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Abstract

Over the past 30 years, the Eddy Dissipation Concept (EDC) has been widely applied in the industry for the
numerical simulations of turbulent combustion problems. The success of the EDC is mainly due to its ability
to incorporate detailed chemical mechanisms at an affordable computational cost compared to some other
models. Detailed kinetic schemes are necessary in order to capture turbulent flames where there is strong
coupling between the turbulence and chemical kinetics. Such flames are found in Moderate and Intense Low-
oxygen Dilution (MILD) combustion, where chemical time scales are increased compared with conventional
combustion, mainly because of slower reactions (due to the dilution of reactants). Recent modelling studies
have highlighted limitations of the standard EDC model when applied to the simulation of MILD systems,
noticeably a significant overestimation of temperature levels. Modifications of the model coefficients were
proposed to account for the specific features of MILD combustion, i.e. an extension of the reaction region
and the reduction of maximum temperatures. The purpose of the present paper is to provide functional
expressions showing the dependency of the EDC coefficients on dimensionless flow parameters such as the
Reynolds and Damkoéhler numbers, taking into account the specific features of the MILD combustion regime,
where the presence of hot diluent and its influence on the flow and mixing fields impacts on the reaction
rate and thermal field. The approach is validated using detailed experimental data from flames stabilized on
the Adelaide Jet in Hot Co-flow (JHC) burner at different co-flow compositions (3%, 6% and 9% Os mass
fraction) and fuel-jet Reynolds numbers (5,000, 10,000 and 20,000). Results show promising improvement
with respect to the standard EDC formulation, especially at diluted conditions and medium to low Reynolds
numbers.
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1. Introduction

New breakthroughs in clean energy are needed to provide our society with the necessary resources in a
way that also protects the environment and addresses the climate change issue. The need for innovation
is particularly important in combustion, considering that the energy derived from burning fossil fuels (coal,
petroleum or natural gas) supplies over two thirds of the total world energy needs. A certain number of
new combustion technologies have been proposed in recent years. Among them, Moderate or Intense Low-
oxygen Dilution (MILD) [1-3] combustion is certainly one of the most promising, as it is able to provide
high combustion efficiency with low pollutant emissions. This mode of combustion is achieved through the
strong exhaust gas and heat recirculation, achieved by means of the internal aerodynamics of the combustion
chamber in conjunction with high-velocity burners [1]. Heat recovery by preheating the oxidant stream can
also help in improving thermal efficiency and maintaining the MILD regime. The resulting combustion regime
features reduced local oxygen levels, distribution of reaction over the whole combustion chamber, no visible
or audible flame and thus the name flameless. The temperature field is more uniform due to absence of
temperature peaks, which drastically reduces NOx formation [1, 2, 4-6|, while ensuring complete combustion
and low CO emissions [7-10]. MILD combustion can accommodate large fuel flexibility, representing an ideal
technology for low-calorific value fuels [11-14], high-calorific industrial wastes [15] as well as for hydrogen-
based fuels [16, 17].

In recent years, attention has been paid to MILD combustion modelling, due to the very strong tur-
bulence/chemistry interactions of such a combustion regime. The Damkdhler number in MILD conditions
usually approaches unity [17] and both mixing and chemistry need to be taken into account with appropriate
turbulent combustion models. This has also been proven by Parente et al. [18], who analysed the correla-
tion structure of MILD combustion data [19] using Principal Component Analysis (PCA) and showed that
the standard flamelet approach is not suited for such combustion regime. Recently, successful predictions
of different MILD combustion cases have been reported [17, 20-22] using Reynolds-Averaged Navier-Stokes
(RANS) modelling and the Eddy Dissipation Concept (EDC) [23]. However, several studies of the Jet in
Hot Co-flow (JHC) configuration [19] also reported that the standard EDC tends to over-predict maximum
temperatures when applied to the MILD combustion regime [24, 25]. Recently, De et al. [26] carried out
a detailed study on the performance of the EDC model on the Delft Jet in Hot Co-flow burner (DJHC)
emulating MILD conditions. The authors showed that the model described correctly the mean velocity pro-
files and the Reynolds shear stress distributions, but showed significant discrepancies between measured and
predicted temperatures. The mean temperature field showed systematic deviations from experimental data,
due to the under-prediction of the lift-off height and the over-estimation of the maximum temperature level.
This is mainly due to the over-estimations of the mean reaction rate in the EDC model. The authors showed
that the prediction could be improved by adapting the standard coefficients of the classic EDC model, in
particular increasing the time scale value, C., from 0.4083 to 3. The results were further confirmed for the

analysis of the Adelaide JHC flames with methane/hydrogen mixtures [27] and with several ethylene-based
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blends [28]. Recently, Evans et al. [29] showed that adjusting the EDC coefficients C; and C from their
default value, 0.4082 and 2.1377, to 3.0 and 1.0, respectively, results in significantly improved performance of
the EDC model under MILD conditions. Although the modification of the coefficients was shown to provide
improved agreement between experiments and numerical simulations, it is still necessary to identify clear
guidelines for the modification of the model coefficients in the context of MILD combustion, based on the
specific turbulence and chemical features of such a regime. Shiehnejadhesar et al. [30] showed, for instance,
that the standard EDC is not applicable for turbulent Reynolds values below 64 and proposed a hybrid Eddy
Dissipation Concept/Finite-rate model calculating an effective reaction rate weighting a laminar finite-rate
and a turbulent reaction rate, depending on the local turbulent Reynolds number of the flow.

The purpose of the present paper is to provide functional expressions showing the dependency of the EDC
coefficients on dimensionless flow parameters such as the Reynolds and the Damkdhler numbers. After a brief
description of EDC and of the energy cascade model it relies on, the novel approach for the determination of
the EDC coefficients will be presented. Results for the Adelaide JHC at different co-flow composition (3%,
6% et 9% Os mass fraction) and fuel-jet Reynolds numbers (5000, 10000 and 20000) will be presented, to

assess the soundness of the current approach.

2. Eddy Dissipation Concept

The Eddy Dissipation Concept (EDC) by Magnussen [23] for turbulent combustion has found wide ap-
plication for the simulation of turbulent reacting flows, especially for cases where combustion kinetics plays
a major role, as it happens for MILD conditions. EDC has the advantage of incorporating detailed kinetics
at a computational cost which is affordable when compared to more sophisticated models such as the trans-
ported PDF methods. This advantage is maximised when EDC is used in conjunction with in-situ adaptive
tabulation (ISAT) [31].

According to the EDC model, combustion occurs in the regions of the flow where the dissipation of
turbulence kinetic energy takes place. Such regions are denoted as fine structures and they can be described
as perfectly stirred reactors (PSR). The mass fraction of the fine structures, vy, and the mean residence
time of the fluid within them, 7%, are provided by an energy cascade model [32], which describes the energy

dissipation process as a function of the characteristic scales:
3Cpo T et Ve i
= (25D2) " (PENT _ o <7) 1
b (40,231) (/@) " \k2 @

and

() - ®

where v is the kinematic viscosity and e is the dissipation rate of turbulent kinetic energy, k. Cp; and Cpo

are model constants set equal to 0.135 and 0.5, respectively, leading to fine structure volume and residence
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time constants equal to C, = 2.1377 and C; = 0.4083. Fine structures are assumed to be isobaric, adiabatic
perfectly stirred reactors. The mean (mass-based) source term in the conservation equation for the i" species
is modelled as suggested by Gran and Magnussen [33]:
-2
D=~ ey - w0, 3)
where p denotes the mean density of the mixture, y is the mass fraction of the it" species in the fine structures
and 7; represents the mean mass fraction of the i** species between the fine structures and the surrounding
state (indicated as yY):

Ui =i+ (1=3) v (4)

As indicated above, the expressions for v, and 7* used in the mean reaction rate for the i*" species are
obtained from an energy cascade model, based on Kolmogorov’s theory. In the following the model is briefly
summarized, to highlight the main hypothesis behind it. Then, the proposed modification of the EDC

standard coefficients will be presented and discussed.

2.1. Energy cascade model

The energy cascade model for EDC [32] starts with the transfer rate of mechanical energy, w’, from the
mean flow to the large turbulent eddies. The sum of the heat generated at each level, }, ¢;, is assumed
to be equal to the turbulent dissipation rate e. The first cascade level is characterized by a velocity scale
u = /2 /3k and a length scale L, giving a strain rate w = ul/ L', and it represents the whole turbulence
spectrum because it contains the effect of smaller scales. In the energy cascade model, it is assumed that the
strain doubles at each level, so that W' = u”/L” = 2w’. The strain rate at level n is w,, = 2w(p—1)- In the
original model formulation, the last level is described by scales w*, u*, L*, which are considered to be of the
same order of Kolmogorov scales, wy, ug, L.

The rate of production of mechanical energy, w;, and the rate of viscous dissipation, ¢;, at each level of
the cascade are expressed [32] in analogy to the production and dissipation terms appearing in the equation

of turbulent kinetic energy, k. This implies, for level n:

Wy, = iCplwnui = gCDlzi, (5)
u2
Gn = Cpavw;, = CDQVf% (6)
and, by the conservation of energy
Wp = Gn + Wnt1- (7)

At the fine structure level, where reaction occurs, the energy is dissipated into heat,

*3 u*2
q = CDQVF' (8)

u

. 3
wh =507 =
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In the original energy cascade formulation, the value of C'ps was selected as best fit for several types of flow,
whereas C'p; was chosen using the approximation that for Re >> 1 nearly no dissipation takes place at the
highest cascade level. This implies:

/ / 1" " 3 ulg
e=w =q +w w 5Cp1 77 (9)

Under this assumption, a relation can be found between Cp; and the k — € turbulent model constant C,,, via
the definition of the turbulent viscosity, vr:

‘4 klz

U 2
=-C
zbo1

o 3
uwl =-=-Cp1— — (10)
2 € €

Considering the definition of vy in the k — € turbulent model, vy = CH%Q, we conclude that 2/3Cpy cor-
responds to the constant C,, = 0.09, which gives Cp; = 0.135. On the other hand, summing up all level
contributions to dissipation, and performing an energy balance on the last energy level, two additional rela-

tions are found [32]:

4 u*2
€= §CD2VF (11)
*3
€ = 2CD1 12* . (12)

Combining Equations (11) and (12), we conclude that the fine structure scale is of the same order of the

Kolmogorov one:

_w'L* 2Cp
o 174 B 3CD1

Re* =25. (13)

The classical cascade model described here has been developed for high Reynolds number flows, with clear
separation between turbulent scales. However, in MILD combustion, there is no longer a clear separation
between large and small scales of turbulence, and reaction can occur over a wide range of scales [34]. Therefore,
the chemical reactions proceed in a thick distributed reaction zone comparable to the integral length scale,
leading to a modification of the characteristic scales of the reaction structures, due to the transfer of energy to
higher frequencies than those of the reacting structures in the spectrum. It is therefore necessary to revise the
cascade model, to deal with the specific features of the MILD combustion regime, and clarify the dependency
of the energy cascade parameters on the flow and reaction structure characteristics, using the Reynolds and

Damkohler numbers.

2.2. Determination of energy cascade coefficients in MILD combustion

In MILD combustion, the dilution and preheating of the reactants generate a unique “distributed” reaction
zone [34]. The system evolves towards perfectly mixed conditions and the reaction process is characterized
by a Damkoéhler number approaching unity. As pointed out in the introduction, this has led several research

groups to modify the classic EDC model coefficients to achieve better predictions of experimental data. In
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particular, the choice of the coefficients proposed by Evans et al. [29] has interesting implications for what
concerns the fine structure characteristics. Using the values of 3.0 and 1.0 for C» and C,, respectively, in
Equation (13), a characteristic Reynolds number Re* = 4 is obtained, which indicates that the reacting
structures in MILD combustion have larger characteristic dimensions than in traditional combustion sys-
tems. This was recently confirmed by the analysis of Minamoto et al. [34], who pointed out that reacting
regions in MILD combustion are distributed over a good portion of the computational domain and the inter-
action between reaction zones leads to an appearance of distributed reaction, resulting in relatively uniform
temperature distribution.

We assume that the MILD combustion happens in the so-called Distributed Reaction Regime, to base
our revision of the standard cascade model. Such a combustion regime is associated mainly with small-scale,
high-intensity turbulence. In such a regime, u’ >> Sy and L' < 61, meaning that Kolmogorov scales are
able to enter and to thicken the preheating zone and, possibly, the reaction region, leading to a thickened
and distributed flame structure [35, 36]. In such a scenario, it is appropriate to estimate the characteristic
speed of the reacting fine structures from the turbulent flame speed. The validity of such hypothesis requires
that a flame front can be still defined at the characteristic scales of the reacting structures, and this is indeed
the case for the regime under investigation, given its distributed nature determined by the high-intensity
turbulence. When dealing with this regime, it is a common practice to: i) model the effects of turbulence on
combustion as enhancement of heat and mass transport; ii) employ the classic expression by Damkohler for

turbulent flame speed, St [36, 37]:

ST:S“/QTTMzSM/L:_V:SL\/ReT+1 (14)

where Rer = k?/ (ve) is the turbulent Reynolds number. The use of premixed quantities such as the laminar
flame speed is justified by the large degree of partial premixing occurring in MILD conditions. The very strong
recirculation determines a modification of the reaction region which evolves to perfectly stirred reactor (PSR)
conditions. The nature of reacting structures and the suitability of existing modelling paradigms in MILD
combustion has been recently investigated by Minamoto and Swaminathan [38]. They showed that MILD
reaction zones are highly-convoluted, contorted and pancake-like structures, spread over a large portion of the
computational domain resulting in a relatively broad reaction zone. By means of a systematic comparison
between numerical simulations and DNS data, the authors showed that the PSR modelling paradigm is
applicable in the (RANS and LES) modelling of MILD combustion, as also demonstrated in [39, 40]. Based
on this observation, the use of Equation (14) appears a good first-order estimate of the reacting structure
characteristic velocity for MILD conditions, and it can be used to infer the dependency of the energy cascade
model coefficients Cp; and Cps on the dimensionless reacting flow numbers.

From Eq. (11), we know that € oc Cpovu*?/L*2. Considering that u* is the characteristic speed of the
turbulent reacting fine structures, i.e. u* ~ S = Spv/Rer + 1, one gets from Eq. (14):
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(15)
The length scale L* can be interpreted as the characteristic linear dimension of the reacting fine structures,
being the reactions distributed over many turbulent length scales. This implies that the ratio L*/Sy, indicates
a characteristic chemical time scale, 7., of the reacting structures, in line with the classic treatment of

turbulent premixed flames [36]. Consequently, 7. can be expressed as a function of the Kolmogorov mixing

time scale, 7, using the flow Damkdhler number. Thus, dissipation can be expressed as:

¢ oc [Cp2v (Rer +1)] _ [Cpav (Rer +1) Daj] (16)
T2 7'%

Here, the pertinent mixing time scale for comparison is the Kolmogorov one, as indicated in the original energy
cascade model by Ertesvag and Magnussen [32], explaining the use of the symbol Da,, to indicate that the
Damkohler number is evaluated at the Kolmogorov scale ng, Da,, = 7,,/7.. Such a choice is motivated by the
need of comparing the reaction process occurring in the fine structures to the molecular mixing process at
the Kolmogorov scale. The problem could be also treated by introducing the Karlovitz (Ka) number, which
intrinsically adopts the Kolmogorov scale, leading to an equivalent formulation. However, the interpretation
in terms of Damkohler number appears more immediate, being the observed Da, number for MILD systems

of order unity [41]. Expressing 7, = (v/ e)%, we get the following dependency of Cps on Rer and Day,;:

1
Cpa x . 17
bz [Doz?7 (Rer +1)] (7)
Given the definition of C; (Eq. (2)), we obtain:
1
C,r x (18)

Dayv/Rer +1

Equation (18) provides a theoretical basis and confirms the recent findings in [26, 27]. In particular, it shows
that for combustion regimes characterized by low Damkohler numbers, the fine structure time coefficient
should be increased, to account for: i) the wider reaction regions; ii) the reduction of driving forces due to
the smoothed gradients; and iii) the reduction of temperature due to higher dilution. Moreover, Eq. (18) also
introduces an explicit dependence on the turbulent Reynolds number, indicating that for decreasing Rer the
aforementioned phenomena become even more relevant.

A similar procedure can be carried out to determine the dependency of C, on Rer and Da,,. From Eq.

(13) we can find a relationship between Cps and Cpy, Cpa/Cp1 = 3/2Re* = %"*L. Using Eq. (14) for u*,

v

we get
Cpo 3 vr+1

2 =-_9 R
ODl 2 L 1/2

and, since Sy, < /v/7. [36], the ratio Cpa/Cp; can be expressed as

L*, (19)

L* /2% +1
@—§—V70<\/R6T+1. (20)

CDl o 2SL Te
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Based on the definition of C,(Eq. 1), the following expression is found:

SCDQ T (ReT —+ 1) g 1
= -~ 7 Da? 1
Cﬂy <4C%1) > [ Cpe > Dai (Rer +1)

N

(21)

which indicates that the fine structure coefficient should be decreased for decreasing Rer and Da,,. This
result can be interpreted considering that for low Rer and Da,, the fine structures are more distributed and
their local mass fraction decreases. Moreover, it is important to note that the dependency on the Damkohler

number for such a coefficient is less important than for C..

3. Validation test cases

In order to validate the proposed approach, data are needed at different Rer and Da,. To this end, the
Adelaide Jet in Hot Co-flow burner [19] represents an ideal test-case for our purposes, thanks to the availability
of detailed experimental measurements (temperature and species compositions) at different oxygen levels in
the co-flow, ranging from 3% to 9%, allowing to control the system Da, number, and at different fuel jet
Reynolds numbers (5000, 10000 and 20000). The MILD combustion burner (Figure 1) consists of a central
insulated fuel jet (@¥4.6mm) within an annular co-flow (@82mm) of hot exhaust products from a secondary
burner mounted upstream of the jet exit plane. The Oz level in the co-flow is controlled by the constant
flow-rate secondary porous burner. The ratio of the co-flow air/nitrogen was varied to give coflow O levels
of 3% (HM1), 6% (HM2) and 9% (HM3) (mass fractions), while the temperature and exit velocity were
kept constant at 1300 K and 3.2 m/s. The jet Reynolds number was varied for the 3% Oy level, from 5000
(HM1-5k) to 10000 (HM1) and 20000 (HM1-20k). The available data consist of mean and root mean square
(rms) of temperature and mass fractions of major (CHy, Ha, HoO, CO2, N2 and O2) and minor species (NO,

CO and OH).

Jet outlet

Oxidant inlet

Ceramic shield

Fuel inlet
Perforated plate

Internal burner

Cooling gas
outlet

Cooling gas
inlet
Oxidant inlet

Figure 1: Schematic of the Jet in Hot Co-flow burner [19].

Numerical simulation were carried out using the Ansys FLUENT 14.5 CFD commercial code. A two-

dimensional steady-state simulation of the physical domain was considered due to the symmetry of the system.
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The computational domain is 1000 mm in the axial direction and 120 mm in the radial direction from the
jet exit. The mesh is structured and non-uniform with about 20,000 cells, to provide high resolution in the
reaction zone and save computational effort elsewhere. Two additional meshes were considered to evaluate
the Grid Convergence Index (GCI), which gives a measure of deviation from the asymptotic numerical value
[42]. A GCI value of about 2% was obtained for temperature and major species, using the base grid and the
KEE-58 mechanism [43].

Velocity-inlet boundary conditions are specified at the inlets, whereas pressure-outlet conditions are ap-
plied at the boundaries assuming ambient air back-flow conditions, being the flame non-confined. Turbulence
is modelled using a modified k — € model, with the C; parameter modified to a value of 1.60 for self-similar
round jets [44]. Particular attention was given to the specification of the turbulence level of the co-flow, as
previous studies [25, 27] indicated the very strong effect of turbulence intensity on the mixing level and the
quality of the predictions.

The KEE-58 mechanism is considered in the present study in combination with EDC model in its standard
formulation and using the modifications proposed in Section 2.2. The choice of the KEE-58 mechanism
was motivated by the relatively low computational cost associated with this mechanism compared to more
complete ones such as the GRI-2.11 and GRI-3.0 mechanisms [45, 46]. Figure 2 shows a comparison between
the measured and calculated temperature profiles, providing a benchmark of the three mechanisms. Results
show negligible differences between the KEE-58 and GRI-2.11/GRI-3.0 mechanisms, below 2-3% in all cases,

thus justifying the use of the less computational expensive KEE-58 scheme for the present investigation.

1800 1800 1800
* Exp
—KEE
1500 ---GRI-2.11 1500 1500 A
S ‘.‘
— 1200 — 1200 — 1200 e \\
= < < J
F 900 F 900 F 900 \
600 600 600
3000 10 20 30 40 50 60 3000 10 20 30 40 50 60 3000 10 20 30 40 50 60
r [mm] r [mm] r [mm]
(a) HM1, z =30mm (b) HM1, z =60mm (c) HM1, z =120mm

Figure 2: Comparison between measured and computed mean temperature for lame HM1 at three axial locations using the

standard EDC with three chemical kinetic mechanisms, KEE-58 (red), GRI-2.11 (blue) and GRI-3.0 (green).

Differential diffusion is taken into account by calculating binary diffusion coefficients from the kinetic
theory, and the discrete ordinate (DO) method together with the Weighted-Sum-of-Gray-Gases (WSGG)
model is used for radiation. Second-order upwind schemes are employed for all equations and the SIMPLE

algorithm is used for pressure-velocity coupling.
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3.1. Determination of EDC coefficients

The proposed approach for the determination of EDC parameters is tested in two different ways, using
global or local coefficients.

In the first approach, global coefficients are determined using Equations (18) and (21). The determination
of the modified model coefficients requires the knowledge of characteristic Rer and Da, numbers for the
system of interest. Rep can be directly computed, based on the estimated values of the turbulent kinetic
energy, k, and dissipation rate, €, of the fuel jet, Rer = k?/ (ve) . On the other hand, the estimation of Da,,
requires, in principle, the a priori knowledge of the solution. Isaac et al. [41] recently developed an approach
for the calculation of chemical time-scales of turbulent combustion data with detailed chemistry, based on
the down-sizing of the chemical source term Jacobian using Principal Component Analysis. The analysis was
demonstrated on the HM1, HM2 and HM3 flames, for which values of Da,, of 0.775, 1.15 and 1.4 [41] were
estimated, respectively. Therefore, the availability of characteristic Rer and Da, numbers allow us to find
the values of C; and C,, as indicated in Table 1. For the constant Reynolds number (10,000), oxygen varying
flames (HM1, HM2 and HM3), the variation of the coefficients C and C, is only due to the variation of Da,,
. On the other hand, for the Reynolds varying HM1 flames at yo, = 0.03 (HM1-5k, HM1 and HM1-20k),
both Rer and Da,, change (due to the change in turbulent dissipation rate, being 7, = (v/ e)%), as indicated
in Table 1. It can be observed that the approach requires the determination of a reference case, for which
standard values of EDC coefficients are applied. For C;, the reference was set through extrapolation of
the Da,, values from diluted (yo, = 0.03) to standard air (yo, = 0.232) conditions, using the estimated
Da,, values for HM1-HM3 flames. This gave a reference Da,, of 2.8, at which C; = 0.4083. In the present
investigation, the focus is initially put on the variation of the coefficient C.. This allows to better assess the
soundness of the proposed approach, since the observed trends can be more easily explained and linked to a

single parameter variation. The effect of the simultaneous variation of C; and C is also investigated.

Table 1: C and C,, as a function of global Rer and Da,, values.

Flame | Rer Da, | Cr Cy Flame Rer Da, | Cr Cy
HM1 400 078 | 1.47 1.90 HM1-5k 225 1.20 | 1.25 1.78
HM?2 400 1.15 | 1.00 2.14 HM1 400 0.78 | 1.47 1.90
HM3 400 14 | 082 214 HM1-20k | 760  0.50 | 1.77 2.00

When using local coefficients, the values of Rer and Da, must be computed locally for each cell. The
procedure is straightforward for the turbulent Reynolds number, which can be easily computed using the
local value of turbulent kinetic energy and turbulent dissipation rate.. As far as the Damkohler number is
concerned, its evaluation requires the estimation of the leading chemical time scale, 7., through the analysis
and decomposition of the Jacobian of the system chemical source terms [41]. Such a procedure can be very

expensive for the on-the-fly determination of the EDC parameters. Therefore, the estimation of the controlling

10
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chemical time scale was based on a one-step chemistry [47], obtaining temperature and the necessary species
concentrations from the detailed chemical mechanism. This approach was found to provide reasonable good
predictions for the system under investigation in [41], being the one-step chemistry applied on accurate
thermal and concentration fields. Once ., is available, Da, is simply computed from the definition Da,, =
Tn/Te, Where 7, = (v/ e)%. The use of local coefficients required the modification of original EDC model.
Indeed, Ansys FLUENT does not allow the change of the coefficients locally. Therefore, two User-Defined
Functions (UDF) were used: one for the calculation of the EDC coefficients based on local values of the
Reynolds and Damkohler numbers; and the second to compute the net formation rate for each species
based on the EDC formulation. A contour plot showing the Rer and Da, numbers for the system under

investigation is shown in Figure 3. The typical distribution of C; and C., for the flame under investigation

—
e
—

400 800 1200 1600 2000

o

0.00 0.20 0.40 0.60 0.80 1.00

Figure 3: Characteristic Rer and Da,, distribution for the JHC system. The horizontal axis denotes the axial direction. O2 level

in the co-flow: 3%. Fuel-jet Reynolds number:10,000.

is shown in Figure 4. The same formulation of the local coefficients was employed for all calculations, to
avoid any fitting/optimization of the results for specific operating conditions. Figure 4a-b shows that the
EDC local coeflicients are limited to their standard values, i.e. C, = 2.1377 and C, = 0.4083. Figure 4c
shows the Re* from the modified local coefficients, indicating value in the range 3-5 in the ignition region,
in agreement with the modified EDC model recently proposed by Evans et al. [29]. The distribution of C,
(Figure 4b) is due to the fact that for very low values of Da,, the C, was set to its standard value, to ensure
proper ignition. The threshold value for Da, was set to 0.01 in the present work; however, it was verified
that the results were insensitive to a variation of 50% around this value, to ensure the robustness of such
a choice. The need of a threshold value is mostly related to the approach used for the calculation of Da,,,
based on a one-step chemistry. This is very practical for the on-the-fly calculation of the model coefficients,

but it results in unrealistic estimations of Da,, values outside of the flame region.
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4. Results

This section describes the results obtained for the test cases at varying co-flow concentrations and fuel-
jet Reynolds numbers, with the objective of assessing the effect of the proposed modification of the EDC
coefficients on the results. First, the results of the approach based on global coefficients will be presented and
discussed. Then, the results of the local coefficients approach will be shown. To better assess the quantitative
agreement between model predictions and measurements, the results shown in the present section do not only
indicate the mean observed value of the scalar under consideration (temperature and species mass fractions)
but also the 95% confidence for the true mean value, p, associated to the measurements, 7., calculated as
[48]:

_ S _ S
<pu<Pet+ilg, (22)

Ye — t%,uﬁ n
where ta , is the (1 — %) quantile of Student’s t-distribution defined by the n experimental observations.

with v = n — 1 degrees of freedom, and s is the sample standard deviation,

5= [niIZ(yé—ye)Ql : (23)

i=1
The calculation of the confidence intervals was made possible by the availability of a large number of obser-

vations y¢ (~ 500) for each measurement point.

4.1. Modified EDC - global coefficients

Figure 5 shows the radial temperature profiles at different axial locations, for flames HM1 (a-c), HM2
(d-f) and HM3 (g-i). The modified EDC results shown are obtained through modification of the coefficient
C-. It can be observed that the adjustment of C; determines a generalized improvement of predictions: the
temperature over-prediction is strongly reduced and the radial temperature distribution is better captured.
At high axial distances, i.e. z = 120 mm, the behaviour of the model remains unsatisfactory, although
an improvement is noticeable with respect to the standard EDC model. To further confirm the qualitative
analysis based on the observation of Figure 5, the relative error in the prediction of the maximum temperature
at different axial locations is shown in Table 2. The peak temperature for the HM1 flame at z = 120 mm
decreased from 1716 K to about 1526 K, the experimental value being 1343 K, implying a reduction of the
relative error from 28% to 14%. Similar improvements are observed for HM2 and HM3 flames, for which the
error decreases from to 26% to 19% and from 20% to 16%, respectively. The trend is confirmed at all axial
distances and for all flames, with the exception of location z =30 mm for HM1 flame, where the performances
of standard and modified models are comparable. In particular, the modified model performs remarkably
well at z = 60 mm when compared to standard EDC settings. Interestingly, the coefficient modification
appears more beneficial as the departure from conventional combustion conditions is more important. This

is of straightforward interpretation, being the developed model based on theoretical considerations valid in
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Table 2: Relative error on maximum temperatures at different axial locations of standard and modified EDC models

for flames at varying oxygen concentration (HM1-HMS3).

HM1, Relative error on Trmaqe [%]

Global coefficients
z [mm] Std Local coefficients

c, G &Cy

30 0.91 2.90 3.80 3.48
60 5.00 0.50 3.60 1.75
120 27.80 13.60 5.60 9.35

HM2, Relative error on Trmaqe [%)]

z [mm)] Std  Global coefficients  Local coefficients
30 8.20 4.00 1.84
60 10.80 6.10 4.37
120 25.90 18.50 2.27

HMS3, Relative error on Trmae [%]

z [mm)] Std  Global coeflicients  Local coefficients
30 6.00 2.40 8.56
60 8.50 5.10 10.49
120 20.30 15.50 3.08

the framework of distributed reaction regime limit. The quantitative results shown in Table 2 support the
proposed modification of the EDC coefficients and provide a theoretical basis to previous results obtained by
other authors [26-28].

The availability of experimental data at different fuel-jet Reynolds numbers allows evaluating the perfor-
mances of the proposed model when modifying the Reynolds number at the conditions of highest dilution
(Yo, = 0.03). The fuel-jet Reynolds number is varied from 5,000 (HM1-5k) to 20,000 (HM1-20k), resulting in
different characteristic turbulent Reynolds numbers with respect to the base case (HM1) (Table 1). Figure
7 shows the radial temperature profiles at different axial locations, for flames HM1-5k (a-c) and HM1-20k
(d-f). Results confirm the trend observed for the varying oxygen cases, indicating that the modified model
yields improved predictions of temperature distribution at both Reynolds numbers. This is also proved by
the quantitative results in Table 3, which shows in particular remarkable performances for the HM1-5k flame.

The HM1-20k flame deserves a separate discussion. The experimental data show a strong temperature
reduction for increasing distance from the burner nozzle, at z = 120 mm, due to the partial extinction
of the flame caused by the increased jet velocity. This phenomenon can be clearly observed in Figure 6,
which shows the instantaneous temperature measurements as a function of the mixture fraction for the HM1
flames at Reynolds numbers 10,000 (a) and 20,000 (b), respectively. The amount of partial extinction and

re-ignition is significantly higher at higher Reynolds number, as indicated by the large data scatter in Figure
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6b compared to Figure 6a. This phenomenon is not captured by the standard EDC formulation, which
results in a significant over-prediction of the temperature levels at z = 60 mm and z = 120 mm (Table 3).
The modification of the EDC model coefficients improves the model predictions, as indicated by the error
metrics in Table 3 and the radial temperature distributions in Figure 7d-f. However, with the modified EDC
formulation, the flame extinguishes for axial distances higher than z = 120 mm and the model is unable to
reproduce the re-ignition observed experimentally. This indicates that the combination of RANS modelling
with the EDC approach is not adequate to model the HM1-20k flame, as the model provides either a stable
flame with temperature levels significantly higher than those observed experimentally or an extinguishing but
not re-ignition flame. It was attempted to model the HM1-20k flame using the transported PDF approach,
but this also resulted in global extinction, as indicated in the literature [49]. This suggests that more complex

approaches,; i.e. unsteady simulations and/or LES, should be employed to model such a flame.

Table 3: Relative error on maximum temperatures at different axial locations of standard and modified EDC models
for flames at varying fuel-jet Re numbers (HM1-5k and HM1-20k).

HM1-5k, Relative error on Tpas [%]

z [mm| | Cr=0.4083 C-=1.96
30 5.90 1.86
60 11.80 3.31
120 20.90 10.35

HM1-20k, Relative error on Tiaz [%]

z [mm| | Cr=0.4083 Cr=1.07
30 0.74 2.95
60 16.00 3.21
120 82.20 10.22

The effect of the simultaneous change of the two model coeflicients, C; and C,, on the results was also
investigated. Figure 8 shows the radial temperature profiles at z = 30 mm (a), 2 = 60 mm (b) and z = 120
mm (c) for the HM1 flames, providing a benchmark between all the tested models. It appears evident that
the modification of C, has a minor influence at axial distances z < 60 mm, whereas a clear effect can
be observed at z =120 mm, where the over-prediction of the temperature distribution is further reduced,
leading to better agreement between measurements and simulations with respect to the case based on the
modification of the coefficient C,. This is confirmed quantitatively by the results in the first columns of Table
2, which shows a relative error metric for maximum temperature decreasing from 13.6% to about 5%, when
modifying simultaneously the two model coefficients.

To further assess the potential improvement associated with the use of modified coefficients, the standard
and modified formulation are compared against the experimental observation of major (COy and HO) and

minor species (CO) and radicals (OH). Figure 9 shows the radial profile of CO mass fraction at different
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axial locations for the HM1 (a-c), HM2 (d-f) and HM3 (g-i) flames, using the standard EDC formulation
and the modified one with global coefficients. The observed improvement in temperature distributions is
expected to yield better agreement for observed and measured CO mass fractions. At z = 30 mm for the
HM1 case (Figure 9a), the modified model formulation provides better prediction only far from the axis,
underestimating the CO level at the centerline with respect to the standard model. On the other hand,
the improvements are significant and more clearly visible for the HM2 and HM3 (Figure 9d and Figure
9g respectively), particularly at the centerline. The same conclusions can be drawn for the CO profiles at
z =60 mm and at z = 120 mm. A similar analysis for the OH radical (Figure 10) shows that the use of the
modified coefficients provides improved results for increasing distances from the burner exit, whereas close to
the burner the OH peak is better captured by the standard EDC model. Moreover, it is possible to observe
that both default and modified models perform poorly at z = 120 mm. We mainly attribute this behaviour
to the intermittent localized flame extinction, documented in the literature for the flames under investigation
[24, 27], especially at diluted conditions. While the EDC model is capable of capturing the flame lift-off, it
fails in capturing such non-equilibrium phenomena.

The radial profiles of major species, i.e. CO2 and H50, indicate that the use of the modified model always
results in better predictions than the standard model. Figures 11 and 12 indicate that the modified model
better captures the observed values close to the axis, as well as at the peak value and values far from the
axis.

It is important to note that the analysis of the results cannot be only limited to the role of the modified
EDC coeflicients, but it should include further investigations on the influence of the turbulence model and the
kinetic mechanism. The objective of the present paper is to assess, for a given configuration, if the proposed
model for the modification of the EDC coefficients results in explainable and consistent trends, which appears

evident from the results.

4.2. Modified EDC - local coefficients

Finally, we analyzed the effect of local coefficients on the results. The objective is to verify that the
on-the-fly calculation of the EDC coefficients provides results in agreement with those obtained using the
modified global coefficients, without the need for an a priori knowledge of the results, which would make
the practical use of the theory developed in the present paper quite challenging. Figure 13 shows the radial
temperature profiles at different axial locations, for flames HM1 (a-c), HM2 (d-f), HM3 (g-i) and HM1-5k
(j-1), using the modified EDC formulation with globally and locally (in each grid cell) computed coefficients,
respectively. One general observation that can be made from these plots is that the results obtained with
a local evaluation of the coefficients compares very well with the results obtained using modified global
coefficients, providing thus improved results with respect to the standard EDC formulation. In some cases,
far from the burner nozzles, the results obtained using the local coefficients show even better agreement with
the experimental data. The same conclusions hold also for species distributions. In particular, the OH radial

profiles at z = 120 mm for flames HM1-HM3 (Figure 14) indicate that, while the results using global and
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local coefficients are very similar for the HM1 flame, there is a substantial improvement in OH prediction
when adopting local coefficients. This indicates that for the very diluted conditions (HM1), the use of the
local coefficients does not solve the problem related to the inability of EDC of capturing the localized flame
extinction. However, for the less diluted, more stable conditions (HM2-HM3), a local evaluation of the EDC
coeflicients gives improved results in the contracted region of the flame, where the use of global constants
(tuned using the fuel jet characteristics) over-estimates the reaction rates.

We can therefore conclude that the use of local coefficients for EDC is a viable option for the practical
implementation of the proposed functional dependencies between the EDC coefficients and the dimensionless
Rer and Da, numbers. The use of local coefficients has clear advantages over the use of global ones,
as it does not require prior knowledge of the characteristic dimensionless numbers (Rer and Da,) in the
system. Moreover, it should be stressed out that the use of local coefficients does not have an impact on the
simulation time, as the latter is dominated by the chemistry integration time. This method can thus be seen

as an effective way for on-the-fly calculations.

5. Conclusions

The Eddy Dissipation Concept (EDC) for turbulent combustion is widely used to model turbulent reacting
flows where chemical kinetics may play an important role, as it is the case for MILD combustion. However,
recent investigations have pointed out the limitations of the approach for such a regime. The present paper
proposes a modification of the EDC model coefficients to allow its application in the context of MILD

conditions. The main findings of the present work can be summarized as follows:

e The energy cascade model, on which EDC is founded, was revisited in the limit of the distributed
reaction regime, to derive explicit dependencies between the EDC model coefficients and the Reynolds

and Damkohler dimensionless numbers.

e The proposed approach was validated on several data sets collected on the JHC burner with different
co-flow composition (3%, 6% et 9% Oz mass fraction) and fuel-jet Reynolds numbers (5,000, 10,000
and 20,000). For the 20,000 Reynolds number case, the modification of the EDC model coefficients
improves the model predictions close to the burner. However, the model is unable to reproduce the
re-ignition observed experimentally at higher axial distance. This does not appear related to the EDC

model itself, rather to the RANS modelling limitations.

e The proposed approach was first validated using modified global coefficients, determined on the ba-
sis on available simulation results. Results based on the variation of the time scale coefficient, C,
show promising improvement with respect to the standard EDC formulation close to the burner, espe-
cially at diluted conditions and medium to low Reynolds numbers, for both temperature and species

measurements. Moreover, the simultaneous modification of the time scale, C,, and the mass fraction
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coefficients, C, leads to improvements in the model predictions at large axial distances from the burner

exit.

e The proposed approach was then validated using a local evaluation of the EDC model coefficients,
using the local values of Rer and Da, numbers. The Rer value was estimated from the local values
of turbulent kinetic energy and dissipation rate, while Da, was obtained from a one-step reaction,
using the temperature and species concentrations coming from the detailed mechanism employed for
the gas-phase reactions. Results from the local approach are comparable or superior to those provided

via the modification of the global coefficients, thus indicating the viability of the approach.

Future work will investigate the influence of the turbulence model and kinetic mechanism on the predictions
and their impact on the modified coefficients, using validation data from experiments and Direct Numerical
Simulations. Moreover, more accurate approaches for the determination of the chemical time-scale and Da,,

number will be investigated.
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Figure 4: Characteristic Cr (a), C, (b) and Re* (c) distribution for the JHC system. The horizontal axis denotes the axial
direction. Og level in the co-flow:3%. Fuel-jet Reynolds number:10,000.
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Figure 10: Radial profile of OH mass fraction at different axial locations, for lames HM1 (a-c), HM2 (d-f) and HM3 (g-i).
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Figure 11: Radial profile of CO2 mass fraction at different axial locations, for flames HM1 (a-c), HM2 (d-f) and HM3 (g-i).
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Figure 12: Radial profile of H20 mass fraction at different axial locations, for flames HM1 (a-c), HM2 (d-f) and HM3 (g-i)
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Figure 13: Radial temperature profiles at different axial locations, for flames HM1 (a-c), HM2 (d-f), HM3 (g-i) and HM1-5k
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