe the effect 

of burner size and burner scaling criteria on the aerodynamic and flowfield structure of 

the swirl burners. In this study, constant velocity scaling was used to model a 500 kW 

swirl burner from data for 100 kW burner. There are two practical criteria for the scaling 

of the burners (64,65,66,67,68,69):

- Constant velocity scaling

- Constant residence-time scaling
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In both systems of scaling, the geometric similarity of the burners must be ensured and 

the swirl number is maintained constant.

2.8.9.1.1 Constant Velocity Scaling

The criterion of constant velocity scaling allows the following relationships to be 

established:

2.7

where:

Q0 is the burner throughput

t/o is the burner air velocity 

Do is the burner diameter 

p is the inlet fluid density

If the burner is scaled from a baseline throughput, Q0 base to a scale g0 scaled using this 

criterion (64):

8o,base ' Qo,scaled ~ ( Do,base ' Do,scaled ) 2.8

This allows the value of the burner dimensions to be derived for the scaled burner when 

the values for the base burner are known or vice versa.

2.8.9.1.2 Constant Residence-Time

This type of scaling allows the following relationships to be established as (66):
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Since U0 x Do °c Q3 and the ratio (Do/Uo) remains constant and is proportional to the

large macro-mixing time-scale, Tm , (Tm xD0 /U0 ). If the burner is scaled from a 

baseline throughput, Qobase to a scale Q^scaled using the this criterion:

Qo,base ' Qd,scaled = ( Dd.base ' Donated ) 2.10

This allows the value of the burner dimension to be derived for the scaled burner when 

Do of the base burner is known.

2.8.9.2 The 500 kW Swirl Burner with Tangential Inlet

The swirl burner/furnace is used in industry for burning low calorific value gases and is 

an available alternative for conventional flare stack technology for the incineration of 

waste gases (26). The swirl burner is also used for combustion of difficult materials 

such as poor quality coal or vegetable refuse. The basic geometry of the swirl burner 

used in this investigation is illustrated schematically in Figure 2.17. It was designed 

according to measurements made on a small scale swirl burner at University College of 

Cardiff. The burner is of a 500 kW capacity which lies between the small 100 kW and 

large 2 MW swirl burners. It was designed by multiplying the linear dimensions of the 

small burner by a constant scaling factor designed from a constant swirl number and 

velocity scaling criteria. The burners consist of a cylindrical chamber with a central 

axial outlet, a central axial inlet in the base plate and two circumferential tangential 

inlets used to produce axisymmetric flow inside the burner. The burners also have 

access ports for LDA investigation. They exhaust to a cylindrical furnace with a 

confinement ratio of 4 or to atmosphere. It is easy to vary the degree of the swirl by 

reducing the area of the tangential inlets. The relevant dimensions are listed in Table 

2.3.
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Table 2.3: The dimensions 100 kW and 500 kW swirl burner

Burner Capacity

Swirl chamber diameter

Swirl chamber height

2 tangential inlet diameters

Outlet exhaust diameter

lOOkW

152 mm

132mm

65 mm

76mm

500 kW

400mm

344mm

170mm

200mm

As a part of a programme of work carried out in conjunction with University College 

Cardiff (UCC), the 500 kW burner is of the same generic design as a 100 kW and 2 MW 

burners sited at UCC and was used to investigate scaling criteria. Preliminary work was 

carried out on the 100 kW burner for comparison purposes.

2.8.9.3 The 500 kW Swirl Burner with Scroll Inlet

This section describes the novel design of a 500 kW swirl burner with a scroll inlet. The 

burner inlet geometry development is part of the present study. It was designed to 

replace the 500 kW swirl burner which used of two tangential inlets. It consists of a 

closed-end cylindrical duct connected to a scroll inlet. The burner exhausts to a furnace 

or to atmosphere. Also it has access ports for investigation as illustrated schematically in 

Figure 2.18. The burner with the scroll inlet is a modification of the swirl burner with a 

tangential inlet which has been previously designed and installed. The burner differs in 

the incorporation of the scroll inlet instead of tangential inlets to improve the flow 

structure and to reduce the pressure drop. The main body and exit nozzle remain 

unchanged. A further modification to the burner was that the exhaust nozzle was 

replaced by a sliding sleeve which can be extended in and out to avoid flame flash back.

The design of the burner should be as simple as possible to ease fabrication and ensure 

minimum cost. Many factors have to be considered in designing the burner:

- Ease of fabrication and installation

- Low pressure drop to save energy
- High enough swirl number to produce recirculating flow
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The pressure drop is an important factor in designing burners; in order to reduce fan 

power it should be minimized. Careful design of the scroll inlets can reduce pressure 

drop. The pressure drop can be calculated (using Equation 2.5). For different generic 

burner once the Euler number has been determined at an experimental scale.

The new burner was evaluated using a computational model. Similarities in both 

geometries produce good agreement in the design procedure which can be used to scale 

the burner configuration. The information available on the swirl burner was insufficient 

for characterization so that additional investigation and modelling was carried out over a 

wide range of inlet geometries.
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Figure 2.14 The swirl burner with two tangential inlets
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3. The Theory of the CFD for Swirling Flows 

3.1 Introduction

Turbulent swirling flows are widely used in industrial burners for fuel mixing and flame 

stabilization purposes. In recent years, there has been an increasing number of 

applications of mathematical models to predict the performance and to assist in the 

design of industrial combustors (27,28,29). This chapter presents the theory of 

Computational Fluid Dynamics (CFD). CFD is a technique used to model the flowfield 

in a system by means of solving the differential equations describing the physical 

conditions prevailing. The CFD model can be used to simulate the flowfield in swirl 

burners. It includes the features of the problem (geometry, boundary conditions, physical 

properties of the fluid, turbulence, etc.). CFD has been developed to a stage where it is a 

widely accepted technique.

The development of CFD has been linked with increases in computational power. The 

results of CFD Modelling cannot stand alone, and should be validated and supported by 

experimental work. The rapid development of CFD codes and improvements in 

powerful computer systems, however, makes CFD modelling a useful tool for design.

Experimental measurements are expensive and time consuming compared to 

computational fluid dynamic (CFD) predictions. So the use of CFD predictions will 

significantly reduce the cost of experimental development programmes. CFD can predict 

turbulent swirling flow for both isothermal and combustion. It can simulate a wide range 

of problems in a reasonable time scale and provide results which are relevant and 

comparable to experimental data. However, numerical models of high turbulent swirling 

flow and complex combustion still require validation and, this study has been carried out 

for this purpose to characterize the flowfield structure and the factors affecting the burner 

operation.

The CFD modelling of swirl burners is of interest to designers because of the 

complexity of combustion processes and flowfield in such devices. The CFD package, 

FLUENT, has been used to predict the flowfield characteristics and combustion 
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performance of the burners. The governing equations used to simulate the flowfield of 
the swirl burners are described in the following sections. In addition to the differential 
equations, the turbulence and chemical models which were used are presented. The 
boundary conditions, computational grid generation and the prediction procedures are 
presented in Chapter 6.

3.2 Objectives of the Prediction Work

The objectives of the present prediction research are as follows:
a- To simulate 2-D and 3-D CFD predictions for swirl burner.
b- To predict the time-dependent flow.
c- To utilize the Body Fitted Co-ordinate (BFC) scheme to construct a more
detailed model of the burner to predict the flow in the practical case.
d- To investigate the effect of constant velocity scaling for different scales of
swirl burners.
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3.3 Theory for CFD Modeling

3. 3. 1 Turbulent Flows

The difficulty involved in the analysis of turbulent flows is that there can be a random 

fluctuation with time. Using a 3-D Cartesian co-ordinate system (x, y, z) the flowfield 

can be defined in terms of three velocity components. The three instantaneous velocity 

components (u, v, w) are considered in two component parts i.e. mean velocity 

components ( u , v , w ) and fluctuating velocity components ( u ' , v' , w ' ).

(3.1)

It is normal to use the mean velocities as the result of averaging the instantaneous 

velocities over a time period. The time averaged velocity components are defined as :

_ 1 AT _ i A/ _ } A/
u = — \udt\ v = — \vdt; w = — \wdt (3.2)

A^ o A? o A/ o

The amplitude of the turbulence is defined as the 'turbulence intensity' (I) and is 

obtained as:

-xlOO% (3.3)
u

or the turbulence intensity' can be defined for each direction as follows:

'2 ,/,,'2 A /,,/2
(3.4)

' y v w

Also, the root mean square (RMS) values can be defined for each component as follows: 

7*- v -J7* • w =V^ (3-5)I - V_.___ ——' M V . " r rmf * ^- '
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The derivation equations for turbulent flow are presented in the published literature 

(70,71,27,29,72,73,74). It can be shown through detailed mathematical analysis that

turbulent stresses i.e. pu'v', pu'w', pu'2 are established within the turbulent flow. 

These stresses are called the Reynolds Stresses.

3.3.2 The Instantaneous Equations

The governing differential equations can be expressed in time-dependent form for the 

basic conservation and the general scalar property equations as follows:

3.3.2.1 Mass Conservation ( Continuity Equation)

The equation for the conservation of mass in Cartesian co-ordinates is expressed in the 

following form:

(3.6)

3.3.2.2 Momentum Conservation

The equation for the conservation of momentum for an element in Cartesian co-ordinate 

is expressed as:

0.7)

Where; p = the static pressure,

fj. = the molecular viscosity,

gt = gravitational acceleration,

Fj = external body forces per unit volume.

The first term on the right hand side represents the overall stress.
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3.3.2.3 General Scalar Property (<|>) Conservation

The equation of conservation for a general scalar property (<j>) in Cartesian co-ordinates 

is expressed in the following form:

d d d<ba v/~ r ' '"~ax~^ pu' ~^T *~a>T + s * (- 3 ' 8 ')

Also the equation for a general scalar property ($) can be expressed in cylindrical polar 

co-ordinates as follows:

r d9\~*ti rdO 

where:

F^ = the diffusion coefficient

S<j> = a source or sink of the property

3.3.3 TTze Time-averaged Equations

The respective time-averaged equation form for the conservation of mass and 

momentum in steady state, turbulent flow can be written in cartesian tensor notation and 

in cylindrical polar co-ordinates as given below:

3.3.3.1 Mass Conservation

The equation for the conservation of mass in Cartesian co-ordinates is:

d (pu,+p'u',) =
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Also the equation for the conservation of mass in axisymmetric cylindrical polar co 

ordinates is expressed below:

du 1 d

3.3.3.2 Momentum Conservation

The equation for time-averaged conservation of momentum in Cartesian co-ordinates 

can be expressed in the following form:

du ' du' °' 12)
JU\ ' '

The equations of the conservation of momentum, chemical species and enthalpy in 

axisymmetric cylindrical polar co-ordinates (x, r, 6) are summarized below (7). The 

density fluctuations (p') for isothermal flow are small and little error is introduced by 

neglecting them, the following equations result.

The Momentum Equation 

x-direction

f
r-direction

—(rpvu) +— (r/7vv) - pw 2 
dx, dr dr

(3.14)
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9-direction

11" d , x d , ^
— — \rpuwj + — \rpv\v) + pvw
r \_dx- dr & r or

(3.15)

The Chemical Species Equation

d

The Enthalpy Equation

g( dm

(3.16)

— (rpuh) + — (rpvh] ' ^ '
i a~^rr ^- (3.17)
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3.4 Turbulence models

Modelling of strongly swirling flows requires careful consideration of the turbulence 

models. The behaviour of the swirling flow (including recirculation, reverse flow and 

vortices) is the main mathematical modelling problem to be solved in this work. A 

comprehensive description and derivation of turbulence models is available in the 

literature (19). The derivation of the equations for the turbulence models such as the k-s 

model and RSM are presented in the literature (71,27,29,72,73,74). The development of 
new turbulence models is a specialist field and is outside the scope of this study. Four 

different turbulence models, k-s, RNG, ASM and RSM have been used in this study and 

are briefly described in the following sections.

3.4.1 k-s Model

The k-s model is known as a two-equation model based on eddy viscosity concept. In 

the k-s model, two differential equations for the properties of turbulence (one for the 

kinetic energy of turbulence k and the other for the rate of dissipation of kinetic energy 

of turbulence s) are solved. One model which is proposed is the eddy-viscosity model in 
which the Reynolds stresses are assumed to be proportional to the mean velocity 

gradients. This model is known as the Boussinesq hypothesis and represents the stress 

as:

_ W (3.18)

where; //, = the turbulent viscosity,

6y = the Kronecker delta tensor (6y= 1 if i=j and 6y=Q if i*j)

MI , Uj - mean velocities

u\ , u'j = fluctuation velocities
•• ___

k = the turbulent kinetic energy ( — X "',2 )
2 i
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Whilst the turbulent eddy viscosity differs from the molecular viscosity it plays the same 

role, however, as the molecular viscosity in laminar flow so that the molecular viscosity 

is replaced by an effective viscosit

Where:

jut is the turbulent viscosity

/// is the laminar viscosity

The turbulent viscosity is determined - from a knowledge of k and e - from the 

following relation

— (3.20)
o

Where CM is an empirical constant of proportionality (CM =0.09). In the k-e model, |at is 

assumed to be proportional to the product of a turbulent velocity scale and length scale. 

Also, the length scale of turbulence is deduced from the values of k and e using the 

following equation (28):

(3.21)

The values for k and e are obtained from the transport equations, the transport equations 

for k and E can be expressed in the form as follows:

(3.22)
ox.

(3.23)
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The equations for £ and £ in axisymmetric cylindrical polar co-ordinates (x, r, 0) are 

expressed in the following forms (7):

— (rpuk) + — (rpvk) + —- (pwk}

\ \d = - — r
dr dO

\L^^\ + G
crk ax

(3.24)

— (rpue) + — (rpve) + — (pws) 
dx, dr dd

_ 1 d ( Veff ae\ 1 d (/V ds\ d (»eff ds\ e £ 2~7^x•^r^r^^fer^ra ^-& r l * * 2/?T
(3.25)

Where;

C/0 , to Csg = empirical constants

Ok, oe - Prandtlnumbers

Ok ~ the generation of k from the mean flow

Gb - generation of turbulence due to buoyancy

The turbulence model constants appearing in the equations for k and e are found to be 

universal and are given in the following table:

Constant

Value

Cls

1.43

C2E

1.92

C3E

0.8

<7k

1

Oe

1.3

The k-e model based on this concept gives relatively good results for many simple flows 

where the Reynolds stresses are relatively isotropic. Although in most cases 

convergence is excellent, this model produced results that did not compare well with 

measurements from swirl burners.

In swirling turbulent flow, the structure of turbulence is non-homogeneous and 

anisotropic and the assumptions in using the k-e model are inadequate for highly 

swirling flows (75). The discrepancies between the measurements and the k-e model 
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predictions suggest that the diffusive transport of momentum in the radial direction is 

overpredicted by this model (29). Furthermore, a modification is made to the k-s model 

to produce the RNG model.

3.4.2 RNG Model

In the RNG turbulence model, the re-normalization group (RNG) theory is used to set 

up the turbulence transport equations for the turbulent kinetic energy k and eddy 

dissipation rate E (76). The RNG model is a development of the standard k-s model 

(77). It follows the two-equation turbulence modelling framework with the transport 

equations extended to permit accurate prediction of swirling flows. The RNG model 

provides a more general and fundamental model and yields improved prediction near the 

wall. It is also more applicable in flows with high streamline curvature and with vortex 

shedding behaviour and with flows with high swirl in axisymmetric geometries (78). 

The RNG model uses the Reynolds Averaged Navier Stokes equations with the 

turbulent stresses modelled via the effective viscosity concept so that:

da. d \ cb d. i \ c+ ——— (UM, = ———— — +\ ' j) (3.26)

Where:
v dd is the effective viscosity and is computed via the differential form of:

eddy mot
(3.27)
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The values of k and e are obtained from the transport equations as:

cfc <% 0 , d ck— + M, — = V T S -s +—av T —a ' <%, T A, T <%. (
and

<?£ ds s -i s 2- d ds— + Ui —— = Ce} - v TS 2 -C£2 — -R + —avT — (3.29)
dt <%, k k dx. fa

Where; Ct/ and C^ are constants

a is the inverse of the Prandtl number

V T is the turbulent viscosity (veddy - vmgt \. 

R is the rate-of-strain and is given by:

r, r, 3U] ^lR = 2vmo! SIJ -L-L (3.30) 
acl OKj

and this term is expressed in the RNG model equation as:

R = ——— __ (3.31)'

Where rj = sk/, /70=4.38 and S 2 = 2SVSV is the magnitude of the rate-of-strain. The
/ Ct

constants Cej =1.42 and Ct2 =1.68 and a =1.39.
The limitation of the RNG model is that it does not predict turbulent flows generated by

buoyancy.
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3.4.3 Algebraic Stress Model (ASM)

This model is also suitable for predicting swirling flows and the transport equations are 

solved for the stress components and can be expressed as:

2 1 - C k ( 7£* —, _ j, \^f *» rv I —. £* I I M•T^*=-5————-T ^-T^, +-5-^———-^ „ (3.32)

Where; Ay is the added convection term when the Reynolds transport equation is used in 

the solution of strongly swirling flows and C\ and €2 are constants.

3.4. 4 Reynolds Stress Model (RSM)

In complex flows the velocity and length scales vary with direction (i.e., they are not 

isotropic). For such flows the RSM which computes the individual Reynolds stresses is 

adequate and gives better results, thus the model should be applicable to highly swirling

flows. In the RSM, the stress components (e.g. p u \ u V ) are evaluated directly from

differential equations which describe the transport of such stresses. The transport 

equations derived from the momentum equations are solved for the stress components 

and can be expressed as:

<?,,,,- <? ,-T-TX <? v - ^'* "'> — (u iUJ } + uk——(u,u J ) = —- -——-—
(3.33)

Where; O,y = a source/sink due to pressure/strain correlation

Ry = the rotational term

£ij = the viscous dissipation 
The second term on the right hand side represents the stress production rate.
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3.5 Models for Reacting Flows

3.5.1 The Eddy Breakup Model

The reaction rate, R ,,A , in turbulent flow is calculated from the Arrhenius kinetic rate 

expression and the eddy break-up model (i.e the Magnussen and Hjertager model) (79). 

The Arrhenius reaction rate expression and the eddy break-up reaction rate can be 

expressed as follows:

(3.34)
r

—— C fft

-T.-t- (3.35) 
K ,-• VV,*

Where;

Ri-jc — The reaction rate

v' r k = The molar stoichiometric coefficient for species i'

pk = The temperature exponent 

Ak = Arrhenius pre-exponential factor 

Ek = The activation energy

Cj = The molar concentration of each reactant species j 1 

Vfj = The exponent on the concentration of reactant j' 

C = An empirical constant (2.0 for products and 4.0 for reactants) 

A, B = The Magnussen constants (reaction mixing rates) 

C=A for reactants and C=AxB for products 

The lower of these two reaction rates is used as the reaction rate for all calculations.
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3.5.2 The Radiation Model

The heat transfer from swirl burners is significant. Therefore, it is essential to include a 
radiation model for more accurate prediction of the temperature distribution in these 
burners. The radiant heat flux and the radiant intensity along a path dx can be expressed 
as follows (80):

Ow=cr(C-7l) (3.36) 

dl aaT4
a ,dx n

Where;

T is local temperature (K),

cca and as are absorption and scattering coefficients respectively,

I is total hemispherical intensity,

a is Stefan-Boltzman constant (5.672x10 W/m K ).

(3.37)
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3.6 The Numerical Solution Procedure

The general governing differential equation for 3-D axi-symmetric flow in a cylindrical 

geometry is:

( j\ i j\ (piufy + —— (rpv<p\ + ——
^ ' ^ yj r d9

d9\ ¥> rd0

Where:

<j> stands (((> = 1 , u, v, w, k and e) for the any velocity components as well as for 

the other variables;

F^x, F^r and r<j,e being the turbulent transport coefficients in the x, r and 0 

directions; 84, being the source terms.

When (|>=1 and F^r^r^S^O this equation 3.38 stands for the continuity equation. 

When (j)=u and F=|j, this equation stands for the momentum equations (27,28).

The above general governing differential equations are reduced to finite difference 

forms by integrating over the computational cells into which the domain is divided 

using the control-volume method in the manner described in (81, 82). The general 

resulting discretized equations for 2-D diffusion problems can be written in the 

following common form:

(3-39)

where:
- Z indicates summation over all neighboring nodes (nb);

- anb are the neighboring coefficients aw, aE , as, aN which are calculated from the 

following relations:
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rA TA, ; a s = -^- ; a , = L (3 . 40)

- <|>nb are the values of the property § at the neighboring nodes;

- S u is the linearised source term;

- ap is the coefficients around point P which is calculated from the following 

relation:

(341 )

A power-law scheme for discretization of convection and diffusion terms was used in 

the calculation. The power-law scheme switches naturally to the central difference 

scheme for diffusion dominated problems and to the upwind scheme for convection 

dominated problems. Also, hybrid schemes for discretization of convection and 

diffusion terms can be used. The general discretized equations for the central, upwind 

and hybrid differencing and the power-law schemes of 2-D convection-diffusion 

problems can be written in the following common form:

a p ^=Zan,^ (3.42)

where
(3.43)

F is the convective mass flux per unit area. The neighboring coefficients aw, aE, as , aN 

can be found in a similar manner as equation 3.40 (81).

Since the axial, tangential and radial-momentum, pressure, turbulent kinetic energy and 

dissipation equations are all of similar form, the same solution algorithm can be used for 

all of them. These equations were solved at each point by a primitive pressure velocity 

approach. The SIMPLE (semi-implicit method for pressure-linked equations) was used 

in the calculations. The description of the solution technique with SIMPLE has been 

described and presented in detail elsewhere (7, 81). A line-by-line relaxation technique 

was employed in the calculations using a tri-diagonal matrix algorithm (TDMA) (82). 

Some degree of under-relaxation was applied to promote solution stability.
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The solution procedure starts from the given initial values of all the variables and 

converges to the correct values as the number of iteration increases. The main features 

of the solution sequence of the solution algorithm are described elsewhere (7,28,81).

3.7 Time-Dependent Flow Modelling

The general governing differential equation for 3-D unsteady flow in a cylindrical 

geometry is:

dt dx. .
d _ d< 1 +

dr) r dO\~ ^ rd9.

The first term of the equation represents a rate of change and is zero for steady flows. 

This equation is reduced to its finite difference form by integrating over the control- 

volume with a further integration over a finite time step At. The general resulting 

discretized equations for 3-D convection-diffusion problems can be written in the 

following common form:

a^Za^+a^+S; (3.45) 

where:

n and a'=-- (3.46)

The neighboring coefficients aw, aE, as , aN, aB and aT for the hybrid scheme are found 

elsewhere (81).
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3.8 Combustion Modelling

The species equations can be written down by using the general governing differential 

equation for 3-D unsteady flow in a cylindrical geometry:

a^ ' <3c v ' rdr^ r Tl r dB

Where § stands for the mass fraction mj of each species j and so on (28).

During combustion processes fuel reacts with an oxidant stream to form products of 

combustion. The products are formed in a series of reactions. In addition to all the flow 

equations, the transport equations for the mass fraction of each species and the enthalpy 

must be solved. The temperature can be calculated from the enthalpy. The local density 

of the mixture is dependent on the mixture temperature and the reactant and product 

concentrations. A one-step reaction (81) and two-step reaction can be used. The Global 

steps for the one-step and two-step reaction are as follows:

One-step reaction: CfL, + 2O2-» CO2 + 2H2O (3.48)

Two-step reaction: CH4 + O2-» CO + 2H2O

CO + l/2 02-> C02 (3.49)

The temperature was overpredicted in the one-step reaction and so the two-step reaction 

was used. The effect of turbulence on the reaction rate is considered by the use of the 

eddy-breakup model to model the various source and sink terms entering the mass 

balance equations for gaseous species.
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3.9 Wall Boundary Conditions

In turbulent flow, the spacing between the wall and the adjacent grid line should be such 

that the grid line lies in the log-law layer of the turbulent boundary layer.

25<y+<300-500

(3.50)

r- U T = '

where: y+ is the dimensional distance from the wall 

u+ is the dimensional velocity 

u is the fluid velocity at a point in the log law layer 

UT is the friction velocity 

E is the roughness parameter (E=9.8) 

k is the von-Karman constant (A=0.4)
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4. Experimental Techniques and Instrumentation 

4.1 Introduction

The procedure and working conditions for both of the 500 and 100 kW swirl burners are 

described in this chapter. Several aspects of the swirl burners were studied, and the 

results are presented in the next chapter. Initial work was carried out on the 100 kW 

swirl burner. A number of experimental investigations into the characteristics of swirl 

burner flowfields have been previously carried out (24,40). Many researchers have 

compared the effects of combustion upon the flowfield and gas dynamic structure of the 

corresponding isothermal flow. The size of the recirculation zone is reduced by 

combustion when compared to the isothermal flows for the same conditions (83). 

Combustion leads to a decrease in the amount of recirculation with correspondent 

changes to the flow pattern of their distribution in the burner.

Recent work using LDA has shown that the recirculation zones are effectively reduced 

by combustion and, in general, the flow patterns that occur under combustion conditions 

are reproduced under isothermal conditions with lower swirl number (40). Initial studies 

were carried out in 1970s (1,10,11) and preliminary studies of the PVC were carried out 

in different devices. The PVC was studied in Cyclone Dust Separators and swirl and 

Cyclone combustors at UWC Cardiff during the 1980s (24,41,56,84). Work was 

continued on a small scale of swirl burners and used phase averaged data for 

characterization of the PVC (40,44,45,46,85,86).

This present work is concerned with a detailed study of the flowfield, RFZ and PVC 

structure in swirl burners of different sizes. This chapter presents the experimental 

procedure and the instrumentation used to investigate the flowfield structure inside and 

downstream of the swirl burners.
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4.2 Experimental Procedure

The experimental measurements that were carried out during the investigation are 

detailed below.

4.2.1 The 100 kW swirl burner

Initially the work was carried out under isothermal conditions on the 100 kW swirl 

burner without the furnace attached to enable complete access for the LDA system. This 

allowed free movement of the triggering equipment to determine the occurrence the 

PVC.

The 100 kW swirl burner is shown in Figure 4.1. It consists of a cylindrical chamber 

with two tangential inlets and a single axial inlet and an axial exit. The relevant burner 

dimensions are as follows:

-Burner diameter (D0)=152 mm

-Burner length (1 p)=13 2 mm

-Exit diameter (d)=76 mm

-Inlet diameter (dt)=65 mm

Tangential air was supplied by a fan/blower controlled and regulated through a valve 

and rotameter and then split into two flows prior to the tangential inlets. Seeding 

particles were supplied from a smoke generator and fed directly into the fan inlet.

4.2.1.1 Pressure Drop Measurements

The tangential inlet static pressure was measured at different flowrates using a 

manometer. The pressure variation with flowrate and swirl number was also measured. 

The swirl burner discharged directly to atmosphere so the pressure above the swirl 

burner is assumed to be atmospheric pressure (1 atm). The tangential air supply was 

initially set to 1500 1/min through both inlets at S=1.38. The inlet pressure of the air 

entering the swirl burner was then recorded. The flowrate through each inlet was 
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reduced by step of 100 1/min for each successive measurement. Again, the inlet pressure 

of the air entering the swirl burner was recorded for each measurement. The above 

procedure was repeated for swirl numbers of 1.84 and 2.76 respectively.

4.2.1.2 PVC Frequency Characterization

A hot wire probe was used to measure the peak tangential velocity and hence 

characterize the variation in frequency with the variation in flowrate and swirl number. 

The hot wire probe was positioned at the periphery of the burner exit to determine the 

frequency of the PVC. The hot wire anemometer was set up and calibrated as described 

elsewhere in (87) and the linear signal was fed into the spectrum analyzer (oscilloscope). 

For each configuration, the peaks on the spectrum analyzer were noted. The air supply 

was set to 1500 1/min through both inlets at S=1.38 and the frequency of the PVC was 

recorded. The flowrate through each inlet was reduced in steps of 100 1/min and the 

frequency of the PVC was determined and recorded at each flowrate. The above 

procedure was repeated for swirl numbers of 1.84 and 2.76 respectively.

4.2.1.3 Velocity Measurements

Velocity measurements were determined using the LDA system which provided a non- 

intrusive measurement. This allowed coherent structures in the flow to be observed 

uninterrupted. The velocity measurements were taken in two dimensions with different 

flowrates and swirl numbers both downstream of the burner exit and inside the chamber.

The swirl burner was arranged to fire into the surrounding atmosphere. A two- 

component LDA system was used to carry out the measurement of velocities. The set up 

of the burner is shown in Figure 4.2. Axial and tangential velocity components were 

measured, on a diverging grid over several planes as shown in Figure 4.3. The axial and 

tangential velocity components were measured from the central axis of the burner to a 

maximum radial width of 190 mm and from the burner exit up to 240 mm downstream 

(x/d=3.16). The velocity measurements were taken under the following conditions: 

- Q=1000 1/min and 2000 1/min at S=l .38 - S=2.76
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10,000 velocity readings were collected at each point and stored on a computer. The 
10,000 velocity readings were averaged to produce time-averaged curves as velocity 

profiles, and phase averaged time-resolved to produce a two dimensional instantaneous 
picture of the velocity at each level.

The axial and tangential velocity components were measured inside the swirl burner by 
means of optical access through a window in the side of the burner. The velocity 
measurements were taken on 65*65 mm pitch grids as shown in Figure 4.4. The velocity 
measurements were taken with increments of 5 mm in both axial and radial directions. 
The measurements were taken with the conditions mentioned above.

Preliminary non-premixed combustion measurements were taken downstream of the 
burner exit "without" the furnace. The velocity measurements were characterized using 
LDA under the following conditions:

- Q=1000 1/min and Q=1500 1/min at 8=1.49

The procedure was the same for the combustion as for the isothermal tests. The 
measurements were taken on 100*100 mm grids. The measurements were taken with 
increments of 10 mm in the axial direction and 5 mm in the radial direction up to 100 
mm downstream of the burner exit. The seeding used was titanium dioxide particles 
with a size from 0.5-2 microns. Under combustion conditions, natural gas was 
introduced via an axial inlet located at the base of the burner on the burner centreline. A 
mixture ratio of 1.1, or 10% excess air, was used for all these combustion 
measurements. In the combustion measurements a pressure transducer encased by a 
protective water jacket was located in the throat of the burner to sense the PVC and 

trigger the LDA system.

With the above conditions, no regular frequencies were recorded and no signals of the 
PVC recorded. Hence, the velocity measurements were repeated with premixed 
combustion where 90% of the main gas was premixed with air in the tangential inlets 
and 10% of the gas was added through the axial inlet. The flowrates used were 1120 

l/min of air and 82 1/min of gas. 
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4.2.2 The 500 kW Swirl Burner

Several characterizations were carried out on 500 kW swirl burner. The work was 

carried out in stages to investigate the flowfield structure of the burner. This section 

describes the isothermal experimental procedure used in the 500 kW swirl burner test 

with two tangential inlets. First, the burner was investigated with 1-D LDA. Further 

experiments were carried out with 3-D LDA. Different inlet configurations and 

flowrates were applied and the flowfield structures inside the chamber and downstream 

of the burner exit with and without furnace were investigated.

The experimental 500 kW swirl burner was of the same generic type of the 100 kW 

swirl burner. It consisted of a cylindrical chamber with two tangential inlets and one 

axial exit. The basic set up of the burner is shown in Figure 4.5. The tangential air was 

provided by a centrifugal fan and passed through a slide valve into a plenum chamber 

where it was split into two flows between the tangential inlets. The relevant burner 

dimensions are:

-Burner diameter (D0)=400 mm

-Burner length (lb)=334 mm

-Exit diameter (d)=200 mm

-Tangential inlet diameter (dt)=I 170 mm

-Axial inlet diameter (dx)=25 mm

Axial air was supplied from an additional fan/blower controlled and regulated through a 

valve and rotameter into the axial inlet at the base of the burner. Seeding particles were 

supplied from a smoke generator and fed directly into the fan inlet. A large extractor fan 

was used to direct the exhaust fumes up the exhaust stack.

4.2.2.1 Determination Of Flowrate

The flowrate of the air for the small swirl burner was measured directly by using a 

rotameter. This method was unsuitable for the 500 kW swirl burner because the flowrate 

was higher and outside the range of available flowmeters. Thus, the flowrate was
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determined by measuring the axial velocity across the diameter of the exit (using LDA) 

at 5 mm and 10 mm intervals. The flowrate was then calculated by integration across the 

burner exit. A slider valve installed at the exit of the fan controlled the air supply. The 

slider valve was adjusted to control the flow and the pressures in the inlet duct were 

recorded using an inclined water manometer. The different flowrates were obtained by 

adjusting the slider valve at the entrance to the plenum chamber between the fan and the 

burner.

4.2.2.2 Pressure Drop Measurement

The inlet pressure was measured at different flowrates using a manometer. The pressure 

above the swirl burner was assumed to be atmospheric pressure (1 atm). The inlet 

pressure was found to vary with the swirl number, the flowrate and tangential inlet 

length.

4.2.2.3 PVC Frequency Measurements

A hot wire anemometer was located at the periphery of the burner exit to determine the 

frequency of the PVC. It was located in a position which provided the strongest signal 

from the PVC. The hot wire anemometer was set up and the linear signal was fed into a 

oscilloscope. Several traverses were carried out close to the burner exit. One complete 

traverse was undertaken to determine the axisymmetric point, and two from the centre to 

the edge to characterize the PVC at an axial distance of 200 mm from the exit of the 

throat. Further sets of readings were taken radially from the centre at a distance of 400 

mm from the throat exit. Readings were taken at steps of 10 cm for these preliminary 

tests. A hot wire probe was positioned close to the exit of the throat to obtain the 

strongest and most regular PVC signal to trigger the LDA system. A smoke machine 

was used to seed the flow, as there was insufficient particles in the normal air for the 

laser beam to be visible.
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4.2.2.4 Velocity Measurements

Work was carried out in the following order on this burner:

1-Downstream of the burner exit without the furnace

2-Downstream of the burner exit with the furnace (i.e. a swirl burner/furnace 

combination)

3-Inside the burner without the furnace

For each case the procedure and working conditions are described and the results 

presented in a subsequent chapter

4.2.2.4.1 Measurements Downstream of the Burner Exit without the Furnace

The three component velocities downstream of the swirl burner exit were measured by 

using a 3-D LDA system. The axial, tangential and radial velocity measurements were 

carried out at various swirl numbers and flowrates. Initially, the velocity measurements 

were taken at 5 and 10 mm increments for each position to calculate the flowrate. 

However, the flowrates obtained with the smaller step were similar to the measurements 

with a 10 mm increment so only the larger step was subsequently employed. The radial 

measurements were taken in steps of 10 mm on an expanding grid from the centre line 

to a width of 110 mm at the lowest level to a maximum width of 300 mm at the 

maximum height of 400 mm. The measurement grids are shown in Figure 4.6. The 

measurements were carried out with different inlet configurations and conditions. The 

following parameters were varied:
1 - The tangential flowrate (Q) was altered from 7000 to 37000 1/min at 

S=l .38,1.84 and 2.76 without an axial flowrate (Qx)

2 - The geometric Swirl Number, S was altered from 1.38 to 2.76. The geometric 

Swirl Number was varied by adding inserts into the tangential inlets to increase 

the tangential velocity.
3 - The axial flow (Qx) was added as 5%, 7.5% and 10% of the tangential flowrate

(Q) at S=1.38 and 2.76
4 - Two inlet tangential pipe lengths at constant Q and S (see Figure 4.7)

5 - Two exit with and without flange at constant Q and S (see Figure 4.8)
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For the above conditions, the PVC was found present in the 500 kW swirl burner and a 

pressure transducer was used to trigger the LDA system. Time averaged results and 

some phase averaged time-resolved results were obtained for the velocity 

characterization using the pressure transducer as a trigger. These results did not give a 

clear signal of the PVC so that measurements were taken again using a 3-D LDA system 

to characterize the flow, and the hot wire anemometry was used to trigger the LDA 

system. The hot wire probe was used to characterize the variation in frequency with the 

variation in flowrate and swirl number.

4,2.2.4.2 Measurements Downstream of the Burner Exit with the Furnace

This section describes the experiments carried out with the exhaust flow from the swirl 

burner confined in the furnace, with the objective of finding the effects of the furnace on 

the flow pattern. The swirl burner was arranged to fire into the furnace as shown in 

Figure 4.9. The confinement ratio (the furnace/burner combination) A(/Ae=4. The 

dimensions of the furnace used in the test were as follows: length lf=500 mm, diameter 

Df=400 mm. The furnace was provided with a long window which was located at the 

side of the furnace. This window provided an optical access but only the axial and 

tangential velocities inside the furnace could be measured. A number of experiments 

were carried out at different swirl number as follows:

1- S=1.38 and Q= 37000 1/min

2- S=2.76 and Q= 370001/min

The velocity field was characterized inside the furnace section using the 2-D LDA 

system. The velocity measurements were taken on a grid 190 mm wide starting from the 

central axis of the furnace moving radially outwards with increments of 10 mm. A plane 

of 120 positions was thus measured. A diagram of the grid is shown in Figure 4.9.
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4.2.2.4.3 Measurements Inside the Burner

The two component velocities of the air flow inside the swirl burner were measured 

using the 2-D LDA system. The axial and tangential velocity measurements were carried 

out at various swirl numbers and flowrate. The swirl burner used was provided with two 

windows which were located at opposite sides so that these velocities could be 

measured inside the burner. The measurements were carried out with different inlet 

configurations and conditions as follows:

1- Q=7000, 13000, 21000, 26000 and 37000 1/min at S=1.38

2- S=1.38 and 2.76 at Q=37000 1/min

3- Q=37000 1/min at Qx=1050 1/min and S=2.76 ( 50% insert)

4- Long and short tangential inlet at Q=37000 1/min at S=l .38

The velocity measurements were taken on a grid 190 mm wide starting from the central 

axis of the burner and moving radially outwards of an axial position 120 mm high. 

Increments of 10 mm were taken in the radial directions. A plane of 140 positions was 

thus measured. A diagram of the grids is shown in Figure 4.10.

4.3 Experimental Instrumentation

4.3.1 Description of Equipment

A LDA system was used in two different configurations to make the velocity 

measurements. The LDA used for taking flow measurements downstream of the swirl 

burner exit without the furnace was a Dantec 3-D LDA system whilst flow 

measurements downstream of the swirl burner exit inside the furnace and inside the 

burner were taken with a Dantec 2-D LDA system. The description of the LDA system 

is presented in appendix A. More detail of the principle and parameters of the LDA 

system is described in (88,89,90,91,). In this system, particles crossing the fringe pattern 

scattered light which was detected by the photomultiplier, giving a pulse to the Burst 

Spectrum Analyzers (BSA) for analysis. The measurements were carried out with the 

LDA system operating in the back-scatter mode. Comparing the velocities measured in
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the back-scatter mode and forward-scatter mode, there are no significant difference in 

the ranges of velocities measured during many investigations (92). For the 2-D 

measurements, the optical arrangement employed the two-colour mode of a Coherent 

Innova 70 series argon-ion laser. The single beam emitted by the laser was split into four 

separate beams, two in the green spectrum and two in the blue spectrum. A convex lens 

of focal length 600 mm was used to focus the four beams into a single control volume 

producing two independent interference fringe patterns and permitting the simultaneous 

measurement of two velocity components (axial and tangential velocity)

During the 3-D measurements, the LDA system was operated in a three-colour mode 

also using a Coherent Innova 70 series argon-ion laser. The single beam emitted by the 

laser was split into six separate beams, two in the green spectrum, two in the blue 

spectrum and two in the violet spectrum. Two convex lenses of focal length 600 mm 

positioned at right angles to each other were used to focus the four and two beams into a 

single control volume producing three independent interference fringe patterns and 

permitting the simultaneous measurement of the three velocity components (axial, 

tangential and radial velocity) in the x, y, and z directions. The information regarding 

the beams enabled the size of the control volume to be calculated as listed in Table 4.1.

Table 4.1: LDA Properties

Beam Colour

Beam Length (A,)

Beam separation

Focal length

Green

514.5 nm

37mm

600mm

Blue

488.0 nm

37 mm

600mm

Violet

476.5 nm

37mm

600mm

Probe Dimensions

dx

dy

dz

0.155mm

0.155mm

5.031 mm

0.147mm

0.147 mm

4.772 mm

0.144mm

0.144mm

4.659mm
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4.3.2 Optical Access

Optical access was necessary for the laser anemometry test to enable the laser beam to 

penetrate the flowfield. For this project, a back-scatter LDA system was used so only one 

window was needed. This window was of high quality and large enough to allow 

sufficient scattered signal to be collected around the original beam. Practical 

considerations of pressure and temperature determined the thickness and materials 

required. Crown glass is most commonly used but synthetic quartz and even sapphire can 

be used for higher temperature applications. In this case, quartz glass was used.

4.3.3 Seeding

Seeding of the flow with particles was achieved at the inlet of the burner by means of a 

smoke generator. For the LDA system, the seeding particles can be considered to be the 

actual velocity probes, so that seeding considerations are important. The particles must 

pass through the laser control volume, so that the photomultiplier can detect the 

scattered light and feed it to a signal processing instrument for evaluation. The particles 

must be small enough to follow the flowfield accurately and large enough to scatter 

sufficient light for the proper operation of the photodetector and the signal processor. 

Particle sizes ranged from 0.25 to 60 um and the seeding was provided by a Rosco 4500 

smoke system, operating with Rosco fog fluid.

4.3.4 Hot Wire Anemometry (HWA)

The HWA probe was made up of very thin platinum wire, suspended between two 

prongs as shown in Figure 4.11. The operation, theory and practice of hot wire 

anemometry are described in (87). The HWA probe used a DISA type 55M10 controller 

and was positioned approximately 90 degrees anti-clockwise from the line of the 

incoming light beams, close to the outer edge of the exhaust nozzle. A periodic PVC 

signal was obtained of regular frequency which was input into a triggering system. The 

output was a synchronized square wave, used to reset the LDA time base after each 

cycle of the PVC. Figure 4.12 shows a photograph which highlights the experimental
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configuration for the trigger system. A spectrum analyzer displayed the frequency of the 

recurrence of velocities measured by the probe.

4.3.5 Pressure Transducer

In many cases, especially in combustion, a pressure transducer was used to trigger the 

LDA system and to obtain the frequency of the PVC. The pressure transducer was 

mounted at the exhaust rim of the burner. It was connected to a charge amplifier, and 

then to a spectrum analyzer. Frequencies were determined by the largest peak. For 

combustion condition measurements, the pressure transducer was enclosed in a 

protective water jacket. The pressure transducer gave a direct analogue PVC signal 

similar to that shown in Figure 4.13.

4.3.6 Laser Equipment

The laser equipment consisted of the laser head, the plasma tube (within the head) 

which generates the amplification for the laser light and the power supply. The 

generated beam was sent through a fibre-optic cable to the optical components. Here the 

laser light was split up into three colours. The optical processing components comprised 

a Bragg cell, which performed a frequency shift by electronic and optical means to 

offset and define the three frequency shifted beams, and a transmitter which then 

separated the three beams - green, blue and violet. These were transmitted down a fibre- 

optic cable to a 2-dimensional optical probe head and, when used, a separate one- 

dimensional optical probe head consisting of the focusing lenses. This enabled the head 

to be mobile and allowed the measurements to be carried out remote from the optical 

sensing unit and the laser generation unit.
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4.3.7 Traversing System

The front end optics of the laser probe which incorporated both the light emitting and 

back-scatter optics was mounted on a three dimensional traversing mechanism. The 

traversing mechanism was connected to a computer controlled, motor driven traversing 

unit which was programmed to match the required measurement grids. The laser beams 

were aligned such that the control volume was located at the central axis of the burner 

exit. The axial distance between the control volume and the burner exit was initially 

minimized and was determined by the angle of beam entry. A smaller axial distance 

would have caused the beams to be clipped by the rim of the burner exit. This limitation 

arose from the generating of LDA system and the configuration of the burner

4.3.8 Photo-Detector

The measurements were carried out by a Dantec dual beam system operating in the 

back-scatter mode. The photo-detector was mounted and focused through the same 

lenses used to focus the laser light. The sensing devices operated in the back-scatter 

model were used for picking up scattered light from the control volume.

4.3.9 Burst Spectrum Analyzers (BSA)

The optical signals were connected into electrical signals by the photo-detectors, and 

were then fed into Burst Spectrum Analyzers. The function of the BS A is to extract the 

Doppler frequency from the photomultiplier tube output. The BSA attempts to analyze 

each Doppler burst, i.e. the signal obtained from one particle traversing the measurement 

volume. A suitable bandpass width and centre frequency is selected by the user. An 

interpolation technique then determines the optimal maximum of the filtered signal 

which is then considered to be the Doppler frequency. This information, along with the 

residence and arrival times is then sent to a computer. For this project, three Burst 

Spectrum Analyzers, one for each velocity component was used to process the data for 

the three velocity components.
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The acquired data was recorded on the computer using a Dantec Burstware Package. 

The Burstware was capable of giving flow information by 'on-screen displays'. This 

interpreted the information into a series of histograms for each measurement point, and 

processed the data to produce graphs for mean and mis velocity and turbulence 

intensity. The BSAs were programmed to collect 9500 bursts at each measuring 

position. For this study, the air flow is considered to be incompressible. Mean and rms 

velocity and turbulence intensity of three velocity components at each point, are 

calculated by using the Process option in the BURSTware (93). The equations used are 

listed in appendix B.

4.3.10 The Triggering System

A hot-wire probe was located in the throat of the burner where the strongest signal was 

recorded and it was kept in this position for all the measurements for consistent results. 

A typical hot-wire signal is shown in Figure 4.14. This trace was fed into a triggering 

unit. This unit triggered on the maximum downward gradient of the hot wire signal and 

can be visualized as the first zero position on a cosine curve. The output of the 

triggering unit was a synchronized square wave, and this was used to reset the LDA time 

base after each cycle of the PVC. When 9500 bursts had been collected by the LDA 

probe a scatter plot of such velocities was produced.

4.3.11 Phase A veraging technique

The analysis software was derived from engine analysis work using the timing pulse 

generated from the hot-wire probe to trigger the LDA system. This enabled the periodic 

mean velocity profile as the PVC rotates about the central axis of symmetry to be 

obtained. With this technique it was possible to create 2D pictures of isolated velocities. 

Combinations of velocities such as radial/tangential plots can represent instantaneous 

pictures of the flow. The radial/tangential plane pictures can be considered to be rotating 

with the same frequency as the PVC. The frequency of the PVC was found to be 

dependent on the flowrate and swirl number, for instance, the frequency was 36 Hz for 

Q=37000 1/min at S=1.38. For the PVC frequency of 36 Hz, phased averaged velocities 
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were collected for each time base cycle of 27.7 ms (1/36 Hz). Data was presented as a 

velocity/time scatter diagram for a complete cycle of the PVC. The scatter diagram was 

digitized to provide a velocity/time curve for a complete PVC cycle. The velocity/time 

curves could also be considered as velocity/position curves. By this method a complete 

PVC cycle in the tangential/radial plane could be set up. For every new time-cycle 

interval velocity measurements, the previous data and sufficient data were accumulated 

to show how the velocity varied at one measurement position over one complete cycle 

of the PVC. This provided the instantaneous velocity at the particular radial position of 

the probe whilst the angular component varies through 360°. By moving the 

measurement location across a radial diameter of the flowfield at a fixed height, 

instantaneous planar contour plots of velocity were composed with the aid of 'data 

smoothing' software. This is known as phase averaging. The phase averaging technique 
was applied for all 3 phase averaged velocities.
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4.3.12 Data Processing

Using the 'triggered' laser data, the cycles were identified and overlaid using a Quick 

Basic program developed by the University of Wales College of Cardiff. Each cycle was 

sectioned into 24 divisions with each division representing a 15 degree segment of the 

circle. The data was averaged for each division and plotted out. As one cycle was 

equivalent to one revolution of the PVC, the data collected at one point was averaged 

into a circle. Using the data collected at different radial distances, a complete 360° of 

the tangential/radial plane contours was constructed using a Quantitative Flow 

Visualization (QFV) package. In general, the packages used for acquiring, processing 

and viewing of the LDA measurements are shown below in Figure 4.15.

Packages Used for LDA Acquisition, Processing and Viewing

Acquisition Processing

Burstware

Viewing

Burstware Mean and RMS 
Velocities etc.

Phased Velocities

Qbasic Excel QFV

Paintbrush

Standford graphics

Figure 4.15: Packages used for the LDA acquisition, processing and viewing the

experimental results
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Figure 4.2 A photogragh of the setup of the 100 kW swirl burner
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Figure 4.4 Velocity measurement positions at radial intervals of 5 mm 
inside the 100 kW burner
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Figure 4.6 Velocity measurement positions at radial intervals of 10 mm 
downstream of the burner exit
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Figure 4.7 Two different tangential inlet lengths used in this investigation
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Figure 4.8 Two different exit geometry used in this investigation
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Figure 4.10 Velocity measurement positions at radial intervals 
of 10 mm inside the burner
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Figure 4.12: A photograph showing the configuration of the trigger system
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5. Experimental Results

5.1 Introduction

A large collection of data was obtained from the experimental studies of the swirl 

burners and it is impractical to show and analyze all the results in this thesis. The mean 

velocity values given for each position are thus obtained from histograms of the data 

measurements collected at each point in the flow. Besides the mean and phase averaged 

time-resolved velocities, other information such as the root mean square (rms) velocities, 

and turbulence intensities have been analyzed, hi this study, velocities and a representative 

sample of rms velocities and turbulence intensities are used to demonstrate the flowfield 

characteristics of the swirl burners. Sample results are also presented to compare the 

effects of varying flowrates and swirl numbers with respect to the characteristics of the 

reverse flow zone (RFZ), the recirculation zone (RZ), and the Precessing Vortex Core 

(PVC) and associated phenomena. Data are presented for:

1- The 500 kW swirl burner

2- The 100 kW swirl burner

5.2 The 500 kW Swirl Burner

5.2.1 Pressure Drop Characterization

The pressure drop across the swirl burner is dependent on the flowrate and swirl 

number. This relationship between the pressure drop and the flowrate is presented in 

Figure 5.1.

5.2.2 PVC Frequency Characterization

The most easily and commonly measured feature of the PVC has been the relationship 

between the flowrate and swirl number and the precession frequency. This relationship 

is presented in Figure 5.2 which shows clearly the dependency of the precession 

frequency on the flowrate and swirl number. 
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5.2.3 General Considerations

Extensive experimental work has been carried out to characterize the 500 kW swirl 

burner. This burner has been investigated internally and downstream of the burner exit 

at different parameters. The direction of rotation of the swirling flow was clockwise as 

viewed from above and was dictated by the position of the tangential inlets as previously 

shown in Figure 4.1. The sign convention used for the three velocity components is as 

follows:

- The axial component velocity (u) was negative for flow exiting the burner 

and positive for reverse flow.

- The tangential component velocity (w) was negative for flow in a clockwise 

direction and positive for flow in the anti-clockwise direction.

- The radial component velocity (v) was positive for flow radially outwards 

from the geometric centre of the burner.

The profiles for the mean velocities were obtained by radial traverses, so that R/r 

represents the radial position from the central axis of the burner in terms of the exit 

radius whilst x/d represents the height downstream or upstream of the burner exit 

relative to the exit diameter of the burner. The measurements were carried out:

- Downstream of the burner exit without the furnace.

- Downstream of the burner exit with the furnace in place.

- Inside the burner swirl chamber without the furnace.

The experimental results are presented as a series of figures, which illustrate the flow 

patterns of the swirl burner under the conditions described below. The results for the 

mean and the phase averaged time-resolved axial, tangential and radial velocities for 

different parameters and conditions are presented in the following sections:
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5.2. 4 Velocity Measurements Downstream of the Burner Exit without Furnace

The average velocity profiles are presented for planes, x/d=0.0, 0.1, 0.2, 0.3, 0.5, 0.7, 

1.0,1.3, 1.6, 2.0 (x=0.0, 20, 40, 60, 100, 140, 200, 260, 320, 400 mm respectively). The 

phased averaged velocity contours are presented for only five planes (x/d=0.0, 0.2, 0.5, 

0.7 and 1.0) downstream of the burner exit without the furnace. The results of the mean 

and the phase averaged time-resolved axial, tangential and radial velocities as well as 

the root mean square (rms) velocities and turbulence intensities are presented for the 

following conditions:

1- Q=13000 1/min and 37000 1/min at S=1.38

2- S=1.38 and 2.76 at Q=37000 1/min

3- Qx=0.0 1/min and Qx=1050 1/min at Q=37000 1/min and 8=2.76 (50% 

insert)

4- Long and short tangential inlets at Q=21000 1/min and 8=1.38

5- Exit No. 1 and Exit No. 2 at Q=13000 1/min and 8-1.38

The results also demonstrate the effects of the flowrate (Q), the swirl number (S), the 

injection mode (Qx), the tangential inlet length and the exit geometry on the flowfield 

pattern, the RFZ, RZ and PVC structure.

5.2.4.1 Effect of Flowrate

The flowrate has little effect on the flowfield structure especially on the characteristics 

of the RZ, RFZ and PVC. The profiles of the mean and the phase-averaged time- 

resolved axial, tangential and radial velocities obtained downstream of the burner exit at 

Q=13000 1/min and 37000 1/min for 8=1.38 are presented as follows:

5.2.4,1.1 The Axial Velocity

Figure 5.3 shows the profiles of the mean axial velocities obtained downstream of the 

burner exit at Q=13000 and 37000 1/min for 8=1.38. The profiles show the expected 

pattern and the differences between the profiles measured at different flowrates were
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small. The axial velocities are downward along the central axis and upward near the 

outer wall of the burner exit. At x/d=0.0, the maximum axial velocity for the lower 

flowrate is about lOm/s and it is located at R/r=0.9 whilst the maximum axial velocity 

for the higher flowrate is about 30m/s and it is also located at the same radial position. 

For the higher and lower flowrates, the zero velocity line is located at R/r=0.33 and 0.37 

respectively and the minimum velocity values are about -3.6m/s and -10.6m/s 

respectively. From x/d=0.1 up to x/d>1.0, similar flow patterns occurred at both of the 

flowrates. The rapid change between the minimum and maximum axial velocity is 

apparent and is due to recirculation flows. For both flowrates, around the centreline of 

the burner the flow reverses its direction returning into the burner exit. This ensues for 

some distance downstream before gradually fading away with increasing radial distance, 

until a point is reached at the end of the RZ where the flow is all in the downstream 

direction. The reversing flow around the centreline of the burner would be expected due 

to the effects of the swirling motion. The profiles are jagged close to the burner exit, but 

even out quickly. For both situations, the flow changes its sense in the axial direction 

suggesting that either a RZ is present or a PVC is detected at several levels.

The RZ was identified as extending up to a level of x/d=1.8 and 1.6 for the higher and 

lower flowrates respectively. The RZ was located on the boundary of the RFZ (where 

the zero axial velocity crosses the profile at a particular radial distance). The width and 

length of the RZ and RFZ are larger for the higher flowrate.

The RFZ for the above situations are shown in Figure 5.4. In general, both contours 

exhibit similar trends of a strong reverse flow zone at the centre, with velocities rising to 

a peak nearer the outer wall. The percentage of the reverse flow returning into the burner 

for the higher flowrate is lower than that for the lower flowrate. For the higher flowrate, 

the reverse flow back into the burner is about 3.3% whilst for the lower flowrate it is 

about 4%.

In addition, the RFZ is extended downstream with increasing flowrate at constant swirl 

number (this is can be seen clearly in Figure C.I and Figure C.2). For the higher 

flowrate, the shape of the RFZ is slightly different from that for the lower flowrate. For 

the higher flowrate, the width of RFZ is 66 mm at x/d=0.0, increasing to 118 mm at
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x/d=0.5, before reducing to 88 mm at x/d=1.0 and finally disappearing at x/d=1.8. For 

the lower flowrate, the corresponding widths of the RFZ are 74 mm, 104 mm and 72 

mm respectively and the zone disappears at x/d=1.6. It can be seen that the RFZ is 

displaced outwards away from the centreline of the burner for increasing x/d above its 

exit. This displacement reaches a maximum at a x/d=0.5. Thus at these regions, the eye 

of the RZ may be occurring.

Above the RFZ boundary, the axial velocity increases in value as R/r increases 

achieving its highest value at R/r=0.9 as seen in Figure 5.3. The high velocity value is 

due to the presence of the recirculation zone and RFZ which squeezes the flow between 

R/i=0.8andl.O.

On the RFZ boundary, where the axial velocity is zero, the turbulence intensity tends to 

very high values so that the turbulence intensity reaches a maximum in the recirculation 

bubbles. An examination of the turbulence intensity profiles for the low and high 

flowrates as seen in Figure 5.5 reveals the considerable similarities and the position 

(R/r) for the RFZ boundary are identical for both sets of profiles. For the higher 

flowrate, the turbulence intensity values are higher than those for the lower flowrate. For 

both flowrates, the turbulence intensity reaches a peak at 100 mm downstream of the 

burner exit (i.e. x/d=0.5) where the eye or core of the RZ is located. The characteristics 

of coherent structures such as the PVC cannot be demonstrated from the mean velocity 

results so that phase averaged time-resolved velocity data were obtained.

Initially, more attention are paid to details of the 3-D axial/radial/tangential distribution 

of these phase averaged time-resolved axial velocity contours. These were obtained 

downstream of the burner exit at Q=13000 and 37000 1/min for S=1.38 as shown in 

Figure 5.6 and Figure 5.7. At x/d=0.0, it is clear that the flow is asymmetric and the 

RFZ is shifted towards the peak of the PVC for the lower flowrate. The centre of the 

PVC is located at RA=0.5 between the RFZ and the peak of the PVC. The velocity peak 

(i.e. the PVC core) is about 12m/s and occupies a sector of 180 degrees whilst the 

minimum velocity is about -5.6m/s. The core of the PVC is located at R/r=0.8 and thus 

the radius of the PVC (Re) is about 30 mm. Again at x/d=0.2, the RFZ and the PVC are 

moved clockwise by 45 degrees. The PVC has moved radially outwards and increased in 
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size expanding to a radius of R/r=0.95 and occupying a sector of 90 degrees. However, 

the radius of the PVC increases as it moves downstream, whilst the RFZ decreases in 

size and approaches the axis of the burner as seen at x/d=0.5 and x/d=0.7. The centre of 

the RFZ coincides with the axis of the burner at x/d=l .0 but there is still an indication of 

the presence of PVC peak. Above x/d=1.0 the flow is approximately axisymmetric as 

seenatx/d=1.6.

Figures 5.8 - 5.12 show in more detail the tangential/radial distribution of the phase 

averaged time-resolved axial velocity contours obtained downstream of the burner exit 

at Q=13000 and 37000 1/min for S=1.38. The phase averaged time-resolved results 

show that the flow is non-symmetric due to the effect of the 3-D time-dependent 

structure (the PVC) which displaces the flow off the centreline. For both of the lower 

and higher flowrates, the peak of the PVC has a higher velocity on one side of the 

burner. The axial velocity magnitudes at the peaks of the vortices are high, revealing the 

presence of forced vortices and the PVC. At both of the flowrates the PVC appears to 

have one peak velocity and occupy one area of RFZ. The boundary of the PVC is 

located by the occurrence of zero axial velocity between the forward and reverse flow 

zones. The RFZ can be seen to be clearly disrupted and shifted off the center of the 

burner by the formation of the PVC and this behaviour is illustrated schematically in 

Figure 5.13 as reported by Yazabadi and et al (94).

Again, at x/d=0.0, the flow is clearly asymmetric and the RFZ is shifted towards the 

peak of the PVC. The centre of the vortex is located at R/r=0.5 for both flowrates i.e. 

between the RFZ and the peak of the PVC. The velocity peak is 11.9m/s and occupies a 

sector of 180 degrees at the lower flowrate whilst the velocity peak is 28.2m/s and 
occupies a sector of 90 degrees for the higher flow. The minimum velocities are about - 

5.6 and -13.6m/s for the lower and higher flowrates respectively. Also, the core of the 

PVC is located at R/r=0.8 and thus the radius of the PVC (Re) is about 30 mm. For the 

higher flowrate, the PVC peak leads the RFZ by 45 degrees.
At x/d=0.2, the PVC has moved radially outwards and increased in size, now expanding 

to a radius of R/r=0.95 whilst occupying a sector of 135 and 90 degrees for the higher 

and lower flowrates respectively. However, the peak velocity values remain similar to 

the previous levels, but the position of the vortex core has moved by 45 degree. This 
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demonstrates that the vortex core twists as it rises. The centre of the vortex is located at 

R/r=0.6 and the radius of the PVC is about 45 mm. Downstream from the exit, the vortex 

core initially gets wider before subsequent narrowing until it is dissipated.

5.2.4.1.2 The Tangential Velocity

The profiles of tangential velocity are shown in Figure 5.14 for Q=13000 and 37000 

1/min at S=1.38. The profiles for these cases show similar flow patterns. At x/d=0.0 the 

tangential velocity profiles are very sharp and they are of a Rankine Vortex form. For 

both flowrates, the velocity profiles are almost similar to each other but the magnitudes of 

the velocities are different. For the higher flowrate, the maximum tangential velocity is 

higher than for the lower flow. The maximum tangential velocities for the lower and 

higher flowrates are approximately 9.1 and 26.2m/s respectively. These values are both 

located at a radius of R/r=0.8. For both cases most of the flow is concentrated between 

the regions of maximum tangential and axial velocity. Hence, it can be assumed that the 

tangential velocity profile shape is independent of the flowrate but the velocity magnitudes 

are dependent on the flowrate at constant swirl number. The velocity decreases to zero on 

the centre line of the burner. As the height increases, the peak spreads out radially and is 

reduced by entrainment until the flow is almost uniform.

The 3-D axial/radial/tangential distributions of the phase averaged time-resolved 

tangential velocity contours obtained downstream of the burner exit at Q=13000 and 

37000 1/min for S=1.38 are shown in Figure 5.15 and Figure 5.16. More details are then 
given in Figures 5.17-5.21, which show the tangential/radial distribution of the phase 

averaged time-resolved tangential velocity contours at different positions downstream. 

The phase averaged time-resolved results show the asymmetry of the flow with a 

crescent shaped high tangential velocity region on one side of the plan. This indicates 

that the PVC occurs in both cases downstream of the burner exit. Hence, it can be assumed 

that the velocity profiles and magnitude of the PVC is independent of the flowrate.

The PVC is responsible for the high levels of turbulence measured in the area

surrounding the recirculation zone. The radius of the PVC is about 30 mm at x/d=0.0. 
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The divergence of the PVC near to the burner exit from the axis of symmetry continues 

up to x/d=l,0 where much of the 3-D time-dependent motion appears to have been 

dissipated.

The tangential flow close to the burner is much higher on one side of the burner for the 

higher flowrate. For this flowrate, the radius of the PVC is larger than the radius at the 

lower flowrate. It is thus obvious that the radius of the PVC increases when the flowrate 

increases. So that the radial position of the PVC is dependent on the flowrate.

5.2.4.1.3 The Radial Velocity

The profiles of radial velocity are shown in Figure 5.22 for Q=13000 and 37000 1/min at 

S=1.38. A similar flow pattern occurred for both of the flowrates. The radial velocity 

profiles show that in each case the flow expands radially downstream of the burner exit. 

The radial velocity values are small compared to the axial and tangential velocity values. 

At K/d-0.0, the maximum radial velocity for the lower flowrate is about 2.2m/s and it is 

located at R/r=l .0 whilst the maximum value for the higher flowrate is about 4.9m/s and 

the same radial position. For both the higher and lower flowrates from x/d=0.0 up to 

x/d=0.5 most of the radial flow is outwards. At x/d=0.7 and R/r=0.9 the radial flow 

starts to recirculate and the recirculation zone moves downstream.

5.2.4.2 Effect of the Swirl Number

The swirl number has a great effect on the flowfield patterns especially on the 

characteristics of the RZ, RFZ and PVC. As the swirl number increases, the width of the 

jet, the rate of entrainment and the rate of decay in the jet all increase. The velocity profile 

depends on the degree of swirl imparted to the flow and as the swirl number increases 

the radial spread of the jet increases and the position of the maximum value of both the 

axial and tangential velocities are displaced radially further from the axis of the burner. 

When the radial spread of the jet increases the force due to the axial adverse pressure 

gradient exceeds the forward kinetic forces and the flow reverses its direction in the 

central region of the jet. The profiles and contours of the mean and the phase averaged
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time-resolved of the axial, tangential and radial velocities obtained downstream of the 

burner exit for S=1.38 and 8=2.76 at Q=37000 1/min are presented as follows:

5.2.4.2.1 The Axial Velocity

Figure 5.23 shows the profiles of the mean axial velocity obtained downstream of the 

burner exit for 8=1.38 and 8=2.76 at Q=37000 1/min. The similarity in axial the velocity 

profiles is again present in the outer regions of the flow. In all the cases the axial 
velocity profiles change progressively from the nozzle exit to further downstream 

locations. They change from an initial near plug flow to a gaussian fully developed 

region downstream. The maximum axial velocity is larger with the higher swirl number. 

Also, the minimum axial velocity is lower with the higher swirl number. At 8=1.38 the 

maximum value of the axial velocity is about 28m/s at R/r=0.9 for the first plane 
(x/d=0.0) whilst at 8=2.76, the maximum value is about 29m/s at R/r=0.95 for the same 

plane. Hence, the axial velocity profile depends on the swirl number imparted to the 

flow.

For the higher swirl number the shape of the RFZ is wider and longer as shown in 

Figure 5.24. For the higher swirl number, the width of the RFZ is 100 mm at x/d=0.0, 

increasing to 134 mm at x/d=0.5, before reducing to 110 mm at x/d=1.0 and finally 
disappearing above x/d=2.0. Alternatively, for the lower swirl number the corresponding 
widths are 66, 118 and 88 mm with disappearance at x/d=1.8. The center of the RFZ is 
pushed outwards at the higher swirl number. The RFZ is extended upstream inside the 

burner with increasing swirl number at constant flowrate.

Again, the proportion of the reverse flow returning into the burner for the higher swirl 

number is greater than that for the lower swirl number. For the higher swirl number, the 

reverse flow returning into the burner is about 10% as compared with about 3.3% at the 

lower swirl. Hence, the magnitude of RFZ is higher for the higher swirl number even 
though the flowrate is similar. By making the same comparisons as in section 5.2.1.1 

(S=1.38, Q=13000 1/min and 37000 1/min), it can be seen that the magnitudes of RFZ are 

slightly affected when the flowrate is changed. Hence, it can be seen that the magnitude of

the RFZ is dependent on both the flowrate and the swirl number.____________
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For both the lower and higher swirl numbers, a large RZ is set up at the burner exit. At 

S=1.38 the RZ occupies about 30% of the exit diameter whilst at 8=2.76, the RZ 

occupies about 37%. Hence, the size of the RZ is increased at high swirls. Hence, it can 

be assumed that the magnitude of the RZ is independent of the flowrate but is dependent 

on the swirl number.

The 3-D axial/radial/tangential distribution of the phase averaged time-resolved axial 

velocity contours obtained downstream of the burner exit at S=1.38 and 8=2.76 for 

Q=37000 1/min are shown in Figure 5.25 and Figure 5.26. More details are given in 

Figures 5.27 - 5.31. Again, the flow is non-symmetric due to the effect of 3-D time 

dependent flow structures (PVC) which displaces the flow off centre. At higher swirl 

numbers, there are two PVCs, which appear to have two peaks and two areas of high 

recirculation but for the lower swirl number, just a single peak is seen with velocities 

50% higher than on the opposing side of the burner. For both swirl numbers, the RFZ is 

located off the centreline.

For the higher swirl number, the maximum velocity is about 30m/s whilst with lower 

swirl the maximum velocity is about 28m/s. Again At x/d=0.5 the PVC is very coherent, 

but shows signs in both the maximum and minimum of velocities of two PVCs although 

one is much more dominant than the other is. The axial flow close to the burner is much 

higher than that on the opposing side of the burner for the higher swirl number.

5.2.4.2.2 The Tangential Velocity

The profiles of tangential velocity are shown in Figure 5.32 for 8=1.38 and 8=2.76 at 

Q=37000 1/min. The maximum velocities occur further downstream as the swirl 

numbers increases. For the higher and lower swirl numbers the maximum tangential 

velocities are about 30 and 26m/s and are located at R/r=0.9 and 0.8 respectively. Again 

for both cases, most of the flow is concentrated between the regions of maximum 

tangential and axial velocity. For the higher swirl number the zero velocity at the centre 

persists up to R/r=0.2 and subsequently spreads out from the burner axis downstream of

95



_Chapter (5) Experimental Results

this position. Also, the behaviour of the tangential velocity can be demonstrated by the 

contours as shown in Figure C.3.

The 3-D phase averaged time-resolved tangential velocity contours at different positions 

downstream are shown in Figure 5.33 and Figure 5.34 for S=1.38 and S=2.76 at 

Q=37000 1/min and further details are given in Figure 5.35-5.38. Again at the higher 

swirl number, there are two PVC peaks and only one PVC peak at the lower swirl. At 

the higher swirl, the spread of the PVC peak is greater giving a more marked boundary. 

For both swirl numbers, the presence of a coherent structure is suggested from the 

increase in the steepness of the profiles before the peak and, also, the flow downstream 

of the burner exit is asymmetric and a crescent region of high tangential velocity is 

formed. This crescent region of high tangential velocity is noticeable up to x/d=1.0.

At x/d=0.0, the RFZ is shifted towards the peak of the PVC and the centre of the vortex 

is located at R/r=0.45 and 0.5 for the lower and higher swirl number respectively. Also, 

the PVC peak is located at R/r=0.75 and 0.8 for the lower and higher swirl number 

respectively. At x/d=0.2, the position of the PVC peak has moved by 45 degrees. The 

radius of the PVC increases up to x/d=0.5 and then narrows until it is coincident with the 

burner axis.

5.2.4.2.3 The Velocity Vector

Figure 5.39-5.44 show the tangential/radial distribution of the phase averaged time- 

resolved velocity vector at different positions downstream at S=2.76 and Q=37000 

1/min. It is clear to demonstrate the behaviour and the centre of the PVC structure.

5.2.4.2.4 The Radial Velocity

The profiles of radial velocity are shown in Figure 5.45 for S=1.38 and S=2.76 at 

Q=37000 1/min. Again, for both of the swirl numbers, the radial velocity profiles show 

that the flow expands radially near the burner exit. At x/d=0.0, the maximum radial
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velocity for the lower swirl number is about 4.9m/s and it is located at R/r=1.0 whilst 

the maximum radial velocity for the higher swirl number is about 6.67m/s and is again 

located at R/r=1.0. For both the higher and lower swirl numbers from x/d=0.1 up to 

x/d=0.4 most of the radial flow is outwards. For the higher swirl number the asymmetry 

of the flow is clear at x/d=0.5 and R/r=1.0 where the radial flow starts to recirculate and 

the recirculation zone is moving downstream as shown in Figure C.4.

5.2.4.2.5 The Root Mean Square Velocity

The profiles of the axial, tangential and radial components of the root mean square (rms) 

velocity for S=1.38 and S=2.76 at Q=37000 1/min are shown in Figures 5.46-5.48. The 

profiles of the root mean square (rms) are similar for the axial, tangential and radial 

velocities. For both of the swirl numbers, three regions are distinguishable: in the center 

where the rms value is low and at R/r=0.9 where the rms peaks. The peak value varies 

from 13 to lOm/s for the high swirl and from 15 to 13m/s for the low swirl. For both 

swirls, the width of the peak is directly related to the width of the vortex core.

5.2.4.2.6 Turbulence Intensities

The profiles of turbulence intensities for the axial, tangential and radial velocities are 

shown in Figures 5.49-5.51 for S=1.38 and 8=2.76 at Q=37000 1/min. The maximum 

turbulence intensities are generated at the separation zone close to the zero velocity line. 

For the higher swirl number, the maximum turbulence intensities are about 26k, 25k, 

38k and it is located at x/d=0.3 and R/r=1.6 whilst for the lower swirl number the 

maximum turbulence intensities are about 2.5k 2.5k and 2.7k and it is located at x/d=0.5 

and R/r=0.6.

5.2.4.3 Effect of Injection Mode

The mode of injection has effects on the flowfield patterns, as well as the characteristics 

of the RZ, RFZ and PVC. The profiles of the mean and the phase averaged time- 

resolved axial, tangential and radial velocities obtained downstream of the burner exit 
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for Qx=0.0 and 1050 1/min at Q=37000 1/min and S=2.76 (50% insert) are presented as 

follows:

5.2.4.3.1 The Axial Velocity

Figure 5.52 shows the profiles of the mean axial velocity obtained downstream of the 

burner exit at Qx=0.0 and 1050 1/min for Q=37000 1/min and S=2.76 (50% insert). The 

axial flow inlet has more effect on the magnitude of the velocity profiles inside the burner 

than downstream the burner exit. The introduction of axial flow has slightly reduced the 

width of the RFZ. It can be seen that the RFZ becomes wider at higher flowrates and 

higher swirl numbers. Hence, it can be determined that the RFZ is dependent on the 

flowrate and swirl number with the swirl number having more effect in controlling the 

width and magnitude of the RFZ. The swirl number is lowered by the addition of the 

axial flowrate.

The axial flow does not influence the axial velocity very much. A slight increase of the 

maximum velocities (5 %) was noted. The fact that the axial flow disturbs the RFZ must 

be attributed to the presence of the axial jet. With axial flow, the shape of the RFZ is 

wider and longer as shown in Figure 5.53. Without axial flow, the width of the RFZ is 

100 mm at x/d=0.0, increasing to 134 mm at x/d=0.5, before reducing to 110 mm at 

x/d=1.0 and finally disappearing above x/d=2.0. On the other hand, with axial flow the 

widths are 92, 136 and 118 mm respectively with disappearance above x/d=2.0. The 

center of the RFZ is wider at x/d=0.3 with axial flow. High axial flow has great effects 

on the flowfield patterns and the shape of the RFZ as shown in Figure C.5.

5.2.4.3.2 The Tangential Velocity

Figure 5.61 shows the profiles of the mean tangential velocity obtained downstream of 

the burner exit at Qx=0.0 and 1050 1/min for Q=37000 1/min and S=2.76 (50% insert). 

The profiles are similar to those for the use without axial flow, but the addition of the 

axial flow results in a slight decrease of the maximum tangential velocity by 6%. This is
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probably due to a decrease of the peak angular momentum. Also, the behaviour of the 

tangential velocity with higher axial flow can be demonstrated by the contours as shown 

in Figure C.6.

The 3-D phase averaged time-resolved tangential velocity contours obtained 

downstream of the burner exit at Qx=0.0 and 1050 1/min for Q-37000 1/min and S=2.76 

(50% insert) are shown in Figure 5.62 and Figure 5.63. The details are given in Figures 

5.64-5.66.

5.2.4.4 Effect of Tangential Inlet Length

It can be seen that the tangential inlet length had little effect on the flow patterns 

obtained downstream of the burner exit and the magnitude of the velocities were 

essentially unchanged as shown in Figures 5.74-5.76. The pressure drop for the shorter 

inlet length however is greater than that for the longer inlet and the PVC frequency for 

the shorter inlet length is lower.

5. 2.4.5 Effect of Exit Geometry

It can be seen that the exit geometry had great effect on the flow patterns obtained 

downstream of the burner exit as shown in Figures 5.78-5.80. The behaviour of the 

tangential flow for Exit No. 1 and Exit No. 2 is demonstrated by the velocity contours as 

shown in Figure C.I. The line of the zero radial velocity is similar for both geometries 

as shown in Figure C.8.

5.2.5 Velocity Measurements Downstream of the Burner Exit with the Furnace

The velocity profiles are presented for planes, x/d=0.5, 0.7, 1.0, 1.3, 1.6, 2.0 (x=100, 

140, 200, 260, 320, 400 mm respectively). The phase averaged velocity contours are 

presented for three planes, where possible, at x/d=0.5, 0.7 and 1.0 downstream of the 

burner exit inside the furnace. For the first level, situated approximately 100 mm 

downstream of the burner exit, the velocity profiles were plotted from the burner axis to 
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the furnace wall. This section presents, the results of the time mean and the phase 

averaged, time-resolved axial and tangential velocities taken with the swirl 

burner/furnace system downstream of the burner exit inside the furnace at S=1.38 and 

2.76 for Q=37000 1/min.

5.2.5.1 The Axial Velocity

Figure 5.82 shows the profiles of the mean axial velocity obtained downstream of the 

burner exit inside the furnace for S=1.38 and 8=2.76 at Q=37000 1/min. For 8=1.38, the 

maximum axial velocity is about 17m/s and located at R/r=1.2 and x/d=0.5 whilst the 

minimum axial velocity is about 7m/s and is located at the burner axis. On the other 

hand, at 8=2.76 the maximum axial velocity is about 13m/s and the minimum velocity 

is about 6m/s located at R/r=2.0 and x/d=1.0. For both the swirl numbers, the maximum 

forward axial velocity spreads out towards the furnace wall. It sticks to the furnace wall 

at x/d=1.0 and 1.3 for the lower swirl number and at x/d=0.7, 1.0 and 1.3 for the higher 

swirl number. The axial velocity profiles show there is large recirculation and reverse 

flow zone formed at R/r=1.0. At x/d=0.5, the maximum axial reverse velocity occurs on 

the burner axis and is about 37% of the peak forward value.

The effect of furnace on the flow pattern is more complex because of the formation of a 

corner recirculation zone (CRZ) in addition to the usual recirculation zone. The CRZ of 

the confined burner exit at the higher swirl number is smaller than that at the lower 

swirl. It is obvious that increasing swirl significantly reduces the CRZ length and size. 

The RZ of the free burner exit, without the furnace, is smaller than the RZ of the 

confined burner exit with furnace. The RZ of the confined burner exit at higher swirl 

number is larger than at lower swirl number.

Figures 5.83-5.85 show the tangential/radial distribution of the phase averaged time- 

resolved axial velocity contours obtained downstream of the burner exit inside the 

furnace for 8=1.38 and 8=2.76 at Q=370001/min.
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5.2.5.2 The Tangential Velocity

Figure 5.86 shows the profiles of the mean tangential velocity obtained downstream of 

the burner exit inside the furnace for S=1.38 and S=2.76 at Q=37000 1/min. For S=1.38 

the maximum tangential velocity is about 20m/s and located at R/r=0.9 whilst for 

S=2.76 the maximum tangential velocity is about 19m/s and located at R/r=1.3. The 

tangential profiles follow the form of a Rankine vortex and they are similar in shape. 

For the high swirl number, it is clear that the magnitudes and position of the maximum 

tangential velocities are not very different within the furnace.

Figure 5.87-5.89 show the tangential/radial distribution of the phase averaged time- 

resolved tangential velocity contours obtained downstream of the burner exit inside the 

furnace for 8=1 .38 and 8=2.76 at Q=37000 1/min.

5.2.6 Velocity Measurements inside the Burner without Furnace

The velocity profiles are presented for the following planes, x/d=-1.4, -1.3, -1.2, -1.2, - 

1.0, -0.9 (x=120,140, 160, 180, 200, 220 mm respectively above the base of the burner) 

upstream of the burner exit. For the first level, situated approximately 120 mm above 

the burner base, profiles were plotted from the burner axis to the burner wall. This 

section presents the results of the time mean of the axial and tangential velocity inside 

the burner at the following conditions:
1- Q=130001/min, 26000 1/min and 37000 1/min at 8=1.38

2- 8=1.38, 1.84 and 2.76 at Q=37000 1/min
3- Q=37000 1/min at Qx=1050 1/min and 8=2.76 (50% insert)

4- Long and short tangential inlet at Q=370001/min and 8=1.38

5.2.6.1 Effect of Flowrate

The effects of the flowrate on the flowfield patterns inside the burner especially on the 

CRZ, IRZ and RFZ are presented below. The profiles of the mean axial, tangential
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velocity obtained upstream of the burner exit at Q=13000 1/min, 26000 1/min and 37000 

1/min for S=1.38 are presented as follows:

5.2.6.1.1 The Axial Velocity

Figure 5.90 shows the profiles of the mean axial velocity obtained inside the burner at 

Q=13000 1/min, 26000 1/min and 37000 1/min for S=1.38. The axial velocity profiles are 

similar and the maximum velocity is constant in the axial direction. The swirl motion 

imparted to the flow, by the tangential inlets, causes a low pressure zone at the centre of 

the burner. This causes a region of a low velocity near the centre of the burner, 

subsequently increasing to a maximum at approximately R/r0=0.4 before a reduction in 

velocity. The maximum velocity at the higher flowrate is three times the maximum 

velocity at the lower flow so the maximum velocity is directly proportional to the 

flowrate. The maximum velocity for both the higher and the lower flowrate is at 

R/r0=0.4.

It can be clearly seen for all the axial velocity profiles that velocities inside the swirl 

burner are generally much lower than those found downstream of the burner exit for the 

same condition. For both of the flowrates, a corner recirculation zone (CRZ) is formed at 

the bottom of the burner. Changing the flowrate has little effect on the location and size 

of the CRZ inside the burner. The CRZ for both the higher and the lower flowrates 

extends up to a height of x/d=-1.2. Also, a CRZ is formed at the top of the burner as 

shown from the velocity profiles for all the flowrates. The size of the CRZ is increased 

at high flows. Hence, it can be assumed that the magnitude of the CRZ is independent of 

the flowrate but is dependent on the swirl number.
The occurrence of the IRZ (internal recirculation zone) inside the swirl burner can be 

explained by the presence of reverse flow zone and the reduction of velocities near the 

centre of the swirl burner. However, this phenomenon may also caused by the extension of 

RZ into the swirl burner.

The velocity peak is increased by the appearance of the RFZ at the centre of the burner. 

The axial velocities inside the swirl burner are lower than the axial velocities downstream 

of the burner because the recirculation zone takes up part of the exit and the total
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flowrate is squeezed into a narrower section. This increases the exit velocities away 
from this recirculation zone. Also, the presence of IRZ, a large RZ, and the RFZ tend to 
retard the axial velocities at the exit.

5.2.6.1.2 The Tangential Velocity

Figure 5.91 shows the profiles of the mean tangential velocity obtained inside the burner 
without furnace at Q=13000 1/min, 26000 1/min and 37000 1/min for S=1.38. For all of 
the flowrates, the tangential velocity profiles inside the burner are of the Rankine free- 
forced vortex, decaying to forced vortex. The tangential velocities are large compared to 
the axial velocities inside the burner.

For both the higher and lower flowrate, The maximum tangential velocity inside the swirl 
burner is greater than the maximum tangential velocity downstream of the burner exit. The 
profiles show that the tangential velocity was constant in all levels of the profiles.

5.2.6.2 Effect of the Swirl Number

The swirl number has a great effect on the flowfield patterns inside the swirl burner 
especially on the characteristics of the CRZ, IRZ and RFZ. As the swirl number 
increases, the width of the CRZ increases. The profiles of the mean axial, tangential 
velocities obtained inside the burner for S=1.38, 1.84 and 2.76 at Q=37000 1/min are 

presented as follows:

S.2.6.2.1 The Axial Velocity

Figure 5.92 shows the profiles of the mean axial velocity for S=1.38, 1.84 and 2.76 at 
Q=37000 1/min. The similarity in the axial velocity profiles is again present here. In all 
the cases the axial velocity profiles change progressively from upstream the nozzle exit. 
The axial velocities are much lower than the tangential velocities. With the higher swirl 
number, the RFZ is longer extended upstream inside the burner. The size of the CRZ is 

increased at high swirl. Hence, it can be assumed that the magnitude of the CRZ is
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independent of the flowrate but is dependent on the swirl number. The boundary of the 

CRZ can be indicated by the turbulence intensity profiles as shown in Figure C.9. The 

turbulence intensities on the corner of the burner are much higher than the turbulence 
intensities at the centreline. However, the (nns) velocities at the centreline are higher than 
the (rms) velocities on the boundary of the CRZ as shown in Figure C. 10.

5.2.6.2.2 The Tangential Velocity

The profile of tangential velocity is shown in Figure 5.93 for S=1.38, 1.84 and 2.76 at 
Q=37000 1/min. The maximum velocities increase as the swirl numbers increases. For 

the higher and lower swirl numbers the maximum tangential velocities are about 30 and 

26m/s and are located at R/r=0.9 and 0.8 respectively. For the higher swirl number the 
zero velocity persists around the centreline.

5.2.6.3 Effect of Injection Mode

The axial injection mode has great effects on the flowfield patterns and CRZ inside the 
burner. The profiles of the mean axial and tangential velocities obtained inside the 
burner for Qx=0.0 and 1050 1/min at Q=37000 1/min and S=2.76 (50% insert) are 

presented as follows:

Figure 5.94 shows the profiles of the mean axial velocity obtained downstream of the 
burner exit at Qx=0.0 and 1050 1/min for Q=37000 1/min and S=2.76 (50% insert). The 
axial flow inlet has more effect on the magnitude of the velocity profiles inside the burner 
than downstream of the burner exit. The introduction of axial flow has pushed the 
magnitude of the velocity downstream. The addition of the axial flow results in 

increasing the maximum axial velocity at the axis of the burner. It can be seen that the 

CRZ becomes wider with axial flow. It can be determined that the CRZ is effected by 

the axial injection mode.

Figure 5.95 shows the profiles of the mean tangential velocity at Qx=0.0 and 1050 1/min 

for Q=37000 1/min and S=2.76 (50% insert). The profiles are different from those for
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the use without axial flow, and the addition of the axial flow results in decreasing of the 

maximum tangential velocity of 6%. This is probably due to a decrease of the angular 

momentum caused by the axial injection mode.

5.2.6.4 Effect of Tangential Inlet Length

The tangential inlet length has an effect on the flow patterns obtained inside the burner 

and the magnitude of the axial velocities were changed as shown in Figure 5.96- 5.97. 

The main effect is in the central region of the flow.

5.3 The 100 kW Swirl Burner

Initially, the experimental work has been carried out to characterize the 100 kW swirl 

burner. This burner has been investigated downstream of the burner exit at different 

flowrates and swirl numbers. The direction of rotation of the swirling flow was 

clockwise similar to the 500 kW burner. The sign convention used for the axial and 

tangential velocity components is as mentioned in section 5.2.3. The profiles for the 

mean axial and tangential velocity were obtained by the radial traverses. The 

measurements were carried out inside and downstream of the burner exit without the 

furnace. The cases for the 500 kW swirl burner presented in the above sections were 

repeated for the 100 kW burner. Thus, to avoid repetition only selected results are 

presented. This section presents the effects of the swirl numbers and the flowrates on the 

flowfield downstream of the burner exit. The results are presented as a series of figures, 

which illustrate the flow patterns downstream of the burner exit under the following 

conditions:

2- S=1.38, 1.84 and 2.76 at Q-1000 1/min

1- Q=1000 1/min and 2000 1/min at S=2.76

The average velocity profiles are presented for planes (x=0.0, 20, 40, 60, 80, 120, 160, 
200, 240 mm respectively). The results demonstrate the effects of the swirl number (S), 

and the flowrate (Q) on the flowfield pattern and the RFZ.
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As mentioned before, the swirl number has a great effect on the flowfield patterns, 
increases the spread of the jet. Figure 5.98 shows the profiles of the mean axial velocity 
obtained downstream of the burner exit for 8=1.38,1.84 and 2.76 at Q=1000 1/min. The 
maximum axial velocity is larger with the higher swirl number. Also, the minimum 
axial velocity is lower with the higher swirl number.

For the higher swirl number the shape of the RFZ is much wider and longer compared to 
the lower swirl number as shown in Figure 5.99. For the higher swirl number, the width 
of the RFZ is 40 mm and extends up to x=220 mm. Alternatively, for the lower swirl 
number the correspondent width and length are 30 and 160 respectively. Figure C.ll 
and Figure C.I2 show the profiles and contours of the mean axial velocity obtained 
downstream of the burner exit for S=1.84 and 2.76 at Q=2000 1/min.

The maximum tangential velocities occur further downstream as the swirl numbers 
increases as shown in Figure 5.100. The maximum tangential velocity is larger with the 
higher swirl number and the spread of the jet is wider. In addition, the behaviour of the 
jet with higher flow can be demonstrated by the profiles as shown in Figure C.I3.

On the other hand, the flowrate has little effect on the flowfield patterns as shown in 
Figure 5.101 which shows the profiles of the mean axial velocities obtained downstream 
of the burner exit at Q=1000 and 2000 1/min for 8=2.76. The RFZ for these situations 
are shown in Figure 5.102. The RFZ is extended downstream with increasing flowrate at 
constant swirl number. For the higher flowrate, the shape of the RFZ is wider and 

longer.

The profiles of tangential velocity are shown in Figure 5.103 for Q=1000 and 2000 
1/min at S=2.76. Again, the profiles for these cases show similar trends. For the higher 
flowrate, the maximum tangential velocity is twice higher than for the lower flow. These 
values are both located at a radius of R/r=0.9. For both flowrates, the jet spreads out 

radially and is reduced by entrainment until the flow is almost uniform and the tangential
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velocity is dissipated further downstream. At low swirl number, the axial and tangential 

velocity profiles are similar as shown in Figure C.14 and Figure C.15 respectively.
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Figure 5.1: The relation between the flow rate and the pressure drop at 

different swirl numbers for a) 100 kW burner b) 500 kW burner
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Figure 5.6 The phase averaged mean rotating axial velocity contours 
of the 500 kW burner at different downstream positions(x/d= 0.0, 0.2 
0.5, 0.7, 1.0 and 1.6), Q=13000 1/min and S=1.38
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Figure 5.7 The phase averaged mean rotating axial velocity contours 
of the 500 kW ibumer at different downstream positions(x/d= 0.0, 0.2 
0.5, 0.7, 1.0 and 1.6), Q=37000 1/min and S=1.38



Figure 5.8 The phase averaged mean rotating axial velocity contours 
of the 500 kW burner at x/d^O.O downstream of the burner exit, S=l .38 
for:

a) Q-3 7000 1/min b) Q= 13000 1/min



Figure 5.9 The phase averaged mean rotating axial velocity contours 
of the 500 kW burner at x/d=0.2 downstream of the burner exit, S=1.38 
for:

a) Q=37000 l/min b) Q-13000 1/min



Figure 5.10 The phase averaged mean rotating axial velocity contours 
of the 500 kW burner at x/d=0.5 downstream of the burner exit, S=1.38 
for:

a) Q=37000 1/min b) Q=13000 1/min
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Figure 5.11 The phase averaged mean rotating axial velocity contours 
of the 500 kW burner at x/d=0.7 downstream of the burner exit, S=1.38 
for:

a) Q=37000 1/min b) Q= 13000 1/min
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Figure 5,12 The phase averaged mean rotating axial velocity contours 
of the 500 kW burner at x/d=1.0 downstream of the burner exit, S=l .38 
for:

a) Q=3 7000 1/min b) Q= 13 000 1/min
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Figure 5.13 Schematic of the PVC structure
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Figure 5.15 The phase averaged mean rotating tangential velocity 
contours of the 500 kW burner at different downstream positions 
(x/d=00 02,0.5,0.7, l.Oand 1.6), Q-13000 1/min and S-1.38
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Figure 5.16 The phase averaged mean rotating tangential velocity contours 
of the 500 kW burner at different downstream positions(x/d= 0.0, 0.2 
0.5, 0.7, 1.0 and 1.6), Q=37000 1/min and S=1.38



Figure 5.17 The phase averaged mean rotating tangential velocity contours 
of the 500 kW burner at x/d=0.0 downstream of the burner exit, 8=1.38 
for:

a) Q=37000 1/min b) Q= 13000 1/min
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Figure 5.18 The phase averaged mean rotating tangential velocity contours 
of the 500 kW burner at x/d=0.2 downstream of the burner exit, S=l .38 
for:

a) Q=37000 1/min b) Q= 13000 1/min



Figure 5.19 The phase averaged mean rotating tangential velocity contours 
of the 500 kW burner at x/d=0.5 downstream of the burner exit, S=l .38
for:

a) Q=37000 1/min b) Q=13000 I/mm
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Figure 5.20 The phase averaged mean rotating tangential velocity contours 
of the 500 kW burner at x/d=0.7 downstream of the burner exit, S=l .38
for:

a) Q=37000 1/min b) Q=13000 I/mm



Figure 5.21 The phase averaged mean rotating tangential velocity contours 
of the 500 kW burner at x/d=1.0 downstream of the burner exit, S=l .38
for:

a) Q-37000 1/min b) Q=13000 I/mm
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Figure 5.25 The phase averaged mean rotating axial velocity contours 
of the 500 kW burner at different downstream positions(x/d- 0.0, 0.2 
0.5, 0.7, 1.0 and 1.6), Q=37000 1/min and S=1.38
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Figure 5.26 The phase averaged mean rotating axial velocity contours 
of the 500 kW burner at different downstream positions(x/d= 0.0, 0.2 
0.5, 0.7, 1.0 and 1.6), Q=37000 1/min and S=2.76



mfo

Figure 5.27 The phase averaged mean rotating axial velocity contours 
of the 500 kW burner at x/d=0.0 downstream of the burner exit, 
Q=37000 1/min for:

a) S=1.38 b)S=2.76
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Figure 5.28 The phase averaged mean rotating axial velocity contours 
of the 500 kW burner at x/d=0.2 downstream of the burner exit,
Q=37000 1/min for:

a) S=1.38 b)S=2.76



Figure 5.29 The phase averaged mean rotating axial velocity contours 
of the 500 kW burner at x/d=0.5 downstream of the burner exit,
0=37000 1/min for:

a) S=1.38 b)S=2.76



Figure 5.30 The phase averaged mean rotating axial velocity contours 
of the 500 kW burner at x/d=0.7 downstream of the burner exit,
Q=37000 1/min for:

a) S=1.38 b)S=2.76
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Figure 5.31 The phase averaged mean rotating axial velocity contours 
of the 500 kW burner at x/d=l .0 downstream of the burner exit,
Q=37000 1/min for:

a) S=1.38 b)S=2.76
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Figure 5.33 The phase averaged mean rotating tangential velocity contours 
of the 500 kW burner at different downstream positions(x/d=0.0, 0.2 
0.5, 0.7, 1.0 and 1.6), Q=37000 1/min and S=1.38
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Figure 5.34 The phase averaged mean rotating tangential velocity contours 
of the 500 kW burner at different downstream positions(x/d=0.0, 0.2 
0.5, 0.7, 1.0 and 1.6), Q=37000 1/min and S=2.76
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Figure 5.35 The phase averaged mean rotating tangential velocity contours 
of the 500 kW burner at x/d=0.0 downstream of the bwner exit,
Q=37000 1/min for:

a) S=1.38 b)S=2.76
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Figure 5.36 The phase averaged mean rotating tangential velocity contours 
of the 500 kW burner at x7d=0.2 downstream of the burner exit, 
0=37000 1/min for:

a) S=1.38 b)S=2.76
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Figure 537 The phase averaged mean rotating tangential velocity contours 
of the 500 kW burner at x/d=0.5 downstream of the burner exit,
Q=37000 1/min for:

a) S=1.38 b)S=2.76



Figure 5.38 The phase averaged mean rotating tangential velocity contours 
of the 500 kW burner at x/d=0.7 downstream of the burner exit, 
Q=37000 1/min for:

a) S=1.38 b)S=2.76
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Figure 5.39 The phase averaged radial/tangential velocity vectors at x/d=0.0 
downstream of the burner exit for Q=37000 1/min and S=2.76
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Figure 5.40 The phase averaged radial/tangential velocity vectors at x/d=0.1 
downstream of the burner exit for Q=37000 1/min and S=2.76
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Figure 5.41 The phase averaged radial/tangential velocity vectors at x/d=0.2 
downstream of the burner exit for Q=37000 1/min and S=2.76
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Figure 5.42 The phase averaged radial/tangential velocity vectors at x/d=0.3 
downstream of the burner exit for Q=37000 1/min and S=2.76
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Figure 5.43 The phase averaged radial/tangential velocity vectors at x/d=0.5 
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Figure 5.44 The phase averaged radial/tangential velocity vectors at x/d=0.7 
downstream of the burner exit for Q=37000 1/min and S=2.76
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Figure 5.53 The axial velocity contours show the RFZ of the 500 kW 
burner at Q=37000 l/min and S=2.76 downstream of the burner exit for:

a) Qx-0.0 b)Qx= 1050 1/min
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Figure 5.54 The phase averaged mean rotating axial velocity contours 
of the 500 kW burner at different downstream positions(x/d= 0.0, 0.2 
0.5, 0.7, 1.0 and 1.6), Q=37000 1/min, Qx=0.0 1/min and S=2.76
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Figure 5.55 The phase averaged mean rotating axial velocity contours 
of the 500 kW burner at different downstream positions(x/d= 0.0, 0.2 
0.5, 0.7, 1.0 and 1.6), Q=37000 1/min, Qx=1050 1/min and S=2.76



Figure 5.56 The phase averaged mean rotating axial velocity contours 
of the 500 kW burner at x/d=0.0 downstream of the burner exit, 
Q=37000 1/min and S=2.76 (50% insert) for:

a) Qx=0.0 1/min b) Qx=1050 1/min
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Figure 5.57 The phase averaged mean rotating axial velocity contours 
of the 500 kW burner at x/d=0.2 downstream of the burner exit, 
Q=37000 1/min and S=2.76 (50% insert) for:

a) Qx=0.0 1/min b) Qx=1050 1/min
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Figure 5.58 The phase averaged mean rotating axial velocity contours 
of the 500 kW burner at x/d=0.5 downstream of the burner exit, 
Q=37000 1/min and S=2.76 (50% insert) for:

a) Qx=0.0 1/min b) Qx=1050 1/min



Figure 5.59 The phase averaged mean rotating axial velocity contours 
of the 500 kW burner at x/d=0.7' downstream of the burner exit, 
Q=37000 1/min and S=2.76 (50% insert) for:

a) Qx=0.0 1/min b) Qx=1050 I/mm



Figure 5.60 The phase averaged mean rotating axial velocity contours 
of the 500 kW burner at x/d=1.0 downstream of the burner exit, 
Q=37000 1/min and S=2.76 (50% insert) for:

a) Qx=0.0 1/min b) Qx=1050 I/mm
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Figure 5.61 The tangential velocity profiles of the 500 kW burner at 
different downstream positions, 0=37000 l/min and S= 2.76 for: 

a) Qx=0.0 l/min b) Qx=1050 l/min



1.0

0.7

0.5

0.2

0.0

Figure 5.62 The phase averaged mean rotating tangential velocity contours 
of the 500 kW burner at different downstream positions(x/d= 0.0, 0.2 
0.5, 0.7, 1.0 and 1.6), Q=37000 1/min, Qx=0.0 1/min and S=2.76
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Figure 5.63 The phase averaged mean rotating tangential velocity contours 
of the 500 kW burner at different downstream positions (x/d=0.0, 0.2 
0.5, 0.7 and 1.0), Q=37000 1/min, Qx=1050 1/min and S=2.76
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Figure 5.64 The phase averaged mean rotating tangential velocity contours 
of the 500 kW burner at x/d=0.0 downstream of the burner exit, 
Q=37000 1/min and S=2.76 (50% insert) for:

a) Qx=0.0 1/min b) Qx=1050 I/mm
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Figure 5.65 The phase averaged mean rotating tangential velocity contours 
of the 500 kW burner at x/d=0.2 downstream of the burner exit, 
Q=37000 1/min and S=2.76 (50% insert) for:

a) Qx=0.0 1/min b) Qx=1050 I/mm
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Figure 5.66 The phase averaged mean rotating tangential velocity contours 
of the 500 kW burner at x/d=0.5 downstream of the burner exit, 
Q=37000 1/min and S=2.76 (50% insert) for:

a) Qx=0.0 1/min b) Qx=1050 1/min
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Figure 5.67 The radial velocity profiles of the 500 kW burner at 
different downstream positions, 0=37000 l/min and S= 2.76 for:

a) Qx=0.0 l/min b) Qx=1050 l/min
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Figure 5.68 The phase averaged mean rotating radial velocity contours 
of the 500 kW burner at different downstream positions (x/d= 0.0, 0.2 
0.5, 0.7, 1.0 and 1.6), Q=37000 1/min, Qx=0.0 1/min and S=2.76
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Figure 5.69 The phase averaged mean rotating radial velocity contours 
of the 500 kW burner at different downstream positions (x/d= 0.0, 0.2 
0.5 07 1.0andl.6),Q=370001/min,Qx=10501/minandS=2.76



Figure 5.70 The phase averaged mean rotating radial velocity contours 
of the 500 kW burner at x/d=0.0 downstream of the burner exit, 
Q=37000 1/min and S=2.76 (50% insert) for:

a) Qx=0.0 1/min b) Qx-1050 I/mm



Figure 5.71 The phase averaged mean rotating radial velocity contours 
of the 500 kW burner at x/d=0.2 downstream of the burner exit, 
Q=37000 1/min and S=2.76 (50% insert) for:

a) Qx=0.0 1/min b) Qx=1050 I/mm



Figure 5.72 The phase averaged mean rotating radial velocity contours 
of the 500 kW burner at x/d=0.5 downstream of the burner exit, 
Q=37000 1/min and S=2.76 (50% insert) for:

a) Qx=0.0 1/min b) Qx=1050 1/min



Figure 5.73 The phase averaged mean rotating radial velocity contours 
of the 500 kW burner at x/d=0.7 downstream of the burner exit, 
Q=37000 1/min and S=2.76 (50% insert) for:

a) Qx=0.0 1/min b) Qx=1050 I/mm
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Figure 5.74 The axial velocity profiles of the 500 kW burner at" 
different downstream positions (Exit No. 1), 0=21000 l/min and 
S=1.38 for:

a) Short tangential inlet b) Long tangential inlet
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Figure 5.76 The tangential velocity profiles of the 500 kW 
burner at different downstream positions (Exit No. 1), 0=21000 
l/min and S=1.38 for:

a) Short tangential inlet b) Long tangential inlet
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Figure 5.77 The radial velocity profiles of the 500 kW burner at 
different downstream positions (Exit No. 1), 0=21000 l/min and 
S=1.38 for:

a) Short tangential inlet b) Long tangential inlet
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Figure 5.78 The axial velocity profiles of the 500 kW burner at 
different downstream positions, 0=13000 l/min and S=1.38 for:

a) Exit No. 1 b) Exit No.2
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a) Exit No. 1 b)ExitNo.2
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Figure5.82 The axial velocity profiles of the 500 kW burner at 
different downstream positions inside a furnace, Q=37000 l/min for:

a) S=1.38 b)S=2.76



a

Figure 5.83 The phase averaged mean rotating axial velocity contours 
of the 500 kW burner at x/d=0.5 downstream of the burner exit inside 
a furance, Q=37000 1/min for:

a)S=1.38 b)S=2.76



Figure 5.84 The phase averaged mean rotating axial velocity contours 
of the 500 kW burner at x/d=0.7 downstream of the burner exit inside 
a furance, Q=37000 1/rnin for:

a) S=1.38 b)S=2.76



a

Figure 5.85 The phase averaged mean rotating axial velocity contours 
of the 500 kW burner at x/d=1.0 downstream of the burner exit inside 
a furance, Q=37000 1/min for:

a) S=1.38 b)S=2.76
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Figure 5.86 The tangential velocity profiles of the 500 kW burner at 
different downstream positions inside a furnace, Q=37000 l/min for:

a) S=1.38 b)S=2.76
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Figure 5.87 The phase averaged mean rotating tangential velocity contours 
of the 500 kW burner at x/d=0.5 downstream of the burner exit inside 
a furance, Q=37000 l/min for:

a)S=1.38 b)S=2.76
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Figure 5.88 The phase averaged mean rotating tangential velocity contours 
of the 500 kW burner at x/d=0.7 downstream of the burner exit inside 
a furance, Q=37000 1/min for:

a) S=1.38 b)S=2.76



Figure 5.89 The phase averaged mean rotating tangential velocity contours 
of the 500 kW burner at x/d=1.0 downstream of the burner exit inside 
a furance, Q=37000 1/min for:

a) S=1.38 b)S=2.76
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Figure 5.90 The axial velocity profiles inside the 500 kW burner at 
different positions, S=1.38 for:

a) 0=13000 l/min b) 0=26000 l/min c) 0=37000 l/min
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Figure 5.91 The tangential velocity profiles inside the 500 kW burner at 
different positions, S=1.38 for:

a) Q=13000 l/min b) 0=26000 l/min c) 0=37000 l/min
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6. The Numerical Predictions

6.1 Introduction

Numerical predictions of both the 2-D and 3-D swirling flows in the swirl burner were 

carried out by solving the set of equations describing the conservation of mass and 

momentum. In this study, FLUENT version 3 and 4.2 were used. The k-s model, RNG 

model, Algebraic Stress Model (ASM) and Reynolds Stress Model (RSM) were used as 

turbulence models. The prediction of the swirling flow is based on the time-averaged 

Navier-Stokes equations. This chapter is concerned with detail computational 

characterizations of the swirl burners. Several partial differential equations such as 

continuity, axial, tangential and radial-momentum, turbulent kinetic energy and 

dissipation rate were solved to predict the flows in the burners.

6.2 Control Volume

The locations of the grid nodes in a 2-D rectangular computational mesh are shown in 

Figure 6.1. The node is represented by the intersection of the lines. The grid lines define 

control volume boundaries and intersecting the grid lines form grid nodes which are the 

corners of the control volume. Cell nodes are located at the centre of the control volume. 

Figure 6.2 shows the control volume in one face. The points, P, E, W, N, S represent the 

locations of the Centre, East, West, North and South respectively. Figure 6.3 show 

details of the control volume where variables are stored. All variables (Pressure, 

Density, Temperature, etc.) except the u and v velocity components are stored at the cell 

node (point P). The u and v velocity components are stored at the control volume faces 

(midway between point P and W for u and between point P and S for v). The control 

volume can be defined in either Cartesian or cylindrical polar co-ordinates. In addition, 

the control volume can be defined in curvilinear co-ordinates with the Body-Fitted Co 

ordinates (BFC) (95).
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6.3 The Grid System

The coarse grids provide results which may not accurately represent flowfield pattern. 

For quantitative accuracy finer refined grids should be used. In the finer grids, it is 

essential that the grid spacing varies gradually and the grid aspect ratio should be within 

specified limits. If the solution changes when the grid spacing is reduced (refined), then 

the coarse grid solution is grid-dependent. In this investigation the geometry of the 

burner was covered with a uniform grid system in the initial predictions. This was 

refined in later predictions and the geometry of the burner was covered with a non- 

uniform mesh with finer spacing in the regions of the recirculation zone where high 

velocity gradients are encountered.

6.4 Geometry and Grid Specification

Fluent/BFC with body fitted co-ordinates Pre (BFC) is a tool for defining the geometry 

and the grid of the model. The grid information can be transferred from the pre BFC to 

Fluent via a grid file. Physical models, fluid properties and boundary conditions are 

defined by Fluent whilst the grids and the swirl burner geometry can be defined by the 

pre BFC. Initially, the geometry of the burner with cylindrical co-ordinates was defined 

by the 'select cells' commands. For the final investigation, the burner geometry was 

defined by using the Pre BFC in the PC computers.

6.4.1 Fluent Cells

The geometry of the swirl burner was defined by blocking out numbers of 

computational cells in the x, y, z directions within the domain of the problem. The 

computational grid lines determine the location and dimensions of the geometry 

features. In the Fluent simulation, the spacing of the grid lines was included in the 

geometry. The accuracy of the prediction depends on the choice of the computational 

grids. The domain of the swirl burner consists of several nodes due to the intersection of 

the grid lines. Each node contains all the variables and the scalar value whilst the vector
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quantities are located on a staggered grid. The geometry of the problem was defined by 
specifying the length, diameter and angle and the boundary conditions such as the wall, 
inlet and outlet cells. The physical constants of the fluid such as the density and the 
viscosity were then entered. The inlet boundary conditions of the problem such as the 
velocity and the pressure are selected.

6.4.2 Body Fitted Co-ordinates (BFC)

A 2-D model geometry and grid was created by using the Pre BFC. The geometry of the 
burner consisted of the tangential inlet, the burner body and the exit region. It was 
defined by numbers of points, arcs and curves. Then the outer and interior regions were 
mapped. After that, the grids in the interior of the domain were generated and smoothed. 
Finally the 2-D model grids were checked to ensure no errors were deducted. Then, the 
3-D model was generated to simulate the real burner model (with square inlets instead 
of circular inlets for ease of representation).

6.5 The Boundary Condition

Several types of boundary conditions can be described by Fluent such as inlet, wall, 
symmetry, cyclic and outlet boundaries. The inlet and the wall boundaries can be varied 
by selecting different zone numbers. The symmetry cells are used when the geometry is 
axisymmetric and the cyclic cells are used when the model has repeating sections. The 
input velocity is specified at the inlets whilst the pressure can be specified at the inlets 
or outlets. Inlet and outlet boundary conditions can be defined in three ways. Provided 
that (AP=Pi-P2), there is no need to input velocities and turbulence intensity. To specify 
the pressure at the outlet, the inlet cells were used instead of the outlet cells to enable 
pressure boundary conditions to be used. The inlet velocity boundary conditions were 

obtained from measurements.
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The axial, tangential and radial inlet velocities for a 2-D model were calculated as 

follows:

Q Q Qw = —— ; v= ; u= —
2A, 2*r0l' A e

Where:

Q - the tangential flowrate of air (m3/s);

At -the tangential area of the swirl burner (m2);

Ae -the area of the swirl burner exit (m2);

r0 -the burner radius (m);

1 -the arc length of the inlet (m).

6.6 Turbulence Models

Swirl has pronounced effects on the turbulence structure. The use of different turbulence 

models for the swirl burner characterization allows discrimination between models and 

throws light on the appropriateness of a given turbulence model for the swirling flows. 

Four turbulence models were used in these predictions: the k-s, RNG, ASM and RSM. 

The use of the CFD packages makes the application of those turbulence models much 

easier. Due to the strongly swirling flow in the burner, the k-e model is probably 

inadequate to model such a flow. The ASM and RSM can predict the swirling flows, but 

the RSM requires more computational effort to solve the six Reynolds stress transport 

equations.

6.7 Acceleration of the Solution

In order to speed up the solution of a given problem, it is important to monitor the 

residuals, under-relaxation factor and sweeping and marching effects.
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6.7.7 Residuals

The calculations and number of iterations necessary to converge, the solution should be 

minimized. The solution was assumed to be converged when the normalized residuals 

were less than 10" . The normalized residuals provide a measure of the degree to which

each equation is satisfied throughout the flowfield. The normalized residuals, R, are 

calculated as:

~ AP<l>p}\
(6.2)

This value is calculated and displayed during the solution procedures. 

6. 7. 2 Under-relaxation Factor

The under-relaxation factors were used to control the change in the variables produced 

during the iterations. This factor was necessary to stabilize the iterative process. It was 

used to speed or to slow down the change in iterations. The form of the under-relaxation 

equation is as follows:

where:

(6 - 4)

ft is the under-relaxation factor and it should be less than unity. The optimum value of 

the under-relaxation is a flow dependent and related to the nature of the problem and the 

grid spacing. An improper choice of this factor increases the scope for divergence in the 

solution. The suitable under-relaxation factors for the swirling flow predictions were
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between 0.08-0.5 for all variables. A good choice of the under-relaxation factors 

improves the convergence of the solution and minimizes the solution instability.

6.7.3 Sweeping and Marching

The accuracy of the prediction is controlled by the number of sweeps. As the number 

sweeps increases the number of marching equations also increase. The sweeping and 

marching directions are shown in Figure 6.4. When there is no change in the residuals 

over a large number of iterations, there are two approaches which can be used: increase 

the number of sweeps or alter the sweep direction. The number of sweeps is set to 

several numbers (for example 10 for P and 5 for u, v, w, E and k). The choice of the 

alternating direction solver can speed the convergence.

6.8 Predictions

Several trials of the CFD model for both the 100 and 500 kW swirl burner were 

performed. Several cases were studied in 2-D and 3-D models with different inlet 

conditions. The development of the swirl burner model is shown in a flow chart (see 

Figure 6.5). Before setting up the prediction model, several assumption were 

considered:
- Isothermal or combustion turbulent swirling flow

- Incompressible flow with a density of 1.2 kg/m

- Viscous fluid with a viscosity of 0.00004 Ns/m2

- Steady state or time-dependent flow

- 2-D or 3-D model with cylindrical polar co-ordinates

Several characterizations have been carried out on these burners. The predictions were 

carried out in stages to investigate the flowfield structure of the burners. The predictions 

carried out during the investigation of the 100 kW and 500 kW swirl burner are stated 

below.

- 2-D and 3-D model.

- 2-D time-dependent model ___________ 
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- 2-D model with uniform grids

- 2-D model with non-uniform grids

- 2-D model with non-uniform grids and axial injection mode

- 2-D model with non-uniform grids and reacting flows

- 3-D model with uniform grids

- 3-D model with non-uniform grids and axial injection mode

- 3-D model with non-uniform grids and tangential inlets and axial injection mode

- 3-D time-dependent model with scroll inlets

6.8.1 Initial Predictions

The initial predictions were carried out to obtain preliminary results for the 100 kW 

swirl burner. Simple initial geometries were specified using a selection of rectangular 

cells available in Fluent version 3. At the beginning of the modelling outlet cells were 

used especially when the domain extended past the burner exit. All the flow reversed 

back to the exit. To correct this situation, a fixed pressure boundary condition was 

applied. The fixed pressure boundary conditions at the outlet zone perimeter 

demonstrated a more realistic flowfield than the 'outlet' cells which were used, for the 

preliminary investigations since the reverse flow characteristics of the real flow were not 

predicted in the latter case. The predictions were carried out isothermally for a 2-D and 

3-D model of the swirl burner. The swirl burner characteristics were discussed in 

previous chapters. The inlet velocities were obtained from the experimental 

measurements. The predictions were carried out with both the k-e model and ASM for 

the following conditions:
1- Q=1000 and 3000 1/min at S=1.38 for the 2-D model

2- Q=1000 and 3501/min at S=1.38 for the 3-D model

6.8.1.1 2-D Model

The first model considered in this study consisted of a 2-D axisymmetric model. The 

computations in this model were performed on the Dec-station computer using 

FLUENT version 3. The computations were performed on a uniform [60x21] grid 
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covering one half-plane and passing through the burner axis of the axisymmetric 

domain. Figure 6.6 shows the grid of the 2-D model. The inlet boundary conditions were 

as follows:

- The inlet tangential velocity (w) was 2.5m/s (Q=1000 1/min) and 7.5m/s 

(Q=3000 1/min)

- The inlet radial velocity (v) was -0.53m/s (Q=1000 1/min) and -1.6m/s 

(Q=3000 1/min)

The power-law scheme for the discretization of convection and diffusion terms, the 

SIMPLE strategy for pressure/velocity decoupling and a under-relaxation technique 

were utilized in the computations. The optimal under-relaxation factor for the pressure 

was 0.16 and for the three velocity components was 0.08. For Q=1000 1/min, the 

solution converged when the normalized residuals were around 10"5 . However, for 

Q=3000 1/min the solution did not converge so well. The minimum residuals were 10"3 

in this case.

6.8.1.2 3-D Model of 180° Angular Sector

When 3-D models are approximated as 2-D, care must be taken to preserve appropriate 

parameters. The computations were carried out on a uniform [60x21x18] grid covering 

one half-cylinder (i.e. a 180° arc). Figure 6.7 shows the grids. The inlet boundary 

conditions were as follows:
- The inlet tangential velocity (w) was 7.5m/s (Q=1000 1/min) and 2.5m/s 

(Q=3501/min)
- The inlet radial velocity (v) was -1.6m/s (Q=1000 1/min) and -0.53m/s 

(Q=350 1/min)

Again, the optimal under-relaxation factors for the pressure was found to be 0.16 and for 

the three velocity components 0.08. For Q=350 and Q=1000 1/min, the normalized 

residuals were approximately 10"3 to 10" .
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6.8.2 2-D Time-Dependent Model

Previous models have dealt with steady flows. Unsteady flows are of interest to predict 

instabilities such as the presence of 3-D time-dependent flow structures (e.g. PVC). 

Preliminary investigations were carried out to predict time dependent flows in a 2-D 

model. The equation for conservation of mass, and momentum were solved in the time- 

dependent form. The time-dependent model was considered in the 2-D axisymmetric 

model to investigate the formation of the RFZ, RZ and CRZ. The previous 2-D model 

was switched to the time-dependent prediction with time-step of 0.05 second. The 

computation was carried out employing an ASM turbulence model until a steady state 

condition was established. The inlet boundary conditions were similar to those in 

section 6.8.1.1.

However, the PVC structure is a 3-D time-dependent flow so, these equations should be 

solved to simulate the vortex core with the 3-D model. The 2-D model is a precursor to 

full 3-D modeling.

6.8.3 2-D Model with Uniform Grid

This 2-D model was built up on a PC computer with FLUENT version 4.22. This 

prediction concentrated on isothermal conditions and was compared with experimental 

work. In the 2-D model the flow in the swirl burner was assumed to be the same in all 

circumferential planes. Again, only half of the geometry was studied. The computations 

were performed on uniform [89x34] grids. The geometry and the grids are shown in 

Figure 6.8. The prediction was performed for the following conditions:

- The inlet tangential velocity (w) was 2.5m/s (Q=70001/min), 7.5m/s 

(Q=210001/min) and 13 m/s (Q=37000 1/min)
- The inlet radial velocity (v) was -0.53m/s (Q=7000 1/min), -1.6m/s

(Q=21000 1/min) and -2.8 m/s (Q=37000 1/min)

Three turbulence models namely: the k-e, RNG and RSM versions were used to predict 

the swirling flows in the burners using uniform grids. The predictions demonstrated the 

effects of the turbulence models on the flowfield patterns, the RFZ, CRZ and RZ.
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6.8.4 2-D Model with a Non-uniform Grid

This 2-D model was built up with axial inlet, non-uniform grids, and longer distances 

downstream of the burner exit. Initial predictions concentrated on isothermal conditions 

and were compared with the 2-D model with a uniform grid. The computations were 

carried out on non-uniform [89x34] grids. The geometry and the grids are shown in 

Figure 6.9. Similar inlet boundary conditions were used to that of the case in section 

6.8.4 as follows:

- The inlet tangential velocity (w) was 2.5m/s (Q=7000 1/min)

- The inlet radial velocity (v) was -0.53m/s (Q=7000 1/min)

The k-e, RNG and RSM model were used to predict the swirling flows. The prediction 

demonstrated the effects of the turbulence models on the fiowfield pattern of the non- 

uniform model.

6.8.4.1 2-D Isothermal Model with Axial Flow

The effect of adding axial flow to the fiowfield has been studied to show its effects on 

the fiowfield pattern. To simulate the axial injection of the natural gas, 10% of the 

tangential flow was injected through the axial inlet. The predictions were performed at 

the following inlet boundary conditions:

- The inlet tangential velocity (w) was 2.5m/s (Q-7000 1/min)

- The inlet radial velocity (v) was -0.53m/s (Q=7000 1/min)

- The inlet axial velocity (u) was 16m/s (Q-700 1/min)

The RNG and RSM models were used to predict the isothermal swirling flow of the 

burners. The isothermal prediction demonstrated the effects of the axial injection mode 

on the fiowfield pattern.
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6.8.4.2 2-D Combustion Model

Several previous models have dealt with isothermal flows. However, combusting flows 

and chemical reactions are of interest to predict the combustion processes involved in 

the swirl burners. The natural gas was injected through the axial inlet in these 

simulations. In addition to, the conditions described in the above section, combustion 

predictions were carried out with one-step and two-step reaction models. The 

combustion predictions were performed at the following inlet boundary conditions:

- The inlet tangential velocity (w) was 2.5m/s (Q=7000 1/min)

- The inlet radial velocity (v) was -0.53m/s (Q=7000 1/min)

- The inlet axial velocity (u) was 16m/s (Q=700 1/min)

The RNG and RSM models were used to predict the combustion swirling flow of the 

burners. The combustion predictions demonstrated the effects of the combustion 

reactions on the flowfield pattern.

6.8.5 3-D Model of a 360 ° Angular Sector with Inlets.

This 3-D model was more complicated and used body-fitted co-ordinates to define the 

actual geometry of the swirl burner. One problem that remained was that the round 

inlets could not be modelled using BFC, so square inlets of equal area were specified 

instead. The computations were carried out on non-uniform [32x33x24] grids as shown 

in Figure 6.10. The predictions were performed at the following inlet boundary 

conditions:

- The inlet axial velocity (u) was 7.5m/s

The k-e, RNG and RSM models were all used to predict the flows of the burner with 

tangential inlets. The prediction demonstrated the development the swirling flow inside 

the burner.
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6.8.6 The 500 kW Swirl Burner -with Tangential Inlets

The flowfield structure in the swirl burners is not symmetrical and a three dimensional 

time-dependent flow structure is developed so a 360o model with a [32x33x24] grids 

was used as sown in Figure 6.11. This 3-D model was constructed to obtain quantitative 

data of the PVC structure in the flows. The prediction procedure used in the 500 kW 

swirl burner with two tangential inlets was similar to that described previously.

6.8.7 The 500 kW Swirl Burner with Scroll Met

Several models have dealt with a swirl burner with tangential inlets. The swirl burner 

with a scroll inlet is of interest however, preliminary predictions were carried out to 

predict the steady flows in a 3-D model. After that, 3-D time dependent flows were 

predicted to simulate the PVC structure. The RSM model was employed in this 

prediction because the results of the steady state conditions showed that the RSM model 

improved the prediction compared to the other turbulence models. The time-step used 

was 0.05 sec. Since the geometry of the scroll inlet swirl burner is not symmetrical, a 

360o model of [39x18x21] grids was used as shown in Figure 6.12.
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Figure 6.6: The finite difference grids (60x21) of the 2-D model

Figure 6.7: The finite difference grids (60x21x18) of the 3-D model



Figure 6.8: Uniform finite difference grids (89x34) of the 2-D model

Figure 6.9: Non-uniform finite difference grids (89x34) of the 2-D model



Figure 6.10: Non-uniform finite difference grids of the 3-D model
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7. Computational Modelling Results 

7.1 Introduction

A large amount of data was obtained from the prediction of the 500 and 100 kW swirl 
burner. The predictions are presented for different inlet boundary conditions as 
described in chapter 6. At the beginning of the prediction, 2-D and 3-D models of the 
100 kW swirl burner were modelled internally. The results did not exactly simulate the 
actual flow pattern, so that a full 3-D (38x21x18) model was constructed to include 
predictions downstream of the exit. It was necessary to use a pressure boundary 
condition at the outlet instead of the outlet boundary condition previously used.

The prediction results obtained for both the 500 kW and 100 kW swirl burner are as 
follows:

- The initial prediction results of the 2-D and 3-D model
- 2-D time-dependent model
- 2-D model with uniform grids
- 2-D model with non-uniform grids
- 2-D model with non-uniform grids and axial injection mode
- 2-D model with non-uniform grids and reacting flows
- 3-D model with uniform grids
- 3-D model with non-uniform grids and axial injection mode
- 3-D model with non-uniform grids and tangential inlets and axial injection mode
- 3-D time-dependent model
- 3-D time-dependent model with scroll inlets

From the above predictions the results are presented in the following ways:
- Comparison between the 2-D and 3-D model with the k-e and ASM model

- 2-D time-dependent model results
- Comparison between the k-e, RNG and RSM models for 2-D uniform grids
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- Comparison between the k-s, RNG and RSM models for 2-D non-uniform grids 
in the 500 kW swirl burner

- Comparison between the isothermal and combustion results for RSM model in 
the 500 kW swirl burner

- Comparison between the isothermal and combustion results for RNG model in 
the 100 kW swirl burner

- Comparison between the 100 and 500 kW swirl burner for the RSM model
- 3-D model with tangential inlets

- 3-D time-dependent model with scroll inlets

7.2 Results of the Initial Predictions

A 2-D model [60*21] and 3-D model [60*21*18] were constructed and solved for 
different turbulence models and a range of flowrates. The initial results were presented 
to show preliminary data for the 100 swirl burner. The predictions were presented for 
the following conditions:

- The 2-D model predicted by the k-e model and ASM at Q=1000 1/min

- The 2-D model predicted by the k-8 model and ASM at Q=3000 1/min
- The 3-D model predicted by the ASM at Q=1000 1/min
- The 3-D model predicted by the ASM at Q=350 1/min

The results demonstrated the effects of the flowrate (Q) and the turbulence models on 

the flowfield pattern, the RFZ, CRZ and RZ.

7.2.1 Comparison between the k-e and ASM Turbulence Model

The k-e model was primarily used in these cases because of its simplicity and the ease of 
obtaining of convergence. The ASM was also used for the purposes of exploring the 
effect of the ability of the turbulence models to predict the swirling flows. The results of 

the 2-D model are presented here for both the k-s model and the ASM for the axial 
velocity contours and stream function. Figure 7.1 shows the axial velocity contours 

predicted by both the k-s model and the ASM at Q=1000 1/min. The maximum velocity 
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magnitude with the k-e model is 6.8m/s whilst the maximum value with the ASM is 

8.7m/s. The minimum velocity with the k-e model is -0.5m/s whilst the minimum value 

with the ASM is -5.1m/s. The ASM predicted the reverse flow zone (RFZ) on the 

central axis of the burner whilst the k-e model did not predict any reverse flow. The 

main difference between the results obtained from the two turbulence models was the 

RFZ formation. Figure 7.2 shows the stream function contours predicted by both the k-e 

model and ASM at Q=1000 1/min. The ASM predicted the RZ located at the exit of the 

burner. The location of the maximum stream function is identical for both of the 

turbulence models.

Figure 7.3 shows the axial velocity contours predicted by the ASM at Q=1000 1/min and 

Q=3000 1/min. The maximum velocity for Q=1000 l/min is 8.7m/s whilst the maximum 

velocity at Q=3000 1/min is 22.4m/s. Similar flowfield structures and contours were 

obtained for the 2-D model at Q=1000 and 3000 1/min. For both flowrates, the flow 

reverses its direction back into the burner exit for some distance downstream forming a 

large RFZ. Figure 7.4 shows the stream function contours predicted by the ASM at 

Q=1000 and 3000 1/min. The RZ was formed for both of the flowrates. The width and 

length of the RZ and RFZ are larger for the higher flowrate.

7.2.2 Comparison between the 2-D and 3-D Model

For the case of the 2-D and 3-D models the ASM was employed to predict the flowfield 

features such as recirculation which can not be predicted by the k-e model. The results 

of the 2-D and 3-D models are presented as axial velocity contours and profiles. The 

axial velocity contours and profiles of the 2-D and 3-D models predicted by the ASM at 

Q=1000 1/min are shown in Figure 7.5 and Figure 7.6 respectively. The maximum and 

minimum velocity values for the two models are quite similar. Similar flowfield 

structures for the RFZ were found in both models but the width and length of the RFZ 

are larger with the 3-D model.

Similar flowfield structures, contours and profiles were obtained for the 3-D model at 

Q=1000 and 350 1/min as shown in Figure 7.7 and Figure 7.8.
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7.3 Time-dependent Model

The results of the 2-D time-dependent model are presented for the axial velocity 

contours at Q=1000 1/min. The ASM model was employed in this prediction because the 

result of the steady state simulation showed that this model improved the prediction 

compared to the k-e model. The time-step used was 0.05 sec. Figure 7.9 shows the 

formation of the RFZ, RZ and CRZ. At 0.05 sec, there is no indication of the reverse or 

recirculating flow and the maximum velocity is on the axis of the burner. The forward 

flow dominates at the exit. At 0.1 sec the reverse flow starts to appear downstream. At 

0.15 sec, the reverse flow dominates on the burner axis. From 0.25 to 0.4 sec the RFZ 

and RZ are formed as shown in Figure 7.10. From 0.45 to 0.6 sec, the flowfields of the 

burner are established as shown in Figure 7.11. From 0.7 to 1.0 sec there is no 

significant change in the flowfield structure of the RFZ and CRZ and the steady state 

condition was established as shown in Figure 7.12.

7.4 The 500 kW Swirl Burner

2-D uniform and non-uniform grids [89*34] were constructed and solved with different 

turbulence models. The predictions were presented to show the effect of grid 

arrangements on the flowfield of the 500 swirl burner. The predictions are presented for 

the k-e, RNG and RSM in the following sections.

7.4.1 Comparison between the k-e, RNG and RSM Models for 2-D Uniform Grids

The velocity profiles are presented to show the effect of the three turbulence models on 

the prediction of the flowfield. The k-e, RNG and RSM were used to predict the flow 

for the 500 kW burner with uniform grids. The profiles of the axial velocity for the three 

turbulence models are shown in Figure 7.13. The maximum axial velocity predicted by 

RNG and RSM is located near the wall of the burner exhaust whilst the maximum 

velocity predicted by the k-e is located on the axis of the burner. The maximum axial 

velocity predicted by RNG and RSM are much higher than the maximum velocity
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predicted by the k-e . The RFZ with the RSM is wider and longer than the RFZ with the 

RNG. In the RSM model the reverse flow is extended inside the burner.

The profiles of the tangential velocity for the three turbulence models are shown in 

Figure 7.14. The tangential velocity demonstrates a Rankine type of vortex flow. It 

increases with increasing radius in the forced vortex region and decreases with 

increasing radius in the free vortex. The maximum tangential velocity is at the interface 

of the combined vortexes. Again, the maximum tangential velocities predicted by the 

RNG and RSM are much higher than the maximum velocities predicted by the k-s. The 

flow patterns of the profiles of tangential velocity are quite similar downstream of the 

burner exit whilst they differ upstream of the burner exit

7.4.2 Comparison between the k-s, RNG and RSM Models for 2-D Non-uniform Grids

The velocity contours are presented to show the effect of the three turbulence models 

(the k-e, RNG and RSM) on the swirling flow for the 500 kW with non-uniform grids. 

The contours of the axial velocity for the three turbulence models are shown in Figure 

7.15. All the models predict the corner eddies but the k-s can not predict the reverse 

flow at the exit because it is assumed to be isotropic. All the turbulence models predict a 

rapid decrease of the axial velocity which is in good agreement with the measurements. 

The k-s model does not predict the RFZ near the axis of the burner. In contrast the RSM 

and RNG model predict the RFZ near the axis of the burner. Again, in the RSM model 

the reverse flow extends to inside the burner and the RFZ of the RSM is wider and 

longer than the RFZ of the RNG.

The three models show reasonable agreement in predicting the contours of the tangential 

and radial velocities as shown in Figure 7.16 and Figure 7.17. The profiles of the axial, 

tangential and radial velocities for the RNG and RSM are shown in Figure 7.18. There 

is good agreement between the two models in predicting the radial and tangential 

velocities but there are discrepancies in predicting the axial velocity especially inside the 

burner. The k-e, and RNG are easy to converge whilst the RSM is difficult to converge.
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The k-s model fails to predict the RFZ and RZ whilst the RNG and RSM predict such 

flows. In general the k-e model is not suitable for predicting highly swirling flows.

7.4.3 Comparison between the Isothermal and Combustion Results for the RSM Model

The RSM was used to predict the isothermal and combustion flows of the 500 kW swirl 

burner. Axial inlet arrangements in the base of the burner were examined in order to 

investigate the effect on the flowfield under isothermal and combustion conditions. In 

the isothermal model an axial flow of 10% of the tangential flowrate was injected 

axially through the axial inlet at the base of the burner. Figure 7.19 shows the contours 

of the axial velocity of the isothermal and combustion model as predicted by the RSM. 

The results show the presence of the RZ lying close to the central axis for both the 

isothermal and combustion flow cases. The size of the central recirculation is larger for 

the isothermal case. Hence, the effect of the combustion upon the flowfield is to reduce 

the size and magnitudes of the RZ. The axial velocity magnitude is larger for the 

combustion case.

The contours of tangential velocity are shown in Figure 7.20 for both cases. For the 

isothermal case the maximum velocity is located inside the burner and it is 

approximately equal to the maximum velocity in the combustion case. For both cases, 

the tangential velocity decays further downstream.

The contours of the radial velocity are shown in Figure 6.21 for both cases. For the 

isothermal and combustion cases the maximum radial velocities are located close to the 

outer edge of the burner exit. The radial velocity is directed towards the centre inside the 

burner and outwards from the centre line downstream of the burner exit. A similar flow 

pattern was found for both cases.

The contours of temperature are shown in Figure 7.22. The magnitude of the maximum 

temperature in the combustion case is about 2100 °K and is found to be close to or 

within the region of the RZ.
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7.5 The 100 kW Swirl Burner

The cases for the 500 kW swirl burner presented in the above sections were repeated for 
the 100 kW burner. Thus, to avoid repetition only selected results are presented. This 
section presents the results of the isothermal and combustion flow for the 100 kW swirl 
burner predicted by the RNG model.

7.5.1 Comparison between the Isothermal and Combustion Results for the RNG Model

The RNG was used to predict the isothermal and combustion flows of the 100 kW swirl 
burner. Again, in the isothermal model an axial flow of 10% of the tangential flowrate 
was injected axially through the axial inlet at the base of the burner. Figure 7.23 shows 
the contours of the axial velocity of the isothermal and combustion model as predicted 
by the RNG. Again the maximum axial velocity magnitude is larger for the combustion 
case than for the isothermal case. The contours of the tangential and radial velocities 
predicted by the RNG are shown in Figure 7.24 and Figure 7.25 for both cases. For the 
isothermal case the maximum velocity is located inside the burner and it approximately 
equals the maximum velocity of the combustion case. For both cases, similar flow 
patterns were found for tangential and radial velocity contours.

The contours of temperature predicted by the RNG are shown in Figure 7.26. The 

magnitude of the maximum temperature of the combustion case is about 2188 °K.

7.6 Comparison between the 100 and 500 kW Swirl Burners

The sections below present the comparisons between the isothermal and combustion 
predictions of the swirling flows in the small and medium swirl burners. The effects of 
the burner size on the flowfield patterns are demonstrated. The RSM and RNG 

turbulence models were employed to obtain the predictions.

238



_Chapter (7) Computational Modelling Results

7.6.1 Isothermal Comparison

This section presents a comparison between the isothermal results of both the 500 and 

100 kW swirl burners predicted by the RNG and RSM. Figure 7.27 and Figure 7.28 

show the contours of the axial velocity for both burners predicted by the RNG and RSM 

respectively. Similarity in the main flow patterns of the burners was found with both 

models. The recirculation zones at the centre are similar. In case of the RSM, the shape 

of the RFZ and CRZ are identical for both burners. The maximum and minimum 

velocity magnitudes are quite similar in both burners but they are higher in the case of 

the RSM.

Figure 7.29 and Figure 7.30 show the contours of the tangential velocity for both 

burners predicted by the RNG and RSM respectively. The flowfield patterns of both 

burners are similar for a given constant velocity and constant swirl number. Again the 

similarity in the main flow pattern of the burners can be seen in Figure 7.31 and Figure 

7.32, which show the contours of the radial velocity, predicted by the RNG and RSM.

Figures 7.33-7.37 show the contours of the Reynolds and shear stresses for both burners 

predicted by the RSM model.

Figure 7.38 and Figure 7.39 show the contours of the static and absolute pressure for 

both burners predicted by the RSM. The maximum static pressure value for the 500 kW 

burner is greater than the static pressure for the 100 kW burner. Hence, the pressure 

drop for the 500 kW burner is greater than the pressure drop for the 100 kW burner.

The two burners have both geometrical and dynamic similarity. Hence, similarity in 

terms of velocity and flow patterns was generally to be expected.

7.6.2 Combustion Comparison

The predictions of the combustion swirling flows for the two scale burners are presented 

in Figures 7.40 and 7.41. The RSM was employed for the closure of non-isotropic
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turbulence. The results of the two burners are in good agreement. Figure 7.40 and Figure 

7.41 show the contours of the axial and tangential velocities predicted by the RSM 

respectively. The similarity in the combustion flow pattern of the burners shows a 

dynamic similarity.

Figure 7.42 presents the temperature contours for the two burners. The temperature 

pattern can be seen to be similar in both burners.

Figure 7.43 shows the temperature contours predicted by the one-step and two-step 

reaction model. The temperature was over predicted in the one-step reaction case so the 

two-step reaction predicts the temperature in reasonable agreement with previous 

measurements and experienced in practice (24).

7.7 The 500 kW Swirl Burner with Tangential Inlets

Again, the velocity contours are presented to show the effect of the three turbulence 

models on the developed swirling flow of the 500 kW with tangential inlets. Only the 

mid-plane velocity results for the RSM model are presented. The velocity vectors and 

contours are shown in Figure 7.44. Figure 7.44a shows the developed velocity vectors. 

The swirling flow is developed inside the burner. Figure 7.45 shows the velocity vectors 

and the profiles of the tangential, axial and radial velocities.

7.8 The 500 kW Swirl Burner with a Scroll Inlet

The results of the 3-D time-dependent model are presented as the axial, tangential and 

radial velocity contours at several planes (k=6, 14, 18, 22) as shown in Figure 7.46. 

Each plane is presented at a different time-step to show the development and rotation of 

the PVC structure. Figure 7.47 shows the vectors of the axial velocity and the formation 

of the PVC structure at 0.25 and 0.5 sec.
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Figures 7.48-7.50 show the contours of the axial velocity and the formation of the PVC 

structure at 0.25 and 0.5 sec. At 0.25 sec, the PVC structure is located at r=30 mm. This 

indicates the reverse flow zone and the maximum velocity. The maximum velocity 

dominates at the PVC region. At 0.5 sec the reverse flow starts to rotate.

7.9 Conclusion

This investigation provides a better understanding of the flowfield structures and scaling 

features of the swirl burner. Predictions of strongly swirling flows in swirl burners have 

been performed using four turbulence models: the k-s, RNG ASM and RSM and 

compared with the experimental measurements. The RSM appears to be the best at 

predicting the RFZ in swirling flow.

The results of the isothermal and combustive prediction were presented for different 

sized of burners. The two cases exhibited dynamic similarity in terms of velocity and 

flow pattern. The flowfield structures of the swirl burners is similar particularly for the 

RNG case. The predicted temperature are significantly higher than experienced in 

practice.
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a) Max: 7.74 Min: -0.57 (m/sec)

b) Max: 10.94 Min: -2.46 (m/sec)

c) Max: 8.16 Min: -9.93 (m/sec)

Figure 7.9: The time-dependent axial velocity contours of the 2-D model for 
Qt =1000 1/min and S= 1.38 at: a)50 ms b) 100 ms and c) 200 ms
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b) Max: 8.05 Min: -9.65 (m/sec)

c) Max: 7.97 Min: -6.29 (m/sec)

Figure 7.10: The time-dependent axial velocity contours of the 2-D model 
for Q, =1000 l/min and S= 1.38 at: a) 250 ms b) 300 ms and c) 400 ms
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Figure 7.11: The time-dependent axial velocity contours of the 2-D model 
for Q, =1000 1/min and S= 1.38 at: a) 450 ms b) 500 ms and c) 600 ms
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b) Max: 8.65 Min:-5.80 (m/sec)

c) Max: 8.65 Min: -5.80 (m/sec)

Figure 7.12: The time-dependent axial velocity contours of the 2-D model 
for Qt =1000 1/min and S= 1.38 at: a) 700 ms b) 900 ms and c) 1000 ms
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Figure 7.13: The axial velocity contours of the 2-D model with uniform 
grids predicted by: a)k-e b)RNG c) RSM
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b)Max: 17.24 Min: 0.00 (m/sec)

iki
c) Max: 20.78 Min: 0.00 (m/sec)

Figure 7.14: The tangential velocity contours of the 2-D model with uniform 
grids predicted by: a) k-e b)RNG c)RSM



a) Max: 4.01 Min: -0.23 (m/sec)

b)Max: 4.87 Min:-0.81 (m/sec)

c) Max: 6.51 Min: -2.58 (m/sec)

Figure 7.15: The axial velocity contours of the 500 kW burner with non- 
uniform grids predicted by: a) k-e b) RNG c) RSM



a) Max: 3.80 Min: 0.00 (m/sec)

b) Max: 6.11 Min: 0.00 (m/sec)

c) Max: 7.38 Min: 0.00 (m/sec)

Figure 7.16: The tangential velocity contours of the 500 kW burner with 
non-uniform grids predicted by a) k-e b) RNG c) RSM



a) Max: 0.31 Min: -2.01 (m/sec)

b) Max: 0.58 Min: -2.52 (m/sec)

c) Max: 0.85 Min: -3.32 (m/sec)

Figure 7.17: The radial velocity contours of the 500 kW burner with non- 
uniform grids predicted by: a)k-e b)RNG c)RSM



a) Max: 6.51 Min: -2.58 (m/sec)

b)Max: 7.38 Min: 0.00 (m/sec)

c) Max: 0.85 Min: -3.32 (m/sec)

Figure 7.18: The velocity profiles of the 500 kW burner with non-uniform 
grids predicted by RNG and RSM: a) axial velocity b) tangential velocity 
c) radial velocity



a) Max: 16.00 Min: -2.07 (m/sec)

b)Max: 16.38 Min: -1.23 (m/sec)

Figure 7.19: The axial velocity contours of the 500 kW burner with non- 
uniform grids predicted by RSM: a) Isothermal b) Combustion



a) Max: 7.38 Min: 0.00 (m/sec)

b) Max: 10.30 Min: -0.05 (m/sec)

Figure 7 20' Hhe tangential velocity contours of the 500 kW tmrfter witn 
non-umfoim grids predicted by RSM: a) Isothermal ""—•—*—



a) Max: 0.98 Min: -3.14 (in/sec)

b) Max: 2.30 Min:-3.08(m/sec)

Figure 7.21: The radial velocity contours of the 500 kW burner with non- 
uniform grids predicted by RSM: a) Isothermal b) Combustion

Max: 2120 Min: 300 K°

Figure 7.22: The temperature contours of the 500 kW burner with non- 
uniform grids predicted by RSM



a) Max: 16.00 Min: -1.71 (m/sec)

b)Max: 16.52 Min: -1.11 (m/sec)

Figure 7.23: The axial velocity contours of the 100 kW burner with non- 
uniform grids predicted by RSM: a) Isothermal b) Combustion



a) Max: 8.43 Min: -0.02 (m/sec)

b) Max: 7.87 Min: -0.05 (m/sec)

Figure 7.24: The tangential velocity contours of the 100 kW burner with 
non-uniform grids predicted by RSM: a) Isothermal b) Combustion



a) Max: 1.18 Mm: -3.10 (m/sec)

b)Max: 1.91 Mm:-3.08 (m/sec)

Figure 7.25: The radial velocity contours of the 100 kW burner with non- 
uniform grids predicted by RSM: a) Isothermal b) Combustion

Max: 2188 Min: 300 Kc

Figure 7.26: The temperature contours of the 100 kW burner with non- 
uniform grids predicted by RSM



a) Max: 4.87 Min: -0.81 (m/sec)

b) Max: 4.58 Min: -0.82 (m/sec)

Figure 7.27: The axial velocity contours of the isothermal model with non- 
uniform grids predicted by RNG: a) 500 kW burner b) 100 kW burner



a) Max: 6.51 Min: -2.58 (m/sec)

b) Max: 6.03 Min: -2.24 (m/sec)

Figure 7.28: The axial velocity contours of the isothermal model with non- 
uniform grids predicted by RSM: a) 500 kW burner b) 100 kW burner



a) Max: 6. II Min: 0.00 (m/sec)

b) Max: 5.78 Min: 0.00 (m/sec)

Figure 7.29: The tangential velocity contours of the isothermal 
non-uniform grids predicted by RNG: a) 500 kW burner b) 100 
burner



a) Max: 7.38 Min: 0.00 (m/sec)

b) Max: 6.70 Min: 0.00 (m/sec)

Figure 7.30: The tangential velocity contours of the isothermal model with 
non-uniform grids predicted by RSM: a) 500 kW burner b) 100 kW 
burner



a) Max: 0.58 Min: -2.52 (m/sec)
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b)Max: 0.57 Min: -2.42 (m/sec)

Figure 7.31: The radial velocity contours of the isothermal model with 
non-uniform grids predicted by RNG: a) 500 kW burner b) 100 kW 
burner



a) Max: 0.85 Min: -3.33 (m/sec)

b) Max: 0.88 Min:-3.08 (m/sec)

Figure 7.32: The radial velocity contours of the isothermal model with 
non-uniform grids predicted by RSM: a) 500 kW burner b) 100 kW 
burner



a) Max: 3.83 Min: 0.00 (mVsec2)

b) Max: 3.10 Min: 0.00 (mVsec2)

Figure 7.33: The Reynolds stress (uu) contours of the isothermal model 
with non-uniform grids predicted by RSM: a) 500 kW burner b) 100 kW 
burner



a) Max: 2.47 Min: 0.00 (nWsec2)1

b) Max: 2.32 Min: 0.00 (m2/sec2)

Figure 7.34: The Reynolds stress (ww) contours of the isothermal model 
with non-uniform grids predicted by RSM: a) 500 kW burner fc>) 100 kW 
burner



a) Max: 1.76 Min: 0.00 (m2/sec2)

b) Max: 1.49 Min: 0.00 (m2/sec2)

Figure 7.35: The Reynolds stress (w) contours of the isothermal model 
with non-unifonn grids predicted by RSM: a) 500 kW burner b) 100 kW 
burner



a) Max: 1.06 Min:-0.51(m2/sec2)

b) Max: 0.88 Min: -0.48

Figure 7.36: The shear stress (uw) contours of the isothennal model with 
non-uniforan grids predicted by RSM: a) 500 kW burner b) 100 kW 
burner



a) Max: 0.81 Min: -0.89 (mVsec2)

b) Max: 0.78 Min: -0.55 (mVsec')

Figure 7.37: The shear stress (uv) contours of the isothermal model with 
non-uniform grids predicted by RSM: a) 500 kW burner b) 1QO kW 
burner



a) Max: 42.28 Min:-16.06 Pa

b)Max: 36.43 Min:-12.16 Pa

Figure 7.38: The static pressure contours of the isothermal model with 
non-uniform grids predicted by RSM: a) 500 kW burner b) 100 kW 
burner



a) Max: 1.014E+05 Min: 1.013E+05 Pa

b)Max: 1.014E+05 +05Min: 1.013E+U3 Pa

Figure 7.39: Tlie absolute pressure contours of the isothennal model with 
non-uniform grids predicted by RSM: a) 500 kW burner b) 100 kW 
burner



a) Max: 16.40 Min:-1.23 (m/sec)

b)Max: 16.52 Min: -1.11 (m/sec)

Figure 7.40: The axial velocity contours of the combustion model with non- 
uniform grids predicted by RSM: a) 500 kW burner b) 100 kW burner



a) Max: 10.03 Min: -0.05 (m/sec)

b) Max: 7.87 Min: -0.05 (m/sec)

Figure 7.41: The tangential velocity contours of the combustion model with 
non-uniform grids predicted by RSM: a) 500 kW burner b) 100 kW burner



a) Max: 2120 Min: 300 Kc

b) Max: 2188 Min: 300 Kc

Figure 7.42: The temperature contours of the combustion model with non- 
uniform grids predicted by RSM: a) 500 kW burner b) 100 kW burner



a) Max: 2188 Kc Min: 300 K°

b)Max: 1700KC Min: 300 K°

Figure 7.43: The temperature contours of the combustion model with non- 
uniform grids predicted by RSM: a) One-Step Model b) Two-Step Model



a) Max: 9.58 Min: 0.00 (m/sec)

Min: -9.45 (m/sec

c) Max: 5.70 Min: 0.00 (m/sec)

Figure 7.44: The velocity of the 3-D model swirl burner with tangential 
inlets predicted by the RSM: a) vectors b) tangential and c) axial velocity



a)

b)

c)

Figure 7.45: The velocity of the 3-D model swirl burner with tangential 
inlets predicted by the RSM: a) vectors b) tangential c) axial and d) radial 
velocity profiles
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Figure 7.46: The 3-D model with scroll inlet planes (k=6, 12, 16, 18, 20, 22)



a) Max: 17.4 _ Min: 0.00 (m/sec) b) Max: 17.36 _ Min: 0.00 (m/sec)

Figure 7.47: The time-dependent velocity vector of the 3-D model with 
scroll inlet at plane, k=6 for: a)250 ms b) 500 ms

a) Max: 22.33_ Min: 0.00 (m/sec) b) Max: 22.25 _ Min: 0.00 (m/sec)

Figure 7.48: The time-dependent axial velocity contours of the 3-D model 
with scroll inlet at plane, k=12 for: a)250 ms b) 500 ms



a) Max: 17.08 Min: -7.79 (m/sec)

Min: -7.54 (m/sec)b)Max: 17.17

Figure 7.49: The time-dependent axial velocity contours of the 3-D model 
with scroll inlet at plane, k=18 for: a)250 ms b) 500 ms



a) Max: 10.88 Min: -7.18 (rn/sec)

xX>_^_^.
•f/sfe^. xx S/AK^S-^--

lili

b) Max: 10.81 Min: -7.26 (m/sec)

Figure 7.50: The time-dependent axial velocity contours of the 3-D model 
with scroll inlet at plane, k=22 for: a)250 ms b) 500 ms



a) Max: 16.4 _ Min:-1.63 (m/sec) b) Max: 16.36 _ Min:-1.28 m/sec)

Figure 7.51: The time-dependent tangential velocity contours of the 3-D 
model with scroll inlet at plane, k=6 for: a)250 ms b) 500 ms

a) Max: 18.29_ Min: 0.00 (m/sec) b) Max: 18.24 _ Min: 0.00 (m/sec)

Figure 7.52: The time-dependent tangential velocity contours of the 3-D 
model with scroll inlet at plane, k=12 for: a)250 ms b) 500 ms



a) Max: 9.82 Min: -0.47 (m/sec)

b) Max: 9.84 Min: -0.38 (m/sec)

Figure 7.53: The time-dependent tangential velocity contours of the 3-D 
model with scroll inlet at plane, k=l 8 for: a)250 ms b) 500 ms
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a) Max: 4.33 Min: -0.58 (m/sec)

b) Max: 4.41 Min: -0.62 (m/sec)

Figure 7.54: The time-dependent tangential velocity contours of the 3-D 
model with scroll inlet at plane, k=22 for: a)250 ms b) 500 ms
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a) Max: 7.64 _ Min: -8.78 (m/sec) b) Max: 7.59 _ Min: -8.54 (m/sec)

Figure 7.55: The time-dependent radial velocity contours of the 3-D model 
with scroll inlet at plane, k=6 for: a)250 ms b) 500

a) Max: 3.90 _ Min: -1.60 (m/sec) b) Max: 3.86 __ Min: -1.44 (m/sec)

Figure 7.56: The time-dependent radial velocity contours of the 3-D model 
with scroll inlet at plane, k= 12 for: a)250 ms b) 500 ms



\

a) Max: 6.1 3 Min: - 1.84 (m/sec)

b) Max: 6.01 Min: -1.81 (m/sec)

Figure 7.57: The time-dependent radial velocity contours of the 3-D model 
with scroll inlet at plane, k= 1 8 for: a)250 ms b) 500 ms



a) Max: 3.96 Min: -0.76 (m/sec)

b) Max: 3.5 Min: -0.72 (m/sec)

Figure 7.58: The time-dependent radial velocity contours of the 3-D model 
with scroll inlet at plane, k=22 for: a)250 ms b) 500 ms
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8. Discussion of Results

8.1 Introduction

To characterize the flowfield of the swirl burners, detailed experimental and predicted 

data have been presented. These experimental and predicted results for the 100 and 500 

kW swirl burners are discussed in the following sections.

8.2 Experimental Results

This section discusses the effects of swirl (S), tangential flow (Q), axial flow (Qx) and 

inlet and exit configuration on:

- The flowfield pattern

- The reverse flow zone (RFZ)

- The recirculation zone (RZ),

- The pressure drop

- The Precessing Vortex Core (PVC) structure and frequency.

8.2.1 The Effects on the Flowfield Pattern

Flowfield characteristics in swirl burners are controlled by the use of, among other 

things, Q, Qx and S. For both Q=13000 1/min and 37000 1/min, the axial, tangential and 

radial velocity profiles have similar patterns. Hence, the flowfield is little affected by the 

flowrate. On the other hand, the application of swirl has strong favorable effects on the 

flowfield such as jet growth and entrainment and decay. In practice, the application of 

swirl to the flow creates a highly complex, turbulent flowfield which, produces stable 

and intense flames. As the swirl increased from 1.38 to 2.76, the flowfield pattern was 

affected. Also, the axial velocity distribution varies considerably from that for plug flow 

and the major portion of the flow leaves the burner exit near the outer edge. Also, as the 

swirl increases the tangential and radial velocity values increase and the radial spread of 

the jets increases.
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8.2.2 The Effects on the RFZ

The boundary of the RFZ can be determined from the position where the axial velocity 

changes direction from reverse flow to forward flow. The mass flow within the RFZ and 

across the boundary of the RFZ is dependent on the vortex motion strength.

For Q=13000 and 37000 1/min, the axial, tangential and radial velocities increase to a 

peak at R/r=0.9, 0.8 and 1.0 respectively. As Q is increased from 13000 to 37000 1/min 

the width and length of the RFZ are increased from 104 to 118 mm and from 320 to 360 
mm respectively.

As the swirl number is increased the decay of the maximum values of the axial, 

tangential and radial velocity is rapid. The size and shape of the RFZ depends on the 

degree of swirl. As S increased from 1.38 to 2.76 the width and length of the RFZ are 

increased from 118 to 134 mm and from 360 to 400 mm respectively. Hence, the effect 

of swirl is to increase the flame width and mass entrainment from outside the burner. In 

the combustion case in a furnace, this control the proportion of recirculated combustion 

products to the root of the flame and in an open firing into air increases the air entrained 

quenching the flow and diluting the mixture.

In practice, the formation the RFZ presents an aerodynamic blockage to flow at the exit 

of the burner. This causes a restriction to the passage of the flow through the burner 

nozzle, which increases the pressure drop and reduces the flowrate. The formation of the 

RFZ is thus a very important factor which affects the stability of the burner. The axial 

flow reduces the size of the RFZ whilst the RZ become shorter and wider.

8.2.3 The Effects on the RZ

The RZ is set up in the central region of the jet close to the burner exit. The boundary of 

the recirculation zone was determined from the radial points at which the reverse 

flowrate equals the forward flow at that axial position. The boundary of the recirculation 

zone coincides with the zero streamline.
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In practice, the RZ is formed at the burner exit. Such zones constitute a well mixed zone 

of hot combustion products which acts as a storage of heat and chemically active 

species. The RZ associated with high swirl is beneficial to fuel mixing and ignition and 

flame stabilization. The recirculating flow generates regions of high turbulence intensity 

between the forward and reverse flow, resulting in faster mixing of the combustion air 

with the fuel. Also due to the high turbulence intensity heat and mass is transported 

from the combustion products to the fresh combustion mixture. In general, the size and 

shape of the RZ and the associated region of high turbulence are critical to flame 

stability, combustion intensity and performance. Therefore, the recirculating flow and 

the RZ are considered as one of the good features of swirl burners. In general, the eye of 

the recirculation zone always occurs close to the burner exit. As Q is increased from 

13000 to 37000 1/min the eye of the recirculation zone moves from x/d=0.5 to 0.55. 

Also, as S is increased from 1.38 to 2.76 the eye of the recirculation zone is moved from 

x/d=0.55 to 0.6. Hence, the higher the flowrate and swirl number, the greater the degree 

of recirculating flow, and the higher the rate of mixing between air with fuel.

As the flowrate and swirl number increase the downstream and upstream stagnation 

points further separate and this leads to an increase in the width and length of the RZ. So 

for certain applications the RZ can be controlled. Also, the determination of the mass 

flowrates within the recirculation zone is important for determining the effectiveness of 

the recirculation zone for flame stabilization.

8.2.4 The Effects on pressure drop

As Q was increased from 13000 to 37000 1/min the pressure drop increased from 0.3 to 

2.4 cm water gauge. Again increasing the swirl number increases the pressure drop. As 

S was increased from 1.38 to 2.76 the pressure drop increased from 2.4 to 3.6 cm water 

gauge. Also, the addition of the axial flow caused an increase in the pressure drop. In 

practice, the efficiency of the swirl burner is affected by the pressure drop between the 

tangential inlet and the burner exit. The pressure drop was characterised using the Euler 

number which accurately predicts the change in pressure drop noted above.
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8.2.5 The Effects on P VC Structure and Frequency

S, Q, Qx and the tangential inlet length all affect the structure and formation of the PVC. 

In most of the working conditions the PVC exists downstream of the burner exit. The 

peak velocities are different in magnitudes and position and are dependent on the 

starting points. These start points are difficult to identify because the onset of the vortex 

is very sensitive to the working conditions. After onset of the instability, the vortex 

centre and peak of the PVC can be observed. The vortex precesses around the burner 

axis. The position of the vortex at each location can be identified by its velocity peak 

and the position of the RPZ. The movement of the centre of the vortex in a plane is 

represented by the precession frequency. It can be seen that, the vortex core is located 
away from the axis of the burner and that the core makes revolutions around the axis of 

the burner representing the 3-dimensionality of the flow pattern. As the swirl number is 

increased the size of PVC structure increases. In practice, the PVC is responsible for the 

very high levels of turbulence and mixing. Also, the PVC is useful for mixing the 

reactants. It therefore has dramatic effects on the stability, rate of mixing and 

combustion intensity.

8.2.6 The Effects of the Furnace

This section will consider the effects of the furnace closure on the flowfield patterns, the 

RFZ, the RZ, the pressure drop and the PVC structure and frequency. The swirl 

burner/furnace combination had an area ratio Af/Ae=4 and is suitable for flame 

stabilization and for producing a large RFZ. With the furnace, the size of the RFZ is 

increased as shown in Figure 8.1 and Figure 8.2. At Q=37000 1/min and S=1.38 the 

maximum width of the RFZ is 118 mm at x/d=0.5 and length of the RFZ extends to 360 

mm downstream of the burner exit without the furnace whilst with the furnace in place 

the maximum width of the RFZ is 160 mm at x/d=1.3 and length of the RFZ is extended 

more than 360 mm downstream the burner exit. As S increased from 1.38 to 2.76 the 

width of the RFZ are increased from 160 to 224 mm. The recirculation zone is large and 

the eye of the RZ is moved further downstream.
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The profiles of tangential velocity are shown in Figure 8.3 and Figure 8.4 for S=1.38 
and S=2.76 at Q=37000 1/min. With the furnace, the peak spreads out radially and is not 

affected by entrainment so the profiles are almost uniform downstream of the burner 

exit. The maximum velocities occur further downstream as the swirl numbers increases. 

As the swirl number increases the radial spread of the jet increases and the position of 

the maximum value of both the axial and tangential velocities are displaced radially 

further from the axis of the furnace.

In practice, the addition of the furnace enhances the formation the RFZ which presents 

an aerodynamic blockage to flow at the exit of the burner. This causes more flow to be 

recirculated through the burner exit. Also, due to the high entrainment rates of swirling 

jets, the flow sticks to the furnace wall. For the higher swirl number, the attachment 

point is nearer to the burner than for the lower swirl number and this is due to the high 

spread of the swirling jets. In both cases, this causes two main recirculation zones to set 

up close to the burner exit. One is the RZ which is of interest for combustion purposes 

and the other is located between the swirling jet boundary and the walls of the furnace 

i.e. a corner recirculation zone (CRZ). The results indicated that increasing the swirling 

motion altered the flowfield and significantly reduced the length of the corner 

recirculation zone. To reduce the interaction between the swirling jet boundary and the 

walls of the furnace it is desirable to keep the confinement ratio, Af/Ae>4 and this may 

produce a large and more stable recirculation zone giving better flame stabilization.

In combustion, an annular flame front is formed around the boundaries of the central 

recirculation zone, with flame stabilization resulting from the joint effects of 

aerodynamic recirculation of hot gases and active chemical species. The flame length 

increases, owing to the lack of entrainment of oxidant and the presence of the 

recirculation zone.
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8.3 Modelling Results

This section describes the effects of different turbulence models on the flowfield 

pattern, the RFZ and the RZ structure.

8.4 Comparison Between the Measurements and the Predictions

This section presents comparisons between the experimental results and predictions for 

the flows in the swirl burner. The profiles of the axial and tangential velocity are quite 

similar downstream of the burner exit for both the RNG and RSM models as shown in 

Figure C.I6 and Figure C.I7. The performance of the RNG and RSM models is 

evaluated against the measurements. The flow patterns streamlines and profiles show 

that the velocities and the recirculation zone are similar to the measurements and the 

accuracy of the prediction is very good. The position of the recirculation zone is located 

at the burner exit. The reverse flow zone extended to inside the burner and this is similar 

to some other studies. The calculated profiles of the velocities (the mean axial and 

tangential velocity) have the same tendencies as the measured profiles in downstream of 

the exit as shown in Figure 8.5 and 8.6.

Figure 8.7 and Figure 8.8 show the profiles of the mean axial and tangential velocity 

obtained downstream of the burner exit for both the experiments and RNG predictions. 

Again, the similarity between the velocity profiles is presented here. For the RNG, it is 

clear that the magnitudes and position of the maximum axial and tangential velocities 

are identical with the experimental velocities.

The profiles of the mean axial and tangential velocity obtained inside the burner for both 

the experiments and RNG predictions are shown Figure 8.9 and Figure 8.10. The results 

show excellent agreement in the tangential profiles but discrepancy in the axial profiles.

The profile of the experiments as shown lie between the RNG and RSM models. There 

is agreement between the measured and predicted (for the RSM) data for the turbulence 

intensities. On the other hand, the k-e model over predicts the turbulence intensities. In

303



Chapter (8) Discussion of Results

general, the RSM and RNG predictions are in much better agreement with the 

measurements than the k-£ model.

5.5 Comparison Between the 100 kWand 500 kWBurner

This section discusses the effects of the burner size on the flowfield patterns, the RFZ, 

the RZ, the pressure drop and the PVC structure and frequency. And also presents a 

comparison between the experimental results and the CFD predictions in the small and 

medium swirl burners.

8.5.1 The Effects on the Flowfield Pattern

The flowfield patterns for the swirling flows of both the small and medium swirl 

burners are similar for a given condition as shown in Figure 8.11. For constant velocity 

and constant swirl number, the mean axial velocity profiles are similar in both burners. 

Also, the flowfield patterns with low flowrate can be demonstrated by the profiles as 

shown in Figure C.I8. Again the mean tangential velocity profiles are similar in both 

burners as shown in Figure 8.12.

8.5.2 The Effects on the RFZ

The size and shape of the RFZ is affected by changes in the size of the burner. For 

constant velocity and constant swirl number the size and shape of the RFZ is 

proportional to the burner size as shown in Figure 8.13. In the case of the medium size 

burner, the regions of the recirculation and reverse flow zone are larger. This causes 

more flow to be recirculated through the burner exit. The higher the reverse flow 

velocities, the higher the turbulence levels and the higher the rate of mixing. The RFZ 

with low and high flowrate can be demonstrated by the velocity contours as shown in 

Figure C.I9 and Figure C.20.
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8.5.3 The Effects on RZ

Again the size and shape of the RZ is affected by the burner size. For constant velocity 
and constant swirl number the size and shape of the RZ is proportional to the burner size

8.5.4 The Effects on the P VC Structure and Frequency

The PVC frequency for the 500 kW burner is lower than that for the 100 kW burner. 
The PVC structure for the 500 kW burner is larger. The frequency of the PVC is 
inversely proportional to the swirl burner size. The scaling factor for different size 
burners can be expressed by the Strouhal Number which characterizes the PVC 
frequency.

8.6 Comparison Between Isothermal and Combustion Conditions

This section presents a comparison between the isothermal and combustion results for 
the small and medium sized swirl burners. The results show the presence of a 
recirculation zone in both the isothermal and combustion measurements. In practice, the 
formation of the central recirculation zone requires an adverse pressure gradient on the 
centreline. The velocity values with the isothermal case are higher than the velocity 
values in the combustion case. The axial velocity around the recirculation zone is higher 
in the combustion case. The higher values lie in the region of reaction of the chemical 
species. For both the isothermal and combustion cases the axial velocity peak is found 
to be close to the outer edge of the burner exit outside the recirculation zone.
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9. Conclusions and Recommendations 

9.1 Conclusions

This thesis has discussed the modelling and experimental characteristics of the 100 and 
500 kW swirl burner. CFD modelling of the burners was performed under isothermal 
and combustion conditions at different operating conditions with different turbulence 
models. Isothermal modelling of the burners was performed in both mean and time- 
dependent predictions. Experimental work of the burners was performed under 
isothermal condition in both mean and phase averaged velocity over very wide range of 
operating conditions. This experimental data was used to validate the turbulence model 
predictions. A detailed experimental characterization of the 500 kW swirl burner 
flowfield was carried out in this study.
The aim of the research was to determine swirl burner characteristics and to investigate 
and verify computational models which can be used to investigate the flowfield 
structure inside the burner and downstream of the nozzle exit. The flow structure has 
been shown to be 3-D time-dependent but because of computational constraints 3D and 
2-D time averaged solutions were used. This thesis discusses the effect of using these 
assumptions and the assessment of errors included. Additional factors that affect the 
flowfield structure of the burners and their implications to future design and research in 
combustion have been identified, providing clear insight for the combustion engineer.

Predictions of pollutant formation require an accurate model of time-turbulence- 
temperature relationships, which is not available with the existing CFD models. The 
project concentrated on factors influencing the flowfield structure of the swirl burners 
and their implications to future design concepts.
The main results are presented and discussed in the previous chapters. This chapter 
considers factors that affect the flowfield structure of the swirl burner and summarises 
the findings of the research. Finally, the implications of the study on burner design are 
discussed. Experimental measurements were conducted to provide a data set to validate 
the different turbulence models and evaluate the effect of scale on PVC formation and 

precession frequency.
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The measurements and predictions (using RSM and RNG turbulence models) from the 

100 and 500 kW burner were in good agreement with regard to overall flow pattern and 

on the characterization of the RZ and RFZ at constant velocity scaling. This gives 

confidence that the models may offer some degree of correlation with combusting cases. 

The PVC frequency can be predicted using Strouhal Number relationship. Calculating 

Strouhal Number gave good agreement. The PVC frequency for the 500 kW burner is 

equal to that for the 100 kW burner multiplied by the scaling factor of 1/2.6. 

Proportionally larger RZ and RFZ structures were produced by the larger burner. The 

frequency of the PVC was found to be directly proportional to the swirl numbers and 

flowrates. It was influenced by the inlet geometries and the burner size. This 

comprehensive investigation has provided a better understanding of the flowfield 

structure and scaling features of the swirl burners.

The axial, tangential and radial mean velocity profiles, show that there are variations of 

the mean and phase averaged flowfield with changes in the flowrate and swirl number. 

The main variations being the divergence, magnitude and position of the PVC. These 

were generally well predicted by the RNG and RSM models. The shape and the size of 

the RFZ was shown depend on the swirl number, flowrate and injection mode and the 

geometry of the furnace enclosure. For higher flowrates and higher swirl numbers, a 

larger RFZ was found. In the case of furnace/burner combination, the results 

demonstrate, for example, that the regions of the recirculation and reverse flow zone 

differ from those without the furnace. With the furnace present the size of the RFZ and 

RZ is larger for given conditions. The results indicated that increasing the swirl number 

altered the flowfield and significantly reduced the length of the corner recirculation zone 

(CRZ).

Experimental measurements showed that exit geometry and inlet length had an effect on 

pressure drop and flow structure. This was not be identified using the computational 

technique of specifying boundary conditions at the periphery of the burner. This study 

considered extending the model to include the tangential inlet region, with boundary 

conditions defined in the tangential inlets upstream of the burner swirl chamber. The 

shape of the velocity profiles are similar and these were generally well predicted by 

RNG and RSM models.
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The factors, which had the most influence on the flowfield and the PVC structure were 

the swirl number, exit geometry and furnace enclosure. The analysis of the factors 

influencing the pressure drop also indicated that the inlet and outlet geometry could 

affect the pressure drop as well as the RZ.

The basic flow characteristics of the swirl burners were as follows:

- Swirl burners can be operated at wide range of operating conditions.

- The flowfield in the swirl burners is characterized as strongly swirling 

recirculating flow.

- The presence of the RZ and RFZ at high swirl number is typical of the swirl 

burner flowfield.

- The tangential velocity dominates the flow inside the chamber, and exhibits 

uniform profile.

- The PVC was found in both the 100 and 500 kW swirl burner.

- The size of the RZ and the RFZ are proportional to the size of the burner. 

Several computational 2-D and 3-D models were used to investigate the swirling flow 

inside and outside the swirl burner. Four different turbulence models; k-s, RNG, ASM 

and RSM were employed to model the swirling flow in the swirl burners. The time 

average results from the turbulence k-s, RNG and RSM were all compared with the 

experimental data. All models predicted the CRZ but the k-s model of turbulence failed 

to predict highly turbulent swirling flow. Both the RSM and RNG predicted such flows. 

Of these the RNG is less computer intensive, converges faster and gives equally good 

results. This would therefore be the preferred turbulence model.

Despite being able to predict time average flows, it is doubtful whether the existing 

CFD programme would be able to predict secondary characteristics such as NOx 

because it does not adequately represent the species concentration or temperature history 

of the actual flow. The experimental measurements demonstrated that the flow structure 

was highly 3-D and time dependent.

Although exhibiting a predominantly 3-D flow structure, the 2-D computational model 

gave adequate agreement with measured time-average flows for axisymmetric 

conditions. Similar results were obtain with the 3-D computational model and for these 
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simple flows there is benefit in using the 2-D model in that the computational power 

required is reduced. For the scroll inlet case however, a considerable asymmetry was 

noted which would not be modelled effectively in the 2-D model. Combustion 

predictions were made with the 2-D model but computing limitations precluded 

obtaining similar results for the 3-D case. No combustion measurements were available 

to validate the combustion model, either in terms of time-average flows or in terms of 

chemical species. It is recommended that these are conducted in a future work 

programme. In the 2-D CFD model the temperature were predicted by the one-step and 

two-step reactions. The two-step reactions gave better results compared to the one-step 

reaction, as the overprediction of the temperature was smaller. This analysis gave the 

time-average bulk temperature of the flow which is useful in furnace and boiler design 

to establish heat flux distribution but does not gave sufficient spatial and temperature 

information for NOx formation mechanisms to be modelled effectively.

Some progress was made in modelling a 3-D time-dependent flow, but a large amount 

of computing power is needed in for such a case which was not available in the 

University. The preliminary investigation showed the onset of a PVC structure but this 

was damped to give a steady-state flow. There appeared to be no feedback of 

downstream oscillation to the root of the PVC to promote continuation of the PVC.

The main problem in conducting time-dependent flows is that initial boundary 

conditions are required together with a sufficiently fine grid and reasonably, small time- 

steps are required. The limitations of time-dependent flow calculation are the computing 

power and memory. It is anticipated that (given the rapid progress in computer 

technology) this may be available in the near future.

The use of a 'zone' model may give better predictions of NOx as it reflects the 

conditions prevailing downstream of the nozzle in a more realistic manner. Future work 

needs to be conducted on integrating the existing CFD models (which gave time average 

bulk data) with a discrete zone model.
This work has aided the design of combustion in swirl burners by addressing the 

physical processes included in swirl burners and identified shortfalls in the modelling 

procedures and suggested means by which they can be modelled more accurately
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9.2 Recommendations For Further Work

During the course of this work, several areas requiring further attention were identified 

for both the experimental and computational work.

9.2.1 Experimental Work

The measurements need to be extended to include:

- More detailed tangential/radial measurements should be carried out over a 

circular grid of points to investigate the PVC and to extract further information 

about its mechanism of formation.

- For the 500 kW swirl burner velocity measurements need to be carried out 

under combustion conditions and temperature profiles obtained.

- Chemical species need to be measured, logged and analyzed to give spatial 

resolution of species in relation to the PVC.

9.2.2 Computational Work

For further computational work, the predictions should be undertaken with FLUENT 

version 4.6 in order to overcome the problems found in version 4.22. In addition, FLOW 

3D which has more powerful geometry construction facilities should be employed. 

Comparing the FLUENT predictions with the FLOW 3D predictions would also be 

useful in order to assess their application in the swirl burner modeling.

With the later version of the software, Ideas or Auto-Cad and body-fitted co-ordinates 

can be used to construct a more accurate model of the scroll inlet swirl burner. The 

predictions should be undertaken with sufficient inlet conditions to predict the flowfield 

over a realistic range of conditions and the predictions compared with experimental 

results. Other hybrid models - using empirical or zone models should be investigated.
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A. Principles of the Laser Doppler Anemometry 

A.1 Introduction

Laser Doppler Anemometry is a system, Figure A.I by which velocities of flows may be 
measured using a laser light source. Laser Doppler Anemometry (LDA) is now well 

accepted as an important addition to flow measurement systems. LDA is relatively new 
method of measurement, the first gas laser being invented in mid of the I960's and LDA 

developed during the 1970's (1). It offers several advantages over conventional velocity 
measurement procedures such as those using the pitot tube and the hot wire anemometer. 
It is suitable for use in hostile environments such as combustion flows where high 
temperatures would cause severe problems for conventional velocity measuring devices. 
Since the invention, much progress has been made in utilization for measurement 
purposes. The optical LDA operates without mechanical contact and thus is non-intrusive 
and free from disturbance to the flow. A laser beam is a monochromatic light source of 
great intensity which is split into two beams.

Light properties enable its reflection, diffraction refraction, and interference. All laser 
anemometers work by collecting and analyzing the light scattered or reflected from 
particles in the flowfield. They work on the principle of light interference. The laser 

beam is first split, and then focused so that the two beams meet at a point called the 
control measurement volume. A very simple configuration is shown in Figure A.2. 
When the laser beams cross or are brought together in the control measurement volume, 
Figure A. 3, interference areas of alternating darkness and brightness are produced, and 
these are known as fringes. The process may be described by using a fringe model, also 
used in this research, described by Drain (2) and Durst et al (3) as shown in Figure A.4. 

The interference phenomenon was first demonstrated by Young in 1801 in his 

experiment (4). When the Laser beams cross in the volume, a series of interference 

fringes will be set up. The laser light falls onto a screen with two pinholes acting as point 
sources and it falls on a second screen where the interference fringes form. When 

particles pass through the control measurement volume, large number of photons is 

scattered from bright fringes and almost none from dark fringes. The bright fringes form
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when two or more waves combine in phase reinforcing one another, the dark fringe form 

when waves are out of phase canceling one another.

The particles passing through this control measurement volume will return a signal with 

a frequency of light and dark dependent on their velocity as they pass through these 

fringes. This is called a burst signal, and is registered by a photo-sensitive detector 

focused on the control measurement volume. This control measurement volume can be 

very small and well defined giving good resolution for measurements. The output of the 

detector can be sent to an oscilloscope where the burst signals can be seen. An example 

of a burst signal is shown in Figure A.5. These burst signals emitted by the particle are 

then sent to a Burst Spectrum or similar analyzer which converts it into data which can 

be represented on a graph.

A.2 Characterization of the LDA

The LDA is popular because is non-contact optical instrument for the investigation of 

the fluid flow structure in gases and liquids. It is the only practicable technique for 

studying velocity distributions in flames without the need to insert a material probe and 

it enables measurements to be made in hostile environments. The use of LDA offers 

unique advantages in comparison with other fluid flow instrumentation.

The LDA has the following advantages:

- Does not disturb the flow. A laser anemometer can probe the flow with focused 

laser beams and can sense the velocity without disturbing the flow in the 

measuring volume.
- The response is linear and easily calibrated. The laser anemometer has a unique 

intrinsic response to fluid velocity - absolute linearity. The measurement is based 

on the stability and linearity of optical electromagnetic waves

- Directional discrimination possible i.e. if can measure positive, zero and 

negative flow velocities. The quantity measured by the LDA method is the 

projection of the velocity vector on the measuring direction defined by the optical 

system. The laser transit-time anemometer, on the other hand, measures only
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velocities pointing within certain directions. In both cases, the angular response is 

unambiguously defined.

- High spatial resolution. The optics of the laser anemometer is able to define a 

very small measuring volume and thus provides. The small measuring volume 

combination with fast signal processing electronics also permits high 

bandwidth, time-resolved measurements of fluctuating velocities.

- Operation not seriously affected by temperature. It is only slightly affected by 

other physical parameters such as temperature and pressure.

In spite, the previous advantages of Laser Doppler Anemometer there are several 

disadvantages as follow:

- Medium must be transparent.

- Optical access to the flow is required windows have to be installed.

- High capital costs of the laser generator and signal processing equipment is 

common.

- Not well suited method for total flow rate quantification.

- Needs light scattering particles: artificial seeding may be necessary.

A-3
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A.3 Governing Equations of the LDA

The equations for the size of the control measurement volume and for the frequency of 
light can be derived simply from the geometry of the laser set-up (1). These equations 
are as follows:

The distance between the fringes can be calculated from the wave length and the angle

S =

2sin —
2

where

5f = fringe spacing

0= angle between incident beams

A = wave length

between the two beams.

The LDA measures the motion of particles within the flow and not that of the actual

medium flowing (fluid, gas, etc.) the particles must be of appropriate size that it will

follow the fluid flow. The particle moving across the fringe pattern with a velocity u

perpendicular to the fringe plane will scattered light as if passes through the bright areas.

The frequency of the scattered light /D and the particle velocity u are given respectively

by:

2Fsin—

2 sin— 
2

A. 2

2 sin—

A-4
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The diameter of the beam at the control measurement volume:

. Do
A.4

Where D0 is the diameter of the laser beam at the lens of focal length / The control 

measurement volume diameter dv and length lv are therefore given respectively by:

n.

The volume of an ellipsoid is given by:

A.5

..L = ————Q A.6
D0 • sin-

7i.d2v .lv / 6 A.I

Thus, the LDA control measurement volume Vv is

.3.x. Z%. cos -.sin-
<t £

The number of fringes contained in the control volume is

Q
8f tan — 4 c

= _ ___ 2., _ 4-^ A.9
" f n.D o n.D0

Where S is the distance between the parallel beams before the lens.

A-5
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A.4 Generation of LDA Signals

The required laser energy depends on several variables. Laser that was employed for this 

research is argon-ion laser. The intensity of light scattered from particles is mainly 

dependent on incident density and the particle size. The incident intensity increases with 

laser energy, the choice of particle size is limited by acceleration considerations and the 

direction of viewing of the scattered signal is generally limited for practical reasons. The 

required laser power also depends on the sensitivity of the light collection system. The 

beam splitter produces four or six coplanar beams of equal intensity.

A. 5 Frequency Shifters

The directional component can be determined by a system of frequency shifting. One of 

the beams of the laser is slightly changed in frequency causing the fringes to move. The 

frequency of scattering of photons is therefore proportional to the particle velocity. The 

velocity can then be measured in relation to this frequency thus giving the direction as 

well as the velocity of the particle. The frequency of the light scattered from the particle is 

independent of the direction of detection. An inherent limitation of any laser Doppler 

system is its ability to detect flow reversals, hi other words, the Doppler signal from a 

particle crossing the measurement volume is identical to the signal from a particle 

travelling in the opposite direction, hi high turbulence regions or in recirculating flows 

where reversal can take place, the directional ambiguity of recirculating flows can be 

corrected by using frequency shifting, where one of the beams is moved in line with the 

other byfs forming a moving fringe pattern so that:

u=8f (fD -fs ) A.10

This creates a moving fringe pattern with the sweeping across the control measurement 

volume at the different frequency between the two beams.

A-6
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This device modulates one or both of the laser beams before they cross and their operation 

may be understood by considering the real fringe explanation. Normally the fringe system 

is stationary but with frequency shifting the fringes will 'move'. If this fringe velocity is 

higher than the largest negative velocity then all the velocities measured will be positive 

and may be corrected to the real values by subtracting the fringe velocity.

A. 6 Hot Wire Anemometry

The Hot wire anemometers (HWA) commonly are made in two basic forms: the constant 

current type and the constant temperature type. Both utilized the same physical principal 

but in different ways. This type of Anemometry is advantageous over the laser as it 

receives a continuous, rather than discrete signal. In this way, time-dependent 

instabilities can be detected, whereas using a laser, it would be difficult to register these 

and near impossible to collect the data over a short enough time period even if data 

could be collected at a fast enough rate to register one cycle of the PVC (5). The LDA 

work would simply show a wide range of velocities collected rather than a just a single 

value. Hot wire works on the principle of the cooling of a heated wire. The wire attains 

an equilibrium temperature when the i2R heat generated in it is just balanced by the 

convective heat loss from its surface The amount by which it is cooled is the indication 

of the velocity of the flow.

hi the constant current type, a fine resistance wire carrying a fixed current is exposed to the 

flow velocity The reading is, however, non-directional, or at least in a plane at right 

angles to the wire. The circuit is designed so that the i2R heat is essentially constant; thus 

the wire temperature must adjust itself to change the convective loss until equilibrium is 

reached It has a threshold velocity below which no readings are possible. Since the 

convection film coefficient is a function of the flow velocity, the equilibrium wire 

temperature is a measure of velocity It has the advantage of being much cheaper than the 

LDA and thus more available.

It is used in this research as a means of determining the frequency of the PVC and as a 

means by which the laser may be triggered to take readings only at the time when the
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PVC is in the same position. A characterization of the PVC is thus possible using the 
much more informative method of LDA.

The general characteristics of the LDA and the hot wire anemometry method are 
summarized to the following table:

Description

Disturbance to the flow

Response linearly and easily calibrated.

Directional Discrimination

High spatial resolution (suitable for turbulence flow)

Needs artificial seeding particles or tracers

needs optical access to the flow

LDA

No

Yes

Yes

Yes

Yes

Yes

HWA

Yes

No

Yes

No

Yes

No

A. 7 References
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B. Equations Used in Burstware

The equations used in processing the mean velocity (m/s), rms velocity (m/s), 

turbulence intensity (%) are listed below:

mean values UQ = U() =-=r-— (B.I a)

A

variance a = w' e = ——i- (B.2a)

(B.2b)

rms values ag = -Ju'l (B.3a)

/ = 1,2,3

(B.3b)

turbulence intensities Ig =-S-x 100 (B.4a)

= £s-xl 00 (B.4a)

B-l
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where u^ is the tangential velocity component of the i-th particle, u ( ' ] the axial 

velocity component of the i-th particle, Af, the time interval of the i-th particle and N the 

number of the valid samples. u\ is the fluctuation term of the tangential velocity 

component, and M' Z is the fluctuation term of the axial velocity component

B-2
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C.Illustrations

C-l
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Figure C.2 The axial velocity contours show the RFZ of the 500 kW 
burner at and S=1.38 downstream of the burner exit (Exit No. 1)
for:

a) Q=13000 l/min b) Q=21000 l/min
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Figure C.3 The tangential velocity contours of the 500 kW burner at 
0=37000 1/min downstream of the burner exit for:

a)S=1.38 b)S=2.76
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Figure C.4The radial velocity contours of the 500 kW burner at 
Q=37000 1/min downstream of the burner exit for:

a) S=1.38 b)S=2.76
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Figure C.8 The radial velocity contours of the 500 kW burner at 
Q=13000 1/min and S=1.38 downstream of the burner exit for:

a) Exit No. 1 b) Exit No. 2
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Figure C.11 The axial velocity profiles of the 100 kW burner at 
different downstream positions, Q=2000 l/min for:

a)S=1.84 b) S=2.76
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Figure C. 12 The axial velocity contours show the RFZ of the 100 kW 
burner at Q=2000 1/min, downstream of the burner exits for:

a) S=1.84 b)S=2.76
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Figure C.14 The axial velocity profiles of the 100 kW burner at 
different downstream positions, S=1.84 for:

a) Q=1000 l/min b) Q=2000 l/min
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Figure C 19 The axial velocity contours show the RFZ of the burners 
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