INTERACTION OF GASEOUS MULTIPLE

SWIRLING FLAMES,

A Thesls Submitted to the
University of Sheffield for
the Degree of
Doctor of Philosophy.

by

GUnay Apek, B.Sc.Teche,M.E.T.U, yAnkara,

Department of Chemical Engineering
and Fuel Technology,

University of Sheffield,

1974



SUMMARY

This theesis is based on a study of the behaviour of the
multiple burncr systems. The influence of number of burners,
their separation and degree of swirl on the interaction of
multiple gaseous turbulent diffusion flames, for different con-
figurations chosen, has been investigated. A single flame has
baen studied as a reference flame to provide information for the
camparison with multiple systems.,

The temperature and concentration profiles within the flames
have been determined using thermocouples and a semi-continuous gas
sampling system in conjunction with a gas chromatograph,

Three orthoganol mean velocity components in the annular air
stream of a single isothermal swirling jet have becen measured
using a hot wire anemometer and by the application of a four
point measurement technique developed within the department.

Multiple flame systems were found to be less stable against
blow-off compared to single flames and the blow-off 1limit shifted
towards the fuel rich region as the swirl was reduced. At low
swirl levels and minimum separation the centre flames were lifted
off the burner rim and were frequeptly blown=off,

At separations of less than four exit diameters, the overall

flame length increased with g decrease in burner separation and

increase in number of burners, At larger separations the flame

length of the group reduced to that of a single flame at the same

swirl level.

Flame temperature was found to be very sensitive to burner
spacing and number of burners, Burner crowding is shown to

reduce the entraimment of the ambient air and the rate of mixing
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within the flames thus resulting In delayed combustion. Never-
theless the temperature profile of a multiple system was found
to approach that of a single burner as fhe separation was
increased to more than two exit diameters,

At the minimum separation concentration profiles showed high
unburnt fuél and low oxygen concentrations on the axis between
the flames where the turbulence intensities were expected to be
low, Significantly high carbonmonoxide concentrations were
recorded in the multiple flames due to improper combustion.

The multiple flame systems showed a slower approach to
complete combustion, When the adjacent burners are far apart
the large scale mixing between the fuel and the air 1s increased
greatly.

A dilution factor.has been described and computed using the
measured gas concentration data which indicates the degree of
dilution as a consequence of the entrairment of the surrounding
alr into the flamec, The degree of dilution at a flame point is
decreased as the number of burners is increased and the degrce of
swirl i1s decreaseds

For flames separated by more than two burner exit diameters
there was no significant interaction. When the burners are

adjacent to one another interaction reaches a maximum,
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CHAPTER 1.

INTRODUCTION TO THE PROBLEM AND

AIMS OF THE STUDY

1.1 The General Picture,

In engineering practice groups of burners are often used
rather than a large single burner of the same capacity. It is
required to maintain high mixing rates in the individual jets
In order to achieve stable conditions which are easily controllable
for variations in fuel and alr flow ratese In a single turbulent
diffusion flame, chemlical reaction and heat and mass transfer
processes in the flame are largely controlled by the turbulent
mixing properties of the flow, Heat, mass and momentum transfer
within the flow 1s dependent upon the random ﬁurbulent motion
superimposed on the time-~mean flow, When a group of such flames
1s considered, it 1s advantageous to know how adjacent flames
will behave and which are the major parameters affecting the
'rate of peaction and heat sand mass transfer processes in such
systems,

Although a multiple burner system has advantages over a
large single burner, such a system has nelther been fully studied
or understood. In the past, emphasis was directed mainly toward
single flame study,. A large amount of information on single
laminar and turbulent flames exists but these have not snswered
many of the fundamental questions concerning maltiple flame
behaviours In recent years, multiple flame studies received
more attention, Emphasis has been placed on obtaining
information on these variables which will lead to a basic

understanding of the behaviour and characteristiecs of maltiple
flames,



When the individual jets of the multiple flame system are
distant from each other, the flame from each Jet can be
considered as a single flame and analyzed as such, As the
distance between each jet is reduced, the flames will start to
influence one another, Such conditions will be termed
"interacting flames', As the separation 1s reduced, each
flame starts touching the adjacent ones and they can even
combine together to form a single flame, This condition is
termed as "merging",

l.2 The Particular Interest,

Multiple burner systems are commonly used in industrial
slze boilers, reheating furnaces, process heatlng furnaces and
rockets, The Admiralty, who initlally proposed this research
topic, uses multiple burners in Marine type boilers with the
requirements of very high heat output in a considerably small

volume, A typlcal marine type boiler as shown in plate (1l-a)
has closely packed multiple burners positioned on one wall
firing directly into the cubic combustion chamber, Some of the
methods used in firing of marine boilers are given by
Hardcastle_(l). The type‘of air registers used by the
Admiralty have swirlers and the resultant jet is stabilized by
a recirculation zone downstream of the swirler (2),(3).

The general reason for the preference of a multiple burner
system 1s the numerous advantages it can provide over a single
burner, These advantages can be summarized as follows:

a) Ease of obtaining a more uriform combustion and heat
flux distribution within the furnace.

b) Avoiding the technical difficulties which are
assoclated with making very large single burners during the

design of high capaclty furnaces.

- 2 -
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¢) Increased operating range owing to the possibility

of turning one or more burners off to decrease furnace capacity.
~d) Avoiding the dangers of burner failure which could

result in serious losses if a single burner is used.

e) Possibility of changing burners or even the type of
fuel used without seriously interrupting the furnace operation.

In spite of these advantages, problems arising from flame
interaction can be qulte detrimental to the combustion system,
Some of the important effects can be summarized as follows:

a) Low frequency osclllations within the combustion
chamber which could damage the system.

b) Flame switching, where the overall flame configuration
may change and cause uneven heat distribution,

c) Preferential crowding of the flames to one wall of
the combustion chamber.

d) Blow-off of one or more of the flames and subsequent
reduction in the efficiency of energy output.

e) Lengthening or shortening of the flames resulting in
wall impingement and bad heat distribution.

f) Poor mixing giving rise to improper combustion.
1.3 The Objectives of the Study,

The aerodynamic interaction of a multiple jet system is
considered to be the most important factor which governs the
overall interference, Allen (4) studied the prineipal factors
which effect the interference of multiple jets under isothermal
conditions, In order to achieve a better understanding of the
extent of jet interaction in multiple jet systems it was
decided to study the multiple jets under burning conditions,
When the results of this research are coupled with Allen's (L)
resulis on aerodynamic factors governing the gystem, wider

i
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Information about multiple flame processes can be obtained.
To achieve this it was necessary to discover how a burning
turbulent jet would behave in the presence of other similar
neighbouring jets at close proximity. Since the mass flow
réte of fuel and air were kept constant in each burner the
inoreased flame lengths and changes in gas concentrations and
flame'temperatures along the flames in the group arrangements
could be attributed to flame interaction in such systems.

The main objectives of this research programme are to study
both quantitatively and qualitatively the effects of burner
separation, degrees of swirl and number of burners for different
arrays of turbulent swirling gaseous jet diffusion flames.,

1.4 Outline of the Research Programme.

The research programme can be divided into two main
categories: "Single jet investigations" and "Multiple flame
studies', These can also be subdivided within themselves as
follows,

a) Single jet investigations.

1) Isothermal flow studies of the single jet with
varying degrees of swirl,

11) Flame studies of a single flame at different
swirl levels.

b) Multiple flame studies at various swirl levels,

1) Two burner system with various separations.

11) Three burners in line with two different
separations,

111) Four burners in square forms

iv) Five burners (four burners forming a square and

the fifth at the centre),

More details of the burner configurations studies are given in
Chapter (L4).

-l -



le5 General Concepts Applied to Turbulent Jet Flows,

le 56l Two Dimensionality in Jets,

Physically all jets are three dimensional., Velocities may
only be defined by assigning three components generally in the
axlal (u), radial (v) and tangential (w).directions, The axial
velocities are in general dominant and velocity fluctuations and
turbulent stresses are always present in all three dimensionsg
although they are non-isotropic, l.e. the three components of
veloclty fluctuations and turbﬁient stresses are not equal in
all three directions, In the case of round Jets, a cylindrical
co-ordinate system (x, r, @) 1s generally convenlent to use,

In axi-symmetric jets which remain symmetrical about the central
axls, at any one axial position the jet properties are only

dependent upon the radiasl position, Therefore in practice,
since 4/d@ ¢ 0, it is only necessary to obtain measurements in

any plane passing through the jet axis, thus axl-symmetric Jets
are mathematically descrlibed as being two dimensional,

le5e2 Regions and Properties of a Swirling Axi-
Symmetric Jet.

The tangential and axlal veloclty profiles of a jet with
strong swirl will be as in Fig.(1). This swirl is produced
near the jet exit either by a system of vanes in the path of the
Jet fluld or by introduction of a fluild, (mostly air) tangent-
1ally at the same point, Within the jet, the centrifugal forces
and the pressure forees balance each other so that the equation
dp/dr = p w2/r is satisfieds This radial pressure gradient
results in a central core within the jet which has a lower

pressure than the ambilent pressure at the nozzle, This, in

turn, results in an adverse axial pressure gradient so that

-5 -



the flow reverses in direction and a central torroidal vortex

is set up when the degree of swirl 1s sufficlently high. Under
the effects of this vortex the outer boundaries of the jet
expand rapldly. Due to this vortéx, the potential core breaks
down much faster and thus the flame 1s fully developed at much
closer proximities to the nozzle of a jet with strong swirl as
compared to a non-swirling jet. Reférences (4,5,6,7,8,9)
contain experimental and theoretical investigations of weakly
to very strongly swirling Jjets.

The recirculation zone in a swirling jet increases the
flame stablllity by the recirculation of hot combustion products
into the cold fuel=air stream and by acting as a direct heat
supply. It also decreases the axial velocities to a suffic-
lently low level to prevent blow=off and thus the jet flame
which results is shorter wider and more intense. Near the Jet
axis the swirling flow 1s of the type termed "forced vortex" or
"s0lld body rotation" where the tangential veloecity component
inoreases linearly with the radial distance from the axis,

At positions away from the axis the swirling flow is of the |
type termedfTree vortex'in which the tangential velocity
decreases hyperbollcally with the radial distance from the burner
axis,

The degree of swirl of a jet can be quantitatively defined
by deriving a dimenslionless swirl number 5 (5) depending on
axlal flux of linear and angular momentum (Qx and G¢ respectively)
as well as R, the jet radius,

Thus swirl number will be

ooooooo‘ooo (101)



The values of G¢ and Gx for the case of a forced vortex
flow with a uniform distribution of the axlal veloelty at the
orifice (when® = W_ . () and@ = ¥ ) are determined from

m, R mo
the following equations (5),
R

G¢ a 2Tp f r

0

2@@:%1}'. p.ﬁ .ﬁm .R3 000(102)

R 2
o, = 2mp f (G2 - 2 ¥°) ar = vpﬁSO.RZ(l-gE) vee (1o3)
A ;

=N

where G = —

So
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Where the subscript C refers to maximum values at the
orifice. A plot of S caleulated from S = (G/2)/(1-G2/4) vs G
is given in Fig.(2)s When compared with the experimental
values of S 1t 1s seen that the agreement although excellent
below G = OulL, 18 not as good at higher G values and in this
range S = (G/2)/(1-(G/2)) fits the points much better,

le5¢3 = Definitions Applied to Describe Turbulent ﬁ;ows.
A Cartesian co-ordinate system (x,y,z) is used to define
the system, the X axis coinciding with the axis of symmetry of
the Jet,. Assuming that the flow field can be split into
three component mean velocities (B, ¥, W) and instantaneous
fluctuating velocities (u', v', w') in the x, y and z directions

respectlvely, at a point at any instant of time the instantaneous

velocltlies can be given as



u=U+u' ;3 v=v+v' 3 w=w+w o
Thus the time mean average terms can be glven as
: W=w o+ W

If the root mean squares (RMS) of velocity fluctuations in x,y
and z directions are represented by

(ur?)”

e S %

’ (V ’ w!

then a local turbulence intensitj can be definecd for each

respectively

direction as:

1 —_—

— % —= % z

PO L) MY ('L 1id NP ¢ it M
x\ - y - z -
u v w

For a swirling Jet the velocity fluctuations in all three
directions are comparable in magnitude and the total local

turbulcence intensity is defined as:

I(ror)

Similarly there will be stresses formed within the flow
field and the turbulent normal stresses are defined as:

'z t
’ -pwW H pu

we

the turbulent shear stresses are defined as:

AR ; ~pu'w' ; -pWYV? :

and the local kinetic energy of turbulence is defined as:

KE - ;'-E + :;-2' + ;'—z _ I2(
- - - B TOT)
u2 + v2 + w2



Because the kinetic energy of matter is proportionalto the
square of the veloclty the numerator is proportional to the
energy of fluctuation whereas the denominator 1s proportional to
the energy due to mean veloclty.

The average direction of motion of molecules within a Jjet
can be deflined using the stream function § which may be defined

as

W = [; ﬁ o I o ar enceocsecse (105)

o]

and the total stream function . can be calculated by

w0

\yT = j P a e r dr escscesense (106)
o]

Since the total axlal mass flowrate at any cross section

downstream of the nozzle exit may be defined as:

(=]
MT = / P e 2T, ﬁ . I' o dr = 2w \UT evseeecs (107)
0
and also the original mass flowrate from the nozzle may be

defined as:
r

MQ = f P e 2T« u rdr = 27 '4!0 esvosseces (108)
0

where V¥, is the value of Vp evaluated at the nozzle exit,

Thus the relative total axial mass flowrate will be

M 1]
m—:— = -‘ﬁo (X RN NNNNN] (109)

A Jet entrains the surrounding fluid across its boundaries
as a result of momentum exchange between the jet and surroundings,

The amount of entraimment will mainly depend upon the exchange

coefflcients and the local velocity gradient. The amount of
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surrounding fluid entrained can be quite consideradble, i.e. a
turbulent jet entrains fluld equivalent to the nozzle fluld mass
fiow rate for about every three nozzle diameters' distance along
the jet axis, For a constant density system (10), entrained

mass is given as:

M
e £ o
-1\-4-; = Oe 32 a 1 sesscesves (1010)

A more general equation for a non-constant density system is

similarly gilven as

M Pa 2
NCE &
m, = %32 (5)

- 1 [ XX NN KX X (1'11)
0

ol bl

where

Me ¢ Mass entralned downstream of the nozzle,
¢ axial position.

:+ nozzle dlameter.

By applying the concept of the equivalent nozzle diameter
based on the conservation of momentum flux, Beer and Chigier (11)
extended several general relationships of round free jets to
more complex systéms. With no external forces acting, the

axial momentum flow at the nozzle exit will be

Gy = G, =const= TS p U cececes (1.12)

For a non~-constant density system the Jet entrains ambient
fluld of density Pg and due to high entralmment rate the density
within the jet boundaries approaches the density of the

surroundings within a short distance from the nozzle exit. The

momentum flux for this system is given as:

2
d ™
GO = L pS uo s000s00000 (1013)
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From egs (1le12) and (1.13)

%

o]
a, = d%‘,‘j) (1e14)

1t is possible to calculate the equivalent nozzle dlameter fram
the following equation if the mass flow rate and the momentum

flux are known.

2 M
de = O % ssceosssee (1015)
(G, ™ pg)
Lo 5o lt Characteristics of Double Concentric Jets,

Double concentric jets are compound Jjets consisting of a
central jet surrounded by a coaxial annular jet. In their
fully developed regions (8-10 nozzle dinmeters downstream) the
two jets combine and show flow patterns similar to those of
round Jjets. In this region the behaviour of the combined jet
can be predicted from the combined mass flow rates and Jet
momentae The region close to the nozzle is strongly affected
by the size and geometry of the interface separating the central
and annular jets. DBecause of its effect on flame stability,
this reglon has a speclal Importance for combustion studies.

In coaxial Jjets there 1s a displacement of the Jjet origin.
Values of the displacement of the orlgin of the jet for a wide
range of values of the annular to central jet veloclty ratio A
of coaxlal jets have been determined experimentally by Chigler
and Beer (12), The value of the equivalent nozzle diameter
de' for a double coaxial jJet system was calculated as

4 2(My + M)
e

il

_— (Gc . Ga)% cevscecccee (1.16)




where:

Mc = mass flow rate of thé central jet.
M, = mass flow rate of the annular jet.
G, = momentum flux of the central Jet.
G, = momentun flux of the annular Jet.

Mean exit veloclty Go N
o

diameter 4, 1s teken as the characteristic veloclty of the central

through the central nozzle of

Jet. The nozzle geometry and intensity of turbulence generated
prior to the nozzle exit eontrol the length of the potential core,
Fig. (3) shows that for very low values of A, l.e€s ) = 0,08, the
centre line veloclty remalns constant approximately for a distance
of four central nozzle diameters, and then follows the hyper—
bolic decay of

. 1

6.’4 2 osveOBPOPRPOES (1017)
X + &

OSWS 1
it

o

In Fig. (3) it 1s also shown that while the value of A is
increased the length of the potential core is deecreased and
veloclty decays much faster, For the case of A = 2,35 where
the central jet is completely absorbed by the annular jet, at
a distance of 3 4 reverse velocity 1s measured on the centre
line, The annular jet can be treated similarly by taking

% (D2 - Dl) as the characteristic length and the annmular

mean exit velocity © as the characteristic velocity, where
0

Dl and D, are the inner and outer diameters of the annular
orifice respectivelye. To specify the potential core of the
annular jet is not very easy, Chigler and Bedr (12) have shown
in Fig, (4) that as the central jet velocity is increased, the
length of the annular potential core is reduced and the decay

of the maximum ennular velocity 1s incressed until N\ = 0.08,
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and the annular jet is absorbed, after a distance of (152-1)1)=1,
within the confines of the central jet.
1.6 General Information on Flames,

le 6,1 General Behaviour of Turbulent Diffusion Flames,
Large industrial furnaces usually employ diffuslion type

flames in which fuel and oxidant are issued either urmixed or
only partly premixed and the mixing occurs within the combustion
chamber in conjunction with the combustion process, Under such
conditions mixing properties of the turbulent flow are solely
responsible for the mass transfer and most of the heat transfer
within the flame, Heat, mass and momentum transfer within the
flow 1s dependent upon the ranciom turbulent motion superimposed
on the time-mean flow, The rate controlling step in such a
process 1s the turbulent "disintegration" of the reactants and
the mixing 1s completed by molecular diffusion of the reactants
into the cores of very small turbulent eddies, The oxidant and
fuel must be sufficlently mixed at the root of the flame for any
combustion to be possible, But even with a thoroughly mixed
combustible, sufficient sensible heat must be supplied to
provide the energy of activation for ignition, This is supplled
by the back flow of the heat of cambustion to the fresh mixture
by convection and radilation, The contribution due to radiation
is often negligible in gas flames. At the vicinity of the
ignition zone owing to the turbulent exchange asross the
ignition front there is sufficient convective back flow of heat
for flame stabilization, This mechar;.ism is much faster than the
molecular heat conduction in laminar combustion waves and
becomes dominant totally as the stream velocltles are increased

beyond a certaln eritical value, This turbulent exchange is

- 1l3 =
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not always fast enough to stablilize the flame at the dburner
exlt and the mixture can either blow-off or the flame front can
move some distance away from the burner where the stream
velocltles are lower, Therefore to enable the use of smaller
combustion chambers and to.ensure the ignition of the mixture,
the generation of high turbulence intensities near the burner
exlt 1s quite desirable,

In practice one or more reverse flow zones will achieve
this objective by carrying hot combustion products back to the
fresh mixture just leaving the burner.

The reverse flow regions could be elther external or
internal to the flame, In external reciroculation hot gases in
the combustion chamber surrounding the flame are recirculated
through the external flame boundary and merge into the main
flame thus heating the mixture, In the case of internal
reverse flow, recirculation occurs within the main forward flow
of the Jet. This can either be in the form of a wske flow
behind a biuff body as in Pige (5.). or by the static pressure
defect which can cause the flow on the Jet axls to be reversed
due to a swirling motion imparted to the combustion air stream
before it issues from the burner as in Fig.(G.).

Changes in flame shape will occur as the flow rate of fuel
issuing from a nozzle is progressively increased, The
diffusion flames increase in length as the nozzle velocity 1is
increased up to a critlcal value, then the tip of the flames
becomes unsteady and begins to flutter, As the velocity is
increased a noisy turbulent flame brush starts forming at a

definite point along the flame where breskdown of the laminar

flow occurs and a turbulent jet develops, The distance from
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the nozzle to the beginning of that turbulent brush is called
the breakpoint lengthe With further inerease in velocity, the
breakpoint length decreases, and the fully developed turbulent
flame condition is reached when the breskpoint shifts close to
the nozzle. Hottel and Hawthorne (13), (20) determined
characteristic flame length and breakpoint length curves as a
function of jet veloclty,

The length of a turbulent diffusion-free flame is generally
dependent upon the fuel properties and the diamefer of the burner
used, | Guenther (21) derived the following semi-empirical
formula glving the flame length in terms of nozzle dlameter.

3
% = 6 (EB + 1) (-pe'E:) 0000000000 (1018)
where E, = Stoichiometric air/fuecl weight ratio,

0 = Fuel gas density,
bp = Mean flame density.

Since mean flame density is found to be almost the same for
various gaseous fuels, L/d varies with E  and p only. For

natural gas expected flame length within 10% accuracy is:

} ¥
Lo sarnas+n) (282) = 1

For the type of burners used 1in this research, the above
formula does not applye First of all, 1t does not cover the
fully turbulent flame conditions and secondly the burner geometry
is not taken into consideration,

1,642 Flame Stabilization and the Influence of Swirl
on Flame Properties,

A stable flame 1s defined to be one that neither flashes
back nor blows off after the ignition of the combustible mixture,



Under certaln condltlions the flame front is at a considerable
distance away from the burner exit; such flames are still
considered to be stable but the ones which are stable close to
the nozzle exit are preferable. An unstable flame can be made
stable by creating a zone or boundary layer within the flame in
which the velocitlies are different from that in the main stream
and are lower than the velocity of flame propagations

Veloclty gradients must not exceed the critical boundary velocity
gradients at which flame stretch occurs. Although flames can be
stabilized using several different means, setting up recircul-
ating flows in enclosed Jjet systems, in the central region of
swirling jets and in the wake of bluff bodies are the most
effective and practical methods of achleving this objective.

In systems used in practice, the relative variations of
burning velocity as well as the variations of the flow veloclty
must be considered owing to the fact that the burning velocity
willl vary as a function of space, Several workers have devised
models to predict the limits between which a flame wlll be
stable (14-19)s They are all similar except for the relative
Importance they have placed on the fluld mechanics and the
chemical kinetics aspects of their approach.  The main concern
of these models 1s to restrict the stable region between the
blow-off and flash back veloclties at a given.mixture'ratio.

The main effect of imparting a swirling motion to the
combustion air stream is the production of an internal reduced
or reversed veloclty region within the flow system, There are
very high intensities of turbulence on the boundaries between
this reverse flow region and the forward flowing main stream,

Because the fuel is generally injected into the reverse flow
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region, the main action of the swirl is to accelerate the mixing
between the fuel and the oxidant and thus increase the cdmbustion
intensities. Such a system will be self stabillizing whatever
the load on it might be.owing to the increase in the reversed
mass flow rate caused by any increase in the forward flow, The
flame may still blow off at very high loads but this will be due
to effects of reaction kinetics. In Fig.(7) a typical stream-
1ine pattern of a swirling jet issuing trom a cylindrical

annular nozzle into a large combustion chamber obtained by
Chigier and Beer {22} is shown. In such a burner fuel woﬁld be
injected . through the central pipe into the reversed flow region.
The resultant jet flame would be shorter and wlder than a
corresponding non-swirling flame and the overall combustion
intensity will be much greater, The size and shape of such a
flame can be varled between wide limits by changing the degree of
gwirl imparted to the Jjets The generation of reverse flow

zones by swirl has been demonstrated by photographs in flames

by Swithenbank and Chigiler (23).

For the type of system investigated maintaining the
stabllity by swirl in particular when combined with a dlvergent
burner exit was found to be very effective, Even though a
swirler requires more fan power compared to a dlse or wedge type
stabiliser it has the advantage that in contrast to bluff body
wakes the blockage in swirling jets is entirely aerodynamic and
there is no need for a so0lild surface that is exposed to high
temperature and to the effects of coke deposition which occurs

on bluff bodies in heterogeneous combustion systems, There are

two main methods of producing swirl; by supplying the fluld to
the Jet tangentially or by positioning a swirler with vanes to



impart a rotational motion to the fluild passing through the
swirler.

The flame stability and the mixing rate of a multiple flame
system 1is higher 1if swirling jets are used and the adjacent Jets
arc "out of mesh" where the swirl veloclity of the adjacent Jetis
oppose each other rather than "in mesh" where the swirl
veloclitles of the adjacent jets concur. To obtain this stability
"out of mesh" swirling Jets are used in this research,

Fricker and Leuckel (26) investigated swirl stabilisation
of high Jjet momentum natural gas flames and provided detalled

information on burner design,

1,663 Concentration of Species in Flames,

Combustion is a rapid process, and within a flame several
reactions occur at a very rapild rate, Information on the rate
of mixing and the reaction kinetics of combustion can be obtained
by determining complete concentration profiles of different gas
components at every point within the flame, During the -
evaluation of the gas composition Hawthorne et al, (13) have
derived a quantlty named significant concentration based on a
conversion of the gas sample to its equivalent composition prior
to any combustion, and ldentified the fraction of the converted
sample which came from the nozzle. The mole fraction of nozzle
f£luid in a sample (C) 1s known as the nozzle fluild concentrations
The mole fraction of nozzle fluid in an unburned stoichiometric
mixture of nozzle fluld and air 1is Cppe In this research a
gimilar correlation is made by using the carbon from the fuel as
a tracer and making a carbon balance to calculate the smount of

alr entrained at each point,
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The mass fraction of species 1 1s deflined as:

£3 = my/ Zmi

The mole fractlon of species 1 is defined as:
Xi = Ni/ ZNi

Where Ny = ﬁ&/Mi '

£, /M
Therefore Xi = ik e S

Where Mi represents the molecular weight of species i.
The concentration data in this research ls represented as

percehtage where % concentration of species 1 = X1 x 100.

l.6.4 Some Gonecepts of Flame.

The veloclty with which a plane flamé front moves normal to
its surface through the adjacent unburnt gas 1s called the
burning veloclty,. It varies with the nature and concentration
of the gas mixture and initial gas temperature, Dugger and
Heimel (24) found that burning velocity, 8,, of methane-air
mixtures rises from LO em/sec at 320° K to 120 at 580° K.
Burning velocity has a practical importance in flame stabili-
zation and theoretical importance in the flame propagation
theories, Since a plane flame front can only be observed
under extremely speclal conditions several complications arise
in measuring burning velocity, In general the flame front is
eilther curved or 1t 1s not normal to the velocity of'the gas
stream, Several methods of measurement are given by Gaydoﬁ
and Wolfhard (25).

The back pressure of a flame is imparted due to the

aoceleration of the flame gases as they pass through the reaction
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Z0NeE, It varies with the burning veloclty and for slow
flames béck pressure will be too small to measure; thus for
natural gas—air flames 1t wlill only be at most about 0,001 mm
of water, For fast flamés, however, back pressure will be
considerable and may even be used to determine the burning

velocity.

1,665 Notations Used to Define Mixing in Flames,

Some derived quantities have been defined by Hemsath (27)
to ald in the quantitative description of some properties of
flames such as the amount of mixing, the effectiveness of mixing
and the extent of combustlion at any specific point within the

flame, These quantities are defined as follows:

a) The aerodynamic mixing factor M,: This value compares

the air to fuel ratio at a flame point to that at the burner input.
It is defined as:

y (Mass of air/Mass of fuel)flame oint

—
—

A (Mass of air/Mass of fuel)input
Theoretically

MA<. 1 indicates an excess of fuel,

M

) = 1l indicates complete mixing.
Mh'>'1 indicates an excess of air.

But in practice and especially a% the outer reglons of an open
burner, this ratio 1s always higher than unity due to entrain-
ment of atmospherlic alr into the flame,

b; The stoichiometrid mixing factor M : This value
compares the air to fusl ratio at a flame point to the

stoichiometric air to fuel ratio of the fuel being used, it is

defined as:
(Mass of air/Mass of fuel)f

(Mass of air/Mass of fuel)

M =

. lame point

stolchiometric
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These two mixing factors are not linearly independent and the

relation between them can be given as

M, = (1+e)M,
where e is the fraction of excess alr employed. It is evident
that

Mg < 1 indicates insufficient air for the completion of
the fuel combustion, {:

MB = 1 indicates just sufficient air to complete the
combustion.

Mg > 1 indicates an excess of alr over that required to
complete the combustion at the point in questlon,

These two factors can represent the extent of large scaie
mixing quite satisfactorily but the determining factor in
combustion is the mixing at the molecular level, This
unfortunately is not directly observable but because the rate
of combustion is on the average an order of ten higher than that
of molecular diffusion, mixing at the molecular level can be
assuned to be the rate determining step in combustion reactions
and the scale can be estimated depending upon the extent of
possible combustion,

c) Degree of oxidation N: This is a measure of the
extent of the combustion. It 1s given as:

Mass of 02 reacted,
N =

(Mass of O, reacted + Mass of O, required to complete
the reaction

N = 0O indicates no combustion,
N = 1 indlcates complete combustion,

and N will be between these two values in case of incomplete

combustion, The combustion can be incomplete owingzg to two
faotors:
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1) The stoichiometric mixing factor at the point in
question can be below 1 meaning that there is not enough oxygen
to take the reaction to completion. ’

11) Although the oxygen required for combustion is present,
elther it 1s too much so that the mixture lies outside the
inflammibility 1limits or it is not mixed with the fuel at a
molecular level to enable combustion. A factor which takes
into account both these variables will be the following

d) Unmixedness factor F: This is defined as

F=1~§- for M, < 1
8

F

L}

1l -« N for MB s 1

The reason for defining the unmixedness by two different
expressions is to differentiate between incomplete combustion
due to lack of oxygen and that due to poor molecular mixing.
If there 1s an excess oxygen, the amount of oxygen makes very
little difference therefore M, 1s omitted from the expression
for Mj 2> 1.

e) Dilution: factor My. : Ina free turbulent flame
there 1s extensive entraimment of the atmospheric air into the
flame. The concentration profiles for coambustion products all
decay after a certain point, as one moves away from the burner
in any direction, due to dilution effects, To explain the
extent of this, a dilution factor is derived by the Author
which gives a measure of the gas at a flame poinf which
originally came from the nozzle, It is given as:

x
MD =1 + ——QAQL—-> o

X -(X
X ( fuel)flame ( Alr >f1
£~ ame
el “input point point
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where X denotes mole fractlon.

1t

MD O indicates that the medium is only entrained
air,

MD = 1 indicates zero entrainment,

The real practical application of MD 1s that when the measured

concentration of a combustion product or combustible component

at the flame point 1s divided by Mﬁ, the result will represent

the concentration without any entraimment present.

Values MD >1 1ndicates that the region is fuel rich.
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CHAPTER 2.

LITERATURE SURVEY

2.1 Introduction

The present state of knowledge on multiple jet systems 1s
very limilted, Only a few references are avallable in the
literature on the multiple flame systems. Even among the
single jet studies information on double-concentric-swirling
Jets is quite rare, In the following chapter the relevant
information avallable related to the subject of this research is
reviewed, Although this research deals wlth a system of
multiple jets, some Information on single Jets = the bullding
blocks of a multiple jet system - is also included in order to
help in the understanding of the behaviour of the individual

Jets used.

2.2 Single Swirling Jets.

2.2.1 Single Isothermal Swirling Jets,

For the purpose of improving flame stabllization and
overall combustion characteristics in 1nduétria1 burners, a
swirling motion is imposed ~ generally on the combustion air
stream, The extensive practical difficulties of obtaining
detalled accurate measurements in flames limited the initial jet
studies to isothermal models but recent developments in tech~
nology have made many measurements in flames possible.

Chigier and Beer (22) measured the mean veloolty and static
pressure distributions in swirling air jets issuing from
ernular and divergent nozzles into stagnant surroundings and

found that a reglon of sub-atmospheric pressure was generated

in the central reglon of the jet. An increase in the degree



of swirl of the air increased this static pressure defect.

Flow reversal and the formation of an internal torroldal vortex

was detected above some critical value of swirl, Associated

with any progressive increase in swirl level there was an

increase in the angle of spread of the Jet as well as increases

in the rates of decay of the axial, tangential and radial

components of the mean velocltys Chigler and Chervinsky (5),(28),

further studied & similar system and proved that the empirical

constants describing the physical characteristics of a fluid Jet

1ike the decay of velocity and spread of the.jet were all

functions ofvthe degree of swirl, The authors concluded that

with increase in the degree of swirl the veloclty constants

decereased progressively whereas the rate of spread of the jet

increased. The rate of spread of the jet 1s generally

described by means of the jet half angle which 1s defined by the

angle of the line drawn through the point at which u/hmf= Oe e
Craya end Darrigol (7) made an extensive lnvestligation of

turbulent isothermal and heated swirling Jjets, Eight Jjets,

each having different degrees of swirl from weak (S = 0) to

very strong (S = 1,58) have been employed systematically during

the investigation. Mean axial and swirl veloclities, mean

temperature fields in the heated Jets, kinematle fluctuations

and thermal intensity of turbulence have been measured.

Maximum axial velocitles near the axis and a reversed recirculating

flow in the vicinity of the nozzle have been recorded for strongly

swirling Jjets. The kinematic and thermal expansion of g strongly

swirling jet up to 20 orifice diameters downstream was found to

be more rapid than in a noprswirling Jete The observed axlsl

velocity and turbulent shear stress profiles were explained
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theoretically and the theoretical limiting case where similar
profiles are possible 1ls discussed. It 1s found that similar
velocelty profiles are possible only for a jet having zero axilal
momentun flux chenge.

Laurence (8) measured intensity of turbulence, longltudinal
and lateral scales, and the spectra of turbulence in the mixing
reglon of a free subsonic jet with a hot-wire anemometer, The
intensity of turbulence, expressed as a percentage of the core
velocity, gave a maximum at about 1 jJjet radius away from the
centreline and decreased with an increase in Mach and/or
Reynolds number. The lateral and longitudinsl secales of turb-
ulence were found to be almost independent of Mach and Reynolds
nunber and varied proportionally with distance from the jet exlt.
The lateral scale was found to be much smaller than the
longltudinal scale and did not vary with distance from the centre-
line of the jet, while the longitudinal scale was a maximum at
a dlstance from the centreline of about O,7 to 0,8 of the jet
radius,

Rose (9) studled a swirling round turbulent jet of air
generated by flow 1ssuing from a rotating pipe into a reservoir
of stagnant alr, The velocity field of the swirling jet down
to a distance of fifteen plpe diameters from the exit was
measured by a constant-temperature hot-wire anemometer, The
results of his measurements show that very nearly similaer
Gaussian profiles exist for the axial veloclty at all measured
axlal stations beyond 1% diameterss The distribution of the
swirling velocity at all measured axlal statlons assumes the
same similar profile which 1s related to the corresponding
similar profile for the axial velocity distribution at the same



axlal station through a characteristic radius of the swirling
Jet. Rose 8lso reported the decay of the maximum axial and the
méximum ewirling veloclties and the effect of swirl on jet
spread.

Ricou and Spalding (10) developed a technigue for measuring
the axial mass flow rate in a turbulent jet formed when a gas is
Injected into a reservoir of stagnant air at uniform pressure,
From the experimental measurements an entrailmment law relating
Jet momentum, mass flow rate, axial station and density of the
surroundings, including the effects of buoyancy was determined.
For high Reynolds numbers when the fluid density is uniform and
X 1s much larger than the diameter of the orifice, a

proportionality between m and x was existed as follows:

m
K = n 3
x M2 Pg
where
m H mass flow rate across a section at right
angles to the jet axis,
H axlal distance from the nozzle,
H excess momentum flui of the jet,
Pg : denslty of the surrounding fluid,
X :

numerical proportlionality constant,

The value of X was determined as 0.282 for different jet fluids
under isothermal conditionse. The above equation was valid for
non-uniform density systems provided that buoyaney effects are
negligibvle, Measurements under burning condition of propane
and hydrogen showed that the rate of entraimment was lower undenr
burning conditions than isothermal system.

They also showed
a consideratle effect of buoyancy.
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Allen (4) studied a turbulent swirling jet using a
cénstant temperature hot wire anemometer and measured turbulent
intensities, shear stresses. kinetic energy of turbulence and
other important turbulence parameters. With the introduction of
swirl the veloclty gradients within the Jet were found to
increase and associgated with that, mixing rates close to the
nozzle also improved; therefore swirlling jet entrained
surrounding alr at a greater rate than a - corresponding non-
swirling jet, consequently the length of the jet and the time
required for mixing is reduced. At about four jet diameters
dowvnstream, the normal and shear stress terms were found to dbe
less than those in a non-swirling jet, but the area over which
the jet had spread was wider,

Lee (6) has obtained a simple closed-form solution for an
axisymmetrical turbulent swirling jet issuing from a circular
source into a seml~-infinite motionless ambient fluid,
Assumptlons of simllar axial and swirl velocity profiles and
lateral entraimment of ambient f;uid have been made in the
derivatlon of the integrated governing equations 6f staﬁe.
There is a close agreement between theoretically calculated
results for the decays of axlal and swirling velocities and the
spread of the Jjet, and experimental results.

2¢ 202 Single Swirling Jet Flames,

Narain and Uberoi (29) developed a new analytical entrain-
ment model for an axisymmetric buoyant swirling turbulent plume in
a quiescent homogeneous density environment, by assuming density
differences between the plume and the ambient surroundings.

They further assumed streamwise similarity of the mesn asxisl

and swirl velocities, as well as the turbulent stresses. The



latter assumptlons have been confirmed experimentally by
geveral authors, However, such similarity assumptions are
only valid at large distances from the orifice of the Jet and
for small degrees of swirl. The entraimment is found to be a
function of the Reynolds stress, the form of various simllarity
profiles, the local Froude number, and the swirl ratio of the
swirling plume, The rate of entrainment across the boundaries
of the .plume were found to be increased with an increase in
degree of swirl, The mumerical results agree well with the
existing experimental investigations for the axial and swirl
velocity decays and the Jet spread.

Chigler and Chervinsky (30) further investigated turbulent
swirling free flames in a similar flow system as in their iso-
thermal studles. The flames investigated were 1lifted and
stabilised approximately four diameters from the burner exit in
the form of an annular ring. The relatively cold, high
velocity coré persisted over almost the whole length of the
flame and the temperature maximum was found in the main reaction
zone in an annular region. The turbulent burning velocity was
found to be elghty times greater than the laminar burning
veloclty. The decay of axial velocitles in the flame was slower
than isothermal model,

Bafuwa and Maccallum (19) have worked on stabilising
swirling Jjets with 30°, 4,5°, 60° vanes, ‘using town-gas as fuels
They found that in fuel rich flames stabllity depended on

gecondary combustion with entrained alr, Work was mainly
concentrated on weak flames in which the stability depended on

the central recirculation zone, and it was concluded that the

stabilization of the flames in the central recirculation zones of
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swirling jets 1is greatly influenced by entrainment of ambient air
into the central zone which increases with degree of swirl. By
plotting the absoiute component of veloclty at the swirler exit
against the temperature at the edge of the recirculating zone
nearest to the swirler, the weak stability limits can be correlated.
The mass ratios of entrained air to total gases in the recirculation
zone were found to be 0.26, 0.40 and 0.53 for the 30°a 45° and 60°

swirlers respectivelye.
Beér and Chigier (31); Beér (32); Xerr and Fraser (33);

Pricker and Leuckel (3L); Leuckel (35) and Beltagui and Maccallum
(36) have all studied swirling fleme systems with different types
of swirlers and different fuels. All thelr results show increased
combustion intensities with increasing swirl and improved flame

stability.

2.3 Multiple Jets.

2.3.1 Multiple Non-swirling Isothermal Jets.
Laurcnce and Benninghoff (37) have determined turbulence and

mean-flow characteristics of several nolse-suppression multiple
jet nozzles such as four slotted nozzles in line with different
separation and threc sector nozzles. The authors aimed to
determine the effect of nozzle configurations on the intensity
‘and the scale of the turbulence in the mixing zone common to two
or more interfering Jets. Turbulent mixing was found to be
increased by dividing the flow into interfering multiple-jet
nozzles. Maximum turbulent intensitles occurred at the outer
fringes of the jets. The scale and intensity of turbulence were
less in the common mixing zone of two interfering jJets than in
the mixing zone of a single Jet. The study of the turbulent
spectra of the nolse generatcd showed that the effect of multiple
slots or sectors was to shift energy from high to low frequencies

and to ellminate or reduce spectral peaks in certain frequencies
and to increase them in others.
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Corrsin (38) studied a parallel two dimensional jet systems
Each jet issued from slots Iin a grid which was made up of a row
of parallel rods with a grid density (solid area/total area) of
O« 836 The system as a whole was unstable, Immediately after
exit from the slots grouping of adjacent jets occurred which
caused vigorous eddying flow. Subsequently neighbouring groups
combined together and the phenomenon was non-stationary and
switched from one configuration to another, A fine mesh grid,
placed close to the nozzle exit helped to stabllize the flow,
In the mixing region between the jets, low turbulence intensitles
were recorded at the regions having high veloclties and low
velocity gradlents and high turbulence intensities occurred at
the regions having low velocitles and high veloclty gradients,.

Jung Von (39) studied the stability of a single jet in a
long enclosure, He also performed a serles of experiments
showing the instability of four of these jets when placed
parallel to each other, Due to crowding of the combined jets
upon one wall or the other an asymmetric flow distribution was
obtained which could be controlled by adjusting the direction
of the Jjets In such a manne» that combination of adjacent jets
was encouraged. |

Knystautas (4O) investigated the turbulent jet system

issuing from a series of holes in line with a pitch (distance

between jet centres/jet diameters) of 1.5 and 3. A comparison
between measured mean velocity proflles and theoretical profiles
was made, Some preliminary theoretlcal work was presented on
| the formatlion af a quasi-two dimensional Jet.
Koestel and Austin (L41) derived a set of equations,

depending on the principle of addition of momentum, to estimate
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the maximum Jet velocltes at ahy distance from two adjacent
parallel air Jjet nozzles,

Whaley (42) made an investigation of multiplé jet systems.
He studled the flow characteristics in a multiple burner
arrangement and showed that there 1s a close resemblance between
axlal velocity decay and recirculation of enclosed multiple jets
and that of an enclosed single jet. Cloée to the nozzle exit
both a single Jjet and closely spaced multiple jets were found to
behave similarly, At the downstream positions of multiple
systems, the jéts combined and could be treated as a single
jet from a source along the common axls, By placing a wire
mesh grid into the flow field at an axial station away from the
jet exit recirculation towards upstream of the jet could be
increased,

Miller and Comings (L43) studled dual jet flows issuing from
a plane wall and their force momentum filelds., Near the nozzle
exlts and in the region of jet convergence the flow structure in
the core of either jet was found to be similar to that of a
gingle free Jjet allowing for the static pressure differences.
The two jets tended to converge due to creation of a sub-stmos—
pheric pressure reglon between the jets. The Jets combined to
form a single jet after the convergence and the combined jet
was nearly symmetrical about the centre line and behaved
similarly to that of a single jet. In the sub-atmospheric
reglon between the jets, due to flow reversal, two stable contra-

rotating vortices were formed with a free stagnation point on
the centre plane,

@Glahn et al (L4) have obtained peak-velocity decay datae

for several circular and non-circular single element and multi-
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element nozzles for reducing the jet~flap interaction noise from
an externally-blown-flap Stol alrcraft. The data were found to
be useful for nozzle design in order to improve the mixing
between the jet exhaust and the surrounding air, The multi-
element nozzle formed from small individual elements promoted

an initlally rapid mixing with the surrounding air resulting in
a2 rapid axial veloclty decaye The peak axlal-velocity decay
curves for several categories of multi-élement nozzles at
different configurations were obtalned. The multi-element
nozzle types used were coplanar multitube nozzles including single
and multiple rings of tubes, single ring coplanar multi-lobe
nozzles, and several speclal non-coplanar nozzles. Empirical
equations were developed, in particular for the nozzle
geometrlies tested, to correlate the peak axlal-veloclty decay in
multl element systems in terms of flow regime and nozzle

dimensionse.

26362 Multiple Non-Swirling Jet Flames and Multiple

Fires,

Wright (45) made an investigation of multiple flameholders
to increase flamc spreading rates relative to the rate possible
with a single flameholder., He has reported that, with multiple
arrangements, relatively shorter combustion chambers are needed,
but sinée the blockage of the flameholder in the small duect is
high, and since blockage adversely affects flame blow=-off specds,
the blow-off speeds for multiple arrays are relatively low.

Due to flame interaction in multiple flameholder systems, some
of the flames are usually pinched down and blown-off prematurely,
particularly for closely spaced flameholders and for conditions

approaching blow-off, The flames were found to have the same

average flow conditions,
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Godridge (46) studled flame temperature, heat fluxes,
emissivities and carbon concentrations on large scale oll fired
burners in single and group arrangements. He has shown that
burners fired in groups gave higher temperatures and heat fluxes
but less grit concentrations. Heat fluxes arce shown to be
increased by a factor of two and three in going from a single
burner in the test facility to the multiple system in the plant,
If these high heat fluxes oceur close to off-load burners, the
burnér components could easlly be damaged. Since the formatilon
of 505 increases relative to the amount of excess air in the
furnace, the cooling of the off-load burners by introducing large
amount of air 1s not recommended.

Miss Macnair (3) reports some of the problems related to
multiple burners, such as the effect on register draught loss,
flame length and heat transfer, air distribution between the
individual burners, Recommendations are made on further research
to £ind an optimum separation which will give rapid and complete
combustion.

Zeltz et al (47) investigated the properties of high speed
enclosed propane-alr diffusion flames for burners with fuel
sllits lying in between the alr slits, Jet arrangements with 2,
3 or L air jets and 1, 2, or 3 fuel Jjets respectively were used,
A radloactive tracer (Kr 85) was used to find the flow path of
the fuel and its mixing with the alr jet. Both symmetrical and
asymmetrical flow configurations could be obtained in g cold
three sllt system as a consequence of wake.formation in between
the air slits, In a five slit system, first two jets mix and
subsequently the remaining two jets merge into this stream to

form one single jet which leans towards one of the walls and
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creates a large recirculation swirl on the opposite side of the
chamber, thus resulting in an assymmetrical flow pattern. In
contrast to the isothermal system, under burning condition
symmetrical profiles were obtained for both 3 and 5 slit
arrangements, However, complete stabillzation still was not
possible even though the mass of the jet was accelerated by
combustion. Slightly higher recirculation velocities were
recorded in flames but the whole mass sucked in by the air Jets
on a certain length was reduced because of the lower density of
the recirculated flow, The centre jet showed a slight

pendulum motion framn one wall Jet to the other, Countercurrent
velocity in the central'wake was found to increase linearly with
increasing inlet velocity, but the length of the recirculation
“zone remained independent of the air jet velocity. The
stabllity of a flame was characterized by the blow=off veloclty
which was a function of air discharge velocity since this
dominated the flow field in diffusion flames, .For the range
studied the fuel velocity had no influence on blow~off

velocity since the flow rate of the fuel was only 1 - 5% of that
of the air, The maximum blow-off velocity for the three slit
burner was seen to decrease wilth increased slit wildth whereas

it was increased in case of the five slit burner; but the range
of the maximum velocities for the five-slit burner was lower

(40 = 80 m/s) than 1t was for the three slits (150 - 330 m/8)e
The corresponding maximum fuel/air ratios have shown a similsr
behaviour, In the case of the three slit burner a stable flow
with strong wall jets was even possible under isothermal
conditions and this stability was increased further with

combustion, When the alr slit width was increased a smaller
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wake was formed between the slits which led to a lower
recirculating flow and thus lower blow-off velocities, Measure-
ments also showed that the ratio of maximum reciroculating
velocity to inlet air veloclty was decreased as the separation
between ailr and fuel sllt centres was decreased and less amount
of fuel could be preheated, In case of the five slit burner
the centre air jet had to propagate against a strong pressure
gradlent which was created by the two side Jets and under iso-
thermal conditions a stable symmetrical flow was not possible at
all. Although combustion inereased the stability there was
st1ll a high tendency for the centre jet to merge with one of
the side Jjets, The systemvwas unstable and showed a slight
pendulum motion, Consequently the level of blow-off veloclities
was greatly reduced compared with the three slit burner, The
reason 1n this case for a decrease in the ailr slit width being
not accompanied by an increase in the fuel/air ratio was given
as follows: The tendency of instabillity was increased with
decreasing alr-slit width when the centre to centre separation
was kept constant, because lower recirculation flows and lower
blow—off velocities duec to the presence of unstable recirculation
zones were more sensitive to opposite fuel flow within their owm
centre which always had the tendency to slow down the recircu~-
lation flow, The observatlons for burners with more slits gave
the same unstable asymmetrical flow patterns.

 Putnam and Spelch (48) have studied effects of interaction
in buoyancy controlled gaseous multiple turbulent diffusion

flames for the purpose of modelling such flames, A gaseous

fuel was preferred in order to keep the fuel flow rate under

control and to eliminate the fuel flow rate as an independent
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variable in the establishment of modelling laws, Several flame
arrays have been studied in terms of number of jets, flame
height, source shape factor, flame spacing and fuel flow rate.
The ratlio of flame height of group jet flames to single Jet flame
was found to change as a function of Jet spacing, the number of
Jets, and source shape factor, At a critiecal spacing factor
of about two, the Jet flames changed abruptly from acting as
single jet flames to acting as a mass fire, A seml-empirical
corrclation of the array flame height indicates that flame
helght reaches a finite maximum as the number of Jjets in a line
is incrcased. The experimental data have been presented and
analyzed from two different view points. First considering
the total flame source as a series of small or point sources of
fuel, and secondly considering the total flame source on an
area basis, A range of flow rates and nozzle diameters was
found so that the Reynolds number would be large enough for
turbulent flow yet the Froude number would be small enough that
the f£lame would be buoyaney controlled, For multiple fires
considered as point sources, Putnam and Speilch correlated flame

lengths as

L./Lg = function [source shape factor,n,-——jfi——jr-]
(Q,°/&)°

where

O
(o]
il

volume flux of injected fuel,

gravitational constant.

5).-09

multiple fire height,

L8 = single fire height.
n = number of jets.
a =

spacing between jets,
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A plot of the data as a flame helght function

[(Im/Ls)-ll/(n?/5 ~ 1) versus a spacing function [a/(Qoz/g)1/5]
sﬁowed that the flame helght function was Increased as the
spacing function was decreased which was consldered to be caused
by mutual entraimment, Treating the total flame source on an
area baslis, a correlation was obtalned by plotting L/D vs

qz/g D° where q is the total flow rate and D is the side of an
approximately square array. '

Thomas, et al (49) also studied the flame heights of
buoyancy controlled merging fires, A highly simplified theory
was developed which considered entrainment and the motiog of the
flames, An expression for the flame height at the onset of
merging of two rectilinear fuel burners was derived, It was
noted that a column of hot rising gases entrains air from its
surroundings, so that when one flame 1s placed in the neighbor-
hood of another, the resulting restriction of the ailr flow
causes a pressure drop in the space between the two. This
pressure drop causes the alr to flow toward the low pressure
space, which in turn causes the flames to be deflected from the
vertical,

Huffman (50) made some experimental studies to obtain data
on the interaction and merging of flames from various liguid
fuels in several spatial configurations, The work was mainly
conceﬁtrated on studylng the burning rate and radiation flux to
the fuel and surroundings with special relevance to heat feed—

back, The burning rate data was correlated in such a manner
that 1t could be used to predict the behaviour of multiple fires
in situations involving other 1liquid fuels and other numbers asnd

arrangements of fuel sources,



Braunschweig (51) made an analysis of the multiple flame
behaviour to find a proportionality factor which could help to
predict the interaction of multiple flame systems, The ratio
x/L was accepted as a good measure for the degree of completion
of all the flame processes where X was the axlal distance measured
from the nozzle exit and I was the "stolchliometric" flame length.
The combustion was completed at x/L = 1. In a similar mamner,
the ratio a/L was glven as a measure for the interaction of
several parallel flame~jets. Where a was the separation
between the flame axls of neighbouring flames, The interaction
of flames increased as a/L was reduced, The region close to
the nozzle exit was defined as the "near region" whereas the
reglon at a larger distance from the exit was defined as the
"far region'. In the "far region" the mass and momentum flux
resulting from a multi burner system was not different from that
of a .single burner with an equivalent diameter Dy q and with the
initial mass flow end the momentum flux equal to the sum of the
mass flow and momentum flux from the multiple system. The
approximate length of a lamlnar or non-swirling turbulent

diffusion flame could be calculated from the following equations:

L = ID(Z + ES) =4 JDE

where J s proportionality factor; for laminar flames
proportional to the exit velocity; rfor
turbulent flames - a constant.
Eg : The stoichiometric combustion air requirement

of the fuel jet. (m> air/m> fuel).

z. : An additive constant (=22/3).(2 is nobmally
much smaller than E, and thus negligible, )

D H diameter of the burner nozzle,
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In the multiple systems when the combustion in the far

region was not complete, then a single "resulting' flame was

formed, Its length could be approximated as

Ly = IDgq (2 +Ey) a<D, . E,

where I..m > Le

The ratio x/I, was taken as the measure for the progress of
the flame process in the "resultlng" flame where x/Lm< X/ Le
When the individual flames of the multliple system were combined
to form one blg flame in the far reglon the progress in combustion
process slows downe A critical distance X, Was taken as a limit
between two defined reglons where the "near region'" was at
X< X, and the "far region'" was at x> X The magnitude of

X increased as the separation between the burners increased.

The following relation was obtained

Ll 0L,
X a a

where L/x, showed the performance of an individual flame in a
multiple=jet system such that the ratio is smaller than 1 if
burnout occurred In the '“near region" and greater than 1 if the
burnout occurred 1n‘ the 'far region". - The aim was to find a

proportionality factor (J'), in the following equation
X = J" s Q

C

2.4 Multiple Swirling Jets and Flames,

Allen (4) investigated the aerodynamic behaviour of iso-
thermal multiple jet systems with relevance to flame interaction,

Both swirling and non-swirling jets were used for the
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configurations studied., A hot wire ancmometer was used to
measure the mean velocity and turbulence quantities and a
téchnique was developed based on a voltage veloolty relationship,
Multiple Jjet systems were found to produce a "damping'of the
turbulent motion of the fluld partlcles between the Jets due to
aerodynamic interaction which lead to a reduction in turbulence
level and consequently poorer mixing. These interaction effects
were-increased with decreasing separation between the jets and
vanlshed beyond 3 dlameters separation, As the swirl level was
decreased, the jet interaction greatly increased, Simple
relationships between the veloclty gradilents and the shear
stress terms were no longer valid and effective viscosity terms
varied quite markedly within the flow field, Non~-swirling jet
systems showed more lnteractlion than the corresponding swirling
Jjet systems. In swirling jets at regions close to the nozzle
exit the turbulence quantitles were still very much higher in
value than those found in the non-swirling jet systems and the
effect of the "damping" of the turbulent fluld motion between
adjacent jets was less pronounced, The reduction in the
turbulence quantlties has been more marked for jets swirling "in
mesh" than "out of mesh" due to the fact that the swirl velocity
gradlents and corresponding shear terms were very much greater
for "out of mesh" swirling jets since the swirl velocity
directions are opposed in the reglon between adjacent jets.

In order to understand the behaviour of interacting flames and
to help in the interpretation of the serodynamic results, Allen
performed a series of Simpls multiple flame studies, When
three identical burners, supplied with premixed propane alr gas

mixture, were brought close together, the overall visible flame
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length started to increase and, further, bringing the flames
eloser together, the central flame tended to be unstable, lifted
off the burner rim and was either stabilised further downstream
of the flame blew-—off,

Hardcastle (2) has studled various heat transfer character-
istics within a marine boller, The type of burners employed
were swirling "out of mesh' &he same directlion of rotation).

He has investigated the effects of number of burners used and the
total heat supplied on the heat transfer characteristics, He
has reported that increasing the heat input in the boiler by the
pddition of another burner led to a decrease in the observed
flame length instead of an increasec. That behaviour was not
fully understood.

Tucker (52) developed a simple mathematical model for a
burner with swirl in order to prevent impingement on furnaces
having side fired multiple flame systems. He has suggested
that when swirling jets are used to transfer radlant heat 1n the
furnaces swirl direction must be chosen in such a way that
flame impingement will be avoided.

At the International Flame Research Foundatlon, Ijmulden,

a series of experiments have been performed on multlple burner
systems using natural gas as fuel (53), Groups of two, three,
four and five burner systems, having linear, trlapngular and square
arrays, have been studied under both swirling and non-swirling
flame conditions, Burner spacing, burner array, degree of swirl
and direction of swirl were the major paramefers éonsidered to
affect flame stabllity, flame length, flow and combustion
patterns, flame terperatures, cross lighting between burners

end unlformity of burner draft losses in a bank of burners,
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Two types of flames were used during investigation. The ones
which were called type I were produced when an axial fuel gas
jet of sufficlently high veloclty is injected at the centre of
the swirl induced internal reverse flow so that the gas Jjet
penetrates through the reverse flow zone leaving an annular
region of reverse flow to stablllze the flame, These were long
comparatively quiet flames. Type II flames were produced when
the swirl induced internal reverse flow zone is able to force
the fuel 1njectéd on the flame axis to spread radially outwards
so that 1t mixes rapidly wifh the combustion alr giving a short
and intense noisy flame. Three types of exchangeable gas
nozzles were used for the fuel supply, one with a single hole
giving an axial fuel jet of approximately 100 m/sec velocity
which produced a long (type I) flame and the other two injecting
the gas through sixteen diverging gas Jjets with a half angle of
divergence either 20° or 90° which produced a short (type II)
flame. The one which has diverging gas Jjets at 90° half angle
had a gas jet veloclty of about 220 m/sec. Swirl was generated
by a vane type swirler which was placed in the throat section
¢f the burners. The burners were mounted on a thick water
cooled plate which had nine cylindrical burner holes in 3 x 3
gquare array with the maximum possible centre to centre distance
between two burners being four burner exlt dlameters, while the
‘minimum distance avallable was /2 burner exit diameters.

It was reported that there were no problems of flame
stability or flame Jjet deflection due to flame interaction.
In the cases of close proximity of burners, increase in gas
temperature occurred in or downstream of the flames, This was

attributed to a reduction in the entraimment of cooled furnace
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gases by the confined flames. Flame lengthening was observed
only in the most extreme circumstances. For the short (type
Ii) flames when three or more burners were used at the minimum
separation of /2'D; between the burner axes, some flame
lgngthening was found to occur, For the long (type I) flames
there was a definite tendency <for the centre flame of three
and five burner combinations to get longer when the burners
were brought closer, giving a maximum of approximately 30% of
the original flame lengthe Part of that lengthening was con-
sidered due to delayed mixing between fuel and air, Cross
lighting between thermally equally loaded swirling flames was
possible at the burner spacings less than 2 exlt diameters
provided that the furnace temperature was above 250° C. Under
no conditlons was the cross lighting of non-swirling flames
possible, Swirling "in mesh" or "out of mesh" had no effect
on cross lighting.

The results of this Investigation are only applicable to
a very narrow range of industrial uses owing to the choice of
individual flames with very high momentun, The aim of this
cholce was tp eliminate the confining effects of the furnace
walls, This also reduced, if not eliminated, the aerodynamic
interference between the Jets, which would be expected from a
multiple burner system wlth moderate or low momentum, In case
of the non-swirling flames investigated, the gas was injected
into the alr stream through multihole divergent nozzle having a
divergent half angle of 90°, at a velocity of 220 m/seo. to
increase the air-fuel mixing rate. In case of the swirling
flames the swirl levels used were very high (0.5 - 1.0).



It is evident that under these conditions there wlill be
very little or no interaction between multiple burners.
B Another disadvantage this system may represent is the high
power needed to give the required momentum to the fuel stream,
This energy can easily exceed that required to induce a swirl
in a jet and therefore the user will loose the advantage

gained from using a non~swirling flame,

- L5 -



CHAPTER 3.

THEORETICAT, CONSIDERATIONS

3s1 Introduction to the Theory of Combustion,

At the present there is no universally accepted theory
which accounts for all aspects of combustion process, Al though
a great amount of research has been done on the nature and laws
governing turbulent combustion, no/single theory which adequately
describes turbulent burning processes has yet been established.
' The reason for this condition is the great camplexlity of these
processes. For instance, the chemical reactions which occwr
during combustion are extremely complicated and very rapid and
moreover the reactions occur in a field where the temperature and
the composition varles rapidly. Both turbulence theory and
combustion theory have recently been enriched by a certain amount
of new data obtalned by highly developed techniques which
permits a revision of the basic concepts of turbulent combustion.
Up to the present two types of cambustion have been quite
extensively studied, The first type i1s normal combustion, in
which a heat wave, veloclty of which is determined by the laws
of thermal conduction, diffusion, and kinetics of chemical
reactions in a flame, propagates throughout thé mixture, heating
it in the process, and preparing conditions for completion of the
chemical reaction. The propagation velocities of such flames
" vary from several centimeters to several meters per second,
The second type of combustion is detonation. In this case the
chemical reaction in the initial mixture is induced by a shock

wave, which propagates with a velocity of the order of several

thousand meters per second, These are two limiting cases of
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combustion. In practice, however, combustion processes may
develop with any intermediate burning velocities (several
centimeters to several meters per second)s This type of
sombustion obeys neither the laws of normal combustion nor those
of detonation. At the present time it is still not clearly
known how the turbulent burning velocity varlies with the basic
parameters of turbulent flow (the fluctuating velocity and its
distribution over a scale spectrum), or with the basic physico-
chemical characteristics of a combustible mixture (the laminar
burning veloclty and the fundamental kinetic parameters). Also
nothing much is known about the structure of the reaction zone

of turbulent flames, A comprehensive theory of turbulent
combustion can apparently be constructed only on the basis of
joint consideration of both flame propagation and volume reaction,
which develops wherever turbulent mixing leaves flame propagation
behind, The problem consists in deciding which occurs more
rapidly, the burning of an eddy at 1ts surface, or its ignition
after a certain delay determined both by the temperature and

by the degree of dilution of the fresh mixture with combustion

products.

3.2 Qeneral Equations Related to the Flow and Mixing of
Turbulent Flulds,

The equations which are used to describe the behaviour of
a turbuleht fluid, namely the Reynolds equations of motion and
the equation of continulty of mass, have been derived from a
similar set of equations initially developed to describe the
laminar flow of Newtonlan flulds, where the equations of motion
are known as the Navier-Stokes equations, Basically, the

Navier-Stokes equations were derived by applying Newton's

-7 -



Second Law of Motion to an infinitesimal volume element which

was assumed to be immersed in the fluld and subjected to typical
forces and fluxes of momentum, The Reynolds' equations start
from Navier-Stokes equations and generalize these equations for
turbulent flow by assuming that the instantaneous velocity at any
point is made up of a time-mean value and a fluctuating component,
Therefore the Reynolds! equations are similar to the Navier-Stokes
equations and the only difference is the turbulence stress terms
added onto the set of dilfferential equations. The development
of the Reynolds' equations are fully discussed by other workers
(54)5(55),(56).

For a system of turbulent, chemlcally reacting, multicompon-—
ent mixtures, in which heat and mass transfer are occurring the
basic Reynolds' equations of conservation of mass, momentum,
enthalpy and chemical specles can be wrltten in the cylindrical

polar co-ordinate system (z,r,0) as follows:
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d 3 Ve 3 3 .2
p(Vy 33 Vo *+ Vo 05 Yo + —7) = 535 (Tg,) + -3"2- = (0% t.9) (3.4)

p(vz "5'2 + vr 'a';)= - %-Z- ((Jh)z) s % 56-; (r(Jh)r) + 38 coses (3.5)

om an
p(vZ -5;1 +7, ..3}1),, - _a.@g (( .]5)2) ..% gz'» (r(Jj)r) + R:J eeee(3.6)
where:
v, 3 time mean velocity in z direction.
Vo H time mean velocity in r direction,
Yo : time mean velocity in 6 direction,
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time mean enthalpy.

turbulent £lux vector,

time mean chemloal species' mass fraction.

mass rate of creation per unit volume,

w W 8 &4 ¥

time mean pressures

r : radial co-ordinate.
: time,

v : time mean velocitye.

z H axlal co-ordinate.

6 : polar co-—ordinate.

o] s time~-mean density.
Tpp3Tzz3700 s turbulent normal stress components.
Ty Tre3Tzo turbulent shear stress components.

o : dissipation function which is given in eQe (3e7)s

subsorlipts:

h s relating to enthalpy.

id : relating to chemlical speclies J.
Z40y0 ¢ components of vector in co-ordinate direotions.
| av, ov., v, (av av
. .22 e ) _r P r
C =T, 32 T Tpr o T Te6 T T Trz ot v oz >
oV v Y
o Yo ) o
+ "I.'re( T T + 'l.'ze ("‘"a"z—> e0cocsevee (307)

In the derivation of the above equations the motion ls assumed to

be quasi-steady (3/34 = 0) axisymmetric (998 = 0), There is an

equation of type (3.6) for each chemical species present, No
external forces are acting on the system and the internal energy

has been equated with enthalpy. Since the molecular contri-

butions being considered very small in fully turbulent flows only

turtmlent contributions to the fluxes are considered and they
are glven as follows:



22 PV e Vu Tpg Zr PVip Vg
== - Y Y = - Y 7Y
T =PV Vi T = Tor PVin Vg
o _ =
’Uee = o] Vle V'e TZG = TeZ p Vv 2 v 8 esvecee (308)

(Jh) = p v Zh (Jh)r = p .V' rh (Jh)e = P v eh e0censoe (309)
Z

(JJ)Z = P v'zm'j (Jj)r= P Vlrm 3 (Jj)e = 0 Vlem 3 cocse (3010)

where (') terms represent the turbulent fluctuating components.

For an 1sotropic system these fluxes become:

a"vz avz avr
Tu = 2 T Trp T T =ulm v ap
ov v
i T 2. (8
Tpp = 2B Fp Tpe = op =BT 37 (F)
v ov
r 0
ageez 2;_;,";' rrzoez 'tez t=u "a"; s000000c0a (3011)
= =T OB = Sh i) =
(Jh)z = I‘h dz (Jh)r = rh ar (Uh)o = 0 00000000000(3012)
om dm
- _-'1 = o= =
(JJ)Z&' rj 3% (Ja)r I‘j 30 (JJ)O o 00000000'0(3013)
where
r turbulent exchange coefficlent,
W H turbulent viscosity,

The equatlons given so far are not sufficient to close the
system to solve for P,v,T and mye Following thermodynamic

relatlonships provide extra equations to help for the solution

of the above equations:

P =p% T ®s0ev0vcne (3.1’4)
h = Cp T + Z (HJMJ) ®®s0000000 (3015)
Rj 2o FJ exp (-EJ/RT) eecvcensee (3'16)



where

H = heat of combustion.
E = activatlon energy.
cp = specific heat.

= temperature,
F = frequency factor,

There is an equation of type (3.16) for each chemical species

present.

3,3 Boundary Layer Approximations,

Some simplifying assumptions about the characteristics of
the flow can be made to allow some of the terms to be omitted
in the Reynolds' equations. If the flow has no swirl or low
degrees of swirl with no recirculation the flow can be
considered to be mainly predominant in one direction and the .
flux components of this flow can be considered to be significant
only in directions at right angles to this predominant direction,
By considering the relatlve orders of magnitude of the terms

the following approximations ean be made:

5] 0 .- -
g > TE and vr«vz

Therefore it 1s usually possible to simplify the Reynolds!
equations., However these conditions do not apply to flows with
high swirl and such approximations cannot Be applied to such flows.,

3,4 QGeneratlion and Decay of Turbulence and Mixing'in
Turbulent Flames,

In practice most of the flows encountered are turbulent

where there 1s a very irregular, random fluctuation from the mean

values present in the flow, Owing to the extreme complexity of

the detall of this motion only in the recent years it has become
possible to treat it mathematically.
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In a field of turbulent flow the pressure and veloclty at
a Tixed point, fluctuate around their mean at a high frequency
rather than remaining constant, The small pockets of fluid
which perform these osclllations can be considered to be '"fluid
particles', The motion of these so called particles bear a
similarity to that of the molecular motion in that they are both
random in nature. This analogy 1s not readily applicable due to
the mass of fluld particles and their mean free path not being
constant in a certain medium, But since these variables are very
large compared to their analogues at the molecular level, the
mixing effect on the turbulent diffusion is much stronger than
that of molecular diffuslone

When two or more viscous flulds of different mean velocilties
come into contact a set of shear stresses are formed by the
mixing of different streams and as a result of this a turbulent
motion is set up. First large eddies are formed due to this
motion, These eddies draln away the energy from the bulk flow
through the intermediary of the so~called turbulent shearing
stresses, and pass it on to the furbulent motion, Nevertheless
these large eddies mutually interact to give a spectrum of eddies
of a wide range in size and energy as seen in Fig.(8)s Also the
non-isotroplec character of the eddies decreases as the directions
of fluctuations get more and more random. The eddies having
smaller wave lengths dissipate to release their turbulence eneréy
as heat whereas the larger ones with high wave lengths transfer
thelr energy to the smaller eddies. Thus the band of the
spectrum known as the universal equilibrium range stays
independent of the conditions under which the eddies have formed

and since the eddles of this region contain elghty percent of



the total turbulence energy (57), it is these eddles that are
responsible for the molecular mixing mentioned above,  Such
eddies are also produced from the eddies of alr formed 1n the
surrounding atmosphere being drawn into the flame, These larger
eddies are subsequently broken up into smaller eddies under the
gshear forces within the jet. As mentioned before, the number
of large eddies depend upon the geometry of the system whereas
the small eddies are lndependent of the origin of formation and
are almost isotroplc (54).

In general, turbulent mixing mainly depends upon the total

turbulence energy content of the system which is given as:-

(o]
Turbulent kinetic energy per unit mass = [ E(k) 4 k

(o)
= -:-"2- -'L;-;z-}-:f-;-z +-;f'—z) esescssssee (3‘17)

For isotropic turbulence this can be approximated to:

) % u'2 eceecosocne (3'18)

The factors which affect the efficliency of turbulent mixing

a) Intensity of turbulence (v!/43),
b) The scale of turbulence ().
¢) The length of the mixing region (L).

d) The lateral distances through which the injected fluid
must travel,

c) The velocity of the gas through the mixing system,
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It has been shown (13) that a flame can be about fifty

percent longer than the point at which the time-mean concentration
on the flame axis becomes stolchiometriec, Because for the
combustion to take place the fuel and gas has to be mixed 1n

the molecular level, and this is governed by molecular diffusion.
In turbulent flames due to the presence of a flame envelope
surrounding the eddies the area available for combustion to occur
i1s larger than that of a laminar flame, To be ablc to specify
the mixing system completely, fluctuating values of local gas
composition must be known as well as the time-mecan values,

The case when the alr sufficient for combustion is mixed
wilth the fuel at a macro scale but the final intimate mixing has
not yet taken place is called the phenomena of "wmixedness'.

In turbulent combustion systems a time-mean sample enables the
measuring of the mean concentrations as well as allowing
explanation of the details of the mixing taking place during
combustion, An unmixedness factor, analogous to the root mean
square of the fluctuating velocity component, given as (ETE)
was derived by Hawthorne et al. (13). This factor could readily
be obtained from a time-mean sample provided that both oxygen
and unburned fuel gas were present together in the sample.

This factor can be a measure of the intimacy of mixing; the
smaller the value the better will be the intimacy of mixing.
3¢5 Theoretical Analysis of Flow Systems,

In the theoretical analysis of a flow system the gim is to
provide a set of equations which will ensble predlctions to be
made of properties within the flow such as temperature,

velocities and concentration, Reynolds equations giving a

complete description of the flow system can be wriltten but even
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after a number of assumptions have been made to simplify them,

the solution of the reduced equations also requires knowledge of

a number of empirical constants.

It 18 not within the scope of this thesls to enter into a
detalled descriptlion of the prediction procedure for turbulent
swirling or recirculating flows starting from basic fluid
dynamics, nor indeed to attempt to predict such flows,since the
ca.plexity of such a prediction procedure 1s considered to merit
an entirely independent study, However the experimental data
presented later in this thesis is shown to be of particular
relevance for tle establishment of the coefficients of turbulent
mixing equation that is derived through such prediction procedures.
Lilley (68)Ahas developed a technique for solving the system of
equations governing multicomponent boundary layer flows with
turbulence, swirl and chemlocal reaction. He has shown that
the effects of swirl on the physical properties of flames like
flame slze, shape and combustion intensity may be represented by
turbulence models depending on non-isotropic mixing - length
and energy length as well as by an eddy-break-up turbulence=-
controlled reaction model,

There are certain difficulties involved in the theoretical
modelling of turbulent flames, It 1s usually the case that there
are more number of unknowns than the number of equations exlsting,.
Bray (75) has derived a set of rigorously based, time-averaged
balance equations for mass, momentum and energy of the mixture,
for the concentrations of individual species, for the fluctuation
intensities of vortieclty, density, temperature and species concen-

tration and for the kinetlc energy of turbulence; for a
chemically reacting turbulent flow system. An ideal gas

mixture with each constituent having constant heat of formation
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and speciflic heats have been assumed. The equations for
turbulent quantities previously have been modelled as if the flow
was cold, incompressible and non-reacting. As an improvement
oR this situation Bray (75),(76),(77) has provided information on
the importance of some of the neglected terms which plays an
important role in a more realistic description of the processes
involved.

To simplify the general equations presented in (75), for
the case of a two-dimensional, premixed, free burning flame of
low Mach number and high Reynolds number Bray (76) has given the
boundary layer approximation, He has stated that chemical
reactions contribute several terms containing the rates of
production of specles and fluctuations of these rates. The terms
containing the veloeity dilvergence and its fluctuations have a
high dependence on heat release and reaction rates. Bray (%6)
with an order-of-magnitude analysis, has shown that some of the
terms neglected in most of the modelling studies of turbulent
combustion could be important in turbulent flame studies,
Relative fluctuation intensities in temperature, enthalypy,
composition and density are all assumed to have the same order
of magnitude, For thermodynamic variables, he has suggested two
simple alternative descriptions of intensity levels and described -
as the small fluctuation case and the large fluction case
respectively, It was assumed that the relative fluctuation
intensitles of temperature, enthalpy, composition and density
have same order of magnitude as veloecity fluctuations in small

fluctuation case and have order of unity in large fluctuation

casge,

Finally, Bray (77) has derived an approximate form of the

turbulence kinetlc energy balance equation for g stationary,
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two-dimensional, premixed, turbulent flame at low Mach number
an@ high Reynolds number, by using the exact equations of
tufbulent reacting flow and olosure hypotheses, which could
partially explain experimentally observed effects of turbulence
on the propagation of open flames, ducted flames and spherical,
non-stationary flames. The method presented applies on;y to
premixed flames, It is not directly applicable to turbulent
aiffusion flames,

Although the amount of data presented in Chapter (6)
provides considerable information in the field of turbulént
chemically reacting systems with recirculation, it is not
sufficient to solve the complete set of Reynolds' equations of
conservation of mass, momentum, enthalpy and chemical specles,
Dvorak (70) has measured mean and fluctuating velocities and
turbulence intensifies in a single burner, having the same design
specifications and ailr-fuel input, under burning and cold
conditions at several swirl levels, In addition to that Apak
(69) has measured oxides of nitrogen and fluctuating temperaturecs
in the same single burner, with the same input variables and swirl
levelse.

These three sets of data will provide valuable and
sufficient lnformation for testing the validity of existing models
for a single swirling diffuslon flame with resirculation,

Al though the predictlon of recirculating flows, especlally under
burning condition 1s highly complicated, any attempt made to
predict such flow systems would be a valuable contribution to

sclence, Predictlions of the multiple flames cannot be made with

the existing data available, Flame veloclty measurements are

required to complete the set, but the multiple swirling fleme



systems will reise additional difficulties in modelling assoclated
wiih complexity involved as a consequence of flame interaction.
Where swirl 1s concerned some difficulty with entraimment leading
t6 incorrect mass flow rate predictions could result (68). In
multiple swirling flame systems, in addition to the entrairment
of the amblent fluld, each flame could entrain unburned fuel and

combustlion products from the adjacent flames and could lead to

incorrect predictions.



CHAPTER L,

DESIGN AND DESCRIPTION OF EXPERIMENTAT, APPARATUS

4.1 Experimental Arrangements.

A general schematic flow diagram of the experimental setup
1s shown in Pig.(9)e In the design of the apparatus the
rfollowing features have been taken 1nto consideration:

(a) The burner plate was designed to enable the change of
burner separation between a = 0.25 DE to a EEM-DE for two and
three burners in line arrangements. For four burners in square
and five burner (four in square and one at the centre) groupings
the possible burner separations were less.

(b) Natural gas, tangential ailr and axlal air were supplied
to each burner with a separate monitoring device such thgt
identical quantities of each of these could be fed to individual
burners.

(¢) An additional support plate, parallel to the burner
plate, was used to keep the burners in a vertical position.

L4e2 Design and Description of the Apparatus,

Le2s1 Experimental Burners.

Swirling double concentric Jets have been employed throughout
the investigation. The jets were desligned Fig. (10) with a 20°
half angle diffuser exit 8o as to enable generation of recire-

ulation even at low swlrl levels and lead to better mixing of
fuel and combustion airs Natural gas was supplied through a

0,955 em 1.d., 1.23 cm 0,dey 110 cm long copper tube having a

central single hole nozzle terminating at the burner throat and
fixed to the axlal air pipe with a support spider, Axlal air
was fed through 3,19 em i.d., 3,45 cm o0.d., 100 cm long copper

tube with a sharp right angle alr entry at the bottom. A sharp



right angle entry and a tube length of about 30 DT were used to
obtain a uniform flow pattern at the nozzle exit.

In order to assure the close packing of the jets and at the
same time to enable the introduction of air tangéntially into an
inner annulus to produce swirl, diffuser exits were used. In
references (5) and (30), it was shown that one of the most
convenient and successful ways of producing swirl is to
introduce air from an outer annulus tangentially into an inmer
annulus, Tangential air was fed through two supply pipes into
the éwirl chamber which had L slots for the tangential entry of
the air into the inner annulus through which axlal air was also
Introduced, The slots were at 2 throat dlameter upstream from
the burner exit plane and 2 throat dlameters in length, The
inner wall of the swirl chamber and the diffuser exlt were
machined from a single plece of brass bar and then soldered to a
oopper axlal air pipe and the outer walls of the swirl box.

The use of two tangential alr supply pipes was found necessary
to overcome a slight assymetric flow distribution of the
resultant Jet when only one supply plpe was used,

Le2e2 Burner Plate and Burner Support.

The burners were mounted on a burner plate consisting of
three rectangular sections each having three mounting holes in
line with a 0.25 exit dlameter separation,Fig,(1l). Thus by
moving the outer plates the separation between the adjacent
burners could be varied without dismantling the burners.
Burner ports not in use were blanked off.

Possible group
arrangements were as follows:

(a) Two burner arrangements with a minimum separation of
8 = 0,25 Dp and maximum a > 4 DE. It was possible to

increase the separation continuously fram minimum to
maximum, Fig,(12.a).
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(v) Three burners in line grouping with a ;= 0.25 Dy and
amax2 )4- DE’ Fig.(lZ-'b).

(¢) Four burners in square arrays: only two possibllitics
existed with a_, = 0.77 Dy and 2 .. = 1.5 D, Fig.(12.c)

(d) Five burner arrays (four in square and one at the centre)
had only one possible position.

Fig.(12.4), which had a separation of the centre burner to
the outer burners aégwn%'with the separation between the outer
burners beilng a, , = 1.5 DE'

To keep the burners in a vertical position a wooden support
plate parallel to the burner plate was used.

Le2e3 Air and Fuel Supply.

The tangential and axial air supplied to each Jjet was
monitored separately by means of orifice plates. The degreec of
swiri was varied by altering axial and tangential air flow rates.
The total air supply was maintained 20% in excess of the
stoichiometric requirement.

Natural gas from the main supply line was introduced through -
a safety valve into a manifold which in turn distributed the
natural gas through separate valves to cach rotameter and Jet.
The composition of the natural gas is given in (Appendix 1.),
the experimental apparatus is shown in P.(1-b).

4«3 Probe Traversing Mechanism.

A lathe bed was used for the probe traversing which cnabled
traverscs to be made in each of the 3 mutually perpendicular
dircctions.,

Gas sampling probes wecre attached directly to the lathe bed.
The four point anemometer measurement technique (58) uscd, for
the isothermgl annular air velocity measurements, required

rotation of a straight hot wire probe around its axis at MSO



intervals. Instead of using a protractor a special probe-
support-holder was designcd to accommodate the probe and its
connections and to enable the desired probe rotation around its
axis at deflnite angles.

As can be seen in Fig.(13) the probe support was placed into
the holding chuck (1) and its electrical connections passed
through the stainless stcel extension tube (2) to the anemometecr.
A brass indicator rod (6) was pulled into the milled grooves on
the index head (5) by the spring (4) working under compression
between the index head and the spring guide (3). 5 grooves at
u5° to each other were milled on the index head to ensure
accuracy of rotation. The whole attachment was held on the lathe

bed through the extension rod (7).
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CHAPTER B,

MEASUREMENT TECHNIQUES AND INSTRUMENTATION

5el Mecasurement in Flasmes,

To be able to determine rates of heat, mass and momentum
transfer within the flame and heat transfer from the flame to 1ts
surroundings detailed measurements of velocity, pressure, tcmper—
ature, concentration of gases and solid or liguid particles,
heat transfer, turbulence and physical properties are required,
In turbulent systems measurements are usually tedious and time
consuning. To enable the determlnation of local heat, mass
and momentum flux valucs in a turbulent system, instantancous
valuee are nccessary which could be resolved into time mean
average values, root mean squarce values and time mecan average
correlations, While choosing a measuring instrument and
measurement technique, dependabllity and reproducibility of the
results must be considered, Even though the required accuracy
depends on the system being studied the aim must be to achieve
the highest possible accuracy. In ref's (11), (25), (59), (60)
several methods of measurement, design and construction details

are glven.

5.2 Temperature Measurements,

Be2e1 Introduction,

To £ind a perfect method of flame temperature measurement is
quite impossible, All possible methods are subject to some
practical and theoretical limitations, and the choice of the
most convenient and reliable method will depend on the type of

flame being studieds Between the baslic methods of measurement,

optical methods 1n general have the advantage over wire methods
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in that they do not disturd the flame gases, On the other hand
they often have the disadvantage that it is not possible t0 make
a point by point study of the temperature distribution in the

flame, the methods only gilving a mean value along the path of
the light-~beam,

5e 22 Measurement with Fine Wire Thermoeouples,

For the system studied fine wire thermocouples were found
gsultable and chosen as the primary temperature measuring
instrument. The baslc advantages of fine wire thermocouples
considered are:

(a) High precision of electrical measurements.

(b) Extremely small thermocouples can be constructed
so that high resolution can be obtained and aero-
dynamic disturbance of the flame front is minimized.

(c) High temperature resistant materlals can be used.

(d) No costly and complex equipment 1s neecded because
of 1ts simpliclty and convenicnce,

Besldes the above advantages there are a number of sources of
error involved in the measurements, The wire will ndrmally be
cooler than the flame gases owing to heat losses by radiation to
the flame surroundings, and by conduction along the leads, The
radiation error of a thermocouple wire decreases as the slze of
the wire 1s decreased, A wire of zero diameter would give the
true gas temperature. Beecause of thelr fragllity finc wires
are not very practical and usually have to be supported by
thicker wires of the same material, Since the radiation from
the probe increases with the fourth power of the probe tempere
?ture' the correction which must be made for this loss
increases very sharply with temperature, Bradley and Matthews

(61) showed that at a gas temperature of 1300° X, a 0,127 mm
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dismeter platinum wire probe may have a radiation correction of
5° pising to 60° for a gas temperature of 2100° K, the
corresponding values of the correction for a 0.508 mm diameter
probve would be 35° and 200°. In cases where it is impossible
to use fine wires because of strength limitation, the wvelocity
over the sensing element can be increased as in a suction
pyrometer, thereby reducing the radiation correction. The
measurements can also be corrected for the effect of stream
velocity, since as the Reynold's number increases the conductlon
error decreases.

5e2e3 Type of thermocouple used and coating of the
thermocouple bead.

Temperature measurements were taken with a bare Pt/Pt-Rh
fine wire thermocouple, having a wire diameter of 0,10 mm and
junetion dlameter 0,40 mm, To protect the wires from catalytic
effects and chemical attack 1t 1s necessary to coat the wires with
an inert coating,. A coating sultable for flame tcmperature
measurement should have the following general properties:
(a) It must be noncatalytic toward the flame.

(b) It must be inert toward the thermocouple material at all
temperatures.

(¢) It must be impermeable to gases so as to afford protection
from the environment,

(d) It must be a poor conductor of electricity, especlally at

high temperatures; otherwise the thermocouple will be
short clrcuited.

(e) It should be stable, partiocularly at high temperatures.
Forms of instabllity include oxidation, reduction,
hydration, volatization, and crystalline change.

(£f) It must be capable of being applied evenly and smoothly to
the thermocouple surface and must cover it completely.
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(g) The thickness of the coating should be minimal to avoid
appreciable losses through conduction.

A very thin coating of silica may successfully be used at
temperatures up to 1300° C, It can easily be deposited on the
wire surface as a continuous lsyer, provided that the Jjunctions
are well formed, wilithout protruding wire ends. At higher
temperatures, however, the sillca is reduced by hydrogen in the
flame, and diffusion of free silicon into platinum produces
embrittling silicide, Therefore it 1s necessary to eliminate
silica completely for temperature measurements higher than
1300o Ce A combination of ytrium oxide and beryllium oxide
was developed as a very successful coating materlal, by Kent
(66), which gave good results at high temperatures.

During this investigation the maximum recorded temperature
was about 1300o C and a very thin coating of hexamethylone-
disiloxane was used successfully without having any fraglility

problem.

5e 2o U4 Temperature Correction.

The heat received (or lost) by the thermocouple by convection
1s equal to the heat lost (or gained) from the thermocouple by
radiation plus heat lost by conduction along the wires from the
Junction, The steady state heat transfer equatlion for an

uncoated wire can be written as follows:
a 4T
= (k3% + %3 (Tg-T) = %%v(( ™ - TWL") 2 0 eecocee 5.1

where = Thermal conductivity,

k
DW = Diameter of the wire

3
Q@
n

True gas temperature,

Wal/{ temperature.

Eh
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]

Hol junction temperature.

h = Heat transfer coefficient between the wire and
the flame, '

Stefan-~Boltzman Constant.

n

¢ = Emlssivity of bare thermocouples Junctions
e = Absorption coefficient. )

In deriving the above squation the surrounding walls are
assumed to be black to radiation from the wire and radiant energy
exchange between the wire and the gases 1s negligible, Since
the gases do not contain suspended particles it is not necessary
to add an extra term to allow for the emissivity of the
particles. By using sufficlently long thermocouple wires,
heat loss due to conduction can be eliminated and then the wire
will be at its 'semi~-infinite equilibrium temperature', T .

The difference between @w and TG i1s the radiation correction.
So the equation (5.1) becomes

£ o) - @) €rr-ecnh =0 an (52)

For wire temperatures above 1000° C and low wall temperatures
the absorption term is usually negligible,

So the equation reduces to

o€ Tm?
TG = Too + n t0c0ccssse (503)
TG = True gas temperature, °k.

n

Wire temperature, °K.

T

[oo]

éﬁ = Emissivity of silica coated thermocouple
Junction,

Gas property data and the values of h and € were calculated

using the procedures and data recommended by Bradley and
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Mathews (61) For coated wires the emittance depends on the
diameter of the wire and the thickness of the coating.

Bradley and Entwistle (62),(63) give the theoretical and
experimental values of total hemispherical emittance for silica
coated platinum - 10% rhodium wires. The emittance is close

to the uncoated wire emissivity at high temperatures. A
computer program was written for the correctlion of recorded gas
témperatures. A flow chart of the computer program is given
in Appendix 3, As seen from the computed results the correction
was significant at high temperatures whereas at low temperatures

the recorded temperatures represented the true gas temperature,

53 Gas Concentration Measurements,

He3el Introduction,

The majorlty of combustion processes take place in the
gaseous phase and the products (gnd—products or intermediates)
are usually gaseous, Gas sampling was therefore considered to
be sultable means for detalled investigations, The fundamental
problem which has to be sé;ved in gas sampling 1s to obtain a
sample which will be representative of the composition of the
fluid at the sampling point, In gas and sollid particle concen-
tration measurements the sampling from the flames appears to be
the most important part of the process, In sampling from the

flames care must be taken:

(a) to ensure that the sampling probe does not obstruct the

flow pattern upstream of the sampling nozzle ~ the
sampling should be "iso-kinetic".

(b) to prevent any further reaction after sampling, the gases
must be quenched as soon as they pass the probe nozzle,

Direct probe sampling is found to be the most successful

and convenient method for the determination of the concentrations
of stable species in flames,
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There are four basic methods of analyzing a flame sample:
(a) Mgnometric analysis (1t has very limited application).
(b) Infrared analysis (it has very limited application).

(o) Mass spectrometer (it has very high sensitivity and
accuracy but, 1t 1s costly and complex in use),

(d) Gas chromatographic analysis. With recent developments,
gas chromatographs are now commerclally avallable to sult
almost any type of analysis. They are simple to use and
can be highly sensitive, '

De3e2 Choice of System,

For the gystem belng investigated analysis of large
nunbers of samples from the flames were required, With 1its
raepid response the Penny and Giles gas chromatograph (67) was
found quite satisfactory. The main purpose of analysis was to
obtain quantitative information on the degree of completion of
combustion and the mixlng rates rather than the kinetics of the
reactions, For that purpose a simple method of analysis was
found satisfactory. With the chosen system it was possible to
analyse a gas sample for Coz’ Hz’ 02, N2, CH, , and CO in four
minutes. The gas chromatograph was also capable of analysing
H20 vapour and higher hydrocarbons such as CBHB’ with only
small changes and a slight increase in time,

5¢3e3 Ihe Gas Chromatograph.

The flow diagram for the chromatograph is shown in Fig, (14).
The sample continuously passes through the sample loop and an
automatic timing mechaniem causes the sampling valve to actuate,
thus injecting the sample contained at that instant within the
loop into the analyzing columns together with argon carrier
stream, The sample with the carrier gas Pirst passes through a

porapak-Q column at 50° C where any carbon dioxide present is
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retarded with respect to all other constltuents. The
Kétharometer detector follows this first column and thus an
"overall peak" 1s first detected followed by a carbon dioxide
pgak; The "overall peak' contains all gases present except
CO,e After the detector a column packed with soda asbestos and
magnesium perchlorate removes all the CO2 from the rest of the
sample, The remaining sample then passes through a molecular
sieve 5A column at the same temperature which separates
hydrogen, oxygen, nitrogen, methane and carbon monoxide, The
separated sample then passes again through the Katharometer and
the gases are detected as they pass in the order mentioned
aboves A typlcal chromatogram is shown in Fig,(15-a). At the
end of the cycle a fresh sample 1s automatically injected.

5e3e lt Probe Sampling,

It is necessary to introduce a fresh sample, at or near
atmospheric pressure, into the gas chromatograph every four
minutes in order to assure its maximum operating efficiency.

The most suitable system would be the method of continuous probe
sampling, In this method the sample is wilthdrawn, gquenched to
gtop any further reaction and then passed through the gas
chramatograph continuously from which the chromatograph could
take a sample every four minutes. Because of the very small
size of the quartz microprobes, only a few mlcrograms of sample
per second are withdrawn and the flame is not disturbed, but
another major problem arises which is the conversion of a very
low pressure sample from the micro probe into a sample at
atmospheric pressure, This can be overcome by the use of g
peristaltic pump which 1s capable of evacuating a closed system
down to approximately O.1 to 5 mm Hg. by squashing a rubber tube
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continuously with three rotating pins against a semi=circular
track, The use of the perlstaltic pump also solved the

problem of contamination of the sample or any effect of
preferential diffusion such as would be obtained by the use of

a diffusion pump. A pressure drop of 10:1 across the orifice
has generally been found to be sufficlent in order to provide

a sonic flow and thus freeze the sample camposition at the probe
orifice. For an atmospheric pressure flame therefore sampling
pressure up to 70 mm Hg. could safely be used, With a suiltably
chosen size of tubing for the peristaltic pump the silze of the
orifice controls the pressure obtained within the probe.

e3¢5 Desipgn and Construction of Sampling Probes,

To minimlze the disturbance arising both from sample with—
drawal and from the bulk of the probe itself, and also to assure
the rapid decompression and withdrawal of the sample to a cool
region outside the flame the full design and construction
procedures were adopted as set out by Fristrom and Westenberg
(59)e The probes were made of tapered quartz tube and
consisted of three sections:

(a) Sonic orifice inlet: 4its size was determined by the
rate of sampling and required pressure drop,

(b) The expansion nozzle following the orifice: tapers
between 15 = 45° were found to assure a rapld decomposition and
cooling of the sample. No additional cooling of the probe was

necessary,

(c) Connecting tubing; its size was chosen to allow
10:1 pressure drop across the inlet orifice.

The probes were bent at right angles to about 2=3 cm from

the tip of the probe in order to position the orifice Inlets in
the maln flow direction.
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The probes were constructed from 3 mm o.de quartz tube by
pulling a taper carefully while heating the quartz tube in an
oxy~hydrogen flame, The tapered tube was then cut at a
sultable diameter and the tip was fused in the flame to obtain
the final orifice,

The flow through the orifice was estlmated by the critical

orifice relation:

Q’P = CP%KP essncosons (50’4)

where

Volumetric flow, emj/sec.

> o
1

Orifice throat area, em®.

K = Contains all the constants for a glven gas and
standard temperature and pressure, (cm/sec-atn)

10t
P = Upstream pressure, atmospherec.
C, = Constant factor, discharge coefficlent =$0.,5

for a fine orifice.

5e 36 6 Operating Procedure.

The schematic flow dlagram of the sampling system is shown
in Fig. (16)¢ A 3 mm, 0,de quartz probe was joined to a 6 mm, 1l.de
ceramic tube with ceramic cement to enable easy positioning of
the sampling probe onto the traversing mechanlsm, The ceramic
tube was joined to a 9 mm, i.d. neoprene tubing with additional
rubber tubing. A vacuun gauge measured the pressure within this
line at a point as near as possible to the probe end. Neoprene
tubing passed through the pins of the peristaltic pump. After
the pump a drying column containing concentrated H2 sou was

placed in order to remove water vapour from the sample being

injeoted into the chromatograph. The sample was then passed

through a needle valve to damp the fluctuations in the flow due
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to the action of the pump, and was fed into the chromatograph.
The pressure at this point was also monitored and kept Just
above atmospheric, After passing through the sample loop
within the chromatograph the sample passed out into the atmos-
phere through a water trap, a water bubbler and rotameter.

The rotameter measured the pumping rate and the water bubbler
enabled a slight positive pressure to be maintalned within the
chromatograph and also acted as a check on the sample flow rate,
The water trap prevented this water from veing sucked back into
the chromatograph when the pump was switched off,

The calibration of the gas chromatograph 1s dependent upon
the sample gas pressure, The pressure drop and the flow rate
of the sample across the m;cro probe orifice is dependeht upon
the conditions of the sampling point, such as temperature and
viscosity. The pressure was therefore maintained constant
during use and whilst calibrating,

To maintain an efficient pumping rate the tubing of the
peristaltic pump had to be changed periodically, To increase
the life time of the tubings, silicone grease was used to soften
them and minimize friction, Due to the formation of high
amounts of water vapour, the contents of the drying bottle had
to be changed frequently in order to keep its efficilency high
enoughe A leak test was essential before each experiment for
the accuracy of the analysis, Zero flow through the system
was checked by switching off the pump with the orifice still
blocked, and checking that the vacuum was maintained, Also
a final check had to be made by taking a sample from a pure gas

containing no oxygen and checking for zero oxygen in the
analysis.
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5¢3.7  Calibration,

The present chromatograph which was used throughout thé
research was equlpped with an automatic timing and attenuator
unit which attenuated the sensitivity of the chromatograph to
sult each component as they were detected, For calibration,

a standard sample of known composition was Injected into the
instrument, and the attenuators were adjusted to glve a sultable
size peak on the recorder for each constituent. Whenever a
wlde range of compositions of a particular component are likely,
a nunber of sensitivity settings may be required, but each
setting must be callbrated with at least one standard sample,

It is preferable to maintain a number of samples of known
camposition so that two or three points on a graph of peak height
against percentage can be obtalned, The linearity of the
response was good for all ranges and constituents used, The
calibration of the instrument varied very little with time, but
calibrations were made before and after each session which

lasted 5 to 6 hours, Fig.(15-b) shows typical calibration data,
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5el4 Isothermal Velocity Measurements.

5e¢liel Introduction.

Local gas veloclty 1s one of the primary aserodynamic
variables which characterizes a flow system, For a complete
description of the flow gystem the distribution of wveloclty
throughout the system is one of the first requirements, Stream
lines of gas flow, mass flow rates within stream tubes or annuli,
mass flow rates within recirculation eddiés, and total entrained
mass flow rates can all be calculated from integration of
measured mean veloclty distrlbutions, In three dimensional flow
systems such as flows having swirl or recirculation it is necessary
to measure both the magnitude and the direction of mecan velocity,
as well as turbulent fluctuations, The hot wire anemometer has
the necessary high frequency response and high sensitivity at low
flow veloclties for measurements in the high turbulence levels
encountered in three dimensional flow systems, A hot wire
snemometer operating at constant temperature mode measures
basically the rate of heat loss from a heated wire to a gas streams
In general this heat loss 1s interpreted in terms of the velocity
of the gas stream;

Selte 2 Constan Temperature Hot Wire Anemometer,

The anemometer consists of a Wheatstone bridge, of which the
probe forms part, and a D,C, amplifier., The bridge is in axact
balance at a certain bridge voltage supplied by the servo
amplifier, A slight change in the probe resistance, such as a
change in the convective cooling of the wire, will cause a small
unbalance voltage, which, after considersble amplification is

used to adjust the bridge voltage (probe current) in such a way

as to keep the bridge close to balance, In thls way the temper-

ature variations of the wire are kept extremely small, even when
high frequencies of the fluctuating veloclty occur,
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The instantaneous velue of the electrical power applied to
the probe may be assumed to equal the instantaneous heat loss to
the surrounding fluid, This heat loss 1s dependent upon the
physical properties of the surrounding fluid and, assuming these
are all constant then the gas veloclty 1s the only wvariable,
The electrical power can thus be used as a direct measure of the
velocitye The mean (D.C.) and the root mean square (A.C.) comp—
onents of the total instantaneous voltages existing across the
probe are measured by meters connected across the bridge terminals,

Belle 3 The Hot Wire Probes.

The probes used in the present work were manufactured by
DeIeSede, and consisted of platinum coated tungsten wire, 5
microns in diameter, which was connected to the nickel supports
by a combined method of welding and electroplating, This wire
when positioned in a gas stream is primarily sensitive to the
component of the flow velocity which 1s normal to the wire axis.
If the wire 1s inclined at some angle to the mean flow directlon,
then it has been usual to assume a simple cosine relationship
for the normal cooling companent. However, deviations from
cosine law becomd significant as the ¢/d ratio of the wire is
reduced, where ¢ 1s the length and d is the diameter of the wire.

In order to measure the turbulence characterlstics of three
dimensional flows 1t 1s essentlal to incline the wire in the plane
of the total mean veloclty vector. It is also essentlal to take
into account the response of the wire tb all three orthagonal
veloelity components. Exlsting heat transfer relationships are
derived for wires which are effectively infinitely long and then

the heat transfer is dependent solely on the normal components of

the velocity to the wire axise. It should be noted that many of

the coollng iaws used 1n anemometry are derived for wires that are
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effectively infinitely long with regard to theilr diameter, and it
1s therefore essentigl that the wires be calibrated rather than
the wire constants determined by calculation from theoretical
considerations.

Several expressions have been derived and applied for cali-

bration purposes, The general equation is in the form of

2

E = A+ B (U)R cecesssose (5¢5)

where

Mean voltage,

U Mean veloclty.

il

n = Constant between O.45 = 0,5,

Over a large cooling range this expression yields unsatis-
faetory results, Higher order polynomials have been found to
glve better curve fits to the experimental calibration curves of

E vs U (4),(71). The expression which is commonly used is as

follows:

2

E = A+BU%+ CcU asevsssece (506)

In calibration, a much better curve fit is obtained if the zero
veloclty voltage 1s excluded since a spurious value of A is
generated owing to free convectlion effects. The probes generally
have different calibration constants when they are facing in

different directions, The instantaneous cooling velocity is

glven by:

2 2 2

U2 = w4 g2 uf 4 k2 +°

u 4+ K™ v sesesv0cee (507)

where K factor arises from cooling along the wire and G factor
arises from wire support interference effects, For miniature
D, IeSsA. probes these values generally are G = l1¢15 and X = 0,25
(72)sbut G and K must be determined for each individual probe

since these values are affested by small manufacturing variations,
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Belle lt Method used for Signal Analysis,

The method used was developed by Syred (58) requires only
one probe with four point measurements and has proved to be much
more accurate method of evaluating velocity levels in highly
turbulent flows compared to six position methods, In six
position methods two probes are necessary for measurement at the
same point which may not be placed in quite the same position and
since it usually requires longer time, the flow state and call-
bration constants may alter, Another dlisadvantage of these
methods 1s that all six output voltages are assumed to be in
similar regular shape and frequency distribution and also in
phase (4), (71). For the method applied a straight hot wire
probe was used which was mounted parallel to v direction. As it
is shown in Fig.(17-a) the probe was rotated about its axis of

symmetry at four measuring points each having u5° separations in

between.

Selte 5 Calibration of the Probes,

The alm of wire calibration is to determine the coefficlents
of the heat transfer relationship adopted for the wire, For
accuracy, the calibration must be frequently repeated, since the
wire characteristics drift rather quickly with age, due principally
to the deposition of dusts, In principle, the requirements of a
calibration system are that it should provide a controllable,
turbulent free flow of accurately known veloclty and temperature.

The probes were mounted in the pétential core of a free air
Jet 1issuing from a round nozzle, with the wire normal to the flow
direction, It was ensured that the full length of the wire was
in a unlform velocity fleld and that the turbulence intensity of
the calibratlon jet was as low as possible, The jet wvelocity
was measured wlth a standard N,P,1. pitot tube, The Jet
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veloclty was varied and voltage readings were taken for each
known velocitye.

A hot wire probe with three components of a total veloclty
vector acting in directlions parallel to the three orthogonal axes
1s shown in Fig. (17=b).

The wire response equations which was found to gilve the best
deseription of the calibration data over the entlre cooling range

was quadratic in (U)%}

2 1
E = A+ BU? 4+ CU

The calibration constants A, B, C were calculated for a least
squares fit on the calibration data. The response of the hot

wire to the three veloclty components is as in (eqe5.7).
U2 = w2 + G2u2+ K2v2
G and K values were obtained from the respective calibration

curves Fig, (17-¢) at constant E2 ast

s

K =

-e

G =

<l

Assumptions ars made about the shape of the velocity signals

to be able to evaluate mean and fluctuating velocities, because of
the non linearity of the callbration curve, All the assumptions

made are given in detail by Syred (58).

5elie 6 Analysis of Response Equations.

Considering the instantaneous velocity veotors acting on each

of the four positions in Fig, (17wb), the four response equations
and effective cooling velocities acting on each measuring

position can be written as:

, e 2
U12=v2+G2 ..w;u__ + K° Q’-;—‘-‘-)--

(A X N RN NN NN (5.8)
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U22 = V2 + G2u2 + KZW2 ec0cesssce (509)
2 2

U7 = v+ 6 (-, g2 (madl L., (5.10)

UL[.2 = V2 + G2W2 + K2u2 secs0ssere (5011)

In order to solve three unknown values, u,v,w, only three
equations are required out of four given above, Solving equations

(5.8), (5.10) and (5,11) simultaneously the following equations are

obtained for w, W, V.

u= V/IEUi +Us -2Uh2)+((U1 +Us -2Uu )2 + (v, 2.y 2)2>'%] 1 A\

2(G2-K?)
tesosccese (5.12)

W= J/T:“(U +Us -2uu2)+<(ul +U5 -2Uu2) +(u %y 2)):] —t A

2(G -K<)
ceecccccne (5.13)

(6%4x%) 2 2 2 2,2 %] \
v/ ’:(U +U (G +K2) ((U1 +U5 -2Uu2) +(U12-U3 ) ) .

Different sets of expressions for U ,W,V can be obtained from

equations (5.8), (5.9) and (5.10). Depending on the probe
positioning and the characteristics of the flow field elther set
of solutions can be chosen, It 1s advantageous to know the
characteristics of the flow field beforehand so that the probc can
be allgned in the most sultable direction, since the probe is most
gensitive to the maximum velocity vector.

Detailed solution of the response equations for u,wy and
their evaluatlon from the relevant voltages are given in reference
(58)e

A computer programme has been writeen in FOCATL, to solve the
two different sets of equations and compare the results, |

A flow.chart of the programme is given in Appendix L.



When a hot wire probe is used in a flow system which has a
different temperature than the calibration temperature, which is
often the case when the flow is generated by a blower, then it is
necessary to correct the calibration data to take this effect

into account. A method of correction is given in Appendix 2.



CHAPTER 6.

RESULTS AND DISCUSSION

6e1. Qualitative Flame Results,

Increase 1n flame length was one of the important indications
of the flame interactlion in the multiple burner arrangements.

P(2) shows a photograph of the reference flame with moderate swirl
(8=0.37)s As can be seen from P(3) by the addition of a second
burner at a separation of 0,77 DE the overall visible flame length
was increased, P(4) shows the overall visible flame length for =a
three burner system with the same separation and P(5) for a five
burner system with aq = Ce 77 DE and 8, = 1.50 DE; When these
photographs are compared the increase of the flame length due to
the addition of another burner is clearly evident. P(6) and

P(7) show two and three burner system at a closer separation

(a = 0.25 DE). Considerable flame lengthening, due to burner
crowding, compared to reference flame is obvious. Comparison of
P(6) and P(7) to P(3) and P(4) indicates the effect of burner
separation on flame length,

Flame lengthening in multiple systems was found to be more
pronounced at low swirl levels, In three and five burner systems
neighbouring flames tended to divert from their original axes
towards the centre flame and oscillatlons were set up Particularly
at the flame tips, At low swirl levels low turbulence intensities
at the nozzle exit leads to instabilities in the flames,
6s2 Qualitdtive Results or Single Flame,

In most of the experiments presented in this chapter a
moderate swirl level (8=0.,37) was chosen. The single flame,

which was taken as a reference flame for the multliple flames, was

short, intense, steady and non~luninous, As the degree of swirl

was reduced the flame length was increased and the flame started



becoming unsteady. This was most significant at swirl values
under Oe 2, With any further decrease in the degree of swirl the
flame was lifted-off the burner rim and eventually was blown off,
Accordingly the effect of any increase 1n swirl level was to

reduce the flame lengthe Increasing the swirl beyond this level
had no effect on the flame length, This critical swirl level was
above 0,6 for the particulsr burner used. Experiments could not
be carried out without swirl due to the extreme instability of non-
swirling flames, To eliminate the effects of instability, swirl
levels less than 0,2 were not employed in the multiple flame

systems,

6«3 Flame Stability,

Before going into any detailed investigation of the multiple
burner systems some preliminary single burner experiﬁents had to
be performed with burners having diffusers of different half angles
in order to obtain a stable flame. The flame stability resulting
from a certain burner geometry can be characterised by the blow=-off
velocity of the flame, With premixed flames it is the flow
velocity of the fuelwalr mixture above which the flame extinguishes,
In the case of the particular diffusion flame used, the volumetric
flow rate of the ailr 1s 12 times more than the volumetric flow
rate of the fuel, therefore one has to refer to the alr discharge
velocity because alr is the component which contributes the most
to the flow,. Fig. (18) shows the results of the blow=off tests

performed with burners having 10°, 20°, 35° aiffuser half angles

at a high swirl level (S=0.57)s Ae can be seen the burner with

the 20° half angle diffuser showed higher stabllity in the fuel

lean region compared to the others. Since the size of the

recirculation zone is increased by increasing the diffuser angle
to an optimum 1imit, the main advantage of using diffus.rs with
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an optimum half angle ic to obtain good flame stabilization at

low degrees of swirl, In diffusers having narrow angles the flow
is attached to the walls of the diffuser, As the angle gets
larger than a critical vslue the flow separates from the walls of
the diffuser and thils reduces the advantages attained by the use
of a diffuser,

Examination of the results of the blow—off limlt tests showed
that the most stable flame could be obtained by using a burner
having a 20° half angle diffuser, Therefore burners having such
diffusers were used throughout the rest of this 1nve§tigation.

A series of blow=off tests were performed for different burner
arrangements, PFig, (19) shows the result of the tests for two and
three burner in line arrangements having a separation of a = 0,25
Dp and at moderate swirl level (S=0.37). Blow=off limits for the
reference flame at the same swirl level are given for comparison,
The reference flame was more stable in the fuel lean region. As
the number of burners was increased the flame stabllity at the
same equlivalence ratio was reduced and the blow—off 1limit curves
were shifted towards the fuel rich region with an increase in the
nunber of flames,

Another factor which affects flame stability is the degree
of swirl in the combustion air,. It was observed that for three
burner gystems at low swirl levels (S ¢ 0.3) and minimum separ-
atlon (a = 0,25 D) the centre flame 1ifted-off the burner rim
and was b10wn~bff frequently, At moderate (0.3 ¢ S ¢ 0.5) and

high (S > 0.5) swirl levels, no blow-off due to flame interaction
was found,

It 1s shown by previous workers (L), (53) that the direction
of swirl in multiple jet arrangements plays an important role,
If the adjacent jets are swirling in the same directiorn in other
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WO?dS swirling "out of mesh" the overall stabllity of the system
1n§reases. That is because when the direction of rotation is

thé same in the region where two Jjets interact with each other, the
directions of swirl velocity will be opposite and consequently the
shear forces will be higher than "in mesh" swirling systems.
Therefore burners swirling "out of mesh" have been used throughout
this research,

While conslidering the effects of flame interaction the
geometry of the burner arrangement must also be considered.
Therefore at this point the termlnology used for describing this
geometry must be explaineds As shown in Fig, (20) separation "a"
is defined as the rim to rim distance of adjacent burners measured
at the exlt plane whereas pltch "P" is their centre to centre

distance. | These values are normalized into a dimensionless form

by taking their ratio to the burner exit diameter, Thus

a

I

a/D

E
P = P/Dg
where
a = Separation constant,

P = Pitch constant.
However the most characteristic parameter for the flames is the
throat diameter, Considering a multiple burner system with
diffusers having large half angles, if the burners are Placed so
that they touch each other & will be equal to zero but the flames
wlll not necessarily be in direct contact, partiocularly if they
are contained only in the central region of the diffuser,
Therefore axial and radlal distances within the flame are

normalised with the diameter of the burner throat (DT) as x/Dp,
and r/Rpe |



6ell Quantitative Results on Flame Length,

Flame lengths were determined both by long exposure photo-
graphy and by gas chromatographic analysis, The end of the flame
was taken to be the point where CO concentration had decreased to
0eO01%  Fig.(21) glves the flame lengths determined by gas
chromatography as a function of burner separation and number of
burners. As a consequence of flame interaction, the overall
flame length was increased with a decrease in burner separation
and increase in number of burners, These effects were more
pronounced at low swirl levels.

When the flame lengths for the group of two burners were
plotted against the reciprocal of separation at different swirl
levels as in Fig.(22) and extrapolated to %; = O the flame length
of the group arrangement was, as expected, seen to be the same as
that of a single flame at that swirl level.

The flame lengthening in multiple systems was due to delayed
combustion and reduced entralmment rate of the ambient air, The
elr entrained into the flame provides extra oxygen for combustions
The presence of another flame in the near vicinity of a flame
decreases the surface area which is in direct contact with the
atmosphere and avallable for the entralmnment of ambient air,
Especlally the centre 'flame of a multl flame arrangement has very
little surface area 1n contact with the atmosphere and such flames
were seen to be the longest of the sets having the same swirl and
separation,

The observatlions made using stoichiometric air supply showed
that the influence of burner separation and burner crowding were
more pronounced in the fuel rich flames because any amount of air
entrained into the flame would contribute to the combustion

immensely., The flame lengths given in Filg, (21) are obtained



using 20%\exce§s aire Therefore the effects of crowding and
sefaratigp were less drastic, because any air entrained into the
flame contributed less to the percentage of the ailr already
present in the flame,

While comparing the lengths of different flames 1t was found
to be more convenkent to deal with a variable which compares the
length of a multiple flame to that of a single flame at the same
swirl rather than using the actual lengths of the flames expressed
in conventional units of length, Therefore a dimensionless length

factor LR termed "percent relative length" has hbeen defined as

L, = o ;mLS x 100
'where

Ly = Single flame length,

gﬁ = Multiple flame length.

I, = Relative length in %

When the dependance of this factor was studied it was found
to vary inversely with the other dimensionless quantities like
swirl (8) and separation ratio (R;), defined as

Ry = (a/Dp)

where
a = Rim to rim distance of two adjacent burners.
Dp = Diameter of the burner exite

Therefore a general equation in the form of

LR =

X
Ry « X
was obtailned where K 1s a proportionality constant.

This constant K was calculated by using the experimentally

obtained flame lengths and was found to be 2 for a two burner
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and 3 for a three burner system. Therefore the equation was

reduced to

Ly I

I
o
°
<]

where

n = Number of dburners in a row,
It must be pointed out that this approximation is only wvalid
for burners in line, For any different burner arrangement this

relation will not hold due to the different entraimment character-
istics.

6.5 Temperature Distributions,

Radial temperature profiles for a highly swirling reference
flame at several axial positions are given in fig.(23)s Since
the swirling flames have a relatlvely cool central core, at the
axial positions close to the‘burner exlt the temperature maxima
were located away from the burner axls, The maximum temperatures
were found to be higher than In a non-swirling flame. Temperature
maxima shifted towards the flame axis after about a distance of
2 Dy from the burner exit, At high swirl levels due to the
presence of recirculatlion, hot combustion produects from the down~
stream positions travel back to the nozzle exit and create higher
pre~heat femperatures and thereby approach theoretical flame
temperatures more closely,

The axial temperature profiles measured on the axis of the
datum flame for two and three burner systems at a moderate swirl
level (S = 0,37) and closest separation (a = 0. 25 Dy) are given
in Fig. (24). The temperature maxima were recorded further

downstream in multiple systems as a result of the shifted reaction

gone due to delayed combustion. Similarly slower decay of

the temperature curves were noted, indicating slower cooling at

the downstream positions of the multiple systems as a result of
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reduced rate of entraimment of the surrounding alr,

' When the swirl level was decreased to S = 0.2, while all
other varlables were kept the same as in the previous case, the
axial temperature profiles were as seen in Fig, (25). Since the
reaction zone was shifted further away from the burner exit, at
low swirl levels, due to reduced turbulent intensities, the
canbustion was delayed, As a result of that, the flames were
longer and the temperature maxima were also shifted further down-
stream, Much slower decay of temperatures at the downstream
positions were again due to reduced rate of entrairment of
surrounding air, As can be seen from the figure these effects
get more and more pronounced as the number of burners was increaseds

. The effect of swirl on the centre flame‘temperature in a
three burner system wlith a separation of 0.25 DE between the
burners is shown in Fig, (26), At a moderate swirl level
(S = 0.37) the temperature profile was more uniform and it gave
a maximum near the burner exit, at about 2 DT away from the exit
plane and then decreased smoothly, At a higher swirl level
(S8 = 0457), the temperatures were lower near the burner exit, they
gave a maximum at about 3 Dp away from the exlt and then decayed
much more rapidly compared to flames with lower swirl. Low
temperatures near the burner exit were due to the cooling effect
of the high rate of entrained surrounding air and better mixing
encountered at high swlirl levels as a result of the increased

turbulent quantities near the burner exit. Combustion took
place much more raplidly at high swirl levels therefore temper-
atures decayed much more rapidly at downstream positions.
Recirculation of the hot combustion products at high swirl helped
to preheat the fuel and air mixture and combustion was faster

whereas at low swirl the temperatures near the burner cailt were
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also low but this 1s not due to high rate of entrained surrounding
alr and 1ts cooling effect, but due to poorer mixing between fuel
and combustion air supplied thus delayed combustion. When the
mixing between air and fuel 1s poor at molecular level they form
inflammable mixture much slower. Low turbulent intenslties tend
to leave the small pockets of fuel away from the contact of
combustion air longer time therefore the reaction zone at low
swirl levels was shifted away from the burner exit. The temper-—
ature maximas were reached at about 6 to 7 DT downstream and then
decayed very slowly. This slower decay 1s due to the low rate
of entraimment of surrounding air owing to much lower turbulence
levels at downstream positions,

In Fig. (27), again the effect of swirl on the centre flame
temperature is shown for a five burner system, The centre and
the outer burners were separated by 8y = 0.77 Dp and the outer

1

burners had a mutual separation of 8o = 1e50 DE‘ The temper-
atures were recorded at the same swirl levels as in the three
burner system. A very similar trend in axial temperature profiles
was obtained as in Fig, (26) and the argument presentcd for the
three bufner case 1s also valid for this system,. The maximum
recorded temperature for the highly swirling flame system was
shifted to 4 Dp away from the exlt plane as a consequence of the
shifted reaction zone. The decay of temperature at the downe—
stream position was much slower than it was in the three burner
system at all of the three swirl levels chosen, i,e. in three
burner system the temperatures at X = 16 DT were about 1005, 655
and 550° C whereas in the five burner system at the same axial
position the corresponding temperatures were about 1075, 970,
870o C for the swirl levels 0.2, O.37 and Oe 57 respectively,

The only difference between the two systems was the increased

nunber of dburners.
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Fig. (28) shows the effect of burner separation on the centre
flame temperature in the three burner system, at a moderate swirl
level (S = 0.37). Here the axial temperature profiles for two
different separations and for the reference flame are gilven.

As the separation was increased from a = 0.25 DE to a = 0.77 DE
the temperature profile took a similar form to that of the
reference flame. At a larger separation the shielding effect of
the sgide flames on the centre flame was reduced, also from the
aerodynamic point of view their mutual interference was leces,

~ Therefore the centre flame, although was not as free as a single
flame, had a higher freedom compared to those with closer separ-
atlione

Fig. (29) shows the effect of burner crowding on radial flame
temperature profiles measured at X = 1.8 DT‘ The flames were
moderately swirling (S = 0.,37) and had a separation of 0.25 Dp.
Two and three burner systems gave higher radial temperature
proflles than a single flame, Higher temperatures on the axis
between the burners were due to the presence of an adjacent
burner, For the three burner system the temperature recorded
on the centre burner axis was 1320° C whereas on the outer burner
exis 1t was 1290° C. This was because the centre flame was
entraining more hot combustion products whereas the outer burners
were more free to entrain air at amblent temperature,

As in the case of the flame length results it was decided to
deal with a variable which related the temperature in a multiple
flame system to the temperature at the same point in a single

flame which had the same degree of swirl, Therefore a dimension-

less temperature factor TR termed "percent relative temperature"
has been defined as:

m
T = s x 100




where

T, = Multiple flame temperature.
'1‘s = Single flame temperature,
Ty, = Relative temperature rise %,

These relative temperatures are calculated and plotted for
a two burner system with a high swirl (S = 0,57) in Fig.(30).

It 1is seen that as the separation between the burneprs was
increésed the relative temperature rise decrecased owing to the
combustion conditions approaching that of a free single flame;
whereas when the two burners were brought closer together the
actual temperatures and thus the relative temperatures increased,
At an axlial distance of 1,5 DT’ all relative temperatures were low
because this was the point where combustion was most intense and
the temperatures were highest in a single flame,

When these percent relative temperatures are plotted for
two, three, four and five burner systems with S = 0,37 as in Fig.
(31) they are seen to be even higher, Thus an increase in the
number of burners increases the relative temperatures within a
system,

When Figs. (30) and (31) are compared i1t is secen that in a
two - burner system with high swirl at axial positions further than
X=11 DT, the relat%ve temperature curves start falling whereas
at a lower swirl level these curves are steeply rising at the same
axial position, This Indicates that at low swirl leveis the
temperatures are still rather high due to combustion being
uncompleted as well as due to the reduction in the amount of
. entralmment of cold atmospheric air.

Fig.(31) also shows the effect of separation on relative
temperature rise, The increase in relative temperatures
indicate the increase in actual temperatures compared with the
single flame when' the burners are brought closer to each other,
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In Fig. (32) isotherms for a single swirling flame and in
Fig, (33.) isotherms for the three swirling flamc system with a
separation of a = 0.25 D, are shown. When these two figures are
compared, in the three burner system very high temperature zones
at the early part of the flames and very slower decay of tempepre
atures along the flames can be seen. At the same axlal positions
temperatures for the outer flame were lower than the centre flame,
Isotherms were not symmetric around the axis between the burners
because the centre and the outer flames behaved differcntly.
6.6 Gas Concentration Distributions,

The effect of burner crowding on radial gas concentrations
measured at X = 2,2 Dy are shown in Fig.(34). The flames were
swirling moderately (S = 0437) and had a separation of a = 0,25 Dpe
Oxygen concentrations are given in Fig, (3L-a). At positions less
than r = 1.5 RT the slngle flame had a lower oxygen concentration
than two and three flame systems, The reason for this 1s that
the rate of combustion was higher in the single flame due to
betper mixing and oxygen was consumed more rapildly at the inner

part of the flame, After p = 1.5 RT O2 concentration increased

very rapidly due to high rate of entraimment of the surrounding air
in the single flame and approached almost to atmospheric oxygen
concentration at » = 4 RT‘ In cases of the multiple flames 02
concentration on the axis between the flames increased slightly
and then decreased agaln due to the presence of ganother flame,
Fige (34~b) shows the radial variations of methane concentration
in the same systems,

In case of the single flame the methane concentrations at
the flame axis show that the majority of thé gas injected has
already been mixed and reacted with the combustion air while the

small amounis of gas which have been deflected and travelled towards
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the edge of the flame have remalned unreacted, In the multiple
flame systems methane concentrations on the‘ centre of the flame
were much higher compared to the single case as a result of poorer
mixing between fuel and combustion alr snd thus slower combustione
As a consequence of flame interaction resulting in reduced amount
of entraimment much higher methane concentrations were recorded on
the axls between the burners., The corresponding carbon monoxide
and hydrogen concentrations are given in Fig, (34~c) and Fig. (34-d)
respectively. These gases were not supplied with the fuel but
produced in the flame as an intermediate product (CO) or due to
cracking of methane (H2) whiere combustion is not complete. The
fact that thelr concentrations on the flame centre as well as at
the edges of the flames are much higher in the multiple systems
indicate the presénce of flame interaction. All these radial
concentration Profiles indicate that the rate of entrainment of
the surrounding alr and the rate of mixing were greatly reduced
due to the crowding cffect in the multlple systems. The presence
of higher fuel concentrations (CH,, H, and CO) at the flame edges
of the multiple systems was partly due to reduced entrainment

and consequently a reduced dilution effect; and partly due to
retarded combustion as a result of the presence of the low shear
reglon on the axis between the dburners as a consequence of flame
interaction.

The effect of burner separation on radial gas concentrations
for two and three burner systems measured at X = 2,2 DT and
moderate swirl level are shown in Fig.(35) and Fig. (36) respect=
ivelye [0, concentrations in Fig, (35-a) and Fig. (36=a), CH),
concentrations in Fig, (35~b) and Fig. (36~b), CO concentrations in
Fig, (35~¢) and Fig. (36~c), H, concentrations in Fig, (35-4) and

Fig. (36-d)].  As the separation between the burners was inoreased
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the radial variations of the gas concentrations spproached to
that of a single flame, Lower oxygen and fuel (CHh’ co, H2)
concentrations near the flame centre encountered at a wider
separation of a = 0,77 Dy indlcate that by moving burners further
apart the mixing and the rate of combustion were lmproved greatlye.
Since each flame had more surface area avallable for entrainment
of the surrounding alr the concentrations near the flame edges
showed the presence of larger quantities of entrained alr, The
effect of separation on the combustion of a threce burner system
was much more pronounced compared to that on a two burner system.
In Fig. (37) the effect of burner crowding on axial dlstri-
butions of gas concentratlions are shown. In the multiple systems
as a consequence of flame interaction the combustion was delayed
as indicated by slower decay of methane along the axis Fig.(}?—a)
as well as the presence of high CO and high H2 concentrations,
Fig. (37-b) and (37-c).  The presence of high H, and CO concen-
trations which are iIntermediate products of combustion were due
to the partial oxlidation of methane. High concentration of
carbon monoxide is consistent with the expected reduction of the
rate of mixing of the fuel and the combustion air, The amount
of amblent alr entrained was less in the multlple systems as
indlcated by lower O, concentrations at the downstream positions as
shown in Fig.(37-a)e As expected this resulted in higher CO
concentration as shown in Fig. (37-b) due to less dilution of

combustion products.

2

Fig.(38) shows the effeot of burner crowding on axlial gas

concentrations at a lower swirl level (S = 0,2), when the burners

were separated by 0.25 D, The concentration profiles show a

gimllar trend as in the previous case. But due to the reduced

degree of swirl the rate of combustion was even more delayed as
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shown by much slower decay of CH,+ concentration Fig, (38-b), along
the axis and the presence of higher CO concentration Fig. (38-a)
near the burner exit as well as along the axis, The measured

0, concentration Fig. (38-a) and CO, concentration Fig. (38«b) at
the downstream positions indicated slower rate of entraimment of
surrounding air compared to a higher swirling system. As was
indicated in the flame length results these flames tend to be very
much longer than moderately and highly swirling flames, When the
concentration profiles of a low swirl system Flg. (38) is compared
with that of a higher swilrl system Fig. (37), the effect of burner
ecrowding on the scale of interaction was found to be more
pronounced at low swirl levels, Similar effects on axial oxygen,
methane and carbon monoxide concentrations for the three burner
system with a separation of a = 0,25 Dy are seen in Fig. (39).
These results are glven for two different swirl levels.

The effect of separation on axial distribution of the concen-
trations of oxygen, carbon monoxide, methane and carbon dioxide
is shown in Figs. (4O-a) and (L4O~b) respectively for the three
burner system (S = 0e¢37)e At the éloser separation a = 0.25 Dy,
the flames affected each other more than at the wider separation,
a = 0,77 Dge  Allen (4) showed that in multiple jet systems at

closer separations due to the aerodynamic interaction the velocity

gradients along the jet axls were very much lower,
radient
velocityiregions were assoclated with lower turbulent intensities

These low

and subsequently these lead to poorer mixing, The oceurrance of
the measured gas concentrations were in close agreement with Allen's
aerodynamic results. The presence of higher methane and carbon
monoxide concentration at the closer separation at any axial
station showed that the turbulent intensities were reduced by

bringing the burners closer to each other. The increase in the
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rate of entraimment by moving the burners further agpart was
indicated by higher recorded 02 concentrations at almost all axial
positlions,

Fig. (41-a) and Fig. (41=b) again show the effect of separation
on axial CO--O2 and CthCOZ concentrations respectively, for two
burner system (8 = 0,2)e Comparison of these figures with the
"féroups of Figs. (40) and (41) shows that the effect of separation
gets more pronounced wlth a decrease 1n the degree of swirl,

6e7 Gas Concentration Distributions for the Single Flame,

Radial profiles of gas concentratlons for the single swirling
flame (S = 0.37) which was taken as a reference flame in most of
the experiments are presented in Fig. (42) at threc different axial
stations, In Fig.(L42-a) very rapid decay of methane concen-
tration on the burner axis can be seen. At an axisl station
inside the burner diffuser X = -0,31 Dp the centre methane
concentration was about 75% and withir one throat diamoter distance
due to very rapid combustion ard high ratés of mixing this
concentration was reduced to about 0.,75% at X = 0,62 DT’
Isothermal veloclty measurements showed that radial velocity comp-
onents were quite high in the cold jet Fig, {3-c) and these
would be even higher in the flame due to acceleration caused by
the combustion, Therefore the presence of high methane eoncen-
tration on the flame edges can be attributed to this high radial
component of velocity such that part of the fucl was carricd
away towards the flamé edge before 1t had a chance to be burnt.
Even though the concentrations at the flame edges were not very
high; consideration must be given to the fact that because of
the high rate of entraimment of the surrounding air the dilution
effects will be more pronounced, This can be seen to be true

from the oxygen concentrations given in Fig, (42-d), Trerefore
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the presence of 6% methane in this oxygen rich region is - eguiva-
lent to much higher methane concentrations in a region where the
entrainment e¢ffects are less pronounced.

Part of the unburnt fuel in the form of carbon monoxide
(as an intermediate product of combustion) and hydrogen (product
of cracking) are given in Figs.(42-b) and (L42-c) respectively.
They both show very similar profiles at the same axiél stations,
High concentrations of CO and H2 were present where the methane
concentration was low and vice versa. When these results are
compared to the ampllitudes of temperature fluctuations measured by
Apak (69) Fig(L5) it 1s seen that there was a close resemblance
between the plots of the amplitudes of temperature fluctuations
and the concentration profliles for methane within a same flame,

Fig, (42-e) shows the profiles of CO, concentration. As
would be expected there was very little co, inside the diffuser
where combustlon had just started, It reached a higher level at
an axlal station of X = Q462 DT where the rate of combustion was
very high as could be seen from methane concentration profile in
Figs (42-a). At an axial station of X = 2,18 Dy CO, concentration
was slightly decreased due to dilution as a result of the high rate
of entraimment of the surrounding air and also the profile was
spread over a larger cross sectional area. Fig, (42-f) shows the
profiles of N, concentration, The regions which have more
entralned alr can be seen where the N, concentration has approached

to atmospheric niltrogen concentration.

6.8 Isothermal Velocity Distributions for the Single Jet,

Three mean veloecity components in a cold annular air Jet of
a single burner measured by a hot wire anemometer are Presented
in this section. The velocltles are normalized by initial

annular Jet veloclity which was calculated at the throat section
from the total air input,
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Fig. (43~a) shows the radial profiles of the relative mean
axial veloclty for a moderately swirling annular ailr jet
(S = 0.37) at four different axial stations, Velocity maxima
Webe recorded away from the burner axis. These profiles are
veéy similar in nature to the mean axial velocity profiles
measured by Dvorak (70) under burning conditions Fig, (46) using
a laser dopler ancmometers The velocities were considerably
higher under burning conditions due to the expansion and thus the
acceleration associated with combustion, It must also be noted
that in the isothermal veloclty measurements the central fuel jet
was not present and subsequently neither was its contribution to
the overall system, Negative velocities were recorded near the
burner exit both in cold and hot systems. The presence of a
recirculation zone at this swirl level (S = 0,37) was not
expgcted from a jet wlthout a divergent diffuser.

The presence of recirculation at low swirl levels is a
characteristlic of the burners with a diffuser. The reverse flow
zone created helps to stabilize the flame inside the diffuser by
recirculating hot combustion products and pre-heating the cold fuel
and alr issulng into the diffuser. The fuel jet was also noted
to spread radlally outwards under the effect of the induced internal
reverse flow zone and when ignited gave a rapidly mixed intense
flame as was verifled by gas concentration measurements shown in
Fig, (42).

In Figs. (43-b) and (43-c) radilal distributions of relative
mean tangentlal and radial velocity components respectively for

the same system at the same axial stations, At the burner exit

(X = O), each mean veloclty component gave a maximum at a radisl
distance corresponding to r/RE = 1 which shows the effect of the

burner diffuser on the velocity distribution, All the mean
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veloclty components decayed very raplidly in the axlal direction,

Relative mean axial, tangential and radial veloclity distri-
butions for a highly swirling (S = 0.57) cold annular air jet are
gi%en in Pig. (bh=a), (L4=b) and (44-c) respectively at three
different axlal stations. Again maximum mean veloelties were
recorded at r/RE = 1 near the jet exit.

In general any Increase In the degree of swirl increases the
angle of spread of the je£ thereby increasing the total avallable
surface area per unit volume of the Jjet for mixing with the
surrounding fluid,

The veloclity gradients near the jet exit are usually larger
at high swirl levels giving rise to higher shear stresses.
TurBulent intensities and consequently the rate of mixing also
inereases with Increasing the degree of swirl, A highly swirling
Jjet dissipates its turbulent energy much faster and at a shorter
distance from the exit compared to one with a lower swirl therefore
the velocltes, the veloclty gradients and resulting shear terms

will be less than they are 1n a weakly swirling jet at an axial

station away from the jet exilt. The changeover point at which

the turbulence parameters of a swirling jet change from being
larger than they are for a weakly swirling jet, to smaller is
typically 3 and 5 Jet dlameters for the swirl numbers betwcen
S =0 to S = 0,6 as stated by Allen (4).

Radlal profiles of mean axlal velocity component at several
axlal stations as measured by Dvorak (70) with the laser dopler

anemometer, in the same burner system under burning conditions

is given in Fig.(46)s A recirculation zone existed near the

burner exit. Velocities near the flame edges were found to be
almost doubled in magnitude compared to the isothermal velocity

measurements given in Fig, (43) measured by hot wire ane.ometer,
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Apak (69) measured average temperatures and

amplitudes of fluctuations with relevance to the formation. of
oxldes of nitrogen in the same burner system at two different
swirl levels (8 = 0,37 and S = 0.57). Anplitudes of

temperature fluctuations ss measured by Apak are shown in Fig,
(45) in order to give complete picture of the single flame used in
the multiple flame studies, Apak concludedrthat on the flame axls
the amplitudes of temperature fluctuatlions were dependent on the
' magnitude of average temperature such that higher the average tem-
perature larger was the amplitude and vice versa,

6.9 Degree of Oxidation,

Degree of oxldation, defined in Chapter (1), in the flames
was calculated using the measured gas chromatographic data. It
was taken as a good measure showlng the degree of completion of
combustion. The degree of oxldation along the flame axis for
single, two and three flame systems at a moderate swirl level
(S = 0437) are given in Fig, (47)¢ In the case of a single flame,
oxldation is almost complete at positions about eight throat
diameters downstream from the burner exit whereas in multiple
systems the oxldation 1s found to be incomplete at distances
twice this value, This is an indication of delayed combustion in
multiple systems as a consequence of interaction, This delay
besldes belng due to reduced rate of entrairment is also due to
‘improper mixing of the combustion air with the fuel. Allen (L)
showed that in multiple jet systems due to the presence of
neighbouring.jets the loecal velocities within a flame increased
wlth corresponding decrease in veloclity gradients snd shear stress
terms, Because the mixing within a flame is mostly as a result

of turbulent eddics set up by shear forces, lack of these causes

improper mixing,  Since the rate of entrairment is similarly
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reduced the rate of oxidation is grossly reduced, In Fig. (48)
the effect of separation on degree of oxidation along the centre
flame axis in a three burncr system at a moderate swirl level 1s
seen. At a closer separation where a = 0,25 DE’ the 1lncrease in
the degree of oxidation is much slower than it is in the case of
a larger separation where a = 0.77 Dp. At a large separation
although the mixing and the entraimment rates were reduced
compared to that of a single flame, as a result of reduced
turbulence intensity and due to the presence of adjacent flames,
they were appreciably higher than they are at a close proximity
system.

In Fig.(49) the degrees of oxidation along the flame axis
are given for a system which has a lower swirl (S = 0,2) and
closest separation (a = 0,25 DE)‘ The progress of combustion in
these cases 1s even slower than it is in the previous case.

Since with any reduction in swirl the turbulence intensity 1s
also reduced, this leads to poorer mixing and thus to delayed
combustion which 1s seen as a longer flame length,

Effect of burner crowding on radial degrece of oxidation at
an axial station of X = 2,2 Dy 1s shown in Fig. (50). In the
three burner system each flame was separated by 0,25 DE' The
degree of oxidation on the flame axls was very low in the three
burner system compared to the single flame, since the progress of
combustion is much slower in the multiple systems due to flame
interaction, At about » = 2,5 Rp both single and multiple

flames have a low degree of oxidation region and then it agaln

increases at the flame edges. That increase 1s much faster and

nearer to complete combustion in single flame whereas it is

comparatively slower in three flame system because of the

presence of another flame nearby, The low degree of ovidation
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region in the single flame corresponds to the region where
turbulence intensities are low in a cold single jet as measured

by Allen (4).

Much lower values of the degree of oxidation in the three
burner system implies#further reduction in the turbulence

intensitles as a result of flame interaction.
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6,10 Dilution and Mixing Factors.

In thilis section some factors calculated depending on the
measured gas concentration data have been presented. The defin-
itions of these factors have been given in section (1.6.5).

Fig.(5l) shows the change in the degree of dilution with the
number of burners., When the value of the dilution factor is
greater than 1.0 the point in question 1s in the fuel rich region,
When thls value approaches to zero the medlium reaches to the |
atmospheric conditions. MD = 1 indicates no entrainment of the
surrounding aif. The single flame shows a very short fuel rich
Z0nNe, It entrains the surrounding air very rapldly and approaﬁhes
to almost atmospheric conditions at about 1Q Dy dowmstream. Two
and three burner systems show a different behaviour, The fuel
rich zone extends up to 6 DT in the two burners and 8 DT in the
three burners whereas it is less than 1 DT in the single flame,
At about 16 Dy the dilutlon in the multi burner systems have only
progressed half way. Effect of number of burners on the radial
values of the dilution factor is given in Fig, (52). The single
flame does not show any fuel rich zone at that particular axial
position. Beyond r = 2 RT it entrains air very rapidly and
approaches to complete dilution, In the three flame system a fuel
rich zone appears at the centre of the centre flame which extends
up tor = RT and before 1t is diluted to a considerable extent the
fuel concentration agaln inoreases under the effect of the adjac-
ent flame, The increase starts before the axis between the
burners where the interaction is most intense,
The dilution factor along the single flame axis and along
the centre flame axis of the three burner arrangement at a lower

swirl level (S = Qe 2) are shown in Pig. (53). The flames tend to
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have a longer fuel rich zone at low swirl, In the single flame
this fuel rich zone extends up to 6 DT and in the three burner
arrangement up to 9 DT‘ Both flame systems show a slower approach
to atmospheric conditlons compared to the corresponding flames

Fig, (51), at a hiéher swirl level.

These results show that the degree of dilution at a flame
point decreases as the number of burners increases and the degree
of swirl decreases,

Fig. (54) shows the radial distribution of the aerodynamic
mixing factor (MA) and Fig, (55) shows the corresponding stoichio=
metric mixing factor (MS). In a single flame, at the same axial
position, MS 1s always equal or greater than unity which indicates
the presence of Jjust sufficlent or excess amount of air over that
requlired to complete the conbustion. In thg three flame arrange-
ment Mg 1s always less than unity which indicates insufficient
amount of air to complete the combustion, The value of MA at
the centre of the single flame is equal to unity where the mixing
between the fuel and the combustion air is completed, Between
the centre and r = 2,5 RT the mixing between the fuel and the
input ailr is not yet complete but not far from the complete
mixing, beyond r = 2,5 RT’ the flame entrains great amounts of
atmospheric air, This has also been shown by the dilution
factor in Fig. (52). The three burner systém is far from the
complete mixing at all points, at this particular axlal position.
The mixing of the fuel with the combustion air is very low

especlally near the axis of the centre flame and around the axes

of the adjacent flames, The value of the stolchiometric mixing

factor reaches to almost unity at about r = 1.5 RT where the
dilution factor 1s also about unity.
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When the adjacent burners are far apart the large scale
mixing between the fuel and the air increases greatly. Fig.(56)
shows the effect of burner separation on acrodynamic mixing
factor for the three burner system. The burner arrangement with
the separation of a = 0,77 DE shows appreciably better mixing
compared to the arrangement having a separation of a = 0.25 D..

Schematic flow patterns for a single swirling flamc and for
three swirling flame system have been postulated from the measured
and computed data coupled with visual observations obtained by
introducing NaCl into the flames and arc given in Figs.(57-a)
and (57-b) respectivelys As shown in Fig.(57-b), mass transfer
between the adjacent Jects 1s expected but the amount and tho
direction of the mass transfer needs to be studied scparately to

prove the validity of this postulation.
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CHAPTER 7.

CONCLUS IONS

An experimental study of the interaction in the multiple
turbulent gaseous diffusion flames was the maln concern of the
research programme, The influence of the number of burners, their
gseparation and the degree of swirl on the interaction of the
multiple flames for different configurations has been investigated,
A single flame haé been studied as a reference flame to provide
information for the comparison with the multiple systems,

Multiple flames were found to be less stable agalnst blow=-
off compared to a single flame and the blow-off limit curves
shifted towards the fuel rich region as the swirl was reduced.

At low swirl levels and minimum separation the centre flames
were lifted off the burner rim and were frequently blown-off,

Considerable increase in the flame length was one of the
indications of the flame Interaction in the multinle burner
arrangements, As a consequence of the flame interaction overall
visible flame length increased with a decrease in the burner
separation and increase in the number of burners. These effects
were even more pronounced at low swifl levels. In the three and
the flve burner systems neighbouring flames tended to diverge from
their original axes towards the centre flame and oscillations were
set up particularly at the flame end. At separations more than
four exit dlameters no visible flame lengthening was observed.

Changing the burner spacing and the number of burners
resulted in very distinet changes in the flame temperatures,

The temperatures measured on the axis of the datum flame, show

that the temperature maxima are recorded at further downstream
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in the multiple systems as a result of the shifted reaction zone
due to delsyed combustion. Slower decay of the temperature
curves indicate slower cooling at the downstream positions of the
multiple systems. Beyond a = 2'DE no effect of neighbouring
flémes on flame temperature are noticeable,

The gas concentration measurements all indicate that with
the burner crowding the rate of entraimment of the surrounding air
and the rate of mixing are greatly reduced, Presence of high
unburnt fuel and low oxygen concentrations on the axis between the
flames 1s due to reduced entrainment and consequently reduced
dilution effect; and partly retarded combustion as a result of
the expected low turbulence intensities. In the multiple systems
the decay of the methane concentration is slower, and the rate of
carbon monoxide formation 1s higher along the flame axls compared
to the single flame. These effects are more pronounced at
closer separations and at low degree of swirl, At separations
larger than "a = 2 DE no interaction is noticeable,

Swirl greatly increases the mixing characteristics and
consequently the rate of combustion of a flame particularly in
the region close to the nozzle. The multiple flames that have a
low degree of swirl show markedly higher interaction than the
moderate or highly swirling flame systems. The degree of swirl
also Increases the rate of ocombustion by increasing the rate of
entraimment of the surrounding air into the flames,

The multiple flame systems show a slower approach to
complete combustion indiecated by N = 1. The dilution factor
tends to be higher at the downstream positions of the multiple

systems which indicates a smaller smount of the entrainment of
the surrounding air,
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The degree of dilution at a flame point is decreased as the

number of burners is increased and the degree of swirl is

decreased,

When the adjacent burners are far apart the large scale

miking between the fuel and the air is increased greatly.

The followlng general conclusions can be drawn from the

results of this Investigation:

1.

2

3

De

6o

Te

Multiple flames are less stable against blow—off, central

flames can be lifted-off the burner rim when surrounded by
other flames,

For flames separated by more than two burner exit dlameters
there was no significant interaction. As flames are brought

together from X/DE = 2 interaction increases and reaches a
maximum when burners are adjacent to one another,

Burner crowding reduces large scale mixing and entraimment
of air from the surroundings, thus delaying the combustion.

Swirl greatly increases the mixing characteristics and the
rate of combustion within a flame.

The Interaction effects become more pronounced as the swirl
number 1s decreased.

Burners with 20 degrees diffuser half angle show better

stabllity compared to burners with smaller or larger angled
diffusers,

In predicting flame length for multiple burners, account

must be taken of the increase in flame length as a consequence
of separation distance of other flames, Increase in flame
lengths can result in severe damage to cambustion chambers,
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CHAPTER 8,

RECOMMENDATIONS FOR FUTURE WORK

The scope of this research project was proposed by the
Ministry of Defence (Ships) which was partly a continuation of
the investigation carried out by Allen (L4), who has provided
isothermal data on multiple jet systems, But thevsystems studied
were not the same in the two investigations thus it is difficult
to relate these two sets of results, In order to complete the
set of data on multiple jet systems under burning conditions
measurement of flame veloclties with the laser doppler technigue
developed wi€hin the Department (70) would be most valuable to
provide information on a newly explored field of combustion.

A study of the mixing characteristics under burning conditions
in the same multiple jet system would be very Interesting. A
radiocactlive tracer gas technigue can bve used for this purpose.
To measure the amount of mass transferred between the adjacent
flames a tracer gas can be injected into a burner and its presence
and concentration can be searched for in the surrounding burners.
This investigation can be done both for "in mesh" and "out of
mesh" swirling jet systems.

There are certain difficulties assocliated with incorporating
swirl and combustion, Whereas much progress in the field of

turbulence models 1s currently taking place, very 1littlc attention

1s pald on recirculating combustion systems, The present

investigation accompanied with (69) and (70) presents a set of
date (time mean concentrations, mean temperatures and amplitudes
of temperature fluctuations, mean and fluctuating three component
velocities under cold and burning conditions) for a single

swirling diffusion flame with recirculation. These dsta can be
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used to test the valldity of an exlsting combustion model or for
the formulation of a new model, The most valuable attempt would
be to extend the turbulence model for chemically reacting system
developed by Bray (75), (76), (77), to cover swirling diffusion
flames with recirculations. The above mentioned data can help

to construct and check the validity of the model,

An investigatlon can be performed in order to make an exact
calculation of the radiation from the multiple flames under
various conditions, In order to make an exact calculation of
the radiation from the flames and the gases, i1t 1s necessary to
know the temperature, the relative positions of emitting and
absorbing medla and thelr emissivities and absorbtivities as well
as the local velocltles. The local emissivities of luminous,
turbulent diffusion flames are little known, If a sufficiently
accurate calculation of the burning rate and the distribution of
the combustion products could be made, the temperature field and
the distribution of emissivity would be obtained, The emission
of a luminous flame depends on the number of carbon particles, and
thelr number varies greatly with the conditions under which the
combustion occurs. It is influenced, for instance by the mixing
of air and the combustible gases and by the temperature of both
components. As long as these conditions cannot be predicted,
there 1s no possibility of calculating the radiation from g flame
exactlye The faint bluish shine which natural gas emits and
which 1s called "chemoluminosity" arises from the chemical
reactions within the gaseous components. Such flames do not have
a high radlating ability, but under certain conditions, such as

when the number of burners are increased or when the swirl level

1s decreased some luminosity is observed in the flames, due to
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the formation of carbon particles which glow in the flame and give
it the yellowish colour, thus increasing the rate of radiastion
from the flames, A study of the amount of radiation heat loss
from the multiple flame systems can have both practical and

theoretical wvalue,
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FIG.I2 BURNER ARRENGMENTS EMPLOYED.
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APPENDIX 1,

COMPOSITION OF NATURAL GAS

Ny
co
co
Hy
cHy,
Colg

2

03H8

iSO“cLI_

n-CLI_

5

OV (Btu/sft” dry)
S.G. (dry/dry air)

Bacton

154
0.05

94.2

3¢ 30
0. 61
0,08
0.12
0. 07

1043
0. 591

Eagington

1,20
O 50

e 3
3,20
0.58
0,08
0e11
0.06

1042
O» 594

Natural gas was supplied from two terminals, and the figures

quoted (% v/v) are an average of one month's results,

difference between the two guses is the CO2 content.

The major

Chromato-

graphic analysis for 002 1s a quick check on gas source,

A.l.



APPENDIX 2,

CORRECTION OF WIRE CONSTANTS FOR VARIATIONS

IN GAS TEMPERATURE
'

When a hot wire probe is used in a flow of a different
temperature than the calibration temperature, which is often the
case when the flow 1s generated by a fan, then it is essential to
correct the calibration data to take this effect into account.

A constant~temperature hot wire anemometer is deslgned to
maintain the temperature of the wire constant under changing
ambient flow conditions. Therefore observation of the output
voltage of a hot-wire anemometer only does not help to separate
effects due to change in flow velocity or = change in flow temper-
ature,  There are many situations, as it has been in this
research, where the amblent temperature of the flow does not
remain constant and where considerable error can be introduced
into the measurement of flow velocity.

The basic response of the hot wire anemometer can be
described by King's law, which relates the Nussult number Nu,

to the Reynolds number, Re, of the flow around the wire,

Nu = Al + B! Re% es0secoece (A2.1)
where 2
Nu = E , Re = £U4
Ry ¢ & (LT, ) r

A' and B' are wire constants, R, 18 wire resistance E 1s the

bridge voltage, ¢ is hot<wire length.  From equation (42,1)

2 z

Bom Ry LRI AT + Ry 2k (-m )3t (2L [ (s2.2)
In the above equation, k, p and u are all evaluated at

temperature T which 1s a temperature characteristic of the flow

around the wire. For air the group k(p/u)% has a very little

A2,



dependence (54) on fluld temperature. Thus for a wire at a
fixed temperature equation (A2,2) becomes:

2

E® = k (T, = T )A" + (T,~T,)B" u? sevesvedse (A2, 3)

The flow properties have been evaluated at the wire surface

temperature Ty» &8s suggested by Davies and Fisher (74). At a

constant wire temperature equation (A2.3) becomes
1 ,
E2 = A 4+ B U/h sesvssnsee (AZOL")

At two different ambient temperatures hot wire anemometer

response equation will be (73)

= A+ B U% + C at temperatur‘é Ta eoeevccc (A2o5)
1

|

g #h

1
Ay + BqU? + C; at temperature T, seeeeces (A2:6)
1 1 8,

where
L .2 .o . w-rm (A2.7)
— - - - [ E N NN NNN NN [ ]
4 By Cqy Tw Ta2
T « T
8 8o
let 0N = €
a1
T
and rflv- = B
a
1

where 6 1s the overheat ratio, Therefore equation (A2.7) can be

written as follows:

A _ B _ o 6 =1 o
A'l = Bl = Cl = e - 1 + € = 0 + € (XXX (A208)
o]

where = 0 = 1 \
Substituting eq. (A2.8) back into eq. (A2.4) gives
2 g + & %’
Em = Ai“"é__‘)’ + B '9-:,;"2 Un oooooooooo(A2.9)
Now let

Em=Ec + OF essv2e000 e (A2.10)

A'Bo



where Ec = the bridge voltage in the absence of any
temperature change.

8E = variatlon in bridge voltage with the temper- -
ature change,

Substituting eq. (A2,10) into eq. (A2.5)

(Em. - 6E)2 = A+ B U% ®eo0svssces (A2011)

!

and combining equations (A2.11) and (A2.9)

By = (1+ &) (g~ o8)°

and
1

£y 2 '
Enl = (1 +"6‘) Ec ssevssvces (A2012)
If the changes in stream temperature, (Ta - T, ), 18 small
1 2
compared with the difference befween wire temperature and stream

temperature, that means &/6 is small, thus equation (A2,12)

becomes

o~ ]
Ec""“' Em (1""2"0" S0sevoccnece (A2013)

By substituting the value of E, in equation (A2,5) the correct
veloclty can be found.

AJy.



APPENDIX 3.

The programme is written in Focal and calculates the actual
gas temperature by solving equation (5.3) for Tg» To do this the
physical properties of the gas at the point had to be known.

The conccntrations measured by the gas chromatograbh are at
dry basis. First the water content is calculated by making N2,
O2 and carbon balance and all concentrations are converted to wét
basise. Mixture viscoslity and thermal conductivity are calculated
using Wilke and Mason-Saxcna equations,ans given in Ref. (65),
respectively. Mixture density, molecular weight and specific
heat are calculated by taking a weighed average of these properties
at the tempcrature and pressure in question.

Using these computed properties mixture heat transfer
coefficient and cffective Junction emissivities are calculated
to be inserted into equation (5.3).

Having fed the necessary data aerodynamic and stoichio-

metric mixing factors and degrece of oxidation are also calculated
in this programme.



OUTPUT Lol+
RESULTS
CALCULATE
COSEQST TRUE GAS
SENT TEMPERATU
CALCULATE
_READ CONVECTIVE
TEMPR VEL. - |HEAT TRANSFER
EMISSIVITY COEFFICIENT
CALCULATE CALCULATE
WATER EFFECTIVE
CONTENT EMISSIVITY
RECALCULATE ‘ : CALCULATE
CONCENTRA - M IXTURE
TION : SP. HEAT
CALCULATE CALCULATE
AERODYNAMIC MIXTURE
MIXING FACTOR | DensiTY
CALCULATE CALCULATE
DEGREE OF EFFECTIVE
OXIDATION MOL.WEIGHT
' }
CALCULATE CALCULATE
GAS MIXTURE GAS MIXURE
VISCOSITY THERMAL CON-
DUCTIVITY

)

FLOW DIAGRAM OF THE COMPUTER PROGRAM
FOR CORRECTON OF RECORDED TEMPER ATURES.
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APPENDIX U,

Two programmes are written in FOCAL to calculate the iso-.
thermal velocitlies of the annular air strean. First programme
calculates the calibratlion constants to be used in the second
programme for calculating the three component mean velocities.

Programme (1) calculates the calibration constants A,B,C
in the calibration equation (5.6)s First the ambient temperature,
Pressure and a set of calibration data (anemometer D.C. voltage E
and NPL pitot pressure readings in m.m. H20 corresponding to
flowrates) are fed. Then the computer converts the pressures
to flowrate data and does o least squares fit on the given data
to obtain the constants A,B,C. As a check on the calculated
constants the D.C. voltages are recalculated using equation
(5.6) and compared to the D.C. voltages previously fed in as data.
Within the calibration range used comparison of two sets of
voltages show a very close fit of the calibration equation.

Programme (2) uses thec calibration constants calculated by

the previous programme to compute mean and fluctuating velocities

depending on the hot wire ancmometer data.

Because the voltage readings of a hot wire ancmometer are
highly dependent on the flow temperatures a temperature
correction 1s introduced for voltages to take into account the
changes in temperature. _

After this the programme is a straight forward solution of
the equations (5.12), (5.13) and (5.14), for mean velocities and
the cquations given by Syread (58) for the turbulent parameters.

A7



Since this programme assumes that the three out of the four
output voltages are in phase the errors in computation of the
turbulent parameters can be grossly in error and thercfore they

are not used for any interpretation.

A.8



( START )
‘ READ
TEMP PRESS.
No OF POIN.

READ |
VOLTAGES
& PRESSURES/

Y

CALCULATE
FLOWRATES

CALCULATE
A,B&C

ke

* WRITE |
\A.B&ac [

s
RECALCULATE

DC. VOLTAGES

USING A,B.C &
" LOWRATES

WRITE
CALCULATED
AND GIVEN
VOLTAGES

\

‘ STOP ’

PROGRAM- l FLOW DIAGRAM OF COMPUTER

PROGRAM FOR CALCULATING THE CABRATION
CONSTANTS.




Lal+l

READ
GX,A,B &C

READ
TEMPERATURE

READ
MEAN
VOLTAGES

MAKE
\ TEMPERATURE
CORRECTION
|
READ
RM.S.

VOLTAGES

MAKE
TEMPEPATURE
CORRECTION

]
CALCULATE
MEAN & FLUCTIA!
TING VELOCITIES

F
S ALCULATE 1 FinD
IC ENERGY [ ION OF
& TURBULENCE °'R§f_2w
INTENSITY

OUTPUT
RESULTS

1

FLOW DIAGRAM OF THE PROGRAM FOR CALCULATING THE
VELOCITIES.

PROGRAM - 2
A-ID



