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Abstract

Implicit Large Eddy Simulation (ILES) with high-resolutiand high-order computa-
tional modelling has been applied to flows with turbulentimgxand combustion.

Due to the turbulent nature, mixing of fuel and air and thesggjoent combustion
still remain challenging for computational fluid dynamiekwever, recently ILES, an
advanced numerical approach in Large Eddy Simulation nasthmas shown encour-
aging results in prediction of turbulent flows. In this tlseethe governing equations
for single phase compressible flow were solved with an ILE@@gch using a finite
volume Godunov-type method without explicit modelling loétsubgrid scales. Up to
ninth-order limiters were used to achieve high order spatieuracy.

When simulating non chemical reactive flows, the mean flow agalfurner was com-
pared with the experimental results and showed good agrdgemeesgions of strong
turbulence and recirculation. The one dimensional kinetiergy spectrum was also
examined and an ide&t>? decay of energy could be seen in a certain range, which
increased with grid resolution and order of the limiter. Tué-off wavenumbers are
larger than the estimated maximum wavenumbers on the ¢uedefore, the numeri-
cal dissipation sufficiently accounted for the energy tpamtation between large and
small eddies. The effect of density differences betweehdnd air was investigated
for a wide range of Atwood number. The mean flow showed thatwhel momen-
tum fluxes are identical the flow structure and the velocitidéievere unchanged by
Atwood number except for near fuel jet regions. The resudts show that the effects
of Atwood number on the flow structure can be described withxang parameter.

In combustion flows simulation, a non filtered Arrhenius nmodas applied for the
chemical source term, which corresponds to the case of the themical time scale
compared to the turbulent time scale. A methane and air dleeaisimulation was
performed and the methane reaction rate showed non zeresvagainst all temper-
ature ranges. Small reaction rates were observed in theelmwdrature range due to
the lack of subgrid scale modelling of the chemical sourcateSimulation was also
performed with fast chemistry approach representing tise od the large turbulent
time scale compared to the chemical time scale. The mean flowrper flames were
compared with experimental data and a fair agreement was\cdah
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CHAPTER 1

Introduction

1.1 Overview

‘Turbulence is the most important unsolved problem of ¢tadphysics.” said Richard
Feynman, who was awarded the Nobel Prize in 1965. Forty fisesylgas passed since
then, and turbulence still remains a major research toptbenfield of science and
engineering. One can imagine that the inherent and typltalacteristics of turbu-
lence are randomness of the flow motion and the wide range wfdtales. This is
easily perceived and therefore, it has been well recograse® before the 20th cen-
tury when basic turbulence theory was mathematically ansipally formulated. For
example, the random direction of fluid motion is clearly aégd in Figure 1.1 (left).
The deformed clouds in Figure 1.1 (right) imply that the paitknew the basic idea of
the turbulent flow structure containing large and small esldi

] o

o |
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ARk SRR et i e Avaald Tamp s 10,

Figure 1.1: A sketch by Leonard da Vinci, around 1515 (left). A print of Hokusat&ushika,
around 1831 (right)

In the past decades numerical simulation has contributgdfsiantly to our knowl-
edge of turbulence. It is common in engineering to use coroiaesoftware for de-
signing, development and analysis of fluid dynamic aspectgaducts. However,
understanding the underlying physics and accurately gtiadi these characteristics
are still challenging even with current high power compotal tools. Inspecting the



2 Introduction

Figure 1.2: Shadowgraph of a turbulent shear flow [11]

experimental photo of Figure 1.2 it can be seen that althdugbkmall and large scales
look similar their flow structure differ significantly. A tygal computational problem
is the handling of these different flow scales.

Combustion is another complex problem that has not beendualiigrstood. It includes
series of physical phenomena: mixing of the fuel and oxidigaition with chemical
reaction and flame propagation, each of these are a very esmppicess. Time scales
of the chemical reactions cause further difficulty. They w@cally much shorter
than that of fluid dynamics, but for some cases, e.g., NOx &ion and supersonic
combustion the time scales can be of the same order.

When engineering combustion problems are considered pugmg of jet engine and
low NOx emission burners (as shown in Figure 1.3) they arenatly categorised in

turbulent combustion. This is because turbulence cantdffane structure dynami-
cally, and conversely, chemical reaction can cause irgtabi the fluids and increase
turbulence. Therefore, turbulence and combustion canedieloupled in real phys-
ical phenomena. Difficulties of combustion flow simulaticencbe summarised as
follows:

¢ Interaction between chemistry and fluid dynamics. Sincelrmtion processes
involve a wide range of chemical time and length scales, loogipr decoupling
technique to turbulence is the key.

e Modelling of chemical reaction mechanism. Even a simplehae¢-air combus-
tion may contain hundreds of species and chemical reactwhieh demands
either enormous computational resource or a simplified inode

This thesis is concerned with the numerical simulation obdilent gas mixing and
combustion. A simple and typical engineering applicatibthc topic is a gas turbine
combustor. In most areas of gas turbine engine developmemtserical simulation
plays a crucial role. Laminar flow simulation can be used asaanrdesigning tool,
particularly in the beginning of the design process of congmts, such as compres-
sors and turbines, though these flows include turbulenceieier, this is not the case
for combustors since the combustor flows are predominamthutent. Effective and
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Figure 1.3: Ground test of a jet enginéa(t p: / / www. pw. ut c. com (left) and low NOx
emission burnershf t p: / / www. f ur nace. co. j p) (right)

accurate computational methods for the turbulent comtmugtid not exist, therefore,
past experience and empirical data still have much impoetgs2]. As a result, com-
bustor performance cannot be predicted accurately in da@@went process.

However, the situation has been changing. With the drastiease of computational
power, turbulent combustion has become a problem which edrabdled more accu-
rately with reasonable computational resources. Furtbernadvanced computational
approach for the turbulent flow has been developed and vatidand now, it is ready to

be applied to turbulent combustion. With this numericalmoel called high-resolution

Implicit Large Eddy Simulation (ILES), fuel and air mixingfy and combustion can

be simulated.

Regarding the simulation test case geometry, turbulentngiand chemical reactions
in a combustor mainly take place in the near region of theifyettors. The primary
combustor performance parameters such as combustionrgperiure and fuel con-
sumption rate can be controlled by fuel and air jet injectidarthermore, swirling and
recirculating flows of the injector have been of great indete industry as they play an
important role in flame stabilisation within gas turbine darstors. Hence, the target
geometry of this research focuses on the turbulent jet flows.

A brief summary of turbulence is described in the followiregon. Next, conven-
tional numerical methods are presented followed by rekeabjectives with some
information of the thesis structure and a publication lietf this research.
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1.2 Descriptions of Turbulence

An idea of energy cascade was introduced to handle theaelaétween turbulent en-
ergy distribution and turbulent scales. This is known as &idkon’s hypothesis and
has become a fundamental idea for most of all theoreticpem@xental and computa-
tional research on turbulence.

Richardson’s hypothesis assumes turbulent flow consistst@rent eddies of various
sizes, where large eddies break down into small ones, andgrn the small eddies
break down further into smaller eddies. In this processygne&ansfers from the
large eddies to small eddies without any loss. This cascsadivien purely by inertial
forces and hence, the large scale eddies are not affectesdxyug forces. With the
decrease in the size of eddies the Reynolds number, whicloisdimensional number
representing the relative effect of inertial forces to viss forces, reduces. When the
eddies are broken into the smallest size correspondingetoitier of the Reynolds
number unity, fluid viscosity works as a driving force to disde energy into heat.
Therefore, without energy injection, the eddies of all sizentinuously break down
and the energy is dissipated. Thus, turbulent flows are galgwlissipative.

This hypothesis was further developed [51] and a mathealdtiomulation was given.
Assuming the energy transfers from the largest scale wigtgmal length scalk, to the
smallest one (the Kolmogorov length scal¢ a Reynolds number can be introduced
for each turbulent scale as:

re= ! (1.2.1)
4

whereu’ is the turbulent velocity of the motion, which can be expeesas the dif-
ference between exact velocity and mean velooitys the flow kinematic viscosity,
andl is the length scalej < | < I;. The amount of energy transfer from one scale to
another is constant and is given by the dissipatio kinetic energy. Estimating this
dissipation as the ratio of kinetic energ¥ and eddy turn over time scdlgy, yields:

€~ — (1.2.2)

When the Reynolds number is unity, the Kolmogorov scale isuatatl by viscosity
and dissipation rate:

V3 1/4
M~ (;) (1.2.3)

By considering the above equations, the ratio of the intdgrajth scale to the Kol-
mogorov length scale can be obtained:
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Integral Dissipation
scale Inertial sub range range
range

—t -t —

Kinetic energy densit§£(k)

Y

Wavenumbek

Figure 1.4: Schematic of a kinetic energy spectrum plotted with logarithmic scales

I
- ~ Re¥* (1.2.4)

Tk

A kinetic energy spectrum analysis can now be introducec drergy contained in
a length scale corresponding to wavenumkbean be described in the Fourier space
Ex(k). A schematic of a typical kinetic energy spectrum is showRigure 1.4.

The energy is accumulated in the low wavenumber range, sporeling to the large
scales. In the middle range, inertial forces control thegnand the energy transfers
successively to smaller scales according to the cascadethegis. This region is
called the inertial sub range. Finally, in the high wavenemiange the energy falls
into the Kolmogorov scales and dissipates by viscositys Thcalled the dissipation
range. Through dimensional analysis the form of the enepggtsum in the inertial
sub range can be expressed with a constant

Ex(k) = Ce?*k™3 (1.2.5)

Although the concept of an energy cascade and Kolmogorondtation has not been
theoretically proven, it has been verified by experimenghsurements, e.g., in Figure
1.5. The figure shows that the energy transfer is indeperafaht large flow scale,
and that the energy dissipates in proportion ko4 law in the inertial sub range.
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1.3 Conventional Numerical Approaches

Numerical research on turbulent flows has progressed watliévelopment of Com-
putational Fluid Dynamics (CFD) techniques and the recemregse in computational
power. Within the context of CFD, there are three main appgresicDirect Numerical
Simulation (DNS), Reynolds Averaged Navier-Stokes Sinmoa(RANS) and Large
Eddy Simulation (LES). These approaches differ in how medgithey describe eddies.

1.3.1 Direct Numerical Simulation

DNS is based on the simplest concept, i.e., to solve eddied stale contained in
the flow. Since DNS results are ideally more accurate thaerddthniques they are
often used for comparison and validation of newly developecherical methods. In
the computation of a compressible viscous flow, the momeiguation of the instan-
taneous flow is solved:

a’(;;t“w-(puu)wp:—v-f (1.3.1)

whereu, p, p andr stand for velocity vector, density, static pressure andouis tensor,
respectively.

However, a critical problem for DNS is the computationaltcdstypical example to
explain this difficulty is introduced in [72]. Let us consideturbulent flow containing
large eddies of sizg. Since the flow shape is dependent on this integral scale, the
computational domain size must be at least the same sikze lasorder to solve the
smallest eddies in the domain, the mesh size should be ofthe srder as the Kol-
mogorov lengthy, which is related to the integral scale by Equation (1.2 #)en,

the three dimensional grid points in the domain catég. The number of time iter-
ations can bép,ys/At wherety,s is the physical simulation time antt is the typical

time step which is of the same order/&s/u. Therefore, the computational tinigm,

is calculated as:

|t3 Lpnys 3
tcomp o — At oC Re (1.3.2)
Tk

Since the computational time is proportional to the Reynoldsiber cubed, for a
high Reynolds number flow this will increase easily to the omfeseveral decades.
Accordingly, it is widely accepted that DNS approach is afistic except for low
Reynolds number flows. For the same reason DNS results drerdgilavailable for
very simple domains and hence, little DNS research on iojdltws has been carried
out, e.g.,[10].
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Regarding combustion flows, the situation can be worse. Asritbesl in the previous
section, the time scale of the chemical reaction is usuhblbyter than that of the turbu-
lent motion, which leads to a shorter time step. Furtherpibeenumber of chemical
species involved in the global reactions and the number efingtal reaction steps re-
guires more computational resources. These capabilitiddimitations of DNS on
combustion flow simulation was summarised in [96]. Rece@NS of simple flow
with a Reynolds number of 11,000 was performed in [12] and t@ikkd results
confirmed the importance of autoignition initiated by raditor flame stabilisation.
However, the task required a huge amount of computatiosaluree; 10 days with a
50 tera FLOPS supercomputer consisting of about 10,00@&psocs .

In practical engineering problems, the Reynolds number eailyeexceed the order
of 1C°, which is beyond the acceptable simulation cost for DNStuf@tely for these
complex systems the main interests lie in the propertiesezmilow and its variance.
Within the computational approach two concepts of ‘meamwdl@an be considered:
temporally averaged flows obtained by long time samplingopleaind spatially filter-
ing flows obtained by masking small structures of the flow. SEheoncepts require
mathematical models for some or all scales of the flow strectdhese have been
developed in RANS and LES techniques.

1.3.2 Reynolds Averaged Navier-Stokes Simulation

RANS is based on the temporal averaging of the governing mosat Although it

gives a relatively poor prediction of the turbulence coreplaito DNS, this approach
has been adopted in most commercial CFD solvers and applie@ty engineering
problems including injector flows, e.g., [17]. This is besadit is computationally
inexpensive and provides results that agree well with expartal work (particularly

for the stationary flow), even in complex and high Reynolds benflows.

In this approach an operation is applied in which the comtirswariableg of the real
flow is decomposed into a fluctuating turbulent compongrand a density weighted
Favre averagé:

(1.3.3)

<
Il
<I[E

where(.) designates a Reynolds average. With this decompositieringtantaneous
momentum equation (1.3.1) can be rewritten with averagégesaand an additional
Reynolds stress term, which represents correlation betaeemged and fluctuating
components of the flow:

dpl e _ _

i + V- (oll) +Vp=V- (T -p(uu)) (1.3.4)
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The averaged flow is resolved and can be regarded free froudilimns while tur-

bulent flow characteristics can be expressed in the Reyntaigsssterm. This term
controls turbulent effects in all scales, from the smalkssimogorov scales to inte-
gral flow scale, and needs to be modelled because this tenmotche calculated from
averaged values. Accordingly in RANS, simulation of govegnequations require
turbulence models for all scales. This resolves time-gextasteady flow and only
provides time averaged turbulent information.

Modelling of the Reynolds term is the main issue in the RANS $atan and hence,
many models have been developed. In order to match the mud#ie references,
which themselves are typically based on experiments or D&&, durbulence models
can contain many coefficients to be determined. Furthermormany cases, these
coefficients are problem dependent since flow scales andl¢&ntomotion, particularly
introduced in large scale eddies, are different among floongary, fluid properties
and boundary conditions of the problems. It implies the titnon of the concept of
RANS, namely to represent turbulence of all scales in any dfgow with a single
artificial model.

Due to these features, it is generally accepted that tunbalearacteristics are not pre-
dicted accurately in RANS and an alternative technique igired for more accurate
and time dependent simulations of turbulent flows.

1.3.3 Large Eddy Simulation

LES is based on the concept of spatial filtering for the gamgrequations. The fil-
tering concept is lead by an observation that the small stres contain only small
amount of energy as shown in Figure 1.4. The properties ofl sambulence can then
be treated as universal for all locations and all types ofglo®imilar to DNS, a di-
rect computation is performed for the large scale flow motiith calculations based
on models for small scale motion. Turbulent modelling i sgcessary but only for
the small scales, therefore, in terms of accuracy and catipoal cost, LES can be
considered as an intermediate approach between DNS and RANS.

Flow variabley is decomposed into large scalggthe same notation used in RANS
but different meaning in LES) and small scajegs With this decomposition, the flow
is separated into scales larger than the filter (grid scald)samaller than the filter
(subgrid scale). The grid scale is solved directly and onhals subgrid scales are
modelled. Since the motion of the small scales are not cegtuihe local fluctuation
can be relaxed. Figure 1.6 shows the LES capturing the looabm compared with
DNS (or exact solution) and RANS approaches.

From the energy cascade point of view, which was explaingbamrevious section,
the subgrid scale modelling of LES can be described as felldwe energy contained
in large eddies whose wavenumbers are in the integral sodlmartial sub ranges can
be solved directly, in other words, without modelling (segufe 1.4). On the other
hand, the small scale eddies corresponding to large waveensybeing in the dissipa-
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time

Figure 1.6: Comparison of three different numerical approach

tion range need to be modelled. This can be considered aseameadiate approach,
because DNS solves all wavenumbers from the integral scalege to dissipation
range without the use of models, whereas RANS solves all wembars with models.

The filtered form of the Navier-Stokes momentum equatio8.{}.is normally ex-
pressed as:

dpli e _ —

a + V- (old) + Vp =V - (7 — p(u”u”)) (1.3.5)
The subgrid stress tensor is equivalent to the Reynoldsssteesor in RANS and
modelling is necessary to close the system. This term reptethe difference between

the filtered non-linear term in the governing equation aredribn-linear term in the
filtered equations.

The Smagorinsky model is an eddy viscosity representatiains the most widely ap-
plied subgrid scale model. It is based on the same idea of theddwesq approxima-
tion in RANS. Conservative equations, e.g., mass, momentuhenargy equations,
are written in a matrix form:

ou
V-E=-V. 1.3.
8t+ T (1.3.6)

whereU andE represent a variable array and an inviscid flux vector, reispdy. The
subgrid stress terrm which corresponds to the second term in the right hand side of
equation (1.3.5) can be written as:
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) au @)

T = —CA?
OX| OX

whereC is generally estimated D— 0.2 in this equationA is the cell width. Although
the model is considered as a typical subgrid model, it is Wwediwn that the model
is too dissipative. Also, the model is sensitive to the cordfits and needs to be
calibrated for each problem.

The Smagorinsky model was significantly improved in [28] vehthe model coeffi-
cients can be determined dynamically; tuning of the Smagky model is therefore
not necessary. This model is also widely used and the subigesls can be represented
as follows:

ou

0X

Y

T = -CA*
¢ ox3

(1.3.8)

An alternative model, which is the so-called similarity nsbavas introduced in [7].
This is based on the assumption that the smallest resoleégkss similar to the largest
unresolved scales and the subgrid scale stress can be sgbeesfollows:

T- —CAZ(E)Z (1.3.9)

This model is known to be insufficiently dissipative, anceoftised with a more dissi-
pative model, e.g., Smagorinsky type model.

These models can describe the subgrid scale term in equAtidd), however, the
formulation implicitly contains a commutation assumption

o _ o

X OX
wherey represents any variable. The assumption holds true oniywieegrid spac-
ing is equal, but in many problems of complex geometry flovg ikinot the case.
Another potential error can arise when the equation applietie computation has a
truncation error. The main source of this truncation ersathe unavoidable process
of discretisation and rounding of the continuous values. Wdlethese possible er-
rors are accounted and written explicitly, the LES momenégmuation (1.3.5) can be
rewritten as follows:

(1.3.10)

(%u+V-(EGU)+V|_3:—V-?—V-T—V-TU—m (1.3.11)

wherery, is the truncation error term amd is the commutation error term. Therefore,
equation (1.3.5) holds under the assumption that:
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V- T>V-1y +m (1.3.12)

and the right hand side can be neglected. However, it is nallysshown that the
affect of commutation error is truly negligible. On the a@my, itis shown e.qg., in [29],
that the truncation error is significant and can be of the santer as the subgrid scale
term in case the order of the scheme is not high, which visltite above inequality.

The flow profiles obtained via LES are reasonably accuratesanthas proven to be
more suitable than RANS in the research on turbulent jet flé¥esvever, conventional

LES requires an explicit filtering of the flow, which means gtith scale modelling for

the particular flow is crucial. This is not an easy task siraenientioned earlier) the
error terms inherent to discretisation of the governingagigns affect the dissipation
mechanism of turbulence.

1.4 Objectives of the Research

The aim of this research is to investigate computationaletiog) for accurate simu-
lation of turbulent mixing and combustion flows. To achielre &im of the research,
the subject is broken down into three objectives.

e Simulation of turbulent mixing non reactive jet flows. Inghsimulation, an
advanced numerical computational method based on LES ijurmcion with
high-resolution and high order modelling, namely ILES, ppléed for the first
time to the complex engineering injector flow.

e Parametric survey of the turbulent non reactive jet flows.this simulation,
effects of some important parameters to the flow field, ewgt| Bitensity, inflow
conditions, grid resolution, density ratio and other pbgkproperties of the flow
are investigated.

e Simulation of turbulent combustion flows. In this simulatiehemical reactions
are combined with turbulent flow computation in the ILES t@guie.

1.5 Structure of the Thesis

Chapter 2 : The ILES with high-order high-resolution methadsintroduced. It states
the differences between high-resolution and non highluésa methods, followed by
the description of key process of the methods; namely réaart®n and Riemann
solver. The built-in subgrid scale model of the ILES is dssed and compared with
models used in conventional LES. Time stepping method usdtle research and
solution process of the computational code are briefly demsdr
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Chapter 3 : Simulation of the non reactive jet flow is presentedommences with
introduction of the past research and reference experahenestigations. Next, gov-
erning equations and numerical methods are detailed. Wshesults of instantaneous
and mean flow velocity field and species field. Effects of somemeters such as
boundary conditions, grid resolution and order of accueaeypresented with analyses
of kinetic energy spectrum. Effects of Atwood number whiglaidensity ratio of fuel
and air is investigated extensively. Some other effectsuid fbroperties on the flow
field are shown in the end.

Chapter 4 : Simulation of the combustion flow is describedeAiiitroducing exper-
imental references, methodology is detailed in order dirgebf the governing equa-
tions, selection of the chemical reaction scheme and modealpproach of the sim-
ulation. Simulation with finite rate reaction approach cameld with ILES is demon-
strated. Results of ILES fast chemistry approach are thewrslamd compared with
experimental data.

Chapter 5 : Concluding remarks are presented with some keltse®Recommenda-
tions for the future work are also given.

1.6 Publications
The following publications have resulted from this work:

e Y. Shimada, B. Thornber and D. Drikakis. Large eddy simutatd turbulent
jet flow in gas turbine combustors\otes on Numerical Fluid Mechanics and
Multidisciplinary Design. 110:337-343,2010.

¢ Y. Shimada, B. Thornber and D. Drikakis. High-order implieitge eddy sim-
ulation of gaseous fuel injection and mixing of a bluff bodyrier. Computers
and Fluids. Accepted.

¢ Y. Shimada, B. Thornber and D. Drikakis. Large eddy simutat swirl flow
in gas turbine combustors. Rroceedings of the Sxth International Symposium
on Turbulence, Heat and Mass Transfer. Rome, Italy, September 2009.

The following presentation was made on the technical mgetin

e Y. Shimada, B. Thornber and D. Drikakis. Implicit large eddyglation of
turbulent jet flows in combustor€Computational Combustion using High Per-
formance Computing Soring School. Cambridge, UK, April 2009.
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CHAPTER 2

High-order High-resolution Implicit Large
Eddy Simulation

2.1 Introduction

ILES techniques together with high-resolution methodsewdeveloped to overcome
the disadvantages of the conventional LES approach deskchibthe previous chap-
ter [22, 18, 20, 32]. Firstly, it should be noted that higkattion methods are not
numerical simulation with fine grid size, but a defined term dertain numerical
methods which are detailed in this chapter. This method wagnally developed
for the purpose of solving the advective terms of the govermiquations accurately.
However, after a close relationship of the properties oh#rigsolution methods to the
unresolved scale turbulence modelling for LES was found, [8Pplications of the
high-resolution methods to LES were attempted. As a coresemp) some extensive
research [18, 26, 55] confirmed the applicability of highealation methods for gen-
eration of viscosity for turbulence modelling. The idea wasontrol the embedded
properties of the high-resolution methods and mimic themsagbgrid scale modelling
for LES and was named Monotone Integrated LES (MILES). Siheeunresolved
scale modelling are expressed implicitly and do not appetra governing equations,
the MILES method is also called Implicit LES. An importansight into ILES is that
the numerical accuracy does not only depend on the mathsahatodelling but also
on the numerical methods. In other words, models and nualeriethods cannot be
considered separately [22]. The ILES concept can be exqiaas, instead of setting
explicit filters for the determination of the subgrid scates assumed in ILES, that the
numerical discretisation implicitly accounts subgridlssaand hence, setting explicit
filters for the determination of subgrid scale is unnecgsdad]. This ILES concept is
based on the fact that the leading order of the numericatétion error is similar in
behaviour to a typical subgrid scale model. These erromnarefested as a dissipation
occurring in the reconstruction process of high-resofutiethods incorporated in Go-
dunov schemes [22]. Since the early studies into ILES @tab®ve), research using
ILES has been conducted for both basic configuration flowscantplex engineering
flows, and has shown promising results.
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2.2 High-resolution Method

Modern high-resolution methods that solve the advectikm & the governing equa-
tions accurately, are equipped with non spurious os@letifeatures at the same time.
This can be found in the description of the high-resoluticimesnes in [39] and classi-
fied in [18], which satisfies the following properties:

e Provide at least second-order of accuracy in smooth areag dow.
e Produce numerical solutions relatively free from spuriossillations.

¢ In the case of discontinuities, the number of grid pointshi@ transition zone
containing the shock wave is smaller in comparison witha&tst-order mono-
tone methods.

These descriptions clearly point out that the high-resmtutethod can circumvent
Godunov’s theorem which states ‘There are no monotonealdisehemes of second
or higher order of accuracy’. The theorem implies that (agdir higher-order meth-
ods provide superior accuracy to first-order methods in $incggions of the flow,
but they produce spurious oscillations near high gradiants(b) that monotone first-
order methods avoid spurious oscillations but are too wate for practical simula-
tions. Godunov applied the solution of the local Riemann fgmmifor the discretised
formulation of the governing equations. Although his clealsmethod is limited by
his theorem and only first-order accurate, its physical fation is attractive. The
key to circumvent the theorem was found in the assumptiomehl schemes [18].
Therefore, in order to design a scheme providing higher tlrahorder of accuracy
and free from spurious oscillations, a non-linear methaddgsiired. With a non-linear
differencing technique, the high-resolution methods aawide ‘physically meaning-
ful’ results in all flow regions, even in the vicinity of highragients, while a non
high-resolution method can lead to an ill-behaved solutica high gradients region.

The typical procedure of the high-resolution methods isated in Figure 2.1. First,

according to a basic concept of a finite volume method, thérmeous variables (Fig-
ure 2.1 (top)) are represented by a piecewise volumetricageevalues (Figure 2.1
(second-left)). These values are considered to be corstangwhere in the volume
(‘cell’ in CFD). In the first-order Godunov method, the sintida proceeds to the Rie-
mann solver shown in Figure 2.1 (third-left). In the higlsekition methods however,
a high order reconstruction step in Figure 2.1 (seconddrighows. An interpolation,

sometimes called limiting, is manipulated in this step toorestruct the cell interface
values, which concerns the unresolved distribution of thgirmal continuous values
and hence, increases the order of spatial accuracy. Notntiadl reconstructed val-
ues are not identical at the left hand and right hand sideet#il interface. In the
Godunov method (for both first-order and higher order methdhis discontinuity is

solved locally by the Riemann solver (Figure 2.1 (third)).c@mhe cell interface val-
ues are determined, the fluxes can be calculated and a tipprgjenethod integrates
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these fluxes to produce the next time solution, which arengagecell averaged values
(Figure (2.1 (bottom)) following the finite volume concept.

In the Godunov type methods the order of the method depenttemrder of the spa-
tial reconstruction. However, since the high-order intéspon is based on the assump-
tion of a smooth flow, the order of the spatial accuracy caredeced to a first-order
piecewise constant reconstruction in areas where digaotiéis can be seen. Then, us-
ing a higher-order reconstruction can result in decreassiagrder of accuracy in the
vicinity of high gradients regions, particularly shock wav Therefore, the accurate
simulation of the high-resolution methods depends on tiaglintrinsic processes: the
reconstruction and the Riemann solver. These are explainibde ifollowing sections.

L LN

Figure 2.1: Solution process of the original Godunov method (left) and the High-résnlu
method (right). Solution proceeds from top to bottom: Initial data (top), Ayiegpand
Reconstruction (second), Riemann Solution (third) and Reaveragittgiijo after [22]
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2.3 Reconstruction Process

In this thesis, second, fifth and ninth-order spatial adeunaethods were tested. For
second and fifth-order accuracy, the Monotonic Upstreantred Scheme for Conser-
vation Laws (MUSCL) scheme originally developed in [94] wapléed.

The left and right variableb at the cell interfaces for the MUSCL scheme were ex-
trapolated as:

Ui = Uy + %((1 (U Ui + (L + cm(%) (Ups ui)) (23.)

Uiraon = Uit + 5 (L= OWORU2 - Uno) + 1+ O] s - 0) 2:3:2)

wherei + 1/2 expresses cell interfaces between defiadi + 1, -1 < C < 1is a free
parameter ang is a limiter function based on the slopesf the conserved variables
within the four point stencil for the second-order accusatieeme. A popular second-
order limiter function was proposed by Van Leer [95]:

(r<0)

0
2nd _
¢ ‘{2ua+o (r > 0) (2.3.3)
with the left and right hand ratio of the slopes:
Ui = U
re = U-U. (2.3.4)
Ui -y
"= Uiz — Ui (235)

A fifth-order accurate MUSCL scheme consisting of six stenwis proposed in [50]:

450 = 2/ri_y + 11+ 24 — 30r 1risa

2.3.6
g3 = —2/li2r+ 11+ 2340ri+1,R — 30ri,1RMiR (2.3.7)

where the ratio of the slopes are:
e (2.3.8)

U - Ui
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_Ui-Ui,

g = 2.3.9
R Ui - U, ( )

For the ninth-order spatial accurate scheme the Weightserigially Non-Oscillatory
(WENO) methods based on [6, 42, 53] was adopted. The prinajpatoximation
method of WENO is to average high-order stencils by a weigbtedbination by way
of a local smoothness to produce a higher order stencil. dvesaging reduces the
sensitivity to small changes in the sample stencils andd e#duces the effects of the
truncation errors. Thus, WENO schemes obtajr-2 order of accuracy witly being
the number of sample stencils. For ninth-order WENO metihed5 and hence, five
stencils across the interface are used. In accordance 6\itthe cell interface value
can be expressed as:

q q
Ujr12 = Z [Cu,i Z(Cl,ikuj+k—q)] (2.3.10)

i=1 k=1

with

(2.3.11)

where coefficient€, i, Cyix andC,;;; can be found in [6], and is a small number,
e.g., 10°.

2.4 Riemann Solvers

The cell interface values are reconstructed with the higleolimiters. However, the

left hand and right hand side of the reconstructed data hagemtinuities. In order to

solve these discontinuities whilst retaining the fundatalgphysical and mathematical
characteristics of the governing equations, the hightism methods incorporate the
local Riemann solver. In the Riemann solver a system of hypierbonservation laws

with discontinuous initial boundary condition is concetne

oU
rl +E(U(X)) =0

U(x,0) = UO(x)
U(O,t) = U(t), U(L.t) = Ugr(t)

(2.4.1)



20 High-order High-resolution Implicit Large Eddy Simulatio n

The solution is physically characterised by a wave systensisting of a rarefaction
waves, a contact discontinuity and a shock wave.

For the Riemann problems analytical solutions are availablence, for some sim-
ple governing equation systems or some simple low comumalticost problems ex-
act Riemann solvers can be adopted. However, noting thage faoportion of the
computational time is spent on solving the Riemann problenasthat approximate
Riemann solvers can produce nearly identical results cosdptar the exact solution
[93]. Therefore, an approximate Riemann solver is prefefoedomplex governing
equations or high computational cost problems. Pracgicalmost all computational
codes adopt approximate Riemann solvers.

The HLLC (Harten, Lax and van Leer plus Contact wave) Riemahres{®3], which
was developed as a modification of the original HLL Riemanrexphas been widely
used and adopted in this thesis.

Figure 2.2 illustrates a typical wave pattern for the Eulgmagions concerned in the
HLLC Riemann solver. The solution can consist of four constanditions, separated
by the three basic waves stated above. The left and the rigi*® wan either be a
rarefaction wave or a shock wave but it is assumed here thatatiefaction wave is
on the left hand side and shock wave is on the right hand side.nfiddle wave is a
contact discontinuity. In the left and right end regions vehie velocities are, and
Ur, respectively, conditions can be simply defined by theahitonditions at = O.
The two mid conditions between rarefaction and shock wamemin to be calculated.
In Figure 2.2 a left-running rarefaction wave is moving apaex which is given by
the difference of the local velocity and the local speed oighu — a. This rarefaction
decreases the pressure and the density of the gas. The lbpandde high pressure
side (right in this figure) is called the head, and boundaryhenlow-pressure side
(left in this figure) is called the tail. Inside the head anidl the velocity and other
conditions follow a smooth, non-linear transition fram to u;. On the other side,
a right-running shock wave can be observed moving at a speed-@. The shock
wave is a non-linear wave that increases the pressure tyldasiperature and entropy
as it passes through the fluid in conditiop The stateu;, can be determined from
stateur through the Rankine-Hugoniot relations. The region betwberexpansion
and the shock is often referred to as the star region. In #rersgion, two state;
andug, are connected through a contact discontinuity travellinign the wave speed
u. The characteristics in this area run parallel to each athdmeither expansion nor
compression can occur. Hence, both the velagitsind the pressung® are constant in
the star region, but other flow properties show discontiestit

The above description of HLLC approximate Riemann solverazwritten:

U X/t<u-a)
Ul (U-a<x/t<u)
Uy (u<x/t<u+a)
Ur (X/t>u+a)

(@]
Il

(2.4.2)
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The HLLC flux can be expressed:

E O<u-a
e _ ) EL+(uU-a)(Uf -U) (uU-a<0<u)
Ei+l/2 - ER+ (u+ a)(UE— UR) (u <0O<u+ a) (243)
Er (0>u+a)
t
A
Rarefaction Contact Shock
U/ U
uL UR
—
0 X

Figure 2.2: Schematic of a typical wave system of a Riemann problem

2.5 Implicit Subgrid Scales Modelling

The high-resolution methods can be employed for solvingatihesctive terms in the
governing equations of ILES for turbulent flows. This condtian is based on a mod-
ified equations analysis (MEA) that shows that the embeddeplepties of finite vol-
ume, high-resolution methods demonstrate mathematiaatiyphysically similar be-
haviour to traditional subgrid scale models typically ugedonventional LES. They
can provide a local non-linear numerical viscosity actisg@aynamic stabiliser for the
solution, which is equivalent to a purely dissipative tuéoi viscosity model. They
also provide a backscatter mechanism related to scaléasityimodels in classical
LES. The formulation of ILES can be compared to the one in \&8en no filtering
is applied to the Navier-Stokes momentum equation (1.&&)explicit subgrid scale
term and the commutation error term do not appear, yielding:
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6—u+V-(W)+2VT):—V-?—V-TIr (2.5.1)
ot 0

wherery is the truncation term dependant on the discretisationsetand the solution
procedure, i.e., high-resolution methods: The over banetgean average originating
from the finite volume scheme. Therefore, the cell averagpegation of the finite vol-
ume can be regarded as an implicit spatial filtering. Theitepdrder of the remaining
truncation error term has been analytically examined by @fdEA [22, 26, 55]. Ac-
cording to this analysis, a comparison of the subgrid seatag of ILES to the explicit
subgrid scale terms, used in conventional LES, is brieflgdesd here.

A discrete, one dimensional equation is considered:

At

Ut = uf - Ax

(Biv12 — Bi1p2) (2.5.2)
where superscriptand subscriptdesignate time step and spatial position respectively.
The reconstruction step of the high-resolution methodutates the left and right hand
side values of the cell interface and the Godunov fluxes a@\wed by a linearised
Riemann solver [22]:

1 E’
Eivi2 = E(Ei+1/2,R - Eiv121) - | > |(Ui+l/2,R — Uit120) (2.5.3)

whereE’ is the derivative of the flux with respect th oE/dU.

For this general form of the modified equation an effectiviegsid stress, namely a
truncation error can be:

62U aU\?
Ty = —clAZE'W — C,A%E” ( 6)() (2.5.4)

whereC; andC, are constants depending on the details of the numericaladethd
A is the cell width. It can be observed that the second ternmssregglly the same form
to the leading order term for the self-similar model in equaf1.3.9).

When the MPDATA scheme [84] is used with a limiter:

Uiz — U
Ui — Uixg

Si+1/2 = (1 - ' )(Ui+l - UI) (255)

and the cell interface values are expressed as:

UisioL = Ui + Sz (2.5.6)

Ui+l/2,R = Ui+l - Si+1/2 (257)
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the leading order truncation error results in:

6U ou

Ty = —CAZ 8

(2.5.8)

which is essentially the same form as the Smagorinsky madeuation (1.3.7).

Thus, an analysis of the MEA for ILES implies a similarity beetexplicit subgrid scale
models applied in the conventional LES: Hence, the trunogerm can be considered
as a built-in mechanism representing the effect of unresbobcales.

2.6 Time Step Integration

Since the flow fields are inherently unsteady for the Eulea&qn and the flow com-
ponents fluctuate rapidly, an explicit Runge-Kutta timegné&tion method was chosen
for the time stepping method.

A single stage scheme is the same as the Euler method andsisrplest procedure:

At
1_
Ut = U] + —E(UY) (2.6.1)

However, this method is first-order accurate in time andetoee, higher order meth-
ods with linear combinations of multi-stages are preferréden, a normal second-
order procedure is expressed as:

1 At
1
Ut = Uj + 5= E(U)) (2.6.2)

At
Uttt =uj + —E(Ul) (2.6.3)

And, a third-order Total Variation diminishing (TVD) mett@an be derived as:

Ut = Uy + S E(UD (2.6.4)
LAt
U = U+ 2 (E(UD + E(UD) (2.6.5)
Ut = Um + }A(E(U”) + E(U}) + 4E(U?)) (2.6.6)
6 Ax

With these explicit time integration methods, the timestize is limited as follows:

At = CFL%X (2.6.7)
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whereCg_ stands for Courant-Friedrichs-Lewy number (CFL). In the az#s& com-
pressible equations system, the CFL number should remaar hvan unity so that the
computation can track the effects of the pressure wave hpititty the larger wave
propagation speed than the computational grid spacing.eMeryby adding an addi-
tional stage, a third-order extended stability method waselbped to allow a larger
CFL number [86]:

Ut= U+ %%(E(UT) (2.6.8)
W= Ut %%(E(u}) (2.6.9)
U3 = gu? + %UJ? + %%{E(U,-Z) (2.6.10)
U = U3+ %%(E(U?) (2.6.11)

where the CFL number can be up to 2, which is beneficial in terfne®mputational
costs. In this thesis, the third-order extended stabiligthrad was applied, however, a
second-order method was used for simulations of a paransetrvey after no signifi-
cant difference confirmed in the typical test cases.

2.7 Computational Solution Process

Figure 2.3 summarises the solution process of the ILES ctatipn adopted in this

thesis. The three dimensional Navier-Stokes equationsgiteinto each direction,

e.g., X, y andz for a cartesian ang, n and¢ for a curvilinear coordinate system.
The equations are decomposed into inviscid terms whichheesame as the Euler
equations, and the viscous terms including mass, momentdrargergy transport. For
the linear viscous terms a second-order central differecbeme is employed while
a Godunov-type high-resolution method, described in thewipus sections, solves
for the non-linear advective flux derivatives in the inviséérms. High-resolution is

achieved through the reconstruction step incorporatifigrént variants of non-linear
limiting schemes. After these fluxes are added togetherdketimestep variables are
calculated with a time stepping method as explained in teeipus section.
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Figure 2.3: Solution process of the ILES computational code
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CHAPTER 3

ILES of Non Reactive Flows

3.1 Introduction

Fuel jet injection and mixing with air has a major impact ol combustor perfor-
mance and the flow field contains many complex fluid mechapisahomena: tran-
sition of the fuel jet from laminar to turbulent, formatio the recirculation zones,
vortex breakdown and turbulent mixing, hence, numerougmx@nts and computa-
tions have been conducted. In the context of numerical reseaith the aid of recent
developments in computational power, LES has been apmididese flows. This is
because LES has been recognised as a more promising appoodiohe dependent
flows than RANS in which only temporally averaged values aeglable.

In this decade, extensive research has been carried ouverakeonfigurations of re-
active and non-reactive fuel jet flows in the framework of liernational Workshop
on Measurement and Computation of Turbulent Nonpremixeth&$a(TNF) which
Is summarised in [8]. In this research, three dimensionalmgations used conven-
tional LES approaches which solve the filtered governingagquos together with sub-
grid scale models, e.g., a Smagorinsky type model. Theteeshbwed a reasonable
agreement with experimental data but at the same time shsorad limitations. As
described in [8], the simulation is sensitive to the subgdale model coefficient which
effects both velocity and scalar fields. Moreover, the camistiurbulent Schmidt num-
ber which often used in the conventional LES [47, 65] is imedl in the subgrid scale
model and this may cause the deviation in the scalar fieldreftwee, these coefficients
require calibration which can be a difficult task. A well knowolution is to apply the
dynamic procedure [28], which can avoid an explicit setfighe model coefficient,
however, this results in strong dependence of the turbuieabsity on grid resolution
thus, the conventional LES requires sufficiently large giz. In a conventional LES,
the filtered equations are derived assuming the commutaedween differentiated
and filtered variables, but this assumption is valid onlyhvaqual filter length, which
Is not likely in complex geometries. A number of other issaes reported in past
reviews (see, for example, [73]). These problems are bsigaavoidable as long as
filtering is explicitly operated to the governing equations

ILES techniques (see reviews [36, 56, 18]) together witthhrigsolution methods [22,
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93] have been developed to overcome the principal disadgastof the conventional
LES approach described above. In ILES computation it israssithat the numerical
discretisation itself accounts for unresolved scalestheowords implicitly modelling
the subgrid scales, and hence setting explicit filters fterd@ination of subgrid scale is
unnecessary. Furthermore, the use of appropriate limiteh® reconstruction process
of high-resolution methods, which are employed in ILES,ameplishes non-linear
dissipation to be selectively added to the computationiéd.ce

There are a number of recent and past studies, which haverdérai@d the accuracy
of ILES in simulations of both basic and complex flows, e.86,[56, 21, 27, 33, 38,
37, 92, 100, 26, 19, 31, 57, 90], as well as studies dealinigy thigoretical aspects of
ILES and associated numerical methods [31, 56, 55, 91].

ILES methods have also been validated in the past with régpgas turbine combus-
tor flows [27, 33]. In [33] two LES models, a second-order ILBSdel with 1 and 2
step Arrhenius chemistry, and a fractal flame-wrinkling Lila8del coupled to a con-
ventional one-equation eddy-viscosity subgrid model enesed. The authors showed
reasonable agreement when comparing their predictioris expperimental data and
with other LES computations of the same case.

The aim of this chapter is to assess the accuracy of higlier-drES methods for non
reactive, multi-species fuel jet flows. The physics of thddtlent mixing jet flows is
also investigated by focusing on the effects of swirl andstgrdifference between
fuel and air.

3.2 Experimental Research of Fuel Mixing Jets

Experimental research of fuel mixing jets has been extehsperformed as the flow
structures are strongly dependent on the fuel burner gepmeintil recently time
dependent turbulent flow was computationally too costly.

In this decade, several research projects on selected flodvBaanes have been con-
ducted and detailed flow structures identified. For exantplee mixing layers are
located in the gaps of four main streams namely, the fuel ¢&t, fthe inner vortex
above bluff body, the outer vortex above the bluff body pktd the air flow [15, 16].
The flow observations also revealed that a second recirgnlabne emerged on the
centreline of the flames further downstream of the primacyrcalation zone and that
the region between these recirculation zones was chaissxddry high shear stresses
[44, 62]. Other simple and generic shape burner flows wereeaiamined by some
groups [1, 64, 66, 67]. However, 3D turbulent fuel and airawfboundary conditions
are not yet available due to measurement difficulty thougly re the key properties
of the flow development.

The geometry of the fuel jet burner used in this study is shiwFigure 3.1, and was
investigated experimentally [15, 59]. This burner geometas designed and tested
at Sydney University. Both non reactive and reactive flowsewaeasured with this
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burner. Compressed natural gas (methane is the primaryesperid air were used in
the experiments. Due to its simple and generic geometry dmptex flow structure,
this burner is suitable for validation of the ILES methodplo At the fuel injection
plane the burner consists of a fuel jet nozzle, a bluff bodyehlnd an annulus oxi-
diser flow inlet. Fuel is injected in the axial direction thgh the round exit nozzle
(diameter 3d3mm) located in the centre of a cylindrical bluff body (diames&0mm).
The oxidiser is supplied in the axial direction, with or vatit a circumferential ve-
locity component, from the annulus inlet (widthOBm) surrounding the bluff body
plate. The burner is located in the centre of a wind tunnettvisupplies constant air
flow as coflow surrounding the injector. The flow field is eryireontrolled by the
three inflows, namely the fuel inlet velocity, the oxidiseleit velocity and the coflow

velocity.

. ——— Fuel jet diameter, 3.6mm

[}

8 || T Bluft-bady diameter, D, Slmm

— AN

b Annulus diametar, G0mm

|| Tangential sir injectors {x3)
=/ diameter Tmm,
i'- inclined 15 to horizontal

W
’ |

14— Honeyvcomb and meshes

—' Primary axial air infets

— Fuelinlet

Figure 3.1: Photo of the ‘Sydney bluff body burner’ (left) [45] and its schematichtjd61]
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3.3 Governing Equations for Non Reactive Flows

The three dimensional compressible mass, momentum angyecenservation laws
for a gas mixture were employed.

Regarding multi-species modelling, pressure oscillationsixed cells have been a
significant problem in compressible flows. A quasi consérgahodel [4] was adopted
here since simulations of simple flow configurations showed the pressure oscilla-
tions were eliminated with this multi-species model coneplato the mass fraction
model or the total enthalpy conservation model [89]. In thasi}conservative model
the volume fraction of fuel is tracked instead of mass fact@nd hence, the mix-
ture mass conservation equation was replaced by volumgdinaequations for each
species and a balance equation of volume fraction.

An instantaneous pressure equilibrium assumption waseapiol which both species
in the mixture have the same velocity and pressure withinglsivolume cell. Under
these conditions the governing equations are:

Oaspy

ot + V'(afpr) =0 (331)
Jagpo _
e + V-(aopou) =0 (3.3.2)
dpu
E + V'(pUU) =-V-P (333)
(9g>_tE + V-(oEu) = -V-(P-u) - V-q (3.3.4)
oa
B_tf + Vagu=0 (3.3.5)

whereu is the velocity vectorg, p and E denote volume fraction, density of the gas
mixture and total energy per unit volume, respectively ghlescriptf ando designate
species for fuel and oxidiser. Variables for mixture andchesmecies are related by:

af+a,=1 (3.3.6)
P = ptas + Polo (3.3.7)
and other thermodynamical parameters are specified as.in [4]

Yi = 28 Y, = a2 (3.3.8)
p p
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PCVT = psatCys Tt + PooCuoTo (3.3.9)

whereY, p, C, and T stand for mass fraction, pressure, specific heat for constan
volume and temperature, respectively. By these relatioris-species in a single cell

Is treated as immiscible gas mixture and the volume fraatioeach species can be
tracked.

The total energy is a sum of internal energy and kinetic gnerg

E=CT+ %uu (3.3.10)

The stress tensdét contains pressure and viscous effect based on Stoke’shggist

P=npl+ g,u(V-u)I — u((Vu) + (Vu)") (3.3.11)

wherel andu stand for the unit tensor and the dynamic viscosity coefiigieespec-
tively. The heat fluxg follows Fourier’'s equation:

q=—«kVT (3.3.12)

wherex is the thermal conductivity coefficient. The mixture specheat ratioy is
evaluated using constant specific heat ratio for each speuid the ideal gas equation
of state is used to relate pressure, temperature and sgeedicatio in order to close
the system:

p=pC/T(y-1) (3.3.13)

Regarding transport properties, viscosity coefficientscaleulated by Sutherland’s
law and the heat conductivity is evaluated using a constearid® number 0.72. In
the current simulation diffusion terms are neglected frpecses and energy equations
since usually they are much smaller than turbulent diffusgsms which are embedded
in the ILES high-resolution method. However, it should béedothat sensitivity of
these transport properties can cause deviation in the-spéties flow simulation.



32 ILES of Non Reactive Flows

3.4 Numerical Modelling of Non Reactive Flows

The governing equations are solved using a finite volume Goditlype method. In

this method, the continuous function is discretised to aeiraged variables. The
values at the next time step are determined by advectivesflogaveen surrounding
cells. The fluxes at the cell interfaces are calculated bgrnsttucting cell interface
values from cell averaged values, and the fluxes are thenueehfrom the solution of

the Riemann problem. Thus, an important characteristidseo@Giodunov-type method
is the limiter which is used in the reconstruction process eontrols the order of

spatial accuracy.

To achieve a high-order of spatial accuracy, up to nintrepatcurate limiters were
used in the simulations. MUSCL limiters were used for a seemaer [95] and a
fifth-order [50] accurate scheme and the WENO scheme was aseadrfinth-order
scheme [6].

In the reconstruction process, the velocity componentsoasdly modified according
to a procedure detailed in [91] to prevent overly dissigatdehaviour of turbulent
kinetic energy, particularly in low Mach number flow. Thidbiscause the leading order
dissipation rate was found to be proportional to the speexoihd and hence, caused
excessive dissipation in low Mach number flow [91]. With thedification under
subsonic conditions, the leading order of the truncationrerwhich act as subgrid
stresses in the ILES approach, for second, fifth and nintlerdimiters are given by
[37, 91]:

AX? AX®
2ndMUSCL _ 1)2 Oy®

= ——uu®u@ + == CgauPu 34.1
¢ 12 1277 G4

AX®
SSthMuSCL _ uu@y® (3.4.2)

60

9
£INWENO _ AX uu@y® (3.4.3)

1260

whereAx, a andu denote grid spacing, speed of sound and velocity in directior-
mal to the cell interface, respectively, the superscriptdenotes then-th derivative
with respect to the cell interface normal. It should be ndteat in the second-order
reconstruction scheme the dissipation rate still inclutiesspeed of sound. Further
information of the modification is detailed in [92].

As an approximate Riemann solver, the HLLC method [93] wasiegpThe viscous
term was discretised using standard central differencestiiie integration, a third-
order extended stability explicit Runge-Kutta method wagleyed.

In the ILES computation stated above, the discretisatiocetbaveraged values and
reconstruction by a limiter are key to obtaining high-ordecuracy. Therefore, grid
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resolution and the order of accuracy of the limiters are thegarameters for accurate
ILES computation.

3.5 Multi-Species Flow Simulation

3.5.1 Simulation Setup

The geometry of the fuel jet burner and the coordinate sysienshown in Figure 3.2.

Fuel
Oxadiser
Coflow [ f_ ‘ r
N——
el D L

Figure 3.2: Geometry of the fuel jet burner

The computational domain is cylindrical and set downstrexdirthe burner surface,
as shown in Figure 3.3 (left). To avoid singularity at theteeraxis of the domain,

8 x 8 square meshes for the course, medium and fine grids, ardl&6émeshes for
the mediumcirc grids are distributed as shown in Figure i3gB{). The central square
meshes has the smallest size in the domain: width and heigitsx 10-°mm and
1.5 x 10~*mm respectively. The whole domain size was similar to that eygd by
[47, 88, 87] which has a smaller axial length. The axial ardialdengths are DD
and 88D respectively, wher® is the diameter of the bluff body. To investigate effects
of grid resolution and order of reconstruction the comparet were carried out with
four grid resolutions and three limiters.

In the study of flow structure and comparison of velocity pesfj air was selected for
both fuel and oxidiser, corresponding to the experimeritalys[59]. For evaluation of
multi-species mixing flow, methane and air were selected@lsaind oxidiser, respec-
tively. The mean bulk inlet velocity;q are 6In/sfor the air jet, 85n/sfor the methane
jet, and 2@n/s for the oxidiser and coflow, respectively. The Reynolds nunhiased
on the fuel inlet velocity and the fuel nozzle diameter i451x 10*. The local Mach
number based on the fuel inlet velocity i4.8 for air jet case and.D4 for methane jet
case. Test cases are summarised in Table 3.1MitiN,, N. andN; being the axial,
radial, circumferential (azimuthal) and total cell nunmeaespectively. Note that 60
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Figure 3.3: Schematic of the computational domain set in the downstream of the burner
(left), grid distribution near the centre axis, showing a constgtane (right)

meshes are distributed in the radial direction excludirgdintral square meshes for
the coarse, medium and mediumcirc grid, and 120 meshesdding grid.

Table 3.1: Test cases for the non reactive flow simulation

Grid N, N N \A limiter Jet
Coarse 60 62 32 .02x10° 5th MUSCL Air
Medium 300 62 32 ®0Ox10° 2nd MUSCL Air
Medium 300 62 32 ®0x10° 5th MUSCL Air

Medium 300 62 32 ®0x10° 5th MUSCL Methane
Medium 300 62 32 ®0Ox10° 9th WENO Air
MediumCirc 300 64 64 23x1C 5th MUSCL Air
Fine 600 124 32 238x10° 5th MUSCL Air

Random velocity fluctuations were added to the fuel and théisei inflows to match
the turbulent intensity to a DNS result [49], but the turlmilentensity profile was
simplified as linear from the wall of the nozzle and inlet thbiuhe reference paper
showed nonlinear profiles. In the reference paper, the Rdgnolimber based on
the mean velocity and half-width of the flow passage is 330@ewih the current
simulation test casBe = 3200 for the air inlet, based on the air velocity and the half-
width of the air inlet, andRe = 7000 for the fuel jet, based on the fuel velocity and the
radius of the fuel nozzle. Therefore, the referenced Regnalonber is sufficient for
the present work.

The inflow gas temperature and static pressure of both spaoteat standard atmo-
spheric temperature and pressure. A no slip condition wpbkeabon the bluff body
plate. On the radial boundary constant axial velocity congmbs and species corre-
sponding to the coflow were set. The downstream plane of tiheattowas set as



3.5 Multi-Species Flow Simulation 35

outflow boundary where velocity and species gradients are ze

The following section will first show the instantaneous floisualisations to illustrate
the turbulent flow structure. Next, temporally and spatiaeraged velocity, root
mean square (rms) velocity and mixture fraction profilesammpared with experi-
mental data. Following these comparisons, we will thenwdisahe kinetic energy
spectra to assess effects of grid resolution and order ohetaiction limiters in the
ILES computation.

3.5.2 Instantaneous Flow Structure

The instantaneous flow field was examined to deduce the steuof the large scale
eddies. Figure 3.4(left) shows fuel volume fraction contitand of the fully turbulent
flow field. The simulation was performed on the fine grid with ttith-order accurate
limiter, and the corresponding physical time from fuel atjen is 1639 ms. Note
that air was applied as fuel in this computation as describelle previous section.
The central fuel jet is laminar up to axial distarmy® = 0.4. Then the jet breaks up
immediately and a highly turbulent region can be seen wgo= 1.0 where the fuel
concentration is reduced to less thah.d_ow fuel concentration region is formed by
recirculation flow over the bluff body plate-0.5 < r/D < 0.5,z/D = 0.0) and below
z/D = 1.0. Normalised vorticity magnitude at the same instant issshim Figure
3.4(right). A high vorticity region where mixing of the fuahd air is enhanced exists
only in the vicinity of the central fuel jet and up D = 1.0.

Figure 3.4: Instantaneous shapshot of volume fraction (left) and normalised vorticity
magnitude (right) (fifth-order limiter, fine grid)
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3.5.3 Sensitivity to Boundary Inflow Condition

As reported in [47], the flow structure is very sensitive te iflet boundary condition.
While the mean velocity inlet boundary was set to be the sartieeaxperimental data,
no experimental data is available for the level of turbuéeatthe inlet and hence axial,
radial and circumferential fluctuating components wereeddohsed on the results of
DNS [49]. Figure 3.5 shows that adding a larger fluctuatingjgonent (corresponding
to 7.6% of the mean axial velocity of the fuel inflow) shows a lardeviation than a
1.5% fluctuating velocity in some regions e.g/P = 0.05,z/D = 0.136 andr/D =
0.4,z/D = 0.4. It should be noted however, as will be shown in the nexi@ecthat
the experimental data for mean radial velocity exhibitsidipancies from ideal results
at the centreline, and that the maximum discrepancy casretgpto 45% in the graph.
Considering this uncertainty the setting 8% fluctuation gives reasonable agreement
to the experimental data apart fromiD = 0.08, z/D = 0.136. These observations
confirm that the inflow fluctuation has a large influence to tbe 8tructure and hence,
a detailed setup of the inflow velocity fluctuations as the esa® the experimental
condition should result in a better match to the experimesataes.
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Figure 3.5: Effects of inflow fluctuation at/D = 0.136 (left) andz/D = 0.4 (right)

3.5.4 Mean Flow

The temporal velocity fluctuations were examined to set #mapding start and end
time for calculation of mean properties. The time histoné85 spatial points were
measured at a single— r plane. These points are located in and on the edge of the
large scale flow structures, i.e., a recirculation zone Wwilscestimated from the in-
stantaneous flow structure. Figure 3.6 (left) shows a tinsohy of axial and radial
velocity at ¢/D,z/D) = (0.0,0.4). The sampling start time can be set once the tur-
bulent flow is fully developed and the fluctuation settles ddw a statistically steady
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condition. From Figure 3.6 (left), the time can be set atraftendimensional time
D/uso = 40. In the current simulation the sampling start time wassé0 which cor-
responds to approximately four times passage of the coflomagfin the computational
domain. Figure 3.6 (right) shows a time history of the tinveraged axial velocity.
Even after a long sampling time the time-averaged valuégstitinue to vary, there-
fore, the sampling end time is set when the maximum variamd¢be period of 16
(time for coflow to pass the domain) gets down t@% of fuel inlet condition. The
sampling end time in this manner was set to 230 meaning teagampling period is
approximately 14 times passage of the coflow through the atettipnal domain. The
obtained sampling period is much larger compared to previesearch [48] in which
2.4 times of the coflow field was used.
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Figure 3.6: Time history (left) and time-averaged velocity (right) at a single spatial location

The instantaneous velocity and mixture fraction field wesmeraged. Figure 3.7 (left)
shows a contour flood of the temporally averaged axial vglamdrmalised byusg,
the mean fuel inlet velocity at the centrg D = 0.0). The simulation was performed
on the fine grid with a fifth-order accurate limiter. With a ¢pphysical sampling
time of 1148 ms which corresponds to more than nine times passage of theacoflo
through the computational domain, an axially symmetric ff@ld was obtained. It
clearly depicts the location of recirculation zones whéeedxial velocity is negative
at 01 < |r/D| < 04, z/D < 1.0 region. Figure 3.7 (right) shows the contour of
the temporally averaged axial rms velocity of the same flodl #@x@ same sampling
time. The data is also normalised by. A high rms velocity region lies mainly on
the centreline at arourzyD = 0.4. Although the sampling time is very long, small
asymmetries can still be seen in this region. This is clebulstrated in Figure 3.8. The
left hand side graph shows a symmetric 3D picture of the gestraxial velocity while
the right hand side shows an asymmetric feature of the agdragal rms velocity.

Comparisons of the mean flow with experimental data [59] weréopmed atz/D =
0.4, 0.8 and 14, corresponding to a location of strong turbulence and #rdre of
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Figure 3.7: Temporally averaged axial velocity (left) and axial rms velocity (right),
normalised by the mean fuel inlet velocity at the centre (fifth-order limiter, nmedjtd)

I

Figure 3.8: Averaged axial velocity of 0.15 and 0.5 iso-surfaces in 3D (left), ayedtaxial
rms velocity of 0.07 and 0.2 iso-surfaces in 3D (right),normalised by the mesimiet
velocity at the centre (fifth-order limiter, medium grid)

NG

the recirculation zone, the top boundary of the recircafazone, and the downstream
region, respectively. Although the flow field in Figure 3.&f() is almost axially sym-
metric, circumferential averaging of the flow is appliedake into account the spatial
variance of the flow structure, e.g., shown in Figure 3.4.

Figure 3.9 shows mean axial velocity and axial rms velodiygeneral, the ILES re-
sults match the experimental data well in all axial locatiddote that the experimental
data consists of three sets of measurement.

At z/D = 0.8 and 14, a velocity deviation from the experimental data can be s¢e
the centreling/D = 0.0 where the velocity gradient is very large and a small axial
difference causes a large velocity deviation. Also, a lange velocity at /D, z/D) =
(0.0,0.4) implies that the inflow boundary fluctuation velocity isdar than the ex-
perimental data and hence, reduces the axial velocity napidly causing a deviation
of the axial velocity at the centreline. The radial locasiasf zero axial velocity are
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useful information since they can indicate core of the redation zones and the ILES
results predict them precisely.

Figure 3.10 shows mean radial velocity and radial rms valochgain, in general,
the ILES results show good agreement with experimental. datdhough deviation
can be observed particularly in near central fuel jet regioshould be noted that the
velocities are small compared to the axial velocities. Ttpeemental data consists of
three sets of measurements and shows a large variance ofvwaleaity atz/D = 0.8
and rms atz/D = 0.4 and 08, where the rms velocity level is higher than the mean
values. In these regions simulations also show some dewnifitom the experimental
data, which implies that the radial velocity and its rms adg@ regions are sensitive
to the flow settings, e.g., the inflow boundary condition. Tadial locations of zero
radial velocity in this graph indicate the boundary of thein@ilation zones and the
ILES computation predict them well.
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3.5.5 Multi-Species Mixing Field

Since no chemical reaction is considered, only two quigssecies, i.e., methane and
air exist in the field, hence the mixture fractibrcan be defined as identical to the fuel
mass fraction:

@
fo 4

= (3.5.1)
aspt + QoPo

Figure 3.11 shows the ILES results of mean mixture fractiwh rns mixture fraction
compared with experimental data [59]. Also, as describeth@nprevious section,
the variance of the experimental data implies the sensitofithe flow. By tracking
volume fraction among quasi conservative equations, tESIshows good agreement
with experimental data.
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Figure 3.11: Mean mixture fraction (left) and rms mixture fraction (right) (fifth-order limiter,
medium grid)
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3.5.6 Effects of Grid Resolution

Figure 3.12 (left) shows the comparison of the mean axialoisl profile on the cen-
treline (/D = 0.0) for different grid sizes. The medium and fine grid simwaatshow
good convergence izyD < 0.6 region and with maximum 3% differencezfD > 0.6
region while the coarse grid result indicates maximum 8%ad®n from the fine grid
data. Note that all simulations in this sub-section werdéqgoered with the fifth-order
accurate limiter. Figure 3.12 (right) shows axial rms véjoof the same simulation
and clearly shows the advantage of the medium and fine grigd/[At 0.4 rms veloc-
ity is still larger than the experimental data which restiitethe deviation of the mean
profile in the previous section. The effect of circumferahtesolution was investigated
by a grid having double points in the circumferential dir@et The centreline velocity
decayed faster compared to grids having normal points inithemferential direction.
The reason for this is a large fluctuation velocity at neangazle (01 < z/D < 0.3)
as shown in the rms velocity in Figure 3.12 (right).
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Figure 3.12: Mean axial velocity (left) and axial rms velocity (right)igtD = 0.0 for different
grid sizes, normalised by the mean fuel inlet velocity at the centre (fifterdimiter)

The kinetic energy spectra were analysed to evaluate tHierpence of the implicit
dissipation in the ILES approach by examining the behavaiuthe resolved (unaf-
fected by numerical dissipation) and unresolved scalesdtlly damped by numerical
dissipation). The one dimensional kinetic energy spectEy(k, t) is defined as the
square of the Fourier transform of the velocity:

2

Ex(k 1) = %f u(x;, tyexp idx; (3.5.2)

wherek andu(x;, t) denote wavenumber and velocity componentdirection, respec-
tively. This was computed using the velocity time historaaelected spatial location
with physical sampling time 118ms which corresponds to approximately 28 times
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passage of the fuel flow through the computational domanstlii the fluctuating ve-
locity field was examined to determine the appropriate aplaication to calculate the
kinetic energy spectra. A region of strong turbulence casdem at around/D = 0.4
on the centreline in Figure 3.7 (right) hence the poiri), z/D) = (0.0,0.4) was se-
lected. The kinetic energy spectra was calculated basedialhvalocity components
on the coarse, medium and fine grid. In Figure 3.13 the mediudhagd fine grid
results are almost identical demonstrating good converyeh the computation and
grid independence. An inertial sub range in which the sldjgheline is close t&>/3
[51] can be seen for all grids, particularly for the mediund &éine grid. In the coarse
grid, the ‘cut-off'wavenumbek,, which describes the deviation point frokn®’3 line

is around 15 x 10°. Since any subgrid model does not account subgrid scaleqtlyf
an increase of the grid resolution can result in reducingffeets of numerical method
and hence, the cut-off wavenumbers can be shifted to a higitee. In Figure 3.13
the inertial range extends the cut-off wavenumber up.@ox210* as the grid resolu-
tion increases. Note that the highest wavenunkgrin Figure 3.13 can be obtained
about 5x 10*, which is corresponding to the minimum wave length on the s
21 /kmax = 1.3 x 10%[m]. Since the smallest grid spacing which can be seen at the
central square mesh5/x 107°[m] is smaller thark,., the highest wavenumber was
produced on the grid scale and was resolved.
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Figure 3.13: Kinetic energy spectra for different grid sizes (fifth-order limiter)

Finally, the maximum wavenumbégq produced by an instantaneous eddy rotation
was estimated from the smallest possible eddy turnoverdinaggiven grid. From the
vorticity magnitude illustrated in Figure 3.4(right) thexhtion of the eddies containing
maximum vorticity is close to the centreline. With the asption that the eddy con-
taining maximum vorticity produces maximum velocity fremey, the corresponding
kyria are calculated. Table 3.2 shows that for all grid sizes thie od kyiq calculated
above to thek,, are smaller than unity on the given grid, which means the IBES
counted for the energy transportation between large andl eddies appropriately.
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Table 3.2: Effect of grid resolution on the effective cut-off wavenumbers

Grid Keo Kgrid Kgria/ Keo
Coarse B0x10° 1.10x10° 0.73
Medium 150x 10* 5.15x 10° 0.34
Fine 150x 10" 537x10° 0.36

3.5.7 Influence of Order of Spatial Accuracy

Simulations with three different limiters which have sedpfifth and ninth-order of

accuracy, respectively, were carried out on the medium gjiride the medium grid
results in the previous sub-section showed good resolofitme kinetic energy with a
smaller computational power than the fine grid. Figure 3lé#)(shows the influence
of spatial accuracy of the limiters on the mean axial vejopibfile on the centreline
(r/D = 0.0). The three lines indicate only small differences, shgwirat the choice of
the order of spatial accuracy higher than second order dutdsawe significant effect
on the temporally averaged velocity profile in this test c&dso, in Figure 3.14 (right)

axial rms velocity profiles of the same simulation illuséramall effects of the order
of limiters.
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Figure 3.14: Mean axial velocity (left) and axial rms velocity (right)gtD = 0.0 for
different limiters, normalised by the mean fuel inlet velocity at the centre (mediid)

Figure 3.15 shows a comparison of the kinetic energy spegetirzed using each of
these limiters, focusing on the region close to the effeatit-off. An increase of the
cut-off wavenumber can be seen as the order of accuracy tfilter increases from
second to fifth. However, the ninth-order limiter shows higihetic energy in high
wavenumbers (P x 10* < k < 3.0 x 10%) which implies that the numerical dissipation
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in this frequency range was smaller than ideal. As a resdtctt-off wavenumbers
are close to the second and fifth order limiter.

10 ot e ——— 2"MUSCL
————————— 5"MUSCL
w
3 10
g
S
© 10
()
c
(O]
o
= -4
g 10
2
10-5 ] ] ] |

1 2 3 4
Wavenumbek (x10%) [1/m]

Figure 3.15: Kinetic energy spectra for three different orders of spatial acgyraedium
grid)

Table 3.3 summarises the properties of the kinetic energgtspfor different limiters:
Keo, Kgrias Kgrid/Keo @and @ comparison of the required simulation tiggnormalised by
the time with the second-order limiter. The rakigiq/k,, are smaller than unity for
all grid sizes. The fifth-order limiter showed a larger céftveavenumber and required
only a slightly larger simulation time compared with the@ad-order limiter. With the

ninth-order limiter more than three times of the computaioesource was necessary
compared to the second-order limiter.

Table 3.3: Effects of limiter choice on energy resolution and simulation time

Limiter kco I<grid I<grid/kco tsm
2¥MUSCL 120x10* 5.14x10° 0.43 1
5" MUSCL 150x10* 515x10° 0.34 108
9"WENO 150x10* 557x10° 037 361
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3.6 Effects of Atwood Number

The formation of the complex flow field is triggered by flow ialstiities. The velocity
differences between the fuel jet and the inflow air causesiKéfielmholtz instability,
and the density of fugbs, which is usually different from density of air,, induces
Rayleigh-Taylor instability in the mixing field. In the reseh on the effects of density
ratio, experimental measurements were conducted for flowvslighter and heavier
gas jet injection to the ambient gas [76, 97, 23]. Numericau$ation were performed
for a round jet [78, 41]. More fundamentally, Rayleigh-Tayiostability has been
widely investigated with a parallel flow, such as by [11, 98]. Here, an important
nondimensional parameter describing density ratio of tleédnd air is Atwood num-
ber which is defined as:

At = P2 P
Pa t Pt

(3.6.1)

Atwood number of gaseous fuel largely varies as shown inrei@ul6. The density

of ethylene is similar to air and hence Atwood number is ctosgero while hydrogen
has a large numbekt = 0.871. Methane is a common fuel gas and it is sometimes
used in laboratory experiments by mixing with hydrogen. réf@e, methane base
gases have moderate Atwood numbers, and with volume rdjdte mixture obtains

a similar Atwood number to helium which is well investigatesia typical light weight
gas. Despite this large variety of the fuel gases only feweaesh has covered the
wide range of the Atwood number. Also, the complex mixing floeld has not been
described by density ratio parameters and hence, infoomafiAtwood number effect

on the fuel burner flow field is still missing.

3.6.1 Simulation Setup

The computational domain is cylindrical and set as the samethe previous section.
The ILES computations in the previous section showed@01 grid, consisting of

300, 62, and 32 meshes for axial, radial and circumferedtiattion was found to be
sufficient for flow field analyses, and hence adopted for atigatation in this section.

The test cases are summarised in Table 3.4 wighandy; representing fuel inflow
velocity and ratio of specific heats of fuel, respectively.the test casét = 0.526
and Q740, fuel jets consists of methane and hydrogen with voluaetibn ratio 1:1
and 1:5, respectively. Fuel inlet velocities were set sinet the momentum flux of
the fuel jet can be identical at the nozzle exit. Note thay duél gases whose weight
are lighter than air are considered since Kelvin-Helmhiolszability and flow physics
differ for heavy gases. Both the air flow from the annular irdet the coflow are
constant at 20m/s for all test cases. Note that the inflow of the fuel jet and anvfl
are axial and have a simple flat velocity profile. Also note titavelocity fluctuations



48 ILES of Non Reactive Flows

Air
1.2% Ethylene
1 -
i 0.8F
= veth
S = Methane
%, 0.6
a
Methane-Hydrogen
0.4 = (Volume ratio 1:1)
Methane:Hydrogen
0.2 (volume ratiol:5) m Helium
= Hydrogen
0 1 1 1 1 ]
0 02 04 06 038 1

At

Figure 3.16: Atwood number of fuel against air. Helium and air are plotted as referenc

were added to these inflow velocity condition. Pressure eamgberature of the fuel and
air were the sameatm and 29X, respectively. No chemical reaction was considered.

Table 3.4: Test cases for investigation of Atwood number effects

Jet(volume ratio) At ufp(m/s) vy

Air 0 63.2 1.40
Ethylene 0.011 63.9 1.24
Methane 0.288 85.0 1.31

Methane : Hydrogen=1:1 0.526 113.3 1.35
Methane : Hydrogen=1:5 0.740 163.4 1.39
Hydrogen 0.871 240.6 1.41

The local Mach number at the fuel jet nozzle id®- 0.19 for all cases since the
momentum fluxes at the fuel jet nozzle are the same. The logaldRés number based
on air inflow velocity, the bluff body plate diametBrand air viscosity is D x 10* for
all test cases while the local Reynolds number based on thgtuelocity at nozzle
exit, fuel nozzle diameter and fuel viscosity varies fro@-0L0* to 2.0x10*. However,
the simulation described in the following section showeat tio significant difference
was observed in the flow field for this range of Reynolds numdosd, hence the effect
of Reynolds number is assumed to be small in this simulationuerical simulation

on simple circular jets and plane jets by [78] also showetl tthen Reynolds number
effect is much smaller than the density effects.
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3.6.2 Mean Flow Structure

The ILES instantaneous flow data was averaged to obtain tla ril@v. The fuel
burner geometry is axisymmetric but the flow field needs toveeagged spatially, i.e.,
circumferentially as well as temporally, due to high tudnde, as described in the pre-
vious section. The data sampling started afte@®8when the turbulent flow was fully
developed. The sampling period was 1Bfs corresponding to eight times passage of
the air flow through the computational domain. Figure 3.1aWwshmean streamlines,
the axial velocity component and fuel volume fraction camsofor three different At-
wood number test cases. Note that the scale is magnified tadred direction in order
to illustrate the vortices and recirculation zones cleantythe streamline figures, an
inner and an outer vortices can be observed for all test cabescentre of the vortices
are located at around /D, z/D) = (0.1,0.7) and (035,0.7), respectively, and almost
unchanged with the increase of Atwood number. The reciticulzone which can be
defined as an inner region of the boundary of the inner and uker @ortices lies in
(0<r/D <0.5,0< z/D < 1.0), and also independent of Atwood number. The bound-
ary between the inner and the outer vortices can be obsetvawandr/D = 0.2.
The fuel jet from (0< r/D < 0.036,z/D = 0) and air flow from (& < r/D < 0.6,
z/D = 0) collide at a point on this boundary/D, z/D) = (0.2, 1.0), mix together, then

a portion of the gas flows makes the recirculation zone. Tieastlinesz/D < 0.2,
vary for different Atwood numbers due to small velocitieslamsteady direction of
the flow in this region.

The velocity contours also illustrate that the flow field, epcfor the central fuel jet
region, is not influenced by the change of Atwood number. Adanegative axial
velocity region including the outer vortex can be observe@a< r/D < 0.5, 0 <
z/D < 1.0).

The volume fraction contours however, change with the mseeof Atwood number
due to the increase of the fuel volume flow rate injected ih® domain. A large
region of constant but relatively low volume fraction isrffued neat the injector bluff
body plate, (L < r/D < 0.4, 0< z/D < 0.5). The volume fraction in this region also
increases with Atwood number and corresponds to the voluawtidn at the mixing
point stated above (D, z/D) = (0.2, 1.0), and hence the amount of fuel entrained in
the recirculation zone can be controlled by the mixing cbodiat this point.
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Figure 3.17: Mean streamline (left), axial velocity contour [m/s] (middle) and fuel volume
fraction contour (right) for three different Atwood numbéit: = O (top), At = 0.288 (middle),
andAt = 0.740 (bottom)
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3.6.3 \Velocity and Mixing Profile

Since the velocity field changes took place only near the jetalegion the velocity
profile was examined along the central axis. Figure 3.18 shbe/profile of the mean
axial velocity component. The velocities are normalisedhg/fuel inlet axial velocity
Usg Of the At = O (Air jet) case. The fuel jet velocity remains constant at gD < 0.4,
then, reduces to collapse to an identical ling/@ = 1.0 since the momentum flux is
the same for each test cases.

ar At=0

————— At=0.288
————————— At=0.526
—————— - At=0.740
At=0.871
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uz, mean / ufO,AI
N

Figure 3.18: Mean axial velocity at centreline for different Atwood number

Figure 3.19 shows the Atwood number effect on the axial glatecay rate3. This
parameter is defined as the maximum gradient of the veloowgrse,usq/u,, in the
range of (O< z/D < 1.5) where the velocity reduces continuously as shown in figure
3.18. With the increase of Atwood number the decay rate asge monotonically.

Figure 3.20 shows the mean fuel volume fraction and rms foklmae fraction for
different Atwood number flows. The profiles show radial disitions at constant dis-
tance plane from the bluff body platgD = 0.6 and 10 where the vortices centres and
the mixing point /D, z/D) = (0.2, 1.0) are located. A corresponding experimental
data set is available in [59] fokt = 0.288 (methane jet case). The mean volume frac-
tion graph atz/D = 0.6 shows that it is constant in the outer vortex regiof(> 0.2)

for low Atwood number while the constant volume fractionioggis limited to the
outer side of the outer vortex, i.e/D > 0.3, for high Atwood number. Az/D = 1.0,
since no recirculation flow can be seen at this distance,dhene fraction decreases
continuously with the increase of radius. The rms volumetioa graph atz/D = 0.6
shows no clear correlation to Atwood number. However/Bt= 1.0, the rms volume
fraction has a local maximum at the mixing pointD = 0.2) for all test cases and the
values increase with Atwood number. This implies that funel air mixing is enhanced
at this point at high Atwood number.
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Figure 3.19: Atwood number effect on axial velocity decay rate of the fuel jet

Figure 3.20: Radial distribution of the mean volume fraction (left) and rms volume fraction
(right) for different Atwood number at/D = 0.6 (top) and 10 (bottom)
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3.6.4 Mixing Parameter

The rms volume fraction profile in Figure 3.20 illustrates tiegion of high turbulent
intensity. Considering ignition of the flammable gas mixtiiie useful to investigate
the degree of mixing of the flow in this region. In order to dése the mixing of
multi-species fluids several parameters have been coesid@mass flow rate passing
through a plane normal to the jet axis was introduced in [18lis simple parameter
has been used largely for simple jets with and without coflogwever, it does not
account for molecular mixing of fuel and air. Furthermotdsinot useful for flows
including negative velocity components caused by largésdthd recirculation zones.
Therefore, for a complex flow field, a parameter consistingrdy scalar variables is
preferable. In the research on Kelvin-Helmholtz mixingdgya molecular mixing
parameter based on mixture gas density and volume fractiareyplied in [98]:

2
o=1- (ppf_m;f) (aacrs) ™ (3.6.2)
a

where the density ternp s/ (0a—p1))? and the volume fraction ternafas)~* represent
the density variance of miscible and immiscible fluids, exspely. Figure 3.21 shows
the radial distribution of the mixing parameter at diffetrdistance from the bluff body
plate for At = 0.288 (methane jet) test case. In the recirculation zanP (= 0.4)
the mixing parameter is close to unity, which implies that tbel and air are well
mixed. At the edge of the recirculation zorgD = 1.0) the mixing parameter shows
a local minimum at which the fuel and air flow collide but mal&rly they are not
well mixed. At a downstreamz(D = 2.5) the mixing parameter has no extremum,
however, the value is still low and hence, a longer distanom fthe bluff body plate
may be required for a complete mixing.

0.7 — '

Figure 3.21: Molecular mixing rate for different distance from fuel jet nozzi &€ 0.288)
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Figure 3.22 shows Atwood number effects on the mixing patama&tz/D = 1.0.

It is illustrated that the degree of mixing reduces at theingixpoint (/D = 0.2)
with the increase of Atwood number. The presented ILES tesllowed that the
examined mixing parameter can be used to describe degreéxmignfor complex
turbulent multi-species flows, though it was originallyroduced to analyse simple
mixing layers of a parallel flow.
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Figure 3.22: Molecular mixing rate at/D = 1.0 for different Atwood number

3.7 Swirl Flow Simulation

Swirl flow is an essential feature of a fuel injector for rapiel-air mixing and flame

stabilisation in gas turbine combustors. Swirl flow enhanoeéxing and at the same
time forms recirculation zones which contribute to provsadficient mixture residen-
tial time and appropriate fuel concentration for ignitiohherefore, a wide range of
investigations have been done experimentally and compuotly.

From the viewpoint of reliable ignition of a gas turbine, aeguirement for a swirl
injector is to form an appropriately large volume of flamngalixture near the injec-
tor ([52]). This is particularly essential when considgranjet engine relight operation
at high altitude since the injector flow structure changemfthat at the ground level.
However, experimental research of these off design canditof the injector flow are
not usually conducted due to the high financial cost hendg liomted numbers of pa-
pers have been published, e.qg., [75]. Therefore, computtresearch on the effects
of gas properties and swirl intensity of swirl injector flowsecessary to understand
swirl flow characteristics and to improve combustor desigithndology.
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3.7.1 Simulation Setup

The geometry of the swirl jet burner is the same as the prewegtions. A swirling

flow can be obtained by adding a circumferential velocity porent to the annulus air
inlet, as shown in Figure 3.23. Note that the central fuehge only the axial velocity
component.

D

Figure 3.23: Geometry of the swirl flow burner

In the previous sections the ILES computations showed t0&0x 1P grid consisting
of 300, 62, and 32 meshes for axial, radial and circumfeaédirection, respectively,
was found to be sufficient for flow field analyses, therefoie grid size is adopted
throughout this section.

The simulation test cases are summarised in Table 3.5wgthand u,o represent-
ing axial and circumferential air inlet velocityn{s), respectively. The radial air inlet
velocity Uy, is zero and the coflow is constant at@®/s for all test cases. A swirl
numberSN which describes swirl intensity can be defined as the ratibh@tcircum-
ferential velocity of air inflow to the axial velocity of ainflow, i.e.,Us,/Usc. The
Reynolds number based on the air inlet velocity, the blufiyoddmeter and standard
air viscosity is 64 x 10* for the non-swirl case,.1 x 10° for the low swirl case and
9.7 x 10* for the high swirl case. Turbulent fluctuating componentseloaon a DNS
[49] were added to the fuel and air inflow. Simulations weroglerformed with a
different gas. In order to examine pressure and viscodigcebn the flow structure.

3.7.2 Mean Flow Structure

The ILES instantaneous flow data was averaged to obtain taa fi@v. The burner
flow is axisymmetric but highly turbulent and needs to be aged spatially, i.e., cir-
cumferentially as well as temporally, as described in thevipus section. The time-
averaged axial velocity contour flood plot for the low swidse is shown in Figure
3.24 (left). The flow is axially symmetric and contains syntmneerecirculation zones
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Table 3.5: Inflow velocity [m/s] and gas properties for swirl flow test cases

Uo  Uwz Uwoc SN pi(kg/n?)  patm) v(x10*n¥/s)

Non-swirl 61.0 20.0 0.0 0 1.20 1 0.15
Lowswirl 66.0 29.7 16.0 0.54 1.20 1 0.15
High swirl 66.0 16.3 25.9 1.59 1.20 1 0.15
Non-swirl 61.0 20.0 0.0 0 0.93 1 0.15
Non-swirl 61.0 20.0 0.0 0 0.66 1 0.15
Non-swirl 61.0 20.0 0.0 0 0.66 0.5 0.15
Non-swirl 61.0 20.0 0.0 0 0.66 0.1 0.15
Non-swirl 61.0 20.0 0.0 0 0.66 1 0.62
Non-swirl 61.0 20.0 0.0 0 0.66 1 2.50

over the bluff body surface. Also, a large negative velogifystream flow) region can
be seen near the centreline @ ¥ z/D < 2.0.

Next, the circumferential variance of the flow propertie®xamined since the tur-
bulent flow evolves in three dimensional space. The timeasmex radial velocity at
z/D = 0.2 is shown in Figure 3.24 (right) which is obtained by 32 d&ts ®f circum-
ferentially distributed points. It can be stated that threwmnferential variance is not
negligible particularly in the region near the central figt] and hence, temporal and
spatial (circumferentially in the current simulation) eaging was applied to obtain
‘mean’ flow properties. This spatial averaging was not cd&sd in the experiments
[62] although their averaging time is much longer.

2.0

0.06
15 0.04
0.02
1.0 e .
:L [
05 -0.02
-0.04+

0'0‘ -0.06 1 1 1 ]

N0 0.1 0.2 0.3 0.4

r/D

Figure 3.24: Swirl flow simulation: time-averaged axial velocity contour flood [m/s] (left)
and circumferential variance of time-averaged radial velocia/B@t= 0.2 (right), normalised
by the mean axial fuel inlet velocity at the centre
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Figure 3.25: Swirl flow simulation: Mean axial velocity [m/s] (left) and circumferential
velocity [m/s] (right)

Contours of the mean axial velocity are shown in Figure 3.28)(I The axial length

of a recirculation zone from the bluff body surface is lochtt z/D = 0.6 which

is close to the experimental measuremebt[@]. Another recirculation zone can be
seen az/D = 1.0 to 19 on the centreline, while experiments shows the location at
z/D = 1.0 to 22. From the circumferential velocity contours in Figure3(#ight) the
maximum circumferential velocity is predicted to be28)/s which is slightly lower
than the experimental observation ofi3gs, but the locatiorz/D = 0.8 andx/D = 0.3
corresponds to the experiments.

Figure 3.26-3.31 show comparisons of radial distributibthe axial, radial and cir-
cumferential mean velocity and rms velocity fluctuationfipes to the experimental
data [60] at axial distancegD = 0.136 0.2,0.4,0.8,1.4,and 20, respectively. In Fig-
ure 3.26 the axial velocity distribution shows good agreanremost parts of the flow
field. At the centreling/D = 0.0, velocities matches well to the experiments except
atz/D = 0.2, where the velocity gradient is very large (Figure 3.2&))Jend a small
axial difference causes a large velocity discrepancyz/Bt = 0.4, the ILES predicts
accurately the radial locations of the zero axial velositighich corresponds to the
centre of the recirculation zones. The axial rms velocitgtflations in Figure 3.27
show excellent agreement with experimental data excepteaténtreling /D = 0.0
and the air annulus.B < r/D < 0.6, where the level of inflow boundary fluctuations
have a large effect as described in the previous sectionu@ferential velocities are
plotted in Figure 3.28 and show reasonable agreement piaric in z/D < 1.4 re-
gion. Atz/D = 0.2 and 04, the experimental data are not converged to zero at the
centre line and there is still some asymmetry. The rms cifetgntial velocity fluc-
tuation are compared in Figure 3.29. The computationalliegive a flat profile at
0.5 < r/D < 0.6 near the bluff body surface regia@®D < 0.4, while the experiments
show small bumps. This is also due to the specification ofwnflactuations. Radial
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velocities described in Figure 3.30 show some discreparngciall axial locations, but
it should be noted that absolute quantities are smallerigfidure compared to axial
and circumferential velocities. Regarding the velocitietha centreline, as previously
mentioned, the ILES predicts zero velocities at centrelihge experiment show small
non zero values. In Figure 3.31 the radial velocity fluctuagi show good agreement
except for the near centreline and the air inlet region. €lusservations indicate that
the ILES successfully computed flow field without explicibgud scale modelling,
considering the complex flow structure.
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3.7.3 Swirl Effects

Figure 3.32 shows the mean axial, radial and circumferewngiacity profiles of the
three different swirl number flows at a constant distancenftbe bluff body plate,
z/D = 0.4. The profiles are compared with experimental data by [S53jteNhat air
is selected as the central fuel jet corresponding to thererpatal data. The veloc-
ities are normalised by the fuel inlet velocity, for each case. In general, the ILES
computation results show good agreement with experimeiatal

In the axial velocity profile, a discrepancy from experingmata can be seen in the
near central region for the non-swirl case while a good agese can be observed for
the low and high swirl cases. The reason for this discrepadye to a large change
of axial velocity within a small distance at arousntD = 0.4 for non-swirl case where

high turbulent intensity can be observed (see Figure 3.7).

In the radial velocity profile, experiments show a largerifpas velocity at 01 <
z/D < 0.3 and a larger negative velocity at38 < z/D < 0.45 for the low swirl
case. These regions have small axial velocity, indicatoggtions near to the top
and bottom edge of the vortices. Since the velocity mageitaidd direction at the
edge of the vortices vary largely with the simulation inlenditions, experimental
measurement conditions etc, and hence substantial deswigs can be seen in these
regions. However, it should be noted that the absolute sadtithe radial velocity are
small compared to the axial velocity.

In the circumferential velocity profile, simulation regntell match to the experimen-
tal data. The small difference in the central region can besiciered as a variation
of the experimental data since ideally circumferentiabeél should be zero at the
centre line.
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3.7.4 Density, Pressure and Viscosity Effects on the Flow Structure

In the previous subsections simulation have been performibdan air jet in order to
compare the results to experimental data and to evaluatectheacy of the simulated
flow field. However, the density of actual fuel e.g., methasegbout 43% smaller
than air and hence, the momentum of a methane jet is small @@ugo an air jet,
which can result in a different structure of the flow field. é|pressure and viscosity
of the air inflow vary largely depending on the operationalditon of the combustor.
In this subsection, simulation results with a range of fuergity, air pressure and air
viscosity are presented.

Figure 3.33 shows the streamlines and a volume fractionocomhap of the central
air jet of the non-swirl flow &N = 0). An inner and an outer vortex can be observed
in the streamlines at.02 < r/D < 0.2 and at 015 < r/D < 0.5, respectively. The
inner vortex is collapsed since the momentum of the air jédrnge. A large portion

of the fuel jet penetrates to the downstream regims® (> 1.0) without being involved

in a recirculation zone. As a result, fuel (air) concentmatspreads towards the axial
direction. The volume fraction contour map shows that a dawam location, e.g.,
(r/D,z/D) = (0.0, 1.5) still includes more than 10% of the jet species.

z/D
z/ID

Figure 3.33: Temporally averaged streamlines (left) and volume fraction contour (rifht) o
the air jet, non-swirl flow

Figure 3.34 shows the same simulation results but with a ametlet. A clear inner
vortex can be observed in the streamlines since the metleameomentum is small
and hence, a large portion of the jet is entrained into therimortex. Regardless of
this difference of the inner vortex structure the locatiéthe outer vortex centre and
the recirculation zone do not change largely. In contrast vblume fraction contour
map shows significant change. The fuel species does notdspreards the axial
direction. The fuel volume fraction is reduced to 5% at thesa@ownstream location
(r/D,z/D) = (0.0,1.5). Furthermore, a flammable region which can be defined as a
fuel-air mixture containing 5% to 15% of the fuel volume fiiaq, is shifted in the
radial direction.
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Figure 3.34: Temporally averaged streamline (left) and volume fraction contour (rigtityeof
methane jet, non-swirl flow

The volume of flammable mixturé;, is also essential for ignition of the fuel-air mix-
ing flow, and henc#&/, is calculated from the mean volume fraction contour maps.

Figure 3.35 (top) shows the changes/fwith respect to Atwood number. The air jet
case and the methane jet case corresporid to 0 andAt = 0.288, respectivelyVy

is normalised by a nominal volume of this injector geometfined asv, = 1/4rD3
which is close to the volume of the recirculation zone of adgpsimulation case, e.g.,
shown in Figure 3.34. Although the mixing location changesl@scribed abové/y
shows only a slight difference with respectAbfor all the non-swirl and swirl cases.

It should be noted tha¥y, is used as a mixing parameter and hence, the definition
is corresponding to the flammability limit of the methane admixture, i.e., 5% to
15% of the methane volume fraction, however, the actual flabtefuel concentration
ranges vary with fuel species.

The effects of ambient air pressure and viscosity are igegsd in terms of the
flammable volume. Figure 3.35 (middle) shows the resulthefrhethane jet, low
swirl flow. The curves describe an amount of the volume caitgimore than 5%
fuel volume fraction and 15% fuel volume fraction, reprasenthe lean and rich
limits of the methane-air mixture flammability, respeclyveEach curve shows 2%
difference at most in the range ofi0to 10atm and hence, the flammability volume
Vi (= sy — Visy) remains unchanged. Figure 3.35 (bottom) shows the aiosisc
effect on the methane jet, low swirl flow. The volume of thenleand rich limit are
depicted in terms of Reynolds number of the air inflow. Withreeréase of Reynolds
number, which corresponds to decrease of kinematic vigcosefficient of air,Vse,
andVisy, increased similarly, and hencdé; does not change largely.
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3.8 Summary

An ILES technique based on high-resolution and high-ordethiods was used to in-
vestigate a turbulent mixing flow generated by a generic gggnfuel jet burner flow.
In the ILES simulation, a finite volume Godunov-type methaaswised with a high
order limiter and an approximate Riemann solver. The gomwgraguations for a com-
pressible, single phase, multi-species, non reactive flenewgolved without explicit
modelling of the subgrid scales. The subgrid scale effestacaounted by the built-in
characteristics of the high-resolution method. For low Macmber flow, the ve-
locity components were modified in order to avoid excessissigation, which was
shown by the leading order dissipation rate. Up to nintreosgpatial accuracy limiters
were used with a third-order explicit Runge-Kutta methodtfore integration. All
simulations were performed with ‘Astral’ computationalister in High Performance
Computing facility of Cranfield University featuring Intel 6a Xenon dual-core pro-
cessors. The computational sampling time to obtain a tymean flow on the medium
grid with the fifth-order limiter was about 1,570 hours.

Mean flows were obtained by averaging flow properties tentlyaaad circumferen-
tially. This was carefully done by the observation of cogesrce of the velocities. The
results were compared with experimental data. The meal) eagial velocity and rms
velocity profiles showed good agreement in the stronglyuiertt region, recirculation
region and the downstream region of the flow fields. For meggcies flow simulation,
methane jet injection into air was simulated with Allaireising model in which vol-
ume fractions of species, instead of mass fractions weckedrh The axial and radial
distribution of the mixture fraction demonstrated a goodahdo the experimental
data.

The one dimensional kinetic energy spectrum was examineudalniate the effects of
grid resolution on energy dissipation with fifth order spliyiaccurate limiter. Anideal
k=>/® decay of energy could be seen in a certain range for all testscand the range
increased with grid resolution. The cut-off wavenumber&sehthe energy spectrum
curve begins to detach from the®3 line were larger than the estimated maximum
wavenumbers appearing on the given computational grids iffiplies that the numer-
ical dissipation accounted for the energy transportatetwben large and small eddies
sufficiently up to the effective cut-off.

In the same manner the second, fifth and ninth-order limitene examined on the
medium grid in order to investigate the effects of order afuaacy. The simulations
were carried out with a.8 million point grid. The results showed that the fifth-order
limiter achieved good resolution of the kinetic energy igiason with reasonable com-
putational time compared to the second-order limiter. Tihthrorder limiter required
substantially larger computational power.

In order to investigate complex flow mechanisms of the bloffyoburner, simulations
were performed on different density fuel jet flows with cepending Atwood num-
bers from 0 to B71. The simulations were carried out with & @nillion point grid.
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The flow field included a recirculation zone containing areinand an outer vortex.
Temporally and spatially averaged mean streamlines aratiaelcontours showed
that with an identical momentum flux of the fuel jets, the flawusture and velocity
field were unchanged by Atwood number, except for the ceflljet region. At
the centre axis, the velocity decay rate increased monmtyiwith the increase of
Atwood number, which resulted in the same velocity profiléuather downstream.
The volume fraction field changed due to the variation ofdted fuel volume into the
domain, however, a large, constant fuel volume fractiomorewas formed for all test
cases. The fuel volume fraction in this region was contdoblg species mixing at a
point where fuel and air stream collided. This point is lechat the top edge of the
recirculation zone, and a large rms volume fraction was veskfor all test cases. A
mixing parameter which was originally introduced for intigations of species molec-
ular mixing in a mixing layer was applied to the complex tudmi flow. It was revealed
that the degree of molecular mixing decreased at the mixangf pvith the increase of
Atwood number. The simulation results showed that thisuieabf the mixing field
and the effects of Atwood number can be described with thigmpater.

The effect of swirl on the same jet flows was investigated, el &s flow structure
changes due to fluid property, i.e., density, pressure awbsity. This investigation is
based on jet engine operation under a wide range of air gondit Simulations were
performed with the fifth order spatial accurate limiter anichv@.6 million points for
three different swirl number flows. A detailed observatidrthe flow field showed
that the ILES simulation captured the swirl flow structurdiwecluding the size and
location of recirculation zones. Mean and rms fluctuatidogi@es in the axial, radial
and circumferential direction well agreed with experinamheasurements. Density
effects were examined by changing the fuel species. Théseshowed that the shape
of the inner vortex in the recirculation zone changed whike duter vortex and the
area of recirculation zone remained unchanged. A significhkange was observed
in the volume fraction contour map, however, the flammablbeuneé containing near
stoichiometric air and fuel did not change. Also, pressung \ascosity effects were
examined in the same way and the results showed the flamn@hbhae did not change
regardless of the change of flow structure.
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CHAPTER 4

ILES of Combustion Flows

4.1 Introduction

Nonpremixed flames can be observed in all types of combystors laboratory burn-
ers to large scale plant gas turbines, and from spark igntijpe engines to flame
holding jet engines. A major reason of this is that flame pasitand energy releases
can be controlled relatively easily by fuel and air supplsteyns compared to premixed
flames configurations, which ensures safe operation of thestnal combustors. How-
ever, turbulence coupled with flames makes the combustiengghena more compli-
cated. This is because turbulence changes the flame st&wstdrenhances chemical
reaction while temperature increase by combustion indgassexpansion and insta-
bility, which results in increase of turbulence. Therefaraderstanding of turbulent
nonpremixed combustion, particularly the interactiontedmical reactions with turbu-
lence, has been one of the main topics of the combustionneseaince the phenom-
ena is essentially time dependant and takes place at smgthlscale, experimental
measurements have had limitations to provide accuratennaftion, and therefore, nu-
merical research has been encouraged and widely conducted.

In most of the recent computational work on turbulent nonpxed flames, e.g., in ex-
tensive research of the TNF, summarised in [8], flow field Has®en solved using the
LES approach ([48], [88], [87], [74], [54]). This is becaudeS can provide instanta-
neous information of the flow field which is required for pseeturbulent flow analysis
and hence, it has been recognised as a more promising ap@sapposed to RANS.
In these conventional LES research filtered governing éspumhave solved together
with a subgrid scale model. As a turbulence model, a Smasgjoritype model with
flow dependent coefficients has been typically applied tatiogrid stress term in mo-
mentum equation. In the LES including chemical reaction&nown scalar transport
terms also appear in species and energy equations as aaklikring operation.
These terms need to be modelled and a gradient transporhpssn together with
turbulent Schmidt number has been typically used.

However, the LES approach contains some drawbacks. Thatedseggument is in
commutation between filtered and differentiated variallbgh is the basic assump-
tion of the conventional LES. As described in [18] this asptiom does not hold true
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with a variable filter width. Other issues can be induced byliei descriptions of
subgrid scale modelling. For example, even with dynamic@dare for the Reynolds
stress term proposed by [28] which enables to avoid manunaidwof the model coef-
ficients, using a universal turbulent model is still argealdlso, the gradient transport
model was pointed out in [69] to be inappropriate for the costion flow though it
has been employed generally due to its simplicity.

ILES techniques, (see reviews [36], [56], [18]), in conjtioi with high-resolution
methods, described in [22] and [93], has been developeddocome the disadvan-
tages of the conventional LES approach. In ILES computatibis assumed that the
numerical discretisation itself accounts for unresolveales, in other words implicitly
modelling the subgrid scales. Since explicit filtering @tem for determination of
subgrid scale is not required, the governing equations dawtude unknown terms,
and therefore, no subgrid scale modelling for the Reynoléssterm and scalar trans-
port terms is necessary.

A major challenge for combustion flow can be a descriptionhef themical source
term. This corresponds to suppose how to account for theibatibn of unresolved
scale turbulence to the chemical source term. These effegtsnot been well inves-
tigated in the ILES methods. Therefore, applying of a noerét, simple chemical
source term and analysing of the results can be a good stantimt as an ILES of
combustion flow.

This chapter concerns ILES of turbulent nonpremixed megHmes using a com-
putational fluid dynamics code which has incorporated megolution Godunov-type
methods. First, fundamental governing equations for feriiuicombustion flow and
transport properties used in the simulation will be desatib The chemical source
term with which the turbulent flow and chemistry is coupled arlected chemical re-
actions are also described. Next, simulation test casethargbverning equations for
ILES with a finite rate chemical reaction approach will beaduced. Simulation of a
simple one dimensional premixed methane flame propagati@ha two dimensional
mixing layer will be presented. The effects of combustiordeliting of this approach
will be analysed focusing on the chemical reaction rate.uition test cases with an
infinitely fast chemical reaction approach will then be praed. This model can be
considered as the opposite end of the finite rate chemispsoaph in terms of turbu-
lence and chemical reaction interaction. In this model abalmeaction takes places
instantaneously. The turbulent flow time scale is threfoueimonger than the chem-
ical reaction time scale. This is a simple method and can biéyeambined to ILES
turbulent computation. The results will be shown and aredyfecusing on flow field
and scalar field.
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4.2 Turbulent Combustion Flows

4.2.1 Influence of Turbulence

Several combustion properties are affected by the turbuetion. In premixed flame
configuration, where fuel and oxidiser is mixed before igmitand the species com-
position of the mixture is uniform in everywhere, flame spaad flame thickness are
of importance to characterise the flame. The flame speed dementhe fuel and air
ratio, the highest value can be obtained around stoichider@indition. It has been
known that when the turbulence intensity of the unburnt gdsgh the flame propaga-
tion speed increases, which results in short time of condiusind fast consumption
of fuel. It implies that the turbulent flame spe®¢ is larger than laminar flame speed
S.. These properties can be related as [71]:

ST Urms
— =1 4.2.1
s. s (4.2.1)

whereu,ms IS the rms of the velocity fluctuations. This equation shdwa the flame
propagation speed is increased by fluctuating velocity, tuebulent motions. Also,
it implies that whenu,s is large, the turbulent flame spe&q can be close t@ s
and independent of the laminar flame speed. Regarding the flack@ess, turbulent
flame has larger thickness than the laminar flame.

The interaction between turbulence can be expressed byntlkeestale ratio of flow
mixing T, and chemical reactioty, i.e., Damlohler number:

Da= M (4.2.2)

Tr

These time scales can be estimated typically as:

Tm = d (4.2.3)

urms
oo
= — 4.2.4
Tr S, ( )

WhenDa << 1, species mixing takes place in a short time compared to iclaém
reaction, and flames are ‘thickened’ as schematically showigure 4.1. Oppositely,
chemical reaction occurs in a short time compared to theilenb mixing wherDa >>

1. In this case, flames are very thin and ‘wrinkled’. The flatmecture is unaffected
by turbulence and therefore, can be considered similarnoniar flame. Assuming
that combustion flows of the bluff body burner has similar fletuctures to the non
reactive flow examined in the previous chapter, i.e., thgel@ddies and rms velocity
are in the same order, the typical Dabhker number was obtainedd®.
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Figure 4.1: Schematic of wrinkled flameda >> 1) (top) and thickened flam®g << 1)
(bottom), after [71]

In nonpremixed flame configuration, where fuel and air me¢téndomain, mix and

ignite, flame does not propagate. Flame speed cannot exgesaustion character-
istics, instead, flame geometry, i.e., flame position, flaemgth and transition from
laminar to turbulent characterise flames. This implies tihatmixing and scalar dissi-
pation is of importance, Flame length can be measured ewrpatally as schematically
shown in Figure 4.2. The flame length increase with the fuleloity (with the increase
of momentum) and after reaches to a certain length it deesed%e transition of the
jet to turbulent flow occurs in a high velocity range. Undeagthfuel velocity condi-

tions, the flames detach from the nozzle and finally blow-tfShould be noted that
the chemical reaction rate is increased by the turbulemze duel velocity increased
but the flame length is constant.
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Figure 4.2: Schematic of nonpremixed flame length variation against fuel jet velocity, afte
[40]

4.2.2 Experimental Research

In combustion flow experiments, premixed flame sheet has besssured and anal-
ysed as one dimensional test case, e.g., [9]. These dataecaseld as benchmark
of combustion flow simulations. A planer counter flow flame hE® been often in-
vestigated e.g., in [14] since not only the flame structume loa analysed as a two
dimensional laminar flame but also the acquired data candsédad to look-up tables
for turbulent flames computation. As more complicated thiegensional test cases,
burner flames of nonpremixed fuel and air jets have been wideéstigated. Partic-
ularly in the framework of TNF, simple geometry but compleanfle shape burners
were selected and measured experimental data were provideahng them the same
test case geometry as considered in the previous chaptexessively investigated
experimentally [15, 16, 59, 62], an example of measuremsrgsown in Figure 4.3.
They measured three direction velocity components and fheituations by Laser
Doppler Velocimetry technique. Also, species mass frastiwere measured by Laser
Raman Scattering technique. However, these measuremeatbdwn done separately.

NOx measurement is another interest in the experimentehres. This is because
the NOx production time scale is much longer than other cbalneactions. The in-
let boundary condition measurements are still difficultteesgame as the non reactive
flows. In some measurements of these flames, the influencdrbfreensity on flame
stability and an extinction of the flame were shown by comjmsal measurements
[3, 61], The effects of inflow conditions on NOx productiomdae found, for exam-
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Figure 4.3: Combustion flow measurement of the ‘Sydney bluff body burner’ [62]

ple, in [13]. Regarding turbulence and acoustic wave intevacthe location of the

strong precessing vortex and maximum pressure oscilataoareported to be largely
different from a non reactive flow [80], which implies the stent pressure assumption
applied in incompressible numerical simulations may recaacuracy in these regions.

4.2.3 Instantaneous and Filtered Equations
Instantaneous combustion Flow

The compressible flow conservation laws for species, mameind energy are con-
sidered. Fully compressible formulations have an advantagnable to capture the
interaction between flame and acoustics. A typical disaidgpgnof the use of com-
pressible flow is the computational cost, however, the titap s often limited by the

chemical reaction rate, and not by acoustic wave propagatience the fully com-

pressible formulation does not induce additional cost fanyncases [71].

An instantaneous pressure equilibrium assumption is g which each species in
the mixture have the same velocity and pressure within desimjume cell. This leads
to only one momentum equation for the mixture. Then, the nrdome equation can
be the same as applied in the non reactive flow simulation:

opu
% + V-(puu) = —V-P (4.2.5)
whereu andp are the velocity vector and density, respectively. ThessttensoiP

contains pressure and viscous effect:
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P=pl+ %,u(V-u)I — u((Vu) + (Vu)") (4.2.6)

wherep, | andu, stand for pressure, unit tensor and dynamic viscosityficoeTdt,
respectively.

Each species mass is conserved. For the mass diffusion tieenjirschfelder and
Curtiss approximation is applied:

\Y
Ugk = —Dk—Xk (427)
Xy
whereugk, Dy and Xy stand for diffusion velocity, diffusion coefficient to thexture,
and mole fraction of specids respectively. Then, using the relation between mole

fraction and mass fraction:

W
Xe= —VY, 4.2.8
o= Vi (4.2.8)
whereW, W, andY, denote molecular weight of specikesnean molecular weight of
the mixture, and mass fraction of speciesespectively. The species mass conserva-
tion equation yields:

% + V-(ouYy) = V- (pDk%VXk) + Wy (4.2.9)
ot Wh,

wherew is the chemical source term. With this species mass cortsarvequation,

all N species appeared in the chemical reaction scheme aredradke continuity

equation used in the non reactive flow is not required, inktdee total species mass

should be conserved:

N
D V=1 (4.2.10)
k=1

This meandN + 1 equations are set fdf species mass conservation. In order to ensure
total mass conservation with the Hirschfelder and Curtigg@pmation, an option is
sometimes taken in which onl — 1 species are solved and the sum of their mass
fraction is subtracted from unity for the rest species. Thethod is suitable for the
diluted gas system, e.g., air or gases with nitrogen ocogpgiarge portion, however,
not appropriate for pure methane and oxygen gas system. hEse tcases, another
option is commonly taken in which the correction velodityis evaluated instead of
solving a global mass conservation equation (see [71]):

N Wi
Ug = U+ Z Dy V% (4.2.11)
k=1
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Then, the species equation fdrspecies yields:

@ + V'(pUCYk) =V. (pDk%VXk) + wy (4212)
ot W,

The energy equation has various forms. In the current reldatal energye which

is a sum of internal energy, kinetic energy and formatiornalply is tracked. In this

formulation, the total energy of the mixture does not chamgehemical reaction, and

therefore, chemical source terms do not appear in the erepgstion:

% + V-(pEU) = —V-(P-u) - V-q (4.2.13)

The enthalpy fluxg includes a heat diffusion term and a species mass diffusion:t

N
Wi
q=«VT - pZ (pthkaVXk) (4.2.14)
k=1 m

wherex, T andh are respectively thermal conductivity, temperature andtal €n-
thalpy which includes formation enthalpy and is calculdigé combustion database,
[83]. The mass diffusion velocity is also approximated by tirschfelder and Curtiss
assumption.

To close the system, a perfect gas equation of state is dpplie

p=pCy-1)T (4.2.15)

whereC, andy represent the specific heat for constant volume and speeiicrhtio,
also calculated by a combustion database, [83].

Transport Properties

In calculation of transport properties, species transgoet to a temperature gradient
and heat transport due to a gradient of species concemratonely Soret and Dufour

effects are neglected. The viscous coefficient is deperadeéatnperature and obtained
by Sutherland’s law:

3/2
Tref+ T
T ) et s (4.2.16)

H= Hret (Tref T+ Ts

whereu,es, Tret andTg respectively represent reference viscosity coefficiafigrence
temperature and Sutherland coefficient. These coefficartthose of air at 2785K,
therefore,uer = 1.716 x 10°kg/m/s, T,ef = 27315K and Ts = 1100K, respec-
tively. The thermal conductivity and the species diffuscmefficients are calculated
with constant non dimensional numbers:
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pCp
= — 4.2.17
Pr ( )
u
Dy = 4.2.18
= Prie ( )

whereC, is heat capacity for the constant pressure calculated bycadhgbustion
database, [83]Pr is Prandtl number 0.72, andg, is Lewis number that is constant
value for each specids proposed by [85] and shown in table 4.1.

Table 4.1: Species Lewis number for methane air flame

Species CH; O, H,O CO, H, CcO N>
Lex 0.97 110 0.83 1.39 0.30 1.11 1.00

Filtered combustion Flow

A filtering operation of variables is required for conventib LES, and usually, a spa-
tial filtering:

f(x) = ff(x/)g(x— x)dx’ (4.2.19)

is applied. With this filtering, the filtered equations for mentum (4.2.5), species
(4.2.12), and energy (4.2.13) can be derived:

dpli =
%tu + V.- (oll) = V- (P —p(uu — uu)) (4.2.20)
Y, . — Wi s — e -
P V.U = V- (ﬁDk:kVXk) — Vp(UYy — %) + ax (4.2.21)
ot Wi,
JpE = _ = .
e + V-(plUE) = -V-(P-0) — V-q — V-p(uE - UE) (4.2.22)

where viscous stress and enthalpy flux term are the same abaogiation (4.2.6) and
(4.2.14), respectively.

A typical closure for these equations are, applying the Smagky model [82] for the
subgrid viscous stress (Equation (1.3.7), and applyingadignt model which is the
same idea as Smagorinsky model to the scalar fluxes:

UYy — 0% = —SV—;V\?k (4.2.23)
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~ 4 Q-
-UE=-—VE 4.2.24
u a s, ( )

wherev; andSc; denote turbulent viscosity and turbulent Schmidt number.

4.2.4 The Chemical Source Term

To deal with the chemical source term appeared in Equatich2®) is one of the
major problem for combustion computation. The difficultythsit the term is highly
nonlinear and therefore the filtered chemical source termaizbe easily expressed as
other filtered variables. The dependancy of this term onsdlolgstribution of species
and temperature also needs to be considered because cmmliakes place in the
small scales.

In most nonpremixed combustion simulation, the flame theslsnis modelled as in-
finitely thin or artificially thickened and then, with some moassumptions e.g., a
constant pressure field and constant diffusion coefficiiemtsll species, computations
are separated to turbulent mixing and flame structure cionl. However, in order

to investigate the combination of the high-order high-heson ILES methods and

chemical reactions, modelling of a direct representatidh@chemical source term is
adopted. With this approach, both premixed and nonprenseatbustion problems

can be handled in the same computational code.

In this sub section, first introduces analytical solutionttud chemical source term
with a simplified premixed case. The LES filtered chemicakrsederm will be then
discussed.

One dimensional premixed flame propagation is considersti@sn in Figure 4.4.

Unburnt Gas Flame Burnt Gas
(Reactants) (Products)
- u

Py P,

T, T,

pu pb

Figure 4.4: Schematic of one dimensional premixed flame propagation

A single step, irreversible chemical reaction is assumedethe system contairié
species, molecular number of reactants and products caxpbessed as:
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N N
Z vR(Reactant), = Z vy, (Product)y (4.2.25)
o1 o1

wherevy is coefficient of molecular ratio under stoichiometric re@t of specie,
and superscrigR andP respectively designate reactants and products.

Then total mass should be conserved:

N N
D RW = > W (4.2.26)
k=1 k=1

whereW is molecular weight. Then, the reaction rate of spekieSEquation (4.2.25)
can be expressed as:

wx = (Massof specieskinReactant — Massof specieskin Product)
X ProgressRate
N
= WOR- DK [IXd* (4.2.27)
k=1

whereK is the forward rate of reaction, often modelled by the Aribiethaw:

E
K = A.TPex (——"") 4.2.28
1 p RT ( )
where,A; andb are constants;, is an activation energy. If the reactants consist of
only two species, namely fuel and oxidiser, the reactioa cah be written:

NY Yo Ys b ( Ea)
—AT"e o 4.2.29
W 11 7€Xp ( )

wt = Wi (] = ) T

where subscript ando denote fuel and oxidiser, respectively. When the reactikesta
place at fuel lean condition, it can be roughly assumed tkidiger mole concentration
does not change through the reaction, therefore:

v =0,v3=0 /=0 = (4.2.30)
and Equation (4.2.29) can be rewritten:
= AToY exp(E) (4.2.31)
= AT pYs RT 2.
In order to evaluate the shape of the reaction rate, temperatensity and mass frac-

tion will be normalised. For further handling of the chenhiezactions and derivation
of analytical solution, some assumptions are added.
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e Each species molecular weight is the saiffg= W
e Each species specific heat capacity of pressure is the §3mpe; C,

e Each species diffusion coefficient is the samg~= D

o Steady state flow from flame position point of Vieg"f"’: 0

With these assumptions, the species diffusion term in Egué4.2.14) due to the en-
thalpy difference is zero, and species Equation (4.2.1@eaergy equation expressed
with respect to temperature can be rewritten:

dy d [ _dy)
’%%EQ_dx@Ddx)+ww (4.2.32)

d d (/l d@) Wi (4.2.33)

Puuu&:& C_p& _Wf,u

where subscripti designates unburnt gas condition. Two variahleand 6 are, a
normalised fuel mass fraction:

Yi
= 4.2.34
V=1 (4.2.34)
and a normalised temperature:
T - Tu
= 4.2.
0= (4.2.35)

where subscripb denotes burnt gas condition. By adding Equation (4.2.32) and
(4.2.33):

O+y=1 (4.2.36)

can be derived [71]. In premixed flame this relation holde titaroughout the field
while in nonpremixed flame this does not since mixing and agstibn take places in
the same timestep. Pressure can be regarded as constamghtbub the flame, then
density can be normalised by unburnt gas density:

Y Ty 1-a7

P 77T 4.2.37
pu T 1-ar(1-6) ( :

wherear is (T, —Ty)/Tp. When the exponential of temperatilrean be assumed zero,
Equation (4.2.31) can be rewritten:
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(:Uf _ 1—a/-|- _ _ 1—a"|'(1—9)+ﬁ‘|'(1—9)
ApaYis - 1-ar@—0) P\ )

) (4.2.38)

wheregr is (atEy)/(RTy).

Figure 4.5 shows the right hand side of Equation (4.2.8@)), with two typical value

of ar andgt [71]. Note that thest = 184 case was normalised by its peak value,
and that thest = 8.0 case was adjusted so that the sum of the reaction rate (edcup
area in the graph) match to the samgas- 18.4 case, which implies both cases have
the same flame speed. This figure describes that that the pélaé eaction can be
seen at very close to the highest temperature and that tige fmon zero reaction
rate decreases with flame temperature increases. Therafordea of separation of
the field by non chemical reaction zone (with zero reacti¢o@)rand chemical reaction
zone (with non zero reaction rate) can be possible partigular high temperature
flow. With this separation, only the high temperature rangéq location can be
detected) requires fine mesh in order to capture the flametgteuproperly.

While an instantaneous, laminar flame reaction rate showgaat#on of reactive and
non reactive flow field, a turbulent combustion flow can dentras non zero reaction
rate for all range due to small scale turbulent features [Fhis is because fluctuation
of the flow and spatially filtering of the computational medho

1 —
0=0.86, p=18.4
0.8 ----0=0.75p=8.0
0.6
g
0.4F
0.2F
\
7/
0 ] o =~ /I
0 02 04 06 038 1

Figure 4.5: Analytical solution of the chemical source term, after [71]

Next, the LES filtered reaction rate appeared in Equatio?.Z4) is modelled with
Arrhenius law.

When the fluctuation component is not considered, the reactite can be simply
assumed from Equation (4.2.29):
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__ e E
o = AgﬁZYoYfTbexp(—ﬁf) (4.2.39)

This model however, consists of filtered turbulent flow Vialés. At the subgrid scale
the chemical reaction is not accounted and only turbulent fiaxing occurs.

The subgrid effects can be considered by substitution ofcardposition of filtered
and fluctuating variabled, + f”, into Equation (4.2.29) and Taylor expansion, yields
[71]:

YiYo  (Ea\ YT VT
+7+g(_~) Y~ ~ ~  ~
" YiY, RT/| Y:T YT
() —_—— —_— ——
I (1 (v)

e - E
W= A3p2YoYfTbexp(—R—_|i)

(4.2.40)

where correlations of species and temperature fluctuaﬁﬁ@ \?f\TJ and\?}’\'I'J” need
to be modelled. The second term in the parenthesis expresgeg) of fuel and air
in the subgrid scale, and the third and fourth terms accocimsnical reaction and
mixing interaction in the subgrid scale. Therefore, in thbgrid scale:

e «'; does not account the interaction between turbulence andichereactions
if only first term () of Equation (4.2.40) is considered. This is the same as
Equation (4.2.39). The instantaneous mixing equilibriondition is assumed,
which means the time scale of turbulence is much smallerttiatrof chemical
reactions.

e ¢ does not account the interaction between turbulence andichkereactions
if even first two termsl() and (1) of Equation (4.2.40) are considered. However,
mixing speed is variable and the time scale of turbulencecantbustion can be
controlled.

° Ef accounts the interaction between turbulence and chengaations if first
four terms () — (1) of Equation (4.2.40) are considered.

Another approach was examined in the conventional LES rels¢a5] in which fil-
tered reaction rate was expressed with combining the terihis-((1V) in Equation
(4.2.40) as:

— ~ o~ E

W= AgﬁzYoYfTbexp(—ﬁi) (1 + ksgs) (4.2.41)
whereksgs IS a segregation factor and explicitly modelled based otigiigr stirred
reactor model. In this model a small volume in a cell was agslito be well reacted
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and mixed, and the rest of the volume is not reacted. The gagoe factor was
estimated from the time scales of the subgrid scale:

T1.SGS 1
1+« = d = 4.2.42
568 Trses + Tmses 1+ Dasgs ( )

wherer, sgs, Tmses andDasgs represent respectively chemical reaction time, mixing
time and Damkhler number in the subgrid scale. In Reference [25%s was evalu-
ated as a ratio of laminar flame speed and laminar flame thsskfteguation (4.2.4))
while 7 sgs IS calculated from the Kolmogorov time scale and the subigne scale.
With this model the simulation of the flow behind the triaregulame holder showed
fair agreement with experimental data.

In premixed flamePaggs can be written as [70]:

(4.2.43)

whereugg is the characteristic subgrid velocity fluctuation. Assognihat turbulent
kinetic energy follows Kolmogorov'&>’3 law (Equation(1.2.5)), and that wavenum-
bers are proportional to the inverse of the cell widthug ;4 can be expressed as:

K 1/2
Uses = ( f E’(k)dk) = K3 o AR (4.2.44)
k/2

Therefore,Daggs is proportional toA%3, When the cell width decreases to the Kol-
mogorov scaleA — ny, eddies in all scales are accounted and the flow will be fully
resolved. This leads tDasgs — 0 andksgs — O from Equation (4.2.42), reproduces
the unfiltered reaction rate as shown in Equation (4.2.29).

In methane air stoichiometric combustion case, with tylpieduesS, = 0.4m/s and

8o = 2.0x 10°3m, ksgs Was evaluated as shown in Figure 4.6. From this graph, 15%
discrepancy can be estimated when a grid with cell widBhx21.0°mis used together
with a simple chemical reaction model (Equation(4.2.39)) .

4.2.5 Chemical Reactions Scheme

The methane flame is the simplest case among hydrocarborustiorh however, the
detail process may involve tracking of some hundreds ofispeand some thousands
of chemical reaction steps. A selected number of chemieati@ns are usually solved
in numerical simulation. For methane and air flames, a ‘s&kleechanism’ [85] has
been often used consisting of 35 elementary reactions aneltfing species. The re-
action rates of these chemical species are given in the Aimbéaw. Further reduction
of the number of reaction steps has been made to introdubalgtbemical reactions
scheme. For example, four global reaction steps with trackeven species [68], six
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Figure 4.6: Variation of segregation factor

species [43] were proposed, and five global reaction steyhgdimg six species were
developed in [24]. Those reduced reaction steps agreedmwtblskeletal elementary
reactions scheme, with respect to mass fraction profileehpeed flames. Also, sen-
sitivity analysis in which responses of the gas properieg,, density, velocity and
mass fraction by change of elementary chemical reactions eamined and showed
good matching between skeletal elementary schemes ancbi@dlobal reaction steps
schemes [77]. A disadvantage of the reduced global stepgoracheme might be a
lack of tracking radicals, particular@H radicals often used for comparison to exper-
imental results.

In the current methane air flame simulation considering tdarize of computational
cost and accuracy of chemical reactions, reduced globps$ seactions are applied.
The simplest one step reaction is described as:

CHa + 20, = CO, + 2H, (4.2.45)

This is an irreversible reaction containing four chemigaa@es. A reversible global
four steps reaction scheme proposed by [43], includingsecies was also examined:

1
CHa + 50, = CO + 2H, (4.2.46)

CH4 + Hzo = CO+ 3H2 (4247)

1
H2 + 502 = H,O (4.2.48)
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CO + H,0 & CO, + H, (4.2.49)

where simple Arrhenius type forward reaction rates of edep are obtained via [43]

and the backward reaction rate of Equation (4.2.49) is frb8].[ The advantage of
this scheme is that it can track spedi¢sandCO while in the fast chemistry approach
which will be discussed in the later section only the one segztion is available

and these species are not tracked. The premixed flame speeetiodine and other
hydrocarbon fuels were examined using this scheme undeyugaequivalent ratio,

then both premixed and nonpremixed flame structure under Eaichiometric and

rich condition were simulated with respect to species ithstion and results showed
good agreement with experimental data [43].

4.2.6 Mixture Fraction

A scalar variable, mixture fraction, is often used in analyd nonpremixed flames
since this scalar represents local species ratio of fuebantt is similar to the equiva-
lent ratio which also describes a local species ratio ahkd i mass fraction of species
and temperature, however, mixture fraction conserveséeiod after the chemical re-
action.

First, element mass fractiong, which represents the ratio of the mass of an element
I to the mass of the mixture contained in local space, are derel:

N
Z =) &Y, (4.2.50)
=1

where¢;; is mass ratio of moleculeto specieg. The element mass fractions conserve
between before and after chemical reactions, but can begeldaonly by flow mixing.
Then, the mixture fraction can be defined as a variable lipdiaked to the element
mass fraction:

Zi — Zi 4ir

fo ST Gar
Zi tua — L air

(4.2.51)
where, subscriptair and fuel designate respectively air inflow stream and fuel inflow
stream. Therefore, unless additional restrictions arergiwixture fraction can be
available for flows in which only two streams, fuel and oxatjsnflow to the domain
separately (they are not premixed).

When a complete chemical reaction, for example Equation48)3s assumed, mix-
ture fraction can be expressed with respect to mass fraction

Y: — Yoo + Yoo 4i
f o Vs 02 02,air (4_2.52)
VY5 tud + Yo2.air
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wherey is the mass ratio of fuel and air under stoichiometric coodjt4 for methane
and air flame case. As seen in Equation (4.2.51) mixtureitract a normalised values
between 0 to 1: O for mixture containing only species oritgdgrom oxidiser inflow
and 1 for mixture containing only species originated froral iaflow.

4.3 Finite Rate Chemical Reaction Approach

The focus of this section is to examine a coupling of the ILkfhfresolution method
and a simple Arrhenius law chemical source term which cpoeds to Equation
(4.2.39). This model implies, > 1, andksgs = 0 in Equation (4.2.42).

4.3.1 ILES with Finite Rate Chemistry

Only selected papers have presented combustion flows WHB echnique. A main
challenge is in the correlation of chemical reaction andulence in the subgrid scale.
This is difficult for ILES since the subgrid scale model is appeared in equations.

A compressible, nonpremixed mixing layer flame was simdlatéh ILES method
[34]. Inviscid terms were solved by the second order spaitaurate ILES while
viscous terms were solved by the central difference scherhe. subgrid stress and
the subgrid scale scalar transport terms were considerbd tilt in the numerical
method and therefore, no explicit subgrid scale modellorgtiese terms were given.
For the chemical reaction source term, a one-step, irrilerseaction with the re-
action rate following Arrhenius law was applied. This ingglithat the subgrid scale
effects were not modelled, i.&sgs = 0 as shown in Equation (4.2.41). With a valida-
tion of the computational code for one dimensional flamecstine, two dimensional
mixing layer simulation was performed. The simulation fessahow that the shear
layer growth and products formation were reduced by thegynelease due to com-
bustion, and these effects qualitatively agreed with migiion from experiments. In
Reference [35] three dimensional, hydrogen and air comtystguare jets were pre-
sented based on the above numerical method, and the focusnwaktions between
energy release due to combustion and a growth and entrairohte jet.

The capability of ILES as an engineering tool for combusfiow can be seen in a
simulation of a three dimensional complex geometry gasriarbombustor [33]. In
this research, again, ILES technique with second orderrateunethod was applied
to the convective terms without explicit subgrid scale nllg Global one and two
steps finite rate Arrhenius law reactions were examineduhgrsd contribution of the
chemical reaction was neglected. Conventional LES with flamekling model for
chemistry in which laminar flame structure is applied andvlecity and temperature
profile along centreline axis showed reasonable agreem#néexperimental data..

Similarly, an ILES was performed with finite rate reactiofldaing Arrhenius law
[25]. For inviscid terms ILES with second order accurateescl was applied in finite
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volume method, and no subgrid viscous and diffusion termre @wwen explicitly since
they were considered to be built in the numerical method. ddwribution of the
chemical reaction term in the subgrid scale was neglectsdl ffze reaction rate was
simply calculated by the implicitly filtered variables. §hgondition is corresponding
to the segregation factaisgs = 0. Simulation of a flame holding behind a flame
holder showed that ILES results reasonably agreed with{peranental data and they
were comparable to the conventional LES results in whichemeation eddy-viscosity
model was used.

4.3.2 Numerical Modelling for ILES

In the ILES computation, the governing equations are soledout explicit filter-
ing operation. Therefore, the governing equations for iggecnomentum and energy
are the same formulation as those of instantaneous flow,rsiro&quation (4.2.12),
(4.2.5) and (4.2.13).

The governing equations are solved using a finite volume Godtype method. As
the same scheme as applied in the non reactive flow simujétiotihe advective terms
fifth-order spatial accuracy MUSCL limiter was used to achikigh-order spatial ac-
curacy, and the HLLC approximate Riemann solver was applfddo, the velocity
components are locally modified for low Mach number flow ineonstruction pro-
cess. The viscous, heat and diffusion terms appeared iigthtehand side of equations
were discretised using standard central differences.Heotime integration, a second-
order explicit Runge-Kutta method was employed.

With this ILES numerical method, the momentum Equation.&).B solved with built

in subgrid scale modelling, which is equivalent to solvefthered momentum Equa-
tion (4.2.20). Also, unlike the conventional LES equationsresolved scalar flux
terms appeared in filtered species Equation (4.2.21) angd)eBguation (4.2.22) are
accounted by the numerical dissipation built in the chamstics of the ILES high-
resolution method.

For the reaction source tera non filtered reaction rate from in Equation (4.2.39) is
applied. Although this implies that the chemical reactiffecs in the subgrid scale
are not accounted in the simulation, it is important to knaw!the turbulence model
of the high-resolution method effects on the chemical reactte in the temperature
field, compared to the laminar flame case shown in Figure sgréefore, this model
Is appropriate to examine the combination of ILES with cleahreaction.

4.3.3 1D Simulation of A Premixed Flame
Simulation Setup

One dimensional methane-air laminar premixed combustronlation has been per-
formed first to validate the ILES numerical method combinéith whemical reactions
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and thermodynamic transport models. The grid resolutiahtha time step were ex-
amined by results of the flame speed and the flame structuee c@inputational do-
main was initially split into two regions at = 0. Unburnt methane-air stoichiometric
mixture with standard temperatufgy = 298 15K and burnt mixture of water vapour
and carbon dioxide with the adiabatic flame temperafigge- 222X filled x < 0 and

X > 0 regions, respectively. Static pressure of the mixture ¥t throughout the
domain. The grid size was set according to the followingestbn of the flame thick-
ness. The flame thicknegdor the stoichiometric mixture can be estimated3m
without numerical computation but from thermochemicalganies [71]:

op =

0.7
2D, (Tad ) (4.3.1)

S, \Taa

whereD, andS, represent a diffusion coefficient of unburnt gas and a flaneedp
respectively. This value is within the variation36L.0mm reported in experimental
measurements by [30] and a computation by [5]. The mesh si@eset to constant
0.025mm so that roughly 15 to 20 grid points can be involved in the flamekness.
As a boundary condition, both ends of the domain were set as optflows. The
physical domain had 4Gm length which was large enough to avoid initial pressure
wave propagating from the flame to the open boundary.

Flame Structure

Figure 4.7 shows species mole fraction profiles within thenéla Note that the hori-
zontal axis was shifted to fit the highest carbon monoxideerfralction to distance 0.
The simulation results well matched to the experimentad tgt[9]. Pressure differ-
ence between unburnt and burnt gas was observéhQvhich corresponds t®(1)
described in [71]. This implies not only that the premixedritapropagation can be
considered as constant pressure phenomena but also tltaintipeessible simulation
code applied here works properly.

The flame speed was simply measure8lh/s by the propagation of an isothermal
location in the flame, e.g., 1080 A more consistent definition of the flame speed
described in [71]:

1 e
SL = - f WCH4 (432)
PuYu —o0

yields Q38m/s, where subscription andb represent burnt and unburnt gas, respec-
tively. The flame thickness was evaluated by the maximumignadf the temperature
curve within the flame [71]:

_ Tp—Ty
5t = — @) (4.3.3)



4.3 Finite Rate Chemical Reaction Approach

93

cH
____co 0.2
e H
o ggL,Eexp.g
Xp.
0.1 oo : Hz(.zexep.‘)) l
- 0.15
0 2 -
c c
e i)
— =
< &
£ i £ 01
2 0.05 Q
o S)
= r =

0.05}

-0.5 0
Distance [mm]

-1 -0.5 0 0.5 1 -1 0.5 1

Distance [mm]

Figure 4.7: Species profiles of the one dimensional premixed flame

The result ®49mm well matched tasp, implying that the thermodynamic coefficients
used in the simulation are acceptable.

4.3.4 2D Simulation of A Mixing Layer
Simulation Setup

Methane-air turbulent nonpremixed combustion simulatias been performed with

a two dimensional parallel flow. As shown in Figure 4.8 the b3 domain was
rectangular with length I8m for z direction along the flow axis and width duin for

x direction. The uniform and the same size meshes as employtbe premixed test
case were contained in the domain. Methane and air flows vegeaarately incoming

to the domainx > O for methane and < O for air, respectively, from the bottom

z = 0 with a velocity ratio three to one. On the side boundarie& édnd right of the
domain) a symmetry condition with respectxalirection was set, and zero velocity
and mass fractions gradient were set on the outflow boundd#ng #op of the domain.
The domain was initially filled with methane and air with ctarg axial velocity. An
fluctuation velocity component which was used in the nontreafiow case was added
at the inlet velocities. The initial pressure was set cartstatm, and temperature was
950K for methane and 11@®0Ofor air, respectively. The gas temperatures were high
enough to ensure the auto ignition of the mixture. Reynoldsber based on the
average velocity of the methane and air, average kinematosity and initial mixing
layer thickness) was~ 3500. Note that air was considered to consist of only two
species, namely nitrogen and oxygen with mass fractisg6®and 232, respectively.
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Figure 4.8: Schematic of the two dimensional mixing layer domain

Scalar Field

Figure 4.9 shows contour floods of instantaneous species fraations. The methane
contour flood shows a growth of a series of eddies and entexihiof species into
the other side. The carbon monoxide contour flood depictsiieachemical reaction
occurred from the inflow boundaryg/ = 0). The carbon dioxide mole fraction can be
observed only at downstream region and the high concemtraéin be seen at the edge
of the large eddies while high carbon monoxide concentnatiists at the centre of
the eddies. This implies that the mixing of carbon monoxide water vapour in the
so-called water gas shift reaction (4.2.48) takes placalyat the edge of the eddies
and a rapid mixing after the formation of carbon monoxidedgsessary for a complete
combustion.

Figure 4.10 shows scatter plots of species mass fractidmeafixture in the domain
against mixture fractiori which is defined in Equation (4.2.52). Methane and oxygen
mass fraction maps show that the plots are distributed mitte region surrounded by
a mixing line where non chemical reaction takes places (0), and a fast chemistry
line which was obtained by the Burke-Schumann analyticalt&ni assuming one
step, irreversible, infinite rate chemical reactian<£ o). It is obvious that methane
molecules exists in the oxygen rich mixture € 0.055) and oppositely, oxygen exists
in the fuel rich mixture { > 0.055). This implies that the fuel and air exist together in
a piecewise volume for which chemical reactions were agpéead that the finite rate
chemical reaction properly worked in the ILES simulatiamtie oxygen mass fraction
map, the plots show a uniform distribution between the ngime and the equilibrium
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Figure 4.9: Instantaneous mole fraction contour floods of the two dimensional mixing:layer
methane (top), carbon monoxide (middle) and carbon dioxide (bottom)
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line for a constant mixture fraction, and hence it demomssraon uniform chemical
reaction rate of the mixture. This variety of the chemicalateon rate is due to the
shape of the chemical source term (4.2.39) which does naouatdor the chemical
reaction effect in the subgrid scale. The plots concerdraté > 0.35, showing that
the fuel rich mixture remains without further chemical ré@t. This might result in
incomplete combustion. In the water vapour mass fractiop, rtiee plots are located
in the lower region than the fast chemistry line in the fuehrcondition, showing slow
reaction rate of reaction(4.2.47) and (4.2.49). This isabse the intermediate product
hydrogen was not reacted properly as described in the clhéreiction (4.2.48). For
the same reason, the carbon dioxide scatter plots showesmallies of mass fraction
than the analytical values.
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Figure 4.10: Species distribution in mixture fraction field: methane (top left), oxygen (top
right), water vapour (bottom left) and carbon dioxide (bottom right)
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Effects of the Non Filtered Chemical Source Term on Temperatte Field

Figure 4.11 shows a comparison of distribution of the noisedl temperature (Equa-
tion (4.2.35)) between reversible and irreversible chammieactions. T,,x was set
as the maximum temperature obtained in the irreversibleticratest case. For irre-
versible chemical reactions, the backward reaction rategmation (4.2.49) was ne-
glected. Analytical temperature profile with irreversifdst chemistry assumption is
also plotted in the graph. For the irreversible chemistsy tase, the highest temper-
ature is obtained at = 0.09, with the equivalent ratio higher than the stoichioneetri
condition, 10, which reflects the effects of the finite rate chemical rieastas de-
scribed in [81]. Also, the finite rate reaction influencestdmaperature distribution. In
the fuel rich conditionf > 0.25, the reaction rate is not high enough to reach to the
temperature corresponding to the analytical solution evimlthe fuel lean condition
the scatter plots showed good matching with the analytaati®n. For the reversible
chemistry test case, the plots showed the similar featurevith about 80% of the
maximum temperature compared with the irreversible chieynigst case.

Figure 4.11: Temperature distribution in mixture fraction field for irreversible (left) and
reversible (right) chemical reactions

Figure 4.12 shows temperature field at the downstream distaom the flow inlet,
z/6 = 6 and 12. At the distancg ¢ = 6, the mixture of near stoichiometric condition
was not fully ignited. The temperature plots in the fuel leagion f < 0.03 show
a linear increase but low temperature. At the distaryée = 12, mixture of near
stoichiometric condition was well ignited and obtainedtigmperature, and the plots
matches the fast chemistry line in the fuel lean region. &lasservation can match
to the DNS research for auto ignition of shearless methanenixing layer flame
[63] where the one step Arrhenius law was used. In their reedeowever, the highest
temperature was observed at arodnd 0.2 in the ignition process while in the current
simulation high temperature was obtained at arotird0.1.
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Figure 4.12: Temperature distribution in mixture fraction field: short distargzé € 6, left)
and long distancez(s = 12, right)

Figure 4.13 shows reaction rate of methane against temperatThe one dimen-
sional premixed flame test case is also presented. FurtheyddS of a three di-
mensional premixed turbulent flame containing 17 specids/&chemical reactions
[79] is shown. Note that the reference data was adjusteddopycthe same area as
the ILES premixed case. The distribution shows that a typioapremixed flame in
which the reaction rate is non-zero for all range of tempeeat However, a small
reaction rate range can be seen at the low temperétur®.1. This implies that the
non filtered Arrhenius law reaction model applied in the datian is valid for non
premixed flames but causes slow combustion. Therefore, wigohemical reaction
time is considered to be short compared to the mixing timectiemical source term
should be improved to demonstrate larger values in the lowpézature range.

Figure 4.14 shows conditional average of the methane oracdie at different axial
position. It was observed in the early stagjé < 9 that the methane reaction rate
decreased and the non zero range increased with the flamepieent. After the
flame was developerf§ > 9, the increase of the reaction rate can be seen. The largest
reaction rate was obtained in the process of ignitaggt,= 0.3 at around = 0.39 and

its corresponding mixture fraction wasl@. In reference [63] the largest reaction rate
at the time of ignition was obtained at arouhd 0.15.
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Figure 4.13: Methane reaction rate of nonpremixed flame and premixed flame
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Figure 4.14: Methane reaction rate profile at different distance from the inlet



100 ILES of Combustion Flows

4.4 Fast Chemistry Approach

As an opposite modelling to the finite rate approach in theipus section, a fast
chemistry approach is introduced in this section. In the ¢hemistry model the
chemical reaction takes places instantaneously, andftinerghe mixing time scale
is considered to be longer than the chemical reaction tirake s@herefore, this model
is corresponding t@, < 1, andksgs = —1 in Equation (4.2.42).

An advantage of this method is small computational costesiteame position and
structure which depends on the chemical reaction rate doeed to be captured. In-
stead, temperature and species mass fraction are catthialieear relation to mixture
fraction, and therefore the grid size can be the same as $kdtin non reactive flow
simulation. Therefore, mixture fraction can be a fundamkewvdriable when the fast
chemistry approach is applied. Oppositely, a disadvantatet only four species in
Equation (4.2.45) can be tracked and hence, spétiesdCO, which are commonly
observed in experiments cannot be predicted.

In incompressible solvers of RANS and conventional LES, adirrelation between
mixture fraction and scalar variables can be explained benfs. Together with the
one step irreversible methane air chemical reaction of tmuéd.2.45), the following
assumptions are considered,

e Low Mach number approximationp(= constant).
¢ All the diffusion coefficient of species are equBl(= D).
¢ All the specific heat capacities for constant pressure analég,, = C;)).

e The ratio of diffusion to thermal diffusivity is unityLe = Le = 1).

Under these assumptions, species mass fraction EquatibdZ®and an energy equa-
tion which is rewritten with respect to enthalpy can be deghiv

op¥ic AN

D2k 4.4.1
e ou¥) = 5 (DT |+ in @.4.)
oph 0 oh
P 9 oujh) = 4.4.2
gt +ax Ui = 51 ( Ix ) o (4.4.2)

wherek is fuel or oxidiser andv’is heat release due to chemical reaction. Note that
the viscous effect in the enthalpy equation is also neglesitece this term is order of
Mach squared and small enough in low Mach number flow. Themglesvariable,
which is identical to element mass fraction can represeetisp mass fractions and
enthalpy of these equations:

opZ

592
o —(p Z) = ( ) (4.4.3)

0X;
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f

Figure 4.15: Schematic of Burke-Schumann flame structure model

As described in Equation (4.2.51), mixture fraction carlaep the element mass frac-
tion. The balance equation with respect to the mixture iwacbecomes the same
shape as Equation (4.4.3). The computation of chemicatiogacan be separated
from turbulent flow simulation since the equation does nolude a chemical source
term .

As a result, incompressible RANS and conventional LES saviservation equations
of mass, momentum and mixture fraction. Flame structurezengoy a linear relation
between mixture fraction and mass fraction and temperaforexample, the Burke-
Schumann model shown in Figure 4.15. At (fuel) lean condittorresponding to
f < fg, with fg being mixture fraction under the stoichiometric conditiomethane
does not exist, and oppositely oxygen does not exist at tied) (fich conditionf > f4.
At f = f4 only carbon dioxide and water vapour exist and the highespé&zature is
obtained.

4.4.1 Governing Equations for ILES

Since the fast chemistry approach can separate turbulentétzulation from chemi-
cal reaction, the ILES method applied to the non reactive iiothe previous chapter
is applied for the turbulent flow calculation. However, masstions instead of vol-
ume fractions are tracked. Also, correction velocity in &iipn (4.2.11) is evaluated to
ensure the total mass. With this method four species carabked by six equations:
speciesx4, momentumx1 and energyl. Note that pressure is not constant since
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compressible conserved equations are solved, and thatispeat ratio is calculated
for each species. However, the diffusion term in the speam@stion is not calculated.
This is because the diffusion coefficient usually much sendlan the turbulent diffu-
sion coefficient [69] which is accounted and produced in tighnesolution method.
The heat conductivity is evaluated from viscous coefficiambugh Prandtl number
as the same way as in the non reactive flow simulation. Thenfdiftowing ILES
conservation equations for species, momentum and enengyecsolved for turbulent
flow:

% +V-(puYy) = 0 (4.4.4)
opu
W + V'(pUU) =-V-P (445)
E
% + V-(pEU) = —V-(P-u) - V-q (4.4.6)

For the chemical reaction calculation, mixture fractiorfiist calculated as passive
scalar by mass fractions, as shown in Equation (4.2.52).cohguted mixture frac-

tion is passed into the prerequisite frame structure whidhe Burke-Schumann fast
chemistry model described in the previous sub section, taimkhe burnt gas mixture
composition and temperature. The density of the burnt gaadsilated so that the total
mass should be conserved in the cell. And then, pressureddfuint gas is obtained
by the equation of state.

4.4.2 3D Simulation of A Methane Jet Flame

Simulation Setup

Three dimensional swirl flame simulation was performed. fifehane and air non-
premixed burner geometry and the computational domainvgzeset as the same as
applied in the non reactive flows simulation; axial length is D and radial length of

8.8 x D. Grid resolutions are also the same as the typically adaptedn reaction
simulation, as shown in Table 4.2.

Table 4.2: Grid size for the fast chemistry test case

Axial Radial Circumferential Total
300 62 32 B0 x 10°

Mean inflow velocity condition are summarised in Table 4.8 Wi, Uy 2, Usr and
Uqoc representing fuel, axial air, radial air, and circumfer@rzimuthal) air velocity,
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(m/9s) respectively. The coflow is constant.@f/s for all test cases. These inflow
conditions correspond to the test cases of swirl flames teelan TNF workshop.
In the experiments 2% fluctuation velocity was observed iitoeo[59] but this was
not accounted in the simulation. The test case is named SK1hel experiments,
compressed natural gas, 90% of which is composed of methaheeat of them are
other hydrocarbons, was used instead of pure methane foetbeity measurements.
Species measurements had done separately from velocigunegaents and done with
pure methane gas.

Reynolds number based on the fuel jet velocity, the diamdtéued nozzle 36mm,
and methane gas viscosity i2% 10°. In this combustion test case, turbulent ve-
locity fluctuating component is not added to the fuel andriow in order to avoid
excessive turbulent fluctuation which can affect the subsgale fluctuationig;4 and
segregation factotsgs in Equation (4.2.41).

Table 4.3: Inflow velocity [m/s] for the fast chemistry test case

Uso uaO,z uaO,r uaO,c SN
SM1 327 38.2 0.0 191 05

Flow Structure

Figure 4.16 shows instantaneous axial velocity, vortigiggnitude contour floods and
temporally averaged axial velocity of the SM1 case. The flowcsure is similar to
the non reactive case and the velocity is slow on the blufiyudte. In the vorticity
contour, large vorticity magnitude can be observed far diwelam, which was not seen
in the non reactive case. In the averaged flow picture theucddalance was adjusted
to emphasise the flow shape. The swirling air flow narroweda@tradz/D = 1.0,
similar to the non reactive case shown in Figure 3.24. Howeueclear recirculation
zone can be observed.

Figure 4.17 and 4.18 show mean axial and circumferentialcitgi profile for the SM1
case, respectively. The profiles are compared with expetsr{&9] and several con-
ventional LES results [45] in which typical combination aflhbulence and chemistry
model were applied; Smagorinsky model for turbulence direddy model, flamelet
model or filtered density model for chemistry model. For ¢hEES results, only vari-
ance is shown at several radial location for clarity. In gah¢he ILES results showed
a fair agreement with experiments and comparable profildsteonventional LES.
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Figure 4.16: Methane air flame with fast chemistry: instantaneous axial velocity [m/s] (top),
instantaneous vorticity magnitude normalised by the maximum value in the domain (middle
and temporally averaged axial velocity [m] (bottom)
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Figure 4.17: Mean axial velocity [m/s] at different axial distances from the burnefase.
The solid line is ILES and the circle marks are experiment [59]. Arrowsvghe variance of
several reference LES results [45] at typical radial location
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Figure 4.18: Mean circumferential velocity [m/s] at different axial distances from tinenbr
surface. The solid line is ILES and the circle marks are experiment [59pw%s show the
variance of several reference LES results [45] at typical radialtioo
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Scalar Field

Figure 4.19 (left) shows instantaneous temperature cofltmad. The central methane
jet penetrates up tgyD < 1.5 without combustion, results in low temperature in this
region. High temperature region can be observed in thecdation zones and at the
downstreamZ/D > 2.0). Since temperature and species fractions are correfated
mixture fraction by linear Burke-Schumann model shown inuFég4.15, the scalar
field can be represented by only mixture fraction. Howeveategscted in Figure 4.19
(right) temporally averaged radial distribution of mixtuprofile showed a large dis-
crepancy, particularly around the central jet region. Thisimply because non fluc-
tuation component was added to the inflow boundary condifitrese results implies
that the ILES and fast chemistry approach can match andgbriéoliv field reason-
ably accurate, however, the simple linear correlation efascvariables and mixture
fraction cannot predict well the scalar field without sejtacccurate inflow boundary
fluctuation which effects the segregation factess.

0 1 1 1
0 0.2 0.4 0.6
r/D

Figure 4.19: Instantaneous temperature [K] contour flood (left) and mean mixture fractio
(right)
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4.5 Summary

ILES with high-order high-resolution computational mduohg) was applied to methane
and air flame. The governing equations for compressible flengua finite volume
Godunov-type method were solved with applying fifth-ordeat&l accurate recon-
struction methods and with a third order explicit Runge-Kitine integration.

In the ILES calculation, no filtering operation is set, andr#éfore, unlike conven-
tional LES, the governing equations of ILES do not includknown terms in species,
momentum and energy equations except for a chemical soamee (Therefore, the
equations are the same shape as instantaneous (non fikepgatjons. The chemi-
cal source term does not appear in the energy equation wheration enthalpy is
included in conservative total energy and only appears ensiecies equation. For
evaluation of transport properties, Sutherland’s law wasiad for viscosity and then,
heat conductivity and diffusion coefficients were calogtbby constant Prandtl num-
ber and constant species Lewis number, respectively. Thdiltered Arrhenius law
was applied for the chemical source term. An analysis shaWwatdthe non filtered
Arrhenius law cannot represent the filtered (or limited iE8) chemical source term
since the chemical reaction is nearly zero when the temperatcrement is small and
very large when the temperature increment is large. Alsoattalysis showed that the
correlations between fluctuations of species mass fraatditemperature needs to be
modelled if the turbulent and chemistry interaction is asted in the subgrid scales.
Therefore, the applied model is simple but may not be suffidier detail analysis of
interaction of turbulent mixing and chemical reaction doi¢he lack of consideration
for subgrid scale chemical reactions. However, it is selkat order to investigate the
combination of chemical reaction with ILES in the case whHenttime scale of chem-
Istry is long compared to that of turbulence. For chemicattens, a finite rate four
step global chemical reaction was used since it can trackolggth and carbon monox-
ide which can be observed in the slow chemical reactionsaltieetsimple Arrhenius
law model.

The combination of ILES and chemical reaction was examinethé flame structure
and the flame speed of one dimensional premixed flame congrutathe results of
species distribution in the flame agreed well to the expentai@lata. The flame speed
based on the temperature profile of the flame well matchedet@itérequisite flame
speed calculated by thermodynamical properties. Two démeal mixing layer sim-
ulation was then performed to demonstrate ILES of nonprethflame. The species
scatter maps showed that the plots were within the boundahgamixing line where
gases were well mixed but no ignition took place, and the dhstmnistry line where
the mixture was fully ignited and chemical reaction occdrr&he temperature field
was depicted against mixture fraction and the maximum teatpee was obtained at
the fuel rich mixture side, which corresponded to experitaleand other simulation
data. Also, the evolution of the temperature field due tognéion of the mixture was
observed along the distance from the fuel and air inlet. Ardigancy from referenced
simulations were observed; the reaction rate was not highgnin the fuel rich mix-
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ture while the results showed good matching in the fuel leesture. The reaction rate
of methane plotted against temperature showed non zerbareaates for all temper-
ature, which is typical for nonpremixed turbulent flames.wdwaer, the reaction rate
showed small values in the low temperature region and thisesathe slow chemical
reaction rate. This implies the subgrid scale effect of thengical source term, which
was not accounted in this simulation.

Next, simulation was performed with fast chemistry apphoatich is regarded as
an opposite modelling of the chemical source term with relsfzethe time scale of
chemistry and turbulence, i.e., the case of longer turbuler® scale compared to the
chemical time scale. In this approach, turbulent flow sitioitawas separated from
chemical reactions and the chemical source term vanishtbe ispecies equation. For
flame structure calculation a linear correlation of masstioa and temperature to mix-
ture fraction, which was computed as a passive scalar frobulent flow simulation,
was applied. The grid resolution could be set as the sameeagsmd in non reactive
flow, which made three dimensional simulation possible.

The ILES computation was done with &0million point grid with fifth-order spatial
accurate limiter. Mean velocity filed of a swirl burner flamere compared with exper-
imental data and conventional LES. The discrepancies age Bompared to the non
reactive case, however, a fair agreement and comparahlesagovere achieved. The
scalar field which can be represented by a single variabbetunei fraction was plot-
ted however, the profile could not reach to reasonable agreewith the experiments
and LES when no fluctuation component was added to the infladery condition.
Simulations were performed with the same computationalitiaas used in the non
reactive flow simulation and the computational time prodga typical result on the
medium grid with the fifth-order limiter was about 3,840 haur

With these results it is considered that the ILES can mattietgombustion flow with-
out setting explicit modelling of subgrid viscous term antgrid transport terms. For
well burnt flames in which chemical reaction completes ILE®\& simple fast chem-
istry approach can simulate with reasonable accuracy floacirg filed. For incom-
plete combustion flames and in the consideration of interatedpecies, e.g., carbon
monoxide, NOx and radicals, direct calculation of chemgmalrce term is available,
however, large error can be possible unless fine grids atedpp
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CHAPTER 5

Conclusions and Suggestions

5.1 Conclusions

This thesis covered numerical methods and analyses of aetive and reactive flows
using an ILES technique based on high-resolution and higkronethods.

For the non reactive flow, the ILES simulation solved the gowvey equations for
compressible, single phase, multi-species flow using aefwiiume Godunov-type
method without explicit modelling of the subgrid scales.stéad of mass fraction
tracking a volume fraction tracking method by Allaire wapkgd. Second, fifth and
ninth-order limiters were used to achieve high order spatieuracy and a third-order
explicit Runge-Kutta method for time integration was apglie

Temporally and circumferentially averaged flow profiles e&veompared with the ex-
perimental data. The axial and the radial velocity and rnmiecity profiles showed

good agreement in the strong turbulent region, the reatmn region and the down-
stream region of the flow fields. Also, the mixture fractiomfdes demonstrated a
good agreement to the experimental data in the multi-spdioe simulations.

The one dimensional kinetic energy spectrum was examinedainate the effects of
grid resolution and limiter on energy dissipation in the 8 Eomputation method. An
idealk=>"® decay of energy can be seen in a certain range that increasedrid res-
olution. In computations with the fifth-order accurate lienithe cut-off wavenumbers
were found to be larger than the estimated maximum waventgvappearing on the
given computational grid. This implies that the numeriaakgbation sufficiently ac-
counted for the energy transportation between large antl sdthes up to the effective
cut-off. The second, fifth and ninth-order limiter were exaad on the medium grid.
The fifth-order limiter showed good resolution of the kisetnergy dissipation with
reasonable computational time compared to the seconda-ardter. The ninth-order
limiter required substantially larger computational pawe

To investigate effects of density differences between &nel air, numerical simula-
tions were performed on different density fuel jet flows witbrresponding Atwood
number from 0 to B71. Temporally and spatially averaged mean streamlingsan
locity contours showed that with an identical momentum flshe fuel jets, the flow
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structure and velocity field were unchanged by Atwood nuidsarept for the central
fuel jet region. At the centre axis, the velocity decay rateased monotonically with
the increase of Atwood number, which resulted in the samecitgl profile at further

downstream. The volume fraction field changed due to thetran of injected fuel

volume into the domain, however, a large, constant fuelmeldraction region was
formed for all test cases. The amount of the volume fractiothis region was con-
trolled by species mixing at a point where fuel and air streathded. This point is

located at the top edge of the recirculation zone, and a langevolume fraction was
observed for all test cases. A mixing parameter originatyoduced for investigating
the mixing of molecular species in a mixing layer was appt@domplex turbulent

flow. It was found that the degree of molecular mixing decedast the mixing point

with the increase of Atwood number. The simulation resditsxged that the feature of
the mixing field and the effects of Atwood number can be descriwith this parame-
ter.

With regard to the combustion flow simulation, ILES with higider high-resolution
computational modelling was applied to methane air flamdladoverning equations
for compressible flow were solved using a finite volume Godtilype method. Just as
for non reactive flow simulations, fifth-order spatial aaterreconstruction methods
were applied with a third order explicit Runge-Kutta timeeguation. In the ILES
calculation, no filtering operation was set and hence, entiknventional LES, the
governing equations of ILES do not include unknown term$grges, momentum and
energy equations except for chemical source term. The datswurce term appears
only in the species terms and requires a non filtered Arriselaiw. This model was
selected in order to investigate the combination of chehm&action with ILES for
the case when the time scale of chemistry is long comparetatodf turbulence.
For chemical reaction modelling, a finite rate four step glathemical reaction was
applied.

The combination of ILES and chemical reaction was examinethé flame structure
and the flame speed of one dimensional laminar premixed flamgpugtation. The
results agreed well to the experimental data. Two dimes$imixing layer simulation
was then performed to demonstrate ILES of nonpremixed flaie species mass
fraction scatter maps showed that the mixture gas conditieere within the mixing
line, where gases are well mixed but no ignition takes placd the fast chemistry line,
where the mixture is fully ignited and chemical reactionursc The temperature field
was depicted against mixture fraction and the maximum teatpee was obtained at
the fuel rich mixture side, which corresponded to experitaleand other simulation
data. Also, the evolution of the temperature field due to gmtion of the mixture
was observed along the distance from the fuel and air inletisérepancy from refer-
enced simulations was observed: the reaction rate wasgioemough in the fuel rich
mixture while the results showed good matching in the fuahlmixture.

The reaction rate of methane plotted against temperatwweshnon zero reaction
rates for all temperatures, which is typical for nonprerdikgbulent flames. However,
the reaction rate showed small values in the low temperaggiien and this causes the
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slow chemical reaction rate. This implies that the effe¢tde chemical source term
in the subgrid scale was not accounted in this simulation.

Simulation was performed with fast chemistry approachigedgarded as an opposite
modelling of the chemical source term with respect to theetsnale of chemistry
and turbulence, i.e., the case of longer turbulent timeescainpared to the chemical
time scale. In this approach, turbulent flow simulation waygasated from chemical
reactions and the chemical source term vanished in theegpeguation. For flame
structure calculation a linear correlation of mass fractmd temperature to mixture
fraction, which was computed as a passive scalar from tenbdlow simulation, was
applied. The grid resolution can be set as the same as onerused reactive flow
and hence, three dimensional simulation is possible. Thanmelocity of a swirl
burner flame were compared with experimental data and ctiovah LES and a fair
agreement was achieved.

From these results, obtained by the combination of turtidllew calculation with slow
and fast chemistry, it can be concluded that the ILES canimatthe combustion flow
without setting explicit modelling of subgrid viscous teamd subgrid transport terms.
For well burnt flames in which chemical reaction is compléte$ with a simple fast
chemistry approach can be reasonably accurate. For inetenphemical reaction
flames and in the consideration of intermediate species,@doon monoxide, NOx
and radicals, direct calculation of chemical source teravalable but large errors are
possible without the application of fine grids.

This work contributed to knowledge of computational fluichdynics by:

e showing availability of the ILES with high-resolution metthto a complex fuel
jet mixing flow, and

e describing combinations of ILES turbulent flow with slow afast chemical
reactions.

Also, this work contributed to knowledge of fluid physics by:

¢ showing effects of a wide range of Atwood number and fluid props on fuel
jet flows.
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5.2 Suggestions for Future Work

For non chemical reactive flows the ILES with high-resolatimethod has already
showed promising capability and this work gives furthedevice to these encouraging
results: However, some topics are still open to ILES. Fongda, in the recent TNF
workshop [46] some indexes were proposed to examine quAlltiES: These depend
on turbulent viscosity and so are not available for ILEStdad an investigation of
kinetic energy can be a method to check the quality of ILES thislwas described
in this work: High computational cost will be required if dlbw field (grid point)
are to be examined. Regarding the numerical simulation oinmiftows of fuel jets,
detalil investigations of transport properties can be aer@sting topic. In this work,
diffusion terms in volume fraction equations were negléete these terms are usually
small compared to turbulent diffusion terms, but in mufiesies flows the effect of
Schmidt number (or Lewis number) is not well understood k&S .

For combustion flows more issues are open to ILES. Whether B8 method can
truly mimic the subgrid scale models for species and eneggyatons still requires
further evidence. And, the major challenge is in the chehsoarce term. In order
to represent the filtered chemical source term some modets lbeen proposed in
LES, e.g., a linear eddy model and a presumed density funatiodel. Therefore,
investigations of these methods combined with ILES canltréswcontributions to

both numerical methods and flow physics.
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