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ABSTRACT

Fuel-lean combustion is an area of significant interest in the domain of numerical combustion
modelling as it results in the lowering of the emissions of pollutants like CO and NOy from the
combustion chamber. However, the application of fuel-lean combustion also leads to flame
blowout, which is why flame stabilization mechanisms like the imparting of swirling motion
to the reactants are important to bring the instabilities resulting from lean combustion under
control. This work presents the numerical simulation of a benchmark experimental analysis of
lean combustion in a dual swirl partially premixed combustor using the Flamelet/Progress
Variable (FPV) and Eddy Dissipation Concept (EDC) combustion modelling techniques along
with the Detached Eddy Simulations turbulence modelling approach. Performance of each
model is analyzed based on its accuracy in capturing time-averaged parameters like axial, radial
and swirl velocities, temperatures, mixture fractions and species mass fractions, along with
important flow features like the development of recirculation zones. The numerical simulations
were set up and executed in the ANSYS Fluent CFD solver, and the reaction kinetics for the
Eddy Dissipation Concept were modelled using the GRI Mech 2.11 chemical kinetic
mechanism. The FPV approach achieved a considerably higher level of accuracy in capturing
the thermochemical parameters compared to EDC, which significantly overpredicted the fuel
consumption rate and time-averaged temperatures, while also predicting an unconventional
inner recirculation zone profile. Following the validation analysis, a parametric analysis was
performed using three combustor configurations featuring distinct inner swirler angles of 60,
62, and 64 degrees respectively. The major differences between the predicted flow features of
the three geometries included a broadened inner recirculation zone for the 62 degrees
configuration and a considerably narrow inner recirculation zone for the 64 degrees
configuration, which also predicted a highly pronounced outer recirculation zone where mixing

and reactions dominated as opposed to the inner recirculation zone.

Keywords: partially premixed combustion, recirculation zone, detached eddy simulations,

flamelet progress variable, eddy dissipation concept, Mixture fraction
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Chapter 1: Introduction

Gas turbine combustors have the utmost importance in the aviation industry, as they are
used to power the aero engines for thrust generation. Increasing air traffic over the years has
continued to raise environmental concerns, as the gas turbine emissions contain harmful
combustion byproducts like CO and NOx that contribute to the climate crisis [1], due to which
various regulations have been passed over the years by the International Civil Aviation
Organization (ICAO) committee on Aviation Environmental Protection (CAEP) to limit the
emission of pollutant gases [2]. To keep in line with the ever-updating regulations limiting the
harmful aero emissions, gas turbine combustion technology has also experienced continuous
upgrades and modifications over the years. One such approach is lean combustion, which is
characterized by the reduction of fuel from the prescribed stoichiometric ratio for hydrocarbon
burning [3]. While lean combustion reduces the concentration of NOx and CO in the emissions,
it also leads to instabilities in the combustion process like blowoff [4][5] and thermoacoustic
oscillations [6][7], which are caused by inefficient mixing due to deviation from stoichiometric
ratio. One of the methods to overcome the problem of inefficient mixing in lean combustion is
the introduction of components that ensure quick, efficient mixing, like swirlers, which impart
angular momentum to the incoming stream of air, leading to rapid mixing between the reactants

upon entering the chamber.

Stabilization of lean flames approaching the blowoff limit is a topic of special interest in
the field of computational fluid dynamics because of the reduction in pollutant emissions
associated with it in practical applications. Various Numerical studies over the years have
investigated lean combustion for various applications, and testing of various numerical models
to replicate lean combustion in different configurations is important in developing an
acceptable trade-off between computational efficiency and accuracy. An important benchmark
study in this context is the analysis of dual swirl, partially premixed combustion in a gas turbine
combustor by DLR [8][9] which has spurned various numerical validation studies testing the

accuracy of different turbulence and combustion modelling techniques respectively.

This thesis aims to perform a numerical validation analysis of the experimental
investigation of lean partially premixed flames by DLR using the turbulence-chemistry
modelling framework provided in ANSYS Fluent, which will be done on a 3D computational

domain consisting of the experimental setup.
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1.1 Numerical Combustion Modelling

In computational fluid dynamics, combustion modelling is considered one of the most
computationally intensive domains. A conventional flow analysis solves the momentum,
continuity, and energy equations to resolve, or directly simulate the turbulent flow features,
which are guided by the initial and boundary conditions. For the numerical analysis of
combustion phenomena, however, an additional layer of complexity is added by the turbulence-
chemistry interactions. Besides turbulence modelling, a combustion analysis requires the
incorporation of additional equations to solve for species production and consumption resulting
from chemical reactions, as well as the determination of flame dynamics [10]. These equations
are then coupled with the turbulence model to determine species distribution and the overall

flow features.
1.2 Reaction Kinetics in Combustion Modelling

The accuracy of any combustion analysis is significantly dictated by the level of detail
with which the reaction kinetics are incorporated. A combustion process realistically consists
of several reaction steps consisting of different species, each with distinct reaction rates that
are nonlinear functions of physical and chemical parameters. However, the need for reduction
of the computational cost of such analyses requires a simplification of the reaction kinetics.
The simplest way to do so is to assume fast (one-step) chemistry, in which the reactants are
instantly oxidized without any intermediary reaction steps. While this approach suits relatively
simpler numerical setups, more complex setups require a greater level of detail to capture the
flow dynamics more accurately. For such cases, there exist reaction kinetic mechanisms that
are significantly reduced from the detailed mechanisms but incorporate a greater level of detail

compared to fast chemistry [11].
1.3 Fuel-lean Combustion

Fuel-lean, or simply lean combustion, has garnered a great deal of research interest in
numerical and experimental combustion studies over the years. The main principle behind lean
combustion is the reduction of the mass flow rate of fuel from the prescribed stoichiometric
value (the flow rate of the fuel required for the reactants to be completely consumed in a
chemical reaction). While the reduction of the fuel flow rate from the stoichiometric value can
lead to unstable combustion, a major benefit of this approach is the reduction of the production

of pollutants like oxides of nitrogen (NOx) [12]. For this reason, combustion applications in
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various industries rely on fuel-lean combustion to keep in line with the environmental

regulations to ensure minimum emissions of pollutants.
1.4 Combustion Regimes

An important aspect of numerical combustion modelling is the classification of the
combustion regime most suited to the computational setup. The three major categories of
combustion regimes are non-premixed, premixed, and partially premixed respectively. While
numerical modelling approaches distinguishing each regime will be covered in the next
chapter, their basic differences can be best explained in terms of the combustor configurations
associated with each regime. Non-premixed combustion is characterized by the introduction of
reactants directly into the chamber from separate streams and allowing them to achieve
stoichiometric mixing within the chamber through diffusion, as shown in figure 1.1. As non-
premixed combustion relies on diffusive mixing, the resulting flames are referred to as
diffusion flames. Combustor configurations associated with the premixed regime have a
separate compartment ahead of the chamber called plenum, in which the reactants are allowed
to perfectly mix before being introduced to the chamber, as seen in figure 1.1. Partially
premixed combustion, as the name suggests, is a trade-off between the other two regimes. The
configuration of a partially premixed combustor resembles that of a non-premixed one, but an
additional component placed ahead of the chamber imparts angular momentum to the incoming
reactants, causing them to mix rapidly upon entering the chamber, which results in a mixing

process that is guided evenly by diffusion and turbulence.

Stream 1 (with fuel) Stream 1 (with fuel)
* Total flow rate: m Flame Total flow rate: m{‘
-‘ Flame
Plenum or
Long duct Am
(mixing)
* Stream 2 (with oxidizer) Stream 2 (with oxidizer)
Total flow rate: mp Total flow rate: mp

Figure 1.1: Configurations associated with premixed (left) and non-premixed (right) regimes

respectively [10]
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1.5 Problem Statement

Despite the advancement in computational capabilities to simulate turbulent combustion,
high fidelity modelling approaches for combustion analysis are still considered
computationally expensive, and there is still room for application of numerical models for
validating the benchmark experimental case mentioned above which achieves a compromise
in the computational cost without degrading the replication of the experimental results to a
great degree. One such modelling technique is the Detached Eddy Simulations (DES)
turbulence model, and it remains to be investigated whether it achieves an acceptable tradeoff
between computational cost and accuracy in replicating the results of partially premixed

unstable flames that are near the extinction limit.

Another relatively unexplored area in combustion modelling is the investigation of flow
features as the result of varying combustor geometry, which could be important in observing
the level at which certain physical and numerical factors influence the prediction of turbulence-

chemistry interactions.
1.6 Thesis Objectives

The numerical studies conducted over the years validating the DLR experimental
analysis have utilized various turbulence models, combustion models, and chemical kinetic
mechanisms. As per the author’s knowledge, no such validation analysis has been conducted
using the Detached Eddy Simulations (DES) turbulence model, and no parametric study
involving the lean combustion analysis conducted in this experimental study has been found in
the public domain either. Based on this research gap, the main objectives of this study are as

follows:

e Numerical validation analysis of the fuel-lean combustion case of the DLR dual swirl
experimental study using the Detached Eddy Simulations (DES) turbulence model.

e A comparative analysis between the predictions of two different combustion models
and chemical kinetic mechanism combinations, namely 1) Eddy Dissipation Concept
and GRI-Mech 2.11, and 2) Flamelet/Progress Variable approach and joint PDF
approach.

e A parametric analysis involving the variation of the inner swirler angles of the
combustor geometry to observe the changes in flow features and turbulence-chemistry

interactions resulting from increasing swirler angles.
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e A comparison between the results of this study and similar numerical studies

undertaken in the past to determine the accuracy of the numerical setup utilized.
1.7 Methodology

The study was initiated by a literature review of the benchmark experimental study
followed by a review of the numerical modelling techniques and studies focused on turbulent
combustion, through which the research gap was determined. This was followed by the
numerical setup of the domain and a preliminary simulation of non-reactive flow. Based on the
observations of the non-reactive analysis, the combustion model was applied, and the unsteady

reactive flow was simulated. The final step was post processing, in which results were obtained.
1.8 Thesis Outline

The outline of this thesis is as follows. Chapter 2 overviews the fundamental concepts
and modelling techniques used for turbulent combustion modelling, chapter 3 presents a
literature review of the benchmark experimental study and relevant numerical case studies,
chapter 4 presents the methodology adopted in determining the novelty of research and the
numerical setup, chapter 5 discusses the simulation results, while chapter 6 presents the

conclusions derived from this analysis.
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Chapter 2: NUMERICAL MODELLING OF TURBULENT
COMBUSTION

Compared to non-reactive flow, numerical modelling of combustion is relatively more
complex and more computationally intensive. This is because the governing equations to solve
for turbulent reactive flow not only have to model the turbulent conditions, but also must take

the turbulence-chemistry interactions into account.

The three major factors dictating numerical setup, and subsequently the requirement of
computational resources for a combustion-related problem are 1) Turbulence model, 2)
Combustion model, and 3) Chemical Kinetic Mechanism. The basic governing equations for
gaseous combustion of ideal gases, which are valid for thermodynamic equilibrium and

chemical nonequilibrium are given as follows [13],
Species:

apyi
ot

+ V.(puy;) = —V.(pV,y) +pw;, i=1,..,N (2.1)

Where p represents the species density, y; represents species mass fraction, u is the
velocity vector, V; is the mass diffusion velocity of species i, and w; is the chemical

production rate of species i, and N, denotes the number of chemical species

Mass:
dpu
—+ V.(pu)= 0 (2.2)
Jt
Momentum:
dpu
?+ V.(puu) = —Vp+V.T+pZyifi (2.3)
i

Where the normal stress is denoted by p, T is the viscous stress tensor, and f; is the

body force per unit mass of the species i.

Viscous stress:
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T= 24 [s _ %(v. u)I] + up (VI (2.4)

. . . . . 1 .
where p is the molecular viscosity, S is the strain-rate tensor S;; = > (ui,j +u;;), ug is

the bulk viscosity, and I is the identity tensor.
Energy:

dp(e + k)

———+ V.[pu(e + )] = =V.(pw) + V. (ru) ~ V.q + pz yifi.(w+Vy) (25)

Where e = 2.71828 is the mixture internal energy per unit mass, k is the kinetic

energy per unit mass, and q is the heat flux vector with the following equation,

~ ijT,i
q=—-xVT + ZpV,-yihi + RTZZ (Vi— V;) +qgr (2.6)
; T M;D;j

Where the first term on the right hand side represents the conduction equation, in which
and k is the thermal conductivity, and T is the temperature. The second term on the right hand
side represents the mass diffusion, where h; is the enthalpy per unit mass of the species i. The
third term represents the Dufour effect, which is defined as the heat flux caused by
concentration gradients. In the third term, R is the universal gas constant, Dr ; 1s the thermal
mass diffusion coefficient of species i, D;; is the binary mass diffusion coefficient matrix, and

x; 1s the mole fraction of species j. The term qp represents the radiative heat flux vector.

Mass Diffusion:
xl-xj Vp P .'X'ix]' DT,j DTi VT
Vai= ) LW -V) + Gimm— + 2 (- f) + ) ( ~ L2 27y
' - Dij(] ) Y p P& (i = 1) jpDij Yj vi) T

Where the first term on the right-hand side is the Stefan-Maxwell expression, which
describes the diffusion velocity of species in a multicomponent system. The second term is
the pressure gradient, the third term describes body force, while the fourth term accounts for

the Soret effect, which models the thermal diffusion in the system.

The thermodynamic state of each species is defined by the ideal gas equation:
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Vi —
= E—RT 2.8
p p.Mi (2.8)
l

Where M; is the molecular mass of species i.
2.1 Turbulence Modelling

Turbulent non-reactive flows are modelled using governing equations for mass and
momentum (Navier-Stokes equations), while reactive flows are modelled using additional
governing equations that account for species transport and changes in enthalpy occurring due
to chemical reactions in the domain. Turbulent flow modelling aims to either resolve or model
the turbulence at the Kolmogorov length scale, at which the turbulent energy of the eddies is

dissipated to heat [14].

The solution to highly turbulent flows without applying modelling techniques requires
the flow to be resolved up to the smallest turbulent scales. This approach is called the direct
numerical solution (DNS) and it requires the Navier-Stokes equations to be solved directly
without any subgrid averaging. The application of DNS requires the grid size to be smaller than
the Kolmogorov scale in order to capture the flow features properly, due to which the mesh
requirement for DNS is extreme. Due to this requirement, DNS is not a practical approach for
complex flows considering the computational cost associated with it, due to which turbulence
modelling techniques are widely used in academic research based on the computational
capabilities at hand. The following subsections cover the major techniques associated with

turbulent combustion modelling.
2.1.1 Reynolds Averaged Navier Stokes (RANS)

RANS performs a time-averaging of flow features at all turbulent scales. It operates by
distributing every parameter being solved for in the governing equations into two parts: the
time-averaged value, and the turbulent fluctuation from the time-averaged value. An example
following this approach would be the velocity being described as the sum of the mean value

U(x, t) and the fluctuating value u'(x,t) for arbitrary values of space and time [15].
u= U(xt)+u'(xt) (2.9)

With the mean and fluctuating values separated in the governing equations, the

Continuity equation would be as follows,
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Since |u'| « |U|, the fluctuation terms are canceled out, leaving only mean values in
the continuity equation. The same approach applied to momentum equations, however,
introduces new terms in the system representing the influence of turbulent fluctuations, which
cannot be neglected. These terms are referred to as the Reynolds stresses, which are modelled
through the application of turbulence models. There exist 3 major modelling techniques to
solve for the Reynolds stresses, 2 of which are referred to as the linear and nonlinear eddy
viscosity models respectively. These models establish a relationship between Reynolds
stresses and velocity gradients, mapping them on a parameter called eddy viscosity, which is
then calculated. The eddy viscosity models are categorized based on the number of
differential equations employed. For example, Spalart-Almaras model has one ODE/PDE,
while the more commonly used RANS models k-¢ and k-o solve two ODEs/PDE:s.

The eddy viscosity models are computationally friendly, but don’t achieve a high level
of accuracy for complex configurations. Another RANS-based model called the Reynolds
stress model (RSM) overcomes the limitations of the eddy viscosity models by directly
modelling the stresses through transport equations. RSM is referred to as second order model,

as it models the Reynolds stresses by calculating diffusion and turbulent energy dissipation.
2.1.2 Large Eddy Simulations

Large eddy simulations (LES) is a turbulence modelling approach suited for high fidelity
CFD computations. LES operates by resolving the larger turbulent eddies while modelling the
subgrid turbulence. Based on this approach, LES requires a higher grid resolution compared to
RANS, due to which it has a greater computational requirement. LES also captures turbulent
features of the flow to a great extent, only requiring the smallest turbulent scales to be modelled
through a subgrid scale (SGS) model, which is an upgrade to the entirely time-averaged flow

dynamics of RANS.

To segregate the large eddies to be resolved from the subgrid eddies that need to be
modelled, LES applies spatial filtering operation to the instantaneous Navier-Stokes equations

[16]. The spatial filtering is defined by a filter function G (x, x’, A) as follows,
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O(x,t) = f f fG(x,x’,A)(D(x’,t)dxl’dxz’dx3’ (2.11)

Where @(x’, t) is the original function, @(x, t) is the filtered function, and A is the filter
cutoff width. The three most commonly utilized filter functions are box, gaussian, and spectral

cutoff filters respectively [14].

The LES filtering introduces an unknown SGS stress tensor 7;; in the Navier-Stokes
equations, which represents the effects of the SGS motions on the resolved flow and needs to
be modelled. There exist various approaches to model the SGS influences on the resolved flow,
and most of these SGS models apply the eddy viscosity assumption [17] [18] (Bousinesq’s

hypothesis) to model the SGS stress tensor with the following formulation,
— 1
Tij = ZMtSlJ + 561'}'1'” (212)

Where S, is the resolved scale strain rate and y, is the SGS eddy viscosity, which is

described as follows by the Smagorinsky model,

e = p(CsA)*S
1

S = (25,5,)? (2.13)
1

A = (AxAyAz)3

Where C; 1s the Smagorinsky constant, which depends on the proximity of the flow to
the domain walls and varies from 0.1 to 0.18. A further development on the Smagorinsky
model [19] proposed a dynamic value of C, which varied depending on local flow

conditions.
2.1.3 Detached Eddy Simulations

Detached Eddy Simulations (DES) is a hybrid modelling approach which selectively
applies both LES and RANS approaches to model turbulence [20]. DES aims to lower the
computational cost associated with LES while improving the level to which turbulent flow
dynamics are captured by RANS. The application of the modelling approach typically depends
on the proximity of the flow to the walls. A RANS-like model is conventionally applied in the
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near-wall region, where computational efficiency is required to resolve the boundary layer,

while the LES-like approach is applied for flows that are massively separated from the walls.

In the DES approach, RANS and LES are not explicitly separated, but a single model is
applied based on grid spacing and flow characteristics. This model adaptation is achieved
through the specification of a modified length scale, called the DES length scale (LDES) [21].
The LDES is defined as the minimum of the RANS length scale (LRANS) and the scale
proportional to the local grid spacing (CDESA). The ANSYS Fluent solver treats CDESA as a

“calibration constant” with a value of 0.65 [22].
LDES = min(LRANS, CDESA) (2.14)

The grid spacing in the boundary layers is usually larger than the boundary layer
thickness, and in those regions LRANS is smaller than CDESA, which prompts the RANS-
like modelling to be applied, and vice versa. A numerical study of dual swirl partially
premixed combustion utilizing the DES model [23] employed the SST-k-®» model for the
RANS-like behaviour, based on which the value of LRANS (mentioned in the publication as

Lisst) was as follows,

vk

LRANS(SST) = T

(2.15)

Where k is the turbulent kinetic energy, w is the specific dissipation rate, and f* is a

model coefficient.

This hybrid approach is confronted by the treatment of the “gray areas” where the
transition between the LES-like and RANS-like conditions occurs. This transition depends on
the grid and flow characteristics, which is why grid sizing carries great importance for the
application of DES, and a sufficient resolution must be applied to facilitate LES-like

behaviour for separated flow.
2.2 Numerical Modelling of Combustion Regimes

As mentioned in chapter 1, the three major classifications of combustions based on the
type of mixing are non-premixed, premixed, and partially premixed. In this subsection, the

major differences in the numerical modelling of each type will be overviewed.
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2.2.1 Non-Premixed Combustion

A non-premixed system is characterized by the introduction of fuel and oxidizer from
separate inlets, and their mixing is guided mainly by the process of diffusion. Non-premixed
configurations are the simplest to design and build since they do not require complex plenum
designs for premixing the reactants. The process of non-premixed combustion however, is
difficult to control. This is because reactions take place in zones where the reactants have mixed

stoichiometrically through diffusion, and consequently the flame lies in those regions as well.

The diffusive nature of non-premixed flames ensures that they do not propagate upstream
or downstream. While this enhances the safety of the combustion process, it also means that
turbulence greatly influences the flow field, and can lead to the extinction of flames by
disturbing the stoichiometric reaction zones. Since the findings on the effects of turbulence in
diffusion flames [24], there has been a significant amount of research on this topic, and the
development of numerical models for turbulent reactive flows has been largely built on these

foundational studies [25] [26] [27].

The two extreme cases in diffusion flames are characterized by the diffusive time and
chemical time. Diffusive time (), or residence time, is the time taken for the reactants to
diffuse and mix stoichiometrically in the reaction zone, while chemical time (1c) is
characterized by the time taken to reach 1/e of the initial reactant concentration. In the case of
diffusion flames, the Damkohler number (Da) couples the two quantities together and defines
the extreme cases for turbulent diffusion combustion.

Da = X (2.16)
TC

For the case of perfect premixing, infinitely fast chemistry is assumed (tc — 0), and Da
— oo. For the case of pure mixing without combustion, Da — 0. For chemistry controlled
reactions, Da << 1, while for transport controlled reactions that are characteristic of non-

premixed combustion, Da >> 1.
2.2.2 Premixed Combustion

As mentioned in the previous chapter, premixed combustion is characterized by perfect
mixing of the reactants prior to entering the chamber. In a typical premixed combustion cycle,

heat from the reaction products diffuses upstream towards the incoming reactants and this heat
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transfer from the products triggers a reaction [28]. A premixed combustion system is not limited
by the mixing rate of individual reactants but is instead governed by the thermal diffusion rate
as well as the rate of mixing between reactants and products, and all the controlling parameters

in the premixed system are enhanced by increasing turbulence [29].

The simplest instance of a premixed flame is represented by an unstretched laminar
flame, which travels to the dormant reactants at a speed called the laminar flame speed denoted
by ur [30] or st [29]. The laminar flame speed is based on the primary transport equation for
the progress variable ¢ which describes the thermochemical state of the unstretched laminar
premixed flames. The transport equation for unstretched laminar flames is developed using a
set of assumptions, the most important of which is that of unity Lewis number (Le). Lewis
number is the ratio between thermal diffusivity and mass diffusivity, and it has been shown that

for turbulent flames it can be assumed to be 1 [31].

The transport equation for c is given as:

pg—i =p (% +u V) ¢ = V.(pDVc) + pS (2.17)

Where u is the fluid field velocity, and the density p, diffusivity D, and reaction rate S
are all functions of ¢ respectively. S is dependent on a variable called the reaction time scale,
which is denoted by tr. The laminar flame speed is inversely proportional to (D/tr)"?. Several
experimental methods to determine the laminar flame speed have been proposed [32], while
there also has been notable research to determine laminar flame speeds specifically for lean

combustion mechanisms [33].

Another important characteristic of laminar flames is the laminar flame thickness,
denoted by dL. Mathematically, several ways have been proposed to describe o1 [34], and one
of the simpler definitions attributes it to the distance between the regions of 5% and 95%
temperature rise respectively. Another definition associates o with the thermal diffusivity of
reactants D, and the laminar flame speed ur as follows,

D,
6, =— (2.18)
U
For cases involving turbulent diffusion of reactant stream, the flame propagates towards

the incoming reactants with a much greater velocity, which is referred to as the turbulent flame
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speed, denoted as ur. Both the flame speed and flame thickness of turbulent flames are greater
than those of laminar flames. Several methods have been proposed to determine the turbulent

flame speed for premixed flames, and a relatively simpler approach describes it as follows,

i l1+a <u_’> (2.19)

up, up
where 1’ is the turbulent intensity, while a and n are model parameters respectively [28].

Several reviews discuss the formulation of these fundamental concepts for premixed
combustion modelling and describe in detail the link between the structure and the

thermochemical properties of the flame respectively [35] [36] [37] [38].
2.2.3 Partially Premixed Combustion

The combustion regime for the solution of any combustion-related problem is determined
mainly by the combustor geometry, but there exist cases that are considered as tradeoffs
between the premixed and non-premixed regimes, and are modelled as partially premixed [39].
The injection mechanism of a partially premixed combustor is built like a non-premixed one
but features rapid mixing of the reactants guided by turbulence prior to the establishing of the
reaction zone [40]. As a result of this mixing, the flow no longer remains entirely diffusive, and
the stoichiometric/reaction zone does not remain the solely important feature in the combustion
domain. Furthermore, swirl-stabilized partial-premixing paves way for another phenomenon —
the development of recirculation zones, which recirculate hot gases upstream [8], leading to
stabilization of flame due to enhanced mixing between fuel, oxidizer, and burnt mixtures.
Certain instances of partially premixed systems that feature high ratios of cooled recirculation
zones have delivered a simultaneous reduction of Nox and soot emissions respectively for diesel

engines [41].

Partially premixed combustion in gas-turbine combustors is characterized by the lift-off
and stabilization of flames downstream of the fuel injector channel. It has been observed in
earlier studies that flame tends to lift-off from the nozzle base when its exit velocity uo exceeds
a certain critical value, and will be stabilized at the point where the mean flow velocity and
burning velocity match [42]. A reinforcement to the flame-lift off theory [43] argued that a lift-
off event becomes likely to occur when the probability of scalar dissipation rate s, which

governs the diffusion flamelets, falls below a certain threshold. A parametric study [44]
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conducted to observe the variation of methane flame lift-off height with different air-fuel ratios,
nozzle diameters d, and exit velocities concluded that the normalized lift-off height (H/d) varies

linearly with uo, and that blow-off occurs after the value of H/d exceeds 40.

A typical instance of partial premixing occurring in a combustion setup is characterized
by a “triple flame” zone [45], and its structure contains regions between the minimum and
maximum mixture fractions (Zmin <Z <Zmax) respectively, including the stoichiometric mixture
fraction (Zs) region. A triple flame has three branches: leading edge (called the triple point)
that propagates along a surface in the vicinity of the stoichiometric region, a premixed lean-
side branch, that lies on the fuel-lean side of the leading-edge propagation surface, and a
premixed rich-side branch, which exists on the fuel-rich side of the propagation surface. The
flame speed at the triple point is the highest, and it gradually decreases as one moves
downstream from the triple point to either of the two branches. For a triple flame with uniform

premixed front propagation velocity u, the relation for u is given as
u,(Z)o(Z)=u (2.20)

where u; and the velocity gradient ¢ are functions of local mixture fraction Z [46]. The
equation mentioned above proposes the same function for the flame propagation speed for each
point in the triple flame, based on which a more recent study [47] broke down the propagation

speed into laminar and turbulent zones, resulting in the following relation
ur(Z) =u (Z) + v'f{Da(2)} (2.21)

Where f{Da(Z)} = As/v’, and As is the difference between the laminar and turbulent
flame velocities respectively, while v’ is the turbulence intensity. Da(Z) is the conditional

Damkohler number which is defined as follows

u, ()t uw2)¢
vi¢r(Z)  v'D

Da(Z) = (#2.22)

Where 2 is the turbulent length scale, £ is the flame thickness, and D is the diffusivity
of the burnt mixture. The mean partially premixed turbulent velocity ur,, is determined as

follows

(pury) = | p@ur@P@dz (2.23)
0
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Where p is the favre-filtered density and P(Z) is the filtered probability of mixture

fraction obtained from a presumed PDF function.

The formulations described above were used to numerically simulate the stabilization

and lift-off characteristics of a partially premixed turbulent lifted jet flame [48] in a numerical

study which utilized the equations for the filtered mixture fraction Z, its variance Z', an

equation catering for the location of the premixed flame front denoted by G, and an addition

equation to solve for the enthalpy h. The functions describing the dependence of scalars on

mixture fraction Z were calculated using diffusion flamelets, which were classified as either

burnt or unburnt. Three different equations were derived to calculate the species mass fractions

and enthalpy for the burnt region, the unburnt region, and the flame brush region.

Table 2.1: Characteristics of combustion regimes

Combustion Regime

Reaction mechanism

Distinct mathematical modelling

parameter(s)

Non-premixed
combustion

Diffusive mixing in the
combustion chamber leading
to stoichiometric zones

Diffusion time (ty) >> Chemical time

(tc)

Premixed combustion

Premixed reactants react with
thermally diffused hot
products

Laminar flame Speed (u.)
Laminar flame thickness (5.)
Turbulent flame speed (ur)

Turbulent intensity (u”)

Partially premixed
combustion

Diffusive mixing aided by a
quick turbulent mixing
mechanism leading to

recirculation zones

Mixture fraction (Z2)
Flame front location (G)
Conditional Damkohler number (Da(Z))

Mean partially premixed turbulent
velocity (ur,)
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2.3 Combustion Models

The numerical combustion model involves the development of a system of equations and
parameters which interact with the governing equations of the turbulence model to provide
solution for thermochemical quantities like mixture fraction, species mass fractions,
temperature, species concentrations, among others. Combustion models provide a link between
the turbulent and chemical changes that the reactive flow goes through to give accurate results
for each quantity. This section discusses various combustion models that have been utilized in
the analyses of dual-swirl, partially premixed lean combustion in the past, with focus on the

two models utilized in this thesis.
2.3.1 Eddy Dissipation Concept

The foundation of Eddy Dissipation Concept (EDC) lies in the assumption that all
chemical reactions occur within the fine turbulent structures, called “eddies”, and the process
of energy transfer occurs from larger to smaller eddies in a process referred to as “energy
cascading” [49]. These fine structures have infinitesimal, subgrid scale lengths in 2 dimensions
but are considerably larger in the third dimension, due to which they are also referred to as
“slabs”, “sheets” or “vortex tubes”. Based on this approach, the fine structures are considered
as perfectly stirred reactors (PSRs). This process culminates in the dissipation of energy from

the smallest eddy to heat.

The EDC approach models the transfer of turbulent energy towards the fine structures,

and determines the reaction rates occurring in these structures.

The cascading process in characterized by the mass exchange between the reactive fine
structures and the surrounding bulk fluid, which is assumed to be a non-reactive zone. This
mass exchange during the cascading process is taken as a basis to determine the reaction rates
in EDC formulations. As a result, the length fraction of fine structures ({) and the time scale
for mass exchange between the reaction zones and the surrounding fluid (t*) are used in the

basic numerical representation of the EDC model.

(= (g)‘* (2.24)
= ¢, (g)% (2.25)



where c; is a volume constant, ¢; is a time-scale constant, v is kinematic viscosity, € is
turbulent dissipation rate, and k& is the turbulent kinetic energy. The reaction rate of the fine

structures, R,, is determined as follows,

= pf x \.o ;
R, = ;(m) Y, - Y (2.26)

Where the subscript i denotes chemical species, Y, denotes the mean mass fraction of the
i species, and Y;* represents the fine structure mass fraction of the species i, and y is the
reacting fraction of fine structures, which is assumed to be unity for highly turbulent structures.
After applying assumptions of constant enthalpy and pressure respectively, the system of

equations for the PSR is as follows [50],

av, _ 1,. .

=R+ (- 1) (2:27)
dh
— = 2.2
dt 0 (2.29)
dp
= 2.
It 0 (2.30)

Where Y; is the mass fraction of the i chemical species in the surrounding bulk fluid,
and the second term on the right-hand side represents mixing between the fine structures and
their surrounding bulk fluid, / is the enthalpy, and p is the pressure. This approach involves
dealing with the nonlinearity of the chemical source term, due to which solving this set of
equations can become highly computationally intensive. Another issue with this approach is
that in some cases it can lead to periodic oscillations of the species mass fraction, making the
solution unstable. To overcome these barriers, a proposed simplification [51] takes the mixing

term out of consideration, as a result of which only the reaction term remains,

dy;

— =k (2.31)
dh

= =0 (2.32)
d

d—f =0 (2.33)
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This approach transforms the PSRs to “Plug Flow Reactors” (PFRs), which are assumed
to have no back mixing between the fine structures and their surroundings, as opposed to the
PSRs, which indicates that while the conditions within PFRs remain adiabatic, there is no mass
transfer with the surroundings as in PSRs [52]. Due to this simplification, the PFR approach is
considered less accurate compared to the PSR approach, so the choice of approach must be
determined taking the complexity of the problem as well as the computational resources into

account.

There have been multiple modifications to the numerical definition of the fine structure
length scales ¢, leading to minor changes in the reaction rate equation [53][54], and a recent
publication proposed dynamic adjustments to the model constants c¢; and ¢, [55] to cater for
slower reaction rates in order to overcome the limitations of the EDC model for Moderate or

Intense Low Oxygen Dilution (MILD) combustion.
2.3.2 Flamelet/Progress Variable Approach

The novelty of the flamelet/progress variable (FPV) approach lies in its definition of the
structure of a turbulent flame by considering it to be composed of steady one-dimensional
diffusion flamelets. The physical and chemical properties of the flamelets are stored in a
database called the flamelet library, which consists of pre-computed solutions to flamelet

equations.

The precursor to the FPV approach that is widely used today for combustion modelling
was the flamelet model proposed by Peters [56]. This initial model was proposed for suitability
to non-premixed combustion, and the major assumption behind its mathematical approach was
that the reaction rate is guided by the rate of diffusion of the reactants. This assumption is
implemented in the model through a coupled diffusion-reaction equation as the species

transport equation in the set of governing equations.

apy;
ot

+ V. (puy;) = =V.(oVy)) + pw;, i=1,..,Ng (2.34)

Where y; is the mass fraction of species 7, u is the velocity magnitude, V; is the mass
diffusion velocity of the i species, w; is the chemical production rate of the species i, and N

is the number of chemical species being considered. A simplification of the species transport
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equation and the energy equation, called the steady-flamelet equation, is solved to obtain the
relations for the parameters in the flamelet library. The steady-flamelet equation is given as,

62
X298 w (2.35)

Where y is the scalar dissipation rate , @ is the species mass fraction vector, Z is the

mixture fraction, and the chemical source term is represented by ®. The scalar dissipation rate

is linked to Z by the following relation,
X = 2D,(VZ)? (2.36)
where the molecular diffusivity of the mixture fraction is represented by Z.

The thermochemical parameters of the reactive flow like temperature and species mass
fractions are implicitly linked to Z and ¥, and are obtained using the flamelet library once the
steady-flamelet equations solve for these two parameters. The resulting relation between
temperature and X results in an S-shaped curve, the upper branch of which is representative of
stable-burning flames while the lower branch depicts the unburnt mixture. The part connecting

the two branches represents the unstable regime. An example of such a curve can is shown in

Figure 2.1.
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Figure 2.1: The S-shaped curve obtained by solving steady-flamelet equations [57]
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A major limitation of the conventional flamelet approach is that it gives inaccurate
solutions for flows with lower Damkohler numbers (Da), in which the respective mixing and
chemical times become comparable. This phenomenon is observed in flows that undergo
repetitive extinction and ignition of flames, which are characteristic of conditions close to the
lean blowoft limit. It has also been observed that the dependence of multiple parameters on x
results in multiple solutions for a single value of x for more numerically advanced cases, due
to which the scalar dissipation rate is not a suitable parameter to represent the entire solution

space [58].

The FPV approach was proposed to resolve the limitations of the conventional flamelet
model by introducing a new variable to map the thermochemical parameters onto, called the
reaction progress variable (C) [57]. There exist other modifications to the flamelet model
proposing similar parameters [59][60], but FPV was the first proposition of its kind in which
C was independent of mixture fraction Z. In the FPV formulations, Z accounts for all the
conserved scalars, while C accounts for the chemical reactions occurring in the system. This
results in a system represented by two transport equations which provide the complete
thermochemical state of the flames. For a system modelled using FPV and LES, the system of

equations is,

pZ . _

% +V.(piZ) = V.[p(&, + a,)VZ] (2.37)
ap C __x . L
ekl v.(piC) = V.[p(@: + a)VZ] + p &, (2.38)

Where a; is the turbulent diffusivity, a, is the mixture fraction diffusivity, and a. is the
progress variable diffusivity. Variables with the overbar represent the LES-filtered quantities,

while tilde signifies density weighted quantities.

When modelled along with LES, the unfiltered (resolved) values of the flow properties
are all functions of Z and C, and can be obtained through the flamelet library. However, the
subgrid variation of mixture fraction Z and the progress variable C, along with the subgrid
values of the conserved scalars (the parameters dependant on Z and C) are obtained by
integrating each scalar over a joint subgrid probability density function (PDF) of Z and C. The

subgrid formulation of a filtered variable o is as follows,
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@ = f ®(Z,C)P(Z,C)dZ dC (2.39)

where @(Z, C) is obtained through the steady-flamelet library, while the joint subgrid
PDF P(Z, C) is the product of the subgrid probability density function of mixture fraction P(2)
and the conditional PDF P(C|Z), which is represented by the following delta function,

B(clz) = &(c - C1Z) (2.40)

C|Z, the conditional mean, is given by,
CIz = C(Z, %) (241)
Where y is a parametric variable used to determine the steady-state flamelet solutions.

2.3.3 Eddy Dissipation Model

Eddy Dissipation Model (EDM) is actively utilized for simulating non-premixed
combustion, as its underlying formulations are developed on the assumption that reactions take
place in the domain only after the reactants are perfectly mixed, due to which the chemical time
scale is negligible compared to the mixing time [61]. While the model aims to predict the rate
of reaction in the domain like the similarly named model Eddy Dissipation Concept (EDC),
and both models show dependency on the mixing process, EDC incorporates a greater level of
detail mathematically and is suited for more complex systems. While EDC deals with the length
scale of fine structures along with the mixing time scale, EDM directly incorporates reactant
properties in its basic formulations, and by showing a significant reliance on model constants,
includes lesser number of parameters than EDC which is why it is less computationally

intensive.

The rate of reaction of fuel Ry for purely diffusive reactions in EDM formulation is given

as:

Ry = A.G; (—) (2.42)

where cris the time-mean concentration of the fuel, & is the turbulent kinetic energy, and
¢ is the rate of dissipation of k. 4 is a model constant which depends on the fuel-oxygen reaction

mechanism. This equation is used to solve for regions in the domain where the reaction is
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limited by the fuel concentration. For regions where oxygen is the intermittent species, the

reaction rate is given as,

Ry = <@> (%) (2.43)

where Cp. is the time-mean oxygen concentration, while 7 is the amount of oxygen
0, yg A yg

required to completely react with 1kg of fuel.

For premixed or partially premixed flames, the reaction rate equation can be modified to
solve for both mixing-dominated and reaction dominated phases. The equation describing

reaction rate in the phase dominated by mixing has been described by as follows,

Rspp =4 (7) <1EII]> (2.44)

Where 4 is the reactant limiting constant [/] indicates the concentration of species 7, and

vy is the exponent of species / for the reactant side.

The corresponding equation for reaction dominated phase is,

Rs,,, = AB (%) <&]le2> (2.45)

ZP vs[

where B is the product limiting constant, vg;" is the exponent of species / for the product
side, and W;is the molecular weight of the species /. The equation that gives the lower value

of the reaction rate at each instance is chosen as the local reaction rate.

As explained earlier, the EDM formulation relies significantly on the model constants 4
and B, which is why this model can prove too stringent for complex applications. A recent study
proposed a modified EDM approach which dynamically adjusts the value of 4 based on the
local Reynolds Number [62] which led to improved predictions compared to the conventional

EDM approach.

A major limitation of EDM is that it is only applicable to cases of infinitely fast chemistry,
as its underlying principles, based on which the formulations are derived are suited to reactions
with negligible chemical time scales. As per the author’s knowledge, all the numerical studies

centered on dual swirl partially premixed combustion that have utilized EDM, have overcome
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this limitation by combining it with the Finite-Rate Chemistry (FRC) model, which is why
more recent studies utilizing this model refer to it as the EDM-FRC model. The FRC model

solves for reaction rates in regions where chemical time scale dominates, and is described as

follows,
Ng Ns
Rspre = Fs 1_[ [17s1"] — Bg 1_[ []1751"] (2.46)
I=X1,X2,... I=X1,X2,...

where F and Bsare the forward and backward reaction rate constants respectively.

2.3.4 Flamelet Generated Manifold

Flamelet Generated Manifold (FGM) approach, proposed initially by van Oijen and de
Goey [63] bears similarity to the flamelet approach in terms of considering a flame to be
composed of 1D steady laminar flamelets. Like the flamelet approach, FGM stores
thermochemical quantities in a flamelet library [64]. However, the difference between the two
models is that while the flamelet-based approaches map the thermochemical quantities on only
a couple of controlling variables (mixture fraction and progress variable), for FGM, the number
of controlling variables can be made to vary depending on the availability of computational
resources and the level of complexity of the problem. This allows for greater flexibility in
solution. Furthermore, FGM formulations give greater consideration to the processes of
diffusion and convection in the colder regions of the flame, due to which the flow features for

those regions are predicted with greater accuracy.

In the FGM model, the term “manifold” refers to the number of controlling variables that
will be utilized to solve the problem. The simplest instance of FGM (one-dimensional
manifold) incorporates only one controlling variable, also called the progress variable
(different from the progress variable C in the FPV model) alongside the enthalpy 4. The
governing equations for enthalpy /4 and species mass fraction Y; are used to generate the
manifold of 1D steady laminar flamelets. The scalars conserved by the chemical reactions are
then used to calculate the burnt mixture properties, while the controlling variable itself is used

to determine the properties of the unstable part (between burnt and unburnt regions).

For non-premixed flames, the steady state equation for Y; is given as follows,
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where m is the mass flow rate, s represents the arc length, Le is the Lewis number, A is
the thermal conductivity, ¢, is the specific heat, while w; and w; represent the production and
reaction parts of the chemical source term respectively. A similar equation is solved for the

enthalpy /4 to obtain the solution of each flamelet in terms of Yi(s) and A(s).

2.3.5 Conditional Moment Closure

The conditional moment closure (CMC) model was proposed to overcome the limitations
of flamelet-based approaches in accurately modelling reactive flows in which the chemical
time scale dominates, along with improved predictions for CO and NO mass fractions. There
exist two variants of the CMC model to be coupled with the LES [65] and RANS [66]
turbulence models. As per the author’s knowledge, the only numerical validation study of dual
swirl partially premixed combustion that utilized the CMC model coupled it with LES, so the
CMC-LES modelling approach will be discussed in this section.

The CMC approach introduces conditional filtering to improve the interaction between
the large turbulent eddies and the mixing of species occurring on the small scale. The
conditional filter, O, improves the dependency of the species mass fraction and enthalpy on the

local mixture fraction space, which is denoted by 7.

_ LY¥n GG, 0 = m6(x — x', Hav’
- P(n)

Q@ = Yin (2.48)

where Y; is the mass fraction of the i-th species, ¢ is the mixture fraction, G is a space

filter with filter width A, and P(n) is a filtered PDF (FDF) which is formulated as follows,
P(n) = f P (X', ) — MG(x — ', A)dV’ (2.49)
14

while the 1, referred to as “fine-grained PDF”, and is given by,
Yy =8 — $(x,0)] (2.50)

where § represents the dirac-delta function of the expression within the brackets.
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The same approach is then followed for deriving a conditional filter for the enthalpy 4.

The final LES-CMC equations for reactive species transport are,

00 — X 0%Q;
o T Ve = W+ o + e, (2.51)
Qn Ty 0%Qy
e + v,VQn = g, + > o2 + ep (2.52)

where the quantities with tilde represent density-filtered terms, W is the filtered chemical

source term, ¥ is the scalar dissipation rate, cj}{n is the conditionally filtered radiation term,

while e, and ey, represent the fluctuations around the respective conditional mean values.

2.3.6 LES-Thickened Flame Model (LES-TFM)

The LES-TFM model aims to enhance the thickness of the flame front in order for it to
be resolved by the LES model [67]. A problem often encountered in the flame front modelling
is that the flame front thickness &7 is less than an individual cell size Ay, due to which the flame
front remains unresolved. The TFM modelling approach aims to artificially increase the flame
front thickness while keeping the laminar flame speed s,” the same. The is done by introducing

a flame thickening factor F into the laminar flame speed relations.
0 i 50 D
l

where D is the molecular diffusivity and W is the mean reaction rate. The above-

mentioned relations are altered by multiplying the thickening factor with the diffusivities (F.D)
and dividing with the mean reaction rate (%). F is also introduced into the species transport

equation for fuel, which then becomes,

apr
at

+ V.(puYs) = V.(pDFVYp) + %YFYOexp (— 7;—“) (2.54)
Tq

ere Yr is the fuel mass fraction, pDVYr is the molecular diffusion flux, and AYzY,exp (— ?)

represents the instantaneous reaction rate w, where A is an exponential factor, and 7, is the

activation temperature.
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The inclusion of F in the governing equations changes the relation between the physical
and chemical timescales, due to which the turbulence-chemistry interactions are altered. One
possible method to resolve this issue is through introducing a field variable G to track the flame
front position [68], but the governing equation for G includes the turbulent flame speed St,
which does not have a universally accepted closure model. Owing to this limitation, the TFM

model is developed using another approach called the flame-surface density analysis [69].

The flame-surface density analysis assumes a Lewis number (Le) equal to 1, which
means that the mass and thermal diffusivities respectively are equal. This assumption leads to
a linear relationship between reactive species mass fractions and temperature, and both can be
linked through reaction progress variable c. The value of c lies between 0 and 1, with ¢ = 1
signifying a fully burnt mixture while ¢ = 0 indicating an unburnt reactant mixture. As a result,
the fuel-mass balance equation described above is altered as follows,

apé

S0t v.(puc) + V.[(p(de —6e))] = V. (pDVc) + @, (2.55)

where the quantities with tilde are mass-weighted filtered and the quantities with bar are
LES-filtered quantities. The right-hand side of the equation can also be represented in terms of

flame front displacement as follows,

V.(pDVc) + o, = pw|Vc| (2.56)
while the flame front displacement term can also be expressed as,
pw|Vc| = (pw)Z = E|V{| (2.57)

where (pw); is the mass-weighted displacement speed, X is subgrid scale flame surface

density, and Z is the subgrid scale flame wrinkling factor.
2.4 Reaction Kinetics in Combustion Modelling

The accuracy of any combustion analysis is significantly dictated by the level of detail
with which the reaction kinetics are incorporated. A combustion process realistically consists
of several reaction steps consisting of different species, each with distinct reaction rates that
are nonlinear functions of physical and chemical parameters. However, the need for reduction
of the computational cost of such analyses requires a simplification of the reaction kinetics.

The simplest way to do so is to assume fast (one-step) chemistry, in which the reactants are
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instantly oxidized without any intermediary reaction steps. While this approach suits relatively
simpler numerical setups, more complex setups require a greater level of detail to capture the
flow dynamics more accurately. For such cases, there exist reaction kinetic mechanisms that
are significantly reduced from the detailed mechanisms but incorporate a greater level of detail
compared to fast chemistry [11]. Another approach involves the determination of species
distribution through joint probability density functions (PDFs) of a normalized variable called
mixture fraction (covered in detail in the later sections). The choice of chemical kinetic
mechanism depends on the complexity of the computational setup as well as the turbulence

and combustion models respectively.
2.5 Chemical Kinetic Mechanisms

Chemical kinetic mechanisms play a major role in dictating the distribution of species
and the temperatures in the computational domain. For the determination of reactive flow
dynamics, transport equations take into account the chain of chemical reactions and reaction
rate constants, the complexity of which depends on the availability of computational resources.
These mechanisms include vital information about the species involved, their reactions, and
the associated rate constants. Coupled with the models for turbulence-chemistry interactions,
these kinetic mechanisms are used to forecast the course of combustion, including the
distribution of chemical species and the temperature profile inside the combustion chamber, by
using this data as input for computational models. These kinetic mechanisms range from
relatively simpler global mechanisms to complex detailed mechanisms that contain a long
chain of reactions to encapsulate the combustion process. Some notable chemical mechanisms
used in numerical studies of the dual swirl partially premixed combustion are reviewed in the
next subsections. Table 2.2 shows the full list of the chemical kinetic mechanisms utilized in

these numerical validation analyses.
2.5.1 Global Mechanisms

To reduce the computational time of the combustion-related simulations, various global
mechanisms have been derived over the years that range from 1-step to 5-step reactions
respectively. While recent studies have seen an increase in the complexity of chemical
mechanisms being utilized, global mechanisms were frequently employed in earlier studies

owing to the higher computational cost associated with detailed mechanisms.
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Major global mechanisms developed over the years for methane-air combustion include
two distinct 3-step mechanisms [70] [71] that include 5 species (CHs, CO,, CO, O and H>0),
another mechanism consisting of the aforementioned 5 species, but having 2-steps and different
reaction rates [72] and, a 3-step mechanism [73] that includes 6 species (CHa, CO2, CO, O»,
H», and H>0O). Along with the number of reaction steps, each of these chemical kinetic

mechanisms have different reaction rates for each reaction.

A “tuned” 5-step global mechanism was proposed to improve the accuracy of the
previously developed chemical mechanisms in addition to predicting the formation of NO [11].
The model is an extension to the previously proposed 3-step reaction mechanism [71] but has
different reaction rates. This model also offered an alternative to the prediction of NO formation

through lookup tables in post-processing [74].
2.5.2 Detailed chemistry and reduced detailed mechanisms

GRI Mech is one of the most commonly utilized detailed chemical mechanisms in
combustion-related simulations, and as per the author’s findings, all validation studies of dual
swirl partially premixed combustion covered in this review that employed detailed chemistry
used GRI Mech as the chemical kinetic mechanism. So far, 3 versions of this mechanism have
been released, and GRI Mech 3.0, [75] the most recent one, includes 53 species and 325
elementary reactions that capture the hydrocarbon oxidation process in combustion

simulations.

The reduced detailed mechanisms offer greater complexity than the global mechanisms
but are not as computationally intensive as the detailed mechanisms. These reduced
mechanisms include used DRM22 [76], a reduced form of GRI Mech 2.11, that contains 22
species and 104 reactions. Another such mechanism is ARM2, [77], a reduced mechanism that

contains19 species and 15 reactions.
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Chapter 3: LITERATURE REVIEW

Gas turbine combustors have the utmost importance in the aviation industry, as they are
used to power the aero engines for thrust generation. Increasing air traffic over the years has
continued to raise environmental concerns, as the gas turbine emissions contain harmful
combustion byproducts like CO and NOx [1], due to which various regulations have been
passed to limit the emission of pollutant gases. To keep in line with the ever-updating
regulations limiting the harmful aero emissions, gas turbine combustion technology has also
experienced continuous upgrades and modifications over the years. One such approach that is
lean combustion [3]. While lean combustion reduces the concentration of NOx and CO in the
emissions, it also leads to instabilities in the combustion process like blowoff [4][5] and
thermoacoustic oscillations [6][7], which are caused by inefficient mixing due to deviation
from stoichiometric ratio. One of the methods to overcome the problem of inefficient mixing
in lean combustion is the introduction of components that ensure quick, efficient mixing, like
swirlers, which impart angular momentum to the incoming stream of air, leading to rapid
mixing between the reactants upon entering the chamber. The DLR dual swirl gas turbine
combustor, [8][9] the geometry of which will be utilized in this study, is an example of such a
configuration. The flow behaviour resulting from such configuration resembles that of a
premixed combustor configuration despite the DLR GT combustor having the build of a non-
premixed combustor barring the swirlers, due to which the combustion taking place is referred

to as partially premixed.

This chapter mainly covers the numerical validation studies featuring flow analysis of
the dual swirl partially premixed combustion chamber domain using different boundary
conditions and scopes of analysis. The overview of the numerical validation case studies will
be preceded by an overview of the experimental study by DLR based on which the numerical

analyses were conducted.
3.1 Benchmark experimental case study

The numerical validation case studies covered in this literature review are based on the
experimental study conducted in a dual-swirl GTMC. The study, divided into two parts,
analyzed 3 distinct CH4/air diffusion flame types that are differentiated based on their stability.
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The first part of the experiment covers the flow features, temperature, and species distributions

respectively, while the second part focuses on the turbulence-chemistry interactions.

The experiment was conducted using non-invasive optical methods, which included
Laser Doppler Velocimetry (LDV) for obtaining flow velocities at various heights, laser Raman
spectroscopy for mixture fractions, species mass fractions, and temperature measurements
respectively, Particle Image Velocimetry (PIV) for obtaining instantaneous flow fields on
selected mid-planes, and Planar Laser Induced Fluorescence (PLIF) for the measurement of
OH radicals. These measurement techniques were facilitated by the transparent chamber

design.

The combustor features a square cross-section chamber of 85x85 mm and a height of 114
mm, which is walled on all sides by quartz plates that allow for the optical measurement
techniques to be employed. The walls are supported by steel posts at the corners. There are
three inlets to the chamber, two of which are air inlets, while the third one is for CHs4. Dry air
enters the combustor at room temperature via a plenum, which keeps the air and CH4 segregated
before they enter the chamber. The airflow is divided in the plenum to be passed through 2
radial swirlers, which lead to the central and annular inlet nozzles respectively. The central
nozzle is 15 mm in diameter, while the annular nozzle has inner and outer diameters of 17mm
and 25 mm respectively. The swirlers leading to central and annular nozzles consist of 8 and
12 channels respectively. The air mass-flow ratio of annular swirler to central swirler is

approximately 1.5. The fuel nozzle lies between the two air nozzles, to which non-swirling fuel
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is supplied through a total of 72 channels, each one having a square cross-section of 0.5 x 0.5

mm. The combustor schematic is shown in Figure 3.1.

3.2 Overview of the investigated experimental cases

The benchmark DLR dual swirl experiment investigated 3 cases called Flames A, B, and

C respectively. All three flames were operated in globally lean conditions to observe the

Qutlet

Central Nozzle

Annular Nozzle \

Central Air Swirler

Annular Air Swirler

Fuel Channel

Figure 3.1: 2D schematic diagram of the DLR dual-swirl combustion chamber (left)
and top view of the inlet nozzles with fuel channels (right)

reduction in the emission of pollutants. Flame A displayed stable characteristics overall, while
Flames B and C were observed to be distinctly unstable. Common features like V-shaped
toroidal flame structures and zones dominated by reverse-flow called recirculation zones in the
central and near-wall regions respectively were observed in all 3 cases, while no soot formation

was observed in either case.

The recirculation zone observed in the central part of the chamber is referred to as the
inner recirculation zone (IRZ) while the corresponding near-wall zone is called the outer
recirculation zone (ORZ), which occurred in the lower corners of the chamber. Recirculation
zones contribute towards stabilizing the flame by transporting the hot gases towards the fresh
stream of incoming propellants, thereby reducing the reaction time for the combustion to
occur. Each recirculation zone was separated from the normal flow by a “shear layer” where
the mean axial velocity, u was observed to be 0 m/s. The shear layers were also observed to
be the regions where reaction rates were the highest in all 3 cases, and were physically
characterized by the flame opening angles. The flame operating near lean blowout conditions

(equivalence ratio @giob = 0.53), which is the focus of this study, was called “Flame C” in the
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experimental investigation, and was characterized by the periodic liftoff of the flames,
followed by a period of stable burning. The distinct liftoff behaviour of the flames compared
to the stable flame was proven by the similar distribution but significantly lower
concentration of the CH and OH particles in reaction zones. The blowoff behaviour of the
flames led to the mean equilibrium temperature in this case being the lowest of the 3 cases

investigated. The flame characteristics of all three flames are shown in Table 3.1.
3.3 Numerical case studies differentiated by combustion model

In this section, the numerical validation studies of the DLR dual swirl partially premixed

experimental studies will be discussed in order of the combustion models used.
3.3.1 Eddy Dissipation Concept

Multiple studies have employed the Eddy Dissipation Concept (EDC) for analyzing the

thermochemical behaviour in a dual swirl partially premixed configuration.

Table 3.1: Characteristics of the 3 cases investigated in the DLR dual swirl experimental study

FIOV}’ Rates Mean Jet Mean
G Distinct (g/min) ® IRZ | Opening | equilibrium
characteristic gob | height | Angle | temperature
0
A Fuel (mm) 2 (degrees) (K)
F'aAme Stable flame 1095 | 418 | 065 | 70 ~30 1750
Flame B | | Nermoacoustically | ,g, | 155 | 575 | g6 75 1915
unstable flame
Flame C L iftoff and 281 | 90 | 055 | 72 30 1500
flashback

These numerical validation studies have combined EDC with a variety of turbulence
models and chemical kinetic mechanisms, like RANS k-¢ coupled with a 2-step reaction
mechanism [78][79], RANS-RSM coupled with DRM22 chemical kinetic mechanism [80],
RANS k-¢ coupled with DRM22 chemical kinetic mechanism [81] LES coupled with a 3-step
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reaction mechanism [82]. All these studies analyzed the stable flames in a partially premixed
environment, and while they predicted the flow features and temperature fields with reasonable
accuracy, the near-inlet predictions using the EDC model depicted considerable deviation from
experimental data as compared to the predictions at downstream regions. Another observation
made from these studies is that the use of detailed chemical kinetic mechanisms like DRM22
along with EDC gives a considerably higher accuracy for near-inlet predictions compared to

the simpler global mechanisms.
3.3.2 Flamelet/Progress Variable Approach

As per the author’s knowledge, the FPV model is the most extensively utilized
combustion model in the dual swirl partially premixed numerical studies and has proven to
have a relatively higher accuracy level compared to the other combustion models. It has been
coupled along with URANS and LES turbulence models [82] to produce reasonable results in
a comparative study of different turbulence and combustion models. Another study [83]
employed 2 different variations of FPV model called F-Cvar [84] and F-TACLES [85] [86]. F-
Cvar includes the progress variable variance in the system of equations while solving for the
scalars, while F-TACLES introduces a flame wrinkling factor by generating a flamelet library
consisting of 1D premixed stratified flamelets. The results of the study showed that both F-
Cvar and F-TACLES achieved slightly higher accuracy compared to FPV. Further studies
coupled the LES and FPV models to observe stable flame behaviour [87], thermoacoustically
unstable flame properties [88], as well as the effects of the exclusion of the fuel plenum in the
computational domain [89], with the results showing that the inclusion of fuel plenum produced
more accurate results. Another study analyzed the influence of the PVC on flame dynamics for
both stable and thermoacoustically unstable flames using FPV and LES [90], while the same
models were employed to predict the behaviour of a flame close to the blowoff limit [39], and
the effects of introducing different heat-loss effects to the flame close to blowoff [91], which
showed that introducing heat loss through heat loss factor x [92] resulted in a more unstable
flame behaviour compared to the adiabatic case. A fairly recent study [93] applied reduced
order modelling to reduce the computational time of a case simulated initially using the FPV-
LES models, while another study analyzed the influence of PVC on the dynamics of a flame

close to blowoff [94].
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3.3.3 Eddy Dissipation Model

As per the author’s knowledge, there exist three studies that have utilized the Eddy
Dissipation Model-Finite Rate Chemistry (EDM-FRC) model to simulate dual-swirl partially
premixed combustion. As mentioned in the previous chapter, the utilization of EDM with FRC
is important as it helps overcome the limitation of the EDM model by predicting the
thermochemical behaviour better in regions where chemical time scales dominates. This model
has been used with the Scale Adaptive Simulation (SAS) turbulence model, which is a RANS-
LES hybrid, along with a one-step chemical mechanism to simulate stable flames [95] as well
as flames close to blowoff [96]. Another study utilized EDM-FRC along with the URANS k-
w and DES turbulence models while employing a 3-step chemical mechanism [23], with all 3

studies achieving reasonable accuracy.
3.3.4 Flamelet Generated Manifold

As per the author’s knowledge, there exist three numerical analyses of the dual swirl
partially premixed combustion that have utilized the FGM combustion model. One study used
FGM along with the URANS-RSM and DES turbulence models [97], in which DES predictions
were generally more accurate. A couple more studies [98] [99] employed a 5-D FGM approach
with both RANS and LES models, using GRI Mech 3.0 as the chemical kinetic mechanism.
The analysis using LES compared a fully adiabatic approach with two different heat loss
approaches, in which the fully adiabatic model gave more accurate thermochemical predictions

compared to the models incorporating heat losses.
3.3.5 Conditional Moment Closure

The only dual swirl partially premixed numerical study utilizing the LES-CMC approach
validated the flame close to blowoff by employing the ARM2 reduced detailed chemical
mechanism [100]. With the exception of velocity profiles near inlet, the model showed a high

level of accuracy in its prediction of flow dynamics and thermochemical features.
3.3.6 LES-Thickened Flame Model

As per the author’s knowledge, there is a singular numerical analysis of the dual swirl
partially premixed combustion that utilized the LES-TFM model [101]. The study aimed to

reduce the flame thickening due to TFM in regions of low heat release, which caused the
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reaction rates to be abnormally high in those regions. To overcome this issue, 4 different sensors
were introduced to reduce flame thickness in regions of low reactivity via detection of a flame
parameter. Among those sensors, the “Chemical Explosive Mode Analysis” (CEMA) sensor
[102] predicted the thermochemical parameters with the highest accuracy. An optimized
version of CEMA was used in this study to reduce the computational cost of the analysis, since

CEMA is more intensive than other sensor models.
3.4 Numerical case studies differentiated by chemical kinetic mechanism

All global chemical schemes have been derived from the elementary one-step methane-
oxygen combustion equation, which, as per the author’s knowledge, multiple numerical studies
analyzing dual swirl partially premixed combustion have utilized [95] [103]. The mechanism

is represented by the following reaction.
CH, + 20, - CO, + H,0 (3.1)

A three-step chemical kinetic mechanism was employed for the numerical investigation
of the partially premixed case close to blowoff [104]. This global mechanism utilized the 5-

step mechanism [11] with the omission of the reactions involving the NO species.

3
CHy + 50z > CO + 2H;0 (3.2)
1
€O +50; > CO, (3.3)
1

A 2-step irreversible chemical kinetic scheme derived from a mechanism consisting of 5
species [105] was used to numerically validate the DLR experiment [23]. A few validation
studies [103] [79] utilized the same mechanism but considered the second reversible reaction

as irreversible.

3

CHy +50, > CO +2H;0 (3.5)
1

€O +50; © CO, (3.6)
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Another validation study [82] utilized a 3-step mechanism by breaking down the

reversible reaction in this scheme into 2 separate reactions.

As per the author’s knowledge, a majority of the recent numerical validation studies of
dual swirl partially premixed combustion [99][39][94] have employed GRI Mech 3.0 as the
chemical kinetic mechanism. Some numerical validation studies have also utilized the

predecessors of Gri Mech 3.0, like Gri-Mech 2.11 [106], and Gri-Mech 12 [107].

Among the studies that utilized the reduced detailed mechanisms, one study [80] used
DRM22 [76] for the 2D analysis of Flame A using EDC and RANS-RSM as the combustion
and turbulence models respectively. Another study [100] numerically validated the of the DLR
experiment utilizing ARM2 [77], while another numerical analysis of the DLR experiment
[101] used a reduced skeletal mechanism developed using in situ adaptive tabulation

[108][109] that contained 16 species and 41 reactions.
3.5 Comparative overview of the case studies

Among the numerical validation analyses consulted for this literature review, most of the
case studies analyzed the stable-burning “Flame A”, and it was noted that the flow dynamics
like axial, radial, and swirl velocities respectively, were captured with considerable accuracy
by the studies utilizing the LES turbulence model due to its resolution of the large scale eddies.
An especially crucial region in the computational domain for these analyses was the near-inlet
zone, where the largest discrepancies were noted in the axial velocity predictions. The LES-
based studies predicted the flow development in this region with the highest accuracy.
Similarly, the highest levels of accuracy for temperature predictions were observed in studies
utilizing the LES-based models, with the LES-FPV [88][89][90] studies remaining consistently

accurate in downstream predictions as well.

Almost all numerical analyses of “Flame B” and “Flame C” were conducted using the
LES-FPV turbulence model, with the exceptions of the “Flame C” analysis by Rebosio et. al
[96], which utilized the SAS-EDM-FRC models, and LES-CMC analysis by Zhang and
Mastorakos [100]. It was noted that while all analyses of “Flame C” achieved high accuracies
in capturing near-inlet axial velocities, the SAS-EDM-FRC analysis significantly
overpredicted the temperatures close to inlet nozzles as compared to the LES-FPV studies,

which achieved reasonable accuracy levels [39][91].
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It was also noted that the studies utilizing detailed kinetic mechanisms and reduced detailed
mechanisms generally achieved a greater level of accuracy compared to those that utilized
global reaction schemes with limited number of species and reaction steps. The list of

numerical validation analyses consulted for this literature review are summarized in Table 3.2,
Table 3.3 and Table 3.4.
3.6 Research gap based on literature review

From the overview of the case studies, it was determined that no numerical analysis has
been conducted for “Flame C” using the DES tubulence model and the EDC combustion model.
Another major observation was that no study of “Flame C” performed a parametric analysis
comparing varying geometry. Based on this observation, the scope of this study, which consists
of a validation analysis using the DES-FPV and DES-EDC models, as well as a parametric

analysis featuring the effects on flow dynamics of varying swirler angles, was defined.

Table 3.2: Numerical Analyses of the "Flame A" case of the DLR experimental study

Combustion Turbulence Chemical References
Model Model Mechanism
SAS One-step Widenhorn et al. (2009) [95]
mechanism
One-step
EDM-FRC RANS (RSM) mechanism Sudarma and Morsy (2018) [103]
URANS-k-w, Three-step -
DES mechanism Ben Sik Ali et al. (2016) [23]
Two-step Bahramian (2015), Bahramian et al. (2017) [78]
RANS-k-z mechanism [79]
EDC RANS (R_SM) DRM22 Mardani & Fazlollahi-Ghomshi (2016) [80]
(2D grid)
LES Three-step Benim et al. (2017) [82]
mechanism




RANS-k-¢ DRM22 Mardani et al. (2022) [81]
URANS
(RSM), DES GRI Mech 3.0 Wankhede et al. (2014) [97]
FGM -
RANS-k-w GRI Mech 3.0 Donini et al. (2015) [98]
LES GRI Mech 3.0 Donini etal. (2017) [99]
Reduced
TFM LES Skeletal Zhang et al. (2021) [101]
Mechanism
URANS (SST), Three-step .
LES mechanism Benim et al. (2017) [82]
LES GRI Mech 2.11 See & lhme (2015) [83]
LES GRI Mech 3.0 Z. X. Chen, Swaminathan, et al. (2019) [88]
FPV :
LES GRI Mech 3.0 Z. X. Chen & Swaminathan (2020) [89]
LES GRI Mech 3.0 Z. X. Chen, Langella, et al. (2019) [90]
LES GRI Mech 2.11 D. Huang et al. (2020) [87]
LES GRI Mech 1.2 Arnold-Medabalimi et al. (2022) [93]

Table 3.3: Numerical Analyses of the "Flame B" case of the DLR experimental study

Combustion Model

Turbulence Model

Chemical Mechanism References

LES

Z. X. Chen,
Swaminathan, et al.
(2019) [88]

GRI Mech 3.0
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Z. X.Chen &
Swaminathan (2020)
[89]

Table 3.4: Numerical Analyses of the "Flame C" case of the DLR experimental study

Combustion Model

Turbulence Model

Chemical Mechanism

References

EDM-FRC

SAS

Two-step mechanism

Rebosio et al. (2010)
[96]

CMC

LES

ARM?2

H. Zhang &
Mastorakos (2019)
[100]

FPV

LES

GRI Mech 3.0

Massey et al. (2019)
[39],

Massey et al. (2021)
[91],

Massey et al. (2022)
[94]
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Chapter 4: METHODOLOGY

Numerical analysis of turbulent combustion requires multiple factors to be taken into
consideration, due to which the preparation of the computational setup relies not only on the
knowledge of numerical modelling, but also of the various features of the flow dynamics that
can be obtained in post-processing. There are different routes which can be taken during post
processing in terms of the type of data that needs to be obtained, which defines the scope of

the analysis.

Based on the diverse scope of numerically setting up a turbulent combustion problem as
well as the focus of the research being driven by the flow features to be studied, the research
gap in a turbulent combustion analysis can be based on either of these factors. The numerical
setup itself is divided into three categories, which are, as mentioned in the previous chapters,
the turbulence model, the combustion model, and the chemical kinetic mechanism. The various
factors based on which the novelty is sought in any combustion-related analysis is shown in
figure 4.1. This chapter provides an overview of the approach taken to discover the research

gap, based on which the numerical setup and the scope of the results was determined.
4.1 Review of the case studies

As seen in the previous sections, there exist multiple numerical analyses of dual swirl
partially premixed combustion, and each of these studies explicitly specify the inlet conditions
and numerical models employed in the analysis. Among all the numerical validation studies of
the DLR dual swirl experimental analysis [8][9], most have performed validation of the stable
combustion case, while there are also a few studies analyzing the thermoacoustically unstable
flames. Among the numerical validation analyses that investigated lean flames close to
blowoff, it was observed that all but one of those studies utilized LES as the turbulence model,
while the other remaining study used the RANS-LES hybrid Scale Adaptive Simulation (SAS)
[96] model. Similarly, Flamelet/Progress Variable [91] [39] [94] approach was the most
commonly utilized combustion model, while the other two models utilized in these studies

were Eddy Dissipation Model (EDM) [96] and Conditional Moment Closure (CMC) [100].

Based on the numerical setup utilized in these studies, and considering the high level of
accuracy associated with the FPV approach compared to other models, a reasonable research

approach was to test the accuracy of the FPV model by coupling it with the Detached eddy

55



simulations (DES) turbulence model, which presents a trade-off in terms of lower accuracy and
greater computational efficiency compared to the LES model. It was also noted that all the
numerical studies based around lean unstable partially premixed combustion utilized a solitary
combustion model to analyze the flow behaviour, and none of those studies had, despite its
extensive usage in the earlier studies of stable flames, utilized the eddy dissipation concept.
(EDC) combustion model. Based on this observation, it was decided to compare the results of

both the FPV and the EDC models for this study.

All of the numerical validation studies of lean partially premixed flames focus on both
the turbulence-chemistry interactions as well as the influence of the pressure-induced vortex
on the flow dynamics. However, it was noted that none of the studies analyzed the changes in
the behaviour of reactive flow due to variations in the swirler geometry, based on which an
additional analysis was to be performed to observe changes in the flow and thermochemical
behaviours respectively with increasing swirler angles. A similar study was conducted for
stable flame analysis [81] using EDC, but it varied multiple parameters at a time due to which

the dependence of flow behaviour solely on increasing swirler angles couldn’t be distinguished.
4.2 Numerical Setup
4.2.1 Computational Domain

The computational domain of the dual swirl partially premixed combustor is shown in
Figure 4.1, and consists of 3 separate inlets for air and fuel. Air at standard temperature and
pressure is introduced from the plenum, and is then divided into two streams, one of which
passes through the inner swirler to the central nozzle (di = 15mm) while the other is transported
through the outer swirler to the annular nozzle (d; =17mm, d, = 25mm curved to outer diameter
of do=40mm). The number of inner swirler blades is 8, while that of the outer swirler blades is
12. Fuel is supplied through a peripheral injector consisting of 72 channels, each of which has
an area of 0.5x0.5 mm?. The exit of the annular nozzle is located 4.5mm above the exit of the
central nozzle and air inlet. The combustion chamber has a height of 114mm and an area of
85X85mm?. The diameter of the exhaust outlet is 40mm. The resulting mesh, generated on

ANSYS ICEM, consisted of 12.7 million cells.

The swirler assembly of the computational domain for the validation analysis had an
inner swirler angle of 60 degrees, while for the parametric analysis, two more domains were

generated with inner swirler angles of 62 degrees and 64 degrees respectively.
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4.2.2 Boundary Conditions

The boundary conditions for the flow are stated in Table 4.1. The mass flow rate of air
is 0.00468 kg/s, which is introduced from the air plenum, while that of fuel is 0.00015 kg/s,
which is introduced through fuel inlet, as shown in Figure 4.1. Both fuel and air enter their
respective inlets at the temperature of 298 K. The respective turbulent intensities of air and fuel
inlets are 5 percent and 15 percent respectively, while the turbulent length scale for both inlets

1s 0.0005m.

For the numerical validation analysis, which was performed on ANSYS Fluent solver,
two separated cases were simulated featuring the Eddy Dissipation Concept (EDC) and
Flamelet/Progress Variable (FPV) (Referred to as Partially Premixed Combustion on ANSYS
Fluent) models respectively. As mentioned in the earlier chapters, FPV incorporates joint PDFs
of mixture fraction to determine turbulence chemistry interactions, while in the case of EDC,
GRI Mech 2.11 chemical kinetic mechanism is employed to integrate the reaction kinetics. For
turbulence modelling, Detached Eddy Simulations (DES) is selected, which features both
RANS-like and LES-like behaviour based on grid spacing. RANS-like behaviour for DES is
modelled through the SST k- model. The FPV and EDC analyses were also distinguished on
the basis of wall heat transfer, with the FPV analysis employing non-adiabatic and EDC

employing adiabatic wall treatment.
4.2.3 Solution

The solution was distributed into 4 phases. The first phase included a short computational
simulation of steady, non-reactive flow using the species transport model, following which a
transient simulation of non-reactive flow was conducted. Based on the development of the flow
dynamics in the transient non-reactive simulations, the reactive simulations were initiated by

switching from the species transport model to the prescribed combustion model.
4.2.4 Post Processing and documentation

The post processing phase involved extraction of profiles for different heights along with
contours depicting the time-averaged state of the flow as well as the thermochemical properties.

The results were then compared with the available experimental data.
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Table 4.1: Boundary Conditions for the lean flame numerical analysis

Flow Rates (kg/s) Boundary Condition
¢g|ob
Air Fuel Fuel Inlet Air Inlet Outlet
0.00468 0.00015 0.55 Mais:I-(::ow Mass-flow inlet Pressure outlet
Outlet /
Central Nozzle

Annular Nozzle

Central Air Swirler

Annular Air Swirler

Fuel Channel

Figure 4.1: 2D schematic diagram of the DLR dual-swirl combustion chamber (left) and 3D

computational domain of the combustor (right)

Figure 4.2 Inner and Outer air swirler configuration in the 3D computational domain (left)
and top view of the fuel inlet channels (blue) in the swirler assembly (right)
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Analysis Modelled Flow Simulations

Post-Processing Post-Processing and Comparison
and Validation of Results with Experimental

. Report Writing and
Documentation Thesis Defence

Figure 4.3: Flowchart of the thesis methodology

59



Chapter 5: RESULTS AND DISCUSSION

This chapter covers the numerical analysis conducted to predict the behaviour of reactive
flow. The analysis consists of two parts. 1) A numerical validation study of the DLR dual swirl
experimental analysis using two distinct combustion models, and 2) A parametric analysis
showcasing the effect of varying the internal swirler angle on the flow dynamics. The first part
features a comparison between the Flamelet/Progress Variable (FPV) approach using Joint
PDFs for species, and the Eddy Dissipation Concept (EDC), which utilizes GRI Mech 2.11 for
capturing reaction kinetics. The analysis for the second part was conducted using the
Flamelet/Progress Variable approach. Both the analyses were conducted using the Detached

Eddy Simulations as the turbulence model.
5.1 Numerical Validation Analysis with model comparison

The mean axial velocity contours for both the FPV and EDC models can be seen in
Figure 5.1. In the FPV visuals, there are two distinct recirculation zones on either side of the
V-shaped inflow, 1) the inner recirculation zone (IRZ) developed due to the vortex breakdown
and 2) the outer recirculation zone (ORZ) formed near the corners of the combustion chamber.
“Recirculation zones” are regions of reverse flow which contribute towards stabilizing the
flame by transporting the hot gases towards the fresh stream of incoming propellants, thereby
reducing the reaction time for the combustion to occur. These recirculation zones are regions
of high turbulence and change their size and location rhythmically with time. The recirculation
zones are separated from the normal flow by “shear layers” where the mean axial velocity, u
was observed to be 0 m/s. The region between the recirculation zones represents the inflow of

fresh gas.

The EDC axial velocity contours in Figure 5.1 show a different shape of the IRZ
compared to the FPV visuals. The IRZ shape is significantly flatter and is attached to the
chamber base on one side while also having greater width than the IRZ predicted by the FPV
model. This shape bears a close resemblance to the “Coanda Flow” [110][111] observed in
other similar studies [80][112], which is characterized by the tendency of the flow to stay

attached to the surface over which is flows.

The IRZ profiles of both the FPV and EDC models is shown in Figure 5.2. It can be seen
that the width and height of the FPV profile is overpredicted compared to the experimental
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Figure 5.1: Time-averaged axial velocity contours for the FPV (left) and EDC (right) models
respectively, with IRZ outlines shown

results, while the EDC profile is significantly shorter and wider, while the attachment of the
IRZ to the chamber surface can also be clearly seen. This indicates that EDC replicates a much

weaker recirculation zone compared to the FPV model.

In Figure 5.3, the results of numerically obtained mean axial velocity profiles for the
FPV and EDC models respectively are compared with experimental data at different locations
of the combustion chamber. The IRZ presence is characterized by negative velocities near the
centreline, while the peaks represent the incoming stream of fresh gases. Both FPV and EDC
replicate the trends of the experimental results adequately at h = 1mm, but a significant
overprediction of IRZ penetration at h = Imm is quite evident for the EDC model, while a
slight underprediction is observed for FPV. This behaviour is quite consistent with that
observed in similar numerical studies, which have attributed it to the difficulties in accurately
modelling the curvature of the annular nozzle, resulting in such discrepancies in the near-inlet
region. For greater downstream locations, FPV predicts the IRZ depth with a significantly
greater accuracy compared to EDC, while also replicating the velocity profiles with greater
accuracy as compared to the relatively flatter profiles of EDC. However, there is an overall

significant underprediction of velocity peaks and an overprediction of IRZ width at all heights.
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Figure 5.3: Axial velocity profiles for FPV (red) and EDC (yellow) combustion models
compared with the experimental results
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The radial velocity profiles can be seen in Figure 5.4. In the near-inlet region (h = 5mm),
both the FPV and EDC models capture the behaviour of the flow with considerable accuracy
near the centreline, but show a significant overprediction of near-wall radial velocities at those
heights, which implies an underprediction of the ORZ width. The overprediction of IRZ width
at greater heights as seen in the axial velocity profiles is evident through the radial velocity
profiles as well, with the velocities deviating at downstream heights for both FPV and EDC
models respectively. Overall, FPV shows a greater level of agreement with the experimental

results compared to the EDC model.

The swirl velocities are shown in Figure 5.5. Both models show an underprediction of
swirl strength at peak values compared to the experimental results at h =1mm. Generally, FPV
shows a better agreement with the experimental values for downstream profiles but owing to
its broader and higher IRZ profile compared to that observed experimentally, overpredicts the

swirl velocities in the downstream regions.
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Figure 5.4: Radial velocity profiles for FPV and EDC combustion models compared with the
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Figure 5.5: Swirl velocity profiles for FPV and EDC combustion models compared with the

experimental results

The temperature profiles can be seen in Figure 5.6. EDC model significantly
overpredicts the temperatures at all heights, while considerable underprediction is seen at the
height of 5mm for the FPV model. Both models predict broader peaks for temperature, which
is linked to broader IRZ profiles facilitating quick mixing over a greater area compared to the
experiment. The experimental data indicates equilibrium temperature (~1450 K) being attained
at the height of 10mm, while the FPV results show a significant jump to the equilibrium
temperature (~1600 K) between the heights of 10mm and 20mm, which indicates a high
reaction rate for the FPV model between those heights, which is confirmed by the sudden
disappearance of the mixture fraction peaks and the flattening of the profiles between those
heights as seen in the mixture fraction graphs in Figure 5.7. Overprediction of temperature and
broader profiles at lower height both suggest considerably higher rates of reaction predicted by
the EDC model, which is also confirmed by equilibrium being reached at lower heights
compared to the experimental results. This conclusion is supported by the CH4 mass fraction
profiles in Figure 5.8 as well. EDC model shows a significantly high degree of reduction of
CH4 mass fractions by the height of 15mm, and an almost complete consumption of CH4 by h

= 40mm as compared to the experimental results, which indicates quicker reaction rates.
The RMS fluctuation profiles of velocities, depicted in Figure 5.9,

Figure 5.10, and Figure 5.11 show that the FPV case underwent higher transient

fluctuations compared to the EDC case. EDC captures the experimental transient fluctuations
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of velocities with more accuracy at lower heights compared to FPV. The discrepancy between
the two models at capturing the RMS fluctuations is much more evident from the RMS profiles
of radial and swirl velocities respectively, which show the FPV case undergoing an overall
higher level of fluctuations compared to EDC in the downstream regions as well as in the near-

inlet regions for radial velocities.
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Figure 5.6: Temperature profiles for FPV and EDC combustion models compared with the

experimental results

From the temperature RMS fluctuation profiles in Figure 5.12, it can be seen that for
lower heights, transient fluctuations of temperature are quite high for both models compared
to the experimental data, and while there is a reasonable agreement with experimental values
for the heights of 20mm and 30mm, the RMS temperature values for both models do not lower

down as much as the experimental values for the downstream height of 60mm.
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0.06

0.04

0.02

CH4 Mass Fraction

0.02

h=5mm h=10 mm
0.06
0.04
0.02
b J—AW/
-40 20 0 20 40 40 20 0 20 40 o Experimental
h =20 mm h =40 mm ——EDC-DES
0.06
0.04
0.02
0
40 20 0 20 40 -40 20 0 20 40

Radial Direction (mm)

Figure 5.8: CHs mass fraction profiles EDC combustion model compared with the

experimental results

The mean velocity features predicted using the FPV model can be seen from the velocity

streamlines shown in Figure 5.13. The colour of each line indicates the magnitude of velocity,

and the flow behaviour in each zone can be distinguished through the streamlines. The swirling

motion of the IRZ is evident in the central region of the pathline diagram, while the V-shaped

axial flow outside the IRZ can also be distinguished. Figure 5.13 also shows the difference
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between the instantaneous and mean axial velocity fields predicted by the FPV model. The

instantaneous contours, which were obtained at an arbitrary time during the simulations, show

central swirling regions scattered along centerline instead of a singular IRZ body.
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Figure 5.12: Temperature RMS fluctuations for FPV and EDC models

The mean and instantaneous axial velocity contours predicted by the EDC model can be
seen in Figure 5.14. The significantly wider profile of the IRZ can also be noticed in the
instantaneous contours, where the recirculation is much more pronounced than its FPV

counterpart in Figure 5.13. Even in the instantaneous axial velocity contours, the axial flow
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can be seen dominating close to the wall, while the recirculation is quite dominant near the

bottom of the chamber and away from the wall.
From the FPV and EDC temperature contours, shown in Figure 5.15 and

Figure 5.16, it can be seen that FPV predicts high temperatures close to the equilibrium
temperature further downstream as compared to EDC, which shows equilibrium temperature
being reached quite close to the inlet nozzle. These observations are consistent with the
temperature and species fraction profiles of both models, in which it was seen that the EDC
case predicted significantly higher reaction rates at the near-inlet heights, which were
facilitated by the quick mixing resulting from a flatter IRZ profile as opposed to the IRZ profile
predicted by the FPV model.

The instantaneous and mean mixture fraction contours of the FPV case with the lean
flammability limit (f= 0.0465) isolines are shown in Figure 5.17. The mean flammability limit
isolines encapsulate regions where the mixture fraction is high enough for localized reactions
to occur, and regions beyond that limit show consumption of methane. From the instantaneous
contours, multiple such regions can be observed downstream of the nozzle, which shows
localized reactions taking place instead of one continuous reaction zone. This observation is in
line with the instantaneous temperature contours seen in Figure 5.15 which show multiple
zones of high temperature instead of a uniform temperature distribution. The mean mixture
fraction contours show a uniform reduction of mixture fraction with lean flammability isolines
quite close to the inlet, which shows a uniform consumption of fuel and is consolidated by the

mean temperature contours.
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Figure 5.15: instantaneous (left half) and mean (right half) temperature contours for FPV
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Figure 5.16: instantaneous (left half) and mean (right half) temperature contours for EDC
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with lean flammability limit isolines (f = 0.0465)
5.2 Parametric analysis results

Following the validation analysis and comparison between the FPV and EDC models,
FPV was chosen to capture the turbulence-chemistry interactions for the parametric analysis,
which compared the flow and thermochemical variations resulting from varying the inner
swirler angle. The three configurations analyzed had inner swirler angles of 60 degrees, 62
degrees, and 64 degrees. The validation analysis was also performed on the 60 degrees

configuration, due to which it was treated as the control case for this study.
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The mean IRZ profiles for all 3 cases are shown in Figure 5.18
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with the IRZ of the 62 degrees configuration being flatter and broader compared to the 64
degrees case. The 64 degrees IRZ, however, has a rather unconventional shape, which shows
2 separate recirculation zones formed at the center, with the one penetrating the central nozzle
having a much shorter and narrower profile compared to the other two. This shift in the IRZ
profiles could be attributed to the change in the opening angle of the flow with increasing
swirler angle. The opening angle of the flames is directly influenced by the interaction between
the swirling air from the central and annular nozzles entering the chamber, and a drastically
shorter IRZ profile indicates the flows from the 2 swirlers cancelling each other out upon

entering the chamber.

The axial velocity profiles, shown in Figure 5.19 depict the 64 degrees configuration
having higher peak velocities than the other two configurations while having the shortest IRZ
depth, which is in line with the IRZ profiles. The 62 degrees profile has the shortest peaks
which is consistent with the significantly higher width of its IRZ compared to the other 2 cases.
In the downstream regions, the 60 degrees configuration shows gradual reduction of its troughs,

while the other 2 cases show relatively flatter profiles at h = 60mm.
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Figure 5.18: Mean u=0 isolines (IRZ shear layer) comparison between three dual swirl

combustor configurations with increasing swirler angles

The radial velocity profiles, depicted in Figure 5.20 show the 64 degrees configuration
achieving much less radial velocities compared to the other 2 cases. The 62 degrees
configuration has considerably higher radial velocities for the near inlet heights of h = Imm
and h = Smm compared to the other 2 cases, which is followed by a sudden flattening of the
profiles for downstream regions. This behaviour indicates that the radial distribution of the
species is the highest for near-inlet heights and considerably lower for downstream heights. In
comparison, the 60 degrees profiles show a gradual flattening for downstream heights, which
implies better radial distribution of species in downstream regions. The flow behaviour
indicated by the axial and radial velocity profiles is consolidated by the swirl velocity profiles
in Figure 5.21, which show the 64 degrees profiles flattening past the height of 30mm. The
swirl velocity profiles also imply that the 62 degrees configuration experiences the highest
swirl strength among the 3 cases based on relatively higher velocity values in the downstream

regions compared to the other 2 cases.

The instantaneous and mean axial velocity contours outlined by the isolines of zero axial
velocity for the 64 degrees configuration are shown in Figure 5.22. Besides the narrow IRZ
profile in the mean velocity contours, another interesting feature resulting from this
configuration is the highly dominant outer recirculation zone (ORZ) extending from the bottom

of the chamber to a greater height than that of the IRZ. It is to be noted that the 60 degrees
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configuration, which was covered extensively in the previous section, featured a considerably
weaker ORZ. The highly pronounced ORZ in the 64 degrees configuration can be explained
by the narrow opening angle of the flow, which causes a greater degree of flow separation along
the curvature of the annular nozzle. The part of the flow separating from the annular nozzle
spreads radially and originates the outer recirculation zone, which is evident in the axial
velocity contours. This behaviour implies a greater degree of mixing of species in the ORZ

compared to the IRZ.

The time-averaged temperature profiles are shown in Figure 5.23. At h = Smm, the 62
degrees profile shows relatively higher temperature values, which can be explained by the
highly pronounced IRZ at that height compared to the other 2 cases and a higher radial
distribution of species resulting from high radial velocities in the near-inlet region. The near-
centreline temperature values of the 64 degrees profile are a result of its shrunk IRZ which
results in much lower level of mixing compared to the other 2 cases. However, the near wall
temperatures of the 64 degrees case are considerably higher at near-inlet heights compared to
the other 2 cases, which can be explained by the dominant outer recirculation zone causing
quick mixing of species in the near-wall region. All 3 cases attain near-equilibrium
temperatures by the height of 40mm, with the 64 degrees profiles indicating that much of the
reactions take place in the near wall region as opposed to the IRZ dominated reactions in the

other 2 cases.
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The mixture fraction profiles, shown in Figure 5.24, consolidate the assumptions made
from the temperature profiles, as it can be seen that the peak mixture fraction values at lower
heights are significantly higher for the 64 degrees case as compared to the other 2 cases. The
mixture fraction profile of the 64 degrees case becomes uniform around the same value as the
near wall values at the height of 5Smm, which indicates that reactions are instigated mostly by
the ORZ mixing. The time-averaged temperature contours of the 64 degrees case, shown in
Figure 5.25 support this conclusion, as equilibrium temperature is achieved quite close to the
chamber bottom in the near wall region. The mean mixture fraction contours of the 64
degrees case, shown in Figure 5.26 depict a relatively vertical distribution of flow as
compared to the 60 degrees case (Figure 5.17). It can also be seen that the distribution of
high mass fraction zones (encapsulated by lean flammability limit isolines) is relatively
vertical compared to that of the 60 degrees case, which implies that reactions mostly take

place away from the centreline.
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Chapter 6: CONCLUSION

This study performs numerical simulations of lean, dual swirl, partially premixed
combustion using Detached Eddy Simulations (DES) as the turbulence model coupled with 2
different combustion models, namely Flamelet/Progress Variable approach (FPV) and Eddy
Dissipation Concept (EDC) to validate a benchmark experimental study by DLR. It was
observed that the FPV model replicated the flow dynamics and reaction kinetics with a greater
accuracy compared to the EDC model, which predicted an underdeveloped inner recirculation
zone and significantly high reaction rate. Certain discrepancies were observed in the FPV
results like a considerably weak outer recirculation zone, which was a major deviation from

experimental results.

The second phase of this study compared the flow behaviour and reaction kinetics of
three distinct computational domains characterized by the unique inner swirler angles of 60,
62, and 64 degrees respectively. It was observed that the 62 degrees configuration resulted in
flattened and wider inner recirculation zone compared to the 60 degrees configuration, while
the 64 degrees configuration predicted much a narrower inner recirculation zone and jet
opening, a possible reason for which could be the suppression of radial motion of the flow due
to the interaction between the flows entering the chamber from the two upstream swirlers. The
64 degrees configuration also depicted an abnormally large outer recirculation zone which
facilitated most of the mixing in the domain, leading to high reaction rates near the chamber

walls.
6.1 Future Recommendations

Based on the predictions of the modelling techniques applied in this study and their

subsequent results, the following recommendations are made for future work:

e Simulation of lean partially premixed flames close to blowoff using the LES turbulence
model, the results of which can be compared to DES to determine the differences in
their respective predictions.

e Performing numerical analysis using the same boundary conditions but applying
adaptive meshing over a coarser mesh than the one used in this study to reduce the

computational time.
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e Parametrization of the annular nozzle curvature to observe the changes in flow
behaviour resulting from different levels of curvature, since the curvature of the nozzle
is crucial for accurate prediction of flow features like the axial velocity and the outer
recirculation zone development.

e Numerical analysis of lean partially premixed flames focused on the influence of the
pressure fluctuations on flow dynamics and reaction kinetics.

e Further parametrization of the swirler configurations to observe how various

combinations of swirlers influence the thermochemical behaviour inside the chamber.
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