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Abstract

Flameless combustion is able to provide high combustion efficiency with low NOy and
soot emissions. The present work aims at investigating the role of closure sub-models for
the modelling of a flameless furnace, as well as the main NO formation paths. Among the
different turbulence models that were tested, modified k-&¢ provides the best agreement
with the experimental data, especially for temperature measurements. Reynolds stress
model leads to smaller deviation for radial velocity predictions. Since in flameless
combustion regime the turbulence-chemistry interaction as well as the kinetic mechanism
play a fundamental role, the Eddy Dissipation Concept (EDC), coupled with four different
kinetic schemes (JL, KEE58, GRI 2.11 and GRI 3.0) was considered. The GRI 2.11 and
KEES8 mechanisms perform better, thus confirming the necessity of turbulence/chemistry
interaction models accounting for finite-rate chemistry when flameless combustion is
studied. As far as NO emissions are concerned, the N,O intermediate NO mechanism is
found to play a major role, while thermal NO formation mechanism is not as relevant as in
traditional combustion regime.

An assessment of the uncertainty related to the choice of boundary conditions as well as to
the choice of the parameters of the physical models is also performed. Finally the
operation characteristics (such as the recirculation rate and the location of the reaction

zone) of the furnace are evaluated.
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1. Introduction

Flameless combustion [1], also known as Moderate and Intense Low-Oxygen Dilution
(MILD) [2] or HiTAC combustion [3] is able to provide high combustion efficiency with
low NOy and soot emissions. The increasing interest in flameless combustion is motivated
by the large fuel flexibility, representing a promising technology for low-calorific value
fuels [4], high-calorific industrial wastes as well as in presence of hydrogen [5]. Moreover,
flameless combustion is very stable and noiseless [6], so it could be potentially suited for
gas turbine applications [7] where conventional operations may lead to significant thermo-
acoustic instabilities (“humming”) and stresses.

Flameless combustion needs the reactants to be preheated above their self-ignition
temperature and enough inert combustion products to be entrained in the reaction region,
in order to dilute the flame. As a result, the temperature field is more uniform than in
traditional non-premixed combustion systems, and it does not show high temperature
peaks. Hence, NOy formation is suppressed as well as soot formation, due to the lean
conditions, low temperatures and the large CO, concentration in the exhausts.

This combustion regime appears to be still worthy of further investigations and attention.
In particular, the fundamental mechanism of the interaction between turbulent mixing and
chemical kinetics needs to be elucidated. With respect to conventional flames, turbulence
levels are enhanced (due to the high momentum of the gases), thus mixing timescales are
reduced; on the contrary chemical timescales are increased due to dilution of the reactants
[8]. In flameless combustion, the Damkol 'hler number approaches unity [9], implying
that both mixing and chemical kinetics should be taken into account when modelling such
a regime, resulting in a very challenging problem. In addition, most of the available
models have been derived for conventional flames; hence they need to be validated and
eventually revised for non-conventional regimes.

From a computational perspective, the role of the combustion model and the possible
degree of simplification of chemical kinetics have not been rigorously and systematically
assessed in the context of flameless combustion. Encouraging results in literature on the
modelling of such flames have been found using the Eddy Dissipation Concept (EDC)
model by Magnussen [10], coupled with detailed chemical mechanism. Such modelling
strategy has been successfully applied to the Jet in Hot Coflow burner by Christo and
Dally [11] and Aminian et al. [12]. The same approach leads to good results also in
presence of hydrogen in the fuel, as reported by Parente et al. [13] and Galletti et al. [14]
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for a self-recuperative burner and a lab-scale burner, respectively, operating in flameless
combustion conditions.

However, recent investigations carried out by De et al. [15] and Aminian et al. [16] have
indicated the need for revising the EDC constants in the framework flameless combustion
modelling.

All the works reported above show that the oxidation scheme may strongly impact the
results, as indicated by Shabanian et al. [17]. The global schemes are unsuited and
generally lead to a strong over prediction of the flame temperatures. Recently Parente et al.
[18] applied Principal Component Analysis to a set of measurements taken in flameless
combustion conditions, showing that approaches based on single progress variable are not
suited for the description of such combustion regime and finite-rate chemistry models are
needed.

Finally, the modelling of NO emissions deserves also special attention. The Zeldovich
thermal mechanism is the major contributor to NO in most of the conventional combustion
system; however, in flameless combustion, the lower temperatures and the absence of
large fluctuations inhibit NO formation through such a mechanism. As a result, NO
emissions are controlled by other formation routes, such as the Fenimore’s prompt NO
and/or N>O intermediate [19]. Therefore, it is necessary to incorporate all potentially
relevant formation paths in the numerical model. Moreover, other routes may become
relevant with non-conventional fuels, such as the NNH pathway for H, containing fuels
[14]. The prediction of NO formation in flameless combustion, at low temperatures and
with high concentration of H, in the fuel stream has been studied by Parente et al. [20].
They found that the inclusion of non-conventional NO formation routes, i.e. N,O
intermediate and NNH, is crucial for characterizing the pollutant emissions.

The elucidation of the above topics needs high fidelity and comprehensive experimental
data to validate the numerical models. The Jet in Hot Coflow (JHC) burner [21], the Delft
Jet in Hot Coflow (DJHC) [22-23] and the Cabra flame [24] have been conceived to
emulate flameless conditions by feeding diluted and hot streams to the burner. They
constitute a strong asset for the validation of numerical models as they have been equipped
with advanced diagnostics to measure mean and fluctuating variables (e.g. chemical
species, temperature, velocities).

However, in the industrial practice, flameless conditions are obtained by means of the
massive internal recirculation of flue gases, which allows diluting the fresh gases before

they reach the reaction zone. Such recirculation is generally achieved through special
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designs of the feeding jets as well as of the combustion chamber. A recent review of
different designs of flameless combustors is provided by Arghode and Gupta [25-26].

The recirculation affects both mixing and chemical timescales, so that conceptually these
burners are different from JHC, DJHC and Cabra flames, which act solely on the chemical
timescale. A few experimental investigations of flameless furnaces, based on internal
recirculation of exhaust gases can be found in literature. Szego et al. [19] described the
performance and stability characteristics of a parallel jet flameless combustion burner
system in a 20kW laboratory-scale furnace. Mi et al. [27] investigated a 20 kW
recuperative MILD furnace, using EDC combustion model with global kinetic schemes for
methane and ethane. Plessing et al. [28] and Odzemir and Peters [29] provided a useful set
of experimental data (velocity, temperature and NO emissions) on a 5.4 W furnace fed
with methane and operating in flameless regime, subsequently modelled by Coelho and
Peters [30] using the Eulerian Particle Flamelet model. Their results showed some
discrepancies in the prediction of flow field as well as the overestimation of NO levels at
the outlet section. Dally et al. [31] extended the investigation of the same furnace to more
fuels and equivalence ratios. Verissimo et al. [32] experimentally investigated a 10 kW
reversed-flow cylindrical furnace, for which simulation were performed by Graga et al.
[33]. The Authors compared the EDC model coupled with the DRM-19 mechanism and
the composition PDF (C-PDF) model, showing a general good agreement between
predictions and experiments. Danon et al. [34] performed a parametric study on a 300
kW4, furnace equipped with three pairs of regenerative flameless combustion burners with
the objective of optimizing the furnace performance. These experimental results were
used as validation data for a set of Computational Fluid Dynamics (CFD) simulations of
the furnace reported in [35]. The authors showed that the EDC model in combination with
the realizable k-&£ model and a skeletal chemistry mechanism allowed reproducing the main
furnace performance for all the investigated burner configurations. Rebola et al. [36]
performed an experimental investigation on a small-scale flameless combustor, defining
the range of operating conditions allowing operating in flameless conditions. Cameretti et
al. [37] discussed some aspects related to the employment of liquid and gaseous bio-fuels
in a micro-gas turbine operating in flameless regime, showing numerically the energetic
and environmental advantages related to the use of those fuels. Recently Huang et al. [38]

studied the emissions from a flameless combustion staged combustor. The authors found



121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153

that the flameless regime yields lower NO emissions compared to the traditional diffusion

combustion mode, and the N,O intermediate mechanism dominates the NO production.

The present work aims at investigating the role of closure sub-models for the modelling of
the flameless furnace of Plessing et al. [28] and Odzemir and Peters [29], as well as at
identifying the main NO formation paths. The selected experiment set-up was chosen as it
represents an optimal compromise between lab-scale and industrial systems. It shows, in
fact, the typical feature of industrial flames systems, i.e. the internal aerodynamic
recirculation, allowing, at the same time, a sufficiently detailed characterization of the
system performances.

While existing literature has pointed out the crucial role of finite rate chemistry models
and detailed kinetics in flameless regime, little emphasis has been devoted to the
quantification of the uncertainty related to the boundary conditions and physical models.
The analysis focuses on the quantitative assessment of the scenario, i.e. boundary
conditions, and modelling uncertainties on the results. In conjunction with appropriate
validation metrics, this allows identifying the most sensitive parameters for the numerical
simulations and developing a predictive model, which is accurate enough for the
description of the system. Finally the operation characteristics (such as the recirculation

rate and the location of the reaction zone) of the actual furnace are evaluated.

2. Test case

A sketch of the combustion chamber is provided for sake of clarity in Figure 1, even
though all details of the system and experimental campaigns can be found in [28] and [29].
The combustion chamber is a parallelepiped (with 250x250 mm? cross-section and 485
mm length) with both the burner and the exhaust outlet placed at the bottom. The multi-
nozzle burner consists of a central nozzle (inner diameter, i.d. = 4.7 mm) for fuel inlet; this
nozzle is conically elevated 25 mm from the 6 peripheral nozzles (i.d. = 5 mm) for air
inlet, located 40 mm away from the centre. The air nozzles are located 16 mm higher than
the 15.5 mm wide annular exit (i.d. = 93 mm) for exhaust gases. The fuel is methane.
Measurements were made for air and fuel mass flow rates of 6.5 and 0.38 kg/h,
respectively, which correspond to an overall equivalence ratio ¢ = 1. Both fuel stream and

air stream were preheated, to 650 K and 1150 K respectively.
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3. Numerical simulations

The CFD model was defined using the commercial code Fluent 6.3 by Ansys Inc. The
geometry and grid were realized using the software Gambit. Due to the combustion
chamber symmetry, just a quarter of the geometry is considered for the numerical
modelling. The grid, chosen after a mesh independency study, contained 501,000 cells;
tetrahedrons were used near the burner zone, whereas hexahedral cells were used in the
remainder of the furnace. The choice of a hybrid grid was aimed at reducing the number of

cells required to discretize the computational domain accurately.

3.1 Boundary conditions

As far as boundary conditions are concerned, mass flow conditions were specified at both
air inlets and fuel inlets; air inlet temperature is 1150 K whereas fuel inlet temperature is
650 K. A pressure outlet condition was employed for the exhaust gases exit. As far as
walls are concerned, they were considered isothermal. The temperature of 1313 K was
chosen, as suggested in [29]. For flameless condition operations, this appears an
acceptable approximation, as supported in [1]. Simulations with fixed wall temperature
were preferred over imposed heat flux boundary condition, since the latter exhibited
numerical convergence problems, leading to unstable solutions and to the extinction of the
combustion process. Simulations were also run considering a convective heat transfer at
the wall, in order to verify the goodness of the isothermal hypothesis. The mean heat
transfer coefficient, calculated from a global heat balance on the furnace, was evaluated at

7 W/m’K, which is compatible with a natural convection process.

3.2 Physical models
Favre-averaged Navier-Stokes equations were solved, using the following turbulence
models to resolve Reynolds stresses:
Standard k—¢ turbulence model (SKE) [39];
Modified k—& model (MKE) proposed by Morse [40] consisting in the variation of the
first constant of the turbulent kinetic energy dissipation equation from 1.44 to 1.6;
Renormalization group (RNG) k—¢ [41];
Realizable k—¢ (RKE) [42];
Reynolds Stress (RSM) model [43].
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Radiation effects were accounted for using the Discrete Ordinate (DO) radiation model

with the Weighted Sum of Gray Gases (WSGG) model for the participating media

radiation, using the coefficients proposed by Smith et al. [44].

Turbulence-chemistry interactions were modelled using EDC [10]. As mentioned in the

introduction, the EDC model is able to account for finite-rate effects and thus it can

incorporate detailed kinetic schemes. Within the present study, four different kinetic

schemes were used for methane oxidation:

- JL scheme, which is a 4-step global kinetic mechanism of Jones and Lindstedt [45],
used both for methane and hydrogen-enriched fuels. It involves 7 species;

- KEE5S8 scheme, which is a skeletal mechanism made of 17 species and 58 chemical
reversible reactions [46];

- GRI 2.11 scheme, which is a detailed mechanism. It was implemented without the NOy
reactions, resulting in 175 chemical reactions involving 31 species [47];

- GRI 3.0 scheme, which is a detailed mechanism. It was implemented without the NOy
reactions, resulting in 217 chemical reactions involving 35 species [48].

The In-Situ Adaptive Table (ISAT) [49] was coupled to EDC to reduce the computational

costs. An error tolerance of 10” was selected to obtain table-independent results.

As for NO emissions, different formation routes were considered: thermal NO mechanism,

Fenimore’s Prompt mechanism and intermediate N,O mechanisms. The thermal NO

formation is modelled using a Finite Rate combustion model with a simplified one-step

mechanism, obtained from the Zeldovich scheme by assuming a steady state for the N

radicals and relating the O radical concentration to that of oxygen by means of the

dissociation reaction [50]. The prompt NO formation is modelled following De Soete [51].

Finally, the N,O intermediate mechanism is modelled according to the equation proposed

by Malte et al [52].

All the above NO formation kinetic rates are integrated over a probability density function

(PDF) for temperature, to account for the effect of temperature fluctuations on the mean

reaction rates. The assumed PDF shape is that of a beta function [53] and is evaluated

through the temperature variance, the latter solved by means of a transport equation.

3.3 Numerical settings
A second-order upwind discretization scheme was used for all equations and the SIMPLE
algorithm was employed for pressure-velocity coupling. The simulations were run until the

residuals for all the resolved quantities levelled out, resulting in a decrease of at least six
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orders of magnitude. In addition flow field variables at different locations were monitored

to check convergence to the steady state solution.

3.4 Validation metrics

In order to quantitatively measure the agreement between experimental data and
computational predictions, validation metrics were employed, following Oberkampf and
Barone [54].

For temperature, the average error metric normalized with respect to the measured value

was evaluated, which is defined as:

N
_12
=1

where Y, and Y,,, are the mean measurement and the predicted value of variable Y.

Ym - Ye
Y,

ey

E
Ye

For velocity measurements, it was chosen to refer to an absolute average error metric,

defined as:

N

_ 1 _

LY A A @
i=1

The choice of an absolute error metric for velocity measurements was justified by the need
of avoiding division by zero in the error calculation. However, this kind of metric may not
be enough to assess the goodness of the several models used. To better understand the
deviation of predictions from measurements the Normalised Root-Mean-Square Error
(nrmse) was also computed. This metric represents the sample standard deviation of the
differences between the value predicted by a model and the value actually observed,
divided by the range of observed values of the variable being predicted and it is defined as:
[P
N

nrmse = — = (3)
Ye,Max - Ye,Min

In addition, the quantitative agreement between predictions and experiments was also
assessed with the coefficient of determination (R®), from the parity plot of the axial
velocity and the velocity fluctuations.

Beside the metrics provided by Equations 1-3, the construction of an error validation
metric requires the estimation of the interval containing the true error. The latter is
obtained from the evaluation of the intrinsic experimental error and the aleatory nature of

the phenomenon under evaluation. The experimental data provided in [29] do not allow
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quantifying these quantities in details, especially the statistical variability of the
measurements, which requires a collection of multiple observations. Therefore,
information from the literature [55] were used to estimate potential uncertainties in
experimental observations, i.e. wall temperature, to evaluate the effect of uncertainties in

boundary conditions on the results, as reported in Section 5.

4. Results

4.1 Effect of turbulence model

Figure 2 and Figure 3 show the comparison between experimental radial profiles of axial
and radial velocity, respectively, and those predicted at different axial coordinates with
different turbulence models and using the EDC model with KEESS kinetic scheme.

The radial profile of axial velocity obtained very close to the burner exit (z = 0.012 m)
shows an excellent agreement with experimental data with all turbulence models. At
further distances the predicted data capture the trend, but typically predicted profiles are
shifted towards larger distances. For the radial velocity, predicted values are generally
lower that the measured ones for z = 0.012, 0.112 and 0.212 m, although the trend of the
profile is captured.

Table 1 and Table 2 list the absolute average validation metrics as well as the nrmse for
the profiles of axial and radial velocities as obtained with the different turbulence models.
None of the turbulence models tested gives perfect agreement with experimental data.
Moreover the behaviour of the different model is similar, with global absolute deviation
from the measured value ranging from 2.84 to 4.06 m/s for the axial velocity (minimum
value being 0.58 m/s with MKE and maximum value being 10.17 m/s with RNG) and
from 0.92 to 0.99 m/s for the radial velocities (minimum value being 0.02 m/s with SKE
and maximum value being 2.37 m/s with RNG). The same conclusions may be drawn
considering the nrmse. The models that perform better are the SKE (0.31 for axial velocity
and 0.59 for the radial one) and the RSM (0.29 for axial velocity and 0.61 for the radial
one)

The comparison between experimental radial profiles of the axial component of velocity
fluctuations and those predicted with different turbulence models is reported in Figure 4.
Standard k-¢ and RSM show the best agreement with the experimental data, even if some
discrepancy can be noted. The absolute average validation metrics as well as the nrmse are

shown in Table 3. Standard k-¢ is indeed the model that provides the lowest deviation (0.5

10
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m/s and 0.41 for nrmse), even though the other models show a quite similar behaviour
(deviations ranging from 0.5 to 0.87 m/s, minimum value being 0.01m/s with SKE and
maximum value being 4.41 m/s with MKE).

To confirm these observations, the coefficient of determination (R?) for the parity plot of
the measured and calculated velocities (Figure 5) are reported in Table 4. The standard k-¢
model shows the best agreement with the experimental results (R’ = 0.893 for axial mean
velocity and R® = 0.869 for its fluctuation). As far as the radial velocity is concerned, the
data show a low degree of correlation, also imputed to the small absolute values of
velocity.

The prediction of the velocity field presented here is in line with the results provided by
Coelho and Peters [30], who reported discrepancies between the measured and predicted
velocity profiles. However, the lack of a discussion of the intrinsic uncertainties related to
velocity measurements does not allow completely assessing the performances of the
different turbulence models by means of the analysis of the predicted and measured
velocity fields. Additional information is needed to select the turbulence model for the
subsequent investigation of the effect of combustion models and kinetic mechanisms.
Figure 6a shows the measured temperature profiles along the combustion chamber axis
and those obtained using the different turbulence models (with EDC and KEES58). The
modified k-¢ model provides the best results. Standard k-¢, RKE and RSM underestimate
the temperature along the axis, while RNG yields higher temperature. The discrepancies
in the temperature profile along the axis, provided by the different models are due to a
completely different fluid dynamics of the flame. Relative error metrics were used in this
case to quantitatively evaluate the agreement between experimental and predicted data.
The modified k-¢ model leads to an average deviation of about 2%, thus lower than the
other models (6% for RNG, 7% for RKE and 8% for SKE and RSM). Based on these

considerations, the MKE model was chosen for the following analysis.

4.2 Effect of the kinetic mechanism

As mentioned previously, since in flameless combustion regime the turbulence-chemistry
interaction as well as the kinetic mechanism play a fundamental role, the EDC model
coupled with four different kinetic schemes (JL, KEES8, GRI 2.11 and GRI 3.0) was
considered. For all cases the turbulence model was the MKE.

The observation of axial and radial velocity profiles indicated that the kinetic scheme does

not have a great influence the flow field predictions.

11
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The predictions of the temperature field, however, are strongly affected by the choice of
the kinetic scheme. This is well evident from Figure 6b, in which the measured
temperatures along the axis of the chamber are compared with those predicted with the
different kinetic schemes. The GRI 2.11 is the mechanism that performs better (average
deviation 1.8 %), although also the KEES58 gives satisfactory results (average deviation
2%), confirming the necessity of taking into account at least skeletal kinetic mechanisms.
The JL scheme over-predicts the temperature along the chamber axis (average deviation
7%), whereas the GRI 3.0 under-predicts it (average deviation 8%). Even though the GRI
3.0 is a detailed kinetic mechanism, it fails to predict flameless conditions, as also reported

by Sabia et al [56].

4.3 Effect of wall boundary condition

The heat exchange at the wall has a major effect on the temperature profile inside the
furnace. During the experimental campaign, the wall temperature at a distance z =0.112 m
was measured as 1313 K (1040 °C) [29]. Being flameless combustion characterized by a
uniform temperature field, it was considered acceptable to carry out numerical simulations
with walls at 1313 K. In order to verify the goodness of such hypothesis, also a convective
heat transfer at the wall was considered. First a mean heat transfer coefficient was
calculated, on the basis of a global heat balance on the furnace. The mean heat transfer
coefficient is 7 W/m?°K, compatible with a natural convection process.

Figure 7 shows the temperature profile at different locations along the furnace wall using
the heat transfer coefficient boundary condition. It can be observed that the temperature
ranges from 1320K to 1380K, indicating that a temperature gradient exist and the
temperature is not strictly constant at the wall. However, the relative temperature variation
between the bottom and the top of the furnace is below 5%, thus indicating that the
isothermal hypothesis for the wall is reasonable.

This is further confirmed by the analysis of Figure 8, which compares the predictions of
the temperature along the axis of the furnace when the two different boundary conditions
are considered. It is not possible to distinguish between the results obtained in the two
cases, indicating that the type of boundary condition used at the wall does not significantly

affect the predictions inside the furnace

4.4 NO emissions

12
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As shown in the previous section, using different combustion/kinetic models leads to
different temperature (and chemical species) distributions in the furnace. As a consequence
NO emissions are predicted in a different way.

The experimental value for the NO emissions of the furnace (provided by Plessing et al
[28]) is 10 ppm, on dry basis. NO (on dry basis) predicted using different models are
reported in Table 5. The GRI 2.11 and the KEE58 schemes perform similarly and yield to
the best agreement with experimental NO data, predicted NO being respectively 8.1 and
8.7 ppm, and experimental ones of 10 ppm, Conversely, the JL scheme provides NO
emissions of 39.9 ppm,, thus far from the experimental evidences, whereas the GRI 3.0
under-predicts the NO emissions by about 50 % (5.3 ppmy).

Given the low temperatures, thermal NO formation does not play a major role. The
contribution of the different pathways to the overall NO emissions is shown in Figure 9. It
can be noticed the dominant role of the N,O mechanism. In particular for the cases of GRI
2.11, KEES58 and GRI 3.0 models the N,O mechanism is responsible for more than 80% of
the NO production. With the JL scheme, however temperatures are higher so that the
thermal mechanism dominates NO formation (99% of the NO production). This is due to

the completely different prediction on the temperature field inside the furnace.

S. Uncertainty analysis

Validation cannot be carried out without explicitly accounting for the uncertainties present
in both the measurements and the computation. As far as computation is regarded, the
uncertainties are associated to the choice of the physical model and to the specification of
the input parameters required for performing the analysis. The objective of the present
section is to show how sensitive the numerical simulations are with respect to scenario
parameters (boundary conditions) and model parameters. This appears crucial to identify
the main sources of uncertainties and orient, therefore, modelling (and experimental)
improvements.

The specification of the boundary conditions is a key issue in numerical simulation, and
typically only limited information is available from corresponding experiments and
observations. In the case of the furnace under investigation, the major uncertainty is
related to the wall boundary condition. During the experimental campaign, the wall
temperature at a distance z = 0.112 m was measured as 1313 K (1040 °C) [29]. Being

flameless combustion characterized by a uniform temperature field, it was considered

13
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acceptable to carry out numerical simulations with walls at 1313 K, as discussed in Section
3.1

We can now assess the sensitivity of the numerical results to such a choice by modifying
the wall temperature within a reasonable range of variability. Following the recent analysis
provided by Parente et al. [55], who analysed the possible uncertainty sources for in-
furnace temperature measurements, an uncertainty of + 40K is considered here. Therefore,
two temperature values were used to specify the furnace wall temperatures beside the base
case discussed above: 1273 K and 1353 K. All the simulations were run using the
modified k-¢ turbulence model and the EDC combustion model coupled with the KEESS8
chemical mechanism, since it allows having good results and saving computational time
with respect to GRI 2.11.

Figure 10a shows the axial temperature profiles for these three cases. It is possible to
notice that the wall temperature has a major effect on the temperature inside the chamber.
In this case the best agreement with the experimental data is obtained when the value
measured in the experimental campaign was considered.

In particular, when a lower temperature is considered, the maximum temperature inside the
chamber decreases of 125 K with respect to the baseline case (7,,=1313 K), leading to an
average deviation of 9%. On the other hand increasing the wall temperature leads to an
average deviation of 7% and an increase of the maximum temperature of 80 K. Therefore,
the propagation of the wall temperature uncertainty in the simulation results is slightly
more than linear.

Following our discussion in Paragraph 4, the uncertainty related to the heat transfer
coefficient, A, at the wall was also considered. A variation of 10% for & was considered
therefore two additional simulations were run with #=6.3 W/m’K and h=7.7 W/m’K,
respectively. Results are provided in figure 10b. When a lower coefficient is used, the
temperature inside the furnace increases of 90K, while with the higher coefficient the
temperature decreases of 60K, thus showing that the propagation of the uncertainty is
slightly less than linear. This is an interesting result, showing that a convective heat
transfer boundary conditions might be preferable over a fixed temperature one, since an
error in the specification boundary condition would have a less significant effect on the
results. The mean wall temperature is 1430 K with /=6.3 W/m°K and 1304 K with h=7.7
W/m’K.
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It is also possible to compare the effect of the uncertainty in the boundary conditions to the
one related to the choice of the physical models (i.e. turbulence, combustion and kinetic
model).

Figure 10c and Figure 10d show the variability in the results related to the variation of the
physical model and the kinetic mechanism, respectively. The uncertainties related to the
boundary conditions and to the physical model are of the same order of magnitude. It is
possible to notice a difference of 120 K on the maximum temperature inside the chamber
as a result of the change in the physical model. The average deviation is 2% for MKE and
8% for SKE.

A larger uncertainty is associated with the choice of the kinetic mechanism. Switching
from JL to GRI 3.0 leads to a difference on the maximum temperature of about 180 K. The
relative average deviation is 1.8% for GRI 2.11, 2% for KEESS, 7% for JL and 8% for
GRI 3.0. This confirms the importance of the choice of the kinetic mechanism and in the

specific case of flameless furnaces, the necessity of taking into account detailed chemistry.

6. Operating characteristics of the furnace

Once the computational model is chosen and the uncertainties related to both models and
boundary conditions are assessed, it is possible to evaluate some of the operating
characteristics of the furnace, such as the recirculation rate kg and the location of the
reaction zone, in order to show that some of the theoretical characteristics of the flameless
regime are actually present in the case under investigation.

In flameless combustion regime, the recirculation rate is a key parameter to quantify the
amount of exhaust gases recirculated [1]. The recirculation rate is defined as the ratio
between the net mass flow rate of recirculated flue gas and the sum of the fuel and air mass
flow rates.

First a theoretic estimation of kg is performed, following Cardoso [57], who relates

recirculation rate, kz_to the chamber-to-nozzle(s) areas by means of the parameter a:

kg = 0.30a /159 (3)
1 /A,

where A, is the section of the combustion chamber and A,, the section of the inlet nozzles.
Using Equation 4, a value of 9.7 is obtained for kg, in agreement with the value provided

by provided by Plessing et al [28]
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The value of kg estimated using Equations 3 and 4 can be verified by post-processing the
CFD results. Starting from the flow streamlines inside the furnace, it is possible to locate
the plane on which the main recirculation takes place. The value of kg is then calculated
from the following equation, reported in [1]:

e
kg = E— )
where 11, is the net mass flow rate of recirculated flue gas, whereas 1y and m, are the
fuel and air mass flow rates, respectively. All those mass flow rates are calculating
following Equation 6:
m = [, pvdS (6)
The value provided by Equations 5 and 6 is kg = 10.7, in excellent agreement with the
theoretical value calculated above.
In the conditions of the traditional combustion regime it is not possible to achieve
flammable mixtures of hydrocarbon and air for values of kx > 0.5 without extinction
occurring, due to the lower oxygen concentration and higher inert species in the mixture.
However, the temperature and mixing ensured in the furnace allow the fuel to react in a
steady and stable form even for high values of the recirculation rate; this is the principle
behind flameless combustion [1-2].
As far as the reaction zone is concerned, it is possible to locate it considering the
distribution of two chemical species: the radical OH and the formaldehyde (CH,0O). Figure
11 shows the distribution of the mass fraction of OH and CH,O across the furnace axis. It
is clear that the reaction zone is lifted, meaning that the reaction is taking place in diluted
condition and not as soon as the fuel and air jets mix.
In order to verify if the reaction is actually taking place in diluted condition the
distribution of the mass fraction of OH versus the mass fraction of O, is analysed. Figure
12 compares such distribution for three different flames:
- Flame C of the Sandia Laboratory [58], which is a purely diffusive flame;
- JHC burner [21], which emulates flameless conditions;
- Furnace under investigation.
As far as the first two systems are concerned, the experimental data were used, whereas for
the furnace under investigation the data obtained by the numerical model validated in the

previous sections are used.
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It is possible to observe that for flame C (red stars) the reaction takes place for all the
possible concentration of O,, whereas for the JHC (blue crosses) the reaction takes place
only in very diluted conditions. The furnace under investigation is a flameless system.
However, a flameless-like behaviour can be only observed with an appropriate choice of
combustion model and kinetic mechanism. To illustrate this, the mass fraction obtained
with the KEE mechanism is plotted versus the mass fraction of O, (black circles). It can
be observed that the combination EDC with KEE is able to predict that reactions mostly
take place in diluted condition (mass fraction of O, below 0.06). A relatively small region
where the reactions take place in presence of higher concentration of O is also identified:
the latter is probably associated to the ignition process, which is likely controlled by auto-
ignition and takes place in diffusive conditions, as supported by recent investigations on
the flameless combustion regime [59].

Therefore, we can conclude that the approach described in the previous sections lead to a
comprehensive numerical model, which well describes the actual combustion system as
indicated by the quantitative agreement between simulations and experimental
observations. It should be stressed that the model development was not based on
qualitative assessment and trial and error procedures, but it has been guided by a rigorous

analysis of the possible sources of modelling and scenario uncertainties.

7. Concluding remarks

A numerical investigation through computational fluid dynamics of a semi-industrial
furnace operating in flameless combustion mode has been presented. In particular the role
of closure sub-models in flow field, temperature and NO emissions was studied.

Among the different turbulence models that were tested, the modified k-& model provides
the best agreement with the experimental data, especially as far as temperature is
concerned. Reynolds stress model leads to a smaller deviation from the measured value
when radial velocity and fluctuation velocity are concerned.

The Eddy Dissipation Concept (EDC), coupled with four different kinetic schemes (JL,
KEESS8, GRI 2.11 and GRI 3.0) was considered. The GRI 2.11 is the mechanism that
performs better, although also the KEES8 gives satisfactory results, confirming the
necessity of taking into account at least skeletal kinetic mechanisms.

As far as NO emissions are concerned, similar results were found. The GRI 2.11 and the

KEES5S8 perform similarly and yield to the best agreement with experimental NO data.
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The contribution of different formation routes was also examined. Given the low
temperatures that characterize such combustion regime, the N,O intermediate mechanism
for formation of NO plays a major role, while thermal NO mechanism is not as relevant as
in traditional combustion regime.

Finally an assessment of the uncertainty related to the choice of boundary conditions was
performed. First, the effect of two different thermal boundary conditions was evaluated
and then the uncertainty related to the value of the wall temperature and the value of the
heat transfer coefficient was assessed. It was found that the wall temperature has a major
effect on the temperature inside the chamber and this uncertainty is of the same order of
magnitude as the uncertainty associated with the choice of the physical models. A larger
uncertainty is associated to the kinetic mechanism, confirming that it plays a major role in
the modelling of flameless furnaces.

Finally the operation characteristics of the furnace are evaluated. The recirculation rate kg
is estimated at 10.7 and it was found from the analysis of the radical OH distribution that
the reaction takes place mostly in very diluted conditions.

The model obtained in the present work well agrees with the experimental data and it is the
result of a rigorous analysis of the possible sources of modelling and scenario

uncertainties.
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Table 1 - Average absolute validation metrics [m/s] and Normalised Root-Mean-Squared

Error [-] for axial velocity with different turbulence models. EDC, KEESS.

Average Absolute Metrics [m/s]

Normalised Root-Mean-Squared Error [-]

¢[m] MKE SKE RNG RKE RSM | MKE SKE RNG RKE RSM
0.012 2.77 2.25 2.99 2.82 2.18 0.09 0.08 0.10 0.09 0.08
0.112 4.56 4.64 5.90 4.27 4.20 0.45 0.40 0.51 0.39 0.37
0.212 3.95 3.23 3.25 4.67 2.82 0.40 0.30 0.40 0.36 0.27
0.312 5.00 2.79 3.19 4.41 2.60 0.87 0.47 0.53 0.77 0.44
Total 4.06 2.84 3.42 3.95 2.95 0.45 0.31 0.38 0.40 0.29
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Table 2 - Average absolute validation metrics [m/s] and Normalised Root-Mean-Squared

Error [-] for radial velocity with different turbulence models. EDC, KEES8

Average Absolute Metrics [m/s]

Normalised Root-Mean-Squared Error [%]

MKE SKE RNG RKE RSM | MKE SKE RNG RKE RSM
0.012 1.31 1.48 1.16 1.38 1.08 0.67 0.78 0.59 0.70 0.55
0.112 0.39 0.23 0.31 0.31 0.23 0.71 0.42 0.57 0.56 0.47
0.212 0.53 0.50 0.51 0.49 0.60 0.69 0.68 0.68 0.64 0.81
0.312 0.17 0.15 0.16 0.15 0.18 0.58 0.48 0.52 0.53 0.62
Total 0.99 0.98 0.92 0.98 0.92 0.66 0.59 0.59 0.61 0.61
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Table 3 - Average absolute validation metrics [m/s] and Normalised Root-Mean-Squared

Error [-] for axial component of velocity fluctuations with different turbulence models.

EDC, KEESS.

Average Absolute Metrics [m/s]

Normalised Root-Mean-Squared Error [%]

¢tml MKE SKE RNG RKE RSM | MKE SKE RNG RKE RSM
0.012 1.40 0.90 1.35 1.32 1.38 0.25 0.15 0.22 0.22 0.23
0.112 0.46 0.55 0.73 0.63 0.55 0.25 0.30 0.42 0.34 0.29
0.212 0.90 0.54 0.33 1.03 0.62 0.67 0.45 0.25 0.80 0.51
0.312 0.77 0.40 0.15 0.82 0.42 1.32 0.72 0.36 1.49 0.73
Total 0.77 0.50 0.62 0.80 0.61 0.62 0.41 0.31 0.71 0.44
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Table 4 - Coefficient of determination (R”) for axial velocity and axial component of

velocity fluctuations with different turbulence models. EDC, KEESS.

MKE SKE RNG RKE RSM
Axial velocity 0.826 0.893 0.880 0.846 0.876
Velocity fluctuations (RMS) 0.787 0.869 0.645 0.752 0.775
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Table 5 - Comparison between experimental NO emissions [ppm,] and those predicted

using different kinetic schemes.

Exp. JL KEES8 GRI2.11 GRI3.0

10 39.9 8.7 8.1 53
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Figure 1 - Sketch of the experimental furnace [30].
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Figure 5 — Parity plot of measured and predicted values of axial (a) mean velocity and (b)
velocity fluctuation, for different turbulence models. EDC combustion model, KEESS kinetic

mechanism.
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Figure 6 - Comparison between experimental temperature profile along the combustion
chamber axis and those predicted with (a) different turbulence models and (b) different kinetic

mechanisms. MKE turbulence model, EDC combustion model.
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Figure 7 — Temperature profiles at different locations along the furnace wall, predicted with a
convective heat transfer wall boundary condition. MKE turbulence model, EDC combustion

model, KEE58 kinetic mechanism.
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Figure 8 - Comparison between experimental temperature profile along the combustion

chamber axis and those predicted with different wall boundary conditions. MKE turbulence

model, EDC combustion model, KEE58 kinetic mechanism.
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Figure 9 - Contribution of different formation routes to the total NO emissions (dry basis),

predicted with different kinetic mechanisms. MKE turbulence model, EDC combustion

model.
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Figure 10 - Uncertainty on axial temperature predictions, associated with (a) the wall
temperature boundary conditions, (b) the heat transfer coefficient, (c) the turbulence model

and (d) the kinetic mechanism. EDC combustion model, KEES58 kinetic mechanism.
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Figure 11 - OH and CH,O mass fraction distribution along the furnace. MKE turbulence

model, EDC combustion model, KEES58 kinetic mechanism.
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Figure 12 - Distribution of the mass fraction of OH versus the mass fraction of O, for Flame

C, JHC and the furnace under investigation.
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