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Abstract

The work described in this thesis focused on the use of the transported scalar probability
density function (pdf) formalism for predicting turbulent reacting flows. The configuration of
the turbulent jet diffusion flame was investigated, and the predictions were compared against
experimental measurements of the velocity and scalar fields in such flows.

The calculation procedure employed a phenomenological turbulence model (k- and full
Reynolds stress) to approximate the evolution of the velocity field. The governing equations
for the velocity field were solved using a well-established finite-difference solver for boundary
layer flows. The scalar field was evaluated through a Monte Carlo simulation of the joint scalar
pdf equation. The pdf equation uses the coalescence-dispersion mixing model and the linear
mean square estimation (LMSE) closure to represent the effects of molecular mixing on the pdf.
Furthermore, global and systematically reduced reaction schemes were employed to describe
the behaviour of the reactive scalar field. In order to examine the behaviour of the mixing
models, studies in homogeneous, isotropic turbulence were carried out. The reduced schemes
were investigated in a confined laminar jet diffusion flame geometry.

The comparison of the predictions and measurements of the turbulent jet diffusion flame
using the global reduced scheme indicated overpredictions in the levels of carbon monoxide and
hydrogen; this finding was consistent with the predictions of the laminar flame when assuming
equal diffusivity of the scalars. However, many of the gross flame characteristics (e.g. temperature,
fuel, water and CO, concentrations) were accurately predicted; in certain instances only the peak
levels were accurately reproduced. It was found that in general the two mixing models yielded
similar results, except in the prediction of jet flames where appreciable finite-rate effects (e.g. local
extinction with subsequent downstream relighting) were experimentally observed. In these latter
flows, the coalescence-dispersion mixing model failed to capture the effects of the local extinction
whilst the LMSE closure predicted extinction with no re-lighting further downstream. It was also
observed that the results were sensitive to the model ’constants’ appearing in the equation for the
viscous dissipation rate and the molecular mixing closures for the pdf equation. Difficulties were
encountered when using the systematically reduced scheme; global extinction was consistently
predicted by this mechanism for jet flows where such effects were not observed.
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Nomenclature

ar Exponent of temperature in the evaluation of the rate constant,
equation (2.18)

Aij Contribution to the fluctuating velocity-pressure gradient
correlation term in the Reynolds stress equation

bij Anisotropy tensor; b;; = (u?z:;' / k) —(2/3)6;5

B, Pre-exponential factor of the r%* reaction step

Cp,a Specific heat at constant pressure of specie «

Cp Ratio of the scalar to mechanical turbulence time scale, defined in
equation (2.63)

Co Molar concentration of specie v (Kmol/m?)

D Diffusion coefficient

Da Damkéhler number, the ratio of an aerodynamic to reaction

time scale e.g. (£) - (&)
i

a‘it Substantial derivative operator defined in terms of the unweighted
ity: £ =9 4 57.. 8.
mean velocity; = = 5; + 4 3z;
% Substantial derivative operator defined in terms of the density
weighted mean velocity; g; = -g—t + ﬁja%j
% Substantial derivative operator defined in terms of the
; ity B = 0 . 0
instantaneous velocity; 75; = 5 + u; 9z;
e Internal energy per unit mass of mixture
E{¢} Mathematical expectation of the variable ¢
E. Activation energy of the r** reaction step
g Gibbs free energy per unit mass of mixture; g = h — T's
9i Gravitational acceleration vector
h Enthalpy per unit mass of mixture; h = e + g
Jia Diffusional flux vector; J; o = ""s%%? fora <N
andﬁ,as——%g—:{fora=N+1 .
k Kinetic energy per unit mass; k = 1ulul or Lu//v
k Fro kor Forward and reverse rate constants of the 7** reaction step
Ka Karlovitz number, the ratio of a reaction time scale to that
e . ! JEe
of the fine scale dissipative motions e.g. (g”?) ()= —5’%&-
K. (T) Equilibrium constant in terms of concentration, defined in
equation (H.15)
K, (T) Equilibrium constant in terms of partial pressure, defined in
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24 Nomenclature
equation (H.10)

Kx(T,p) Equilibrium constant in terms of mole fraction, defined in
equation (H.11)

L Integral length scale of turbulence

M Mass flow rate of specie o

Ma Mach number of the flow; Ma = Z/‘?Uﬁ*’ where U is a representative
velocity for the mixture

N Specific mole number of specie o; ng = %’,i- (Kmol/Kg)

N Number of species (IV+1 includes the species field and the enthalpy
(or other strictly conserved scalar, e.g. mixture fraction)

N Penultimate number of nodes used in the finite-difference procedure

N Number of particles or realisations at a given position and time

O(¢) Symbol to denote ’ of the order of magnitude of ¢’

D Thermodynamic pressure

Do Partial pressure exetted by specie a; po = Xop

(4, v) Fine-grained probaBility density function (pdf) of the event ¢ = ¢;

N+1

2@ 9) = T 80alx,t) =)

Py (a3 x,t) Pdf of the scalar random variable @, (x, t) with sample space 7, at
position x and time ¢

P, (Ya;x,t) Density-weighted pdf; By (a3 x,t) = %P% (Va3 x,t)

Pr Prandtl number for the mixture; Pr = 2£, K is the thermal
conductivity

o Net formation rate of specie o; 7o = e—s'vg; (Kmol Kg=!s71)

R Universal gas constant; R = 8314.3 J Kmol~'K~!

Re Reynolds number of the large scale turbulence; Re = “'—fi

s Entropy per unit mass of mixture (J Kg~1K~1)

Sc Schmidt number for the mixture; Sc = EHE

S Laminar flame speed

S, Net formation rate of specie « per unit volume (Kg m—3s~1)
Sa(9) = 0(9)S(0)

t Time

T Temperature

7 Velocity

u! Characteristic velociﬁy of the energy-containing motions;
w ~ OWk) |

Wa Molar mass of specie o (Kg/Kmol)

x Position vector

z,T Coordinate directions in a cylindrical-polar frame of reference

Xa Mole fraction of specie a; Xo = 1o/ (E,e ng)

Yo Mass fraction of specie o

Za Strictly conserved scalar e.g. element specific mole number

or enthalpy per unit mass of mixture



Nomenclature

Greek Symbols

v Ratio of specific heats; v = 2

b;i: Kronecker delta; §;; = 1 for ¢ = j, zero otherwise

6{z}, 6(z) Delta function for the variable

Ahjg e Standard heat of formation of specie o

€ Viscous dissipation rate of turbulence kinetic energy, defined in
equation (2.35)

n Kolmogorov length scale; 7 = (?)%

. Chemical potential of specie o: (J/Kmol), defined in equation (H.5)

K Von Karman constant; ¥ =~ 0.41

7 Mixture molecular viscosity

bt Turbulent eddy viscosity; p¢ o< @%2

v Kinematic viscosity; v = %

Ve VI Stoichiometric coefficients of specie « appearing in the rt* reaction
step on the left and right hand side (respectively) of a chemical
equation

¢ Mixture fraction, defined in equation (3.3)

0 Density of the mixture

o Root-mean-square of the mixture fraction

Oij Stress tensor, defined in equation (2.5)

Ot Turbulent Prandtl/Schmidt number, used in equation (2.41)

T Characteristic turbulent time scale; 7 = ’53

Tij Viscous stress tensor, defined as: 7;; = pd;; + 035

v Kolmogorov velocity scale; v = (ye)%

da(x,1) Instantaneous scalar random variable of specie o for
o =1,...,N. Enthalpy correspondsto o = N + 1

X¢ Instantaneous scalar dissipation rate; x4 = % (% ga%)

Ve Sample space of the random variable ¢, (x, t)

¥ Stream function, defined in equation (5.3)

w Dimensionless stream function, defined in equation (5.4)

Wy Reaction rate of the »** chemical step, Kmol m—3 s~!

Qn Normalised moment of the pdf, defined in equation (4.7)

Superscripts

A Fluctuating part of the unweighted decomposition of an

instantaneous variable

-
N

A Fluctuating part of the density weighted decomposition of an
instantaneous variable

A Unweighted average

A Density weighted average or density weighting

A™ Time level index in finite-difference equations

A Sample space of the random variable A
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Subscripts

Ak Coordinate indices

Aap Scalar field indices

Ag Stoichiometric condition

Aeq Equilibrium condition

A Scalar or vector set of values, {41, 4z,...



Chapter 1

Introduction

1.1 Preamble

Turbulent combustion is a phenomenon which plays a central role in many engineering devices.
Essentially it involves the basic process of combustion in which the mixing rates of fuel and oxidant
are significantly influenced by the turbulence prevailing in the flow. The automotive, aircraft and
power generation industries (to name a few) rely on the control of turbulent combustion so that
their equipment (e.g. reciprocating engines, gas turbines and furnaces) can run as efficiently as
possible. The design of such equipment is also affected by limitations, set out through legislation,
on the levels of combustion-generated pollutant emissions; for example coal-fired furnaces may
exhaust oxides of sulphur into the atmosphere leading to the problem of acid rain, whilst aircraft
and automobile engines produce levels of CO, oxides of nitrogen and unburnt hydrocarbons (UHC)
which may be (in the long run) harmful to the environment.

The experimental testing of engineering equipment is ultimately the most reliable way of
assessing their suitability for practical/commercial applications. However, it is difficult to evaluate
the effects of changes to a particular design purely from the experimental point of view; for many
applications, extensive and repeated measurements during the design and development stage can
be too expensive. As an alternative to experiments, predictive methods based on the solution of
the conservation equations of mass, momentum and energy can be employed; these conservation
equations can be expressed as a set of coupled non-linear partial differential equations (pde’s). The
complexity of the pde’s rules out the possibility of obtaining analytical solutions, and numerical
methods would demand computational resources orders of magnitude above the most powerful
computers available today. The most popular predictive approach so far has been a statistical one
whereby the conservation equations are ensemble-averaged. Whilst the numerical solution of the
ensemble-averaged equations is feasible, the price that is paid is a loss of information concerning
the fine details of the turbulent flow. The loss of information manifests itself as terms in the
ensemble-averaged equations which cannot be evaluated (in any known way) as a function of the
basic variables (e.g. pressure, velocity, temperature, species concentration) - this is the ’closure’
problem. In order to represent the behaviour of these terms, mathematical modelling is required;
in other words subject to certain assumptions, a functional form is postulated for these terms so
that they can be evaluated. The resulting mathematical model is often referred to as a moment
closure.

The requirements imposed on mathematical models for predicting the performance of com-

27



28 Introduction

bustion systems nowadays are quite demanding. To predict with good accuracy the velocity
and temperature fields is not always sufficient. It is also desirable to have calculation methods
which are capable of reproducing finite-rate effects (e.g. extinction, ignition and emissions of
pollutants) accurately; furthermore the methods need to be sufficiently general so as to reproduce
measurements in a wide range of flows of engineering interest. Closure approximations are in-
variably required for the turbulent transport (diffusion) of momentum,; this is achieved through the
use of phenomenological turbulence models. Currently the most widely-used turbulence models
in engineering calculations are based on either a two-equation model of turbulence (k-¢) or a
Reynolds stress closure. However, the central difficulty in turbulent combustion is in the repre-
sentation of the turbulence-chemistry interactions. More specifically, the averaged net formation
rates which appear in the transport equations for the mean mass fraction of each chemical species
present need to be evaluated. The instantaneous formation rates are strongly non-linear functions
of the temperature and the species concentrations. Consequently the averaged formation rates
cannot be evaluated purely in terms of the mean temperature and species concentrations; such a
practice would lead to substantial errors, since in turbulent combustion the fluctuations in scalar
properties are comparable (in magnitude) to the mean properties. A mathematically rigorous and
computationally tractable way of calculating the mean formation rates is through the use of a joint
probability density function (pdf) of the species mass fractions and the temperature.

In this thesis non-premixed combustion is considered. This implies that the fuel and air
nominally enter in separate streams prior to mixing and reaction. The classical approach in non-
premixed combustion has been to assume ’fast chemistry’, in other words the time scales for the
chemical reactions are presumed to be far shorter than the turbulent mixing time scales. With this
assumption, and for the configuration of a two-stream mixing process (which is representative of
many combustion devices), the thermochemical state can often be determined uniquely in terms of
a single independent scalar variable (the mixture fraction). In these circumstances the specification
of the joint pdf of the species concentrations and the temperature reduces to that of the pdf of
the mixture fraction. By assuming that the latter pdf has a two-parameter form, it is possible to
presume a suitable shape for the pdf of the mixture fraction in terms of its mean and variance; the
moments of the pdf are in turn obtained from the solutions of their respective modelled transport
equations. This approach (known as the conserved scalar formalism) works relatively well for
situations where there are no appreciable finite-rate effects; this implies that the method is unable
to accurately predict flows where the time scales of the chemistry and the turbulent mixing are
comparable.

In order to reproduce finite-rate effects accurately more independent scalars need to be in-
corporated into the description of the pdf. With the specification of a multi-dimensional pdf the
presumed shape method becomes impractical and the only viable technique appears to be the
transported pdf approach. In this case, rather than presuminga shape for the scalar pdf, its exact
evolution equation is modelled and then solved. The major appeal of this technique is that the
source terms for chemical reaction can be treated without approximation, so that realistic chemistry
can be explicitly incorporated into this methodology. Terms associated with molecular mixing
and turbulent transport require modelling; in particular the turbulence-chemistry interactions still
require some form approximation. As in other combustion formalisms, the degree of physics
incorporated into the models describing the turbulence-chemistry interactions will determine the
accuracy of the approach in reproducing effects such as extinction, and the levels of CO and UHC
(for example in hydrocarbon flames). In practice a large number of scalars can appear in the
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specification of the pdf, depending on the complexity of the reaction scheme that is being incor-
porated. These scalars act as independent variables, like position and time. As far as the solution
of the resulting pdf equation is concerned, this implies that finite-difference procedures will be
too expensive to employ; therefore a (computationally) more efficient stochastic (Monte Carlo)
simulation of the pdf equation is used to overcome the limitations imposed by the finite-difference
technique.

Recently work has appeared in the literature where direct numerical simulation (DNS) and
large eddy simulation (LES) techniques have been applied to the problem of turbulent combustion.
In the case of DNS, problems in idealized configurations and at low Reynolds numbers are
considered, usually in homogeneous decaying turbulence (e.g. Vervisch et al. [101]). The use
of such a method, with current computer capabilities, can only be directed at investigating the
fundamental interactions occurring in flames for the aforementioned idealized configurations. By
carefully scrutinizing the turbulence-chemistry interactions, it may be possible to infer improved
closure principles for the (model-dependent) techniques used to analyse the high Reynolds number
reacting flows of engineering interest. With regards to LES, although there are no Reynolds number
restrictions (as experienced by DNS), modelling is required. Because chemical reactions occur in
the fine scales of turbulent motion, the source terms for chemical production appear in an unclosed
form. Therefore at first sight it may appear that there is little to be gained from such a technique
in combusting flows. More research is required to substantiate whether LES in combustion is
beneficial, particularly in complex flows where it is claimed that the potential advantage of LES
over more conventional (phenomenological) approaches becomes apparent.

1.2 Objectives of the Research

The primary aim of this thesis is to apply the scalar transported (pdf) approach to predict the
evolution of turbulent combusting flows. The configurations of a jet issuing into stagnant and
coflowing surrounds are chosen as the basic geometries for the calculations using this formalism.
In this respect, a relatively simple flow has been chosen so that efforts can be directed towards the
evaluation of the combustion formalism, with the understanding that the turbulence models can
reproduce the behaviour of the velocity field accurately.

A finite-difference procedure was employed to solve the equations governing the evolution of
the velocity field. These included the momentum equation together with the modelled transport
equations required to evaluate the Reynolds stresses. A k-¢ and full Reynolds stress closure
were employed for this purpose. The scalar field was treated using a Monte Carlo simulation
of the transported pdf equation. The number of independent scalars associated with the pdf was
determined by the choice of the reaction scheme. Two different mechanisms were employed: a
reduced scheme resulting from a systematic reduction of a detailed methane/air mechanism, and
a global hydrocarbon scheme (which did not involve the appearance of radical species). The
molecular mixing term which appears in an unclosed form in the pdf equation was approximated
using a coalescence-dispersion model and a closure based on linear mean square estimation
(LMSE).

The main motivation for this study has been the accurate prediction of CO levels in jet diffusion
flames employing a hydrocarbon as the fuel (propane or methane). The ability of the single-point,
single-time scalar pdf formalism in reproducing finite-rate effects is also assessed. Detailed
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measurements from four turbulent jet diffusion flames were used in order to evaluate the proposed
level of closure. The studies of Godoy [31] and Hassan, Lockwood and Moneib [35] relating to
propane and methane flames (respectively) issuing into stagnant surrounds provided measurements
of the CO levels, as well as the rdajor species (CO3, Oz, UHC). The data of Hassan et al. was
particularly useful since it also included data relating to the mean and fluctuating temperature field,
as well as an investigation of the effect of nitrogen-dilution of the fuel stream on the evolution of
the flame. The measurements of the scalar field performed by Godoy was further augmented in
the study of Heitor, Moreira and Pires [37] where information relating to the fluctuating velocity
and temperature field was presentéd. The wealth of data relating to the mean, root-mean-square
(rms) and pdf of the scalars, described in the work of Masri, Bilger and Dibble [66, 68], was used
to study the ability of the pdf equation to represent effects of local extinction in flames.

The shortcomings and achievements of the scalar transported pdf approach coupled to a
moment closure are demonstrated; and subsequently suggestions are made for ways in which
the theory can be improved. To this end, calculations are also reported for a confined laminar
jet diffusion flame and a homogeneous, isotropic turbulence. In these simpler test cases, the
capabilities of the chemistry and the mixing models can be evaluated more easily; at the same
time the results appeared to be relevant when it came to describing some of the characteristics of
the predictions of the turbulent jet flames.



Chapter 2

The Governing Equations of Turbulent
Combusting Flows

2.1 Introduction

This chapter presents the basic equations which describe the evolution of turbulent combusting
flows. The instantaneous equations are first outlined, followed by the discussion of the averaging
procedure required to solve the conservation equations for flows of practical interest. Turbulence
modelling is briefly reviewed and this is then followed by a discussion of the mean reaction rate
term which appears when the species conservation equations are ensemble-averaged. This then
motivates the discussion for combustion modelling which is described in the subsequent chapters.

2.2 The Instantaneous Equations

The governing equations describing the flow of a fluid can be derived from the principles of
conservation of mass, momentum and energy; derivations can be found in works such as Schlichting
[85]. Unless otherwise stated, cartesian tensor notation and S.I. units are used throughout.

2.2.1 Mass Continuity

8 dou;
oe + ooyj
ot 3$j

where u;(x, ) is the instantaneous velocity vector, and o(x, t) is the density. u;(x,t) is repre-

sentative of the velocity of the reactive mixture at a point, and is defined as a local mass-average

instantaneous velocity:

=0 (2.1)

5 0a(x, Olja(x,t)
uj(x,t) = 2=8

I (2.2)
agl Qc (xa t)

where U; o (x, t) is the instantaneous velocity vector of specie «. From now on the dependence of
the scalar and hydrodynamic variables on (x, t) is omitted for conciseness. In equation (2.1) the
terms associated with molecular diffusion do not appear; this arises out of the physical requirement
that there can be no net diffusion of mass in a multi-component system. The definition of u; in
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equation (2.2) and the diffusional flux vector of specie a, Ji «» ensure that this requirement is

satisfied:
Ji,a = Qo (ui,a - uz) (2'3)

(Ui o — u;) is sometimes referred to as the diffusional velocity vector associated with specie c.
Substituting equation (2.2) into (2.3) and summing over « leads to the result 22[:1 Jia = 0.
Another requirement for the mixture, as a whole, is that there can be no net generation/destruction,
although the individual species comprising the mixture can be produced/consumed through the
effect of chemical reaction.

2.2.2 Momentum Conservation Equation
Ju; Ou; _ Ooyj
e ot + o ox; - 0x;
Equation (2.4) is essentially a genefalisation of Newton’s second law of motion for the flow of a
fluid, written in a form appropriate to an infinitesimal and stationary control volume. It can be
shown [1] that if the fluid is Newtonian (i.e. the stress components depend linearly on the rates of

deformation) then,
‘ ou Ou;  Ou;
o3 = (—p + /\5:0—:) 8ij + b ( om; 7o, ) (2.5)

+ 09 (2.4)

1 is the mixture (molecular) viscosity and by invoking Stokes’ hypothesis A = %— p T. Substituting
for o;; in equation (2.4) using (2.5) and Stokes’ hypothesis, yields the Navier - Stokes equations:

Du __Op , 0 (0 Bu ¢ Bu)l o
¢ Dt Ozx; + 6:1;]- I:IL (8;1;] + Ox; 3613 9z + 09; (2.6)

where the operator %’E is the substantial derivative defined as —g—t + uj a_i;'

2.2.3 Energy Conservation Equation

The energy equation may expressed és,

0 e} ‘ 0q; . o 3,
o0— (h + %'LL,,’UJ,) +Uup—=— (h + %u,u& — 4 +Qrad+ - (’L&iTij) + 2 (2.7)
Lot /| Oxzy, 0r; 2o Ox; ot
v ~ ~~ d S~~~ v N, e —

I I 1114 v VI

The internal energy per unit mass of mixture is related to the kinetic energy and enthalpy by,

' N
e=‘h—§=ZYaha——§ (2.8)

a=1
The effect of chemical reaction appears in the energy equation through the definition of 4:

T
ho = / ool + Ahg o (2.9)
A
where T is a reference temperature and Ahy o represents the standard heat of formation of specie
. The latter can be defined as the heat released when one kilomole of substance is formed from its

The grouping A + % u is often referred to as the coefficient of bulk viscosity
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elements in their respective standard states (usually 1atm and 298K). By convention, each element
in its standard state is assigned an enthalpy of zero. The inclusion of Ak (¢ =1,...,N)inthe
evaluation of & accounts for the heat release (and absorption) effects due to the chemical reactions
taking place.

The various effects which contribute to the diffusional heat flux (term Il in equation (2.7)) need
to be elaborated. Conduction of heat arising from temperature gradients is an obvious contributor
and this is represented through Fourier’s law. Since the instantaneous velocity of specie a (U; o)
can differ from the mass-average instantaneous velocity of the mixture (u;), the total (diffusional)
flux of enthalpy associated with this effect is: ¢ ij:l Yo (Ui o — ui)ho. Invoking Fick’s law of

diffusion,

oY,
oYoUs o — u;) = --;,-LE 33:(:

where Sc is the Schmidt number of the mixture. The presence of concentration gradients can
produce a heat flux!. It is conventional practice in the analysis of combusting flows to ignore
such a transport process, partly because experience suggests that it does not provide a significant
contribution in the energy balance. Consequently the heat flux vector becomes:

(2.10)

N
o _pp OT e
%= Pr dz; Sc aglha Oz; (2.11)

where Pr is the mixture Prandtl number. It is convenient to express ¢; in terms of enthalpy rather
than temperature. This can be achieved by firstly differentiating the relation A = h(T,Y,) with
respect to x; ; this yields,

oh

‘b

In arriving at equation (2.12) the following relations have been used: ¢, = (%) and from
P

equation (2.8), '6%; = h,. Substituting equation (2.12) into (2.11) gives,

ql‘:‘aii{%gfi}‘é%{ (—;—JZ “3 } (213)

Term IV in equation (2.7) represents the energy exchanges associated with the absorption and
emission of thermal radiation. Energy transfer due to radiation is not considered in this work. The
reasons for this are partly related to the fact that the flames being investigated are ’small-scale’,
such that the heat loss by radiation is usually a negligible fraction of the total heat flow [78]. As
far as term V is concerned, in low speed combusting flows the work done against viscous forces
is negligible in comparison to the thermal energy changes brought about by chemical reaction;
the same is true for terms associated with the work done against body forces. Taking U’ as a
representative velocity of the mixture, the Mach number is defined as, Ma = —\/;YUT—T where y = %:—
Using YR = c,(y — 1), the following can be written,

1772

U
U2 =1IMd’c,(v-1)T = "25,,? = iMd?(y - 1) (2.14)

This is known as the Dufour effect - the Soret effect is essentially the reciprocal of this, i.e. the presence of
temperature gradients giving rise to species diffusional flux.
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The quantity lig—; can be interpreted as the fractional rise in temperature (QTE) that would result
from all the kinetic energy (per unit mass), at the point in question, being converted into heat.
Therefore provided Ma < 1, the kinetic energy of the mixture at a point can be neglected in
comparison to its enthalpy.

Term VI (%th) in equation (2.7) is assumed to be negligible in many practically occurring
situations, e.g. jets, gas turbines and furnaces, but cannot be neglected in the flows occurring, for
example, in internal combustion engines. If the flow is statistically stationary, the term will be
zero upon averaging. However, even if the flow is statistically non-stationary the term can still
be neglected provided the boundary conditions imply that the reference pressure does not change
significantly. Finally, the Lewis number, defined as the ratio of the Schmidt number to the Prandtl
number is close to unity in combuéting flows, and it is a useful assumption to take it as exactly
unity, since the energy equation then simplifies to:

ol h 8 (p Bh
0ot T 5, = oz (Pr am,-> 215
2.2.4 Species Conservation Equation
aYa aYa ‘_ a‘];i,& - —_
5 + ou;j b7, o + So for a=1,...,N (2.16)

where S,, is the net formation rate of?specie « per unit volume. The mass conservation law requires
that there can be no overall source/sink of mass, so that zle Sa = 0. J; o is the diffusional flux
vector of specie o, and using Fick’s law of diffusion this can be approximated as: J; o &~ —&; %’f-
This approximation is strictly true for binary mixtures, and so the use of Fickian diffusion in the
context of multi-component mixtures is only justified if the Schmidt number is the same for all
species (in order to ensure that the mass fractions sum to unity). The assumption of uniform Sc
(which is tantamount to assuming equal diffusivity) is known to be poor when species with widely
differing molar masses are being considered. To obtain a general expression for S, consider the
system involving N chemical speciées and R reaction steps, expressed in the following compact
form [60]: ‘

N N
SULMy= > vaM, r=1,...,R (2.17)
a=1 a=1

where the rate constants for the forward and backward reactions are k. and k;,, respectively,
and M,, denotes the chemical symbol of specie . If specie o does not participate in a particular
reaction then its stoichiometric coefficients appearing in reaction r, referred to as v/, and v,.., are

zero. The rate constants can be expressed as:
kg, = B, T° exp (——L> (2.18)

where B, is the pre-exponential factor (for the r** reaction step), a, is a constant exponent, E,. is
the activation energy and R is the universal gas constant. The net rate of formation of specie « is
the sum of the net formation rates of specie « in all the individual reaction steps. In any particular
reaction step, the net rate of formation of specie « is determined by the magnitudes of the forward
and backward rates in reaction 7. Maihematically this can be expressed as:

N R ‘ N YC Vé" . N Y'C Uér
— no__ 1 M ¢ — T = 2.
S W3 (k=) L 1™ I (WC) hod [T (m) 2.19)
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where m, = Z?’: (Vi and [, = Ei\':l vl are the orders of the forward and reverse reactions
respectively. The term in curly brackets in equation (2.19) is effectively the net forward rate of
the 7t reaction step (in Kmol m~3s~!). In order to close the system of equations, an expression
for the density is required. This is given by an equation of state,

o= o(Y,h,p) (2.20)

where Y denotes the set of species mass fractions (i.e. Y, where « = 1,..., N). The assumption
of low Mach number can be used to remove the dependence of g on pressure variations, Ap,
caused by the flow. Essentially Ma < 1 ensures that the coupling of the momentum and scalar
conservation equations is through the density, and that the linkage through the pressure is removed.
To demonstrate this an estimate of the magnitude of Ap is required. At high Reynolds number,

Ap ~ O(oU?) where oU? = Ma?*(pa?) (2.21)

U is a characteristic velocity and a, is the speed of sound (a5 = /YRT = (192) 7). Substituting
for a, into equation (2.21) yields,

épg ~ O(Ma?) (2.22)

Whilst o depends on the absolute level of pressure, if Ma < 1 its dependence on pressure
fluctuations can be ignored. Under these circumstances p can be interpreted as a reference
pressure, and in certain flows, such as jet flows, furnaces and gas turbine combustors in the steady-
state, the reference pressure can be treated as a constant. The equation of state for an ideal gas
is,

X Y.
p=oRT Y == (2.23)
a=1 Wa

with the understanding that in the flows described above, p is treated as nominally constant (= p,,
the reference pressure) as far as the evaluation of g is concerned. Consequently the state relations
can be re-expressed as ¢ = p(¥, h,p,). In internal combustion engines the reference pressure
does change significantly, and in this situation the aforementioned relation is no longer valid.

2.3 The Averaging Process

The discussion so far has developed a closed set of equations and in principle they could be solved
(numerically) with appropriate initial and boundary conditions. For the high Reynolds number
flows of engineering interest, direct numerical simulation (DNS) is computationally prohibitive
[83]; typically the cpu requirements for a DNS of inert mixing are of the order of the Reynolds
number (Re) raised to the power three. For statistically homogeneous "low’ Re flows, DNS is
feasible and as discussed in section 4 it can be very useful. The traditional approach for treating
high Re turbulent flows has been to average the conservation equations, with the consequence
that all the fine details of the flow do not require spatial and temporal resolution. Different types
of averaging can be applied, but they all share a common feature; the closed set of instantaneous
equations are transformed by averaging into an ’open’ set of equations. Terms appear which
cannot be accounted for in any known way via the dependent variables of the flow field. Modelling
serves to approximate these terms, and the purpose of these introductory chapters is to address
the principles behind the representation of such terms. The two commonly-employed types of
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averaging are based on the Reynolds (unweighted) and Favre (density-weighted) approach, defined

as follows:
_ IR AL
Ax,t) = A/}-litnoo A ; A0 (x, 1) Reynolds averaging (2.24)
A(x,t) = l_ lim — E oDAW(x,¢)  Favre averaging (2.25)

B Nr—oo N

where A®) (x,t) is the i*" sample amongst NV, realisations of an experiment. The standard practice
is to decompose the instantaneous equations into mean and fluctuating parts and then to average
them. With density-weighted averaging the velocity and scalars (but not the density and pressure)
are decomposed according to u; = fi; +u, ¢o = ¢o + #'.. With the definition of Favre averaging
in equation (2.25) it can be shown that p@” = W = 0. For Reynolds averaging, u; = 4; + u},
b = Go, + ¢, and where u = ¢! = 0. From the basic definitions, the following results can be
established between weighted and unwe1ghted statistics:

;= G + uf; o = o+ BL (2.26)
—_— -'_T I 7

ugl = _g.gl; ¢// — Z (2.27)
dui = m; AN TA (2.28)

The reason for employing Favre averaging is that the resulting conservation equations do not
include terms involving correlations of density fluctuations. Consequently these equations are
easier to interpret (and hence to model) than their Reynolds averaged counterparts. Furthermore,
Favre averaging leads to equations describing the mean of conserved quantities e.g., the resulting
momentum equation is in terms of §u;(= ;) rather than §4; which is obtained from Reynolds
averaging and is not conserved. Despite the advantages of adopting Favre averaging, instruments
may measure values close to density-weighted or unweighted averages 2, (Clearly the ability
to calculate both unwelghted and den51ty-we1ghted quantities is desirable. But 9u; = pi; =
ou; + o'ul, u}, and ¢'u} can be very difficult to calculate accurately; in terms of the pdf, unweighted
and weighted statistics can be used interchangeably without approximation [6]. Applying Favre
averaging to equations (2.1), (2.6), (2.15) and (2.16) yields:

0

(.9) + o z (0ii;) =0 (2.29)

(% (1) + 5% (bﬂjﬂi) = aafz - _813;; (@U%') + 29 (2.30)
2 (o) + 6‘; (7ish) = 5‘2— (u?2) (231)

g7 (07) + 5 (a%e) = g (2F2) + 5. @

2 Aninfinitely small thermocouple will detect an unweighted record of an instantaneous temperature, but some degree
of density-weighting is associated with thermocouples of finite size. The extent of this weighting with 40pm diameter
thermocouples is unlikely to exceed around 50°C compared with differences between weighted and unweighted values
which can exceed 300°C [49]. Sampling probes and LDV measure values very close to density-weighted concentrations
and velocities, respectively.
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where equation (2.32) holds for « = 1,..., N. The above equations have been written for the
limit of high Reynolds number; under these circumstances, order of magnitude analysis shows that
the averaged molecular fluxes can be treated as negligible in comparison with the turbulent fluxes,
namely the Reynolds stress ( @uzrz;;’ ) and the scalar flux (@u??&c;) . Consequently the equations have
a form identical to their constant density counterparts. The unknowns appearing in the equations
are the Reynolds stress, scalar flux, mean density and the mean formation rate due to chemical
reaction. In the following sections the turbulence models used to calculate @u%;-’ are described
since they form an essential part of the calculation method; in addition, for the purpose of notation
¢a (@ = 1,...,N + 1) is used to denote the entire scalar field, i.e. the species mass fractions

(e =1,...,N) and the mixture enthalpy (o = N + 1).

2.4 The Energy Cascade Viewpoint

Before discussing turbulence modelling it is useful to provide a brief overview of the ’energy
cascade process’. This will demonstrate the complexity of the interactions taking place in a
turbulent flow and help to exemplify the degree of simplification associated with current modelling
approaches.

Turbulence can be thought of as a tangle of eddies of varying length scales interacting with one
another. Only at the Kolmogorov scales of motion do the effects of viscosity become significant in
comparison to the inertial effects. This means that for the larger scale motions the entangled eddies
can interact with one another in a way which is essentially unaffected by the viscous stresses; this
implies that for these eddies their angular momenta can be treated as constant.

Energy cascade arguments [8] suggest that energy is initially transferred from the mean flow
to the ’large’ eddies (constituting the fluctuating field) which have a preferred orientation. The
fine scales of turbulent motion cannot interact directly with (and thereby extract energy from) the
mean motion due to the disparity of the scales of motion. Through a process of vortex stretching’
an eddy experiences a rate of strain along its axis of rotation and is extended with the consequence
that its cross-sectional area reduces. Since it is presumed that the angular momentum of the eddy
remains constant during this process, this implies that its kinetic energy of rotation increases.
The energy required for the stretching comes from a neighbouring eddy whose axis of rotation
has a component at right angles to the axis of the eddy being stretched. As an eddy reduces its
(diametral) length scale it can, in turn, bring about the stretching of other eddies whose axes of
rotation are at right angles to its own.

In this way energy can be transferred from the large scale (energy-containing) motions right
down to the Kolmogorov scales of motion where, by virtue of the substantially larger velocity
gradients, the kinetic energy of the eddies is dissipated into heat. It is argued that the small-scale
eddies no longer share the preferred orientation of the mean rate of strain. It is postulated that at
the fine scales, the turbulence has no preferred direction and is therefore locally isotropic - this
implies that the statistics of the fine scale motions are invariant under the action of rotation and/or
reflection of the coordinate system?.

The arguments presented in the above paragraphs suggest that the viscous and scalar dissipation
rates are determined by the rate of energy transfer from the large to the small scales. This implies

2

guz dus guz and duy duy =0.
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that when the Reynolds number of the flow changes, the fine scales re-adjust themselves in order
to maintain the balance of energy transfer.

2.5 Turbulence Models

In turbulent combustion large fluctuations in fluid density arise and proper account must be taken
of them. Most of the work to date concerning turbulence modelling is based on the consideration
of constant density flows. The most common approach is to recast the models for constant density
flows in terms of Favre averages with the assumption that the density fluctuations are accounted
for by the averaging. Experimental verification of this assumption is very difficult owing to the
level of detail required to quantify. the contribution made by density fluctuations in real flames,
and subsequently to translate this into a modelling criterion. However, the results based on such
an approach have so far been encouraging [42].

An appropriate starting point for the discussion on turbulence modelling is the density-weighted
Reynolds stress equation (derived ffom equation (2.6)):

—'D ", 14 II8 .7 =, II I/ II II II
th (u uj) + gu uka + ou; k6 axk{gu
I ‘ I i
b OTik Otk op' op’
_ n='e n='y _ nZr nr
{uJ oz g Oz, } {u‘ Oz T Oz;
N v
00— 0P
— I'I__ I_/__
{uz oz + u; Bmi} (2.33)
VI

In the above, the operator 3% = gg + ﬂkz,—%. The terms appearing in equation (2.33) have the
following significance:

¢ I: Rate of change of u” n 1ncludmg convection by the mean flow
e II: Production of uu ! by the interaction with the mean strain rate

¢ III: Diffusive transport of 'u,” 7 by velocity fluctuations

/I II

I\ Vlscous destruction of u; u;

e V: Fluctuating velocity-pressure gradient correlation
e VI: Production/destruction of u” ; by the mean pressure gradient

Terms I and II appear in exact form: whilst the rest of the terms require closure approximations.
Term IV can be simplified for high Re turbulence; first the following manipulation can be applied:

» OTik O Oulr; Ou'l Ty, 11,”
J ik, g2 =
R L

U, =
] 8a:k ¢ E)a;k axk 8:ck

| s [\ 4

— (Tje+ T ,c) (2.34)
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transport dissipation
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Order of magnitude analysis demonstrates that 7/, (Oui//0zk) + 7}, (9w /Ox) is the dominant
term on the rhs of equation (2.34) and the other terms become negligible as Re — oco. Local
isotropy implies that the off-diagonal components are zero and the dissipative term can be written
as:

ou; ol 1 ou]
! Uj r O = 26 > =
Tk Do +7 Tk g = 25 56i;0e where €= 7 ( T 7 8mk (2.35)

Following Lumley [64] the fluctuating velocity-pressure gradient correlations are split up into a
redistributive and a nonredistributive part:

N op’ »op’ op’ 2 ap’ 2 200
J 37 +u Ila = ( ! 6 + u //(9 — £8; ',éa + 63uka (2.36)
redlstributive nonredistributive

The redistributive part has no role in the generation or destruction of turbulence as it is constructed
to vanish on contraction of the indices (i.e. it disappears in the turbulence kinetic energy equation
(2.39)). The non-redistributive term can be further manipulated to yield:

290 4 c’)ukp 2 au

2
6” 8 36,J By — 560" 7 By N (2.37)
transport noise

For Ma < 1 the noise production term can be neglected [4]. Using the results from equations
(2.35) and (2.37), the equation for the turbulence kinetic energy, defined as,

— /.,'2
b= (o) = (2.38)
can be obtained by contracting the indices of equation (2.33) and dividing by two:
Dk _+—,00; _ 9 T T 7 T - oD
QDt + Qu; u; 5z os; {2gu U U +u-p} oe — u; 52, (2.39)

2.5.1 Eddy-Viscosity Models

The simplest turbulence closures are based on the eddy-viscosity approach. Essentially they
attempt to represent turbulent transport using relations similar in form to the molecular flux laws.
For a constant density thin shear layer situation the Reynolds stress uv’ is approximated by —v; -‘3—%.
Though similar in form to Newton’s constitutive relation for momentum diffusion, v (= Hj) is
not a fluid property but depends on the local properties of the turbulence. If the turbulence can
be characterised in terms of a single representative length and time scale, L, «' (respectively),
then v; o< u'L becomes a dimensional necessity; this relation forms the basis for constructing a
modelled expression. %’ can be identified with \/k, and L with the integral length scale. Therefore
the closure is complete provided k¥ and L can be specified. In flows with appreciable density
fluctuations it is assumed that the reasoning previously suggested still applies. Thus, the Reynolds
stress can be expressed as:

— ou;  Ou; o1y
TN ¢ J 58
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Term I ensures the symmetric property of the Reynolds stress tensor (u” uj = u;’ uf) is preserved.

Term II is included to ensure that the left and right hand sides of the equatxon are identical on
contraction of the indices. The modelled scalar flux becomes:

— I Bt Oda

ouy Po, = " Oz (2.41)
where o3 is a turbulent Prandtl/Schmidt number. To obtain the eddy-viscosity several levels of
closure are possible, ranging from simple zero equation mixing length models to the widely used
two equation models (Launder and Spalding [59]). Focusing attention on the latter (two-equation)
specification, a popular choice of closure employs k£ and €. Energy cascade arguments suggest
that the large scale turbulent motions dictate the rate of energy transfer down to the fine scales
Consequently € ~ C’)( ) so that the eddy viscosity becomes, v; o< E and SO pt = Cﬂg— This
is referred to as the ’k-¢” model [45], where C,, is a constant to be deterrmned and where k£ and
¢ are obtained from the solution of modelled transport equations. In equation (2.39), the terms
requiring closure appear on the rhs. The transport term and the mean pressure gradient term are
approximated using a gradient transport hypothesis:

II ul! 77 pt Ok
N —— 2.42
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The approximation expressed in equation (2.43) was introduced by Jones and McGuirk [47], but
in many flows it makes only a small contribution and is often neglected. Substituting the above
into equation (2.39) yields the modelled form of the k-equation:

_ 7 ,,3%73 0 (,Ut 3k> Kt 00 9p e (2.44)
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The derivation of a transport equation for €, as defined in equation (2.35), is complicated
and exceedingly laborious. For constant density flows, where 7/, = u(du;/dzx + duy/xy),
the viscous dissipation rate can be expressed as v(8u}/dzy,)? since by invoking local isotropy the
contribution to ¢ from (Ou;/ 9z )(Ou},/Oz:) is equal to zero. A transport equation for this quantity
can be obtained by straightforward manipulation of equation (2.6); the equation for & in constant
density flows can be written as,
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where the operator ; = ;% + g %. and where Re = %[—' The maximum order of magnitude
of each term is indicated in equation (2.45) and at high Reynolds numbers the dissipation rate
equation reduces to,

de o) A dul dul duy, of B%ub \?
&~ o {”fc () } ™2 By 0y Oy (3es) - (48
h ¥ g g I

The terms appearing on the rhs require modelling. The order of magnitude estimates show that
terms II* and IIT* individually vary as Re'/2 compared with the other terms, and so in the limit,
become infinite. But when taken together, they have to form a finite value in order for the equation
to balance. Terms II* and IIT* should be modelled together in order to avoid their respective
singular behaviour as Re — co. However, the exact equation is of little help in the modelling
partly because of the singular behaviour of terms IT* and IIT*. Instead the modelling is based on

the following form [42]:
de 0 , [ Oul 2 €
e~ L — 2.
dt Oy {Vuk <8xl> o+ k(pl (2.47)

~ J
—
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The grouping (i, + %1) is the modelled representation of the source terms (i.e. the net creation
rate of €), where ¢, is not an explicit function of €. The appearance of f appears to be a natural
choice for the time scale (which is representative of the energy-containing motions), though this
does not imply that it is sufficient to characterise the evolution of €.

The basic requirement imposed on the solutions of equation (2.47) are that ¢, £ > 0 and that as
k — 0, then € — 0. In the limit, if £ = O then € = 0 too, otherwise it is possible for k£ to become
negative, as implied by equation (2.39). Based on these requirements, the following constraints

apply to ¢, and ¢,

® 9, > 0: In order to illustrate why ¢, > 0, the turbulent transport term (I*) in equation
(2.47) is neglected and ¢, is set to zero. Although this is not a physically meaningful
test case it is a useful foundation upon which a robust modelled equation for ¢ can be
constructed. If ¢, < 0 then from equation (2.47), % < 0; consequently when the condition
¢ = k = 0 is attained, the modelled equation would allow ¢ < 0, which is unphysical. With

eddy-viscosity closures ¢, > 0,

2
CEIC,,, o0u; 81_!,]'
= ——| — > R
Yo 5 (azj + 9z; k>0 (2.48)

where equation (2.48) stems from the production term. In conventional second moment
closures, @, =0

e ) mustremain bounded ase — 0: This can be explained by considering the model equation
with the transport and ¢, terms set to zero, leaving % = %go 1. If ) is unbounded and
negative, as €,k — 0, %% can become so large in magnitude that £ could undershoot and
become negative.
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® @, + %1 — —oo as k — 0. This condition is required so thate — O as £ — 0. In the
limit, if £ = 0, and ¢ is still finite, this condition ensures that ¢ — 0 instantly.

A well-tested and widely-used form of the modelled ¢ equation for flows involving small density
fluctuations is:

d 0 (un Be 3uz &2
dt o 637] (0’5 8.’13]) CElk i Ja C'52 2 +C€3 kgzgu (249)

Recast in terms of a variable density formulation, equation (2.49) becomes,

72° = 0 (#e O ‘ 5! //6 e € pt 00 Op
th Ox; (0'5 6a;j> C“:‘ PR oz; 0629 2 C€3k 7 b2, 5 (2.50)

In discussing the k-¢ closure several constants were introduced. These constants are calibrated
in simple (constant density) flows, such as decaying grid turbulence (=> C;,) and near-wall flows
(= C:,,C,). The following values are commonly employed [43]: C, = 0.09; C;, = 1.44;
Ce, = 1.92; C,, = 1.0; o = 1.0; 0. = 1.3. For free flows o; = 0.7 and near-wall flows
o+ = 0.9. For a round jet issuing into stagnant surrounds improved spreading rates in the self-
similar region are obtained with C, = 1.85 and C), = 0.065.

The k- model is robust and has been (and still is) widely used; it can lead to useful results in
many circumstances. However it is clearly a very simple representation of what is undoubtedly an
exceedingly complex phenomenon and consequently it does have its limitations. Specifically, it is
found to be incapable of accurately reproducing the effects of mean swirling motions on mixing
rates, the stabilizing/de-stabilizing influences of buoyancy forces and countergradient diffusion
effects (as observed in premixed flames). A more detailed and accurate description of turbulent
transport is needed.

2.5.2 Second Moment Closures

Higher order closures are employed to provide a more accurate description of turbulent transport,
and second-moment (single-point) closures represent about the simplest level at which this can be
achieved. The equations to be solved are the Reynolds stress equation (2.33) and the scalar flux
equation:

da; Obu 8 (———— . Op
Il 1t lI // =, l/ 1 _— — i II 11 '/
oDt 0t i age, T Y 5y, T T By (ewfe9%) - % 57
I I [ﬁ v
3 +u”S (2.51)
\V./
Y VI

All terms on the rhs of equations (2.33) and (2.51) require closure. In equation (2.51) term
IV is referred to as "pressure scrambling’ and term VI is a velocity-reaction source correlation
term. As in the discussion of equation (2.33), order of magnitude and local isotropy arguments
can be employed to neglect terms like ¢, (07i/Ozk) and u(0Jk,a /0z). The use of equation
(2.51) has so far been restricted to s1tua'uons where u” S’ = 0 (even in combusting flows) by
making a suitable choice of @, i.e. a strictly conserved scalar (section 3.2). For the time being
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a conserved scalar, £, can be viewed as a normalized element mass fraction which is, of course,
neither consumed nor produced. This is to be distinguished from the concept of a passive scalar
which is a quantity whose evolution does not affect the dynamics of the flow*. In order to complete
the picture for combusting flows within the context of second-moment closures, the scalar variance
equation is also required:

LT g O0a ——i(" '7745”2) — 20%e+ H4S (2.52)
Dt ou; Ear oz 0U; P QX T PaPe .
Y Ty ® v

The terms appearing in equation (2.52) are as follows: I - generation rate of scalar fluctuations; II
- turbulent "diffusion’; III - dissipation rate of ¢,"; 12; IV - source rate of production/consumption of
ol 42 due to chemical reaction. Note that the scalar dissipation ¥, in equation (2.52) is defined, for
the case of Fickian diffusion, as (3)~!(u/Sc)(V¢!)2. The closure problem is now set; all terms
appearing on the rhs of equations (2.33), (2.51) and (2.52) require modelling. The work described
in this thesis treats the scalar field using a transported pdf approach, therefore a detailed discussion
of the modelling of the scalar flux and variance equations is omitted. With regards to the velocity
field, only the Reynolds stress closure proposed by Jones and Musonge [48] is discussed since
this is used in the calculations. Consequently only a brief discussion of second moment closures
will be given here, whilst a more detailed review can be found in the works of Jones [41, 42] and
Launder [58].

2.5.2.1 Transport Terms

The simplest level of approximation is a gradient transport hypothesis, originally proposed by
Daly and Harlow [18] for the triple correlation gu;u;uy; in density-weighted form the results can
be expressed as:

T k —~
(Q'u," 7] // 2623'"'%1)’) 9 u/; aa (u”u;’) (2.53)
where C; = 0.22. The appearance of 25 ;jupp’ arises from the decomposition described in

equation (2.37); this contribution to the turbulent transport is sometimes referred to as pressure
diffusion. More elaborate (and complicated) models have been proposed than that expressed in
equation (2.53), for example where the pressure diffusion term is represented separately; however,
in constant density thin shear layer flows the transport terms do not provide a major contribution
to the second moment balance equations. This serves to justify the use of a gradient transport
hypothesis for the transport terms.

II II

2.5.2.2 Viscous Destruction of u; u;

The treatment of term IV in equation (2.33) has already been discussed and its evaluation requires
knowledge of ¢, as exemplified by equation (2.35). In the context of the eddy-viscosity closure,
€ can be obtained in terms of equation (2.50); the form of the modelled e-equation for second

“The study of passive scalars is of considerable importance, for example in the discharge of fluids into the environment
(water discharges into rivers and lakes involving a ’small’ temperature difference, or gas releases into the atmosphere).
The mixture fraction is a strictly conserved scalar, however, in variable density situations (inert or non-reacting), it is
not a passive scalar.
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moment closures is slightly different in relation to the turbulent diffusion term. A gradient transport
hypothesis is still employed, and the form originally proposed by Hanjali¢ and Launder [34] is

commonly used,
;2 _ 9 K y O ! //8"7’.7' e —7 0D
Q.Dt - axz (nge a ) OE] k Z J a Cszg k Cg3k a (2.54)

Note that since u” 7 is the subject of the Reynolds stress equation, this information can be used
to calculate the turbulence kinetic energy without making recourse to a modelled k-equation.

2.5.2.3 Fluctuating Pressure Terms

A principal difficulty in constant and variable density flows is the fluctuating pressure terms.
These include the fluctuating velocity-pressure gradient correlation (term V in equation (2.33))
responsible for the transfer amongst the components of u}u "' , and the pressure scrambling (term
IV in equation (2.51)). For constant density flows Chou [16] has shown that they can be related to
volume integrals involving two-point correlations:

u 9p Fuj, x’um Ui + zaal;x Oty Ui Oujx0x dVol
0 8z; 47r OrmOr0r; Boy  Oror; O ondr; X —x
@ (b) ©
+Surface integral (2.55)

The terms on the rhs with subscript x'(= x + r) are evaluated at that position, with the integrations
carried over r space. The surface integral is important only when the typical size of the energy-
containing eddies is of the same order as the distance from a wall. In many combustion systems
this contribution is ignored, partly because the ability to reproduce very accurately the wall friction
and turbulence structure close to solid surfaces is often of secondary importance [42]. Equation
(2.55) contains three terms labelled as (a), (b) and (c). Term (a) involves turbulence quantities
only, term (b) is affected by mean strain rates and term (c) represents the buoyancy contribution. In
the decay of homogeneous, strain-free and initially isotropic turbulence which has been distorted
so that u'? # v'2 £ w'?, the high Re (constant density) stress equations become:

du? pau’ > dv'? pov 2 . dw'? _ pow

_(—i'_t-— = 0 8x — 3& dt’ = 25-8—(; — 3& —Ft—- = 25-3_.’13 — 3€ (256)
It is assumed that this type of turbulénce ’returns to isotropy’, an assumption which is supported
by experiment [93]. Consequently term (a) is referred to as the return component. The following
definition is introduced: |

9P 85 3
Aijs—{ ,ap + "ap - 25,u kap} (2.57)

The three contributions ((a), (b) and (c)) towards A;; are denoted as AS), Ag‘), A( ) respectively.
One popular approach has been to prov1de closure approximations for each of these terms sepa-
rately. The modelling of the buoyancy term is not discussed since it is not of primary importance

to the work described in this thesis., The basis for modelling A( ) is the concept of return to
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isotropy. Rotta [84] assumed that the rate of return to isotropy, AEQ, is proportional to the degree

of anisotropy, b;;(= (u” 7/k) — (2/3)6s5). In density-weighted form, the model is:
A = —C1eby; (2.58)

where C is the constant of proportionality obtained from measurements (e.g. [93]). It is found
that the degree of scatter in the measurements leads to the following popular choices for C;: 1.5,
1.8 and 3.0; the various values of C; that can be specified demonstrate the inadequacy of the
linear theory, however its simplicity and the fact that it leads to reasonable results in practical
flows justifies its use. More recently it has been argued that there is a "tendency to isotropy’ such
that the return is non-linear as the anisotropy goes to zero. This leads to refinements (with added
complexity) in the modelled expression and are not discussed here.

Jones and Musonge [48] point out that an exact balance equation for the ’return-to-isotropy’ part
of the velocity-pressure gradient correlation in homogeneous turbulence contains mean velocity
gradients. Consequently it is argued that because terms (a) and (b) in equation (2.55) are both
affected by the mean strain, they can be modelled collectively rather than separately. To formulate
a model for 4};(= A 1) + A(z)) it is first assumed that it can be expressed as a linear function of
the Reynolds stress tensor This is because models involving non-linear terms may not generate
unique steady-state solutions - at least for homogeneous flows. Consequently the following
approximation is employed (recast in density-weighted form):

U’I'T';ll’," 2 Oy
* = —_~Cid t 3
A% C\pe ( A 35 ) +azjzmaxm (2.59)
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In the absence of mean strain the model is identical to that initially proposed by Rotta. The
second term involves a;jim, a linear fourth-rank tensor function of the Reynolds stress tensor. The
properties of this tensor (which follow from those of A};, and hence u” 1) are: aijim = Qjiim, this
preserves the symmetry of the Reynolds stress tensor; a;;1, = 0, this ensures that the fluctuating
pressure terms are redistributive as originally defined in the decomposition of equation (2.36).
The most general fourth-rank linear tensor function of the Reynolds stress, satisfying the above-
mentioned properties, is:

Qijim = C’zééijuﬁ,’n + C3p (&ium’-’ + &jum’/ )
+  Cadk (mibij + bmj6is) + Cspbimul'e/ “
+ Co (Bt ul! + Spmjuflull) + kaaz,&lm (2.60)
Contracting the indices (7 = j) and equating the coefficients of the terms involving uﬁ,’n and 6p,k

yields two relations which allow the elimination of Cs(= —3C, — C3) and Cy(= —2C}y — %Cs).
The equation for Aj; then becomes:
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ot | ¢, =022 €G1=15 | Cy=-053|C;3=067|Cs=—-0.12

W' | =022 Cy=30 |Co=-044|Cs=046| Cs=-023

e |C.=018]C., =140%| C., =1.90
|

Table 2.1: Model constants appearing in the Reynolds stress and viscous dissipation rate equations.

“The constants appearing in this row have been re-calibrated using C; = 3.0, and are now the recommended set of
values. ‘

’C,, = 1.44 and C., = 1.92 are used in the context of the k-¢ closure. The term involving Cs;, is quite often
ignored, as in the present calculations.

The terms 1nvolv1ng make no contnbutlon in constant density flows. In variable density
boundary layer type ﬂows, the components of | —g%[ are negligible in comparison to %, where ’2’
denotes the direction normal to the mainstream flow. Consequently, under these circumstances,
knowledge of the magnitude of Cs is immaterial. The form of the modelled Reynolds stress
equation can be written as,

D 1! _ Ol ! ”5% _ i{-_’i T, 0 aon }
QDt ( ) + oy u’“@ +2 Y% ez, T Cs Oz, ok Umg, (u’ uj)
— 25,0c+ A (2.62)

The mean pressure gradient term has not been included in equation (2.62). In the calculations
reported in this thesis such an omission is justifiable, since for a turbulent jet issuing into unconfined
surrounds the mean pressure gradient is zero. Therefore, equation (2.62) can be considered as
the modelled transport equation for'the Reynolds stress in the work to be described in subsequent

chapters.
The Reynolds stress model of Jones and Musonge [48] involves four independent constants
(C1,1 = 1,...,4) whose values remain to be determined. C has already been discussed in relation

to Rotta’s hypothesis, leading to equation (2.58). The remaining constants are associated with the
mean strain and experimental data from an homogeneous turbulent field subjected to a constant
mean shear strain is used to estimate their value. In addition to the flows considered by Jones and
Musonge [48], the model has been applied with good results to a range of flows including confined
swirling flows both with and withotit density variation and a single jet issuing into a cross-flow.
However, the values of the ’constants’ have been re-calibrated according to C7 = 3.0 in order to
improve the robustness of the model predictions [42]. These constants, in addition to the others
encountered in the discussion of the dissipation rate equation for second moment closures, are
presented in table 2.1.

The modelling of the pressure écrambling term (IV in equation (2.51)) is not described here
since a scalar flux closure is not employed. Closure approximations for this term can be found in
the aforementioned review papers.

2.5.2.4 Scalar Variance Dissipation Rate

The scalar dissipation rate, appearing in equation (2.52), plays an important role in combustion
modelling. X, can be interpreted as the rate at which fluctuations in ¢4 (x,t) are reduced by
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molecular diffusion. Following Spalding’s [88] idea, the simplest method of approximating the
scalar dissipation term is to presume that the ratio of the scalar to mechanical turbulence time

scale is constant, so that:
- Cpe—

Xo = TE%’? (2.63)
where (—QZD-)‘1 is the time scale ratio with Cp = 2.0. In fact studies in decaying grid turbulence
suggest that the time scale ratio can vary from 0.75 to 3.3. Newman et al. [70] point out that
there is good reason to expect that (—c—'zfl)‘1 should vary in different types of flows. It is argued

that since f and (4% - ¥ !) are proportional to the local turnover times of the energy-containing
eddies, and that these motions are significantly influenced by the production mechanisms of the
respective velocity and scalar fields, the magnitude of ( Qzl?-)‘l may well depend on the production
mechanisms; this may even be true for a flow where there is a varying influence of the production
mechanism. Nevertheless, the approximation expressed in equation (2.63) has been widely used
and gives reasonable results in many thin shear layer flows. A more general way of obtaining ¥,
is from a modelled transport equation [48].

The treatment of second moment closures is now complete. The model is considerably more
elaborate than their eddy-viscosity counterparts and the resulting improvement in the ability to
predict complex flow fields has been amply demonstrated, particularly in situations where k-¢ is
inadequate. Though the computational cost is larger than that required by the k- model, it is not
prohibitive and the use of second moment closures is currently the most detailed approach feasible
for complex and practical problems.

2.6 Mean Reaction Rates

This chapter is concluded with a brief description of the other source of difficulty in the averaged
conservation equations. This is associated with the thermochemical field and manifests itself
through the appearance of the terms Sy, and 3. In principle,

Ea = lim

1 &,
Jm S0 T o dn) o a=1..,N  (264)

N,
i=1

The form of SS) is given by equation (2.19). The non-linearity of the expression precludes the
evaluation of the mean reaction rate in terms of the averaged scalar properties. In fact such a
practice would lead to substantial errors, since in turbulent combustion the fluctuations in scalar
properties are comparable (in magnitude) to the mean properties. A mathematically rigorous and
computationally tractable way of calculating the mean formation rates is through the use of a joint
probability density function (pdf) of the species mass fractions and the temperature.

The approaches which use the concept of a joint scalar pdf are presented in the subsequent
chapters. Initially those methods where the shape of the pdf is presumed are described, followed
by a discussion of the transported pdf approach. In this latter technique, the exact evolution
equation for the joint pdf is modelled and then solved.



Chapter 3

Combustion Models for Non-Premixed
Configurations

3.1 Introduction

This chapter is concerned with combustion modelling in non-premixed configurations. The dis-
cussion will centre around the conserved scalar formalism, hence the emphasis on 'non-premixed’
combustion. In the next chapter, the transported pdf approach will be discussed and whilst the
method will be applied to non-premixed systems, it is important to bear in mind that this particular
formalism can be used to describe premixed combustion too.

The application of the averaging process to the specie transport equation leads to the mean
reaction rate term. Direct attempts at closure are unfeasible for the general case of highly
exothermic combustion. In fact, to date, no suitable deterministic approximation for evaluating
this term has been obtained, and consequently it seems natural to resort to probabilistic approaches
to achieve closure.

Based on the assumptions invoked in section 2, it is clear that the mean reaction rate term,
S, isin general a function of the scalar field ¢ = ¢, (@ = 1,..., N + 1) where ¢, includes the.
species mass fractions as well as the enthalpy. By introducing the pdf of the scalar field Py (1)),
where 9 denotes the sample space of ¢, closure for the mean reaction rate (and for the entire scalar
field) can be obtained from the following basic property of a pdf:

Salg) = /¢ SuWBW) B 5 dalt) = [ vePy@) dy (3.1)

Note that Py () is formally referred to as the single point, single time, Eulerian joint pdf of the
scalar field. In writing the above, several features remain outstanding. Firstly, a thermochemical
model is required so that S, is known, on an instantaneous basis, as a function of the scalar
domain, ?. Secondly, the pdf P(3) (where the subscript on ¢ is dropped for conciseness)
needs to be specified. Assuming these quantities are known, the next stumbling block is the
integration over the scalar space. The integrals written in equation (3.1) are multi-dimensional
and the cpu requirements for their computation are considerable. It is therefore desirable to reduce
the dimensionality of the problem, ideally to a single scalar which uniquely characterizes the
thermochemistry of the reacting mixture.
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3.2 The Conserved Scalar Formalism

The basic framework upon which most of the traditional theory of non-premixed combustion has
been developed is the conserved scalar formalism. Under this formalism, a strictly conserved
scalar is a quantity whose instantaneous evolution equation is given by:

3 8 , 8 024
&'(Qza) + 'aTk(QUkza) = —a—iL‘—k (QDa_:Bk> y Q= 1, e ,N +1 (32)

No source terms appear in equation (3.2). This requirement is naturally satisfied by quantities
such as element mass fractions, which are not created nor destroyed by chemical reaction, but are
simply convected and diffused. Note, however, that chemical reaction influences the evolution of

« 2o through the density, o. The next important feature of equation (3.2) is the presence of a single
diffusion coefficient. Since z, can represent elemental concentrations as well as enthalpy, the use
of a single diffusion coefficient implies uniform Prandtl and Schmidt numbers as well as unity
Lewis number. The effects of differential diffusion are clearly ignored in this situation.

With the assumption of equal diffusivity, the element mass fraction transport equations all
satisfy the same form of differential équation, differing only in the initial and boundary conditions.
The assumptions of low Mach number, constant thermodynamic pressure and negligible radiative
heat losses to the surroundings (guaranteed by a no heat flux condition on all bounding surfaces)
implies that the enthalpy also satisfies a conserved scalar transport equation. Following Bilger [3],
for a two-stream mixing process, with each stream containing a uniform, constant and different
composition, the following normalization can be applied:

Za(X,t) — 2ao(X,t)
Za,l (X, t) — Za,z(x, t)

€a(x, 1) (3.3)
where 2, can denote element mass fraction or enthalpy and ¢, is referred to as the mixture fraction
for specie .. Through this normalization the transport equations for the various &, are of the same
form and their boundary conditions are identical too. It can then be demonstrated that after an
initial transient (¢ > %,) all £, at any place and time are equal, even on an instantaneous basis.
Thus, ;
a1 (%,8) = Eaa(x,t) = ... = £(x,1) (3.4)

In summary, subject to certain assumptions, all conserved scalars are linearly related. Consequently
the problem of calculating several conserved scalars, z,, can be circumvented by solving for a
single normalized conserved scalar, £, constructed from any one of the individual conserved z,.
Multiple feed problems can be considered in the same manner as the above provided the streams
have the same composition and temperature as in streams '1” and '2’. Any relaxation of the
assumptions presented above requires the specification of extra scalars. For example, if adiabatic
flow is no longer assumed, enthalpy would have to be included as an extra independent scalar
since it would no longer be *conserved’ due to the heat losses to the surroundings.

In combustion the characterization of the conserved scalar field in a flow domain is only of
secondary importance and obtaining the concentration field of the reactive species is the main
objective. Consequently thermochemical models are required which are compatible with the
conserved scalar formalism, i.e. where knowledge of £ instantaneously and uniquely specifies the
value of the other scalars. The thermochemical models that satisfy this requirement all share the
common assumption of ’fast chemistry’. In the case of the flame-sheet model (to be described in
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section 3.3.1), the flame approximates to a geometric surface 'flapping’ through the mixture as a
result of the influence of turbulent fluctuations. However, on average the reaction zone is of finite
thickness, and often described as a turbulent flame brush. For the more realistic proposal based
on chemical equilibrium and laminar flamelets, 'thin’ flame burning is inherently presumed; with
this assumption the transport (aerodynamic) time scales are much longer than the chemical time
scales (i.e the Damkdhler number, Da, is considerably greater than unity).

3.3 Thermochemical Models

3.3.1 The Flame Sheet Approximation

This model stems from the initial work of Burke and Schumann [9]. One step irreversible global
kinetics is employed in the following form:

1Kg Fuel + sKg oridant — (1+s)Kg Product

It is assumed that the reaction proceeds at an infinite rate, implying that as soon as the reactants
mix at the molecular scale, they burn instantly to form fully-burned products. As a result, fuel and
oxidant cannot co-exist instantaneously except within an infinitesimally thin flame sheet. However,
on a time-averaged basis, fuel and air can be present in finite concentrations at a particular point;
this is commonly referred to as ’'unmixedness’ [36].

The representation of a flame zone as a geometric surface is clearly unrealistic, as substantiated
by experimental studies in laminar and turbulent flames. Furthermore, in hydrocarbon flames this
model precludes the determination of any intermediate species (e.g. CO and Hj) since the global
kinetics only allows for the presence of fuel, oxidant and products (CO, and H,0O). However, the
model is capable of reproducing gross flame characteristics (e.g. mean temperature ) reasonably
well provided the combustion is unhindered by significant finite-rate effects. The flame sheet
methodology has now been superseded by more realistic thermochemical models.

3.3.2 The Chemical Equilibrium Approach

Studies in chemical kinetics demonstrate that one-step irreversible chemistry is a gross simplifica-
tion. Nearly all reactions are reversible to some degree. The concept of chemical equilibrium can
be put to use in the conserved scalar formalism in the following manner. At equilibrium, if the
elemental composition and two state variables for the mixture (e.g. the thermodynamic pressure
and the enthalpy) are known, then the species concentrations can be determined [32]. Based on
the discussion above relating to the conserved scalar concept, it is clear that the elemental compo-
sition and the enthalpy are known if the mixture fraction is specified. Because the thermodynamic
pressure is presumed constant, knowledge of ¢ is sufficient to (instantaneously) characterize the
mixture composition at equilibrium. In principle, if the reactions are reversible, fuel and oxidant
can co-exist; in this case it can no longer be assumed that the reactions are confined to an infinitely
thin flame sheet, but occur where necessary to keep the mixture in equilibrium. It must be stressed
that in the chemical equilibrium approach, no input is required from a chemical mechanism.
Identifying the participating elemental species and specifying ¢ is sufficient.

The chemical equilibrium approach has been widely used, and like the flame sheet model,
reasonable temperature and velocity field characteristics can be obtained. The major shortcom-
ing of the approach is related to the prediction of CO levels in hydrocarbon-air flames. For
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hydrocarbon-air mixtures it is found [41] that in the case of lean mixtures, negligible quantities
of CO are predicted. The proportioh of CO increases progressively with mixture strength and
for equivalence ratios greater than about 1.2 the CO mole fraction is greater than that of COy;
at equivalence ratios of around three, CO mole fractions of about 20% can be achieved. These
levels are wholly unrealistic in laminar and turbulent hydrocarbon flames. Therefore, although the
presence of minor species may not affect the gross flame features significantly, their levels are very
poorly reproduced if it is assumed that the fluid at a particular mixture strength is at its equilibrium
composition. In reality, mixtures which are too lean or too rich will simply not burn and the same
applies if the temperature is too low.'Based on these facts, certain ad-hoc modifications have been
applied to the chemical equilibrium approach in order to yield more realistic CO levels [31, 24].

3.3.3 The Laminar Flamelet Approach

In this section the basic ideas behind the laminar flamelet technique are outlined. For a more
detailed review of the theory, the papers by Williams [102] and Peters [75] should be consulted.
At the end of section 3.2, it was pointed out that the laminar flamelet formulation was entirely
consistent with (and restricted to) ’thin’ flame burning. In fact the thickness of the burning zone
must be less than or equal to the Kolmogorov length scale - this fundamental requirement for the
existence of flamelets (i.e. laminar-like burning zones in a turbulent medium) is referred to as the
Klimov-Williams criterion. ‘ '

The flame stretch rate, s, is a quantity of central importance to laminar flamelet theory and
can be defined as the fractional time rate of increase of the flame-zone area,

_1dA
T Adt
where A represents an area of flame surface. Effects of curvature on the flame front are usually
ignored, i.e locally the flame front is presumed planar.

A turbulent flame is viewed as an ensemble of strained laminar flamelets. The experimental
observation that sections of a flame can break away from the bulk structure upstream and possess
a highly contorted structure, demonstrates that the flame zone can be a multiply-connected region.
However, it is argued that even under these circumstances, provided Da > 1 and Ko < 1, the
reaction zone is sufficiently thin sp that it can instantaneously consume reactants in a ’laminar
fashion’. If the degree of flame stretch is too large the flamelet will be quenched, leading to local
extinction. Extinction studies of laminar diffusion flames show that the characteristic controlling
parameter is Da. However, since a unique quantitative definition of Da cannot be given, it
is generally unsuitable for quantifying the flame stretch. The fact that the spatial gradients
of scalars increase/decrease in magnitude depending on whether flame stretch/compression is
operative [102], suggests that the instantaneous scalar dissipation rate, x, may be used as a
quantitative parameter. If it is assumed that only the flame zone is critically affected by stretch,
then the external stretch imposed“ on the flamelet by the hydrodynamic field has the form of an
instantaneous scalar dissipation rate evaluated at stoichiometric conditions Xt = (&), t(aﬁfj-)it

If the local flame stretch increases, xs+ follows suit. As the local scalar gradients steepen,
more fresh reactants can enter thejﬂame zone (and enhance the heat release), however at the same
time the heat conduction from the reaction zone will increase. If xs; goes above a critical value,
Xq» heat conduction away from the flame zone can no longer be balanced by heat production
due to chemical reaction and the flamelet is extinguished. x4 is affected by thermodynamic and

Sp (3.5)
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Figure 3.1: a.) Schematic of a laminar counterflow diffusion flame geometry. The width of the flame is
exaggerated for clarity. b.) Locally the flame is treated as planar.

chemical-kinetic parameters, and as such it can be evaluated without consideration of turbulence.
The basic geometry that is frequently used to investigate flame extinction is a laminar counterflow
diffusion flame (figure 3.1) which is established in the forward stagnation region of a porous
cylinder. In figure 3.1, the flame thickness is sufficiently thin so that it can be treated as locally
planar. Measurements suggest that where the fuel and air merge to form the reaction zone, the
flow can be viewed as an opposed jet.

In the above paragraphs the basic ideas behind the laminar flamelet formulation have been
expounded. In order to make use of such a formulation in turbulent flame calculations, a thermo-
chemical model is required. The following observation clarifies how this can be achieved. Bilger
[5] examined data on laminar counterflow diffusion flames; it was observed that when the results
were re-plotted as a function of & T they roughly fell onto a single curve, indicating that the
flame configuration satisfied a self-similarity solution. The relations, ¢o = ¢4 (), can therefore
be used as a suitable thermochemical input for the modelling of turbulent diffusion flames. Its
significant advantage over the previous models, described in sections 3.3.1 and 3.3.2, is that more
realistic chemistry can be introduced into a turbulent flame calculation; differential diffusion ef-
fects and their interaction with the flame zone can be accounted for in an indirect manner through
?a(€). The thermochemical relations (¢, (£)) can be obtained by solving the exact conservation
equations for a laminar flame employing detailed kinetics and transport. The most favoured con-
figurations are the steady two-dimensional counterflow diffusion flame geometry and the transient
one-dimensional laminar flame. In this manner flamelet ’libraries’ may be constructed on an once
and for all basis and expressed in the instantaneous form, ¢, (¢, xs¢)- It should be pointed out that
one of the disadvantages of the flamelet technique is that for many fuels of engineering interest
(e.g. kerosene and petrol) the details of the reaction mechanisms are not adequately known.
Furthermore, certain devices operate under fuel lean conditions (e.g. gas turbine combustors) and
in such situations the difference in the results between an equilibrium calculation and one based
on flamelet thermochemistry is not significantly different.

3.4 The Presumed-Shape Pdf Method

In this section the calculation of the averaged species concentrations, ¢(x, t), is considered. In
the present case, P(%)) is interpreted as P(£). For calculating density-weighted averages, the

tFor the data of Tsuji and Yamaoka [92], Bilger [5] reported that curves for &c, &u, €o and & generally fell onto a
single curve.
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following relation can be employediz
: 1
Fat) = [ 0alOP(@) dé (3.6)
} 0
where the density-weighted pdf is dg:ﬁned as:

56y = 2EPE)

and
o(x,t)

ST}

A -1
- { / PE) 4 } (3.7)
4 (€
The non-linearity of the instantaneots relations, ba(£), implies that ¢ (x,t) # ¢a(f). In calcu-
lation methods the most popular approach is the presumed-shape pdf method. In this approach a
two parameter form of the pdf of ¢ is chosen and subsequently constructed in terms of its mean and
variance; the statistical moments are obtained from the solution of their respective modelled trans-
port equations. Since for combusting flows these equations are usually solved in density-weighted
form, the resulting pdf that is consttucted from these moments will be the density-weighted pdf.
The transport equations for the mean and variance of £ are very similar in form to equations (2.32)
and (2.52) with S, = 0. The modelled forms are written below for completeness.

5% 4 g, 26 = 2 (ﬂ—aé) (3.8)

‘-’E oYy %; - Oz; \ 0t OT;
—~— — ‘ —_— — 2
_35112 B 35112 B ‘a L 86"2 Lt 35'12 _ £
0 T% dr;  dz; \ ¢ Oz; +2<7t Oz; QCDk§ (39)

The turbulent fluxes appearing in the exact equations (u?é’ and u;’ £""%) have been modelled using
a gradient transport hypothesis, and the scalar dissipation rate is approximated using equation
(2.63). In order to evaluate u; the k-e model is usually employed; alternatively a full second
moment closure can be used in place of equations (3.8) and (3.9), as discussed in section 2.5.2.
Several different forms of the two-parameter pdf have been proposed. For example a form
constituting two delta functions located at points £+ and £~ has been applied by Khalil et al. [51]:

B)=as(é-€eN)+(1-a)s(é-¢) (3.10)

where a, £t and £~ are determined from §~ and €%, On comparison with the measurements of Kent
and Bilger [50] in Hy-air diffusion flames, Jones [41] concluded that such a pdf was unsatisfactory
since it led to radial profiles of temperature in which two maxima appeared. Lockwood and Naguib
[63] proposed a more realistic clipped Gaussian pdf. The clipping was required since the mixture
fraction is a bounded random variable. An unweighted pdf was employed in their formulation,
defined by: |

,

0 > 2 N a
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P(§) (3.11)
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where 1 and o were not obtained explicitly; an iterative procedure employing £ and E'_Z- had to be
used. A pdf which does not require arbitrary clipping in order to satisfy the bounds of the mixture
fraction is the beta pdf:

- . Fa—171 _ £\b~1
P(§) = 15 -9 (3.12)

fze— (1 — z)b-ldz
0

where a=¢ [59—:—,9 - 1] and b= (1-¢) [5(1—:,5—) - 1] (3.13)
6”2 5//2

The integral in the denominator of equation (3.12) is referred to as the 3 function. This form of pdf

has been widely used for engineering calculations of reacting turbulent flow. The implementation

of equation (3.6) is particularly straightforward in the context of the S-pdf. The instantaneous

relations, ¢, (), can usually be curve-fitted using a least-squares polynomial (of order ~ 20) and

the relations can then be expressed in the form,

Ny
bo =D Xjol (3.14)
7=0

where Ny denotes the order of the polynomial fit. By substituting (3.14) into (3.6) and employing
the relations pertaining to the - and I'-functions:

['(a)T'(b)

Bla,b) = I(a+b)

and T(a+1)=al(a) (3.15)

the following analytical expression for the mean of a dependent scalar variable is obtained:

. Ng Jﬁl(a"l"'&)
bo=3 Xjozp— (3.16)
=0 [I(a+b+7)
=0

The numerator and denominator are defined for j > 1. According to comparisons made by Jones
[41] of the clipped Gaussian and the beta pdf, it was observed that the results were quite insensitive
to the precise shape of the pdf once the mean and variance were determined.

3.5 Applications of the Flamelet Technique with Flame Stretch

In section 3.3.3 the laminar flamelet technique was briefly discussed and its implementation in
turbulent flame calculations using the presumed-shape pdf method (section 3.4) focused attention
on flamelet thermochemistry at a fixed strain rate.

Liew [61] employed unstrained (x,; = 0) as well as strained flamelets, though in his work,
Xmaz Was used in place of Xs:; Xmaz Was evaluated in a region where the temperature was at a
maximum. This modification was introduced in order to account for the translation of the reaction
zone to higher values of £(> &) as the degree of flame stretch increased. For ¢q (€, Xmaz) @
bivariate pdf (P(€, {maz)) is required to evaluate the mean scalar properties. The conventional
approach for obtaining mean properties is to assume statistical independence of the random
variables, £ and Xqz. Without recourse to measurements it is difficult to estimate the accuracy
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of this assumption and how strongly it influences the results. It was pointed out in section 3.4 that
the statistics of the flow are often ndt strongly affected by the choice of the pdf, P(£). However,
it is not clear that this follows for P(é , Xmaz ) Since & is a variable influenced primarily by the
mixing patterns, whereas Xt (OF Xmaz) is influenced by the finite-rate effects that may be present.
Consequently, in flows with appreciable finite-rate effects, the choice of the shape for P (€, Rmaz)
may well be an important consideration. Statistical independence implies that:

oo

1
Ba= [ [ #al, tmax) POP(Rmaz) df dimas (3.17)
0 0

where ¢ (€, Xmaz) can be obtained froma library of stretched laminar flamelets. In order to avoid
computing the double integral in equation (3.17), Liew [61] modelled the burning process by
introducing two phases represented by undisturbed flamelet burning, @, r(£) and a post-extinction
phase ¢, 1(¢). Consequently,

Xq 1
Q;a,f = /P()Zmam) d)%maz/ﬁba,f(é)-ﬁ(é) dé (3-18)
o . 0

The upper limit of xmaz in equation (3.17) has been replaced by (the physically correct value
of) xq in (3.18). The quantity [3 I?(Xmam) dXmaez (= pc) was regarded as the probability of
undisturbed flamelet burning. Although the integral in (3.18) involves the undisturbed flamelet
parameter, ¢, s(£), the effect of stretch appears through the term p; as stretch increases, g
decreases. The probability of finding the alternative phase of non-burning is (1 — p.). Thus for
the post-extinction phase:

1
Far = (1= 0 [ bar(OPE) dE (3.19)
‘ 0

The relation ¢ r(£) was modelled as a pure mixing process. The quantity of interest, P, was
obtained from:

&a(f, Xmaa:) = ‘;Sa,f(f) + éga,l(f) (3-20)

P(€) was assumed to be a S-pdf. In order to evaluate g, P(%maz) had to be specified; by
invoking Kolmogorov’s third hypothesis (originally proposed for the viscous dissipation rate),
P(%) was assumed to be log-normal with the additional assumption that X & Xmaz. X Was
modelled using equation (2.63) and the variance of the pdf was given by the third hypothesis
directly and its evaluation relied considerably on empiricism with the appearance of geometry
dependent constants.



Chapter 4

The Transported Pdf Approach

4.1 Introduction

The closure problem associated with the evaluation of the mean reaction rate can be avoided by
assuming that the instantaneous thermochemical state of the flow is a function of one (or more)
scalar(s) and averages are obtained when the instantaneous relations are weighted by a presumed-
shape pdf. In this section an approach is reviewed which involves the solution of a transport
equation for the pdf. Attention will focus on the scalar pdf, P(%; x, t), referred to in section 3.1.

Transport pdf modelling has been investigated for well over two decades. The emergence
of this methodology from its rather deep-rooted theoretical background to a potential tool for
engineering calculations is mainly due to the development of Monte Carlo algorithms for solving
the pdf equation. From the statistical point of view, the specification of P(1; x, t) makes available
all single point, single time moments of the scalar field. In contrast, moment closures yield
only those moments for which modelled transport equations are solved. Where pdf methods
appear to be particularly advantageous is in the description of turbulent reacting flows where the
thermochemistry is a non-linear function of several independent scalars. In the conserved scalar
approach (section 3.2) the pdf of a single, strictly conserved scalar is employed; however, in order
to reproduce finite-rate effects (e.g. emissions and extinction) accurately, more independent scalars
need to be incorporated in the characterization of the pdf. The extension of the presumed-shape
pdf method to multi-scalar problems is difficult because:

o the number of modelled transport equations required to construct the pdf rapidly rises with
the number of independent scalars and,

e presuming a shape for a multi-dimensional pdf which satisfies the appropriate bounds
becomes increasingly difficult and uncertain as the number of independent scalars rises.

Such difficulties are averted through the use of pdf transport methods.

4.2 Derivation of the Scalar Pdf Equation

The transport equation for P(3) (the dependence on x and ¢ is omitted for conciseness) is an exact,
unclosed equation and its derivation relies on the use of the conservation equations. Consequently
the equation has a physical foundation. The most widely-used method of derivation is based on

57
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the concept of a fine-grained density function (%, ¢;x,t), Lundgren [65], and is defined such
that (1, ¢)d3p is the probability that at position x and time ¢, Yo < ¢a(X,t) < Yo + diba
forall « = 1,...,N + 1. Note that ¢, denotes an independent variable (like x and ¢) and
represents the sample space of the dependent random variable ¢, (x,t); 1 denotes the set of 1,
fora =1,...,N + 1. Clearly p(1, ¢) is a multi-dimensional quantity and it represents the pdf
for a single realization of a turbulent flow, so that if ¥, < ¢o(X,t) < Yo + dif, is not satisfied
for all o, then $(¢, ¢) = 0, otherwise (%), ¢) = 1. Consequently the fine-grained density can be
expressed in the following manner:

N+1

5, 8) = [ 6{¢alx,t) — vYa} (4.1)

a=1

In contrast, the conventional pdf P(¢) is representative of an ensemble of realizations, such that
its integral over a finite region of its sample space represents the likelihood of occurrence for an
event. It can be shown [81] that:

P(¥) = (3(%, 8)) (4.2)

A detailed derivation of the transport equation for P(7) is presented in appendix A; the works
of O’Brien [72] and Kollmann [54] also discuss the derivation. Pope [81] describes a method
for obtaining the scalar pdf equation without invoking the concept of the fine-grained density.
Kollmann [52, 53] derives the pdf equation in terms of the characteristic function, which is the
Fourier transform of the pdf. Whatever the method of derivation the transport equation for the
density-weighted scalar pdf is given by:

0P . 0P(Y) S5 0 fge Ay 5
I g + 2L (% (¢>P<¢>}— 5oy (20HlE =DPW)]
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where S, (¢) = Q(Q)S’; (¢). The terms in equation (4.3) have the following significance:

e Term I: Rate of change in physical space

Term II: Mean convection in physical space

Term III: Chemical source production in compositional space

Term IV: Turbulent transport in physical space

e Term V: ’Molecular mixing’ in compositional space

When J; ,, is expressed in terms of Fick’s and Fourier’s laws, the *molecular mixing’ term can be
written as: ‘

NALNHL g2 i 8da 005
> ; 5adUs {<§£B_xkém—k ¢= ¢>P (?f’)} (4.4)

a=1
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Due to the unity Lewis number assumption (Sc¢ = Pr), the form of equation (4.4) is applicable
to both the species concentrations and the enthalpy. With the assumption of constant x and o the
molecular mixing term can be expressed in terms of a two-point pdf [54]:

L N+1 9 82
= 5o 2 T A gy 1) VP g X 1) ay (45)
Sc =1 O x'—x 0z}, 0],

where the primes denote terms based on conditions at x'.

4.3 Terms Appearing in the Pdf Equation

Inspection of equation (4.3) reveals that the chemical source production term appears in exact and
closed form. In other words it is known in terms of ¢ and 13(30_). This feature of equation (4.3) is
one of the main reasons for adopting the transported pdf approach in turbulent combustion mod-
elling. The implication is that realistic chemistry involving finite-rate kinetics can be incorporated
explicitly in turbulent flow calculations without an assumed flame structure to characterize the
thermochemistry. In comparison to other forms of thermochemical closure this is clearly a novel,
advantageous and unique feature. However, the molecular mixing term appears in an unclosed
form due to the conditional expectation. To evaluate this term the joint pdf of the scalars and their
gradient at the single point level is required; alternatively the two point pdf of the scalars would
have to be specified. Needless to say that transport equations for such higher-order pdf’s contain
further unknown terms and increase the dimensionality and/or computational cost of the problem
dramatically.

The molecular mixing term involves diffusion coefficients and composition gradients which
stem directly from the molecular diffusion term in equation (2.16) and an order of magnitude
analysis demonstrates that it cannot be neglected, even at high Re. Since molecular diffusion
is important at the small scales of turbulent motion, an accurate representation of these scales
is clearly essential for the determination of the pdf and hence of the averaged scalar field. In
hydrocarbon combustion, this is particularly true for species such H, and H which are formed
and consumed by reaction (in the fine scales of turbulent motion) and which possess much larger
diffusivities than other scalars. As a consequence, it can be argued that the closure problem which
manifests itself as a mean reaction rate in moment closures is simply re-expressed in terms of
the molecular mixing term in pdf closures. In fact the appearance of the chemical source term
in closed form in the pdf formalism is merely a consequence of the mathematical manipulations
employed to derive such an equation. As pointed out by Kollmann [54], in pdf methods nonlinear
terms are transformed into linear terms with variable coefficients. This is achieved by converting
the associated dependent variables (which make the nonlinear terms unclosed upon averaging)
into independent variables of the pdf; one outcome of this is that the number of independent
variables is substantially increased. The results of such a manipulation do not overcome the basic
physical problems inherent in any statistical approach to turbulence, whether it be Reynolds/Favre
averaging, spatial averaging or transported pdf modelling.

The pdf 15(2) is only a function of the scalar field and includes no velocity information;
consequently the turbulent diffusion of the pdf (term IV) appears in unclosed form. In the joint
velocity-composition pdf equation [81] transport appears in closed form, but at the expense of
introducing further unknowns and extra independent variables to the level of closure. In the scalar
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pdf formalism 4y is unknown. This quantity is conventionally evaluated through the use of a
turbulence model (section 2.5).

4.4 General Solution Features of Pdf Transport Equations

At this stage it may appear somewhat premature to discuss the solution features of pdf trans-
port equations, particularly since the inodelling of the unclosed terms has not yet been considered.
However, based on this formalism the method of numerical solution and the modelling are strongly
interconnected. For problems involving a single scalar dimension and in simple geometries, solu-
tions of pdf equations using conventional finite-difference techniques have been obtained (Janicka
et al. [39, 40]). However, in order to exploit the full potential of pdf equations it is necessary
to solve for a multi-dimensional pdf involving several scalars. Pope [79] estimated that with a
finite-difference procedure the number of computer operations at each node (in compositional
space) and at each time step was of the order of exp(6N*), where N* is the number of scalar
variables. In the same paper he described a solution algorithm for performing a Monte Carlo
(particle-method) simulation of the scalar pdf equation!. In this approach the computational cost
rises only linearly with N* and the pdf is simulated via an ensemble of stochastic particles. The
idea that a continuous pdf, 13(@, can be represented in a discrete manner is commonly employed;
for example equations (2.24) and (2.25) demonstrate how an average can be constructed from an
ensemble of samples. If a histogram was constructed from AW (x,t), this would constitute an
approximate discrete representation of the pdf. In the limit of an infinite number of realizations
the histogram tends to the pdf - this result is formalized by equation (4.2).

With regards to the modelling of the mixing term in equation (4.3), the above paragraph
implies that given a suitable approximation (written in a continuous pdf form), an equivalent
stochastic (particle) representation needs to be constructed. Thus in the section dealing with the
mixing models, both interpretations will be given for the case of a single scalar. For certain
mixing models the extension to multi-scalar problems is simple; in other models it is still not clear
how this can be achieved in a rigorous and/or tractable manner. The existence of a link between
the particle method and the continuous pdf approach is essential if the advantages of the former
method are to be explofted. Such a link and the necessary criteria for its use have been investigated
by Pope [77, 79, 81]; the fundamental basis for *equivalence’ of these two methodologies is that
the statistical moments (mean, variance, etc. . .) arising from the particle-method approach should
evolve in an identical manner to its deterministic counterpart in the limit of an infinite number of
particles.

'Handscomb and Hammersley [33] define Monte Carlo methods as "that branch of experimental mathematics which
is concerned with experiments on random numbers". Given the generality of the definition, it is clear that Monte Carlo
method is a generic name for an approach to solving problems. These methods can range from the simulation of
neutron diffusion in fissile material, to the estimation of 7 based on an experiment where a needle is thrown in a random
manner onto a board ruled with parallel lines. For simple problems Monte Carlo methods are inefficient compared with
standard numerical techniques, but for multi-dimensional problems they are practicable relative to the other methods
which become computationally prohibitive.
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4.5 Basic Modelling Requirements of the Molecular Mixing Term

Proposals for closing the molecular mixing term are invariably tested in simple flows e.g. inert,
homogeneous and isotropic turbulence. Under these circumstances the scalar pdf is no longer a
function of position and simply evolves in time, with the result that the scalar variance decays
to zero. It is argued that if pdf methods cannot reproduce the statistics of the decay process
accurately in this simple flow, then the claim that such a formalism provides a more complete
statistical representation of fluid flows would be unjustified. In the situation described above, the
most basic requirements of a mixing model are that it leaves the mean of the scalar unchanged
(.e. Alp(x,t)) = (d(x,t + 6t) — d(x,t)) = 0) and predicts a variance decay rate in accordance
with experimental observations:

d

Z=(#?) = -Cp=(¢?) (4.6)

where Cp ~ 2.0. All models are designed to satisfy the above (minimum) requirements. In
discussing the statistical behaviour of the various models, reference will be made to the following
parameters: skewness, flatness and superskewness. These are the normalized moments of the pdf,
defined as follows:

n =3 = skewness
_Jy@— @) P@)dy
{f,( = (®))2Pw)dy}*

n =4 = flatness 4.7)

n = 6 = superskewness

The most revealing test of a mixing model lies in its ability to predict correctly the evolution of
the scalar pdf. The test case utilised by most workers is based on initial conditions corresponding
to segregated fluid parcels (in composition space), idealized as a double §-function distribution.
Here it is to be expected that the process of mixing/homogenization will result in the initial pdf
to relax to a smooth, bell-shaped distribution and in the limit of ¢ — oo, converging to a §
function at the mean composition. It is conventional to assume that the bell-shaped distribution
is Gaussian, although there is no formal proof for this. Tavoularis and Corrsin [91] investigated
(experimentally) the evolution of a scalar (temperature) in a turbulent flow with uniform mean
velocity and temperature gradients, and nearly homogeneous fluctuating velocity and temperature
fields. The overheat of the fluid by heating rods was considered small enough to have negligible
effect on the turbulence, and hence the temperature can be viewed as a passive scalar. It was
found that the typical values of the skewness and flatness factors of the temperature measured on
the centre-line of the tunnel, far downstream, were indistinguishable from those for a normally
distributed random variable (which are zero and three, respectively); it was found that a Gaussian
pdf with the same mean and variance fitted the measured pdf’s nearly perfectly. The velocity-scalar
joint pdf also closely resembled a jointly-normal distribution.

Eswaran and Pope [25] performed a DNS of decaying passive scalar fields in inert, homoge-
neous and isotropic turbulence. A statistically stationary velocity field was maintained by ’forcing’
the simulations i.e. energy was added to the velocity field at low wave numbers, allowing the
simulations to reach a quasi-equilibrium state where the rate at which energy was dissipated at
the small scales was equal to the rate at which energy was added at the large scales. The results
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demonstrated that as time progressed, P(%); t) evolved from a double § function distribution to an
inverted parabola and subsequently to a bell-shaped distribution. The evolution of the pdf shapes
appeared to be independent of the initial conditions, such as the ratio of the mechanical and scalar
turbulence length scales (which had a significant effect on the scalar variance decay rate). It was
argued that this observation should considerably simplify the task of constructing a realistic mixing
model and it was found that after about eight eddy turnover times (a relatively long period of time),
the skewness, flatness and superskeWness of ¢ tended very closely to the Gaussian values of zero,
three and fifteen respectively. The tendency to Gaussianity was accompanied by an ever increasing
lack of correlation between x and ¢(x, t). This is an important result since the molecular mixing
term in equation (4.4) is effectively x conditioned on ¢(x,t). As a modelling recommendation it
was claimed that the assumption of ) being independent of ¢(x, t), although valid at long times,
is not valid in the short-term range of mixing and this raises questions concerning the validity of
the statistical independence assumption invoked in section 3.5.

Despite the above comments concerning the evolution of a decaying scalar field to Gaussianity,
it must be borne in mind that the scalars considered here are bounded quantities and so their pdf’s
are bounded too; therefore such a scalar pdf cannot be exactly Gaussian. The implication is that the
pdf approaches a Gaussian distribution in the limit of zero variance where most of the interacting
fluid ’parcels’ are very close to the mean composition. However the distribution near the bounds
of the scalar are unlikely to resemble Gaussian behaviour, but this is immaterial given the degree
of homogenization at that stage of the mixing process. A number of proposals have been made
for closing the molecular mixing term and these are discussed below.

4.6 The Linear Mean Sqﬁare Estimation (LMSE) Closure

Equation (4.5) and the concept of conditional probability, P(y,9') = P(¢'|¢(x,t) = ¥)P(3)),
can be used to write the pdf equation in homogeneous, isotropic turbulence as:

3P(_’(Q;t) — N+l ‘ ! - /
et Z au;ﬂ S 6:1;’ ax;c {/ VsP(Wld = w)dvs P (@}
N“ 8 82

= % Z . Bup A 55, [B(6lg = 2)P@w)] 48)

Dopazo [19, 21] and Dopazo and O’Brien [22] consider the case of the single scalar, where
E(¢'|¢ = 1) is the expectation of the random variable ¢(x’,t) at a point x’, conditioned on the
event that ¢(x,t) = 1 at a point x. If it is assumed that P(¢’|¢ = ) is conditionally Gaussian,
the theory of stochastic processes implies that:

B(#/16 = %) = ($) +7(x,%,0) (¥~ ($) (49)
where (¢) is the expectation (mean) of the random variable ¢(x, t) and r(x,x’, t) is the correlation
coefficient of ¢(x,t) and ¢(x,t),

([6(x,1) — (8l )] [0, 2) = (BG, D)) 010)
U¢(xa t)a¢(x’,t) '

where o4 denotes the square root of the variance of ¢. Dopazo and O’Brien [23] point out that the
above assumption does not imply that ¢(x, t) and ¢(x',t) are normally distributed; it is claimed

r(x,x,t) =
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that it constrains the expected value of ¢(x/,t), given ¢(x, ), to a certain prescribed behaviour.
More recently O’Brien [72] reformulated the problem in terms of linear mean square estimation,
which involves less restrictive assumptions but gives rise to the same result. The requirement of
homogeneity and isotropy together with equations (4.9) and (4.10) leads to the following result:

AP(¢;t) 8 .
—ar— = Agy [0~ (@) P(:2)] (4.11)

where A = SS':\¢’ A= =2 (827'/(%2);:10 and £ = |x' — x|. Multiplying equation (4.11) by

(¥ — (cj&))2 and integrating over 9 space leads to:

d(¢'”)
t

ot = —24(9") (4.12)

Comparing the result in equation (4.12) with that of equation (2.52) (in the case of constant density,
homogeneous, isotropic and inert turbulence) implies the following identity:

L _ v _

Referring to equation (4.11) as the LMSE model, the particle method simulation corresponding to
this closure becomes: ®

W= 222 (40 () (4.14)
where A has been replaced with Cp%, and by selecting Cp ~ 2 a variance decay rate in
conformity with measurements can be predicted as suggested by equation (4.6). LMSE constitutes
a linear, deterministic simulation of the mixing phenomenon and the model is continuous in time.
Analytical solutions for equation (4.11) are discussed in [23, 72, 81]; the results of such analysis
show that if the initial condition is a normal distribution, the model preserves the Gaussianity which
is considered as a satisfactory result. However, the drawback is that the initial functional form of
the pdf is never relaxed and consequently, in the case of an initial double § function specification
for the pdf, the subsequent time evolution remains as two § functions which approach each other
in composition space. Pope [81] points out that such behaviour is to be expected since the model
contains no information about the shape of the distribution - only the mean appears in equation
(4.14). Despite this drawback, Dopazo [21] argues that the modelling is applicable provided
the turbulence is "given a chance” to smear out the initial discontinuous state. In other words
it is applicable if the pdf is continuous. Predictions based on LMSE were compared against
measurements in [21] for grid-generated homogeneous turbulence with an imposed asymmetric
mean temperature profile. In the far downstream region good agreement was found for the
conditional expected value of temperature at a point, when the temperature at a neighbouring point
was prescribed.

4.7 Coalescence-Dispersion Mixing Models

4.7.1 Curl’s Mixing Model

The work of Curl [17] was concerned with the analysis of the mixing of clouds of droplets in a
two-phase chemical reactor. It was assumed that all the droplets in the system were of the same
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size and that coalescence took place between two droplets having a solute concentration of ¢; and
c2. Redispersion occurred immediately to produce two equal droplets of concentration %(cl + ).
The total concentration range was divided into L intervals of concentration width éc and P(l)éc
was defined as the fraction of the droplets with concentrations within the [**(1 < I < L) interval.
The basic balance equation constructed for P(c) stated that the rate of change of the number of
droplets in a particular interval was influenced by:

e the rate of creation of new droplets in the interval ¢, c + dc due to collisions of droplets
between symmetrically and asymmetrically located concentration intervals

o the rate of loss of droplets by collision of droplets from ¢, ¢ + éc with those from all other
concentration intervals

and this led to:
dP(c)
ot

=4Q { / P(c+ a)P(c— a) do — P(c)} (4.15)
\ 0

Curl defined Q as twice the collision rate divided by the total number of droplets in the system
and solved equation (4.15) for the case of inert and reacting flows using conventional finite-
difference techniques. Subsequently Spielman and Levenspiel [89] proposed a particle (Monte
Carlo) method for the solution of such an equation and used the methodology to investigate the
flow characteristics of an ideal stirred tank reactor involving a dispersed phase system. Curl’s
mixing closure has also been used in the context of continuous (single-phase) systems, to describe
the turbulent mixing of gases. The work of Flagan and Appleton [28] and the references cited
therein may be consulted as examples of such applications.

Dopazo [21] pointed out that since Curl’s model was originally intended for interactions of
droplets, the direct extrapolation of this model to the mixing of single-phase gaseous eddies was
questionable. The implication of such an extrapolation would be that two fluid ’parcels’ at different
temperatures, say, would mix instantaneously to form fluid parcels with a temperature equal to the
average of the two original temperatures. This feature of the model is clearly unrealistic and has
also been highlighted by Pope [80] on performing the stochastic simulations. An initial condition
corresponding to a double §-function was specified in the following manner: of the AV particles in
the system, A//2 were assigned ¢>(P) = 1 and the remainder as ¢(1’) =—1(wherel1 <p < N). In
any particular time step, pairs of particles were selected, and the number of pairs chosen was the

nearest integer to: :
N, = B&t%f\/ (4.16)

This expression was chosen to ensure a variance decay rate consistent with equation (4.6) and for
Curl’s model B ~ 2. The particles were then allowed to interact along the straight line connecting
them in composition space, such that their new concentrations ’jump’ from their initial values
to their joint mean value. The values of particles not selected remain unaltered. The results
demonstrated that after the first time step ¢ took the values —1, 0 and 1; after the second step they
were —1, —1, 0, 1 and 1; after the j* step they were all integer multiples of 2'~7. Therefore a
continuous distribution was never achieved since certain values of the scalar sample space (those
not corresponding to multiples of 2!~7) ‘could not be reached. In spite of this, after a sufficient
period of time, a bell-shaped (but non-Gaussian) distribution was obtained. Therefore, in contrast
to the LMSE closure, the pdf does relax from its initial shape.
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4.7.2 Modified Curl

Dopazo [21] and Janicka et al. [40] independently proposed modifications to Curl’s model in order
to avoid some of its shortcomings. Although the starting point for motivating their modelling was
different, the end results were very similar indeed largely because their approach followed the
ideas behind the derivation of Curl’s formulation. Essentially the difference between Curl’s model
and the modified forms lies in the treatment of the dispersion of the material point properties. In
discussing these differences it is useful to introduce the concept of the transition pdf. The transition
pdf is defined such that T;.(p, ¥|¢) di is the probability that the interaction of a material point
¢ = ¢ with apoint ¢ = ¥ produces ) < ¢ < Y +dipand (p+ T —9) < ¢ < (@+ T — ) +do.
The transition pdf has to satisfy the following properties:

¢ In coalescence-dispersion models the mixing process is effectively represented by the pair-
wise interaction of material points. These material points are only allowed to mix along
the line joining them in composition space and this is consistent with the notion of physical
mixing. Therefore, if 9 is outside the interval (¢, ¥), it follows that T;.(p, ¥|v) di=0.
This implies that the interval (o, ¥) denotes a local convex domain for 2.

o T.(p, ¥lY) = Tr(p, ¥lp + ¥ — o). This effectively states that after pairwise interaction,
the new scalar properties ¥ and ¢ + ¥ — 7 are formed with the same likelihood. This
condition, together with the previous requirement ensure that the mean of the dependent
scalar, ¢, remains unchanged by the molecular mixing process.

e T.(p, ¥|y) is necessarily a pdf with respect to 7). Therefore the normalization condition
follows; the integration over the domain of ¢ yields: [ T(p, T|¢) dyp = 1
P

In terms of the transition pdf, coalescence-dispersion models can be expressed in the following
general form (using a density-weighted pdf) [44]:

561;(:)) ~ 8C45 { / dp / 4V B(o)B(Y)T, (0, U[) — P(¢)} (4.17)
p T

where Cj is a constant which can be evaluated by multiplying equation (4.17) by (v — (¢))?,
integrating over ¢ space, and then comparing the result with equation (4.6). In relation to equation
(4.16), Cqy = 2B.

In terms of Curl’s original specification, where material points/particles coalesce and disperse
with properties involving their mean value, the transition pdf takes the following form:

Ty (o, Ul) = 8 [ — 1o+ 0)] (4.18)

In modified forms of Curl’s model the material points that interact are not constrained to mix to
their common mean values. In fact the degree of mixing can vary between no mixing and complete
mixing (up to the mean composition) and it can be assumed that all composition states can be
attained with equal likelihood between these limits. Thus, the transition pdf will then be a uniform
distribution [40] over the range of the local convex domain (¢, ¥):

g Y€l Y]
T (p, Y|9) = (4.19)

0 Pd&lp7
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In this case discontinuous pdf’s cannot arise (in the sense that Curl’s original model produces)
since all possible composition states can be reached. However, the mixing is still represented
as a jump process and such closures are essentially discontinuous representations of the mixing
phenomenon.

The proposal of Dopazo [21] and Janicka et al. [40] has been examined further by Pope
[80]. In the particle method analogyi of the generalised coalescence-dispersion model, a random
selection of a pair of particles ¢*(®)(¢) and ¢*(9)(t) is followed by ’mixing’ such that the new
concentrations are given by:

PO+ = FOQ + o (00 - #OW)
FOE+8) = ¢O0) +ia (5P ) - 6700)) (4.20)

x controls the extent of mixing (z € [0, 1]), and the result is unaffected by the time step; with
z = 0 no mixing occurs, whilst Curl’s model is recovered with z = 1. z has to be a random
variable with a continuous distribution, A(z), otherwise the problems associated with Curl’s
original formulation (given by A(z) = 6(z — 1)) arise. The simplest choice is to make A(z) a
uniform distribution, i.e. A(z) = 1. With regards to equation (4.16), B changes according to the
choice of A(z). Pope [80] shows that:

B = (a1 - %az)—l

L

where ap, = / ™ A(z)dr (4.21)
‘ 0
According to equation (4.21), if A(z) = 1 then B = 3. Calculations of scalar mixing in inert,
homogeneous, isotropic turbulence fields demonstrate that starting from a double § function dis-
tribution, continuous pdf’s can be obtained with the generalised coalescence-dispersion model.
However, the flatness (equation (4.7)) and higher even moments of the resulting pdf rise exponen-
tially with time, whilst for a Gaussian pdf, these values are constant. Curl [17] demonstrated this
analytically for his particular speciﬁcation and Kosaly [55] has generalized the result regardless
of the form of A(z).

Kosaly [55] argued that the *proper’ choice of .A(z) was a potential method of incorporating
more physics into coalescence-dispersion mixing models. In the initial stages of mixing in
homogeneous, isotropic turbulence the pdf resembles an inverted parabola, and so a rational
choice for A(z) should peak at z = 0 and monotonically decrease for increasing values of z.
This ensures that the degree of mixing is controlled so that concentrations at the mean value do
not appear in the early stages. Most proposals for A(x) do not satisfy this requirement in the
early stages of mixing (e.g. A(z) = 1) and furthermore, the question of how fast A(x) falls
with z is important; Kosaly demonstrates analytically that with the condition %Ill <L 1,n > 1,
coalescence-dispersion modelling yields.an identical result to LMSE plus terms O(Ba,). It should
not be inferred from this that LMSE is simply the limiting behaviour of coalescence-dispersion
models. Both of these of models are fundamentally different; LMSE is a linear, deterministic
and continuous representation of mixing, whilst coalescence-dispersion models are nonlinear,
jump processes whose derivations are somewhat phenomenological. The idea of improving the
modelling of the coalescence-dispersion closure through more elaborate specifications of A(x)
has not received widespread attention since it is not regarded as the primary factor affecting the
performance of the model. Kosaly and Givi [56] investigated the sensitivity of their predictions
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to the choice of .A(z) and considered LMSE and Curl’s model to represent opposite extremes
in mixing behaviour. The former was, in fact, represented through the following specification:
A(z) = 6(z — €),e — 40 though in practice, ¢ =~ 0.1 was employed. Calculations of an
axisymmetric, non-swirling, turbulent jet discharging into stagnant surrounds demonstrated that
the pdf’s arising out of the use of A(z) = §(z — €), A(z) = 1 and A(x) = §(z — 1) were quite
similar at about 10 diameters downstream of the nozzle.

Due to the shortcomings of the coalescence-dispersion models with regard to the predictions
of the normalized moments, much effort has been devoted towards their ’improvement’ so that
finite values of flatness and superskewness can be obtained.

4.7.3 Age-Biased Coalescence-Dispersion Model

Pope [80] formulated an age-biased model such that continuous pdf’s with finite flatness and
superskewness could be obtained. In this model the selection of elements for mixing was biased
towards the age of the element, whereas in the conventional coalescence-dispersion modelling,
the likelihood of sampling (without replacement) a particular element is equal for all particles.
The age of an element was defined as the normalized time since it mixed with another element.
Denoting (™ as the last time that the element n. was selected for mixing, the age of the n*” element
was defined as: (™ = £t — (™) where ¢ is the current time. An age distribution 7°(s) was
assigned as the pdf of 7, where s is the sample space of 7. The age distribution can be changed by
biasing the sampling according to the age of the elements. This was achieved through the sample
bias, Z(s), normalized so that [;° 7(s)Z(s)ds = 1. 7T(s) was obtained from the following
evolution equation:

T(s+ %&; t+ 6t) = T(s8) + 23%& [6(s) — T(s)2(s)] (4.22)

The argument s + £6t in equation (4.22) reflects the fact that an element (not selected for mixing)
ages an amount 6t in a time interval 6t. The fraction of elements selected is 23£6¢ and the
effect is to remove an amount 7 (s)Z(s) from 7 (s) and to add it to 7(0); in other words the age
of the mixed elements is reset to zero. Z(s) is interpreted as the relative probability of sampling
the element n, of age 7 = s; for modified Curl Z(s) = 1, so that 7(s) = 2Bexp(—28s). The
proposed mixing model was defined by two pdf’s, A(z) and Z(s). A stochastic model algorithm,
simulating the behaviour of the resulting pdf equation was proposed and solved for the binary
mixing problem. Six different A(x) specifications were employed with six different 7(s). The
results demonstrated that the *best’ combination of .4(z) and 7 (), in terms of yielding normalized
moments closest to the Gaussian value, involved (paradoxically) A(z) = §(z — 1) (i.e. Curl’s
original form) with an age distribution 7°(s) = 2B. It was found that a quartic function yielded the
best compromise between good overall behaviour (in terms of pdf evolution) and acceptable values
of the normalized moments. Itis clear why this approach should yield finite higher-order moments;
in homogeneous turbulence test cases using conventional coalescence-dispersion models, the main
factor which contributes to the monotonically rising higher order moments is the presence of scalar
"parcels’ or particles near the bounds of the composition space which have not yet been selected
for mixing; with age-biased modelling and LMSE, particles near the bounds are constrained to
move towards the mean.

Chen and Kollmann [14] investigated the application of Pope’s age-biased model and chose a
power law variation for the biasing function. They calculated joint pdf’s of mixture fraction and
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Figure 4.1: Schematic of the mixing process based on coalescence-dispersion closures showing how a
particle mixes and thereby crosses the reaction zone without reacting. Tj;n, is the temperature below which
the reaction rates are negligibly low.

temperature for reacting and non—reabting turbulent jets. Very simplified kinetics was employed
so that the temperature was the only indicator of the progress of the reaction. The results of their
. investigation suggested that age-biasing had little influence on the statistics of the mixture fraction
up to fourth moment for the non-reacting jet flows. Examination of the joint pdf’s of temperature
and mixture fraction (in the form of scatter diagrams) also demonstrated little sensitivity to the
choice of the mixing model. An implication of this result is that convection and turbulent transport
may moderate any improvements which may otherwise arise from an improved mixing model in
simple (e.g. homogeneous, isotropic) flows.

4.7.4 Reaction Zone Conditioning

Coalescence-dispersion closures représent jump processes i.e. they are discontinuous in time.
This feature of the model is problematic partly because mixing is a continuous process and
’interacting’ eddies do not suddenly jump to new concentrations. Furthermore in the flamelet
regime of combustion, where chemical reaction is confined to a thin region of both physical and
compositional space, a jump process ailows for the possibility of two material points (or particles)
to be mixed through the reaction zone without any reaction (figure 4.1). In this sense, the process
of combustion is never ’felt’ by the interacting particles.

The problem highlighted by figure 4.1 is of concemn if the particles have a sufficiently high
temperature for the reaction rates to be effective. With finite-rate kinetics *cold” particles (T' <
T}im) can, in principle, mix across the stoichiometric ¢-plane without appreciable reaction; this is
inconsistent with the flame sheet regime where the *mixed equals burned’ criterion applies. Chen
and Kollmann [14] have proposed a form of reaction zone conditioning which can account for the
combined effects of chemical reaction and mixing, and requires no substantial modifications to
current coalescence-dispersion proposals. With reference to figure 4.1, the conditioning involves
performing mixing and reaction sequentially, in sub-steps, such that a particle is forced to pass
through the flame zone, react and then resume mixing.

As discussed in section 4.7.3 with reference to [14], joint pdf’s of temperature (T) and mixture
fraction (¢) were examined for turbulent jet diffusion flames. The mixing models used were the
modified form of Curl’s model with and without reaction zone conditioning. Two very simplified
forms of reaction kinetics were specified; a flame sheet type reaction zone where ‘%— = 1013
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K/s inside the ’thin’ reaction zone (until 7" reached its maximum value at a fixed £), and slow
chemistry where % = 10% K/s. Outside the reaction zone the rate was set to zero. For the slow
chemistry case, conditioning the mixing process on the reaction zone did not alter the joint pdf
(T, €) noticeably relative to the pdf predicted by the unconditioned model. In the fast chemistry
test case, reaction zone conditioning showed a very large effect, such that all the particle properties
were situated on the equilibrium T" = T'(¢) line. In contrast, without conditioning, a significant
number of points fell below the T' = T'(¢) line, demonstrating the deficient behaviour of the
original model.

Norris and Pope [71] also addressed the problem of reaction zone conditioning but followed a
different approach. They identified the criteria under which the effect is important: when particles
are selected with values of £ that lie on either side of £, and whose difference in £-property (A£)
is large compared to the width of the reaction zone. It was therefore proposed to re-order the
initial sub-ensemble of particles, that were randomly selected (without replacement), in ascending
values of § and to pair off adjacent particles - in this manner, A¢ would be minimized between any
particle pair prior to mixing. It was claimed that this approach has a physical justification since
the instantaneous conservation equation for &, %f = I'V?¢, indicates that £(x) is affected by the
¢ field within an infinitesimal neighbourhood of x, where the surrounding ¢ differs infinitesimally
from £(x). The application of adjacent pairing of particles in ascending order of ¢ in homogeneous
turbulence with flame-sheet thermochemistry led to far fewer ’jumps’ across £,;. However, in the
non-reacting homogeneous test case it was found that such re-ordering led to pdf’s with bi-modal
shapes, and consequently bore no qualitative resemblance to a Gaussian distribution. Consequently
a compromise pairing scheme, which effectively involved trying out different combinations of
ordered-pairing sequences, was performed. At the expense of introducing extra ’jumps’ across
the flame zone, improved pdf shapes were obtained. It does not appear possible to extend the
ordered-pairing approach to multi-scalar pdf equations without ambiguity - against which scalar
property does one choose to re-order the randomly selected set of particles ? The choice of a
particular scalar will lead to different sequences of particles.

How much improvement can be gained in practice through the use of reaction zone conditioning
has yet to be demonstrated, and since its inception little development appears to have been
undertaken. Such modifications to coalescence-dispersion closures are important, however, if
only because they highlight that mixing models developed in non-reacting flows may not be
applicable when chemical reaction is present.

4.8 Langevin Models

Non-linear integral models (such as coalescence-dispersion closures) can be interpreted (stochasti-
cally) as Poisson processes; these form the basis of particle interaction models, Pope [81]. Random
diffusion processes can also be used to simulate the behaviour of molecular mixing, and these
form the basis of Langevin models. Pope [81] proposed a model for the mixing term using a
Langevin equation:

56(0) = 8(5+ 51) — 4(2) = G [9(1) — (9] = + (B@) oW (423)

The rhs contains a linear deterministic term followed by a random diffusive term. G and B are
constants to be determined, and B is a non-negative diffusion coefficient for this process. 7 is a
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characteristic turbulent time scale and §W, is the increment of a Weiner process which is defined
by the properties: (§W;) = 0 and (§W2) = 6t where 6W; = Wyis: — W;. A function which
satisfies these properties is: W; = (6t)!/2 ngl v;, where v; (i = 1,...,N;) represents a set
of independent standardized (i.e. zero mean, unity variance) normal random variables. W; is a
continuous and non-differentiable function of time. The mean is preserved in this formulation,
and the requirement for the correct variance decay rate leads to a relation between G and B leaving
one constant to be specified. Pope points out that from any initial condition and in the absence
of any disturbing influences, the pdf relaxes to Gaussian with this model. The rate at which the
pdf relaxes depends on the value of: B; for B = 0, LMSE is recovered for which there is no
relaxation. A drawback of the model is that the term involving B can lead to the violation of
scalar bounds and for this reason, the expression shown in equation (4.23) is not considered as
useful for representing scalar mixing. However, for the velocity field which is not bounded, such
a Langevin model can be employed.

4.9 Binomial Models

Valifio and Dopazo [94] proposed a sequential model involving LMSE and a random jump process
capable of producing a Gaussian relaxation for bounded scalars. During a time step 62, two
additive subprocesses take place: first, all N particles modify their values according to a LMSE
specification and then A/B'6t/7 of the particles are randomly selected out of the A/ stochastic
particles (where 7 is a characteristic time scale) 2. The A/(1 — B'6t/7) remaining particles do not
alter their values, whilst those randomly sampled modify their values according to:

O+ 5t) — (6(2) = <@ (9 - (8))2)? (424)

where ¢(P) is either a standardized Gaussian random variable if ¢ is an unbounded scalar, or a
standardized binomially distributed random variable if ¢ is bounded. Since the latter case is
relevant to reactive scalars, attention will focus on its representation:

gkp)_ T]—MP

= VMR-

where 7 is a binomially distributed integer random variable with mean M P and variance MP(1 —
P). P is a real number in [0, 1] and 7 can take integer values between zero and M. To ensure
boundedness, the minimum and maximum values of ¢ correspond to 7 equal to zero and M,
respectively. With this requirement it can be shown:

(4.25)
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v o= e (4.26)
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2B’ is a positive dimensionless constant whose value strongly affects the relaxation rate of the pdf and its value
requires calibration against measurements. Note that B’ is not the same as the B appearing in equations (4.16) and
(4.21), since the second operation that is applied in the binomial model affects neither the mean nor the variance (which
are only affected by the application of LMSE in.the first step). In equations (4.16) and (4.21), B is chosen so as to yield
the correct variance decay rate.
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In an homogeneous turbulence (¢’2) decreases with time and thus, for fixed bounds, equation
(4.26) implies that M increases. Furthermore as M — oo, the de Moivre-Laplace theorem shows
that ¢ tends to a normal continuous random variable; thus a distribution close to Gaussian at
long times is implied. Monte Carlo simulations of homogeneous turbulence demonstrated that the
moments of the pdf evolved correctly; i.e. to within statistical error (based on finite sample size)
the mean and skewness were invariant, the variance decayed exponentially and the flamess tended
asymptotically to 3 - the Gaussian value. However, the rate at which the moments evolved were
strongly affected by B'; for B’ = 0.5, the pdf’s evolved towards a bell-shaped distribution, but
with the appearance of two persistent spikes corresponding to the initial § functions. With B/ =2
qualitatively better pdf evolution was obtained.

Subsequently Valifio and Dopazo [95] combined a LMSE and a binomial diffusion process to
obtain a modified Langevin model:

/ 12
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Random diffusion term Linear deterministic term

4.28)

where ¢.2 is equal to ¢, whenever ¢(®)(t) > 0 and equal to ¢2,, for (P (t) < 0. ¢2_, and
¢mm are the maximum (posmve) and minimum (negative) fluctuations allowed, respectively. X
is a constant to be adjusted to yield the correct evolution of the pdf shape and to be consistent
with the scalar variance decay rate, equation (4.6). It is worth noting that the binomial model
described earlier on is sequential but is neither continuous nor differentiable; the present (non-
sequential) model is continuous but non-differentiable, and is therefore a more physically realistic
representation of mixing. Equation (4.28) is similar to the proposal of Pope [81], equation (4.23),
except that the Weiner process (which may generate unbounded scalar values) is now replaced by a
standardized binomially distributed random variable, <(P), and defined so as to ensure boundedness
as in the previous binomial model. As time increases (¢'2) decreases, so that (¢'%) /qb;?‘ — 0,
¢'(t)/¢, — 0 and for large values of ¢, equation (4.28) asymptotically yields relaxation to a
Gaussian pdf. Comparison of the pdf forms (using X = 2.1) with the DNS data of Eswaran and
Pope [25] demonstrated very good agreement. However, the sensitivity of the results to the value
of K was not discussed.

Binomial models have been demonstrated to work well for pdf’s of single scalars with fixed
bounds. However, the ability of the model to handle multi-scalar pdf’s is not clear. The bounds
of a reactive scalar are not fixed; each scalar property (e.g. the specific mole number of Hj,
CO, etc. ..) has its own bounds fixed by conservation principles and the allowable scalar domain
is a complicated hypervolume in multi-dimensional composition space. Now, in Monte Carlo
simulations, equations (4.26) and (4.27) would be used to select 7 from a random number generator.
For a given stochastic particle, a binomial distribution characteristic of each scalar property (in
terms of M and P) is required from which 7 is to be selected. Furthermore the bounds for each
property can differ from one particle to another, and these bounds evolve as a result of mixing and
reaction. Thus, in principle it is possible for different values of M and P to be specified for each
property and for each particle over any particular time step. This has the implication that only one
sample would be selected from any given binomial distribution characterised by M and P. The
consequences of this are at present unclear, but it appears inconsistent with the idea of sampling
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random numbers with a fixed distribution.

4.10 Mapping Closures

In the literature dealing with mixing models, the quest for predicting Gaussian pdf’s in homoge-
neous turbulence appears to have culminated in the proposal for mapping closures. This closure
has received a considerable amount of attention over a relatively short period of time, partly
because of its ability to predict (in analytical form in certain cases) the correct evolution and
asymptotic behaviour of passive scalar mixing in homogeneous fields. Chen et al. [11] addressed
the problem of closure for the mixing term by constructing ¢(x, t) as a time dependent mapping
of a Gaussian reference field; the eyolution of the mapping characterizes the evolution of the
scalar field for which the pdf is sought. The mapping technique is capable of handling strongly
non-Gaussian ¢(x, t). The pdf equation for homogeneous turbulent scalar fields is considered in
the following form:

oF gf ) * 30 [ {DV?¢ly} P(y;t)] =0 (4.29)
where D is the diffusivity and E {DV2¢|1,b} is the expectation of DV2¢ conditioned on ¢(x,t) =
1. The cumulative distribution function (cdf) of P(;t) is defined as:
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Equation (4.30) taken together with (4.29) leads to the transport equation for the cdf:
OF (y3t) 2, OF(st) _
5 +E{DV2|p} === 55 = O (4.31)
The closure establishes the following mapping relation [82, 54]:
os(x,t) = X[0(2),1] (4.32)

#(x,t) is the dependent scalar field and 6(z) is a standardized Gaussian reference field residing
at a spatial location z. ¢s(x,t) is referred to as the surrogate field [82] and is effectively defined
through equation (4.32). The mapping X does not determine the relation between the locations of
#(x,t) and ¢(z). These are related by a time-dependent stretching transformation given by {54]:

Ozg

o = Sasml?) (4.33)

The mapping, X, is constructed as follows: the value of the cdf of a turbulent field at X (7, x, t)
(n is the sample space of the Gaussian reference field) is equal to the value of the standardized

Gaussian cdf at 6(z) = 7: |
F(X(n,%,t)) = Fa(n) (4.34)

implying the relation ¢ = X (7, x,t).: A direct consequence of the monotonicity of the cdf’s is
that the mapping increases monotonically too, i.e. X (n1) < X(n2) for n; < 7. Differentiating
equation (4.34) with respect to 7:

OF 80X _ OFg
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= P(y;t) =Pg (-83%) (4.35)
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Performing chain differentiation of equation (4.34) with respect to time yields:

6F OF 8X
+ %E‘ =0 (4.36)
Substitution of equation (4.31) into (4.36) coupled with the fundamental assumption {82, 30] that

the unknown statistics of the turbulent field are the same as the known statistics of the surrogate
field, leads to:

o X(n,%%) = E{ DVl = X(1,%,9)} (4.37)

Further manipulations are described in Kollman [54], and lead to the following form for the
evolution equation of the mapping function:

0X 00 96 " M

= =m?D <5252—i> (X <62>X) (4.38)
where (62) = 1. D is treated as spatially uniform. Since equation (4.29) makes use of the mixing
term employing Fickian diffusion, this strictly implies that D cannot vary from one specie to
another (refer to equation (2.16))- thus it appears that this level of closure is constrained to an
equal diffusivity assumption. The mapping closure described above relates to single point statistics.
As in all other one-point, one-time closures, length scale information is not available; (gf gf ) in
equation (4.38) requires external information and is similar in form to a scalar dissipation. Valifio
and Gao [97] suggest the use of a characteristic time k/e, which is what is used in other mixing
models. Another possibility is the modelling of the joint scalar and its gradient [96]. In this case
16 = (¢ 2)/{DV 'V ') can be obtained directly from the joint pdf. How easily the latter option
can be implemented is still not clear.

Gao [29] presented a closed form solution to equation (4.38). Two important features of the
solution were that it preserved the boundedness of the scalar field and also predicted relaxation to
a Gaussian distribution. Pope {82] and Valifio and Dopazo [95] obtained analytical solutions to
equation (4.38) for the case of P(1;0) = [6(1) + 1) + 6(x — 1)]. Excellent agreement was found
with the relaxation of pdf’s arising from DNS. Monte Carlo simulations of the mapping closure
for this test case [98, 97] led to equally good agreement.

How useful mapping closures will be for prediction methods in practical flows is still an open
question and the problems associated with incorporating extra scalars (inert and reactive) in a
mathematically and computationally tractable manner need to be resolved. Furthermore, although
such a technique yields excellent results in homogeneous turbulence, it is not clear whether it will
necessarily yield better results in inhomogeneous flows where the turbulent time scales can vary
and are not known. The use of k/e as the only characteristic time scale may limit its usefulness
relative to simpler and cruder models previously discussed.

4.11 Closing Remarks Concerning Mixing Models

Several techniques for closing the molecular mixing term have been discussed, each with varying
degrees of success in simple configurations. For practical applications to inhomogeneous reactive
flows involving several scalars and incorporating realistic chemistry, LMSE and coalescence-
dispersion models appear to be the most widely used. This is essentially because they can be
extended without any significant additional effort to more complicated situations. In this regard,
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many of the models previously discussed are still in the early development stages and their
capabilities have yet to be demonstrated.

412 Models for the Turbulent Transport of the Pdf

Traditional modelling practice suggests that in many flows turbulent transport can be adequately
represented through a gradient transport hypothesis. For many of the applications of the pdf
method to thin shear flows it appears to yield acceptable results for quantities relating to the
mixing patterns (e.g. mixture fraction). So term IV in equation (4.3) can be approximated as:

O [ m. B ~3&313(’qb)
*E{Q(%Q—@P@)}l~ o L’t Y ] (4.39)
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where o; = 0.7 and y; is given by the k-¢ model (section 2.5.1). With a second moment closure
being used for the velocity field, Chen and Kolimann [12] used the following approximation:

O (ol = 0) Bl e 2 [ 22D
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IV .

with ¢; = 0.3.

In the past other proposals for closing the turbulent diffusion term have been suggested.
Dopazo [20] tentatively proposed a LMSE type approximation and such an expression can be
expected to work well in nearly Gaussian cases. Janicka et al. [39] used a modelled transport
equation for (u},|¢ = 9) (i.e Reynolds averaging and for a single conserved scalar) - the modelling
involved a formidable task. Certain terms involving the pressure were either neglected through
ad-hoc assumptions or through order of magnitude analysis and conditional Reynolds stresses were
modelled using gradient transport hypothesis. However, these methods have now been largely
replaced by the techniques referred to in the previous paragraph.

The modelling of the turbulent diffusion and molecular mixing (representative of the mixing
process at the energy-containing and fine scales of turbulent motion, respectively) make use of
!;- as the only characteristic turbulent time scale. This is true regardless of the dependent scalar
variable, and consequently the fundamental implication is that equal diffusivity of the scalars is
being assumed since there is no information available on the distribution of scalar time scales.

4.13 The Monte Carlo Mefhod for Solving the Scalar Pdf Equation

Having discussed in some detail the modelling of the scalar pdf equation, the problem of solving
the equation has to be addressed. In doing so, no assumptions are made concerning the form of the
mixing model to be employed, although it is assumed that a particlé method can be constructed
to represent it. However, the turbulent diffusion of pdf is approximated by gradient modelling as
discussed in section4.12. The specific details of how the Monte Carlo procedure is implemented,
for the purpose of the predictions reported in chapter 6, is fully described in appendix E. Presently,
only a brief overview of the general underlying principles are discussed.
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The solution formalism for the scalar pdf transport equation is based on the method of fractional
steps. First equation (4.3) is expressed in the following form:
P 615 d . 10 (u 8P
5+ W50 + 5y (PS2) = % {a,a:ck
where summation is implied over repeated indices (including greek subscripts). Equation (4.41)
is then discretised using an explicit forward time finite-difference approximation which may be
written in the following form:

B x,t + At) = {I+ At(T + E + D} B(¥; x, 1) (4.42)

where P is the solution vector, I is the identity matrix and T, = and € are difference coefficient
matrices associated with transport (convection and diffusion), molecular mixing and chemical
reaction. For numerical stability the convective contribution to T must either correspond to
upwind differencing or altemnatively hybrid (upwind-central) differencing can be used for the
complete term. Performing an approximate factorization on equation (4.42) yields:

B(g;x,t+ At) = I+ QA A + EAL (I + TAY B x, 1) (4.43)
Source Mi;ing Tran?port

Equation (4.43) can now be solved via a sequence of fractional steps. First the effect of transport
is calculated from: P(4; x,t + Atr) = (I + TAt) B(4; x, t) where Atr is a notional time step
indicating that transport has been applied. The mixing operation is applied to _E(Q; x,t + Atr)
and the result of this is then acted upon by the chemical reaction operator. On completion
of these steps an approximation to P(Q; x,t + At) is obtained. In the work of Pope [79] a
slightly different factorisation was applied whereby the convection and diffusion operators were
represented separately. There appears to be no advantage in adopting such a practice since
convection would then have to be represented using (first-order accurate) upwind differencing. In
the approach outlined in appendix E, second-order accurate central differencing is used for cell
Pecletnumbers (Pe) less than two, with upwinding being applied forlarger Pe, giving a somewhat
more accurate representation of transport.

In order to minimise the computational effort, a particle method (or Monte Carlo simulation) is
employed. For mixing this has already been discussed and the simulation of transport will now be
described. In the present context the Monte Carlo method is not a statistical simulation of the pdf
transport equation, but of the finite-difference representation of the pdf equation. The simulation is
performed on a finite-difference grid and rather than considering ﬁ@; x, t) explicitly, an ensemble
of NV ’representative’ particles are located at each grid node. Each particle can carry with it N + 1
properties corresponding to the random variables of the pdf. The ensemble ®(x, t) at a point can
be compactly represented in terms of its individual particles qéa as follows:

1 1
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} +E( %, 1) (4.41)

®(x,t) =

: : (4.44)
M &M, L, ¢N+1
From such a representation, average values of any function of Q[¢(x, t)] are given by:

N
(@lgx, 0 = 1> @[] (4.45)
i=1
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Figure 4.2: Schematic of representative particles. Random sampling without replacement from z;_i, z;
and x;4 leads to the new ensemble at z;. The shading of the particles only identifies where the particles
originate from. In this notation, z refers to the coordinate direction, and the subscript ¢ identifies the mesh
position in that direction (i = 1,..., N+ 1).

An important consideration is whethelf' the simulation constitutes a correct representation of the pdf
equation. Pope [79] defined "equivalence" as follows: If for all functions @), the ensemble average
(Q) converges in probability to the expected value @, then ®(x,t) and P(x,t) are equivalent.
Convergence in probability means [73] that for a number € > 0, the probability of the event
{I(Q) - QI > e} tends to zero as N — co.

The Monte Carlo method simulates the process of transport (convection plus diffusion) in
physical space by shifting element properties (chosen at random) from node to node; this means
that node x would interact with its nearest neighbours and figure 4.2 shows schematically the
nature of such interactions along one particular direction (in a Cartesian frame of reference).

The groups of particles on the lhé of the arrow are representative of the situation at time ¢,
whilst the application of the transport operation leads to the new ensemble at node z; at time
t + Aty. The number of representative elements chosen from ;1 and z;.1, referred to as M,
and N, (respectively), is very important if equivalence is to be achieved between the Monte
Carlo simulation and the ﬁnite-differénce solution. The analysis of Pope [79] demonstrated that
Nz, = N xfinite-difference coefficient for the transport term (contributing to the effect on z;
from x;+1). Clearly the two methods (fde and Monte Carlo) are complementary i.e. even though
fde’s are not solved, the coefficients of the fde’s have to be computed prior to the application
of the diffusion and convection simulation using the Monte Carlo technique. Thus the new
ensemble at node x; will comprise ./\f/},i_l particles from node z;_1, Ny, +1 from node z;4; and
N = Ng;_, — Ng,y,) from z;. In order to form the new ensemble at z;1, the neighbouring
nodes z; and z;1, (not shown in figure 4.2) are employed. In the case of x;, the newly formed
ensemble is not used for the purpose. of randomly selecting particles, but the original ensemble
prior to modification (as illustrated in iﬁgure 4.2 on the lhs of the arrow) is employed. This avoids
the possibility of returning the same particles that were copied over from z;4 in the previous
step. Note that in accordance with hybrid differencing, if the cell Peclet number is greater than
two, central differencing switches to upwind differencing; under these circumstances, x; would
interact with ;1 or z;—; only (depending on the direction of the local velocity field) in order to
form the new ensemble at x;.

The source term for chemical reaction is simulated deterministically. In principle, each particle
reacts independently for an interval of time At according to a system of ordinary differential
equations (ODE’s), ‘

d $a(6)

4 (y@) = 5087 _ .
o (Ya )— 2(6®) where a=1,...,N and 1<i<WN (4.46)
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For combusting flows these ODE’s correspond to a stiff and coupled set of equations and their
solution is non-trivial [38]. For the oxidation of hydrocarbons up to propane it is claimed [76]
that typically one hundred reactions and thirty species are necessary. The implementation of
a detailed reaction scheme in a transported pdf calculation would be prohibitively expensive
due to the large number of independent scalars that need to be specified. Fortunately, many
(laminar) flame characteristics do not require such a detailed level of description; reduced reaction
mechanisms involving a "handful’ of species can simulate the salient features of their *parent’
detailed mechanism and reproduce measurements in laminar flames with acceptable accuracy.

Despite the limitations of computer speed and memory, which preclude the use of detailed
kinetics, Chen et al. [15] have estimated that 1000 cpu hours on a Cray XMP-48 computer would
be required for the simulation of jet flames with a reduced scheme involving five scalars and
N = 50000. One strategy for significantly reducing the very large computational demand is the
calculation of the integrals of the reaction rates for all possible chemical states and then storing
the results in an once and for all ’look-up’ table. During Monte Carlo simulations the changes of
the scalar properties, as a result of reaction, are obtained from multi-linear interpolations based
on the previously generated look-up table; this replaces the repeated time integration of the stiff
ODEs. This strategy is computationally very efficient, but, the overriding constraint becomes the
size of the ’look-up’ table. As the complexity of the reduced mechanism increases, the number
of independent® scalars required to specify the thermochemistry increases. For interpolation
tables including more than six scalars the demands on memory can become quite unmanageable
if a sufficiently fine resolution of the chemistry is required; coarse grids may lead to solutions
casting doubts on the accuracy of the results [86]. The scalar bounds for the interpolation tables are
constructed using mass conservation principles and the assumption of constant carbon-to-hydrogen
(C/H) and oxygen-to-nitrogen (O/N) atom ratios [15, 86]; this latter assumption is consistent with
the idea of equal diffusivity 4 which is implied both by the turbulence models and the mixing
models. Based on these requirements it is possible to construct a table where a substantial part of
the scalar domain would be redundant i.e. reaction would never occur in those regions, because the
temperature is too low. For this reason, Sion and Chen [86] clipped some of the scalar bounds (e.g.
for H-radicals) based on an arbitrary factor (typically three to four) of the maximum concentration
of the scalar which would be found in a typical laminar flame. In very recent work [2] the concept
of the interpolation table has been replaced by direct solution of the ODE’s during Monte Carlo
simulations and the computational effort is made manageable through the use of parallelization
techniques.

3The meaning of ’independent scalar’ needs to be clarified since it is frequently referred to in subsequent chapters.
The scalar field is comprised of the species concentrations and the enthalpy. Independent scalars characterise the
thermochemical field, such that once their value is known, the remainder of the scalars can be calculated.

*Equal diffusivity implies that the (C/H) and (O/N) ratios are constant if there is a two-stream mixing process where
the fuel and air are in separate streams.






Chapter 5

Details of the Calculation Procedure

5.1 Introduction

In this chapter the main features of the calculation method for predicting the flows considered
in chapter 6 will be discussed. These flows include jet flames (laminar and turbulent) and
homogeneous, isotropic turbulence. The discussion of the solution procedure for jet flames will
encompass the treatment of the hydrodynamic field (in terms of the momentum conservation
equation) and the scalar pdf transport equation.

5.2 The Patankar-Spalding Method

5.2.1 The Basic Geometry of the Jet Configuration

The Patankar-Spalding method [74] is now a well-established method of solving the equations
describing boundary layer flows and was originally embodied in a computer code referred to as
GENMIX !. A schematic of the typical jet flow geometry is shown in figure 5.1.

The fundamental requirement imposed by the boundary layer approximation is: % L l,iea
thin shear layer. Using figure 5.1, the following order of magnitude estimates can be expressed:
%;— ~ O(“f') and %’} ~ (’)(%’). The boundary layer approximation implies that lg—’;ﬂ < |%§ .
The use of the mass continuity equation leads to, 7 ~ (’)(’—‘1'76), so that || < |z|. Since a non-
swirling, statistically stationary and two-dimensional axisymmetric flow is considered, w = 0.
Consequently the velocity field can be calculated in terms of mass continuity and the z-component
momentum equation.

5.2.2 The General form of the Equations

The equations used to describe the evolution of the axisymmetric, high Reynolds number jet flow
are given in appendix B. The momentum equation is closed using either an eddy viscosity (k-¢)
or full Reynolds stress model. The mean density is required as an input from the scalar field
calculation; the mean density and the species concentration field are obtained from the solution
of the modelled pdf transport equation. In order to solve the pdf equation, i, k and € are needed;
this illustrates how the velocity and scalar fields are coupled at this level of closure. Appendix B

!GENMIX is an abbreviation for ’GENeral MIXing’

79



80 ! Details of the Calculation Procedure
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Figure 5.1: Schematic of a jet flow. ¥ denotes the stream function and since only the half-jet is calculated
(due to the axisymmetry of the flow), the I and E surfaces represent the required solution domain.

shows that the boundary layer equa&ions (excluding mass continuity) all share a common form,
and can be expressed as:

9%  _9p 19 o
L f"”ay =%y (Tf¢ay> + Sy (5.1)

In cylindrical polar coordinates the variable y can be interpreted as , and so %, ¥ are the axial and
radial velocities, respectively. Equaﬁon (5.1) and the subsequent finite-difference discretisation
are equally applicable to two-dimensional plane flows where Cartesian coordinates would be
employed. In this case, 7 = 1 and .4, 9 are then interpreted as velocities in a Cartesian frame
of reference. ¢~S can represent i, k, €, w2, "2, w2, " or P(_’Q); and Sy is representative
of the source of ¢. For example if ¢~S = 4 and a second moment closure is used then, Sz =
—1.8 (rpuitylt) — gf; + gg; and T'z = p.

7 Or

5.2.3 The Choice of Coordinate System

The motivation in the development of the original GENMIX code [74] was to solve the boundary
layer equations in an efficient and economical manner. An important consideration in this respect
is the choice of the coordinate system, since this affects the efficiency with which the grid nodes
(used in the finite-difference simulation of the pde’s) would be distributed. For example, acommon
choice of coordinate system is the Cartesian (z, y) frame of reference. This is inefficient since the
developing boundary layer grows in thickness in the y-direction as it is convected in the mainstream
(z) direction; now if the grid spacing is such that a certain maximum number of grid points lie
within the thickness of the layer at the upstream end, then the distribution will be excessively fine
(and hence wasteful) at the downstream end. Similarly, a spacing designed for the downstream
layer will be too coarse for the upstream region, and so the accuracy there will be poor, as shown
in figure 5.2.

A coordinate system where y is replaced by ¥, the stream function, is no less wasteful since
these two quantities are related by 6¥ = pur §y. The ideal solution would be to have a grid
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Figure 5.2: Schematic of the two possible coordinate systems which can be used to track the evolution of
the boundary layer.

which always fits the boundary layer. The requirement for this is that the cross-stream variable is
allowed to vary between fixed limits, and not one which increases with the z-direction; in addition
it should vary monotonically across the mixing layer. Patankar and Spalding proposed the use of
a dimensionless stream function, w, as the appropriate cross-stream variable.

The mass continuity equation can be expressed as,

0 0
3 (oiir) + 5y_ (gir) =0 (5.2)

where y = r for cylindrical polar coordinates and » = 1 in Cartesian coordinates. The stream
function, ¥, can be defined so as to satisfy equation (5.2),

ov . ory .
(?@—)z = our (‘a—;)y = our (53)
The dimensionless stream function, w, is defined by,
-0y
w = \I’E — \Irj (5'4)

where ¥; and ¥ g are the values of the stream function at the I and E boundaries (as portrayed
in figure 5.1); thus, w equals zero and unity at the I and F boundaries, respectively. ¥ and
¥ i are chosen so that they are only functions of z, i.e. ¥; = ¥Uy(z) and ¥z = Tp(z). Such
a specification is suitable provided all the important variations in the variables of interest take
place between 0 < w < 1. The transformation from (z, ¥) to (z,w) coordinates is performed
because the use of (z,w) combines the advantages of the stream function coordinates (i.e. the
mass continuity equation is automatically satisfied), and restricts the boundary layer to a finite
range in w.
From equation (5.3) and the fact that ¥; g = ¥ g(z),

oY d¥r . _ .
<5;‘>I = E:—' = -—(Q’U)]TI = —Trrmry (55)
A similar equation can be written for the E-boundary. The main result is,
avr . Vg .
EL'_ = —Trimry dz = —TEMmEg (5.6)

The quantities rr7hy and rgrinp represent the mass entrainment rates (i.e. the rate of addition
of fluid) into the solution domain encompassed by 0 < w < 1. Their values are chosen, using
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expressions which are to a certain degree ad-hoc, so that the solution domain just covers the region
of interest; this is the region where the variable ¢ in equation (5.1) shows its most significant
variation. The I boundary in the présent configuration is an axis of symmetry, consequently there
is a zero gradient condition there and there can no mass flux across it. This means that d—fg—cf- = 0.
In contrast, the E boundary is a free boundary, and physically the jet spreads by entraining fluid
from the surroundings. Consequently the solution domain needs to expand in order to resolve
the behaviour of the spreading jet. Patankar and Spalding [74] demonstrate that just inside the
boundary layer, 7 gri can be approximated by:

(Bl .
TEmENwLn} (g—;‘;) ( . )

The specification used for rgrg in this thesis follows equation (5.7) quite closely. The value of
rgm g affects the location of the edfge grid node. If the grid does not spread fast enough, the effect
will show up as discontinuities in the radial profiles of  since the free-stream properties will
appear abruptly; furthermore, if the grid expands too quickly per integration step, this will lead to
a wasteful distribution of nodes in regions where there is very little variation (if any) of the variable
of interest, and the regions of significant change would be confined to a small part of the solution
domain. The physical spreading of the jet and the grid expansion are two separate quantities;
the former is an outcome of the physics of the problem and is reproduced through a correct
representation of the governing differential equations, whilst the latter is a parameter chosen by
the analyst in order to capture the significant features of the flow. Consequently, increasing rgmg
increases the entrainment of fluid into the solution domain by expanding the finite-difference grid
more rapidly. However, this does not mean that the jet spreads any faster.

Going from (z,y) to (z, ¥) coordinates is referred to as the Von Mises transformation. The
details of the transformation from (z,y) to (z, ¥) and subsequently to (z,w) coordinates can be
found in appendix C. The important result is equation (C.13) which expresses the general form of
the governing pde’s:

o¢

(g — Ur) == + (a + bw)

_32 _ _3_‘ gur2P¢ 8(}3 (\IfE - \IJI)S
ox dw  Ow ¢

(U — ¥7) dw ou

where a = rrmy, b= rgmg and (¥ g — Uy) is a function of z only.

5.2.4 The Finite-Difference Approximations and Numerical Solution Method

Equation (C.13) needs to be solved humerically, and the finite-difference procedure employed for
this purpose is discussed in considerable detail in appendix D. The method of discretisation that
is employed is not entirely the same as that used in the original version of GENMIX.

In summary, the control-volume approach is used to discretise the pde; the axial convection
term is approximated using a backward-space Euler difference and the cross-stream transport is
represented by hybrid differencing. The ’source’ terms (i.e. those terms which do not fit the form
of the axial and radial transport in equation (C.13)) are decomposed using a quasi-linearisation.
The fde is formulated in a manner which allows solution via Gaussian elimination (also referred
to as the tri-diagonal matrix algorithm [87]):

Eid} = Pigly + Q7 + T (5.8)
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where the definitions of coefficients £,P, Q and J are given in appendix D. One particular
detail not described in the appendix is that in the discretisation of the Reynolds stress equation,
(u7717” ) is staggered in the w-direction relative to the nodes at which the @ velocity and the other
variables (including the normal stresses) are located?. The pressure gradient term is not treated as
an unknown, particularly for jets issuing into unconfined surrounds where ‘gg = 0; however, even

for confined (thin shear layer) flows the Patankar-Spalding method [74] calculates the pressure
gradient in a direct (and somewhat ad-hoc) manner so that iterative calculations are avoided.

5.3 The Treatment of the Scalar Field

In order to calculate turbulent jet diffusion flames, the scalar field is evaluated using 15(1/)_ JT,W).
The thin shear layer form of the governing equation is given in appendix B. Equation (4.43)
demonstrates that a solution for advancing P can be achieved in terms of an operator splitting
technique followed by an approximate factorisation. In the present context, the relevant form of
this equation would be:

B(y;3 + Az,w) = I+ QA I + EAL) (I + TAL) P(¢; 7, w) (5.9)

Source  Mixing Transport

The approximate factorisation is performed so that the physical operations (i.e. transport, molec-
ular mixing and chemical reaction) can be applied separately rather than simultaneously. In
appendix E the application of each of these processes (except chemical reaction which is de-
scribed in section 5.3.1) and their associated Monte Carlo representation is discussed in detail;
whilst important aspects of the analysis have already been described in section 4.13, the details of
the implementation remain to be clarified.

The Monte Carlo method is employed simply because the finite-difference approach would
be prohibitively demanding for the computation of a multi-dimensional pdf. At each of the finite-
difference mesh points particles are located and the evolution of their ensemble approximates
the evolution of the pdf according to the fde. The particles are notional; in other words a
physical interpretation cannot be conferred upon them. Therefore these particles, at the level of
the single point scalar pdf, should not be confused with fluid elements being transported through
the fluid medium. Furthermore, as described in section 4.13, the Monte Carlo simulation for
transport is performed by moving (or shifting) particle properties between neighbouring nodes.
This movement is not indicative of the turbulent fluctuations in the flow, or even of the apparent
’randomness’ of turbulence; it is purely a technique designed to approximate part of the finite-
difference representation of the pdf equation which involves only the convective and diffusive
terms.

5.3.1 The Details of the Thermochemistry

A significant part of the work undertaken during this project was related to the implementation of
two reduced reaction mechanisms. They differ in their degree of complexity and in the manner of
their derivation. The schemes are the five-step systematically reduced mechanism of Chelliah et
al. [10] for CHy/air combustion, and the four-step global hydrocarbon mechanism of Jones and
Lindstedt [46].

2The normal stresses are not staggered because they do not appear explicitly in the & momentum equation.
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5.3.1.1 The Systematically Reduced Scheme of Chelliah, Seshadri and Law

The reduced mechanism of Chelliah et al. [10] has been constructed from a systematic reduction
of a detailed CHy/air reaction scheme ( known as the C;-mechanism, [76]). The systematic
reduction process centres around steady-state approximations for some of the species. This
approximation implies that over the range of the mixture fraction relevant to the flame zone
(typically, 0 < ¢ < 0.3) the production and consumption terms in the evolution equation for
the species in question are of the same magnitude, and the transport terms are negligible3. By
introducing steady-state approximations for the species CH,, CH, CH,0, HCO, OH, O, HO; and
H,0,, the following five-step mechanism was deduced from the starting mechanism:

CH4‘ +H = CH3+H; Ia

CH; + HzO;/ +H = CO+3H, b
CO+H,0 = CO,+H II (5.10)

H+H+M = H+M I

0]} + 3H, = 2H+2H;0 v

"M’ denotes a third body and its molar concentration is defined as [76]:

[M] = 6.5[CH4] + 65 [H,0]1+1.5[CO,;] + 0.75[CO] +0.4[0,]
+ 0.4[Nz] + 1.0 [other] (5.11)

where the square brackets surrounding the chemical symbol represents a molar concentration
(Kmol/m?3). The net forward reaction rates for steps Ia-IV in equation (5.10) can be expressed in
terms of elementary reaction rates:

Wl = —ws4+ wsg+wig+wip
wp = w3+ wis+wy
Wi = wig — Wy + wos (5.12)
wm = Ws+wip +wis +wie +wir +war Hwn +wrz — win + w3
Wy = Wi W+ wy — Wip + w13 — Wiz — wao + was + w7 + wag + w37
where w, is the reaction rate of the 'r;fh chemical step (Kmol m—3s~!, 7 = 1,...,R). The numbers

appearing as subscripts on the rhs df equation (5.12) refer to the elementary steps of the detailed
scheme presented in [76]; the data pertaining to the rate constants can also be found in this
reference 4. The net forward rate of the elementary reaction steps is given by the term in curly
brackets appearing in equation (2.19), namely,

N v N !
- ey« ! Yo\«
wr = kg 0™ H <—-—) — kpr0" (-— (5.13)

i ¢=1 W ¢=1 W

Once these reaction rates are known, the stoichiometry of the mechanism, expressed in reaction
steps Ia to IV, can be used to find the net formation rate of species « per unit volume (S, in Kg

3The steady-state approximation requires that the net formation rate of a species, as expressed in equation (2.19), to
be zero. The partial equilibrium assumption requires the forward and reverse rates of a particular reaction step to be
equal in magnitude (i.e. a dynamic equilibrium)

4A large proportion of this data enables the calculation of the forward rate constant, k¢ . For those reaction
steps where there is no information provided to evaluate ks, appendix H shows how this may obtained provided the
equilibrium constant, K.(T"), is known.
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m~3s1),
S'cm = —Wenwn )
Scu; = Wons (Wi — wip)
Sco = Wco(wp —wn)
Su = Wu(-wnr—wp — 2om + 2wv) (5.14)
Swy, = Wh, (Wi — 3w +wn +wm — 3ww)
Smo = Wayo (—wn — wn + 2wiv)
So, = —Wouw
Sco, = Weo,wn )

Note that although the expressions written down in equation (5.14) have units of Kg m~3s~!, the
quantities which are actually solved are in terms of the specific mole number, no (= ). This is

a choice which is made out of convenience and the corresponding rates, 7, (= Q—SML;;), have units
of Kmol Kg~!s~1. Equation (5.12) indicates that the overall rates depend on the elementary rates
which in turn require knowledge of the steady-state concentrations. These concentrations are
obtained using explicit algebraic expressions. Their forms are not presented here but can be found
in Chelliah et al. [10]. The investigators carried out predictions of an axisymmetric counterflow
diffusion flame using the (parent) detailed scheme and the five-step reduced mechanism for a wide
range of strain rates. Their results indicated that the discrepancies between the two were very
small for the non-radical species (< 3%), but larger for the radicals (< 20%). It is not clear what
effect the less accurate representation of the radical species field may have on the turbulent flame
calculations.

5.3.1.2 The Global Alkane Hydrocarbon Mechanism of Jones and Lindstedt

While the systematic reduction of detailed hydrocarbon schemes lead to reduced mechanisms that
reproduce many (laminar) flame characteristics accurately, the number of species to be considered
is quite large. This makes their application to turbulent flames more difficult because of the short
radical time scales incorporated into the description. These problems are particularly relevant to
the transported pdf approach where the need to maintain the number of independent scalars to a
minimum is essential. Furthermore, for many fuels global schemes currently provide a relatively
simple and computationally efficient way of describing the laminar flame structures.

The task of constructing a global reaction scheme for hydrocarbon combustion may be sim-
plified if the flame structure is viewed as comprising two reaction zones: a primary zone where
the fuel is converted to CO and H; and a secondary zone where oxidation to H,0 and CO, occurs.
The scheme proposed by Jones and Lindstedt [46] takes the following form,

CoHaepz +20; 29 2CO+(z+ 1)H, G
Coopys +7H0 19 20O+ Qz+1)H, (i)
H, + 10, ¥ po (i) ( G139
CO+H0 2 co,+H, ) |

The scheme is designed to work for alkanes up to butane in premixed and non-premixed laminar
flames. The most significant feature is that radical species do not appear.
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Reaction steps (iii) and (iv) appearing in equation (5.15) were derived from a linear combination
of certain bimolecular chain reactions which were considered to be important to the flame structure’
[46]; however, the choice of which reactions to presume in partial equilibrium is not unique
and leads to different proposals for wy iy and wy gy). For example, it was observed that if
H + 0, = OH + O was assumed to be in partial equilibrium, then the resulting rate expressions
failed to accurately reproduce the Hy concentrations in rich premixed flames and the fuel-rich
region of diffusion flames. Relaxing the partial equilibrium assumption for this reaction led to
acceptable results for the Hp and CO concentrations in the fuel-rich regions, but their validity in
the lean regions became doubtful. The actual forms proposed by Jones and Lindstedt are:

Oray = kf g [Hal [02]% [HoO]! (5.16)
W, (iv) = kf(iv) [CO] [H20] 6.17)

Generally speaking, the construction of a rate expression should allow for acceptable numerical
convergence properties. Consequently it is desirable to use only positive numbers as concentration
exponents, and it is advantageous to'use exponents greater than unity so that second-order methods
(such as a Newton-Raphson technique) can be used to integrate the rate expressions. The rate
expression presented in equation (5.16) does not satisfy these requirements in the concentration
exponents of Hp and H0; as [H,0] — 0, wy, ) — oo and as [Hy] — 0, a;%;‘]l) — o0o. To be
able to use equation (5.16), artificial clipping of the rate is required for the concentrations of H,
and/or H>O below an arbitrarily chesen ’small’ value. The manner in which this is done, together
with the details of how the reverse rates are calculated are described in appendix H. Because of
the above-mentioned (undesirable) features associated with equation (5.16), Jones and Lindstedt
[46] proposed an alternative expression,

%m=hhmﬁwﬁ (5.18)

although it is claimed that its use would result in reduced accuracy in fuel-lean regions. Equation
(5.18) still does not overcome the problem of 354[’}'{2%1 — oo as [Hy] — 0.

The initial estimates for activation energies were obtained from the partial equilibrium analysis
used to construct the rate expressions, however, further optimisation was required so that the
scheme performed as robustly as possible, i.e. that it was capable of reproducing acceptable
H, and CO concentrations as well as burning velocities in various laminar flames. Specifically,
detailed measurements of the scalar field in a freely propagating plane premixed flame and a
confined laminar jet diffusion flame were employed to evaluate the reduced scheme. The values
of the constants required to construct k¢ @~ ks (iv) 2T€ presented in table 5.1.

The two competing fuel breakdown reactions (steps (i) and (ii)) broadly determine the shape of
the primary reaction zone. It was observed [46] that recourse to detailed hydrocarbon mechanisms
and the use of systematic reduction were not useful, primarily because of the requirement to
exclude radical species from the reduced scheme; studies in chemical kinetics suggest that the
initial attack on the fuel is made predominantly by OH and H radicals. Jones and Lindstedt [46]
point out that whilst earlier investigations specified reaction step (i), in equation (5.15), step (ii)
should also be used in order to reproduce measurements in both premixed and diffusion flames.
The rate constants (table 5.1) and rate expressions were specified so that the measurements in the

5The importance of a particular reaction step is determined by examining the effects on the flame structure of
including and excluding it from the detailed hydrocarbon scheme.
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Reaction Rate

T B a E
step constant
1 2.5 x 10'® | -1 | 40,000
kg %
(i) (ii) 3 3.0 x 10 -1 | 40,000
Lt 1 0.68 x 10 | -1 [ 40,000
£ (i) 3 | 0.85 x 10'® | -1 | 40,000
(iv) kray | 1—4] 275x10° | 0 | 20,000
(ii) gy | 1—4| 03x10° | 0 [ 30,000
i . 1 |044x102] 0 [ 30,000
£ 3 | 0.40x 102 | 0 | 30,000

Table 5.1: Data required to construct the forward rate constants for the global reaction scheme of Jones and
Lindstedt [46]. z is the stoichiometric coefficient of the alkane hydrocarbon, C;Hjz492. B, @ and E are
defined through equation (2.18). Units employed: Kg, m, s, Kmol, Kcal, K.

previously described experimental configurations were accurately reproduced. The form of the
rate expressions are:

1 s
ey = kfgy [Coblazta]? [On]f (5.19)
Wrgiy = kfgy [CoHaya] [H20] (5.20)

The rate equations describing the evolution of the individual species can then be obtained in the
same manner as for equation (5.14).

5.3.1.3 Tabulation of the Thermochemistry

The reduced chemistry schemes described in the previous section involve the solution of a stiff
and coupled set of equations. By employing an approximate factorisation technique, the chemical
reaction can be treated separately through a set of stiff ODE’s. The ODE’s were solved using
LSODES, a suite of programs designed to solve initial value problems involving stiff and non-stiff
systems of first-order ODE’s [38]. This widely-used (public domain) package was employed to
solve the ODE’s arising out of the chemical kinetics. Two basic multi-step methods are available
in this solver; an implicit Adams method and one based on backward differentiation formulae.
Any further description of the solver would be beyond the scope of this work and the interested
reader should consult the reference cited above.

In principle all particles are subjected to chemical reaction; however, in practice only those
particles having a mixture fraction lying between (typically) 0 < ¢ < 0.3 are likely to show any
significant change in their properties due to reaction. It is important to reduce the dimensionality
of the problem as much as possible. For this purpose two conditions can be employed:

e Equal diffusivity of the scalars’. The element mass fractions, and hence their element

6 An abbreviation for: Livermore solver for ordinary differential equations

"It is important to bear in mind that equal diffusivity is not an assumption that is invoked simply to reduce the
dimensionality of the scalar pdf. This assumption has a far more fundamental justification, relating entirely to the
modelling of the unclosed terms discussed in the earlier chapters.
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specific mole numbers remain constant during chemical reaction, so that the carbon-to-
hydrogen (%) and the oxygen-to-nitrogen (22) ratios do not change; this constitutes a
physical requirement. The assumption is that these ratios (also) do not change under the
influence of transport. More specifically, for a two-stream mixing process with fuel (C,H,)
and air initially separate, %f, = :7: (where y = 2z + 2 for alkanes). On a volumetric basis,
air typically consists of 21% Qg and 79% N3, so that gﬁ = U =~ 0.265! . The implication
of these relations is that any two scalars participating in the reaction can be eliminated (i.e.
they can be expressed in terms of the remaining scalars).

e Mass conservation can also be invoked (-, Ya = 3, naWa = 1) so that an additional
scalar can be eliminated from the pool of independent scalars characterising the pdf.

Based on the reduced mechanisms that are employed, the participating species are C;Hy, O3,
CO,, H,0, CO, H; and N,, and for the systematically reduced mechanism of Chelliah et al. [10]
(for CHy only) the radicals H and CHj3 are also present. For the global hydrocarbon scheme
this implies that four out of the seven species present will have to specified independently. For
the systematically reduced CH4 mechanism, six out of nine species will have to specified. The
choice of the independent scalars is not unique, nor is it arbitrary. The mixture fraction is clearly
a sensible choice since it is a fundamental quantity related to the degree of mixing that has taken
place. Knowing ¢ fixes ny, (as shown in appendix F) and so the latter can no longer be treated
as an independent scalar. The analysis of appendix F also demonstrates that if nc,g, and nco
are chosen as independent scalars, then within the constraints of the problem, nco, is no longer
an independent scalar since it is known in terms of &, nc,n, and nco. The following choice of
independent scalars is made:

e Global hydrocarbon scheme: £, nc,n,, nco and ng,.
e Systematically reduced mechanism: &, ncHy» NCH3» VCO» MH> TH,

The concentrations of CO,, H,O and O, can be evaluated once the values of the independent
scalars have been specified. In equation (5.14), the rate equations have been written for all the
reactive species (i.e. including the rates of CO,, H,0 and O,, which could be calculated from the
independent reactive species rates). This measure is not necessary in so far as the mathematical
treatment of the problem is concemed. However, numerically, LSODE calculates the Jacobian
of the reaction rate matrix in order to integrate the stiff ODE’s, and it is felt that by calculating
for all the species, the rate expressions would have a less complex analytical form. Consider for
example the global hydrocarbon scheme,

TCabigays = - (@'ff,ﬁ) + dff,(ﬁ)) (5.21)

Equations (5.19) and (5.20) indicate that to evaluate wy,) and wy i), [O2](= eono,) and [H20]
are required. These concentrations could be replaced by the appropriate expressions which are
functions of &, nc,H,, nco and ng,. However, it is clear that in doing this the form of equation
(5.21) is analytically more complicated, and so the calculation of the Jacobian could be more
sensitive to small perturbations arising out of the numerical treatment. If the Jacobian was

¥ A volume fraction can be interpreted as a mole fraction (X« ), and the latter is related to the specific mole number
by, Xa = na/ 35 np. Thus the ratio of the volume fractions of Oz and Ny is equal to Z2.
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calculated exactly there would be no difference in solving for six rate equations or three. In
practice it was found that the two different approaches brought about no observable effect in the
homogeneous turbulence calculations and the laminar flames that were investigated.

The description of the thermochemistry is now complete and can be summarised as follows:

e After the application of the transport and mixing operations in the Monte Carlo simulation,
the operation of chemical reaction is applied to the particle properties.

e Under adiabatic and constant pressure conditions, the enthalpy per unit mass of mixture is
unchanged during chemical reaction. Knowledge of £ permits the calculation of the unburnt
composition at 298K; hence A can be calculated from equation (2.8).

o Given p, h and n,, the temperature of the reacting mixture can be calculated, the details of
which can be found in appendix H. The equation of state for an ideal gas can subsequently
be employed to obtain the density.

e The temperature of the mixture is then used to find the equilibrium constant K(T"), and
together with g and n,, the forward and reverse rates are constructed. The reaction rates
of the reactive species can then be evaluated and subsequently integrated over a fixed time
interval.

e The change in the value of n,, as a result of the integration advances the particle properties
to z + dz. The ensemble of particle properties then approximate P(; x + 6z, w).

e The mean density is obtained from the ensemble average of the particle densities at a given
point®. This is then used in the velocity field finite-difference procedure to advance i, k and
€, and then the whole operation is repeated.

The process of chemical reaction is by far the most time-consuming part of the calculation
procedure; it can take orders of magnitude longer than the transport and mixing operations.
Therefore the thermochemistry needs to be tabulated in order to avoid integrating the large number
of stiff ODE’s. The steps previously described for updating the scalar properties, due to the sole
effect of chemical reaction, are performed on an ’once and for all’ basis, and the results are stored
in a ’look-up’ table. In order to use such a table the chemical rate equations have to be solved
for all the possible composition states. To characterise these composition states, the bounds for
the independent scalars need to be determined. The details of how the bounds are determined for
the four and six scalar reduced chemistry are discussed in appendix F. The manner in which the
look-up table is generated through the hierarchy of the bounds (i.e. how ¢ fixes the bounds on
C:Hy, and how £ and C;H, fix the bounds on CO, etc...) serves to locate the initial composition
state of any notional particle in the multi-dimensional composition space. This means that at
any scalar location in the look-up table, only the change in the scalar properties over pre-defined
time steps (typically 10~s and 10™4s) relative to the initial state need to be stored. The only
exception to this is the density; for a given composition state, the density of the mixture prior
to the effect of chemical reaction is stored. The way in which the bounds are linearly affected
by one another indicates that the scalar hypervolume, which constitutes the look-up table, has
a complicated shape. For any particular composition state associated with a given particle, its

8The method by which the scalar statistics of the flowfield are obtained from the particle properties is described in
appendix E.
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nearest neighbours in the look-up table act as nodes with which a multi-linear interpolationt can
be performed to advance the particlé state over a time step 6; = A{Tf §,

In order to construct the look-up table the scalar bounds are discretised into an array of dimen-
sion (25, 20,9, 9) for the global scheme, and (15, 11°) for the systematically reduced mechanism.
The grid point distributions in the array are uniform except in the {-direction which has more
grids placed locally around the stoichiometric point. In order to ensure a good resolution of the
chemical changes, the tabulation is performed for 0 < £ < 0.3; the density must be tabulated over
the entire mixture fraction range so that the density can be evaluated at all points in the flowfield,
not just those near the stoichiometric condition. Consequently two tables are constructed; one
which tabulates the chemistry and the other for the density. These are referred to as the reaction
(interpolation) table and the density table. The reaction table contains the changes of the indepen-
dent reactive scalars. For the global scheme the changes in the values of three independent reactive
scalars are stored over time intervals of 10~5s and 10™*s. During the Monte Carlo simulations,
if 6t; > 10™%s, the scalar changeé associated with the latter time scale are employed for the
multi-linear interpolations, until the time elapsed exceeds (6t; — 10™#)s, in which case the data
stored for the shorter time scale is used to advance the particle properties. The entries in the table
are stored as unformatted (binary) data and a 1.3Mb table was formed for a domain of dimension
(25,20,9,9). The systematically reduced mechanism involves more independent reactive scalars;
for the reaction table memory limitations constrain the changes in the independent reactive scalar
properties to be stored for only one time level, namely 10~3s. Even then, the size of this table
is nearly 68Mb, and because of this, the density table is dimensioned to a somewhat smaller size
(15,8%) resulting in a 6Mb table. 'Thus, in total, 74Mb is reserved for the interpolation tables
which is quite a significant memory requirement.

Finally, the following point related to the construction of the reaction tables requires consid-
eration. Whilst discussing equation (5.21) it was pointed out that all the reaction rates of the
participating species are calculated instead of just those for the independent reactive scalars. This
implies that after performing the integration of the ODE’s, updated values for all the scalars are
available; this raises the following quesgions:

e Does the change brought about by chemical reaction ensure boundedness¥ of the particle
properties ? ‘

e How do the values of nco,, no, and ny,o (after the integration) compare with their coun-
terparts calculated in terms of the independent scalars?

The chemical schemes ensure that mass is conserved (i.e. Y, .S"a = 0). Furthermore, the
chemistry cannot affect the ratios of elemental (7<) and (%2). Since the initial amounts of (%)
and (72) are set by the fuel and air, this means that the evolution of the scalars according to
the chemical mechanism satisfy the same conditions used for the construction of the bounds.

+The algorithm for this interpolation procedure is described in detail in the work of Chen et al. [15]; the method is
essentially an efficient way of performing:linear interpolation for a point located in multi-dimensional space. Because
an interpolation technique is used, the look-up table is also referred to as an interpolation table.

S$The time step &¢; is the physical time scale set by the thermofluid dynamics; however in the look-up table, the
changes in the scalar properties have only been stored for pre-defined, arbitrary time steps ~ 10~5sand 10~*s. Therefore,
in order to perform the chemical reactioni operation over a time step 6¢; may well require several interpolations. For
each new interpolation, the nearest neighbours to the evolving composition state need to be re-assigned.

IBy 'boundedness’ it is meant that the'scalar concentrations lie within the bounds specified in appendix F.
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This demonstrates that the reaction scheme ensures boundedness, and the results for nco,, no,
and np,o are the same regardless of whether LSODE or the concentrations of the independent
scalars are employed. However, the ODE’s arising from the chemical kinetics cannot be integrated
exactly, simply because a numerical scheme is employed for this purpose. Consequently, if the
boundedness of the results after integration is not verified, the effect of cumulative round-off
could perturb the solution; this perturbation can be important in systems of stiff ODE’s. To avoid
such an occurrence, the magnitudes of the independent scalars should be verified to ensure that
boundedness is satisfied before storing the relevant information in the look-up table. Extensive tests
have shown that whilst such corrections to the scalar concentrations are necessary, the magnitude

of these changes is typically about 0.01% mole fraction in the major species and intermediates
(CO and Hy).






Chapter 6

Results and Discussion

6.1 Introduction

The main objective of this thesis is the application of the transported pdf approach to combusting,
inhomogeneous turbulent flows. However, resuits from the calculations of homogeneous, isotropic
turbulence and laminar jet diffusion flames are also presented because they highlight important
features of the transported pdf closure. The reduced chemical schemes discussed in section 5.3.1
have been previously tested by their originators in laminar flame calculations; in developing
these mechanisms the molecular transport of the scalar field was treated without making recourse
to assumptions of equal diffusivity. The present contribution does not try to re-perform those
calculations; instead a laminar diffusion flame, which was also considered for the evaluation of
the scheme of Jones and Lindstedt [46] (the global hydrocarbon scheme), was investigated subject
to the assumption of equal diffusivities. The effect of this assumption on the predictions of the
laminar flame is compared with the results of Jones and Lindstedt.

It was mentioned in the section 5.3.1.3 that the chemistry needs to tabulated in order to ensure
manageable computer run-times; the excessive cpu requirements are related to the time required
for the integration of the stiff ODE’s associated with the properties of the whole ensemble of
particles at many node points. Laminar flame calculations constitute a very practical way of
testing the accuracy of the interpolation technique since both the ’look-up’ table and the direct
integration (using LSODE) can be used. Another situation where the tabulation of the chemistry
is not necessarily required is in the calculation of homogeneous, isotropic and reacting turbulence.
Unlike the laminar flame calculations, a transported pdf equation is solved, but because of the
assumed statistical homogeneity! only one node (in physical space) is considered, whereas in
the inhomogeneous flow calculations particles have to be placed at all nodes covering the region
of interest. Whilst the results are only of qualitative value, the investigation of homogeneous,
isotropic turbulence is important because the behaviour of the mixing models can be evaluated.
The evolution of the scalar statistics demonstrates interesting properties when subjected to different
initial conditions and with chemical reaction present, the coupling of mixing and reaction can be
examined.

The transported pdf approach was tested in a turbulent jet diffusion flame configuration, and
evaluated using detailed measurements of the velocity and scalar field from four experimental
flames. More complicated flows have not been investigated. The transported pdf technique was

tIn this thesis, statistical homogeneity implies that the scalar pdf does not change with position.
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Figure 6.1: Schematic of the confined, axisymmetric, laminar CHy-air jet diffusion flame investigated by
Mitchell et al. [69]. D = 1.27cm and D, = 5.08cm. Air and fuel are admitted at 187.7 cc/s and 5.7 cc/s
respectively.

applied using two different mixing models, namely LMSE and a coalescence-dispersion closure;
with the latter model, the calculations were performed with A(z) = 1% and referred to as modified
Curl.

6.2 Predictions of a Conﬁned Laminar Jet Diffusion Flame

The configuration under investigation is illustrated in figure 6.1 and was experimentally investi-
gated by Mitchell et al. [69]

A vertical, cylindrical burner was used to produce a confined, steady and atmospheric diffusion
flame. The burner consisted of two concentric tubes of radii 0.635cm and 2.54cm, connected to
a perforated solid brass disc which served as the burner plate. Fuel issued through the inner tube
and air through the outer. A Pyrex glass cylinder shielded the flame. Sampling probes leading
to gas analysers were employed fof CO, CO,, CHy, Hy, N; and O,. Water analyses were made
by determining the dew point} of the sample gas. Mitchell et al. did not discuss the accuracy
of this particular measuring techniélue. Temperature measurements were made using fine-wire
thermocouples and velocities using LDV. The laminar diffusion flame was supplied with methane
at 5.7 cm® s—! and air at 187.7 cm® s~!. The luminous edge of the steady flame closed at the
burner axis 5.8 cm above the burner plate. At each sample location, three samples were taken;
generally, the agreement between the three sets of measurements of the concentration field was
reported to be within 5%.

The flame was simulated by solying the species transport equations (2.16) for the independent
scalar variables pertaining to the reduced mechanisms. For the global hydrocarbon scheme these

*The significance of .A(z) is described in section 4.7.2.
$The dew point of a gas-vapour mixture is the temperature at which the vapour condenses (or solidifies) when it is
cooled at constant pressure.
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are £, ncH,, nco and ny,; for the systematically reduced scheme, ncy, and ny are also included.
The finite-difference procedure described in appendix D was employed for solving the species
transport equation, with the source terms for reaction excluded. The effect of reaction was then
’added’ to the scalar properties through the use of the look-up tables or by direct integration. This
approach is consistent with the operator splitting technique which is also used in the Monte Carlo
simulation of the pdf transport equation. The laminar flame formulation used here is different from
that employed by Jones and Lindstedt [46]. In their work a fully implicit method was employed
and the species transport equation (including the source term for chemical reaction) was solved
using an iterative Newton-Raphson technique. In the present study iterative methods are not used,
and to ensure accuracy of solution, fine meshes (up to 500 grid nodes across the jet) were used so
that the reaction zone would be well resolved. The forward step size was controlled through the
definition of a diffusion number, similar in principle to the Courant number (which is a measure
of how much convection occurs in a given direction over a time step). The diffusion number, F,

is defined as:
v; 1 b\ 1
7= (305%) (uz> byi (&0

where 7 identifies a grid node (1 = 1,...,N+ 1), Se = 0.7 and v; = "‘— The mixture viscosity
was estimated using Wilke’s serm-empmcal formula (taken from Bird et al. [7D):

X,
= Z - ala (6.2)
a=1 Z Xﬁeaﬂ
B=1

where po = po(T,p) was obtained from Svehla’s compilation [90]. Linear interpolation was
employed to find p, at the temperatures that were not specifically tabulated. X, is the mole
fraction of species a; X = no/ (Zf;;l n.) and,

-1 1 172
1 Wa 2 pa\2 (Wp\4
o= (1+we) |+ () () (6:3)

F is proportional to the ratio of the distance a fluid particle will diffuse in one ’time’ step to
the cross-stream mesh spacing. Typical maximum values of 7 employed were 1, 0.1 and 0.01.
The largest differences in the species concentrations brought about by these various specifications
amounted to less than about2% - i.e. the results were largely unaffected by this parameter provided
F<LL1.

The treatment of the initial conditions in the calculation procedure deserves further mention.
Jones and Lindstedt [46] have pointed out that there is uncertainty in the precise boundary
conditions to be applied at the burner inlet, such that if conditions similar to those found in the
computations of Mitchell et al. [69] are used, erroneous velocity and mixture fraction profiles
appear at the first measuring station (zx = 12mm). It was also observed that this result was
independent of the type of chemistry, mesh refinement or numerical technique (i.e. parabolic
or elliptic formulation) that was employed. Consequently, the procedure adopted by Jones and
Lindstedt was employed; the computation was started at the first measuring station using the
measurements as the initial condition. Figures 6.4 and 6.5 demonstrate how the initial condition



96 Results and Discussion

was specified. The mixture fraction was calculated using the measurements of the carbon-
containing species such that,

T
= Ecl = ('nco2 + nco + ncm) Wen, (6.4)

The advantage of using this specification is that it avoids the use of the water concentration, since
the accuracy of its measurement 1s questionable. The solid and dashed lines shown in figures
6.4 and 6.5 are mere curve fits. With the thermochemistry employed in this thesis, the initial
specification of CO,, H>O, N3 and O, depends entirely on £, nch,, nco and ny, (in addition
to ncy, and ny for the mechanism of Chelliah et al. [10]). Consequently it is not possible
to simply curve fit all the data that is available; such a specification would not be consistent
with the assumption of constant C/H and O/N ratios. Initially the main objective was to fit the
measurements of the independent scalars as closely as possible (hence the dashed lines in figures
6.4 and 6.5). However, this led to a poor representation of the CO,, O, and temperature fields
near the centre-line.

The ’overall optimized curve-fit’! (solid line) indicates a much improved initial specification
of the CO, and O; field and at the (slight) detriment of the CH4, CO and H; profiles. The improved
specifications were obtained by reducing the CHy concentration near the centre-line. In doing
this, a pool of carbon and hydrogen atoms are made available. The carbon atoms are (mainly)
taken up by the oxygen atoms to form CO and CO,; in the case of the global hydrocarbon scheme
the carbon atoms cannot combine with anything else. This procedure goes some way towards
removing the high O, concentration near the centre-line. By limiting the initial amount of CO,
more CO, can be formed so as to counteract the drop in CO, which is registered by the dashed
line in figure 6.4. The pool of hydrogen atoms is taken up by H and HyO; this is confirmed in
figure 6.5. Since it is the peak levels of H, and CO that are of interest, their concentrations are
not allowed to change substantially. This is why the increase in the levels of H; and CO is less
manifest than that of H,O and CO,. As a consequence of the increase in H,O and CO; near the
centre-line, the temperature of the mixture locally increases. Whilst the use of these two different
specifications led to small differences in the subsequent evolution of the jet flame, the peak levels
of the species concentrations were hardly affected, and it is this feature of the predictions that is of
interest to this discussion. To reproduce laminar flame measurements as well as possible was not
the aim of the current calculations; this was performed when the the reduced schemes were being
developed. In this study the aim was to investigate the sensitivity of the predicted peak scalar
concentrations to the assumption of ' equal diffusivity of the scalars.

In principle the extra carbon and hydrogen atoms made available by the reduction in the
CH, concentration could be used t:o specify initial values of hydrogen and methy! radicals (H
and CHj respectively) to be used in conjunction with the systematically reduced mechanism.
This constitutes another source of uncertainty in the representation of the initial conditions.
Measurements of H and CH3 weré not made in the work of Mitchell et al. [69], and in fact
such data is rare in most of the combustion literature. The following (arbitrary) specification was
therefore adopted: the initial concentrations of H and CH3 were taken either as zero, or the largest
possible values were employed (subject to the constraints imposed by the bounds that are derived
in appendix F). Figure 6.6 shows the resulting initial conditions and this clearly demonstrates that

!"The optimization was performed by inspection, i.e. selecting the profiles which appeared to fit the initial conditions
as well as possible.
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in specifying non-zero initial values of H and CHj3, fewer carbon and hydrogen atoms are available
for combining with the oxygen atoms; the consequences of this are that the initial O, concentration
near the centre-line increases and that of H,O correspondingly drops. Figure 6.7 shows profiles
of N, CH3 and H at the two measuring stations downstream of z = 12mm. Clearly the effect
of the two different initial specifications for the radical species appears to be small; the effect on
the remainder of the species concentrations (figures not presented) is hardly distinguishable. This
is a potentially fortunate result in that the precise details of the initial radical levels (which are
not known) do not affect the solution further downstream. However, this does not mean that the
levels of H and CH3 are unimportant in the evolution of the flow. The results could well imply
that the levels of the other species play an important role in determining the concentration of the
radicals so that after a few steps of the calculation the chemistry ensures that the radical species
concentrations are much the same regardless of the initial conditions.

Figures 6.8-6.11 show the results obtained with the two reduced mechanisms, and without the
use of the interpolation tables. The most prominent feature of the results is the very substantial
overprediction of the intermediate species, CO and H;. This is necessarily coupled to an under-
prediction of H,O and CO,. However, in contrast to the H,O and CO; predictions, the peak levels
of CO and H; are very poorly reproduced. The most significant difference between the results
of the calculations reported here and those of Jones and Lindstedt [46] relates to the treatment
of the diffusivity. Clearly the effect of the assumption is quite considerable; such effects have
also been observed in relation to the H, concentration when using detailed kinetic mechanisms,
Lindstedt [62]. In this situation the effect on the CO field is less pronounced, presumably due
to the additional paths available for CO consumption. These results could therefore suggest that
reduced schemes may show a greater sensitivity to the assumption of equal diffusivity than the
detailed mechanisms. The fact that the peak levels of CO and H; are lower for the systematically
reduced CHy-air mechanism than for the global hydrocarbon mechanism appears to be related
to the less accurate representation of the fuel burn-up using the former mechanism. The reason
why the consumption of CHy is predicted differently by the two mechanisms is not entirely clear.
With the global scheme, the hydrocarbon is consumed by O, and H,O to form CO and H; - the
path involving O3 is a particularly direct and robust way in which the break-down of CHy can be
ensured. However, realistically CHy is initially attacked by radical species, such as H; it seems
plausible to suggest that given the very high diffusivity of H, the consumption of CHy is more
sensitive with the use of the systematically reduced mechanism than with the global scheme (when
invoking the equal diffusivity assumption).

The temperature profiles (figure 6.11) show that the peak values are quite well reproduced but
at x = 24mm the predicted reaction zone appears to be to the left of the measurements; this is
consistent with the CHa, Oy, H,0 and CO,; profiles. Mitchell et al. [69] point out that in relation
to their predictions (which included only major species, no radicals and no CO or Hj), the flame
temperature was overpredicted partly due to the uncertainty in the radiation corrections applied
to the thermocouple whenever carbon particles settled on the bead, but also due to the neglect of
energy-absorbing pyrolysis reactions. These reactions manifested themselves as a luminous core
situated on the rich side of the primary reaction zone. The luminosity of the flame was associated
with the light emitted from the incandescent carbon particles formed by pyrolysis of the CHy in
the fuel-rich regions of the flame. The reaction zone, which according to experimental observation
was typically 2mm thick, had a blue hue, the intensity of which decreased with increasing height
above the burner plate. The blue hue of the reaction zone was associated with the burnout of CO.
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In figure 6.8 the measurements indicate that the CO level drops from z = 24mm to z = 50mm
(hence the observed decrease in the intensity of the blue hue). However, the predictions follow
the opposite trend, because the CHy has not been completely consumed. Despite the differences
near the centre-line between the temperature profiles (and hence in the density field) using the two
reduced mechanisms, the effect on the mixture fraction evolution can hardly be detected.

Another interesting feature of the results (figure 6.10) is the relative peak levels of CH3 and H
radicals. The work of Chelliah et al. i[ 10] indicates that the peak levels of CHj are typically an order
of magnitude greater than those of H, whilst the predictions show the converse effect. Despite the
substantial quantitative difference, the shapes of the predicted profiles compare favourably with
the results of Chelliah et al. |

Figure 6.9 indicates that finite levels of O, are measured near the centre-line. Mitchell at al.
[69] claimed that this can be attributed to the O, which penetrates the flame surface near the base,
since in this region it is argued that the temperature and reaction intensity are too low to consume
all the oxygen in the primary reaction zone before it can diffuse towards the centre-line. The
predictions also indicate finite O; levels near the centre-line partly because some O, is already
specified to exist in that region through the initial condition (figure 6.5).

Comparison of the velocity field predictions (figure 6.11) with those of Mitchell et al. [69]
(where an elliptic formulation was employed) and Jones and Lindstedt [46] shows that the dif-
ferences are quite small, indicating that the current predictions are not in error due to a poor
representation of the velocity field. The measurements of velocity at z = 50mm imply that at
r = 1.5cm the velocity is zero; the wall boundary appears at r = 2.54cm (refer to schematic,
figure 6.1). None of the predictions from the various sources cited suggest that the velocity should
be zero in this region. Mitchell et al. point out that the gases along the axis of the flow are acceler-
ated by the prevailing buoyancy forpes which give rise to a large recirculation cell. However, the
results of their work suggest that this recirculation cell occurs in regions outside the areas where
the measurements are made.

Figures 6.12-6.15 show the same calculations discussed above, only this time the interpola-
tion is employed. The agreement between the interpolated and integrated result for the global
hydrocarbon scheme, figure 6.14, is very encouraging. The predictions for the velocity and tem-
perature profiles are only shown since they indicate the largest differences. Generally speaking,
the similarity of the results using the interpolation table and LSODE for the mechanism of Chelliah
et al. is also encouraging, except in the representation of the CH; and H profiles (figure 6.13)
- this may explain to a certain extent the shortcomings of the interpolated results for the other
properties using this mechanism. It is difficult to determine whether the discrepancy between the
"exact’ result (represented by the use of LSODE) and the interpolated one is due to the coarseness
of the table. This is because in order to obtain a substantially improved result would require a
considerable refinement in the size of the current table; currently the look-up table for chemical
reaction is about 68Mb which is already a substantial amount of memory. Another, potentially
more plausible, reason for the discrepancy may be the manner in which the table is constructed.
In the way the six-dimensional table is currently constructed the bounds for CH; and H require
arbitrary clipping. This is done so that radical species with unrealistically large concentrations
are not tabulated, since they will only serve to use up space in the composition space which could
be replaced by physically more plausible (and tangible) entries. Furthermore, the evolution of the
composition states with very high radical concentrations subject to equation (5.14) is another area
of uncertainty. The steady-state approximations which are frequently invoked to construct reduced
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schemes are valid in the high temperature reaction zone - the applicability of the reduced scheme
to composition states where the temperature and/or mixture strength are substantially different
from those found in the reaction zone of a laminar flame is therefore questionable.

6.3 The Calculations of Statistically Homogeneous, Isotropic Turbu-
lence

6.3.1 Non-Reacting Test Cases

Figures 6.16 and 6.17 show the result of tests using modified Curl and LMSE for a single non-
reactive, bounded scalar (£, the mixture fraction). Results are shown using two different turbulent
time scales; one where 7(= 1;—) is held fixed at an arbitrarily selected value, 7,, and another where
the modelled e-equation together with the k-equation are employed to characterise the evolution of
T (this latter procedure is described in appendix E). The choice of 7, is arbitrary since the results
are only of qualitative significance. In this respect the evolution of the moments with constant 7
are qualitatively the same as those with a variable 7 with the time axis appropriately shifted.

The mean of the scalar is unaffected, and through the appropriate choice of the constants
appearing in the mixing models, the variance decay rate consistent with equation (4.6) is obtained.
For T constant, equation (4.6) can be integrated (using straightforward separation of variables)
subject to the condition that at t = 0, (¢'*) = (¢’ 2)0- The solution is,

(97) = (™) ex0 (- 224) (65)

o

When 7 = 7, + (C¢, — 1) t, integration of equation (4.6) yields:

]"(CZ~15

@ = (67, [1 p{Gazl), (6.6)

To
Equations (6.5) and (6.6) are represented by the crosses, labelled as ’Analytical expression’ in
figures 6.16 and 6.17. Equation (4.7) defines the higher order moments also presented in the
same figures. The skewness remains constant - this result can be demonstrated analytically for
coalescence-dispersion and LMSE closures regardless of the initial form of the pdf [23, 13]. The
reason why the skewness is zero in figures 6.16 and 6.17 is because the initial pdf’s are symmetric
about the mean, so that (¢’ 3) = 0, hence from equation (4.7), Q3 = 0. If the initial distribution is

not symmetric, (¢} will be finite and at large times (£ — o), (¢’ 2)% and (¢") will tend to zero
at the same rate, so that 23 remains constant (though not necessarily zero).

Figure 6.16 exemplifies the behaviour referred to in section 4.7.2; as the mixing progresses
and the variance decays, the flatness and superskewness rise monotonically, so that as { — oo
then Q3, 4 — co. In contrast, LMSE predicts uniform values for these quantities as a function
of time. The reason for this difference in behaviour, and for the presence of ’wiggles’ which
appear most prominently in the test case where T = 7, is elucidated in figures 6.18-6.21. Here
the terms in the denominator and numerator of equation (4.7) for Q3, 4 and g are presented.
It is clear that the uniformity of Q4 using LMSE (figure 6.19) is due to the fact that u4 and ot
(the fourth central moment and the fourth power of the mixture fraction rms, respectively) decay
at the same rate, whereas with modified Curl, u4 decays less rapidly than o*. The reason for the
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appearance of the *wiggles’ is attributed to the effect of finite particle sample size (resulting in
statistical *noise’) coupled with machine roundoff; such effects are inevitable in these numerical
calculations. The reason why the appearance of the *noise’ is so prominent towards the final stages
of mixing is because quantities such as ug and o® are then sufficiently small in magnitude to be
comparable with machine roundoff. In the case of modified Curl (figure 6.20) since o9 decays
considerably more rapidly than e, small fluctuations in ug will result in large fluctuations in (2.
The reason why the wiggles appear in the situation where T = 7, and not for 7 = 7, + (C, — 1) ¢
is simply because in the former case the rms of ¢ has dropped to a sufficiently small value so that
these effects are visible. If the latter time scale is calculated long enough, the same behaviour
will be observed. The effect of ’noise’ is more prominent in quantities involving large exponents;
therefore the presence of ’noise’ is less apparent for o (and hence %) than it is for pg. This
explains why in figure 6.21, ¢® decays more smoothly than pe.

The reason why the behaviour of Q4 and Qg are so different using the two mixing models has
been highlighted in section 4.7.3. Basically the evolution of the higher order moments in the latter
stages of mixing is strongly affected by the presence of particle properties near the bounds of the
scalar sample space (0 < £ < 1, The pdf profiles shown in figures 6.22 and 6.23 encompass
the statistics presented in figures 6.16 and 6.17. On the pdf plots, a Gaussian distribution has
been superimposed having the same mean and variance as the pdf arising from the mixing model.
It is clear from these figures that with modified Curl the presence of the persistent peaks at the
bounds of the scalar domain and more generally the long tails of the pdf, are the reasons why the
higher order moments remain larger than for LMSE. With LMSE the pdf evolution is completely
unphysical, but because all the particles have to mix, all the particle properties will migrate towards
the mean. ‘

The simulations with modified Curl employed 10° particles to represent the pdf, although the
same qualitative features of the turbulence could be captured using as few as 10* particles. For
LMSE the combined effect of the initial conditions and the subsequent evolution of the pdf as two
§-functions approaching each other means that the simulation can be performed using only two
particles - one for each §-function. This has the advantage of reducing the run times drastically
and removing a substantial amount of round-off when it comes to evaluating the moments of the
pdf, particularly the higher order moments. It is important to note that such a sample size can
only be used because the initial pdf is symmetric, discontinuous and it evolves (pathologically) as
a double é-function.

6.3.2 Reacting Test Cases

The calculations described in this section make use of the reduced chemistry presented in section
5. Consequently a multi-scalar pdf is evaluated at each time step and only the mean of £ and nn,
(the strictly conserved scalars) remain constant. The use of the "look-up’ (interpolation) table is
not essential provided the number of particles representing the pdf is not too large (~ 10%); this
means that the test case of homogeneous, isotropic turbulence can also be used to determine the
accuracy of the interpolation technique, although the time required for these calculations can be
typically an order of magnitude longer than for the laminar flame calculations. CHy is used as fuel
so that comparisons can be made between the predictions of the two reduced mechanisms. The
manner in which the particles are initially distributed characterises the initial pdf. Out of a total

t€ denotes the sample space of the random variable .
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of N, particles, Vg, particles are placed at £ = 0 (corresponding to air) and hence (N — Ng,)
particles are placed at E=1 (corresponding to CHy). The requirement is,

€= We -0+ (Np = Ng,) - 1] = &at (6.7)
Equation (6.7) yields Mg, = Np (1 — &s¢). It can be shown (appendix G) that,

WC,Hy
W
Wo, + —&‘1) (@ +%) + We.n,

fst = (68)
(

For U ~ 0.265, z = 1 and y = 4, equation (6.8) yields &, cH, = 0.055%. So if N, = 1000
then, Ve, = 945 and so NV, = 55. In the case of LMSE significant cpu gains can be made by
mixing and reacting only one of the particles in the é = 0 group and another one from ef =1;
the remainder of the particles evolve in exactly the same way as their respective §-function group
members. This approach for LMSE can only be adopted for discontinuous initial conditions; for
continuous initial conditions, all the particles have to mix and react.

6.3.2.1 Results using the Global Hydrocarbon Mechanism

Figure 6.24 shows the comparison between the predictions of modified Curl and LMSE. In these
calculations an air temperature of 800K was employed so as to ensure that the reaction rates
would be sufficiently large to allow for combustion to proceed effectively. However, based
on the mechanism of Jones and Lindstedt {46] (and provided the conditions are adiabatic), a
stoichiometric mixture of hydrocarbon fuel and air will ignite even if the air temperature is as low
as 298K. It would obviously take a (pathologically) long period of time before the temperature
is high enough for ignition to take place, but nevertheless, due to the irreversible fuel breakdown
step using oxygen, the rate of consumption of fuel will be finite.

Figure 6.24 demonstrates that the behaviour of the two models with reaction appears to be
significantly different for the CO and H;, however for the remainder of the species the same trends
are predicted. It is clear that the behaviour of LMSE is somewhat erratic in comparison to modified
Curl, and in order to understand the solution of LMSE in more detail figure 6.25 is considered.
This figure describes the evolution of the individual §-functions which when averaged produce the
result in figure 6.24. Since the number of particles initially placed at f = Q is far greater than at
é = 1 (in order to ensure £ = ¢ st,cH,) the average result is weighted considerably more towards
the evolution of the §-function on the lean side. On the lean side figure 6.25 demonstrates that
as soon as CHy is produced through the effect of the mixing model8, it is consumed by the fuel
breakup such that there appears to be no net change in the CHy profile. Furthermore, any H; that
is produced is immediately combined with O, to yield H>O; some of this is used in the water-shift
reaction to form CO, and H; from which the Hj is then fed back into the H,-O, step. This explains
the sharp rise in the CO;, and H,O concentrations and hence the rise in the temperature. In contrast,
on the fuel rich side (¢ > &st,cn,) the stoichiometry limits the reaction rate so that the temperature

*In this section on homogeneous, isotropic turbulence £,; and &,¢,cu, will be used interchangeably

$The significance of this statement needs to be elaborated. It is clear that molecular mixing cannot create or consume
a specie; this is a physical requirement. However, the initial condition is such that the é-function on the lean side
contains no CHy, yet on the rich side it does. Therefore there is an initial mean composition of fuel, and using LMSE
the §-function on the lean side will migrate towards this mean (which is itself evolving), thereby ’producing’ CHs. This
observation really indicates the extent to which LMSE lacks realism when applied to muiti-scalar reactive problems.
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rises nearly linearly over a relatively long period of time. During this mixing-dominated period
the CH4 concentration drops as the CH, §-function approaches the stoichiometric (mean) value;
this is matched by a rise in O,. When the temperature reaches about 1000K at ;’i— =~ 2.5, the
O, virtually disappears in a very short period of time leading to the steep changes in the other
profiles - most notably the rise in CO and H,. In this fuel-rich regime the formation of CO and
Hj is considerable whilst on the ledn side any CO and H that is formed is immediately converted
to CO, and H;0. The behaviour of the modified Curl closure appears to be more plausible in
the sense that in the initial stages of reaction CO and H; are formed, but subsequently the final
products (CO;z and H;0) are formed at the expense of the former intermediate species.

Figure 6.26 shows the solution for the test problem in figure 6.24 described above, only this
time the interpolation tables are employed. It is clear that the interpolation technique works well;
any noticeable discrepancies may well be associated with the lack of resolution of the table. Pdf
shapes using modified Curl are presented in figures 6.27 and 6.28. The process of homogenisation
brought about by the molecular mixing model is evident from figure 6.27. There is a persistent
peak at é = 0 due to the large number of particles originally placed there to ensure that the mixture
is overall stoichiometric. The température pdf shows the large contribution at 800K corresponding
to the §-function associated with the air. As the reaction proceeds this spike diminishes in size
and the temperature pdf broadens with a bias towards the higher temperatures.

The differences between LMSE and modified Curl have been noted in the context of the pre-
vious calculations. However, in all of these calculations the initial conditions were discontinuous.
In order to perform a calculation with a *continuous’ initial distribution, the pdf from figure 6.27
at % = 5 was employed as a starting condition. An unburnt fuel/air mixture was specified in
terms of this pdf and the mixture allowed to react. The result is shown in figure 6.29 - there is
hardly any detectable difference bétween the use of these two mixing models. The implication of
this is that the lack of realism in LMSE is only significant when discontinuous initial conditions
are employed. If the discontinuities are somehow smoothened out, the behaviour of modified Curl
and LMSE are quite similar.

6.3.2.2 Results using the Systematically Reduced Mechanism

The reactions reported using the: global hydrocarbon scheme cannot be compared directly to
those employing the systematically reduced scheme because with the latter mechanism a mixture
consisting of CHy-0O,-N; will not react - there is no path for the reaction to proceed. The test case
amounts to a non-isothermal mixing problem. The procedure that is adopted to ensure combustion
does take place is to employ an initial triple -function specification; one at each of the following
locations: £ = 0, &,; and 1. The §-function at £ = £, provides high temperature reactive species
such as CO, and H,O which help the overall reaction to proceed. The number of particles placed
in each of these locations has to satisfy:

Nfo +Nfut +N§l = NP (69)
and,
E=N1p'(JV‘5°'0+N5“-§St+JV.&'1) (6.10)

with the requirement that £ = 53;. These equations are still not closed unless, for example, the
ratio %L(E R) is known. This is arbitrarily specified; typical values employed as part of the
1 .
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sensitivity analysis were ® = 0.5,1,1.5. Although these values do affect the evolution of the
species concentrations, it was found that qualitatively the trends were much the same and for this
reason the results that are presented employ £ = 1. With the definition of %, the values of AV,
MNe,, and NV, can be expressed as:

Neo _ 1 _ 1+8 N, MNew _ ( Et \. Ngy _ [ &t
N, =1 5“(1%53)’ N, = F 1+§R§st)’ Np"(wmt) (6.11)

For ® = O the results stemming from equation (6.7) are obtained. When a continuous initial

distribution is specified, the pdf presented in figure 6.27 (i = 5) is once again employed. In

To
this situation the region of hot products is arbitrarily confined to a narrow band about § = &g
defined through: & < &4 < &, where | and r denote ’lean’ and ’rich’ respectively. & = 0.052
and &, = 0.058, bearing in mind that £;; = 0.055. The manner in which the hot products were
specified (as a function of ¢ only) for the triple 6-function specification was also the subject of
sensitivity analysis. The following were employed:

e A fully burnt mixture where ncy, = no, = nco = My = NcH,; = NH, = 0 and only
H,0, CO; and N, were present. The reaction steps (Ia-IV) shown in equation (5.10) would
suggest that even such a specification would not allow a direct path for the consumption
of CHy due to the absence of H and CHjs. In fact it does and the reason is that the rate
expressions for this reduced scheme are not directly coupled to the stoichiometry shown in
equation (5.10), but rather to the elementary rates, expressed in equation (5.12).

e An equilibrium calculation using the method of Gordon and McBride [32] was employed
to relate the levels of the reactive species to ;. In this approach finite levels of CO, H; and
H appear.

e The values of the species concentration at { = ;; arising from the laminar flame calculations
of Chelliah etal. [10] were employed. These provide slightly more H, CO and H; (in addition
to some CH3) than the equilibrium specification.

Qualitatively these various specifications had little effect on the results, and for this reason pre-
dictions are only shown for the specification involving a fully-burnt mixture.

Figures 6.30 and 6.31 show the results of the calculation using modified Curl and LMSE
respectively. As with the global hydrocarbon scheme, the behaviour of LMSE appears to be
very unrealistic. Modified Curl demonstrates a more plausible evolution of the scalar properties.
In analogy with figure 6.29 where LMSE and modified Curl gave exactly the same result when
subjected to a continuous initial distribution, it is surprising to note in figure 6.32 that in the context
of the systematically reduced scheme this is far from being the case. The behaviour of LMSE
approaches that of modified Curl to a small extent, however, significant discrepancies still exist.
The reasons for this are not entirely clear, although the robustness of the systematically reduced
mechanism does appear to be a factor in characterising the results. Errors in the implementation of
this scheme are ruled out on the grounds that the results of the laminar flame calculations appear
to agree (qualitatively) with those using the global hydrocarbon scheme.

Another area of concern is the ability of the interpolation table to reproduce the results obtained
when the stiff ODE’s are integrated directly. This comparison is made in figures 6.33 and 6.34.
CHy4, O,, CO; and temperature are rather well reproduced; however, the Hp, H and CO fields
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Mass Flow Rate Exit Velocity Burner Exit
CsHg Hp U, Reynolds number
[Kgs™1] [Kgs™!] [ms™!] Re
9.14 x 10~* | 0.055 x 10~ 17.9 24000
11.99 x 104 | 0.073 x 10~* 23.6 31500
16.25 x 10~% | 0.287 x 10™* 31.9 42700

Table 6.1: Experimental conditions for the propane-air jet diffusion flame of Godoy [31]. Burner diameter
6mm.

are quite poorly reproduced. In the context of the laminar flames the discrepancies between the
’exact’ and the interpolated results were found to be marginal, yet in this situation they are quite
significant. No further reasons for. the differences, in addition to those proposed for the case of
the laminar flame, are known at this stage.

6.4 Predictions of Propane-Fuelled Turbulent Jet Diffusion Flames

6.4.1 The Flame of Godoy

Godoy [31] investigated a vertical, axisymmetric, turbulent jet diffusion flame, where the fuel
jet (propane) issues into stagnant air surroundings. A detailed discussion of the experimental
procedure that was employed to obtain the measurements can be found in the work of Godoy, and
in this section only a brief summary is provided. Propane is often taken as being representative
of many practical fuels and a round jet is a simple geometry that allows easy access to every zone
in the flow. For the Reynolds numbers used in the experimental study (Re > 2 x 10%) it was
necessary to stabilise the flame; to do so an annular pilot hydrogen flame was employed. The
mass flow rate of the pilot flame jwas very low compared with the mass flow rate of the main
fuel. It was argued that the pilot adffected only the flame root and that in the downstream region
(/D > 20, where D is the initial diameter of the fuel jet) where most of the measurements were
made, the species composition was not affected. The burner itself was a stainless steel tube of
6mm inside diameter. The thickness of the annulus conveying the pilot gases (~ 0.2mm) could
be varied through a tapered arrangement in order to stabilise the flame more effectively. Typically
the turbulent flame was about 200 burner diameters long.

To minimize buoyancy effects (and to ensure fully developed turbulent conditions), the pre-
dominance of inertial forces was a@hieved by using as high Re as possible. Three turbulent flames
with Re = 24000, 31500 and 42700 (defined at the nozzle) were studied (see table 6.1). The flow
conditions near the burner exit were dominated by the exit momentum flux; further downstream
the inertial effects were reduced by the lower velocities such that in these regions (z/D > 100)
the effect of buoyancy became more important. In the turbulence models employed in the current
computational study, no account of buoyancy is included with the exception of the treatment of the
gravitational term in the momentum equation. This, however, is far from sufficient in addressing
the effect of buoyancy on the evolution of the jet. With the Reynolds stress closure, the modelling
of the fluctuating pressure terms (section 2.5.2.3) could be extended to include buoyancy effects,
but the aim of the work described in this thesis is on the evaluation of the scalar pdf formalism
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rather than turbulence modelling.

The measurements of CO and CO, were made using non-dispersive infrared analysers, N
and O; using gas chromatography and the unburnt hydrocarbon (UHC) with a flame ionization
detector. For analysis using the infrared analysers and the gas chromatogram, the samples need to
free of water. The UHC was expressed as equivalent propane. Velocity measurements were made
by Wilhelmi (cited in [31]) for Re = 24000 using an LDV system. The propane flow was seeded
with TiO; particles, but at the edge regions of the flame and for /D > 80, sufficient particles
were not detected in the measuring volume in order to yield a reliable measurement of velocity.
Consequently these measurements do not extend as far downstream as the scalar properties.

The mixture fraction (calculated from the measurements) employed the carbon element mass
fraction.

) W,
E= 2C (3’r1.(:31-x8 +neo + ’ncoz) (--——-—C3H8) (6.12)
ne.l 3

where nc,1 is the specific mole number of carbon atoms in the fuel stream (denoted by ’1’). The
quantities appearing in equation (6.12) need to be concentrations on a wet basis and whilst the
measurements provide the wet concentration of UHC, the remainder of the scalars are obtained on a
dry basis; all the measured concentrations are expressed as mole fractions. The wet concentrations
(Xq) are related to the dry (X g) through the following relation:

X
Xi=——-2 6.13

1 - Xu,0 ( )

where X, denotes the mole fraction of species @ (o = 1, ..., N). The mole fraction is related to
the specific mole number through,

N N -1
Xo=Wnne,  where Wy =) WgXg={) ng (6.14)
p=1 B=1

W, is referred to as the mixture molar mass. In order to evaluate £ the values of Xy, and Xy,0
need to be calculated. The latter can be obtained by assuming a constant oxygen-to-nitrogen ratio,

no _ 5 = NH,0 + nco + 2nco, + 2no, _ Xn,0 + Xco + 2Xco, + 2Xo,

6.15
N anz 2"X-NZ ( )

Since X&y, X&o,, X§, and X§ are known from the measurements, using equation (6.13) they
can be substituted into equation (6.15) to obtain Xy,0 (with U = 0.265). Once Xy,0 is known,
all the known wet concentrations (including the measured Xc,y,) can be substituted into the
mass conservation equation, ), X, = 1, to yield Xy,. When all the mole fractions are known,
equation (6.14) can be used to obtain the mixture molar mass (W,,,) and then the species specific
mole numbers (n,). The appropriate n, can then be used in equation (6.12) to calculate the
mixture fraction.

Before any calculations of Godoy’s flame are presented, it is essential to establish that the
Monte Carlo simulation that is being employed provides a very good approximation to the finite-
difference solution of the governing equations. Obviously this comparison cannot be performed
for the case of the reacting flow since the finite-difference solution of the multi-scalar pdf equation
is prohibitively time consuming. Instead, the conditions in Godoy’s burner are employed (e.g. the
same initial fuel jet diameter, mean inlet velocity and stagnant surrounds) but with the C3Hg issuing
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from the burner replaced by air so that a constant density, inert flow calculation can be performed.
In this case the only scalar indeperident variable is the mixture fraction which acts as passive
scalar. The transport equation for the mean and variance of the mixture fraction (equations (3.8)
and (3.9)) are solved and compared with the solution of a Monte Carlo simulation for P(¢c ;T W);
the results are shown in figures 6.35 and 6.36. With gradient modelling used for approximating
the turbulent transport, and a mixing model which predicts a variance decay rate in accordance
with equation (4.6), equation (4.3) can be multiplied by % or (3 — (<;S))2 (for the case of a single
scalar pdf) and subsequently integr]ated over the scalar space to yield equations (3.8) or (3.9),
respectively. Figures 6.35 and 6.36 demonstrate that based on a sample size of 50,000 particles the
Monte Carlo simulation represents the evolution of the statistics very well. The largest differences
can be found in the profiles of the variance. The higher order statistics, such as the variance, are
certainly more sensitive to errors arising from the use of a finite sample size than the mean and
this explains why the variance predicted from the Monte Carlo simulation exhibits more statistical
"noise’. The variance profiles compare favourably with the result of the finite-difference equation
in the sense that over the region whére the gradients are significant the solutions are very similar.
The discrepancies towards the edge of the solution domain are not affected by increases in the
number of particles used to represent the pdf. As the edge of the solution domain is reached
4 — 0, and from equation (D.30), this implies that §y — oco. Consequently there are resolution
limitations in this region, such that ‘a small difference in the predicted entrainment rate can show
up as a large difference in the radial profile.

Predictions of Godoy’s measurements are presented for the flames where the initial pipe
Reynolds numbers are 24000 and 42700; these are the test cases where the flow experiences
the largest and smallest residence times, respectively. Except for the treatment of the piloted
methane-air jet diffusion flames (discussed in section 6.5.2) the remaining experimental jet flames
that are calculated in this thesis are all artificially ’ignited’. This is achieved by allowing the
jet to evolve as a non-reacting flow up to an arbitrarily located downstream position (typically
one to four burner diameters); at this *ignition’ plane, those particles along the radial axis with a
mixture fraction lying between the flammability limits of the fuel are assigned the composition
of fully-burned products consistent; with the local mixture fraction. This mixture comprises CO»,
H,0, N, and surplus fuel or oxygen depending on the local stoichiometry. If the mixture is
’ignited’ too close to the burner exit, the rich mixture hinders further reaction to take place, so
that the mean temperature rapidly drops; the ignited jet soon reverts to a non-isothermal mixing
problem [15]. Specifying a wider range for the mixture fraction (than that corresponding to the
flammability limits) has little effect on the subsequent downstream scalar evolution since those
particles which are either too fuel-rich or lean do not have a sufficiently high temperature to allow
for appreciable chemical reaction over the time scales of the flow.

Figures 6.37 to 6.48 are the résults for the test case Re = 24000 using a k-e formulation,
modified Curl and LMSE, fifty cross-stream nodes (1000 particles per node) and a forward step
size of 1% of the half jet width. The simulations using modified Curl required about three hours on
a Silicon Graphics (Iris Indigo) workstation using global optimisation for compilation purposes.
For LMSE, the run time was about five hours. There are two reasons why LMSE should require
more time to perform the calcula?ion. Firstly with LMSE all the particles are subjected to the
mixing process, whereas with modified Curl only those particles which are randomly selected
undergo mixing. Secondly, with LMSE the run times are strongly affected by the choice of A,
equation (E.26), and for the calculations reported in this thesis A, = 0.2 was employed to ensure
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that the mixing time step is not too large; however, it is felt that a larger A}, could have been
used without a significant effect on the results. The initial conditions were characterised by top
hat velocity and turbulence kinetic energy profiles. The level of £ was initially set to allow for
turbulence intensities of about 5% of the mean velocity of the fuel issuing from the burner. The
initial turbulence length scale at the burner exit was taken as a ramp function which was uniform
in value over most of the cross-section and dropped linearly to zero at r = D. The dissipation
rate of £ was then estimated using € = %/2 It is clear that only the global hydrocarbon scheme
[46] can be employed for the propane flames since the systematically reduced mechanism [10] is
designed to work for methane-air combustion only.

Figure 6.37 demonstrates that the mean mixture fraction is predicted very well in the region
z/D < 80. The similarity of the predictions of LMSE and modified Curl is an interesting result;
this ties in well with the results of homogeneous reacting turbulence (section 6.3.2.1) where the
statistics of the scalar field with the two mixing models is virtually the same provided the initial
condition is a continuous pdf. In this situation the initial conditions associated with the properties
in the burner and the free stream imply a discontinuous pdf; however, the process of transport
in physical space smoothens the initial discontinuities. Interest is mainly confined to the results
for z/D < 80, since it is in these regions where the influence of buoyancy is not appreciable.
The predictions of the nitrogen evolution (figure 6.38) follows much the same trends (in terms
of accuracy) as the mixture fraction field. Since there is no source of nitrogen, it is transported
towards the centre-line along the mean concentration gradient, and at z/D = 200, the radial
profile is nearly uniform. Figure 6.39 presents the comparison of the velocity predictions using
the k-¢ model and the measurements. The turbulence model reproduces the measurements very
well; such a good level of agreement is to be expected since the k-e model has been subjected to a
considerable amount of testing in flows where the thin shear layer approximation is valid. This is
why the jet configuration was chosen for the current application of the transported pdf formalism
so that the shortcomings of the turbulence model in reproducing the flow behaviour are reduced;
without an accurate representation of ¢ and 4, it is not worthwhile trying to proceed with the
evaluation of the reactive scalar field.

Figure 6.40 shows the predictions of C3Hg and the measurements of UHC (taken to be propane).
The consumption and transport of fuel appear to be well reproduced; in particular at z/D = 200
the pdf formalism is in agreement with the measurements in that virtually complete fuel burn-up
has taken place - this indicates that the global chemical mechanism reproduces the gross flame
features quite well. The corresponding profiles for the oxygen concentration is shown in figure
6.41. Godoy’s measurements indicate that for /D < 40 there is no O, detected on the axis of
the jet. This is an interesting observation because it is at variance with measurements in methane-
air turbulent jet diffusion flames reported by Hassan et al. [35] (described in section 6.5.1).
The reasons for this are far from certain and may well depend on how the flame was initiated.
Effects which could explain finite (centre-line) levels of O, include: local partial extinction due to
very rapid mixing near the burner, finite intermittency near the centre-line or oxygen penetration
between ring vortices shed from the burner. However, Hassan et al. [35] argued that these
explanations were unlikely; local extinction effects were ruled out due to the presence of the
hydrogen pilot flame in the near burner region, vortex shedding was simply not observed and the
centre-line pdf’s of temperature did not indicate the presence of any intermittency. The only other
plausible explanation put forward by Hassan et al. involved the basic intermittency phenomenon
at the ’edge’ of the jet, whereby fresh fuel and air may be brought into contact without the
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presence of hot products, leading tc; a partial premixing. The predictions in figure 6.41 indicate
finite centre-line concentrations of O, in regions where the measurements suggest there should
be none. Furthermore, as more fuel is consumed the measurements correctly indicate that the
centre-line O; concentrations shoul“d rise; at least in the region 80 < z/D < 100 the predictions
do not reproduce this effect. The reason why the predictions indicate Oy near the centre-line at
z/D = 20 is probably related to the method by which the mixture is ’ignited’ for the purpose of
the calculation procedure. ‘

The predictions of the products of chemical reaction (CO,, CO, H; and H,O) are shown in fig-
ures 6.42 to 6.45. The most striking observation is the persistent overprediction of CO throughout
the entire region over which the flame was experimentally investigated. Measurements of the Hj
concentration are not available, however figure 6.44 also indicates that the peak levels of H; are
much greater than the typical values found in laminar or turbulent flames. The overpredictions in
CO need to be matched by underpredictions of the other carbon-containing species in the reactive
mixture. More will be said about the conservation of elemental species further on; for the time
being it is argued that given the laqgely disparate scales between the concentrations of C3Hg and
those of CO, CO,, a small underprediction in C3Hjy is sufficient to make available a large pool
of carbon atoms which would have to be taken up by CO and CO,. Generally speaking the CO,
predictions can be considered to be satisfactory to the extent that the peak values are reasonably
accurate. Qualitatively, the results are consistent in that as the fuel is (nearly) entirely consumed
by z/D = 200, the CO and H, levels start to drop, leading to the formation of H,O and COs,.
The lack of discrepancy in the results using modified Curl and LMSE is an important outcome,
suggesting that both are equally as *good’ at representing the *molecular mixing’ behaviour.

The results discussed above are reminiscent of the predictions of the confined laminar flame,
section 6.2. In fact, the calculation of Godoy’s flame was originally attempted prior to the
simulation of the laminar flame of Mitchell et al. [69]. Upon examination of the results for
the turbulent propane jet flame it yvas felt that the overprediction in the CO field was difficult to
understand given that the global scheme yielded very good CO and H; levels in laminar flames
(with a realistic treatment of diffusion). This was the motivation behind the calculation of laminar
flames with equal diffusivity being assumed, and it is felt that the results in the laminar flame may
have some bearing on the behaviour in the turbulent flame.

The mixing models that were employed for the turbulent flame calculations employ § as the
characteristic turbulent time scalé. Therefore it is of interest to compare the profiles of f from
the results in this flame. Figure 6.46 shows that over a large section of the jet f is predicted in
much the same way by both models. The discrepancies which do arise near the edge of the jet can
be explained as follows: §
the numerator and the denominator, particularly near the edge of the jet where & and ¢ both tend
to zero. Figures 6.47 and 6.48 indicate that the behaviour of & and € (respectively) is much the
same regardless of the mixing model and that the differences appearing in figure 6.46 are of little
physical consequence. ‘

The predictions shown in figures 6.37 to 6.48 employed 50,000 particles; typically the pdf at
each point along the cross-section of the jet was represented by 1000 particles. The effect of the
sample size on the accuracy of the results needs to be established if conclusions can be confidently
made concerning the strengths and the weaknesses of the scalar pdf technique. Figure 6.49 is a
graph which helps to indicate how well the current Monte Carlo/pdf approach conserves mass.
With the calculation procedure fhat is being used, mass continuity is in principle automatically

is a quotient whose value is obviously sensitive to the magnitude of
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satisfied because of the transformation of the governing equations to dimensionless stream function
coordinates. Despite the fact that the reactive species concentrations are changing as the jet evolves
downstream of the burner, at any particular cross-section the flow rate of element mass fraction
should be constant. Due to the equal diffusivity assumption, the measure of this is given by,

R(z)
I(z) = / girédr (6.16)
0

Substituting from equations (5.3) and (5.4), (6.16) becomes:
1
I(@) = (g - T)) / Edu (6.17)
0

For mass conservation to be observed Z(z) should remain invariant as z increases. Figure 6.49
shows how the sample size affects this result; with 10° particles (i.e. 2 x 10* particles per node)
Z(z) varies by very small amounts (< 5%) whilst with 50,000 particles there is about 12% variation
by about /D = 200, relative to the starting value at /D = 0. Figure 6.49 demonstrates that
in the limit of the sample size tending to infinity, Z(z) will become a horizontal line. The large
deviations in Z(z) with 50,000 particles may suggest that the mean profiles shown in figures 6.37
to 6.48 may be inaccurate. For this reason a calculation was performed using 10° particles (all
other conditions were kept the same). The results (figures 6.50 and 6.51) using modified Curl are
only shown for ¢ and Xco; the level of agreement was found to be as good for the other scalars
(which are not shown). It is clear that the substantial increase in sample size has very little effect
on the profiles, implying that the results previously discussed (based on a sample size of 50,000
particles) are quite satisfactory.

Calculations were also carried out to investigate the performance of the Reynolds stress
closure. The reason why the application of this turbulence model was attempted is because it
provides another (potentially more accurate) method of calculating the & and e fields and since
these feed into the molecular mixing models, it would be of interest to find out what effect this
would have on the predicted scalar properties. In terms of the velocity field, figure 6.52 indicates
that there is little difference between the two models; this is to be expected. The results (using
modified Curl) for the mixture fraction and the CO field are shown in figures 6.53 and 6.54. The
Reynolds stress closure does not appear to affect the results significantly; in fact the differences
in the predicted quantities using the two turbulence models appears to be of the same order as the
difference when using the two mixing models. The peak levels of CO (and H;, not shown) for
z/D < 80 are hardly affected. As far as the predictions of the k£ and ¢ fields are concerned, the
differences arising from the use of the two turbulence models is typically less than about 8%.

The final set of results relating to the Godoy flame are the predictions of the measurements at
Re = 42700. So far very little has been said about buoyancy. Nevertheless, in reality, the increase
in Reynolds number does influence the role of buoyancy. It is to be expected that decreasing the
Reynolds number increases the role of buoyancy. The effect of buoyancy is to increase the mixing
rates such that more air from the surroundings is entrained; Godoy [31] points out that this occurs
at a roughly constant spreading rate. This is plausible provided the overall velocity at a section
also increases under the influence of buoyancy in conjunction with the increased entrainment.
Because more air is entrained, the fuel burns up more quickly and so the flame shortens. These
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observations are borne out by the measurements of Godoy. The important feature emerging from
the predictions and measurements (figure 6.55 to 6.57) is the apparent insensitivity of the peak
levels of the reactive scalar field to the Reynolds number; doubling the Reynolds number halves
the mean residence time of the flow. This implies that in this particular flame the residence times
of the flow are such that there are no significant kinetic effects (e.g. local extinction) operative.
More will be said about such effects when discussing the piloted diffusion flame of Masri et al.
[66] in section 6.5.2.

Jones and Kollmann [44] had also investigated the flame of Godoy [31] but using a different, and
less realistic, chemical scheme. A reduced scheme for the oxidation of propane was employed;
the thermochemical state (including composition, density and temperature) was obtained via a
partial equilibrium assumption in which the free energy was minimized subject to the constraints
that the mixture fraction, total mole number and mass fraction of C3Hg (three-scalar chemistry)
take predetermined values. Such a constrained equilibrium approabh led to underpredictions of
CO and the agreement of the CO; predictions was poorer than displayed in figure 6.42. More
recently Chen and Kollmann [12] extended the work by incorporating a four scalar description
of the chemistry. The major difference between the three and four scalar description lied in the
assumption of partial equilibrium for the CO oxidation process. In [44] the CO/CO; ratio was
determined entirely by the H/OH ratio and the equilibrium constant, whilst in [12] CO was treated
as an independent scalar. The effect was a significant improvement in CO and CO, predictions
(although they were still under and overpredicted, respectively) with little effect on the mixture
fraction profiles. Clearly, the treatment of the chemistry has little effect on the conserved scalars,
but a greater effect on the reactive scalars.

6.4.2 The Flame of Heitor, Moreira and Pires

The propane-air turbulent jet diffusion flame investigated by Heitor et al. [37] ? has a very similar
configuration to that of Godoy [31]. The differences are that the fuel pipe diameter is Smm (instead
of 6mm) and the mean fuel inlet velocity is 33ms™! (in place of the values shown in table 6.1);
the Reynolds number is about 37000. This flame is investigated primarily because of its similarity
to the configuration of Godoy, but in addition measurements of temperature and velocity are
reported. The measurement techniques employed for sampling the CO, CO, and velocity fields
were the same as those described}) in section 6.4.1; measurements of temperature were made with
thermocouples (40m diameter)..

The results are presented infﬁgures 6.58 to 6.61. Figure 6.58 shows that the predictions
of CO and CO; are consistent with the levels calculated for the Godoy flame. In contrast the
measurements of Heitor et al. indicate that the peak CO level is at most 4% (mole fraction)
whereas in the flame discussed in the previous section, the level of CO is typically 6%. Figure
6.59 demonstrates that since CO;and CO, are overpredicted, the levels of O, are underpredicted
and consequently higher temperatures are calculated. Another interesting observation concerning
the measurements is the absence of O, near the centre-line, in agreement with the measurements
of Godoy. The mean velocity (figure 6.60) is very well reproduced at the first two measuring

2In this experimental study two different burners were employed. One with an internal contraction prior to exit into
the stagnant surrounds and the other with a pipe of constant cross-section. The latter burner is discussed in this work,
since the former cannot be treated by the current calculation procedure which is specifically set up to solve boundary
layer flows. ‘
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stations. However, by /D = 30 the predictions suggest a faster spreading rate of the jet. The
superiority of the Reynolds stress model in predicting (v”z)% is evident, although the differgp’ces
are not significant, particularly in relation to W, Figure 6.61 presents the predictions of (u” 2)%
and | (T'z)%; for /D > 10 the Reynolds stress model appears to reproduce the measurements of
(u" 2)% quite well. However, despite the simplicity of the k- model (in comparison to the Reynolds
stress model) it is clear that it also performs satisfactorily and the effect of these differences on
the reactive scalar field appears to be quite small.

The calculation procedure appears to reproduce the fluctuating velocity field quite well. This
implies that the predictions of & (and therefore those of ¢) are at least of the right order of
magnitude and qualitatively correct. This, is turn, means that the apparent overpredictions in CO
(for example) is not related to the inaccuracy of f which serves as an input to the mixing model;
it appears that it has more to do with the lack of physics underlying the derivation of the mixing
models.

6.5 Predictions of Methane-Fuelled Turbulent Jet Diffusion Flames

6.5.1 The Flame of Hassan, Lockwood and Moneib

In the experimental study of Hassan et al. [35] three types of flames were investigated: burner
stabilised flames with and without N dilution of the fuel stream and lifted flames. Given the
manner in which the flow is artificially ignited in the current calculation procedure, it is clear that
the predictions need to be restricted to the burner stabilised flames. The fuel employed was North
Sea gas (94 % methane), chosen on the grounds that it avoids the significant formation of soot.
The burner pipe was thin-walled, vertically aligned and 7.74mm in diameter. It was long enough
to ensure fully-developed conditions at its exit. Flame stabilisation was achieved by admitting Hp
from a 0.25mm wide annulus between the burner and a surrounding pipe. The flow rate of H, was
1% by mass of that of the fuel. In contrast to the previous experimental investigations, Hassan
et al. chose to employ a quartz microprobe relying on sonic expansion for sample quenching, in
preference to the bulkier alternative of a water-cooled stainless steel probe. The justification for its
use was that quartz probes provide minimal thermal disturbance and possess diminished catalytic
activity.
Each of the flames studied were operated at a pipe exit Reynolds number in the range 104 <
Re < 3 x 10* (transition Re =~ 500 for free jets). The initial conditions corresponding to the
flames investigated by Hassan et al. are summarised in tables 6.2 and 6.3. Since it assumed
.that the fuel is methane, the systematically reduced scheme of Chelliah et al. [10] can also be
employed for the calculations. Measurements of UHC, H,O and N; were not made and so it is
not possible to calculate a mixture fraction from the measurements. Detailed measurements of
the radial profiles were only reported for run SA2. Figure 6.62 shows the results for the CO and
temperature fields using the global hydrocarbon mechanism. As with the Godoy flame, the effects
of buoyancy become important in the downstream solution (z/D > 80). The mean temperature
profiles at /D = 36.2 and 75 appear to be very well predicted with little difference between
the mixing models. By z/D = 204, the temperature profile is overpredicted by a significant
margin, particularly near the centre-line; this may suggest that the measured flow is cooling down
(through the entrainment of ’cold’ air from the surroundings) more rapidly. Since the buoyancy
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Mass Flow Rate Burner Velocity Burner Exit

Run e [Kg/hr] | Hp [Kg/hr] U, [ms™!] | Reynolds number
SAl 3.283 0.0227 29.5 13362
SA2 4924 10.1545 443 20065
SA3 8.207 +0.3070 73.9 33454
SA4 9.848 0.3347 88.6 40130

Table 6.2: Stabilised natural gas diffusion flames, Hassan et al. [35]. D = 7.74mm. Burner velocity chosen
to conform with the fuel mass flow rate, ocg, = 0.656 Kg m~3 and pcy, = 1.121 x 107> Kgm™!s~! at
298K.

Run Mass Flow Rate Density | Burner Velocity
Fuel [Kg/hr] | N, [Kg/hr] | Hy [Kg/hr] | g [Kgm™3) U, [ms™!]

NA1 3.06 1.865 0.169 0.78 37.3

NA2 2.185 2.74 0.1545 0.86 33.8

NA3 1311 3.613 0.1545 0.95 30.6

NA4 0.874 4.05 0.144 1.01 28.8

Table 6.3: Stabilised natural gas/N,-diluted diffusion flames, Hassan et al. [35]. D = 7.74mm. Re = 16500

forces influence the entrainment, it is clear that to reproduce the measurements in the region of
z/D = 204 requires modelling of the buoyancy effects. The overprediction of the CO has been a
major characteristic of the solution formalism that has been adopted, even though the qualitative
trends appear to be correctly represented. The maximum levels of CO predicted are slightly less
than for the Godoy flame. One possible reason for this is that a different hydrocarbon is being
used, with fewer carbon atoms per molecule. Figure 6.63 presents the predictions of O, and
CO; in relation to the measurements. As with the Godoy flame, the peak levels of CO, are well
reproduced for z/D < 80. In accordance with the overprediction of temperature at z/D = 204,
the mean O, and CO, concentrations are under- and overpredicted respectively. Figure 6.64
indicates that the overpredictions of CO are matched by very high H concentrations, particularly
at x/D = 75. However, by /D = 204 all the fuel has been consumed and most of the CO and
H, have been oxidised to CO, and H,O. Figure 6.65 shows the axial (centre-line) evolution for
the scalar properties. The most accurately predicted quantity appears to be the mean temperature
for /D < 100. Qualitatively the rms of temperature is acceptable for z/D < 100, whilst the
subsequent (measured) peak may well be due to more *cold’ air particles amongst the hot burnt
pockets so that the overall mean temperature decreases whilst the fluctuations increase. Whilst
the measurements indicate a finite level of O, along the centre-line, the calculation predicts that
by about 50 diameters this has virtually disappeared. The behaviour of CO; is quite satisfactory;
however the reasons for the subsequent (predicted) plateau in the CO, level are not clear. The
strong rise in the CO concentration coupled with virtually no centre-line O, is clearly a factor,
since the CO, profile starts to rise again as the centre-line CO levels drops and that of O; rises.
Hassan et al. [35] point out that the most noteworthy feature of the scalar field measurements
is the finite O, concentration for /D < 80. In this respect, the effect of Ny dilution is to
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reduce, relative to the undiluted flame, the centre-line oxygen concentration for z/D < 80. It is
argued that the effect of N, dilution is to increase the stoichiometric mixture fraction, and as a
consequence it "suppresses the retardation of reaction and so the oxygen concentration”. With N,
dilution, £; is given by:

Est = W WC,,Hy - (6.18)
(WOz + _UZ) (33 + %) (1 - mCzHy,l","'th,l) + WC$HU

where 1n,,1 and Thc,g,,1 are given in table 6.3. The derivation of this expression is given in
appendix G. Equation (6.18) shows that for 7,1 > O the magnitude of {; is greater than if
mN,,1 = 0. Hassanet al. noted that as a consequence of the increase in &,; the flame is shortened in
inverse proportion. The addition of N affects the bounds for the construction of the interpolation
table. These details are discussed in appendix F.

Figure 6.66 shows the results for the oxygen field comparing the measurements and predictions
of the burner stabilised flames, with and without N, dilution. The predictions of the NA1 and NA2
flames do not demonstrate a reduction in the peak levels of Oy, for /D < 50, relative to SA1
and SA2. For NA3 and NA4 there is a significant reduction in the centre-line O, concentration
relative to SA3 and SA4. Furthermore, the general level of agreement between the predictions
for the nitrogen diluted flames is better than for the non-diluted flames. As 7,1 is increased the
centre-line temperature profiles (not shown) indicate that the peak temperatures, albeit of the same
magnitude, fall away more quickly than if ruy, 1 = 0. Thus, as more N3 is added to the fuel stream,
at the expense of the fuel itself, the amount of reaction taking place is less pronounced; this may
explain why the level of agreement between measurement and prediction improves for these test
cases. The improvement in the prediction of CO, and CO profiles (figures 6.67 and 6.68) is also
evident. In the case of CO,, it can be noticed that the peak levels move closer towards z/D = 0
as the degree of N, dilution increases; this is consistent with the observation that the mean flame
length shortens. The effect of Nj dilution on the CO concentration results in overpredictions for
NA1 and NA?2 (consistent with the undiluted behaviour), but for NA3 the centre-line evolution is
very well reproduced. For NA4 the levels CO are underpredicted; these results are in stark contrast
SA1-SA4 where CO is consistently overpredicted, and the peak levels are hardly unaffected by
the flow residence times (as shown by the measurements and the predictions).

The discussion now centres around the predictions of the non-diluted flame (SA2) using the
systematically reduced mechanism of Chelliah et al. [10]. The results initially presented for this
test case were performed with the mixture being artificially ignited at 15 diameters downstream of
the burner. This is an unrealistically large distance and the reason for igniting the mixture at such
a location is because with ignition at z/D = 10, the mean flame temperature drops monotonically
thereafter; the flow reverts to a mixing problem. This clearly indicates that the reactive mixture
at the ignition plane cannot sustain itself downstream. This result raises questions with regards to
the suitability of the systematically reduced mechanism with the transported pdf formalism. For
the time being the results obtained with ignition of the mixture at z/D = 15 will be discussed.

Figure 6.69 shows the results for the mixture fraction, temperature and mean density. The
first significant observation is the difference in the predictions of LMSE and modified Curl at
x/D = 75, whilst at x/D = 36.2 the results are quite similar. LMSE is manifesting a tendency
towards extinction and the reasons for this are not entirely clear. The calculations of homogeneous,
isotropic and reacting turbulence indicated that with the global hydrocarbon scheme employing a
continuous initial distribution, the scalar field evolved in the same manner with the two mixing
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models. However, this was not the case with the systematically reduced mechanism, and the
current result could be interpreted as a manifestation of this in an inhomogeneous test case. With
modified Curl, the temperature in figure 6.69 is predicted just as well as in figure 6.62. Whilst the
difference in T using modified Curl and LMSE is significantat /D = 75, the effect on the mixture
fraction profiles appears to be very small. Figure 6.70 shows some more features of the reactive
scalars. The peak CO levels are not overpredicted. However it would be unwise to assume that this
result has been achieved because the chemistry is more realistic; this is because to achieve these
results the mixture had to be ignited at /D = 15, which is considered too far downstream. From
the oxygen profiles it is clear that the centre-line concentrations are overpredicted at /D = 36.2
and z/D = 75; this partly explain$ why the CO levels appear to be more sensible. The differences
in the CO and H; levels arising from the use of the two reaction schemes are significant; upon
close examination of the CHy profiles (figures 6.64 and 6.71), the mechanism of Chelliah et al.
[10] suggests that there is more fuel present, particularly at the larger radii (which occupy a greater
volume). With modified Curl the profiles of CO, and H,O do not differ substantially for the two
schemes. This is to be expected since the temperature profiles do not differ significantly as pointed
out earlier on. It is difficult to comment on the accuracy of the radical species (figure 6.71) since
there are no measurements available. The peak values of CHj3 appear to be of the same order of
magnitude relative to the peak values in the laminar flame calculated by Chelliah et al.; this is in
contrast to the H-radical, where the concentrations are an order of magnitude higher. The fact that
LMSE is tending towards extinction appears to be coupled to the rapid depletion of the radical
pool at z/D = 75 relative to the solution employing modified Curl.

Given the significant effect that the use of a more elaborate scheme appears to have on the
evolution of the reacting jet, figures 6.72-6.74 are presented in order to compare the two solutions
associated with the ignition of the mixture at 10 and 15 diameters downstream of the burner.
Figure 6.72 demonstrates that the peak mean temperature of the flow is steadily dropping for the
calculation with ignition at /D = 10. The large difference in temperature affects the density
which in turn influences the mixture fraction; the jet with a lower overall density spreads faster.
Figure 6.73 indicates that O; is higher for the flame that that *goes out’, which is to be expected;
the area under the curves for CHy appear to be much the same, however bearing in mind that
the density is much higher further downstream for the flame initially ignited at /D = 10, this
indicates that less fuel is being consumed for that test case. The reason why the flame temperature
drops monotonically when ignited at /D = 10 can be explained using figure 6.74. This plot
shows that whilst the peak values of CH; and H are the same at /D = 10 or 15 (depending on
the location of ignition), the subsequent evolution of the flame which cannot sustain itself is due
to the depletion of the radical pool; by /D = 30 there are hardly any radical species available.
The only difference between the ignition of the mixture at either of the two specified locations is
in the degree of interdiffusion between the fuel stream and the surrounding air stream.

The results in homogeneous, isotropic and reacting turbulence indicated that with the use of the
systematically reduced mechanism the agreement between the predictions using the interpolation
table and LSODE were not entirely satisfactory for all the scalar properties. For those calculations,
as well as the laminar flame simulations, the direct integration of the stiff ODE'’s (using LSODE)
did not lead to prohibitively long cpu times. For an inhomogeneous flow, the number of particles
present and the number of steps required to perform the full calculation make the use of LSODE
quite impractical. However, with this mechanism, ignition of the mixture at z/D = 10 leads to
a progressive drop in the me;in temperature. Since those 'notional’ particles with a temperature
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Figure 6.2: Schematic of the piloted methane-air turbulent jet diffusion flame of Masri et al. [66]. The
streams labelled 1, 2 and 3 contain the following: 1. CHy at 298K, Re ~ 20000, u;, = 41ms~! (flame L)
and u;, = 48ms~! (flame B); 2. *Hot’ (fully) burnt products from a stoichiometric mixture of C;Hy, Hp
and air, 2600K, Re ~ 604, u;, = 24ms™!; 3. Coflowing air at 298K, Re =~ 105, u;, = 15ms™".

greater than 700K are only subjected to chemical reaction, this means that a comparison between
the performance of a calculation using the interpolation table and the direct integration can be
made. Such a test is clearly necessary given the implications of the above results which raise
questions on the suitability of the reduced scheme in the calculation procedure. A calculation
using LSODE for flame SA2 was performed up to z/D = 30 and even with full optimisation
this required over three days of cpu time. With ignition at /D = 15, the run time required for
this calculation could easily be an order of magnitude higher. Figures 6.75 and 6.76 compare the
solutions of the interpolation table and LSODE. The agreement is quite satisfactory in the sense
that the correct qualitative trends are being predicted. Therefore the results presented earlier on
are definitely not misleading, and for the gross flame characteristics (such as CHy, CO; and O,
levels, not shown) the agreement is very good.

Further calculations using the scheme of Chelliah et al. [10] are not described in the context
of the flame of Hassan et al. since it is felt that the uncertainties which have arisen through its use
imply that it is not very well suited to the current formalism.

6.5.2 The Flame of Masri, Bilger and Dibble

The work of Masri et al. [66, 67, 68] provides extensive experimental data on the compositional
structure and temperature for turbulent methane-air jet diffusion flames in which the chemical
kinetic effects (e.g. local extinction) can be significant. A schematic of the basic experimental
configuration is illustrated in figure 6.2.

The burner which produces the flame consists of a central jet of fuel surrounded by a large
annulus (the pilot stream) of coflowing premixed combustion products (originating from a unburnt
mixture of CoHj, Hy and air) with the carbon-to-hydrogen ratio adjusted to be the same as that of
methane. This specification is not unique, for example the following one step irreversible reaction,

CoHy + 3Hy + 40, + (£) Np — 2C0, + 4H,0 + (4) N (6.19)
implies a carbon-to-hydrogen ratio of 1:4, whilst

CoHy + 4Hy + 0; + (F5) No = 2C0; + SH0 + (55 ) Mo (6.20)
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ensures a carbon-to-hydrogen ratio 1:5. Therefore the amount of H; determines the carbon-to-
hydrogen ratio. For the fully burnt mixture of acetylene and hydrogen the stoichiometric mixture
fraction is given by: |

WC2H2 + 3WH2

2 (i’Vco2 + 4Wu,0 + %WNZ)

£t = ~ 0.049 (6.21)

An equilibrium calculation using the method of Gordon and McBride [32] for the annulus mixture
yielded a temperature of about 2491K. When radical species are excluded from the equilibrium
composition the 'fully-burnt’ temperature rises to 2637K. Given that a real mixture contains
radicals, it is not clear why Masri et al. estimate that the pilot stream is at 2600K.

The burner and pilot annulus are centred in a much larger coflowing stream of air. Masri et al.
designed this arrangement in order to study turbulence-chemistry interactions under conditions
approaching extinction, in a flow which is fluid dynamically ’simple’. By increasing the fuel jet
velocity, the flame approached extinction in a region 15 < z/D < 35, where D refers to the
fuel jet diameter. At blow-off the heat release from the pilot annulus maintained combustion of
the fuel and outside air over the first 15 diameters. It is pointed out [67] that in the vicinity of
z/D = 20, where the stabilising effect of the pilot stream has virtually disappeared, the mixing
is intense. If the fuel jet velocity is sufficiently high (prior to blow-off), the peak temperatures
can drop to about 820K, implying local extinction; however further downstream (z/D = 30) the
’intensity’ of mixing is reduced, the flame re-lights and the temperature increases again. It is quite
clear that such a test case manifests appreciable finite-rate effects; it was experimentally observed
tl}gt/regardless of the mean jet velocity (and therefore how close the flame was to extinction),

(5"2)% remained constant at a given axial location. These conditions pose a severe test on any
turbulence and thermochemical model employed to predict a turbulent combusting flows. Four
different flame conditions were experimentally investigated by Masri et al. at various mean fuel
inlet velocities. Flames *L’ and B, characterised by mean fuel inlet velocities of 41ms™! and
48ms~! respectively, are considered in this work. These flames are chosen partly because they
encompass the range of behaviour previously discussed. In addition these flames have also been
investigated by Chen et al. [15] and Vervisch [99, 100], and so a comparison of the predictions
can be made.

Masri et al. [66] made simultaneous space and time resolved measurements of CHy, O,,
N,, H,0, H,, CO and CO; using pulsed spontaneous Raman scattering in the blue (visibly soot
free) regions of the flames and femperature was measured from the Rayleigh scattered signal.
A "fluoresence"” interference which contaminated, in varying degrees, the Rayleigh and Raman
lines was observed and its effect accounted for using correction coefficients generated from
measurements in laminar flames of known composition. This problem seems to occur only in
hydrocarbon fuels, particularly in the rich (0.06 < ¢ < 0.25) regions of the flame for samples
where the temperature is greater than 1273K. At each laser shot the Rayleigh scattering as well as
the Raman signals from CHy, Oy, N2, H,0, Hp, CO and CO; were collected simultaneously. The
manner in which the statistical moments of these scalars were obtained, together with the influence
of fluoresence is described in [66]. The species concentrations were expressed as density-weighted
averages and the temperature and density as conventional, unweighted averages. The accuracy
of the measurements was largely dependent on the severity of the fluoresence interference. The
investigators claimed that that the concentration and temperature measurements were affected
by shot noise and calibration efrors by less than 5% of the maximum values. In the pdf plots
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typically 1250 sampled data points at a particular location were used to construct the histogram,
including the ones with ’intense’ fluoresence®. This leads to values of the pdf’s of all the scalars
being slightly biased towards higher values in the regions of intense fluoresence. The mixture
fraction reported in [66] was calculated from an hydrogen-atom balance; the definition accounted
for hydrogen atoms present in the air stream due to the presence of water vapour (quantified in
terms of the specific humidity, Kg of H,O/Kg dry air).

The pilot stream is significant in the role it plays in this flame configuration; the very low
Reynolds number and high temperature of the flow issuing from the annulus indicates that it acts as
a source of flame stabilisation. In addition, the shear size of the pilot stream sets it apart from the
Jjet flames considered up to now, where the effect of the pilot stream was ignored in the calculation
procedure. In the present context, the mixture is no longer artificially ignited at some arbitrarily
located plane downstream of the burner. Instead the initial conditions associated with the pilot
stream are introduced into the calculation procedure and it is expected that this procedure will
be sufficient in ensuring subsequent chemical reaction further downstream.* This procedure is
undoubtedly more realistic than the artificial ignition. It should be borne in mind that if the pilot
stream is not sufficiently large in comparison to the fuel stream (as in the previous jet flames) then
such a practice may not be sufficient to ensure combustion downstream; effectively, the localised
high temperature pilot gas would be quenched by the colder surroundings before sufficient mixing
of fuel and air has taken place. This effect is a feature of the solution formalism and has nothing
to do with what actually happens in reality. Regardless of the method of ignition that is employed,
if the hot burnt products are represented in terms of a fully burnt mixture of CH4/O,/N; then the
resulting peak temperature will be about 2400K, as opposed to 2600K arising from the complete
burnout of a mixture of C,H,/H/0,/N;. For the initial set of predictions to be reported, the former
specification is employed.

All the predictions presented for the flames of Masri et al. [66] employ the scheme of Jones
and Lindstedt [46] (the global hydrocarbon scheme). Attempts at using the scheme of Chelliah et
al. resulted in the same effects observed for the predictions of the flame of Hassan et al. [35] when
ignited at z/D = 10. Igniting the mixture at a potentially large downstream position in order to
ensure that the scheme of Chelliah et al. does work is not a potentially good idea in view of the
fact that the measurements made by Masri et al. start quite close to the burner (z/D = 10).

The comparison of measurements and predictions for flame L will be considered first, since
this particular flame does not exhibit the observed effects of local extinction and subsequent
downstreamrelighting. Figure 6.77 compares the density-weighted CH4 mass fraction and mixture
fraction radial profiles. The behaviour of the predictions are consistent with what has been observed
in the previous flames; namely that the mixing field and fuel breakdown are well represented, and
that the differences arising out of the use of modified Curl and LMSE are quite small. The
spreading rate of the predicted jet could be increased somewhat in order to conform more closely
with the experimental measurements. Increased spreading rates could be achieved by increasing
the characteristic turbulent length scales at inlet to the flow domain; this would in turn reduce ¢
which results in a larger eddy-viscosity (since p; o f). A larger eddy-viscosity implies increased
turbulent mixing and hence spreading rate of the jet.

3An ’intense’ signal is arbitrarily defined [67] as one where the maximum and minimum fluoresence corrections
deviate by more than 25% from the mean fluoresence corrected value.

“The former method of specifying burnt particles at some arbitrary downstream location was adopted by Chen et al.
[15], whilst Vervisch [99, 100] used the procedure which is also employed in this work.



118 Results and Discussion

The accuracy of the prediction of ?Nz (figure 6.78) is related to that of £ to the extent that both
are conserved scalars and are affectéd by the reaction through the mean density. The mean density
is very well predicted over a sxgmﬁcant section of the jet. Towards the edges the overpredictions
are presumably related to the fact that the jet is not spreading as fast as the measurements suggest.
Figure 6.79 presents an interesting feature which has been discussed in the context of the flames of
Godoy [31], Heitor et al. [37] and Hassan et al. [35] (sections 6.4.1, 6.4.2 and 6.5.1, respectively)
- the appearance of O, at the centre-line. As with the previous flames, in the initial stages of jet
evolution, the predictions do not indicate the existence of any O, near the centre-line. The profiles
for CO, appear to be in good agreement at /D = 10, but this deteriorates further downstream,
although the peak levels are not too far off from those of the measurements. The fact that the
accuracy of the predictions appear to be better at z/D = 10 than at the other measuring stations is
a feature which is also observed in flame B; this aspect of the predictions will be discussed further
after consideration of flame B. |

Whilst the CO levels (figure 6.80) are underpredicted at z/D = 10, this is definitely not the
case by z/D = 30. Furthermore the H, concentration (figure 6.81) is substantially overpredicted
for z/D > 20. This final point is important since the measurements (and predictions) indicate that
the peak levels of H; are an order of magnitude below those of CO (and both appear in relatively
small amounts). This highlights the difficulty in reproducing the behaviour of these intermediate
species which are strongly affected by how accurately the reaction zone is represented. The
measurements of H,O appear to be reproduced quite well. If the present calculation is extended
to z/D = 70 it is noticed that by /D = 50, Yoo ~ 0.11 and Yy, =~ 0.015; by z/D = 70
Yeo = 0.13 and Yiy, ~ 0.017, with Tngz & 1600K. This demonstrates that up to z/D = 30 only
a brief "history’ of the flame is being observed and that as the flame evolves further downstream,
the intermediate species’ concentrations increase even further.

_ Figure 6.82 presents the prediction of the root-mean-square (rms) of CHy and £, denoted as

1 1 . . .
(YC":I ,)? and (5”2) 2 respectively. The correct trends are reproduced and the qualitative agreement

is quite good, although there is scope for improvement. With reference to figure 6.77 it is noticed
that the overpredictions in the rms values observed in the region 0.5 > /R < 2 (R = D/2)
occur at the same location as the largest mean scalar gradients. Whether this is an indication that
there is too much production of scalar fluctuations, or the mixing model does not dissipate the
scalar fluctuations enough or even because it is a consequence of the spreading rate not being
correctly predicted is an open questlon Figure 6.83 indicates that at z/D = 10 the maximum
and minimum (turning points) for (o 2) 2 have been very well picked up by the predictions. This
is quite an achievement given that the initial density field is quite complicated due to the presence
of the hot pilot gas (gpior = 0. 145Kg/m?) located between the fuel (gcm = 0. 656Kg/m3) and air
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(0air ~ 1.18Kg/m?) streams. Figure 6.84 demonstrates that both (Yp, )2 and (YCo )5 are quite
well predicted; in the case of COj this is interesting since the corresponding mean profiles (figure
6.79) are not too well predicted. Furthermore, despite the fact that Yo, indicates that there is no
predicted centre-line oxygen, small (yet finite) fluctuation levels are detected at z/ D = 20. Unlike
the behaviour of the mean and rfns of CO,, figures 6.85 and 6.86 show that the overpredictions
in Yeo and YH2 lead to overpredmtlons in the correspondmg rms values; this effect is particularly

acute in the case of (YH )2 2. The predictions of (7" )2 atz/D = 10, figure 6.85, indicate a peak at
r/R = 1 whereas the measuremeénts suggest a monotonic rise. The reason for this is not entirely

clear; the prediction of (YI,';:O)% (figure 6.86) at x/ D = 10 also indicates a peak in this region, and
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it is possible that the calculation procedure registers this feature as a residual effect of the pilot
stream since this peak appears to disappear by about /D = 20.

Since the current method of solution allows the pdf to be treated as an evolving quantity, it
seems natural to present some pdf’s and compare them against the measurements compiled by
Masti et al. [67]. Figure 6.87 presents the marginal pdf P(€; z,w) atz/D = 20 for three different
radial positions. Before discussing the level of agreement which exists between the plots, the
reason why the measurements and predictions are compared at r/R = 1.97 and /R = 1.98 (as
an example) needs to elaborated. With the calculation procedure being used the grid position is
outside the control of the analyst, and is evaluated in terms of the transformation to dimensionless
stream function coordinates. These details are discussed in section 5 and appendix D. However,
provided the mesh is sufficiently fine in the w-direction, upon transformation to z-r coordinates,
a grid node in physical space close to the location of the measurements can usually be found, but
a one-to-one correspondence cannot be guaranteed.

Despite the differences in the fine details of the pdf profiles in figure 6.87, the predicted and
measured pdf’s are located in the same regions of the ¢ space; near the centre-line the mixture is
rich and the pdf’s are closer to £ = 1, whilst at 7 /R = 3.11 the pdf’s are biased towards £ = 0.
Given that f has been qualitatively well-predicted, the observations concerning the location of
the pdf’s is to be expected. It was mentioned earlier on that the predicted spreading rate of the
jet is less than the actual spreading rate experimentally measured. Consequently at 7/R = 0 the
predicted pdf is closer to f = 1 than the measured pdf. Similarly at 7/R = 3.11 the predicted pdf
shows a much stronger spike at £ = 0 than the measured pdf. Atz /D =20andr/R = 0, figure

6.82 indicates that the predicted and measured values of (6"2)% are virtually the same, although
figure 6.77 demonstrates that at the same location the values of §~ are different. However, the
corresponding pdf profiles in figure 6.87 have different shapes - if only ¢ was different they would
look identical but situated at different locations along the é axis. This suggests that the higher-order
moments may also be different in order to account for the differences in the shapes of the pdf.
This particular feature is further exemplified in figure 6.88 which presents ]5(5 ; Z,w) due to the
LMSE model; atr/ R = 0 the differences between the predicted pdf’s in figures 6.87 and 6.88 are
noticeable, yet the mean and rms show little difference between the two mixing models. Figure
6.89 compares the unweighted pdf P(T; z,w). Qualitatively the agreement appears to be quite
good and this is reflected to a certain extent by the mean and rms profiles (figures 6.80 and 6.85
atz/D =20). Atz/D =20andr/R ~ 2, T ~ 1150K and (T'Z)% ~ 200-400K (measurement
and prediction, respectively); it is interesting to note that both the measured and predicted pdf’s
register signals up to 2000K, albeit with much lower intensity. The importance of this result has
been highlighted by Masri et al. [67], who point out that whilst the frequency of encountering "hot’
burnt pockets of gas decreases sharply as the flame approaches extinction, their very existence may
be responsible for keeping the flame alight - this argument is particularly relevant to flame B where
local extinction is followed by relighting of the flame further downstream. Figure 6.90 shows
f’(f’co; z,w); the results are consistent with the profiles of Yeo (figure 6.80) since at z/D = 20
and 7/ R = 0 the mean CO levels are underpredicted and at v/ R = 2 they are overpredicted.

The predictions for flame B are now discussed. The only difference between flame L and flame
B is the initial mean fuel jet velocity; a difference of 7ms~!. Figure 6.91 shows the radial profiles
for £ and ?CH4. It is clear that up to about /D = 30 both mixing models provide a very good
representation of &, particularly at /D = 20 where the mixing is claimed [66] to be intense and
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the conditions for combustion are critical. By z/D = 50 differences emerge between LMSE and
modified Curl, but they do not appear to be significant. Figure 6.92 demonstrates that despite the
small effect on the conserved scalar field (é and f’NZ), there are substantial differences in the mean
density based on the two mixing models. Using LMSE the density is consistently rising, implying
that the temperature is dropping. This is the first instance in the calculation of jet flames using the
scheme of Jones and Lindstedt [46] that the solutions employing modified Curl and LMSE differ
so drastically. Figures 6.93-6.95 show how the remainder of the reactive scalars behave. The most
informative plot is figure 6.94, which demonstrates the temperature evolution. The measurements
indicate that the peak temperature at /D = 20 is about 900K this is clearly the region in which
the flame is locally experiencing extinction, yet the calculation procedure has not picked up this
feature at all. In this region both LMSE and modified Curl yield very similar results and it is
only for z/D > 20 that differences emerge. LMSE is clearly indicating a continual drop in the
peak temperature, consistent with the density profiles discussed earlier. In conjunction with this
drop in temperature, ?co, f"Hz, f’iﬁo and 17'(:02 all drop substantially (relative to the solution using
modified Curl); this is matched by a rise in the level of Yo, across the jet. The behaviour of
i’cm (figure 6.91) at /D = 50 indicates that there is slightly less fuel present using LMSE than
with modified Curl. As with the flame of Hassan et al. [35] discussed earlier, this paradoxical
observation is explained by the difference in the density fields which demonstrates that the actual
mass of fuel present at /D = 50 s greater with LMSE.

It is interesting to note that the large differences observed between the results of the application
of the two mixing models is also apparent in the calculations of Chen et al. [15] with the use of
modified Curl and two different reaction schemes. In their work, a systematically reduced five-
scalar, four-step mechanism was employed (involving a single H-radical) as well as a four-scalar
constrained equilibrium scheme (developed on heuristic arguments). Their mean temperature
profiles indicate that with both chemical schemes (and for flames L and B) the peak temperatures
drop as z/ D increases; for the constrained equilibrium scheme this occurs more rapidly, such that
with flame B at z/D = 50, Tyqq = 850K. The effect of local extinction (observed with flame B)
is not registered at all, with peak temperatures of about 1600K being predicted at /D = 20 (with
both schemes) whilst in figure 6.94, Trhee = 1400K (which is slightly closer to the measured
Trnae ~ 900K). In going from z/D = 30 to z/D = 50 the predictions of Chen et al. indicate
a drop in peak temperature from about 1300K (for the five-scalar reduced scheme) to 1200K,
whereas in figure 6.94 a slight rise in temperature is predicted with modified Curl, consistent with
the experimental trend. Unfortunately Chen et al. [15] do not present their predictions of CO and
H,; however Vervisch [99] does feport large overpredictions of CO and Hj (comparable with those
reported in this thesis) in flame B using the scheme of Jones and Lindstedt [46]. The calculations
employed LMSE and the results did not indicate the drop in temperature observed in figure 6.94.
The reasons for this discrepancy are not clear.

Another interesting area for comparison is related to the predictions of H,O. Chen et al. [15]
argue that as the jet velocity is:increased, ?Hzo should be lower due to reduced flow residence
times. This effect was not observed in the jet flames discussed in the previous sections. However,
in the flame of Masri et al. [66], where an increase in the central fuel jet velocity can lead to local
extinction, it is clear that the Reynolds number will influence the flow properties quite significantly.
The measurements of Masri et al. confirm the reduction in the levels of H>O as the fuel jet ve1001ty
increases. The predictions of Chen et al. indicate the opposite trend, i.e. an increase in YH;O
in going from flame L to B. It is suggested [15] that this tendency for approaching equilibrium
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with increasing strain rate highlights the deficient behaviour of modified Curl in modelling the
molecular mixing effects. More specifically, the shortcomings of modified Curl are attributed to
its discontinuous representation of the mixing process - hence the motivation for reaction zone
conditioning (described in section 4.7.4). However the results in figures 6.81 and 6.95 indicate that
with modified Curl the levels of H,O predicted in flame B are either the same or less than those in
flame L. This result is at variance with the conclusions of Chen et al. {15], and since the difference
between these two sets of results lies in the chemical mechanism employed, this suggests that
both the mixing model and the chemistry may limit the scalar pdf approach. Due to the strong
coupling which naturally exists between mixing and reaction, it is expected that sub-models used
to represent either of these processes will, in general, influence the overall results.

For completeness, some of the predictions of the fluctuating field of flame B are also presented.
The predictions of the pdf’s are not included since it is difficult to extract information from them
which could elucidate the reasons behind the current trends in the predictions. Figure 6.96 shows

- N AN . .
the predictions and measurements of (5"2)2 and (Yé&)z. It is encouraging to note that the

——~—

(experimentally observed) insensitivity of (£ "2)% to the initial mean jet velocity (referred to earlier
on) has also been reproduced by the predictions, as shown by figures 6.82 and 6.96. In the radial

profile of (£"2)z Chen at al. [15] predict a second peak at z/D = 10 (typically 10% of the
maximum value) when /R = 4 and attribute this to the residual effects of the simulated pilot
flame. However, figure 6.96 and the results of Vervisch [99] do not indicate such a peak. This may
be due to the fact that in the latter examples the pilot flame is simulated directly in terms of the
initial conditions. Figure 6.97 demonstrates that with modified Curl (o’ 2)% is predicted very well.
The level of agreement between prediction and measurements is better than in [15], where broader
profiles are obtained; for example at /D = 10, the peak value of (o' 2)% is predicted to occur at
r/R = 5 in [15]. With LMSE the peak value of (g’z)% drops as the mean density rises. The peak
also moves towards the centre-line as more O, diffuses into the jet and the flame progressively
goes out. The remainder of the scalar fluctuation predictions are not shown; however, for modified
Curl the same qualitative features as predicted in flame L are observed. In particular the significant

overprediction of (Yé’é)% and (Y}'{; ) 3. In contrast LMSE predicts a decaying fluctuating field as a
function of z/D.

In the remainder of this section the test case of flame B will be analysed subject to various
conditions. The results will demonstrate several interesting aspects of the predictions. The first
test is a calculation which cannot be realised in a laboratory and involves the simulation of flame
B with chemical reaction switched off. The same initial conditions are employed, but no CO
and H, can be produced and the only H;O and CO, originate from the pilot stream. Figures
6.98-6.99 show the results using modified Curl. The solid lines have already been discussed in
the paragraphs above. The most striking observation is that switching off the reaction has little
effect on the evolution of CHy, and for the temperature the discrepancy is very small at z/D = 10.
Therefore up to /D = 10 the effect of the pilot stream is very significant and almost dominates
the evolution of the flow. This goes some way towards explaining why the predictions appear to
be so accurate at /D = 10 in the results of flames L and B.

It was mentioned earlier on when discussing the representation of the pilot stream in terms
of a fully-burnt stoichiometric mixture of CHy/air that the equilibrium temperature is typically
2400K, which is about 200K less than the actual temperature of the pilot stream which contains
a fully-burnt stoichiometric mixture of C,Hy/Hy/air. Consequently the pilot flame should be



122 ‘ Results and Discussion

T/K

Extra states Original temperature

= == ~ « Original enthalpy
------ Elevated temperature

- 2600 =~ = + — Elevated enthalpy
- 2400

0 é;t ' 1 &

Figure 6.3: This figure illustrates the effect of introducing the enthalpy as an extra scalar in the manner
proposed by Sion and Chen [86]. The ’original’ temperature allows for a peak (stoichiometric) value of
2400K, whilst the addition of the ’elevated’ enthalpy raises this to 2600K. Extra compositional states are
also introduced which need to be accounted for when constructing the bounds for the interpolation table.

considered as a third stream, the other two being the central fuel jet and the coflowing air. In order
to avoid the description of a three-stream mixing process, the enthalpy () can be incorporated as
an extra independent scalar (in addition to £, ncy,, nco and ng,) in the manner described by Sion
and Chen [86]. Briefly, the pilot stream is still considered as combustion products arising from
a CHy/air mixture, only now the initial air and fuel temperatures leading to the formation of the
fully-burnt products are changed from 298K to 678K - this ensures that the equilibrium temperature
of the combustion products increases from 2400K to 2600K. Henceforth, the ’elevated’ enthalpy
is referred to as h, (where ¢ = 5;), and the enthalpy of the air and fuel streams are designated as
he (€ = 0) and hy (€ = 1) respectively. For a two-stream mixing process h is linearly related to
£. Up to now the enthalpy (symbolised by h,) has been specified through £ by,

ho = hs€+(1— &) hg (6.22)

If 0 < € < €4, the linearity requirements imply that,

= oty AL (623)
andif s < £ <1, . =<1—§>h +(§:_§_s_t>h (6.24)
o 1—¢&q/) 7 1—¢s) "7 .

Equations (6.23) and (6.24) are obtained by straightforward linear interpolation between the states
[(ha,0), (hp,Est)] and [(hp, Est), (B, 1)] respectively. Consequently the bounds for the enthalpy
become, h € {hy, ho} for lean mixtures and h € {hy, ho} for rich mixtures. Evaluation of &,
hy and h, using JANAF polynomials indicate that h,, hy < 0 and h, > O so that A, < h; and
ho < h.. The effect of introducing enthalpy as an extra scalar is illustrated schematically in figure
6.3.
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The effect of this thermochemical representation on the predictions of flame L are shown
in figure 6.100. The effect of the higher initial temperature can be clearly detected in figure
6.100 and this leads to slightly higher values of CO (as well as H,O and Hj, not shown). The
modification leading to the introduction of enthalpy as an extra scalar does not appear to yield
better predictions, at least at this level of closure. Flame B, figure 6.101, shows little change in
comparison to figure 6.94 as a result of these modifications - it was originally thought that with
the pilot stream at 2600K, the results using LMSE would no longer predict extinction over the
region 30 < z/D < 50.

Another interesting test is to calculate flame B using a Reynolds stress model. Based on
the results of the Godoy flame, there should be little effect on the results. Figure 6.102 shows
the results for f’cm and €. Comparing this with figure 6.91 (where the k-¢ model is employed)
indicates that with the Reynolds stress model the jet is spreading more slowly. Figure 6.103
indicates that the effect on the predictions of LMSE are quite significant. Basically by spreading
less rapidly, less oxygen is entrained and so it appears that this avoids the quenching of the flame
zone. With flame L, the application of the Reynolds stress model yields much the same result as
the k-¢ model. It is argued that because of the appreciable finite-rate effects which are observed in
flame B, the predictions appear to be quite sensitive to features such as the spreading rate, which
would not affect the other flames discussed thus far. Fairweather et al. [27] have indicated that
they obtained improved predictions for the spreading rate by adjusting the value of C¢, from 1.9
(the value given in table 2.1) to 1.8. In the case of the k-& model it was pointed out in section 2.5.1
that for a round jet issuing into stagnant surrounds improved spreading rates can be obtained with
C¢, = 1.85, although the "standard’ value is usually quoted to be 1.92. With the current Reynolds
stress model a similar situation seems to exist. Furthermore, the predictions of the Godoy flame
(figures 6.52-6.54) and the results presented in figures 6.102 and 6.103 employed C¢, = 1.8.
However if C,, were to be increased to 1.9, this would lead to more ’destruction’ of € based on the
modelled form of the e-equation (2.54). This means that locally € would be smaller in magnitude,
and so the turbulent mixing rates would be enhanced, thereby increasing the spreading rate. Figure
6.104 demonstrates the improvement in the spreading rate of the jet as C,, is increased from 1.8
to 1.9. However, figure 6.105 shows that the improvement in the £ and Ycy, fields lead to the
same trends for Yoo and T' observed with the use of k-¢. Changing C,, by about 5% leads to
significantly different results for LMSE, and this raises questions with regards to the suitability of
the current level of closure in reproducing finite-rate effects such as extinction and re-ignition.

The final test to be considered is the influence of the constant Cp appearing in the LMSE
model. Calculations were performed with Cp = 2 and Cp = 0.5, i.e. doubled and halved relative
to the original value of Cp = 1. The effect of this change is quite profound as shown in figures
6.106 for the case of flame B; increasing Cp appears to result in a faster approach to equilibrium.
In essence, increasing Cp implies that the mixture has homogenised more effectively so that
combustion can proceed more efficiently. The improved profiles of Yo with Cp = 0.5 is offset
by the very poor prediction of T'. These results are consistent with those of Chen et al. [15] who
increased the relevant ’constant’ in modified Curl by 10% and also observed a faster approach to
equilibrium. This effect is not just confined to flame B; figure 6.107 shows the effect of doubling
and halving Cp for flame L. The differences are clearly noticeable and by z/D = 30 the mean
temperature for the calculation employing Cp = 0.5 indicates that the flame is going out.






Chapter 7

Closure

7.1 Summary

In this thesis the modelling approaches for predicting single phase, gaseous, low Mach number and
high Reynolds number turbulent combustion have been discussed for non-premixed configurations.

Scalar pdf modelling at the single-point and single-time level constitutes the simplest form of
closure for the statistics of the scalar field. The primary appeal of such an approach is that realistic
chemistry can be explicitly incorporated without introducing assumptions about the instantaneous
flame structure (as in the conserved scalar formalism). More elaborate proposals have been
suggested to augment the pdf closure, however, they (necessarily) introduce further unknowns and
their evaluation would require substantially greater cpu capabilities. It appears, at least for the
time being, that a combination of a phenomenological turbulence model coupled to a modelled
scalar pdf evolution equation is the most practical level of closure since the merits of the respective
approaches in calculating the velocity and the scalar field can be exploited.

In scalar pdf modelling, closure for the molecular mixing term is required. The molecular
mixing term is central to the turbulence-chemistry interactions primarily because it involves
molecular diffusivities and compositional gradients, which scale with the dissipative motions in
a turbulent flow, and this is precisely where combustion occurs. The most widely used class
of mixing models are those based on binary interaction of fluid parcels (coalescence-dispersion
closures), and linear mean square estimation (LMSE). In addition to their poor representation
of pdf evolution in homogeneous, isotropic and inert turbulence, these mixing models have a
serious drawback, ultimately related to the fact that they employ k/e as the (only) characteristic
turbulent time scale; a time scale representative of the large scale energy-containing motions.
Furthermore the diffusivities of the reacting scalars are taken to be effectively uniform, whilst it
is well-known that species such as H; and H diffuse considerably faster than others by virtue of
their significantly lower molar masses. Consequently these models do not address the problem of
mixing in the presence of a flame front where information concerning local scalar gradients and
molecular diffusivities can be important.

The main objective of the work described in this thesis was to apply the transported pdf
approach to calculate the evolution of hydrocarbon-air turbulent jet diffusion flames. In particular,
the study focused on the prediction of the levels of CO and in assessing how well the current
formalism can reproduce finite-rate effects, such as local extinction. Calculations of turbulent
jet diffusion flames were performed. The velocity field was approximated using either the k-¢
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or a full Reynolds stress closure and solved using a finite-difference procedure. The scalar field
was represented through the modelled evolution equation for the scalar pdf and solved using a
Monte Carlo simulation. The pdf equation employed gradient transport modelling to represent
the turbulent diffusion, and the molecular mixing term was modelled in terms of the LMSE and
coalescence-dispersion closures. The source terms for chemical reaction were represented via a
global and systematically reduced scheme. The thermochemistry was tabulated on an once and for
all basis and the results stored in a look-up table; multi-linear interpolation was employed in order
to extract the necessary information from the tables. In order to assess the transported pdf technique
for the inhomogeneous flow calculations, investigations of homogeneous, isotropic turbulence and
a laminar jet diffusion flame were also undertaken. In the next section the conclusions relating to
the results of these calculations are discussed.

7.2 Conclusions

7.2.1 Laminar Flame Calcuiations

The simulation of a confined, laminar, CHy/air jet diffusion flame proved to be a very useful way of
testing the interpolation technique used in conjunction with the tabulation of the thermochemistry.
The interpolation (look-up) tables for the global mechanism and the systematically reduced scheme
demonstrated that they were capab‘ie of representing the chemistry accurately and efficiently. More
specifically for the global scheme the largest observable discrepancy between the interpolated
result and the solution using LSODE was about 2 to 3%. With the systematically reduced scheme
the same was true for the major species (CHy, Oz, CO, and H;0), but the margin of difference
was slightly greater for CO and Hy (5%) and for the radicals it was (at worst) about 20%. The
reason why the look-up table for the systematically reduced scheme yielded a poorer result can
be attributed partly to the fact that with this chemical scheme more scalars are involved and so the
table is substantially larger; the coarseness of the scalar grids may well be a factor, particularly
with regard to the radical species.

The laminar flame calculation is of theoretical importance since it demonstrates how sensitive
the results are to the treatment of the molecular diffusion. This was demonstrated by the substantial
overprediction of CO and H, when equal diffusivity of the scalars was assumed; an effect which
is not observed when differential diffusion effects are incorporated in the theoretical description.
Whilst the global scheme predicted levels of CO and H; to be around 10 and 13% mole fraction
(respectively), the systematically reduced scheme predicted 7 and 10%. The reason why the latter
scheme predicts smaller levels of CO and H; is related to the poorer representation of the fuel
consumption. Moreover, the fuel consumption step in this reduced scheme occurs through the
attack of the H-radical and since this specie has a diffusivity substantially higher than the rest, it is
not surprising that the results are affected so dramatically when the diffusivities all take the same
value.

7.2.2 Homogeneous, Isotropic Turbulence

The most notable feature of the homogeneous, isotropic turbulence calculations was associated
with the reacting test cases. In such flows the coupling of mixing and reaction can be investigated
in some detail, and certain important aspects of this coupling were identified. Calculations were
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performed using two sets of initial conditions. These were an initial pdf corresponding to a double
é-function in mixture fraction space (suitably weighted so that the mean was at stoichiometric),
and a continuous initial distribution; the latter pdf distribution was obtained from the evaluation
of the former after a period of five eddy turn-over times.

In the case of the global scheme the results using LMSE and a discontinuous initial condition
clearly demonstrated a pathological evolution, whilst modified Curl yielded physically more
plausible results. When subject to a continuous initial condition both models yielded results where
the differences were hardly noticeable. This suggests that the pathological behaviour associated
with the pdf evolution using LMSE is only significant when discontinuous distributions prevail.
Comparisons of calculations with LSODE and the interpolation table were very encouraging,
indicating that a high degree of confidence could be placed in tests which use the interpolation
technique.

With the systematically reduced scheme, ignition could not be achieved unless hot stoichiomet-
ric products were also present. A comparison of LSODE and the interpolation technique indicated
acceptable agreement for the major species and temperature, but for CO, H; and the radicals
there were large discrepancies, and sometimes different qualitative trends were observed. This
may suggest that, in this situation, regions of the interpolation table are being accessed which are
different to those encountered in the laminar flame calculations (which yielded acceptable results
with regards to the interpolation) - the effect of the mixing obviously has a strong effect on where
the composition state will be located. To construct the bounds for the allowable scalar domain,
artificial clipping of the maximum levels of CH3 and H were imposed in order to avoid tabulating
pathological states which would involve unrealistically high levels of radical concentrations. The
conditions in a real flame would never reach such composition states, and so their tabulation
would be a wasteful use of the table. It is highly unlikely that such a crude form of clipping avoids
all the possible pathological states. More importantly, the general applicability of this reduced
scheme hinges on steady-state approximations used as part of the systematic reduction from a
detailed mechanism. Therefore the relevance of this scheme comes under question when applied
to situations where this approximation may not be valid.

7.2.3 Turbulent Jet Diffusion Flames

Initially the discussion will focus on the results using the global scheme, and for those flames
in which extinction effects were not experimentally observed. The similarity of the predictions
using LMSE and modified Curl was consistent with the observations in homogeneous, isotropic and
reacting turbulence. Generally speaking overpredictions of CO and H, were obtained (particularly
in the peak values). Their levels were of the same order as those predicted in the laminar flames
with the assumption of equal diffusivity. This partly implies that to answer why the CO levels
(for example) are overpredicted in the turbulent flame, it is necessary to know why they are
overpredicted in the laminar flame. The overprediction of CO is not a universally observed
characteristic of the application of the pdf technique to hydrocarbon-air jet diffusion flames.
Results from other investigators [44, 12] show that the use of constrained equilibrium chemistry
with modified Curl leads to underpredictions of CO; however, constrained equilibrium schemes
do not appear to work well for laminar flames and so it is questionable how useful they can be in
turbulent flames.

Despite the shortcomings of the current level of closure in reproducing the behaviour of quanti-
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ties which are sensitive to the details of the reaction zone (i.e. CO and H,), the formalism is capable
of reproducing many of the gross ‘flame characteristics and achieving this by treating the chemistry
explicitly. A considerable amount of statistical information relating to the scalar field has been
obtained through the solution of one equation where the variable is 13(5 , C,H, » NCo, Ty T, W).
This is a remarkable achievement given that with the moment closure approach each of the sta-
tistical variables would have to be obtained through the solution of its own modelled transport
equation.

The predictions indicated that the velocity field was also well reproduced (based on the
measurements in [31, 37]). This 1s an important result since it goes some way towards eliminating
some of the uncertainties concerning the accuracy of the calculation procedure. For example,
since the fluctuating velocity ﬁeld was well represented it is possible to conclude that k and ¢ are
also relatively well represented i in so far as the input to the mixing model v1a is concerned.

The shortcomings of the systematically reduced scheme in the transported pdf formalism come
to the fore in the jet flame calculations. The plane of *ignition’ needed to be placed at about fifteen
burner diameters from the burner exit in order to ensure subsequent downstream combustion -
this is an unacceptably large distance. Even with ignition at ten diameters the flame temperature
monotonically decreased, implying global extinction. This clearly raises questions concerning the
suitability of this reaction scheme for turbulent flame calculations where the chemistry is treated
explicitly.

Calculations of flames subjected to local extinction and subsequent downstream relighting,
[66] (flame B), were analysed using only the global scheme. This was the first instance where
significant differences between the results of LMSE and modified Curl were observed in the jet
flame configuration. Such differences were also apparent in the work of Chen et al. [15] when
using modified Curl and two different reaction schemes. This implies that both the chemistry and
the mixing seem to limit the transported scalar pdf approach when appreciable finite-rate effects
are present. Since the mixing and reaction are intricately coupled, a substantial improvement in the
representation of only one of these processes may not be sufficient in bringing about a significant
improvement in the accuracy of the predictions. The sensitivity of the results to the value of C,
(appearing in equation (2.54)) was particularly pronounced in flame B when using LMSE; an
increase of 5% in C;, led to increases in the spreading rate such that the colder surrounding air
helped to quench the flame zone. The suitability of the current level of closure in addressing the
problem of turbulent flame extinction does come under question; but this has to be balanced against
the fact that flames near extinction are very sensitive to small changes in certain parameters, such
as the spreading rate, and this result may simply be a manifestation of such an effect.

The effect of Cp using the LMSE model for flames L and B also had an important effect
- a two-fold increase in its value increased the degree of homogenization and thereby allowed
combustion to proceed more effectively. This result is interesting since variations in Cp can be
loosely interpreted as an indirect way of incorporating differential diffusion effects into the mixing
model. It is not being suggested that the current mixing models (LMSE and modified Curl) should
be ’improved’ by allowing their ’constants to be variable’. However, it underpins the need to
improve mixing models so that some degree of preferential mixing can be incorporated.



7.3 Recommendations for Future Work 129

7.3 Recommendations for Future Work

The results presented in this thesis suggest that the accurate representation of the details of the fine
scales of turbulent motion may well be necessary in order to predict effects such CO emissions,
flame extinction and ignition. This may seem to be an obvious conclusion, however, the number
of theories (or models) which have been (and are being) proposed do not appear to address this
issue, or at least make it their modelling priority.

The results presented in this thesis essentially relate to one type of flow - turbulent jet diffusion
flames. Consequently the investigation of transported pdf techniques in other geometries would
be useful to ascertain the generality of the observations made in the present contribution. This is a
relatively short term recommendation; the ultimate objective would have to be the improvement of
the description of the turbulence-chemistry interactions. Recently several studies on *improved’
mixing models (e.g binomial sampling, mapping closures) have appeared which ensure that an
arbitrary initial passive scalar pdf relaxes to a Gaussian pdf in a homogeneous turbulence field.
However, the results presented here suggest that relaxation to a Gaussian pdf, although desirable,
may not be the primary factor in accurately predicting turbulent flame properties where the reactive
scalar pdf’s can be far from Gaussian. If this is the case then these newer mixing models may
not yield improved CO and H; predictions unless a more detailed description of the fine scales is
incorporated.

Suggestions are increasingly made that the use of the joint pdf of the scalar and its gradient
represents a promising approach and alleviates the problem of evaluating turbulent scalar time
scales. However, it must borne in mind that even when the hurdle of approximating the non-closed
terms in this equation is crossed, the dimensionality becomes another consideration. For the four-
scalar chemistry and two-dimensional axisymmetric flows considered in this thesis, (4+2x4 =) 12
independent scalars would be required. Tabulation of the chemistry would be out of the question,
and parallelization would be essential. However, if substantially improved predictions can be
obtained then the intensive computational requirements could be justified.
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Appendix A

Derivation of the Single-Point,
Single-Time Scalar Pdf Equation

The method of derivation presented in this appendix uses the concept of the fine-grained pdf,
(¢, ¢;x,t). Equation (4.1) defines this quantity as:

N+1

1[}_ Q H 5{¢a(x:t) "/)oz}

Applying the chain rule,
Z S a¢" 000 2B (A1)
ot OYg ’
p g iy aqsﬁ ap
oz Z dz; 0P A-2)
The scalar transport equation can be written as:
20 3¢ﬂ __9% ,ﬁ

where S,(¢) = 0(8)S%(¢) and S5(4) = 0if ¢ = h (for § = N + 1). Substituting for %5 in
equation (A.1) using (A.3) and then taking the ensemble average:

, N+1 : N+1
( ‘Z,f} <a uj ;";; >+ > 55p <8,9J;fﬁ> > BZ (o53(0)8)  (A4)

Equation (A.4) expresses the fact that terms such as 9(¢), u;(x, t) and ¢g(x, t) are unaffected by
differentiation with respect to 9. The term arising from the convective contribution makes use
of the result shown in equation (A.2). Using mass continuity, equation (A.4) becomes:

5 5 N+l g aJ; N+l 4
5 o (et = X 5 (000) = X 5 (e5@) (a9

ry ® 3 @
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140 Derivation of the Single-Point, Single-Time Scalar Pdf Equation

From probability theory [73], the e;kpectation of the random variable V((1,(2,...,{ar) is given
by:

(V) = /f /C.M V(fl)'°‘7§M)P(EI7"-7CM) dCldéM
= /c 4 (SNGYS) (1T ¢ Y9 < (CRRIN G YO R SRRNY /oY

= /C/C <V(C1,C2,;--aCM)IC2=62,--';CM=6M>P(€27~--7§M) dly - dly
(A.6)

Now equation (A.5) is considered on a term by term basis; the expectations are evaluated using
the result expressed in equation (A.6).
Term (a)

(o0, 9)) = [/ (e@hr(, 9l = ) P@ d (A7)

é should not be confused with 7: , they both constitute the sample space variables for ¢, however
for the purposes of the above integration é acts as a dummy variable. The expected value of p(¢)
conditioned on the event ¢ = é is simply o(¢). Using this idea,
9=é>
a=1
N+1

= o(® II 6{%a —a} (A8)
a=1

N+1
(e(@)p(w,9)lg =) = <g@ [T é{ga(x,t) —va}

The delta function is a generalised function; in other words it is defined in terms of its integral

properties:
o0 o

[ s ay=1: [ v6y— ) dy =bg(o (A9)
Substituting the results of equations (A.8) and (A.9) into (A.7) leads to:
(95w, 9)) = o@W)P() (A-10)

Term (b)
Using the same procedure as for term (a),

{o(@ui(x, (W, 9)) = /¢ (o(@)usx, 3, D)l = 8) P(B) dd

_ /¢ o(®) (uslé = 8) (¥, HP(B) dd

= o) (wlé =) P(¥) (A.11)

Terms (c) and (d)
Based on the results above terms (c) and (d) become, by inspection,

(Gi25) = (%29 =v) P (412
(0S5(0)5) = o(¥)$5(8)P(¥) (A.13)
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Substituting equations (A.10) to (A.13) into equation (A.S) yields:

d 9 oo 8J;
5 (ewP@}+ 5 {0 (i =0) P} = 3 55 {(G22]e=v) P}
N
- f {e(@SE(@P(@} (A14)

Introducing the definition of the density-weighted pdf, @@_w)f’(_@ = o(¢)P (%), and performing
a density-weighted decomposition of u;(x, t) leads to,

2 (P} + 50 {QUJP(¢)+9<u/’|¢ v) Pw)}
N+1 aJ’
- Z 1 O {< ﬁ

Applying the density-weighted mass continuity equation to the terms on the lhs of (A.15) leads
to terms LII and IV in equation (4.3). Since g is a function of ¢(x,1), it is unaffected by
differentiation with respect to 95 so that the source term for reaction in equation (A.15) leads to
term Il in equation (4.3). The mixing terms are identical in both equations.

Having discussed the derivation of equation (4.3), the result in equation (4.4) will now be
considered. Assuming that J; g in equation (A.4) can be expressed in terms of Fick’s Law (for
B =1,...,N)and Fourier’s Law (for # = N + 1), this implies:

32 (Phay) ”f;‘ (2 (L2%2),)
5=y s \ Oz « Opp \ Oz; \ Sc da;
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At the energy containing scales of turbulent motion, ¢’ can be defined as the characteristic scalar
fluctuation. However at the fine scales, the controlhng parameter is the scalar dissipation rate; in
this case, the scalar fluctuations are of the order (x4 Z- )2 In analogy with the order of magnitude
estimate for €, energy cascade arguments would suggest that x4 ~ (9('2 ¢'*) . Comparing the
order of magnitude of terms (e) and (f) in equation (A.16), and ignoring the contributions which
are common to both of them,

! 2 "%
g:ﬁig ~ O{ (% ’2%) L“} .[¢'n]}
~ (9( ,L>§, where Re——TUE (A.17)

So as Re — oo, term (&) is negligible in comparison to term (f) and its contribution can be
neglected in equation (A.16).
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Derivation of the Single-Point, Single-Time Scalar Pdf Equation

Substituting for

P <8Ji,ﬁ )
i 0 \ O

W2 p 995 Oby|
a ,; .,Z:l 2 {<

Equation (A.18) is identical to (4.4).

1n equatlon (A.16) using (A.2) yields:
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Appendix B

The Basic Equations that are Solved

In this appendix the basic equations describing the evolution of the turbulent jet flows, investigated
in this thesis, are written down. The equations effectively summarise the level of closure that
is being adopted. It is assumed that the turbulence is statistically two-dimensional, stationary,
axisymmetric and non-swirling. The thin shear layer approximation is invoked and the equations
are written down in cylindrical polar coordinates. The velocity field is represented in terms of the
continuity and #-momentum equations.

B.1 Mass Continuity

This equation is written down for completeness, although it is not solved in the calculation
procedure because of the transformation to a dimensionless stream function coordinate system.
The stream function is defined so that it automatically satisfies the mass continuity equation in a
steady ’two-dimensional’ flow.

o . _. 10 =
-a-;(gu)—}—;é—?—‘(gur)—o (B.1)
Since r, z are independent, this can be written as:

o o .
e (gir) + e (our) =0 (B.2)

B.2 Momentum Equation

Due to the thin shear layer approximation, only the #-component of the momentum equation needs
to be solved.

_.ou  __o0u 10 ot 190/ ——~ Op 6 _

—_— — = — ) -= - == B.
"“ax +ov or ror (ru 67‘) ror (rgu Y ) Oz + ggwl (B.3)
N, o’ -~ . -

convection diffusion source terms

The Reynolds stress term in equation (B.3) requires closure!. In this work, both an eddy viscosity
and a Reynolds stress closure are employed to model this term. The constants appearing in the
modelled equations are presented in sections 2.5.1 and 2.5.2 for eddy-viscosity and Reynolds
stress closures, respectively. For the latter model, table 2.1 can also be consulted.

!"The Reynolds stress term in equation (B.3) only appears as a *source’ if a Reynolds stress closure is employed. In
the k- model the Reynolds stress appears, in form, as a diffusion term.
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B.2.1 The k-c Model

The correlation of fluctuating velocities is given by:
ot k?
gu”v =l 8“, where By = Cﬂé—s— (B.4)

In order to use this closure, the values of k¥ and ¢ are required; these are obtained from their
respective modelled equations,

_ Ok Ok _ .18 ( ok A
"“a +Qv6 T ror ( Ok Br) e (g) —ee (B.5)
0 0 10 ( pde (8&)2 _&?
e T % = Tor ("aaa )+CE‘}c’ut 3 Carly, (B-6)

B.2.2 The Reynolds Stress Closure

With this closure the solution of a modelled turbulence kinetic energy equation 1s obviated. Instead
the solution of the modelled equations for the following quantities is sought: u”z 'u”2 w"? and
w"y". The transformation from Cartesian to cylindrical polar coordinates leads to the appearance of
many terms, however, for thin shear layer flows only a single component of the mean strain is taken
to be significant, namely Sr> terms involving the other components are neglected Furthermore,
the assumption of circumferential symmetry coupled with @ = 0 imply that W = v = 0.

The form of the Reynolds stress closure proposed by Jones and Musonge [48] is employed.
For u"v" equation (2.62), subject to the assumptions above, takes the following form in cylindrical
polar coordinates:

?”—3% (u771;”) + o g— (um’) = 1; [rC’sglc-v”zaar (um’)]

zull,vll —/;E aﬂ/ A*

— B.7
| PR tAn (B.7)
and, subject to the simplifications brought about under the thin shear layer approximation, the
component A7, of the tensor A _in equation (2.61) can be written as,

- C g—w”

U
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(2 74 2] 598
+ [c4k (3+C3)w?+Cw ]g = (B.8)
Equation (B.7) indicates that the gradient modelling of the transport term requires, inter alia, the
value of k and ¢; k is obtained from the definition, equation (2.38). This in turn implies that the

modelled equations for the normal stresses have to solved,
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The modelled dissipation rate equation takes the form:
_.0e _0e 10 ”285 _€ ——, Ol _g?
g + 80, = (1O ) ~ OB g~ Oty (B13)

B.3 Scalar Pdf Transport Equation

The scalar field is calculated using a multi-scalar, single-point, single-time, Eulerian pdf transport
equation. For the inhomogeneous turbulent flows under consideration, equation (4.3) becomes:
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9z or 7'87” oz Or e
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where gradient transport is employed to model the turbulent diffusion term, section 4.12, and u; is
given by equation (B.4), regardless of the turbulence model being employed. Note that although
the source term for reaction is grouped together with the molecular mixing term, the former does
not require modelling. This type of grouping is done out of convenience since the transport
equations for the various quantities to be solved will then have a similar form; this feature can
then be exploited when the finite-difference approximations to these equations are discussed.






Appendix C

The Transformation of the Equations to
the (z,w) Coordinate System

The general form of the equations can be expressed as:

06, 9 19 ( 34
L + gvay =75 (rP¢6y) + Sy (C1)

where y = r for cylindrical polar coordinates and » = 1 for Cartesian coordinates. For reasons
of clarity and generality, ¢, v and v are used in the remainder of this appendix to denote the
dependent variables; i.e. the ’tilde’ is omitted. The application of the Von Mises transformation
maps the relation ¢ = f(z,y) to ¢ = g(z, ¥), where f and g denote functional relations. The
transformation does not affect the velocities. The chain rule is used to obtain the following
expressions for the differential of ¢ in the two coordinate systems:

5¢ = (%%)y&x-i— (g’—j)msy C2)
§¢ = (%g)wﬁx-i- (g—(ﬁ)mw C.3)

Dividing equation (C.3) by 6z and taking the limit as §z — 0 with y held constant (§y = 0), the
following expression for (%ﬁ)y can be obtained,

) (%) +(2) (&)
(83:>y_ (81: \I,+ 0¥ ), \0z/, (C4)
A similar procedure in terms of 6y (with z held constant) yields:
%) _ (2 (22)
(3).= (50).(5). (€3)

The transformation is achieved by substituting equations (C.4) and (C.5), together with the defi-
nition of the stream function (equation (5.3)) into (C.1),

)., (0.0, (8.3 -
)., @) e
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Equation (C.6) can be simplified to:

(%g) ot [‘-””zrﬂf’ (3\?) } +§§ (c7)

The transformation from (z, ¥) to (z,w) coordinates follows much the same path as the transfor-
mation described above. In fact it is possible to go from (z, %) to (z, w) in one operation; however
the derivation is algebraically more involved, and therefore less straightforward to follow.

w is a dimensionless stream function and defined as':

w= %, where 0<w<l1 (C.8)
In analogy with the derivation of equations (C.4) and (C.5), the relations relating the (z, ¥) system

to that of (x,w) can be expressed as,

(3), = ()7 (5).), ©
). = G).G@). ©10
From equation (C.8) it follows:
®). -
(35), = |@s-wo(- B - - LW -] o
- _[%%+w (U5 — \y,)]m
Ty + (L\‘i,(;’i m\]i)_ ) (C.12)

Equation (C.12) uses the definitions expressed in equation (5.6). Substituting equations (C.9) to

(C.12) into (C.7) leads to the general form of the boundary layer equation that is being solved

using the Patankar-Spalding method:
9¢

g — ‘Iﬁ)-—-—-{-(a-l-b )6w

(C.13)

¢ _ 0 | our Ty 99 +(‘I’E—‘I’I) g
Uz — ¥p) 8w o ¢

where a = rrmy, b = rgmg — rny and (Y g — ¥y) is a function of z only. In equation (C.13)
the partial derivatives are defined either with respect to w or z held constant, and for conciseness
the dependency has been omitted.

"The expression written below also appears in section 5.2.3 as equation (5.4)



Appendix D

The Finite-Difference Procedure

D.1 Preliminary Remarks

The general form of the boundary layer equations is derived in appendix C, equation (C.13) and
can be expressed as,

¢ 9 _ 0 | o’y 8¢} (¥g—¥p)
¥g - ‘1’1)5; +(a + bw) v dw {(\I!E—\III) aw] + ou 5

where a = vy, b = rgmg — ryy and (U g — ¥r) is a function of z only. In order to construct
difference approximations, the control volume shown in figure D.1 is employed.

The typical ’computational molecule’ indicates that the solution procedure is of the ’marching-
type’ i.e. the properties at any particular node are affected by the node directly upstream and by two
neighbouring cross-stream nodes; information downstream is not required. The solution procedure
is not iterative, which implies that it is computationally economical and the resulting algebraic
equations can be solved exactly. It is pointed out in section 5.2.3 that w is the monotonically
increasing, independent cross-stream variable and is defined as a normalised stream function,
so that 0 < w < 1 is always satisfied. Once the w distribution is generated this remains fixed
regardless of the downstream position, i.e. w} = w?... = w? = wP*.. This condition obviously
does not hold for y and ¥. The following grid/mesh definitions are used in the discretisation of

; l a
2 Ons L 25 g bit1
’ \ D12 N
L ' s o; o o7 control
conlxpeg:laxicnal__ ey } ®p32 AN M volume
molecule \7j @y 0y | ok,
(----z;——-
Xep Xy Bt a

Figure D.1: Schematic of the typical computational molecule and control volume used to derive the
difference approximations. The effect of the I and E boundaries are not considered at this stage. The
notation ¢ denotes the value of the variable ¢ atnode: (1 < i < N+1)andz = z,,. Wiy = L(witwisr);
this implies that the control volume surface lies midway between grid nodes irrespective of whether or not
the mesh spacing is uniform.
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equation (C.13):
bwi = wigt — Wi, Aw; = & (Wir1 —wic1), 6% =Y — %, AT=Tp—zpy  (D1)

Note that whilstw, 1 = %(wz +w;41) is adefinition, the corresponding equation in physical space,
2

namely y, 1= %(yi + y;+1), is an approximation due to the non-linear relationship between w

and y.

D.2 Finite-Difference Approximations for the Internal Nodes

The algebraic approximations to the exact derivatives in equation (C.13) are obtained in the
following manner:

e Equation (C.13) is integrated over the control volume, shown in figure D.1, and the result
divided by the volume. This latter operation has no effect on the solution and is only carried
out so that the fde approximates the pde! rather than its integrated form.

o As much of the integration as possible is carried analytically and then assumptions are made
about the variation of the relevant properties between the grid nodes, e.g. the algebraic
approximations are constructed to be linear in ¢ so that a, b and (—\I%fj—{;f’!—) are based on
the upstream value (z = z,—1). Once these assumptions are made, the integration can be
performed and the discretisation process is complete.

Other methods of obtaining difference approximations do exist (e.g. Taylor series expansion) but
the current technique, referred to as a finite-volume or control-volume approach, is commonly em-
ployed partly because of its physical appeal. The control volume method automatically generates
conservative schemes - that is, it satisfies the same conservation law which was used to derive the
corresponding pde for all mesh spacings. The conservation requirement is achieved by ensuring
that the fluxes of any property leaving a control surface is the same as the flux entering the surface
of the adjacent control volume. Integrating equation (C.13),

1 o¢
AmAwi/ /(\I/E—\I’I) L dvde

~ /

Axial convection: I
W,

T,
1 o¢
+ Aoiw; / / (a + bw) W dwdx
Tpn—1 w‘._%

~ Z S

Cross-stream convection: II

S
» 2
1 / / 0 ourl'y 0¢ dw dz
AzAw; Ow \(¥Yg —¥p) dw

Tp-l wx‘-—-l
2

i

S/

Cross-stream diffusion: III

'fde’ and ’pde’ denote finite-difference equation and partial differential equation, respectively.
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Tn ‘+%
_4’
N Amsz / / (5~ ) >2 duds (D.2)
Tn—1 W, %
SourZe:IV

The finite-difference analogues of each term in equation (D.2) will now be considered separately.

D.2.1 Axial Convection: I

It is assumed, for the purpose of integrating term I, that (Vg — ¥ ;)%f is invariant with respect to
w over the control volume region. This leads to,

Terml ~ (Tg-—¥p)*! gqé
Tp—1
g7 — 7!
~ (Up— Tt ———-———( o ) (D.3)

The approximation amounts to backward Euler differencing and is first-order accurate.

D.2.2 Cross-Stream Convection: I

A fully implicit specification is employed to discretise the cross-stream convection term. This im-
plies that variations of gg in the z-direction are ignored. This is inconsistent with the development
of the difference approximation for term I where variations in the w-direction were assumed to be
negligible; such seemingly contradictory assumptions are deemed to be of secondary importance
if Az and Aw are sufficiently ’small’, i.e. if the mesh sizes are such that the solution is effectively
grid-independent. Thus,

L7 o
~ n—1 n~1 A
TermII = Ao / (a +b w) 0 d
wi_%
O
—_ il n—1 n—1 7
= Ao / 8w{(a +b w)gb } dw
Ta
t+%
_ n n—l n—1
sz / ¢ Bw( +5" ) dw (D.4)
i )
b
Consider terms IIa and ITb separately,
- Lo n—1 n—1 n]%itd
Termla = Ao .(a +b w)qS ]“’;_2
. 1 [ n—1 n—1 n n—1 n
= A L("’ 0" %) ¢i+§_( +O )¢i—§]
— 17T ¢n+¢z+l ¢n+¢
- e (258) 0, (158)] oo
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— ,n—1 —1(Wid1tw;
where G, 1 = o™ 4 0" (=5,

[

Pl oot = gt (Guy - 6y) 09
-4

In arriving at equation (D.5) it is assumed that ¢ is a piecewise linear function of w between

(wi—1,w;) and (w;, w;41) which implies central differencing. This type of differencing is second-

order accurate (in w space). By éombining the two contributions. to the cross-stream convection,

the approximation becomes: |

1 P — 97 ¢7 — P

2

1
Term IIb ~ A

D.2.3 Cross-Stream Diffusion: III

A fully implicit formulation is adopted once again, so that:

wH’% n—1
1 s} gur2P¢ oo™
Term It A_w, / Ow {((\I’E—qu)) Ow dw

wi_%

n—1 ) w""‘%

our?Ty o¢

( Tp— ‘I,I)) %0 } . (D.8)
wi__%

%%t is approximated with an assumed linear variation of ¢ between the node points (i.e. central
differencing is used), hence,

Q

(Qu'r r 3 l o — R (QU':"ZF¢) n n
Torm I ~ — ¢) : 1 (¢’+1 % ) - —L <¢ ) (D.9)
Aw; |(Tg —T)""" \wit1 — (Tp— ¥ \wi —wiy

From the definition of the stream function, equation (5.3), §¥ = purdy (ignoring the overbar and
tildes for the time being) and from equation (5.4), dw = (\I,;f‘l’%). These expressions can be used
in conjunction with the definitions appearing in equation (D.1) to develop the following relations:

i+1

~ YE—YD)
= dy = Y 1\ / = (Wi1 —w; .
oy = / Y= / =g —¥) our o)yt (wig1 — w;) (D.10)
A similar analysis can be performed to show that,
Yp-¥p,
6.%1 ey (wi = wi—1) (D.11)

Substituting for ( gu'r) 1 in equation (D.9) using the previously derived relations yields the final
form of the approx1mat10n for term II:

1
Term Il ~ 77— [Fi+%( 1= ¢7) — Fi_y (67 — 67 )] (D.12)
e T
whereFH% =5 ?_1 andFl_% = 6y?:ll
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D.2.4 Source Term: IV

The expression that needs to be evaluated is,

Tn wi+%
1 S,
Term IV = 5 / / (5~ ¥ =2 duds (D.13)
Tp—1 w{_%

By invoking the relations used to derive equations (D.10) and (D.11), term IV can be written as,

R o o

Term IV ~ 2 / / Sy dyda e 5~ / 1S dy (D.14)
””"“yf‘_&’ ¥y
i— i-1

The source term is effectively assumed to act at node (z,, w;) - as far as the representation of the
pde at the point in question is concerned, there is no approximation introduced with this particular
representation. Sy can then be placed outside the integral in equation (D.14). The integration of
™~ dy can be approximated by:

O S -1 -1
Term IV = —Az);ri S (y?_*.% ~ ¥y (D.15)

The source term is decomposed using a quasi-linearisation?,
~ -1 m—1
6 ™Sy — S84 7 (D.16)

The approximation involved in equation (D.16) relates to the representation of Sy ; at time level
n by Sg; and Sg’i at n — 1. The quasi-linear decomposition is performed out of convenience.
To elaborate slightly more on this form of decomposition, consider equation (C.13) when the
evolution of ¢ is assumed to be affected only by the source terms,

d¢
— =8, D.17
7 = ¢ (D.17)
Discretising this expression using upwind differencing yields,
¢" = ¢" ! + AzSy (D.18)

In this situation if S§ < 0, ¢™ could become negative - especially if the forward step size is too

large. Now consider,
d¢

— —_ d .
dz 84’ S0 (D 19)
Discretising equation (D.19) so that ¢, appearing on the rhs, is now based on a time level n,
-1+ AzST!
g = o e (D.20)
1+ AzS'y

If Sy and &'y are chosen to be greater than zero, then according to equation (D.20) ¢™ > 0; this is
an advantageous property, particularly for quantities like £ and € which are (by definition) positive

2The decomposition is *quasi-linear’ since if Sy,; and S'4,; were independent of ¢;, it would be exactly linear.



154 ‘ The Finite-Difference Procedure
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Table D.1: The terms grouped into the diffusion coefficient and source terms in the finite-difference
formulation are detailed. The equations are written down in appendix B. The value of the model constants
are assigned in table 2.1 (page 46).

“The contents of this row correspond to the use of the viscous dissipation rate equation with a second moment
closure. ‘

definite. For the equations written down in appendix B, the S’ 4 are constructed to be positive
definite. For eddy viscosity closures S, can also be constructed to be greater than zero thereby
ensuring that ¢™ will not become negative as a result of the source term discretisation. With this
particular turbulence model, Sy represents the generation rate of ¢ and &', its destruction rate.
With the Reynolds stress closures Sy cannot be guaranteed to be positive definite, although very
often it is. However, provided Az is not too large, it is found that this decomposition works well
for this particular turbulence model too.

Table D.1 shows the groupiﬁgs for the various equations that are solved as part of the velocity
field calculation. _The equations for v”2 and w”2 (written down in appendix B) include the

22
term ZCSQE nZKﬂ_ﬁ‘M which is associated with transport. Near the centre-line w” w2 = v 2 by

o121
symmetry. Therefore, from the numerical point of view, the treatment of 5—"—#’—'—2 where both the
numerator and denominator tend to zero could be problematic. This can be alleviated by solving
for (w" e + v”2) which ehmmates the troublesome quotient term from its modelled evolution

equation. In the case of (w'“ — W — it 2) the term still appears, however, in this case (w W' — 'u"2) is the
wu?. vnz

subject of the equation to be solved. So if the term — (__) is very large near the centre-line,
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it lﬂl be ¢ the prominent term in the balance equation for (uﬂz;i - 1’17'5) and thereby ensure that
(w"® — ") — O as 7 — 0. All terms in table D.1 which involve the constant C, arise from
the transport; nevertheless some of these terms are included as Sy and &’ 4, because they do not
conform to the general form for the transport term in equation (C.13), i.e. 1 (rI‘d,-éf)
Substituting equation (D.16) into (D.15), together with Ay; = %(yi.*.l -y,..l) = (Y;.1 i+l —Yie} )s

~ 1 -1 ﬂ-l n) n—1A,n-1
Term IV &~ 7 (sg,,. Tl ) Ayl (D.21)

D.2.5 The Finite-Difference Equation

Grouping the approximations from equations (D.3,D.7,D.12,D.21) into equation
(D.2), and multiplying throughout by Aw; yields,

Lo B0 (g -o) + Guy (B E) 46,y (E550)
axial convection: I ) Cross-stream Eonvection I !
= Fyy (671 — #F) — Fi_y (87 — ¢11)
cross-stream diffusion; I]I ’
+ (s -5'3:‘¢") P Ay D22)

source. v

In equation (D.22) the terms involving F, Sy and S’y are dependent on ¢, whereas the rest of
the terms are the same regardless of the dependent variable. This can be put to use in order to
minimise the effort of constructing an algorithm for solving for all ¢. Combining the respective ¢
terms together, the final form of the fde becomes,

[42 @e — ¥ + (Fyy 4G,y ) + (Fiy +1G, ) + 857 P Ay ¢
= (F'+§ 7G‘+z) S+ ( -3 T 7G*—§) i1
+ [88 (U — ¥t gpt + ST rr Ay ] (D.23)
Equation (D.23) can be written more compactly as,
£} = Pidl + Qid? T + i (D.24)

where the definitions of the coefficients are clear by comparing equations (D.24) and (D.23).
Assuming that there are N + 1 grid nodes distributed in the w direction, equation (D.24) can be
applied to all intemnal nodes ranging from 3 < ¢ < N - 1. The treatment of the remaining nodes
will be discussed next.

D.3 The Treatment of the Boundaries

Three different types of "boundaries’ appear in the configurations under investigation; these are
walls, free stream and axes of symmetry. The flows investigated all involve the jet configuration.
Therefore in all cases the I boundary (figure 5.1) is an axis of symmetry. The turbulent jets that
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E Boundary

control
volume -._

Figure D.2: Schematic of the control volumes used to derive the difference approximations at the I and &
boundaries. Note, w3 — wy = 2(wy —wy); similarly wy — wn—1 = 2(wN+1 — wn). The boundary can be a
wall, an axis of symmetry or a free stream.

are calculated all issue into unconfined surrounds, so that the effect of solid boundaries on the
evolution of the jet can be ignored; in this case the E' boundary corresponds to the free stream.
However, a confined laminar jet diffusion flame is investigated; in this case the wall shear stress
can be calculated in terms of the velocity gradient at the wall.

The construction of the finite-difference approximations follows exactly the same procedure
as for the internal nodes. The onl.y difference lies in the form of the control volumes over which
the same governing pde’s are integrated and then discretised. The control volumes used for the
treatment of the I and E boundaries are shown in figure D.2

Integration of equation (D.2) over the region wj to w, L leads to,

(42 @s - w4+ (F2 - %GH%) + B+ G+ S5 A ¢
= (Fopy —$Goyy) 5+ (FL + G 67
[é—”l (‘IIE Uytert 4+ g;‘r;‘“Ayz—‘] (D.25)

where Ay, = %(yz + y3) — 1. At an axis of symmetry or a free stream there is a zero gradient
condition, implying that diffusive fluxes are zero too; this condition can be implemented by setting
Fy = Fyy41 = 0. Also Gy = a + bw; = 0, since there is no entrainment at the axis of symmetry
and Gn4 = b. By analogy, ¢f; is obtained by integrating over the control volume shown in figure
D.2, and the result is,

(88 (5 - Ur)" + (Pt — Gran) + (F_y + 3Gy 1) +83n s A% 48
= (FN+1 + GN41) BRe1 + (FN_l + 3Gy _l) Ph-1
+ [ (g — T g+ SERIT AR (D26)

where Ayn = YNy1 — %(yN + yn—1). With regards to the boundary conditions, the properties at
node wy.+1(= 1) are given by the free stream values. At the centre-line a zero gradient condition
is present, and this can be implemented by i 1mposmg a parabolic variation of ¢ over this region,
i.e. ¢ ~ y2. This ensures that’ —% — 0, a—% —constant, as y — 0. Integration of the relation
(our)by = (¥ g — ¥1)bw (defined in section 5.2.3) with an assumed quadratic variation in gu
near the centre-line indicates that for small values of y, w ~ y?. Since ¢ ~ y? is postulated over
this region, this implies that ¢ ~ w. So to obtain ¢7, a linear extrapolation can be performed
using the known properties at w = w; and w = w3. The conditions at w = w3 are known from
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the solution of the finite-difference equations for the internal nodes, whilst for wy, equation (D.25)
can be used since the coefficients of ¢7 are zero.

D.4 The High Lateral Flux Modification

The description of the finite-difference procedure is not complete as yet. The cross-stream transport
terms have been approximated using central differencing. The difficulties arising from the use of
such a representation for the convective term can be highlighted using the one-dimensional steady
convection/diffusion problem [42],
0 9%
“os = ox?
where u and I" are constant. With boundary conditions z = 0,¢ = Qand z = 1,¢ = 1, the
analytical solution demonstrates that ¢ is bounded in [0, 1]; this is a physically plausible result. If
the equation is solved numerically and the derivatives are approximated using central differencing,
then for cell Peclet numbers greater than two, ¢ can become negative3. Furthermore, the unbound-
edness increases as Pe,, rises; this manifests itself as spatial oscillations ("wiggles’) which could
result in negative values for otherwise positive definite quantities. If upwind differencing were
employed for the convection this problem would be averted.

The procedure that is adopted for the cross-stream transport (i.e. convection and diffusion) is
to employ central differencing when applicable and to switch to upwind where necessary - this
type of differencing is referred to as hybrid (also known as the high lateral flux modification [74]).
With reference to equation (D.24), the factor which motivates the high lateral flux modification
is that if P; or Q; become negative, then the weightings of ¢7, | and ¢ ;, respectively, serve to
reduce ¢7'. To avoid these coefficients from becoming negative the magnitude of the terms F' and
G, stemming from the diffusive and convective contributions (respectively), need to be examined
more closely. The groupings which need to be taken into consideration are,

©>0,T>0 (D.27)

=2 )+ Gy, (F2+% - % 2+%) => First control volume

1 1
i=3 (F3_% + §G3_%), (F3+% - §G3+%> = Second control volume

~ vl
-~ -~

Q3 Ps

i=N (F_i+1Gy_y), (Fvs1—Gner) = N control volume
These groupings are best understood in terms of the schematic shown in figure D.3.
The manner in which the high lateral flux modification is applied is as follows:
o If %]Gi +1 | < F, +1s then no modification is applied. Thus, for example, P, = F, 1=
1 — 1 — —
§G2+% >0and @3 = F3_% + §G3_% > 0. NotethatF2+% = F3_% and Gr’2+i = G3_%
due to the conservative finite-differencing.
o If %]Gi_*.%l > Ei-i-%’ then F;_i_% = %IG;’+%*'

In this situation, P, = L|G -la
- - : 2 2| 2+§' 2Y2
Gpyy and Q3 = 3|Got] + 3Goyy = 0.

+1 =

3The cell Peclet number, Pe., is defined as 42,

¥Note that the definitions of F' and @, stemming from equations (D.12) and (D.5) respectively, imply that the former
is always positive and the latter negative. This explains why P2 = G, i and Q3 =0
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i=N+1
. N th control
j= volume
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Figure D.3: Schematic of the control volumes along a given radial plane, indicating their relative placement
and the associated notation. Because the finite-differencing is conservative, the fluxes leaving the top face
of the first control volume is identically equal to the fluxes entering the bottom face of the second; i.e.
F2+_% = F3__% and Gz_*_% = G3_%

Since F' > 0and G < 0, this implies that the condition P; > 0 is always satisfied and that only Q;
can become negative. However, because the finite-differencing is conservative, even the groupings
for P need to be checked according to the test above, since its fluxes are carried over to the Q
term in the adjacent cell.

The high lateral flux modification can be viewed as a change in the diffusion coefficient, I'y.
F is effectively changed, but since r and 6y are unaffected at a given point, the implication is
that ' has been increased. In a region of the flow where |G, +4 | > F;, L the effect of the
modification on equation (D.23) is to represent the transport in terms of Z‘LTGi +4 (dF ) — #7);
this is upwind differencing. If upwind differencing were to be employed for the convective terms
right from the start, none of the above-mentioned manipulations would be required. However, the
advantage of using *hybrid’ différencing is that it allows, at least under certain circumstances, for
a more accurate approximation of the governing pde.

D.5 The Calculation of the Cross Stream Distance

The finite-difference procedure described thus far operates in the transformed (z, w) space. Nev-
ertheless, when the profiles of the variables are to be examined, they should be expressed in terms
of physical space coordinates so that a comparison with experimental measurements can be made.
Equations (D.12) and (D.21) also show that r is required to compute the coefficients of some of
the terms in the finite-difference approximations. Out of convenience, the initial y-distribution is
chosen to be uniform, i.e. §y =sconstant. Equations (5.3) and (5.4) demonstrate that 6w o< r &y,
therefore a uniform initial y distribution implies that the w grid is non-uniform and increases in
width in proportion to the distance from the I boundary. Once this w distribution is constructed, it
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is maintained until the end of the simulation; in other words dw does not change. However, 8y is
affected by the local density and velocity fields and so there is no reason why this should remain
fixed. This is a potential disadvantage of the Patankar-Spalding method in that there is little (if
no) control, by the analyst, over the mesh spacing as the flow evolves (particularly when coupled
to a Monte Carlo simulation).

The first step is to evaluate (¥ g — ¥;)™ - this quantity is only a function of the axial distance,
so starting with equation (5.6), the following first-order accurate approximation can be written,

(Tg =)™ =(Tg — U} + (rpig — rpmg) (Tn — Tn-1) (D.28)

From the definition of w, equation (5.4), the following differential relation can be expressed,

Ow Ow Ow

The objective of this section is to determine the value y for a given axial location. Since ¥ and
¥ g are only functions of z, § U1 = §¥ g = 0 under the present circumstances. Furthermore, from
the definition of the stream function, equation (5.3), §¥ = gur §y; substituting these relations into
equation (D.29),

bw
T 6y = (‘I/E - \IJI) -Q—u- (D.30)

where r = 71 + y. Integration of equation (D.30) together with the definition,
7 dQ
I=Ug- \1;1)/__ (D.31)
ou
o

leads to a quadratic equation in y?, which when solved for y has the following (positive) root,

' .
y=—rr+ (r} +21) (D.32)

For an axisymmetric flow with the I boundary lying along the centre-line, r; = 0, so that,
y=v2T (D.33)

Consequently, once g, u and (¥ — Uy) are known along any cross-stream section, the corre-
sponding y values can be obtained after evaluating the Z integral. The details of how this integral
is calculated can be found in the book by Patankar and Spalding [74].

D.6 The Treatment of Confined Flows: Calculating gg

In this section the manner in which g{% is calculated is briefly described. The details of the
implementation are described in [74].

For confined flows the boundary layer and the pressure distribution interact appreciably; in
practice % is unknown and needs to be obtained as part of the calculation procedure. Conventional
pressure-correction techniques would pose limitations on the speed and economy of the solution
procedure which has so far been achieved (in part) by the use of linear fde’s, their grouping into
a tri-diagonal matrix and upon the avoidance of iteration. A somewhat heuristic approach was
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proposed by Patankar and Spalding [74] so that % could be approximated without bringing any
serious detrimental effect to the efficiency of the calculation procedure.

The idea behind obtaining %, is that it should take whatever value that will allow the boundaries
of the flow to coincide with the walls of the duct. Consequently % is initially estimated, a forward
step is performed and then, when the resulting cross-section of the flow is found to differ from
that which the duct provides, the knowledge of the discrepancy guides the choice of % for the
next step. This practice is *accurate’ provided the step sizes are sufficiently "small’.

The area of the duct (Ap) is obviously fixed by the geometrical constraints. However, the
area of the flow is given by,

YN+-1 \ 5> '
Ap=2m / rdr =27 v (D.34)
ou
0 ¥y

The contributions to the pressure gradient are evaluated through a force-momentum equation
balance. The terms contributing to gg are the wall shear stress and a term involving an area
gradient, %—;—1—. So, gﬁ o« %’% - I‘Tw]) and the contribution from the wall shear stress is generally
larger (i.e. more negative) than the area gradient. The latter quantity is defined as:

d4 _ Ap - A7

P — (D.35)

From equation (D.35), if A}‘“l < A7 then %’3— > 0, so that the overall value of % will be less
negative. This means that the mean flow velocity decreases and by continuity, the area of the flow
has to increase, thereby counteracting the original discrepancy.



Appendix E

Implementation of the Scalar Pdf
Equation

The starting point for the discussion on the implementation of the scalar pdf equation is equation
(5.9),

Pz + Az,w) = I+ QAL (I + EAY) I + TAL) P(¢; 7, w)

Source  Mixing Transport

The operator splitting technique allows for the effect of each physical process on the pdf to be
considered separately. The simulation of the processes of transport and mixing are discussed in
detail in this appendix. The simulation of chemical reaction is discussed in section (5.3.1.3).

E.1 Transport

The effect of transport on the pdf, P(y ; T, w) can be expressed in the following manner,
B (93 34, w) = (1 + TAL B(y; 2, w) (E.1)

where x; is a notional position such that ¢ < z; <  + Az. By this, it is not implied that z;
lies somewhere in physical space at some fraction of the distance between nodes z,, and z,,_1 (as
depicted in figure D.1); it merely constitutes a symbolic notation for the intermediate solution,
_fit’f. Equation (E.1) represents a convection/diffusion equation with no source terms. It was
pointed out in section 4.13 that the Monte Carlo simulation represents an approximation to the
finite-difference representation of the pde for the evolution of the pdf. In order to obtain such a fde,
the same principles that were employed in appendix D can be used here too. The only significant
difference lies in the fact that the Monte Carlo algorithm is an explicit scheme - it is difficult
to envisage how the particle method could be made implicit. Because the particle simulation is
explicit, the same is true for the finite-difference technique. Therefore, the pdf, Pt@; T, Wi), 18
calculated using the properties at position z,—;, namely, 1’;;(%; z,w;1) and PP~ (s z, w;).
In this respect, the computational molecule for this situation is the mirror image of that illustrated

t1t is important to bear in mind that no real interpretation can be given to the result Et. In fact the solution cannot
be assessed until the operations of mixing and chemical reaction have also been applied.
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in figure D.1, with z,, being replaéed by z;. For an explicit scheme the fde can be written as:

A A 1%-"“‘} @

where 2 = 3,...,N — 1. The similarities between equation (E.2) and the implicit form, given
by equation (D.23), are clear. For the remaining ¢ nodes, the form of the fde constructed for the
boundary control volumes should be employed. The following definitions are introduced in order
to simplify the form of equation (E.2).

= Az 1
Pi+% = Aw; (T g — \I,I)n—l (F;-l-% - §Gi+%) (E3)
= Az 1
Q’i—% = ALUi (\IIE' _ \I’I)n_l (EL—% + §Gz—%) E4DH
Probability theory demonstrates that,
= [ ew? ay (E5)

where Q can denote any prescribed function of the scalar variables. Qf is the density-weighted
average of Q at (z:, w;), based on the solution of the fde. Applying equation (E.5) to (E.2) leads
to,

Q= Py Qi + Q8 + (1= Py — Q) Q7 (E6)
Let Qf denote the ensemble average of Q at the same position due to the application of the
transport process via the Monte Carlo simulation, where the ensemble is based on a finite sample
size used to represent the pdf. The simulation of transport is achieved by selecting at random a
certain number’ of particles from nodes (,w;) and (,,w;x1)!; these particles form the new
ensemble at (x¢, w;) as depicted in figure 4.2. It is important to note that the nodes do not exchange
particles, and that the number of particles at a node remains fixed. By definition of the ensemble
average (equation (2.25)),

1 Y
Z—N_;-X_:Qi’j (E.7)

where M; is the number of partlcles atw; ¥ and Q . is the value of the function @ associated with
the properties of the j* pamcle at (zs,w;) . The expected value of Qt is Qt
Based on the ’dynamics’ of the simulation of the transport term, it is possible to write,

1 li?- ++n_ N;
A oy — -1
Qi ~ N; Z z+l,J + Z z— ,3 Z 121 (E-8)
j=1 —nj'+1 3—n?'+ni—+]

tMore precisely, the particles are sampled at random without replacement. This means that, at a given point, when
a particle is randomly selected it is no longer allowed to be re-selected until node w; has been advanced from zn to z¢

The w grid distribution does not change once it is generated and the number of particles per node remain fixed (but
not necessarily equal). This implies that the number of particles per node depends only on the radial location; hence
the notation A, which indicates no dependency on «.

YThe definition of the ensemble average in equation (2.25) includes the density. However, equation (E.7) does
not require these multipliers since the ensemble, Qf,j, is defined to be representative of the density-weighted pdf.
Consequently, the result shown in equation (E.7) automatically leads to a density-weighted statistic.
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where n;" and n] are the number of particles selected at random from the ensembles at (2, w;1)
and (z,, wi—1), respectively. Equation (E.8) indicates that (N — n;" + n]") particles are randomly
selected from node ¢ at z = z,_; and retained in the new ensemble at z = z;. The remaining
particle properties are overwritten by those randomly selected from w;4;. The ordering of the

partlcles at a node is immaterial, so that the first term on the rhs of equation (E.8) could have been,

" :_" b @8 +I ;- The following straightforward,

yet revealing, manipulation can be applied to equatlon (E.8),

n‘_ ‘" . and consequently the second term,
j=1 z 1 J q y

n}+n;
o~ % E S| LY o
i j=1 3—n++1
T 1
(M -0y —n; ) 1 & n—1
- N (Wi =nf =n07) iz @ =2
) T

If the mathematical expectation of equation (E.9) is taken in the limit of AV; (and hence n;” and
n;}) tending to mﬁmty, terms I, IT and III approach Qz 1 @ ! and Q" !, respectively. At the
same time, Qf — Qz, so that in the limit equation (E.9) can be expressed as:

n-l-

At _I_l;; n—1 n— o S n—1
Qi = MQ‘L-H +NQ"1 + ( N N) Q5 (E.10)

If the Monte Carlo simulation for the transport operation is to approximate the finite-difference
solution, then clearly the results of equations (E.6) and (E.10) should be the same; this is the
basic requirement which ensures equivalence between the two approaches. By comparing these
two equations (and using the definitions expressed in equations (E.3) and (E.4)), the following
fundamental relations hold,

n;" Az {

—-/v: - Aw; (T g — T)»1 (FH'% - iGi’*‘%) (E1D
n; Az

W= F,_1+3G E.12
Ni  Aw;(Tg - Tpn! ( -y T2 "‘l) (E.12)

The discussion presented in the previous paragraphs and culminating in equations (E.11) and
(E.12) describe how the solution at (z,—1,w;) can be advanced to (z;,w;) for the internal nodes.
The treatment of ¢ = 1 and % = N + 1 will now be described. In the present context the pdf
equation is applied to turbulent jet diffusion flames issuing into unconfined surrounds, so that
1 = 1 corresponds to a symmetry axis and 2 = N + 1 is the free stream. The free stream condition
is the most straightforward to specify, since the flow in that region is unaffected by the evolution of
the jet. Since —gg = 0, this means that the properties in this region are invariant with downstream
position, and the pdf there is a § function. This latter condition implies that all My particles have
the same value, or alternatively, only one particle is sufficient to represent the properties there. At
the centre-line the zero gradient condition is used to characterise the scalar boundary condition.
This condition is achieved by requiring that the ensemble at (z;,w,) is exactly the same as that at
(z¢, w1).
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For the treatment of the scalar field the finite-difference scheme (and hence the Monte Carlo
simulation) is fully explicit. It is well-known that to ensure the stability of such schemes,
restrictions have to be placed on the forward step size. The stability requirements for the application
of the Monte Carlo simulation stem from the need to avoid nj” < 0,n;” < Oand M;—(nj +n;") < 0.
However, from equations (E.11) and (E.12) it is clear that nii o Az. The manner in which the
forward step size is chosen is simple and ad-hoc, partly because the main motivation in choosing
Az is that the solution is grid-independent, but also because the semi-implicit finite-difference
procedure for the velocity field does not suffer from the step size restrictions of the Monte Carlo
simulation. As the jet spreads downstream of the issuing nozzle its width increases, and based
on this Az = fyn.+1, where yn41 is the outermost radial position of the jet and £ is an arbitrary
constant (£ ~ 0.01). Az is prevented from increasing too rapidly by specifying,

AZnew = min (bynt1, 1.05Az4q) (E.13)
In principle, if the forward step size is too large, the constraint,
—(nF +n7)>0 (E.14)

could be violated. Let Az} be the step size suitable for the Monte Carlo simulation of transport
such that the inequality expressed in equation (E.14) is satisfied for all 7. D1v1d1ng equation (E.14)
by N; and substituting equatlons (E.11) and (E.12) yields,

Axy ) |
- Aw; (Tg — Tt \(Fi'*‘% - 7Gi+% +Fi—% + EGi_%)l >0 (E.15)

EH;&%

Whilst equation (E.14) constitutes the minimum requirement which can be placed on the selection
of the particles, it can be argued that to obtain a ’meaningful’ ensemble for Q! (based on equation
(E.9)), it is necessary to have finite numbers of particles selected from all the participating nodes.
This implies that equation (E.15), which relates to the fractional number of particles sampled from

node 7, can be written as,
Az}

A (Up - Uy
where 0 < A¢ < 1, but a more plausible choice iIsA; = % In other words, Az} must be such
that in the event Az} < Ax't at least one third of the particles should come from (zp—1,w;),
and the remainder from nodes (z,—1,wi+1). When Az} > Az, the implication of A; is of no
consequence. In fact tests indicated that the results appear to be quite insensitive to the precise
value of A; - for example starting with A; = %, it was found that doubling and halving this value
had virtually no observable effect on the results. This may be an indication that the sample size
was suitably large and/or the forward step size was sufficiently small. To implement Az} into the
solution procedure the following integer parameter is defined,

) Az 1

1_

= A (E.16)

where nint denotes the nearest integer and the addition of ’ %’ is there to yield the most conservative
estimate for K;. Az} depends on the radial position, 7, but in this procedure a single value of X is

HNote that Az is given by equation (E.13) and Az} from equation (E.16).
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needed which satisfies equation (E.16) for all 7. To achieve this, the most conservative (and hence
largest) value of K is used. Substituting the smallest value of Az} (referred to as Axy,,,;,) from
equation (E.16) into (E.17) gives,

. Az 1
Ktmaez = maz [n'mt ( Az + 2) , 1] (E.18)
So the transport operation is applied K¢ mqz times (with a forward step size of AZE i) During
any one of these substeps, the mixing and reaction operations are also applied *.

Finally it is worth pointing out the following significant difference between the finite-difference
approach and the corresponding Monte Carlo simulation. With the former technique the accuracy
of the result increases as the grid size is refined, i.e. as Az,éw — 0. For the Monte Carlo
procedure with a finite sample size, as Az — 0 the number of particles being randomly selected
will tend to zero (as implied by equations (E.11) and (E.12)), with the result that there is very little
observable transport. Clearly the missing link in this case is that as Az, §w — 0, this needs to be
matched with A; — oo, Vi.

E.2 Molecular Mixing

In this section the following operation is considered,
B™ (3% m,w) = A+ EAL B (¢; 24, w) (E.19)

This follows from equation (E.1). The mixing models are discussed in sections 4.6 and 4.7. Only
the implementation features of modified Curl (with .A(z) = 1) and LMSE are considered in this
appendix. Unlike the transport operation, molecular mixing is applied at a point in physical space
to the notional particles residing there. Therefore internodal particle interactions do not occur.
This exemplifies how molecular mixing brings about the evolution of the pdf in composition space
and not physical space.

E.2.1 Modified Curl

This model can be summarised through the schematic in figure E.1, where the particle properties
after the mixing operation are given by equation (4.20).

At a given point in physical space, comprising nodes ws, ... ,wn, the number of particles
selected randomly without replacement is given by (cf. equation (4.16)) %:
A .
N,i=28B (—f-) SN, i=2,...,N (E.20)
i; ) ks

where B = 3 for modified Curl. For any given pair of randomly selected particles, a pseudo-
random number generator is again used to select a value for z, the quantity which controls the
extent of mixing, as specified in equation (4.20). This same value of z is employed to calculate
all the new scalar properties (¢ = 1,...,N + 1).

'In fact the mixing operation also imposes forward step size restrictions, as described in section E.2. Therefore the
whole operation involving transport, mixing and reaction can be applied more than K¢ maz times depending on the
value of K;n,ma= defined in the section dealing with the mixing terms

ZNote that a distinction is made at this stage between the number of particles and pairs of particles randomly selected.
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O, (2+3t)
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@ ‘ @ 92 (2)
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Figure E.1: Schematic of the mixing operation using modified Curl. The randomly selected particles are
represented in terms of the properties ¢ (t) and ¢,(¢). They mix along a line joining them in composition
space and jump to the new properties ¢;(t + 6t) and ¢2(¢ + 6t). The extent of mixing is constrained by
either no change in their original values, to full mixing at their common mean value.

It was pointed out in relation to equations (E.11) and (E.12) that the condition expressed in
equation (E.14) can be violated since n} and n;” are proportional to Az. A similar situation arises
with regards to equation (E.20); NV ; can be greater than A; if Az is too large or 4; too small. To
avoid such unphysical situations, the following requirement is imposed (in analogy with equation
(E.16)),

N Az €

=28 X =Apm,  i=2,...,N E.21
-/V;I ( U; ) ki ’ ( )
where Az}, is the step size which satisfies %ﬁ = Am (0 < A, < 1). Sensitivity analysis shows
that the choice of A, does not affect the final result significantly, and in fact by choosing Az to
be sufficiently small, the value of A, becomes immaterial since the basic condition N, ; > N;

would not be violated. A, 2 was chosen for the results presented in chapter 6 using modified
Curl. In analogy with equations (E.17) and (E. 18), £ m,maz 15 defined as,
[ 4z
Km maz = maz { nint |maz g’;‘i& + -21- y Ktmaz (E.22)
i
A:z:

where == and Kt e, are obtained from equations (E.21) and (E.18) respectively.

E.2.2 Linear Mean Square Estimation (LMSE) Closure

The starting point for discussing the implementation of this model is equation (4.14), re-written
as:

() =1,...,.M;
¢<p )= (¢(") (o)) { @=1,...,N+1 (E.23)
i=2,...,N

This model is deterministic in the sense that a certain number of particles do not have to be
randomly selected for mixing; all the particles are subjected to equation (E.23) at a given node 1
and for all scalar properties. Equation (E.23) can be discretised in the following manner,

O _ g CD € %, (625" — ($ai)™) +0 (52 (E.24)
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where 6t; = —4% and Ax° = ,CtA:m as given by equations (E.13) and (E.18). One potential

source of problems with the above form of discretisation is that if §t; is too large ¢(p) can become
unbounded. However, such a problem has not been encountered with the use of the above
equation, presumably because the forward step size has been sufficiently small to avoid such
problems. Nevertheless, to eliminate such undesirable features associated with the discretisation,

the term on the rhs of equation (E.24) involving qSS’%’ can be replaced with ¢(p) "+ Solving for
¢(p)’"+1 yields:
¢(P)yn géD‘ ;6t <¢a z)

1+ —22352'&5

BRI (E.25)

With the use of equation (E.25), ¢(p)’n+l 2> 0 regardless of the value of 6%;. In addition as

ot; — oo, ¢$2*”+’ — (Pa,:)", which implies that the result remains bounded

It has already been pointed out that §t; = A"’ where Az°® = IC@ ~—. It is possible to impose
a further constraint by comparing the relative 51zes of 6t; and the rmxmg time scale. The latter
time scale is defined as (——211—':) 1. To develop an expression for such a constraint, the following
definition is introduced:

N 1
st = Al (922;—) ,  0<A <1 (E.26)

where 6t is the required time step at node  defined as some fraction of the mixing time scale. In
this case a parameter, Ko maz, as defined for the coalescence-dispersion model (equation (E.22)),
can be used:

Az
Kmmaz = max {nint [ma:z; ( 61;;‘!‘ ) -+ %] , /Ct,mam} (E.27)

The introduction of A7, < 1 can only add to the run times and the effect on the results is hardly
detectable for the inhomogeneous flows considered.

E.3 Simulation of Homogeneous, Isotropic Turbulence

In the present context, by homogeneous, isotropic turbulence it is meant a flow where the scalar
pdf is invariant with position. Consequently there is no mean strain imposed on the flow, and
the pdf evolves only in composition space; the dependence of quantities such as ¢, k£ and A/ on
position disappears. The simulation of transport, described in section E.1, becomes redundant
as does the value of the local velocity, ;. So for equations (E.20) and (E.25) the time step is
now provided in terms of some fractlon of the characteristic turbulent time scale ( ). A suitably
small fraction is chosen (typically & 1% ) in order to ensure accurate solutions, and because of this
K, maz 15 always unity.

In the calculations reported in this thesis the value of —’63 can be allowed to evolve with time ;
based on the conditions prevailing in the homogeneous and isotropic turbulence, equations (2.39)
and (2.50) reduce to:

% = —£ (E.28)
de g2

= . (E.29)
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In equation (E.29) €2 can be eliminated by substituting from (E.28); furthermore, %—i— can be

substituted using equation (E.28) differentiated with respect to time. The final result is:

2
2k %

By introducing the substitution { = %’ti, equatibn (E.30) can be integrated using a separation of
variables technique. Introducing the initial conditions specified above (with t, = 0) leads to,

—~1
k=t [1 +(Cey = 1) (%) t] %™t (E31)
o
Hence from equation (E.28),
~Ck.
[0y
£=¢, [1 +(C., — 1) (%) t] 7 (E:32)

Equations (E.31) and (E.32) were also used by Lakshmisha et al. [57] in their work relating to
homogeneous, isotropic turbulence. Dividing equation (E.31) by (E.32) leads to the expression
for the evolution of the characteristic turbulent time scale,

k k ‘
—= (-E—>o +(C, = 1)t (E.33)
The implication of equation (E.33) is that the characteristic time scale of the energy containing
motions increases with time - this is indicative of a decaying turbulence. The choice of the value
of (-’59),, is arbitrary since the aim of the homogeneous, isotropic turbulence calculations is to
investigate the qualitative behaviour of the mixing models. In this respect the use of equation
(E.33) could be altogether avoided and be replaced by a constant turbulence field (i.e. f is constant)
- the qualitative behaviour of the results would be the same.

E.4 Evaluation of the Statistical Properties from the Discrete Ensemble

In this thesis predictions have been compared against a wide range of measurements in turbulent
jet diffusion flames. The experimental data comes in the form of density-weighted or unweighted
statistics. In certain cases the form of the data is dictated by the measurement technique; for
example sampling probe measurements of species concentrations are conventionally viewed as
being close to a density-weighted average, whilst fine-wire thermocouple measurements provide
unweighted statistics. The transported pdf approach is advantageous in that both forms of statistics
can be evaluated. ,

It is convenient to solve a density-weighted pdf equation when calculating variable density
flows 3. Formally, for any variable which is a function of the scalar field, G = G(¢),

o . N
G=009) = [ SWPW) du = ngnwﬁga@m) (E34)

3The is because the models for the turbulent transport and molecular mixing can then be carried over from the
constant density situation, with the assumption that the effects associated with the fluctuating density field are accounted
for through the density-weighting.
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where g(¢(P)) is the value of the variable G for the p** particle which has the property set ¢(")
To obtain the unweighted average, G, the following can be applied:

AN g(¥) 4 g(¢®)
9=e(3)=2(3) -2 oM [N N Zg(«»‘”)] &%)

In order to make use of equation (E.35), g would have to be evaluated; the use of G = g in equation
(E.35) leads to the trivial result g = p. Instead, consider the following equation,

-/1119("!’) (7/)) lﬁ_ N-»ooNEQ(¢(P)) (E‘36)

The density-weighted pdf is defined as: gP(w) = o(3)P(%), and since f¢ P(y)dy = 1,it
follows that,

-1
e= [N—*»co.N'Z Q(jé(p))] (E:37)

The fluctuating field statistics is given by,
g™ A 1 X An

The measurements and predictions are mainly confined to the mean and root-mean-square (rms)
quantities, and so attention will focus on the case whenn = 2. Equation (E.38) cannot be directly

modified along the lines of equation (E.35) to yield an expresswn for g’z, primarily because ¢(P)

refers to properties which are density-weighted andso ¢’ 5 (G (92(9)) —G). Amore straightforward
approach is now described; the starting point is the following basic relations:

g _ g:g }g"=(c7—g")+g' (E.39)

Squaring and averaging equation (E.39) leads to:

G7=(6-6) +2(0-6) T +"

o -
=3 =5 /s 2
= ¢%=¢"-(G-0) E40)
where g"2 can also be expressed in terms of the ensemble properties as follows:
®)
— X (6(4®)-g)”
G""=p N“WNZW (E.41)

The higher order statistics could be obtained in a similar manner,

Given the ensemble of particle properties, it is a straightforward matter to obtain the pdf. In
order calculate the pdf of a property ¢, (referred to as P(t,)), the scalar bounds of ¢, are first
split up into intervals; the width of these intervals, A1, affects the *smoothness’ of the resulting
pdf. Defining Ay, as the number of particles which satisfy the condition 1, < ¢® < 1hq + Ata,
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the probability (or frequency of occurrence) of any particle falling into this interval is A—%ﬁ This,
by definition, is approximately P(t,)A,, so that,

D 3 N"pbcx
P(ye) = ﬁr{“lzng;" ( VA %) (E.42)
In deriving equation (E.37), the relation betweén the density-weighted and unweighted pdf was
established. Integrating this over the entire composition space g (8 = 1,..., N + 1), except for
B = ayields:

[ B) dy - dipaidifass - dbnsr = L [ o@)P(@) dipy -+ dipardpays - dipn

_ gP(¢)
> PWe) = ()00 = 9a) EA)

P(1q) canstill be obtained from equation (E.42). (0(4)|da = o) is the mean density conditioned
on the event Yo < ¢o < Yo + dip,. In practice this implies that those particles falling into the
region ¥, < ¢£§’) < 1o + Aty are collected, and based on this sub-ensemble the mean density
is calculated using equation (E.37) (with AV replaced by My, ).




Appendix F

The Determination of the Scalar
Bounds for Tabulating the Chemistry

F.1 Introduction

The bounds for the allowable composition states are required in order to tabulate the chemistry
on an ’once and for all’ basis. The saving on cpu time for the Monte Carlo simulation of the pdf
equation is substantial. There number of species present depends on the reduced scheme that is
being employed; the requirement of mass conservation and the modelling assumption of equal
diffusivity imply that the dimensionality of the problem can be reduced by three scalars. The
remaining scalars that have to be specified are referred to as the independent scalars.

Initially the discussion focuses on the global hydrocarbon scheme of Jones and Lindstedt [46].
The modifications required to account for the presence of Ny in the fuel stream is also presented.
The derivation of the bounds is described in detail, since it also forms the foundation for the
construction of the bounds relating to the systematically reduced scheme of Chelliah et al. [10].

F.2 Composition Bounds for the Global Hydrocarbon Scheme

The global hydrocarbon scheme [46] incorporates the following species: C:Hy, O3, CO, CO,, Ha,
H,0 and N,. A sensible choice for the first independent scalar is the mixture fraction since this
quantity plays a central role in characterising the composition at a point in relation to the initial
condition in the fuel and air streams. Furthermore, for a two-stream mixing process, the mixture
fraction is related to other strictly conserved scalars by:

Ng = (1 — £) Na2 + Ena,l (Fl)

where ’1’ refers to the fuel stream, "2’ to the oxidant stream and n,, can denote element specific
mole number or enthalpy (J Kg~! of mixture). The mixture fraction remains constant during the
chemical reaction. For each of the element species (C, H, O and N) the mass conservation equation
is now constructed. These are subsequently used to construct the bounds for the reactive species.
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F.2.1 Element Conservation

Carbon

Denoting N, as the number of atoms (or molecules) of specie « present in the reactive mixture
at any position and time, the carbon element satisfies the following conservation equation (given
the species that are present in the mixture):

Nc = zNe,n, + Nco + Neo, (F.2)

Dividing equation (F.2) by Avogadro’s constant (N4 = 6.022 x 10% Kmol~!) and subsequently
by the total mass of the mixture present at that instant leads to an equation for the specific mole
number (Kmol Kg~1), |

nc = Tnc,H, + Nco +nco, (F.3)
In terms of the carbon element, equation (F.1) becomes n¢ = nc,1§, where the specific mole
number of carbon atoms in the fuel stream is given by, nc,; = %—‘ (and Ye,u,,1 = DI
Substituting the relations for n¢ and nc,; into equation (F.3) the conservation of atomic species
for carbon can be written as:

ot
Tnc,H, + nco + nco, = WC€H (F.4)
= Hy

Nitrogen
Nitrogen is a conserved scalar and is therefore linearly related to the local value of the mixture
fraction. For this specie, equation (F.1) reduces to:

N =1 =& nnN2 (F.5)

The only source of nitrogen atoms is from nitrogen molecules since this element is neither
generated nor consumed by the chemical reaction; consequently ny = 2ny,. In the air stream,

1N, 2Wh, + 10,2Wo, =1 (F.6)
Due to the equal diffusivity assumption, the oxygen-to-nitrogen ratio is constant and is given by:

no2 _ 02 _ 1O _ 15 50265 (E.7)
nN;2 TN2 0N

Using equations (F.5) to (F.7) it can be shown that:

o (1=9
"N = Wy, + OWoy,) (F8)

For the remainder of the elements only the final result will be given since the basic procedure has
been outlined in the paragraphs above.
Hydrogen

yé
We,n,

NH = YNC,H, + 2NH,0 + 2ny, = nH1{ =

= Ync,H, +2 (nm0 + nw,) = ngﬂ F9)
= Hy

'Ye, H,,1 = 1 when the fuel stream is not diluted with other species.
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Oxygen

no = 2ng, + nco + 2nco, + PH,0 = No2 1-9
206(1-¢)

= 27’1,02 “+ nco + 2’nc02 + NH,0 = m
2 2

(F.10)

F.2.2 Bounds for the Independent Scalars

As pointed out in section 5.3.1.3, the choice of the independent scalars is not unique. Since one
of the aims of this research work is the prediction of CO and Hj, it seems sensible to try to
include these as independent scalars. The aim in constructing the scalar bounds is to produce a
hierarchy of coupled equations which can scan the entire composition space of the mixture; i.e.
any composition state which satisfies mass conservation and %E: = 3 and ZJNI = U can be located
somewhere within the allowable scalar domain that is constructed below. In order to quantify the
bounds it is necessary to invoke conditions which may never be reached in a flame. This practice
is necessary so that the most conservative concentration limits can be specified. However, at the
same time, this highlights a potential weakness of the approach in that the distribution of the scalar
domain can be wasteful, since some regions are never accessed.

F.2.2.1 Bounds for the Mixture Fraction

The bounds for £ are straightforward to assign since they are constrained, by definition, to be zero
in the air stream and unity in the fuel stream.

éma:z —_ 1’ fmz'n =0 (Fll)

F.2.2.2 Bounds for nc g, given ¢

From equation (F.4), n’c'fﬁy occurs when nco = nco, = 0.

¢
nEot = F.12
C:Hy WC;Hy ( )

The minimum amount of C;H, is subject to oxygen availability. According to equation (F.4), for
a given &, there are —W—:gﬂ— Kmol of carbon atoms present per unit mass, and from equation (F.10),
= Hy

6(1-¢ . . .
there are ZWN—#WV%J Kmol of oxygen atoms per unit mass of mixture. Now, if

20(1-98) S €

F.13
(T/VN2 +UWo,) ~ We,n, ( )

then n@fﬁy = 0. However, if inequality (F.13) is not satisfied, then there will still be T’%H_y_ -

(—W%%ﬁw%-j carbon atoms left over. Within the constraints of the global hydrocarbon scheme, this
2

implies that these left over carbon atoms have to be attached to hydrogen in the form of C;Hy. In

this case,
nmin — 5 _ 2U( 1— 5 )
CoHy We, H Z (T/Vl\{2 + UWQz)

(F.14)
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But if oxygen satisfies the availability condition (F.13), then the rhs of equation (F.14) would be
zero or negative. Since negative concentrations are unphysical, the minimum amount of C;H,
can be generally expressed as follows:

; § 20(1 - ¢)
o =max — , 0 F.15
nCH, = Ma& { We.n, | z(Wn, + BWo,) ( )

The oxygen availability criterion assumes a one-to-one combination of carbon and oxygen atoms
in order to determine the minimum C,H,, concentration. Clearly this leads to a more conservative
estimate for the minimum amount of C;H, than a C:O combination of 1:2 (i.e. to form CO;)
which would require fewer carbon atoms to be combined with the available oxygen atoms.

F.2.2.3 Bounds for nco given £ and nc, g,

Equation (F.4) indicates that in the balance for the C-atom the species C;H,, CO and CO; appear.
If CO is chosen as the independent scalar then CO; can no longer be independent too, since
knowledge of €, nc,u, and nco is sufficient to determine nco,. Note, however, that as long as the
level of CO is not fixed, the bounds for both CO and CO, can be determined. Let,

< - Ne,H, (F.16)

L=
We.n,

where L is constant when ¢ and nc, g, are specified. Substituting equation (F.16) into (F.4),
nco + n(:(j2 =zl (F.17)

From equation (F.17), ngs® = =L when n%’; = 0. This implies that the oxygen atoms are
attached to all the remaining carbon atoms (in the form CO). This may appear to be a pathological
situation, but it serves the purpose of quantifying the maximum allowable CO concentration given
the constraints. Thus,

neT = gL (E.18)

Equation (F.18) is not subject to oxygen availability; in principle there has to be enough oxygen
to form z.£ Kmol of CO 1, otherwise, given that the level of C.H,, has been fixed, this would have
to imply the presence of C-radicals in the mixture, which is not permitted by the reduced scheme.
The maximum amount of CO; is subject to oxygen availability. If,

6(1-¢)

(W + OWor) = ° (F:19)
then ngSy = zL and n’cn(_?;" = 0. However, if the above inequality is not satisfied, then clearly
ngg® # xL; in this case some CO would also have to be present in order to avoid having C-atoms
left over. In trying to find the bounds for ng" (and hence ng§?) subject to oxygen availability, it
is necessary to assume that no, = ny,0 = 0 so that'all the oxygen is placed at the disposal of CO
and CO,. So from equation (F.10) with no, = ng,0 =0,

maxr __ 26(1 — ﬁ) (FZO)

min m —_ .
nco + 2Nco, (W, + OWoy)

#The minimum bound on the fuel ensures that this condition is satisfied
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Eliminating nco from equation (F.20) with (F.17) gives,

mar __ 20(1 _f)

=_2U-s) :
"0y = Wy + OWoy) (F.21)

The oxygen availability requirement, inequality (F.19), can be re-expressed as:

20(1 - ¢)

OV 8 o> ac F.22
W, +OWo,) =% (F22)

Although equation (F.21) expresses the maximum amount of CO, when there is insufficient O,
inequality (F.22) indicates that if there is enough oxygen present, expression (F.21) becomes
invalid since n&S7 then becomes larger than the maximum allowable amount of CO, (=zL). In
order to express the level of n&‘)’f in a general manner, the following can be used,

26(1-¢)

max — .
nCOz min {_———"_—"‘(WNZ T UWOZ)

—-zL xﬁ} (F.23)

Combining equations (F.23) and (F.20) yields the bounds for the minimum amount of CO,

NI = mazx {2:1:[, -

20(1 - €) 0}

(VVN2 + UWoz) ’ (F'24)

F.2.2.4 Bounds for ny, given {, nc,u, and nco

In this section ny, is treated as the independent scalar. Knowledge of &, nc.n,, nco and ny,
permits the evaluation of H,0, CO; and O,. Having specified £, nc,u, and nco, the amount of
hydrogen atoms left to appear as H,O and Hj is given by equation (F.9),

n;I = ( '.UéH - ynczﬂy) =2 (nHZO + ’I’L;-[z) (F.25)

J/

The amount of oxygen atoms left over is given by equation (F.10),

201 -8
HE e — -2 =2 F.26
o (WNZ T+ UWOZ) nco NCOo, nQ, + TH,0 ( )

Eliminating nco, in equation (F.26) using (F.17) leads to,

25(1 — &)

PR S L —_ =2 .
(WNZ T UWOz) + nco — 2zL no, + NH,0 (F.27)

The concentration of O, is minimised as more oxygen atoms attach themselves to hydrogen atoms
in the form of H,O. If oxygen is is abundant supply then in principle it can attach itself to all the
H-atoms so that n¥™ = 0, ni™ > 0 and n,o is at a maximum. This is achieved if ng > jnf,
since A hydrogen atoms require at least "‘7/ oxygen atoms to form % H,0 molecules with no

hydrogen left over. Substituting nf{";” = 0 into equation (F.25),

nRE = %L (F.28)
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Using the above result in equation (F.27) yields,

; o(1-9 1 ( 'y)
min __ . — — I\ L .
no, ——-———-————(WN2 T OWo) + 57co — (@ + I (F.29)
Ifng < 2”H this means there is not enough oxygen atoms to combine with all the H, molecules
available, so that nf{’”n >0, nm’" 0 and ny, 0 is at another maximum, but of a smaller magnitude
to that prescribed by equation (F 28). Substltutmg n"”” 0 into equation (F.27),

nmar — 20 (1 _‘ 6)

— - F.30
nH,0 = (WNZ + UWOz) +nco — 2zL ( )

This can then be used with equation (F.25) to give,

min y | 20 (1 - f)
=(z4+22 | L— 7 — F.31
= (% +20) £~ = Gy — 0 (F31)
Depending on the abundance of O, different expressions have been determined for the bounds
of ng;n, n&m and nf_[’;“g Mathematically, the overriding constraints are clearly the conditions

o < 2nH andng > an Consider the latter condition with equations (F.25) and (F.26) replacing
nf_} and ng, respectively:

(1 - &)

| . |
2N S neo—22L> AL F.32
(W, + OWo,) | ° 2 (F.32)

The lhs of the above inequality represents nf;§y (from equation (F.30)) based on limited oxygen
availability, whereas the rhs is the expression for ni,o when the oxygen is plentiful (equation
(F.28)). The implication of this implausible result is that expression (F.30) is valid provided that
its value does not exceed %L, since at that cross-over point, a new regime of oxygen availability
is operative. These remarks are embodied in the followmg expression:

. 20(1-&) y
max —_ — = .
niG = min { W, + OWa,) +nco —22L , 2[: (F.33)
Re-arranging inequality (F.32) as follows:
Y 201 -9
Z —_———— 2 < A
(2 + Za:) L W, + OWo)) nco <0 (F.34)

The rhs of equation (F.34) is the same as the rhs of equation (F.31), and the implication of this
comparison is that the latter expression should not be used when the local oxygen concentration
is plentiful; under those circumstances, nm"‘ = 0. In summary,

i _ y L wa-9
Ny, mazx { ( 5 + 2.'1:) L ————————(WNZ +OWa)) neo 0} (F.35)

It is clear that inequality (F.32) is consistent with the use of equation (F.29) to the extent that both
requ1re nmm > 0. However, consider when oxygen is not present in sufficient quantities, i.e.
nG < 2nH The use of equation (F.29) then leads to n; "‘ < 0. This is remedied by writing:

6(1-9 1 '.9')

min —_— =

ngy™ = mazx ——————————-————WN W +2nco (:z:+4 L, 0 (F.36)
2 | 2
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The magnitude of nfj*® has yet to be determined. But this is a straightforward problem to resolve
since no, can be maximised by keeping all the oxygen atoms as O,. This implies that, nﬁjg =0.
Substituting this result into equation (F.25) yields:

nie = 2L (F.37)

F.2.3 Determination of the Dependent Scalar Concentrations

Having established the bounds for all of the independent scalars, it remains to specify the concen-
tration of the dependent scalars. At this stage the value of the following quantities are known: £,
nC.H,» Nco and ny,. From equation (F.17),

nco, = Ll — nco (F.38)
From equation (F.25),
mi0 = 5L - nig (F.39)
Finally, from equations (F.27) and (F.39),
_6a=9 1 ( y) 1
no, = (WN2 T UW02) + znco z -+ 2 L+ anZ (F.40)

F.2.4 Modifications for Flames with Nitrogen-Diluted Fuel Streams

In this section the modifications that are required to account for the N -dilution of the fuel stream
are described. The effect manifest itself in the equations expressing the conservation of elemental
species. The subsequent analysis to obtain the bounds for the independent scalars is the same as
in section F.2.2 and will not be presented.

Due to the presence of N in the fuel stream, the oxygen-to-nitrogen ratio is no longer equal to
U. However, this does not mean that the concept of equal diffusivity has to be relaxed. Equation
(F.1) for the oxygen and nitrogen elements can be expressed as:

no = (1-8&noz (F41)
aNn = (1=8nn2+EnN, (F.42)

where subscript ’2’ refers to the air stream so that %%f = U and,

Woi 2 MN,,1
WN,  WN, Mfuel,1 + TN,

where the mass flow rates are given in table 6.3. Dividing equation (F.41) by (F.42) leads to:

o (1= 8noa a-9
no _ 2 _ F.44
N A=Onna+émy G52+ nost o

The above expression clearly demonstrates that %3 is no longer fixed to the value of U. This means
that the implication of %ﬁ being constant is only true when the fuel and air travel in separate initial
streams.
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The effect of these changes on the conservation of elemental species will now be presented.
Carbon
Equation (F.3) is still valid under these circumstances.

nc = TNc,.H, + nco + neo, = ne,ié (F.45)

where the specific mole number of the carbon atoms in the fuel stream is now given by

mYCzHy 1 T mfuel 1
ne = — = e - L F.46
We.n, We.n, (mfuel,l + MN,,1 ( )

Therefore equation (F.46) indicates that YczHy,li # 1 unless 7n,,1 = 0. Substituting the relation
for nc,; into equation (F.45) yields:

- x€ mfuell
== : F.47
Tne.n, + nco + nco, We.n, ( T fuet 1 + mm,t) ( )
Nitrogen
Dividing equation (F.42) by two yields the following relation involving nitrogen molecules,
N, = (1 = )Ny 2 + 0,1 (F.48)
nN,,1 can be obtained using (F.43) and ny, ; is essentially the result of equation (F.8) evaluated at
¢ = Q. Thus,
(1-9) ’ TN, 1 ¢
nN, = +{ = - F.49
N T W, +OWo,) | \Mfuent + 1,1 ) Wiy (F.49)
Hydrogen

Using the results described above, leading to equations (F.9) and (F.47), the conservation
equation for the specific mole number of hydrogen atoms can be written down by inspection:

m U
ync.H, +2 (nﬂzo + nHz) = WifH«y (mfuel,f':l;;Nz,l> (FSO)
Oxygen

The oxygen balance equation is unaffected by the fact that the fuel stream is now diluted with
nitrogen. Therefore equation (F.10) is still valid. ‘

It is quite clear that the effect of the nitrogen dilution on the conservation equations for the
elemental species is quite simple. The manner in which the bounds are subsequently constructed
follows exactly the same pattern as the one described in section F.2.2; the analytical form for the
bounds are very similar too, affected slightly by the quotient involving the mass flow rates of fuel
and N,.

F.3 Composition Bounds for the Systematically Reduced Methane/Air
Scheme |

F.3.1 Conservation of Atomic Species

The species involved in this mechanism are: C;Hy, O, CO, CO,, Hy, H,0, CH3, H and N,. The
results for the conservation of atomic species only affect carbon and hydrogen; the relations for
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oxygen atoms and nitrogen molecules (equations (F.10) and (F.8) are still valid:

N, + 1o + nco, + nct; = i (E51)

dncy, + 2nm,0 + 20w, + 3ncy, +na = W“f}; (F52)

F.3.2 Bounds for the Independent Scalars

The bounds for the mixture fraction are the same as those specified in equation (F.11). There is
also no change for the upper bound of methane, as given by equation (F.12) for the case where
z = 1 and y = 4. The lower bound deserves further mention since it highlights an important
difference between the way the bounds are generated for the global scheme and for the current one.
If the oxygen level is abundant, then as before, the lower bound for the hydrocarbon fuel will be
zero. However, if the oxygen supply is limited, then in principle ( ng - <v3$(415€3/02 ) Kmol Kg~!
of carbon atoms are left over. Whilst with the global scheme this would have to remain as CHy
molecules, the current scheme allows for the presence of CH; and H. Therefore in theory, the most
conservative value for ngﬁf is zero since the surplus fuel can appear in the form of CH3; and H.
The problem with such a specification is that for rich mixtures unrealistically high levels of radical
species would be present. For lean mixtures, the proportion of radical to non-radical species could
also be unrealistic. The validity of tabulating such pathological composition states comes under
question. The solution of the rate equations is also rendered more difficult as suggested by the
method of obtaining the mixture temperature (described in appendix H); LSODE also indicates
that the set of ODE’s may be more *stiff’ too, since in certain cases converged solutions could not
be obtained. It was found that the simplest approach would be to use the same bounds as specified
in equation (F.15), implying that no decomposition of CHy into CH3 and H is permitted when the
oxygen is not in an abundant supply.

The bounds for CHj are now discussed. The fact that the upper bound for CHy is W%g

implies that n&nﬁ’; = 0. At this stage it is assumed that £ and ncy, have been specified, so that
concentration of carbon atoms available is:

§
L% = - F.
WCH4 T CH, ( 53)
The following arbitrary and ad-hoc constraint is imposed for the upper bound of CH3,
if £%2> nég‘;;;, then ngyy = nlég‘a otherwise ngyg” = L* (F.54)

The quantity n%g is a constant - the concentration of CH3 is effectively clipped so that it is never
allowed to go above the value of n%ﬁ"s A similar quantity is defined for the H-radical discussed
further on. For the time being it is pointed that these clipped values are chosen by performing
laminar flame simulations. The results and discussion (section 6) indicate that the predicted levels
of H and CHj in the laminar flame calculations are, in the best cases, an order of magnitude above
those obtained with differential diffusion effects included. It therefore seems plausible to include
these values as the very maximum that can be allowed for the construction of the table.
Introducing the following definition,

[:b = -ﬁ/—% — NCHy — T'CH; (F.SS)
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it can be shown using the same ideas as those invoked in section F.2.2.3 that the bounds for CO
are the same as those specified in equations (F.18) and (F.24), with £ replaced by £

The bounds for the H-radical are generatéd along much the same lines as for CH3. The
minimum amount is necessarily zero, i.e. nJ}*® = 0. The available *pool’ of hydrogen atoms, ngl,

is given by: ny = 4L% — 3ncy,. Consequently nf}" is forced to satisfy,

if ng[ > ni™,  then nF°® =nli™ otherwise nf®® = ngi (F.56)

At this stage &, ncu,, NcHs» co and ny have been specified, leaving ny,. The amounts of
oxygen and hydrogen left over are given by,

nf = 2nmo + 2nm, = 4£% — 3ncy, — Ny (E57)

20(Q1 -
Znoz + nH,0 = M_(H_S—%-)— - Nco — 2’n,c02 (F.58)
2

nd

The manner in which the lower bound for H, is determined centres around the degree of oxygen
availability. If njj < 2n§ then all the hydrogen atoms can attach themselves to oxygen atoms
so that ng, = 0. However, if nf; > 2ng then no, = 0. Using these relations, the following
expression for ng‘;'n can be obtained:

%

nEt = max {%ﬂ — NG O} (F.59)

To maximise Hp, ny,0 = 0 so that (from equation (F.57)),

— 1% 3 1
ngzam =3y = 2[:0' — 3NMCH; — E'nH (F60)

Having established the bounds, it remains to specify nco,, nm,0 and no, in terms of the
independent scalars. Substituting equation (F.55) into (F.51) gives,

nco, = L* —nco (F.61)

From equation (F.52) the concentration of H>O can be obtained,

1 4
nH,0 = 5 (me - 4nCH4 — 3nCH3 - 2nH2 aad nH) (F62)

and finally, since the oxygen atom balance relation is unaffected in form by the presence of the
radical species, equation (F.10) can be used to write,

1 20(1-¢)
no, = 3 [ (WNZ - UWOZ) nco — 2nco, nHzo] (F.63)



Appendix G

The Stoichiometric Mixture Fraction of
a Hydrocarbon

In this appendix the derivation of equation (6.18) is presented. This result also reduces to equation
(6.8) for the case when there is no dilution of the fuel stream by nitrogen. So for the purposes of
the current derivation it is assumed that the fuel stream contains an amount n,,; of nitrogen t,
and from mass conservation it follows that: nc m,,1 = (1 — Yi,,1)W¢, lHy.

The stoichiometric balance equation for the burnt-out of the hydrocarbon is,

C.Hy + (z + %) Oz + 6N; — £CO; + ¥H,0 + 6N,
(G.1)
where 5=%(x+%)+%ﬁ‘z—'
Analytical relations can now be constructed based on the following requirements:

o For a given initial value of 2< and %g, chemical reaction does not alter these ratios. This is
a physical requirement, not an assumption.

o Overall mass conservation, i.e. the mass fractions sum to unity.

Since the carbon-to-hydrogen ratio remains fixed, it is possible to write,

nc _ T _ nco

nH - y - Z'nﬁzo (G.Z)
For the oxygen-to-nitrogen ratio it is important to specify amounts which imply that fuel and
oxygen are present in stoichiometric proportions. Therefore if there are nc,_n,,1 Kmol of fuel per
Kg of mixture, there also has to be (z + ¥)nc,n,,1 Kmol of O, (per Kg of mixture) present for

complete burnt-out.

no _ 2 (a) + %) NCHy,1 _ ng,o+ 2nco, (G.3)
= v = .
™2 et Prema bRt 2
Substituting equation (G.2) into (G.3) to eliminate ny,o yields,
-1
nco, _ 1 ( g) YNz,l]
e, ZNC,Hy,1 [73 T+ 4 NCH,,1 + ——WNZ (G.4)

¥In the current notation, stream ’1’ is assumed to contain fuel and nitrogen so that 7N,,1 can be quantified using
equation (F.43). Subscript *2’ denotes the air stream where the oxygen-to-nitrogen ratio, :‘—1—31—; = U = 0.265.
2
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Defining the mixture fraction in terms of the carbon element,

_ nc
€= nca (G.S5)

Assuming complete combustion, nc = nco, (i.e. nc.n, = 0 since it is all consumed for the case
when & = £;;). So equation (G.5) becomes, :

V(2
Est = — % (G.6)

The requirement for overall mass conservation can be expressed as:
nco, Weo, + nr,0Wio + nn, W, = 1 (G.7)

Note that O, and C;H, do not appear in equation (G.7) since they have been completely
consumed. Substituting equations (G.2,G.4,G.6) into (G.7) leads to,

1
i YNy, 1
xnc.H,,1Weo, + §nc.n,,1Who + [5 (z+¥) neyu,1 + “Wt] W,

(G.8)

gst =

The first two terms in the denominator of equation (G.8) can be manipulated as follows:

znc,u,1Weo, + $ncH, 1 W0 = ne.n,,1 (@We +2Wo, + yWa + §Wo,)
= nc,H,,1Wen, + (z + %) ne.n,1Wo, (G.9)

Introducing equation (G.9) into (G.8) leads to the following expression for the stoichiometric
mixture fraction, !

1
V9% '
Wo, + —2-g ) (:z; + %) NCH,,1 + YNyt + Ye.H,,1
N, e

=1

(G.10)

fst:<

When there is no dilution of the fuel stream, Yy,1 = 0, Yc n,,1 = 1 and nc n,,1 = We, lHy; this
gives rise to equation (6.8). In addition, using equation (F.43)

. .
nczny,1=( Yo) _ 1 (1 URCY ) (G.11)

We,n, We.n, M fyel,1 + TN, 1

Substitution of equation (G.11) into (G.10) leads to (6.18).



Appendix H

Details of the Thermochemistry

H.1 Introduction

In this appendix the following areas of the calculation procedure are dealt with:

¢ The determination of the mixture temperature. The temperature is central to the prediction
of flames, particularly since the reaction rates are such a strongly non-linear function of this
quantity.

e For a generalised reversible reaction, the derivation of the expression for the equilibrium
constant, K(T'), is presented.

e By way of example, the method of obtaining the reverse rate in reaction step (iii), equation
(5.15), is discussed. In addition, due to analytical form of the reaction rate expressions, it is
shown how these are ’clipped’ in order to avoid singular behaviour as the concentration of
the some of the species tend to zero.

H.2 Determination of the Mixture Temperature

The enthalpy per unit mass of mixture, & (in J/Kg), is the primary variable required to calculate
the mixture temperature. It is related to the composition via,

N
h=> Yaha (H.1)
a=1

This expression is also used in equation (2.8). IV denotes the number of species present in the
reactive mixture. For the global hydrocarbon scheme IV = 7 whilst for the systematically reduced
mechanism N = 9. h, is the enthalpy of specie o per unit mass of specie a. The polynomial
functions presented in the work of Gordon and McBride [32] are used for evaluating HZ, defined
as the enthalpy of specie a per unit Kmol of specie o 1,

H, = (ca,lT + %’ZTz + E‘éﬁ:ﬂ + %ﬁT“ + %‘ﬁTS + ca,a) R

YThe superscript *o’ indicates the standard state. Different definitions exist for this; for example the state of the gas
at one atmosphere (unit pressure) or the state of an ideal gas at unit fugacity as used in [32]. However, for an ideal gas
the enthalpy is only a function of the temperature, so that the magnitude of the pressure is of no consequence.
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5

= [ LT tes | R (H.2)
f=1 f

The basis for the calculation of the temperaturé relies on the fact that the value of A is unaffected

by chemical reaction. This relationship does ﬁot generally hold for the enthalpy per unit Kmol

of the mixture. Therefore the conversion from H} (J/Kmol) to h, (J/Kg) is necessary, and is

achieved through the relation HY = hoW,; substituting this into equation (H.1),

N
h = Y noHy
a=1

N 5 . N
= (Z 3 nac—j“‘f—”in +3 naca,s) R (H.3)
a=l f=I1 : a=1

Equation (H.3) needs to be solved for T'; the equation is clearly non-linear in 7" and a Newton-
Raphson technique is used to solve this equation. This procedure worked very well for the
global hydrocarbon scheme, i.e. convergence to a sufficiently accurate solution was obtained in
up to three iterations. For the systematically réduced scheme it was found that in composition
states having uncharacteristically high levels of CH3 and/or H in relation to the other species
(such as CO and Hy), the procedure could converge to temperatures below 300K (or even above
2500K). One possible reason for this is that the initial specification of h through an unburnt
fuel/air mixture is not suitable for specifying thé enthalpy of a mixture which evolves to such a
pathological composition state. This partly motivated the need for clipping the bounds for the
radical concentrations (described in section F.3), in order to reduce the number of occurrences of
such pathological states.

H.3 Determination of the Equilibrium Constant

In this section, most of the results that are quoted (without derivation) relate to the basic principles
of chemical thermodynamics. The works of Gordon and McBride [32] and Everdell [26] were
used as references.

Many different equilibrium constants can be defined, however, K.(T') appears to be the most
useful since it is evaluated in terms of species concentrations and can therefore be used more
easily in the context of reaction rate kinetics. Unless stated otherwise, the following S.I. units
are employed: Kg, m, s, Kelvins, J and Kmol. ' The gas constant consistent with these units
is R = 8314.3 J Kmol~!K~!. In order to calculate K.(T') a few basic concepts need to be
introduced. The Gibbs free energy, g (in I/Kg), is defined as:

g=h-=Ts (H.4)

where s is the entropy per unit mass of mixture (J Kg~! K~1). The chemical potential of specie
a, ¥4} (in J/Kmol), can be defined in terms of the Gibbs free energy,

9o = (29_

(H.5)
ana ) p,T,nl,...,na_l,n,,.,_l,...,nN

1t is conventional to use the symbol 4 to denote the chemical potential, but in this thesis u is already being used for
the dynamic viscosity. '
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For an ideal gas it can be shown [26] that,
P (T,p) = 95, (T) + RT Inp, (H.6)

where 93, (T') is the standard chemical potential of the component as a pure gas at one atmosphere't
(unit pressure) and at temperature 7" - the definition constrains Jg, to be independent of pressure
and only a function of temperature. p, is the partial pressure exerted by specie . For an ideal
gas, Dalton’s law of partial pressures implies that Zj;vﬂ Pe = p and po, = Xop, where X,
(=na(Tp ng)~!) is the mole fraction of specie c.. Substituting this into equation (H.6) gives,

Vo (T, p) = 393 (T)+ RT In p +RT'In X, (H.7)
E@’SIT,:D)

Consider the following reaction,
aA+bB+---=cC+dD+--- (H.8)

At equilibrium the sums of the chemical potentials of the reacting species on both sides of the
chemical equation are equal [26],

a¥a,eq +bUBeq+ - = cUceqg + dVDeg + -+ (H.9)

where the subscript *eq’ indicates the condition at chemical equilibrium. Such a qualification is
not required for the standard chemical potential since it is only a function of the temperature.
Substituting equation (H.6) into (H.9) yields:

a¥q + aRT Inpp eq + b9 + bRT Inpp g + - - = c¥¢ + cRT Inpceqg + - - -
c  pd L.
= ¥ + 093+ — ¥ — d¥Y = RT'In (p—f—i?%i—)
pA,equ,eq T
d N 1 N n
pé eqPD,eq """ ( / 792 llﬂcoz )
e 2t — exp v -—_ 1 =K (T) (HIO)
pi,equ,eq T agl *RT 4§—1 “RT ?

In equation (H.10), v/, and v/} are the stoichiometric coefficients of specie « on the left and right
sides (respectively) of the chemical equation (H.8). K,(T') is an equilibrium constant in terms of
partial pressures. Since the various 9%, are independent of pressure, the same is true for K,(T').
Equation (H.10) is one form of the Law of Mass Action. Expressing this law in terms of mole
fractions, i.e. in terms of equation (H.7),

N V"

[T Xa%eq
Kx(T,p) = F—r (EL11)

[T Xotq

a=1
N N

= p(Za::] V“~Za=l V“)Kp (T) (H.].Z)
The second relation follows from p, = X,p where the unit of pressure is atmospheres; equation

(H.11) indicates that Kx = K, if the system is at unit pressure, and according to (H.12) the

ttNote that in equation (H.6), the units of the pressure are in atmospheres, not in Pascals.
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equality still holds if there is no change in the overall mole number (i.e ), v, = SN Y.
From the definition of the mole fraction the following can be written,
‘ N
N N nu; Hl Najeq
* a,eq =3
x5 =1 " = o ST (H.13)
o= o=l <2ﬁ=1 "f”eq) (Efsv=1 Mpeq)
Substituting equation (H.13) (for v, = v/, and v} = v/”)) into (H.11) leads to
(Za =1 Ve Ea-—l Var) H na ,eq
-——————- (H.14)

Kx (T,p)= (Z ng, eq)
H noz eq

The specific mole number at equilibrium, na,eq‘ (Kmol/Kg), is related to the molar concentration

e (Kmol/m?), through the mixture density, viz: Cy eq = 07q, eq. Substituting this into equation
q g Y. ,eq eq g q

(H.14):
(ZQ-—l @ Za—l ") H Ca ,eq

N
Kx (T,p)= (Q Z nﬁ,eq) v a— (H15)
H Cy ,eq

=Kc(T)

The equation of state for component « in an ideal gas mixture is, p, = onR'T, where R/
R . _B3l43  atm m3Kmol~'K~!. This modification is required since the unit of atmospheres

Po  LOI3X10°
is being used for the pressure. Introducing the equation of state in order to eliminate ng ¢, from

(H.15) and summing over the partial pressures yields:

pop Za—l @ ZO: =l °‘
Kx (T,9) = Ko@) (2) (H.16)
Eliminating K x (T, p) from equation (H.16) using (H.12),
Qramt Va2 a=
RT) Z 1 E 1Y (Za—l a3 Zm-—l " (H.17)

O

Ko = Ko
K, (T) is given by equation (H.10) so that,
RT (Etjx\r:l VL—ZZ:I N " '193”
) exp T Z Vafor

Do
N o n
v Ve ) (H.18)

=exp[(2u&—2u§>ln(p )}exp(z “RT QRT
a=1 a=1 o

p, is a reference pressure and therefore a constant. This means that K. is a function of the

K@= (

temperature alone. Its final form is expressed as:

o N 0 (Zy —Zv”) In (RT)} (H.19)

K. (T)=-exp [Z vl RT v, RT
a=1
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Polynomial expressions (obtained from the JANAF and NASA Lewis databases) are employed
to evaluate the enthalpy and entropy of the species as a function of temperature. The procedure
follows the work of Gordon and McBride [32], and in section H.2 the polynomial expression for
the enthalpy is written down (equation (H.2)). The form of the expressions for the entropy is,

%"‘ = Ca1InT + co 2T + 9;—’3T2 + %‘,ﬁT3 + %£T4 + Co7 (H.20)

The entropy of the mixture, s (J Kg~!K™1), is given by: s = Eff:l NaSq. From the definition of
the Gibbs free energy and the chemical potential it can be shown [26] that,

N
g=h=Ts= Fana (H.21)

a=1

and in addition the following identity can be derived:

- (—33 ) = (-—8’9"> (HL.22)
ana p)T)nlv“)na-—lyna-l-lr“’nN aT Py s~ 1N s 1500y TUN

Applying equation (H.22) to (H.7) yields,
Sa =S —RInX,— Rlnp (H.23)

In obtaining equation (H.3) it is shown that h = 3N_ n,HS. Substituting this, together with
equations (H.7) and (H.23) into (H.21) yields an expression for the standard chemical potential of
species a,

v _ Hy 8
RT RT R (H24)

H.4 Example: Determination of a Reverse Rate Using the Global
Scheme

Consider reaction step (iii) of equation (5.15),

1 @, (iii)
H; + :.2-02 = H,0 (H.25)
From equation (H.19) it is clear that,
.o 1 ° 1 o 1 p RT
K (T) = exp {—ﬁ (98, + 39, — 50) + 4 1n ( o )] (H.26)

Equation (5.16) indicates that,
. 1 ] —
wy (i) = K ) [H2]? [02]¢ [H20] !

and using the data in table 5.1, the forward rate constant (for C3Hg, as an example) is given by:

1 40,000
16 ’
kf(iii) =3 x 10°=exp (— " ) (H.27)
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The use of Kilocalories for the activation enefgy (as indicated in table 5.1) implies that in the
reaction rate expression the gas constant (R*) has to have units of Kcal Kmol~! K~!. Since 1J
is approximately 4.187 calories, this means that R* = %.

Knowing wy, ;i) and K (T) is enough toevaluate @y, (i) The reasoning is as follows: the
reverse rate should be specified in such a way so that when (or if) chemical equilibrium is attained,
the following condition is satisfied:

[HZO]eq
1
[HZ]eq [OZ]gq

By inspection, the following form of the reversé, rate will ensure that when wy, (i;;) leg = W, (iii) legs
then equation (H.28) is satisfied: ‘

K0 () = (H.28)

djb,(iii) = ———— T (H29)

The analysis is not yet complete. Unlike the reaction rate expressions appearing in the system-
atically reduced scheme (which are formed from elementary rates), in the present global scheme
equation (5.16) indicates that as [HyO] — 0, wy i) — 00 and as [Hy] — O, %’T{_’ﬁﬁ% — 00. In
order to avoid this the reaction rate is arbitrarily *clipped’ when the mole fraction of H; or H,O
falls below 10~3%. Quantifying this parameter in terms of a specific mole number (Kmol/Kg),

N
EI Na
—_— =
Y= BT (H.30)
When [H,0] < oY,

[Ha)? [Oa)%  [H;0]

Wraiy = ki [H,0] oT
K iy [E2)? (0214 (H.31)
The form of the reverse rate, consistent with equations (H.28) and (H.31) is given by,
o Ky (iii); [H,01[0,]%
Wp,(iif) = (H.32)

K& (@) )
In order to avoid the problems created by [Hz] < QT, the exponent of the hydrogen concentration
in equation (5.16) needs to be at least unity, so that when the expression is differentiated with

respect to [Hy], this concentration does not appear in the denominator. The modification that is
applied when [H;] < o7 takes the form,

S g, [P0 [

£, (it) 1 (ii) [H,0] (QT)%
9

n [Hp][Oy]4

FGi)  [H,0]

(H.33)

It can then be shown that & i = ki o (KE) ™! [0,]7. However, equations (H.32) and (H.33)
would still lead to problems if [H,] or [H2O] tended to zero, respectively. So the following
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situation needs to be catered for too: when [H;] and [H,O] are less than o7,
S [P0 [Hp)E [HO]
£, (ii) £ (i) [H,0] (QT)% oY
" 9
By iy [Hal (021} (H.34)

n

with the result that &) = ko (KE9)~! (201 [023%.
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the *look-up’ (interpolation) table are compared.
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Figure 6.15: Radial profiles of axial velocity, CO; and temperature from the calculation of the laminar flame
of Mitchell et al. [69] using the reduced scheme of Chelliah et al. [10]; the results from LSODE and the
"look-up’ (interpolation) table are compared.



204

Figures Relating to Calculations

T=T,HCor Nt T=7,=004 s
1.0 10—~
0.8+ 0.8+
06l &, mean 06 £, mean
0.4 0.4
0.2 £, skewness 0.2 £, skewness
0.0 00 ——
-0.2~1 =02
04T T —04— N e )
0.0 05 1.0 1.5 20 0.0 0.5 1.0 1.5 20
t/7. t/r.
0.3 03
0.25 0.25
g 02 X Andyticd expression 8 02
k-] — Monte Carla simudation 8
£0.15 0.5
o L
0.1 0.1
0.05 0.05
0.0 00T
0.0 05 1.0 15 2.0 0.0 05 1.0 1.5 20
t/T. t/r,
8 8+
6+ =
g 3
&4 &4
P W
2+ 2-]
o 0+
00 05 1.0 15 20 0.0 05 1.0 1.5 20
t/T. t/T.
120 120+
100 100
g 80 g 80
3 I
'g 0 ’g 60
=3 3 ;
.40 2 403
A an :
20 20
(B e A A man | 0 ==
00 05 1.0 1.5 20 0.0 05 1.0 1.5 20

t/7.

t/r.

Figure 6.16: Predictions of the passive scalar statistics in homogeneous, isotropic and inert turbulence.
Modified Curl is employed with a double §-function initial condition and with two characteristic turbulent

time scales (= -’g—).
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Figure 6.31: Predictions of the density-weighted mean reactive scalar properties in homogeneous, isotropic

turbulence. LMSE is employed with a triple §-function initial condition and 7(= -’69) =7, + (Ce,
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where 7, = 0.04s. The reduced scheme of Chelliah et al. [10] is used without the interpolation table.

€ = €4 = 0.05 (for CH,).
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interpolation table. & = €5 = 0.05 (for CHy).
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Figure 6.33: Predictions of the density-weighted mean reactive scalar properties in homogeneous, isotropic
turbulence. Same conditions are used as in figure 6.30 except for the air temperature which is now 298K

instead of 800K. LSODE is employed.
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Figure 6.34: Predictions of the density-weighted mean reactive scalar properties in homogeneous, isotropic
turbulence. Same conditions are used as in figure 6.30 except for the air temperature which is now 298K
instead of 800K. The interpolation table is employed.
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Figure 6.35: Predictions of £ in a non-reacting, constant density air-jet. The jet pipe diameter and mean
velocity are 6mm and 19.9m s~! respectively. A comparison of the finite-difference and Monte Carlo
simulation is shown, using the k-¢ turbulence model. The plots on the left employ modified Curl (for the

Monte Carlo simulation) and LMSE on the right.’
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Figure 6.36: Predictions of £/2 in a non-reacting, constant density air-jet. The jet pipe diameter and mean
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Figure 6.37: Radial profiles of ¢ for the flame of Godoy [31] at Re = 24000. The k-¢ turbulence model
and the reduced scheme of Jones and Lindstedt [46] are employed.
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Figure 6.38: Radial profiles of X’Nz for the flame of Godoy [31] at Re = 24000. The k-¢ turbulence model
and the reduced scheme of Jones and Lindstedt {46] are employed.
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Figure 6.40: Radial profiles of X¢,y, for the flame of Godoy [31] at Re = 24000. The k-¢ turbulence
model and the reduced scheme of Jones and Lindstedt [46] are employed.
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Figure 6.41: Radial profiles of Xo, for the flame of Godoy [31] at Re = 24000. The k-¢ turbulence model
and the reduced scheme of Jones and Lindstedt [46] are employed.
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Figure 6.42: Radial profiles of X co, for the flame of Godoy [31] at Re = 24000. The k-¢ turbulence model
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Figure 6.43: Radial profiles of Xco for the flame of JGodoy [31] at Re = 24000. The k-¢ turbulence model
and the reduced scheme of Jones and Lindstedt [46] are employed.
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Figure 6.44: Radial profiles of X n, for the flame of Godoy [31] at Re = 24000. The k-¢ turbulence model
and the reduced scheme of Jones and Lindstedt [46] are employed.
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Figure 6.45: Radial profiles of Xu,o for the flame of Godoy [31] at Re = 24000. The k-¢ turbulence model
and the reduced scheme of Jones and Lindstedt [46] are employed.
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Figure 6.46: Radial profiles of f for the flame of Godoy [31] at Re = 24000. The k-¢ turbulence model
and the reduced scheme of Jones and Lindstedt [46] are employed.
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Figure 6.47: Radial profiles of the turbulence kinetic energy (k) for the flame of Godoy [31] at Re = 24000.
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Figure 6.48: Radial profiles of the viscous dissipation rate of the turbulence kinetic energy (¢) for the flame
of Godoy [31] at Re = 24000. The k-¢ turbulence model and the reduced scheme of Jones and Lindstedt

[46] are employed.
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5 x 10* and 1 x 10° particles is shown. The k-¢ turbulence model and the reduced scheme of Jones and
Lindstedt [46] are employed. The result is only shown for modified Curl.
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Figure 6.50: Radial profiles of f for the flame of Godoy [31] at Re = 24000. The k- turbulence mode!
and the reduced scheme of Jones and Lindstedt {46] are employed. Calculations are reported for modified
Curl using 5 x 10* (solid line) and 1 x 10 particles (dashed line).
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Figure 6.51: Radial profiles of Xco for the flame of Godoy [31] at Re = 24000. The k-¢ turbulence model
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Figure 6.69: Radial profiles of E , T and p for the flame of Hassan et al. [35] (SA2). The reduced scheme of
Chelliah et al. [10] is employed, with modified Curl and LMSE as the mixing models. k-¢ is used for the
velocity field. In this calculation the mixture is "ignited’ at z/D = 15
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Figure 6.72: Radial profiles of £ and T for the flame of Hassan et al. [35] (SA2). The reduced scheme of
Chelliah et al. [10] is employed, with modified Curl as the mixing model. k-¢ is used for the velocity field.
In this figure, the effect of igniting the mixture at z/D = 10 and z/D = 15 is compared.
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Figure 6.73: Radial profiles of Xcn, and Xo, for the flame of Hassan et al. [35] (SA2). The reduced scheme
of Chelliah et al. [10] is employed, with modified Cutl as the mixing model. k-e is used for the velocity
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Figure 6.74: Radial profiles of Xcy, and Xy for the flame of Hassan et al. [35] (SA2). The reduced scheme
of Chelliah et al. [10] is employed, with modified Curl as the mixing model. k-¢ is used for the velocity
field. In this figure, the effect of igniting the mixture at /D = 10 and z/D = 15 is compared.
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Figure 6.75: Radial profiles of §~ and T for the flame of Hassan et al. [35] (SA2). The reduced scheme of
Chelliah et al. [10] is employed, with modified Curl as the mixing model. k-¢ is used for the velocity field.
In this figure, the results of the interpolation table are compared with using LSODE for the test case where
ignition is performed at z/D = 10.
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Figure 6.76: Radial profiles of X cH, and Xy for the flame of Hassan et al. [35] (SA2). The reduced scheme
of Chelliah et al. [10] is employed, with modified Curl as the mixing model. k-¢ is used for the velocity
field. In this figure, the results of the interpolation table are compared with using LSODE for the test case

where ignition is performed at z/D = 10.
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Figure 6.84: Radial profiles of (}%?)% and (Ycoz)% for the (L) flame of Masri et al. [66]. The reduced

scheme of Jones and Lindstedt [46] is employed, with modified Curl and LMSE as the mixing models. k-¢

is used for the velocity field. r = 527- = 3.6mm.
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Figure 6.101: Radial profiles of Yeo and T for the (B) flame of Masri et al. [66]. ‘The reduced scheme
of Jones and Lindstedt [46] is employed, with modified Curl and LMSE as the mixing models. In these
calculations, enthalpy is included as an extra scalar, and the result should be compared with figure 6.94.
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