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Abstract

Moderate or intense low-oxygen dilution offers a great opportunity to reduce harmful pollutants. Besides its wide
application for gaseous and liquid combustion, it is also of interest for solid fuels, such as coal. In contrast to
gaseous MILD combustion, there is no general agreement on the criteria to (a-priori) analyze and characterize
MILD combustion. Therefore, we investigate several suggested criteria based on a well-known coal MILD com-
bustion furnace. The conclusions derived from the different criteria are compared in order to assess their applicabil-
ity. Additionally, we simulate the furnace with the open-source CFD tool OpenFOAM to calculate the Damkdohler

number in the overall domain of the furnace.

Introduction

Moderate or intense low-oxygen dilution (MILD) is
a promising technology to reduce the emissions in com-
bustion systems and is therefore receiving increasing at-
tention in the research community. Generally speaking,
the features of MILD combustion are a low tempera-
ture increase, distributed reaction zones and flameless
combustion. Therefore, this type of combustion is also
called flameless combustion [1]. Cavaliere and Joan-
non [2] discuss the physical, chemical and thermody-
namic aspects of MILD combustion in detail and pro-
vide a widely accepted definition of MILD combustion,
Eq. (1) and Eq. (2).

Although, most MILD combustion applications can
be found for gaseous or liquid fuels, such as industrial
furnace applications, gas turbines, internal combustion
engines or homogeneous charge compression ignition,
MILD combustion can generally be applied to various
fuels. Most cases, where solid fuels are burned under
MILD conditions are discussed for coal, for example
in coal firing plants [3]. The combustion of coal un-
der MILD conditions is also often referred to as high
temperature air combustion or flameless oxidation [4].
Although the characterization for MILD combustion by
Cavaliere and Joannon [2] is not restricted to gaseous
and liquid fuels, the definition is ambiguous for solid fu-
els [5]. Therefore, several additional criteria have been

suggested to characterize solid MILD combustion.
In the following, we compare several of those to

characterize coal MILD combustion based on a well-
known lab-scale experiment in the IFRF furnace.

Theory

When considering definitions for MILD combus-
tion, the most widely accepted criteria for MILD com-
bustion are the one suggested by Cavaliere and Joannon

[2]:
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Tin > T\l (1)
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where T;, is the inlet temperature, 7T the self-
ignition temperature and Tysg the temperature in the
well-stirred reactor.

Often, the investigation of coal MILD combustion is
restricted to the gaseous products of the coal, or even
only the volatile components released from the coal [6],
because the coal gasification and oxidation are only a
surface phenomena and will not feature distributed char-
acteristics.

One ambiguity when considering the criteria by
Cavaliere and Joannon [2] for coal combustion is
that the inlet temperature 7;, of the gaseous products
from the coal is not clearly defined. In contrast to
gaseous combustion, the inlet temperature depends on
the heat-up and devolatilization kinetics of the coal.
Therefore, Zhou et al. [5] suggest to simulate the heat
up of a coal particle in a plug flow reactor (PFR) and
consequently estimate the inlet temperature. However,
the inlet temperature from a PFR simulation might not
coincide with the actual inlet temperature in the appli-
cation.

Several additional criteria to complement Eq. (1) and
Eq. (2) have been suggested to account for the specifics
of solid combustion. Zhou et al. [6] proposed a crite-
rion based on mixing lengths to address the require-
ment of mixing the gaseous products of coal combustion
and devolatilization, and the surrounding gas/oxidizer.
This criterion assesses, if the turbulent mixing scales
Mmix are in the order of or smaller than the particle size to
break up the boundary layer structures around the parti-
cle and ensure sufficient mixing. The criterion is defined
as follows:

AT =Twsg — Tin < Ty

Nimix = Min (T]Ba nC) <dp, 3)

where d), is the particle diameter, 1p the Batchelor scale
and 7n¢ the Obukhov-Corrsin length scale [6]. They are



calculated based on the Schmidt number Sc and the Kol-
mogorov length scale 1:

np=nsc”'/? @)
&)

Similarly, Feng et al. [7] suggest to use an additional
criterion based on mixing times:

ne =nSe /%,

Tmix < C- T

(6)
where the mixing time scale 7,,;, shall be smaller than
the product of the turbulent flow characteristics ¢ and

the ignition time scale ;.
The mixing timescale is in essence the time scale of

the integral vortex 77, which is the ratio of the turbulent
kinetic energy k and the dissipation rate €:
k

Tnix = T, = —- 7

mix L € ( )
The characteristics of the turbulent flow ¢ are defined

as the ratio of the mixing time scale and the Kolmogorov

time scale Tp:

TL k/S
=L-_" 8
c o (vje) (®)

where V is the kinematic viscosity.

The ignition time scale is defined as the difference
between inlet temperature 7; and particle temperature 7,
divided by the heating rate and is approximated by the
convective heating rate, as suggested in [7].

The criteria presented in [6] and [7] both suggest a
similar additional condition by estimating the mixing at
the particle range scale in relation to the overall mix-
ing rate of the turbulent flow. However, the criterion by
[5] additionally takes into account the Schmidt number
and therefore, also accounts for diffusional mixing ef-
fects. On the other hand, Feng et al. [7] also consider
the heating rate to calculate the particle ignition time for

the suggested additional criterion.
Besides those extensions of the classical MILD com-

bustion criteria (Eq. (1) and (2)), we can also character-
ize the flow by the Damkohler number. The Damkohler
number relates the mixing 7, and chemical timescale

Tchem:

Da — Tmix

: )
Tchem

The combustion regime can be considered MILD,
when the Damkohler number is in the range of, or be-
low unity [8]. The chemical time scale is the inverse of
the Eigenvalues of the Jacobian Matrix from the ODE-
system describing the chemical reactions [9, 10]. How-
ever, when there are multiple reactions, the fast and
precise approximation of a characteristic chemical time
scale is not straightforward, see [11]. To characterize
the chemical time scale we use the following time scale

approximation:
Y;
Tehem = Min | — 10
chem ;<0 (a)l) ( )

where Y; is the mass fraction of a species and @ its
production rate. In the IFRF case the time scale is eval-
uated for the volatile combustion reaction.

Comparing the condition from Eq. (6) we can also
rearrange the equation:

Tmix ., (11)
CT;

which is basically equivalent to the Damkohler number
condition, if:
Tehem = CTj- (12)

Methods

The previously presented criteria for MILD combus-
tion will be analyzed based on a classical coal combus-
tion case: the IFRF 0.58 MW furnace [4]. This setup
represents a classical MILD coal combustion case and
has been widely used in literature, e.g. [12—18]. The ba-
sic setup of the furnace consists of a round jet, where the
preheated air/combustion products and two fuel jets for
the coal transported by cooled air enter, see Fig. 1. The
boundary conditions for the furnace and the mass frac-
tions of the inflow streams are listed in Table 1. Wall
temperatures are set to 1523 K.

Fuelinlet= /4 £25m

0.073m
Airinlet =
I 2 00.125m 2m

Distance =
0.56m

Outlet =
@0.75m

Figure 1: Schematic representation of the IFRF furnace

Table 1: Mass flow rates, inlet temperatures and weight frac-
tions of the inlet streams in the IFRF furnace [14]

coal  air OX.
mass flow  kg/h 66 130 675
temperature K 313 313 1623
0, N, CO, HO NO
transport air 23 77 - - -
oxidizer 22 56 125 9.5 894

The used coal is a highly bituminous coal — the
Guasare coal — with the proximate and ultimate analysis
shown in Table 2.

Table 2: Proximate (FC = fixed carbon, VM = volatile matter,
Moist = moisture, HHV = higher heating value in MJ/kg) and
ultimate analysis of the Guasare coal [13]

FC VM Ash  Moist HHV
prox. 56.7 37.1 33 29 38.307
C H (0] N S
ult. 80.97 539 11.26 1.54 0.85



To calculate the volatile species composition, the
calibration tool called pyrolysis kinetic preprocessor
(pkp)” [19, 20] was used. The necessary input parame-
ters are the coal properties (Table 2) and representative
heating rates for the application: 1.31-10%, 1.78 - 10°
and 2.55-10° K/s with maximum temperatures of 1623,
2100 and 2100 K, respectively. The tool is based on
the chemical percolation devolatilization (CPD) model
[21]. The resulting composition of the volatiles con-
sists of CoH4, C¢Hg, HoO, CO and CO;. For varying
equivalence ratios (¢ = 0.1,0.2,1,2,5) the composition
is shown in Fig. 2.

mass fraction H;0, CO3, CgHg, C2Hg, CO
mass fraction Nz, Oz

H20 (el0}]

CsHs CaHa co N2 02

species

Figure 2: Different concentrations computed by the pkp-tool
for the Guasare coal with varying equivalence ratios.

First of all, we analyze the combustion regime based
on the criteria Eq. (1) and Eq. (2). For the evalua-
tion, simulations in a well-stirred reactor (WSR) are
performed. Here, python using the library cantera [22]
and the kinetic mechanism for C1-C3 chemistry [23-25]
was used. The volume of the WSR was set the same as

the IFRF furnace volume.

The CFD simulation was conducted with the finite
volume solver OpenFOAM - version 9 [26]. Due to
symmetry reasons only a fourth of the geometry was
meshed, as done by [13-15, 17]. The mesh consists of
4.7-10° mainly hexahedral cells. For the simulation, the
k-¢& turbulence model was chosen and the Eddy Dissipa-
tion Concept (EDC) accounts for turbulence-chemistry
interactions.

The adapted Westbrook-Dryer mechanism [27]
models the chemical reactions in the gas phase.
Methane was substituted by the pseudo-volatile compo-
nent with CH3 14N 06450.01500.41. The devolatilization
was modeled by the competing two-step model. The
parameters were fitted by the pkp tool: A; = 90367,
Ey =4.44-107, oy = 0.57, A, = 10%, E, = 1.88-10'°,
ap = 0.34. The gasification and oxidation of the coal
were modeled by a kinetic-diffusion limited approach
according to [28].

Results
In the following section the presented criteria:

e Classical criteria [2]: T;;, > Ty & AT < Ty;

* Criterion based on mixing lengths [6]: 1,,ix < d)p
* Criterion based on mixing time [7]: Ty < ¢ T;
¢ Damkohler number analysis: Da = -2i-

Tchem

are analyzed based on the coal combustion case in the
IFRF furnace.
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Figure 3: Ignition plot with different equivalence ratios for the
Guasare coal

For the composition of volatiles (Fig. 2) the igni-
tion temperatures calculated in the WSR are shown in
Fig. 3. The self-ignition temperatures hardly vary with
decreasing equivalence ratio (from 1098 K to 1113 K).
However, the S-curves become increasingly unfolded
for leaner conditions. This means, the leaner the con-
dition, the easier the classical MILD criteria is fulfilled,
compare [29]. Here, for all the conditions, we see a con-
ditionally MILD regime, also for an equivalence ratio of
1.4, which corresponds to the IFRF furnace. This sug-
gests, that the inlet temperature should be above 1098 K
to achieve MILD conditions.
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Figure 4: Total volatile yield calculated with the CPD model.
The cross marks the volatile yield at self-ignition temperature.

If the fuel inlet temperature is taken as the inlet tem-
perature of the coal, i.e. 313 K, it is clearly too low.



However, Zhou et al. [5] mention that the inlet temper-
ature of the volatiles should be taken as the temperature

at which the volatiles are released from the coal.
We could analyze the inlet temperature with the CPD

model — using the same heating rate runs as used for the
pkp calculations. Fig. 4 shows the temperature profiles
and the volatile yields calculated by the CPD model.
For those cases, only a small fraction of the volatile re-
lease is happening above the self-ignition temperature
(marked by cross). Therefore, only for this part the clas-
sical MILD criteria would be fulfilled.

Additionally, Fig. 3 shows that AT is increasing with

increasing equivalence ratio. However, the criterion

from Eq. (2) is fulfilled for all the scenarios.
Fig. 5 shows the energy spectra for the IFRF con-

ditions and the particle diameter in correlation to the
MILD combustion criterion calculated based on [6].
Following Eq. (3), this additional criterion for coal
MILD combustion is fulfilled for the IFRF furnace
for all particle diameters and for a range of different
Schmidt numbers (shown for 1 and 0.2).
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Figure 5: Energy spectra calculated according to [6] with v =
1.8-1073,e=10*

Fig. 6 shows the results calculated based on Eq. (6).
The criterion proposed by [7] suggest, that MILD com-
bustion only occurs for particle diameters greater than
16um — of course, only if the original criteria are also
fulfilled. Although, some of the coals are smaller, the
majority of the particles — approximately > 90 % — of
the coal particles are above this threshold. Therefore,
this criterion is satisfied.

The CFD simulation was used to analyze the
Damkdhler number distribution in the furnace. To en-
sure the correct prediction, Fig. 7 shows the comparison
of mole fractions obtained from simulation and experi-
ments [4]. The profiles show a good agreement between
simulation and experiment. The CO, mole fraction is
underpredicted slightly, but overall the trend is well re-
produced and, therefore, the simulation results can be
used to analyze the Damkdhler number distribution.

Fig. 8 shows the Damkdohler number distribution

calculated from the CFD simulation. The regions
with Damkohler numbers above unity are marked in

particle diameter

Figure 6: Additional MILD criterion from [7]. The grey area
shows the cumulative particle distribution. The criterion is ful-
filled for diameters larger than 16pm.

greyscale. Overall of the domain features Damkohler
numbers below unity - especially the reactive parts be-
low a height of three meter.

Conclusion

The analysis of the IFRF furnace — which is often
taken as a representative coal MILD combustion case —
shows, that the classical MILD criterion is only fulfilled
for part of the volatiles released from the coal. For part
of the released volatiles, the inlet temperature is too low.
This contradicts the assumption that this reference case
features MILD combustion. However, for part of the
volatiles the criteria is fulfilled and some of the model
assumptions, such as the devolatilization rate or the heat

of devolatilization influence the inlet temperature.
The additional criteria analyzing the turbulent mix-

ing and length scale, both promote the existence of a
MILD combustion regime in the furnace. Additionally,
the Damkohler number analysis also shows values in the
range of or below unity, which characterize MILD com-

bustion regimes.
In conclusion, the classical MILD combustion crite-

ria can help to check the regime a-priori. However, the
calculation of the inlet temperatures is not straightfor-
ward for coal combustion and requires several a-priori
assumptions. The suggested additional criteria can def-
initely help to ensure well mixing of released gaseous
products of the coal and consequently promote MILD
combustion. Finally, the Damkohler number analysis
is a good way to check the conditions with a CFD-
simulation, but it requires more effort compared to the
zero-dimensional analyses.
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