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Abstract

Nowadays, the constant increase in energy demand is in conflict with the constraints
imposed by environmental sustainability related to the use of new energy sources. The
simultaneous fulfillment of such requirements results in the design of innovative
combustion systems. In this context, configurations with high levels of internal
dilution and preheating show several peculiarities related to low pollutant emissions,
smooth temperature gradients (thermal uniformity), absence of a visible flame and
large fuel and load flexibility. These features are usually difficult to obtain within
conventional processes and are associated with the so-called MILD Combustion
regime. Such a combustion mode consists of the dilution and preheating of the
reactants through the recirculation of the exhausts. It allows avoiding the high-
temperature regions and steep temperature gradients which are typical of traditional
combustion. Therefore, MILD Combustion ensures low pollutant emissions in terms
of NOx and CO and large fuel flexibility. However, the large-scale use of such
technology relies on the improving of the numerical modelling of the multiple physical
phenomena connected to the strong interconnection between fluid-dynamics and
Kinetics time scales. In addition, heat transfer plays a key role in the modulation of
such behavior because of the strong confinement of the walls usually present in these
systems. The adoption of tabulated chemistry methods represents a possible solution
to characterize the thermo-chemical pattern of a MILD combustion system. However,
the definition and identification of the controlling variables must be done in a proper
way. In this thesis, the main features of a MILD Combustion system are analyzed and
investigated by means of an experimental and numerical study on a cyclonic burner.
In particular, the work is focused on understanding the physical mechanisms occurring
under this regime, addressing the key parameters responsible for its stabilization and

giving indications regarding the developing of adequate numerical models.

In the first part of this thesis (Chapter 1 and 2), the main characteristics of the MILD
Combustion are presented, and the experimental test case object of this work is

described. Several literature studies highlighting the most common numerical
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methodologies for MILD systems and the role of heat transfer on their combustion
features are reported and discussed. In particular, thermal behavior is analyzed in order
to stress the distinctive role of heat loss and evaluate the convective and radiative
contributions. The test case burner, based on the establishment of a cyclonic flow to
ensure elevated internal recirculation levels, is introduced as a representative of a
specific category named MILD reactors. In the second part of the thesis (Chapter 3
and 4) the tabulated chemistry methodology used is described, and the results of the
CFD simulation are evaluated by making a comparison with the experiments. A
Flamelet-based model (FGM) is adopted. It makes two main assumptions: a turbulent
flame can be considered as an ensemble of 1D laminar flames (Flamelets), and the
space of compositions can be represented by a lower-dimensional manifold by
defining few controlling variables. Two different 1D flame configurations and two
controlling variables (a mixture fraction and a progress variable) are used. To take into
account the significant radiative heat transfer in the cyclonic burner, radiation is also
coupled into the FGM model by means DO model. The radiative properties of gases
are modelled with a WSGG model which accounts for the local mole ratio between
CO2 and H20. In addition, a method to consider turbulence-radiation interaction with
FGM has also been developed. The comparisons between model and experiments are
reported for different inlet conditions evaluating the influence of the operative
parameters on both the MILD features and the performances of the model. The
comparisons are shown for two temperature profiles within the cyclonic chamber.
Experiments report an elevated uniformity of the temperature field for all the
conditions investigated. The numerical results, however, are strongly affected by the
inlet dilution level due to the internal exhaust recirculation. In fact, for low dilution
levels of the reactant mixture, the model is not able to predict the low and distributed
reactivity of the system, especially in the inlet area. On the other hand, the conditions
with high dilution at inlet show a very good agreement with the experiments because
of the lower impact of the recirculating products. The inclusion of a radiation model
has a big impact in improving the numerical/experimental agreement, especially
respect to the high thermal uniformity. Finally, the choice of the Flamelet
configuration does not affect the simulations significantly except for the inlet area

because of the diffusion/mixing effects. The tabulation by means a PSR depicts e slight
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overprediction compared to the FGM because of the absence of a radiation model. In
the last part of the thesis (Chapter 5 and 6), a new methodological approach to tabulate
internal dilution and heat loss effects for a MILD reactor is presented and the main
conclusions of the work are summarized. The method proposed allows to include as
the controlling variables of the system, a dilution parameter and a heat loss factor in
addition to progress variable and mixture fraction. The reduction of the reactivity
related to the combined effects of these new variables is discussed. Finally, a reduction
of the complete thermo-chemical manifold representing the cyclonic burner behavior,
is carried out by considering physical and process constraints related to the features of
the MILD reactor. The lower-dimensional manifolds found, related to mean values of
dilution level and heat loss (estimated by measurable quantities) are compared with
the experimental thermal fields for different conditions. The good results obtained
represent a promising indication for the future development of comprehensive CFD
models for the simulation of that kind of combustion systems for any operative

conditions.
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Chapter 1

Introduction

In this first chapter, the framework of this thesis is set. First, the motivations of the
work are discussed with reference to the main queries and requirements regarding the
innovative combustion-based energy systems (see Section 1.1). Afterwards, the
thermo-chemical conversion process object of this study is defined, and its main
features and issues are presented (see Section 1.2). In the end, the targets and the

outline of the thesis are addressed (see Section 1.3).

1.1 Energy, Combustion and Environment

From the modest energy needs of pre-industrial revolution to the growing demands
and technological innovations of the 21st century, energy technology has helped to
shape the world we live in. The growing energy demand has led to several constraints
that are quickly and constantly modifying the possible frameworks in the energy
scenario. Such background usually regards the obtainment of reduced greenhouse

gases (GHG) emissions as required by international regulations [1].

In the last decades, progress is being made towards the enhanced consumption of
Renewable Energy Sources (RES), such as solar and wind energy. Nevertheless, as
shown in Figure 1.1, the world energy consumption is expected to rise nearly 50%
between 2018 and 2050 according to the International Energy Outlook 2019 from the
US Energy Information Administration [1]. Therefore, we must deal with this greater
supply and, at the same time, operate a transition to renewable sources. The latest
projections depicted in Figure 1.1, moreover, predict a sharp increase of the
renewables until they will reach the biggest share among the energy sources in 2050.
Although such fast growth, fossil fuels will still account for about 70% of the world
energy consumption in 2050, leading to serious environmental damage. In this context,

it appears evident that the eco-sustainable development and improvement of the
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efficiency of both thermal and electrical energy production plants are key

requirements.

Primary energy consumption by energy
source, world

quadrillion British thermal units share
300 — 100% renewables
hlswry: projections renewables 0% -
250 petroleum .
and other 80% petroleum
200 |i(|LIi(|S 70% al|'|(|lothe|'
natlIJraI gas B0% liquids
coa o
150 jg;: coal
100 30%
20% natural gas
50
— nuclear 10%
0 0% —— nuclear
2010 2020 2030 2040 2050 2018 2050

FIGURE 1.1 - WORLDWIDE PRIMARY ENERGY CONSUMPTION BY ENERGY SOURCE [1].

The generation of Power through RES requires a major update of back-up systems and
infrastructures in order to ensure the energy supplies required and address the inherent
RES intermittencies [9]. In this context, effective energy storage systems might offer
a feasible solution to the intermittent nature of RES and help their integration into
electrical grids. Among the possible solutions, chemical-based storage technologies,
such as combustion, represent a valid option to store large amounts of energy for
extended periods of time. In particular, the new combustion processes require the
simultaneous fulfillment of several requisites such as the fuel flexibility, efficiency in
term of pollutant reduction and thermal conversion and affordability of the supplies.
Over the years, the wide development of combustion systems has led to damaging
effects on our environment, e.g. air pollution (particulate matter, NOx, SOyx) and
climate change (releasing greenhouse gases like CO; into the atmosphere). Among the
nitrogen oxides, NOy, the most relevant for air pollution are the nitric oxide, NO, and
nitrogen dioxide, NO.. The most dominant source of nitrogen oxides is the combustion

of fossil fuels. In the atmosphere, those species can further react to produce
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photochemical smog, acid rain, as well as enhance tropospheric ozone production and

stratospheric ozone depletion [10].

Since is not feasible to switch the energy source from fossil fuels to renewables in a
relatively short term, the greatest challenges which researchers are facing in the last

years are the identification of new combustion technologies in order to:

e Maximize flexibility with respect to the nature of the fuel;
e Minimize pollutant emissions by reducing the environmental impact;
e Improve the distribution of energy production processes with efficient and

reliable supply systems (smart grid).

Flexibility with respect to the type of fuel has been for a long time a common
prerequisite in the design of combustion systems, mainly to meet commercial needs,
such as the adaptation of power plants to the local availability of a given source.
Nowadays, such flexibility is a fundamental requirement for dealing with both the
rapid change in the fuel market and the increasing availability of energy carriers,
mainly due to the growing diffusion of renewable and unconventional energy sources
[11]. Regarding the environmental impact, the mitigation of air pollutant emissions
has been a central priority for the EU Framework Program for Research and Innovation
Horizon 2020 [12]. Finally, the implementation of a new energy production and
distribution system based on the smart-grid concept is seen as a solution to locally
increase the efficiency of energy distribution. Such a concept regards the construction
of a strongly delocalized and flexible energy system. In fact, small and medium-scale
energy production plants operate mainly in conditions of low energy efficiency and
consequently with high environmental impact due to their limited technological
development, considerably lower than large plants [13]. Thus, it is beneficial to
improve the development of energy production systems capable of using both fossil
fuels (even with low heating value) and alternative ones such as biomass or waste-

derived.

Therefore, the final objective is the identification of innovative combustion
technologies that can support the development of local energy production systems able
to use different energy sources, with the improvement of the energy efficiency and the

reduction of pollutant emissions.
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1.2 MILD Combustion

Among the new combustion technologies developed in the last decades in order to face
the requirements presented in Section 1.1, MILD combustion seems to be one of the
most promising. In this section, such a combustion process is defined as respect to its
main operative boundaries and its main differences compared to other innovative

systems are pointed out (see paragraph 1.2.1). Afterwards, different configurations and

categories of systems are defined with respect to the main features of MILD

technology (see paragraph 1.2.2). Then the role of the heat transfer and the effect of

the walls are discussed (see paragraph 1.2.3). Finally, the main modelling issues and

strategies related to the simulation of such a peculiar combustion regime are reported

(see paragraph 1.2.4).

1.2.1 DEFINITION

A large share of literature concerning efficient and sustainable combustion systems
deals with the evaluation of measurable quantities in order to identify useful qualitative
and quantitative features, such as Flameless [14,15], Noiseless/Silent [16,17],
Colorless/Optically Invisible [18,19] and Odorless/ Pollutants Absence [20,21]. Such
features, which characterize the combustion process, are linked to both the specific
inlet conditions imposed and the design of enclosure and feeding configuration, as
schematized in Figure 1.2. The most relevant and documented boundaries considered
to obtain these characteristics are related to dilution and preheating of the reactants,
which are linked to the definition of the Moderate or Intense Low oxygen Dilution
(MILD) combustion regime [22]. This regime arises from a change of perspective in
the analysis of combustion problems, from purely energetic to chemical aspects: the
combustion system is treated as a chemical reactor, which must be optimized for fuel
flexibility, conversion efficiency and emissions. A MILD process is characterized by
fuel oxidation in an environment with relatively low oxygen concentration and high
inlet temperatures. Looking at the schematization of a MILD system depicted in Figure
1.2, it is worth highlighting that the post-determined combustion features can be

obtained locally inside the system not only by diluting and preheating the fresh
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reactants (imposed inlet boundaries), but also by design the enclosure in a proper way

(reactor design).

INLET OUTLET
CONDITIONS FEATURES
Imposed boundary RIE;g ;ZI:?}(I:IR Posi-determined

conditions process conditions
- Equivalence ratio - Material properties - Flameless
- Dilution level - Reactor geomet.ry - Noiseless
- Thermal power - Inlet configuration - Colorless
- Enthalpy - Odorless

FIGURE 1.2 — REACTOR SCHEMATIZATION OF A MILD COMBUSTION SYSTEM.

Over the years, different definitions have been formulated to address MILD operative
boundaries. Following Cavaliere and de Joannon [22], a combustion process can be
defined as MILD if “the inlet temperature of the reactants is higher than the
autoignition temperature of the mixture and, simultaneously, the increase in maximum
temperature due to oxidation reactions remains lower than the mixture autoignition
temperature because of the high dilution levels” [2]. This definition is depicted in
Figure 1.3, where the operating regions of the different combustion regimes are shown
in the dilution/preheating temperature (Tin) space. In the Figure, Tign is the self-ignition
temperature, Xo2 is the oxygen molar fraction and HIiTAC stands for High-
Temperature Air Combustion [15]. From such a definition, the MILD regime can be
easily identified with respect to the feeding conditions. However, it can be also inferred
by internal (local) dilution and/or preheating through proper design of the chamber
confinement in order to induce a massive internal recirculation [23-25]. Under MILD
conditions, the oxidation process is mainly related to local ignition mechanisms due to
the presence of hot gases/fresh reactants mixtures to locally obtain low oxygen levels.
Furthermore, dilution prevents the stabilization of deflagrative/diffusive structures as
a consequence of the occurrence of the self-ignition. Thus, several specific
characteristics can be observed under such conditions: thermal and composition
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homogeneity inside the combustor chamber, absence of a visible flame front
(flameless), very low pollutants emissions (such as CO, NOx and soot) and thermal
load flexibility [26,27]. Therefore, this technology gives the opportunity to use a broad
range of fuels, being a very good candidate for low-calorific-value [28], hydrogen-
based and industrial fuels [29,30].

h-] |
EI i s AT=2200K
Ei 0.20 I feedback E
3 assisted £ O
s o015l combustion | ,\Y AT=1600K
F s X AT=1400K |
on Fma % ,
0.10 [ ﬁ);,‘,;"-r‘., ) 'E AT=1100K
B '”aa""/ﬁ:}‘*« = \
‘ ity = g AT=800K
0.05 [ no combustion EM;LDAT=55UK
' £
=
[ L 11 1 PR S T | L 1 1 1 1 L
0300 700 1100 T K 1500
. in s
Tign

FIGURE 1.3 - CLASSIFICATION OF DIFFERENT COMBUSTION REGIMES ACCORDING TO
CAVALIERE AND DE JOANNON [2].

In Figure 1.4, in order to better explain the meaning of flameless nature of the process
and highlight the difference in respect to a traditional system, a burner operating under
conventional and MILD conditions is shown.

FIGURE 1.4 - A BURNER OPERATING UNDER CONVENTIONAL (LEFT) AND MILD
CONDITIONS (RIGHT) [3].
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From the figure, it looks clear how the combustion processes occurring under MILD
conditions differ from those involved in conventional systems. Such a difference lays
on the strong interplay between mixing, chemistry and heat loss effects, as will be
discussed in detail throughout this thesis work.

1.2.2 MILD SYSTEMS CLASSIFICATION

In the literature concerning MILD Combustion, several facilities such as the Adelaide
and Delft Jet-in-Hot-Coflow (JHC) [31,32] and the Cabra flame [33], have been used
to reproduce the conditions locally realized by means of diluted and preheated
reactants. However, these configurations are only based on modifications of the
Kinetics time scales and their stabilization is achieved without significant flow
convolutions. Moreover, in all these cases the combustion process is not confined and

occurs far from the walls, allowing to assume nearly adiabatic conditions.

In contrast, in industrial applications, MILD Combustion is typically achieved through
the strong recirculation of the burned products, which preheat and dilute the reactant
mixture through internal [34,35] or external [36] exhaust gas recirculation (EGR)
techniques. The internal EGR, in particular, is carried out by special designs of the
feeding jets as well as of the combustion chamber. Practical solutions consist of both
exploit internal aerodynamics of the reactor configuration and use high-momentum
inlet jets [37]. Heat recovery by preheating the oxidant stream can also help to improve
thermal efficiency and sustain the MILD regime [38]. MILD combustion burners are
characterized by longer residence times with respect to traditional ones [39] and the
high levels of flue gas entrainment and confinement [23] lead to chemical time scales
comparable to the mixing ones [40]. Such aerodynamics constraints reflect the high
relevance of tailored fluid/dynamics pattern such as impinging wall jets, revers and
cavity flow zones [41,42]. The heat loss through the confinements also plays an
essential role in the stabilization process, thus differentiating such category of MILD
systems from those characterized by coflow-like facilities. Therefore, in confined
systems, the recirculation of burned products is relevant because it induces local
dilution of fresh reactants lowering system temperatures. It is usually defined through

a recirculation ratio parameter. In particular, the systems based on recirculating flows
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to preheat the reactants pose difficulties respect to the identification of MILD
conditions. In fact, considering the reactants inlet conditions before the mixing with
vitiated gases is not sufficient to describe the regime, as well as considering the
reactants and recirculated gases to be perfectly premixed prior any reaction is also

inaccurate.

One of the most comprehensive definitions for confined burners is that of Rao and
Levy [4]. The diagram proposed by such authors, of which a version is shown in Figure
1.5, highlights the roles of inlet temperature of the reactants, the oxygen concentration
and the recirculation ratio (as the concentration of diluent and combustion products).
However, the depicted values are the only representative and can vary significantly
depending on the specific application. The diagram is useful to figure out the
difficulties in achieving the MILD/Flameless regime in several applications such as
gas turbine combustors, as the degree of recirculation of exhaust and diluent species,

required to achieve a very low concentration of O, is significantly high [43].
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Based on the constraints related to the attainment of the MILD regime in a confined
system, different configurations can be identified and categorized. In general, such
systems can be labelled as “MILD reactors”. A possible classification for MILD
reactors can be carried out based on the MILD constraints about the local inlet
temperature inside those systems Ti, and the maximum temperature increase AT [22]:
Tin must be higher than the ignition temperature Tig» and AT must be lower than Tign
itself, as shown in Figure 1.3. Therefore, in literature, three main categories of MILD
reactors can be identified with respect to the strategy they use to fulfil the above-

mentioned conditions.

The first configuration (category 1 in Table 1.1) includes reactors where both the
conditions (Tin>Tign & AT<Tign) are satisfied through appropriate external feeding. The
inlet vitiation and preheating of reactants guarantees MILD regime, in fact, have been
exploited for reactors which could be considered post-combustion processes. Fuel-rich
[44] or fuel-lean re-burning process [45,46] are examples of in-furnace and/or post-
furnace NOy abatement systems which use exhausts at low temperature with residual
oxygen content. In other afterburning processes, the fuel is injected into an
exhaust/oxygen mixture for jet engine systems [47] or waste incineration [48]. The
low oxygen level infers a low-temperature increase, leading to intrinsically

temperature uniformity.

The second design (category 2) is related to those systems where external feeding
ensures high preheating levels whereas different intra-reactor (internal) processes are
able to realize a local temperature increase higher than Tigh. This is the case of
recuperative/regenerative furnaces [14,39,40,49,50] in which part of the heat released
by combustion is taken away by the walls. In principle, this peculiar heat exchange
arrangement can be obtained using any fluid-dynamic configuration, because it only
relies on radiative heat exchange. However, in practice, the most used configuration is
based on a strong interaction between the reactants stream and the reverse exhaust

flows.

Finally, the third configuration (category 3) regards those systems where both MILD
conditions (Tin>Tign & AT<Tign) are fulfilled by using internal recirculation and heat

exchange strategies. In this case, proper fluid-dynamic arrangements are needed. Two
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of them are extensively described in the literature: parallel jets with reverse flows
[28,51,52] and toroidal or swirled flow configurations [17,23,53]. Both ensure long
residence times of recirculated products in the combustion chamber. The former has
also been used for burners in regenerative conditions (category 2) [14,39,49,50],
whereas about the latter, a small-scale cyclonic burner [54], is a valuable example of

a MILD reactor with a tailored flow-field.
The classification made is summed up in Table 1.1.

TABLE 1.1 - MILD REACTOR CATEGORIES: FEATURES AND REFERENCES.
AERODYNAMICS | TECHNOLOGICAL
CATEGORY REF.
CONFIGURATION APPLICATIONS

- Post-combustion

Coaxial Jets _
1 _ and afterburning [44-48]
- Jet/swirl flows

- Waste Incineration

- Recuperative/

- Parallel Jets ) [14,39,40,49,5
2 Regenerative
- Reverse Flow 0]
furnaces
- Internal Flow
3 - Reverse Flow - Boilers [17,23,28,51—
- Cyclonic/Toroidal | - Gas turbines 54]
Flows

1.2.3 HEAT TRANSFER ROLE

MILD reactors that pertain to category 2 and 3 (see Table 1.1), are severely affected
by the heat loss at walls. In fact, it reduces the mean temperature of the reacting
mixture which, on the other hand, needs to be sufficiently high to guarantee the
preheating of the reactants. In other words, the confinement is responsible for both the
enthalpy loss by the combustion product and the heat gain by fresh reactants. In
general, for such reactors, heat transfer is crucial in establishing the operating

conditions.
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As discussed above, in MILD combustion applications high internal or external
recirculation of burned products is essential to put in contact with the fresh reactants
both the inert flow, capable to lower reaction rates, and the heat needed to sustain the
oxidation in diluted conditions. Thus, the design of the reactor, the feeding
configuration and the flow velocities must improve the internal mixing and the
convective heat transfer between fresh reactants and hot exhausts. Moreover, it is also
important to consider the contribution of the radiative heat transfer. In fact, the high
concentrations of the absorbing and emitting mixture H.O/CO- inside the combustion
chamber [55] lead to the enhancing of the radiative re-absorption (higher optical
thicknesses) for MILD reactors. This effect is not negligible and contributes to the
thermal homogeneity of the system. Such behavior is highlighted in several literature
papers focused on the radiation modelling of Flameless combustion systems [56-58].
In Figure 1.6, the emissivities of CO, and H20 as a function of the temperature at
different products between pressure P and length of the enclosure L, adapted from

Hottel [5], are reported.
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FIGURE 1.6 - TOTAL EMISSIVITY OF PURE CARBON DIOXIDE (LEFT) AND PURE WATER
VAPOR (RIGHT) AS A FUNCTION OF TEMPERATURE, ADAPTED FROM [5] AND CONVERTED
TO SI UNITS [59].
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Those trends show that, for both species, when the temperature of the mixture gets
lower, the emissivity increases. This result implies that for a MILD process, which
usually presents moderate temperatures, the effect of the re-absorption is noticeable,
even for a small-scale apparatus [57,58]. In [50], in particular, an estimation of the
relative contributions of radiation and convection under MILD conditions was made,

showing that the radiation contribution results to be greater.

For MILD reactors, moreover, the wall to wall heat transfer needs to be considered as
well. In a black enclosure, radiative heat transfer depends only on the view factors and
the surface temperatures. For a diffuse-gray enclosure, on the other hand, thermal
radiation is also a function of the surface’s emissivity [60]. Considering a gray and
nearly opaque surface, it is easy to observe that part of the radiative heat transfer from
gas to walls returns to gas, which means that a portion of the radiation emitted by the
mixture to the walls is reflected and absorbed from the gas itself, result in making the
thermal field more uniform. This effect is enhanced by the tendency of the system to
behave as a blackbody cavity. In order to express this characteristic, the Gebhart factor
[61] can be used. In fact, the radiative heat exchanged in an enclosure composed of
surfaces with piecewise constant temperature and emissivity can be calculated in terms

of Gebhart factors [62], G;;, which are defined as a fraction of energy leaving surface

ijo
i which reaches surface j and is absorbed. The Gebhart factors G;; equals the view

factors, F;;, for black surfaces. Therefore, the net radiative heat exchange Qrad

between any surface k and all the others N surfaces of the enclosure can be expressed

in terms of the Gebhart factors as

N
QI = Apeo0it — ZAjgjaGijef (1.1)
j=1

where 4;, &, 0;, A;, g;and 6; are area, emissivity, and temperature of surface j and

area, emissivity, and temperature of surface k, respectively [63].

For MILD reactors, which, as above mentioned, are usually closed and confined, the
Gebhart factors related to the outlet section are usually lower than 0.1 [41,57,58].
Therefore, these systems tend to behave as a cavity with a maximization of the

radiative re-absorption and ensuring higher and uniform wall temperatures.
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1.2.4 MODELLING ISSUES AND STRATEGIES

Concerning the numerical modelling, the main issue regarding MILD combustion
systems is the strong chemistry/fluid dynamic coupling. Indeed, in MILD reactors the
dilution leads to higher chemical time scales whereas the high velocities lower the
mixing ones. As a result, the two processes have comparable time scales [40], with the
local Damkdohler number that approaches unity [64,65]. This means that the numerical
modelling of such systems must carefully consider the turbulence/chemistry
interaction and detailed mechanisms must be used. Furthermore, recent Direct
Numerical Simulation (DNS) studies have proved that both premixed and non-
premixed modes exist in MILD combustion and that ignition is influenced by
preferential diffusion effects whenever the fuel contains hydrogen [6,7,66]. In
particular, several works in literature [66,67] analysed specific criteria to define MILD
combustion in non-premixed condition by using the DNS of methane-diluted air
established with internal exhaust gas recirculation. The studies revealed multiple
coexisting and interacting reaction zones in MILD combustion which are extremely
different from conventional combustion and highlight the role of the chemically active
species. Minamoto at al. [6] carried out an adiabatic three-dimensional DNS of a
CHoy/air partially premixed flame under MILD condition. Since the DNS of a complete
EGR combustion system is not yet feasible because of heavy computational cost, the
authors simulated the combustion phase after the resolution of the mixing phase by
generating the initial and inflow fields. In order to account for EGR, they sent to the
numerical cubic domain an exhaust stream together to the fresh mixture. In Figure 1.7,
the numerical configuration and coordinates are shown. The normalized reaction rates
of a temperature-based progress variable are reported as iso-surfaces. The flame shown
in the figure has a unique shape compared to the conventional turbulent planar flames
[68,69] and the presence of flame interactions is obvious. Moreover, due to the
preheating temperature, regions of intense reaction rate are located not only in the
middle of the computational domain but in the upstream and downstream regions as
well. Such a study, therefore, underlines that the reaction under MILD condition
occurs both in thin regions and in more distributed structure, due to flame—flame
interaction, with a highly distributed heat released. Later works of the same group [70—

74], focused on finding the best canonical reactor to address to the local MILD reactive
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structure by means of a priori model testing and validation using DNS data. They
found that the Flamelet predictions of reaction rate are poor, compared to the PSR,
because they do not include the effects of flame interactions, which are abundant in
the MILD combustion.

g & g
Tempsrature (K)

&

145

FIGURE 1.7 - ISO-SURFACES OF THE REACTION RATE AND X—Y, Y—Z AND Z—X PLANES OF
TEMPERATURE FIELD. THE GRAY ISO-SURFACES CORRESPOND TO A REACTION RATE OF
0.7 WHEREAS THE COLOURED ONES TO 1.05, WHERE INTERACTING AND NON-
INTERACTING LOCAL FLAME FRONTS ARE RESPECTIVELY DENOTED BY PURPLE AND
LIGHT BLUE COLOURS [6].

As discussed in the previous paragraph (see Paragraph 1.2.3), in MILD reactors the

heat transfer must be properly modelled. In particular, a suitable radiation model needs
to be used. These features make the modelling of MILD combustion even more
challenging and interesting for the scientific community. Although those systems have
been successfully introduced in some industries, their broad implementation is
hampered by a lack of fundamental insight into this combustion regime. The lack of
understanding of MILD reaction zones also calls into question the common use of both
Flamelet-like and non-Flamelet-based turbulent combustion models for Reynolds-
averaged Navier-Stokes (RANS) equations [75] and for Large Eddy Simulations
(LES) [16]. In this framework, affordable modelling tools based on reduced-order

techniques are essential for the design and development of new concepts and
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prototypes in the context of Digital Twin with application in monitoring, diagnostics

and prognostics [76].

The need to use detailed kinetic mechanisms under MILD combustion regime was
assessed in several works [77-79]. However, the inclusion of detailed chemistry
effects requires increasing CPU resources. In the last few years, several of the most
used approaches to model MILD systems were based on tabulated chemistry
techniques [80,81]. Such models are chemistry reduction methods which allow using
detailed kinetic mechanisms saving the computational cost. A considerable number of
works considered such an approach as a valuable tool for the simulation of reactors
with internal recirculation, through the tabulation of Flamelets [57,82] or
homogeneous reactors [83]. Among the former, the Flamelet Generated Manifold
model (FGM) [84,85] is one of the most used and promising. It is a chemistry reduction
method that combines the advantages of dimension reduction techniques based on
chemical steady-state assumptions and Flamelet models. In MILD context, several
works [86,87] have already considered the Flamelet approach as a valuable tool for the
simulation of a MILD combustion system. Recently, Abtahizadeh et al. [87] showed
that the elementary configuration used for the tabulation strongly influences the
representation of MILD combustion in Jet in Hot Coflow (JHC) configurations. A
relevant challenge in Flamelet approach is to include the effects related to recirculated
burned gas in the look-up tables to properly represent the dilution and heat loss effects
[80]. This is a very demanding task that leads to expensive CFD simulations to the
increased manifold dimension. That is the case of Huang at al. [88], which used FGM
to characterize a MILD combustion lab-scale furnace adopting a 6D turbulent
manifold, tabulating counterflow structures. Another possibility for the tabulated
chemistry model is to use a homogeneous reactor instead of Flamelet. Chen at al.
[83,89] modelled partially premixed combustion cases by tabulating the chemistry
with a 0D Perfectly Stirred Reactor (PSR) configuration. Within the MILD combustion
framework, however, the choice of the ideal configuration (Flamelet or not) able to

locally reproduce the MILD combustion conditions still represents an open issue.

On the other hand, reaction rate-based approaches have been also proposed in the
literature and applied to MILD conditions. Among them, it is worth to mention the

Eddy Dissipation Concept (EDC) [90], which divides each grid cell into two regions:
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the fine structures, modelled as Perfectly Stirred Reactors and the surrounding fluid
mixture. Partially-Stirred Reactor (PaSR) model, originally proposed by Chomiak [91]
is a modification of EDC and is characterized by a different definition of the reacting
volume fraction, which turns in the ratio between kinetic time scale and the sum of
mixing and chemical scales. It has been used to model the Adelaide Jet in Hot Co-flow
(JHC) by Ferrarotti et al. [92]. In literature, there are works comparing EDC to
tabulated chemistry models for the same MILD configurations [93]. However, the
results showed that even the PaSR modelling paradigm needs modifications in case of
MILD conditions, thus indicting that still no numerical solutions have been pointed
out for such a regime. These numerical solutions may probably be also dependent on
the way the competition between chemistry and turbulence in achieved, thus further

motivating the activity carried out in the present PhD thesis.

Over the last years, JHC-like systems have been largely used to successfully assess
different modelling strategy for MILD conditions [89,94-96]. Despite that, the MILD
reactors, where the burned gas recirculation strongly influences the mixing and
chemical timescales, are still far to be effectively simulated (and well understood). In
fact, in addition to the effect of the dilution on the reactivity, the heat transfer
mechanisms must be properly modelled as well, including the radiation. To model gas
re-absorption, the dependence of the exhausts radiative properties on the wavelength
must be known. The most accurate method for calculating the radiative properties of
the combustion products is the Line-by-line integration [97] which uses spectroscopic
databases [98-100]. The databases contain a set of spectral line parameters required to
calculate spectral absorption coefficient for specified spectral location. However, line-
by-line calculations are not practical for engineering purposes and, therefore, for
computational fluid dynamics (CFD) models, the spectral variation of the gases is
commonly neglected and the spectrum is treated by a single average, i.e. by a gray
approximation [75,101,102]. Nowadays, the most common approach is to exploit the
detailed spectral databases available and compute the gray gas absorption coefficient
as an average of the spectral absorption coefficients weighted by the blackbody
emission fractions at the respective wavelength [103]. In particular, the HITEMP2010
database, which has been reported in [98,100,104], provide the most accurate results
if compared to other available databases. In order to predict in an affordable way the
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radiative re-absorption in MILD reactors, the Weighted-Sum-of-Gray-Gases Model
(WSGGM) [105] is usually adopted to model the spectrally dependent properties of
the combustion gases, making use of updated spectral databases. The basic assumption
of the WSGGM is that the total emissivity of a given non-gray gas can be presented as
the sum of the emissivities of a given number of gray gases. Recently, a modified
weighted-sum-of-gray-gases (WSGG) model [106] with four gray gases and one clear
gas was developed. In particular, the coefficients proposed in this model were used to
account for various temperature and various relative concentrations between H>O and
CO2 in each computational cell. Another interesting modification of the WSGG model
is represented by the Spectral Line Weighted sum of gray gases, SLW [107].
According to this approach, the black body and absorption coefficients of the generic
fictitious gray gas are calculated using detailed gas spectroscopic data captured by a
designed distribution function [108]. These modifications of the WSGG model
represent useful modelling options for the simulation of radiation in practical
combustion applications, being a reasonable compromise between the oversimplified
gray-gas model and a detailed line by line calculation. Finally, about the resolution of
the Radiative Transfer Equation (RTE) [109], the Discrete Ordinate Method (DO) [99]
seems to be the most reasonable choice for MILD reactors, due to its applicability to a
large range of optical thickness. This model allows solving the RTE for a set of discrete
directions spanning a full sphere around their origin. The resolution of the RTE along
each direction yields differential equations in terms of the new directions [110].

1.3 Objectives and Outline of the thesis

The main objective of this thesis is to shed light on the reactor and thermochemical
features of MILD Combustion systems. In particular, the author intends to highlight
which are the parameters and the mechanisms responsible for the establishment and
the stabilization of the MILD conditions. Such a target, in fact, represents a key factor
in order to favor the future development of these systems on a large scale. To achieve
this result, both experimental and numerical activity has been performed. By adopting
a tabulation of the chemistry by means of ideal configurations, the author wants to

reproduce the mean conditions inside a MILD reactor, defining which reasonable
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approximations regarding turbulence, kinetics and heat transfer can be assumed for
modelling such a regime. The combined experimental and numerical work, therefore,
is intended to identify the sensitivity of these systems to both design and operational
parameters and to define the most adequate strategies for the creation of the manifolds
in the tabulated chemistry context.

In the following chapter (see Chapter 2), the test case chosen is presented and
described in detail. In particular, a cyclonic configuration is considered in order to
emphasize the effect of the internal EGR of such systems. Afterwards, in Chapter 3,
each step of the CFD model based on tabulated chemistry used to treat the
turbulence/chemistry interaction is analyzed and described. Then the comparisons
between measured and simulated quantities are carried out (see Chapter 4) for different
operating conditions. Finally, a new tabulating strategy is presented and a reactor
analysis is conducted in order to define dimensional reduced manifolds which describe

the mean MILD reactors conditions in a proper way (see Chapter 5).

Finally, the main conclusions and findings of this study are summarized and

suggestions and recommendations for future studies are reported in Chapter 6.
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Chapter 2

Experimental test case

In this chapter, the test case object of the study is presented. It falls within the category
of MILD reactors, introduced in Chapter 1. First, the experimental apparatus is
described in detail (see Section 2.1). Then, the operational parameters regarding the
inlet conditions which can be ranged in such a system are defined (see Section 2.2).
Afterwards, the measurement techniques are reported and the uncertainties regarding
the evaluation of the temperature inside the combustion chamber are discussed (see
Section 2.3). Finally, the main mechanisms governing the heat transfer in this system
(see Section 2.4) and its peculiar thermal uniformity (see Section 2.5) are addressed.

2.1 Cyclonic chamber
The Laboratory Unit CYclonic (LUCY) burner considered in this study is shown in
Figure 2.1, where both a picture (at left) and a sketch (at right) are reported.

m
et

18cm

Oxidizer Fye) W 7, §r,

Steel 310s

: ., Superwool
‘ 607 HT

Fuel oxidizer

FIGURE 2.1 — PICTURE OF THE MIDPLANE SECTION OF THE CYCLONIC BURNER UNDER
FROZEN (TOP) AND MILD (BOTTOM) CONDITIONS AT LEFT; SKETCH OF THE CYCLONIC
CHAMBER, THE FEEDING SYSTEM, THE MOVABLE THERMOCOUPLES AND THE
MATERIALS AT RIGHT.
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The apparatus was designed and built in the laboratories of the Institute of Research
on Combustion (IRC) of the National Research Council (CNR) of Naples [23,111]. It
was already used, in the past, to characterize the occurrence of MILD Combustion
[23,54,57,111]. Such a system lays under the definition of MILD reactor given in the
first chapter, and, in particular, it refers to the category 3, where the Flameless
conditions (Tin > Tign & AT < Tign) are fulfilled by means of high levels of internal
EGR (see Table 1.1). The burner is based on a cyclonic flow configuration which is
due to the geometry of the chamber and the position of the inlets. In Figure 2.1, a
picture and a sketch of the frontal view at the midplane section (2.5 cm from the
bottom) are reported. The LUCY burner consists of a prismatic chamber with a square
section of 20x20 cm? and a height of 5 cm. It is fed with two pairs of coaxial
oxidant/fuel jets placed in an anti-symmetric configuration thus realizing a centripetal
cyclonic flow field. The oxidant injector is located at 2 cm from the lateral wall,
whereas the fuel injector is at 4.5 cm. The round section outlet is placed at a central
position, perpendicular to the frontal view. The combustor chamber walls have a three
layers structure: a 0.5 cm thick inner shell of alumina (99.7% Al>O3); a 1.5 cm thick
layer of heat-insulating material, the Superwool 607 HT; and a 1.5 cm thick outer shell

of stainless steel 310s. The inner and outer layer are shown in detail in Figure 2.2.

FIGURE 2.2 — INNER ALUMINA LAYER (LEFT) AND OUTER STEEL CASE (RIGHT) OF THE
CYCLONIC CHAMBER
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The cyclonic burner is equipped with a set of thermocouples (type N) and optical
accesses (quartz windows). The quartz windows position is shown in Figure 2.2. At
the left side of Figure 2.1, moreover, a view of the cyclonic chamber under MILD
regime, though the quartz window at the frontal position, is reported. The two type N-
thermocouples located at the midplane, depicted in Figure 2.1, can be moved along the
y-direction. The lateral one, placed at 2 cm from the wall along the oxidizer inlet
position, monitors the temperature T, while the central one, located at the centerline of

the combustion chamber, reads the temperature T.

2.2 Operative parameters

The LUCY burner is located within an electrically heated ceramic oven. The main
oxidizer stream passes through heat exchangers which are placed within the electrical
ceramic fibre heaters to increase the inlet temperature to the desired values (Tin).
Therefore, both preheated and non-preheated conditions can be obtained. In Table 2.1,
all the external operational parameters regarding the feeding conditions and the
operating ranges are reported.

TABLE 2.1 - LIST OF THE EXTERNAL OPERATIONAL PARAMETERS AND THEIR OPERATING
RANGES.

PARAMETER DESCRIPTION OPERATING RANGE
Tir Preheating temperature of the 300 (Ambient) + 1300 K
oxidizer
d External dilution level 71.48 (air) +~ 98
() Equivalence ratio 0.05+5
T Residence time 0.1+5s
P Thermal power 0.3+ 15kwW

The oxidizer stream is composed of oxygen and diluent and flows in the chamber at
Tin, which is an operating parameter that can be controlled by the heaters, whereas the
fuel stream is fed at environmental conditions. The pressure is fixed at 1 bar. The

21



2 - EXPERIMENTAL TEST CASE

external dilution level is accounted by defining a parameter d for the oxidizer inlet

mixture, which reads

d= motp 100 2.1
"~ moly, + moly, + molg @1

Where molp, moly, and molr are the overall inlet moles of diluent, oxygen and fuel,

respectively. The global equivalence ratio @ is defined as

molp/

@ = moloz (2.2)

(mOlF/mOIOZ)St

where the subscript st stands for stoichiometric condition. Finally, the residence time

rand the nominal thermal power P of the system are expressed by the following

T = . ( " )

P = WH, (2.4)

where V is the volume of the chamber, 1 is the overall inlet volumetric flow rate, wg

is the mass flow rate of the fuel and H; is the fuel lower heating value.

2.3 Measurements and uncertainties

The thermocouples system is depicted in detail in Figure 2.3. The movable N-
thermocouples, introduced in the first section, read the temperature profiles T and T.
Furthermore, a set of fixed N-thermocouples placed on the inner alumina wall and at
the outlet section, are used as well. The thermocouples on the wall, in particular,
evaluate the inner wall temperature, T,,, and, together with other thermocouples placed
on the outer steel case, allow estimating the global heat loss flux from the system, Q.
Such a value is also confirmed by the global enthalpy balance carried out by measuring

the temperature at the outlet, T,,;.
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Movable

N\

\ * Tout

T,

FIGURE 2.3 — THERMOCOUPLES SYSTEM

The uncertainties regarding the temperature measurement are experimentally obtained
by monitoring the gas temperature through the thermocouple for 5 minutes in each
case. Therefore, the average value is evaluated and both the minimum and maximum
deviations from it are reported. The yellow areas in Figure 2.3 show the maximum
uncertainties. These systematic errors are due both to the strong turbulent mixing
between the fresh mixture and recirculating exhausts (convective effect) and to the
radiative flux coming from the walls and the combustion products at high temperature
(radiative effect). In order to separate such effects, the convective part of the
uncertainty is evaluated under non-preheated and non-reacting conditions at ambient
temperature (heaters off). In this case, the wall radiative effects are minimized and
therefore the temperature errors are mainly due to perturbations of the thermocouple
due to the flow-field. On the other hand, the uncertainty related to radiation is
estimated from a steady-state energy balance on the thermocouple bead surface area,

by neglecting conduction. The actual gas temperature, T,, determined from the

measured temperature, Ty, reads

ooy (T, —Tk

where &5 is the thermocouple bead surface emissivity, o is the Stefan-Boltzmann
constant, Ty, is the averaged surface temperature of the walls, and & is the convection

coefficient calculated for a sphere. This approach leads to a maximum correction of

23



2 - EXPERIMENTAL TEST CASE

about 6% of the measured value due to radiation (in the yellow regions of Figure 2.3).
In particular, the systematic errors related to the lateral thermocouple are £2 and +6%
of the mean value for convection and radiation, respectively. On the other hand, the
uncertainties related to the central measurements are about +1% for convection and
+1.5% for radiation. Such results are consistent with the uncertainties experimentally

evaluated.

TABLE 2.2 OPERATING CONDITIONS TEST CASE FOR UNCERTAINTIES ANALYSIS.

Tin, K Diluent Fuel d () T, S P, kW
1125 N> CsHs 94 1 0.2 2
1500
1450 - i
K400 +6% +40%| - 15
1350 - ] =
1300 4 HH{HHJ{HHH _|'H‘H+HHHHH+‘H'}']
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FIGURE 2.4 — MEASURED TEMPERATURE PROFILES TL (LEFT) AND TC (RIGHT) WITH THE
RELATIVE UNCERTAINTIES UNDER A MILD CONDITION SAMPLE CASE.

In Figure 2.4, the lateral (Ti) and central (T¢) temperature profiles with the evaluated
uncertainties for the MILD condition case reported in Table 2.2, are depicted. The
experimental uncertainties, depicted as error bars, will be reported throughout this

thesis from now on.

The exhausts were monitored at the exit of the combustion chamber through a water-
cooled probe and the major species emissions (such as CO, CO and H.) were analyzed

by means of a Gas Chromatograph (GC) analyzer.
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2 - EXPERIMENTAL TEST CASE

2.4 Dominant heat transfer mechanisms

In order to identify the mechanisms governing the heat transfer inside the LUCY

burner, the following considerations can be done.

In general, inside a combustion chamber the heat exchange between reacting mixture

and walls, Q, can be expressed as the sum of a convective, Q., and a radiative term,

Q,, as
Q=0Q+0Q (2.6)

where the convective and radiative terms read
Qc = he(Tr — Ty) (2.7)
Qr = e;40(TF —Tit) (2.8)

where h; is the average convection heat transfer coefficient over the heat transfer area,
T,, the wall surface temperature, T the local near-wall fluid temperature, T, and &4
are the exhaust mixture H,O/CO2 mean temperature and emissivity, respectively
[112]. For a MILD reactor, Ty can be approximated to the mean gas temperature inside
the combustion chamber, T,, because of the absence of steep gradients and peaks of
temperature [41,57,58]. Doing this approximation, in order to compare the heat
transfer contributions for those systems, the ratio between radiative and convective

terms can be expressed as

pE@ ) o

Therefore, it can be assumed that such a relation approximates the thermal behavior of
each system operating as MILD reactor. Considering the case reported in Table 2.3,
the equation 2.9 is applied in order to calculate the convective and radiative

contributions under MILD conditions for the cyclonic burner.

TABLE 2.3 OPERATING CONDITIONS TEST CASE FOR HEAT TRANSFER ANALYSIS

Tin, K

Diluent

Fuel

d

D

P, kW

1000

N2

CH4

71.48

1

2
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2 - EXPERIMENTAL TEST CASE

In Figure 2.5, Q,-/Q. for CO2 and H0 as a function of the gas temperature T, at
different wall temperatures T,, (solid black lines) is depicted. The gas emissivity
g4(T,) is read from Hottel diagrams (see Figure 1.6). For the case reported in Table
2.3, a mean convective coefficient of 35 W/m?K is estimated, whereas T, and T,, are

the mean temperature measured by movable and fixed thermocouples, respectively.

For the considered case, the steady and stabilized MILD condition operating point is
localized in the red regions of the Figure, where the radiative heat transfer between
gases and walls is around 1.5 times the convective one, for both the combustion
products. Therefore, for the cyclonic burner under MILD conditions, the radiative heat
transfer plays a dominant role. In particular, the temperature of the walls appears to be
essential to move from a convective-based to a radiative-based heat transfer mode. The
latter, characterized by higher T,,,, favors the stabilization of MILD conditions, as well
proved by [41] by controlling the heat flux distribution at walls.

PL=10barcm PL=10barcm

1400 1950 2500 300 850 1400 1950 2500
T, K T, K

FIGURE 2.5 - RATIO BETWEEN RADIATION AND CONVECTION HEAT FLUX FOR CO>
(LEFT) AND H20 (RIGHT) AS A FUNCTION OF THE MEAN GAS TEMPERATURE AND AT
DIFFERENT WALL TEMPERATURES AND OPERATING POINTS UNDER MILD CONDITION
FOR LUCY BURNER (RED AREA).
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2 - EXPERIMENTAL TEST CASE

The analysis carried out can be easily replicated for other operating conditions and for
different MILD reactors with a large amount of internally recirculating combustion
products [41,50,56,58,88].

2.5 Thermal uniformity

The thermal homogeneity consists in a tendency of the system to present a large-scale
uniformity of the sensible enthalpy field (small temperature gradients). In general, the
thermal uniformity of a combustion system can be characterized by a parameter T,
defined by Cho et al. [113] as

N

Tu —1— lz (Ti - Tmean)
N = Tmean

(2.10)

Where T; is the measured temperature at certain location i, N is the total number of
locations and T4, IS the averaged value of all measured locations in the burner. The
value of the T,, varies between 0 and 1, where 1 indicates a perfectly uniform

temperature field.

The smoothness of the temperature field is a key feature of a MILD reactor. It is related
both to the low heat released by the reaction due to dilution and to the radiative transfer
between reacting mixture and walls. The temperature measurements inside the
cyclonic chamber confirm such behavior. In Table 2.4, T, is reported for several
operating conditions of the LUCY burner.

TABLE 2.4 THERMAL UNIFORMITY EVALUATED INSIDE THE CYCLONIC CHAMBER FOR
DIFFERENT OPERATING CONDITIONS.

Tin, K Diluent Fuel d T, S P, kW T,
1000 N2 CHas 71.48 1 2 0.96
1000 N2 CHa 80 0.75 2 0.97
1000 N2 CHas 90 0.36 2 0.98
300 \P) CHg4 71.48 3.38 2 0.92
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2 - EXPERIMENTAL TEST CASE

It is worth noting that T;, is higher than 0.95 for the conditions with preheating of the
inlet oxidizer stream at 1000 K, whereas it is only slightly lower for the non-preheated
case (0.92). This means that the cyclonic temperature uniformity under MILD regime
is not severely affected by the inlet conditions because of a number of effects which

tend to stabilize the system:

e The elevated recirculating flow rate of the combustion products (entrainment);
e The radiative heat transfer between exhausts and walls at high temperature
(cavity effect);

e The radiative re-absorption of the mixture CO2/H,0 (optical thickness).
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Chapter 3

Numerical methods

In this chapter, the numerical methodology considered to simulate the MILD
combustion conditions in the LUCY burner (see Chapter 2) is presented in three main
sections. In the first one (see Section 3.1) the turbulence-chemistry interaction model
based on chemistry tabulation is described. Then, the CFD details and assumptions
regarding computational grid, turbulence model and treatment of the heat transfer are
reported (see Section 3.2). Finally, the coupling between the tabulated model and the

CFD solver is shown and discussed (see Section 3.3).

3.1 Flamelet Generated Manifolds
In this Section, the approach used in this thesis work to model the strong turbulence-
chemistry interaction of the LUCY burner is described in detail. First, the main

assumptions of the model are introduced (see Paragraph 3.1.1). Afterwards, the

configurations used to solve the chemistry with detailed mechanisms are described
(see Paragraph 3.1.2). Lastly, the tabulation technique is presented (see Paragraph
3.1.3).

3.1.1 BASIC PRINCIPLES AND OPERATIONAL STEPS

The first concept of Flamelet Generated Manifold model is that a turbulent flame can
be assumed as an ensemble of 1D laminar flames [114]. In Figure 3.1 this statement is
illustrated using a 2D DNS solution from [7]. The black thick curve perpendicular to
the isoline of a mixture fraction Z, a conserved scalar representative of the mixing

between oxidizer and fuel (see Paragraph 3.1.3), is drawn at the left side of the Figure,

whereas the correspondent profile along Z of the molar fraction of H; is reported at
right. Is worth noting that the extracted data exhibits quite a 1D behavior, which

supports the Flamelet assumption.
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3-NUMERICAL METHODS

The second idea in FGM is that in a combustion system, the N-dimensional
composition space, composed of the molar (or mass) fractions of the species and the
enthalpy, can be represented with a lower N-M dimensional manifold [115]. The
coordinates of the composition space, in fact, according to FGM, can be assumed as a
function of a few controlling variables allowing the manifold reduction. The choice of
which and how many controlling variables to consider, therefore, represents a key
point for the modelling of the given combustion system. Usually, for a non-premixed
configuration, two variables are chosen: one representing the mixing between fuel and

oxidizer; and the other representative of the progress of the reaction.

Mixture fraction, Z

0.07

y(mm) ——
005
004k
0.03 . .
I B S S S
001

FIGURE 3.1 - DISTRIBUTION OF MIXTURE FRACTION IN A 2D DNS CALCULATION FROM
[7] (LEFT) AND DISTRIBUTION OF HYDROGEN MOLAR FRACTION ON THE FLAMELET
EXTRACTED FROM THE THICK BLACK CURVE (RIGHT).

Depending on the configuration of the combustion system to be modelled, other
controlling variable might be needed such as enthalpy, pressure, others progress
variables and internal dilution. In order to generate the manifolds, the 1D Flamelet
equations are solved and all thermochemical variables are stored in so called look-up
tables as functions of controlling ones. The choice of the canonical flame configuration
is another key point which depends on the type of process to simulate. Once the look-
up tables are created, the transport equations for the controlling variables are solved
and all the required variables are retrieved from the tables.
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3-NUMERICAL METHODS

Therefore, FGM allows to avoid the resolution in the CFD run-time of the transport
equations of all the species involved, where the related source terms are calculated for
each reaction from the chemical reaction mechanism. In fact, only the transport
equations for the controlling variables need to be solved and the source terms are
looked up from the tables. As a result, the required computational time is reduced by
orders of magnitude keeping an acceptable prediction accuracy if the Flamelet

configuration and the controlling variables are correctly chosen.
To summarize, there are three basic steps in the implementation of FGM model:

e The resolution of the 1D flame equations either in Flamelet or in space and
time coordinates;

e The storage of all the relevant thermo-chemical variables from the Flamelet
equations resolution into FGM tables as functions of few controlling variables;

e The calculation, during the run-time, of the controlling variables transport
equations, and the retrieving of the required thermo-chemical variables from
the look-up tables.

3.1.2 FLAMELET EQUATIONS

In this study, two different 1D Flamelet configurations are investigated: The Igniting
Mixing Layer (IML) [57,87,116] and the steady premixed flame [84,85]. In Figure 3.2,
the temperature profiles along the spatial coordinate s for the stoichiometric
air/methane mixture and both the configurations are depicted. IML (left side of the
Figure) is an unsteady non-premixed configuration where fuel and oxidizer,
completely separated at the initial time (t = 0), mix and react in time (t > 0). This 1D
flame is similar to the commonly used Igniting Counter Flow (ICF) diffusion Flamelet
except for the initial condition and inflow momentum. In fact, for ICF, a steady-state
mixing field is reached before any chemical reaction takes place. This assumption is
mainly valid if the time scale of mixing is much shorter than the chemical time scales.
Such an assumption, as discussed in Section 1.2, cannot be accepted for a strong
diluted MILD condition. Therefore, IML is a time dependent ignition-diffusion layer,
evolving from an initial unmixed state. Such an unmixed profile is adopted to include
diffusive effects in the pre-ignition stage. In this situation, the initial thermo-chemical

properties have a step-function profile in physical space with fuel at one side of the
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domain and oxidizer at the other. The scalar dissipation rate, thus, is initially very large
and decreases during the molecular mixing process, when the chemical reactions can

start at any time.

2600 2600 y
—t=0.7s i
2200 4| —t=0.6s 2300 -
LK —t=0.5s LK
1800 1|, _ s 2000 - ;
1400 { | t=04s 1700
-—-t=0s
1000 ; 1400 A
; | |—o=24 —o=16
600 - 1/ 1100 | |—®=1 —®=06
A : &=0.2
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FIGURE 3.2 - TEMPERATURE EVOLUTIONS ALONG THE SPATIAL COORDINATE, IN TIME
FOR AN IGNITING MIXING LAYER CONFIGURATION (LEFT), AND AT DIFFERENT
COMPOSITIONS FOR A PREMIXED FLAME (RIGHT). FOR BOTH CONFIGURATION THE
STOICHIOMETRIC AIR/METHANE CASE WITH THE C1C3 KINETIC MECHANISM [8] 1S
REPORTED.

Thus, in the IML Flamelet, the gradient of the mixture fraction is not enforced by an
inflow momentum (i.e. an applied strain) and it is governed purely by molecular
diffusion. The transport equations that describe a one-dimensional unsteady

counterflow are given by [117]

dp Jdpu
—+=—=—0G, 3.1)
o, oY, a( 6Yi>__ .’
Par TP ax T ax\Pligy) T @0 (3:2)
Nsp
oh, Oh_0 (i0h)_ 0 Zh Sy A0, \s
Por TP ox Tax\cyax) T ax\ L\ TG ax ) ) (3-3)

where p, C, and A stand for mass density, specific heat at constant pressure and

thermal conductivity, respectively. U; represents the diffusion velocity u the velocity
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x direction. Y; and @; are the mass fraction and the chemical production rate (kg/m3s)
of the i*" species where i ranges from 1 to Ng,, the total number of species. The
momentum balance is modelled through solving a transport equation for the tangential

velocity gradient or strain rate, G [117]:

oG oG 0 ( oG

- g 9,25\ 2
Pot TP % " ox ”ax> J = pG%, G4

where u is the viscosity and | = p,,a?, with a being the applied strain rate and p,,
the density at the oxidizer side. The computational time is set to 1 s within which the
flame attains a near steady-state. In practice, for an IML configuration is achieved by
solving the equations from 3.1 to 3.4 with a low the applied strain rate (a = 10 s),
using as initial condition a steady counterflow with no reaction and a = 10* s (dashed
line at left side of Figure 3.2), as reported in [116]. IML was already used for the
cyclonic burner modelling through FGM in previous works [57,118] since it

reproduces the non-premixed feeding system.

At the right side of Figure 3.2, the temperature profiles for the 1D steady premixed
flame are reported. In this case, the Flamelet equations are solved for different

compositions (different equivalence ratios @) [85]. In such a case, the equations read

dpu
W=O’ (35)
oY, 8/ ory
p a—ax@ La>=wi' (3.6)
Np
oh 0 (A 0h _0 Zh VU A 0Y; 37
PUax ~ ox C,0x)  ox & i\ Pt C,0x) | (37)

Although the burner has a non-premixed inlet configuration, the high internal
recirculation due to the cyclonic flow leads to a rapid mixing between the inlet jets,
explaining the choice of the authors to investigate the premixed configuration as well.
Moreover, it can be argued that the use of homogeneous reactors would be a better
option considering the high mixing levels inside the cyclonic chamber. However, the
preignition chemistry takes place as the streams start to mix and such an effect cannot
be captured with 0D models.
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In this thesis work, the 1D Flamelet equations in spatial and temporal coordinates (see
Equations 3.1-3.7) are solved using an in-house code developed at the University of
Technology of Eindhoven (TU/e), called Chem1D [119].

3.1.3 MANIFOLD GENERATION

In Chem1D the detailed chemistry solutions are computed in physical space and time.
These flame solutions are tabulated as a function of the chosen controlling variables.
Two controlling variables were adopted: a progress variable 7, to follow the progress
of the reaction and a mixture fraction Z to represent the mixing between fuel and
oxidizer. Therefore, a coordinate transformation from space and time to Z and J is

performed.

The mixture fraction is a conserved scalar. In particular, the following definition from
[120] is adopted:

2 Ze—Zcy n 1Zy —Zys Zo—Zop
. My, T2 M, M, 38)
ZZC,l —Zcp +lZH,1 —Zup  Zoi—Zop’ '
M, 27 My M,

where Z; is the element mass fraction and M; is the molar mass of the elements carbon
(C), hydrogen (H) and oxygen (0). The subscripts 1 and 2 refer to the constant mass

fraction in the defined fuel and oxidizer stream, respectively.

The progress variable is usually defined as a (linear) combination of reaction product
species. Such a definition should satisfy the requirement for monotonicity and should
represent the various stages during the reaction progress in a balanced way. Usually,
under traditional combustion conditions, the standard FGM model adopts CO; and
H0 to define the progress variable. However, in this work HO2 was also included in
J definition. In fact, according to Medwell et al. [121], in a MILD combustion system
first the preignition chemistry takes place and the precursor species like HO» and
CH.0O are produced, while the final products are not formed in considerable quantities.
Therefore, a combination of CO2, H,O and HO; was selected as a progress variable to
include the effects of both preignition and oxidation chemistries. The general form for

the linear combination of the combustion product Y, reads
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Ngp
Y, = 2 @Y, (3.9)
i=1
where «; refers to the weight factors of the specie i, which are optimized to yield a
smooth mapping of the variables with respect to the controlling ones. The coefficients
are chosen as ay,0=100/My,0, @co2,=100/M.(, and ayy,=1000/My,,, whereas ai=0
for all other species. Then, the progress variable J is obtained by scaling Y, between
0 and 1 using its maximum and minimum values, ¥,"%* and Y,"™", respectively, as
follows

YC _ chm

= max min*
YC - Yc

(3.10)

Accordingly, a scaled production rate of the progress variable, @, is defined as

N, .
. Zizsi ajw;
w7 = y.max _ y min’
c c

(3.11)

Thus, each thermochemical parameter ¢ calculated from Equations 3.1-3.4 or 3.5-3.7

(depending on the Flamelet configuration chosen), is tabulated as a function of Z and
d

¢ = ¢(Z J). (3.12)

The controlling variables definitions, the coordinate transformation and the storage in
the look-up tables were carried out by means of Matlab R2019a scripts [122]. In the
resulting 2D table, 50 grid points were chosen for both mixture fraction and progress
variable. In Figure 3.3, as an example, the manifolds in the Z, J space of w; and T,
calculated for the stoichiometric air/methane case and the IML configuration, are
reported. It can be observed that the maximum production rates and temperatures are

gathered at the stoichiometric mixture fraction Zst.

In order to include the effect of the turbulence, the dimension of the defined laminar
look-up tables needs to be enhanced by including the variances of the controlling
variables. Before that, the progress variable must be made statistically independent of

Z. In particular, J can be transformed in C as follows
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J—-J¢
C=—070,\ 3.13
b= Ju (3.13)
where g% and J? are the progress variable in unburned state and burned state,

respectively.
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FIGURE 3.3 - MANIFOLDS IN THE Z, (J SPACE FOR THE PROGRESS VARIABLE
PRODUCTION RATE (LEFT) AND THE TEMPERATURE (RIGHT) CALCULATED FOR THE
STOICHIOMETRIC AIR/METHANE CASE WITH THE C1C3 KINETIC MECHANISM [8] AND
THE IML CONFIGURATION.

Therefore, the laminar flame solutions are integrated with presumed g-PDF functions
[123] P of the mixture fraction Z and the scaled progress variable C, to account for

turbulent fluctuations. The mean quantities are defined as:
¢ = j f $(2,0)P(z,Z,2"?)P(C,C,C")dzdC, (3.14)
0 Jo

where ¢ is the fluctuation of the generic thermochemical variable, Z and C are the
mean values and Z”2 and C"’2 are the variances of mixture fraction and scaled
progress variable, respectively. Such explicit formulation is valid because Z and C are
statistically independent. Thus, the final FGM look-up table has four dimensions and

each fluctuation of the generic thermochemical variable is tabulated as

¢ =¢(2,27,C,C"). (3.15)
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The global grid consists of 50 points for the mean values and 11 points for the

variances (50x50x11x11 grid points).

3.2 CFD setup

The Reynolds-Averaged Navier-Stokes (RANS) equations for continuity, momentum,
total enthalpy and controlling variables (defined in the previous Section) are
implemented on the CFD solver, where the coupling between with the FGM model is
obtained. Before explaining how this is achieved, in this Section the details regarding

the computational grid (see Paragraph 3.2.1), the turbulence (see Paragraph 3.2.3) and

the radiative heat transfer model used (see Paragraph 3.2.3) are presented.

3.2.1 GRID INDEPENDENCE STUDY

A complete 3D geometry of the combustion chamber is considered for the RANS
simulations of the cyclonic chamber. An optimized hexahedral structured
computational grid, composed of about 400k elements, has been developed with
ANSYS Icem 18.1 [124]. The computational domain, depicted in Figure 3.4, covers
the complete inner volume of the cyclonic chamber. Its size is 20x20x5 cm? plus the
nozzles, which are long enough to guarantee a fully developed speed profile at the
inlet. The O-grid method was used to handle the round orifices at inlets and outlet of
the burner. A consistent refinement in the inlet region was carried out in order to
enhance the simulation of the mixing under turbulent conditions between fresh

reactants and recirculating exhausts.

To evaluate the reliability of the computational grid, a study of independence is
performed. In particular, the dependence of the CFD runs on the grid size is assessed
by considering two additional meshes: a sparser cell with 300k hexahedral elements
and a denser one with 600Kk cells. In Figure 3.5 the comparison between the predicted
temperature profiles at the midplane for the three grids is shown for the case reported
in Table 2.3.

37



3-NUMERICAL METHODS

FIGURE 3.4 — STRUCTURED COMPUTATIONAL GRID OF THE LUCY BURNER DEPICTED
FOR THE EXTERNAL DOMAIN (LEFT) AND THE INTERNAL MIDPLANE SECTION (RIGHT).
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FIGURE 3.5 — STUDY OF INDEPENDENCE ON THE NUMBER OF GRID CELLS.

Such a study reveals that a number of hexahedral cells higher than 400k do not affect
the numerical results. On the other hand, 300k elements lead to a temperature field less
homogeneous compared to the other grids, likely due to a not accurate computational
calculation. The choice of the mesh with 400k cells for the cyclonic chamber,

therefore, is justified.

3.2.2 TURBULENCE MODEL

The pressure-velocity coupling is ensured using the SIMPLE scheme whereas the
second-order upwind discretization is used for all the transported variables. The RANS

equations are solved using the k — ¢ turbulence model with re-normalization group

38



3-NUMERICAL METHODS

(RNG) [125] theory. The RNG introduces a new term in the equation of the turbulence
Kinetic energy dissipation rate &, which depends on the rate of strain of the turbulence,
thus improving the accuracy for rapidly strained flows. The standard k — € model is a
high-Reynolds number model whereas the RNG k — ¢ provides an analytically
derived differential formula for effective viscosity that accounts for low-Reynolds
number effects. Moreover, the swirl-dominated-flow option is included in order to
account for the effects of swirl or rotation by modifying the turbulent viscosity
appropriately. The effective use of this feature, however, depends on the appropriate
treatment of the near-wall region. The Enhanced wall treatment (EWT) [125],
therefore, is adopted as a near-wall modelling method. It combines a two-layer model
with the so-called enhanced wall functions, increasing the accuracy of the simulations
near the walls and reducing the mesh-dependency effects. In order to support the
choice of the k — & model, in Figure 3.6 the comparison between the flow-field
measurements obtained by means of Particle Image Velocimetry (PIV) and the
numerical simulation carried out with three different turbulence models is reported.
The PIV results are obtained under non-reactive conditions with a cold-flow cyclonic
configuration able to mimic the same fluid-dynamic patterns of reactive conditions

(same inlet Reynolds number and inlet average velocity).
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FIGURE 3.6 — COMPARISON BETWEEN THE MEASURED AND SIMULATED TANGENTIAL
VELOCITY PROFILES IN THE MID-PLANE ALONG THE DIRECTION AT X=0.1 M (LEFT) AND
AT Y=0.1 M (RIGHT).
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The turbulence models used, in particular, are the standard k — ¢, the RNG k — ¢ with
swirl correction and the Reynolds Stress Model (RSM). The tangential velocity v, is
reported for two reference lines, at x=0.1 m and y=0.1 m (see Figure 2.1), on the mid-
plane of the burner. It is worth noting that the models RSM and k-eps RNG with swirl
correction provide the best agreement with PIV data depicting very similar results. On
the other hand, the standard k — e model shows a worse agreement than the others.
Therefore, the k-eps RNG model with swirl correction is chosen for this thesis work
because of its lower computational cost with respect to RSM.

The inlet turbulence intensity level affects simulation results, similarly to other
configurations, such as JHC [126]. In particular, such parameter plays a relevant role
in the temperature field predictions, especially along the lateral thermocouple position.
In Figure 3.7 a sensitivity analysis on the inlet turbulence levels (TI) is reported in
order to support the choice of the value used for the cyclonic flow-field. Four different
values of the inlet turbulence intensity are investigated: 4%, 5%, 7% and 10%. The
results are reported by comparing the numerical temperature fields for each Tl value

with the measured ones for a diluted condition (d=90) of the mixture CH4/Air.
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FIGURE 3.7 — EFFECT OF THE INLET TURBULENCE LEVELS (T1) ON THE TEMPERATURE
PREDICTIONS.

40



3-NUMERICAL METHODS

The profiles are reported for the lateral thermocouple position (T)). The best agreement
with the temperature measurements is obtained for TI=5% and therefore this value is

chosen for the velocity inlet boundary in the CFD calculation.

3.2.3 RADIATION MODEL
The modelling of the radiative source term in the energy balance involves both the
evaluation of the gas radiative properties, &, and the resolution of the radiative transfer

equation (RTE) [109].

In this work, in order to model the radiative properties of the mixture H>O/CO,, a
modified Weighted-sum-of-grey-gases (WSGG) model with four gray gases and one
clear gas is implemented. The basic assumption of the WSGGM [127] is that the total

emissivity &, of a given non-gray gas over a distance s can be presented as the sum of

the emissivities of a fixed number N of gray gases, as follows

Mz

aj[1- exp( ps)], (3.16)
j=0

where a; and k; are the emissivity weighting factor and the absorption coefficient for

the j¢" fictitious gray gas, respectively. In particular, the bracketed quantity is the
emissivity of the j¢" fictitious gray gas, where p is the sum of the partial pressures of
all the absorbing gases and s is the path length. The absorption coefficient for clear
gas (j = 0) is zero. The modification of the WSGG is based on the use of the
coefficients proposed by R. Johansson et al. [106] in order to account for variations of
temperatures and concentrations of H>O and CO; in each computational cell. Both the
absorption coefficients and the weights depend on mole ratio, while only the weights

depend on temperature.

3 i-1
= Zc < ) ,  With Ty =1200K, (3.17)
=1 ref
Yi20
k Kl +K2 Fe— (3.18)
YCOZ

2

YHZO) (3.19)

Yo
¢ji = Clj; + C2j; 022 + €3, (
YCOZ

YCOZ
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where Yy, and Y.y, are mole fraction in the medium. The values for coefficients K1;,
K2;, C1;;, C2;;, and C3;; can be found in reference [106]. The weighting factors for

the clear gas are given by

ap=1- Z a; (3.20)

Jj=1

And makes the sum of the weights equal to unity. The total absorption coefficient is
then estimated by

In(1—¢,)
-—Z,

k = (3.21)

where the mean beam length, according to the domain-based recommended by Hottel
and Sarofim [127], reads

3.6V 229
s== (3-22)

where V is the volume of the domain and A the corresponding surface area. The use of
such modified WSGG to evaluate the absorption coefficient of the exhausts derives
from an optimization between accuracy and computational cost. In fact, the Spectral -
Line Weighted-sum-of-gray-gases (SLW) model [107], which allows a more advanced
modelling of the radiative heat transfer, was proved to give significant improvements
with respect to WSGG only in the flame front region, where high gradients of
temperature are located. Therefore, the flameless nature of the MILD process and the
low gradients within the combustion chamber support the use of a modified WSGG to

obtain reliable results for such systems.

On the other hand, the RTE is solved by using the Discrete Ordinate Method (DOM)
[99]. The RTE is a mathematical statement which expresses the conservation of a beam
of radiation (ray) travelling along a path through a medium. Radiation travelling along
a path is reduced by absorption and scattering (out-scattering) and is enhanced by
emission and by radiation in-scattered from other directions. The RTE for non-

scattering media reads

A

T =~ alea =), (3.23)
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where I is the spectral radiation intensity, I, is the spectral radiation intensity for a
black body and k; is the spectral absorption coefficient of the medium. The DOM
solves the RTE for a set of discrete rays spanning a full sphere around their origin.
Thus, the whole solid angle surrounding each point is split into a certain number of
smaller solid angles, each of them with its related direction. The resolution of the RTE

along each direction yields differential equations in terms of the new directions [110].

Therefore, for non-scattering media and evaluating the spectral radiative properties of
the exhaust mixture from equation 3.15, the equation 3.16 may be rewritten in terms

of the cartesian coordinate system (x, y, z), for any discrete direction s;, as follows

al-l- a1-|- al_k[ 1 3.24
fiax Uiay i 2 U, = 1), (3.24)

where &;, n; and ¢; are the directional cosines, which are the scalar products of s; and
the unit vector of the respective axis in the coordinate system. Thus, the radiation
intensity I, solution of the RTE (equation 3.23), modifies the radiative source term V -
q in the enthalpy equation, which represents the conservation of the overall radiative
energy of the system and can be expressed as

+00
V-q =J k(4nl, — fld(z), (3.25)
0 41T
where q is the radiative heat flux and 2 the solid angle. Finally, the walls of the burner
are treated as gray (opaque) with an emissivity of 0.6 (emissivity of the alumina layer).
The diffuse fraction is set to 1, indicating that all the radiation is diffused, and none is

reflected.

3.3 CFD code and FGM interaction

During the run-time, the RANS equations based on k — ¢ are for controlling variables,
mass, momentum and energy, in addition to the RTE (see Equation 3.24), are solved
on the commercial software ANSY'S Fluent [125]. In particular, the transport equations
for the Favre-averaged means and variances of the mixture fraction Z and the un-scaled

progress variable 7, read
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0 a7y =2 <-D+“t)az 3.26
6xl-(pui )_6xl~ PZTse,) ox | (3.26)
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In Equations 3.26-3.29, p is the Reynolds-averaged density, ii; the Favre-averaged
mean velocity vector, D the molecular diffusion coefficient, u, the turbulent viscosity,
Sc, the turbulent Schmidt number, @, the Reynolds-averaged mean chemical source
term of the progress variable (see Equation 3.11), A and B the modelling constants, k
and ¢ are the turbulent Kkinetic energy and the corresponding dissipation rate from the
turbulent model. In the equations given above, the gradient transport assumption [128]
coupled with unity Lewis numbers for all variables, is used to model the turbulent

diffusion terms.

In Figure 3.8 a schematic representation of the numerical method is summarized. In
particular, the model can be viewed as consisting of two separate parts. One being a
chemistry pre-processing part and the other an online calculation procedure where the
pre-processed chemistry is used in the form of a lookup database. This explicit
separation of the chemistry computation from the 3D flow field computation is the
reason for the gain in computational efficiency. Each run-step, the averages and
variances of the mixture fraction and the progress variable (Z,Z""2,J, J2) are

computed and used to interpolate in the FGM database in order to retrieve the desired

quantities. Then the progress variable is scaled (J, J"2 - C, 672) and the chemical
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sources for the mean and the variance of the progress variable and for the variance of

the mixture fraction are calculated and returned to the transport equations in question.
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FIGURE 3.8 - SCHEMATIC REPRESENTATION OF THE NUMERICAL MODEL SEPARATED IN
A PRE-PROCESSING AND AN ONLINE CALCULATION PART

Also, the species mass fractions are returned to the solver to compute the temperature
via the enthalpy conservation equation. Indeed, since the look-up table is created from
the computation of adiabatic Flamelet, the heat loss is not included in the manifold
and, therefore, it must be considered only in the CFD calculation. To this end, Fluent
simply freezes the species from the adiabatic table and recalculates the temperatures
and the source terms for the new enthalpy. The total enthalpy equation reads

0 (_~}~l)_ d (k+ tcp>6h L TTg 330
ax, P T 9y Pr, ) dx; @ (330)

where k is the mean thermal conductivity, ¢, the mean heat capacity, Pr; the turbulent

Prandtl number and V - g the mean radiative source term (equation 3.25). Therefore,
the enthalpy equation is modified by radiation by means of the radiative source term
which is a function of the radiation intensity I evaluated by the RTE (equation 3.24).

In order to calculate I in each run-step, the absorption coefficient of the medium k is
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retrieved from the radiative database [106] by using the mass fractions of the
combustion products, the temperature and the total pressure, which are looked-up from

the FGM table (T, P, Ycoz, Yaz0)-
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Chapter 4
Results of the CFD Modelling

The main results of the numerical simulation of the LUCY burner by using the
methodology presented in the former Chapter (see Chapter 3), are reported here and
discussed in detail. In the first section, some general results of the model are presented
and remarked (see Section 4.1). Then, to understand how the predictions of FGM are
affected by the chemistry, the role of the detailed mechanism and the Flamelet
configuration is investigated (see Section 4.2). Afterwards, the influence of the inlet
conditions on the model prediction is assessed. In particular, the numerical results are
compared with experiments, for different external operative parameters (see Section
4.3). Then, the effect of the radiative heat transfer on the model performance is
highlighted and discussed (see Section 4.4). In conclusion, in Section 4.5, the FGM
performances are compared to those obtained with the tabulation of a non-adiabatic
Perfectly Stirred Reactor (PSR).

4.1 CFD simulation of the MILD cyclonic burner
In this section, the main characteristics of the CFD simulations of the cyclonic chamber
with the FGM model are shown for case A, reported in Table 4.1. In the table, in

particular, the operative parameters (see Section 2.2) are listed.

TABLE 4.1 - BOUNDARY CONDITIONS OF CASE A.
CASE | Fuel | Diluent| d | TinK | ® | P,kW | Q,,, KW/M? | Ty, K
A CHg4 N2 71.4 1000 1 2 12 1250

The pathlines of the simulated flow field are depicted in Figure 4.1. From the figure,
it is worth noting that the CFD results confirm the presence of a strong recirculation
which ensures high residence times within the chamber. In fact, the pathlines show
that the by-pass flow leaving the system at the outlet section as soon as it gets inside
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the cyclonic chamber is nearly absent. The high-speed oxidizer jet leads to a robust
swirl within the reactor and the fuel jet is strongly bent by EGR, guaranteeing an
efficient mixing between the streams. Moreover, a large toroidal recirculation zone is
established inside the combustor, and the high gas recirculation rates promote the
attainment of the high-temperature and low-oxygen-concentration conditions required
for the stabilization of the MILD regime.

Velocity, m/s
26.7

FIGURE 4.1 — SIMULATED PATHLINES OF THE CYCLONIC FLOW FIELD FOR CASE A.

In Figure 4.2 the main boundary conditions and the contours of velocity and
temperature on two inner surfaces are reported for methane-fired conditions. At the
two couples of inlets, the velocities (velocity inlet boundary condition) of oxidant and
fuel are fixed at v,, and vy, respectively, whereas the preheating temperature of the
oxidizer is set to T;,, whereas the temperature of the fuel to 300 K. At the outlet section
(pressure outlet boundary condition) the temperature measured by a fixed N-
thermocouple, T, (see Section 2.3), is used. Furthermore, the heat loss flux at walls
Q,,, evaluated by means a global enthalpy balance (see Section 2.3), is set as a
boundary condition. The velocity field (left side of the figure) confirms the
considerations on the cyclonic flow field made in the pathlines analysis. The simulated
thermal field (right side of the figure) highlights the very homogeneous temperature
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distribution inside the chamber, as one would expect for MILD combustion, except for

the inlet zone.

Tin

Velocity, m/s

26.7
24.6
1226

1 20.5

Temperature, K

Tin

FIGURE 4.2 - SIMULATED VELOCITY (LEFT) AND TEMPERATURE (RIGHT) FIELDS OF THE
CYCLONIC CHAMBER FOR CASE A.

In Figure 4.3, the contours of mean and variance of the mixture fraction, mean and
source term of the progress variable and for the mass fractions of H.O, CO,, HO, and
OH, are depicted. The distribution of the mixture fraction shows that the fuel stream
is promptly mixed with the oxidizer and the recirculating flow as soon as it gets into
the chamber. Therefore, except for the inlet region, the value of the mixture fraction is
uniform and equal to Z,; (because of the stoichiometric inlet condition of the case
considered). Consequently, the variance Z””2 is concentrated in the inlet area and is
almost zero in the rest of the chamber volume. The field of the mean progress variable
J, on the other hand, evolves from the zero value at the inlets to the maximum value
in the centre of the burner. Indeed, in this region, the combustion products at
equilibrium recirculate, as shown by the contours of Y., and Y;,0. In the figure, it
can be also noted that the maximum production rate of the progress variable is located
in the mixing zone between the fuel and oxidizer streams, whereas it approaches zero
in the rest of the reactor. Such location for the reactivity of the system is also confirmed
by the peaks in the mass fractions of the combustion products and of OH and HO..

The mass fraction of HO., Y5, identifies the ignition region near to the fuel inlet,
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supporting the choice of using such a variable in the definition of the progress variable

(see Equation 3.9).
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FIGURE 4.3 - SIMULATED FIELDS FOR SEVERAL QUANTITIES ON THE MIDPLANE OF THE
CYCLONIC CHAMBER FOR CASE A

In order to assess the reliability of such numerical results and the dependency of the
prediction on the cyclonic burner boundaries, in the following sections, the simulations
will be compared to the experimental data obtained for a wide range of operative

conditions.

4.2 Sensitivity on the chemistry resolution
In this section, the sensitivity of the model on the kinetic mechanism (see Paragraph
4.2.1) and the 1D flame configuration (see Paragraph 4.2.2) chosen for the

computation of the Flamelet equations (see Equations. 3.1-3.7), is discussed.

TABLE 4.2 BOUNDARY CONDITIONS OF CASES A, B AND C.
CASE | Fuel | Diluent| d | Tin, K | ® | P,kW | Q,,, KW/M? | Ty K
B CsHg| N2 94 | 1045 | 1 1 5.1 1220
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To this end, the simulated thermal field is compared to the temperature measurements
of the two movable thermocouples, T) and T, (see Section 2.3). The operative

conditions investigated are reported in Table 4.2.

4.2.1 EFFECT OF THE KINETIC MECHANISM

To assess the role of chemistry in MILD conditions using the FGM model, different
kinetic mechanisms are tested for case B. In particular, a propane-fuel case is chosen
to carry out this analysis because of its more complicated kinetics compared to
methane, which is the other fuel object of this thesis study. In Figure 4.4, the
comparison between measured (with the relative uncertainties evaluated es reported in
Section 2.3) and simulated temperature profiles at the midplane is shown for three
different chemical kinetic mechanisms: C1C3 from Polimi [8], San Diego [129] and
the Lindstedt mechanism [130].

T
1500
1400+
K

1300+
1200
1100 o Exp

) i Lindstedt
1000- 1 — San Diego

| — Polimi C1C3

900 : ; . ; . . : ; . ; ; : . ;

0 0.05 0.1 0.15 02 0 0.05 0.1 0.15 0.2

¥, M Y. m

FIGURE 4.4 - MEASUREMENTS WITH UNCERTAINTIES (SYMBOLS WITH ERROR BARS)
AND PREDICTED TEMPERATURE BY FGM (SOLID LINES) USING THREE DIFFERENT
KINETIC MECHANISMS FOR CASE B.
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The IML configuration is used. As expected, the more detailed C1C3 reaction
mechanism from Polimi reproduces the measured temperature field with high accuracy
respect to the other two. In particular, San Diego overestimates the mean temperature
and presents a high inhomogeneity in the thermal field, whereas the Lindstedt
mechanism underpredicts the thermal field but preserves the uniformity of the
temperature. Moreover, both the San Diego and Lindstedt mechanisms predict a

delayed temperature increase in the region close to the oxidizer nozzle.

Based on these results, the C1C3 mechanism from Polimi was chosen for the numerical
simulations reported in the following sections (both for propane and methane) because

of its more reliable predictions for the considered hydrocarbon fuels.

4.2.2 EFFECT OF FLAMELET CONFIGURATION

In order to investigate the influence of the Flamelet configuration chosen to solve the
chemistry, here a comparison between the numerical results obtained with IML and
premixed flame (see Paragraph 3.1.2) is reported for cases A and C of Table 4.2. First,

in Figure 4.5, the manifolds of source term of the progress variable and temperature

are depicted for case A using both the 1D flames.

5000
PREMIXED 1D FLAME I 4000
11 3000
11 2000
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T(K)

1 2500
0.8 | ’ PREMIXED 1D FLAME ' IML l 2000
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d
1500
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02} I
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0 0.2 04 0.6 08 1 0 0.2 0.4 0.6 0.8 1
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FIGURE 4.5 - MANIFOLDS IN THE Z, J SPACE FOR w4 AND TEMPERATURE CALCULATED
FOR CASE A WITH PREMIXED 1D FLAME (LEFT) AND IML (RIGHT).
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It is worth noting that in order to extend the manifold to the mixture fractions located
outside the flammability limits, for the premixed case, a linear interpolation was made,
asitis clear in the figure, especially for the rich area. The premixed flame shows higher
values of the w; compared to IML, due to the absence of diffusive transport. On the
other hand, the same temperature range is observed, because of the adiabaticity of both
Flamelet equations. However, for the premixed flame, an overestimation of the

temperature is predicted for mixture fractions near to 1, due to the interpolation.

In Figure 4.6, the predicted temperature profiles along the central and lateral positions,
T and T, using both IML and the 1D premixed flame, are compared to the measured
data for cases A and C. The experimental data (symbols) emphasize the high

isothermality of the system with very small temperature gradients.
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FIGURE 4.6 - MEASUREMENTS WITH UNCERTAINTIES (SYMBOLS WITH ERROR BARS)
AND PREDICTED TEMPERATURE BY FGM (SOLID LINES) USING TWO DIFFERENT
FLAMELET CONFIGURATION FOR CASE A AND C.
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The numerical results are in better agreement for case C compared to case A (the
reasons will be discussed in detail in the following sections). For both the cases, the T
profile shows no noticeable difference between the simulated temperature adopting the
IML or the premixed 1D flame in FGM computation. Regarding the T, profile, the
effect of the Flamelet configuration is noticeable only in the inlet zone (y < 0.04 m).
In fact, the use of the IML flame structure leads to an early ignition and a higher peak
compared to the premixed one. This can be explained by the effect of the diffusion in
IML, which moves the temperature towards the hot oxidizer side. However, such an
effect is less marked for the most diluted case C. Following these findings, the
numerical results reported in the following sections will be related to the IML
configuration, in order to account for the diffusion effects in the mixing zone and to

avoid the errors given by interpolation.

4.3 Sensitivity on the external operating parameters

In this section, it is studied how the inlet boundaries (operative parameters) affect the
predictivity of FGM for the cyclonic burner. In the following paragraphs is reported
the effect of inlet mixture composition (see Paragraph 4.3.1), inlet preheating

temperature (see Paragraph 4.3.2), inlet dilution level (see Paragraph 4.3.3) and diluent

nature (see Paragraph 4.3.4). The cases considered are listed in Table 4.3.

TABLE 4.3 BOUNDARY CONDITIONS OF THE CASES USED IN THE SENSITIVITY STUDY.

CASE | Fuel | Diluent| d | Tin K | @ | P,kW | Q,,, KW/m? | T, K
B |CsHs| N 94 | 1045 | 1 1 5.1 1220
D |CsHs| N 94 | 1045 |0.33| 0.35 35 1140
E [CsHs| N 94 | 1045 |1.67| 15 3.8 1180
F |[CsHs| N 94 | 1075 | 1 1 5.3 1250
G |[CsHs| N 94 | 1125 | 1 1 5.6 1290
A | CHs| N2 |[714] 1000 | 1 2 13 1250
E | CHs| N 80 | 1000 | 1 2 12 1230
C |CHs| N2 90 | 1000 | 1 2 11 1210
H | CHs| CO; |714| 1000 | 1 2 12 1250
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4.3.1 INLET MIXTURE COMPOSITION

In order to investigate the effect of the inlet composition of the fresh mixture, both the
thermocouples profiles at the mid-plane and the major species composition at the outlet
are examined and compared to the numerical results of FGM. In Figure 4.7, the
comparisons between modelled and experimental thermal field are shown for a lean, a

rich and a stoichiometric composition, respectively cases D, E and B (see Table. 4.3).

The experimental data (symbols) underline the elevated thermal uniformity of the
MILD combustion regime for all the three compositions. Indeed, the difference
between the maximum temperature in the burner and the average measured
temperature is less than 60 K. Such uniformity is particularly marked because of the
high inlet dilution of the conditions under attention (d=94). The stoichiometric case B
shows the maximum mean temperature. In particular, after the mixing (0 <y <
0.025 m) the T profile depicts a steep increase before reaching an almost constant
value of 1290 K, whereas the T trend is nearly isothermal. As expected, the lean and
rich fuel conditions (cases D and E) lead to lower temperatures with respect to the
stoichiometric condition B. In particular, the mean temperature for case E is about 50
K lower, whereas, for case D, the decrement is of around 100 K. It can be noted that
the more the mean temperature decreases, the more the thermal field is uniform,

especially in the central region (y = 0.1 m).

Regarding the numerical results, they are in a very good agreement with experiments.
Nevertheless, the stoichiometric case B is slightly overpredicted along T, and
underpredicted in the central region of the T profile. Such discrepancies are reduced
for the rich case E. The case D, on the other hand, shows a very good agreement. For
all the cases, however, the very rapid temperature increase near the inlet region is not
captured. In this region, in fact, there are high turbulence levels and radiative heat
fluxes that, on one side, lead to elevated measurements uncertainties, and, on the other,

highlight the weaknesses of the turbulence and radiation models adopted.
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FIGURE 4.7 - MEASUREMENTS WITH UNCERTAINTIES (SYMBOLS WITH ERROR BARS)
AND PREDICTED TEMPERATURE BY FGM (SOLID LINES) AT DIFFERENT INLET
COMPOSITIONS.

In Figure 4.8, the major combustion products measured at the exit of the burner, CO»,
CO, H2 and CzH> (volumetric percentage on a dry basis), were compared with the
numerical results for the same three cases. For all the cases investigated, the
compositions of NOx species were negligible. The comparison is reported as a function
of the equivalence ratio. It can be observed that the emissions of Hz, CO and C;H: are
very low in lean and stoichiometric conditions, confirming one of the most important
characteristics of MILD combustion. The emissions increase for fuel-rich conditions
as expected. The modelled compositions are in good agreement for all the species
except for CO in stoichiometric conditions (case B). The slight disagreement in the
CO prediction for case B might be due to the thermodynamic equilibrium between CO
and CO2, which strongly depends on the system temperatures [131,132]. Another
possible source of disagreement may be related to the effect of recirculation on
ignition. In fact, the flow field of the combustion chamber is highly convoluted, and

the ignition is influenced by the dilution of the recirculating flow.
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FIGURE 4.8 - COMPARISON BETWEEN THE MEASURED (SYMBOLS) AND MODELLED
(SOLID LINES) VOLUMETRIC CONCENTRATIONS OF MAJOR SPECIES AT DIFFERENT INLET
COMPOSITIONS.

4.3.2 PREHEATING TEMPERATURE

In a similar way to composition, the effect of the inlet preheating level of the oxidizer
jet is investigated by comparing the measured and modelled thermal field at the
midplane of the cyclonic chamber. In Figure 4.9 the temperature profiles measured by
central and lateral thermocouples are reported as symbols for conditions B, F and G of
Table 4.3, which correspond respectively to inlet temperatures of 1045, 1075 and 1125
K. The steep increase of the temperature along T, near the inlet is very similar for all
the cases, displaying a slight decrease in the AT, defined as the difference between the
reactor mean temperature and Ti,, when the preheating temperature is higher. The
same degree of isothermality is depicted along the central profile T¢ with the trend that
shifts toward higher temperatures moving from case B to case F and from the latter to
case G. The simulated temperature profiles are reported and depicted with lines. They
are in good agreement with the measurements, except for some regions. In fact, at the
lateral position, the increase of temperature from the inlet value is delayed, whereas
the underprediction along T¢ in the central area (y ~ 0.1 m) discussed for Figure 4.7,

is more accentuated for high preheating cases (G and F). The same considerations
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about the sources of disagreement between model and experiments made in the

previous paragraph can be replicated for these cases.
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FIGURE 4.9 - MEASUREMENTS WITH UNCERTAINTIES (SYMBOLS WITH ERROR BARS)

TEMPERATURES.

AND PREDICTED TEMPERATURE BY FGM (SOLID LINES) AT DIFFERENT INLET

From the results shown in this paragraph and in the previous, it can be stated that the

model is able to replicate the mean inner temperature of the cyclonic chamber for the

conditions under attention. Moreover, an important consideration can be done

regarding the performance of the model: FGM allows reproducing the thermal

behavior of the cyclonic chamber in a better way for inlet cases with lower reactivity

of the inlet mixture (lean and low preheated cases). Such a claim will be supported by

the results presented in the following paragraphs.

4.3.3 DILUTION LEVEL

Here, the influence of the external dilution level d is presented by the investigation of

three operating conditions reported in Table 4.3. They are related to different amounts
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of N2 in the oxidizer stream: from air condition (case A) to 80% (case E) and 90%
(case C) of diluent in the whole fresh mixture. In Figure 4.10, the adiabatic and laminar
manifolds of the source term of the progress variable (w;) and temperature (T), are
shown for cases A, E and C. It is worth noting that by increasing the dilution level the
maximum source terms and temperatures decrease and move with the stoichiometric
mixture fraction. Therefore, the reactivity is strongly reduced by tabulating a highly
diluted case, as expected. In particular, for case C, the adiabatic source term of w is
about 500 kg /m3s , two orders of magnitude lower than the air-dilution case A. The
maximum temperature (for ;J approaching a unit value) goes from about 2500 K for

case A to around 1800 K for case C.

0 0.1 0.2 0.3
Z Z

FIGURE 4.10 - MANIFOLDS IN THE Z, J SPACE FOR w g (LEFT) AND TEMPERATURE
TRENDS AGAINST Z CHANGING (J (RIGHT), FOR THREE DIFFERENT DILUTION LEVELS.
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In Figure 4.11, the predicted temperature profiles along T and T, are compared to the
measured data for the same conditions. The experimental data (closed symbols) show
again the high isothermality of the system and the very small temperature gradients
even for low dilution cases (A and E). In particular, the thermal field appears only
slightly less homogeneous compared to the cases at 94% of the overall dilution level
(see Figure 4.7 and 4.9). On the other hand, the numerical profiles (solid lines) present
a worse agreement with the experiments, especially along the lateral thermocouple
position. Regarding T¢, the cases A and E show an overestimation of about 100 K in
the near-wall regions (0 <y < 0.04 and 0.16 <y < 0.2 m). For case C such
overprediction is strongly reduced. Such a case, therefore, depicts the best prediction

of the data, which corresponds to the more uniform simulated profile.

1800
1700 - CASEA | - CASEE | | CASE C
T, K 1600 -
1500 -
1400 -
1300 -
1200 -
1100 -
1000 ¢
1800
1700 - CASEA | - CASEE | CASEC
T., K 1600 - 1
1500 -
1400 -
1300
1200
1100

IDUU T T T T T T T T T T T
a 005 010 015 02 0 0,05 0.1 015 02 0 005 010 015 02

¥, m ¥, m ¥, m

ey @

FIGURE 4.11 - MEASUREMENTS WITH UNCERTAINTIES (SYMBOLS WITH ERROR BARS)
AND PREDICTED TEMPERATURE BY FGM (SOLID LINES) AT DIFFERENT INLET DILUTION
LEVELS.
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About the lateral position Tj, it can be noted that the cases A and E present a strong
overestimation of the experimental data (more than 200 K) throughout the y
coordinate, with a peak near the inlet. In a similar way to T, such disagreement is
reduced by increasing the inlet dilution level (case C). Therefore, only for d = 90%,
the model FGM predicts with a good agreement with the experimental data along T.
The results obtained pointed out that, on the contrary of composition and preheating
temperature, the increase of the external dilution level d highly affects the modelling
predictions of the cyclonic burner through FGM. As discussed in the previous
paragraphs, a more reactive tabulated inlet condition leads to an overestimation of
temperature under MILD conditions.

m's/ o 3 6 9 12 135 15 300 550 800 1050 1300 1550 1800
CASE A o
-
CASE E =1
CASE C |
i
0.08m

0.06 m

FIGURE 4.12 - CONTOURS OF @4 (LEFT) THE TEMPERATURE (RIGHT) AT THE INLET
REGION FOR THREE DIFFERENT INLET DILUTION LEVELS.
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To better understand the reasons for such behavior, the contours of w; and the
temperature fields in the inlet region are portrayed in Figure 4.12. The region near the
inlets (0.08 m along the y-axis and 0.06 m along the x-axis) is illustrated, since,
according to the model, this is the only area of the chamber where the system reactivity
is located (source terms not negligible). Regarding w4, the air-diluted case A depicts
a distributed source term in the zone between the two nozzles, whereas in the more
diluted cases (E and C) this term has a lower magnitude but is more extended around
the oxidizer flow. In particular, the most diluted case C presents a maximum value of
the reaction rate of about 6 kg/m3s, which is extended to a wide region at the sides
of the oxidizer inlet jet. This transition of the reactivity location from the near-fuel
region to the surroundings of the oxidizer is due to the modification of the manifolds
at higher d, with the decreasing of the stoichiometric mixture fraction (see Figure
4.10). On the other hand, the stretching of the source terms is also related to higher
velocities of the oxidizer inlet jet, which are needed to keep the same thermal power
for each case. The thermal field, with the lower temperature gradients and the ignition
that moves away from the inlet region as the dilution level increases (from case A to
C).

In general, it can be concluded that the changing of the dilution level of the inlet fresh
mixture affects in a consistent way the predictions of FGM. Particularly, the model is
to be able to predict the reactivity of the system for the so-called “MILD external
conditions”, i.e. MILD conditions inside the reactor realized by means of inlet
operative boundaries (high inlet dilution and preheating). On the other hand, for
“MILD internal conditions”, i.e. when the Flameless regime is achieved mainly thanks
to the burned gas recirculation (low inlet dilution and no-preheating), the numerical
model cannot account for the impact of the internal dilution on the reactivity and,
therefore, FGM overpredicts the experimental data at the inlet zone, where the mixing
with the exhausts and the following ignition occur.

4.3.4 DILUENT NATURE
Finally, the role of the diluent species is investigated. In Figure 4.13, the adiabatic and

laminar manifolds of w; and the profiles of T against Z for different J are reported for
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cases A and H of Table 4.3. Such conditions related to N> and CO; as a diluent,

respectively.
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FIGURE 4.13 - MANIFOLDS IN THE Z, J SPACE FOR w4 (LEFT) AND TEMPERATURE
TRENDS AGAINST Z CHANGING (J (RIGHT), FOR N2 (CASE A) AND CO; (CASE H) AS
DILUENT SPECIES.

The replacing of N2 with CO> (from case A to case H) leads to a decreasing of the
reactivity and of the adiabatic temperatures at various progress variables. Therefore,
the global effect is the same as that related to the decreasing of the inlet dilution level
(see Figure 4.10).

In Figure 4.14, the predicted temperature profiles along T and T, are compared to the
measured data for the two cases. The experimental data (closed symbols) show again
the high isothermality of the system and the very small temperature gradients even for
the other diluent species. The case H, moreover, indicates a more uniform temperature
compared to A, due to the radiative properties of CO2. The mean temperature for case

H is lower of about 50 K than case A. The general agreement of FGM with the
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experiments is strongly improved for the CO: dilution. In particular, along the central
thermocouple position, the isothermality of the system is reproduced with higher
accuracy because of the radiative re-absorption due to the high concentration of carbon
dioxide (absorbing/emitting species). The overprediction along T, however, is still
present, although in a reduced quantity.
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FIGURE 4.14 - MEASUREMENTS WITH UNCERTAINTIES (SYMBOLS WITH ERROR BARS)
AND PREDICTED TEMPERATURE BY FGM (SOLID LINES) FOR N2 (CASE A) AND CO
(CASE H) AS DILUENT.

In order to separate the relative contribution (chemistry, heat capacity and radiative
properties), in addition to cases A and H, a case H* is numerically investigated as well.
For such condition, in fact, a fictitious diluent N2*, which is N, with the radiative
properties of the carbon dioxide, is considered in order to evaluate the role of the
radiative re-absorption at the CFD level. In Figure 4.15 the contours of w; and T for
cases A, H and H* are illustrated. It is worth noting that the case H shows almost the
same values of reaction rate and temperature as the case E (d=80%) reported in Figure
4.12. This is mainly due to the similarity for their adiabatic and laminar manifolds (see
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Figure 4.10 and 4.13), which demonstrate that the increasing of the dilution level d
from 71.4 to 80 % produces almost the same reduction of the reactivity that replacing
N2 with CO as the diluent species, for the case with d=71.4%. However, unlike case
E, case H shows no reaction rate near the fuel jet. Therefore, the use of CO; as diluent
leads to the reduction of the reactivity and to the displacement of the reaction zone on
the oxidizer jet side. These results are due to both the chemistry and physical properties
of the carbon dioxide. Case H*, on the other hand, presents a reaction zone distribution

similar to the one of case A but reduced in value.
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FIGURE 4.15 - CONTOURS OF @4 (LEFT) THE TEMPERATURE (RIGHT) AT THE INLET
REGION FOR N2 (CASE A), CO2 (CASE H) AND THE FICTITIOUS SPECIES N2* (CASE H*)
AS DILUENT.

In order to explain this finding, in Figure 4.16 the comparison between the simulated

temperature profiles T¢ and T, for the same conditions are depicted. Regarding T¢, the
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case with fictions diluent H* is only slightly different from the case with CO2 dilution
H (around 40 K due to the difference between the heat capacity of CO2 and N),
because of in this region the reactivity is negligible and the radiative heat transfer is
dominant. On the other hand, T, shows that in the inlet zone (y < 0.08 m) the
temperature trend for H* follows that of case A (N2 dilution), confirming the dominant

role of the chemistry in the inlet region.
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FIGURE 4.16 - NUMERICAL LATERAL (LEFT) AND CENTRAL (RIGHT) TEMPERATURE
PROFILES FOR N2 (CASE A), CO2 (CASE H) AND THE FICTITIOUS SPECIES N2* (CASE H*)
AS DILUENT.

From the results reported and discussed in this section, three main conclusions can be
summarized regarding the comparison, varying different operative parameters,

between the FGM model and the experimental measurements inside the LUCY burner:

- The measured thermal field under MILD conditions is very uniform for a large
range of operative conditions and, in particular, its isothermality is conserved
in the absence of external dilution;

- The model is able to predict successfully the MILD temperature field observed
experimentally only for cases where the inlet fresh mixture has a small
reactivity due, for example, to high dilution, low thermal power and very lean

compositions;
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- The radiative heat transfer possesses a key role in reproducing the isothermality

of the cyclonic chamber.

The last point, particularly, will be analysed in more detail in the next dedicated

section.

4.4 Sensitivity on the radiative heat transfer

In order to highlight the importance of the heat transfer mechanism in the modelling
of the cyclonic burner, the three conditions reported in Table 4.4 are investigated in
this section. Cases A and B are related to a preheating condition with different dilution
level, whereas case | represents a non-preheating and non-diluted (air stream as

oxidizer) case.

TABLE 4.4 BOUNDARY CONDITIONS FOR CASES A, C AND |.
CASE | Fuel |Diluent| d | Tin K| ® | P,kW | Q,,, KW/m? | T, K
A CHq N, |714] 1000 | 1 2 13 1250
C CHa N2 90 | 1000 | 1 2 11 1210
[ CHa N |[714] 300 | 1 2 125 1050

In Figure 4.17 the simulated contours of temperature are depicted for case A fora CFD
resolution with and without radiation model (see Paragraph 3.2.3). In particular,

neglecting radiation in the CFD means that the total heat loss flux Q, is only equal to
the internal convective heat transfer (see Equation 2.7) and not to the sum between this
term and the radiative one (see Equation 2.6). Moreover, in the total enthalpy equation
(see Equation 3.30), the radiative source term V - g is equal to zero. From Figure 4.17
it is clear the elevated impact of the radiation model on the uniformity of the simulated

thermal field.

The influence of the radiation model is emphasized in Figure 4.18, where the
comparisons between the measured temperatures (symbols) and the numerical profiles
(lines) obtained with and without radiation model, are reported. The dashed lines
represent the temperature profile obtained by considering that all the heat transfer

between gases and walls is related to convection, whereas the solid lines refer to the
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standard methodology used (with radiation). From this figure, it is confirmed that the
radiative heat transfer is crucial to get a good agreement between experimental data

and numerical results.
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FIGURE 4.17 - SIMULATED TEMPERATURE FIELDS WITHOUT (LEFT) AND WITH (RIGHT)
THE INCLUSION OF THE RADIATIVE MODEL. CASE A.
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FIGURE 4.18 - MEASUREMENTS WITH UNCERTAINTIES (SYMBOLS WITH ERROR BARS)
AND PREDICTED TEMPERATURE BY FGM WITH (SOLID LINES) AND WITHOUT (DASHED
LINES) RADIATION MODEL AT DIFFERENT INLET CONDITIONS.
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The radiation model allows reproducing the spatial uniformity of the thermal field
inside the cyclonic chamber, one of the most important features of MILD Combustion
regime. As already commented in the previous section, the low reactive case C shows
the best fitting with the experiments. However, for this case the radiation contribute is
lower respect to cases A and I. Such a result is expected because of the higher amount

of the inert species in the absorbent spectrum No.

In order to understand the reason for such a big impact of radiation in CFD modelling,
in Figure 4.19 the contours along the midplane of the volumetric absorbed and emitted
radiation are shown. As reported in Equation 3.25, the difference between these two
terms gives the radiative heat flux, which modifies the energy equation (see Equation
3.30). The emitted radiation is very high in the ignition zone, where the highest
temperature peak is detected, whereas the absorption is maximum in the central part
of the cyclonic chamber. This explains how the inclusion of the radiation model leads,
on one hand, to reduce the overestimation of the temperatures along T, and, on the

other, to higher temperatures in the central position (see Figures 4.17 and 4.18).
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FIGURE 4.19 - SIMULATED FIELD OF THE VOLUMETRIC ABSORBED AND EMITTED
RADIATION AT THE MIDPLANE OF THE CYCLONIC CHAMBER FOR CASE A.
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In Table 4.5 the temperature uniformity T, (see Equation 2.10), introduced in Section
2.5, is reported both experimentally and numerically for the cases under attention (see
Table 4.4). The measured temperature uniformity TSP is very high for all the
conditions studied, both for the preheated case A (T, = 0.96) and for the non-
preheated case | (T, = 0.92). Regarding the model, it is estimated how T,, changes
not including (T;NV°744) and including (T,F¢™) the radiative heat transfer mechanism. It
is found that the gain in terms of thermal uniformity due to radiation is lower increasing
the dilution level d (from case A to C), whereas it remains constant decreasing the
preheating (from case A to I). In general, the experimental isothermality is better
captured considering both radiation and convection mechanisms.

TABLE 4.5 - UNIFORMITY FACTOR FOR EXPERIMENTS AND SIMULATIONS INCLUDING AND
NOT THE RADIATIVE HEAT TRANSFER MODELLING.

CASE A CASEC CASE |
TNorad 0.80 0.91 0.75
TFGM 0.93 0.94 0.88
TP 0.96 0.98 0.92

Furthermore, the importance of radiation can be expressed through the evaluation, for
each condition, of the parameter R, defined as

FGM Norad
R = Ty — Ty

ey 100 (4.1)

u

This parameter expresses the role of radiation, as a percentage, on reaching the
measured temperature uniformity level. The dependence of R on the heat loss flux Qy,
is numerically estimated for case A and reported in Figure 4.20. It is worth noting that
for the range of heat loss of the system evaluated by experiments (gray band), the gain
in terms of isothermality related to the radiative transfer presents a maximum. Near
adiabatic conditions (lower Qy,), in fact, the internal heat exchanged in the cyclonic

flow by convection makes the thermal field uniform. This also explains the reduced
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influence of the radiative model on isothermality for more diluted case (see Figure

4.18 and Table 4.5), which have lower values of heat loss.
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FIGURE 4.20 - ROLE OF RADIATION ON TEMPERATURE UNIFORMITY (EXPRESSED BY THE
PARAMETER R) AS A FUNCTION OF THE OVERALL HEAT LOSS BY THE SYSTEM. CASE A.

On the other hand, a very high amount of Q,, means high gradients of temperature
between reacting mixture and walls and then a dominant role of the convective heat
transfer. Therefore, itis possible to claim that radiation, in this kind of systems, ensures
isothermal conditions even for a high level of global heat loss. Such a consideration is
very important because, for a MILD reactor, the right level of heat loss at walls is

crucial to obtain the desired performance in terms of pollutant emissions.

From the results shown in this section, it can be discussed that, unlike traditional small-
size combustion processes, the role of radiative heat transfer in high-EGR combustion
systems cannot be ignored and needs to be addressed in a proper way in the modelling

activity. The main conclusions can be summarized in the following two points:

e The high uniformity of the temperature observed experimentally under the
operative conditions investigated can be numerically reproduced only by

including the radiative heat transfer;
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e The importance of the radiative heat transfer is amplified, in this kind of

system, by the high amount of overall heat loss at walls.

4.5 Comparison with PSR tabulation

In this final section of the chapter, the numerical results of FGM are compared to those
obtained by means of a non-adiabatic tabulated chemistry approach [83] for the
operative conditions of high dilution and preheating (cases B, D, E, F and G) reported
in Table 4.3. Such a model represents an extension of the approach proposed in [89]
by performing the PSR calculations over a range of heat loss levels, in order to include
the enthalpy as a controlling variable. In Figure 4.21 a scheme of the non-adiabatic
PSR calculation performed is depicted. The standard set of unsteady 0D PSR equations
are solved and the heat loss sink term @ is included in the enthalpy equation. All the

details of the numerical methodology are reported in [83].
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FIGURE 4.21 - SCHEMATIC OF THE NON-ADIABATIC PSR.

At the left side of Figure 4.22, the simulated fields at the half midplane of the mean
reaction rate @ and temperature, for case B, are shown. It can be noted that the
numerical thermal field is similar to that found with FGM (see Figure 4.2). The
reaction zone is located around the oxidized jet in agreement with the distribution of
w4 predicted by the Flamelet model for highly diluted condition (see Figure 4.12),
whereas the mean value of w is higher than the one of w ;. Moreover, on the right side

of Figure 4.22, the distribution of w is depicted in the inlet zone for different cases. It
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is worth noting that case D shows a lower and more distributed mean reaction rate,
which is stabilized at one side of the oxidizer jet. For such a case, indeed, the
composition of the fresh mixture is lean, and the total thermal power is lower than the
other cases (0.35 kW). Therefore, the low reactivity of the tabulated inlet condition
results in leading to a wider distribution of the reaction rate along the sides of the

oxidizer as well as seen for FGM (see Figure 4.12).
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FIGURE 4.22 — MID-PLANE CONTOURS OF THE REACTION RATE AND TEMPERATURE
(LEFT) AND REACTION ZONE BEHAVIOR UNDER DIFFERENT MILD CONDITIONS (RIGHT).

In Figures 4.23 and 4.24, the experimental data and the simulated temperature profiles
along T, and T computed, for cases B, D, E, F and G, for the FGM model and the PSR
tabulation, are reported. Regarding the cases at different compositions (see Figure
4.23) it can be observed that the non-adiabatic PSR model gives a very good prediction
of the data for the lean case D while it overestimates the measured temperatures for

the rich and the stoichiometric case E and B. Conversely, the FGM model shows a

very good agreement for all the cases as already discussed in Paragraph 4.3.1. The
better prediction of the lean case can be explained by the lower reaction rate w
tabulated (see Figure 4.22), which is due to the very low thermal power P (0.35 kW)
related to this condition. For the others, the overestimation of the temperatures along
the lateral position, of the PSR tabulation compared to FGM is due to the absence of a

radiation model for this method. The effect of radiation, in fact, can be safely neglected
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for case D due to the very fuel-lean condition and, therefore, the low concentrations of
the absorbing species CO, and H>O within the chamber, thus explaining the good

agreement with data obtained for case D respect to cases E and B.
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FIGURE 4.23 — MEASUREMENTS WITH UNCERTAINTIES (SYMBOLS WITH ERROR BARS)
AND PREDICTED TEMPERATURE BY FGM AND NON-ADIABATIC PSR MODEL (SOLID
LINES) AT DIFFERENT INLET COMPOSITIONS.

In Figure 4.24 the same analysis is repeated for different inlet temperatures. The non-
adiabatic PSR model still overestimates T, respect to FGM. Also, it underestimates the
T¢ in a stronger way as the inlet temperature increases (from case B to F and from F to
G). An underestimation is given by FGM as well but in a reduced way. Again, the
general overprediction of the PSR tabulation can be addressed at the neglecting of the

radiative heat transfer in the model implementation.
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FIGURE 4.24 - MEASUREMENTS WITH UNCERTAINTIES (SYMBOLS WITH ERROR BARS)
AND PREDICTED TEMPERATURE BY FGM AND NON-ADIABATIC PSR MODEL (SOLID
LINES) AT DIFFERENT INLET TEMPERATURES.

In general, from the comparison shown, it can be pointed out that the performances of
both the tabulated chemistry models are severely affected by the reactivity of the
tabulated (inlet) conditions. The PSR method, however, shows a bigger sensitivity to
the thermal power of the inlet mixture than FGM. For the latter, in particular, the
predictions start to worsen only for low dilution levels, when the role of the internal
dilution becomes dominant in the establishment of MILD features. The lower
temperature homogeneity predicted by the PSR tabulation compared to FGM is likely
due to the absence of the radiation model, thus confirming the key role of such a heat
transfer mechanism in the prediction of the MILD features for the LUCY burner (see
Section 4.4).
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Chapter 5

Reactor Parameters and Manifold Reduction

Following the results reported in the former chapter (see Chapter 4), a novel
methodological approach is here introduced to identify and exploit representative and
measurable quantities for MILD reactors in relation to tabulated chemistry reduction
methods. First, two main parameters affecting the performance of the cyclonic system
are highlighted (see Section 5.1). Afterwards, a new type of tabulation of the chemistry
with a proper manifold reduction based on such parameters is defined (see Section
5.2). Finally, the results of this approach are analyzed and commented through a

comparison with the measured thermal-chemical fields (see Section 5.3).

5.1 Main parameters of a MILD reactor

The experimental measurements reported in chapter 4 have pointed out that the LUCY
burner (see Chapter 2) presents a moderate and uniform thermal field for a wide range
of inlet operative conditions, such as from lean to rich compositions, from no-
preheating to high-preheating and from low to high dilution levels. The thermal
homogeneity (smoothness of the temperature field), in particular, is one of the most
relevant features for modern applications, because of the large-scale uniformity of the
sensible enthalpy field due to the small temperature gradients. Such a feature was
discussed in Section 2.5 and was commented for all the experimental profiles related

to MILD conditions reported throughout chapter 4 (see Chapter 4).

The performance of the numerical methodology used, based on the tabulated chemistry
by means of a progress variable and a mixture fraction, on the contrary, have shown a
high dependency on the feeding conditions, leading to an inaccurate modelling when

MILD inlet requisites (high level of external dilution) are not fulfilled.

In this context, in order to address the process features (such as the thermal

homogeneity) of a MILD reactor, two measurable quantities, related to the design of
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such devices, obtained from experiments and reactor analysis, are identified. These
parameters are reported in Figure 5.1 together with a sketch of the reactor section at
the midplane. The first one is the mean overall heat loss flux at walls through the
surroundings, Qy,, evaluated by means of fixed N-thermocouples placed at the exit
section (Tout) and on the outer and inner surfaces of the burner walls (see Section 2.3).

In particular, the overall wall heat flux @y is defined from the global balance as

Qw = Qr + Qox + Qr — Qout — Qunp, (5'1)

where Q and Q,x are the inlet heat flux of fuel and oxidizer, respectively, Q,. is the
reaction heat flux, Q,,; is the heat flux at outlet and Q,,,,;, is the heat flux related to the

unburned mixture.

Velocity (m/s)

' 30.000

FIGURE 5.1 - SKETCH AT THE MIDPLANE OF THE VELOCITY FIELD OF THE CYCLONIC
BURNER WITH THE EVALUATION SECTION OF THE RECIRCULATION FACTOR k (THICK
BLACK LINE).

The other reactor design parameter is the recirculation factor k, which can be
evaluated from the fluid-dynamics field and defined as the ratio between the
recirculated mass flow rate of burned gases and the mass flow rate of the fresh

reactants, as follows
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k= ﬁ (5.2)
where Wi Wox and Wy are the inlet mass flow rate of fuel, oxidizer and recirculating
exhausts, respectively. In particular, the value of k is estimated through non-reacting
CFD simulations of the velocity flow. This calculation is computed at a characteristic
surface section, reported in Figure 5.1 as a thick black line, in the region of the strong
interaction between fuel, oxidizer and recirculating exhausts. Moreover, it was verified

that the specific choice of such surface does not influence the calculated value of k.

5.2 Tabulation by means of Diluted Homogeneous Reactor

In order to identify a methodological approach able to consider the internal EGR of a
MILD reactor, a new chemistry tabulation method is proposed in this section.
Particularly, as highlighted in the previous chapters, the internal dilution due to burned
gas recirculation and the effect of heat loss strongly influence system reactivity. Such
a methodology aims to consider the reactor measurable parameters k and Qy in the
tabulation procedure. In order to accomplish such objective, a network of ideal reactors
developed on the commercial software Chemkin-Pro [133] is used. In particular, the
main purpose of this procedure is to mimic the effects on system reactivity and

temperature field of the internal dilution of mass and heat.

As discussed in chapter 3 (see Chapter 3), the numerical simulation of conventional
non-premixed combustion systems by means of tabulated chemistry is usually based
on de definition of a progress variable, (J, and a mixture fraction related to the inlet
mixture, Z,, [87] as the main controlling variables to parametrize the thermo-chemical
state. This technique, schematized in a simplified way at the left of Figure 5.2, relies
on the ignition/oxidation of the fresh reactants at various inlet equivalence ratios
(various values of Z,) in 1D or 0D ideal configurations, such as a premixed Flamelet
(see Equations 3.5-3.7), batch [134] or PSR (see Section 4.5). For a non-adiabatic
system, a heat loss parameter g related to the ideal configuration is usually defined as
well. Therefore, given a fresh mixture with a mass flow rate w, inlet sensible enthalpy

H;,, fuel, oxygen and diluent mass fractions at a fixed inlet mixing level, Yz|%°, Y,,|%0
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and Yp,;; %0, respectively, the generic thermochemical variable of the system ¢; is

uniquely determined by each coordinate of the manifold (Z,, J, ).

Traditional approach Diluted Homogeneous Reactor (DHR)
Fresh gas stream Fresh gas stream || Exhausts stream
w HE?I W(l - CE} Hin wea Hﬂ(ﬁ)
Zs zg zp Zg
YF YD | 02 YF YD

Z0 ZG

Diluted stream

Z(a) H(P) YF Yozl Yk| YD

$i(Zo,J.B) *

¢i(213r Q, B)

FIGURE 5.2 - FLOW DIAGRAMS REGARDING TRADITIONAL (LEFT) AND DILUTED
HOMOGENEOUS REACTOR APPROACH (RIGHT).

The Diluted Homogeneous Reactor (DHR) approach proposed in this work, considers
that, for a MILD reactor with elevated internal recirculation of burned products, two

main hypotheses may be assumed:
- The mixing between the fresh mixture and burned gas takes place prior to
ignition;
- The heat loss only affects the enthalpy content of the recirculating combustion

products.
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These assumptions are supported by the long residence times required to stabilize such
systems leading to values of the Damkd&hler number close to unity [23,39,64,65]. For
instance, regarding the cyclonic burner, the numerical results reported in the previous
chapter (see Chapter 4) have shown that the reactant streams are mixed with each other
and with the combustion products as soon as they get inside the chamber (see Figure
4.3). Therefore, before reacting, the fresh gases are diluted and preheated due to the
high internal EGR, where the dilution level is controlled by the fluid dynamics whilst
the local preheating level is related to the heat loss at the walls. Consequently, on the
right side of Figure 5.2, a simplified flow diagram of the DHR configuration is
depicted. The fresh stream is mixed with the exhaust stream before reacting in a PSR
configuration. The latter consists of the main combustion products, whose mass
fractions are denoted ad Y, |46, in the thermodynamic equilibrium state at the mixture
fraction Z;, which is the mixture fraction related to the inlet equivalence ratio of the
reactants. Indicating the sensible enthalpy of the exhausts as Hj,, a heat loss parameter
B can be defined as

B = Hp — Hgql?S 53)

Zg
Hign| - Had|ZG

Z . . . .
where H,4|%¢ and Hign| ¢ are the sensible enthalpies related to the adiabatic and the

ignition temperatures, respectively, for the inlet mixture. The maximum and minimum

enthalpy levels (H,4|%¢ and Hl-gn|ZG) used to define 8 are related to the thermo-
chemical manifold reduction based on the features of the combustion process. In fact,
the temperature under reactive conditions cannot be lower than the ignition one
because MILD systems rely on autoignition, whereas the maximum enthalpy level is
related to the adiabatic state of the feeding condition. Thus, the heat loss factor g

represents a dimensionless form of the heat loss flux Qy.

Furthermore, due to dilution, the overall mass flow rate w is split between the fresh
and the exhaust streams through the dilution parameter . Denoting with Y;|?°, Y;|%6
and Y;|% the mass fractions of the species i in the fresh, the exhaust and the diluted

streams, respectively, the definition of « reads
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_niF-yl%

a = m (54)

where the mixture fraction Z of the diluted stream is a function of the dilution level,

as

The value of the dilution factor «, therefore, is equal to the recirculating reactor

parameter k, thus providing information about the internal EGR level.

Therefore, through such a tabulation, the resulting manifold presents four dimensions
and the retrieving of each thermochemical variable of the system, ¢;(Z, PV, a, ), is

related to the internal recirculation of both mass and heat.

5.3 DHR tabulation applied to the cyclonic burner

In this section, the DHR tabulating methodology is used for the operative conditions
listed in Table 5.1.

TABLE 5.1 BOUNDARY CONDITIONS OF THE CASES USED FOR THE DHR ANALYSIS.

CASE | Fuel | Diluent | d | Tin K | ® | P,KW | Q,, kW/m? | Ty, K
| CHg4 N2 71.4 300 1 2 12.5 1165
L CH4 N2 71.4 300 1 8 15 1400
M CH4 N> 71.4 300 1 8 13 1460
N CHa N> 80 300 1 8 10 1325
0] CHg4 N2 80 300 1 8 8 1380

In particular, the thermal power P, the dilution level d and the heat loss flux Q,, are
changed in order to test different @ and S operating conditions. Precisely, the heat loss
flux at walls is changed by modifying the wall thickness. First, for case | (no preheating
of the oxidizer which consists of air stream), the sensitivity of the resulting manifolds

on different values of a and g is investigated (see Paragraph 5.3.1). Afterwards, the
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model reliability to capture the mean operational temperature under the MILD regime
is tested for the LUCY burner (see Paragraph 5.3.2).

5.3.1 SENSITIVITY TO THE HEAT LOSS AND DILUTION LEVELS

In Figure 5.3 the temperature profiles simulated with the DHR configuration and
related to case | (see Table 5.1) are reported as a function of the diluted mixture fraction

Z and parametric in the progress variable 7 for different values of a and .
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FIGURE 5.3 - DHR SIMULATED TEMPERATURE PROFILES AS A FUNCTION OF THE
DILUTED MIXTURE FRACTION Z FOR VARIOUS (J AND AT DIFFERENT (a, f3)
COORDINATES. CASE I.

The heat loss parameter is varied from adiabatic condition (8 = 0) to § =0.7, whereas
the internal dilution parameter is span between @ = 0.5 and @ = 0.9. Values of «
lower than 0.5 were not considered because of the absence of reaction. In fact, in this
case the fresh stream is not preheated and, therefore, the amount of recirculating mass

flow rate must be high enough to preheat above the ignition temperature the diluted
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stream (see Figure 5.2). Firstly, it is worth noting that all the profiles in the first column
at § = 0 (a, d and g in Figure 5.3) reach the adiabatic temperature when J approaches
the unit value. On the other hand, the increasing of a leads to the progressive
collapsing of the mixture fraction range around the stoichiometric value Z;, which is
equal to Z, for case |I. Moving away from adiabatic condition, it can be noted that the
effect of the heat loss parameter S is more relevant as a boosts. In particular, for § =
0.7 (c, fand i in Figure 5.3), the system moves from a non-reacting condition at @ =
0.5 to a reactive condition with a low increase of temperature of around 200 K at « =

0.9.

107! 10

@y (Kg/m3s)

=0

(@)

0%
0101020304 05001 0203 0.4 050 |0.1 0.2 0.3 0.4 0.5
Zst Z, Zst Zy Zst zZ,

FIGURE 5.4 - DHR SIMULATED MANIFOLDS OF @ IN THE ((J, Zo) PLANE FOR CASE |
AND DIFFERENT (a, 8) COORDINATES.

In order to better investigate the modification of the system reactivity varying a and

£, in Figure 5.4 the manifolds of the source term of J, w4, related to the same case (l)
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reported in Figure 5.3, are represented. The manifolds are depicted in the (7, Z,) plane
to highlight the spreading of the reactive zone along the Z, domain when the dilution
parameter increases. For &« = 0.5 (a, b and ¢ in Figure 5.4), indeed, it can be noted that
the reaction zone is located in a small portion of the range of Z,, around the
stoichiometric value Zg;. On the other hand, for « = 0.9 (f, h and i in Figure 5.4), the
production rate of the progress variable spreads over a wider range of compositions.
In addition to the spreading, the reactivity also decreases in intensity for higher values
of both a and 3. Such a reduction is less marked along g for more diluted conditions
(a approaching unit value), allowing the reaction to take place although with a low
heat release, so explaining the modest temperature boost (profiles i in Figures 5.3 and
5.4).

5.3.2 DILUTION AND HEAT LOSS CONSTRAINTS FOR THE CYCLONIC BURNER
In this final paragraph, a manifold reduction of the DHR tables based on reactor
constraints is presented and discussed. The development of comprehensive reduction
tools needs active interconnections between experiments and computations. The
elevated internal dilution levels of the LUCY burner, identified by the high values of
the recirculating factor k, mean that the fresh reactants are diluted as soon as they are
fed inside the cyclonic chamber thus validating the hypothesis required for the
utilization of the DHR tabulation. Moreover, inside the burner, the parameters a and
B can be considered fairly homogeneous under the MILD operating conditions. In fact,
the fluid dynamic field is dominated by the exhausts cyclonic flow due to the burner
geometry and the inlet configuration, as showed by the CFD study (see Section 4.1).
Therefore, it can be assumed that, apart from the mixing zone near the inlets, the
dilution parameter « is almost constant throughout the chamber. Such behavior is
verified by computing the recirculation factor k in several regions of the reactor and
by obtaining the same mean value. On the other hand, the heat loss £, normalized
between the enthalpy of the products at adiabatic temperature and the one at the
ignition temperature (see Equation 5.3), may also be regarded as homogeneous
because of the small size of the burner (high exchange surface area at the walls) and
the radiative heat transfer. The latter effect, in particular, was proved to have a

dominant role on the uniformity of the temperatures inside a MILD combustion system
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due to both the cavity behavior of the walls and the radiative reabsorption of the
exhausts (see Section 4.4). Following such considerations, it can be inferred that inside
the cyclonic burner under MILD regime there is a very small variability of internal
dilution and heat loss parameters and mean values of a and B can be estimated.
Therefore, for each condition reported in Table 5.1, a mean «,, is defined as equal to

the recirculation factor k calculated by CFD, as

a, =k, (5.6)
whereas a mean £,,, evaluated assuming the enthalpy of the exhausts stream equal to
the enthalpy of the exit flow experimentally measured, HEXF | reads

EXP Z
_ Hoyue _Hadl G

Pm=—32 :
G
Hig| _Had|ZG

(5.7)

In the upper part of Figure 5.5 (see from a to c), the measured temperatures profiles
along the thermocouples positions T¢ and T, are reported for the non-preheated cases
I, M and L (see Table 5.1). In the lower part of the Figure (see from d to i), for the
same cases, the profiles of T and w; calculated by means of the DHR tabulation are
reported against the inlet mixture fraction Z, at different ;7 and for the fixed estimated
values a,, and f3,,. Therefore, in the figure, the experimental thermal fields are
basically associated to the numerical temperature ranges of the reduced manifolds of
coordinates (7, Zo, Bm, @m)- These temperature ranges are marked by the gray areas
in the experimental domains (from a to c). It can be noted that such a gray regions
include the whole central profile T and half of the lateral one, Ti. The only exception
is related to the inlet zone (T, profiles at 0 < y < 0.05 m) where the mean values of
Bm, & are still not reached. This means that the reduced manifolds are able to give a
reliable indication about the measured temperature ranges and the maximum
temperatures inside the cyclonic burner (except for the inlet region). Moreover, it is
worth noting that for the cases at higher thermal power M and L (P=8 kW), which
experimentally show a greater thermal uniformity than case | (P=2 kW), the gray
regions are thinner because of the lower temperature increases (see from d to f).
Although their bigger thermal power, in fact, the reactivity for these cases is reduced

by the higher internal dilution level (a,,, = 0.95). The tabulated w; for cases M and
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L, in fact, are almost one order of magnitude lower than case | and they spread over a
wider range of Z, due to dilution (see from g to i). The heat loss effect, on the other
hand, moving from case M and L, does not have a big influence on the reaction rate

range as dilution does (see h and i).
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FIGURE 5.5 - MEASURED TEMPERATURE PROFILES INSIDE THE CYCLONIC BURNER (A-
C); AND DHR TEMPERATURE AND @ 5 SIMULATED FOR ESTIMATED OPERATIONAL MEAN
VALUES OF @ AND f3 (D-1) FOR CASES |, M AND L.

In Figure 5.6, the same analysis is repeated for the cases O and N (see Table 5.1). For
those cases, the elevated inlet velocities required to reach the operative thermal power
lead to a very high mean internal dilution level (a,,, = 0.98) and, therefore, the source
terms of the progress variable are around 0.1 Kg/m®s (see e and f), which is an order

of magnitude lower than cases M and L (see Figure 5.5). Thus, the mixing region
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where the mean values of 5, a,, are not reached is extended throughout T, and only
the central profile T¢ is included in the gray regions. Moreover, T¢ depicts a higher
uniformity (see a and b) in agreement with the very thin gray regions due to the low-

temperature increases in the reduced manifolds (see ¢ and d).
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FIGURE 5.6 - MEASURED TEMPERATURE PROFILES INSIDE THE CYCLONIC BURNER (A-
C); AND DHR TEMPERATURE AND @ g SIMULATED FOR ESTIMATED OPERATIONAL MEAN

VALUES OF @ AND 8 (D-1) FOR CASES O AND N.

Therefore, the reduction of the thermo-chemical manifold (Z,J, «, ) for a MILD
system by using significant reactor parameters related to operating constraints, has led
to very good results. In fact, such results highlight the reliability of the DHR tabulation
methodology for MILD Combustion systems with elevated internal EGR since it takes

into account the combined effect of heat loss and internal dilution. The 4D tabulation,
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in fact, is able to store the characteristic very low and distributed reaction rates of these
systems thus allowing to reproduce the low-temperature gradients and the highly
isothermal behavior of a MILD reactor. Therefore, it can be stated that the DHR
tabulation represents a very valuable tool for the future development of a
comprehensive CFD model for such a kind of systems in order to reproduce their

reacting behavior for a wide range of inlet conditions.
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Chapter 6

Conclusions and Future Perspectives

In this last chapter the main conclusions of this thesis work are discussed (see Section
6.1). Moreover, following the results obtained, an outlook to the future developments

is also reported (see Section 6.2).

6.1 Conclusions

In this thesis, the author points out the main features of a MILD reactor, regarded as a
system where the MILD conditions are stabilized as a result of high internal
recirculation of exhausts (see Chapter 1). By means of the literature study conducted,
the role of the heat transfer in these systems to reach their performances and
homogeneous conditions is highlighted. In particular, the different heat transfer
mechanisms involved were reported and discussed. The internal heat transfer
mechanisms were found to be crucial both for convection and radiation modes. On one
hand, the high velocities, required to ensure good levels of internal recirculation,
increase the convection term. On the other hand, the recirculation of the internal
product (mainly H2O/CO. mixtures) are involved in the radiative re-absorption. It was
also discussed how MILD systems behave as a quasi-black body cavity due to their

confined enclosures.

In order to characterize those systems, an interconnected numerical and experimental
study was carried out on a novel cyclonic burner (see Chapter 2) operating under
MILD combustion conditions. It represents a compact combustion system where the
feeding configuration geometry is such to guarantee the required recirculating levels.
Moreover, by carrying out a theoretical analysis it was found that, in this MILD
reactor, the radiation is the dominant heat transfer mechanism between reactive

mixture and walls under MILD conditions.

91



6 - CONCLUSIONS AND FUTURE PERSPECTIVES

The CFD results were compared with the measured data focusing the attention on the
temperature field. The modelling was performed by using a Flamelet/tabulated-
chemistry paradigm (the FGM model) with a presumed B-PDF approach to treat the
chemistry/turbulence interaction, whereas the radiative heat transfer was considered
with the DO model to solve the RTE and a modified WSGG model to obtain the
absorption coefficient at different temperature and compositions of the mixture

CO2/H20 (see Chapter 3).

Several operational conditions were investigated varying different operating
parameters for which the MILD conditions persist. Two different fuels, CHs and CsHs,
were used as the fuel stream whereas a mixture of diluent and O as the oxidizer. Both
N2 and CO2 were investigated as diluents where their amount defines the overall
dilution level d of the system. The oxidizer stream was fed both at environment
temperature and in preheated conditions whereas the fuel was not preheated. The
amount of fuel at the inlet was changed in order to investigate different thermal power
P. Finally, the relative composition between fuel and oxygen was also varied (®).
According to the model, the central position of the chamber is dominated by the heat
transfer whereas the reactivity is located in the inlet region. The system pressure was
kept fixed at atmospheric conditions. The comparison between FGM and experiments
was mainly carried out by depicting the measured and simulated temperature profiles
along the positions of two movable N-thermocouples, one placed at the centreline of
the oxidizer nozzle and the other parallel to the previous one but located in the centre
of the chamber, between the two inlets. In order to value the performances of FGM
and detect the key features of the system, the comparisons were reported to varying of
different model settings and inlet boundaries (see Chapter 4). Regarding the model
settings, two different 1D configurations were used to tabulate the chemistry: a non-
premixed unsteady (IML) and a premixed steady flame. It was found that the results
are only slightly affected by the Flamelet paradigm in the ignition zone, where IML
predicts an early ignition due to diffusion effects. Moreover, the use of premixed flame
led to an overestimation of temperature and reactivity outside the flammability limits
where interpolation is made. The kinetic mechanism, on the other hand, has a bigger
impact on the predictions and a detailed one must be used. Regarding the comparisons

at different inlet conditions, it was shown that, for highly diluted cases, changing both
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inlet compositions and temperature of the oxidizer stream does not affect the
simulation results. On the contrary, for a given condition, decreasing the inlet dilution
level leads to a strong overestimation of the measured profiles. The diluent nature
likewise changes the agreement of FGM with data. The case with CO. as diluent
instead of N, in particular, predicted better the data due to the radiative reabsorption
of the carbon dioxide that tends to make the temperature field uniform. This behavior,
indeed, was demonstrated by conducting simulations without the radiative heat
transfer model. It is worth noting that only by including radiation in the model, the
experimental thermal uniformity of the LUCY burner can be reproduced. Furthermore,
it was found that the importance of radiation in enhancing the predictions of the model
changes for different heat loss levels. This dependency represents an important finding
since a MILD reactor relies on the heat loss at walls to reach the characteristic low
temperatures and avoid pollutant emissions. Afterwards, the FGM results were also
compared to those obtained with a 0D tabulation based on PSR, where the heat loss
was included in the tabulation by subtracting heat from the ideal reactor. The
predictions, in this case, show worse agreements with experiments respect to FGM,
especially for the most reactive cases considered. Such behavior is likely due to the

absence of a radiation model for the PSR tabulation method.

In general, the model is able to predict successfully the MILD temperature field
observed experimentally for cases where the inlet mixture has a low reactivity (MILD
external conditions), such as high dilution and low thermal power, whereas it tends to
overestimate the experiments high reactivity cases, such as low dilution and high
thermal power. In the latter case, in fact, the reaction is ruled by the internal dilution
(MILD internal conditions) which is not accounted in the FGM tables. The radiative
heat transfer has a key role in reproducing the thermal uniformity of the cyclonic
chamber. Moreover, for low external reactivity (good prediction of the thermal field)
the location of the reaction zone predicted by the model is around the oxidizer jet. The
experimental temperatures, unlike the simulated profiles, showed a high level of
thermal uniformity for all the cases investigated. For most reactive conditions, in

particular, the almost isothermal trends of temperature just translate to higher values.

To address the role of the internal dilution in a MILD reactor like the LUCY burner

and in order to explain the low dependency of such system on the operational inlet
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boundaries, two reactor parameters are assumed to characterize the burner at each
MILD condition: a heat loss parameter g and an internal dilution parameter « (see
Chapter 5). Therefore, a new tabulation method based on diluted PSR which allows
tabulating all the thermochemical variables as a function of a and g in addition to J
and Z was defined. In such a way, the intrinsic coupling of internal dilution and heat
loss is successfully considered. Furthermore, by evaluating mean values for a and
by means of both numerical and experimental analysis, the reduced manifolds in the
(Z,J) plane related to these mean values were compared to the measured thermal
fields. The results showed comparable temperature ranges, so confirming the
hypothesis made. In synthesis, the constraints imposed on both internal dilution and
heat loss allow identifying a small domain where the system reactivity relies in a
narrow range of reaction rates. This makes possible to identify a dimensional lower
thermo-chemical manifold where the source term is quite uniform thus reproducing

the low and distributed reactivity that is typical of MILD systems.

6.2 Future perspectives

In chapter 4, the numerical results demonstrated that FGM is a valuable choice to
model the MILD combustion conditions, but its performance is strongly dependent on
the ranges of operational inlet boundaries considered. In fact, the model ensures very
good predictions only when the MILD regime is established by feeding a low reactive
inlet mixture inside the system. Indeed, the progress variable/mixture fraction
approach does not take into account the modification of the reactivity inside the
chamber due to the internal dilution of mass and heat related to recirculating diluent
and combustion products. The inclusion of the internal EGR in the tabulation process
through a diluted PSR, confirmed that in a MILD reactor like the cyclonic burner
studied in this thesis, this contribution is essential. Therefore, the development of a
complete CFD model based on the tabulation procedure presented in chapter 5,
represents the main outlook coming out from this study. In fact, it would permit to
reproduce the MILD conditions for the whole operational range of the reactor. In
literature, there are examples of numerical modelling of combustion systems with a

high level of internal recirculation by using the tabulation of both internal dilution and
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heat loss [80,88]. However, in such works, the transport equation for the dilution factor
a usually presents a dilution source term whose definition does not rely on solid
physical basis. Thus, it would be of great value to develop a CFD methodology able
to track the internal dilution of both mass and heat by means of proper scalar quantities.
Moreover, since radiation was proved to be a key parameter in reproducing MILD
thermal uniformity, a more detailed non-gray gas model should be also used. Another
key improvement of the presented study would be the implementation of LES
simulations to better characterize the cyclonic flow and the mixing/reacting structures.
Finally, the analysis conducted in order to reduce the manifold dimension based on
reactor constraints for a MILD combustion system may particularly attractive in the
digital twin framework, with possible application in monitoring, diagnostics and
prognostics [76].
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