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ABSTRACT

A general-purpose large-eddy simulation (LES)/probability density function (PDF)
methodology is developed for simulations of turbulent reacting flows. The LES/PDF
solver is a hybrid solution methodology consisting of (i) a finite volume (FV) method
for solving the filtered mass and momentum equations (LES solver), and (ii) the La-
grangian Monte Carlo based particle algorithm (PDF solver) for solving the modeled
transport equation of the filtered joint PDF of compositions. Both the LES and PDF
methods are developed and combined to form a hybrid LES/PDF simulator within the
OpenFOAM framework. The in situ adaptive tabulation (ISAT) method developed
by Pope [1] is incorporated into the new LES/PDF solver for efficient computations
of combustion chemistry with detailed reaction kinetics. The method is designed to
utilize a block structured mesh and can be readily extendible for the block unstruc-
tured grids. The three-stage velocity correction method of Zhang and Haworth [2]
is also incorporated into the hybrid algorithm to interpolate the LES velocity field
onto particle locations accurately and to enforce the consistency between the LES
and PDF solvers at the numerical solution level. The hybrid algorithm is also fully
parallelized using the conventional domain decomposition approach.

First, the consistency of the FV-LES solver and the Lagrangian-PDF solver is
examined by using the one-way coupling methodology developed by Wang and Pope
[3]. It is found that the LES and the PDF solvers exhibit very good consistency at
the numerical solution level demonstrating accurate coupling of the LES and PDF
algorithms. Then the performance of the three-stage velocity correction algorithm is
investigated to determine effects of each stage on the consistency of the LES and PDF
solvers and the computational cost required by each stage. The correction algorithm

is found to be very effective in enforcing the consistency conditions at the numerical

v



solution level and first two stages are usually sufficient for simple reacting flows while
the third stage is needed in the case of more complex flows involving recirculation
regions. The predictive capability of the LES/PDF solver with the detailed chemistry
representation is then examined by simulating a turbulent piloted methane/air jet
diffusion flame (Sandia Flame-D). An augmented reduced mechanism (ARM1) [4]
is used for the description of methane/air combustion. The results are found to be
in very good agreement with the experimental measurements as well as with the
earlier LES/PDF simulations. Finally, the new LES/PDF solver is applied to study
a turbulent premixed flame from the Cambridge turbulent stratified flame series [5].

The results are found to be in reasonably good agreement with the experimental data.



OZET

Bu doktora tezinde, turbiilansh alevlerin sayisal modellenmesi icin genel amach
biiyiik ¢alkant: simiilasyonu (Large Eddy Simulation-LES)/olasilik yogunluk fonksiy-
onu (Probability Density Function-PDF) simiilatorii geligtirilmigtir. LES/PDF ¢oztictisii
hibrit bir ¢oziim yontemidir. Bu yontemde, filtre edilmig kiitle ve momentum ko-
runumu denklemlerinin ¢éziimii i¢in sonlu hacimler yéntemi (LES ¢oziictisii) kul-
lanilmigtir. Tirbiilans-yanma etkilesimleri kimyasal bilegenlerin birlesik olasilik yogunluk
fonksiyonu yontemiyle modellenmis ve model denklemlerinin sayisal ¢oziimii i¢in La-
grangian Monte Carlo tabanh bir partikiil algoritmasi (PDF ¢oziiciisii) kullanilmigtir.
LES ve PDF c¢oziiciilerinin her ikisi de agik kaynakli OpenFOAM yazilim paketi
icerisinde geligtirilmig ve pakete tiimiiyle entegre edilmistir. Detayl kimyasal yanma
hesaplamalarimin etkin bir gekilde yapilabilmesi igin tablolama (the in situ adaptive
tabulation (ISAT)) metodu yeni LES/PDF ¢6ziiciisii ile birlegtirilmistir. Bu ¢alismada
geligtirilen hibrit yontem yapisal olmayan ¢oziim aglari esas alinarak geligtirilmis
ama biitlin hesaplamalar blok-yapili (block-structured) ¢oziim aglarinda yapilmigtir.
Sayisal yontem yapisal olmayan ¢oziim aglarina kolaylikla adapte edilebilir formdadir.
Zhang ve Haworth (2004) tarafindan geligtirilen ii¢ asamali hiz diizeltme algoritmasi
mevcut LES/PDF yontemine eklenmis ve performansi gercekei tiirbiilansh alevlere
uygulanarak gosterilmigtir. Yeni LES/PDF ¢oziiciisii ayrica geleneksel alt bolgeye
ayirma (domain decomposition) yontemi kullanilarak paralellegtirilmisgtir. LES ve
PDF ¢oziiciileri arasindaki tutarhlik Wang ve Pope (2011) tarafindan gelistirilen
tek-yonlii birlestirme yontemi kullanilarak test edilmistir. Mevcut LES ve PDF
¢ozluciilerinin sayisal ¢ozliim seviyesinde ¢ok tutarl sonuclar verdigi gosterilmistir. Bu
LES ve PDF c¢oziiciilerinin dogru olarak birlestirildiklerine delalet etmektedir. Daha

sonrasinda ise, i¢ agsamali hiz diizeltme algoritmasinin her bir agamasi, LES ve PDF
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¢ozuciilerinin tutarhliklar: iizerindeki etkilerini belirlemek ve hesaplama maliyetini
tespit etmek igin incelenmigtir. Diizeltme metodu sayisal ¢oziim seviyesinde tu-
tarhhgm saglanmas: agisindan cok faydal bulunmustur. Ilk iki agama basit tiirbiilans
alevleri icin yeterli olmakla birlikte 6zellikle geri ¢evrimli ve karmagik yapih akig du-
rumlarinda tliglincii agsama diizeltmeye ihtiyac duyuldugu tespit edilmigtir. Daha son-
rasinda ise, yeni hibrit LES/PDF ¢oziictisii bir detayli kimyasal kinetik model kul-
lanilarak pilotlu bir jet difiizyon tiirbiilansh alevine (Sandia Flame-D) uygulanmistir.
Metan /hava yanmasi indirgenmis bir kimyasal mekanizma (ARM1) ile temsil edilmigtir.
Sonuglarin deneysel veriler ve daha 6nceki LES/PDF simiilasyon sonuglari ile ¢ok
uyumlu olduklari gosterilmistir. Son olarak, yeni LES/PDF ¢oziiclisii Cambridge
seyreklegtirilmig alev serisindeki 6n-karigimli tiirbiilansh bir aleve uygulanmigtir. Sonuclarin

deneysel sonuclar ile makul seviyede uyumlu olduklar1 gortilmiigtiir.
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Chapter 1

INTRODUCTION

More than 85% of the total energy production in the world still comes from burning
fossil fuels, i.e., converting chemical energy stored in hydrocarbon fuels first into
thermal energy and then into mechanical energy in energy conversion devices, e.g.,
gas turbines and reciprocating engines, and fossil-fuel power stations [11]. Nearly in all
practical energy conversion devices combustion takes place in a turbulent environment
mainly due to enhanced mixing [12]. Therefore understanding the fundamentals of
the turbulent reacting flow is crucial for increasing the efficiency of the combustion
devices, and decreasing the dangerous effects of combustion on the environment, e.g.,
formation of NO,, soot, and unburnt hydrocarbons (HC), in addition to COy that
contributes to the global warming.

Experimental methods play a crucial and indispensable role in the investigation
of turbulent combustion. The most advanced experimental methods are based on the
optical diagnostics. However they suffer from the difficulties in measuring quantities
in turbulent reacting flows due to limited optical access, soot, high temperature, etc.,
and high operating cost. On the other hand, the numerical investigations of turbulent
reacting flows have proven to be a very effective and powerful technique in understand-
ing the fundamentals of the turbulent combustion. The numerical methods are mainly
based on the numerical solution of the conservation equations for mass, momentum,
species mass fractions and energy. These equations provide a full description of the
reacting flows. However, numerical solution of the conservation equations of turbu-
lent reacting flows is notoriously difficult since the equations are highly non-linear

and involve a wide range of length and time scales. Turbulent flows have different
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sizes of motions (eddies). The range of eddy sizes mainly depends on the Reynolds
number, Re, of the turbulent flow such that the ratio of the largest to the smallest
eddies scales as Re** [12]. In direct numerical solution of the conservation equations
without using any simplification (modeling), all the scales of a turbulent flow must be
calculated explicitly, which demands a very high computational cost. Since number
of floating-point operations required to complete a numerical simulation is typically
proportional to number of spatial grid points and number of time steps, one can es-
timate that the number of operations grows as Re® [12]. Highly non-linear chemical
reactions and their interactions with the turbulent flow add a further complexity to
the problem and substantially increase the total computational cost. The method of
solving the conservation equations directly is called the direct numerical simulation
(DNS) method. Due to its high computational cost, the DNS method cannot be used
in the practical engineering problems, thus it is restricted to the turbulent reacting
flows with simple geometries and low Reynolds numbers.

In the most of the applications, predicting mean properties such as the mean reac-
tion rates or the mean velocity is sufficient from the engineering point of view. Thus
instead of resolving all the scales in a turbulent reacting flow, solving the equations
only for the mean properties is usually preferred. The conservation equations for the
mean properties are derived by taking an average of the instantaneous conservation
equations. Thus the mean properties are obtained by solving the mean conserva-
tion equations. This class of methods is generally known as the Reynolds-averaged
Navier-Stokes (RANS) methods. Since the RANS methods only calculate the mean
properties, the computational cost is much lower than that in the DNS method. How-
ever, the averaging of the instantaneous conservation equations introduces new terms
into the mean conservation equations, which cannot be generally expressed in terms of
the mean properties, causing the well-known closure problem. In the RANS approach,
the unclosed terms must be modelled. Various RANS models have been developed
and widely used in the turbulent flow simulations but they are not always satisfactory.

The practical combustion devices require rapid mixing of fuel and oxidizer and a short
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combustion time, which leads to very complicated flow patterns, including swirling
and recirculating regions. The RANS method is typically found to be insufficient to
predict these complex flows. Additionally, since the RANS method only calculates the
mean properties in turbulent reacting flows, it is typically not capable of predicting
the instabilities and pollution formation in complex flows characterized by swirling
and recirculating regions[13].

An advanced method that can predict the instabilities and pollution formation can
be derived by filtering (instead of averaging) the instantaneous conservation equations.
The solution of the filtered conservation equations gives the filtered (large scale)
properties of turbulent reacting flows. This approach is known as the large-eddy
simulation (LES) method. In the LES method, the turbulent flow is decomposed into
large scale (resolved) motions and the small scale (unresolved) motions by a filtering
operation. The large scale (energy containing and geometry dependent) motions are
explicitly calculated whereas the small scale motions are assumed to be universal
and geometry independent based on the Kolmogorov’s hypothesis [14]. Filtering the
instantaneous conservation equations also introduces unclosed terms in the filtered
conservation equations as occurs in the RANS method and these unclosed terms need
to be modelled. Thus both the RANS and the LES methods require modeling of the
unclosed terms in the mean and the filtered conservation equations, respectively.

In the RANS method, the unclosed terms represent the entire turbulent motions.
Therefore the turbulent motions are totally modelled in the RANS approach. On the
other hand, in the LES method, the large-scales of the turbulent motions are explicitly
calculated whereas the small-scales are modeled by the scale similarity assumption be-
tween the large and the small-scales. Thus, in the LES, instead of modeling all-scales
as it is the case for the RANS method, only the small-scales which are assumed to
have universal characteristics are modelled. The explicit solution of the large-scales
has proven to make the LES method very successful in simulations of nonreacting
turbulent flows [15, 16]. However, combustion requires fuel and oxidizer to be mixed

at the molecular level, thus the chemical reactions take place entirely at the smallest
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scales in the turbulent reacting flows. Consequently, the combustion does not have
large-scales in the turbulent reacting flows, thus the scale-similarity assumption can-
not be used for modeling the unclosed reaction terms [17]. Therefore, in the LES
method the unclosed reaction terms have to be entirely modelled as in the RANS
method [13]. Although the non-linear chemical reactions must be modelled in both
the RANS and LES methods in a similar way, the LES potentially gives more accurate
predictions than the RANS for the turbulent reacting flows than those given by the
RANS method [13, 18, 19]. The primary reason is that the combustion is driven in
great part by the rate of the mixing process largely driven by the large-scale turbulent
motions and the large scale motions are explicitly resolved in the LES method. As a
result, the predictive capability of the LES is expected to be better than that of the
RANS method [13, 17].

To model the interactions between turbulence and chemistry, various models have
been proposed in the literature [20, 21, 22, 23, 24]. According to Veynante and
Vervisch [25], the models can be classified based on the three physical approaches:
i) Geometric analysis, ii) turbulent mixing and iii) one-point statistics. The models
from the geometric analysis approach consider the flame front as a geometric surface
evolving with the underlying turbulent flow. Then the mean (or filtered) reaction rates
are modelled based on the geometric feature of the flame front such as flame area.
The geometric analysis approach typically assumes that the flame is thin compared
to all other length scales in the turbulent reacting flow. The turbulent mixing-based
models assume that the combustion is controlled by the mixing rate, thus they mainly
focus on modelling the turbulent mixing rate usually in terms of the scalar dissipation
rates. In this approach the combustion is assumed to be very fast, i.e., faster than
any time scale in turbulent reacting flow. The geometric surface and the turbulent
mixing-based approaches require strong assumption on time and length scales of the
turbulent reacting flows. In the one-point statistics approach, the mean (or filtered)

reaction rate can be obtained from the joint probability density function (PDF) of
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the chemical compositions as

w:/wcow)P(zp)d«p, (L1)

where 1) is the sample-space variable of the chemical compositions (that will be ex-
plained in the next section) and P (%)) is the joint probability density function of the
chemical species. Typically, in a turbulent reacting flow, the joint probability density
function varies from point to point and from time to time, thus it is a function of
space and time. Once the probability density function (PDF) of the chemical compo-
sitions is known, the mean combustion rate can be evaluated without any assumption
on both length and time scales. The transported probability density function (PDF)
method evolves the joint-PDF of compositions in space and time according to a mod-
elled transport equation. The PDF method can calculate the chemical reaction rates
exactly without using any model, thus it has the ability of predicting the challenging
processes such as local extinction and re-ignition [26, 27].

Initially, the PDF method was developed in the RANS context. In particular
advanced velocity-frequency-composition joint PDF method has formed a complete
model for turbulent reacting flows [28]. In the LES context, first proposed by Pope
[24], the PDF method combines its superior features with the LES, which gives rise to
the LES/PDF method. The LES/PDF method has been found to be highly effective
in simulation of laboratory-scale flames [29, 30, 31, 32, 33]. The model equations
of the LES/PDF method consist of the filtered mass and momentum equations, and
the filtered transport equation for the joint-PDF of chemical species. The first two
equations calculate the large-scale turbulent motions while modelling the effects of
small-scale motions. The modelled transport equation for the joint-PDF of chemical
compositions accounts for the evolution of the chemical species in both the physical
and compositions spaces.

Special attention should be paid to the development of an efficient and accurate
numerical algorithm for the solution of the LES/PDF model equations. Although the

numerical solution of the filtered mass and momentum equations can be obtained by
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the conventional methods such as finite volume or finite differences, the conventional
numerical methods are not feasible to solve the joint-PDF transport equation due to
its high dimensionality. The remaining alternative is the Monte Carlo method that
has proven to be suitable for solving the high dimensional problems. The Monte
Carlo based Lagrangian solution methods [9] are commonly used to solve the trans-
port equation of joint-PDF. Therefore the preferred solution methodology for the
LES/PDF model equations is a hybrid solver composed of an Eulerian finite volume
(or difference) method for the filtered mass and momentum equations (referred as
the LES solver), and a Monte Carlo based Lagrangian particle solver (referred as the
PDF solver). The hybrid LES/PDF solver provides a complete numerical solution
method for the LES/PDF model equations of the turbulent reacting flows.

In the Monte Carlo based Lagrangian solver (the PDF solver), the flow is repre-
sented by a large number of notional particles. Each particle evolves by a stochastic
differential equation (SDE) in the physical space and an ordinary differential equation
(ODE) in the composition space. The stochastic and ordinary differential equations
are constructed such that the statistics obtained from the particles are identical to
the statistics implied by the transport equation of the joint-PDF of compositions. In
the finite volume method (the LES solver), the computational domain is decomposed
into computational cells (Eulerian grid) and the numerical solutions are calculated at
the cell centers. The hybrid nature of the LES/PDF solver results in some impor-
tant numerical issues that need to be addressed. One of the most important issues
is the consistency between the LES and PDF solvers, i.e., they should be initialized
to be consistent with each other and the consistency should be preserved during the
simulation. The other numerical issues include tracking the Lagrangian particles over
the Eulerian grid, extracting the mean properties from the Lagrangian particles and
interpolating the Eulerian fields onto the Lagrangian particle locations. The coupling
of the Eulerian LES and Lagrangian PDF solvers constitutes an additional challenge
for the numerical method.

In the literature various hybrid LES/PDF solvers have been developed for sim-
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ulations of turbulent reacting flows. They have been mostly applied to laboratory
scale turbulent flames with simple geometries [3, 30, 18, 34, 35]. The main reason
is the limited capability of the existing LES/PDF solvers designed to work only on
the structured Eulerian grids. Previously Ansari et al. [36] and Ankur [37] have
addressed this issue and developed LES/PDF solvers that can employ unstructured
grids and thus perform simulations in complex geometries. While the former one is
developed within a commercial platform of ANSYS-FLUENT software, the latter is
implemented by combining the LES solver in OpenFOAM [38] with an existing PDF
solver written in FORTRAN.

In the present thesis, a new LES/PDF solver is developed in the OpenFOAM
framework. The new solver uses block structured grids and can be readily extended
to unstructured grids, and thus allows to perform LES/PDF simulations in complex
geometries of practical interest. The method is designed to employ the most advanced
physical models and numerical schemes available in the literature. Unlike the pre-
vious works we implement the new LES/PDF solver completely in the open-source
and free platform of OpenFOAM. Additionally, the PDF and LES solvers are both
built within OpenFOAM libraries, thus the same data structure can be used in both
solvers, which makes the data transfer between them very efficient and flexible. The
new solver is designed to have the capability of performing detailed chemistry simu-
lations using the in situ adaptive tabulation (ISAT) method [1] . Another important
contribution of the present work is the implementation and examination of the three
stage velocity correction method [2] within the LES/PDF context using a block struc-
tured grid. The velocity correction method was initially developed for unsteady and
steady RANS-PDF simulations, and then extended to the LES/PDF methods [39]
but it has not been fully tested for the LES/PDF simulations of turbulent flames of
practical importance. Celis and Silva [39] investigated the performance of the three
stage velocity correction method in the LES/PDF context but they considered only
a simple mixing layer flow and performed simulations only on a simple structured

uniform Cartesian grid. Thus, the present thesis is the first study about the perfor-



8 Chapter 1: Introduction

mance of the method within the LES context using a complex block structured grid
for the realistic turbulent flames. Here, we implement the three stage velocity cor-
rection within the new LES/PDF solver, and then examine the performance of each
stage in terms of the mass consistency, accuracy and the computational cost. The
open-source and free OpenFOAM framework [38] is prefered since it is widely used in
both industry and academia, and includes a wide range of physical submodels.

In this thesis, the main contributions can be summarized as follows:

1. Development and validation of a new LES/PDF methodology entirely in the
OpenFOAM framework.

2. Implementation and performance assessment of the three stage velocity correc-

tion algorithm.
3. Examination of the consistency between the LES and the PDF solvers.

4. Investigation of the predictive capability of the new LES/PDF solver with de-
tailed chemistry representation for a piloted jet flame (Flame-D) and a bluff-

body stabilized flame (Cambridge flame).

The rest of the thesis is organized as follows. In the next chapter, the governing
equations of the reacting flows are briefly reviewed. The general characteristics of
turbulent flows are explained in Chapter 3. In Chapter 4, the PDF modeling for
the turbulent reacting flows is presented. In Chapter 5, the numerical methods used
to solve the model equations of the LES/PDF method are discussed. In Chapter 6,
the hybrid LES/PDF solver is applied to a methane/air jet diffusion flame and the
performance of the new solver is demonstrated. In Chapter 7, the method is applied
to a premixed turbulent flame from the Cambridge stratified turbulent flame series

[5]. The conclusions and future directions are presented in Chapter 8.



Chapter 2

GOVERNING EQUATIONS

2.1 Conservation Equations

In a reacting flow, the principal variables are the density, p, the velocity, u;, one vari-
able for energy (e.g., enthalpy h) and the mass fractions Y, for N chemical species. All
the information about the reacting flows can be obtained by solving the conservation
equations for the mass, momentum, energy and species mass fractions. The conser-
vation equations are briefly decribed here for a Newtonian fluid. The flow is assumed
to be incompressible, i.e., the density is independent of pressure. The equations are

presented and solved in the conservative form as follows:

1. The conservation of mass:

@ dpu;

=0. (2.1)

As mentioned above, the flow is assumed to be incompressible so the density is

solely determined by the compositions.

2. The conservation of momentum:

Opu;  Opuu; — dp  O7yy

ot 81']' _89@ + 8mj

where the terms on the left-hand side represent the local rate of change and
convection of momentum while the terms on the right-hand side are the pressure

gradient, the molecular transport due to viscosity and the gravitational force,
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respectively. In Eq. (2.2), 7;; is the viscous stress tensor given by

Tij = H (81;] + axz> g a—xk(sw, (23)

where p is the coefficient of viscosity.

. The conservation of species a:

opY,  Opu;Y, oJ* .
— L s — 172,...N, 24
o | om oz, [ @ (2.4)

where Y, is the mass fraction of the species «, and w, is the chemical source
term representing the rate of production of species a by the chemical reactions.
The term J* on the right-hand side represents the diffusion flux modelled by

the binary flux approximation as

Y,

Jr=— Da_7

7

(2.5)

where D, is the mass diffusivity of species a. All the mass diffusivities D,, are

usually assumed to be proportional to the thermal diffusivity D defined as
A

PCp ‘

where A is the thermal conductivity and ¢, is the heat capacity of the mixture
at the constant pressure. The Lewis number is defined to be the ratio of the

thermal diffusivity to the mass diffusivity of species a as
Le, = —. (2.7)

Assuming unity Lewis number for all the species provides significant simplifi-
cations in the conservation equations for species mass fraction and energy. By

assuming unity Lewis number for all the species, the species mass conservation
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equation simplifies to be

Yo , OpuYa O (pDaYa) ¥ G (2.8)

81& 8xj a 8[)3j 81Ej

4. The conservation of energy: The energy conservation is usually expressed in
terms of the enthalpy or temperature. In terms of enthalpy, it can be written

as

% dpush @ ou;p B aJ}

= ] 2.9
at '« om ot 0w 0z IR (2.9)
where J is the heat flux given by
T &
Ji= A=+ hoJP (2.10)

! am,

a=1

In Eq. (2.10), the first term represents the heat conduction while the last term
is the enthalpy transport due to the diffusive fluxes J*. The last term on the
right-hand side of Eq. (2.9) is the heat source term due to external sources such
as an electric spark or a laser but not due to heat release by combustion. The
enthalpy of a mixture is the mass-weighted sum of the species enthalpies h,,

le.,

h=>"Yah. (2.11)

For an ideal gas the species enthalpy h, can be written as

T
ha = hayes +/ Cpo (T)dT, (2.12)

T’r‘ef

where ¢, is the specific heat of species o at constant pressure and 7' is the
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temperature in Kelvins. Differentiating Eq. (2.11) gives

N
dh = c,dT + Y hodY,, (2.13)

a=1

where ¢, is the heat capacity of the mixture at constant pressure calculated as

N
=Y Yo (2.14)
a=1

Considering a low Mach number flow, the pressure convection term can be
eliminated in Eq. (2.9), then inserting Eqgs. (2.5), (2.10) and (2.13) into Eq.
(2.9), Eq. (2.9) can be written as

dph  Opu;h  Op O (X Oh .
o T om ot o (; a) *dr (2.15)

~ 9 [(A Yy
g [Gm) )
prt Oz; |\ ¢ ox;
For the simplicity, assuming that the Lewis number is unity for all the species,
the pressure is constant, and neglecting any external source term for enthalpy,
gr = 0, and using Eq. (2.6), the enthalpy equation becomes

dph  dpu;h 0 oh

Note that the enthalpy equation contains no source term so it is a conserved

quantity.

Inserting Eqs. (2.4), (2.10) and (2.13) into Eq. (2.9), and assuming all spe-
cific heat capasities c,; to be constant, neglecting the heat source term ¢z and
assuming the pressure to be constant, the conservation of energy can be also
expressed in terms of temperature as

opT  Opu T Op 0O oT .
W + 8x, = E + 61:1 (pDaZ‘Z) —|—wT, (217)
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where the source term is given by
. 1,
Wwp = —— Z hoWe . (2.18)
q)azl

2.2 Chemical Reaction Rates

Chemical reactions usually take place through a series of elementary reactions known
as a chemical mechanism. In combustion, accurte description of chemical mechanism
is challenging but of crucial importance. Therefore a lot of research has been con-
ducted for accurate nodeling of the elementary reactions and the reaction rates. For
example, a chemical mechanism for the methane oxidation consisting of 277 reactions
and 49 species (GRI-Mech 2.11) [40] is commonly and successfully used to describe
the methane/air combustion. A sample chemical mechanism for Hy — Oy combustion
is given in Table 2.1 in the standard CHEMKIN format [6] in order to show general
features of a typical chemical mechanism.

A chemical mechanism consisting of N species and M reactions can be written as:

N N
D vliMa =D b M, for j =1, M, (2.19)
a=1 a=1

where M, is the chemical symbol of a* species, vl

b
w; and v, are the forward and

backward stoichiometric coefficients of o species in the j* reaction, respectively.

Mass conservation of species implies that
N N N
Z VijWa = Z I/nga or Z VojWa =0for j =1, M, (2.20)
a=1 a=1 a=1

where W, is the molecular weight of species a and v,; = V(J:j -0,

For species «, the rate of mass produced by all M reactions, w,, is

M M
Go =Y Gk =Wa Y VarGr- (2.21)
k=1 k=1



14 Chapter 2: Governing Equations

Here Gy, is the process rate of k' elementary reaction and it can be written as
N f N b
Gr = Kpi [ [ [Xa]"™ — Ky [ ] [Xa]" (2.22)
a=1 a=1

where Ky, and Ky, are the forward and backward rates of k" reaction and [X,] is

molar concentrations of species a defined as
(Xo] = —. (2.23)

The rates Ky, and Ky, are generally modelled using the Arrhenius law as

E
Ky = ApT exp (_R_;> ’ (2.24)
and
ka
Kbk - Pa Zg:l Vak AS? AH]O ) (225)
(ﬁ) efltp ( R - RT >

where Ay, B, and Ej, are called pre-exponential constant, the temperature exponent
and the activation energy, respectively, and are provided as part of the chemical
mechanisms. In Table 2.1, the chemical mechanism consisting of 9 species and 19
reactions describes the Hy — Oy combustion and is shown here as an example. The
first column of the table contains the elementary reactions whereas the next columns

contain the data for Ay, B and Ej, respectively.
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Table 2.1: A sample 9 species - 19 reactions chemical mechanism for Hy - Oy com-
bustion [6]. The columns contain the elementary reactions, and the data for Ag, B

and Ey, from left to right.

ELEMENTS
H O N
SPECIES

H, O, OH O H H,O HO; Hy05 Ny

END

REACTIONS
Hy+0,=0OH+OH
Ho+OH=H,;O+H
H+0,=0H+0
O+H,=0H+H
H+0O5+M=HO»+M

T = W N =

third-body efficiencies /Hy 3.3/ /O5 0./ /Ny 0./ /Hy0/21.0/

6 H+02:4+0,=HO5+0,

7  H+0O3+Ny;=HO5+N,

8  OH+HO,=H>0+0,

9 H+HO,=0H+OH

10 O4+HO2=0,+0H

11 OH+OH=0+H,0

12 Hy+M=H+H+M
third-body efficiencies

13 O,4+M=0+0+M

14 H+OH+M=H,O0+M
third-body efficiencies

15 HOy;+H=H,+0,

16 HO2+HO3=H50540,

17 Hs05+M=0OH+OH+M

18 Hy;05+H=H,+HO,

19 Hy05,+0OH=H>0+HO,

END

1.700E13  0.00 AT780.
1.170E09  1.30 3626.
5.130E16 -0.81 16507.
1.800E10  1.00 8826.
2.100E18 -1.00 0.
6.700E19 -1.42 0.
6.700E19 -1.42 0.
5.000E13  0.00 1000.
2.500E14  0.00 1900.
4800E13  0.00 1000.
6.000E08  1.30 0.
2.230E12  0.50 92600.

/H2 3./ /H2./ /H20 6.0/
1.850E11  0.50 95560.
7.500E23 -2.60 0.

/H20 20.0/
2.500E13  0.00 700.
2.000E12  0.00 0.
1.300E17  0.00 45500.
1.600E12  0.00 3800.
1.000E13  0.00 1800.




Chapter 3

TURBULENCE AND COMBUSTION MODELING

3.1 Characteristics of Turbulence

The most engineering flows are turbulent and many involve chemical reactions. The
origin of turbulence is instability of flow caused by growth of perturbations at a
high Reynolds number. For example, a laminar pipe flow becomes turbulent at the
Reynolds number of about 2000. In contrary to common occurrence in the practical
applications, an exact definition of turbulence is very difficult. However, general char-
acteristics of turbulent flows can be listed as: (1) Randomness - all flow properties
have random fluctuations. (2) Diffusivity - Turbulence significantly increases the mix-
ing of scalars and the rate of momentum, heat and mass transfer. (3) Large Reynolds
numbers - Turbulence occurs at large Reynolds numbers. (4) Three-dimensional vor-
ticity fluctuations - Turbulent flow is three dimensional and rotational. If a flow has
random motions with zero-vorticity, then it is not a turbulent flow. (5) Dissipation
- Turbulent flows are dissipative. The turbulent kinetic energy is always transferred
from the large scales to the small scales. At the smallest scale, the turbulent kinetic
energy is converted into the internal energy through the viscous dissipation. (6) Con-
tinuum - The smallest scale occurring in a turbulent flow is sufficiently larger than
the mean free path so the flow can be safely assumed to be continuum. (7) Property

of flow - Turbulence is not a property of fluid but a property of flow.

3.2 Statistical Description of Turbulence

Due to the random nature of turbulence, the main aim is to characterize the flow fields

in terms of their statistical distributions. To statistically describe a turbulent flow, the
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cumulative distribution and the associated probability density functions of any scalar
(for example the velocity component w;) are commonly used. Figure 3.1 shows two
different series of xz-component of velocity u and the corresponding probability density
functions. The statistical moments and the correlations between two scalar fields play
an important role in the statistical description of the turbulent flow. The detailed
mathematical definitions of the cumulative distribution function and the probability

density function, and the statistical moments will be given in Chapter 4.

u(t)

Z < (B)
P(v)
—

Figure 3.1: Two different series of x-component of the velocity vector v and the
corresponding probability density functions [7].

v

3.3 Turbulent Scales

A turbulent flow has a large range of time and length scales. The Richardson’s energy
cascade idea [41] provides a useful definition for the turbulent motions. The first
concept in Richardson’s energy cascade is that a turbulent flow consists of different
size of eddies that are defined as a correlated turbulent motion within a region of size .
Figure 3.2 shows a schematic representation of different size of eddies in a turbulent

jet flow. Eddies of size [ can be characterized by velocity u(l) and a time scale
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7(l) = l/u(l). A region of a small-scale eddy can be contained by a large-scale eddy

as demonstrated in Fig. 3.2. The interaction between different size of eddies has been

u(l)

Figure 3.2: Schematic representation of different size of eddies in a turbulent jet flow.

well explained by Richardson’s idea of energy cascade [41]. Richardson stated that the
large eddies are unstable and break up to transfer their energy into the smaller eddies
[41]. And then these smaller eddies further break up into even smaller eddies until
the smallest size of eddies have a Reynolds number Re(l) = u(l)/l that is sufficiently
small so that the molecular viscosity dissipates the kinetic energy contained in these
eddies. The energy dissipation process is placed at the end of the energy cascade of the
eddies. Consequently, the rate of dissipation € at the small scales can be determined
by the rate of energy transfer at the largest eddies, u2/79 = uj/ly where ly, uo and 7y
are the length, velocity and time scales of the largest eddies in the turbulent motion.

Although, Richardson’s cascade idea enlightens how the kinetic energy is trans-
ferred within the different sizes of eddies, it does not state any idea about the size of
the smallest eddies which are responsible for the dissipation of the kinetic energy. The
Kolmogorv hypotheses [14, 42] characterize the scales in the smallest eddies in turbu-
lent flows. Kolmogorov first stated that the directional information imposed by flow
geometry and boundary conditions is lost once the large eddies break up into small

size eddies. Therefore the small-scale turbulent motions are statistically isotropic.
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Additionally, Kolmogorov stated that the statistics of the small-scale motions have a
universal form that is uniquely determined by kinematic viscosity v and dissipation
rate . Given these two parameters v and ¢, unique length, velocity, and time scales

can be formed as

_ (%3)1/47 (3.1)

Uy = (ve)/* (3.2)
=) o

These are called the Kolmogorov scales (the smallest scales in a turbulent flow).
Finally, the ratio of the smallest scale and the largest scale in a turbulent flow can be

determined from the scaling & ~ u3/ly as

n Re ¥/ (3.4)
0
LN Re /4, (3.5)
Ug
T o Re™2, (3.6)
To

The ratio of the smallest size to the largest size of eddies is very important in com-
putational modeling of turbulent flows. In the numerical solution of the conservation
equations of a reacting flow without using any model for the turbulence, the com-
putational grid should be sufficiently fine to resolve the smallest scales and it should
be sufficiently large to contain the largest scales. Therefore the grid size used in the
DNS simulations should scale as Re®/*. Also the time step should be smaller than the

smallest time scale of the turbulent flow. Thus the computational cost scales as Re?.
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3.4 DModeling of Turbulent Flows

In the study of turbulent flows, there exist three main modeling approaches: the
direct numerical simulation (DNS), the Reynolds averaged Navier-Stokes (RANS)
and the large-eddy simulation (LES) methods. In the DNS method, the instantaneous
conservation equations, Egs. (2.1), (2.2), (2.4), (2.9) and (2.17), are directly solved
without using any model and resolving all the length and time scales in the turbulent
motion. Thus the DNS resolves all turbulent scales from the largest to the Kolmogorov
scales.

In the RANS method, any field, ¢, in a turbulent flow is decomposed into its mean

and fluctuating parts as

¢=(p)+ ¢ (3.7)

The solution for the mean fields, (¢), is obtained by solving the mean conservation
equations that are derived by taking an average of the instantaneous conservation
equation. In the RANS, the turbulence is totally modelled.

In the LES method, a filtering operation is applied to the turbulent motion to
obtain filtered fields by removing the small-scales. Mathematically the filtering oper-

ation can be expressed as

o = /gbG(:v —x')dx’, (3.8)

where ¢ denotes the filtered field and G is the LES filter. In the LES, the governing
equations for the filtered fields are derived by applying the filtering operation to the
instantaneous conservation equations, Eqs. (2.1), (2.2), (2.4), (2.9) and (2.17). In this
approach, the large scale motions that are directly affected by boundary conditions are
explicitly calculated whereas the effects of small-scale motions are modelled. Figure

3.3 shows a sketch for a variation of a scalar field (e.g., temperature) calculated by

the DNS, the LES and the RANS methods.
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Temperature
A

Oxidizer

Figure 3.3: Typical time series of instantaneous, filtered and mean temperatures
computed at a point with DNS, LES and RANS methods, respectively [8].

Comparing the computational cost of the three approaches, the DNS method is
the most accurate but computationally the most expensive method since it must
resolve all turbulent scales. As mentioned before, the size of the computational grid

3/4 and the total computational cost as Re® in a DNS simulation. For

scales as Re
example, in a typical turbulent flow with a moderate level of Reynolds number, i.e.,
Re = 5000, considering the 3-dimensionality of turbulence, the computational grid
size must be at least order of millions because the grid should be sufficiently fine to
resolve the small-scale motions and the computational domain should be sufficiently
large to cover the large-scale motions. The computational cost required in a typical
DNS simulation is the order of million CPU hours [43, 44, 45]. Thus the DNS is
not a feasible method to be used in practical engineering problems. The DNS is
mostly used for academic purposes. On the other hand, the computational cost of
the RANS method is very low compared to that of the DNS since only the mean
fields are calculated in the RANS approach. Additionally, the computational cost
in RANS simulations can be made even smaller when the flow is statistically two
dimensional. Because of its low computational cost, the RANS method is used as a
standard method in practical engineering problems. In terms of computational cost,

the LES method lies between the DNS and the RANS approaches. The LES requires

much less computational cost than that of the DNS since the small-scale motions are



22 Chapter 3: Turbulence and Combustion Modeling

modelled. However, the cost in the LES is often 100 to 1000 times higher than that
in the RANS methods since the large-scale motions are explicitly resolved [8] in the
LES. Inspite of relatively high cost of the LES, it has very important advantages over
the RANS method. Since the RANS method calculates only the mean fields, it is
not sufficient to precisely model the important processes of ignition and quenching
as well as the complex flows involveing swirling, unsteady features, whereas the LES

has proven to show good performance for accurate modeling of these events.

3.5 DModeling of Turbulence and Combustion

In many engineering problems, the main interest is to compute only the mean fields
in turbulent flows. The governing equations for the mean quantities can be derived by
taking the average of the instantaneous conservation equations for mass, momentum,
species and energy. As mentioned before, this approach is known as the Reynolds
averaged Navier-Stokes (RANS). Although the main focus is not on the RANS based
models in this study, the RANS method is first briefly discussed because of its his-
torical importance and simplicity in representing the modeling concepts for turbulent
combustion.

In the RANS approach, any flow quantity ¢ can be split into its mean and fluctu-

ation components as

¢ = (D) s + ¢ (3.9)

where (¢)

mass and ¢ denote the mass-weighted mean (the Favre-average mean) and

fluctuating components of ¢. We note that (¢) = 0 by definition. The mass-

mass

weighted average is defined as

(D)mass = 71 (3.10)

where (.) denotes a volume or Reynolds averaged quantity. Using this decomposition

for all the flow quantities, the mean conservation equation can be obtained by tak-
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ing average of the instantaneous conservation equations. Details of derivations can
be found in standard textbooks, e.g., Pope [12]. The resulting mean conservation

equations can be written as

0 <p> 0 <p> <ui>mass _
P S s (3.11)
ot oz, B R o F R S
a <p> <h>mass a <p> <u7">ma85 <h>ma85 _ 8 ah a <p> <u'/l;h>ma35
ot B, = T om <<pD 8xi>) T B

+H{Wa) -

a <,0> <ui>mass <Ya>mass T _ 8 DaYa _a <,0> <u;Ya>mass
ot Oz; ox; P ox; ox;
(3.14)

As can be seen in Egs. (3.11)-(3.14), the averaging of the instantaneous equations
gives rise to the new terms in the mean conservation equations. The new terms
cannot be generally expressed in terms of the known fields (the mean of density,
velocity, mass fractions or enthalpty). Therefore they are in the unclosed form and
responsible for the closure problem in turbulent (reacting) flows. The solution of the
mean conservation equations requires to close or model these terms. The unclosed

terms, (p) (uju in Eq. (2.2) known as the Reynolds stresses, are often modelled

mass

by the turbulent viscosity assumption as

/o 0 <ul> 0 <u]> 2.0 <uk> 2
m _ mass mass <5 mass “ 1
<p> <uZuJ mass i ( (93:]- * a.’,lj‘l 361] 8xk * 3 <p> k’ (3 5)

where g, is the turbulent dynamic viscosity, d;; is the Kronecker delta and £ is tur-

bulent kinetic energy defined as

(3.16)



24 Chapter 3: Turbulence and Combustion Modeling

In the literature, various models have been proposed to model the turbulent viscosity
11, [46, 47, 48, 49].

The other unclosed term is the species turbulent fluxes (p) (u[Y,), ... appering
in Eq. (3.14). This term is usually modelled by the classical gradient diffusion

assumption as

/ I 6<Y'0<>77w,ss
<p> <u’iYC¥>ma55 - Sca 8$Z 9 (317)

where Sc, is the turbulent Schmidt number for species a.. In Eq. (3.14), the term for

laminar diffusive fluxes for species, < pD%>, is usually modelled as

~(PDFE Y =~ () (D), 2, 3.19)

Following the same procedures, the unclosed terms in the conservation of enthalpy

are modelled as

! _ Nt a <h>mass
<p> <uih>ma55 - SCOC 81‘1 ) (319)
and
h _ a <h>ma88
- <pD8ZL'Z> - <p> <‘D>mass 8—1,1 (320)

The last but the most challenging unclosed term is the chemical reaction source term,
(Wa). To demonstrate the degree of its complexity, let’s consider a simple irreversible

reaction between fuel (F') and oxidizer (O) as

mF +nO — P, (3.21)

where P denotes the product. Then the fuel mass reaction rate wg is typically ex-



Chapter 8: Turbulence and Combustion Modeling 25

pressed as
. 6 El m n
Wp = —WFAlT 1€Ip —? [XF] [Xo] y (322)

where A;, 87 and E; are pre-exponential constant, the temperature exponent and
the activation energy, respectively. In Eq. (3.22), W is the molecular weight of the
fuel, T is temperature, and [Xr| and [Xo] are the molar concentrations of fuel and
oxygen, respectively. The reaction rate wp is highly non-linear as seen in Eq. (3.22),
thus the average reaction rate, (Wr) cannot be easily written as a function of mean
fields of mass fractions, density and mean temperature. Therefore the modelling the
average reaction rate gives rise to the most challenging task in turbulent combustion
modelling.

Since it is not possible to express the mean reaction rates in terms of mean quan-
tities, the models to close the mean reaction rate term are generally derived from
a physical analysis. As mentioned before, Veynante and Vervisch [25] classified the
physical approaches into three groups: Geometric analysis, turbulent mixing based
approach and one-point statistics approach. These approaches are depicted schemat-
ically in Fig. 3.4. In the geometrical analysis, the flame front that is generally
represented as iso-surface of a mass fraction is described as a geometrical surface
evolving with the turbulent flow. In this approach, the flame is assumed to be very
thin compared to all scales in the turbulent flame, and the mean reaction rate is
calculated based on the geometric feature of the flame front such as flame surface
density. The level set model [50] is commonly used to determine the location of the
flame front. In the turbulent mixing based approach, the models are developed by
assuming that the chemical time scales are much shorter than the turbulent time
scales such that the chemical reactions occur much faster than the turbulent mixing.
Therefore the reaction rates are mainly controlled by the rate of turbulent mixing.
The eddy break up (EBU) model [51] and eddy dissipation concept (EDC) [52] are
commonly used models based on the very fast chemistry assumption. In the one-point

statistics approach, the mean reaction rates are computed naturally from the joint
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G = / (b, Yo, BN )P(B1, Y, - b )i, i, B, (3.23)
Y1,92,... 9N

where w, is the instantaneous reaction rate of species « calculated by the Arrhe-
nius law, ¢; (i = 1,2,...,N) are the sample space variables for compositions, and
p(Y1, 9, ...00N) is the joint probability density function of the compositions. The
models in the one-point statistics approach does not depend on the flame structure,
thus they can calculate the mean reaction rates for premixed (fuel and oxidizer are
mixed before reactions ), non-premixed and partially premixed flames as well as fast
and slow chemistry without requiring any modeling assumption. In the transported
PDF, a transport equation is solved to calculate the joint PDF of chemical species.
The mean reaction rate is then calculated via Eq. (3.23) without using any model
since it is in the closed form. However, in the transport equation, the molecular dif-
fusion term is in unclosed form and should be modelled as will be discussed in the
next chapter. In this thesis, the transported PDF model is employed to model the

mean reaction rates. The detail of the method will be provided in the next chapter.
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Burnt gases

Fresh gases
(premixed)

(premixed)

Geometrical analysis

-Flame structure analysis
(along the normal to the flame surface)

-Iso-surface (mass fraction, temperature)

Turbulent mixing
(scalar dissipation rate) One-point statistics

(probability density function

Oxidizer

(non premixed)

Fuel

(non premixed)

Figure 3.4: Three different modeling approaches: The geometric analysis, the turbu-

lent mixing based approach, and the probability density function approach [8].



Chapter 4

THE PDF MODELING OF TURBULENT REACTING
FLOWS

In the turbulent reacting flows, any field ¢ (e.g., the mass fraction of a species, a
velocity component of the flow) at a particular position @y and time t, takes different
values in each realization. This is due to the chaotic nature of the turbulent flows.
Therefore, the value of ¢ cannot be determined at a given position and time before-
hand from the values of given realizations. However, we can attribute a value for its
probability of being in a given interval. The PDF methods calculate the probabilities
of the fields in turbulent reacting flows for being in a given interval by solving mod-
elled transport equations. In this section, before explaining the modelled transport
equations for the PDF, we first introduce the basic statistical concepts used in the
PDF methods. Then the joint PDF methods in both RANS and LES contexts are
presented. After that, the hybrid solution method is represented for the numerical
solution of the LES/PDF model equations. Finally, the in situ adaptive tabulation

(ISAT) method [1] is describe for the calculations of combustion chemistry.

4.1 The Basic Statistical Concepts

In a typical experiment for a turbulent mixing-layer as sketched in Fig. 4.1, the
measured quantities at a particular position &y and time tq will be different in each
realization of the experiments. Although the flow is governed by the same determin-
istic equations with nominally the same initial and boundary conditions, any slight
difference in flow conditions (i.e., small change in air movement in the environment)
can lead to totally different flow characteristics. In an experiment, the small changes

in boundary or initial conditions cannot be controlled (or measured) thus the result-
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Figure 4.1: A sketch of a planar turbulent mixing layer

ing flow properties cannot be determined beforehand. Therefore the flow properties
in the turbulent flows are treated as random variables. For example, the velocity
and temperature fields at the position a in Fig. 4.1 are random variables. A sample
space of random variable is defined as the space from which the random variable can
take values. An event of a random variable is then defined as a subset (region) of
the sample space. Figure 4.2 depics a sample space and a region corresponding to
an event A = 1/3 < ¢ < 2/3. The probability of the occurrence of the event A is
denoted by

P(A) = P(1/3< ¢ <2/3). (4.1)

The probability of any event is a real number between zero and one. If the occurrence
of the event A is impossible then P(A) = 0. If the occurrence of the event A is certain
then P(A) = 1.

To describe the characteristics of a random variable, the convenient way is to
define the distribution function of the random variable. A distribution function gives

the probability of a region for a random variable as

Fo(¢) = P(o <), (4.2)



30 Chapter 4: The PDF Modeling of Turbulent Reacting Flows
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Figure 4.2: (a) Sample space (¢-space) for a random variable ¢, with the sample
point ¢» = ¢. (b) Sample space showing the region corresponding to the event A =

1/3 < ¢ < 2/3 where p; sample point for which A occurs and p, is the sample point
for which A does not occur.

where 1) is sample space variable of the random varible of ¢. Then from the definition,

the probability of event in Fig. 4.2 is computed as

P(A) = P(1/3< ¢ < 2/3),
— P(¢ < 2/3) — P(¢ < 1/3), (4.3)
= Fy(2/3) — Fy(1/3),

which is sketched in Fig. 4.3 . The probability of any region smaller than —oo is zero

and smaller than oo is one, i.e.,
P(¢p < —00) = Fy(—00) =0, P(¢ < 00) = Fy(o0) = 1. (4.4)

The distribution function Fj is a non-decreasing function taking values from zero to

one as ¢ increases from —oo to co.

The probability density function (PDF) of the random variable ¢ is then defined
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w<2l3

w<1/3

1/3<y <2/3

N
v

0 1/3 2/3 1

Figure 4.3: Sample space showing the region 1/3 < ¢ < 2/3 as the difference between
the regions ¢ < 1/3 and ¢ < 2/3.

fo(¥) = = Fy (). (4.5)

The PDF, f,(¢), is the probability per unit ¢». Then f,(1)dy gives the probability of
¢ being in an infinitesimal interval of ¥ < ¢ < ¥ +dy. Figure 4.4 schematically shows
the distribution function Fy(1) and the corresponding probability density function

fs(1) of a random variable ¢. The PDF is a non-negative function, i.e.,

Foly) foly)
1.0 4.0

0.5 2.0

. 4 , ¥
05 1.0 0 0.5 1.0

Figure 4.4: The distribution function Fi,(¢) (left) and the corresponding probability
density function fy(¢) (right) [9].

fo(¥) > 0. (4.6)
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The normalization condition requires that,

/_ ) = 1. (4.7)

Its values at the positive and negative infinities are zero, i.e.,

fo(—00) = fy(o0) = 0. (4.8)

For any function K(¢), the mean is then defined as the expectation of K as
)= [t ). (1.9)
Any random variable can be decomposed into its mean and fluctuating parts as
K= (K)+K' (4.10)
The central moments are then defined as

(K= [ 1) (R 0) — (K@) v, 7

where m is a positive number. For instance, the second central moment

(5% = [ 5w (K (0) - ) s (4.12)

is called the variance, var(K), and its standard deviation is defined as squared-root

of the variance as

sdev(K) = y/var(K) = <<K'2>>1/2. (4.13)

Typically in a turbulent reacting flow, a large number of species, N, are used to rep-
resent the combustion chemistry. Consequently, instead of a single random variable,

jointly distributed random variables of ¢ = {¢1, ¢, ..., ¢x} should be considered to
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describe turbulent reacting flows. The properties of the distribution function and the
probability density function can be straightforwardly extended from those of the sin-
gle random variable. For example, the probability of an event A = {¢; < ¢, and ¢o <

o} is written as

P(A) = P(p1 < 1, 92 < 1ha) = Fy 6, (11, 12), (4.14)

which gives the probability of ¢; being smaller than 1, and ¢, being smaller than )s.
Then the joint probability density function f4 4, can be defined as

a2F<t>1<152 (77017 ¢2) '

900 (4.15)

f¢1¢2 <¢17 77Z)2> —

By definition, the PDF of ¢ (as also called the marginal PDF) can be obtained from

the joint PDF fy4, 4, by integration over all possible realizations of ¢, as

+o0

f¢1 (wl) = f¢1¢2(,¢}17¢2)d¢2- (416)

The covariance of ¢ and ¢ is defined as

+oo  pFo0
(B160) = / / (1 — (61)) (Y2 — {62)) Fonon (1, 1) i iy (4.17)

In general case, the probability of an event A = {¢1 < 1,2 < 9, ... ,On < Un}

for jointly distributed random variables of ¢ = {¢1, ¢, ..., on } is written as

P(A) = P(¢1 < w17¢2 < ¢2> "-7¢N < wN> = F¢1¢2.‘.¢N(¢1,¢2, ceey ?¢N)7 (418)

then the joint probability density function fy,4,.. 4, can be defined as

AR TN (R PN )
for6mon (01, P2, UN) = NI : (4.19)
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Finally, the covariance of ¢1, ¢g,...,¢n is defined as

Wbt = [ [ [ o= e)ton = (o) @20

f¢1¢2 ...... ¢Nd¢1d¢2d¢N

In the most of the turbulent reacting flows, the statistics of a random field ¢
change in space and time thus the PDF of the field ¢ is a function of space  and
time ¢. Therefore writting the PDF of the field ¢ as fs(v; ., ) is convenient. Note
that the density function of ¢ has the dimensions of ¢! [53].

4.2 PDF Modeling of Turbulent Reacting Flows

In a turbulent reacting flow, the main interest is to compute the mean and variance
of any function K (¢, x,t). As presented in the previous section, knowing the joint
PDF f(v;x,t) of compositions at every point & and time ¢, the statistics of any
function K(¢, x,t) in turbulent reacting flows can be calculated at any position and
time. In the PDF modeling of turbulent reacting flows, a modelled transport equation
for the joint PDF of (velocity and) compositions are solved to evolve the joint PDF
in space and time. The transport equation of the joint PDF of compositions (and
velocity) is directly derived from its definition and the conservation equations. The
PDF modeling of the turbulent reacting flows was initially developed in the RANS
context. Therefore the PDF models in the RANS context are briefly described first

in this section. Then the joint PDF of compositions in the LES context is discussed.

4.2.1 The Joint Compositions PDF Method in the RANS Context

In the joint compositions PDF method, we consider the composition variables of
mass fractions of chemical species and enthalpy as random variables and consider the
transport of their joint PDF instead of their finite moments.

The one-point, one-time, mass-weighted joint PDF of compositions at location x
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and time ¢ is defined as

(0} fo(tps,t) = p(b) (0(¢p — @), (4.21)

where p is density, and ¥ = (1,1, .10, ) is the sample space variable of the com-
positions. The delta function §(¢p» — ¢) is called the fine-grained PDF. Note that,
the joint PDF of compositions is defined by averaging the fine-grained PDF of the
compositions. Then the transport equation for the mass-weighted joint PDF of the
compositions can be derived from Eq. (4.21), and the conservation of mass fractions

and enthalpy equations using the standard techniques and can be written as [53]

2obfe  SWte 4 P i1y) ulfy) 1) = (4.22)
d 1 0J/
3_%' [<P> fe <® o, ¢>]

- ai% |:<p> f¢w¢j} )

where J& denotes the molecular diffusion fluxes of the composition j in direction z;.
The first two terms on the left-hand side represent the rate of change following the
mean flow, the last term represents the transport of f, in the physical space due to the
fluctuating velocity w; = u; — (u), and the term (u}|t)) is the mean of the fluctuating
velocity conditional upon the event ¢ = 1. The conditional mean is in the unclosed
form and thus should be modelled. It is usually modelled by the gradient diffusion

assumption as

fe

(p) (ujlb) fg = —Dr oz,

(4.23)

where Dy is the turbulent diffusivity. The first term on the right-hand side of Eq.
(4.22) represents the change of f, in the composition space due to the molecular
mixing, which is also in the unclosed form. Modeling this term is the challenging part

of the PDF models since the joint PDF of compositions contains only the one-point
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and one-time information. Therefore it does not contain the correlations between the
two- or multi-points required to calculate the molecular mixing. Note that modeling
the molecular mixing term is still an active research area. The models developed for
this term are generally called the mixing models. There are several mixing models
available in the literature [54, 55, 56]. The interaction by exchange with the mean
(IEM) is the simplest mixing model widely used in the PDF simulations. In the IEM
1,b> is modelled by

mixing model [57], the term <ia‘jg_

(p) Oz
197
(p) O;

where Cy is model constant usually taken as Cy = 2.0 and €2 is the mixing frequency

¢> = 00— (), (4.21)

that needs to be modelled separately. Finally, the last term in Eq. (4.22) represents
the change of f; in the composition space due to reaction. We note that this term is
closed, thus it does not require any modeling. Being the reaction term in the closed

form makes the PDF model superior over the other turbulent combustion models.

4.2.2  Joint Velocity and Compositions PDF Modeling in the RANS Context

In the joint PDF of compositions modeling, the term (u’|tp) has to be modelled
separately, thus the chemical compositions and the flow velocity are treated by distinct
models. However the velocity and compositions have strong correlations in the RANS
context [53]. To overcome these shortcomings, the joint velocity and compositions
PDF fus(u,1;x,t) model has been developed [58].

The one-point, one-time, mass-weighted Eulerian joint PDF of velocity and com-

positions at location @ and time ¢ is defined as

(p) fugp(u, ¥ 2,1) = p(th) (6(v — u)d(yp — @), (4.25)

where p is the density, and ¥ = (11,2, ...¢9n,,) and v = (vi,vs,v3) are the sample

space variables of the compositions and velocity, respectively. The delta functions
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d(v — ¢) and §(v — u) are the fine-grained PDF's of the compositions and velocity,
respectively. The exact transport equation of the mass-weighted joint PDF of velocity

and compositions can be derived directly from the conservation equations using the

oo

(4.26)

standard techniques and given by [5§]

afud) afuqb N 8<p> 8fu¢ o 0 . Tij
=g T Vi S B oy oy oz,

0% ¥ 8271

The terms on the left-hand side represent rate of change in time, transport in physical

op
0@»

Va¢>] - ai% (<,0> fu(ﬁw%‘) :

space by both mean and fluctuating components of velocity, transport in velocity
space by the mean pressure gradient, respectively. All the terms on the left hand
side appear to be in the closed form. The first term on the right-hand side represents
transport in the velocity space due to the molecular viscosity and the gradient of the
fluctuating pressure conditional upon the event u = v and ¢ = 4. This term is in
the unclosed form and needs to be modeled. The Langevin models are widely used

for this purpose. For instance, the simplified Langevin model [59] is given as

_ Tij ap’

) ] v, w> fus = (% " Zco) (V= (U)) fus (4.27)

1 fu¢>
+ 500/{298—‘/;,

where () is the model constant usually taken as Cy = 2.1, €2 is the turbulent frequency
that needs to be modeled separately, and k is the turbulent kinetic energy. The second
term represents the change of f,4 in the compositions space due to molecular mixing
conditional upon the event w = v and ¢ = 1. This term is also unclosed and can be

modeled by assuming that the mixing is independent of the velocity, i.e.,

o.J! B o.J!
fuqb <8_xz V7¢> - fud) < 83:1

¢> : (4.28)
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Then the molecular mixing are modelled using mixing models such as the IEM model
as discussed in the previous section i.e., Eq. (4.24). Finally, the last term in Eq.
(4.26) represents the change of f,¢ in composition space due to the reaction and it is

also in the closed form.

4.2.8  Joint Compositions PDF Modeling in the LES Context

The joint PDF of the compositions, f(i;a,t), in the LES context is defined as
the one-point, one-time mass density joint PDF of compositions conditioned on the

resolved velocity field, @, which can be defined as

o0

s, 1) = / Py, D)5(p — Sy, £))Cy — w)dy, (4.29)

— 00

where 0 is an N-dimensional delta function of components, and 1 is the sample space

variable for the compositions. G is high-pass filter satisfying the condition

/G(y —x)dy =1, V. (4.30)

Applying the filter to the density field results in

p= /pG(y —z)dy, (4.31)

where p and p are the instantaneous and the filtered (resolved) density fields, respec-
tively. Note that, the joint PDF of compositions in the LES context is obtained by
filtering the fine-grained PDF of the compositions. The mass density function f has
the following properties [53]

[, 1) >0, (4.32)

/ f(a; @, 1) = . (4.33)



Chapter 4: The PDF Modeling of Turbulent Reacting Flows 39

and for any flow properties ¢,

/ o(ap, @, 1) f (2, £)dop = pd(@, ) = p(, 1), (4.34)

where ¢ is the Favre-filtered (resolved) property. Then the transport equation for the
compositions joint PDF in the LES context can be derived from the definition of the
joint PDF, Eq. (4.29), and the conservation equations using the standard techniques
[34, 29], and is given by

or oug 0(wH) 7 9 |f[oF

( [£S;(¥)]- (4.35)

L0

Y;
The last term in Eq. (4.35) represents the change of f in the compositions space due
to the reaction, and it is in the closed form. The first two terms on the left-hand
side represent the rate of change following the filtered (resolved) flow. The last term
on the left-hand side represents the transport of f in the physical space due to the
small-scale (unresolved) velocity v’ = u — @ where the term of uf’/\\;p is the mean of
unresolved velocity conditional upon the event ¢ = 1 and appears to be unclosed.

This term is usually modelled by the gradient diffusion assumption as

of
(9.7:1- '

p(wle) f=—-Dr (4.36)
The first term on the right-hand side of Eq. (4.35) represents the change of f in
the compositions space due to the molecular mixing and Jij is the molecular diffusion

term. First using the binary flux approximation for the molecular diffusion flux, Jl-j

can be approximated as

; 0p;
J J
H=—pDy (4.37)
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Then the conditional diffusion term is modelled as [60]

10 0¢; N 10 [ _-0d
00z (pD@?) “/’ =9 (%’ —¢j> + 2o, <0D8i7> ; (4.38)

where the first term on the right hand side represents the interaction by exchange

with the mean (IEM) mixing model [57] and the second term is the mean drift term

[60]. In Eq. (4.38), Q denotes the scalar mixing frequency and it can be modelled as
D+ Dy

=07

(4.39)

where Cy is a model constant determined by the sensitivity study on the statistics
obtained by the simulations, and A is the LES filter size. We note that, in the RANS
context, the joint PDF of compositions is defined as the mean of the fine-grained
PDF of composition whereas the joint PDF of compositions is defined as the filtered
fine-grained PDF of compositions in the LES context.

4.3 LES/PDF Modeling of Turbulent Reacting Flows

In the LES context, the fields in the turbulent reacting flows are separated into the
large (resolved) and small (unresolved) scales by applying a high band-pass filtering

operation. For example, the density field p in a turbulent flow is decomposed as
p=p+p (4.40)

where p and p” are the filtered (resolved) and the subgrid (unresolved) parts of the
density field, respectively. For a given field ¢ in a turbulent flow, the Favre-filtered
field ¢ can be defined as

¢ = %/WG(?J —x)dy. (4.41)

As introduced in Section 4.2.3, the Favre-filtered fields can be obtained from the
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PDF as

. 1) = % / S(ap. ., 1) f(4p; . ), (4.42)

where ¢ = {Y1,Ys, ..., Yy, h} where Y; is the mass fraction of i** composition, A is the
enthaply and N is the number of species, f(t;,t) is the one-point, one-time mass
density joint PDF of compositions conditioned on the resolved velocity field, u, as

discussed in Section 4.2.3. Additionally, the resolved density field p is obtained as

o= [ st (4.43)

Then, the governing equations for the filtered mass and momentum can be directly
derived by applying filtering operations to the instantaneous equations of mass and
momentum, i.e., Egs. (2.1) and (2.2). The resulting evolution equations for the
filtered mass and momentum are summarized here and details can be found in the

standard textbooks such as [12], and are written as

dp  Opu;
— =0 4.44
(915 8xj 83:@ 8xj 8xj
where 7;; is the resolved viscous stress tensor given by
_(0u; Ou; 20u =

and T;; = pu;ii; — pu;u; is the subfilter stresses, and is often modelled by the Boussi-

nesq eddy viscosity assumption [61], i.e.,

. _— U 2 _
Tij = pugt; — puity = 2[0S — gpq25ij7 (4.47)
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where gij is the resolved strain rate defined as

Su=3 (g + 52 - hugr). (1.48)

Yo 5 8@» 8%2 ijﬁ_xk

In Eq. (4.47), ¢? is the subgrid kinetic energy defined

(akak . J,%) . (4.49)

N | —

¢ =

Note that the subgrid kinetic energy, ¢?, is the isotropic part of the residual stress,
and it can be absorbed in the pressure and thus needs not to be modelled in low
Mach number flows [62]. In Eq. (4.47), fi; is the turbulent eddy viscosity. Using the
Smagorinsky model [63], it is given by

,[:Lt = C‘uﬁA2|»§’, where |g‘ = Sijgija (450)

where A is the filter width. The model coefficient C), is computed using the dynamic
Smagorinsky model proposed by Moin et al. [62] as

(L M)
o - g5 451
" VM) (4.51)

sgs
where £ is called the Leonard term [64] and is defined as

—

Lij = (plity) — = (P pi;). (4.52)

<l =

M is a model term given by
M,; = 25A2|82 — 2225/ 32, (4.53)

In Egs. (4.52) and (4.53), the terms with caret () are the test-filtered quantities,
and A denotes the test-filter width typically taken as double the size of the LES

filter, A, i.e., A = 2A. In Eq. (4.51), the operator (-)__is an averaging operator

sgs
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over £;;M;; and MMy, and is used to ensure the numerical stability. The average
could be taken over the whole computational domain or over a small vicinity. In
this work, we use the Lagrangian averaging method proposed by Meneveau [65]. In
this method, two transport equations are solved to evolve the Lagrangian averages,

Frm = (L M) and Fpryr = (M My) The transport equations

Lagrangian Lagrangian”

for Frps and Fypps are are given by

A(pTrar) N O(pu; Frar) p

ot or. 7. LM — Fom), (4.54)
and
0(pF 0 _ﬁﬂ: 0
(pan) P 2 ax.MM) - Tpl (M Mij — Funa) (4.55)

where T}, is the relaxation time scale evaluated as
Tretaw = 0 A (7)Y (FrarFarns) S, where 6 = 1.5. (4.56)
The model coefficient C), is then obtained as

F
c, =L (4.57)
HTMM

The turbulent diffusivity, lNDT, is calculated from the turbulent eddy viscosity as

= b
Dy = — 4.58

where Scr is the turbulent Schmidt number taken as S, = 0.4 [66]. The molecular
viscosity, ji, and the molecular diffusivity, 15, are approximated by an empirical fit to
the laminar flame calculations as i/p = ao(T/Tp)" and D = agco(T/Tp)? where T is
the resolved temperature. In this study we select the coefficients as ag = 2.22 x 107
m?/s, by = 1.658, by = 1.77, ¢y = 1.22 and Ty = 300K based on a laminar flame

calculation performed using the CHEMKIN library for a methane/air combustion
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with the GRI 2.11 mechanism [40].

4.4 Solution Methodology for the LES/PDF Model Equations

In the LES/PDF modeling of the turbulent reacting flows, the complete set of the

modelled filtered conservation and joint PDF equations can be written as

9p | Opi

=0, (4.59)

opu;  Opuyui;  Op o (. =
ot + Oz, N 8xi+28x]~ <'ueff5”>’ (4.60)

ot = Or;  Ori\ p Or; ) O
9 19 — T aéa 0
N 3% <f5 al’z (pD 83:1 >> + awa (fsa(’(p)) : (4.61)

where ficrs = fi + fip. The filtered density used in Eqgs. (4.59) and (4.60) is obtained

from the joint PDF of compositions as

plat) = [ 1l t)d0. (4.62)

The filtered pressure field can be computed from the Poisson equation in the form

Pp Pp  Pputy . OfiessSi
— == — . PRt bt 4.63
0xixi ot? (’3@81‘] + 83@633] ’ ( )

which is obtained by taking divergence of the filtered momentum equations and using
the filtered mass conservation equation.

The filtered conservation of mass and momentum equations, Eqs. (4.59) and
(4.60), and the Poisson equation for the pressure can be solved numerically by con-
ventional methods such as finite volume or finite difference techniques. However, the

transport equation for the joint PDF of compositions requires a special treatment due
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to its high dimensionality. The dimensions of Eq. (4.61) is the sum of the number of
species and enthalpy and three-dimensions for physical space and one-dimension for
time, i.e., Eq. (4.61) evolves in N + 4 dimensional space where Ny is the number of
species plus enthalpy. Considering the large number of species involved in a typical
combustion problem, the transport equation of the joint PDF (Eq. (4.61)) cannot be
solved using the conventional techniques such as finite volume or finite difference be-
cause the computational cost increases exponentially with the number of dimensions
in these methods.

Pope proposed [9] an alternative solution methodology based on the Monte Carlo
method in the Lagrangian point of view for the joint PDF equation. In this approach,
the flow is represented by a large number of notional Lagrangian particles. Then a
set of stochastic differential equations are constructed that govern the evaluation of
particle properties in such a way that the particles exhibit the same joint PDF as the
one obtained from the solution of the modeled joint PDF transport equation. The

models for the particle position and compositions are given by [9]

_10(sDr) ]
uj + 7 oz,

* % 1/2 *
X = dt + [2DT] AW (4.64)

VR

19 [ ~0¢,
pos; (p%—xj)

where the term dW™ denotes the Wiener increment. Equation (4.64) evolves the

*

dt + Sy (¢")dt, (4.65)

Ao = =V (95 — @3 )dt +

particles in the physical space while Eq. (4.65) evolves the particles in the composi-
tion space. The terms on the right-hand side of Eq.(4.65) represent the evolution of
compositions due to turbulent and molecular diffusions, and chemical reactions, re-
spectively. The superscript “*” denotes the Lagrangian particle properties or the LES
fields evaluated at the particle locations. Here, we note that the statistics obtained
from the particle equations, Eqs. (4.64, 4.65), are identical to those obtained from
the modeled joint PDF equation, i.e., Eq. (4.61). The mean field can be obtained
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from the particle properties. For instance,

7 (me")
= , 4.66
6= 8 (166)
which approximates
~ 1
=_ d 4.67
o= [ o (467)

where (-) denotes a summation over the particles in a given cell.

The resulting solution methodology is composed of two main components: (i) An
Eulerian numerical method for solving the filtered conservation equations for the mass
and momentum (from now on we refer it as the LES solver). (ii) A Lagrangian Monte
Carlo method for the transport equation for the joint PDF of compositions (from now
on we refer it as the PDF solver). The LES and the PDF solvers together form the
hybrid LES/PDF solver to be used for the simulations of the turbulent reacting flows.

4.4.1  The Hybrid LES/PDF solver

The main roles of the LES and PDF components can be summarized as:

1. The LES solver explicitly calculates the large-scale turbulent motions and pro-

vides the filtered velocity and pressure fields to the PDF solver.

2. The PDF algorithm solves the modeled evolution equation of the joint com-
positions PDF and provides the filtered density field (or quantities needed to
compute the filtered density field) to the LES solver.

The LES solver calculates the velocity, @;, and pressure, p, fields by solving Egs.
(4.59), (4.60) and (4.63). In addition, the LES method also calculates the turbulent
viscosity fir and diffusivity Dy as well as the mixing frequency 2. The PDF solver
evolves the particles in the physical and compositions spaces and calculates the filtered

density p, the Favre-filtered temperature T and mass fractions ;.
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In the LES solver, the filtered density, p, is required to solve Eqgs. (4.59), (4.60)
and (4.63). Moreover, the Favre-filtered temperature, T, is required to obtain the
molecular viscosity fi, and diffusivity D according to the empirical fit to laminar flame
calculations. On the other hand, the PDF solver requires the fields of Favre-filtered
velocity, ;, the molecular and turbulent diffusivity, (D and Dr), and the mixing
frequency ) in the particle equations, i.e., Eqgs. (4.64) and (4.65). Therefore, the
LES supplies the Favre-filtered velocity, ;, the molecular and turbulent diffusivity,
(D and Dy), and the mixing frequency, Q, fields to the PDF solver in each time step.
In turns, the LES solver gets the filtered density p and the Favre-filtered temperature
T from the PDF solver. Figure 4.5 shows a schematic representation of the data

transfer between the LES and PDF solvers in the hybrid method.

1]

g, Q,

LES PDF
solver

_Uz
3

solver

=

51

Figure 4.5: The schematic representation of the data transfer between the LES and
PDF solvers.

While the data transfer from the LES solver to the PDF solver is usually performed
by a trilinear interpolation, the filtered density feedback from the PDF solver to the
LES solver is a challenging task due to the stochastic nature of the particle fields.
The filtered fields obtained by the PDF solver contain the stochastic noise, thus using
the noisy filtered density field directly in the LES solver is prone to cause a significant
numerical instability problem. Note that this numerical instability is mainly caused
by the term containing time derivative of the filtered density in the pressure equation.

To overcome this difficulty, we employ the transported specific volume (TSV)
method developed by Popov et al. [67]. In the TSV method, the change in the resolved
specific volume due to transport in the physical space (Eq. (4.64)) is calculated by the
LES solver and the change due to turbulent mixing, molecular diffusion, and chemical

reactions (the terms on the right hand side of Eq. (4.65), respectively) is calculated by
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the PDF solver. For this purpose, the evolution equation for the specific volume, 0, is
derived from the modeled filtered joint PDF equation and augmented by a relaxation

term, and the resulting equation can be written as

o6 d(uo) 0 [~ OO .
= Dr—— 4.

where S, is the source term defined as

Sy = {EZ; } ) (4.69)

where () is the weighted sum of the rate of change of particle specific volume in a
given cell due to mixing, molecular diffusion, and chemical reaction, while (v) is the
weighted sum of particle specific volume in the same cell. The last term on the right
hand side of Eq. (4.68) is the relaxation term of the form
by = pEPE Y (4.70)
T

where Uppr is the specific volume obtained from the particles in the PDF method as

follows

Oppr = {<T<”mv> ) } . (4.71)

Here m* and v* are the mass and specific volume of particles, and 7 is the relax-
ation time taken as 7 = 4At in this work. The resulting hybrid LES/PDF solver is

schematically shown in Fig. 4.6. After successfully solving the transport equation for

G, p,D, D,
LES PDF

&PDF ) SwT

Figure 4.6: The TSV coupling of the LES and PDF algorithms in the hybrid LES/PDF
method.
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the specific volume, 0, the filtered density field p used in the solution of the equation

in the LES solver is obtained as

(4.72)

Y
I
S| =

4.5 Calculation of Combustion Chemistry: In Situ Adaptive Tabulation
Method

In the PDF method, the compositions of particles are advanced in the composition
space by taking the turbulent mixing, molecular diffusion and chemical reactions into

account. This can be written compactly as

900 _ wr) + s(ot). (4.73)

where M (t) denotes the rate of change due to mixing and molecular diffusion while
S(¢[t]) denotes the rate of change due to the chemical reactions. Equation (4.73) is
solved by using a fractional time step method. In this approach, time integration is

performed for the mixing and molecular diffusion as

S — M), (4.74)

—— = S(¢[t)). (4.75)

The details of the fractional time stepping method will be provided in the next section.
In this section we only focus on the solution of Eq. (4.75).

Equation (4.75) is a system of highly non-linear stiff ordinary differential equations
(ODEs) with a dimension of number of species plus enthalpy. The ODE system is stiff
because of the wide disparity of the timescales of the chemical reactions that range

from 1079 s to 1 s in a typical combustion process [1]. The solution of Eq. (4.75) takes
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the particle composition from ¢" = ¢(t,) to ¢"™' = ¢(t, + At) in the composition
space, which is called the reaction mapping, R(¢") as schematically shown in Fig.

4.7.

9" =g(t, + A) =R(4")

9" =¢(t,)

Figure 4.7: The sketch of the reaction mapping R(¢") in composition space.

In calculation of the combustion chemistry with a detailed representation, the
main task is to calculate the reaction mapping R(¢") for every Lagrangian particle at
each time step where the sum of the particles is order of millions and the number of
time steps is order of tens of thousands in a typical LES/PDF simulation. Therefore,
considering the stiffness of the ODE system and the large number of particles, the
calculations of the reaction mapping requires a huge computational cost making the
simulations infeasible for practical engineering problems. To overcome this difficulty,
Pope [1] has proposed a tabulation method in which the tabulation tables are created
and grown during the simulation. The method is called In Situ Adaptive Tabula-
tion (ISAT). In the ISAT method, a reaction mapping of a query point, R(¢?), is

approximated by a linearized mapping based on a tabulation point (¢") as

R(¢?) =~ R'(¢?) = R(¢") + 6R". (4.76)
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In Eq. (4.76), §R! is defined as
SR = Adp = 0R + O(|64]%), (4.77)

where A is the mapping gradient matrix given by

OR;(9)

Aij() o

(4.78)

and 0¢ is the displacement between tabulation point ¢” and the query point ¢?
while 0 R is the displacement between the tabulation reacting mapping R(¢") and the
mapping for the query point R(¢?). Figure 4.8 shows a sketch for the mapping of a

query point. For a query point ¢? close to the tabulation point ¢", the local error is

R(4)

¢q

¢ﬂ

Figure 4.8: The sketch for the reaction mappings, R(¢™) and R(¢?), and the defini-
tions of the displacements d¢ and dR.

defined as
e=|B(R[¢] — R'[¢9)| = |B(6R - 6R')], (4.79)

where B is a scaling matrix. The local error defined by Eq. (4.79) is the exact local
error introduced by the linearized mapping. The calculation of the local error in Eq.

(4.79) requires the calculation of the reaction mapping of the query point. However,
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the calculation of the reaction mapping for each query point eliminates the advantage
of tabulation methods. Thus, the local error can be approximated by considering a
constant approximation instead of linear approximation for the mapping. Considering

a constant approximation, the reaction mapping for a query point can be written as

R(¢") = R°(¢7) = R(¢"). (4.80)

Consequently the corresponding local error is

e = |B(R[¢7) - R°[67))] = |B(R[67) — R[¢")). (4.81)

From Egs. (i.e., 4.76), (4.77) and (4.81), the corresponding local error can be written

as

e. = |BASG) . (4.82)

The region of accuracy of a tabulation point ¢™ consists of the query points whose
local errors are smaller than a given error tolerance £;,,. The region of accuracy is
chosen to be a hyper-ellipsoid, called as the ellipsoid of accuracy (EOA) which is

schematically shown in Fig. 4.9.

&= gtol

&> &

tol

Figure 4.9: The sketch of the ellipsoid of accuracy of the query point ¢".
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For a given query point ¢?, ISAT performs the following operations to evaluate

the reaction mapping for ¢?:

1. Estimate the local error of ¢4, ¢., using Eq. (4.82).

2. If the local error e, is smaller than the speficied error tolerans e, i.e., @7 is

within the EOA. Then the reaction mapping is approximated as

R'(¢7) = R(¢") + A(¢")(¢" = ¢"). (4.83)

Returning R'(¢?) completes the ISAT algorithm. This is called as retrieving
R).

3. If the local error €, is greater than the speficied error tolerans €, then perform

direct integration and evaluate the reaction mapping R(¢?).

4. The local error is measured by Eq. (4.77) (¢ = |B(R[¢?] — R[¢"])|). If the
measured local error is smaller than the specified error tolerance, than the EOA
is grown to include the query point ¢?. The growth of the EOA is represented
in Fig. 4.10. This process is called as growth (G).

5. If the local error calculated at the previous step is greater than the specified error
tolerance, ISAT adds {¢?, R(¢?) and A(¢?)} as a new record to the tabulation
tables. This process is called as addition (A).

6. After the growth and addition steps (steps 4 and 5), ISAT returns R(¢?).
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EOA after growth

EOA before growth

I

¢q

Figure 4.10: The sketch of the growth of the ellipsoid of accuracy to include ¢9.



Chapter 5

NUMERICAL METHOD

The numerical methods used to solve the governing equations in the LES/PDF
method are discussed in this chapter. First we present the methods used in the LES
solver. The spatial discretization of the transport equations, the time integration, and
the velocity-pressure coupling are described. In the Lagrangian Monte Carlo particle
method, the fractional time integration algorithm and the numerical methods for the
particle tracking, mean estimation from the particles, and interpolation back on the
particles are discussed. Finally, the three-stage velocity correction method for the

Lagrangian particles is presented.

5.1 The LES solver

The LES method solvers the filtered conservation equations for the mass and momen-
tum by using a finite volume method. In this section, we present the discretization of
the mass and momentum equations in space and time. Then, the iterative solution

procedure and velocity-pressure coupling method are discussed.

5.1.1 The Finite Volume Method

In the finite volume method, the computational domain is discretized by control vol-
umes (CV) which do not overlap and completely fill the computational domain. All
vector and scalar fields are located at the cell centers. In this approach, the numer-
ical solution for the conservation equations is seeked at the computational points P
located at the center of the control volume as sketched in Fig. 5.1. The cell center

point xp of a control volume Vp is defined as the center of the mass of the cell and
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Figure 5.1: A typical computational cell used in the FV method. P denotes the cell
center, i.e., the center of mass while f is the center of the face. Sy is the outward
pointing face area vector defined as Sy = Syn where Sy is the surface area of the face
and m is the unit vector.

is given by

/ (x —axp)dV =0. (5.1)

Each control volume is surrounded by flat faces such that each face is shared only by
two control volumes. The filtered equation can be written in the general form of a

transport equation as

% " Opu; ¢ . i <pD 3¢> _ S¢, (5.2)

where ¢ is a flow property, D is diffusion coefficient and Sy is the source term. In the
finite volume method, Eq. (5.2) is satisfied in a control volume Vp around the point

P as

AT 9 Opu;p 0 0¢p
g ¢dV+/ ZdV—/ (D )dv]dt
/t L’)t /VP” Ve 0z v 0\ 0
t+At
_ / [ / S¢dv} dt (5.3)
t Vp
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Using the Gauss’ theorem, the convective terms (i.e., the second term on the left-hand

side) can be written as

dpui¢

Vp Ox;

dV = / (pu;d) n;dS = Zsﬁ (Pusz)f
s f

= Z Sti (pui)p ¢y = Z Foy (5.4)
f f

where the index f denotes the index of the face of the control volume, S; is the i
component of the surface area vector of the face f, and F' = S; (pu;) s represents the
mass flux through the face f, and ¢; is the value of ¢ at the cell face f. In Eq.
(5.4), the fields are required to be evaluated on the cell faces. The values on the
faces are calculated by interpolating the values from the cells sharing the face f as

schematically shown in Fig. 5.2 using the basis function as

¢f = wpPp +wWNON, (5.5)

where P and N are the indices of the cells sharing the face f. In Eq. (5.5), wp and

wp are the basis functions of the cells calculated as

_ IFN|
and
wN = 1— wp, (57)

where |PN| and |fN| are the distance between the cell center locations, and the
distance between N™ cell center location and the face center location f.

Using the same procedure as the for the convective term, the diffusion term (the
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Figure 5.2: Face Interpolation. P and IN are the cell center locations. f is the face
center location.

third term on the left-hand side) can be approximated as

0 0¢p B | O B | 8_gb
/Vp O; (pDaxi) W= Zf:SZ (pDam)f B Zf: (pD); i ((%i)f' (5.8)

We need to evaluate the gradient term % on the cell faces. The simplest way is to

first evaluate the gradient vectors at the cell centers and then interpolate to find the

values at cell faces using the same basis functions as in Eq. (5.5). Thus we get

o6\ (99 96
(a%)f—wp (3$i>p+wN (amz‘)M (59)

where the gradient terms at the cell centers can be approximated as the volume

averaged values, i.e.,

<a¢> NN
P

aZL‘Z‘ - VP Vp al‘l

_ 1 ~ 905

where the divergence theorem has been used to convert the volume integral into the
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surface integral. An alternative way of computing the gradient term at cell faces is

<a¢) ~ |5 O 0P (5.11)
f

where d is the displacement vector between the cell centers P and IN as shown in

Fig. 5.3. Although both of the method Eq. (5.9) and Eq. (5.11) are second-order

Figure 5.3: d denotes the displacement vector between cell center P and N, S is the
surface are vector.

accurate the first method uses larger computational molecule, thus the first term of
the truncation error is bigger than that of the latter method. However, the second
method cannot be used in non-orthogonal grids [68]. In this study, the first method
is employed.

The term on the right-hand side of Eq. (5.2) is a source term which can be a
general function of ¢. The source term can be approximated by linearizing it as

follows:

Se(d) = Sy + Spo, (5.12)

where S, and S, are the linearization coefficients. Then the integral over the compu-
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tational domain can then be written as

Se(@)dV = [ (Su+ Sp¢)dV

Vp VP
= [ S,dV+ / S,bdV
Vp Vp
= SUVP -+ Sp [(Zﬁp + (.’11 — wp) . (V(ﬁ)p] dv
Vp

= S.Vp + SpopVp + { / (x — :vp)dV] (Vo)r
Vp |

-

v~

0

= S, Vp + S,0pVp. (5.13)

By inserting the spatially discretized terms into Eq. (5.3), the semi-discrete equation

can be written as

/ttw [(%)Pvp + ;F¢f —> (pD),; S; (gfi)f] dt

f

t+At
_ / (SuVir + SpVigp] dt. (5.14)
t

The time integration is performed using a second-order time discretization method.
The first approach is the Crank-Nicholson scheme in which the time derivative is

approximated as

Op pp o — Phop
7 o~ NI
() = ter et 519
and
t+AL 1
/ ¢(t)dt = 5 (" + 9", (5.16)
t
where

¢" T = p(t, + At) and ¢" = ¢(t,). (5.17)
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Then Egs. (5.2), (5.3) and (5.14) can be combined to get

n+1 n+1 n in 8¢ n+l
Pp ¢P pP¢P 1 n+1 n+1 n+1
. ‘/P+§ (Ef:F + ¢f+ E (pD)f SZ( .

f f
:&%ﬁé%%@yﬂwﬁ. (5.18)

This equation requires value of ¢ at cell centers as well as at cell faces. Since all the
quantities are stored at cell centers, we need to evaluate values at cell faces using
values at cell centers. Values at faces are interpolated from the two cells sharing the
face by using the linear basis function (Eq. (5.5)). Therefore for a control volume,

Eq. (5.18) can be rearranged to have a system of algebraic equations in the form
apd ™+ andi = Rp, (5.19)
N

where the summation is done over all N neighboring cells. Equation (5.19) can be

written compactly as
[A]l¢] = [R], (5.20)

where [A] is a sparse matrix with ap being on the diagonal and ay being off the
diagonal, [¢] is the solution vector, and [R] is the residual vector.

A second way of the time discretization of the transport equation is a three time
level method known as the backward differencing scheme which is a fully implicit

scheme with a second order of accuracy [69]. Using the backward differencing scheme,
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the transport equation can be written as

3, n+l n+1_2n n+lo o 0 i
5Pp ¢P pP¢P 2pP¢PVP + Z Fn+1¢?+l - Z (pD)n-H Sz <_¢>
!

f )
At 7 ox; s
= S,Vp + S,Vpg'ptt. (5.21)
where
¢’ = o(t, — At). (5.22)

It has been found that the backward differencing scheme is more robust than the
Crack-Nicholson scheme [38]. Therefore, the backward differencing scheme is used in

this study for the time discretization of the transport equations.

5.1.2  Finite Volume Discretization of Filtered Flow Equations

The discretization of the filtered momentum equations using the finite volume method

described in the previous section results in an algebraic equation in the form

aplf B+ anily = Qut - (575” H) (5.23)
i,P . i,N i Sz; )
where P denotes the quantities evaluated at cell center of the control volume while N
denotes the quantities evaluated at the cell center of the neighboring control volumes.
Equation (5.23) is a non-linear equation since the coefficients of ap and ay depend
on @7, The linearization of Eq. (5.23) is performed by evaluating the coefficients of
ap and ay by using the velocity fields that are known from previous time steps. The

filtered continuity equation can be written in discrete form as

(@)M . [M] _o. (5.24)

ot P (SZEl
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where the second term on the left hand side is evaluated using the finite volume

method.

5.1.3 The Pressure-Velocity Coupling

In a low Mach number turbulent reacting flows, density is solely determined from the
compositions and independent of the pressure field. In this case, the mass conservation
equation decouples from the momentum equation and the pressure field acts to modify
the velocity field such that the mass conservation is satisfied. In this work, the
pressure-velocity coupling is achieved by the PISO method [70]. In the PISO method,
the velocity field is first predicted by using the known pressure field. For this purpose,

the discretized momentum equation is written as [69]

55"

n+1* n+1* n

E =" — ) 5.25
ot e (5371')13 ( )

1,%

Then the predicted velocity field u”Jr can be calculated as

1 [op”
~n+1,% ~ %
= H(iH) — — 5.26
iR = H(w) ( 5) , (5.26)
where
n ~7’l+1*
— anu
H(aj) = = 2y Nty " (5.27)

ap

Equation (5.25) is a non-symmetric linear systems solved iteratively using the pre-
conditioned bi-conjugate gradients method [71]. The predicted velocity field u”Jrl *
does not generally satisfy the continuity equation since the pressure field used is taken
from the previous time step. The velocity field is corrected by

1 5pn+1
ot = H@a) — — ( . 5.28
i, P (z) ap 5xi , ( )
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Multiplying both sides of Eq. (5.28) by the filtered density field p, taking discrete

divergence and using Eq. (5.24), we get a Poisson equation for p"*! in the form

§ [p [oprtt § (pH (@ op\ "t
(51['1' ap 53:1 P (SZEZ P ot P
which is solved iteratively using the preconditioned conjugate gradients method [71].

Note that (g—f)?r

" is discretized using backward scheme. Using the solution of the
Poisson equation, the velocity field can be corrected through Eq. (5.28). This is called
as the first correction of the PISO method. The second correction can be performed by
calculating H (@) using the corrected velocity through Eq. (5.27). Then the second
pressure equation using the new H (@) is solved for the second correction velocity.
The details of the PISO algorithm can be found in the original paper by Issa [70] and
in the standard textbooks such as Peric and Ferziger [69]. The PISO algorithm used

in the present study can be summarized as follows:

1. Calculate the coefficients of ap and ay, and the source term of @ in Eq. (5.25)
using the values from the preceding iteration. If this is the first outer iteration,

use the values from the previous time step.
2. Calculate the predicted velocity field from Eq. (5.26).
3. Solve the pressure equation (Eq.(5.29)).
4. Apply the first correction to the velocity field (Eq. (5.28)).

5. Calculate H(@}) using the corrected velocities, then solve the second pressure
equation to update the pressure field, and apply the second correction. This

gives the corrected velocity field, @".
6. Solve for the transport equation for the resolved specific volume (Eq. (4.68)).

7. If the residuals in the momentum and the scalar equations become smaller than
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the given error tolerans, terminate the iteration and assign them as the values

at the new time step. Otherwise, repeat the iteration starting from the step 1.

5.2 PDF Solver

In the PDF method, the flow is represented by a large number of Lagrangian particles.
Each particle carries the properties of the physical position, X (¢), and the scalar
values, ¢(t). The particle properties are evolved by Eqgs. (4.64) and (4.65) which can
be written in the general from as

X7 (t) = Dy(X7(£), £)dt + b(X (£), £)dW; (£), (5.30)

J J

e (t) = A(XE (), ¢%(1), t)dt. (5.31)

« J

Equation (5.30) is an Ito stochastic differential equation (SDE) and the coefficients
of D; and b are the drift and scalar diffusion coefficients, respectively. Equation
(5.31) is a random differential equation because of the randomness of the coefficient
A(XG(t), ¢4 (t),t). Equation (5.31) can be solved by a standard ordinary differential
equation (ODE) solver. This section presents the numerical methods used to solve
the coupled particle equations, i.e., Egs. (4.64) and (4.65) in the general context of
the hybrid LES/PDF method.

5.2.1 Time Stepping Method for the Particle Equations

The coupled particle equations, Eqs. (4.64) and (4.65), are solved using a fractional
time stepping method in which a fractional time step is taken for each physical pro-
cesses: Transport in physical space T, mixing and molecular diffusion M, and reaction

R. The three physical processes of T, Ml and R are represented by following equations:

la(ﬁﬁT)

P 8xj

* ~ ' % 1/2 *
T:dX! = [uj—i- dt + [2DT} dw?, (5.32)
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M : dgl, = —Q (¢, — ¢7)dt +

10 [ ~0d.\|
Fr <pD8_x])] dt, (5.33)
R : d¢’ = S(¢")dt. (5.34)

The first order accurate fractional time stepping methods are commonly used to
advance the particle properties from time level n to n 4+ 1 [30, 18, 72, 35, 3]. In a
typical first order method, each fractional step is taken sequentially for the transport
T, mixing M and reaction R for a full time step At. This is called the TMR method.

In this study, we use the first order fractional time stepping scheme (TMR) to
integrate the particle equations (Egs. (4.64) and (4.65)). We describe the method in
detail below where the superscripts (.)" and (.)""" denote the properties at time ¢,

and t, + At, respectively.

1. At the beginning of the particle time step, the particles are moved in the physical
space for a full time step At according to Eq. (5.32). The time integration is

performed using the first-order Euler scheme [73] as
1 0p" Dl

*n+1l *,M ~n

] At + (2DpA) s, (5.35)

where n* is a standardized Gaussian random variable. To control the numeri-
cal error introduced by this simple first-order scheme, and maintain numerical
stability, time step for each particle is determined according to the particle
Courant number defined as C* = |u*| At* /L where |u*| is the LES velocity at
the particle location and £¢ is a characteristic length of the e computational
cell. The time step size is split into substeps when At* is smaller than the time
step used in the LES solver. In this study, we set the particle Courant number

to a fixed value of C* = 0.1.

2. For the calculation of mixing and molecular transport, we mainly follow the
method developed by Viswanathan et al. [74]. At the new of particle positions

X*m"*+1 the particle compositions are updated due to the mixing and molec-
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ular diffusion according to Eq. (5.33). In the mixing and molecular transport

fractional step, the particle compositions evolve by

10 ( ~0d,\]

Time integration of Eq. (5.36) is achieved using a semi-analytical first-order

M : dgy, = —Q (¢, — ¢7)dt +

scheme, i.e.,

Ok = i+ ¢ (57 — i) + Ady” (5.37)

where superscript ()k denotes the intermediate step between the mixing and
reaction and ¢ = 1 — exp (—Q*"At). The term ggzn is the mean composition
evaluated at the new position X*"*1 and Aéa is the mean drift term calculated

on the LES grid as

ino__ 10 —n~na;$gz

where the terms in the angle brackets on the right hand side are first evaluated

At, (5.38)

at the LES cell centers using the finite volume approach, are then interpolated
at the cell vertices and finally onto the particle locations (that will be discussed

in the next sections).

3. Using the particle composition ¢** as the initial condition, the reaction frac-

tional step is performed using the ISAT [1] package

dp
dt

S(¢). (5.39)
The scheme described above is nominally first-order in time. However, several

second order accurate fractional time stepping schemes have been also developed by

Wang et al. [75]. A second-order fractional time stepping method usually involves a
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combination of half-time fractional steps. For example, the TMIRMT [75] scheme can

be summarized as follows:

1. T : Using a weakly second order time stepping scheme such as the scheme
developed by Cao and Pope [73], the particle positions are advanced in the
physical space by a half-time step according to Eq. (5.32).

2. M : Evolve the particle compositions by a half-time step due to the mixing and

molecular diffusion according to Eq. (5.33).

3. R : Advance the particle compositions by a full-time step due to the chemical

reactions according to Eq. (5.34).
4. M: Repeat the step 2.

5. T : Repeat the step 1.

The details of the second order TMRMT method can be found in [75]. Note that
the LES fields used in the PDF solver are located at time of t"%/2 = ¢, + 0.5A¢.
Additionally, to maintain the second-order accuracy in the TMIRMT, the transport
equation as in the form of Eq. (5.32) should be integrated by using a second-order
accurate time integration method. In the literature, various second-order accurate
schemes have been proposed [73, 76, 77, 78] for the integration of the Ito SDE in the
same form as Eq. (5.32).

Wang and Pope [3] have compared the performance of the first-order and the
second-order time stepping methods using a turbulent jet diffusion flame as the test
case. They have observed that the first order methods can perform as well as the

second order accurate methods for the turbulent jet diffusion flame.

5.2.2  Parallel Particle Tracking Algorithm

In the PDF solver, the Lagrangian particles move in the physical space according

to Eq. (5.32). For this purpose, the filtered velocity field as well as the turbulent
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frequency and diffusivity must be interpolated onto the particle location from the
vertices of the host cell in which the particle resides. Therefore, the cell containing
a given particle should be known. The simplest but computationally expensive way
is to search for all the computational cells in the domain. However, considering the
large number of particles, this method is not feasible due to high computational cost
required. Tracking the particles as they move from one cell to an other constitutes
a computationally feasible alternative and remedies this deficiency. Although, the
tracking the particles on structured grids can be performed easily, the tracking on
unstructured grids is not a simple task and requires a special treatment. In this study,
we use OpenFOAM’s particle tracking libraries to track the Lagrangian particles in
the PDF solver. The libraries use the algorithm proposed by MacPherson et al. [79].
Fos simplicity, the algorithm is explained here only for the 2D case but it can be
extended to the 3D case straightforwardly. Consider a particle located at the position
A in a given cell (host cell) and moves to a new position B as shown in Fig. 5.4. If
the point B is within the same cell as the point A, then B is assigned as the new
position of particle at the new time step and this assignment completes the tracking
for the current time step. However, if the particle intersects a face of the cell at a
point P then it stops at P and changes its pointer for the cell to the neighboring
cell, and then continues its motion within the neighboring cell until reaching the final

destination of point B. The intersection point P can be computed as

P=A+)\(B-A) (5.40)

where A is the fraction of the line segment AP to the segment |AB|, and can be
calculated as

(Cs—A)-Sy

A= (B—A)-S;’

(5.41)

where CY is the center of the face and Sy is the face unit normal vector.

In the particle tracking, the parallel algorithm used in the current LES/PDF
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method must be also taken into account since the particles cross the subdomain
boundaries frequently. In the OpenFOAM, the parallelization is achieved by the
conventional domain decomposition method in which the computational domain is
divided into subdomains. Each subdomain is assigned to an individual processor,
which performs the calculations on its own subdomain. The data transfer required
between the processors is performed through the faces shared by the individual pro-
cessors, called the inter-processors-faces. In the PDF solver, when a particle that is
initially assigned to processor k, moves and hits an inter-processors-face shared by
processors k and [, then the particle is transferred from processor k to [ using the

MPI communication. The tracking algorithm can be summarized as follows:

1. Label initially all the particles as “active”.

2. For a given particle, calculate A values for all the faces of the host cell.

3. Find the minimum value A, in the interval 0 < A < 1, among all the A;

values. The face associated with \A,,;, is to be crossed by the particle.

4. If N\, is equal to zero, then the final destination, the point B, is inside the host

cell, then move the particle directly to the point B and complete the tracking.

5. If A\uin is greater than zero, first move the particle until the point P at the

interface, and reduce the particle’s tracking time ¢¥ . as

k+1 k

ttr—i(-lck - ttrack - AAt? (542)
where ¥ . denotes the remaining time of a particle to complete a time step.

Note that t;.qx = At at the beginning of the movement.

6. If the face crossed by the particle is an internal face (shared by two cells both
in the same subdomain), then change the cell pointer of the particle to the

neighboring cell.
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7. If the face crossed by the particle is inter-processor-face between the host proces-
sor k and a neighboring processor [, then add the particle index into a particle
transfer list holding the indices of the particles to be transferred from the pro-

cessor k to [, and label the particle as “passive”.

8. For all the “active” particles, repeat the steps from 2 to 7 until ¥ . of all

“active” particle becomes zero.

9. Transfer all the particles in the particle transfer lists between processors via a

MPI communication.

k

+ack Digger than zero, repeat the steps from 1 to

10. For all the particles having ¢
9 until the particle transfer list becomes empty. This ensures that the tracking

time for all the particles is reduced to zero.

Figure 5.4: The schematic representation of the OpenFOAM particle tracking algo-
rithm on an unstructured grid.

5.2.3 Mean Estimation From Particles

In the LES/PDF method, the mean particle fields obtained from the Lagrangian
particles are required to evolve the particle composition due to mixing and molecular
diffusion according to Eq. (5.33). Additionally, the some mean particles fields, i.e.,
mean temperature, specific volume, etc. are feedback from the PDF solver to the

LES solver. Therefore estimation the mean properties from the Lagrangian particles



72 Chapter 5: Numerical Method

is one of the most important part of the LES/PDF methodology. The simplest way
of estimating the means from the particles is to take an ensemble average over all the
particles in a given cell. This is called the “particle-in-cell” (PIC) method. Although
it is easy to implement, the mean fields obtained by the PIC exhibit discontinuities
across the cell boundaries, which may results in reduction in numerical accuracy and
even some numerical instability problems. A better method to estimate the mean
properties can be formed by weighting the particles by linear basis functions. This is
called the “cloud-in-cell” (CIC) method. The mean properties obtained by the CIC
method are continuous across the computational cells. In this study, we follow the
CIC method proposed by Zhang and Haworth [2] which is originated from the work
by Dreeben and Pope [80]. In this approach, the mean values are evaluated at the
cell vertecies. The mean at j** vertex is obtained from the particles within the cells
that share the j vertex (a set of cells, C;). The mean at j vertex can be estimated
as
— Ve, X w6000(¢)

PG) = CEa —, (5.43)
Y ohe, i WPba(C)

where w(® is the weight of the individual particle (e.g., its mass), subscript a (o =

1,...,8) is the local index corresponding to the j* vertex, and b, is the linear basis

function of a given particle corresponding to the j* vertex. Here the linear basis
function b, is based on the logical coordinates (; of the particles within the computa-
tional cells. The logical coordinate system (; is formed by transforming the physical
coordinate system x; in each cell. We use the isoparametric transformation of Zhang
and Haworth [2] to define the local coordinates (also called the logical coordinates).
Within a computational cell, the physical coordinates z; are transformed into the

logical coordinates ¢; as shown in Fig. 5.5. As explained in [2], the logical coordinates

of any point in a computational cell can be approximated using the heights of the
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point from the faces of the cell as

hy hs

T A PR

G = hs + hg'

f (5.44)

where h; is the height of the point from the i** face of the cell as shown in Fig. 5.5.

Then the linear basis functions for each vertex can be written as

bi=(1-6)1-¢)(1-G),
by = GG (1—G),

bs = (1—G) (1 —G) G,

br = GGG,

by=CG(1-G)(1-G),
bi=(1-G)G1-G),
b =G (1—G) G,
bs = (1 = 1) GoGs-

(5.45)

Figure 5.5: Isoparametric representation. The logical coordinates (1, (o, (3) (left).
The logical coordinates (n;, 72) on a face of the cell (right).

5.2.4  Interpolation of the Mean Values Onto Particles

The mean estimation method described in the previous section calculates the mean

properties at the cell vertices. Some mean properties such as mean composition are

used in the particle equations, thus they need to be evaluated at the particle locations.
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On the other hand, some of the mean properties from the particles, i.e., the mean
specific volume and the mean temperature are needed in the LES solver, thus they
are required to be evaluated at the cell centers. In addition, various mean fields are
needed for the post processing purpose. Therefore, the mean properties at the cell
vertices are interpolated onto the Lagrangian particle locations and also the cell center

locations by using the linear basis functions presented in the previous section as
o) = Z G ba(CD), (5.46)

where $(j) is the mean field at the j** global vertex. ¢’ is the logical coordinate of *
particle (or cell center of i*" cell) and j is the global index of the vertex and « is the

local index in a cell of the j*" global index.

5.2.5 Interpolation of the Finite Volume Fields on Particle Positions

In the particle equations, @;, Q, p, D, Dr are required at the Lagrangian particle
positions. Thus the LES fields need to be evaluated at the particle locations at each
time step. The LES solver stores the LES fields at the cell centers. To evaluate
the fields at the Lagrangian particle locations, they need to be interpolated from
the cell centers onto the particle locations. For this purpose, the LES fields are first
interpolated onto the cell vertices. After evaluating the LES fields at the cell vertices,
they are interpolated onto the particle locations from the cell vertices in the same way
as one for the interpolation of the particle mean properties in the previous section.

The LES fields are first evaluated at the cell vertices from the cell centers as

i) = D balC)6¥/ Y bal¢h), (5.47)

k:ECj kJECj
where C} is a set of cells sharing the j vertex, b,(¢*) are the linear basis functions
associated with the j* vertex (« is the local index within the cell corresponding to

the global index j), and gg’“ is the LES fields located at the cell center of the & cell.
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After evaluating the LES fields at the cell vertices, they are interpolated onto particle

locations in the same way as explained in the previous section, i.e., Eq. (5.46).

5.2.6 Particle Number Control

The PDF solver is initialized with a nominal number of particles, N,, in each FV
cell. During a simulation, it is desired to keep the number of particles in each FV
cell within a specified range. Here, we use a range of @ < N, < \/§Np. The
particle control algorithm is designed to keep the number of particles within this
range throughout the simulation. When the number of particle in a cell drops below
the lower limit, the heaviest particle (based on the volume or mass) is determined in
the cell and it is split into two by keeping the other properties the same but halving
its volume and mass. This splitting process is repeated until the number of particles
exceeds the lower limit. The split particles initially occupy the same location but
drift from each other quickly due to the stochastic nature of Eq. (5.32). In the case
of an excessive number of particles in a cell, we cluster the lightest particle in the
cell (say, particle a) with the closest particle to it (in physical space) (say, particle b).
The mean properties and the total mass and volume obtained from particles a and b
are assigned to the particle b, and the particle a is deleted. This clustering process is

repeated until the number of particles reduces below the upper limit.

5.2.7 Three-Stage Velocity Correction Method

The consistency condition in the hybrid LES/PDF method requires that the mean
particle mass distribution in the PDF method should be consistent with the fluid mass
distribution in the LES solver, and this consistency should be satisfied throughout
the simulation. In the LES/PDF method, the equations solved by finite volume-LES
method and the equations, solved by the Lagrangian Monte Carlo PDF algorithm
are mathematically consistent. However, inconsistency may arise due to accumula-
tion of numerical error. To satisfy this condition, various correction methods have

been proposed in the literature [81, 28, 82, 83]. In this study, a three-stage velocity
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correction method developed by Zhang and Haworth [2] is employed to enforce the
consistency condition. The method can be applied to unstructured finite volume grids

for complex geometries. The method consists of three stages:

e Stage 1: The cell centered velocity fields are first interpolated onto the cell
vertices using Eq. (5.47), i.e.,

up =) ba(CM)ui/ Y balCh), (5.48)

keC, keC,
where ()} is the set of the cells that share the vertex [, b, (¢*) is the basis function
associated with the k' cell that contributes to the vertex [. Here index « is
the local index within the cell corresponding to the global index [. Then the

velocities are interpolated from the cell vertices onto the particle locations using

Eq. (5.46) as
ul = ukba(CP), (5.49)

where (P is the logical coordinate of the particle location, b,((?) is the basis

function associated with the vertex [, and ! is the velocity at the I vertex.

e Stage 2: The mass flux from the £ cell across the face f implied by the trilinear
interpolation scheme for the velocity and density fields (e.g., Eq. (5.49)) is

denoted by Q¥ and can be written as

QUITE = AT b () (bl + ubnb T 4 kb, (5.50)
kef

n! n5! nfl) is the outward-pointing unit

where A/ is the face area, nF/ = (
normal vector of the face f, and (? is the logical coordinate of the face center,
ba(C?) is the basis function associated with the vertex k where « is the local

index within the cell corresponding to the global index k.
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In general, the mass flux Q%7 is not equal to the mass flux in the finite volume
(LES) solver Q¥F'V. The main purpose in this stage is to introduce correction
velocities at cell vertices in order to make Q%Y and Q%/TL consistent. The

correction fluxes can be written as

Qk,f —_ Qk,f,FV o Qk,f,TL (551)
:Abea(Cp)p ﬁkynlf +Ak’l/ kf+AkV k:f)7
kef

where the hat ~ is used to denote the correction mass fluxes and the correction
velocities at the cell vertices. For each computational cell, there are 24 velocity
components &f’f to be determined (three velocity components for each of eight
vertices v). Although, there are 24 velocity components to be determined, only
six equations exist, thus the linear system is underdetermined. To circumvent
this problem, the normal components of the correction mass fluxes are assumed
to be uniform across each of the six faces of the k** cell. This requires that the
normal components of the multiplication of the density and correction velocity
at each vertices of a face f are equal. Therefore, we have additional three

equations for each face as

Py +as g+ aytin Ty = p (@l + abny + a g ) (5.52)

pll(Akzul kf+AkV1 kf_i_Ak:ul kf) ks kf_l_Akud kf_i_AkuJ kf)

Pl (i

Y

I

P (U1 v kf+uky1 kf+uku1 kf)

PGS kT 4 k),
where v, 15, v3 and v, denote the local indices for four the vertices of face
f (correponding to the global vertices I1, Iy, I3 and 4, respectively). Three
equations for each face, thus eighteen additional equations in total can be used
to form a complete set of the mass correction equations. For each computational
cell, 24 velocity components of the correction velocity can be determined by

solving a linear equation system. Note that the correction velocities at a vertex
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shared by two neighboring cells may not be the same for the each cell.

e Stage 3: In this stage, the velocity correction is formulated in the same way as

Stage 2, i.e.,

QM1 = AT by (VMR + b + i), (559
kef

where @k’f is the correction mass flowrate at cell k across face f, and a; is
the correction velocity at i vertex. The Stage 3 aims to eliminate the time-

kFV

scaled deviation between the fluid mass in the LES solver m and the particle

k

mass in the PDF solver m"™P associated with the cell k. Here, the time-scaled

deviation referred as mass residual, R*, is defined as

EFV . kp
o (5.54)

Ts3

where 7g3 is a relaxation time scale defined as 793 = At where « is a specified
coefficient. The main purpose of this stage is to calculate mass flowrates Qk’f

that satify

~

RF ==Y QM. (5.55)

fek
Equation (5.55) is in the same form as the discretized pressure Poisson equation
and can be solved using the same solver. The solution of Eq. (5.55) gives the
stage 3 velocity correction ;. The particle positions are advanced according to
the Stage 3 velocity correction to enforce the mass consistency between the LES

and the PDF solvers.
A summary of the three-stage-velocity correction algorithm is given as follow:

1. Interpolate the LES velocities from the cell centers to the cell vertices, referred

as US! from Eqgs. (5.48) and (5.49).
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2. Calculate the Stage 2 correction velocity, U 52, at the cell vertices from Eq.

(5.51).

3. Using the combined velocity, Uf L'+ U2, move the particles in the physical

c

space according to Eq. (5.35).
4. Calculate the particle mass residual, R¥, for each cell.
5. Then, solve the linear equation system Eq. (5.55) for the Stage 3 velocity, U f 3

6. Advance the particle positions due to the Stage 3 velocity UCS % to enforce the

mass consistency.

More details of the velocity correction method can be found in [2].
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THE PILOTED METHANE/AIR JET DIFFUSION
FLAME

The new hyrid LES/PDF solver described in the previous chapters is first applied
to a piloted methane/air jet diffusion flame (Sandia Flame D) [84]. In this chapter,
we first present the experimental configuration and the computational setup for the
Sandia Flame D. Then the consistency between the LES and the PDF solvers is ex-
amined using the one-way coupling method with a simple flamelet model. The details
of the consistency conditions and the one-way coupling method are presented in this
section. Then extensive simulations are performed using a detailed chemical mech-
anism and the results are compared with the experimental measurements as well as
the previous LES/PDF simulations. Then the performance of the velocity correction
method is demonstrated. For this purpose, the effects of each stage of the three-stage
method are examined separately and all together. Finally, the performance of the

LES/PDF solver is discussed for the computational efficiency.

6.1 Experimental Configuration

The schematic of the burner is shown in Fig. 6.1. The burner consists of a central
fuel jet surrounded by a pilot nozzle. An air-coflow surronds both the pilot and fuel
jets. The dimensions of the burner are summarized in Table 6.1. The fuel jet is
a mixture of 25% methane and 75% air by volume. The pilot flame is a lean (the
equivalence ratio, ¢ = 0.77) mixture of CoHs, Hy, air, CO,, and Ny with the same
nominal enthalpy and equilibrium composition as methane/air at this equivalence
ratio. The jet bulk velocity is U; = 49.6 m/s corresponding to a Reynolds number of
Re = 22400, temperature is 294 K and pressure is 0.993 atm. The pilot and coflow
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bulk velocities are 11.4 m/s and 0.9 m/s, respectively. More details about this flame

are available in Barlow et al. [84].

Air Coflow

L

Figure 6.1: Schematic of the burner exits (right), and the pictures of the flame (left)
[10]

6.2 Computational Setup

The computational domain is selected to be [0,60D]x[0,20D]x[0,27] in the axial (x),
radial (r) and azimuthal () directions, respectively. The domain is discretized using
a non-uniform 256 x128x32 block structured cylindrical grid as shown in Fig. 6.2.
The grid is concentrated near the nozzle in the axial and radial directions.

The instantaneous inlet velocities of the fuel jet are obtained from a separate LES
turbulent pipe flow simulation. For this purpose, LES simulation is performed for a

turbulent pipe flow with the same dimension as the fuel jet inlet. In the pipe flow
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Table 6.1: Dimensions of the Sandia piloted jet flame burner

Main jet inner diameter, D = 7.2mm
Pilot annulus inner diameter = 7.7 mm
Pilot annulus outer diameter = 18.2 mm
Burner outer wall diameter = 18.9 mm

simulation, flow is initialized to have the experimentally measured mean velocity pro-
file at the fuel jet inlet with small random perturbations. The periodic boundary
conditions are applied at the inlet and outlet, and no-slip boundary conditions are
used at the wall of the pipe. The pipe flow simulation is first performed until the
turbulent flow reaches a statistically stationary state, and then the flow velocities on
a plane perpendicular to the pipe axial direction are stored in a file as time series
with a specified time step size. Then the velocities stored in the file are retrieved and
interpolated on the grid points in the fuel jet inlet during the LES/PDF simulations.
The interpolation is performed using the cylindrical coordinates. Note that the inter-
polated velocities at the fuel jet inlet may not have the same mean and rms profiles
as the experimental measurements at the fuel jet inlet. Therefore, instead of directly
using the interpolated velocities following [85], we apply the turbulent inlet velocity

at the fuel jet computed as

uf(’r? 97t> = <U2(T)>m + Oéi(T> [ué(r, 87t> - <ui(7ﬂ)>] (61)

where (u;(r)),, and (ul(r)) are the mean values of the experimental and the interpo-
lated velocities, respectively, and u!(r, 6, t) is the interpolated instantaneous velocity
while uf(r,0,t) is the scaled instantaneous velocity to be used at the fuel jet inlet.
The scaling parameter «;(r) is used to match the interpolated fluctuating velocities

with the experimental fluctuating velocities, and it is computed as

(6.2)
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/

where (uj(r)), is the experimental measurement of the rms velocity and (uj(r)), is

the rms of the interpolated velocity calculated as

(), = (0, )2) — ()2 (6.3)

At the pilot nozzle exit, we use the experimental mean radial profile of the axial
velocities as the inlet boundary conditions by neglecting the turbulent fluctuations
The inlet velocity of the air-coflow is set to a value of 0.4 m/s. At the wall-lips
between the fuel jet and pilot flame as well as between the pilot and the coflow,
the slip boundary conditions are applied. At the outlet, the zero-gradient boundary
conditions are used for all the fields. At the far fields, the slip boundary conditions
are applied. In the PDF solver, about 20 particles per grid cell are used in all the

results presented in this chapter.
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Figure 6.2: The block structured grid used in the simulations.
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6.3 The Consistency Between LES and PDF Solvers

In this section, we first examine the numerical consistency between the LES and PDF
solvers. For this purpose, we follow the one-way coupling methodology proposed by
Wang and Pope [3]. In the one-way coupling methodology, the equations solved by
the LES and the PDF solvers are mathematically consistent. Additionally the LES
and the PDF solvers are coupled in a one-way fashion to isolate the numerical error
regarding the fully coupled scheme. Since the equations solved by the LES and PDF
solvers are equivalent at the level of the first and second moments and scalar fields
are computed redundantly in the both solver, the one-way coupling method is very
useful to examine the numerical consistency between the LES and the PDF solvers.
In the remaining of this section, the details of the one-way coupling methodology are
presented and then the numerical consistency between the LES and PDF solvers is

demonstrated through comprehensive simulations.

6.3.1 The Moment Equations

In the one-way coupling, we first derive the transport equations for the first two
moments of compositions directly from the modelled joint PDF evolution equation
(Eq. (4.61)): The Favre-filtered transport equations of the first two moments of the

compositions are given by [74]

2 (950 +a(ﬁaj$a) 0 (p (5+ ) aaba) L s 6.4

ot Ox; Ox; x;

ot Oz, Oz, Ox; Ox;

8(ﬁ7¢2>+8(ﬁﬂj§b§>: 0 (p5T8¢2>+ 050 ( aqaa)

(6.5)
- 2:59 <$g - gg:) + 2ﬁ5a¢aa
where ¢, and Eg are the filtered mass fraction and mass fraction square of species «

and S and 3’5 are the chemical source terms. The moment equations and the modeled

transport equations for the joint-PDF are mathematically consistent at the level of
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the first and second moments. This mathematical consistency is used here to verify
the numerical consistency of the LES and the PDF solvers.

The solution of the moment equations by the LES solver is a challenging task
due to the number of composition fields and the unclosed chemical source terms. To
overcome this difficulty, we use a conservative scalar field (the mixture fraction field

€) as the composition variable (€ = ¢). Thus the moment equations simplify to be

0 (,58) . 0 (ﬁﬂjg) _ ac; (ﬁ <5 L 5T) aa_g) , (6.6)

ot Oz, z;

0(p2) () o ( 0B\ o [ o
TR gz, ox (pDTa—%> +2£8—xj (pDa—x)

(6.7)
— 250 ({2 - 52) .
Here, we note that the chemical source terms disappeared since the mixture fraction
is a conserved scalar. These two scalar equations can be solved by the LES method
numerically using the numerical methods as discussed in Section 5.
Additionally, in the PDF solver, the particle equations are solved only for a single
composition of mixture fraction (£). Then the resolved fields of mixture fraction and

square of mixture fraction are obtained from the particles by

(m*¢")

Eppr = ) (6.8)
L (me?)
& ppr = ey (6.9)

where m* and £* are the particle mass and mixture fraction, respectively.

6.3.2 The One-way Coupling Methodology

Although the equations solved by the LES and the PDF solvers are mathematically
consistent, the numerical inconsistency may arise due to the accumulation of nu-

merical errors and the different numerical solution methodologies used in the LES
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and PDF solvers. Here, we investigate the consistency between the LES and the PDF
fields at the numerical solution level. To avoid the numerical error due to the coupling
method described in Section 4, we use the one-way coupling methodology developed
by Wang and Pope [3].

In the one-way coupling methodology, as its name implies, the data transfer occurs
only in the one direction, from the LES solver to the PDF solver. The fields calculated
by the PDF solver are used only for the output purpose, i.e., there is no feedback
from the PDF solver to the LES solver as schematically shown in Fig. 6.3. The LES
algorithm solves the filtered equations for the mixture fraction and the square of the
mixture fraction fully coupled with the filtered flow equations. In the PDF solver, the
particle equations (Eqs. (4.64) and (4.65)) are solved only for a single composition
of the mixture fraction (§) using the fields @;, p, Q, D and Dy taken from the LES
solver.

In the LES solver, the chemistry is represented by a single laminar flamelet profile
obtained by FlameMaster [86] software using GRI 2.11 mechanism [40] by specifying
a nominal strain rate of a,, = 100 s~!. The resolved species mass fraction, Y, temper-
ature, T, and density, p, are pretabulated with the resolved mixture fraction, é , and
the square of mixture fraction, £N2 Once ¢ and §N2 are computed from Egs. (6.6) and
(6.7), then the resolved density p is obtained from the tabulation table as a function
of € and 52

At cach time step, the PDF solver receives the fields @, g, Q, D and Dy from the
LES solver, then solves the particle equations (Egs. (4.64) and (4.65)) with a single

composition of mixture fraction (§).

6.5.3 Results

In the one-way coupled LES/PDF simulation, the fields of the resolved mixture frac-
tion, é , square of mixture fraction, 52, and temperature, T, are computed redundantly
by the LES and PDF solvers. To compare the numerical results from the LES and

PDF solvers with each other as well as with the experimental data, we take time



Chapter 6: The Piloted Methane/Air Jet Diffusion Flame 87
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Figure 6.3: Schematic representation of one-way coupled (left) and two-way coupled
(right) LES/PDF solver.

average of the resolved fields denoted by (-). We first present radial profiles of the
time-averaged resolved velocity (@;) and resolved axial turbulence intensity (u”) to
show that the flow fields are well captured in the simulations. Then the time-averaged
LES and PDF results of the resolved mixture fraction, (5 ), and resolved temperature,
(T), as well as the rms of mixture fraction (£7) = (((£)?) — (£)2)"/2 and the rms
of temperature, (T” ), are plotted to demonstrate the numerical consistency. Figure
6.4 shows the time-averaged profiles of the LES and PDF fields with the experiment
measurements at four axial locations of /D =7.5, 15, 30 and 45. As can be seen in
this figure, the mean axial velocity and turbulence intensity are in good agreement
with the experimental data, showing that the flow fields are well captured. The time-
averaged resolved mixture fraction (£) and the rms of mixture fraction (£”) from the
LES and PDF solvers are compared. The numerical results from the two solvers are
in excellent agreement, demonstrating that the LES and PDF solvers are consistent
at the level of numerical solution. Additionally this consistency indicates very good
performance of the calculations in the PDF solver, i.e., the particle tracking, mean
estimation and interpolation. The time-averaged resolved temperature <T ) from the
LES and the PDF solvers are almost identical while very slight discrepancies occur in
the rms of the temperature (f” ) fields obtained by the two solvers. Consequently, the
excellent agreement between the numerical results from the LES and the PDF solvers
show that the two solvers have high level of consistency at the numerical solution

level. Although, a simple flamelet model is used in the simulations, the agreement

with the experimental data is also very good.
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Figure 6.4: The one-way coupling. The radial profiles of time-averaged resolved
axial velocity, the resolved turbulence intensity, resolved mixture fraction, the rms
of mixture fraction, resolved temperature and the rms of temperature, from top to
bottom at four axial location of /D =7.5, 15, 30 and 45 from left to right. Symbols,
the experimental data; blue line, the LES results; black dashed line, the PDF results.
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6.4 Detailed Chemistry Calculations

The detailed chemistry simulations are performed using the augmented reduced mech-
anism (ARM1) that includes 16-species and 12-reactions [4]. The chemical species and
the elementary reactions are given in Table 6.2. The rates of the elementary reactions
are obtained dynamically from the GRI 2.11 mechanism [40]. In the PDF solver, each
particle carries the mass fractions of chemical species and the enthalpy. Figure 6.5
shows the computational modules used in the detailed chemistry calculations. The
LES algorithm solves the filtered mass and momentum equations, and then the PDF
solver performs the step 1 and 2 in the TMR fractional time stepping method while
the third step is performed by the ISAT module to evolve the particles in the com-
position space due to the chemical reactions. The simulations are performed for ten
flow-through times based on jet bulk velocity to reach a statistically stationary state,
then an additional ten flow-through times are performed to collect the statistics from
the instantenous resolved fields. For instance, the instantenous resolved temperature

field is shown in Fig. 6.6.

a,,Q,p,D,D; 4
N %
LES ) _ | PoF . ISAT
< Vepr 1S, T ¢,

Figure 6.5: The computational modules used in the detailed chemistry calculations.

Figure 6.7 presents the time-averaged radial profiles of the resolved temperature,
(T, and resolved species mass fractions, (Y), of CO,, CO, O, and C'Hy at four axial
locations of /D =7.5, 15, 30 and 45. The numerical results are compared with the
experimental data as well as with the results from a previous LES/PDF simulations
[87] at the locations where they are available. At the locations of z/D = 7.5 and 15,
the results are in very good agreement with the experimental data and at the location

of /D = 15 the results produced in the present study are closer to the experimental

data than those from the previous LES/PDF simulations. At the location of z/D =
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Table 6.2: The augmented reduced mechanism for the methane/air combustion in-
cluding 16 species - 12 reactions (ARM1) [4].

ELEMENTS
H O C N
SPECIES
Hy, O, OH HO, H,Oo HO, H CO CO, CoHy CoHy CoHg CH2O CHy CHs Ny
END
REACTIONS
O2 + 2 CO =2 COy
H + Oy + CO = OH + COy
Hy + Oy + CO =H + OH + COq
HO,; 4+ CO = OH + COq
O2 + HyOy + CO = OH + HOy 4 COq
O2 + 0.50 CoHy = H + COq
02 + CH3 4+ CO + CyHy = CHy + CO2 + CH20 + 0.50 CoHy
Og + 2CH3 = Hy + CHy 4 COq
02 + 2CH3 + CO = CH4 + CO4 + CH20
O, + CH; + CO = H + CO2 + CH,0
11 O + CO + C2Hg = CHy + CO4 + CH2O
12 H + OH = H,O
END

© 00 J O T = W N =

—_
(@]
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Figure 6.6: Lagrangian particles used in the Sandia Flame D simulations that are
colored by the instantaneous resolved temperature at a time step after reaching a
statistically stationary state.
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Figure 6.7: Radial profiles of time-averaged resolved temperature T and resolved
species mass fractions of CO,, CO, Oy and CHy from top to bottom, at axial locations
x/D = 7.5, 15, 30 and 45, from left to right. Symbols, the experimental data; black
line, the present LES/PDF simulation; blue dashed line, the previous LES/PDF
simulation.
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30, the experimental data are reproduced with a slight discrepancy close to the center
line. However, the trend in the results is consistent with the trend observed in the
previous LES/PDF simulations. At the location of x/D = 45, although the trends
are similar in the present and the previous LES/PDF simulations, the discrepancy
between experimental data and the numerical results is visible.

Figure 6.8 shows the rms of temperature, (7"), and species mass fractions, (Y"),
of COy, CO, Oy and C'H, together with the experimental data and the results from
the previous LES/PDF simulations. Similar observations can be made for the rms
values. At the locations of /D = 7.5 and 15, the present LES/PDF results are in
good agreement with the experimental data and markedly better than the previous
LES/PDF simulations of Hiremath et al. [87]. At locations of x/D = 30 and 45,
the rms values of the present and previous LES/PDF simulations have very similar
trends: They both produced the rms values slightly smaller than those of experimental

measurements.

6.5 Performance of the Velocity Correction Method

In this section, we investigate performance of the three-stage velocity correction algo-
rithm in enforcing the consistency between the particle mass density, p%, defined as
the total particle mass in the k" cell divided by the volume of the cell, and the finite
volume density, p%,,, at the numerical solution level. In this thesis, the three-stage
velocity correction method is incorporated into the LES/PDEF solver for the block
structured grids but it can be readily extended to the unstructured grids to perform
simulations in more complex geometries such as the gas turbine combustors. It is
emphasized here that this is the first study that the three-stage velocity correction
method is incorporated into an LES/PDF solver for the complex geometries. Its per-
formance is assessed through extensive simulations of a turbulent piloted jet diffusion
flame (Sandia Flame D) using the fully coupled LES/PDF solver. First, performance
of the each stage is examined separately and then performance of the three-stages

is demonstrated. The key parameter used in the assessment of the performance of
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Figure 6.8: Radial profiles of time-averaged the rms of temperature and the rms
of species mass fractions of COy, CO, O, and CH, from top to bottom, at axial
locations x/D = 7.5, 15, 30 and 45, from left to right. Symbols, the experimental
data; black line, the present LES/PDF simulation; blue dashed line, the previous
LES/PDF simulation.
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the three-stage velocity correction method is the deviation between the particle mass

density, pp, and the finite volume density, pry, defined for the k' cell as [2]

ko ok
dph = P2V, (6.10)

Prv
A global indicator can then be derived from the deviation between the particle and
FV densities by taking the root-mean-square value of dp* over the computational

domain as [2]

= (d
PRMS = (—’“—}V(Ep) > : (6.11)

where Ng is the total number of grid cells used in the simulation.

Figure 6.9 shows the contour plot of the instantaneous deviations between particle
mass and FV densities on the whole computational domain. The simulations are
repeated using no correction (Stage 1), the first-level correction (Stage 1 and 2), and
the second level correction (Stage 1-3) with two different relaxation time parameter
of @ = 25 and o = 100. The time relaxation parameter « is used to relax the
corrections for the mass residual R* = (mbFV — mbF)/(aAt) where At is the time
step used in the simulation. In the simulations with no correction (Stage 1), the
deviations between the particle mass and F'V densities are very large. The deviations
are significantly reduced in the simulations with the first-level correction (Stage 1 and
2). The improvement in the particle mass distribution with Stage 1 and 2 shows that
the interpolated velocities used in the particle transport have a significant role in the
consistency between the PDF and the LES solvers. Although the first-level correction
reduces the deviations, there is considerable level of deviations between particle mass
and FV densities. The second-level correction (Stage 1-3) further eliminates the
deviations and results in very good consistency between two density fields. The two
figures on the right hand side of Fig. 6.9 show the deviations in the simulations using
the second-level correction with two different time relaxation parameters of o =25 and

100. The relaxation parameter is expected to be critically important in maintaining
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numerical stability of the LES/PDF simulations. To determine its influence on the
numerical stability and the satisfaction of the consistency condition, simulations are
repeated using o =1, 10, 25 and 100. It is found that a numerical instability arises
for the cases of & =1 and o =10 due to excessive correction velocities that become
as large as the jet velocity at the inlet. Therefore the simulations are completed
only for the values of @ =25 and 100. The results are shown in Fig. 6.9. As can
be seen in this figure, the deviations in the density fields in the simulations using
a = 25 are smaller than those compared with a = 100. As expected, using a short
relaxation time scale results in a better consistency between the particle mass and
FV density fields. On the other hand, a short relaxation time scale tends to result in
a numerical instability due to the excessive corrections. Therefore there is a trade off
between the consistency and numerical stability, and the relaxation time scale should
be selected carefully such that the consistency condition is effectively enforced while

the numerical stability and robustness are maintained even in severe cases.

Il
0
-1

Figure 6.9: The deviation between particle mass density and FV density fields com-
puted using (from left to right) no correction (Stage 1), the first-level correction (Stage
1 and 2), and the second-level correction (Stage 1-3 ) with time relaxation parameter
of =100, and the second-level correction (Stage 1-3 ) with time relaxation parameter
of a=25.
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Figure 6.10 shows the time evolution of the root-mean-square of the deviation
between particle mass and FV densities in the simulations with (i) no correction (Stage
1), (ii) the first-level correction (Stage 1 and 2), (iii) the second-level correction (Stage
1-3) with time relaxation parameter of a = 25, and (iv) the second-level correction
(Stage 1-3) with time relaxation parameter of v = 100. The simulation with no
correction results in the highest deviation with about prys = 0.4. Moreover prass
continues to increase slightly as simulation proceeds. The first-level correction (Stage
1 and 2) reduces the value of prars by 25% compared to the case of no correction
applied. Additionally, prars does not seem to increase during the simulation in the
case of the first-level correction. The second-level corrections (Stage 1-3) with both
values of a = 25 and a = 100, pgryss is reduced below 0.2. It can be also seen that the
second-level correction with av =25 results in a smaller prp;s than that with oo =100.
Moreover, prars does not increase during the simulations in both cases of o = 25 and
a = 100.

The performance of the three-stage correction algorithm is also investigated through
the one-way coupling methodology. For this purpose, the three-stage velocity correc-
tion method is incorporated into the one-way coupled LES/PDF solver and simula-
tions are performed for the Sandia Flame D case using various stages of the three-stage
velocity correction algorithm. In particular, one-way coupled simulations are carried
out using (i) no correction (Stage 1), (ii) the first-level correction (Stage 1 and 2), (iii)
the second-level correction (Stage 1-3) with time relaxation parameter a = 25, and
(iv) the second-level correction (Stage 1-3) with time relaxation parameter o = 100
and the results are compared for the consistency between the LES and particle fields.
The level of consistency between the results from the LES and the PDF solvers using
different stages of the three-stage velocity correction method shows the effects of each
stage separately. The time-averaged resolved mixture fraction is compared first along
the centerline, and then at the axial locations of /D = 30 and 45. Figure 6.11 shows
the time-averaged resolved mixture fraction computed by the LES and PDF solvers

along the centerline. As it can be seen in this figure, the results obtained by the PDF
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Figure 6.10: The time evolution of the rms of deviation between particle mass and
FV densities prys. Red dashed line, no correction (Stage 1); blue dashed line, the
first-level correction (Stage 1 and 2); blue dashed dot line, the second-level correction
(Stage 1-3) with a =100; blue solid line, the second-level correction (Stage 1-3) with

o =25.
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solver with no correction (Stage 1) significantly deviate from the result calculated by
the LES solver. The first-level correction (Stage 1 and 2) greatly improves the con-
sistency between the LES and PDF results, but very slight discrepancies appear at
the axial locations of /D =15 and 30. These discrepancies are completely removed
when the second-level correction (Stage 1-3) with av =25 is applied yielding excellent
agreement between the LES and PDF fields. To show the effects of the relaxation
time scale parameter «, simulations are also performed for a« = 25 and a = 100,
and the results are compared in Fig. 6.12. This figure shows that the second-level
correction with @ =100 yields overall good consistency between the LES and PDF
solutions. However the discrepancy slightly increases as « increases from o = 25 to
a = 100.

The radial profiles of the time-averaged resolved mixture fraction <§ > from the
LES solver and the PDF solver using different levels of correction are plotted in
Fig. 6.13. In addition, Fig. 6.12 also shows that results from the PDF solver using
the second-level correction (Stage 1-3) with o = 25 are found to be in excellent
agreement with the results from the LES solver at both of the axial locations. The
results from the PDF solver using the first-level correction (Stage 1 and 2) are in
very good agreement with the results from the LES solver. At the axial location
of x/D = 30, the PDF results are slightly smaller than those from the LES solver
close to the centerline. The results from the PDF solver using no correction (Stage
1) generally follow the trend in the results from the LES solver. However, there are
significant discrepancies between the LES and PDF results in this case.

In conclusion, the first-level (Stage 1 and 2) and the second-level (Stage 1-3) cor-
rections significantly improve the consistency between the LES and the PDF solvers.
For the Sandia flame D case, the second level correction results in about 50% less
error compared to the first level correction in terms of the rms of deviations between
the particle and FV density fields. The one-way coupled LES/PDF simulations of
the Sandia flame D performed using the first-level and the second-level corrections

indicate that both levels yield good consistency between the LES and PDF fields.
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Figure 6.11: The LES and PDF results of the time-averaged resolved mixture fraction
along the centerline for the Sandia Flame D. Solid line, LES; dashed line, PDF with
no correction (Stage 1), dotted line, PDF with the first-level correction (Stagel and
2), dotdash line, PDF with the second-level correction (Stage 1-3) with az = 25.
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Figure 6.12: The LES and PDF results of the time-averaged resolved mixture fraction
along the centerline for the Sandia Flame D. Solid line, LES; dashed line: PDF with
the second-level correction (Stage 1-3) with @ = 100; dotdash line, PDF with the
second-level correction (Stage 1-3) with a = 25.
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Figure 6.13: The LES and PDF results of the radial profiles of the time-averaged
resolved mixture fraction at two different axial locations, left: x/D=30 and right:
x/D=45 for the Sandia Flame D. Solid line, LES; dashed line, PDF with no correction
(Stage 1), dotted line, PDF with the first-level correction (Stage 1 and 2), dotdash
line, PDF with the second-level correction (Stage 1-3) with av = 25.

However, the simulation with the second-level correction results in a slightly better

consistency than the results computed using only the first-level correction.

6.6 Computational Cost

In this study, the simulations are performed using a 256x128x32 cylindrical-type
block structured grid as shown in Fig. 6.2 with about 20 particles per cell. The com-
putational domain is decomposed into 96 subdomains and simulations are performed
using 48 CPUs of 2.40GHz Intel Xeon with multithreading technique (96 threads in
total). The simulations are carried out for ten flow-through times based on the fuel jet
bulk velocity to reach a statistically stationary state, and then an additional ten flow-
through times were performed to collect the statistics. In total, about 100,000 time
steps are marched in each simulation and the simulations are completed in 12 days
wall-clock time. The relative computational cost of each component of the LES/PDF
simulations is presented in Fig. 6.14. As can be seen in this figure, about 85% of the

total computational time is consumed by the PDF solver. Additionally, 85% of the
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computational time of the PDF solver is consumed by the three main processes of
transport T, mixing M and reaction R. The reaction module of the PDF solver con-
sumes about 30% of the total computational time whereas the mixing and transport
processes consume about 20% and 22% of the total computational time, respectively.
The LES solver consumes only 15% of the total computational time. The computa-
tional time elapsed by the new LES/PDF solver is of the same order of those reported
in the previous LES/PDF simulations [[3, 32, 33]].

TMR
Reaction
Mixing | |
Transport I
PDF | |
0 20 40 60 80 100

Figure 6.14: The percentage of computational cost of LES and PDF solver as well as
the transport T, mixing Ml and reaction R calculations in PDF solver. TMIR represent
the total percentage of elapsed time of transport, mixing and reaction in PDF solver.

In this section, we also examine the computational cost of the three-stage velocity
correction method. The computational cost required by each stage in the method is
investigated separately. Here, we first define the computational cost of using each
stage of the velocity correction method, and then give relative cost of each stage. The
cost for Stage 1 consists of the cost of interpolation of the LES velocities first from the
cell centers to the cell vertices and then from cell vertices onto the particle locations,
and the cost of tracking particles in the computational domain. The cost of using
the Stage 2 correction is equal to the cost of solving a linear system of equations

for each cell to calculate the Stage 2 velocity corrections at cell vertices. Finally
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Stage 3 requires solving an equation similar to the discrete pressure Poisson equation
to obtain the Stage 3 velocity corrections at the cell centers, and then moving the
particles with this correction velocity using the Stage 1 and 2. In Fig. 6.15, the time
consumed by each stage is presented. As seen, the Stage 1 requires a considerable
amount of time since it performs the tracking of the particles in the computational
domain. The additional cost for using the Stage 2 correction is about 8% of the cost
of the Stage 1. However, using the Stage 3 correction requires more than the total

cost of Stage 1 and 2.

| |

M stage 2

m stage 3

Figure 6.15: The elapsed time by the particle transport module in the PDF solver
per time step in seconds. The blue bar, the time elapsed by the Stage 1; the red bar,
the time elapsed by the Stage 2 and the green bar, the time elapsed by the Stage 3.



Chapter 7

THE CAMBRIDGE STRATIFIED FLAMES

In many practical combustion devices, the combustion occurs in a stratified regime
in which the fuel concentration varies in the physical space. This stratification could
be due to the design constraints or insufficient time to mix the fuel and oxidizer
completely. On the other hand, the stratification could be created intentionally to
increase the flame stabilization in the lean combustion. Haworth et al. [88] and
Jimenez et al. [89] have described the main characteristics of a stratified flame.
The schematic in Fig. 7.1 shows the main characteristics of a stratified flame. A
primary premixed flame front propagates into reactants whose concentrations vary in
space. Behind the flame front, the fuel-rich reactant results in hot products and fuel
fragments whereas the fuel-lean reactant produces hot products and Os. Thus behind

the primary flame front, the hot fuel fragments and Os create the secondary flame

zone.
Primary Wmixed flame
Fuel-Rich Hot Products
Reactant and
Fuel fragments
~~~--.Secondary .~~~
.................... Reaction Zone
Hot Products
Fuel-Lean and
Reactant 0
2

Figure 7.1: A schematic of turbulent flame propagation into a stratified fuel concen-
tration.



Chapter 7: The Cambridge Stratified Flames 105

In the literature, the turbulent combustion models have been developed mainly for
the two canonical regimes: i) non-premixed combustion in which the fuel and oxidizer
are completely segregated before reaction takes place, and ii) premixed combustion
in which the fuel and oxidizer are perfectly mixed beforehand. Common occurrence
in practical devices and the potential benefits to increase the stability in the lean
combustion have increased the motivation for modeling the stratified turbulent flames.
Generally the models for the stratified combustion are developed by extending the
existing models for the premixed combustion. Proch and Kempf [90] developed an
artificially thickened flame method with a tabulated chemistry and Nambully et al.
[91, 92] have developed a model based on the mixture fraction and a progress variable.
The two methods were successful to predict the main properties in the turbulent
reacting flow.

The PDF method is a regime independent method since the chemical reaction
source term is in the closed form. Therefore the PDF method has a great potential to
successfully model the premixed, nonpremixed and stratified turbulent lames without
requiring any modifications. We apply the new LES/PDF solver to a bluff-body
burner from the Cambridge Stratified Flame series. We first describe the experimental

configuration briefly and then present the LES/PDF simulation results.

7.1 Experimental Configuration

The schematic of burner is shown in Fig. 7.2. The burner consists of a central bluff
body surrounded by two annular fuel jets, i.e., the inner and the outer jets. In the
most annulus, air-coflow is supplied to prevent entrainment of the ambient air. The
dimensions of the burner are summarized in Table 7.1. The concentrations of the fuel
from the inner and the outer jets are varied systematically to investigate the effects
of the stratification. The fuel concentration configurations are given in Table 7.2.
The bulk velocity at the inlets are given in Table 7.3. The flames are stabilized by
a recirculation behind the bluff body. More details about this flame are available in

Sweeney et al. [5, 93].
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Table 7.1: Dimensions of the stratified bluff body burner.

Bluff body diameter = 12.7 mm
Inner jet annulus diameter = 23.6 mm (wall thickness = 0.9 mm)
Outer jet annulus diameter = 34.8 mm (wall thickness = 0.9 mm)

Table 7.2: The equivalence ratio in the inner and the outer fuel jets in the stratified
bluff body burner [5].

Case ¢ o
SwB1 0.75  0.75
SwB5 1.0 0.5
SwB9 1.125 0.375

Table 7.3: Bulk velocities at the inlets and corresponding reynolds numbers [5].

Uy  Corresponding Reynolds number
inner fuel jet 8.31 5960
outer fuel jet 18.7 11500

air coflow 0.4 -
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Figure 7.2: A schematic of the stratified bluff body burner [5].

7.2 Computational Setup

The computational domain is selected to be [200mm]x[100mm]x[0,27] in the axial
(x), radial (r) and azimuthal () directions, respectively. The domain is discretized
using a non-uniform 192x96x32 block structured cylindrical-type grid. The grid is
concentrated near the nozzle in axial direction and in the shear region between the
fuel jets in the radial direction.

In the fuel jets, the instantaneous inlet velocities are obtained from two separate
turbulent pipe flow simulations. We use the same method as explained in the previous
chapter to interpolate the inlet velocities from the turbulent pipe flow simulations.
The inlet velocity of the air-coflow is set to a value of 0.4 m/s. At the bluff body and
wall-lips, the slip boundary conditions are applied. At the outlet, the zero-gradient
boundary conditions are imposed for all the fields while the slip boundary conditions
are used at the far field, i.e., on the lateral surface. In the PDF solver, about 40
particles per cell are used due to the complex flow fields of recirculation behind the

bluff body.
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7.3 Results

The numerical results from the simulation with the detailed chemistry calculations are
presented in this section. For the methane/air combustion, the ARM1 [4] chemistry
mechanism is used. Figure 7.3 presents the time-averaged radial profiles of resolved
axial velocity <U > and the rms of the resolved axial velocity <u~” > at four axial lo-
cations of x = 2, 10, 30 and 50 mm. The mean axial velocity profiles are in good
agreement with the experimental measurements at the locations of x = 2, 10, 30 mm.
Close to the centerline the numerical results are slightly bigger than the experimental
measurements for all the three locations. At the axial location of x = 50 mm, the
numerical results are evidently bigger than the experimental data. The rms of the
resolved axial velocity is in good agreement at the locations of x = 2 mm and 10 mm.
The trend of the rms velocity is similar to the trend in the experimental data but the
numerical results significantly overpredict the experimental measurements, especially

in the downstream locations of z = 30 mm and 50 mm .

X=2mm x=10mm x=30mm x=50mm
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Figure 7.3: The radial profiles of time-averaged resolved axial velocity (top), resolved
turbulence intensity (bottom) at four axial location of x =2, 10, 30 and 50 mm. The
symbols: The experimental data; solid line: The LES/PDF results.

Figure 7.4 shows the time-averaged radial profiles of the resolved temperature

<T> at the axial locations of z = 10, 20, 30, 40 and 50 mm. At the axial locations
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of x = 10, 20 mm, the radial profiles of the mean temperature match well with
the experimental data. At the axial location of z = 30 mm, the radial profile of
mean temperature is in agreement with the experimental data but slight discrepancy
appears in the gradient of the mean temperature. At the axial location of x = 40
and 50 mm the trend in the radial profiles of the mean temperature is similar to
the experimental data but the peak temperatures are underestimated and also the
gradients of the mean temperature in the radial profiles are not reproduced well in
the numerical results. The radial profiles of the rms temperature are shown in Fig.
7.5. The peak of the rms temperature in the radial profiles are lower than the peak
of the experimental measurements at all the axial locations. The width of the rms
temperature profiles at the locations of x = 30, 40 and 50 mm are larger than that
in the experimental data which is consistent with the discrepancy observed in the
gradient of the mean temperature radial profiles at these locations.

The time-averaged radial proles of mass fractions of <}7COQ> and <5~/co> are plotted
in Fig. 7.4. The observations for the mean 17002 profiles are very similar to the
observations for the mean temperature profiles. However the peak of the radial profiles
of mean }7002 are smaller than the experimental data. At the axial locations of z = 10
mm, 20 mm, the results are in good agreement with the experimental measurement
while at the locations x = 30, 40 and 50 mm discrepancies in the gradient of the
radial profiles appear as in the case of the mean temperature. The maximum value of
the radial profiles of the mean Ygo are in good agreement with the maximum values
of the experimental data. At the locations of x = 10, 20 mm, the radial profiles
match with the experimental data very well, however, at locations of x = 30, 40 and
50 mm, the width of the radial profiles is larger than that of the experimental data
as was also the case of the rms temperature profiles. The rms of the mass fraction of
<);” CO2> and <Y~” CO> are presented in Fig. 7.5. As observed in the rms temperature
profiles, the rms mass fraction profiles are wider than the profiles of the experimental
data. Additionally, the maximum values of the rms of the mass fraction profiles are

smaller than those of the experimental data.
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Figure 7.4: The radial profiles of the time-averaged resolved temperature and the
resolved mass fractions of CO, and CO at four axial location of x=10, 20, 30 and 50
mm. The symbols: The experimental data; The solid line: The LES/PDF results.
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Figure 7.5: The radial profiles of the time-averaged rms of temperature and the rms
of mass fraction of CO2 and CO at four axial location of =2, 10, 30 and 50 mm.
The symbols: The experimental data; The solid line: The LES/PDF results.



Chapter 8

CONCLUSIONS AND FUTURE DIRECTION

8.1 Conclusions

The PDF method has been shown to be superior model for the prediction of turbulent
reacting flows. In this thesis, a general purpose LES/PDF methodology is developed
for the simulations of turbulent reacting flows in complex geometries. The LES/PDF
solver consists of two components (i) a finite volume method based LES solver, and
(ii) a Lagrangian Monte Carlo method based PDF solver. The two components of the
hybrid LES/PDF solver are developed entirely within the OpenFOAM framework. In
literature, this is the first general purpose LES/PDF solver developed entirely within
an open-source library. The OpenFOAM library is chosen as a working platform
due to its large range of physical modules such as soot formation and evaporation.
The new LES/PDF solver has the capability of performing the detailed chemistry
calculations. In situ adaptive tabulation (ISAT) method developed by Pope [1] is
incorporated to accelerate the detailed chemical kinetics calculations. The three-stage
velocity correction method [2] is also incorporated into the LES/PDF solver for the
block structured grids. This is the first time that the three-stage velocity correction is
implemented and truly tested in the LES/PDF methodology in the block structured
grids.

The accuracy and the numerical consistency of the LES and the PDF solvers are
examined through the one-way coupling method [3]. For this purpose, a turbulent
piloted methane/air jet diffusion flame (Sandia Flame-D) simulations are performed
using a simple flamelet chemistry model. The fields of the resolved mixture fraction
and temperature calculated by the LES and the PDF solvers are compared. The

results from the two solvers are in very good agreement demonstrating the accuracy
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of the numerical methods in the LES and the PDF solvers as well as their consistency.
The performance of the three-stage velocity correction method is examined to show
the effects of the each stage on the numerical accuracy and the consistency of the
two solvers. The first-level correction is found to be very efficient in reducing the
numerical error and enforcing the consistency between the LES and the PDF solvers.
Furthermore, the second-level correction is found to be very effective in eliminating
any deviation between the mass densities of the LES and the PDF solvers, which
mat crucially important especially in the case of complex flows involving swirling and
recirculation regions. Additionally, the computational cost required by each stage is
also investigated. The computational cost of the first-level correction is defined as the
time required to solve the linear equation system to determine the first-level velocity
correction. It is found that the first-level correction increases the computational
time consumed by the particle tracking algorithm only by 8%. However, the second-
level correction increases the computational cost of the particle tracking by two folds.
Because the second-level correction solves an equation in the same form as the discrete
pressure equation, and then the Stage 1 and 2 are used again to move the particles
with the second-level correction velocities.

The Sandia Flame-D simulations are performed using the new LES/PDF solver
with the detailed chemistry representation. The ISAT method is employed in the de-
tailed chemical kinetics calculations. The methane/air combustion is described with
an augmented reduced mechanism (ARM1) consisting of 12 steps and 16 species [4].
It is found that the numerical results are in very good agreement with the experi-
mental measurements. The statistical moments of the key chemical species are also
predicted quite accurately. The results from the new LES/PDF solver match with
the experimental measurements better than those from the previous LES/PDF sim-
ulations [87]. The improvement in the numerical results can be attributed to the
performance of the particle tracking and the velocity correction methods used in the
present PDF solver.

The computational cost of the new LES/PDF solver on block structured grid
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is also examined. The PDF component of the LES/PDF solver consumes 85% of
the total computational time consumed by the LES/PDF solver. The ratio of the
computational cost of the PDF component to the cost of the LES/PDF solver is in
the same order of the ratio of the previous PDF solver [33]. This indicates that the
new PDF solver on a block structured grid, and employing the three-stage velocity
correction can be computationally as efficient as the previous PDF solver of Wang
and Pope [3] on a simple structured grid without any velocity correction algorithm.
Finally, the new LES/PDF solver with the detailed chemistry representation is
applied to study a turbulent premixed flame from the Cambridge turbulent stratified
flame series [5]. The methane/air combustion is described using the ARM1 chemical
mechanism as used in the Sandia Flame-D simulations. The results are found to be in
reasonably good agreement with the experimental data. The recirculation zone, and
the temperature profiles are predicted accurately at the upstream locations close to
bluff body. However, some discrepancies are apparent between the numerical results
and the experimental data at the downstream locations. This could be attributed to

the fact that the model coefficient used in the IEM mixing model is not optimal.

8.2 Recommendations for Future Work

The general purpose LES/PDF solver on a block structured grid for a complex ge-
ometry is found to be very efficient in the simulations of the turbulent reacting flows.
Moreover, its predictive capability and the order of accuracy of the numerical schemes

used can be further improved by conducting some future work as summarized below:

1. The new LES/PDF solver is developed for turbulent combustion simulations
in complex geometries using block structured hexahedral computational cells.
The solver can be straightforwardly extendable to unstructured grids. Then the

performance of the solver on unstructured grid should be tested in the future.

2. In this work we used unity Lewis number assumption for all the chemical species,

thus the differential diffusivity effects are neglected. Barlow [94] has reported
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that the differential diffusivity of species has strong effect on the recirculation
zones, thus the differential diffusivity should be considered in the simulations of
flows dominated by recirculation region. In the LES/PDF solver, the differential
diffusivity can be implemented by following the work by McDermott and Pope
[60].

3. In the PDF solver, the particle equations are solved by the first order time
stepping method. Although Wang and Pope [3] have reported that the first
order method performs as well as the second order methods, Popov and Pope
[83] have reported that the second order particle transport methods increase the
consistency between the PDF and LES solvers. Wang et al. [75] have presented
various second order particle tracking methods. In terms of computational effi-
ciency, the method developed by Cao and Pope [73] can be implemented on the
unstructured grids while the others increase the computational cost significantly.
As a future work, the second order time stepping method, namely TMIRMT, can
be implimented to achieve the second order accuracy in the present LES/PDF

method.

4. The parallelization in the present LES/PDF method is performed by decom-
position of the computational domain such that each subdomain has about the
same number computational cell (thus the same order of number of particles).
This significantly balances the load in the LES solver and the particle transport
and mixing in PDF solver. However, the load due to chemical reactions in the
PDF solver performed by the ISAT module may not be optimized since some
regions may include stiff chemical reactions (for example subdomains including
the flame sheat between pilot flame and fuel jet) but in some regions chemical
reactions may not take place at all (for example in a subdomain including only
air-coflow). Dynamic load balancing can be done to optimize the computational

load in all subdomains.
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