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ABSTRACT

The reseafch work described in this thesis is a continuation
of the previous studies carrled out in the University of Glasgow
on swirling Jets issulng from vane swirlers.

A test-rig suitable for investigations of combustion systems
was designed. The vane swirlers used for the investigatioﬁs
were to the same design as those uéed by Mathur (5) for investigating
cold swirling Jjets. .The measuring iﬁstruments wefe calibrated
and the analysis for the temperature correction due to radiation
from the thermocouple bead was carried out. For all the experiments,
premixed stream of town gas and alr was used.

Flame stabilisation tests were conducted-mainly wilth hubless
swirlers. With the hubless swirlers, stable flames are held at.
the Junctlon of the swirler vane tips. With each of the annular
swirlers, the chemical reaction started from 1nside the swirler
tube. The results of the tests show that highly stable flames are
obtainable with vane swirlers. The width of the stable flame region
of the stability 1limits loop increases with swirl although for any
. given flow velocity, the fuel/air ratios at<ﬁeak and rich blow-off
limits 1Increase with swirl. For flames issuing from swirlers with

vane angles of 70 and 75 degrees with both geometries, wall flame

Jjets were formed.
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The aerodynamic megsurements were made with hubless and annular
swirlers. The analysis of the résults show a strong dependence of the
flow distributions in the flow field on the swirler exit conditions.
As the rotational energy increases, a greater proportien of the nozzle
fluid is forced intc the outer part of the jet by tﬁe centrifugal
forces. This concentration of stream lines causes increases in the flow
velocities at those radial points in the swirler flow section as a
result of which the static pressures at these points drop. The effect
of this is that the maximum axial velocity components, temperatures and
minimum gtatic pressures are displaced from the jet axis near the swirler
exit. The radia;.displacements of these aerodynamic variables increase
with swirl, All %he variables generally- decay as the axial distance
from the swirler exit increases and the raﬁes of decay depend on the
dwirl number. The maximum values of the agove parameters on cross-
sectional planes (minimum for pressure) uliimately tend to the jet axis
and the positions at which the values reach the axis depend on swirl.
Throughout the lengths of the jets investigated, the static pressures
" remain subatmospheric. | -~

The minimum swirler vane angle with which a recirculation vortex
will be established in hubless swirler flames in 30 degrees. The
corresponding angle with annular swirlers is 45 degrees. For the same
swirler geometry, the characteristics and dimensions of the recirculation
vortex increases with swirl, ’ -

" The analyses made of the jet widths show that swirling jets expand

rapidly immediatel& downstream of the exit and the rate of expansion
increases with swirl. At sufficiently far axial distances from the

swirler exit, the expansion rates become linear.

Computations of the axial fluxes of linear and angular momenta, and
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and the mass flow rates at the cross—séctionai planes of measurements
show that the fluxes of momenta along the Jet are qonservéd. The
entrainment rates increase with swirl in both swirler geometries.

The comparison of the above results with cold swirling jets show
differences in the jet developments. The minimum vane angle for the
establishment of recirculation vortex in cold swiriing Jets incre;se to
45 degrees. For botn swirler geometries and swirlers with corresponding
vane angles, the maximum widths of the recirculation vortices lncrease in
burning Jjets. The burning Jets also have higher expansion and entrainment
rates than the cold equivalents.

The prediction method formulated at Imperial College, London, (8),(9)
was further developed for.the computation of flow distributions 1n cold ‘
and burning swirlihg jets. The prdgram was also modified for processing
in a KDF9 or UNIVAC 1108 computer. The results predicted by the'method
are generally similar to those experimentally obtained. With specification
of correct inlet profiles, the program will predict accurate results for
cold Jjets. For burning Jets, further improvements'are still required

in the inlet specification of the combustion parameters and also in the

turbulence representation.



CHAPTER 1

GEWERAL INTRODUCTION

1.1 The need for the iInvestigation.

The effects of imposing a swirling motion on fluid flow fields have
been of interest in many engineering diéciplines such as aerodynamics,
combustion, heat transfer and meteorology. In the design of internal
combustion engines, papers have been publlished on this phenomenon from at
least as early as 1934 but it was not until recently that interest was
focussed on the effects of swirl on combustion in high ocutput furnaces.

In order to obtaln high Intensity combustion, the reactants must be
supplied at sufficiently high flow rates but when the component of the fluld
velocity normal to the flame front exceeds the burning veloclty of the
combustibles, the flame will be swept away by the incoming high velocity
stream. This therefore creates the problem of establishing a stable flame
in a fast flowing stream. Various stabilising mechanisms have been in use
in the past, the most lmportant ones being

(a) can-type stabilisers,
(bs bluff-body stabilisers,
(c) opposed-jet stabilisers,
(dj swirling flows.

In each case; the flame is stabilised on the recirculation zone or -
the low velocity region within the flow field. Many regbrts and papers on
the performance of the first three tyﬁes of stabilisers and varlous
modifications of them are available in the literature but very few (lO),(ll),
(12) are available on flame stabilisation in flows with any form of rofation,
none appears to be available on flame stabilisation in swirling flows

issuing from vane swirlers. The need therefore arises for an 1nvestigation



of the effects of swirl on flame stébilisatidn for flows issuing from
vane swirlers.

In addition to‘the knowledge of flame stabilisation in a combustion
system, another design consideration among'others, is the aerodynamic
péttern of the flame. This is essential as the mixing rate of the
reactants, the reaction rate, the heat release rate and the rate of wear
of the combustion chawber wall depend on the”aerodynamic characteristics
of the flame. One approach to this aspeet of the science of flames has
been the use of cold models. Alfhough the results of such tests show the
general pattern of the aerodynamlic variables, the high temperature gradients
with the resultant high density gradients in flames cannot be taken into
account whereas an observation of the.Navier-Stokes equatlions of motion
will iIndicate the over-riding Influence of the density gradients on the

aerodynamic variables.

1.2 Previous work at Glasgow University

The research programmé on swirling Jjets in the Mechanical Engineering
Department of Glasgow University was started by Kerr (1),(3),(#). He
studied both cold jets and diffusion flame Jets in the aepafhnegtal boller
furnace using various combinations of primary and secondary swirlers.

He was followed by Fraser (2),(3) who studied cold jets. Mathur (5),(6),(7)
modified the design of the sﬁirlérs used by Kerr and Fraser to achiéve a -
more effective deflection of the flow at exit. He maiﬁiy investigated

free and enclosed swirling cold jets'on a model test-rig.

1.3 Present work'

After Mathur's experiments and considering the points discussed in
Section 1.1, the logical follow-up 1s to carry out investigations on

~swirling flames. Thus the present research project was designed to further
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the understanding of swirling flows b& investigating the effects of swirl
on combustion using the same design of vane swirlers as was used by Mathur.

For most oil burners, the properties of the flame depend, among
other factors, on the transfer rates of heat, mass and momentum and also
on the droplet size. Tn order to reduce the numbeé of variables on which
the chemical reaction will depend, a premixed stream of gaseous fuel and
alr was used. This eliminates the dépendence of the combustion process
on the mixing rate of the reactants in the flow field. |

’ In confined flames, low frequency combustion oscillations are
known to be associated with the combustion chamber dimensions (24). At
this stage of the build-up of knowledge on swirling flows issuing.from
vane swirlers, it will be undesirable to further complicate an élready
complex flow field by the effects of this phenomenon, therefore, free
swirling flames were studied.

The first task, which took a substantial part of the time available
for the work; was the design of a combustion test-rié and the other
necessary equipment for the experimental investigation. B

The experimental part of the project was the investigation of
flame stabilisation in swirling flows and of the aerodynamic features of
free swirling flames of different swirl numbers and swirler exit geometries.
" Until the recent work of Spalding et alH(8) and 'a modification of
it by Odlozinski (9), no method was available for Solvigg the pertinent
equations of motion.in a reacting méﬁium. Taking account of the economic
advantages iIn being able to predict the distributions of the aerodynamic

parameters in any flow field, the predlctlion method was modified for the

analysis of free swirling flows with and without combustion.



CHAPTER 2

REVIEW OF LITERATURE

2.1 Introduction

Foliowing the invention of the Bunsen burner, many papers on
various aspects of flame characteristics have been published. The literature
i1s so extensive that a comprehensive review cannot be accommodated in this
thesis. Therefore, the review in this chapter is limlted to some of
those papers that are directly related to the present research éroject.

Other relevant papers will be referred to at appropriate places.

2.2 On flame stabilisation.

Although there is a falrly extensive literature on flame stabilisation
in the first three types of stabilisers listed in Section 1.1, only very
few references are available on investigations in which some form of
rctation was imposed on eilther the nozzle stream or the flame environment.

Albright and Alexander (10) measured the stability limits,
temperature and concentration profiles in free and confined cyclonie
natural gas /air flames. The types of premixed and diffusion flames
ebtained were also observed. The cyclonic nozzle, shown iIn Figure 1,
had inclined tangenéial ports drilled at 60 degrees gpart on a ring. The
ring was then pressed on a face-plate with a central convergent nozzle.
Each of the experiméntal combustion chambérs was 0.5 in. diameter. The
lengths varied from 4 in. to 20 in,» The whole nozzle mass flow was
introduced through the ports except in diffusion flame studies when only
air was so introduced whilst the fuel gas was injected through a central
nozzle in the test apparatus. The different types of premixed fpee flames
observed were the same as those observed-in confined premixed or diffusion

flames. Generally, stable flames were obtained within wider flow
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conditions in the confined flames than in thé free flames; the maximum
blow-off velocity being 100 ft/s in free flames as comparéd with 700 ft/s
in confined flames. The effect of increasing the length of the combustion
chamber on the stability limits was found to be almost negligible, though
the shorter ducts have wider range of stable flames at blow-off velocities
less than 100 ft/s. In the confined diffusion flames, higher air/fuel
ratios than in confined premixed flames were obtained for corresponding
blow-off veloclities. With a divergent section fitted to the cyclonic
nozzle, maximum blow-off velocity obtained was about 900 ft/s. Compared
with the results obtained for flames issuing from the convergent nozzle,
smaller air/fuel ratios were recorded for corresponding blow-off velocities.
As a follow-up on previous: studies on bluff-body stabilisers,
Grover, Kesler and Scurlock (11) Investigated the performance of a rotating
bluff-body in a 1.5 in. diametef combustion chamber. The bluff-body,
a 0.2 in. diameter cylindrical rod, was mounted on the lower part of the
combustion chamber with its axis normal to the direction of flow. Visual
observations of the premixed natural gas/air flames as well as the
determination of the stability limits and combustion efficiency_ﬁere the
main objectives of the tests. With the stabiliser rotating at 7800 rpm,
the stability limits loop obtained was smaller than that with a statlionary
stabiliser. This was shown mostly in the drop of the maximum blow-off

velocity from about 425 ft/s for the stationary stabiliser flames to about

" 350 ft/s for the rotating stabiliser flames. As the speed of rotation was

increased, the width of the stable flame zone of the stability l1imits

decreased =2t any blow-off velocity. The reduction was more severe as the

blow-off velocity decreased. Their results further showed that the volumetric

heat release rate in the combustion chamber could be incfeased by rotating
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the bluff-body stabiliser. Improvements in the combustion effiéiency
were obtained as the speed of rotation of the stabiliser increased.
Recently, Beer et al (12) published their findings on flames in
a rotating environment. Premixed-primary stream of ﬁethane/air or propane/
air was introduced vertically upwards along the axis of a free rotating air
environment. The rotating environment was generated by rotating a large
cylindrical wire screen on its vertical axis. The effects of the rotating
environment on stability limits, flame lengtﬁ and temperature distribution
were studied in the laminar to turbulent flow range. Considerable
increases in blow-off velocities at any value of fuel concentration (defined
as ratio of fuel flow rate to the primary stream flow rate) wére obtained
with Increase in the rotational speed of the screen. It wés also observed
that lifted flames could be re-estdblished on the nozzle rim by increasing

the speed of rotation of the environment.

2.5 On aerodynamics of swirling flows

Although swirling flows have been used for various purposes in
the past, it was not until the early part of the last decade that detailed
investigations started on the aerodynamic nattern of swirling flows.

Since then, papers have been published on the flow patterns obtainable :
from different swirl generatofs. ‘

2.3.1 Methods of generating swirl

Three main methods of generating swirl have been used in the
past. These are
(2) by rotating the pipe
(b) by tangential eﬁtry

(¢) by the use of vane swirlers.
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The method of rotating a pipe was first used b&IRose (15) in his
experiments on axisymmetric alir jets. Only weak swirl could be generated
by this method even at a rotational speed of nearly 10,000 rpm and
consequently - this method has not been popular with investigators.

When swirl is generated By the method of tangential entry, as
shown in Figure 2, part of or the whole of the nozzle mass flow is
introduced into the swirl chamber through tangential ports. If part of
the fluid 1s so admitted, the remainder will be introduced axially into
the swirl chamber. Variations iﬂ the swirl intensity can therefore be
obtained by varying the proportion introduced tangentially. This method
has been used by many investigators (10), (13), (14) and for all
investigations on swirling flows at the‘Interﬁational Flame Research
Foundatlon. It has therefore been established as an effective way of
generating swirl, In addition to the energy lost at inlet to the swirler
ports, a proportion of-the rotary energy is also lost between the position
of introduction and the nozzle exit as a result of viscous dlssipation and
pipe losses. The total ehéergy loss was estimated as 30% in (13).

The third and probably the most common way of generatiﬁé swirl
particularly in combustion sysfems 1s the use of vane swirlers. Ullrich
was reported in (13) to have used this method but obtained an asymmetric jet
due to instability in the flow field. Kerr (1), (3),(4) and Fraser (2),(3)
have used the same method. Stable axisymmetrié swifliﬁé Jjets were obtéined
but no appreciable recirculation zone was(reported. Mathur (5),(6),(7)
modified tﬁe design of the swirlers and obtalned stable axisymmétric jefs
with'considerable recirculation zone. Many other investigators, e.g. (24)
have also used vane swiriers for their investigations. The performance, |
therefore, of any vane swirler system will depend on the design. The

deflection of the stream by the swirler vanes gives rise to a pressure drop
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across the swirler. This pressure drép increases with swirl.

From the experiments of Chigier and Beer (13) and Mathur and
Maccallum (6), both on annular swirling air jets, a cémparison of the
effectiveness of the method of tangential entry can be made with the
use of vane swirlers.: The.resﬁlt of this comparison (using the same

definition of swirl) is shown in Table 1.

TABLE 1

Com~arison of Methods of Generating Swirl

i
Method of Swirl Hub Length of recir-| Max. width of
generating swirl| number | ratio culation zone recirculation zone
Quter dia. of Outer dia. of
nozzle nozzle
Tangential entry| 0.78 0.24 0.79 0.26
(11)
Vane swirlers 0.72 0.32 3.70 0.47
(6)

A similar comparison of the dimensions of the recirculation zone
in the wake.of such flameholders as-disc flameholders with‘and’Without
divergent quarl, annular non-swirling Jjets, swirling jets generated by
the tangential entry method and swirling Jets issuing from vane swirlers
had been made by Chigier and Gilbert (16) and they concluded that the
size of the recirculation zéne depends oﬁ | ‘ —.

() swirl intensity,
(bj . tﬁe blockage ratio,
(cs the geometry of the aivergent wall,.

and (4d) the shape of the flameholder.
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From the above table, it could be added that the size of thé recirculation
zone also depends on the method of generating the swirl.

It would also have been useful to compare the power required for
generatinga finite swirl intensity using the two methods but sufficient
information is not available from the literature. Fellows and Rivierre
(in the discussion on reference (22)) carried out such an analysis and
concluded that the mechanical devices, 1l.e. vane swirlers, required higher
swirl generating power than the aerodynamic'devices, i.e. tangential
entry method. Noting the high'pressure drop which can be expected from
the screw-type of mechanical swirling device used by Fellows and Rivierre,
it appears that the question 1s still open as to which of the two methods
required the lesser power.

No attempt has yet been made to reduce the losses arising from
the use of elther the tangential entry method or the vane swirlers.

When this is done, various designs of each device would be tested for
performance. The criterion suggested by Ivanov (17) can be used for
this assessment. The suggestion was to define the éfficiency of a

swirl burner as

E = " ...(2.1)

where E is the swirl burner efficiency,
Eo is the effeétive energy of the flow &t swirler exit per unit
volume of fluid
E1n is the energy of the flow at the swirler inlet per unit

volume of fluid
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... (2.2)

E;, = P+ o~ ...(2.3)

If such series of tests are properly planned the question of which of the
two common methods of generating swirl required the lesser power can be
quantitatively resolved.

However, from the qualitative results in Table I, the following
concluslons can be made tentatively. Because of the greater volume of
recirculated gases in swirling Jjets issuing ffom vane swirlers, stable
flames will be obtained within a wider range of fluid flow conditlons.

A slightly higher rate of entrainment resulting from the possible increase
in jet spread due to greater width of the recirculation vortex in Jets
issulng from vane swirlers can be expected. Thus some improvements

in the volumetric heat release rate and the combustion efficiency may.

be obtained.

2.3.2 The definition of swirl

The main difference between a swirling flow and a non-swirling
flow is the imposition of an angular momentum flux on the former. Any
represenﬁation, therefore, of swirl must take account of.this component
of the momentum flux. Drake and Hubbard (18) suggested that swirl could
be defined by a "median cone angle of air exiﬁ" having»SQ% of the air
mass flow inside and the remaining.SO% outside it whilst the use of the

ratio of the axial flux of angular momentum to linear momentum has been
suggested by Rose (13). One objectibn to the median cone concept is
that it is not relatea to the axial flux of angular momentum. Also it
will require experimental measurements.

The commonly used definition of swirl is the dimensionless expressica
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(2.8

The nozzle geometry parameter is sometimes reprresented by Ty instead

of d2. The use of an effective nozzle diameter has been suggestedAby
Kerr and Fraser (3). This effective nozzle diameter was defined as
that of an equivalént nozzle having the same flow area as that of the
annular nozzle. In principle, it does not appear to matter which
nozzle geometry parameter is used although fhe numerical values obtained
will be different.

By multiplying the equations of axisymmetric, compressible,
turbulent fluid motion 1in the axial and tangentiai directions by r and
r2 respectively, integrating the resultant equations from the jet axis
to infinity, assuming that boundar& layer approximations are applicable
and neglecting the turbulent shear terms, the followlng equations can

be derived for the axial fluxes of linear and angular momenta at any

cross-sectional plane:

(*]
I

o }'(p + pud) rar ... (2.5)
o . -

[}
Il

J 2
fpuwr dr ...(2.6)
o -
At the exlt plane of an annular nozzle, the integration limits will
be from (dl/e? to (d2/2?'

2.3.5 Experimental work

With a 6 in. cutside diameter vertical combustion chamber,
Hottel and Person (19) studied the characteristics of a vortex system with
and without combustioﬁ. The air which has passed through vanes at the
base of the combustion chamber was admitted tangentially into the combustor

whilst the town gas was introduced through a central nozzle. A quenching
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device for assessing the combustion efficiency was fitted to the top

of the combustion chamber during some of the tests. In the cold tests,
free and forced vortex cores were observed in the flow field. Thé forced
vdrtex core occupied 80% of the chamber volume. Substmospheric statlc
pressures were also recorded. The flow pattern was not affected by

any variations of the flow rate or the vane setting. In the combustion
tests, the combustion efficiency was 1ndepehdent of vane setting but
varied with the length of the combustion chamber and the fuel/air ratio.
The recirculation zone whose presence was assumed at the beginning of

the experiment was found to be very 1nsignificant;

As a continuvation of their work on cycloniec flames, Albright

and Alexander (20) used a modified form of their cyclonic nozzle (as in
(10)) for measuring impact pressures, static pressures, temperatures and
gas composition in confined cold Jets and cyclonic flames. The vanes in
the cyclonic nozzle were positioned with discs of various sizes. The
impact pressures were measured with a calibrated pitot tube which could
berotated from zero to 360 degrees. The impact pressure was taken as

the maximum value at any measuring position and the static pressure

taken as the value at 51 degrees from the position of the maximum
pressure. Substmospheric static pressures were recorded at all points

in the flow field. | Small recirculation zénes were also observed. With
premixed streams, flash-back occurred. This waé eliminated by increasing
the size of the positioning disec or by introducing the air and fuel in
different streams. Differences betweenlthe profiles obtained in cold
flows and those in the flames were reported.

Baluev and Troyankin (21) have investigated the flow distributions

in an air model of a cyclone chamber. The fluid was let into the cyclonie
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nozzle from a number of tangential ports. The effects of variations of_-
the number of tangential parts, cyclone chamber height, diémeter of exit,
chamber wall condition and the relative cross-section of the tangential ports
on the flowAdistribution were studied. The presentation of the results
in the aforementioned paper was very brief and most ¢f the results.
were not shown probably because of space limitation. However, the
results shown in the paper did point out interesting features of the
flow pattern in the c¢ytlonic chamber. Five flow zones were idéntified
in the chamber, Near the nozzle end of the chamber %he central downstream
flow zone was surrounded by an annular reverse flow zone. An annular
downstream flow zone surrounding the first recirculation zone was also
surrounded by another recirculation zone. Between thils second
recirculation zone and the chamber wall was the fifth flow zone which
was a downstream flow zone. Tﬁe pattern of the flow zones changed as
the exlt was approached. It can be surmised that the pattern of the flow
will depend more on the diameter of the exit and combustion chamber
diameter than any of the other relevant factors. ~

Ullrich was reported in (13) to have studied annular swirling Jjets
issuing from vané swirlers but could not take measurements near the
swirler exit because of the asymmetry in the jet. The first quantitative
measurements on the aerodynamics of swirling floﬁs was made by Rose (15) °
whose method of generating swirl was discussed in Secti;n 2.3.1. The 17/32 in.
bore and 100 diameters long pipe waé rotated at 9500 rpm.  Measurements
of the mean velocities and turbulence intensities in air jets were made
with a calibrated hot-wire anemometer. The results of the axial velocity

profiles in the swirling jets were very similar to those of the non-swirling

Jets even at an axial distance of about 0.2 nozzle dilameter  from the
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nozzle exit. This indicated that.thé swiri in the flow waé very weak.
Nonetheleés, few characteristics of swirling flows were indicated by
the results. At the same Reynold's number, the Jet width, rate of
decay of the axial velocity components along the jet axdis and the rate
of entrainment of ambient fluid along the length of the jet were slightly
higher in the swirling Jjet than in the non-swirling Jjet.
Most of the recent papers have originated from the Internationél
Fiame Research Foundatlon where various facets of the characteristics of
confined swirling cold jets and diffusion flamés have been studied.
The combustion experiments were malnly on pressure-jet oil flames. The
swirl in both cold and combustion investigations were generated by using
tangential entry method. A detailed review of the various studies on
amnular swirling and non-swirling jets has been given by Chedaille,
Leuckel and Chesters (22). In both cold and combustion studles, the
boundaries of the recirculation zones were mapped and the effects of
different éwirl numbers and different divergent quarl geometries on the
size of the recirculation vortices were reported. The critical swirl
levels above which recirculation iones would be set up for différent
semi-divergent angles were determined. In the cémbustion tests, the
atomised oil was sprayed into the recirculation vortex. The main
conclusions were
(2) That the small recirculation wake just downstream of a
» bluff-body could be extended by using a divergent nozzle
or swirl. Further increase of the size of the recirculation
vortex coﬁld be obtained by increasing the swirl number
but as the swirl number increased, the effect of the

bluff-body on the recirculation vortex size decreased.
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(b) That the combination of large divergent angles or
narrow chambers with swirl would produde Open;ended
recirculation zones which would consequently result
In the formation of wall jets.

(¢) That shorter flame lengths and very high combustion

intensity could be obtained by using swirl.

Using multi-concentric tubes for primary and secondary air streams
with a rather complex vane system, Shagalova, Shnitser and Gromov (23)
studled the aerodynamlcs of the flow in free bituminous coal flames. |
Large recirculation zones were detected. The distributions of the
velocity components and statlc pressures were presented. It was observed
that when ignition started near the nozzle exit, there was charring of the
nozzles and slag formation on the burner.

Studies of the aerodynamics and combustion chamber performance of
pressure-jet burner flames with vane-swirled oxidant stream have been carried
out by Brown and Thring (24) in a marine-type boiler furnace and in a
scaled-down model. In the‘aerodynamic investigations, measurements of
the distributions of temperature, velocity components and combustion
efficiency were made at various spray angles. The results showed th7 . the
spray angle had no effect onithe relative velocity distribution but had
dominant effect on the distribution of the fuel concentration. Central
mecirculation zone‘containing about one third of the nozzle mass flcw and
an outer recirculation zone containing about twice the nozzle mass flow were
obtained in the flow field. The analysis of the combustion efficiency
showed that as far as the heat release rate in the initial region of the
flame was concerned, the outer recirculation zone had no significant effect.
Based on the experimental results, the following suggestions for improving

combustion in systems similar to that studied were given.
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(a) The use of multi-atomiser per burner,

(b) The use of small refractory-lined combustionrchamber.

(c> Altering the aerodynamic pattern of the air stream by
: either injecting air upstream from behind the flame or

using flows with higher swirl.

Suggestions for the lmproved design of multi-burner combustion systems

and for more effective heat transfer to watér tubes In boilers were also
given. From the flow patterns obtainable in a cyclone chamber, as shown
by the work of Baluev and Troyankin (21) reviewed above, it appears that
improved combustion efficlency and possibly higher heat'releast rates
could be achleved by using a cytlone chamber with the pressure jet burner..
This will be so because of the heating effect of the outer recirculation
zone which will extend nearly up to the nozzle inlet. Furthermore, the
downstream flow of air at the wall of the combustion chamber will provide
the required oxygen for combustion and this will eliminate the region of
excesslvely rich mixture at the upstream corner of the combustion chamber.
In fact, with the use of multi-atomisers pecr kiirner suggested by Brown
and Thring, there appears to be a possibility of establishing about three
annular flame fronts at the three low velocity regions between the reverse
flow and forward flow zoneé.

Chigier and>Cherv1nsky have carried out studies on the aerodynamics .
of free premixed swirling flames us;ng butane/propane/air mixture. The
tests were carried out for weak and moderate swirl. The flames obtained
were stabllised at axial positions varying'from 4.0 to 6.0 nozzle diameters
from the exit. Detailed results of the distributions of the velocity
components and temperature were presented. The axlal and targential

velocity components were represented by similar profiles. This paragraph

refers to (14).
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In addition to the investigations en flow distributions in swirling
flows, experiments have been conducted to assess the effects of swirl on
flame length in diffusion flames. Assuming that the process of mixing
could be described by the same phenomenon as entrainment, Cude (25)
modified the entrainment equation derived by one of his contemporafies to
obtain an expression for the flame length in swirling and non-swirling

flames as

L = A, -fu .. (2.7)

where A 1s a constant.

He conducted experiments to determine the numerical value of the
constant A in swirling and non-swirling town gas or gas oll flames at
various fuel/air ratios. The swirl was generated by tangential entry
method. He found that the equation wés applicable to non-swirling and
swirling flames but not for flames resulting from the mixing of two streams
or for flames in a combustion chamber whose diameter 1s less than one third
of the free flame length. From his experimental measurements, shorter
flames were observed with increase in swirl. Similar analytical and
experimental investigations have recently been carried out by Maier (26)
on swirling flames in‘a stagnant environment and by Beer et al (12) onA
non-swirling jet flames in a rotating environment. Maler recorde&
shorter flames with increasing swirl .but Beer et al obtained longer flames
with increase in the rotational speed of the environment. The explanation
for thls was the reduced entrainment resulting frem the free vortical

motion of the surroundings.
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2.3.4 Previous work in Glasgow University

The research programme on swirling jets in Glasgow University was
started independently but almost at the same time as at the International
Flame Research Foundation by Kerr (1),(3), (4}, Fraser (2),(3) and
NMathur (5),(6),(7) have since worked on Qarious aspects éf tﬁe programme.
The method of genérating swirl has been the use of vane swirlers.

The first report was submitted by Ffaser who mainly measured
the nozzle reaction thrust and torque in cold Jets. The measured values
were compared with values obtained from velocity profiles and good
agreement was obtained.

Kerr investigated air Jjets and confined diffusion flames 1n the
Pepartmental boiler furnace using different combinations of angled slots
for primary air and vane swirlers for secondary air. Measurements of
velocity and temperature distributions were madg. in the cold tests,
the distribution of axial velocity components at any cross-sectional
plane was represented by Gausslan error function. The axial fluxes of
linear and angular momenta were found to be conserved along the length
of the Jet. In the combustion tests, optimum flame characteristies
were obtained with swirl numbers varying between 0.1 and 0.3. The swirl
number was calculated from the sums of the axial fluxes of linear and
angular momenta in the primafy and secondary streams and the effective
diameter (discussed in Section 2.3.2) of the burner nozzle was used.

Whilst Kerr's and Fraser's investigations were still in progress,
Mathur started his Investigation on a coldlmodel of the Departmental
boiler furnace. This was necessitated by the limitations of the measurements
taken in the furnace by Kerr. He modified the design of the vane swirlers

to direct the stream more effectively. He carried out experimental
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investigations of the pressure drop across the swirlers, velocity
distributions across and along the air jets. Measﬁrementé of the statle
pressure along the Jjet axis were also made. In confined air Jets,
measurements of velocity and concentration profiles were made. Upstream
of the position where the jefs impinged on the duct wall, the velocity
profiles were found to be the same as in free jets. Reciréulation zones
were found to be present in hubless swirler jets of vane angles of

45 degrees and above. Similar zones were detected in annular swirler

Jets with the same vane angles. In each swirler geometry, the size of the

recirculation zone varied with swirl.

2.3.5 Theoretical work

A direct solution of the equations of motlion in an axisymmetric
compressible swirling flow 1s almost impossible with the present state
of knowledge on the analysis of partial differential equations. Few
methods are available for finding approximate solutions to the equations.
These are:

| (a) integral method, -
(b) linearisatién,
(d) method of undetermined coefficients,
(dj transformat;on of the equations of motion,

(e) finite-difference method. -

Boundary layer approximations are usuall& iﬁvoked and the effects of
turbulence are either neglected or the turbulence parameters substituted
into solutions for laminar flow.,

The integral method_has been used by Lee (27) and by Chigier
and Chervinsky (14),(28). 1In these analyses, the fléw was assumed to be

fully developed jet flow and thus self-preserving. The velocity distributions



-20-~

were represented by

o= r (.1 () ...(2.8)

W= £, (x) . £, (M) .. .(2.9)
Lee assumed that A
r2
fl (T]) = eXp. Em] ..-(2.10)
r
£, (M) = f{mj ) - (2.10)
Chigier and Chervinsky assuméd that
r .
LM = 07573 ... (2.12)
f ( _ 2 3
o (M = AN+ B +CN .. (2.13)

The solutions from the above are only applicable to flows with
weak swirl and within this limitation, agreement with experimental results
is good.

Linearised solutions have been published by Steiger and Bloom (29)
and by Lewellen (30) for laminar incompressible flows. |

The main sét-back of the two methods discussed above is that some
functional relationship in the flnal solution will have to be determined
empirical or an assumption made about the distributions of the dependent
variables. In the linearised solutions in particular, the solution
procedures for the final equations are usually complex. The draw-back was
eliminated in the analysis carried out by Loitsyanskii (31) in which he
used the method of undetermined coefficients. He represenﬁed the stream
function, swirl velocity and static pressufe in a laminar incompressible
swirling flow by series expressicns whose terms have vériable coefficients.
These were substituted into the Navier-Stoke*s equatiqns of motion and also
.into the equations expressing the conservation of axlal fluxes of linear

and angular momenta. Equating the coefficients of like powers of the
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axial coordinate, the following relations were obtained

2 2 ‘
u = 2o o - 3a2ﬂ Vi L 3
(1 + 0!2]]2/4)2 . 2 P (1. 0?n2/4)3 xe ees(2.1 )

| 1 2.2 2.2 -
v o= V|2 -/ 1 2 (- 30ThA) ;:] 215
(1 + aPne/my2 L2 (L + 1oy’ 5| ---(2.15)

o7 1

wo=Y - 5 ...(2.16
(1 - a2n2 /4)2 2 ’ ( )
2 2 1 1
P = -~-Y . . ...(2.17
3 1+ anemy’ A )
where —
D
n = = v ...(2.18)
X .
( 3 G, ) %
o = — ...(2.1
16 m (2.19)
uo . do2 )
B = -TT : 000(2.20)
3 - %
G 3pG
o] pid
= . (—_—‘_—_——.) * 0 2.21
6411’p,z . ( )

By substituting the turbulent values of i and v into the above equationé
solutions for the turbulent case can be found. The above analysis has
been carried a step further by Fal'kovich (32) who has calculated the
third and fourth terms of the expressions. Tﬁe application of the above
solutions together with Fal‘kovich's additional expressions is limited
to flows without recirculation.

On the method of transforming the equations of motion, Ustimenko (33)
rearranged tﬁe cylindrical polar coordinafes such that the axial coordinafe
1s represented by

N = f (x) ...(2.22)
" keeping the radial coordinate unaltefed. The equations of motion ﬁere

written as follows:



x-momentum: 2o - 2% . 1 28 ..o(2.23)
9 ﬂg dr r 3r _
3(pw) _ 3 (pw) .1 3 (pw
©-momentum: -—f-———- = __,S_g__"i_l += o2 (pw) ...(2.24)
d nt ' e r ) r 3 r :
—] -
r-momentums iE:E—l = é—% eee(2.25)
r A r
Continuity: 3(xeuw) , 3xew _ , ... (2.26)
‘ 3 x ar
where
i = 2 ...(2.27)
(p + pu7)
— 2
(pw) = 25 ...(2.28)
CRD
5 = P
p = ( we) ...(2.29)
p W), -
(pu) = ?p“u ...(2.30)
vy = 22 c--(2.31)
: (p u), | *
x = =, 5 =5 | ... (2.72)
To To ' i
'n ) .
= - 1
i - L . ... (2.33)
1"0 )

(Suffix o refers to value at nozzle exit)

Using the appropriate boundary conditions and assuming an initial
distribution of Q‘f) at nozzle exit, the final solution was given as

(for G)
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G (“5’ r) = £ £(r) exp (- —) I_(EE-) r ar
. e 45 ° A

g ° g g

---(2.34)

where Io is the Bessel function of zeroth order. It will be observed
that the original equation (2.23) and its solution is the same as that
of heat conduction in an infinité circular cylinder with initial
temperature distribution of Q(r) (34). Equation (é.}4§-can be analysed
using P-functions as tabulated 5y Maéters (35) or by thé usevof what
Ustimenko called "hydrodynamic integrands". ‘The only empirical
requirement 1s the dependence of T on x and this can be obtained by
comparing the values obtained analytically with those experimentally
deterhined on the jet axis. vIt is however not clear how this m=2thod
will do for the analysis of the dependence of ﬂt on x as the value of
(p w2) on the axls will be zero and its boundary conditions different
from thosevof G. However, very good agreement was obtained with
experimental results (Figﬁre 3) using the "hydrodynamic integrands"
even when there was a recirculétion vortex.

Recently Spalding et al (9) published a convenient finite difference
method of solving the equations~of motion in a general stream with
recirculation. This method 1s the basis of the theoretical work to be
discussed in Chapter T of this thesis apd furfher detéils will therefore

.

be given therein.
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CHAPTER 3

EXPERIMENTAL DETATLS

5.1 Introduction

To execute the experimental programme, a test rig was designed
to suoply the reguired premixed combustible streams for the swirling
flames issuing from hubless and annular swirlers. Allowance was also
made for easy modification of the test rig for the study of diffusion
flames with swirled or unswirled secondary and/or primary flow. The
flow rates of the reactants were regulated by gate valves or by the
speed controls installed on.the drives of the superchargers and the flow
rates were metered with square-edged orifice plates. As a precaution
against any possible hazard, safety devices were Incorporated on the
test rig. A flue ducting was connected to a large chimney to carry the
combustion products into the atmosphere. |

The various swirlers to be used for the investigation were designed.
Water-cooled probes for the aerodynamic measurements were also designed.
The three-dimenslonal probe for velocity measurements was calibréted and
an analysis of the temperature correction for radiation loss in fhe flame
was carried out. For the accurate positioning of the probes and the
determination of the axlal and radial positionsrof measurement, a traversing

mechanism was designed.

3.2 Description of the experimental test rig.
The general lay-out of the various parts of the test rig and further

details of it are shown in Figures 4 (a) to (6).
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3.2.1 The air flow-llne.

Oil-free compressed air was delivered from a l4-piston Wellworthy-
Ricardo supercharger into a 3 in. nominal bore steel pipe. The
supercharger was driven by a 10 h.p. electric motor. A gate valve,
square-edged orifice plate, pressure tappings located upstream and
downstream of the orifice plate position and a thermometer pocket were -
incorporated in the air flow-line whose downstream end was connected
to‘the mixing box. A bleed line with a separate gate valve was connected

to the air flow-line near the supercharger.

%3.2.2 The gas flow-line

A 3 in. nominal bore steel pipe conveyed the gas from the meter
outlet to the modified'inlet of a 14 cylinder Wellworthy-Ricardo
supercharger driven via a speed reduction system by a 10 h.p. electric
motor. Between the gas meter and the supercharger inlet, a non-return
valve and a gate valve were fitted to the flow-line. A low pressure
switch was also positioned near the supercharger end of the pipe line.

The supercharger outlet led to a 1.5 in. nominal bore steel plpe on

which a gate valve, square-edged orifice plate, pressure tappings and a
thermometer pocket were provided. An electrically opgrated quick plésing
valve was also fitted to the gas flow line whose downstream end wasﬁ

connected to the mixing box.

3.2.3 The mixture flow lines

The mixture from the mixing box is dischargéd into the distributing
box and between both boxes, a wire mesh énd a convergent-divergent section
having a 6 in. long throat and 1 in. inside diameter were fitted. The
purpose of the convergent-divergent section was to provide a flow section

of higher velocity gradients and thus increased turbulence intensity to
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promote more homogeneous mixing of the reactants. The mixture from the
distributing box can be allowed into either the primary flow line for

investigations with hubless swirlers or into the secondary flow line for
experiments with the annular swirlers. The burner ends of the flow lines

are shown in Figure 5.

3.2.3.1 The secondary flow line

A horizontal 3 in. nominal bore and about 9 ft long steel pilpe
fitted with a gate valve was connected to the distributing box.
A 90 degrees elbow of the same sectlon linked the downstream end of the pipe
tc a short vertical pipe length of the same section from the upstream flange
of the flame trap housing. The other end of the flame trap housing
was connected via a short 3> in., nominal bore steel pipe to a small
horizontal cylindrical tank. A gently tapered section welded to a 4 in.
noninal bore and about 3.5 ft. long steel pipe was welded to the downstream
end of the cylindrical tank. Thé downstream end of this section was gently
tapered and a 6 in. long steel pipe of the same internal diameter as the
outermost diameter of the annularlswirler having the same outsidé_diameter
as the 4 in. pipe was welded to it. Allowance was also made for fitting
the annular swirlers at the end of the flow line as shown in Figure 5.
To ensure that each swirler would be fitted in the éame position as in
previous runs, a mark was made at the end of the secondary flow line. The
outer pipe of the flow line was supported by a screw rod of adjustable

length on a framework fixed to the laboratory floor.

3.2.3.2 The primary flow line

This was made of a vertical 1.5 in. nominal bore steel pipe with a
gate valve near the distributing box. A 90 degrees elbow linked this plpe

to a horizontal pipe of the same size and material and the downstream end
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of the horizontal pipe was fitted to the flame trap housing flange.

Tae downstream flange of the flame trap housing was connected to a

45 Giameters long and 1 in. nominal bore steel pipe. A 6 in. long pipe
with a gentleltaper at its upstream end was welded to the 1 in. pipe.
The taper on the 6 in. long pipe reduced the pipe bore to that of the
hubless swirlers. A short stud was welded to the stepped end of this
section to enable the hubless swirlers to be fitted In the same position
as in previous runs. The primary flow line was passed coaxially
through the secondary flow line beginning at the upstream end of the
small cylindrical tank and it was welded to both ends of the cylindrical
tank. Near the exit, the primary flow line was supported by three
screw rods at 120o apart. The axis of the combination was 4.5 ft. from

the floor level.

3.2.4 Control of motor speed.

Each of the electric motors had a variable speed device fitted to
the drive shaft. On to this device, in each case, was fitted a 6 in.-
diameter aluminium pulley. This pulley was connected via a 3 in. diameter
steel pulley to a turning handle located at a convenient plaee.A The metal
surface in the recess of each pulley was covered with rubber strip to
prevent the connecting cable from slipping.

For the electric motor on the gas flow line, it was necessary to
use a séeed reduction system because ;t was not desirable to provide a
bleed line. It is, of course, possible to connect a bleed line from near
the supercharger outlet to the inlet pipé but this would lead to pressure
build-up in the inlet pipe which will not be desirable. The speed reduction
system was made up of two small pulleys, two bigger pulleys, two connecting

belts, a central shaft and two blocks. For the hubless swirler experiments,
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the system was designed fof a speed ratio of 9:1 whilst the ratio was 3:1

for the annular swirler experiments.

3.2.5 The flue ducting

This included a water-cooled canopy, 3 ft. x 3 ft. at inlet
connected tora 1.5 ft. diameter pipe which delivered the combustion products
into the chimney at 16 ft above the floor level. The canopy inlet was
positioned at about 5 ft. from the nozzle exit of the swirlers. The drawing
of the flue ducting, whose photograph is shown in Figure 6, was prepared

by the departmental draughtsman.

3.2.6 Safety devices

As a precautionary meaSufe, various safety devices were designed.
These devices can be classifled as mechanlcal, electrical and electro-
mechanical devices.

The mechanical devices were commercial flame traps and polythene
bursting discs. One flame trap of appropriate size was fitted in each of
the mixture flow lines and one bursting disc, 0.025 in. thick and 5 in,
effective dilameter, was fitted at the bottom of each of the mixing aﬁd
distributing boxes. The flame trap was provided to extinguish éhe flame
if there was any flashback whilst the bursting discs were installed to
prevent the test rig from being blown into pleces if there was any explosion.

A photo-electric flame detector whose circuit diagram is shown in
Flgure 7 and a low pressure switch actuated by the statiéapressure in the
gas flow line at inlet to the supercharger were connected independently to
the gas line electric motor starter. The photo-electric flame detector
was designed and made with the assistance of one of the technicians in the
Electrical Engineering Department. The purpose of the fléme detector was

to stop the gas supply motor instantly if flame should flashback. The low
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ﬁressure switch was fitted into the test rig to stop the‘gas supply
motor immediately the pressure in the inlet pipe was 0.1 in. mercury
below atmospheric. This was to prevent the supercharger from drawing
air from pipe joints into the gas supply lines in the neighbourhood if
there should be a supply failure.

The electro-mechanical device, a coll-operated quick.closing
valve actuated by the gas supply electric motor starter, was fitted into
the gas flow line. The valve is fully copened when the electric motor
1s switched on but 1s almost closed when the motor is switched off.
The reason for fitting this unit in the test rig now follows. When the
electric motor driving the supercharger 1s stopped, the pumping of the gas
does not stop immediately because of the inertia which has been acquired by
the pumping unit. The pumping continues at reduclng rates as the inertia
of the pumpling unit 1s being reduced by frictional forces until such a time
that the inertia can no longer overcome the frictional forces. Although
this time 1s of the order of about 10 to 30 seconds, (depending on the

initial running speed) it can be fatal in case there is a flashback to have

the gas still being supplied as this will result in the flame travelling

further back through the combustible mixture despite the fact that the
electric motor has-béen stopped by the flame detector circult. Therefore
the unit was installéd to reduce the gas flow rate to a negligible trickle.
immedlately after the gas motor is switched off so that with the air flow
rate still at its initial level, the mixtufe will be too.weak to cause any

danger.
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J.2.7 Flow metering

The flow rates of the reactants were measured with square-edged
orifice plates with four D and 0.5 D pressure tappings (D = pipe inner
diameter). For experiments with the hubléss swirlers, orifice plate
diameter.of 1/BD was used for the plates in each of the fuel and air supply
lines. To cope with the Increased flow rates required for the annular
flame experiments, orifice plate diameters of %D and ?/5D were used in fuel
and éir supply lines respectively. All the orifice plates and adjacent
pipe lehgths upstream and downstream of the orifice plate location were
designed according to British Standard (36) specifications.

As a result of the distrubance whiéh a thermometer pocket would
cause 1f installed in the same plane as the upstream pressure tappnings,
the thermometer pocket was recommended to be installed downstream of the
orifice plate location. The corrections necessary for the accurate
determination of the fluld temperatures at the plane of the upstream tappihgs
were determined for each orifice plate and the results are shown in
Figure 8(2a) to (4d).

Thé pressﬁre differential across the orifice plate for e;ch flow line
was measured with water manometers. In the aerodynamlic investigations With
hubless swirlers, the manometers were inclined at 5 degrees to the ho;izontal.
The upstream static pressure for each flow line was measured with a U-tube

mercury manometer.

3.2.8 The traversing mechanism

Photograph of the mechanism during its alignment to the jet axis is

shown in Figure 9.



2,2.8.1 Description

The main units of the traversing mechanism are the upper and lower
aluminium blocks, screw rods, plain steel rods, turning handles, measuring
scales, a vernler scale and a steel framework. |

The upper aluminium block 1s carried by a screw rod and slides

vertically on a plain steel rod. A central 1 in. diameter hole was drilled
% in. from the top of the block for inserting the probe carrying sleeves.
The steel rod is screwed into a brass piece which was pressed into the
Ywer aluminium block and the screw rod sits on a similarly fitted brass
piece in the lower block. The lower block is carried by & screw rod supported
by two steel rods on either side of the screw rod. The ends of the rods
carrying the lower block were positioned in aluminium blocks mounted on
the framework. One turning handle was fixed to the end of each screw rod
and two scales were positioned for measuring the horizontal and vertical
distances. A probe supporting unit was also fitted at the back of the

upper block to keep the axls of the probe horizontal.

3.2.8.2 Alignment of the traversing mechanism with the Jet axis

A 1.5 x 1.5 in section aluminium bar, 24 in long was machined to
fit into a dummy "secondary swirler" positioned in the secondary flowliine.
Using a spirit level, the screw rod supporting the end-pipe of the secondary
flow line was adjusted until the plpe axis was horizontal. With another
aluminium bar fitted into the hole of. the ﬁpper block of the traversing
mechanism and carrying.a dial gauge at its other end, the position of the
framework was adjusted until the change in the reading on the dial gauge ,
when moved along the surface of the rectangular bar to the downstream end was
negligible. The alignment error in the 18 in. working length of the

rectangular bar was 0.002 in.



-32-

With a spirit level, the framework was also adjusted into a

horizontal position before it was fixed to the laboratory floor.

2.3 The reactants

Premiked stream of town gas and alr was used for all the experiments.
A sample of the gas from the laboratory was analysed and found to agree in
composition with analysis at the Gas Works. The composition of the gas
varied slightly from time to time. A typical composition of the gas is
shown in Table 2(a) and the results of the calculation of some of its

properties are shown in Table 2(b).

TABLE 2(a) Composition of Fuel

o
Constituent % Composition by
volume
Hy 55.6
co 04.0
CHy 15.0 B
CoH) 00.8
CHg ol.1
C3Hg Ol.4
CyHig 02.8
Cnﬁﬁ 00.0
Co, 16.3
N2 02.3
02 00.7

Cth represents the unsaturated hydrocarbon content.
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TABLE 2(b) Some Properties of .the Fuel

Stoichiometric fuel/air ratio
by volume 0.232

Net calorific valuel(QQyéftB) L7y
LMY W

Molecular weight 15.5
Density (1lby/ft7) 0.04
3.4 The vane swirlers

Annular and hubless swirlers of vane angles 15°, %0°, 45°, 60°, 70°
and 75° were prepared according to the modified design of Mathur (5) and the

design parameters are shown in Table 3. The vane angle is defined as the

TABLE 3

Design Parameters for Annular Swirlers (see Figure 10(b))

Parameter Value
. 6
Zl dl sin -é'
tan ©
' )
. d2 sin §
tan ©
5 -
. dl sin 5
sin ©
)
% d2 sin '2—
sin ©
: )
V/>) 0.5 (dy - d, cos 5;)
Z5 : 0.5'(d2 - d1) cos %
Z7 0.5 (d2 - dl)
where 6 = swirler vane angle

8

angle at the vane tip (= 750)
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angle of ipclination of each swirler vane to.the swirler tube axis. Both
types of swirlef geometries are shown in Figure 10(a) to (e).

Except for annular swirlers with vane angles.of l5°-and 309, each
annular swirler has an overlap of 300 between adjacent vanes. For the 15°
and 300, annular swirlers, the overlaps are -130 and 270 respectively.

The overlaps for the hubless swirlers can be taken as corresponding to
that of the equivalent annular swirlers because the design principles
are the same.

Each hubless swirler was made of an 8 in. long brass tube, 0.934 in
inner diameter and 1.114 in. outer diameter at the exit end. Eight brass
vanes, each 0.020 in. thick, were positioned in slots cut through the
swirler tube wall and silver-soldered internally and externally.
Theoretically, all the vane-tips shéuld meet on the swirler axis but this
is not practicable because of the thickness of each vane.,

The outer tube of each annular swirler was made of 3.86 in.
internal diameter, 4.110 in. outer diameter and 6 1in. long brass tube.

The brass inner tube has an outer diameter of 1.25 in., an internal diameter
of 1.114 in. and a length of 7 in. Initially, eight brass vanes, each
0.020 in. thick, were silver-soldered in slots on the lnner tube. They
were then machined to fit perfectly into the outer tube before being silver-
soldered to it. When these swirlers were used in the test run, the vanes
were destroyed by the flames. New swirlers were therefore made using
0.032 in. thick mild steel vanes. Three studs were also silver-soldered
between the outer surface of the inner tube and the inner surface of the
outer tube. These studs, positioned near.the upstream end of the swirler,

were used to reduce the strain on the vanes.



3.4.1 Swirler positioning

Three % in. diameter holes were provided 5 in. from the annular
swirler exit and three corresponding tapped holes were provided at the
swirler end of the secondary flow line. By means of this arrangement,
the annular swirlers could be fitted rigidly in position. In order to
fix the swirler in the same position for each run, a mark corresponding
to that on the downstream end of the secondary flow pipe was made on each
swirler. For each annular swirler, a dummy "primary swirler" with
blanked off flow area was provided. The downstream surface of this tube
was made flush with the downstream end of the swifler’s inner tube. The
upstream end of each tube was made to fit into the primary flow line.

To position the hubless swirlers, a dummy "secondary swirler" with
blanked off flow area, of the same dimensions and features as the experimental
annular swirlers was made. As will be observed in Figure 10 (a), the
hubless swirler dimensions are such that it would fit into this tube up to
the last 1 in. at the upstream and where its outer diameter 1s the same
as that of the inner tube of the annular swirler. A notch was provided at
the upstream end of each hubless swirler to fit into the stud at the
downstream end of the primary flow line. This, together with the dummy
swirler fixed to the outer pipe of the sécondary flow line, prevented any
movement of the swirler in any direction and éléb allowed the swirler to

be fitted in the same position for each run.

3.4.2 Swirl numbers

Consider an annular swirler with vane angle 6. Let the resultant
veloclty vector paraliel to the plane of the vane surface be V. The axial

and tangential velocity components at exit are
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Assuming further that the pressure term in the equation for axial flux'of

linear momentum is negligible, the following expressions are obtained
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where Z'= —= +the hub ratio

2
For a hubless swirler, Z = O and

tan @
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pu, tan © rgdr

e (3.1)

.++(3.5)

...(3.6)

e (3.7)

...(3.8)
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The swirl numbers of the experimental swirlers are shown in Table 4,

hub ratio for the annular swirlers being 0.3238.

TABLE 4 Swirl Numbers of Experimental Swirlers

Vane Swirl Numbers

Angle Hubless Annular

(degrees) swirlers swirlers
15 0.0893 | 0.0955
20 0.1925 0.2078
45 0.3333 0.3599
60 0.5774 0.6236
70 0.9158 0.9891
75 1.2440 1.344

3.5 Tgnition of the flames

The flames were ignited by means of a premixed flame of butane-and
air. Stabilisation of the pilot flame was ensured by using a rod
stablliser fixed in a short duct which was pressed into the copper pipe
at exit. As soon as the main flame was ignited, the pilot flame was

removed from the flow region.

3.6 Measuring instruments

Instruments were designed for measuring the flow velocities, static
pressures and temperatures. All the measuring probes<§ere water-cooled
and the water-cooling Jjacket constituted the probe stem. Each of the
measuring probes was aligned to the jet axis. This was carried out by
inserting a conical blbﬁk in the dummy "primary swirler" fixed in the *
flow line and adjusting the probe position until its WOfking section
touched the tip of the conical block. The probe stem was then marked.

By this means, the zero of the vertical scale was simultaneously determined.



3.6.1 For velocity measurements

The velocity distributions in a three-dimensional flow field,
such as in a swirling jet, are usually measured with three-dimensional
probes (hereafter referred to as 3-D probes). Various designs of 3-D
probes are available in the literature (37)-among them the five-hole
spherical probe by Lee and Ash (38) and a pitch and yaw meter by
Merrington (39). An automatic baléncing system for five-hole probes has

been designed by Taylor and Davies (40).

3.6.1.1 The 3-D probe

Fechheimer (41) showed that for a i in. diameter cylinder placed
across a stream, the pressure on the surface of the cylinder at a point
L0 degrees from the stagnation point would be equal to the static
pressure of the fluld at that polnt. Thus by provlding a second hole
at equivalent position on the other side of the stagnation point, the
tube can be used to measure the yaw angle of the flow at any point. The
yaw angle is defined as the Inclination of the plane containing the
velocity vector to the horizontal plane of the jet axis.

The design of the tube used by Albright and Alexander (;O) for
measuring the impact and static pressureé in the cyclonic flow field was
based on this principle. Hiett and Powell (42) modified the Fechheimer
tube to produce a three-hole 3-D probe; The cylindrical probe tip with
a hemispherical end had a 120 degrees V-groove at some distance from
the end. Two pressure tappings were located 72 degrees apart on one
side of the groove's flank (hereafter referred to as holes 1 and 2) and
a third hold (hole 3) Qas located on the other flank on the same aiial_
plare as hole 1. -

Because of the relative ease of manufacture and suitability for
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combustion research, the 3-D procte design of Hiett and Powell was used.
Figures 11(a) and (b) show the probe-tip and a photograph of the probe
with its watef—cooliné Jjacket respectively. The 120 degree V-groove
was located 0.5 in. from the hemispherical end of the 0.375 in. diameter
probe. All the three pressure holes were located as described in the
raragraph above and the diameter of each hole was 0.025 in. Each of the
holes drilled along the length of the probe tip and linked with each of -
thé pressure holes on the groove's flanks had a diameter of 0.047 in ( %E)'
The overall length of the probe tip was 1 in. and was made of Nimonic 80A;

For the investigations of the hubless swirler flames, a smaller
probe tip of 0.25 in. diameter was used in order to reduce the
aerodynamic disturbance of the probe's presence in the smaller jets from
the swirlers. Eeginning from 0.375 in. from the V-groove, the diameter of
the probe tip was gradually increased to 0.375 in. to fit into the outer
tube of the water-cooling Jjacket. The overall length of the probe tip
was reduced to 0.875 in. and it was made of Nimonic 105 which being a
tougher material required the use of high speed solid carbilde drills to
bore the pressure holes. N

Two of each type of probe tips were made and 19 s.w.g. stainless
steel hypodermic tubes were éoldered to the outlet of the pressure héles.
The tubes of the water-cooling jacket were then silver-soldered on to the
probe tips. -

An attempt was made to design an automatic balancing system for the
3-D probe but because of the very high magnification needed before the
output vditage (in millivolts) from the electronic micromanometer could
operate the balancing sYstem,'there was a rather high zero error in the
voltage amplifier output; This error was attributed (by one of the staff

members of the Electrical Engire ering Department) to the high magnification
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‘by the voltage amplifier of the noise level arising frcm the transmission
at nearby radio and television stations. As a result of the difficulty

in eliminating this interference, the attempt was abandoned.

3.6.1.2 Calibration of the 3-D probe

In 6rder to determine the response of the probe at any pitch
angle, it was necessary to calibrate the probe. The pitch angle is
defined as the angle between the probe axis and the velocity vector.

The calibration was carried out in a vertical air stream whose
velocity profile has been made uniform at the horizontal plane through the
probe tip by inserting various combinatlons of wire meshes at about
2.5 ft from the exit of‘the vertical 2.5 in. diameter pipe.

For the calibration, the velocity head of the stream at the
position of the probe tip was first measured with a pitot static tube.

The probe, held in the probe carrier, was poéitioned at the centre of

the flow field and its distance from the vipe exit was 4.5 in. The
hypodermic tubes of the probe were connected via z manifold for selecting
pressure differences to a pre-calibrated electronic micromanometer.

Two protractors were fltted on the probe carrier to indicate the pitch
angle and the angle of rotation of the probe.

The calibration was carried out for pitch angles varying in steps
of 5 degrees from 30 to 150 degrees. In any position, the probe was
rotated until the pressure difference between holes 1 and 2 was zero at
which stage the plane of the velocity vector would bisect the angle between
holes 1 and 2. The probe was then rotated backﬁards through 36 degrees
so that holes 1 and 3 faced the flow. Pressure differences between holes
1 and 3, (p1 - p3), and holes 1 and 2, (p1 - p2) as well as the pitch
angle were recordéd. The ratios of (p; - p3) fo (py - pp) and of (p1 - pp)

to the velocity head were plotted against the pitech angles.
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To find the effect of Reynoids'number on the probe performance,
the calibration was carried out at four flow velocities fanging from 20 ft/s
to 100 ft/s. Typical calibration curves are shown in Figures 12(a) and (b).
The condition for the suitability of the probe in three-dimensionalAflow |
measurements is that each of the calibration profiles must be single-~
valued at any glven pitch angle. It can be seen from Figures 12(a) and (b)
that this condition is fulfilled for pitch angles between 45 and 12b degreeé‘
and that the probe's response in this range is independent of Reynolds
number. Almost all the experiméntal pitech angles were within this range.
The fact that both positions (45 and 120 degrees) are not symmetrical
about 90 degrees and that the vrofiles of the rafios of (pl - p5) to
(pl - p2) agalnst pitch angles do not pass through 90 degrees point at
zero must be due to slight asymmetry at the tip of the #onol used for

machining the V-groove.

3.6.1.3 Method of use

A sleeve/rrotractor unit with a ring of chrome plated metal,
serving as a reflector, was fitted into the hole on the upper é}uminium
block of the traversing mechanism and the sleeve/protractor unit was
locked in position with its zero degree horizontal. A smaller sleeve,
on which a pointer and a device for locking the probe in position on to
the sleeve/protractor unit has been fitted, was positioned in the
sleeve/protractor unit. With a split-sleeve fitted on‘lt, the probe was
inserted in the smaller sleeve and iocked on it. A photograph of the
probe positioning unit is shown in Figure 13. At the beginning of each
run, a line scribed on the probe stem and passing through the axis of
hole 1 would be lined up with the pointer at zero yaw angle. For the
lining up, lines were scribed on each of the sleeves.

With the probe in position, the null point was determined as
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discussed in Section 3.6.1.2. The yaw angle, 1 p3 and Py - Py
were then recorded. From the calibration charts, the pitch angle and

the absolute velocity head were determined.

3.6.1.4 Velocity components

As shown in Figure 14, the axial, radial and tangential
components of velocity can be obtained from the measurements of the
resultant velocity vector, the pitch angle and the yaw angle. The
pitch angle can vary from zero to 180° whereas the yaw angle cah vary
from zero to 360°.

Taking the positive directions of the axial, radial and tangential
velocities along the direction of the stream, vertically upwards and in the
anti-clockwise directlon respectively, the following expressions can be
derived.

For vertical traverse

u = ‘ﬁAN cos B = ¥ sin o cos B ...(3.8)
v = ﬁhN sin B = ¥ sin o sin B ...(3.9)
w ﬁAD Y cos o ...(3.10)

where o and 8 are the pitch angle and yaw angle respectively.

3.6.2 For static pressure measurements

A disc type static pressure probe to the‘design of Miller and
Coming (43) and shown in the photograph of Figure 15 was used for this
rurpose. fhe probe, of 0.25 in. disc diameter, was initially made of
Nimonic 80A but was flaking very badly in the flame. Because the accuracy
of the static pressure measurements is dependent on the smoothness of the
disc's surface another set of the same diameter were made of Nimonic 105.
These maintained fairly smooth surfaces despite repeated use. A hypodermic
tube was soldered to the pressure hole of each probe tip before soldering

the tubes of the water-cooling jacket to the ‘probe tip.



4.

In use, the probe was mounted in the same fixture as the 3-D
probe and was rotated until the plane of the disc was in line with the
plane of the resultant velocity vector. Thi; therefore meant that the
veloclty traverses had to be carried out before the static pressuré

measurements.

3.6.3 Measurements of pressure differences.

The hypodermic tubes from the probesvwere connected by plastie
tubes via a manifold for selecting pressure differences to a pre-calibrated
electronic micromanometer which for accurate and steady response had to
be kept at constant temperature. The output of the electronic micromanometer
(in millivolts) was measured on a multi-range recorder. The recorder
response was initially tested and found to be accurate to within 0.001 nV.

The micromanometer 1s accurate to within * 0.0005 in. water.

3.6.4 For temperature measurements

%.6.4.1 The Thermocouple

Temperature measurements were made with 0.010 in. diameter Platinum-
5% Rhodium: Platinum - 20% Rhodium thermocouple wires passed th{pugh
0.098 in. diameter twin-bore ceramic insulators. The 1lnsulators were
inserted in a 0.125 in. diameter, 0.010 in. wall stainless steel tube
which formed part of the water-cooling jacket of the probe.

The hot junction of the thermocouple was formed into a spherical
bead whilst the cold junction (during the experiment) wéé immersed in ice
at OOC.. The complete circult was connected to a reéordér for the measurement
of the thermocouple response.

It is usual in the fabrication of thermocouples to coat the surface
of the hot junction with a thin layer of silica so as to prevent catalytic

reactions taking place at the hot junction. This will necessitate the



recalibration of the thermocouple and determining its emissivity.

No standard thermocouple was available in the Department or from anywhere
in the neighbourhood, therefore the hot junction was not coated. It is
however highly uniikely that this would have affected the results in any
sense because the combustion was very far advanced at all planes where
measurements were taken as could be verified from the temperature
profiles obtained. Also the temperature measurements were usually

repeatable to within ¥ 5°C in the high temperature zones.

%.6.4.2 Temperature correction

The temperature measured by a thermocouple can be expected to
differ from the true gas temperature because of two major factors, viz.
(2) conduction along the wires and their
neighbpuring support

and (b) radiation from the hot junction.

The conduction error can be reduced or eliminated by ensuring
that the hot Junction and its neighbouring parts are adequately immersed
in the stream. In the design of the thermocouple used, this was
achieved by increasing the depth of immersion of the hot junetion
and the ceramic tube until any further increment showed no change in
the temﬁerature reading. For example, the readings obtained with
depths of immersion of 0.125 in., 0.5 in., 0.75 in., 1.0 in., 1.25 in.
were 1032°C, 1249°C, 126200; 1265°C, 1265°C respectively. The radiation

error was taken into account as discussed below.



=45~

3.6.4.3 Radiation correction

For Reynold's number in the range of 17 to 70,000, the
convective heat transfer to a spherical hot junction in a flow field
is (44)

| hd pVd 0.6

(—3) = 037 ( £) v (3.11)
k 0 . .

and the heat balance equation representing fhe equality of heat loss

by radiation and that resulting in the temperature difference AT is

hAT = €0 T4 ...(3.12)

Substituting for h from equation 3.11,

c o dso.4 T4 0.6

AT = (2—) ...(3.13)
0.37 k pV -

Kaskan (45) has determined the radiation correction for a thermocouple
Junction with a cylindrical shape.

Owing to the difficulty of calculating the transport properties
of complex mixtures such as in flames, @ and k for air are usually used.

Thus p was calculated from the equation (46)

u. . = M X 10-7 e e e (3.14‘)“
(poises) T + 110.4
(T in %K)

and k is calculated from the equation (47)

c
ko= k (B ...(3.15)

by o Cyy
with k in cal/cm.s.°C
p in poilses
‘Cy in cal/g °c

Suffix i represents values at 0°.
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~Values of Cv were calculated from the values of Cp. To find the value

of Cp at any temperature, tabulated values in (47) were plotted and
the result is shown in Figure 16. The straight line graph can be
represented by the expression

C, = 0.240 + 4.039 . 10 . 7 (%) ...(3.16)

This equation 1s valid up to 1400°C with a maximum error of * 1.25%
within the range.

For the emissivity, the platinum aﬁd rhodium materials were
taken as contributing the percentage of their composition to the
emissivity of the hot junction at any temperature. On this basis, the
total emissivity of the hot junction was calculated at various
temperatures with the data obtained from (48) and a plot of the
calculated values 1s shown in Figure 17. The variation of the
emissivities with temperature can be represented by

e = 0.0l +5.619 . 1072. T (°F) .o (3.17)
This equation is valid up to the maximum temperature at which the déta

was available (3000°F) with a negligible maximum error (less than .1%).
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CHAPTER 4

STABILISATION OF FREE SWIRLING FLAMES

L1 Introduction

As mentioned in Section 1.1 various flame holding devices are in
use. Depending on a number of factors some of which will be discussed in
“this chapter, the range of flow conditions within which stable flames
can be obtained differs from one device to the other. (The term flow
condition refers to the average nozzle veloclity of the mixture and the
fuel/air retio). Therefore, experiments were conducted to map the range
of flow conditions within which a particular type of flame (if any) could
be obtained. »

The experlments were carrled out using all the hubless and annular
swirlers. Extensive measurements could not be made with the annular
swirlers because of the limitations of the gas supply and the maximum
operating pressures of the superchargers. The tests, with the annular
swirlers, were consequently carried out only in the range of flow_conditions
to be used in the aerodynamic Investigations of the flames.

For each of the hubless swirler flames, the 1iﬁits of the weak
blow-off, 1lift, drop back and rich blow-off were determined. Visual
observations of the changes in the flame structure from one flow regime to

the other were also made.

4,2 Procedure

The flow rates of the reactants were initially adjusted to obtain
a stable flame after which the test rig was allowed about thirty minutes to
warm up.

At the first run with each swirler, salt powder was injected into
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the flame at a short axial distancé from the swirler exit. This was
done in order to ascertain whether any recirculation vortex was present
in the flame or not.

In determining the weak blow-off limits, the fuel flow rate was
set to a level and the air flow rate was slowly increased until the limit
was reached. For the rich blow-off limit, the air flow was maintained
at a level whilst the fuel flow rate was increased. The procedure for
determining the liftling position was the same as for the determination of
the rich blow-off 1limit but for drop back, the fuel flow rate for the
lifted flame was reduced until the flame was re-established in its initial
anchoring position. In all these cases, some time was allowed for the
attainment of steady flow conditions before any further adjustment was
made to the flpw rates. After obtalning the desired 1limit, the readings
of the orifice pressure differences for the alr and fuel flow rates were
noted. The flow adjustment was then reversed to obtain a flame Jjust prior
to the determined 1imit. The limit was re-determined, this time the flow
rate was more carefully adjusted to obtain the desired limit. The.weak .
blow-off limit was teken as the condlition when a stable flame c;uld be
obtained for not more than about 20 sec., lifted flame taken as when a
stable flame would establish itself in its anchoring position for not more
than about 20 sec., drop back taken as when a lifted flame could maintain
its position for not more than about 20 sec., and the rich blcw-bff was
taken as the Instant when a lifted flame éould not maintain itself after
about 20 sec. | |

Having determined the 1imit sought for, the orifice pressure difference,
orifice upstream pressure and the corrected orifice upstream temperature

near the exit were also recorded. From these data, the air, fuel and
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consequently the mixture flow rates and fuel/air ratios by volume were
determined. The average nozzle velocity was calculated from the mixture
flow rate and the swirler flow area. In calculating the swirler flow

area, the bléckage effect of the swirler vanes was taken into account.

4,3 Structure of swirling flames

Depending on the average nozzle velocity, fuel/air ratio, swirl
nunber and swirler exit, several types of flames were observed. Each

type of flame was obtainable within a defined flow regime (or condition).

4.,3,1 With hubless swirlers

Figures 18(a) to (f) show the photographs of stablé flames from all
the hubless swirlers. For-any‘swirler with vane angle of 60 degrees or
less, the stable flames were anchored at the Jjunction of the vane tips
on the jet axis. From this point, the flame spread out into the incoming
stream, thus the flame was conical in shape near the swirler exit. For
any swirler of vane angle greater than 600, a wall flame Jet was formed
and the effects of the swirler vanes were very pronounced, thus eight
individual wall jets were formed. :

When the fuel flow rate of a stable flame was reduced, the blue
flame became less visible as the weak blow-off 1limit was approached. At
very low velocities, below about 75 ft/s,‘the flame could sometimes spread
round the perimeter of the nozzle. This was very frequent with the 15°
swirler flame. 7

If the fuel flow rate was increased, the flame became deever in
colour. If the increase continuéd, two things could happen. The flame
migﬁt 1ift from its anchoring position or it might blow-off. The rest of

the discussilons in this paragraph refer to the observed characteristics

of those flames that lifted. Photographs of lifted flames are shown in
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figure 19. Rough combusticn was obseryed close to the lifting position.

As a result of this, the Jjet boundary became véry irregular. The flame
noise also increased and the pitch of the noise décreased as the lifting
position was aporoached. Two types of lifted flames were observed.

These can be discussed more precisely by referring to them as partially

and fully lifted flames. In the partially lifted fiame, a small tail of
flame was still anchored on the Jet axis whilst the main body of the flame
has lifted to a downstream position. Initiélly the flame tail was at the
Junction of the vane tips but as the fuel/air‘ratio increased, it moved

some distance downstream. The shape of this taii was observed to be
different for each swirler. After moving to a downstream position, the
flame ta;l was very unstable although this did not seem to affect the
overall stability of the flame. As the fuel flow rate was increésed, a
stage would be reached when the flame tail would be forced to the same
position as the main body of the flame. At thié stage, the flame could be -
described as fully lifted. The partial and full 1ift concept could not

be applied to the 15o swirler flame as no flame tail was observed. Instead
the flame lifted from the Jjunction of the vane tips and stabllised itself on

the nozzle exit plane. The shape of the flame remained unchanged.

In this position, the flame was very unstable énd could be easily blown off.

With further increase in the fuel flow rate of a 1lifted flame, two
things could happen. The flame might blow-off or the‘flame might become
increasingly long. ‘éome flames frqm swirlers of vane angle of 30° and
above extended from the nozzle exit.into the canopy of the flue ducting.
At low velocities and with very rich mixtures, the flame could sometimes
drop back from the lifted position to establish itself on the perimeter’
of the nozzle. In thé very long flames, the turbulence characteristics
of the flame appeared to change. The change observed was such that the

scale of turbulence was greater in these long flames.
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In the flames from swirlers of vane angles of 45 degrees and
above, a strong odour of partially burnt gases was pfevalent in the
laboratory. The intensity of the odour increased with swirl number.
As would be expected, the intensity of -the odour also increased with

fuel/air ratio.

4.,%.,2 With annular swirlers

Photograrhs of the annular flames afe shown in Figure 20(a) to (f).
The combustion in annular swirling flames sterted from inside the éwirlerr
nozzle almost on the swirler vanes. This was the reason why all the first
set of annular swirlers made with brass vanes were destroyed. As in the
hubless swirlers, annular swirlers withvane angle greater than 60 degrees
produced individual wall Jets. >The odour of partially burnt gases was
detected and the intensity increased with the swirl number and fuel/air
ratio. Because of the higher flow rates and the larger size of the
annular flames, the intensity of the odour from any annular swirler

was greater than that from a corresponding hubless swirler.

4.4 Stability limits of swirling flames

From the preliminary salt Injection tests, recirculatlon vorticés
were observed in flaﬁes from hubless swirlers of vane angle of 30 deérees
and above. Similar zones were observed in flames from annular swirlers
of vane angle of 45 degrees and above. -

The results of the stabilisation tests for hubless swirlers of
vane angles varying from 15 to 60 degrees are shown in Figures 21 to 24.
Because of the structure of the flames from swirlers of 70 and 75 degrees
~vane angles, these flames are not likely to bebof industrial importaﬁce and
thus the stability limits were not determined. For the swirlers investigated,

only the peak velocity for the 15 degrees swirler flames could be determined.

This was because of the limitation of the gas supply énd the maximum
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operating pressures of the superchargers. Also at verj high flow
velocitles, the ignition of *the flame by the pilot flame was becoming
increasingly difficult. As will be observed in the results, the effects
of the limitations were becoming increasingly severe as the swirl

nunber increased. However, sufficient data was obtained with the

30 degree swirler to show the main stabilisation characteristics of
swirling flames. The remaining part of this section will be concerned
with the.results of the hubless swirler flamés.

In order to ascertain the consistency of the results a few data
points at each limit were determined several days after the main test.
The weak limits, as willl be observed in the results, were very consistent
but the limits on the rich side of stoichiometric ratio were much less so.
The inconsistency increased with the swirl number. The discrepancy could
probably be due to slight changes in the atmospheric conditions and the
resultant effect of this on entrainment rates.

The profiles of the weak blow-off limits showed that the flow
velocities at blow off increased rather slowly at first with increasing
fuel/air ratios. This rate of change increased as the velocities increase,
and from the trend of the 30 and 45 degrees profiles, the profiles appeared
tc be tending to an asymptotic distripution as the peak velocity was
approached. At any flow velocity, the required fuel/air ratio at the
weak limit increased with swirl. This applied only to-flow fields with
recirculation vortices. For example, at an average nozzle velocity of
200 ft/s, the fuel/air ratios at weak blow-off limits were 0.14, 0.19,

0.24 in the 30, 45 and 60 degrees swirler flames respectively.

At the rich 1irits, similar increases in mixture strength with swirl . - ..

nunber were shown at corresponding flow velocities. Also the required

decrease in the mixture strength before a lifted flame dropped back at any
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flow velocity increased with swirl. FQr each swirler, this region was
almost constant throughout the flow conditions investigated.

From the results of the 30 degree swirler, (and possibly of
swirlers of higher vane angles), it can be seen that at any flow
velocity above 420 ft/s, the fiame did not 1ift from its anchoring

position before blowing off.

4.5 Discussion of results

The investigation of the flame stabillsation in swirling.flows
issuing from vane swirlers shows that, as in non—swirling flames, different
tyres of flames are obtainéble. The type of flame is determined by the
average nozzle velocity, mixture strength, swirl number and the swirler
geometry.

The formation of wall jets can be explained as follows. At any
flow velocilty, the tangential velocity at the iniet plane increases with
swirl. At this nlane, the radial velocity compconent is zero. If it is
then assumed that the turbulent shear terms of the Navier-Stoke's equation
of motion in the rédial direction are negligible, the equation of motion
can be written as

pw2 3 p

T ar

CRD

This implies that the centrifugal forces result}ng from the rotational
motion imposed on the flow is balanced by the radial gradients of pressure.
If, therefore, the rotational energy of the flow was such that the pressure
gradients can not balance the centrifuéal forces, the tendency will be f6n~
the flow's streamlines to be forced away from thé axis of the flow by the
centrifugal forces. Within the swirler nozzle, this tendency will be
. restricted by the nozzle wall but just outside the nozzle exit, the par£icles
of the fluid will be flung away from the jet axis by the centrifugal forces

to form wall jets.



It is interesting to note the difference in the location of thé
Tleme bases of the hubless swirler flames and those éf the annular swirler
flames. This clearly shows one of the effects of swirler geometry on
flame stabilisation in the type of swirlers used. It also shows the
importance of carrying out tests with both swirler geometries. The
initiation of the combustion from within the annular swirler nozzle may be
due to the effects of possible boundary layér thickness on the swirler vanes."
Within the boundary layer, the flow velocity will be sufficiently low to
support the establishment of a flame. This possibility is strengthened by the
observation that the flame does not extend from the surface of one swirler
vane to its adjacent neighbour but there is a reglon in between them where
there 1s no flame. In this region the fluld velocities must be higher than
the weak blow-off velocity of the mixture at the particular fuel/air ratio.
It can be expected however that at very high flow velocities, the region of -
no flame between adjacent swirler vanes will increase to such an extent
that the flame will be swept away from the surface of the vanesf Under these
circumstances, the flame is unlikely to be held on the small recirculation
vortei downstream of the central bluff-body because of the high flow
velocity. The flames will therefore be stabilised on the recirculajion
zone in the flow fileld if there is aﬁy. The establishment of the flame
base, in hubless swirlers, at the junction of the swirler vane tips can be
considered as the bluff-body effect”of the tips of the vanes. The flame
stabilisation potential of this bluff-body effect is very small and thus
the small stability limits loop obtained with the 15 degree swirler flames.
From this, it can be said that the stability limits loop obtainable with
annular swirlers of 15 and 30 degrees will depend on the characteristics of

the boundary layer on their vanes.



The establishment of flames on the swirler rim at the low velocities
is to be expected. These low velocity flames are of the common "Bunsen" |
burner type. The observed flame behaviour of partial and full 1ift in
hubless swiflef flames as discussed in Section 4.3.1 is not likely to be
characteristic of swirling flames in general but is most likely to be
due to the aerodynamic effect of the 3.86 in. outer diameter dummy secondary
swirler in which all the hubless swirlers were fitted and also to the
effect of the outer pipe of the secondary flow line. These two factors
will have the effect of altering the axial entrainment characteristics
within their radial distance of influence. There 1s also the effect of
the reverse velocities of the gases in the recirculation zone. This point
ralses the questlon of what happens to the recirculation zone when a flame
is 1lifted. Attempts were made to investigate this phenomenon using the
salt injection method but the fluid temperature was too low to make the
method applicable. Although this phenomenon does not seem to be of much
industrial importance, it will be a stimulating academic exercise to
ascertain the fate of the recirculation zone when the flame is lifted.

The importance of the recirculation vortex in flame stabilisation
is clearly shown by the comparing the stabllity limits loop of the 15
degrees swirler flame which has no recirculation zone with that of the
30 degrees swirler flame which has a recirculatién vortex. In any flame’
without a recirculation zoneg, the flame will be establighed in the low
veloclity region resulting from the éombined effects of the factors
discussed in the third paragraph of this Section. In any flame with a
recirculation zone, the hot combustion products fed back towards the nozzle
will, by process of turbuleht exchange, conduction and to a lesser extent
radiation, supply the required energy for ignition. This means, theréfore,
that the size of the stability limits loop willndepend on the size of

recirculation vortex as confirmed by the results presented.



-56-

The lateral shifting of the stability limits loop towards rich
mixture ratios with increasing swirl can be attributed to the combined
effect of three factors. These are entrainment of ambient fluid, the
temperature of the recirculated gases and gradients of the absolute velocity.
It has been verified experimentally in cold jets that the rate of
entrainment increases with the swirl number. The entrained air which will
have the effect of lowering the temperature ofrthe gases in the flow field
will thus have increasing influence on the tempe rature of the gases as the
swirl increases. The recirculated gases contain mainly combustion products
with a high COo content. As a result of the exchange by turbulence and
molecular diffusion of the recirculated gases with the incoming stream,
the effective fuel/air ratio of the stream wlll be reduced. Furthermore,
the length of the recilrculation zone increases with swirl and thus the
temperatures of the recirculated gases originating from near the downstream
end of the vortex will ke lower for higher swirl numbers. Hence, at any
flow velocity, a higher mixture strength will be required in order to obtailn
sufficiently higher temperatures in the recirculation zone for igniting the
incoming stream. Concerning the third phenomenon, it is known (49) that
flame extinetlon may occur if the velocity gradients at any part 6f the
flame front exceed a maximum value at the fuel/éir ratio. In Figure 3 of
reference (13) by Chigier and Beer, the distributions of the axial and
tangential veiocity components are shown at the nozzle exit. It can be
deduced from this figure that at any particular flow velocity, the velocity
gradients increase with swirl. It therefore follows that for any
particular fuel/air ratio, flames issuing from swirlers of higher vane

angles will blow-off at lower velocities.



4.6 Conclusions

This investigation has demonstrated that higﬁly stable flames can
be obtained within a wide range of flow conditions. The position at which
the combustion 1s initlated depends on the geometry of the swirler. The
influence of the recirculation vortex in flame stabilisation is clearly
shown.

At any flow velocity, the fuel/air ratio at weak blow-off increases
with swirl. This 1s also true at the rich limits for 1ift and drop back.
The size of the stability limits loop increases with swirl. The flow
regime between 1ift and drop back remains constant in each swirler flame

but the width of this zone incresses with swirl.
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CHAPTER 5

THE AERODYNAMIC INVESTIGATION OF FREE SWIRLING FLAME JETS.

5.1 Introduction

In order to study the distributions of the aerodynamiec variables in
swirling flames, tests wére conducted wi£h flames issuing from hubless and
annular swirlers of various vane angles. Flames from swirlers whose vane
angles are greater than 60 degrees were not studied because of the reasons
given in Section 4.3. The varilables measured were the velocities, static
pressures and temperatures at various points along and across the flames.
The velocity distributlons were measured first so as to have the required
data for the static pressure measurements. The velocity components, mass
flow rates, and the axial fluxes of linear and angular momenta were

calculated from the results.

5.2 Detalls of the experiments.

The flow rates of the reactants were measured as discussed in
Section 3.2.7 of Chapter 3. The necessary data for calculatingcphe flow
rates at the desired average nozzle velocities were obtained from
preliminary tests. For each run, the experimental test-rig was allowed
thirty minutes to warm up before starting to take readings.

Preliminary tests were carried out on the measurements of the
veloclity distributions. These tests showed that a cleaf;r understanding of
the changes in the directions of the flow velocities would be obtained if |
measurements started from the outer boundary of the jet. The tests also
showed that it would be neéessary during the main experiments to-bloﬁ
compressed air through the pressure tappings of the probeé because they:could

sometimes be blocked by any small particle. After some experience with



the measuring instruments, it was quickly evident whenever any of the
pressure holes was probably blocked as this caused tﬁe probe response to
be inconsistent with previous readings. —

Due to the differences in the geometrical features of the hubless
and annularvswirlers, the tests could not be carried out with the same
input conditions. Further detailsvof the tests with each swirler

geometry are therefare given below.

5.2.1 With hubless swirlers

The aerodynamlc tests were carried out uslng an average nozzle
velocity of 80 ft/sec. The blockage effect of the thickness of the
vanes was taken into account in calculating the flow area for each

swirler. The details of each swirler are given in Table 5.

TABLE 5. Details of hubless swirlers

Vane Swirl . Flow Position of Jjunction | Experimental
Angle Number | Area of vane tips from Fuel/Air ratio
(degrees? (in?? e?izzzle diameter) (by volume)

15 - 0.0893 | 0.608 1.104 , 0.20

30 - 0.1925 | 0.599 0.535 0.20 ’

45 0.3333 | 0.579 0.301 - 0.20

60 0.5774 | 0.536 0.167 0.25

As shown in Table 5, a vdlumetric fuel/air ratib of 0.2 was used for the
flames issuing from all the hubless swirlers except that with 60 degreés
vane angle. In the 60 degrees swirler, the flow condition of 0.20 |
frel/air ratio and 80 ft/sec was. very close to the weak limit as can be

seen in Figure 24 and thus the flame was almost invisible in daylight.
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Furthermore, the flame was blowing off occasionally. This is understandable
when the method of determining the stability limits (as discussed in

Section 4.2) is considered. As a result of the above, a volumetric
fuel/air rafio of 0.25 was used. The average nozzle velocity was kept

the same as for the other swirlers. This fuel/air ratio might have been
used for all the hubless swirler flames but for the limitation that it

was very close to the rich stability limits of the 15 degree swirler flames
at the desired flow velocity. This too can be observed in Figufe 21.

The measurements were made in cross-sectional planes at axial
positions of 1.0, 2.0, 3.0, 4.0, 6.0, 8.0 and 10.0 nozzle diameters
(henceforth, "diameters" associated with hubless swirlers refers to the
nozzle diameter) from tﬁe exit. Radial distances were usually taken at
intervals of 0.125 in. but sometimes at 0.25 in. when the trend of the rate
of change of the measured variable permitted this. The measurements of
the static pressure and temperature distributions were made at the same
points as for the velocity measurements.

Because of the effect of buoyancy on each flame Jet, thg_physical
axis of the jet did not correspond with the geometrical axis of the jet
tubes. This deviation started at some axial distance downstream of-thé
swirler exit and the difference Increased as the axial distance 1ncréased.
However, it was possible to estimate the positioné of the Jet axis to
within.a maximum error of ¥ 0.625 in. from measurements‘ﬁf the velocities
(hence others) made at radial intervéls of 0.125 in. As explained below,
this was made“possible by the changes In the measured yaw angles and in
the pitch angle parametef (o7 - p3)/(p1 - pp). The segments containing
the yaw angles when measuriﬁg abové the axis'differed from those for points

below the jet axis. As would be observed in the 3-D probe calibration
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chart in Figure 12(2), the pitch angle parameters af points above the axis
would vary from posifive values to - 0.015 (i.e. for pitch angles varying
from zero to 90 degrees) whilst the values would be lower than - 0.015
only if the measuring pésition was below the axis, The position of the
axis was more accurately determined by taking readings at the midpoint
of the estimated 0.125 iﬁ. range. Tﬁis, therefore, made 1t possible to
determine the Jet axis at any cross-sectional plane to an accuracy of
about ¥ 0.031 in. maximum error.

In all swirler flames, readings were not taken throughout the Jjet
radius below. the axis but were limited to a radial distance of 0.5 in.
from the determinedAaxis. This was because of the small gradient on

the small probe-tip used. The detalls of this gradient were given earlier.

5.2.2 With annular swirlers

In these flames, measurements were made in cross-sectional planes at.
axial distances of 0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 5.0 and 7.0 diameters
(henceforth "diameter" assoclated with annular'swirlers refers to the
outer diameter of the flow area unless otherwise stated). The radial
distances were taken at intervals of 0.125 in. at the sﬁirler exit and
near the estimated location of the jet axis. At other measuring positions,

a radial interval of 0.25 in. was used. A few readings were téken using

an interval of 0.5 in. when the trend of the rate of change permitted this.

Due to the strong odour of partially burnt gases discussed in
Sectiqn 4.3, an extension was fitte& to the canopy of the flue ducting. At
positions upstream of the extension, méasurements were taken when it was
in place but it was removed when the meésuring position was apprd;ching it.
The effect of the extension was checked at the last axial plane of

measurement by taking measurements on this plane with the extension removed.
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These readlings were compafed with the results obtained when it was in
vosition and no appreciable change was observed. The downstream end

of the outer pipe of the secondary flow line was kept at a temperature
between 30°C and 40°c. This was achieved by water-cooling the swirler
end of the pipe. The reason for this was to prevent the swirler vanes
from being damaged by the flame. After completing the tests, the water-
cooling system was removed and the test-rig was run‘for about two hours.
This was done in order to see if the swiflervvanes would be destroyed by
the flame. Although the swirler end of the outer pipe of the secondary
flow line was fairly hot, the swirler vanes were not destroyed.

The procedure for determining the jet axis was the same as for
the hubless swirler flames. The measurements were taken above and below
the determined jet axis down to thellower edge of the Jjets. Due,
probably, to slight inaccuracies in the fabrication of thevswirlers, the
jets showed slight asymmetry although the results presented later have
been plotted symmetrically. The results were plotted from the average
of the values at correSponding'radial distances from the determined Jet
axis. -

The volumetric fuel/air ratlo used for all the flames was 0.15 and
the average nozzle velocity was 50 ft/sec. The effect of the vane thickness
was also.considered in the calculation‘of the flow areas.

Details of the annulér swirlers are Shown in Table 6.



TABLE 6.

Details of annular swirlers

'Vane Swirl Flow |Position of the bluff- Experimentél
Angle Number Area |body surface from exit | Fuel/Air ratio
(degrees) (ing) (diameter) (by volume)

15 0.0965 10.124 0.242 0.15

30 0.2078 10.084 0.194 0.15

45 0.3599 9.998 0.130 0.15

60 0.6236 9.802 0.113 0.15

5.3 Velocity distributions in swirling flame Jets

From the measurements of yaw angle and the pressure differences
(py - pp) and (p) - py) of the 3-D probe, the pitch angle and the
absolute.velocity head barameter were determined from the calibration
charts. A computer program was written for calculating the absolute
velocity head, the gas density, absolute velocity and the velccity
components at each measuring point. The input in the program included
the calibration. constant of the electronic micromanometer, static
pressure readings and the temperature readings. In calculating the ga§
density at each point, the measured static pressure and the}correcte€'

temperature together with the calculated value of the molecular weight

of the combustion products were used in the equation of state

p M
= pr
p = - «..(5.1)
RT -
The absolute velocity was calculated from
1

v =

s
18.29 [vaocityphead (in. water?] ...(5.2)



The calculation of the molecular weight was based on the calculated
composition of the combustion products at complete combustion

assuming that for a mixture with N components

M
pr

I
M3

(55 composition of N by volume) x molecular weight of N

.. (5.3)

The components of absolute velocity were calculated using equations (3.8)

to (3.10).

5.3.1 Velocity distribution in hubless swirling flames.

In this section, the results of the distributions of the velocity
components are presented. The axial veloclty components along the Jet
axls, the maximum axlal velocity component at each cross-sectional plane
and the maximum tangential veloclty at each plane were made dimensionless

by the corresponding values at 1.0 diameter from the swirler exit.

5.3.1.1 Axial velocity profiles

The distribution of the-axial velocity ceamponents are shown in
Figures 25 to 28 fpr the 15, 30, 45 and 60 degrees swirler flames
respectively. The shape of the profiles at corresponding raéial .
planes differedvfrom one swirler to another, thus indicating the effeét
of swirl on the flow distributions. In fhe 15 degree swirler flamé,
the maximum value of the axial velocity occurred on the jet axis at
the first axial measﬁring position of 1:0 diameter and remained so
throughout the length of the Jjet. - Cloée to the swirler exit, the rate
of drop of the axial velocity components from the maxiﬁum value on ﬁhe
axis to zero on the jet boundary was very rapid but as the jJet opened

out, the gradients became smaller.
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On a cross-sectional plane clbse to.the swirler exit, the

profile along the radius of the 30 degree swirler flame showed an
off-centre maximum axial velocity with a reduced value on the axis.

Near the swirler exit, the reduced values were negative but further
downstream, positive values were obtained. The negative axial
velocities indicated the region of reverse flow. Beginning ffom an
axial distance of 6;0 diameters from the swirler exit, the maximum axial
velocity component at any cross-sectional plane was obtained on the Jet
axis. A maximum radial width of the feed back region of 0.44 in. was
obtained at 1.0 diameter from the exit and the maximum reverse flow
velocity which was also on this plane was 18 ft/sec. The shapes of

the profiles in the initial region of the 45 degree swirler flame were
similar to those in the 30 degree swirler flame in the same region.

The double-crest/central trough profile, 1.e. off;centre maximum with .
reduced value on axis, was obtained on each plane do&n to 6.0 diameters.
Beyond this, the profiles steadily flattened out to almost uniform
distributions near the jet exis. The radial width of the rec;?culation
zone reached a maximum value of 0.5 in. at a downstream axial distance

of 2.0 diameters on which plane the maximum reverse velocity was 20 ft/sec.
In the 60 degree swirler flame, the double-crest/trough profiles were
obtalned at all planes throughout the length of fhe Jet investligated.

The positions of maximum feed back conditions, the maxiﬁum reverse velocity
and the maximum radial width of the recirculation vortex in the Jet were
2.0 diameters, 46.0 ft/sec. and 1.0 in. respectively. 1In all the swirler
flames with recirculatioﬁ yortices, h;gh axial velocity gfadients along the
jet radius were also obtained in the initial regions of the Jjets.

The rates of decay of the axial velocity components along the jet



axis and the rates of decay of the maximum axial velocity
components along the length of all the hubless swirler flames are
shown in Figures 29 and 30 respectively.

In the 15 degree swirler flame, the axial velocity components
on the jet axis decreased throughout the length of the jet investigated
but in the flame from each of the other swirlers, the results showed that
starting from the upstream stagnation poilnt of the reverse flow zone, the
reversevvelocities on the Jet axis increased to a maximum value before
decreasing to zero at the downstream stagnation point, further downstream
of the downstream stagnation point, the positive values of the axial
velocities on the jet axis increased to a maximum value before dropping.
It was difficult to specify the axial position of this maximum but it
could be estimated as lying between 7.0 and 8.0 diameters in the 30 degree
and 45 degree swirler flames and beyond 10.0 diameters in the 60 degree
swirler flame. From the trend of the rates of decay, it could be said
that downstream of the positions of maximum -values, the rates of decay
of the axial velocity components on the axis of each jet wouldv;ncrease
with swirl. The axial positions of the downstream stagnation points of
the reverse vortices could be determined more precisely from Figure-29;
In the 30, 45 and 60 degrees swirler flames the positions were 2.3,.3.2,

and 4.5 diameters respectively.

In flames from swirlers with vane angles of 45 degrees and less, the

maximum axial velocity compohents éiong the length of the jets decreased
with increasing axial distance from the nozzle exit. This characteristic
was maintalned in each Qf the jets throughout the length investigated.

In the 60 degree swirler flame, the rate of decrease of the maximum axial

velocity components was fairly slow near the swirlef exit. This was
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followed by a relatively rarid rate of decay between 3.6 and 4.0
diameters. Although the rate of decay in the 60 degree swirler flame
was slower than in the 45 degree swirler flame within the investigated
length of the jets, it could be deduced from the trends of the rates of
decay curves that the rate of decay-in the 60 degree swirler flame
would ultimafely be higher than in the 45 degree swirler flame. It
was not unexpected that the rate of decay 1p>the 60 degree swirler flame
would be slower than in the 45 degree swirler flame. The reasons for

this will be discussed later.

5.3.1.2 Tangential velocity distributions

Figures 31 to 34 show the profiles of the tangential velocity
components in the 15, 30, 45 and 60 degrees swirler flames respectively.
In eéch flame, the tangential velocity eompoﬁents on each cross-sectional
plane Increased frgm zero on the jet axls to a maximum value before dropping
to zero on the jet boundary. Between the swirler exit and an asial
distance‘of 2.0 diameters downstream, the profiles cbtained in the 45
and 60 degreés swirler flames showed some distortion near the gfis. " The
extent of this distortion increased with swirl. Aé the axial distance
increased, the distortion phased out.

The rates of deca& of the maximum tgngential velocity components 
along each of the Jjets are shown in Figure 35. hThe values for each Jet
decreased as the axial distance increased{and the fiame; from_swirlers

of higher vane angles showed higher rates of decay.
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5.2.1.3 Discussion of Resuits

The results presented in the last two subsections are likely
to have been influenced by two main factors arising from the design of
the vane swirlers. The first is the position of the junction of the vane
tips from the swirler exit. As the vane angle increases, the position from
the swirler exit at which the vane tips meet gets closer to the swirler
exit. Thus the position of the Junction of the vane tips in the 60 degree
swirler is the nearest to the exit. The second is the effect of the small
wakes behind the swirler vanes. The influence of these factors on the
profiles will be discussed in the relevant paragraphs below.

In the axial velocity distributions of the 15 degree swirler flame,
the maximum axial velocity components cannot be expected on the:jet axis
near the junction of the vane tips. This is so.because of the bluff-body
effect of the junction. The central trough in the profile must,'hOWever,
have been very small and thus the maximum axial veloclty was measured on the Jet
axis at 1.0 diameter from the exit. The same phenomenon, i.e. the effect of
the junction of the vane tips, can be expected to aid the establishment
of a recirculation zone in each of the flames issuing from the‘other
swirlers. Its effectiveness will decrease as the nozzle veloclty
increases. In the tests herein reported, it was not possible to assess the
influence of the Jjunction since measurements were made at one value of
Reynolds number. Furthermore, it was egtablished from the salt injection
tests that the upstream stagnation point of each recirculation vortex
coincided with the position of the Junction of the vane tips on the tube
axis. This, therefore,’means that the effective length of the reverse
flow vortex is greater than that determined from the distance between

the downstream stagnation point and the swirlerAexit. The effective
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lengths of the recirculation zones for the 30, 45 and 60 degrees swirler
flames are 2.84, 3.50, 4,67 diameters respectively. For easy access,

features of the recirculation vortices are shown in Table 7.

TABLE 7
Dimensions of the Recirculation Zones in the Hubless Swirler
Flames.
Swirler vane angle (degrees)
15 20 L5 60
Effective length - 2.835 | 3.501 | 4.667
Max. width (in) (radially) - 0.44 0.50 1.00
Axi1al position of maximum width
(diameters) - 1.0 2.0 2.0
Max. reverse velocity (ft/sec) - 18.0 24.0 46.0
Axial position of maximum reverse
velocity (diameters) - 1.0 2.0 2.0

Generally it was found from the yaw angle measurements that the recirculation
zone was surrounded at about the downstream half by an annular ;one where
the flow was towards the axis. This inaicated that the radial velocitiés
were negative in this region. The zone 1Increased in width as the a;ial
distance increased. The zone could not be mapped because of the difficulty
in determining its outer boundary but its width appearea to increase'with
swirl. The observation of this zone confirms similar zones found by
Leuckel and Chesters (50) in their experiments on cold swirling flow.

In the 45 and 66 degrees swirler flames, the maximum values of

the axial velocity components will be fully established on the Jet axis

somewhere further downstream than the maximum axial position at which



measurements were taken. The pos$ition at which this ié attained will
depend on the swirl number. As the jet moves further downstream, the
effect of the initial rotation imposed on the flow will be steadily

reduced by fluld friction and entrainment. Thus the profiles of the

axlial veloclty components will gradually tend to those obtainable in a
non-swirling flow field although the axial position at which the jet
attains this stage will also depend on the swirl number. After this
development, it will be possible to represent the profiles by Gaussian error
functions whose parameters will depend on the swirl number.

The rates of decay of the axlal veloclity components on the axis
and the maximum value along the jet of the 60 degree swirler flame require
some comments. From a comparison of the rate of decay of the axial
velocity components on the axis of the 30 and 45 degree swirler flames,
1t appears that the swirler flames with smaller vane angles
attained theilr maximum values faster than those with higher vane angles.
But the 60 degree swirler flame had still not attained its maximum value

at 10.0 diameters. Furthermore, the 60 degree swirler flame showed a

slower rate of decay of the maximum axial velocity components along the length

of the jet than the 45 degrée swirler flame whereés the flames from swirlers
with lower vane angles showed that the rate of decay increased with swirlg
These two features are attributable to the higher volumetric fuel/air

ratio used for the 60 degree swirler flame. The higher ratio will give
higher density gradients than would have Eeen obtained with a ratio of 0.2

and this will slow down the rates of decay. One feature, however, which

is peculiar to the jet is the slow rate of decay of the maximum axial

velocity component near the swirler exit. This can be explained as follows.
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As can be observed in Figure'28, thé annular forward flow area
at 1.0 diameter is ctout the same as that at 2.0 diametefs. This means
that although the jet width at 2.0 diameters is greater than that at
1.0 diaméter, the increase in the width of the recirculation zone has
prevented any apmreciable increase in the fo:ward flow area and thus the
decay of the maximum axlial velocity component.is bound to be sléwed down.
It can, In fact, be expected from the principles of continuity that if the
forward flow area at 2.0 diameters, had been less than that at 1.0 diameter,
the fluid would accelerate at the expense of pressure in order to flow
nast the smaller flow area at 2.0 diameters.

The distortion in the tangential velocity profiles of the 45 and
60 degree swirler flames can be attributed to either the shape of the
velocity proflles of the stream at the swirler exit or to the design of
the swirlers. It may also be due to the combined efféct of both. |
That the first is a possible explanation is suggested by the extent to
which inéreases in swirl numbers can alter the profiles of the veloecity
components at the swirler exit. This is shown in Figure 3 of reference (13)
by Chigier and Beer. The second 1s also a possibility because Figure 15 ‘
in reference (6) by Mathur and Maccallum showed such distortions. Although
the distortions.in (6) were shown in annular swirlers, it can be expected
that in hubless swirlér flames with sufficiently wide recirculation
vortibes, distorted profiles can be obtained, and, of cSﬁrse, the bluff-
.body effect of the junction of thé vane tips makes the geometry of a hubless
swirler almost simiiar to that of an annular swirler. |

The rate of decay of the raximum tangential velocity compénents
in the 60 degree swirler flame showed the'same.trend as in other swirler

flames despite the higher fuel/air ratio. One might probably have expected



the rate of decay to show similar differences as observed in the rates
of decay of the axial velocity parameters. No reason could be given

for the result obtained because it is possible that the rate of decay

might have, indeed, been slower than would be obtained with a fuel/air
ratio of 0.2 but this cannot be confirmed on the basis of the present

experiments.

In general terms, the profiles of the tangential velocity
comﬁonenté indicate a central forced vortex core where the tangential
velocities increase from zero on the axis to a maximum somewhere along
the radius of the jet. This central cbre 1s surrounded by an annular
free vortex reglon where the tangential velocities decrease from the

saild maximum to zero on the Jet edge.

5.3.2 Velocity distribution In annular swirling flames.

The profiles of the veloclity components at the exit of each
of the swirlers are hot included among the results presented. This
is because of the irregularities at some of the measuring points
resulting from the effect of the wakes behind the vanes of the_Fwirlers.
The axlal velocity components on the axis, the maximum axial velocity ‘
comﬁonents along the Jjet and the maximum tangential veloclty along the:
jet were non-dimensionalised by the axial and tangential velocity .
components at the nozzle exit of each swirler fléme. The maximum axial
velocity components were 144, 137, 149 and 129 ft/sec ;i the exit planes
of the 15, 30, 45 and 60 degrees swirler flames respectively. These
results are no doubt affected by the swirler vanes.

5.3.2.1 Axial velocity distributions

Within the initial region of each of the flame Jjets, the profile
at each plane, as shown in Figures 36 to 39 for the 15, 30, 45 and

60 degrees swirlers respectively, showed two off-centre crests representing
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the maximum value and a central trough representing the reduced value.
In the flames from swirlers with vane angle of 45 degrees and above,
the reduced velocities were negative, thus indicating the recirculation
vortices.

In the 15 degree swirler flame, the double-crest/trough‘profile
was obtained down to an axial distance of 0.5 diameter. Beyond this
and down to an axlal distance of 2.0 diameters, the profiles were almost
unifbrm near the jet axis. From 2.5 diameters and for the remaining
length of the Jjet, the maximum axlal velocity component was fully established
on the jet axis from where the values decrease to zero on the Jjet boundary.
In this downstream region, the profiles were similar in shape to
Gaussian error functions. In each of the other swirler flames, the
central trough in the profiles existed throughout the 7.0 diameters
length of the Jjets investigated. The profiles were, however, gradually
flattening out near the Jjet axls as the distance downstream increased.

The maximum reverse velocity of 25 ft/sec in the 45 degree
swirler flame was obtainéd at 0.5 dlameters. In the 60 degree swirler
flame, the corresponding velocity of 35 ft/sec was obtained &t i:S diameters.
The maximum radial widths of the recirculation vortices were 1.625 in. ;
and 3.5 in. in the 45 degree and 60 degree swirler flames reSpectivel§.
This maximum width was obtained at 1.0 diameter in the 45 degree swirler
flame and for the 60 degree swirler flame, the position was the same as
the position of maximum reverse velocity.A

The rate of decay of the axlal velocity components along the éxis
of each of the 15, 30, 45 and 60 degrees swirler flames are shown in

Figure 40. Within the 15 degree swirler flame, the axial velocity

‘component on the axis increased to a maximum value at 0.5 diameter after

which the values decreased. The rate of decrease of the values was
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rather slow. In the other flames, the axial velocity components on

the axis of each of them decreased initially to a reduced value which

cculd be positive or negative derending on the absence or presence

of a recirculation vortex. From this value, the parameter increased.

In the 30 degree swirler flame, the rate of increase was almost constant

for the remalning length of the jet investigated whereas an initial

rapid increase in each of the 45 degree and 60 degree swirler flames

was followed by a slow rate of change. The minimum axial velocity

component on the axis of the 30 degree swirler flame was obtained at

2.5 diameters. The positions of the downstream stagnation points were

1.9 and 3.1 diameters.in the 45 and 60 degree swirler flames respectively.
Figure 41 shows the rate of decay of the maximum axial velocity

components along the length of each of the 15, %0, 45 and 60 degree

swirler flames. From the swirler exit down to an axlal distance of about

3.5 diameters in each of the flames, no generalisation of the results

could be made but further downstream, the rate of decay increased with

swirl.

5.3.2.2 Tangential velocity profiles

The profiles obtained in all the annular swirler flames were
generally similar in form to those obtained in the hubless swirler flames.
The results are shown in Figures 42 to 45 for the 15, 30, 45 and 60 degree

swirler flames respectively. The pattern of the distribution within the

recirculation vortex was more clearly shown in these profiles. In this zone,

the tangential velocitigs were small but within a short radial distance
from the boundary of the zone, the values increased fairly rapidly to
attain the maximum value on the cross-sectional plane. The distortion
of the profiles in the flames from swirlers with vane angle equal to and

less than 45 degrees was limited to 1.0 diameter from the exit but in
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the 60 degree flame, this extended to about 2.5 diameters. The "forced
vortex coreﬁ occupied the greater part of the flow section at each plane
in the initial region of each of the jets but downstream of the Jets,
the free vortex region occunied the greater part.

Figure 46 shows the rate of decay of the maximum tangential
velocity componentsialong therlength of each of the jets. The results
did not show any generalised trend near the swirler exit in each of the
flames but further downstream, the rates of decay were higher for swirlers

with higher vane angles.

5.3.2.3 Discussion of results

The design of the swirlers is such that the distance of the
bluff-body surféce from the exif of,the swirler reduces as the vane angle
increases. This will, therefore, have similar effects as the position of
the tips of the vanes had on the profiles obtained in the hubless swirler
flames. Thus the effective lengths of the recirculation vortices are
2.03, 3.21 diameters in the 45 and 60 degree swirler flames respectively.

Details of the recirculation vortices are shown in Table 8.
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TABLE 8

Dimensions of the Recirculation Zones in the Annular
§wirler Flames.

Swirler vane angle (degrees)
15 >0 45 60

Effective length - - 2.030 | 3.213
Max. width (in) (radially) - - |1.625 3.500
Axial position of max. width

(dilameters) - - 1.0 1.5
Max.lreverse velocity

(ft/sec) - - 25.0 5.0
Axial position of max.

reverse velocity (diameters)| - - 0.5 1.5

Judging from the development of the 15 degree swirler flame
jet, each of the other jets will, at some axial distance (greater
than the investigated length), have the maximum axial velocity
component'at that plane on jét axis and the profiles will ultimately
assume the Gaussian error profiles. The position at which this
development is attained will depend on the swirl number.

An annular zone of inward flow surrounding the recirculatigw
zone was again observed in the annular flames. The thickness of this
zone appears to increase with the size of the recircuigtion zone,

The effect of the restraint on increases of the forward flow
annular area In jetséwith large recirculation zones on the rate of decay
of the maximum axial velocity components is again clearly shown in the
results for the 60 degree swirler flame. In this flame, the forward
flow area at 1.0 diameter is almost equal to that at 0.5 diameter and
as discussed in Secti-on 5.3.1.2, the effect of this restriction in the

expansion of the forward flow area is the phenomenon responsible for the
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increase in the maximum axial velocity component at l.O-diameter as
-ompared with the value at 0.5 dilameter.

Possible reasons have earlier been given fpr the distortion
in the profiles of the tangential velocity components. It is interesting
to note the trend in the rates of decay of the maximum tangential
velocity components along the jets. At a sufficient distance downstream,
the rates of decay will be equal in all the jets despite the differences
in swirl numbers. This claim is stréngthened by the results in.
Figure 8 of reference (13) by Chigier and Beer and in Figure 6(b) of
reference (14) by Chigier and Chervinsky. The above statement élso

applies to the hubless swirler flames.

5.3.2 Variation of jet width along the length of the jet,

When designing the flame for a combustion chamber, it will be
vital to know the width of the jet to be expected because this is one
of the factors which will determine the rate of wear of the combustion
chamber_wall. Theoretically, the width of the Jjet at any cross-
secfional plane shouid be the ?adial distance between the Jet axig and
the position on the outer edge of the jet where the flow velocig& is zero.
The parameter can, of course, be defined from one Jjet edge to the other

on the same cross-sectional plane; As the position of measurement

_approaches the Jet boundary, the effect of the aerodynamic disturbance

of the measuring instrument becomes severe. Apart from this, the jet
boundary; particularly flame jets, will be subject to fluctuations arising
from the turbulent momentum exchange between the jet and the surrounding
fluid. Any specification, therefore, éf the jet width represents an
average. The method adopted in this work is to take the jet boundary

at any cross-sectional plane as thé position at the outer part of the jet

where the axial velocity component is one-tenth of the maximum value at

that plane.



-T8-

5.3.3.1 Hubless swirler flames.

The changes in the jet width along the length of each of the
15, 30, 45 and 60 degree hubless swirler flames are shown in Figure 47.
The results showed that the Jjets expand rapidly immediately after exit
from the swirlers. This initial expansion increased with swirl. For
example, the jet widths of the 15; 30, 45 and 60 degree swirlér flames
at 2.0 diameters were 1.35, 1.45, 1.9 and 2.07 in. respectively.
Further déwmstream,-starting from about 6.0 diameters, the rate §f

expansion of each jet was almost linear.

5.3.3.2 Annular swirler flames

The results for each of the 15, 30, 45 and 60 degree swirler
flames were similar to those of the‘hubless swirler flames with
corresponding vane angles. Figure 48 shows the results. The widths of
the 15, 30, 45 and 60 degree swirler flames at 1.0 diameter were 3.65,
3;90, 4.60 and 5.65 in. respectively. Beginning from about 3.0 diameters,
the rates of expansion in the 30, 45 and 60 degree Jets were linear and

almost indevendent of swirl.

5.3.3.3 Discussion of results

The marked difference in the expansion of the hubless 30 and 45
degree swirler flames is similarly shown in the annular sﬁirler flames
with the same vane angles. Similar difference was shown in the expansion
of hubless and annular 15 and 30 degree cold jets (6). This phenomenon
can be sttributed to the,non-linéar dependence of thé Jet expansion on
swirl and the added complexity of combustion.

The rapid expansion of each Jjet immediately after the nozzle exit

can be explained by the same principles as for the formation of a wall jet.

‘This was discussed in Section 4.5, In the case of the flames studied, the
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radial pressure gradients are sufficient to core with the centrifugal
forces. As the rotational energy increases, the centrifugal forces
increase and thus the increase in the expansion of the jet as the swirl

number increases.

5.4 Static pressure distributions in swirling flames

The procedure and instrumentation for measuring the static
pressures in the flow fields have been given in Section 3.6.2. The
heasured values were the differences between the atmospheric pressure and

the pressure at the point of measurement.

5.4.1 Hubless swirler flames.

The results of this investigation are shown in Figures 49 to 52
for the 15 tn.60 degree swirler flames respectively. Within all the
flames and at all measuring positions, the statlc pressures were below
atmospheric. The 15 degree swirler flame results showed’that the minimum
static pressure was on the jet axis at 1.0 diameters from the swirler exit.
From the axils, the static pressure increased along the radius of the Jjet
ta.the atmospheric value at the edge of the jet. This characteristic
remained so throughout the length of the jet investigated. In the other
swirler flémes, the profiles near each swirler exit had the shape of . Wo
off-centre crests and a central trough like some of the profiles of the
axial velocity components. This.profile meant that, at the cross-sectional
planes concerned, the static pressure decreased along the jet radius to a
minimum value after which the valués increased to atmospheric value on the
jet boundary. The central trough gradually élosed up and within the
10.0 diameters investigated, the minimum static pressure was obtained on.
the axis of each of the Jjets. Within the 30 degree swirler flame, the

minimun value was first obtained on the axis at about 6.0 diameters but
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in the flames from the swirlers with higher vane angles, the profiles on
the same plane showed almost uniform distribution near the axis of each
of the jets. Further downstream, the minimum pressures were measured
on the axis 6f each of these flames. |

The variations of the static pressures along the axis of the
15 %2360 degree hubless swirler flames are shown in Figure 53. The
readings obtained at the planes of measurement showed that the static
pressures increased along the axis of each of the jets. The raté of change
of the pressures was fairly rapid between the swirler exit and about 4.0
diameters in each of the 15 to 45 degree swirler flames. Further
dovmstream, the rate of change was relatively small. In the 60 degree
swirler flame, the rate of change was almost constant between 1.0 and 3.0
diameters from the exit. Between 3.0 and 4.0 diameters, the rate of
increase was very rapild.

The variations of the minimum static pressures along the lengths
of each of the flames are shown in Figure 54%. The results obtained at the
planes where measurements were taken showed that the pressures in each
flame increased rapidly near the swirler exit. This was followed by a

relatively small rate of change.

5.4.2 Annular swirler flames

Figures 55 to 58 show the results obtained in the 15, 30, 45 and.
60 degree swirler flames respectively. The statice pressures throughout
the Jets were also subatmospheric. Generally, the shape of the profiles
were similar to those obtained in the hubless swirler flames and the
minimumvstatic pressures were also obtained on the jet axis within the
length investigated in each flame. In the 15 degree swirler fiame, the

minimum was first measured on the axis at 0.5 diameters from the swirler



-8h-

exit. The corresponding positions in the 36, 45 and 60 degree swirler
flames were 1.5, 2.0 and 2.0 diameters respectively.

The variations of the static pressures along the axis of each of
the flame Jjets are shown in Figure 59. Between the exit of each swirler
and a downstream axial distance of about 4.0 diameters, no generalisation
could be made on the behaviour of the jets but further downstream, the
rate of decay increased with swirl. The 60 degree swirler flame results
showed that the static pressure on the jet axis decreased to a minimum
value at 1.5 diameters before increasing rapldly at first and at a
relatively reduced rate further downstream.

Similar characteristics to those presented in the above paragraph
for hubless swirler flames were shown by the results of the variatlions
of the minimum static pressure at different planes élong the length of
each of the Jets. These results are shown in Figure 60. The initial
drop in the static pressures of the 60 degree swirler flame attained the

minimum in the flow field at 1.0 dilameters from the exit.

5.4.3 Discussion of results _

The effect of the increase of the fuel/air ratio on the rate of
decay of static pressures with the flow field is again clearly shqwn by
comparing the results in the 60 degreé swirler flame with those obtained
in the 45 degree swirler flame. The comparati§ély higher density
gradients resulting from the comparatively higher mixture strength slowed
down tﬁe rates of decay. " |

In the initial'region of the hubless and annular swirler flames,
the resulfs did not indicate any clear-cut dependence of the changes in
static rressure on swirl numbers. Similgr results were shown in

Figures 7(a) and 9(a) of reference (6) and also in Figure 2 of reference (51).



-82-

The assertion can therefore be made that'the static pressure changes in
swirling flows, cold or burning, depend on the swirl number in a rather
complex way.

The measurements in the 60 degree annular flame point out two
important characteristics. The first is the pressure dron between the
swirler exit (apparently) and an axial distance of 1.0 diameters where
the_least static pressuré in the flow field was obtained. The importance
of this pressure drop will be discussed in Section 5.8. The second factor
is the position of the minimum static pressure in the flow fileld in
relation to the nosition of the minimum static pressure on the Jet axis.
The least value in the flow field was obtained at 1.0 diameter whereas the

least value on the Jjet aﬁis was obtained at 1.5 diameters. This is

understandablé because in a region of high axial static pressure gradients,
the rate of change of the static pressure on the axis cannot be expected
to follow the saﬁe pattern on the same plane as the pressure in the
dominant annular forward flow zone., The statement that the annular
forward flow region is dominant will be explained in Section 5.8. The
minimum pressure on the jet axis will be downstream of the position of 
the minimum in the flow field. If the axial pressure gradients are 16w,
the convection pattern éf the fluid particles may be such that the ﬁinimum
pressure on the axis and the minimum pressure in the flow field will be on’

the same plane.

5.5 Temnerature distributions in swirling flames

The method andAinstrumentation for the measurement of this
variable were discussed in Section 3.6.4. For each swirler flame, the
variations of the temperature rise along the jet axis and the variations

of the maximum temperature rise at each measuring cross-sectional plane-
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were plotted as ratios of the maximum temperature rise measured in the

flame.

5.5.1 Hubless swirler flames

As shown in Figures 61 to 64 for the 15, 30, 45 and 60 degree
swirler flames respectively, the temperature profiles varied from one
swirler to another. In the 15 degree swirler flame, the maximum temperature
on the cross-sectional rlane was on the jetxaxis at 1.0 diameter from
the exit. On the planes close to the swirler exit, the temperatures
dropped very rapidly along the Jjet radius to the atmospheric value.

As the Jet expanded, the rate of decrease reduced and the shape of the
profiles became similar to Gaussian error curves. In each of the 30
to 60 degree swirler flames, the maximum temperatures on planes near the
swirler exit were obtained at the smme radial distance from the jet axis.
The radial displacement of the position of maximim temperature on each
aoss-sectional plane increased with swirl and the axlal position at which -
the maximum temperature was first measured on the axis varied with swirl.
In the 30 degree swirler flame, the maximum temperature was first measured
on the axis at 2.0 diaheters from the exit. The correéponding positions
within the 45 degree and 60 degree swirler flames were about 6.0 and 4.0
diameters resﬁectively. In those flames with pecirculation vortices, the
temperatures therein showed glmost uniform distributiog from the Jjet axis
out to a radial position. This ra@ial position varied with swirl and
the axial position. For instance, in the 45 degree swirler flame, the
temperature profile at 1.0 diameter was nearly uniform for a radial
distance of 0.375 in. and the equivalent distance in the 60 degree swirler
flame was also 0.375 in. At 1.5 diameters,the corresponding distances
were almost zero and 0.625 in. in the 45 and 60 degree swirler flames

respectively.
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The variations of the temﬁerétures on the axis of each of the
jets are shown in Figure 65. The result of the 15 degrée swirler
flame showed a slight increase initially after which an almos£ constant
rtio was maintalined before starting to drop at_about 3.5 diameters from
the exit. Within each of the other flames, the temperature on the axis
decreased as the axial distance increased. In general, the rate of
decay increased with swirl within those flames with the same fuel/air
ratio.

The variations of the maxirmum temveratures along the length of each jet
showed similar results to those described in the above paragraph. The
results are shown in Figure 66. The location of the maximum flame
temperature in the 15 degree swirler jJet was spread between 2.0 and
4.3 diameters from the exit. In the 30 degree swirler flame, the maximum_
flame temperature was measured at 2.0 dlameters from the exit. In the

other swirlers, the maximum temperatures were measured at 1.0 diameters.

5.5.2 Anﬁular swirler flames

The results obtained in these flames are shown in Figures 67 to
70 for the 15 to 60 degree swirler flames respectively. The shapes of
the profiles were similar to those described in the prévious section
for hubless swirler flames. Within the 15 degree swirler flame, an
almost uniform profile was obtained near the jet'axis at cross-sectional
planes lying between the swirler exit and 3.0 diametersﬁdownstream. The
maximum tempe ratures were obtained oh the axis at 5.0 diameters in each
of the 30 and 45 degree swirler flames. There was still a slight crest
in the 60 degree swirler.flame profile at the last axialvstation at which

measurements were taken.

The variations of the temperatures on the Jjet axis and of the
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maximum temperatures along the length of each of the jets are shown in
Figures 71 and 72 respectively. In Figure 71, each of the 15 and 30
degree swirler flames showed slight increases near the swirler exits,
with'the increase in the 15 degree swirler flame being more pronounced.
After this initial increase, the temperatures on the axis of each of
the Jjets dropped. Each of the other swirler flames results showed
continuous drop from the nozzle exit.

%n Figure T2, the maximum temperatures in each of the 15 to 45
degree swirler flames increased in the initial regions of the jets.
The 60.degree swirler flame showed contlnuous decrease as did the other
swirler flames after the initial increases. The position of the maximum
flame temperatures extended from 1.0 to 1.5 diameters and 1.0 to 2.0
diameters in the 15 and 30 degree swirler flames reSpectively; The
maximum temperatures were measured at the swirler exlt and 0.5 diameters

in the 60 degree and 45 degree swirler flames respectively.

5.5.3 Discussion of results

Desplte the refinements made in the analysis of fhe teTperature
correction for radiation losses from the thermocouple bead, the computed
corrections were low. They were usually less than 5°F. The reason,f;r
this is that the velocities are usually high in the_high temperature.
regions. This will thus make the term ( %3 ) very small.

In the hubless swirler flames with fﬁel/air ragio of 0.2, the
calculated adiabatic flame temperature was 1760°C and with the fuel/air
ratio of 0.15 in the.annular swirler flames, the corresponding temperature
was 1460°C. In the calculation of these values, dissociation has been

taken into account using the I.T. Diagram method in (47). The maximum

flame temperatures obtained from the measurements were 1451, 1392 and 1258°C
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in the 15, 30 and 45 degree hubless swirler flames. The corresponding
values were 1289, 1311, 1333 and 1280°C in the 15, 30, 45 and 60 degree
annular swirler flames. These temperatures are lower than the calculated
adiabatic flame temperatures. The various factors contributing to the above
are as follows. In the first instance, the calculation of the adiabatic
flame temperature assumes complete combustion whereas this is not the case
in the flames. This 1s indicated by the odour of partially burnt gases
reported earlier. The main factor which will contribute to the lower
temperatures obtalined is flame radiation. The entrainment of ambient
fluid particularly in flames within which the maximum temperatures were
measured at some axial distance downstream of the exit and the dilution

of the nozzle fluld by recirculated gases are other factors which will

‘contribute in some degree to the lower temperatures observed.

For both swirler geometries, the distance from the swirler exit
at which the maximum temperature in the flow field is measured reduces
as swirl increases. Thls indicates that the distance from the swirler
exit at which "complete" combustion is achieved reduces as swirl increases.
Effectively, the flame length reduces and for the same flow rate and
mixture fuel/air ratio, the required length of combustion chamber will.

decrease as swirl increases

5.6 _ Mass flow rates

In a combustion system, the oxidant required for the chemical
process can be provided by |
(2) supplying the oxidant from a concentric annular stream,
(b$ mixing the oxidant with the fuel before exit from
the nozzle,

(c) allowing the Jet to draw in air from the surrounding,
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or (d) mixing a proportion of the combustion air with
the fuel before exit from the nozzle zind using
the air drawn into the jet from the surrounding

to make up for the deficiency.

With the last two methods, the rate of combustion will depend'on the rate
at which the jet draws in fluid from the environment. In the other
methods, the entrained air influences the temperature distributions and
the rate of decay of the Jjet parameters.

The first significant analysis of entrainment nhenomenon in gas
burners was carried out by Silver (52). The analysis was carried out for
a "Bunsen" type of burner. 1In the anélysis, the kinetic energy at inlet
was equated to the summation of the energy requlrements of the various
relatéd factors. The final equation obtained show good agreement with
experimentai data. For a jet flow in a stagnant environment, Ricou and

Spalding (53) obtained the expression

: i
. ' P, 2 .
b §
?_ = 0.%2 % —= | «..(5.1)
m do o - | -
where pl is the density of the surrounding fluid. For a swirling air

jet in a medium of the same density, Kerr and Fraser (3) obtained

SBES

= (0.35 + 1.h08 ) %- o .. (5.2)
. d .

[o) e —_

where dg is the equivalent diameter of a nozzle whose flow aréa equals

that of the annular flow section.

5.6.1 Determination of mass flow rates

The mass flow rates at different planes along the length of the

Jets were calculated from the equation
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]

ho o= f purdr : ...(5.3)

o

by numerical integration using a Lagrange type of integration formula (54)

*n

Lo it 12
J f(x)dx = Gx[- 24 f‘l‘ 2f0 + 2)4 fl " f2 + ----- "“ fn—z + 25 f
o .

L
* %fn -l fn+;] .. (5.4)

where 6x is the equal interval between two consecutive data polnts and

£ = (pur)

reoresents the numerical value at the nth data point.
Because some of the required data points did not correspond with points at
which measurements were taken, some of the data were obtained from the

experimental profiles. A computer program was written for this analysis.

5.6.2 Entrainment in hubless swirler flames

The results of the analysis are shown in Figure 73 for all the

swirler flames. The mass flow rates obtained from the computation had

been non-dimensionalised by the nozzle mass flow rate. The results showed

that the entrainment rates in the Initial reglons of each of the jets‘were

very high. Beyond about 4.0 diameters, the entrainment rates were
relatively slower and almost linear. Also the entrainment rates increased

with swirl.

5.6.3 Entrainment in annular swirler flames

As shown in Figure 74 for all the annular swirler flames, the
results showed the same characteristics and dependence on swirl as in

hubless swirler flames.
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5.6.4 Discussion of results

There is some scatter in the results of the computation. This is
probably inevitable because of errors inherent in all numerical’integfation
formulae and. the slight errors arising from the data obtained from the
graohs.

The entrainment rates in the hubless swirler flames are higher
than those in the annular swirler flames with corrcsponding vane angles.
This is probably due to the higher fuel/air ratio used in the experimental
investigation of the hubless swirler flames.

In the initial regions of the Jjets, the rate of entralmment in each
of the Jets did not show a linear dependence on swirl number or the
distance of the axial station from the exit. Thus, the results could not be
described by any of the linear equations stated in this chapter.

As pointed out in Section 5.3.3, the jet boundary 1s a turbulent
region. Entrainment can therefore be explained on the basis of the
momentum imparted by turbulent éxchange to the surrounding fluid in the
neighbourhood of the jet boundary. In the results of the variation of Jjet
width presented earlier,.it was shown that the Jet width increagés with
swirl, thus the surface area of the jets at corresponding cross-sectional
planes will increase with swirl. Furthermore, the velocity gradients at
the outer part of any cross-sectional plane near~the swirler exit appear
to be higher in swirlers with higher vane angles and thus the intensity
of turbulence at the jet boundary in the initial region will increase
with swirl. Thils factor together with the greater surface area explains
the increase in the entrainment rate as swirl increases. As the distance
from the nozzle exit increases, however, the effect of the turbulence
intensity will decrease because of the higher rates of decay of the Jet

parameters in jets with higher swirl numbers. It can even be speculated
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that as the axial distance increases,'the effect of turbulence will be
in favour of jets with smaller swirl number because of the slower rates
of decay of the jet parameters. This view point, although not very
clearly vindicated by the above results, is more so in Figure 9 of
reference (13) by Chigier and Beer where the rates of change of the mass
flow rate parémeter in the region of the last twd measuring planes are

higher in jets with smaller swirl.

5.7 Axial fluxes of linear and angular moments

These parameters were calculated as in equations (2.5) and (2.6).
The measured static pressures were used in calculating the axial flux of
linear momentum., The computations of both parameters were included in
the program written for calculafing'the mass flow rates. Equation (5.4) was
used with fn representing the relevant term for the éalculations. From -
the computation of the two parameters above, the swirl number on each plane
and in each jet was computed.

Although there was some scatter in the results due to possible
sources of error mehtioned in the preceeding subsection and also to
inaccuracies arising from the aerodynamic disturbance of the measuring
probes, the axial fluxes of linear and angular momenta appear to be
conserved along the length of each of the Jjets.

The average swirl number calculated from the values obtained
at each cross-sectional pléne in thg‘flow field of each jet was higher
than the values calculatéd from equation (3.7) by almost a factor of 2.

This is not surorising because in addition to'the sources of error mentioned
above, equation (3.7) was derived on the assumption that the static

pressure was negligible.
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The results of the axial flux of linear momentum did indicate
the strong influénce of the static pressure. The ratios of the modulus of
the static pressure term to the axial velocity term of the linear momentum
flux varied from about 37 in swirlers with low swirl numbers to about 80%
in swirlers with high swirl numbers. As will be expected, the effect

of the static pressure diminished as the distance downstream increased.

5.8 . General distussion

It has been stated earlier that because of the rotationél energy
on the flow at exit from the swirier, the fluid particles will be drawn
away from the jet axis and the stream lines willl therefore be concentrated
near the outer part of the jet. As a result of this, the axial velocities
at points in the outer part of the Jet will have to increase sufficiently
before the flow can be maintained. This explains why the profiles in the
initial regions of the Jets have the double-crest/central trough shapes.
Furthermore, because of the conservation of the axial momentum flux, the
increases in the axial velocities can be achieved only at the expense of
further preséure drop at the points concerned. This also explains why
the static pressure profiles were as obtained. It is tﬁerefore‘clear phat
the radial positions of the maximum axial velocity will correSppnd £o the
radial positions of the minimum static preséure on the same cross-sectional
plane. A comparison of the profiles of the axial velociﬁy profiles and
the static pressure proflles confirm the above.

From previous discussions and that in the preceeding paragraph,
it is now possible to examine the mechanism responsible for the establishment
of a recirculation zone. Consider the condition when a swirling flow is
near the exit of the swirler. As a result of the centrifugal forces due
to the rotational energy, the fluid stream lines will be concentrated near

the outer wall of the swirler. As the swirl number increases, the fluid
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particles will be forced further away from the jet axis on to the swirler

wall. As the fluld particles are forced further into this congested zone,

the axial velocities at these points will increase correspondingly in

order to maiﬁtain the flow. The Increase in the axial velocity will

give rise to a pressure drop. (This is confirmed by the result that the

radial position of the maximum axial velocity component Increases with swirl

in the initial region of the jet. Further confirmation 1s shown in

Figure 3 of reference (13)). Consider now the instant when the fluid from

the swirler with the high Swirl number is injected into the atmosphere.

At that instant, the fluid particles In the congested outer section will fly

out radially leaving a central core with little or no flow. The jet will

therefore expand rapidly (as shown in the initial regions of the jets)

until the radial preésure gradients can counter balance the effects of the

centrifugal forces. As the jet flows downstream, the statlc pressure will

increase and the jet's stream lines will converge towards the axis to form

a homogeneous Jjet. Because of the axial pressure gradients, fluid particles

will be drawn into the central core towards the swirler exit where the

static pressures are lower. Thus a recirculation vortex will be established.
With the setting up of the recirculation zone, there is now another

factor to be reckoned with., This factor is the wildth of the zéne.

The effect of the recirculation vortex width wiliﬂbe to diSplace.any forward

flowing fluid which might have been in the central core‘;nto the annular

forward flow zone and thus causing s;me congestion of the stream lines there.

Because the radial pressure gradients at all planes are sufficient to cope

with the centrifugal forces, the Jjet will not expand further. For the

Jet to maintain the flow, the static pressure will drop. This pressure

drop will take place upstream of the position of the maximum recirculation

zone width. (This is confirmed by the results in the 60 degree annular
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swirler flame). The effect of the wiath of the recirculation vortex
and consequenfly the quantity of pressure drop required ﬁill depend on
the swirl. The theory discussed in the preceeding paragraph and the
oresent one therefore suggests that the development of the flow in the
annular forward-flow zone is the dominant factor that moulds the pattern
of the flow field.

From the above discussion, the formation of wall jets can now
be examined in a new light. The effect of the pressure drop reéulting
from the width of the recirculation zone will be to reduce the radial pressure
gradients on the plane. If the swirl number is sufficiently high, the
radial pressure gradients can be so reduced that an unstable condition
will tend to set in because the radial pressure gradients will not be
sufficlently high to balance the centrifugai forces and thus a wall jet

will be formed.

5.9 Conclusions

The results and discussions in the preceeding sections of thils

chapter have shown that ' -

1. The profiles of the aerodynamic variables in a swirling flame
depend, among other factors, on the swirler exit geometry and
the swirl number. The profiies, in the initial region of each
of the jets, usually have the shape of two of{fcentre crests
and a central trough. Downstream of the exit, the dip in
profile gradually phases éut as a result of the decay of the
variable along‘the Jet.

2. A swirling flow consists of a central forced vortex core
surrounded by an annular free vortex region which extends to

the jet boundary.
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With the hubless swirlers of vane angle of 30 degrees and
above, recirculation vortices are present in the flames.

With the annular swirlers, recirculation zones are present

in the 45 and 60 degree swirler flames. The diiensions of
the recirculation zone depend on the swirler gecmetry and

the swirl number. The recirculation zone 1is surrounded by an
annular forward flow layer where the flow is directed inwards.
The thickness of this layer increases with the size of the
reverse vortex.

Yhe expansion rate of a swirling flame is very high in the
initial region of the jet because of the effects of the
centrifugal forces on the fluid partigles. The expansion

of the jet increases with swirl.

The rate of entrainment in a swirling flame does not depend
linearly on the swirl number or the axial distance from exit
and therefore cannot be renresented by any of the available
expressions in the initial region.

The integrated values of the axial fluxes of linear and angular
momenta are conserved along each of the Jets.

The characteristics observed in a swirling flow field aré
determined by the changes which take place in the forward flow
section near the swirler exit. With sufficiently high swirl

number, a recirculation zone of such size as can trigger the

formation of a wall jet can be obtained. The formation of wall

Jets or the establishment of a recirculation within a flow field
depend on the changes in the static pressures in the Jet. It
is therefore totally unrealistic to neglect pressure forces

in an analysis of swirling Jjets.



CHAPTER 6

COMPARISON WITH COLD SWIRLING JETS

6.1 Introduction

The results of the distributions of the aerodynamic variables
in swirling flames presented in the previous chapter can now be compared
with the corresponding variables in cold swirling jets. The comparison
will be made with the work reported in (6). The work therein reported
was carried out with swlrlers of the same‘geometries and dimensions

as those used in the work reported in this thesis.

6.2 Velocity distributions

The cold experiments in (6) were carried out using average
nozzle velocities of 100 ft/sec. and 40 ft/sec. with the hubless and

annular swirlers respectively.

6.2.1 Axlal velocity components

With the 15 degree hubless swirler, the profile obtained in the
flame at the first cross-sectional plane of measurement (1 diameter)
shows a maximum value on the axis. In the corresponding cold jet, é
double-crest/central trough profile was obtained in cross-sectional
planes between the exit and a downstream axial distance of about
4 diameters. With all the other hubléss swirleré, the shape of the
profiles in the initial region of elther the cold or thf burning Jet
show the double-crest/central trough form. The distances from the nozzle
exit at which the maximum axial velécity components are obtained on the
axis are smaller in burning Jets.

The main differences are shown in the characteristics and the

dimensions of the recirculation vortices. The minimum vane angle (considering

#he hubless swirlers used) required for the establishment of a reverse
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flow vortex is higher in cold jets thaﬁ in burning jets. - The minimum
angles are 45 degrees and 30 degrees in cold and burning jets respectively.
The positions of the upstream stagnation points in the cold 45 and 60 degree
hubless swirler jets are 0.3 and 0.1 diameters respectively from the

swirler exit plane. In the flame Jjets issuing from corresponding
swirlers, the upstream stagnation points are at tihie Jjunction of the

swirler vane tips. The effective lengths of the recirculation vortices in
burning jets are greater than the values in corresponding cold jéts.

In both cases, the effective length increases with swirl. The maximum
widths of the vortices in burning Jets are greater than those in cold

Jets and the difference increases with swirl. The inérease in the

maximum width with increasing swirl shown in the cold results are similarly
ohtained in the burning Jets. The maximum reverse velocities, calculated

as ratios of the average nozzle veloclties, do noi show any clear dependence
on the thermodynamic state of the jet. The distance from the swirler exit
of the radial plane on which the maximum reverse velocities are obtaiﬁed are
constant in burning Jjets as in cold ones. These features and others are

shown 1n Table 9.



TABLE 9

Recirculation ¥ortices in Cold and Burning Hubless Swirler Jets

Swirler Tyoe Effective | Max. Max. reverse vel., | Position of
Vane of Length Width | Nozzle vel. max. reverse
Angle Jet - velocity
(degrees) (diameter)| (in) (diameters)
Cold - - - -
15 .
. Burning - - - -
30 Cold - - - -
Burning| 2.83%5 0.44 0.225 1.0
15 Cold 2.900 0.20 0.330 1.0
Burning| 3.501 0.50 0.300 2.0
6o Cold 3.900 0.20 0.400 1.0
Burning | 4.667 1.00 0.575 2.0

The rate of decay of the maximum axial velocity components in both
cold and burning Jjets increases with swirl but the slow rate of decay.of
the maximum axial velocity qomponents in the burning 60 degree hubless
swirler jet is not shown in the corresponding cold results.

With the annular swirlers, the differences and similaritie§ of

the profiles are the same as those with the hubless swirlers. The

features of the recirculation vortices are shown in Table 10.
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TABLE 10

Recirenlatiom Vortices in Cold and Burning Annular Swirler Jets

Swirler | Tyre Effective Max. Max. reverse vel.|Position of
Vane of Length Width |Nozzle vel. max. reverse
Angle Jet velocity
(degrees) (diameter) | (in) (diameters)
15 Cold - - ' - -
Burning - - - -
20 Cold - - - -
Burning - - - v -
u5 Cold 3.700 0.858 0.350 1.06
Burning 2.030 1.625 0.500 0.50
60 Cold 5.000 1.430 0.700 1.17
Burning 3.213 - 3.500 0.700 1.50 .

In the jets from these swirlers, the recirculation vortices are
shorter in flame jets than in cold ones. The distances of the cross-
sectional planes on which the maximum reverse velocltles are obféined
remaln almost consfant in the col& annuler swirler jets as in the cold -
hubless Jets. This is not so in the burning jets. The maximum wiadhs
of the recirculatioh zones are greater in burning. jets than in corresponding
cold jets. The critical vane angle at which recirculation is estaﬁlished in
cold Jjets is the same as in burning Jets.' -

The axial velocity component on the axis of each of the cold'jets
decreases immediately after exit from the swirler. The minimum values are
observed at about 1.0 diameter from the exit. The same apblies for the
hubleés swirler cold jeﬁs. In the ﬁurning jets, the reductions are observed

only in hubless swirler flames with recirculation vortices. In the annular
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swirler flames, the 15 degree swirler flame results show..an increase
whilst the other swirler flames show reductions although the positions
of the minimum values are not almost constant as in cold jets.

The rates of decay of the maximum axial velocity components
appear to be higher than those of the cold jets in the initial regions
of the jets. Further downstream, the rates of decay in the burning Jjets

are slightly lower.

6.2.2 Tangential velocity components

The results obtainéd with the cold and burning hubless swirler
Jjets show the central forced vortex core surrounded by the annular free
vortex region. In each of the cold jets, about half the mass flow is
contalned within the forced vortex core near the swirler exit but as the
axial distance increases, the proportion in the free vortex region
increases. In the burning jets, similar behaviour is observed thoughrit
appears that the increase with axial distance of the proportion contained
within the free vortex region is much more rapid than in cold Jjets. The
slight distortion in the profiles of the 45 and 60 degree hubless swirler
flames at axial distances of 1.0 and 2.0 diameters are not shé%n in the
éorreSponding cold jets.

With the annular swirlers, thg profiles are similar to those
described for the hubless swirler jéts. The proportion of fluid within
the forced vortex core remained almost half of the total in the initial
region of the cold jets but in the'burning Jets a greater proportion is
contained within the zone. The situation is reversed very rapidly,
particularly in flames with low swirl, as the distance downstream.increases.
The distortion which is shown in all the profiles of the swirler flames
is obtained in cold jets with any swirler whose vane angle is equal to or

greater than 45 degrees.
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6.5  Jet width

The variations of the widths of some of the cold and burning
Jets are shown in Figures 75 (a) and (b). The cold jets expand rapidly
immediately after the nozzle exit but within a short distance downstream.
ttie variations become almost linear and independent of swirl. In the
mrning Jjets, the expansionirate near the swirler exit is much higher
than in the corresvonding cold jet. Although the expansion rate tends
to be a constant as the axial distance incféases, the axial position
where this trend begins to show is greater in burning jets than in cold
Jets. As thz2 distance from the exit increases, the exrvansion rate of the
cold jets become greater than those of burning jets with corresponding
vane angles. Between 7.0 and 9.0 diameters from the exit, the width of
cold and burning jets of correéponding vane angle and swirler geometry
will become equal. Further downstream the width of the cold jets will

be greater than those of the burning jets.

6.4 Static pressure

The static pressure measurements in the cold experiments were made
only on the axis of each of the hubless and annular swirler jegg. It is
therefore not possible to compare the static pressure profiles reporte&
earlier with any cold results. In fact, no detailed statiec pressufé
measurements in swirling jets appear to have bgen made previously.

The static pressurés measured on the axls of each of the hubless
and annular jets are subatmospheric as iﬁ the burning jets. In the
hubless swirler jets highef values are recorded in cold jets than in the
burning jets with corresponding vane angles. For example, in the cold\
jets, the static pressures at about 1.0 diameter are 0.45, 0.90 and 2.26 in

water with the 15, 30 and 60 degree swirlers. In the burning jets, the

corresponding values are 0.105, 0.075 and 0.1100 in. water respectively.
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All the results in the cold Jéts show continuous increaée of static
pressure and the rates of.decay of the static pressure are much faster than '
in burning Jjets.

With the annular swirlers, the non-linear variation of static
pressure with swirl is evident in the cold results. Similar results
were reported earlier for the burning jets. The magnitudes of the
pressures at corresponding axlal positions are much closer than those of
the hubless swirler Jets. The rates of decay of the values with cold
jets are higher at planes close to the eﬁit but further downstream,

they are almost equal.

6.5 Axial fluxes of linear and angular momenta

From the results of the velocity profiles in (6), the required
data for calculating these parameters were obtained. Thé method of .
calculation was the same as those discussed previously. The pressure
terms were not included in the analysis because these data were not
available.

The resulfs of the axial fluxes of the above parameters appear
to indicate that they are conserved along the length of the Jeég. There
are some deviatlons in the results as iﬁ those of the burning jets. The
calculated values of the fluxes are higher than the values obtained in
the burning jets. The caiculated swirl numbers, although still slightly.

higher, are closer to the values calculated from equation (3.7) than the

values obtained for the burning Jets.

6.6 Mass flow rates

The mass flow rates for all the hubless and annular swirlers were
calculated from the results in (6). Some of the results obtained are

shown in Figures 76 (a) and (b). As in the burning Jets, the entrainment
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rates increase with the axial distance. The increases in the cold jets
are almost linear with axial distance but there is a slight non-linearity
near the exit in the results with the burning jets. The entrainment rates

in the burning jJets are higher than those in the cold jets.

6.7 Discussions

The differences outlined in the preceeding se¢tions of this
chapter confirm that the aerodynamic field of a swirling flame is quite
different from that of a cold jet. The outstanding differences'are shown,
mostly, by the characteristlics and dimensions of the recirculation |
vortices.

As previously discussed, the characteristics of the recirculation
vortex in a swirling flow field depend to a great extent on the balance
between the centrifugal forces generated by the swirl at the nozzle exit
and the static pressure gradlents, Even without a recirculation zone,
this factor is still of great importance. The centrifugal forces depend
on the values of the tangential velocitles which in turn depend on the
distribution of the absolute velocities at the exit, The crux of the
whole phenomenon is, thereforé, the effects of the density gradients on
the inlet conditions.

The results of the flame stabilisation tests show that the
position where combustion 1s initlated in a hubless swirler flame is
different from that in an annﬁlar swirler flame. The;éfore the positions
of the flame fronts will be differeﬁt in both geometries and as a
consequence of this, the position Where thg transformation of the density
gradients take place wiil differ. This explains the differences in the.

compared results of jets from hubless and annular swirlers. The changes

_in the densi%y gradients will necessarily be accompanied by changes in

the distribution of- the absolute velocity profile at the inlet plane.
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This, therefore, highlights'the importance of taking measurements at
the exit plane of the swirler. In doing this, any results taken on a
vertical or herizontal plane will be affected by the wakes behind the
swirler vanes. It will, hence, be required to design a traversing
mechanism to enable measurements tb be made aléng a radius which
is at the midpoint of two adjacent vanes. This can be combined with
results obtained along a horizontal or vertical radius to obtain a
geﬁeral average.

In addition to the observations on the recirculation vortices,
it is similarly intsresting to note the results for the variations of
Jet width. This result 1s no doubt connected with the combustion pattern
in the flames but how it is so appears to be rather obscure. One possible
explanation is deducible from observations of the results obtained during
the aerodynamlc investigations at the exit plane of the annular swirlers.

When the measuring position is around the midpoint of two adjacent vanes

and close to the outer wall of the swirler, the measured velocity heads

are usually high but the temperatures are low. The calculated velocity'
components are then low. The possible effect of this will be ;; reduce the
effective jet width in the initial region of the Jet. The reduction Will
result from the inability of the Jjet to avail itéelf of the added :
expansion which would have been due to the combustion of the mixture that
egcaped the reaction zone. | -

._The increased entrainmeﬁt rates of the burning jets can be
attributed to two factors. The first one is the increased surface area

of the burning jets upstream of about 7.0 diameters from the swirler

exit. = The second factor is the lesser density of the gases in the

burning jets. This is shown by the inverse proportion of the entrainment

rate to nozzle fluid density as given in equation (5.1). The equation (5.2)

suggested by Kerr and Fraser does not fit the data points.



-104-

6.8 Conclusions

The combustion at the exit plane of a swirling Jet alters
the distribution of the aerodynamic variables on this plane, As a result
of this, the. characteristics of the distributions of the variables in
flames are different from those in cold Jjets although the general
pattern remains almost the same,

The critical vane angle at which a recirculation vortex is
established in a hubless swirler flame is less than that in a cold jet.
With the annular swirlers, the critical angles are the same.

The maximum width of the recirculation zone 1s greater in burning
Jets than in cold jets with both swirler geometries. The lengths of the
recirculation zones in burning jets are less than the values 1ia cold Jets
with annular swirlers. With the hubless swirlers, the lengths are almost
equal.

The integrated values of the axial fluzes of linear and angular
momenta indicate that these parameters are conserved in cold and burning
Jets from both swirler geometries.

The burning Jjets are wider than the cold equivalents iﬁ—the initial
reglon of the jets. Between 7.0 and 9.0 diameters, the width of a burning
jet becomes equal to that of a cold jet. Further downstream, the cold jets
become wider thanlthe burning jets. As a result of the greater Jet width

and the lesser density in the burning jét, the entrainment rates are higher

in burning jets than in cold ones.
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CHAPTER 7

PREDICTION METHQD

7.1 Introduction

The direct analysis of the eguations of fluid motion in a three-

dimensional flow field is almost a formidable problem. Fortunately,

most flow fields of interest in engineering are axisymmetric. As a

result of this, the number of relevant terms in the equations are

reduced. Non-theless, the dependent variables are still interconnected
and the closed-form solutions availabié are usually applicable to cold
flows. Consequently, the design of combustion systems have to be based

on empirical data from tests on eifher cold models or on prototypes.

The data from cold tests are, no dbubt, very inadequate and investigations
with prototypes are expensive. The provision, therefore, of a prediction
method for the analysis of the flow distributioﬁs in a genéral stream,
cold or burning, will be of tremendous practical value.

Recently, Spalding et al (8) formﬁiated a computational procedure
for the analysis of theequétions of ﬁotion in a general two-dimensional
flow field by finite-difference method. A éomputer program was written for
solving the finlte-difference equations. From- this general foundatilon,
0dlozinski (9) developed a prediction method for flow distributions in a
confined premixed flame stabilised on a bluff-body. ;p Odlozinski's
analysls, the geometry of the flow field was as shown in Figure 77 and
a uniform inlet velocity was Specified. '

A swirling jet»issuing from aﬁy of the common swirl generators 1is
axisymmetric and effectively, it is a two-dimensional flow. The computational
procedure di;cussed above is, hence,. applicable. The prediction method
discussed in this thesis was dgveloped from the work of Odlozinski. The

computer program was developed for the analysis of the flow distributions
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in cold and burning swirling Jjets and alsoifor processing in either
a KDF9 or UNIVAC 1108 computer. The geometry of the flow field used is

shown in Figure 78.

7.2 Theory of the prediction method.

7T.2.1 The transformed equations

By using the concepts of stream function and vorticity, the
equations expressing the conservations of mass, momentum along each
of the coordinate directions and cﬁemical species together with the
mathematlical statement of the First Law of Thermodynamics can be
transformed into elliptic equations for the analysis of the flow
distributions in a flow field with reaction-rate-controlled combustion.

The general form of the elliptic equation is

N G'. grad ¢ = div a, grad (05¢) + 0y .o (7.2)

where the coefficients o, aé, 05 and o, for each of the dependent

variables are shown in Table 11 in cylindrical coordinates.

The details of the derivation and simplification of fie equations
are given in Appendix Al. The left hand side of equation (7.1) can bé
feferred to as the convectlon term. The first term of the riéht héﬁd
side of the equation can be called the diffusion term whilst oy can be
called the source term. The equations of the dependent variables as
shown in the Table can be used for the énalysis of laminar and turbulent
flows. In the case of turbulent flows, the transport properties are.

represented by the "effective" turbulent values.
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TABLE 11
Relations forgi, Vs QB and Y as in Equation (7.1)
B T PN o,
2 2
v v
® _a_e 3 (5,4 2 5 pw
r . 1 Heff *dx ( 2 )- 3x ° or ("5—) ( )
d a]
+2p’eff"§;(;)
1 oy 1 30
¥ 0 5 1 ()- [ ar'BrJ
r
u 3
g w | Perr | eff
W 1 bepr |1 T r {; r G ar j}
__E
2 RT
Mry L Y;u,eff 1 - KM Mox P :
H 1 reff 1 0
mf 1 ‘“;ff 1 0
7.2.2 Finite-Difference form

It will be observed in Table 11 that the transformed equations are
st1ll as complex as the original equations because of the interdependence

Because of this, the equations will have to be solved

of the variables.
simultaneously. At present, there is no possibility of obtalnlng closed-
form solutions and thus the solutlons have to be cbtained by the finlte-
difference method.

In using this method, the flow field 1is divided into grid points
and the finite-difference form is obtained by integrating the partial

differential equations for a dependent variable over the control volume.



The partial derivatives of the variables at'any grid point in the flow
field is rernresented by the differences in the values of the variables
at the point and its neighbouring grid points. The general form of the

final finite-difference equation is

ﬁp = 0P, ot 0@+ O+ B ...(7.2)

7.2.3 Details of the computations

7.2.3.1 Grid 8nacing

The flow field is divided into a number of grid points. Along
the length of the flow field a non-uniform grid distribution varying in
geometrical progression is used. Along the radius of the Jjet, the grid
spacing varies uniformly within the iﬁlet plane of the swirler, and at
the outer grid points, the variation is according to geometrical
nrogression. Specifications for the 16 x 14 grid system is given in the

program for hubless and annular Jjets.

7.2.3.2 Dependent variables

The dependent variables are specified in order of solution inthe
ﬁrogram. For cold jets the dependehtrvariables of interest are the
vorticity, stream function and tangential velocity. For burning Jjets
additional variables have to be solved for and these are the fuel

mass fraction and the enthalpy.

T7.2.3.% Enclosing boundary

In the solution of elliptic partial differential equations, the
values of'the dependent variables on the enclosing boundary must be
specified. The boundary conditions used will be discussed in the next

section.
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7.2.3.4 Computational procedure

Together with the boundary values, initial gueéses are made
for the distribution of each dependent variable at points not on the
boundary. The 1nitial values can be zero or as specified in the
program. From experience, it does not apnear to matter what these
initial guesses are but when a burning jet is being considered, solutions
are usually obtained faster with non-zero initial values. Starting
from a grid point one mesh away from the inlet plane, new valués are
calculated for the varlable and the new valﬁe Immediately replaces the
previous value. This makes 1t possible to use the updated value in
updating the values at its neighbouring grid points. This procedure
is carried out for all non-boundary grid points in the flow field after
which the boundary values are recalculated (if need bej. The cycle 1is
then repeated until the fractional difference between fwo successive ‘
iterations is either equal to or less than a specified minimum. This
minimum value-is referred to as the convergence criterion. During the
processing of the solutlons, the values of the axial and radial
components of veloclty are calculated after each iteration. Tfhis is to obtain
the values of these parameters for use in evaluating tﬁe source terms of
some of the variables. Furthermore, the maximum differences and fréctional
differences in the flow field for each dependent variable are printed
after each iteration and after a specified number of itepations, the
dependent variables are printed; |

Although it is generally known that there are intermediate
stages in a combustion process, a simple chemicai reaction whereby the
reactants combine in a fixed (stoichiometricj pfoportion is considered.

As_a result of the combustion; the temperatufe, and thus density and

viscosity, are no longer constant. The temperature is calculated from



‘the updated values of the fuel mass fractions and the énthalpy by the

equation

T = ... (7.3)

where HC is the net calorific value of the fuel.

The density is calculated from the equation

pM :
0 - _:L“_i_§ e (7.1)
RT

where p 1s the static pressure and is assumed to be atmospheriec,

and Mmix is the mixture molecular weight and is calculated from

Mmix = m m m -++(7.5)
fu + OX . pr
M M7 M
fu ox pY

The value of mox at each grid point is calculated from the values of the
fuel mass fraction and the mixture fraction (mf). If the mixture fraction
is not computed for, its values are deduced froﬁ those of the enthalpy
since both are represented by equivalent equationsAas shown in equations

(A.29) and (A.31) of Appendix Al. The mass fraction of the combustion

products is evaluated from

Moy * Mox * Moy = 1 B ...(7.6?

Because of the strong influence of the dénsity gradients, under-relaxation
was used in the analysis. An under-relaxation parameter (ROWF) is
specified such that from the density calculated at the end of each cycle,

the value of the density used in the next cycle 1s calculated from

. pp = ROWF. pé + (1 —ROWF?. N | ...(7.7?
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where is the value used in next iteration,

P2
pé is the value obtained from the calculated temperature in
next iteration,

Py is the value of density in previous iteration,

and ROWF 1s the under-relaxation parameter.

In the analysis of the flow distributions in a combustion system,
the computation is first carried out for a cold flow and the values obtained
for each of the variables are used as the initial values in the combustion
system. In the present analysis, the computation is not necessarily
carried out until converged solutions are obtalned and it does not appear
to be absoclutely necessary for convergence to be obtalined before proceeding
with the computation of the cmmbusfion system. For the solutions obtained,
under-relaxation i1s used in the computation of the variables when

combustion is taking place.

7.2.3.5 Specification of physical parameters

The numerical values of some of the physical input parameters are
constant. These are specified in the main program and will not be
discussed here.

In the derivation of the equations, the laminar viscosity is
renlaced by the "effective" turbulent equivélent. The reonresentation of

used in the analysis is the dimensionally derivable expression

Herr
2 1 =2 -1
2 . . —2 |
Werf AD L7 p3 (m v ?i ...(7.8?

where A is a constant,
D is the diameter of the enclosing boundary,
L is the axial length of the enclosure,
p is the density at a grid point,

-2
and (i V)  is the kinetic energy at inlet.
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The effective turbulent exchénge céefficients of the fuel mass
fraction, enthalny énd mixture fraction are assumed to bé equal and
representablé by a mean value [T whose ratio to the effective viscosity
1svassumed to be 1. The ratio ueff/r—eff is referred to as the turbulent
Prandtl or Schmidt number.

The derivation of the equation for enthalpy assumes that the
specific heats of the various components of the fluid are equal and that
this value is independent of temperature. This, of course, is not the
physical situation-in the stream. In the present analysis, however, the
specific heat is represented by a provisional value of 0.24.

The rate of comsumption of the fuel by chemical reaction per unit
volume 1s given by the reaction rate equation

E

————

2 . RT
Rfu = - K mfu mox o] T e . .o.(709)‘

When combustion is occurring within a small volume or when the chemical
reaction is taking place in a well-stirred combustor, e.g. in a well-
stirred reactor, the chemical_reaction rate will be almost uniform

within the reaction volume. The reaction rate const;nt (K) for this type
of combustion system is usually calculated from data on staﬁility limits
and combustion efficiency. With the data obtained from the work of Longwell
and Weiss (56), Odlozinski made this calculation for various mixture
ratios. The-value of the reaction rate constant used in the program was
obtained from this calculation. Fér the activation energy (E), Longwell
and Weiss suggested a value of above 45,000 calories per mole._ Further
experiments.conducted by them (56) confirm that tﬁe above value could.be

used for most hydrocarbon flamés.
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'7.3 Boundary conditions

The boundary conditions specified in the program are those for
free swirling Jjets. A fictitious outer boundary is assumed, the
criterion of its location being to have it as far away as possible from
the Jjet axis so that free jet conditions will effectively prevail.

The modification of the nrogram for the analysis of confined swirling jets
is a relatively éimple matter and for the sake of future users, the
details of the boundary conditions for confined Jets will be included.

Some of the boundary conditions will be discussed with reference to
Figure 79.

7.5.1 Gradient-type

At some of the boundaries, it 1s not possible to deduce the
values of some of the dependent variables from physical factors. Assuming
then a parabolic distribution of the variable between the boundary grid
point (point 1 in Figure 80) and the adjacent two grid points (points 2 and 3)
on the grid line normal to fhe boundary point and that the partial -
differential (3¢/3n) on the wall 1s zero, the value of the variable on

the boundary can te calculated from

where n, is the distance of point (2) from the boundary
n, is the distance of point (3) from the boundary

and ? 5 3 are the corresponding values of the variable at these points.
2 24

The use of this boundary condition at various positions of the boundary is

‘shown in Figure 80.
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7.3.2 Vorticity

The solution for the vorticity is the nucleus of the predictlion
method for two reasons. Firstly it represents the x-momentum and
r-momentum and secondly it has a strong influence on the source term
(“4) of the stream function whose solution influences all the dependent.
variables. Special consideration was therefore given in (8) to the
vorticity boundary conditions especially at wall points.

7.3.2.1 Wall points

At these points, the vorticity 1s calculated from two parametérs
81 and 8o and the vorticity at one grid point away from the wall.

The expression is

—~
1

}, = »81 + 85 ( 2 M ...(7.11)

where B is the wall point and NP is the grid point away from the wall.,
The geometrical details are shown in Figuré 8l1. The values of 8, and 8o

for various conditions are shown in Table 12.

7.3.2.2 On the inlet plane

The definition of vortidity is

o
® = 3x ~ or

© el (7.12)

From the specified distribution.of the axial velocity components at inlet,

the vorticity can be calculated at points which are not-on the pipe walls.

7.3.2.3 Along the axis of symmetry i

The value of v on the axis of symmetry is zero and so is the
differential of u with respect to the radial coordinaté, Thus @ is zero.
The parameter used in the analysis is not @ but d/r. This therefore creates

the problem of the exact value of vorticity on the axis because

w 0
- = 3 e (7.13)

and this is mathematically indeterminable. However, the vorticity parameter

t

was represented as zero in this analysis.
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TABLE 12

Expressions for & and & in Equation7.11

direction

2
. (WP - WND) / n NP
Heorizontal 1° 3
W P{[?P + Zpeng + 0o(aRR + 52 anPj]
alls
k
Kyp nNPi]
i (R+k1"Np)EPP(g+——+AP(g )
2
n RLPP("i anP) + 00 (7R + 1 anP):]
z
°
a
g = Vp ~ Iy
o .
o Vertical 1 (r2 o ) ( 1 . 5 50)
® Walls NP 3 24
3 1 1
n KR
¥ e - - I
3P TR
Vo - ¥
Horizontal g = P NP
2 1 5
and n“yp ( 3:°p * o Ap)
2 | Vertical
3 | 1 1 _
:: Walls e - - g pP t g Ap
g 2 1 5
g 5P v ar 8P
~ ’ -
(See Figure 81 for geometrical details)
R = distance of the wall from axis of symmetry
Ao = Pxp - Pp
k = 1, when n and radial distance (r) are measured in the same

- 1, when n and r are measured in opposite directions
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7.3.2.4 Along Bl - B2, B2 - B3 and B8 - B7. (See Figure 79)

The boundary values along these walls are calculated from the
relevant expressions in Table 12. The calculations along B2 - B3 do
not include the points B2 and B3 because these lie effectively on

Bl - B2 and the axls respectively.

7.3.2.5 Along B7 - B6 and B4} - B5

The gradient type of boundary condition is used. For B7 - B6
and B4 - B5, it is possible to calculate the boundary values frém the
values of the axial and radial veloecily components. Care 1s, however,
needed in doing this on the B7 - B6 plane as 1t can cause the solution
to oscillate particularly when there is combustién. Also this procedure

slows down the rate of convergence.

7.3.2.6 Along B6 - BS

In the results presented later, the vorticities are put equal

to zero. It is possible to use the gradient type of boundary condition.

7.2.2.7 Confined jets

The modifications needed for analysis of confined jeté—are for
the conditions along B7 - B6 and B6 - B5. At these planes, the values

must be calculated from relevant expressions in Table 12.

T.3.3 Stream functions

7.3.3.1 On the inlet plane

The inlet distribution of the stream function at any radial

position r is obtained from

L =S pu r dr A e (7018
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7.3.3.2 Along Bl - B2, B2 - B3 and B8 - BY

For points on the plane Bl - B2, the values are equal to that
at the point Bl. Similarly values along B8 - B7 are equal to that at BS.
For B2 - B3, the values are equal to that at B2. The above is applicable

because there is no additional flow across these surfaces into the streanm.

T7.3.3.2 Along the axis

Values at points along the axls are equal to that at E2. This is

so because of the reason given in the above paragraph.

7.3.3.4 Along BT - B6

In the consideration of free Jjets, allowance must be made for
entrainment. Along the above plane, Q is zero but the values of u are
not known and there does not appear to be any analytical‘method of
obtaining them; The values are therefore obtained from the computed
values at the two adjacent normal grid points using equation (7.10).

The stream function is then obtained by integration using the trapezoildal

integration méthod.

7.3.3.5 Along B6 - B5

The gradient type of boundary condition is used at all the points
on this plane. It is also possible.to calculate the values using the

same method as in the previous aubsectibn.

7.3.3.6 Along B4 - BS

Gradient type of boundary condition is used. It is possible to

calculate the values from the axial velocity components.in which case,

the values of the axial velocity components will have to be calculated

" as stated in subsection 7.3.3.4.
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7.3.3.7 Confined Jets

For the analysis of such jets, the values along B7 - B6 and

B6 - B5 must be put equal to the value at the point B7.

7.3.4 Tangential velocity

7;3.4.1 On the inlet plane

The tangential velocities are calculated from the equation

W = u_ tan ©
o) o

where @ is the vane angle of the swirler.

7.3.4.2 Along Bl - B2, B2 - B3, B3 - B4, B8 - B7, B7 - B6

and B6 - B5
The tangentlal velocities at points on these planes are equal

to zero.

7.3.4.3 Along B4 - BS

The values are calculated from the expression for gradient type

of boundary conditions.

7.3.4.4 Confined jJets

The above conditions are applicable in confined jets.

T7.3.5 Fuel mass fraction

7.3.5.1 On the inlet plane

The values specifled in the program on this plane are rather
arbitrary. In order to initiate the combustion, the specified values

must be suffiéiently low.

7.3.5.2 Along Bl - B2, B2 - B3, B3 - B4, BS - B7 and B4 - B5

The values along these planes are calculated using the gradient

type of boundary conditions.
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7.3.5.3 Along B7 - B6

The fuel mass fraction at each point is specified as zero.

7.3.5.4 Along B6 - B5

For the first six grid points along these planes, the values
are specified as zero and gradient type of boundary condition used at

other points.

7.3.5.5 Confined jJets

For these jets gradient type of boundary conditions must be used

along B7 - B6 and B6 - BS.

7.3.6 Enthalpy

7.3.6.1 On the inlet plane

The variable computed in the program 1is the dimensionless enthalpy.
The inlet distribution must therefore be specified accordingly. Fér each
point on the plane, the dimensionless enthalpy must be calculated from
the equation

(cb T +m u HC )

f

..(7.15
HP

where HC is the net calorific value of the fuel and HP is the reference

enthalpy at inlet.

7.3.6.2 Along Bl - B2, B2 - B3, B3 - B4, BY - B5 and BS - BT

The method of calculation is the same as for £ﬁe fuel mass fraction.‘

7.3.6.3 Along B7 - B6

The values here are calculated from equation (7.15) using HC = 0O

and the atmospheric temperature.

-,

7.3.6.4 Along B6 - BS

The method of calculation is the same as for the fuel mass fraction
except that the values at the first six grid points are calculated as in the

preceeding subsection.
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7.3.6.5 Confined Jjets

Similar modificatlons mentioned in subsection 7;3.5.5 will

be regquired.

7.4 Computed results

The program has been used for the computation of the flow
distributions in both cold and burning swirling Jjets. The results
obtained with cold jets were for 15 and 45 degree vane swirlers. With the
burnihg Jets the results for the 15 degree swirler was obtained. The
effect of the variation of some of the input parameters were also analysed.
The results presented here are for annular jets 1lssulng from swirlers of
the same geometry and dimensions as those used in the experimental

investigations.

7.4.1 Cold swirling Jets

A triangular axial velocity proflle is épecified at the inlet of
the annular flow section. In the program, the velocity head (in. water)
is specified at each pointAqn'the inlet plane and the velocity is '
calculated from it. The méximum axial velocity af 80,ft/sec was at the
midpoint of the flow section. |

The results obtained with the 15 degree swirler are shown in
Figure 82. The shape of each of the profilesrnear the exit showed the
double-crest/central trough forﬁ which is characteristic of swirling jets.
The tangential velocity profiles showed the forced-vortex/free-vortex
profiles of swirling jets; A compérison is made between the computed results
and the experimental data in (6) and as will be observed, the result
showed good agreement. "

The results with the 45 degrees swirler is shown inFigure 83. The

~features of the axial and tangential velocity profiles are very similar to

those obtained from experimental investigations. A recirculation zone is
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established in the flow field and the maximum width (radially) is about
0.64 1in. The maximum axial velocity component has not yet réached the
axis within the 10.2 diameters axial length for which solutions were
obtained.

The rates of decay of the axial velocity components along the
axls and that of the maximum axial velocity components along each of the
15 and 45 degrees swirler jets are shown in Figure 84. The position of
the.maximum reverse velocity in the 45 degree swirler 1is about 1.0 diameter
which corresponds with the cold experimental results in (6). The length
of the recirculation zone is about 16.0 in. The maximum axial velocity
components decayed continuously along the length of each of the jets.

The entrainment rates obtained from the values of stream function
are shown in Figure 85 for both jets. The entrainment rates increase
with axial distance and the increase in the entrainment rate with swirl

is also shown.

7.4.2 Burning swirling jets

In each of the computations, the same specification of velocity
heads as those for the cold jets are used. This was pﬁrely for convenlence.

As a result of the combustion, the maximum axial velocity component was

higher than that with cold flow. For each of the computations, the
specified inlet distribution of th: fﬁel'mass fraétion is shown on the
corresponding diagram. The dimensionless enthalpy wasﬁﬁot calculated from
equation (7.15) but was assumed to bé uniform across the inlet plane.

For uﬁiform distribution of the fuel mass fraction at inlet,
the results are shownin Figures 86 (a) and (b). The results for a different
specification of the fuel méss fractién distribution as shown in

Figures 87 (a) and (b). The results show the general characteristics

obtainable in swirling flames. All the above results were computed with
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the value of 45,000 calories per mole for the activation energy. With
the conditions in the computation whose results are presented in
Figures 87 (a) and (b), other computations were made with values of
30,000 and 60,000 caléries per mole for the activation energy. The
results of these computations showed that the effect of the variation

of the value of activation energy is almost negligible.

7.5 Discussion of results

For the sake of future users, it will be desirable to give
further comments on the computations revorted above.

The computations of the flow distributlons with the 15 and
45 degrees swirlers were carried out together. The solutions for the
15 degree jet was used as the initial values for the 45 degrees Jjet.
This appears to be a necessary procedure because fhe first computéfion
for the 45 degrees swirler in which this procedure was not used divgrged.
The reason for this 1s the strong dependence of the source term for
vorticity on the centrifugal force parameter

With burniné Jets, the computation was first carried out for
the cold model and the results are used as initial valués for the
computations with the burning Jet. It does not appear to be necessary
that a converged solution of the cold model shou;d be obtained but the
computation should be carried sufficiently far to give reasonable initial
values. Furthermore, it was necessary to under-relax the dependent
variables. This was in addition to the density relaxation parametef.
The relaxation factor for density was 0.10. This 1s probably too low
and higher values may be possible. The relaxation parameter for the

dependent variables was 0.25.



-=123-

The value of the Specificlheat used in the computation is low
and this will give higher temperatures than should have been obtained.
More accurate values can be obtained from equation (3.16) for the
variation of specific heat of air with temperature or frém similar
expressions. This will enable the variation of specific heat with
temperature to be taken into account in the computation and this in turn
will lead to greater accuracy. -

Although the initial alm of the mathematical analysis was to
obtain results particularly for burning Jjets which could be compared
ﬁithjthé experimental results preseﬁted earlier, the success in this
direcéion is limited. This is due to shortage of time. However, the
program at its presenf stage gives good results judging from the

comparison of the predicted 15 degrees swirler results and those

experimentally determined in (6).

7.6 " Conclusions
The predictién method at its present stage of development gives
gquantitatively and qualitatively good results for cold swirling_jets.
The predicted distributions, however, depend strongly on the specified
inlet profiles and tﬁe bogndary conditions. In using the program for
the analysis of practical coid swirling flows, it will be Aecessary to
measure the inlet profiles of the axial and tangéntial velocity components.
The results of the burning jetslare quantitati;ely good in as
much as the patterns of the predictéd flow distributions are similar to
those experimentally determined. It is believed that with accurate
specification of the inlet profiles'for the axial aﬁd tangential velocity
components, temperature and fuel mass fraction and specification of
temperature dependent specific heat, the program will give qualitatively

good results.
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CHAPTER 8

GENERAL CONCLUSIONS AND FURTHER DEVELOPMENTS

8.1 Conclusions
From the results of the experimental and theoretical investigations,

the following conclusions are arrived at. .

8.1.1 Flame stabilisation

Swirling flames issuing from vane swirlers are highly stable and
the pqsition of anchorage of the flame base depends on the swirler
geometry. As the fuel/air ratio énd average nozzle velocity of the
mixture change, the structure of the resultant flame changes.

Attendant to the changes in the flame structure are variations
in the stability limits of the flames. For the same flow velocity, the
fuel/air ratios at weak and rich blow-off limits increase with swirl.
The increases at the rich blow-off limits are greater than the increases
at the weak blow-off liﬁits, thus the range of flow conditions at which

stable flames are obtained increase with swirl.

8.1.2 Aerodynamic characteristics of swirling flames

The profiles of axial velocity components show off-centfe_,
maximum values but as the akial distance from the nozzle exit incéeases,
the maximum values tend to the jet axis; Neaf-the swirler exit, the
radial displacements of the maximum axial velocity cé;ponents increase
with swirl. The position aloﬁff tﬁe jét where the maximum reaches the
axis depends on the swirl.

A central forced vortex core exists in a swirling jet. This
core is surrounded by an annular free vortex region which extends to

the edge of the jet. The proportion of the nozzle fluid contained

within each type of vortex varies with swirl and as the tangential
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velocity components decay with increasing distance from the swirler
exit, the proportion in the forced vortex core decreases.

The rotation of the nozzle fluid gives rise to a centrifugal
action which forces increasing proportions of the fluid away from the
axis as the swirl increases. The concentration of the fluid near
the outer edge of thg jeﬁ gives rise‘to velocity increases which in
turn gives rise to pressure drop. Conseﬁuently,'the static pressure in -
a swirling flow field is subatmospheric and remains so beyond about
10.0 diameters from the exit although the values increase as the’axial
distance increases. The static pressure drop at a point caused by the
rise in fluid velocity increases with the required velocity increment
and thus the static pressure decreases from the jet axis to a minimum
at the radial position of maximum velocity. This gives the static
pressure profile a double:crest/central trough shape in flows with
sufficiently high swirl.

As a result of the fluid displacement, off-centre maximum
temperatures are obtained in swirling flames. The dégree of the
displacement from the axis depends on swirl. The position at which
the maximum flame temperature is measured decreases with swirl and
thus the flame length effectively decreases. .

The expansion of the gases due to combustion coupled with
the centrifugal effect of swirl causes a rapid increase iﬁ the jet
width immediately downstream of the nozzle exit. The expansion rate
increases ﬁith swirl and consequent on this, the entrainment rate of
the jet increases with swirl.

With imcreasingly high swirl, the centrifugal effect causes

sufficient jet. expansion and pressure drop that a recirculation zone
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is established. The characteristics of the recirculation vortex
depend on the swirler exit flow distributions which in turn depend on
the swirl number and swirler geome try. For hubless swirlers, the
minimum swirler vane angle with which a recirculation vortex will be
established is 30 degrees. For annular swirlers, the corresponding
angle is 45 degrees.

The increase in the size of the recirculation zone causes a
pressure drop which, if suffiéiently high, will off-set the balance
between the radial static pressure gradients and the centrifugal forces

and lead to the formation of a wall jet.

8.1.3 Comparison with cold swirling jets

The pattern of the flow distribution in:a cold jet %s almost
similar to that in a burning jet of the same swirl number although the
rates of development of the jets differ.

The differences in the jet development result in variations in
the characteristics and dimensions of the recirculation vortices (if
present) and also in greater expansion and entrainment rates in burning

jetse.

8.1.4 Prediction of flow distributions

It is possible to obtain good predictibns for cold swirling jets
and quantitatively good results for burning jets with\the prediction
method at its present state. The'éccuracy of the predicted results for
cold jets will be improved by the specifiqation of exact inlet profiles
in practical cases. For burning jets, improvements axé required in the
specifications of the.combustion parameters and also in the representation

of turbulence,
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8,2 Suegestions for further research

The most important characteristic of a swifling jet, with
reference to combustion, is the recirculation vortex in the flow field.
It has been shown that the establishment of this zone depends on the

flow pattern at the swirler exit. Thedevelopment of the exit conditions

start from inside the swirler tube and it will be very illuminating to
study the flow distributions upstream of the swirler exit.

The fuel/air ratio and the flow rate of the reactants vary

from one combustion system to another. It will thercefore be of
industrial interest to study the effect of the variations of fuel/air
ratio and Reynolds number on the characteristics and dimensions of
recirculation vortices.

The free jet results presented in this thesis are not applicable
to confined flames unless the combustion chamber is sufficiently wide to
make the assumption reasonable. Even then, slight differences will still
arise from the entrainment of ambient fluia which will not apply with

confined jets. Experiments can be conducted to study the differences

between confined and open swirling flames. The effect of the combustion
chamber diameter can be studied so that a critical ratio of chamber to
nozzle diameter can be found at which free jet conditions effectively
prevail. -
The wall flame jets formed_with'swirleré of vane angles 70 and

75 degrees are of no practical use in the design of premixed flames.

In diffusion flames, however, it is possible_that the combination of a
hubless swirler having a vane angle of 70 or 75 degrees with a high velocity

secondary air flow with little or no swirl can give high intensity

combustion.
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APPENDIX A

DERIVATION OF THE EQUATIOKRS AND: THE PINITE-DIFFERENCE FORNS

PO

Introduction

In this section, details of the derivation of the equations

and the formulation of the finite difference equivalents will be given.

A.l Derivation of the equations
A.1.1 The equations of motion
Defining
! -
Gx = pu ...(A.l)
and G; = pv - ...(A.2)

the equations of time-steady motion for an axisymmetric[j%s () = E?

compressible swirling fluid in c¢ylindrical polar coordinates are:

Continuity:

3 3 N

= (o) r FEe) =0 o)
x-momentum:

o) &1 o & 2p + Eiﬁi 13 ( ) (A.4)

x3x T Y% 3w T T 3 X T 3 \9rx M S
r-momentums

2 oo By,

1V g Vw8 " TX 109 %0

Gy 3x t % 57 — = "3 3% *F 5 (r Grr? - = ...(A.5)
©-momentum:

o M, e o Poz 1 3 (% ) .. .(A.6)

X3dx “roir r  oX r2 37 ro’ . oee .-

The expressions relating the shear stress terms in the above

equations to the velocity gradients are:

Opx = MHopp (2 g—;‘( - %div V) .o (A7)
Opp = bepr (2 %% - % div V) A o ...(n.B)

& - Eav T .o+ (A.9)
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du  Jov
_ - ow
9% = %ox = Merr (3% ) "'(A'll?
o = o = r. 2 (¥ (A.12)
ro er Herp * ‘dr.'r : T

where p,pp is the effective turbulent viscosity.

By continuity and axisymmetry

1

Div V = = [:%; (ru) + %; (rv{} = 0 ...(A.13)

A.1.1.1 Equation for vorticity

The pressure terms in equations (A.4) and (A.5) can be eliminated

by :
3 3 [
o !:5.5] - [;A.%]

2
L Wy 3 g U, e QU
x3x T 03 " ? ~ dr (Gx 5x F G

3o o oo
139 o) XX , 1
- %E [}5%5 * 5o (Fop) - _%9’ - 55'[;x tr rgrxi} = T'(ééy) +-(A.18)

By defining vorticity (p) as

The result is

Pe)
5% (@

v du
0 = 5% 5w ...(A.ls)

equation (A.14) can be expanded to obtain

: 2 N ve 2
3 ' 9 ' dp 13 Vv dpl3 3 W ;
5% (03 + 57 (09 + o |57 (D) fag[aﬁ%ﬂ-a(gr? =T (a8)

where Vg = u2 + ve‘

Representing equation (A.10) by

du )

Oxp = Opx = Hapr (v + 2 37 . ...(A.17)

and substituting for other shear stress terms from equations (A.7) to (A.13),

the equation (A.16) can be expanded to obtain
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2 2
' v v 2
3 s dpl d s o) oW
(‘”G)’“ 7 (00p) + [T» (e—>]-a—r[a—>z (—zﬂ " )
- b w 1 % o
- ax (“eff“’ ar ar (bepew) = Bere 7| + 2 hepe|T 37 - 2
+ap'ef‘f 232u+2_§_2_\1+}_ éy___?_v__l_a”'eff 232u+,,a2v+
ox 3xor d3r r d3r 2 ar 3x2 = 3xdr r

eff eff‘ eff Bu v
Y- { ] E ] Sor 2-3-1;’ ...(A.18)

Neglecting the partizal derivatives of Bore and defining stream function (§)

sin
vl
=

in terms of parameters of the axial and radial veloclty components as

a - — 1 ’

lar = pur =T Gx | ...(A.19)
oV _ _ - - P!

s = PV T=-rTG | ...(A.20)

equation (A.18) becomes

‘ 2 2
d 3 3 v 3 V 3 2
el e 2(n ) -2k o)) )
- Bx{ 3x (p'eff r] Br{ [r ar (p‘eff ) - Hefr a}"' 2 Pere Br ( )
. (a.21)

Multiplying both sides by i']; and rearranging the f‘;[nal equation for

vorticity is

3 3, 3 .0 3 _1)2
% [a—x ( %gg) - 3 ('(1‘? a—ix) { [ax (p‘ef‘f r] ar[ ar(p‘eff r:)}

1 3p 3 V2 ap ] pw ) o)
* 7 3 3% (2) ar( )| + 35 ( )+2ueff 57 (7)) ...(A.22)
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i The final equation can also be written in the general precise form (7.1)

as

G'. grad (L—ro-) = div [grad m of )]

2
o)
r{ar [ax ( —):‘ [Br ]+ 2“‘effar' r) 3x (E‘?". )

...(A.23)

A.l1.1.2 Equation for stream function

From the definition of vorticity in equation (A.15) and the

stream function expressions (A.19) and (A.20)

- 3y Oy d d , 1 ay
=§§—§F=ax(—5—r"%_)'a_f(—_—) - (A.2)

€

Multiplying both sides by %, the equation for stream function is

0 = div| —, egrad {} ...(A.252)

By multiolying equation (A.24) by %, the stream function can also be written

as

3y 3p .
'a—-'a-— ) ...(A.ES’D?

OIIOI
O

o _w 1
0= le[r gradta - 2 (ax

A.1.1.3 Equation for tangential velocity component

Substituting for the shear stress terms in equation (A.6) using .

the stream function expressions (A.19) and (A.20), the equation for the

tangential velocity will be obtained ‘as

]

| ' =

| G'. grad w div[p,eff grad w]
i

W ('J‘eff auei‘f
- -I—. +

= Sr +G1:.) ...(A.26)
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A.1l.2 Equations for the combustion'parameters

A.l1.2.1 Equation for fuel mass fraction .

For a component i1 of the mixture in a reacting medium, the net
flow rate by convection, molecular and turbulent diffusion together with
its consumntion or formation by the chemical reaction is irdevendent of

time. The equation rerresenting this can be written as

G . grad L div[;r; grad m;} + Ry ...(A.E?)

For the fuel mass fraction 1 becomes fu. The same equation will apply’
for the mass fractions of the oxidant, combustion product and inert gases
in the stream or for the combined variable defined as

m
ox
(mfu - 8IC ?

which i1s called "mixture fraction". For the rate of consumption of the

fuel, the reaction rate equation used is

~ 2 RT
Rfu = ~K Moy Mox P T e ...(A.28)
The final form of the equation for the fuel mass fraction is
E
- : . 2 “RT
| — -—
G' . grad m, = div ‘; I grad mf;} Kmo, m p T e ...(A.29)

A.1.2.2  Equation for the stagnation enthalpy

In a combustion-system, the kinetic eneféy is usually small
relative to the enthalpy of the combustible stream, thus the stagnation

-

enthalpy is represented by

H = C T +mg. HC ...(A.}O?

f
The representation also implies that the specific heats of the mixture
components are represented by 2 mean value. Assuming further that the
turbulent exchange coefficients of fuel and heat are equal, the equation
for the enthalpy is

G'. grad H= div[rgrad H} ‘ ...(A21)
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A.1.3 Summary
The equations for the dependent variables of interest can now
be summarised.

For Vorticity

- w
G' . grad (%) = div[grad (p'eff ;ﬂ

2
1)39
tr af{ax _g)] [ar (2_-)]+2“'eff Br'( ) + ax(

...(A.23)

ror Stream Function

Q:div"}-—gradq+gﬂ- }_Q__(QLQQ+_3_\{I_ a—f.) ...(A.25D)
f - =

For Tangential Velocity

= Vow Merr eff .
G .grad w = div[p,eff gradvﬂ -z ( —+ 32—+ G ) ...(A.26?

For Fuel Mass Fraction

G' . grad m,,, = div ‘:rgrad mf:J -Km, m p2 T e- R ...(A.29?
For Enthalpy
G'. grad H = div Ergrad I:{] ..I.(A.jl)
Fof Mixture Fraction
G' . grad mf = div ‘:rgrad mf] ...(A.32)
A.2 7 “Analysis of the finite-difference equations

The general form of the partial differential equations of each

of the dependent variables is
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. _ )
0y G'. grad ¢ div{}lg grad (aémi] + @ : ...(7.1)
The finlte-difference form of this equation is obtained by integrating 1t

over the control volume such as is shown in Figure 78.

Taking the convection term for example,

n G . grad ¢ =ﬁ§;(¢g¥)--§?(¢g—i) e (4.33)

r

he -
Considering the first term of}expanded form and assuming uniform value

of the dependent variable along the sides of the control volume

NP EP 3 3y

S J ﬁ;g(w a—gﬂdxdr\, (-—-) <P -(<P§¥)w.‘l;) dr
r=SP X=WP

NP
! d 3
= ( —?)P “ep | ( a‘g )Epdr - cpwp j ( 6_1-‘{ )WP ér
r=SP . r=SP
-g:.( 2% )P &:QEP (Ve - ¥ee) - qWQ (e - *sw{) ' -ee (B31)

Carrying out the same operation on the second term
EP NP o
=, e
‘) (04" grad ¢) dxdr = (3 ) wEP(wne se qWPwnw Vo)
x=WP 1r=SP '

* ¢S (wse sw ?NP(¢ne nﬁi] ‘ o ---(A-35?

In the analysis, @ takes the value upstream of each of the faces nw=sw,
sw-se, se-ne, ne-nw of the control volume. For example if the flow through

the face sw-se is in the positive radial directioh, becomes Pg- It

Psp
on the other hand the flow is in the negative radial direction E%P becomes

-qb. The value of the streaﬁ function at any corner of the control volume
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is represented by the average of the values at thé f‘our neighbouring
1
3 = o | -
grid points for example ¢ne m (VP + ¢E + ¢NE 4+ q;N?. In the program,

the expressions in equation (A.35) are represented by

Jj (Oz:L G'. grad 9) dx dr = 2 U @ - AU ...(A.36)

The diffusion term in equation (7.1) can be expanded to

div[a2 grad (Ochp] r{ax Er v ((%cp] [_ Y 55 (¢ ] ...(A.37?

The first term can be integrated to obtain .

NP EP

[e) 3 |
j L % 3% [1:'0(2 3% (01,3ch dxdr
r=SP r=WP :
(059) - (nz9) () - (0,0)
=~ (%'-?P (A7) . iE = :}cP - - (ojyp- SP) ~(oT)yp: %xPP- xs .

. (r-N; - rSP] _ “..A.38

Similar integrations can be performed on the second term to obtain the

final expression

(250).. - (o)

o (o~ cgp)p (or). bz (a59)y~ (250),

¥ (%r?WP . %, <%, + a2r_»NP . ——

N P

(e5®) g ~(59)p ... (A.29)

+ (agr)SpAz . =
_ P

The equation can be written as
H div ["‘2 grad (ocjcp)] dxdr = CE (djcp)E + CW (ajcp)w + CN(qucp)N + Cs(mjcp)s

- (ajqa)P (CE + CW + CN + 'cs.) | | ...(A.1O)



The source term 1is represented by

jJ' (d) dx dr = SOURCE - ZQ (cp)P ...(A.41)

From equations (A.36), (A.40) and (A.41)

) CE(05¢)E + cw.(a5¢)w + CN'(a5¢)N + CS (a3¢)s ; SOURCE + AU

@
P ZU + ZQ + (CE + CW + CN + CS)

oo (A.42)
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APPENDIX B

BRIFF DESCRIPTION OF PROGRAM SUBROUTINES

Bl Introduction

The program is divided into various subroutines and functions
each of which carry out a particular part of the computation.

B.2 The MAIN Program

This is the principal section of the program. All the required
input data are specified'here and it also reads the alphanumeric data.
The geometrical distribution 6f the grid points, the inlet distribution
of ax%al velocity components and the initial values for the dependent
variables are specified here.

B3 Subroutine ONINA

This subroutine is called by the "MAIN'" program and it evaluates.
the inlet distributions of the fuel mass fraction and dimensionless

enthalpy.

8.4 Subroutine DPROF
The density profile on the inlet plane is calculated in this
subroutine which is called by the "MAIN" program.

B.5 Subroutine HEADCT

The heading and information of the physical input parameters
are caused to be printed out by this subroutine. It is called by the
"MAIN" program.

B.6 Subroutine SOLVCT

The iteration process is started in this subroutine which is
called by the "MAIN" program. It also prints the fractional and maximum
differences between successive iterations for each of the dependent

variables. Terminating statements are included in this subroutine which -

causes remarks on the state of the program at termiﬁation4to be printed out.
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B.7 Subroutine PROFIL

| This subroutine which is called by SOLVCT, computes the inlet
distributions of vorticity, stream function and the tangential velocity
components.

B,8 Subroutine MVBCCT

The mass velocities in the axial and radial directions on each

of the boundary planes are calculated here.

B.9 Subroutine MVELCT

Similar variables to those in Section 6.8 are computed at points
not on any of the boundary planes. The values are calculated from the
computed stream functions.

B8.10 Subroutine FDEQCT

This is the subroutine in Which the "finite-difference" analysis
is carried out. It is called by the subroutine SOLVCT. The values of each
of the dependent variables are updated as soon as new values are computed.
The fractional and maeximum differences between iwo successive iterations
for each of the dependent variables are calculated here. -

Specificaiions for the calculation of vortidities at wall points

are also given in the subroutine.

B.11 Subroutine SCRCCT

The source terms for each of the dépendent variables are evaluated
in the subroutine which is called by FDEQCT. ‘
B.12  Subroutine COEFCT B

The coefficients CW, CS, CE and CN of the diffusion terms for each

dependent variable are computéd in the subroutine which is called by
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B.13 Subroutine CONVEC

The 2U and AU of the convection terms (as in equation A.33)
are deter&ined in this subroutine. The subroutine is calle