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MILD combustion has a wide potential in enhancing thermal efficiency with nearly zero

emissions. It has no visible flame since the radiation from the reacting zones is attenuated

due to both the intermediate species at reduced temperatures, induced by intensely

burned gas recirculation, and the absence of particulate emitters. Beyond these main

features, there are other characteristics such as temperature uniformity and distributed

ignition that have to be addressed and analyzed looking at the peculiar role of the

heat transfer for such reactors. First, the category of combustion systems object of

the study is described. Afterwards an analysis on the heat transfer mechanisms under

MILD combustion of gaseous fuels is carried out. Therefore, in this Mini-Review, several

literature findings highlighting the role of the heat transfer on the combustion peculiarities

of MILD reactors (i.e., temperature uniformity, distributed ignition, low pollutant emissions)

are reported and discussed. Heat exchange modes, in fact, contribute to providing MILD

macroscopic characteristics by means of the strong interplay between wall and gas heat

transfer, instead of the reactive structure. In particular, the thermal behavior of these

systems is analyzed in order to stress the distinctive role of the heat loss and the relative

contributions of the convective and radiative terms. Heat transfer mechanisms between

gas and walls and their interactions, in fact, favor the wide temperature distribution

within the chamber. In order to better understand the different effects of the heat

transfer under MILD regime, the mechanisms regarding walls and recirculating gas are

separately investigated.

Keywords: MILD combustion, heat transfer, radiation, WSGG model, blackbody

INTRODUCTIVE CONCEPTS: MILD COMBUSTION REACTOR
FEATURES

Moderate or Intense Low-oxygen Dilution (MILD) Combustion (Cavaliere and de Joannon,
2004) is characterized by low-oxygen concentrations and high inlet temperatures. Important
characteristics of this oxidation process are homogeneous temperatures, distributed ignition (Khalil
and Gupta, 2017), absence of visible flames (Karyeyen et al., 2019) and low CO, NOx and soot
emissions (de Joannon et al., 2012). It is a very good candidate for low-calorific-value (Huang
et al., 2014; Sabia et al., 2019), hydrogen, nitrogen-based (Sabia et al., 2019) fuels and industrial
ones (Parente et al., 2008). The process occurs under conditions different from conventional ones
because of the strong interplay between mixing, chemistry and heat transfer (Lamouroux et al.,
2014; Chen et al., 2018).
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Several facilities such as the Jet-in-Hot-Coflows (Medwell
et al., 2008; Oldenhof et al., 2010), and the Cabra flame (Cabra
et al., 2005), are used to reproduce highly diluted and preheated
conditions, on the basis of kinetic time-scales modifications. In
all these cases the combustion process is unconfined and occurs
far from the walls, under adiabatic conditions (Kim et al., 2005;
De and Dongre, 2015).

MILD is realized by using exhaust gas recirculation (Cavigiolo
et al., 2003; Minamoto et al., 2013). The internal EGR is
obtained through proper chamber designs (Veríssimo et al.,
2013), by realizing long residence times (Li et al., 2014) due to
convoluted and confined flow-fields (Sorrentino et al., 2018). Gas
entrainment (de Joannon et al., 2017) lead to chemical time-
scales comparable to mixing ones (Özdemir and Peters, 2001)
and reflect the importance of impinging wall-jets (de Joannon
et al., 2017) or cavity flows (Chinnici et al., 2017).

These systems, identified hereafter as “MILD reactors,” are
classified with respect to nominal MILD requisites. Specifically,
the inlet-feeding temperature (Tin), should be higher than the
spontaneous-ignition one (Tign), and the differential temperature
increase between products and reactants (1Tproduct), should
be lower than Tign. In the current literature, three main
configurations of MILD reactors can be identified with respect
to the strategy they use to fulfill the above-mentioned conditions
(Perpignan et al., 2018). In the following, a review of these
configurations is given.

The first configuration regards reactors where Tin >Tign and
1Tproduct <Tign are satisfied through external feeding. This
is the case of post-combustion systems. Fuel-rich (Giménez-
López et al., 2011) or fuel-lean re-burning processes (Miller
et al., 1998; Kim et al., 2012) are examples of in-furnace
and/or post-furnace NOx abatement systems. Fuel is injected in
exhaust/oxygen mixtures for jet-engine systems (Fureby, 2000)
or waste incineration (Parr et al., 1996).

Another group of MILD reactors refers to the case Tin >Tign,
obtained by external feeding while 1Tproduct <Tign, through
intra-reactor phenomena. Such a condition is typically obtained
in recuperative/regenerative furnace systems (Wünning and
Wünning, 1997; Katsuki and Hasegawa, 1998; Özdemir and
Peters, 2001; Rafidi and Blasiak, 2006; Li et al., 2014) in which part
of the combustion heat is subtracted by walls through exhausts
reverse flow (Nemitallah et al., 2018).

The third MILD reactors category involves those systems
where both requirements are fulfilled by internal recirculation
and heat exchange strategies. Also, in this case, many different
fluid-dynamic arrangements can be used. In particular, parallel
jets (Abtahizadeh et al., 2012; Huang et al., 2014; Cheong
et al., 2019) and cyclonic flow configurations (de Joannon
et al., 2017). The former has also been used for burners in
regenerative conditions (Wünning and Wünning, 1997; Katsuki
and Hasegawa, 1998; Rafidi and Blasiak, 2006; Li et al., 2014).
Regarding the cyclonic systems, LUCY burner (Sorrentino et al.,
2016) is a valuable example of MILD reactor with a tailored
flow-field (Sorrentino et al., 2017).

In the second and third categories, the condition
1Tproduct <Tign, is influenced by heat exchange at walls,
and the residence time poses severe design restrictions

(Kruse et al., 2015). Indeed, heat loss plays a key role in
reducing the reacting mixture temperature (Szegö et al., 2009).
On the other hand, a sufficiently high temperature must be
guaranteed inside the reactor itself. In other words, the walls are
responsible for both the heat loss by products and the heat gain
by reactants (Danon et al., 2011).

Energy equation includes contributions of the three heat
transfer modes: conduction, convection and thermal radiation,
where the latter is included through the radiative flux divergence
(Özışık, 1973; Viskanta, 2005; Dombrovsky and Baillis, 2010;
Modest, 2013). In the following sections, the contributions
of each heat transfer mechanism under MILD conditions are
analyzed and discussed.

The overall heat transfer is conceptually divided into three
phenomena: gas-to-gas, gas-to-wall and wall-to-wall.

GAS TO GAS HEAT TRANSFER

EGR is essential in MILD to mix fresh reactants with exhausts
in order to lower the reaction-rate and sustain the oxidation for
diluted conditions (Tu et al., 2015). Thus, the reactor design (Liu
et al., 2015) must ensure the required convection and radiation
levels. High concentrations of absorbing and emitting H2O/CO2

mixtures inside the combustion chamber (Dorigon et al., 2013)
lead to enhanced radiative re-absorptions. This effect is not
negligible and contributes to the system thermal homogeneity,
as highlighted in several literature papers (Zhang et al., 2019;
Ceriello et al., 2020).

The specific aerodynamic requirements of MILD Combustion
(enhanced jet mixing through high inlet jets momentum and
large scale recirculation of flue gases) influence the contribution
of convective heat transfer mode. In particular the share of
convective heat transfer in the MILD mode is enhanced by the
higher velocity and momentum of air at the inlet when compared
to the conventional combustion mode (Riahi et al., 2013). On
the other hand the increased internal recirculation enhances the
convective heat transfer process and this effect is more marked in
MILD oxyfuel combustion processes (Chen et al., 2012).

In Figure 1, emissivity of CO2 and H2O as functions of the
temperature at different products between total pressure and
length of the enclosure (Hottel and Cohen, 1958), and modified
by Alberti et al. (2015), are reported. Those trends show that, for
both species, when the temperature of the mixture gets lower,
the emissivity increases. For MILD systems, operating in the
range 1,000< T <1,400K, the standard gas emissivity of burned
products results higher with respect to conventional combustion
(where T>1,800K). This is due to both the effect of lower system
temperatures and CO2/H2O higher partial pressures. Therefore,
the effect of the re-absorption is noticeable in MILD, even for a
small-scale apparatus (Sorrentino et al., 2018; Zhang et al., 2019).

To model radiative re-absorption, the spectral dependence
of the radiative properties of the exhausts must be known. The
most accurate method to calculate the radiative properties of
the combustion products is the line-by-line integration (Chu
et al., 2011; Zeng et al., 2020) which uses spectroscopic databases

Frontiers in Mechanical Engineering | www.frontiersin.org 2 May 2021 | Volume 7 | Article 505923

https://www.frontiersin.org/journals/mechanical-engineering
https://www.frontiersin.org
https://www.frontiersin.org/journals/mechanical-engineering#articles


Ceriello et al. Heat Transfer in MILD Combustion

FIGURE 1 | Total emissivity of pure carbon dioxide (left) and pure water vapor (right) as a function of temperature (Hottel and Cohen, 1958) and modified by Alberti

et al. (2015).

(Rothman et al., 2010; Gordon et al., 2017; Pannier and Laux,
2019). However, LBL calculation is not feasible for the CFD
of complex combustion systems. Very few works showed LBL
with Monte Carlo methods coupled to CFD for combustion
applications (Zhao et al., 2013; Ren et al., 2018).

Intermediate between LBL and global models, narrow band
models such as the correlated-k approach has also been retained
in some works by solving the radiative transfer equation in the
CFD using a Monte-Carlo based on the emission-reciprocity
method (ERM) (Koren et al., 2018; Rodrigues et al., 2019).

Global models such as the full spectrum correlated-K method
(FSK) and the spectral line based weighted sum of gray gas
method (SLW) have received a lot of attention because of
their accuracy and low computational costs. Despite that, their
implementation is not straightforward since the correlation of
FSK and SLW are usually offered for single gas species.

A simple solution that is commonly used in commercial
CFD codes, due to its computational efficiency, relies on the
resolution of only one radiative transfer equation to obtain the
total radiation intensity field by replacing the spectral absorption
coefficient with the mean gray absorption coefficient (Galletti
et al., 2007; Pallarés et al., 2007; Yang et al., 2007). In such cases
simplified radiation models optimized for combustion systems
can be developed by using the detailed information given by the
spectral databases (Paul et al., 2019).

Usually, in numerical modeling of MILD/Flameless systems
the Weighted-Sum-of-Gray-Gases Model, WSGGM (Modest,
1991), is adopted to model the spectrally dependent properties
of the combustion gases, making use of updated spectral
databases. A possible choice is to use the coefficient proposed

by Smith et al. (1982). Modified WSGG (Bordbar et al., 2014;
Cassol et al., 2014) were recently developed. In particular, the
coefficients proposed in this models were used to account for
various temperature and different concentrations of H2O/CO2

in each computational cell. According to this radiative database,
both the absorption coefficients and the black body weights
of the gray gases depend on molar ratio, while only the
weights depend on temperature. Modified WSGG models
were applied for simulating MILD condition in several
works (Galletti et al., 2007; Sorrentino et al., 2018).

An interesting modification of the WSGG model is
represented by the SLW (Webb et al., 2018) where detailed
gas spectroscopic data are captured by a designed distribution
function (Denison andWebb, 1993). It gives some improvements
with respect to WSGG (Krishnamoorthy et al., 2010; Webb et al.,
2018). However, since the MILD does not have strong gradients
of temperature and concentration, the improvements of
SLW with respect to WSGG do not justify the increase of
computational costs. Therefore, the flameless nature of the
MILD process supports the use of a modified WSGG to obtain
reliable results for such systems.

Regarding the solution method of the radiative-transfer-
equation (RTE), considering the intermediate optical thickness
of MILD, the Discrete Ordinate (DO) radiation model (Chui and
Raithby, 1993) seems an appropriate choice. DO approximation
converts the RTE into a series of differential equations along
directions (Modest, 2013).

On the other hand, some studies showed that P1 model gave
worse prediction than DO for MILD (Frassoldati et al., 2010).
Moreover very few works used Monte Carlo methods in MILD
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burners and results differed by <5% with respect to DO, but the
latter model was preferred because of its lower computational
cost (Galletti et al., 2007).

GAS TO WALL HEAT TRANSFER

Some literature works reported the relative importance of
convective and radiative modes in MILD combustion. In
particular, heat transfer characteristics from the furnace walls
for H2O/CO2 mixtures (Zhang et al., 2019) were analyzed and
they showed that the H2O increase enhanced the share of
heat radiation. When H2O is substitute for CO2, the influence
of heat capacity progressively declines and the effect of heat
capacity on strengthening convective heat transfer or weakening
radiative heat transfer gradually decreases. Moreover, thermal
performance analysis of hybrid solar receiver MILD combustor
showed that the ratio of radiative to convective heat transfer rate
is found to be dependent on the fuel type (Chinnici et al., 2019).

In this context, engineering global assessments on the
importance of radiative heat transfer with respect to convective
one can be obtained for MILD systems without solving RTE if
average values of fluid and wall temperatures are available and by
adopting several approximations.

In a combustion system, the overall heat transfer flux between
gas and walls, Q, in W/m2, can be expressed as the sum of a
convective,Qc, and a radiative term,Qr (Baukal, 2000), as follows:

Q=Qc +Qr, (1)

with

Qc = hc (Tf − Tw) (2)

Qr = εgσ

(

T4
g − T4

w

)

(3)

In such relations, hc is the average convection heat transfer
coefficient over the heat transfer area, in W/m2 K, Tw the wall
surface temperature, Tf the fluid temperature, Tg and εg are the
exhaust (H2O/CO2 mixture) mean temperature and emissivity,
respectively (Kreith et al., 2011). In the expression of the radiative
heat flux, Qr , the view factors are considered to have value 1.
This assumption for the flux leaving gas and reaching walls is
supported by the black body cavity behavior of MILD systems.
Moreover, since the combustion process extends to the whole
volume under MILD conditions, the view factor can be assumed
to be 1 as well.

In the expression of Equation (3), both the black walls and gas
are assumed to emits and absorbs heat at all wavelengths. A more
accurate expression can be found in the book by Lefebvre and
Ballal (2010) where the gas emits only a few narrow bands of
wavelengths and absorbs only those wavelengths included in its
emission bands.

For a MILD reactor, as reported in several works (Chinnici
et al., 2017; Sorrentino et al., 2018; Zhang et al., 2019), the
fluid temperature, Tf , can be approximated to the mean gas
temperature inside the combustion chamber, Tg , because of the
absence of steep gradients and peaks:

Tf = Tg (4)

This approximation is commonly adopted for industrial furnaces
and denoted as Well-Stirred model (Hewitt et al., 1994).
Therefore, the ratio between radiative and convective term reads

Qr

Qc
=

εgσT
3
w

hc

(

(

Tg

Tw

)2

+ 1

)

(

Tg

Tw
+ 1

)

(5)

In Figure 2 this dimensionless parameter is showed for both CO2

and H2O as a function of the gas temperature, Tg , at different
wall temperatures, Tw (solid black lines). The values of the gas
emissivity as a function of their temperature, εg(Tg), were read
from Hottel’s diagrams (Figure 1).

In order to approximate theMILD operating conditions of the
cyclonic burner LUCY, reported in Sorrentino et al. (2018), the
product of pressure and length and the convective coefficient hf
were set to 10 bar cm and 35 W

m2K, respectively.
According to Sorrentino et al. (2018), MILD conditions are

located in the red regions, where the radiative heat transfer
between gases and walls is around 1.5 times the convective
one, for both the gases (Figure 2). This outcome supports
one of the main results of the referred work: radiative heat
transfer modeling is essential in a cyclonic MILD burner for
computations (Sorrentino et al., 2018).

The heat transfer analysis was here reported for a specific
configuration (cyclonic burner with hf = 35 W/m2/K) for
illustrative purposes. In such a case both the presence of cavity
flows in the chamber and wall jets near the inlet region influenced
the wall convective heat transfer. Clearly, such analysis can be
replicated for different MILD/Flameless systems on the basis
of the aerodynamics characteristics of the system. It is here
worthwhile to note that the design choices for MILD systems
related to flow pattern features and/or inlet jets configurations
strongly influence the convective heat transfer rate.

Moreover, in Figure 2, the role of the temperature of the
walls appears to be fundamental to move from a convective-
based to a radiative-based heat transfer mode. The latter favors
the stabilization of MILD conditions, as well proved by Chinnici
et al. (2017) though a proper control of the heat flux distribution
at walls.

The analysis carried out for the cyclonic burner in Figure 2

could be easily replicated for different MILD/Flameless systems
with a large amount of internally recirculating combustion
products (Rafidi and Blasiak, 2006; Noor et al., 2013; Huang et al.,
2017; Zhang et al., 2019).

WALL TO WALL HEAT TRANSFER

In black enclosures, radiative transfer depends on view factors
and surface temperatures. For diffuse-gray enclosures, thermal
radiation is also a function of the surface’s emissivity (Modest,
2013). Considering gray and nearly opaque surfaces, part of the
“gas-to-walls” radiative heat transfer can be seen as a “gas-to wall-
to gas” contribution, which means that a portion of the radiation
emitted by the mixture to the walls is reflected and absorbed from
the gas itself, result in making the thermal field more uniform.
This effect is enhanced by the “wall-to-wall” contribution of the
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FIGURE 2 | Trends of the ratio between radiation and convection for CO2 (left) and H2O (right) as a function of the mean gas temperature and at different wall

temperatures, for a small-scale cyclonic reactor (Sorrentino et al., 2018).

apparatus and, therefore, by the tendency of the system to behave
as a blackbody cavity.

In order to express this characteristic, the Gebhart factor
(Gebhart, 1961) can be used. In fact, the radiative heat exchanged
in an enclosure composed of surfaces with piecewise constant
temperature and emissivity can be calculated in terms of Gebhart
factors (Gebhart, 1961; Dahlquist and Björck, 2008), Gij, which
are defined as a fraction of energy leaving surface i which reaches
surface j and is absorbed. The Gebhart factors Gij equals the view
factors, Fij, for black surface. The net radiative heat exchange
Qrad
k

between any surface k and all the others N surfaces of the
enclosure can be expressed in terms of the Gebhart factors as

Qrad
k = Akεkσθ4k −

N
∑

j= 1

AjεjσGijθ
4
j (6)

whereAj, εj, θj,Ak, εk and θk are area, emissivity, and temperature
of surface j and area, emissivity, and temperature of surface
k, respectively (Atherton et al., 1987). The proposed wall-to-
wall heat transfer treatment is based on the assumption of
temperature uniformity at the walls and transparent medium
between the walls. This peculiar feature is well-reported for
MILD reactors (Chinnici et al., 2017; Sorrentino et al., 2018)
and it is emphasized for high values of the Surface/Volume
ratio where the participating medium is distributed to the whole
reactor volume.

MILD reactors with confinement, exhibit Gebhart factors
(related to the outlet section) that are usually lower than 0.1
(Chinnici et al., 2017; Sorrentino et al., 2018; Zhang et al., 2019),
when evaluated on the basis of reactor information.

MILD combustion is usually employed in furnaces or boilers
where inner walls are built with refractory materials with
emissivity that is usually higher than 0.7.

Therefore, these systems tend to behave as a cavity
maximizing the “gas-to-wall-to-gas re-absorption.” This
mechanism ensures uniform walls temperature inside the
chamber. On the other hand, the radiation that cannot leave
the system contributes to wall temperatures homogeneity
with higher radiation-to-convection ratio, as reported
in Figure 2.

CONCLUDING REMARKS

The mini-review highlighted the role of the heat transfer for
systems where MILD combustion is achieved by means of EGR.
The investigation of the different transport mechanisms pointed
out the key role of heat exchange mechanisms in realizing the
performances and features of the MILD regime.

The “gas to gas” heat transfer mechanism is crucial both
for convection and radiation. The convective term is due to
the high velocities, required to ensure elevated EGR, and the
confinement of the flows by the walls. Moreover, the recirculating
combustion products (H2O/CO2 mixture) are involved in the
radiative re-absorption.

Appropriate models are needed for gases radiative properties.
Among them,WSGGmodel based on radiative databases created
ad-hoc for mixtures of combustion products at high temperatures
is a reasoning solution.

Regarding the “gas to wall” interaction, a quantitative analysis
on a MILD reactor (Sorrentino et al., 2018) was carried out
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and it was demonstrated that the radiation is the dominant
heat transfer mechanism between reactive mixture and walls.
Such a result is known for traditional large-scale furnaces,
but it represents an interesting finding for a small-scale
Flameless system.

Finally, the “wall to wall” heat exchange was analyzed,
pointing out that MILD systems behave as black body cavity
due to their confined enclosures. Therefore, the walls at high
temperature strongly exchange heat by irradiation contributing
to the system homogeneity.

Convective and radiative heat transfer modes have remarkable
effects also on design and simulation of MILD systems, especially
concerning the temperature uniformity.
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