
Chapter 5
Insights of MILD Combustion from
High-Fidelity Simulations
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Abstract Simulation of coal combustion remains challenging due to themany phys-
ical processes involved which span a large range of length and time scales. Although
detailed models exist for devolatilization, char oxidation and gas-phase kinetics,
most simulation efforts simplify these models considerably to reduce the high cost
of simulation. Threemixture fraction-based chemistrymodels are evaluated, namely,
the steady laminar flamelet, equilibrium, and Burke-Schumann models in the scope
of coal volatiles combustion. Coal volatiles are assumed to be composed of “light
gasses” (CH4, CO, etc.) as well as tar, which refers to the various large aromatic
compounds released during the devolatilization process. Here, tar is treated as a
single empirical species. Each mixture fraction-based model is evaluated by com-
paring predicted gas phase properties to computations using finite-rate chemistry
with a detailed reaction model. The results indicate that the reconstructions for gas
phase temperature and composition from steady flamelet model is the most accurate.
The Burke-Schumann chemistry model performed very poorly for predicting the
gas phase temperature and composition under stoichiometric conditions. We apply
the steady laminar flamelet model to Moderate or Intense Low Oxygen Dilution
(MILD) combustion. A key requirement for MILD combustion is that mixing rates
are sufficiently fast that gas-phase chemistry occurs nearly volumetrically, eliminat-
ing visible flame structures. A Well-stirred reactor assumption is applied to MILD
combustion due to its characteristic of volumetric reactions. The necessary condi-
tions to achieve MILD combustion, including recirculation rate of flue gas and heat
loss, are determined under various mixture fractions and mass fractions of light gas
in the fuel stream. We conclude that the increasing the recirculation rate and heat
loss are helpful for achieving MILD regime. Additionally, we observe that the recir-
culation rate and heat loss values required to achieve MILD combustion increase as
the fuel stream is enriched in light gases. Steady flamelet computations reveal that
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MILD combustion can be achieved when reactants are not well-mixed as long as the
scalar dissipation rate is sufficiently large. Our considerations indicate that the steady
laminar flamelet model provides a reliable method to model MILD combustion in
the absence of well-mixed reactants.

Keywords High-fidelity simulation · Coal combustion · Mixture fraction-based
models · MILD

5.1 Introduction

Coal combustion involves a variety of highly-coupled, complex phenomena that span
a large range of spatial and temporal scales such as thermochemistry and turbulence
in the fluid phase, as well as vaporization, devolatilization, heterogeneous reactions
in the particle phase. Direct numerical simulation (DNS) and large-eddy simulation
(LES) are useful computational tools for studying the physical processes that occur
during the in coal combustion process, and a number of computational studies have
been undertaken using these two approaches (Rieth et al. 2018; Bai et al. 2016; Hara
et al. 2015; Watanabe and Yamamoto 2015; Zhou 2019). However, simplified meth-
ods are often used for gas phase reaction kinetics, devolatilization, and char oxidiza-
tion, such as the two-step devolatilization model (Rieth et al. 2018; Luo et al. 2012)
and kinetic/diffusion model for char oxidization (Watanabe and Yamamoto 2015),
in order to reduce the computational burden of performing simulations. Therefore,
finding a high-fidelity model that is capable of balancing the accuracy of resolving
complex coal combustion process with simulation cost becomes a critical step.

The One-Dimensional Turbulence (ODT) model proposed by Kerstein (1999)
provides the ability to resolve the full range of length and time scales as in DNS at
a substantially lower computational cost. The ODT model represents a line of sight
through a three-dimensional turbulent flow field, in which the size and frequency
of mixing events are determined by the local fluid dynamics. Past work has demon-
strated that one-dimensional approaches to combustion simulation are capable of
accurately predicting ignition delay (Goshayeshi and Sutherland 2014), flame stand-
off (Goshayeshi and Sutherland 2015a, b) as well as char burnout (McConnell et al.
2016, 2017), and have been used as a cost-effective method for combustion models
spanning a wide range of physical fidelity. In this work, the ODT model is used as
means to generate data using advanced combustion models.

To ensure that calculations are tractable, simplified chemistry models are often
employed, typically parameterized by one or more mixture fractions in conjunction
with other parameters such as normalized heat loss. Pedel et al. (2013) utilize a mix-
ture fraction approach with equilibrium chemistry in a study of the ignition behavior
in a semi-industrial coal furnace. In a study by Olenik and coworkers (2015), gas
phase properties are determined by calculating the state among 6 species. A more
recent development is the application of laminar flamelet models to coal combus-
tion. Studies undertaken by Watanabe and Yamamoto (2015) and Rieth et al. (2016)
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model gas phase chemistry using a flamelet model parameterized with two mixture
fractions corresponding to the products of devolatilization char oxidation. Another
work outlined in Watanabe et al. (2017) extends the flamelet approach described in
Watanabe and Yamamoto (2015) to include consideration of a mixture fraction for
moisture to account for the effects of water evaporation that occurs as coal is heated.
More recently, Wen et al. (2019) perform an a priori analysis of the flamelet model
for a laminar coal flame near an isothermal wall and find that the flamelet model
is able to reproduce the thermochemical state accurately. Furthermore, a study by
McConnell and Sutherland (2020) develop a practical approach to joining an empir-
ical tar and soot model to a steady flamelet model and and examine the impact of
the required modeling assumptions through an a priori comparison to data generated
using a finite rate chemistry model. To evaluate the accuracy of various simplified
chemistry models, three mixture fraction-based models are applied in this work.

MILD combustion has attracted increased attention in recent years because of its
high efficiency and low emissions. To attain these characteristics, the main criteria
of MILD combustion needed to be satisfied are that the inlet temperature of the
reactant mixture is higher than mixture self-ignition temperature, and the maximum
allowable temperature increase with respect to inlet temperature during combustion
is lower thanmixture self-ignition temperature (inKelvin) (Cavaliere andDe Joannon
2004). Strong turbulent intensity is always applied to increase the recirculation of
high temperature flue gases to dilute and preheat the reactants prior to combustion.
However, simulation of coal combustionwith strong turbulent intensity using detailed
kinetics for gas phase and coal devolatilization models remains difficult due to the
high computational cost. In the present investigation, studies of MILD combustion
using solid fuels, such as pulverized coal, are still limited (Weber et al. 2005; Li 2014;
Smart and Riley 2012). Saha et al. (2013, 2014, 2015, 2016, 2017) have carried
out several studies investigating the effect of particle size, turbulence, and coal type
on MILD combustion using pulverized coal in a self-recuperative furnace. However,
the existence of “ghost flames” or sparks caused by poor mixing between volatile
matter and the surrounding hot combustion products was reported in all of these
papers. This conflicts with the MILD combustion characteristic of invisible flames.
This indicates that it is difficult to attain well-mixedness in a combustion reactor,
especially around the pulverized coal particles. On the other hand, OH Planar Laser
Induced Fluorescence (PLIF) images from experiments indicate the presence of thin
reaction zones where MILD combustion is observed (Wunning and Wunning 1997;
Özdemir and Peters 2001; Weber et al. 2005), conflicting with the characteristic
of distributed reaction zone for MILD combustion. This observation demonstrates
that the conditions required for MILD combustion, such as well-mixedness, are not
well-characterized for solid fuels such as coal.

In this work, we first perform an a priori assessment of the predictive capability of
three mixture fraction-based modeling approaches, specifically, the steady laminar
flamelet, equilibrium, and Burke-Schumann chemistry models in the scope of coal
volatiles combustion with consideration of a tar and soot formation model. We sub-
sequently investigate the required conditions to obtain MILD combustion, including
recirculation rate and heat loss. Requirements to attain MILD combustion are deter-
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mined over a large range of oxidizer/fuel mixtures as well as a fuel composition
with a various light gas to tar ratios. These requirements are investigated under the
assumption of a perfectly-mixed system using a awell-stirred reactormodel, whereas
poorly-mixed conditions are investigated using the steady laminar flamelet model.
Results from the steady laminar flamelet model are compared with the those from the
well-stirred reactor model to evaluate the effects of the main parameters, including
recirculation rate and heat loss on the achievement of MILD regime and its efficacy
to model MILD combustion. The insight provided in this study should help guide
the setup of experimental conditions to achieve MILD combustion.

5.2 Theoretical Formulation

5.2.1 Governing Equations for Coal Combustion Simulation

In each simulation, the gas and particle phases are evolved inEulerian andLagrangian
frames of reference, respectively.

5.2.1.1 Gas Phase

The gas phase conservation equations are written as (Goshayeshi and Sutherland
2014, 2015a)

∂ρϕ

∂t
= −∂ρϕv

∂y
− ∂�ϕ

∂y
+ ωφ +

np∑

j=1

Sp jϕ

Vcell
, (5.1)

where ϕ is an intensive quantity, �ϕ is the diffusive flux of ϕ, ωϕ is the net rate of
production of ϕ in the gas phase, Vcell is the quantity representing the volume of the
control volume, and Sp jϕ is gas-phase source term for ϕ from the particle phase. In
this formulation, ϕ = {1, u, v, e0,Yi } where ρ is the mass density, u and v are the x
and y components of velocity, respectively, e0 is the specific total internal energy, and
Yi are species mass fractions. For the continuity equation, ϕ = 1 and�ρ = 0. The set
of equations defined by (5.1) are closed using the ideal gas equation, P = ρRT/M ,
and the following relationships are used for the diffusive fluxes for momentum and
energy:

�v = τyy + P = −4

3
μ

∂v

∂y
+ P, (5.2)

�u = τyx = −μ
∂u

∂y
, (5.3)

�e0 = −κ
∂T

∂y
+

ns∑

i=1

hi�Yi , (5.4)



5 Insights of MILD Combustion from High-Fidelity Simulations 63

whereμ is the viscosity, κ is the thermal conductivity, and ns is the number of species,
and hi is the enthalpy of species i .

To investigate the impact of differential diffusion on model accuracy, two differ-
ent forms of the species diffusive flux are implemented. The first assumes uniform
diffusivity, D, across all species:

�Yi = −ρD
∂Yi
∂y

, (5.5)

where D is set based on the assumption that all species have a unity Lewis number,
i.e.

Di = κ

Leiρcp
= κ

ρcp
, (5.6)

where cp is the heat capacity. The second form of the species diffusive flux imple-
mented is given as

�Yi = −ρYi
Xi

Di
∂Xi

∂y
, (5.7)

where Xi and Di are the mole fraction and mixture-averaged diffusivity of species i .
Turbulent mixing is modeled using the One-Dimensional Turbulence (ODT)

model. ODT models mimic turbulent mixing through instantaneous rearrangement
of adjacent fluid parcels (eddy events). By construction, the ODT model conserves
momentum, energy, and mass over the interval of the eddy event (Kerstein 1999;
Sutherland et al. 2019). The size, duration, and location of each eddy event are deter-
mined by the local properties of the flow field, which allows ODT to capture the
−5/3 energy cascade inherent to isotropic turbulence (Kerstein 1999; Sutherland
et al. 2019). For details of the ODT model, the reader is referred to Kerstein (1999),
Sutherland et al. (2019).

A model based on the GRI 3.0 mechanism (Lu and Law 2008) consisting of 184
reactions among 30 species is used as a basis for calculating species source terms,
ωYi .

5.2.1.2 Particle Phase

In this work, only mass loss by devolatilization is considered, so conservation equa-
tions for particle phase quantities do not include terms for evaporation or char con-
sumption. Therefore, conservation equations for the mass, velocity, and temperature
of each particle are given as

dmp

dt
= dmv

dt
, (5.8)



64 H. Zhou et al.

dup
dt

= gx(ρp − ρg)

ρp
+ Sp,u, (5.9)

dvp
dt

= gy(ρp − ρg)

ρp
+ Sp,v, (5.10)

dTp
dt

= Ap

mpCp

[
hc

(
Tp − Tg

) + εpσ
(
T 4
p − T 4

w

)]
, (5.11)

where mp and mv are the total and volatile mass of the particle, respectively, up
and vp are the x and y components of the particle velocity, respectively, ug and vg
are the x and y components of the gas velocity, respectively. Tp, Ap, ρp, Cp, and
εp are the particle temperature, surface area, density, heat capacity, and emissivity,
respectively,ρg is the gas density,Twall is a furnace “wall” temperature,σ is theStefan-
Boltzmann constant, and hc = Nuκ/dp is a convective heat transfer coefficientwhere
Nu = 2 + 0.6Re1/2p Pr1/3 and dp is the particle diameter.

In this work, two devolatilization models are considered. The first is the Chemi-
cal Percolation and Devolatilization (CPD) model described in Jupudi et al. (2009),
Goshayeshi and Sutherland (2014, 2015a). For devolatilization, we consider a mod-
ified form of the Chemical Percolation and Devolatilization (CPD) model described
in Jupudi et al. (2009), Goshayeshi and Sutherland (2014, 2015a) inwhich speciation
of coal volatiles is disabled, and referred to as CPD-NS henceforth. The CPD-NS
model uses the following definition for species devolatilization rates:

(
dmv,i

dt

)CPD-NS

= Y 0
v,i

(
dmv

dt

)CPD

, (5.12)

where mv,i is the mass of species i in the coal volatiles and Y 0
v,i is the initial mass

fraction of species i in the coal volatiles.
As implemented, the CPD-NS model assumes that the coal volatiles are com-

posed of CH4, CO, CO2, H2, and H2O, and tar. NH3 and HCN, which are additional
products of devolatilization considered in the formulation of the CPD model, are
not considered here as neither of these species are included in the gas phase kinetic
mechanism implemented in this work.

5.2.1.3 Tar and Soot Treatment

In this work, we consider a treatment of coal-derived tar and soot based on the
model developed by Brown and Fletcher (1997), in which tar is assumed to be a
high molecular weight hydrocarbon and soot is assumed to be composed of carbon.
We assume tar and soot do not affect the thermodynamic properties of the system
directly and only interact with the system through reactive source terms. Herein, we
assume that tar is dihydronaphthalene (C10H10) and further assume that soot has the
same empirical formula as tar, which results in the following reaction scheme
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tar → soot,

tar + O2 → CO + H2O,

soot + O2 → CO + H2O. (5.13)

The primarymotivation for assuming soot has the same stoichiometry as tar is that the
product composition resulting from (5.13) can be parametrized by a single stream,
whereas three streams are required to adequately parameterize tar and soot reactions
if soot is assumed to be carbon. This modification of the Brown-Fletcher tar and
soot approach ensures that implementation of the mixture fraction-based models
described in Sect. 5.2.2 remains tractable. It has been demonstrated that the steady
laminar flamelet model is capable of providing an accurate a priori prediction of
gas composition and temperature by assuming the same stoichiometry for tar and
soot (McConnell and Sutherland 2020).

5.2.2 Mixture Fraction Based Models

One of the goals of this study is to assess the performance of three mixture frac-
tion based chemistry models. What follows is a concise description of each of the
considered modeling approaches.

All models are parameterized by Z lg, Z tp, and γ , where Z lg and Z tp are mixture
fractions for volatile light gases and reaction products of tar and soot oxidation,
respectively, and γ is the normalized heat loss. The flamelet model described in
Sect. 5.2.2.3 is parameterized by an additional variable, χmax, which is the scalar
dissipation rate. The total mixture fraction, Z , is given by

Z = Z lg + Z tp, (5.14)

where

Z lg = Mlg

Mlg + Mtar + Mox
, (5.15)

Z tp = Mtp

Mlg + Mtar + Mox
. (5.16)

Mlg and Mtar are masses originating from light gases in the coal volatiles and tar,
respectively, Mtp is the mass of CO, H2O, and N2 supplied to the system through
reaction of tar and soot and Mox is the mass originating from the oxidizer, which
for this study, is air. The mixture fractions Z lg and Z tp are obtained by performing a
linear best-fit analysis on elemental mass balance equations:

Ei = Z lgEi,lg + Z tpEi,tp + (
1 − Z lg − Z tp

)
Ei,ox (5.17)



66 H. Zhou et al.

with i = {C,H,O}. Ei , Ei,lg, Ei,tp, and Ei,ox are the mass fractions of element i
obtained from simulation data, in the volatile light gas stream, in the tar product
stream, and in the oxidizer stream, respectively. The parameter ζ is the fraction of
fuel mass originating from volatile light gases given by

ζ = Z lg

Z lg + Z tp
. (5.18)

The variable ζ is used to parameterize fuel-side boundary for each model; ζ = 1
indicates all fuel originates from volatile light gases and ζ = 0 indicates all fuel
originates from tar and soot combustion products. The normalized heat loss, γ , is
determined through the following expression

γ = had − hsim
had − h(Tg,ref)

, (5.19)

where had = Z lghlg(Tlg) + Z tphtp(Ttp) + (1 − Z lg − Z tp)hox(Tox) is the adiabatic
mixture enthalpy where hlg, htp and hox are the enthalpy of volatile light gas, tar
products and oxidizer streams, respectively, and Tj , j = {lg, tp, ox} are the stream
temperatures. The values hsim and Tg,sim are the gas phase enthalpy and temperature,
respectively, obtained from simulation data, Tg,ref = 298 K is the reference temper-
ature, and h(T ) = Z lghlg(T ) + Z tphtp(T )(1 − Z lg − Z tp)hox(T ) for h(Tg,ref).

5.2.2.1 Burke-Schumann Chemistry

The Burke-Schumann model (1928) assumes an infinitely-fast reaction between fuel
and oxidizer, where CO2, H2O, and N2 are the products of combustion. The gas
composition according to the Burke-Schumann model is given by

Yi =
{
Yi,O + Z

Zst

(
Yi,st − Yi,O

)
Z ≤ Zst

Yi,F + 1−Z
1−Zst

(
Yi,st − Yi,F

)
Z > Zst

, (5.20)

where Yi,O, Yi,F, and Yi,st are the mass fractions of species i in the oxidizer stream,
fuel stream, and at stoichiometric conditions, and Zst is the stoichiometric mixture
fraction.

The mixture enthalpy, h, is given in terms of the heat loss parameter as

h = (1 − γ )had + γ href . (5.21)

Temperature is obtained using the Cantera software package (Goodwin et al. 2017)
by specifying the enthalpy, pressure, and composition.
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5.2.2.2 Equilibrium Chemistry

Like the Burke-Schumann model, the equilibrium model assumes infinitely-fast
chemical kinetics. Rather than assuming complete combustion of fuel, the product
composition for the equilibriummodel is set based on a suitable reactionmechanism.
In this work, equilibrium composition and temperature are obtained with the same
chemical mechanism (Lu and Law 2008) used to generate simulation data using the
Cantera software package (Goodwin et al. 2017).

5.2.2.3 Steady Laminar Flamelet

Unlike the Burke-Schumann and equilibrium models, the steady laminar flamelet
model accounts for the effect of diffusion on the chemical state. The temperature and
composition are determined by solving the following system of ODEs

χ

2Lei

d2Yi
dZ2

= − 1

ρ
ωYi , (5.22)

ρcp
χ

2

d2T

dZ2
=

ns∑

j=1

h jωY j − ωh, (5.23)

where

χ = χmaxexp
(
−2

[
erf−1 (2Z − 1)

]2)
, (5.24)

as suggested in Peters (1984), and Lei is the Lewis number for species i . The quantity
ωh is an energy source term chosen included for the purpose of generating non-
adiabatic flamelet solutions and is set to

ωh = H(T − Tconv), (5.25)

where Tconv is chosen to be Tad + �T , Tad is the adiabatic flamelet temperature, and
�T is set to (±)2000K for solutions corresponding to positive and negative values of
γ , respectively. Boundary conditions for (5.22) and (5.23) are set using the following
formulae

Yi (Z = 0) = Yox,i , (5.26)

Yi (Z = 1) = ζYlg,i + (1 − ζ ) Ytp,i , (5.27)

T (Z = 0) = Tox, (5.28)

T (Z = 1) = T such that h(T ) = ζhlg(Tlg) + (1 − ζ ) htp(Ttp), (5.29)

where the light gas (lg) and tar products (tp) temperatures are determined using
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Tlg = −
∑np

j

∫ ∞
0

dmv, j

dt Tpdt
∑np

j mv, j
, (5.30)

Ttp =
∫ ∞
0

(
ωtar,ox + ωsoot,ox

)
Tgdt∫ ∞

0

(
ωtar,ox + ωsoot,ox

)
dt

, (5.31)

where ωtar,ox and ωsoot,ox are the tar and soot oxidation rates, respectively.

5.2.3 Well-Stirred Reactor Models

In MILD combustion, high turbulent intensity is required for rapid dilution and high
temperature of the reactants. This leads to high mixing rate and lower temperature
in the reactor, which subsequently leads to lower chemical reaction rates. These two
main characteristics suggest the use of well-stirred reactors to model MILD gas-
phase combustion (Cavaliere and De Joannon 2004; Plessing et al. 1998), which
provides a perfectly mixed, volumetric reaction environment.

Thewell-stirred reactormodel in thiswork assumes anopen, rigid perfectly-stirred
spherical vesselwith radius r at constant pressure p. In the present study, the volatiles,
including the volatile light gases and reaction products of tar and soot oxidation,
produced from coal particles are used as the fuel, and no particle is considered. The
equations solved for this reactor with residence time τmix = V/V̇in are

dYi
dt

= ρin

ρτmix
(Yi,in − Yi ) + ω̇i

ρ
, (5.32)

dh

dt
= ρin

ρτmix
(hin − h) − 3k

ρr
(T − Tinf), (5.33)

where ρ is the density, h is the enthalpy of the gas phase, Yi is the species mass
fraction, ω̇i is the volumetric species chemical reaction rate and k is the convective
heat transfer coefficient, which considers the convective heat transfer between gas
and surroundings with temperature Tinf . The “in” subscript indicates an inlet (feed)
condition. The Dual-Time stepping method described in Hansen and Sutherland
(2017) is used to provide an efficient, robust solution of these equations.

In industrial scale reactors, it is difficult to obtain the required turbulent intensity
for perfectlymixed reactants throughout thewhole reactor due to the limitations of the
equipment. Different amounts of flue gas are recirculated and aremixedwith the local
reactants in various locations of the reactor to get well-mixed reactants locally. To
mimic the reactions in various locations, well-stirred reactors with various mixture
fractions, heat losses and recirculation rates are applied in this work. To analyze
the degree of dilution of the reactants due to the recirculation of flue gas in MILD
combustion, Wunning and Wunning (1997) define the recirculation rate (Kv) as
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Kv = ṁe

ṁo + ṁ f
(5.34)

where, ṁe, ṁo and ṁ f are the mass flow rate of entrained flue gas, initial oxidizer
and initial fuel respectively. To mimic the heat loss of the gas phase, the definition
for normalized heat loss in (5.19) is applied. Considering the transient changing
process of light gases and tar products, different values of ζ are used to get the
oxidizer temperature and fuel temperature and composition based on Eq. (5.18).

5.3 Computational Configuration

In this work, the data used as a basis for a priori assessment of chemistry models
was generated through simulation of a turbulent coal combustion simulation system
consistent with high temperature air combustion (HiTAC) conditions (Suda et al.
2002; Tamura et al. 2015). For the ODT calculation, a domain with length 0.2 m
is initialized to a temperature and composition consistent with air at 1200 K. Air
at 1200 K as well as coal particles with a diameter of 50 µm and temperature of
350 K are injected though a nozzle with a diameter of 15.8 mm at the center of
the domain at a velocity of 14.92 m/s. Velocity over the remainder of the domain is
set to zero. The governing equations are solved using a fully-coupled scheme with
a first-order explicit time integration scheme, a second-order spatial discretization,
and characteristic boundary conditions Sutherland and Kennedy (2003). The spatial
and temporal resolutions of 200 µm and 50 ns, respectively, are used to obtain a
solution to the numerical system.

The Illinois #6 coal is considered in this work, with proximate and ultimate analy-
ses given in Tables 5.1 and 5.2. The composition of coal volatiles is given in Table 5.3.
The composition of the coal volatiles was determined using a 2D interpolation tech-
nique based on molar O/C and H/C ratios from the Illinois #6 coal and data from
library coals (Zhao et al. 1994).

Table 5.1 Proximate analyses of the Illinois #6 coal

Proximate %

Moisture Ash Volatiles Fixed C

0.0 8.86 40.70 50.44

Table 5.2 Ultimate analyses of the Illinois #6 coal

Ultimate (dry) %

C H O N S

78.11 5.49 9.81 1.36 4.83
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Table 5.3 Composition of coal volatiles (%)

Tar CH4 CO CO2 H2 H2O

42.94 13.5 27.2 5.81 3.47 7.08

For the investigation of MILD combustion, the steady laminar flamelet and
perfectly-stirred reactor models are applied. Air at 1200 K is used as undiluted
oxidizer. The mixture of volatile light gases (with composition of CH4, CO, CO2,
H2 and H2O as shown in Table 5.3) and reaction products of tar and soot oxidation
(with composition of CO, H2O and N2) is used as fuel stream. Its composition and
temperature are calculated using Eqs. (5.27) and (5.29). The adiabatic equilibrium
product of stoichiometric air and fuel stream is used as the recirculated flue gas,
and the recirculation rate in Eq. (5.34) is calculated based on the mass flow rate of
stoichiometric air and fuel stream.

5.4 Results and Discussion

5.4.1 Comparison of Mixture Fraction-Based Models

In this section, the a priori performance of the Burke-Schumann (BS), equilibrium
(EQ), and steady laminar flamelet (SLF) models is evaluated using data from a
turbulent coal combustion simulation in which a detailed kinetics (DK) model for
chemistry is implemented. Because soot is assumed to have the same empirical
formula as tar and both differential diffusion and speciation are neglected, differences
between simulation data and model reconstructions should be due only to variations
in the chemical and diffusive time scales. Herein, use of “expected” or “observed”
data refers to that originating from detailed kinetics calculations.

Figure 5.1 shows model reconstructions of Tg using the Burke-Schumann, equi-
librium, and flamelet models in addition to Tg from simulation data plotted against
equivalence ratio and coloredbyheat loss.AsFig. 5.1 indicates, the accuracyofmodel
reconstructions of Tg greatly depends onmodel fidelity. The Burke-Schumannmodel
yields temperature reconstructions that overestimate Tg by almost 600 K near stoi-
chiometric conditions. Reconstruction of gas temperature by the equilibrium model
also overestimates the expected temperature in the vicinity of φ = 1, though is sub-
stantially more accurate the Burke-Schumann reconstruction of Tg . Additionally,
flamelet reconstructions of Tg very closely resemble values obtained from simula-
tion data. Figure 5.2 shows model reconstructions of YO2 as well as values obtained
from simulation data plotted against equivalence ratio and colored by heat loss. As
Fig. 5.2 indicates, reconstructions of YO2 mirror the expected behavior when φ < 0.5
for all models considered. However, the behavior of YO2 is model-dependent for
larger φ. For φ > 0.5, the Burke-Schumann model underpredicts YO2 values from
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Fig. 5.1 Gas temperature,
Tg , plotted against
equivalence ratio, φ, for the
detailed kinetics (DK),
Burke-Schumann (BS),
equilibrium (EQ), and
flamelet (SLF) models. Data
colored according to the
scale of the color bar is set
based on normalized heat
loss, γ
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Fig. 5.2 Oxygen mass
fraction, YO2 , plotted against
equivalence ratio, φ, for the
detailed kinetics (DK),
Burke-Schumann (BS),
equilibrium (EQ), and
flamelet (SLF) models. Data
colored according to the
scale of the color bar is set
based on normalized heat
loss, γ
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the simulation data. Underestimation of YO2 by the Burke-Schumann model is espe-
cially egregious under stoichiometric conditions where it predicts YO2 = 0, which
is a consequence of the “mixed is burnt” assumption. Unlike the Burke-Schumann
model, equilibrium chemistry produces a YO2 profile that is nearly identical to values
obtained from simulation data for sufficiently lean conditions, (φ < 0.8) andmatches
the general trend of YO2 for larger φ, but fails to capture the observed variance. Sim-
ilar to the equilibrium model the flamelet reconstruction of YO2 mirrors values from
simulation data under lean conditions. Additionally, the flamelet model is able to
reproduce the expected behavior of YO2 at and near stoichiometric conditions which
neither the Burke-Schumann nor equilibrium models are able to do.
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Fig. 5.3 Oxygen mass
fraction, YCO, plotted against
equivalence ratio, φ, for the
detailed kinetics (DK),
Burke-Schumann (BS),
equilibrium (EQ), and
flamelet (SLF) models. Data
colored according to the
scale of the color bar is set
based on normalized heat
loss, γ
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Figure 5.3 shows model reconstructions of YCO in addition to data originating
from detailed kinetics calculations plotted against equivalence ratio and colored by
heat loss. As is observed with Tg and YO2 , the accuracy of predicted YCO varies sub-
stantially among the models considered. For instance, the Burke-Schumann model
significantly underestimates YCO for nonzero φ, but both the equilibrium and flamelet
models yield predictions that match the general behavior of YCO obtained from sim-
ulation data. Additionally, both the equilibrium and flamelet models tend to overes-
timate YCO when φ > 2 and γ > 0.4, though the flamelet model overestimates by
a smaller margin. As observed with YO2 , the equilibrium model is unable to repro-
duce the variance in YCO for fixed φ, under lean conditions, whereas the flamelet
reconstruction of YCO are almost indistinguishable from expected values.

Figure 5.4 shows of Tg , YO2 , and YCO as predicted by the Burke-Schumann, equi-
librium, and steady laminar flamelet models plotted against values obtained from
simulation data. Data in Fig. 5.4 are colored by φ. As Fig. 5.4 illustrates, the flamelet
model generally reproduces expected values of Tg , YO2 , and YCO more accurately
than both the equilibrium and Burke-Schumann models. The only exception to this
generalization is Tg atφ ≈ 0,where Tg as predicted by the flameletmodel approaches
1200 K as φ approaches 0. As mentioned in Sect. 5.2.2.3, non-adiabatic flamelets
are generated by including a source term on the right-hand side of the energy con-
servation equation (Sect. 5.2.2.3) while maintaining adiabatic boundary conditions.
Consequently, this method of generating non-adiabatic flamelets cannot resolve heat
loss at mixture fraction boundaries, which is the cause of the errant behavior of the
flamelet temperature at φ ≈ 0. It is also evident from Fig. 5.4 that, for the dataset
considered, the accuracy of equilibrium reconstructions is typically close to that of
flamelet reconstructions. Furthermore, Fig. 5.4 illustrates the poor accuracy ofBurke-
Schumann the model for predicting Tg , YO2 , and YCO. Accurate Burke-Schumann
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Fig. 5.4 Parity plots of a priori predictions of gas temperature (top row), O2 mass fraction (middle
row) and CO mass fraction (bottom row) given by the Burke-Schumann (left column), equilibrium
(middle column), and steady laminar flamelet (right column) models

reconstructions for Tg and YO2 are limited to φ < 0.5, while the YCO reconstruction
is inaccurate for φ > 0.

5.4.2 Analysis of MILD Combustion Using Well-Stirred
Reactor and Steady Flamelet Models

From the analysis in Sect. 5.4.1, the steady flamelet model is significantly more
accurate than both the equilibrium and Burke-Schumann models, especially consid-
ering predictions of Tg . Therefore, it is applied to investigate the MILD combustion
behavior and is compared with the well-stirred reactor model.

To achieve MILD combustion and test the effect of dilution rate, we vary the
recirculation rate (Kv). Five values of Kv, namely 0.0, 0.5, 1.0, 1.5 and 2.0, are used
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in this work. From the analysis in Sect. 5.4.1, γ = −0.2, 0.0 and 0.4 are obtained
for normalized heat loss. The negative heat loss indicates that the gas phase absorbs
energy from surroundings or particles. The positive heat loss indicates that the gas
phase releases energy to surroundings or particles. ζ = 0.10, 0.25, 0.40 and 0.80 are
used for mass fraction of light gases.

In both steady flamelet and well-stirred reactor models, temperatures for the light
gas (lg) and tar and soot reaction product (tp) streams are computed from ODT
simulation data, and are Tlg = 1176K and Ttp = 2380K , respectively. The mixture
of the light gas (lg) and tar and soot reaction product (tp) streams are used as fuel. The
mixture of recirculated flue gases and undiluted oxidizer (air) are used as oxidizer.
Its temperature and composition are calculated based on the value of Kv. For the
well-stirred reactor model, the inflow conditions are obtained by mixing fuel and
diluted oxidizer under constant pressure and enthalpy, whose temperature is used
as the inlet temperature, Tinlet . A long residence time, τmix = 103s, is applied. For
flamelet model, different dissipation rates in the range of 10−2 ≤ χmax ≤ 2 × 104

are tested.
Based on the temperature criterion for MILD combustion, Tinlet > Tignition and

�T < Tignition, with�T = Tmax − Tinlet (Cavaliere and De Joannon 2004), the max-
imum and inlet temperatures for various Kv, γ and ζ with equivalence ratio φ = 1
from the well-stirred reactor model are compared in Fig. 5.5. The maximum tem-
perature, Tmax, decreases with the increment of heat loss, γ , as indicated by three
red lines in each sub-figure, while the inlet temperatures, Tinlet, are the same for
various heat losses. This results in the decrease of the disparity between Tmax and
Tinlet, which is helpful for achieving MILD combustion. Also, Tinlet decreases as ζ

increases because Tlg is significantly less than Ttp, while Tmax does not change much
for different ζ . This indicates that havingmore production of tar and soot oxidation in
the fuel streammakes it easier to achievingMILD regime. For different recirculation
rate Kv, Tinlet increases significantly for bigger Kv because of the high temperature
of recirculated flue gas. For γ = 0.0, Tmax keeps constant for various Kv because
the recirculated flue gas has the same composition and temperature as the gas phase
in the PSR without recirculation. The recirculated flue gas only increases Tinlet and
does not have any effects in the reactor due to the well-mixed reactants within the
reactor. When γ is not zero, the products, from the adiabatic stoichiometric reaction,
are different from the gas phase in the PSR, leading to the variance of Tmax. For large
Kv, the adiabatic and reference enthalpy, had and h(Tg,ref), in Eq. (5.19) increase
due to bigger amount of flue gas, which results in bigger heat loss (had − hsim) with
the same γ . Therefore, Tmax decreases for γ = 0.4 and increases for γ = 0.2 with
the increment of Kv.

Figure 5.6 delineates the combustion regimes as the right bottom area based on
the definition of MILD combustion. Three subplots respond to different heat loss
values, while different symbols respond to different mass fractions of light gases in
fuel stream. In this work, the undiluted oxidizer(air) is preheated to 1200 K. The
combustion drops into the High Temperature Combustion area when Kv = 0. With
the increment of Kv, the combustionmoves fromHigh Temperature Combustion area
toMILD Combustion area. The heat loss value does have effect on the achievement
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Fig. 5.5 Variances of inlet and maximum temperatures for different Kv , γ and ζ with equivalence
ratio φ = 1 from well-stirred reactor model

Fig. 5.6 The effect of recirculation rate on determining combustion regimes for different γ and ζ

from well-stirred reactor model. Data colored according to the scale of the color bar is set based on
recirculation rate, Kv

of MILD combustion. For adiabatic conditions (γ = 0), MILD is achieved for all
ζ when Kv ≥ 1.0, while it only requires Kv ≥ 0.5 for positive heat loss, γ = 0.4.
For negative heat loss, γ = −0.2, it requires Kv ≥ 1.0 for ζ < 0.8. The case with
ζ = 0.8 and γ = −0.2 is on the edge between High Temperature Combustion and
MILD Combustion area for Kv = 1.0. When ζ is decreased for the same value of Kv,
the state of the system moves closer to theMILD Combustion area due to the higher
temperature of the production of tar and soot oxidation as indicated in Fig. 5.5. From
the analysis of Figs. 5.5 and 5.6, it is concluded that higher recirculation Kv, elevated
heat loss γ and lower mass fraction of light gas in fuel stream ζ are helpful to reach
MILD regime.
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Fig. 5.7 Gas temperature,
Tg , plotted against
equivalence ratio, φ, for
various recirculation rates,
Kv , with no heat loss, γ = 0,
and ζ = 0.4. Data are
colored according to the
scale of the color bar based
on dissipation rate, χmax

Figures 5.7, 5.8 and 5.9 compare the results fromwell-stirred reactor and flamelet
models for for several values of Kv with ζ = 0.4. Each figure gives the results for a
single heat loss. The regionbetween the black dashed line anddot-dash line represents
the region where MILD combustion is achieved. The bottom dashed line indicates
the mixture self-ignition temperature. The top dash-dot line indicates the maximum
allowable temperature, Tmax = Tinlet + Tignition, ofMILDcombustion. The black solid
line is the result fromwell-stirred reactor. The data from the flamelet model is colored
based on the value of the dissipation rate, χmax.

For the results from PSR (solid black lines in the figures) with no recirculation
(Kv = 0.0), the temperature far exceeds the allowable maximum temperature for
the three heat loss values considered, especially near stoichiometric, indicating that
MILD regime is not achieved. When φ is smaller than ∼0.5, the temperature drops
into the MILD regime between two black dashed lines. That is, only when the the
stoichiometry is very lean can MILD be achieved in PSR with no recirculation. As
Kv increases, the allowable maximum temperature, Tmax, increases due to increasing
inlet temperature, Tinlet. The MILD regime between two black dashed lines becomes
much larger. The range of equivalence ratios for achieving MILD regime becomes
bigger for larger Kv until the entire black line drops into the MILD regime with
Kv = 1.0 for γ = 0.0 and with Kv = 0.5 for γ = 0.4. For γ = −0.2, cases with
φ > 1.5 cannot reach the MILD regime even for Kv = 1.5.

For the results from steady flamelet model, the temperatures are almost the same
as the results from PSR for small dissipation rate, χmax = 10−2. As dissipation rate
increases, temperature decreases and drops into the MILD regime for all equiva-
lence ratios of 0.0−3.0 when χmax is sufficiently large. The required dissipation rate
to achieve MILD combustion for all equivalence ratios of 0.0−3.0 is referred to as
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Fig. 5.8 Gas temperature,
Tg , plotted against
equivalence ratio, φ, for
different recirculation rates,
Kv , with negative heat loss,
γ = −0.2, and ζ = 0.4. Data
are colored according to the
scale of the color bar based
on dissipation rate, χmax

Fig. 5.9 Gas temperature,
Tg , plotted against
equivalence ratio, φ, for
different recirculation rates,
Kv , with positive heat loss,
γ = 0.4, and ζ = 0.4. Data
colored according to the
scale of the color bar is set
based on dissipation rate,
χmax

χmax,MILD. For Kv = 0.0,χmax,MILD is around1.5 × 104 for the adiabatic case (γ = 0)
and for γ = −0.2, while it is approximately 1.0 × 104 for γ = 0.4. However, extinc-
tion is observed for the case with Kv = 0.0 and γ = 0.4 when the dissipation rate
reaches ∼1.5 × 104. That is, a maximum dissipation rate should also been consid-
ered to avoid extinction. χmax,MILD decreases with the increment of recirculation rate.
When Kv = 1.5 for γ = 0 and Kv = 0.5 for γ = 0.4, MILD regime is achieved for
all dissipation rates in 10−2 − 2 × 104.
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Fig. 5.10 Gas temperature,
Tg , plotted against
equivalence ratio, φ, for
different mass fractions of
light gas in fuel stream, ζ ,
with no heat loss, γ = 0.0
and no recirculation
Kv = 0.0. Data colored
according to the scale of the
color bar is set based on
dissipation rate, χmax

The light gases and products of tar and soot oxidation are generated under different
temperatures, and will affect the inlet temperature Tinlet as shown in Fig. 5.5. In order
to evaluate its effect, gas temperatures fromPSRand steadyflameletmodel are plotted
against equivalence ratio in Fig. 5.10with Kv = 0.0 and γ = 0.0. Figure 5.5 indicates
a decrease of inlet temperature for large values of ζ , which causes the decrease of the
maximum allowable temperature for the MILD combustion regime. As a result, the
required dissipation rate, χmax,MILD, to achieve MILD regime increases for bigger ζ .

5.5 Conclusions

In this study, we carry out an a priori analysis of three mixture fraction-based
chemistry models. Data used as a basis for assessing model performance was
generated from a one-dimensional turbulent coal combustion simulation in which
detailed kinetics is implemented for gas phase chemistry. This work only considers
devolatilization; neither char combustion nor evaporation are accounted for. Further-
more, tar and soot are considered through an approach based on Brown-Fletcher tar
and soot model. Soot is assumed to have the same empirical formula as tar in order
to facilitate the two mixture fraction parameterization of the system composition.

Of the three mixture fraction-based approaches considered, the flamelet model
performed the best. Flamelet reconstructions for Tg , YO2 , and YCO were typically
very accurate. This is especially the case for Tg near stoichiometric conditions where
the Burke-Schumann and equilibrium models struggle to be accurate. However, the
accuracy of Tg predictions by the flamelet model declines for φ ≈ 0 because the
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approach used is to generate non-adiabatic flamelets is not capable of resolving heat
loss at mixture fraction boundaries. The accuracy of equilibrium reconstructions was
often close to those of the flamelet model, although the equilibrium predictions of
temperature were typically off by 150 K at stoichiometric conditions. The Burke-
Schumann model was the least accurate of the three models considered, performing
very poorly for Tg , YO2 , and YCO under stoichiometric conditions.

To investigate the MILD combustion behavior, the steady flamelet model and
well-stirred reactor model are applied in this work. The definition of MILD com-
bustion based on temperature relationship, Tinlet > Tignition and �T < Tignition, with
�T = Tmax − Tinlet, is applied as the criteria for achieving MILD combustion. The
effects of three main parameters, including recirculation rate, Kv, normalized heat
loss, γ , and mass fraction of light gases in fuel stream, ζ , are evaluated for MILD
combustion. Increasing recirculation rate, positive heat loss and decreasing mass
fraction of light gases in fuel steam have positive influence on attaining of MILD
combustion. Negative heat loss and increasing light gasesmass fraction in fuel stream
increases the critical value of recirculation rate needed to achieveMILD regime. The
dissipation rate plays important role in achieving MILD combustion. For instance,
the MILD regime can be achieved with higher dissipation rate under poorly-mixed
combustion , and its critical value decreases as the recirculation rate or heat loss
increase and as mass fraction of light gas in fuel stream decreases. In other words,
flamelet model provides a reliable method to model MILD regime with high dissi-
pation rate in diffusion combustion.
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