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Abstract

Three-dimensional direct numerical simulation (DNS) of turbulent combustion under

moderate and intense low-oxygen dilution (MILD) conditions has been carried out in-

side a cuboid with inflow and outflow boundaries on the upstream and downstream faces

respectively. The initial and inflowing mixture and turbulence fields are constructed care-

fully to be representative of MILD combustion conditions involving partially mixed pock-

ets of unburnt and burnt gases. The combustion kinetics is modelled using a skeletal

mechanism for methane-air combustion, including non-unity Lewis numbers for species

and temperature dependent transport properties. The DNS data is analysed to study the

MILD reaction zone structure and its behaviour. The resultsshow that the instantaneous

reaction zones are convoluted and the degree of convolutionincreases with dilution and

turbulence levels. Interactions of reaction zones occur frequently and are spread out in a

large portion of the computational domain due to the mixturenon-uniformity and high tur-

bulence level. These interactions lead to distributed combustion yielding a non-flamelet

like appearance despite the presence of thin reaction zoneslocally. A canonical MILD

flame element, called as MIFE, is proposed which represents the averaged mass fraction

variation for major species reasonably well, although a fully representative canonical ele-

ment needs to include the effect of reaction zone interactions on the mean reaction rate.

Keywords: MILD combustion, flameless combustion, Direct numerical simulation

(DNS), Reaction zones
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1 INTRODUCTION

There is still a need to design combustion systems with improved efficiency and reduced

emissions, and thus alternative combustion technologies are explored constantly to meet

this requirement. Fuel lean premixed combustion is known tobe a potential method

to meet the above two demands simultaneously, but it is highly susceptible to thermo-

acoustic instability. One method to avoid the instability is to preheat the reactant mixture

by using recovered exhaust heat. This would also improve theoverall system efficiency

while improving the combustion stability. However, preheating increases the flame tem-

perature in conventional premixed combustion, leading to an increase in thermal NOx

formation. This adverse effect of preheating limits the potential for efficiency improve-

ment in a system employing conventional premixed combustion techniques.

The combustion of reactant mixture diluted with burnt products is a viable technology

to achieve high combustion efficiency with low levels of bothchemical and noise pollu-

tion (Wünning & Wünning, 1997; Katsuki & Hasegawa, 1998; Cavaliere & de Joannon,

2004). This technology is used mainly in furnaces predominantly employing internal

recirculation of hot products to maintain combustion stability and to achieve low oxy-

gen level to suppress NOx formation (Wünning, 1991; Woelk & Wünning, 1993). This

type of combustion is commonly known as “flameless” or MILD (Moderate and Intense

Low-oxygen Dilution) combustion, which is characterised by highly preheated reactant

mixtures and low temperature rise across the reaction zone.Typically, (1) the reactants

are preheated to a temperatureTr, which is larger than the autoignition temperatureTign

of a given fuel, and (2) the maximum temperature rise,∆T = Tp − Tr, is smaller than

Tign, whereTp is the product temperature (Cavaliere & de Joannon, 2004). This small

temperature rise results from intense dilution with products leading to the low oxygen

level available for combustion. The products also contain chemically active radicals,

which help to achieve stable combustion. Combustion under MILD conditions can be
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Figure 1. A diagram showing combustion types and combustionconditions considered in
the present study (Cavaliere & de Joannon, 2004).

distinguished from piloted and high temperature air (HiTAC) combustion using a simple

diagram involving∆T , Tr andTign (Cavaliere & de Joannon, 2004), and this diagram is

shown in Figure 1. The four cases, Cases A1, A2, B1 and C, marked in this diagram are

DNS cases investigated in this study, which are explained insection 2.4.2.

The combustion efficiency is enhanced under MILD conditionsdue to high preheat-

ing temperature using recovered exhaust heat (Wünning & W¨unning, 1997; Katsuki &

Hasegawa, 1998; Cavaliere & de Joannon, 2004). The thermal NOx formation is sup-

pressed significantly due to low combustion temperature rise and intense dilution (Wünning

& Wünning, 1997; Katsuki & Hasegawa, 1998; Cavaliere & de Joannon, 2004; Mohamed

et al., 2009; Krishnamurthyet al., 2009; Li & Mi, 2011). Typically, it takes a few seconds

to produce a substantial amount of thermal NOx at around 1900 K and this reduces to

few milliseconds when the temperature is about 2300 K (Wünning & Wünning, 1997).

The maximum temperature is, however, typically much lower than 1900 K in MILD

combustion with a methane and air mixture (Wünning & Wünning, 1997; Cavaliere &

de Joannon, 2004), and thus the rate of NOx formation is usually very low under MILD

conditions. Also, the interaction of combustion and acoustics is suppressed because of the

small temperature rise occurring more or less in a homogeneous manner over a broad re-
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gion. This suppression occurs even when the exhaust gas recirculation rate exceeds 30%,

which is an upper limit for combustion systems with ambient air (Wünning & Wünning,

1997; Katsuki & Hasegawa, 1998). High preheating temperature conditions also allow

combustion to be maintained even in a high-velocity jet fieldwithout a need for internal

recirculation zones (Wünning & Wünning, 1997; Cavaliere& de Joannon, 2004; Med-

well, 2007). Thus, MILD combustor design is not constrainedby the requirements of

recirculation zones or flame holders, which is advantageousfor high-speed combustion.

Furthermore, MILD conditions are achieved quite straightforwardly in practical devices

using exhaust or flue gas recirculation (EGR or FGR) techniques or staged fuel injec-

tion (Wünning & Wünning, 1997; Hayashi & Mizobuchi, 2011). These advantages have

renewed the interest on MILD combustion as one of the “green”technologies for thermal

power generation. However, the science of MILD combustion in turbulent flows is not

well understood.

The scientific questions for this study are as follows. (1) Are intense reaction rates

confined to thin reaction zones or distributed? (2) What is the structure of these reac-

tion zones? These two questions arise from the following perspectives. Experimental

results have shown that thin reaction zones cannot be discerned from direct photographs

of MILD combustion (de Joannonet al., 2000;Özdemir & Peters, 2001; Krishnamurthy

et al., 2009) unlike conventional premixed combustion. Also, there are conflicting views

from laser thermometry suggesting distributed reaction zones and PLIF (Planar Laser

Induced Fluorescence) images suggesting the presence of thin reaction zones in MILD

combustion (Plessinget al., 1998;Özdemir & Peters, 2001; Duwiget al., 2012; Dally

et al., 2004). These views call into question the common use of flamelet based turbulent

combustion models for MILD combustion (Coelho & Peters, 2001; Dally et al., 2004;

Duwig et al., 2008). These models assume that the combustion length scales are typically

smaller than the turbulence length scales.

The aim of this study is to find answers to the above two questions by conducting
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detailed interrogation of direct numerical simulation (DNS) data of turbulent MILD and

conventional premixed combustion. The DNS methodology andconstruction of EGR-

mixtures containing unburnt and burnt gases for MILD combustion are explained in detail

in the next section. The governing equations solved and flow and combustion conditions

considered in this study are also discussed in section 2. A representative flamelet, called

as MILD Flame Element (MIFE), for MILD combustion is introduced in section 2.4.1.

The results on the MILD reaction zones and their structure are discussed in section 3. The

conclusions are summarised in the final section.

2 DIRECT NUMERICAL SIMULATION

Direct numerical simulations of canonical combustion modes such as premixed and non-

premixed combustion in turbulent flows are able to provides detailed information for

hypothesis testing and model verification. Such simulations with multi-step chemical

kinetics in three dimensional turbulence have been reviewed by Chen (2011). The use

of multi-step chemistry is important for MILD combustion because of the role played

by radicals and intermediate species present in the diluent. For example, a chemical

mechanism involving 84 reversible reactions and 21 specieshas been used in previous

two-dimensional direct simulation of MILD combustion in counter flowing streams of

oxidiser and fuel with fuel mixtures containing methane andhydrogen (van Oijen, 2013).

A three-dimensional direct numerical simulation of MILD combustion of a methane-air

mixture in inflow-outflow configuration has been conducted involving 16 species and 36

elementary reactions by Minamotoet al.(2013) which forms the basis for the calculations

considered in this study.
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2.1 Numerical Method

The numerical code used in this study is called SENGA2 (Cant,2012), which has been

used in previous studies of turbulent premixed (Dunstanet al., 2011, 2012) and MILD (Mi-

namotoet al., 2013) combustion. This code solves fully compressible conservation equa-

tions on a uniform mesh for mass:

∂ρ

∂t
+

∂ρ uk

∂xk
= 0, (1)

for momentum:
∂ρ ui

∂t
+

∂ρ uk ui

∂xk
= −

∂p

∂xi
+

∂τki
∂xk

, (2)

for internal energyE:

∂ρE

∂t
+

∂ρ uk E

∂xk
= −

∂p uk

∂xk
−

∂qk
∂xk

+
∂τkm um

∂xk
, (3)

and for the mass fraction,Yα, of speciesα:

∂ρ Yα

∂t
+

∂ρ uk Yα

∂xk
= ωα +

∂

∂xk

(

ρDα
∂Yα

∂xk

)

, (4)

where all symbols have their usual meaning and Fick’s law is assumed for the diffusive

species mass flux. The conservation equations for mass fraction is solved forN − 1

species and the mass fraction ofN th species is obtained asYN = 1−
∑

α Yα. The viscous

stress tensor,τki, and the heat flux vector,qk, are respectively given by:

τki = µ

(

∂uk

∂xi
+

∂ui

∂xk

)

−
2

3
µ
∂um

∂xm
δki, (5)

and

qk = −λ
∂T

∂xk
+

N
∑

α=1

ρDα hα
∂Yα

∂xk
, (6)
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whereµ andhα are respectively the dynamic viscosity of the mixture and the enthalpy

of speciesα. The temperature dependence of the transport coefficients is approximated

using fifth-order polynomials. The diffusion coefficient ofspeciesα, Dα, is based on

non-unity Lewis numbers for theN species involved in the chemical kinetic mechanism

used in the simulation. A skeletal mechanism involving 16 species and 36 elementary re-

actions (Smooke & Giovangigli, 1991) is used in this study tomimic combustion kinetics.

The thermal equation of state for the mixture is:

p = ρR0T
N
∑

α=1

Yα

Wα

, (7)

whereR0 is the universal gas constant andWα is molar mass of speciesα.

The spatial derivatives in the above equations are approximated using a tenth order

central difference scheme which gradually reduces to a fourth order scheme near compu-

tational boundaries. The integration in time is achieved using a third order Runge-Kutta

scheme, although a fourth order scheme can be used in SENGA2.The above equations

are to be specified with initial and boundary conditions before numerical solutions can be

started. These conditions depends on the flow configuration and thus the choice of the

flow configuration is described next, followed by a description of initial and boundary

conditions used in this study.

2.2 Flow Configuration

In practice, MILD combustion is achieved typically by injecting fuel and air into either

a recirculating flow or a stream containing hot products. In these configurations, the

conditions for MILD combustion are achieved despite the limited time available for the

fuel to mix with oxidiser because of the high momentum of the jets (Katsuki & Hasegawa,

1998; Dally et al., 2002; Cavaliere & de Joannon, 2004; Dallyet al., 2004; Awosope

et al., 2006; Galletiet al., 2007; Li & Mi, 2011). Also, there is a possibility to find
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Figure 2. Schematic illustration of the two-stage approachemployed for the present
MILD combustion DNS. Left box: mixing DNS domain. Right box:combustion DNS
domain.

inhomogeneous mixture containing pockets of unburnt and burnt gases. The unburnt

pockets can be made of either pure fuel or oxidiser or reactant mixture, depending on the

arrangement of the fuel and air jets. The reactant mixture isnon-uniform in space and

time, and the sizes of these pockets determined by the turbulence conditions are expected

to be random. The inhomogeneous mixture can either autoignite or establish a flame

depending on local turbulence and thermochemical conditions. It is reasonable to expect

mixing of fuel and oxidiser leading to formation of unburnt pockets containing flammable

mixture before a flame or an autoignition front is established.

Direct numerical simulation of a complete MILD combustor involving EGR or FGR

or staged fuel injection techniques is not feasible at this time because of the heavy compu-

tational cost involved. A two-stage approach is followed here to mimic the essential phys-

ical processes noted above in a DNS of MILD combustion insidea simple cuboid with

inflow and outflow boundary.This approachis illustratedin Figure2. Thefirst stage,to

bedescribedin detailin section2.3,involvesacarefulconstructionof theinhomogeneous

mixturefor theinitial/inflowing mixturefield whichis representativeof MILD conditions.

The stageis denotedin left box in Figure2. The secondstageis the DNS of turbulent

MILD combustionusingtheinhomogeneousmixtureconstructedin thefirst stageasthe
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initial/inflowing conditions. The flow configuration used in this study is a cuboid with

inflow and outflow conditions in the streamwise direction,x. These boundary conditions

are specified using the Navier-Stokes characteristic boundary conditions (Poinsot & Lele,

1992). The other two directions,y andz, of the computational domain are specified to be

periodic.

In the combustion DNS (the second stage), the inflowing mixture has pockets of ex-

haust and fresh gases, and flows at an average velocity ofUin from the inflow boundary

located atx = 0 of the computational domain. The construction of this inflowing and

initial fields follows four steps described in the next subsection. The turbulence velocity,

mass fractions, and temperature fields at the inflow boundaryare specified respectively as

u(x = 0, y, z, t) = û[x(t), y, z], (8)

Yi(x = 0, y, z, t) = Ŷi[x(t), y, z], (9)

and

T (x = 0, y, z, t) = T̂ [x(t), y, z], (10)

where the quantities with a hat denote the preprocessed fields andx(t) denotes thex lo-

cation of a scanning plane at timet moving at a velocity ofUin through the preprocessed

fields. In order to contrast the behaviour of reaction zones in MILD combustion, a stan-

dard turbulent premixed flame inside the cubic domain is alsosimulated in this study.

This simulation has the same setup except for the inflowing mass fraction and temper-

ature fields, which are made of homogeneous and uniform unburnt gases of the same

equivalence ratio as for the MILD cases.
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2.3 Construction of Initial and Inflow Fields

The steps involved in the first stage of MILD combustion DNS conducted in this study is

described in this subsection.

Step (i) A turbulent velocity field is generated in a preliminary DNS of freely decay-

ing homogeneous isotropic turbulence inside a periodic cuboid. This flow

field is first initialised using a turbulent kinetic energy spectrum (Batchelor &

Townsend, 1948) as described by Rogallo (1981). After this initialisation, the

simulation is continued until the velocity derivative skewness reaches an ap-

proximately a constant value of -0.5 representing a fully developed turbulence

field.

Step (ii) One-dimensional laminar flames freely propagating into reactant mixtures of

a desired MILD condition are calculated using the skeletal mechanism of

Smooke & Giovangigli (1991). The reactants for these laminar flames are

diluted with products of fully burnt mixture (XH2O : XCO2
= 2 : 1), and the

mole fraction ofO2 in the reactant mixtureXO2,r is matched to the desired

dilution level.

Step (iii) An initial homogeneous scalar field is obtained byspecifying a scalar-energy

spectrum function as in Eswaran & Pope (1987). This scalar field is taken as an

initial field of a reaction progress variable, defined ascY = 1−Yf/Yf,r taking

values between 0 to 1. The same initialcY field is used to initialise all the

MILD combustion simulations conducted in this study. The fuel mass fraction

is Yf and the subscript,r, denotes reactant mixture. The flame solution from

Step (ii) is then mapped to thiscY field to obtain the spatial variation ofYα,

and the temperature is set to a constant value ofTm to be specified later. The

fluctuations in the scalar field obtained as above do not yet have any correlation

with the turbulence field obtained in Step (i).

11



Step (iv) These scalar and turbulence fields are then allowedto evolve in the periodic

domain to mimic the EGR-mixing without any chemical reaction. This mixing

DNS is run for one large eddy time,ℓ0/v′, which is much shorter than the

autoignition delay time for the chosen mixture. This allowsthe correlation

between the turbulence and scalar fields to develop. The root-mean-square

(RMS) of the turbulent fluctuations obtained in Step (i) isv′ and its integral

length scale isℓ0. The internal energy equation, Eq. (3), is also solved in this

step to mimic the evolution of temperature during the mixingprocess, which

results in a maximum temperature fluctuation of about 2% of the mean value,

Tm. Also, dueto the mixing process,equivalenceratio andmixture fraction

fluctuate,andtheirRMSarerespectivelyaround0.01and0.001.

The spatial variation of thêcY field obtained in Step (iii) is shown in Figure 3a and

its probability density function (PDF) is shown in Figure 3busing a grey dashed line.

The PDF values are multiplied by 0.1 to fit in the scale shown inthis figure. This PDF

is bimodal because the mixture composition constructed in Step (iii) uses the laminar

flame structure calculated in Step (ii). This field is used to construct the initial and inflow-

ing fields for the three MILD cases investigated in this studyand the difference comes

only from Step (iv). As noted above, this step mimics the EGR mixing before chemical

reactions begin. This mixing process is bound to create samples with ĉY in the range

0 < ĉY < 1, which is signified by the PDFs shown in Figure 3b for the threecases,

Case A1, Case A2 and Case B1, which are described in section 2.4. Also, there are pock-

ets of unburnt and burnt gases because of the partial premixing as noted earlier based on

physical reasoning.

Typical spatial variations of the mass fraction fields obtained at the end of Step (iv) are

shown in Figure 4. These fields are shown forĉY , ŶO2
, ŶH2O, andŶOH for Case B1. Due

to the intense dilution,̂YO2
is smaller than̂YH2O. As noted earlier, the species fields com-

puted in Step (iv) have evolved with the turbulence resulting in a mixture field where both

12



(a) (b)

Figure 3. (a) Typical spatial variation ofĉY field obtained in Step (iii), the field is shown
for mid x-y plane. (b) Typical PDF of̂cY in the field obtained during the preprocessing.
Grey dashed line: initial field obtained in Step (iii), blacksolid line: preprocessed field
obtained in Step (iv) to be used for Case A1, black dashed line: for Case A2, and black
dash-dotted line: for Case B1.

well-mixed and partially-mixed mixtures of exhaust and fresh gases exist in the domain.

Radicals and intermediate species also exist in the domain as shown in Figure 4d. This

mixture flows through the inflowing boundary of the computational domain for MILD

combustion as in equations 8 to 10.

The mean and variance of theĉY field obtained at the end of Step (iv) are respectively

〈ĉY 〉 ≈ 0.50 and〈ĉ′2Y 〉 ≈ 0.09 for all MILD cases considered in this study. The variation

of Bilger’s mixture fraction (Bilgeret al., 1990) in the preprocessed field is about±5%

of the mean value,〈ξ〉. The equivalence ratio obtained usingφ = (1 − ξst)ξ/(1 − ξ)ξst,

whereξst is the stoichiometric mixture fraction value, gives a mean value of〈φ〉 = 0.8

for all the cases considered in this study. The calculation of ξ is based on the pure fuel

stream and an oxidiser stream of air diluted with products toa desired level of oxygen.

Using the preprocessed initial/inflowing mixture field, the3D DNS of MILD combus-

tion is carried out based on the method explained in section 2.1.
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(a) (b)

(c) (d)

Figure 4. Typical spatial variation of preprocessed fields of (a) ĉY , (b) ŶO2
, (c) ŶH2O, and

(d) ŶOH in mid x-y plane obtained in Step (iv) for Case B1.
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2.4 Turbulent Combustion Conditions

2.4.1 Introduction of MILD Flame Element

The one-dimensional unstrained laminar flames used in Step (ii) described above for

the initial field construction are named as Flames A and B for the MILD cases. The

one-dimensional laminar flame used for initial field construction of the premixed case is

Flame C.Typical species mass fraction variations are shown in figure5a for Flame A. The

product mass fractions are non-zero in the reactants due to the dilution.The temperature

variations in these laminar flames are shown in Figure 5b and their thermochemical prop-

erties are summarised in Table 1. The values of reactant molefractions,Xi,r, indicate the

level of dilution in the reactant mixture of these laminar flames. The laminar flame speed,

SL, is a few metres per second because of the high reactant temperature,Tr, resulting

from preheating. The thermal thickness is calculated asδth = (Tp − Tr)/|∇T |max. The

autoignition delay times,τign, of these diluted mixtures are also given in the table.

Flame C is a classical premixed flame, which is indicated by the large temperature rise

seen in Figure 5b and the reactant mole fractions listed in Table 1.

The temperature rise across the laminar flames with the diluted and preheated mixtures

is observed to be relatively small, about 370 K for Flame A and290 K for Flame B.

This is typical of MILD combustion. Spatial variations of species mass fraction in the

inflowing mixture fields are inevitable, as seen in Figure 4, when the MILD combustion

occurs in three dimensions and it is not possible to represent this spatial variation in a

representative 1D laminar flame. Indeed, the effect of additional dilution resulting from

spatial variation reduces the burnt mixture temperature inthe turbulent cases by about

150 K compared to the respective laminar flames (Minamotoet al., 2013). To account

for the dilution effect even for laminar flames, the mass fractions of major species in

the reactant mixture are computed based on the volume average of the respective species

in the preprocessed DNS initial field obtained in Step (iv) described in section 2.3. A
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Figure 5. (a) Mass fraction variations of species, CH4, O2, H2O, CO2, OH and CO for
Flame A. (b) Temperature variation in one-dimensional laminar flames used for the MILD
and premixed combustion cases.

Table 1. Summary of laminar flame properties. Units are K (Kelvin), metre and second.

XCH4,r XO2,r XH2O,r XCO2,r Tr Tp SL 103δth 103τign
Flame A 0.019 0.048 0.121 0.061 1500 1865 3.20 0.69 5.0
Flame B 0.014 0.035 0.132 0.066 1500 1775 2.15 0.94 6.7
Flame C 0.078 0.194 0.0 0.0 600 2179 1.18 0.37 -
MIFE A 0.0095 0.0349 0.136 0.064 1500 1692 2.62 1.00 5.4
MIFE B 0.0060 0.0248 0.143 0.068 1500 1624 1.66 1.29 7.0

laminar flame having this reactant mixture is named as MILD Flame Element (MIFE) in

this study. As one would expect, this averaging yields significantly smaller mole fraction

values as noted in Table 1 for MIFEs A and B compared to the Flames A and B. Also, the

burnt mixture temperature,Tp, is only about 27 K higher than the DNS values (this is the

maximum difference observed). For these reasons, MIFEs aretaken to be representative

canonical candidates for the MILD combustion cases investigated in this study and their

thermochemical attributes listed in Table 1 are used to normalise the respective DNS

results. For example, length, gradient of reaction progress variable and reaction rate are

respectively normalised usingδth, 1/δth and ρrSL/δth. The normalised quantities are

denoted using a superscript “+”.
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2.4.2 Conditions for turbulent MILD combustion

Three MILD cases and one classical premixed combustion caseare simulated directly

using the initial and incoming fields generated as describedearlier in section 2.3. The

turbulence and thermochemical conditions of these four cases are given in Table 2. The

thermochemical conditions for the Cases A1 and A2 are based on Flame A. Thus, they

have the same dilution level, but their turbulence conditions are different as shown in

Table 2. Case A1 has the same turbulence field as in Case B1, butuses the same thermo-

chemical conditions as Case A2. All of the four cases have an equivalence ratio ofφ = 0.8

and the autoignition temperature for this lean methane-airmixture is 1100 K. The tem-

perature of the initial and inflowing mixture is set to beTm ≈ 1500 K for the MILD

combustion cases, and 600 K for the premixed combustion CaseC. The high value ofTm

for the MILD combustion is comparable to that used by Suzukawa et al. (1997) in their

experiments. This inlet temperature together with the low mole fraction of O2 suggests

that the combustion conditions are strictly in the MILD regime as shown in Figure 1.

The maximumXmax
O2,r

and averaged〈XO2,r〉 mole fractions of oxygen in the reactant

mixture for the MILD cases are significantly smaller than forCase C because of the

high dilution levels (see Table 2). These dilution levels are comparable with previous

studies (Katsuki & Hasegawa, 1998; de Joannonet al., 2000; Cavaliere & de Joannon,

2004).

The values of mean〈ξ〉 and stoichiometricξst mixture fractions are also given in

Table 2. The RMS of velocity fluctuations and the integral length scale of the initial

turbulence field are denoted respectively asu′ andl0 in Table 2. The Zeldovich thickness

is δF = (λρcp)/SL, whereλ andcp are respectively the mixture thermal conductivity and

specific heat capacity at constant pressure. The Reynolds number,Rel0 = u′l0/νr, with

νr as the kinematic viscosity of reactant mixture, is varied respectively from 67 to 96 for

the MILD cases.The Reynolds number based on the Taylor microscaleλ is also shown.

An estimate of the Reynolds number for MILD combustion in previous studies (Oldenhof
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Table 2. Conditions of turbulent combustion considered in this study

Xmax
O2,r

〈XO2,r〉 〈ξ〉 ξst Uin/SL u′/SL l0/δF l0/δth Rel0 (λ) Da Ka
Case A1 0.048 0.035 0.011 0.014 9.6 6.26 10.8 1.48 96.2(33) 1.72 4.78
Case A2 0.048 0.035 0.011 0.014 9.6 3.80 12.3 1.70 67.0(26) 3.25 2.11
Case B1 0.035 0.025 0.008 0.010 15.1 9.88 6.8 1.15 96.1(33) 0.69 11.9
Case C 0.194 0.194 0.044 0.055 3.0 2.19 12.3 2.11 38.5(18) 5.64 0.92

et al., 2011; Duwiget al., 2012; Medwell, 2007) using the information for reacting jet

flows (Buschmannet al., 1996; Chenet al., 1996; Duwiget al., 2007; Pfadleret al., 2008)

suggests that the values ofRel0 in Table 2 are comparable to those for previous MILD

combustion experiments. The turbulence level for Case C, the premixed combustion case,

is deliberately set to be a small value to help to contrast thebehaviour of reaction zones

and their structure in MILD conditions and in premixed combustion with large Damköhler

number. The Damköhler and Karlovitz numbers are defined asDa = (l0/δF )/(u
′/SL)

andKa ≈ (u′/SL)
3/2(l0/δF )

−1/2. The three MILD cases are in the thin-reaction zones

regime, and Case C is near the border between the thin-reaction zones and corrugated

flamelets regimes in a turbulent combustion regime diagram (Peters, 2000).

2.4.3 Computational detail

The computational domain is of sizeLx×Ly×Lz = 10.0×10.0×10.0mm3 for the three

MILD cases andLx×Ly×Lz = 10.0×5.0×5.0mm3 for the premixed flame, Case C. If

the computational domain is normalised usingδth of the respective laminar flames (MIFEs

for MILD and Flame C for premixed cases),L+
x ×L+

y ×L+
z = 103 for Cases A1 and A2,

(7.75)3 for Case B1, and26.7 × 13.4 × 13.4 for Case C.Thesedomainsarediscretised

using512× 512× 512 meshpointsfor CasesA1 andA2, 384× 384× 384 meshpoints

for CaseB1, and512× 256× 256 meshpoints for CaseC. These meshes ensure that

there are at least 15 mesh points inside the respective thermal thicknessδth.

The simulations of the MILD cases were run for 1.5 flow-through times to ensure that
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the initial transients had left the domain before collecting data for statistical analysis. The

flow-through time is defined asτD = Lx/Uin, which is the mean convection time from the

inflow to the outflow boundary. The simulations were then continued for one additional

flow-through time and 80 data sets were collected. For Case C,93 data sets were collected

over a time of0.56τD after allowing one flow-through time for initial transientsto exit the

computational domain. These simulations have been run on Cray XE6 systems using 4096

cores with a wall-clock time of about 120 hours for Case A1 andCase A2, which have the

largest number of mesh points, and using 16384 cores with 80 hours of wall-clock time

for Case C.

3 Results and Discussion

3.1 Temperature Field in MILD Combustion

Volume rendered images of temperature field for MILD (Case B1) and premixed combus-

tion (Case C) cases are shown in Figure 6. These snapshots aretaken att = 1.5τD looking

through thez-direction and the colour map used is the same for both cases.Hence, these

figures can be compared directly as is often done in experiments using direct photographs

of flames. There are no visible flames or high gradient fronts in the MILD combustion

case shown in Figure 6b unlike the premixed case in Figure 6a where flame fronts are

apparent. These results show that the MILD combustion considered in the present study

indeed has a relatively uniform temperature field compared to the premixed case, and such

an observation is similar to those observed in the previous experimental studies (de Joan-

nonet al., 2000;Özdemir & Peters, 2001; Krishnamurthyet al., 2009).

The PDF of a reaction progress variable,cT = (T−Tr)/(Tp−Tr) is shown in Figure 7

for the same cases as in Figure 6. The results are shown for different streamwise locations

across the computational domain. These PDFs are constructed using samples from the

entire sampling period. The PDFs for Case C in Figure 7a show typical behaviour of
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Figure 6. Comparison of typical volume rendered temperature field in (a) premixed case
and (b) MILD combustion, Case B1.

the progress variable in premixed combustion. The locations x+ = 7.48, 17.5 and 25.9

correspond respectively to upstream, inside and downstream positions of the flame brush.

These PDFs have sharp peaks atcT ∼ 0 and close tocT ∼ 1, and the probability of

finding intermediate values is very small for all the locations shown in this figure, which

results from combustion in thin reaction zones with a strongscalar gradient as observed

in Figure 6a. Specifically, the PDF atx+ = 17.5 shows a bimodal distribution ofcT ,

which peaks atcT = 0 and 0.92. The PDF peak does not occur atcT = 1 because of the

use of multi-step chemistry (finite rate chemistry) and the finite size of the computational

domain. A much longer domain is needed to observe the equilibrium temperature of the

product,Tp.

The PDFs ofcT for the MILD case, however, show neither sharp peaks nor bimodality

for the locations depicted in Figure 7b. The PDF for a location near the inlet boundary,

x+ = 0.30, has a relatively sharp peak at aboutcT = 0.05, showing that unburnt gases

are predominant at this location. This peak shifts towardscT = 1 as one moves in the

downstream direction, after reaching a plateau covering the range0.2 ≤ cT ≤ 0.7 for the

locationx+ = 2.9. This plateau suggests distributed combustion, although this could also
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Figure 7. Typical PDF of reaction progress variable based ontemperature at variousx+

locations for (a) Case C and (b) Case B1.

be due to thickening of the reaction zones despite the overall combustion conditions being

in the thin reaction zones regime. The physics behind this thickening is different from that

for classical thin reaction zones regime combustion where the small scale turbulent eddies

enter the preheat zone and broaden this zone. The physical processes responsible for the

thickening of the reaction zones in the MILD combustion are discussed in the following

section.

3.2 Reaction zone behaviour

The iso-surfaces of normalised reaction rate ofcT calculated asω+
cT

= ωQ/(ρrSLδthcp(Tr−

Tp)) using the heat release rateωQ are shown in Figure 8 for the same cases as in Figures 6

and 7. The regions with intense reaction rate are bounded by two iso-surfaces ofω+
cT

= 1

for the premixed case as in Figure 8a. This is typical of turbulent premixed combustion

in the thin reaction zones regime involving high Da and low Kanumbers. Such reaction

zone behaviour makes it possible to use flamelet type modelling (Peters, 2000).

The reaction rate iso-surface shown in Figure 8b for the CaseB1 suggests that chemi-

cal reactions occur over a larger region in MILD combustion unlike in the premixed case.
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(a) (b)

Figure 8. Typical iso-surface of reaction rate att = 1.5τD. (a)ω+
cT

= 1.0 for the premixed
case and (b)ω+

cT
= 2.0 for Case B1. Note that only5.3 ≤ x+ ≤ 22.2 of the computational

domain is shown for Case C in (a).

The reaction rate is not uniform and homogeneous in space as one may expect to see based

on the volume rendered image shown in Figure 6b, which is similar to a direct photograph

from MILD combustion experiments. These reaction zones arehighly convoluted with a

strong possibility for interaction between them. The high iso-surface density near the in-

flow boundary observed in Figure 8b suggests that the MILD mixture reacts as soon as it

enters the domain due to its elevated temperature. The iso-surfaces become more sparse

towards the outflow boundary because of non-availability offuel for further reaction.

To develop further understanding of the reaction zone behaviour in MILD combustion,

2D slices ofω+
cT

in a midx-y plane are plotted in Figure 9 using DNS data att = 1.5τD.

The premixed case is shown in Figure 9a and Cases A1, A2 and B1 of the MILD combus-

tion are shown respectively in Figures 9b, 9c and 9d. For the premixed case, the reaction

zone is thin having a typical thickness of about0.5δth as in Figure 9a, suggesting typical

flamelet-like thin reaction zones. Also, the intense reaction occurs along an iso-surface of

cT = 0.6 which is also bounded well by thecT = 0.2 and 0.8 iso-surfaces as in Figure 9a.

This behaviour is well known for turbulent combustion in thethin reaction zones regime.
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Interactions between the reaction zones are observed in the2D slices shown for the

MILD cases in Figures 9b to 9d. The reaction zone thickness inthe interacting regions

have a typical thickness of about2δth to 3δth, while it is aboutδth for non-interacting

regions. The reaction rate contours shown in Figure 9 suggest that regions of intense

reactions occupy a substantial volume in upstream regions (x ≤ 0.5Lx) for the MILD

cases. The volume occupied by intense chemical activity seems to decrease with stream-

wise distance for Cases A1 and A2. However, Figure 9d shows that the highly convoluted

reaction zones in Case B1 reach the outflow boundary, and interactions occur more often

(see Figure 10) for Case B1 compared to the other MILD cases.

A comparison of Case C and Case A2, shown respectively in Figures 9a and 9c, sug-

gests that the MILD reaction zones are highly convoluteddespitethe similar valuesof

u′/SL, l0/δF , andDa andKa numbersfor thesetwo cases(seeTable2). This suggests

that the reaction zone convolutions observed for the MILD cases are not caused solely

by turbulence-chemistry interactions. The effects of mixture dilution leading to spatially

non-uniform combustion play a predominant role and this becomes clearer if one com-

pares Cases A1 and A2 shown in Figures 9b and 9c respectively.These two cases have

the same dilution level but different turbulence conditions as noted in Table 2, and the

degree of convolution of their reaction zones observed in Figure 9 are similar. It is worth

noting that the value ofu′/SL is about 65% larger and the value ofl0/δF is about 12%

smaller for Case A1 compared to Case A2.

The dilution level does not only affect the thermo-chemicalcondition but also the

turbulence-chemistry interaction because of a change in the relative time and length scales

between turbulence and chemistry(compareDa andKa of Case A1 with those of Case B1).

Thus, there are compounding effects leading to dramatic changes in reaction zone be-

haviour when the dilution level is changed. This is seen clearly if one compares Fig-

ures 9b and 9d in relation to the above observation for Cases A1 and A2. Cases B and A1

use the same turbulence field as noted in section 2.4.2, but the dilution level for Case B1
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(a) (b)

(c) (d)

Figure 9. Variations ofω+
cT

(colour) andcT (lines) in the midx-y planes for (a) Case C, (b)
Case A1, (c) Case A2, and (d) Case B1. Dash-dotted line:cT = 0.2, solid line:cT = 0.6,
and dashed line:cT = 0.8. Note that only5.3 ≤ x+ ≤ 22.2 of the computational domain
is shown for Case C in (a). Snapshots are taken att = 1.5τD.
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(a) (b) (c)

Figure 10. Spatial variation ofω+
cT

in the midx-y plane for Case B1 at (a)t = 1.75τD, (b)
2.0τD and (c)2.25τD.

is larger than that of Case A1, resulting in theu′/SL value being 58% larger and thel0/δF

value being 37% smaller for Case B1 compared to Case A1. Thesechanges alter the Da

and Ka number significantly by an order of magnitude althoughRel0 is the same, and

thus the turbulence-chemistry interaction is expected to be quite different (Peters, 2000;

Swaminathan & Bray, 2005). For these reasons, one observes ahigh level of reaction

zone convolution in Case B1 as shown in Figure 9d.

The contours ofcT are also shown in Figure 9 to convey another important observation

for MILD combustion. Unlike classical premixed combustion, the peak reaction rate

does not occur always for a particularcT value and the contours ofcT are not always

parallel to one another.This behaviour observed in the present MILD cases is suggestive

of non-flamelet type combustion, where reaction zones spread out over a large portion

of the volume.However, the presence of thin reaction zones is clearly observed locally.

The non-flamelet behaviour of thecT iso-contours results from the interaction of reaction

zones as has been observed in an earlier study (Minamotoet al., 2013; Minamoto &

Swaminathan, 2013).

Figure 10 shows the reaction rate contours for Case B1 in the mid x-y plane for three
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different times,(t/τD) = 1.75, 2.0 and 2.25, to investigate the temporal variation of

reaction zone behaviour. The behaviour seen in this figure isvery similar to that observed

in Figure 9d.Thus, the interaction of reaction zones must be included if one uses flamelet

type models to simulate turbulent MILD combustion.This becomes more important at

high dilution levels, which are of practical interest.

To shed more light on the different behaviour between temperature and OH fields re-

ported in previous experiments (Plessinget al., 1998;Özdemir & Peters, 2001; Duwig

et al., 2012; Dallyet al., 2004) as described in the introduction, the spatial variations

of normalised temperature,T ∗ = (T − Tmin)/(Tmax − Tmin), and OH mass fraction

Y ∗

OH = (YOH − YOH,min)/(YOH,max − YOH,min) are shown in Figure 11 as contours. The

subscripts “max” and “min” denote respectively the maximumand minimum values in

the respective 2D slices and thusT ∗ andcT are almost identical, but not exactly the same.

Similar comparisons using laser thermometry and OH-PLIF images have been reported

in previous experimental studies (Plessinget al., 1998;Özdemir & Peters, 2001; Dally

et al., 2004; Duwiget al., 2012).

The temperature increase is relatively gradual suggestingdistributed reaction zones,

while the OH field exhibits thin reaction zones with a strong gradient (compare the dis-

tance between dash-dotted and dashed lines in Figure 11) in substantial regions. A sim-

ilar comparison are observed in previous experiments (Plessinget al., 1998;Özdemir &

Peters, 2001; Duwiget al., 2012; Dallyet al., 2004). Also, the DNS results suggest a

patchy appearance of reaction zones, which was also reported by Dallyet al. (2004). The

difference of these two fields is due to the effects of non-unity Lewis numbers and com-

plex chemical kinetics. These features cannot be reproduced if single step chemistry was

used for the DNS. To gain further understanding of the behaviour of the reaction zones,

their spatial structures are studied in the next subsectionby investigating the variations of

species mass fractions and reaction rate with temperature.
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(a) (b)

(c) (d)

Figure 11. Typical spatial variations of the normalised temperature,T ∗, (shown in a and
c) andY ∗

OH (b and d) for Case B1. The contours are shown for the midx-y plane (a and b),
andy-z plane atx = Lx/3 (c and d) att = 1.5τD. The contour levels are 0.2 (dash-dotted
line), 0.4 (continuous lines), and 0.6 (dashed lines).
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3.3 Reaction zone structure in MILD combustion

Typical variations of species mass fractions with temperature in the MILD Cases A1 and

B1 are shown in Figure 12 as scatter plots. The conditional average mass fractions〈Yi|T 〉

constructed using the samples collected over the entire sampling period are also shown in

Figure 12. Furthermore, the results of the laminar Flames A and B, and MIFEs are also

included for comparison purposes.These plots can easily be converted to〈Yi|cT 〉.

There is a large scatter inYi for lower temperature because of inhomogeneity in the

inflowing mixture containing pockets of exhaust and fresh mixtures. This large scatter

is consistent with the field shown in Figure 4 for Case B1. The scatter inYi reduces

as the temperature increases, because of the combined effects of combustion, molecular

diffusion and turbulent mixing. This mixing process reduces the inhomogeneity in the

mixture leading to reduced scatter asT increases.

As noted in section 2.3, the reactant mixtures for Flames A and B do not include the

effect of additional dilution due to exhaust gas pockets, and the oxygen mole fraction is

larger than the average value in the respective DNS cases(compare Tables 1 and 2). Thus,

the product temperature in these laminar flames is larger than that in the respective DNS

as noted in section 2.4.1. Also, a comparison between FlamesA and B solutions and the

conditional average〈Yi|T 〉 shows that the variations of mass fractions withT in Flames A

and B are not representative of the variations in the MILD combustion DNS. In contrast,

MIFEs seem to be representative of the MILD reaction zones structure at least for major

species (not all of them are shown here). The poor agreement seen for the minor species

such as OH is because the reactant mixture for the MIFEs does not include intermediate

species which are present in the initial inhomogeneous mixture for the DNS. However, the

agreement for minor species in Figure 12 is improved for MIFEs compared to Flames A

and B, because the additional dilution effect is included inthe reactant mixture in the

MIFEs as explained in section 2.4.1.

Figure 13 shows the variation ofω+
cT

with cT for the three MILD cases considered
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(a) (b) (c)

(d) (e) (f)

Figure 12. Variation of species mass fractions, CH4 (a, d), H2O (b, e), and OH (c, f)
with temperature in the MILD combustion DNS (scatter), CaseA1 (a–c) and Case B1 (d–
f). Continuous line: the conditional average〈Yi|T 〉 of the DNS results, dashed line: the
respective laminar Flames in table 1, and dash-dotted line:the respective MIFE in table 1.
The data for scatter plot is taken att = 1.5τD and conditional average is calculated using
data from the entire sampling period.
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in this study. The results for the classical premixed case, Case C, are also included for

comparison. The data for the scatter plots is taken att = 1.5τD, and the conditionally

averaged values are constructed using samples collected over the entire sampling period

as has been done for Figure 12. The maximum value ofω+
cT

observed over the entire

sampling period for a givencT is also shown in Figure 13. The scatter inω+
cT

for the

premixed case is smaller compared to the MILD cases and has a peak atcT ≈ 0.6. The

conditionally averaged reaction rate suggests that the peak reaction rate occurs at smaller

cT in the MILD cases compared to the premixed case. This behaviour of 〈ω+
cT
|cT 〉 is

because the temperature rise in MILD combustion is gradual due to heat conduction to

non-burning regions containing relatively cooler products.

The solution for the respective MIFE is also shown using a dash-dotted line in Fig-

ure 13 and the results of Flame A and B are not shown, since theydeviate significantly

from the DNS and MIFE results as discussed in Figure 12. Although the trends in the

variations ofω+
cT

with cT are similar to the DNS results, the quantitative agreement is

not as good as that for the major species mass fractions shownin Figure 12. The peak

value of 〈ω+
cT
|cT 〉 in the MILD case is higher than the respective MIFE values.The

differencebetweenthepeak〈ω+
cT
|cT 〉 valuesin theDNSandtherespectiveMIFE solution

increaseswith increasingdilution andturbulencelevelsasshownin Figure13; 0.54 for

Case A1, 0.41 for Case A2 and 1.66 for Case B1 as shown in Figure13. Also, there

is substantial reaction rate in the DNS forcT = 0 as indicated by the conditional re-

action rate, and this is not captured in the MIFE result. The reduced reaction rate in

the MIFE is because its solution does not fully account for the effects of exhaust gas

pockets present in the initial/inflowing mixtures.Specifically,the presenceof radicals

is not captured. Also, a MIFE hasa thin propagatingreactionzoneas in a classical

laminarpremixedflame. As the dilution level increases in the MILD combustion, the

presence of individual reaction zones influenced only by turbulence-chemistry interaction

becomes less clear due to the interaction of reaction zones as noted in section 3.2.Thus,
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(a) (b) (c)

Figure 13. Variation ofω+
cT

with cT in (a) Case A1, (b) Case A2, and (c) Case B1.
The scatter with light grey points is for MILD combustion andthe dark grey points are
for premixed case. The points are taken att = 1.5τD, and the thin dashed line is the
maximum value observed in the DNS from the entire sampling period. Solid line: the
conditional average〈ω+

cT
|cT 〉, and dash-dotted line: the respective MIFE.

a fully representativecanonicalreactorfor turbulentMILD combustionneedsto include

effectsof locally homogeneouscombustionresultingfrom interactionsandcollisionsof

reactionzonesand inhomogeneouscombustion,creatingspatialgradients,resultingin

thin reactionzones.

4 Summary and conclusions

Three-dimensional DNS of turbulent MILD and premixed combustion has been con-

ducted to investigate the behaviour of reaction zones and their structure in MILD com-

bustion. The results of the premixed case are used for comparative analyses. A fully

compressible formulation with temperature dependent transport properties is used for the

DNS and the combustion kinetics are simulated using a skeletal mechanism for methane-

air combustion. The DNS configuration includes inflow, non-reflecting outflow and pe-

riodic boundaries, and the inflow mixture contains pockets of unburnt and burnt gases to

be representative of MILD combustion with exhaust gas recirculation. A methodology to

construct a consistent turbulence and non-uniform mixturefield is described in detail.
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Often, MILD combustion is called “flameless” combustion implying that it does not

involve flames or thin reaction zones. The analysis of DNS data clearly showed that

there are regions with strong chemical activity and these regions are distributed over a

good portion of the computational domain, unlike in the premixed flame having reaction

zones confined to a small portion of the computational domain. Also, interactions of

reaction zones are observed in MILD combustion. The frequency and spatial extent of

this interaction increase with dilution and turbulence levels. Such interactions yield an

appearance of distributed reaction zones and result in a relatively uniform temperature

distribution, which is also observed in the volume renderedtemperature field. This effect

produces mono-modal PDFs for the reaction progress variable in MILD combustion as

opposed to a standard bi-modal PDF for turbulent premixed combustion.

Scatter plots of instantaneous species mass fraction and reaction rate show a wide

scatter due to mixture inhomogeneity for MILD combustion. The conditionally averaged

mass fractions are also analysed to see whether a canonical laminar flame can be used

to represent the MILD reaction zones. The canonical flame, called MIFE (MILD Flame

Element), is introduced for this purpose, and it has dilutedreactants made of unburnt

and burnt mixtures, containing only major species. A comparison of averaged species

mass fractions conditioned on temperature between the MILDcombustion DNS and the

MIFE values suggests that the MIFE is a reasonable candidatefor major species. How-

ever, similar comparisons for minor species and reaction rates are less satisfactory. Thus,

an alternative canonical combustion model, which can include effects of distributed-type

combustion resulting from interaction of reaction zones and still cater for flamelet com-

bustion, needs to be developed for MILD combustion.
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