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INTRODUCTION
It is well known that the transition towards renewable electricity production raises several
challenges. To match energy production and consumption, there will be a need for massive daily
and seasonal electricity storage, in particular for fluctuating sources such as wind and solar.
Power-to fuel is one of the energy system that might allow long term storage. Indeed, electricity
can be stored into unconventional fuel, such as mixture of methane-hydrogen, ammonia or
methanol (liquid). Besides that, low calorific value fuels, such as biogas, syngas and coke oven
gas (COG) shall be largely used in order to reduce wastes and the consumption of new fossil
sources. Nevertheless, the combustion of these energy carriers inevitably produces greenhouse
gases and pollutant species such as nitrogen oxides. Due to the fact that these fuels have a
much lower calorific value compared to conventional fuels and flame stabilization problems
could occour, an efficient combustion technology is needed to achieve these goals. One such
technology is Moderate or Intense Low-oxygen Dilution (MILD) combustion. MILD conditions
are reached when the fuel stream have a temperature above the self-ignition temperature of the
fuel at the same as the maximum temperature increase compared to the inlet temperature is lower
than the self-ignition temperature of the fuel [1]. This moderate temperature increase reduces
the temperature peaks in the combustion process, which sequentially reduce the thermal NOx
created in the process. One methodology to reach MILD conditions is by recirculating the hot
combustion products back to the fuel inlet, thus preheating and diluting the fuel stream. This
creates very good mixing between the fuel and oxidizer, which in turn reduces the mixing time
scale to the same order of magnitude as the chemical time scale, i.e. the Damköhler number is
equal to 1. This implies a strong coupling between mixing and chemical kinetics resulting in
a very challenging problem. Indeed, many investigators observed satisfactory performance of
the Eddy Dissipation Concept (EDC) [2] to treat the turbulence/chemistry interaction in MILD
combustion conditions, especially for its capability to incorporate efficiently detailed kinetic
schemes. Recently, Partially-Stirred Reactor (PaSR) model [3] has started to be used to simulate
flameless combustion [4]. Conceptually, it is similar to EDC, but it is characterized by a different
definition of the reacting volume fraction. However, improvements must be achieved to optimize
it to the condition of MILD combustion, which is the target of the present paper. Beside that, an
experimental analysis has been conducted on a 20 kW flameless combustion chamber fired with
natural gas in order to bridge the gap between laboratory and industrial scales.
METHODOLOGY
The experimental facility (Figure 1) [5] consists of a 20 kW nominal power flameless unit (burner
coupled with combustion chamber), which has a configuration similar to industrial furnaces,
in terms of injection profiles, air excess, fuel and air velocity and internal load. Moreover, the
burner has an integrated metallic finned heat exchanger to extract energy from the flue gases
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and to pre-heat the combustion air.
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The combustion chamber is made of stainless steel and

Figure 1: Sketch of the flameless unit. Gray area is the surface interested by OH* imaging,
while the dash-dotted lines represent the in-flame measurement positions.

has a cubic internal section of 700 mm on each side. It is equipped with a 200 mm ceramic
fiber insulation layer to reduce the heat loss and the external wall temperature of the combustion
chamber. Fuel and air are fed co-axially or via a multi-holes system into the combustion chamber,
through separated jets. The unit is equipped with an air cooling system consisting of four cooling
tubes (OD 80 mm), with a length of 630 mm inside the furnace. Varying the air flow allows
the combustion chamber to operate at different stable conditions, thus simulating the effect of
a variable load. On each vertical wall of the combustion chamber, an opening is available for
measurements. Each side might be equipped with a 150x150 mm quartz windows, which can be
placed in up to four different positions along the opening length, allowing a complete access to
the reactive zone for optical measurements. In particular, an ICCD (Intensified Charge-coupled
device) camera 1.4 M, coupled with an UV interference filter, is used to identify the position
and shape of the reaction/heat release zone, via OH* chemiluminescence imaging. In-flame
temperature measurements are performed using a set of K-type thermocouples placed inside
the combustion chamber at four axial location between 320 and 620 mm from the bottom wall.
The averaged values are then corrected to consider the error coming from the radiation and
convection heat exchanges in order to find the real gas temperature. The flue gases are extracted
at the outlet of the internal heat exchanger and the species concentrations (O2 , CO, CO2 and
NOx ) are measured using a TESTO 350 gas analyzer. During the first experimental campaigns,
natural gas has been used as fuel. Its composition varies in time, but it can be averaged as follow
84.3% CH4 , 3.8% C2 H6 , 0.6% C3 H8 , 9.9% N2 and 1.4% CO2 . An experimental campaign has
been carried out to study the effect of the furnace temperature, the equivalence ratio (Φ), the
input power and the air injection geometry.
A particular operating condition (Tf = 975° C, Φ = 0.85 and 17.6 kW input power) is
investigated and evaluated numerically, with the objective of developing a numerical model
able to reproduce the main furnace features. Favre-averaged Navier-Stokes equations are solved
using the standard k- turbulence model in the commercial software Ansys Fluent. The Discrete
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Ordinate (DO) radiation model is used, while the radiation properties of the reacting mixture
are taken into account with the Weighted-Sum-of-Grey-Gases (WSGG) model, by using the
coefficients proposed by Smith et al. [6]. Turbulence/chemistry interactions are modeled with
the Eddy Dissipation Concept (EDC) [2] and the Partially Stirred Reactor (PaSR) [3] model,
both coupled with a reduced version of the POLIMI [7] detailed kinetic scheme (33 s. and 241
r.). The mixing time for the PaSR model has been considered as τm = Cmix k/, where Cmix
could vary between 0 and 1, while the chemical time-scale is defined the slowest scale in terms
of the eigenvalues of the Jacobian matrix of the chemical source terms.
RESULTS
A preliminary experimental analysis shows that the higher the set-point temperature, the smaller
the ignition delay, therefore the heat release zone (where most of OH* counts are detected) get
closer to the burner. Figure 2 shows the effect of the equivalence ratio (Φ), which has a direct
impact on the flame topology. Indeed, a more concentrated O 2 environment implies a reduction
of the ignition delay time and it lowers down OH* in the chamber. Figure 3 shows the computed

Figure 2: OH* Chemiluminescence profiles measured along the vertical plane of symmetry of
the furnace for T f = 975°C, ID = 25 mm, 17.6 kW, for Φ = 0.91 (a), Φ = 0.85 (b) and Φ = 0.80
(c).

and measured temperature profiles at different location along the burner axis. If EDC or PaSR
with Cmix =1 are employed the resulting temperature values are relatively low compared to the
other models and the maximum temperature appears to be in the recirculation zone. The cases
with Cmix =0.1-0.3 seem to be in a better agreement with the experimental data, even if they
underestimate the temperature along the centerline, especially for z=520 mm and z=620 mm.
These results are in line with some recent works available in literature [8], which affirms that
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. As a consequence, only the
choice of an intermediate mixing time between the Kolmogorov and the integral ones should be
considered.

Third General Meeting

SMARTCATs

Prague, 2017

COST Action CM1404

(a)

(b)

(c)

Figure 3: X-coordinate profiles of temperature at different axial locations, i.e. (a) z = 0.42 m, (b)
z = 0.52 m and (c) z = 0.62 m, predicted by different combustion models. x=0.35 m represents
the wall. The selected kinetic scheme is a reduced version of POLIMI.
CONCLUSION
This works shows the major role played by the turbulence/chemistry interaction models in
simulating MILD combustion. In particular, efforts must be focused on optimizing the existing
model to consider the different range of scale characteristic of this combustion mode. The OH*
analysis highlighted instead the different shape and position of the heat release, which is affected
by different parameters, such as equivalence ratio, injection geometry and furnace temperature.
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