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The experimental and computational work reported here is intended to

improve understanding of the properties of axisymmetric,gas-~fired furnaces.
’

To this end measurements of three components of velocity and the rms of the
corresponding fluctuations,of local mean temperature and wall<heat flux
were obtained in a model furnace for a range of burner arrangements and intial
flow conditions.The measurements were also intended to facilitate the
evaluation of combustion models and so to allow the development and quantitative
assessment of a design method, based on the solution of finite—diff;rence
representations of conservation equations.

A laser-Doppler anemometer,incorporating light frequency shifting by a
rotating disc grating,was used to determine the velocity characteristics of

'

the combusting model furnace flows.The same instrumentation was used to
determine the'characteristics of related isothermal flows:these measurements
allowed the chosen two-equation turbulence model to be tested without the
complication brought about by combustion.A prespex version of the model
furnace Qas used for the isothermal measurements since it allowed more
detailed measurements to be obtained with comparative ease.Mean gas temperature
was determined from a calibrated suction pyrometer and wall heat flux from
the flaw rate of cooling water,and the corresponding inlet and outlet
temperatures,which passed through the seperate sections of the furnace wall.

The ability of the solution procedure to represent isothermal flows was
tested by comparing results with the measurements in the isothermal flow in
the pre.spex furnace geometry.In addition, comparisons were made with measurements
previously reported in a range of elliptic flows.The calculatéd results were,

in general in close agreement with the measurements and certainly sufficiently

clear such that the turbulence model was unlikely to be the limiting component



of the solution procedure,It was noted,howeyer,that the properties of blunt-body
stabilised flows were less well represented than those of corner recirculations
and that the closeness of the agreement tended to deteriorate with increasing
swirl,

A preliminary examination of combustion models suggested that diffusion
flames would be well represented by single-step fast reaction and a probability
of scalar fluctuatioris based on a clipped Gaussian distribution;Arrhenius =
and eddy-break up assumptions were considered adequate for premixed arrangements
although the turbulence control was later found to be better expressed by the
solution of scalar correlations equations along the lines suggested by Borghi.
A radiation model based on the use of simplifying assumptions for the angular
variation of the radiant intensity,was preferred on the grounds that the flux
equations can be easily coupled with the numerical solution of the flow
equations.Density fluctuation correlation equations were found to be necessary
in the calculation of NO, and resulted , for example, in significantly
different calculated values of mean temperature.

The solution procedure was compared with the previously reported velocity,
energy agd pollution based properties of many authors and with the measurements
obtained in the present furnace.In general,the velocities were represented
to within 10%;the mean tempefature to better than 3 50K;and the wall heat flux
to 15%.Intermediate species can also be determined and the results for NO.,
for example,suggested that with a super equilibrium constant of 2.4,

measurements could be represented to withiny20%with similar trends.
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NOMENCLATURE

fu

area

preexponential coeffigient

absorpti§n coefficient in radiation model‘
constants in specific heat expression
mole fraction

specific heat at constant pressure

_donstants of the two-equation turbulence model

. constants of the combustion model

eddy break up constant

" diameter

laminar diffusion coefficient

" activation energy ‘

mean mixture fraction

fluctuating mixture fraction = f-f

square of concentration fluctuation,g =(f - £ )2

- gravitational acceleration

mean stagnation enthalpy

fluctuating stagnation enthalpy

heat of reaction of fuel

intensity

stoichiometric mass of oxygen per unit maés of fuel

2 1352 490

kinetic energy of turbulence = %( u
constant of log law. |
length

mean mass fraction of species a

fluctuating mass fraction of species a

pressure



Greek Symbolg

Ty

probability distribution of ¢
heat flux

univefsal gas constaht

rate of fuel consumption

net radiation fluxes in the x and y directions

.radial distance from the centreline

scattering coefficient in the radiation model -

swirl number , defined in Appendix Al

_.mean source term in the ®eguation

Stanton nﬁﬁber

time

mean temperature

fluctuating temperature
mean axial veldcity component
flugtﬁat?ng component of axial vélocity

mean velocity component in the xj direction

fluctuating velocity component in the xj direction
mean radial velocity component

fluctuating component of radial velocity
méan tangential velécity component
fluctuating component of tangential veloc;ty
molecular weight

axial distance from the burner exit
distance along the j coordinate direction
radial distances from the burner centreline

width of burner énnulus

turbulent exchange coefficient in the $equation



~-10-

§ | Dirac Delta function
‘5ij ' Kronecker Delta
€ ' | dissipation of turbuleﬁt kinetic energy
7 beam intersecting anéle
_A ‘ ' laser source wave length
v o molecular viscosity
5 " mean denéity
o ‘density fluctuation
v oo ' . frequéncy
g Stefan—Boitgmann constapt
0® Schmidt and Prandtl numbex for any variable ¢
T l‘ .time‘scaie
o . mean component of a scalar quantity L)
¢ , fluctuating cdﬁponent of a scalar gquantity @
Subscripts
a | spéciesj
b | bulk -
c central recirculation zone
c.w cooling water
D Doppleé
eff effective(including the effects of turbulence)
£ furnace
fu fuel
J | ' jet
max maximum
min , minimum
Ox oxidant
Pr : product

r recirculation



stoichiometric
turbulent
wall

at the centre

11~
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CHAPTER 1

INTRODUCTION

1.1 Aim of Present Investigation

1.1.1 Flow Considered

The thesis is concerned with turbulent flow in axisymmetric furnaces;
reacting and non-reacting flows with and without swirl are considered.

The flow downstream of a confined, axisymmetric jet arrangement, which
is-typical of the type of flows considered, is illustrated in figure 1.1
where regions of forward and reverse velocities are indicated. In the
initial region, where the‘mixing of the coaxial jets occurs, the flow
pattern is similar in terms of centfeline ve}ocity decay and spreading

rate to that of a coaxial je£ issuing into stagnant surroundings. The

|

sudden enlargement creates reverse flow regions,of size governed by the
expansion ratio, at the corners of the confining cylinder and these influence
the ent;ainment to the developing coaxial jet. The introduction of swirl in
the annular stream shortens the developing region and may create a central
recircﬁlation zone whose size depends on the ratio 5f the tangential to
axial momentum at the jét exit. The influence of combustion was not
quantitatively appreciated although, in general, it tends to accelerate

the fiow; its quantification is one of the contributions of the present
contribution.

The flow configuration of the previous paragraph, with a central jet
flow of fuel and an annulus flow of air, ignites when the temperature is
high enough for reaction to occur. The unpremixed flame can be stabilized
on the wall between the two jets. The introduction of swirl and the con-
sequent region of recirculation along the centreline causes hot gases'to

recirculate and raises the temperature of the reactants entering this

stabilization region.
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In general, a well.designed furnace has a stabilized flame with
maximum combustion efficiency; the mean flow and turbulence fields have
a major influence on the flame‘structure and the formation of pollutant
is strongly temperature dependent. The present investigation provides
data which is intended to assist the furnace designer and which allows
'tﬁe assessﬁen£ and quantification of a calculation procedure developed
to allow the calculation of furnacé—flow properties. The calculation
method is comparéd with present'and previous experimental results and is

shown to allow a valuable contribution to design.

1L1.2 Practical relevance and purposes
" The flow'described;briefly in the previous subsection is relevant

to severél p;acticai applications inclﬁding-furnaces which form the main
motivation for the present wark. 1In furnaces, ané particularly in fire
tube-arrangements, the burner may consist of coaxial jets, andvthe heat
released from thelresuiting flame is transferred to the containing walls

by convection and radiation. The flame stabilization is governed by many
factors such as, for eXample, furnace dimensions, burner dimensions and
"air and fuel stream velocities. In order to stabilize the flame, a disc
(baffle) ﬁay be used Eo create a recirculation zone or swirl is imparted

to the air stream to create a central recirculation zone. The first method
of flame stabilization is more suitable for premixed flames, where premixed
reactants flow through'the annular sbacé to the combustion chamber as

sho@n in figure 1.2; in this arrangement, chemical reaction rate may have

a strong influence on the reaction and resulting flame properties. In
diffusion flames, separate streams of air and fuel enter the furnace and
the flame is controlled mainly by the mixing of the reactants; in particu-
lar, the swirl generated in the air stream causes the hot gases to recir-

culate and preheat the fresh reactants, hence preventing blow off. A
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typical flow pattern inlthe vicinity of the central recirculation zone
is shown in figure 1.2.

In gddition to fire tube boilers, the piesent investigation is
rélevant to the flow in rotary cement kilnS where the cement ore is
poured in at one end of the slowly rotating axisymmetric enclosure with
~ the bﬁrnerAlocated at the other end. The heat released froﬁ the flame
is transferred to the molten cement which is discharged from the flame
end as shown in figure.i(BL

: Thé objebtivesAéf the present work are direétly related to the
applications discussed asqve and méy be stated as:

to provide experimental information which helps to quantify

‘the.inflﬁence of swirl and combustion on aerodynamic and heat

transfer prope;ties of two-dimensional, axiéymmetric, furnace

type flows. |

'to develop and test the ability of turbuléncé and combustion

. models to represent the present and previous measurements.
ané to provide a method‘for the calculation of the flow, heat

transfer and pollutant characteristics of two-dimensional,

axisymmetric fur?aces aﬁd, by comparison with experiment, to

assess its range of applicability and precision.

The measured properties inélude, mean and fluctuating velocity com-
ponents, mean temperature‘and.wall heat flux. The inflﬁencé of flow and
geometrical parameters are determined by a combination of numerical solu-
tions and measurements. The numerical meth§d solves appropriaﬁe conserva-
tion equations in finite difference form and embodies the turbulence and
combustion models.

1.2 Previous Investigations

In this sec¢tion, previous experimental and computational investigations

of furnace flows are reported to provide an indication of the knowledge
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available at the start‘of the present work,vi.e. 1973. This historical
record is complemgnted by commgnts,on the precision of the various measure-
ment teéhniques and an assessment of the available information. The
relative‘merits of previous compu£ational investigations of furnace flows
are also assessed.

1.2.1 Experimental Investigations

Previous experimental invgstigations of direct relevance to the present
work ére listéd ianablell.l, where measqred properties, measuring tech-
niqués and flow configurétionsIare,displayed. The combusting-flow inves-
tigations relate only tolfurnacé geométries, Chedaille et al. (1966) pro-
vided a review of egrlier mea;urements of mean velocities and concentrations
in coaxiél jets and furnaces and these are ngt reconsidered here. The
investigations summarised in‘'table 1.1 encompass a comparatively narrow
range of flows and often prqvide insufficient detail and precision: they
demqnstrate the néed fér improved measurements and, at least in terms of
6, U and E, these aré provided in the present work. These data are, how-
ever, useful invthat they can aid the testing and assessing of the validity
of the calculation procedure'deVeloped here and do encompass a wider range
of flow configuration;, akin to furnace flows than could readily be oﬁ—
tained in a single investigation. Table 1.2 illustrates the geometrical
configurations of these pfevibus measﬁrements.

Previous Velocity measuréments, apért from those of Owen (1975) and
Baker et al. (1974a), were carried out with pitot pfobes which can intefere
with the flow, particularly in regions of recirculation, and can result in
erroneous velocity information. Moreover, pitot probes and hot-wires are
unable to resolve the flow directions and their use near recirculation

zones can lead to large errors. The technique of laser Doppler anemometry,

in contrast, does not interfere with the flow and allows the direction of



Table 1.1

Reference Ve19c1t1es Concentration Temperature Wall Heat Flux NO Flow Type
mean rms
Afrosimova (1967) pitot prcbe - - suction pyrom. - - isothermal
combus tion
Ijmuiden (1970, 1971, 1974) pitot sphere - Sampling Probe Suction Pyrom. | radiation flux |chemi- isothermal
thermocouples meters luministic | combustion
Wu et al (1271) pitot probe - Sampling Probe thermocouples radiation flux - isothermal
; meters combustion
Bilger et al (1972a) pitot probe - Sampling Probe |thermocouples - chemi- combus tion
luministic .
Steward et al (1272) pitot probe - Sampling Probe thermocouples radiation flux - combustion
meters
Gunther et al (1972) - - Sampling Probe |thermocouples - - combustion
Baker et al (19744a) laser anemometry - = - - combustion
El Mahallawy et al (1973) . -t
Lockwood et al (1974) Sampling Probe - - » | combustion
Beltagui et al (1974, 1975) pitot probe - Sampling Probe |thermocouples - - isothermal
combus tion
Owen (1975) laser anemometry - - - - isothermal
combustion
Lenze et al (1974,1975) - - Sampling Probe |thermocouples - - combustion
El Ghobashi (1974) - - Sampling - - - combus tion
Ionization Probe
Khalil et al (1974) pitot probe - Sampling Probe thermocouples - - hot mixing
Paauw (1974) pitot probe - Sampling Probe |thermocouples - chemi- combustion
luministic
Bowman et al (1975) pitot probe - Sampling Probe |double sonic - chemi- combustion
orifice luministic
Cernansky et al (1974) - - - thermocouples - chemi- combustion
luministic

....9'[-.



Table 1.2

Reference Iength mm Diameter mm Expansion ratio Fuel Supply Comments
Afrosimova (1967) 1600 800 1:3 Town Gas With combustion
Ijmuiden (1970, 1871, 6250 2000 1:11.4 Nat. das with quarl|Sg. section with and
1974) without swirl
Wu et al (1971) 5000 800 1:6.87 Nat. gas conentra- [With and without swirl
tions jets with combustion
gquarl
Bilger et al (1972a) 1800 305 Co-flowing Hydrogen Sg. section
without swirl
Steward et al (1972) 720 254 Co-flowing Propane Partially premixed
Gunther et al (1972) 2500 450 'Co—flowing - Town gas Without swirl
Baker et al (1974a) 6250 2000 1:11.4 Nat. Gas with quarl
El Mahallawy et al (1973) , . .
190 2 :2. t 1
Lockwood et al (1974) o} 10 1:2.69 Town gas With & without swir
Beltagui et al (1974, 1400 450 1:5 Town gas Isothermal and pre-
1975) 900 225 1:2.5 Single jet mixed flame
Owen (1975) 1220 125 1:1.43 Air Without swirl
) Isothermal flow
Lenze et al (1974, 1975) 2500 450 Co-flowing Nat. gas Without swirl
) Town das
El Ghobashi (1974) 1900 210 1:2.69 Town das Without swirl combustion
Khalil et al (1974) 2100 210 1:2.69 Air With and without swirl
non reacting
Paauw (1974) 1400 outlet Conical furnace °
300,660 Nat. gas Cone angle 22
Bowman et al (1975) 1210 122.3 1:1.3 Methane
concentric jets
Cernansky et al (1974) 356 58.0 Co-£flowing Propaie With swirl

-.L'[._
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flow to be resolved; as a result, precise measurements can be obtained in
regioﬁs of recirculation. The early work of Baker et al. (1974b) was
concerned with demonstrating the use of laser Doppler anemometry in
flames and in related regions of flow recirculation.

Measurements of local gas concentrations have been obtained with iso-
kinetic sampling technigues which are discussed in detail in Bilger (1972b).
Mean gas temperatures have been measured with thermocouples and suction
pyrometers with a likely pfecision of * 5%, The related uncertainties
depénd dn the probe size, coating material, number of shields and detailed
studies of uncertainties have been reported by 0didi (1974) for thermo-
couples and Khalil (1975) for suction pyrometers. In general, the measure-
ments are likely to be more reliable in regions of small gradients, in
non-reacting 'flows and where the fluctuations are smaller. Measured
radiative heat fluxes have beén determined by ellipsoidal radiometers
which were inserted in the furnace and an overall balance on the furnace
cooling sections carried out to obtain the convective portion of the total
load. The likely precision of heat flux measurements were reported by
Braud et al. (19272).

Most previous velocity measurements in furnaces were obtained with
pitot probes and hence more reliable experimental data particularly in
recirculation zones, were needed and together with turbulence intensity
distributions could be obtained with a laser Doppler anémometer . I'n the
context of the present célculations, previous experimental investigations
are deficient in that values of measured properties were not provided at
inlet and exit. The solution of differential equations requires boundary
conditions and comparisons between experiments and calculations are imper-
fect unless the boundary values are known. Thus, in carrying out the

present experiméntal program it was required to measure the velocity and
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“ﬁemperature distributions around the physical boundary corresponding to
the solution domain.

1.2.2 Ccalculation Methods

Significant theoretical advances have been made sincg the late 1960's
aﬁd s;emvfrom thenutilization of digital computers to allow the solution
~of simultaneous partial differential equations which represent the con-
servation of mass, momentum, energy and species. The solution of the
uns teady, threé—dimensiondl equations approp;iate to a turbulent flow can-
not:be ébtaiﬁed due'fo limitations of storage ana computing time and, as
a consequence, equaﬁions‘based on time averaged values of velocity, density,

temperature and chemical species concentrations have been solved. The

exact equations for time averaged properties. contain unknowns such as

uiuj and uip" in the momentum equation and ¢ui and ¢p' in the conserva-

tion equation for any scalar ¢ (M

fu’ T, ﬁox’ £, H, ...) as shown below.

The conservation equations which relate to the present flow configu-

ration may be expressed as;

S -
g_ ¢ 1 = 1
mass v (p Uj + p'u,) 0 -1
J
- oU
- - —_— - oP d j ) .
] — = —_— e ~ =
momentum  (p Ui +p'u,) 9%, Uj 9%, * 5% (uax.) X, 0 uiu:!
i i 1
-3 aai
- U, =— u,p' - p'u yan 1.2
i axi 3 J Bxl
scalar transport,
- - 3 - | - 99 d = —
(o Uy +p'yy) 50— =8, Fg (P Toom, ) ~ 3%, P a6
i i 1 1
- ) — —_— 8ai
_ U. | plq) — 1.3
bR aXi axi
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The Reynolds stress term G;ﬁ;-which appears in equation 1.2 has been -
the sﬁbject of many theoretical investigations of turbulent shear flows.
Various models of turbulence have been suggested to replace the early
work of Prandtl (1925) which introducéd the mixing length but which was
féund to‘be inadequate for recirculating flows, Roberts (1972). These
turbulence models required ﬁhe solution of transport equations for turbu-
lence quantities such as kinetic energy of turbulence and its dissipation
rate, Rotta (léSl), Harloﬁ and Nakayama (1967) and Rodi (1972) or altex-
nativel§ solves tranéport equations for the Reynélds stresses themselves
in additien to turbdlen£ kinetic eneréy and its dissipation rate, Launder
et al. (l975)¢ The tqrbulence model which sélves for the kinetic energy
and its dissipation-raté was tested for free shear flows by Launder et
aﬁ. (1972) and for boundary layers, Jones and Laﬁnder (1973) and Launder
et al. (1973) and showed reaéonable agreement with experimental information.
Previous computational'investigations'of furbulent furnace flows have
been carried out with the aid of equations for conservation of mass, momen-
tum and scalar entities, as shown in table 1.3. In these papers, calculated
and measured results were compared to illustrate the agreement which can
be obtained from procedures of this type with simple forms of equations
1.1, 1.2 and 1.3. No detailed comparisons were reported in the swirling
turbulent £flames, with la;ge reéirculation zbnes; which are found in real
furnaces.‘
In addition to the turbulence model, a combustion model is required

in reacting flows, to provide information of the,correlation terms, i.e.

ui¢, p'ui, p'¢ and Sé, which appear in the consexvation equations. The
combustion'model should account for the effect of the temperature and species
concentration fluctuations on the local density and the time averaged rate

of fuel consumption and, consequently, the flame structure. Most of the



Table 1.3

Flow Type Turbulence | Combustion [Radiation . :
Reference . Comparisons
State Configuration | Swirl Model Model Model - :
Pun and Spalding flame 2-D axi-sym. zero and mixing fast - ) no comparisons with expt.
(1967) finite length “chemical '
reaction
Gosman et al jet/ 2-D axi-sym. zero and mixing fast - no comparisons with expt.
(1969) flame finite length chemical )
) - reaction
Spalding (1976) flame 2-D Zero k-w eddy break - comparisons with expt.
up model
Patankar et al flame 2-D Zero k-e fast flux model no comparison with expt.
(1972) chemical .
reaction
Pali et al (1972) flame 3-D zero and mixing fast - comparisons with expt.
finite length chemical
: reaction
Evans et al jet/ 2-D axi-sym. zero and mixing fast - no comparison with expt.
(1973) flame finite length chemical
reaction
Anasouiis et al flame 2-D axi-sym. zero and mixing fast - comparison with expt.
(1973) finite length chemical
reaction
Gosman et al flame 3-D " zero k-¢€ fast flux model comparison with expt.
(1973) chemical
reaction
with
fluctuations|
El Ghobashi et - flame 2-D axi-sym. | zero k-€ fast chem- - comparison with expt.
al (1974) : istry with
fluctuations
Gosman et al Jjet 2-D axi-sym, zZero k- ¢ - - comparison with expt,
(1974)

...'[Z....
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pfevious investigations, shown in table 1.3, neglected the effect of
turbulence fluctuations on the time averaged properties, e.g. Patankar
‘ana Spalding (197b).and McGuirk (£97l); The effect of density fluctuations
was not considered at all whille for premixed flames, the effect of turbu-
ience oﬁ the reaction rate was represented through an eddy break up sink
. term in the fuel conservation equation as suggested by Spalding (1970).
For diffusion flames,vthe‘assumptioné of fast chemical reaction can result
in a reductioﬂ of the number of equations to be solved, and the effect of
tufbule;ce oﬁ the flame‘sﬁructure was inEroduded by considering the flame
sheet fluctuating aiound-its mean iocation producing a flame brush as
reported by Spalding (1971) Gosman et al {1973) and El-cGhobashi et al.
(1974) . . |
AAttempﬁé to predict furnace flow performance have been reported by Pun

and.Spalding . (1967), Pai énd Lowes (1972) apd Evans et al. (1973) for
axisymmetric flames; Adiabatic walls weré considered and radiative transfer
to and from the furnaée'walls was therefore neglected although in real
furnace flows, radiative fluxes cannot be neglected. The consideration

of radiation can result in equations which are of an integro-differential
nature but simplified models have been suggested, for example, by Lockwood
vet al. (1971) énd Gosman et al. (1973). These models are based on the
solutioh of transport equations for the net radlative fluxes in the
coordinate directions and the evaluation of the correspondiné source/sink
term in the energy equaéion due to the radiation from gases.

The calculation of pollutant characteristics is also relevant to the
present investigations and can be achiéved by the solution of appropriate
species—conéentration equatiohs and a knowledge of the related reaction
kinetic equations‘and constants. The rate of formation of (NO), for

example, has been discussed in detail by Caretto (1975) and shown to be

very sensitive to the calculated gas temperature. Previous calculations
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have been reported, for example, by Anasoculis et al. (1973) and indicated
largé discrepancies with measured values.

Thevmeasurements reported in “the references of table I.l and the
calculations of table I.3 are deficient in several respects which have
been diécussed b;iefly in the previous paragraphs. Perhaps the greatest
.defiqiency is. that previoqslinvestigations have not combined experimental
and computational work and, as a consequence, the experimental investiga-

. tionsvare insuff;ciently éomplete to allow the calculation methods to be
satisfaétorily tested. The present investigatioﬁ to a significant extent,
removes this deficiéncy. 

In the following chapters, the work required to fulfill the objectives
6f sectiqnl.l.Zis reported under thelheédings 'Calculation Procedure’,
-Experimental investigation},'Isothermal.flow caiculations‘ and'Calculated pro-
perties in turbulent reactiné.flows'.Thehorder of :preséntation has been chosen
to ailow the calcplatipn érocedure to be described prior to the description
of the'experimental techniques and the comparison of the calculated results
with measurements.

In chapter 2, theAconservation equations appropriate to steady, two-
dimensional, confined! turbulent, recirculating, reacting and non-reacting
flows are discussed with appropriate boundary conditions. The numerical
procedure is described next togéther With the computational algorithm used
in the present work. The turgulence model embodied in fhe computational
scheme is also described with appropriate modifications for the present flow
situations. This is followed by a description of the various modelling
approaches to reacting flows which are discussed with reépect to their
physical significance, formulation and limitations. The radiation and pollu-
tion formation models are also discussed; no attempt was made to improve the
radiation model‘bﬁt pollution models were developed to take account of the

temperature fluctuations and detailed chemistry effects,
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The experimental investigations are described in chapter 3, where

the combustor rig and the velocity and temperature measuring techniques are
‘reported in detail together with the experimental procedure and measuring
conditions. The chapter ends with an assessment of the likely precision
of the ﬁeasurements.

The calculated results for the isothermal flows in confined configu-
rations are compéred with the corresponding previous and preéent experipental
measurements iﬁ chapter 4yand allows én assessment of the validity of the
turguleAce deel and thejcomputational pfocedure of chapter 2.

The calculated'and measured flow properties obtained in reacting
furnace type flows are presented, compared and discussed in Chapter 5.
Calculations, appropriate to the flow and geOmetgy boundary conditions of
the present ﬁeasurements, are presented for a number of combustion models
of different complexity and eomparison with experiment facilitates a choice.
Comparison with the éxperimehts of previoué authors are made on the basis
of the appropriate combustion model. In all cases, the precision and the
possibility of its improvement is discussed.

The main findings of the thesis are summarised in a final chapter; the

achievements are compared with the objectives and suggestions made as to the

most profitable areas for future work.
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CHAPTER 2

CALCULATION PROCEDURE

Introduction

The present éhépter has been‘brepared to describe and discuss the
problems associated with the formulation of the equations appropriate to
fﬁrnace‘type flows, in terms of the governing conservation equations,

.. turbulence and combustion modelling assumptions and the computationalv
procedure requirgd to solye the equations with boundary and inlet conditions.
The elliptic pgrtial différential equations which govern the transport of
masvs,mor‘nentunil, enerqy anfi s;alar properties-, are presented in the first
section; they are réstricted to stéady, gaseous phase, two-dimensional
;nd‘axisymmetric flow situations where ;ecirculation may occur, such as in
furnace type flows. These time—averéged eqhations contain, for turbulent
fiows, second order correlations of fluctﬁating properties and models to
determine -these correlations are necessary to make the equations soluble.

The governing differential equations; expressed in finite difference
form, are solved numerically by an iterative procedure'which is described
in section two of this chapter. The various ;ssumptions,.limitations and
" required convergencé criteria to satisfy the conservation eguations are
also discussed in the: section. In the third section, the turbulence models
embodied in the present scheme to represent the unknown correlations, are
discussed and the appropriate.modifications for reacting flows suggested.
The choseﬁ turbulenqe model, in the form of a set of steady partial
differential equations,lallows the predictions of the aerodynamic properties
. of the flow.

In reacting flows, various. combustion-model assumptions are necessary
to allow tﬁe calculation of the rate of fuel consumption and energy release.
These assumptions.are described in section féur and include the effects of

turbulence~chemistry interactions, chemical kinetics and density fluctuations.

The radiation heat fluxes appear in the energy conservation equation and
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- the governing transport equations of these fluxes, embodied in a four

" flux fadiation model, are described in section five. The pollutant
formation in reactiné flows is repfésentéd by the solution of the
appropriate species conservation equations which.include the effects of
teﬁpexatﬁre and concentration fluctuations and are discussed in section

six of this chapter.

2.1 Differential Egquations and Bouhdary'conditions;

The -partial differential equations which govern the motion
of fluids can be expressed in tensor form as follows,

Continuity equation

3 iy oo 20 S

and the momentum equations,

90, . 3puU.
S enup =5y -5 - 2 2.1.2
J J it j ot
where u,  du, -, BU,
= -— -———+_..l -— R ——
Op9 = POy ~ M G v )t W g Oy
J 1
S.. is the kronecker-delta function = ° %#?
ij : ' 1 i=j

The instantaneous velocities and densities in equations 2.1.1 and 2.1.2

can be decomposed into mean and fluctuating components as;

[
I
[
+
[+

Introducing the definitions of -equation 2.1.3 into the continuity equation,

and then time averaging and assuming steady state,results in the equation:

(p U, +p'u,) =0 : ' 2.1.4
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Similarly, for the momentum equations,

du ' 30, .

P Py i_.s _ ij _ 3 - 1 e
(pUj + p uj) 'y SUi % . {p uiuj + uiuj + Uj P ui )
' : J . J ) J
where

_ - 2.1.5
au au U H' du

- = - i 2 = i 2 i
Glj B Pslj Mot ox. | Bx Y h 3 VR 6ij T3 ox, ij

1 J J
' Ju, ou.
A At
ox . ox.

Neglecting the fluctuations in laminar viscosity in equation 2.1.5, the
expression for aij takes the same form as Gij but with all variables time
averaged., The equations describing the transport of a scalar fluid pro-

perty ¢ can, in a similar manner, be expressed as;

. % - o5 5 oo I
(pUJ+p'u)§;"= s¢-—~5}—(-j———5}—{;(puj¢+p'uj¢+uj p'd ) 2.1.6

®,3]

by Fick's law as;

where - J, . is the flux of ® along the jth direction and can be expressed

Jg. . =-7T — 2.1.7

with T equals to W/0..
% 0

U¢ is the Prandtl/Schmidt number appropriate to the transport of @;

S® is the source/sink of the property 9;
and ¢ is the fluctuating component of the property, ¢, ¢ = ¢ - 3 .

The number of the time averaged conservation equations is less than

the number of the unknown terms contained in these equations. Thus the

correlations p'qj,'uiuj, ui¢ and p'¢ must be predetermined, modelled or

neglected. For non reacting flows, the equations of interest are those

governing the mass and momentum and; hence, modelling of the entity uiuj
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. is 'needed in order to solve the set of differential equations. In

‘-reacting flows, density fluctuation correlatioﬁ specifications are

also required. Different approachéé to estimate these correlation

terms, which appear in equations 2.1.4; 2.1.5 and 2.1.6, are considered

as’fo;loﬁs}

1. All terms involving denéity fluctuations may be ignored énd hence
the only correlation'to be modelled is E;E;: This approach is

appropriate to non reacting flows where densities are uniform

1
'

l' or vary by a small amount.
2. For situations Qhere‘combqstioﬁ and density gradients are involved,
'lequations for all correlations involving density fluctuations should
bé solved. This implies transpoft equations for each correlation
and involves further modelling. -_. .' |
3.. It is possible to write équations (2.1.4, 2.1.5 and 2.1.6) 'in a foxrm
such that density fluctuation correlations do not appear and hence
"the equations have a form similar to that of the non-reactive
equation. This involves Favre averaging (1969) according to the
equation:

-‘IVJ.' =0, + p'u./p : 2.1.8
5 = U5t e'uy/o

where

ﬁj is the average velocity

ﬁj is the mass wéighted velocity or'Favre averaged velocity.
The Favre averaged form of the conservation equations 2.1.4, 2.1.5
and 2.1.6 is obtained by»substituting equation 2.1.8 into the coOnservation
equations, énd the result is;

1. Continuity equation,

8 -—
_— U. =0 2.1.9
8xj P j , : ;
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2. Momentum conservation equation,

pu)>— T =5 351:]'3 0 . 2.1.10
) . = - - u,u, ol
j axj i Uy ij ij i3
where
3U. 30, 30,
~ ; ~ i j 2 ~ 74
= - —_—— ) o — —_—
013 PGLJ H (ax ox 3 H X, 6ij
i ]
' 3. Scalar prgbe;ty-consefvation equation,
N T I R 5 0 00
{p Uj) X, Sg 9%, P uo t 9. 0. Bx. 2.1.11
j j L

One of the prcblems associated with this_method of averaging is the
comparison with experimental data sinée most of the measurements record
time—a#ergged“properties and not the Févre averaged ones. ' The time or
ensémple averaged variables a?e undoubtedly different from the Favre-
avéraged ones but thé magnitude of the difference is unknown for reacting
flows. 'An attempt to.quantify the difference, by solving equations for
the various correlation terms, is described later in thischapter. Unfor-
tunately various terms in the correlation equations have themselves to be
modelled anq, as will be discussed, the absolute accuracy of the result is
difficult to quéntify.

The conservation equations are non-linear partial differential and
elliptic in form in flowé where flow reversal occurs, i.e. in situations
similar to those of present interest. The closure of the aerodynamic
equations requires the solution of supplementary equations for the shear
stresses,azagl The present turbulence model provides the required relation-
ship througﬁ the eddy or turbulent viscosity concept as described later in
the chapter. The.term E;G;'is generally expréssed as:

U, 39U,

_F__)u'u' =I' _}_
i’j Ut ox, ox,
J i

=)
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Turbulence models of this type have not been evaluated for a wide range
of recirculating flows and, prior to this work, their appropriateness

to confined sudden expansion flows was unknown. The term ui¢ which

appears in equation 2.1.6 was generally replaced by an exchange coeffi-

cient T® and nmean gradient of ¢ as;
, .
. t
— 30
- a, - r —_—
1¢ th ij

:. The conservation equ;tions of mass, momentum, chemical species
‘and energy have been diécussed in general time-dependent, three-dimensional
form in many references;-e.g. Favre (1969)., Bray (1973) and Bilger (1975).
.In‘thesg paéers, attempts were made to'model the effects of turbulence in
terms of mean quantities, but the analysis was fgstricted to boundary
layer and shear flow assumptions which are not appropriate in the present
floQ configurations. In the present invesfigétion, the turbulent fluctua-
tion corrélation terms which appear in the conservation equations for
confined elliptic fiowé are modelled, in terms of mean properties, as
discussed in the restlof this chapter.

Most of the floys considered in the present investigation are akin

to axisymmetric furnace configurations, and hence the conservation equations

are expressed in axisymmetric cylindrical polar coordinates as follows;

R L | -~
H G (U® +-o-(orvd}
2.1.12
o 13 LY 19 30
===+ = 3= (T —) +=—-— (x T — )
P p ox Qeff ox- pr or Qeff or
where
To = To,e *Tg

and r@,t = ngé,t where 0¢,t is the turbulent equivalent of the Prandtl
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or Schmidt number. The properties represented by 6, 56 and F¢ are
eff
indicated in table 2.1.1. As will be demonstrated, the dependent variables
represenﬁing scalar properties in the table are not all required for all

calculations.

Boundary Conditions

The cﬁnservation equations represented by equation 2.1.12 and table
2.1.1 are solved ﬁumerically in finite difference form. The solution
doma}n‘is identified by boundaries which qhafacterise the geometrical
boundaries of fhe flow. -In'thevpresent work, confined flows are considered
aﬁd hence it is necessary.go include the effgct of walls on the momentum,
energy and species balance. Solid boundarie$ do not allow mass transfer,
but allow'heap transfer across.the walls, as.in furnaces. The wall treat-
ment is described later in seﬁtion 2.3. The four goundaries of the solution
domain are discussed in the following paragraphs in the context of the
boundary conditions which co?respond to each. Since the equations are
elli?tic in form, boundary conditions must be specified.for each dependent
variable at each of the four boundaries.

Inlet Plane

The géometry of tﬁe coaxial jet and the sudden expansion imply zero
values of velocit& except where the air and fuel flow enter through the
annulus and central jet. lThe Velocity'distributions and turbulence proper-
ties correspohding to the. equations of the turbulence model must be specified
and,‘where possible these correspond to experimental information. The same
is true of other dependent variables, such as temperature and species

concentration.

Symmetry axis

Along the axis of symmetry the gradients in the radial direction of all

variables are equal to zero, i.e. 9%/3y = zero.
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Table 2.1.1
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. Exit Plane
fhe exit conditions are difficult to specify but are usually of
little importance.Inthe practice of Gosman et al. (1969), i.e. the axial
gradients, Ba/ax were assumed zero and that the overall conservation of
maés and'species was satisfied. The exit plane location was taken far
‘ downst&eam, so as not to infiuence the upstream properties.

Enclosure Wall

This wall is usuallyAfhe cylindrical, outer boundaries of the flow
domain. The wall is imperméable and the b'oundary. conditions are specified
through wall functiohs aé.described‘later in the chapter. In general, the
velocities are zero and the temperature or heat flux distribution is known.

Thermodynamic Properties

The density of mixtures of air, the combusting gases and the combustion
products can be represented with adeguate precision for the present purposes,

by the equation of state for 'a perfect gas,

O.
p=P/(R T/wmix) 2.1.13

Q
with wmix and P determined from the appropriate mass fractions and Dalton's

law of partial pressurés. The gas molecular weight is obtained from;
0 0 ' « ‘
/W . =XM /W , : 2.1.14
mix a a . .
and the heat of reaction of the fuel is represented by;
H_ =L M H 2.1.15

with the values of Ha' determined from JANAF chemical tables (1971).

The specific heat of the mixture was obtained from the equation;

. E¥zﬁa6
o] Pa

" where -3
T 2.1.16

- = -2
Cp = ao + al T + a2 T + a3
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with the values of the coefficients provided, for each species by Tribus
(1961) . The use of lower order polynomials has been found to be signifi-
cantly less satisfactory than the third order polynomials used here. The

definition of the total enthalpy of the mixture H is expressed as;

- : i = -2 =2
= H +M C +
H = fu fu a p T (o +v

+ v—vz) / 2 2.1.17
a . '

2.2 Numerical Solution Procedures

iThe consérvatiOn equations‘gOVerning'the flow field are difficult
to solve analytically due to their complexity. With the advent of digi-
tal computers however, it has been possible to solve them numerically.

The first steps in the developmeﬁt of a numerical procedure for
soiving the gbverning differential equations are to superimpose a grid
distribution on the flow domain to discretize the differential equations
on all the grid pqinﬁs of the flow field; and to obtain "equivalent"
algebraic expressions called finite-difference equations. The accuracy
of the set of the finite-difference equations which approximate the partial
differential equations is dependent on the formulation of the difference
equations.and on the number of the grid nodes which represent the flow
field. :

Three main approaches.havg been follo&ed to obtain the finite difference
equations from the differential equations;

(i) + Taylor series expanéions of the differentials with truncation of
higher order terms of the series;
(ii) integration over finite elements employing some vibrational principle;
(iii) integfation of the differential equations over small control volumes
~ surrounding egch grid node.
Critical exémination of the resulting finite difference equations using

the methods (ii) and (iii) was reported by Antonopoulos (1975) and showed



-35-

1

. that in most cases, the.resultant equations are the same. As regards thev
method of expansion in Taylor serie§, the method is less general than (ii)
and (iiif because apart from offering less physical insight in the
derivation of the finite difference equatiops, the reciprocity requirement
for the fluxes at.locations midway between grid nodes usually leads to

fhé centrai difference formulation which is inaccurate representation of
the fluxes at high Peclet numbers; £herefore this method was not used. The
secondvmethod_(ii) is asséciatea with the'finite<element technique and was
discéfded in tﬁe present:Work bécause of the difficulty of describing the.
boundary conditions. Thuéf in the present work, method (iii) was used to
obtain the finite difference equations for ;he conservation of mass, momen-
tum, totai epj:halpy and sPeciés concentratioﬁ-

In this sectioﬁ, details. are provided for th; numerical procedure used
to solve the set of difference equations repréSenting the conservation of
mass, momentum, ehergy and scalar entities. The main feature of the pro-
cedure is the use of the ‘SIMPLE numerical scheme of the Semi Implicit Method
for Pressure-Linked Equations, proposed by Carreto et al. (1972) and
Pafankar et al. (1972). In the following subsections, details of grid
arrangement, location'of variables, near wall regions, the difference
equations and the SIMPLE algorithm are given. The section ends with

comments on stability, accuracy and convergence of the numerical procedure.

2.2.1 Grid arrangement .

The numerical grid system consisted of a set of orthogonal inter-
secting grid lines in the x-y plane, with no restrictions on the distribu-
tion of grid lines in the solu;ion do@ain. The interséctions of these
grid lines formed the grid nodes at which all flow properties except the
velocities U and V were stored. The axial velocity U waé located midway

between grid nodes in the axial direction, while the radial velocity V
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" was located midway between grid nodes in the radial direction. Figure
2.2.1 shows the grid arrangement in the x~y plane. Since the flows

reported here were mainly two dimensional and axisymmetric, there was no

need to specify any information for the 0 plane.

2.2.2 Finite difference equations

The'finité difference counterpart of the general partial differential
equation 2.1.12 is derived by suppdsing that each variable is enclosed iq
its own contrdl volume or‘"cell" as shown in figure 2.2.1. The grid nodé
P wascgurroundéd by.two x-direction neighboﬁring points W and E in the
wést and east directions énd two nodes N and S in the north and south y-
directions. The partial differential equation is integrated over the control
volﬁﬁe‘with'the aidvof assumpfions about thé relations between the nodal
values of ¢ and the rates of‘generation/destructién of this entity ¢ within

the cell and its transport by convection and diffusion across the cell

boundaries. The former is represented in linearised form as

s¢ =" .fsQ av = s.u + S, @P o 2.2.1

and the latter by expressions of the form:

oU (QP *% A - T (Qp_ <I)w) A 2.2.2
w—— ¢ ——— ;
2 w Ox

whéré the quantity Pew pr SXpW/FQ is‘small and by:

W

2.2.3

when Pew is large. Here the subscripts P and W refer to the central and
west nodes respectively, and w denotes the intervening cell boundary.

Assembly of the above, and similar expressions for the remaining boundaries
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yields the finite difference equation as;

(AP—SP) @P = g An @n + Su 2.2.4
where

g denotes summation over the neighbouring nodes, N, S, E and W,
AP:;;IAH

The coefficient An is the net convection diffusion flux and is

expressed asj

n n n
where
* .
D = 0.5 (D + |cn| + IDn - |Cn|' D,
- ‘ ' ' 2.2.5
D r@,n A/§x | :
.Cn = pUn A/2

Eqﬁations of this kind are Qritten for each of the vgriables u, v, w, ¢
at everylcell, with appropriate modifications being made to the total
flux expressions 2.2.2 and 2.2.3 at cells adjoining the boundaries of the
solution domain to account for the conditions imposed there.

An equation for £he remaining unknown, pressure, is obtained by
combining the continuity and momentum equations in the manner explained'
in references by Caretto et al. (1972) and Patankar et al. (1972): this
entails connecting changes in pressure, denoted P' with changes in the
Veiocities U and V by approximate formulae derived from the momentum f£fi-

nite difference eguations as;

u = U +0% (Pi - p')
& e E P ‘E
ana . 2.2.6
U =U '+ D. (P* — P!
w W W ( w P )
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. and similarly for v, and V,. The sfarred values are guessed values and

D;, DE are the pressure difference coefficients. [Substitution of these
formulae into the ¢ontinuity equatibn yields a partial differential equation
for pf similar to 2.2.4, with Su now representipg the local continuity

imbalance in the prevailing velocity field.

. 2.2.3 Solution algorithm

The finite difference'equations are solved by iteration, employing
inner and outerlsequences.. The outer iteration sequence involves the
cyclic application of the following steps: firstlﬁz, a field of intermediate
axial and radial velécities, denoted by U* and V* is obtained by solving
the gssociated momentum equations using the prevailing éressures P*. Then
continuity is enforced, by solving the equations for p' and thereby deter-
mil;xing the rei;uired adjustments to the velc‘vc‘ities. and pressures. The
equations for the remaining vériabies are then solved in turn, and the
whole process is :epéated until a satisfacfory solution is obtained as the
residuals ( inbalance) in any of the finite differencé equations is less
than 10_4 of a specified inlet valiie of the entity in question.

‘The inner iteration sequence is employed to solve the equation sets
for the individual variables. Solution is by a form of block iteration, in
which a simple récurrance formula described by Gosman et al. (1974) among
others, is used to solve simultaneously for the ¢'s along each grid line,
in the liné by line counterpart of péintAGaussSeidel iteration. Complete
convergence of the inner.sequence is not necessary, and usually one to
three applications of the block procedure suffices.

2.2.4 Miscellaneous details

The numerical solution is required to pass two acceptance tests; firstly,‘
it must satisfy the finite difference equations when substituted into them
{typically, the imbalance must be 0.1% or less); and secondly, it must be

invariant with further increase in the number of grid nodes. These two tests
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~are discussed as follows.

''2.2.4.1 Convergence and stability

The simultaneous and non-linear character of the finite differenqé
equations necessitates that special measures be employed to procure nu-
merical stabiliﬁy (convergence) : these include under relaxation of the
- solution of the moﬁentum andvturbulenCe equations by under relaxation

factors which relate the old and the new values of d® as follows;

o= Qnew + (1-B) led » 2.2.7

where.B is the under,relakation‘factor which was varied between 0.3 and
0.7 for the three Veloéit?_ccmécnents as fhe number of iterations increases.
Fdr‘the turbulence quantities{ B was taken as 0.8 and for other variables
as ' 0.9. |
~ In swirling flows, a practice of gradual introduction of swirl was

adéptéd, by increasing the v;lue of swirl number gradually with iteration
to the specified Qalue. Convergence problems associated with reacting flows
were observed and the local mixture density was heavily under-relaxed to
prevent divergence; the corresponding value of Q was 0.2. The residualé
decreased monotonically aftef around 50 iterations and satisfied the con-
vergence criteria of ;ll residuals less than 10_4 at 200 to 400 iterations,
depending on the flow configuration.

The flow chart éf the'computer pr;gram (TEACH—T)*,'which solves the

finite difference equations 2.2.4, is shown in figure-2.2.2 and its core

memory requirement when running on a CDC 6600 machine is expressed as;

* o , .
At an early stage of this work, a similar computer program (EASI) was

used, but the results shown within the thesis were obtained with the TEACH

program, developed and tested for elliptic reacting flows.
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C.M. = (16000 + 4 x number of grid nodes x number of equations)

words and the CDC 6600 C.P.U. time is;
C.P.U. = 0.0005 S/iteration/grid node/equation solved.
A Examples of the variation of the residuals in U, V and W momentum
equations and the continuity equation, with the number of iterations are
shown in figures 2.2.3 to 2.2.5 for various flow situations. In figure,
2.2.3, the var%ation of the normalised residuals with iterations is shown
for the case pf sudden akisymmeﬁric expansion for grids of 16 x 16 and
- 20 % 20; the monotoﬁic cenvergence was slower for the 20 x 20 grid. The
distribution of the residﬁals for non reacting coaxial jets in a sudden
expansion is shown in figure 2.2.4 and waé ébtained for the flow of case 1
of ﬁéb;e'3.2lshown iater in cﬁapter 3. The influence of swirl on the
convergence rate is shown in figqure 2.2.5 for the'swirling flame situation

of Cernansky et al. (1974) (S = 0.31), at higher swirl numbers, the con-

verged solution was obtained after 340 iterations for S = 0.52.

2.2;4.2 Influence of grid size and arrangement

It is important to test the grid dependence of a solution and to use
the minimum number of nodes which can give a grid independent solution.
In the present investigation, a series of tests were performed for each
flow configuration to determine.the influence of the number and distribu-
tion of grid nodes. Various grid distribution functions can be used, for
example, a linear progression'whereAthe'ratio between any successive lo-
caﬁions was less than 1.2; it is also possible to specify the grid nodes
individually. An analysis of the errors resulting from the use of non-—
uniform grids, without the 'application of proper correction, showed that

2 .
the errors in 9 Q/sz, for example, is given by

' 3 3
33® (6x+ - Sx_
3x3 6x2

Error o 1/6 ) . ‘ 2.2.8
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where 5x+ and 5x_ are tﬁe distances between the nodes E and P and P and W
- respectively and x the uniform spacing. If 6x+ # 0x_, the error is
finite and increases as the non uniformity increases. From figure 2.2.1,
it can be seen that UE lies midway between E and P nodes while UP lies
midway between W and P nodes. For the U-momentum eguation, the control
Vqlumé is ;hown bj the hatched area in figure 2.2.1. The velocity Ue

does not equal 1/2 (UE + UP) as would be the case for uniform grid

spacing, but is a weighted:average of UE and UP; i.e.

' 8x ‘ 8x ,
: 1 - 4 +
e =% U wma ) T I v 2.2.9

and reduces to (UE + UP)/Z when 5x+ equals 6x .

Various .computational tests were performed tq determine the influence
of grid distributions and size. The centreline distributions of mean
axial velocity are shown on figure 2.2;6, for a sudden expansion axi-
symmetric flo& at.a Reynolds number of 6000 and expansion ratio d/D of
0.388. Grid sizes of 16 x 16, 20 x 20 and 25 x 25 a?e presented in the
figure for two differeﬁt initial velocity profiles. The distributions
obtained with the 20 x 20 ana 25 x 25 grid nodes were sensibly the same
and the obtained local flow properties were found to be grid independent.
The wall shear stress Iw distributions are shown in figure 2.2.7 for grid
16 x 16, 20 x 20 and 25 x‘25 Qrid node arrangements. The aistributions
obtgined with the aid of the two largesﬁ grid sizes, were the same and
differed from that obtained with the 16 x lé grid arrangement.

These results may be regarded as‘typical of the computational investi-
gations of Khalil (1976) where the effect of grid size and arrangement,

among others, on the obtained calculations, was discussed.

2.,2.4.3 Numerical accuracy and false diffusion

To represent the convective and diffusive flux expressions in the

finite difference equations, three different schemes can be used. These
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are the central, upwind and hybrid difference formulae. The central
diffe?ence expressions give unrealistic results for lPe|>2.0. At large
|Pel, the upwind difference is'preéerable as reported by Gosman et al.
(1974) . A combincation of the two expressions, namely the hybrid formula,
gives.better representation of the combined  fluxes for all values of the
|Pe|,'therefore it was used in the present calculation procedure.

One of the numerical errors associated with the finite difference
representation‘of the consérvation equations is the false diffusion. It
oécurs becausé, all the'finite.differencé schemes evaluate @P as weighted
mean of the surrounding d's. The eirors due to false diffusion diminish
when the streamlines are pérallel to the mesh and for small values of Pe;

the false exchange coefficient Pf was given by; Gosman et al. (1969)

alse
as; '
Teatse u Ax
'P——= 0.36 R, . 0. ( ) (=) sin (20) 2.2.10
o loc o Hoes L
eff
where
R = p U L/M is a Reynolds number based in typical

loc
. length L of the éroblem considered.
o is the anéle that the velocity vectors make with the
coordinate system.
Ax is the gﬁid node spacing (mesh size).
The effect of false diffusion is important in laminar flows, but at
high Reynolds number, i.e. in turbulent flowé, the effective viscosity ueff

'is much larger than the laminar one and the influence of flase diffusion

diminishes.:

2.2.4.4 Calculation of exponential source terms

In the calculation of the exponential term, which appears in the source .

term of species conservation equation and is strongly temperature dependent,
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an» average value over the cell replaces that estimated at the nodal point,

and is given by the expression;
-

exp (-E/RT) = [ [ exp (-E/RT) dxdy/S / dxdy

y X v X
= ifiizié- {exp(Banb) - exp(Bana)} {exp(BbEb) - exp(BbCa)}
where

Ax 9T *-x
a=s= §§.) N= =

T p xb a

P
T Y P Yb Ya ' .
T |
(X35¥h) e 4 _ ' ¥p)

5= E azIb’ - 1
. RT I

| S I |
(xa’ ya) (xb’Ya)

' | .ES

Previous calculations of NO concentrations, Hutchinson et al (1976), were

obtained with this expression.and the obtained concentrations did not
depend on the grid arrangements.
The influence of the improper specification of inlet profiles on local

flow pattern was also investigated, Khalil (1976).

2.3 Turbulence Models : . ' T

The mean momentum equations described in section 2.1 contain unknown

Reynolds stress élements, uiuj. In order to solve the set of momentum



~44-

quations, these Reynolds stresses have to be related to the mean hydro-
., dynamic properties of the flow field. There are many ways of relating
these stresses to'the mean hydrodynamic quantities, either by algebraic
expressiéns or by more complicated partiél differential equations.

The eddy or turbulent viscosity concept was introduced by Boussinesq
(1877) who suggésted that the effective turbulent shear stress, - ) E;}
céuld be réplacéd by Uy aﬁyar; The task of evaluating ut, the turbulent
viscosity, has been the concern of.many workers. A simple algebraic
expreséion fo? Uy hgs been proposed, for gxample; by Prandtl (1925) with
My préportional to 22 and (Bﬁi/éxj)‘where £ is defined as the mixing length
appropriate to each flow éf the boundary layer type. Alternative expressions
havevbeen n;téd, for example, by Launder et al. (1972).

Furfher”advgnt in the evaluation of ut Qas tﬁe solution of a partial
differential equation for the kinetic energy of turbulence as reported by
Prandtl (1945) and Bradshaw et gl. {1967) .. The proposals of Kolmogorov
(1942), Chou (1945) and Harlow et al (1967) assumed that the local state
of the fluid depends on one or more turbulence quantities determined from
the solution of'the\corresponding transport équations. In many flows this
allows the turbulent flows té be characterized by two turbulence quantities,
for example, the kineéic energy of turbulence k and a characteristic length

scale. The solution of differential equations for these two properties was

proposed by Harlow et al,‘(l967) and Jones and Launder {1973).

A second approach to the evaluation‘of the Reynolds stresses uiuj is
to solve transport equations for the stresses themselves as proposed, for
example, by Daly and Harlow (1970) énd Launder, Reece and Rodi (1975). These
equations represent the turbulent transport, generation, dissipation and
redistribution of'the Reynolds stresses. For. axisymmetric recirculating
flows, as in the present investigations, the Reynolds stress model requires

at least five partial differential equations in addition to the ones for the



— 45~

meén flow. The computer time and storage required for solving these
" equations become prohibitively large when considering the details of

the turbulent reacfing flows.

2.3.1 The turbulence model of the present work

In the present work, a two equation turbulence model was used. This
two equation model is represented by equations for the kinetic energy of
turbulence k and its dissipation rate €. The turbulent viscosity Ut is |

calculated from the expression;
¢ pxe - ‘ 2.3.1
Ht y Pk . ' .3.

and the effective viscosity ueff is expressed as

B R AT 2.3.3
2 ii
u 3ui du,
S PR S ¥ 2.3.4.
€ 0 (BX Bx.) 3

and Cu is a constant.
The modelled consgrvation equation for k, deduced by Rodi (1972), was
represented by equation 2.1.12 and neglecting the density fluctuations and

their correlation;

L = Pers/%
2.3.5
Sk = G-pe¢g
where ,

G = Generation of turbulent energy due to mean velocity gradients

= - E,Uiu- Bﬁi/axj 2.3.6

3
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\ U, 3.

' P = - 1 .._J._.g. ~ - n 2E
| and P uiuj {ut (axj + Bx.) 3 (pk Ug ) §.. } 2.3.7

The‘corresponaing modelled equation for the transport of g is

expressed in the form 2.1.12 and,

® = €
rE B ueff/_OE _
and : ' ‘ : 2.3.8
|. . 2 N
s = £ _¢c 5 &
Se TG Cx TGPk

CU'.Cl and C2'are the constants of the turbulence model and were obtained
from‘equilibrium flows, turbulence deéay behind grids and computer optimi-
zafion‘respeétively. According to the reéommendétions of Launder et al.
(1972) , made after extensive éxamination of free turbulent flows, the
consfants appearing in equations 2.3.1 and 2.3.8 take the values of table
2.1.2. These constants were found appropriate for plane jets and mixing
layers and modifications.were made for free round jets by Rodi (1972).
Various predictioné were obtained with the k-£ model for free shear
flows and were reported to be in good agreement with the corresponding
measurements; e.g. Launder et al. (1972 and 1973). Table 2.3.1 shows some
of the flows which had been tesﬁed and reasonable agreement was obtained.
The values. of constants of the two equation turbulence‘model shown in table
2.1.2 were not appropriafe for strongly swirling jets; Morse (1976) found
that the constant C1 should be mddifieq to predict the rate of spread of

the coaxial swirling jet of his investigation. The value of Cl is given

as,

2.3.9

QI‘OI
Y]

C, = 1.44 + 0.8 Ri

where ' -
= wr e Wayse
i or - ¢’

o
|
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Table 2.3,1
Reference Flow k-€ constants
Cl C2 C]J O'k. O’€

Launder et al | Plane jet in a moving stream| 1.44 ]1.92 |0.09 |1.0{ 1.3
(1972) :

Launder et al | Flow in a pipe 1.44 {1.92 {0.09} 1.0} 1.3
(1973)

Launder'ét al | Wall jets on cones 1.44 11.92 |0.09 | 1.0] 1.3
(1973) ,

Matthews et al Wall.jetsb 1.44 {1.92 |0.09 ] 1.0{ 1.3
(1971) '

Launder et al |Co flowing jets 1.44 | 1.92 j0.09 | 1.0} 1.3
(1973)

Launder et al |Flow along a twisted tape 1.44 j1.92 |0.09] L.0]( 1.3
(1973)

El Ghobashi Coaxial jets with conen- 1.45 2.0 |0.09| 1.0] 1.3

et al (1975) tration fluctuation




~-48-

which giQes the ratio between additional production due to the stress vw
and the dissipation rate €. As regards to recirculating confined axi-
symmetric flows, extensive compariSons have not been reported for non-
reacting flows. In table 2.3.1, two éxamples of axisymmetric flows with
recirculations are indicated for coflowing jets and reasonable agreements
were obtained; El Ghobashi eﬁ al. (1975).

The exact solution for transport of k in a turbulent reacting flow is
diffe;ent from that for the non- reacting flow due to the heat release and
theadensity fluctuations cbrrelations. waever,lfor simplicity, the
previous turbulent cbmbu;tion modelling, e.g. El Ghobashi (1974) used the
form of equation 2.3.5 appropriate to a non-reacting incompressible flow,
Rédi‘(l972). The exact equation in turbulent reacting flows was desc¥ibed
by.Bray (1973 and 1974) for boundary layer‘flowsland was extended to elliptic
flows by Hutchinson et al.'(l§76).

Additional termé in the' conservation équation of the kinetic energy of
turbulence, equation 2.3.5 emerged due to the effect of density changes and
are included in the source term of k as follows;

u . — -
eff Ok 3 3%k 9p

o_p 3% Bx .Z-)? 3y 2.3.10

8, =G -pe +

and Opequals 0.9. 1In a typical flame, where the density of the hot pro-
ducts is nearly 20% of that of the fresh air/fuel mixture, the additional
terms shown in equation 2.3.10, resulted in less than 20% difference in
the local values of k and 2% in mean velocities, concentrations and gas
temperatures. These figures stem from the calculation of the flow in a
qonf;ned coaxlal jet configuration and coflowing flow, with and without
these additional terms. |

In some applications of industrial flames, the influence of buoyancy

forces can be significant and can result in asymmetric behaviocur of the
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flame. The buoyancy force appears in the momentum equations as a source
term and preliminary calculations in the furnace of the'present investiga-
tions showed that ‘these forces‘had'a negligible effect on the flow pattern

and heat transfer in the present flow configuration and hence, was neglected.

2.3.2 Wall functions

The form of the k-¢ model represented by equations 2.3.5 and 2.3.8 is
appropriate to turbulent flows with high turbulence Reynolds number,
i.e. for values of

Re = k;2 L /v \ 2.3.11
w o .

where Vv is the kinematic viscosity and 20>= k3/2/€

greater than 5000.

In regions of flow near to a wall the velocities‘Fend to zero at the wall
and‘hence there are zones where the local values of Rew ié so small and
the viscous effect is dominant. A large number of grid nodes is needed if
the,momentum‘equations are to be solved at each node. This would be costly
and, hence, the use of a‘wall function was introduced.

Near a wall, af point p shown in figure 2.3.1, the flow is predominantly
parallel to the wall and the‘shear stress is assumed constant, as reported

by Launder et al. (1972). Thus,

T, = Uy ¥v) /(v u) I 2.3.12

1
where u, = in EAy+

E and K are constants

1/2 c 1/4

" / u

is Pk
'Y+ Yl P b

'kp is the value of the kinetic energy of turbulence at p
and y1 is the distance normal to the wall.

These assumptions led to an equation linking the wall shear stress Tw to
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. the velocity parallel to the wall;

1/4

c 1/2 _
u

P .

k

R

fn (E y,) 2.3.13

DJEHIMCI

The constants of the logarithmic law of the wall, K and E, depend on the
wall foughness and'are given in table 2.1.2. This wall function represents
the dependence of the flux of momentum to the wall on the turbulence
characteristics at a point.p remoté from it.

~.The valué‘of kp is calculated from the transport equation of k
with fhe diffusion of enefgy to.the‘solid wall set to zero. The wvalue

' * of € used to obtain kp was assumed (Laundexr et al. 1973) to take the form;

. ' ¥y | . 372 :
' : 3/4 ‘ " 1/4 0 1/2 =
J egedr=c 2 on(Ey 'k /) 2.3.14
5 } u K Yl ¥ o p/u
and'can also be written as:
3/2
k
3/4 p
= C —.
€ Yy " ¥ 2.3.15

The heat flux to the wall can be represented in a similar manner, denoting

the wall temperature and heat flux per unit area asTw, q;, one can write,

c_{r_-T} 1/4 1/2 o _  1/4 1/2 _
P P W c k - h,t {E c kp yl D/]J}+ PJ 2.3.16

H p 'K u
where

Pj is defined as;

1/2 o o 1/4

p =g MA__(AyTTh gty 2.3.17
j h,t sin T K o o

| z h,t h

A = Van Driest’'s constant = 26 for smooth walls

effective Prandtl number for fully turbulent flows

Q
]

laminar Prandtl number.

Q
]
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The treatment of irregular boundaries and obstacles of various
geometries was carried out with the appropriate wall functions. The
various grid nodes near an inclined wall are shown in figure 2.3.2 and
the resultant velocity U, is expressed as,

1
2

_ - 2 2
U, = {((UP +u) /2)" + (v, +v) /2 }

The local velocity gradients near the wall were calculated accounting
for the wall angle 0 = tar'1_l (AY/AX) and the flow angle 90 = tan_l{(VP + VN)/
(U, + u) }. The resultant velocity parallel to the wall is u, cos (8- 6)
and is used in the wall function to obtain the resultant shear‘stress. In

the presence of swirl, the resultant velocity UR is,
6

1
2 2, 7
o URe = {(UR cos (60 - 9)) + Wy, }

2.4 Combustion Models

S 2.4.1 Introductory Remarks

In the present section, the averaged values of chemical and thermodynamic
quantitiés which characterise turbulent flames are the main concern. The determi-
nation of the average temperature 5; density 5, and mass fraction of chemical
species, ﬁa' forms the principal objective of the combustion modelling. TwQ
effects are considered in thi§ section; these are the effect of turbulence
on reaction rates and of the reaction on the local turbulence.

The locai time average value of chemical species mass fraction Ma may

be represented as,

M = 2.4.1
Ma fMa P(Ma) 4 Ma

M
a

where P(Ma) is the probability density function of Ma and .the corresponding
variance of Ma is,

m= f M -M)°PM) am 2.4.2
a a a a
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where

-

The conservation equation of fuel mass fraction M can be expressed in

fu

the form 2.1.6 where the source term gfu equals to R the time average

fu’
rate of disappearance of fuel due to chemical reaction. The various terms

in the fuel conservation equation, expressed in the form 2.1.6, may be
calculated at the individual grid nodes of the solution domain. Triple
correlation ana the laminar diffusion terms are neglected in the present work.
The turbulent diffusion term is ﬁodelled, after Monin et al. (1971), as

u oM

0 eff fu

ax. P %M Tk, o 9x. 2.4.3
] ‘ ] fu ]

with the value of S fu taken as 0.9. The term BTE;;'is usually neglected
but can be obtained from the eorresPonding conservation equation as dis-
cussea later in the section. -

‘The chemical reaction rate in homogeneous reactions is defined as
the rate at which one of rhe reactants disappears to form products, orbthe
rate at which the products are formed. If the reaction is an oxidation,
the fuel concentrations decrease and the rate'of formation of the products
of combustion is'positive. The reaction rate can be expressed (Kondratiev
1964) as;

R, = £2 (T, P, composition) 2.4.4

and the mechanism expressed as;

Fuel + oxidant —»~Products . 2.4.5.
If it is postulated that the rate controlling mechanism involves the
collision or interaction of a single molecule - .of fuel with a srngle mole-
cule of oxygen, then the rate of reaction is proportional to the collisions

of fuel and oxygen since, at a given temperature, the number of collisions
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' .
is proportional to the ‘local concentrations of reactants in the mixture;

i.e. R. =K M 2.4.6

The influence of temperature on the rate of reaction may be expressed

in terms of the exponential of (-E/RT), suggested by Arrhenius.. (1889) as,

Kf = AO exp (-E/RT) ) 2.4.7
values of AO and E/R are-determined from experiments and have been reported
for'many elementary'reaqtions by Baulch ét al. (1970) and Weldman et al.
(1974) .

The instantaneous rate of reaction can generally be expressed, see

Borghi (1974), as;

- X + K! .4,
Rfu (Mfu + mfu? (Mox + mox) (Kf Kf) 2.4.8

If exp (T'/T) and (1 +'T'/T)—_;z are expressed in terms of series

expansions, the following equality is obtained;

_ E
e "y = . S (= m T T _,
(K. + Kl) = A - exp ( E/RT) {1 * L, P ‘E“ ) }

where .
n ' [} . z
- -1 ! 1 E
P = 3 (-1) "% L , 5 - (—)
z=1 - An=-2z)! ((z-1)!}) : RT
and _ I - 2
R = A 52 M M o ex (-E/RT) {1+a fu ox + a. T )
. Tfu o P Mgy Tox FFP o - = 1 -
M M T
fu ox
T'm T'mf
+a, ( —= &+ —=)) : 2.4.9
, T M T M ‘
oX fu

with the constants a , a., and a, given as; -
o

1 2
a = ]
O .
a, =% (E/R'I')2 - E/RT
a E/RT

L
i
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1

There are two limitations to the above series; the expansion of Rfu is

valid only for T'/T<1.0; and the series expansion of an exponential con-
verges slowly, hence the method is applied only to low temperature fluc-
tuations. Borghi (1974) indicated that the approximation becomes poorer

as E/RT increases, i.e. for high activation energy or low temperature.

For convenience, equation 2.4.9 may be rewritten as;

— -2 -~ . Lo
Ro, = 50 pTmM M exp (~E/RT) {1+F} 2.4.10

where the term F includes the influence of turbulence on the time averaged

reaction rate and is given by,

2
m m —12 T'm ™m
3 T
F=a_ { —fu —ox } o+ a, { /i } o+ a, { - -fu . _ox }
. M M T : T M T M
fu ox : fu ox

In thevremaining part of this section, various models of combustion,
used 1in the calcﬁlations of furnace flames are discussed in view of the
assumptions imposed, the models formulation, their physical implications

>and their validity'to the varioﬁs fiame flow configurations. The models
considered in this work inciude models assuming infinitely fast chemical
reactions, appropriate to diffusion flames, and others which aséume finite
reaction rate suitable for premixed flame situations. Models appropriate
to arbitrary fuelled sysﬁems‘are also considered. The'vaiious equations
so;ved in each model and the basic assuﬁptiomsinvolved are shown in table
2.4.1 wﬁich also indicates the type of flame to which a particular model
is applicable. The validity of eachvof these models, in turbulent furnace
flows, is assessed by comparisons between measurements and calculations as

discussed later in chapter 5.

2.4.2 Fast chehical reaction models

These models are based on the assumption that, whenever fuel and

oxidant both exist at a point in the flow domain, chemical reaction proceeds



- Table 2.4.1 - )

Flame Type Basic Assumptions Model Equations .Solved - Remarks : -
Infinitely fast chemical 1 u,v,w,k,e,p,£,H Diffusion flames
reaction

Diffusion Infinitely fast chemical 2 u,v,w,k,c,P,£,9,H Square wave species
with concentration " distribution with time
fluctuation 3 | u,v.w,k,c,pP,£q,H Random distribution

with time
o o single stepl 4 U’V’W’k’E’P’Mfu'gfu'mfupox'mox' Premixed flames
. Finite reaction
Premixed ate _ )
) rats Imulti step{ 5 U,V,W,k,E,P,Ma,H,f Premixed flames, ga's are
obtained from algebraic
(eddy break up e tie:sions 7
formulation) *P \
A. N . ) ' - 2 N
Finite reaction rate 6 ug,v,wkepP,M_ , m_ ,m_m ,m ,H Arbitrary fuelled
C . . fu fu' fu ox’ Tox’-

with concentration . : system

Arbitrary fluctuations

fuelled .. . = . .
Finite reaction rate 7 u,v,w,k,€,P,M Higher order correlations

with concentration and
temperature fluctuations

—_— 2
mOkT', p'¢, T, H,E

m_“,m m m
fu' fu' ox fu’

were obtained from alge-
braic expressions

Two additional equations for R, and Ry,are solved.

_SS-..
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instantaneously to completion in a single step, producing combustion
produéts. The assumption of instantaneous chemical equilibrium is not
far from reality in turbulent unpremixed flames, since the time of recom-
bingtion of non equilibrium radicals will be smaller than the smallest
time scale of tqrbulence, Gunther et al. (1969).

From the above assumption and the work of Shvab (1948), Zeldovigh
(1949) and Williams (1965), it can be concluded that a linear combination
of the Species conservatién equations for the unpremixed-reactants, fuel
and?qxidant, vields an eéuatioq whose form is idéntical to that describing
the conservation of'chemically inert species, i.e. neither equation has a
source term provided that the following assumptions are made;

(a) ‘ equal turbulent transport coefficients for the two reactants

and products at each point in the field. |

(b) fuel and oxygen combine always in a stoichiometric ratio i
to producel(l+i) kg of products. |
The resultant variable from the combination is the mixture fraction £ which

is defined as;

E-E,

f= —2 ' , 2.4.11
& 8 .
where
£ = b-dfu - Faox/i ' 2.4.12
, T oM o+ M /(14 2.4.13
or £ Mfu Mpr/,( i)

The subscripts A and F denote air and fuel stream conditions at inlet.

The conservation equation for f can be expressed in the general form

2.1J2 with;
s.=0 :
£ | : 2.4.14
Tg = Vere/O,

and Uf taken as 0.9.
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v .  Three of the models used here are based on the above assumptions bﬁt
differ in the way in wﬁich the turbulence fluctuations are.introduced: they
are described below. .
Model l’
This model assumes that fuel and oxidant cannot exist at the same
placé at any tiﬁeuand that the reaction is infinitely fast and equilibrium
is attained. The fol;owing useful relations are obtained;

1. In regions of flame where oxidant and products exist, i.e.

< <
0 £ fst

Mg, =0© ‘ 2.4.15

=21

M X (1L-£/£ t) <M
ox | © a s oxA

2. In regions of flame where fuel and products exist, i.e.

1>E>°F
st
Moo= Mqu{(f - fst}/(l - fst)}
2.4.16
M =0
oxX

f . is the stoichiometric value of mixture fraction and is given by,

st
_ _ _ , -1
£ = {(i Mfu‘/Mox ) + 1} 2.4.17
F A
and M =1-M -M . ' 2.4.18
Pr oX fu

The linear relationship between the instantaneous mass fractions of fuel
and oxidant and f is shown in figure 2.4.1.

The enthalpy at each point in the flame is cbtained in similar manner

by solving an equation for H where,

T
H= /S M c dTr +H_. M +£(U2+V2+W2) 2.4.19
j P fu fu 2
o 3 .
m ,
. and Ep = % an ™ withm= 3 2.4.20
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For adiabatic systems and with unity Lewis number, the mixture fraction

can be written as,
£ =‘(H—HA)/(HF_HA) | 2.4.21

and the values of ﬁF and ﬁA are known boundary conditions,

— in - - _
i.e. H, = Of cP dT+Hfu M 2.4,22
F A F
= Ein - ‘ '
and- H, = Of cp aT _ ' 2.4.23
A
The mean gas temperature and density are obtained from,
T —(H-Hfu Mfu)/ § Mj cpj | 2.4.24
T M. C = ﬁox C ﬁf C + M . c 2.4.25
33 p; Pox U Pey P Ppr
o M, ,
p=PB/(RT L (=) ) : 2.4.26
J Wj

In model 1, descfibéd above, the fluctuapions of £ and H are
neglected and allowed solutions to be obtained with fast convergence but
also, as discussed later, with results which were not always realistic.
This model has previously been discussed by Williams (1965), Spalding
(1971) and Bilger (1975) and its.assumptiohs were found appropriate to
diffusion flames and where expessive air'is used. It ié an over-simplification
to real flame situations and experimental evidence since, for example, Bilger
et al. (1972p) showed that in mixing zones of diffusion flames, oxygen and
fuel concentrations have finite values.

Effect of Concentration Fluctuations

In contrast to model 1, models 2 and 3 consider the fluctuations of

the scalar propérty ¢ with the assumption of infinitely fast, single step

chemical reaction. Due to these fluctuations, fuel and oxidant may exist



-59—

at the same location, although at différent times. The probability density

function P(®) of a scalar entity (®) is defined as;

-

P(0)§® = Lim %— % 6t 2.4.27

o0

which is shown in figure 2.4.2. From the definition, it is implied that
P(?)80 is the fraction of time that ®(t) spends between ® and (¢ + &¢) and
that, over a long time interval, the sum 6f the values of P(d) 6% must be

" egual to unity,

[ee]

i.e. [ p(®as =1 | ' 2.4.28

and hence the time average value of & can be expressed as,

3=/, 0p(d) ad : ‘ 2.4.29

"which is the first moment of P(®) about the origin ¢ = 0; for any other

scalar variable Y(®), its time average value. is expressed as;

Y= 17 vy (& p(®) ab 2.4.30

00

The effect of turbulence fluctuations on the local flow properties is
introduced through the considefation of the concentration fluctuation g;

where g is defined as;
— - 2 ‘
g = {(£-)7} 2.4.31

The time average &alué of any scalar ®(f) can be obtained from the knowledge
of P(f) which . can be readiiy determined from f, g and the assumed temporal
distribution of £. The local values of f are obtained from equation 2.4.14
énd the conservation eguation, which governs the transport of g, was reported
by Spalding (1971) and Bray (1974). The transport equation of g was modelled
and used bvapaldingv(197l) and Naguib (1975) fsr free diffusion flames and
by El1 Ghobashi (1934) for confined diffusion flames. The validity of the

modelled equation was assessed by Naguib (1975), in turbulent diffusion flames
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‘and the agreement with experiments was satisfactory.
In the present model, the modelled form of the g equation, given by

El Ghobashiis used and can be used in the form 2.1.12 with;

I‘g - ueff/gg

2 9 2.4.32
+(§£))-C 559
oy 9 k

g Cg,l ueff ((Bx)

0|
1

and the constants C  and C  of table 2.1.2.
: : 9; "9,

ZThe time averaged values of any property ¢ are obtained from equation
2.4.29 with provision‘for”the characteristics of the probability density
function P(9). Many forms of the Pdfs have been proposed for reacting flow
calcﬁLatiqns. lThe first was a Gaussian distribution, extending from -«
to ®, as was 'reported by Hawthorne et al (1949) énd>Thring et al (1953).
This- assumption is unrealistic when & represents the mixture fraction £,
mass fraction of fuel} témperature,density etc.'gs it allows the passive
scalars to attain negative or excessively large values. An alternativé
distribution, a beta function in the physical limits between 0 and 1, was
proposed by Richardson et al (1953): limited work was carried out using this
proposal as no experimgntal eQidence supporting the assumption that the
temporal distribution of passive scalars corresponds to beta function, was
available. Spaldingl(l97l) propésed a square wave form of species-time
variation, which corresponded fo two delta functions repiesenting fuel and
oxidant streams. The previous distributions together with other temporal
.distributions, for example, those reported by Rhodes et al (1972) were
reviewed and assessed by El-Ghobashi et al (1974) who indicated that the
square wave form can be used as a simple representation of the temporal
species distribution.

The Gaussiah aistribution with limits of -~ and ® was rejected on the

basis of the impossibility of having negative f or f greater than unity but
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‘was developed and modified by Naguib (1975) by clipping the distribution
at'the physical limits of £ = 0 and £ = 1.0, corresponding to air and fuel
streams respectively; The resultan% distribution consists of a Gaussian
distribution between £ = O and i and two delta functions located at £ = O
ana f= 1.

In the'p;ésent work, two probability density functions, Pdfs, were
used; these correspond to;

1. Delta functions‘at f=0and £f = 1.0, i.e. a square wave distribution
"of £ with time.

2. Gaussian distriﬁution‘between f = 0 and 1.0 together with two delta
functions at £ = 0 and 1.0. This distribution corresponds to a
random variation of £ with time.

Thé abové distributions were embodied in models 2 and 3 respectively

as summarised in the following paragraphs.

Model 2

.In model 2, the probability density function of f was represented by double
delta functions at £ = 0O and 1 witﬁ the corresponding square wave temporal
distributioﬁ dividéd into four separate.regions, as shown in figure 2.4.3
and indicated below;

1. Regions where 1.0>£>0

P(f) = A {8(£) +8(£)} andan ‘=%

1
2.4.33
- % U

. f+ =f+g and £ =f~-g

2a. Regions where £<0.5, and £ - g%<0.0

P(£f) =.A2 6(0) + Ay 6 (£,)

a, = g/(E (F + g/%)) . 2.4.34

p]
I

£/(E + g/F)



2b. Regions where £50.5 and £ + g

—-(2~

1,
>

1.0

P(f) = A, 8(£) + A, S (1)

-

(l—i_f)/(l—f-i-g/(l—f))

Ay = 2.4.35
and
- _
Ay = g/ (1 -6 +gqg)

3. In regions where large oscillations of £ are imposed, such that either

fuel or oxidant is present, the probability density.function is given by;

P(£)

]

(1 -8 &) + £ 8(1)
| - 2.4.36

g (1-%) F

max

The local values of T, 5, M., ﬁok were cbtained from equation 2.4.29

fu
and the.pfobability distributions of equations 2.4.32 to 2.4.36 which
express thevinstaﬁanéous values of T, p, Mfu and Mox in terms of the mixture
fraction £. ‘This model'was p;eviously used by Spalding (1971), E1 Ghobashi
et a; (1974), Khalil et al (1974,1975) and Richter (1976) for diffusion
flames and it was concluded that it provides better agreement with experiment
than model 1 becéuse it accounts for the effect of turbulent concentration
fluctuation.
Model 3
Model 3 differs from model 2 in that the clipped Gaussian probability

distribution of mixture fréctién is uséd instead of the aoubie deltalfunction.
As the instantaneous value of f must satisfy the constraint, 0<f<1l, the
gnwanted tails of the conventional Gaussian distribution at £<0 and £>1,
which are physically unrealistic, are accounted for by twé Dirac delta func-
tions at £=0 ahd f=1. The resultant clipped prcbability distribution is
expressed, as given by Naguib (1975), in the form;

P(£) = —L— exp (3 EH? « (oo 1Y 2.4.37

ovam

+ A 8(0) + B S(L)
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:where
U is the value of f giving maximum probability.
o is the variaﬁce
D(f) is the Heaviside step function defined as,
D(g) = O, ¢ <0 and D(g) =1, g >0
§(£) is the Dirac delta function.
~This probability distribution is shown in figure 2.4.4.

“The time averaged mixture fraction f, obtained from equation 2.4.14, is

expreséed in the form 2.4.29 as;

F=m+ ST —E exp (- —;- (f—;‘i)z) af - 2.4.38
: avan '
and
oo (o] )
B=,/P (faf, A= [ P (f) af ‘ 2.4.39
1 -

p_(£) = exp (- 3 (EH%
: ovam | ‘

‘The value of g, the square of concentration fluctuations, obtained
from equation 2.4.32 is given as;

2 2

g =B+ fl exp (- %-(Eégéz) af - £ 2.4.40

avam

Values of £ and g were calcqlated from their conservation equations
2.4.14 and 2.4.32 and Y and O determined ffom a table in‘terms of £ and g.
The time averaged value of any property ¢ and the variance can be obtained

through the equations;

1
3=23 +85 + 5 2B o - L (EB2) g 2.4.41
A F 2 g
o ag/2m
and
2 2 e ? 1 f-w2. .. =2
§ =B gyt S exp (-5 (D) ar -9 - 2.4.42
o ov2m

The instantaneous values of T, p, Mf and M were assumed to be
u

functions of f; the corresponding time averaged values can be obtained from
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‘equétions 2.4.41 ;nd the square of the fluctuations was obtained from
‘equatién 2.4.42,

'As for model 2,'model 3 requirés the solution of aerodynamic equations
as well as the £ and g conservation equations and éonsults, in addition,
taﬁulated values of U and 0 for given f and g. The application of this
model is limited to diffusion flames as it assumes infinitely fast reactions
and does not explicitly include chemical kinetics. Previous investigations
of El Ghobashi et al (1974), El Ghobashi (1974), Naguib (1975) and Hutchinson
et ai (1976) incorporatedﬂmodel 3 and suggésted that this model is preferable
in free and confined aiffusion flameé. The basic assumption of fast chemical
reaction, incorporated in the models 1 to 3,iimplies that fuel and oxygen
do not coexist and this assumption'becémes less appropriate as the reactants
are more premixed and the effect of chemistry requires consideration as
discﬁssed in the next subsections.

2.4.3 Finite chemical reaction models

In situations whgre fuel and oxidant are mixed prior to the combustion
chamber, the assumption of infinitely fast chemical reaction is invalid and
provisioh for finite rate of reaction is required. Premixed flame situations
are found in Gas turbine after burners and baffle stabilized burners. A
source term is réquired in the equation of'conservation of species to account
for the disappearance of species at finite rate.

The reaction mechanism between fuel and oxygen can take place with
inteimediate steps, producing radicals in the initiation reactions, which
are’oxidized in the termination reactions to yield carbon dioxide and water
vapour for hydrocarbon fuels. The oxidation of hydrogen and hydrocarbons
takes place in multistep reactions; each of these steps is governed'by a
reaction rate which appears in the correspondiﬁg species eguation to account

fof the rate of formation or disappearance of the species. This rate,
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1

"expressed in the form 2.4.10, is strongly temperature dependent as indicated

by the exponential term and is also dependent to a lesser degree on the

-

local conCentratioﬁs of reactants.

In the present work, a finite reaction rate of a single step mechanism
is obtained with the aid of the eddy break up assumptions of Spalding (1970).
The fuel conservation equation is then solved with the appropriate sink term,

thus yielding the fuel mass. fraction which, together with the values of mzu

obtained from their conservation‘equation, are used to obtain P(fu). Con-
sequéntly other propérties such as T, 5, E;x etc., are obtained in a similar
manner to that of model 3 using equations 2.4.41 and 2.4.42 with Mfu replacing
f. In situations where intermediate steps afe incorporated, the same solution
progedure'is used fof.each species, as described later in connection with
model 5. | | ‘

Modei,4

In the mixing' zone of fuél and oxidant, the rate of a single step chemical

reaction can be expressed as;

2'
.4.4
R, =B P M M exp (~E/RT) 2.4.43

Time averaging this Arrhenius . expression and neglecting turbulent fluctuations
1 . .
yields;

R =a p“m ﬁox exp (-E/RT) 2.4.44

which is similar to expression 2.4.10 when F equals zero, i.e. when the
influence of turbulence on the reaction rate .is neglected.

To evaluate the reaction rate, as expressed in 2.4.10, it is necessary

‘s . . 2 — r2
to solve additional equations for the conservation of mox' m meu, T,
. Q. .

m XT' and mf T', Thus large computer storage is required because the rate. ex-
o u ,

pression 2.4.10includes the effect of turbulence on the reaction rate. To

avoid solving these additional equations Spalding (1970) proposed a reaction
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‘rate based on the species concentration fluctuations and the rate of

break up of eddies. The eddy break up reaction rate may be expressed as;

-

= _ -e %
Re.su © R P ¥ 9fu
where :
_ (M ~ ﬁ )2 - "——2 2.4.45
Iru fu 0’ Meu
and CR is a constant of the model. The texm £/k has the dimensions of s_l
and ﬁhe diffusion time scale is Ts = k/e which should be compared to the
o "o
chemical kinetic time scale TK given by Borghi (1973) as;
- - -, = - -1
T = {a_ + - .4,
'« { o P (Mox iM_) exp ( E/RT)‘} 2.4.46

The.two'ratesfof reaction given by eqguation 2.4.44|and 2.4.45 are compared
together in the computationalysolution procedure and the smaller of them is
taken.to represent‘thé effective controlling raﬁe.

In regions where Ts is larger than TK' the mixing of the reactants is

o

slow and the reactants are at a suitable temperature and concentrations to
react as soon as they intimately mix, therefore, the reaction is diffusion
controlled, i.e. it is;controlled by the smaller rate given by equation
‘2.4.45. On the other hand, when Ts is wvery small, which corresponds to
large dissipation ra;e of eddies‘anz rgpid mixing, the reaction is kinetically
influenced; the reactants are in intimate contact but théir temperature and
concentrationé are not suitable for the reaction to proceed; the smaller
rate is. given in this case by equation 2.4.44.

To determine the eddy break up raté of reaction, it is necessary to

2. - 2 )
evaluate mfu' The conservation equation for m_ , reported by Borghi (1973),

fu
Bray (1973), Bilger (1975) and Hutchinson et al (1976) was expressed in the

form 2.1.12 and was solved together with the relations;
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T = /c
gfu eff g
= - €e 2 .7 =2- = =
=C ' G -C p=-— m_ -2A p " M_ M exp (-E/RT)
gfu 9, 9ey 9, K fu o fu ox
- P . 2.4.47
x _fu + Of fu }
Mfu Mox
oM__ 2 oM_ . 2
- 1 fu fu
and Ggfu Uges {« 5% ) ( 3y ) }

The last componeﬁt of the source term, S , appears due Fo the finité
source term in. the conservation equatipn ﬁfu'iiucontrast to the sourceless
mixtufe fraction conservation equation. Previous investigations using a
similarlmodel: e.g. Pope (1976), indicated that the third component of the
sourée‘term'é is ipfluential and should be included in the calculations.

g
fu :
mOX which appearstin equation 2.4.47 is obtained from the solution

The term ?fu
of the corresponding conservation equation as discussed later in connection
with model 6.

Previous investigations, Mason et al (1973) and Pope (1976) neglected
the term E;;E;;-but it'is included inlthe present work. The value of the
eddy break up constant CR was originally proposed by Spalding (1970) to be
0.53. The value of CR obtained iﬁ the present work, th;ough computer
optimisation, was taken as 1.0 which is in reasonable agreement with the

value of 1.1 reported by Pope (1976) for turbulent confined flames.

The present model requires the solution of conservation equations for

M_, m 2 and m_ _m_ . The temporal distribution of M
fu fu ‘ ox fu

clipped Gaussian probability function whose characteristics were obtained

fu corresponded to a

from local values of ﬂfu and méu , in a similar manner to model 3. Model 4
is suitable for premixed flames where fuel and oxidant can coexist and

was successfully used by Mason et al (1973) and Pope (1976) to calculate
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loca; flame properties. The assumption of éingle step reaction is not
appropriate for many gaseous flames, especially when radieal concentrations
aré required and ﬁodel 5, diséussed in the foliowing paragraphs, is more
appropriate to such situations.
Model 5

This model is similar to model 4 with the differance that the chemical
reéction takes place in intermédiéte steps. The net reaction rate is |
ev;luated from the forward and'backward reaction rates. Similar to model
4, £he influence of turbulence was included, through an eddy break up
rate. A clipped\Gaussiaﬁ probabi;ity distribution was assumed to represent
the. temporal distribution of the various spécies. Simple reaction mechanisms
for the oxidation 6f gaseous fuels were suggested for methane by, for
example, Walaman et al (1974). Similar mechanism; are also available for
otﬁer gaséous fuelévbut only the methane qxidation mechanism is considered
here as the natural gas usea in the present investigations was composed
mainly of methane. The reaction mechanism of Waldman et al (1974) is shown
in figuré 2.4.5 with only eight major reaction. steps of this mechanism
considered here. These were selected on the basis of their major céntribu—

tion to the formation of the intermediate radicals. The selected reaction

steps are;

+ OH s i
CH4 Ol ———— CH3 + HZO
CH3 + O2 = — CHZO +OH
CH20 + OH peme— CHO + H20
2.4.48

CHO + OH —_— CO + H20
CO + COH Fe— C02 + H
H + O2 ——— OH + O
H,O + ‘0 ——=—- OH + OH

0y + M paSams— O +0+M
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These reaction steps are concerned only with the oxidation path of
CH4; the NO formation path is considered separately in section 2.6,
as the concentraﬁi&n of NO is aiways too small to affect the main
_reaction mechanism of 2.4.48 or to influence the energy based properties.
The rate constants of each of the forward and backward reactions were
calculated gccording‘to the data of Waldman et al (1974).

For each of the reaction steps, a conservation equation of the chemical
species is expressed in ‘the general form 2.1.12 with the rate of formation

or disappearance of the species as source or sink term. The forward

reaction rate coefficient Kf is expressed as;

K, = BT exp (-E/RT) _ 2.4.49

where B is the pre-exponential coefficient. The backward reaction rate

coefficient Kb can be obtained from the equilibrium constant Kc as;

Ky, = K/, 2.4.50

This equilibrium constant, KC at atmospheric conditions is expressed as;

0, -
KC = exp (-AG/RT) 2.4.51
where, !
o N [1} ]
AG= I (v,-v.) g
=1 J
%J = ﬁj - T S, = Gibbs free energy
- — T 2.4.52
s.= [fcC_ . QE_+ C_ . = species entropy »
J P,J - S,d ) .
T T
H =fcC . dT+ (c,-a )
J T P,J 15
N [ B o] | N n Q
and I Vv, Wj z vj wj 2.4.53
j=l J j=
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' 1 "

where vj and vj are the stoichiomctric coefficients of the reactants and

products. (CH— a~lG and Cs 5 axe constants related to the heat of formation
: ’ _

.

and entropy of tﬂe species.

In the present model, the partial differential conservation equations
for all the various species considered, are solved in addition to the
éerodynamic éonservation equations, which rendered the present model its
coﬁplexity. In the species conservation equations, the squaxe of the
concentration fluctuation gj is obtaineq from an algebraic form of
equafion 2.4.47 be equating the generation of gj to its dissipation as
reported by Hutchinson et al (1976) .

Combustion models of the present type, which solves conservation
equatioﬁs fér the individual reactions stepé, were reported by, among
others, Borghi (1974) for carbon monoxide oxidation in a mixing layer.
Similar cbmputations were also performed by Leuchter (1974) for hydrogen-
oxygen reactions in mixing.region of two adjacent streams separated by a
thin plate. Both investigations assumed boundary layer flow and wexe not
applied to flow situations where substantial recirculation zones occur.

- In the present work, model E is employed to calculate the intermediate

radical concentrations for CH4 and C3H8 flames in confined axisymmetric

furnace configurations with large recixculation zones.

2.4.4 Effect of turbulence fluctuation correlations on reaction rates

The effect of turbulence fluctuaﬁion correlations on the rate of
'chemicgl reaction is determined by decomposing the instantaneous reaction -
rate, given by equation 2.4.6, into mean and fluctuating components and
evaluating them through relations with mean flow properties. Many previous
atéempts to formulate a statistical theory for turbulent reacting flows
were concerned with isothermal reactions; e.g. Donaldson et al (1972 and
. 1976) . Other investigations neglected the effect of density changes on

the velocity field , Dopazo et al (1973). When chemical reactions take
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élace in the mixing zone, the time averaged reaction rate depends on the
mixing pattern and chemical kinetics. This rate differs from those cal-
culated from time éveraged propeéties, equation 2.4.44 as explained
- later.

The types of model assumptions indicated in the.previous subsection
‘are appropriate to particular flow situations; for example, models 1 to 3
are approPriate to diffusion flames, where the rate of chemical reaction
i; infinitely fast; as fuel and oxidant come in intimate contact with each
other, they burn.. Thege models, 1 to 3‘applied to unpremixed flames, do
not require explicit formulation bf the rate of reaction. On the other
hand, where fuel and oxidant are intimateiy premixed prior to the combustion
chémber, the assumptions of models 1 to 3 are not appropriate and an explicit
finite raté of reaction is required. The finite reaction rate models
iﬁcorporated a single step reaction mechanism, model 4 and multi step
reaction mechanism of modei 5 and were found appropriate to premixed
" flames.

The present subsection, however, incorporates general models which
can be‘applied to arbitrary fuelled systems where none of the above models

is appropriate by itself. The models described below are intended to

represent the types of flames considered in the present work which includes
those with complicated burnér geometries.
Model 6 |

The rate of chemical reaction given by equation 2.4.6 and 2.4.7 was
decomposed to mean and fluctuating quantities. Time éver;ging the rate
of reaction and neglecting the variatioﬁ of the rate constant with time

due to turbulence, the time averaged reaction rate is expressed as;

R =k (M M + 2.4.54
Rfu Kf ( fu Mox mfu mox)
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The term K_= A exp (-E/RT) and the term m_ m__ are intimately related
£ o fu ox
to the turbulent mixing of the two reactants. The magnitude and sign of
entity mfu mo; depends entirely on the manner in which the reactants are
introduced into the reaction domain. For non-premixed flames, the corre-
lation mfu mOX is alwayS‘negative cr zero, since fuel and oxygen concentra-
tions diminish towards each other. In order to calculate ﬁfu' a conservation
equétion for mfu mOX is solved. Several expressions for the conservation

equation of this correlation were suggested by Bray (1973) and Borghi

(1974) . Thé transport equation for the correlation m mox is expressed

fu
asi 1 ' ' II
d = =——— 1 3 ‘- = — —-
oy pU mfu mOx + T35 ° vV xr mfu mox' = pz grad‘mfu mox
III

2D2 grad m s grad M

v

+ 2Dt grad Mfu' grad Mox

\'
- grad u me mO - grad v Moo Box
VI
- M + M 4
kf (Mox * Mfu tmfu mox }
. T 2 - 2
- kf {1 Mox mfu Mfu ox
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where DQ is the laminar exchange coefficient.
Term I represents the net rate of convection; term II denotes the

.laminar diffusion of mfu mox; and term III, represents the dissipation

of the fluctuations due to molecular diffusion. The net generation rate
due to the non uniform distribution of local mean mass fractions is
expressed in term IV. Terms V and VI contribute to the turbulent diffusion

of the entity me, mox and its generation due chemical reaction respectively.

3 . The value of the turbulent diffusion coefficient Dt was given by

Monin et al (1971) as

Dt = ut/cf | 2.4. 56

The dissipation term of the entity m , term III, is proportional

fu mox
to the guantity that is being destroyed by viscous action, i.e. mfu mox'

times the local density time €/k. The latter has the dimensions of (time)—l.
The term £/k can be regarded as the rate of decay multiplier for the
turbulence energy k; so that the dissipation of mean square veleocity fluc-

tuations (i.e. of k) and the dissipation of the entity m mox proceed at

fu

proporticnal rates, see, for example, Spalding (1975). Term III is expressed
as;

om om

fu ox

2 ox, 0%,
J J

2 D =2p 2.4.57

€
= m m
k fu ox

This modelled form of the dissipation term does not explicitly include
the laminar schmidt number (i.e. the ratio of kinematic viscosity te
diffusivity) which limits its use to schmidt nﬁmbers with values cleose to
unity, and consequently ceould be appiied in the present gaseocus flame
configuration. The turbulent diffusion term V is modelled, Berghi (1974)

in the form;

m m 2.4.58
fu ox
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~and was considered by, for example, Bray (1974) and Bilger (1975). fThe

generation term of the entity m_ ; due to the non-uniform spatial

x fu

-

distribution of the entities ﬁo# and ﬁfu' can be either +ve or -ve

according to the distribution of the reactants and is expressed as;

2 Dt g'radlMOX * grad Mfu Cgl Gg2 | 2.4.59

where Cg and Gg are given in table 2.1.1 and 2.1.2. The triple corre-
1 2
lations such as m

m 2andm m
>4 o

% % fu2 were gengrally neglected on the grounds

that their influence was negligibly small at low activation energy as for
most of the hydrocarbon oxidation reactions used in this work. The modelled

form of the conservation equation of m can be represented by the form

m
fu ox

2.1.12 with the values of P¢ and S, expressed as follows;

0]
To = Here/%¢
s._. =¢Cc ¢ -2p& - k_MN_ M
Af gl 9, P k "fu mox kf Mfu e} 4
2.4.60
m 2 m_ 2
x | _OX + i _fu + (_l + _l ) me o }
M M M M ox
ox fu fu oxX

It can be seen from equation 2.4.54 and 2.4.60 that the entity 5;;5;;
represents the source/sink.of'the fuel' conservation equgtion due to turbulent
fluctuations. The genergtion of 5;;5;;)'due to the effect of turbulence, can
be represented in terms of the various time scale of turbulence and chemical
kinetics as discussed in the following paragraph.

The.Damkohler number ND defined, Damkohler (1947), as the ratio of a
mixing distance (or time) to a reaction distance (or time) equals uﬁity

when the reaction distance (or time) and the mixing distance (or time) are

equal. 2An .expression of this number N, is given as;
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= T . . L
ND s/Tk 2.4.61

where Tk is the time scale of chemjcal kinetics given by equation 2.4.46

and Ts is defined as the stretching time of the flame eddies and equals;

2.4.62

which accounts for the mixing time in connection with the mean motion

and the random turbulencé, Spalaing (1976) . - Introducing these definitions
in‘the source term §f equation 2.4.60, enables the estimation of the con-
tributions of chemical kinetics and turbulent mixing to the generation of

mem .+ In flame situations where reactants are in intimate contact, due

to rapid'mixing, characterised by large values of ¢/k, the reaction is
kinetically influenced if ND§<1.O. The influence of chemical kinetics on

the formation of mem . is hence negligible and only the first two compo-

nents in the expression of gAF are retained. In the flame situations

where the temperature is high enough for the reaction to proceed, but the
reactant are not in intimate contact, the reaction is controlled by mixing;

- the chemical kinetic time T, is very small relative to Ts i.e. ND>>l.O.

k

The variation of the time scales Ts’ Tso and Tk and the Damkohler number

along a mixing zone of a co-flowing flame is shown in figure 2.4.6 and 2.4.7
respectively. 1In figure 2.4.8, the variation of ND with temperature is
shown; as the temperature increases, ND‘increases and the reaction is more

dependent on mixing. Regions where ND>>1.O'and ND<<O.1 are shown in
figure 2.4.9 and corresponds to diffusion controlled and kinetically

influenced flames respectively.

Thé present model requires the solution of the same equations as

model 4 in addition to two conservation equations for m upox and mox2;

£

the latter is similar to that of 2.4.47 with the appropriate source terms.
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The local flow properties were also obtained in a similar manner to model 4
through the specification of P(Mfu) and the total number of solved equations

was twelve for a swirling flame without the consideration of radiation. An

2, m_m and m 2
u ox fu ox

approximate form of the conservation equations of mf
was obtained by neglecting convection and diffusion fluxes in the conser-
vetion equations end hence ebteining algebraic form of the balance of
pfoduction and dissipation of the scalar entity. This approximation, when
applied to scalar fluctuations,.gave similar results to those obtained from
thetcerresponding differential equations with differences of the order of
3+8%.

Model 6 includes the effects of turbulence fluctuations on the rate of
reactione and the reaction rate dependence on turbulent mixing or chemical
kinetics is embodied in the model, in contrast te models 1 to 3 which include
the effect of turbulent mixing and models 4 and 5 which use the eddy break
up moael and neglect.the tnrbulent fluctuation correlations. A final remark,
is that model 6 does not include the effect of temperature fluctuations on
the reaction rate andlin some flow situations, this neglection can lead to
serious errors at large activation energies and the next model 7 accounts
for this influence.

Model 7

In model 6, the influence of temperature fluctuations on the rate of
reaction was neglected, assuming that the activation energy of most of the
common gaseous fuels is of the order of l.59xlo8 J/k molok, i.e. E/R=18000K
In many situations, the activation energy is very high and temperature
dependent, for example, the pollutant formation reactions. The time mean

rate of reaction ﬁfu‘is expressed by equation 2.4.9 and higher order

] T ""I’j ,
correlations T m_ , T mox and T were neglected.

fu
The truncation errors due to the series expansion, in equation 2.4.9,

to the second term only, i.e. model 6, were reported by Borghi (1974). A

comparison between the rates obtained from equation 2.4.54 and that obtained
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1

" from the exact solution for E/RT of 10 and T'/E of 0.1 showed an error

of 1.5% in the ratevof reaction; in flow situations where E/Rf equals 20,
this truncation efror was 15% for ;he same temperéture fluctuation level.
The analysis of Borghi (1974b) indicated that the approximation of the rate
of reaction by a series éxpansion, eqguation 2.4.54, became poor as E/RT
ihcreased{ for high activation energy and low mean gas temperature for the

same level of temperature. fluctuation.

In chemical reactions where the activation energy is large, similar to

those of pollution formation, the second order correlations, mfuZ, m XZ
) oxX

2 X . . X
mfuT', moxT' and T'" are incorporated in the rate of reaction expression as

shown in equation 2.4.9. The series expansion of the rate expression of

equation 2.4.8 requires the provision of higher order correlations than

those considered by equation 2.4.9. The third order terms, T'3, T'm_m ,

T‘zm ,mM_m 2 and m 2m were neglected in equation 2.4.9; however
ox fu ox fu ox _ :

these terms were evaluated using algebraic expressions, Borghi (1974a) and

T'2m

fu’

Donaldson et al (1976), but their magnitudes were found to be negligibly small.
The truncation errors in the raté of chemical reaction at E/RE of 20 and
T'/T of 0.15 were less than 0.5%.

Model 7 incorporated equation 2.4.9, to calculate the rate of fuel

consumption, which requires the solution of the conservation equation for

‘o : 2 =
entitiesm_2, m 2, m_m ' m_ T',mn T and T' . From the values of M
fu ox fu ox "fu ox : : fu

and mfﬁz, the characteristics of the clipped Gaussian distribution of M

were obtained in the same way as in model 4 and the local values of 5, 5,

fu

Mox were consequently obtained from equation 2.4.41 and 2.4.42 with Mfu
replacing f£. This model includes the effects of temperature and concentra-
tion fluctuations and their correlations on the time averaged reaction rate.

It also requires large computing storage and time requirements and its use

was limited to pollutant formation mechanism as the influence of temperature
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fluctuations is consideiably large. The model can be extended to include
higher order correlations and multistep reactions but due to the limited

computerlcapacities is restricted to its present form.

The effect of density fluctuation

The influence of density fluctuation correlations on the convective
fiux of maés énd any other scalar was found to be significant near the
reaction zone edge, Bilger (1975). Figure 2.4.10, was obtained for hydrogen
diffusion flame and illustrates the effects of including the various terms
whichvappear in the';onservatioh eqpation; these terms are of the form 575
and‘aﬁr_

3

wWhen the conservation equations are expresséd in terms of Favre averaged

when third ordervdensity fluctuation correlations were neglected.

properties 5 insteaa of time averaged P, these terms disappear but when
comparison with experiments is required, the density correlation terms should
be calculated.

Additional conservatioﬁ equations for BTE;.and ETE-were solved with
those for mass, momentum, energy and speéies in models 6 and 7. In figure

2.4.10, curve (3) shows radial profiles of mean temperature when the terms

p'uj and p'¢ were neglected, while curve (1) shows the same distributions
when these correlatioﬁs were taken intc account. Figure 2.4.11 shows radial
profiles of nitric oxide concentrations fqr different'approaches and curves
(1) and (2) represent the situations when the additional source of any entity
® due to the density fluctuation was significant, i.e. 575;7 5 ﬁj was not

-small.

The entities p'uj and p'¢ were calculated from differential equations
for the transport of these entities expressed in the form 2.1.12 and were
described by Hutchinson et al (1976) buat can also be obtained from an

approximate form, ‘given by Bilger (1975) as;
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— _ _ lerr 35
] Jp - 0 ax,
p - J
and ' _ 2.4.63
o7 = eff 99 .
P o ox
p J

In model 6, the assumption of equation 2.4.63 was considered and the

correiations were'algebraically calculated in terms of density gradients.

)
In model 7, where conservation equations for mamb, T'ma, T'mb and T were

calculated from the corresponding conservation equations,‘p'¢ and p'uj were

obtai#ed from equation 2.1.12 Qith appropriate F@ and S¢ as indicated in
table 2.1.1. |
The effect of the enﬁities p'd and ETGS embodied in models 6 and 7,

was found to fesult.in negligible changes in mean velocity and turbulence
field. in temperature and pollutant species calculations, the entities Eﬁf
and.ETﬁ;- have a significant 'influence as indicated in figure 2.4.10 and 2.4.11
respectively,but itis concluded that these entities have an insignificant influence
when energy based properties are considered. The influence of density-
velocity and density-scalar fluctuation correlations and the correlations
a;a;.on the rate of pollutant formation was significant; this is because
of the high activation energy in the exponential term of equation 2.4.10.
As a consequence, the;e correlations were considered in pollutant formation
models as described later in section 2.6. .
2.4.5 Summary

. This section has been concerned wiﬁh the modelling of the time averaged
conservation equations of scalar entities in turbulent reacting flows.
Various modelling assumptions were described in the section and can be mainly
classified in accordance to their‘appropriateneés to diffusion, premixed
and arbitrary fuelléd flames. In turbulent diffusion flames, the assumption

of infinitely fast chemical reaction was incorporated in the computational

scheme, and this oversimplified assumption enables thé calculations of local



-80-

flame properties through the solution of one conservation equation for the
mixture fraction £. The effect of concentration fluctuation was also
considered in this section in qonjunction with the mixture fraction and
additional modelled equation for the squaré of the concentration fluctuation
was solved. The time averaged and variance of any scalar entity ¢ was
obtaihed f;om.the\knowledge of E, g and the temporal distribution of f. IWOa
temporal distributions of f£; the square wave form and the random distribution
Were considered and corresponded to two delta functions and a clipped Gaussian
distribution respectively. Models including the concentration fluctuation
effects were found to yiéld betﬁer‘results than the first model which ignored
the concentration fluctuation.

~For premixed flames, the above assumptions are not appropriate and
finite reaction rate models should be included as a source or sink in the
fuel massvfraction éonservation equation. The eddy break up assumption
was incorporated to account for the effect of turbulence on the single step
reaction rate; the fuel concentration fiuctuations were required for the
fate expression and Were obtained from the solution of the corresponding con-
sexvation equation. The probability density function of fuel mass fraction
was assumed to be represented by clipped Gaussian distribution which is

|

obtained from local yalues of mean and fluctuating component of fuel mass
fraction. The effect of multistep reaction mechanism was also considered
and was found appropriate to premixedlflames where intérmédiate radical
concentrations are required.

The application of equation 2.4.10 to turbulent réacting flows with
arbitrary fuelled systems was reported in two models; the first neglected
the effect of temperature fluctuations on the reaction rate and the second
‘accounted for that effect. These two models. involved the solution of many
additional conserﬁation.equations for the second order correlations, but

were more general than previous models as the influence of turbulent mixing

and chemical kinetics were included and their contributions depend on mean
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_flow properties.

A.closed set of conservation equations for mass averaged quantities can
be obtained without modelling velocity density fluctuation correlations;i.e.
in Favre average form.These correlations must be then modelled in order to
caiculete time averaged quantities,which can be compared to the measurements.
More work is required on thevmodelling of the velocity-density fluctuation
correlation to investigate their influence on the local flow properties.

The various combustion models discussed in the section are appropriate
to different flame configurations.The fast chemicel reaction models 1 to
3 embody the assumptions of diffusion or mixing controlled single step
reactions,i.e the time scale of mixing Tg is larger than that of chemical
kinetics,"[k and therefore ND is>>l.O..The use of these models should be
restricted to unpremixed flames where the reactanfs burn as they mix.The
finite chemical reaction modeis 4 and 5 should be applied to premixed flames
where‘the reactants are in intimate contactlbutAmay exist at a low temper-
ature for the initiation of the reaction,i.e the time required for mixing

Ts is much smaller than the chemical reaction time Tk. This situation
corresponds to very small valges of the Damkohler number ND<<1.O and the
reaction is kinetically influenced.

In many practical furnace applications, the flame situation is neither
diffusion controlled nor kineticelly iqfluenced due to the existance of a
burner quarl , where mixing can occur prior to the combustion chamber.In
these situations, the time scale of mixing Ts and that of chemical kinetics,

Tk are of the same order of magnitudeAand hence .nome of the previous five
models is appropriate. Models 6 and 7 ,are more general than models 1 to 5

as they inciude the effects of turbulent fluctuations and chemical kinetics

in the reaction rate expression. They are expensive to run as they require the
solution of many'conservation equations, and hence are only most appropriate
to arbitrary fuelled flames,i.e Nntfi.o, where models 1 to 5 would vyield

unsatisfactory results
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As a result of the above analysis, the reacting flow calculations
presented in sections 5.1 and 5.2 make use of the combustion models 3, 4,5,

»

. 6 and 7 as follows;

Model 3 for diffusion flames, N_>>1.0
.Models 4&5for 'premixed flamés,.ND<<l.O
Models 6&7for arbitrary fuelled flames, N =1.0

The discrepancies resulting from the use of a hon—optimum combustion model

are described in section 5.3 , where various models are compared.

2.5‘ Radiation Models

2.5.1. General

The mathematical investigation of combustion in furnace flowsS requires
adeggaté treatment gf the thermal radiation represented by the socurce term
of the eﬁergy conservation equation. Several technigues have been developed
for the solution of‘the radiant heat transfer equation. Of these, the zone
method of Hottel et al (1967) has been applied extensively and successfully
but requires the solution of an integro-differential equation in finite-
difference form; the computational task is considerxable because each zone
of the furnace svpace influences each other zone and the computation of the
influence coefficients demands large computer storage and running time. Aas
a result, the =zone meéhod is not suited to the simultaneous computation of
flow and heat transfer field.

Flux methods prbvide an élternative which is computationally more
economical and still reasonably accurate; see for example, Lockwood et al
(1971) and Gosman et al (1973). They are based on the use of simplifying
assumptions for the angular variation.of the radiant intensity.which
allows the exact integro-differential radiation transport equations toc be
reduced to a system of approximate ordinary differential gquations. This

differential form makes the equations ideally suited to numerical sclution

simultaneously with the flow equations. The accuracy of the method depends
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on the assumed form of the angular distribution of intensity. In the
Schuster (1905) type of flux model, the intensity was assumed to be indepen-
dent of direction in each of a numbér of solid angles spanning the whole
range of 4T and has been used for one dimensional planar radiation transfer
and extended to two dimensional transfer in curved geometries by Lockwood
v‘et'al (1971). The radiation intensity distribution, assumed to be dependent
on direction, was expressedlin a Taylor series expansion, Demarco et al
(1975) ; these expressions when integrated over solid angles of 27 and 47/6,
gave.the transport équatipns of.radiative‘fluxes. The spherical harmonic
approach, Siddall (1§76),'and the discrete ordinate approach, Truelove (1975)
can be also considered as flux methods. In the spherical harmonic method,
thg radiant intensity was formally expanded'in a complete set of angle eigen
functiéns, which was truncated at some upper 1imi£. The discrete ordinate
appfoach solved the exactlradiation transport equation for a set of discrete
directions spanning the range of 4m; angle-integrals of intensity are
evaluated from the discrete values by numerical quadrature. Comparisons
between the various radiation models, as applied to furnace flows, were
reported by Whitacré et al (1975), these comparisons indicated that the
spherical harmonic approximation is more appropriate to furnace flows as it
inciudes the actual absorption cpefficients in contrast to the four flux
model of Lockwood et al (1971), and solves a single transport equation for
axisymmetric furnace flows.

The radiative heat transfer in practical furnace combustors involves
non-grey gases and particulates which can absorb, emit and scatter radiation.
The equation for rédiative transfer in a medium which emits, absorbs and

scatters radiation may be expressed, Hottel et al (1967) as;

v (I./r;) =~ (ats) I + zsl-ﬂ—\f I4dN' +a Ib 2.5.1
Q=4m
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o Q' is the solid angle

o>

is a unit vector through the point to which the intensity I
is referred.

Ib is the black body emission.

The first term on the right hand side of equation 2.5.1 is the absorption
and outscattering flux, whiie the second term represents the inscattering
flux. The third term denotes the black body emission. The intensity'vector
I is ;hown in figure 2.5,i and is dependent on (r, 8, x and ). Egquation
2.5;l can be simplified, to remove the integral form by considering a gray
non scatfering medium;

' ' 4

V(IR =-k I+k %? ' 2.5.2

whiere ka is the gray gas attenuation coefficient. The radiation intensity
vector I can be generally expressed in a Taylor series expansion, Demarco

(1975), as;

I=2a. (r.Q) +A

1 " (6. + A3.4(x.9)

2.5.3

’ ~ 2 ~ 2 ~ 2
+ B . (r.Q)" + B,- (6.7 + B,. (x.9)
where
Al' A2, A3, Bl' B2 and B3 aré coefficient of the series and are

connected to the intensity in the coordinate directions.

~ ~ ~

r, 8, x are unit vectors of the three polar cooidinates r, 9, x.
Q is unit vector representing aldirection.
The soot formation due to the mixture éharacteristics and the type of
flow contributes to the radiative transfer through scattering especially in
heavy oils'and-solid fuels. In gas mixtures, the emittence is a function

of the local partial pressure of the different gases;

' € = - - P + P L 2.5.4
gas % ag,n (T {1 - exp ( kg,n ¢ HZO COZ) }

where
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k ~1is the absorption coefficient
y

P is the partial pressure of the gas.

ag,n(T) is the weighting factor which is a fraction of the black

body enerqgy.

L is the opticai path length.

In the present work, the radiation from solid particles'was neglected as
thé fuel was burned at near stoichiometry and the flames were non-luminous,
and, gas to gas énd gas to wall radiation were significant in the flames con-
sidered in the present igvestigations. The accuracy of the radiation flux
model of the type describgd by pemarco et al (1975) can be greatly improved
by retaining more terms in the series expansion of the intensity distribution,
and consequently sélving more equations. In the presenf flow configurations,
qt least eight equations were used to obtain the thermal characteristics of
the flame and the‘additidnal flux equations were kept as simple as was

possible to allow reasonable physical representation with low cost.

2.5.2 Radiation model used in present investigation

In the present work a modified version of the four flux model proposed
by Gosm;n and Lockwood (1973) was primarily used,la£er comparisons with the
four flux model of Demafco et al (1975), applied for two dimensional axi-
symmetric flows, were carried out. The transporf equations of pet radial and
axial.radiative fluxes were solved with local values of absorption and
scattering coefficient Varyiﬁg according to local composition, Lockwood et

al (1971). The two equations for Rx and Ry incorporated in the model of

Gosman et al (1973) were,

d 1 P -4 s
5; ; —a—}; RX = a (Rx - o) + 5 (Rx - Ry) 2.5.5
and
2 R
193 ,x Yy _ ~ o) + S - 2.5.6
T Br (ar+l) Y a(Ry GT)+2(RY Rx) .5.

The source term in the enthalpy equation, Sh was expressed as,
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S =2a (R +R-2OE'4) 2.5.7
\ h X y .

Integrating the intensity distribution, equation 2.5.3, in the general
expression 2.5.1 over a solid angle 27 , and in the absence of scattering, the

flux equations for axisymmetric furnace flows were obtained by Shah (1976)

as;
9 1 9 4 -4
'é;;s;Rx—':—)"a(2Rx—Ry-O'T) i 2.5.8
and 31 3 p _2,(Jr -r -gi) , 2.5.9
dr a Or 'y 3 Y X ' _

The source term in the enthalpy equation, S_ was expressed as

h

s =% o R +rR -207T}H | 2.5.10
h 9 X Y

The two .radiatién models, R-I, represented by equations 2.5.5 to 2.5.7
and R-II, represented by equations 2.5.8 to 2.5.10, are compared for the
furnace flows of the present configuration.

The predicted distributions of wall heat flux and near wall tempera-
tures, obtained for a swirl number of 0.8 in the straight burner of figure
3.1.1.a, are shdwn in figure 2.5.2 and the near wall temperature and emission
power for the two models are shown in figures 2.5.3 and 2.5.4. 1In figure
2.5.2, the total wall‘heat flux obtained by model R-II is larger than that
obtained with the aid of model R-I which does not couple the fluxes Rx and
Ry' and consequently does not allow tﬂe variation of radiétion intensiﬁy in
space. Model R-I leads to lower radiative heat fluxes than those measured.
As shown in figure 2.5.3 and 2.5.4, the corresponding predicted near-wall.
gas~temperature and emission power obtained with model R-II differ from those
of model R-I; the difference can be attributed to the fact that model R-II
allows for more gas to wall radiation. In the calculations of figures2.5.2
to 2.5.4, the radiative heat flux through the wall contributed to nearly

40% of the total wall heat flux and using model R-II rather than R-I did not
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give widely different results. In contrast, at fhe flow situations where
the furnace thermal input to surfacg area is such that the radiative con-
tributi@n to the wall heat flux is”higher than observed iﬁ the case of
figures 2.5.2 to 2.5.4; for example, Delft furnace, Wu et al (1971l) and
Ijmuiden fufnace,'Michelfelder et al (1974),‘the radiative heat flux con-
tributes to more £han 70% of the total wall heat flux and model R-II predicts
significantly better wall heat transfer rate which is in reasonable agreement
with the measurementé.

The use of the view factors was recently suggested by Lockwood and
Shah (1976), where rathe¥ than increasing the number of the solved equations;
(by increasing the terms in the Taylor expansion of the intensity distribu-
tion), the relative areas of the integration surface were varied through
tﬁe‘specification of free parameters. 1In this wéy, the areas were adjusted
to 'give the best representation of the intensity distribution. At the
presént time, model R-II is .the best representétion of the four flux model
as it accounts for the coupled flux intensities in the coordinate directions,
and much further testing is required to establish the optimal functional
relationship between the areas and the intensity distributioh in the model
of Lockwood and Shah.

2.6 Pollutant Formation Models

In the present‘section, thé formgtion of nitric oxides and carbon
monoxide in turbulent reactiné furnace flows.are considered in turn. The
various modelling approkimations which had been found useful by previous
modelling of combustion are discussed and extended in the present section
to incorporate the various effects of temperature and specieé concentration
fluctuations. The two major pollutants, NO and CO are treated separately in
the two following subsections. The formation of NO in flames occurs at very
small concentratiéns relative to the reactants and hence does not influence
the fuel kinetics described earlier in section 2.4. In contrast, the carbon

monoxide formation mechanism is related to the fuel kinetics.
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2.6.1 Models for calculating nitric oxides

Combustion génera£ed oxides of nitrogen are preserntly recognised as
major pollutant which react in the surrounding atmosphere to foxm photo-
chemicai smog. The most predominant oxides of nitrogen associated with
combustiﬁn-products is NO, which is later oxidized in the atmosphere to form
NQZ.' Preyious inVestigations of NO emission have been reported for béth
premixed and diffusion flames and support the proposed Zeldovich mechanism

for NO formation, see for example Iverach et al (1972). This mechanism

can be expressed generally as;

N2 + O=—=NO + N 2.6.1
0, + Ne==NO + O ’ 2.6.2

-~ N+ OH—=NO + H 2.6.3
and the O.atom was calculated under equilibrium from the equation.

02+M:O+O+M . ' 2.6.4

Equation 2.6.3 has been shown, Barrere (1973) to have a significant

influence in the sitﬁations where the fuel is rich. The reaction rate
constants of the individual elementary step reactions may be found in many
references on chemical kinetics such as Waldman et al (1974). The simplified
NO formation mechanism is shown in figure 2.6.1. Methods of caiculation of
NO, have been reviewed by Barrefe (1373) and Caretto (1975).

The reaction rate of equation 2.6.; in the simple'Zeldovich mechanigm,
is much slower than that of reaction 2.6.2, which indicates that the formation
of {NO} molecule from equdtion 2.6.1 is acéompanied by a release of a N
atom, which rapidly forms{NO} according to reaction 2.6.2. Consequently,
equation 2.6.1 controls the formation rate as equation 2.6.3 plays a small
role in stoichiometric flames. The equilibrium {0} atom concentration can
be obtained from.equation 2.6.4 and is used together with equation 2.6.7

. when superequilibrium is assumed.
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+ The rate of NO formation was found to depend strongly on mean and
fluctﬁating temperatures, see for example, Jones (1975), who numerically
integratgd the temporal rate of {NG} formation for various‘tempefature
fluctuatiqn intensities. At temperature of around ZOOOOk, and for VT:TE}T
of 0.1, the rate of {NO} formation, when the temperature fluctuations were con-
sidered wasnearly five times the rate when the fluctuations were neglected.
This ratio increased as the mean temperature decreased and the fluctuation
intensity increased. Simiiar investigations were reported by Thompson et al
(1975). These illustrated the influence of £empérature fluctuations on {NO}
formation rate and indic;ted the need to incorporate it in the pollutant
formation rate used in the numeriéal calculations.

. In ;he.pfesent,work, the caiculated {NO} concentrations are obtained

from the corresponding conservation equation which can be expressed in the

general form 2.1.12 and the cbrresponding FNO and §No are specified as;

Tho = Yers’%¢ 2-6.5
and .
- 16 - -% - - L -
S = 8.39 x 10 T M M exp (-134900/RT) ( 1 + F)
NO N (s}
2 2
2.6.6
where
1 1
mN2 m02 , . &72 5 T m02 T'm ,
F = = — + — {(7 —_ - 1) ¢ Eam— ) + — + — }
M M RT RT T ™M TM
N2 O2 02, . N2

In obtaining gko, eéuation 2.6.6, the {0} atom concentrations were
obtained from equation 2.6.4 and were substituted in equation 2.6.1

In situations where concentrations of O-atoms are higher than equilibrium
values, the concept of super equilibrium was suggested by Fenimore (1970) and
was quantified by Ghazzi et al (1975). Iverach et al (1972) observed that,

for hydrocarbon fuel, the simple Zeldovich mechanism was applicable for



equivalence ratios less than 1.5 with O-atom determined for equilibfatea
COnditions,vequation 2.6.4: for highly rich flames, the rate calculated for
equations 2.6.1 and .2.6.4 required an improbably high O-atom concentration.
A mechanism to involveigeneration of N-atom via the reaction of nitrogen with
hydrggen fragments; and their subséqdent reaction with OH, was proposed by
Fenimore (1970) and appears;plausible for highly rich fuel flames.

Thompson et al {1972) calculated O-atom concentration for methane
flamgs by considering the hHydrogen-oxygen fast iocéily equilibfatéé reaction
with; |

2

= {OH/(OH) ) 2.6.7

0/ (0) E‘Hz/(H

equilibrium 2Lquilib. equilib
and‘recorded'this ;atio to be of the order of 2.4 at high gas temperature
(>1800K); At loWer temperature, the measured NO values were found to be in
exgess of‘those obtained from the Zeldovich mechanism and showed that the
reaction rate temperature dgpendency-did not explain the relative increase
in NO. The reason for this increase in NO concentration was the overshoot
of O—atém which was governed by the mixing with fresh reactants. Excess
NO concentratioﬁ formed due to the reaction of hydrocarbon fragments with
nitrogen molecules is usualiy known as prompt NO, Fenimore (1270} .
|

In rich fuel flame situations, the superequilibrium O-atom was used
and the source term of NO, equation 2.6.6 was multiplied by the super-
eduilibrium constant which was of thé order of 2.4. The present pollutant
formation model does not account for any prompt NO as this is appropriate

only to very rich flames and particularly in the flame front.

2.6.2 Models for calculating unburned hydrocarbons

The local concentrations of unburnt fuel can be determined from the
solution of an appropriate conservation equation but, since the chemical
reactions involved in the branch reactions of hydrocarbons to CO2 and water

vapour are numerous and complicated, more complex approaches can be necessary.
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It is well known for example, that intermediate reactions involving CO
have éignificant effect on local temperature, Singh (1976).

Previous calculations of unbuént hydrocarbon have been reported,
for example, by Borghi (1973) and Singh (1976), and relate to diffusion
and premixed flames in mixing layers. They were obtained by considering

the reaction equations

CO+ OH ——== CO, +H 2.6.8

"CO+ 0 C02 : ‘ 2.6.9
The reaction of 2.6.8 is very fast under normal conditions both in
the flame region and in the post flame gases. It was indicated, for example,

by Palmer (1974), that reaction 2.6.8 controlled the rate of disappearance

of CO which is expressed as;

- B 8 -2 -« - -
RCO = - 8.14 x 10 p MCO MOH exp (-540/T) 2.6.10

A coﬁplete model of CO kinetics must include the initial fuel kinetics
which form CO as shown by equation 2.4.48 in model 5. It is however possible
to compute the local concentrations of producﬁs of combustion by using a global
reaction rate expression for 'a hydrocarbon/air reaction. The application of
such expressions is uéually limited to a narrow range of temperature, pressure
and air/fuel ratio in which the original data used to determine the empirical
constants were.obtained and results in lower gas temperature. A quasi—glébal
scheme has been proposed by Edelman et al (1969) where the initial hydro-

carbon fuel was assumed to undergo an overall reaction of the following type;

. n a m
— = + — = .6.
CnHm+(2+2)°2'_"nC° aH20+(2 a)H2 2.6.11

The rate parameters and the stoichiometric coefficients, a in this reaction
are determined empirically. The gquasi global mechanism solves equations

2.6.10 and 2.6.11 to determine the carbon monoxide concentrations. Examples
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of quasi global reactions have been quoted by Becker (1974).
The local equilibrium concentrations of intermediate species in the

s

CH4 reaction with.air can be obtained by the minimisation of Gibbs free
energy, hence the local equilibrium composition can be obtainedtby means
of Newton-Raphson-iteration procedure as described by Gordon et al (1971)
and used by Hﬁtchinson et al (1976).

In the present investigations, the concentrations of CO were obtained
from the solution of the system of equations given in 2.4.48 as detailed
pre&iously in modei 5. Alternatively, the computer program given by Gordon
et al (1971) was used in the preseﬁt calculations of CO concentrations.
2.7 Closure -

The set of paftial differential conservation equations governing the
flows examined in this thesis are represented by equation 2.1.12 and table
2.1.1, which lists the dependent variables and associated definitions of T

®

and S¢. In non reacting fléws, the first five conservation equations were
solved with the mass conservation. On the other hand, when reacting flows
were considered, all the equations of table 2.1.1 were solved simultaneously.
The task of the éolution procedure of section 2.2 is to solve the conserva-
tion equations shown in table 2.1.1, and expressed in finite difference form,
with appropriate boundary conditions which, due to the elliptic nature of
the conservation equation, take the form of prescriptions of ® or its
normal gradients at ail boundaries of the solution domain.

The present investigations incorporated an eddy viscosity concept
where the locai Reynolds stresses were obtained from algebraic expressions
of an effe;tive viscosity and mean Qelocity gradients. . The. effective
viscosity obtained from a two~equation turbulence model was expressed in
terms of kinetic energy of turbulence k and its dissipation rate € and was

modified to suit reacting flows. The turbulence model constants used in

the present work were obtained from Launder et al (1972).
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Different closure model assumptions are discussed in section 2.4
for reacting flows and include those appropriate to diffusion, premixed
and arbitrary fuelled flames. ‘Theée models vary in complexity from simple
ones assuming infinite fast chemical reactions and solving a soufceless
equation for mixture fraction, which are appropriate to diffusion flames;
to those considering a finite reaction rate and various concentration fluc—
tuation correlations and are suitable for premixed and arbitrary fuelled
flames. The constants which appear in the modelled conservation equations
embddied in the‘combustiqn model are Showﬁ in table 2.1.2 and were obtained
from Hutchinson et ai (1976) . Multistep chemical reaction mechanisms are
considered only in situations where pollutant emission and intermediate
radical concentrations are of interest, such as for nitrogen oxide pollutant
formation models. That was because the concentrations of the pollutants.
are'insignificantly small to influence the main reaction. In these situations,
the influence of the correlations BTE-OH tﬁe local pollutant concentrations is
significant and mode;s accounting for these correlations are used.
The energy .conservation equation embodies radiative source term which
- can be obtained from the radiation flux model described in section 2.5 and thus
the wall heat flux disfribution can be readilyvobtained. In section 2.6, the
local concentrations of the pol;utants nitric oxide and carbon monoxide are
obtained from the solution of the corresponding conservation equations of
each species. The effect of temperature and concentration fluctuations on
the rate of pollutant formation are alsq considered in section 2.6.
The validity of the turbulence, combustion, radiation and pollutant model
assumptions for nonreacting and reacting flows is assessed in Chapters 4 and 5
resPectiveiy by comparison with relevant measurements available in the

literature and those of the present investigations.
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Table 2.1.2

' Constant : Value
C1 . 1.44
C2 . , ' 1.92
C )

g 0.09
9y - 0.90
UE ' 1.22
E ' ‘ 8.80
K i 0.4175
C ' 2.8

91 ,

o ’ 2.0

93
Oh . . 0.9
o 0.9

)

. 0.9
£

Cy 1.0

Ufu . 0.9

o 0.9
(Y
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CHAPTER 3

EXPERIMENTAL INVESTIGATION

-

The experimeﬁtal investigétions of aerodynamic and energy properties
in an axisymmetric model furnace, similar to those used in package boilers,
are described in this chapter. These investigations include the measurements
of mean vélocity components and the corresponding normal stresses, obtained for
non-reacting and reacting flows, with the aid of a laser Doppler anemometer.
In reacting flows, mean gas temperature and wall heat flux distributions were
alsé'obtained for Qarious degrees of swi;l, with the aid of a suction
pyrometer and thermocouples respectively.

The axisymmetric furnace configuration‘and the experimental facilities
are described in defail in the first section of this chapter together with
the various measuring techniques and associated instrumentation used to
ob£ain the local velocity and témperature distributions. This is followed,
in section 3.2, by a descriﬁtion of the experimental procedure and, in the
third section, the measured flow properties and the corresponding flow and
boundary'conditions, obtained in the axisymmetric model furnace, are des-
cribed for different flow rates and swirl intensities. Details of the
experimental results are given in appendices A2, A3, A4 and A5 while cﬁapters
4 and 5 discuss compariéons between these experimental results and the
corresponding results obtained with the calculation procedure of chapter 2.
The errors associated with the measurements are considered in the fourth
section which assesses the likely precision of the experimental results.

The chapter ends with a summary of its content.

3.1 Description of Equipment and Instrumentation

The experimental flow configuration, measuring techniques and associated
instrumentation are described in the following subsections.

3.1.1 Experimental flow configuration

The flow configuration was arranged to model the essential features of
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préctical continuous flow‘combustion devices such as the flame tube of
package boilers. A versatile design was sought to permit independent
variation of the various flow paraﬁeters,-such as air to fuel mass velocity
ratio, degree of air swirl, overall equivalence ratio, inlet air flow rate,
wall temperatures, heat flux and burner geometry. It permits the measure-
ment of the ;nlet profiles of mean velocities, turbulence intensities and
temperatures which are necessary as inlet conditions for the calculation
procedure discussed in the previous chapter.

. The experimental coqfiguration comprises an axisymmetric combustor in
which a central gagﬁms fuel stream is mixed with a coaxial annular air stream.
The resulting flame is stabilized by a quarl geometry which creates, together
with the swirl imported in the air, a zone of hot recirculating combustion
gases.' This swirl stabilization tecﬁnique is exfensively used in boilers,
furhaces and gas turbines. fhe swirling air flow was generated with the aid
of vanes which were interchangable to allow swirl numbers from 0.0 to 0.52.

The burner and furnace arrangements are shown schematically in figure
3.1.1 and the layout of the rig is shown in figure 3.1.2. 1Two burner
arrangements were used in the present experimental investigation and consisted
of two coaxial pipes;'the inner and outer diameters of the central pipe were
12 and 27 mm respectively and the pipe length to diameter ratio was 40 and
ensured developed turbulent flow at the pipe exit. The diameter of the outer
pipe was 55 mm and the two flows were kept concentric with the aid of 120O
spaced, 2 mm thick supports as shown in figure 3.1.la. The second burner
arrangement had the same central pipe, and a divergent outer pipe whose
throat and exit diameters were 55 and 90 mm respectively as shown in figure
J.1.1b.

In order to impart swirl to the air floQ, straight swirl vanes were

inserted into the annulus air passage as shown in figure 3.1.1; two different



-97-

swirlers were used and the corresponding swi;i numbers were 0.3 and 0.52,
these were calculated from measured inlet velocity profiles as discussed
in Appendix Al. The same burneér w;s used for both non-reacting and reacting
flows and was supported coaxially at the bottom of an axisymmetric enclosure
as shown by the dotted lines in figure 3.l1l.l1. The axisymmetric enclosure
used for non-reacting (isothermal) flow experiments was made from 5 mm thick
plexiglass and, in common with that used for combusting flows, was 300 mm in
diameter and 900 mm in length. The end plate provided a furnace exit
diameter of 90 mm.  For reacting flows, Ehe plexiglass enclosure was re-
placed by a double ékinned water jécketed steel furnace; it consisted of
five sections, separately water coocled and one of the sections was fitted
with quartz windows of 100 mm diameter and 5 mm thickness to allow the
transﬁission of the light beams as shown in figure 3.1.3.

lThe furnace was mounted‘vertically, in thg test rig,on athree dimensional
traversiné mechanism to allow flow properﬁy measurements at various locations.
For non-reacting flows, the plexiglass enclosure and burner arrangement
moﬁed relative to the optical arrangement. In reacting flow runs, the fur-
nace walls were fixed to the,trave?sing table and the bottom and exit plates
moved vertically inside the enélosure with constant spacing of three furnace
diameters. The furnace arrangement was installed on a rigid frame to which
optical components were also fixed. An extractor fan was .installed on the
exhaust hood to remove the exhaust gases but did not influence the furnace
flow. The three dimensional traversing mechanism was used to move the
furnace in three orthogonal directions; the horizontal movement (r,x0)
was accurate to 0.5 mm over 250 mm and the vertical movement (along the
enclosurea#is) was accurate to 0.25 mm over a distance of 500 mm.

For the measurements in non-reacting fléws, éompressed air was supplied
through pressure regulators to the central and annular jets at rates which

were measured and adjusted with rotometers. In reacting flows, the central
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‘air stream was replaced by British north sea natural gas;whose composition
and properties were obtained from Kemp's data book (1975) and are given in
table 3.1 of this ehapter. The‘gas'was supplied to the furnace from a
continuous source and its flow rate regulated and measured with pressure
regulators and rotometers respectively.

The coeling water to the furnace was supplied individually to each of
the furnace,sections and the burner bottom plate by centrifugal pumps and
the flow rate in each section was measured by flowmeters. The inlet and
outlet cooling water.temperatures from the'various furnace sections were
measured using thermocouples located.in the water streams as shown in figure

3.1.4. PFigure 3.1.5 illustrates a typical flame in a divergent burner

arrangement with swirl number of 0.52, as viewed through the gquartz windows.

3.1.2 Instrumentation

Measurements of the components of mean'andvfluctuating velocity and of
temperature were obtained in the present flow configuration with the aid of
a laser Doppler anemometer and suction pyrameters respectively. The distribution
of wall heat flux, by convection and radiation, was obtained from the local
measurements of the coeling wster flow rate and the temperature rise at
various sections of the furnace.

The principle of the laser snemometry is embodied in tbe following linear
relationship between the particle velocity UP and the Doﬁpler freguency, vg,

\)D A

i.e. UP = E—E—m 3.1.1

where A is the wavelength of transmitted light and 0 is the angle between

the two intersecting light beams. The proportionality constant in this linear
equation is readily determined with ﬁigh precision and the expression may be
compared with the more complex expressions used to evaluate the signals from

hot-wire anemometers. Further details of laser anemometry and the practical
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Table 3.1

Natural Gas FProperties

Property

Value
Volumetric CH4‘ 94.4%
Composition
C2H6 3.14%
1.
N2 40%
C3H8 0.60%
H -
C4 10 0.19%
CO2 0.04%
Molecular weight '17.03
. 4
Heat of reaction Hfd 4.97 x 10 KJ/Kg
. ° 3
Density(at 1atm & 20 C) 0.703 Kg/m
. . . -5
Dynamic viscosity 1.81 x 10 Kg/ms
Stoichiometric coefficient 3.65
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~realisation of its prinqiples are given by Durst, Melling and Whitelaw
(1976)'and, in the context of the present thesis, in subsection 3.1l.2a.

The measurements of mean gas temperatﬁres were obtained with the aid
of a minature suction pyrometer and is described in éubsection 3.1.2b with
the techniques used to measure the wall heat transfer in the various furnace
segtiéns.

3.1.2a Laser Anemometry

The laser Doppler anemometer is a non-disturbing fluid velocity-meter
where‘the output signal from a photomultipliér, corresponding to an input of
light scattered froﬁ'fluid particles, is modulated at a freqﬁency proportional
to the particle velocity. The fundamental optical components of a typical
ahémometgr aré shown in figure 3.2.1 and can be divided into two systems
reiating respectively to the transmission and collection of light. The
transmitting system divides a laser beam into two beams of equal intensity
and fbcuses these to intersect at the position of their waist diameters.

At the intersection region, the light intensity varies due to phase differences
between the wave fronts of the crossed beams, so that the intensity of the
scattered light by particles crossing these fringes rises énd falls with time
at a rate proportiona% to théir velocity.

The receiving system collects the scattered light from the.measuring
control volume and focuses it onto a photomultiplier tube which produces a
voltage signal proportional to the Doppler frequency. This signal can be
processed with instrumentations of the following types;

1. spectrum analyser.

2. frequency Eracker.

3. period timer or burst counter.
4, filterbank.

5..Fabry¥perot interferometer.

6. photon correlator.
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The choice of signal processing systems depends on the properties to

| be meaéured, the required precision and the flow configuration. In the

present case, the filterbank was selected because)its availability and

because, as indicated later in thé chapter, it is appropriate to furnace flows.

(a) Optical arrangements

The transmitting systemlcorresponds an argon ion laser operating at

wavelength of 488 nm and about 200 mW power, a radial diffraction grating
which acted as a beam'splitter, and a focussing lens. The diffraction grating
was bleached on a circular glass disc with paraliel faces to within +0.006 mm
and a diameter of‘lGO mm; it had 21600 line pairs drawn readily and was
dgscribed by wWigley (1974). The diffraction grating arrangement is shown
in figure 3.2.2.

| In conventional fringe anemometry, the fringés formed at the beam crossing
are stationary and hence the Qelocity measurements have an attendant directional
ambiguity in regions where negative velocities éxist. The fixed grating acts
as a beam splitter, giving first order diffracted beams of equal intensity.
In recirculating flows, the conventidnal fringe anemometer fails to sense
the velocity direction but when the diffraction grating is rotated, eéch
diffracted beam is shifted in frequency by an amount proportional to the
rotational speed and the number of line pairs. The frequency shift vs between

the two diffracted beams of any order can be written as;

vs =2NPW . 3.1.2
where
N is the number of line pairs per revolution,
w is the frequency of the disc rotation,
P is the order of the diffracted beams.
The frequency difference vs in the two beams causes a moving fringe

pattern in the control volume, in a direction which depends on the rotation
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of the grating. ‘The rotational speed of the motor driving the grating could
'be varied between 5 and 5500 rpm with 0.2% short term stability for each
chosen speed. Eight different rotationa} speeds were used in the present
work and corresponded to freguency shifts of; +0.28, 0.56, 1.12, 1.68, 2.24,
2.80, 3.35 and 3.85 MHz. A beam expander was used to spread the beam
separ%tion‘andvalléw the two beams to fall parallel on the focussing lens as
shown in figufe 3.2.1. ‘The focussing lens had a focal length of 300 mm.

. The forward scattered light from the control volume was collected by a
lens of diameter 25 mm and focal length of 200 mm and was passed through a
0.75 mm pin hole to the pﬁotomuitiplier (EMI 9635 QB) cathode. ‘The signal
from the photomultiplier was passed through a high pass filter and amplifiex
béfore thg fiiterbank signal processor.

Figure 3.2.3 shows the two beams incidention'the lens which focuses
them to a waist at the focal.point. The resulting control volume had an
ellipéoidal shape, as shown in figure 3.2.4. The fringe spacing is obtained

from the expression; .

A A
‘e = Tein 072 3.1.3

and had a value of 3.9 um when using the first order beams and 1.95 um when

using second order beadms. The waist diameter dm and the control volume length

1m were calculated from the following expressions given by Durst et al (1976);

5 A
= = — 3.1.4
dm T Fa d cos 0/2
where Fz is the focal length of focussing lens, 4 is the incident beam
diameter and
1 =4d /sin 0/2 3.1.5
m m

The resulting control volume dimensions, using the first order beams, were
3.738 mm long and 0.233 mm in diameter. ‘The intensity distribution of the

. 5 .
beams is Gaussian and the beam edges were taken at the 1/e” locations.
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(b) Signal processing system

, The‘signal from the photomultiplier is characterized by frequency
‘modulatign, amplitude modulation and wide Band noise. The frequency modulaﬁion
contains information about the velocity of particles. A typical intensity
modulation, due to particles passing through light and dark fringes, is shown
in figure 3.2.5. The operation of the anemometer is dependent on the light
scatte?ed fxom‘the'particles'and on the light inﬁensity distribution in the
control volume, the shape, size and spatial concentration of the scattering
' particles. At high scattering particle concentrations, the signal can be
continﬁous, but s?ill'strongly amplitude modulated due to the particles moving

_into and out of the scattering control volume at random times. At low concen-

trations, particles cross the control volume individually with long

intervals between them, relative to the transit time,

In the present work, a filterbank signal processor was used to obtain
the velocity informationrfrom,the photomultiplier signals. The filterbank
was designed and manufactured by E. Sayle qf the A.E.R.E. (Harwell). The
filterbank produces a.frequescy spectrum of the Doppler signals similar to
that from a conventional spectrum analyser but employs the available information
from the photomultiplier much more efficiently. The selection of the filter- |
bank was guided by the fact that the Doppler signals are generally more
noi;y in combusting fiow but also by its availability.

The filterbank signal processing system is described in detail by Baker
(1974) and Baker and Wigley (1975). It ‘consists of a series of seventy filters
within the frequency range from 0,398 MHz to 9.551L MHz. Each of these
filters has a constant band width to centre frequency ratio of 5%. TheAValues
of the centre frequencies incréase logarithmically in a ratio of 1.047129/1,
thus producing overlap of adjacent filters at approximately the 3db points.

The centre frequencies were preset to *0.5% qnd the bandwidth *1.0% of the
true value. The filterbank block diagram is shown in figure 3.2.6.

The signal from the photomultiplier was supplied to the bandpass filters

set to admit only signals greater than 300 kHz and less than 10 MHz. The
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signals were then amplified and the gain adjusted to limit the output
signals to 1 volt peak to peak. The resulting signals were introduced to
the seven;y individual filters and a threshold level set to reduce the system
noise. The outputs of all the filters were simultaneously and continuously
compared to determine the most resonant filter. A signal corresponding to
the_reéonan; filter‘was produéed and its voltage analogue was used in the
following ways;
1. as an input to a‘timeldomain analyser which gave an online tracking
facility for both mean and rms freguencies.
2. to provide a measure Sf the signal duty cycle of the processor, i.e.
the proportion of time in which signals were present.
3.v as an.inpﬂt to one of the seventy separate integrators corresponding
to each filter. These integrators had variable time constants and sensitivity
which can be adjusted to préveﬁt the output from exceeding the saturation
voltagé. The voltage analogue was used to triggér a current to charge a
capacitor associated with the resonant filter, for the time of the Doppler
burst. By scanning and logging the accumulated changes in the seventy in-
dividual capacitor stores, the histogram display produced is related to the
probability distributio? of thé Doppler frequencies{

Since the band widths pf the filters increase linearly with the centre
frequencies, the amplitude output'(Av )f of the integrator corresponding to
any particular filter (vo) is relatedoto the probability aenSity function

P(vo) as follows;

= C, P(V .V
A\)O ¢ (0) (o]

where C is an arbitrary constant such that,

~ dv =1
—c0 P(vo) o.

and hence;
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Statistical analysis of‘the-obtainéd histogram yielded the mean and rms
‘frequeﬁcies. The skewness and flatness factors were readily obtained for
each of the measuring points. , -

A statistical analysis of the effect of the sampled number of bursts
on the obtained mean and rms velocity measurements was proposed by Yanta
(1973) and extendedlto high levels of fluctuations bf Durao (1976). The
percentage exrror in rms velocities is independent of the rms value and is
'dependent dnly on the‘number of burs£s, while the percentage error on
thé mean velocity increases with the rms value and with the decrease of the
numbexr of bursts. In'the bresent work, each probability distribution was
made up of lO4 to 5 x lO5 values of instantaneous velocity (depending on
the turbu;ence intensity) and for a 95% confidence level, the corresponding
errbr in the rms velocity, due to the number of samples, was less than 1%.
The corresponding error in the mean velocity was less than 0.5% for 100%
turbulénce intensity. The probability distribution P(vo) obtained from the
filterbank is not subject to the bias error discussed by McLaughlin and
Tiederman (1972) becauée each measurement is weighted with the signal duration.
A sample of the resulting histogram, at a point in the flow, with the wvalues
of 6,‘/52) skewness anq flatness is shown in figure 3.2.7.

3.1.2b Temperature and wall heat flux measurements

In the furnace enclosure and in the presence of combustion, the mean gas
temperature had to be measured with simple and robust inétrumentation and a
suction pyrometer was used. The miniature suction pyrometer consisted of a
5 mm twin holed alumina tube surrounding the.thermocouple wires which wexe
made from platinum - 13% rhodium/platinum wires. At the measuring point,
gases were sucked, at the calibration rate of 80 x lO_6 m3/s, past the
thermocouple bead to increase the heat tfansfer'rate between the hot gases
and the thermocoupie bead. The thermocouple terminals were connected to a

_time domain analyser which displayed the measured thermal emfs in volts.
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The suction pyrometer was calibrated by Rhines (1975).

The wall temperatures were measured with standard chromel alumel
thermocouples embodied in the furnaqe wall at the locations shown in figure
3fl.4. Tﬁe cooling water temperature at inlet and outlet of the various
furnace sections were also measured with chromol-alumel thermocouples. These
thgrmoéouples were calibrated and connected to a chart recorder which recorded
the wall apd water temperatures throughout the experiments. The errors
associated with temperature measurements are discussed later in the chapter.

,Thé water cooled sections of the‘furnace'were fixed to the traversing
tablé and the burner adjuéted ingide the furnace to maintain a constant
distance between the burner bottom and top plates. The difference between
the inlet and outlet'cooiing water temperatures across the furnace section
"p (figu?e 3.1.4) were recorded at various burner locations inside the
furnace. The rate of heat transfer to the cooling water was estimated from
the water flow rate, temperature difference and properties at various axial

distances from the bottom plate as;

where m w is the mass flow rate of cooling water

A is the surface area across which the heat is transferred.

3.2 Experimental procedure

The optical arrangement used for velocity measureménts was aligned in
its fixed position and the axes of the burner and the enclosure were aligned
w;th the three dimensional traverse arrangement in the vertical position. The
air and gas supplies were adjusted, with the aid of rotometers, to give the
reqﬁired veiocity ratio between the central jet and the annulus flow. The
air passed through a fluidized bed of titanium dioxide particles. The

signal from the photomultiplier was monitored on an oscilloscope and processed
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by, the filterbank.

The measuring control volume was located in the desired position and
the frequency distribution accuﬁulated. After a total of approximately 104 -
5 x 105 signal bursts (depending on fhé local level of turbulence), the
amplitude corresponding to each filter was punched in turn, on paper tape.
The fesults were éubsequently fed to the computer for further analysis. 'The
burner and ehd plates were traversed to allow measurements at different
locations in the flow field. Each prcbability distribution was evaluated
to p;évide the values of mean velocity and ﬁormai stress. Values of skewness
and flaﬁness factors weré also obtained but are not presented.

In reacting flows, the furnace cooling water flow rate in the various
furnace sectiﬁns was adjusted with the aid of rotometers and was maintained
constant throughout the experiments. The suction pyrometer, used for mean
gas‘temperature’measurements‘was introduced radially through the furnace wall
and édjusted at the location where temperaturevmeasurements were desired. The

6 m3/s throughout

suction rate of the pyrometer was kept constant at 80 x 10
the experiment. The recorded wall and cooling water temperatures, at each
position of the burner plate inside the steel enclosure, were constant within
+ 0.2% throughout ea?h indi&idual measurement.

Before making the detailed velocity measurements reportgd in this work,
the symmetry of the axial velocity was tested on two orthogonal diameters at
values of x/Df of 0.1 and 1.0 for swirl numbers of 0.0,10.3 and 0.52; the
maximum deviation in hean velocity between any set of four radial traverses
at the same value of x/Df was less than 0.3%. The symmetry of the temperaturg
profiles was tested at values of x/Df of 0.1 and 1.0 for flames with swirl

numbers 0.3 and 0.52; the corresponding maximum deviation in mean gas

temperature at the same value of x/Df was less than 10°K.

3.3 Results
This section describes the various experimental results obtained in the

flow configuration of section 3.1.1 with the aid of the techniques of
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sectioh 3.1.2. They were obtained for non reacting and reacting flows at
annulus Reynolds numbers of 1.75 x lO4 and 4.7 x lO4 and for various inlet,
boundary and flow conditioné and are summarised in table 3.2 and 3.3. The
lower Reynolds number measurements may be regarded as preliminary and were
ca;riéd oup to'alldw an examination of the merits of the present laser Doppler
anemometer and to assess its ability to measure local flow properties in com-
plex flow situations with recirculation. The selection of the flow rate was
governéd by the frequency range of the filterbank, which consisted of fifty
filters ranging from 0.631 to 6;32 MHz. For the subsequent high Reynolds number
measurements, twenty additional filters extended the filterbank range indicated
in section 3.2. The higher annulus Reynolds number allowed an increase in

the furnaée loading, i.e. in the heat transfer to the walls and placed greater
emphasis on the radiation heat transfer.

The central jet mass flqw rate Qas zero fof the non-swirling, non reacting
flows in most measurements: a few non reacting flow measurements were carried
out with a finite central jet velocity to investigate its influence on the
mixing pattern and recirculation. In reacting flows, the central air jet was
replaced by natural gas flowi.ng at a rate corresponding to stoichiometry.

Thé fuel jet Reynolds numbers were 0.41 x lo4 and 1.1 x 104 and the corresponding
annulus air Reynolds numbers were 1.75 x lO4 and 4.7 x 104 respectively. In

the low flow rate flame measurements,‘and in the absence of swirl in the air
stream, the resulting flame was not properly stabilised on the burner rim and
flame 1ifts of the order of 20 mm were obser&ed. However, the introduction

of a vane swirler in the air stream corresponding to swirl numberof 0.52
resulted in a central recirculation zone which stabilised the flame.

The low flow rate fléme measurements, (flame 1 and 2) were cbtained
without cooling water in the furnace jackets and the wall temperatures were

of the order of 600 K. No gas temperature measurements were obtained since

the abject of these experiments was to investigate the féasibility and



Table 3.2

Inlet Flow conditions S Measurements | Inlet
Case | conditions [Ug, [UprReod > | U (V@2 | Vv {32 | W W2 | T Ry )| Profiles
- m/s|m/s : ‘

1 |No quarl 00 (478175 |00 | X | X X X | — | X — X X
2 |No quarl 1.8 [478(175 | 0952 * | X X | X | X X | — X X
3 |No quarl 18 |a78 175|030 X [ X | — | —| — |~ | — x | —
4 |No quarl 00 1285 470 10.0 % X X X - — — X X
5 |No quarl 00 [1285(47Q 1052 X X X X X X — X X
6 |with quart |00 peesezoloo | x | x |- | = | —| - | - x | %
7 | With quarl 00 [1285]{4.701030] X X X X X X — X X
8 With quarl 00 N2.85{470|052| X% X X X X X — X X

..60’[_



Tabie 33 -

Inlet Flow conditions flow rate Measurements Tniet
conditions Fu | Yair 102 water u @2l v [ w W T T, p(U)| Profiles
m/sim/s -
1 |No quarl 6.7 |478|175 |00 | —— X [ X [ X [X|—|%X]|—]|— X | %
2 |No quarl 67 |678(175 [052| — | % | x| % [x |x|x|—|=|—[x| X
3 |No quarl 180 1285|670 |052 |145Kg/mis{ x | x | X |x | x [x |x | X x | x
4 |With quo 180 [1285 [470 |030 [145Kg/mesl x | X | — [= | x | x | x |x x | x
5 |with quarl 180 1285[470 |052 {145 Kg/mfd x | x [x | x | x [ x [x |x x | x
6 |with quat  [180 1285(470 |052 [086Kg/nfe x | X [x | x | x |x |x |x x | X

-0T1-
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llimitations of laser ve;ocimetry irn the furnace enclosure. In contrast,
for the higher flow rate flame measurements, (flames 3 to 6), the furnace
sections_wéré water co&led with flow rates of 1.45 and 0.66 kg/s/m2 to
investigate its effect on the local flow properties and heat transfer. The
cooling of the furnace walls was necessary at the higher flow rate to prevent
overhéating the &alls. As a result,rthe maximum wall temperature was 423 K
at the lower cooling rate and 383 K at the higher cooling rate; the corres-
ponding wall temperature distributions are shown in Appendix A3. The burner
bottom plate was also water cooled at the saﬁe rate as the furnace sections
and the corresponding ave?age temperatures were313 K and 343 K for the high
and low cooling rates respectively.

~In addition to the measured local flow properties indicated in table
3.2 for non-reacting flows, radial profiles of the local shear stress uv
were also obtained at low annulus flow rate and for swirl numbers of 0.0 and
0.52. These local shear stress measurements toéether with the mean velocity
and normal stress profiles aided in understanding the turbulence structure of
the flow and hence in assessing the validity of the turbulence modelling con-
cepts of Chapter 2 as discussed later in chapter 4. Measured profiles of mean
velocity components, the corrésponding normal stresses and mean gas tempera-
ture were obtained in the vicinity of the burner exit, i.e.at x/.Df less than
0.01, and were used as initial conditions to the numerical solution procedure
of chapter 2.

The detailed measurements of mean velocity componen%s, turbulence inten-
sities, mean gas temperature and wall heat fiux distributions indicated in
table 3.2 and 3.3, are presented in Appendix A3, A4, A5 and are compared with
the corresponding calculations in chapters 4 and 5. The measured inlet flgw
_ properties are also given in Appendix A3 for various flow and geometrical

conditions.
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*  The local flow property measurements obtained with the aid of the
preseht experimental technique and listed in tables 3.2 and 3.3, cover a
wide range of inlet conditions, bufner geometries and furnace wall conditions.
The present mean velocity and turbulence intensity measurements allow an
assessment of the validity and capability of the laser Doppler anemometer,
described earlier, to measure the three orthogonal velocity components and
the. corresponding normal stresses in complex flow geometries where flow
reversal may occui.

The present experimental ;nvestigations proﬁided more detailed velocity
information in reacting énd non reacting flows under various conditions of
flow rate, swirl and burner quarl angle. In contrast to the previous measure-
ments shpwn in table 1.1, the present measurements, obtained with a laser
aﬁemometer, allow more accurate and reliable mean velocity information in
recirculation zones. The likely precision of the measurements of wall and
central recirculation zones, obtained by pitot‘probes, is difficult to quan-
tify as the probes interfere with the flow. The present measurements included
the regions of flow reversal and define the boundaries of these regions within
the precision of the anemometer. In general, however, the present measure-
ments and those of table l.1 indicate similar trends; as the swirl number
increases, the size of the central recirculation zone increases and that at
the corner decreases. The present inyestigations allow the measurements of
the turbulence intensity in non reacting and reacting éonfined'flows without
disturbing the flow pattern. Thése measurements assist the understanding of
the turbulent reacting flows and are used to improve the numerical schemes,
by assessing their validity by comparison of computatiénal results with measured
data.

Temperature and total wall heat flux measurements were reported in more

detail in the present work and included the effects of swirl, quarl and flow

rates on the flame behaviour and stability. These measuréments provided
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useful guide lines to assist the furnace designer to improve combustion
efficiency by selecting the optimum burner design. They allow the assessment

of the validity of the combustion models of section 2.4.

3.4 Error analysis and precision

This section has been prepared to indicate the source of error associated
with the presént measurements; to outline procedures to account for these
errors; and to assess the likely precision of the measurements.

3.4.1. Velocity measurements

1‘The error sources agsociated with velocity and normal stress measurements
obtained with the léser anemometer may be summarised as; optically, flow and
electronic dependent.

' The transmitted beams were focussed to intersect at their waist diameters
and the optical arrangement of figure 3.2.1 showé that they intersect at an
angle 8. The value of O was.found by measuring the beam separation at a
known distance from the crossing and its Qalue was precise to within +0.3%.
The consequent uncertainty in the measured velocity was *0.35% at an angle
8 of 7.19 degrees.

Due to the curvature of the plexiglass énclosure, used in the non reacting
flow measurements and its finite thickness (5mm), significant refraction
occurred as the cylindrical enclosufe was traversed horizontally and radigily
through the laser beams. This refraction resulted in off-axis deviation of
the transmitted beam in the plane of the collection lens.and was calculatea
from the geometry of the optical arrangement to be less than 0.15mm; the
results were, therefore, adjusted by a small position correction. In reacting
flows, the windows were optically flat, 5mm thick and no variation in the

. beam angle.G with the furnace position was expected., Furthermore, insignifi-
cant variation of the point of intersection,‘due to small changes in the
refractive index of the gases, were obtained.

Measurements of low and negative velocities were made possible by the

frequency shifting device. To avoid the neglect of any parﬁ of the spectrum,
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due to the probability of negative velocities, the value of the frequency
shift.\Js should ensure that the minimum freguency (vs + UD) is greater than
zero. The important requirement ié that the size and direction of the
frequency shift are compatible with the flow direction and frequency range

of the signal processor. The influence of the selection of the frequency
shift on the humber of cycles in a Doppler burst was investigated in dgtail
by Khalil and Wigley (1976) . Thé optimum values of the frequency shift were
used at each locatioh in the low ornegative velocity zones in the flow domain;

and‘satisfy the condition that;.

v + . > . .
( s len) vs/2 as found by Khalil and Wigley (1976)

The above mentioned relation was found appropriate to the present flow
situations and the number of cycles in any Doppler burst were more than Z20.

The floQ dependent erro;s associated with laser velocity measurements
are due to the finite size of the controlvvolume which results in velocity
gradient broadening. Errors can also result from changes in the local
refractive index caused by local temperature gradients, particle size and
concentration effects. Melling (1973) discussed the problem of gradient
broadening due to measuring spatially-averaged Velocity rather than the
true time mean velocity at the centre of the control volume.The formulae re-
sulting from Melling's analysis were used to correct the results of the pre-
sent investigation. The magnitude of the correction associated with the
mean ve;ocity due to the finite size of the control volume were of the order
of 0.1%. The corresponding corrections associated with the normal stress
measurements were generally less than 1% but increased to 4.5% in the vfcinity
of the furﬁace wall. These errors decreased far downstream the burner exi£
as the mean velocity gradients decreased.

In reacting flows, the temperature variation throughout the furnace,

" results in variations of the refractive index. The gas refractive index
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variation with temperature, ‘see for example Weinberg (1963) was small; the
subsequent deviation in a single beam through the furnace was calculated by
diViding the furnace volume to concentric cylinders of gases of various
‘temperatures, densities and refractive indices. The mean position of the
beams intersection in the present flames was shifted by, less than 40 um,
in the radial direction and 4um in the axial direction, from the correspon-
ding position in isothermal flows. These deviations hardly cause a variation
of the half angle 6 but worsens the spatial resolution of the signals. 1In
some»ﬁf the present flow measurements, foi example, cases 1, 2 and flames 1
and 2, the intensit§ of the scatteied light was very small and titanium
dioxide particles were supplied to the air flow from a fluidized bed and its
volumetric flow rate monitored by a bypass sYstem. The rate of seeding was
kept to the minimum. Errors can result from grédients in particle concentra-
tion due to changes in the volume of fluid caused by temperature gradients or
chemical reaction but have been estimated'by Asalor and Whitelaw (1975) to
be negligible except in the immediate vicinity of a reaction zone. The
various effects of seeding particle concentration and size on velocity measure-
ments were discussed by Dprst et al. (1976) and Self and Whitelaw (1976).
Signals from the photomultiplier were passed through the bandpass filter
and amplifier before entering the filterbank, the frequency response of the
input amplifier was non linear. The gain, for small signals, was greater at
low frequencies whereas the gain for large signals was'greater at high fre-
quencies. Since a signal amplitude threshqld level has to be chosen to
reduce the system response to noise, the non linearity in the frequency
response of the amplifier caused blased frequency measurements. However, it
was possible to choose a certain level of amplification for a preset‘threshold
level to countergct the non linearity in the input amplifier. At this
threshold level, the frequency response of the amplifier was flat over the

whole frequency range to better than *0.5dB.
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' Since the frequency range of the fiiterbank is divided into discrete
channéls whose individual band widths are 5% of the centre frequency, the
uncertainty in any one measurement” of frequency is *2.5%. Baker (1974),
showed error bands in graphical form of the mean and rms velocities due to
the turbulence bandwidth compared to the filter bandwidths; the number of

points in the velocity probability distribution was approximately given by;

= 9
n=(6 zz +1) 3.4.1

where 0 and Af are the turbulence and filter bandwidths respectively. The
percentage error in'the mean frequéncy was *2.5% at.zero turbulence intensity
and diminished at 0/Af greater than 1. The percentage error in the turbulence
intensity was shown to be more than 3% at 0/Af of 1.3; this percentage error
decreésed gradually to zero as O/Af increased to 4. According to the above
anélysiSJ more than 25 filters are required tolbuild the probability spectrum,
in order to reduce the percentage error iﬁ the mean and rms wvelocities to
Zero.

In the present experimental investigations, each velocity probability
distribution was made of more than 20 filters as shown in Appendix A3 and
thé corresponding error in the turbulence intensity for i%- = 3.i66 was less
than 0.5%. The above analysis also suggested that in the present investi-
gations, the mean velocity components were obtained within 3%, and the likely

precision of the rms velocity was 8%.

3.4.2 Temperature and heat flux measurements

The measurements of mean gas temperature with a suction pyrometer were
subject to radiation errors, which were minimised,/in the present work, by
enclosing ﬁhe bright thermocouple bead in a refractory sheath of low thermal
conductivity which also minimised the conduction loss through the pyrometer.
The errors arising from subjectinglthe pyrometer to non uniform temperature
distribution in the furnace were estimated by treating the pyrometer stem

as an extended surface, those errors were found to be less than 0.05%.
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This approach enlisted that the suction was not isokinetic and the temperature
differences between the true gas temperature and the measured value depend on
the suction velocity, gas velocity-and specific heat, Braud et al (1972),
this difference was less than 5C in the present investigations. Errors can
qlso arise due to variations in the suction rate from the precribed value

and precautions wére taken to keep the suction rate constant and within +5%
of the calibration rate, the corresponding errors were estimated to be less
than ;ZOK. However, the mean gas temperature can be obtained within #25K in
the range of temperature measurements of thé present investigations. Further
details on the gas tempe?ature error analysis can be found in references by
Khalil (1975), Khalil et al (1976) and Styles (1976).

- The furnace wall and cooling water temperatures were measured with
cﬁromél—alumel—thermocopples and the precision of those temperatures was
around io;SOC for mean temperatures up to 150°C. The cooling water flow rate
was measured by rotometer which was accurate within *1.3%. The above analysis
suggested that the wall heat flux can be obtained in the present furnace

within +2%.

3.5 Summary
The following conclusions summarize some of the findings of the present

experimental investigation. |

1. A laser Doppler anemometer with frequency shift has been used to measure
the velocity characteristics of turbulent non rea&ting.and reacting flows
in furnace type geometries at zero ahd finite swirl.

2; The filterbank satisfactorily processed the on line Doppler signals
in flow situations with and without combustion and swirl. The velocity
probability distributions are near Gaussian in non-swirling flows and
do not contain any suggestions of the bimodel distribution. The pre-
cision of the mean and rms velocities was +3% and 8% respectively.

3. The 'mean velocity results in reacting and non reacting swirling flows

indicate that the size of the central recirculation region increases
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with swirl while the length o7 the wall recirculation decreases with
gwirl. The velocity probability distributions demonstrate that at the
centreline location, corresponding to zero mean velocity, and at points
upstream and downstream of this location, a wide range of negative and
positive velo;ities exist and can render previous measurements of the
length oflthe recirculation region, obtained by other measuring
techniques invalid.

Mean velocity components in reacting flows were measured to be generally

higher than the corresponding component of non reacting flows, due to

heat release. Similarly, the ﬁagnitude of the rms velocity generally
increases with combustion; the resultslsuggest that, in the vicinity of
reaction zones; combustion generated turbulence appears.

Méasured mean velocity components and the cérresponding turbulence
intensity at the burner exit in reacting and non reacting flows were
obtained and used as inlet conditions to the calculation procedure of
chapter 2.

A suction pyrometer has been used in reacting flows to measure the mean
temperature with a precision of *25K. The mean gas temperature results
identify regions of maximum and minimum temperatures corresponding ;o
reaction zones and unpremixed reactant streams. Wall heat transfer
distributions were also obtained from estimating the heat added to the
cooling water in each of the furnace sections; thellikely precision of
these measurements was *2%.

The introduction of swirl stabilizes the flame and shortens it. The
peak centreline temperature moves upstream and the flame spread is
wider at high swirl numbers. The use of quarl burner createé a central
recirculatiop zone-downstreamiLhe burner throat which helps in stabili-

zing the flame and moves the location of peak wall heat flux upstream

towards the burner exit.
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The present experimental techniques enable the extensive measurements
of mean velocity components, the corresponding normal stresses, mean
gas temperature and the wall ieat flux in reacting and non-reacting
flows in furnace type geometries with better precision than those
obtained by other measuring techniques; particularly for the velocity
characteristics near recirculation zones. The present measurements
are used in the next two chapters to assess the validity of the compu-

tational procedure in reacting and non reacting flows, and yield

- meaningful comparisons as the measurements are of known precision,
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CHAPTER 4

ISOTHERMAL FLOW CALCULATIONS

4,1 Introduction .°

In this chapter, the validity of the turbulence model and the
.numerical scheme of chapter 2 for the representation of the properties
of turbulent, s&irling recirculating flows is assessed. The assessment of
the turbulence model is supported by comparisons between measured and cal-
culated flow properties in simple non-reacting flows akin to the present
flow configuration, and in non-reacting flows in the bresent furnace enclo-
sure geometryov Implications of the turbulence models for reacting flow
calculations are also discussed. |
' .

The turbulence model used in the present work and previously described
in chapter 2, introduces the eddy viscosity concept and expresses the Reynolds
stresses in terms of an effective viscosity and mean velocity gradients as
shown by equation 2.3.7. The effective viscosity expression, proposed by
Kolmoéorov (1942) and Prandtl (1945) to be proportional to the square root
of the turbulent kinetic energy k and‘to a length scale £ characterising the
energy containing eddies, was suggested in connection with boundary layer and
free'shear flows; its application to recirculating flows requires examination.
One of the objects of the present experimental investigation is to obtain
detailed information to verify the use of the eddy viscosity concept and the
two equation turbulence model in recirculating flows. Radial profiles of
ﬁ/UmaX, GGYU;aX and k/Uiax were obtained in the present work with the aid
of laser Doppler anemometry and are shown in figures 4.1.1 to 4.1.2 for
non-swirling and swirling low flow rate measurements. At a location of one
annular diameter downstream of the jet exit and for swirling and non-

swirling flows, the distributions of mean axial velocity exhibit regions
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of'positive and negative radial gradient; the corresponding radial profiles

of Reynolds shear stress G;) shown in the figures, display the occurance

of éhanges in the sign of the stress, This is in qualitative agreement with

the occurance of the maxima and minima in the mean velocity profiles shown

in the same figures. The spacing between consecutive measurement positions

does not allow a quantitative assessment of a possible disérepancy between

Zero mean velocity gradient and zero Reynolds shear stress G;} and consequently,
the eddy viscosity concept and the Kolmogorov-Prandtl assumption was incorporaté(
in the present work as indicated in chapter 2.

In the second séction of thisvéhapter, various comparisons with previous
experimentallmeasurements in confined flow geometries are described and the
numerical details of each test case and the’consequent physical implications
of thé results are discussed. The third sectionvdescribes the comparisons
betWeen the present measurements, outlined in table 3.2, for nén—reacting
flows and the corresponding'calculationsn‘ The predicted flow properties,
obtained with the aid of the numerical procedure of section 2,2 were discussed
in section 4.4, The capability of the calculation procedure to predict the
mean flow pattern and turbulence characteristics is then extended to reacting
flows, with the consequent implications on the flame structure. The chapter
ends with section 4.5, where conclusions on the suitability of the model and

its validity for complex flow configurations are shown.

4.2 Flow properties in turbule eci

In this section, the capability of the numerical procedure of section
2.2, embodying a two equation turbulence model, to predict the flow patterns
and local flow properties for a wide range of non;reacting flow configurations,
is assessed. 'This is done by comparing the calculated results with the corres-
ponding measurements. These flow configurations were selected to represent,
both simple flow situations such as swirling pipe flow and flow situations

akin to furnaces and combustion chambers, such as coflowing flows and flow
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past sudden enlargement where corrner recirculation zénes are expected,
These non-reacting flows simulate most of the possible furnaces, wheré the
knoWledge of the aerodynamic patte;n is important to establish the possi-
bility of flame stability.

In such flow situations where flow reversal may occur, the elliptic
nature of the flow requires an iterative procedure such as that of section 2.2,
and solves the conservation equations of mass and momentum for non reacting
turbulent flows. The various flow configurations reported in this section are
tabulated in table 4,1, In each test case, the flow configquration, measuréd
properties, numericél tests and the obtained comparisons are described and
the agreement quantified. In the calculations described in this section, non-
uniform grid arrangements which comprised 400 grid nodes were used except for
fiows behind baffles, where 30x30 grid was employed. The optimum location of
the grid nodes is a matter of experience but, as a result of considerable
testing, the present calculations are grid4independent in the sense that the
use of 50% more grid.nodés would not result in values of the dependent
variables which are significantly different from those presented in this
section,

4,2.1 Swirling pipe flow

The experimental investigations of Weske and Sturov (1974) relate to
the flow of swirling alr in a pipe. The degree of swirl was varied by
rotating the inlet pipe ét various rotational speeds up to 3,000 r.p.m. This
swirl generator made it possible to obtain, at the inlet to the downsﬁream
stationary pipe, a radial distribution of tangential velocity which was close
to that of the solid body rotation., Measurements of the three velocity
coﬁponents, oﬁtained with hot wire anemometry, were recorded at downstream
locations for two values of the ratio of the maximum tangential velocity to
the mean axial velocit& at the inlet plane. Measurements of mean velocity

components and the corresponding turbulence intensities were avallable at



Table 4.1

Flow situation

measured properties

Re S Comments
wik|p ‘
4
N ) Weske and Sturov (1974) Yy 1Y/ - 3x10 1.0,3.0
Swirling pipe
flow Baker (1967) v I 5x10-2x10°| 0.55
Pipe jet with Craya and Curtet (1953) - - v . 0.0
and without 2x10
sSwirl Craya and Utrysko(1967) vy | - Y swirl varied 0.0 to 0.81
Flow past back- Abbott and Kline (1962) - - - 2xlo4 0.0 plane flow
ward facing step .
: , 4 . .
Axi-s etric Back and Roschke (1972) -] -1 - 100 to 10 0.0 single jet
sudden. Owen (1975) - V| - 0.0 coaxial jets
expansion
5 ,
Beltagui & Maccallum Y1 -1V 9x10 swirl varied 0.0 to 0.6
(1974) '
Wilkie (1966) -1-1Y 1.92x10° - axisymmetric £low
Flow over
roughness rib Mantle (1966) I R 0.7x10° - plane flow
Plane wall jets Kacker and Whitelaw -1 /| - -
(1971)
Wake flows Durao and Whitelaw(1974) - vy - 0.0
Assaf (1975) -1 /]| - 4.25x10%%
5.10x10% 0.0

€21~
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the inlet plane and were used as boundary conditions; the rate of dissipation

at the inlet plane was calculated from the expression;

.

e = x’%/0.005 D 4.2.1

wﬁich assumes the existance of a constant mixing length across the pipe.

‘The downstream boundary conditions corresponded to zero gradients and
were assigned at x/D of 160, The influence of the grid size and arrangement
was found to be sensibly insignificant for grids greater than 16x16,

ihe measured and caiculated radial profiles of mean tangential velo-
cities for swirl WmaX/Um of l,d énd 3.0 and at downstream locations of x/D of
0.35 and 5.1, are shown in figures 4.2.1 and 4,2.2 respectively; the corres-—
ponding profiles of kinetic energy of turbulence are also presented iﬁ these
figures.

The agreement between the measured and calculated mean tangential velo-
city and kinetic energy of Furbulence are reasonably good. Discrepancies
shown near the wall of the pipe may be attributed to the two equation tur-
bulence model which is known to be imperfect for asymmetric flows, see for
example, Hanjalic et al (1972). These discrepancies may also be attributed,
at least partly, to the assdmption of 2.3.7.which requires that the location
of zero velocity gradient be identical to that of zero local shear stress.

Swirling flow in a pipe can also be generated with vanes imparting
rotational action on the fluid. An experiment of that'tyﬁe was carried 6ut
by Baker (1967) who measured the mean velocity components, with a directionally
sensitive impact probe, at various stations downstream the pipe inlet section.
Tﬁe swirl number had a value of 0.55 and was defined as;

R _
2 2 3
s! =8p{) UWzx dr/ p Um D 4,2,2

Calculations were performed using the present computational procedure and
were compared with the measurements. The comparison between mean tangential

velocities was carried out at two stations of x/D equals 15 and 35. The
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inlet radial velocit& profiles were assumed and were found not to influence
the calculations of figure 4.2.3 significantly. These results were obtained
with the assumption that the inlet radial velocity decreased linearly with
the radius; The profile of mean tangential velocity at inlet was assumed
to follow a forced vortex variation with radius,

The.kinetic energy and aissipation rate profiles at inlet were assumed
to correspond to a mixing length assumption and did not have a significant
influence on the calculations downstream of x/D = 4.0, The exit boundary
condition of Bé/axj = 0 was assumed at x/Db= 100, Measured and calculated
values of the mean'tangentialvvelocity component are shown in figure 4.2.3
at x/D of 15 and 35, and clearly demonstrate that the calculations obtained
'using a two‘equation turbulence model lie within the experimental scatter.

The . digcrepancies near the walls and the centreline stem from the imperfection
of the turbulence model for near wall flows and to the anisotropic nature of
turbulence in the central core of the flow,

The calculations of swirling pipe flow require the solution of elliptic
equations,<because'as can be seen from figures 4.2.1, 4.2.2.and 4.2.3, the
tangential velocity component varies significantly in both longitudinal and
radial directions. The locél gradients in the radial direction are greater
than those in the axial direction and hence, the flow has small ellipticity.
Once again the discrepancies shown for swirling flow inbpipes are mainly
due to the turbulence model. Figure 4.2.3 shows the predicted velocity distri-
butions of Roberts (1972) using a streamline vorticity procedure and a tw§ ‘
equation turbulence rﬁodelo

The need for a model to represent the non-isotropic naturé of swirling
flows has been discussed by Lilley (1974) aﬁd partly developed by Morse (1976)
and Ribeiro (1976). The Reynolds stress model of Launder (1975) may be
appropriate for such flows but no comparisons have so far been reported with

recirculating swirling flows.
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4,2,2 - Pipe jet with and without swirl

‘The flow of a jet into a coflowing stream is of practical importance,
for example, in cement rotary kilr}s°

This arrangement induces a secondary flow through the annulus formed
between the jet nozzle and the pipe diameter and can result in recirculation
in the vicinity of the pipe wall for high values of jet to annulus velocity
rétioo Mény investigations have been carried out for this configuration with
various jet to annulus momentum ratios.

The investigations bf Barchilon et al (1964) and Craya et al (1967)
weré carried out in a duct of aiameter 162mm and a central nozzle diameter
of 12mm. Measured static and total head pressures were recorded at various
locations in the flow using a pitot probe, The analytical investigations of
Craya aﬁd Curtet (1953), for the coflowing geometry, devised a similarity

parameter, C,, which is known as the Craya Curtet number defined as;

t

1 - _ .

= = _; &+ rar —.%

Cc A A p

t m
4,2,3
and
1 J =

Um =2 A U rdr
A is the cross sectional flow area.:
This number relates the momentum of both jet and annulus flows. In the

present calculations, the initial velocity profile was' assumed to be that

of a turbulent pipe flow i.e,

S
7

a = U {l - (2-;")} 40204
cﬂ

L

and the‘corresponding distribution of kinetic energy of turbulence and its
dissipation rate were based on a mixing length assumption. The downstream

boundary conditions were assigned at x/D of 10 and corresponded to zero
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gradients, Tests were carried ou= to investigate the influence of assumed
inleg conditions on the flow pattern and indicated insignificant differences.
A detailed investigation of the influences of assumed profiles at inlet has
been reported by Khalil (1976).

_Figure 4.2.4 shows the location of the wall recirculation zone for
various values of Ct. As Ct increases, i.e. the annulus/jet momentum ratié
increases, the wall recirculation decreases in size and moves downstream of
the inlet section. The influence of Ct on the recirculated mass flow rate
is shown in figure 4.2.5; the symbols represent different data obtained from
Barchilon et al (1964), while the solid line represents the calculated
variation Of'N%maX/Mtot for different values of Cee The ratio of the re-
circulated mass to the total mass increases as Ct decreases as would be
expected, The measured and predicted values aréﬂin very good agreement for
the range of Ct reported here; the uncertainty in the experiments was
expected to be largest at large Ct, due to the use of pitot tubes‘o The
‘calculation of El Ghobashi (1974), obtained for the same flow, with the k-¢
turbulence model and a different numerical scheme are shown in figure 4.2.4
and 4.2.5 and were in good agreement with the present calculations.

The influence of swirling the inner jet on the flow pattern, momentum
exchange, velocity profiles and pressure distributions was investigated by
Craya and Utrysko (1967). The velocities were measured using a directionally
sensitive pitot probe in the gecmetry described above ﬁut with various degrees
of swirl in the central jet, The same inlet profiles used in the non-swirling
case were assumed here and, in addition, the tangential velocity profile which
was taken from the data of Craya et al (1967)., The present comparisons were
pérformed for annulus to jet mass flow rates of 15 and at five different
swirl numbers,v;rying from 0.0 to 0.81.

Figure 4.2.6 shows the centreline distribution of mean axial velocity

at different swirl numbers. The symbols represent the measurements and the
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solid lines the calculated distribwutions, It can be seen that both measured
and calculated velocity distributions are in good agreement at low swirl
number97 The agreement in the initial region deteriorated as the swirl
intensity increased; due to the anisotropic nature of the turbulence in the
mixing region. These results are shown for Curtet numbers (Ct) between
'1926 and 1.38 and no recirculation zones were observed for this value of
Ct as expected from figures 4.2.4 and 4.2.5. Profiles of mean tangential
velocity component are shown in figure 4.2.7 for a swirl number of 0.8l.
The measured and calculated tangential veloéitiés are shown to be in reasonable
agreement within thé previous comments on experimental accuracy,.

The computer storage required for the present grid (20x20) could be
éstimatgd frém section 2.2.,4 and was 27 kilowords and 360 seconds computing
time.

4,2,3 Flow over a backward facing step

Abbott and Kline (1962) observed turbulent flow downstream of a plane
sudden expansion with the aid of‘smoke and in the vicinity of reattachment
position, with tufts, Similar investigations in laminar flow have been
reported by Melling (1975) using laser anémometry° The results of Abbott
et al (1962) can only be uséd as qualitative measures of the capability of
the computational procedure. Although Abbott and Kline did not provide
detailed measurements in the recirculation region, the present computation
procedure can readily provide these by starting the caicuiation upstream
of the step. The.exit boundary conditions of zero gradients was assigned
at different downstream positions depending on the value of 2h/d, i.e. on
the length of the recirculation zone. The step height is h and the small
duct width is d. The actual location of the exit was determined by means of
trial and error with the criteria that the loca£ion of the exit should not

influence the upstream calculation,



- -129~

Comparison between measured and predicted variation of the recirculation
zone length (xr) and the step height (h) is shown in figure 4.2.8 for a

range of Reynolds numbers from-2xlb4 to 5xlo4° At small expansion ratios;

2h
a’

i.e, it was observed that the recirculation zones on both sides of the
symmetry ﬁlane were identical; but for larger values of 2h/d, the two
recirculation'regions appeared to interact and resulted in asymmetric region
of recirculation. The comparisons, therefore, were limited to regions‘of
small expansion ratios; i.e. 2h/d<1.0. Forlthese regions the symmetry prevails
and the reattachment location tended to correspoﬁd to'approximately 8.5h as
the value of 2h/4a increased above 0.8, Figure 4.2.8 also indicated contours
of iso-velocity lines and velocity profiles in the recirculation zone corres-
ponding to different expansion ratio 2h/d of 0.1l, 0.2 and 0,56. The com-
puter storage requirements were 25K words and thé computer time was 280 seconds.
Although the present comparison is rendered incomplete by the lack of
experimental data, two conclusions can be'drawﬁo First, it appears that the
length o£ the recirculation region for symmetric flow on a single step is
insensitive to flow properties over a wide range and is well represented by
the present calculations: in addition, the calculation procedure can re-
present properties which have not been measured in a plausible manner,
Secondly, it is clear that the present scheme could not represent the
asymmetric results of Abbott and Kline and of Durst, Melling and Whitelaw
(1974); it is probable that a three dimensional, time—éependent calculation

scheme would be required for these asymmetric flows,

4.2,4 Axisymmetric, sudden expansion flow

The flow downstream of an axisymmetric, sudden enlargement is one of
the common features of furnace flows since, in general, furnaces are composed
of a large duct with small inlet concentric jets for the reactants to

enter the furnace. The real furnace configurations have more complicated
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inlet geometries of secondary and tertiary inlets which are concentric
with the central fuel entry., For simple flow situations, downstream of
an axiSXmmetric sudden enlargement, Back and Roschke (1972) investigated
the flow pattern for a range of Reynolds numbers,

Measurements of the reattachment length were obtained using dye traces
and éncompassed Reynolds,numbers from 100 to 104 based on the small pipe
diaméter, the expansion ratio d/D was 0.385. The calculated values of re-
attachment lengths are compared with measurements at high Reynolds numbers
and shown in figure 4.2.8, which also presents the calculations and measure
ments of subsection'4.2.3, The high Reynolds number measurements
of Back and Roschke (1972) corresponded to Zh/d of 1.6 and xr/h of 8.5,

As an example of the information which can be obtained from the
cbmputational procedure, figure 4.2.9 and 4.2.10 were prepared. Figure
4.2.9 represents contours of isovelocity lines, static pressure, turbulence
kinetic energy and léngth scale of turbulence for the flow of Back et al
(1972) and at Re==5x10{ Figure 4.2.10 shows contours of mean axial velocityv
static pressure and kinetic energy of turbulence for an expansion ratio of
0.3 and Re of 5x104° There are no measurements to compare with, but these
calculations illustrate the capability of the present procedure. The inlet
axial velocity profiles for these calculations were represented by equation
4.2.4, radial and tangential velocityr components were assumed zero
at inlet. The inlet kinetic energy of turbulence and its dissipation rate
were assumed to conform to mixing length hypothesis . The influence of inlet
velocity profile assumptions, on tﬁe centreline velocity was less than 10.5%
and became negligible at x/D of 3.8 and for the test Reynolds number 1050
fhe influence of inlet profile of turbulent kinetic energy and dissipation
rate on local flow properties was found small except on the wall shear stress
which was variedvby 9% due to a ten fold change of inlet kinetic energy of

turbulence as shown in figure 4.2.1l,
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Further experimental investigations in sudden enlargement flows were
reported by Owen (1975) whose investigations were concerned with the flow
in an axisymmetric sudden enlargement with coaxial jets of air. The enclo-
sure diameter was 125mm, while:tha annulus outer diameter was 87.5mm and
the cenéral/annulus diameter ratio was 0.715. Measureménts of mean axial
and radial velocities, kinetic energy and shear stresses were cbtained for
free'and confined jets and were obtained with a laser Doppler anemometer.

The central jet had a peak velocity of 2.44 m/s while the annular one had a
peak velocity of 29.5 m/s, hence a negative recirculation zone was created
on thé centreline due to the momentgm exchaﬁge ratio of 140; i.e.

pUaAaUa/ pUjAjUj = 140.

Measured and predicted velocity profiles at two downstream locations,
x/D of 0.25 énd 0.6, are shown in figure 4.2.12. the obtained agreement
illustrétes the capability of the present numerical scheme and the two
equation turbulence model to reasonably represent the flow,paétern in coaxial
jet flow in sudden enlargement; inlet velocity profiles were measured with
pitot tube and were used in the calculation scheme. The computer storage and
time requirements for this flow and that of Back et al (1972) were similar
and corresponded to 25K storage and 280s running time.

The measurements of Beltagui and Maccallum (1974) were obtained downstream
of a sudden enlargement iﬁ an axisymmetric flow with and without swirl; two
swirl generators oflthe hubless and the annular type were used. A wide range
of swirl numbers was investigated for two different expanéion ratios of 0.4
and 0.2. The measurements of mean axial, radial and tangential velocity
components were obtained by a water cooled three hole probe whose tip outside
diameter was 6.35mm. This probe was also used for static pressure measurements,
for situations where the flow was principally in the radial direction, a disc
probé was used for the pressure  measurements. The mean inlet velocity UO

was 15.2 m/s and fhe corresponding Reynolds number was 9xloL.
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No turbulence quantities werc measured and the inlet profiles reported
by Maccallum (1975) were used in the calculation procedure. The influence
of inlet velocity and kinetic energy profile assumptions, on the mean axial
Velocity‘Was found to be less than 8% of the inlet mean velocity Uo' in the
vicinity of the inlet and diminished at x/Df of 0,25, Comparisons between
measﬁred ;nd calculated mean axial velocity for a hubless swirler of vane
angles 22° (s= 0.239) and d/p, of 0,2 are shown in figure 4,2.13, Profiles
of mean axial velocities at different locations in the enclosure are shown in
the.figure° They are in good agreement and‘the'discrepancies in the low
velocity regions, can be attriﬁuted to the precision of the measurements and
the anisotropic nature of swirling flows.

. The meaéured and calculated tangential velocity profiles at various
locations downstream the step are shown in figure 4.2.14. Figure 4.2.15
shows the radial profiles of static pressure coefficient at various axial
locations, for the same swirler. The agreement between the calculations and
the measurements is good but discrepancies up to 25% can be observed in
iegions of steep gradients. In judging these comparisons, the likely precision
of. the measurements should be considered and is of the order of +10%,

Radial profiles of mean axial velocities for a swirl vane angle of
15° and d/Df of 0.4 are shown in figure 4.2.16. The agreement is reasonable,
again except ét low velocities, where discrepancies are likely to be signifi-
cant and are due to the uncertainty of the measurement’ technique. For an
annular swirler, profiles of measured and calculated mean axial velocity are
shown in figure 4.2.17 and are in qualitative agreement. A central recir-
culation zone appeared immediately downstream of the swirler hup and extended
to x/Df of 1.6, The agreement is not very good, as shown in figure 4.2.17,
and this can be partly attributed to the inadequacy of the turbulence model
to describe anisotropic turbulence and highly swirling flows, but mainly
to the inaccuracies associated with the measuring techniques in

recirculation zones,
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4,2.5 Flow over roughness rib elements

The flow over plates and in channels with surfaces roughened by ribs
is relevant to the augumentation of heat tfansfer and has been examined
experimentally, for example, by Wilkie (1966) and Mantle (1966). The increase
of the surface area as for example, in the corrugated fire tubes of industrial
and domestic boileré, increases ﬁhe heat transfer to the walls., Wilkie
measured the fully developed pressure and Stanton number distributions in an
axisymmetric arrangement with wvarious ratios of pitch "P" to rib height "A". The
inner roughened surface waé heated electriFally Qith Tw/Tb = 1.2, while the
outer smooth wall wés not heated, and the temperature distribution along the
surface was measured by thermocouples., Pressure tappings were used for the
static pressure measurements, for various rib height/width ratios.

No inlet profiles of mean velocity componenfs, kinetic energy of turbu-
lence and dissipation rate were reported by Wilkie. The mean axial velocity
profile at inlet was assumed to be that of'fully developed channel flow and
the influence of this assumption on the centreline velocity was less than 5%
and diminished at downstream locations less than one rib height. The radial
velocity component ét inlet was assumed to be zero and the kinetic energy
distribution corresponds to k/U2 = 0.005. The influence of varying k/U2
between 0.003 and 0.03 on the centreline velocity distribution was less than
4%, The dissipation rate was assumed to follow a mixing length.hypothesis
and the influence of this assumption diminished at dowﬁstream distances less
than one rib height;

The measurements of Wilkie for P/A of 15 and 7.2 are shown in figure
4,2.18a and 4.2,18b, Figure 4.2,18a shows the variation of Stanton number
and pressure coefficient between two ribs on an axisymmetric body, for a
Reynolds number of l°913x105. On the same diagram, the calculated distribu-

tions are also shown and exhibit good agreement over the flow field. The

maximum deviation amounts to 15% at low values of St' the pressure coefficient
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(Cp = §P/%552] is in good agreement with the measurements whose scatter was
in the order of 5%. The average St for roughened surfaces, with pitch to
height ratios of 15, had a value of’000057 corresponding to 0,0025 for
smoofh surface.

Figure 4.2.18b shows the Stanton number and pressure coefficient variation
between the ribs for the geometrical arrangement with P/A of 7.2. Measured
and calculated Stanton numbers are in good agreement except near the rib faces

where high values of St are expected. The reattachment length downstream of

the upstream rib face coincides with the location of maximum St and a small

_recirculation zone is also observed upstream of the downstream rib. Detailed

contours of velocity vectors, mean axial velbcity, static pressure, turbulence
energy and length scale for P/A of 7.2 are shown in figure 4.2.19 and 4.2.20.
No measureﬁents exist with which comparisons can be made and these calculations
proQide an overall degcription of the local flow properties and heat transfer
for flow between ribs on cylindrical surfac;‘es°

The measurements of recirculation zone length obtained by Mantle (1966)
are shown in figure 4.2.21 together with the calculated values 6f the present
procedure and the two are in good agreement. Although Mantle did not observe,
with his wool tufts, reattachment for values of P/A less than 6.6, the calcula-
tions indicate reattachment at much lower values of P/A. For P/A less than
2.5, no reattachment was observed aﬁd the flow skims over the surface between
ribs, The discrepancies at low values of P/A may be due to the inaccuracy of
the measuring technique which depended on the wool tuft motion with the flow.
The flow Reynolds number was O,7xlo5 with plane roughened surface, in contrast
to Wilkie where the roughened surface was cylindrical.

The effect of the pitch to rib height ratio on the local Stanton number
distribution is shown in figure 402.2i with the corresponding pressure drop

distribution. It can be seen that, as the pitch decreases for the same rib

height, the overall Stanton number and, therefore, the total heat flux to
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the wall increases. Unfortunately, the required pressure drop, as indicated
by the pressure coefficient, also increases and the rate of increase of
. pressure drop is similar to the rate of increase of heat transfer rate.

4.2.6 Plane wall jet flows

Kacker and Whitelaw (1971) used a hot wire anemometer to measure mean
veiocity and turbulent kinetic energy downstream of wall jet geometries with
four different ratios of slot to free stream velocity. In the particular case
of a thick slot 1lip, there 1s a substantial region of recirculation immediatdy
dowﬂstream of the 1lip and this requires the soluﬁion of elliptic equations.
Unlike the recipculaﬁion regions of‘previous flows of 4.2.5, which were
bounded by two surfaces, this recirculation zone is bound by one surfaceo

‘Measured and calculated values of mean velocity aﬁd turbulence kinetic
energy are presented on figures 4.2.22a and 4.2.22b for two values of the
Qelbcity ratio, i.e. UC/UG = 0.75 ;nd 2.30 and'at two downstream stations
x/yc of 10 and 150. The region of reversed flow is not large at the first
downstream station where measurements are available.and, at further dOWnstream
stations, the influence of the recirculation disappeared. The calculations,
however, encompass the region of recirculation and the results shown on the
figures have been influenced by upstream recirculation.

Measured initial conditions were input to the calculation.scheme except
for the rate of dissipation € which was calculated with the aid of a mixing
' length assumption. The downstream boundary conditions'of zero gradients was
located at a station such that the upstream calculations were uninfluenced.

The measured and calculated values of mean veloclty and kinetic energy
of turbulence are in reasonable agreement, similar calculations, with a
simple turbulence model, were obtained with a computer program based on the
solution of equations for stream function and vorticity; Gosman et al (1969)

but required relatively longer computation time and storage. In these earlier
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computations, the agreement was reasonable and was due to the use of
algebraic length scale assumptions formulated from the experimental

measurements.

4.2.7 Flow in the wake of a disc

Measurements of mean axial velocity and the corresponding normal
stress, reported by Durao and Whitelaw (1974), were obtained by laser
ahemometry in the wake of a disc surrounded by an annular free jet. Measure-
ments of mean axial velocity anq the correspanding'normal stress in the
confined wake flow behind discs, obtained using laser anemometry, were also
reported by Assaf (1975). The present computational procedure was used to
calculate these two flows; as for the flow of Durao and Whitelaw, measured
axial veiocity distributions along the centreline and at a radial profile
at x/D of 0.3 are shown in figure 4.2.23 and 4.2.24 together with the
calculations obtained with the range of assumed values of the radial velocity
component at the exit from the annular jet. . Measured initial values of the
axial velocity component and the corresponding normal stress were used in
the calculations.

The radial velocity component was initially assumed zero and, as can
be seen, the agreement between calculation and measurements is imperfect.

In particular, the length of the recirculation region is calculated to be
around 75% of the measured value and the minimum velocify is overestimated.
The influence of finite radial velocity is also shown on the figufe and is
significént: thus, the absence of measured initial values of tﬁis radial
component can be serious. In the present case, the radial values are likely
to be very close to zero and the discrepancies between calculations and
measurement can be attributed more to the turbulence model than to incorrect

initial conditiomns.
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There are also differences between calculations and measurements in
the decay of the centreline velocity in the jet region and also at the
" outer edge of the jet. The former ;an be attributed to the turbulence
model, as discussed by Pope and Whitelaw (1976), but the latter is linked
to the distribution of grid nodes in the outer region of flow and to the
radial location at which the free boundary condition is assigned. For the
c§lculations of figure 4.2.23 and 4.2.24, the outer grid boundary was located
at 10D from the centreline and correspondea to 8®/ar of zero: the grid mesh
was 30x30 with 16 grid nodes between the velocity maximum of figure 4.2.24
and the centreline. The inner regioh of the flow was not influenced by the
location of the boundary condition and the outer region became less influenced
with increasing downstream distance.

The local velocities and turbulence intensities measured by Assaf (1975)
in é confined wake flow were obtained for two disc to pipe diameter ratios
of 0.25 and 0.5 at the same flow rate and éorresponded to Reynolds numbers
of S.lxlo4 and 4.25xlo4 respectively. The measured inlet velocity and turbu-
lence intensities were applied to the computational scheme as inlet conditions.
Previous calculations, Assaf (1975) were obtained with a similar computation
scheme and were in reasonable agreement with the measurements away from the
recirculation zone. The diffefence between measurements and predictions was
attributed to the deficiency of turbulence model and was consistant with the
observations of Pope (1976).

The present comparisons shown in figure 4.2.25 show the measured axial
velocity and the corresponding calculations at various axial locations down-
stream the disc, for the two discsf The size of tﬁe grid was also 30x30
similar to that used for figures 4.2.23 and 4.2.24 and grid lines were concen-
trated in the central region of the flow. The results shown in figure 4.2.25a

for d4/D of 0.25 and figure 4.2.25b for d4/D of 0.5 were obtained with the exit
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boundary conditions of zero axial gradient located at x/D of 30; The
compafisons between measured and calculated mean velocity indicated quali-
tative agreement and had similar trends to the previous flow of Durao et

al. The deficiency in the vicinity of the recirculation zone is attributed
to the inadequacy of the two equation turbulence model to represent wake
flows. The detailed investigation- of Pope (1976) for wake flows reveals
significant defects in the two-equation and Reynolds stress models which were
confirmed by the predictions of many wake flows such as those of Durao et al
(1974) and Assaf (1975). The calculated length of recirculation zone is 30%
less than that measured and the spréading rate, is underpredicted by a factor
of four. The application of Reynolds stress closures to near wake flows

does not provide significant improvement over the two equation turbulence
models; consequently, Pope concluded that the discrepancy is caused by the
common factor in the different models; namely, the dissipation equation and
suggested a closure based on.the spectral energ§ equation.

4.3 Flow properties in present flow configurations.

The calculations.presented in this section were obtained for the flow
configuration of the experimental facility of section 3 under non reacting
conditions with the inlet and boundary conditions listed in table 3.2.

In obtaining these calculations, the measured inlet velocities and turbulence
intensities were utilized to specify the initial conditions of the computational
scheme. These calculations cover a wide range of flow ébnditions and compari-
sons with the corresponding measurements allow an assessment of the validity

of the assumptions emboéied in the equations solved for the aerodynamic
properties, i.e. the turbulence model, and to appraise the present computa-
tional scheme for isothermal flow in the geometry investigated for combusting
flow.

The implications of the present comparisons in non-reacting flows can

be readily extended to include the various effects of combustion and density
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variation. These results represent a base line against which the furnace
flow'predictions under reacting situations should be referred.

Grid independent tests were carried out for the present calculations
of non reacting flows and a 20x20 grid was found adequate to yield results
which do not depend on the grid size or arrangement in the sense that a
30% increase  in the number of grid nodes would not yield significantly
different results than those shown in this .section. The grid line arrange-
ment was non uniform and the grid line density was the largest in regions
of steep gradients; near the centreline, the boundaries of mixing regions
and near the enclosure walls.

Comparisons between measured and the corresponding calculated flow
properties, carried out for the flow situations of table 3.2 were in
reasonable agreement at low flow rate measurements, cases 1 and 2 and are
shown in Appendix A6. Calculations were performed and compared with measured
velocity profiles of the non swirling flow, case 4 of table 3.2. Measured
inlet velocity and kinetic energy profiles were used as initial conditions
for the calculation procedure. The exit conditions were located at x/Df of
3 and were represented by zero axial gradient and satisfied the overall con-
tinuity. Measured and predicted mean axiai velocity distributions aloﬁg
the centreline are shown in figure 4.3.1 and are in good agreement downstream
of the jet exit. Radial profiles of mean axial velocity component U at
different axial locations are shown in figure 4.3.2 fo¥ case 4 of table 3.2.
Reasonable agreeﬁent was obtained except in the core region where discrepan-
cies occurred and may be attributed to the centreline velocity recovery in
‘the wake of the recirculation zone behind the blocked central jet.

Swirling flow computations were performed for the experimental configu-
ration, case 5 of table 3.2 with the burner of figure 3.1.la. The radial
profiles of mean axial velocity for § = 0.52 are shown in figure 4.3.3 and are

in good agreement with the measurements. Details of these computations are
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given in Appendix A4. A general conment on the calculations is that the

size 6f the central recirculation zone is smaller than the measured value,
which relates to the use of the twe equation turbulence model for wake

flows. It was found that the calculations of swirling flows are sensitive

to the specification of inlet conditions, which were not uniform across the
flow at inlet as conveniently assumed in previous calculations. The rate

of centreline velocity recovery is slower than the measured one and the
maximgm discrepancy was less than 25% in regions of steep velocityvgradients.

Generally, a qualitative agreement was obtained for swirling flows,
provided that the proper inlet conditions were specified or reasonably
assumed. The normal axial stress profiles measured with laser anemometry
were compared with the corresponding calculatibns and are shown in Appendix
A4. The discrepancies in the normal stresses were observed to be as high
as '20% and are attributed to the agnisotropic nature of the swirling flow
particularly in the mixing regions as shown in'Appendix A2 . Provision of
modifications to the isotropic viscosity hypothes is required and attempts
were made by Lilley (1974) to correlate the directional viscosities and the
local swirl number.

Flame stability in reacting flows is influenced by the swirl and the
burner geometry as well as the air to fuel stream momentum ratio. The
experiments, cases 6, 7 and 8lof table 3.2 were therefore obtained with the
burner geometry of figqure 3.1l.1b with quarl angle of 20o énd were compared
with the corresponding calculations in figures 4.3.4 and 4.3.5. Two swirl
numbers were investigated here; 0.3 and 0.52 with annulus air flow Reynolds
number of 4.7xlo4 and a blocked central jet placed at the burner throat.
Inlet velocity profiles were measured at the burner exit for S = 0.3 and
0.52 respectively and were fed into the numerical computation scheme. . Figure
4.3.4 shows radial profiles of mean axial velocity for S = 0.3, the solid

lines represent the calculated profiles while the solid circles represent
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the experiments. The agreement between measured and calculated velocities

is reasonably good. The large recirculation zone on the centreline was
created due to the effects.of SWiri and divergent quarl. The size of the
central recirculation zone was under-predicted with the maximum discrepancy
of 30% in steep velocity gradient zones. The underpredicted size of this
recirculation zone can be attributed to the deficiency of the two-equation
turbulence mode} in predicting wake flows and flows with strong anisotropy

as in the present situation. This conclusion is consistant with the observa-
tions of Pope (1976) and Assaf (1975) for wake flows where the size of the
predicted recirculation zone is 20%‘less than measured.

The profiles of mean axial velocity for a swirl number of 0.52 are
shown in-figure 4.3.5, where the solid lines represent the calculations and
the solid circles represent the measurements of case 8 of table 3.2. The
sizé of the central recirculation zone at the high sWwirl number is larger
than that of figure 4.3.4 but the wall recirculation zone ié smaller. The
agreement between measured and calculated velocities, shown in figure 4.3.5,
is reasonable although the size of the central recirculation zone is
under predicted by 25%. The.present flow situation, with quarl burner,
requires specification of the inclined wall and the computation starts at
the burner throat, with the provision of a modified wall fgnction as explained
at the end of section 2.3. Inlet velocity profiles were specified at the
burner throat from measured profiles cbtained at the exit of the straight
burner. The grid used for the calculations presented in figures 4.3.4 and
4.3.5 had a 20x20 non uniform grid line arrangement and accounted for the
burner's divergent angle.

The introduction of swirl in the annular air jet of the present flow
configuration increases the spreading rate of the jet and reduces the length
of the wall recirculation zone. This implies rapid mixing and a shorter,

well stabilized flame, under firing conditions. The quarl burner geometry
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used in cases 6, 7 and 8 of table 3.2 was found to result in a larger
central recirculation zone which helped to stabilise the flame under
reacting conditions. The mixing zone formed by the quarl downstream of
the burner throat enhances the rate of mixing prior to the furnace and
the incoming fresh reactants are heated by the recirculated products of
combustion.

4.4 Discussion and implications of the present calculations

The previous sections showed that reasonable agreement exists between
meagurements and predictions in simple and swirling recirculating flows.
Discrepancies in predicting the length of recirculation zones and spreading
rates may be attributed to inaccurate measurements which may lead to
erroneous boundary conditions and to deficiencies in the turbulence models.

An approach which would overcome the first problem is to increase the
siée of the solution domain so that known boundary conditions may be applied
upstream of the burner exit. This approach is in principle, advantageous
but may present difficulties in application, especially in complex geometries.
The present calculations indicate that the uncertainties of the initial and
boundary conditions are insufficient by themselves to explain the observed
discrepancies between calculated and measured properties in flow configurations
where flow reversal may éccur. The effect of assuming the initial conditions
was found to be significant in coaxial swirling flows. The measured inlet
.piofiles of mean velocities and kinetic energy of turbulence, obtained with
laser anemometry for the flows considered in section 4.3, overcame this
uncertainty of the initial and boundary conditions. These measurements iso-
late the real reasons for any discrepancies between the measured and pre-
dicted properties.

Two particular defects which result from the turbulence models, are
evident‘in the predictions of the recirculating and swirling flows. The
length of the regions of recirculation is under-predicted as is the rate

at which the wake decays. These defects were observed by Assaf (1975), Pope
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(1976) and Truelove (1975) for flcws with substantial recirculation zones;
the results of section 4.2, related to recirculated fléws, i.e. those of
Owen (1975) and Beltagui et al:(l9}4), illustrate the underprediction of
the size of the recirculation zone and the spreading rate. For wake flows,
the agreement with the measurements of Durao et al (1974) and Assaf (1975)
shown ;n section 4.2, was unsatisfactory in the immediate vicinity of the
disc and the predicted size of the recirculation zone was less than 70% of
the measured size. However, qualitative agreemept obtained at further
dowﬁstream locations was better than those in the disc vicinity.

In confined coaxial swirling flows, an increase in the swirl intensity
lowers progressively the centreline pressuré, close to the exit of the
swiriervand consequently increases the adverse pressure gradient along the
axis until it is too great to be sustained by the shear flow. The flow on
thé centreline reverses and the central recirculation zone appears. The
size of the,centfal recifculation zone depends strongly on the specified
swirl number, and hence, improper specification of inlet swirl number can
cause significant differences in the predicted length of recirculation as
indicated by Khalil (1976). However, the discrepancies observed in predicting
the length and the size of the central recirculation zone can not be blamed
entirely on ilmproper specifications of inlet profiles but are attributed to
the anisotropic nature of the flow and to the use of eddy viscosity concept
in strongly swirled flows and flows behind obstacles.

The above discussion illustrates the possible sources of discrepancy in
the calculated flow properties akin to non reacting situations. These com-
parisons set a base line for the likely agreement in reacting flows, although
the influence of density variation may dominate the flow and hence improved
agreement can be obtained; in these reacting flows, additional problems of
density fluctuations énd wall heat transfer may arise. The next chapter is

devoted to reacting flows in furnace type geometries.
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4.5 Concluding Remarks

From the comparisons shown in this chapter, for non reacting recir-
culating flows, the following concluding remarks are appropriate:

1. The elliptic form of the continuity equation and equations for
three components of momentum and the rate of turbulence dissipation
have been solved numerically, together with equations for turbulence

kinetic energy. The equations, expressed in finite difference
form were solved simultaneously at each node in the orthogonal grid
incorporated in the computation scheme;

2. The ability of the two eéuation turbulence model to represent the
aerodynamic characteristic of turbulent recirculating flows was

4alsp assessed by various comparisons between relevant measurements
reported in literature and the corresponding calculations.
Reasonable agreement was obtained between measured and calculated
mean velocity components and kinetic energy of turbulence in swir-
ling pipe flows and coflowing flows with and without swirl.

3. The validity of turbulence model for flows over roughness ribs and
in wall jets was assessed by comparisons which indicated that
measured and calculated flow properties were in good agreement.

In contrast to these flows, unsatisfactory agreement was obtained
in wake flows which is consistant with previous calculations of
Assaf (1975), Pope and Whitelaw (1976) and Pope (1976). For these
wake flows with recirculation, known turbulence models result in
underprediction of the length of reciréulation region and the rate
of spread of the downstream wake. The latter discrepancy is
particularly serious and appears to stem from the modelling of

the dissipation eguation in recirculation regions behind discs.

4. The validity of the present computational procedupe wés extended
to include furnace type geometries; comparisons were made with

measured flow properties, in sudden enlargement non reacting jet
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flows and, in the present flcw configurations. The corresponding
calculations reveal the ability of the solution procedure and

the turbulence model to repre%ent the flow properties of a coaxial
jet in confined flow with various conditions of swirl, quarl and
Reynolds number. The obtained agreement was reasonable for non
swirling flows and as swirl intensity increased, the agreement
deteriorated and maximum discrepancy in the vicinity of the recir-

culation zone boundaries was less than 25%.
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CHAPTER 5

CALCULATED PROPERTIES IN TURBULENT REACTING FLOWS.

In thi; chapter,the calculated values of local flow properties in
axisymmetric furnaces are compared with the corresponding measurements,to
examine the accuracy and width of applicability of the calculation pfoceéure.'
In the first section,5.l,the experimental data used in the a;sessment arel
obtained from the literature reviewed in chapter 1l,while in section 5.2
the measured data of the present work are compared with the corresponding
calculations.,The collectéd data represent | a wide variety of flow situations
ranging from pure diffusion flames in coflowing air stream,to fully premixed
flames.The corresponding density ratio between fuels and oxidant varied
from 0,06 for hydrogen flames to 1.55 for propane flames.The calculations
wére'performed with the two-equation turbulence model of section 2.3,with
different combustion models of section 2.4 and the radiation and pollutant
models of séctionsZOS:and 2.6,Generally,the calculations yielded the same
qualitative trends as the measurements:the quantitative. agreement is
discussed for each flow situation in the various subsections of5.1 and
5.2,The implications of the modelling assumptions on the flow pattern,
combustion efficiency and pollutant formation are discussed in section 5.3.

Calculations of furnace flames , where no experimental measurements
are available,were predicted in various furnace flow configurations and
are discussed in section 5.4.These calculations illustrate the extent to which
useful information can be obtained and used *to provide adequate representation
of flame characteristics for engineering design purposes.The chapter -ends
with section 5.5 which summarises the main conclusions and implications
of the present computational scheme as applied to reacting flows in furnace

type geometries,
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5.1 Comparison between calculated flame properties and the

corresponding measurements of previous investigations.

The present section describes the comparisons between measured and
qalculated flow propertigs in a wide range of furnace flow configurations.
These tesﬁ cases were performed to assess the validity of the present
compuﬁational scheme and,in particular the turbulence and éombustion models.
In each test case, flow configuration and flame type are indicated and the
inlet and boundary conditions were specified as in tables 5.1 and 5.2.

The coilected data includés measurements of mean‘velocity components,
mean gas temperature,mean species concentration,radiative wall heat flux
and pollutant emission.

In the calculations described in this section,non uniform grid
arrangémehts with 20x20 grid nodes were used.The optimum location of the
grid nodes is a matter of experience but, as a result of considerable
testing and special attentiog to the reaction zones,the present calculations
are grid independent in the sense that the use of larger numbers of grid
nodes, for example 25x25, did not result in values of the dependent
variables which are significantly different from those presented in this
section, |

In the following subsections, the comparisons between measured and
calculated flame properties and Qall heat flux distributions are described
in furnace geometries of cement kiln and boiler types.These comparisons
are discussed in terms of flow pattern,gas temperature,reactants and

pollutant distributions and wall heat flux.

5.1.1 The flow of Cernansky and Sawyer (1974).

The flow configuration of Cernansky -and Sawyer (1974) consisted of
coflowing streams of propane and air introduced to a cylindrical duct.
The overall dimensions of the furnace are given in table 1.2.The flow

configuration is similar to that of figure 1.3,but with swirl vanes in



Table 5.1 ) N
Furnace Reference Flame Type Geometry Dependent Variables
- — - R ] ——
Berkeley Cernansky et al swirling propane Cement kiln with U,V,W,P,k,e,f,Mf',mf m ,mf ,MNO,mN m ,T z,du,
(1974) diffusion flame |swirl 0.31 in — voRmox s AU Sy ox
air stream pv (Model 7)
y e _
Delft Wu et al swirling natural boiler type with u,v,w,p,k,ge,f,f 2,Rx,Ry (Model 3)
(1971) gas diffusion swirl 0.0 and
flame 0.84
- Y T
Glasgow Beltagui.et al swirling town gas/|boiler type with U,V,P,k,e,Mfu,mfu,mfumox,T (Model 4)
(1974,1975) air premixed flame |swirl 0.,0.239
. = _'2 = '2
Karlsruhe Gunther et al Natural & town gas | cement kiln g,v,P,k,c, £, f 'MCO'T (Model 3)
(1972) jet diffusion without swirl ’
Lenze et al(1974) flames '
- - R
New Brunswick Steward et al partially pre- cement kiln g,v,Px.,c,f,M_ ,Rx,Ry,m_m ,T (Model 4)
. . . fu fu ox
(1972) mixed propane without swirl
flame '
. ) L L > T
Sydney Bilger et al hydrogen jet cement kiln u,v,pk.c,f,f ~'MNO’mN m _,T " ,p'u,p'v (Model 3)
(1972,1974) diffusion flame |without swirl 2 9%
- - - [ — —
U.T.R.C. Bowman et al Natural gas boiler type U,V,PJ{,G,f,Mfu,mfup <N mox'MNo'mg /T z,du ,ﬁV
(1975) diffusion flame |without swirl ox N2 v
(Model 7)
. . - - _ 2 "2 — —
Delft Conical Paauw (1974) Natural gas boiler type U,V,P,k,a,f,Mfu,mfumox,mfu,T p'u,p'v (Model 7)

diffusion flame

without swirl

-8%T~
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Table 5.2
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The sign depends on the wall:
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ﬁhe anﬁularlair stream,which imparted tangential momentum to the air and
the corresponding swirl number at inlet was 0.31.The swirl was used to
enhapce the stability of the flame ?ut was maintained at a sufficiently
low level to avoid recirculatioﬁ.Fuel and air flows were chosen such that
the flame was maintained within the combustion tunnel over the full range
of operating conditions.The air to fuel mass flow rate ratio was 1000 and
the corresponding central/annulus velocity ratio was 45 with an initial
temperature of 300K in the reactant streams.

‘Méasurements of éerodynamic properties were not reported,but radial
and axial traverses of the flame were made to measure T and NO,using probes
inserted through the downstream end of the combustion tunnel.Temperature
traverses were made with a Pt/Pt-13%Rh fine wire thermocouple(120um diameter
bead) coated with a non catalytic coating and were corrected for radiation
lossgs.Gas samples were removed from the flame using a water cooled stainless
steel probe and nitric oxide was measured with a chemiluminescence technique.

The assumptions of table 5.2 were made in respect of initial profiles
of mean velocity components,turbulent kinetic energy and its dissipation
rate as those inlet conditions were not specified by Cernansky et al(1974).
Uncertainty bands were imposed on the inlet profile assumptions of the
dependent variables shown in table 5.2.When the two extremes of the uncertainty -
band were used as inlet profiles for the calculations, the results were
different in the burner vicinity by less than 3% and diminished at further
downstream location of x/Dg =0.1.

Figure 5.1.1 shows centreline distributions of mean temperature,oxygen
and fuel concentrations.The calculated flame properties were obtained with the
aid of model 7 which was selected on the grounds of preliminary calculations
which indicated that the local values of Np were of the order unity.Models
1,2 and 3 are only applicable when Np>>1.0,i.e diffusion controlled,while
models 4 and 5 are appropriate for very small values of Np ; i.e kinetically

influenced reactions.In this case, pollutant formation details were required



-151-

and model 7 was used rather than model 6 as recommended in chapter 2 for
NO calculations.A significant point illustrated by the experimental measurements
shown in figure 5.1.1 is the overlapping of the propane and oxygen profiles,
which is indicative of the strong mixing processes that are occuring.Since
these are'time average profiles, they merely indicate the average state of
fuel rich and fuel lean conditions varying with time.ﬁhe calculations were
in reasonable agreement with the measurements;in particular,the mean temperature
distribﬁtion indicated discrepancy of less than 130K at 1000K in predicting
the location of peak temperature.Fuel and oxygen calculated distributions
consistantly indicated the overlapping region along the centreline and are
in agreement with the measurements.

Predicted concentrations of pollutant NO were obtained from the relevant
cqnservation,equations embodied in the pollution model of sgction 2.6 and
are compared with measufements in figure 5.1.2.The effects  of turbulent
fluctuations on the formation of pollutant NO were included in the calculation
procedure and were foﬁnd'to influence the results significantly,i.e ignoring
the effects of turbulent fluctuations resulted in 50% underprediction of
NO conce#tratioﬁs.fhe maximum discrepancy cobserved was less than 20% and
this is reasonable wheﬁ compared to previous attempts to predict NO concen-
trations as reported by,for example, Carreto(1975) in similar complex flows.
Aléng ihe centreline NO concentrations increased downstream from the injector
tip reached a maximum in the hot region near the flame tip and theﬁ decreased
as mixing caused dilution and cooling.The calculated values are lower than
measurements even though the effects of temperature fluctuations and super-
equilibrium have been‘c§nsidered through the use of equations 2.6.6 and
2.6.7.There is,however, insufficient evidence to suggest that the magnitude
of superequilibrium is too small or that prompt NO has formed as a result of

HCN reactions.
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5.1.2 The flow of Wu and Fricker (1971).

The measurements of Wu and Fricker (1971) were obtained in an axisym-
metric water cooled furnace with various inlet conditions.The air nozzle
had a divergent quarl angle of 3§Dand the swirl numbers in the air stream
were zero and 0.84.The overall dimensions of the furnace are given in table
1.2 in chaptér 1.The local gas velocities were obtained with a five hole
hemispherical impact tube.The mean gas temperatures were obtained by a suction
pyrometer while the total wall heat flux was obtained by a'SHELL'total
heat flux meter,described by Braud et al(1972).

The fuel(natural gas) was supplied at a rate of 100 kg/hr through the
central jet and corresponded to 1.07 Mw thermal input,while the air flow.
rate through the divergent quarl throat was 132Ckg/hr.The inlet velocity
profiles and turbulence characteristics were not measured and thus were
specified according to the recommendations of table 5.2.The uncertainty ,
band imposed on the assumed inlet axial velocity,kinetic energy and dissipation
rate profiles had insignificant influence on mean axial velocities in the
burner vicinity,while the corresponding influence on the mean gas temperature
along the centreline was less than 3% and diminished at axial distances less
than o.lSDf from the burner exit.

The calculated and measured temperature profiles are shown in figure
5.1.3 at two locations downstreégﬁghe burner exit and for swirl numbers
of 0.0and 0.84.The symbols of figure 5.1.3 denoterthe measurements and the
solid lines represent the calculated temperature profiles obtained when the
. assumptions of fast chemical reaction and a clipped Gaussian probability
distribution of mixture fraction (model3) were incorporated in the calculation
procedure.The choice of this model was based on calculated values of TSWhich
were two order of magnitude greater than Tkin the flame region.The'measure—
ments and predictions are in good agreement at various radial locations
throughout the flame for both swirl numbers.The relatively higher flame

temperature ét x/Df of 0.77 at S=0.0 was caused by the upstream transport
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of enthalpy from downstream by the recirculated flow.At the swirl number
0f0.84 , the reaction zone was remarkably shortened but much more spread
out radially which is in agreement with the early reattachment of the corner
recirculation with the higher swirl number.

The centreline temperature distributions are shown is figure 5.1.4 for
the two swirl numbers,for S=0.84, the maximum temperature occurs in the
first furnace diameter downstream the burner exit;for the non-swirling case,
the centreline temperature attains a peak at x/Df of 1.3.The experimental
results of wall heat flux indicated that 33% of the wall heat transfer was
due to convection for the non-swirling case and increased to 36% for S=0.84.
Preliminary calculations of the wall heat flux were carried out with the
aid of model R~I which resulted in 50% underprediction of the radiative
heat flux to the wall because this model did not couple the radiative fluxes

!
Rxand Ry. Due to the high percentage contribution of radiation to the wall,
it was necessary to use model R-II which coupled the radiative fluxes as
reviewed in chapter 2.

The calculated wall heat flux distributions for S$=0.0 and 0.84 are
compared'with the corresponding measurements and shown in figure 5.1.5.The
experimental results,which were cobtained from the water cooled sections, are
represented by the histogram and the agreement between the measurements and
calculétions is fair for both swirl numbers.The total wall heat flux distr-
ibution for S=0.0 has a peak value at 1.4 furnace diameter which is consistant
with the location of the reattachment point,giving very high heat transfer
coefficien£ at the stagnation point.At the swirl number of S=0.84,the
location of the peak wall heat flux moves upstream towards the burner end
and attains larger value than the corresponding non-swirling peak.The wall
heat flux decreases rapidly downstream of the peak and the average wall heat
ﬁlux was larger in the swirling flame than without swirl as can be expected

from the exit gas temperature, for the same thermal load input.
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5.1.3 The flow of Beltagui and Maccallum(1974,1975).

Further comparisons were cerried out with the experimental results of
Beltagui and Maccallum(1974,1975) ,from the the two axisymmetric furnaces
described in section 4.2.4.A mixture of air and town gas was supplied through
a central jet to the furnace with air to fuel volumetric ratio of 8.In the
present‘comparieons,swirl numbers of 0.0and 0.239 were thained from vane
swirlers placed at the jet exit.Mean velocities were generally obtained with
a water cooled three hole probe while a disc probe was used where ehe
velecities were principally in the radial direction.Mean gas temperatures
were obtained with Pt-5%Rh-Pt-20%Rh thermocouples and were corrected for
various sources of error.

Detailed measurements were reported and ¢omprised the three velocity
codmponents,pressure coefficient and gas temperatures.A careful examination
to the accuracy and reliability of the data is necessary before displaying
any comparisons between the measured and calculated properties.The precision
of the mean velocity measurements,ocbtained in the wall and central recirculation
zones was difficult to quantify but is likely to deteriorate as the magnitude
of the velocities decreased because of the interference caused by the probe
tip(6.35 mm in diameter) and the response of the probe to very small velocity
changes.In regions where steep velocity gradient, and consequently high
turbulence intensity,exist,near the reaction zone, measuring errors in the
tangential Velocity component can be expected due to the indicated high
pressure difference across the probe.When the radial velocity component is
considered,readings were liable to be in error in regions where the flow has
a high radial component and a low axial component,Beltagui{l974). For reacting
flows, the.wall temperature distributions were reported,Maccallum(1975) ;
the end walls were at 600C while the maximum wall temperature,at the'imping—

ement point was 780C.No inlet conditions were measured,and these were assumed
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according‘to table 5.2;1if the two extremes of the uncertaiﬁity band imposed
on the assumptions were used for the calculations,the results would be
different by less than5% and this difference diminished rapidly for x/Df
greater than O.l.

The calculated flow properties in this furnace were obtained with the
aid of model 4.This model assumes finite reaction rate and is appropriate to
premixed flame situations,where‘the‘time scale of chemical kineticsTkis
much larger than TS ,the mixing time scale; hence Np is much less than 1 and

the reaction is . Kinetically influenced as reviewed in section 2.4.The
mean axial velocity profiles at various axial locations downstream of the
burner are shown in figure 5.1.6 for zero swirl number.These profiles are
normalised by U,, the inlet mixture velocity( U,=15.2 m/s) .The dashed and
solid lines in the figure denote the measured and calculated profiles respec-
' ,
tively and indicate quantitative agreement with discrepancy in the vicinity
of the recirculation zone.This discrepancy decreased towards the forward
flow regions, and away from the burner exit.Radial profiles of mean gas
temperature in the furnace at S=0.0 are shown in figure 5.l;7:the agreement
is generélly good and the maximum discrepancies are of the order of 15% of
the adiabatic temperature riseAT,, (AT,= T3~T,where Ty is the adiabatic
flame temperature) .The calculated temperature profiles exhibited peak values
at the Eentreline of the flame and decrease away from the flame reaction zone
towards the furnace walls.

In figure 5.1.8,the mean axial velocity profiles at a swirl number of
0.239 are shown at various axial locations downstream the burner.Thé obtained
agreement is reasonable as the calculated velocity profiles correctly predicted
the jet's rate of spread and the décay of the centreline mean axial velocity.
The length of the wall recirculation zone is nearly 1.4Df which may be
gompared’to a length of 2Dg for the non-swirling flame of figure5.1.6:no
central recirculation zone was observed for that flame.

Measured and calculated tangential velocity profiles are compared in
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figure 5.1.9 and exhibited reasonable:agreement except in the vicinity of

the burner exit.The calculated decay of the maximum tangential velocity along
the furnaée is faster than thé measured ,which causes a more uniform
distribution of W than that measured at the same axial location.Qualitative
agreement between the measured and calculated pressure coefficient was obtained
in the furnace at various axial locations downstream the burner exit as shown
in figure 5.1.10.Pressures in this flow are generally subatmospheric,increas-
ing to nearly atmospheric at the furnace‘walls.Comparison between the pressure
field in figure 5.1.10 for reacting flow and that in figure 4.2.15 for non-
reacting flow under the same inlet Reynolds number,reveal that combustion
always brings the static pressure closer to atmospheric and , inicontrast,

the effect of swirl is to lower the centieline pfessure in the vicinity of the
syirl vanes. Radial profiles of measured and calculated temperature are
compared at various locations as shown in figure 5.1.11 and indicate maximum
discrepancies of less than 10% of the local temperature in the vicinity of

the burner and furnacé walls.The temperature profiles for a finite swirl
number exhibit more uniform distribﬁtion than the correésponding non-swirling
profile at the same axial location;this can be readily attributed to the

effect of swirl which shortens the flame.

. 5.1.4 The flow in Karlsruhe furnace.

Turbulent diffusion flames in confined cylindrical furnaces were reported
by Gunther et al (1972) for town gas flames and Lenze et al (1974,1975) for
natural and town gas flames under various inlet aﬁd boundary conditions.The
furnace was mounted vertically and was water cooled in ten sections.The
overall dimensions of the furnace,given in table 1.2, were common for the
two sets of measurements discussed here.Thé central fuel nozzle suppiied
town gas at a rate of 23.2 m3/hr and the coflowing air was supplied through
'the remaining annular area at a uniform velocity corresponding to a flow
rate of 108 m3/hr.The nozzle diameter was 1l1Omm.

The furnace geometry resembles a cement kiln,where the primary jet entrains
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the low momentum secondary flow and reciréulation occurs if the mass flow
rate of the secondary fluid(annular) is insufficient to meet the entrain-
ment of the jet to the point of impingement with the chamber walls.According
to the theory of Thring and Newby (1953), the extent and location of the
recirculation zone may be characterised by the parameter Ct(Craya Curtet
number) and a backflow parameter,®,which depends on the jet to chamber
diameter ratio and the primary to secondary mass flow rates and density ratio.
In the present furnace configuration,significant wall recirculation was
observed at x/Df of 2 and extended further downstream.

No velocity measurements were reported in the furnace.Gas sampling
techniques and thermocouples were used to measure the mean species concen-
trations and temperature profiles respectively.Inlet profiles of mean flow
pgoperties were not provided and reasonable assumptions were made according
to table 5.2.When the two extremes of the uncertainity associated with these
assumptions were used'in the calculations,the maximum difference between
the results,which was localized . in the burner vicinity ,was less than 3%;
.this difference diminished further downstream.

Mea‘n'gas temperatures along the centreline of the town gas flame of
Gunther et al (1972) are shown in figure 5.1.12 and correspond to a jet
Reynolds number of 3.2x10%. The calculations ‘were obtained Qith the aid of
model 3 and are shown in figure 5.1.12 with the measured temperature which
is represented by the solid symbols .The predicted centreline distribution
is in good'agreement with the measurements and the maximum discrepancy is
less than 12%.This remarkable agreement may be attributed to the ability
of model 3 to represent the present flame characteristics.The calculated
time scale of turbulence,Tgwas larger than that of chemical reaction Ty and
the assumption of infinitly fast reaction was justified on the basis of the
local values of Np which were in excess of 100 in the reaction region.This
agreement is readily complemented by the radial profiles of mean gas temperature

shown in figure 5.1.13 at two axial locations.The predicted rate of flame
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spread was faster than that obtained from the measurements,due to the basic
assumption embodied in model 3; i.e.fast chemical reaction.

Further investigations in the same furnace were carried out by Lenze:
et al (1974,1975) for vérious burner arrangements.Two arrangements,one
consisting of three burners set in a row, and the other of five burneré in a
cross, were investigated; all the burners had a diameter of 5‘mm.The two
arrangements were then replaced by burners of diameters equal to SQh mm,
where n is the number of the burners in the arrangement and measurements
for these equivalent burners were cérriéd out.The burner diameters equivalent
to three and five burner arrangements were 8.65mm and 1ll.2mm respectively.
‘The calculations were performed with the equivalent single burner and with
town gas and natural gas as the fuels for the 8.65mm and 1ll.2mm burners
respectively.Velocity ,temperature and turbulence characteristics were not
measured in the inlet plane and were,therefore, assumed in accordance with
table 5.2.

Measured and caléulated concentrations of CH, and CO ,along the flame
centreline , are shown in figure 5.i.l4.The calculations were cobtained with
the aid of model 5 and with the procedure of Gordon et al (1971) which
accounted for the intermediate reaction steps and made comparison of interme-
diate ;adicals such as CO, possible. The agreement is reasonable and demons t-
rates the ability of model 5 to provide local concentrations of the reaction
intermediates. Model 3 could have been used to determine energy properties,
but the concentrations of the intermediates would not have been determined.
In additibn, the calculation oﬁ CO concentration resulted in a finite overall
heat of reaction which caused local temperatures greater by up to 40C than
those obtained from ﬁodel 3 , which considers a global reaction of the hydro-

carbon fuel to CO2 and H,0 in a single step.The reaction mechanisms for hydro-

2
‘carbon fuels are very complicated and consist of many intermediate revesible

step reachions and a model which solves these intermediate steps is requiréd

to estimate the concentrations of these intermediates.The assumption of
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single step mechanism, would ,however result in lower temperature than

when multistep reaction is considered.The determination of the local radical
concentrations was obtained in the present flow configuration by the aid of
model 5 and the mechanism shown in figure 2.4.5. A second procedure to
calculate the local equilibrium concentrations of any hydrocarbon oxidation,
Gordon et al (1971) was also used in the present flame and the correspornding
results are compared with the measurements in figure 5.1.14.This procedure

- requires excessively large coputer storage and provides the local equilib-
rium concentration on the basis of local pressure,temperature,air to fuel

ratio and fuel composition.

5.1.5 The flow of Steward et al(1972)

The flow of Steward et al was different from those mentioned before,as the
éuel(propane) was partially premixed with air énd was injected through
the nozzle in a coflowing , uniformly-distributed air flow.The flow rates
were adjusted to allow 20% excess air and the Craya Curtet number,Ciy ,was
0.18 , corresponding to large recirculation zones covering 0.6 of the furnace
wall lehgth.The furnace was oil cooled and was equiped to measure wall
radiative and convective heat fluxes.

The mean velocities were measured with a water cooled pitot tube with
its tip constructed of hypodermic tubing of 1.75 mm outer diameter.Gas mean
temperatures were measured using bare thermocouple wires of Pt/Pt-10%Rh
and were corrected for radiation losses.The gas samples were obtained by
means of a water cooled gas sampling probe and analysed to guantify the
concentrations of carbon dioxide,carbon monoxide,propane,pfopoylene,methane,
oxygen and nitrogen species.The radiative and total heat fluxes along the
furnace wall were measured by a wide angle radiometer.Inlet profiles were

not measured and,therefore, were assumed according to table 5.2.The uncert-

ainity band of these assumptions did not influence the calculated results

of mean velocities and temperatures by more than 3.5% and this influence
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diminished at distances greater than 0.17 Dy downstream the bu;ner exit.

The corresponding effecﬁ on the wall heat flux was less than 2.2%.
Model 4 ,which assumes finite reaction rate was used to obtain the

local flame properties in this partlally premixed flame as the assumption of

infinite reaction rate(models 1 to 3) is not valid on the grounds that
local values of N, were very small, i.e.<<1.0. A comparison between
results obtained with models 3 and 4 is presented and discussed in section
5.3.The mean velocity profiles at two axial locations downstream the jet
exit are shown in figure 5.1.15.Generally , the measured and calculated
velociiies are in reasonable agreement in the central region although
discrepancies exist at 2r/Df of 0.16.Thesé discrepancies may be attributed
partly to the small magnitude of the velocities at the outer edge of the
ffame and partly to the slightly overpredicted rate of spread of the jet.
Unfortunately, no measurements were obtained in the recirculation zone.
The mean temperature distribution along the furnace centreline is shown in
figure 5.1.16;the solid line represents the calculated temperature distribution
which is in good agreement with the experimental data represented by the
solid circles.The location of the peak centreline temperature,indicating
the flame length,is predicted slightly upstream the measured location.The
maximum deviation in the centreline temperature was 165K at T =1650K and
corresponds to a 10% difference.

Radial profiles of mean temperature are shown in figures 5.1.18 a,b and

c at various axial locations downstream the bu;ner.The profiles at x/Df of
0.238 and 0.588 are shown in figure 5.1.18a, at x/Df=O.238, i.e near the
flame base;the central core temperature is low and the peak temperature
corresponds to the reaction zone.AT x/Df =0.588, the flame spreads radially
and the peak temperature moves away from the centreline towards the furnace
Qalls.It is clear from the two temperature profiles that the model predicts
the location of peak temperature with a maximum deviation of 0.05D_ while

£
the rate of spread of the flame is slightly overpredicted.
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Similar observations were found at further downstream locations as shown
in figure 5.1.18b, where generél agreement is apparent except at the outer
edges of the flame.The centreline temperature increases to nearly 1850K at
the flame tip,which corresponds to x/Df of 1.64, and gradually decreases
away from the reaction zone.The radial temperature gradients decay and the
temperature profiles even out to nearly flat profiles.Figure 5.1.18c shoﬁs
comparisoﬁ between measured and calculated temperature profiles at x/Df of
2.65 which is near to the furnace exit;(Lf =2.85Df).

| The increase of the local gas temperature towards the furnace wall is
due to the recirculating hot gases and the growth of the flame as seen
from figﬁres 5.1.18a,b and c.The radiative wall heat flux distributions,
figure 5.1.17, are in reasonable agreement and provide justifications
for the use of model R-II.The ratio of convective to total heat flux to the
furnace walls depends on the ratio Lg/Dg, type of fuel and on the furnace
loading,i.e full load, half load,...etc.In the present furnace the convective
heat flux to the wall was reported to be'approximately 30% of the total
wall heat flux and the wall‘heat flux distributions calculated with model
R-I resulted in 40% underprediction of the radiative heat flux.This observation
supported the conclusion that model R-I is not suitable for flows where
radiation contribtes ﬁo more than 70% of the total wall heat flux as this
would lead to at least 28% underpredicted wall heat flux, hence model R-II
is preferable.This underprediction-decreases as the proportioﬁ of radiative
to convective flux decreases.

Calculated wall heat flux distributions were also obtained by Steward

et al(1972) ,by dividing the furnace space into finite elements and using
the Mont Carlo method to simulate radiative transfer among the elements
using measured temperature dist;ibutions.These calculations were based on
' the assumed flow pattern obtained from similarity criterion,Craya et al(1953L

and did not include the effects of turbulent fluctuations and diffusion.
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The zone method which incorporates the transfer equation in the integro-
differential form can not be easily used with the numerical procedure of

section 2.2 as discussed in section 2.5.

5.1.6 The flow of Bilger et al(1972,1974).

Detailed profiles of Vvelocity,temperature and species concentration
were reported by Bilger et al (1972,1974) for a variety of jet diffusion
flames in large confinement.The experimental test rig comprised a duct of
square section of 300x300mm and length of 1B0O mm.Hydrogen fuel was injected
into a coflowing air stream through a central fuel nozzle of 7.65 mm diameter
located at one end of the duct, and the hot products of combustion escaped
through the other end.

The axial velocity was measured by means of a pitot probe alohg the

' , .
centreline and at the inlet section fo the furnace.To determine the chemical
composition of the flame,gas samples were removed through a 3.2mm diameter
probe and analysed for hydrogen,oxygen and water vapour with a katharometer,
an oxygen analyser and lithium chloride cell respectively.Concentrations of
nitric oﬁide,No, were obtained with a chemiluminescence analyser.The local
gas temperatures were obtained with 120Um thermocouples of Pt-5%Rh,Pt-20%Rh
with non catalytic coating to avoid catalytic effects.The measuréd temperatures
were c&rrected for radiation and conduction effects.No wall heat flux measur-
ements were reported since the flame was narrow; the assumption of adiabatic
walls was made in the calculations.

In the present comparisons,which relate to hydrogen jet diffusion flames,
the fuel to air inlet velocity ratio was 10 and the corresponding mass flow
ratiowas less than 0.0l.The profiles of inlet turbulent kinetic energy and
its dissipation rate at inlet were not measured and were assumed here
according to table 5.2,these assumptions had insignificant influence on the
comparisons shown later in the subsection.An equivalent furnace diameter was

used to replace the square cross section,and the mass flow rate of the air
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was the same.This diameter corresponds to nearly forty fuel nozzle diameter,
and did not influence the calculated flame properties as the flame was narrow
and the influence of the reaction was restricted to radial locations of 2r/Dj
less than 24.

The present comparisons were ébtained with the aid of model 3, which is
appropriate to diffusion flames where the time scale of turbulenée Tg is

much greater than the chemical kinetic time scale T (1.6 ND>>1.0.Previous

k
theoretical investigations,Bilger (1975b) indicated that,for the particular
flame measurements used in the present comparisons,the assumptions of fast
chemical reactions were justified on the ground of high local values of Nj.
The calculated centreline distribution of mean velocity is shown in figure
5.1.19 together with the available experimental data.Measured and calculated
vqlocities are in good agreement and a maximum discrepancy of less than 10%
occured in the'bﬁrner vicinity.

The calculated hydrogen,oxygen and temperature profiles are shown in
figure 5.1.20 and 5.1.21 at various distances downstream of the burner exit;
the available experimental data are indicated on the same figures.At an axial
location corresponding to x/Dj of 40, figure 5.1.20 shows good agreement
between the measurementéland calculations.At this location,finite concentrations
of oxygen and fuel coexisted in the reaction zone extending between 2r/Dj of 4
and 9.The radial temperature profile exhibits a peak which is located in the
reaction zone.Radial profiles of mean concéntrations of hydrogen and oxygen
and local temperature ,obtained at x/Dj of 80 are shown in figure 5.1.21 and
exhibit similar trends to those of figure 5.1.20.Both fuel and oxygen concen-
trations are finite between 2r/Dj of 0.5 and 13.The temperature profile at
this location exhibits a maximum temperature in the reaction zone at 2r/Dj of
7 .Radial profiIes of measured mean gas temperature at x/Dj of 120 and 160
are shown and compared in figures 5.1.22 and 5.1.23 with the corresponding
calculations.The calculated temperature profiles are in good agreement with

the measured temperatures and correctly predicted the flame spread.
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Radial profiles of measured and calculated NO concentrations are shown
in figure 5.1.21 and exhibit a peak value of NO in the regions of maximum
temperature.The predicted distribution of NO at x/Dj of 80,was shown earlier
in figure 2.4.11 and depends on the way the density-velocity and density-
scalar correlations are included in the pollutant formation model.The present
comparisons were obtained with the aid of equation 2.6.6 and Eonsidered the
influence of the density correlations.The cehtreline distributions of hydrogen,
NO and temperature are shown in figure 5.1.24 and are in reasonable agreement
witﬁ the corresponding measurements.The quality of the agreement for the results

is aided.by the boundary layer nature of the diffusion flame.

5.1.7 The flow of Bowman et al (1975)

| An axisymﬁetric sudden expansion furnace with a central fuel injection

and annular air was used by Bowman et él (1975) to simulate furnace flows.The
furnace diameter was 122mm and its length was 1220mm; the coaxial burner
arrangement comprised a central jet of 63mm and an annulus of inner diameter
of 63.7mm and outer diameter 93.7mm.The air flow rate through the annulus
was adjugted to give ai? to methane velocity ratio of 22 and to allow for
10% excess air.The furnace walls were water cooled and thermally lagged to
prevent heat loss to the atmosphere.

Thé axial velocity was measured with pitot probes at various locations
in the flame.Values of mean gas temperature were obtained from a double
sonic orifice probe;the first orifice was choked and stagnation pressure and
temperature downstream of the orifice were measured;stagnation pressure at
the first orifice was also recorded.From this measured information and
previous calibration,the local gas temperature was obtained.This method of
temperature measurements is limited to flows containing insignificant concen-
trations of particulates (soot,liquid droplets) and requires calibration at

various Reynolds numbers.local concentrations of species and products of

combustion .were measured with standard sampling and gas analysis equipments.
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The 'inlet profiles of mean velocity components,turbulent kinetic
energy and its dissipation raté were not measured and were assumed here
according to table 5.2.Inthe extreme case , when the uncertainity limits
were used in the calculation as inlet conditions,the predicted mean velocity,
temperature and wall heat flux were different by less than 4% in the vicinity
of the burner exit and.this difference diminished at further'downstream'
distances.As discussed earlier in section 2.4,the assumptions of model 3
and 4 are appropriate only when , the ratio TS/Tk il.e ND attains very
larée and small values respectively.However, in the present flame configuration,
the time scale of turbulence Ty and that of chemical kinetics Tk were of the
same order of magnitude in- the reaction zone and suggested the use of model 7.

Calculated mean axial velocity profiles are shown in figure 5.1.25
together with the corresponding measurements. A recirculation zone exists
in the initial region of the coaxial streams as, the annular stream,i.e the
air stream, moves rapidly relative tb the central fuel jet; this recirculation.
zone enhances mixing £he.reactants and was utilized to stabilize the flame.

At x/Df‘of 0.157, the calculated velocity was in good agreement with the
measurements except in the vicinity of the centreline where, the velocity

was underpredicted and is consistant with the previous turbulent model deffi-
ciencies,Pope(1976), in the predictions of wake flows with two-equation
turbulence model.Better agreement is obtained away from the wake of the
central recirculation‘zone as shown in figure 5.1.25.

Calculated profiles of mean gas temperature and the corresponding meas-
urements are shown in figure 5.1.26 at various axial locations.In the vicinity
of the burner,the mean temperature is low (in the order of 850K) and the
calculations indicate a peak temperature which coincides with the reactiqn
zone;Comparisons of mean gas temperature at downstream locations indicate
aﬁ underprediction of the rate of flame spread which is also observed in the
velocity field.The mean gas temperature profiles flatten at further downstream

locations and the measurements suggest that only a small portion of the total
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available chemical heat release occurs beyond the initial stirred region

of 2.5Df and that such heat production is approximately matched by the heat
1d$s to the combustor walls.The predicted gas temperatures at x/Df of 5.35
and 8.14 exhibit peak values,corresponding to the reaction zone,which move
away from the centreline.

By virtue of the rapid momentum transport,relatively high oxygen concen-
trations are present throughout the fuel stream as shown in figure 5.1.27;
the measured and éalculated oxygen mole fractions are in reasonable agreement
as can be seen from the figure.The oxygen concentration ,at the first measur-
ing location of x/Df of 0.157,decreases rapidly from the annulus and achieves
a constant value in the central core of the flame.The rate of flame spread is
underpredicted as shown by the overpredicted oxygen concentrations at the
f}ame edge.At furthe: downstream locations, at x/Df of 5.35 and 8.14, the
agreement is better except in the viciﬁity of the furnace walls.The over-
prediction of oxygen concentrations at the outer edge of the flame is consis-
tant with the prediction‘of a longer flame as discussed earlier.

Radial profiles of mean nitric oxide concentrations are shown at various
axial 1;cations in figure 5.1.28:the calculated values were obtained with the
aid of the pollutant model described'by eguation 2.6.6.At the axial location
nearest to the injection plane,the NO concentrations are very small as
expectéd from the corresponding temperature profile.Significant levels of NO
are achieved within 2.5Df downstream of the injector exit and coﬁtinue to
form at approximately steady iate; the centreline value of NO increases
at about 1.36 ppm/cm.The agreement shown by figure 5.1.28 is reasonable for
the present calculation in view of the strong temperature dependency of the
production of NO.

The agreement shown in figure 5.1.28 was achieved by including the effects
.of temperature,density ; - species fluctuations and their correlations.A simple
calulation, which did not include the density correlations resulted in very

pooi agreement and, for example,at x/Df of 2.56,did predict NO concentrationsv
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to be 25% of the measured values at this location.At the furnace exit section,
the measured and predicted NO concentrations, using equation 2.6.6, were in
very good agreement;the measured concentration was 156ppm and the calculated
value was 150ppm.

The furnace of Bowman et al ,which resembies the main features of the fire
tube boiler,is similar to that of the present experimental inbesfigation of
chapter 3,but the.expansion ratio ,(1:1.3), was smaller than those appropriate
for real furnaces,typically 1:5.The resulting flame length was larger than
lOD£ and the measured overall heat flux to the furnace wall contibuted to
nearly 16% of the total heat input and the exhaust gases escape from the
furnace exit with very high enthalpy.This is in contrast to the Delft furnace

discussed in 5.1.2 where 60% of the heat input is transferred through the

walls.

5.1.8 The flow of Paauw(1974)

In many furnace fiows, the burner is made of a divergent quarl air nozzle
with a central fuel jet;this arrangément can result in improved mixing in the
combustion chamber.The f;ow in a‘conical furnace was investigated by Paauw;
his experimental test rig comprised a conical chamber of 1.4m length and the
smallest diameter at entrance was 300mm.The total conical angle was 25%Methane
was supplied centrally through a fuel pipe of 44mm inner diameter and 8%9mm
outer diaﬁeter.Air flowed through the remaining part of the upstream surface.
The furnace lining was fireproof cement and measurements were made through
four holes in the wall at downstream distances of 0.2,0.4,0.6 and 0.8 m.

To obtain uniform velocity at the upstream end of the furnace,settling

,was

chambers were used.The flow rate of the fuel,which contained 76% CH4

lOOm3/hr;'the air flow rate was 5% more than the stoichiometric requirement.
‘The mean inlet air and gas velocities were 5m/s and 28m/s respectively.Meas-
urements . of local velocities were obtained with the aid of a five hole pitot

probe and Becker gas chromatograph was used to obtain the local gas concentr-
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ations,while a suction pyrqmeter was used to obtain the local mean gas temp-
erature and was shielded to prevent heat losses by radiation.The measured wall
_temperature was below 700K and tﬁe measured heat flux, obtained by a"SHELL"
heat flux radiation pyrometer indicatéd that the radiation heat transfer
contributed less than 5%of the total heat release from the fuel.
The inlet velocity and turbulence characteristics profiles were not meas-

ured and ,therefore, were assumed according to table 5.2.These assumptions

had an insignificant influence on the calculated mean velocities,concentrations
and local gas temperatures.The measured radial profiles of axial velocity

at various locations are shown in figure 5.1.29 and are compared with the
corresponding calculations obtained with the aid of model 7 . This model was
selected on the ground that the local values of ND were of the order of
~unity and the assumptions of models 3 and 4 are not appropriate.The agreement
shown in figure 5.1.29 is reasonable and is helped by the boundary-layer
nature of the flow. The calculated rate of centreline velocity decay was
slightly smaller than the measured rate and resulted in 15% discrepancy in

the centreline region at downstream'location 0.8m from the burner exit.

The measured and calculated temperature profiles -at various axial locations

are shown in figure 5.1.30 and are generally in reasonable agreement;the

mean temperatures were low and supported the use of model 7 which accounted
for finite reaction rate.The corresponding measurements and calculations of
local oxygen concentrations are shown in figure 5.1.31,these oxygen concen-—
trations are underpredicted in the vicinity of the burner and indicate a
slower rate of reaction and diffusion of oxygen towards the fuel stream.At

the further downstream location of x=0.8 m, the agreement is good and it can
be concluded that this model correctly describes the local flow properties

in the conical furnace.
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5.2 éomparison between calculated flame properties and the corresponding

measurements of the present investigations.

The comparisons between measured and calculated flame properties have
extended to include the different flames, obtained in the furnace of the
present work and listed in table 3.3 of chapter 3.The comparisons fulfilled
one of the objects of the present investigation,i.e to use the present
flame measurements to allow an assessment of the wvalidity of the numerical
scheme to predict flow properties in furnace type gecmetries.The present
comparisons were made to emphasize the significance of the computational proc-
edqre in providing quantitative information on the flame structure and its
behaviour in confined enclosures.

The comparisons presented in this section-include the aerodynamic
cﬁaracteristics of the flow,i.e mean velocity components and the corresponding
turbulence intensities;they also ihclude mean gas temperature profiles and
the wall heat flux distributions.The comparisons do. not include species
concentrations ,as no related measurements were carried out.The inlet,
velocity components and turbulent kinetic energy profiles were measured in
the present work , as shown in chapter 3, and are incorporated in the
calculation scheme;in contrast, the dissipation rate was not measured and
was assumed according to table 5.2.Figure 5.2.1 illustrates the computational

grid used for the present flow configuration

The measured and calculated centreline distributions of mean axial velocity
and kinetic energy of turbulence are shown in figure 5.2.2 for the flow
situation of flame 1 of table 3.3.The measurements were described in chapter 3
and the calpulated distributions were obtained with the aid of model 3.This
model was selected because the flow cor;esponds to a diffusion flame; the
'calculated values of the time scale of turbulence Ts were two order of

magnitude greater than the T , i.e ND>>l.O.The discrepancies in the burner

kl
vicinity can be attributed to the fact that this flame was not attached to
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the burner rim; better agreemeht was obtained at further downstream locations.
The agreement between measured.and calculated turbulent kinetic energy
profiles was reasonable away from the burner exit and were less than about
12%.Detailed calculations for this flame were cobtained by Khalil et al
{1974,1975)and are shown in Appendix A6.These calculations were qbtained
with models 1 and 2 which oversimplify the flame reaction mecﬁanism by
ignoring the fluctuations of scalar properties and assuming a square wave
temporal distribution respectively.The various combustion models used to
preéibt the flow properties of flame 1 are discussed later in the chapter.
The measured flow properties of flame 2 of table 3.3 obtained at a
low flow rate for an air swirl number of 0.52 are compared with the corres-
ponding calculations obtained with the aid of model 3.Typical values of
ldcal Damkohler number ND range between 4 and 1000 in the flame reaction
zone and supported the use of the assumption of fast equilibrium chemical
reaction, incorporated in model 3 .The calculated centreline distributions
of mean axial velocity and kinetic energy of turbulence are shown in figure
5.2.3;the correspondingAmeasurements are éhown on the same figure by the
solid symbols .The centreline velocity distribution indicates the existance
of a central recirculation zone due to the effect of swirl.The size of this
zone was underpredicted and this can be attributed to the turbulence model
defficiency discussed in chapter 4.The measured and calculated distributions
. of kinetic energy of turbulence along the centreline of flame 2 are in good
agreement; the effect of the swirl was shown to result in higher values of
k along the centreline and is consistant with the higher levels of turbul-
ence associated with swirling flows,Baker et al (1974c) and Khalil et al
(1974,1975). Detailed comparisons of measured and predicted velocity compon-
ents and kinetic energy of turbulence for flame 2 , reported by kKhalil et al
(1974,1975) and obtained with the aid of models 1 and 2 , are discussed in
section 5.3 together with those obtained with other models. |

Further experiments with the same burner arrangement of flames 1 and 2
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were carried out at a higher flow rate which corresponds to Re =4.7xlO4
in the annulus flow; these flow conditions correspond to flame 3 obtained
with a finite swir} number of 0.52.The comparisons between measured and
predicted flow properties were reported by Hutchinson et al(1975) and are
shown in detail inAppendix A4. The comparisons,which included mean axial
and tangential velocities, mean temperature and wall heat flux, were in
good agreement.The calculafions were obtained with the aid of a finite
reaction rate model with a square wave temporal distribution of species.
Calculations of the properties of flame 3 were also carried out using
model. 3 and the corresponding comparisoné with measurements are discussed
later in the chapter.

In the experimental investigations of flames 4,5 and 6 ,the influences
qf burner quarl and swirl number on the local flow properties were considered.
Figures 5.2.4 to 5.2.14 illustrate that there is general agreement between
the measurements and the calculations.In these calculations, model 7 was used
to obtain the local flow properties and was supported by the calculated
near unity values of the Damkchler number.Radial profiles of measured and
predicted mean axial velocity in flame 4 are presented in figure 5.2.4
and are in good agreemeﬁt.The agreement is generally satisfactory apart
from the size of the central recirculation zone which was 80% of the measured
size and was achieved by the inclusion of the density-velocity correlations,
whose influence was significant near the reaction zone.

" In contrast to the velocity profiles shown in figure 5.2.4, the corresp-
onding non-reacting flow with a blocked central jet and the same air flow
raté, exhibited a longer recirculation zone along the centreline of the flow
which extended inside the burner quarl.The effect of heat release resulted
in higher axial velocities.

Radial profiles of measured.téngential velocities are shown'in figure

5.2.5 and may be compared with the corresponding calculated profiles.The mean

tangential velocity profiles exhibit peak values near the quarl edge and the
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calculated vélocities are in good agreement with the measurements.The tang-
ential velocity component decayé in the axial and radial directions as shown
in the figure; the maximum tangential velocity decreased from 6.5 m/s in

the burner vicinity to 3.0 m/s at x/Df of 1.33.

The calculated radial profiles of mean gas temperature in flame 4, shown
in figure 5.2.6 ,‘are presented at various axial locations.The measured and
~predicted temperatures arevin good agreement.In the vicinity of the burner,
the radial profiles exhibit four different regions:the core region where the
local centreline temperature is low because the unburned fuel jet persists
downstfeam 6f the burner exit;the temperature then increases until it reaches
a maximum value at the edge of the reaction zone; it then dfops to a minimum
value in the wake of the air stream, but rises again in the wall recirculation
zone due to the reversed flow of hot gases.Discrepancies of the order of 200K
can be observed near the temperature troughs in the burner vicinity and
better agreement is obtained at further downstream locations.The temperature
in the post flame regions,at x/Df >;.33, is uniform and the calculated
temperatures are in good agreement with the measurements.In flame regions,
the location of peak temperature region moves away from the centreline dué
to the flame spread at downstream distances from the burner exit.

The centreline distribution of kinetic energy of turbulence was deduced
from the measured three components of thé normal stresses,—alal apd is shown
in figure 5.2.7; the calculated distribution along the centreline is also
shown in the'figure and qualitatively represents the measurements.The peak
kinetic energy of turbulence in the burner vicinit&,which exists due to the
steep velocity gradient,is well predicted as shown in the figure.

The wall heat flux distribution was obtained from the measured cooling
load.of the furnace cooling sections at various axial locations of the burner
bottom plate inside the furnace;the measured distribution is also represented
in figure 5.2.8.The calculated wall heat flux, obtainea with model R-II,is

also shown in the figure and is in reasonable agreement with the measurements.
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The calculated peak wall heat flux,at x/Df of 0.833,which coincided with

the location of the reattachmen£ point, is in agreement with the measurements
and‘previous observations of ,for example,Wu et al(1971) ,Khalil et al (1974,
1975) and Hutchinson et al (1976).In the burner vicinity discrepancies in the
predicted wall heat flux were observed at x/Df of 0.2 and may be attributed
to the finite size of the calorimeter,section D of figure 3.1.4.The radiative
heat flux to the furnace black walls was significant and is consistant with
previous observations for quarl burner arrangements at the higher flow rate,
Hutchinson et al (1975b).

The present calculation procedure was used to predict the local flow
properties and heat transfer rates for the turbulent swirling situation of
flame 6 which was stabilized by continuously preheating the fresh reactants
bf the recirculated hot gases in the central recirculation zone.The measured
inlet velocity and turbulence kinetic energy at the burner exit were utilized
to specify the inlet qondition at the burner throat where the calculations
started.The dissipatibn rate of turbulence was not measured at the inlet but
was assumed according to table 5.2.The measured profiles of mean axial
velocity and the corresponding calculations shown in figure 5.2.9 identify
a central recirculation zone extending from the burner throat to a downstream
distance of 0.8Df.They also ihdicate the existance of a wall recirculation
zone,whose size is smaller than that for S=0.3 under the same flow and

. geometrical conditions.The mean axial velocities are generally higher than

the corresponding non-reacting éounterpart due to the heat release.The agree-
ment between the measured and calculated axial velocities is satisfactory
except in the vicinity of the central reciréulation zone,where the calculated
size of this zone was predicted to be 0.8 of the‘measﬁred size.This discrep-
ancy is in common with previous wake flow calculations and has'been attributed
vto the turbulence model,Pope and Whitelaw(1976) .Comparison of the tangential
profiles of figure 5.2.10 shows reasonable agreement.The local values of W

are higher than those previously shown for S=0.3 and the profiles show peak
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values at'ldcations in the wake of the quarl edge and decrease monotonically
downstream the burner exit; a’méximum value of 10.5 m/s occurs at x/Df of
O.i and decreases to nearly 5 m/s at x/Df of 1.13.

Radial profiles of measured and predicted mean gas temperature, obtained
with the aid of model 7 , are shown in figure 5.2.11; ané the rapid mixing,
caused by the large value of swirl number, resulted in highe£ temperature‘
at ;he burner exit.Increasing the swirl number from 0.3 to 0.52 , increased
the centreline temperature at the buxner exit from 660K to 1280K.The measur-
emeﬁts and calculations of the local flame temperature are in reasonable
agreement, except in the burner vicinity and near the temperature troughs
in the wake of the air stream.This discrepancy is attributed to the under-
predicted flame spread rate and partly to the water-cooled bottom plate
cdnditions.The measured flame length was nearly O.SDf and was shorter than
that of flame 4.

In figure 5.2.12, the kinetic energy of turbulence distribtion along the

centreline of flame 6 is shown; the measured values were obtained from

measurements of the three normal stresses,—ﬁz‘,v2 andfﬁz. The calculated

distributions of k are in good agreement with the measurements except at
far downstream locations where discrépancies of the order of 25% are observed.
Figure 5.2.13, shows the various distributions of k along the centreline
of flames 1,2,4 and 6;these were normalized by the average velocity in the
air stream at the burner throat for comparison purpose.The measured and
calculated distributions of k/Ui along the centreline illustrate the effects
of swirl and burner quarl on the peak kinetic energy in the burner vicinity,
these peaks correspond to k/Ui of 0.07 and 0.15 for flames 1 and 2 respectively
and 0.09 and 0.13 for flames 4 and 6 respectively.The effect of swirl is
to increase the peak value of k while the divergent quarl shifts this peak
further downstream.

Thé measured and calculated total wall heat flux distributions are shown

in figure 5.2.14 for flame 6;the measured values , obtained from the cooling
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water loa§ at the various furnace sections exhibited a peak value which
coincided with the reattachment. point.The calculated total wall heat £flux
was in reasonable agreement with the measurements; the radiative heat flux
to the wall contributed to nearly 60% of the total wall heat flux;the use

of model R-II, accounted for the coupling between the directional radiative
fluxes, and resulted in a realistic representation of the radiation transfer.
The agreement shown in the fiqure is satisfactory for the engineering
purposes, although discrepancies of the order of 15% were cbserved.The
average wall heat flux,obtained from the measurements was 36.5Kw/m2 and

the corresponding calculated value was 35.2Kw/m2.

5.3 Assessment of combustion models

\ The previous sections showed that reasonable agreement can be obtained
between measured and éalculated local flame properties in complex flow
configuratidns.These comparisons appraise the usefulness of the present
computational procedufe and the optimum combustion model’to predict inform-
ation. about flow pattern,combustionvefficiency and pollutant emission which
are of great intrest to the designer.The present section is prepared to
demonstrate the greater diécrepancies associated with the use of the non-
optimum‘combustion models alfhough they may be simple and require less
computation time.The effect of turbulent fluctuation correlations on the
. rate of chemical reaction with particular attention to pollutant formation
is described and the present section ends with summary of recommended
models for various flame configurations in furnace type geometries.

The present comparisons were drawn to illustrate the effect of the
use of non—optimgm combustion model assumptions on the local flow properties
in different flow configurations.Five different furnace geometries were
selected to represent a wide variety of industrial applications in boilers

and cement kilns.These furnaces include,the present furnace of section 3.1,

the furnace of Lockwood et al (1974),the geometry of Bilger et al(1972,1974),
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the furnace of Steward et al (1972) and the furnace flows reported by

Beltagui and Maccallum(1974,1975).1n the furnacevof Lockwood et al, the mixture
fractions in a diffusion flame were measured in great detail.In the geometry
of Bilger et al ,species concentrations and temperatures were measured in

a diffusion flame in a coflowing ailr stream.The furnace of Steward et al
represents a partially premixed flame where detailed measureménts of species
and temperatures were carried out.The furnace flow of Beltagui et al represents
a fully premixed flame.

AThe calculations of flow properties in the furnace of the present invest-
igations , obtained with different combustion models, are shown in figures
5.3.1 to 5.3.4.In discussing the ability of the various combustion models
to represent the flame characteristics,attention is focussed on the predictions
of the mean gas temperature with the minimum calculation time.However,the
aerodynamié characteristics af the flame, represented by mean axial velocity
and kinetic‘energy of turbulence are shown in figure 5.3.1; the radial profiles
of calculated velocitf,obtained with models 1,2,3,4and 6 ,are compared with
the corrgsponding measurements of fiame 1.Models 2,3,4 and 6 resulted in
reasonable agreement with the measurements as they include the effects of
turbulent fluctuations on the mean velocity and kinetic enexrgy of turbulence.
Model 1 resulted in discrepaﬁcies of the order of 26% in the mean velocity and
20% for the kinetic energy of turbulence.These overpredicted values,obtained
with model 1,were due to the assumption of infimtely fast chemical reaction
without allowance'of fluctuations in temperature or any species and led to
overpredicted mean temperatures.The cobtained agreement improved when the
influence of turbulent fluctuations was included, thus,models 3 and 6 resulted
in satisfactory agreement.Bearing in mind the limitations of the turbulence
model( velocity predictions are adequate whén either models 3 or 6 is used;
comparisons between the corresponding temperaturé profiles shown in figure
5.3.2 indicated significant differences between models 1 and 2,while models

3,4 and 6 predicted mean gas temperature within 100K from each other.In this
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particular flame, the calculated mixing time scale Ts is two order of
magnitude greater than Tk the chemical kinetic time scale and the flame is
however mixing controlled.The optimum model assumptions are those of model 3,
the use of models 1 and 2 gives unsatisfactory results eventhough it is
much cheaper;on the other hand model 6 gives similar results to those of
model 3 but requires the solution of large number of equationé.
Models of combustion used in the previoﬁs sections indicate some acheivements
and defects which may be used to assess the validity of the assumptions on
whiéh they are based:figure 5.3.3 ané figure 5.3.4 illustrate the centreline
distributions of mean gas temperature for flame 3 as obtained from combustion
models that account for turbulent fluctuations but differ in the way they
are handled.Figure 5.3.3 shows results with models 4 ,6 and 7 and indicates
that model 4 gives lower temperature than measured in the reaction zone due
to the incorporation of the smaller of the eddy-break up and Arrhenius
reaction raﬁes as the controlling rate.On the other hand,model 5,which is
shown in figure 5.3.4'with models 3 and 4, includes intermediate reaction
steps an@ resulted in higher valueslof temperature than the measurements in

regions of formation of CO, as the radical CO reactions are considered.

2
Model 3 results in reasonable agreement away from the burner vicinity,where
temperaturé is over predictea by the model's oversimplified fast chemical
reaction assumptions.Model 6 results in good agreement away from the
~ burner vicinity while model 7 underpredicted the flame temperature at down-
stream distances greater than one furnace diameter.

In the flame situations where straight burners are used,flames 1,2,3,
the calculated values of the local ND ,in the reaction zone, are of the
order of 100 and the optimum model,whose assumptions match the physical
properties of the flame,is model 3.This model is not suitable for premixed
situations or arbitrary fuelled systems as it assumes infinitely fast reaction.

Models 6 and 7 attempt to dispense with the assumption of  infinite fast

chemical reaction by considering slower reaction rate which is controlled
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by turbuleéent fluctuations.The use of such models to diffusion controlled
flames requires excessively larée computing time and the obtained results
are similar to those of model 3.In flame situations where a quarl burnér
is used,flames4,5 and 6,the calculated values of ND in the reaction zone
are much less than in flames 1,2 and 3and the assumptions of model 3 are
not justified.As the fuel and oxygen are not completely mixeé,the assumptions‘
of models 4 and 5 are also inappropriate here and the use of model 7 results
in reasonable agreement as shown in previous section.

’Generally,for each of the flames considered, an optimum combustion
model is selected on the basis of ND and the required properties,other models
can also be used which either can be simpler but give unsatisfactory results
or give similar results but require more computation time and storage.

' A second example of furnace flows where at least two models can be
applied is that of Lockwood et al (1974) which is similar to the furnace of
the present‘investigation,but with a smaller expansion ratio.In‘that particular
furnace which fires town gas and the flow Reynolds number is 1.63x104,
measured centreline and radial profiles of mixture fraction were reported
for two fuel to air ratios of 0.072 and 0.0786.The measured centreline
distribution of the mixture fraction f for the first flame is shown in
figure 5.3.5a.The correspondihg calculations were obtained with the aid of
models. 3 and 7 and are shown in the figure.Both models resulted in reasonable
agreement with the measurements, with model 7 giving slightly better agre-
ement in the vicinity of the burner.Contours of iscmixture fractions are
shown in figure 5.3.5b for a non swirling flame and fuel to ai; ratio of
0.0786.The agreement between measurements and calculations using model 3
'is good although the centreline values of f are slightly overpredicted.

Model 1 was used by Lockwood et al(l1974) and their calculations overpredi-
‘cted the measurements by more than 20% as the model did not allow for turb-
ulent fluctuations.However,model 3 is the optimum model as it yields gquant-

itative agreement,in contrast to model 1, and is cheapei than model 7,which
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requires 40% more computing time and storage and gives similar results.

The flow of Bilger et &l (1972) was discussed earlier in section 5.1
and the calculations were cbtained with the aid of model 3.When model 4, .
which assumes finite réaction rate, is incorporated, slower reaction rate

occurs and a longer flame than measured is obtained as shown if figure 5.3.6.
Model 3 clearly gives better results in the flame as its basi; assumption§
are consistant with the measuring conditions.Further calculations were
obtained in the same configuration,with Velocity ratio Uj/Ua =5 and are
shown in figure 5.3.7,with the corresponding measurements.Two models were
used,namely model 3 and 6, and result in reasonable agreement,however,
model 3 is recommended as it involves the solution of less equations than
model 6,to give similar quantitative agreement.

' In the flow situation of Steward et al(1972) ,model 4 was used in the
solution procedure and was selected on the basis of calculated local values
of ND .In figure 5.3.3, measured centreline distribution of T is shown with
the corresponding predictions cbtained with models 3 and 4.Model 4 gives
better predictions than model 3;the calcﬁlated values of ND in the reaction
zone were very small<<1l.0 and do not justify the use of model 3.In this
particular flame situation,models 6 and 7 indicate similar predictions to
those cbtained with model 4.Hence,model 4 is more appropriate than model 3
because of local values of ND,whilelmodels 6 and 7 require 35% more computing
time.

The premixed flames of Beltagui and Maccallum(1974 ,1975) were considered
in section 5.1 where model 4 was used to predict the flame properties.Comp-
arisons are given here between this model and model 6,to illustrate fhe
benefit,if any, from the use of model 6 which requires 40% more computing
time.Figure 5.3.9 is prepared to indicate the type of agreement which can be
obtained when both models are used to predict local velocity distributions.
The discrepancies shown in the figure are of the order of 12% and were

localized in the initial region of the flow where reaction started.The
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temperatﬁre‘rise distribution along the centreline was very well predicted
with models 4 and 6 as shown iﬁ figure 5.3.10.Models 4 and 6 are most
approptiate to premixed flames but model 4 is recommended because it reqﬁires
less computing time to yield similar results to model 6.

It is concluded from the previous comparisons, that an optimum model
can be used on the basis of the arrangement of the inlet stréams and the

calculated values of N_ . Alternative non optimum models can also be used but

D
would give unsatisfactory results if they are simpler than the optimum model,
or require more computing time when complicated models are considered.

The capability of a combustion model to calculate local properties in
flames rests ultimately on how well the important processes are représented
in the conservation equations of mass,momentum, Species and energy expressed
i'n terms of average entities.When these conservation equations are‘averaged
by a conventional method,there are the denéity correlation terms,which when
neglected itroduce errors into the equations;these errors vary according to
the type of the flame,location in the flame,fuel to air ratio,fuel and
density gradients.The effect of these coirelations is significant on the
mean temperature and nitric oxide concentrations as shown in section 2.4.

The modelling of conservation equations for these correlations involve
assumptions which have not been directly tested and it is clear, therefore,
that uncertainities of the order of #10OK and up toxlO ppm exist from this
uneertainity.

The various model assumptions and limitations to real flow situations

are indicated in table 5.3 which summarises the basic assumptions,treatment

of scalar entities,type of reaction mechanism and applicability of the various

combustion models.

5.4 Calculation outside range of measurements.

The comparisons discussed in sections 5.1 and 5.2 between the calculated

results obtained using various combustion models and the experimental results



Table 5.3

Scalar temporal

ic As ti Re ions g i i
Model Basic sumptions distributions actio pplication
1 fastchemical reactions - ilngiirzzgﬁe gig:r:%"g%;liE§E£ZS! physieally controlled
reactants do not coexist (TS>>Tk) ol ustion ames .
2 fast chemical reactions single step General, gquantitative, physically
reactants can exist at same Square wave irreversible controlled diffusion flames.
place but different times (TS>>Tk)
3 fast chemical reactijons, clipped Gaussian single step Quantitative, physically controlled
reactants can exist at same probability irreversible diffusion flames.
place but different times (TS>>Tk) distribution
4 finite reaction rate clipped'Gaussian single step Quantitative, kinetically influenced
Eddy break up expression (Tk>>T ) probability irreversible premixed flames and mixing zones
S distribution
5 finite reaction rate clipped Gaussian multi inter- Quantitative, kinetically influenced,
Eddy break up expression (Tk>>TS) probability mediate steps detailed chemistry.
distribution reversible Premixed flawes and mixing zones
6 finite reaction rate clipped Gaussian single step Quantitative, general, diffusion/premixed
correlation expression Tk =T probability irreversible - | flames and arbitrary fuelled system
s distribution
7 finite reaction rate clipped Gaussian single step

correlation expression

cross correlations Tk = Ts

probability
distribution

irreversible

Quantitative, general, diffusion/premixed
flames and arbitrary fuelled suitable for
pollutant calculations

~-T8T~
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representing measurements in a wide variety of confined flows,confirm the
ability of the computational procedure to predict the local flow properties.
The discrepancies between measured and predicted mean velocities are less
than 10% of the measured values and increased to 25% in the vicinity of
recirculation zones.The mean gas temperature are predicted within+l50K

from the measured values while the discrepancies in the prediéted species'
concentxations are less than 10%.The corresponding maximum discrepancy in
the calculated nitric oxide is i 20%.

“The parameters affecting the flame pattern,combustion efficienéy and
pollutant emission are numerous and it is very expensive and time consuming
to carry out detailed measurements to assess their effects.Calculations are
therefore ca;ried out to assess the effects of some of the parameters e.g;
inlet flow Reynolds number;air to fuel ratio and swirl intensity on the
flamé éroperties.Calculations were also extended to investigate the effects
of burner géometry and fuel nozzle geometry on the local flow properties
where no experimental‘results were available.From a practical standpoint,
the designer is intrested in the wail heat flux and témperature distribution,
stack temperature,unburned hyd;ocarbons and exit nitric oxide concentrations,
which are influenced by the flow inlet conditions( Re,air to fuel ratio and
swirl number), and the geomeﬁric inlet and boundary conditions(burner and
fuel nozzle geometries) .These calculations are carried out using model 3 and

a 20x20 non-uniform grid arrangement.

5.4.1 Effect of flow and geometric inlet and boundary conditions.

The effect of Reynolds number on the flow properties in the present
furnace configuration of flame 2 was considered, and figure 5.4.1 shows the
effect of doubling the Reynolds numper of the fuel and air.The isovelocity
contours did not change largely due to doubling the mass flow rates.The
‘corresponding isotherms are also showﬁ in the figure and the exhaust temper-

atures at the high Re are higher than at the lower Re.This is consistant
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with the observed 48% increase in the wall heat flux due to doubling Re
when the swirl number is 6.52.For the non swirling flame,underlthe séme
flow conditions, the total wall heat flux distribution increased by a
facfor of 1.4 due to doubling the Reynolds number in the inlet streams.
Hence, doubling the thermal input to the furnace results,in lower furnace
efficiency, as indicated by the increase of the exhaust tempéraﬁure,due

. to the shorter residence time.This is consistant with the observations of
Michelfelder et al (1974) ;the wall heat flux increases by 60% at twice
thé burner load for swirl number of 0.5 and by 44% at zero swirl.

Partial loads always tend to give lower NO emission;the reduction in
the amount of NO may be the result of several complementary or contradict-
ory effects which should be considered by the designer,namely;

%.Reducing the heat input to the furnace reduces the bulk gas temperature
‘and hencevthe temperature of the entrained outer recirculation matter
is therefore lower'than full load.

2.The mean residence time Qithin the furnace is increased,but that will
have little relevance to NO formation because the bulk gas temperature
is to; low to initiate NO formation.

3.Reducing the burner tﬁroughput changes the mass exchange_at the root of .
the flame which may prbmote or inhibit NO formation.

The exhaust NO concentrations for the flames of figqre 5.4.1 are 32
and 40 ppm and correspond to the low and high Re.This observation is in
agreement with the measurements of Michelfelder et al (1974),where the
exhéust NO concentrations increased from 30ppm at half load to 35ppm at
full load for S$=0.5.

Classical flame theory(see Williams 1965) ,based on a very crude analysis
of mixing, predicté that the shape of a diffusion flame is affected by
. changing the air to fuel mixture from lean to rich.The present calculation
procedure offers the oppertunity to predict the effect of such changes

on the flame characteristics,as investigated in detail by Khalil et al
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(1974) and Khalil(1976).A 15% change in the inlet air to fuel ratio,
resulted in changes in the mean velocity of less thané% along the centre-
line of flame 1.The corresponding changes in the mixture fractions and
temperatures were less than 10% and illustrated the importance of the
accurate specification of inlez§£o fuel ratio.The effect of excess air,
on the flame length for example, is more significant than a similar percen-
tage of excess fuel and is due to the dilution associated with the form-~
er case. The exhaust NO concentrations do not change significantly for a
15%'change in the equivalence ratio and suggest that there are no major
differences in the NO formation rate, |

The flow pattern and heat transfer rates in furnace flows were greatly
affected by the introduction of swirl in the air stream and helped to create
a recirculation zone along the centreline to stabilize the flame by the
recifculated hot combustion products.The effect of swirl on the centreline
mean axial Velocity distribution was shown in figure 5.4.2 for a wide range
of swirl numbers.The éentral recirculation zone was created for swirl numbers
around 0.4 for the geometry of the ﬁurner of figure 3.l1.la and its size
was sensitive to changes‘in swirl number.Beltagui(1874) investigated the
influence of swirl number on the flow properties in axisymmetric furnace
flows and suggested a criticél'swirl number of 0.22 at which central recir-
culation zones started to form in premixed flames.As the swirl number incre-
ased,the length of the wall recirculation zone and conséquently the flame
length decreased as indicated by the location of peak centreline temper-
ature distribution shown in figure 5.4.2.The wall heat flux changed accord-
ingly and more heat flux was transferred in the first half of the furnace
as the swirl intensity increased.The total wall heat flux increased with
swirl for a given input thermal energy.The flow was characterized by higher
combustion rates and locally higher temperatures in the flow field resulting

in increased rates of NO formation and lower exhaust concentrations of

unbﬁrned hydrocarbons.
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The method of introducing , and hence mixing ,the fuel and air streams
influenced the local heat releaée ratterns, and therefore the temperature
distributions,in the flame region.Two aspects were considered for coaxial
burner arrangements:the effect of the fuel nozzle diameter and geometry,
and the effect of the air nozzle divergent angle.Figure 5.4.3 presents
calculated variations of temperature,mixture fraction,wall he;t transfer
rate and NO concentration for the furnace of section 3.1 and for different
diameters of the central fuel jet.The effective initial equivalence ratio
was.equal to 1.05 and the‘swirl number was 0.52.The increase in burner
diameter results in reduction in the velocity of the fuel jet for the
same mass flow rates.Although the thickness of the material between the
fuel and air streams is4consequent1y réduced,the smaller fuel jet velocity
reéduces the flame length: a 27 mm to fuel jet results in a maximum centreline
temperature at O.3Df whereas an 8 mm jet results in a maximum centreline
temperature‘at more than one furnace diameter downstream.This effect is
similar to an increase in swirl from 0.0 to 1.75,although other regions of
the flow would be more influenced by a change in the .swirl than by a change
in the geometry of the fuel nozzle.Two éonsequences of the shorter flame
are an increase of the NO concentrations on the centreline and an increase
in the wall heat transfer rate in the upstream of the furnace.The increase
in the centreline values of NO concentration is large and the increase in the
total NO production of the furnace will also be significant.In contrast,the
increase in the wall heat transfer rate is comparatively small due to the
local influence which the change in the fuel jet has on the temperature
distributions in the furnace:the aerodynamic flow characteristics in the
near wall region and the stack temperature are uninfluenced by the change
in the fuel jet diameter.

The effect of two different fuel nozzles on mixing and heat release.is

considered; the two fuel nozzles correspond to those of figures 3.1.la and
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3.1.1c and the calculated local flow properties downstream of the burner are
shown in figure 5.4.4.Burner 2;led to shorter flame than that of burner 1:
since the fuel was directed towards the air stream which improved the mixing
and heat release and resulted in lower wall heat flux compared to burner 1.
The centreline concentrations of NO indicated that burner 2‘resulted in a
peak NO upstream that of burner 1 due to the shorter flame and the total
production of NO was uninfluenced.

The influence of quarl angle is demonstrated on figure 5.4.5 for a
swirl number of 0.52.The burner and furnace geometries are similar to those
of section 3.1:the equivalence ratio is 1.05 and the fuel pipe is 12mm.
Calculated centreline distributions of mean velocity,temperature,mixture
fraction and NO concentration are presented:the corresponding heat transfer
rétes,for a prescribed wall temperature of 333K are‘aiso shown.The effect
of'décreasing guarl angle is to increase the temperature,mixture fraction,
NOconcentration and hgat transfer rate in the ups tream region of the furnace:
this influence is similar to increcsing the swirl number.The peak NO along
the centreline increases as the quarl angle decreases and the total prod-
uction éf NO increases..

The furnace to burnef diameter ratio has a strong influence on the fiow
pattern and recirculation;as:the furnace to burner diameter ratio increases,
the wall recirculation zone increases in size and the furnace length should
be larger than the wall recirculation zone.Most of the fire tube boiler
furnéces have an expansion ratio of nearly 1:5 i.e,the burner to furnace
diameter ratio,for example, the furnace of Wu et al (1971) had an expansion
ratio of 1:5.13 and furnace diameter of 0.9 m while that the furnace of
Beltagui et al had an expansion ratio of 1:5 and furnace diameter of 0.46m.
The furnace of the present investigation have an expansion ratio of 1:5.45
.and the furnace diameter was 0.3 m.

The influence of the wall temperature on the total heat transfer rate
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from the. furnace and the conseciuent changes in the lengths of the flame

and of the the recirculation zones is shown in figure 5.4.6.The influence'
of swirl and the effect of removing the end plates of the furnace of section
3.1, to allow a low velocity,coflowing stream are also demonstrated.As can
be seen, an increase in the wall temperature results in decreased heat
transfer rate(with consequent increased £hemal energy in the exhaust) y
decreased length of flame and central recirculation region and increased
length of the corner recirculation regions.The shorter flame length,however,
and.particularly in a wall temperature of 450K where the change in length

is large,causes an increase in overall NO production,due to increased
temperature fluctuations:in general, the more efficient combustion associated
with the warmer air entrained by the flame also results in greater prod-
uction of NO.The influence of swirl is consistant with that demonstrated

in figure 5.4.2.In figure 5.4.6c¢c,the end plates of the furnace have been
removed and the calculations performed with the same mass flow of air as in
the results of figure’5.4.6a and b .There is no corner recirculation zone
and the‘heat transfer to the wall ié less than that for the arrangement

with end plates for all values of swirl number.

5.4.2 Practical relevance.

The furnace and burner designer.is practically interested in total wall
heat flux and temperature distributions,stack temperature,unburned hydro-
carbons and furnace exit NO concentrations.These properties were influenced
by thelflow and geometric inlet and boundary conditions of the previous sub-
section.A shorter flame is obtained with high swirl intensity and results in
a large improvement in the furnace efficiency, as the wall heat flux increases
and the stack temperature decreases.The amount of unburned hydrocérbons is
reduced but the total production of NO increases.A compromise between the

combustion efficiency and. the NO emission should be made as the increase
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of swirl has a desired. effect on the first but not on the second.The effect
of furnace loading is similar to that of swirl but to a less extent.Partial
loads result in lower NO emission and relatively higher furnace efficiency.
The burner and fuel nozzle geometry result in a shorter flame, a large wall
heat flux distribution but also in a larger NO emission.

In the furnace flows considered in the previous sections,5.1,5.2 and
5.3; the ipput thermal energy to the burner was less than 1 Mw.These furnaces
were selected to éssess the validity of the various combustion models by
way -of comparisons with tﬂe.detailed experimental data availabe in these
furnace flows.The obtained agreement was shown to be satisfactory and the
calculation procedure ability to represent these furnace flows was assessed.
However,in real furnace situations used in power stations and‘industry,
complicated burner geometries are used and the thermal'energy input through

) ,
the Burner is large.Attention was turned to the use of the numerical proced-
ure to investigate the performance of furnaces of practical dimensions and
input loads in terms éf local flow properties and heat transfer rates. A
sample of this type of furnaces where the gaseous fuels are fired at loads
of 6 Mw,ﬁhines(l974) is considered.Measured and calcﬁlated flow properties

are given in Appendix A7 where comparisons at various locations in the

furnace are made and the usefulness of the numerical procedure is appraised.

5.5 Concluding Remarks

The following more important conclusions are appropriate to this
chapter;
1. The local flow properties in reacting flows have been calculated using
a combustion model appropriate to each flow situation, as argued in Chapter 2.
Turbulent, confined non-premixed flames are diffusion controlled to the
extent that fast, single step reaction can be assumed together with a
.clipped Gaussian probability distribution of concentration; this corresponds

to the situation where ND>>1 and model 3 has been used. Premixed flames
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are kingtically influenced and, theréfore, have been represented by a

finite reaction rate in the fuel conservation equation; in this flame
situation, ND<<1 and model 4 has‘been used with a single step reaction and
model 5 when intermediate radical concentrations were required. In flame
situations where the mixing and chemistry have similar magnitudes, i.e.
ND=l, model 7 has been used.

2. In turbulent gaseous flames, the radiative source term in the total
enthalpy conservétion equation was obtailned from a four-flux type radiation
model which made use of ;implifying assumptions for the angular distribution
of radiant intensity and was easily coupled to the numerical solution of

the aerodynamic equations. Model R-II, 1n which the radiation intensities
are expressed as Taylor series in distance, has been used for the present
calculations. Model R-I, which does not couple the net radiation fluxes,

l : .

leads to significant underprediction of radiation.

3. The local concentrations of nitric oxides have been calculated from

a pollution model which took account of the effects of turbulent fluctuations
on the rate of pollutant formation through model 7 and involved a reduced
form of the Zeldovich reaction scheme. The numericél grid was modified to
give NOX formation rateé, independent of the grid arrangement. As a result,
calculated values of NOX agreed with measurements in within around * 20 ppm.
4. in the cénservation equations of mass, momentum, energy and species,

the effect of density, velocity and scalar fluctuation correlations was
considered and found to influence the gas temperature in particular; theilr
neglect reduced the calculated concentrationsAof NO by up to 30 ppm.

5. Comparisons between measured and calculated flow properties discussed
in sections 5.1 and 5.2, represent a wide variety of flame situations and
‘show that there is good agreement. This justifies the choice of the

various combustion models for the relevant flame situations and supports

the use of the calculation procedure for design pui:poses. The procedure
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permits the prediction of: mean velocity wiph discrepancies less than 10%,
kinetic energy of turbulence with discrepancies less than 15%, mean
temperature within * 150K, the wall heat flux with discrepancies less than
15% aﬁd the nitric oxide concentration within * 20%.

6. Calculations, oﬁtside the range of measurements in confined furnace
‘flows indicated that short flames and high furnace efficiencies>are
obtained at high.swirl intensities and with divergent guarl burners. ‘The
total wall heat flux incgeases as the swirl intensity increases and exhaust
temperature decreases. The inforﬁation obtained from these parametric
investigations has been presented in quantitative form and}aids the design

of practical and economical furnaces.
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CHAPTER 6

SUMMARY OF CONCLUSIONS AND RECOMMENDATIONS

A summary of the main conclusions of the present investigation is
given in the first section of this cﬁapter. Recommendations for future
furnace flow measuremenfs énd the corresponding mathematical modelling
of turbulence, combustion and pollutant formation are discussed in the
secénd section.

6.1 Summary of Conclusions

This section provides general conclusions which may be related to
the objectives specified iﬁ Chapter 1. These conclusions are;
1. Detailed measurements of mean and rms velocities have been obtained
in an axisymmetric furnace arrangement using laser anemometry in non-
reacting and reacting flow situations with various degrees of swirl
and with and without burner quarl. As a result of combustion, the mean
velocity increased significantly wherever there was a high proportion of
hot combustion pfoducts and the rms velocity increased by up to 80% in
the reaction zone. The swirl and burner quarl were found to create a
central recirculation zone, and to reduce the size of the wall recircula-
tion zone; In reacting flows, the central recirculation zone helped in
stabilising the flame.
2. Measurements of mean gas temperature were obtained in reacting
flows with the aid of suction pyrometers and the wall heat flux distribution
was calculated from the measured cooling water temperatures at the inlet
and outlet of each of the furnace cooling sections. The effects of swirl
and bﬁrner quarl were to shorten the flame and to reduce the exhaust

temperature; the peak wall heat flux moved upstream as the degree of
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swirl increased and the quar; angle decreased.
3. The‘elliptic form of the continuity equation and equations for
three components of momentum have been solved numerically with equations
for kinetic energy- of turbulence and its dissipation rate; these equations)
" expressed in finite difference form were solved simultaneogsly at each
node, 1in an orthogonal grid incorporated in the computational scheme.
The ability of the two-equation turbﬁlence model to represent the aero-
dynamic characteristics'qf turbulent non-reacting recirculating flows
was assessed by comparison of relevant measurements reported in the
litérature and in the present work with the corresponding calculations.
The agreement was found to be excellent for non swirling flows and
worsened slightly as the swirl intensity iﬁcreased. The magnitude of
the discrepancies was judgéd to be of little importance to combusting
calculations where the combustion model was expected to result in signi-
ficantly larger unknowns.
4. Varioﬁs combustion models were used to provide cldsure to the
species and energy conservation equations which were solved to yield
furnace flame properties. These models varied in complexity from simple
models of fast chemical reactions to models considering the temperature
~and concentration fluctuations and their correlations. The major
assumption of fast chemical reaction was modified by the inclusion of
the effecﬁs of concentration fluctuations, expressed in a clipped
. Gaussian distribution, and was found.to be appropriate to diffusion
controlled flames. Finite chemical reaction models were used for pre-
mixed flames and expressed the rate of chemical reaction in Arrhenious
form with the introduction of the effect of turbulence throuéh an
eddy break up rate. These models were appropriate for situations where

the reactants are in intimate contact and the reaction is kinetically
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influenced.

5. A general combustion model suitable to most flame situations was
developed. This medel calculated the rate of chemical reaction in the
fuei conservation equation by decomposing each entity to its mean and
fluctuating componénts and solving conservation equations for the
:esulting correlations. The contribution of each term in the resulting
rate of reaction expression was governed by turbulent mixing and chemi-
cal kinetics. The advaptage of this model, over othér combustion models,
is that it is the most physically appropriate to arbitrary fuelled flames
where the reaction is neither diffusion contrclled nor kinetically
influenced. On the other hand, a disadvantage of this approach is the
large number of conservation equationé'which have to 5e solved-with

increase in the correlations considered, and the consequently higher

computational cost.

6. Temperature fluctuations, contribute to the generation of nitric
oxide over an apprépriate part of the reaction zone in furnace flows.
An implication of this is that Nd concentration levels are substantially
higher than the values predicﬁed on the basis of mean temperatures. A
model which takes account of the temperature and concentrations effects
was'successfully used; this model was modified to include the effects
of superequilibrium.

7. In variable density flows, additional correlations appear in the
COnservétion equétions of mass, momentum, species and energy, due tor
density fluctuations. These correlations, can be of similar magnitudes
to the corresponding mean quantities, in the vicinity of the reaction
zone and, therefore, have a significant influence on the mean tempera-
ture and NO concentrations, and are incorporated in the present scheme.

8. The ability of the combustion models to predict the flame charac-
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teristics in furnace configurations has been assessed by comparing

the calculated flame properties with the corresponding measurements
reported in the literature and those obtained in the present investi-
gaﬁions. Model 3 was used for diffusion flames, models 4 and 5 were
used for premixed.flames and models 6 and 7 were used for arbitrary
fuelled flames. 'The agreement between the measured and caiculated

flow properties is feasonably good; the discrepancies in mean velocity
were less than 10% and those in the kinetic energy of turbulence were
less than 15%. The mean gas temperature was predicted within 150K,
while the maximum discrepancies in the wall heat flux and péllutant
concentration were less than 15% and *20% respéctively.

9. A parametric investigation was carried out, using the calculation
procedure, to assess the effect of flow, geometric and boundary condi-
tiéns on wall heat flux.and temperature distributions, stack temperature,
unburnt'hYdrocarbon and pollutant concentration at the furnace exit,

An increase in the'aif swirl number shortens the flame, as the energy
release rate increases and is evidenced by locally higher temperatures
and increased hydrocarbon burnout rates; this is accompanied by an in-
crease in the total wall heat flux and lower exhaust temperature. AaAn
incrgase in flow rate, fof-the same geometry and equivalence ratio results

in an increase in the total wall heat flux and the stack temperature.

Another parameter which significantly affects the flame charac-
teristics is the éxistance of burner quarl which results, like swirl,
in a shorter flame and hence a more compact furnace with higher combustion
efficiency.

6.2 Recommendations for future work

The areas recommended for further study are as follows;
1. Further applications of the present procedure to practical furnaces;

2. Improvement to the various models;
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3. Extension of the experimental program.
These topics are individually discussed.

6.2.1 Further applications of the present computational procedure

The present computational procedure can be used to examine in detail the
influehce of the various parameters on the combustion efficiency and pollutant
" emission of various iﬁdustrial and commerical furnace gecmetries. In particular
the following are suggested:

1. A parametric study of beiler type furnaces, i.e. determination of the
effects of flow Reynolds number, type of fuel, air to fuel ratio, pressure,
prehéat temperature, wall temperature and swirl. This will facilitate the
better understanding of the influences of these parameters and hence allow
improved design.

2. For similar purposes, the effects of geometric paraméters such as the
bu;ner/furnace diameter ratio, shape of the burner and furnace exhaust geometry
can and should be deterﬁinéd more extensively than has been done so far. In
addition, an’ attempt sﬁould be made to provide the burner geometry and initial
" flow conditionsvto the'program so that furnace properties can be calculated on
the basis of geometric, wall and burner inlet éonditions.

3. The procedure should be expanded to calculate the local properties of
ligquid spray flames. Preiiminary Ealculations, Khalil et al (1976b) Appendix
A8, were carried out with the assumption of fully vapourized fuel ét the inlet
to the solution domain and solved conservation eguations for mass, momentum
species and énergy simultaneously. This procedure is inexact, as it applies
‘only to very small droplet diameters, i.e. less than 25 Um and does not contain
any information of the droplet size, trajectory and evaporation; it can and
should be extended to take account of droplet characteristics and their inter-
action with the surrounding gases.

6.2.2 Improvement to the various models

1. During the validation tests of chapters 4 and 5, it emerged that the

present turbulence model is adegquate for recirculating flows but shows
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deficiencies in wake and strongly swirling flows. This is characterised
by the underprediction of the size of recirculation zone in the wake of
discs and in swirling flows and was attributed to the defects in dissipation
equation, Pope (1976). A fresh approach based on the spectral energy equation
is a péssible means of overcoming the defect of the modelled dissipation equation.
2. The assumption of fast chemical reaction in model 3 is limited to diffusion
flames andlimprovement of the assumed probability distributioﬂ to allow for
intermittency is needed. This can be obtained from a probability of reaction
which aepends on the time scales of turbulence and chemistry and on the local
air fo fuel ratio.

The eddy-break up assumption of model 4 requires further ihvestigations
and improvement; the expression of the reaction rate in terms of the reactedness,
fuel and oxygen parcel ﬁhickﬁess‘and stretching rate, Spalding (1976), is more
physically sound than the original model and deserves fuither development and
testiﬂg. |

Model 7; which is .based on a series expansion of the reaction rate ex-
‘ pression, is 1iﬁited té low temperature fluctuation intensity. To overcome
this lim;tation, the rate of reactioﬁ cén be expressed in terms of ¢, and the

time average rate obtained as R a =_fRfu(®)P(¢) d®.  Different forms of P($)

£
can be assumed, alternatively transport equations of these prcbability
distributions are solved, e.g; Pope (1976).

3. The use of the present radiation model was limited to non scattering grey
~gas but can be eaéily extended, using Truelove's (1976) model to account for
multigas components,.soot and particulate radiation which are dominant in oil
flames.

4. More work is required to evaluate the effect of the correlations 576)

by solving conse;vation equations for these correlations and comparing the

time and mass averaged entities, particularly in the reaction zone.

6.2.3 Extension of the experimental study

On the basis of the work reviewed in chapter 1 and that performed in

the present investigation, it is suggested that the aerodynamics of small
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axisymmetric furnace models has been adequately covered by experiments up to
.a swirl number of 0.5. There are important areas which need experimental
investigation, namely;
1. extension of the range of swirl number.
2. measurements in sbray flames.
3. measurements in large-scale furnaces.
In spray flames, measurements of flame characteristics such as heat release
pattern, droplet size and distribution and . soot concentration are required to
© supplement the small number presently available. In particular, measurements
are needed:
(a) to establish the interaction of the droplets and the main gas flow‘
(b) to examine the effect of swirl and pressure on the flame characteristics
(c% to expiore the spray flame behaviour in confined geometries and particu-
larly'the heat release pattern, wall heat flux and soot formation.
As regards the 1§rge furnace measurements, little work has been reported
.'in this area, as the problem associated with optical measuring techniques in
such flow configurations is difficult. Laser anemometry measurements in a large
scale furgace were reported by Baker et al (1974a), aﬁd several prcblems were
‘encountered, e.g. alignmeﬁt of the optical arrangement, beam flickering and the
steep temperature gradients along the measuring probe. Further improvements
were ca?ried out by Wigley (1976) and preliminary measurements were carried
out. Further work is necessary to improve the techniques and, thus, in conjunc-
tion with temperature and species concentrations, velocity and turbulence measure-
ments should be effected in large scale furnaces, to contribute to physical
understanding and to provide quantitative confidence in the present procedure.
Generally, measurements of joint probability distributions of velocity
and temperature in reacting flows are needed, to aid further advances in tur-
bulence and combustion modelling including alternative methods such as the

probability approach of Pope (1976) and to quantify the correlations between

the aerodynamic and thermal properties in reacting flows.
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APPENDIX Al

CALCULATION OF SWIRL NUMBER

L

The most commonly used parameter to characterize swirling flows is

the swirl number defined by the equation;

$=2G/G D Al.l
where _l ,

G® =21 _[° Wr pUrdr:
R K .
1

. R2 .

G =21 _f U pU rdr

X R, - .
1.

‘Rl, R2.are the iqner and outer diameters of the swirler and De is the

burner exit throat diameter. -In the present work, the swirl vanes were
placed upstream the burner annulus exit as shown in figure 3.1.1 and hence

the swirl number was détefmined at the annulus exit, 170 mm from the swirler,

‘ from measured distributions of U and W at the burner exit, obtained with laser
anemometry.  Two swirl vahes were used in the present work and the correspon-
ding profiles of U and W are shown in figures A 1;1 and A 1.2. The swirl
numbers for the individual swirlefs were obtained by integrating the

momentum fluxes and substituting in equation Al.l. The éorresponding swirl

numbers were 0.3079 and 0;52.
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' . APPENDIX A2

- MEASUREMENTS OF THREE VELOCITY COMPONENTS IN A

MODEL FURNACE WITH AND WITHOUT
“ COMBUSTION

R. J. BAKER,* P. HUTCHINSON;t E. E. KHALIL,{ 'AND J. H. WHITELAWS

Measured values of three components of mean velocity and the corresponding normal
stresses are reported in the flow within an enclosure which is representative of a small-scale
furnace with an axi-symmetric, swirling flow configuration, The measurements were obtained
in isothermal air flow and in a combusting mixture of air and natural gas, exit swirl numbers of
zero and 0.52 were investigated for both the isothermal and combusting cases. A laser anemom-
-eter was used to obtain the measurements and comprised an argon-ton laser, a rotating dif-
fraction grating’as beam splitter and frequency shifter, transmission and collection optical
components, a photomultiplier and a filter-bank signal processor. The grating provided a
frequency shift of 4+-0.54 MHz and allowed measurements in regions of high turbulence in-
tensity and negative mean velocity. The filter bank consisted of 50 filters spanning the range
from 0.6 to 6 MIIz which, with the frequency shift indicated above ani the optical arrange-
ment employed, corresponded to a measurable velocity runge of —2 m/sec to 23 m/scc.

Measured values of mean axial velocity and the corresponding normal stress are presented for
the four flow conditions of zero and finite swirl, with and without combustion. The turbulent-
kinetic energy is presented for the isothermal cases and the regions of near-isotropic turbulence
identified, only the axial and tangential normal stresses were measured for the combusting
cases. The measurements were designed to be used for the evaluation of turbulent-flow pre-
diction procedures. They demonstrate, for example, that the regions of recirculation are sub-
stantially different for the combusting measurements and that the turbulence is far from iso-
tropic over most of the flow fields; similarly, the velocity-probability-density distributions

indicate that Gaussian turbulence exists in only negligible regions of the flows.

Introduction

The measurements presented in this paper were
obtained in four flow configurations downstream
of a co-axial jet and contained within a eylindri-
cal enclosure, as shown on Fig, 1. The enclosurc
was designed to result in flow configurations
which closely resemble those in an axi-symmnetric
furnace and the experiment is intended to pro-
vide data against which two-dimensional flow-
modelling calculation procedures can be tested.

* Formerly Resenrch Associate at Imperial College,
London. Now at Electro Watt Engineering Services,
London W1. .

t Principle Scientific Officer, AERE, Harwell,

{ Research Student, Imperial College, London.

§ Professor of Convective Heat ‘[ransfer, Imperial
College, London. o

Thefour flows correspond to isothermal air emerg-

. ing from the annulus and jet with swirl numbers

of zero and 0.52 and to air and natural gas emerg-
ing from the annulus and jet with swirl numbers
of zero and 0.52 and burning in the enclosure.

A laser anemomecter was used to obtain tneas-
urements of the three velocity components and
their correlations in each of the above flows.
In particular, this instrumentation allowed de-
tailed measurements in regions of flow recircula-
tion without disturbance of the flow. It made use
of a bank of filters to process the signal fromn the
photomultiplier  and  this  allowed  velocity-
probability-density distributions to be obtained
at each measuring station. These distributions
yielded values of mean velocity and of all single-
point correlations, of the fluctuating velocity,
though with a precision which worsens with in-
creasing order of correlation. The results reported

553
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here are restricted to mean velocity components
‘and the corresponding normal stresses due to
space limitations and because these properties
are most urgently needed for testing purposes.
. Previous measurements, in flow configurations
similar to those investigated have been reported,
for example, by Afrosimova,! Mather and Mac-
Callum,? Wingfield,® Wu and Fricker,* and Bel-
tagui and MacCallum?® These measurements are
reported in less detail than is necessary for pres-
ent purposes and, because of the laek of suitable
instrumentation, do not include measurements of
velocity correlations in regions of recirculation
or combustion. :
The following sections of the paper describe
the equipment and associated procedures and
the results; the equipment is not deseribed in de-

tail where reference can be made to a previous:

publication. The Results section includes relevant
discussion and assessment of errors arising from
the instrumentation. The paper ends with a
summary of relevant conclusions,

Equipment and Experimental Procedures

The present section describes, in turn, the
furnace arrangement, the instrumentation and the
experimental procedure.

Furnace Arrangement

The furnace arrangement is shown on Fig. 1
together with relevant dimensions. For measure-

FLAME-FLOW INTERACTION

90 mm
55 mm
12Zmm b
i N qi N
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F1a. 1. Flow enclosure and co-axial burper.

ments with isothermal air, compressed air was
supplied through pressure regulators to the core
and annulus of the burner. The volumetric flow
rates were measured with rotameters and adjusted
to provide a mass axial-velocity ratio similar
to that necessary to ensure overall stoichiometry
when the air through the central tube was re-
placed by natural gas (CH, 81.3%; N, 14.4%:
C:Hy 2.9%). For the particular case of isothermal
flow with zero swirl, the central tube was blocked
off at its exit. With this exception the central jet
Reynolds numbers were 0 and 0.21)X10* for the
isothermal flows and 0.4X 10* for the combusting
flows: the annulus Reynolds nuinber was 1.76X
10* for all measurements. The annulus flows were
seeded with small concentrations of titanium
dioxide particles obtained from a fluidized bed:
the seeding rate corresponded to a volumetric
concentration of approximately 5X107%, ie.,
100 particles of 0.5 um diameter per ml of air,
and was of the same order in both isothermal and
combusting flows.

For the isothermal-air measurements, a per-
spex enrlosure was used and was replaced by a
water-cooled, steel enclosure for the comnbusting
measurements. The steel enclosure was fitted
with' dinmetrically opposed 100 min diameter
quartz windows. This enclosure and the optical
arrangement were moved axially with respect to
the burner and the end plates and allowed
measurements at all axial locations within the
enclosed space. The thermal-wall boundary con-
dition for the steel enclosure closely approxi-
mated a uniform temperature of 570°K.
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Instrumentation

The laser anemometer and its signal-processing
_ systein was similar to that described by Baker.?
It comprised an Argon-ion laser, operating at 488
nm and 200 mW, a rotating diffraction grating
and an integrated transmission optical arrange-
ment. The forward-scattered light was collected
" and passed, through a pin hole to a photomulti-
plier. The circular grating had a ‘total of 10 800

lines and was rotated at 3000 rpm by a. syn-

chronous motor. The first order diffraction pat-
terns were, - therefore, shifted by =+0.54 MIz
from the laser-light frequency to give a total
frequency difference between the beams of 1.08
MHz. The angle between the light heams was
8.6°.

The signal-processing system comprised a bank
of filters with an oscilloscope display and digital-
voltmeter read out of the content of each filter.
It consisted of fifty filters in the frequency range
0.631 to 6.025 Mz and, with the frequency shift
provided by the rotating grating and the present
optical geometry, corresponds to a velocity range
from approximately —2 m/sec to 23 m/sec. The
velocity distribution was displayed ‘on the oscil-
loscope and the stored integrator amplitudes cor-
responding to each filter read from the digital
voltmeter and supplied to a computer program
which evaluated the true velocity-probability-
distribution from which the mean frequency, its
rms and corresponding skewness and flatness
factors were determined. Further details of the
performance and operating functions of the
filter bank have been reported by Baker.

Experimental Procedures

.

The optical arrangement was aligned in its*

fixed position and the centre-line of the burner
and the enclosure aligned with the three-dimen-
stonal traverse arrangement in the vertical posi-
tion. The air and gas supplies were adjusted, with
the aid of rotameters, to give the required velocity
ratio between the central-jet and annulus flow.
The air passed through a fluidised bed of titanium
dioxide particles. The signal from the photo-
multiplier was monitored on an oscilloscope and
processed by the filterbank. .

The measuring-control volume was located in
the desired position and the frequency distribu-
tion accumulated. After a total of approximately
5X 10° signal bursts, the amplitude corresponding
to each filter was recorded, in turn, from the
digital voltmeter. The results were subsequently
punched on computer cards for further analysis.
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The burner and end plates were traversed to allow
measurements at different locations in the flow
field. Each probability distribution was evalunted
to provide the values of mean velocity and normal
stresses presented in the next section: skewness
and flatness factors were also obtained but are
not presented.

Before making the detailed measurements of
the next section, the symietry of the axial veloc-
ity was tested on two orthogonal diameters at
values of z/R, of 1,11 and 8.8 and for a swirl
number of 0.52; the maximum deviation in mean
velocity between any set of four radial traverses
at the same value of z/R, was less than 0.1%,.
For each of the flow conditions of the results pre-
sented in the next section, the measured profiles
included the exit plane of the central-jet and
annulus flows and led to measured values of the
swirl number: this is in contrast to the results
of previous authors where swirl numbers were
estimated rather than measured.

Results

Contours of measured values of mean-axial
velocity are presented on Fig. 2 for swirl num-
bers of zero and 0.52 and for isothermal flow and
combusting natural gas. A comparison hetween
the isothermal flows indicates that the swirling
flow has a substantial region of recirculation on
the axis in contrast to the non-swirling flow, the
size of the recirculation region in the corner of
the enclosure is, however, larger in the case of
the non-swirling flow. For the combusting flows,
a comparison between the zero-swirl and finite-
swirl flows indicates similar behaviour to that

" for the isothermal flows. It can also be seen that

the regions of recirculation are penerally longer
with combustion: this observation is consistent
with the larger values of axial velocities which are
to be seen and which stem from the combustion
and the associated reductions in density.

Figure 3 presents axial normal stresses cor-
responding to the mean-velocity measurements
of Fig. 2. Very large values of normal stress can
be observed particularly in regions of low mean
velocity and, indeed, the magnitude of all recorded
values of normal stress exceed 0.2.

Figure 4 presents values of turbulent kinetic
energy obtained with the two isothermal flows
and identifies regions where the flow was close to
isotropic [1.2> (WB)12/ (w2, (w?)12/ (1?)V/22>0.8],
on this occasion, and because of the absence of a
predominant mean velocity, the contours are
presénted in dimensional form. The contours of
turbulent kinetic energy for the case of zero
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Fra. 3. Contours of normal stress [(#2)'2/U] for swirl numbers of 0.0 and 0.52 and for isothermal and
combusting flow.

swirl are similar to the corresponding contours of
axial normal stress shown on Fig. 3. In contrast,
the contours of turbulent kinetic energy for a
swirl number of 0.52 are very different to those of
the axial normal stress and demonstrate the need
for the separate consideration of the three normal
stresses in any model of the turbulent flow. The
extent of the isotropy of the flow is indicated by
the hatched region of Fig. 4 and can be seen,
even within the specified limits, to be compara-

tively small for the case of finite swirl and only
slightly larger for zero swirl.

In the case of combusting flows, the finite
dimensions of the windows prevented extensive
measurements of the radial velocity component
and it is, therefore, not possible to present values
of turbulent kinetic energy. It is possible to in-
dicate_regions_of the flow where the criterion,
1.22> (w*)12/(u?)12> 0.8, is satisfied and these
are identified on Fig. 5, the corresponding flow
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regions for isothermal flow are identified for
comparison, The effect of the combustion, with
zero swirl, is to reduce the regions of the flow
for which the axial and tangential stresscs are
within 209 of each other: this reduction is much
less for the case of a swirl number of 0.52.

It is also of interest to note that the velocity
probability distributions measurcd along the
center line of the non-swirling flows were more
Gaussian with combustion than without. This
was not so evident with the swirling flows but, in
' all cases, substantial regions of the flow had proba-

bility distributions which were far from Gaussian,
No bimodality was observed.

The results described in the previous para-
graph, and presented in greater detail in Ref. 8
are subject to some uncertainty and the follow-

~ing comments relate to the likely magnitude of

errors arising from known sources. Possible
errors due to velocity-gradient broadening, re-
fractive-index variations and the filterbank were
considered and, where appropriate, corrections
applied. The procedures suggested by Melling®
were used to estimate the magnitude of gradient-
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broadening corrections and showed that the
" maximum error in the mean-velocity values was
less than 0.1%%, the corresponding crrors in normal
stresses were less than 19, except close to the
- wall where-a correction of 4.59, was required.
The plexiglass wall of the isothermal-flow en-
closure caused refraction of the light beams and
resulted in displacements of the measuring con-
trol volume: the maximum calculated displace-
ment. was 1.5 mm and eorrections were applied.
Possible errors associated *with the use of the
filterbank have-been discussed in Ref. 7, in the
present case, each measured probability distribu-
tion was made up of 5X10° values of instan--
taneous velocity and the analysis'of Ref. 7 sug-
- gests that the maximum error in rms frequencies
should not exceed 0.5, and that the mean fre-
quency is not subject to any significant error.
The sources of error discussed in the previous
paragraph are of little siguificance to the conclu-
“sions ‘which can be extracted from the present
data and to their value for compatison with tur-
bulent-flow calculation procedures. In the region
of the reaction zone and in the mixing region
immediately downstream of the burner exit, the
measurements may be subject to additional un-
certainties associated with the particle distribu-
tion and its correlation with temperature. 1n the
case of the swirling flame, both regions represent
a very small part of the total flow regime, in the
non-swirling flow the reaction zone extended to
a value of 2/ R, of approximately 8 but again rep-
resented a comparatively small region of the flow.

Conclusions
1

1. The laser anemometer has been used to
obtain measurements of three components of
velocity and the corresponding correlations in
non-swirling and swirling flow, with and without
combustion: the measuremeunts were obtained
mainly to facilitate the evaluation of two-dimen-
stonal calculation procedures embodying turbu-
lence and combustion models.

-2. The isothermal results quantify the effect
of a change from a swirl number of zero to one
of 0.52 and demonstrate that swirl results in the
presence of a region of recirculating flow on the
burner axis with a smaller corner region of recir-
culation. The non-isotropy of the isothermal flows
is indicated as is the need for consideration of the
three normal stresses in appropriate turbulence
models. .

3. The combustion results alsa quantify the
effect of a change from a swirl nuinber of zero to
one of 0.52. They reveal larger forward velocities
than the isothermal measurements and corre-

FLAME-FLOW INTERACTION

spondingly larger regions of recirculation. As ex-
pected the swirl substantially reduced the length
of the flame but also tended to increase the non-
isotropic region of the flow.

Nomenclature

k  turbulent kinetic energy 3(#*+#*+17%), m?/ _
sec?
r  radius, m

R, outer radius of the co-axial burner, m
S8 swirl number (angular momentum of flow
in exit plane of burner/axial momentum
. of flow in exit plane of burner X R,)
U mean axial veloeity, m/sec
Ua average mean axial veloeity at exit from

. annulus, m/sec
% fluctuating axinl velocity, m/sec

v fluctuating radial velocity, m/sec

fluctuating tangential velocity, m/sec
z  axial distance along centre line from burner
exit, m

REFERENCES

1. Arrosimova, V. N.: Thermal Engineering
(USSR) 14, 10 (1967).

2. Marmner, M. L. anp MacCarrum, N. R. L.:
J. Inst. Fuel. 40, 238 (1967).

3. WingrieLp, G. J.: J. Inst. Fuel. 40, 456 (1967).

4. Wy, H. L. anp Fricken, N.: An investigation
of the behaviour of swirling jet flames in a narrow
cylindrical furnace, International Flame Research
Foundation, Document X20/a/61 (1971).

5. Berracur, 8. A, anp MacCarLum, N. R. L.;
Combustion Institute European Symposium,
559 (1973).

6. Bakex, R. J.: The application of a filterbank
to measurements of turbulence in a fully-devel-

_oped jet flow, Atomic Energy Research Estab-
lishment Report 7648 (1974). See also Proc. of
Laser Velocimetry Workshop, Purdue University
(1974).

7. Baren, R. J.: A filterbank processor for laser
anemometry, Atomic Energy Research Estab-
lishment Report 7652 (1974).

8. Baker, R. J., Hurcuinson, P., Kuan, E. E,
AND Wuireraw, J. 11.: Measurements of three
velocity components and their correlntions in a
model furnace with and without combustion

- and swirl, Imperial College, Meclanical Engineer-
ing Report 1I'TS/74/29 (1974).

9, MeLuinG, A. The influence of velocity-gradient
broadening on mean and rms velocities measured
by laser anemormetry, Imperial College, Mechan-
icnl Engineering Depunrtment, Report H1S/73/33
(1973).



TITREE-VELOCITY COMPONENTS

-217-

559

COMMENTS

A. K. Gupla, S)ieﬂield Unibcrsity, England.
Would the autliors like to comment on the term
“combustion generated turbulence”?

R. Gunther, University of Karlsruhe, F.R.
. Germany. Have your fluctuations of velocities
been higher in flames or in isothermal flow?
Please give data. )

Authors’ Reply. Professor Gunther aud A.

Gupta have asked the same question in different
ways. The experiments show that the rms of the
velocity fluctuations tends to increase at any

. particular location in the flow as a consequence

of combustion. It is, however, unsatisfactory to
attempt to compare the fluctuations obtained
with and without combustion at the same loca-
tion since the characteristics of the entire flow
- are significantly different. A more satisfactory
procedure, though still far from perfect, is to
compare the integral of the rms of the velocity
fluetuations over the entire furnace volume for
the isothermal and combustion cases. In the
present case, measured profiles of the rms values
of the axial and tangential velocity fluctuations

were integrated over the radius at each measme- .

ment station and summed: the results indicate
an increase from 0140 m¥/scc to .0175 m¥/see
for. the non-swirling flow and 0.0220 m3/scc to
0.0360 m?/scc for the swirling flow, Thus it is
clear that, as a consequence of the combustion,

- the velocity fluctuations have increased signif-

1cantly. ,
Possible explanations for increases in veloeity

' fluctuations in combusting flows are not diflicult

to find but are difficult to substantiate. Bray!
lias shown that the equation for turbulent kinetic
energy contains terms which take account of
combustion but -whose magnitude remains to
be quantified. It is clear, however, that the mean
veloeity gradients are greater in the present
combusting flows and this would suggest that the
production term, i.e., {wa;)(@U;/dX;) would be
greater in the combusting case.
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APPENDIX A 3

The experimental results of the present work are listed in this

-Appéndix.

Eight non-reacting flow cases and six reacting flow situations

were considered. The table of this appendix lists the flow Reynolds number,

burner geometry, swirl number and the figures displaying the results relevant

to each case.

] . Burner
" Flow situations | Type Re . Quarl S Figures
: ' 4
Case 1 - I ~l.?5x10 E -~ 0.0 1l to 7
2 I l.75xlO4 - 0.52 8 to 14
3 1| 1.75x0® | - 0.3 see Khalil (1976)
4 I 4.70x104 - 0.0 15
5 I 4.7xlo4 - 0.52 see Hutchinson et
' al (1975)
6 I 4.7x10° 20° 0.0 see Khalil (1976)
' 4 o
7 I 4.7x10 20 0.3 16 to 18
‘ 4 o
8 I 4.7x10 20 0.52 19 to 21
‘ ' 4
Flame 1 B 1.75x10 - 0.0 22 to 26
2 B 1.75xlo4 -~ 0.52° 27 to 31
3 B 4.7x104 - 0.52 see Hutchinson et
al (1975)
4 (o)
4 B 4.7x10 20 0.3 32 to 40
. 4 le) .
5 B 4,7x10 20 0.52 see Hutchinson et
al (1975)
4 (o)
6 B 4.7%x10 20" 0.52 41 to 49

I. non reacting

B. reacting




Table A.3.1

Case 1 Case 2 Case 4 - Case 7 Case 8
R, 1.75x10° 1.75x10% 4.7x10% _ 4.7x10" 4.7xlO4"
Swirl number - - 0.0 0.52 0.0 0.3 0.52
Inlet profiles 1 8 - : 16 19
mean axial velocity ] 2 9. ;5 17 20
r.m.s. axial velocity 3 10 - 17 20
mean- radial velocity 4 11 - - -
r.m.s. radial velocity 4 11 - - -
mean tangéntial velocityr - 12 - - -
r.m.s. tangential velocity 5 12 - - -
kinetic energy 6 13 - - -
prcbability distribution 7 14 - 18 él

Case 3

Case 5

Case 6

see Khalil (1976)
see Hutchinson (1975)

see Khalil (1976)

-61¢-



.
Table A-3.2
flame 1 flame 2 flame 4 flame 6
4 7 -
R, 1.75x10 " l._75xlo4 ‘ 4.7xlO4 4.7xlo4
Swirl number 0.0 0.52 . O.3_A 0.52
Inlet profiles - - 32 41 -
mean axial velocity 22 27 33 42
r.m.s. axial velocity 23 28 34 43
mean tangential velocity - 29 35 44
r.m.s. tangential velocity 24 29 - 35 44
kinetic energy 25 30 36 45
probability distribution 26 31 37 46
wall temperature - - 38 47
mean gas temperature - - 39 48
wall heat flux - - 40 49
flame 3 see Hutchinson et al (1975)
flame S see Hutchinson et al (1975)
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Figure A3.19:Measured velocity profiles at burner exit($=0.52)
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APPENDIX A4

. P. Hutchinson

Theoretical Physlcs Divislon,
A.E.R. E. Harwell,

' Oxfordshire, England.

E. E. Khalil .
J. H. Whitelaw
G. Wigley

The Calculation of Furnace-Flow
Properties and Their Experimental
Verification

! Measurements of mean axial velocity, and the corresponding normal stress are reported

Department of Mechanlical Englneering,
Imperiat College,
London, England

for the isothermal flow of air and for @ combusting mixture of natural gas in an axisym-
metric furnace enclosure with a coaxial burner. Temperature and wall heat flux mea-
surements were also obtained for the combusting flow. The swirl number of the flow was

0.5. The measurements are compared with the results of a calculation procedure incor-
porating a two equation turbulence model and a one step reaction model. The combus-
: tion model allowed fuel and oxygen to coexist at the same place but not at the same

time. The comparison indicates that the calculation procedure qualitatively represents

. the measurements but that quantitative differences exist. The argument is sufficiently
close, however, to justify the use of the method for some design purposes.

Introduction

In an earlier paper, reference [1],! the authors reported measure-
ments of velocity components and the corresponding normal
stresses obtained in a model furnace by laser-Doppler anemomet-
ry. This paper reports new measurements obtained in the same
furnace at a higher flow rate and, in addition, compares them with
values obtained with a numerical design method. The measure-
ments have been extended to include values of mean temperature
and wall-heat flux. The inlet, swirl numbers of the flow were zero
and approximately 0.52 for the isothermal air flow and, for reasons
of flame stability, the zero swirl flow was not measured for the
combusting mixture of natural gas and air. The calculations were
ohtained with the aid of a computer program originated by Gos-

man and Pun (2] and developed by Khalil and Whitelaw {3} for
" furnace configurations. The program solves, in finite-difference
form, the two-dimensional elliptic forms of appropriate conserva-
tion equations.

! Numbers in brackets designate References at end of paper.

Contributed by the Heat Transfer Division of THE AMERICAN SOCI-
ETY OF MECANICAL ENGINEERS and presented at the AIChE-ASME

National Heat Transfer Conference, San Francisco, Calif,, August 10-13,
" 1975. Revised manuscript received by the Heat Transfer Division November
12, 1975. Paper No, 75-HT-8.
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The purpose of the research program, of which the present work
forms a part, is to develop a design procedure for cylindrical fur-
naces. Since the conservation equations embodied in this proce-
dure have been time averaged, the equations are not exact and in-

clude assumptions which may be classified as belonging to the tur-

bulence or combustion models, It is, therefore, necessary to quan-
titatively assess the reliability of the procedure by comparison
with experiments and the present experimental program is de-
signed to meet this need. In contrast to previous experimental in-
vestipations, for example references [4-6], the present use of laser-
Doppler anemometry allows the determination of Reymolds
stresses and these provide a more sensitive test of the turbulence
model than does the mean velocity. The previous computational

/investigations of Khalil and Whitelaw {3, 7] demonstrated, by

comparison with the experiments of references {1, 4-6], that a two
equation turbulence model allowed reasonable prediction of veloci-
ty and normal stresses and that a one step representation of the
chemical reaction was also satisfactory. The comparisons of refer-
ences [3, 7] were deficient in that only the data of reference [1] pro-
vided measured initial conditions but they did not include temper-
ature or heat flux information. The measurements described here
include initial conditions and provide velocity, temperature and
heat-flux information obtained in the same Mlow configuration.
The following sections of the paper consider, in turn, the compu-
tational method and its physical assumptions; the flow configura-
tion, associated instrumentation and procedures; and the results of
compulational and experimental investigations. The implications

Transactions of the ASME
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The present section presents the conservation equations and
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corresponding boundary conditions and comments briefly on the

thermodynamic properties, the turbulence model, the combustion

- models, and the solution procedure. Further details of the solution

procedure may be found in references [2, 3]. The equations and
.physical assumptions are given in detail in references {3, 7).

Equations and Boundary Conditions. The conservation

where the corresponding values of ay, by, b and S, are given in
Table 1. The dependent variables include three components of the
time-averaged velocity, total enthalpy and species properties and
are to be calculated at values of the independent variables x and r.
The use of time-average equations and the effective viscosity hy-

—— NOmenclature

aq, bo, co, do = constants in specific heat
equation

b1, by = constants .

Cp = specific heat at constant pressure

C,, C, = constants in turbulence model

Ci1, Cg2 = constants in combustion model

Cp = constant

Cg = eddy-break-up constant

D = diameter

E = constant of law of wall

f = mixture fraction = (¢ — va)/(or — v4)

£ = square of the fluctuation of concentra-
tion

h = stagnation enthalpy

Hy, = heat of reaction of fuel

i = stoichiometric mass of oxygen per unit
mass of fuel

k = kinetic energy of turbulence = %(u? +
D2 4 wﬂ)

K = conatant in log law

Journal of Heat Transfer

M = molecular weight

m = mass fraction

P = pressure

@ = heat flux

R = universal gas constant

r = radial distance from axis of symmetry

Ro = burner outer radius

Re = Reynolds number

R4 = residual value

S = swirl number defined as; j‘WUpr’dr-
/(SpU?dr)Ry

$¢4 = source or sink term of any variable

T = absolute temperature

U = fluid mean velocity in the axial direc-
tion

u = fluctuation component of axial velocity

V = radial mean velocity

v = fluctuation component of radial veloci-
ty

W = mean tangential velocity

= fluctuation component of tangential
velocity

x = axial distance from burner exit

y = radial distance from burner centre line

¥a = width of burner annulus

u = viscosity

p = density

o¢ = Schmidt and Prandtl numbers for any
variable ¢ :

¢ = dissipation of energy
= (m/u - moxﬁ)

¢ = general dependent variable

eff = effective (including the effects of tur-
bulence) i

fu = fuel

i = species

ox = oxidant

[ = furnace

A = air stream

F = fyel stream

w = wall
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Fig. 1 Arrangement of furnace, burner and laser—Doppler anemomaeter

pothesis implied by Table 1 requires equations for turbulent kinet-
ic energy and dissipation rate and constitute a model of turbu-
lence. The equations for species concentratign and spécies concen-
tration fluctuations represent the combustion processes and will
be referred to as the combustion meodel.

Boundary conditions are required for each of the equations of
Table 1 and, wherever possible, these were obtained by measure-
ment. Fig. 1 shows the geometry of the present furnace and shows

- a symmetry axis; this provides a boundary condition of the form
ag/ar = 0 for one boundary of the solution domain. The velocities
were assumed zero at all walls and the measurements provided the
corresponding wall temperature conditions. The gradients of m;, f,
and g were assumed zero at all walls. At the inlet, the dissipation
rate was determined from the equation

R3/2

0.03y,

which stems from a mixing length assumption: all other.properties
were taken from measurements. At the exit, all gradients were as-
sumed to be zero; as was shown in references {3, 7], this assump-
tion bas a negligible influence on the upstream flow.

Thermodynamic Properties. The local density of the gaseous
mixtures was obtained from the perfect gas law and Dalton's law of
partial pressures. Values of specific heat were obtained from equa-
tions of the form:

v

e=Cp (2

Cp‘- =ap, + bo'T + t.'o"r2 + d()‘Ta
z m‘ Pi

(3)
(4)

pmu

with the constants suggested in reference [8]. The total enthalpy of
the mixture was defined as

h=muHe + mCp T+ (U2 + V24 W2/2 (5)

" with the heat of reaction, Hy,, taken as 4.97 X 104 kd/kg.
Turbulenee Model. The turbulence model involves the solu-
tion of the equations for k and ¢ together with the equations

—_— k2 oW
= puw =Cpp — (a—)
€ ax

— plv = Cpp—; (ig +——) (6)

ay ax
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The diffusion and dissipation terms in the k and ¢ equations are
simplified representations of the exact terms and, although based
on reasonable assumptions, have not been tested directly. The va-
lidity of this two-equation turbulence model has been tested by
comparing calculations, obtained from the solution of boundary-
layer equations including appropriate forms of the k and ¢ equa-
tions, with measurements also obtained in boundary-layer type
flows. It has not been extensively tested in elliptic flows and the
comparison of Section 4 help to meet this need.

Combustion Models. A one step, finite reaction rate model has
been assumed for all calculations of section 4. It requires the solu-
tion of equations for f, g, and mg and represents the source term
in the fuel equation by

Reu = Mgy p® moe 101 exp (—1.84 X 104/T)
Crg'*(pe/k)

(N
®

or Rpy =

whichever is the smaller.
The time variation of f was assumed to have a square wave form,

‘ correSpondmg to a double delta function probability distribution,

ie.
fr=f+g'f-=f-g'" )

except where the value of f+ would exceed unity or f- fall below
zero. In these regions, the factor a defined by

= afy + (1 — a)f-

was adjusted to insure that f+ was unity or f_ zero. This procedure
allowed fuel and oxygen to exist at the same place but at different
times. The local temperature of the mixture was determined from
the enthalpy obtained from the simultaneous solution of the h~
equation. From the definition of h given in equation 5, T+ and T-
are calculated corresponding to values of mu4 and mg,—. Values of
mean temperature were then obtained from an equation similar to
equation (10).

The values of constants in the turbulence and combustion mod-
els are listed in Table 2 and are consistent with these proposed in
reference [9): they have not been modified for the present calcula-
tions. A

Solution Procedure. The differential equations represented
by equation (1) and Table 1 were expressed in the finite-difference
form of reference 2] and solved by the algorithm of that paper.
The present calculations were performed with a grid composed of
20 X 20 nodes and allowed the solution of the 10 equations in ap-
proximately 8 min of CDC 6600 cp time; in the absence of swirl,
this time reduced to 6 min and in the absence of swirl and combus-
tion to 4 min. These times were achieved with the help of wall
functions which linked the wall value to first grid nodes located in

-(10)

"the logarithmic region of the bouridary layer [9].

The distribution and number of grid nodes was investigated in
reference |3] and the present arrangement was based on that expe-
rience. Convergence was assumed when the maximum residual, i.e.

[convection + diffusion + source]j+1/¢;

was less than 10~4 at any grid node. After 30 iterations, all calcula-
tions were observed to converge monotonically. Approximately 250
iterations were required to satisfy the above convergence criterion.

Table 2 Turbulence and combustion model constants

Constant Value
C 1.44
C, 1.92
Cp 0.09
K 0.42
E 8.8 .
Cgl 2.8
Ce, 2.0
Cr 1.0

e= 1220 =0 = 0fy = 0g ='0f = .9
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" Experimental Procedure .

+, The model! furnace and burner arrangements, the instrumenta-
“tion and the experimental procedures are described briefly and
separately in the following paragraphs, With the exception of tem-

perature and heat-flux measurements, the instrumentation is simi-

_ lar to that described in reference [1]; the furnace and burner are
' . also similar but were operated at higher flow rates and, as a conse-

quence, the furnace cooling water was directed to a heat exchang-
J€T. . .

Furnace and Burner Arrangements. Fig. 1 shows, in line-
diagram form, the outline and dimensions of the furnace enclosure
and the layout of the laser-Doppler anemometer. For the isother-
mal measurements, a plexiglass ‘enclosure was- used and allowed
measurements of the three orthogonal velocity components at all

- locations in the enclosure except in the vicinity of the wall, For the
combusting measurements, a double-skinned steel enclosure of the

- same internal dimensions was used; it was water cooled in five sep-

arate axial sections and one section was fitted with windows to
. allow the transmission of light beams.. The bottom plate of the fur-

" nace was also water cooled. The finite dimensions of the windows
* limited the range of locations at which the radial velocity compo--

nent could be measured.
. ‘The bur:ner arrangement is also shown on Fig. 1. For the isother-

mal measurements, the Reynolds number of the flow in the annu-
lus was 4.7 X 104, corresponding to a mean axial velocity of 12.85
m/s, and that of the central jet flow 0.55 X 10%; vane swirlers were
added to'produce a swirling annulus flow with .a_swirl number of
0.52. For the combusting measurement, natural gas (CH4—94.4
percent, Np—1.40 percent C;Hg—3.1 percent); was supplied
through the central jet to provide an initial mixture fraction corre-
sponding to stoichiometric combustion. .

The furnace and burner arrangement was traversed with respect
to the laser-Doppler anemometer. The precision of translation in
the horizontal plane was of the order of 1.0 mm and, in the vertical
plane 2 mm. In this vertical plane, the burner top’ and bottom
plates were moved vertically within the fixed steel enclosure.

The measurements were obtained without seeding the flow al-
though residual titarium dioxide particles in the pipework did con-
tribute to the particulate content of the flow.

Instrumentation. Velocity measurements were obtained with
a laser-Doppler anemometer comprising an argon ion laser, a
bleached radial diffraction grating and a focussing lens, a light col-
lection arrangement, a photomultiplier and a bank of filters whose
output was read automatically and transferred to paper tape. The
laser was operated at 488 nm with a power output of approximate-
ly 130 MW. The radial grating had a total of 18,000 lines, equis-
paced in angle. on a radius of 130 mm and was rotated at velocities
up to 5000 rpm. The bleaching process allowed 55 percent of the
incident light energy to be concentrated into the two first order

beams; further details of the performance characteristics of |

bleached gratings have been provided by Wigley [10]. Measure-
ments were made with frequency shifts from —3.01 MHz to 3.01
MHz. The focussing lens had a foeal distance of 400 mm and the
forward-scattered light was collected by a lens of diameter 25 mm
and focal length 200 mm: it was passed through a 0.75 mm pinhole
to the photomultiplier (EM!I 9635QB) cathode. The resulting con-
trol volume dimensions corresponded to a length of 2.4 mm and a
diameter of 0.21 mm. The signal from the photomultiplier was
high pass filtered at 600 kHz, amplified, low pass filtered at 10

MHz; limited to 100 mV and supplied to the filter bank described

in detail by Baker [11]. In the filter bank the input signal was pre-
sented to 60 parallel filters with centre frequencies ranging from
0.631 MHz to 9.55 MHz in a logarithmic progression. After a
threshold level had been set to reduce system noise, the filter bank
logic established the most resonant of the filters and provided a
voltage ﬁroportional to this frequency. The voltage analogue signal
was supplied to a time analyser which time averaged the signal,
and its square, to give values of the mean and rms velocities. The
voltage analogue was further used to trigger a constant current
which charged a capacitor, associated with a resonant filter, for the
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length of time of the Doppler burst. By scanning and logging the
accumulated charges in the sixty individual capacitor stores, a his-
togram display was produced and is related to the probability dis-
tribution of Doppler frequencies. Statistical analysis of the histo-
gram yielded the mean and rms velocities and higher moments.

The local temperature of the combusting gas was measured with
a miniature suction pyrometer. The gas was sucked isokinetically
into the probe and over a platinum-platinum 13 percent rhodium
thermocouple calibrated between 1100 and 1800 K with a precision
of £20 K: at temperatures below 1100 K, the instrument was at
least as precise on this calibration. The temperature of the furnace
wall was obtained from chromel alumel thermocouples welded to
the surface. The flow rates of water to each of the five sections of
the enclosure were measured by rotameter and, together with the
temperature of the water at’inlet and outlet, allowed the calcula-
tion of the wall heat flux,

Results ‘

The measurements presented in this section relate to a swirl
number of 0.5 and to isothermal and combusting flow. Preliminary
measurements with a swirl number of zero indicated that the flame
was not stabilised on the burner and, since this was physically un-
desirable and could not be satisfactorily represented by the calcu-
lation method, they were not persued. The swirl number was de-
termined by assuming profiles of nondimensional velocity and nor-
mal stresses, similar to those of reference [1] and calculating the -
profiles of velocity and normal stresses at downstream locations:
the profiles at 0.1 Dy and 0.166 Dy, shown on the following figures
were in closest agreement with a swirl number of 0.5 for both iso-
thermal and combusting flow and confirm the measurement of ref-
erence [1].

Figs. 2 and 3 present measured profiles of the axial mean veloci-
ty and the corresponding normal stress at locations downstream of
the burner with isothermal air flow. The calculated profiles are
also shown and the general agreement supports the view that the
calculation method is satisfactory for isothermal flows and may be
applied to combusting flows with the knowledge that the turbu-
lence model is likely to be adequate. As can be seen, the distribu-
tion of mean axial velocity is complex with a substantial region of
recirculation which begins at the burner exit and extends, away
from the centre line, to one furnace diameter downstream. The
corresponding fluctuation velocity is comparatively large close to
the burner and tends to a uniform and lower value at downstream
locations. The calculated normal stress is, of course, based on the
solution of an equation for turbulence kinetic energy and assumes
that u? = %k,

" Figs. 4 and 5 present measurements corresponding to those of
Figs. 2 and 3 but relate to the combusting flow. The axial velocity
and corresponding normal stress are larger in the combusting case,
particularly in the region of the reaction zone. Indeed the region of
the reaction zone can readily be recognized from the measure-
ments. Once, again, the calculated profiles are in general agreement
with the measurements although quantitative differences, particu-
larly in the reaction zone, are present. Mean and rms tangential
velocity profiles are presented in Fig. 6 at two axial locations close
to the burner exit for the burning case; they show that the larger
tangential velocities are only slightly smaller than the correspond-
ing axial velocities and that the normal stresses have a similar rela-
tiouship.

The center-line velocity distributions for the isothermal and
combusting flows are shown on Fig. 7. Only two measurements
were obtained for the isothermal flow due to the very low particle
concentration in this region. Comparison of the measured and cal-
culated distributions indicates general agreement although the
measured wake development is faster than that calculated. The re-
gion of center-line recirculation is substantial for the combusting
flow and the comparison of the two distributions is similar to those
reported in reference [1]. The figure also presents calculated distri-
butions of axial velocity for a range of swirl numbers and shows
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that the location and magnitude of the recirculation region are
very dependent on the swirl number.

Measured.and calculated temperature profiles are presented in
Fig. 8 and can be related to the recirculation regions indicated by
Fig. 4. They reveal temperature minima, close to the water-cooled
base plate and in the region of forward velocity. The two tempera-
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ture maxima, on either side of the minimum values, represent the
edges of the reaction zone.
Figs. 9 and 10 present center-line distributions of mean temper-
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Fig. 8 Measured and calculated proflies of mean tangentlal velocity and
the corresponding normal stress: combusllng flow ... measured values,
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ature and wall-heat flux respectively. Measured and calculated

" values may be compared for the case of a swirl number of 0.5 and

the influence of swirl deduced from the calculations. The tempera-
ture results indicate that, as far as the center line is concerned the
highest swirl number leads to the most rapid rise in temperature.
The heat-flux results confirm this and suggest that the present
furnace would be operated more effectively with highér flow rates
of air and fuel.

Discussion and Conclusions
The comparisons of the previous section show that the calculat-

- ed results are in general agreement with the measurements but

that quantitative differences remain to be explained. Similar cal-
culations, performed with the same physical information but with
a different numerical scheme [7] show that differences of up to 15

percent can be introduced by the numerical arrangement although

the rms difference was less than 5 percent. It must be presumed,
therefore, that a substantial part of the differences indicated on
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the previous figures must be attributed to the physical content of
the calculation method or to errors of measurement, with the for-
mer as the main source. .

The turbulence model may be assessed from the results of Figs.
2 and 3 and appears to result in differences from the measure-
ments which exceed the experimental scatter and which amount to
up to 40 percent of the maximum velocity in the appropriate axial
plane. The largest disagreements are in the wake and suggest that
the two-equation turbulence model is inadequate in such regions.
This conclusion is substantiated by the calculations of Pope and
Whitelaw [12] for separated—wake flows. It is noteworthy that the
two equation model also assumes isotropy of the normal stresses
which is undoubtedly incorrect.

The major source of imprecision for the furnace calculations is
the combustion model. The present calculations were repeated

10.
0.
~10.

Fig. 7 Measured and calculated center-line distributions of axlal mean

veloclty . .
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‘with the alternative assumption of infinite-reaction rate and the

results were different from those presented here; the differences
were not, however, significant when compared with the differences
from the experimental data. Instant reaction is undoubtedly an
over simplification and the faults in the present model must he
traced and corrected. Since the eddy-break up equation controls
the reaction for most of the solution domain it may be concluded
that it is in need of improvement. Also, the square-wave variation
of the mixture fraction with time is a simplification which has not
been directly tested for flows of this type. These two assumptions
are the most likely reasons for the discrepancies of, for example,
Fig. 8 and work is presently in hand to improve them.

In spite of the emphasis.of the previous paragraphs on the need
to improve the calculation procedure, the results show that trends
have been predicted correctly with the present assumptions and
consequently the calculation procedure contribute to design in its
present form. This is the major conclusion of the present investiga-
tion, :
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APPENDIX A5

INFLUEHCE OF BURNER GEOMEIRY ON THE
PERFORMANCE OF SMALL FURNACES *+t

P. Hutchinson,* E.E. Khalil,** J.H. Whitelaw**
' and G. Wigley**

Introduction

In recent papers, for example references 1, 2 and 3,
it has been shown that calculation methods based on the
numerical solution of appropriate conservation equations
can result in' values of important furnace flow properties
vhich are in reasonable agreement with measurecments. In
general it can be said that these methods have been shown
to correctly represent measured trends and, in some cases,
to correctly represent the magnitudes of measured values.

The calculoations reported in references 1, 2 and 3 were

concerned with two-dimensional arrangements and dimensions

_appropriate to the furnaces of references 4, 5, 6 and 7.
Implicitly, thercfore, different geometrical configurations
of the burner exit flame were considered but not in the
systematic manner necessary to demonstrate their influence.
The main purpose of this paver is to remove this defi-
ciency and it is achieved first by comparing calculations
with new experiments designed to demonstrate the influence
of a burner quarl and then, with this comparison as a
guide to the precision of calculation, by presenting cal-
culations for a practically relevant range of geometrical
parameters.

The following section describes the experimental
arrangement and instrumentation used to obtain the mea-
surements with and without a burner quarl: the results
are presented and discussed briefly. The following sec-
tion outlines the calculation procedure, presents the
results obtained for comparison with the experiments of
section 2 and discusses the extent of the agreement. Cal-
culated results, outside the range of measurements are also
presented. The paper ends with a brief statement of con-
clusions.

*  Theoretical Physics Division, A.E.R.E., Harwell,
Oxfordshire.

Depqrtment'of Mechanical FEngineering, Imperial Collecge
of Science and Techndlogy, London.

++ Proc.2nd European Symposium on Combustion,675,1975.
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" Experimental In%estigation

The furnace was axi-symmetric with an internal diameter
- of 300mm and length of 9COmm: the walls were water cooled
in five separate axial sections. The co-axial burner was
operated with swirl vanes, which resulted in a swirl number
- of 0.5, and with an annulus flow rate of 23 litres/s of air
and a central jet flow of 1.7 litres/s of natural guas; this
corresponded to an air/fuel ratio of 13.5. The diamcters
of the annulus were 55mm and 27mm and of the central jet
12mm. The.present measurements were obtained with the
burner exit flush with the base plate of the furnace and
with a quarl piece removed to create a 20 degree angle at
exit from the annulus. - The temperature of the furnace wall
varied from 328K 20mm above the base plate to a maximum of
383K.

Measurements of mean axial velocity and the corres-
ponding normal stress were obtained with the laser-Doppler
" anemometer described in references 2 and k., It combined
an argon laser operated at approximately 100m%W, a bleached
radial diffraction grating to split the laser beam and to
provide frequency shifting, focussing and collection
lenses, a pinhole, photomultiplier and signal-processing
arrangement based on a bank of filters. The filters
covered a range from 0.631 MHz to 9.55 MHz in a logarithmic
progression.

The local temverature of the combusting gas was mea-
sured with a miniature suction pyrometer of outside dia-
meter S5mm. The gas was sucked isolrinetically into the
probe and over a platinum-platinum/13% rhodium thermo-
couple calibrated between 1620 and 200CK with a precision
of + 20K; at the temperatures below 1620K, the precision
wvas of the same order of magnitude.

The temperature of the furnace wall was measured with
chromel-alumel thermocouples imbedded in the wall. The
flow rate of water to each of the five sections of the
enclogure was measurcd with a rotameter and, together with
the temperature of the water at inlet and outlet, allowed
the calculation of the total heat flux to each scction.

The measured values of mean axial velocity and the
corresponding normal stress are shown on figure 1 for the
two flowscorresponding to with and without quarl: f{igures
2 and 3 show the temperature and heat flux measurements for
the same two flows. Tt can readily ve seen that the vre-
sence of the quarl results in stabilisation of the flow
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.

within the quarl and a corresponding movement of the re-
circulation zone towards the burner exit. The temperature
- and wall~heat flux distributions show, as might be expec-
ted, that a greater proportion of the total heat flux is
transferred in the part of the furnace nearer to the

" burner.’

Numerical Investigation

. The calculation procedure solved, in finite-difference
form; equations for the conservation of mass, three com-
ponents of momentum, turbulent kinetic cnergy (k), turbu-
lence dissipation rate (e), total enthalpy, mass fraction

of fuel, the mixture fraction mfu - mox , and the fluctua-

- i
tion of a scalar quantity (g). The general form of con~-
servation is: :

(3PUPY '+ 1 B r (pvP)] = 3 (b)) + 1
ox r or : ox ox r °r or
where U is the axial mean velocity -
. v is the radial mean velocity
¢ "~ is the general dependent variable
X and r are the axial and radial coordinates
p . is the density
S<p is the source of ¢
i is the stoichiometric mass of oxygen per
unit mass of fuel
b, is the effective diffusivity of ®.

The specific heat was specified according to the sugses-
tions of rcference 8 and Lhe heat of reaction was taken as
4,07 x 10* kJ/ke.

A finite reaction rate.was assumed with the source
term in the fuel equation given by
2 10

4
Rey = Mpy p Mo, 10 - exp (=1.84% x 107/T)

_or

R g%‘(Pe/k)

fu

whichever is the smaller. 'The time variation of the mix-
ture fraction was assumed to have a square wave form and
the mecan temperature was, itherefore, determined as the

2 (rb 39 ) + s

\%
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temperature corresponding to the mean of the temperatures
vat the maximum and minimum mlxture fractions and not to
the mean mlxture fraction.

The source term of the enthalpy equation represented
a four flux radiation model with the form described in
reference 9. It took account of the effects of gas and
solid~body radlatlon.

~ 'The solution procedure was described in reference 10
which also. provides a detailed evaluation of the ability of
the procedure to calculate isothermal flows. The present
calculations were carried out with a finite-difference mesh
of 20 x 20 nodes and required approximately 8 minutes of
CDC6600 time per run. .

The results of the calculations, for boundary condi-
.tions corresponding to those of the experimental data, are
also shown on figures 1, 2 and 3 and are clearly in general
agreement with the measurements. Differences of magnitude
can be seen but are seldom greater than 15% and never
result in a misrepresentation of the mecasured trend. The
comparison provides confidence in the use of the procedure
for calculating furnace properties for burner geometries
different {rom those used for the measurements.

Distributions of total wall-heat flux, fer a range of
quarl angles similar to those used in the IJmuiden
furnace (5), are shown on figure 3. The corresponding
flame lengths are also indicated and are based on the
mean-maximum temperature on the furnace centre line.
Clearly a decrease in quarl angle results in a shortening
of the flame within the furnace and greater heat relcase
in the necar burner region. The influence of the inner
diameter of the annulus is also indicated on figure 3:
for these calculations, the jet diameter, the outer anru-
lus diameter and the mass flows of air and gas were main-
tained at the previously quoted values.

The proportion of convective to total heat flux in the
calculations of figures 1 to 3 varied with the flow. 1In
general, the convection heat transfer was of the same
order as the radiative heat transfer and, for example, in
the case of with-quarl flow used for vresent measurements
the proportion of convection to total heat flux was 0.,39.
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Conclusions

Comparison between measurements and calculations of
mean axial velocity and the corresponding normal .
stress, mean temperature and wall-heat flux in a model
furnace with and without a burner quarl indicates
close agreement. The flame for the with-quarl case is
considerably shorter with increased wall-heat flux in

the near burner region.

The calculation proéedure has been used to quantify

the influehce-of quarl angle and of solid material

", between jet fuel flow and annulus air flow over a

range of practically relevant dimensions. In general,
an increase in either results in a shorter flame.
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' THE CALCULATION OF LOCAL FLOW PROPERTIES
IN TWO-DIMENSIONAL FURNACES

. E. E. KHaLiL, D. B. SPALDING and J. H. WHITELAW
Imperial College of Science and Technology, Department of Mechanical Enginecring,
London SW7 2BX, England

. ) (Received 5 February 1975)

Abstract--Values of local fiow properties, obtained by solving appropriate conservation equations in
finite-difference form and with boundary conditions corresponding to four furnace arrangements, are

presented and compared with measurements.

The calculation procedure employs, a two-equation turbulence model, so that caleulations can be
-compared with measurements of turbulence energy as well as mean-velocity components.

Calculations were performed with three combustion models, characterised by instant reaction, instant
reaction with scalar fluctuations and Arrhenius reaction or eddy-break up with scalar fluctuations:
comparisons with measureiments obtained in the Delft, Harwell, ljmuiden and Karlsruhe furnaces indicate

that the last two lead to reasonably correct results.

' ' NOMENCLATURE

A4, pre-exponcntial coellicient;
- a, flux-model absorption coefficient;
o, constant in the specific heat;

by, constant;

by, b, constanls;

C,,  specific heat at constant prcssure
€y, Cz, constants in turbulence model;
C,,, G5y, constants in combustion model
Cp, constant;

Cr, eddy-break-up constant;
D, diameter;
E, aclivation encrgy;

E, constant of law of wall;

E, black body emissive power, 6 T*;

A mixturg fraction, = (g —¢ JA@r—@a);

g, square of the [luctuation of concentration;

h, stagnation enthalpy;

Hg,, heat of reaction of fuel;

i, stoichiometric mass of oxygen per unit mass
of fuel;

k, kinetic energy of turbulence, '
= @2+ 5% +55);

K, constant in log law;

M, molecular weight;

m,  mass fraction;

P, pressure;

Q, heat flux;

R, universal gas constant;

r, radial distance from axis of symmetry;

R,,  burncr outer radius;

R;, furnace radius;

Re, Reynolds number;

Ry, rate of chemical reaction;

R,  residual value;

. R¢, Ry, metradiation fluxes in the xandy

directions;

S, swirl number defined as:

fwuUprtdri(§pU?rdr)R,;

775

Sps
T.
v,

Yy

source or sink term of any variable;
absolute temperature;

fluid mcan velocity in the axial direction;
fluctuating compenent of axial velocity;
radial mean velocity;

fluctuating companent of radial velocity;
normal tangential velocity;

fluctuating component of tangential velocity;
velocity vector;

axial distance from burncr exit;

radial distance from burner centre line;
distance normal to the wall;

width of burner annulus.

Greek symbols

T, exchangc coefficient;

73 viscosity;

IR density;

Ty, Schmidt and Prandtl number for any
variable ¢;

o, Stefun—Boltzmann constant;

g, dissipation of encrgy;

@, the dependent variable (i, — (In,./D));

P, general dependent variable;

T, shear stress.

Subscripts

A, air stream;

cfl, effective (including the effects of turbulence);

F, fucl stream;

I furnace;

fu, fuel;

i, species;

0x, oxidant;

¥ product;

IR turbulent;

w, wall.
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776
‘ 1. INTRODUCTION

THE DESIGN of furnaces would be greatly facilitated by

-a procedure for caleulating wall heat transfer and local

flow properties as a function of furnace geometry and

burner conditions. Such a calculation procedure would

‘ . . . L4
allow the influences of air/fuel ratio, mass flow rates,

burner-exit gcometry and enclosure dimensions on the
distribution of heat flux to be determined; the regions
of unburnt fuel could be located and reduced; and
regions of high temperature and of consequent NO,
formation could be avoided. Design changes leading to
improved performance could then be made. ‘

The main puipose of this paper is to test one
particular calculation procedure, based on the solution

of conservation equations in differential time averaged -

form. The equations “model” the turbulent flow and the
combustion processes; and so require checking by
comparisons, of calculated results with experimental
data. Of course, experiments are also subject to un-
certainty and this must be considered in the assessment.

The equations used to model the aerodynamic
turbulence have been tested in scveral flow configur-
ations in the past and the uncertainties .which they
introduce are unlikely to be as important for furnace
calculations as those introduced by the combustion
model. Therefore only one turbulence model is con-
sidered; but three combustion models are examined,
and their results are compared with each other and with
measurements. l

Attempts to calculate furnace or combustion
chamber performance have been reported by, among
others, Pai and Lowes [ 1], Evans and Matthews [2],
Gosman and Lockwood [3], Elghobashi and Pun [4]
and Anasoulis, McDonald and Buggeln [S]. The
present calculations differ from these earlier contri-
butions in that they: (i) make use of a numerical
procedure which, although used here solely in the
context of two-dimensional flows, can be and has been
extended to three-dimensional flows (Patanker and
Spalding [6,7]); (ii) take account of recent develop-
ments in combustion models; and (iii) include com-
parisons with the recent and cxtensive measurements
of Baker, Hutchinson, Khalil and Whitelaw [8]. It
should be emphasised that the turbulence model and
the combustion models have been suggested previ-
ously; the turbulence model has been described by
Launder and Spalding [9] and the combusnon modcls
by Spalding [ 10, 11].

The experimental data used for Comparison pur-
poses, in addition ta those of [8], are thosc of:
Michelfelder and Lowes [12]; Wu and Fricker [13];
and Gunther and Lenze [147]. Reference [8] is cop-
cerned with the measurement of velocity and its
correlations: by contrast, [12-14] present measure-
ments of scalar propertics. Relevant details of the
geometrical features of these furnaces are indicated in
Section 6 where the comparison between calculations
and mcasurements is presented. These compu-
tational experiments have been performed at a cost
which is very much less than the equivalent furnace-
measurement program. The validity of the calculation

E. E. KHALIL, D. B. SPALDING and J. H. WHITELAW

procedure and the three combustion models is con-
sidered in the Discussion (Section 7). The carlier parts
of the paper describe the conservation equations, the
physical assumptions including the turbulence and
combustion modecls, the solution procedure and the
influence of boundary conditions. A knowledge of the
sensitivity of the boundary conditions is important
because the designer seldom has detailed knowledge of
them; indeed, the results presented in [12-14] do not
provide a complete specification of boundary con-
ditions.

2. CONSERVATION EQUATIONS AND
BOUNDARY CONDITIONS
The geometry of the furnace arrangements con-
sidered here results in flows with substantial regions of
recirculation and with swirl. The equations used to
represent conservation of the flow properties were,
thercforé, elliptic in form and were expressed in
cylindrical coordinates. The general form of the

" equation wus:

a 10
[—ﬂ (pUd)+— r(thb)]
X ror

of 8\ 14
_;3;<b_6—.\7)+rdr(

with the corresponding values of b and 5, indicated in
Table 1.

Theuseof time-average equations and of the isotropic
effective-viscosity hypothesis, implied by Table 1, is
complemented by conservation equations for turbulent
kineticenergy and dissipation rate. The advantages and
limitations of the use of these equations, and 4
particular eflective-viscosity hypothesis, are dlscusscd
in Section 3.2,

The elliptic form of the conservation equations
represented by equation (1) necessitates the specifi-
cation of boundary conditions, for each dependent
variable, at cach surface of the solution domain. This
domain was a symmetrical half-section of a furnace and
symmelry conditions were, therefore, imposed on the
axis. The solid-wall boundary, inlet and outlet con-
ditions corresponded to experiment wherever known:
the influence of assumed boundary conditions is
quantified in Section 5.

hﬁ)+s¢ (1)

3. PHYSICAL ASSUMPTIONS

Various assumptions arc implicd in the equations or
must be added to them. The representation of the
thermodynamic propertics, i.c. density, specific heat
and heat of reaction arc considered in the following
subscction: The use of time-average equations and the
present model of the wrbulence are justified and
explained in the second subscetion. The various com-
bustion models, the testing of which represents a major
part of the contribution of the present paper, are
described in the third sub-section which also contains
a brief indication of the four-flux model used to
represent the radiative heat transfer.
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Table 1. Conservation equations corresponding to equation (1)

"Conservation of ¢ b Se
Mass : g 0 0
Axial momentu U 9 i +l 0 v op
ial momentum — — 4= _— )=
n . Herr o Herr o ;o Het 7 o o
. 0 U\ 10 av Vv pVit oP
Radial momentum vV . — peer — V- = peger — ) = 20 5+ ———
. adial momentt : Hett Bx (“ “ Dr>+ ror (" o Br) et T Ty
. . 29
- Tangential momentum rY, par T (ttere Vor)
r
L ' : Het
Kinetic energy k — Gy, —pe
O
. ar E,
Dissipation rate : I il E(c, Gy, —C2p8)
. . : c.
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3,1. Thermodynamic properties .

The density of mixtures of air, the combusting gas
and the combustion products can be represented with,
adequate precision for present purposes, by the
equation of a perfect gas’ 1

MP
P=RT @
with M and P determined with the aid of the appro-

priate mass f[ractions and Dalton’s law of partial

pressures.
The specificheat was calculated from the expressions
C, = ag,+bo, T R )
and : Con = 2., Cy,. )

Thedefinition of the stagnation enthalpy of the mixture
is

h=mgHp+3mC, T+p[U2+ V24 V2]/2 (5)

and includes the heat of reaction, Hy, which must be
specified from a knowledge of the fuel. In the present
case, single-step reactions are assumed and the values
of Hy, for methane, and ethane (regarded as the only
~ combusting components of the fuel) were taken from
{15] and combined according to the mass fraclions of
the two gases in the fuel.
The constants in equations (3) and (5) are given in
Table 2 and were taken from [15].

Table 2. Gas properiy values; constants in equations (3) and (5)

Gas ' Composition

Molecular ap, x 1073 bg, x 1073

weight  (kJ/kgK) (k)/kg K?)
Natural gas CH,4-81:3%, No-14-4%, Co;Hg—29% + traces 1604 1000 2:055
Oxypen 0, 320 888-1 0-0977
Carbon dioxide . CO, 440 1740-2 03072
\ Nitrogen N, 280 8238 01983 |
Water vapour H,O 180 10023 0-0865

H;, =407 x 10*kJ/kg.
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3.2. Turbulence model

The turbulence model used for the present calcu-
lations involves the solution of the equations of conser-
vation of turbulent kinetic energy and dissipation rate
together with the definition

_ ou av - WV,
—ptio =g, | —+—|; —pu =, {—=— ]| (6
: dy  0Ox dx

and the assumption
= Cppk?fe = jeg—pu. M

Equation (7) implies an isotropic turbulent viscosity
and, together with equation (6) and the assumed forms
- of the diffusion and dissipation terms contained in the
equations for turbulent kinetic cnergy and dissipation
rate, represents alimitation on the precision of the calcu-
lation of acrodynamic flow properties. It has already
beenishown, for example in [8], that the normal stresses
vary considerably throughout thc flow and these
variations and any implication which they may have for
the values of mean velocity will not be represented by
the present model. On the other hand, the model has
previously been shown to allow good predictions in a
wide range of boundary-layer flows, [16,17]; only a
.small amount of testing has been attempted in strongly
elliptic flows, for example [4,18]. Consequently, a
purpose of this paper is to compare predictions ob-
tained with the two-equation model with experiments
" and to allow the merits of the model to be appraised
for use in connection with furnace-enclosure flows.

It can be expected that the turbulence model has
deficiencies, but it is desirable to quantify its abilities
before attempting to introduce the additional equations
required by a Reynolds stress closure.

The values of the constants in the turbulence-model
equations and used for the present calculations are
given in Table 3 and are identical to those of [17].

~ Table 3. Turbulence and
combustion model constants

Constant Value
Cy 1-44
C, 192
Cp 009
K 042
E 88
C,. 28.
C,, 20
R 1-0

Oy =0, = 0p, = 0= 0, =09
a, = K}[C,~CHCH] = 122
To avoid the need for detailed caleulations in the

near-wall regions, equations were introduced to link the
values of dependent variables on the wall to those in
the logarithmic region. The wall functions (9), corre-
sponding to the equations for the three velocity com-
ponents, kinetic-energy, dissipation rate and enthalpy
are:
Chikt)y 1
B nlECoid )

A
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k =1,/pCh ]
, e(yy /kY) = C3/K (10
(T,,— T)[Cp.. PChkY/g,,]

_ One 3 . Ih O, ¢
3 In[EChkty, p/p] +9-240), l:a-—h'r 1][—“}1] .
(1)

In the case of the equations for m;, f and g, the wall
values were made equal to the values at the first grid
node. The values of specific heat, Prandt] number and
viscosity were evaluated at the wall temperature. The
values used for K and E are given in Table 3. At the
symmetry axis, the gradients d¢p/dr were set to zero.

3.3. Combustion models

Three combustion models are referred to in this
paper and are described and discussed in turn.

Model 1. The first model postulates a physically con-
trolled, one-step reaction, with fuel and oxygen unable
to coexist at the same location. The only species
equation to be solved is that for the mixture fraction f,
this equation has no source. B,

Model 2. Inthesecond model, the infinitely fast, one-
step reaction is retained; but fuel and oxygen may
exist at the same location, although at different times.
Equations for f and for the corresponding fluctuations,
i.e. g, are solved and the maximum and minimum values
of f at any point, f, and f_, are represented by:

Jo=S+g}
J-=f-¢

except where the value of f, exceeds unity and where
the value of f_ is less than zero. Equation (12) represents
a symmetrical square-wave variation of f, i.e. f, and
J- exist for equal times; but, in regions where f,
exceeds unity or J_ is less than zero, the factor «
defined by

(12)

S=aofi +(1-a)f-, 13

represents the proportion of time spent in the f, state.

. Values of temperature and the mass fractions of fuel and

oxygen are calculated corresponding to f,"and f. and
the mean quantities obtained from the corresponding
Te, T-, Mg, Mgy, My ,, My, together with x. This
leads, for example, to lesser values of 7' than would be
obtained from model I and influences the density values
wsed in the continuity and momentum equations. As in

-model I, the fequation has no source term but the

g-cquation includes a source term for generation.

" Further information is contained in [1o,11].

Model 3. In contrast to models I and 2, a finite
reaction rate is introduced in model 3. It is represented
by an Arrhenius-type source term or by an eddy-break
up term in the fuel equation: the reaction is chosen
according to which of these terms leads to the smaller
rate of gencration of combustion products. The
Archenius source term may be written in the form

Ry, = my,p?m,, Aexp(— E/RT) (14)
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and it can be seen that values for 4 and E/R are
required to complete the specification: these values
were asstumed to be constant and equal to 10'9m3/kgs

and 1'84x 10*K respectively, in accordance with the -
‘recommendation of [ 19]. The eddy-break-up term may

be written in the form
Ry, = Crgt(pe/k). (15)

In terms of the number of dilferential equations con-

'.sidcred, model 3 requires the solution of the same

equations as model 2 dnd in addition, the solution of
an equation for my,. The equation for g has been

. solved but, for compadrison purposes, some calculations

have been performed with an explicit form of the g-
equation obmmcd by neglecting the diffusion and con-
vective terms. It should be noted that the source term
in the g-equation is based on My, rather than on f as
in the case of model 2. This is in recognition of the
contribution which 1y, makes to the fluctuations and is
allowed 'by the solution of the my,-equation. It should
be stressed that, in proposing the use of an eddy-break-
up model, Spalding [11] regarded it as a preliminary
attempt to take some account of the influence of the

-eddy-structure of turbulence on combitstion. Radiation

was considered through a four-flux model incorporated
in the source term of the enthalpy equation. The model
is described in [20] and incorporates a flux model
absorption coefficient expressed as a = 0-2m, +0-1m,,.

4. SOLUTION PROCEDURE

The differential equations represénted by equation (1)
and Table 1 were expressed in the finite-difference form
of [21] and solved by the algorithm described in the
same paper. Calculations were pcrformcd with several
arrangements of grid nodes and with different number

“of nodes: Fig. | displays the locations of the 20 x 20

nodes used for the final calculations performed in éon-
nection with the furnace geometry of [8]. The influence
of node location is indicated in Section 5.,

The use of a grid composed of 20 x 20 nodes
" allowed the solution of ten equations in approximately

9min of CDC6600CP time: in the absence of swirl,
this time reduced to approximately 4 min and in the
absence of swirl and combustion to 2-5 min. ’

To aid the solution of the finite-difference forms of
equation (1), together with the boundary conditions of
Section 3.1, under-relaxation was used, in the form:

¢ = ﬂd’ncw +(1 _ﬂ)d’old . (]6)

The valucs of ff were set to increase with the number of
jterations from valuces of 0-3 1o 0-6 for the velocity
components; 0-8 to 0-9 for k and ¢; and from 09 to 10
for other scalar variables.

The solutions were assumed to have converged when -

the maximum residual defined as

_ [convection+diflusion +source];;
¢; .
~4 at any grid node and for any of the

¢ equations. After thirty iterations, all calculations
were observed to converge monotonically.

F1G. t. Furnace and grid arrangement.

5. INFLUENCE OF INITIAL AND
BOUNDARY CONDITIONS

The purpose of this section is to indicate the influence
of initial and boundary conditions on calculated values
of dependent variables. As indicated in Section 2, the
elliptic form of the conservation equations requires that
values of the dependent variables or their gradients be
specified at each boundary of the solution domain. The
wall functions provide this information at the solid
boundaries although the value of wall temperature is -
required and the influence of its assumed values must
be determined. In addition to the wall temperature also
required are: the values of velocity, turbulent kinetic
energy, dissipation rate, enthalpy, and species concen-
tration, at the burner exit and at the exit from the
furnace; these are not normally known. The influences
of the assumed values are indicated here.

Figure 2 indicates the influence of the assumed shape
of the velocity profile on the centre-line velocity distri-
bution for each of three low conditions. The mass lows
and total enthalpy flux entering the furnace are the same
for the upper two sets of curves and correspond to a
stoichiometric condition for the combustion calcu-
lation and to the equivalent mass flow ratio for the
isothermal calculation. The lower two curves corre-
spond to theisothermal, experimental conditions of [8],
i.e. the annulus mass velocity isidentical to that for each
of the other curves but the central jet is blocked off. The
entry profiles ol turbulent kinetic energy and dissi-
pation rate were identical for each of the calculations.
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Fi1G. 2. Influence of initial profiles of mean velocity and temperature; swirl number =0,
isothermal and combusting flows.

The isothermal calculations show that the assump-
tion of constant velocities in the annulus and central
- jetleads todownstream values of the centreline velocity
which are around 2 per cent lower than those obtained
with a near-parabolic profile (based on four node
points). This influence was found to be considerably
smaller for swirling flows, It is unlikely that, in a
practical situation, the profile would be near parabolic
and the influence of the initial velocity profile can
therefore be neglected. .

The influence of the presence of a central jet velocity
can also be deduced from the lower two sets of curves
and is considerable over an axial distance of six central-
jet diameters. The two upper curves of Fig. 2 corre-
spond to a combusting flow with uniform and parabolic
velocity profiles for the annulus and central-core flows.
The calculations show that the increase in centre-line
velocity, associated with the parabolic profile, is main-
tained throughout the furnace although the difference
appears to level off at around 0-2m/s. This difference is
reflected in the flow at locations away from the centre
linc. For example, in the case of the parabolic initial
profiles, the recirculation zone is significantly longer
and the negative velocities attain higher values. Once
again, the influence was negligible for swirling flows.

Similar tests were carricd out to determine the
influence of the temperature distribution specificd in the
plane of the burner exit. [t was found that, provided the
total enthalpy of the incoming fluid was maintained
constant, changes in the radial distribution of the fluid
temperature were very small. For example, an increase
in the fluid temperature of the incoming fiuid from 300
to 400K resulted in a maximum difference in [nid
velocity of less than | per cent for downstream positions
beyond three jet diameters: this influence was less in the
swirling case. The temperature of the enclosure was, on
the other hand, found to have a more significant
influence. Tests were carried out, for the combusting

flows, and demonstrated that the influence of an in-
crease in the wall temperature of the circular enclosure
from 600 to 1000 K resulted in a small increase in the
dividing stream line of the recirculation zone but a more
significant change in the velocity and temperature
profiles: The results for the non-swirling case are shown
on Fig. 3. The two sets of results shown on Fig. 3
correspond to achangein the integrated enthalpy of the
flow due to the different wall temperatures: they are
particularly relevant to the results of [8] where the
wall temperaturc was not measured.

The influence of the turbulence properties, i.e. k and g,
specified in the plane of the annulus and jet exits has
also been investigated. In practice, these properties are

1200 —— T +1000 K
----- T «600 K

1300)
1000
500 ¢
E - ~
x o )
2 Zero velocrty h
~ contour
300 8O~ N, emmmEmTTf
1000 ao
300 20
oF 0 1

n [ IID 70 30
r/R,
FiG. 3. Influence of wall temperature on mean velocity

profiles and on the recirculation zone; swirl number = 0,
combusiing flow.
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FiG. 4. Influence of initial profiles of turbulent kinetic energy and dissipation rate on
mean vélocity: swirl number = 0, isothermal flow.

often not known from experiment but are required by
the calculation procedure as initial conditions. Figure 4
presents results for the non-swirling, isothermal flow for
which the influence is greatest. These calculations were

. performed with a uniform distribution of mean velocity

and three distributions of turbulent kinetic energy cor-

. responding to auniform distribution with (12)t/U equal

100045 (i.e. k/U* =.0-003); adistribution with 0-003 at
the two central nodes and 0-009 ((#2)}/U = 0-08) at the
two near-wall nodes; and a distribution with 0-003 at
the two central nodes and 0-027 {(@*)}/U = 0-135) at

‘the two near-wall nodes. These figures refer to the

annulus fiow: the central-jet velocity was zero in this
case. The corresponding values of dissipation were
determined from the equation:

I ki
£=CDk—_CDkO—'63_y;. ‘

Imix ] )

The results show that the influence of the kinetic énergy
and coupled dissipation rate is appreciable and, indeed,
further calculations have shown that the influence upon
the centre-line mean velocity of an increase in_the
normalized kinetic energy from 0-003 to 0-0l at the two
near-wall grid nodes is greater than a decrease in the
value at the two central nodes from 0-003 to G-0006.

Boundary conditions must be specified at the outlet

from the flow and the sensitivity of these specifications .
.was also tested for the furnace arrangement of [8].

Independent tests were carried out for U, h, f and g.
In each case, calculations were compared with two
specifications of the outlet conditions: in one case, the
gradient Q¢/0x was set to zero and in the other the
gradient at the exit wasset equal to that at the'upstream

grid node (0-166D, upstream of the exit plane). No
significant differences in upstream calculations were
obscrved for the four flow conditions tested, i.e.
isothermal and combusting with and without swirl.

6. COMPARISON OF CALCULATIONS
_ AND EXPERIMENTS

The calculations presented in this section are pre-
sented in a sequence which allows the reader to assess
the validity of the assumptions embodied in the
equations solved for aerddynamic properties, i.e. the
turbulence model, and then the overall procedure
embodying the turbulence model and a combustion
model. In this second stage, the relative advantages of
the three combustion models described in Section 3.3
will be assessed. Finally, calculations made with the
preferred combustion model will be presented and
appraised in order to determine the overall precision
with which calculations may be performed.

The basis for the appraisal and validation indicated
in the previous paragraph is largely comparison with
experiments and it should be recognized that those data
cannot be regarded as complete or as of known
precision. Four sets of data have been selected as the
basis for this comparison and were obtained in furnaces
with dimensions indicated in Table 4. Those of Baker
et al. [8] are the most complete in that they include
the velocity components and corresponding normal
stresses in detail and included profiles which can be
used as initial values. These measurements are probably
the most precise available but do not allow com-
parisons with those properties which are most relevant
to furnace heat transfer, i.e. temperature and wall heat

Table 4. Dimensions of furnaces of [8, 12-14] ‘

L, D D,

D, Domv Swirl

i
Furnace of rcfere.ncc (mm) (mm) (mm) (mm) (mm) (mm) number Remarks
00 Isothermal
[8] 300 900 12 27 ‘ 55 90 . 052 & combusting
[14] 450 2500 10 16 81 450 00 Combusting
: 00 Divergent air nozzle:
[13] 900 5000 46 60 131 270 084  combusting
[12] 2000 6000 46 60 176 900 00 Square cross section:
‘ 05 combusting
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FiG. 6. Radial profiles of kinetic energy of turbulence:
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flux. In contrast, references [12-14] relate to scalar
properties and do not include detailed information of
the initial values. Also, the precision of measurements
is finite; further comments on this point will be made
when the comparisons are presented.

6.1. Isothermal calculations

Calculated values of axial velocity and turbulent
kinetic energy are compared with measurements on
Figs. 5and 6. The two scts of data are in good agreement
with a maximum centre-line deviation of 10 per cent in

¢ Measurements of [8]
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FiG. 8. Radial profiles of mean tangential velocity: swirl
number = 0:52, isothermal flow.

the mean velocity and a maximum centre-line deviation
of 15 per centin the turbulent kinetic energy. The initial
profiles corresponded as closely to the non-swirl experi-
ments as the four grid nodes allowed with vaiues of
turbulence intensity at the near wall nodes of 0-08.
There was no central jet velocity. In general, it can be
said that the turbulence model provides satisfactory
predictions for the non-swirling case.

The Figs. 7-9 relate to a swirling flow and compare
calculated and measured values of mean-axial and
circumferential velocity components and turbulent
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kinetic energy. The agreement is not as good as that of

Figs. 5 and 6 and this may be attributed to the isotropic
nature of the turbulence model. The largest discrepancy
occurs ini the axial mean velocity which, for example,
suggests that the distribution of centre-line velocity is
less well calculated in the downstream region; this may
be associated with the downstream separation region
where the circumferential velocity component is signi-

ficantly greater than the axial component and, there-.

fore, the probable effects of an erroneous assumption

_of isotropic viscosity would be most  significant.

Although the turbulence model appears to .be less

satisfactoryin this swirling case, the agreement between
1

70
6.0
50.— L] 'Y !
aol,

3-0f-

the calculations and measurements may be regarded as
satisfactory for engineering purposes: the maximum
deviation between centre line calculated and measured
velocities is 15 per cent.

6.2. Combustion calculations

6.2.1. Compuarison with velocity information and cal-
culated temperatures. (a) Non-swirling flame—The re-
sults presented on Figs. 10-14 ‘correspond to the
combustion measurements of [8] and indicate the
extent to which the combustion models described in
Section 3.3 allow realistic calculations. Figures 10 and

" 11 present centre-line values of mean velocity and

turbulent kinetic energy obtained without swirl: cor-
responding distributions of mean temperature and the
rms of the temperature fluctuations are presented on
Fig. 12. Examination of Fig. 10 shows that there are
significant differences in the magnitude of the two sets

‘of results. In the initial region, say up to 03D, the

discrepancy can be cxplained by the slight lift-off of the
flame observed in the experiments: this resulted in the
acceleration, due to the combustion, being delayed to a
region around D,/6. In contrast, the calculations indi-
cate an initial acceleration very close to the burner
followed by a decay as the lower density central jet
penetrates the surrounding and burning fluid. A com-
parison of the calculations with the three combustion
models indicates that Model 2 agrees most closely with
the measurements. 1t is interesting to note, however,
that the results obtained with model 3 are greatly
influenced by the form of the g-equation: the figure
includes one curve obtained with model 3 but with an
algebraic solution of a form of the g-equation in which
production and dissipation are assumed equal. The
calculations of Fig, 11 again with the exception of the
initialregion,arein acceptable agreement with measure-
ments. 1t is difficult to state which model is to be
preferred but model 2 does again appear to be

sMeasurements of [B]

odel |

Model 2

Model 3, olgebraic equation
for ‘¢

Modet 3

70 ' 30

x/D,

FIG. 10. Centre-line distribution of mean axial velocity: switl number = 0, combusting
flow.
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Fi16. 12. Centre-line distribution of mean temperature: swirl number = 0, combusting flow.

marginally better than the others. The ealculated values
of mean temperature and rms of the temperature
fluetuations, shown on Fig. 12, cannot be compared
with experiments. The mean values 'indicute, however,
that model 2 results in a lower maximum eentre-line
temperature since the maximum attainable value, the
adiabatic-llame temperature, can only be attained in the
case of model 1: in the other cases, the adiabatic-flame
temperature will correspond to the mean value plus the
fluctuation. The distributions of the RMS of the tem-
perature fluetuations are presented in dimensional form
and indieate an increase whieh levels off some half way
along the furnace; thereafter, they decay. The shape of
the distribution is signifieantly different from the tur-
bulent kinetie energy distribution of Fig. 11. Com-
parison of the values of (i#%)!/U and (T")! T indicates
that the magnitude of the latter is very mueh greater
than that of the former exeept very elose to the burner

and the exit. The non-dimensional temperature fluctu-
ation attains a value of 095 around x/D; of 0-4; the
maximum value of (i)}/U is around 0-25 and occurs
close to the burner exit. The location of the maximum
temperature fluctuation eorresponds approximately to
the end of the luminous zone of the flame.

The differences between the mean and RMS values
of temperature obtained with models 2 and 3 are worthy
of further'comment. 1t can be scen that the sum of the
mean and RMS values will result in temperature values
which will be similar but with model 3 providing the
larger values over the first two-thirds of the furnace.
The acrodynamic patterns of the two flows are different
and small differences in the values of T+(T"2)? are to
be expected even though the use of Arrhenius over all
but the initial region of the flow might be expected to
result in model 3 producing lower values. The differ-
ences in T'2 are interesting and stem {rom the different
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F1G. 14. Radial profiles of mean temperature: swirl number
= 0, combusting flow.

source terms in the g-equations for the two modeis. The
maximum values of (T"2)}/T downstream of the im-
mediate vicinity of the jet, achieved with models 2 and 3
are 0-64 and 0-11 respectively: measurements of Odidi
[21] would suggest that the results of model 2 are closer
to the truth.

Figures 13 and 14 present sample calculations of
mean velocity and temperature obtained at values of
x/D; of 1-0 and 1-50. The mean velocity values may be
compared with the measurements and suggest that
models 2 and 3, embodying the scalar fluctuations, are
to be preferred. This suggestion was supported by
comparing profiles at other downstream locations,
away from the initial region. The high velocity values
associated with model 1 relate to the high values of
mcan temperature and the correspondingly low values
of density used in the solution of the momentum
equation for the hotter regions of the flow.

Ab) Swirling flame—Figures 15-20 relate to the
swirling measurements of [8] and present comparisons
with calculations. Figure 15 presents centre-line distri-
butions of the axial component of mean velocity and
Fig. 16 the turbulent-kinctic energy. In this case, the
flame was stabilized on the burner with no apparent
lift: off and the modcls should, therefore, more accu-
rately reflect the experiments. It is clear that model 2
represents the data of both figures very well and
significantly betier than for the non-swirling case. The
mean temperature results of Fig. 17 are similar to those
of Fig. 12 although the velocity results are very diflerent
and the temperature fluctuations are only similar in
general form. Thus, although in one case there is no
apparent region of recirculation on the centre line and
in the other region of flow recirculation exists over the
upstream half of the furnace, the mean temperature -
distributions along the centre tine are similar in shape
and in magnitude. It is clear, therefore, that the radial
temperature distributions must be different and this will
be confirmed by results presented in the following
section (Fig. 22).

The radial profiles indicated on Figs. 18-20 corrc-
spond to axial mecan velocity, swirl velocity and
temperature and to axial distances from the burner of
1-0 and 1'50. The calculated velocity values may be
compared with measurements and again indicate that
model 2 results in slightly betier agreement than model
3 with model I a poor third. Models 2 and 3 also allow
temperature calculations which are in close agreement:
unfortunately there are no experiments with which to
compare thenm. T

6.2.2. Comparison with temperature information. The
previous paragraphs allow an assessment of the merits
of the present turbulence model in terms of velocity
and velocity correlations but, because measured values
of scalar propertics were not presented in [8] any
assessment of the overall calculation procedure and of
the combustion model in particular is incomplete.
References [ 12]-[14] do report temperature and wall
heat flux measurcments and, in an effort to improve
the basis for assessiment, the following six figures com-
pare calculations with measurements, In contrast to the
data of [8], however, that in [12-14] does not include
adequate information of boundary conditions and
reasonable assumptions have had to be made.

The furnace of Gunther and Lenze [14] has a length
to diameter ratio of 5-5 but is otherwise similar to that
of [8]. The centre-line distributions of mean tempera-
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F1G. 19. Radial profiles of mean tangential velocity: swirl
number = 0-52, combusting flow.

ture shown on Fig. 21 are similar to' those of Fig. 12
but provide the additional information that the results
obtained with model 2 are significantly lower than the
measurements as well as the results of the other models.

Model 1
Model 2
Model 3

1500

1000 1 .

!
x/0,=1-00

* 900} Model |

Model 2
. Model 3
N

1500

1000 ! 1 L

’ i
Z ) 20 30
F1G6.20. Radial profiles of mean temperature: swirl number
= (-52, combuslting flow.

The large difference between the temperatures cal-
culated with model 2 and the data of models 1 and 3
stems, respectively. from the consideration of tempera-
ture fluctuations and the form of the source term in the
g-equation.

The additional information of Fig. 22 indicates that,
although the results of models 1 and 3 were in passable
agreement with experiment on the centre line they
deviate considerably at other locations: the differences
between the predictions obtained with the different
models are again of the same magnitude as those of
Fig. 14. A more complete picture ol the temperature
calculations is shown on Fig. 23 which compares the
data provided in [14] with temperatures calculated
with modet 2. This figure shows that the overall pattern
of the isotherms is similar but the measured flame is
considerably narrower and larger than the calculated
flame. The results of Figs. 4-6 suggest that the dis-
crepancy is unlikely to stem from the turbulence model
and it must, therefore, result from the combustion
model or from erroneous experiments.

The furnace used for the experiments of {13] was
also axisymmetric and had a length to diameter ratio
of 5-17; it differed significantly from the furnaces of [8]
and [14] in that the burner had a quarl exit. Figures
24 and 25 show that the results obtained with model 2

_are in particularly close agreement with experiment:

they also show that the predictions of the three models
are in closer agreement, with each other than they were
on Figs. 21 and 22. This is consistent with the calcu-
lations made in connection with the results of [8] since
the results of Figs. 24 and 25 correspond to a swirl
number of 0-84 and those of Figs. 21-23 (o a swirl
number of zero.
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F1G.21. Centre-line distribution of mean temperature: comparison with results of [14].

x/D,x2:0 . 6.2.3. Comparison with wall heat flux information.
20001_, *Measurements of [14] Figure 26 presents values of the non-dimensional wall
heat flux corresponding to the furnaces of [12] and
[13]. The calculations were made using the measured
distribution of wall temperature. Once again, the calcu-
lations are in agreement 'with the experiments for the
finite swirl cases but, in general, the agreement is
satisfactory for all three configurations except close to
the burner and to the furnace exit: the former dis-
crepancy could well be due to the assumed boundary
conditions.
o : The calculated net heat flux was made up of con--
) vective and radiative components. In the case of the
x/D,® 10 calculations of Fig. 26, the radiative flux was greater
* Measurements of [14) than the convective flux and suggests that the four flux
Model. | model is a reasonable representation of the physical
Model processes.

1500
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T

7. DISCUSSION AND CONCLUSION

The comparisons presented in Section 6 show: that
results obtained with the present procedures are in
general agreement with measurements but that de-
ficiencies still remain. The agreement is sufficient to
justify calculations for many engineering purposes,

- f : ! although it is clear, however, that improvements can

H E\xx\\{'o 2o . 30 be made-and the following paragraphs discuss them,
' r/Ry ' The limitations of the turbulence model can, in
22. Radial profiles of mean temperature: comparison  principle, be reduced by increasing the number of
with results of [14]. equations used to characterize the turbulence model.
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Fic. 23. Contours of isotherms; comparison with results of [14].
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F1G. 24. Centre-line distribution of mean temperature: comparison with results of [13].

Equations for the normal stresses can be introduced to
replace the equation for turbulent kinetic energy and
additional shear stress terms represented to improve
the characterization of the swirl. The present calcu-
lations indicate, that the measurements with swirl are
“only marginally less well calculated by the procedure
and that much larger differences occur as a result of the
combustion model. 1t seems desirable, therefore, to turn
attention to the improvement of the combustion modet
rather than to the aerodynamic turbulence model.

A tentative conclusion which may be drawn from
Section 6 is that model 2 represents the available
measurements at least as well as model 3. This must
result from inadequacies in the detail of modet 3 rather
than from the concept of recognizing finite-rate
reactions. In both models 2 and 3, the square-wave
form of the scalar distribution in time is the simplest
possible arrangement and is a major candidate for
improvement. The form of the eddy-break-up term is
also in need of further consideration particularly since
the eddy-break-up reaction rate controlled most of the
combustion in the furnaces considered in Section 6.

The most important present need is, however, for
precise measurements of velocity, temperature, species
concentration and the corresponding correlations. The
investigations described in [8, 12-14] are deficient for
.present purposes. In particular [8] does not provide

} swirl number =0

. oMeosurements of [12]
“Mode! 2

}\ _____

Swirl number=0-5

} swirl number = O

1 L 1 ] i )

2:0 30
X/D/

F1G. 26. Axial distribution of wall heat flux; comparison with results of [12, 13].
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measurements of temperature or concentration and
[12-14] provide no measurements of fluctuating prop-
erties and inadequate descriptions of the boundary
condmons

It may be concluded that the present procedure with
its two-cquation turbulence model, instant reaction
with scalar fluctuations and four-flux radiation model
is able to represent furnace flows of the type described
in [8,12-14] with a certainty which is of similar
magnitude to that of the measurements. There is an
immediate need for more comprehensive measurements
and for the improvement of the time-fluctuation and
eddy-break-up assumptions in the combustion models.
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CALCUL DES PROPRIETES LOCALES DE L'ECOULEMENT
DANS LES FOURS BIDIMENSIONNEI.S

Résumé—Les valeurs des propnétca locales de 'écoulement, obteaues par résolution d'équations de
conscrvation appropriées écrites sous forme de différences finies sont présentées et comparées aux mesures
expérimentales pour plusicurs types de conditions aux limites correspondant i quatre configurations

de fours,

La méthode de calcul utilise un modéle de 1urbulence & deux équations, si bien que les caleuls peuvent

éire comparés aux mesures d'énergie turbulente aussi bien qu'a celles des composantes de vitesse moyenne,

Les calculs sont effectués pour trois modéles de combustion caractérisés par: une réuction instantance,

une réaction instantanée avec fluctuations scalaires et une réaction d'Archénius ou un émictiement des

tourbitlons avec fluctuations scalaires. Des comparaisons effectuées avec les mesures obienues dans les

fours de Delft, Harwell ljmuiden et Karlsruhe, indiquent que les deux derniers conduisent & des résultats
raisonnablement corrects.
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DIE BERECHNUNG DER ORTLICHEN STROMUNGSE[GENSCHAFTEN
IN ZWEIDIMENSIONALEN FEUERUNGEN

Zusammenfassung—Die durch numerische Losung der zugehérigen Bilanzgleichungen mit vier ver-
schiedenen Feuerungsanordnungen und entsprechenden Randbedingungen gewonnenen Werte der
Ortlichen Stromungseigenschaften wurden mit denen aus Messungen verglichen. Die Berechnungsmethode
verwendet ein Zwei-Gleichungs-Turbulenzmodell, so daB die Berechnungen mit Messungen sowohl der
Turbulenzenergie als auch Komponenten der mittleren Geschwindigkeiten verglichen werden kdnnen.
Die Berechnungen wurden mit drei Modellen der Verbrennung durchgefiihrt, die charakterisiert sind
durch sofortige Reaktion, sofortige Reaktion mit skalaren Flukiuationen und Arrhenius-Reaktion oder
Wirbelaufldsung mit skalaren Fluktuationen. Vergleiche mit Messungen aus Feuerungen in Delft,
Harwell, ljmuiden und Karlsruhe zeigen, daB die beiden letzten Modelle zu ausreichend genauen
Ergebnissen {ithren.

PAC‘IET .HOKA.HLHLIX XAPAKTEPUCTUK TEYEHUA B INJIOCKHX NEYAX

Al"lOTallHH —_— anBOIUITCﬂ 3Ha‘16HHﬂ JIOKAJIbHbBIX xapaKTepucruK TEYCHUA, TNOJIYHCHHLIC NYTCM
pcmelmn COOTBCTCTByIOlIlHX ypamiclmﬁ COXpaHeHHsa B KOHEYHBLIX PA3HOCTAX NPH TPANHYlbIX YCIIO-
BMHX COOTBCTCTB}’IOUUIX ne4yaM METHIPEX KOHCprKLIHH nOII}"iCllele JHAYCHHUA CpaBIIUBAKOTCA
C pelynpTaTaMu H3Mepenuit.

I'lpu pacueTte HCMoNL3yeTCA MaTCMaTH‘lCCKaH Mozens TypOyIeHTHOCTH, NPEACTAaBNIEHHasA ABYMSA
ypaBHEHHUAMM, TaK ‘lTO CpaBHENHHE PACHETHBIX AAHHLIX C PE3YJIbTATAMM IKCIICPUMEHTA NMPONU3BOAUTCA
MO 31EPTHH TYPOYICHTHOCTH M COCTABAIOLUMM CPEIHEH CKOPOCTH.

PacyeTht NIPOBOAMIINCE HA TPEX MOMAENAX Mpouecca TOPeHHs, XapakTepu3lyeMbix MTHOBEHHOMH
peakuueil, MrTHOBEHHOH peakiiiell ¢ QUyKTyalmaMH CKaiaApHbIX BCIMYMH W peaxkumell Appennyca
¢ hnykTyauusaMu ckanapHeix pendd. CpaBHEHHE MUCIEHHBIX A@HHbIX C pe3ynibTaTaMH H3Mepenuit,

OH}"{CHI{HMH ans neveit’ MCCIIeIOBATENAMH B Henedre, Xapysnne, Mmionene n Kapncpys noxaasi-
BaeT XOPOLUCC COBMAACHHE AJ1Ag ABYX NOCNEOHHX Clly4vaeB.

791
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APPENDIX A.7

Calculation of local flow properties in a

" Large Scale Furnace

'Fléw pattern, species concentrations, heat transfer and pollutant
_emission were calculated fof variou§ furnace arrangements with the aid

~of numerical solution scheme. These calculations, described and discussed
in the thesis ﬁexe concerned with small scale furnace models and were aimed
at‘an aésessﬁent of>the combustion and radiation models. These models were
appropriate to the flow.situations:considered in chapter 5 and yielded
satisfactory.results 1nbmany furnace flows within the limitations of the
turbulence model and the implicationé éf combustion models. It is necessary,
héwevér, to ‘assess the validity of the numericai,procedure under practical
furnace applications and to éxtend the use of this scheme to large scale
furnaces. A replicé of a boiler fire tube was.constructed by British Gas
to measure the local flow proéerties and to investigate the various factors
affecting flow, mixing éattern, combustion and heat transfer in the fire
tube under real conditions and was reported by Rhines (1974).

The test furnace consists of a shell boiler fire tube 1.07m inside
diameter and 5.48m long, mounted horizontally with the burner welded at one
end and the exhaust system af fhe other.' The furnace was‘surrounded by a
water bath to transfer the wall heat load. Mean axial‘velocities were
obtained with the aid of three hole pitot probe which was water cooled.

A water cooled suction pyrometer was emplofed as a sampling prcbe as well
as a temperature measuring device. The combustion gases were withdrawn
from the furnace, partially cooled, their temperature measured then further
cooled in the probe before the dry gas is analysed after the separation of
condensed water. The inside surface of the fire tube was fitted with 40
heat flux gauges welded into the fire tube wall. The wall temperature at

various locations was measured with Chromel-alumel thermocouples brazed onto
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the inside surface of the fire tube. The firing rate of the burner was
.3 i
566.4m” /hr of natural gas (6Mw), which corresponded to 2/3 of the maximum

load. The excess.air was 4% and the natural gas contained 94.4% CH4 and

1.48% N2. Fuel was mixed with air prior to the furnace chamber: through
fuel orifices.

The p;oceduré of chaptér 2 was used to calculate the local flow properties
in this furnéqe.and incorporated the two equation turbulence model and the
combustion chafacteris£i¢§ were represented by model 4 with a clipped Gaussian
probabiiity distribufion. The radiation model wés of the flux type indicated
in section é.S. Thé‘inlét conditions were not measured and were assumed in
accordance with the recommendations of Khalil (1976), therefore the present
attémpt to moael the furnace should be fegarded as prelimiﬁary and more
refinement is required. The numerical non-uniform grid shown in figure A7.1
comprised 400 grid nodes and yielded grid independent results.

vThe mean axial velocity profiles across tﬁe fire tube at various axial
locations are shown in figure A7.2 for burner 2 reported by Rhines (1974)
without swirl in thevairvstream. ‘In the burner vicinity, the reported |
measurements were not symmetrical at any station, and hence a full measured
radial profile was shown at each station, The agreement was poor in that
region due to the absence of the measured inlet velocity, kinetic energy
profiles and generally due to thé incqmplete specification.of the inlet con-
ditions to the furnace gpace.l'At furthe; downs tream loéations, i.e. x/Df
of 1.68 and 2.8, the agreement is reasonable and discrepancies are attributed
to the precision of the measurements. Radiai profiles of mean gas temperature
are shown in figure A7.3 at various locations downstream the burner exit. The
solid circlés represent the measurements which were not symmetrical, while
the symmetrical profiles calculated by the preésent procedure are shown by
solid lines. Thé‘égreement was generally reascnable with maximum deviation

of 400 K at 1250 K. The discrepancies associated with the temperature

profiles are due mainly to the aercdynamic pattern which was not satisfactorily
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predicted.

'This cqmparison was not devised to assess the validity of the present
'numgfical procedure; but was méini& to illustraté‘its advantage in quali-
tatively describing the behaviour of full scale flows, even with the

minimum specifications of inlet and boundary conditions.
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Figure A7.1 :Grid arrangement.
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SUMMARY

1

"Hsasu:ed values of velécity, turbulence intensity, temperature,
t@mﬁerature fluctuations and droplet concentration are reported in four
kerosene spray flames surning vertiéally in atomospheric air. The results
are cémpared with calculated values, obtained with the aid of a numerical
solution of modelled ccnservation equati?ns in differential form, and
.apprépfiate to é-géseouk flame of tﬂe same available enthalpy. Velocity,
turbulence infensity.and droplet measﬁréments were obtained with a laser
anenometer bperatihg in forwafd,scatéeri a frgquéncy tracking demodulator
* provided tﬁe velocity infprmatioh and the number of particles crossing the
caﬁtroi volume at a given time.were measured with the aid of a digital
counter. ' Measured mean and fluctuating temperature were obtained with
platinum-rhcdium thérmocéuple wireg of bead diamefers-lBO and 40 pm
respéctiyely. Correctieﬁs were méde for conduction and radiation effects
on the mean teméerature and for the éffeqt of the thermal inertia of the
smaller wire on the rms meaéurements.'

The comparison between measurements and simulated gaseous flames, indicates
~that the flemes . havevprOperties which are similar in general but signifi-
cantly different in detail. The iength of the flame decreases significantly
from a spray of 100 pm %o 50 ym droplets; and the simulated gaseous flame is

still shorter and is not, therefore, a gocd approximation toﬂspray flames.
The measurements of rms velocity and tempefature indicate valueé in excess
of 0.75 and 0.30 respectivelf-and the maximalappear f£o be coincident with the

inflection points of the correspording mean distributions.
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THTRODUCTORY REMARKS

In earlier papers, references 1 to 4, the authors have reported measurements
in gaﬁeoﬁs, turbulent diffusion flamés."These measureménts have included
velocity, vélocity correlations and temperature measurements and have aided
the development of calculation methods for combustion systems as well-as
;éntribUting to the understanding of turgulent reacting flows. The present

paper relates to kerosene spray flames and reports similar measurements, with

‘the addition of distributions of drcplet concentration. The results have been

1

obtained fd allow é'compérison between the locél aerodynamic and thermal
'chﬁracﬁeristics of gaseou; and‘;pray flames of similar avallable enthalpy and
to. provide data for the te;ting.of calculation méthods which incorporate models
for droplet combustion. | E

Four kerosené spray flames, éqrresponding to two ﬁszles and two shroud
air arraﬁgementé, have been investigated with laser~-Dcppler anemometry and
thermocouples. The sprays were désigned to give kerosene droplets with Sauter
mean diaméters of approxiﬁaéely 45 and 100 ym and to allow an experimentdl
comparison betﬁeen the cﬁaracteristics of the resulting flames. The anemometer
: éllowed measurements of mean axial Velocity and the corresponding normal stress
and also provided a quantiﬁative indication of the droplet-number concentration.
Therﬁoooupkﬁ provided measurements of mean temperature and an indication of the
corresponding rms value.

The expexrimental results‘obtained from thz kerosene-spray flames are
ccmpared‘with calculated values corresponding to gas flames with similar
boundary conditions, apart from the finite-diameter droplets. The calculatlon

procedure, which solved conservation equations in finite-~different form, is

o]

modified version of that described in references 3 to 5; the updated version
is dascribad ir reference 6. It incorporated a two-eguation turbulence model,

onz-sten fost chemicel reaction and a clipped Gaussian probability distr-ibutlon
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of speciés concéntration. To demonstrote the suitability of this procedure
' for ﬁresent purposes, a sample number of flow properties calculated for a
: dageoué flame are compafea with measﬁ:ed‘values.

Frevious menasurements, in spray flameg, have been reported for example
in references 7 to 12 and are complementary to the present investigation. In
géneral; the previous investigations aid .the development of understanaing
spray flames but are iﬁsufficiently complete to aid the detailed development ,
of computational methods. ~The éreseht investigation 1s a2lso deficient in that

it does not‘report'measuréments of droplet'size.

EQUITMENT AND EXPERIMENTAL PROCEDURES

+ This section describes, in sequence, the burner arrangements, the
instrumentation and the experimental procedure; the rnagnitude of possible error
sources are discussed in a fourth subsection.

Rurner arrangement

Figure 1 shows the arrangement of the spray atomizer used for the present
experiments and nozzle diametefs of 0.25 mm and 0.5 mm. Liquid kerosene lwas
‘sﬁpplied to the nozzles undef pressure, through the tangential ports, and diﬁ-
‘dharged vertically into free surroundings: the air flow passed througﬁ one of

the two shrouds, also shown on figure 1, and impinged on the fuel jet.
The droplet size distribution may be expressed in the form (142, 13)

o0 6600 (48 exp (<92 (&)
D D D

The Sauter mean diameter (dimension based on the mean surface volume), D, can

be expressed in the form

() 922 seapy 0-4

D=7 £u

e

whersa ﬁfu is the mass flow rate of fuel (kg/hr) and AP is the pressure drop,

in the fuel stream across the atemizer. For the present arrangements this
\

relationship suggests that T has values of 45 .pm and 100 pm for the small and
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' large nozzle respectively. The air shrcuds are likely to result in
' secondary atomisation and, therefore, in smaller droplets (12): it is
| difficult to queantify this reduction in gize though it is to be expected

that the affect will be greater with the larger pressure drops.

 Instrumentation

Velocify, vglo;ityucorrelatidns and droplet number ccncentration were
obtaiﬁed with the laser anemometer &also qhown in figure 1. It comprised a
Sml He-Ne laser (Spectra-ohy51cs Mcdel 120) an integrated optical unit (14),

a 11ght—collection arrangement, a photomu;tlpller (B;I 95538B) and a frequency—
4track1ng demodulator (Camb;;dge Consultants Model MK2). The 200 mm focal
length of the transmission and collection lenses and an zperture of diameter
0. 58mn allomed a measurlng.volump of approx1nate dlameter and length 0.15 rmm
and 2 mm: the iringe spacing was acnrox1mately 4 ym. Iﬁe tracking filter had
a band width of 3% and its output signal was passed to a true integrator and

. digital voitmeter and to an rms meter: the mean-signél voltage and its rms
were directly proportional to:the mean velocity and the rms of the velociﬁy
fluctuations. | |

The number of particles crOQS1ng the central region of the measuring volume
was measured with a digital counter (Type TSA6636/2 Verner Electronics) over
periods between 10 and 60s and adjusted on the basis 6f the local mean'velocity.
The discrimination level of the countér was the same at all positions and, as
a result, the measured conceptrétioﬁs are inf;uenced by possible variations in
signal amplitude due to particie'size and velocity: these effects are presumed
small in comparison with the variations in numbervdensity.

Values of mean temperature were obtained with a P£-40%Rh, Ft~-20% Rh
thermocouple of bead diameter 180 ym. The emf was amplified, integrated and
displayed on a digital volfmeter. The radiaticn lcsses were determined by
heating the thermocoublé electrically in a vacuum, recording and plotting the
temperature against é%e heating power. The thefmocouple wés then placed in the

flame and heated at various powers at each locaticn; temperature and heating
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1
1

powers were again recorded and plotted. The intersection of the two curves

gave the gas temperature.

-

’ Values of the rms of temperature fluctuations were determined with

' a-thermoéouple'of bead dizmeter 40 ym and Pt-30% Rh &Ft-6% Rh wires. The

3

compensation circuit of 0didi (15) was used and the resulting rms value

recorded on an rms meter (DISA Type 55D35). The time constant of the

fhermocouple was determined as a function of temperature by electrically

heating the wire in'different regions of the flame and solving the equation

T -7 5
e+ N1° =0

' ’

Experimental Procedure

The spray atomiser was screwed to a 200 mm diameter tray and mounted in

an approximately vertical position. The measuring volume of the anemometer

and the thermocouples were rixed in space and the nozrle moved in relation

to them. Vertical traverse was ensured by aligning the measuring volume|

and the thermocouple Qith respect to the centre of the spray nozzle and to

>

the apex of a machined conellocated concentric with the nozzle for this pur-

pose. Radial traverses of the nozzle with respect to the anemometer and

the thermocouple indicated prcfiles of mean velocity and temperzture which
was symmetrical to within O.4%,énd 1.8% resﬁectively of the local gentre—line
values. |

The flow rate of kerosene was adjusted, with the aid of'a rotometer,
to 7.2 kg/hr at a supply pressure of 15 atm. The air suﬁply rate to the
shroud of the nozzle was 0.55 kg/hr. Measuremenls were obtained in fou{

flames corresponding to *he information of Table 1.
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Table 1

Geometric and initial flow conditions

Flame I | 1 171 v
' | nozzle dianeter, mm 0.25 | 0.25 0.50 0.50
Sauter mean diemeter, pm 45 45. - 100 100
jtype of shroud a’ b a - b
‘air pressure, atm 3.5 2.0 3.5 2.0
cohe angle:'deg:ees ' » 52 78 68 ‘ 20

. ‘ . 0 .
o footnote: measured in isothermal flow.

Erfor Analysis.

The measured values of mean velocity are probably precise to better tﬁan
Z 1% in the upstream regioh of each flame: far downstrezm the precision may be
slightly worse cdue to tﬁe caﬁparatively high values of signal dropout.
Cprrecﬁions to.meaéuréd values éf the rms of Doppler frequency fluctuatiens,
resulting freom Velociﬁy—g:adient and transit-time effects, were considered
and found to be less than 3%. The precision of the rms velocity values is
limited, in the upstream reéion by the finite response of the particles to
the flow and, in the downstream regioh by the lack Qf light frequency shifting
and the increasing dropout. At values of Q/D < 5, the p:ecisioh is of the
order of.i 5% of the 1ocal vélue and far downﬁﬁream the appropriate figqure
is * 10%.

The measurement of particle mumber concentration is subject to errcr due
to gradient effects and to the use of & constant threshold level vwith a signal
wnose amplitude is an unkaown function of particle slze and velocity. The

gradient erd velocity effects are likely to be very small in the present case

and the particle size effect was effectively eliminated by basing each messure-

mani of conceniration en a large semple, i.e. more then indivicual signals.
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The'regult is a distribution of particle concentration which is normalised
by'thg initial particle size distribution.

) 'Heqsurements of mean temperature ﬁré subject to conduction and
radiation errors. These were estimated and, as a result, the precision of
ﬁeasufemeht is considered tolbe better than = 1%. The precision of the rms-
”temperature measuremenfs is proﬁably of the order of z 15%, as suggested

by Odidi.

RESULTS

Heasﬁred valﬁes of.mehn"axialfVelo;ity, turbuience intensity, particle
numbef density and meén tempefature along £he cgntre lines of flames I and
II are shown on figures 2 and 3 respectively. The characteristics of the two
flamés.afe‘similar and it can be'ééen that the.different shroud arrangements
influence the‘cone angle of the spray. The droplet number density dropped
rapidly from tﬁe nozzle éxit, largely because of the angle of the spray, and
a maximum mean temperéturejof around 1900K was attained around 10D downstream
for flame I; for flame ITI the different shroud arrangement resulted in a
‘maximum centre’line‘temperature of 1760K at a location around 13D downstream.

For both flames, the maximum centre-line velocity was attained upstream
of the mnximum‘centre—liné temperature and the maximum value of /U was
achieved ot the x-location corresponding to the inflection in the mean velocity
distribution. The maximun value of T/T was also achieved inltﬁe vicinity of
the inflection in the mean femperatnre distribution but the precision of
measureﬁent'of ? makes this less clear. These characteristics are similar
to those obéerved préviously in laminar gaseous diffusion flamés (16) and are’
_ probably common to a wiae range of diffusion flames.

Measurements of U, /U and T were also obtained at values of r/D)0 and

yielded contours which are presented on figure 4 for flame I. The outline of

'



1

-303-

the reaction zone cain be identified from the U and T distributions and

. corresponds with the spray angle of table 1. Measurements of U and u/u

;in>the vicinity of the reaction zone are subject to greater uncertainty

f than elsewhere due mainly to the combination of high turbulence intensity

and signal dropout. It is also clear from the figure that the velocity

ﬂprofile is considerabl&‘wider than would be found in an isothermal free

jet; Several radlal distributions of droplet number density were also
measured but, due to the low numbers involved, were imprecise. They did,
howeQer; sﬁow higﬁer éonéentrations in the vicinity of -the maximum mean
tempe;ature and on thg c¢n£ré line:

Figures 5 anq 6 present measurements of U,‘G/U and T along the centre
Iines'of flames IiI and IV. :The T—distribuﬁions suggest that the influence of
the differen£Ash:oud—ai£ arrangements is less signifigant in this case, as
might‘be expected, and the général flame chéracteristics are similar to those
of flames‘I and I1I. The 1arger droplet size, associated with the larger
nozzle, has caused thé maximum value of U, U/U and T to occur further down-

stream than for flames I and II and the maximum temperiture is correspondingly

‘less. The confours of figure. 7 confirm that the maximum temperature is

achieved further downstream than'for flame I and that the measured temperatures

are considerably smaller than those of flame I at the same geometric locations.
The calculation procedure, with the asSumptionsvof fast.reaction and a

clippea Gaussian probability.distfibution‘of scalar fluctuations (6) was used

to allow comparison between‘the characteristics of the present spray flames

and a gaseous flame of similar initial conditionﬁ and the same available

enthalpy. To demonstr§te the validity of this procedure, figufe 8 presents

a comparison between measﬁred and calculated values of centre-line velocity

and mean temperature for the hydrogen diffusion flame of Bilger and Kent (17).

The agreement is similér in magnitude to that observed in several flows, i.e.

local normalised veldcity values agree to within 5% and local temperature values
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. to better than 200K.
o .To allow comparison with the spray flames, the calculation procedure
‘was arrénged with iﬁitial conditions corresponding to gaseous kerosene
issuing from a jet with.cone angles corregponding to those of table T
land'with ﬁass yelpcit&‘similar to that of the spray flames. The shroud
' airlwas simulated by a corresponding mass- and tangeﬁtial momen tum iﬁjected
in the flame of the burner exit and at the outer edge of the jet. This
procedure.is inexééﬁ; sihce the gecmetric featufe; of the spray nozzle
cannot be represented in deﬁéil bu£ the éeheral arrangement is in accord
Qith.the experiments and the available enthalpy of the gaseous and spray
érrangeﬁents are fhe same. l
Figure 9 comparesithe-cent:e line velocity and temperature distributions
of flame I and the corre;poﬁding'gaseous simulation and shows, as expected,
that-the.gasedus simu;atiop attaiﬁs a maximum'température before the spray
flame. .The distance between_the two temperature ﬁaxima is similar to that
between those of flames i aﬁd 1T and less than that between those of flames
'I and IIT. Tﬁe maximum centre-line temperature of-the gaseous simulation is
less than that of the spray flame but, as can be seen from figure 10, the
max imum temperatufes in all three flames are échievéd some distance from the
centre iine: this stems from the teﬁdencyvto a 'hellow cone! flow caused by,
the angle of the spray and the carresponding gasecus simulétion. The inexact
nature of the comparison is indicated by the centré line temperature of flame
I at x/D of 7.15: this value is a maximum‘in thé radial profile and stems
from the nature of the, spray which, as the droplet concentration measurement
.revealed, produced a similar concentraticn profile.
DISCUSSION
It is not possible to séparate completely the effects of the_detailgd

spray characteristics from that of dmplet size but the measurements do sugges:
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' 2 significant shortening of the flamz length as the droplet size is decreased

from & Sauter mean dismeter of 100 pm to 45 pﬁ. The different arrangements
£ shroud air also influence the flame properties but significantly less than -
the droplet size. Similarly, the simulated gaseous flame is still shorter

“¢han fhe'SO'pm droplet flame. The differences in the flame resulting from the

- fuel arrangement are also reflected in the detsiled measurements but the

relationships between the flow characteristics of each flame are similar.

Thesg obseryétipns iﬁply'that,the representation of spray-fiames by
calculétion'methbds sucﬁ as that usedvtq determine the properties of the
simulated gas flame must bejextenaed to take acccunt of droplet characteristics
Ieven with droplet diameters less than 50 ywm. The trajectory of droplets and
flow.neéd to be specified d&s initial condifions.and, thereafter, the more
rapid‘burhing of the smaller droplets must be represénted in a drcptet-medel.
| The comparatively high iévél’of the observed velocity and temperature
fluctuafions require'fukther investigation. The normalised rms of velocity
fluctuations achieved a maximum value in excess of 0.75 in fleme I and,
although this measurement mﬁst be regarded as approximate, it clearly
corresponds to the inflection ig the mean-velocity distribution and may,
therefore, stem from ah aerodynamic instability. The normalised rms of
temberature flucéuations :eachéd 0.30 in flame IX snd is significantly higher
than the values measured by Qdid; £15) in his town gas flame: for a random
distribution of fluctuations, this implies instantaneoué ﬁaximum and minimum
temperatures of 2100K and 1i2OK respectely. Future measurements of temperature
probability density distributions, in the region of the maxima fluctuations

are desirable.
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v HONENCLATURS

d droplet diameter, mm
D = burner outer diameter, mm
‘D sauter mean diameter, mm

I current, amp.

mfﬁ fuel mass flow rate; Kg/hr

én  nunber of dropleté.whose diameter lies between d and d + &d
‘'n total number of droplets

Ap “ihjector pressure drop, atm

r radisl distance, mm
T+ temperature K
.d 0' .. »
T fluctuating temperature K
U mean axial velocity, m/s
~ . a . '.
u flictuating axial velocity, m/s
x exial distance along the centreline from the burner exit, mm
’ '
H constant involving density, specific heat, resistance end diameters

cf thermocouple wires,

T thermocouple time constant

Subscripts

i et |
c.l. centreline

g gas
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Figure Captions

Figure 1

Figure 2

Figure 3

Figure 10

Cpticaiiarrangement afid burner geometry.

Measured centreline distribution of mean velocity,
turbulence intengity, droplet concentration and mean
tempersture (Fiame I).

Measured centreline distribution of mean velocity,

‘tdrbulence infensity, dreplet concentration, meah'and

fluctuating temperaturc ({lame II).
Contrurs of iso-velocity,. iso-turbulence and isotherms
for flame I.

Measbred centreline distribution of mean velocity,

“turbulence intensity and temperature' (flame III).

lMeasured cenﬁreliﬁe distriﬁutioﬁ of mean velocity,
turbuleﬁce ihtehsity and temperature (flame IV).
Contours of iso-velocity, iso-turbulence and isotﬁerﬁs
for,flame»III.‘

Comparison between measured and calculated centreline
vglues of U and T

~—-— calculations

] measured U) : '
. ) Bilger and Kent (17)
(o) . measured T)

Centreline distribution of velocity and temperature

~——  simulated gas flzme
‘v measured values of .U )

_ Flame I
o measured values of T )

Radial profiles of temperature
—- simulated gas flame
0 fleme I

Sle flame III
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— ~—
77777772?T§t:_,,//—f’f">‘7

.stablllser disc

divergert sit

Vs tpt 0t 4L A
—————— N

OV “‘_r::

onnuler inlerlace

: Internal recirculation in the wake
flow behind biuft bodies |

" swirting

. combustion alr

Inflarmmation zonef

<

reciwutating hot products

Sell-stabliising mechanism of ignition in a swiring flame

jet with -internal recircuiation ( Leuckel,1969)

Figure 1.2: Flow pattern in central recirculation zones.

-8Tt-



- external recirculation

P

O

secondary air__ ___\ - L
"—f‘-~\‘; ' , _ f _ ”'-

=
primary air .~
+fuel

Clin_ker Vsurface

Figure 1.3: Flow pattern in a cement kiln.

-6TE-



-320-

Ugcéu :

[0 s s
v,

V-cell

Figure 2.2.1: Finite difference grid



. START

L

-3

21-

FLOW CHART

MAIN

s -INIT -

|PROPS]

[PRINT T

_JPROMOD

wall functon

JLISOLV

_1PROPS

JPRINT

_IPRINT

1

Figure 2.2.2: Flow chart of‘ computational scheme.



Resl0” 5=0.517
. lterations - i
- | Grid 20x20
. 200 4 U

20O XY ‘ —__- Gnd 16x16

100 |
,” . O ' 4;3 ‘ L L1 :
v o - 10 10 | 10" Residuals

Figure 2.2.3: Residuals variation with number of iteration (sudden expansion flow).

- Iterations Eh

Case1 , table 3.2

200
100.‘ V-/m'omentum
0 . L L L :
R 103'“ 102 10 1 Residuals

Figure 2.2.4: Residuals variation with number of iteration (coaxial flow).

lterations | |
V Flow of Cernansky et al(1974)
200 Grid 20x20
5=0.31
100 -

0 L . - = |
: 104 103 102 ,101 ] Residuals

Figure 2.2.5: Residuals variation with number of iteration (swirling flame) .



-323-

- |tee a0

. - . | d<0.388

U B 1616

6l | ‘ , * X n =
1.0. o A 20x20 ] 00
MB Aig, 4 o .

| ‘. . 1606

S tex , 2020 J n = 01414

054 e 25x25

[ ]
x
74

Tx

] - L i '
40 80 1200 180 " 2x
Figure 2.2.6: Effect of inlet velocity profile and grid size on centreline
velocities (axisymmetric sudden expansion flow).

-
'?52.1 |
x1O3

0] .. o _ |
. A | | n= 01414
* °’
5 ‘: ’“‘ !
.’ "
3 B L
40 ., 80 120 16.0 2x
- D

Figure 2.2.7: Effect of grid siée on shear stress distribution along the
wall (axisymmetric sudden expansion flow).



-324--

—_<

W

. Figure 2.3.1: Near wall grid node.

Figure 2.3.2: Grid arrangement near inclined walls.
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Figure 2.4.1: Relation between f and ‘scalar properties.
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Figure 2.4.5: Methane oxidation paths.
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Figure 2.5.1: Radiation intensity distribution.
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Figure 2.5.2: Wall heat flux distribution for a swirling coaxial flame.
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Figure 3.1.3: Photographs of furnace and plexiglass enclosures.
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Figure 3.1.5: Typical flame in a diverged burner arrangement with
S = 0.52, as viewed through the quartz windows.
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Optical frequency shifter.

Figure 3.2.2
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Figure 3.2.4: Fringe pattern in the control volume.
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Figure 4.2.10: Effect of Reynolds number and expansion ratio on the local flow properties in an axisymmetric flow
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Figure 5.1.24:Measured and calculated centreline distributions of temperature,hydrogen and NO in the furnace of Bilger et al
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Figure 5.1.25:Measured and calculated profileé of mean axial velocity in

the furnace of Bowman et al (1975).
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Figure 5.1.26:Measured and calculated profiles of mean gas temperature in

the furnace of Bowman et al (1975).
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the furnace of Bowman et al (1975).
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Figure 5.1.28:Measured and calculated profiles of nitric oxide concentrations

in the furnace of Bowman et al (1975).
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Figure 5.1.29:Measured and calculated profiles of mean axial velocity in

the conical furnace of Paauw(1974).
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velocity and kinetic energy of turbulence in flame 2.
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Figure 5.2.4:Measured and calculated mean axial velocity profiles in flame 4.
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Figure 5.2.5:Measured and calculated tangential velocity profiles in flame
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Figure 5.2.8:Measured and calculated total wall heat flux distribution in flame 4.
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Figure 5.2.9:Measured and calculated mean axial velocity profiles in flame 6.
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Figure 5.2.10:Measured and calculated tangential velocity profiles in flame
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Figure 5.2.14:Measured and calculated total wall heat flux distribution for flame 6.
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Figure 5.3.2:Radial profiles of mean temperature .in the
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between combustion models.
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3.1:a comparison between combustion models.
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'Figure 5.3.5b:Contours of isomixture fraction in a diffusion flame:a comparison

between combustion models.
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Figure 5.3.7:Centreline distribution of mean gas temperature in a hydrogen

diffusion flame: a comparison between combustion models.
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Figure 5.4.1:Effect of mass flow rates on mean axial velocity and mean temperature distributions.
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temperature,NO and wall heat transfer rates.
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